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 Abstract 


Hydrogen  sulfide  (H2S)  is  often  found  in  the  by-product  gas-streams  of  many 
 petroleum  and  natural  gas  processing  industries.  Conventionally  it  is  being  used  for  the 
 production of elemental sulfur by Claus Process which is further utilized in the production of 
 sulfuric  acid  or  rubber  industries.  But  Claus  process  is  an  energy-expensive  process  as  it 
 requires a high amount of energy and process control over oxygen and H2S ratio. H2S-laden 
 gas can be utilized well by absorbing into aqueous alkanolamine and then use this reagent as 
 a sulfiding agent to produce organo-sulfur compounds  like  thioether,  mercaptans, disulfides 
 etc.,  which  have  higher  usability  and  better  market  value.  These  organo-sulfide  such  as 
 Dibenzyl  sulfide  (DBS)  find  their  application  in  pesticide,  polymer,  pharma  and  drug 
 industries. Since the alkanolamine and benzyl chloride are two different phases and to carry 
 out  this  triphasic  reaction,  phase-transfer-catalyst  (PTC)  has  been  used  and  often  the 
 application  of  PTC  gives  enhancement  in  reaction  rate,  more  conversion  for  reactants  and 
 better selectivity of desired products. 


This  work  was  undertaken  to  study  the  synthesis  of  Dibenzyl  Sulphide  (DBS)  and 
 Benzyl Mercaptan (BM) using H2S-rich monoethanolamine (MEA) and benzyl chloride (BC) 
 under Liquid-Liquid-Solid phase transfer catalysis with a tri-phase catalyst.Owing to its solid 
 state, availability, cost and reusability, Amberlite IR 400 is selected as a PTC. A parametric 
 study  was  carried  out  which  emphasized  upon  the  impact  of  catalyst  loading  as  one  of  the 
 process variables on the conversion of benzyl chloride and selectivity of DBS and parametric 
 study with these substances revealed more that 90% selectivity for desired product at ambient 
 condition. The effects are utilized to establish a suitable mechanism of the reaction to explain 
 the course of the reaction. 


The  overall  objective  of  this  study  is  to  maximize  conversion  of  reactant  BC, 
 maximize  selectivity  of  desired  product  DBS.  Reaction  time,  temperature,  catalyst  loading, 
 stirring speed, reactants concentration and solvent concentration were chosen as parameters. 


These techniques can be used as an alternative to  Claus process and also can act as a green 
 route for synthesizing value-added fine chemicals like DBS, Benzyl mercaptan (BM) etc. 


Keywords: Hydrogen Sulfide;  Alkanolamines; Dibenzyl sulfide; Benzyl  mercaptan; Liquid-
Liquid-Solid Phase Transfer Catalysis; Mechanism; Selectivity; Conversion. 
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Chapter 1  Introduction  


Abstract 


This  chapter  involves  a  broad  overview  of  the  present  research  work  and  its  vitality.  It 
 includes introduction to the sources of hydrogen sulfide, need to polish it off and retrieval.It 
 also  envisages  upon  the  conventional  process  used  in  the  industries,  the  objectives  of  this 
 study and a note on the structure and organization of the thesis. 


1.1. Anthropogenic Routes to Hydrogen Sulfide 


About  10-12%  of  the  total  global  discharges  of  the  Hydrogen  Sulfide  (H2S)  were 
 attributed  by  human  deeds.  H2S  is  found  both  naturally  and  from  human-made  industrial 
 processes.  It  is  in  the  form  of  gases  from  volcanoes,  sulfur  springs,  undersea  vent,  salt 
 marshes, swamps, and stagnant bodies of water and  in  the  crude  petroleum and natural gas. 


The gas occurs naturally in coal pits, sulfur springs, gas wells, and as a product of decaying 
 sulfur-containing  organic  matter,  particularly  under  low  oxygen  conditions.  And  is  also 
 commonly  come across in places such as municipal sewers, sewage treatment plants (H2S is 
 often called  sewer gas), swine containment, manure stockpiles, manure-handling operations, 
 mines, hot springs, and the holds of fishing ships. 


H2S  may  account  for  up  to  1  %  by  volume  of  landfill  gas  emissions,  although 
 typically  the  percentage  is  much  less.  The  formation  of  hydrogen  sulfide  within  a  landfill 
 depends  on  certain  conditions  including  moisture  content,  temperature,  and  pH;  anaerobic 
 conditions (lacking oxygen); and a sulfate source. 


Industrial sources of H2S comprise petroleum refineries, natural gas extraction plants, 
 petrochemical plants, coke oven plants, chemical manufacturing and waste disposal, pulp and 
 paper  manufacturing  (Kraft  paper  mills  using  the  sulfate  method),  food  processing  plants, 
 rayon textile production, wastewater treatment plants and leather tanneries.  


During  the  course  of  abundant  processes  in  the  petroleum,  coal,  and  natural  gas 
processing industries, one or more gaseous by-products containing hydrogen sulfide H2S are 
rather  commonly  produced. In  industries,  Hydrodesulfurization  stands  widely  established 
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process used to remove sulfur (S) from natural gas and from refined petroleum products such 
 as gasoline or petrol, jet fuel, kerosene, diesel fuel, and fuel oils. By far the largest industrial 
 pavements  to  H2S  occur  in  petroleum  refineries.  The  supply  of  light  and  easy-to-process 
 crude oils are slowly deteriorating and the refiners throughout the world are forced to process 
 heavy  crude  containing  high  amount  of  sulfur  and  nitrogen.  With  strict  environmental 
 guidelines and concerns, refiners are also forced to hydrotreat such crude to bring down the 
 sulfur and nitrogen concentrations to the agreed levels. During hydrotreatment of heavy and 
 sour  crude,  large  amounts  of  H2S  is  formed.  In  addition,  during  the  sequence  of  several 
 processes in the coal processing industries, one or more gaseous by-products containing H2S 
 is  quite  normally  produced. The coal gas  contains  near about  0.3-3%  H2S  as the  main  non-
 hydrocarbon impurities. Moreover, in the natural gas industry, the H2S content of certain gas 
 streams recovered from natural gas deposits in many areas of the world is often too high for 
 viable  acceptance.  The  composition  of  raw  natural  gas  diverges  widely  from  field  to  field. 


The  H2S  content  may  vary  from  0.1  ppm  to  150,000  ppm.  Other  anthropogenic  sources  of 
 hydrogen  sulfide  include coke ovens, paper  mills (Kraft  technique  –  using  the  sulfate 
 method), and tanneries. 


Bacteria  found  in  our  mouth  and  gastrointestinal  tract  produce  H2S  during  the 
 digestion of food containing vegetable or animal proteins. 


