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Abstract: 

Recently a new chemical production means was proposed for producing aniline by reducing 

nitrobenzene in a much more environmentally friendly way (Tadrent et al., 2018). In particular, 

activated carbon and water are used instead of hydrogen on a metal catalyst without a precise detail 

of the process. In the present paper, a theoretical analysis is proposed based on a step by step 

thermodynamic examination of elementary reactions. It is found that the Haber mechanism is 

theoretically possible but that due to the size of the pores of the carbon, inside which the reduction 

occurs, only the smallest molecules can move so that the “direct” path is favored. This can explain 
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why the yield is rather good.  

 

1.Introduction: 

Aniline (AN) is an important chemical intermediate used for instance to synthesize polyurethane 

(Travis, 2007), The traditional way to produce AN is to reduce nitrobenzene (NB) to AN using 

hydrogen over a metal catalyst can produce a 100 % selectivity towards AN at high pressure and  

temperature between 100 and 200°C (Couto et al., 2015), the process is particularly selective and 

efficient (about 67% yield) (Varkolu et al., 2016; Wisniak et al., 1984). 100 Years ago, 

Haber(Haber, 1898) proposed a reaction pathway (Figure 1) for the reduction of NB according to 

which the “direct three steps” reduction of the NB molecule is competes a “condensation/reduction” 

route implying larger molecules. 
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Figure 1. Potential reaction scheme for the reduction of nitrobenzene to aniline according to 

Haber.  

 

Note that the traditional production route raises serious safety and environmental concerns. NB 

and hydrogen can produce very severe explosions (Tong, 1978) and AN is toxic (Gheewala et al., 

1997), which would increase the accident consequence in case of a primary explosion of the reactor. 

The presence of metal in the products of the reaction is also to be avoided because of environmental 

concerns. 

In this regard, the scientific community looks for an alternative process for the hydrogenation of 
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nitro compounds in which hydrogen is produced in situ by a water-gas shift reaction (WGSR). 

Hydrogen is produced by the conversion of a mixture of carbon monoxide and water vapor into a 

mixture of carbon dioxide and hydrogen. Hydrogen is then continuously consumed by the NB. But 

this hydrogenation process still requires the use of metal catalysts (Pardey et al., 2000; Pardey et 

al., 2002; Sivcev et al., 2014). Recently, our group proposed and tested a new process successfully, 

also involving a WGSR without requiring the use of a catalyst (Tadrent et al., 2018). This new 

“green” chemical process is briefly recalled below with some typical results. But the details of the 

chemical reaction scheme were not clearly known and the present paper is an attempt to clarify 

this. To do this, a totally new “chemical equilibrium simulator”, CIRCE, developed by the present 

team, is used which is described below also. 

 

2. Some Experimental Details 

The environmentally friendly approach for the reduction of NB to AN promoted by carbon 

catalyst was achieved successfully using activated carbon in water under subcritical water 

conditions. Hydrogen is generated and consumed in situ, and the synthesis temperature needed is 

lower (300 °C under 90 bars), which limits the risk of explosion. Furthermore, there is no need to 

use a catalyst.  
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Figure 2. The proposed “green” process for the metal-free reduction of nitrobenzene to aniline on 

activated carbon /subcritical water substrate. 

 

Only some representative results of the experimental work were selected. A 10 mmol of NB 

(1.23 g) was dissolved in 55 mL (55 g, 3 moles) of water and mixed with 6 g of carbon. This 

“carbon” is charcoal either activated or not. For the present study, “untreated carbon” under the 

form of graphite powder “chemically” activated carbon Dacarb PC1000 and “physically” activated 

carbon Norit Gac 12-40 were used under the form of powders with a particle size on the order of 

50 µm. One of the main features of activated carbon is porosity. The graphite powder is not porous 

and its specific surface is that of the particle (about 30 m2/g). Activated carbons are intrinsically 

porous (Figure 3) with a specific surface of about 900 m2/g for Dacarb PC 1000 and Norit Gac 

12-40. Pores usually characterized by their diameter: micro < 2 nm, meso 2–50 nm and 

macropores > 50 nm. For Dacarb and Norit, most (90%) of the porosity is meso and micro. 
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Figure 3. The structure of active carbon. 

 

The experiments were performed in a discontinuous 100 mL stirred stainless steel (Parr 316) 

reactor (Figure 4) electrically heated using an external heating ribbon controlled by a temperature 

sensor. The pressure measured during the reaction is the autogenous pressure of the solution at the 

reaction temperature (about 90 bar between 280 to 320 °C) for 6 hours. The temperature in the 

autoclave was measured by a temperature probe. 

