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DIGEST

The effects of a selected series of solid metal oxides
on the catalysis of the thermal decomposition of potassium
chlorate and potassium perchlorate have been investigated.
The initial phases of this investigation included establishing
experimental reproducibility, and considering the effects
of sample purity as well as the effects of gaseous environ-
ment on reaction rate. The kinetics and rate parameters of
the decomposition reactions have been studied and compared
to the rate paéameters of KClO3 in the absence of the solid
oxides. The decomposition of potassium perchlorate was also
studied since the initial reaction of potassium chlorate is
disproportionation to perchlorate and chloride. Two oxides
were selected for more precisely correlating the relation-
ships between the electronic defect structure of the oxides
and their catalytic behavior. The oxides investigated from
this point of view were: Fe203 and MgO. These oxides
have been doped with selected altervalent cation impurities,
and subjected to heat treatment at temperatures ranging from
700°C tc 1000¢C in oxygen and inert gas environment. The
purpose of these experiments was to introduce electronic
defects. In addition, changes in catalytic activity in re-
lationship to electronic changes as a result of exposure
to Co60 gamma rays were investigated. The changes in semi-
conducting properties were studied by conductivity and magnetic

susceptibility techniques and the results correlated to the
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changes in catalytic activity. A mechanism of decomposition of
KClO3 is discussed as well as a proposed mechanism for the

interaction of sulfur and KC103. The results of this program

are summarized as follows: A
Summary -
la The decomposition of potassium chlorate appears to be

non-reversing with respect to molecular oxygen.

2. Potassium chloride appears to inhibit the dispro-
portionation of potassium chlorate below 550°C. Above 55G°C
the chloride appears to accelerate the decomposition of KClO3.

3 The activation energy for the decomposition of potassium
chlorate was determined to be 51 kcal/mole.

4. The effects of creating electronic defect structure
by doping with altervalent cationic impurities, by exposure to
gamma ray radiation and heat treatment was investigated in re-
lationship to catalytic activity. The results are consistent
with a rate controlling electron transfer mechanism.

5. The higher the "p" or "n" semiconducting character
of the metal oxides the higher appears to be the catalytic

activity.
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THE CATALYTIC ACTIVITY OF METAL OXIDES ON
THERMAL DECOMPOSITION REACTIONS

' INTRODUCTION
; A The objective of this program was to investigate the
relationships between the electronic defect structure of

solid oxide catalysts and their catalytic activity with

respect to the thermal decomposition cf potassium chlorate.

The thermal decomposition of potassium perchlorate was also

considered since it is one of the decomposition products

in addition to potassium chloride and oxygen. Another con-

sideration was the effect of chloride on the kinetics of

S NS T AR

decomposition.
Although this is a basic investigation on the mechanisms
of the heterogeneous catalysis of the thermal decomposition
of potassium chlorate, the long range goal is to provide
information which could establish ttie basis for new and im-
proved pyrotechnic compositions. This is especially true for
the possible development of compositions with improved storage
stability as well as compositions having more reproducible
performance, and with greater control over their burning rates.
Metal oxides have been known to catalyze many kinds of
reactions1 including the thermal decomposition of chlorates
and perchlorates.2-14 The oxidzc were also of particular :
interest, because of past work on the thermal decomposition

of NZOl in which there appeared to ke a relationship between

the "p" semiconducting character of the oxides and catalytic

13
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activity. The catalytic activity appeared to increase with
an increase in the "p" character. Based on this work the
rate controlling mechanism appeared to involve the transfer
of an electron from the adsorbed species to positive holes
in the valence band of the solid. |

In this present program a series of oxides was initially
selected corresponding to the order of "p" character re-
ported in the N20 investigation1 which also served as a basis
for comparison. It should be born in mind, however, that the
methods of preparation, impurities and defect structure can
significantly influence the semiconducting character of the

oxideol’15

It was, indeed, found that the order of catalytic
activity of the metal oxides on the decomposition of potassium
chlorate did differ somewhat from the order reported for N20
decomposition. Following the initial phase a more detailed
investigation of MgO, Cr,0,, and Fe,0; was condicted to more
firmly establish correlations between the type of electronic
defects and catalytic activity. To do this "n" and "p" type
character was induced by heat treatment in oxygen and in argon,
by doping with impurity ions and by exposure to Co60 gamma rays.
Another aspect of this study was the rather complex de-

composition mechanism of pure KClO3 which decomposes via KClO4
10,16
2.

and the need to more readily understand its

as intermediate going to KCl and O Conflicting inter-

px:etationsle’17
decomposition mechanism in contact with metal oxides made this

phase of our study advisable. Finally, exploratory investiga-

14
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tions on the mechanisia of the sulfur-potassium chiorate reac-
tion and on the influence of several catalysts on this reaction

were initiated.

