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ABSTRACT During the course of many processes in the petroleum, coal, and natural gas processing industries, one or more gaseous byproducts containing hydrogen sulfide (H2S) are quite commonly produced.



The H2S contents of these gas



streams are to be brought down to a specified level before being used in further applications to meet the stringent environmental regulations. Conventionally, the H2S present in the gas streams is removed by ammonia- or alkanolamine-based (amine treating unit) processes. The concentrated H2S-rich gas stream obtained from these units is further processed in the Claus unit (or LO-CAT process), where it is oxidized by air to produce elemental sulfur. Several disadvantages of air oxidation of H2S have led us to develop an alternative process to produce some value-added chemicals such as dibenzyl sulfide (DBS) and benzyl mercaptan (BM) from benzyl chloride, and aryl amines from nitroarenes, utilizing H2S present in various gas streams. In the present work, a methodology has been developed to produce value-added products utilizing the H2S present in the gas streams in two steps: (1) removal of H2S from gas stream by conventional methods (ammonia- and alkanolaminebased process) followed by (2) production of value-added chemicals utilizing H2S-rich solution obtained from the first step of the process. The present work is only devoted to the systematic study on the production of value-added chemicals utilizing H2S-rich aqueous ammonia or alkanolamines. Experiments were carried out in batch mode in a fully baffled mechanically agitated glass reactor under liquid-liquid (and Liquid-liquid-solid in case of anion exchange resin (AER) as the catalyst) mode. These reactions were carried out in an organic solvent (toluene), using a phase transfer catalyst (PTC), tetrabutylammonium bromide (TBAB), and un-impregnated inorganic solid catalyst - AER. All samples from the organic phase were analyzed by gas liquid chromatography. Initial sulfide concentrations were estimated by the standard iodometric titration method.



The detailed kinetic studies were made for the



effect of stirring speed, temperature, catalyst loading, concentration of



Page No. i



Abstract reactants, NH3 or alkanolamines concentration, and elemental sulfur loading on the reaction rate, conversion, and selectivity. In the reaction of benzyl chloride with aqueous ammonium sulfide in presence of a PTC (TBAB), two products, namely dibenzyl sulfide (DBS) and benzyl mercaptan (BM), were identified in the reaction mixture.



One can selectively



prepare either DBS or BM using the same reagents by switching to the appropriate experimental conditions. The high NH3:H2S mole ratio, high benzyl chloride concentration, low ammonium sulfide volume, and long reaction time lead to selective preparation of DBS. On the other hand, opposite trend was observed for BM. The highest selectivity obtained for DBS was about 90% after 445 minutes of reaction with an excess of benzyl chloride at 600C. Complete conversion of benzyl chloride could be achieved at the cost of very low selectivity of DBS and very high selectivity of BM. The apparent activation energy for the kinetically controlled reaction was found to be 12.28 kcal/mol. The process was shown to follow a complex reaction mechanism involving the transfer of two active ion pairs (Q+S─2Q+ and Q+SH─) from the aqueous phase to the organic phase that react with benzyl chloride to produce DBS and BM, respectively. DBS is also formed by the reaction of BM and benzyl chloride. In the reduction of nitroarenes (nitrotoluenes and chloronitrobenzenes) using aqueous ammonium sulfide in presence of a PTC (TBAB), the selectivity of aryl amines (toluidines and chloroanilines) was found to be 100%. The reaction was found to be kinetically controlled with apparent activation energies of 25.54, 21.45, 19.43, 22.8, 19.6 and 9.4 kcal/mol for m-nitrotoluene (MNT), pnitrotoluene (PNT), o-nitrotoluene (ONT), o-chloronitrobenzene (OCNB), pchloronitrobenzene (PCNB), and m-chloronitrobenzene (MCNB), respectively. MNT was found to be the most reactive member among the nitrotoluenes studied, followed by PNT and ONT, whereas MCNB was found to be the most reactive member among the CNBs studied, followed by OCNB and PCNB. The rate of reduction of nitrotoluenes was found to be proportional to the concentration of catalyst, to the square of the concentration of sulfide, and to the cube of the concentration of nitrotoluenes. On the other hand, the rate of reduction of CNBs was found to be proportional to the concentration of catalyst and CNBs and to the cube of the concentration of sulfide.



The process was



proved to follow a complex reaction mechanism involving three different Page No. ii



Abstract reactions. A generalized empirical kinetic model was developed to correlate the experimentally obtained conversion versus time data. In the reduction of nitroarenes (nitrotoluenes and o-nitroanisole (ONA)) by H2Srich aqueous alkanolamines (monoethanolamine and diethanolamine) in the presence of a PTC (TBAB), the reactions were observed to be kinetically controlled with apparent activation energies of 18.2, 21.1, 21.7, and 15.2 kcal/mol for MNT, PNT, ONT and ONA, respectively. The rate of reduction of nitrotoluenes and ONA was established to be proportional to the concentration of catalyst, to the square of the concentration of sulfide, and to the cube of the concentration of nitroarenes (nitrotoluenes and ONA). The process was proved to follow a complex reaction mechanism involving three different reactions. A generalized



empirical



kinetic



model



was



developed



to



correlate



the



experimentally obtained conversion versus time data. The reduction of PNT by aqueous ammonium sulfide was carried out using a triphase (Liquid-Liquid-Solid) catalyst, AER. The maximum enhancement factor of about 57 was observed with 20% (w/v) of AER. The reaction was observed to be kinetically controlled with apparent activation energy of 11.90 kcal/mol. The rate of reduction of PNT was established to be proportional to the square of the concentration of sulfide and to the cube of the concentration of PNT. Based on the detailed kinetic study, an empirical kinetic model was developed to correlate the experimentally obtained conversion versus time data. The developed model predicts the PNT conversions reasonably well. Keywords: Hydrogen sulfide; Ammonium sulfide; Amine treatment unit; Claus process; LO-CAT process; Alkanolamines; Dibenzyl sulfide; Benzyl mercaptan; Zinin reduction; Toluidines; Chloroanilines; o-Anisidine; Benzyl chloride; Nitrotoluenes; chloronitobenzene; o-Nitroanisole; Liquid-liquid



phase



transfer



catalysis;



Kinetics;



Reaction



engineering; Multiphase reactions; Mechanism.
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Chapter 1 INTRODUCTION With an increase in the worldwide environmental consciousness, chemical industries are facing severe problems with the disposal of environmentally hazardous materials in an acceptable manner.



Nowadays, it becomes a



challenging task for chemical engineers to develop innovative processes for conversion of undesired low value by-products of chemical industries to some readily marketable products to improve the economy of the whole process and to overcome the disposal problems. Present work aims at developing a state-ofthe-art process to utilize the environmentally polluting chemicals like hydrogen sulfide (H2S) (present in the by-products gas streams) to produce value-added products under greener conditions. With gradual decline of light and easy-to-process crude oil, refineries throughout the world are forced to process heavy crude containing high amounts of sulfur and nitrogen. In addition, refiners are forced to hydrotreat such crude to bring down the sulfur and nitrogen levels to those prescribed by environmental protection agencies. During hydrotreatment of heavy and sour crude, large quantities of H2S and ammonia (NH3) are produced. In addition, during the course of many processes in the coal processing industries, one or more gaseous by-products containing H2S and NH3 are quite commonly produced. The coal gas contains typically 0.3-3% H2S, and about 1.1% NH3 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 commercial acceptance.



The



composition of raw natural gas varies widely from field to field. The H2S content may range from 0.1 ppm to 150,000 ppm. 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
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Chapter 1: Introduction 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). •



If the fluid stream is to be burned as a fuel, the removal of sulfur from the fluid stream may be necessary to prevent environmental pollution owing to the resultant sulfur dioxide.



The various standards of H2S



emissions are shown in Table 1.1. •



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).



1.1 PROCESSES FOR H2S REMOVAL AND RECOVERY Many processes have been developed for the removal and recovery of H2S from fluid streams. Since H2S is acidic (weak acid) in nature, its removal can be done by using some alkaline solution.



A strong alkaline solution like sodium



hydroxide, however, forms irreversible chemical reaction products with H2S and carbon dioxide (CO2) and therefore can’t be employed for the removal of H2S from gas streams containing both H2S and CO2 where the concentration of CO2 is more than 4% (Robin, 1999).



This leads to the use of a weak alkaline



solution like NH4OH and alkanolamines for the removal and recovery of H2S.



1.1.1



Ammonia-based Process



Two patents, Hamblin (1973) and Harvey and Makrides (1980), revealed the use of aqueous NH3 for the removal of H2S and NH3 from gas streams. According to this process, the gas passes through a H2S scrubber and an NH3 scrubber in series as shown in Fig.1.1. 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



containing ammonium sulfide in solution, is fed to a deacidifier, which decomposes the ammonium sulfide to produce H2S rich vapor and NH3 rich liquor.
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Chapter 1: Introduction



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 differ in the details of heat exchange, recycle streams, wash steps, hardware design, and process conditions, the chemical reactions and the basic operation are essentially the same as stated earlier.



The H2S reacts with ammonium hydroxide forming



ammonium hydrosulfide (NH4SH) and ammonium sulfide ((NH4)2S) in an equilibrium proportion as shown in the Scheme 1.1.



NH4OH +H2S ⇄ NH4SH + H2O 2NH4OH +H2S ⇄ (NH4)2S + 2H2O Scheme 1.1 The NH3-based process is suitable for gas streams containing both H2S and NH3 (like hydrotreater off gas and coal gas), as simultaneous removal of NH3 is obvious in this process. Moreover, for the gas streams containing both H2S and NH3, the removal of both impurities could be done in a single step in the ammonia-based process instead of two steps as in the case of alkanolaminebased process (NH3 removal by water scrubbing followed by H2S removal through the amine treating unit). In addition, this process has some other inherent advantages (Kohl and Nielsen, 1997) over the amine-based process, such as: •



The rate of absorption of H2S into aqueous NH3 solution is rapid and dependent upon the concentration of NH3.



Therefore, with adequate 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 result 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 actually be expected to be selective for CO2. Therefore, by using aqueous NH3, the selective absorption of H2S or CO2 is
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Chapter 1: Introduction possible from the gases containing both H2S and CO2. By the use 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).



Despite these advantages, the use of ammoniacal scrubbing has not been universally 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 difficulties associated with its implementation (Hamblin, 1973), such as: •



One difficulty involves the high partial pressure of NH3, which generally requires that 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 difficulty is associated with the regeneration of the rich absorbent solution withdrawn from the scrubbing step.



Several regeneration



procedures have been proposed but they typically have involved the use of soluble catalysts such as hydroquinone and have had problems 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 customary to form a froth of sulfur, which then must be skimmed off and filtered.



1.1.2 Alkanolamine-based Process Although both ammonia- and alkanolamine-based processes are in use for the removal of acid gas constituents (H2S and CO2) from gas streams, alkanolamine-
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Chapter 1: Introduction 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 more flexible in terms of operating pressure, temperature, and concentration of alkanolamine in addition to the negligible vaporization losses. A major process for the removal of acid constituents from gas streams is one using an alkanolamine (Kirk and Othmer, 1983; Kohl and Nielsen, 1997), such as monoethanolamine (MEA) and diethanolamine (DEA). Methyldiethanolamine is known for selective absorption of H2S from gas streams containing both H2S and CO2. Another process of this type utilizes a mixture of alkanolamines with ethylene glycol and water (Kohl and Nielsen, 1997). This process is suitable for simultaneous removal of water vapor, CO2 and H2S.



Table 1.2 presents the



advantages and disadvantages of different alkanolamines commonly employed for the removal of acid gas constituents from gas streams. The basic flow diagram of amine-based acid gas removal process is shown in Fig. 1.2. Treatment with alkanolamines involves circulating gas stream upward through the absorber, countercurrent to the stream of aqueous alkanolamine solution. The rich solution from the bottom of the absorber is heated by heat exchange with lean 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 regenerated 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 recovery or disposal. The basic chemical reactions involved in this process are depicted below using a primary amine, RNH2 (Scheme 1.2). However, the commonly 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 stream, e.g., CO2, as well as H2S. Such nonselectivity is not desirable in the present application.
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Chapter 1: Introduction Reactions with H2S: Sulfide formation:



2RNH2 + H2S ⇄ R(NH3)2S



Hydrosulfide formation:



RNH2 + H2S ⇄ RNH3SH



Reactions with CO2: Carbonate formation:



2RNH2 + CO2 + H2O ⇄ R(NH3)2CO3



Bicarbonate formation:



RNH2 + CO2 + H2O ⇄ RNH3CO3H



Carbamate formation:



2RNH2 + CO2 ⇄ RNH-CO-ONH3R Scheme 1.2



1.2 METHODS OF OXIDATION OF H2S 1.2.1 Claus Process For many years, the concentrated H2S-rich off gas streams produced from amine treatment units (or ammonia-based process) were oxidized to elemental sulfur by common oxidation processes, such as, Claus process (Kirk and Othmer, 1983; Kohl and Nielsen, 1997). In accordance with the Claus process (Fig. 1.3), the gas streams containing H2S and the stoichiometric amount of air required to burn one third of the H2S to sulfur dioxide (SO2) are fed through a burner into a reaction furnace (1800-25000F). The elemental sulfur formed in the reaction furnace is separated in a sulfur condenser.



The reaction gases



leaving the sulfur condenser are reheated to 450-5400F and fed to the series of catalytic converter and sulfur condenser where H2S react with SO2 to produce elemental sulfur.



The process of reheating, catalytically reacting, and sulfur



condensing may be repeated in 2-3 catalytic stages. The catalyst used in the catalytic converter is normally either granular natural bauxite or alumina shaped into pellets or balls. However, the Claus process has a number of inherent disadvantages (Plummer, 1994; Plummer and Beazley, 1986; Plummer and Zimmerman, 1986).



For



example: •



It operates at high temperatures
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Chapter 1: Introduction •



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



•



The valuable hydrogen energy is lost in this process.



•



It requires 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. Absorber reactions H2S (g) + H2O → H2S (Aq) H2S (Aq) →HS− + H+ HS− + 2Fe+++ → S0 (solid) +2Fe++ + H+ Oxidizer reactions ½ O2 (g) + H2O → ½ O2 (liq) ½ O2 (liq) + 2Fe++ + H2O → 2Fe+++ + 2HO− Overall reactions H2S (g) + ½ O2 (g) → H2O + S0 Scheme 1.3 1.2.2 LO-CAT Process In the LO-CAT process, hydrogen sulfide is converted to elemental sulfur using an environmentally safe chelated iron catalyst.



The iron catalyst is held 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, the hydrogen sulfide, 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 reoxidized to ferric iron by atmospheric oxygen,
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Chapter 1: Introduction absorbed into the LO-CAT solution, thus regenerating the catalyst. Scheme 1.3 shows the basic chemical reactions involved in this process. 1.3 PRESENT WORK The present work was undertaken to develop an alternative process (alternative to Claus or LO-CAT process) for better utilization of H2S present in various gas streams. The present 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, valueadded 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 assumed to be done by conventional process. The present investigations are devoted to: •



Synthesis



of



value-added



chemicals



like



dibenzyl



sulfide,



benzyl



mercaptan, and aryl amines using the H2S-rich aqueous ammonia and/or alkanolamines under two phase (liquid-liquid) conditions in the presence of a phase transfer catalyst (PTC), tetrabutylammonium bromide (TBAB) and also under tri-phase (liquid-liquid-solid) conditions using un-impregnated inorganic solid catalyst like anion exchange resin, Seralite SRA-400 (Cl- form). •



Study the influence of process variables (stirring speed, catalyst loading, concentration of reactant, and temperature, NH3 or alkanolamine concentration, elemental sulfur loading) on the conversions organic reactants and selectivity of various products.



•



Establish a suitable mechanism or stoichiometry utilizing the effects of various parameters on the reaction rate and conversion, to explain the course of the reaction.



•



Kinetic modeling of the above mentioned commercially important reactions and estimation of the model parameters.



1.4 PHASE TRANSFER CATALYSIS Phase transfer catalysts (PTC) are widely used to intensify otherwise slow heterogeneous reactions involving an organic substrate and an ionic reactant,
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Chapter 1: Introduction either dissolved in water (liquid-liquid) or present in solid state (solid-liquid). Phase transfer catalysis is now an attractive technique for organic synthesis because of its advantages such as simplicity, reduced consumption of organic solvent and raw materials, mild operating conditions, and enhanced reaction rates and selectivity. Among several varieties of PTCs, quaternary ammonium salts are the most preferred for their better activity and ease of availability. Tetrabutylammonium bromide (TBAB) has been reported to be the most active PTC among six different catalysts used to intensify the reaction of benzyl chloride with solid sodium sulfide (Pradhan and Sharma, 1990). Present study was therefore carried out using TBAB as PTC. 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 situations where the inorganic salt possesses substantial solubility in the solvent and the catalyst is unable 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 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 generally used to explain the liquid-liquid phase transfer catalysis based on the lipophilicity of the quaternary
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Chapter 1: Introduction 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 extraction mechanism. In liquid-liquid-liquid phase transfer catalysis (L-L-L PTC), the third liquid phase is the main reaction phase (Wang and Weng, 1988; Yadav and Reddy, 1999; Yadav and Naik, 2001; Neumann and Sasson, 1984). The advantages of L-L-L PTC over normal PTC are: (i) increase in reaction rates by orders of magnitude; (ii) easier catalyst recovery and reuse; (iii) the catalyst need not be bound to a solid support; (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.
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Table 1.1. Standards of H2S emissions Occupational Exposure Limit (8 h time weighted



10 ppm



average) 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
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Table 1.2. Comparisons of various alkanolamines Monoethanolamine (MEA) Advantages •



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



•



High alkalinity



•



Relative ease with which it can be reclaimed from the contaminated solution



Disadvantages •



Selective absorption of H2S from gas streams containing 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.



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.
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Table 1.2. Comparisons of various alkanolamines (continued) 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.



Page No. 13



Chapter 1: Introduction



Fig. 1.1. Basic flow diagram of ammonia-based H2S and NH3 removal process
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Fig. 1.2. Basic flow diagram of amine-based acid gas removal process
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Fig 1.3. Flow diagram of Claus process
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Chapter 2 LITERATURE REVIEW 2.1 USE OF AMMONIUM HYDROXIDE AND AQUEOUS ALKANOLAMINES FOR REMOVAL OF H2S The removal and recovery of hydrogen sulfide (H2S) from the gas streams by ammonium hydroxide are well documented (Kohl and Nielsen, 1997) as discussed in the Chapter 1. Process was also developed (Hamblin, 1973) for removal of H2S 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. Recently, Asai et al. (1989) studied the rates of simultaneous absorption of H2S and ammonia into water in an agitated vessel with a flat interface and Rumpf et al. (1999) studied the simultaneous solubility of ammonia and hydrogen sulfide in water at temperatures from 313 to 393 K and total pressures up to 0.7 MPa. On the other hand, aqueous alkanolamines are now-a-days widely used in industry for the removal of H2S from gas streams as discussed in Chapter 1. Lot of research works is also devoted to the study on the equilibrium solubility of pure H2S, mixture of acid gases (H2S and CO2), and the mathematical representation of the experimental solubility data for H2S, CO2 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).



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 mainly 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.
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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 hydrogen sulfide (H2S). 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 H2S atmosphere at a temperature of about 500C until approximately 90% of the starting material was converted to the BM (stirred for approximately 5 hours), then temperature was raised to about 800C for the balance of the reaction (stirred for an additional 1.5 hours). Bittell and Speier (1978) prepared BM by using a solution of NH3 and methanol saturated with H2S at 00C.



Benzyl chloride was added to this methanolic



ammonium hydrosulfide (NH4SH) solution at 00C while slowly bubbling H2S through the solution. The reaction was completed in 1 h 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 NH4SH/C6H5CH2Cl 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. 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).
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Chapter 2: Literature Review 2.3 PREPARATION OF DIBENZYL SULFIDE Dibenzyl sulfide (DBS) finds many applications such as additives for extreme pressure



lubricants,



anti-wear



additives



for



motor



oils,



stabilisers



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 dibenzyl sulfoxide and dibenzyl sulfone (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) and Movassagh and Mossadegh (2004a, 2004b) prepared DBS by the reduction of corresponding disulfide using zinc powder in the presence of AlCl3 in aqueous media. DBS was also prepared by the deoxygenation of corresponding sulfoxide using various reducing agents like Al-NiCl2-6H2O (Raju et al., 2005), 1,3-dithiane in the presence of catalytic amounts of N-bromosuccinimide, 2,4,4,6-tetrabromo-2, 5-cyclohexadienone or Br2 as the source of electrophilic bromine (Iranpoor et al.,
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Chapter 2: Literature Review 2002), and 2,6-Dihydroxypyridine in refluxing acetonitrile (Miller et al., 2000). However, the reduction of sulfoxides with these compounds sometimes suffer from serious disadvantages, such as use of an expensive reagent, difficult workup procedures, harsh acidic conditions, very high reaction temperatures and long reaction times (Iranpoor et al., 2002). In addition, the preparation of DBS by the reduction of corresponding sulfoxide is impractical as sulfoxide itself is usually prepared by the oxidation of the sulfide.



2.4 REDUCTION OF NITROARENES Reduction of nitroarenes to the corresponding aryl amines is a useful chemical transformation since many aryl amines find a multitude of industrial applications, being important intermediates in the production of many pharmaceuticals,



photographic



materials,



agrochemicals,



polymers,



dyes,



rubber materials, additives, surfactants, textile auxiliaries, and chelating agents (Lauwiner et al., 1998).



For example, toluidines (o-, m-, and p-) have wide



commercial applications as the intermediates for dyes, agrochemicals, and pharmaceutical products (Pradhan, 2000). The chloroanilines (CANs) have wide commercial applications as the intermediates for preparation of polyanilines and substituted phenyl carbamates (Kratky et al., 2002), and organic fine chemicals, such as dyes, drugs, herbicides and pesticides (Tu et al., 2000; Han et al., 2004). Anisidines are valuable intermediates in the dyestuff industry (Yadav et al., 2003a). o-Anisidine is an important precursor of dye and pharmaceutical intermediates (Yadav et al., 2003a; Haldar and Mahajani, 2004). p-Anisidine is employed in the preparation of the dye Fast Bordeaux GP base (Yadav et al., 2003a). Varieties of methods are employed for the reduction of nitroarenes.



For



example, Bechamp reduction, which is the oldest industrially practiced method, involves the use of stoichiometric amounts of finely divided iron metal (also, tin, zinc, and aluminium can be employed) and water in the presence of small amount of acid. This method has a distinct disadvantage of formation of iron sludge that is difficult to filter and dispose of in an environmentally acceptable manner. Additionally, this method cannot be used for the reduction of a single nitro group in a polynitro compound, nor can it be used on substrates harmed
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Chapter 2: Literature Review by acid media (e.g., some ethers and thioethers), or containing additional substituents prone to being reduced (e.g., cyano, azo). Catalytic hydrogenation on the other hand requires expensive equipment and hydrogen handling facility; additional problems arise due to catalyst preparation, catalyst poisoning hazards, and the risk of reducing other groups.



Metal hydrides like lithium



aluminum hydride generally convert nitro compounds to a mixture of azoxy and azo compounds, besides being expensive. In the present work, the sulfide reduction is employed as it has considerable practical value and it enables chemoselective reduction of nitro compounds in the presence of C=C, azo and other nitro compounds. The sulfide reduction of nitroarenes is commonly carried out by sodium sulfide, disulfide, hydrosulfide, and ammonium sulfide.