1.2. Requirement for Treating of H2S-laden Gas 


With  an  increase  in  the  global  environmental  awareness,  chemical  industries  are 
 facing  severe  complications  with  the  dumping  of  environmentally  hazardous  materials  like 
 H2Sin atolerable manner.The removal of H2S from gas and fluid streams  is anticipated  for a 
 variety of reasons, such as:  


  Hydrogen  sulfide  is  a  highly toxic and  combustible  gas  with  explosion  limits  ranging 
from  4.3 -  46 %.  Being  heavier  than  air,  it  tends  to  agglomerate  at  the  bottom  of  ill 
ventilated places. Although very pungent at first, it quickly reduces the sense of smell, so 
potential  victims  may  be  unconscious  of  its  existence  until  it  is  too  late.  For  safe 
management procedures, a hydrogen sulfide material safety data sheet (MSDS) should be 
consulted.  Different  standards  of  H2S  emissions  and  its  warning  signs  were  shown  in 
Table 1.1. and Table 1.2. respectively 
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Table 1.1. Standards of H2S emissions 


Occupational Exposure Limit (8 h time weighted average)   10 ppm  


Public Exposure Limit (for the general population)   0.03-0.006 ppm  
 Maximum Emissions Limit from Sulfur Recovery Units  


• 1500 ppmv of sulfur compounds calculated as SO2 


• 10 ppmv of H2S.  


• 200 pounds per hour of sulfur compounds calculated as SO2 


Table 1.2: H2S Warning Signs 
 Concentration in parts per million 


(ppm) 


Observations and health effects 


Less than 1  Most people smell “rotten eggs.” 


3-5  Odor is strong. 


20-150  Nose and throat feel dry and irritated. Eyes       
 sting, itch, or water; and “gas eye” symptoms   may occur 


150-200  Sense of smell is blocked (olfactory fatigue). 


200-250  Major  irritation  of  the  nose,  throat,  and  lungs  occurs, 
 along  with  headache,  nausea,  vomiting,  and  dizziness. 


Prolonged  exposure  can  cause  fluid  buildup  in  the  lungs 
 (pulmonary edema), which can be fatal. 


300-500  Symptoms are the same as above, but more severe. Death 


can  occur  within  1  to  4  hours  of  exposure.  Above  500 
Immediate  loss  of  consciousness.  Death  is  likely  to  be 
immediate 
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The removal of H2S from fluid streams can be desirable for a variety of reasons, such as:  


  H2S  is  odiferous  in  nature,  corrosive  in  the  presence  of  water  and  poisonous  in 
 very small concentrations. Therefore, it must almost completely be removed from the gas 
 streams  before  use  and  preferably  before  transport.  As  a  result,  many  pipeline 
 specifications limit the amount of H2S to less than 0.25 g/100 ft3 of gas (Thomas, 1990). 


  The presence of H2S in the refinery gas streams can cause a number of detrimental 
 problems  in  subsequent  processing  steps  such  as  corrosion  of  process  equipment, 
 deterioration  and  deactivation  of  the  catalysts,  undesired  side  reactions,  increase  in  the 
 process  pressure  requirements,  increase  in  the  gas  compressor  capacity,  etc.  (Hamblin, 
 1973).  


Table 1.3 Exposure Limits of H2S (US Department of Labor) 
 Occupational  Health  and  Safety  Administration  (OSHA)  Permissible 
 Exposure limit (PEL) for general industry 


10 ppm 


American  Conference  of  Governmental  Industrial  Hygienists  (ACGIH) 
 Threshold Limit Value (TLV) 


10 ppm 


National  Institute  for  Occupational  Safety  and  Health  (NIOSH) 
 Recommended Exposure Limit (REL) 


10 ppm 


NIOSH Immediately Dangerous To Life or Health Concentration (IDLH)  100ppm 


1.3. Industrial Processes for the Removal and Reclamation of H2S 


Industries have to decrease the H2S fillings of the byproduct gas streams  beneath the 
safe  limit  in  order  to  safeguard  environmental  safety  and  health  safety  for  their  worker.  In 
industries, multiple processes have been established for the elimination and retrieval of H2S 
from gas streams. Since H2S is acidic (weak acid) in nature, its removal can be done by using 
an  alkaline  solution.  A  strong  alkaline  solution  like  sodium  hydroxide,  however,  forms 
irreversible chemical reaction products with H2S and thus can‟t be employed for the removal 
of  H2S  from  gas  streams  particularly  if  the  gas  contains  both  H2S  and  CO2 where  the 
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concentration of CO2 is more than 4% (Robin, 1999). This leads to the use of a weak alkaline 
 solution like ammonia and alkanolamines for the removal and retrieval of H2S. 


1.3.1. Ammonia-based Processes 


Usage of aqueous ammonia in the elimination of H2S from gas streams had been well 
 practiced (Hamblin, 1973 and Harvey and Makrides, 1980).Gas streams comprising both H2S 
 and NH3 pass through a H2S scrubber and an NH3 scrubber in sequence as shown in Fig.1.2. 


Stripped water is fed to the top of the NH3 scrubber where it absorbs NH3 from the gas. The 
 resulting  NH3 solution  is  then  used  as  absorbent  for  H2S  in  the  H2S  scrubber.  The  rich 
 solution,  from  this  unit  comprising  ammonium  sulfide  in  solution,  is  fed  to  a  deacidifier, 
 which decomposes the ammonium sulfide to yield the H2S rich vapor and NH3 rich liquor.  


The usage of ammonia to remove H2S and  CO2  from gas streams  has deprived of  in 
 recent  years;  however, the process  is  still used to  desulfurize coke-oven gas  in a  number of 
 installations.  The  NH3-based  H2S  removal  processes  are  offered  by  the  Krupp  Wilputte 
 Corporation (1988), Davy-still Otto (1992), and Mitsubishi Kakoki Kaisha Ltd. (1986) (Kohl 
 and  Nielsen,  1997).  Although,  these  processes  vary  in  the  particulars  of  heat  exchange, 
 recycle streams, wash steps, hardware design, and process conditions, the chemical reactions 
 and the basic operation are basically the same as specified earlier. The reactions happening in 
 the  system  comprised  of  ammonia,  hydrogen  sulfide,  and  water  can  be  represented  by  the 
 following equations (Scheme 1.1). 


2


Scheme 1.1 


Some  of  the  notable  advantages  with  the  NH3-based  process  over  amine-based 
 process (Kohl and Nielsen, 1997):  


  The NH3-based process is appropriate for gas streams comprising both H2S and NH3, 
as  simultaneous  removal  of  NH3 is  obvious  in  this  process.  Besides,  for  the  gas 
streams  containing  both  H2S  and  NH3,  the  removal  of  both  impurities  might  be 
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completed in a solitary step in the ammonia-based process instead of two steps as in 
 the situation of alkanolamine-based process. 


  The rate of absorption of H2S  into aqueous NH3 solution  is  fast and  reliant  upon the 
 concentration of NH3. Therefore, with acceptable  NH3 concentration at the interface, 
 it is possible that the gas film resistance governs the rate of absorption of H2S. On the 
 other  hand,  absorption  of  CO2  in  weak  alkaline  solution  like  aqueous  NH3  is 
 considered  typical  of  a  liquid  film  controlled  system.  The  consequence  is  that  when 
 gases containing both H2S and CO2 are contacted with aqueous NH3 solution, the H2S 
 is  absorbed  much  more  rapidly  than  the  CO2.  Yet  another  aspect  is  that  once  in 
 solution, the CO2 is stronger acid than H2S and under equilibrium conditions, process 
 would  essentially  be  expected  to  be  selective  for  CO2.  Therefore,  by  using  aqueous 
 NH3,  the  selective  absorption  of  H2S  or  CO2 is  possible  from  the  gases  containing 
 both H2S and CO2. By the practice of spray column in combination with short contact 
 time can lead to the selective absorption of H2S from the gas mixture containing both 
 CO2 and H2S.  