e s R AR AR N S5 AT

X TN S SRS T o




EXPERIMENTAL

A, Preparation and Standardization of Samples

1 Preparation and Standardization of Potassium Chlorate
Samples

Since the purity of the samples is of the utmost importance

for the reproducibility of DTA and TGA data, special attention
waslfocused on the influence of purification on the differ-
ential thermal analysis and thermogravimetric aralysis curves.
Reagent gr-ade potassium chlorate (B and A Reagent Grade A.C.S.
Code 2103) of 99.5% minimum KClO3 assay was recrystallized and
before and after recrystallization tested with DTA and TGA. As
will be seen from Figure 7, recrystallization does not make any
significant difference in the DTA curves, if compared with the
original material as received., Consequently, the original ma-
terial was used without recrystallization for all experiments
involving the catalysts,

To standardize the samples, they were crushed in a mortar,
sieved, and the sieve fractions between 230 and 270 mesh (standard
mesh) used for the experiments. The influence of crushing on the
DTA/TGA curves was also tested. As was expected, the crushing
in case of KCl04 did. not influence the curve shape, since reac-
tion occurs in the molten state, and possible lattice faults
are no longer present,

Prior tc the DTA and TGA experiments the samples were

dried at 110°C and stored in a desiccator.

16
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2 Preparation and Standardization of Potassium
Perchlorate Samples

Potassium perchlorate (B & A, reagent grade) was three
times recrystallized from water, crushed in a mortar and
sieved. The fraction between 230-270 mesh was taken, dried,
mixed in various ratios with the metal oxides and stored in

a desiccator for use in the experimental runs.

3 Preparation and Standardization of Reagent Grade
Catalysts

Reagent grade metal oxides were sieved thoroughly, and

again the sieve fraction between 230 and 270 mesh used for the

= L T

DTA and TGA experiments. The oxides had the following purity
specifications:
(2) Nickel oxide, B and A reagent grade, Code 2012,
assay as Ni minimum 77.0%.
(b) Cuprous oxide, B and A reagent grade, Code 1661,
assay (Cu20) wmin. 97.0%.
(c) Cupric oxide, B and A reagent grade, Code 1645,
assay (CuO) min. 99.0%.
(d) Manganese dioxide, B and A reagent grade, Code 1948,
assay (Mnoz) min. 99.5%.
(e) Ferric oxide, B and A reagent grade, Code 1741,
assay (Fe203) min. 99.0%.
(£) Aluminum oxide, B and A reagent grade, Code 1236
(g) Titanic oxide, Fisher reagent grade, less than

0.013 impurities.

17
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(h)

(1)

(3)

(k)

(1)
(m)

Cobalt (II, III) oxide, B and A reagent grade, Code
1590, assay (as CO) minimum 70%.
Magnesium oxide, B and A reagent grade, Code 1917,
assay (MgO) after ignition) minimum 99.0%.
Zinc oxide, U.S.P., Code 2451, no purity specifica-
tions listed.
Silver oxide, Goldsmith Bros. Div. of National Lead
Co., no purity specifications listed.
Chrom (III) oxide, B and A purified, Code 158l.

vom (VI) oxide, Baker analyzed reagent, assay

CrO, 99.4%

3

Preparation and Standardization of Irmn (III) Oxides

(a)

(b)

(c)
(@)

of Different Defect Structures

Fe203 was precipitated as hydroxide with NaOH, the
precipitation washed thoroughly, and ignited in a
muffle furnace at 700°C.

Fe203 was again precipitated as hydroxide, this time,
however, with ammonia buffered by NH,Cl, washed with
hot 2% NH,NO

4773
One part of the oxide under b was heated to B00°C,

-solution, dried, and ignited at 700°C.

Another part of the same oxide was heated to 900°C.

In order to investigate the influence of defect structure

of iron oxide on its catalytic activity in a systematic way, a

series of iron oxides was prepared under identical conditions by

the following procedure. Reagent grade iron chloride was dis-

solved in a slightly acidic medium, and the solution standardized.

18




Equal parts of the solution were then pippeted and mixed with
1/2 mole % of various cations in solution. All the mixtures
were then precipitated with ammonia buffered by NH,Cl. The
precipitates were filtered directly and then ignited in a
muffle furnace at 700°C. The following oxides were prepared:

(e) Iron (III) oxide, pure, ignition 700°C.

(£) Iron (III) oxide, + Li,0 (1/2 mole %). 7,

(g) 1Iron (III) oxide, + BeO (1/2 mole %). Ignition 700°C

(h) Iron (III) oxide, + Cr,0; (1/2 mole %).

(1) Iron (III) oxide, +2r0, (1/2 mole %). )

Parts of the original Fe203 (e) were taken and heated in
different atmospheres to create defects.

