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1. \Abstract

'Using differential thermal analysis technique peak
temperatures for tie crystal transfcermation and chemical
decomposition of ammonium perchlorate of various particle
sizes have ?een determined at heating rates of approximately

Jey
2, L and 10%°C./minute. It was found that peak tempera-
tures varied with the heating rate and such variation
permitted the calculation of activation energies for the
particular changes occuring at the respective peak tempera-
tures., The influence of the nature and pressure of the
atmosphere over the ammonium perchlorate during heating
was investigated,

Various materials function as catalysts on the
decomposition of ammonium perchlorate and activation
energies were measired with various 2d3itives presant,

The conclusion was reacued that the lowering of peak
temperature for the decompositiocn exotuerm by the catalyst
was a better criterion of its effectivenessg than the
change in activation energy.

An attempt was made to account for the mechanigm of

catalyst operation in order to explain the observed trends,
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2. Contract Aims and Objectives

This project was undertaken for the purposa of
studying the chemical reactions which occur when ammonium
perchlorate (hereinafter abbreviated AP) undergoes
decompogition as the result of the application of heat.

It was reasoned that a formulation of the steps and
mechanism involved in this decompogition could be attempted
from a knowledge of the activation energy which accompanies
each step. The determination of such activation energies
was to be made by taking advantage of the measured shift
with heating rate changes of the exo-~ and endothermic peak
temperatures as obtained from differential thermal analysis
plots,

In addition the effect of catalybic agents on the
activation energies of the decomposition steps was to be
investigated.

It was felt that, if a better understanding of the
rate controlling step in this decompogition process could
be realized, then a more judicious selection of catalysts
could be made so as to achieve maximum oxidetion potential

from this chemical change.,
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3. Theory of Differentiai Thermal Analysis.

Differential thermal analysis (DTA) was used to
obtain the data necessary for the evaluation of reaction
orders, activation energies and the infliuence of catalysts.

DTA involves the heat effects associated with chemical
changes that occur when a substance is subjected to a
uniform increase in temperature. This heat effect, which
occurs during a chemical cnange, is measured by a dif-
ferential method, A sample holder, containing two
syrmetrically located and identical chambers, is placed
in a furnace controlled by a programer which causes the
temperature to increase at a constant and prescribed rate.,
Bach chamber contains an identical temperature detection
device so0 connected electrically that tne difference in
temperature of tne chiambers is recorded on the Y axig of
a recording plotter, which at the same time, records time
on the X axis, i.e. sample holder temperature since the
rate of heating is constant. The sample being gstudied is
placed in one chamber and a thevmally inert substance, or
reference, in the other chamber. If the sample beconmes
cooler or hotter than thne reference due to a chemical or
paysical change, a peak in a downward and upward direction
respectively will be produced on the plot,

Since the area under tne peaks is proportional to the

heat change involved, then knowing tne sample weight, a




quanicitative measure of the heat of the reaction is
possible.

Thig total heat of reaction AH can be expressed in
the form of an equation (Ref. 1 & 2}

MH = (gk/M){i"ATdt (1)
where g = geometrical shape constant for the furnace, k =
thermal conductivity of the sample, ! = mass of the
reactive sample, AT = diifference of temperature at center
of sample and reference at some particular time, 4t =
differential of time and a and c represent points on the
grapiiical plot where the thermograpih peak starts and stops.

The use of this expression is predicated upon certain
agssumptions. Terms g and k are constants, since they
depend upon tue furnace used, Temperature gradients
within the saniple are neglected and too tie area under
the curve 1is considered to be independeat of the apecific
heat .

To uge DTA to cbtain information concerning the kinetics
end reaction order of a simple decomposition reaction such
as, solid -+ golid + gas, one may describe such a reaction
by the following differential equation (Ref. 3)

ax/dat = A(eB/RTy (1 . x)P (2)
where dx/dt is ths rate of the reaction, x is the fraction
reacted, n is the emperical order of the reaction, A is

the frequencs factor, R is the gas constant and T is




temperature in degrees Kelvin, This expression holds
true fcr any value of T, whiether constant or variable, so
long es x and T are measured at the same instant,

For immediate purposes of simplification let us
consider the order n to be unity.

When the reaction rate is a maximum, i.e. at the peak
temperature, Ty, of the thermograph, the derivative with
respect to time is zero, so solving the above equation (2)
ror d/dt(dx/dt):

d/dt(ax/at) = ax/at([E/RT2){aT/at] - A«~E/RT) {3}
and setting the left hand side equal to zero, we get at
temperature, Ty,

2e~E/RTn = (/RT2)dT/dt (1)
From this equation (l;) the following expression is obtained
(Ref. It)
A(1nl4/151)/a(1/Ty) = (=) E/R (5)
where g = aT/dt, the heating rate, must be constant in a
given experiment,

Although the above equation (5) was derived for a
first order reaction it is now known to hold regardless of
the reaction order (Ref. l).

In DTA work T, for a given value of g is determined by
both A and E, If g, which depends only on E is changed,

T, 1s changed. To find the variation or T, as £ is altered




then a plot of ln{ﬁ/T%} vs. 1/T, should give a straight line
of slope (~) E/R., With E found then A can also be cal~
culated using equation (l}),

The order of the reaction, n, can be found from the
shape of the DTA curve peak. As n ig decrecased the peak
becomes more asymmetric. Kissinger (Ref. l.) has developed
a "shape index" defined as the absolute value of the ratio
of the slopes of the tangents to the curve at the inflec-
tion points of S = a/b.

The order of the reaction is given by:

n= 1.26(8)1/2

In our experiments known masses of AP were heated at
various, constant heating rates and the DTA curves
measured, From these curves the values ¢, Tys a and d
were obtained so the E, A and n could be calculated.

The repeat or these determinations with variation in such
things as the atmosphere and pressure on the sample, %he
presence of catalytic agents and particie size gave us

an indication as to how these variables influence the

activation energy and/or the order of the AP decomposition,




lie Background Information

(a) Introduction, The thermal decomposition of AP

is unusual in several respects, for even though it usually
follows the courge of a solid changing into all aseous
products, it may under certain experimental conditions give
solid as well ag gaseous products. AP also decomposes
without melting and undergoes a crystal transformation
from orthorhombic to cubic at 240° C. which is below the
normal decomposition temperature,

It is evident that as AP is heated from ambient to
450° ¢, at leas: four different physical and chemical
changes may occur and in some cases these may take place
concurrently. The four changes are designated crystal
change, sublimation, low temperature decomposition and
high temperature decomposition,

Quite a number of factors also seem to have a bearing
on the ra%e and nature of decomposition., These parameters
are the nature and pressure of the atmosphere above the
AP, particle size of the AP, the presence of impurities
and the previous history of the AP sample,

