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ABSTRACT

The kinetics of isothermal decomposition of potassium metaperiodate (KIO4), doped with phosphate and
aluminium has been studied by thermogravimetry (TG). We introduced a custom-made thermobalance
that is able to record weight decrease with time under pure isothermal conditions. The decomposition
proceeds mainly through two stages: an acceleratory stages up to &« =0.50 and the decay stage beyond.
The decomposition data for aluminium and phosphate doped KIO4 were found to be best described by the
Prout-Tompkins equation. Separate kinetic analyses of the o—t data corresponding to the acceleratory
region and decay region showed that the acceleratory stage gave the best fit with Prout-Tompkins equa-
tionitself whereas the decay stage fitted better to the contracting area equation. The rate of decomposition
of phosphate doped KIO4 increases approximately linearly with an increase in the dopant concentration.
In the case of aluminium doped KIO4, the rate passes through a maximum with increase in the dopant
concentration. The o—t data of pure and doped KIO4 were also subjected to isoconversional studies for the
determination of activation energy values. Doping did not change the activation energy of the reaction.
The results favour an electron-transfer mechanism for the isothermal decomposition of KIO4, agreeing

well with our earlier observations.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The thermal decomposition study of solids is one of the most
common and widely used techniques to obtain insight into the ele-
mentary steps of solid-state reactions. Information on the kinetics
and mechanism of solid decomposition is of both practical and the-
oretical importance [1,2]. Reactivity of solids is greatly modified by
pre-treatments such as doping, pre-compression, pre-heating, etc.
The nature of influence of the pre-treatments provides valuable
information on the elementary steps of solid-state reactions and
thereby on the mechanism and control of solid-state reactions [3,4].
Kinetic study is one of the important applications of thermal analy-
sis. Solid-state kinetic data are of practical interest for the large and
growing number of technologically important processes. A number
of reviews are available in the literature on these processes [5-12].

Several methods have been applied for kinetic studies of solid-
state reactions. The methods of kinetic analysis can be classified
based on experimental conditions selected and the mathematical
analysis performed. Experimentally, either isothermal or non-
isothermal methods are used. The isothermal methods are based on
the initial assumption that a single conversion function and a single
set of Arrhenius parameters, A and E, apply over the full range of
the conversion. A major problem encountered in the kinetic anal-
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yses of isothermal decomposition is the effect of pre-heating, on
the sample [13]. This problem has been solved to a large extent by
fabricating a thermobalance, particularly for studying isothermal
kinetics of solid-state reactions [14]. We have reported the effects
of pre-treatments on the thermal reactivity of several high-energy
solids such as halates and perhalates [14-21] that throw light on
the mechanism of their decomposition and also of other solid-state
reactions in general and more data of this kind are desirable.

Thermoanalytical studies showed that KIO4 decomposes in two
steps [23,24]. Atabout 570 K, KIO4 decomposes with heat evolution
to potassium iodate (KIO3) and oxygen. The decomposition of KIO3
to KI takes place in the range of 780-800K. In the thermal decom-
position of KIO4 it has not been proved possible to identify the
hexavalent iodine compound, K104, analogous to the compounds,
M5104, formed in the decomposition of lithium and sodium perio-
dates. Our earlier investigations [ 14,17] showed that the isothermal
decomposition of KIO4 proceeds through two stages, an accelera-
tory stage (o =0.05-0.5) and a decay stage (o = 0.5-0.95), the former
following the Prout-Tompkins kinetics and the latter contracting
area kinetics, at all temperatures studied. These results prompted
us to propose that the probable rate determining step in the ther-
mal decomposition of KIQ4 is the transfer of an electron from the
periodate anion to the potassium cation rather than the rupture of
I-0 bond or the diffusion of cations/anions