(J) Iron (III) oxide, heated in oxygen at 800°C.

(k) 1Iron (III) oxide, heated in oxygen at 900°C.

(1) Iron (III) oxide, heated in oxygen at 1000°C.

(m) Iron (III) oxide, heated in argon at 800°C.

(n) Iron (III) oxide, heated in argon at 900°C.

(o) Iron (III) oxide, heated in argon at 1000°C.

It is expected that heating in argon at very high tem-
perature creates a slight oxygen deficiency on the surface of
the oxide only. No appreciable weight loss could be observed
after the heat treatment.

In another series of oxides the influence of ¥ -irradiation
defects on the catalytic activity of oxides was investigated.
To this end, reagent grade Iron (III) oxide (3e), was irradiated

for 65 hrss
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(p) Iron (III) oxide, B and A reagent grade, Code 1741,
assay (Fe,0;) min. 99.0%, {-irradiated, 5 x lO6 rads.
All chlorate-catalyst mixtures were weighed in the proper

ratios and then mixed for several hours on a shaker, dried

and stored in a desiccator.

5. Preparation and Standardization of p-type Magnesium
Oxides of Varying Defect Structure

A magnesium oxide single crystal was cut in half, and

heated to about 800°C in different atmospheres:

(a) Magnesium oxide, single crystal, Semi-Elements,
Inc., 99.99% purity, heated at 800°C in argon,

(b) Same, heated at 800°C in oxygen,

(c) Magnesium oxide, B and A reagent grade, Code 1917,
assay (MgO after ignition) minimum 99.0%, irradiated
with Y-rays of a cobalt®® source for 17 hours,
total dose 2.% x lO5 rads of XY -rays.

Samples (a) and (b) were crushed, all three samples dried,
sieved, and mixed in the proper mole ratios with KC104,

and stored in a desiccator before using in the experiments.

B. Differential Thermal Analysis, (DTA), Thermogravimetric
Analysis, (TGA), and Differential Thermogravimetric
Analysis, (DTGA)

ls Differential Thermal Analysis

Differential thermal analysis is a convenient method to

investigate and compare the energetics of reacting systems

20




under dynamic conditions., The sample under investigation is
placed into a sample holder which is then heated at a constant,
predetermined heating rate., The temperature difference, AT,

R between the sample and an inert reference (e.g., ignited A1203),
within the heating block is plotted as a function of reference
temperature or time. Initially, bare chromel-alumel thermo-
couples were used for temperature measurements. It was, how-
ever, found that after a few runs these thermocouples apparently
oxidize and subsequently catalyze the decomposition reaction.

To avoid this, Pt versus Pt 10% Rh thermocouples were used.

The DTA apparatus contailins gas inlets into both the sample and

the reference tube connected via a flowmeter to a gas cylinder which

T it

provides for standardized gas flow. A West controller controls
the heating rate in the sample holder. Most initial experiments
were done under a constant flow of argon. The Stone DTA/EGA
apparatus was used in a few experiments, where proper atmospheric
flow had to be provided. This equipment provides for highly 1
sensitive and completely automatic DTA/EGA measurements.

2. Thermogravimetric Analysis (TGA)

The Chevenard thermobalance was modified to simultaneously

recordlweight changes and temperature during reaction as a func-
tion of time. In thermogravimetric analysis (TGA) the sample

is weighed into a crucible which is mounted on top of the
Chevenard balance rod. The sample temperature is measured

with a thermocouple aia¢ recorded simultaneously with the we:.ght

21




changes on a two-pen recorder. Weight changes are electron-
ically recorded by way of an induction coil, the electrical
field of which changes, if a small metal rod-as counter-
weight-moves up or down acccrding to weight changes on the
other end of the balance beam. In cases where a different
atmosphere is desired, argon or other gases can be admitted
via a flowmeter over the sample,

Both the DTA apparatus constructed in our laboratory
and the simple Chevenard vhermobalance were used for pre-
liminary comparison of various oxide catalyst-potassium
chlorate reactions. For the major comparative study the
combined DTA/TGA apparatus described in the following
subsection was used.

3 The Combined DTA/TGA Apparatus

The Chevenard thermobalance was modified to permit the
simultaneous recording of the DTA/TGA curves and sample tem-
perature. (See Figure 1) The sample vessel which is a
quartz ‘:crucible is divided into two compartments. The first
contains the sample and the second the A1203 reference ma-
terial. The thermocouple wires are led through a four hole
ceramic rod which is connected to the Chevenard balance
beam. The crucible is held by the thermocouples on top of
the rod. A brief description of the Chevenard thermobaiance

was gdiven in the previous subsection,

2
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Fig.l. SCHEMATICS OF THE COMBINED DTA/TGA APPARATUS

la Crucible for the Combined DTA/TGA

By

Capillaries for Tharmocouples

1lb Electrical Wiring for the 2nd_Recorder_Pen
of the Combined DTA/TGA Apparatus_for Recording AT _and T ,

