
Journal of  Thermal A nalysis, Vol. 34 (1988) 949- 962 

THERMOANALYTICAL STUDIES OF THE 
KINETIC OF REVERSIBLE REACTIONS 

N. I. Vaganova, V. I. Rozenband and V. V. Barzykin 

DEPARTMENT OF THE INSTITUTE OF CHEMICAL PHYSICS, 
ACADEMY OF SCIENCES OF THE U.S.S.R., CHERNOGOLOVKA, 
U.S.S.R. 

(Received June 27, 1987) 

A method is described for determination of the kinetic parameters of reversible reactions 
under isothermal and non-isothermal conditions in thermal analysis. Reversible reactions of the 
first and second orders and of mixed types4are considered. The kinetic parameters of the forward 
and reverse reactions are determined on the basis of the initial integral data of the 
thermoanalytical experiment. The results of processing a computerized experiment demon- 
strated that the suggested method is satisfactorily applicable. 

A reaction is reversible if the reacl~ion products are capable of  reacting and 

reproducing the initial substances. Strictly speaking, any chemical reaction is 
reversible. However, in the majority of  cases the equilibrium of the reaction is 

largely shifted towards one or the other side, and hence the reaction appears 
practically to proceed in one direction. If  the rates of  the forward and reverse 
reaction are comparable within the investigated temperature and concentration 
ranges, the reaction is said to be reversible, characterized by a decrease in the 
observed reaction rate as the reaction products accumulate. Finally, dynamic 

equilibrium is established, in which the forward and the reverse reaction proceed at 
equal rates and the overall rate observed experimentally is zero. 

To determine the kinetic parameters of  reversible reaction experimentally, it is 
not sufficient to know the type of  the reactions; it is also necessary to follow the 

product concentrations in the course of  the reaction. It is therefore an actual 
problem to determine the effective kinetid constants of  the forward and reverse 

reactions under thermoanalytical conditions, when integral data are obtained 
(usually a mass or heat change in the course of the reaction). This paper deals with 
the solution of  this problem. 

The general form of the reversible reaction is aA + bB ~ cC+ dD. Depending on 
the values of  the coefficients, reversible reactions may be of  the first order (both the 
forward and reverse reaction being of  the first order), of  a mixed type (one of  the 
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reactions being of the first order, and theother of the second order), or of the second 
order (both the forward and the reverse reaction being of the second order). All 
possible types of reversible reactions are listed in Table 1. 

Let us consider the scheme of studying reversible reactions under the conditions 
of isothermal calorimetric thermal analysis (differential thermal analysis or 
differential scanning calorimetry). In the experiments, the temperature T, the rate of 
heat evolution q, and the current and final heat evolution absorption q and q~ are 
determined. Without limiting the generality of the following discussion we will 
assume that the forward reaction is exothermic, and the reverse reaction 
endothermic. In this case, the relationship between the activation energy of  the 
forwai-d reaction E 1 and that of the reverse reaction E2 is [2, 3] E2 - E 1  = Q, where 
Q is the thermal effect of  the forward reaction (in the reverse case, El = E2 + I Q I) 
and q and ~ > 0. 

Reversible reaction of the first order: A ~--- C 

The rate of heat evolution in the forward reaction is 

OI = QKt I A o -  q-L Q.q2 1 (1) 

and that in the reverse reaction is 

q2"~ Q*K2[ CO+qlQ qQ*l (2) 

where A o and Co are the initial molar concentrations of the starting substance and 
the reac t ion  p r o d u c t ,  respec t ive ly  ; K1 = Kio exp ( - E I / R T  ) ; 
K2 = K2oexp ( -E2 /RT)  are the rates of the forward and the reverse reaction, 
respectively; Q,  is the thermal effect of  the reverse reaction (Q, = - Q); and 1 and 
2 are subscripts indicating the forward and the reverse reaction, respectively. 

