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COMBUSTION, VITH AN APPENDIX ON PERCHLORIC ACID

by

G. S. Pearson

SUEIMARY

the thermal decomposition and corbustion of both non-metallic and
metallic perchlorates are reviewed, Particular attention is given to those
perchlorates that have been considered for use in solid propellents including
ammonium, hydrazine, hydroxylamine, nitrosyi, nitronium, lithium and
potassium perchlorates, Previous reviews orn ammonium perchlorate and on
perchloric acid have becn brought up-to-date. The previous review* on

perchloric acid is included as an appendix,

Common features in the behaviour of the perchlorates are ascertained

and comparative data tabulated. 4Arces for future study are indicated,

* Previously issued as R.P,E. Technical Memorandum 352,
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1 INTRODUCTION

Perchlorates have been used extensively as oxidizers in explosives,
More recently, they have found an increasing use as oxidizers in solid
propellents, In particular, ammonium perchlorate is used in composite
propellents in which the oxidizer crystals are incorporated in a polymeric
fuel binder,

In renent years the search for more energetic solid propellents has
stimulated the revival of interest in other perchlorates, and especially
in non-metallic perchlorates, as possible propellent ingredients., This
review collates the available data on a wide range of perchlorates, and
attempts to ascertain the common features in the behaviour of these
perchlorates, The previous reviews on perciloric ac:i.d1 and ammonium
perchlorate2 are supplemented by material recently published® The final
section tabulates and discusses comperative data for the perchlorates
reviewed, Indications are given of areas where future research would be
valuable,

2 NITROSYL PERCHLORATE, NOC1O "

2.1 General

Nitrosyl perchlorate was first prepared by Hofmann and von Zed.twitz3

in 1909 by passing a mixture of NO and NO2 into 72% perchloric acid:

2H010h + 30 + M0, — ZNOCIOL +HO . (1)

The nitrosyl perchlorate was precipitated in the form of colourless
crystals. A much improved yield was obtained by Cruse et al.h by passing
nitrogen oxides into a mixture containing concentrated sulphuric acid and
sodium perchlorate in the ratioc 1:7.

High purity nitrosyl perchlorate (99.7%) has recently been prepared5
by reaction of cold 70% perchloric acid with excess nitrogen tetroxide in
99% nitric acid at -5 to =10°C. The crystalline nitrosyl perchlorate
separates out and is drieds A similar me't:hccd6 reacts chlorine heptoxide
with anhydrous nitric acid or RFNA in excess at -78°C in the presence of a

dehydrating agent,

he The literature survey for the present review was completed on
1 March 1968,




Nitrosyl perchlorate is stable at roam tempersture but is decamposed by
heat to yield nitrogen oxides. Some general properties-,.w are summarized in
Table 1, Other propérties are described in a repm" in which its usc as a
solid propellent was considered. It is readily hydrolysed to nitrous and
perchloric acids:

mc1o# + Hzo — m:o2 + acloh . (2)

It is extremely hygroscopic; consequently a protective coating is
required where atmospheric moisture is present., Since nitrosyl perchlorate
has been found not to react with vinyl chloride polymers, these have been
usel for such coatings.

The reactions of nitrosyl perchlorate with some organic campounis are
generslly vigorous and frequently result in explosion". In particular, a
solution of 25% by volume of aniline in ethyl alcohol ignited readily on
contact with nitrosyl perchlorate.

Nitrosyl perchlorate has also been used in a methorl12 for prepering
annydrous metal perchlorates with simultaneous production of nitrosyl

compounds,
2,2 Thermochemistry

The heat of formation was measured by Cruse et a.].1 3 froan the heat of
reaction of nitrosyl perchlorate with sodium hydroxide:

9NOCth + 16NaOH = 9NaCth + 6Na.N02 + N&NO3 + 2NO + 81{20 o (3)

The value initially der:i.ved13 was =39,6 *0.3 keal mole"‘l but this was
later recalculated“* using better auxiliary heats . formation to be =41.79
*0,08 keal mole-1. However, these auxiliary heats of formation do not corre-
spond well with the values given in the N. B, S. Circular 500 15 .

The discrepancy between the values obtained for the heat of formation
of potassium perchlorate by Johnson and Gilliland16 and by Vorob'ev et al.17’18
has been described previously". Recently, direct determinations of the heats
of decomposition of sodium and silver perchlorates have been made by Gilliland
and We.gxnan19. Solution calorimetry was then used to relate these heats of




decamposition to the heat of decomposition of potassium perchlorate. The heat
of decomposition derived was

AH = =1oly1 $0.20 keal mole '

which may be campared to the previous values of Johmson and Gillilana'®

BH = ~0.96 0,08 keal mole ™

and of Voroblev et a].17’18

AH = «2,55 $0,18 keal mole~! o

These had1 to values for the heat of formation of perchloric acid in aqueous
solution of ~30.58, =31.03 and =29.93 kcal mole.1 respectively or a best mean
value of =30.51 keal mole e

Recalculation of Cruse's dats using later N.B.S. values'> 2! yields a
value far the heat of formation of nitrosyl perchlorate of

M, = =36.8 20} keal mole™ '

2.3 Thermal decomposition

Cruse et 31?2 studied the thermal decomposition by heating a sample at
a rate of about 3 deg C min-1. Decomposition began below 100% with the evolu-
tin of a yellow gas, A =mall explosion was observed at 115-120°C and a brown
gas was evolved above 1w°0. Analyses of the product gas suggested that the
initial decomposition was:

2M0010, — N0 + 2C10, + %02 , ()

followed by decomposition of the nitrogen and chlorine oxides correcsponding to
the overall reaction:

2M0C10, — N0, +CL, + 30, . | (5)

Markowitz et al.9 studied the decomposition of a 0.5 gm sample at 3«5 torr
and 92° and found that weight losses of 27, 61, 91 and 100% occurred after 3,

ek
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6, 9 and 12 hours respectively. At a higher temperature, 100%C, the losses
were 65, 80 and 99% after 3, 6 and 9 hours respectively. Diffcrential thermal
analysis (DIA) experiments showed no sign of a crystallographic transitian
when samples were heated from O to 100°C_ at heating rates of 5 and

10 deg C per minute.

Later work by Rosolovskiiw’ 23 in which nitrosyl percihlorate was decom=

posed at 99°c at a pressure of 1 torr showed that nitronium percnlorate was
present in the residue., Experiments were stopped at various stages and botn
the so0lid residue and the gaseous products were analysed. The presence of
nitronium perchlorate was confirmed by the infrared spectrum of the solid,

The ratio of chlorjne to nitrogen found in the product gases was close
to ‘nity and the presence of chlorine dioxide was shown by measuring the
absorption spectrum of an aqueous solution of the product gases. The major
nitrogen containing species was nitrogen dipxide. The proposed mechanism
was:

2N0C10 + N0

— N0,C10 + C10, (6)

L L 2

followed by
N0,010, — N0, + C10, + 0, » (”

It was suggested that the chlorine found in the products results fram pyrelysis
of chlarine dioxide. The ratio NOZCIOL:NOCth wvas found to increase throughout
the decomposition, thus showing that the rate of pyrolysis of nitronium per-
chlorate is samewhat slower than that of nitresyl perchlorate.

DTA curves at a heating rate of 3 deg C per minute sho'.ved10’23 two
resolved endothermic regions; the first at 100—125°C was ascribed to nitrosyl
perchlorate decomposition and the second at 165—180°C to nitronium perchlorate
decamposition. The effect of addition of cadmium or zinc oxide to nitrosyl
perchlorate in a molar ratio of oxide :NOCIOL of about 1:). was examrlned24 by DTA
experiments, The endotherms at 100-12500 were again observed but that at
165-180% was replaced by an endotherm at 255-260°C with cedmium oxide and at
260-270°G with zinc oxide. It was suggested that the endotherms at the higher
temperatures corresponded to the decomposition of anhydrous cadmium and zine
perchlorates respectively. Infrared spectrz confirmed thet the solid residue




4L

contained the metal perchlorate along with nitranium perchlorate. The almost
pure (>99%) zinc perchlorate could be obtained by decomposing the nitronium
perchlorate by prolonged heating in vacuo. The cadmium perchlorate was
thermally unstable and could not be isolated in this way,

The formation of nitroniuvm perchlorate by thermal decomposition of
nitrosyl perchlorate has been confimed25 by X-ray examination of the residue
from decomposition at 430-1 50°C in dry nitrogen at 1 atmospiers. The increase
in nitronium perchlorate content of the residue was found to increase mcno-
tonically with the extent of decomposition of the nitrosyl percrlorate.

It is concluded that the mechanism indicated by equations (6) and (7)
explains the observati:ms so Tar made. No estimates have yet been obtained
of the activation energy or the rate constant for the decomposition, although
nitrosyl perchlorate clearly decomposes at a {faster rate than nitronium

perchlorate,
2+ Conbustion

Nitrosyl perchlorate has been little considered as a rocket propellent
since it is less stable than nitronium perchlorate and also contains less
oxygen. However, a proposaal11 was made in 1941 to use it as a propellent
with ammonia as a fuel, since it was known that ammonia ignited spontaneously
and burnt smoothly when passed over solid nitrosyl perchlorate. It was
proposed to operate with an ammonia excess thereby reducing the combustion
temperature to about 1500°C,

An ignition delay was observed when ammonia was passed over the solid
perchlorate but immediate ignition was achieved when the perchlorate was pre-
heated to 100°C. The burning rate of nitrosyl perchlorate in the form of
15 L mm diameter rods in an ammohia flow of about 500 cm3 sec-1 was generally
about 1 mm sec:"1 although values as high as 3 mm sec"1 were recordeds Ilowever

the burning surface was usually conical in shapes

Mixtures of nitrosyl perchlorate and activated carbon powder burnt at
atmospheric pressure. A 1:5 mixture tamped into a 13 mm diameter glass tube
had a burming rate of 5 mm sec—1. It was suggested that such a mixture could
be used to vaporize the nitrosyl perchlorate which would then react fully with
the ammonia.

The handling of such a reactive and hygroscopic material is formidable
and no further combustion studies have been reported. The problems of handling
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nitrosyl perchlorate are similar to those for nitronium perclilorate, which is
also energetically a mare attractive oxidizer,

3 NITRONIUM PERCHLORATE, MO,C10

2
3«1 General
Hantzsoh20?27 mixed anhydrous nitric and perchloric acids snd cbtained

two distinct perchlorates,depending on the proportions of the acids,far which
he proposed:

HNO, + HCIO, —» (azmo;) (010;) (8)

3

HNO, + 2HC10, — (H No**) (0104)2 . (9)

3 4

However, no special precautions were taken to exclude moisture and samples used
for analysis were freed from excess acid on porous tiles in the laboratory
atmosphere, This work was repeated by Goddard et al?8 taking care to reduce
exposure to the atmosphere as much as possible and using as low a temperature
as possible to minimise the thermal decompcsition of the reactants. They
found that the perchlorates proposed by Hantzsch ((8) and (9)) were not pro=-
duced but that mixtures of nitronium perchlorate and perchleric acid meno=
hydrate were formed.

However, the existence of the perchlorates postulated by Hantzsch has

recently been re-examined by Roussele'l:.z%3 !

s Who studied the solid-liquid phase
diagram for the binary system N02010 )" T-Iuloh.H O. This was characterizcd by
three invariants - one at -24,0 % corresponding to the crystal transition of

perchloric acid monohydrate:

HO10,.H,0 S==HO10) . H,0 (10)

1 a B

the second at 38.6°C to a eutectic between perchloric acid monohydrate and a
new compound, and the third at 51.0°G to the incongruent melting point of the
new compound which decomposed to nitronium perchloratc and a liquid, The new
compound was shown to be HNO3.2H010 L which is'equivalent to the perchlorate
(H ) (c1oh)2 formed in reaction (9).

This compound was found to be formed readily by direct contact of ver-
chloric acid monohydrate with nitronium perchlorate because the thermal effect,
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as shown by a DTA curve, was virtually the samc whether the reactants were
mixed briefly or for a long period. It was also formed by reaction at 0%

of 2 moles of anhydrous perchloric acid with 1 mole of anhydrous nitric acide
The products were shown to be identical by X~ray spectra which were different
from the X-ray spectra of perchlaric acid monohydrate and of nitronium
perchlorate. .

Later work31 has shown by infrared spectrometry that the compound is
+y (o ) (c107
actually the double perchlorate (Hjo ) (v0,) (01.0;)2 and not (Hsﬂo3 ) ( l+)2
as suggested by Hantzsch.

The ternary system 01207 - N205 ~ H_O has recently been re~examined by

2
Rosolovskii et al.32 and Skorrc:alchodo\r3 3 o The arystalline campounds observed

were

(i) NoaclOA.Z{ZO (or fmoj.ncloh.nzo) ’

(ii) NO,C10 .H ocmh (or HNO .HClOu.2H2O) ’

2 43 3
PPN .1 10 .
(ii1) N02c1oh 3,

The stability of these campounds increases from (i) to (iii): (i) is
stable at 0% only in contact with the mother liquor, (ii) is stable up to
50°C s when it meltse It can be distilled without change at 30°C and 1 torr,
and (iii) starts to melt at about 100%C and becamcs yellow at 130%C. The

structures of the observed compounds were not examineds

Nitronium perchlorate may be prepared by reaction of nitrogen pentoxide
and anhydrous perchloric acid '

1
N0 + HOO, —>NOCIO, + HNO; (11)

which yieléls.28 a sample >99% pure. Nitrosyl perchlorate is an impurity present
to the extent of about 0.2%. Other methods include the reaction of chlorine
heptoxide with nitric acid in the presence of a dehydrating agent

C1,0, + HNO, — NOC10, + HOO, (12)

7 b b

or passing nitrogen pentoxide diluted with oxygen through a solution of
30

chlorine heptoxide in carbon tetrachloride” ,
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Nitronium perchlorate mey also be prepo.redy"' 36 by reaction of ozonized
air, i.e. a mixture of ozone and nitrogen oxides, with chlorine dioxide:
0

+ 20102 + 60, — ZWOZCIOh + 702 . (13)

2 3

It is a colourless crystalline campound stable at rocm temperatwre which
decomposes on heating. Some propertiesndd are presented in Table 2. It is
extremely hygroscopic and absarbs water to produce nitric and perchloric
acids,

NOC10, + HQ — HNO, + HCIO0 (14)

Ix ]
although solution in water results in only moderate evolution of heat.

Ramanl'z’u, infrared™ and J{---raqr3 7540545 aminations of nitronium

perchlorate have shown the structure to be NOECZID; with a monoclinig unit
o
cells The bond lengths are 41.)64 *0.007 A for C1-0 and 1.10 *0.01 A for

N-O.

Nitronium perchlorate reacts violently with many organic compounds, and
ignition and explosion may result as was observed‘w with acetone, dietnyl
ether and benzene. However, its solution in nitromethane gently nitrates

28
aramatic compounds .

Complex metal perchlorates of the type NOzAl(Cloh) , &nd (l\'Oz) 3“1(0304)6
have recently been prepared” . In general, they appesr to be samewihat reactive
and thermally unstable, although energetically they should be attractive as
oxidizers for high energy solid propellents.

3¢2  Thermochemistry
41

The heat of solution in water at 21+.7°C was determined by Cordes” who
obtained a value of -20.4 *0.4 kecal mole ' for solution of 1 mole of
perchlorate in 102" moles of water:

-1
= "‘2 Y ot * 1 [y

2
cessse(1h)

The thermochemical data then available15 gave a heat of formation of

840 044 keal mo?l:e""l for crystalline nitronium perchlorates Recalculation

using later heats of formation' * 20 yields a value of 8+7 Q4 keal mole™ .
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The heat of neutralization in potassium hydroxide was later determined
by Gilliland.” who obtained a heat of formetion of 8.88 $0.25 kcal mole"1 in
good agreement with the recalculated value fram the work of Cordes. '

3¢3 Thermal decomposition
Nitronium perchlorate was obcervedza’y ' to decompose without explosion
at 120-135°C with the evolution of nitrogen dioxide.

The first comprehensive study was mede by Cordes*! who studied the
decomposition of powder samples in vacuo at 70 to 112%. Tae products were
condensed in cold traps and then analysed by mass spectrametere. 7The main
conponents were oxygen, nitrogen dioxide, chlorine, chlorine dioxide and
NO 3(!1 together with small amounts of nitrogen pentoxide. The analytical
results were quite variable dque to the diffcrent extents of reaction and
decomposition of the products in the cold trap. The degree of decamposition was
calculated from the rate of pressuwre increases Rate constants were then
obtained using Mampel's theory for the decomposition of uniform spherical
perticles which gave an excellent fit to the experimental data for 0.54 to 95%
decomposition. The rate curves suggested that a first-order initiation of
nuclei was followed by a threec dimensional growth of these nuclei with rate
constants

1206 e~23,500/m' -l

sec
12,5 =27,500/RT  _4
e Sce

Initiation ¢ k = 10

Growth =10

w
]

and an induction time given by

40=15+0 e+30,7oo/1'«'r -4

T = see

The mechanism for the decomposition was spcculative, three stages being

postulated:

(1) Reactions in the solid

cmz'; —Clo, + e, :
. r (15)
2 —> NO, o

e + NO 2
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(2) Desorption

(3) Reactions in the gas phase

clo, — 10, +0,, ,

NO +0102—’NO + Clo , {

2 3

N0, + CI0 — NOCL, ? (17)

X0 - 012+°2’

YO, + N03 — NO; = N, + %02 .

S

The solid residue was not analysed. The rate constants were independent
of sample size which indicated that the product goses hed little effect on the
decomposition under these conditions.

Marshall and Lewis*® re-examined the thermal deccmposition end found that
it began at 50°C and that the stability appeared to be related to the purity.
They showed that,at 65°C in sealed tubes, nitrosyl perchlorate was a major
decomposition producte Mareover, nitrogen tetroxide in the liquid phase was
shown to convert nitronium perchlorate to nitrosyl perchlorate, quentitatively.

Decomposition in vacuo at 65°C was found to proceed in four stages:
(1) ean immediate deposit of sublimate on heating the sample to 65°C,

(2) an induction period of 24~40 hours dwring which no gas evolution

was observed,

(3) an initially slow but rapidly increasing production o oxygen which
reached a2 maximum at about 100 hours with simultoncous appearance of & yellow
condensate in a trep at ~196°C and finally,

(4) = gradual slow decrzase in the rate of oxygen evolutione
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The amount of oxygen liberated per grem weignt loss varied fram 15+5 to
6.5 moles indicating a change in the mechanism or the increasing importance of
& secondary reaction. Analysis of the solid residue by X-ray, Ramen and wet
analysis techniques showed that nitrosyl perchlorate was present in substantial
quantities. The maximum rate of formation of nitrosyl perchlorate was found
to coincide with the maximm rate of decamposition of nitronium perchlorate.
Purther, the nitrosyl perchlorate appeared to decompose faster than the
nitranium perchlorate (cf. scction 2.3)e

The sublimate was shown to be nitronium perchlorate and did not contain
nitrosyl perchlorate. Sublimation was independent of the decomposition and
occurred at an almost constant rate of about 3 to § of that of the
decamposition.

The mechanism proposed for the decomposition was in two stages:

—— 1 18
No,C10, —» HOCWO, + 30, (18)

followed by
NOCID, — NO, + CI0, + %02 . (19)

Additionally, the following reaction would be required in the decomposition in
sealed tubes
N020]0 + N20

—» NOCIO, + N.O_ «»

w0, w0 (20)

It is concluded that decompcsition is probably initiated by reaction (18)
forming nitrosyl perchlorate, and that the instebility of nitronium perchlorate
arises fram the particular NOZ and C10, combination, since complex nitronium
perchlor:éez;uch aso(NOZ) 3A1(0104) ¢ &nd NOZZn(uloh_) 5 are quantitatively
prepared” 7’ at 125 Ce

The various studies of nitronium perchlorate in which the X-ray, infrared
and Raman spectra have been measured also indicate that samething less then a
truly ionic crystal lattice is presents This would be expected to facilitate
the decamposition.

Recently, the photochemical ard thermal decomposition of nitronium
perchlorate have been examined by Maycock et a1.50’5 1. In the photochemical
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study a sample of sbout 500 mg was irradiated by en unfiltered high pressure
mercury arc and the kinetics of gas evolution studied as & function of intensity,
temperature in the rangs -0 to +25°C, and time of irradiation. The absorption
spectrue of a single crystal showed nitrmiwg perchlcrate to be tranaparent ir
the visible region and to absorb below 3400 A. The rate of evolution of oxygen
and nitric oxide, after an initial period of acceleration and deceleraztion,
remained constant with time. There was also a small but definite irduction
periode. Gaseous products were shom not to affect the rate of gas cvolutione

An Arrhenius type plot of the temperature dependence of rate of gas evolution
(gases not trapped by methanol-solid carbon dioxide) gave activation encrgics
of 10,5 keal mole | for irradiations of 2 and 6 minutes and of 8.25 kcal mole
for 30 minutes. Mass spectrometric analysis of an untrapped sample cf product
ges showed the presence of oxygen, nitric oxide, chlorine, nitrogen dioxide,
chlorine dioxide and C10 (in order of decreasing sbundance)e The oxides of
chlorine were minor constituents.

-1

It was ;u'oposed5 0 that two processes, releasing oxygen and nitric oxide,
were taking place simultenecously. The first process occurred ¢uite rapidly
and resulted in the initial fast rate but was considered to be dependent on
the existence of impurity or trapping centres. This process was postulatcd as

Cl, &= (cw0,)* ,

-ty b e e

(C10,)* + T == (T0I0,)* ,

S
21)
('rcm;)* + (cm;)t —> T4 Cl, + 40, + 2¢° ,
mo; + 28 — ANO, + 2 cation vacancics « |

The traps are thus associasted with two anion vacancies and can no longer
participate in the sbove process (21) which thus dies out to be replaced by the
secand process which does not depend on such centrese This was postulated as
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v,
No, == (Nop)* , ]
c:o; = (cm;:)o , & (22)

(NO;)‘ + (cm;)* —*NO + C10 + 20, » |
No analyses were made of the solid residue after photolysis had been
completed.

The thermal decomposition was studied' at 107> tarr for the temperature

range 100-160% using isothermel constant volume techniques with mass spectro-
metric analysis. Such analysis of the decomposition products indicated the
presence of oxygen, chlarine, chlorine dioxide, C10 and nitric oxide with no

trace of N0301, nor of parent or fragment ions of nitrosyl perchlarate.

Pressure~time curves were cbtained as were curves for the variation in
peak height with time for oxygen, chlorine and nitric oxide. An induction
period of a few minutes was found in contrast to that of several hours
previously observe 47. Analysis of the data for oxygen, chlorine amd nitric

oxide by the Prout-Tompkins equation:
In[a/(1 =a)] = kt+c, (23)

where a is the fractional decomposition in time t and k is the rate
constant, yielded rate constants that agreed within experimental error.

Activation energies of 16e¢11, 14.43 and 15414 kcal mole_“ were obtained
from the oxygen, chlorine and nitric oxide data respectively, with a best
line through all the points carresponding to 143 kcal mole™t,

However, the validit; of applying “his equation was doubtful and con-
sequently the data were re-analysed using the Jacobs-Kureishy method in
which the activation energy of any reaction obeying a single equation of
the form

F(a) = Kkt (24)

cen be obtained by finding the time far the fractional decomposition to

proceed from a = ay to a = Ay
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The oxygen data when trcated in this way gave an activation energy of
16412 keal mole.1, in close agreement with the valuc found from the
Prout-Tompkins equation for the same data.

It is concluded that the activation emergy is 15 #1 keal mole™ .

Re-examination by Maycock and Pai Vemekelj 1 of Cordes d.ad;a}’7 suggested an
activation energy of about 15 kcal mole™ above 100°C and of about 25 keal
mo]a°'1 below 1oo°c, rather than the value reported by Cc:rdesl'7 of 28-30 kcal

mO]B-1 .

The mechanism proposed is

C]OZ — Clo, + e (conduction band) ,

0104 — Cl0, + 0, (in solid phase) , (25)

o —— -

e + No; — T,

The resultant gases, N02, 02 and 0102 then react in the gas phase

NO +C].()2 — NO + 0

2

2010 —Cl,+0, (27)

The overall reaction may be expressed as

M0,£10, — 50, + C1, + 20 , | (28)

although the experimental data do not cleearly show the farmation of NO :Cl2 in

a 2:1 ratio.

It appears probable, as suggested by Maycock and Pai Verneker5 1

s that the
mechanism changes at about 100%. Below this temperature the activation energy
is about 25 kecal mole"1 and nitrosyl perchlorate is a product and above this
temperature the activation energy is 15 kecal mole-1. It has yet to be
established that nitrosyl perchlorate is not farmed at these higher

temperatures.
3e4 Combustion

Nitronium perchlarate not only contains the highest percentage of oxygen
of all the simple inarganic perchlorates considered in this review but it is
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also an endothermic compound. It has thercfore attracted interest as a
possible oxidizer for s01id propellents. It has becen considered as a hybrid
propellent with aniline or wnsymmetrical dimethylhydrazine as the fuel and
the apecific impulse has been calculated’,

However, it is diffioult to handle nitronium perchlarate safely because
it is sensitive. The sensitivity can be reduccd by encapsulating the nitronium
perchlorate crystals with a thin film of polymer”2, It is important that the
nitronium perchlorate should be free fram perchlaric acid otherwise reaction
will occur with the polymer coating, or with the polymer in the propellent if
the perchlorate is not encapeulateds 3.