STH

g\\\ki poT

‘}-_:r 2nd
- / R P.
o 40 O o4— = ]
INO NC C

Time Switch

L AGREMSO J 10 bA

RTH = Reference Thermocouple R.P. = Recorder Pen
3TH = Sample Thermocouple N 0. = Normally Open
CJ = Cold Junction N.C. = Normally Closed
POT = 10,000 . Potentiometer o = Common
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A Bristol two-pen recorder in combination with a time
switch is connected to the induction coil of the Chevenard
balance. This permits weight changes to be recorded with
one pen, and differential temperature and sample temperature
to be recorded via the time switch by the second pen. Fig- S
ure 2 shows a typical DTA/TGA temperature curve. The upper-

most curve gives the weight change during the heating. The

y-axis of the second curve; which is the upper boundary of

- o .

[ Y

Liie second pen-trace, represents sample temperature. One inch
= 100°C. The third curve, the lower boundary of the second
pen-trace shows the differential temperature, AT. The melting
endotherm of the chlorate is seen at approximately 360°C. The
reactions are exothermal and occur in three steps as indicated
by the DT2 bands.

4, Stone-Cahn TGA/DTGA Thermobalance.

For quantitative thermogravimetric analysis the Stone-
Cahn microbalance was used. A time derivative computer was
specifically designed to produce derivative thermogravimetric
analysis curves in addition to its integrated TGA curves.

The TGA/DTGA is particularly valuable if rzte parameters
such as reaction order and/or activation energies are to be

evaluated using the Freeman-Carroll equatiom18
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Cie Isothermal Experiments

Isothermal experiments were performed on the Chevenard
thermobalance. The method of measurements was as follows:

The sample under investigation was weighed into the
crucible which was fixed on top of the thermocouples leading

out of the balance rod. The furnace was brought to the desired :

temperature, and then suddenly pulled over the sample holder-

balance rod assembly. Weightloss and temperature were simul-

e SR

taneously recorded as in the TGA Experiments.

D. Electrical Conductivity Measurements and the Determination
of Contact Potentials

Electrical conductivity of the oxides was measured in an
apparatus pictured in Figure 3. Single crystal inaterial such
as MgO was platinum-coated in vacuum on two opposite sides in
order to obtain intimate electrical contact between the oxide
and platinum electrodes. Powders were pressed at 30,000 psi
into cylindrical pellets, cut to similar size and pressed between
electrodes El1 <nd E2.

One electrode (El) within a flow tube of vycor glass is
mounted on a glass disc which in turn is fused on to a sturdy
glass capillary fixed at one side of the flow tube. The other
electrode (E2) is fixed on a similar disc, glass capillary
combination. The glass capillary is led through a special Teflon
stopper, in order to provide for adjustable distances between
the electrode. In addition, a spring provides adequate pressure
of the electrodes to the single crystal or pcwder pellets for

good electrical contact. The flow tube is placed in a tube
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furnace which is heated at a nominally constant rate. A wire

of Pt-10% Rh is fused to one Pt-electrode, and this junction

serves as a thermocouple junction. Thus, simultaneously with

the recording of electrical conductivity (as the y-axis on a 3
Mosley x-y recorder), the temperature can be recorded (as x-axis

on the x-y recorder), Gas inlets and outlets provide for a

proper flow or ncn-flow atmosphere. The conductance (or rather

resistance) 1is measured with a General Radio electrometer

S —

which in turn is connected to the y-axis of the recorder.
During operation the whole system had to be shielded very care-

fully because of noise pickup from the surroundings. This occurs

mainly, if high-resistances are involved.

Quite recently, attempts were made to measure comparative
contact potentials of the metal oxides under investigation, in
order to deduce and correlate workfunctions, which are a direct
measure of the energy necessary for an electron transfer through
the surface barrier, to catalytic activity of the oxides. To
this end a contact potential apparatus was used which is
described as follows:19

An inert reference electrode (Teflor coated gotd) R, is
moved with respect to the sensor electrode, S, the reference
electrode is vibrated electromechanically by an AC current.

The material under investigation is placed on the sensor electrode
which 1s grounded through an adjustable potentiometer (Figure 4)

The value of AE used to bring the AC detector signal to a

minimum is equal to the contact potential.

T . A e = e S g ]




Fig. 4, SCHEMATICS OF THE CONTACT POTENTIAL APPARATUS
SENSOR REFERENCE
CIRCUIT CIRCUIT
.

HIGH - IMPED.

A.C. CURRENT

AE DETECTOR
4
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The change in AE caused by the interaction of the investigated *

material (say Fe 0, powder) with the sensor is the detection

2
signal. The difference in AE between the clean sensor and the

sensor in contact with the material under investigation is a

relative measure of the workfunction of the material.