The studies on the effect of metal oxide additives (viz., CuO,
MnO, and TiO;) on the thermal decomposition kinetics of KIO4 to
potassium iodate (KIO5) in air by thermogravimetry under isother-
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mal conditions [21] revealed that irrespective of whether p- or
n-type, the metal oxides show only a little or no influence on the
rate of the decomposition except for the small decrease observed
when the oxide concentration is as high as 10 wt%. This suggests
that the electron work functions of these oxides might be smaller
than that of KIO4 so that they lack electron acceptor property with
respect to KIO4 and thus fail to favour electron-transfer processes.
The rate laws for the decomposition of KIO4 also remained unaf-
fected by the additives. Studies on the effect of pre-compression,
annealing and particle size on the isothermal decomposition kinet-
ics of KIO4 to KIO3 have been investigated by thermogravimetry
[22]. Although the effect of pre-compression was negligible up to an
applied pressure of 5 x 103 kg cm~—2, the rate increased drastically
on a further increase in pressure. Results of annealing indicate that
gross imperfections are not easily annealed like point defects. Stud-
ies on the effect of particle size emphasize the need for fixing the
particle size to enable a meaningful interpretation of the effects of
pre-treatment on solid-state reactions. We observed that the rate
law for the isothermal decomposition of KIO4 remained unaffected
by pre-treatments.

In continuation of our investigations on the thermal behaviour
of periodates of alkali metals [14,17,20-22], in this paper we report
the effect of the anion dopant phosphate and the cation dopant
aluminium on the isothermal decomposition kinetics of KIO4 in
the temperature range of 560-580 K.

2. Experimental

All the chemicals used were of AnalaR grade from E Merck.
Doped samples of KIOy4, at four concentrations, viz., 10~4, 103,
10-2 and 10~! mol% were prepared by the method described ear-
lier [14,17]. K3PO4 and AlCl3-6H,0 were used for doping PO43~
and AI3*, respectively. The thermogravimetric (TG) measurements
in static air were carried out on a custom-made thermobalance,
fabricated in this laboratory [14], an upgraded version of Hooley
[25].

A major problem [13] of the isothermal experiment is that a
sample requires some time to reach the experimental temper-
ature. During this period of non-isothermal heating, the sample
undergoes some transformations that are likely to affect the suc-
ceeding kinetics. The situation is especially aggravated by the fact
that under isothermal conditions, a typical solid-state process has
its maximum reaction rate at the beginning of the transforma-
tion. So we fabricated a thermobalance particularly for isothermal
studies, in which loading of the sample is possible at any time
after the furnace attaining the desired reaction temperature. The
operational characteristics of the thermobalance are balance sen-
sitivity: £1 x 107> g, temperature accuracy: +0.5K, sample mass:
5 x 102 g, particle size: 90-106 p.m and crucible: platinum. Com-
parative runs were always made using samples of same age and
particle size. The fraction of solid decomposed («) was measured
as a function of time (t) at five different temperatures (T), viz., 560,
565, 570,575 and 580 K.

3. Results and discussion

The a-t curves for the decomposition of pure KIO4 and the
results of its thermal decomposition kinetics were reported earlier
[14,17]. Similar curves were obtained for all doped samples of KIO4
at all temperatures. The a—t curves for the decomposition of phos-
phate and aluminium doped KIO4 at 570K are respectively shown
in Figs. 1 and 2. The decomposition proceeds mainly through two
stages: (i) an acceleratory stage («, 0.05-0.50) and (ii) the decay
stage (o, 0.5-0.95).
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Fig. 1. a-t curves for the decomposition of pure and AI** doped KIO, at 570K.
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Fig. 2. a-t curves for the decomposition of pure and PO,43~ doped KIO4 at 570 K.

The a-t data in the range of oo=0.05-0.95 (range I) were fit-
ted to various solid-state kinetic equations given in Table 1, using
the method of weighted least squares as described earlier [17]. The
Prout-Tompkins equation [26], In [¢/(1 — &)] = kt, which is the sim-
plest case of an autocatalytic reaction, gave the best fits for the
whole range of data at all the temperature studied. Separate kinetic

Table 1
Different reaction models used to describe the reaction kinetics.