?t = ql + q2 = Q(AoKI - CoK2)-  (Kx + K2)q (3) 

taking into account that ~ = ql + q2. 
Solving Eq. (3), we can establish the relationships q(t) and (fit); 

Q(AoK l - CoK2) 
[1 - e -~K~ + r ~ ' ]  ( 4 )  

q = Kl +Kz 

(t = Q( AoK1 - CoK2) e-~rl + r2~, 

At t = oo, ~ = 0 and the dynamic equilibrium of  the forward and reverse reaction is 
established. The overall heat q~ evolved in the experiment is then 
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Q (A oK1 - COKE) (5) 
q~ = K1 +K2 

This value of  qo~ may also be obtained from Eq. (3) at ~= 0. 
Hence, the indication that a reversible reaction of the first order proceeds is a 

linear relationship O(q). The absolute value of  the slope of this line is rn = (K 1 + K2), 
and its intercept with the ordinate axis is n = Q(AoK 1 -CoK2) .  The unknown 
thermokinetic constants to be determined are Klo, K2o, E1 and E 2 . If  Q is known, 
then, by experimentally determining rn and n we obtain 

QCom + n QAom + n 
K1 Q(Ao + Co)' K2 Q(Ao + Co) (6) 

If  a series of  experiments are carried out at different temperatures and the 
relationships In K~ and In K z are plotted vs. 1/T, all parameters to be determined 
can be found graphically. They can also be determined algebraically by carrying out 
two experiments at T~ and T2. It is easily shown from Eq. (6) that 

�9 QC~ (7) 
E 1 = P m ~ n  1 

where P = ( T 2 -  TO/RT1T2, and E2 = El +Q.  Determining E~ and E2 from Eq. 
(6), we can obtain the values of  Klo and K2o (Kio = Ki exp (EI/RTi), i = 1, 2). 

If Q is not known in advance, its value can be determined in the following 
manner: 

Kt(T2) _ QComz +n2 _ eeEl 
KI(T1) QComl +nl  

Kz(Tz) _ Q A o m z - n z  _ eer2 

Kz(Tx) QAoml - n I 

Then 

(QA~ - n2)(QC~ + n2) = e PQ (8) 
(QAom I - nl)(QComz + nz) 

is a transcendent equation for determining the value of  the thermal effect Q of  the 
reaction. We can then calculate all other kinetic constants as described above. 

It should be noted that the linear relationship 0(q) is also characteristic for one- 
stage irreversible reactions of  the first order and for two parallel one-stage 
monomolecular reactions [4]. However, it is easy to demonstrate that, for reversible 
reactions, the straight lines obtained in the coordinates 0(q) at temperature change 
intersect, whereas this is not the case for one-stage monomolecular reactions and 

J. Thermal Anal. 34, 1988 
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two parallel monomolecular reactions. Additionally, only reversible reactions are 
characterized by changes in the relationship rate of heat evolution vs. heat 
evolution, ~ vs. q, when an unchanged amount of the starting substance is diluted by 
the end-product. 

Mixed-type reversible reaction: A ~ C+ D 

For simplicity's sake, let us assume that Co + Do = 0, though the calculation 
scheme is also valid when the initial concentrations of the products differ from zero. 
The rate of heat evolution in the forward reaction is 

I -  

[tl = QK1 |Ao - q_L 
L O 

that in the reverse reaction is 

q2 = Q,Kz [ q~ 

and the overall rate of heat evolution observed experimentally is 

g2q 2 
il = Q(AoK1)- K l q -  ~ -  (9) 

The general form of this parabolic relationship is shown in Fig. la. In the 
experiment, for an exothermic forward reaction, a preferential part of the parabola 
will appear with q changing from zero to q~. 