2.4.1 Preparation of Aryl Amines Using Sodium Sulfide/ Disulfide as Reducing Agent Hojo et al. (1960) studied the kinetics of reduction of nitrobenzene by aqueous methanolic solutions of sodium disulfide to aniline. The rate was found to be proportional to the concentration of nitrobenzene and to the square of the concentration of sodium disulfide. Bhave and Sharma (1981) studied the kinetics of two-phase reduction of aromatic nitro compounds (e.g. m-chloronitrobenzene, m-dinitrobenzene, and pnitroaniline) by aqueous solutions of sodium monosulfide and sodium disulfide. The reaction was reported to be first order with respect to the concentration of nitroaromatics and sulfide. Pradhan and Sharma (1992a) reduced chloronitrobenzenes to the corresponding chloroanilines with sodium sulfide both in the presence and in the absence of a PTC.



In the solid-liquid mode, the reactions of o-chloronitrobenzene and p-



chloronitrobenzene gave 100% chloroanilines in the absence of a catalyst and 100% dinitrodiphenyl sulfides in the presence of a catalyst. The reaction of mchloronitrobenzene with solid sulfide, however, gave m-chloroaniline as the only product even in the presence of a catalyst. In the liquid-liquid mode, all three substrates gave only amine as the product both in the presence and in the absence of a catalyst.
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Chapter 2: Literature Review Pradhan (2000) reduced the nitrotoluenes (o-, m-, and p-) to the corresponding toluidines with sodium sulfide both in the liquid-liquid and solid-liquid modes using TBAB as a PTC. In the liquid-liquid mode, the reactions of all the three nitrotoluenes were found to be kinetically controlled. In solid-liquid mode, the reactions of o- and p-nitrotoluenes were kinetically controlled whereas that of mnitrotoluene was found to be mass transfer controlled. Yadav et al. (2003a) studied the kinetics and mechanisms of liquid–liquid PTC reduction of p-nitroanisole to p-anisidine. The detailed kinetics and mechanisms of complex liquid–liquid PTC processes was reported.



The reaction rate was



reported to be proportional to the concentration of PTC (TBAB), p-nitroanisole, and sodium sulfide. Yadav et al. (2003b) investigated the reduction of p-chloronitrobenzene with sodium sulphide under different modes of phase transfer catalysis, such as liquid-liquid, liquid-solid, and liquid-liquid-liquid processes.



2.4.2 Preparation of Aryl amines Using Ammonium Sulfide There are some reports, mostly very old, on the preparation of aryl amines using three different types of ammonium sulfide: (i) aqueous ammonium sulfide; (ii) alcoholic ammonium sulfide; and (iii) ammonium sulfide prepared from an equivalent amounts of ammonium chloride and crystalline sodium sulfide dissolved in ammonium hydroxide or alcohol. Cline and Reid (1927) reduced 2,4-dinitroethylbenzene by alcoholic ammonium sulfide. A solution of 50 g of 2,4-dinitroethylbenzene in 150 g of ethyl alcohol was treated with 150 g of concentrated aqueous ammonia. The mixture was then alternately saturated with H2S and boiled until a gain in weight of 30 g was affected. This solution was poured onto ice and the amine separated out. It was filtered off and dissolved in dilute hydrochloric acid. The acid solution was boiled with animal charcoal, filtered, and allowed to cool.



The hydrochloride



separating out was purified by recrystallization several times from dilute acid, using animal charcoal each time.



The base was set free by NH3 and



recrystallized from dilute alcohol. It melted at 450C.
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Chapter 2: Literature Review Lucas and Scudder (1928) reduced 2-bromo-4-nitrotoluene to the corresponding 2-bromo-4-aminotoluene by an alcoholic solution of ammonium sulfide. Murray and Waters (1938) reduced p-nitrobenzoic acid by ammonium sulfide prepared from the equivalent amounts of ammonium chloride and crystalline sodium sulfide dissolved in ammonium hydroxide or alcohol. Idoux and Plain (1972) studied the selective reduction of a series of 1substituted 2,4-dinitrobenzenes by ammonium sulfide or sodium hydrosulfide. It was concluded that the reduction took place at the position to which electron donation is the least by 1-substituent. Meindl et



al.



(1984)



prepared 3-amino-5-nitrobenzyl alcohol from 3,5-



dinitrobenzyl alcohol using the solution of ammonium sulfide prepared by adding a solution of Na2S.9H20 (96.0 g, 0.4 mol) in 250 mL of MeOH to a solution of NH4Cl (85.6 g, 1.6 mol) in 250 mL of MeOH and separating the NaC1. This solution was added within 30 min to a solution of 3,5-dinitrobenzyl alcohol (39.6 g, 0.2 mol) in 700 mL of boiling MeOH, and the mixture refluxed for 5 h.



After the mixture was cooled to room temperature, the resulting



precipitate of sulfur was removed. HCl (2 N) was added and the solvent was distilled off.



After the removal of starting material with ether, the aqueous



solution was alkalized and the product extracted with ether: yield 62%; mp 91.50C. 2.5 CONCLUSIONS The simultaneous absorption of H2S and NH3 into water (Asai et al., 1989; Rumpf et al., 1999), and the use of ammonium hydroxide (Hamblin, 1973) and aqueous alkanolamine (Kohl and Nielsen, 1997) for the removal of H2S from gas streams are well documented. However, there is no information in the literature on the use of aqueous ammonium sulfide (or H2S-rich aqueous alkanolamines that can be obtained from the corresponding unit) to produce any value-added chemicals. There is no published work on the detailed kinetic study of preparation of BM from benzyl chloride using aqueous ammonium sulfide under two-phase Page No. 23



Chapter 2: Literature Review conditions in the presence of a PTC. Moreover, no attempt has been made in the past to prepare DBS by the two-phase reaction of benzyl chloride with aqueous ammonium sulfide in the presence of a PTC. Several researchers have studied the kinetics of reduction of nitroarenes using sodium sulfide and sodium disulfide both in the absence and in the presence of PTC and under different modes (solid–liquid and liquid–liquid). On the other hand, only a few published works, mostly very old, exist on the preparation of aryl amines using various types of ammonium sulfide. However, a detail kinetic study on Zinin reduction using aqueous ammonium sulfide under two-phase conditions in the presence of a PTC has never been reported in the past. Moreover, detail study on the mechanism and stoichimetry of such an industrially relevant reaction was never attempted in the past. Although aqueous alkanolamines are quite commonly used for the removal of acid



gas



constituents



of



industrial



gas



streams,



H2S-rich



aqueous



alkanolamines (that can be obtained from the corresponding Amine Treating Unit (ATU)) are never utilized to reduce nitroarenes to produce commercially important aryl amines.
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Chapter 3 EXPERIMENTAL 3.1 CHEMICALS Toluene (≥ 99%) and liquor ammonia (∼ 26%) of analytical grade were procured from Merck (India) Ltd., Mumbai, India. Tetrabutylammonium bromide (TBAB) was obtained from SISCO Research Laboratories Pvt. Ltd., Mumbai, India. Monoethanolamine (≥98%) and diethanolamine (≥98%) of synthesis grade were procured from Merck (India) Ltd., Mumbai, India.



Synthesis grade benzyl



chloride (≥99%) was obtained from Merck (India) Limited, Mumbai, India. Nitrotoluenes (>99%) of synthesis grade were purchased from Loba Chemie Pvt. Ltd., Mumbai, India. Chloronitrobenzenes were purchased from Central Drug House (P) Ltd., New Delhi, India. o-Nitroanisole (99%) was purchased from Alfa Aesar, Karlsruhe, Germany. Anion exchange resin-Seralite SRA-400 (Cl− form) having functional group of quaternary ammonium ion (Equivalent to Amberlite IRA-400) (Particle size: 20-50 mesh; pH range= 0-14; Ion Exchange Capacity = 3-3.5 meq/g dry resin) was obtained from SISCO Research Laboratories Pvt. Ltd., Mumbai, India.



3.2 EQUIPMENT All the reactions were carried out in batch mode in a fully baffled mechanically agitated glass reactor of capacity 250 cm3 (6.5 cm i.d.). A 2.0 cm-diameter sixbladed glass disk turbine impeller with the provision of speed regulation, located at a height of 1.5 cm from the bottom, was used for stirring the reaction mixture. The reactor assembly was kept in a constant temperature water bath whose temperature could be controlled within ±1 K. The schematic diagram of the experimental setup is as shown in Fig. 3.1.



3.3 PREPARATION OF AQUEOUS AMMONIUM SULFIDE OR H2S-RICH AQUEOUS ALKANOLAMINES For the preparation of aqueous ammonium sulfide, around 15wt% aqueous ammonia solution was prepared first by adding a suitable quantity of liquor Page No. 25



Chapter 3: Experimental ammonia in distilled water. Similarly, for the preparation of H2S-rich aqueous monoethanolamine (MEA) or diethanolamine (DEA), around 30-35wt% aqueous alkanolamine solution was prepared first by adding a suitable quantity of desired alkanolamine in distilled water.



Then H2S gas was bubbled through



this aqueous ammonium sulfide or aqueous alkanolamines in a 250 cm3 standard gas bubbler. Since the reaction of H2S with ammonium hydroxide and with alkanolamines is exothermic (Kohl and Nielsen, 1997), the gas bubbler containing



ammonium



hydroxide



and



aqueous



alkanolamine



was



kept



immersed in an ice water bath in order to prevent the oxidation of sulfide and thus to prevent the formation of disulfide. The unabsorbed H2S gas from the first bubbler was sent to another bubbler containing ∼ 1M sodium hydroxide solution whose outlet was open to the atmosphere.



Liquid samples were



withdrawn from time to time after the gas bubbling was stopped and the samples were analyzed for sulfide content (Scott, 1966). The gas bubbling was continued until the desired sulfide concentration was obtained in the aqueous ammonia or alkanolamines.



3.4 EXPERIMENTAL PROCEDURE In a typical experimental run, 50 cm3 of aqueous phase containing a known concentration of sulfide was charged into the reactor and kept well agitated until the steady state temperature was reached. Then 50 cm3 of the organic phase containing measured amount of organic reactant (benzyl chloride or nitroarenes), catalyst (TBAB), and solvent (toluene), kept separately at the reaction temperature, and was charged into the reactor. The reaction mixture was then agitated at a constant stirring speed. About 0.5 cm3 of the organic layer was withdrawn at a regular time interval after stopping the agitation and allowing the phases to separate.



3.5 ANALYSIS 3.5.1 Analysis of Organic Phase All samples from the organic phase were analyzed by gas liquid chromatography (GLC) using a 2 m × 3 mm stainless steel column packed with 10% OV-17 on Chromosorb W (80/100). A Chemito Model 8610 GC interfaced with Shimadzu Page No. 26



Chapter 3: Experimental C-R6A Chromatopac Data Processor was used for the analysis. An FID detector was used with nitrogen as the carrier gas during the analysis.



3.5.2 Determination of Sulfide Concentration Initial sulfide concentrations were determined by standard iodometric titration method (Scott, 1966) as given below. Preparation of standard (0.025 M) KIO3 solution. 4.28



gm



of



KIO3



was



weighed accurately and dissolved in distilled water and was made up to 1 L in a graduated volumetric flask. Preparation of standard (0.1 M) sodium thiosulfate solution. 25



gm



of



Na2S2O3.5H2O crystals was weighed and dissolved in distilled water and made up to 1 Lit in a graduated volumetric flask with distilled water. About 0.1 g of sodium carbonate or three drops of chloroform was added to this solution to keep the solution for more than a few days. Standardization of sodium thiosulfate solution by standard potassium iodate solution.



25 mL of 0.025M KIO3 solution was taken and 1 gm (excess)



of potassium iodide (KI) was added to it followed by 3 mL of 1 M sulfuric acid. The liberated iodine (I2) was titrated with thiosulfate solution. When the color of the solution became a pale yellow, it was diluted to ca. 200 mL with distilled water. 2 mL of starch solution was added, and the titration was continued until the color changed from blue to colorless. The chemical reaction involved in this titration is given below. KIO3 + 5KI + 3H2SO4 = 3I2 + 3H2O + 3K2SO4 2Na2S2O3 + I2 = Na2S4O6 + 2NaI Therefore, 1 mole of KIO3 ≡ 3×2 mole of Na2S2O3. ∴ Strength of thiosulfate solution = (6 × strength of KIO3 × volume of KIO3)/ volume of thiosulfate consumed. Estimation of sulfide concentration. Hydrogen sulfide and soluble sulfides can be determined by oxidation with potassium iodate in an alkaline medium.
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Chapter 3: Experimental 15 mL of standard (0.025M) potassium iodate solution was taken in a conical flask. 10 mL of sulfide solution containing about 2.5 mg of sulfide was then added to it followed by the addition 10 mL of 10M sodium hydroxide solution. The mixture was boiled gently for about 10 minutes, cooled, and 5 mL of KI solution and 20 mL of 4M sulfuric acid solution were added to it. The liberated iodine was titrated, which was equivalent to the unused potassium iodate, with a standard 0.1M sodium thiosulfate in the usual manner. The potassium iodate in the alkaline medium oxidizes the sulfide to sulfate as given by the following reaction.



For sulfide solution having sufficiently high sulfide concentration,



suitable dilution was made before the estimation of sulfide by above mentioned procedure. 4KIO3 + 6NaOH + 3H2S = 3Na2SO4 + 4KI + 6H2O ∴ 4 mole of KIO3 ≡ 3 mole of sulfide



∴ H2S concentration (in kmol/m3 ) volume of thiosulfate × strength of thiosulfate ] 6 3 No of times of dilution × × 4 10



= [15 × strength of KIO3 -



Page No. 28



Chapter 3: Experimental



Motor



Reactor Baffle Impeller Water Bath



Speed Regulator



Thermocouple Immersion Heater Temperature Controller



Fig. 3.1. Schematic of the batch reactor assembly
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Chapter 4 REACTION OF BENZYL CHLORIDE WITH AQUEOUS AMMONIUM SULFIDE UNDER LIQUID−LIQUID PHASE TRANSFER CATALYSIS CH2Cl



CH2SH



1. Aqueous (NH4)2S 2. PTC (TBAB) C S C H2 H2



Benzyl chloride



Dibenzyl sulfide



+



+



NH4Cl



Benzyl mercaptan



4.1 INTRODUCTION The reaction of benzyl chloride with aqueous ammonium sulfide can give both dibenzyl sulfide and benzyl mercaptan as products as per the above scheme. The commercial importance of these compounds has been mentioned in Chapter 2. In the present study, the reaction was carried out in batch mode under two-phase conditions (liquid-liquid) both in the absence and in the presence of phase transfer catalyst (PTC), namely, tetrabutylammonium bromide (TBAB).



Dibenzyl sulfide



(DBS) and benzyl mercaptan (BM) were detected as the products from the reaction mixture by gas liquid chromatography (GLC).



Although there is a possibility of



formation of benzyl alcohol by alkaline hydrolysis of benzyl chloride, it was not detected in the reaction mixture even after a batch time of 10 h. Accordingly, the reaction system may be represented by Scheme 4.1. The term ‘selectivity’ of the two products, DBS and BM, used in this study is defined as the fraction of benzyl chloride converted to a particular product divided by the total fractional conversion of benzyl chloride. The selectivity of DBS (or BM) was maximized by changing various parameters such as stirring speed, temperature, NH3:H2S mole ratio, catalyst loading, concentration of benzyl chloride, and volume of aqueous phase as discussed below in the respective sections. From the detailed study of effects of various parameters on the reaction, a suitable mechanism was established which could explain the course of the reaction. Page No. 30
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NH3 + H2O ⇌ NH4OH NH4OH + H2S ⇌ NH4HS + H2O 2 NH4OH + H2S ⇌ (NH4)2S + 2H2O 2 C6H5CH2Cl + (NH4)2S ⇌ C6H5CH2−S−CH2C6H5 (DBS) + 2 NH4Cl C6H5CH2Cl + NH4HS ⇌ C6H5CH2−SH (BM) + NH4Cl C6H5CH2Cl + C6H5CH2−SH ⇌ C6H5CH2−S−CH2C6H5 + HCl NH4OH + HCl → NH4Cl + H2O Scheme 4.1 4.2 RESULTS AND DISCUSSION 4.2.1 Effect of Stirring Speed The effect of stirring speed on the conversion of benzyl chloride was studied in the range 1000-2000 rev/min in the presence of PTC (TBAB), as shown in Fig. 4.1. As it is evident from the figure, the variation of conversion of benzyl chloride with stirring speed is so small that the mass transfer factors become unimportant and the reaction rate is controlled purely by the kinetics.



Therefore, all other



experiments were performed at a stirring speed of 1500 rev/min in order to eliminate any mass transfer resistance.



4.2.2 Effect of Temperature The effect of temperature was studied at four different temperatures in the range 303-343K. chloride.



Fig. 4.2 shows the effect of temperature on conversion of benzyl The conversion of benzyl chloride (or reaction rate) increases with



increase in temperature as expected. The effect of temperature on the selectivity of DBS is shown in Table 4.1. As observed from the table, the selectivity of DBS is almost unaffected by the temperature for a given conversion of benzyl chloride. Therefore, with an increase in temperature, the reaction rate increases without significantly affecting the selectivity of the products.



Initial rate of reaction of



benzyl chloride was calculated at different temperatures and an Arrhenius plot of Page No. 31



Chapter 4: Reaction of Benzyl Chloride with Aqueous Ammonium Sulfide ln (initial rate) versus 1/T was made as shown in Fig. 4.3. The apparent activation energy for the reaction of benzyl chloride was calculated from the slope of the straight line as 12.28 kcal/mol. This further confirms the fact that the reaction is kinetically controlled.



4.2.3 Effect of NH3:H2S Mole Ratio The effect of NH3:H2S mole ratio on the conversion of benzyl chloride and the selectivity of various products were studied in two different ways: (1) by varying the concentration of NH3 keeping the initial concentration of H2S in the aqueous phase constant, and (2) by varying the concentration of H2S keeping the initial concentration of NH3 in the aqueous phase constant. 4.2.3.1 Effect of ammonia concentration The concentration of ammonia (NH3) in the aqueous phase was varied maintaining a constant initial sulfide concentration of 1.6 kmol/m3. To study the effect of NH3 concentration, the aqueous ammonium sulfide of different NH3 concentrations (but having constant sulfide concentration) was prepared by taking 30 cm3 of aqueous ammonium sulfide (with known sulfide and NH3 concentrations).



Then various



proportions of liquor NH3 and distilled water were added to it in such a way that the total volume became 50 cm3 in all the cases. With increase in NH3:H2S mole ratio (or with increase in NH3 concentration in the aqueous phase), the conversion of benzyl chloride increases as shown in Fig. 4.4. For a fixed conversion of benzyl chloride, the selectivity of DBS increases with increase in NH3:H2S mole ratio as shown in Fig. 4.5.



Therefore, for a fixed conversion of benzyl chloride, the



selectivity of BM decreases with an increase in NH3:H2S mole ratio. Although NH3 does not take part in the reaction with benzyl chloride, it affects the equilibrium among NH3, hydrogen sulfide (H2S), and water that results into two active anions, namely sulfide (S2−) and hydrosulfide (HS−), in the aqueous phase as represented by Eqs. 1-4 of Scheme 4.1. The concentration of sulfide ions relative to hydrosulfide ions in the aqueous phase increases with an increase in NH3:H2S mole ratio, which results in higher selectivity of DBS. As it is observed from the Page No. 32



Chapter 4: Reaction of Benzyl Chloride with Aqueous Ammonium Sulfide Scheme 4.1, one mole of sulfide reacts with two moles of benzyl chloride to form one mole of DBS whereas it requires only one mole of benzyl chloride to form one mole of BM. Although the initial concentration as well as the amount of sulfide in the aqueous phase remains the same, the conversion of benzyl chloride increases with an increase in NH3:H2S mole ratio because of the higher selectivity of DBS at higher NH3:H2S mole ratio.



4.2.3.2 Effect of H2S concentration The effect of NH3:H2S mole ratio was studied by varying the initial sulfide concentration in the aqueous phase keeping NH3 concentration fixed at 5.62 kmol/m3. For fixed NH3 concentration, with an increase in NH3:H2S mole ratio (or with a decrease in H2S concentration in the aqueous phase), the conversion of benzyl chloride decreases because of the limited quantity of sulfide in the aqueous phase as shown in Fig. 4.6. However, for a fixed conversion of benzyl chloride, the selectivity of DBS increases with an increase in NH3:H2S mole ratio as observed in the effect of NH3 concentration as shown in Fig. 4.7. A similar argument (as that used to explain the effect of NH3 concentration) can be used to explain this observation.



4.2.4 Effect of Catalyst (TBAB) Loading The effect of PTC (TBAB) loading was studied at four different catalyst concentrations in the range of 0.0-0.14 kmol/m3 as shown in Fig. 4.8. With an increase in the catalyst concentration, the conversion of benzyl chloride as well as the reaction rate increases, as observed from the figure. Only by increasing the catalyst concentration, benzyl chloride conversion of more than 90% was achieved whereas it was only about 70% without catalyst even after 445 minutes of reaction under



otherwise



identical



experimental



conditions.



The



maximum



rate



enhancement factor of 2.45 was obtained with catalyst concentration of 0.14 kmol/m3 of organic phase. For a fixed conversion of benzyl chloride, the selectivity of DBS increases with an increase in the catalyst concentration up to a value of 0.09 kmol/m3 of organic phase as shown in Fig. 4.9. Beyond this concentration,
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Chapter 4: Reaction of Benzyl Chloride with Aqueous Ammonium Sulfide however, the selectivity of DBS is almost independent of the catalyst concentration. This trend was observed up to about 70% conversion of benzyl chloride. Above this level of conversion, the selectivity of DBS was not found to be affected by the catalyst concentration. With increased catalyst concentration, more amounts of [Q+]2S2− ion pairs are formed and are transferred to the organic phase and react with benzyl chloride to form DBS.



The selectivity of DBS, therefore, increases with an increase in the



catalyst concentration.



Beyond a catalyst concentration of 0.09 kmol/m3 of



organic phase, the reaction of QSQ with benzyl chloride in the organic phase controls the rate of formation of DBS by direct reaction and hence, the selectivity of DBS remains almost constant.



4.2.5 Effect of Concentration of Benzyl Chloride The effect of benzyl chloride concentration on the conversion of benzyl chloride was studied at three different concentrations in the range of 0.78-2.0 kmol/m3 as shown in the Fig. 4.10. It is seen from this figure that with an increase in the concentration of benzyl chloride, the conversion of benzyl chloride decreases because of limited quantity of sulfide present in the aqueous phase. With benzyl chloride concentration of 0.78 kmol/m3, almost complete conversion of benzyl chloride was observed whereas the conversion of benzyl chloride was only about 74% with benzyl chloride concentration of 2.0 kmol/m3 even after 445 min of reaction under otherwise identical experimental conditions as observed from the figure.



