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THE SELF-HEATING EFFECT IN THE PROCESS OF KMnO4 DECOM-
POSITION IN VACUUM
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It has been shown that the exothermic decomposition of KMnO, in vacuum is accompanied by a significant self-heating effect.
It manifests itself in the reduction of the molar enthalpy of the reaction, determined by the third-law method. In comparison with the
value 138.3£0.6 kJ mol™ that is valid for the decomposition of KMnO, under atmospheric pressure at 493-553 K, the molar
enthalpy in vacuum (10~*~107" bar) at 484-511 K varies in the range of 136 to 126 kJ mol™". This is related to the reduction of the
thermal conductivity of residual air in the furnace and, as a result, to the self-heating of the reactant, that accelerates the exothermic
reaction. A simple method of evaluation of the self-heating effect has been developed. By analogy with the known method for
evaluation of the self-cooling effect, it is based on the determination of the molar enthalpy by the third-law method at two different
temperatures. The increase of sample temperature above the furnace temperature 7% in the case of the exothermic decomposition of

KMnOy in a high vacuum and 7t>490 K reaches a few tens of degrees.
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Introduction

The significance of the self-heating and self-cooling
effects in the solid-state decomposition reactions has
been discussed in many books and reviews on thermal
analysis (e.g., [1-7]). However, until recently, there
were no reliable experimental methods for their
measurement. A simple method for the evaluation of
the self-cooling effect was proposed only in 2002 [8].
It is based on the determination of the molar enthalpy
of the reaction by the third-law method at two
different temperatures.

If the only cause for the overestimation of the
apparent values E,,, determined by the third-law
method, is the self-cooling effect, then its magnitude
can be easily determined. Assuming that the value
of E at the lower temperature is free of this effect
(i.e., that the sample temperature, Ty, is equal to the
furnace temperature, 77) and corresponds to the true
value of the E parameter, E., then it becomes
possible to determine the actual value of the sample
temperature for any higher decomposition temper-
ature. This temperature is equal to:

Ts = TfEtrue/Eapp (1)

if a small systematic decrease of both thermodynamic
parameters (the entropy, A_S;, and the enthalpy,
A H;) with a temperature rise is neglected.
Therefore, the difference, AT=TT5%, actually corres-
ponds to the self-cooling of the sample at the higher
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temperature of the experiment, assuming A7=0 at its
lower temperature. This method was successfully
used for the evaluation of the self-cooling effect in the
process of vacuum decomposition of some hyd-
rates [9] and carbonates [10].

The purpose of the present work was to apply
this method to the evaluation of the self-heating effect
in the case of the exothermic decomposition of potas-
sium permanganate. This reactant has been recently
proposed as a kinetics standard in thermal analy-
sis [10-12].

The thermal decomposition of potassium per-
manganate has been the subject of a large number of
studies. During the 190 years following the appear-
ance of the first publication by Chevillot and Edwards
[13, 14], the mechanism and kinetics of its decompo-
sition have been investigated by virtually all author-
itative laboratories in the world [12]. Starting
at [13, 14], the resultant reaction has been represented
either by the scheme:

10KMnOy(s) = SKoMnOy(s) + SMnO,(s) + 50,  (2)
or by the scheme:
10KMnOy4(s) = 3K,MnOy(s) + 7MnOs(s) +
+ 2K,0(s) + 60, )

suggested by Riidorf more than 100 years ago [15].
The difference between these two schemes is in the
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relative amounts of solid products and free oxygen,
the latter varying in the range 10—12 mass%.

However, in accordance with the mechanism of
congruent dissociative vaporization and the crystal
structure of KMnQO, identical to that of barite BaSOy,
which decomposes with the evolution of free atoms of
oxygen [10], the first stage of reactions (2) and (3)
should be presented as follows:

10KMnO4(s) <> SK,O(g) + 10MnO(g) + 250  (4)

where K,O and MnO are gaseous products that
condense at the instant of decomposition with the
formation of K,O(s), MnO,(s) and K;MnOy(s), and O
is a gaseous product, which undergoes association at
the instant of decomposition to give equilibrium
molecules O,. Under these conditions, the partial
pressures of the primary products and, consequently,
the decomposition rate of KMnO,, depend only on the
stoichiometry and the thermochemical characteristics
of reaction (4) and should be independent of the
composition of the gas in the furnace.