, '  IX, I 
q,./ 
' ~q] i' 

a) 

IX, ," 
L N qo ,'~,. , 

d" A i'%, s" ~  , ,~ s q 
oq . I " 

[qoo I~ 

Kl(Ao*Bo) ~ " -  i 

Fig. i Qualitative form of the relationships ~ vs. q and d~/dq vs. q for reversible reactions, (a) mixed- 
type reaction, (b) second-order reactions 

J. Thermal Anal. 34, 1988 
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By solving Eq. (9), we can establish the relationships q(t) and 0(t); 

2a(1 - e -'/~t) 
( " , q(t) = b -  .V/~e_ /~, ~ �9 (10) 

O ( t )  = - -  

b+~/-3 / 

where a = QAoK1, b = Kt and 6 = K~ + 4AoK1K 2. 
Under conditions of dynamic equilibrium, it follows from Eqs (9) and (10) that 

the overall heat evolved in the experiment is 

= 2QA~ = Q-[~ /K~+4AoK1K2-K1]  ( l l )  
q~ K1 + ~ / ~ z  RK2 

It is characteristic of such a mixed-type reversible reaction that the value of 
decreases sharply witl~ increasing q, owing to the reverse endothermic reaction 
being of a higher order than the forward reaction. Therefore, with increasing q, the 

2 absolute value of  increases from K~ to x//6 (Fig. la). 

To identify this type of reaction and to determine the kinetic parameters, the 
quadratic equation (9) can be written in the following form: 

K2 
gl = ~ - ( q l , - q ) ( q - q 2 , )  (12) 

where q l ,  and q2, are the roots of the equation at which 4 becomes zero. Since 0 = 0 
when the process passes into dynamic equilibrium, one of these roots is q l ,  = q~. It 
then follows from Eq. (12) that the following relationship is valid: 

4 _K2 (q'--q2,) 
q~- -q  Q 

K 1 -  x/~ 
where the second root is q2, - 2Kz/Q " Expressing v ~  by q.~ from Eqo (11), we 

finally obtain 

= K i + K2 q ~ - q  ~ ( q + q ~ o )  (13) 

Thus, for mixed-type reversible reactions, linearization in the coordinates 
q/(qo~.-q) vs. (q~o + Q) is characteristic. For this straight line, m = K2/Q and 

J. Thermal Anal. 34. 1988 
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n = K 1 . By carrying out a series of  experiments at different temperatures and 
plotting the relationship In n vs. I/T, we can simultaneously determine Klo and E 1 . 
We can determine the values of  K2 and Q (if they are unknown ) in the following 
m a n n e r .  Since n/m = QK1/K 2 and  E2 = E l  + Q, we o b t a in  

n/m = QKlo exp (Q/RT)/K20. By plotting the relationship In _n vs. 1 / T, from the 
m 

slope of  this line, we can determine the value of  Q and subsequently E2 and 
Kzo = mQ exp (E2/RTo). All these kinetic parameters can also readily be obtained 
algebraically from the data of  two experiments carried out at temperatures T 1 and 
T 2 . t t  is easy to demonstrate that the following relationship are valid: 

RT1T2 n2 RT1T2 nlm2 
- - - I n - - ;  Q -  T22---~ln (14) El T2 - T1 nl n2ml 

The value of  Qcan  also be calculated on the basis o f q , .  Since/(2 = Qm, it follows 
from Eq. (11) that 

qo~(n + q~m) 
Q - (15) 

Aon 

Reversible reactions of the second Order: A + B ~--- C+ D 

Under the conditions Co = Do = 0. We have the following equations: 

~tt = QKtIA~ + q~,] I  B ~  Q+q~ q-~,l 

(16) 

and, since Q,  = - Q ,  we obtain 

K,-K2 
0 = K1AoBoQ- KI(Ao - Bo)q + - -  q2 (17) Q 

This equation is of  the same type as that for the mixed-type reversible reaction, Eq. 
(9). The common form of  this parabolic relationship is shown.in Fig. lb. For  
reversible reactions of  this type, a slight decrease in the value of~ with increasing q is 
characteristic, as a result of  the forward and reverse reactions being of  the same 
order. Therefore, in contrast to the mixed-type reaction, d(t/dq will decrease in 
absolute value with time (with increasing q) from 

