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(23)_______________________________________________________________________ 


This  chapter  gives  an  account  of  the  sources  of  emission  of  hydrogen  sulfide  (H2S), 
 necessity  for  the  removal  of  the  gas,  present  industrial  processes  for  the  removal,  and 


utilization of the gas, objective of the work and organization of the thesis.      


________________________________________________________________________ 


1. INTRODUCTION 


1.1 Environmental emission of hydrogen sulfide 


Hydrogen sulfide (H2S; CAS No. 7783-06-4) is a flammable hazardous colourless 
 gas with a characteristic rotten egg odour (Lindenmann et al., 2010). H2S occurs naturally 
 in  crude  petroleum,  natural  gas,  volcanic  gases  and  hot  springs.  90%  of  the  total  H2S 
 emission  in  the  atmosphere  is  due  to  natural  sources  (US  EPA,  1993).  H2S  is  formed 
 naturally via reduction of organosulfur compounds by micro-organism (Hill, 1973).  


Build-up of H2S in the atmosphere is because of a variety of industrial operations 
 such  as  petroleum  refineries,  natural  gas  plants,  petrochemical  plants, Kraft  paper mills, 
 iron smelters, coke oven plants, food processing plants, and tanneries.  


Refineries  these  days  are  compelled  to  treat  heavy-crudes  that  contain  lots  of 
 organosulfur compounds. To reduce the concentration of sulfide up to the recommended 
 level  set  by  environmental  protection  agencies,  typical  desulfurization  process  is  used 
 which converts those organosulfur compounds into hydrogen sulfide (H2S). Reclamation 
 of  sulfur  is  an  essential  part  of  these  large  processes  where  about  5  kg  of  H2S  may  be 
 formed from 300 litres of a high sulfur crude.  


In  some  cases,  natural  gas  may  contain  as  high  as  50%  H2S  which  must  be 
 removed before vending for heating and power generation.  


Kraft mills are another large potential source of H2S. H2S is produced during each 
 step  of  the  Kraft  process.  H2S  is  recovered  by  allowing  it  to  react  with  Na2CO3,  or 
 NaHCO3, in the presence of oxygen to yield Na2SO4, and Na2SO4.  


Coke  ovens  produces  as  much  as  10  ppm  of  H2S  by  burning  coal.  Scrubbing  of 
coke  oven  gas  can  remove  around  50%  of  the  H2S.  Complete  removal  of  H2S  is  being 
performed before circulation as a municipal gas. 



(24)1.2 Necessity of H2S removal 


H2S is categorised as a very harmful industrial waste. It is very poisonous at low 
 concentration. It is corrosive in presence of water and becomes flammable in presence of 
 air (Beauchamp et al. 1984; Legator et al. 2001; Lindenmann et al., 2010; Reiffenstein et 
 al.  1992;  Syed  et  al.  2006).  The  removal  of  H2S  from  by-product  gas  streams  is  very 
 essential because the reasons depicted below: 


  H2S  is  a  highly  noxious  gas,  and  very  pungent.  Prescribed  level  of  H2S  in 
 industries should be between 0.5-10 ppm. It can become deadly when it leakages 
 out and builds up at the work place. 


  H2S is very eroding in aqueous environment, so it must be eliminated completely 
 from  the  gas  streams  ahead  of  further  handling  and  transportation  through 
 pipelines. (Dillon, 1990). 


  Deactivation  of  catalysts  in  downstream  processes  as  well  as  corrosion  of  the 
 process  equipment  may  occur  if  the  concentration  of  H2S  would  not  bring  down 
 below the prescribed limit. (Hamblin, 1973). 


Industrial  workers  are  largely  exposed  to  H2S  by  breathing  it.  The  health  effects 
depend  on  how  much  H2S  they  breathe  and  for  how  long.  Exposure  to  very  high 
concentrations can also quickly lead to death. Acute symptoms and effects due to inhaling 
of the gas are shown below: 



(25)Table 1.1 Health effect at various exposure level of H2S (OSHA standards; Lindenmann 
 et al., 2010) 


Concentration (ppm)  Symptoms/Effects 


0.00011-0.00033  Typical background concentrations 


0.01-1.5  Odour threshold.  


2-5  Nausea, loss of sleep, headache weight loss, diarrhoea 
 50-100  Possible  fatigue,  loss  of  appetite,  headache,  irritability, 


poor memory, dizziness. 


100  Mild  eye  and  lung  irritation,  coughing,  sore  throat, 
 altered breathing, drowsiness. 


100-150  Loss of smell (olfactory fatigue or paralysis) 


200-300  Marked conjunctivitis and respiratory tract irritation after 
 1  hour.  Pulmonary  edema  may  occur  from  prolonged 
 exposure 


500-700  Staggering, collapse in 5 minutes, damage to the eyes in 
 30 minutes, death after 30-60 minutes 


700-1000  Rapid unconsciousness, death within 5 minutes 
 1000  Nearly instant death 


1.3 Industrial processes for H2S removal and recovery  


Due to severe environmental and health problems mentioned in above section the 
 H2S  concentration  in  the  tail  gas  streams  need  to  be  cut  down  to  the  safe  limit  before 
 further handling. H2S can be removed by either of the six different processes –  


  Absorption in alkaline solution 


  Physisorption in glycols/ethers 


  Absorptive oxidation 


  Dry sorption/reaction 


  Membrane permeation  


  Adsorption.  