The burning rate of strands of nitronium perchlorate propellents has been
studiedsl* for a range of fuels: polyiscbutene, varaffin wax (m.pt. 91°C),
synthetic wax (m.pt. 200°C) and tetramethyl ammonium chloride (mepte 425°c).
The nitronium perchlorate was used either as received as a fine powder (23 u)
or as recrystallized from nitric acid (110 p)e In the latter case the stranis
were prepared by pressing and not by extrusion. Burning rates were in the
range 0.5 to 5.0 inch secq at 1000 psi. It was found that the burning rates
for strands containing 70% weight nitronium percilorate (23 p) were much lower
then those for strands with 60j% by weight nitronium perchlorate (1100 p)e
This is the reverse fram thet predicted by Summerfield's granular diffusion
flame theorf 5. Photographs of strands burning at 1 atm show that nitronium
perchlarate particles are ejected from the suface of nitronium perchlarate~
paraffin wax strands.” Such ejection vas not observed under these conditions
for ammonium perchlorate peraffin wax strands, although it has been found
under other conditions for ammonium perchlorate p:cope].lem:sa’5 6. Nor was
ejection observed for nitronium perchlorate-tetramethyl enmonium chloride
strands in which the fuel has a much lower volatility. An ammonium perchlorate
strand with the same fuel could not be ignited even at 1000 psi, which further
emphasises the high reactivity of the nitronium perchlarate or of its
decomposition products.

It was concluded that oxidizer-fuel reaction at the interface was exiremely
rapid, whilst the oxidizer particle appeared to decompose at 2 relatively slow
rate governed by heat transfer from the suwrrounding diffusion flame. It is
true that nitronium perchlorate, unlike ammonium perchlorate, ceannot support
a flame by self-decomposition ard thus burn as a monopropellente




Linear pyrolysis stlﬂ.iessl’ of pure nitronium perchlorate have shoin that

it pyrolyses fairly slowly but smoothly. On the other hand, mixtures with 5%
finely ground synthetic wax decomposed violently ceusing tiae porous metal hot
plates to rupture. Further, thc reactions appesred to be oscillatory, wirich was
not observed with ammonium perchlarate-fuel mixturess An estimeted heat of
vaporization for nitronium perchlorate was obtained of 175 cal g:xx'"1 exothcrmic,
but this was probably in error on account of reaction between the pyrolysis
products and the steinless steel platee

Experiments on T-burner firings with nitronium perchlorate indicatedsl*
that contamination with moisture resulted in explosion. However, even when
great care was taken to exclude moisture, a transition to a high burning rate

was observed within 200 msec after ignition.

4 HYDRAZINE MONOPERCHLCRATE, N A 5CIO

Hydrazine forms two perchlorates - the monopcrchlorate ) ‘\IZH ClO and the
diperchlorate NZH 010 .HCID As their decamposition and cunbustlon are quite
different57, the mmoperchlorate is described in this section and the
diperchlorate is discussed in section 5 Their general properties5 8-66 have,

however, been collected together in a single table (Table 3).

Le1 General

67 in 1907

by neutralizing a dilute solution of hydrazine hydrate with perchloric acid

Hydrazine monoperchlorate (HP) was first prepared by Salvadori

followed by evaporation on a water-bathe Later preparations have followed the

same route. Experimental details are given, for example, by Levy et a].63 and
by Batty and Martin62. The latter workers emphasized the need to avoid contact
with metal of any kind since soluble metal salts cause decomposition of HP. An

alternative route by reaction of hydrazine and amuonium perchlorate has been

patentedes.

HP is a white crystalline solid which has been re;oorted5 9 to be more

impact-sensitive than pentaerythritol tetranitrate. However, Levy et al.63 did

not experience any explosions during the careful handling of HP. Stern68 has
shown that the sensitivity depends markedly on the water content and that the
hemihydrate is much less sensitive than anhydrous HP. Some general properties

are summarized along with the properties of the diperchlorate in Table 3e
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Le2 Thermochemistry

The heat of solution deternined by Shidlovskii et 81.?? was Q77 keal mole™
for a 1:1000 dilution in reasonable agreement with the earlier value69 of
9426 keal mole ' for a 1:600 dilution. The heat of solution’? may be carbined
with values for the heat of formation of C10, amd Nzﬁg ions of -30.48 and

<18 keal mole respectively to yield:

4

~32.28 keal mole™ ,

aH, N2H5C]Ol+ (aq)

~42,05 keal mole™ o

A, Nzﬁsclol‘. (s)

Another value may be deduced fram the heat of djisociation to hydrazine

and perchloric acid obtained by Levy’>,

-1
AHvap I12H5th (1) = 5942 kcal mole

which, with va.lues1’19 for the heats of formation of perchloric acid and
hydrazine of =1+20 and 12.10 keal mole-1, gives

. -1
bt o NZHSCJ‘OL,. (1) = =483 kcal mole '

The heat of fusion was determined to be 3.84 keal mole-‘| by Ra’chmann&l and "4
1468 keal mole" " by Battyéz. The latter value was determined fram the
solubility curves for HP in ethanol which is unlikely to behave as an ideal

solutions Consequently the former value is used to ocbtain
-1
M, N2H5010LF (s) = <=Lheli6 keal mole

The agreement with that derived from Shidlovskii must be considered
good in view of the difficulties of preparing and handling a pure sample of
HPs The best value is considered to be that derived from the heet of
solution, =42.05 kecal mole™,

The hemihydrate has been studied by Gilbert65 69 who determined its
heat of sclution to be 114170 kcal mole-1 for a dilution of 1:670 and its
heat of dehydration to be =6.977 kcal mole-1. The heat of solution may be

cambined with that for solution of HP (for consistency Gilbert's value is
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used here) to yield a heat of hydration of =1.913 £0.02 keal mole™ e This in
turn gives

1 - o -
&H, Nza5cmk.§nzo (8) = =77.925 kecal mole & .
The heat of dehydration gives a very similar value
9 0-1
bH, N 5cml*.aﬁzo (s) = =78.120 kcal mole

More recently, Carlton and 1’..e\':.’|.s7'0 obtained a value of ~3.8 xcal mole~1 for
the heat of dehydration of the hemihydrate which yields

iy NH,CI0, 30,0 (8) = =79.75 keal role™! o

The consistency of the earlier results is favoured and consequently a best
value of ~78¢02 #0410 kecal xnole"'1 is taken.

4e3 Thermal decomposition

Early statements indicated5 8 that HP decomposed near its melting point of
11;200. The first camprehensive study vas by Shidlovskii et e.l.5 ? vho studied
the weight loss cf HP when held at a given temperature far 6 minutes.
Decomposition was measurable at 180% (0.3%) and increased up to 240°%C (5ekin) 3
rapid combustion was observed at 250°C. Determination of the ‘ignition point!
by heating a 0.2 g sample from 100°C at a rate of 20 deg C min-1 gave a tempera=
ture of 277—28300 far HP as compared to 360°%C for ammonium perchlorates The
thermal stebility of HP is thus much less than that of ammonium perchlarates

Catalytic additions of 5, manganese dioxide or cuprous chlorids to HP
reduced this ignition point to 254~259°C and to 170°% respectivelys
7

Thermel decomposition at 150—230°c was examined by Hermoni and Sealmon
who also analysed the products of the decompositions The final products below
200% were anmonium perchlerate, hydrazine hydrochloride, water, nitrogen and a
very small amount of chlerine. The rvate of decomposition was followed by the
pressure increase in a constant volume vacuum systeme Tho rate fitted a first
order law and the temperature dependence of the rate constant gave values for

the Arrhenius paremeters of
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E = 20 20,3 keal mole”', A = 5.9 %0.3 min™ (presumsbly 10°°7)
The proposed mechanism was a rate determining step,
N0, — M,010, + 51« + %nz ’ (29)
fol'loweci by
4, + NJLI, — NHCL4+ WHO . (30)

Analyses for NZHA’ NH; and C1  were said to be in good agreement with
those expected fram these equations.

'ahe decomposition at 1w-2m°c has also been studied by Grelecki and
972

and of the solid phase by conventional techniquese Their results were in

general agreement with those of Hermoni and Salmon71. The overall stoichio-

metry could be represented by

Cruice Analyses of the vapour phase were made mass spectrometrically

+ SHO o (31)

N2H5c1o — ZNH,C10, + 3NH,C1 + 2N )

A MR A 2

The rate accelerated during the first 10% of reaction and then

remained constant for 10-70% decamposition. An activation energy was

deduced for the 10~70;¢ part of the decomposition to be 2348 kecal mole 1o

The mechanism proposed was proton transfer

5c1oh — NH, + HcmlF ’ (32)

followed by decomposition of the perchloric acid to yield radicals which
react with the HP:

HC10, — OH + C10; (33)
OH + N2H50304 — B0 + NH,CI0, + 3 (3u)

\
0103 + 7Nzﬂ5cloz+ — MO + emrxhcm4 + TN, + NHACl + chlolF s (35)

23
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which agrees with the overall reaction (31). It was proposcd that the rate
catrolling step was the perchlaric acid pyrolysise

The thermal decomposition of the hemihydrate has been examined by
Jaccbs and Russellqlcmes73 L at the higher temperature range of 180-280C.
The hemihydrate is dehydrated®? to anhydrous HP by heating at 60+5°C
Consequently, the thermal decomposition studied was actuelly that of HP.

The rate of decomposition was studied both from pressure increase on decom-
position in vacuo and by thermogravimetry at 1 atm, In both cases the rate
decreased throughout and did not confarm to any of the usual equations (sec
equations used for ammonium perchlorate decamposition in Ref.2)e Ccnsequently,
rate coanstants were determined from the initial slol;es. Activation energies
obtained fram pressure increase and thermogravimetry were 36¢5 kcal mole-'1 and
3568 kecal mt:lem1 respactively. The rate of decouposition was significantly
greater in silica than in Pyrex but had the same activation cnergye

Thermogravime try showed a point of inflexion at 33,5 decompositione
Infrared and X-ray spectra of the residue at this point in the decgmposition
showed the residue to be ammonium perchlorate. It was suggested that the

mechanism involves proton transfer with veporization of the products:
1\12115&0[+ — N, + HCJDLF R (32)

Tollowed by heterogeneous decomposition of the perchloric acid and of the
hydrazine, and oxidation of the hydrazinue by decomposition products of the
perchloric acide The overall equation, from product analyses and thermo-

gravimetry, was

21\12H50101+ —> 0.8 NHACIOA + 0.70, + 146 N, + 0.6 012 + 3ol HQ . (36)
bl  Sublimation

The vaporization products of HP have been shown75’76

» Dy & cold metrix
isolation technique with infrared identification of the trapped species, to be

hydrazine and perchloric acid:

NHC0, — N + HCIO, o (32)
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However, other infrared bends were cbserved which were assigned to
amonia, water and hydrogen chlaride. A series of experiments at 163-210%C
showed that the intensity of the bands of the ammonia and water but not those
of the hydrogen chloride increased more rapidly with increasing temperature
than those of hydrazine and perchloric acide At temperatures above 200%
bands in the 1050-~1400 e region became cvident. These bands suggest the
presence of a chlorine oxide other than HClOu, 01207, cm2 or 0120.

The rate of vaporization was determined at 180-255°C by Levy et 9,1.63
using a cold-finger sublimation apparatuse The rate of vaporization was
related to the vapour pressure by assuming the evaparation coefficient to be
unity and the mean molecular weight of the vapour to be 66 (average of that
of hydrazine ard perchlaric acid)e The tempcraiure dependence can be
expressed as

) 10810 P(m) = 10.2 -_6_%@_ (37)

which yields a heat of vaporization of 29.2 kcal mole'1. Consequently, the
heat of reaction for equation (32) is 58.4 kcal mole-1. Both the residue
and sublimate in these experiments were analysed and shom to contain
95-10055 HPs 97-99% of the HP used in each experiment was recovered as such,
clearly showing that at 180-235% effectively no decamposition occurs in
sublimation from the melt onto the cold finger. Thus, in thermal decomposi-
tion experiments reaction ocours not in the melt but in the gas phase or on
the reaction vessel walls after evaporation.

Le5 Combustion

It is convenient to describe the combustion of HP in three sub-sections,
the first on pure HP, the second on HP-fuel mixtures and the third on
catalysed systems.

4e5.4 Pure hydrazine perchlorate
67

Salvadori™’ reported that HP burnt smoothly whea ignited, but that it
exploded when strucke However, Shidlovskii et a1.59 were unable to ignite
samples of HP powder packed into glass tubes of 1.05 cm inside diameter
using a white hot wire at atmospheric pressures The perchlorate was
observed to melt and ignite but only a surface layer of 1-2 mm was consamed
before combustion ceased. Mixtures with ammonium perchlarate containing
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-1
from 30 to 607 HP burnt stably in such tubes at rates from 0.13 to 0,22 cm sec
Ammonium perchlorate alone will not burn under these conditions without

prcheating?.

6
A more extensive study has been made by Levy et al 3. “ith pure hydra-

zine perchlorate the behaviour was found to be irreproducible. Smooth
deflagration was ocbserved at 0.24 to 43 atm for both tumped (p = 1¢1 to

1¢3 gm an-s) and pressed (p = 1¢8 t0 1.9 gm cm-s) strands but strands prepared
later in the same way did not burn amoothly. Preheating of these strands
resulted in smooth deflagration at 2, 4 and 6 atm but agair these results could
not be reproduced. It was concluded that this erratic benavicur was fue to the
presence or absence of smell amounts of impwrities which could catalyse a
condensed phase process. This process was considered to be essential for
steady cambustion but to be a relatively mincr part of the whole combustion
Frocesse

It should be roted that Le\ry5 7 has reported that if thc deflagration of
pure HP is attempted by prolenged arplication of a heat source, the iiaterial
usually detonates.

4502 Hydrazire perchlorate-fucl mixtures
57

Levy et al.
8 mm diameter spheres of oxidizer using a technique first used for ammonium
perchlorate cambustion by Barrere and Nadaudn- The deflagration of HP in

streams of methane or propane was many times faster than thuat for anmonium

examined the coambustion with gaseous fuels using pressed

perchlorates It was, however, observed that the hot ignition wire might
remain in contact with the HP sphere for as long as 1 minute with no observable
effect other than the melting of the HP at the point of contuct. Ignition then
occurred and was followed by rapid deflagration. The deflagration was also
observed to be pulsating. Values were deduced for the constant k in the
expression

p? = pl-k, (38)
where D 1is the diameter at time t and D o is the initial diameter, for
ammonium perchlcarate and both hydrazine mono- and di-perchlorate. However,
accurate data were not readily obtained due to experimental difficulties such
as the pulsing mentioned above.
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Various solid fuels have been used>’*®> with HP to obtain mixtures whioh
burn stably over a range of pressures. Paraformaldéhyde and S-trioxane were
unsuitable since they reacted with HP. However, a stabilized formeldehyde
polymer, Delrin, was found to be compatible. 0.5% magnesium oxide was added
to the Delrin mixtures since it was thought that the reaction in the fuel
mixtures was due to the presence of azid in the HP, The magnesium oxide must
also have exerted some effect as a catalyst. Other fuels that were used
successfully were thiourea and naphthalene.

Deflagration- rates were obtained for a range of pressures from 0.26 to
7.7 atm. A straight line, passing through the origin, could be drawn through
the data for all the fuels. The burning rate thus depends not on the nature
of the fuel but only on the ambient pressure:

£ = 0,22p , (39)

where * is the linear burning rate in em seo”! amd p the pressure in
atmospheres absolute, This corresponds at 1 atm to & rate of about

15 times greater than that extrapolated for ammonium perchlorate. Pressures
higher than 7.7 atm resulted either in complete failure to ignite or in a
deflagration down the sides of the strands leaving a central unburnt core,

Temperature profiles of the deflagration wave were made using 0.0005 inch
Pt/10% R%-Pt thermocouples. These indicated little heat release in the con~
densed phase, The flame temperature was measured for HP containing 2%
thiourea and 2% sodium chloride by sodium line reversal. The experimental
value of 2275 150°K was in close enough egreement with the theoretical
temperature of 2224°K for it to be concluded that thermodynamic equilibrium
is achieved in the flame.

4.,5.3 Effect of catalysts

Shidlovskii et a1.59

cobalt oxide (CoO) or cuprous chloride enabled HP to burn stably at

found that addition of 5% of mangenese dioxide,

atmospheric pressure in glass tubes of 1,05 cm inside diameter. The burning
rates are given in Table 4, Addition of Cu2012.2H20 did not give a mixture
that will burn stably.

The burning rates for these catalysed mixtures are much faster than

for the corresponding ammonium perchlorate mixtures.,
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The catalytic effects of copper chromite, potassium dichromate and
magnesium oxide were shown by Levy et al 3. it was observed that for stable
combustion a minimum quantity of about 5% catalyst was required for the
first two, whereas only 2% was required for magnesium oxide. Calcium oxide
gave a burning rate that was somewhat lower than that given for a HP-fuel
nixture. This may have been due to moisture absorption because of the
hygroscopic nature of calcium oxide,

L.5.4 General

It was com:luded63

tion process similar to that of ammonium perchlorate. Two aspects of the
combustion, the erratic nature of the burning of pure HP and the turbulent
behaviour of the molten zone, indicate that a condensed phase reaction

that the mechanism of HP combustion was a vaporiza-

probably plays an important but not dominant role, The effect of catalysts
was considered to involve the catalysis of condensed phase reactions,

Various propellents based on hydrazine perchlorate have been

patented78’ ” although it is doubtful if these can have much practical value

in view of Levy's finding that +he upper limit for stable combustion is

79

7.7 atm. A burning rate of 4 inch sec"1 has been guoted’” for a substituted

hydrazine perchlorate

CHZCHZII\I .!
H 2N. xhC IOJ n

where n =4 and x~ 0.8, However mixed oxidizer propellents mey have a
useful application, 4 composition78 containing 30 gn fuel (a 50:50 mixture
of styrene and unsaturated polyestor) with 50 gm HP.and 40 gm potassium
perchlorate had & burning rate of 2,31 inch sec™ st 1000 psi, whilst for
the same propellent containing only potassium perchlorate the burning rate

was 1.27 inch se0-1.

5 HYDRAZINE DIPERCHLORATE N2H6(Cloé)2

5.1  General

Hydrazine diperchlorate (HDP) was first jrepared by Turrentine® in
1915 by reaction of barium perchlorate with hydrazine sulphate in solution,
The barium sulphate was removed by filtration and the hydrazine diperchlorate
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obtained by evaporation on a water bath, The product was the
dihydrate,

The direct preparation from hydrazine and perchloric acid has been
described by Levy et al.  and by Battyéz. Use of 72% perchloric acid with
89% hydrazine hydrate results in formation of anhydrous HDP,

NH, .H,0 + 2HC10, —> NZHG(CIOL)Z +H0 . (x0)

Although HDP is less sensitive than HP62, the dehydration of the

dihydrate can be haza:rdous82 if an elevated temperature is used although
dehydration at 80°% appears to be generally satisfactory. It is probable

that the dihydrate orystals are coated with perchloric acid and under

oertain conditions decomposition may start at about 80°C. Batty62 reports that
& gas resembling chlorine dioxide is evolved and suggests that the decompo-
sition may be facilitated by any trace of catalyst.

The properties of HDP are summarised in Table 3. It is extremely
hygroscopic, 0,065 mole of water being absorbed per mole of powdered HDP in
LO minutes at 50% relative hum:i.di.‘l:ye1 .

5.2 Thermochemistry
The heat of dissociation

—
N2H6(Cloh_) p = N2H5010h + HC10, (%1)
6L -1
as 37 kcel mole = for the temperature

was determined by Grelecki and Cruice
range 100-1 lc»OOC. The heat of formation of HDP deduced from the corresponding

values for HP and perchloric ecid of -42.05 and -1.20 koal mole™ is

~1
OH,, N2H6(Cth)2 (s) = -80.25 kcal mole .

A better determination of the heat of formation was obtained fgom
3

the heat of solution in aqueous potassium hydroxide by Caruso et al.
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1«2116(010“)2 (o) * (2Na0H + 6000 HZO)soln —

— (NZHL + 2NaC10, + 6000 n,‘,o)som + 200 . (42)

The heat of reaction for (42) was found to be ~11.8 $0.2 kcal mole .
This yields, with NBS value32° for the necessary heats of formation,

-1
bH, Nzns(cloh)2 (s) ° ~70.1 1.0 kcal mole .

It may be noticed that an estimate based on the heats of formation of
the NH;" and G10] ions”" and an estisated hest of solution of 5 keal mole™’
resulted®! in a value of =71.8 keel mole-1, with an estimated acsuracy of

+2 kcal mole-1.

A redetermination of the heat of formation of HDP would be valuable
since Gilbert and Cobb69 showed that the heat of solution of hydrazine
dihydrochloride was sbout 900 cal mole | greater than that of the
monohydrochloride, On a parallel basis the heat of solution of hydrazine
diperchlorate might be expected to be ca, 10 keel mole”! resulting in a

heat of formation of about 75~76 kcal mole .

The apparent best value was -70.1 kecal mole"1 but confirmation by an
alternative route was required. This redetermination was provided recently

by Gilliland and Wagmanéo from measurement of the heat of reaction (43),

NH, .2HCL + 24g010, —> NH .2HCIO, + 2AgCl . (43)

The resulting heat of formation,
-1
= e +
OH, NZHG(Cth)z (o) 69.2 *0,5 keal mole

is the best value.

5.3 Thermal decomposition

The thermal decomposition in vacuo at 100-150°C was studied by Greleoki and

64,72

Cruice who observed an extended induction period during which a gradual
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pressure rise was observed. At the end of the induction period the reaction
acoelerated sharply and camplete decomposition resulted. Analysis of the
gaseous products by mss spectrometry and of the condensed products by
conventional techniques indicated that the overall stoichiometry was

121«2116(0104)2 ~> WNH,C10, + 12010, + 2210 + 10N, + 50, + 4C1, . (ade)

An activation energy of 23.5 kcal mole-1 was deduced from the temperature
dependence of the induction periode Since the reaction was apperently self-
accelerating, the effect of addition of possible reaction products was
examined.

Addition of perchloric acid dihydrate (14) doubled the reaction rate,
Anhydrous perchloric acid had & much more pranounced effect in that the rate
was too fast to be measured at 140°C. It was estimated that the rate was
increased by at least 60 times on addition of 1% anhydrous perchloric acid.
Small amounts of ammonia gas greatly jucreased the induction period
(reported in Refs57)¢ It should be noted that it was difficult to prepare
100% HDP - the usual impurities were ammall amounts of HF and perchloric acid,
which could have a pronounced effect on the reaction ratee

The initial step was considered to be
N21{6(cm4)2 — NALCI0, + HCWO, (41)

because anhydrous perchloric acid was isolated as the only gaseous product

during the early stages of the reaction. Since the activation energies they
obtaineda"’72 for the thermal decomposition of HDP (23.5 kecal mole'1) and of
HP (2348 keal mole~1) were similar to that obtained for the decomposition of
perchloric acid (22.2 kecal mole_1) by Zinovtev and Tsentsiper&', it was con~
cluded that the rate controlling step was the decomposition of perchleric

acid in cach case. However, the perchloric acid decauposition was studied in
the liquid phase and two activation energies were deduced - one of 32.5 kecal

1

mole ' from the induction period end one of 22.6 kecal mo:>le"1 from the tempera-

ture dependence of the meximum rate of oxygen 1iberation1. The activation
energy cbteined for HP has not been substantiated by later studies’>’ ™ which

yielded a value of 35 koal mole .
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Consequently, the rate controlling step is doubtful. Certainly the
decomposition of perchloric acid plays an important role, but the acceleration
resulting from the addition of 4/ anhydrous acid is too great for the percnloric
atid decomposition to be rate cantrollings It iz more prcbable that there is
a campeting reaction for the perchloric acid and thus addition of the acid
accelerates the reaction merkedly by eliminating the competition.

The mechanism proposed by Grelecki and Cruice » 12 accounts satisfactorily
for the overall stoichiometry (44) and takes the form of reaction (41) followed
by

HOC10, — OH + C10; , (45)

3

i + NHg(C10,), — HQ + 2N, + Ni,C10, + HOIO, , (46)

0 %, 4
Cl10; + 6I¢2H6(Cloz._)2—- FHO + X, + QU CI0, + sﬁcm“ L, o
eosee  (47)

The HP formed in (41) is postulated to be also attacked by the OH and

c10 3 radicals formed in (45).

The decomposition of HDP was also studied by Levy et
temperature range 174 to 29300. The gaseous and sclid products were analysed

a1,77+81

over the
and found to carrespond to the equation

N2H6(0104)2 — 0.5MH,C10, + 1.2HC10, + OO + 0.7,

+ 0.20 02 + 0.29HCl + 0006N20 + 0003{2 [ (w)

The amount of water and perchloric acid were not cxperimentally determined
but were chosen to give the best atom balance.