KI(Ao + Bo) to ~/K2(Ao + Bo)2-4K1AoBo(KI- K2): 

J. Thermal Anal, 34, 1988 
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The overall amount  of  heat evolved in this type of reversible reaction is 

KI(Ao + Bo) - x/KZt(Ao + Bo) 2 - 4KtAOBo(Kt - K2i 
q| = 2(K1 - K2)Q 

(18) 
2K1AoBoQ 

KI(A o + Bo) + x/K~(Ao + B o ~ -  4K1AoBo(K1 - Kz) 

For  q(t) and O(t), relationships of the type in Eq. (10) are valid, where 
a = QKfAoB o, b -- KI(Ao+Bo) and ~ = KZl(Ao+Bo)Z-4KIAoBo(K1-K2). 
Processing Eq. (17) analogously to Eq. (12), we obtain 

0 _ KI(Ao+Bo ) K I - K z  (qo~+q) (19) 
q |  Q 

i.e. a relationship of  the same form as in the case of  mixed-type reversible reactions. 
Hence, the scheme for determining kinetic parameters in this case is fully analogous 

to the former one. 
It should be noted that the linear relationship ?t/(qo~-q) vs. (q~+q)  is 

characteristic for all types of  reversible reactions, i.e. in the kinetic context all" 
possible cases are analogous to one another. In Table 1, the values of  parameters m 
and n for these straight lines are listed for all possible types of  reversible reactions. I f  
m = 0 and n > 0, the reaction is of  type 1. If  rn and n > 0, and the relationship In m vs. 
1/T is linear, the reaction is of  the type 4, 5, 6, 7. Full identification of  the type of  
reversible reactions is possible only if the one-component or two-component 
starting material and the reaction products are known. 

For  reversible reactions, the most essential kinetic information is that relating to 
the state of  dynamic equilibrium reached in the  system, namely the concentrations 
of  the reactants in the equilibrium state and the equilibrium constant K = Kx/Kz. 
F o r  the reversible reactions considered above, if the type of  the reaction and its 
thermal effect have been established, these data can be obtained, merely from the 
experimentally determined overall heat evolution in the course of  the reaction, qoo- 

The accuracy of  determination of  the kinetic parameters in the described manner 
depends on the accuracy of the temperature, q and ~ measurements. If  the accuracy 
of  temperature measurement is 1 deg, and the accuracy o fq  and t~ measurements is 
2% (these values being fully realistic for modern thermoanalytical instruments), 
evaluation of  the error in the activation energy determined via Eqs (7) and (14) 

yields a value of  the order of  5%. 
To check the proposed schemes for determining kinetic parameters,  a 

computerized experiment was carried out; the initial parameters were: 
Klo  = 10 5 s -1 (10 - rma /mol )~ ;  K2o = 2.3- I0 7 s -1 (10 - rma /mol )~ ;  

J. Thermal Anal. 34, 1988 
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J 

'c 2.3 

"~ 2.2 

~ 2.1 

2.0 

1.~ 

1.~ 

1.7 I ~ I I J 
0.2 0.3 0.4 0.5 0.6 0.7 

q *qoo, cal/moI 

Fig. 2 Relationship ~/q~ - q vs. q~o + q for reversible reactions, (1) first-order reactions, (2) mixed-type 
reactions, (3) second-order reactions 

E 1 = 4 1 . 8 k J / m o l ;  E 2 = 6 2 . 7 k J / m o l ;  Q = 2 0 . 9 k J / m o l ;  A o = B  o =  1; and 
Co = Do = 0. Here s = 0 and 1, respectively, for monomolecular and bimolecular 
reactions. Reversible reactions of  the first order (A~--C), of  the second order 
(A+B~--C+D)  and of  the mixed type (A~--C+D) were considered. The 
relationship (q/qoo- q) vs. (q~o + q) for these reaction types is shown in Fig. 2, 
demonstrating that in these coordinates linearization is in fact observed, and that 
the slope of  the straight line is positive for the mixed-type reaction and negative for 
the second-order reaction. In Table 3, the characteristic parameters m and n are 
listed, together with q and the calculated values of  the thermokinetic parameters. 
The agreement between the initial and calculated parameters of  the forward and 
reverse reactions demonstrates that the proposed method is well suited for the 
thermoanalytical study of reversible reactions. 