(26)For  treatment  of  high-volume  gas  streams  containing  H2S  (and/or  carbon-di-
 oxide),  both  chemisorption  in  alkaline  media  (e.g.,  aqueous  alkanolamines)  and 
 physisorption  in  a  physical  solvent  (e.g.,  polyethylene  glycol,  dimethyl  ether)  are 
 appropriate  process  techniques.  However,  physisorption  processes  are  not  economical 
 when  the  acid  gas  partial  pressure  is  low  because  the  capacity  of  physical  solvents  is  a 
 strong  function  partial  pressure.  Since  the  present  research  focuses  on  synthesis  of 
 valuable fine chemicals using H2S, the discussion on removal of H2S is restricted on only 
 the  chemisorption  by  alkanolamine  solutions,  which  will  produce  aqueous  sulfide 
 necessary for synthesis of organosulfur fine chemicals.  


When H2S is absorbed in aqueous alkaline solutions or physical solvents, they are 
 typically regenerated without experiencing a chemical change. If the regenerated off-gas 
 comprises of more than 10 tons/day of H2S, it is generally suggested to transform the H2S 
 to  elemental sulfur  in  a  conventional  Claus-type processes. For smaller concentration  of 
 H2S  in  tail  gas,  direct  oxidation  may  be  the  desired  route.  Direct  oxidation  can  be 
 performed  by absorption in  a liquid followed by oxidation to form solid sulfur  slurry or 
 sorption  on  a  solid  with  or  without  oxidation.  The  solid  sorption  routes  are  mainly 
 appropriate  for  very  small  amounts  of  gas  where  working  simplicity  is  important.  Solid 
 sorption routes can also be applied to treat high-temperature gas streams, which cannot be 
 treated by conventional liquid absorption methods.  


Adsorption  is  a  feasible  option  for  gases  containing  small  concentration  of  H2S 
 and heavier sulfur compounds such as mercaptans and carbon disulfide. There are various 
 well-developed and industrially acceptable methods for H2S removal as discussed below. 


1.3.1  Ammonia-based process 


The use of NH3 to remove H2S from tail gas streams has dropped in recent years. 


However, the method is still utilized to desulfurize coke-oven gas in a few installations. 


ammonia-based  H2S  treatment  processes  are  undertaken  by  the  Davy-Still  Otto  (1992), 
 Krupp Wilputte Corporation (1988), and Mitsubishi Kakoki Kaisha, Ltd. (Fumio, 1986). 


The reactions taking place in the ammonia-based H2S treatment processes can be 
represented as follows: 



(27)NH3 + H2O       NH4OH
 NH3 + H2S      NH4HS
 2 NH3 + H2S      (NH4)2S


Scheme 1.1. Hydrogen sulfide in aqueous ammonia 


Ionic  ammonium  ion  (NH4+),  as  well  as  undissociated  NH3,  are  both  present  in 
 aqueous  solution  under  equilibrium  conditions  in  measurable  quantities  (Van  Krevelen, 
 1949). In aqueous ammonia, H2S is mostly present in the form of HS- ions.  


NH3-based processes are no longer of industrial importance because of the following 
 reasons: 


  High  partial  pressure  of  NH3 in  aqueous  ammonia  solution  leads  to  vapour  loss, 
 enhances the complexity and economics of the process.  


  Cumbersome regeneration of the rich absorbent is a problematic area in NH3-based 
 processes because of the formation of heat-stable salts. 


1.3.2  Alkanolamine-based processes 


Bottoms (1930) patented many technologies for the development of alkanolamines 
 as absorbents for removal acidic gases. In the early gas treatment plants, Triethanolamine 
 (TEA)-based processes was the first commercially available alkanolamine-based process. 


Slowly  other  members  of  the  alkanolamines  family  were  brought  into  the  market  as  a 
 potential  acid-gas  absorbent.  Adequate  data  are  now  available  on  numerous 
 alkanolamines  to  support  design  engineers  to  decide  on  the  most  appropriate  compound 
 for each specific requirement. 


Alkanolaine-based  processes  are  improved  processes  for  H2S  removal.  Plenty  of 
work  has  already  been  performed  and  published  on  H2S  removal  using  alkanolamine 
based processes (Al-Baghli et al. 2001; Austgen et al. 1991; Haghtalab et al. 2014; Isaacs 
et al. 1980; Mandal et al. 2005; Murrieta-Guevara et al. 1992; Sadegh et al. 2015). In this 
process, the sour gasses containing H2S and CO2 or both are allowed to pass through the 
amine gas treating plant which includes an absorber and a regenerator unit with it. When 
the gasses containing H2S contacted counter-currently the down flowing amine solution, 
they  absorb  H2S  and  CO2  and  the  gasses  become  sweetened.  The  rich  amine  further 



(28)passes  through  the  regenerator  which  regenerates  the  amine  for  further  recycling  in  the 
 absorber. A typical amine treatment unit is shown in Fig. 1.8. 


