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Abstract 

The transformation equation for the thermokineties of consecutive first-order reactions has 
been deduced, and a thermokinetie research method of irreversible consecutive first-order reac- 
tions, which can be used to determine the rate constants of two steps simultaneously, is proposed. 
The method was validated and its theoretical basis was verified by the experimental results. 
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Introduction 

The study of chemical kinetics by calorimetry is a very interesting and sig- 
nificant technique. A number of simple reaction systems have been investigated 
[ 1-6] and the feasibility of the method has been tested. A thermokinetic method 
for studies on composite reactions, which usually have two or more kinetic con- 
stants, is still a debated subject. Consecutive reactions are one kind of signifi- 
cant composite reactions. Some studies [7] have been made on the thermo- 
kinetics of consecutive reactions, but certain problems remain to be solved, ow- 
ing to the complexity of the kinetic equations and the difficulty of determination 
of two rate constants simultaneously. 

An irreversible consecutive first-order reaction is an ideal model for describ- 
ing the kinetic behaviour of the reaction intermediate in physical organic chem- 
istry and biochemistry. A thermokinetic research method for this kind of 
consecutive reaction, with which the rate constants of two steps can be deter- 
mined simultaneously, is proposed in this paper. The thermokinetics of saponi- 
fication of two diesters in aqueous solution have been studied with a conduction 
calorimeter, and the validation of this method in this paper has been verified by 
the experimental results. 
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Theory and method 

Relationship between the rate of generation of heat in a chemical 
reaction and the rates of  formation of its constituents 

Let us consider a homogeneous closed system within a volume V in which a 
chemical reaction is taking place. The chemical reaction includes m elementary 
reaction steps and can be described by a set of stoichiometric equations involv- 
ing n constituents (Am, A2, ..., A,). These equations will be written in the 
form [8]: 

n 

0 = ~ v . 0 A  j ( i= l ,  2 , . . . , m )  (1) 
j=l 

where v~j is the stoichiometric number of constituent Aj in elementary reaction 
i, which is positive for a product and negative for a reactant. 

At constant temperature and pressure, the rate of generation of heat in the 
chemical reaction, f2, can be written as 

m 

= V Z r iAHi (2)  

i=l 

where r~ = (dni/dt)/(viV) is the rate of elementary reaction i, a n d / ~ i  is its molar 
enthalpy. 

M-/i can be expressed as a function of the molar formation enthalpies, hi, of 
the constituents A i by the relationship 

n 

zhr-/i = ~ viihj 
j=l 

By combining Eqs (2) and (3), we obtain 

(3) 

m n 

i=l j=l 

(4) 

o r  

we define 

~ =  V~-" vii 
j=i i=l 

(5) 
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In  

Rj = ~ vori (6) 
i = l  

where Rj is called the total rate (algebraic rate) of production of constituent Aj. 
Consequently, Eq. (5) becomes 

n 

n--vERdi 
j=l 

(7) 

From Eq. (7), it results that the rate of generation of heat ~ in a reaction is, in 
fact, the sum of the products of the total rates of formation of the constituents 
and their molar formation enthalpies. 

According to the quasi-stationary-state approximation, for very reactive and 
short-lived intermediates, the overall production rates Rj are equal to zero, and 
do not appear in the calculation of tq. 

T r a n s f o r m a t i o n  e q u a t i o n  f o r  t h e r m o k i n e t i c s  o f  i r revers ib le  c o n s e c u t i v e  
f i r s t - o r d e r  reac t ions  

For an irreversible consecutive first-order reaction, if reactant S is trans- 
formed to product P via intermediate I, the behaviour can be written as follows: 

S - - ~  I r2 ~p (8) 
AH2 

where rl, r2 and AH~, AHz are the rates and molar enthalpies of the two steps, 
respectively. 