Levy85

and did nct display the rapid increase reported by Grelecid and Cruice. However,

found that the pressure-time curves rose gradually to a steady value

because of the complexity of the pressure-time curves, they were not used to
evaluate activation energies.

Study of HDP using a low tenperature matrix isolation technique75 ,76

showed that it was difficult to free the sample from water and perchloric acid.
At room temperature these two gases were evolved, and at 100°C a gradually
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increasing perchloric acid:water ratio was observeds The residue was then
heated at 135°C for 40 hours and 140°% for € hours. The infrared spectrum of
the resulting sublimate was that predicted for hydrazine monoperchlorate,
thus providing confirmation of reaction (41)s The rapid decomposition of
HDP dihydrate to HP has been observed by Batty 2. Attempts to recrystallise
HDP dihydrate from solvents such as ether or tetrahydrofuran resulted in
g.lmost immediate transition to the monoperchlorate- This is prdbably due to
the readiness with which anhydrous perchloric acid will form the monohydrates

N2]16(C]Du)2.2120 5cm4.—u 0 + Hcmh.u 0+ dHzo . (49)
Consequently, anhydrous HDP may be expected to be more stsble than the
dihydrate though moisture will accelerate its decompositione

The thermal deccamposition with catalysts has only been briefly reported.85 N
DTA experiments with HDP-copper chromite mixtures containing 5 and 10/ copper
chromite showed exotherms at 140 and 130°C respectively., Reaction was slow
at 1 30~1l,.O°C, only a few per cent decomposition being observed in an hours On
the other hand, at 221°%C an explosion occurred after about 45 seconds. This
is in contrast to the steady reaction when no catalyst is present.

5.4 Combustion

5e441 Pure hydracine diperchlarate

The main comprehensive study that has been published is by Levy»3 7,81
The deflagration of pressed strands (density 2.11 gm c':m"3 ) was observed to be
a non-luminous process which was characterized by a liquid layer, the thick-
ness of which decreased with increasing pressure. There was censiderable
foaming and bubbling in the ligquid but this was not observed above 30 atm and
the liquid layer could not be seen with certainty cbove 100 atme At pressures
below 20-25 atm pulsation of the condensed phase was evident.

The lowest pressure at which strands burnt reprcducibly was € atm although
occasionally strands burnt at 1 atm. The burning rate of HDP at 1 atm
extrapolated from data at higher pressures was 0.002 cm sec‘1. Small changes
in HDP purity, of the order of 0.1%, caused the burning rate to vary by a
factor of two. This is clearly due to themuch higher burning rate of HP

(0e1=042 cm sec'1) because, for mixtures with insufficient perchlarate, the
HDP contains HP,




Measurements of the flame tcmperature were made using fine caromel-alumel
thermocouples. Platinum/platinum rhodium thermocouples, even when coated with
NBS A-418 ceramic coating, did not readily give reproducible results. Flame
temperature increased with pressure and at 103 atm was found to aprroech the
theoretical temperature (~1600°K). The thermocouple trace at pressuces above
18 atm as the combustion front approached showed nc indication of any heat
release in the condensed rhase. However, at lower wesswes the temperature
records shoved that same heat release occurred and thus that reaction in the
solid phase was significant.

Experiments in which cambustion was quenched by sudden pressure rcduction
showed that the fused layer on the surface of the HDP contzained quantities of
ammonium perchlorates Thus the ini‘ial process invelved in combustion would
appear to be similar -to that observed in decomposition, although under these
quenching caditions, thermal decomposition may heve continued until the
sample had cooled.

Thus, at pressures below sbout 20 atm, combustion is a rapid thermal
decomposition which is 'self-sustained by exothermic reactions in the liquid
phase.

At high pressures, above about 100 atm, the flame temperature is close
to the thearetical and it is considered that 'normal' combustion occurs with
heat transmitted back to the solid from the gasecous re::tion zone. In the
intermediate pressure region a smooth transition is believed to take place
between the two extremes.

It is suggested that in lov; rressure combustion the mechanism contains
the processes shown in the previous section (reactions (), (45), (46) and (47))
whereas ot high pressure it is probable that the HP forwmed in reaction (41)
will dissociate to hydrazine and perchloric acid and thet these vill be the
important species in the gas phases This is consistent with the equilibrium
Tleme temperature being achieved with HDP as it was with HPe With ammonium
perchlorate the erperimental flame temperature is some 200—-25000 below the
theoreticals The similarity of the burning rates of HDP end ammonium
perchlarate supports the idea that at pressures below 100 atm the decomposi-
tion is to AP followed by its combustion.

5e¢ke2 Hydrazine diperchlarate-fuel mixtures

The combustion of HDP spheres in a strcem of fuel gas has been studied.57
using methane, propene and hydrogen. Deflagration ratcs were similar to those




for ammonium perchlarate and, as might be expected from the previous sub-
section, the pulsating phenomenon was observed.

Fuels such as Delrin, thiourea and naphthalene which had been found t0 be
campatible with HP (section 4.5.2) were inoompatible with S, However,
T-burner experiments on HDP prcpellent containing a synthetic high-melting wax
as fuel have been reportedsl" 86. The wax was a mixture of ethylene diamine,
stearic acid and sebacic acid with approximate formula C6H120N. The burning
rate of an 80 HDP-187 fuel-2% copper chromite 1ropellent was 0.27 inch sec
at 250 psi, a value similar to that of an 80% ammonium perchlarate~1§5 fuelw-
2% copper chromite propellent which has the same theoretical temperature. The
rresence of the catalyst almost doubles the burning rates for both oxidizers.

1

Selis3 Effect of catalysts

The effect of magnesium oxide, copper chromite and sodium nitroprusside
a the rate of combustion of HDP has been studieds's The burning rates measured
are shown in Table 5. All the catalysts incrcased thne burning rate, the copper

chromite being the most effective and magnesium oxide the lecast.

It was suggested that the greater effect of copper chramite on HDP than
on HP or ammonium perchloreste might indicate a greater degree of condensed
phase reaction, since it is assumed that catalysts, at least in part, accelerate
these reactions.

6 HYDROXYLAMINE, FPERCHLCRATE NH30H010 ),

This is alsc known as hydroxylammonium perchloratee

6¢1 General

Hydroxylamine perchlorate (HAP) was first mepared by Robsard! by reaction

of barium perchlarate and hydroxylamine hydrochloride in sbsolute alcohol

2NH ,0HC1 + Bah(cmhr)2 —> 2V ,0HC10, + BaCl, o (50)
An elternative preparation88 used hydroxylaminc sulphete in place of the
hydrochloride. 1In the latter case the solution was filtered and then evaporated
on & water-bath until crystallization §tarted. when the solution was cooleds
The product was 94..0~99.2% pure. However, the ariginal method used by Robson
has been reported to be best and samples of HAP that are 99.3-99.6/% pure were
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obtained by Grelecki and Cruices9. A novel method is the cathodic reduction
of nitric acid in perchloric acid9o.

The properties91 »92 of HAP are summarised in Table 4., It is extremely
hygroscopic, even more so than HDP, At 18% relative humidity, crystalline
HAP absorbs nearly enough moisture to dissolve itself within 10 minutes. The
infrared spectrum has been repor*l:ed93

6.2 Thermochemistry

The heat of wvaporization has been repor‘t;ed92 as 32,3 and 33.5 kcal
mole™! using the Langmuir and Knudsen techniques respectively, This could
be used to deduce a value for the heat of formation of HAP if a value for
the heat of formation of gaseous hydroxylamine were available. As the
vapour pressure measurements were at 95 to 160°C , the HAP would have been
in the liquid state,

The JANAF thermochemical tables%

from measurements of the heat of solution of hydroxylamine in perchloric acid
and of HAP in water. The heats of solution were -6.20 *0,3 and +3.27 *0,05
kecal mole_1 respectively. The heat of furmation was then calculated using
the value for AHf HGth(aq) from Birky and Hepler (see Ref.1). Recalculation
using the value previously obtained.‘l for AHf HCloll_(aq) yields

report a heat of formation determined

-1
OH, NH;OHCIO, (8) = <66,15 kcal mole ' .

The acouracy is probably sbout *1 keal mole .

6.3 Thermal decomposition

Decomposition was stated by Robson87 to begin at 120°C, It wes later
repor‘t:ed88 that HAP decomposed on heating with a flash but without explosion.
DTA experiments on 99.2% pure samples showed two exotherms, one at
178-220°C and & second at 313-370°C, and an endotherm starting at 520°C.

Gas evolution began at 180°¢ giving gaseous products that were neutral

and consisted mainly of oxygen. The decomposition was presurhed to proceed by

NHBOHClOL'. —_—> NH40104 + 30, ,

95

since previous work”” had shown that hydroxylamine sulphate decomposed to

ammonium sulphate,

6E,
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The endotherm in the DTA of HAP was ascribed to the sublimation of
ammonium chloride. This is impossible if reaction is indeed by (51)e

The vapowr species evolved at 110-120°C from HiP were trapped in a cold
matrix75 ! 76. Infrared spectra showed the presence of perchleric acid and
hydroxylamine, clearly indicating that vaporizatioan was by a proton trensfer

process

——> NH .
Ni 0HC10, NH,OH + HOIO, (52)

Other bands were assigned to water and nitrous oxide. It was suggested
by comparison with previous work96 cn hydroxylamine hydrochloride decomposition,
that HAP decomposition might proceced by

NHBOHCJOI'_-——» NO +HO + NHL,.CIOZ.. + Ny (53)

(not balanced)

Ammonia was not trapped because enough perchlaric acid wculd be present to

form ammonium perchlarate.

The first comprehensive study of the thermal decamposition of HAP was

made by Grelecki and Cruic389 o They report that Vriesen92

using mass spectro-
metric tecimiques observed no significant decomposition after heating at 4 50°C
for one hours At temperatures above 200°C the product gases were camplex; the
simple decanposition represented by (51) was not observed although armonium
perchlerate was found in DTA studiese DTA curves at a hcating rate of

L5 deg C m:'m"1 showed an impurity peak at 6500, a melting peak at 88°% and

decanposition from 190 to 206°C.

Grelecki and Cruice exsmined fhe thermal decomposition %o elucidate the
mechanisme Pressure-time curvcs were cbtained at 120 to 150°C and mass spectro-
metric anslysis of the vapour not condensed at atmospheric pressure showed
the gaseous products to be nitrous oxide and chlarine, although large quantitics
of hydrogen chlaride were frequently detected. Analyses of semples that had
been completely decanposed showed the overall stoichiometry to be close to

14H 0HC10, —> N0 + 261, + 10HCIO, + 2310 « (54)
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Decomposition at 180°C under steady evacuation resulted in a residue that
catained appreciable quantitics of ammonium perchlorate together with
perchloric acid and undecomposed HAP.

Rate constants, k, deduced fram p = kt where p, t are pressure and time

-1
gave an Arrhenius plot corresponding to an activation energy of L4khe3 kcal mole .

Supplementary experiments on the decomposition of hydroxylamine hydrochloride
were used in deducing a possible mechanism for HAP. It is proposed that proton
transfer (52) occurs followed by hydroxylamine decomposition

. an.oucmlF ——> NH,OH + HCI0, , (52)
2 0H —> HO-IﬁH +HP » (55)
HH

The perchlaric acid is presumed to decompose virtually instantaneously to
give strong oxidizing agents, written as [0], which react

HONMH + 2 [0] —> N0 + HPO (56)

2
It is suggested that ammonium perchlorate is observed as a product only when
the perchloric acid is removed,e.ge by constant pumpinge

6014- Combustion

The combustion of pure HAP has recently been studied by v Elbe91’ 97,98

using samples either tamped in Pyrex tubes (density 1.10 gm cm-3)' a compacted
into strands (density 2.05 gm cm-3). The combustion was slightly luminous amd
appeared to have a thin foamy surface layere

The lower pressure limit of flammaebility was found to be about 135 atm for
HAP tamped in 8 mm dismeter tubes. Considerable scatter was observed in the
burning rate at pressurea below 200 atm with variations in the linear burning
rate at 150 atm from 2 to 4 cm sec'1. The extreme hygroscopicity of HAP is
probably a contributing factore The pressure exponent at low presswures was
thus inaccurate and lay between 0.7 and 2.6. At higher presswes the exponent
is 0.52 end appearzd to be reasonably reliable.
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Variation in the diameter of the Pyrex tubes suggests that HAP will not
sustain cambustion below 100 atm even with large somples. This may be compared
to the comparable limit for ammonium pn-':rchlc::z-a.te2 of 20 atme There was no
indication for HAP of e limiting quenching diameter below which combustion
does not propagate, whereas ammonium perchlorate has a limiting diemeter of
about 2 mm. The burning rate of HAP increases steadily with increasing tube
diameter from 3.8 up to 8.0 mm.

Product gas temperatures have been mcasured far HAP using fine chromel-
alumel thermocouples and found to be 1305°K at 200 atm, somewhat less than the
thearetical value of 1413%K.

Von Elbe et al?8 compared the combustion of HAP and ammonium perchlarate
and cancluded that the differences could be due to a different degree of can-
densed bhase heat release in the two casese It was postulated that heat release
at a in the condensed phase was required to maintain the combustion of HAP.
They also cancluded that HAP does not vaporize with dissociation into hydroxyl-
amine and perchlaric acid as in (52). However, this appears unlikely in view of
the results cbtained by Mack and Wilmot (section 6e3).

Propellents have been patented ecntaining HAP78’ 99 or netal hydroxylamine

perchlarates” such es LiCl0, «2NH,OH and Mg(Cth) o LAH ,OH.

7 AMINE PERCHLORATES

A wide range of such rerchlarates have been p'eparedmo-“oz. Attention

is limited here to perchlarates of which the thermal decomposition has been
studied and which might be considered as axidizers or monopropellents. Organic

perchlarates have been reviewed by Burton snd Praill'®C,

In general, as the perchlorate becomes mare covalent in nature there is
an increasing tendency to instability and to explosive deccuposition. The
oxygen balance of the perchlorate is also an impartant factor in these respectse
The hazardous nature of organic perchlorates arises from the presence in the
same¢ molecule of both fuel and the rercnlorate group.

The more polar perchlorates, such as the emine perchlorates, are more
steble and have been examined mare extensively. This section describes simple
amine perchlorates, guenidine perchlorates and pyridinc perchlorates

103 79

Various amine perchlorates

78

» such as substituted hydrazine perchlarates

104

semicarbazide perchlorate’  and aminoethylcellulose perchlorate ', have been

proposed far use in rocket propellentse

4+

’




L0

7.1 Simple alkyl amine perchlarates

The mono-, di-, tri- and quaternary-methylamine perchlorates are also
known as the carresponding methylamsonium perchlorates. The amine perchlorates
are readily prepared either by direct reaction of the aminc and perchloric
acid or by reaction of the amine hydrochlaride and a perchlorete salte They
are generally crystalline salts, which either vaporize or decomposc on slow
heating but ignite if suddenly subjected to a high temperature. The tempera-
twe at which a small sample will ignite/explode when dropped into a pre=
heated test tube in a carbon dioxide atmosphere has been ciei:erxn.’l.me6.1o5 for
an extensive range of amine perchlorates. Valuecs for some simple amine
perchlorates are presented in Table 7. The diazonium perciilorates are repa'ted"w
to be particularly hazardous when dry, the slightest chock being sufficient to
result in explosion.

The methylamine perchlorates arc impact sensitive. \'a]nes106’107 arc

given in Table 8 in which their sensitivity is caupared to that of RDX (cycle-
trimethylene trinitramine) and ammonium perchlarate. Their general properties
are sumnarised in Table 9 which also cntains camparative data on ammonium
perchlaratez.

DTA curves have been dbtained far the methylemine perchlarates by
Stemler and Schmidt'%®7%7 4t a heating rate of 20 deg C min™. Monomethyl-
aminz perchlarate was found to undergo various phase transitions (see Table 9)
and to melt at 255°c. Slow decomposition occurred at temperatures above the
melting point and deflagration resulted at about 320°%C. Dimethylamine
perchlorate melted at 180% and again deflagration was cbserved at about 320°C.
Trimethylamine perchlorate melted at 275°C. Slow decomposition also occurred
at this temperature with deflagration at about 300°C. The tetramethylamine
perchlorate exploded at about u30°c. Welting was not observed.

The effect of addition of 3.5% by weight of catalyst, such as ferrocene,
was to reduce the deflagration temperature from 320°‘3 to ebout 180°C for both
the mono- and di-methylamine perchloratesw?. Mixwures of these perchlarates
with ammonium perchlorate which also contain 3.5 ferrocene cause & reduction
in the deflagration temperature of ammonium perchlorate to 200% (10% monomethyl

salt) and to 180°% (2% monomethyl salt, 457 ferrocene)e

The species vaparized from monomethylamine perchlarate at about 175°C
heve been studied75 »76 using the cold metrix isolation techniguee Perchlaric
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acid and methylamine were positively identified, indicating vaporization by
dissociation

CH,NH 010, —> CHNH, + HCIO, « (57)

No bands corresponding to the expected final decomposition vroducts (hydrogen
chloride, carbon dioxide and water) were famd. Lowcver otner bands were
observed which were not identified, although some were caisidered suggestive
of chlorine~oxygen ar chlorine-oxygen-hydrogen speciess They are similar to
the bands observed under similar conditions from hydrazine perchlorate.

The cambustion of propellents 'having part of the ammonium perchlorate
replaced by manametnylamine perchlorate has been reported1o7. The burning rate
of a propellent cataining 74.5% ammonium perchlarate in a polybutadiene
polymer with L.5% n-butyl ferrocene as a catalyst was 145 in sec-1 at 2000 psi.
Replacement of 15 and 22% of the amuonium perchlarate by monomethylamine
perchlarate increased the burning rate to 2.40 and 2.95 in sec™! respectivelye

Ethylenediamine diperchlorate ({CHNH,C10, ],) has also been examined1°6’1o7.
3774872

It exists as the hemihydrate and as the anhydrous salt. The hemihydrate DTA

curve (at 20 deg C min“") indicates a reversible phase transition at 95°C and

a dehydration at 120-1 30°C to give “he anhydroaus salt which then decomposes
(<)

near 290 C.

7.2 Guanidine perchlarate CH5I\ BHCJD&

This has been more extensively studied because it hes long appsared to
have favourable properties far use in cxplosivess It is one of the most steble

107

amine perchlorates ', it is not hygroscopic nor is it hydrolysed in agueous

solution. Its explosive strength is reported tc¢ be similar to tetryl(N-nitro—

~N-methyl-2,4,6-trinitraniline) whilst its sensitivity to shock is cemparable

to that of picric acidwe.

!
It may be prepared by fusing dicyandiamide with ammonium perc'."xil.c::'o.t;e108

at 150-160°C, or more resdily in the leboratory by reation of guanidine

109

chloride with either sodium perchlarate ar barium perchlorate followed by

recrystallization twice from water

CHgNHCL + NeC10, —» CHNHO10, + NeCl « (58)

L




Some properties1o9-“2 are sumarized in Table 10, Its shock sensitivity

is reparted as 60% explosions far a 2 kg weight falling 250 m102’ and as 50%

explosions for 124 kg cm 113.

7¢2+1 Thermochemistry

The heat of formation has becn determined from measuremmt"" of the heat
of salution of guanidine perchlarate (GP) in wator, which gave the value of
10,416 £ 0,092 kcal mo]e-1 for a 1:1200 dilution. Measurements were also made
of the heat of solution of barium perchlarate and of the heat of reaction

——> o, [
(cngij)znzcos + Ba(Cloh) 5 B0 + 20HNHCW0, (59)
Heats of formation of gnuenidine carbmate“l". barium pcrchlwate” and barium
carbonate19 were then used to derive

iy GHNWHOI0, (8) = ~Thet0 20,55 keal mole "

7¢2.2 Thermal decomposition

This was first studied by Glasner end liakovkyw9 vho observed that a
slight loss in weight cccurred when GP was heated at or below 30000 for
several hours at 1 atm pressure. At 300-1+00°C decomposition proceeded to
canpletion, whereas above L.DOOC ignition occurred after an induction periode
Product gas aumadyses“09 indicated that the decompositicn at 3.'4.0-39000 could
be represented by :

20H N HOL0, ——> ZHCL + 5,0 + CO + 00, + N, , (60)

> ZHCl + AWM, + 200, + 2V, + 0, + A0 «(61)

N.eo
20H5 3 HClOL‘_ 3
The product analyses indicated that reaction (61) generally predominated with
reaction (60) becoming more impartant as the temperature incressed. Small
ancunts of chlarine, hydrogen and, above l;.OOOC, nitrogen dioxide were also

observed.

Waen reaction at 320—390°C was interrupted before complete decomposition
had ocourred, the solid residue consisted partly of ammonium perchlorate and

partly of mixed melemine perchlorates. The mechanism proposed was that cyanamide,
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ammonia «nd perchloric acid were initially formed and the cyanamide then
underwent self-condensation to compounds such as melamine

. % 6
CHgN; HC10, —> CN.NH, + HC10, + i, , (62)
3ON.ME, = Caiielc (63)

which were then oxidized by the perchloric acid.

Kinetic meaaurements115 of the rate of pressure increase with time at

3#5-38000 showed the rate of gas evolution to be linear over the major part
(15-80%) of the decomposition. The temperature dependence of the rate
constant obtained from this linear region gave an Arrhenius plot expressed by

K = 2.4 x 10" e-sz,m/m

[ ]
The mechanism shown by equations (62) and (63) was supportcd because cqui~-
molar mixtures of

(1) emmonium perchlorate and dicyandiamide,
(ii) ammonium percnlorate and guanidine hydrochloride

gave pressure increase ourves similar to those of GP, On the other hand, a
mixture of potassium perchlorate and guenidine hydrochloride decomposed much
more slowly. This reduced reactivity was considered to be cvidence that free
perchloric acid was the effective oxidizer and not the perchloratc ion,
Further support came from the observation that in pure GP there was a
comparatively slow reaction at the start of the decomposition. No such lag
was observed in GP containing ammonium perchlorate, iundicating that the lag

was probably associated with formation of ammonium perchlorate.

16

Induction periods before iynition at 390-44000 were measured1 for GP,.
These were somewhat less than the induction periocd for ammonium perchlorate at
the same temperatures, The temperature dependence of the log (induction
period) yielded an activation energy of 30.5 keal mole™ !,

DTA curves for GP showed11o two endotherms and one exotherm. A marked
endothernm at 180~182°C was also observed as an exotherm in the cooling curves,
Consequently it was suggested that GP undergoes a phase transition at this
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temperature. The second endotherm corresponded to the melting point and was
observed at 248 +2%. Slow decomposition ocourred at 300°C with a marked
exotherm at 392°c carresponding to extensive decomposition and occasional '{
ignitione The phase transition has been confirmed by DTA curves for cp-r.-ic'm#
mixtures.

Low temperature matrix isclation techniques have been used75 )76
the species vaporized from GP at 250°C. Unlike other perchlarates, no free
guanidine was detected by infrared spectra but because large amounts of perchlaric
acid were identified it was considered that proton transfer took places Ammonia
(in about a 1:1 ratio with the verchloric acid), cyanamide and possibly hydrogen
chloride were identified. Guanidine was detected in similar experiments at lower
temveratures with guanidine halides.

to trap

It was concluded that the initial reaction was

CH N, HC10, —> CHyN, + HCI0, , (64)
followed by immediate decomposition of the guanidine

which is identical to reaction (62) proposed for the thermal deccmpositione

Te2¢3 Catalysed decanposition

s
The effect of catalysts on the thermal decomposition of GF was examined’ 6
using weights of catalyst approximately proportional to the molecular weight

(2-5% by weight)e Three distinct groups were observed:

(1) oxides (Mg0 and A1,0,) which have a small accclerating effect
273
but did not change the general character of the pyrolysis,

(ii) oxides (Ti0,, Cry0, and Co0) which have a mare pronounced
catalytic effect and may result in explosion or ignition at a reduced temperature,

(iii) oxides (v205, Fe0,, Cw) and platinum metal (foil) which cause
explosion at 300° or above.

Ignition temperatures reported for mixtures with Ag20, Hg20 or MoO.3 were
320, 345 and 345°C respectively.
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It was proposed that the catalysts are concerned witnh the decomposition
of ammonia, and to support this it was stated that the catalysts similarly
affect the ignition temperature of ammonium perchlarates It is much more
probable that the catalyst is effective by accelerating tlie pyrolysis of the
117. Indeed, Glasner anl Lakovky“6 clearly propose that
reaction of perchloric acid with arganic fuel is the cause of the ignition
temperature of GP being below that of ammonium perchlorate. Small additions
of dicyandiamide or methyl methacrylate were reported to reduce tne ignition

perchloric acid

temperature of ammonium perchlorate to 39000, the same temperature at which
GP ignites. ‘

74244 Guenidine diperchlorate, GH7N3(CIOI+)2

The solubility of GP in perciloric acid solutions ccntaining from O to
100% acid possed through 2 minimum and then rose to 36e7¢ in the anhydrous
acid.118. The salt crystallized from anhydrous perchlaric acid solution vwas

shcmn by analysis to correspond to guanidine diperchlorate.