E. Magnetic Susceptibility Measurements ’ {

Magnetic susceptibilities were measured on a variety of
oxides at room temperatures with a view to elucidating the
catelytic role played by the unpaired d-electrons in the thermal
decomposition of KC103.

The magnetic susceptibility apparatus utilizes the standard
technique of measuring the force exerted on a sample by a non-

uniform magnetic field and is shown in Figure 5.

For a sample of mass m in grams, in a magnetic field of H
or with a vertical field gradient of dH/dZ[be/c@}at the sample,

the vertical force, F, in dynes on the sample is given by
F = mXH g% (1)
where x is the mass susceptibility. In our apparatus, a 4 inch

electromagnet with shaped pole faces was used. This resulted

in a (H gg) of up to 3 x 107ﬂoe2/c@Lcalibration being carried

out using high purity platinum metal of known susceptibility.
Vertical forces (showing up as weight changes in the sample)

were measured using a Cahn electrobalance capable of weighing

to parts of a microgram and having a graphic output.

All magnetic susceptibility measurements were done at

ambient temperatures. ToO avoid misreading due to static electri-
city, the balance was kept in an atmosphere of constant moisture

content.
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F. Mass Spectrometric Determination of Reaction Products

A Bendix-Time-of-Flight mass spectrometer was used to
analyze possible gaseous decomposition products other than
oxygen. In particular, chlorine and various chlorine oxides
were of interest,

Initially the decomposition gases were collected in a
cold trap during a DTA run, and then analyzed on the mass
spectrometer. Later the DTA apparatus constructed in the
laboratory, was connected directly to the inlet of the mass
spectrometer and the offcoming gases analyzed at intervals

during the decomposition.

G. Additional Analytical Methods

Optical microscope and BET analysis were used to obtain
information on the surface structure and surface area of a
few selected oxides.

A Phillips X-ray Giffractometer and powder camera were
used in complex structural analyses, in particular in conjunc-
tion with the pseudo-catalysts, Cr,0,, and CrO,; in mixture
with KC103.

As standard wet analysis for the intermediate and final
reaction products during TGA runs the following procedure
was used:

A TGA run was performed to 2 predetermined temperature,

the residue then rapidly cooled, and submitted for wet analysis.
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The wet analysis consisted of three titrations. (1) Cl~
20

3
to C1~ and the total Cl~ content (from

was titrated according to the Volhard method. (2) c10

was reduced by SO2

Cl™ + C103') determined after Volhard. (3) ClO, and ClO,"

3 4
were reduced to Cl~ by fusion in alkali (Na + K) carbonates
| in a Pt crucible, and again the overall Cl~ content (from
cL=, C103', and C104-) determined by titration after Volhard.
The oxides; Fe,O, and MgO; were irradiated in our hot
cell facility shown in Figure 6. The hot cell consists of a
circular aluminum rack which contains a center hole and holes
around the periphery of the rack one inch from the center hcle.
The holes contain stainless steel test tube holders which are
one sixteenth inches thick. A Co60 gamma ray source of 1,000
curies 1s placed in a pyrex test tube 1in the center holder.
The sample to be irradiated 1s placed in a second pyrex test
tube which is located i1n one of the peripheral holders. The
samples were exposed to the atmosphere during irradiation.
The magnesium oxide was irradiated for 17 hours which corre-

sponds to a dose of 2,5 x 105 rads. The Fe,O3 was irradiated

for 65 hours corresponding to a dose of 5 x 106 rads,
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Figure 6
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EXPERIMENTAL RESULTS

A. Selection of Potassium Chlorate Sample

Preliminéry experiments were carried out to determine if
the reagent grade KClO3 can be used directly in this investiga-
tion or if recrystallization is required due to the effects of
impurities. To this end differential thermal analysis and
thermogravimetric analysis experiments were carried out on the
reagent grade material and compared to once recrystallized sample

from distilled water. Figures 7 and 8 show the thermal analysis

curves. It may be seen that there is little difference between
the samples as indicated by the position and relative areas

under the bands. This conclusion was confirmed by the thermo-

3
25
3
3
&
£
:
:
»

gravimetric analysis experiments. On the basis of these re-
sults it was decided to use the reagent grade samples directly E:

for the experimental program. The DTA curves show an endotherm

and two exotherms at 368°C, 580°C and 610°C, respectively. The

1 : endotherm is due to melting and the exotherms to decomposition.