The rate of generation of heat ~q in this reaction is related not only to reac- 
tant S and product P, but also to intermediate L According to Eq. (7), we have 

cz = V(Rshs + R hx + Rvhp) 

In this reaction system: 

R s = - r l ;  R~ = rl - r2; and Rp = r2 

(9) 

It follows that 

o r  

f2 = - rlhsV + (rl - r2)hiV + r2hpV 

= rl(hi  - h s ) V  + r 2 ( h p  - h i ) V  

(10) 

(11) 
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Since 

Equation (11) becomes 

A H I  = hi - hs; AH2 = hp - hi 

= r~AH~ V + r2AHzV (12) 

If we define the derivative of the extent of reaction x, dx/dt, as the rate of reac- 
tion, i.e. r=dx/dt,  we have 

f2 = -~AHIV + -~AH2V (13) 

where Xl and x2 are the extents of reaction of the two steps. On integration, we 
obtain 

and 

Q = (xlAH~ + x2AH2)V (14) 

Q~ = (xl,~AHl + xz:AH2)V (15) 

For an irreversible consecutive first-order reaction, it is clear that 

Xl,oo = X2,oo 

Then, from Eqs (13), (14) and (15), it can be proved that 

dx1 s 
-di: + 13a-/ 

Qoo (1 + 13)xl: (16) 

and 

Q _ xl + 13x2 
Q~ (1 + ~ ) x l :  

13= A n 2  

AH1 

where 

(17) 

Equations (16) and (17) are the transformation equations for the thermoki- 
netics of consecutive first-order reactions. 
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Mathematical model for thermokinetics of irreversible consecutive 
first-order reactions 

Thermokinetic reduced extent equation 

Let the initial concentration of reactant S be So, let the initial concentrations 
of intermediate I and product P be equal to zero, let the concentrations of reac- 
tant, intermediate and product at time t be S, I and P, respectively, and let the 
rate constants of the two steps be kl and k'b respectively. We then define 

p=~-~ and O=klt 

According to the kinetic equations of consecutive first-order reactions [9], it 
can be proved that 

S = So exp(-0) (18) 

1= So [exp(-0) - exp(-p0)] (19) 
p - 1  

P = S f l -  Pp-1 e x p ( - O ) + ~ l  exp ( -pO) ]p_ l  (20) 

We then obtain that 

xl = So - S = SoIl - exp(--0)] (21) 

I- 

x 2 = P = S O ~ I -  P 
L 1 - p  

exp(--0) + 1 exp(-p0)] (22) 
p - 1  J 

and 

Xl, oo : X2, oo = So 

Inserting Eqs (21-23) into Eq. (17) and defining 

(23) 

13 -Qoo o ~ = 1 - ~  and G= 
(1 + 13)(1 - p) 

we can prove that 

ct = (1 G) exp(-0) + G exp(-p0) (24) 

J. Thermal Anal., 54, 1995 



622 LIU et al. : STUDIES ON THERMOKINETICS 

where q) and ot are called the thermokinetic reduced extent and the reduced re- 
mains, respectively. 

Equations (24) is known as the thermokinetic reduced extent equation of an 
irreversible consecutive first-order reaction. 

Calculation of rate constants 

If the reduced remains cxt of a reaction under investigation at any time t~ can 
be determined, four data (cx~, ct2, ix3, ct4) can be obtained for a fixed time inter- 
val, i.e. At = t4 - t3 = t3 - t2 = tz - tl. 

According to Eq. (24), it can be proved that, 
when k~ > kq: 

kl = 1 In (b + ~ - c) (25) 
At 

k'~ = 1 In (b - "4b -'z - c )  ( 26 )  
At 

and when kl < /(1: 

kl = 1 In (b - ~rff _ c) (27) 
At 

k'l = 1 In (b + ~ - c) (28) 
At 

where 

b = 2 ( a 2 ~ 4  - a ~ ) '  c -  ~ 2 ~ 4  - a ~  

Which step is faster can be judged according to the characteristics of the in- 
vestigated reaction or by means of other physical and chemical techniques. 

E x p e r i m e n t a l  

Reagents 

The saponifications of diethyl succinate and diethyl adipate were studied to 
test the validation of the mathematical model in this paper. Chemically pure di- 
ethyl succinate and adipate were purified by distillation under reduced pressure. 
The mixed solvent was prepared from analytically pure ethanol and deionized 
water. The potassium hydroxide was of guaranteed grade and its concentration 
in solution was standardized with potassium hydrogenphthalate. 
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Fig. 1 Thermoanalytical curve reconstruction for an irreversible consecutive first-order reac- 
tion; curve I: measured with a conduction calorimeter; curve II: ideal adiabatic curve 
reconstructed 

Apparatus 

A batch conduction calorimeter, whose construction details have been re- 
ported previously [10], was applied to measure the thermoanalytical curves of 
these reactions. The effects of mixing, dilution, stirring and evaporation in the 
working cell should be compensated for by the same effects produced in the ref- 
erence cell. Thermoanalytical curves were recorded as shown in Fig. 1. 

