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INTRODUCTION

Toluenediamine (TDA) is an useful substance that its primary commercial market as an intermediate in the manufacture of toluene di-isocyanate (TDI), the predominate isocyanate used in flexible polyurethane foam, that  are one of the most versatile materials today, and elastomers. TDA can also be used as a monomer, chain extender, crosslinker, or intermediate in many applications where the more expensive meta-phenylenediamines are currently used. These applications include epoxy resin curing, polyol manufacturing, use in rubber chemical and dye production and use in polyamides/polyimides. 

This report deals with the synthesis of dinitrotouene and  manufacture of toluenediamine through hydrogenation of dinitrotoluene with the presence of heterogeneously- catalyzed

TOLUENEDIAMINE

Toluenediamine (TDA) is a high purity aromatic diamine that contains over 99% meta-isomers and less than 0.3% ortho-isomers. Physically, TDA is light yellow in color and will tend to darken upon storage as well as if exposed to air. It also exhibits a slight ammonia-like odor.

Heterogeneously-catalyzed synthesis of dinitrotoluene

Dinitrotoluene (DNT) is used as a precursor for the production of toluene diisocyanate (TDI). The dinitration of toluene to DNT is currently carried out in classical mixed-acid processes (two-step, isothermal ). Sulfuric acid is playing the role of a catalyst to activate HNO3, thereby generating nitronium ions:

HNO3  +   2 H2SO4                                            NO2+   +   H3O+    +  2 HSO4-
The equilibrium reduces the concentration of the nitrate ion and weakens the oxidizing force of nitric acid. In the actual nitration reaction between the nitronium ions and toluene, only a small amount of by-products is formed and technically yields of >99% are reached. Nitration of benzene yields dinitrobenzene and nitrophenol isomers as by-products while the nitration of toluene leads to traces of trinitrotoluene, benzoic acid and nitrocresol isomers.

The activation of the HNO3 can be alternatively carried out via many different acids. The activity of the nitronium ion is enhanced by the increasing electronegativity of the corresponding anion. These particular  acids have high activities and some have high prices. They are commercially irrelevant. Examples for alternative acids to activate HNO3 are: fluoroacetic acids, perchloric acid, methanesulphonic acid, boron fluorine acids.

The nitration with H2SO4 / HNO3 in a two phase reaction requires good mixing. The strong influence of sulfuric acid on the reaction kinetics and the reactor design is known in the literature. In 

addition to the role the sulfuric acid plays as a catalyst it also serves as an excellent heat-transfer medium for removing the heat of the strongly exothermic reaction. Therefore, sulfuric acid has to be used in large amounts and must be reconcentrated and recycled. This step results in high energy costs.

New developments concerning alternative processes have been published recently. An adiabatic process in which the heat of reaction is used for the sulfuric acid reconcentration was developed by Bayer. Quakenbush and Pennington suggested a nitration procedure using an excess of concentrated nitric acid without any additional sulfuric acid.

In mixed-acid processes, a mixture of isomeric dinitrotoluenes is formed that contains about 96% of the main isomers 2,4- and 2,6-DNT in a ratio of 80:20 and about 4% of other isomers (mainly 2,3- and 3,4-DNT). The formation of undesired isomers (2,3- and 3,4-DNT) is enhanced by high temperatures in the mono-nitration step. The 80:20 mixture of the main products is not separated but used directly for the further production of TDI. A separation of the 2,4- and 2,6-isomers is only carried out in minor amounts for special applications.

For economic reasons it is preferable to use azeotropic or subazeotropic nitric acid (60–68 wt.%) instead of the more reactive but also more expensive concentrated HNO3. In the former case sulfuric acid has to be used in larger excess in order to bind the additional water.

An alternative to the use of the homogeneous mixed-acid is the heterogeneously-catalyzed nitration using solid acids. This method has a number of potential advantages: avoiding the large sulfuric acid recycle stream; applying a less corrosive reaction medium; leading to a better regioselectivity with smaller amounts of unwanted isomers. On the other hand, there are a number of drawbacks: the need for an excess of nitric acid; problems in removing the heat of reaction; the possible formation of dangerous by-products such as tetranitromethane. In principle, the synthesis of nitroaromatics with solid acid catalysts can be carried out in gas–solid or liquid–solid systems using (sub-) azeotropic or fuming nitric acid, nitrogen oxides (NO2, N2O4 , N2O5 ), or other compounds as nitrating agent. However, for economic reasons nitric acid is preferred as raw material for the industrial DNT processes.