B. Ratio of Catalyst to Potassium Chlorate

another factor which was considered concerned the mole ratio

of catalyst to potassium chlorate. Several intimate mixtures of

AL

solid and powdered potassium chlorate were prepared, where the

mole ratio ranged from 1/20 to 3/10. The difterential thermal

LURR e e 2R

analysis curves in Figure § shows a very pronounced increase in :
catalytic activity in going from a ratio of 1/20 to 1/10 catalyst
to chlorate. A further increase in concentration to a mole ratio

of 3/10 shows no significant changes in the position of the

35
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Fig. 9. DIFFERENTIAL THERMAL ANALYSIS OF THE
CATALYTIC ACTION OF Fe O3 ON THE DE-
COMPOSITION OF POTASSI@M CHLORATE
Heating Rate = 10°C/min
Atmospheric Pressure in Air

MOLE RATIO
Fe O.: KCIO
2 3 3
3:10
+
0 +—-u S
T k
A
L
U
-
q e
1:10
11 4
Y P | NN
_| -
+
o A e
H= "\\j “““““ .20
-1
T - T 1 i
o 200 400 600 800

TEMPERATURE [C] -—»

386

e -

TR SRR AR i e S ————



exotherm for decomposition. The mole ratio of 1 to 10 was, there-

fore,selected as the basis for the standard mixture to be used

in this program. This mole ratio corresponds to one metal ion

in the oxide to 5 potassiﬁm ions in the chlorate. The screen

s * e

fraction of the oxides used in this work is 230/270.

o'y

2. The Influence of Gaseous Atmospheres
16

Some authors claim reversibility of the reactions:

2xc1o3-» 2KC1 + 302 (1)

+ KC1 (2)

RTRAETHE 20w S S

and 4KC103-->3KC104
If this is true, the decomposition should be depressed in an

oxygen atmosphere but should be increased in an inert gas flow.
Figure 10 shows, however, that no significant change in the DTA

curves could be obtained by using purified oxygen and/or nitro-

gen as the flow gas. During initial runs, oxygen and nitrogen

taken directly from the tanks showed apparent catalytic action.
Since a flow of air did not influence significantly the position
r of the peaks, it was first suspected that gases in the oxygen
and nitrogen gas cylinders were moist, and the water gave rise
to the catalytic action. Consequently, the gases were purified
over activated molecular sieves. No catalytic action was then
observed. However, when the purified gas stream was bubbled

F through water prior to entering the reaction c hamber, again no
catalytic effect was observed. This leads us to conclude that
impurities in the gas cylinders other than water are responsikie
for the apparent catalytic action of the gases. Water vapor did

not appear to affect the decomposition characteristics of KC103«

KA, & B
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D. The Catalytic Activity of Metal Oxides with Respect to
the Decomposition of Potassium Chlorate and Potassium
"Perchlorate

'fFiéures 11 and 12 are differential thermal analysis and
thérﬁégravimetric analysis curves which show the catalytic
effects of the complete series of oxides selected for this
work 6ﬁ'the'thermal decomposition of potassium chlorate and

perchlorate, respectively. The amount of catalyst used in

g st AR

all cases corresponded to a ratio of one metal cation of the

oxide to 5 potassium ions of the chlorate and/or perchlorate.
Tables 1 and 2 show the order of catalytic activity with re-
spect to iﬁitial decomposition and at approximatelv 50% decom-
position of KClO3 and KClO4; The order of catalytic activity

is seen to be essentially the same for the thermal d=composition
of both the7¢h1drate and perchlorate although there are some
exceptions f}ohu;he point of view of the order of "p" character:
as compared f? thé'ﬂzo worke1 The exceptions, however, do not
upset the gen?%al'ﬁfend from the point of view of interpretation.
They are: Fezaé,fcuo, ZnO and MgO. It is interesting to note
that the temperatures at which decomposition initially occurs

are quite close for both KClO3 and KClO4 in the presence of

- the following oxides, Cr,0,, CoO, Co,0,, and Cu,0. See Table 3.

2732 2
In the case of the catalysis of the decomposition of N20

to N2 and O2

came from electrical conductivity studies carried out at rela-

tively low temperatures, below 400°C.21 In this work it was

the key to the understanding of this mechanism

41
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Table 1

INITIAL DECOMPOSITION

KClO3
Catalyst Temp, °C
Cr203 300
CoO 350
Co304 350
Fe203 375
Cu20 380
MnO2 380
CuO 380
NiO 385
Zn0 400
Ag20 420
MgO 440
TiO2 440
A1203 520
No Cat. 530

KClO4
Catalyst Temp, °C
Cr203 325
Co304 375
Cu20 380
CoO 380
CuO 450
Fe203 450
MnO2 460
Ag20 520
NiO 520
MgO 525
A1203 530
TiO2 535
Zn0 565
No Cat. 600

Ratio of cation in metal oxide to potassium ion

in chlorate (perchlorate)