It was hydrolysed in water with the removal of a molecule of perchloric
acide DTA indicated an endotherm at 6 +2C corresponding to incongruent
fusione

7.3 Triaminoguanidine perchlorate, CH8N6H0101+
119

This was prepared

by first neutralizing aminoguanidine bicarbonate
with perchloric acid to yield aminoguanidine perchlcrate, which was then
heated in an aqueous hydrazine solutione The melting point of the resulting
perchlorate was 132%. It is hygroscopic and impact scnsitives It is
detonated with very high brisance by a 2 kg weight falling 7 cme Both it and
disminoguanidine perchlorate have been considered for use as explos ives120’ 121.

Its use as a propzllent ingredient has been pater&i:edjlz‘2 far a 35/65 to

65/35 mixture with lithium psrchlorate as the oxidizer far use with conventicnal
binderss The oxidizer mixtures have melting points in the range from 82% to
room temperature, thus giving with the 65/35 mixturc o eutcctic that is liquide
The lithium perchlorate is an effective desensitizer; 505 ignitions with a

O g weight occour at 20 an for the 35/65 mixturc as corpered to <5 cm for the

triaminoguanidine perchlorate.

b
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7o Nitroguanidine perchlorate, CHAN#OZHCIOA

The preparation from nitroguanidine and perchlaric acid (72%) has been
described123 o It was alsc formed by reaction of guenidine perchlarate with
nitronium perc:hlcra‘l:e1 18. The physical properties are given in Table 11. It

is hydrolysed in water to nitroguanidine and perchlaric acide

The DTA at 3 deg C min~ showed an endotherm at 75-80% amd an exothern at
120°%. Dilatametric measurements indicated that a phasc transition occurred at
0,
79°Co

The thermal decomposition wes studied 2> at 107-119% wnder dry nitrogen
at 50 torr. The reaction commenced in the solid phase which became liquid during
the decomposition as a result of eutectic formation, and finally solidified.
Chemical and X-ray analysis of the products indicated a 1:1 mixture of guanidine
and ammonium perchlorate. This fact together with total weight loss of 33%% and
qualitative analysis of the gaseous products indicated that decomposition
corresponded to the reaction

NH-—NO,,

20~ NH~— HC10, —> CHNHCI0, + NH,CI0, + 00, + NO, + 2N . (66)

L 2 2 272
M,

The initial rate of decomposition up to the maximun corresponded to an activa=
tion energy of 60 kcal mole™ ", The second stage of the decomposition showed
first order kinetics with a pre-exponential factor of 306 x 1011 m:I.n"'1 and an
activation energy of 2.l keal mole™ s

Nitroguanidine diperchlorate was formed by crystellization from a solution
of nitroguanidine perchlarate in anhydrous perchleric acid”s. [t is hygroscopice
DTA indicated an endotherm at 70°C corresponding to incongruent fusion, and an
exotherm at 93°C at which decomposition, which was occasionally explosive,
occurrcde

7¢5 Pyridine perchlarate, 05H5N HCIOA

This hes been used as an intermediate in the purification of pyridine
during vwhich pyridine perchlorate is prepared and dricds The dry perchlorate

is treated with dry ammonie gas and the pyridine distilled off from the
ammonium perchlorate
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CgHgN HC10, + NH, —> CH N + NH,C10, . (67)

Explosions have occurred, hence the properties of pyridine perchlorate have

been studied' 2,

Pyridine perchlorate melts at 288°C. On further heeting decomposition
begins with the evolution of white fures at 335-3h0°C and spontaneous ignition
(or explosion, if confined) occurs at a slightly higher temperature.

The effect of various additives on the ignition temperature vwas examired,
Decomposition of pyridine perchlorate with ammonia produced emmonium perchlorete,
hence the effect of adding smmonium pecrchlorate was examined. This rzduced the
ignition temperature of pyridine perchlorate. The mixture burnt without forming
soot vwhereas pyridine perchlorate alone burnt with a sooty flame. Wixtures
containing ammonium and pyridine perchlorates in a molar ratio between 4:1 and

3:1 burnt especially rapidly. The reactions involved were expressed as

5CgHgN HC0, + 7Ni,Cl0, ——> 2500 + 23,0 + 6112 + 12HC1 , (68)
5CcHgN HC10, + 17M,C10, —> 2500, + 38H0 + 11N, + 2ZC1 . (69)

When heated on an aluminium or nickel plate the pyridine perchlorate burnt
smoothly. The burning velocity was increased on plates of iron, lead and
especially of copper or zinc (or their alloys).

The ignition temperature of an equimolar mixture of pyridine and araonium
perchlorates was reduced to a value as low as 200°C by addition of palladium,
cuprous oxide, cupric oxide, brass shavings, a 1:1:4 mixture of cupric oxide,
copper and zinc sulphate, or cupric pyridine complex., Copper, platinum and
mercury showed only a slight catalytic effect and powdered glass showed

none,.

The explosions have also been ascribed to a trace of chlorate1oo. It

is probable that the explosions have resulted from the catelysed perchlorate
decomposition, possibly facilitated by the catalysed decomposition of the

perchloric acid in the presence of the organic molecule,

8 NON-METALLIC PERCHLORATES

The perchlorates discussed here are of boron and fluorine. They are
unstable compounds, extremely reactive and explosive.
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8.1 Boron perchlorate B(CIOI‘_) 3

This has recently been prepareﬁ1 25,126 by reaction of boron trichloride

and anhydrous perchlaric acid. The reaction proceeded smoothly et --78°C with
evolution of hydrogen chlaride to give a quantitative yield of producte The
nature of the product was determined by the molar ratio of the reactants:

13013 + Hcmh—a» 130120101F + HC1 , (70)
13(:13 + 2iClo, —> 13(:1(030,’)2 + ZCl , (M)
K1; + 3C1O, —> B(C]Oh) 3+ JCL. (72)

Use of OGISF or perfluorobutene as a solvent aided the production of the pure
boron triperchlorates

Some properties are summariged in Table 12 for the three compounds formeds
They are all temperature aml moisture sensitive, undergoing thermal decomposition
and hydrolysis reactions, but under anhydrous con.itions they are stable at low

temperatures. They also undergo exchange reactions yiclding the triperchlarate
and baron trichloride:

2B01,C10, === BC1; + BCl(Cth_) 09 (73)
31301(0104)2 e BCl} + 23(0104) 5 (74)

These exchange reactions meke purification by vacuum distillation of
the mono- and dichlaroperchlarates difficult because loss of the volatile
boron trichloride drives reactions (73) amd (74) to the righte These reactions
are extremely slow at -78°C but procecd at a moderate rate at -40 to -A.SOC.

8+1e1 Thermochemistry

The heat of hydrolysis of baron dichlaroperchlarate in solution in
g -
carbon tetrachlaride has been cie*t.ermined‘| 25 as ~73+7 kcal mole 1.

8e1e2 Thermal decomposition

The decomposition of baron chlarodiperchlorate,BCl(C]Oh) p» hes been
. 1
studied 25 at 0 to 10% by determining the free chlorine evolved. An
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induction period (30 minutes at =12 and 0°C) was observed, followed by a rapid
initial evolution of chlorine and then a first order decompcsitione The
residue had a B:Clok ratio of 1:1 and it was suggested that a cyclic baraxole
perchlorate might have been present.

Boron dichlaroperchlorate decomposed in a similar way but with a longer
induction pericd (6 hours at 0°C, 2.5 hours at 10°C) followed both by a surge
of chlarine and a rapid rise in temperature. Chlocine formation was too
erratic for the reaction arder to be specifiede T™he main products were
chlorine and the proposed cyclic compound along with a small amount of chlarine
heptoxide. Chlorine dioxide was not a product. It was suggested that
decomposition proceeded either by an internal oxidation-rcduction or by an
oxidation-reduction reaction between a Clo)+ or Clo 3 radical and the chloride
ione

Boron triperchlorate was found to decompose by a different mechanisme
Decomposition at 0% resulted in formation of both a liguid and 2 solid phase.
Evacuation of the mixture left a white solid of variable composition, whereas
the very pale yellow distillate wes identified as cilaorine heptoxide. Decompo-
sition at 0% in vecuo resulted in a steadily decreasing rate of evolution of
chlorine heptoxide. No induction period was cbserveds The decomposition was

proposed to follow the reaction:

2B(010h_) 3> C10, + (c104) 0 }303(0104)2 . (75)

Various attempts were made to form adducts witn improved stabilitiese
Amine adducts were prepe ' 4 with the di~ and mono-chloroperchlarates which were
stable at room temperatu . A similar adduct cculd not be prepered with the
triperchlorate although an adduct stable up to its melbting point at 135°C was
obtained with nitronium perchlorate. Analysis of the adduct indicated its
composition to be NOZB(C]DL) ,+ Preparation of this adduct hes also been
reparted by Guibert et al.b by reaction of baren trichleoride with nitronium
perchlarate in a 1:4 ratio at ~50°C.
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The adduct was found™ to be shock sensitive (505 ignitions for 47.5 kg cm)

and to have a density of 2426 g cxn"3 o Its heat of formation was found to be

~80 %10 kcal mole~1. Its colour changed from white to ycllow ot ambient
temperature and measurable decomposition occurred in 3~4 weckse Decomposition

was rapid at 70--80o and resulted in formation of nitronium perchlorates
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An ammonium adduct was also prepared. I+s propertiecs amd stability were

similar to the nitronium complex.

Thus, although it had been mggested125 that boron triperchlorate would be

an interesting oxidizer for high energy rropellent systems, as it conteins both
boron and perchlarate groups, such an application requires e suitable adduct or
other method of stabilization.

842 Fluorine - :rchlorate mmh

This was first isolated by Rohrback and Cady 2/
with 60% perchloric acid. Fractimnal distillation yislded a colourless ligquid
which boiled at ~15.9%C under 755 mm pressure. Improved yields were obtained
by passing undiluted fluorine over 7Z. perchloric acid in a platinum boat at .
21°C,

by reaction of fiuorine

Fluorine perchlorate was found to explode readily even when cooled to its
freezing point (=167.3°C). A small flame or a spark would result in an explo-
sion that shattered the open ended test-tube containing the gase Grease, rubber
tubing and even contact with 2 potassium iodide soluticn have been reported to
result in explosions.

By analogy with baron perchlorate, fluarine perchlorate may be expected
to decompose to yield chlorine heptoxide and oxygen difluoride, both explosive
canpounds:

2010, —> OF, + 01207 . (76)

The infrared and nuclear megnetic resonance spectra of fluorine perchlorate

in 50% solution in FPreon 11 have recently been reported128.

9 METAL FERCHLORATES

The thermal decomposition and combustion of mctal perchlcrates have, in
general, not been widely studied except for special caseé, such as potessium
perchlarate, which have practical importance, This review is restricted to
these aspectse Preparative methods and other propertiecs may be fourd in

Sc:huma.c:her‘lo1 and other rev:i.ews1 29’130.

Data on the thermal decomposition are first summarized according to the
rechanism of decomposition and consideration is then given to the combustion
of metal perchlarates, ard in particular of potassium perchlarates




A3 G ATRE NI v,;ﬁm

51

9¢1 Thermal decomposition

9 11 General

Barly studies of the thermal decamposition of a renge of perchlorates
using a thermobalance °' and differential thermal anslysis o2 showed that
perchlorates could decompose either to farm the chloride and oxygen or to the
oxide and mixtures of chlorine and oxygen

W10, —> i1+ 20, , : (77)
w10, —> 121,120 + -‘5012 + /40, . (78)

Hydrated salts will also decompose by either (77) o (78) but in the latter
case both the hydroxide and perchloric acid may be present in the. products.

In general, decomposition to the chloride is dbserved for the alkali metal
perchlorates and for the alkaline earth perchlorates except far magnesium

and calcium, which also form the oxide, With aluminium, ferric and the rare
earth pecchlarates, the oxide yield is predominent. 'ni.'arkcu'.ritz"33 has shown
that free energy calculations may be used to predict the mode of the decomposi-
tion.

9.1.2 Alkali metal perchlarates

These decompose by (77) to yield meinly the chlaride and oxygen, but
small traces of chlorine have been observed in the gaseous decomposition

products of potassium134’135 and l:i.th:i.w.nn13 é perchlacratess It has been
suggested1 33 that this chlorine formation may result from an oxygenation
reaction

ACL ¢ 30, —> NO + CL,_ » (79)

2 2 2
134

This is supported by the cbservation that chlorine is formed in vacuo but
not in the presence of an inert gas. The formation of chliorine may be
s1.1ppressed1 36 by addition of smell quantities of highly basic oxides such as

1ithium oxide.

The activation energies which have been determined1 57-A47 are sumarized
in Table 13+ In general there is good agrecment that the activation energy is
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of the order of 60 keal mole” with the exception of the data fram Cabané and
Bénara P

The thermal decomposition of the alkali perchlarates is complicated by the
fusion of the perchlarates during decomposition due to the formation of the
alkali chlaride. Lithium perchlorate is an exception because it has a well
defined melting point (2L7°C)' well below the temperature at wi:ich decomposition
begins. The fusion point and the decomposition of the other perchlarates are
greatly affected by the amount of chloride present. For instance, the induction
period for potassium perchlorate can be reduced or eliminated by addition of

potassium chlaride1h3.

9.1.3 Other metal perchlorates

The alkaline earth and other divalent metal perchlorates generzlly
decompose to yield the chloride and oxygen, although calcium and especially
megnesium also form the oxide and chlarine., The trivalent metal perchlorates
generally yield the oxide. The activation energies that have been

138,148,149

the activation energy is about 60 kecal mole.1 for the perchlarates decompos-

measured are presented in Table 1) from vhich it is evident that
ing to the chloride and considerably less, about 30 kcal mole-1, for those
which yield the oxide.

9¢%1e Mechanism

It is evident that decomposition according to reaction (77) is associated
with an activation energy of 60 keal mole” ! vwhereas that by reaction (78) is
associated with the smaller activation energy of 30 kcal mole-1. Clearly the
activation energy depends on the mechanism involved.

The mechanism for alkali perchlarates has been proposed.13 2 to involve
basica’ly the breaking of a Cl-0 bond
K010, —> KC10; + 0 , (80)
which is then followed by decomposition of the chlorate
K010, —-> KC1 + 3/2 0, , (81)

also accompanied by

KC10, —> %@th + 3KC1 , (82)

3
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which is indicated by tracer studies'?, The experimental data are, however,

complicated by the fusion that oocurs during the decomposition, thus both solid

and liquid phase decomposition of potassium perchlorate are occurring. The
mechanism has been discussed by Simchen15° who proposed first order nucleation

throughout the orystal followed by propagation by oxygen etoms migrating through
the crystal lattice or through the melts,

Other tracer work has been reported151 in which reaction (82) is replaced

by the reverse of reaction (80) as slight oxygen exchange was detected.

The rate-determining step (reaction (80)) is in good egreement with the
observed activation energy as the bond dissociation energy of the C10 bond is

caloulatedC to be 64.295 koal mole .

The mechanism for the other perchlorates with an activation energy of
about 30 kcal mole™! is more difficult to explain., It has been suggested152
from the similarity of the pre-exponential factors and activation energies for
the thermal decouposition of hexamrine nickel perchlorate and ammonium perchlor-
ate that both involve the reaction of a perchlorate ion on the surface with an
ammonia entity., This does not appear feasible in view of the extensive evidence2
that ammonium perchlorate decomposes by proton transfer to perchloric acid and
ammonia. It is certainly possible with hexammine nickel perchlorate and
hydrated perchlorates that perchloric acid is formed and that this decomposes
with an activation energy of some 30 kecal mole~1 heterogeneously on the surface,
It is concluded that the mechanism for these other metal perchlorates requires
more detailed chemical study before firm conclusions can be reached.

9.2 Catalysed thermal decomposition
143

The acceleration
the presence of the alkali metal halide has been mentioned ebove. It has been
sx.xggesﬂ:ecl“"3 that the halide acts by facilitating the decomposition of per=-
chlorate to chlorate. However, the activation energy and pre-exponential
factors obtabinefi.“'“3 were virtuglly identical for potassium perchlorate alone

and in a mixture with chloride (or bromide),

of the decomposition of alkali metal perchlorate by

Catalysis by metallic oxides has long been observed for potassium
perohlorate and also for potassium chlorate., Thus, Otto and Fry“+2
the effect of ferric oxide and obtained an activation energy of 46.1 koal with
a pre-exponential factor of 1010' for a mixture containing KCth:FezO-.5 in the
ratio of 1:4, Somewhat higher values were observed for mixtures with less oxide,
d147,155.

examined

In later work the catalytic effect of magnesium oxide was examine

The activation energy was found1h7 to be the same as in pure potassium perchlorate,
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70.5 kcal mle-1, but the pre-exponential factor for the solid phase reection
increased and became virtually the same as for the liquid phase reaction. The
effects of irradiating and of doping the metal oxide indicated that the results
were consistent with a positive hole theory having a rate controlling mechanism
involving the transfer of electrons from the perchlorate ions to positive holes
in the oxide,

Later studies by Freeman and Rudloff15 b showed that a wide range of metal
oxides exerted a catalytic effect in mixtures containing 41 metal ion for 5
potassium ions, The results are summarized in Table 15, It was suggested that
the results were in agreement with an electron transfer step and that the
catalytic activity of the oxides increased with increase in the p or n semi-
conducting character of the metal ovides.

It is interesti'ng to note the general similarity between this order of
catalytic activity and that observed for the thermal decomposition and ignition

- of ammonium perchlora.te117 s where proton transfer is believed to be the dominant

step.

The thermal decamposition of potassium perchloratc with organic ccmpounds
ranging from various forms of carbon to polymers has been studied by
Patai et a1.155- 165 both with and without catalysts. Decomposition with carbon
proceeded without any induction period and gave carbon dioxide as the sole
gaseous product

KC10, + 2C —> 200, + KC1 . (83)

L
Various rate expressions were used and an activation energy of 4O keal rnolcm‘l
derived for a A:1 mixture of C:KCth. The decomposition was catalysed by
alkeli and alkaline earth halides (LiCl, BaCl,, KC1, NaCl) and inhibited by
basic salts such as lithium carbonate,

2’

The effect of heating potassium perchlorate witnh a range of substances is
summarized in Table 16, A particularly comprehensive study was maé.e15 / of the
reaction with polydivinylbenzene (PDVB) by studying both the rate of decomposi-
tion and the ignition delay, The activation energy was found to be 40.5 and
1147 keal mole” for EDVB-KC10,

identical activation energies were obtained

ratios of 1:2,5 and 1:6 respectively., Almost

158

(41.7), potassium bromote (L4]e3), potassium iodate (38.2) and potessium
chlorate 5 (4040 keal mole~1).

for PDVB with sodium perchlorate
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Catalysis was generally observed to resilt from addition of acidic sub=-
stances although these had no effect on the decomposition of the perchlorate
alons at the same temperature, Basic substances showed strong inhibition
although general rules were not always evident - thus lithium chloride
catalysed, lithium hydroxide and carbonate inhibited, but lithium sulphate
had little effect, It was proposed that the catalysts might aid the move-
ment of negatively charged oxygen (0~ or 0,), whereas bases would inhibit
such movement, This concept is virtually the sane as that proposed by
Markowitz %,

The closely similar activation energy observed for a range of metal

oxysalts was asc:r:lbed158 tentatively to an interface process between free
oxygen (possibly as 0" and 0, ions) and the polymer, and not to the thermo-
dynamic stability of the oxidants, However, the rates do differ for
different metal oxysalts and it was suggested that this was related to the
rates of halogen-oxygen bond cleavage and diffusion of oxygen through the
crystals,

The catalysis of alkali perchlorates by manganese dioxide was examined
by Ma.rloowitz166. The order of thermal stability for both pure and catalyssd
mixtures was found to be Li < Na < K, Fb Cs, Likewise the order of 012
evolution from these perchlorates both with and without catalyst was
Li>> Na> K> Bb, Cs = O, The suppression of chlorine transformation by
addition of a basic oxide such as L:i.202 was observed, However,the addition
of a basic oxide or an oxide~producing compound also accelerated the thermal
decomposition (cf, Mg0u"7, 1(2005167 and NaOH“""). Thus the temperatures
from themmogravimetry for 2% decomposition of LiCth mixtures were determined

as:

no additive 47000
5,000 wt L1202 281
Le 35% wt Liy0 306
8, 11% wt Na,0, 344
5.217% wt LiOH 410

Te89% wt 14,00, 431 ,
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This order corresponmis to the order of the ease of formation of 02" ions
from the various anions, Further, samples containing'Lizo were shown to
contain traces of 02“ after decomposition, It is suggested that this is
evidence that O atoms are present in decomposing perchlorates, The mechanism
is considered to be

mlok — m103 +0, (84)
which could be followed by
2017 4 0 —> O, + 0%, (85)

or a more general explanation involving a self-ionization equilibrium

C10; == €10} + o*, (86)

which could then be followed by

+ -
€103 + 10, —> 01,0, —> Cl, + /20, . (87)
Thus 0°~ ion acceptors or acids will shift equation (86) to the right thus
increasing the rate and extent of (87) whereas basic additives will shift
equation (86) to the left and reduce Cl, production,

Thege is also evidence that chlorine oxides may be present in the6
pmd.uz‘.!‘t;s‘I 7 which would be in accord with reaction (87). It is stated1
that catalysts for MClOl‘_ decomposition may be divided into two groups:
oxide catalysts (Fe203, Mn0,, 31203, Cu0, Sn0d,, etc, ) which yield substantially

Cl, free oxygen, and oxide catalysts (P205, 5203, WO}, 30Oz V205, ete, ) which

2
cause much Cl2 production136. The first group are clgarly true catalysts

whereas the second are polymeric acids capable of capturing 02-' and thus
reacting to yield chlorine,

A systematic study using themmogravimetry and DTA has recently been
reported168 in which the effect on the thermal decomposition of lithium per-
chlorate trihydrate of a series of oxides, in which there is a regular rise
in the atomic number of the metal, was examined, It was found that most of
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the oxides, including the lathanide oxides, lowered the decomposition tempera-
ture of the anhydrous perchlorate but that the total weight loss was the same
as for pure lithium percihlorate. The decamposition temperatures were not
lowered by additions of 1\1203 3 T:'LO2 and Zn0. Tvo marked exceptions were
chramium (III) oxide and vanadium (V) oxide. The weight loss was much
greater for V,0_ and no chloride was detected in the residue. The weight

2°5
loss agrecd with that corresponding to

. . .
2LiC10, » 3H,0 —> Li,0 + Cl, + 7/2 0, + 61,0 . (88)
With chromium (III) oxide, the extent of weight loss was again greater
than for pure lithium perchlorate169. Lithium perchlorstc:chramium oxide in
a 2:1 ratio resulted in quantitative oxidation of Cr (III) to Cr (VI) and the

residual chloride was 0,1% The folloving ovcrall rcaction vias proposed

—>1i0r,0, + Cl, + 6H0 + 20, - (89)

2LiC10 o3H20 + Cr20 207

A 3

and a mechanism suggested in which a chramium (VI) peroxy compound is an
intermediate formed by

2LiC10) + Cry0; —>2LiC1 + [20:-03. 50] , (90)

and which reacts with the chloride
2LiCl + [20r03. 50] —> Li0 + .2Cro3 + C1, + 20, (91)

and the final dichromate results from

Li0 + 20r0; —>Li,0r 0, (92)

The final product, lithium dichromate, had no catalytic effect on the
decomposition, '

It was observed that this oxidation of Cr (III) oxide occurred in

reaction with potassium, sodium and ncodymium pcrchlorates, but not with

ammonium perchlorate,




The mechanism poatulated’e6 for the catalysed decomposition in the
presence of a basic oxide is

followed by
14,0, —> 11,0 + 1/2 0, (98)
and
Lic10, ~—» 14C1 + 320, . (95)

9.3 Combustion

9.3.1 Model systems

The metal perchlorates differ in one most important respect from the
non-metallic perchlorates in that they will not support their own combustion
and this has been one of the attractions of metal perchlorates as oxidizers
in propellents,

Studies of the combustion of metal perchlorate systems has generally
been limited to potassium perchlorate, some with lithium perchlorate and
only occasionally with other perchlorates. The interest in potassium
perchlorate arises from its non~deliquescent nature and in lithium
perchlorate from its high solubility in orgenic solvents thus permitting
homogeneous compositions to be prepared.

Potassium perchlorate combustion has not been described extensively in
the Western literature although mention of potessium perchlorate propellents
is made from time to time17o-172. The vast amount of the published work comes
from Russian sources and much of this is conveniently summarized in the book

56

by Bakhman and Belyaev, available in translation”,

In general, potassium perchlorate compositions have high burning rates,
high flame temperatures and produce very dense smoke in a moist atmosphere.
Ammonium perchlorate mixtures have lower burning rates and lover fleme

173

temperatures and produce less smoke "~. One of the main differences from

ammonium perchlorate propellents is the molten layer that forms on potassium

iy
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perchlorate propellents during burning as a result of the fusion of the
potassium chloride produced. In addition, the flame structure must differ
because there can be no monopropellent flame close to the oxidizer crystal
but only a diffusion flame above the propellent surface.

