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Abstract The assumption that potassium permanganate
may serve as a kinetics standard in solid decomposition
kinetics made a priori on the basis of the mechanism of the
congruent dissociative vaporization of KMnO, and its
crystal structure was successfully supported experimen-
tally. As expected, the decomposition rate of KMnO, does
not depend on the kind of foreign gas (He, air, CO, and Ar)
and on the measurement technique (isothermal or
dynamic). Other requirements for KMnO, as an ideal
kinetics standard are satisfied as well. The use of the third-
law method for determining the molar enthalpy of a reac-
tion (AIH% / v) provides an excellent reproducibility of
results. The mean value of AH3 /v from 12 experiments in
different gases is 138.3 £ 0.6 kJ mol_l, which coincides
with the value of 138.1 kJ mol™" calculated from the iso-
thermal measurements in different gases by the second-law
method. As predicted by theory, the random errors of the
second-law and Arrhenius plot methods are 10-20 times
greater. In addition, the use of these methods in the case of
dynamic measurements is related to large systematic errors
caused by an inaccurate selection of the geometrical
(contraction) model. The third-law method is practically
free of these errors.
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Introduction

The search for an appropriate kinetics standard for studies
in the thermal decomposition of solids is one of interlab-
oratory scientific projects initiated about 15 years ago by
the Kinetics Committee at the International Confederation
for the Thermal Analysis and Calorimetry (ICTAC). In the
view of experts [1], the main requirements for an ideal
kinetics standard are the following:

the decomposition reaction should be irreversible;

the absolute value of the reaction enthalpy should be
low in order to restrict the effects of self-cooling or self-
heating;

the decomposition temperature should not be too low to
avoid large errors in temperature calibration;

the reactant and solid product should not react with the
ambient atmosphere;

the reaction rate should be independent of the sample
preparation technique and of particle size;

the changes to be measured to follow the course of
reaction, e.g., the mass or amounts of evolved gases should
be large enough to allow the use of small samples.

As demonstrated by the interlaboratory tests, summa-
rized by the Kinetics Committee in 1994 [1], the reaction of
Li,SO, - H,O dehydration, chosen (rather arbitrary) as a
possible kinetics standard, proved to be absolutely unsuit-
able for this purpose. This primarily refers to the fulfillment
of requirements (1) and (3)—(5). Depending on the condi-
tions of decomposition (in particular, the presence of H,O
vapour) and the calculation methods, the parameter E of the
Arrhenius equation, measured in the most authoritative
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laboratories of the world, varied within the range 54—
272 kJ mol ™! [1]. The negative outcome of these tests
strongly diminished the interest in this problem.

In contrast to the employed purely empirical search for a
kinetics standard, the novel thermochemical approach to
the mechanism and kinetics of thermal decomposition,
developed by L’vov and his colleagues and summarized in
the monograph [2], creates the possibility of an intelligent
choice based on a preliminary theoretical analysis. The
primary results of such studies have already been reported
by L’vov and Ugolkov [3, 4]. The present paper describes
the results of our further studies concerning this problem.
In contrast to previous paper [4], devoted to the decom-
position of KMnO, in vacuum, this work describes the
peculiarities of its decomposition in different gases under
atmospheric pressure.

Theoretical analysis

The most important of the above requirements for an ideal
kinetics standard are conditions (1) and (4), the irrevers-
ibility of the reaction and the independence of the decom-
position rate from the composition of the gaseous medium.
These requirements can be satisfied in the cases where all
the primary products are in states that differ from their
equilibrium states. To these belong, in particular, reactions
of the general form:

R(s) < A(g)"+ B(g)"— A(s) + B(g) (1)

where A(g)* is a low volatile product condensed at the
instant of decomposition, and B(g)* is a gaseous product
that is in a non-equilibrium state at the decomposition
temperature, e.g., in the form of free O or N atoms, which
undergo association at the instant of decomposition to give
equilibrium molecules O, and N,.