However, almost complete sulfide utilization was detected with a benzyl



chloride concentration of 2.0 kmol/m3 as observed from the material balance (Fig. 4.14), whereas the sulfide conversion is only about 73% for benzyl chloride concentration of 0.78 kmol/m3. For a fixed conversion of benzyl chloride, the selectivity of DBS increases sharply with an increase in the concentration of benzyl chloride as shown in Fig. 4.11. As observed from the figure, the selectivity of DBS is about 90% for 2.0 kmol/m3 of benzyl chloride concentration, whereas the selectivity of DBS is only about 18% for Page No. 34



Chapter 4: Reaction of Benzyl Chloride with Aqueous Ammonium Sulfide 0.78 kmol/m3 of benzyl chloride concentration even after 445 minutes of reaction under otherwise identical experimental conditions. Therefore, it can be seen that the selectivity of BM decreases with the concentration of benzyl chloride for a given conversion of benzyl chloride. It is also observed from the figure that the selectivity of BM is higher than that of DBS during the initial stage of the reaction. Therefore, it can be concluded that the reaction leading to the formation of BM is very fast as compared to that leading to the formation of DBS.



Therefore, at lower benzyl



chloride concentrations, there will be insufficient quantity of benzyl chloride present to produce DBS, which results in low selectivity of DBS. With lower benzyl chloride concentrations in the organic phase, almost complete conversion of benzyl chloride was achieved. This resulted in very low selectivity of DBS, that is, high selectivity of BM and incomplete sulfide utilization in the aqueous phase. On the other hand, with an excess of benzyl chloride, higher DBS selectivity was achieved with efficient utilization of sulfide in the aqueous phase although the benzyl chloride conversion remained low.



Therefore, a question of



optimization among the opposing factors (conversion of benzyl chloride, utilization of sulfide, and selectivity of DBS) arises, and needs to be addressed.



4.2.6 Effect of Volume of Aqueous Phase The volume of aqueous phase was varied from 25 cm3 to 75 cm3 keeping the volume of organic phase constant as 50 cm3.



The effect of volume of aqueous



phase on the conversion of benzyl chloride is shown in Fig. 4.12. The conversion of benzyl chloride increases with an increase in volume of aqueous phase as observed from the figure.



This is due to the deficient quantity of sulfide in the aqueous



phase for lower volumes of aqueous phase. For a fixed conversion of benzyl chloride, the selectivity of DBS drops drastically with an increase in the volume of aqueous phase as observed from the Fig. 4.13. It is also seen from the same figure that the selectivity of DBS increases from about 30% to 88% for change in the volume of aqueous phase from 75 cm3 to 25 cm3 after 445 minutes of reaction under identical experimental conditions. Therefore, Page No. 35



Chapter 4: Reaction of Benzyl Chloride with Aqueous Ammonium Sulfide the selectivity of BM decreases with a decrease in the volume of aqueous phase for a given conversion of benzyl chloride. Similar argument can be used to explain this phenomenon as in the case of concentration of benzyl chloride.



4.2.7 Reaction Mechanism Generally, the reactions in the aqueous phase are fast compared to the reactions in the organic phase. Therefore, there exists an ionic equilibrium among NH3, H2S, and water, which results three active anions: hydroxide, hydrosulfide, and sulfide as represented by the Eqs. 1-4 in Scheme 4.2. These ions are capable of producing ion pairs (QOH, QSH, and QSQ) with quaternary ammonium cation, Q+ [(C4H9)4N+]. However, no benzyl alcohol, C6H5CH2OH (substitution product of QOH), was identified in the GLC analysis of the two-phase reaction products in the presence of TBAB.



This is because of the fact that the active catalyst, QOH, is more



hydrophilic in nature and not easily transferred to the organic phase (Wang and Tseng, 2003), and therefore, the hydrolysis of benzyl chloride under weak alkaline medium of aqueous ammonium hydroxide is slow (Yadav et al., 2003a). However, only two species (QSH and QSQ) are generated and transferred to the organic phase where the reaction takes place. No BM was identified in the GLC analysis during the reaction of benzyl chloride with sodium sulfide under two-phase condition using TBAB as PTC. Therefore, the sulfide ions (S2−) present in the aqueous phase form ion pair with quaternary ammonium cation (Q+) to produce QSQ (instead of converting into hydrosulfide ion by reacting with water, S2− + H2O ⇌ HS− + HO−), which in turn is transferred to the organic phase and reacts with benzyl chloride to produce DBS. This is supported by the fact that the selectivity of DBS increases with an increase in NH3:H2S mole ratio as discussed previously.



Therefore, it can be concluded that the active



catalysts (QSQ and QSH) formed from the sulfide ions and hydrosulfide ions present in the aqueous phase are transferred to the organic phase and react with benzyl chloride to produce DBS and BM, respectively.
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NH3+H2O ⇌ NH4++ HO−



(1)



HS− ⇌ H++S2−



(3)



H2S ⇌ H++HS−



(2)



H2O ⇌ H++HO−



(4)



NH4OH+HX→ NH4X+ H2O QX ⇌ Q++X− QSH ⇌ Q++HS−



Aqueous phase



2Q++S2−⇌ QSQ



−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−Interface−−



RX + QSH → RSH + QX



QX + RSQ ← QSQ + RX



←



→



RSH + RX → RSR + HX



QX + RSR ← QSR + RX



←



→



X= Br/Cl; R=C6H5CH2



Organic Phase



Scheme 4.2 Fig. 4.14 shows the concentration profile for a typical batch. It is seen from the figure that concentration of BM reaches a maximum and then falls gradually with time. Therefore, BM is converted to the DBS whose concentration increases with time. Probably, benzyl chloride reacts with BM to produce DBS and hydrochloric acid. Since, the hydrochloric acid (strong acid) is formed from a weak acid, BM, this reaction is expected to be slow and is favored only by the presence of ammonium hydroxide, which reacts with hydrochloric acid irreversibly to produce ammonium chloride in the aqueous phase. Two mechanisms, interfacial and extraction, are generally used to explain the liquid-liquid phase transfer catalysis, based on the lipophilicity of the quaternary cation.



The extraction mechanism, suggested by Starks (1971) and Starks and



Liotta (1978), is applicable to those catalysts that are not highly lipophilic or that can distribute themselves between the organic and the aqueous phase.



In the



interfacial mechanism, catalyst remains entirely in the organic phase because of its Page No. 37



Chapter 4: Reaction of Benzyl Chloride with Aqueous Ammonium Sulfide high lipophilicity and exchanges anions across the liquid-liquid interface (Dehmlow and Dehmlow, 1983). Even without PTC, there is a significant conversion of benzyl chloride as it is seen in the effect of catalyst loading. Therefore, the reaction proceeds through both the uncatalyzed and catalyzed pathway.



Based on the above facts, the catalytic



pathway is pictorially represented by Scheme 4.2.



The reaction that proceeds



through the uncatalyzed pathway is similar to that of catalytic pathway except that the anions (S2− and HS−) in the form of ammonium sulfide and ammonium hydrosulfide are directly transferred to organic phase from aqueous phase instead of transferring via the formation of active catalyst as in the case of catalytic pathway. The ammonium sulfide and ammonium hydrosulfide then react with benzyl chloride present in the organic phase to produce DBS and BM, respectively, as shown previously in the Scheme 4.1.



4.3 CONCLUSIONS The reaction of benzyl chloride with aqueous ammonium sulfide is of great industrial relevance, which could lead to different products (DBS and BM) of commercial value.



This reaction was investigated in detail under liquid-liquid



phase transfer catalysis conditions. One can selectively prepare either DBS or BM using the same reagents only by selecting appropriate experimental conditions. A high NH3:H2S mole ratio, high benzyl chloride concentration, low ammonium sulfide volume, and long reaction time lead to the selective preparation of DBS. On the other hand, opposite trend was observed for BM. With higher benzyl chloride concentration and lower ammonium sulfide volume, the conversion of benzyl chloride remains low with efficient sulfide utilization in the aqueous phase, whereas with lower benzyl chloride concentration and higher ammonium sulfide volume, almost complete conversion of benzyl chloride was observed although the utilization of sulfide in the aqueous phase remains low. The reaction is kinetically controlled with an apparent activation energy value of 12.28 kcal/mol. A change in temperature and catalyst concentration changes only Page No. 38



Chapter 4: Reaction of Benzyl Chloride with Aqueous Ammonium Sulfide the reaction rate without significantly affecting the selectivity. The process involves a complex mechanism. The existence of an ionic equilibrium among NH3, H2S, and water, producing sulfide and hydrosulfide ions in the aqueous phase was established. The two active ion pairs (Q+S−2Q+ and Q+SH−) formed in the aqueous phase are first transferred to the organic phase and then react with benzyl chloride to produce DBS and BM, respectively. DBS is also formed by the reaction of BM and benzyl chloride.
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Table 4.1. Effect of temperature on selectivity of DBSa Temperature, K



a



Selectivity of DBS (%) at a conversion of benzyl chloride (%) of 10



20



30



303



7.6



17.4



28.2



318



7.9



18.1



29.5



333



8.2



16.7



26.2



343



9.0



18.4



28.2



Volume of organic phase = 6.5×10-5 m3; concentration of benzyl chloride = 2.0 kmol/m3; volume of aqueous phase = 5.0×10-5 m3; concentration of sulfide = 1.06 kmol/m3; NH3/H2S mole ratio = 5.3; concentration of TBAB = 8.92×10-2 kmol/m3; stirring speed = 1500 rev/min.
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Conversion of benzyl chloride (%)
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Fig. 4.1. Effect of stirring speed on conversion of benzyl chloride. Volume of organic phase = 5.0×10−5 m3; concentration of benzyl chloride = 2.0 kmol/m3; volume of aqueous phase = 5.0×10−5 m3; concentration of TBAB = 8.83×10−2 kmol/m3 of organic phase; temperature = 333 K; concentration of sulfide = 1.32 kmol/m3; NH3:H2S mole ratio = 4.2.
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Fig. 4.2. Effect of temperature on conversion of benzyl chloride.



All



conditions are same as in Table 4.1.
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Experimental 2 Linear fit (R =0.94)
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Fig. 4.3. Arrhenius plot of ln (initial rate) versus 1/T.
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Fig. 4.4. Effect of ammonia concentration on the conversion of benzyl chloride.



Volume of organic phase = 5.0×10−5 m3; concentration of



benzyl chloride = 2.6 kmol/m3; volume of aqueous phase = 5.0×10−5 m3; concentration of sulfide = 1.6 kmol/m3; concentration of TBAB = 0.11 kmol/m3 of organic phase; temperature = 333 K; stirring speed = 1500 rev/min.
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Fig. 4.5. Effect of ammonia concentration on selectivity of DBS.



All



conditions are same as in Fig. 4.4.
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Fig. 4.6. Effect of sulfide concentration on conversion of benzyl chloride. Volume of organic phase = 5.0×10−5 m3; concentration of benzyl chloride = 2.0 kmol/m3; volume of aqueous phase = 5.0×10−5 m3; concentration of NH3 = 5.62 kmol/m3; concentration of TBAB = 8.83×10−2 kmol/m3 of organic phase; temperature = 333 K; stirring speed = 1500 rev/min.
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Fig. 4.7. Effect of sulfide concentration on selectivity of DBS. All conditions are same as in Fig. 4.6.
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Fig. 4.8. Effect of catalyst loading on conversion of benzyl chloride. Volume of organic phase = 5.0×10−5 m3; concentration of benzyl chloride = 1.44 kmol/m3; volume of aqueous phase = 5.0×10−5 m3; concentration of sulfide = 1.06 kmol/m3; NH3:H2S mole ratio = 5.27; temperature = 333 K; stirring speed = 1500 rev/min.
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Fig. 4.9. Effect of catalyst loading on selectivity of DBS.



All conditions are



same as in Fig.4.8.
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Fig. 4.10. Effect of benzyl chloride concentration on conversion of benzyl chloride.



Volume of toluene = 5.0×10−5 m3; TBAB = 5.8×10−3 mol;



volume of aqueous phase = 5.0×10−5 m3; concentration of sulfide = 1.06 kmol/m3; NH3:H2S mole ratio = 5.27; temperature = 333 K; stirring speed = 1500 rev/min.
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Fig. 4.11. Effect of benzyl chloride concentration on selectivity of DBS.



All



conditions are same as in Fig.4.10.
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Fig. 4.12. Effect of volume of aqueous phase on conversion of benzyl chloride. Volume of organic phase = 5.0×10−5 m3; concentration of benzyl chloride = 1.44 kmol/m3; concentration of H2S = 1.06 kmol/m3; NH3:H2S mole ratio = 5.27; concentration of TBAB = 8.92×10−2 kmol/m3; temperature = 333 K; stirring speed = 1500 rev/min.
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Fig. 4.13. Effect of volume of aqueous phase on selectivity of DBS. All



conditions are same as in Fig.4.12.
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Fig. 4.14. Concentration profile for a typical run. Volume of toluene = 5.0×10−5 m3; concentration of benzyl chloride = 2.0 kmol/m3; TBAB =5.8×10−3 mol; volume of aqueous phase = 5.0×10−5 m3; concentration of sulfide = 1.06 kmol/m3; NH3:H2S mole ratio = 5.27; temperature = 333 K; stirring speed = 1500 rev/min.
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1. Aqueous (NH4)2S 2. PTC (TBAB)



NH2



+ R Aryl amines



R Nitroarenes



(NH4)2 S2O3



+



Ammonium Thiosulfate



S0



Elemental Sulfur



where, R=CH3 (Nitrotoluenes) or Cl (Chloronitrobenzenes)



5.1 INTRODUCTION The reduction reaction of nitroarenes by negative divalent sulfur (sulfide, hydrosulfide, and polysulfides) is called Zinin reduction (Dauben, 1973). Sodium sulfide, sodium disulfide, and ammonium sulfide are most commonly used for this purpose. In aqueous ammonium sulfide, the sulfide ions (S2−) and the hydrosulfide ions (HS−) remain in equilibrium, as represented by Scheme 5.1 (Rumpf et al., 1999; Beutier et al., 1978).



This property of ammonium



sulfide makes it different from the other reducing agents like sodium sulfide or disulfide.



NH3 + H2O ⇌ NH4+ + HO− H2S ⇌ H+ + HS− HS− ⇌ H+ + S2− H2O ⇌ H++HO− Scheme 5.1 The overall stoichiometry of the Zinin original reduction of nitrobenzene by aqueous ammonium sulfide under two-phase conditions is given by Eq. 5.1 (Dauben, 1973).



This stoichiometry is also applicable to the reduction of



nitroarenes with sodium sulfide (Bhave and Sharma, 1981; Pradhan and Sharma, 1992a; Pradhan, 2000; Yadav et al., 2003a, 2003b). Page No. 55
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4ArNO2 + 6S2− + 7H2O → 4ArNH2 + 3S2O32− + 6HO−



(5.1)



For the preparation of p-aminophenylacetic acid from p-nitrophenylacetic acid using aqueous ammonium sulfide, Gilman (1941) reported that the sulfide ions were oxidized to elemental sulfur instead of to thiosulfate, following the stoichiometry of Eq. 5.2.



Lucas and Scudder (1928) also reported similar



observations for the reduction of 2-bromo-4-nitrotoluene to 2-bromo-4aminotoluene by an alcoholic solution of ammonium sulfide. The formation of elemental sulfur was reported for the preparation of 3-amino-5-nitrobenzyl alcohol using ammonium sulfide prepared from ammonium chloride and crystalline sodium sulfide dissolved in methanol (Meindl et al., 1984).



ArNO2 + 3HS− + H2O → ArNH2 + 3S+ 3HO−



(5.2)



The overall stoichiometry of the reduction reaction using disulfide as the reducing agent is as follows (Hojo et al., 1960; Bhave and Sharma, 1981):



ArNO2 + S22− + H2O → ArNH2 + S2O32−



(5.3)



Therefore, the two different reactions leading to the formation of either elemental sulfur or thiosulfate may be operative for the reduction of nitroarenes with ammonium sulfide. A detailed study of such reactions is, therefore, not only commercially important, but also academically interesting. In the present work, the effects ammonia (NH3) concentration and elemental sulfur



loading



on



the



conversion



of



nitroarenes



(nitrotoluenes



and



chloronitrobenzenes) were studied to establish the mechanism of the reaction. The effect of stirring speed and temperature on the reaction was studied to determine the mass transfer effects on the reaction, and to calculate the activation energy respectively.



In addition, the effects of various parameters,



such as catalyst (tetrabutylammonium bromide, TBAB) concentration, sulfide concentration,



and



concentration



of



nitroarenes



(nitrotoluenes



and



chloronitrobenzenes), on the reactions of nitroarenes with aqueous ammonium sulfide were studied to determine the dependencies of the reaction rates on the concentrations of various species present in the reaction system.



Such
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Furthermore, a generalized empirical kinetic model based on



experimental observations was developed to correlate the experimentally obtained conversion versus time data. 5.2 RESULTS AND DISCUSSION 5.2.1 Reduction of Nitrotoluenes by Aqueous Ammonium Sulfide Under Liquid-Liquid Phase Transfer Catalysis 5.2.1.1 Comparison of reactivity of nitrotoluenes The rates of reduction of three nitrotoluenes (o-, m-, and p-) by aqueous ammonium sulfide were compared in both the presence and the absence of phase transfer catalyst (PTC) tetrabutylammonium bromide (TBAB), under liquid-liquid mode under otherwise identical experimental conditions.



The



reaction rate, both in the presence and absence of TBAB, was found to be in the order of m-nitrotoluene (MNT) > p-nitrotoluene (PNT) > o-nitrotoluene (ONT), as shown in Table 5.1. The presence of electron donating group in the aromatic ring is reported to reduce the rate of reduction of nitroarenes and the rate of reduction increases in presence of electron withdrawing group (Idoux et al., 1972).



From this observation, it can be concluded that the presence of an



electron─donating group like methyl in the aromatic ring reduces the reaction rate more when it is present at the ortho and para positions, (positions of high electron density), compared to its presence at the meta position (site of low electron density). Pradhan (2000) also reported a similar trend of reactivity for the reduction of nitrotoluenes by sodium sulfide using TBAB in the liquid-liquid mode. The rates of reduction of nitrotoluenes are very low in the absence of PTC, which results in high enhancement factors as shown in Table 5.1.



5.2.1.2 Effect of stirring speed The effect of stirring speed on the rate of reaction of nitrotoluenes (o-, m-, and p-) was studied in the range 1000-2500 rev/min in the presence of a PTC (TBAB), as shown in Fig. 5.1. As it is evident from the figure, the variation of reaction rate with stirring speed is so small that the reactions may be considered as kinetically controlled for all the nitrotoluenes, for all practical purposes.
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5.2.1.3 Effect of temperature The effect of temperature on the rate of reaction of nitrotoluenes with aqueous ammonium sulfide was studied in the range of 303-333K in the presence of a PTC (TBAB), as shown in Table 5.2.



The reaction rate increases with



temperature for all the nitrotoluenes, as it is observed from the table.



The



initial rates were calculated at different temperatures and an Arrhenius plot of ln (initial rate) against 1/T was made as shown in Fig. 5.2.



The apparent



activation energies for this kinetically controlled reaction were calculated from the slopes of the straight lines as 19.43, 21.45 and 25.54 kcal/mol for ONT, PNT, and MNT, respectively. The high values of activation energy confirm that the reaction systems are kinetically controlled.



For the kinetically controlled



reductions of nitroarenes by sodium sulfide under liquid-liquid phase transfer catalysis, the reported activation energies are 11.25, 12.54, and 9.36 kcal/mol for ONT, MNT, and PNT, respectively (Pradhan, 2000), 8.04 kcal/mol for mnitrochlorobenzene (Pradhan and Sharma, 1992a), and 47.36 kcal/mol for pnitroanisole (Yadav et al., 2003a).



5.2.1.4 Effect of ammonia concentration Although NH3 as such does not take part in the reaction with nitrotoluenes, it affects the equilibrium among itself, hydrogen sulfide (H2S), and water, which results in two active anions, sulfide, and hydrosulfide, in the aqueous phase, as shown in the Scheme 5.1. These two active anions participate in two different reactions (Eqs.5.1 and 5.2). In the presence of a base (NH3), the dissociation equilibrium shifts toward more ionization (Beutier et al., 1978), and the concentration of sulfide ions relative to hydrosulfide ions in the aqueous phase increases with an increase in NH3 concentration. Therefore, only by changing the NH3 concentration with constant sulfide concentration in the aqueous phase, one can more easily prove the existence of two different reactions. To study the effect of NH3 concentration, we prepared aqueous ammonium sulfide of different NH3 concentrations (but constant sulfide concentration), by Page No. 58



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide taking 30 cm3 of aqueous ammonium sulfide (with known sulfide and NH3 concentrations). Then we added various proportions of liquor NH3 and distilled water to it in such a way that the total volume was 50 cm3 in all the cases. Fig. 5.3 shows the effect of NH3 concentration on the conversion of MNT at a constant initial sulfide concentration of 1.27 kmol/m3. With an increase in the concentration of NH3, the conversion of MNT was found to decrease up to a certain reaction time; beyond that, the opposite trend was observed, that is, with higher NH3 concentration, a higher MNT conversion was achieved (Fig. 5.3).



One should get around 62% conversion of MNT if the reaction follows the stoichiometry of Eq. 5.1 and the value would be around 31% if the stoichiometry of Eq. 5.2 is considered, for complete conversion of sulfide in the two cases. However, after a long reaction run (about 10 hrs), a maximum of 23% conversion of MNT was achieved, which was still much lower than that expected based on the stoichiometry of Eq. 5.2. Lucas and Scudder (1928) also reported similar observations. Therefore, it can be concluded that the reaction follows the stoichiometry of Eq. 5.2 predominantly.



This is in complete



disagreement with Zinin’s original work (Dauben, 1973). The lower conversion of MNT based on the stoichiometry of Eq. 5.2 will be explained further when the effect of elemental sulfur loading will be discussed later.



Since, the formation of elemental sulfur was not reported anywhere in the literature for the reduction of nitroarene with sodium sulfide (Bhave and Sharma, 1981; Pradhan and Sharma, 1992a; Pradhan, 2000; Yadav et al., 2003a, 2003b), it could be thought that the reaction via the transfer of sulfide ions follows the stoichiometry of Eq. 5.1.



The concentration of sulfide ions



increases with an increase in the concentration of NH3 for a fixed sulfide concentration.



Thus, with an increase in NH3 concentration, there is an



increase in the extent of reaction via the transfer of sulfide ions following the stoichiometry of Eq. 5.1, which results in higher conversion of MNT at higher reaction times.
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Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide The nature of the curve obtained is ‘S’ type, which is typical of autocatalytic reactions, where the rate of reaction increases with an increase in the concentration of catalyst formed by the reaction and then the rate of reaction decreases with the depletion of the reactants, as shown in the figure.



This



phenomenon was observed only for lower concentrations of one of the components: MNT, sulfide, catalyst, or the conditions that favor low initial reaction rate. However, for higher concentrations, this phenomenon could not be observed as it occurred within a very short period. This phenomenon was also observed for other nitrotoluenes as well.



However, for o- and p-



nitrotoluenes, this phenomenon was found to occur even at relatively higher concentrations because of their slow reaction rates. The exact reason for this phenomenon is explained below in the effect of elemental sulfur loading on the reaction.