The structures of the burning surfaces of fuels with ammonium,
potassium and sodium perchlorate have recently been examined17h. It was
found that potassium and sodium perchlorates were similar in that they each
formed a molten layer and had a higher surface temperature (600-700°C) than
that for ammonium perchlorate mixtures (50000). Comparison of the three
oxidizers with fuels ranging from starch and naphthalene to graphite and
tungsten indicate that combustion occurs more steadily over a wider pressure
range with potassium perchlorate (and a slightly less wide range with sodium
perchlorate) than with ammonium perchlorate.

In extensive studies of the combustion of potassium perchlorate
propellents, the dependence of the burning fate on oxidizer and fuel particle
sizes, pressure and the fuel-oxidizer ratio has been examined. Individual
referengzs are not quoted here and the reader is referred to Bakhman and

Belyaev™ .

Compared to ammonium perchlorate, potassium perchlorate compositions
generally show a greater ﬁressure dependence ~ thus bitumen mixtures with
an oxidizer/fuel ratio of 0,75 have pressure indices of 0,51-0.55 and of
0, 78 respectively, Thus it might be expeoted that potassium perchlorate
propellents would have a greater tendency to combustion instability.
However, the contrary has been observed for poiybutadiene aocrylonitrile

propellents17o’175.

The burning rate dependence on oxidizer/fuel ratio is much more pro-
nounced in potassium perchlorate mixtures than in ammonium perchlorate
mixtures, This probably reflects the importance of the condensed phase
decomposition and reaction in the molten layer on the potassium perchlorate
mixture because the transport velocity of the reacting species in such a
melt is slower than in the gas.

176,177

by the flameless combustion observed when potassium perchlorate mixtures with

The significance of this condensed phase reaction has been showm

naphthalene, starch or m:tal a-e heated in vacuo to about 600°0, This reaction
was observed to be¢ exothermic and the product gases could be burnt in air,
It was concluded that under these conditions the mechanism of combustion of
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potassium perchlorate mixtures was similar to that of double base propellents
in that reaction occurred in the condensed phase evolving a combustible gas
mixture which then burns above the surface of the combustion zone,

It is also interesting to note that spheres of potassium perchlorate,
unlike those of ammonium perchlorate, would not burxf|7 when ignited in a
stream of propane. It was concluded that the potassium chleride produced on
the surfacs caused the extinction.

9.3.2 Propellents

Whereas the thermal decomposition of metal perchloretes is known to be
ocatalysed by metallic oxides, the action of such catalysts in the combustion of
metal perchlorates is only scantily reported.

Small amounts of metal perchlorates have, however, been a.dded1 ” as

burning rate catelysts to other propellents. Thus an ammonium nitrate pro-
pellent has its burning rate increased from 0.07 in seo” at 1000 psi to
0.15 in secs"1 at the same pressure by addition of 1% of manganese perchlorate

Beryllium and titanium perchlorates have recently been described1 80.

Titanium perchlorate reacts with formamide in a nitrogen atmosphere to give
an immediate flame, It explodes with diethyl ether, Possible uses as
ignition agents have been patented.
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It is known175 that burning rate modifiers used in ammonium perchlorate
propellents, such as LiF, SrCOB, copper chromitg and ferric oxide, are not
effective in potassium perchlorate propellents, This supports the suggestion
that the catalysts are effective in the ammonium perchlorate monopropellent
flame by catalysing either the perchloric acid decomposition or the ammonia
oxidation,

The combustion of various systems of p%totechnic interest such as
182

KClOu-Al 181 and KClOu-Zn-hexachlorobenzene has been cxamined, Thus
aluminium fluoride was observed to cause¥gnition of the A1-KC1l0, mixture

4
by forming a complex potassium~aluminium fluoride. The gaseous products

of the aluminium fluoride-potassium perchlorete reaction were also expeoted
to aid the ignition.

Study of the KCIOL-Zn system showed that carbon reduced the DTA

ignition temperature for a stoichiometrio KCIOL-Zn nixture from 520°C to

33500 and it was concluded that the carbon rcacted with the polassium
perchlorate
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4 + IBICE.--b KC1 + 4CO (96)

The use of surfactants as catalysts for lithium perchlorate propellents
has also been described183. The one most effective sodium dinaphthylmethane
disulphonnte, also accelerated the thermal decomposition of lithium

perchlorate as shown by DTA.

The use of stoichiometric mixtures of metels such as lithium, sodium,
magnesium, calcium, beryllium and aluminium with the perchlorates of
lithium, sodium, potassium, caloiun end barium has been patented O¥,
addition of certain metals or metal oxides inoreased the burning rate
(Teble 17) and also extended the pressure range for stable combustionﬁah’185.
Other potassium perchlorate compositions containing polymer and metallio
fuels have been described186’187 and only a very slight variation of

pressure~-time curves with temperature reportedﬁ

The

Lithium perchlorate propellents have received some attention, Unlike
the other alkali perchlorates, the solubility of lithium perchlorate in
organic solvents is high 130,188 (Table 18). The alkaline earth perohlorates18
such as magnesium perchlorate1 s 8180 are reasonably soluble in organic
solvents and are thus, along with lithium perchlorate, attracﬁive for homo~
geneous propellent formulations, Thus, & lithium perohlorate-;ethanol
mixture in a 62 38 weight ratio had a specific impulse at 1000 psi of
226 1b sec 1b and a non=smoky exhaust188

Other propellents have been patented which contain lithium, and
ocoasionally magnesium, perchlorate in mixtures with alkylene oxides191,
‘93’19L, polylaotama195, cqal-tar183’196,

as fuels,

alkylene polyamines192 polyamides

polyurethane197 or boranes 198,199

Another property of lithium perchlorate which has been utilized in
propellent compositions is its ability, also shown by magnesium perchlorate,
to form coordination complexes with compounds such as hydroxylamine99’2°°,
hydrazine201 192 and even such compounds as triaminoguanidine

perohlorate122. These coordination complexes contain 2 molecules of the

, Ppolyamines

nitrogen compound for each molecule of lithium perchlorate and 4 molecules
per molecule of magnesium perchlorate., Euteotic mixtures are also rehdily
formed between the perchlorates of lithium and hydrazine192
These eutectio or coordination compounds are gencrally solids with a melting

0
or ammonis .
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point of about 100°C or above. The eutectic with 657 by weight triaminoguanidine :
perchlorate and 35% lithium perchlorate is unusual in that it is liquid at

room temperature122, whereas the same system with 35% weight of triamino-
guanidine perchloratc is a solid melting at 82%,

These coordination compounds are usually used with conventional polymers
to form propellents, An'éxample of a liquid magnesium perchlorate system is
one based on a nitromethane-ether mixturezos,

It may be concluded that whereas metal perchlorate systems have been
quite extensively studied, the mechanism of their combustion and the
action of ballistic modifiers is by no means as well understood as for
ammonium perchlorate propellents, This more limited understanding reflects
the much smaller practical importance of metal perchlorate compositions as
rocket propellents, although they are of practical importance in igniters,

10 PERCHLORIC ACID, HCth

This section supplements the material reviewed previouslyﬂ, which is
included as an appendix to this Report, with particular emphasis on the
thermal decomposition and combustion, More general references are referred
to, briefly, for completeness,

10.1  General

The evidence for and against the présencc of substantial quantities of -
chlorine heptoxide in anhydrous perchloric acid as a result of the
equilibrium

3HC10, == €10, + HC10, .H,0 (97)

% 7 L2

was discussed previously1. It was concluded that the evidence for the

importance of the equilibrium was not strong. Rosolovskiiaou has produced
'quantitative' evidence for the existence of the equilibrium from a study

of the viscosity, vapour composition and the decomposition kinetics of the
chlorine heptoxide-water system in the concentration region around 50 mole %
chlorine heptoxide, From observations that linear dependences of these properties
with concentration change their slope close to compositions corresponding to

100% perchloric acid, it is considered that, as the break doecs not occur

precisely at 100% perchloric acid, the equilibrium must be involved. However,

f h
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the difficulties of acocurate analysis in this concentration region are
formidable and no details are given. The supporting evidence of chlorine
heptoxide bands in the infrared spectra of anhydrous perchloric acid quoted
from early work prior to 1953 is not unexpected in view of the relative ease
with which the acid may be dehydrated.

It is concluded that whereas the equilibrium may occur to a slight
extent, it is not considered to be important and the decomposition of
perchloric acid is not considered to ococur through decomposition of chlorine
heptoxide,

The radiolysis of frozen aqueous solutions of perchloric acid has
been further studied by Bugaenko using y-redistion’O? and a-radistion’®,
Electron spin resonance was used to study the nature and approximate
concentrations of the resulting intermediates, which were found to be H,
OH, HOZ, 0102 and 0103. The effect of warming up the samples was studied
and the mechanism discussed although this is still somewhat uncertain,

A revised value of the hcat of formation in aqueous solution of ~30.5%

koal mole"1 has been discussed in section 2,2,

The structural parameters of anhydrous perchloric acid have been
redetermined by gas-phase electron diffraction by Cruickshank ct al.2°7.
Values were obtained of 1,630 & and 1.408 & for the C1-OH and C1-0 bond
lengths respectively, in good agreement with the values obtained for the

similar molecule, perchloryl fluoride.

The refractive indices of aqueous perchloric acid systems (0-72% by
weight) have been redeterminedzos. Some physical properties (density,
refractive index, surface tension, molecular refractivity and parechor) of
anhydrous perchloric acid are reported125 in a study of boron perchlorate.
The vapour pressure of the components in the HCth-H2O system and the compo-
sition of the azeotropic mixture at various temperaturecs have been

determined209 210

o The mass spectrum for perchloric acid has been reported ! .

Fume extraction systems for handling perchloric acid vapour have also
been discussed and safety precautions recommended129’211’212.

10,2 Thermal decomposition
The thermal decompositlon o' perchloric acid has been studied by
Fisher21o using a mass speotrometric method. Vapour from 727 acid was
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pyrolysed at low pressures (~1072 torr) in a reactor positioned so that
sampled gases passed through a fine quartz leak into the ion source of the
mass spectrometer. It was found that C10 and 0102 were the major products
under these conditions, and 0103 was not observed, The mechanism proposed
was decomposition of the acid to (J].O3 which had but a transitory existence and
then decomposed to ClO radicals, The production of ClO, moleoules could be

2
by the extremely endothermic process

€10, —>C10, + 0 (98)
but more probably it ocours by heterpgeneous.Qecompositionrnf the perchloric
ac'd on a surface

HC10

) > €10, + Ho, . (99)

This mechanism is supported by a recent study of catalysed ammonium perchlorate
pyrolysisz13 (desoribed in detail in section 41) using time-of-flight mass
speotrometry in which 0102 was observed to be a much more important product
from the heterogeneous decomposition of perchloric acid.

The rapid decomposition of 010} radicals to C10

€10, — €10 + O, (100)

has received further support from mass spectrometric studies of the pyrolysis
of chlorine heptoxide and chlorine hexoxide21h. In neither case were ClO3
radicals (or Cth radicals) observed, slthough €10 and €10, were the main

products,

The pyrolysis of perchloric acid is also being examined in a conventional
flow apparatus by Jaoob5215. It is intended to study the heterogeneous decompo-
sition of perchloric acid on various surfaces, which should greatly assist the
understanding of the mechanism of catalysis of ammonium perchlorate

decomposition,
10.3 Combustion

The study of perchloric acid flames has been greatly advanced since the
previous review,
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Composition profiles of low pressure methane-perchloric acid
flane3216 were obtained using a batch sampling technique., The results
indicated that methane-acid flames, compared to methane-oxygen flames,
had an increased rate of carbon dioxide formation carly in the flame. A
reaction mechanism was proposed in which the main step was the consumption
of methane by reaction with Cl0 radicals

HQLO, (+H) —> €10, + OH(+ H0) , (101)
€10, —>Cl0+0, |, (100)

CH, + €10 —>CH, + HOCL (102)
OH + HOCL —>H,0 + C10 , (103)
Gy + C10 — CH,0* + HCL (104)
033 +0, —>CH O+ 0H , (105)
€O + €10 =—C0, + C1 (106)
CO + OH—>C0, + H . (107)

Other chlorine-oxygen radicals could be written instead of C10 with the
addition of molecular oxygen to the right hand side of the equation., Reaction
(106) was proposed to account for the earlier production of some of the
carbon dioxide, and resction (104) for the observed 'cool flame' band

emission21"218.

Very fuel-rich perchloric acid flames have been studied at atmos-
pheric pressure using methane219’220, ethylene221 and ethane222 es fuel.
Sampling of the burnt gas showed that large quantities of fuel did not
react but acted solely as a diluent. In general two molecules of fuel
reacted direotly with the perchloric acid decomposition products and further
fuel moleoules were consumed by pyrolysis and by side reactions., Carbon
formation was not observed in methane-rich flames but was observed over a
limited range in ethane-rich flames and a wider range in ethylene-rich
flames, These results can be readily accounted for by the mechanism
Jjust cited.
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Later work on mixed fuel-rich flameab?z3 showed that selective attack of

the fuel occurred and the order of increasing resistance to attack was ethane
< ethylene < wethane, Approximate ratios of the rate constants for attack of
the fuels were deduced and, from comparison with literature values for attaok
of the same hydrocarbons by H, O, Cl1 atoms or OH radicals, it was concluded
that a chlorine-containing species was involved, ..

The two-flame structure of methane-perchloric acid flames with added
oxygen at low pressures was previously discussed1. More recently, a similar
two-flame formation has been observed at atmospheric pressure both with
added oxygenza" and in the absence of added oxygen in flames containing an
appreciable amount of nitrogen or argon as diluent?2) (v2 moles per mole
of aocid). Sampling of the burnt gas zone has shown that for rich flames with
added oxygen the second flame is essentially a methane-oxygen flame, whereas
for diluted flames without added oxygen the second flame is the combustion
of carbon monoxide along with small amounts of hydrocarbon which are not
consumed in the first flame, As the mixture ratio is increased, the amount
of methane in the burnt gas increases and the second flame changes from a

carbon monoxide- to a methane-oxygen flame.

The formation of two flame zones in this manner on addition of oxygen
is supporting evidence that the consumption of fuel in perchloric acid f'lames
is Ly attack of a radical that is not present in methane-oxygen flames. It
is not by H, O nor OH, This is further supported by studies of the flames
of chlorine dioxide made by Combourieu et al 2207228, mnese have many
similarities to perchloric acid flames in that the flammability limits are
extremely wide, the maximum burning velocity is given with a mixture on the
fuel-rioh side of the stoichiometric mixture, and a second flame is
observed with added oxygen.,

Kinetio studiecs of the reactions of ClO radicals and of chlorine oxides
with hydrogen have recently been reported by Clyne229
and Cl0 radicals and by Ph:llli.p:s230 using chlorine monoxide., Extension of
these studies carried out at near ambient temperatures to higher temperatures

using chlorine dioxide

would enable a useful assessment to be made of the probable reaction in
flame systems,
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Complete elucidation of the perchloric acid flames will require identifi-
cation of the radicals using a collision-free molecular beam sampling system,

11 AMMONIUM PERCHLORATE, NHAFIQQ

The previous review2 covered papers published up to about September
1966. This section reviews the published literature for the subsequent
18 months, which is divided into sub-sections coacerned with thermal decompo-
sition, ignition and combustion., The opportunity has also been taken to
include papers omitted from the earlier review,

2
Pittman?os has reviewed much the same area as the previous review , but

with particular emphasis on the effect of catalysts, More recently,
Jacobssou has completed a review to be published in Chemical Reviews.

The previous value2 for the heat of formation of ammonium perchlorate
(AP) is now revised to -70,21 kecal mole”! as & result of the resolution of
the discrepancy in the heats of decomposition of potassium perchlorate
(see section 2.2),

41+1 Thermal decomposition

The extensive study of the thermal decomposition by Jacobs and
Russell~Jones, previously available as a Ph,D, thesis, has now been
published231-23h and provides firm support for the proton transfer mechanism
of thermal decomposition,

The elucidation of the chemical mechanism of ammonium perchlorate (AP)
decomposition continues to receive attention. Thus, Petrella et al, have
235 to study
the decomposition of AP 236. After flashing, the gas phase teumperature was
determined to be about 2500°K from the rotational distribution of the CN
radical spectrum, Absorption spectra of 0102
bands observed 20 us af'ter the photoflash, The ClO2 rapidly decreases with
time and is hardly detectable after 100 ps, ClO was observed to increase
with time up to about 100 us and then to decay gradually whilst OH, NO and
NH were observed to inorease steadily over times of the order of 1 ms., Flash
photolysis of ClO2

scheme, quite plausible, was proposed to account for the observed intensity

used a combination flash photolysis -« flash pyrolysis system

and OH were the principle

showed dissociation to C10 + O in about 20 pus., A reaction

variations,




Mass spectrometric studies of the species which are volatilized when
AP or propellent containing AP is heated (in vacuo) have become increasingly
. popular. Heath and Majer>' heated the AP sample in a hypodermic tube sealed
at one end and with the open end in the ijonization box of the masa apcctro-
neter (A.E.I. type MS 2), Volatilization began at 120°C and all the AP had
sublimed at 200°C. No trace of the parent ion xmhclo; was found and it was
concluded that the predominant process was proton transfer to give ammonia
and perchloric acid.

A Knudsen-cell mass spectrometric technique was used by Goshgarian and
Vlalton238 s Who obtained reproducible results only after the AP had been
heated at 200°C undew vacuum for 48 hours. Consequently they could not
study the low temperature thermal decomposition. Ion intensity values were
obtained for the temperature range from 140 to 250°C and were used to derive
activation energies from slopes of log IT/o versus 1/T plots where I, T and
O are the peak height ion intensity, crucible temperature in degrees K, and
the ionization cross section of the ion I, respectively. However, corrections
were not made for contribution to ion intensities from narent ion fragmenta-
tion and as the decomposition products would be expected to vary with
temperature, the derived activation energies are somewhat dubious. Further,
no peak for perchloric acid was observed indicating that the experimental
conditions allowed heterogeneous decomposition of the scid before it could
be ionized.

Rapid pyrolyses of AP propellent using a Bendix time-of-flight mass
spectrometer have been made by Coatessu. The propellent was coated onto a
platinum filament which was then heated by discharging a condenser through
the wire, thus simulating the temperature rise in propellent combustion. The
mass spectra obtained from an AP-polybutadiene-acrylonitrile propellent
with and without catalyst (iron oxide or iron blue) clearly indicated not
only hydrocarbon fragments from the binder pyrolysis but also ammonia,
perchloric acid and chlorine-oxygen species. It was evident from the
variation of the Cloz/HC'LOh ratio, that with catalyst, chlorine dioxide
was present to a much greater extent than in the absence of catalyst.

A gendix time-of-flight mass spectrometer was used by Pellett and
Saunders 39 in a more extensive study of AP decomposition, Chlorine,
one of the major products, was used to characierise the rate of decomposition
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in a nusber of constant temperature pyrolyses. Perchloric acid, from AP
sublimation, was used, as was argon, as a means of norsalizing the ion
intensities of the decomposition products. The chlorine/perchloric acid
ratio showed an acceleratory-deceleratory variation xith time and, since
oxygen and hydrogen chloride were proportional to chlorine over most of
‘the pyrolysis, the direot decomposition

HC10 (108)

L—DHC].'I- 20

2

had little significance under the conditions used, The perchloric acid
evolution was essentially independent of the fractional decomposition and
was a function of temperature only. A plot of relative ion intensities of
perchloric acid and argon against 1/T yielded an activation energy of 21.5
kecal no]e.1 for the sublimation.

Relatively small amounts of nitrogen and chlorine dioxide were found.
Ions specif:lcally sought and not found were Nﬂh ClO NH,‘.GIO‘*, HGthHCIOL,
Noc1 NZOA and (:12()3 Peaks attributed to HC1O: 3 Hclo2 R HC10™ and C10"
were approximately proportional to Hclok and were in agreement with Heath
and Majer's 231 cracking pattern. The mole ratios N20.012, HCl.CZ!.2 and
1‘102:(712 were unity over the temperature range studied. An atom balance
required an 02:012 ratio of 7:4 which compared well with the experimental

ratio of 2,0. It was concluded that the stoichiometry could be expressed
by

12NH,+c101+ = 4C1, + 4N,0 + LHCL + 4NO, + 70, + 22HO . (109)

The CIZ:HCIOI'_ ratio was used for kinetic analysis using the
Prout-Tompkins equations. The Arrhenius plot had two distinct slopes with
activation energies of 10,4 and 55 kcal mole~1. It was suggested that the
break might be associated with a transition temperature at which competition
between decomposition and sublimation alters the apparent kinetics of the
decomposition,

213 using a pulsed ruby laser as

This work has recently been extended
an intense heating source, The laser beam passes through the Bendix ion
source to samples contained within the mass spectrometer. Since the AP

orystal was transparent to the 6943 £ rediation emitted by the laser,
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mixtures of AP with carbon black or metal oxides were studied., The

substrate was preferentially heated and decomposition initially ocourred at
the hot substrate - AP interface thus causing the predominance of heterogeneous
resotions. The effective temperatures were estimated to be 500 to 600°C.

Ammonia and percvhloric acid were evolved in a small fraction of a
millisecond following laser impact of AP - carbon black, - copper chroaite, -
ferric oxide or -~ manganese dioxide mixtures., All the major decomposition
products, except for HOCl, appeared to be evolved at the same time.

Perchloric acid and, to a lesser extent, ammonia had short lifetimes.
Relative ion intensities indicated that there was always a large stoichio-
metric detiociency of perchloric acid as compared to ammonia. Chlorine dioxide
was always a major gaseous product and was observed for a longer time than
perchloric acid; it was also present in much larger quantities than

chlorine,

Comparison :of these results with those obtained in isothermal
pyrolyses suggested that chlorine is a major product when adsorbed perchloric
acid decomposes on an AP erystal surface, and chlorine dioxide a major
product from heterogmequs decomposition on a catalyst.

Sampling of the decomposition products from AP pyrolyzed outside the
mass spectrometer has also been carried out recently. Majer and Smitha"o
allowed the vapour from subliming AP to pass through a second furnace main-
tained at a higher temperature than that of the subliming ammonium
perchlorate. The reactions ocourring in this second furnace were monitored
by means of a pin-hole leak connected through a length of relatively narrow
tubing to the ion source of the mass spectrometer,

The major products observed were HZO’ 02, HC1, N20, N02, Cl2 and NH

Traces of chloramine, chlorine dioxide and hypochlorous acid were also

3.

detected, No perchloric acid was observed, although a deposit of AP was
observed downstream of the second furnace, Ammonia was first detected at
270°C but was present in measurable quantitics only at 300°C. It is
probable that reaction ocours within the sampling leak-mass spectrometer
system.

The eff'ect of added gases on the sublimed AP vapour was studied, Inert
gases (NZ’ CF, and 002) initially increased the partial pressure slightly of
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Mi,, H0, HC1 (u2 only) and €10, (1!2 and 00, only) but subsequently these
decreased to scro. Ammonia addition decreased all products except for
m2c1 which increased as the 012 decreased. Oxygen addition had a similar
effect to that produced by an inert gss.

Maycock et 31.2"1 decoaposed AP at ‘IO-3 torr in a oconstant volume
system comected via a molecular leak to a Bendix time-of-flight mass
spectrometer., Ammonia and perchloric acid were not observed and indeed it
was hoped that they would recombine on cold surfeces, Pyrolysis of
"‘m,‘cmL and 151@11,‘0101’ st 2X°C gave principally KO, N0, C1, and 0,
along with significant amounts of HCl and Nz.
In later workm, partially deuterated AP was also studied using
beth the earlier apparatus and a Knudsen cell sited in the mass spectrometer.
The Knudsen cell experiments indicated H,0 (or NH‘?}'), W, N,, 0,, C1, H1,
nzo and 012 as products, Perchloric acid was rgain not detected. The
results using the constant volume system agreed with those obtained
previouslyzmo Activation energies from the pressur-time curves obtained
for oxygen and chiorine were the same, 28 kecal mole ', The ratio of
0,_:N_0:Cl, in the products was 3:2:2 indicating that the stoichiometry

2 2 ?
oould be expressed by

LNH, 10, —> 2N,0 + 2C1, + 30, + 8H,0 (110)

at temperatures of 200 to 23000.

Iaycockzu has also studied the thermal decomposition of AP using a
conventional constant volume apparatus. The effects of ageing at room
temperature in vacuo, and at 110°C in air, of particle size, of decomposi~
tion products and of impurities such as Gr20.§-and Ca** vicre cxamined, Ageing
especially at 100°C resulted in a marked decrease in the rate of gas
release and this was attributed to annealing out of point defects. The
rate was found to pass through a maximum as the particle size decreased from
Lot x 10-} inch to 8 x 10-1" inch, Product gases were also shown to reduce
the rate of pressure rise with time. Doping with Cr20$' and Croz- accelerated
the rate of pressure rise in agreement with the findings of other workers
b have also examined the effect of the
method of preparation and reported some further results on the ageing of AP

samples, The method of preparation had a pronounced effect: samples

(see Ref.2), The same workers
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recrystalliszed from solution at room temperature had a much slower rate of
pressure rise than samples recrystallized at +5°c. They proposed that
perchloric acid monohydrate diffused into the AP crystal. 7This is
unlikely. Further it should be chemically detectable as perchloric acid
sonohydrate is a strong acid. A more probable explanation is that, because
Analar reagent material was used without further purification, the sample
obtained by cooling to 5°C contained more impurity.