Under these conditions, the partial pressures of the pri-
mary products A(g)* and B(g)* and, consequently, the
decomposition rate of the reactant R(s) depend only on the
stoichiometry and the thermochemical characteristics of
the reaction and should be independent of the composition
and pressure of the gas in the furnace. Of particular interest
among those classes of substances that have been studied
so far and decompose to give oxygen or nitrogen in the
atomic form [2] are potassium, rubidium and cesium per-
manganates. These permanganates have the crystal struc-
ture of barite BaSO,, which decomposes according to the
scheme [5, 6]:

BaSO,(s) < BaO(g),+50; + O (2)

Taking into account that BaSO, and the permanganates
mentioned above have the same crystal structure (the
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rhombic system IV), it could be expected, as first noted in
monograph [2], that the primary stage of their decomposition
also occurs with the evolution of atomic oxygen:

2KMnO,(s) < K,0(g) + 2MnO(g) + 50
— KoMnO4(s) + MnOs(s) + O (3)

The thermal decomposition of potassium permanganate has
been the subject of a large number of studies. During the
190 years following the appearance of the first publication
by Chevillot and Edwards [7], the mechanism and kinetics
of its decomposition have been investigated by virtually all
authoritative laboratories in the world and, in particular, by
the authors of [8—17]. Starting at [7], the resultant reaction
has been represented either by the scheme:

10KM1‘104(S) = 5K2MHO4(S) + SMI‘IOQ (S) + 502 (4)

which is equivalent to the scheme of reaction (3), or by the
scheme:

10KMnOy4(s) = 3K,MnO4(s) + 7MnO,(s)
+ 2K,0(s) + 60, (5)

suggested by Rudorf more than 100 years ago [8]. The
difference between these two schemes is in the relative
amounts of solid products and free oxygen, the latter
varying in the range 10-12 wt%.

Experimental
Measurement conditions

The main goal of the experiments was to verify the
expected independence of the decomposition rate of
KMnO, from the composition of the gas in the furnace and
the measurement technique (isothermal or dynamic). For
this purpose, the absolute decomposition rate of KMnO,
was measured in different medium by isothermal and
dynamic TG. These data were used to calculate the molar
enthalpy of the reaction.

The change in the mass of sample per unit time and its
temperature were measured using Netzsch Models STA 429
C, STA 429 CD and STA 449 C thermal analyzers. A fine
crystalline potassium permanganate (of analytically pure
grade) was ground in an agate mortar and about 20 mg of
powder pressed manually (at about 1 kg mm™?) into a flat
pellet 5.0 mm in diameter and about 0.5 mm thick. The
pellet was placed in a corundum crucible with an inner
diameter of 5.7 mm and a height of 3.5 mm and the crucible
was closed with a small plug of glass wool (&~ 10 mg) to
prevent the ejection of sample particles upon heating. The
heating rate of the sample from the ambient to the decom-
position temperature was 10 K min~'. The heating rate in
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dynamic experiments was 3 and 10 K min~"'. The isother-
mal measurements were made in the presence of air, Ar, He
and CO,. The dynamic measurements were made in the
presence of air only.

The calculation scheme

The main stages of the calculation scheme were described
briefly in [4, 18]. The input parameter automatically
recorded by the thermal analyzer is the relative loss of
mass, Am/myg, in a chosen time interval Az between signal
measurements. Using evident relationships, the quantities
Am/At and Ao = (Am/my)/Z(Am/mg) are calculated. Here
my is the initial sample mass and Z(Am/my) is the fraction
of the gaseous product (O,) with respect to the mass of the
reactant. (In our experiments, in accord with the reactions
(4) and (5), the Z(Am/mg) value varied in the range from
0.10 to 0.12.) The decomposition degree at the moment of
measurement, o, is calculated by summing the values of
Ao during the period of time preceding the measurement,
taking into account the loss during the time elapsed since
heating the furnace to the beginning of measurements. The
absolute decomposition rate of powdered samples is cal-
culated by the equation [2, 18]:

Am/At
I= 2.8/sm (6)
where 2.8 is the semi-empirical correction factor that
accounts for the difference in the decomposition rates of
powder and of a single crystal, and s, is the surface area of
the sample at the moment of measurement.