42
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Table 2

DECOMPOSITION AT 50 mg WEIGHT LOSS

KClO3 KCLO4

Catalyst Temp, °C Catalyst Temp,°C

CoO 400 Cu20 470

Co304 400 Cr203 430

Fe203 400 Co304 480

Cu20 415 CoO 490

Cr203 425 CuO 510 é
MnO2 440 MnO2 525 ;
CuO 470 Fe203 530

NiO 540 MgO 565

Ag20 550 Ag20 570

ZnoO 570 NiO 580

MgO 570 TiO2 580

TiO2 575 Zn0O 585

A1203 615 A1203 590

No Cat. 625 No Cat. 635

Ratio of cation’in metal oxide to potassium ion
in chlorate (perchlorate) = 1:5
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Table 3

COMPARISON OF CATALYTIC ACTIVITIES

KCl0. KC10,
Catalyst Temp,°C Catalyst Temp, °C
Cr203 300 Cr203 325
Co3o4 350 Co3o4 375
Co0 350 Co0 380
Cu20 380 Cu20 380

Ratio of cation in metal oxide: Potassium ion
in chlorate (perchlorate) = 1:5

48
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shown that the chemisorption of oxygen on NiO catalyst was
accompanied by electron transfer,

N20 + e (from catalyst) = N, + 0 (ads)

0" (ads) = 1/2 0, +e (to catalyst)

or O° (ads) + NZO =N, + 0, +e (to catalyst)
This electron transfer process between the oxygen and catalyst
was shown to be reversible as indicated by the equations above.
Since the release of neutral O2 depends on O giving up its
electron to the catalyst the better the "p" conductor the

higher the catalytic activity. The electrical conductivity

evidence seemed to support this theory.

E. The Effects of Defect Structure on the Catalytic Activity
of Ferric Oxide and Magnesium Oxide

Ferric oxide was selected for further investigation be-
cause of the high catalytic activity which it exhibited in
the initial experiments and since it haé "n" semiconducting
properties as will be later confirmed, and MgO because it has
"p" semiconducting character. It is known that the method of
preparation, purity and thermal treatment, history and exposure
to high energy radiation can markedly effect the defect struc-
ture and semiconducting properties of solid oxides. Experi-
ments were, therefore, conducted which involved investigating
the catalytic activity of a series of iron oxide and magnesium
oxide samples which were heat treated, exposed to radiation or
doped with impurity ions in order to change their structural

and electronic properties. The object of these experiments

43
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was to investigate the effects of defect structure of the
solid oxides on catalytic activity with respect to the thermal
decompositinn of potassium chlorate, The methods of prepara-
tion and conditions of heat treatment and radiation are given
in the experimental section.

1 Effects of Method of Precipitation of Fe2_Q3

Figure 13 shows the differential thermal analysis curves

for the decomposition of potassium chlorate in the presence

of ferric oxides which have different histories and have been
prepared by different methods. The uppermost curve shows the
catalytic effect of reagent grade ferric oxide as received.

It may be seen that there is some initial solid state decompo-
sition indicated by the slight exotherm beéinning at about
220°C, The small endotherm for melting is seen at 310°C.

This is immediately followed by a single sharp exotherm due

to the decomposition of the potassium chlorate at about 320°C,
In the case of the sodium hydroxide precipitated ferric oxide
the thermal analysis curve shows that there is a significant
decrease in catalytic activity as indicated by the shift of

the exotherm for decomposition to higher temperatures, in this
case about 480°C. Increasing the amount of sample to a ratio
of Fe203 (ppd in NaOH) to KC104 of 3.5 did not appear to alter
the position of the exotherm on the DTA curve. This confirmed
the previous results which indicated that increasing the amount
of Fe,O0, beyond a mole ratio of 1 to 10 has little further effect

273

on the catalysis of decomposition.
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Fig.

13, DIFFERENTIAL THERMAL ANALYSIS OF DECOMPOSITION
OF KClO3 CATALYZED BY Fe203 IN ARGON
Heating Rate = 10°/min
Approx. oupt KC10,, 200 mg
Ratio Fe “/K = 1/5 except for 3rd run
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25 Effects of Heat Treatment

Ferric oxide prepared by precipitation in ammonium hy-
droxide solution was used to investigate the effect of heat
treatment on its catalytic activity. Figure 13 shows the
results of experimentc in which the precipitate was heated
at 700“C, at 800°C and 900°C. It can be seen from the dif-
ferential thermal analysis curves that as the temperature
was increased the catalytic activity significantly decreased.
In the presence of the ferric oxide heat treated at 700°C, the
melting point of the KClO3 showed and a triple peaked exotherm
between 310¢ and 420°C due to decomposition is seen. In the
presence of the 800°C heat treated Fe203 the exotherm becomes
quite broad and shows low peaks at 520°C and 620°C. The low
exotherms are due to the slow rates of reaction., Heat treat-
ment at 900°C appears to have substantially decreased the
effectiveness of the catalyst as may be seen by comparisons
with the DTA curves shown previously for pure KClO3°

Samples of ferric oxide were also heat treated in oxygen
and argon at atmospheric pressure. As seen in the case where
the samples were heat treated in air, (page 50 ff) the catalytic
activity generally decreased also in oxygen and in argon as
the temperature was increased from 800°C to 1000°C. The argon
heat treated samples, however, are more active than the oxygen

heat treated samples at 800°C and 900°C. Heat treatment at

1000~C virtually eliminated, as well as equalized, the catalytic

52
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activity of both the oxygen and argon heat treated samples.
Figure 14 shows the results.