These experiments have been combined with other results on the
eleotrical con(lm:1::lv:|:l:y"'"'5 to produce a ”GMSIM for the thermal
decomposition of AP in terams of the point defects present. The electrical
conduotivity measurements plotted against the reciprocal of the temperature
show several linear regions., The changes of slope occur at 92°C, 171°C,
255°c and 31000. The break at 255°c is also observel from thermel decompo-
sition measurements and is thus assigned to the crystal transition. The
difference between this value and other values of 240-242°C is considered to be
the result of different experimental arrangements. Since a plot of the
electrical conductivity with time exnibits a miniaum followed by a maximum,
and the rate of decomposition, expressed as microns of mercury pressure
rise in a given time, shows a similar but inverted shape, it was concluded
that the charge carriers actually participate in the decomposition. However, con=
ductivity measurements cannot differentiate between proton and electron transfer.
Activation energies deduced from the time for the elcctrical conductivity
to reach its minimum value are 30 koal mole™' at 200 to 250°C and
20 koal mole™ at 255 to 290%C.

Thermal decomposition measurements of pressure-time curves under both
isothermal and adiabatic conditions indicated that there werc three regions
each with its own activation enmergy: 200-250°C, 30 keal mole™ ; 270-340°C,
20 koal mole-1; and 380-440°C, 455 keal mole~'. A somewhat tenucus
mechanism is proposed in which electron transfer occurs

+ -
Nﬂh + 0101+ .-»NHL + c1ou (111)

which may be followed by

NHL-—>NHB+ H . (112)

At low temperatures (below 250°C) the C].Oh_ is considered to decompose on the
surface and oxidize the ammonia, whereas at higher temperature¢s the H atom
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is presumed to combine with a clohfree radical to fora HC10, , by what would
be an extremely exothersic process., The resulting l‘!ﬂ3 and BClOk may then
sublime or react. Additional evidence for an electron transfer process is
drawn froa the effect of divalent ions added to the crystal lattice. Thus
soi" jons enhance the reaction rate at concentration levels between

10™% and 1 mole %, and Ca'* ions inhibit the reaction rate over the same
conocentration range. These conclusions do not agree with the results
obtained by SolymosiZ>® who found that addition of sinc, magnesium or

cadmium perchlorates had a marked catalytic effect.

The different activation energies observed from pressure measurements
have been discussed by Jacobs and Russc.zll-Joneazs2 s Who have shown that a
single unified mechanism of proton transfer with an activation energy of
30 koal mole”! can account for the apparently different modes of thermal
decomposition of APz. The conductivity measurements of Maycock et al. may
in fact indicate a charge transfer process involving protons as suggested
previously by Wise (see discussion in Ref.2),

Other more conventional studies of AP decomposition have been reported.
In several of these, quite elegant experiments are being made in attempts
to elucidate further the mechanism and its dependence on a range of
variables, .

Differential thermal analysis (DTA) has been applied by SinchenZ*!

to study the effect on the exotherms of the heating rate, of AP particle
size, and of eddition of 'inert diluents' such as silicon carbide, silica,
aluming or titanium dioxide., It was suggested that the first exotherm was
related to AP dissociation to ammonia and perchloric acid which then reacted

exothermally.,

Systematic cycling in DTA was used in later experimentsm. In this

way products which may pyrolyse at higher temperatures can be detected.

Thus with AP-potassium chloride and AP-barium carbonate mixtures, the
corresponding metal perchlorates were formedzw. Mixtures of AP with sodium
chloride or caloium chloride gave intermediate compounds (two and one
respectively) which in turn decompose to the metal perchlorates. These inter-

nediates were not chemically identified.
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DA wes used by Rhees and Hemser- to study the effect of surface

sodification. This modification was achieved either by adding the required

ions to an AP solution, or by surface ocoating with metal oxides, salts or

various suwfactants., The surface coating with oxides had the most marked

effect on the DIA and of the materials used those of copper and magnesium

hed the greatest effect (Ti, Si, Al, Cr, Cu and Fe were precipitated as

hydrated oxides, and Mg, Cr, Pe, Cu and Mn were mixed with AP as dry oxides),

Even low concentrations had a marked effect especially on the first exothers,

The exothera shape and position were observed to depend on the additive.

The decomposition of AP has been studied by Wasoche and WenogradZ' by
differential scanning calorimetry to examine the effect botli 6f priessure and
of additives, The AP pyrolysis was studied over the temperature range 175
to 50000, and pressures from 10 torr to 30 atm. Kinetic data were derived
by assuming first order kinetics and equating the rate of heat evolution
at a teaperature T +to the total heat"of reaction Q i

Dy

Toog W, = &0 (113)

o

where DT is the rate of heat evolution at temperature T and

(4 - a-T) W, is the weight of sample at T. An Arrhenium plot of kyj
yielded an activation energy of 61.1 kecal mole | over the temperature range
400 to 450°C for purified orystals of AP, At 300 to 340°C the data showed
much scatter but appeared to onsrespond to an activation energy of about

30 kcal mole-1. Sample history, purity and particle size had no effect

on the high temperature exotherm where 90% or more of the heat release
occurred. Increase in pressure from 4 to 30 atm caused the second exotherm
to ocour at a lower temperature.

The effect of copper chromite and f'erric oxlde were also examined.
As Jacobs had used the expression

1-(1-a)? = (114)

the expression (143) was replaced by one corresponding to a reaction order of

- %, An sotivation energy of 48 koal mole-1 was obtained with a catalyst at
300 to 35o°c in excellent agreement with that obtained by Jacobs,
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Kinetic data with carbon black indicated similar behaviour to that

with AP alone but with much higher pre-exponential factors. Propellent decon-

position differed from that of AP because it occurred at a lower temperature,
The heet release was greater, and the AP particle size had a significant
effect.

Sohaidt has continued’”% the study, previously reviewed>, of the

relationship between the burning rate of an AP composite propellent and the
DTA behaviour, In his later work the decomposition of AP, AP containing
potassium chlorate and AP ~ transition metal chelate mixtures was studied
under both isothermal and non~isothermal conditions. The effects of
various additives and experimental conditions are summarized in Table 19,
The results support the proton transfer mechanism for AP decomposition,
and it is considered that the catalyst acts by facilitating the perchloric
acid decomposition, and not that of the perchlorate ion, This mechanisn
was supported by experiments in which potassium perchlorate catalyst
mixtures were heated in an ammonia stream, No deflagration was observed
even at temperatures above that at which AP normally deflagrated.

One type of catalyst (ferrocene, metal acetylacetonates, etc.) was
observed to interact chemically with the ammonium ion to give a more
reactive compound, not identified, which then lowered the AP deflagration
temperature.

The effect of the gaseous products of the thermal decomposition of AP
at 130 to 190°C was studied by Svetlov and Koroban>”?, It was found that
AP decomposed to a point corresponding to a constant pressure at a
partioular temperature (1600 torr at 150°C); thus the extent of decomposi-
tion varied from 73 to 1% at 150°C depending on the ratio of the weight
of AP to the volume of the reaction vessel, These results clecarly showed
that the decomposition products retarded the decomposition., Water was
found to have a pronounced retarding effect, increasing the induction
period and decreasing the pressure at which decomposition stops. Perchloric
acid was found to be present in appreciable quantities in the products, A
novel mechanism was proposed in which the perciloric acid decomposed to
chlorine oxides which attacked the AP, e.g., by
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M, C10, + C1,0, —> mhcloz’ + cn,‘,o7 (145)

and the inhibition by water was ascribed to the reaction

07 + ,mo—-» 2}xc1ok 10 . (116)

The effect of preliminary irradiation and of chlorate impurity on the rate

of theru.l decomposition of AP has been re-examined 25k o Irradiation by 200

KeV X-rays resul” »d in AP which decomposed much faster than AP containing

an equal amount of chlorate. It is suggested that the additional acceleration
of the decomposition results froam the production of cationic and anionic defects
by irrsdiation., An electron transfer mechanism is discussed.

Two recent paperszs 5,256

detonability of AP.

have described results of experiments on the

11.2 Catalysed thermal decomposition

A few papers concerned with the catalyzed decomposition cf AP were
included in section 14,1 for convenience, Others solely concerned with the
catalysis are now reviewed,

Continuing his extensive study of AP catalysis®, Solymosi has mode
studies of the action of cadmium and magnesium oxide 5 7. He concluded
that both oxides react to form cadmium and magnesium perchlorate which,
along with zinc perchlorate, heve been shovmz58 to be effective catalysts
even when present in extremely small amounts (500:1 mole ratio for C2 and Mg
perchlorates and 1000:4 for Zn perchlorate). Activation energies are
summarized in Table 20, The catalysis was ascribed to the role of thcse
salts in causing the AP to melt and to their high polarizing power.,

The adiabatic method has been applied by Wise et al.25 9 to a study
of the kinetics of AP in the presence of catalysts. Activation energies
are given in Table 20 but the data were less reproducible than those for
pure AP because of difficulty in establishing isothermal starting condi-~
tions, of sample fracture during decomposition and of non-uniform
distribution of catalyst through the sample. Study of an AP-carboxy-
-terminated polybutadiene propellent showed that the activation encrgy was
33 keal mole"1 s almost the s-ae as that previously obtained by Wise for
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pure AP, It was also shown that pressure had no effect on the activation
energy for AP decomposition which was also observed by Waesche and
lemgradzm o It was concluded that the absence of a pressure effect
indicated that the observed heat release is controlled by solid phase
reactions,

The effect of cato.‘l:ysts on the product composition was studied at
200 to 300°C by Shmegin and Shidlovskii?®" who reported analyses for 10,
0,, HCL, Cl,, N,0, NO and N,. Addition of metallic oxide (unoz, Co,C,,
NiO, F‘2°3’ Cu0 and Zn0) was studied and generally found to result in a
decreased yield of NZO accompanied by an increase in NO except for the
addition of Zn0. The chlorine/hydrogen chloride ratio was little affected
by the addition of catalyst, except for zinc oxide which reacted chemically

with AP when the amount of HCl was very amall.

The effect of the particle size and surface area of nickel and copper
oxide on the decomposition of AP at 230 to 3oo°c has been examined by
Boldyrev et al 261. The catalysts were found to be effective even when
physicelly separated from the AP so that the sublimed AP passed through a
layer of the additive,

The co-crystallization of AP with isomorphous compounds to give an
increased catalytic effect has recently been patented2 2. AP containing
co-crystallized salts such as chromates, permanganates and periodates is
much more impact-sensitive than pure AP. Thus with pure AP, a 2 kg weight
causes 50% explosions for a height of 100 cm, and AP with 2% potassium
periodate requires a height of 27 cm only, less than that for RDX (33 cm).
The accelerated thermal decomposition is shomn by the results of TGi
experiments summarized in Table 21,

11.5 Ignition

Further light has been thrown on the low calculated surface

temperature (160°C) observed in the ignition of solid pzopellents using a
263

.

shock tube, The effect of surface roughness was shown to have a pro-
nounced effect on the calculated surface temperature for ignition. Although
these experiments were reported for double-base propellent the finding is
certainly applicable to similar experiments with composite propcllents based

on AP.

I
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It was noted that whereas ignition in the shock tube occurred in a few
milliseconds with a calculated surface temperature of 130°C, & sample main-
tained at that temperature did not ignite in one hour, If acetone was used
to wet the surface, a mirror-smooth swrface could be obtained. This would
not ignite even with gas temperatures in the shock tube some 200-300 deg
C hotter than previously. When a soratch was made on the mirror-smooth
surface, ignition ocourred. Thus surface roughness has an important effect
on ignition due to the presence of localised areas of higher heat transfer
and should be considered in comparing samples.

Ignition of polymeric fuels similar to those used in solid propellents
by perchloric acid vapour has been continued with a study of the effect of
added oato.].yst"7. It was shown that addition of catalysts such as copper
chromate reduced the ignition delays markedly and thet they did so only when
the catalyst was in physical contact with the fuel. Short separations
(5-10 mm) were not effective. It was also shown that hea%t r¥lease resulted
when perchloric acid vapour was passed onto copper chromite, and that the
chemical change that occurred in the catalyst corresponded closely to that
observed by Rosser et al 26"'. . It was concluded that the catalyst acted by
promoting the decomposition of 'perchloric acid and that ignition resulted
from reaction of an unstable chlorir';e-oxygen species on the surface of the
fuel,

Ryan et e,l.265 have reported results of a study of the reactions in a
polybutadiene acrylic acid (PBAA) AP propellent using the thin film technique
to simulate ignition conditions, Addition of fine AP particles (< 5u) to the
PBAA film cause&\‘_ the temperature, at which regression starts, to be reduced
from above LSOOC to 390°C. At high heating rates, a rapid PBAA-AP reaction
was observed at a lower temperature and it was concluded that the AP
decomposition products were attacking the PRAA, Copper chromite was not
observed to have much effect, It is possible that AP-catalyst contact was
' impeded by t"o polymer. The reaction and ignition of PBAA films in oxygen
appear to ’ a non-luminous PRAA-oxygen reaction at the surface and a
later gas phu.. reaction to produce a luminous flame, The importance of the
AP-PBAA pro?lucts reaction is in agreement with the observations that

perchloric acid reacts readily with fuels at low temperaturesa’ 117.

68/
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High-convective heat flux studies have also been repor‘l:edz65 in which
the addition of 2% of ammonium dichromate, n-butyl ferrocenc, cobalt oxide or
copper chromite on propellent ignition were examined. The result of cobalt
oxide wes difficult to determine because surface roughness effects were
significant. Copper chromite and ammonium dichromate were equally powerful
catalysts, but n-butyl ferrocene was the most effective. It was suggested
that the n-butyl ferrocene was so effective because it was added to tﬁe
propellent mix in liquid form, hence ensuring excellent dispersion. A
theoretical model for the ignition response of solid propellents was_
proposed, which predicts ignition behaviour with respect to pressure and
surface heat flux in quantitative agreement with experimental measurements,

The effect of various additives on the ignition delay of AP has been
desoribed’®®, Preneating of AP to 360 or 400°C before measuring the ignition
delay at k}Ooc showed that the ignition delay was reduced in proportion to
the duration of the preheating, The nature of the ambient gas (N2, air, NO
or NHB) had no effect on the ignition delay, but decrease in pressure increased
the delay. Sample size (100-250 mg) had no effect on the activation energy
(36 keal mole™) observed for pure AP, A similar activation energy was
obtained with additions of manganese dioxide or °°3°z,’°°2°3‘ The quantity
of catalyst required for maximum reduction in the ignition delay decreased
as the AP particle size increased.

Recently, the role which condensed phase reactions may play in the
ignition and combustion of AP propellents has received inoreased attention.
Fishman2 7: using embedded surface thermocouples, has e xamined the pre-ignition
surface exotherms in AP propellents subjected to radiation from an arc image
furnace. From the shape of the temperature-time trace it was concluded that
exothermioc reactions involving the condensed phase do occur in significant
proportions during ignition in the pressure-dependent regime. Arc-image
results from this regime do not lie on a log-time/log-flux line of slopé -2

Simulated propellents containing AP and powdered catalysts were studied
by Wise et 31.268 by measuring the rate of heat release, burning rate and
ignition delay. It was found that the calculated surface temperatures for aro
image ignition at high heat flux were much higher than the surface temperatures
for steady state combustion. Consequently ignition may not be interpreted solely
as the time required to establish conditions prevailing during steady state
burning. It was concluded that a condensed phase reaction does contribute
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to ignition and combustion, and that this condensed phase reaction (either a
homogeneous reaction in the solid or at the gas-solid interface) may be the
necessary pre-requisite for ignition. It was considered that with increase
in burning rate the contribution of the condensed phase reaction would
decrease since the time available for reaction to occur would be less.

Shock tube studies of the ignition of a range of polymeric fuels
have been reported by Shannon269’27°. It is suggested that thermoplastio
fuels ignite by a gas-phase process whereas elastomeric fuels may ignite by
a heterogeneous process., However, it was accepted that the physical structure
of the polymer surface was important. Studies of propellents in an arc image
furnace indicated that the nature of the fuel had a major influence on the
ignition delay below 0,75 atm abs and on the minimum pressure at which
ignition ocourred. The latter correlated well with the thermal stability
of the fuel,

The study of flame spreading over the surface of igniting solid pro-
pellents and over thermoplastics typical of “uels used in propellents
has been continued by McAlevy et a1.271’272.
fuels were measured in oxygen, and of ammonium perchlorate in methane. The
rates with AP were observed to be much faster with loose crystals than with
pressed samples., Simple observations were made with polystyrene and

polymethylmethacrylate with 100% oxygen271 and with oxygen mixtures containing

various inert gase3272.

Flame-spreading rates of

Mixtures of AP with polystyrene were tested in oxygen, and it wes
observed that the AP crystals ignited only af'ter the polystyrene-oxygen
flame had passed over them. It was concluded that the basic mechanism
of flame spreading is essentially one of continuous gas-phase ignition, -
However, this cannot be regarded as proved for the ignition of actual
solid propellent motors for which the ambient atmosphere is not 1007
oxygen. It is probable that the perchloric acid liberated from the AP
is important in practical systems.

11.4 Combustion

11 oli-o 1 EEEerimental

Experimental techniques for the study of solid-propellent combustion

have been reviewed recently by Friedman273. The emphasis was placed on the

techniques rather than on the results because of the still limited amount

of precise information about the combustion process.
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Other effort is being directed towards elucidating the combustion
mechaniss, Thus, Hackean and Beachell>’" have examined the combustion of
single AP orystals and of AP powders, The burning rate for single orystals
was found to be 0,33 inch sec-‘| at 1000 psi in good agreement with the
value previously obtained by Hightower and Price275 o Examination of the
reacting surface showed that the proiuct gases are transparent near the
surface but within a distance of 500 to 1000 microns they become a dense
white cloud due to product condensation. A globule was observed in one
sequence with a glassy or molten surface. The effect of particle size, hulk
density and of doping with rubidium or nitronium ions was investigated. The
nitronium ion (0.01%) increased the impact sensitivity to a point where the
doped AP was more sensitive than either pure AP or nitronium perchlorate.

It increased the burning rate by about 50%. The results are discussed in
terms of a characteristic burning surface area defined as the ratio of the
actual surface area to the area of a single crystal., For 360 p powder this

was about 46,

Single crystal studies have been used by Beckstead and Hightower276 in

calculating the surface temperature of deflagrating AP crystals. The method
is similar to that based on measurements of the phase-transition depth

below the surface previously described by Selzer277. However, the use of

single crystals offers several advantages and in the later pzatper276 allowance
was made for the variation of thermal properties with temperature, It was
found that the solid surface temperature in the absence of fuel was
virtually independent of burning rate in the range 525 to 600°C in reasonable

agreement with previous results by other technigques,

Profiles of the emission intensity for OH, CH, NH and CN through the
flame of an AP-polyisobutene propellent have been reported by Selzer278 who
has also observed that regression of burning propellent procceds in a
stepwise manner279 with a frequency of 5 to 20 Hz. High speed photography
was used to examine the flame appearance and shape associated with this
phenomenon,

The detailed structure of the flame zone in AP propellents has been
studied using fibre optics and high speed photography (up to 9000 frames
per second) by Marxman et al 280, It has been shown that both AP orystals
and aluminium particles may ignite at or near the surface. Further, as
the aluminium ignites at a temperature of about 1000°K, which is well below
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the ignition temperature (2300°K) for aluminium in oxygen, this implies that
the ignition results from attack by intermsediste products from AP decomposition.
This confirms that important heat release reactions occur near the surface, as
found earlier by the same workers using DTA. The concept of surface heat
release reactions has been incorporated in their model of the combustion pro-
cess, which predicts that the gas phase flame temperature will increase as

the burning rate inoreases,

Propellent analogues consisting of particulate beds have been used by
NoAlevy et 31.281’ 282 to study the combustion process, Three basic types
of burner were used - gaseous fuel through a porous bed of AP particles,
gaseous oxygen through porous thermoplastic granules, and an unbonded
nixture of particles of AP and thermoplastic polymer. It was suggested
that the nature of the fuel had an influence over and above that of its
overall heat of combustion because, both with AP and with gaseous oxygen,
polystyrene has a maximum burning rate at a diff‘e-rent stoichiometric ratio
from that shown by polymethylmethacrylate. The importance of the bonding
technique in fabrication-of AP porous plug burners was discussed in the
light of results obtained by McAlevy and by others.

Further studies of simulated propellent systems using perchloric
acid flames have been discussed in section 10, A similar fundamental study,
but concerning the nature of the fuel pyrolysis products and their reaction

with oxygen,has been described by Nagao and Hikitaza} ! 2&.

The importance of solid phase reactions in propellent combustion has
been examined by Caveny and Pittmanzes. Exper'imental and analytical approaches
were used to deduce the solid phase surface temperature and to evaluate the
effeot of AP solid phase decomposition rate on burning rate. AP was
nodified by Irradiationwith 9.8 x 106 rad of 0060 and also by thermal shock
in 1iquid nitrogen, both methods resulting in greatly enhanced rates of
thermal decomposition., If sub-surface reactions within the AP contribute
significantly to the burning rate, it would be expeoted that propellents
containing AP modified in thls way would burn at a faster rate, This was
found not to be so for a range of propellents ranging from 55 to 807 by
weight AP content, 6 to 200 4 AP particle sizes and burning at 500 to
15000 psi pressure. The calculation of surface temperature followed
the method used by Beckstead and H:I.gh‘cowerz76 and ylelded a somewhat

lower surface temperature of 442 +30°C, Sub-surface heat generation rates,




83

even at an upper limit, did not affect the calculated surface temperature.
It was therefore concluded that AP sub-surface reactions do not control the
burning rate at pressures above 500 psi. However, at low burning rates and
lower pressures it was considered that sub-surface reactions would become
increasingly important.

The burning rate of an AP-composite propellent has been shown252 to be
unaffected by the addition of potassium chlorate. However, burning rates
were affected by metal chelates: [bis - (N - R - salicylaldehyde-amine)

Cu (II)] compounds accelerated the burning rate uniformly between 300 and
1000 psi 252 o Similarly, metal acetylacetonates increased the burning rate,
with a relative order of effectiveness below 1000 psi of Cu > Fe > Co =~ Mn.
It was considered that these additives act by catalysis of the perchloric
acid decomposition both by (i) decomposition of the additive to molecular
size oxide particles which have fresh surfaces, and (i1) exothermic reaction
of perchloric acid with the organic fragments., It was further suggested that
the most effective catalysts are transition metals having two stable
oxidation states which involve a one electron change.

It was also shown that addition of 1% of basic amine (such as
tributylamine or dimethyl-dodecylamine) to a propellent containing 75% AP
greatly reduced its burning rate and pressure exponent giving plateau and mesa-
type burning rate curves. It was proposed that a surface process was
probably involved such as neutralization of the perchloric acid.

Recently, Jacobs and Powl:'mgze6 have combined results on (i) low-
temperature isothermal sublimation (11i) the measurement of linear regression
rates by hot-plate pyrolysis and (iii) the rates of combustion of AP at low
pressures, The combustion was sustained by prehcating the AP, or the use
of a solid volatile fuel, or the passing of gaseous fuels through a porous
bed of AP, or a counter-flow diffusion flame above the AP. It was found
that all the data correlated well when the pressurc~dependence of the subli-
mation rate was taken into accuunt. Thus dissoclative sublimation was shown
to give a consistent interpretation for the data obtained from these three
methods, An interesting experiment was reported in which the burning rate of
AP-fuel mixtures, in which the AP had previously been heated until the low-
temperature reaction was complete, was compared with control samples that had
not been preheated. No difference in burning rate was observed thus indica-
ting that any thermal decomposition ocoocurring in the solid ahead of the
combustion zone had no significant effect.




The characteristios of the burning surface of AP with a range of volatile
e.g. (naphthalene) and non-volatile e.g. (graphite) fuels has been colparedn"'
with those of potassium and sodium perchlorate with the same fuels. For fusible
fuels the projection of AP crystals above the surface was observed at

pressures up to 30 atm; above 30 atm depressions were observed.

Thermally stable fuels accumulated on the surface during burning. It
was concluded from observations on the three oxidizers that some reaction
took place in the condensed phase or on the surface of the thermally stable
fuels such as tungsten and graphite, Whereas this is almost certainly true
for the latter fuels it cannot be regarded as proven for fuels of the type
usually used in solid propellents,

The stuly of the inorease in burning rates on the addition of catalysts
has continued. Yamazaki and Tokuizs-’ have reported burning rates for pro-
pellent containing metallic foil (aluminium, silver and copper of various
thicknesses) either in random or laminated form. Maximum burning rates were
obtained for propellent laminated with foil oriented normal to the burning
surface which burnt with V-shaped indentations with the metal foil at the
point of the V. The burning rate enhancement was attributed primarily to
the thermal conductivity of the foil.

