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Abstract 
 

 This report contains the detailed study of the Nitrobenzene hydrogenation into Aniline (Pd/C catalyzed) 

in a 0.5 m3 useable volume.  

Reaction rate is limited by both Gas-Liquid and Liquid-Solid mass transfers. However Gas-Liquid 

transfer is much more limiting than Liquid-solid transfer. So, increasing catalyst quantity will not 

significantly decrease reaction duration. Then, stirring mobile technology, stirring speed and system 

pressure are crucial parameters in order to improve the mass transfer and to favors productivity. As a 

result, process is conduct in a stirred tank equipped with a Gas inducing impeller. 

As reaction is highly exothermic, a tubular heat exchanger (Uext ≈ 800 W.m2.K-1) is connected to the 

reactor thanks to a circulation loop (0.1m3). Heat exchange surface is determined in order to favors mixture 

temperature homogenization. Circulation loop and cooling fluid inflows could regulate reaction 

temperature by keeping the logarithmic temperature difference of the heat exchanger at a set value. Thus, 

in order to maintain reaction temperature as constant as possible, a regulation issue is proposed. 

 

System is entirely automatized and H2 pressure can be increased so as to favors reaction rate. Then, the 

limiting factor for productivity comes from the heat exchanger’s thermal transfer capacity. As a result, the 

study leads to the choice of an efficient heat exchanger system, able to maintain reaction temperature for 

high reaction rate. Finally, hydrogen pressure is increased to 8 bars in agreement with standards 

equipment (heat exchanger, pumps…)  

 Because of the 0.1 m3 loop volume, the final useable volume is adjusted consequently to 0.6 m3 and the 

productivity is lightly higher (loading /unloading time evaluated to 30 min). 

Then, for 14.4 kg of catalyst and 0.49 m3 of Nitrobenzene introduced, P = 8 bars, Tm = 25°C: 

 

Symbol Parameters Value Units 

ωc Solid mass fraction 0.03 (-) 

XA Nitrobenzene conversion 0.9 (-) 

N Stirring speed 6.5 s-1 

tr Reaction duration 2.6 h 

S Heat exchange surface 30 m2 

PB Aniline production 1000 tons/year 

Table 0: Retained parameters 
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Symbols 

Symbol Signification Units 

a Specific area of gas /m3 of liquid phase m2.m-3 

ac Specific area of solid/m3 of liquid phase m2.m-3 
Ci,su Surface concentration of i (catalyst) mol.m-3 
Ci,ex External concentration of i (organic phase) mol.m-3 
Cp Mass heat capacity J.kg.K-1 
Cv Molar heat capacity  J.mol-1.K-1 
dA Agitator diameter m 
db Gas bubble diameter m 
De Effective diffusivity m.s-1 
Dm Average diffusivity m.s-1 

DTLN Logarithmic temperature difference °C 
dp Catalyst diameter m 
dT Tank diameter m 
fex External resistance fraction  % 
Fr Froude number  - 
Frc Critical Froude number - 

     Modified Froude number - 
g Gravity constant m.s-2 
H Reactor’height m 

HH2 Hydrogen solubility in organic phase (Henry coefficient) Pa.m3.mol-1 
h specific heat exchange coefficient W.m-2.K-1 
k Reaction rate constant / m3 of organic phase m3.mol-1.s-1 
kD Liquid-solid mass transfer conductance (L/S) m.s-1 
kl Gas-Liquid mass transfer conductance (G/L) m.s-1 
kp Reaction rate constant /m3 of catalyst pellet (m3)2.m3.mol-1.s-1 
kla Gas-Liquid mass transfer coefficient s-1 
m mass kg 
M Molecular weight g.mol-1 
N Stirring speed s-1 
Nc Critical turbine speed for gas induction s-1 
n Molar quantity mol 

NA Aeration number - 
Np Stirring power number - 
Nu Nusselt number   
P Pressure Pa 

Pr Prandtl number  - 
PB Aniline productivity Tons/years 
q Blade's caracteristic lenght m 
Q Volumetric flow m3.s-1 
QG Gas injection flow  m3/h 
R Gas constant J.K-1.mol-1 

Re Reynolds number  - 
Res Reynolds stirring number - 
   Intrinsic reaction rate /m3 of catalyst pellet mol.s-1.m-3 

   Intrinsic reaction rate /m3 of organic phase mol.s-1.m-3 
  ̅̅ ̅ /   ̅̅ ̅ Apparent reaction rate mol.s-1.m-3 
         reaction rate at surface concentrations (catalyst) mol.s-1.m-3 
         reaction rate at external concentrations (organic) mol.s-1.m-3 

S Heat exchange surface m2 
Sc Schmidt number  - 
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Symbol Signification Units 

Sh Sherwood number  - 
T Temperature K or °C 

td Dead time (loading unloading duration) h 

tr Reaction duration h 

Uext Global heat exchange coefficient W.m-2.K-1 

uvg gas flow rate (empty tank) m.s-1 
V Volume in the reactor m3 
V’ Total volume (reactor+loop) m3 

Vloop Loop volume of the heat exchanger system m3 

Vr Volume of reaction mixture (organic phase in the reactor) m3 

Vtot Reactor total volume m3 

Vu Usefull volume m3 
W Mechanical power (G-L) W 
W0 Mechanical power for liquid only W 
XA Nitrobenzene conversion - 
ΔH Reaction enthalpy kJ.mol-1 

ΔTad Adiabatic temperature elevation K 
zA Distance between stirrer and tank bottom m 
zL Liquid height in the reactor m 

 

 

Greek letter Signification Units  Subscript Related to 
 βp Internal porosity -  0 Initial 
ε Interstitial porosity (=1 -   ) -  A Nitrobenzene 
 ̅ Mass stirring power W.kg-1  B Aniline 
 ̃ Volume stirring power W.m-3  c Catalyst center 
εG Gas holdup/Gas retention -  cata Catalyst 
εs volume fraction of solid  -  d Dead 
η Efficiency -  e effective 
Δ Differential -  ex(t) External 
λ Thermal conductivity W.m-1.K-1  f Cooling fluid 
μ Dynamic viscosity Pa. s-1  G Gas 
ν Cinematic viscosity m-2.s-1  GL Gas-Liquid 
ρ density kg.m-3  GLS Gas-Liquid-Solid 
ρs Solid density kg.m-3  i Compound i 
ρp Impregnated catalyst density kg.m-3  int Internal 
σ Surface tension N.m-1  j Compound j 
τ Tortuosity -  loop Loop 

φsu General Thiele modulus -  L Liquid 
ω Mass fraction -  LS Liquid-Solid 

    m Mixture 
    max Maximum 

Exponent Related to   min Minimum 

e Inlet   org Organic phase 
max Maximum   p Catalyst pellet 

i Initial   r Reaction  
s outlet   s Solid 

    su Catalyst Surface 
    tot Total 
    u Useable 
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1. Introduction and objectives 
 

Aniline is an organic compound (Figure 1). Its amino function is used as a precursor in many industrial 

chemicals processes. Aniline is mainly used for the preparation of polyurethane (from methylene diphenyl 

diisocyanate (MDI)). Other uses include rubber processing chemicals (9%), herbicides (2%), dyes and pigments 

(2%). Aniline worldwide production is closed to 4x106 tons/year and its value on the market is around 1€/kg. 

 

Figure 1: Aniline 

Aniline is mainly produced in two steps from benzene. In the first step, benzene is nitrated using a 

concentrated mixture of nitric acid and sulfuric acid at 50 to 60 °C, which gives nitrobenzene. In the second 

step, nitrobenzene is hydrogenated, typically at 200-300 °C by metal catalysts (Figure 2).  