SIL no. Reaction model Function g(«)
1 Power law allt

2 Power law all

3 Power law all?

4 Power law 32

5 One-dimensional diffusion o?

6 Mampel (first order) —In(1 - )

7 Avrami-Erofeev [—In(1 —a)]'4
8 Avrami-Erofeyev [=In(1 — )]
9 Avrami-Erofeev [~In(1 —a)]'?
10 Three-dimensional diffusion [1-(1-a)'P]?
11 Contracting sphere 1—(1-a)l3
12 Contracting cylinder 1-(1-a)'2
13 Second order 1—a)y'-1
14 Prout-Tompkins In[ee/(1 — )]
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Table 2

Values of rate constants (k) for the decomposition of pure and aluminium doped KIO4.

Temperature (K) Dopant concentration (mol%)

k(x103s71)

Range I (o =0.05-0.95)

Range Il (a=0.05-0.5) Range III (o =0.5-0.95)

0 2.0294
1x10-4 2.2999
560 1x103 2.1592
1x10-2 2.0583
1x10-1 2.0554
0 2.9309
1x10-4 3.2964
565 1x103 3.1738
1x10-2 3.0268
1x10! 2.9321
0 45308
1x10-4 5.1438
570 1x10-3 4.8846
1x10-2 4.6054
1x 101 4.5962
0 6.6256
1x10-4 7.4074
575 1x10°3 6.8981
1102 6.6204
1x 101 6.9594
0 9.3259
1x10-4 11.4298
580 1x103 10.6373
1x10-2 9.8371
1x10-1 9.4622

1.8726 0.4221
2.1333 0.4721
2.0371 0.4394
1.9248 0.4272
1.9105 0.4259
2.7498 0.6058
3.1844 0.6339
2.9945 0.6373
2.7851 0.6216
2.7528 0.6022
4.4097 0.8609
5.0829 0.9536
4.8189 0.9225
4.5152 0.8690
4.3792 0.8478
6.5701 1.2026
7.0273 1.4511
6.7762 1.3322
6.5825 1.2273
6.5667 1.2046
9.3822 1.6968
10.9499 2.3159
10.5121 1.9526
9.9859 1.8302
9.6629 1.6484

analysis of the a—t data corresponding to the acceleratory region
(range II) and decay region (range III) showed that the accelera-
tory stage gave the best fits with Prout-Tompkins equation [26]
itself whereas the decay stage fitted better to the contracting area
equation [27].

Doping with phosphate and aluminium did not change the basic
shape (sigmoid) of the a—t plots and the decomposition proceeded
through the same two stages obeying the same two rate laws men-

Table 3

Values of rate constants (k) for the decomposition of pure and phosphate doped KIOj4.

tioned above in the case of pure KIO4. The values of rate constant
(k) at various temperatures for different ranges of the decomposi-
tion of pure and doped samples of KIO4 are given in Tables 2 and 3.
The results show that the anion dopant phosphate enhances the
rate of decomposition. The cation dopant aluminium behaves dif-
ferently from the anion dopant in that the rate passes through a
maximum as the concentration increases. Fig. 2 illuminates these
effects.

Temperature (K) Dopant concentration (mol%)

k(x103s71)

Range I (¢ =0.05-0.95)

Range II (o =0.05-0.5) Range III (¢ =0.5-0.95)

0 2.0294
1x10* 2.3001
560 1x1073 2.3923
1x102 2.5132
1x107! 2.5546
0 2.9309
1x10* 3.3069
565 1x1073 3.4056
1x102 3.5312
1x101 3.6185
0 4.5308
1x10°* 5.1335
570 1x1073 5.3890
1x 1072 5.6072
1x10°1 5.7427
0 6.6256
1x10* 7.4008
575 1x1073 7.5611
1x102 7.9189
1x107! 8.1600
0 9.3259
1x10* 11.3560
580 1x1073 12.0740
1x102 12.4590