The ratio s.,/so (Where sq is the initial outer surface area
of pellet) was evaluated as a function of the decomposition
degree for pellets of different diameter-to-height ratios
(d/h). The results of numerically modeling the s,,/so varia-
tion with o in the process of homogeneous pellet decom-
position across the entire surface for d/h ratios of 1, 3, 5, 10
and 20 were compared with the curve shapes of the function

(1 —0)"= f() (7)

The best approximation of the numerical curves for the
above d/h ratios is obtained for the following magnitudes
of the exponent n in Eq. (7): 0.67, 0.50, 0.33, 0.18 and 0.10
(Fig. 1). The dependence of n from the d/h ratio can be
analytically described by the linear (1 < d/h <5) and
power (5 < d/h < 20) relationships (Fig. 2). These rela-
tionships can be used for the interpolation of the magnitude
of the exponent for any d/h value ranging from 1 to 20. In
our experiments, d/h = 10 and therefore n = 0.18.

The molar enthalpy of the decomposition reaction was
calculated by the third-law method. It was expected that, as
in all other cases [19, 20], the application of the third-law
method to these measurements will significantly increase
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Fig. 1 The curve shapes of the function (1 — «)" = f(«) for different
n parameters: 0.10; 0.18; 0.33; 0.50 and 0.67 (from top to bottom)
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Fig. 2 The dependence of n parameter from d/h ratio described by
the linear and power equations: n = 0.7514 — 0.0842d/h (1 < d/h
< 5) and n = 1.3157(d/h)~*%'2 (5 < d/h < 20)

the precision and accuracy of experimental results. The
equilibrium pressure of atomic oxygen (the primary prod-
uct of reaction (3)) was found using the Hertz—Langmuir
equation:

_ (2nMRT)'?
Pagp = Z0 ®)
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where M is the molar mass of oxygen; R, the gas constant,
and 7, the conversion factor for recalculating the pressure
from pascals to bars (10° Pa bar™ "), in which units ther-
modynamic calculations are carried out.

Further, the equilibrium constant of reaction (3) was
found:

Kp = (Pegp)'/0 9)

Here v is the number of moles of the reaction products and
o0 the factor that accounts for the congruent nature of the
decomposition. This factor is determined using the molar
masses and stoichiometric coefficients of the decomposi-
tion products [2]. For reaction (3), which involves three
products, 6 = 2.907.

The enthalpy of the reaction was calculated by the
equation:

AHS = T(ASS — RInKp) (10)

where A.S} is the entropy of the reaction. Thermodynamic
functions for potassium permanganate and its decomposi-
tion products at 298 K are given in Table 1 [21-23]. It is
easy to calculate that A.S99g/v = 150.0 = 2Jmol ' K
(assuming that the deviations in the values of the S$5q,
function from their true values for gaseous MnO and K,O
species are the same in sign). The difference between the
entropy change for the reaction (3) at 298 K and at 500 K
can be estimated using the BaSO, decomposition reaction
(2) for comparison. (The values of thermal increments
in the entropy of KMnO, are unknown.) In the case of
BaSO,, this difference (AS3y/v — ArSYyo/v) is about
9Jmol ' K! [22]. Therefore, it should be expected that
for KMnO,A,S%y,/v =~ 141 Jmol ' K~!. This value was
used in our further calculations. When reliable data for the
entropy of KMnO,4 at 500 K becomes known, the final
values of molar enthalpy for reaction (3) should be
recalculated.

