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Abstract 

This paper presents a novel data processing method for thermokinetics of first-order 
reactions, in which the rate constant of a first-order reaction can be calculated from only 
three characteristic peak-height data without using any peak-area, rate of temperature rise, 
or functional table of dimensionless parameters. The saponification of ethyl benzoate and 
ethyl acetate in aqueous ethanol have been studied with a twin conduction calorimeter and 
the rate constants calculated with this method are in fair agreement with those in the 
literature; hence the validity of this method is demonstrated. 

INTRODUCTION 

It is very interesting and advantageous to study kinetics of chemical and 
biochemical reactions by calorimetry, because thermokinetic research of 
reaction systems may be undertaken in any solvent, and the spectral, 
electrochemical or other properties of the substances involved in the 
reacting system need not be considered. Conduction calorimeters have 
been largely used for thermokinetic investigation; the data processing 
method for the thermogram of a first-order reaction measured with a 
conduction calorimeter has been an attractive subject for a long time [l-7], 
because most chemical and biochemical reactions can be treated as 
pseudo-first-order reactions under certain conditions. 

A novel method is proposed in this paper, by which the rate constant of a 
first-order reaction can be calculated from only three characteristic 
peak-height data; its validity is tested by comparison with experimental 
results. 

PRINCIPLE OF THE METHOD 

Thermogram equation of a first-order reaction 

When a chemical reaction is taking place in a batch conduction 
calorimeter, a thermogram, as shown in Fig. 1, can be recorded. 
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Fig. 1. Thermogram of a first-order reaction. 

According to Calvet and Prat [3], the rate of heat production Sz, can be 
calculated using Tian’s equation 

R = KA + R(dAldt) (1) 

where A is peak-height at time t; K and A are the apparatus constants of the 
calorimeter. 

According to eqn. (l), the rate equation of a first-order reaction, and the 
relationship between the energy change and the concentration change of a 
reacting system, it can be proved that [7] 

A=A (2) 

where A is the total area under the thermogram, k, is the rate constant of 
the first-order reaction and k = K/A, is the cooling constant of the 
calorimeter. Equation (2) is called thermogram equation of a first-order 
reaction, from which it can be seen that peak-height A(t) is an exponential 
function of time t. 

Based on eqn. (2), we can show that the nth order derivation of function 
A(t) with respect to time t is 

If A(@ = 0, then 

n 1nR 
tn=,+k, (4) 

where R = k/k, is called the dimensionless parameter of a first-order 
reaction. 

These special times t,, corresponding to A@) = 0 in a thermogram, are 
defined as the characteristic time of the first-order reaction. Inserting eqn. 
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(4) into eqn. (2) gives 

RnRI(l-R) 
( 

R” _ 
1) 

where A,, is called the characteristic peak-height in the thermogram of a 
first-order reaction. 

It is clear that when n = 0, to = 0 and A(O) = A = 0. It means that the 
characteristic time to is the initial time of a thermogram. According to eqn. 
(4) it is easy to prove that 

t n+, - t,, = At = In R/(k - k,) (6) 

Because the right-side of eqn. (6) is a constant for the reaction system under 
investigation, the interval between two characteristic times tn+l and t,, is 
fixed. This is an important characteristic of a first-order reaction and it is 
clear that 

At = tl - to = t, 

so, any characteristic time t,, can be determined by the characteristic time t,, 

which corresponds to the maximum peak-height A1 in a thermogram, as 
shown in Fig. 1, i.e. 

t2 = 2t,; tj = 3t,; . . . 7 t, = nt, 

Calculation of rate constant k, and cooling constant k 

From eqn. (6), it can be seen that 

k, = (l/At) In R”(R-l) 

Defining 

X = R”(R-1) 

we have 

k, = (l/At) In X 

Writing 

m = AJA, II = AZ/A, 

and according to eqn. (5), it can be shown that 

m = (I + R + Rz)R2R’(‘--R) 

n = (1 + R)RR’(l--R) 

(7) 

(8) 

(9) 

(10) 

(11) 
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Combining eqns. (8), (10) and (ll), we can prove that 

(n2-@X2-nX+l=O (12) 

The solution of eqn. (12) is 

X= 
nfV4m-3n2 

2(& - m) 

From eqn. (6), it can be shown that 

k = (l/At) In RR’(RP’) 

Defining 

we have 

k = (l/At) In W (16) 

In the same way as above, it can be proved that 

(n2-m)W2-nW+l=O 

(13) 

(14) 

(17) 

and 

W= 
n*v4m-3n2 

2(n2 - m) (18) 

From eqns. (13) and (18), it can be found that the dimensionless 
parameters X and W of a first-order reaction system are the two positive 
real roots of the same algebraic equation of the second degree in one 
unknown. This is another important and interesting characteristic of a 
first-order reaction. 

