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Abstract: An analysis was carried out on the thermal dissociation of selected inorganic salts according
to Transition-State Theory (TST). For this purpose, two possibilities were compared in the context of
rate constants: in the first case using the Arrhenius constant directly from TST, and in the second,
using the thermodynamic equilibrium constant of the reaction/process of active state formation.
The determined relationships are presented in the form of temperature profiles. It was established
that TST applies to reactions for which there is a formally and experimentally reversible reaction,
in the literal sense or catalytic process. The importance of the isoequilibrium temperature, which
results from the intersection of the thermodynamic temperature profile and the Gibbs free energy
of activation, was demonstrated. Its values close to the equilibrium temperature are indicative of
more dynamic kinetic qualities. As part of the discussion, the Kinetic Compensation Effect (KCE)
was used to observe changes in the entropy of activation by comparing two kinetic characteristics of
the same reaction. Enthalpy—Entropy Compensation (EEC) was shown to be the same law as KCE,
just expressed differently. This was made possible by TST, specifically the entropy of activation at
isokinetic temperature, by which the perspective of the relationship of energy effects changes.

Keywords: solid state; Transition-State Theory (TST); reversible reactions; phenomenological thermo-

dynamics; activation temperature; isoequilibrium temperature; isokinetic temperature

1. Introduction and Aim of the Work

In 1935, Eyring proposed a kinetic theory called Transition-State Theory (TST), which
deals with the kinetics of elementary reactions in the gas phase and then in the liquid
phase [1].

A monograph analyzing TST (comprising 843 entries) was published in 1996, with
little discussion of the use of this theory for solid-phase thermal dissociation processes.
TST has been widely used for the calculation and analysis of rate constants for chemical
reactions in a variety of condensed-phase systems such as liquids, solids, and gas-solids [2].
Of the items cited there, the 1937 concept [3], sometimes referred to as the Eyring—Evans—
Polanyi model, is the most common, and the possibility of applying it to the solid phase
was presented in 1964 by Shannon [4]. In a subsequent discussion paper in 2000 [5] the
condensed phase is reduced to a liquid phase.

Despite the lack of explicit recommendations, the TST is used without much trouble
compared to the classical Arrhenius law, and moreover, for the isoconversion methods used
for each conversion level. Knowing the activation energy and pre-exponential constant at
each node, the temperature of formation of the active complex is taken as the temperature
of the maximum reaction/process rate. Works are found on multi-step analyses of hetero-
geneous solids, e.g., polymers with rice husks ash (as a catalyst) [6] or with oils [7], and also
on the thermal decomposition of biomass with possible additives [8-16]. TST models refer
to kinetic parameters determined classically for a constant heating rate [7,8], but sometimes
for isoconversion methods (Vyazovkin, Friedman, FWO, KAS, Starink and others), i.e., for
constant transformation step levels [9-14,16] or over specific temperature ranges [8,15]. In
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the latter case, the Arrhenius law parameters, i.e., activation energy (E) and pre-exponential
factor (In A), are determined for each transformation step, but the validity of the tem-
perature assumed in the TST model remains a matter of debate. The temperature of the
maximum reaction/process rate, determined under conditions for a linear temperature
increase and used in the Kissinger equation, is most commonly adopted [17]. According to
the literature, the TST model assumes the temperature at which the tests are conducted.
This leads to the conclusion that these are processes studied under isothermal conditions.

The literature review indicates a clear gap in the interpretation of solid-phase thermal
dissociation using TST. The aim of this study is to analyze the feasibility of using TST to
confront the thermodynamic temperature profiles of free, phenomenological, and activation
energy for selected solid salts. The temperature profiles were determined for specific
temperature ranges, but their range was logically extended for interpretative purposes.
Thermal dissociation kinetics were related to the Arrhenius equation, not necessarily only
under isothermal conditions.

A partial aim is to seek a link between the phenomenological thermodynamics ap-
proach and activation thermodynamics.

2. Relation between Arrhenius Law and TST

An analysis of the literature [18-35] which studies the relations between the classical
Arrhenius equation and TST, i.e., the connection between kinetics and thermodynamics,
allows us to present a concept for the relation in question.

We analyze the course of an isothermal reaction (T = const) of a solid-state chemical
substance. In the first step we assume a first-order reversible reaction pathway. In this case,
the equilibrium constant is derived from the ratio of the rate constants of the forwards to
backwards reactions: L

1
K= k (1)

The transition of the reactant to the TST state can be imagined as an endoenergetic
process of thermal activation, where, as a result of the relaxation of the structure, a gas
product is released and at least two reactants, a solid phase and a reactive gas, can be
considered to appear. Thus, the postulate that this is a gas—solid interface system is
fulfilled [2].

A comparison of kinetic constants according to Arrhenius and TST assumes equality:

kexp = kTST (2)

The right-hand side of Equation (1), on the other hand, is a typical TST notation which,
according to some works [1-5,18-35] and other extremely helpful ones [36—47] containing
additional knowledge and comments, can be written as:

kgT AG™
krst = xktK* =y == exp (—) 3)

where:
AGT = AHT — TAS™ 4)

and the ratio of Boltzmann’s and Planck’s constants is a constant quantity equal to
B = k% =2.0836 x 10! K~ s7!, and we tacitly assume that we are comparing At-
rhenius’ law with TST for x = 1, which is consistent with many views, and this problem
will be returned to in the discussion of the results.

We write the ratio in Equation (2) as:

Kexp = kT-K* ©)
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whereby in the reference to Equation (2) the left-hand side is written as:
E
kexp = Aexp “RT (6)

Formally we assume k = kexp = Aexp (— %) , with the new parameter constants of
the Arrhenius equation being the resultant of the constants from the individual reaction
steps. This raises the issue of whether, for thermal dissociation of the solid phase, it is
correct to insert the temperature of the maximum reaction rate T}, determined dynamically,
into the subsequent equations. According to the Kissinger equation [17], the temperature
of the maximum reaction rate increases with the heating rate. For very high heating rates
and for P = 0.1 MPa, Ty, — Teq [48]. However, it is advisable not to exceed the product of
the mass of the sample and heating rate of 100 mg K-min~!, or better yet, the product of
the time constant and heating rate below 2-3 K [49].

Using the proposal of Evans and Polanyi [3] comparing Equation (5) with (6) using
Equation (3) after bilateral logarithmization:

E AG™T
lnA—ﬁ—lnBT—ﬁ,x—l (7)

and after differentiation with respect to temperature we obtain:

E 1  AHT

RTZ =T T RTZ ®

which leads to a well-known relationship:
E=RT+AH" )
In the literature, Equation (9) is presented as [37]:
AH" = E—nRT (10)

in which: n = 0 applies to phenomena of physical nature (polymorphic transformations,
glass transition) and polymerization [50], n = 1 is valid for single-molecule reactions, and
n = 2 is recommended for two-molecule reactions. Thus, for solid-phase dissociation,
Equation (9) is the most reasonable.