Table 1 Values of thermodynamic functions for KMnO, and the
products of its decomposition at 298 K [21-23]

Species A¢HSyg (kI mol ™) Sr0s (J mol™! K7h
KMnO,(s) —829.5 171.7 £ 0.4
K>MnO,(s) —1179.9 175.6 + 0.4
MnO,(s) —521.8 532 + 0.4
MnO(g) 123.8 226.4 + 6.3
K>O(s) —361.7 96.0 + 4

K,O(g) —74.1 286.4 + 6

0, 0 205.0 + 0.1

0 2492 160.9 + 0.1

* For K,SO,
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Results and discussion
Basic result

The conditions and final results of the isothermal and
dynamic determination of the molar enthalpies of the
KMnOQO, decomposition in different media are presented in
Table 2 in order of decreasing thermal conductivity (1) of
the gases: helium, air, CO, and argon, and in order of
increasing temperature among each of the gases. Tables 3
and 4 contain as examples the results of calculations of the
molar enthalpies in the isothermal and non-isothermal
decomposition of KMnOy in air.

As can be seen from the results in Table 2, the values of
the molar enthalpy, regardless of gas features, in particular,
of the eightfold difference in thermal conductivity, mea-
surement technique (isothermal and dynamic), of the
decomposition temperature (493-553 K) and the type of
thermal analyzer used, vary in a very narrow interval
(137.3-139.2 kJ molfl), such that the average value of
AH? /v is equal to 138.3 &+ 0.6 (SD). This value is in
reasonable agreement with the results obtained in other
studies by the Arrhenius plot method: 141 kJ mol™" for
single crystals [11], and 162 [11], 130 £ 5 [13], 165 + 10
[16] and 143 kJ mol~' [17] for powders. All these results
have been obtained in a vacuum. The average value of the
E parameter reported in these works is 148 & 15 kJ mol .
(The E parameter is equivalent to the molar enthalpy in the
thermochemical approach.) The most important difference
of our result from the literature data is about a 20-fold
reduction of random errors. As expected, this is due to
using the third-law method instead of the Arrhenius plot
method for determining the E parameter. This conclusion is
additionally supported by the results described below.

Precision and accuracy of the second-law
and third-law methods

The results of our dynamic measurements, in addition to
the third-law method, were used for determining the molar
enthalpy by the second-law method (Fig. 3). Furthermore,
the second-law method was applied to the data obtained by
the isothermal measurements (Fig. 4). As can be seen from
these diagrams, the points are rather scattered (e.g., for run
8 in Fig. 3). The average value of AH9/v from all four
results (138, 146, 152 and 161 kJ molfl) is equal to
149 + 10 kJ mol~'. This practically coincides with the
mean value from the literature data (148 £ 15 kJ mol ™),
but is about 10 kJ mol ™" higher than the molar enthalpy
obtained by the third-law method (138.3 4 0.6 kJ mol_l).
Again, the random error is an order of magnitude higher
than that for the third-law method.