(b) The Crystal Transformation, Bircumshaw and

Newmann (Ref, 5) concluded that the occurrence of the crystal
transformation at 240° C, Aoes complicate the kinetic

results but does not alter the general picture of the




electron transfer mechanism. The more stavle nature of

the cubic form somewhet counterbalances the increased
thermal rotation of the ions present., It has been observed
(Ref, 6) that the maximum rate of decomposition in

vacuo decreases at 240° C, where this crystal change

occurs and continues to decrease to 2SO° C. then gtarts

to rise again, It is possible that the maximum stability
of the cubic crystal occurs at the labter temperature,
however, it could be that the transition is slow and is not
complete until that temperature is attained,

The heat of transition at 2,0° C. (Ref. 7) has been
reported to be 2.3 %+ 0,2 kcal/mole., The computed density
(Ref. 7) of the cubic form is 1.76 g/cc as compared to 1.95
g/cc for the rhombic form, This means tinat as the
temperature ig raised turough this transformation there
will take place enough of a volume increase to cause
strains and distortions to occur in ths solid AP, Tals
is contrary to Bircumshaw and Newman (Ref. 5) who report
that the lattice distances are reduced wnen the cubic form
is realized,

(¢) The Sublimation Process, I% is the opinion eof

Inami et al. (Ref., 8) tnat the dissociation pressurs of
AP is an important parameter in the enalysis of the
combugtion machanism of solid propellants based upon this

oxidizer, They measured the dissociation pressure of AP




in the temperature range of 24,7-3)17° C. by a transpiration
method. Their data indicated that AP sublimes by ths process
of

NH; €10y (s) = NH3(g) + HClOu(g).
The heat of dissociation was found to be 58 * 2 kcal/mole
in this temperature range. Bircumshaw and Phillips (Ref.35)
report the energy of astivation for sublimation to be 21.5
¥ 2.78 kcal/mole.,

It was observed that both low temperature decomposition
and sublimation occur simultaneously, however, r. evidence
of any effect of the thermal decomposition on the subli-
mation was seen. Such confirms the report of Bircumshaw
and Newman (Ref, 6) that sublimation depends only upon
temperature and to a certain extent on pressure,

Some NHuCl was found in the sublimate, This must
arise from the reaction of Clp formed in the thermal
decomposition with the NH3. If sublimation is tried in
an atmosphere of NHB’ only NHuCl is collected as no AP
will sublime, since the NH3 suppresses the perchloric acid
vapor pressure to nearly zero.

Because of thig tendency to sublime then it is obvious
that the nature of and the type of atwmosphers in conbtact
with AP will indeed have a bearing on its decomposition

process,

o
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(d) The Low Temperature Thermal Decomposition,

Below 3500 C. (Ref., 6 and 9) the products of the thermal
decomposition can be accounted for by tihe reaction
2NHh010u * Cl, + 3/2 Op + b Hy0 + N50,
Bircumshaw and Newman (Ref. 6) demonstrated that thisg low
temperature reaction always ceases after about 307 decom=-
position, leaving a residue of NHuClou which is identical,
chemically and physically, with tue undecomposed product
except in one respect (Ref. 9)., The residue had a
surface area corresponding to blocks of material of a size
of the same order as that of mcsaic blocks in crystals,
Apparently tie low temperature reaction involves only
decomposition of strained materials in the intermosaic
grain boundaries. Visual observations of whole crystals
(Ref. 6) at various stages of the reaction show that nuclsi
are formed on the surface and these grow three-dimensionally
until a coherent interface is built up which then penetrates
the crystal. An analysis of random nucleation at potential
nucleus forming sites, followed by three dimensional
growth, leads to a kinetic equation which contains two
constants, one of which depends upon the energy of
nucleation end the other on the energy of linear growth.
These energies reported by Galwey and Jacobs (Ref. 9)

are as follows:




1l

Energy of formation Energy of
of nuclel Growth

whole crystal-~-- 31,7 kcal./mole-- 16,9 kcal./mole

POWAO = e e 31.7 n - 22 u

polletemccmmmmnan-" 31.7 n - 30,1 "

The increase in the activation energy for nucleus
growth in the sequence crystal: powder: pellet, is a most
striking feature of the reaction,

The nature of the residue indicated that the low
temperature reaction is confined to intergranular material,
The low temperature raaction will occur only when the
gaseous products formed are able to escape and in strained
material where the activation energy for the rate determin-
ing step is less than in - ~erfect crystal. This means
the reaction starts at the junction of mosaic blocks
(nucleus formation) and spreads through intergranular
material (growth) until this is all consumed leaving a
mass of loosely attached mosaic blocks which are unreactive
unless disturbed or exposed to water vapor for certain
periods of time,

The incr~ase 1n energy of growth in the series crystal:
powder: pellet may be ascribed to differences in physical
nature of the materials, A whole crystal consists »f
coarse mosaic blocks, separated by comparatively largse-

angled grain boundaries witia less migsfit., The powder is
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intermediate between crystal and pellet.

Above the transition point (240° C,) the changes in
activation energy are much smaller (25.3; 24,6, 29.9
kecal,/mole for crystal, powder and pellets respectively).
Apparently the phase change involves a reorganization of
the mosaic structure which gives a much finsr subgrain net
work, MNucleation is followzsd by propogation of the
reaction down this net work in what is essentially one-
dimensional growth,

Galwey and Jacobs (Ref. 9) consider the decomposition
to involve first the formation of the molecular complex,
NH),C10),1.e. an electron is transferred from the ClOﬁ ion
to the NHK ion, The reaction must start on the surface
where there is an imperfection which will allow this
electron and its corresponding positive hole to Ye trapped
long enough for the molecular complex to decompose, From
the complex NHh610h two molecules of water are removed
thereby leaving a nitrogen atom and a molecule of 0102.
This is followed by the formation of Ny, Cly and {0].

Ny and [0] then can react to form N>0.

(e) The High Temperature Decomposition, (Ref. 5, 6

and 10), Te study the decomposition of AP above 3500 it
is necessary to introduce an inert gas under pressure over
the sample, ia order to minimize sublimation, Between

380-1;50° G, the AP decomposition obeys the power law
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p = kt®
where p = pressure evolved in a constant volume system in
time t, and k and n are constants. n though was noted
to vary somewhat irregularly with temperature between the
values of 0,5 and 1,0, The reaction was deceleratory
throughout and, in contrast to the low-temperature decom-
position, resulted in complete decomposition of the salt,
It is noted that the products also differ from the low
temperature reaction in that NO instead of N50 was produced.
The following equation is representative:

21H) €10, ~ LH,0 + Cl, + 0y + 2H0.

