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ABSTRACT 

A general explanation of the non-isothermal methods for reaction analysis in the liquid 
phase has been made. 

A description of the results, taking a linear temperature evolution in the reaction, is given 

for potential kinetic laws. 
A non-isothermal thermoanalytical method with a linear temperature rise and concentra- 

tion measurements in the liquid phase are proposed for the determination of the kinetic 
model and the kinetic parameters. 

This procedure was tested against theoretical data for the depolymerization of trioxane 
and it was found to be satisfactory. The advantages of this method are that it is relatively 

simple to use and it allows the determination of the influence of both temperature and 
concentration on the kinetic model from one experiment. 

INTRODUCTION 

A chemical reaction converts starting products into final products. Often, 
intermediates may appear and vanish during the experiment. The progress of 
the reaction, or its course, is accompanied by a change of an appropriate 
measuring quantity which may be observed, detected or followed as a 
function of time by suitable equipment. Frequently, the derivative form of 
this quantity is proportional to the reaction rate, or represents a value of 
similar character. 

Reaction analysis includes all techniques which are suitable for the 
detailed characterization of the connecting arrows between reactants and 
products and the mode of their logical interchange. 

From the temperature point of view, two different methods have been 
followed in the kinetic determination of chemical reactions: isothermal and 
non-isothermal. 
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For reactions in the liquid phase, the usual techniques utilize almost all 
quantities, e.g., identification of products and/or reactants and their 
quantitative evaluation, dilatometric, polarographic, electrochemical or 
viscosimetric methods. Much theoretical and experimental work has been 
carried out in the interpretation of experimental results obtained under 
isothermal conditions [1,2]. 

From the heat balance point of view, for a batch experiment the following 
general expression can be deduced 

c+y+ Uu(AT)=r(-AH) 0) 

where AT is the difference between the temperature of reaction, T,, and the 
external medium, T,. 

The isothermal experimentation methods, which are explained in the 
major part of the books on chemical kinetics, take T, = ct and use mass 
balance equations to obtain kinetic data, taking 

1 dC, 

r=v,dt (4 

Thus, isothermal methods can be classified taking into account the analytical 
method to determine concentration-time curves. 

Non-isothermal methods can first be classified according to heat balance 
considerations. In this way, an adiabatic method to determine kinetic data 
and their analysis has been proposed by Root and Schmitz [3], and devel- 
oped by Hugo and Schaper [4], after taking, in the heat balance, UA( AT) -+ 0 
and 4 -+ O.The adiabatic method has been particularly suitable for the rapid 
and simple determination of kinetic data of industrial liquid-phase reactions, 
but this type of evaluation of kinetic data can lead to substantial errors if the 
limitations of the method are not considered. 

This method obtains kinetic data through temperature measurements 
under adiabatic conditions, taking 

T- T,=AT,,X 

and 

I’ = r. exp 
W- T,) 

RTT, f(C) 

where 

AHC, 
AT,, = ~ 

v,ipC, 

and f(C) is the kinetic law. 
A non-isothermal and non-adiabatic method to analyse the kinetic data of 

reactions in the liquid phase has been proposed by Matsuda and Goto, for 
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simple [5] and complex [6] reactions, developing a differential thermal 
analysis technique (DTA), in which neither the sample nor the reference 
materials are heated, and the temperatures remain as isothermal as possible, 
taking 

and, after interpreting the heat balance 

C,AT+ Ua 
J 

‘ATdt 
0 

X= 

J 

(6) 
Ua mATdt 

0 

so that, under non-isothermal and non-adiabatic conditions, it is possible to 
obtain conversion-time curves through the difference in temperatures be- 
tween sample and reaction medium. 

Differential thermal analysis (DTA) has been used as analytical method to 
study reaction kinetics by measuring differences between sample and refer- 
ence materials for a constant heating rate; i.e., a linear temperature pro- 
gramme is followed in the kinetic determination. 

Borchardt and Daniels [7] derived DTA equations with respect to n th-order 
irreversible, simple reactions on the assumption that the temperatures in the 
sample and the reference materials are kept uniform. 