The Gibbs energy of the activation process follows from Equation (3):

AGT = E+RT1n<]f> (11)

what is equivalent in case of availability to the rate constant according to Arrhenius or the

diffusion coefficient in s~

AGtT = RTln(BkT) (12)

The entropy of activation follows from the formulae Equations (10) and (12):

AHT — AG*

+_
AST = T

(13)

and after arranging we obtain:

As+_R[1n<];}[> —1], n=1 (14)
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If we insert in Equation (14) the expression defined in [30] as “Yard Stick”:
A = BTe (15)

we determine AS™ = 0, otherwise, entropy neutral.

For n = 0, Equation (14) simplifies to the form: AS™ = Rln (éiT) [50].

If A < BTe, the entropy of activation is negative AS* < 0, which is characteristic
of slow reactions and when the entropy of the TST state with respect to the reactants
decreases [35], which is related to a higher ordering, under certain constraints the slowdown
can be explained based on RRKM theory [51]. Equation (14) is derived by differentiating
Equation (11) with respect to temperature.

One further observation, ignoring other constraints, is that if we consider T = T, = const.
in Equation (14), then the entropy of activation is proportional to In A [9] and even to E.

3. The Concept Based on the Equilibrium Constant According to Equation (1)

The key element is Equation (1). Equilibrium constant of the reaction with the very
important caveat postulated for thermal dissociation of the solid phase, that K varies
between 0 < K < 1:

AGP & AH?
an:—RT,ArG :OandT:qu:W >0 (16)
After bilateral logarithmization of Equation (1):
InK=1Ink; —Ink_4 (17)

and using Equation (16) for the left-hand side of Equations (17) and (12) for the right-side
twice, we obtain:
MG =AGT— A1 GT (18)

Equation (18) is the simplest approach linking phenomenological thermodynamics to
activation thermodynamics and at least two conditions are relevant.
Firstly, in Equation (18) for equilibrium condition A,G? = 0, the equality occurs:

AGT = A G|y, (19)

that is valid for K = 1, since k; = k_1, therefore for T > T, activation loses its meaning.
Using Equation (18) twice for the decomposition (k1) and synthesis (k_1) reactions,
we obtain:
AG? = AGT — A_1GT decomposition, Equation (18)

—£G? = A 1Gf, — AGT  synthesis (20)

and we come to a comparison:

A_1Gpy = A_1GT (21)

For Equation (21) there is at least one common temperature, although perfect agree-
ment cannot be ruled out.
Secondly, from Equation (18) we obtain two comparison possibilities at isoequilibrium
temperature:
2 _ ACt
AG? = AGT | (22)

and acc. Equation (19):
AGZ = AGH |y (23)

while: Ty < T_k.
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While according to Equation (19) there is a common equilibrium temperature (T;)
for forward and backward activation reactions, the common coordinates according to
Equations (22) and (23) correspond to temperatures T_g and, of lesser cognitive importance,
T_k, respectively, determining the local isoequilibrium.

In accordance with Equation (21), it determines the temperature isoequilibrium for
the experimental data:

g _ +
8GT = DaGly|, (24)

Equations (23) and (24) are meaningful when we have a kinetic description of the
reaction reversible to its decomposition.

The common temperature for coordinates T with respect to A,G? correspond to the
expected partial objectives. Using calculations from Equation (22), the equilibrium constant
of the activation process can be determined from standard thermodynamic data at this
temperature Tk:

AvH?
Tk

Rln K™ = A,8% — (25)
From Equation (25), it follows that the quantities K are infinitesimally small but
greater than 0; however, two facts should be noted: Tx may not appear at all in the real
temperature range, or it may exist as an intersection point between the straight line of the
thermodynamic relation and the activation process for backward reaction as T_g.

4. Examples of Analysis Using Equation (1)
4.1. Formal Assumptions

The basic assumption is that there is a linear relationship of the free energies, AG™ vs.
ArG?, which in turn allows the temperature profiles of each energy to be analysed separately.

A summary for several dissociation reactions of solid reactants is presented in Table 1.
On the basis of data collected in work [52], the relationships, composed of average thermo-
dynamic quantities, were calculated:

AG? =ay—ay T, kJ-mol™! (26)
and for the known Arrhenius law parameters, the relationships were determined:
AG*Y = ay 4 a3T, kJ-mol~* (27)

In Equations (26) and (27), the dimension k]-mol~! denotes the quantity related to
1 mole of reactant.

Equation (27) follows from the aforementioned basic assumption, when accepting
the linear relationship (26) [52]. It represents a form of linear relationship with respect to
temperature (previously incorporating the term RTIn T) using Equation (4) which is more
appropriate for these procedures than Equation (12).

According to the assumptions made, the constants in Equations (26) and (27) are aver-
age thermodynamic quantities, approximating for T =298 K, ap = AygH?, a1 = Ay9gS<? and
we can make a similar comparison as a, = AH™, a3 — —AST. The notation AG'T
AH" — (=AS™)T indicates the usually observed negative entropy of activation, which
follows from Equation (15) when A < BTe.

The coefficients of the equations are given in Table 1, and the values of the standard
thermodynamic functions (T = 298 K) given therein sufficiently explain the meaning of the
calculated coefficients ay and a;.
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Table 1. List of analyzed chemical reactions and numerical data for determining the activation and standard free energy with respect to temperature (the dimension
kJ-mol~! denotes the quantity related to 1 mole of reactant, the values calculated according to [52] were supplemented by other ones [53-57]).

ATG(D:llo*ul'T AG =ay+a3-T @
Reaction/Temperature Range kJ-mol-1 kJ-mol-1 E InA ArogH?[52] M29gS” [52]
P =0.1 MPa kJ-mol—1 Ains-1 kJ-mol-1 J-mol-1.K-1
ap ay az as
(s) = (s) (8
Cac(;%te 7 (_33(9)8_12&)012 174.92 [52] 0.150 [52] 185.55 0.132 191.0 [53] 15.40 [53] 178.3 158.9
566.41 [52] 0.538 [52] - - - -
® ® ® 582.39 [54] 0.557 [54] 209.73 0.048 2184 >4
Fe»(S04)3® = Fe, 05 + 350, : : ’ : -
Z(heni)nlztite, T = 2981200 K 823-923 K [56] 5714 550.2
83.3 1.33
526.51 [55] 0.501 [55] 74.40 0.253
973-1123 K [55]
- 267.8 19.06
ALy (804)3" =v-ALO5® +350;® 610.90 [54] 0.534 [54] 258.92 0.105 596.6 583.3
T = 900-1250 K 923-1223 K [55]
® = 2A0® + O,® ®
2AgNO; T%@%S_go%)i( +2NO; 156.47 [52] 0.241 [52] 124.94 0.132 129.2 [57] 15.20 [57] 157.5 2447
() = (9] [€9] (8 (8)
4NH,C104 4H$1_ 2;831;]20 K+ 50, + 6H O ~159.98 [52] 0.636 [52] ~159.3 638.4
5 o —w o " 96.83 0.048 100.0 [53] 25.0 [53]
S) = g g g g
INH,CIOL® = Cly'8 + N ® + 20,8 + 4H,0 ~188.78 [52] 0.603 [52] ~187.9 6063

T =298-500 K
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Based on the data summarized in Table 1, the temperature profiles of the thermal
dissociation processes of the exemplary compounds were determined. For the selected
examples shown in Figures 1-5, the profiles are annotated accordingly:

Equation (26), A,G®—line 1,

Equation (27), AGT—line 2,

Equation (26) after reversal of the signs (—A,G9)—line 3,

Equation (12) for experimental data of the activation state of a reversible reaction,
A_1G™ (line 4a), represented by the results of experimental studies, A_; Gj,}p, (line 4b),

e  other, explained for the specific example—line 5.