The effect of various additives on the burning rate of AP in per-
spex tubes has been reported by Glaskovazaa. The effect of CrS’ (as
potassium dichromate) and oot (as chromic oxide) on both AP alone and a
stoichiometric AP-coke mixture was examined, Potassium dichromete was
shown to increase the burning rate to a greater extent than chromic oxide.
Even higher burning rates were observed.for a stoichiometric mixture of AP
with metallic iron, Results were also obtained for combustion of AP with
calcium stearate. By comparison with results obtained elsewhere, it was
concluded that the similarity between the effect of catalysts on the
burning rate and on the thermal decdmposition of AP is not good., However,
this comparison is not valid unless identical additives are used because
the physical propertles will otherwise differ.

Other recent papers have described the control of the low pressure
deflagration limit3289 and the effect of spatial acceleration on the
2% of AP-composite propellents. Higher deflagration limits,
and thus safer propellent compositions, were obtained by inoreasing the
amount of binder, by using oxygenated binders, or by modification of the

burning rate
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aluminium and of the AP used. At the low pressure deflagration limit the com-
bustion of fuel and oxidizer is probably premixed, so it is interesting that
halogenated hydrocartons had little effect, an observation in agreement

with the lack of effect on the burning velocity produced by addition of
halogenated hydrocarbons to perehloric acid flames. The tendency for the
flame of a burning propellent to propegate into surface cracks has been
exanined for an AP-polyester resin propellent291 as a function of crack

width, AP particle size and pressure. It was found that there is a lower
limit to crack width into which the flame will propagate.

11.4.2 Models of the combustion process

Sumerfield292 has reviewed burning ratc data and has shown that

his granular diffusion flame model is valid for AP composite propellents
which are highly loaded with oxidizer of medium particle size (20-200 j AP).
The theory‘8id not-hold, nor was it predicted to hold, for very -high
pressures (above 2000 to 5000 psia) or for large perticle sizes.

It was also found292 that fuel-rich AP propellents containing small

particle size AP do not burn normally at intermediate pressurcs and that
plateaux and extinctiwns can occur. Thus with polybutadiene-acrylic acid-

and polysulphide-AP propellent, plateau burning was observed in the range

300 to 800 psia for AP-particle sizes between 15 and 45 p. Extinction occurred
at 500 psia for particle sizes below 10 u and the burning rate also passed
through a maximum at 350 psia. Intermittent burning and pressure oscilla-
tions were observed between the burning rate maximum and the extinction

point. This anomalous behaviour was ascribed to the burning surface being
non-planar.

The 'phalanx flame model' has been developed by Fennz%. This repre-

sents the flame as burning at the interfacial region between strcams of fuel
and oxident generated by volatilization of the solid components. Thus at
high pressures most of the fuel and oxidizer burn in a diffusion flame, but e
small and very important fraction burns in a premixed flame in the phalanx
tip at the base of the diffusion flame close to the surface, The close
proximity of the premixed flame to the surface implies that this rcgion will
be consumed first and thus that the surface will rapidly become non-planar.
The phalanx model permits easy transition between the various combustion
modes of AP-fuel mixtures, and also can qualitatively explain the plateau
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ard extinotion burning discussed earlier. The expression derived by Femn for
the variation of burning rate with pressure is

b A+Brbp2.n2

where n 'j.s the order of reaction, ry the burning rate at pressure p and
A, B are constants, The similarity of this expression to that obtained by

Summerfield for the granular diffusion flame model is pronounced.

Hermance has extended his previous modelzg", in which surface hetero-
geneity and heat release effects were included, to one in which a hetero-
generous reaction between the solid fuel and the oxidizer decomposition pro-
ducts is po&tulated295. The effect of diffusion mixing of the decomposition
products released at the surface in the determination of flame height is
also included in the extension of the model. Good agreement was observed
between theoretical and experimental bturning rate-pressure curves., The
prediction of pressure exponents greater than unity at high pressures (300
atm and above) was also supported by experimental observations. Various
other parameters were calculated and found to be jin reasonable agreement with
experimental values, It may be concluded that this model is quite representa-
tive of the AP-fuel combustion process, and that better experimental data
will be required to permit critical examination of the predictions from
the theory.

Other contributions to the model of combustion of AP have proposed
that & cellular flame structure is involvedz% resulting in a more
stoichiometrically balanced flame of ammonia and perchloric acid within
the oell, and a flame extremely lean in fuel., However, it was not con-
sidered that this structure would apply to AP in a propellent., Arguments
have also been put forward that the burning rate cannot be controlled by

the processes occurring in any one stagesé’ 297.

12 CONCLUSTONS

The salient features of perchlorate decomposition and cowbustion
are summarised in this section and common properties and bchaviour are

sought. Finally areas for future research are outlined.




12,1 Sublimation

The perchlorates may readily be divided into those that sublimate
to yleld perchloric acid with the corresponding base and those that do not.

L Group A Group B
Perohlorates that sublimate to Perchlorates that do not
perchloric acid and base sublimate to acid and base
(1010, ) NOG10,
NHLOIOL NOzclok
rmz’onclo,+ B(cloh) 3
N2H501Ou FCth
112116(0102..)2 Metal perchlorates
CHBNHBGIOA
CHSN}HCIOu
Other amine perchlorates 3

It should be noted that hydrated metal perchlorates, such as those of
aluminium and magnesium, yield perchloric acid on heatingz%. Further, the
preparation of anhydrous metal perchlorates for other than the alkeli metals
is diff‘ioult299. Thus, it would in general appear that perchlorates con-
taining hydrogen atoms will yield perchloric acid on heating, especially if
the perchlorate is that of a non-metallic base, Nitronium perchlorate

239 to sublimate but this cannot yield perchloric acid and

it is therefore assigned to Group B. The sublimation process may be

has been observed

2N02610h — N205 + 01207 . (117)

12,2 Decomposition

It 1s expeoted that the behaviour of perchlorates in their decomposition

will fbllow the division made in seoction 12,1, Thus, perchlorates in Group A,
which on heating yield perchloric acid and the base, will decompose in a
manner which depends on the less siable of the two components. On the other




hand, the perchlorates of Group B may decompose by rearrangement to yield
chlorine heptoxide or by scission of a C1-O bond. The latter route requires

a high activation energy of some €0 to 70 kcal mole ',

The experimental activation energies are summarized for the two
groups of perchlorates, It is most important to note that reaction kinetics
deduced from pressure-rise observations may differ from thosederived by
weight-loss measurements because of gas phase reactions, Thus, apparent
numerical inconsistencies may reflect different experimental methods, More-
over, these perchlorates have in general been studied much less intensively
than has ammonium perchlorate, of which the modes of decomposition have only
recently yielded a consistent interpretation.

Group A ? Group B

[]

' Activation energy Activation energy,
Perohlorate keal mole~} d Perchlorate Kkeal mole~! ’
HC10, (s) 45.1 NOC10, -

(1) 22,6, 32.5 N0,C10, 25 (<100°¢), 15 (k100°0)
Nﬂiplqh 32 Alkali metal CIQH 60-70
NéHSCIOL“" 36,2 Other metal Clqh 30-40
N2H6(cloh)2 23.5
CH5N-5'HCIOL 32,4
NHBOHCIOI'. Lih.3
CHh.Nh.OZHCIolo. 2h.b

The activation energies for the vapour and for the liquid phase decom-
position of chlorine heptoxide are the same1, viz, 32 kcal mole-1. The
similarity with that for liquid perohloric acid decomposition has been pro-
posed as evidence for perchloric acid decomposition through chlorine heptoxide
as an intermediate

——
3Hc1o,+‘-- 0120_, + Hcma.nzo . (118)
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On the arguments presented (section 10.1 and Ref.1) this is not favoured.
Moreover, mass spectrometric studies of the decomposition of- perchloric acid
and chlorine heptoxide (section 10.2) have shown that their pyrolysis
proceeds differently. That of perchloric acid begins at 550°C and that of
chlorine heptoxide at 380°C.

Consideration of the aoctivation energies for Group B suggests that
deoomposition proceeds either by C1-O bond fission, as for the alkali metal
perchlorates, or by chlorine heptoxide decomposition with an activation
energy of about 30 kcal uole.1. It is predicted that the activation
energies of hydrated metal perchlorates may differ appreciably from those
of the anhydrous perchlorates,

The activation energies for Group A perochlorates suggest that the
common feature is the perchloric acid decomposition. The value for hydrazine
diperchlorate is suspect because it decomposes on heating to perchloric acid
and hydrazine monoperohlorate. This suggestion that perchloric acid
decomposition is dominant would be confirmed if metal oxides have as pro-
nounced a catalytic effect on the thermal decomposition of these perchlorates
as they do on AP, Establishment of a parallel mode of decomposition will
require determination of the kinetics using weight loss techniques, preferably
in the same laboratory.

12.3 Combustion

The general division of perchlorates into Groups A and B on the basis
of sublimation may be expected to continue into the sphere of combustion,
Perchlorates sublimatingtoperchloric acid and the corresponding base are
expected to exhibit monopropellent combustion. Further, in composite
mixtures with fuel these perchlorates should have a premixed perchlorio
acid-base flame close to the oxidizer particles, followed downstream by a
sedondary diffusion flame between the c ombustion products of the first
flame and the vaporized fuel, However, the intensity of this second flame
will depend on the fuel-oxidizer balance in the monopropellent flame, Thus
a perchlorate such as guanidine perchlorate which is fuel-rich is not expected
to show any secondary diffusion flame., Nor would it readily bé a practical
oomponent for composite propellents because the addition of further fuel to
provide a matrix for the oxidizer would only reduce the combustion

temperature,




Flame temperatures have been calculated for Group A perchlorates as
monopropellents and for both groups as gomponents of stoichiometric mixtures
with a high grade paraffin as fuel, which is assumed to have the formula

(cH,),, and a lower calorimetric value of 10400 cal g, or 8H, =

<5.97 koal

mole~! at 298°K, The specific inf;ulse for expansion from 1000 psi to
1 atm pressure has been computed for these mixtures, )

Group A perchlorates

| Monopropellent | Stoichiometrio

Oxygen! aHe, A}If combustion combustion®
B P-4 =l L e e e
, 1 atm 1000 pei| 1000 psi! 11
B0,y | 637 [ -9.36 -2 [ tom [ o2z | 30 | 2699
mi,’cmu S54e5 |-70.211-597.5 1390 1317 2997 252,0
N2115c10k 48.3 |=42.15!-318.3 2253 2325 3126 263.6
N2H6(c10k) o | Se9 |-69.2 [-297.0 1634 1667 3260 264.0
Ni,OHC10, * | 59.9 -66.15| -495.7 1383 1409 3162 262.1

GHN,HC10, | 40,1 |-7h10 ~46l.5 2579 27?9 Fuel rich

CHQNAHC10, | 31,3 |-23.8 |-116.3 2581 2715 Fuel rioch
N°2“(°1°z,)u Skl |=110 |-233.6 1194 1199 |. 3590 256.7

N, A1(C10,), | 57.8 |-348 '-L56.2 1221 1280 | 3422 250.5 -

* The fuel is specified in the text
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Group B perchlorates

Stoichiometr
i Oxygen AR, AHg, JZ&%uJ¥§%n3”
Perchlorate ent | koal mole | | calgm ' o
per c & Temp,, K S.I., 4

’ 1000 psi 1b sec 1b
NOCIQL 61.8 -36.8 ~284,2 3317 253.3
N°2°1°4 66.0 +8.88 +61.0 3587 271.9
KBle 46,2 -103,22 =745.0 3024 206.5
1‘“’104 i 60,1 -90.83 -853.7 309 235.8

* The fuel is specified in the text

Values for the specific impulse are not maximum values because the
optimum value usually corresponds to a mixture slightly on the fuel-rich
side of stoichiometric. Consequently, the values listed do not indicate
the relative performance of perchlorates with closely similar values of
specific impulse,

The linear burning rates for Group A perchlorates burning as mono-
propellents are shown in Fig.1 using data taken from various

2,57,296, 300, 301 -
sources for oosely tamped powders and for pressed strands
(including single crystals). It is interesting to observe that hydrazine
monoperchlorate has a much higher burning rate as a pressed strand, albeit
over a limited pressure region, than has hydrazine diperchlorate, hydroxy-
lamine perchlorate and ammonium perchlorate. These three have similar

burning rates at pressures of about 100 atm,

Loosely tamped powders have an appreciably higher linear burning
rate than pressed strands, especially for ammonium perchlorate. This
higher burning rate has been ascribed to an increase in the surface area
and in the number of packing voids,

The nature of the combustion surface, which is liquid for the
hydrazine perchlorates at low pressures, does not markedly affect the
burning rate, Moreover, burning rate catalysts, such as copper chromite
which are effective for ammonium perchlorate, are also effective for
hydrazine mono- and di-perchlorate, It is predicted that other Group A per-
chlorates will be catalysed by such compounds, Group B perchlorates will
not be catalysed.




92

12,4 Semsitivities

The relative sensitivities of perchlorates are tabulated below for
convenience. It is difficult to compare the literature data because of the
significant effects of slight variations in sample purity and of the
different exper%nental arrangements used.

Bureau of mines |Retter impaot test| Unspecified test
2 xg wt-50% fires |5 kg wt-50% fires 5 1b wt
Perchlorate
Height, . Height Height
om ’ Ref, om 7 | Ref, in ’P_ Ref.
NH, €10, 100 106,407 - 46 82
N,H,C10, 1.2 68 32 62 - -
Nzﬂscloh.iﬁzo 12,4 €8 65 62 - -
Nz’*scmwﬁf 27.5 68 - - - -
Nzns(cloh) 2 - - 82 62 3] 82
Nzns(cmz,) oo 20 - - 190 62 - -
NH;(C10,),, - - - - 17 82
acid wet
0 - - - -
NH3 HClQh 15 87 .
“ - - - -
MeNH,C10, 20
Me,NH,C10, 22 & 106 - - - -
uesmiclok 25 107) - - - -
MeLNC].Oh_ 35 J - - - -
GHsNSHCloh 62 113 - - | - -
Triaminoguanidine| <5, 7 | 122,024 - - - -
perchlorate !

The relative order of sensitivity can be seen. Desensitization of some
of these perchlorates may be achieved by using them in a mixture with lithium

perchlorat362’122.

The heavy metal perchlorates are, in general, sensitive,especially if
traces of organic materials are present. The electronic-absorption spectra
and the explosive properties of metal perohlorates have been oorrelated302.
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12,5 Areas for future research

This review of perchlorates shows that significant correlations
exist in their decomposition and combustion charscteristics. These correla-
tions require to be substantiated.

Thus, the thermal decomposition should be examined using weight loss
measurements, MNuch of the present uncertainty ebout the relative merits
of results from different laboratories could be eliminated by comparative
measurements using a standard perchlorate such as ammonium perchlorate of
specified purity. Standards are even more desirable for studying the
effect of catalysts on perchlorate decomposition because the catalytic
activity of a given material is greatly dependent on the source and even
on the batoh.

The decomposition of perchloric acid and of chlorine heptoxide in
conventional kinetic systems should be re-cxamined and the effect of catalysts
ascertained so as to determine whether the equilibrium

->
3HC10, == 01?_07 + HC10, .H,0 (118)

plays a significant role in the decomposition of perchlorates,

Such studies on the thermal decomposition are expccted to provide the
first justification for the division of perchlorates into two groups. This
division should then be confirmed by comparative studies of the ignition amd
combustion of the perchlorates. New techniques such as that of pulsed laser
mass spectrometry should be extended to other perchlorates and propellents
because they will give valuable information as to the actual species
involved in the combustion and ignition processes, This information, *-~gether
with an increased understanding of the relative importance to steady state
combustion of homogeneous gas phase and heterogeneous surface reactions,
will aid the development of models of the combustion process for perchlorate

propellents,

An understanding of the mechanism of catalysts and other ballistic
modifiers is necessary so that propellents may be formulated to give pre-
dictable burning rates.
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Table 1

PHYSICAL PROPERTIES OF NITROSYL PERCELORATE

Density at 18°C | 2.169, 2.162 gn on >

Heat of formation -1

Crystal structure {Rhombic

Crystallographic Not below 100°C
transition (onset of rapid decomposition)

Melting point Decomposes without melting

Property M o Value Referenoce
Formula ) NOCIOk
Molecular weight | 129.4567 I d

L, 8
see section 2B

8
9

10

*All molecular weights in this review are calculated using atomic weights

based on <>a;t'bon,|2 = 12,00 as listed in Ref.7.




Table 2

PHYSICAL PROPERTTES OF NITRONIUM PERCHLORATE

rl’ropez-':y - Value Reference |
Pormula nozclok
Molecular weight | 145.4561
Density at 25°C | 2.2 cm om > 57
2,25 gm on> 38
Heat of formation -1
Crystal structure | Monoclinic 37, 40
Crystallographic _
transition
Heat of solution ~20.4 0.4 kcal mole-1 for 4

at 259
Vapour pressure

Melting point

4:10000 dilution

-4

<10™* torr at ~25°C

Decomposes without melting




Table ]

PHYSICAL PROPERTIES OF HYDRAZINE PERCHLORATES

Nydresine sonoperchlorate Nydresine diperchlorate
Property '
VYalue Ref, Value ! Refe
Formuls NaeC10, WHg(C10,),
Molscular nu.n:; 1?.505 2,962
5
Denstty, o o dy5 1.9 58 2,21 57
a,‘f 1,927 59
Heat of formation, see +
keal mole™! 2.6 section b2 | 02705 %
Heat of solugion,
teal -m‘* 9.77 (131000 dilution) 59
Heat of fust
ol m..?"' 3,84, 1,68 61, 62
Melting point, % 2 62 190-192 (Y4
Vapour pressure logyp P{m) = 10,2 = Q'#Q 63
Heat of di fation,
woal mu’!r 58,4 6 37.0 6k
Solubility in water, | 3.6 at 0% 58
&a per 100 gm 68,9 at 4o°c I
solution !
Crystal structurs Monoclinic -]
Hydrate uzvscm,,.i H0 Nolig(C10y ) pe2H0
Dehydrates at 60,5°%C & Monoclinic 62
2:;;;:0:1"":{??" - 6 Melting point 5% | 62
18 Ry ~3047.6/T &
+10,980
Monoclinic 66




Table

EFFECT OF CATALYSTS ON COMBUSTICN OF HYDRAZINE PERCHLORATE AT

4 ATKOSPHERE
Author | Ref, Catalyst & | Density | Burning rate, .
. . ) Oom sec ¢
Shidlovskii 59 llnoz 5 1.27 0.13
et al. Co0 5 | 1.29 " 0.85
Cu2012.21120 5 Does not burn steadily
Levy et al. 63 g0 2 1.9 1 0.26
5 1N 0.3
10 1.89 0.35
Copper chromite | 2.5 1.13 Does not
‘ deflagrate
5 1.10 1.20
5 1.93 0.72
K20r207 2.5 1.17 Does not
deflagrate
5 1.19 0.75
Ca0 2 | 1.3 0.12




AR, 4 g

g

Tadble 5
EFFECT OF CATALYSTS ON BURNING RATE OF HYDRAZINE DIPERCHLORATE
8
(From Levy ') .

Catalyst Weight % Pressure,'axa | Burning rate, om seo~}
None - 1 0,002 (extrapolated)
Ng0 2.0 1 Incomplete combustion

? 5.0 1 0,011
2,0 8 Irreproducible
2,0 1" 0.16
Copper 0.5 1 Incomplete combustion
ohromite 1.0° 9 0.081
2.0 1 0.12
5.0 1 0.25
10,0 1 0.2k
2,0 40
2.0 70 Too fast
Sodium 0.5 1 0,037
nltroprussidg 1.0 4 C.052
5.0 1 © 0,427

Table 6

PHYSICAL PROPERTIEC OF HYDROXYLIAMINE PERCHLORATE

Heat of formation

Heat of
vaporization

Property Value - { References
Formula NHSOHCth
Molecular weight 133,489
Density 2,06 gm on™ N

-66.1 + 1.0 keal mole™!

Crystal structure Monoelinio
Vapour pressure 10”2 torr at 95°C
Melting point, °C |85, 88

33 koal mole™!
(assuming no dissociation)

see
section 6,2

N
N
91, 92

92
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Table
I ON oF FPERCHLORATES
(Prom Datta and Chatterjee'?)
Perchlorate _ Ignition temperature, °c Comments
Methylamine 338
Propylaaine 290
Guanidine 367 Nelts at 237°C
Seaicarbazide 278
Aniline 250
Hydrazine mono- 238
Hydrazine di- 215
Table 8
IMPACT SENSITIVITIES OF METHYLAMINE PERCHLORATES
(Fron Stamaler and Schmiat!%6+107)
Compound Height, om
RDX* 33
mhcmh 100
HeNHBCIGA 20
l(ezNHZCIOl'. 22
le NHCIO, 25
—~ lleLNcth 35
[cnzmjcmhl 2 35

The height is that at whioch a 2 kg weight results in 50% explosions,
* (Cyclotrimethylenetrinitramine.
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Table 410

PHYSICGLL PROPERTIES OF GUANIDINE PERCHLORATE

Property Value Reference
Foraula GH5N3Hclqh
Molecular weight 159.519
Density, g on~> 1.772 (calculated orystal structure) 110
1.743 (measured)
| Melting point, °C 240, 248 2 109, 110
Crystal structure Cubic above and below 110
transition temperature
Transition
temperature, °C 180182 1 110
Heat of formation =74.10 *0.55 keal mole 1M1
Hygroscopicity Not hygroscopic 112
Solubility, H,0 31% by wt at 25°C 110
acetone 40.3% by wt at 25°G
non-polar
solvents Insoluble
:
Table 11 .
——
PHYSICAL PROPERTIES OF NITROGUANIDINE PERCHLORATE
Property Value Reference
Formula CHANLOZHGJ'OL
Molecular weight 204,516
Density 1,93 #0,05 g t:.m"3 123
Transition temperature 79°C 123
"Melting point 120°C, with decomposition 123
Hygroscopicity Hygroscopic 123
Solubility, ether 0.23% at 0°C 123
acetone 50.8% at 0°C
perchloric

acid

48.1% at 25°C
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RELATIVE CATALYTIC ACTIVITY OF METAL OXIDES
WITH POTASSIUX PERCHLORATE AS SHOVK BY DTA AND TGA

Table 15

(Prom Preeman and Rudloff “')

Temperature of
Catalyst initial degomposition,

C
None 600
Zn0 565
TiO2 535
A1203 530 .
MgO 525
NiO 520
AgzO 520
Ian2 460
IFe203 450
Cu0 450
Co0 380
Cu20 380
Co 501‘_ 375
(7r203 325

107
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Table 1
CATALYSIS OF BURNING RATE OF STOICHIOMETRIC ALUMINIUM-POTASSIUM
PERCHLORATE kryrumgs’ o2 185
Burning rate,

Additive Weight, % in sec™! at 100 psi Ret:
None 0.38
Chromium dioxide 10 0.70
Cobaltic oxide 10 0.80
Ferric oxide 10 0.93 14
Manganese dioxide 10 0.89
Nickel oxide 10 0.70
Cobalt chromate 10 1.15 o
Cobalt 10 0.87 i
Copper 10 0,74
Lead 13 0.90 142
Tin 6 0.9
Perrovanadium 10 0.63
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Table 18
SOLUBILITIES OF ALKALI KSTAL PERCHLORATES IN CRGANIC SOLVBM‘S1 8
Solubility in gm per 100 gm solvent :
Solvent -T
.
Licloh_ KClO" NaOlOu M‘ILCIOI’
Methanol 182.3 0.11 51 o‘l 6.85
Ethanol 151.8 0,01 W7 1.9
n-Propanol 105.0 0.01 4.0 0.39
n-Butanol 79.3 0.005 1.9 0,017
Acetone 136.5%* 0.16 5.7 2.26
Diethyl ether 13.7 Insoluble @  Insoluble v Insoluble

¢ AP data from Ref.130
** Incorrectly listed in the patent as 156.3., The correct value is
136. 51 30,192
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Table 19
EFFECT OF VARIOUS ADDITIVES ON THERMAL DECOMPOSITION OF AP
(Dats from Schmidt??2)
Additive Observed effeoct
NH3 gas Decomposition stopped at any temperature up to 400°c.
HC1 gas Accelerated the decomposition to 30% - no further effect.
: No effect on induction period.

Cl, gas Accelerated the decomposition to 30%, which then con-

. tinued to completion. No effect on induction period.

K(:Zl.O3 Accelerated decomposition to 30%, then decomposition
at normal rate. Induction period reduced buf not
eliminated log © vs 1/T gave 25.5 kcal mole '« No
increase in burning rate at 300-2500 psi.

Ferrécgne Interact with AP at low temperature and msjor exotherm

Cu(AA) in DTA reduced from 475°C to 260-360°C

2 + KC1Q,- no interaction below 34C%

+ NHz'_Br - interaction below 200YC

Copper DTA results in deflagration at 320°C. Under ammonia,

chromite detonation occurs at the same temperature. Iso-

thermal study at 265°C resulted in detonation.

Pressure DTA shows exotherm at 310°C. As pressure increases,
so does the rate of decomposition.

