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1. Introduction

The exothermic esterification reaction of acetic anhydride with methanol is a widely used test
process for safety-oriented investigations in the field of chemical engineering. For the model-
ling and simulation of dynamic processes during fault scenarios caused by runaway reactions,
a reaction kinetic model is needed to describe the thermal reaction course over a wide tem-
perature range. At the Institute of Safety Research the esterification reaction is used as a test
process to model and simulate pressure relief processes and safety-relevant fault scenarios
caused by local exothermicities (i.e. hot spots due to stirrer faults) in stirred tank reactors as
well as to simulate reacting flows using CFD codes in general. These research tasks make
great demands on the kinetic models to reproduce the thermal and chemical reaction courses
over a wide range of the temperature and the concentration. This includes the consideration of
special reaction mechanisms like autocatalytic effects. To develop a kinetic model that fulfils
these requirements, extensive calorimetric investigations using on-line FTIR analyses were
carried out and special evaluation methods have been developed. From these investigations, a
two-step kinetic model results in fulfilling the requirements mentioned above.

2. Applicability of existing reaction kinetic models

The exothermic esterification reaction of acetic anhydride with methanol proceeds according
to the following reaction equation:

(CH;CO),0 + CH;OH — CH3;COOCH; + CH3;COOH AHg = -66 kJ/mol
acetic anhydride  methanol methyl acetate acetic acid
AAH ME MA AA

A basic kinetic model requirement for the use in safety-oriented investigations is the validity
of the model in respect of the reproduction of the thermal reaction course over a wide tem-
perature range. For this purpose, in the past the kinetic models were usually developed by
means of experiments using adiabatic calorimetry. From the literature, there are some kinetic
models available obtained by experiments in adiabatic calorimeters using a fixed initial molar
ratio of the educts [1,2]. These so called overall kinetics approaches, describing the reaction
rate r as a function of the reaction temperature T and the concentrations of the educts [AAH]
and [ME], have the following model structure:

r=k, - e(;ETJ -[AAH]™ - [ME]" (1)

In equation (1), E4 is the activation energy and ky is the frequency factor. The exponents m
and n are the reaction orders with respect to the reactants acetic anhydride and methanol. The
overall reaction order is given by the sum of the exponents m and n.

To model and simulate different safety-relevant fault scenarios from the start of the reaction
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via the fault event to subsequent chemical processes, the kinetic models have to reproduce the
thermal reaction course and the concentration courses over wide ranges of the temperature
and the concentration. Furthermore, the models should also reproduce the reaction courses in
the adiabatic, isothermal and isoperibolic process control. To check the applicability of the
existing kinetic models, isothermal and adiabatic esterification reactions at several initial mo-
lar ratios of educts were carried out using the RC1 calorimeter (isothermal experiments) and
the calorimeter PhiTecll (adiabatic operation). Figure 1 shows the thermal reaction course of
an isothermal esterification in comparison to simulation results using kinetic models taken
from the literature [1,2]. Both the kinetics are based on adiabatic experiments using an initial
molar ratio of [ME] : [AAH] =2 : 1. The course of the reaction temperature of an adiabatic
experiment compared to simulations using the same kinetic models is shown in Fig. 2.
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Fig.1: Thermal reaction course of the isother- Fig.2: Course of the reactor temperature
mal esterification during the adiabatic esterification

Especially, the thermal process behaviour at the start phase of the isothermal reaction is not
describable by the structure of the models. Furthermore, the thermal reaction course in the
adiabatic operation is not reproduced if the educt concentrations differ from the initial molar
ratio of [ME] : [AAH] = 2 : 1. Thus, the following conclusions were drawn in terms of the
model validity in case of this particular reaction:

e The validity of the existing 2™ and pseudo 1* order overall kinetics is confined to the
adiabatic operation.

e The validity of the existing kinetics is confined to the educt concentrations used in the
experiments to develop the models.

Therefore, the development of advanced reaction kinetic models was necessary to fulfil the
model demands mentioned above.

3. Setting up a new model structure

It is assumed that the increasing reaction rate at the beginning of the isothermal esterification
(Fig.1) is caused by the autocatalytic effect of the acetic acid formed during the reaction. The
autocatalytic behaviour was proven by isothermal esterification using the RC1 calorimeter.
For this purpose, different amounts of acetic acid were added to the reaction mixtures before
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the reactions were started. Figure 3 shows the thermal reaction courses of the related experi-
ments.
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Fig. 3: Thermal reaction courses of isothermal esterification with addition of acetic acid

As can be seen from Fig. 3, the reaction rate at the beginning of the esterification increases
with the increasing amount of the added acetic acid. Therefore, the time-dependent acetic acid
concentration has to be inserted into the kinetic model as a new model parameter. To maintain
the usual structure of the overall kinetic models, the autocatalytic reaction was modelled as
two simultaneous reaction steps — the uncatalysed esterification of acetic anhydride according
to equation (2) and the esterification catalysed by acetic acid according to equation (3).