1x 10! 12.9270

1.8726 0.4221
2.1290 0.4754
2.2620 0.4838
2.4103 0.5012
2.4605 0.5018
2.7498 0.6058
3.1660 0.6420
3.3487 0.6490
3.5246 0.6582
3.6416 0.6645
4.4097 0.8609
5.1568 0.9484
5.4120 0.9827
5.7219 0.9942
5.8310 1.0314
6.5701 1.2026
7.1754 1.4002
7.5213 1.4524
7.9255 1.4485
8.2061 1.4842
9.3822 1.6968
10.7730 2.3343
11.4190 2.3640
11.8300 2.4794
12.4970 2.5073
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Table 4
Values of Arrhenious parameters for pure, phosphate and aluminium doped KIO4.
Dopant Dopant concentration Range? E (k] mol-1) InA(s™1)
(mol%)
I 209.01 38.69
Nil 0 Il 22135 41.26
il 187.54 32.51
I 216.16 40.33
1x10°4 Il 219.59 41.01
il 219.99 38.24
Phosphate I 218.72 40.92
1x1073 Il 218.80 40.90
il 214.99 38.46
1 216.71 40.52
1x1072 Il 215.83 40.33
il 215.28 38.56
I 219.22 41.08
1x107! Il 219.64 41.17
il 217.13 38.97
I 217.08 40.53
1x104 Il 219.64 41.02
il 216.54 38.78
Aluminium I 214.36 39.89
1x10-3 11 221.56 41.02
I 200.72 35.37
I 211.44 39.22
1x10°2 Il 224.49 41.94
il 194.03 33.91
I 211.85 39.31
1x10°! Il 222.15 41.43
il 183.82 31.72

2 [: «=0.05-0.95; II: =0.05-0.5; IlI: =0.5-0.95.

The values of activation energy (E), and pre-exponentional fac-
tor (A) calculated from the rate constant-temperature data for
pure and doped samples (Tables 2 and 3) are given in Table 4. We
note that none of these dopants alters the activation energy of the
decomposition process.

Philips and Taylor [28] proposed that the rupture of I-O bond
determines the rate of the decomposition of KIO4 to KIO3. Contrary
to the observation of Hill [29], they pointed out that the auto-

catalytic stage does not involve a diffusion chain and reported an
apparent activation energy (E) value of 191 k] mol~! for the decom-
position of KIO4. Our earlier investigations [14,17] showed that the
overall isothermal decomposition of KIO4 follows Prout-Tompkins
kinetics at all temperatures studied with an E value of 209 k] mol~1.
The acceleratory stage was best described by Prout-Tompkins
equation itself with an E value of 221 k] mol~1. However, the decay
stage was best represented by the contracting area equation with
an E value of 188 k] mol~'. Based on these results we suggested
that KIO4 decomposes in accordance with Prout-Tompkins model
with two-dimensional nucleus growth up to 50% decomposition,
and there after through contracting area law. Several authors
[20,28,30-33] have reported such a description of reaction kinet-
ics for the same solid using different rate laws for different ranges
of . Kim et al. [34] has reported that the reaction model varies
with reaction temperature in isothermal pyrolysis of polypropy-
lene and they observed that the Arrhenius parameters derived from
the assumptions of nth order model would be improper.

The o-t data, in the range of o =0.05-0.95, of pure and doped
(with phosphate and aluminium) KIO4 were also subjected to iso-
conversional studies for the determination of apparent activation
energy as a function of « from the sets of isothermals obtained. A
plot of Int (t being the time required for reaching a given value of
« at a constant temperature T) versus the corresponding recipro-
cal of the temperature (1/T) would lead to the activation energy
for the given value of «.. The results are given in Table 5. A perusal
of Table 5 reveals that the activation energy values for all samples
in the range of o =0.05-0.95 lies in the range of 203-210k] mol~!,
which is in good agreement with those obtained from conventional
method.

The rate laws and the activation energies of the isothermal
decomposition of KIO4 remain unaltered by doping. This suggests
that the basic mechanism of the decomposition is not affected by
doping, the only effect being a modification in the concentration of
active sites.

