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Abstract 

A unified kinetic model has been developed for mono-aromatics hydrogenation based on a Langmuir-

Hinshelwood/Hougen-Watson (LHHW) mechanism. An extensive experimental dataset comprising more 

than 110 benzene, toluene and o-xylene hydrogenation experiments could be well described by this model. 

The parameter estimates were within relatively narrow confidence intervals and had a clear physical 

meaning. Precise increments in the aromatic chemisorption enthalpy and surface activation energy with 

the number of substituents on the aromatic ring allowed unifying the individual models as applied to the 

separate data sets into a single model applicable to all data simultaneously. 
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Introduction
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Aromatic hydrogenation has been a longstanding field of 

interest due to the industrial importance of cyclohexane 

production from benzene as well as the ever more strict 

legislation concerning fuel quality and corresponding 

emissions. Moreover, the elimination of aromatic 

components is beneficial for diesel quality as its cetane 

number increases with decreasing aromatic content. The 

mathematical modeling of observed kinetics, if performed 

in a fundamental manner, provides strategic insight into the 

underlying reaction mechanism and allows for ‘in-silico’ 

catalyst and reactor design and optimization. 

Experimental Investigation 

Benzene, toluene and o-xylene hydrogenation have 

been performed over a 0.5 wt% Pt/ZSM-22 catalyst in a 

continuous stirred-tank reactor set-up (Bera et.al., 2012 and 

Bera et.al., 2011). More than 110 intrinsic kinetics 

experiments were performed in which the temperature 

varied between 423 and 508 K, the total pressure between 

1.0 and 3.0 MPa, the hydrogen to aromatic inlet molar ratio 

between 5 and 20 and a space-time from 5 to 30 

kgcat s mol-1. The fully hydrogenated species was the only 

reaction product observed with aromatics conversions 

ranging from 5 to 80%. The conversion increased with the 

inlet hydrogen to aromatic molar ratio and total pressure, 

while a maximum in aromatics conversion was observed as 

function of temperature, see Figure 1.  

 
 

 

 

 

 

 

 

Figure 1. Aromatics hydrogenation conversion as function 

of temperature (symbols: experimental, lines: unified 

model simulations) 
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Model Construction, Regression and Discussion 

Based upon previous aromatics hydrogenation studies 

(Thybaut et. al., 2002), a Langmuir-Hinshelwood/Hougen-

Watson (LHHW) type rate equation was selected to 

simulate the experimental data, see Eq.(1): 
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with RA the net rate of formation for aromatic A, pH2 the 

hydrogen partial pressure, KA the aromatics chemisorption 

coefficient and kc the composite rate coefficient. The latter 

comprises the aromatics and hydrogen chemisorption 

coefficients, the total active site concentration as well as the 

actual surface hydrogenation rate coefficient. i refers to the 

hydrogen addition that is considered to be rate determining. 

In a first step, the model was regressed to the 

individual data sets, i.e., per aromatic component. The H2 

chemisorption parameters were taken from previous work 

without any further adjustment, i.e., 10-11 Pa-1 and -42 kJ 

mol-1 for the pre-exponential factor and the chemisorption 

enthalpy, respectively (Thybaut et. al., 2002). The pre-

exponential factors for the aromatics chemisorption 

coefficients were fixed at values corresponding to a loss of 

all their translational degrees of freedom. The remaining 

parameters, i.e., the aromatics chemisorption enthalpies, 

composite rate coefficients at the mean temperature and 

composite activation energies were determined via 

regression, see Table 1. The estimates had relatively narrow 

confidence intervals and exhibited a sound physical 

meaning. From these models, it was clear that for all 

aromatic feed types, the 4th hydrogen addition is most 

probably the rate determining step in the mechanism, in 

correspondence with the literature (Thybaut et. al., 2002). 

Table 1. Estimates obtained through model 
regression to the experimental data per feed type 

Aromatic feed 
AΔH  

(kJ mol-1) 

ck  

(mol kgcat
-1 s-1) 

c
aE  

(kJ mol-1) 

Benzene -74.6 ± 5.1 0.3 ± 0.2 -50.8 ± 25.7 

Toluene -83.0 ±1.3 0.3 ±0.1 -71.0 ±14.0 

O-xylene -94.0 ±1.6 0.4 ±0.2 -122.0 ±21.0 

 

The chemisorption enthalpy and composite activation 

energy exhibit a clear decreasing trend with increasing 

number of ring substituents. In contrast, the composite rate 

coefficient at the mean temperature is almost independent 

of this number. A numerical quantification of these trends 

via increments with the number of ring substituents, NS, see 

Eq.(2) and Eq.(3), is used to transform the individual 

models into a unified one for aromatics hydrogenation.  
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in which ∆∆HA is the chemisorption enthalpy increment per 

additional ring substituent. The composite activation energy 

Ea
c comprises contributions from aromatic and hydrogen 

chemisorption, surface reaction equilibria as well as the 

actual surface reaction activation energy Ea
sr of the rate-

determining step. During the regression of the unified 

model, the adsorption pre-exponential factors and the rate 

coefficients at the average temperature were kept at the 

same values used for the individual regressions. The 

increase in the chemisorption enthalpy per additional ring 

substituent was estimated at -10±1 kJ mol-1, indicating a 

stronger adsorption of heavier species. The composite 

activation energy increment ∆Ea
c was estimated at -22±12 

kJ mol-1 indicating an easier hydrogen addition in aromatic 

hydrogenation when more ring substituents are present. The 

unified kinetic model can describe all experiments in a 

satisfactory manner, see Figure 1 and all adjustable 

parameters were estimated significantly. The unified model 

is currently being extended towards ethylbenzene and 

naphthalene hydrogenation. First results for ethylbenzene 

confirm the dependence of the aromatics chemisorption 

enthalpies and the composite activation energies on the 

number of ring substituents rather than on the carbon 

number. Naphthalene hydrogenation data will allow to 

quantify the equivalence of the effect of a fused aromatic 

ring with a corresponding number of ring substituents. 

Conclusion 

A unified kinetic model for aromatics hydrogenation 

was developed and is able to reproduce experimental 

aromatics hydrogenation data in a satisfactory manner. The 

aromatics chemisorption as well as the composite 

activation energy explicitly depend on the number of ring 

substituents, while the composite rate coefficient at the 

average temperature is independent of the considered 

aromatic reactant. The unified kinetic model opens up 

perspectives for the adequate simulation of an extended 

library of aromatics such as ethylbenzene and naphthalene.  
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