Because the tgo different reactions are occuring in
the temperature range 300-380° ¢, results are difficult to
reproduce,

Decomposition in this high temperature zone probably
takes place by (1) the transfer of a proton from the
armonium ion to the perchlorate ion, thereby forming free
ammonia and perchloric acid, then (2) tue perchloric
acid decomposes quickly to form water and 01207. (3) Next
the 01207 ylelds Cl, and oxygen, which, (It) oxidizes the
ammonia to NO and water,

The energy of activation for this reaction has been
evaluated at }}0 kcal./mole,

J. Powling anda Smith (Ref, 1l) studying the surface

i
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temperature of burning AP have concluded that the surface
temperature of the A? is only of incidental importance at
moderate pressures and that the gas phase reaction between
the ammonia and perchloric acid control the rate of
consumption of the oxidizer,

(f) The Thermal Explosion of Ammonium Perchlorate.

Above [i0° C. the reaction is too fast to be followed by

thie same experimental techniques used for the other tempera-
ture ranges. Here only the induction period could bLe
measured (Rer, 12)., After this induction period there

is a sudden large pressure change whichh is often accompanied
by a flash of light,

Results indicate that the low tempsrature process,
despite its lower activation energy, sitill occurs more
rapidly than the higher temperature prccess in this case,
being 99% complete in less time than required for the
explosion, so that it cannot account for the explosion,
Explosion times show that tie explosion occurs when the
residue from the intergranular (low-temperature) reaction
is about 1/3 decomposed. The activation ehergy measured
to bs about ;1.5 kcal./mole and as such supports this
conclugion.

(g) The Influence of Catalysts on the Ammonium

Perchlorate Decompogition, Many materials have been triled

P




as positive catalysts to speed up the
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rate of thermal

decomposition of AP, The following is a partial 1list of

compounds, which have been used with perchlorate salts,:

Subgtance Uged Reference

HgOmmmmmmmmmmm e (26)

CUOmmmmm e cme e e cc e e e (13) & (1)

CUp0mmmmmmwem e e e (15)

Cu 8altS=ewemmemccc e e ccnan—— (16)

e aiaintuinoieleiet ittt (13) & (17)

CrOCl,ymmmmmmommmmmmmm e oo e (17)

VA 10 [ RSP R S P (18) & (19)

Cd0mrmmmmmm e c e c e (33)

Ni0mwemmmmmmmm e e e — - — e (34

N1203 ---------------------------- (17)

Fop0gmmmmmmmm e e - (20) & (21) & (6)

MgOmm o mmr e c e e W17)

00203* -------------------------- (17)

0040y mmmmmmmmmmm o c o e (17)

MnO, & other Min oxides---=-w=--- (17) & (16) & (23) & (27) &
(28) & (6)

KHnQ), == ====mmmmmmmm o m m e e e e (16) & (22)

Rhenium compoundse-eecacmmcenwan (22)

CorbONmmmmm e rccac e a— (2l)

A1203- --------------------------- (23) & (6)

Ca0mmemrumcmmoccrnr e n -~ (6)

3% Note~References 29, 30, 31 and 32 deal with catalysts

used with KC10, decomposition, Some 75 catalyst systems are

listed in thesé four references,
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The most extensive effort seems to have been directed
toward the use cof Mnoz, and tihe work of Galwey and Jacobs
(Ref. 23) seems to represent one of the most compleis
and authorative studies on this phase of the problem,

Using nixtures of 10% MnO, and 90% AP their time-
pressure measuremsnts clearly pointed up the fact that
in the temperature range of 200-220° G, the reaction occurs
in two distinct stages. There i1s an initial fast reaction
which is followed by a mucia slower reaction that is decelera-
tory throughout., Both by analysis of the graphicel plots
and the colleciion of the products it was evident that
the second reaction is independent of the Mn02.

All obsgervations tended to indicate that the catalytic
activity is the result of puysical contact between the
MnO2 and the AP, The degree of compression of the sample
always produced an effect on the kinetic results. The
first reaction stops then when the particles no longer
present a salt/oxide interface,

Mhose compounds which have been observed to give any
positive catalytic effect ccuntain metals that can dermon-
strate variable valence or oxidation stastes. Not only
different oxidation states; but these states must be of
about equal tendency to form. This was most clearly

demonstrated in the work (Ref., 22) of Brown and Woods

i W o

-
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comparing manganese and rhenium compounds as catalytic
agents in the AP decomposition. Whereas manganese compounds
were always found in mixed valence states at the conclusion
of a reaction regardless of the starting valence condition,
the rienium always ended up in the very stable perrhennate
state, Low valence rhenium compounds suowed initial
catalytic activity but this ceased as soon as tihie stable
perrhennate condition prevailed, Manganese on the other
hand showed continuing catalytic activity.
Galwey and Jacobsg (Ref., 23) found little change in
the activation energy of AP decomposition on adding the
catalyst., This is apparently due to the fact that the
catalyst has nothing to do with the initial and largest
energy consuming step which is the transfer of the electron
from the perchlorate ion to the ammonium ion and the
formation of a positive hole., The role of the catalyst
is to increase the life of the molecular zomplex thereby
diminishing its tendency to revert to the ions. The
presence of the Mn(IV) must do this by helping to delocalize
tae molecula:y electron orbital,
The mechanism proposed can be represented as:
W + G0} + Hinltt — M + 13t + ol
Mn3t + 0 —»Mnltt + 1

b

—1/2 N, + Cl0, + 2H 0

NHu + C1l0 >

L

v
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In the uncatalyzed reaction much more 0, 1s noted to
be set free as compared to the catalyzed one. Such O2 migt

originate from the decomposition of the €10 In the

o
catalyzed reaction the reaction temperature being lower
might account for less decomposition of the €105,

Jacobs et al. (Ref, 15) in studying the effect of
Cuy0 on the AP decomposition still noted the same activation
energy value, and proposed a similar mechanism as noted
before but in this case felt that the Cuy0 taking on oxygen
might account for part of the effect.

One of the most interesting cases of a metal oxide
that is quite effective in promoting the thermal decomposi-
tion of AP and which involves a non-variable valence metal
is Zn0 (Ref, 18). 1In some cases the reaction was so fast
that explosion resulted, TFrom the fact that small amounts
of A1203 increased the elfectiveness of the 7n0, while Li20
decreased its effect, the authors concluded that the role
played by the Zn0 is one of an electron connechor.