  NH3 has  the  advantage  for  such  applications  being  essentially  unaffected  by  the 
 presence  of  carbonyl  sulfide  (COS),  carbon  disulfide  (CS2)  and  hydrogen  cyanide 
 (HCN).  


Regardless of these advantages, the use of ammonical scrubbing has not been globally 
 accepted in the gas treating art as the preferred method for removing H2S from a gas stream. 


This  is  primarily  because  of  a  number  of  operational  problems  associated  with  its 
 implementation (Hamblin, 1973), such as:  


  High  partial  pressure  of  NH3  forces  the  scrubbing  step  be  conducted  with  relatively 
 dilute NH3 solutions or at relatively high pressures or a separate water wash step after 
 the  NH3 scrubbing  step  in  order  to  remove  NH3 from  the  treated  gas  stream.  In 
 addition,  the  use  of  dilute  scrubbing  solutions  typically  increases  substantially  the 
 regeneration costs where the regeneration step  is  conducted at a considerably  higher 
 temperature than the scrubbing step.  


  Another  trouble  is  associated  with  the  renewal  of  the  rich  absorbent  solution 
withdrawn  from  the  scrubbing  step.  Several  regeneration  procedures  have  been 
projected  but  they  typically  have  involved  the  use  of  soluble  catalysts  such  as 
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hydroquinone  and  have  had  difficulties  such  as  contamination  of  the  sulfur  product 
 with the catalyst, excessive formation of side products such as ammonium sulfate and 
 thiosulfate and loss of scrubbing solution and catalyst during the periodic purges that 
 are  generally  required  to  remove  side  products  from  the  system.  Other  difficulties 
 have been associated with the recovery of the elemental sulfur from the regeneration 
 step where it has been usual to form a froth of sulfur, which then must be skimmed off 
 and filtered.  


1.3.2 Alkanolamine-based Process  


Although  both  ammonia-  and  alkanolamine-based  processes  are  in  usage  for  the 
 elimination  of  acid  gas  constituents  (H2S  and  CO2)  from  gas  streams,  alkanolamine-based 
 process got wide commercial acceptance as the gas treating art because of its advantages of 
 low vapor pressure (high boiling point) and ease of reclamation. The low vapor pressures of 
 alkanolamines  lead  the  operation  extra  flexible  in  terms  of  operating  pressure,  temperature, 
 and concentration of alkanolamine in addition to the insignificant vaporization losses.  


Triethanolamine  (TEA),  which  wasthe  first  alkanolamine  to  become  commercially 
 available,  was  used  in  the  early  gas-treating  plants  (R.  R.  Bottoms,  1930). The  amines  that 
 have proved to be of principal commercial interest for gas purification are monoethanolamine 
 (MEA),  diethanolamine  (DEA)  and  methyldiethanolamine  (MDEA).  Triethanolamine  has 
 been displaced largely because of its low capacity (resulting from higher equivalent weight), 
 its  low reactivity (as a tertiary amine), and  its relatively poor stability.  However,  frequently 
 used alkanolamines, such  as MEA and DEA, are not selective to H2S in their reaction. The 
 alkanolamines absorb the total acid gas components present in the gas streams, e.g., CO2, as 
 well as H2S. Such non-selectivity is not required in the present application. 


Diisopropanolamine (DIPA) (Bally, 1961; Klein, 1970) is being used to some extent 
in the Adip process and in the Sulfinol process as well as in the SCOT process for Claus plant 
tail gas purification. However, methyldiethanolamine (MDEA) is slowly displacing DIPA in 
these  applications.  Although  MDEA  was  described  by  Kohland  coworkers  at  Fluor  Daniel 
(Frazier  and  Kohl,  1950;  Kohl,  1951;  Miller  and  Kohl,  1953)  as  a  selective  absorbent  for 
H2Sin the presence of CO2 as early as 1950, its use in industrial processes has only become 
important  in  recent  years.  A  somewhat  different  type  of  alkanolamine,  2-(2-aminoethoxy) 
ethanol,  commercially  known  as  Diglycolamine  (DGA),  was  first  proposed  by  Blohm  and 
Riesenfeld (1955). This compound couples the stability and reactivity of monoethanolamine 
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with the low vapor pressure and hypscopicity of diethylene glycol and, therefore, can be used 
 in more concentrated solutions than monoethanolamine. 


In  addition  to  simple  aqueous  solutions  of  the  previously  mentioned  alkanolamines, 
 proprietary formulations comprising mixtures of the amines with various additives are widely 
 used. Formulated solvents are offered by Dow Chemical Company (GAS/SPEC), UOP (and 
 or  Union  Carbide  Corp.)  (Amine  Guard  and  UCARSOL),  Huntsman  Corporation  (formerly 
 Texaco  Chemical  Company)  (TEXTREAT),  and  BASF  Aktiengesellschaft  (Activated 
 MDEA).  Some  of  Dow‟s  GAYSPEC  and  UOP‟s  Amine  Guard  formulations  are  basically 
 corrosion inhibited MEA and DEA solutions. However: the most significant development in 
 formulated  solvents  is  the  advent  of  tailored  amine  mixtures.  These  are  usually  based  on 
 MDEA,  but contain  other amines  as  well as corrosion  inhibitors,  foam  depressants, buffers, 
 and  promoters  blended  for  specific  applications.  They  can  be  designed  to  provide  selective 
 H2S  removal,  partial  or  complete  CO2  removal,  high  acid  gas  loading,  COS  removal  and 
 other  special  feature  (Manning  and  Thompson,  1991;  Pearce  and  Wolcott,  1986;  Thomas, 
 1988: Meissner and Wagner. 1983; Meissner, 1983; Niswander et al., 1992). 


A different class of acid gas absorbents, the sterically  hindered  amines,  has recently 
 been  disclosed  by  EXXON  Research  and  Engineering  Company  (Anon.,  1981;  Goldstein, 
 1983; Sartoriand Savage, 1983). These absorbents, some of which are not alkanolamines, use 
 steric  hinderancetocontrol  the  CO2/amine  reaction.  Several  different  solutions  are  offered 
 under the general name of Flexsorb solvents. 


Table  1.4  presents  the  advantages  and  disadvantages  of  different  alkanolamines 
commonly employed for the removal of acid gas constituents from gas streams. 
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Table 1.4 Comparisons of various alkanolamines 
 Monoethanolamine (MEA) 


Advantages 


  At  moderate  concentrations  (on  weight  basis)  the  low  molecular  weight  of  MEA 
 results in high solution capacity. 


  High alkalinity 


  Comparative ease with which it can be reclaimed from the polluted solution 
 Disadvantages 


  Selective  absorption  of  H2S  from  gas  streams  comprising  both  H2S  and  CO2  is  not 
 possible. 


  The  formation  of  irreversible  reaction  products  with  COS  and  CS2  causes  excessive 
 chemical losses if the gas contains significant amounts of these compounds. 


  The MEA solution is more corrosive than solution of most other amines, particularly 
 if the amine concentration exceeds 20% and the solution are highly loaded with acid 
 gas. 