While according to Equations (26) and (27) these are linear relationships with respect
to temperature, also according to Equation (18) an identical mathematical structure can
be expected for A_; G*. However, it is not always experimentally possible to control this
option. As an approximation, a simplification can be adopted to facilitate the interpretation
of Equation (18). The reversible reaction (represented as line 3) as an activation process
can be written directly. This is a special case of Equation (18) at temperature T,;, where for
example C = AG™ (T,;) = const (option ‘0"):

A_1GT = —-AG?+C (28)

Going further, inserting directly AG™ instead of constant C, Equation (18) is reproduced.

The equality of Equations (26) and (27) determines the isoequilibrium temperature
Tk (AyG? = AG™, Equation (22)) and in some cases T_g (Equation (23) or Equation (24))
which will be discussed further for several examples (Appendix A.1). Figures 1-5 are the
free energy temperature profiles with the characteristic temperatures marked.

4.2. Calcite

The thermal decomposition of limestone follows the equation:

CaCO5® > CaO® + CO,® (29)

Formally, this is a reversible reaction whose course depends on the physical properties
of the calcium oxide. It is therefore possible to compare the typical geometrical structure
for these considerations, comprising Equations (26) and (27) and the experimental data for
the carbonation reaction. The different straight lines denote the temperature profiles for the
chemical reactions shown in Table 1. In Figure 1, lines 1 to 3 and 4a,b denote the equations
given in the summary (sub-point 4.1), while line 4b corresponds for the experimental data
from three sources [58-60] for the reversible reaction according to Equation (12). From
Equation (18), the missing form of the equation follows, i.e., A_1GT =10.63 + 0.282T (line
4a) consistent with Equation (19) for Te;= 1166.13 K.

The kinetics of diffusion processes according to the RPM model for the same data
are distinguished [60]. Line 4b is common to all the experimental activation data of the
reversible reaction; it intersects lines 2 and 4a,b in the closest neighborhood of the isokinetic
temperature (T¢;), which can be considered a very satisfactory result.

The geometry of the temperature profiles, including all the straight lines, indicates
a preference for equilibrium temperature, since according to these considerations when
AGZ =0.

If T > T4 (line 3) the possibility of an activation-reversible reaction disappears. This
is in accordance with the experimental data and lines 4a and 4b are very close, although
their coefficients differ slightly.

The coefficients of lines 2 and 4a,b are dependent on the reaction kinetics, and thus the
isoequilibrium temperature Tx or T_g is strongly variable.

This example illustrates the possibility of considering the product of a thermal dissoci-
ation reaction as either capable of a reversible reaction, or with variable weaker reactivity
in this respect.
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200 CaCO, <=> Ca0 +CO,
Tx=329.33K Teq=1166.13 K
300
2.AG* . *
J—— A_4G}p =4319+025-T
200 4b. A_1GZ, (r? = 0.8218)
L
=} 4a. A_ 1 G +
_-E, 100
X / (4]
- 1.A.G
(O]
0
-100 3. —A.G?
-200
0 200 400 600 800 1000 1200 1400

temperature, K

Figure 1. Thermodynamic analysis of the course of the CaCOj3 <+ CaO + CO; reaction, Equation (29).
In the reference to Equation (18), line 4a is a straight line: A_;GT = 10.63 + 0.282-T. For line 4b
the resultant Gibbs free energy calculated for the diffusion coefficient (red squares) and the kinetic
constant (blue circles) was taken. Equation (12) was used with the Arrhenius parameter calculation
omitted, the equation of line 4b is given in the graph. The other kinetic data were determined for
dynamic conditions; Ty = 1166.13 K, Tx = does not exist, from comparison AG? =A_1 G we
obtain T_g = 380.30 K—line 4a, and from A,G? = A_; ijp, T_x = 329.33 K—line 4b.

4.3. Iron(I1I) Sulphate (Ferric Sulphate)

For reaction in this form:
Fez(SO4)3S < Fe2035 + 35038 (30)

in sulphate decomposition studies, in which the cation is a metal, there can be a temperature-
dependent reduction in SOs:
SO;3 <+ SO, + 1/20, (31)

In this case, hematite is considered as the reaction (30) catalyst in the course of the
reversible reaction (31) [61,62]. In Table 1, a reference to the formation of SO3 is assumed in
the thermodynamic range:

AG? =566.41 — 0538-T, kJ-mol™!, for SOs (32)

The reactions (30) with (31) form a mixture of SO, and oxygen, so the temperature
profile is as follows:

A,G? = 86221 —0.819-T, kJ-mol~!, forSO,/0, (33)

Equation (33) takes into account the reaction (31) (acc. [52]) and is consistent with the
equation shown in [54]:

A,G? =98.60 — 0.094-T, kJ-mol~?!, for Equation (31) (34)

Equation (34) results from the difference of Equations (32) and (33) divided by the
stoichiometric coefficient 3.
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The kinetic data in Table 1 are quite divergent and relate to the decomposition reac-
tion (30); the newer ones are numerically higher [56] and the older ones are lower [55].
In the first case, the analysis was carried out using thermogravimetry after isothermal
dehydration in the temperature range of 823-923 K in air flow according to Oth order
kinetics. In the second case, the process was carried out in a tubular reactor, isothermally
with nitrogen flow, in the range 973-1123 K after dehydration removing gaseous products
(503/50,/0,) from the reaction space, confirming the presence of SO, and oxygen. The
study was conducted for an approximately spherical pellet of ferric sulphate for a kinetic
model nowadays called the Jander model. The Arrhenius parameter pairs follow the KCE
trend; these data determine T,; = 663.0 K and this temperature was used further in the
work. Further considerations were carried out for these two extremes of the kinetic data,
shown in Figure 2a,b. Equilibrium temperature determined from Equations (32) and (33):
Teq = 1052.81 K, is indicated by line 1. Lines 14 follow the summary given in pt. 4.1, and
line 2 determines AG™ for numerically higher (Figure 2a) and lower (Figure 2b) kinetic
data. The results of the catalyzed reaction (31) treating hematite as a catalyst, for a large
excess flow of SO3, were taken as the reversible reaction to (30). The activation process
was considered to be revealed by the gas—solid surface contact. Line 5 follows from the
Arrhenius equation according to [62] in the range T = 1173 — 1323 K:

20,021
k=6.79 x 105exp< 0.0 ), s

T (35)

used in Equation (12).