Philips and Taylor [28] suggested a bond-breaking mechanism
for the isothermal decomposition of KIO4 based on the close
agreement between the dissociation energy of I-O bond and the
experimental activation energy. The cation and anion vacancies
and in Frenkel systems the associated interstitial ions and also the
lattice impurities alter the frequency of the lattice vibrations in
the region surrounding the defect centers [32]. This contributes

Table 5
Activation energy values obtained from isoconversional method for pure and doped (with PO43~ and AI**) KIO4.
[ E (kjmol-1)
Pure KIO4 PO43~ doped KIO4 AI** doped KIO4
10~ mol% 104 mol% 104 mol% 104 mol% 104 mol% 104 mol% 104 mol% 104 mol%

0.05 203.05 202.62 202.62 203.77 203.30 202.59 202.81 202.86 204.09
0.10 206.09 205.03 204.31 206.06 204.67 204.12 204.32 205.00 206.38
0.15 205.81 205.71 205.95 205.71 205.80 205.61 205.24 203.57 205.89
0.20 206.75 206.46 206.53 206.51 206.08 205.74 205.87 205.98 205.75
0.25 207.88 206.44 206.76 206.58 206.57 205.37 206.02 206.66 206.16
0.30 208.96 207.38 207.31 207.13 207.88 207.10 206.68 207.60 207.23
0.35 208.54 207.50 207.29 207.36 207.52 207.64 206.22 207.49 207.74
0.40 208.53 208.38 207.37 207.44 207.72 207.89 207.65 207.90 207.92
0.45 209.72 208.34 208.06 207.64 207.91 207.69 208.20 209.76 208.72
0.50 209.71 208.29 208.42 207.88 208.38 207.87 208.67 209.50 209.76
0.55 209.85 208.16 208.91 208.28 208.65 207.70 208.59 208.94 209.76
0.60 209.26 208.42 208.78 208.38 208.74 207.94 208.47 208.10 209.76
0.65 208.45 208.79 208.92 208.75 209.11 208.06 208.07 207.46 209.76
0.70 208.13 208.58 208.92 208.91 209.10 208.18 207.55 206.75 209.76
0.75 207.39 208.55 209.50 208.75 209.53 208.92 207.35 207.11 209.76
0.80 206.33 208.88 209.31 208.63 209.38 209.38 207.56 207.04 209.76
0.85 206.33 208.94 209.25 208.93 209.36 208.94 207.47 207.25 209.76
0.90 205.63 209.21 209.61 209.06 209.22 209.58 207.54 206.71 209.76
0.95 204.67 209.54 209.93 210.08 210.46 208.19 207.11 206.30 209.76
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substantially in weakening the chemical bonds in the vicinity of
the defects and thus increases the reactivity of the solid. There-
fore, on doping KIO4 with either cation or anion will result in an
increase in the rate of thermal decomposition if the rupture of [-O
bond determines the rate. PO43~ and Al3* doped KIO4 samples do
show an enhanced rate of decomposition, but only up to a dopant
concentration of 10~4 mol% in the case of AI3* (Fig. 1). At higher con-
centrations of AI3*, however, the rate decreases without a change
in the activation energy, which suggests the operation of the same
mechanism in the low as well as high dopant concentration ranges.
This fact can not be easily explained in terms of the bond-breaking
mechanism, on the other hand, an electron-transfer mechanism
proposed earlier [14] may be a suitable alternative.

The electron-transfer mechanism may be represented as fol-
lows:

K*104~ — K* + 104° (1)
104* — 103* + O° (2)
0* + 0° - 0, (3)
K* + 103* — KIO3 (4)

Step (1) involves the transfer on an electron from the periodate
anion to potassium cation to form the free radicals K* and 104°. As
104° involves a one-electron bond, it is very unstable and readily
decomposes to give O* and relatively stable 103° [step (2)]. Two O°®
species combine to give one oxygen molecule [step (3)]. In step (4),
103° is stabilized by receiving an electron from K* forming KIOs. In
the above scheme steps (2)-(4) are fast since they involve highly
reactive species. The electron-transfer processes, step (1), is the
slowest and plays an important role in determining the rate. The
present results support this mechanism as can be seen below.