 

Figure 4. Type of autoclave used to perform the experiments. 
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At the end of the reaction, the autoclave is cooled down to 40 °C. The condensates are extracted 

and analyzed. All experiments were repeated at least three times and the scattering (in the 

compositions) was less than 5%. Two parameters are considered hereafter : the “progress” of the 

reaction which is the number of reacted moles of NB divided by the initial number of moles of NB 

(in %) and the “yield” of the reaction which is the number of moles of AN divided by the initial 

number of moles of NB (in % also named conversion rate of NB into AN). 

A parametric investigation was performed and in particular the influence of the temperature. The 

influence of the reaction temperature on the rates is shown in Table 1 for Norit activated carbon. 

It is observed that the yield increases with the temperature and to reach a maximum of 63% at 

310 °C. About the influence of the nature of the carbon, graphite is clearly less efficient (Table 2).  

 

Table 1. Influence of the reaction temperature (1.23 g nitrobenzene, 55 g water, 6 g Norit Gac 12-

40).  

Entry T (°C) Yield. (%) Progress. (%) 

1 275 33 82 

2 300 62 100 

3 310 66 100 

4 320 53 100 

 

Table 2. Influence of the nature of the carbon source (6 g carbon, 1.23 g nitrobenzene, 55 g water, 

310 °C). 

Entry Carbon materials Yield (%) Progress (%) 

1 
Graphite 35,5 

100 
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2 
Norit Gac 12-40 62 100 

3 
Dacarb Pc1000 64 100 

 

3.  Some details about the theoretical tools and methods 

It was shown during the experiments that the equilibrium was reached. The idea is to use the 

theories of the thermodynamic equilibria to investigate what could have happened in the 

chemical process. The process is particularly complex, involving several reactions, several 

phases and many products. Gibbs showed that whatever the complexity, the final thermodynamic 

equilibrium is reached when the Gibbs energy of the system is minimum (Gibbs, 1948). Some 

software (Gordon and McBride, 1994; Liu et al., submitted in 2019; Plus, 2009) were developed 

to solve this sort of “Gibbs problem”. We have shown elsewhere that they usually fail when 3 

phases are present (Liu et al., 2019, submitted in 2019). 

Because of this, our team developed a new software, CIRCE, able to deal with such very 

complex situations. The code is described elsewhere (Liu et al., 2018). The group theory of 

UNIFAC (Fredenslund et al., 1977) and the LCVM (Boukouvalas et al., 1994) equation of state 

are used to implement as accurately as possible the influence of the non-idealities (activity 

coefficients, compressibility...). The code can be used to find the thermodynamic equilibrium in 

various conditions, at constant temperature and pressure as done hereafter, but also in a variety of 

adiabatic conditions. It can also be used to calculate the evolution of the Gibbs energy of a given 

reaction ΔGreaction (P, T) as a function of T or P: 

�. A−>  b. B +  c. C                                                                                                                                (1) 

where A, B C are chemicals products and a, b, c the stoichiometric molar ratios.  

��������� = �. ���, �� +  �. ���, �� −  �. ���, ��                                                                         (2) 
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When P and T are such that the Gibbs energy of the reaction is positive, the reaction cannot 

proceed. where ���, �� are chemical potentials of product ‘a’. 

 

4. Thermodynamic analysis  

This analysis is conducted in two steps. In the first one, the thermodynamics of each potential 

elementary reaction is investigated thermodynamically, and in the second step, the Gibbs energy 

of the reaction is minimized taking into account of only the products likely to appear.  

Elementary reactions  

Qi and al. (Liu et al., submitted in 2018) developed a simple method to identify, which reaction 

is possible as a function of the T, P conditions. To summarize this method, CIRCE can propose 

the list of all the potential stable products, which could be formed based on the atomic composition 

of the reactant. Note that radicals do not appear “naturally”. In the present situation, radicals where 

ignored. Based on this product database, the balanced reaction can be built, starting from the raw 

molecules. The process is continued with the molecules resulting from this first step up to the 

smallest.  

Cyclic compounds are known to be very stable and difficult to decompose at low temperature. 