It was shown [12] that, indeed, the decompo-
sition rate of KMnO, under atmospheric pressure
does not depend on the foreign gas (He, air, CO, and
Ar), and the measurement technique (isothermal or
dynamic). The use of the third-law method for the
determination of the molar enthalpy of the reaction
(A, H;/v) provides an excellent reproducibility of
results. The mean value of A H;/v from 12
experiments in different gases and at different
temperatures (493-553 K) is 138.3£0.6 kJ mol ™,
which coincides with the value of 138.1 kJ mol'
calculated from isothermal measurements in different
gases by the second-law method.

However, the constancy of the molar enthalpy of
the KMnO, decomposition reaction in the presence of
different gases under atmospheric pressure, measured
by the third-law method, does not exclude a small
(by a few percent) reduction of A H;/v in a vacuum.
This is related to the reduction of the thermal conduc-
tivity of the gas and, as a result, to the self-heating of
the reactant that accelerates the exothermic reaction.
The authors observed this effect [11] even under low
vacuum (4-10~ bar). In a high vacuum (=107 bar), it
might increase.

Experimental
Measurement conditions

The main goal of the experiments was to measure the
absolute decomposition rates of KMnO, under
different vacuum pressures and at different tem-
peratures by isothermal TG. This data was used to
calculate the molar enthalpies of reaction (4) taking
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into account the partial transfer to the reactant of
energy evolved in the process of transformation of the
primary products of decomposition into the equilib-
rium products.

The change in the mass of sample per unit time
and the temperature were measured using Netzsch
Models STA 429 C and STA 429 CD thermal analy-
zers. 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 decomposition temperature was
10 K min". The isothermal measurements were made
in a low and high vacuum: (2-4)-10"* and
(1-2)-10"" bar, respectively. Depending on the tem-
perature and vacuum pressure, the time of complete
decomposition (disregarding the preliminary heating
stage) was from 4.5 to 150 min.

The calculation scheme

The main stages of the calculation scheme were
described in detail in [12]. The input parameter
automatically recorded by the thermal analyzer is the
relative mass loss, Am/my, in a chosen time interval A¢
between signal measurements. Using evident rela-
tionships, the quantities Am/At and Ao= (Am/mg)/
Y(Am/my) are calculated. Here my is the initial sample
mass and X(Am/my) is the fraction of the gaseous
product (O,) with respect to the mass of the reactant.
The decomposition degree at the moment of meas-
urement, oy, is calculated by summing the values of
Ao during the period of time preceding the meas-
urement, taking into account the loss during the time
elapsed between heating the furnace and the
beginning of measurements. The absolute decom-
position rate of the powdered samples is calculated by
the equation [10, 12]:

g Am/ At
28s.,

)

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 sy, is the surface
area of the sample at the moment of measurement.
The ratio s./so (where sy is the initial outer
surface area of pellet) was evaluated as a function of
the decomposition degree for pellets of the actual dia-
meter-to-height ratio (d/h=10). The results of
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numerically modeling the s,/sy variation with o, in
the process of homogeneous pellet decomposition
across the entire surface for d/A=10 are best approxi-
mated by the function [12]:

Sm/SO = (1 - 0Lm)o‘18 (6)

The molar enthalpy of the decomposition
reaction was calculated by the third-law method.
The equilibrium pressure of atomic oxygen was found
using the Hertz—Langmuir equation:

1/2
P (2nMRT) J

T ™

where M is the molar mass of oxygen; R, the gas
constant, and vy, the conversion factor for recal-
culating the pressure from pascals to bars
(10° Pa bar "), in which units thermodynamic calcula-
tions are carried out.

Further, the equilibrium constant of reaction (4)
was found:

Kp= (Peqp)v/8 )

Where v is the number of moles of the reaction
products and & the factor that accounts for the
congruent nature of the decomposition. This factor is
determined using the molar masses and the
stoichiometric coefficients of the decomposition
products. For reaction (4), this factor is equal to
5=2.907 [12].

The enthalpy of the reaction was calculated by
the equation:

A H? = T(A .52 — RInky) ©)

where A S, is the entropy change of the decom-
position reaction. Its value at 500 K, which was
accepted on the base of thermodynamic considera-
tion [12], is equal to A _S°/v~141 J mol™" K. This
value is used in our calculations.