The temperature profile of the reaction (31) in the gas phase represented by Equation (34)
is depicted by line 5, which for T > T, is located between the temperature axis and line
1 (Figure 2b). Starting at T > 1048 K, the catalytic effect of hematite is practically identical
to the equilibrium one determined by the conversion degree [63] which translates directly
into the finding that line 5 is both a thermodynamic and kinetic description of the course
of catalysis reaction (31) in the gas phase. Similar relationships between reaction rates and
equilibrium relationships are expressed in work [55]. Thus, the equivalent to this reaction
is line 4a shown in Figure 2. These are the activation states of the reaction (31) towards the
hematite catalyst for higher (Figure 2a) and lower (Figure 2b) kinetic data; the latter are more
in line with the considerations, as the surface activation of a specific volume is analyzed.

If we take T, as the temperature dividing the course of the reaction (30) into reversible
and irreversible, the course of the reversible reaction analyzed for hematite as catalyst
confirms that the course of the reaction in the gas phase is decisive (31). Thus, the three
reactions: (30), (30) including (31) and (31) are characterized by a common isoequilibrium
temperature since A,G? = 0. Hematite as catalyst reproduces itself and does not convert
to sulphate.

For the lower activation energy version, the temperature profiles 2 and 5 are mutually
consistent, in particular as shown in Figure 2b. Line 5, after inversion of the signs and shift-
ing upwards to the level of line 2 at equilibrium temperature, becomes a good illustration
for consideration for option ‘0’ (Equation (28)).

We searched according to Equation (18) for the activation equation for line 4b and the
reaction (31) according to the linear relationship:

A 1GT =AGT — A,G? =173.0 +0.159-T for Equation (31) (36)

where AG™ is provided in Table 1, and A,G? corresponds to Equation (34).

To facilitate considerations, it was assumed that lines 2 and 4b (on Figure 2b) constitute
a common result set.

Coefficients of Equation (36) for the given four points are given in the caption under
Figure 2 (line 4b) and are 155.46 kJ-mol ! (intercept) and 0.154 kJ-mol~1.K~! (slope),
respectively. The intercept differences are acceptable as minor.
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(a) Fe,(SO,); <=> Fe,0, + 35S0,
1000

Tk=608.67 K Te=1052.81 K
800

600
1.A,G%

400
o—o—o—94D.
2.AG*

200

G, kJ-mol-1

4a.A_,G*
-200

3.-A,G?
-400

-600

0 200 400 600 800 1000 1200 1400
temperature, K

(b) Fe,(SO,); <=> Fe,05 + 3S0,+ 3/20,
1000

Tk=734.90 K To=1052.76 K

800

600
1.A,GO

400
o——0—9)

200 2.AG*

G, kJ-mol-1
o

+
200 4a.A_,1G

-400
3.-A,G?
-600

-800
0 200 400 600 800 1000 1200 1400

temperature, K

Figure 2. Temperature profiles for reactions (30), (30) with (31) and for (34) for: (a) 1. line acc.
Equation (32), 2. Equation (11) for E =218.4 kJ-mol~1;In A =25.84 (Ains™1), Teq =1052.81 K; Tk =
608.67 K, 3. line for a reversible reaction; sign inversion in Equation (32), 4a. A_1 Gt = —372.66 +
0.605-T, 4b. for Equations (12) and (31) with Equation (35): A_lGe‘;p = 155.46 +0.154-T, (b) 1. line
acc. Equation (33), 2. Equation (11) for E = 83.3 kJ'mol~1;InA =133 (Ains™ 1), Teq = 1052.76 K;
Tx = 73490 K, 3. line for a reversible reaction; sign inversion in Equation (33), 4a. A_4 Gt =
—452.11 4 0.754-T, 4b. as in (a), 5. Equation (34) for reaction (31)—only in (b).

The result of the calculations indicates the correctness of the concept, which makes
it possible to independently analyze the catalytic process in the gas phase of activation
reaction (31), consistent with the activation of thermal dissociation of the solid phase.



Energies 2024, 17, 2669

11 of 26

4.4. Aluminum Sulfate

As before, the fundamental problem that arises in the study is the thermal stability of
50;3. In the reaction record in Table 1, the gaseous product is SO3:

A12(804)3s <—>’Y-A1203s + 3SO3g (37)

The kinetic data of the parallel study to the previous one (ferric sulfate) described
in [55] are for the study in a nitrogen atmosphere, in which, as before, the resulting gases
(503/507/0,) were derived from the reaction zone. Figure 3 shows the temperature
profiles of the reaction (37).

AI2(804)3 <=> Y‘A|203 +3803
1000

T¢=550.83 K Teq=1144.01 K
800

600 1.A.G?

400
Q

200

G, kJ-mol-'

-200

-400 3.-A.G 2

-600
0 200 400 600 800 1000 1200 1400

temperature, K

Figure 3. Thermodynamic analysis of the reaction (37) course. Only lines 1-3 are marked,
Teq=1144.01 K, Tk = 550.83 K; line 2 follows from Table 1.

In this case, it is not possible to analyze a reaction reversible to (36), since Al,O3 (in a
mixture with SiO,) is inert towards SO3 [61]. The only evidence to recognize the validity of
the TST for the reaction (37) is the fact of the appropriate choice of kinetic data, since the
existence of the isoequilibrium temperature determines the equilibrium activation constant
K™, which is an infinitesimally small quantity.

4.5. Silver Nitrate

In Table 1 the following reaction is considered:
ZAgNO:),S <~ 2Ags +Ozg+2N02g (38)

but for thermodynamic and kinetic analyses, the equations were related to 1 mole of AgNOs.
The decomposition of AgNOs may occur through the formation of silver oxide and its
decomposition in the reaction mechanism [57]:

AgZOS — ZAgS +1/2 028 (39)

and ultimately:
2NO,% — 2NO8 + O,8 (40)



Energies 2024, 17, 2669

12 of 26

In the light of these possibilities, the reversible reaction to (38) implies the formation
of AgNOj from gaseous reactants and metallic silver:

Ag +NO; +1/20; or Ag + NO + O — AgNO3 (41)

Practical demonstration of the reaction (41) course is not straightforward due to silver’s
passivity towards complex mixtures of nitrogen and oxygen oxides. The basic properties of
AgNOj are as follows [64]: melting point 212 °C (485 K), thermal decomposition 250-440 °C
(523-713 K), metallic silver appears with the onset of boiling above 440 °C (713 K), de-
termined at 422.74 °C (695.89 K), and total decomposition of ‘intermediary compounds’
(probably metal oxide [57]): above 608 °C (881 K).