In particular, aromatic compounds, in which all ring atoms participate in a network of bonds, 

present an unusual stability. For instance, the thermal decomposition of benzene has been shown 

by Zanetti and al. (Zanetti and Egloff, 1917) to start at 500 °C. NB start to decompose at 356 °C 

(Condit and Haynor, 1949). Nevertheless, NB is very stable and can only generate into benzene-

based compounds (Matveev and Nazin, 1975). The possibility to condensate 2 aromatic cores was 

given to test this chemical route for producing AN. On these bases, from the list of potential 

products proposed by CIRCE only the following ones remain: H2, O2, N2, CO, CO2, C6H7N, 
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C6H7NO, C6H5NO2, C6H5NO, C12H10N2, C12H10N2O, H2O, C6H7N, C6H7NO, C6H5NO, C12H10N2, 

C12H10N2O, C. Starting from the raw compounds, the first elementary reactions are:  

� +  !" → �" +  ! (3) 

�" +  !" → CO! +  ! (4) 

�% &'"! +  ! → �% &'" +  !" (5) 

�% &'"! +  !" → �% % +  '"( (6) 

�% &'"! +  ! → �% )' + "! (7) 

�% &'"! +  !" → �% %" +  '"! (8) 

The evolution of the Gibbs energy of all these reactions as a function of the temperature at 80 

bars is shown in Figure 5. Those for which the Gibbs energy is positive are thermodynamically 

very limited in terms of yield, and among the thermodynamically favored reactions (negative 

Gibbs energy), those with the smaller Gibbs energy should typically dominate although this is not 

a sufficient condition (kinetics needs also be considered).  
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Figure 5. Gibbs energy as a function of the temperature for reactions (3) to (8) (calculated using 

CIRCE code under 80 bar pressure). 

 

Consider first the hydrogenation reactions of NB (reactions 5 to 8). Clearly, reactions (5) is 

strongly favored so that the others would be hardly perceptible. Consider now the production of 

hydrogen which, in the context of the present experiments, is supposed to proceed from an 

oxidation of C by water (reactions (3) and (4)). Unfortunately, reaction (3) has got a positive Gibbs 

energy in the targeted temperature domain so that only very small quantities can be produced. But 

reaction (4) has a negative Gibbs energy so that the imbrication of both reactions may be able to 

produce enough hydrogen for the reduction of NB. This point was investigated separately 

simulating (using CIRCE) this water gas shift reaction (reactions (3) and (4)) in the present 

experimental conditions but without considering the presence of NB and associated compounds. 

Only reactions (3) and (4) are thus considered. The results are presented in Figure 6. Note the 

whole range of pressure and temperature is presented since, in the experiments, the reactive 

mixture is heated from ambient to about 600 K is a closed reactor so that both the temperature and 

the pressure vary. The ordinate is the total number of moles of hydrogen produced. Remember that 

only 0.01 mole of NB is available. According to the Haber reaction mechanism, 3 moles of 

hydrogen are required to transform 1 mole of NB into 1 mole of AN. So, in the present context, 

only 0.03 mole of H2 is enough. Clearly, reactions (3) and (4) have the thermodynamic capability 

of producing enough H2 provided enough time is left for the reaction to proceed. 
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Figure 6. Calculated evolution of the maximum number of H2 moles produced during the heating 

up of the vessel (CIRCE code: 55 g water, 6 g carbon in a 100 ml volume). 

 

The next reaction steps are elaborated based on the products issued from the feasible reactions 

of the preceding steps.  

The second step is:  

�% &'" +  ! → �% )'"  (9) 

�% &'" + �% )'" → �*! *+'!" +  !"  (10) 

�% &'" +  !" → �% % +  '"! (11) 
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Figure 7. Gibbs energy as a function of the temperature for reactions (9) to (11) (atmospheric 

pressure-CIRCE code).  

 

Reactions (9) and (10) are clearly favored but not reaction (11).  

The third step would be: 

�% )'" +  ! → �% )' +  !0  (12) 

�*! *+'!" +  ! → �*! *+'! +  !" (13) 
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Figure 8. Gibbs energy as a function of the temperature for reactions (12) and (13) (atmospheric 

pressure-CIRCE code).  

 

The reactions (12) and (13) are both favored.  

The last step would be:  

�*! *+'! +  ! → �*! *!'! (14) 

�*! *!'! +  ! → 2�% )'! (15) 
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Figure 9. Gibbs energy as a function of the temperature for reactions (14) and (15) (atmospheric 

pressure-CIRCE code).  

 

The reactions (14) and (15) are particularly unfavorable so that tiny quantities of AN can be 

expected from this reaction path. Since aromatic cycles are stable, no further reaction step is 

included. Following, the reaction scheme obtained this way is represented in Figure 10. 
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Figure 10. The revised potential scheme for the reduction of nitrobenzene into aniline.  

