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In order to correctly simulate either a continuous (PFR) or discontinuous 

reactor (BATCH) in terms of composition, temperature and pressure it is 

cumpolsory to have: 

 

- A suitable kinetic model, elaborated from the experimental data; 

- Equilibrium data;  

- A suitable thermodynamic model, able to represent the non-ideality of 

mixtures. It is helpful to remember how the activity coefficients play a role 

less important  compared to the fluid phase but still relevant particularly in 

high non-ideal mixtures (double phase systems) 



As reference we will use a paper by Prof. Jurgen Gmehling by University of Oldenburg 

(Germany), published on Industrial Engineerign Chemistry Research. 



INTRODUCTION 

 

The synthesis of methyl acetate by esterification of acetic acid with methanol and the reverse reaction 

(hydrolysis) are of a great interest as model reaction in the reactive distillation field. 

 

The system methyl acetate-water shows a non-miscibility zone, but becomes totally miscible by adding 

methanol and/or acetic acid. We can therefore assume the liquid phase as 

 

For a correct modeling interpretation it is a must to know the reaction kinetics and the equilibrium. Also, if 

we consider the reactive distillation, the VLE should be known. 

 

The reaction is catalyzed by acids, either in homogeneous or in heterogeneous phase. This last system offers 

some advantages in terms of low corrosion and ease of separation. In this work Amberlyst 15 resins was used 

as catalyst. 

 

To have a reilable model it is necessary to make kinetic runs with different amount of catalyst, initial 

compositions, T and P. 



Experimental 

 
Chemical equilibrium: the runs were made putting the reagents (2.5 g total) and the catalyst (about 10 g) in a 

vial (5 mL volume). The vials were put in a thermostatic bath for 3 weeks. 

 

 

Reaction kinetics: the experiments were conducted in a 500 mL reactor, thermostated and stirred between 

100 and 800 rpm. A condenser was added in order to avoid losing volitiles. The other parts of the reactor were 

heated in order to avoid vapor condensation. The samplings were of about 1 mL each. 

 

Experimental: methanol(or water in the case of the hydrolysis) was heated to the reaction temperature. 

Acetic acid (or methyl acetate) was hetaed in the reactor. When both the reactant reached the desired 

temperature, they were mixed with the catalyst. This action corresponded to time 0. in every runs, at regular 

time intervals, from 15 to 45 samples were gathered from the reactor and analyzed (colorimetric titration) 

 

From the acetic acid quantification, and known both the initial amount of reactants and the stoichiometry, it 

was possible to calculate all the species concentrations. Parallel and undesired reactions were excluded by GC 

analysis. 



Experiments performed:  

- 45 uncatalyzed reactions 

- 50 catalyzed reactions 

- Different inital reactant concentrations 

- Temperatures between 30 and 70°C 

- Different catalyst amount 

 
Diffusion 

 

In order to exclude all the diffusional phenomena it was used a stirring rate enougth 

to maintain all the catalyst particles suspended in the mixture. 

 

 It was also verified that above 170 rpm the results obtained were not dependent by 

the stirring rate. It was chosen to operate at 250 rpm 

  

Similarly, using catalysts with different particle size, the internal diffusion was 

excluded. 



Activity coefficients 

 

The activity coefficients were calculated using the UNIQUAC equation. The temperature 

dependance of the interaction parameters was considered by a ploynomial: 

The pure parameters, r and q, were taken from litarature while the binary interaction parameter 

were regressed from experimental data. The results are reported in the table below: 



Co posizio i all’e uili io hi i o 
 

The chemical equilibrium is expressed using the constant Ka, defined as follows: 

 

 

From the slope and the point in which the line reach the vertical axis it is possible to calculate the standard 

reaction enthalpy by using the equation reported below 

Quest’i tegrazio e è corretta se 
si assu e l’e talpia costa te. 



Kinetic model developing 
 

As first step, we want to model the UNCATALYZED REACTION.  

 

FITTING PROCEDURE 

The kinetic equations (differential equations) are numerically integrated using the fourth order Runge-Kutta 

method. The calculated acetic acid mass fraction are compared to the experimental ones, obtaining the 

relative and the quadratic deviation: 

By varying the parameters the values that minimize the deviations are the solutions. It is a  

INTEGRATION-OPTIMIZATION PROCESS. 



Homogeneous reaction 
 

In the case of non-catalyzed reaction, the reaction is auto-catalyzed by acetic 

acid. In this table the experiments made are reported, varying temperature between 

40 and 70 °C. 