It should be noted that the difference in the mean
values of A _H//v measured under atmospheric
pressure in our previous papers (145.7 kJ mol™ [11]
and 138.3 kJ mol™' [12]) is related to the inaccurate
value of the molar entropy (160 J mol™' K™') that was
used in the third-law calculations in [11] and an
incorrect value of the exponent in Eq. (6): 0.5 [11]
instead of 0.18 in [12].

Results and discussion

The conditions and final results of the isothermal
determination of the molar enthalpies of the KMnO,
decomposition under different vacuum pressures and
at different temperatures are presented in Table 1 in
order of decreasing vacuum pressure, and in order of
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increasing temperature for each pressure value.
Table 2 contains an example of calculations of the
molar enthalpies for the KMnO, decomposition in
vacuum (2-10* bar) at 502.6 K (run 6).

It is necessary to comment some of the quantities
in Table 1.

Twofold differences in pressure for a low and
high vacuum are related to some instrumental features
of the thermal analyzers used in the experiments
(STA 429 C and STA 429 CD models manufactured
in 1988 and 2007, respectively).

The values for the thermal conductivity, Asg, of
residual gas in the furnace were evaluated on the base
of the known value of Asq, for air at 500 K and 1 bar
(40 mW m ' K™' [16]) and the “critical distance’, d.,
which defines the decrease of Asoy with vacuum
pressure. This distance depends on the size of sample
micro particles inside the tablet and the average
distance between the tablet and the crucible wall and
can be estimated as d.~10~* m. The “critical pressure’
that corresponds to the equality of the free-paths of air
molecules to this distance was calculated by the
equation [7, p. 103]: P=2.5-10"" T/d.. The corres-
ponding critical pressure at 500 K is equal to
P=1.25-10" bar. The decrease of thermal con-
ductivity in vacuum is proportional to the ratio of the
actual pressure P, to the P, value. For example, for the
actual vacuum pressure P=2-10"* bar, hse=
40-2:10%/1.25-10°=6.4 mW m' K. (Because of the
uncertainty in the d. value, these estimations are
naturally approximate).

To prove that the decrease of molar enthalpy is
related to the self-heating effect, the quantity ‘decom-
position rate’ was used. Its value is equal to Aa.,/(Atn)
where Aa., is the interval of measurement in values of
o, and Atz is the registration time for each of the n
measurement points in this interval. The value of
Aoy/(Atm)=0.1 min”', for example, signifies that
one-tenth of the sample decomposes in 1 min. As
would be expected, this value, Aa./(Atn), is pro-
portional to Py, (Fig. 1).

The last column in Table 1 contains the AT
values calculated by Eq. (1), by taking into account
that AT=T~T; and Ey,.=138.3 kJ mol . The effect of
the decomposition rate on the molar enthalpy and on
the temperature increase of the decomposing samples,
AT, is illustrated in Figs 2 and 3, respectively.

The analysis of the data presented in Table 1 and
Figs 2 and 3 yields the following statements.

e In all cases of the vacuum decomposition of
KMnO,, the molar enthalpy of the reaction is
appreciably lower (126.3—136.4 kJ mol ") than that
under atmospheric pressure (138.3+0.6 kJ mol ™).
The only exception is the experiment at 489.9 K
and a vacuum pressure of 4-10* bar (run 4), for
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Table 2 The results of isothermal determination of the molar enthalpy for KMnO, decomposition in vacuum (2-10~* bar) at

