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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 types are 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 reaction 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 kinetic 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 a4 + 5B = ¢C + 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 the other 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 7, the rate of
heat evolution ¢, and the current and final heat evolution absorption ¢ and ¢, 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
forward reaction E, and that of the reverse reaction E, is [2, 3] E, — E 1 = 0, where
Q is the thermal effect of the forward reaction (in the reverse case, E; = E,+|Q|)
and g and 4> 0.

Reversible reaction of the first order: A= C

The rate of heat evolution in the forward reaction is

. q1 UP)
= 0K, | Ag— = + =— )
4 = 0K, [ 0 0 Q*:l
and that in the reverse reaction is
. q1 q>
= 0. K,| Co+ —— == )
4, = 0.K; [ 0 0 Q*]

where A, and C, are the initial molar concentrations of the starting substance and
the reaction product, respectively; K; = Ko exp (- E,/RT);
K, = K,qexp (— E,/RT) are the rates of the forward and the reverse reaction,

respectively; 0, is the thermal effect of the reverse reaction (@, = —@); and / and
2 are subscripts indicating the forward and the reverse reaction, respectively.
G=q,tq, = Q(AoKl“CoKz)’(Kl“‘Kz)q 3)

taking into account that § = g, +4,.
Solving Eq. (3), we can establish the relationships g(¢) and 4(z);

Q(A0K1 _CoKz) ~ (K1 +K2)t
= 1—'— i 2 4
Kk, e ] )

§ = Q(AK; — CoKy) e K17 Ko

Att = o0, g = 0and the dynamic equilibrium of the forward and reverse reaction is
established. The overall heat ¢, evolved in the experiment is then
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gu = Q(AOKI - CoKz)
® K, +K,

)

This value of g, 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 §(q). The absolute value of the slope of this lineism = (K, + K,),
and its intercept with the ordinate axis is n = Q(A4,K, — CoK;). The unknown
thermokinetic constants to be determined are K, o, K4, £; and E,. If Q is known,
then, by experimentally determining » and 7 we obtain

_ QCom+n _ QAym+n
Q(Ay+Co)’ Q(4,+Cy)

If a series of experiments are carried out at different temperatures and the
relationships In K| and In K, 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 7, and 7T,. It is easily shown from Eq. (6) that

K, K, (6)

QCom;,+n,

E, = Pl
1T T OCm, 1y

Q)
where P = (T,— T,)/RT,T,, and E, = E, + Q. Determining E, and E, from Eq.
(6), we can obtain the values of K, and K, (K;o = K;exp (E;/RT}), i = 1, 2).

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

K\(T,) _ QCymy+n,
K(T,) QCom;+n,
K, (T,) _QAym;—n,
KT QAgmy—n,

— HPE;

— ePEz

Then

(QAgm; —n)(QCym, +n,) = oPC
(Q4om, — nl)(QCsz +n3)

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 §¢(g) 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 §(g) at temperature change
intersect, whereas this is not the case for one-stage monomolecular reactions and

@®)
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two parallel monomolecular reactions. Additionally, only reversible reactions are
characterizéd by changes in the relationship rate of heat evolution vs. heat
evolution, § vs. g, 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 C,+ D, = 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

. q q
oorfus ]
that in the reverse reaction is
9 9
o-os3-3]
oo o,
and the overall rate of heat evolution observed experimentally is

K 2
g = Q(AoK) —K,q— ZQ" ©)

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 g changing from zero to ¢, .
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Fig. 1 Qualitative form of the relationships ¢ vs. ¢ and d§/dq vs. g for reversible reactions, (a) mixed-
type reaction, (b} second-order reactions
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By solving Eq. (9), we can establish the relationships g(r) and ¢(¢);

_ - Jat
g(r) =-——220 - f) (10)
b+ /5[ 1- i
( \[( b+ fe )
i = dade %

: . 3y
b+ \/5)2(1— Vie )
b+ \/5
where @ = QA,K,, b = K, and § = K} + 44,K,K,.
Under conditions of dynamic equilibrium, it follows from Eqs (9) and (10) that
the overall heat evolved in the experiment is

_ 20A40K, -
K+ \/m RK,
It is characteristic of such a mixed-type reversible reaction that the value of 4

decreases sharply with increasing ¢, owing to the reverse endothermic reaction
being of a higher order than the forward reaction. Therefore, with increasing g, the

K}+44,K,K,—K,] (1D

absolute value of %}“Z increases from K, to /0 (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:

X,
g= ~Q3(q1*—q)(q~qz*) (12)

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

9 _ &
Go—4q Q(f? 92*)

. K, - .
where the second root is g, = —2‘K—/\Q/S Expressing \/5 by ¢, from Eq. (11), we
2

finally obtain
q
94

K
= K+ 5(q+qw> (13)

Thus, for mixed-type reversible reactions, hnearization in the coordinates
q/(q.—q) vs. (g, + @) is characteristic. For this straight line, m = K,/Q and
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n = K,. By carrying out a series of experiments at different temperatures and
plotting the relationship In n# vs. 1/T, we can simultaneously determine X,,and E; .
We can determine the values of K, and Q (if they are unknown) in the following
manner. Since n/m = QK,/K, and E,=E,+Q, we obtain

nim = QK,,exp (Q/RT)/K,,. By plotting the relationship ln% vs. 1/T, from the

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

_RLT, n  _ RL,T,, nym

E 14
! T,-T, n Q T,-T, nym, (14)

The value of Q can also be calculated on the basis of ¢, . Since K, = Qm, it follows
from Eq. (11) that

_ qo(ntq,m)
Q= T Ao (15)

Reversible reactions of the second order: A+B=C+D

Under the conditions C; = D, = 0. We have the following equations:

iy = QKI[AO_q_x+q_z][BO_q_1+gz_]

0 0. Q 0.
(16)
4> = Q.K; I:qQ_1 - g_i]
and, since 0, = —Q, we obtain
1= KiAoBoQ~ Ki(do—Boly+ =52 ¢ a7

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. 1b. For
reversible reactions of this type, a slight decrease in the value of ¢ with increasing g is
characteristic, as a result of the forward and reverse reactions being of the same
order. Therefore, in contrast to the mixed-type reaction, dj/dg will decrease in
absolute value with time (with increasing ¢) from

Ki(Ao+By) to \/K%(AO+BO)2_4K1AOBO(K1_K2)5
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The overall amount of heat evolved in this type of reversible reaction is

4. = Kidot By~ K¥(Ag+ Bo)*— 4K, 40Bo(K; — K;) _
® 2(K1 - Kz)Q

(18)
- 2K, AoBoQ

K1(Ao + Bo) + vV K%(Ao + Bo)2 - 4K1AoBo(K1 - Kz)

For g(f) and 4(¢), relationships of the type in Eq. (10) are valid, where
a= QKAoBy, b= K(4o+By) and 6= K3(Ag+ By)?— 4K, Ao Bo(K, — K3).
Processing Eq. (17) analogously to Eq. (12), we obtain

K,—K
= K(do+Bo)— ’IQ 2

g
th) - 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 §/(g.—q) vs. (go+¢q) is
characteristic for all types of reversible reactions, i.e. in the kinetic context alF
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. If
m=0and n>0, the reactionis of type 1. If mand 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 X = K, /K,.
For 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, g, .

The accuracy of determination of the kinetic parameters in the described manner
depends on the accuracy of the temperature, ¢ and ¢ measurements. If the accuracy
of temperature measurement is 1 deg, and the accuracy of g and ¢ 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:
Ko = 10551 (107%m3*/mol)*; Ko =2.3-107s7' (107 °m3/mol)*;

Gotq) 19)
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Fig. 2 Relationship ¢/q., —q vs. ¢, + g for reversible reactions, (1) first-order reactions, (2) mixed-type
reactions, (3) second-order reactions

E, = 418 kJ/mol; E, = 62.7 kJ/mol; Q = 20.9 kJ/mol; A4, = B, =1; and
C, = D, = 0. Here s = 0 and 1, respectively, for monomolecular and bimolecular
reactions. Reversible reactions of the first order (4<=C), of the second order
(A+B=C+D) and of the mixed type (4= C+D) were considered. The
relationship (¢/¢.,—¢q) vs. (g, +¢g) 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 » are
listed, together with ¢ 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, 4 = C, where A isa solid and Cis
a gas, since only in this case will substance 4 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 q’ Q9 E19 EZ?
K
of reaction K " " KWmol Kjmol Ko kymol K02 yymol
400 0.539 0 14.50 -
420 11 0 13.12 by L
A=C 40 207 0 11.73 09 T 419 S 12503
460 3.83 0 10.48 & 5
500 11.58 0 8.22
400 037  0.79-1075 1572 - ,
420 0.67 19 -10°5 1475 2 =
A=C+D 40 115  429-107° 1385 01 T 419 Fe 12
460 19 9.07-107% 1295 2 T E
500 4.5 2.59-107*  11.40
5
400 074  099-1075  12.57 E
420 126 1.34-107%  11.83 = 5 S
\ g =2 B )
A+B=C+D 440 23 125-1070%  ILI2 209 o 418 L. 12503
460 38 0.57-1075 1047 ; g
500 9 ~1.18-107* 935 &
dA4 moA—Am my.— Am
5 - K K (20)
t ﬂA <