The alkanolamines that have ascertained to be of foremost commercial interest for 
 acid  gas  treatment  are  monoethanolamine  (MEA),  diethanolamine  (DEA), 
 Diisopropanolamine  (DIPA),  2-(2-aminoethoxy)  ethanol  (DGA)  and 
 methyldiethanolamine  (MDEA).  The  main  advantages  and  disadvantages  of  these 
 alkanolamines  are  presented  in Table  1.5.  Low  reactivity  (as  a  tertiary  amine),  low 
 absorbing capacity (resulting from higher equivalent weight), and its comparatively poor 
 stability  resulted  in  replacement  of  triethanolamine  (TEA)  by  other  alkanolamines. 


Diisopropanolamine (DIPA) (Bally, 1961; Klein, 1970) is being employed to some degree 
 in  the  Adip  process,  Sulfinol  process,  and  SCOT  process  for  Claus  plant  tail  gas 
 cleansing. Nevertheless, MDEA has slowly replaced DIPA as selective H2S absorber. The 
 use  of  MDEA  in  industrial  processes  has  only  become  important  in  recent  years.  2-(2-
 aminoethoxy)  ethanol,  commercially  branded  as  diglycolamine  (DGA),  can  be  used  in 
 more concentrated solutions than MEA as it combines the stability and reactivity of MEA 
 with the low vapour pressure and hydroscopicity of diethylene glycol (Kohl, 1997). 


Chemical structure of the industrially used important alkanolamines are portrayed 
in Table 1.2. Each has at least one amino group and one hydroxyl group. The beauty of 
alkanolamines lies in the fact that the amino group offers the essential alkalinity in water 
solutions to effect the absorption of H2S and the hydroxyl group helps to lessen the vapor 
pressure and increase the water solubility. 



(29)Table 1.2 Different alkanolamines used for H2S removal 


Alkanolamines  Structure 


Monoethanomamine 
 (MEA) 


Diethanolamine (DEA) 


N
 H


OH
 OH


Triethanolamine (TEA)  


N


OH
 OH


OH


Diglycolamine (DGA) 
 Diisopropanolamine 
 (DIPA) 


Methyldiethanolamine 
 (MDEA) 


Scheme  1.2 represents  the  main  reactions  taking  place  during  chemisorption  of 
 H2S by a primary amine, such as MEA: 


Ionization of Water: H2O = H+ + OH-


Ionization of dissolved H2S:  H2S = H+ + HS-


Protonation of Alkanolamine: RNH2 + H+ = RNH3+


Scheme 1.2: The basic ionic reactions involved in H2O-Amine-H2S system 


The  species  mainly  present  in  H2S--rich  alkanolamine  solutions  are the 
 undissociated  molecules  H2O,  H2S,  and  RNH2  and  the  ions  H+,  OH-,  HS-,  and  RNH3+. 
 The  above  reactions  are  applicable  to  secondary  and  tertiary  amines  as  well. 


Supplementary  reactions  may  occur  such  as  dissociation  of  bisulfide  (HS-)  to  produce 
sulfide  ions  (S2-).  The  equilibrium  concentration  of  molecular  H2S  in  solution  is 



(30)proportional  to  its  partial  pressures  in  the  gas  phase  (i.e.,  Henry’s  law  applies).  So 
 ionization  of  dissolved  H2S  increases  with  increase  in  H2S  partial  pressure.  Also,  vapor 
 pressure  of  absorbed  H2S  increases  rapidly  with  the  rise  in  temperature.  It  is  therefore 
 possible  to  strip  absorbed  gases  from  aqueous  alkanolamine  solutions  by  simple 
 distillation. 


Some sterically hindered amines such as N-tertiarybutyl diethylene glycolamine or 
 TBGA can have advantages over MDEA with regard to selectivity but they are found to 
 be too expensive for common industrial use (Cai et a, 1992). Structural formulas of some 
 sterically hindered amines are shown in Table 1.3 (Sartori et al. 1983).  


The  properties  of  different  alkanolamines  and  the  advantages  and  disadvantages 
 are listed in Table 1.4 and Table 1.5 respectively. From the tables it is clear that MDEA is 
 superior  to  all  alkanolamines  in  selective  absorption  of  H2S  in  present  of  many  other 
 gases. So, the present research is focused on H2S chemisorption in MDEA only.  


Table 1.3 Different sterically hindered amines used for H2S removal (Sartoni et al. 1983) 


Amines  structure 


2-amino-2-methylpropan-1-ol 


(AMP)  OH


NH2


1,8-Diamino-p-menthane 
 (MDA) 


NH2
 NH2


2-piperidine ethanol (PE)  


N
 H


OH



(31)Table 1.4 Physical properties of alkanolamines (Kohl, 1997) 


Property  MEA  DEA  TEA  MDEA  DIPA  DGA 


Mol. Weight  61  105  149  119  133  105 


Sp. Gr.  