 

Figure 2:  Hydrogenation of Nitrobenzene to Aniline 

 

Nitrobenzene reduction to Aniline is fast and hydrogenation is carried out under a wide range of 
conditions including vapor phase. They are known to be potentially hazardous reactions, especially because the 
hydroxylamine intermediates formed are often thermally unstable and can dissociate with a significant 
temperature increase causing large explosions.  

 

The goal is to conduct the reaction in a 0.5 cubic meter useable volume reactor. The quadriphasic (two 
liquid phases, one gaseous and one solid) reaction study will lead to the reactor-scale design, and to the choices 
of technologies (reactor, agitator and cooling system), in order to favors productivity. Separation and 
purification steps will not be studied here. 

 

Thanks to laboratory-scale reaction, reasonable operating conditions are given hereafter: 

- Reaction temperature fixed to 25°C. 

- Hydrogen reactor pressure maintained to 4 bars by H2 feeding. 

- Power number of 6 for the stirrer in turbulent regime. 

- Reactor useful volume fixed to 0.5 m3. 

- Palladium over activated charcoal is used as reaction catalyst. 

- Solid mass fraction of 0.03 kg of catalyst/kg of nitrobenzene introduced. 

 

To make notations easier, nitrobenzene will be noted A and aniline B. 

http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Polyurethane
http://en.wikipedia.org/wiki/Methylene_diphenyl_diisocyanate
http://en.wikipedia.org/wiki/Methylene_diphenyl_diisocyanate
http://en.wikipedia.org/wiki/Rubber
http://en.wikipedia.org/wiki/Herbicides
http://en.wikipedia.org/wiki/Benzene
http://en.wikipedia.org/wiki/Nitration
http://en.wikipedia.org/wiki/Nitric_acid
http://en.wikipedia.org/wiki/Sulfuric_acid
http://en.wikipedia.org/wiki/Nitrobenzene
http://en.wikipedia.org/wiki/Hydrogenation
http://en.wikipedia.org/wiki/Catalyst
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Experimental data are summarized in the following table: 

Symbol Parameters Value Units 

Tm Reaction mixture temperature 25 °C 

P Reaction pressure 4 bar 

Vu Useful volume 0.5 m3 

Np Stirring power number 6 (-) 

HH2 Hydrogen solubility in organic phase (Henry coefficient) 6.4x104 Pa/m3/mol 

DmH2 Average molecular diffusivity of H2 in organic phase 108 m2/s 

DmA Average molecular diffusivity of nitrobenzene 3x10-9 m2/s 

k reaction rate constant (T=25°C) 10-4 m3/mol/s 

ωc Solid mass fraction 0.03 (-) 

ΔH Reaction enthalpy -545 kJ/mol 

XA Nitrobenzene conversion 0.9 (-) 

dp Catalyst’s medium diameter 60 µm 

L Catalyst’s caracteristic length 5 µm 

Table 1:Given data 

Without any information about catalyst, following parameters are retained:  

- Internal porosity        (average value) 

- Internal tortuosity :      (3-dimensions) 

- Catalyst density :               ( >    to avoid floating phenomenon) 

- Characteristic length of the catalyst (L) is the thickness of palladium impregnation.  

 
These values have to be verified from catalyst’s manufacturers and following calculations corrected 

consequently.  
 
The reaction obeys to a 1st-order kinetic law regarding to nitrobenzene (A) and hydrogen (H2). Intrinsic 

reaction rate expression is given by the rate law: 

                      
 

rv        is the intrinsic reaction rate (mol of A consumed/m3 of organic phase/s) 

      : Concentration of i at the catalyst’s surface (mol/m3) 

 

The aim is to verify and to complete operating conditions in order to obtain the 90% conversion (XA), 
and to favors productivity (considering the high exothermicity of the reaction). As a result, thermal exchange 
technology, gas-liquid transfer technology, loading/unloading procedures and others practical aspects will be 
discuss to determine effective operating conditions. 

 
Physical and thermodynamic properties of the products are summarized in appendix 1: Products 

properties. 
 

 Products hazards are given in appendix 2: Security. Thus, entire system is supposed automatized in 

order to keep a safety between operators and products. However, for routines operations and yearly 

maintenance, operators must wear personal protective equipment: helmet, security glasses and shoes, gloves 

and protective clothes. Moreover, the complete system has to be regularly test with N2 so as to detect possible 

cracks, and H2 consumption checked, in order to avoid any hydrogen leak (explosion risks) inside the chemical 

plant.  
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2. Preliminary study: Chemical regime 
 

In this preliminary part, all mass transfer limitations are neglected (Gas-Liquid and Liquid-Solid). 

Reactor pressure and temperature are considered constant. Liquid and organic phases are supposed not 

miscible (Solubility of A/B in water in appendix 1: Products properties).  

2.1. Reactor design 

A stirred tank is retained in order to perform the reaction. This kind of reactor is particularly adapted to 

exothermic reactions because it is possible to set up additional cooling systems. Reactor useful volume (Vu=0.5 

m3) is fixed for the study.  

A “Rushton” turbine with six flat blades is chosen. This technology creates an important shearing, so a 

good gas scattering into liquid, and for which correlations are available. The reactor is equipped with four 

current baffles to avoid any vortex effect. Reactor has to resist to hydrogen embrittlement (appendix 1: 

products properties) and to working conditions. 

  
Usually, for this kind of reactor:         

     
    

 
 

   
 

 
      So         √

   

 

 
 

             

Turbine:                     

Distance between reactor and beater:      
 

 
           

 

                  Figure 3: reactor sizing                                                                  

Blades (6 lift blades):       
  

 
                      

  

 
         

Baffles (4 lift baffles):                                               m 

 
Useful volume (Vu) is introduced as the maximal volume of the Liquid-Solid suspension. As reaction is 

triphasic (Gas-Liquid-Solid), it is not possible to fix the total reactor’s volume (     , before having an estimation 

of the gas retention (  ). However, it is possible to keep a liberty degree on reactor’s height (H) in order to take 

care later of the gas holdup. By keeping a 30% disengagement volume, it comes: 
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2.2. Preliminary mass balance 

Study leads to introduce characteristic volumes in order to describe the system: 

- Volume of the Organic phase :                     (reaction phase) 

- Volume of the Aqueous phase:                          

- Volume of the Liquid mixture:                              

- Volume of the Liquid-Solid suspension :                        

- Volume of the Gas-Liquid-Solid suspension:                     

 By definition, Liquid-Solid suspension volume (   ) must not exceed useful volume (         ) 

during reaction. So, at any time: 

                                       

      Expression can be developed as follow for the reaction: 

                

  

  
         

  

  
          

    

    
      

     

  
  

Reaction implies (figure 2) that Aniline and water production will increase the Liquid volume (  ) 

during reaction. By deduction, useful volume (  ) is obtained for the maximal conversion (      ):  

                      

  

  
            

  

  
            

    

    
       

     

  
          

Resolution gives: 

                                                                           

       = 14.4 kg       ;                     

2.3. Calculation of minimum reaction duration 

 The minimum reaction duration is calculated for 90% conversion and 100% efficiency (chemical 

regime). So, the apparent reaction rate is considered equal to intrinsic rate (no Liquid-Solid transfer 

resistance:    ̅̅ ̅                 ). Moreover, hydrogen concentration in the organic phase is equal to its 

maximum value, given by the Henry’s law (no Gas-Liquid transfer resistance). Reaction volume (    ), 

temperature and pressure are considered constants. Aqueous and Organic phases are non-miscible into each 

other.  