Decomposition of KMnQy in different gases

149

—
L
[S)
E < %t o
B |2 S S S oS o oS S
=
< | = H H H H H H H H
g | e © N Q0 = N
E O >~ [~ 0 0 0 O N
3‘-‘ N onoonoonoonoon N o
2| < —_ o o —
s
—
= Ocooocl\l\l\l\ll\l\‘
= |~ [
o | &5 o o0 oo o o oo
E_gf s s o e
= 2 X X X X X X X X X
<3 N I I I I
gm BB A~ —~ 0=
ﬁ
E|§
s|&e o o o S
S| 8 g
E|leE]SSS3S © a —
S |=5]® 0 o
8
= —
[
.g EJED
8'5=5v—'l\ln<r<\l<roo —
& | A~ = —
g
S
2| g
5}
| E EB|lo s v oo~ oy
Qe8| v &S0 "
S 1221993993939 <
Emcooxmooomvv —
T B I S N
= A === S
S
[
w2
.QQA
=S =
3 |l
s | &
5|8 E
0‘53 + © O O o o O =
g El =T T F F F <
<E|
o
<
=}
S
S | &
= |
LS| ) S —
= S S S S oS = S
ERIRS A A ~a a . Q
g
e
3 — n
15} IS <t
Tlg © oS o Y
L1z S == e
= QO DA = I}
S|~ <t T T N n NN Vo)
=
>
-
E D i
= = g
= = g
£ Mo M
2 o
< | 6 - —_ = = = = @ S
S| 8 S 3 S <SS TE g 5
RZI =y E E E E E E = =
o= HHHHHHE E
95‘2‘ O)Q)O.)U)O)!Um =
5 S8 8 S LSS & s
218 |223828332 &
7]
=]
= [a) [a)
éE (OXN OGN O ORI ORR OO O
b5 NN D D o
2| g A dadadadaaq I
S| 5 <+ S S < < <t
s | B < € < < < << <
= | 2 HEBEBEEBEEBEBE =
S| & N v L N n %)
=]
b=
g
S| £
o | 2
=R o 5 kB 5 &5 .5 .5 5
= T < << << <
«
%)
2
s |5
=X — N Nt O &~ o0

1.5 x 107°
3.7 x 1077=

138.1 £ 0.3

30

0.11-0.95

20.6 40

523-553

—1

Dynamic: 10 K min

STA 429 C

Air

25 x 107°

1389 £ 0.6
1382 £ 0.3
137.8 £ 0.2

54 x 1078

300
300
300

8
9

0.29-0.83

33
26
26

21.1

493.7

Isothermal

STA 449 C
STA 429 C
STA 429 C

CO,
Ar

10
11

12

62 x 1078

0.29-0.81

20.1

493.2

Isothermal

6.9 x 1078

0.21-0.77

20.9

493.6

Isothermal

Ar

The application of the second-law method to the data
obtained by isothermal measurements (Fig. 4) is much more
reliable than for dynamic measurements. This becomes
apparent in comparing the integration time spent on the
registration of each point in the plots for these two cases. In
isothermal measurements, this time is in the range 8—60 min,
while in dynamic measurements, it is only 12-60 s. There-
fore, the proximity of the A.HY/v value (138.1 kJ mol ™)
obtained by the second-law method (Fig. 4) and the mean
AHY /v value (138.3 £ 0.6 kJ mol_l) obtained by the third-
law method cannot be accidental. One of the reasons for the
systematic deviation of results from the true value in the case
of the second-law method applied to dynamic measurements
isrelated to an inaccurate choice of the contraction model. As
illustration, Table 5 presents the results of calculations of the
molar enthalpies for one of our dynamic experiments (run 7)
by all three methods (including the Arrhenius plot method)
for the different contraction models. The relative differences
in AHS /v values for the contraction models with n = 0.10
and 0.67 are only 1% for the third-law method and 40% for
the two other methods. Two other reasons are related to
reactant self-cooling or self-heating (for the endothermic and
exothermic reactions in a high vacuum) and the condensation
effect [25-27].

The requirements for an ideal kinetics standard
and their fulfillment

It would be useful to consider the obtained results in a
framework of the main requirements for an ideal kinetics
standard formulated above. (The first sentence in each item
repeats the corresponding requirement.)

The decomposition reaction should be irreversible. The
choice of KMnOQy as a candidate for a kinetics standard was
based on this very requirement (in contrast to the use of
Li,SO,4 - H,O in previous investigations [1]).

The absolute value of the reaction enthalpy should be low
in order to reduce the effects of self-cooling or self-heating.
The enthalpy values for reactions (4) and (5) calculated with
the data in Table 1 are as follows: A;HSy, = —21.4kJ mol ™!
in the first case and A;HSy = 95.5kJmol™" in the second.
The calculated value (—21.4 kJ mol_l) is about twice the
value measured by DSC (—10.4 £ 1.5 kJ mol™" [15]). The
self-heating effect at such a value of the reaction enthalpy and
under atmospheric pressure should not be too high.

