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A phase diagram (temperature vs. composition) for the system KCl0~KCIl-KCIO; is presented. The isothermal de-
composition of potassium perchlorate at constant volume and under the pressure of the evolved oxygen was studied at
temperatures between 556° and 582°, Data from these experiments correlated with information gained from the phase
diagram show that the decomposition proceeds by two first-order reactions: a solid-phase decomposition prior to the ap-
pearance of a liquid phase, and a liquid-phase decomposition which occurs after the melting of the sample is complete.
The respective rates of these reactions are dependent upon the concentration of potassium perchlorate. Rate constants at
various temperatures are presented. The Arrhenius frequency factor and the activational entropy for the solid-phase de-
composition are 2.36 X 1018 sec.”! and 0.6 cal. mole~! degree ™}, respectively. The corresponding values of these quantities
for the liquid-phase decomposition are 1.31 X 10% sec. ™! and 8.6 cal. mole~! degree~!, The activational energy for the rup-
ture of the chlorine—oxygen bond in KXClOy is 70.5 == 0.4 kcal. per mole. This value is independent of the physical stute of
the system and is not changed by the presence of mao~=,;um oxide as o= 1mpurity. Potassium chlorate is an intermediate in

the decomnancition.
tion rate.
compo-.cion proceeds at constant temperature.
pha<e reactions by 1ne. -wing *he activational entropies.

1troduction

kecontiv, Masner wud Simchen? sue 77 4ne 22
compnenian of nniagsiom perchlorate @ tue. -l
480 to 5+l° Uirswar and Weidenfad?® investi-
gaic:t *the decom posit.on 2t atmosp ieric pressure,
Sltnng,, 0= erranles fusea during decomposition
it was 2. ned thau dac onoirse o] the reaction was
independent of tuc state of the system, solid or
molten. The above aulhors interpret all the ob-
served phenomena on the assumption that the
mechanism from 0 to 1009, decomposition is of the
type

Solid A —> solid B 4 gas
even if melting takes place during the reaction.
They assume migration of oxygen atoms through
the ionic network of the solid.

Bircumshaw and Phillips* investigated the de-
composition of potassium perchlorate in vacuo at
temperatures between 530 and 550°. They ob-
served a slow evolution of oxygen in the initial
stages of the reaction when the sample was solid.
At the beginning of melting the evolution of gas
became much more rapid, reaching a maximum rate
when melting had ended and the liquid had become
homogeneous. Finally, the melt solidified because
of the formation of chloride, and the rate of the
reaction became slower. These authors state that,
because the system becomes molten during the re-
action, it is pointless to apply theories and equa-
tions derived for solid decompositions in an attempt
to explain the results of this decomposition.

The object of the studies reported in this paper
was to establish the relationship of the physical
state of the system to the isothermal decomposition
rate of potassium perchlorate. For this purpose
a phase diagram (temperature vs. composition) for
the system KCIO; with its solid decomposition
products is presented herein. Data from isothermal
decompositions of pure KCIO, at temperatures be-
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The accumulation of KCl0O; and KCl during the decu.onosition does not appreciably change the reac-
rhese products chang. (Lo tmansition temperatures and thr, change the physical state of the systein as the de-
The presence of 5 ms.ie ner cent. MgO catalyzes both the solid- and liquid-

tween 556 wnd 582° are evaluated herein with ref-
erence to this phase diagram.

Experimental

Appusntns,—The veouum system for isotherinal decom-
position was ot r y:2x glass and was constructed to maiutain
an essentially constant volume. A Pt-Pt (90%)-Rh (10%)
thermocouple was sealed into the reaction tube so that it
was embedded in the sample. The reaction tube was heated
in a lead-bath contained in a constant-temperature furnace
which could be raised to immerse the sample.

The apparatus used for differential thermal analysis was
the same as that used for decompositions except that a two-
compartment reaction tube was used. One compartment
contained one junction of a differential thermocouple em-
bedded in a sample of KCl which was used as a reference
material. The other compartment contained the KCIO,
sample in which a junction of the differential thermocouple
and a thermocouple for measuring the temperature of the
sample were embedded. The thermocouples were connected
through amplifiers to an X /Y recorder. A potentiometer
was wired in parallel with the amplifiers so that the responsc
of either thermocouple could be measured periodically.