Mass balance on A: 

   

  
      ̅̅ ̅                            
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Development:  

      
  

    
                            

   

  
               

Integration between t0 and tr leads to (isochoric):     

   
  

   
              

Hydrogen concentration in organic phase is given by the Henry’s law (Gas solubility). Because of the low 

vapor pressures of nitrobenzene, aniline and water (appendix 1: Products properties), the Gas phase is 

considered as pure hydrogen (           ): 

      
    

 

   
               

Conversion expression is:     
      

   
      So,     

  

   
         

Then, for a nitrobenzene conversion of 90%: 

 

     
        

       
    

         

                           

The minimum reaction duration is given as indication (no transfer limitations) and is valid for fixed 

conditions of temperature and pressure (25°C, 4 bars).   

2.4. Calculation of adiabatic temperature 
 

It is noticed that reaction is highly exothermic (               ). Thus, Reaction power can be 
approached by the ΔTad calculation. It gives an estimation of the temperature elevation for an adiabatic system 
by comparison between heat produce by the reaction and heat transfer capacity of the mixture. ΔTad is 
calculated at the beginning of the reaction, when nitrobenzene concentration is maximal: 

 

     
|  |   

     
           

 
With                and                   (overestimation of      ) 

 
It indicates that the mixture temperature could increase by 3422K if the system is considered adiabatic 

(no heat exchanger). As a result, it will be necessary to pay special attention in the choice of the cooling system, 
in order to avoid any runaway risks. 

3. Mass transfer limitations study 

3.1. Gas-liquid mass transfer limitations 
  

In this part, Gas-liquid transfer limitations are studied. Gas phase is considered as pure hydrogen. The 

Gas-Liquid suspension is assimilated to air-pure water systems (coalescent). As reaction rate depends of H2 

concentration (organic phase), stirring control and H2 injection will be essentials to have a good gas-liquid 

transfer (bubble dispersion) and to suspend catalyst. 
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3.1.1 Working hypothesis 

 
In order to carry out correlation’s calculations, some hypothesis and simplifications are required. 

Simplifications are made in order to be in unfavorable conditions (Table 2). System is considered isothermal 

and isobaric. 

Parameters Simplified Value Units Justification 

VL  Vu 0.5 m3 Vu  > VL : underestimation of       
      1020 kg/m3        underestimation of       
      4x10-3 Pa/s         underestimation of       
      0.0439 N/m        underestimation of       

        3x10-9 m2/s     unknown but A & B are similar products 

Table 2: Working hypothesis for gas-liquid transfer limitations study 

3.1.2 Calculation of minimum stirring speeds: 

For a triphasic reaction, the stirring mobile has to fulfill two objectives. Firstly, stirring speed has to be high 

enough to suspend catalyst in the mixture (homogeneous dispersion). Secondly, the stirring mobile has to 

disperse the gas by shearing the gas bubbles (from the inlet gas flow) into smaller one in order to increase the 

interfacial area. These conditions involve being in turbulent regime (Re > 104).   

 Minimum stirring speed for solid suspension (no gas): (Zwietering (1958))  

Minimum stirring speed for solid suspension is calculated using Zwietering correlation for a six blades 

Rushton turbine and a standard reactor. This correlation required a dimensionless number (S), estimated from 

Niemow correlation.  

(
      

   

 
)

 

  (
   (     )  

 

  
 )

     

(
  

  
)

    

(
     

  
)

   

(   
    

    
)

    

 

With                                 for        

                              

S given for a 6 blades stirring mobile and standard reactor (Niemow (1978)): 

      (
  

  
)

    

(
  

  
)

   

          Then,                         and                                       

 Minimum stirring speed for gas dispersion (no solid): (Van Dierendonck (1968))  

The minimum stirring speed for gas dispersion is calculated using Van Dierendonck correlation: 

           
  

  
 √                      

                

Thus, calculations allow to determinate minimum stirring speed (       ) for solid suspension and gas 

dispersion: 
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3.1.3 Gas-liquid transfer study for a Rushton turbine with gas recirculation loop 
 

Reactor is equipped with a gas 

recirculation loop (figure 4) so as to maintain 

an efficient gas injection flow (  ), and to 

favors the Gas-Liquid transfer (H2 feeding flow 

used to keep the 4 bar pressure (   
 ), is not 

enough to favors the Gas-Liquid transfer). Gas 

distribution is made by a single orifice located 

under the stirring mobile. A Gas-Liquid 

separator is added to the circulation loop in 

order to prevent the gas pump from liquids.  

                                                                                                        Figure 4: Simplify scheme of the system  

3.1.3.1 Working conditions determination 

 
Dimensionless numbers have to be introduced: Reynolds number (Re), aeration number (NA), stirring 

Froude number (Fr), and gas Froude number for stirred tank (Fr’G) are presented in appendix 3: Dimensionless 

numbers). 

Moreover, some conditions have to be verified in order to apply correlations: 

        
  

  
                                                                                     

These criteria lead to determinate minimum/maximum stirring speed (             ) each one 

associated to a minimum/maximum feeding flow of H2   (      and      ). It represents the limits of the 

correlation’s validity domain (boundary conditions): 

                           

        

          

         

           

         

        

        

            

Table 3: Boundary conditions of correlations  

 In order to maximize the Gas-Liquid transfer, and be able to use correlations, following working 

parameters are retained: 

            (2450 rpm)  /        200      

For these working conditions: 

parameters value units parameters value units 

dA/dT 0.4 (-) uVG 0.096 m/s 

Fr 1.5 (-) Fr’G 2.7x10-3 (-) 

NA 0.21 (-) Re 1.96x105 (-) 

Table 4: Calculations results  
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3.1.3.2 Gas-Liquid transfer parameters estimations 

In order to determine the Gas- Liquid transfer coefficient, correlations are given for gas holdup (  ), 

bubble diameter (   ), interfacial area (a), Liquid transfer conductance (kl), and gassed to un-gassed stirring 

power ratio (W/W0). Many correlations are available in literature for standard reactors equipped with Rushton 

turbine and gas distribution located under the stirring mobile. Those which return average values of the 

parameters presented previously have been retained and developed hereafter. 

 Stirring power for liquid only (W0): 

 

         
   

  

 
                                   

 Hughmark and al. (1980) correlations:  

 

  
    (

  

   
)
    

(
    

 

    
   )

    

 

        (
  

   
)
   

(
    

 

    
   )

   

(
        

 

    
   )

   

 

  
    

  
        

   
(

    
 

    
   )

    

(
 

  
)
   

 

      (
   

  
 )

   

(
  

   
)
   

(
    

 

    
   )

     

(
        

 

    
   )

     

 

This equation system is solvable with an excel sheet 

                                                        

 

  
                         W 

    estimation by Lamont and Scott (1970) correlation :  
 

Compared to     values obtained from Van’t Riet (1979), Bakker and al. (1994) and Linek and al. (1987) 

correlations (appendix 4), the Lamont and Scott (1970) correlation (for kl determination) give an average 

estimation of the Gas-Liquid mass transfer coefficient (if associated with the interfacial area (a), calculated 

previously from Hughmark and al. (1980)): 

      (
 ̃  

  
 )

   

   
    

                 
  

     
          

 ̃  
 

  
               ;                       
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3.1.4 Gas-liquid transfer study for a gas-inducing impeller 

  

 Based on the publication of Poncin and al. (appendix 5), correlations are available so as to evaluate the 

Gas-Liquid mass transfer coefficient for a gas-inducing impeller in a stirred tank. Impeller geometry is similar to 

centrifugal pumps and consists to a double disc which covers eight straight radial flat blades. The impeller is 

open to the liquid circulation around the base of the hollow shaft as shown in Figure 5. 