  High  heat of reaction with H2S and CO2  (about 30% higher  than DEA  for both acid 
gases) leads to higher energy requirements for stripping. 
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Diethanolamine (DEA) 
 Advantages 


  Secondary  amine  like  DEA  are  much  less  reactive  with  COS  and  CS2  than  primary 
 amines.  Therefore,  it  is  the  better  choice  for  treating  gas  streams  containing 
 appreciable amounts of COS and CS2. 


  The  low  vapor  pressure  of  DEA  makes  it  suitable  for  low-pressure  operations  as 
 vaporization loses are quite negligible. 


  DEA solutions are less corrosive than MEA solution. 


Disadvantages 


  The reclaiming of contaminated DEA solution may require vacuum distillation. 


  DEA  undergoes  numerous  irreversible  reactions  with  CO2  forming  corrosive 
 degradation  products,  and  for  that  reason,  it  may  not  be  the  optimum  choice  for 
 treating gases with a high CO2 content. 


Methyldiethanolamine (MDEA) 
 Advantages 


  Selectively absorb H2S from gas streams containing both H2S and CO2. 


  Energy  saving  because  of  lower  desorption  temperature  and  lower  heat  of  reaction 
 compared to MEA and DEA. 


  Less corrosive than MEA and DEA 


  Because  of  low  vapor  pressure,  MDEA  can  be  used  in  concentration  up  to  60  wt%  in 
 aqueous solutions without appreciable amount of evaporation loses. 


Disadvantages 


  The cost of MDEA, which is higher than the other amines, has prevented its use. 
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Structural  formulas  for  the  alkanolamines  formerly  stated  are  presented  in  Fig.  1.1. 


Each has at least one hydroxyl group and one amino group. In general, it can be considered 
 that  the  hydroxyl  group  helps  to  reduce  the  vapor  pressure  and  increase  the  water 
 solubility.While  the  aminogroup  offers  the  essential  alkalinity  in  water  solutions  to  root 
 theabsorption of acidic gases. 


      


Monoethanolamine (MEA)  Diethanolamine (DEA)       2-(2-aminoethoxy) Ethanol 


Diisopropanolamine (DIPA)  Methayldiethanolamine (MDEA)      Triethanolamine (TEA) 
 Figure 1.1 Structural Formulas of Different Alkanolamines 


The  basic  chemical  reactions  involved  in  this  process  are  depicted  below  using  a 
 primary amine, RNH2 (Scheme 1.2). 


Reactions with H


2S:  


Sulfide formation:  


Hydrosulfide formation: 


Reactions with CO


2:  


Carbonate formation: 


Bicarbonate formation:


Carbamate formation:


Scheme 1.2 
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The basic flow diagram of amine-based acid gas removal process is shown in Fig. 1.2. 


Treatment with alkanolamines  includes circulating gas stream upward through the absorber, 
 countercurrent  to  the  stream  of  aqueous  alkanolamine  solution.  The  rich  solution  from  the 
 bottom most of the absorber is heated by heat exchange with thin solution from bottom of the 
 stripping  column  and  is  then  fed  to  the  stripping  column  where  the  absorbed  gases  are 
 stripped  off  from  the  alkanolamine  solution.  The  renewed  alkanolamine  is  then  recycled  to 
 the absorber. The concentrated hydrogen sulfide off gas obtained from the top of the stripping 
 column is then subjected to retrieval or dumping. 


Figure 1.2 Process Flow Diagram of typical Amine-treating process used in industrial plant  


1.4 Methods of Sulfur Retrieval of H2S  
 1.4.1 Claus Process  


H2S  should  be  altered  into  non-poisonous  and  better  utility  sulfur  because  of  its 
obnoxious nature at most of the locations. The choice of process is the Claus Sulfur Recovery 
process.  The Claus process was  first  patented  in  1883 by the  scientist Carl  Friedrich Claus, 
the  Claus  process  has  become  the  industry  standard.  The  multi-step  Claus  process  recovers 
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sulfur  from  the  gaseous  hydrogen  sulfide  found  in  raw natural  gas and  from  the  byproduct 
 gases  containing  hydrogen  sulfide  derived  from  refining crude  oil and  other  industrial 
 processes.  The  byproduct  gases  mainly  originate  from  physical  and  chemical  gas  treatment 
 units  (Selexol,   Rectisol,   Purisol   and amine  scrubbers)  in refineries, natural  gas  processing 
 plants and gasification or synthesis  gas  plants.  These  byproduct  gases  may  also 
 comprise hydrogen cyanide, hydrocarbons, sulfur dioxide or ammonia. 


Explanation of the Claus Sulfur Recovery Process 


H2S gas separated from the host gas stream using amine extraction is fed to the Claus 
 unit (Fig. 1.3), where it is converted in two steps: 


1.  Thermal Step. The H2S-laden gas reacts in a substoichiometric combustion with air. 


This is done in a reaction furnace at high temperatures (1000 - 1400 oC). Claus gases 
 (acid  gas)  with  no  further  combustible  contents  apart  from  H2S  are  burned  in 
 burner by the following chemical reaction: 


This  is  a  strongly exothermic free-flame  total oxidation of  H2S  producing sulfur 
 dioxide that reacts away in succeeding reactions. The most important one is the Claus 
 reaction: 


The overall equation is: 


Showing that in the thermal step alone two-thirds of the hydrogen sulfide is converted 
to sulfur.The air to the acid gas ratio is controlled such that in total 1/3 of all hydrogen sulfide 
(H2S) is converted to SO2. This ensures a stoichiometric reaction for the Claus reaction in the 
second catalytic  step.  The sulfur  forms  in the thermal phase as  highly reactive S2 diradicals 
which combine exclusively to the S8 allotrope: 



(26)15 


Side reactions 


Other chemical processes taking place in the thermal step of the Claus reaction are: 


The formation of hydrogen gas: 


 (endothermic reaction) 


The formation of carbonyl sulfide: 


The formation of carbon sulfide: 


2.  Catalytic Step. The reaction gases leaving the sulfur condenser are reheated to 200 -
 350 0C  and  fed  to the  series  of  catalytic  converter  and  sulfur  condenser  where  H2S 
 react with SO2 to produce elemental sulfur (this sulfur can be S6, S7, S8 or S9) : 


2 H2S + SO2 → 3 S + 2 H2O      (ΔH = -1165.6 kJ/mol) 


Usually,  the  catalyst  used  in  the  catalytic  converter  is  either  activated aluminum 
 (III) or titanium (IV) oxide. 


Unavoidably a small amount of H2S remains in the tail gas. This remaining quantity, 
 together with other trace sulfur compounds, is usually dealt with in a tail gas unit. The latter 
 can give overall  sulfur recoveries of about 99.8%. Sulfur  is used  for  manufacturing sulfuric 
 acid,  medicine,  cosmetics,  fertilizers  and  rubber  products.  Elemental  sulfur  is  used  as 
 fertilizer and pesticide. 


Nevertheless,  the  Claus  process  has  a  number  of  intrinsic  disadvantages  (Plummer, 
 1994; Plummer and Beazley, 1986; Plummer and Zimmerman, 1986). For example:  


  It operates at high temperatures  


  It necessitates exact process control over the ratio of oxygen to H2S in the feed.  


  The valuable hydrogen energy is lost in this process.  
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  It  necessitates  expensive  pretreatment  of  the  feed  gas  if  CO2 is  present  in  high 
 concentrations. At least a portion of the CO2 must be removed from the byproduct gas 
 by pretreatment before oxidizing the H2S to maintain the efficiency of the oxidation 
 process.  