Preparation of Samples.—Reagent grade potassium per-
chlorate (G.. Frederick Smith. Ca.}) was recrystallized twice
from distilled water and dried for 6 days in a vacuum oven

at 105°. The material then was ground to particles of 60-
to 200-mesh size. Tests showed no trace of chlorate or
chloride. Samples coutaining varying mole percentages of

potassium perchlorate combined with potassium chlorate
and potassium chloride were prepared by fusing pure potas-
sium perchlorate in an evacuated system until it decom-
posed to the desired extent. Each sample then was ground
to a 60- to 200-mesh powder, thoroughly mixed, and heated
to 300° to remove occluded oxygen. Chloride was deter-
mined in each sample by the Mohr method. After rednc-
tion of the chlorate with H»SO;, the sample was analyzed
for chlorate and chloride by the same method. Perchlorate
content was determined by difference. The samples thus
obtained covered a range of composition from 20 to 100 mole
per cent. KClO;. The amount of KClO; did 1ot rise above
7 mole per cent.

Differential Thermal Analyses.—In these analyses,
0.8000 g. of sample and 1 g. of KCI were placed in the ap-
propriate compartments of the reaction tube. The entire
system then was evacuated. The furnace was raised until
the sample tube was coutained to a depth of two inches in
the opening of the heatiug block. The rate of leating was
controlled at 7° to 10° per minute. Measurements of the
sample temperature to 0.1° and of the pressure of evolved
oxygen to 0.1 mm. were made at definite time intervals.
The recorder chart was calibrated from the temperature
readings. The curves in Fig. 1 show the temperature of
the sample and the pressure of evolved oxygen as functions
of time. In the course of a run, the samples undergo three
phase changes: (1) transition of potassium perchlorate from
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Fig. 1.—Decomposition rate and heating rate, sample 66A
0.8000-g. sample; pressure measured at 25°.

rhombic to cubic crystals at 300°; (2) transition to a solid-
liquid system; and (3) end of melting (transition to liquid
phase).” The temperature of a phase change having been
determined from the DTA curve, the pressure of evolved
oxygen at this point can be found by referring to-the tem~
perature-time and pressure-time curves. The volume of
the system and the temperature of the gas reservoir being
known, the number of millimoles of oxygen evolved can be
calculated. The mole percentage of KClO, at the time of
the phase change can be calculated by successive approxi-
mations from the number of millimoles of oxygen formed
and the composition of the original sample, providing that
an informed estimate of the relative amounts of KClO; and
KCl produced in the decomposition can be made. In
order to provide data for such an estimate, many samples of
pure KCIO, were decomposed to varying degrees and the
residues were analyzed. The curve in Fig. 2 presents the
mole ratio of KClO; to KCl as a function of the mole per-
centage of KClO; in the decomposed samples. The best
curve through the points was determined by a graphical
method based on the principle of least squares. The ex-
perimental points are somewhat scattered, but this curve
gives the best available estimate of the KClO;~KCl ratio.

Some of the samples represented in Fig. 2 were heated in
the DTA apparatus up to the melting point and the KC10;—
KCl ratio in each residue was redetermined. In every case,
the decomposition prior to the melting point proceeds in a
way which shifts the KCl03-KCl ratio toward the average
vaiue as determined by Fig: 2-

A phase diagram (temperature vs. composition) for the
system KClO; with its decomposition products is presented
in Fig. 3. A broad minimum occurs from 50 to 60 mole
per cent. in the solidus and liquidus curves, and the points
in this region are scattered. It appears that the consistently
low amount of KCIO; present in this system becomes criti-
cal in this region. A eutectic composition might be de-
termined by extension along a third axis representing KCIO;
concentration. It was noted for the cluster of points from
55 to 57 mole per cent. KClIOy, that those points above the
respective lines represent samples having a lower KClO;—
KCl ratio than the average established by the curve in Fig.
2, while the points below the lines are for samples having a
higher ratio than the average.

The dotted portions of the curves in the phase diagram
are drawn so that they would rise to the melting point of
pure KCl. The points indicated by triangles at the right
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Fig., 2.—Chlorate-chloride ratio during thermal decom-
position of potassium perchlorate: O, experimental points;
X, calculated by method of least squares (graphical).

of the diagram represent temperatures and compositions at
which a two-phase, solid-liquid system was observed.