_EA1
=k, - e[ ) -[AAH]™ - [ME]" )
&
r,=ko, -e " /- [AAH]™ - [ME]"™ - [AA]” 3)
With r=r;+n 4)

By using the standard overall kinetics structure, most of the commercially available simula-
tion tools can be used to model and simulate the autocatalytic esterification process.

4. Estimation of the model parameters

Since the autocatalytic effect on the reaction course plainest appears under isothermal condi-
tions, the activation energies and the frequency factors have to be estimated by means of iso-
thermal experiments. For the fitting of the isothermal reaction rate constants, the simulation
programs ProSim Batch and BatchCAD were used. However, the Arrhenius Plots as a result
of the isothermal experiments at different temperatures and educt concentrations to calculate
the model parameter E, ; and ko; based on the isothermal rate constants show different activa-
tion energies and frequency factors depending on the initial batch concentration. These de-
pendencies could not be avoided by changing the reaction orders. Therefore, it was decided to
set the reaction orders with respect to each substance in the equations (2) and (3) to 1 and to
introduce the initial batch concentration, defined as the start molar fraction of acetic anhy-
dride x¢ according to equation (5), as a new parameter into the kinetic model.
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In equation (5), noaan and no M are the initial amounts of substances of the acetic anhydride
and of the methanol, respectively.

The activation energies and the frequency factors depending on the start molar fractions are
shown in Fig. 4 and Fig. 5, respectively.
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The equations to calculate the model parameters depending on the start molar fraction were
obtained by fitting the parameters based on the isothermal experiments and subsequent ad-
justment by means of adiabatic esterification. As a result, the following reaction kinetic model

was obtained [4]:

n =k, -e[ *TJ.[aAH]-[ME] 6) 1,=ko e " /-[AAH]-[ME]-[AA] (7)
E,, =15924 (x,)* +20568x, + 77337 (8)  E, =-40472x, +80750 9)
ko =—1.36-10° +136-10° - e®?*)  (10) Kk, =2-107 -l 122¥x) (11)

5. Verification of the reaction kinetics

The verification of the kinetics was carried out by isothermal and isoperibolic experiments
using the RC1 calorimeter in conjunction with an on-line FTIR spectrometer as well as by
adiabatic esterification using the PhiTeclI calorimeter. Figures 6 and 7 show the thermal reac-
tion courses of isothermal experiments in comparison to simulation results for different tem-
peratures and molar fractions of the educts, respectively.
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The results of the simulations are in good accordance with the experimental data. Further-
more, the autocatalytic startup behaviour of the reaction is reproduced correctly. To estimate
the model accuracy in case of the isoperibolic and the adiabatic process control, results of
RC1 and PhiTecll experiments were compared to the related simulations.
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The thermal reaction courses of selected esterification at isoperibolic and adiabatic conditions
are diagrammed in Fig. 8 and 9, respectively. The runs of the curves are reproduced correctly
in case of both the isoperibolic and the adiabatic process mode. Solely, in using the kinetics to
simulate the isoperibolic process, the maximum heat release rate oversteps the experimental
value slightly. However, the relative model inaccuracy never exceeds a value of 10% during
the whole process course. As a result of the model verification, it was found that the new re-
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action kinetic model is able to reproduce the process behaviour correctly within an educt mo-
lar fraction in the range of xo = 0.1875 ... 0.75.

6. Summary and outlook

A new two-step reaction kinetic model was developed for the esterification reaction of acetic
anhydride with methanol by using calorimetric investigations and analytical methods. The
main advantage of the new model over previously existing overall kinetics is the adaptability
on wide educt concentration ranges. By taking into account the autocatalytic effects of the
acetic acid, the model now can be used to simulate the process in the isothermal, isoperibolic
and adiabatic operation. This wide field of applications is achieved by modelling the process
as two simultaneous reaction steps and fitting the activation energies as well as the frequency
factors depending on the initial molar fraction of acetic anhydride. For final conclusions on
the model performance in terms of the applicability for simulations of safety-relevant fault
scenarios like pressure relief processes, the new kinetic model has to be tested using appropri-
ate simulation software (i.e. BRICK [3]).

A problem for the application of the new reaction kinetics to simulate reacting flows results
from using empirical functions to estimate the model coefficients depending on the initial
molar fraction. Thus, the actual process state described by the model depends on the initial
process state. Therefore, it is difficult to simulate processes where the variations of the con-
centrations are not caused by the chemical reactions exclusively (i.e. semibatch processes,
effects of mass transfer). Consequently, an alternative reaction kinetic model having the fol-
lowing structure is developed presently:

—EA([AA]

rzko([AA])~e[ R j~[AAH]m [ME]" (12)

In this model, both the activation energy and the frequency factor are inserted as functions of
the actual acetic acid concentration [AA] to consider the autocatalytic effects. Thus, the alter-
native model structure has a stronger theoretical background and comprises model parame-
ters, which depend on the actual process state exclusively. To estimate the functional depend-
encies ko(JAA] and EA([AA]), a new differential evaluation method was developed. The
evaluation of the experiments according to the new method is still in progress but first results
show the practicability of the model structure in general.
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