The schemes discussed above are intended for calorimetric thermal analysis; 
however, they can also be applied for thermogravimetry. This will be shown on the 
example of  a reversible reaction of  the first order, A ~ C, where A is a solid and C is 
a gas, since only in this case will substance A undergo a mass change Am in the 
course of  the reaction. It is assumed of  course, that the process takes place in a 
closed space and that the gas cannot escape. If  this is not the case, mass transfer out 
of the reaction cell must be taken into account. We have 

J. Thermal Anal. 34, 1988 
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Table  3 

Type 7", K n m q' Q' Kol E l '  Ko2 E2' 
of reaction kJ/mol kJ/mol kJ/mol kJ/mol 

400 0.539 0 14.50 

420 1.1 0 13.12 

A~C 440 2.07 0 11.73 20.9 

460 3.83 0 10.48 

500 11.58 0 8.22 

400 0.37 0.79-10 -s  15.72 

420 0.67 1.9 -10-s 14.75 

A~C+D 440 1.15 4.29" t0 - s  13.85 20.1 

460 1.9 9.07" 10 -s  12.95 

500 4.5 2.59"10 -~ I1.40 

400 0.74 0.99- 10 -s  12.57 

420 1.26 1.34" 10- 5 i 1.83 

A+B,-~-C+D 440 2.3 i.25-10 -~ 1t.12 20.9 

460 3.8 0.57.10 -6 10.47 

500 9 -1 .18 .10  -4 9.35 

7 

- -  41 .9  & 
eq 

7 

41.9 ~ 

"6 

125.03 

122.5 

41.9 __ ~ 125.03 

dA ( m o A - d m )  (moc~Am)  
dt - K1 + K2 (20) \ #a / 

where m O A  , m o c  , g A  and #c are the initial densities and molecular masses of A and C, 
respectively. Since no change in the number of moles occurs in the course of the 
reaction, it follows from the law of conservation of  matter that #A = #c = #- Then, 
since A = (m o -  Am)/p, from Eq. (20)we obtain 

dam 
dt = (Klm~ K2m~ (K1 + K2)Am (21) 

Equation (21) is the analogue of  Eq. (3), obtained for the calorimetric experiment. 
Hence, the scheme for obtaining kinetic parameters is identical with that described 
above in (6). 

Finally, it should be noted that the kinetic parameters of reversible reactions can 
also be determined in non-isothermal thermal analysis, where programmed heating 
takes place at a rate of w. The qualitative characteristics of reversible reactions 
proceding under non-isothermal conditions are as follows: 

(i) A change in sign of the relationship for the heat evolution rate ~ in the course 
of heating. 

5* J. Thermal Anal. 34, 1988 
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(ii) The existence of two, extreme in the c u r v e  t~(t). 
(iii) An extremal relationship q( t ) .  

(iv) A change in the relationship for the rate of the heat evolution ~ and the 
amount of heat evolved q relative to unit .mass of the starting material when the 
sample is diluted with the end-product of the reaction. 

The scheme for determining the kinetic parameters of reversible reactions under 
non-isothermal conditions will be demonstrated on the example of a mixed-type 
reaction, A ~ C + D. At the initial thermokinetic parameters given above, the curves 
~(t) and q( t )  obtained at heating rates of 5 and 10 deg/min have the shapes shown in 
Fig. 3. The curve t](t) exhibits two extrema, and passes through the.equilibrium point 

= 0 at the moment t = t , .  The values q and T corresponding to this moment t ,  
will be denoted q, and T,. For the mixed-type reversible reaction, Eq. (9) will be 
valid, iSince E2 - E1 = Q, we. obtain 

Ko 1 _ 2 
q* e -e/~T* (22) 