Figure 4 shows the temperature profiles for the data presented in Table 1 and reaction
(38), which translates into metallic silver as the final product, but T,; = 649.25 K is lower
than for the total decomposition to free metal.

It provides another opportunity to write the reaction:

2 AgNO3*—AgrO° +2NO,8 + 1/20,8 (42)
in the temperature range up to T = 600 K [52], we obtain the relationship:
AG? =137.62 —0.199-T, kJ-mol~!, for Equation (42) (43)

from which T,; = 691.56 K and it is practically consistent with experience, but is higher
than that resulting from the total decomposition reaction to the free metal (38).

From an extensively reviewed thermogravimetric study of the thermal dissociation
of commercial silver nitrate (in an argon atmosphere), the parameters of the Arrhenius
equation given in Table 1 were recognized. They are the result of the averaging procedures
described in [57] and agreement with these considerations is shown by Equation (27) in
analytical form:

AGt =12494+40.132-T, kJ-mol! (44)

The corresponding constants of Equation (44) according to work [57] are: 138.7 k]-mol
and 0.12 kJ-mol~!1-K~!. The differences are due to the different way of determining the
Arrhenius equation parameters and the adopted scale of characteristic temperatures.

It is puzzling whether on Figure 4 in light of these properties it is correct to assume
metallic silver or its oxide as the products of the irreversible reaction. After all, complete
decomposition (with separation of metallic silver) occurs above T,; = 649.3-691.5 K, which
should logically point to ‘intermediary compounds’ (Ag,O) as the transition state [57].
According to the principles of phenomenological thermodynamics, we assume a tempera-
ture range for the reactions leading to the final solid phase products. It is theorized that
a reversible reaction proceeds to full decomposition in the temperature interval for the
condition of A,G? = 0.

Thus, the analysis presented here demonstrates the acceptability of TST for reaction
studies (42) despite the complexity of homogeneous reactions in the gas phase. Puzzlingly,
the low isoequilibrium temperature (Tx = 84.53 K) suggests that the kinetic parameters are
too far from the expected ones, which is somehow limited by the temperature profile of the
reversible reaction for Equation (44).
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2AgNO, <=>2 Ag + O, + 2NO,
400

T=84.53 K Teq=649.25K

300

200 2.AG*

[0]
100 1.A,G

G, kJ-mol-?

_ (4]
o0 | 3AG

-200

0 200 400 600 800 1000 1200 1400
temperature, K

Figure 4. Temperature profiles for the reaction (38), lines 1-3 are marked, To; = 649.25 K,
Tx = 84.53 K; line 1. according to Equation (26) and the data given in Table 1, line 2. expresses
Equation (44), line 3. is formed by inversion of the signs of line 1.

4.6. Ammonium Perchlorate

Table 1 shows the course of the decomposition reaction for the two versions:
4NH,ClO4®* —4HCI® + 2N,% + 50,8 + 6H,08 (45)

2NH4C104S —)Clzg + Nzg + 202g + 4Hzog (46)

in which only gaseous products are obtained from solid ammonium perchlorate in an
exothermic decomposition reaction.

It should be noted that the thermodynamic data for A,G? capture the aforementioned
two equations, ignoring other known decomposition possibilities [65], while for activation
they capture only one pair of kinetic parameters for the full solid-phase decomposition acc.
Anderson (set 7 and 8 in [53]) for dynamic and isothermal conditions.

Analyzing the reactions (45) and (46), their irreversibility can be recognized a priori,
as confirmed by the relevant relations A,G? < 0 and AG* > 0 (Table 1, Figure 5). Figure 5
shows the relevant relations mentioned in the figure caption.

The situation analyzed provides a formal opportunity to assess the indiscriminate
application of kinetic data to TST. For this purpose, the approach acc. Equation (12) is most
favorable while:

k < BT, then AG'T >0 47)

At a temperature of T = 500 K, acc. Equation (47) for AGT = 0, k = 1.042 x 1018 g1,
and for the analyzed case is k = 2.57 s ! (for calcite at this temperature k = 5.42 x 10714 s~ 1)
and so this is a fast reaction in the slow reaction category. Note that Figure 5 shows the
negligible influence of the AG™ profiles (lines 2) relative to the A,G? < 0 thermodynamic
profiles (lines 1). The postulate written by inequalities (47) concerns the kinetics of re-
actions after initiation that proceed spontaneously (K — o). It is therefore rare in the
analysis of chemical compounds, as it represents a thermal dissociation process with an
exothermic effect.
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4NH,CIO, =>4HCI + 2N, + 50, + 6H,0
2NH,CIO, => Cl, + N, + 20, + 4H,0
400

200 2.AG™

-200

-400

G, kJ-mol-!

-600

-800

-1000

-1200

0 200 400 600 800 1000 1200 1400
temperature, K

Figure 5. Temperature profiles of reactions. Lines 1. for A,G? = —159.98-0.636 T and A,G? =
—188.78-0.603 T, line 2. for both versions AGt = 96.83 + 0.048-T.

5. Entropy of Activation at Isokinetic Temperature

An analysis of Equation (1) by comparing the temperature profiles according to the
Gibbs free energy (Equation (26)) and the activation energy according to Equation (27)
was proposed. In this work, temperature profile means an analytical relation valid for
a specific temperature range and used in any scope. The reactants selected for analysis
are summarized in Table 1, assigning the appropriate equations, and commentary and
Figures 1-5 in the text. Lines 1 denote directly Equation (26) from which the equilibrium
temperature from the relation A,G? = 0. Lines 2, on the other hand, are an approximation
according to Equation (27) and arise from the implementation of the Arrhenius parameters
according to TST. Lines 3 are reversible reactions whose slope indicates the direction of the
reaction for the constraint A,G% < 0.

In the light of the examples presented, new problems still emerge as to how the Gibbs
free energy equations of the activation state (Equations (11) and (12)) are related to the
reversible reaction (line 3), and isoequilibrium and isokinetic temperatures.

The notation of Equation (18) follows directly from the arguments presented in pa-
per [19] and more recent ones [27,34]. The term A_1G™ is related to the activation of the
reversible reaction in Equation (12) for the reaction rate constant k_

Another important element is the isoequilibrium temperature, which results from the
comparison of lines 1 and 2 (which has been assigned the subscript K or —K as opposed to
the frequently used subscripts iso or ¢) and the attribution of its stated meaning is as sug-
gested by Krug [66]. This is presented by Equation (22) and for a reversible reaction/process
by Equation (23).

The existence of an isoequilibrium temperature is indicative of the kinetic nature of the
reaction; within the framework of reactions described as slow, a distinction should also be
made between definitely slow. This can either be a characteristic of the reaction or clearly
higher than appropriate parameters according to Arrhenius’ law.

The approach acc. Equation (18) on the left-hand side ties together the relationships
of phenomenological thermodynamics with the difference on the right-hand side of the
activation thermodynamic terms determined from kinetic studies. While in the analyzed
temperature ranges the thermodynamic expression is invariant (constant), the right-hand
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side is dependent on the kinetics, which can be described by many models, especially those
satisfying KCE.