 

This kind of technology is very interesting here, firstly because the 

recirculation loop is unnecessary (security), secondary because it allows 

good Gas-Liquid mass transfer for lower dissipated power than the 

previous system (operating costs).  

 Correlations conduct to express Nc, the critical turbine speed for 

gas induction (minimum stirring speed to overcome the static head of 

liquid above the impeller) 

  Poncin and al. introduced a modified Froude number:   

      Figure 5: Gas-inducing impeller                                                

 

Removed for intellectual property 

Following correlation is used to express aeration number (NA) as a function of    
     

   :                          

 

Removed for intellectual property 

The power consumption is represented by the gassed to un-gassed power number ratio:  
   

   
 

 

  
 

    is a constant which depends of impeller design. Experimentally, Poncin and al. found          at 

un-gassed turbulent conditions. The gassed power number is correlated by: 

Removed for intellectual property 

Experimental expression of the gas holdup: 

Removed for intellectual property 

For coalescent systems as air-water, the expression of the gas-liquid mass transfer coefficient is 

estimated with: 

 

Removed for intellectual property 
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Finally, correlations resolution (excel sheet) leads to the following results (Table 5):  

N (s-1)    
     

   W/W0    (%)     (s-1) 

1 - - - - 

2 - - - - 

2.5 - - - - 

3 - - - - 

4 - - - - 

5 - - - - 

6.5 - 0.17 21.9 0.43 

Table 5: Correlations results for the gas-inducing impeller 

The gas-inducing impeller technology seems to be a better solution so as to favors the Gas-Liquid 

transfer (and minimize operating costs) than the Rushton turbine associated to a gas circulation loop. If higher 

Gas-Liquid mass transfers are required (productivity), the stirring speed of the gas-inducing impeller could be 

increased. Then, more efficient Gas-Liquid mass transfer technology as EKATO RMT Kombibgas (with two 

different impellers) could be considered. It is introduced as able to double productivity for the reduction of 

aromatic nitro-compounds.  

Anyway, retained working parameters are now those obtained for the gas-inducing impeller: 

                                                         

 

  
                           W 

It leads to calculate the total volume of the reactor (§ 2.4: Reactor design): 

                                          Then,            

 

3.2 Liquid-solid transfers limitations 
 

In order to study Liquid-Solid limitations influence, internal and external diffusion must be studied 

separately. In order to proceed, following hypotheses are involved:  

- Turbulence is considered isotropic and homogeneous in each part of the reactor.  

- Nitrobenzene hydrogenation is supposed to be the only reaction which occurs. 

-  System is isothermal and isobaric. 

- Transfer limitations are studied at the beginning of the reaction, when transfer resistances 
are maximal, and for the limiting reactant (H2).  

- Aqueous and organic phases are non-miscible into each other.  

- Reaction takes place exclusively in organic phase. 

The aim is to determine an expression of the apparent reaction rate (  ̅       ) from the intrinsic 

expression (            given at §1: Introduction and objectives). It leads to an estimation of the surface efficiency 

(   ): 

  ̅                     
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3.2.1 Internal mass transfer 
 
 Thiele modulus calculation evaluates competition between intrinsic kinetic (          ) and effective 

diffusivity. It leads to an estimation of the internal Liquid-Solid transfer resistance by calculation of the surface 
efficiency (   ).   

For the limiting reactant (H2):                              
  

           

          

 
           

    

 

Calculation requires finding an expression of the rate constant   : 

                  

  Then,        
   

    
 

         

         
                 

 
   : [(m3)2 of organic phase/m3 of catalyst pellet/mol/s] 

H2 effective diffusion (    ) can be estimated by:           
  

  
                      

For an over-estimation of Thiele modulus, it can be approximate that: 

                                        

Thiele modulus estimation is made at initial time (XA=0), when internal transfer resistances are maximal: 

      
  

       
 

    

 
                          

         
             

So,                

Surface efficiency expression is (given for spherical particles): 

    
                  

    
       

Thus, reaction rate is limited by both Gas-Liquid and Liquid-Solid transfers. 

3.2.2 External mass transfer 

 In order to evaluate the external transfer resistance due to reactants diffusivity through the Liquid-solid 
boundary layer, reaction rate is compared to external diffusivity by calculation of the external resistance 
fraction. Then, an estimation of the external mass transfer conductance (kD) is necessary: 
 

 External mass transfer conductance coefficient (kD): 
 

 Armenante and Kirwan (1989) give a correlation which link Sherwood number (Sh) to the stirring 

Reynolds number (Res) and to the Schmidt number (Sc), for 10-3< Res <103: 

    
     

    
          

       
          (

 ̅     
   

   

  
)

    

(
  

      
)
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 Liquid phase properties are assimilated to Nitrobenzene properties (      ;   =    ), and the Liquid 

volume to the useful volume (VL=Vu), in order to underestimate    . 
 

The average specific power is calculated as follow:   ̅  
 

    
 = 

 

    
       

        
  2.35 (W/kg) 

 

                                 341 

 

 It was noticed that Armenante and Kirwan (1989) correlation leads directly to an estimation of the mass 

transfer conductance    (≠  
 ). It means that the film theory is unnecessary here. Then, 

                    5.39 

 

                                        

 

 External Liquid-Solid mass transfer limitations: 

 

 Limitations are always studied for the limiting reactant (H2), and at the beginning of the reaction, when 

transfer resistances are maximal. System is considered isothermal. The objective is the determination of an 

expression of the apparent rate (  ̅̅ ̅) from the intrinsic rate expression (  ), and for reactant’s concentrations in 

the organic phase (   ): 

  ̅                                  

It leads to find and expression of the external efficiency (   ) by studying external mass transfer 

limitations. 

External efficiency for a 1st order rate law/limiting reactant is: 

    
   

             
          

Liquid-solid external resistance fraction is given by: 

 

               

Then,             

 

It appears that there is no external resistance. As     
       

   

 

Then,            and           

 It leads to an expression of the apparent reaction rate from the intrinsic kinetic expression. Surface 

efficiency (   ) represents the Liquid-solid limitations. Then: 

  ̅                                ̅̅ ̅     ̅̅ ̅                     
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3.2.3 Discussion  

When reaction starts, reaction rate is limited by the internal transfer resistance. By studying initial 

catalyst quantity influence onto efficiencies (excel sheet), it appears that increasing ωc will lead to improve the 

initial surface efficiency (table 6): 

ωc kp (x10-3)            

0.02 4.73 1.42 0.54 

0.03 3.15 1.16 0.62 

0.04 2.37 1.01 0.67 

0.05 1.89 0.90 0.71 

0.06 1.58 0.82 0.74 

0.07 1.35 0.76 0.77 

0.08 1.18 0.71 0.79 

0.09 1.05 0.67 0.80 
                          Table 6: influence of catalyst quantity onto surface efficiency (XA =0)        

 Thus, catalyst quantity could have an important influence onto reaction duration (productivity). 
However, reaction rate is mainly limited by the Gas-Liquid transfer. This estimation is demonstrated by 
calculation of the time constants for Gas-Liquid and Liquid-Solid transfers: 

    
 

   
                   

 

    
  

 

      
       

As              , internal Liquid-Solid mass transfer resistance is negligible in front of Gas-Liquid mass 
transfer limitations. To conclude, if catalyst deactivation is slow, the determined quantity of solid is reasonable 
in order to favors productivity, catalyst lifetime and minimizes renewing frequency.  Anyway, surface efficiency 
is calculated at any time in the MATLAB simulation program (appendix 6).  