502.6 K (run 6)*

zlin Am/mg (irg/séf)/ A, Ol Sm/So ke n‘n]{z §! %;f ~InKp (kAJ'[I{n;o/fi)l/
1 0.0007 0.24 0.005 0.005 0.999 1.82:10°  2.34.10° 141.6 144.9
2 0.0005 0.17 0.004 0.009 0.998 1.30-10°° 1.67-10°° 144.3 146.3
3 0.0005 0.17 0.004 0.013 0.998 1.30-10°¢ 1.67-10°° 1443 146.3
4 0.0007 0.24 0.005 0.019 0.997 1.83-10°  2.34.10° 141.6 144.8
5 0.0012 0.41 0.009 0.028 0.995 3.1410°  4.02.107° 137.3 142.6
6 0.0015 0.52 0.012 0.040 0.993 3.9310°  5.0410° 135.5 141.6
7 0.0029 1.00 0.022 0.062 0.989 7.6410°  9.78.107° 130.2 138.9
8 0.0022 0.76 0.017 0.079 0.985 581-10°  7.45.10° 132.4 140.0
9 0.0044 1.51 0.034 0.113 0.979 1.17-10°7 1.50-1077 126.8 137.1
10 0.0058 1.99 0.045 0.158 0.969 1.56:10°  2.00-10” 124.5 135.9
11 0.0078 2.68 0.060 0.219 0.957 2.1210°  2.72.107 122.0 134.6
12 0.0095 3.26 0.074 0.292 0.940 2.6310°  3.37.107 120.3 133.7
13 0.0102 3.50 0.079 0.371 0.920 2.89-10°  3.70-107 119.5 133.3
14 0.0100 3.43 0.078 0.449 0.898 2.9010°  3.71-107 119.5 133.3
15 0.0097 3.33 0.075 0.524 0.875 2.89.10°  3.70-107 119.6 133.3
16 0.0080 2.75 0.062 0.586 0.853 244107 313107 120.9 134.0
17 0.0061 2.09 0.047 0.633 0.835 1.90-10°  2.44.107 122.9 135.1
18 0.0066 2.27 0.051 0.684 0.812 2.11.10°  2.71-107 122.0 134.6
19 0.0053 1.82 0.041 0.726 0.792 1.7410°  2.23.107 123.6 135.4
20 0.0044 1.51 0.034 0.760 0.774 1.48-107° 1.90-10” 124.9 136.1
21 0.0036 1.24 0.028 0.788 0.757 1.24-107 1.59-1077 126.3 136.9
22 0.0041 1.41 0.032 0.819 0.735 1.45-107 1.86:107 125.0 136.2
23 0.0032 1.10 0.025 0.844 0.716 1.16:107° 1.49-107 126.8 137.1
24 0.0032 1.10 0.025 0.869 0.694 1.20-107° 1.54-1077 126.6 137.0
25 0.0024 0.82 0.019 0.888 0.675 9.26-107° 1.19-1077 128.6 138.1
26 0.0024 0.82 0.019 0.906 0.653 9.57-10°° 1.23-1077 128.4 137.9
27 0.0019 0.65 0.015 0.921 0.633 7.81-10° 1.00-1077 130.0 138.8
28 0.0019 0.65 0.015 0.936 0.610 8.11-107° 1.04-107 129.7 138.6
29 0.0022 0.76 0.017 0.953 0.577 9.92.107° 1.27-107 128.1 137.8
30 0.0015 0.52 0.012 0.964 0.549 7.12:10°  9.12.10°° 130.8 139.2
31 0.0010 0.34 0.008 0.972 0.525 49610°  6.35.10° 133.6 140.7
32 0.0015 0.52 0.012 0.984 0.477 8.19-10° 1.05-1077 129.6 138.6
33 0.0007 0.24 0.005 0.989 0.443 41110 52710 135.1 141.5
34 0.0005 0.17 0.004 0.993 0.409 3.1810°  4.08107° 137.2 142.5
35 0.0002 0.07 0.002 0.995 0.391 1.33-10°° 1.71-10° 144.2 146.2

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

which A H?/v=138.3+0.4 kJ mol'. The reason for
that is unknown. (The data of this experiment are
excluded of all further calculations and diagrams).
* In contrast to the invariability of the molar enthalpy
with the change of decomposition rate in atmo-
spheric experiments, the rise of the decomposition
rate in vacuum experiments monotonously reduces
the molar enthalpy (Fig. 2). The molar enthalpy in
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the latter case is related to the decomposition rate
(and therefore to the heat generation rate) by the

linear equation:

A H2/v~136.4 — 34.7Adw/(Atn)

(10)

+ This proves unambiguously that the origin of the
molar enthalpy reduction in vacuum is self-heating.
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Fig. 1 The correlation between the rate of KMnOy
decomposition [Aa.,/(Afn)] and the equivalent pressure
of primary products Pegp
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Fig. 2 The dependence of the molar enthalpy (A H;/v) on the

rate of KMnO, decomposition [Aa.,/(Atn)]; O — under
atmospheric pressure and A—in a vacuum

» As should be expected from the above, the temper-
ature increase, AT, of the decomposing sample as a
function of the decomposition rate (Fig. 3), is also

described by the linear equation:

AT~7.2 + 133 Ao/ (Atn) (11)

* The maximum magnitude of AT for Ao/(Atn)=
0.3 min ' is 46 K (run 16). This value corresponds
to about 10% of the furnace temperature. The self-
heating effect appears to be very high considering
that the absolute value of the reaction enthalpy of
exothermic reaction (2) measured by the DSC
technique is only 10.4+1.5 kJ mol ' [17]. This
contradicts the wide-spread opinion that the self-
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heating effect is insignificant if the reaction
enthalpy is small.