Doping KIO4 with phosphate introduces additional anion vacan-
cies in the solid. Anion vacancies can capture electrons and thus
function as electron traps (T) because of the localization of posi-
tive charge in their neighborhood [7,27]. An anion vacancy traps
an electron from the neighboring periodate anion to produce 104°
which decomposes to 103 and O°. The trapped electron is then
transferred to K* to produce, K*, which combines with 103* to form
K[O3I

]04_ +T —» 104' + Te (5)
104* — 103* + O° (6)
Te + KF— K* + T (7)

Thus the anion vacancy acts as a bridge between the periodate
anion and potassium cation facilitating the electron transfer. When
concentration of the dopant ion increases the number of anion
vacancies (i.e., T) also increases. Consequently the rate of forma-
tion and growth of nuclei is promoted resulting in an enhanced
rate of decomposition in proportion to the dopant level. Being triply
charged, each phosphate ion added to KIO4 will generate two anion
vacancies. Justifying this, here we observed a higher rate of decom-
position than that with sulphate doped KIOg4.

Incorporation of AI3* into KIO, lattice generates cation vacan-
cies and this result in a decrease in the number of anion vacancies.
Thus, in the event of the validity of electron-transfer mechanism,
one would expect a continuous decrease in the rate on doping KIO,4
with AI3*. But the rate of decomposition shows a complex depen-
dence on dopant concentration; the rate first increases reaching
a maximum value at around 10~4 mol% and then falls on further
increase in the dopant level (Fig. 2). Similar results were obtained
for BaZ* doped KIO4 [19]. Now considering the polarizing power of
a cation, which is proportional to Ze/R%, where Z is its valance, R its
radius and e the electronic charge, the kinetic results obtained for
doped KIO4 cam be interpreted as follows. The high Z and small R

values make the polarizing power of AlI3* very high. As anions are
readily polarizable due to the diminished control of electron cloud
by the nucleus, it is easy for Al3* to strongly polarize the diffused
electron cloud of the periodate anion and even capture an elec-
tron from it. In other words, AI3* itself acts as an electron trap and
promotes the decomposition according to the above scheme [steps
(5)—(7)] where T stands for Al3* and Te for Al2*. Thus doping with
AI3* results in two concurrent effects, having opposite influence on
rate: (i) enhancement of electron-transfer rate by the action of AI**,
as electron traps and (ii) suppression of the rate due to a decrease in
the number of anion vacancies which are good electron traps. The
results suggest that the enhancing effect predominates at low con-
centrations of AI3*, whereas suppression takes upper hand at high
concentrations possibly because of the association of the positively
charged AI** with negatively charged cation vacancies (+) and the
consequent lowering of the concentration of impurity ions acting
as an electron traps. The situation may be represented as:

AP +2(+) = {(+)ABT (+)) (8)

With respect to the occupancy of lattice sites, AI3* has a charge
of +2 and (+) has —1; hence the assembly {(+) AI3* (+)} is neu-
tral. The dopant AI3* is thus rendered ineffective as electron trap
by the association of the defects and consequently the inhibiting
effect (due to the decrease in the concentration of anion vacan-
cies) predominates. This type of electrostatic interaction of defects
is more probable at high concentration of Al3* and cation vacan-
cies due to the high probability of occurrence of these defects in
close proximity of each other within the solid. As a result the rate
of decomposition decreases steadily as the concentration of AI**
increases, as is observed in this investigation (Fig. 2). Similar results
were obtained for Ba2*, but the magnitude of the effect in rate was
low as is to be expected from its lower polarizing power.

A similar association between PO43~ dopant and anion vacan-
cies (—) is not possible because interstitial as well as vacancy
diffusion of phosphate is unlikely due to its larger size. It may be fur-
ther noted that, because of the better proximity, the interaction of a
cation dopant occupying an interstitial site with a cation vacancy, is
stronger than the interaction of an anion dopant occupying a nor-
mal site, with an anion vacancy. This means that deactivation of
anion vacancies by their association with anion dopants is not sig-
nificant in anion doped samples and therefore these samples show
a normal increase in rate with dopant concentration.

4. Conclusions

The results favour an electron-transfer mechanism for the
thermal decomposition of KIO4 rather than a bond-breaking mech-
anism. Further the study demonstrates the extreme sensitivity of
solids towards lattice impurities and emphasizes that extreme care
should be taken in interpreting the effect of both cationic and
anionic impurities for elucidating the mechanism of decomposi-
tion. A study using a wide range of concentration of the impurities
is invariably required to unveil the actual mechanism.
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