In contrast unlike other aromatics, toluene cannot be nitrated in the gas-phase. Firstly, such reaction conditions give rise to safety concerns since the reaction products are exposed to elevated temperatures. Secondly, the methyl group is susceptible to side chain reactions (especially oxidation) at high temperatures.

Many articles concerning the liquid-phase ‘mononitration of toluene’ using solid catalysts have been published in the last decades. Different nitrating agents and solid materials were used. In the presence of solvents and/or co-catalysts, high conversions of toluene and nitric acid with good selectivities could be achieved. In some cases toluene acted both as reactant and as solvent and was therefore applied in large excess. Many catalysts lead to a changed regioselectivity with p/o ratios >1 and <3% of meta-nitrotoluene. In contrast to this, mixed-acid processes give p/o ratios of about 0.6 and 3–6% of meta-isomer.

Unfortunately, all investigations on nitration of toluene with solid acids published so far neglected the aspect of catalyst stability. It is worthwhile to mention that for a large-scale heterogeneously-catalyzed nitration process with a capacity of 104–106 ton per year of mono- or dinitrotoluenes, catalyst stability, life time, and regeneration would be as important as activity and selectivity.

Publications on the ‘synthesis of dinitrotoluene’ in the presence of solid catalysts are scarce. It is known from the theory of electrophilic aromatic substitution that the nitro group has a deactivating effect and thus the formation of dinitrotoluenes is a slower process. Consequently, more severe reaction conditions are required, which can be accomplished in technical mixed-acid nitration by increasing the reaction temperature and using a mixed-acid containing more sulfuric acid and less water.

The direct dinitration of toluene could be achieved using a large excess of fuming nitric acid in the presence of the solvents CCl4 and acetic anhydride and the catalyst “claycop”, an acidic montmorillonite clay impregnated with anhydrous cupric nitrate. The yield after 4 h at 25(C was 95%, and the product mixture contained 86% 2,4-DNT and 13% 2,6-DNT (ratio 6.6:1). Later investigations of another group revealed that the same results could also be obtained with a different solvent (dichloromethane instead of CCl4) and even without any catalyst and co-solvent. Hence, the system “claycop”/acetic anhydride does not show catalytic activity for the synthesis of dinitrotoluene.

The high-pressure nitration of toluene using nitrogen dioxide and zeolite catalysts (solvent: CCl4) gave mixtures of mono- and dinitrotoluenes. Selectivity towards DNT decreased in the order H–Y > H-mordenite > H-ZSM-5 and showed a maximum of 14.2% at 184 bar, 120 (C, 5 h reaction time and a 12-fold excess of NO2 (toluene conversion: 49.3%). The isomer distribution was peculiar: the mononitration yielded mainly meta- and para-MNT, and the dinitration resulted not only in 2,4- and 2,6-DNT but also in large amounts of the other isomers.

Zeolites were found to strongly catalyze the nitration of 2-nitrotoluene with dinitrogen pentoxide in dichloromethane. The reaction was carried out in a glove box at 0 (C, and N2O5 was applied in a 25% excess. While the yield of dinitrotoluene was only 6% after 3 h reaction time without catalyst, it increased to 90% after only 3 min in the presence of dealuminated H–Y. At the same time the regioselectivity was different: the uncatalyzed nitration gave a 2:1 mixture of 2,4- and 2,6-DNT, whereas the ratio was about 4:1 with H–Y zeolites. The chemoselectivity of the nitration was 95%, but the authors did not mention the nature of the by-products. H- mordenite was also able to catalyze the reaction, whereas the use of H-ZSM-5 (having a very high SiO2/Al2O3 ratio of 1000) did not show any catalytic effect.