B - Ko u Q(QAo,q)_ 

By carrying out two experiments at different heating rates, wl and wu, we obtain 
two relationships q(t) and two sets of  values ql, ,  qu, and T**, 7"2,. If these are 

~ 2.8 . l g  

'7 
0 
"~ 2.4 
o: 
m 2.0 

.6 1.6 

I I 
I I 
! t 

' I t 
~- I t 

I 1 
; ! t 1 

I 

1.2 ' Z*" A", 

", 
~f 1o i 2 o ~  3c 
I ~ - ~ . .  _..~.~ ,w , ,  -0.4~ ~%._. d....- o~ Tlme, s 
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Fig. 3 Form of  the curves 4(t) and q(t) for mixed-type reversible reactions under programmed linear 

heating conditions. (1) = 5 deg/min, (2) = 10 deg/min; . . . .  ~(t), - -  q(t) 
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substituted into Eq. (22), a transcendent equation for the determination Q is 
obtained: 

( Q(T2.- Tt*) ) q2,(QAo- q2.) exp = 0 (23) 
q2,(QAo - ql,) RTI,T2, 

On calculating value of Q we can obtain the ratio Kot/K02 = B. By expressing K1 
through K 2, K1 = BKo2e -F2/er= BK2 eo/er and substituting this value into 
Eq. (9), we obtain an equation for the determination of K2(T): 

K2(T) = qQ BQ eQ/er (QAo - q ) -  q2 (24) 

In the knowledge of Kz(T), the relationshi p In K2(T ) vs. 1/Tmay then be plotted, 
and E2 and K2o, and subsequently E 1 = E 2 -  Q and Klo = BK2o can be 
determined. 

This calculation was illustrated by a computerized experiment. The value of Q 
obtained from Eq. (23) was 21.3 kJ/mol. The values found for E 1 , E2, Kol and K02 
were 41.1 kJ/mol, 125.4 kJ/mol, 0.8-106 s -1 and 22.3 m3/s mol, respectively. 

These data are in full agreement with the initial kinetic parameters. Accordingly, 
the proposed,scheme for processing non-isothermal experimental kinetic data is 
applicable for all types of reversible reactions considered in this work. 
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Zusmmenfassuag - -  Es wurde eine Methode zur Bestimmung kinetischer Parameter von reversiblen 
Reaktionen unter isothermen bzw. nicht-isothermen Umst/inden in der Thermoanalyse beschrieben. 
Umkehrbare Reaktionen erster Ordnung, zweiter Ordnung sowie Reaktionen vom Mischtyp wurden 
betrachtet. Die kinetischen Parameter der Hin- bzw. R~ckreaktionen wurden auf der Grundlage der 
Anfangsintegrale der termoanalytischen Experimente bestimmt. Die Ergebnisse eines computermodel- 
lierten Experimentes zeigen, dass die vorgeschlagene Methode befriedigend angewendet werden kann. 
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Peamur - -  ,~aua M~ro~loJxorug onpegeaeuax ~uneTuqecKux napaMeTpoB o6paTUMbXX peaKRu~ n 

ycJIoBuJnx X3OTepMuqgCKOFO 14 HeH3OTepMUqeCKOFO TepMoaua.quTnqecxoro 3KcHepHMeHTa. PaCCMOT- 

penu o 6 p a ~ e  pearImU nepnoro n BToporo nop~ara, a Tar~e cMemanuoro Tuna. KnneTnqecrne 

napaMerpu npsn~ofi u o6paTnofi pealolHfi onpe~le~mOTCa Ha OCHOBaHHH HCXO~HbIX HHTeI'pRflbHblX 

:lannhzx TepMoauaauTuqecroro arcnepuMeuTa. PeayJIbTaTbl o6pa6oTru Mamuuuoro runeTuqecEoro 

alCCHepiLMCUTa nolca3a.rlH gopollIyIO HpHMeHHMOCTh npegLqoxenHoFo MeTOjIa. 
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