20 oC/20 oC 


1.0179  1.0919  1.1258  1.0418  0.9890  1.0550 


Boiling  pt.  (oC) 
 760mmHg 


171  decompose  360  247.2  248.7  221 


Vapour  Pressure, 
 mmHg at 20 oC 


0.36  0.01  0.01  0.01  0.01  0.01 


Freezing pt (oC)  10.5  28.0  21.2  -21.0  42.0  -9.5 


Solubility in water  
 (wt%) at 20 oC 


Complete  96.4  Complete  Complete  87  Complete 


Absolute  viscosity, 
 Centipoise, 20 oC 


24.1  380  1013  101  198  26 


Heat  of 


Vapourization, 
 kJ/kg  at  1  atm 
 (KJ/kg) 


826  670  535  519  429  509 



(32)Table 1.5 Benefits and shortcomings in the use of different alkanolamines 
 Monoethanolamine (MEA) 


Benefits 


  High solution capacity at moderate concentrations due to low molecular weight. 


  High alkalinity relative to other alkanolamines 


  Easy reclamation from the rich solution 
 Shortcomings 


  Poor selective H2S absorption of from acid gas streams containing other gases 


  Excessive  chemical  losses  due  to  the  formation  of  irreversible  reaction  products  with 
 gases containing COS and CS2. 


  Aqueous  MEA  solution  is  more  eroding  than  other  alkanolamines  for  concentration 
 exceeding 20% and high concentration of acid gases. 


  High energy consumption for stripping due to high heat of reaction with acid gases
 Diglycolamine (DGA) 


Benefits 


o  Can  be  used  in  relatively  high  concentrations  due  to  its  low  vapor  pressure  - 
 causing lower circulation rates in comparison to MEA. 


o  Can  operate  at  high  ambient  temperatures  –can  purify  large  volumes  of  low 
 pressure acid gas. 


o  Relatively lesser capital and operating cost in comparison to MEA 
 o  Can result in partial removal of COS 


o  Reclamation  of  DGA  from  the  degradation  products  resulting  from  reactions  of 
 DGA with CO, and COS is possible by steam distillation. 


Disadvantages 


  MDEA is more selective than DGA 
 Diisopropanolamine (DIPA) 


Benefits 


  Substantial  amounts  of  COS  along  with  H2S  and  CO2 can  beremoved  without 
 damaging effects to the solution. 


  Steam requirements is low for regeneration of DIPA. 


Shortcomings 



(33)  MDEA is more selective than DIPA 
 Methyldiethanolamine (MDEA)


Benefits 


  Absorption  selectively  for  H2S  from  acid  gas  streams  is  higher  than  other 
 alkanolamines. 


  Energy consumption during regeneration is compared to MEA and DEA. 


  MDEA can be used in high concentration in aqueous solutions without appreciable 
 amount of vapor loses. 


  Less corrosive than MEA and DEA 
 Shortcomings 


  MDEA is more expensive than some other simple amines like MEA and DEA. 


1.4 Utilization of H2S 


There are many ways to recover and utilize H2S present in the gas stream, such as, 
 Claus process, Crytasulf process etc. Few of them are discussed below: 


1.4.1  Claus process 


The  Claus  tail-gas  clean-up  process  is  the  conventional  process  used  for  the 
 elemental  sulfur  production  from  H2S (Fig.  1.9).  Carl  Friedrich  Claus  first  patented  this 
 process in  1983. This  process  recovers elemental  sulfur  from H2S present in  natural  gas 
 and in the tail gas stream that evolved after refining the crude oil.  


Description of the Claus technology 


Sour  gasses  having  H2S  content  around  25%  are  considered  suitable  for  sulfur 
 recovery through Claus process. The overall reaction can be written as:  


2𝐻2𝑆 +   𝑂2 →  2𝑆  + 2𝐻2𝑂 


A  schematic  diagram  of  a  Claus  process  is  presented  in Fig.  1.9.  The  process  is 
having mainly two steps, thermal and catalytic. 



(34)1.  Thermal step 


In this step, combustion of H2S is done at above 850 oC. Then Claus gases having 
 no  other  combustible  content  except  H2S,  are  burnt  in  central  muffle  surrounded  by 
 lenses. The combustion reaction can be written as: 


2𝐻2𝑆 +   3𝑂2 →  2𝑆𝑂2  + 2𝐻2𝑂 


This step is strongly exothermic and flame free that oxidizes hydrogen sulfide into 
 sulfur dioxide. The next most important reaction of the process is: 


2𝐻2𝑆 +   𝑆𝑂2 →  3𝑆  + 2𝐻2𝑂 
 The overall reaction can be written as: 


10𝐻2𝑆 +   5𝑂2 → 2𝐻2𝑆 + 𝑆𝑂2  +7


2𝑆2+ 8𝐻2𝑂 


The above equation shows that maximum conversion of H2S into elemental sulfur 
 is done in thermal step only. 


2.  Catalytic Step 


In the catalytic step activated aluminium (III) and titanium (IV) oxides are used to 
 enhance the product yield. The reaction in this step can be written as: 


2𝐻2𝑆 +   𝑆𝑂2 →  3𝑆  + 2𝐻2𝑂 


This sulfur forms can be S6, S7, S8 or S9. 


The primary procedure venture in the reactant stage is the gas heating procedure. 