Isothermal Decomposition.—Constant-temperature de-
compositions of pure potassium perchlorate at tempera-
tures from 566 to 582° were studied at constant volume
under the pressure of the evolved gas. The maximum varia-
tion in temperature was £=3°. The pressure of the evolved
oxygen was read at 3-minute intervals during decomposi-
tion. Temperature of the sample also was checked at 3-
minute intervals. In some runs, 0.5000-g. (=£0.0003 g.)
samples were used in an apparatus whose volume was 270
ml. In other runs, 0.8000-g. (=%=0.0003 g.) samples were
used and the volume of the apparatus was increased to
438.5 ml. The data from four of these experiments are
presented in Fig. 4 in the form of plots of log(P, — Py) vs.
time. P, is the pressure of oxygen calculated for com-
plete decomposition of the sample; P;is the experimentally-
measured pressure at time £. The experimental points near
the origin of the curves are omitted for clarity. It should
be noted, however, that these points fall as close to the lines
as do those points shown in Fig. 4.

Because the system is of constant volume and the tem-
perature of the gas reservoir is constant to within 2°, (Ps —
P)) is essentially proportional to the mole fraction of KCl1O;
which has not . It was caleulated that the pro-
portionality factor relating mole fraction of KCIO, to (Pe —
P}) has an average variation of 1.5% and a maximum varia-
tion of 2.59, in the course of the reaction. The effect on
this proportionality factor of the slight increase in volume
as the mercury rises in the open arm of the manometer par-
tially offsets the effect of the small variation in mole per
cent. of KClO; during the decomposition.

At any given temperature, the composition of a sample
at the appearance of the liquid phase, at complete liquefac-
tion, and at the reappearance of a solid phase can be found
by referring to the proper isothermal line on the phase dia-
gram in Fig. 3. The log (P, — P.) values at these points,
shown on the curves in Fig. 4, are calculated on the assump-
tion that the ratios of KCIO;/KCl given by the curve in
Fig. 2 are correct.

Each rate curve contains an initial straight-line portion
of small slope. The experimental curve then changes para-
bolically to another straight line of much greater slope.
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Fig., 3.—Phase diagram of the system KClO;/KCl (KCIO;): @, first phase change; O, end of melt-
ing: A, solid and liquid phases.

Near the end of the curve, there is a further deviation from
linearity. It will be noted from Fig. 4 that the end of the
first linear portion corresponds to the appearance of a liquid
phase. The curve again becomes linear shortly after melt-
ing is complete and the last break in the curve corresponds
to the appearance of the second solid phase, at which time
the rate of reaction decreases slightly. As would be pre-
dicted from the phase diagram, at the higher temperatures
the first two breaks in a curve occur at a lower percentage of
decomposition and there is also less decomposition between
these breaks. The higher the temperature the miore a
sample decomposes before the final deviation from linearity.

TABLE I

RATE CONSTANTS FOR THE ISOTHERMAL DECOMPOSITION OF
KCI10,

Solid-phase reaction, Liquid-phase reaction,

Temp., °C. ks X 105 (sec.™Y) k1 X 104 (sec. ™)
556.5 0.64 3.45
565.4 0.96
566.5 1.27 5.53
567.4 .. 5.75
572.8 1.46 8.17
573.1 1.46 8.10
579.5 1.92 11.2
H82.0 2.20 2.7

The values of the rate constants at various temperatures
for the solid-phase and for the liquid-phase decompositions,
prior to the appearance of the second solid phase, were de-
termined from the slopes of the corresponding rate curves
(Table I). The activational energy for both the solid and
liquid states was determined from parallel straight lines ob-
tained by plotting log k vs. 1/T (Table II). The activa-
tional energy is the same for both reactions.

TaBLE II
KINETIC QUANTITIES FOR THE ISOTHERMAL DECOMPOSITION
or KCIO,
Solid-phase Liquid-phase
Quantity reaction reaction
Activational energy (AE,
keal. per mole) 70.5 = 0.4 70.5 = 0.4
Arrhenius frequency factor
(Z, sec.71) 2.36 X 103 1,31 X 10%
Activational entropy (AS,
cal. per mole per degree) 0.8 8.6

In one experiment, a sample consisting of a mechanical
mixture of KCIO, and KCl (31.7 mole 9, KCl) was decom-
posed isothermally at 563.5 == 3°. The sample was in the
liquid state from the beginning of the reaction. The rate
constant determined for the reaction did not vary as much as
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two-fold from the liquid-phase rate constant obtained at
the same temperature by starting with pure perchlorate.

Effects of MgO on the Decomposition of KCIO,.—Two
samples of KClO; containing MgO as an impurity were pre-
pared by grinding both pure materials together in a mortar.
The reagent grade magnesium oxide had been heated at 550°
for 6 hours to decompose the hydroxide on the surface. The
mole percentage of MgO was 5.1 in one sample and 10.0 in
the other. Differential thermal analyses showed that the
temperatures at the beginning of melting were 518° and
512°, respectively. The corresponding temperatures at
the end of melting were 540 and 530°.