The last element that is generally known from the literature is the KCE. This means
that the Arrhenius kinetic parameters satisfy a linear relationship of the common direction
of increasing (or decreasing) change. For this purpose, Equation (11) is presented as:

AGT = E—RTIn A + RTIn(BT) (48)

and then for the first two terms of the right side of Equation (48) KCE was entered and for
T = Tjs, we obtain Equation (12) in form:

AG*(Tjsy) = RTjsln (BTiSO ) = const (49)
kiso
or after writing:
BT;
AGT(Ty,) = E+ RTisoln<;O) = const (50)

In particular, Equation (49) indicates that T}, is also the isoequilibrium temperature
but only for activation states.

To determine the entropy at isokinetic temperature, Equation (14) can be used; it is
more preferable to insert Equation (49) into Equation (13).

After ordering, we obtain:

AHT k;
AST = + Rln( 180 > const 51
Tiso BTiso 7& ( )
and from Equation (14):
AStT = R{ln( A ) - 1] # const (52)
BTiso

According to Equation (51), the activation entropy at isokinetic temperature depends
on AH* (= E — RTjs,) and according to Equation (52) on In A., Equation (51) is interesting
for following a group of reactions in the liquid phase (formation of metalloporphyrins at
assumed temperature 298 K = const [42]).

Conner [18] established the relationship between activation entropy and activation
energy, while [27] proposed Equation (53) in the form of a notation later named after him
as the Yelon Equation (34):

AHT
AST = + ASp (53)
iso
where: .
ASp =Rin( -2 ) = t 4
Sg n<BTiso> cons (54)

Equation (53) is another form of notation of EEC versus isokinetic temperature Tjs,.

The activation entropy expressed in Equation (54) was defined as Multi-Excitation
Entropy [27] and it disappears when we create differences according to Equation (53), and
also according to Equation (51) for two pairs of Arrhenius parameters:

AE
A(AST) = IAE]| , T, = const (55)

iso
or again using KCE:
A(AST) =R|AInA|, T, = const (56)

Equation (56) is a notation of differences acc. Equation (52) for the next two values of
pre-exponential factor A.
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For isoconversional methods, when the parameters of Arrhenius’ law change with
conversion degree (E = E(a)), then Equation (56) is the simplest tool for stepwise analysis,
as long as the data meet KCE (Appendix A.2).

In Equations (55) and (56), the order of accepted nodes is not imposed, so the sign will
depend on the accepted order of operations. For these reasons, we accept the presented
notation as absolute values.

The geometric interpretation of Equations (55) and (56) is presented in Figure 6, which,
as suggested by [67], shows the identity of the isokinetic/compensatory temperature for
KCE/EEC, thanks to the constancy of activation entropy changes at this temperature. These
equations can be used both for ‘step by step” data and extrapolating for kinetics when
E=0A=kj,.

(a)
KCE In A
Tiso=const
mA:lnkiso"‘ﬁ In Ai+
. 7~
- me =In (%) <| 2
N—r
< [ =
[
c —
— +2 -
=
o :: _________________________________________________ y
E=0,
lnk,-so
0 E E Eu

(b)
EEC E

Tiso=const

=F

iy
+
]
<
v
m Tiso " A(AS™) = Ejyy — E; <
Il
~
( 4
<
o
<
)
]
£
E=0,
lnkl-s,,

0 In Ailn A In A4

Figure 6. KCE plot including activation entropy at isokinetic temperature; (a) classic approach;
(b) KCE after changing variables is transformed into EEC.
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Using Equation (50) for the isokinetic temperature T;;, = 663.0 K previously de-
termined for ferric sulfate and two pairs of Arrhenius parameters presented in Table 1
(E=2184k-mol }; InA = 25.84—Figure 2a and E = 83.3 kJ'mol™!; InA = 1.33
—Figure 2b), we obtain the same result in both cases (AG™ (Tjs,) = 242.70 k]-mol~1). Accord-
ing to Equation (54) we get ASp = —366.1 J-mol~1.K~1), and according to
Equations (55) and (56) A(AS™) = 203.8 J-mol~1.K~!, which at the same time constitutes
the activation entropy for the transition of two different kinetic characteristics satisfy-
ing KCE.

The validity of the calculations is confirmed by EEC by determining the difference
here defined by the symbol A(AST) = |Aas| = [0.253 — 0.048| = 0.205 x 103 J-mol~1.K~1,
where the activation entropies used were taken from Table 1. KCE is represented by
the isokinetic temperature, which is also isoequilibrium one since AG™ (Tjs,) = const. It
generally remains lower than the equilibrium temperature T, [63], but higher than the
isoequilibrium temperature Tx when A,G? = AG™ (Equation (22)).

Much attention has been paid to the issue of KCE. Recently, a new criterion for
assessing the reliability of the experimentally determined isokinetic temperature was
proposed [68,69], which was used in another work [70]. The value determined in this
work is only an illustrative quantity (from two points), but it sufficiently creates the
significance of the KCE by analyzing changes in the activation entropy depending on the
isokinetic temperature.

KCE understood as the linear relationship In A « %{m indicates the influence of
isokinetic temperature on the isoequilibrium temperature. It the isokinetic temperature
tends towards very high values (Tj;, — o), the more Tx — 0, and thus the chronicity of
the decomposition reaction is confirmed.

Of the five examples considered, if we accept the verifications according to
Equations (11), (12) and (18), with Equation (28) as zero option, then in each case there
is a premise to reject only the thermal decomposition of ammonium perchlorate according
to TST.

6. Discussion

Equation (3) is the most commonly used form of TST, which omits complex considera-
tions of the partition functions of the reactant and the activated complex, and thus does not
take into account the motion over the saddle point [71]. This equation is presented in the
simplest form (apart from the temperature) with a single frequency variable v:

v AG*
e — - exp( 25 57
ST = X 1—exp(—g7) exp( RT ) 57)
For v >> BT, Equation (57) is simplified to the form [19]:
AG™T
krst = x-v-exp (RT) (58)

and to expand the expression in the denominator of Equation (57) for v < BT into a series
and stop at the first two expressions, the form of Equation (3) is obtained.

Using the concept of vibration frequency in Equations (57) and (58), we can refer to
the transmission coefficient. Typically, its value is taken as x = 1, but in the interactions of
two reactants the coefficient x > 1[46]. It depends on the size of the reactive surface [41].

In accordance with the views presented in [25,26,72], one most reasonable equation
was adopted for the considered reactions with the following mathematical structure, in
which v denotes the decomposition frequency of transition state [30]:

v ) »
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Based on [36,72]:
vV = BTiso (60)
and finally:
1 Tiso 2
x=1+ alT ) where T > T, (61)

but for T = Tj,, x = 1.042.