It is important to avert sulfur condensation in the catalyst bed, which can be the cause of 
 catalyst fouling. Claus process gives sulfur recovery of about 99%, which is remarkable 
 indeed.  


However, the Claus process is having number of unavoidable disadvantages for e.g., 


  If the concentration of CO2 is high in the feed gas stream, it has to be pre-treated, 
 which makes the process expensive. 


  High temperatures operations. 


  The process control for keeping the O2/H2S ratio should be exact. 


  Maintenance cost of the Claus unit is very high. 


  High sulfur content in the gas coming out from the Claus unit. 



(35)1.4.2  Crystasulf process 


In this process, effective treatment of gasses containing high concentration of H2S 
 is performed. This process is used in the energy industry to handle sulfur amount between 
 0.1 and 20 tons per day. 


The process removes H2S from the sour gas stream and converts it into elemental 
 sulfur using modified liquid-phase Claus reactions: 


2𝐻2𝑆 +   𝑆𝑂2 →  3𝑆  + 2𝐻2𝑂 


H2S  is  removed  from  the  gas  stream  in  a  counter  current  absorber  using  heavy 
 hydrocarbon  liquid  and  then  reacts  with  sulfur-di-oxide  to  yield  elemental  sulfur  slurry 
 which is then removed using filtration process.   


1.4.3. Liquid phase oxidation processes 


In mid-nineteenth century, gas purification using liquids in regenerative cycles has 
 been initiated to produce pure elemental sulfur. Acid gases containing high CO2/H2S ratio 
 can  better  be  processed  in  liquid  phase  absorption/oxidation  route  than 
 absorption/stripping  route.  Potential  shortcomings  of  the  process  are  the  comparatively 
 low  absorption  capacities  of  the  solutions  for  H2S  and  O2  that  can  cause  in  huge  liquid 
 flow  rates,  the  difficulty  of  extracting  elemental  sulfur  from  the  liquid  mix,  and 
 dissipation of heat generated during H2S oxidation.   


In early days, a slurry of iron oxide in a mildly alkaline aqueous solution was used 
 for conversion of H2S in liquid phase to sulfur.  Later on, iron cyanide and thioarsenates 
 based  processes  have  been  commercialized.  Even  though  arsenic-based  process  was 
 effective,  it  has  lost  market  because  of  toxicity  present  in  the  scrubbing  liquid.  Also  in 
 1970,  quinone  with  vanadium  salts  was  evolved  as  a  highly  successful  liquid  phase 
 oxidant  for  H2S.  Environmental  concerns  about  vanadium  based  processes  have  later 
 made  iron-chelate  based  processes  like  LO-CAT  and  Sulferox  evolve  in  H2S-removal 
 market.  


1.5 Knowledge gap and methodology of current work 


There  is  no  study  on  the  use  of  H2S  absorbed  in  the  widely  used  alkanolamine, 
MDEA  to  synthesize  any  fine  chemicals  like  organic  sulfides  or  disulfides.  In  many 



(36)petroleum and natural gas industries, where MDEA is primarily used as a sole absorbing 
 agent, an alternative can be visualized to utilize the H2S-laden MDEA as a sulfiding agent 
 to synthesize organosulfur fine chemicals from organic halides. The present investigation 
 is  based  on  the  methodology  that  H2S-laden  MDEA  would  be  used  to  synthesize 
 thioethers like DBS and organic disulfides like DBDS etc. 


The  two  major  reactants  in  the  current  study  form  different  phases  which  are 
 immiscible  in  nature.  H2S-laden  MDEA  forms  an  aqueous  phase  and  benzyl  chloride  in 
 toluene  (solvent)  forms  organic phase.   To bring them in  contact with each  other, phase 
 transfer  catalyst  (PTC)  can  be  employed.  PTC  helps  in  enhancement  of  the  reaction  as 
 well  as  selectivity  of  desired  products  in  the  multiphase  reaction.  Quaternary  salts  have 
 been  found  to  be  used  widely  for  that  purpose.  In  the  current  study,  both  nitrogen 
 containing (amberlite IR-400) and phosphorous containing PTCs (tetrabutylphosphonium 
 bromide  (TBPB),  trihexyl(tetradecyl)phosphonium  chloride  (THTDPC))  have  been 
 employed.  Also,  ambelite  IR-400  is  an  insoluble  solid  catalyst  and  forms  liquid-liquid-
 solid  (L-L-S)  system.      Both  conventional  PTC,  TBPB  and  ionic  liquid  (IL),  THTDPC 
 form liquid-liquid (L-L) systems. L-L PTC systems provide faster reactions, but catalyst 
 recovery  is  difficult.  L-L-S  PTC  systems  are  slower  in  comparison  to  L-L  PTC,  but  it 
 provides easy catalyst separation and reuse.  


1.6 Industrial application of the products 


The synthesis of thioethers using different reagents is a widely used method in the 
 field of organic [19] and medicinal chemistry [20]. DBS has many important applications 
 such as refining and recovery of precious metals, anti-wear additives for the high-pressure 
 lubricants, stabilizers for photographic emulsions and few applications in the various anti-
 corrosive  formulations  [12].  Dibenzyl  disulfide  (DBDS)  is  very  important  chemical 
 compound having very diversified applications in the field of organic synthesis. DBDS is 
 used in manufacturing corrosion inhibitors, fragrance compounds, high-pressure lubricant 
 additives and other organic compounds. 