One case of a negative catalyst for a similar reaction
has been reported (Ref. 25). Lithium perchlorate decomposi-
tion is slowed down by adding silver nitrate in 5-157 amounts,
The authors advanced the idea that the retardation was
due to tihe silver ions removing chloride ions as insoluble

silver chloride. This idea was based upon the rate decrease
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being function of the silver ion concentration and also
that the effect tended to alsappear when the temperature

reached the melting point of the silver chloride.
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6. Apparatus and Instrumentation

(a) Apparatus. Figure 1 is a block diagram showing
thie components of the DTA equipment used and their relaticn-
ships., The apparatus consisted of a furnace, heating block,
thermocouple probe, sample and reference holder, S.R.
recorder, x~y recorder, D.C. amplifier and temperature
programer,

The electric furnace is detailed in #figure 2,

The heating block made of aluminum is outlined in
Figure 3 and was constructed in our own shops as was the
furnace,

Into the block are ingserted two pyrex glass sample
holders as pictured in TFigurs l.. These hold the AP (sample
cell) and aluminum oxide (reference cell), After the
sample and reference materials are placed into the respective
holders and tamped into place, the thermocouple probe,
containing the Chromel-Constantan thermocouple, is then
pushed through the center of the material, Thess thermo-
couples transmit signals to the y-axls of the recorder,
Another thermocouple in the block transmits a signal to the
x~-axis, A correction term, experimentally determined, must
be algebraically added to this to obtain the temperature
in the center of reference. It was found taat the recorder

would not function properly if an attempt was made to
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record the signal from the reference thermocouple on the
x-axls simultansously with the sipgnal from the voltage
difference being recorded on the y-axis,

The side arm on the sample holder (Figure l;) allows
the sample, while being heated, to be subjected to vacuum,
normal atmospheric pressure or increased pressure of an
unreactive gas such as nitrogen,

(b) Instrumentation., The accuracy of the DTA depends

to a great extent on the precision with which a uniform
heating rate can bte maintained. Thne instrument used for the
heating control was an F & M Model 2)}0M Proportional Power
Proportioning Temperature Programer,

The amplification system consisted of an Electro
Instrument Model A-12 D,C. Amplifier, and was used only
to magnify the voltage difference between the thermocouples
in the reference and sample tubes,

The differential signal from the D.C. amplifier was
fed into the y-input of a lMoseley Model 2 x-y recorder.
Into the x-input of this instrument was fed the signal from
the thermocouple which recorded block temperature, The
use of the Sargent SR recorder was to follow the heating
rate so that it could be known with certainty at sach
peak temperature on tne DTA plot. Such was necessary as
experience demonstrated that the setting on the temperature

programer was only approximate,
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7. Materials

(a) The ammonium perchlorate used in this study was
obtained from the G, Fredrick Smith Chemical Company of
Columbus 22, Ohio and is item number 3 in their catalog.

It is classified as reagent grade. When used from the
stock bottle without further treatment it will be listed

as stock material. The material was stored in a desiccator
over Pholo to insure minimum moisture being absorbed. 1In
an effort to obtain particles of AP of different sizes the
stock material was screened through two stainless steel wire
mesh sieves., That retained by U.S. L0 mesh was called
coarse, that retained by U.S., 60 mesh was designated

medium, while all pasgsing through the 60 mesh was termed

. fine.

(b) ALl meterials used as catalysts were either ACS
grade or were prepared in our laboratory by standard
literature reported procedures,

(¢c) During the course of this work, we began mixing
very fine glass beads with the AP material. By using a
smaller sample, the neat changes of the sample reactlon do
not influence the results ag markedly and hence allow
the temperature measuring devices to more accurately indicate
the true temperature being experienced by the sample.

Glass beads were selected for the diluting of the
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material since they are non-conductors for elesctrons and
show no catalytic influence on the AP decomposition,

In gll cases we mixed the AP and glass beads in a 1:3
welght ratio,

The glass beads were Sign Beads, type 8314, Size B,
wide angle and manufactured by Flex-0-Lite Manufacturing
Company of St. Louisg, Missouri,

Before being used the glass beads were washed with
three molar hydrochloric acid solution, rinsed with distilled
water and oven dried at 105° G,

A DTA run on the glass beads alone vs. the alundum
reference indicated that they underwent no changes
over the 25 to 450° C, temperature range that could
produce exo- or endo-thermic peaks on the DTA plot.

(a) Commercial tank nitrogen, dried by bubbling
through wagh bottles of concentrated sulfuric acid, was
used to create an inert atmosphere at pressure in excess of
one stmosphere over the decomposing A? sample.

(£) The special samples of AP furnished by Mpr. Huskins
of the AMC Propulsion Laboratory, Redstone Arsenal, Huntsville,
Alabama and disignated H-1 through H-6 had the following
specificatione:

H-1: }00 micron, rounded AP, 99,2% minimum AP, conditioned

with tricalecium phosphate (TCP), lot no, 4080,

H-2: U5 micron, rounded AP, 99,2% minimum AP, conditioned
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with TCP, lot mno. 1030-19}-L,

H-3: 17 micron, ground AP, conditioned with TCP, lot no.
2153,

H-l: 180 micron, unground AP, conditioned with TCP, lot no,
2153.

H-5: 8 micron, ground AP, conditioned with TCP,

H-6: 90 micron, roundesd AP, conditioned with TCP, 99.2%
minimum AP, lot no. 1075-38-11.,
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8. Results

Before commencing DTA runs with AP the performance
of' the equipment was checked by determining decompositicn
rlots for sanples of amnonium nitrate, benzolc acid,
sodium nitrate and silver nitrate, The temperature valuesg
taken from these plots apreed within what was considered
reasonable experimental variation to those given in the
literature,

in Figure 5, curve {A) shows a typical DTA plot for
AP when heated vs. air; curve (B) represents AP vs. a
partial vacuum, On curve (A) reading from left to right
four peaks are noted, and in the tables values quoted for
Ty, T2, etc., are for these so numbered peak temperatures,
Pealkk number 3, an exothermic peak, is noted to be absent
when medium and fine material was heated, Curve (C) on
Figure 5 illustrates the run for sample 2-22-23 which was
typical of this,

In Tables Number 1, 2, 3, and l are summarized the
peak temperatures for the heating of AP of four different
particle sizes vs, air. In addition the heating rate at
each peak 1is recorded.

Thege valueg of heating rates and nesk temperatureg
allowed u3 to make a plot of ln[ﬁ/Ti] vs. 1/T,, 4 being

the heating rate and Ty, the peak temperature., The slope of
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the straipght line drawn through the points on such a plov
permitted the computation of the activation energy since
the latter is the product of this slope and R, the gas
constant, in units of cal./deg./mole.

For purposes of illustration Pigure 6 shows a typical
plot of ln[ﬁ/Ti] vs. 1/T,, this particular one being for
the data given in Table No. 1 for Stock AP, peak no. li.
The slope of the best straight line constructed through
the plotted points equals (-)25.8 x 103, which when multi-
vlied by 1,98 cal,/deg./mole gives 51,3 kcal.,/mole as the
activation energy. This latter value along with all the
other activation energies computed from tae valres in
Tables 1 = . are given in Table uo. 6,

Table No, 5 summarizes the peak temperatures taken
from DTA plots for Stock AP heated vs. a partial vacuu.