 

This scheme only partly corroborates the Haber mechanism. The thermodynamic analysis 

suggests that C12H10N2 cannot be easily reduced into AN. C12H10N2 appears as a byproduct. 

 

5. Simulating the chemical equilibrium 

To simulate the chemical equilibrium, an isothermal reaction implying 10 mmol of NB (1.23 g) 

dissolved in 55 mL (55 g, 3 moles) of water and mixed with 6 g of carbon in a constant 100 mL 

vessel is considered to mimic the experimental conditions. The reaction temperature is varied in 

the range of 250°C – 300°C. The calculation of thermodynamic equilibrium can be done with the 

CIRCE software. (Liu et al., submitted in 2019) From the preceding analysis, the selected final 
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products are gases (H2O, H2, O2, CO, CO2, C6H7N, C6H7NO, C6H5NO2, C6H5NO, C12H10N2O, 

C12H10N2, C12H12N2), liquids (H2O, C6H7N, C6H7NO, C6H5NO, C12H10N2O, C12H10N2, C12H12N2) 

and solid carbon (to mimic the char which contains more than 90% m/m fixed carbon). Clearly, 

the simulation results look very different from the experimental results, although the list of 

products, as mentioned above, is reasonable (Figure 10). 

 

Figure 11. Comparison between the simulation results in red (obtained with CIRCE with all 13 

products) and the experimental values in blue (Norit Gac 12-40 activated carbon). 

 

It is known that chemical equilibrium calculations using the Gibbs method provide the best 

possible yield of a reactive medium. If experimental results are “better” than simulated, it means 

that products are lacking in the database or too much of them are present.  

The second option is investigated here, remembering that activated carbons are porous.  

The larger molecules such as C12H10N2O are nanometers large so that they may hardly move or 

even be created in the micro-meso pores constituting most of the reactive surface of activated 
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carbons. For this reason, it can be assumed that the direct reaction path would be favored 

(C6H5NO2->C6H5NO->C6H7NO->C6H7N).  

The simulations were reprocessed after removing all the C12 molecules (Figure 10). The 

considered products are gases (H2O, H2, CO, CO2, C6H7N, C6H7NO, C6H5NO2, C6H5NO), liquids 

(H2O C6H7N, C6H7NO, C6H5NO2, C6H5NO) and solid (C).  

 

Figure 12. Comparison between the simulation results in red (obtained with CIRCE with the 

reduced product list) and the experimental values in blue (Norit Gac 12-40 activated carbon). 

 

The simulation now corresponds much better to the experiments. The same yield would be 

obtained with the other kind of activated carbon since its topology is similar. The graphite case is 

particularly interesting. Graphite is not porous, and most of its active surface (mostly the outer 

surface of each particle) is readily accessible to the large C12 molecules. The maximum yield 

obtained in the same experimental conditions was only about 30%, which is more in line with the 

results from Figure 11.  
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All of this suggests that not only the possibility to reduce NB to AN in subcritical water with 

carbon is viable but also that the yield of the reaction is favored by the porous nature of the carbon. 

Obviously, other catalyst effects need to be accounted for (Blaser et al., 2009) but nevertheless, 

the diffusional/mechanical aspects of the reaction may explain a lot about the reaction.  

 

6. Conclusion 

The synthesis of AN by reducing NB is studied numerically, and the results are compared to 

experimental values in view of interpreting the results. The novelty of this synthesis path is that 

no added hydrogen, nor catalyst are used but the reduction is obtained using carbon and subcritical 

water. The latter reactants are supposed to produce hydrogen in situ, which is used to perform the 

reduction. Note that porous activated carbon is used.  

To do the simulations, the in-house developed software CIRCE was used. CIRCE (LIU et al., 

submitted in 2018) is capable of providing the list of all products of a reaction (from the atomic 

composition of the reactants) and can calculate the multiphase chemical equilibrium.  

The thermodynamic analysis or the elementary reactions suggests that the Haber reaction 

mechanism is only partly possible involving a direct path involving only C6 molecules and an 

indirect path involving C12 molecules. It is found that this second path is much less likely. 

If both pathways are implemented, the calculated conversion rate of NB in AN is only about 

30%, which is much less than measured with activated carbons (65%). Note this calculated yield 

is very much in line with the measurements when non-porous graphite is used instead of activated 

carbons. When the C12 molecules are withdrawn, the calculated yield is much closer to those 

measures with activated carbons. The interpretation is that large C12 molecule could hardly move 

inside the pores so that may not be produced or react. This would suggest that the mechanical 
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aspect of the carbon is a very important aspect, and the present calculations helped to understand 

this.   
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