1.7 Origin and objective of the present work 


The present work uncovered a range of interesting alternative to the Claus process 
to  utilize  H2S  existing  in  the  different  gas  streams  in  the  efficient  manner.  Due  to  few 



(37)drawbacks  of  Claus  technology  such  as  high  energy  consumption,  complexity  of  the 
 process  and  high  rate  of  production  of  elemental  sulfur  as  compare  to  that  of 
 consumption, development of an alternative process is a rising demand.   


The  present  research  effort  uncovers  the  route  for  synthesis  of  value-added 
 organosulfur fine chemicals by consuming H2S present in various by-product gas streams. 


Dibenzyl  sulfide  and  dibenzyl  disulfide  were  synthesized  from  the  aqueous  H2S-rich 
 alkanolamines. The main aim of the current research can be summarised as follows: 


  Synthesis  of various  organic sulfides  like  dibenzyl  sulfide and dibenzyl disulfide 
 from  H2S-rich  alkanolamine  like  monoethanolamine  and  methyldiethanolamine 
 under  liquid-liquid  (L-L)  and  liquid-liquid-solid  (L-L-S)  phase  transfer  catalysis 


(PTC)  using  tetrabutylphosphonium  bromide  (TBPB), 


trihexyl(tetradecyl)phosphonium  chloride  (THTDPC)  and  amberlite  IR-400  as  a 
 phase transfer catalyst. 


  Parametric study: effect of various process controlling parameters (stirring speed, 
 catalyst  concentration,  reactant  concentration,  temperature,  sulfide  concentration, 
 alkanolamine  concentration,  reaction  time  and  temperature)  on  the  conversion  of 
 reactant and selectivity of the desired product. 


  Formulating a suitable reaction mechanism to explain the course of the reaction 


  Investigation of the reusability of the solid catalyst in case of solid catalyst used. 


  Development of the kinetic model and its validation against experimental data. 


1.8 Phase transfer catalysis 


Many  valuable  reactions  cannot  be  brought  about  because  of  an  inability  of 
reagents  to  come  together  which  are  present  in  two  different  phases.  Phase  transfer 
catalysis is a synthetic organic synthesis method to resolve this problem. In this process, a 
small  quantity  of  a  phase  transfer  agent  is  introduced  into  the  reaction  mixture  which 
transfers  one  reactant  across  the  interphase  and  makes  the  reaction  possible  to  give  the 
desired product without being consumed. 



(38)1.8.1  Mechanism of PTC 


Stark (1971) suggested an extraction mechanism of PTC which is illustrated in Fig 
 1.1. According to this mechanism, the quaternary ammonium cation Q+ of the PTC forms 
 an  ion  pair  Q+Y-  with  the  anion  of  the  reactant  present  in  the  aqueous  phase.  The 
 nucleophile Q+Y- travels to the organic phase by crossing liquid-liquid interphase due to 
 its  highly  lipophilic  nature  where  it  reacts  with  the  organic  reactant  RX  and  gives  the 
 desired  product  RY.  The  catalyst  again  reforms  as  QX  and  goes  back  to  the  aqueous 
 phase  and  the  cycle  proceeds  continuously.  This  is  the  normal  way  how  a  ionic  PTC 
 performed  and  often  termed  as  “normal  phase  transfer  catalysis”.  However,  throughout 
 the thesis we have used “PTC” to indicate normal phase transfer catalysis.  


   Figure 1.1. Extraction mechanism of phase-transfer catalysis 


Besides  the  normal  PTC  reactions,  the  PTC  technique  could  be  applied  to  reactions 
 involving  electrophilic  reactant  cations,  such  aryldiazonium  or  carbonium  and  anionic 
 catalyst,  in  which  cationic  reactant  is  continuously  transferred  from  aqueous  phase  into 
 organic phase in the form of a lipophilic ion pair, non-nucleophilic anionic catalyst, and 
 reacts  with  second  reactant  from  organic  phase.  This  type  of  technique  was  called 
 reversed  phase  transfer  catalysis  (RPTC).  A  complementary  methodology  named  by 
 Mathias  and  Vaidya  (1986)  as  "inverse  phase  transfer  catalysis  (IPTC)"  involves  the 
 conversion of reactant in organic phase to an ionic intermediate which is transported into 
 the water. 


1.8.2  Choice of PTC 


The major factors while choosing a suitable PTC (Starks & Liotta, 1978) are: 


  The PT catalyst must be cationic and should have good partition coefficient 
 between the phases 


  It should have loose cation-anion bonding to give high reactivity. 



(39)  The catalyst should be stable under the reaction conditions. 


  The activity of the catalyst should be high enough. 


1.8.3  Phase transfer catalyst 


The most commercially used phase transfer catalysts are onium salts (ammonium 
 and  phosphonium  salts),  crown  ethers,  aza-macrobiocyclic  ethers  (cryptands)  and 
 polyethylene  glycols  (PEGs). Table  1.6  shows  few  properties  of  the  commonly  used 
 PTCs. 