The decomposition temperature should not be too low in
order to avoid large errors in temperature calibration. In the
case of Li,SO,4 - H,O, the decomposition temperature is
below 300 K. TG instruments are difficult to calibrate
accurately in this range [1]. The decomposition tempera-
ture in the case of KMnQ, is in a range optimal for cali-
bration: 480-520 K.
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Table 3 The results of isothermal determination of the molar enthalpy for KMnO,4 decomposition in air at 520 K (run 6)*

t(min)  Am/my  (AmiAn) (ngs™)  Aa Oin Smlso  J(kgm ZsTh) P, (bar) —InKp  AHS/v (K mol™h)
0.5 0.0027 1.85 0.023 0311 0935 150 x 107° 196 x 1077 1246 140.7
1.0 0.0035  2.40 0.030 0341 0928 196 x 107° 256 x 1077 1225 139.5
15 0.0035  2.40 0.030 0371 0920 198 x 107° 258 x 1077 1224 139.5
2.0 0.0037  2.54 0.032 0403 0911 211 x 107° 275 x 1077 1219 139.2
2.5 0.0039  2.68 0.034 0437 0902 225x 1075 293 x 1077 1214 138.9
3.0 0.0040  2.75 0.034 0471 0892 234 x 10~° 3.04 x 1077 121.1 138.8
35 0.0043  2.95 0.037 0.508 0.880 2.54 x 10~° 331 x 1077 1204 138.4
4.0 0.0045  3.09 0.039  0.547 0.867 2.70 x 10~° 352 x 1077 1199 138.1
4.5 0.0045  3.09 0.039 0.58 0.853 275 x 10~° 358 x 1077 119.8 138.1
5.0 0.0045  3.09 0.039  0.625 0.838 2.80 x 10~° 3.64 x 1077 1197 138.0
5.5 0.0044  3.02 0.038  0.663 0.822 279 x 10~° 363 x 1077 119.7 138.0
6.0 0.0043  2.95 0.037  0.700 0.805 2.78 x 10”5 362 x 1077 119.7 138.0
6.5 0.0040  2.75 0.034 0734 0.788  2.64 x 1075 344 x 1077 120.1 138.2
7.0 0.0042  2.88 0.036 0770  0.767  2.85 x 10~° 371 x 1077 119.5 137.9
7.5 0.0042  2.88 0.036  0.807 0.744 294 x 10~° 383 x 1077 119.3 137.8
8.0 0.0041  2.82 0.035 0.842 0717 298 x 10~° 388 x 1077 119.2 137.7
8.5 0.0038  2.61 0.033  0.875 0.688 2.88 x 10~° 375 x 1077 1194 137.9
9.0 0.0033  2.27 0.028 0903  0.657 2.62 x 10”5 341 x 1077 120.2 138.3
95 0.0025  1.72 0.022 0925 0628 207 x 107° 270 x 1077 1221 139.3
10.0 0.0019  1.30 0016 0941 0601 165 x 107° 215 x 1077 1239 140.3
10.5 0.0014  0.96 0012 0953 0576 126 x 107° 1.65 x 1077 1260 141.4
11.0 0.0009  0.62 0.008 0961 0.558 840 x 107° 1.09 x 1077 1293 143.2

* The magnitudes of parameters in the interval of steady-state decomposition (used in data averaging) are marked with bold