The difference between the values of A HX/v
measured by DSC [17] and by TG techniques
(10 and +138 kJ mol ") is rather obvious. The first
value was measured for a closed system (pant+
sample+lid) as a whole, the second, for the reactant
only, when a part of the condensation energy is
transferred to the solid product(s). Such a differ-
ence is typical for all solid-state decomposition
reactions. In this particular case, the difference is
especially high because the primary gaseous
product, the free atoms of oxygen, recombines with
the evolution of heat outside the reaction interface:
20—>0,+500 kJ mol™'. This difference is erro-
neously identified in the literature as the difference
between two quantities: the ‘molar enthalpy’ (in
the case of DSC) and the so-called ‘activation
energy’ (in the case of TG). The latter actually has
no physical meaning in solid-state kinetics [18].
Of interest is the deviation of the oxygen yield,
Y(Am/my), in some of the vacuum experiments
from the expected value of 10-12% (Table 1).
In two cases (runs 4 and 13), the Z(Am/my) value is
6.9 and 6.5%, and in three cases (runs 5, 10
and 16), it is 15.0, 16.2 and 17.1%, respectively.
We can propose that in these cases the reaction

develops in accordance with the schemes:
3KMnO, = K3(MnOy), + MnO, + O,  (12)

and
10KMnOy(s) = SKoMnOy(s) + SMnO(s) + 7.50; (13)

* The yield of oxygen for reaction (12) is 6.7%, and
for reaction (13), it is 15%. Reaction (12) has been

J. Therm. Anal. Cal., 94, 2008



THE SELF-HEATING EFFECT IN THE PROCESS OF KMnO4 DECOMPOSITION IN VACUUM

observed by Boldyrev et al. [19] and later by
Herbstein et al. [20] in a high vacuum at tempera-
tures near 488 K. (In our experiments, the temper-
ature was 489.9 and 484.0 K). The development of
the decomposition according to reaction (13) can
be explained by the inadequate stability of MnO, at
high temperatures. Taking into consideration the
addition of the AT value, the actual temperature of
the sample in runs 5, 10 and 16 amounts to 509, 515
and 550 K. However, the high yield can be related
to the partial ejection of sample particles upon
heating at 7>500 K. This problem deserves further
investigation.

* A monotonous decrease of the molar enthalpy with
a rise in temperature leads to the large systematic
overstating of the parameter E, calculated by the
Arrhenius plot method. This statement is illustrated
in Fig. 4. As an example, the primary data for the
KMnO4 decomposition at 484-511 K and
2-107" bar were used. A decrease of A _H./v in this
temperature interval by 3 kJ mol™' manifested itself
in the E value (178.6 kJ mol™) that is 40 kJ mol™
above the true value. This effect, theoretically
predicted by L’vov [10], should be taken into
account when evaluating the accuracy of the
reported values of the E parameter in vacuum:
162 kJ mol™" [21] and 165 kJ mol ™" [22].

+ Taking into account the significant underestimation
of molar enthalpy in vacuum (10*-107" bar) at
484-511 K, the possible application of potassium
permanganate as a kinetics standard [11, 12] should
be limited to atmospheric pressure.

Iny

y=21.481x+39.794
45 E=1786kImol”!
7=0.9866

5.0 T T T T T T
194 196 198 200 202 204 206 2.08

1000/T/K !
Fig. 4 The Arrhenius plot of Iny vs. 1000/ where
y=[Act/(Atn)]/min”" for the decomposition of KMnO,
under vacuum pressure of 2- 1077 bar (runs 8-12)
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Conclusions

It has been shown that the exothermic decomposition
of KMnQy, in vacuum is accompanied by a significant
self-heating effect. It manifests itself in the reduction
of the molar enthalpy of the reaction, determined by
the third-law method. In comparison with the value
138.3+0.6 kJ mol ' that is valid for the decomposition
of KMnOg; under atmospheric pressure at
493-553 K [12], the molar enthalpy in vacuum
(10°-107" bar) at 484-511 K varies in the range of
136.4 to 126.3 kJ mol . This is related to the reduc-
tion of the thermal conductivity of the residual air in
the furnace and, as a result, to the self-heating of the
reactant, that accelerates the exothermic reaction.