5.2.1.5 Effect of elemental sulfur loading Elemental sulfur in the solution of NH3 and H2S is known to form ammonium polysulfides (Dubois et al., 1988), (NH4)2Sn, where 2 ≤ n ≤ 6. Such a material is also one of the reducing agents of the Zinin reduction. Since elemental sulfur was reported to be formed in the reaction (Gilman, 1941; Lucas and Scudder, 1928; Meindl et al., 1984), we examined the effect of externally added elemental sulfur on the reaction rate and conversion of PNT. In this experiment, elemental sulfur was first dissolved in the aqueous ammonium sulfide, which was then used in the reaction following the same procedure as described earlier. The color of the aqueous ammonium sulfide is greenish yellow. However, after dissolution of elemental sulfur to the aqueous ammonium sulfide, the color becomes reddish brown. Also during the reaction with aqueous ammonium sulfide, initially the color of the solution was unaffected but later on, it changed rapidly from greenish yellow to reddish brown.



This color change indicates the formation of elemental sulfur



(polysulfides) during the reaction. The characteristic reddish brown color of the polysulfide, which develops as the reaction proceeds, is useful in indicating the extent of the reaction.



Lucas and Scudder (1928) also reported similar
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The effect of elemental sulfur loading on conversion of PNT is shown in Fig. 5.4. It is clearly observed from the figure that conversion of PNT is higher in the presence of elemental sulfur compared to the conversion with no elemental sulfur present, up to a certain reaction time; beyond that point, an opposite trend was observed (that is, conversion of PNT decreases with increase in the elemental sulfur loading). As one can observe from the nature of the curves in the figure, the reaction rate gradually increases with conversion of PNT in the absence of elemental sulfur, whereas the rate decreases with conversion of PNT in the presence of elemental sulfur. These observations confirm the formation of elemental sulfur and can also be used to explain the ‘S’ type of curve, and the lower conversion of nitrotoluene than expected by both the stoichiometry (Eq. 5.1 & 5.2), as discussed in the previous section. Therefore, it can be said that the reaction rate increases with the buildup of elemental sulfur concentration (Eq. 5.2) as the reaction proceeds and then falls with the depletion of the reactants, resulting in an ‘S’ type of curve. The rise in rate of reaction with elemental sulfur loading may be because the reaction via the transfer of hydrosulfide and sulfide ions is slow as compared to the transfer of polysulfide ions formed by the reaction of elemental sulfur with ammonium sulfide. It was observed that disulfide reduced nitrobenzene much more rapidly than did sulfide, as reported by Hojo et al. (1960). The lowering of conversion may be due to the formation of polysulfide in addition to disulfide (which is only transferred).



The disulfides react with nitrotoluenes to form



thiosulfate and aminotoluene according to the stoichiometry of Eq. 5.3. Lucas and Scudder (1928) also used a similar argument to explain the lower conversion. With an increase in elemental sulfur loading, the initial rate and the overall conversion decrease. This may be due to higher amounts of polysulfide (other than disulfide) formed with higher amounts of elemental sulfur loading.



Page No. 61



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide 5.2.1.6 Effect of sulfide concentration Fig. 5.5 shows the effect of sulfide concentration in the aqueous phase on the conversion of MNT.



With an increase in the concentration of sulfides, the



conversion of MNT as well as the reaction rate increases, as it is evident from the figure. In order to determine the order of reaction with respect to sulfide concentration, a plot of ln (initial rate) against ln (initial sulfide concentration) was made (Fig. 5.6). From the slope of the linear fit, the order of reaction with respect to sulfide concentration was obtained as 1.67. Since this value is closer to 2, the reaction was, therefore, considered as 2nd order with respect to sulfide concentration. However, for the reduction of nitroarenes with aqueous sodium sulfide, the reaction rate was reported to be first order with the sulfide concentration (Yadav et al., 2003a; Bhave and Sharma, 1981). The rate was also reported to be proportional to the square of the concentration of sodium disulfide (Hojo et al., 1960).



5.2.1.7 Effect of catalyst (TBAB) concentration The effect of catalyst (TBAB) concentration on the conversion of MNT was studied in the concentration range of 0.031-0.155 kmol/m3 of organic phase, as shown in Fig. 5.7. Study was also conducted in the absence of catalyst. As one can observe from the figure, the conversion of MNT is only 1.48% in the absence of catalyst, whereas it is around 64% with maximum concentration of catalyst tried after 260 minutes of reaction under otherwise identical experimental conditions.



This shows the importance of PTC in enhancing the rate of the



reaction under investigation. From the plot of ln (initial rate) against ln (TBAB concentration) (Fig. 5.8), the order of reaction with respect to TBAB concentration was obtained as 1.03, which is very close to unity. Yadav et al. (2003a) also reported similar observations.



5.2.1.8 Effect concentration of nitrotoluene The effect of ONT concentration on the conversion of ONT is shown in Fig. 5.9. The conversion of ONT increases with an increase in concentration of ONT as observed from the figure.



From the plot of ln (initial rate) against ln (initial



nitrotoluenes concentration) (Fig. 5.10), the order of reaction with respect to Page No. 62



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide nitrotoluenes concentration was obtained as 3.18 and as 3.16 for MNT and ONT, respectively, which is close to third order. However, for the reduction of nitroarenes by aqueous sodium sulfide, the reported order is unity with respect to the concentration of p-nitroanisole (Yadav et al., 2003a) and nitroaromatics (Bhave and Sharma, 1981). The rate was also reported as proportional to the concentration of nitrobenzene for its reduction with sodium disulfide (Hojo et al., 1960).



5.2.1.9 Kinetic modeling The kinetics and mechanism of a variety of phase transfer catalyzed SN2 type of reactions, in liquid-liquid (Yang, 1998; Satrio and Doraiswamy, 2002), solidliquid (Naik and Doraiswamy, 1997), and liquid-liquid-liquid (Yadav and Reddy, 1999; Yadav and Naik, 2001) mode, and some oxidation reactions (Satrio and Doraiswamy, 2002; Yadav and Haldavanekar, 1997), are well documented. However, such information on Zinin reduction is very limited. Although many published works on Zinin reduction exist, the exact mechanism of this important reaction is still not clear.



The first product probably is a nitroso



compound, which is rapidly reduced to hydroxylamine and then to amine (Dauben, 1973). The rate-determining step is considered the attack of negative divalent sulfur on the nitro group, because no intermediate compounds are observed to be formed during the reaction. The mechanism and kinetic scheme developed by Yadav et al. (2003a) for the reduction of p-nitroanisole by aqueous sodium sulfide under liquid-liquid mode in the presence of PTC (TBAB) was determined not to be applicable in the case of reduction of nitroarenes by aqueous ammonium sulfide. The hydrosulfide and sulfide ions present in the aqueous phase readily form ion pairs (Q+HS- and Q+S2−Q+), with quaternary cations, (Q+) and are then transferred to the organic phase and reduce the nitrotoluenes following the stoichiometry of Eq. 5.2 and Eq. 5.1, respectively. The elemental sulfur formed (Eq. 5.2) reacts with ammonium sulfide to form ammonium polysulfides, (NH4)2Sn, where 2 ≤ n ≤ 6 (Dubois et al., 1988). It is observed in the earlier discussion that the reaction rate falls with an increase in elemental sulfur loading because of the formation of higher amounts of polysulfides (other than disulfide), which are not easily transferred to the organic phase. Only disulfide Page No. 63
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Development of a fundamental



kinetic model for this system is a difficult task because of these complexities and our poor knowledge of the system. In this work, an empirical kinetic model applicable for all the nitrotoluenes was, therefore, developed to correlate the experimentally obtained time versus conversion data. As it is observed from earlier discussion, the rate of reduction of nitrotoluenes was determined to be proportional to the concentration of catalyst, to the square of the concentration of sulfide, and to the cube of the concentration of nitrotoluenes. It was also proved that elemental sulfur formed in this reaction enhanced the reaction rate resulting in ‘S’ nature of time versus conversion curve. Therefore, the rate of reduction of nitrotoluenes (− rA ) can be expressed by the following equation:



−r = k C 3 C 2 C + k C 3 C 2 C C A 1 A S C 2 A S C B



(5.4)



where CA and CC are the concentrations of nitrotoluenes and catalyst TBAB in the organic phase, respectively. The second term in the above rate expression takes care of ‘S’ nature of curves due to the formation of elemental sulfur during the reaction as discussed previously.



Since the concentration of NH3 in the



aqueous phase was kept around 15 wt%, its effect was not incorporated in this kinetic model.



Since the course of the reduction follows the stoichiometry of Eq. 5.2 predominantly, the concentration of sulfide (CS) and elemental sulfur (CB) in the aqueous phase are obtained from the overall mass balance based on the same stoichiometry as given by the following expressions:



C =C − 3 f (C −C ) S SO AO A C



B



= 3 f (C



AO



−C ) A



(5.5) (5.6)
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Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide where CSO and CAO represent the initial concentrations of sulfide and nitrotoluenes, respectively, and f is the ratio of volume of organic phase to that of aqueous phase. A nonlinear regression algorithm was used for the estimation of parameters. The optimum values of the rate constants, k1, and k2, for the nitrotoluenes were estimated by minimizing the objective function (E) as given by the equation:



n ⎡⎧ ⎫ ⎧ ⎫⎤ E = ∑ ⎢ ⎨ −r − ⎨ −r ⎬ ⎥ A pred ⎭ ⎩ A exp t ⎬ ⎭i ⎦ i = 1 ⎣⎩ i



( )



( )



2



(5.7)



The optimum values of the rate constants, k1, and k2, at different temperatures are estimated for all the nitrotoluenes (p-, o-, and m-) as listed in Table 5.2. Both the rate constants increase with an increase in temperature for all the nitrotoluenes, as expected. An Arrhenius plot of ln (k) against 1/T was made as shown in Fig. 5.11. The activation energy and pre-exponential factor of the rate constants were evaluated from the slope and intercept, respectively, of the Arrhenius plot, as shown in Table 5.3.



Based on these rate constants, the



conversion of nitrotoluenes were calculated at different temperatures and compared with the experimentally obtained conversions as shown in Fig. 5.12. Good agreement was observed between the predicted and experimental conversions.



Page No. 65



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



Table 5.1. Comparison of reactivity of nitrotoluenesa Rate of reaction×105, kmol/m3 s



Nitrotoluene isomer



In absence of TBAB



Enhancement



In presence of TBAB (B)



factor (B/A)



(A)



a



MNT



0.03



6.3



210



PNT



0.02



5.0



250



ONT



0.01



2.8



280



Matching conversion = 5%; volume of organic phase = 5×10−5 m3; nitrotoluene = 1.17 kmol/m3; TBAB = 9.3×10−2 kmol/m3 of organic phase; volume of aqueous phase = 5×10−5 m3; concentration of sulfide = 2.2 kmol/m3; concentration of NH3 = 5.62 kmol/m3; temperature = 323 K; stirring speed =1500 rev/min. Table 5.2. Effect of temperature on the reaction ratea Rate of reaction ×105, kmol/m3 s



Temperature, K MNT1



a



PNT2



ONT3



303



1.14



0.58



0.34



313



3.96



1.75



0.82



323



9.66



5.96



2.14



333



19.8



7.35



4.32



Matching conversion =5%; volume of organic phase = 5×10−5 m3; volume of aqueous phase = 5×10−5 m3; concentration of NH3 = 8.03 kmol/m3; TBAB = 9.3×10−2 kmol/m3 of organic phase; stirring speed =1500 rev/min.



1



MNT = 1.35 kmol/m3; concentration of sulfide = 2.8 kmol/m3.



2



PNT =1.46 kmol/m3; concentration of sulfide = 2.6 kmol/m3.



3



ONT = 1.35 kmol/m3; concentration of sulfide = 2.6 kmol/m3.
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Table 5.3. Rate constants of the Model Eq. 5.4 Nitrotoluene isomer MNT PNT ONT



Temperatures (K)



Rate Constants 303



313



323



333



k1×105 [(kmol/m3)−5s−1]



0.15



0.48



2.15



10.1



k2×104 [(kmol/m3)−6s−1]



0.34



1.10



2.58



5.07



k1×106 [(kmol/m3)−5s−1]



0.84



3.03



9.33



29.3



k2×104 [(kmol/m3)−6s−1]



0.18



0.56



1.81



2.01



k1×106 [(kmol/m3)−5s−1]



−



1.03



1.59



4.33



k2×104 [(kmol/m3)−6s−1]



−



0.25



1.15



2.15



Table 5.4. Activation energy and pre-exponential factors for rate constants of nitrotoluenes



AE1 k = A Exp ( − ) 1 10 RT A10 [(kmol/m3)−5s−1]



AE 2 k = A Exp ( − ) 2 20 RT AE1



A20 [(kmol/m3)−6s−1]



(kcal/mol)



AE2 (kcal/mol)



MNT



4.20×1014



28.46



4.14×108



18.09



PNT



9.05×1010



23.62



3.05×107



16.85



ONT



1.98×104



14.79



9.35×1010



22.22
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Fig. 5.1. Effect of stirring speed.



Matching conversion = 20%; volume of



organic phase = 5×10−5 m3; volume of aqueous phase = 5×10−5 m3. 1



ONT = 1.35 kmol/m3; TBAB = 9.3×10−2 kmol/m3 of organic phase; concentration of NH3 = 8.03 kmol/m3; concentration of sulfide = 2.6 kmol/m3; temperature = 323 K.



2



PNT = 1.17 kmol/m3; TBAB = 12.4×10−2 kmol/m3 of organic phase; concentration of sulfide = 2.9 kmol/m3; concentration of NH3 = 8.42 kmol/m3; temperature = 333 K.



3



MNT = 1.7 kmol/m3; TBAB = 9.3 ×10−2 kmol/m3 of organic phase; concentration of sulfide= 3.5 kmol/m3; concentration of NH3 = 8.42 kmol/m3; temperature = 323K.
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Fig. 5.2. Arrhenius plot of ln (initial rate) versus 1/T
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Fig. 5.3. Effect of ammonia concentration on conversion of MNT. volume of organic phase = 5×10−5 m3; MNT = 1.35 kmol/m3; TBAB = 6.2×10−2 kmol/m3 of organic phase; volume of aqueous phase = 5×10−5 m3; concentration of sulfide = 1.27 kmol/m3; temperature = 323 K; stirring speed =1500 rev/min.
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Fig. 5.4. Effect of elemental sulfur loading on conversion of PNT. volume of organic phase = 5×10−5 m3; PNT = 1.17 kmol/m3; TBAB = 6.2×10−2 kmol/m3 of organic phase; volume of aqueous phase = 5×10−5 m3; concentration of sulfide = 1.68 kmol/m3; concentration of NH3 = 5.6 kmol/m3; temperature = 323 K; stirring speed =1500 rev/min.
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Fig. 5.5. Effect of sulfide concentration on conversion of MNT. volume of organic phase = 5×10−5 m3; MNT = 1.7 kmol/m3; TBAB = 9.3×10−2 kmol/m3 of organic phase; volume of aqueous phase = 5×10−5 m3; concentration of NH3 = 8.42 kmol/m3; temperature = 323 K; stirring speed =1500 rev/min.
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Fig. 5.6. Plot of ln (initial rate) versus ln (initial sulfide concentration).



All



conditions are same as in Fig. 5.5.
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Fig. 5.7. Effect of catalyst concentration on conversion of MNT. volume of organic phase = 5×10−5 m3; MNT = 1.7 kmol/m3; volume of aqueous phase



=



5×10−5



m3;



concentration



of



NH3



=



8.42



kmol/m3;



concentration of sulfide = 4.02 kmol/m3; temperature = 323 K; stirring speed =1500 rev/min.
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Fig. 5.8. Plot of ln (initial rate) versus ln (TBAB concentration). All conditions are same as in Fig. 5.7.
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Fig. 5.9. Effect of ONT concentration on conversion of ONT.



volume of



organic phase = 5×10−5 m3; TBAB = 9.3×10−2 kmol/m3 of organic phase; volume of aqueous phase = 5×10−5 m3; concentration of NH3 = 8.03 kmol/m3; concentration of sulfide = 2.6 kmol/m3; temperature = 323 K; stirring speed =1500 rev/min.
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Fig. 5.10. Plot of ln (initial rate) versus ln (initial concentration of nitrotoluenes).



volume of organic phase = 5×10−5 m3; TBAB =



9.3×10−2 kmol/m3 of organic phase; volume of aqueous phase = 5×10−5 m3; temperature = 323 K; stirring speed =1500 rev/min. 1



concentration of NH3 = 8.42 kmol/m3; concentration of sulfide = 3.62 kmol/m3.



2



concentration of NH3 = 8.03 kmol/m3; concentration of sulfide = 2.6 kmol/m3.
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Fig. 5.11. Arrhenius plot of ln (k1 or k2) versus 1/T
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Fig. 5.12. Comparison of calculated and experimental conversions of nitrotoluenes. All conditions are same as in Table 5.2.
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Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide 5.2.2 Reduction of Chloronitrobenzenes by Aqueous Ammonium Sulfide Under Liquid-Liquid Phase Transfer Catalysis 5.2.2.1 Effect of stirring speed The effect of stirring speed on the rate of reaction of chloronitrobenzenes (CNBs) (m-, o-, and p-) was studied in the range 1000-2500 rev/min under otherwise identical experimental conditions in the presence of PTC (TBAB) as shown in Fig. 5.13. As it is evident from the figure, the variation of reaction rate with stirring speed is so small that the mass transfer factors become unimportant and the reactions may be considered as kinetically controlled for all the CNBs, for all practical purposes. Therefore, all the other experiments were performed at a stirring speed of 1500 rev/min in order to eliminate any mass transfer resistance.



5.2.2.2 Effect of temperature The effect of temperature on the rate of reaction of CNBs (m-, o-, and p-) with aqueous ammonium sulfide was studied in the range of 303-333K in the presence of catalyst, TBAB. As shown in Table 5.5, the reaction rate increases with an increase in temperature for all the CNBs.



The initial rates were



calculated at different temperatures and an Arrhenius plot of ln (initial rate) against 1/T was made (Fig. 5.14).



The apparent activation energies for this



kinetically controlled reaction were calculated from the slopes of the straight lines as 22.8, 19.6 and 9.4 kcal/mol for o-chloronitrobenzene (OCNB), pchloronitrobenzene (PCNB) and m-chloronitrobenzene (MCNB), respectively. The high values of apparent activation energy again confirm that the reaction systems are kinetically controlled.



For kinetically controlled reductions of



nitroarenes by sodium sulfide under liquid-liquid phase transfer catalysis, the reported activation energies are 11.25, 12.54, and 9.36 kcal/mol for ONT, MNT, and PNT, respectively (Pradhan, 2000), 8.04 kcal/mol for m-nitrochlorobenzene (Pradhan and Sharma, 1992a), and 47.36 kcal/mol for p-nitroanisole (Yadav et al., 2003a).
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Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide 5.2.2.3 Effect of catalyst (TBAB) concentration The effect of catalyst (TBAB) concentration on the conversion of PCNB was studied in the concentration range of 1.57×10−2 ─ 6.23×10−2 kmol/m3 of organic phase, as shown in Fig. 5.15. A study was also conducted in the absence of the catalyst as shown in the same figure.



As it is observed from the figure, the



conversion of PCNB is only about 10% in the absence of catalyst whereas it is around 51% with the maximum concentration of catalyst tried, after 200 minutes of reaction under otherwise identical experimental conditions.



From



Table 5.6, it is observed that the rate of reaction of CNBs in the absence of TBAB is low as compared to that in the presence of TBAB.



This shows the



importance of PTC in enhancing the rate of reaction under investigation. In order to determine the order of reaction with respect to TBAB concentration, the initial reaction rate was calculated at different TBAB concentrations, and a plot of ln (initial rate) against ln (TBAB concentration) was made (Fig. 5.16). From the slope of the linear fit line, the order of reaction with respect to TBAB concentration was obtained as 1.06, which is close to unity.



Yadav et al.



(2003a) have also reported a similar observation for the reduction of pnitroanisole by sodium sulfide in the presence of PTC, TBAB. 5.2.2.4 Comparison of reactivity of chloronitrobenzenes It is worthy to mention here that the rate of reduction of MCNB is the highest among the three CNBs, followed by OCNB and PCNB as observed from Fig. 5.13 as well as from Tables 5.5 and 5.6. The presence of electron donating group in the aromatic ring is reported to reduce the rate of reduction of nitroarenes and the rate of reduction increases in the presence of electron withdrawing group (Idoux et al., 1972).



In case of CNBs, the electron donating (due to the



resonance by the lone electron pair of chlorine atom) as well as the electron withdrawing (due to high electronegativity of chlorine atom) effect is felt by the nitro group due to the presence of chlorine atom in the aromatic ring.



The



resonance theory predicts the same degree of electron donation by chlorine atom for ortho and para isomers, but this effect is absent in case of meta isomer. Therefore, the rate of reduction of MCNB is expected to be higher as compared to that of PCNB and OCNB, as observed in the present study. The Page No. 81



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide electron withdrawing effect is felt more when the chlorine atom is present at ortho position as compared to para position resulting in higher rate of reduction of OCNB as compared to PCNB. 5.2.2.5 Effect of p-chloronitrobenzene concentration The effect of concentration of PCNB on its conversion was studied in the presence of TBAB under otherwise identical experimental conditions, as shown in Fig. 5.17. As the concentration of PCNB increased, the conversion of PCNB, as well as the reaction rate (Fig. 5.18), was observed to increase up to a certain reaction time; beyond that, an opposite trend was observed, that is, with lower PCNB concentration, higher PCNB conversion was achieved. As expected, the increase in the reaction rate during the initial stage of reaction is due to the increase in the concentration of PCNB.



Since the amount of sulfide in the



aqueous phase remained the same for all the experimental runs, the conversion of PCNB dropped beyond a certain concentration as shown in Fig. 5.17. From the plot of ln (initial rate) against ln (initial PCNB concentration), (Fig. 5.18) the order of reaction with respect to PCNB concentration was obtained as 1.2, which is close to unity.



Similar observations were reported for the



reduction of p-nitroanisole (Yadav et al., 2003a) and nitroaromatics (Bhave and Sharma, 1981) by aqueous sodium sulfide. The rate was also reported to be proportional to the concentration of nitrobenzene for its reduction with sodium disulfide under two-phase conditions (Hojo et al., 1960).



5.2.2.6 Effect of sulfide concentration Fig. 5.19 shows the effect of sulfide concentration in the aqueous phase on the conversion of PCNB.



With an increase in the concentration of sulfide, the



conversion of PCNB as well as the reaction rate increases, as it is evident from the figure.



From the plot of ln (initial rate) against ln (initial sulfide



concentration) (Fig. 5.20), the order of the reaction with respect to sulfide concentration was obtained to be 2.88.



Since this value is closer to 3, the



reaction was, therefore, considered 3rd order with respect to the sulfide concentration. However, for the reduction of nitroarenes with aqueous sodium sulfide, the reaction rate was reported to be first order with respect to sulfide Page No. 82



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide concentration (Bhave and Sharma, 1981; Yadav et al., 2003a). The rate was also reported to be proportional to the square of the concentration of sodium disulfide (Hojo et al., 1960).



5.2.2.7 Effect of ammonia concentration The effect of NH3 concentration on the conversion of PCNB is as shown in Fig. 5.21.



As the concentration of NH3 increased, the conversion of PCNB was



observed to decrease up to a certain reaction time; beyond that, an opposite trend was observed, that is, with higher NH3 concentration, higher PCNB conversion was achieved.