  The sulfur content of Claus process tail gas released to the atmosphere is generally too 
 high to meet stringent environmental regulations. To comply with these regulations, it 
 is  necessary  to  add  more  Claus  stages  and/or  employ  a  separate  tail  gas  cleanup 
 process at great expense.  


Process improvement 


Over the years numerousdevelopments have been made to the Claus process. Current 
 developments include: 


Super  Claus:  A  special  catalyst  in  the  last  reactor  oxidizes  the  H2S  selectively  to  sulfur, 
 avoiding formation of SO2. Significantly higher conversions are obtained at modest cost. 


Oxygen Claus:The combustion air is mixed with pure oxygen. This reduces the amount of 
 nitrogen passing through the unit, making it possible to increase throughput. 


Better  Catalysts:Higher  activities  have  been  achieved  with  catalysts  that  provide  higher 
 surface areas and macroporosity. 


Fig 1.3: Process Flow diagram of Sulfur Recovery Process Unit 
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Additional Methods to Process Sour Gas 


Some H2S-containing gas is  inappropriate  for treatment by amine extraction because 
 of  high  CO2 levels.  These  streams  frequently  lend  themselves  to  processing  by  so-called 
 liquid redox processes such as CrystaSulf or SulFerox or ARI-LO-CAT. Instead of air, these 
 processes use a liquid solution containing oxidized iron. 


Several novel processes are being developed to make hydrogen as well as sulfur from 
 H2S. These are sometimes called H2S Splitting Processes. Hydrogen is a valuable gas that is 
 needed in oil processing and for the production of ammonia and methanol. 


1.4.2. CrystaSulf 


CrystaSulf is  a  chemical  process  used  for  removing hydrogen  sulfide from natural 
 gas, synthesis  gas and  gas  streams  in refineries and  chemical  plants  (Department  of  Energy 
 Report  on  Hybrid  Sulfur  Recovery  Process  for  Natural  Gas  Upgrading,  CrystaTech,  Inc, 
 Texas, US). CrystaSulf uses a liquid phase Claus reaction to convert the H2S  into elemental 
 sulfur which is then removed from the process by filtration. This process is used in the energy 
 industry as a one-step alternative to Amine –Claus process. 


In  the  CrystaSulf  process,  a  heavy hydrocarbon liquid  is  pumped  through 
 an absorber where the liquid associates the gas stream that contains H2S. The H2S is absorbed 
 from the gas stream and the clean gas stream then exits the absorber. The H2S remains in the 
 liquid where it reacts with sulfur dioxide (SO2) to form elemental sulfur and water according 
 to the following chemical equation. 


1.4.3 Wet-oxidation LO-CAT Process  


In  the  LO-CAT  process,  H2S  is  converted  to  elemental  sulfur  using  an  ecologically 
safe  chelated  iron  catalyst.  The  iron  catalyst  is  detained  in  solution  by  organic  chelating 
agents that wrap around the iron ions in a claw like fashion, preventing precipitation of either 
iron sulfide (FeS) or iron hydroxide (Fe(OH)3). According to this process, H2S absorbed into 
the slightly alkaline, aqueous LO-CAT solution (pH 8.0-8.5), is oxidized to elemental sulfur 
by reducing the iron ions from the ferric to the ferrous state. The reduced iron ions are then 
transferred  from  the  absorber  to  the  oxidizer  where  the  ferrous  iron  is  deoxidized  to  ferric 
iron by atmospheric oxygen, absorbed into the LO-CAT solution, thus renewing the catalyst.  
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1.5 Present Work  


The current work was undertaken to develop ansubstitute process (alternative to Claus 
 or  LO-CAT  process)  for  better  consumption  of  H2S  present  in  several  gas  streams.  The 
 current work deals with the production of value-added chemicals utilizing the H2S present in 
 various  byproduct  gas  streams  obtained  from  different  chemical  industries.  In  accordance 
 with  the  present  process,  value-added  chemicals  were  produced  from  the  H2S-rich  aqueous 
 ammonia  or  alkanolamine  that  could  be  obtained  from  scrubbing  step  of  the  corresponding 
 ammonia- or alkanolamine-based process. In other word, the removal of H2S was expected to 
 be done by conventional process. The current investigations are devoted to:  


  Tri phase synthesis of value-added chemicals like dibenzyl sulfide, benzyl mercaptan, 
 and  aryl  amines  using  the  H2S-rich  aqueous  ammonia  and/or  alkanolamines  under 
 three phase (liquid-liquid-solid) conditions in the presence of a phase transfer catalyst 
 (PTC), Amberlite IR 400. 


  Study the  impact  of process variables (stirring speed, catalyst  loading, concentration 
 of reactant, and temperature, alkanolamine concentration, elemental sulfur loading) on 
 the conversions of organic reactants and selectivity of various products.  


  Reusability of catalyst is also checked, which was the main advantage of using a solid 
 catalyst over a liquid catalyst. 


  Formulate an appropriate and a working mechanism or stoichiometry using the effects 
 of various parameters on the reaction rate and conversion, to explain the course of the 
 reaction.  


1.6 Phase Transfer Catalysis  


Phase  Transfer  Catalysis  (PTC)  initiates  the  chemical  reaction  between  mutually 
 insoluble reactant solutions by the addition of a transfer agent which shuttles reagents across 
 the liquid-liquid interface. The following are the advantages of PTC: 


  Its simplicity, low consumption of organic solvent and raw materials 


  Faster rate under mild conditions 


  use of inexpensive, recoverable and nontoxic solvents 


  use of solvent-free reaction condition 


  use of inexpensive and commercially available catalysts 


  use of inexpensive inorganic bases for anion generation 
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  improvement of yield and enantioselectivity of products 


  use of continuous operations for large-scale industrial applications  


  improves yield, cycle time and quality of the desired product 


Depending  upon  the  physical  states  of  the  phases,  PTC  systems  generally  include 
 liquid/liquid,  liquid/solid,  liquid/liquid/liquid,  and  gas/liquid.  These  systems  deal  with  the 
 transfer of reactant anions from an aqueous or solid phase into an organic phase. This concept 
 extends to the transfer of cations, neutral  molecules, and  freeradicals and  includes reactions 
 occurring exclusively or primarily at the interface. Overall, PTC is an efficient procedure for 
 the  synthesis  of  a  variety  of  compounds,  such  as  haloalkanes,  alkenes,  aliphatic  nitro 
 compounds,  nitriles,  azides,  sulfides,  organometalliccompounds,  pharmaceuticals,  amino 
 acids, epoxides, peptides, pesticides, and polymers. PTCs have extended its applications from 
 research laboratories to industrial process in numerous ways. 


Amongst  several  varieties  of  PTCs,  many  Quaternary  Onium  salts  (quaternary 
 ammonium, quaternary phosphonium, and quaternary arsonium salts) are used as catalysts for 
 transferring anions  in PTC reactions. Quaternary  ammonium salts are  generally  used due to 
 their  cost  and  ease  of  availability.  The  standards  for  choosing  a  quaternary  onium  salt  as  a 
 PTC  catalyst  comprises  of  extraction  of  the  catalyst  and  reaction  species  into  the  organic 
 phase  and  anion-activating  ability,  accessibility,  and  stability  of  the  quaternary  salt.Present 
 study was carried out using Amberlite IR 400 as PTC. 