The reactant and solid product/products should not
react with the ambient atmosphere. This is probably the
most important requirement for the selected decomposi-
tion reaction. As can be seen from the results presented
in Table 2, the presence of O, in the furnace (0.21 bar)
has no effect on the decomposition rate of KMnO,. This
is a strong indication that oxygen is released in the form
of free atoms, which is in line with our prediction based
on the identity of crystal structures of KMnO, and
BaSO,. This conclusion is also confirmed by the
exquisite experiments performed by Herbstein et al. [17].
A mixture of KMnO, crystals labeled with oxygen iso-
topes '°0 and '8O was used in their experiments. The
evolving oxygen analyzed by mass-spectrometry was
composed of a 1:1:2 mixture of 320,, *°0, and **0,
species. The formation of **O, molecules indicates
unambiguously that oxygen is primarily released as free
10 and %0 atoms, which associate upon mutual colli-
sions into 3402 molecules. The same conclusion was
made on the basis of a more complicated decomposition
mechanism by Herbstein et al. [17]. The decomposition
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rate of KMnQ,, in contrast to Li,SO, - H,O, is inde-
pendent of the presence of H,O vapour. This was con-
firmed by Brown et al. [16].

The reaction rate should be independent of the sample
preparation technique and of particle size. Our own
experiments concerning this were limited up to now only
to pressed pellets prepared from powders crushed at
different moments (with no effect of this factor).
Therefore, further investigations are desirable to estimate
the impact of the sample preparation techniques and of
particle size on the kinetics of KMnO, decomposition.
For comparison, the reaction rate of Li,SO, - H,O
decomposition is very dependent upon particle-size and
prehistory [1].

The changes to be measured should be large enough to
allow the use of small samples. In this respect, both reac-
tants have similar features. The changes in mass are about
11% for KMnO, and 14% for Li,SO, - H,O. This is
enough for the use of samples with a mass of a few mil-
ligrams. To illustrate, Prout and Tompkins [11] used the
samples of KMnO, up to 2 mg.
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Table 4 The results of dynamic measurement (3 K/min) of the molar enthalpy for KMnO, decomposition (run 7)*

t(min) T (K) Am/mg Am/At (ugs™) Ax O Smlso  J(kgm s Peyp (bar) -In Kp  (AHY/v (KJ mol ™)
1 483 0.0002  0.071 0.002 0.002 1.000 5.36 x 1077 6.73 x 10™°  151.6 1442
2 486 0.0002  0.071 0.002 0.004 0999 536 x 1077 6.75 x 107°  151.6  145.1
3 489 0.0050  1.767 0.043  0.046 0991 135 x 1073 171 x 1077 1257 1328
4 492 0.0002  0.071 0.002 0.048 0991 541 x 1077 6.85 x 10™° 1515  146.8
5 495 0.0007  0.247 0.006 0.054 0990 1.89 x 107° 241 x 1078 1414 1425
6 498 0.0007  0.247 0.006 0.060 0.989 1.90 x 107° 242 x 1078 1414 1434
7 501 0.0009 0.318 0.008 0.068 0987 244 x 107° 312 x 1078 1393 1432
8 504 0.0019  0.671 0.016 0.084 0984 5.17 x 107¢ 6.63 x 107% 1333 1409
9 507 0.0024  0.848 0.021 0.105 0980 6.56 x 107¢ 844 x 107 1314 1407
10 510 0.0038 1.343 0.032 0.137 0974 1.05 x 1075 135 x 1077 127.6  139.6
11 513 0.0052 1.837 0.044 0.181 0965 1.44 x 1075 1.87 x 1077 1250  139.0
12 516 0.0066 2.332 0.056 0238 0952 1.86 x 1075 241 x 1077 1230  138.7
13 519 0.0075  2.650 0.064 0302 0937 2.14 x 1075 279 x 1077 121.8 1389
14 522 0.0086  3.039 0.074 0376 0919 2.51 x 1075 327 x 1077 1205 139.0
15 525 0.0101  3.569 0.086 0.462 0.894 3.03 x 1075 396 x 1077 119.0  139.0
16 528 0.0115  4.063 0.098 0560 0.863 3.57 x 1075 469 x 1077 117.6  139.0
17 531 0.0132  4.664 0.113 0.673 0818 4.32 x 1075 569 x 1077 1161  138.9
18 534 0.0118  4.169 0.101  0.774 0765 4.13 x 1073 545 x 1077 1164 139.9
19 537 0.0101  3.569 0.086 0.860 0.702 3.86 x 107> 511 x 1077 117.0 1410
20 540 0.0090  3.180 0.077 0937 0.608 3.97 x 107> 527 x 1077 116.7 141.6
21 543 0.0038  1.343 0.032 0970 0533 191 x 107 254 x 1077 122.6 1457
22 546 0.0013  0.459 0.011 0981 0492 7.08 x 107° 946 x 107® 1305  151.0
23 549 0.0008  0.283 0.007 0987 0455 471 x 107° 631 x 107% 1337 1537
24 552 0.0005  0.177 0.004 0992 0422 3.18 x 107¢ 426 x 1078 1368  156.3
25 555 0.0005  0.177 0.004 0996 0370 3.62 x 107° 488 x 107® 1358  156.6