A typical plot of one of these ruas is shown as Curve (B)
in rigure 5., Activation energies computed from the values
listed in Table No, 5 are given in Table No. 6,

In Table Ho. 2 no Tu values are ziven for samples
2-5-1 and 2-5-2 because the experiment was purposely
stoppad at T,, Sample 2-8~1 was & case where we had a
malfunction of the tnermocouple,

In Table No. 1 for samples 1-9l-1 throuszh 1-98-2, it

is difficult to be certain whether the values recorded
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for T, should be so classified or whether they should be
called T3, These plots were very difficult to interpret
and the results are quite uncertain, Tu values for 1-98-1,
1-98-2 and 1-97-1 are not given because the sample exploded
and no peak temperature could be recorded. For samples
Z2=-2-1 and 2-2-2 the missing Th values are the result of
stopping the experiment at the end of T3 so tnat we could
determine the welght loss of tine sample at this point,

Sucn loss amounted to 407,

In order to minimize the tendency of tne AP sample to
sublime from the hot to the cooler portion of the sample
tube, DTA determinations were conducted uader a nitrogen
atmosphere where ths pressure was maintained at approxi-
mately 82 cm, of Hg.

The DTA plots showed three peaks, Peak 1 is tke
enotherm assoclated witia the change in crystal structure.
Peaks 2 and l. (wve use )i instead of 3 for designating this
peak so ag to indicate that it is the sewme peak so
numbered on the ITA plots run against air pressure and
shown as Curve (A) in Pigure 5,.) are the low and high
temperature exothemnas.

In Tables No, 7, 8, 9 and 10 are recorded the results
of these runs and the last table suwumarizes tne slope of
the curves plotted from these data as well as the calculated

activation energies,
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In order to determine the influence of such things as
particle size, shape of particle and added conditioners
upor: activation energies assoclated witii the decomposition
of AP, we were furnished certain samples by Mpr, Huskins of
the AMC Propulsion Laboratory, Redstone Arsenal, Huntsgville,
Alabama, Toe composition of these samples is given on
page 26, In Table No, 11 we have listed the peak tempera-
tures measured for these samples and Table Ho, 12 summarizes
the activation energies calculated for sucih results,

Two materials, finely powdered aluminum oxide and
iron (III) oxide, were studied for their catalytic effect
on the AP decomposition reactions.

In all cases 0.01 g, of AP was mixed wita the glass
beads in a 3:1 weight ratio and then 5/ by weight of the
AP equalled the welght of the added catalytic agent. All
of these were physically stirred topether for a length of
time deemed adequate to achieve uniform distribution of
catalyst throughout the mixture,

The Tables Mo, 13 and 1. zive the measured values

for the DTA runs and summarize tnhe computed activation

Similar studies on other catalysts are given in
Table No., 15, No activation energies were computed for

these. Curve (D) in Figure 5 shows a typical plot for one

O N
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of these catalyzed reactions., This particular one (Sample

No. 3~9L~1) is for lMedium AP mixed with zinchexammine

perchlorate and heated at L° C./minute,

st e s
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9, Conclusions

As a result of these several hundred runs we are
convinced that particle size, additives and heating rates
materially influenc: the DTA plot obtained when AP is
heated from ambient temperature to about 450° G, Repro=-
ducibility is not all that one woula desire. Here are some

typical values:

Change Activation energy
(AP) (kcal,/role)
Fine Medium Coarse Stock Lit,
Crystal modification 90 95 2l 7l 25-30
Low T, decoinp. 25 31 30 30 32
High T. decomp, 30 30 65-139 &1 Lo

Agreement with literature values are not too good in all
cases, However, it must be born in mind that the literature
values were measured under isothermal conditions,

Here are typical activation energies when certain

catalysts were present:

Activation energy

Cryst. change Decomposition
Iron (III) oxide
AP (Fine) 179 22
AP (Medium) 15 28

Aluminum oxide
AP (Fine) 267 27
AP (Medium) 25 27
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Galwey and Jacchs {Ref. 23) report little change in
activation energy of AP decomposition by adding a catalyst.
Our results would seem to indicate a small lowering for
these two cases, but it is not absolutely certain, Attempts
to correlate activation energies from DTA data with the
role of the catalyst have not been too fruitful, The
better approach we think is the measure of the peak
temperature of the decomposition isotherm. It is to be
noted that some catalysts produce only one exothermic peak
following the crystal transformation, while others produce
several, We have reasoned that the best catalyst should
be the one which produces complete decomposition of AP
in one single sten and at as low a temperature as possible,

Figure 7 shows a plot of the peak temperature of the
AP decomposition exotherm vs. the atomic number of the
metals in the catalyst for those we have measured. These
results saow that for certain metals from aluminum o
cadmium in the periodic table there is a lowering of She
temperature to a minimum at zinc. These catalysts were
all oxides except Fe which was used as iron (III) oxide,
ferrocene, butyl ferrocene and iron (II) hexammine
perchlorate,

It was the maln purpose of thisg study to try to find

an answer to the question regarding the nature of the role
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of the positive catalyst in AP decomposition,

Galwey and Jacobs in their work on the use of NnO2
considered that physical contact between the catalyst and
the AP was the important thing. Since most of the catalysts
used have been compounds of the trangition metals, the idea
that the catalyst had to facilitate electron trangfer has
been prominent. Brown and Woods (Ref. 22) compared the
effect of Mn and Re compounds and concluded that the stability
of the high oxidation state of the latter accounted for
its poor showing.

The most quoted mechanism for the low temperature
decomposition is that proposed by Galwey and Jacobs and it
involves an electron traasfer from the perchlorate ion to
the ammonium ion to give what they called a molecular
complex, This is followed by interaction of the two free
radlcals to give the products., They concluded that the
catalyst did not change activation energy because it was
not involved in the largest energy consuming step, i.e.,
the electron trangfer. They considered that the catalyst
only stabilized the molecular complex,

‘e tend to disagree with this contention and would
like to suggest a modification., First let us examine some
kanown facts. From our work here, if we take the lowering

of the peak tempsrature as a measure of the effectiveness
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of the catalyst, we have this order: Zny Cu)Cd)»Fe) Mn) Al.
Hermoni and Sa§§2£7uizg the time needed to produce a given
fraction of decomposition of AP as a measure of effectiveness.
They gave the following order: (CoZOB/COBOu_)) Niy04) MnOp )
Cr203 (the latter two reverse after a time lapse). CuCrO2

ig known also to be very effective as a catalyst., Gas
products from the uncatalyzed reaction show more free

oxygen than the catalyzed change. Up to a certain point
increase in pressure increases the burning rate,

The very pronounced effect of zinc and cadmium would.
seem to indicate that tne ability of the metal to exist in
more than one oxlidation state is not the controlling
factor,

What really happens during this chemical change? First,
we know that AP tends to sublime when heated, To do this
a proton must be transferred from the ammonium ion to the
perchlorate ion and the two pgases vaporized. The perchlorate
ion is a stable balanced structure. In ionic salts 480° C.
or higher temperatures are required for its decomposition,
The perchlorate ion has only a low attraction for protons,
The charge on an oxygen of this ion is calculated to be
about -0,21 units. But when a proton returns to the
perchlorate ion the Cl-0 bonds weaken and perchloric acid
is known to decompose at 92° ¢, It is 1logical to assume

that decomposition at low temperature must start witi
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perchloric acid. However, if this action ig to be complete
and to continue, there must be energy available to maintain
the burning. Here is where the ammonia comes into tne
picture, The free OH radical from the decomposing perchloric
acid extracts hydrogen from the ammonia to form water,
ultimately leaving the two nitrogens to dimerize into
molecular nitrogen., Both of these reactiong are nighly
exothermic,

Something must prevent the collision of the ammonia
and perchloric acid long enough to let the acid start to
split out OH's, or when the ammonia and perchloric acid do
collide something must interfere with the proten return
process. Suppogse in this brief period the gmmonia has
found it possible to make a nucleophillic attack on a site
more desireable than a proton, then the percirloric acid
would not be able to give up the proton, but rather would
live long enough to start decomposing.