where m, ,, mgc, 1, and uc are the initial densities and moleculdr masses of 4 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 u, = pc = p. Then,
since A = (my— Am)/p, from Eq. (20) we obtain ‘

O (Kumo= Kamoc) — (K + K, dm )
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:

(1) 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 curve (7).

(iii) An extremal relationship g¢(z).

(iv) A change in the relationship for thé rate of the heat evolution ¢ and the
amount of heat evolved ¢ 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
4(r) and g(r) obtained at heating rates of 5and 10 deg/min have the shapes shown in

'Fig. 3. The curve () exhibits two extrema, and passes through the.equilibrium point

4 = 0 at the moment ¢ = 1. The values g and T corresponding to this moment ¢,
will be denoted g, and 7, . For the mixed-type reversible reaction, Eq. (9) will be
valid. Since E,~ E; = @, we-obtain

= _Kﬂ = _q.z*__e’Q/RT: (22)
Koo Q(045))

By carrying out two experiments at different heating rates, w, and w,, we obtain
two relationships g(#) and two sets of values g¢,,, ¢,, and T,,, T,,. If these are

N
m‘

Ind
Y

g
[=]

q,kdls; q,x10" kJ

—
(=)

1.2

08

Fig. 3 Form of the curves §(f) and g(¢) for mixed-type reversible reactions under programmed linear
heating conditions. (1) = 5 deg/min, (2) = 10 deg/min; — - - §(1), q(t)

J. Thermal Anal. 34, 1988
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substituted into Eq. (22), a transcendent equation for the determination Q is
obtained:

qg.(QAo_‘h.) exp ( _ o(T,,— T1.)> =0 23)

‘I%.(QAO"‘h.) RT, T,,
On calculating value of Q we can obtain the ratio K,,/K,, = B. By expressing K,

through K,, K, = BK,,e ®RT = BK,e?RT and substituting this value into
Eq. (9), we obtain an equation for the determination of K,(T'):

4
KD = pgm ga,— - 4

In the knowledge of K,(T'), the relationship In K,(T') vs. 1/T may then be plotted,
and E, and K,,, and subsequently E;, = E,—Q and K,, = BK,, can be
determined. v

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,, E,, K,; and K,
were 41.1 kJ/mol, 125.4 kJ/mol, 0.8-10° s ! 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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Zusammenfassung — Es wurde eine Methode zur Bestimmung kinetischer Parameter von reversiblen
Reaktionen unter isothermen bzw. nicht-isothermen Umsténden in der Thermoanalyse beschrieben.
Umkehrbare Reaktionen erster Ordnung, zweiter Ordnung sowie Reaktionen vom Mischtyp wurden
betrachtet. Die kinetischen Parameter der Hin- bzw. Riickreaktionen 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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Pesiome — [Iana MeTOIOJIOTHS OUpPEIEICHNS KMHETHYECKHX NAapaMeTpoB ob6paTHMBIX peakumil B
YCNIOBHAX H30TEPMHYECKOTO H HEH30TEPMHIECKOTO TEPMOAHAMTHYECKOTO JKCIEpHMEnTa. PaccMoT-
peHn o6paTHMBIE PEaKIMK TIEPBOFO M BTOPOTO TIOPSIKA, @ TAKXKe CMeMaHH#oro THna. Kamernueckue
TIapaMeTphl NpsaMOi B 06paTHOH peakiMil ONPENENAIOTCS HA OCHOBAHUH MCXOJHBIX MBTErpadbHEIX
JaHHBIX TEPMOAHAMTHYECKOTO IKCTIEPHMENTA. PeayiibTaThl 06paGOTKE MALIHHHOrO KHHETHIECKOTO
3KCIEPHMEHTA HOKa3aJH XOPOLWIYIO IPHMEHHMOCTL TPEANIOKERHOIO METOMA.
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