3.2.4 Internal and external heat transfer limitations  

 Previously, calculations were carried out by considering catalyst’s temperature as uniform (Tex=Tm) 
everywhere in the catalyst seed. However, the exothermic reaction can leads to a catalyst overheats which will 
increase the intrinsic reaction rate (Arrhenius). Thus, this phenomenon has to be studied in order to know if an 
isothermal mass balance could describe the system (no catalyst overheat allows considering that the reaction 
could be isothermal if an efficient cooling system is used) In order to estimate internal and external heat 
transfer resistance, temperatures differences between mixture and catalyst center are evaluated. These 
calculations are made for the limiting reactant (H2). 

 Internal heat transfer: 

Temperature difference between catalyst center (  ) and surface (   ) can be estimated by: 

(
      

   
)

   

 
         (            )

     
 

               
   

     
 

     is the H2 concentration at the center of the catalyst seed. 

Catalyst effective thermal conductivity (  ) is taken equal to 0.2 W/m2 (≈activated charcoal). 

It comes: 

(
      

   
)
   

  
                        

       
          

When      =      , the maximal thermal difference between catalyst surface and catalyst center is 
0.028 K. So, internal heat transfer has a negligible influence onto the rate constant (k), for any activation energy 
(Arrhenius). Then, internal heat transfer resistance is neglected. 
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 External heat transfer: 

Temperature difference between catalyst surface (   ) and reaction mixture (   ) can be estimated by: 

(
       

   
)

   

 
  ̅ 

          

               

    
 

Kunii and Levenspiel (1969) give the following correlation for the external heat transfer conductance 

estimation ( ): 

   
   

  
          

     
      

Liquid properties are assimilated to nitrobenzene in order to underestimate the external heat transfer 

conductance: 

With           (§3.2.2 External mass transfer) and     
     

  
 

     

  
 = 37 

Then,             and       
    

  
 

        

                     

(
       

   
)

   

  
               

         

    
 

                                           

         
 

(
       

   
)

   

           

When      =      , the maximal thermal difference between catalyst surface and reaction mixture is 

0.05 K. As a result, external heat transfer influence onto the rate constant (k) is negligible, for any activation 

energy (Arrhenius). Then, external and internal heat transfer resistances are neglected and an isothermal mass 

balance (Tm=25°C) could be used to describe the reaction (implies using an efficient cooling system). 

3.3 Mass balances: 

 Some hypotheses have been retained in order to simplify mass balances expressions:  

- Gas phase considered as pure hydrogen:    
   (Gas transfer resistance neglected in front 

of Liquid transfer resistance). 

- Temperature constant and equal to 25°C (isothermal). 

- H2 pressure maintained to 4 bars: no H2 accumulation in gas phase. 

- Perfectly stirred reactor (Turbulence isotropic and homogeneous). 

- Concentrations are homogeneous in every part of the reactor. 

- Catalyst and external boundary layers are in steady state. 

- Aqueous and Organic phases are non-miscible into each other. 

- H2 accumulation in aqueous phase (water) is neglected.   

- Nitrobenzene hydrogenation is the only reaction which occurs. 
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 Hydrogen mass balance: 

 

Hydrogen mass balances for Organic and Gas phases and for Catalyst are given hereafter: 

 

                                                          
    

        (
   

   
       )                                               

      (
   

   
       )         (             )   

    

  
                              

                                         (             )          ̅̅ ̅                                                

  ̅̅ ̅   
  

                                             (See §3.2.2: external mass transfer) 

Reactive volume (  ) is the Organic volume (    ): in (I), (II), and (III)    =     

Moreover, external concentrations could be expressed as follow: 

      
  

    
 

Finally, it is noticed that organic volume is not constant, and depends of nitrobenzene 
conversion (see preliminary study §2.1: Mass balance): 

              

  

 
 

            
  

 
 

                          

As a result, hydrogen mass balance can be expressed as a function of    and    . By linear combination 

of (II) and (III), it comes:  

  
    

  
         (

       

   
    )    

          

    
        

 Nitrobenzene mass balance (liquid phase): 

       
   

  
       ̅̅ ̅                         
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3.3.1 Simulation of the mass balances with MATLAB 

 
Simulation is performed with MATLAB (isothermal: Tex=Tm=25°C) and returns the following curves: (see 

MATLAB simulation program in appendix 6) 

                         Figure 7: XA = f(t)                                                          Figure 8:       = f(t) 

                        Figure 9 : CH2,ex  (mol/m3) = f(t)                                       Figure 10: CA,ex  (mol/m3) = f(t) 

       Figure 11: Characteristic volumes (m3) = f(XA)                Figure 12:   A consumption rate (   ̅̅ ̅xVorg)  

                                                                                                                                      (mol of A consumed/s)=f(t) 

 
Reaction rate is mainly limited by the Gas-Liquid transfer. Moreover, simulation shows that: 

- When XA=0.9: tr =4.2h, VLS=Vu,    =0.9 and       = 3.5 mol/m3. Moreover, hydrogen 

concentration reaches its maximum value (6.25mol/m3) at the end of the reaction (XA~1). 

- After XA=0.9, reaction rate quickly fall down due to the fast dilution of A in the organic phase. 

So, stopping reaction for XA=0.9 is a good choice in order to favors productivity (if purification 

step is cheap and fast). 
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3.4 Mass transfer study results  

 Parameters retained for the study are summarized in the following table: 

Symbol Parameters Value Units 

Tm Reaction mixture temperature 25 °C 
P Reaction pressure 4 bar 

ωc Solid mass fraction 0.03 (-) 
XA Nitrobenzene conversion 0.9 (-) 

Reactor design 

dA Stirrer diameter 0.34 m 
dT=zL Reactor’s bottom diameter (=Liquid’s height) 0.86 m 

zA Distance between reactor’s bottom and stirrer 0.29 m 
H Reactor’s height 1.37 m 

Mass balance 

nA0 Nitrobenzene initial quantity 3902 mol 
VA0 Nitrobenzene initial volume 0.41 m3 
CA0 Nitrobenzene initial concentration 9520 mol/m3 

mcata Catalyst quantity 14.4 kg 

mb Aniline quantity produced (for XA=0.9) 327 kg 

Gas-Liquid transfer 

N Stirring speed 6.5 s-1 
kla Gas-Liquid transfer coefficient 0.43 s-1 

   gas holdup 0.22 (-) 

W Dissipated power (stirrer) 1380 W 

Liquid-solid transfer 

    Initial surface efficiency (XA=0) 0.62 (-) 
     Hydrogen mass transfer conductance 1.2x10-3 m/s 
    Nitrobenzene mass transfer conductance 3.5x10-4 m/s 

Simulation 

tr Reaction duration 4.2 h 

Table 7: Mass transfer study results  

4. Thermal transfers study 

  Mass transfer study above is valid for an isothermal system. Data given by the laboratory-scale (T,P) are 

supposed already studied in order to favors productivity. Thus, the objective is to maintain the working 

temperature (Tm =25°C) in the reaction mixture. As a result, a particular attention has to be paid in the choice 

of the cooling system. 

4.1 Cooling system 
 

 The study leads to find a cooling system able to keep reaction mixture at the 25°C working temperature. 