“That is this particle wihich traps and holds the ammonia?
It is tne coordination of this ammine ligand with tne meval
part of the catalyst, i.e., a metal ammine cOmplex species
is formed., Now there is no data available b¥ means of
which we can judge the stability¥* of the metal ammine

complexes at temperatures of 300-4C0 deg. C, There are,

3 Vote (2.dded in proof). Simpkin and Block have reported
that Zn( NH )C1ls when heated to 200° ¢. for 200 hours showed

a loss of welggt of only 0.3% [J, Inorg., and Nucl, Chem., 2y,
371 (1962)1].
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however, available formation constants for esmmine complexes
in water solution. It would be reasoned that since the
garie forces are involved in forming these complexes that the
same relative ratio should exist between their stabilitles
at tihie higher temperature. Here are the logarithm of the
first formation constants for a few metal ammine complexes:

AL(III) © Ccda(II) 2.6

Fe(III) O cu(IIl) L.l

Fe(II) 1.y Mn(II) 0.8

Co(II) <-0.3

Co(IIL) 7.3

Ni(II) 2.8

zn(II) 2.6
According to this 1list Co(III) should be the best, It is
noted, that as we move from transition to B family metal,
ammine complexing tendency increases., 1he trend is toward
greater stability as we move toward Zn and Cd, which is
what Figure 7 illustrates,

It is known that a pressure increase, up to a point,
enhances the AP decomposition when catalyzed. Such would
help to keep the ammonia within reach of the oxidizing
powsr of the perchloric acid vapor. TFurther increase in
pressure prevents sublimation and as such ~uts down on the
acid vapor formation,

The fact that more free oxygen comes from the uncatalyzed
reactions would seem to indicate that less contact is made

between the ammonia and perchloric acid vapors formed during

sublimation,
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When uging Zn, Cd and Cu our results seem to indicate
complete deccmposition while otheis have reported with MnO,
that the reaction stopped when contact was lost between
the catalyst and AP. On the basis of our contention, the
material as a vapor goes to the catalyst and hence the
emmonia holding power is the measure of success rather
than physical contact,

The complexing power of the catalyst toward the
ammonia has been stressed and is probably the controliling
factor, dowever, it is known that when working in non-
aqueous conditions certain metals can form rather stable
complexes with the chlorate ion as the ligand, It may be
that Fe, altlhough not a good complexing metal toward
ammonia, can hold the perchloric acid. Zinc's amphoteric

nature may mean that such structures as Nil, .. Zn=0~--
3 .

H—O—ClO3 could form, This bridging is important because

it could serve as a path for electron transfer from the
nitrogen to the chlorine, The most efficient nature of mixed
catalysts such as Cr203/Co3Ou or CuCr0, may be the result

that one metal or oxldation state is the preferred site

for the ammonia complexing while the other is preferred

by the perchloric acid and the oxygen bridge between the

metals provides the electron transfer path.,

The proving or disproviang of these theories can come




only from the synthesizing of specific catalyst compounds
where the compliexing sites are controlled and studying
the effect they have on this AP decomposibtion, Such isg
the aim of our subsequent and continuing research program

on this study of the mechanism of AP decomposition,
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List of abbreviations used in the following tables:

Sno = Sample number

Swt = Sample weight .n grams

T, = Endotherm peak temperature (crystal transformation)
TZ’ TB’ and Tu = Peak exotherm temperatures in order

of increasing temperature from left to rignt on

the pleh

HRy, HRp, HRys and HRu = Heating rates in deg. C./min.
at temperatures of same number

FAP = Fine AP (less “hsn 60 mesh)

MAP = Medium AP (between Jj0 and 60 mesh)

CAP = Coarse AP (greater than )0 mesh)

Abbreviations for Table /'15 are given with that table.

e e
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Summary of peek temperatures taken from DTA

plots for Coarse AP heated vs. air at indicated

heating rates,
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Table 2.

Sno Swt
2-5-1 0,5007
2"'5"‘2 095052
2-8~-1 0.5032
2-7-1 0,.5002

W2m w2 0,5023
#P=2l=-1 0.2019
2=21-2 0.2021
2«21=3 0.,2027
2-23-1 0,2007
2-23-2 0,2063
2-23-3 0.225u

*Note Ty = 399.3 for HR of l.12.

oEF\\\ Foo

o OFE N PhOE
é: /=0 Ry

HRo T2 HR& Tu

Ll..lO 307.2 - -

2.00 297.6 bnkad -

1,90 29C.0 -~ -
- - - 9010 Ll. 901
halad - 2.25 '.300
- == L.32 ﬁZS-B
- - 2,09 L65.3
32 U457.9

8:5&

These two

303.2 8.6}

15h..6

runs were made

vg. vacduum and the T nlubers correspond to the peak numbers

of curve B; Pigure

#5e
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Table #3,

Summary of peak temperatures
for medium AP heated vs. air
rates.,

taken from DTA peak
at indicated heating
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Table #lj, Summary of peak temperatures caken from DTA

plots for fine AP heated vs. air at indicated

heating rates.

S . " G e WD M Em Gm S R MR GG R SR Gm n L GO P G M G G SE D S GE WS WL GO M = S SR TH s s B D M AR S S Ba W T e e (e

Sno Swt HRy Ty HRo T2 HRLI.
2-25-1  0.2013 2.11  246.5 - - 2.00
2-25-_ 0.2021 h.29 249.0 4.2 304.5 L.13
2-25-3  0.2020 10.39 254.8 - - 9,00
2-26-1  0,1993 2.20  215.0 - -~ 1.98
2-26-2  0.2048 b.15  2446.2 — -- .00
2-27-1 0,201 10.25 254.8 9.63 312.9 .65
2-30-1  0,2017 2.13  242.h - - —-—
2-31-1  0.2005 L.i7  248.9 -— - --
2-31-2  0.201l 9.67 267.7 8.99 327.1 -

e e o e

Table #5. Summary of peak temperatures taken from DTA
plots for stock AP heated vs. vacuwn,

L R I e I I O R N e e e N T R

D M G S S P M D D A MD P M G WD B D i Ek WS e S WS S S G GE G D W W Gul A G WP M G ST EF AE S WD LS AR BN m R WS e e L W W