The nitration of 4-nitrotoluene using concentrated nitric acid (in a 10% excess) in the presence of a liquid perfluoroalkane as an “inert matrix” was positively influenced by inorganic anhydrous sulfates. Conversion after 90 min reaction at 60 (C without addition of solid was 27% and with a selectivity of 76%, whereas in the presence of anhydrous sulfates of magnesium, calcium, copper and lanthanium the conversions increased up to 71% with selectivities towards 2,4-dinitrotoluene in the range of 94–100%. The sulfates acted as desiccants by binding the “by-product” water and thus avoiding the dilution of nitric acid. Unfortunately, they had to be used in large amounts in order to fulfill their function properly.

Toluene and 2-nitrotoluene could be converted to dinitrotoluene in the presence of zeolite H-beta using a mixture of 90 wt.% nitric acid and acetic anhydride. Reaction time and temperature were about 30 min and 0–20 (C, respectively. The nitration of toluene resulted in a mixture of mono- and dinitrotoluene. The yield of DNT increased with increasing ratio of nitric acid to toluene. A 10-fold excess of HNO3 yielded a value of 49%. The maximum yield of DNT was even 90% when starting from 2-nitrotoluene. Remarkably, the regioselectivity towards 2,4-DNT was very high. It was in the range of 93–97% in all experiments. This significantly exceeds the values found in the mixed-acid nitration of toluene (about 80%) and 2-nitrotoluene (about 66%). A possible explanation of this effect is the steric hindrance in the ortho position for the adsorption of toluene and substituted toluenes in the zeolite micropores.

Very recently, a comprehensive investigation of the liquid-phase nitration of toluene and nitrotoluene using 65 wt.% nitric acid in the presence of solid acids was published. The researchers found that due to strong adsorption of water on the catalytic acid sites only materials having a high density of acid sites are suitable catalysts. This requirement is only met by supported liquid acids, e.g. silica-supported sulfuric acid. It is imperative to thermally reactivate the catalyst prior to reaction in order to remove the adsorbed water. Another finding was that a direct heterogeneously-catalyzed conversion of toluene to dinitrotoluene will not work with toluene in excess as its own solvent, because toluene will always be more easily nitrated than nitrotoluene and the “by-product” water will lower the acidity. Consequently, only a two-step process or a process using an additional solvent are feasible. Concerning possible solvents, the use of non-polar solvents is recommended since polar liquids like acetic anhydride are able to dissolve the impregnated acid from the carrier. Solvent-free nitration of nitrotoluene fails due to the fact that the nitration products are solid under suitable reaction conditions.

Manufacturing of toluenediamine through hydrogenation of dinitrotoluene

The hydrogenation of dinitrotoluene isomers to the technical important 2,4- and 2,6-isomers of toluylenediamine is one of the standard processes of industrial organic chemistry. The worldwide production exceeded 900 million ton per year in 1998.

The reduction of dinitrotoluene is characterized by its strong exotherm of >1100 kJ/mol. Due to this fact combined with the thermal instability of the dinitro compound certain processing requirements must be considered. Gas-phase reaction of dinitrotoluene can merely be realized and particular precautions are required. Thus industrial scale hydrogenation of DNT is carried out as liquid-phase process. Adjusted to the specific process demands various technical designs are used like bubble column reactor, slurry process and fixed-bed process. Mostly the reaction is conducted in solvents, i.e. lower alkohols, ethers, esters or toluene. This enables better heat transfer and limits concentration of the nitro aromatic compound.

The liquid-phase reduction of dinitrotoluene can be conducted analogously to the B´echamps process for aniline with metal (Fe, Sn, Zn) and acid (also NH4Cl is possible). Due to  environmental issues concerning waste water and metal consumption the industrial scale reduction process is based on hydrogen as reductant via transition metal catalysis. Other reducing agents, i.e. hydrazine and formiate did not prevail against hydrogen. In addition, the use of synthesis gas with V-complexes or CO/H2O-mixtures with Ru/Rh or Co-catalysts for the reduction of nitro compounds are intensively studied, but have not yet been developed to an industrial scale.

The most common types of technical catalysts are nickel skeleton catalysts and supported Ni, Pt or Pd. Also copper as catalytically active species in chromite (Adkins) catalysts are described. The catalytic activity of these metals decreases in the order Pt, Pd, Ni and Cu. Toluene diamine can be obtained in selectivities up to 98–99% by specific tuning of the catalyst system concerning processing technology and operating conditions.