It is expected to get around 55% conversion of PCNB for complete conversion of sulfide in the aqueous phase if the reaction solely follows the stoichiometry of Eq. 5.2. On the other hand, the sulfide concentration in the aqueous phase was kept sufficiently high to accomplish complete conversion of PCNB if the reaction solely follows the stoichiometry of Eq. 5.1. However, after a long reaction run, at the most about 60% conversion of PCNB was obtained with the maximum NH3 concentration used in this study as shown in the figure. From this result, it is clear that the first reaction (Eq. 5.1) is also operative in the reduction of CNBs by aqueous ammonium sulfide, as proposed by Zinin in 1842 (Dauben, 1973). These results are in complete disagreement with some other works with ammonium sulfide (Gilman, 1941; Lucas and Scudder, 1928; Meindl et al., 1984) that proposed reaction of Eq. 5.2 to be solely operative. From the same figure, it is also observed that the overall conversion of PCNB remains closer to the value as governed by the stoichiometry of Eq. 5.2.



Therefore, it can be



concluded that the reaction follows the stoichiometry of Eq. 5.2 predominantly. It can also be concluded from this result that it is preferable to conduct the reaction with high sulfide loading (low NH3 concentration) in the aqueous phase in order to get the elemental sulfur predominantly as the desired co-product instead of thiosulfate at the cost of low overall conversion of CNBs.



For the reduction of nitroarene with sodium sulfide, the course of reduction was reported to proceed solely according to the reaction of Eq. 5.1 (Bhave and Sharma, 1981; Pradhan and Sharma, 1992a; Pradhan, 2000; Yadav et al., Page No. 83



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide 2003a, 2003b). Therefore, it could be thought that the reaction via the transfer of sulfide ions follows the stoichiometry of Eq. 5.1. The concentration of sulfide ions increases with an increase in the concentration of NH3 for a given sulfide concentration.



Thus, with an increase in the NH3 concentration, there is an



increase in the reaction via the transfer of sulfide ions following the stoichiometry of Eq.5.1, which results higher conversion of PCNB at higher NH3 concentration. It is worthy to mention here that the nature of the curve obtained in this reaction is ‘S’ type which is typical of autocatalytic reactions, where the rate of reaction increases with an increase in the concentration of catalyst formed by the reaction and then the rate of reaction decreases with the depletion of the reactants as observed from the figure. Similar results were also observed for other CNBs as well. This phenomenon was observed only for low concentrations of one of the components: CNBs, sulfide and catalyst or the conditions that favor low initial reaction rate.



However, for higher concentrations, this



phenomenon could not be observed as it occurred within a very short period. The exact reason for this nature of curve is explained below in the effect of elemental sulfur loading on the reaction.



5.2.2.8 Effect of elemental sulfur loading The color of aqueous ammonium sulfide is greenish yellow.



However, after



dissolution of elemental sulfur in the aqueous ammonium sulfide, the color of the solution becomes reddish brown.



In addition, during the reaction with



aqueous ammonium sulfide, initially, the color of solution was unaffected but later on it changed rapidly from greenish yellow to reddish brown. This color change indicates the formation of elemental sulfur (polysulfides) during the reaction. The characteristic reddish brown color of polysulfide, which develops as the reaction proceeds, is useful in indicating the extent of the reaction. Lucas and Scudder (1928) also reported similar observations. The effect of elemental sulfur loading on the conversion of PCNB is shown in Fig. 5.22. It is clearly observed from the figure that initially, the reaction rate (or the conversion of PCNB) increases with increasing the elemental sulfur loading. However, the overall conversion of PCNB decreases with an increase in Page No. 84



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide the elemental sulfur loading. As it is observed from the nature of the curves in the figure, the reaction rate gradually decreases with conversion of PCNB in the presence of elemental sulfur, whereas the nature of the curve is ‘S’ type in the absence of elemental sulfur. These observations are in support of the formation of elemental sulfur and can also be used to explain the ‘S’ type of curve as discussed in the previous section.



Therefore, it can be said that the reaction rate increases with the



buildup of elemental sulfur concentration (Eq. 5.2) as the reaction proceeds, and then falls with the depletion of the reactants resulting in ‘S’ type of curve. The conversion of PCNB decreases with increase in elemental sulfur loading as observed from the figure. This may be due to the formation of polysulfide in addition to the disulfide (which is transferred only to the organic phase and reacts with CNBs present there to form thiosulfate and CANs according to the stoichiometry of Eq. 5.3).



Lucas and Scudder (1928) also used similar



argument to explain the lower conversion. The rise in the reaction rate with elemental sulfur loading may be because the reaction via the transfer of hydrosulfide and sulfide ions is slower as compared to the formation of disulfide ions by the reaction of elemental sulfur with ammonium sulfide. It was observed that disulfide reduced nitrobenzene much more rapidly than did sulfide as reported by Hojo et al. (1960).



5.2.2.9 Kinetic modeling The reduction of CNBs by aqueous ammonium sulfide was found to follow a complex reaction mechanism involving three different reactions (Eqs. 5.1, 5.2, & 5.3), with Eq. 5.2 being the predominating one as is evident from the earlier discussions.



Therefore, for such a complex reaction system, a generalized



empirical kinetic model applicable for all the CNBs was developed to correlate the experimentally obtained time versus conversion data. As evident from the earlier discussions, the order of reaction was determined to be proportional to the concentration of catalyst (TBAB) and CNBs, and to the cube of the concentration of sulfide. It was also proved that elemental sulfur Page No. 85
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−r = k C C 3 C + k C C 3 C C A 1 A S C 2 A S C B



(5.8)



where CA and CC are the concentrations of CNBs and TBAB in the organic phase respectively and CS and CB are the concentrations of sulfide and elemental sulfur in the aqueous phase respectively. The second term in the above rate expression takes care of ‘S’ nature of curves due to the formation of elemental sulfur during the reaction as discussed previously. Since, the concentration of NH3 in the aqueous phase was kept around 15wt%, its effect was not incorporated in this kinetic model. Since, the course of the reduction follows the stoichiometry of Eq. 5.2 predominantly, the concentration of sulfide and elemental sulfur in the aqueous phase could be obtained from the overall mass balance based on the same stoichiometry as given by the following expressions.



C = C − 3 f (C −C ) S SO AO A



(5.9)



−C ) C = 3 f (C B AO A



(5.10)



where CSO and CAO represent the initial concentrations of sulfide and CNBs, respectively, and f is the ratio of volume of organic phase to that of aqueous phase.



A nonlinear regression algorithm was used for the estimation of



parameters. The optimum values of the rate constants, k1, and k2, of the CNBs reactions were estimated by minimizing the objective function (E) as given by the Eq. 5.7. The optimum values of the rate constants, k1, and k2, for all the CNBs (m-, o-, and p-) at different temperatures were estimated as listed in Table 5.7. Both the rate constants increase with temperature for all CNBs, as expected.



An



Arrhenius plot of ln (k) versus 1/T was made (Fig. 5.23]. The activation energy Page No. 86



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide and pre-exponential factor of the rate constants were evaluated from the slopes and intercepts, respectively, of the Arrhenius plots, as shown in Table 5.8. Fig. 5.24 represents the comparison of the calculated conversions of CNBs based on these rate constants and experimentally obtained conversions. Good agreement was observed between the predicted and experimental conversions.



5.3 CONCLUSIONS The reduction of nitroarenes (nitrotoluenes and CNBs) by aqueous ammonium sulfide was studied under liquid–liquid mode in presence of a PTC, namely TBAB. The selectivity for both toluidines and chloroanilines was found to be 100%.



The reaction was found to be kinetically controlled with apparent



activation energies of 25.54, 21.45, 19.43, 22.8, 19.6, and 9.4 kcal/mol, for MNT, PNT, ONT, OCNB, PCNB, and MCNB, respectively. The MNT was found to be the most reactive among the nitrotoluenes, followed by PNT and ONT; whereas MCNB was found to be the most reactive among the CNBs followed by OCNB and PCNB. The rate of reduction of nitrotoluene was found to be proportional to the concentration of catalyst, to the square of the concentration of sulfide, and to the cube of the concentration of nitrotoluene. On the other hand, the rate of reduction of CNBs was found to be proportional to the concentration of catalyst and CNBs, and to the cube of the concentration of sulfide. The process was found to follow a complex reaction mechanism involving three different reactions.



Based on the detailed kinetic study and proposed



mechanism, a general empirical kinetic model was developed.



The developed



model predicts conversions reasonably well.
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Table 5.5. Effect of temperature on reaction rates of CNBsa Reaction rate × 105, kmol/m3 s



a



Temperature, K



PCNBb



OCNBc



MCNBc



303



1. 20



1.27



7.82



313



1.88



3.28



12.21



323



4.72



7.03



16.64



333



8.53



26.8



36.4



Matching conversion = 5%; volume of organic phase = 5×10−5 m3; CNB concentration = 1.01 kmol/m3; TBAB concentration = 3.1×10−2 kmol/m3 of org. phase; volume of aqueous phase = 5×10−5 m3; concentration of NH3 = 6.22 kmol/m3; stirring speed = 1500 rev/min.



b



concentration of sulfide = 1.66



kmol/m3; c concentration of sulfide = 2.30 kmol/m3.



Table 5.6. Effect of TBAB concentration on reaction rates of CNBsa Reaction rate × 105, kmol/m3 s



a



Organic



In presence of



In absence of



Enhancement



substrates



TBAB (A)



TBAB (B)



factor (A/B)



PCNB



6.44



0.90



7.2



OCNB



11.0



1.2



9.2



MCNB



35.0



2.60



13.5



Matching conversion = 5%; volume of organic phase = 5×10−5 m3; CNB concentration= 1.27 kmol/m3; TBAB concentration = 3.1×10−2 kmol/m3 of org. phase; volume of aqueous phase = 5×10−5 m3; concentration of NH3 = 8.54 kmol/m3; concentration of sulfide = 2.25 kmol/m3; temperature = 323 K; stirring speed = 1500 rev/min.
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Table 5.7. Rate constants of the Model Eq. 5.8 Temperatures (K) CNBs PCNB OCNB MCNB



Rate Constants



303



313



323



333



k1×105 [(kmol/m3)−4s−1]



0.85



3.92



7.95



48.5



k2×103 [(kmol/m3)−5s−1]



0.69



1.73



3.51



7.57



k1×104 [(kmol/m3)−4s−1]



0.28



0.74



1.92



5.41



k2×103 [(kmol/m3)−5s−1]



0.029



0.16



0.52



1.59



k1×104 [(kmol/m3)−4s−1]



2.86



4.15



5.50



7.49



k2×103 [(kmol/m3)−5s−1]



0.074



0.69



1.49



2.55



Table 5.8. Activation energy and pre-exponential factors for various rate constants



AE1 k = A Exp ( − ) 1 10 RT



AE 2 k = A Exp ( − ) 2 20 RT



A10



AE1



A20



AE2



[(kmol/m3)−4s−1]



(kcal/mol)



[(kmol/m3)−5s−1]



(kcal/mol)



PCNB



2.6×1013



25.6



1.8×1008



15.8



OCNB



3.7×1009



19.6



3.6×1014



26.4



MCNB



1.1×1001



6.4



4.8×1012



23.0
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S tirrin g sp e e d (re v/ m in ) Fig. 5.13. Effect of stirring speed on reaction rate of CNBs. Matching conversion =5%; volume of organic phase = 5×10−5 m3; CNB concentration= 1.27 kmol/m3; TBAB concentration = 3.1×10−2 kmol/m3 of org. phase; volume of aqueous phase= 5×10−5 m3; concentration of NH3= 8.54 kmol/m3; concentration of sulfide= 2.25 kmol/m3; temperature= 323 K.



Page No. 90



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



-8.0



-9.0



3



ln (initial rate (kmol/m s))



-8.5



-9.5 -10.0 -10.5 -11.0 -11.5



2



Linear fit R ONCB 0.99 PNCB 0.99 MNCB 0.94



-12.0 -12.5 -13.0



-3



3.0x10



-3



3.1x10



-3



3.1x10



-3



3.2x10



-3



3.2x10



-3



3.3x10



-3



3.3x10



-1



1/T (K )



Fig. 5.14. Arrhenius plot of ln (initial rate) versus 1/T
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Fig. 5.15. Effect of catalyst (TBAB) concentration. Volume of organic phase = 5×10−5 m3; PCNB concentration = 1.27 kmol/m3; volume of aqueous phase = 5×10−5 m3; concentration of NH3 = 8.54 kmol/m3; concentration of sulfide = 2.25 kmol/m3; temperature= 323 K; stirring speed = 1500 rev/min.



Page No. 92



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



-9.4



Experim ental 2 Linear fit (R =0.99)



3



ln (initial rate, kmol/m s)



-9.6 -9.8 -10.0 -10.2 -10.4 -10.6 -10.8 -11.0 -4.2



-4.0



-3.8



-3.6



-3.4



-3.2



-3.0



-2.8



-2.6



3



ln (TBAB, kmol/m of org. phase) Fig. 5.16. ln (initial rate) versus ln (TBAB concentration). All conditions are same as in Fig. 5.15.



Page No. 93



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



50 3



P C N B con cen tratio n (k m o l/ m ) 1 .0 2 1 .2 7 1 .5 2 1 .7 8



45



Conversion of PCNB (%)



40 35 30 25 20 15 10 5 0



0



25



50



75



100



125



150



175



200



Reaction tim e (m in) Fig. 5.17. Effect of PCNB concentration. Volume of organic phase = 5×10−5 m3; TBAB concentration = 3.1×10−2 kmol/m3 of org. phase; volume of aqueous phase= 5×10−5 m3; concentration of NH3= 8.54 kmol/m3; sulfide concentration =2.25 kmol/m3; temperature= 323 K; stirring speed = 1500 rev/min.



Page No. 94



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



-9.7



Experim ental 2 Linear fit (R =0.99)



3



ln (initial rate, kmol/m s)



-9.8 -9.9 -10.0 -10.1 -10.2 -10.3 -10.4 -10.5 0.0



0.1



0.2



0.3



0.4



0.5



0.6 3



ln (initial PCNB concentration, kmol/m ) Fig. 5.18. ln (initial rate) versus ln (initial PCNB concentration).



All



conditions are same as in Fig. 5.17.



Page No. 95



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



3



Sulfide concentration (km ol/m ) 0.93 1.56 2.18 2.58



Conversion of PCNB (%)



60 50 40 30 20 10 0



0



50



100



150



200



Reaction time (min) Fig. 5.19. Effect of sulfide concentration. Volume of organic phase = 5×10−5 m3; PCNB concentration= 1.27 kmol/m3; TBAB concentration = 3.1×10−2 kmol/m3 of org. phase; volume of aqueous phase= 5×10−5 m3; concentration of NH3= 8.54 kmol/m3; temperature= 323 K; stirring speed = 1500 rev/min.



Page No. 96



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



E x p e rim e n ta l 2 L in e a r fit (R = 0 .9 9 )



-9.5



3



ln (initial rate, kmol/m s)



-10.0 -10.5 -11.0 -11.5 -12.0 -12.5 -0.2



0.0



0.2



0.4



0.6



0.8



1.0 3



ln (initial su lfide concentration, km ol/m ) Fig. 5.20. ln (initial rate) versus ln (initial sulfide concentration).



All



conditions are same as in Fig.5.19.



Page No. 97



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



60



Conversion of PCNB (%)



50



40



30 3



NH 3 (km ol/m ) 2.68 5.78 8.88 11.98



20



10



0



0



50



100 150 200 250 300 350 400 450



Reaction time (min) Fig. 5.21. Effect of ammonia concentration. 5×10−5



m3;



PCNB



Volume of organic phase =



concentration=



1.01



kmol/m3;



TBAB



concentration= 3.1×10−2 kmol/m3 of org. phase; volume of aqueous phase=



5×10−5



m3;



concentration



of



sulfide=



1.68



kmol/m3;



temperature= 323 K; stirring speed = 1500 rev/min.



Page No. 98



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



45



Conversion of PCNB (%)



40 35 30 25 20 15



Elem ental Sulfur (gm ) 0.0 0.5 1.0



10 5 0



0



50



100



150



200



250



Reaction time (min) Fig. 5.22. Effect of elemental sulfur loading. 5×10−5



m3;



PCNB



Volume of organic phase =



concentration=



1.01



kmol/m3;



TBAB



concentration= 3.1×10−2 kmol/m3 of org. phase; volume of aqueous phase=



5×10−5



m3;



concentration



of



sulfide=



1.68



kmol/m3;



concentration of NH3= 8.88 kmol/m3; temperature= 323 K; stirring speed = 1500 rev/min.



Page No. 99



Chapter 5: Reduction of Nitroarenes by Aqueous Ammonium Sulfide



-4



ln (k2)



-6 -8



2



PCNB (R =0.99) 2 OCNB (R =0.99) 2 MCNB (R =0.90)



-10 -12



-3



3.0x10



-3



-3



3.1x10



3.1x10



-3



3.2x10



-3



3.2x10



3.2x10



-3



3.3x10



-3



3.3x10



-3



3.3x10



-3



-3



3.3x10



ln (k1)



-8



-10



2



PCNB (R =0.97) 2 OCNB (R =0.99) 2 MCNB (R =0.99)



-12



-3



3.0x10



-3



3.1x10



-3



3.1x10



3.2x10



-3



-1



1/T (K )
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Chapter 6 REDUCTION OF NITROARENES BY H2S-RICH AQUEOUS ALKANOLAMINES UNDER LIQUIDLIQUID PHASE TRANSFER CATALYSIS NO2



1. H2S-Rich Aqueous Alkanolamines 2. PTC (TBAB)



NH2



R Aryl amines where, R=CH3 (Nitrotoluenes) or OCH3 (Nitroanisole) R Nitroarenes



+



S2O32-



+



Thiosulfate



S0



Elemental Sulfur



6.1 INTRODUCTION Although both ammonia- and alkanolamine-based processes are in use for the removal of acid gas constituents (H2S and CO2) from gas streams, alkanolaminebased process has got wide commercial acceptance as the gas treating art because of its advantages of low vapour pressure (high boiling point) and ease of reclamation



(Kohl



and



Nielsen,



1997).



The



low



vapour



pressure



of



alkanolamines can make the operation more flexible in terms of operating pressure, temperature, and concentration of alkanolamine, in addition to negligible vaporization loses. Although triethanolamine (TEA) (Jou et al., 1996; Li and Mather, 1996) is one of the first amines used for the removal of hydrogen sulfide (H2S) and carbon dioxide (CO2) from gas streams, it is superseded by aqueous monoethanolamine (MEA) and diethanolamine (DEA) because of their higher rates of reaction with the acid gases. Aqueous MEA has been widely used due to its high reactivity, low solvent cost, ease of reclamation, low absorption of hydrocarbons, and low molecular weight (that result in higher solution capacity at moderate concentrations). On the other hand, DEA, which is less corrosive than MEA, is a better choice for treating gas streams containing appreciable amounts of cabonyl sulfide (COS) and carbon disulfide (CS2), as it is much less reactive with these impurities compared to primary amines like MEA. A substantial number of studies have been conducted on the equilibrium solubility of pure H2S (Lee et Page No. 102



Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines al., 1976; Lawson and Garst, 1976; Isaacs et al., 1980), mixture of acid gases (H2S and CO2) (Lawson and Garst, 1976; Isaacs et al., 1980), and the mathematical representation of the experimental solubility data for H2S, CO2 and their mixtures (Kaewsichan et al., 2001; Austgen et al., 1989; Weiland et al., 1993; Al-Baghli et al., 2001) using aqueous MEA. Much work has also been reported on the use of aqueous DEA (Lawson and Garst, 1976; Austgen et al., 1989; Weiland et al., 1993; Al-Baghli et al., 2001; Sidi-Boumedine et al., 2004; Vallée et al., 1999). However, no attempt has been made in the past to utilize the H2S-rich aqueous alkanolamine to produce value-added chemicals such as aryl amines. Considering the importance of the system, the present work was undertaken using the most commonly used amines, namely, MEA (primary amine) and DEA (secondary amine). Aqueous methyldiethanolamine (MDEA) has been reported to remove H2S selectively from a gas stream containing both CO2 and H2S (Mandal et al., 2004; Bolhàr-Nordenkampf et al., 2004; Xu et al., 2002a).



The selectivity of H2S



removal could be greatly improved by using MDEA in non-aqueous solvents like N-methyl pyrrolidone, ethylene glycol, etc. (Xu et al., 2002a, 2002b).



The



applicability of the present process for gas streams containing both H2S and CO2 largely depends on this selectivity. Therefore, extensive research is needed in this field using various H2S-selective alkanolamines as the solvent. (a) Dissociation of MEA or DEA: RNH2 (MEA) + H2O ⇌ RNH3+ + HO− or R2NH (DEA) + H2O ⇌ R2NH2+ + HO−



(R = HOCH2CH2) (R = HOCH2CH2)



(b) Dissociation of water: H2O ⇌ H+ + HO− (c) Dissociation of hydrogen sulfide: H2S ⇌ H+ + HS− (d) Dissociation of hydrosulfide: HS− ⇌ H+ + S2− Scheme 6.1
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Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines In H2S-rich aqueous alkanolamine, the sulfide (S2-) and hydrosulfide (HS−) ions remain in equilibrium as represented by Scheme 6.1 (Weiland et al., 1993). A similar ionic equilibrium exists in the aqueous ammonium sulfide as well (Rumpf et al., 1999; Beutier et al., 1978). Therefore, the behavior of H2S-rich aqueous MEA is expected to be similar to that of ammonium sulfide. However, due to the existence of two different ions (sulfide and hydrosulfide) in the H2Srich aqueous MEA and aqueous ammonium sulfide, the properties of these reducing agents are expected to be different from the other reducing agents such as sodium sulfide and disulfide. The overall stoichiometry of the Zinin’s original reduction of nitrobenzene by aqueous ammonium sulfide is given by Eq. 6.1 (Dauben, 1973).



This



stoichiometry is also applicable for the reduction of nitroarenes by sodium sulfide (Bhave and Sharma, 1981; Pradhan and Sharma, 1992a; Pradhan, 2000; Yadav et al., 2003a, 2003b). 4ArNO2 + 6S2− + 7H2O → 4ArNH2 + 3S2O32− + 6HO−



(6.1)



For the preparation of p-aminophenylacetic acid from p-nitrophenylacetic acid using aqueous ammonium sulfide, it was reported that the sulfide ions were oxidized to elemental sulfur instead of thiosulfate following the stoichiometry of as represented by Eq. 6.2 (Gilman, 1941). A similar stoichiometry was reported for the reduction of 2-bromo-4-nitrotoluene by alcoholic ammonium sulfide (Lucas and Scudder, 1928). The formation of elemental sulfur was reported for the preparation of 3-amino-5-nitrobenzyl alcohol using ammonium sulfide prepared from ammonium chloride and crystalline sodium sulfide dissolved in methanol (Meindl et al., 1984). ArNO2 + 3HS− + H2O → ArNH2 + 3S + 3HO−



(6.2)



The overall stoichiometry of the reduction using disulfide as the reducing agent is given by the following equation (Hojo et al., 1960; Bhave and Sharma, 1981). ArNO2 + S22− + H2O → ArNH2 + S2O32−



(6.3)
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Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines Therefore, two different reactions leading to the formation of either elemental sulfur or thiosulfate may be operative for the reduction of nitroarenes with H2Srich aqueous alkanolamine. Moreover, since the invention of Zinin reduction, there is no reported work in the literature on the use of alkaline medium other than ammonium hydroxide for reduction of nitroarenes. In the present work, industrially relevant alkaline medium such as aqueous MEA and DEA has been used in the Zinin reduction. A detailed study of such reactions is, therefore, not only commercially relevant, but also academically interesting. In the present work, the effect of stirring speed and temperature on the reaction was studied to determine the mass transfer effects on the reaction, and to calculate the activation energy, respectively.