Amberlite  IR  400  is  a  resin-bound  phase  transfer  catalyst  and  it  is  also  one  kind  of 
 Insoluble  Catalyst(IC).  ICs  offer  an  important  advantage  of  simple  catalyst  removal  by 
 filtration or centrifugation after the completion of a PTC reaction.  Regen demonstrated that 
 quaternary onium cations chemically bound to insoluble resins could act as PTC catalysts and 
 suggested the term “tri-phase catalysis” (TP) to describe the related PTC reactions.  


Resin-Bound Phase Transfer Catalysts: 


Tomoi  and  Ford  suggested  the  term„„polymer-supported‟‟  PTC  to  describe  the  PTC 
 reactions  occurring  within  the  polymer  phase.  Resin-bound  PTC  catalysts  include  polymer-
 NR3+


,  -PPh3+


, -SR2+


,  -crown  ether,  -cryptand,  -azacrown,  -PEG,  etc. In  contrast to  ordinary 
PTC reactions using solublecatalysts, PTC reactions using resin-bound catalysts require that 
both reactants diffuse to active PTC sites or the resin surface or to active sites inside the resin 
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bulk phase forthe intrinsic reaction rate limited reactions. These also imply that both reactants 
 arerequired to diffuse and penetrate the stagnant outer layer of the  liquid(s) (i.e., the Nernst 
 layer) coating the resin particle as demonstrated by Tomoi and Ford (1981), known to have a 
 slow  intrinsic  reaction  rate,  catalyzed  by  thestyrene–divinylbenzene  resin-bound 
 tributylphosphonium  catalyst.  The  resin-boundPTC  catalysts  generally  consist  of  three 
 elements,  namely,  the  insoluble  supportingcross-linked  resin  backbone,  a  spacer  chain 
 (optional), and the PTC functional group. Taking advantage of the huge amount of available 
 ion-exchange  resins,  most  publishedstudies  on  resin-bound  PTC  reactions  use  styrene–


divinylbenzene resins and related resins. 


1.6.1 Interfacial Mechanism of Phase-Transfer Catalysis 


As the chemical reactants resides in immiscible phases, phase transfer catalysts (PTC) 
 have  the  ability  to  carry  one  of  the  reactants  as  a  highly  active  species  for  penetrating  the 
 interface, into the other phase where the reaction takes place, and to give high conversion and 
 selectivity  for the desired product under mild reaction conditions. This type of  reaction was 
 termed  „„phase-transfer  catalysis‟‟  (PTC)  by  Starks  in  1971.  Since  then,  numerous  efforts 
 have been devoted to the investigation of the applications, reaction mechanisms, and kinetics 
 of  PTC.  Nowadays,  PTC  becomes  an  important  choice  inorganic  synthesis  and  is  widely 
 applied in the manufacturing processes of specialty chemicals, such as pharmaceuticals, dyes, 
 perfumes,  additives  for  lubricants,  pesticides,  and  monomers  for  polymer  synthesis.  The 
 global usage of PT catalysts was estimated at overone  million pounds  in 1996, and PTC  in 
 industrial utilization is continuously growing at an annual rate of 10–20% (Starks et al. 1994, 
 pp 10-18). PTC is a very effective tool in many types of reactions, e.g., alkylation, oxidation, 
 reduction,  addition,  hydrolysis,  etherification,  esterification,  carbene,  and  chiral  reactions 
 (Starks 1997). 


Two mechanisms (Scheme 1.3) are proposed for solid-liquid phase transfer catalysis 
(Starks and Liotta, 1978; Yadav and Sharma, 1981;  Melville and Goddard, 1988; Naik  and 
Doraiswamy,  1997).  One  of  these  mechanisms  is  applicable  for  conditions  where  the 
inorganic  salt  holds  substantial  solubility  in  the  solvent  and  the  catalyst  is  incapable  to 
approach  the  solid  surface  closely.  The  second  mechanism  operates  in  cases  where  the 
inorganic salt  is  insoluble or very slightly soluble  in the organic  solvent and the quaternary 
catalyst can react directly with the solid surface to render the anionic species soluble. These 
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phenomena are also referred to as homogeneous and  heterogeneous solubilization (Melville 
 and Goddard, 1988). A small quantity of aqueous phase in a solid (inorganic)-organic liquid 
 phase leads to enhancements in reaction rates and this is termed as the omega phase.  


Scheme 1.3. Two distinct mechanisms for Solid-Liquid Phase Transfer Catalysis       
 (a) Heterogeneous and (b) Homogeneous solubilization. 


Two mechanisms, interfacial and extraction, are commonly used to clarify the liquid-
 liquid  phase  transfer  catalysis  based  on  the  lipophilicity  of  the  quaternary  cation.  The 
 extraction mechanism (Scheme 1.4), as suggested by Starks (1971), and by Starks and Liotta 
 (1978),  is  applicable  to  catalysts  that  are  not  highly  lipophilic  or  that  can  distribute 
 themselves  between  the  organic  and  the  aqueous  phase,  such  as  benzyltriethylammonium, 
 dodecyltrimethylammonium,  and  tetrabutylammonium  salts.  In  the  interfacial  model, 
 catalysts such as tetrahexylammonium and trioctylmethylammonium salts remain entirely in 
 the organic phase because of their high lipophilicity, and exchange anions across the liquid-
 liquid interface (Dehmlow and Dehmlow, 1983).  


Scheme 1.4. Schematic representation of Starks extraction mechanism for simple phase-
transfer catalyzed displacement reaction. 
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Scheme 1.5. Schematic representation of Brandstrom-Starks extraction mechanism for 
 simple phase-transfer-catalyzed displacement reaction. 


In liquid-liquid-solid phase transfer catalysis (L-L-S PTC), the solid phase is the main 
 reaction phase. The advantages of L-L-S PTC over normal PTC are: (i) increase in reaction 
 rates by orders of magnitude; (ii) easier catalyst recovery and reuse; (iii) the reaction can be 
 carried  out  in  a  continuous  reactor  by  continuously  separating  the  catalyst;  (iv)  better 
 selectivity,  hence  the  attendant  difficulties  of  reduced  activity  and  mechanical  strength 
 associated with liquid-liquid-solid (L-L-S) PTC can be avoided. 


However,  the  disadvantages  of  L-L-L  PTC  are:  (i)  more  amount  of  catalyst  is 
 required, which is expensive; (ii) 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.  However,  if  the  catalyst  is  stable,  then  by  lowering  the 
 temperature  at  the  end  of  the  reaction  it  could  be  easily  separated  into  a  third  phase  for 
 recovery and reuse. 


L-L-S PTC also named as “tri phase catalysis” as a development to PTC includes the 
 use of a supported catalyst with two immiscible liquid-phase reagents (G.D. Yadav and P.M. 