A simple method of quantitative evaluation of
the self-heating effect has been developed. By anal-
ogy with the method for evaluation of the self-cooling
effect [9], it is based on the determination of the molar
enthalpy by the third-law method at two different
temperatures. It has been shown that the increase of
sample temperature above the furnace temperature,
T, in the case of the exothermic decomposition of
KMnOQ, in a high vacuum and 72490 K reaches a few
tens of degrees.

A monotonous decrease of the molar enthalpy
with a rise in temperature leads to the systematic
overstating of the parameter E, calculated by the
Arrhenius plot method. This effect should be taken into
account when evaluating the accuracy of the literature
data obtained in a vacuum. Taking into account the
significant underestimation of molar enthalpy in
vacuum (101077 bar), the possible application of
potassium permanganate as a kinetics standard [11, 12]
should be limited to atmospheric pressure.

Acknowledgements

The authors thank the Reviewer for the useful interaction
resulted in some improvements of this paper and Nikita L’vov
(Montreal, Canada) for the linguistic correction of the
manuscript.

References

1 A. K. Galwey and M. E. Brown, Thermal Decomposition
of Tonic Solids, Elsevier Science, Amsterdam 1999.

2 M. E. Brown, Introduction to Thermal Analysis.
Techniques and Applications, 2™ Ed., Kluwer Academic
Publishers, Dordrecht 2001.

3 @G. B. Manelis, G. M. Nazin, Yu. I. Rubtsov and
V. A. Strunin, Thermal Decomposition and Combustion of
Explosives and Propellants, Taylor and Francis, New York
2003.

4 S. Vyazovkin, Anal. Chem., 74 (2002) 2749

459



L'VOV, UGOLKOV

Vyazovkin, Anal. Chem., 76 (2004) 3299.

Vyazovkin, Anal. Chem., 78 (2006) 3875.

Vyazovkin, Anal. Chem., 80 (2008) 4301.

V. L’vov, Thermochim. Acta, 389 (2002) 199.

V. L’vov and V. L. Ugolkov, J. Therm. Anal. Cal.,
74 (2003) 697.

10 B. V. L’vov, Thermal Decomposition of Solids and Melts.
New Thermochemical Approach to the Mechanism,
Kinetics and Methodology, Springer, Berlin 2007.

11 B.V.L’vov and V.L. Ugolkov, Russ. J. Appl. Chem.,
80 (2007) 1289.

12 B. V. L’vov and V. L. Ugolkov, Thermochim. Acta,
submitted.

13 P. F. Chevillot and W. E. Edwards, Ann. Chim. Phys.,
4 (1817) 287.

14 P. F. Chevillot and W. E. Edwards, Ann. Chim. Phys.,
8 (1818) 337

5 S.
6 S.
7 S.
8 B.
9 B.

460

15 G. Riidorf, Z. Anorg. Chem., 27 (1901) 58.

16 1. S. Grigor’ev and E. Z. Melikhov (Eds) Physical
Constants, Handbook, Energoatomizdat, Moscow 1991
(in Russian).

17 M. E. Brown, K. C. Sole and M. W. Beck, Thermochim.
Acta, 89 (1985) 27.

18 A. K. Galwey, J. Therm. Anal. Cal., 92 (2008) 967.

19 V. V. Boldyrev, A. P. Voronin, T. A. Nevolina and
V. V. Marusin, J. Solid State Chem., 20 (1977) 327.

20 F. H. Herbstein, M. Kapon and A. Weissman, J. Thermal
Anal., 41 (1994) 303.

21 E. G. Prout and F. C. Tompkins, Trans. Faraday Soc.,
40 (1944) 488.

22 M. E. Brown, A. K. Galwey, A. M. Mohamed and
H. Tanaka, Thermochim. Acta, 235 (1994) 255.

DOI: 10.1007/s10973-008-9161-5

J. Therm. Anal. Cal., 94, 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFA:DRAFT
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (ISO Coated v2 300% \050ECI\051)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /HUN ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