As reaction is highly exothermic, it is noticed that a jacket will not be able to do so (even if associated with an 

internal coil). Thus, an external heat exchanger is considered. A filter is added to the reactor (dp = 60µm), before 

the circulating loop, in order to keep the catalyst inside the reaction mixture (no reaction into the heat 

exchanger). A Gas-Liquid separator may be used to remove Gas from Liquid before the pump (cavitation), and 

before the heat exchanger (thermal transfer efficiency). 
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Figure 13: Simplify scheme of the heat exchanger system 

 It was noticed that the circulation loop will modify reaction mixture turbulence, so will have an 
influence onto Gas-Liquid transfer. By considering this phenomenon favorable for the Gas-Liquid transfer, its 
influence will be neglected.  

 Moreover, adding a circulation loop to the reactor will modify the useful volume. So, in order to take 
care of this observation, a loop volume is arbitrarily fixed for the study: 

                ;       
                   

4.2 Modified mass balances 
 

Loop addition leads to calculate a new initial quantity of nitrobenzene (See preliminary study: §2.1  mass 
balance). For    

        : 

                                                   
                         

                  = 14.4 kg                         

 Catalyst quantity is kept to its previous value because the circulation loop volume is a non-reactive 

volume (no solid in the loop).  Following hypotheses are involved (see §3.3 Mass balances): 

- No gas inside the circulation loop (Gas-Liquid separator). 
- Loop is always completely filled with Liquid during reaction. 
- Loop volume is considered at the same Liquid composition than the reactor. 
- No catalyst inside the circulation loop. 

Thus, reactive volume (  ) can be expressed as a function of the water volume fraction (water is 

produced by the reaction): 

         
               

     
        (  

     
 

   
 ) 

-    is the reactive volume (Organic volume inside the reactor). 

-                          volume inside the loop (non-reactive). 

-     
  is the total Organic volume (reactor + loop). 

-       is the circulation loop volume (             for the study). 

-   
     

 ,      
  are nitrobenzene, aniline and water total volumes (reactor + loop). 

-   
  is the total Liquid volume (reactor + loop): 
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As a result, hydrogen and nitrobenzene mass balances could be expressed as follow (See hydrogen mass 

balances for Gas (I), organic (II) and solid (III) phases (§3.3: Mass balances) with:       
  

     
 ) 

 Hydrogen mass balance: 

  
    

  
         (

     

   
 

     

     
 )   

            

     
           

 Nitrobenzene mass balance: 

   

  
    

            

     
        

  Plotting modified mass balance with MATLAB (Vloop=0.1m3), gives the following curves: 

Figure 14 : Nitrobenzene conversion (XA) = f(t)                      Figure 15 : Characteristics volumes (m3) = f(t) 

 

VLS is the Liquid-solid suspension volume inside reactor: VLS,max =Vu (preliminary study  §2.1: Mass balance) 

External loop addition will increase reaction duration (tr=5.2h) and aniline production at the same 
time. As a result, loading/unloading procedures frequency will decrease. Thus, productivity is lightly increased. 

4.3 Thermal Balances 

As seen previously (§3.2.4: internal/external heat transfer limitations), there is no internal or external 

heat transfer resistance (no heat accumulation around and/or inside the catalyst). Moreover, following 

hypotheses are involved in order to simplify thermal balances expressions: 

- Perfectly stirred reactor (Temperature isotropic and homogeneous:      
    ). 

- Hydrogen contribution is neglected (/reaction). 

- Dissipated stirring power (W) is neglected (/reaction). 

- No Gas and no solid (no reaction) inside the circulation loop. 

- Circulation pump contribution is neglected. 

- No heat accumulation in circulation loop or for the cooling fluid. 

- Heat exchange is mainly due to the heat exchanger (adiabatic, thermal insulation of the 

system). 
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         Thermal balances for the system are: 

- (1) Reactor:                ̅̅ ̅̅                 (        
 )         

   

  
 

 

- (2) Loop:                                        (        
 )  ∫          

  

  

 

 
 

 

- (3) Cooling fluid:                                (  
    

 )  ∫          
  

  

 

 
 

 

          With       
(     

     
 ) (     

  )

  (
     
     

 

       
  )

   (opposite fluids inflows), and     ̅̅ ̅̅    
  

             

-   S is the exchange surface (m2) 

-       is the logarithmic temperature difference (°C) 

-       is the global heat exchange coefficient (Depends of exchanger’s technology and of fluids thermal 
properties, temperatures and flows) (W/m2/K). 

 

4.4 Heat exchanger sizing 

Common values of the global heat exchange coefficients (Uext) are given for Liquid-Liquid heat 
exchangers and non-viscous products: 

- For a tubular heat exchanger: Uext ≈ 800 W/m2/K 

- For a plate heat exchanger : Uext ≈1200 W/m2/K 

4.4.1 Heat exchange surface determination: 

In order to estimate the minimum heat exchange surface (    ), required to maintain reaction mixture 

temperature (Tm), following hypotheses are involved: 

-         (isothermal=aim) No heat accumulation in the reactor ( 
   

  
        ) 

-      is fixed at a set value and supposed constant. 

- The global heat exchange coefficient (    ) is supposed constant. 

- At initial time (t=0, no reaction),       (0)=0 m2. 

 

 Then, required heat exchange surface can be estimated at any time: 
 

∫
     

  

 

 

          
         

      

        (    
 )

  

        is the minimum heat exchange surface, required at any time (    ) 

 

Previous equation is associated with modified mass balances (§4.2: Modified mass balances) and plotted 
with MATLAB. Minimum heat exchange surface is considered at the beginning of the reaction (curves maxima). 
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Figure 16:         
                             and           

Results obtained for different values of the global heat exchange coefficient (Uext) and of      are 

summarized in table 8: 

   Uext    /         15°C 10°C 5°C 

800 (W/m2/K)      =13 m2      =19.3 m2      =38 m2 

1200 (W/m2/K)      =8.5 m2      =13 m2      =26 m2 

Table 8:        for different heat exchangers and temperatures configurations 

4.4.2 Working temperatures determination: 

 Heat exchange surface depends of     , so of temperature differences between inflows and outflows. 

As a result, it is possible to set some conditions onto fluids temperatures in order to verify hypotheses and 

simplify the study: 

- Water (cooling fluid) inlet temperature set to:   
  = 5°C 

- Perfectly stirred reactor, no heat accumulation :       
      (25°C)   

- Loop mixture properties assimilated to Nitrobenzene properties. 

 Moreover, at the beginning of the reaction (      ) (2) and (3) (See §4.3: Thermal balances) gives: 

     
   

              

     (        
 )

                
  

              

         (  
    

 )
      

     
  ,   

   are the minimum heat exchanger inflows, at initial time. (m3/h) 

 Using an under or over-dimensioned heat exchanger could enslave temperatures and flows regulation. 

As reaction temperature mainly depends of the loop regulation capacity, intermediary configuration is retained 

(    =10°C) for the surface estimation. It allows working on a wide range of temperatures and flows (Table 9). 