Bisht, 2004).Polymer-supported ammonium salts, phosphonium salts, macrocyclicpolyethers, 
polar  solvent  residues  and/or  polyethylene  glycols  are  effective  and  reusable  phase  transfer 
catalysts.  Most  of  the  work  was  reported  with  quaternary  salts  supported  on  polymeric 
supports preferably polystyrene-based matrix cross linked divinylbenzene (DVB). Usually in 
L–L–S PTC, the organic phase and the solid catalyst are dispersed in the continuous aqueous 
phase. This method holds several advantages such as easy recovery from reaction mixture by 
filtration, potential use in continuous flow reactors and recycling of catalyst.  
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The  disadvantages  of  L–L–S  PTC  are  higher  initial  cost  of  preparation  and  lower 
 catalytic activity due to diffusion  limitations. The  polymer-supported catalysts are generally 
 prepared by two methods, namely, chemical modifications of cross-linked polymer supports, 
 and  copolymerization  of  functional  monomers  with  cross-linkers.  The  microporous  resins 
 have  low  specific  surface  areas  and  the  polymeric  chains  shrink  in  a  dry  state  or  poor 
 solvents.  Resins  swell  well  in  good  solvents  to  extend  the  polymeric  chains.  The 
 macroporous resins have high specific surface areas and hardly swell in any solvent. In order 
 to  overcome  the  diffusion  limitations,  spacer  chains  are  provided  on  the  support  and  this 
 technique leads to enhanced activity. Therefore, the overall rate in L–L–S PTC is determined 
 by  one  or  more  of  the  following  rate  controlling  processes  (i)  mass  transfer  of  reactants 
 (substrate and reagent), (ii)  intra-particle  diffusion of reactants, and  (iii) the  intrinsic rate at 
 the active site.  


The  wetting  nature  of  support  matters  a  great  deal  in  L–L–S  PTC  (G.D.  Yadav  and 
 S.S. Naik, 2004). The microporous resins have low specific surface areas and the polymeric 
 chains  shrink  in  a  dry  state  or  poor  solvents.  A  macroporous  polymer  possessing  high 
 porosity which swells considerably would be a better choice as support for the PTC. 


1.6.2 Liquid-Liquid-Solid Phase Transfer Catalysis 


Liquid-liquid phase transfer catalysis (LLPTC) is the most widely synthesized method 
 for  solving  the  problem  of  the  mutual  insolubility  of  nonpolar  and  ionic  compounds 
 (Dehmlow  1993,  Starks  et  al.  1994,  Weber  and  Gokel  1977,  Halpern  1997  and  Goldberg 
 1992).  Two  compounds  in  immiscible  phases  are  able  to  react  because  of  the  PT  catalyst. 


However, processes using a two phase PT-catalytic reaction always encounter the separation 
problem of purifying thefinal product from the catalyst. Regen (1975) first used a solid-phase 
catalyst  (triphasecatalyst  (TC)  or  polymer-support  catalyst),  in  which  a  tertiary  amine  was 
immobilized  on  a  polymer  support,  in  the  reaction  of  an  organic  reactant  and  an  aqueous 
reactant.  From  the  industrial  application  point of  view,  the  supported  catalyst  can  be  easily 
separated  from  the  final  product  and  the  unreacted  reactants  simply  by  filtration  or 
centrifugation. In addition, either the plug  flow reactor (PFR) or the continuous stirred tank 
reactor (CSTR) can  be used to carry out the reaction. The  most synthetic  methods used  for 
triphase  catalysis  were  studied  by  Regen  and  Beese  (1975-79)  and  Tomoi  and  coworkers 
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(1981-83).  Another  advantage  of  triphase  catalysis  is  that  it  can  be  easily  adapted  to 
 continuous  processes  was  studied  by  Ragaini  et  al.  (1986-90).  Therefore,  triphase  catalysis 
 possesses  high  potential  in  industrial  scale  applications  for  synthesizing  organic  chemicals 
 from two immiscible reactants. 


Quaternary  onium  salts,  crown  ethers,  cryptands,  and  polyethylene  glycol  have  all 
 been  immobilized  on  various  kinds  of  supports,  including  polymers  (most  commonly 
 methylstyrene-co-styrene resin cross-linked with  divinylbenzene), alumina, silica gel,  clays, 
 and  zeolites.  Because  of  diffusional  limitations  and  high  cost, the  industrial  applications  of 
 immobilized  catalysis  (triphase  catalysis)  are  not  fully  utilized.  This  unfortunate  lack  of 
 technology  for  industrial  scale-up  of  triphase  catalysis  is  mainly  due  to  a  lack  of 
 understanding  of  the  complex  interactions  between  the  three  phases  involved  in  such  a 
 system.  In  addition  to  the  support  macrostructure,  the  support  microenvironment  is  also 
 crucial in triphase catalysis since it determines the interactions of the aqueous and the organic 
 phases  with  the  PT  catalyst  immobilized  on  the  support  surface  studied  by  Naik  and 
 Doraiswamy  (1998).  However,  to  date,  few  papers  have  discussed  the  microenvironment. 


The  effect  of  the  internal  molecularstructure  of  the  polymer  support,  which  plays  an 
 important role in the imbibed composition, on the reaction rate has seldom been discussed. In 
 addition to the reactivity, for a TC  in an organic and aqueous solution the volume swelling, 
 imbibed different solvent ratio, amount of active site, and mechanical structure of the catalyst 
 must  be  considered.  Hence,  these  complex  interactions  in  the  microenvironment  must  be 
 solved in order to obtain a high reactivity of TC. 


1.6.3 Mechanism of LLSPTC 


In  general,  the  reaction  mechanism  of  the  fluid–solid  reactions  involves:  (1)  mass 
transfer of reactants from the bulk solution to the surface of the catalyst pellet, (2) diffusion 
of  reactant  to  the  interior  of  the  catalyst  pellet  (active  site)  through  pores,  and  (3) 
intrinsicreaction  of  reactant  with  active  sites.  Triphase  catalysis  is  more  complicated  than 
traditional  heterogeneous  catalysis,  because  it  involves  not  merely  diffusion  of  a  single 
gaseousor  liquid  phase  into  the  solid  catalyst.  Both  organic  reactant  and  aqueous  reactant 
existwithin  the  pores  of  the  polymer  pellet.  For  step  (3),  a  substitution  reaction  in  the 
organicphase and an ion-exchange reaction in the aqueous phase occurred. Diffusion of both 
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the  aqueous  and  organic  phases  within  the  solid  support  is  important  and  various 
 mechanismshave  been  proposed  for  triphase  catalysis.  However,  each  mechanism  can  only 
 explain asingle reaction system. Naik and Doraiswamy (1998) discussed these mechanisms in 
 their review paper. 


Tundo  and  Venturello  (1979-82)  proposed  a  mechanism  for  a  TC  system  using 
 silicagel  as  support  to  account  for  the  active  participation  of  the  gel  by  adsorption  of 
 reagents.Telford  et  al.  (1986)  suggested  an  alternation  shell  model  that  requires  periodical 
 changes inthe liquid phase filling the pores of the catalyst. Schlunt and Chau (1986) from the 
 same  research  group  tried  to  validate  this  model  using  a  novel  cyclic  slurry  reactor,  and 
 indicatedthat only the catalyst in a thin shell near the particle surface was utilized. Tomoi and 
 Ford (1981) and Hradil et al. (1988) reported that a realistic mechanism involves the collision 
 ofdroplets  of  the  organic  phase  with  solid  catalyst  particles  dispersed  in  a  continuous 
 aqueousphase. Svec‟s model (1988) for transport of the organic reagent from the bulk phase 
 throughwater to the catalyst particle has been developed in terms of emulsion polymerization. 