The catalytic activity of MgO was investigated after
heat treatment in argon and in oxygen. oSee Experimental sec-
tion (page 20) for the preparation of the sample. It was
found from thermogravimetric analysis that the trend in
catalytic activity is apparently opposite to that encountered
with Fe203° The results in Figure 15 show that the oxide heat
treated in argon has lower catalytic effectiveness as is in-
dicated in higher decomposition temperature of KClO3 than
the oxide heat treated in oxygen. The difference between the
temperature of complete decomposition of the KClO3 with magnesium
oxide heat treated in argon and the magnesium oxide heat treated
in oxygen is about 37°C. The oxygen heat treated magnesium
oxide is the more active catalyst.

3s Effects of Gamma Ray Irradiation

Figure 16 shows the catalytic effect of reagent grade
ferric oxide exposed to Co60 gamma rays on the decomposition
of KC10;. The dose rate was about 10° r/hr and the total ex-
posure dose was 5 x 105 r. The samples were exposed in air
at atmospheric preséureo The difrferential thermal analysis
and thermogravimetric analysis curves demonstrate that irradia-
tion resulted in a significant increase in catalytic activity
with respect to the thermal aecomposition of potassium chlorate.

It may be noted that the weight losses seen in the thermo-

gruvimetric analysis curves correspond closely to the thermal
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effects seen in the DTA curves. Again it is seen that there
is an increase in catalytic activity in going from a mole
ratio of Fe203/KClO3 of 1:20 to 1:10. The double exotherm
seen during the decomposition of the KClO3 in the presence
of the unirradiated Fe203 is combined into a single sharp

exotherm at lower temperatures in the case of the irradiated

Fe203°

Gamma ray irradiated magnesium oxide shows a similar
deviation from normal behavior of the untreated oxide as in the
case of the argon treated sample (Figure 17). It is signifi-
cantly less active as a catalyst than the unirradiated ma-

terial.

4, Effects of Doping on the Catalytic Activity of Fe

2%
Figure 18 shows simultaneous differential thermal analysis
and thermogravimetric analysis curves of the decomposition of
KClO3 in the presence of doped and undoped ferric oxide. Sample
preparation is described in the Experimental section. (Page 19)
The order of catalytic activity with respect to the overall
reaction going from the most active to the least was the Zr+4
doped sample, Be+2, undoped and Li+l doped Fe203° If we examine
the initial decomposition, the order of catalytic activity is
Zr+4, undoped , Be*? ana Li*! ions. The thermal analysis curves
show that the temperature range for complete decomposition de-

creases as the overall catalytic effect increases. In the case

of the differential thermal analysis curves this is indicated
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THE INFLUENCE OF DOPING ON THE CATALYTIC
ACTIVITY OF Fe,O, "WITH RESPECT TO THERMAL
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by the spread of the exothermal bands which also corresponds
to the weight loss curves.

5, Effects of Potassium Chloride

It is necessary to know the effects which the reaction
products might possibly have on the kinetics of decomposition
of KC10,. Experiments were therefore, carried out to evaluate
the effects of potassium chloride on the decomposition of
potassium chlorate. This information is also required in
order to evaluate the catalytic effects of the oxides.

Figure 19 shows simultaneous thermogravimetric analysis
and derivative thermogravimetric analysis curves of a 1:1 mix-
ture of potassium chlorate and potassium chloride. 1In the
case of the decomposition of KC103 alone there appears to be
an initial rapid reaction followed by a decrease in the reac-
tion rate and then a rapid decomposition. The derivative
thermogravimetric curve shows a shoulder at about 550°C fol-
lowed by another peak at 600°C. The reaction is complete at
approxiately 620°C, The derivative thermogravimetric curve
is a simple smooth band with only one peak which ends about
10°C highgr than for the pure potassium chlorate. The maximum

reaction rate is also lower.

6. Pseudo-Catalytic Effects of Cr29_3 and CrO3 on the
Thermal Decomposition cf KClO3

When the catalytic effects of the selected series of metal
oxides were investigated with respect to the decomposition of
KClO3 and KClO4 it was found that Cr203 was the most effective

apparent catalyst. However, a color change from the green
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