In leached Ni skeleton catalysts (Raney®-type) the addition of promoters in high ratios results in enhanced selectivity. Since recent developments the promoters have overcome the common alloying elements (Fe, Cr, Cu and Mo) and rather comprise the entire periodic table. Not only the chemical additives can influence the catalyst performance after leaching but also the alloy manufacturing process. Current reported methods to obtain a better catalyst performance are rapid cooling the alloy melt 

and specific manufacturing processes of Raney®-type catalysts suitable for fixed-bed application.

Alternatively to Ni hydrogenation catalysts supported catalysts distinguished by a high Ni loading

20–80% (w/w) on support materials as C, Al2O3 and SiO2 can be used. The mechanical strength of catalyst particles is to be improved by modification of support materials, i.e. coprecipitation of ZrO2 in mixed oxides supports. Promoters influence favorably the catalyst quality of skeleton systems as well as supported catalysts. Sumitomo Chemical describes an improved selectivity and high lifetime for a Ni–Fe–Zr system on talcum.

In contrast to the technical operating conditions of Ni catalysts with high hydrogen pressure and reaction temperature noble metal catalysts usually work at milder conditions. Recent work on this type of catalysts concerned the heterogenization of homogeneously applied metal complexes as for example

Pd-chitosan on SiO2 and Pd-complexes on MCM-41 zeolite. Furthermore, the catalytically active metal can be fixed to an organic polymeric matrix. Poly-N-vinyl-pyrrolidone and polybenzimidazole are reported to be suitable polymeric supports.

Again promoters are promising for specific modi-fication of hydrogenation activity of the noble metal catalysts. The addition of Fe, Cu, Pb was an impact on the absorbtion/desorption behavior of the metal and the reaction. The modified bimetallic or multimetallic, noble metal catalysts are still highly active, but minimize undesired side reactions remarkably, like aromatic ring hydrogenation and deamination, and they offer a higher resistance to deactivation.

Numerous publications concern the mechanistic understanding of the catalytic reduction of dinitro toluene to toluylene diamine by heterogeneous catalysis. The generally rapid hydrogenation proceeds by a complex reaction pathway from the dinitro compound via nitroso- and hydroxylamine intermediates to the aromatic diamine. In the presence of solvent the reaction is first-order tending to zero-order with respect to DNT concentration and hydrogen pressure.

An alternative way to produce aromatic amines proceeds via electrochemical reduction of nitro compounds. Different types of electrode materials (Pb, Cu, Sn or Ni) and specific electrolyts are used. Although there are few reports about industrial applications for mono nitro compounds, the electrosynthesis has no importance for manufacturing toluylene diamine.

SUMMARY

Synthesis of toluenediamine by catalytic hydrogenation of appropriate nitro compounds is traditionally performed at high pressures and temperatures. Such processes have several disadvantages: severe operating conditions, high capital and energy outlays. The catalysts used have a low selectivity and are unstable under conditions of continuous operation. To improve the process selectivity, various additives are often introduced into the reaction medium, this resulting in considerable outlay for purification of the target product. 
    
All these shortcomings have been overcome in a new universal technology to synthesise toluenediamine by liquid-phase catalytic hydrogenation of nitro compounds with molecular hydrogen. The new technology allows the process to be performed under mild conditions at normal hydrogen pressure and temperature. 
    It became possible owing to the creation of super active and highly selective fine-grained catalysts based on platinum group metals (iridium, platinum, palladium), and the development of an original design of the continuous operating reactor providing effective separation of the catalyst particles from the reaction products. 
    The technology designed has a number of advantages over the available ones: 

·  mild operating conditions: normal hydrogen pressure and temperature; 

·  technological simplicity and universal character provide production of any substituted aromatic amines using the same equipment; 

·  high process efficiency: the output per volume unit of the apparatus is up to 1000 tons/ year per cubic meter); 

·  high selectivity and stability of the catalysts; 

·  simple recovery of target products; 

·  guaranteed yield of amines is over 98 %. 
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