Table 1 Experimental conditions and results of saponification of diethyl succinate 
(solvent:50 mol% EtOH-H20; temperature: 15.0~ 

No. Co(KOH) / Co(ester) / 103.kl / 103.k'1 / 102"k2 / 103"k'2 / 

mol.l-1 s-1 l.mol-l.s-I 

1 0.4025 0.01685 5.63 0.805 1.40 2.00 

2 0.4439 0.01685 6.04 1.03 1.36 2.32 

3 0.4439 0.02184 7.73 0.817 1.74 1.84 

4 0.4914 0.02184 8.84 1.14 1.80 2.33 

5 0.5563 0.02608 8.73 1.21 1.57 2.19 

Average: 1.57 2.13 

Ref. I13]: 1.33 2.27 

J. Thermal Anal., 44, 1995 



624 L1U et al.: STUDIES ON THERMOKINETICS 

z 

~~176 ~o ~ o 

J. ~lermal Anal., 44, 1995 



LIU et al.: STUDIES ON THERMOKINETICS 625 

Results and discussion 

If  Co(KOH) > Co(ester), the saponifications of the diesters may be treated 
as irreversible consecutive first-order reactions [ 12-14], and So = Co(diester), 
kt = k2.Co(KOH) and k'l = k'2.Co(KOH). According to the thermoanalytical 
curve reconstruction method proposed previously [11], a recorded thermoana- 
lytical curve (curve I, A vs.  t) can be reconstructed to an ideal adiabatic ther- 
moanalytical curve (curve II, A vs. t),  as shown in Fig. 1, and the thermo- 
kinetic reduced extent ~i at any time tl can be obtained: 

( i ) i _  __  Ai _ kai + Ai 
A~o kA 

where Ai is the peak height at time t in curve I, ai is the peak area before time 
t, A is the total area under the thermoanalytical curve and k is the cooling con- 
stant. 

For the saponification of diesters, according to their reaction mechanism, 
the first step is faster than the second step, which has been verified in many pre- 
vious studies. Thus, the rate constants can be calculated via the mathematical 
model in this paper. Experimental results are listed in Tables 1-4. 

Table 3 Experimental conditions and results of saponification of diethyl adipate 
(solvent:80%) by weight (EtOH-H20; temperature: 20.0~ 

No. Co(KOH) / Co(ester) / 103,kl / 104-k'~ / 103.k2 / 104.k'2 / 

mol.l-1 s-1 l.mol-l.s-~ 

1 0.9746 0.04720 4.93 4.16 5.06 4.27 

2 0.9746 0.04720 5.01 4.36 5.14 4.47 

3 0.8684 0.04198 4.64 4.45 5.34 5.13 

4 0.9631 0.04512 5.28 4.43 5.49 4.60 

5 0,9631 0.04512 5.15 4.76 5.35 4.92 

Average: 5.28 4.68 

Ref. [141: 5.62 3.62 

From these Tables, it can be seen that the rate constants calculated in this pa- 
per are in agreement with those reported in the literature [13, 14]. The mathe- 
matical model and its theoretical basis are therefore believed to be correct. 

Conclusions 

In this article, a transformation equation for the thermokinetics of consecu- 
tive first-order reactions has been derived according to the relationship between 
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the rate of generation of heat in a chemical reaction and the rates of formation 
of its constituents. In the same way, transformation equations for thermokinetics 
of other reactions can be derived. This kind of transformation equation, as a 
bridge linking thermochemistry and chemical kinetics, is the theoretical basis 
for thermokinetic studies of chemical reactions. 

With the mathematical model suggested in this paper, the rate constants of 
two steps of an irreversible consecutive first-order reaction can be calculated si- 
multaneously. Thus, it can be widely applied to studies on chemical kinetics in 
physical organic chemistry and biochemistry. 
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Zusammenfassung m Die Transformationsgleiehung f/Jr die Thermokinetik konsekutiver Reak- 
tionen erster Ordnung wurde abgeleitet und es wurde eine thermokinetische Untersuehungsme- 
thode ffir irreversible konsekutive Reaktionen erster Ordnung vorgeschlagen, bei der die Ge- 
schwindigkeitskonstante zweier Schritte simultan bestimmt werden kann. Die Methode wurde 
bes~tigt und die theoretischen Grundlagen dureh experimentelle Ergebnisse/iberprfift. 
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