For example, for calcite and simplex of the isokinetic temperature (T;5, = 914.29 K [73])
to the equilibrium temperature (T; = 1166.13 K), x = 1.026. According to Equation (61)
and for the archival data according to [74], assuming the inverse (literally) of ‘natural
period of oscillation of the atom of the substance’, v = 7.25 x 1012 s~1 (v = 1013 s71) [75]
then at the equilibrium temperature xy = 1.004 (x = 1.007).

Very often the inequality Tjs, > Teq is characteristic for isoconversion methods, so this
temperature should be approached with caution [76] and Tj;, is considered equivalent to
TST due to the activation entropy in the notation of Equation (53). To the expression 1/Tjg,
is assigned a measure of deviation from detailed equilibrium [36]. According to the concept
of [73], theoretically T5, — Teg.

Lyon [77] assumed that for dynamic conditions the isokinetic temperature Tj,, is also
the equilibrium temperature Ty, i.e., according to Equation (16), Tis, — i’r—?s , which can
be considered an approximation extremely useful for practice, usually Tjs, # Teg.

7. Final Remarks

Simon is very careful about the sense of determining activation parameters in each case,
because ‘what is the structure of the activated complex in case of complex processes?’ [78].
In turn, Khrapunow [32] believes that according to known methods of determination,
the activation enthalpy can be accepted, but the entropy is controversial. In their book
publications, Vyazovkin [79] discusses the Lumry-Eyring law, while Sestak [80] devotes
more attention to the discussion related to the Arrhenius vs. non-Arrhenius relationship
than to the Eyring equation. Against the background of these books and issues in terms
of [29,30,78,81], the issue of TST is an extremely important issue in relation to the classical
Arrhenius equation, at the same time emphasizing the aspect of modernity. Nevertheless,
against the background of the cited considerations, this work seems to be justified, although
it in no way solves the doubts related to TST. However, attention was paid to several new
elements in the considered issue.

In this state of partial problems, TST certainly cannot be applied to complex systems,
in particular biomass decomposition, as well as an inherently complicated issue arises,
which is the validity of the Arrhenius law parameters, in particular correlated as KCE. The
lack of reversibility of the reaction makes it impossible to refer to the determined entropy,
which depends on the way of interpreting its nature (Multi-Excitation Entropy [27]) or
its anthropomorphic nature. That is, in other words, its ultimate dependence on the task
posed [82]. An example following these considerations are Equations (51), (55) and (56); in
this case, the common point is the isokinetic temperature Tjs,.

8. Proof of Concept

It was assumed that for the adaptation of selected TST elements for solid-phase
thermal dissociation understood in terms of chemically defined compounds, the basic
condition is the reversibility of the chemical reaction, possibly associated with a catalytic
process. It proceeds with the transition state of the active structure. The formal notation
of Equation (1) combines phenomenological thermodynamics with kinetic constants that
describe the thermodynamics of the activation process captured by Equation (18).

Knowledge of two of the three components provides the possibility of verifying the
full cycle of the reaction/process run by looking for the third component or directly by
accepting the TST for the ‘forwards to backwards’ run, which leads to an extension of the
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interpretative possibilities to the thermodynamics of activation. The cycle analysis requires
knowledge of the equilibrium temperature T,; (Equation (16)).

In the provided examples, the postulate about the linearity of Gibbs free enthalpy
(A,G?) and free enthalpy of activation (AG™ and next) vs. temperature proved to be
correct. For example, of interest is the low temperature (2643 °C) membrane fusion
reaction/process, when AG™* is 3rd degree polynomial with a tendency to decrease with
temperature [83].

In the cases considered here, we observe the opposite situation, i.e., a positive increase
in AG™ with increasing temperature up to the T, limit. In other words, this implies an
increasingly difficult activation process which, with decreasing temperature, leads to the
activation of a reversible reaction. AG™ > 0 is dependent on kinetic qualities, primarily the
negative entropy of activation, which occurs when the thermodynamic stimulus %‘3 T>k
(Equation (12)). The simplest explanation of these observations is illustrated by the ‘zero
option’ captured by an approximation that is close to model considerations (Equation (28)).

The temperature profiles of free enthalpy of activation straight line AG™ intersecting
with straight line A,G?, determine isoequilibrium temperature (Tx, Equation (22)), which
further confirms the possibility of using the TST, as we can determine the equilibrium
constant of activation (Equation (25)).

The choice of kinetic parameters according to Arrhenius remains a completely dif-
ferent issue; in this work it is tacitly assumed that these quantities remain authoritative
with respect to the TST. Very often, however, they are derived from microscale thermo-
gravimetric studies under dynamic conditions, and the kinetic parameters are determined
by isoconversion methods. Undoubtedly, this problem requires further consideration and
in this respect it is certainly more reasonable in the TST formulae to adopt an isokinetic
temperature (Tjs,), which is close to the equilibrium temperature (T,;), in place of the
temperature of the maximum reaction rate (T,;). The latter is in fact characteristic only of
dynamic conditions. However, it is more correct to determine thermodynamic activation
functions at temperatures for which E = E(«x) has been determined.

A synthetic summary of the analyses leads to the conclusion that the TST extends
the possibilities of interpretation of thermal dissociation of solid chemical substances,
occurring in relation to Equation (1) when reduced to a description of the thermodynamics
of the activation process included in Equation (18), which connects phenomenological
thermodynamics with activation. An additional value strengthening the postulate is the
existence of isoequilibrium temperature (Equations (22) and (25)).

9. Conclusions

Numbering of straight lines is consistent with the entry in sub-point 4.1.

1.  The reference to the thermodynamic equilibrium constant in terms of the kinetic
dissociation reaction/process of solids to its reversibility (Equation (1)) creates the
possibility of identifying the thermodynamics of activation processes according to
TST. The possibility of analyzing ‘forwards to backwards’ relations for these issues is
therefore extended, which is made possible by the relational Equation (18).

2. This temperature is common to the activation process of thermal dissociation and
reversible synthesis. The isoequilibrium temperature (Tx) is of great importance and
is determined by the intersection of the Gibbs free energy (lines 1 and 2), i.e., according
to the thermodynamic approach and determined by the kinetic parameters of this
distribution for the reversible reaction.

3. The crux of the matter leads to the equality of the equilibrium constants for the de-
composition reaction and those experimentally determined for the reversible reaction.

4. Therefore, it is extremely important to correctly determine Arrhenius kinetic parame-
ters. KCE is based on isentropic equilibration of these parameters at isoconversion
temperature T, close to equilibrium temperature Te;.
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Nomenclature

agp, ai,az,as
A

coefficients of strictly thermodynamic significance
pre-exponential factor, s~!

B 2.08364-1010 K~1.5~1 ratio of Boltzmann to Planck’s constant

C const in Equation (28), J-mol~1

E activation energy, J-mol~1

aAnGd, é,HI:I,ASS thermodynamic functions; respectively: free enthalpy, enthalpy, and entropy

A_1GT temperature profile of a reversible reaction, J-mol~!