    =10°C allows the following configurations (  
  = 5°C): 

      
  10°C 13°C 15°C 20°C 23°C 

  
                                   

     
  (m3/h) 20.7 25.9 31.1 64 156 

  
   (m3/h) 145 33.6 22.2 12.2 8.8 

Table 9: (   
 ,       

 and  
 
  ) =f (      

 ) for DTLN=10°C and    
  = 5°C 
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 By Considering that (        
 )

   
   5°C  in order to favors temperature homogenization (no heat 

accumulation, perfectly stirred reactor), following results are retained for the study: 

 

     = 10°C              
  = 5°C                  

                     
            

Uext = 800 W/m2/K   (tubular heat exchanger)                 =19.3 m2 (20 m2) 

     
                  /            

                

 Setting these working parameters (     
    

       =10°C) to the system lead to consider that there is no 

temperature regulation (constant heat exchanger’s inflows) and that the heat transfer is constant and 

overestimated. Thermal balance for the reactor (1) (see §4.3: Thermal balances) becomes:  

   

  
     

        
      

       (    
 )

    
 

    
 (         

 )

  
 

With        
        (  

     
 

   
 ) 

   is the Liquid volume in the reactor. (m3) 

   ,     
 ,      

  and   
  expressions are detailed in §4.2: Modified mass balances. (m3) 

 
Plotting previous equation with MATLAB for      

  = 64 m3/h,       
  = 20°C gives the mixture 

temperature profile: 

Figure17: Tm (°C) = f(t)  

 When the optimal nitrobenzene conversion is reached (tr = 5.2h; See §3.4: Mass transfer study results), 

mixture temperature seems to be around Tm=22°C. Considering that it has to be maintained at 25°C all along 

the reaction (productivity), a regulation system is proposed hereafter. 
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4.5 Temperature regulation 
 

 A regulation issue has to be found 
in order to maintain the mixture 
temperature at 25°C. The heat transfer 
can be controlled by action onto inflows in 
order to keep      as constant as 
possible. Then, a regulation system is 

proposed in figure 18: 
 
TIC: Temperature Indication and Control. 

Representative notation used to describe a 
regulation system which control temperature 
and act consequently (program) onto a valve 
or a pump (flow). It is mainly used to maintain 
a temperature to a set value. (PIC means 
Pressure Indication and control). 

                                                                                       Figure 18: Scheme of the regulation system  

In addition, some conditions imposed by regulation are introduced:  

- Tm = 25°C is regulated by the loop inflow (     ). 

-      
       (#    = 10°C ~constant) is regulated by the water inflow (  ).  

  

 System is linked as follow ((2) + (3): see §4.3 Thermal balances): 

           (  
    

 )            (        
 ) 

Finally, ideal fluids inflows (no heat accumulation, 
   

  
  ) are plotted with MATLAB and given as indication: 

       
        

      

     (        
 )(    

 )
 
                

     (        
 )

         (  
    

 )
      

Plotting these equations with MATLAB gives the ideal flows regulation: 

 Figure 19:        (m3/h)= f(t)                                           Figure 20:    (m3/h) = f(t) 

 It is noticed that if      have to be keep constant, a diminution of       will lead to decrease    and Uext 

proportionally. Thus, a better estimation of Uext for initials inflows (     
    

 ) and for the working temperatures, 

have to be asked from suppliers or determined experimentally. Moreover,      is flexible and can be changed 

in order to favors heat exchange and optimize flows regulation. 
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5. Productivity estimation 
 

Entire system is supposed automatized in order to increase productivity and safety. It leads to an 

estimation of the dead time (   : unloading and loading duration), estimated to 30 min (See PID scheme in 
appendix 7): 

-  System shutdown (H2 feeding, stirring, pumps) reaction stops:  5min  

-  Opening the gas exit valve to treatment (gaseous effluents sent to a gas treatment column and are 
burned). System purging under N2 injection (purge H2):  5min  

- Gas valve to treatment closure. Mixture sent to Liquid-Solid separation by bottom valve. (Under N2 

injection) 5 min 

- Bottom valve closure. Introduction of nitrobenzene (under N2 atmosphere) (P≈1bar): 5min 

- Opening the gas exit valve to treatment: H2 introduction (P≈1bar: purge N2), Closure of the Gas exit 
valve to treatment. System parameters set to the working conditions (stirring, heat exchanger flows, 
and pressure).  Catalyst introduction, reaction starts, controlled by H2 feeding flow. 10 min 

                      For 8000 h of working time / year (XA=0.9): 

   
  

 

       
 

   

       
       

Catalyst lifetime could be studied in order to determine catalyst’s activity and the catalyst renewing 
frequency.  

The reaction mixture is sent to a Liquid-Liquid separator where: 

- The aqueous phase (pH=5) is neutralized, and sent to activated carbon treatment which removes 
final organics. The carbon is regenerated by heating which eliminates the absorbed organics. 

- The organic phase is sent to a distillation column, after passing through a zeolite system (water 
removal), where Aniline is separated from Nitrobenzene. 

5.1 Pressure influence and optimization 
 

 Temperature and pressure have an important influence onto productivity. Thus, it is known that Gas 

solubility will decrease with an elevation of temperature. However, activation energy of the reaction was 

unknown during the study. So, temperature effect onto reaction rate (Arrhenius) is not studied here. Anyway, 

Henry’s law is valid for an isothermal system. Thus, it is possible to evaluates the pressure effect onto 

productivity for Tm=25°C. Results obtained for the retained configuration (Uext=800 W/m2/K,     =10°C) are 

summarized in table 10: 

P   (bars) 4 6 8 10 15 20 

tr   (h) 5.2 3.5 2.6 2.1 1.4 1 

S    (m2) 20 29 39 50 72 95 

  
       (m3/h) 12 18 24 30 46 61 

     
  (m3/h) 63 96 128 160 240 320 

     (tons/years) 560 790 1020 1220 1670 2110 

Table 10: Pressure influence onto system design and productivity 

 Finally, productivity is limited by the heat exchange capacity. Thus, it seems reasonable to work until 

P=8 bars, higher pressures will require a further feasibility study around the heat exchanger system capacity 

and design (cooling fluid, DTLN>10°C, two loops...). For this reason, an 8 bars working pressure is retained here. 
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5.2 Final Results Summary 
 

 It is noticed that the global heat exchange coefficient (Uext) mainly depends of inflows. Then,      is 

flexible and can be changed in order to favors heat exchange by maximizing inflows. As it will also depends of 

the heat exchanger design (shell, baffles, one pass/multi pass, flow capacities, cooling fluid…), more details 

have to be gathered from suppliers during the economic study so as to optimize temperature regulation.  

Finally, retained results are summarized hereafter (table 11):   

Symbol Parameters Value Units 

Tm Reaction mixture temperature 25 °C 
P Reaction pressure 8 bars 

ωc Solid mass fraction 0.03 (-) 
XA Nitrobenzene conversion 0.9 (-) 

Reactor design 

dA Stirrer diameter 0.34 m 
dT=zL Reactor’s bottom diameter (=Liquid’s height) 0.86 m 

zA Distance between reactor’s bottom and stirrer 0.29 m 
H Reactor’s height 1.37 m 

Mass balance 

nA0 Nitrobenzene initial quantity 4701 mol 
VA0 Nitrobenzene initial volume 0.49 m3 
CA0 Nitrobenzene initial concentration 9520 mol/m3 

mcata Catalyst quantity 14.4 kg 

mB Aniline quantity produced (for XA=0.9) 396 kg 
mH2 Amount of H2 consumed by reaction 25.5 kg 

Gas-Liquid transfer 

N Stirring speed 6.5 s-1 
kla Gas-Liquid transfer coefficient 0.43 s-1 

   Gas holdup 0.22 (-) 

Liquid-solid transfer 

    Initial surface efficiency (XA=0) 0.62 (-) 

Simulation 

tr Reaction duration 2.6 h 

Heat exchanger 

Vloop Circulation loop volume 0.1 m3 

S Heat exchange surface 30 m2 
Uext Global heat exchange coefficient 800 W/m2/K 

     Logarithmic temperature difference 13 °C 
  

  Outlet water temperature  12 °C 

  
     Minimum initial water inflow 38 m3/h 

     
  Minimum initial loop inflow 128 m3/h 

Productivity estimation 

PB Aniline production 1000 tons/year 

Table 11: Final results 
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6. Conclusion 

Reaction rate limitations are mainly due to the Gas-Liquid transfer. Increasing the stirring speed and/or H2 

pressure will favor productivity. The external loop addition will influence system turbulence and Gas-Liquid 

transfer (considered favorable in the study). Tests have to be realized experimentally and H2 pressure, loop 

inflows and stirring speed adjust consequently to favors productivity. 