In order to establish the exact



stoichiometry and mechanism of the Zinin reduction using H2S-rich aqueous alkanolamines (MEA and DEA), the effects alkanolamines (MEA or DEA) concentration, and elemental sulfur loading on the reaction was studied.



In



addition, the effects of various parameters such as catalyst concentration, sulfide concentration, and concentration of nitroarenes, on the reactions of nitroarenes with H2S-rich aqueous alkanolamines were studied to determine the dependencies of the reaction rates on the concentrations of various species present in the reaction system.



Such knowledge is essential for proposing a



rate expression for the reaction systems. Furthermore, a generalized empirical kinetic model based on the experimental observations was developed to correlate the experimentally obtained conversion versus time data. 6.2 RESULTS AND DISCUSSION 6.2.1 Reduction of Nitrotoluenes by H2S-Rich Aqueous Monoethanolamine Under Liquid-Liquid Phase Transfer Catalysis 6.2.1.1 Effect of stirring speed The effect of stirring speed on the rate of reaction of nitrotoluenes (o-, m-, and p-) was studied in the range 1000-2500 rev/min under otherwise identical experimental conditions in the presence of a phase transfer catalyst (PTC), tetrabutylammonium bromide (TBAB) as shown in Fig. 6.1. As it is evident from the figure, the variation of reaction rate with stirring speed is so small that the Page No. 105



Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines reactions may be practically considered as kinetically controlled for all the nitrotoluenes. Therefore, all the other experiments were performed at a stirring speed of 1500 rev/min in order to eliminate any mass transfer resistance.



6.2.1.2 Effect of temperature The effect of temperature on the rate of reaction of nitrotoluenes with H2S-rich aqueous MEA was studied in the temperature range of 313-343 K under identical experimental conditions in the presence of a PTC, TBAB, as shown in Table 6.1. The reaction rate increases with temperature for all the nitrotoluenes as it is observed from the table. The initial rates were calculated at different temperatures and Arrhenius plot of ln (initial rate) against 1/T was made as shown in Fig. 6.2. The apparent activation energy for this kinetically controlled reaction was calculated from the slope of the linearly fitted lines as 18.2, 21.1 and 21.7 kcal/mol for m-nitrotoluene (MNT), p-nitrotoluene (PNT) and onitrotoluene (ONT), respectively.



For the kinetically controlled reductions of



nitroarenes by sodium sulfide under liquid-liquid phase transfer catalysis, the reported activation energies are 11.25, 12.54, 9.36 kcal/mol for ONT, MNT, and PNT



respectively



(Pradhan,



2000),



8.04



kcal/mol



m-nitrochlorobenzene



(Pradhan and Sharma, 1992a), and 47.36 kcal/mol for p-nitroanisole (Yadav et al., 2003a).



6.2.1.3 Comparison of reactivity of nitrotoluenes As it is observed from Table 6.1, the reaction rates of nitrotoluenes follow the order of MNT > PNT > ONT in the presence of PTC, TBAB, in the temperature range studied. From these observations, it can be concluded that the presence of an electron donating group like methyl group in the aromatic ring reduces the reaction rate more when it is present at the ortho and para positions, that is, at the positions of high electron density, as compared to its presence at the meta position (site of low electron density).



Pradhan (2000) has also reported a



similar trend of reactivity for the reduction of nitrotoluenes by sodium sulfide using TBAB in the liquid-liquid mode.
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Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines 6.2.1.4 Effect of catalyst (TBAB) loading The effect of catalyst (TBAB) loading on the conversion of PNT was studied in the concentration range of 3.1×10-2 - 12.4×10−2 kmol/m3 of organic phase, as shown in Fig. 6.3. The study was also conducted in the absence of the catalyst as shown in the same figure. As it is observed from the figure, the conversion of PNT is only about 1% in the absence of the catalyst whereas it is around 47% with the maximum concentration of TBAB tried, after 150 minutes of reaction under otherwise identical experimental conditions. It is observed from Table 6.2 that the rate of reaction of PNT in the absence of TBAB is extremely slow as compared to that in the presence of TBAB resulting in very high enhancement factor. This shows the importance of PTC in enhancing the rate of the reaction under investigation. In order to determine the order of reaction with respect to TBAB concentration, the initial reaction rate was calculated at different TBAB concentrations and the plot of ln (initial rate) against ln (TBAB concentration) was made (Fig. 6.4). From the slope of the linearly fitted line, the order of reaction with respect to TBAB concentration was obtained as 1.12, which is close to unity. Yadav et al. (2003a) have also reported a similar observation for the reduction of pnitroanisole by sodium sulfide in presence of PTC, TBAB.



6.2.1.5 Effect concentration of p-nitrotoluene The effect of concentration of PNT on the conversion was studied at four different concentrations in the range of 0.87-1.75 kmol/m3 in the presence of TBAB under otherwise identical experimental conditions as shown in Fig. 6.5. The conversion (and so the reaction rate) of PNT increases with an increase in the concentration of the PNT. From the plot of ln (initial rate) against ln (PNT concentration) (Fig. 6.6), the order of reaction with respect to PNT concentration was obtained as 3.12 (which is close to 3). Almost the same order was observed for other two nitrotoluenes (MNT and ONT) as well. However, for the reduction of nitroarenes by aqueous sodium sulfide, the reported order is unity with respect to the concentration of p-nitroanisole (Yadav et al., 2003a) and nitroaromatics (Bhave and Sharma, 1981).



The rate was also reported as
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Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines proportional to the concentration of nitrobenzene for its reduction with sodium disulfide under two-phase conditions (Hojo et al., 1960).



6.2.1.6 Effect of sulfide concentration Fig. 6.7 shows the effect of sulfide concentration in the aqueous phase on the conversion of MNT.



With an increase in the concentration of sulfides, the



conversion of MNT as well as the reaction rate increases, as it is evident from the figure.



From the plot of ln (initial rate) against ln (initial sulfide



concentration) (Fig. 6.8), the order of reaction with respect to sulfide concentration was obtained as 1.64. Since this value is closer to integer 2, the reaction was, therefore, considered as 2nd order with respect to sulfide concentration. However, for the reduction of nitroarenes with aqueous sodium sulfide, the reaction rate was reported to be first order with respect to sulfide concentration (Yadav et al., 2003a; Bhave and Sharma, 1981). In addition, the rate was reported to be proportional to the square of concentration of sodium disulfide (Hojo et al., 1960). It is worthy to mention here that the nature of the curve obtained in this reaction is ‘S’ type which is typical of autocatalytic reactions, where the rate of reaction increases with an increase in the concentration of catalyst formed by the reaction and then the rate of reaction decreases with the depletion of the reactants as observed in the Figs. 6.3, 6.5, and 6.7.



This phenomenon was



observed only for lower concentrations of one of the components: nitrotoluenes, sulfide and catalyst or the conditions that favor low initial reaction rate. However, for higher concentrations, this phenomenon could not be observed as it occurred within a very short period.



For o- and p-nitrotoluenes, this



phenomenon was found to occur even at relatively higher concentrations because of their slow reaction rates. The exact reason for this nature of curve will be explained when the effect of elemental sulfur loading on the reaction will be discussed.



6.2.1.7 Effect of MEA concentration Although MEA as such does not take part in the reaction with nitrotoluenes, it does affect the equilibrium among MEA, H2S, and water, which results in two Page No. 108



Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines active anions, sulfide, and hydrosulfide, in the aqueous phase as shown in the Scheme 6.1.



These two active anions participate in two different reactions



(Eqs.6.1 and 6.2).



In presence of a base such as MEA, the dissociation



equilibrium shifts toward more ionization and the concentration of sulfide ions relative to hydrosulfide ions in the aqueous phase increases with an increase in MEA concentration. Therefore, only by changing the MEA concentration with constant sulfide concentration in the aqueous phase, it would be easy to prove the existence of two different reactions.



To study the effect of MEA concentration, H2S-rich aqueous MEA of different MEA concentrations (but constant sulfide concentration) was prepared by taking 30 cm3 of H2S-rich aqueous MEA (with known sulfide and MEA concentrations), and then adding various proportions of pure MEA and distilled water to it in such a way that the total volume became 50 cm3 in all the cases.



The effect of MEA concentration on the conversion of MNT is shown in Fig. 6.9. With an increase in the concentration of MEA, the conversion of MNT was found to decrease up to a certain reaction time; beyond that, the opposite trend was observed, that is, with higher MEA concentration, higher MNT conversion was achieved (Fig. 6.9).



One should get around 54% conversion of MNT if the reaction follows the stoichiometry of reaction (6.1), and it would be around 27% if the stoichiometry of reaction (6.2) is considered, for the complete conversion of sulfide in both the cases. However, after long reaction run, a maximum of 34% conversion of MNT was achieved with the maximum MEA concentration used in this study, as shown in the figure. From this result, it is clear that the first reaction (6.1) is also operative in the Zinin reduction as proposed by Zinin in 1842 (Dauben, 1973).



These results are in complete disagreement with some of the recent



works with ammonium sulfide (Gilman, 1941; Lucas and Scudder, 1928; Meindl et al., 1984) that propose reaction (6.2) as the solely operative one. From the same figure, it is also seen that the reaction reaches equilibrium well before the expected conversion from stoichiometry of reaction (6.1).



The lowering of



conversion may be due to the existence of reaction (6.2) in addition to reaction Page No. 109



Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines (6.1). The existence of reaction (6.2) and thus the formation of elemental sulfur will be confirmed when the effect of elemental sulfur loading will be discussed. Since the formation of elemental sulfur was not reported anywhere in the literature for the reduction of nitroarene with sodium sulfide, it could be thought that the reaction via the transfer of sulfide ions follows the stoichiometry of reaction (6.1). The concentration of sulfide ions increases with increase in the concentration of MEA for a given sulfide concentration. Thus, with an increase in MEA concentration, there is an increase in the reaction via the transfer of sulfide ions following the stoichiometry of reaction (6.1), which results in higher conversion of MNT at higher MEA concentrations.



6.2.1.8 Effect of elemental sulfur loading Elemental sulfur in the solution of ammonia and H2S is known to form ammonium polysulfides (Dubois et al., 1988), (NH4)2Sn, where 2 ≤ n ≤ 6, which is also one of the reducing agents of the Zinin’s reduction. A similar behavior is also expected with aqueous MEA. Since the formation of elemental sulfur was reported for this reaction (Gilman, 1941; Lucas and Scudder, 1928; Meindl et al., 1984), here we have examined the effect of externally added elemental sulfur on the reaction rate and conversion of MNT. In these experiments, elemental sulfur was first dissolved in the H2S-rich aqueous MEA, and then used for the reaction, following the same procedure as that described earlier.



The color of the H2S-rich aqueous MEA is greenish



yellow. However, after the dissolution of elemental sulfur to this solution, the color of solution became reddish brown. During the reaction run also, initially, the color of the solution was unaffected but later on, it changed rapidly from greenish yellow to reddish brown. This color change indicates the formation of elemental sulfur (and polysulfides) during the reaction. The effect of elemental sulfur loading on conversion of MNT is shown in Fig. 6.10. It is clearly observed from the figure that the conversion of MNT increases with increasing elemental sulfur loading up to a certain reaction time; beyond that, an opposite trend was observed (that is, the conversion of MNT decreases with an increase in elemental sulfur loading).
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Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines nature of the curves in the figure that the reaction rate gradually decreases with reaction time in the presence of elemental sulfur whereas the nature of the curve is ‘S’ type in the absence of elemental sulfur. These observations confirmed the formation of elemental sulfur (and thus the existence of reaction (6.2)) and can be used to explain the ‘S’ type of curve as discussed in the previous section. Therefore, it can be said that the reaction rate increases with the buildup of elemental sulfur concentration (reaction 6.2) as the reaction proceeds, and then falls with the depletion of the reactants resulting in ‘S’ type of curve. The rise in the rate of reaction with elemental sulfur loading may be because the reaction via the transfer of hydrosulfide and sulfide ions is slower as compared to polysulfide ions formed by the reaction of elemental sulfur with H2S-rich aqueous MEA. As reported by Hojo et al. (1960), disulfide reduces nitrobenzene much more rapidly than sulfide. The final conversion of MNT decreases with an increase in elemental sulfur loading as observed from the figure.



This may be due to the formation of



polysulfide in addition to disulfide (which is only transferred and reacts with nitrotoluenes to form thiosulfate and toluidines according to the stoichiometry of reaction (6.3) (Lucas and Scudder, 1928). From the results of Fig. 6.9, it is observed that the conversion of MNT remains closer to the value as governed by the stoichiometry of reaction (6.2). Therefore, it can be concluded that the reaction follows the stoichiometry of reaction (6.2) predominantly. It can also be concluded from these results that it is preferred to carry out the reaction with higher sulfide loading (lower MEA concentration) in the aqueous phase in order to get the elemental sulfur predominantly instead of thiosulfate at the cost of low overall conversion of nitrotoluenes.



6.2.1.9 Kinetic modeling The kinetics and mechanism of a variety of phase transfer catalyzed SN2 type of reactions, in liquid-liquid (Yang, 1998; Satrio and Doraiswamy, 2002), solidliquid (Naik and Doraiswamy, 1997), and liquid-liquid-liquid (Yadav and Reddy, Page No. 111



Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines 1999; Yadav and Naik, 2001) mode, and some oxidation reactions (Satrio and Doraiswamy, 2002; Yadav and Haldavanekar, 1997) are well documented. However, such information on Zinin reduction is very limited. Although many published works on Zinin reduction exist, the exact mechanism of this important reaction is still not clear.



Probably the first product is a nitroso



compound, which is rapidly reduced to hydroxylamine and then to amine (Dauben, 1973). The rate-determining step is considered the attack of negative divalent sulfur on the nitro group as no intermediate compounds are observed to be formed during the reaction.



The mechanism and kinetic scheme



developed by Yadav et al. (2003a) for the reduction of p-nitroanisole by aqueous sodium sulfide under liquid-liquid mode in presence of PTC, TBAB, was found not to be applicable in the case of reduction of nitrotoluenes by H2S-rich aqueous MEA. The hydrosulfide and sulfide ions present in the aqueous phase readily form ion pairs (Q+HS− and Q+S2−Q+) with quaternary cations (Q+), and are transferred to the organic phase and reduce the nitrotoluenes following the stoichiometry of reaction (6.2) and reaction (6.1), respectively. The polysulfide is formed by the reaction of elemental sulfur (following the reaction 6.1) with H2S-rich aqueous MEA. It is mentioned in the earlier discussion that the overall conversion of MNT decreases with an increase in elemental sulfur loading because of the formation of higher amount of polysulfides (other than disulfide), which are not easily transferred to the organic phase.



Only disulfide ions form ion pair



(Q+S22−Q+) and are transferred to the organic phase and reduce the nitrotoluenes following reaction (6.3). Development of fundamental kinetic model for this system is a difficult task because of the complexities involved and poor knowledge of the system. In this work, an empirical kinetic model applicable for all the nitrotoluenes was, therefore, developed to correlate the experimentally obtained time versus conversion data.



Based on the experimental facts, the rate of reduction of



nitrotoluenes (− rA ) is expressed by the following equation.



3 2 3 2 −r = k C C C + k C C C C A 1 A S C 2 A S C B



(6.4)
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where CA and CC are the concentrations of nitrotoluenes and catalyst, TBAB in the organic phase, respectively. The second term in the above rate expression takes care of the ‘S’ nature of curves due to the formation of elemental sulfur during the reaction, as discussed previously. Since the concentration of MEA in the aqueous phase was kept around 30wt%, its effect was not incorporated in this kinetic model. Since, the course of reduction follows the stoichiometry of reaction (6.2) predominantly; the concentration of sulfide (CS) and elemental sulfur (CB) in the aqueous phase are obtained from the overall mass balance based on the same stoichiometry as given by the following expressions.



C =C − 3 f (C −C ) S SO AO A = 3 f (C



C B



AO



(6.5)



−C ) A



(6.6)



where CSO and CAO represent the initial concentrations of sulfide and nitrotoluenes, respectively and f is the ratio of volume of organic phase to that of aqueous phase. A nonlinear regression algorithm was used for the estimation of parameters. The optimum values of the rate constants, k1, and k2, for all the nitrotoluenes were estimated by minimizing the objective function (E) as given by the equation:



⎫⎪ ⎧⎪⎛ ⎫⎪ ⎤ n ⎡⎧ ⎪⎛ ⎞ ⎞ E = ∑ ⎢ ⎨⎜ − r ⎟ ⎬ − ⎨⎜ −r ⎟ ⎬⎥ ⎝ ⎠ ⎝ ⎠ A A exp pred t ⎪ ⎪ ⎪⎭i ⎥⎦ i = 1 ⎢⎣ ⎪ ⎩ ⎭i ⎩



2



(6.7)



The optimum values of the rate constants, k1, and k2, at different temperatures are estimated for all the nitrotoluenes (p-, o-, and m-) as listed in Table 6.3. Both the rate constants increase with an increase in the temperature for all the nitrotoluenes, as expected. An Arrhenius plot of ln (k) against 1/T was made as shown in Fig. 6.11. The activation energy and pre-exponential factor of the rate Page No. 113
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Based on these rate constants, the



conversion of nitrotoluenes were calculated at different temperatures and compared with the experimentally obtained conversions as shown in Fig. 6.12. Good agreement was observed between the predicted and experimental conversions.
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Table 6.1. Effect of temperature on the reaction rate of nitrotoluenesa Temperature, K



a



Rate of reaction ×106, kmol/m3 s MNT



PNT



ONT



313



7.2



2.8



1.1



323



22.0



11.0



3.5



333



39.3



27.3



15.6



343



82.5



54.1



31.3



Matching conversion=5%; stirring speed=1500 rev/min; all other conditions are same as in Fig. 6.1.



Table 6.2. Effect of TBAB loading on the reaction rate of PNT



a



a



Enhancement factor



TBAB concentration×102,



Reaction rate×104,



kmol/m3 of org. phase



kmol/m3s



0.0



0.01



-



3.1



0.26



26



6.2



0.50



50



9.3



0.79



79



12.4



1.00



100



Matching PNT conversion=5%; all other conditions are same as in Fig. 6.3.
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Table 6.3. Rate constants of the Model Eq. 6.4 Nitrotoluene isomer MNT PNT ONT



Temperatures (K)



Rate Constants 313



323



333



343



k1×105 [(kmol/m3)−5s−1]



0.37



0.84



1.41



5.23



k2×104 [(kmol/m3)−6s−1]



0.75



1.70



4.42



11.10



k1×106 [(kmol/m3)−5s−1]



0.17



0.67



1.70



3.39



k2×104 [(kmol/m3)−6s−1]



0.85



1.32



2.21



5.19



k1×106 [(kmol/m3)−5s−1]



0.75



2.61



6.53



15.70



k2×104 [(kmol/m3)−6s−1]



0.47



0.69



1.39



2.99



Table 6.4. Activation energies and pre-exponential factors for reactions of nitrotoluenes



AE1 k = A Exp ( − ) 1 10 RT



AE 2 k = A Exp ( − ) 2 20 RT



A10



AE1



A20



AE2



[(kmol/m3)−5s−1]



(kcal/mol)



[(kmol/m3)−6s−1]



(kcal/mol)



MNT



1.26×107



18.0



1.94×109



19.2



PNT



1.17×109



21.2



1.95×105



13.6



ONT



7.50×108



21.4



8.76×104



13.4
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Fig. 6.1. Effect of stirring speed.



Volume of organic phase = 5×10−5 m3;



nitrotoluenes concentration = 1.46 kmol/m3; TBAB concentration= 6.2×10−2 kmol/m3 of org. phase; volume of aqueous phase = 5×10−5 m3; concentration of MEA = 5.01 kmol/m3; sulfide concentration= 1.85 kmol/m3; temperature = 343 K.
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Fig. 6.2. Arrhenius plot of ln (initial rate) versus 1/T.



All conditions are



same as in Table 6.1.
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Fig. 6.3. Effect of TBAB loading. Volume of organic phase = 5×10−5 m3; PNT concentration = 1.46 kmol/m3; volume of aqueous phase = 5×10−5 m3; concentration of MEA = 5.01 kmol/m3; sulfide concentration= 2.25 kmol/m3; temperature = 333 K; stirring speed =1500 rev/min.
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Fig. 6.4. Plot of ln (initial rate) versus ln (TBAB concentration).



All



conditions are same as in Fig. 6.3.
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Fig. 6.5. Effect of PNT concentration. Volume of organic phase = 5×10−5 m3; TBAB = 6.2×10−2 kmol/m3 of organic phase; volume of aqueous phase = 5×10−5 m3; concentration of MEA = 5.01 kmol/m3; sulfide concentration= 2.25 kmol/m3; temperature = 333 K; stirring speed =1500 rev/min.
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Fig. 6.6. Plot of ln (initial rate) versus ln (PNT concentration). All conditions are same as in Fig. 6.5.
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Fig. 6.7. Effect of sulfide concentration. Volume of organic phase = 5×10−5 m3; MNT = 1.60 kmol/m3; TBAB = 9.3×10−2 kmol/m3 of organic phase; volume of aqueous phase = 5×10−5 m3; concentration of MEA = 5.01 kmol/m3; temperature = 333 K; stirring speed =1500 rev/min.
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Fig. 6.8. Plot of ln (initial rate) versus ln (sulfide concentration). All conditions are same as in Fig. 6.7.
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Fig. 6.9. Effect of MEA concentration. Volume of organic phase = 5×10−5 m3; MNT = 1.60 kmol/m3; TBAB = 9.3×10−2 kmol/m3 of organic phase; volume of aqueous phase = 5×10−5 m3; concentration of sulfide = 1.29 kmol/m3; temperature = 333 K; stirring speed =1500 rev/min.
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Fig. 6.10. Effect of elemental sulfur loading. Volume of organic phase = 5×10−5



m3;



MNT



concentration



=



1.46



kmol/m3;



TBAB



concentration= 6.2×10−2 kmol/m3 of org. phase; volume of aqueous phase = 5×10−5 m3; concentration of MEA = 5.01 kmol/m3; sulfide concentration= 1.85 kmol/m3; temperature = 333 K; stirring speed =1500 rev/min.
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Fig. 6.11. Arrhenius plot of ln (k1 or k2) versus 1/T
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Fig. 6.12. Comparison of calculated and experimental conversions of nitrotoluenes. All conditions are the same as in Table 6.1.
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Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines 6.2.2 Reduction of o-Nitroanisole by H2S-Rich Aqueous Diethanolamine Under Liquid-Liquid Phase Transfer Catalysis 6.2.2.1 Effect of DEA concentration Although diethanolamine (DEA) as such does not take part in the reaction with o-nitroanisole (ONA), it does affect the equilibrium among DEA, H2S, and water, which results in two active anions, sulfide, and hydrosulfide, in the aqueous phase as shown earlier (Scheme 6.1). These two active anions participate in two different reactions (reactions 6.1 and 6.2). In the presence of the base, DEA, dissociation equilibrium shifts toward more ionization and the concentration of sulfide ions relative to hydrosulfide ions in the aqueous phase increases with an increase in the DEA concentration.