0.,5010 .30  248.2 3.60 275.1 3.60

L PN

-
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Table #6. Calculated activation energies from DTA data for
the crystal and chemical chanses of AP when
heated vs., aivr,

"""""""""""""""""""""""""""""""""" Activabion

Sample Atmosphere Peak 3lope energy in

_______________________________ Mo, __ %1070 keal./mole

Stock AP air 1 -37.0 73.6

Stocle~AP: . wwa,, aln »«».m?”m.~mw:*9'7 18,2

Stock AP air 3 21500 29.8

Stock AP air b -25.8 51.3

Coarse AP air 1 -11.9 23.7

Coarse AP air 2 -40,0 79.6

Coarse AP air 3 it it

Coarse AP alr I -70.0 139.3

Medium AP air 1 “5l.3 108.0

Medium AP air 2 -15,86 31.6

Medium AP air b -8lL.6 168.1

Fine AP airp 1 -1i5.0 39,6

Fine AP air 2 -15,8). 30,46

Pine AP air h. -18.3 36,.L

Stock AP vacuum 1 -60,0 119.L

$tock AP vacuum 2 - Te7 15.3

Stock AP vacuum 3 -20.0 39,8

i

~%= Insufficient data fro.r which to make the calculation.




Table #7. Swmary of peak temperatures taken from DTA
glots of fine AP heated vs. nitrogen at p. =
2 cm, of Hg,

D D S Gy Tt G e Bt S D B W S R NS e e G TS = A G A S T G Gy A T S G P D GHS A G TS G D G S D G G G G M O Gl wm M S R m e R Me W we @

Sno Swt HRy T HR» Ty HRh Tu

2-10-2  0,2010 boli7  247.8 boi3 298.7 he37 LL3.0
2-41-1  0,201hL 2.3h  2u6.6 -~ -- 2.13 L30.2
2-}41-2  0.,203L4 10.10 267.7 8.80 330.9 8.40 L479.0
2-61-1 0,1989 2,10 2.2 2,00 310.0 2,10 }j20.6
2eba=1 00,2006 TTECT T IuTve T 9,000 308 «11.00 459.8
2-62-2  0,2003 .20  250.5 - -- .20 iy 8

Table /8., Summary of peak temperatures taken from DTA plots
of medium AP heated vs. nitrogen at p., = 82 cm,

of Hg.,

Sno Swt Ile Tl HRZ T2 HR)»{- T)-l-

2-l2-1 0,2002  2.23 zul.g - - 2,13 L2l
2-j2-2 0,2004  L.21  2L5. ho1l 293.0  3.95 Lhl.1
2-2-3 0,2015 11,70 258,7 8,72 318,0 10.48 UL56.8
2-60-3 0,202  4.00 253.3 .10 310.1  L.10 L58.6
2-61-2  0,204,7 2.20 2B2,1 2,00 315.2  2.20 L39.3
2-63-1  0,2005 10,00 250.5 9,40 313,0 8,70 Lii6.8
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Table #9, Summary of peak temperatures taken from DA
lots of coarse AP heated vs. nitrogen at p. =
2 cm, of Hlg.

B A . S R R ) e D WS pw AP A S R e G MD G M e MO SN TGS G S G S S N G M MR G B P AP S I P A M P SN M e e S P Sy e W G WP S OB OB

Ly
2-4h-1  0.2023 2.20 248.9 -- - 2,12 }39.3
2-}5-1  0.2003 3.95 263,4 L.Oh 329.8 L.07 72.7
2-45-2  0.2007 10.50 25j.3 9,00 317.2 9,13 51,2
2-59-3  0,2006 };.30 250.1 L.1¢ 296,8 L.10 58,0
2-60-1  0,2031 2.20 2i38.2 2.10 303.8 1.90 L35.5
2-60-2  0,2013 10.50 25h.4 8.90 31L.8 9.20 4L7.5

Table 710, Calculated activation energies from DTA data for
the crystal and chemicel charges of AP when
heated vs. nitrogen under 82 cm., of Hg. pressure.

T Gm an m e G e S0 G S @O N T WS R GG T WY BN LD U M T G S0 O WD G L D S B s e Wt S At P WY GN T W G Y P BN SR GD Go YR AR A 0 S kR G5 &0 G 0

Slope Act. Energy
Sample ... Poak Wo. ____ x 1073 . {keal./mole)
Fine AP 1l -29.7 59.09
Fine AP 2 ~-12.8 2545
Fine AP I - 9.9 19,67
Medium AP 1 ~33.5 66,55
Medium AP 2 - 6,5 129,2
Medium AP I -12.0 83,45
Coarse AP 1 -36.0 71,55
Coarse AP -13.5 26,82

2
Coarse AP Iy ~-32.6 6L..78




L9

Table #11, Summary of peak temperatures from DTA plots of
the samples H-1 through H-6 (cf page 26).

D A G G S A S R B A P G G P A A S G WU e G SO GO B G TR R Guf S e O WD G W PP T G O S M VI WP ) SE G ED WY PR M G LU G GS O ME TR e AS SO GR ae B

sno Swb HRq Tl HRp T2 HR& T,-l-
H-1(2-46-1) 0.1997 10.39 254.9 9.12 305,0 10,36 Lh8.6
H-1(2-54~1) 0,2033 2,20 251.3 2,10 28,.9 2.10 L3).8
H-1(2-~72-1) 0,1943 2.37 243.4 .95 278.2 - -
H-2(2-46~2) 0.2013 L,h7 241.9 %.16 287.2 5'87 127
H-2(2-48~2) 0,2002 9.§9 259.0 .98 316.9 o717 Lho.
H-2(2-56~3) 0.2029 2,20 245.0 2.30 279.8 2.10 u29.%
H-3(2-50-1) 0,2002 L4.30 248.6 .30 299,5 L4.30 L28.
H-3(2~50-2) 0,2028 2.20 2447.7 2.10 291.8 2,00 L2h.h
H-3(2-50-3) 0,2002 10.40 zss.g 9.20 325.7 10.88 W u6.0
H-lj(2-53-1) 0.,2010 2.50 24jk.2 2,10 268,8 2,10 L39.3
H-}(2-56-1) 0,2003 9.90 26l.6 9,10 319.,5 11,00 L71.5
H-s(e-sg-a) 0.2003 L.30 251.3 -t -~% .10 }27.5
H-5(2-58-1) 0.2000 2.00 2i2.2 -t -=% 1,90 }02.6
H-5(2-58-2) 0,2008 9,70 260.7 == ==&t 10.20 L453.1
H-6(2-56-2) 0,2000 1.0 253.0 11,20 322.6 L.20 L63.5
H-6(2-58-3) 0,2012 2.20 2L5.0 2.10 293.3 2.40 L3l.b

H-6(2-59-1) 0.2004 10.70 257.6 9.00 3h5.3 8.80 L65.)