In order to optimize the system and reduce production costs, an economic analysis on stirring mobiles 

technologies, H2 compression costs and heat exchangers is required.  

A productivity of 1000 tons/year seems to be in agreement with standard materials (pumps, recirculation 

loop capacity). If higher productivity has to be reach (from 1000 tons/year to 2000 tons/year), a feasibility 

study on the heat exchanger has to be realized. Moreover, the study could easily be extrapolated to bigger 

reactors but requires a better estimation of the Gas-Liquid transfer and of course the use of an efficient cooling 

system. 

Finally, reaction rate and heat exchange system could be automatically regulated by temperature and 

pressure of the reactor. 

 

Industrially, catalytic hydrogenation is often realized in a tubular plug-flow reactor (PFR) packed with a 

supported catalyst. Pressures and temperatures are typically high (depends of catalyst). Various promoters are 

added to the metal, or mixed metals are used, so as to improve activity, selectivity and catalyst stability. The use 

of nickel is common despite its low activity, due to its low cost compared to precious metals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://en.wikipedia.org/wiki/Plug_flow_reactor_model
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Appendices 
 

Appendix 1: Products properties 

Product properties are summarized hereafter: 

Product Formula CAS number M (g/mol) Pf (°C)  Pb (°C)  
ρ 

(kg/m3)   
s(H2O) (g/L)  

nitrobenzene (A) C6H5NO2 62-53-3 123.11 6  211 1173 2.1 

aniline (B) C6H5NO3 98-95-3 93.13 -6.0  184,1 1020 36 

Hydrogen gas H2 1333-74-0 2 -259.1 -252.76 PM/RT 0.0062 

Palladium Pd 03-05-7440 
106.42 1554.8 2963 12020 - 

Activated charcoal C - - - - 630 - 

Catalyst Pd/C 5% - - - - 1200 - 

Water H2O 7732-18-5 18 0 100 1000 - 

 

Product Solubility 
Cv 

(J/(mol.K))   
Cp 

(kJ/kg/K)  
λ 

(W/m/K) 
µ  (10-3 

Pa.s)  

Vapor 
pressure  

(bars) 
Others 

nitrobenzene 
(A) 

insoluble in 
water, soluble in 

ethanol, ether, 
acetone 

182.9  1.5  0.15  2 2x10-4 (20°C)   

aniline (B) 

moderately 
soluble in water, 

miscible with 
ethanol, ether, 

acetone 

180.0  1.9  0.175  3.71 4x10-4 (20°C) pKb=9.3 

Hydrogen gas A, B and water 28.6 14.3 - 0.0086    
palladium - - - 71.6 -    
activated 
charcoal 

- - - 0.2 -    

catalyst - - - 0.2 -  
       / 

     

Water 
Not miscible in 

A/B 
75.33 4.185 0.6 1 0.024 (20°C)   

         Solubility of H2 in water=f(T) 

http://toolserver.org/~magnus/cas.php?cas=7440-05-3&language=fr&title=Palladium_.28chimie.29
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Appendix 2: Security 

- Hydrogen embrittlement: 

Hydrogen embrittlement is a process by which various metals becomes brittle and fracture following 

exposure to hydrogen. This phenomenon could be very important for high temperatures and pressures. In this 

study, hydrogen embrittlement may be neglected and 416L stainless steel used. Further information from 

reactor and pipes suppliers have to be gathered during the economic study. 

- Product’s Toxicology data’s : 

Products 
Toxicological Data on 

Ingredients (LD50) 
Health Hazards 

Flash 

point 

Auto- 

ignition 

temperature 

LEL UEL 

Aniline 

 

ORAL: Acute: 250 mg/kg 

[Rat.]. 464 mg/kg 

[Mouse]. 

Hazardous in case of skin and eye contact, of 

ingestion, of inhalation. Severe overexposure 

can result by death. 

70°C 615°C 1.3% 23% 

DERMAL: Acute: 820 

mg/kg [Rabbit.]. 1400 

mg/kg [Rat]. 

Nitrobenzen

e 

Acute: 780 mg/kg [Rat]. 

590 mg/kg [Mouse]. 

Extremely hazardous in case of ingestion. Very 

hazardous in case of skin and eye contact, of 
inhalation. Hazardous in case of skin contact. 

87.78°C 482°C 1.8% - 

hydrogen - 
May cause asphyxia if released in a confined 

area. 
- - 4% 74.5% 

Palladium - 

Slightly hazardous in case of skin contact 

(irritant), of eye contact (irritant), of ingestion, 

of inhalation. 

- - - - 

UEL = Upper Explosion Level 

LEL = Lower Explosion Level 

 

Products Explosion risk Incompatible  Materials Handling and Storage 

Aniline 
Combustible 

Products of Combustion: carbon 

oxides (CO, CO2), nitrogen 
oxides (NO, NO2...). 

oxidizing agents, metals, acids, 

alkalis 

Air and light sensitive. Store in light-
resistance container. Keep container in a 

cool, well-ventilated area. Keep container 

tightly 

closed and sealed until ready for use. 
Avoid all possible sources of ignition 

(spark or flame). 

 

Nitrobenzene 
 

 

hydrogen 
Extremely flammable gas. 

 

Oxidizers. Fluorine and hydrogen 

react at -250°C when impurities are 
present. Chlorine/hydrogen 

mixtures explode if exposed to light. 

Lithium metal will burn in hydrogen 

atmosphere. 

Earth-ground and bond all lines and 

equipment associated with the hydrogen 

system. Electrical equipment should be 

non-sparking and explosion proof. 

hydrogen can interact with some metals 

(hardened steels) to cause 

embrittlement 

Palladium 

Flammable: 

Risks of explosion in presence of 
mechanical impact and static 

discharge. 

Material in powder form, capable 

to creates a dust explosion 

Some metallic oxides 
Keep away from heat and sources of 

ignition. 
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Appendix 3: Dimensionless numbers 

Aeration number:                     
  

   
  

Reynolds numbers:        

   
     

 

  
             Stirring Reynolds number:           

 ̅     
   

   

  
 

Froude numbers: 

                For a stirred tank:         
    

 
                                        For gas in a tank:           

   
 

   
 

Schmidt number: 

    
  

   
 

  

     
 

Sherwood number: 

    
      

   
 

Prandtl number: 

     
        

   
 

 

Appendix 4: Correlations for mass transfer coefficient determination   

Valid for a stirred tank with a gas injection located under the stirring mobile 

 

 

Van’t Riet (1979), Bakker and al. (1994) and Linek and al.(1987) correlations : 

 

For systems as air/pure water, General formula:                                 ̃
     

- Van’t Riet (1979):                                                                

 

- Bakker and al. (1994):                                                                  

 

- Linek and al.(1987):                                                                        
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Appendix 5 Poncin and al. publication 

 

Publicatin removed for intellectual property 

 

Appendix 6: MATLAB simulation program 
 

Removed: arthur.meunier@cpe.fr 
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Appendices 7: PID Scheme 
 

 