Therefore, only by changing the DEA



concentration with keeping sulfide concentration constant in the aqueous phase, one can easily prove the existence of two different reactions (reactions 6.1 and 6.2). To study the effect of DEA concentration, H2S-rich aqueous DEA solutions having different DEA concentrations (but constant sulfide concentration) were prepared by taking 30 cm3 of H2S-rich aqueous DEA (with known sulfide and DEA concentration). Then various proportions of pure DEA and distilled water were added to it in such a way that the total volume became 50 cm3 in all the cases. The effect of DEA concentration on the conversion of ONA is shown in Fig. 6.13. With an increase in the concentration of DEA, conversion of ONA was found to decrease up to a certain reaction time; beyond that, opposite trend was observed, that is, with an increase in DEA concentration, conversion of ONA was found to increase (Fig. 6.13). Based on the stoichiometry of reaction 6.1, the expected ONA conversion is around 51% for complete conversion of sulfide in the aqueous phase, and it is around 25.5% if the stoichiometry of reaction 6.2 is considered. However, the maximum ONA conversion achieved is about 32.5% with the maximum DEA concentration used in this study as shown in the figure. Thus, the maximum ONA conversion is far from expectation based on reaction 6.1. From this result,
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Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines it is also clear that the first reaction is also operative in the Zinin reduction as proposed by Zinin in 1842 (Dauben, 1973).



These results are in complete



disagreement with some works with ammonium sulfide (Lucas and Scudder, 1928; Gilman, 1941; Meindl and Angerer, 1984) that propose reaction 6.2 as the solely operative one. Since the maximum ONA conversion is closer to the expected ONA conversion based on reaction 6.2, the course of reduction follows reaction 6.2 predominantly. It can also be concluded from these results that it is preferable to carry out the reaction with higher sulfide loading (lower DEA concentration) in the aqueous phase in order to get predominantly the elemental sulfur instead of thiosulfate. The existence of reaction 6.2 (formation of elemental sulfur) will be confirmed when the effect of elemental sulfur loading will be discussed. Since the formation of elemental sulfur was not reported anywhere in the literature for the reduction of nitroarenes with sodium sulfide, it could be thought that the reaction via the transfer of sulfide ions follows reaction 6.1. The concentration of sulfide ion increases with an increase in the concentration of DEA, for a given total sulfide concentration. Thus, with an increase in DEA concentration, there is an increase in the reaction via the transfer of sulfide ions following the stoichiometry of reaction 6.1, which results in higher conversion of ONA at higher DEA concentration. One point to be noted here is that the nature of the curve obtained in this reaction is ‘S’ type which is typical of autocatalytic reactions, where the rate of reaction increases with an increase in the concentration of catalyst formed by the reaction and then the rate of reaction decreases with the depletion of the reactants as observed from the figure. This phenomenon was observed only for lower concentrations of one of the components: ONA, sulfide and catalyst or the conditions that favor low initial reaction rate (higher DEA concentrations, lower temperatures, etc.).



However, for higher concentrations, this phenomenon



could not be observed as it occurred within a very short period.



The exact



reason for this nature of curve is explained below under the heading of effect of elemental sulfur loading on the reaction.
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Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines 6.2.2.2 Effect of elemental sulfur loading Elemental sulfur in the solution of ammonia and H2S is known to form ammonium polysulfides (Dubois et al., 1988), (NH4)2Sn, where 2 ≤ n ≤ 6, which is also one of the reducing agents in the Zinin reduction. A similar behavior is also expected with aqueous DEA. Since the formation of elemental sulfur was reported for this reaction (Lucas and Scudder, 1928; Gilman, 1941; Meindl and Angerer, 1984), here we examined the effect of externally added elemental sulfur on the reaction rate and the conversion of ONA. In these experiments, elemental sulfur was first dissolved in the H2S-rich aqueous DEA and then used for the reaction following the same procedure as described earlier. The color of the H2S-rich aqueous DEA is greenish yellow. However, after dissolution of elemental sulfur to this solution, the color of the solution became reddish brown. During the experimental run also, initially, the color of the solution was unaffected but later on, it changed rapidly from greenish yellow to reddish brown. This color change indicates the formation of elemental sulfur (and polysulfides) during the reaction.



The characteristic



reddish brown color of the polysulfide, which develops as the reaction proceeds, is useful in indicating the extent of the reaction. The effect of elemental sulfur loading on the conversion of ONA is shown in Fig. 6.14. It is clearly observed from the figure that the conversion of ONA increases with an increase in elemental sulfur loading up to a certain reaction time. However, the overall conversion of ONA decreases with an increase in the elemental sulfur loading. As it is observed from the nature of the curves in the figure, the reaction rate gradually decreases with conversion of ONA in the presence of elemental sulfur whereas the nature of the curve is ‘S’ type in the absence of elemental sulfur. These observations confirm the formation of elemental sulfur (and thus the existence of Eq. 6.2), and can be used to explain the ‘S’ type of curve as discussed in the previous section. Therefore, it can be said that the reaction rate increases with the build up of elemental sulfur concentration (reaction 6.2) as the reaction proceeds and then falls gradually with the depletion of the reactants resulting in ‘S’ type of curve. Page No. 131
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The rise in rate of reaction with elemental sulfur loading may be because the reaction via the transfer of hydrosulfide and sulfide ions is slower as compared to polysulfide ions formed by the reaction of elemental sulfur with H2S-rich aqueous DEA. As reported by Hojo et al. (1960), disulfide reduces nitrobenzene much more rapidly than sulfide. The overall conversion of ONA decreases with an increase in elemental sulfur loading as observed from the figure.



This may be due to the formation of



polysulfide in addition to disulfide (which is only transferred and reacts with ONA according to reaction 6.3) (Lucas and Scudder, 1928). 6.2.2.3 Effect of stirring speed The effect of stirring speed on the rate of reaction of ONA was studied in the range 1000-2500 rev/min under otherwise identical experimental conditions in the presence of PTC, TBAB, as shown in Fig. 6.15. It is evident from the figure that the variation of reaction rate with stirring speed is so small that the reactions may be considered as free from mass transfer resistance. Therefore, all the other experiments were performed at a stirring speed of 1500 rev/min in order to eliminate any mass transfer resistance. 6.2.2.4 Effect of temperature The effect of temperature on the conversion of ONA was studied in the range of 313-343 K under identical experimental conditions in the presence of catalyst, TBAB, as shown in Fig. 6.16. temperature as expected.



The conversion of ONA increased with



The initial rates were calculated at different



temperatures and Arrhenius plot of ln (initial rate) against 1/T was made (Fig. 6.17). The apparent activation energy was calculated from the slope of the bestfitted straight line as 15.2 kcal/mol.



The high value of apparent activation



energy again confirms that the reaction system is kinetically controlled. 6.2.2.5 Effect of TBAB loading The effect of catalyst (TBAB) loading on the conversion of ONA is shown in Fig. 6.18. The study was also conducted in the absence of catalyst as shown in the Page No. 132
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The conversion of ONA increases with an increase in TBAB



loading. As it is observed from the figure, the conversion of ONA is only about 1.5 % in the absence of catalyst whereas it is around 38% with the maximum concentration of catalyst tried after 125 minutes of reaction time under otherwise identical experimental conditions. This shows the importance of PTC in intensifying the rate of the reaction under investigation. In order to determine the order of reaction with respect to TBAB concentration, the initial reaction rate was calculated at different TBAB concentration and the plot of ln (initial rate) against ln (TBAB concentration) was made (Fig. 6.19). From the slope of the linearly fitted line, the order of the reaction with respect to TBAB concentration was obtained as 0.99, which is close to unity. Yadav et al. (2003a) have also reported a similar observation for the reduction of pnitroanisole by sodium sulfide in presence of PTC, TBAB.



6.2.2.6 Effect of ONA concentration The effect of ONA concentration on its conversion was studied in the presence of TBAB under otherwise identical experimental conditions as shown in Fig. 6.20. The conversion of ONA increases with an increase in its concentration up to a certain reaction time. However, the overall conversion of ONA decreases with an increase in ONA concentration. This is because the quantity of sulfide in the aqueous phase is limited. From the plot of ln (initial rate) against ln (initial ONA concentration) (Fig. 6.21), the order of reaction with respect to ONA concentration was obtained as 3.2 (which is close to 3).



However, for the



reduction of nitroarenes by aqueous sodium sulfide, the reported order is unity with respect to the concentration of p-nitroanisole (Yadav et al., 2003a) and nitroaromatics (Bhave and Sharma, 1981).



The rate was also reported to be



proportional to the concentration of nitrobenzene for its reduction with sodium disulfide under two-phase conditions (Hojo et al., 1960).



6.2.2.7 Effect of sulfide concentration The effect of sulfide concentration on the conversion of ONA is shown in Fig. 6.22. It is evident from the figure that the conversion of ONA increases with an increase in the concentration of sulfides.



From the plot of ln (initial rate) Page No. 133



Chapter 6: Reduction of Nitroarenes by H2S-Rich Aqueous Alkanolamines against ln (initial sulfide concentration) (Fig. 6.23), the order of reaction with respect to the sulfide concentration was obtained as 1.63 (which is closer to 2). However, for the reduction of nitroarenes with aqueous sodium sulfide, the reaction rate was reported to be first order with the sulfide concentration (Bhave and Sharma, 1981; Yadav et al., 2003a).



The rate was also reported to be



proportional to the square of the concentration of sodium disulfide (Hojo et al., 1960).



6.2.2.8 Kinetic modeling The reduction of ONA by H2S-rich aqueous DEA was found to follow a complex reaction mechanism involving three different reactions (Eqs. 6.1, 6.2, & 6.3) with Eq. 6.2 being predominating one as evident from the earlier discussions. Therefore, for such a complex reaction system, a generalized empirical kinetic model was developed to correlate the experimentally obtained time versus conversion data. The order of the reaction was determined to be proportional to the concentration of catalyst (TBAB), square of sulfide concentration, and to the cube of the concentration of ONA. It was also proved that elemental sulfur formed in this reaction enhanced the reaction rate resulting in ‘S’ nature of conversion versus time curve. Therefore, the rate of reduction of ONA (− rA ) is expressed by the following equation.



3 2 3 2 −r = k C C C + k C C C C A 1 A S C 2 A S C B



(6.8)



where CA and CC are the concentrations of ONA and catalyst, TBAB, in the organic phase, respectively.



The 2nd term in the above rate expression takes



care of ‘S’ nature of the curve due to the formation of elemental sulfur during the reaction as discussed previously. Since, the course of reduction follows the stoichiometry of Eq. 6.2 predominantly, the concentration of sulfide (CS) and elemental sulfur (CB) in the aqueous phase are obtained from the overall mass balance based on the same stoichiometry as given by the following expressions.
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C = C − 3 f (C − C ) S SO AO A = 3 f (C



C B



AO



(6.9)



−C ) A



(6.10)



where CSO and CAO represent the initial concentrations of sulfide and ONA, respectively, and f is the ratio of volume of organic phase to that of aqueous phase.



A nonlinear regression algorithm was used for parameter estimation.



The optimum values of the rate constants (k1 and k2) at different temperatures were estimated by minimizing the objective function (E) as given by the Eq. 6.7. The optimum values of the rate constants, k1, and k2, at different temperatures are listed in Table 6.5. The activation energy and pre-exponential factor of the rate constants were evaluated from the slope and intercept of the Arrhenius plot of ln (k) against 1/T (Fig. 6.24), as shown in Table 6.6. Fig. 6.25 represents the comparison of the calculated conversions of ONA at different temperatures based on these rate constants and experimentally obtained conversions. Good agreement was observed between the calculated and experimental conversions.



6.3 CONCLUSIONS The H2S-rich aqueous alkanolamines (MEA and DEA) was successfully used to carry out Zinin reduction of nitroarenes (nitrotoluenes and o-nitroanisole) for the production of value-added chemicals, toluidines, and o-anisidine.



The



reduction of nitroarenes by H2S-rich aqueous alkanolamines was studied under liquid–liquid mode in the presence of a PTC, TBAB. amines was 100%.



The selectivity of aryl



The MNT was found to be the most reactive among the



nitrotoluenes followed by PNT and ONT. The reactions were also observed to be kinetically controlled with apparent activation energies of 18.2, 21.1, 21.7, and 15.2 kcal/mol for MNT, PNT, ONT, and ONA, respectively.



The rates of



reduction for both nitroarenes were established to be proportional to the concentration of catalyst, to the square of the concentration of sulfide, and to the cube of the concentration of nitroarenes (nitrotoluenes and o-nitroanisole). A similar reaction mechanism, as observed for the reduction of nitroarenes by aqueous ammonium sulfide, was also observed with both H2S-rich aqueous Page No. 135
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In both cases, the process was found to follow a complex



mechanism involving three different reactions (Eqs. 6.1, 6.2 and 6.3). Under certain experimental conditions, elemental sulfur was found to be formed with very high selectivity.



Based on the detailed kinetic study and proposed



mechanism, a general empirical kinetic model was developed.



The developed



model, applicable to all nitrotoluenes, predicts the conversions of nitrotoluenes reasonably well.
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Table 6.5. Rate constants of the Model Equation 6.8 Temperatures (K)



Rate Constants 313



323



333



343



k1×105 (kmol/m3)−5s−1



1.60



3.56



7.54



11.8



k2×104 (kmol/m3)−6s−1



1.62



4.18



13.51



29.08



Table 6.6. Activation energies and pre-exponential factors of the rate constants



AE1 k = A Exp ( − ) 1 10 RT



AE 2 k = A Exp ( − ) 2 20 RT



A10



AE1



A20



AE2



[(kmol/m3)−5s−1]



(kcal/mol)



[(kmol/m3)−6s−1]



(kcal/mol)



1.91×105



14.39



7.15×1010



20.98
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Fig. 6.13. Effect of DEA concentration on conversion of o-nitroanisole. Volume of organic phase = 5×10−5 m3; ONA concentration = 1.31 kmol/m3; TBAB concentration= 9.31×10−2 kmol/m3 of org. phase; volume of aqueous phase = 5×10−5 m3; sulfide concentration = 1.01 kmol/m3; temperature = 333 K; stirring speed =1500 rev/min.
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Fig. 6.14. Effect of elemental sulfur loading.



Volume of organic phase =



5×10−5 m3; ONA concentration = 1.31 kmol/m3; volume of aqueous phase = 5×10−5 m3; sulfide concentration = 1.68 kmol/m3; TBAB concentration = 9.3×10−2 kmol/m3 of org. phase; concentration of DEA = 3.45 kmol/m3; temperature = 333 K; stirring speed =1500 rev/min.
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Fig. 6.15. Effect of stirring speed.



Volume of organic phase = 5×10−5 m3;



ONA concentration = 1.31 kmol/m3; TBAB concentration= 9.3×10−2 kmol/m3 of org. phase; volume of aqueous phase = 5×10−5 m3; sulfide concentration = 1.68 kmol/m3; concentration of DEA = 3.45 kmol/m3; temperature = 333 K; matching ONA conversion =20%.
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Fig. 6.16. Effect of temperature on conversion of ONA. Volume of organic phase = 5×10−5 m3; ONA concentration = 1.04 kmol/m3; TBAB concentration= 6.20×10−2 kmol/m3 of org. phase; volume of aqueous phase = 5×10−5 m3; sulfide concentration = 1.17 kmol/m3; DEA concentration =3.45 kmol/m3; stirring speed =1500 rev/min.
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Fig. 6.17. Arrhenius plot of ln (initial rate) versus 1/T
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Fig. 6.18. Effect of TBAB concentration on conversion of ONA. Volume of organic phase = 5×10−5 m3; ONA concentration = 1.31 kmol/m3; volume of aqueous phase = 5×10−5 m3; sulfide concentration = 1.68 kmol/m3; concentration of DEA = 3.45 kmol/m3; temperature = 333 K; stirring speed =1500 rev/min.
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Fig. 6.19. Plot of ln (initial rate) versus ln (TBAB concentration).



All



conditions are same as in Fig. 6.18.
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Fig. 6.20. Effect of ONA concentration on conversion of ONA. Volume of organic phase = 5×10−5 m3; TBAB concentration = 6.2×10−2 kmol/m3 of org. phase; volume of aqueous phase = 5×10−5 m3; sulfide concentration = 1.17 kmol/m3; concentration of DEA = 3.45 kmol/m3; temperature = 343 K; stirring speed =1500 rev/min.
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Fig. 6.21. Plot of ln (initial rate) versus ln (initial ONA concentration). All conditions are same as in Fig. 6.20.
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Fig. 6.22. Effect of sulfide concentration on conversion of ONA. Volume of organic phase = 5×10−5 m3; ONA concentration = 1.31 kmol/m3; TBAB concentration= 9.3×10−2 kmol/m3 of org. phase; volume of aqueous phase = 5×10−5 m3; concentration of DEA = 3.45 kmol/m3; temperature = 333 K; stirring speed =1500 rev/min.
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Fig. 6.23. Plot of ln (initial rate) versus ln (initial sulfide concentration). All conditions are same as in Fig. 6.22.
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Fig. 6.24. Arrhenius plot of ln (k) versus 1/T.
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Fig. 6.25. Comparison of calculated and experimental conversions of ONA. All conditions are the same as in Fig. 6.14.
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Chapter 7 REDUCTION OF p-NITROTOLUENE BY AQUEOUS AMMONIUM SULFIDE UNDER LIQUID-LIQUIDSOLID MODE USING ANION EXCHANGE RESIN NO2



1. Aqueous (NH4)2S 2. AER



NH2



+ CH3 p-Nitrotoluene



CH3 p-Toluidine



(NH4)2 S2O3



+



S0



Ammonium Thiosulfate Elemental Sulfur



7.1 INTRODUCTION The reactions between organic soluble substrates and inorganic reagents cannot proceed to an appreciable extent regardless of the amount of energy, external agitation, or time of exposure unless some catalyst is used to bring the reactants in contact with each other. The phase transfer catalyst (PTC) has now-a-days become very popular in bringing the inorganic reagents either dissolved in water (LiquidLiquid PTC) or present in solid state (Solid-Liquid PTC) to the organic soluble substrates (Starks and Liotta, 1978). Several varieties of such kinds of heterogeneous reactions, such as nucleophilic substitutions (Pradhan and Sharma, 1990; Yang, 1998; Satrio and Doraiswamy, 2002; Naik and Doraiswamy, 1997; Yadav and Reddy, 1999; Yadav and Naik, 2001), and some oxidation (Satrio and Doraiswamy, 2002; Yadav and Haldavanekar, 1997), and reduction reactions (Pradhan and Sharma, 1992a; Pradhan, 2000; Yadav et al., 2003a, 2003b), have been intensified using PTCs. Catalyst recovery is usually difficult in the case of soluble phase transfer catalysts and is seldom reused (Arrad and Sasson, 1989; Pradhan and Sharma, 1992b). This affects the cost and purity of product and poses disposal problems as quaternary ammonium compounds are harmful in liquid effluents and are toxic to certain Page No. 151



Chapter 7: Reduction of PNT by Aqueous ammonium Sulfide Using AER aquatic species. This leads to the development of the PTC immobilized on a solid support such as insoluble polymer or inorganic solids (Chiles et al., 1989; Desikan and Doraiswamy, 1995). Despite the advantages of ease of separation of the catalyst and isolation of the product, the insoluble PTCs are not widely used because of their reduced catalytic activity compared with their soluble analogs and high cost of immobilization. This is attributed to the difficulty of commercial synthesis of catalysts with specific concentrations of PTC in them. The present work deals with a detailed study of the commercially important reaction of p-nitrotoluene (PNT) with aqueous ammonium sulfide in the presence of un-impregnated inorganic solid, anion exchange resin (Seralite SRA-400 (Cl- form), equivalent to Amberlite IRA-400)), to explore its catalytic activity in enhancing the rates of reduction of PNT. The reaction rates in the case of un-impregnated inorganic solid are expected to be slower than those obtained with impregnated supports. However, the former strategy is inherently simpler and reagent losses can be minimized. The commercial anion exchange resigns are nowadays used to carry out varieties of reactions, such as oxidation of alcohols (Schneider et al., 1982; Arrad and Sasson, 1989), aldol condensation (Podrebarac et al., 1998; Serra-Holm et al., 2000), hydration of ethylene oxide (Shvets et al., 2005), nucleophilic substitutions (Pradhan and Sharma, 1992b; Arrad and Sasson, 1989), alkylations (Arrad and Sasson, 1989; Jovauović et al., 1992), oxidation of organic pollutants (Huang et al., 2004), transesterification reactions for biodiesel production (ShibasakiKitakawa et al., 2007). In the present study, the effect of stirring speed and temperature on the reaction was studied to determine the mass transfer effects on the reaction and to calculate the activation energy respectively. The detail kinetic study was made for the effects of various parameters such as AER loading, sulfide concentration, concentration of PNT, and reusability of the AER catalyst. Furthermore, an empirical kinetic model based on experimental observations was developed to correlate the experimentally obtained conversion versus time data.
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Chapter 7: Reduction of PNT by Aqueous ammonium Sulfide Using AER 7.2 RESULTS AND DISCUSSION 7.2.1 Effect of Stirring Speed For any kinetic study, it is important that the mass transfer resistances be negligible during the reaction for discerning the true kinetics. To determine the role mass transfer resistances, the effect of stirring speed on the rate of reaction of PNT was



studied



in



the



range



1000-3000



rev/min



under



otherwise



identical



experimental conditions in presence of AER catalyst as shown in Fig. 7.1. The reaction rate was found to be increased with stirring speed up to about 2000 rev/min; above this stirring speed, the variation of reaction rate with the stirring speed was found to be negligibly small as shown in the figure. The reaction may therefore be considered as free from mass transfer resistance above the stirring speed of 2000 rev/min. All other experiments were performed at a safe stirring speed of 2500 rev/min to ensure the absence of mass transfer resistance in the reaction system. 7.2.2 Effect of Temperature The effect of temperature on the conversion of PNT was studied in the range of 303333 K under otherwise identical experimental conditions in the presence of AER catalyst as shown in Fig. 7.2. The conversion of PNT increased with temperature as expected. The initial rates were calculated at different temperatures and Arrhenius plot of ln (initial rate) against 1/T was made (Fig. 7.3). The apparent activation energy was calculated from the slope of the best-fitted straight line as 11.90 kcal/mol. The high value of apparent activation energy again confirms that the reaction system is kinetically controlled. 7.2.3 Effect of AER Loading The effect of AER loading on conversion of PNT is shown in the Fig. 7.4. The study was also conducted in the absence of catalyst as shown in the same figure. With increase in AER loading the conversion of PNT increases as observed from the figure. It is also observed from the figure that the conversion of PNT is only about 0.2% in absence of catalyst whereas it is around 16.6% with 20% (w/v) AER Page No. 153