The isothermal decomposition of the sample with 5.1
mole per cent. MgO was studied at temperatures of 499.5 &=
2.5°, 509 == 5°, and 552 =+ 4°. The decompositions were
carried out at constant volume and under pressure of the
accumulated oxygen. Pressure and temperature were
measured at 3-minute intervals. The time at which melt-
ing occurred was determined visually.

The data from each experiment were plotted in terms of
log (P, — P:) vs. time. Curves consisting of two inter-
secting straight lines were obtained at the two lower tem-
peratures, and the point at which melting was observed
occurred just before the intersection of the twolines. At 552°
the data fell on a single straight line because the sample was
in the fused state from the beginning of the reaction.

Comparison of rate constants, frequency factors and ac-
tivational entropies for the decomposition of this sample with
the corresponding values for the decomposition of pure
KClO; are presented in Tables III and IV. The activa-
tional energy in both the solid- and liquid-phase reactions
is 70.5 keal. per mole and is identical with that for the de-
composition of pure KClO,.

TaBLE III

CoMPARISON OF RATE CONSTANTS FOR THE [SOTHERMAL DE-
composiTION oF KCl10; anp oF KC10; wite MgO
Solid-phase decompn. Liquid-phase decompn,
s (sec.”?! 1 (sec. !
KCl1048

Temp., KCIO®  KClO«MgO " KC10+MgO
SC. (X107 (X 104 (X 10%) (X 104
499.5 3.16 2.17 1.04 1.42
509.0 5.58 3.75 1.85 2.45
552.0 21.0 26.5

& Calculated by means of the Arrhenius equation.

TaBLE IV

CoMPARISON OF FREQUENCY FACTORS AND ACTIVATIONAL
ENTROPIES FOR THE ISOTHERMAL DECOMPOSITION OF
KCl10; anp oF KCIO, wiTH MgO

Solid-phase Liquid-phase
decomposition decomposition
KC104 KC10+MgO KCl104 KC10::MgO
Z (sec.™!) 2.36 X 1013 2,50 X 101 1.31 X 101 1,63 X 101
AS (cal. per mole
per deg.) 0.6 14.6 8.6 13.7
Discussion

Correlation of decomposition data with informa-
tion on the phase changes in the system of KClO,
with its solid decomposition products shows that
the rate of the isothermal decomposition of potas-
sium perchlorate at constant volume and under
the pressure of the evolved gas is dependent upon
the concentration of KClO4 and upon the physical
state of the reacting material. The decomposi-
tion, before the appearance of a second solid phase,
proceeds by two first-order reactions: a solid-
phase decomposition prior to the beginning of melt-
ing and a liquid-phase decomposition which occurs
after the melting of the sample is complete. In the
range of composition in which both solid and liquid
phases exist, the reactions occur simultaneously.
The net rate of reaction changes continuously in
this region from the rate for the solid-phase reaction
to that for the reaction in the liquid phase. The
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Fig. 4.—Isothermal decomposition of potassium per-
chlorate at various temperatures: @, experimental points.
Points calculated from phase diagram: O, first phase
change; A, end of melting; @, appearance of second solid
phase.

rate constant for the latter is about 50 times
greater than that for the former. Therateof reaction
decreases slightly on the appearance of a second
solid phase toward the end of the decomposition.

The temperature-dependence of the solid-phase
and liquid-phase rate constants is the same. It
would appear, therefore, that the mechanism of
decomposition is identical in the two reactions. The
difference in rates may be attributed to the slower
diffusion of the oxygen through the crystal lattice,
allowing time for the micro-reversible reaction
ClOy~ 2 ClOs~ 4+ (0O). If the collision of ions in
the liquid state (the rate of which is dependent
upon temperature) were an important factor in de-
termining the rate of reaction, this would introduce
an additional temperature-dependent variable in
the liquid-phase reaction. That there is no such
variable is shown by the fact that the activational
energies for the solid-state and liquid-state reac-
tions are identical.

Magnesium oxide makes the rate of reaction in
the solid and liquid states approximately equal.
If, in the solid phase, there is a micro-reversible re-
action, it can be postulated that magnesium oxide
prevents the reverse reaction by forming a complex
with the oxygen, possibly a peroxide.

A mechanism for the reaction is postulated which
involves the stretching and rupture of the CI-O
bond. The decomposition is step-wise. Chlorate
is formed first as an intermediate which then de-
composes to chloride. The decomposition of per-
chlorate is the rate-determining step as shown by
the fact that the concentration of chlorate remains
low.
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