Homogeneous reaction 
 

The model proposed for this reaction is reporter here: 

T dependence of the kinetic constant is expressed by 

the Arrhenius law. 

xi is the molar fraction of component i, vi he stoichiometric coefficient 

ai is the activity of the coponent i, k1 and k-1 the kinetic constants of esterification and hydrolysis reactions respectively 



FOUR PARAMETERS must be regressed: two preexponential factors and two activation energies  

The term before the brackets accounts for the activity coefficients of proton in the mixture. Depending on 

the mechanism considered, alfa can be 0.5 or 1. 0.5 corresponds to a catalytic action of acetic acid in its 

dissociated form while 1 corresponds to the acetic acid non-dissociated. For this reason alfa is optimized 

together with the other 4 parameters. 

 

The regression was performed either considering the system ideal (activity coefficients equal to 1) or by 

calculating the activity coefficients using the UNIQUAC . 

 

The routines were started with different initial values in order to be sure that the values obtained were of 

the absolute minimum, i.e. the real results.  

The optimized parameters are reported in the following slide. 

 



1) Better results are obtained using an alfa value of 1, both considering an ideal and a non-ideal mixture 

behaviour.  

2) Considering the liquid mixture as non-ideal, low relative errors are obtained. 

3) If we use UNIQUAC the regressed value for alfa is very close to 1. this shows that the auto-catalytic 

system is well represented by a model that considers the non-ideality of the liquid phase and the 

catalysis by acetic acid.  

 

From the mathematical model we thus obtain informations about the REAL chemical physics reaction 

characteristics. 



k temperature dependance (Arrhenius) T=50°C. Experimental and calculated curves. The 

model predicts in an accurate way both hydrolysis and 

esterificatiob. 



Heterogeneously catalyzed reaction 
 

 
30 < T < 60°C for: 

esterification: runs 1-20 

hydrolysis: runs 21-26 

 

Also, at fixed temperature (50°C), were varied: 

Catalyst amount: runs 27-31 

Initial reactant amount in the esterification: Runs 32-

37 

Initial reactant amount in the hydrolysis: Runs 38-41 

 

 

Finally in runs 47-50 an excess of water was used at 

T=70°C  in order to avoid the mixture to reach the 

boiling point and with initial compositions similar to 

the one of the chemical equilibrium. 

 



Heterogeneously catalyzed reaction 
 

Two different models were considered. A pseudo-homogeneous one and an adsorption 

based one. 

 

PSEUDOHOMOGENEOUS: it considers the catalyst as mixed in the liquid phase. This 

means not consider the adsorption and the diffusion phenomena. This is used because 

the catalyst swells in contact with the reagents, and this makes the pores enougth narrow 

to assume the diffusion neglegible. 

 

ADSORPTION: it is based on the consideration that the system is heterogeneously 

catalyzed and thus that only the molecules adsorbed on the catalyst surface can react. It 

is not the bulk reactant concentration that act on the reaction rate but the fraction 

adsorbed on the catalyst ( Langmuir isotherm). 



PSEUDO-HOMOGENEOUS MODEL 

Catalyst could be seen as a proton source 

Ppseudohomogeneous model cannot give good results.  

Also the results obtained using a different model, whose parameters were regressed from 

different experimental data (SONG), are compared. 



Adsorption model 

It is a modification of the Langmuir-Hinshelwood-Hougen-Watson (LHHW) model. The 

swelling effect however needs to be considered, and in the following table the 

experimental results are reported, together with the mass adsorbed by the catalyst for 

every component 

 

However, it is not correct to say that a constant mass of reagent is adsorbed. It is more 

likely to think about a cumulative constant mass adsorbed. 



Sviluppo del modello di adsorbimento 

From the global mass balance of every binary mixture we can obtain: 

��� =  ��� ; ° =    ° = ��  �     � �  ′ � � �  � = ��  �    �    �  � =  �   �     

By combining the two 

equation we obtain 

The langmuir model expresses the covered area as reported below (being ms the total mass adsorbed) 



This equation can be used for the regression of the adsorption constants K. 



At this point the numerical value of the equilibrium constants are determined. This means that they 

shouldn’t be included as adjustable parameters in the regression.  This lowers the number of parameters 

and increses the physical meaning of the others!! 

 

Combining the Langmuir adsorption model  

To the kintic model below 

where 

Represents the adsorbed molar fraction of the reactants 



We obtain 

with With Mi the molecular weight of i 

�� � �−� sono 

costanti 

CINETICHE, 

analogamente a 

quanto visto per la 

reazione non 

catalitica e il mod 

pseudo-omogeno 



Dependence of k1 to the mass of catalyst 

Magnificati

on in the 

next slide 



Adsorption 

Pseudohomogeneous 



Both the direct and the reverse reaction are well calculated using the parameters regressed 

from the experimental data. Adsorption constants were obtained independently.  

We report the comment of Jurgen Gmehling: it is referred to the adsoprton and the 

pseudo-homogeneous models: 