AS activation entropy in isokinetic temperature (Multi-Excitation Entropy)
Equations (53) and (54), J-mol 1. K1

h 6.62607-1034 J-s, Planck constant

k rate constant, s 1

kg 1.38065-10~%4 ]-Kfl, Boltzmann constant,

K equilibrium constant

n 0, 1, or 2, coefficients

P pressure, MPa

R 8.314 ]-mor1 K1, universal gas constant

72 coefficients of linear determination

q heating rate, K-s~!

t time, s

T absolute temperature, K

o conversion degree, 0 < & <1

X transmission coefficient

v frequency (decomposition frequency of transition state [25]) s~

Subscripts

0 initial

1,2 forward

-1 backward

c compensation

eq equilibrium

exp experiment

f final

i ith value

iso isokinetic value
isoequilibrium for forward

(—=K) isoequilibrium for backward

m maximum of rate reaction/process

r reaction

TST Transition-State Theory

Superscripts

+ activation functions

) standard condition

g s gas, solid
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Abbreviations

FWO Flynn-Wall-Ozawa Equation,

KAS Kissinger—Akahira-Sunose Equation,

EEC Entalphy-Entropy Compensation,

KCE Kinetic Compensation Effect (IE or Constable plot, also IKR),
RPM Random Pore Models [58],

RRKM Rice-Ramsperger—Kassel-Marcus Theory [51],

TST Transition-State Theory.

Appendix A

Appendix A.1. General form of Equations (22) and (23)

According to the finding that all AG relationships are linearly dependent on T, then
acc. Equations (26) and (27), Equation (22) can be written as:

AG?=mAGT + p, where: m , p—coefficients (A1)
and acc. Equation (18) the following relationship is valid:
A G =(1-mAGt —p (A2)

According to Equation (19) AG*(T,;) = A_1G*(T.) and acc. Equation (22)
A,G?(Tx) = AGT (Tk) and after elimination of constants once determined, we obtain:

AG*(T.y) — AG*

AG*(Tyq) — AGH(Tk) (83)

AG? = AGH(Tx)

AGH(T,,) —AGH(Ty)

AGH(T,) -AG*

AG*(T) = AG*

S

\ 4

T Ty temperature Teq

Figure A1. Chart of temperature profiles linking A,G? to the activation process AG™ Yellow points
indicate characteristic temperatures. Blue line—line 1 acc. Equation (26), red line—line 2 acc.
Equation (27).

From the comparison of the slope of AG™ vs. T (tg «) we finally obtain the expression
Equation (A3) on a proportional basis:

Tog— T

AG? = AGT (Tx) ———-
rG G (K)Teq_TK

(A4)

For T = Tk, A,G® = AG*(Tk), Equation (22), and for T = Ty, A,G? = 0, Equation (16).
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Equation (A4) is an extension of Equation (22) for any temperature T > 0. By substitut-
ing T_g in Equation (A4) instead of Tk, we also obtain an extension of the interpretative
possibilities for Equation (23).

Appendix A.2. Importance of Equation (14) in Relation to KCE Expressed by
Equations (55) and (56)

In isothermal conditions, the application of Equation (14) is obvious, while dynamic
conditions require some clarifications, assuming that we accept TST for the considered
reaction/process.

In the interpretation of reactions/processes occurring in the condensed phase, Vya-
zovkin et al. [35,50] believe that there is a very strong connection between the activation
entropy and the kinetics, represented by the pre-exponential Arrhenius constant, and to a
lesser extent with the temperature. Equation (14) can be expressed as follows:

AST =RInA —R:InT — const (A5)

which for T = const a linear relationship is observed AS™ vs. In A.

For dynamic conditions, i.e., linear temperature increase, the temperature of the
maximum reaction/process rate is assumed as a constant value. This is only true when the
heating rate is constant. But as the heating rate increases, the temperature of the maximum
reaction rate shifts towards higher and higher values, which is captured by the Kissinger
equation [17]. For complex thermal decompositions of selected phosphates, one heating
rate was selected for calculations [84-86]. However, there are no precise provisions on how
to choose the reference temperature; a clue may be the assumption that the approximate
isokinetic temperature should be determined as the harmonic mean from the range of
temperatures used [68].

According to the considerations of this work, in Equation (14), the isokinetic/
compensatory temperature is the most justified quantity, because such an approach leads
to KCE through partial relations Equations (55) and (56). The quoted equations still make a
difference for two temperatures subscripted as j and i:

AAST) =ASH(Ti = Ti), T;>T, (A6)

1. For Tj,, (Figure A2a, points 1 — 2):

AST(T) = Tj) = Ranf (A7)
1

2 For a = const, g = var (Figure A2a, points 3 — 4, from Equation (A5)):

Aj T;
+ — ] ]
3  Fora = var, g = const (Figure A2b):
AS* (:ro T ) _ RnY <o (A9)
f T

When the numerical value of the term ‘Rln %’ is much smaller than ‘Rln % , then the

temperature ratio becomes less and less important.
For example, for calcite in isothermal conditions we assume In A = 13.824 = const
(A in s71) and the temperature range is 973.15-1043.15 K (700-770 °C) [73], and ac-
cording to Equation (14) we obtain AST= —148.13 + —148.70 J-mol1.K~!. Assuming
ASt=—148 J-mol~1-K~!, this value is practically consistent with that quoted in work [73].
In turn, for dynamic conditions, assuming In A = 15.40 = const (A in s~ 1) (Table 1), the

range of the conversion degree # = 0.1-0.9, and seven heating rates g = 1-25 K-min~!, ac-
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cording to Equation (A9) we get AST (TO — Tf) =—0.85+ —1.0J-mol 1. K71, ie, AST 0.
This result is valid only when In A = const. For the variables E = E(x) and A = A(«), and
according to Equations (A7) and (AS8), different values will appear. It is most rational to
test the significance of the KCE correlation and use Equation (A7).

Finally, forInA =154 (A in s, assuming in accordance with [67,68] (see Figure A5
in [67]) instead of the unknown isokinetic temperature, the measured harmonic mean temper-
ature Tjs, = 1023.07 K, then according to Equation (14) one obtains AS*= —135.4J-mol }.K~!
(see a3 in Table 1).

1.0 5
(a) /

09

A
08 } AS+(1—>2)=R]nA—’
i

07 F A4 T
AS+(3 — 4-) = R(lni—lni)
AT
06 F

E;,InA;, a;
05 j j o 4

04

conversion degree

03

02

E;,In4;,q;

0.1

'
;’Tiso

0.0

temperature

1.0

0o | ¥

08

T
07 | AS+(T0—>Tf):—RlnT—f<O
0
06 |
05 }

E,In A = const
04

conversion degree

03

02t

01 F

0.0
temperature

Figure A2. Interpretation of activation entropy for dynamic conditions in relation to the conversion
degree vs. temperature: (a) for notation (A7) and (A8) for & = const, g = var, (b) for notation (A9)
for @ = var, g = const. Red points indicate characteristic points and characteristic temperatures in
Equations (A7)-(A9).
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