Chapter 7: Reduction of PNT by Aqueous ammonium Sulfide Using AER loading after 160 minutes of reaction under otherwise identical experimental conditions. The Table 7.1 shows the variation of enhancement factor with AER loading. The maximum enhancement factor of about 57 was observed with 20% (w/v) AER loading. However, for the same reaction, the enhancement factor of 250 was observed



using



only



1.5%



(w/v)



of



a



phase



transfer



catalyst



(PTC),



tetrabutylammonium bromide (TBAB) (Table 5.1). Therefore, PTC is superior over AER catalyst for this reaction in terms of enhancement factor only. However, repeated re-usability of the AER catalyst may surpass this advantage of PTC. 7.2.4 Effect of Concentration of p-Nitrotoluene The effect of concentration of PNT on the conversion was studied at four different concentrations in the range of 1.46-2.33 kmol/m3 in the presence of AER under otherwise identical experimental conditions as shown in Fig. 7.5. The conversion of PNT increases with increase in concentration of the PNT. In order to determine the order of the reaction with respect to PNT concentration, the initial reaction rate was calculated at different PNT concentrations and the plot of ln (initial rate) against ln (PNT concentration) was made (Fig. 7.6). From the slope of the linearly fitted line, the order of the reaction with respect to PNT concentration was obtained as 3.09. Since this value is close to three, the reaction can be considered as third order with respect to PNT concentration. However, for the reduction of nitroaromatics under two-phase conditions (Bhave and Sharma, 1981), and p-nitroanisole in presence of PTC (TBAB) (Yadav et al., 2003a), the rate of reaction was reported to be proportional to the concentration of nitroarenes. The rate was also reported as proportional to the concentration of nitrobenzene for its reduction with sodium disulfide under two-phase conditions (Hojo et al., 1960).
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7.2.5 Effect of Sulfide Concentration The effect of sulfide concentration in the aqueous phase on the conversion of PNT was studied in the range of 1.75-3.5 kmol/m3 under otherwise identical experimental conditions in the presence of AER catalyst as shown in Fig. 7.7. With increase in the concentration of sulfides, the conversion of PNT increases, as it is evident from the figure. From the plot of ln (initial rate) against ln [initial sulfide concentration) (Fig. 7.8), the order of the reaction with respect to the sulfide concentration was obtained as 1.64. Since this value is closer to integer 2, the reaction was, therefore, considered as 2nd order with respect to sulfide concentration. However, for the reduction of nitroarenes with aqueous sodium sulfide, the reaction rate was reported to be first order with the sulfide concentration (Yadav et al., 2003a; Bhave and Sharma, 1981). The rate was also reported to be proportional to the square of the concentration of sodium disulfide (Hojo et al., 1960). 7.2.6 Reusability of Catalyst In this experiment, the once used AER catalyst was first separated from the reaction mixture by filtration, and then repeatedly washed with distilled water and dried and used again to carry out the same reaction. The catalytic activity of the once used AER catalyst was compared with that of the fresh one under otherwise identical experimental conditions as shown in Fig. 7.9. The conversion of PNT (so also reaction rate) in presence of once used AER catalyst was found to be more compared to that of fresh catalyst as observed from the figure. The increase in activity of the once used catalyst may be due to the presence of elemental sulfur on the surface of the catalyst. The formation of elemental sulfur and rate enhancement due to the formation of elemental sulfur in this reaction was established in Chapter 5.
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Chapter 7: Reduction of PNT by Aqueous ammonium Sulfide Using AER 7.2.7 Reaction Mechanism and Kinetic Modeling The stoichiometry and mechanism of the reduction of nitroarenes by aqueous ammonium sulfide was discussed in detail in Chapter 5. The reaction was shown to follow a complex reaction mechanism involving three different reactions (Eqs. 5.1, 5.2, & 5.3) with Eq. 5.2 being predominating one. It was also shown that the elemental sulfur formed in this reaction (according to Eq. 5.2) enhanced the reaction rate resulting in ‘S’ nature of conversion versus time curve. In the present study, curves of similar nature are also observed (see Fig. 7.2, 7.4, 7.5, and 7.7). In this work, an empirical kinetic model was developed to correlate the experimentally obtained conversion versus time data. As it is observed from earlier discussion, the rate of reduction of PNT was determined to be proportional to the square of the concentration of sulfide and to the cube of the concentration of PNT. Therefore, the rate of reduction of PNT (− rA ) for a fixed AER loading can be expressed by the following equation:



(7.1)



− rA = k1C A3 CS 2 + k 2C A3 CS 2C B



where CA is the concentrations of PNT in the organic phase. The second term in the above rate expression takes care of ‘S’ nature of curves due to the formation of elemental



sulfur



during



the



reaction



as



discussed



previously.



Since



the



concentration of NH3 in the aqueous phase was kept around 15wt%, its effect was not incorporated in this kinetic model. Since, the course of the reduction follows the stoichiometry of Eq. 5.2 predominantly, the concentration of sulfide (CS) and elemental sulfur (CB) in the aqueous phase are obtained from the overall mass balance based on the same stoichiometry as given by the following expressions:



C S = C SO − 3 f (C AO − C A )



(7.2)



C B = 3 f (C AO − C A )



(7.3)
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Chapter 7: Reduction of PNT by Aqueous ammonium Sulfide Using AER where CSO and CAO represent the initial concentrations of sulfide and PNT, respectively, and f is the ratio of volume of organic phase to that of aqueous phase. A non-linear regression algorithm was used for parameter estimation. The optimum values of the rate constants, k1 and k2, for the PNT were estimated by minimizing the objective function (E) as given by the equation



n



[{



} {



E = ∑ (− rA ) pred i − (− rA )exp t i =1



}]



2



(7.4)



i



The optimum values of the rate constants, k1 and k2, at different temperatures are estimated as listed in Table 7.2. Both the rate constants increase with increase in temperature as expected. An Arrhenius plot of ln (k) against 1/T was made as shown in Fig. 7.10. The activation energy and pre-exponential factor of the rate constants were evaluated from the slope and intercept of the Arrhenius plot respectively, as shown in Table 7.3. Based on these rate constants, the conversions of PNT were calculated at different temperatures and compared with the experimentally obtained conversions as shown in Fig. 7.11. Good agreement was observed between the predicted and experimental conversions. 7.3 CONCLUSIONS Anion exchange resin (Seralite SRA-400 (Cl- form)) was successfully used as a triphase (Liquid-Liquid-Solid) catalyst to carry out the reduction of PNT by aqueous ammonium sulfide. The maximum enhancement factor of about 57 was observed with 20% (w/v) of AER. The reaction was observed to be kinetically controlled with apparent activation energy of 11.90 kcal/mol. The rate of reduction of PNT was established to be proportional to the square of the concentration of sulfide and to the cube of the concentration of PNT. The rate enhancement was observed with the once used catalyst due to the presence of elemental sulfur on the surface of the catalyst. Based on the detailed kinetic study, an empirical kinetic model was developed to correlate the experimentally obtained conversion versus time data. The developed model predicts the PNT conversions reasonably well. Page No. 157
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Table 7.1. Effect of AER loading on enhancement factor



a



a



AER, gm



Rate of reaction×105, kmol/m3 s



Enhancement factor (B/A)



0.0



0.05



-



5.0



0.89



17.8



10.0



1.33



26.6



15.0



1.91



38.2



20.0



2.86



57.2



matching PNT conversion= 4%; all other conditions are same as in Fig. 7.4.



Table 7.2. Rate constants of the model Eq. 7.1 Temperatures (K)



Rate Constants 303



313



323



333



k1×107 (kmol/m3)-4s-1



2.92



4.46



6.81



9.30



k2×105 (kmol/m3)-5s-1



0.12



0.48



0.62



1.07



Table 7.3. Activation energies and pre-exponential factors of the rate constants



k1 = A10 Exp (−



AE1 ) RT



k2 = A20 Exp (−



AE 2 ) RT



A10



AE1



A20



AE2



[(kmol/m3)-4s-1]



(kcal/mol)



[(kmol/m3)-5s-1]



(kcal/mol)



0.13



7.82



1.41×104



13.80
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Fig. 7.1. Effect of stirring speed. Volume of organic phase = 5×10-5 m3; PNT concentration = 1.75 kmol/m3; AER =20% (w/v); volume of aqueous phase = 5×10-5 m3; sulfide concentration = 2.34 kmol/m3; concentration of NH3 = 7.75 kmol/m3; temperature = 323 K; matching PNT conversion =5%.
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Fig. 7.2. Effect of temperature on conversion of PNT. Volume of organic phase = 5×10-5 m3; PNT concentration = 1.75 kmol/m3; AER= 20% (w/v); volume of aqueous phase = 5×10-5 m3; sulfide concentration = 2.08 kmol/m3; NH3 concentration =7.76 kmol/m3; stirring speed =2500 rev/min.
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Fig. 7.3. Arrhenius plot of ln (initial rate) versus 1/T. All conditions are same as in Fig. 7.2.
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Fig. 7.4. Effect of AER loading on conversion of PNT. Volume of organic phase = 5×10-5 m3; PNT concentration = 1.75 kmol/m3; volume of aqueous phase = 5×10-5 m3; sulfide concentration = 2.08 kmol/m3; NH3 concentration =7.76 kmol/m3; temperature = 323 K; stirring speed =2500 rev/min.
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Fig. 7.5. Effect of PNT concentration on conversion of PNT. Volume of organic phase = 5×10-5 m3; AER= 20% (w/v); volume of aqueous phase = 5×10-5 m3; sulfide concentration = 2.34 kmol/m3; NH3 concentration =7.75 kmol/m3; temperature = 323 K; stirring speed =2500 rev/min.
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Fig. 7.6. Plot of ln (initial rate) versus ln (PNT concentration). All conditions are same as in Fig. 7.5.
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Fig. 7.7. Effect of sulfide concentration on conversion of PNT. Volume of organic phase = 5×10-5 m3; PNT concentration= 1.75 kmol/m3; AER= 20% (w/v); volume of aqueous phase = 5×10-5 m3; NH3 concentration =7.75 kmol/m3; temperature = 323 K; stirring speed =2500 rev/min.
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Fig. 7.8. Plot of ln (initial rate) versus ln (sulfide concentration). All conditions are same as in Fig. 7.7.
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Fig. 7.9. Reusability of the catalyst. Volume of organic phase = 5×10-5 m3; PNT concentration= 1.75 kmol/m3; AER= 20% (w/v); volume of aqueous phase = 5×10-5 m3; sulfide concentration = 2.08 kmol/m3; NH3 concentration =7.76 kmol/m3; temperature = 323 K; stirring speed =2500 rev/min.
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Fig. 7.10. Arrhenius plot of ln (k) versus 1/T.
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Fig.7.11. Comparison of calculated and experimental PNT conversions. All conditions are the same as in Fig. 7.2.
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Chapter 8 SUMMARY AND CONCLUSIONS An attempt was made to develop a state-of-the-art process to produce valueadded chemicals utilizing the H2S present in various byproduct gas streams. In accordance with the present process, the H2S present in the gas streams can be utilized to produce value-added products in two steps: (1) removal of H2S from gas stream by conventional methods (ammonia- and alkanolamine-based processes), followed by (2) production of value-added chemicals utilizing H2Srich solution obtained from the first step of the process. Since the removal of H2S by ammonium hydroxide or alkanolamines are well established and industrially practiced one, the present work deals with a detailed study on the production of value-added chemicals utilizing H2S-rich aqueous ammonia or alkanolamine in the batch mode. The ammonia-based process is suitable for the gas streams containing both NH3 and H2S because both the impurities can be removed simultaneously in a single step, where as alkanolamines-based process can be used for gas streams containing no ammonia because of its other advantages over the ammonia.



The strategy of the present process is



schematically represented by Scheme 8.1.



Organic Phase (Solvent, Reactant, and Catalyst)



Treated Gas



H2S Scrubbing (by Ammonia- or Alkanolamine -based Process)



H2S-Rich Solution



Reactions (Present Work)



Sour Gas Scheme 8.1.



Organic Phase



Product Purification (by Distillation) (solvent and untreated reactant for recycle to reactor)



Phase Separation



Aqueous Phase



Further Processing (sulfur or NH4Cl removal) or Recycled to Scrubber)
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Chapter 8: Summary and Conclusions The value-added chemicals produced in the present study are dibenzyl sulfide (DBS) and benzyl mercaptan (BM) from benzyl chloride, and aryl amines (toluidines,



chloroanilines,



and



o-anisidine)



from



their



corresponding



niroarenes.



The reaction of benzyl chloride or nitroarenes with ammonium



sulfide or H2S-rich aqueous alkanolamines was conducted batch-wise in an organic solvent (toluene) under liquid-liquid mode with a phase transfer catalyst (PTC), tetrabutylammonium bromide (TBAB) and un-impregnated inorganic solid catalyst like an anion exchange resin (AER).



The influence of various



process variables (stirring speed, catalyst loading, concentration of reactant, and temperature, NH3 or alkanolamines concentration, elemental sulfur loading) on the reaction rate, conversion, and selectivity was studied.



A suitable



mechanism or stoichiometry was established utilizing the effects of various parameters on the reaction rate and conversion to explain the course of the reaction and an empirical kinetic model was developed to correlate the experimental data. The reaction of benzyl chloride with aqueous ammonium sulfide in presence of a PTC (TBAB) leads to different products (DBS and BM) of high commercial value. One can selectively prepare either DBS or BM using the same reagents only by selecting the proper operating conditions. The high NH3/H2S mole ratio, high benzyl chloride concentration, low ammonium sulfide volume, and long reaction time lead to selective preparation of DBS. On the other hand, opposite trend was observed for BM. The reaction was found to be kinetically controlled with an apparent activation energy value of 12.3 kcal/mol. With an excess of benzyl chloride concentration and low ammonium sulfide volume, the conversion of benzyl chloride remains low owing to the efficient sulfide utilization in the aqueous phase, whereas with low benzyl chloride concentration and high ammonium sulfide volume, almost complete conversion of benzyl chloride was observed although utilization of sulfide in the aqueous phase remains low. The process was determined to follow a complex mechanism involving the transfer of two active ion pairs (Q+S−2Q+ and Q+SH−) from the aqueous phase to the organic phase and react with benzyl chloride to produce DBS and BM, respectively. The DBS is also formed by the reaction of BM and benzyl chloride. In the reaction of benzyl chloride with aqueous ammonium sulfide, almost complete sulfide utilization in the aqueous phase was observed under certain Page No. 171



Chapter 8: Summary and Conclusions experimental conditions.



Therefore, after the removal of ammonium chloride



(NH4Cl) from the aqueous phase, it needs no further treatment (tail gas treatment unit as in the Claus process) before its reuse for the removal of H2S. Therefore, present process has enormous potential to be considered as a viable alternative to conventional process (Claus or LO-CAT). In the reduction of nitroarenes [nitrotoluenes and chloronitrobenzenes (CNBs)] by aqueous ammonium sulfide under liquid–liquid mode in presence of PTC, TBAB, the reaction was found to be kinetically controlled with apparent activation energies of 25.5, 21.5, 19.4, 22.8, 19.6 and 9.4 kcal/mol for mnitrotoluene



(MNT),



chloronitrobenzene



p-nitrotoluene (OCNB),



(PNT),



o-nitrotoluene



p-chloronitrobenzene



chloronitrobenzene (MCNB), respectively.



(ONT),



o-



and



m-



(PCNB),



MNT was found to be the most



reactive among the nitrotoluenes, followed by PNT and ONT; whereas MCNB was found to be the most reactive among the CNBs followed by OCNB and PCNB. The rate of reduction of nitrotoluenes was found to be proportional to the concentration of catalyst, to the square of the concentration of the sulfide, and to the cube of the concentration of nitrotoluenes. On the other hand, the rate of reduction of CNBs was found to be proportional to the concentration of catalyst and CNBs and to the cube of the concentration of sulfide. The



H2S-rich



aqueous



alkanolamines,



monoethanolamine



(MEA),



and



diethanolamine (DEA), was successfully used to carry out the so-called Zinin reduction of nitroarenes [nitrotoluenes and o-nitroanisole (ONA)] under twophase conditions in the presence of PTC, TBAB. The reactions were observed to be kinetically controlled with apparent activation energies of 18.2, 21.1, 21.7, and 15.2 kcal/mol for MNT, PNT, ONT, and ONA, respectively.



The rates of



reduction of nitrotoluenes and ONA were established to be proportional to the concentration of catalyst, to the square of the concentration of sulfide, and to the cube of the concentration of nitroarenes (nitrotoluenes and ONA). The reduction of nitroarenes by aqueous ammonium sulfide and H2S-rich aqueous alkanolamines (MEA and DEA) was found to follow a similar reaction mechanism. In both these cases, the process was found to follow a complex mechanism involving three different reactions.



Based on the detailed kinetic



study and proposed mechanism, a general empirical kinetic model was Page No. 172



Chapter 8: Summary and Conclusions developed.



The developed model predicts the conversions of nitroarenes



reasonably well. Anion exchange resin was successfully used as a tri-phase (Liquid-Liquid-Solid) catalyst to carry out the reduction of PNT by aqueous ammonium sulfide. The maximum enhancement factor of about 57 was observed with 20% (w/v) of AER.



The reaction was observed to be kinetically controlled with apparent



activation energy of 11.9 kcal/mol.



The rate of reduction of PNT was



established to be proportional to the square of the concentration of sulfide and to the cube of the concentration of PNT. Based on the detailed kinetic study, an empirical kinetic model was developed to correlate the experimentally obtained conversion versus time data. The developed model predicts the PNT conversions reasonably well. In the reduction of nitroarenes by aqueous ammonium sulfide and H2S-rich aqueous alkanolamines [MEA and DEA], elemental sulfur was determined to be formed at a very high selectivity under certain experimental conditions. In this process, aryl amines together with elemental sulfur (the only product of the Claus and LO-CAT process) were obtained.



Moreover, in this process, the



regeneration of the H2S-rich solution can also be avoided. The present process could be considered as a viable alternative to the Claus or LO-CAT process that gives elemental sulfur as the only product with the loss of valuable hydrogen energy. Additionally, the liquid-phase H2S oxidation process such as chelated ironbased process (LO-CAT) requires regeneration of spent solution by oxidation with air where air blower power consumption is one of the major operating costs (Kohl and Nielsen, 1997).



However, in the present process, this step is not



required because the oxidizing agent (nitroarenes) is being converted to valueadded products (aryl amines). The present process is, therefore, economically attractive from an industrial point of view.
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Chapter 9 SCOPE FOR FURTHER WORK Present work deals with the detailed kinetic study and the preparation of various value-added chemicals (Dibenzyl sulfide, benzyl mercaptan, aryl amines)



utilizing



aqueous



ammonium



sulfide



or



H2S-rich



aqueous



alkanolamines under two-phase conditions, in the presence of a phase transfer catalyst and anion exchange resin catalyst.



Further investigations, however,



could be conducted in the following directions: •



The fundamental kinetic model for the reaction of benzyl chloride with aqueous ammonium sulfide can be developed. prepared



by



reaction



of



benzyl



chloride



DBS or BM can also be with



H2S-rich



aqueous



alkanolamines. Some other industrially important sulfides or mercaptans can also be prepared by the present method. Study can also be conducted using pure benzyl chloride in the absence of any solvent (Labat, 1989). This study is very much important from commercial point of view as it will not only reduce the reactor volume but also the costs associated with safe handling, separation, and vent losses of the solvent. •



Selective reduction of polynitro compounds by aqueous ammonium sulfide or H2S-rich aqueous alkanolamines needs to be explored.



•



Most of the gas streams contain carbon dioxide (CO2) as one of the major acid gas impurities. Therefore, the applicability of the present process for gas streams containing both H2S and CO2 largely depends on selectivity of the solvent towards H2S. field



using



various



Extensive research is therefore needed in this H2S-selective



solvents



like



aqueous



methyldiethanolamine (MDEA) (Mandal et al., 2004; Bolhàr-Nordenkampf et al., 2004; Xu et al., 2002a) and MDEA in non-aqueous solvents like Nmethyl pyrrolidone, ethylene glycol, etc. (Xu et al., 2002a, 2002b). •



Although ammonia and MDEA was proved to be H2S selective, it is almost impossible to get any solvent that is 100% selective towards H2S. Page No. 174



Chapter 9: Scope For Further Works Therefore, some amount of CO2 will always remain in the aqueous phase even in the case of H2S selective solvent.



Therefore, there is an urgent



need for evaluating the effect of CO2 on the reaction system for the successful application of present process to industrial gas streams. •



In the reduction of nitroarenes with aqueous ammonium sulfide or H2Srich aqueous alkanolamines, elemental sulfur was obtained as major coproduct. However, the elemental sulfur formed in this reaction remains in the aqueous phase in the form of polysulfide. Therefore, a study is also needed to separate the elemental sulfur from the aqueous phase (Hamblin, 1973).



•



In the reduction of nitroarenes with aqueous ammonium sulfide, small amount of ammonium thiosulfate was formed as a co-product. Ammonium thiosulfate is a well-known fertilizer. ammonium polysulfide.



The aqueous phase also contains



Therefore, any process that can convert this



ammonium polysulfide (by oxidation with air) into ammonium thiosulfate or ammonium sulfate or their mixture is welcome in the fertilizer industry (Kleinjan et al., 2005). •



Identification and characterization of different ionic species present in the aqueous phase during the reduction of nitroarenes by aqueous ammonium sulfide and H2S-rich aqueous alkanolamines and the effect of pH on the same needs a detailed study (Piché et al., 2006). This study will help to establish the reaction mechanism and will be interesting academically.



•



In accordance with the present work, H2S present in the gas streams can be utilized to produce value-added products in two steps, (1) removal of H2S



from



gas



stream



by



conventional



methods



(ammonia-



and



alkanolamine-based process] followed by (2) production of value-added chemicals utilizing H2S-rich solution obtained from the first step of the process. If it is possible to carry out this process in a single step (that is, simultaneous removal of H2S and chemical reaction in a single vessel), the economy of the whole process will improve greatly. Therefore, a detailed study is urgently needed in this direction.
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ABBREVIATIONS A10 or A20



pre-exponential factors in consistent unit



AE



activation energy, kcal/mol



AER



anion exchange resin



ATU



amine treatment unit



BM



benzyl mercaptan



CA



concentrations of nitroarenes, kmol/m3



CAN



chloroaniline



CAO



initial concentrations of nitroarenes, kmol/m3



CB



concentration of elemental sulfur in the aqueous phase, kmol/m3



CC



concentrations catalyst, TBAB, kmol/m3 of organic phase



CS



concentration of sulfide in the aqueous phase, kmol/m3



CSO



initial concentrations of sulfide, kmol/m3



CNB



chloronitrobenzene



DBS



dibenzyl sulfide



DEA



diethanolamine



E



objective function



f



ratio of volume of organic phase to that of aqueous phase.



H2S



hydrogen sulfide



k



rate constants, in consistent unit



MCNB



m-chloronitrobenzene



MDEA



methyldiethanolamine



MEA



monoethanolamine



MNT



m-nitrotoluene



NH3



ammonia



NH4Cl



ammonium chloride



OCNB



o-chloronitrobenzene



ONA



o-nitroanisole



ONT



o-nitrotoluene



PCNB



p-chloronitrobenzene



PNT



p-nitrotoluene



PTC



phase transfer catalyst



Q+



quaternary ammonium cation



(-ra)



rate of reaction of nitroarenes, kmol/m3s



TBAB



tetrabutylammonium bromide



TEA



triethanolamine Page No. 176
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