Because  the  triphase  reaction  involves  not  merely  diffusion  of  a  single  phaseinto 
thesolid support, the organic reaction take places in the organic phase and the ion-exchange 
reaction occurs in the aqueous phase. The catalyst support is usually lipophilic. The organic 
phase and aqueous phase fill the catalyst pores to form the continuous phaseand the disperse 
phase, respectively. The interaction between quaternary salts as well asthe organic phase and 
aqueous phase play a crucial role in promoting the triphase reaction rate. 
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Chapter 2  Literature Study 


Abstract 


This  chapter  deals  with  the  literature  study  associated  to  the  use  of  alkanolamines  as  H2S  gas 
 absorbent,  Different  methods  of  synthesizing  Benzyl  mercaptan  and  Dibenzyl  sulfide,  Use  of 
 various catalyst for the development of valuable products using the H2S present in gases.   


2.1 Use of Aqueous Alkanolamines for the Removal of H


2S 
 As discussed in preceding Chapter 1, hydrogen sulfide (H


2S) removal and retrieval from 
 the gas streams by ammonium hydroxide are well documented by Kohl and Nielsen, 1997. This 
 process  was  established  by  Hamblin,  1973  for  removal  of  H


2S  from  gas  streams  using 
 ammonium hydroxide to produce ammonium hydrosulfide, which was further oxidized by an air 
 stream to get an effluent stream containing ammonium polysulfide and treating the  ammonium 
 polysulfide  containing  stream  to  recover  elemental  sulfur.  In  recent  times,  Asai  et  al.  (1989) 
 studied the rates of simultaneous absorption of H


2S and ammonia into water in an agitated vessel 
 with a flat interface and Rumpf et al. (1999) studied the simultaneous solubility of ammonia and 
 H2S in water at temperatures from 313 to 393 K and total pressures up to 0.7 MPa.  


In  contrast,  aqueous  alkanolamines  are  now-a-days  extensively  used  in  industry  for  the 
 removal  of  H


2S  from  gas  streams  as  deliberated  in  Chapter  1.  Lot  of  research  works  is  also 
 dedicated to  the study on the equilibrium solubility of pure H


2S, mixture of acid gases (H


2S and 
 CO2), and the mathematical representation of the experimental solubility data for H


2S, CO


2 and 
their  mixture using various alkanolamines  (Lee et al., 1976; Lawson and  Garst, 1976; Isaacs et 
al., 1980; Austgen et al., 1989; Weiland et al., 1993;  Kaewsichan et al., 2001; Al-Baghli et al., 
2001; Sidi-Boumedine et al., 2004; Vallée et al., 1999). 
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 2.2 Preparation of Benzyl Mercaptan  


Benzyl Mercaptan (BM) is useful as a raw material for the synthesis of herbicides in the 
 thiocarbamate family (Labat, 1989). It is predominantly used for the synthesis of herbicides like 
 esprocarb, prosulfocarb, tiocarbazil, etc. Preparation of BM  from benzyl  chloride using sodium 
 hydrosulfide and ammonium hydrosulfide reagents is well documented.  


As for example, Hoffman and Reid (1923) prepared BM by reacting benzyl chloride with 
 ethanolic  solution of  molten sodium sulfide (melted at 90 0C) saturated with  H


2S. The  mixture 
 was allowed to stand in the cold, with frequent shaking for 4 days.  


Heather (1988) prepared BM by reacting benzyl chloride with sodium hydrosulfide in the 
 two-phase conditions under H


2S atmosphere at a temperature of about 500C until approximately 
 90%  of  the  starting  material  was  converted  to  the  BM  (stirred  for  about  5  hours),  then 
 temperature was elevated to about 80 0C for the balance of the reaction (stirred for an additional 
 1.5 hours).  


Bittell and Speier (1978) prepared BM by using a solution of NH


3 and methanol saturated 
 with  H


2S  at  0 0C.  Benzyl  chloride  was  added  to  this  methanolic  ammonium  hydrosulfide 
 (NH4SH)  solution  at  0 0C  while  H


2S  is  slowly  bubbled  through  the  solution.  The  reaction  was 
 completed in 1 hour with BM (92%) and DBS (8%) as the detectable products.  


Labat  (1989)  prepared  BM  of  more  than  99%  purity  by  reacting  benzyl  chloride  and 
 ammonium  hydrosulfide  in  a  molar  ratio  NH


4SH/C


6H


5CH


2Cl  of  at  least  1,  preferably  between 
about  1.05  and  1.5  under  autogenous  pressure  in  a  closed  reactor  in  two  steps.  The  first  step 
comprised adding benzyl chloride to an aqueous hydrosulfide at a temperature below 800C. The 
second step involved heating the reaction mixture to a temperature in the range of 80-1000C for 
about 2 hours.  
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BM was also prepared from the corresponding thioacetates via Pd-catalyzed methanolysis 
 with  borohydride  exchange  resin  (Choi  and  Yoon,  1995a)  and  from  the  corresponding  alkyl 
 halides and epoxides using hydrosulfide exchange resin in methanol in the presence of equimolar 
 amounts of triethylammonium chloride (Choi and Yoon, 1995b).  


2.3 Preparation of Dibenzyl Sulfide  


Dibenzyl  sulfide  (DBS)  is  havingmany  applications  such  as  additives  for  extreme 
 pressure lubricants, anti-wear additives for motor oils, stabilizers for photographic emulsions, in 
 refining  and  recovery  of  precious  metals,  and  in  different  anticorrosive  formulations  (Pradhan 
 and Sharma, 1990). DBS can also be oxidized to prepare some useful synthetic intermediates like 
 dibenzylsulfoxide  and  dibenzylsulfone  (Varma  et  al.,  1997;  Mohammadpoor-Baltork  et  al., 
 2005). 


Pradhan  and  Sharma  (1990)  synthesized  DBS  and  bis  (p-chlorobenzyl)  sulfide  by 
 reacting  the  respective  chlorides  with  sodium  sulfide  using  different  phase  transfer  catalysts 
 (PTC)  under  liquid-liquid  and  solid-liquid  mode.  Tetrabutylammonium  bromide  (TBAB)  was 
 found  to  be  the  most  effective  out  of  the  six  catalysts  they  tried  under  solid-liquid  mode  of 
 operation. A detailed study was performed using the best catalyst, TBAB.  


Recently,  Ido  et  al.  (2000)  investigated  the  property  of  third  phase  that  affects  the 
 reaction  rate  of  benzyl  chloride  with  sodium  sulfide  in  the  presence  of  tetrahexylammonium 
 bromide as a PTC.  


Pradhan and Sharma (1992b) also studied the kinetics of preparation of DBS and bis (4-
 chlorobenzyl) sulfide under solid-liquid  modes with solid sodium sulfide using easily separable 
 unimpregnated inorganic solid catalyst  like  basic  alumina and  Amberlyst A27 (Cl− form) anion 
 exchange resins.  


Preparations  of  DBS  using  various  types  of  reagent  and  starting  material  are  also  well 
documented. For examples, Bandgar et al. (2000) prepared symmetrical sulfides including DBS 
from  the  corresponding  halides  using  polymer  supported  sulfide  anion.  Lakouraj  et  al.  (2002) 
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