Kissinger [8] derived unsteady-state equations for temperature distribu- 
tions in both sample and reference materials and determined the kinetics and 
the reaction order of simple decomposition reactions. 

Koch [9-121 has proposed different methods for evaluating kinetic param- 
eters, in which DTA experimental curves were simulated by use of numerical 
interpretation of the basic DTA equations. 

According to this method, different chemical reactions have been investi- 
gated. Elementary processes, like aromatic diazonium salt hydration [13]; 
complex processes, like ozonization reactions [14]; and intermediates, such as 
photoreactions [15], have been studied by DTA techniques. 

In this work we propose a new programmed temperature method to 

obtain and analyse kinetic data, which can be understood as a thermoana- 
lytical method (TA), for liquid-phase reactions, because it is necessary to 
carry out concentration measurements under non-isothermal conditions so 
that a linear temperature programme will be performed during the reaction. 

The well-known thermogravimetric method for solid-decomposition reac- 
tions is introduced in the study of liquid-phase reactions, taking into account 
that concentration measurements are needed for the determination of con- 
version-temperature curves. Experimental methods seem to be similar to the 
isothermal determination, only a heating system is necessary which can 
control the temperature programme during the reaction. 



This thermoanalytical method permits kinetic data of liquid-phase reac- 
tions to be obtained for the purpose of the evaluation of chemical reactions. 

On account of the technique being non-isothermal, the effect of tempera- 
ture on the reaction rate is well determined, while that of concentration 
cannot be evaluated with the same accuracy. Thus, in a future work, a 
sequential kinetic model discrimination will be explained, for the cases in 
which a detailed investigation of reaction kinetics is necessary. 

EXPERIMENTAL METHOD 

A kinetic experiment consists of the determination of the composition of a 
reaction mixture in a reactive system, at a constant heating rate. Thermoana- 
lytical curves can be obtained by analysis of the samples taken from a 
reactor placed in a heating system, with a linear temperature programme. 

ANALYTICAL METHOD 

Theoretical basis and development of the method 

The kinetic equation of a chemical reaction under isothermal conditions 
can be expressed by 

r=is=F(k, C) 
I 

where C is the concentration. 
From this equation the relationship between concentration and time is 

obtained for each temperature 

C= IF@,, t) 

where, IF is the isothermal function. 
For experiments taking place under non-isothermal linear temperature 

evolution, and for a separable-variables kinetic expression, the equation can 

be expressed as 

-dC 
- = A exp( -E/RT)dt 
g(C) 

and on integrating we obtain 

J 
c dC -= 

0 g(c) / 
‘A exp( - E/RT)dt 

0 
where the relationship between concentration and time under non-isothermal 
conditions can be expressed by 

C = NIF(T, t) (11) 
where NIF is the non-isothermal function. 
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In experiments where a linear temperature programme has been carried 
out, the relationship between temperature and time can be expressed by: 
T = To + /St, where p is the heating rate. 

If /? is introduced into eqn. (lo), the following expression is obtained 

1 
c dC -= 

Cc, g(C) J 
‘A exp( -E/RT)$dT 

T, 
(12) 

If a potential kinetic model is supposed, g(C) = C” and the different 
magnitudes are expressed in a non-dimensional way 

f(x) = j$$exP( -$jdY (1% 

where x is the conversion, y the adimensional temperature, T/T,, Ar = 
E/RT,, the Arrhenius number, and f(x) is the integrated function of the 
conversion which depends on the potential order. 

For a given reaction, when the heating rate, p, is kept constant, the 
relation between the integral term and the function of the conversion f(x), 
where the correct Arrhenius number is used, will be expressed by a straight 
line with an origin ordinate equal to zero and a slope equal to AT,//%,‘-“; 
from this value, the pre-exponential factor, A, can be obtained. 

Since in most chemical reactions taking place in the liquid phase, the 
Arrhenius number lies between 5 and 50, and the temperatures of reaction 
range from ambient to the products’ boiling points (288-373 K), the 
corresponding values of y will range from 1 to 1.3. The values mentioned 
will be taken as the Arrhenius and y parameter variation limits, respectively. 

From a kinetic experiment with a constant heating rate (288-373 K), x 
vs. y data are obtained; they will depend on the initial concentration and 
temperature dependence of the kinetic model. 