Quaternary  ammonium  and  phosphonium  salts  are  extensively  used  and 
 industrially  most  practicable  PTCs.  Crown  ethers  and  cryptands  are  also  widely  used  in 
 solid-liquid reaction systems on the ground of their ability to form complex and solubilize 
 metal cation and corresponding anion together to keep the charge balance maintained. But 
 due  to  their high  cost and  toxic  characteristics,  they  are  not  considered as  very  efficient 
 for most of the industrial applications (Naik & Doraiswamy, 1998). 


PEGs  and  their  derivatives  are  also  used  as  PTCs (Totten  &  Clinton,  1988).  As 
 compare to onium salts and crown ethers, PEGs are less active but they are relatively less 
 expensive,  stable  and  environmentally  safe.  It  can  be  concluded  that  quaternary  onium 
 salts are most suitable option for organic synthesis as PTCs. 


Table 1.6 Properties of commonly used PTC (Naik & Doraiswamy, 1998) 
 Catalyst  Cost  Stability and activity  Use and recovery of 


catalyst 
 Ammonium 


Salt 


Cheap  Moderately  active. 


Decomposes  by  reaction 
 1.1  at  1000C  and 
 reaction  1.2  shown 
 above.  


Commonly  used  but 
 difficult to recover.  


Phosphonium 
 salt 


Costlier 
 than 


ammonium 
 salts 


Moderately  active. 


Thermally  more  stable 
 than  ammonium  salt  but 
 decomposes  under  basic 
 condition.  


Commonly  used  but 
difficult to recover. 



(40)Crown ethers  Expensive  Highly  active.  Stable  at 
 both  high  temperature 
 and basic condition.  


Often  used.  Difficult  to 
 recover due to toxicity. 


Cryptands  Expensive  Highly  active.  Stable  at 
 both  high  temperature 
 and basic condition.  


Used  sometimes  due  to 
 high activity. Recovery is 
 difficult due to toxicity. 


PEG  Very 


cheap 


Lower  activity  but  more 
 stable than onium salts.  


Rarely used where a high 
 concentration  of  catalyst 
 does  not  affect  the 
 synthesis  reaction.  Easy 
 to recover.  


1.8.4  Classification of PTC 


PTC can be classified mainly in to two categories - insoluble and soluble PTC as 
 shown in Fig 1.2. Further soluble PTC can be classified as liquid-liquid (L-L PTC), gas-
 liquid  (G-L  PTC)  and  solid-liquid  PTC  (S-L  PTC).  Product  separation  is  difficult  and 
 catalyst  cannot  be  reused  in  case  soluble  PTC  and  this  drawback  can  be  overcome  in 
 insoluble PTC.   


Figure 1.2: Classification of PTC 



(41)1.8.5  Soluble PTC 


1.8.5.1 Liquid-liquid (L-L) PTC 


There  are  two  mechanistic  model  to  explain  L-L  PTC  namely  Stark’s  extraction 
 mechanism  and  Branstrom-Montanari  modified  starks  extraction  mechanism.  According 
 to Stark’s extraction mechanism (Fig 1.3) the PTC has both organophilic and hydrophilic 
 characteristics  and  can  distribute  itself  between  both  organic  and  aqueous  phase.  The 
 anions of reactant and product can cross the interphase and transfer into the organic phase 
 as a complete cation-anion pair.  


Figure 1.3. L-L PTC: Brandstrom-Montanari modification of Stark’s extraction 
 mechanism 


Brandstrom-Montanari  mechanism  (Starks,  Liotta,  &  Halper,  2012)  is  the 
 modified Stark’s extraction mechanism which says that the PTC is a highly organophilic 
 one  and  stays  in  the  organic  phase  only (Scheme  1.4).  In  that  case,  the  ion-exchange 
 reaction  takes  place  at  the  interphase  and  synthesis  reaction  takes  place  in  the  organic 
 phase. 


1.8.5.2 Solid-liquid (S-L) PTC 


The  mechanism  of  S-L  PTC  was  proposed  by  Melvilla  and  Goddard  in  1988 
(Melville & Goddard, 1988). According to this mechanism given in Fig 1.4 (a), the cation 
Q+  of  catalyst  directly  reacts  with  the  solid  surface  of  the  inorganic  salt  to  form  the 
soluble  anionic  species.  But  as  demonstrated  in Fig  1.4  (b), the  anionic  species  first 
dissolves  in  the  solution  and  then  makes  an  ion-pair  with  the  catalyst  cation.  If  the 
inorganic  salt  is  very  slightly  soluble,  then Fig  1.4(a) will  be  dominant  but  if  the  salt 
possesses substantial solubility then Fig 1.4(b) is to be expected. 



(42)Figure 1.4. Mechanism of Solid-Liquid PTC 
 1.8.5.3     Gas-liquid (G-L) PTC 


In G-L PTC reactions, the gaseous phase contains an organic substrate and passes 
 over the solid inorganic reactant coated with PTC in a semi-liquid form as shown in Fig. 


1.5. 