* Note -~ In these runs no distinct peak was present for
the low temperature decomposition, Instead the plot showed
a gradual rise that tended to become a part of peak Th'
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Table #12. Summary of activation energies calculated
for samples supplied by Propulsion Labora-

tory.
sample Peak No, x 1873 (kesl,Jmots)
H1 1 ~29.7 59.0
H1 2 -16.6 33.0
H1 L -62,0 123.3
H2 1 -20,2 40,1
H2 2 - 9.8 19.4
H2 in -28.0 55.6
H3 1 ~56,0 111l.2
H3 2 ~11,0 21.8
H3 L =37.5 The5
Hly L -17.6 35,0

2 - 7.2 Ur.3

L ~23.6 16,9

1 -22,8 45.3

HS Iy -15.4L 30,6
Hé6 1 -35.0 69.5
H6 2 - 9.1 18,1
I

H6 -30.0 59.6
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Table 13, Summary of peak temperature from DTA plots
for AP of designated size containing indicated
additive,

G0 D G . o P " T . AR G BB GO B WD WD G SN Gt W R WS e (Y S G G WA GG M PE Gy M T S W D L WO GO WS TH WS SR VS N e L Om e T MR U G0 G R 4 TF 6 &0

AT

Sno  Size Additive HRj Ty HRh Tu Atmosphere
2-85-1 FAP Fe203 2.10 247.0 2.00 352.9 Air
2-85..2 14.80 218.9 7.90 396.2 "
2-8h-2 " " 4.20 251.3 L4.00 369.1 "
2-86-1 " " 12,20 250.0 8.00 % No at 82 cm.
2-91-1 " " 2,20 2u8.2 2.00 357 "
2-91.2 " " h.10 2,18.9 3.80 280.0 "
2-%9-1 MAP " 13.70 250.1 9.13 4L401.9 Air
2-62-3 " L..30 252.9 L4.13 1400.0 "
2-82-2 " " 2,20 250,9 2.13 372.9 "
2-81-1 " " 2.20 250.1 2.1 372.5 "
2-82-1 " " 13,50 252.5 8.38 [}19.1 Ny at 82 cm,
2-83-2 " " L3 251.7 L.13 395.1
2-83-1 " " i.li 2?1.3 2413 372.6 "
2-79-2 FAP Als0 Le 2h9.7 .00 396.3 Aip
3"%0"2 " 2"3 1 g 252.1 .OO u.lSo
2-81-2 . " 2.7 252.5 2.25 355 "
2-78-2 " " hol6 255,6 L.13 7 No 2 32 cm,
2-78-3 " " 11.45 251.3 9.75 hl9 "
2-80-1 " " 2.37 253.6 2,00 375.9 "
2-76-1 MAP " L3} 247.8 3.88 )0L.9 Air
2-76-2 n " 12.70 251,7 10,38 L33, "
2-77-2 " n 1.97 248.5 2.25 3686,1 i
2-76-3 " " .3} 252.1 %.OO 397.0 Np at 82 cm,
2-77-1 " " 13,03 252.5 8.00 L35.9 "
2-78-1 " " 2.08 252,1 2.13 371l.i "
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Table j;1lli. Summary of activation energies calculated
for AP of wvarious sizes with added
catalysts.

G D T M GO B G AN m DGR B UL L GO T G AP T A S S R G G G S e G D s B W G TS AL SN WO G P WP RS Gu BB S D e e e Ry =

Act, Energy
(kcal./mole’

D P B e A W TR D D S R AR D G Ey WE W S SO GRS NG T M WE T Gy G O S G S G S b G D e e P B St G N b PE B O S B b WO OB e

Fine AP/Fe203

n
n

"

Medium AP/
Fep0,

n-
]

Fine AP/A1203

Medium AP/
A1504
1

"

N4
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Table ;#15, Summary of peak temperatures for various
particle size AP samples containing different
catalysts.

The following abbreviations nave been employed in the
following listing:

Size of AP material; F = fine, M = medium and C = coarse.

(1)

Aluninum oxide = (2)

Catalysts: Iron (III) oxide

Collcidal iron oxide, organosol, {Diamond

Chemical Co,) = (3)

Manganese dioxide = (l)
Copper (II) oxide = (5)
Zinc oxide = (6)
Cadmium oxide =(7)
Ferrocene = (8)
Butylferrocene = (9)

Hexammine iron (II) perchlorate = (10)

Catalyst Size  Rate of In degrees Centigrade
& its % of heating T T T T
of mixture AP 0¢./min, 3 b
(1) 5% C 2 247.0  363.1

I 27,0  388.4

10 2hTdi  [17.6
(2) 5% c 2 219.8  395.5

Ly 250.5 L36.6

10 219.8 7.1

(Continued)

B e el




(Zontinued)

Catalyst
&its 4
of mixture

(5) 5%

(6) 5%

(Continued)

M

=

53a

D e Gt s P D e P v S8 S G G S G W D e A D T M G A P D et B M D A S B WD EE Y W ST G0 ML S G5 G WS U ER G G G TR GG EE GE e S D

Rate of In degrecs Centigrade T
heatin T T T
°C./m1§. + 2 3 b
2 250,5 281.3 303.3 2.3
Iy 218.8 289,1  310.3 §u8.3
10 7.y 293.1  383.1
2 251.0 294.4 307.2 355.2
L 2h7.8  302.6 360.9
10 225.9 235.5 268.4  36L.3
2 2hb.6  329.4  340.L
L 245.0  300,3  306.7 37h.ly
10 245.0 257.9 325.2 1150.5
7 25h.0 26,9  316.0 379.0
5 252,5  296,0 31h.5  353.7
2 250.9 292.6 307.2 3,3.8
Iy 250.1 307.2 362.4L
10 an8.2  253.3 311.0 366.1
i 2?2.1 398,5
2h6.,1  332.1  }29.1
10 2y8.5 308.3 385.7
2 250.5  376.7
L 25ho% 333.9
10 2L7. 38,0
2 28.8  35h.h
1. 250.1  35L.h
10 25,1 365,.L
2 247.8  285.,2  297.9
L 250.5  332.i
10 24h9.7  353.7
2 250.9 296.&  307.6
Iy 250.9  312,2  32h.4
10 252.1  349.9
10 251.,3  346.2




{(Continued)

53b

IR e S P TR T D a G W 0 S S WE MR GR WS B WP WY EE W (1) S GU e G6 e GV Gep e U M G el B WO T WP G W BO WS SR ED TV A S W e AN A GO N A e

Catalyst
& its @
of mixture

In degrees Centigrade

T

I3

D G D B WD S D T TS D GO WS WP G ED D AL M O ML D W CuP BN G S P G D S G P AN I AR B S P G GHD G P R W S e WP N G D S O S M Y G e

(8) 5%

(9) 5%

(9) 33%

(9) 50%

(9) 5%

(7) 5%
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