Now we provide an algebraic equation of the second degree in one 
unknown y of the form 

(n2 - m)y’ - ny + 1 = 0 (19) 

and the two positive real roots of this equation are 

,_n+V4rn-3n2 

’ - 2(n2-m) 

,_n-d4m-3n2 

’ - 2(n*-m) 

and then, when R > 1; i.e. k > k,, we have 

wzy@ and X=y” 
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when R < 1; i.e. k < k,, we have 

X+ and W=yO 

so it can be seen that in order to calculate k, and k, it is a prerequisite to 
judge whether k is larger or smaller than k,. 

Comparison of cooling constant k with rate constant k, 

According to eqn. (6) we have 

Atk = t,k = R In R/(R - 1) 

Writing 

z=l/k and 6=t,/z 

(20) 

where z is known as time constant of the calorimeter, we can obtain 

6 = R In RI(R - 1) (21) 

so, 6 is a function of R and its domains of definition are (0,l) and (1, +m). 
We can prove that function 6(R) is a monotonic increasing function in its 
domains of definition, and then we have 0 < 6 < 1 when 0 < R < 1; and 
1<6<+mwhenl<R<+m. 

In practice, the approximate value of time constant z (or cooling 
constant k) of the calorimeter is known by means of calibration. Thus we 
can judge whether k is larger or smaller than k, through comparison of the 
characteristic time tI(= At) with time constant z. If tl > z, then R > 1 and 
k > k,. If tl < z, then R < 1 and k < k,. 

Finally, the rate constnat k, can be determined with three characteristic 
peak-height data (Al, A*, A3) according to those formulae above. This 
method is called the characteristic peak-height method. 

Fundamental characteristics of dimensionless functions X(R) and W(R) 

From the fundamental formulae of the characteristic peak-height 
method for a first-order reaction, we know that the dimensionless functions 
X(R) and W(R) are the keys to calculate rate constant and cooling constant 
from thermogram data. It is necessary to discuss their fundamental 
characteristics. 

Equations (8) and (15) give the domains of definition of both functions 
X(R) and W(R) as (0,l) and (1, +m). We can prove that X(R) is a 
monotonic decreasing function and W(R) is a montonic increasing function 
in the domains of definition. The domains of value of these functions are 
e<X<+m,l<W<ewhenO<R<l;andl<X<e,e<W<+mwhen 
l<R<+a. 

We can give the plots of X and W versus lg R, as shown in Fig. 2, and it 
can be found that these two plots are fully symmetrical. 
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Fig. 2. Plots of X and W versus lg R. 

EXPERIMENTAL 

Reagents 

The saponifications of ethyl benzoate and ethyl acetate in aqueous 
alcohol were studied to test the validity of the characteristic peak-height 
method proposed in this paper. Chemically pure ethyl benzoate and ethyl 
acetate were purified under reduced pressure. The mixed solvent, 85 wt.% 
CH3CH20H-H20, was prepared from analytically pure ethanol and deion- 
ized water. The potassium hydroxide used was of guaranteed grade and 
its concentration in solution was standardized with potassium hydrogen 
phthalate. 

Apparatus 

The experiments were carried out in a twin conduction calorimeter, 
which has been described in detail in a previous paper [S]. The heat effect of 
mixing, dilution, stirring and evaporation in the reacting cell can be 
compensated for by the same effects produced in the reference cell. 

RESULTS AND DISCUSSION 

If the initial concentrations 
C,(KOH), the saponification 
reaction and kT = kzC,(KOH). 

of reactions are unequal and C,(ester) << 
may be treated as a pseudo-first-order 
For the saponification of ethyl benzoate at 

25.0 and 35O”C, At = t, > z, so k > kf-. For the saponification of ethyl 
acetate at 20.0 and 30.0°C, At = tl < 2, so k < kT. The characteristic 
thermogram data, the rate constant kf (and k,) and the cooling constant k 
calculated with the method suggested in this paper are summarized in 
Tables 1 and 2 from which it may be seen that rate constants calculated with 
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the method given in this paper are in fair agreement with those reported in 
the literature [9, lo], and the cooling constants k calculated are in 
agreement with those determined by means of calibration, therefore 
demonstrating the validity of this method. 

To calculate the rate constant with this novel method, it is not necessary 
to know the peak area [2,4-71, the rate of temperature rise [2,3], or the 
functional table of dimensionless parameters [7]. Therefore, this method 
can be widely applied for studies on thermokinetics of chemical and 
biochemical reactions. 
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