Since the integral /< exp( - Ar/y)dy = I depends on the y values and the 
Arrhenius number, it is possible to represent this relation with Ar as 
parameter, as it is shown in Fig. 1. 

On the other hand, the relationship between the f(x) function and the 
conversion, x, depends on the kinetic model, and if the reaction order is 
used as the parameter, the curves shown in Fig. 2 will be obtained. 

The discrimination procedure of the kinetic model will include the follow- 
ing steps. 

(a) From the y vs. x data for a given value of Ar, the Z-integral values 
will be calculated by using Fig. 1 (another method of specific integration can 
be used). 

(b) For each value of n, the f(x) values will be obtained by using Fig. 2. 
(c) The Z values from step (a) will be correlated with the f(x) values from 

step (b) for each value of n by using linear regression methods. A series of 
correlation coefficients vs. n will be formed, with a maximum for a particu- 
lar value of n. 
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Fig. 1. Graphical relation between /{ exp( - Ar/y)dy and y with the Arrhenius number as 
parameter. 

This procedure may be repeated for different Arrhenius numbers, and so 
various series of r2 vs. n will be obtained. The maximum r2 value, between 
the Arrhenius limits, will show the dependence of the kinetic model on 
concentration, through the corresponding n parameter. Finally, from the 
relation between I and f(x) for the chosen Ar and n values, the pre-ex- 
ponential factor, A, may be calculated. 

This method enables us to discriminate between the kinetic models and, at 
the same time, to obtain the activation energy, E, and pre-exponential 
factor, A, from a kinetic curve. 

Testing the method 

The developed method has been tested using simulated data: a chemical 
reaction with n equal to 1 has been used. The acid-catalyzed trioxane 
depolymerization has been employed, where the activation energy and 
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Fig. 2. Graphical relation between f(x) and x with the reaction order as parameter. 

pre-exponential factor values were taken from the literature [l&18]: E = 
74.17 kJ mol-’ and A = 5.56 X lo9 mm-‘. 

The conversion vs. non-dimensional temperature data are shown in Fig. 3. 
With the resulting x values and using .Fig. 2, the corresponding f(x) 

values were obtained for cases where n = 0, n = 1 and n = 2. 
By using Fig. 1, the I values can be calculated for the following Ar 

values: 10, 20, 30 and 40. The resulting I integrals for each Ar value were 
fitted to the conversion function for each reaction order. The results are 
shown in Table 1, as correlation coefficients for each Ar-n pair. From this 
table it is evident that for the Av range used (taken for its physical 
significance in chemical reactions in the liquid phase), the kinetic model that 
best describes the studied reaction is that which corresponds to 12 = 1 as 
shown in Fig. 4. 

For an exact determination of the Ar parameter, various fittings were 
carried out, taking Ar values nearest to the maximum. The results are shown 
in Table 2. 
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Fig. 3. Simulated conversion versus non-dimensional temperature, y, for the trioxane depoly- 

merization reaction, fi =l”C min-‘. 

TABLE 1 

Correlation coefficients for different reaction orders, n, and Arrhenius numbers, Ar 

n Ar=lO 20 30 40 50 

0 0.977 0.951 0.872 

1 0.865 0.973 0.999 0.986 
2 0.694 0.805 0.89 0.925 

I I I J 
10 30 50 Ar 

Fig. 4. Correlation coefficients for the Arrhenius number and the reaction order. 
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TABLE 2 

Determination of the best Arrhenius number, Ar 

Ar 25 21 29 30 31 33 

rL 0.994 0.998 0.995 0.9997 0.9998 0.996 

As it is shown, the best value of the correlation coefficients is obtained for 
Ar = 31, which emphasizes the validity of the method for the discrimination 
of kinetic models for reactions taking place under a temperature programme. 
It is also demonstrated that the kinetic model and the kinetic parameters can 
be obtained from only one experimental curve. 

This method must be considered among the thermoanalytical methods to 
determine the kinetic behaviour of a reaction in the liquid phase [19], taking 
into account that the major part of the discussion on the thermoanalytical 
methods has been formed through thermal decomposition reactions [20-221. 
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