Figure 1.5. Mechanism of G-L PTC 


The  few  advantages  of  G-L  PTC  over  L-L  PTC  are  a)  its  continuous  mode  of 
 operation  through  a  constant  flow  of  organic  gaseous  reactant  over  a  solid  bed,  b)  PTC 
 can be easily recovered as it is directly loaded on an inorganic solid bed and c) increased 
 selectivity is obtained due to the absence of unwanted side reaction.  


In  a  G-L  process,  very  high  energy  requirements  are  needed  to  carry  out  the 
 process in gaseous form which may be responsible for the thermal decomposition of the 
 catalyst. Therefore, the catalyst must be thermally stable (Tundo et al. 1989). 


1.8.6  Insoluble PTC 


In  soluble  PTC  systems,  separation  of  catalyst  and  product  from  the  reaction 
mixture is done by some unit operation like distillation, extraction and absorption which 



(43)makes the process energy expensive. Therefore, the catalyst is generally considered to be 
 a waste as it is smaller in quantity than the product. These problems can be overcome by 
 introducing  insoluble  phase  transfer  catalysts.  The  system  can  be  divided  into  two 
 categories named as Liquid-Liquid-Solid (L-L-S) PTC and Liquid-Liquid-Liquid (L-L-L) 
 PTC. 


1.8.6.1 Liquid-Liquid-Solid (L-L-S) PTC 


Liquid–Liquid–Solid  (L-L-S)  triphase  catalysis  has  huge  operational  advantages 
 as its separation is easy so that it can be regenerated and reused efficiently. In L-L-S PTC, 
 one  of  the  reactant  gets  adsorbs  into  the  catalyst  and  makes  an  active  site  and  the  other 
 reactant  directly  reacts  with  it.  Ion-exchange  step  takes  place  in  aqueous  phase  and 
 substitution  step  takes  place  in  the  organic  phase  as  shown  in  Fig.  1.6 (Wu  &  Wang, 
 2003). In L-L-S PTC, the catalyst is supported on a polymer or inorganic support and can 
 be  separated  by  filtration  from  the  reaction  mixture  and  reused  but  there  is  a  loss  in 
 activity  due  to  binding  of  catalyst  on  the  solid  surface  which  results  in  lower  reaction 
 rates due to intraparticle diffusion limitations (Yadav & Reddy, 1999). 


Figure 1.6. Mechanism of L-L-S PTC 
 1.8.6.2 Liquid-Liquid-Liquid (L-L-L) PTC 


In  L-L  PTC,  the  recovery  and  reusability  of  the  catalyst  is  difficult  which  is  a 
major environmental concern (Yadav & Lande, 2005). The problem can be overcome by 
using L-L-L PTC.  



(44)Figure 1.7. Liquid-Liquid-Liquid PTC mechanism 


 In L-L-L PTC, the third phase is rich in catalyst and has limited solubility in both 
 organic and aqueous phases. In this system reaction occurs in the catalyst rich third phase 
 and the catalyst can be reused without loss in catalytic activity. The selectivity in case of 
 L-L-L PTC is better. Instead of these advantages, few disadvantages are also there with L-
 L-L PTC.  A very high amount of catalyst is generally required, which is expensive and 
 the  method  is  not  applicable  for  systems  where  a  very  high  temperature  is  required  to 
 carry  out  the  reaction.  As  the  temperature  increases,  the  stability  of  third  liquid  phase 
 decreases. 


1.9 Organization of the thesis 


The complete thesis is presented in seven chapters. All chapter starts with abstract 
 and well-defined introduction and ends with conclusion.  


Chapter  1  incorporates  different  sources  of  H2S,  its  adverse  effects,  removal 
 techniques and the scope of the present work. 


Chapter 2 deals with the literature review on the work done related to the present 
 work till date and the research gap. 


Chapter  3  describes  the  experimental  procedure  opted  to  reach  the  goal,  the 
 chemicals used and the description of analytical work done using GC-MS and GC-FID. 


Chapter  4  defines  the  first  system  on  the  synthesize  DBS  from  the  reaction  of 
 benzyl  chloride  (BC)  and  H2S-Rich  Aqueous  Methyldiethanolamine  (MDEA)  under 
 liquid-liquid phase transfer catalysis (L-L PTC). 


Chapter 5 is based on the detailed kinetic investigation and the selective synthesis 
of  dibenzyl  sulfide  (DBS)  from  the  reaction  of  aqueous  H2S-rich  Methyldiethanolamine 



(45)(MDEA)  with  benzyl  chloride  (BC)  under  liquid-liquid  phase  transfer  catalysis  (L-L 
 PTC). 


Chapter 6 deals with the detailed kinetic investigation for the selective synthesis 
 of  dibenzyl  disulfide  (DBDS)  from  the  reaction  of  benzyl  chloride  (BC)  and  H2S-rich 
 aqueous  monoethanolamine  (MEA)  under liquid-liquid-solid phase transfer  catalysis  (L-
 L-S PTC). 


Chapter  7  presents  the  overall  conclusion  and  recommendations  for  further 
research.   



(46)Figure 1.8: Amine Treating Unit



(47)Figure 1.9: Sulfur Recovery Using Claus Unit



(48)Figure 1.10: H2S Utilization Using Acidic Electrochemical  Process 
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