? The magnitudes of parameters in the interval of steady-state decomposition (used in data averaging) are marked with bold

-12.8
A
AH/v = 152.3 kJ mol™
-13.6 | r?=0.9958
% -14.4 -
AH/v = 160.5 kJ mol™
r?=0.9267
-15.2 -
AH/v = 146.0 kJ mol
2
r° = 0.9881 N
-16.0 ; ; ;
1.80 1.85 1.90 1.95
1000/T
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Fig. 3 Second-law plots of In(P.q/bar) versus (1000/TYK ™! for
different runs of the dynamic measurements: filled circles Run 7,

open squares Run 8 and filled triangles Run 9
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AHA = 138.1 kJ mol !
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Fig. 4 Second-law plot of In(P.qy/bar) versus (1000/T)/K ™! for the

isothermal measurements
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Table 5 Effect of a contraction model on the results of dynamic
measurement (run 7) of the molar enthalpy by different methods

Model AH /v(kImol™")
Third-law Second-law Arrhenius plot

n = 0.10 139.3 138.2 136.0
n=0.18 139.1 146.0 1439

n = 0.33 138.7 160.8 158.6

n = 0.50 138.2 177.5 175.4

n = 0.67 137.8 194.0 191.8
Conclusions

The assumption that potassium permanganate may serve as
a kinetics standard in solid decomposition kinetics made
a priori [2] on the basis of the mechanism of the congruent
dissociative vaporization of KMnO, and its crystal struc-
ture was successfully supported experimentally. As
expected, the decomposition rate of KMnO, does not
depend on the kind of foreign gas (He, air, CO, and Ar)
and on the measurement technique (isothermal or
dynamic). Other requirements for KMnO, as an ideal
kinetics standard are satisfied as well. The use of the
third-law method for determining the molar enthalpy of a
reaction (ArH% /v) provides an excellent reproducibility
of results. The mean value of A.Hf/v from 12 experi-
ments in different gases is 138.3 £ 1.1 kJ mol™', where
1.1 kJ mol™" is equal, with a 95% confidence interval, to
two standard deviations (20).

The constancy of the molar enthalpy of the KMnO,4
decomposition reaction in the presence of different gases
under atmospheric pressure, measured by the third-law
method, does not exclude its reduction in a vacuum. This is
related to the reduction of the thermal conductivity of the
residual gas and, as a result, to the self-heating of the
reactant that accelerates the exothermic reaction. The
authors observed this effect [3, 4] under low (&~ 107> bar)
and high (~ 1077 bar) vacuum. Therefore, the possible
application of KMnO, as a kinetics standard should be
limited by its decomposition in different gases at atmo-
spheric pressure.

We do not call to the immediate use of KMnO, as a
kinetics standard. However, we are sure that this difficult
problem can be successively resolved, at least in principle.
The present paper is one of the steps in this direction.
Besides, the mechanism of KMnO, decomposition remains
one of the most intriguing puzzles in TA. The novel
approach to this problem used in our paper might stimulate
the other studies and/or provoke the open debates in the
literature.
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