(NHh)zso# Temperature of first exotherm in DTA increases from
~310°C to ~400°C,

(w,),00, |

"'(21.1(.“.)2 is ocupric acetylacetonate

6&




CATALYSED DECOMPOSITION OF AMMONIUM PERCHLORATE

Table 20
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Mole |Aotivation energy (koal mole™') by using |Tempera-
ture
(hv.tal,ysta r:;i equation ; : y range, Ref
catalyst | | 2 3 4 5 7 c
cdom 1 6 H 1 260 9 52.8 26 07 21‘-07 - - - 2%’233 257
cao 100:1 - - - - 2.2 |~ - | 330-328
16:1 - - - - 22,5 | - - 265=295
Ugo 6:4 ]30.3) - | - | - ](26.1) 8.5 - |206-231
4100:1 - - - - 26.8 | - - 270-324
50:1 - - - - 3.8 - - 280-324
ca.(clo“)2 10:1 29,3} - |33.0) =~ (28.7) | - - }210-231 | 258
Kg(Cth)z 10:1 | 30.2 {25.0 |32.4 | (26.6)}(31.9) | - - | 201-23
2n(C10,),| 10:1 - |- 1- j37.8)(24.5) | - | = }206-232
Wt %
jocatalyst
Copper 2.9 AP particle size 4O 250+ 259
chromite L8 46
Ferrio '
oxide 4.8 L4361, 36.6
Copper L.8 {88124 b3
chromite
Chromic 4.8 68
oxide
Carbon 2,5 52.5
{Norit A)
Ferrio- 4.8 3,3
oxide

a suff ixindicates catelyst sintered at temperature shown

log p

o’
~N N N -

a2kt + C

log [a/1 ~a) = kt + C:
log [o/1 - a] = kt + C:

acceleratory
deceleratory

log @ = kt + C: (log (1/1 - a) = kt + C)
log © = E/RT + C: < is time to ignition (initiation)
[- log (1 - “)]1/‘3 = kt: Avrami~Erofeyev, n = 3

log (dT/dt) = -E/RT + C:

adiabatic kinetics
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Table 21

DECOMPOSITION OF AMMONIUM PERCHLORATE WITH CO-CRYSTALLIZED

OR_MECHANTCALLY MIXED CATALYSTS o>

) Catalyst Temperature Heating Wt. loss
Sample s - type* % ’ time, uin ’
AP + X% Co,CrOk_ CC 233 L 88
AP + 2% GaCrOk M 233 60 = 17.5
AP + 4 Tlcloh cC 300 - 15 36
300 10 50
300 50 54.5
300 60 58.5 °
AP pure - 300 15 22
300 40 35
300 50 39
500 60 42.5 '
AP + 2% KinO, cc 176 20 99
MM 208 60 8

* CC oco-orystallized
MM mechanically mixed
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Appendix

- PERGHLORIC ACID: . REVIRW OR THE PHYSICAL
- RSANIC Ci TRY

SUMMARY

Progress in the physical and inorgcnic chemistry of perchloric acid is
reviewed with particular reference to the literature appearing in the last

decade,
The nature of anhydrous perchloric acid is considered and it is concluded

that the equilibrium

}ICloux (:1207 + HClOu.HZO
does not occur to an appreciasble extent. It is also concluded that pure
perchloric acid is not explosive,

This review was previously issucd as R.P.E. Technical Memorandum 352,
It is included here for wider circulation end completencsse
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1 JNIRODUCTION*

Perchloric acid is very widely used in industry and in the laboratory but
it is only in the last decade that its chemistry has been at all closely
exanined, )

In 1906 Van Wyk [203] suggested that the anhydrous®gcid did not exist
alone but was always associated with chlorine heptoxide and perchloric acid
sonohydrate in an equilibrium represented by equation (1),

3HCL0, &= C1,0. + HC1O,.H,0 (1)

This suggestion has still not been established and in this review the evidence
for and against it will be discussed,

Perchloric acid, HC].OI‘_, is one of the strongest acids and it contains
more oxygen (63.7%) than any other common acid. However, its oxidizing power
depends very markedly on both concentration and temperature., For example, the
anhydrous acid at room temperature reacts very vigorously, and in many cases
explosively, with all reducing agents, whereas the dihydrate (73.6% by weight
of acid**) has little oxidizing power at room temperature but becomes a powerful
oxidizer above 100°C. The perchlorate ion itsclf shows no oxidizing properties
in solution.

IT PREP:RATION
4 drous acid

Several methods have been desoribed recently for the preparation of
anhydrous perchloric acid. All involve the dehydration of the constant boiling
point acid (72.45% hy weight) or of more dilute acid by oleum, phosphorus
pentoxide or magnesium perchlorate, The purity of the final product must be
oconsidered in each case since an exoess of the dehydrating agent results in the
formation of chlorine heptoxide [150],

The preparation of anhydrous acid by a simple laboratory method was
desoribed by Smith [172]). In this method 3, 4 or 5 volumes of 207 fuming
sulphuric acid were slowly added to 1 volume of 72% perchloric acid cooled in

* The literature survey was completed on 1 January 1965, This was published
in 'Advances in Inorgenic Chemistry and Radiochemistry', 8, 177-22k €1966) ’
Academic Press, hence the references are listed in alphabetical order and are
not numbered oconsecutively,

*# Unless otherwise stated, all acid percentages in this review are by weight,
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an 1ce bath, The anhydrous acid was obtained by distillation of the mixture
at 1 Hg or less, at 20-25°C, and the distillate was collected in a receiver
ocooled by dry fce. Gradual increase of the temperature to 75°C results in a
75% yield of the anhydrous acid. No analysis of the product was reported
other than by addition of the thearetical quantity of 72 acid which resulted
in the crystallisation of ‘the ‘monohydrate. A test for the presence of
sulphuric acid was negative,

The product from this method can contain quite large quantities of
chlorine heptoxide as was shown by Levy [98] who obtained anhydrous acid
ocontaining up to 50 chlorine heptoxide. Analysis for the chlorine heptoxide
was male by determining the number of moles of vapour, ns, from the pressure,
volume and temperature and the mumber of moles,. n» of titrateable acid. It
follows that ne

n = + andn = + :
g nc12o7 "uclol+ a 01,0, "ﬂcloz+

n i ) ..
01207 = m, -1, (2)

and

"Hc10, 2ng = Bye (3)

The presence of the chlorine heptoxide was confirmed by in'frared'
spectrometry., Pure samples of the anhydrous acid were made by converting the
product from the oleum - 72% acid distillation to the monohydrate by addition
of the stoichiometric emount of 72 acid. The monohydrate was then distilled
(no more than 5;. of any one sample being used to ensure the sbsence of water)
to give pure samples of anhydrous acid, Both analysis and the infrared
spectra showed that chlorine heptoxide was absent.

Smith's process has been used on a microscopic scale by Sibbett et al
[164, 165]. The ratio of oleum (204) to perchlorie aoid (72%) was three to
one, the temperature was not raised above room temperature and a pressure of
2 x 10-1" m Hg was used. The anhydrous acid vapour was passed over a drying
bed of magnesium perchlorate. Tests of the product for sulphate and chloride
ions were negative. The only impurity was believed to be water, although no
analysis was made for chlorine heptoxide. However, it is unlikely that
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chlorine heptoxide was present in large quantities because.the.oleun/scid ratio
was low and the infrared spectra did not have the characteristioc peaks of
chlorine heptoxide,

A continuous process for the preparation of the anhydrous acid has been
described by Zinov'ev [220) who stressed the importance of careful control of
the oleum/acid ratio in order to avcid contamination of the product by chlorine
heptoxide, It was suggested that the correct ratio should be found by trial
and error, No details were given of the analytical method.

More recently, Smith [173) has desoribed a preparation using magnesium
perchlorate (containing about 5 water) ard the 72 acid in the ratio of § : 1.
A yield of 85,. was reported. Chlorine heptoxide was found to be a minor
impurity which occurred in greater amount if the reaction mixture was not
distilled immediately after its preparation. Its presence was shown by the
fact that when the anhydrous acid was diluted to form the monohydrate the
chlorine heptoxide did not react until 72 to 96 hours later. It was
recommended that if the anhydrous acid was not to be used irmediately, it
should be converted to the monohydrate and then reconverted to the anhydrous
acid'by distillation when required,

liascherpa {115] has described a preparation from 95: sulphuric aeid and
65% perchloric acid in a ratio of 3 : 1 by distillation at 70 or 100 mm Hg
using a falling film rectification column. A 75,v yield of average ooncentra-
tion 99.98% was obtained but no details were given of the product snalysis.

The preperation of a pure semple for thermochemical work was descrived
by Trowbridge and Westrum [196] who used Smith's method for the preparation
using oleum, Fractional fusion data indicated a maximum impurity of 2.5 mole %
which was presumed to be the monohydrate. Conductometric titrations performed
after the thermochemical experimen‘i:s for acid and perchlorate content agreed,
but only indicated 95% by weight confirming their visual observation that the
sample had partly decomposed in the calorimeter. Attempts to identify the
contaminant by infrared spectrometry were unsuccessful, Other preparations
of anhydrous perchloric acid by dehydration under reduced pressure have been
described by Taketa [190] and by Kakiuchi et al [87].

It must be concluded that anhydrous perchloric acid preparcc by direct
dehydration of the 72. acid will probably contain some chlorine heptoxide.
The chlorine heptoxide content can be minimised by (i) use of a small ratio
(3 : 1) of dehydrating agent to acid, (ii) by distillation at room temperature
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and (14i) immediate distillsation of the dehydrating agent-acid mixture., A
pure ssmple of the anhydrous acid is best prepared by distillation of the
nonolydrate, .

Solutions of anhydrous acid in halogenated hydrocarbons have recently
been prepared [90] by addition of methylens or ethylene chloride to a mixture
of 1 part by volume of 707 perchloric acid and 4 parts by volume of 25% fuming
sulphuric ecid. The monohydrate can be precipitated by passing moist air
through the solution of the acid. = Unsuccessful attempts have been made to
prepare solutions of anhydrous perchlorﬂc acid in acetonitrile by reaction of
barium perohlorate and sulphuric ecid {47]. Although barium sulphate is very
insoluble in acetonitrile, such solutions continued to deposit a precipitate
after equilibrium for six months. The hazards of acetonitrile solutions of
perchloric acid have been described [6].

Smith [172, 173) recommended that all ground glass joints exposed to
anhydrous perchloric acid vapour should be lubricated with 72% perchloric acid,
It was particularly stressed that silicone grease must not be used because it
exploded with anhydrous perchloric scid. Hathaway [70] rejected the use of
72% perchloric acid becsuse he found that joints sealed in this way would mot
hold a vacuum. He used a minimum quantity of silicone grease and found that
exploaiona did not ocour so long as liquid acid was not allowed to pass over a
disconnected joint. '

Moreover, leaks in apparatus lubricated by 72% perchloric acid have
resulted in anhydrous acid coming into contaot with the operator's gloves with
consequent spontanecus ignition [108]. It wes found that fluorocerbon grease
carefully applied was quite safe [108] thus confirming Levy s observation [98]
that Kel-F fluorocarbon grease was resistant to attack,

All-glass systems using break seals and completely free from grease
have been described {98, 164, 192].

B Hydrated acid

60 and 72% perchloric acid are prepared on an industrial scale either by
reacting sodium perchlorate with concentrated hydrochloric acid

NaCl0, + HCl — NaCl + HC10 (&)

L b

or by anodio oxidation of hydrochloric acid or a ohlorate. Further detalls
are given in the standard reference books, for example reference [158].
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Reoently details have been given [65] for the preparation of analytical
grade perchloric acid from sodium perchlorate and hydrochloric acid.
Magnesivm perchlcrate has been used as the dehydrating agent to produce
70-80% perohlorate acid [175]. Irradiation with light at 2537 A has been
used in a somewhat novel method of preparation [153]. The mixture irradiated
consists of a gaseous mixture of water, chlorine and ozone at a pressure of
about half an atmosphere. Hydrogen chloride can bs substituted for the chlorine
and most of the water and the ozone can be diluted with oxygen.

c Deuteroperchloric acid

Deuteroperchloric acid was first prepared as the constant boiling
ageotrope [189]. DeuteFium sulphate was prepared by solution of sulphur
trioxide in 99,25% D0 and then the sulphate removed by eddition of barium
perchlorate followed by centrifuging the precipitated barium sulphate. The
deuteroperchloric acid (deuterium content 99:0.3%) was purified by vacuum
distillation and the centre fraction of the constant boiling mixture was
collected,

More concentrated deuteroperchloric acid was prepared by Gigudre and
Savoie [54] by distillation under reduced pressurs a% 65°C of a mixture of
potassium perchlorate and deuterium sulphate (97¢) in the ratio 1 : 5.

The deuterium sulpheste was prepared by condensation of sulphur trioxide onto
a small amount of solid D20 (99.7:« deuterium) in a cold bath, The deutero-
perchloric acid was distilled again to remove traces of deuterium sulphate.
However, some contamination of the product by atmospheric moisture ocould not
be avoided and from the relative intensity of the OH bands in the deutero-
peréhloric aoid .spectra the impurity was eat:'!.mated to be about 15-20%. HClOl’_
in the DCth_. The product was shown to be free from perchlorate ion beosuse
the spectra did not have any indication of the strong perchlorate ion band at

" 94,0 om-1. Some chlorine heptoxide was present as an impurity.

The enhydrous acid was prepared by Smith and Diehl [179] by distillation
of a mixture of anhydrous sodium perchlorate with a two-fold excess of 98,27
deuterium sulphate at a pressure of C.1 to 0,25 Hg and a temperature of
below 105°C, The anhydrous acid was obtained in 70% yield.

III  PERCHLORIC ACID HYDRATES

The olassical study of the perchloric asid-water system was that carried
out by Van "yk in 1906 [203]. He oconstructed a melting point curve which
indicated the existence of five hydrates of perchloric acid: <those containing
1 H,0, 2 H)0, 2.5 H,0, 3 H,0 (a and B forms) and 3.5 H,0.
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Brickwedds [23] in 1949 repeated Van Wyk's observations for the range
0 to 70% by weight and obtained a curve of the same general shape as that of
Van Wyk. However, the temperatures measured by Van Wyk lie outside the
experimental error of Brickwedde® work in many cases. Brickwedde was unable
to confirn the existence of the hydrates.

Very recently Kascherpa [117j has studied the perchloric acid system in
the region from 55 to 75% acid and has shown that the four hydrates containing
2 }120, 2.5 nzo, 3 H,0 and 3.5 320 exist in this region.

A Quarter hydrate,(HCIO ), H)0 |

This was recently reported by iascherps [116] in a study of the region
between 85.8 and 100K acid., From a study of the liquid-solid equilibrium he
concluded that the quarter hydrate existed in two allotropic forms with a tran-

sition temperature of -100°C from the a to the  form and a decomposition point
of the a form at -73.1°C.

B Monohydrate, HCIOI‘_.Hzo

This is the best established perchloric acid hydrate, I+t is a colour-
less orystalline compound which melts at 49.905°C [180]. Its X-ray structure
was shown by Volmer [208] to be similar to that of ammonium perchlorate,
NHLCIOL. This was later confirmed definitely by proton magnetic resonance
studies [85, 86, 87, 184], by Raman spectroscopy [126, 127, 193], by X-ray
diffraction [97, 130] and by infrared spectroscopy [16, 126, 156]. Taylor
and Vidale [193] showed that the solid existed in two orystalline forms with
a transition point at about -30°C,

Rosolovskii and Zinov'ev obtained a transition at ~23.l|.°¢ by differential
thermal analysis [148] and at -24.9°C by dilatometry [225]. Mascherps obtained
~24,0°C by differential thermal analysis [147]. '

The orystal structure of both forms has been studied. The form stable at
low temperature [130] belongs to the monoclinic space group P21/n with
parame ters -

& = 7.541 *0.0006%
b o= 9.373 40,0114 B = 97941 4
¢ = 5,359 t0.0%K,

whereas the high temperature from [97] velongs to the orthorhombie an space
group with parameters




# e
4
18y

Appendix
‘89M

c = 7.339 +0,0044 .

C  Dilydrats, HCO, .20 and hydrates, K10, .2.5 H,0, HC10, .3H,04HC10,.3-5H,0

These were -1 first proposed b: Van Wyk [205] and have recently been
oonfirmed by ascherpa [117]. Hoss.or, Mascherpe was unable to detect the
two forme, = and B, suggested by %ar Wyk for the trihydrate.

Vea Wyk Kascherry 8‘
Hydrate m. °c m.pt., °C
Zizo "17.8 -20065 1001
205 Hzo '32.1 '3501 !0.1
(a) -37
3 1,0 ~40.2 +0,1
() 4302
3.5 Hzo '4‘1}05 -45.9 t0.1

Evidence for the existence of these hydrates in solution has been obtained
by Zinov'ev and Babaeva [222] as a result of their study of the specifio
gravity and viscosity of perchloric acid over a wide range of concentration,

Evidence for the dihydrate was obtained by Smith and Richards [485] in
a proton magnetic resorznne study, The results indicated that the hydrate was

nsocmh.ﬁzo

It may be conoluded that the existence of the monohydrate is well
eatabli'shea whereas that of the other hydrates is less fully substantiated,

v STRUCTURE
A Anhydrous acid

1 Cryoscopic evidence

Van Wyk {203] suggested that the anhydrous acid oould only exist in
equilibrium with the anhydride (1)

SHC10, == C1.0, + HC10, JH,0 (1)




snd this view has recently been supported by Zinov'ev and Rosolovakil[225].
Data were obtained by thermal analysis and visual welting point studies for
the chlorine heptoxide-water systea in the rangs from 25 to 100 mole %. The
euteotio occurred at 53 mole % and ~400 £2°C vhereas the melting point

at 50 mole ¥ was about ~40°C. The components of the eutectic were believed
to be the monohydrate, HCth.,HzO and either chlorine heptoxide, 01207, ores
metastable compound such as 01207.2xmok. No evidence for a congruent melting
point was reparted. ascherpe [116] has re-examined the region from 8.8 to
1007 acid and has found that this region is more oomplex than has previously
been shomn, It was found that there was a eutectic at -104°C between the
quarter hydrate, 0-1010")‘* H,0, and another compound, perhaps the anhydrous acid.
The melting point at 1007 was about -100°C, well below that reporied by the
Russian workers,

Trowbridge and Westrum [196] have obtained a meliing point of -101°C
from a careful thermodynamic study of the anhydrous acid. They discussed
the results obtained by Zinov'ev and Rosolovskii [225] and concluded that the
proposed eutectic at 53 mole % was in error because such a euteotis would require
the observed heat ocapacities to be non-linear over the range -100 to ~51°C,
In view of the dl.ticulty in anslysing high perchloric acid concentrations it
was possibl~ inat the error was in the titrimetric method used, where a 0.5#
error wou’ .. result in a 3% error in the concentration range near 50 mole §
chl - iz heptoxide, It was also suggested that fine structure, in the form
of a hivpothetical congruent wmelting point, may not have been detected. The
presence of a congruent melting point for perchloric acid would suggeat its
stability and lack of disproportionation in the solid.

2 Speotroscopioc evidence

The infrared spectra of gasebtus perchloric acid were obtained by Sibbett
and Lobato [165] using a 10 cm cell on a Beckman TR-5 spectrophotometer.
Absorption maxima were obtained at 3500, 4360 to 980 and 750 to 690 ',
After three hours the maximum at 3500 cm.1, which was ascribed to O-H bonding,
disappeared and the other maxima, ascribsd te 0-Cl bonding, were modified.

It was suggested that theae changes were due to the reaction of perchlorio
acid with the lead sealing gasket between the sodium chloride windows and the -
cell body, and with the cell windows themselves, '

A similar spectrum was obtained by Levy [98] who used a 10 om cell on a
Perkin Elmer 13 U infrared spectrometer. Perchloric acid vapour obtained
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directly from the mixture of aqueous acid and fuming sulphuric acid had
absorption maxima at 1300 on.1 and 1025 cn.1. After a quarter of the acid
had been distilled off from the reaction mixture, the cell was refilled and
found to have absorption maxima at 1265 to 1200 on ! and at 750 to 690 o
which agreed well with those reported by Sibbett and Lobato. The first
spectrum was identical to that of chlorine heptoxide.

Shobukarev et al [160, 161] using a 11.5 cm long cell and a pressure of
18 om studied the infrared absorption spectra in the region 3700 to 2500 cm-1
and found an absorption peak at 3560 cm-1. This band was also found in very
dilute (0,001 k) solutions of perchloric acid in carbon tetrachloride thus
showing that perchloric acid is monomeric in the vapour phase., Freshly
prepared 11quid anhydrous acid had a band at 3390 ou ' and this shift was
attributed to hydrogen bonding. An estimate for the energy of the hydrogen
bonding of 3 koal mole™ was made.

More recently, Gigudre and Savoie [54] have made a detailed study of the
infrared spectra of both anhydrous HClOk and DCIOA in the vapour phase as well
as in the liquid and s01id phases. Their results are presented in Table 1.
From the shift in the O-H bond for the gas to liquid phase change they esti-

mated an energy of 3 kecal mole”! for the hydrogen bonding.

The Raman spectrumof solid perchloric acid has recently been measured
by Dahl, Trowbridge and Taylor [4O] who obtained results in good agreement
with those fram infrared studies. In particular they found no evidence of
the very intense 921 cm™ ' vibration of the monohydrate [493], nor of the 501
end 695 om™! vibrations of chlorine heptoxide [155]. This indicated that
neither of these two species could be present in the Solid in appreciable
amouiit, " '

It oan be seén froip Table 1 'i:hat the sample used by Simon and Weist
[168] for their Raman spectra studies must have oontained chlorine heptoxide

as it has a band at 28, om .

The speotroscopic evidence is thus clearly in favour of perchloric acid
existing as such in the anhydrous state with no evidence for the existerce of
the equilibrium

.
3H010, w=== 1,0, + HC10, JH.0. (1)

The interpretation of the spectroscopic evidence by Zinovtev [224] in

asoribing the 3560 om-1 band to the hydronium iox, H30 * » 1s incorrect.




5 Other evidence .

Eleotron diffraction stuiies of both snkydrous perchlorio acid vapour
and of chlorins heptoxide have been sade by Akiskin, Vilkov and Rosolovskii [3].
The results were in agreement with c" symmetry for perohloric acid in the
- vapour phase, Perchloric acid vapour was shomm to be monomerio. The other
evidence on the nature of anhydrous perchloric acid is chemicsl, Hathaway
{70] has shoim that enhydrous ferric snd ferrous ohlorides resct with anhydrous
perchloric acid to yield hydrated perchlorates. Anhydrous nitric acid behaved
in & sinilar way with a wider range of salts, Since nitris acid dissociates
to the extent of sbout 3% this oan only be regarded as evidence that an
oquilibriva can cocur but its extent in the absence of anhydrous ferric or
ferrous salts may be very small, It was also shown that anhydrous nitrates
reacted from hydrated perchlorates thus

MNO; + 3HC10, ==> KO0, + NOC10, + H,0C10, . (5)

Because perchloric acid sonohydrate is a product it is conceivable that this
could lose water to the metal perchlorate resulting in formation of the
hydrated perchlorate,

4 Conclusion

It is concluded that anhydrous perchloric acid certainly exists as
such, The extent, if any, to which ine equilibrium occurs is small.
Further work is required to clarify this point and also the exact nature of
the freezing point curve,

B Bond lengths, angles and strengths

Gigudre and Savoie [54] deduced from empiricael considerationss values
of 1,70 X and 1.45 & for the bond lengths C1-OH and C1-0 respectively.
Better values of thess bond lengths (1.6 +0.02 % end 1.42 £0,01 } respectively)
were obtained by Akishin et el [3] who also ocaloulated a value for the bond
angle 0-C1-0 of 100 #2°, These may be compared with the corresponding values
for chlorine heptoxids [3] of C1-0 = 1,42 +0.01 £, €1-0C1 = 1,72 +0,34 X and an
0-C1-0 angle of 97 +3°, Robinson [144] has collected data from the literature
for the Cl-0 stretching frequencies of seven oxychlorine compounds and ions,
In a tetrahedral molecule of the type x0103 there should be one symmetrio CJ.O3
stretching frequency and two asymmetric stretching frequencies which are
degenerate, In perchloric acid two asymmetric stretches have been observed and
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this is attributed to a loss of totrahadral symmetry in the molecule, whereas
in fluorine perchlorate and perchloryl fluoride only one band has been
observed [Table 2]. 1In a later paper Robinson [145] bas compared caloulated
and experimental bond lengths [Teble 3].

1 Perchlorate ion bond length

Lee and Carpenter [97] obtained a mean C1-0 bond length of 1,42 0,01 &
for H;010, which was later revised by Truter [197] to 1.452 £0.005 £.

More recently, Nordmen [130] obtained values for the C1-0 bond lengths
in the low temperature modification of perchloric acid monohydrate of
1,445 0,006, 1.478 £0,005, 1.465 £0,007 and 1.468 +0,006 & in good agreement
with the mean value of 1.46 & suggested by Truter, Gruickshank and Jeffrey
[198). Values of the C1-0 bond length in perchlorates are presented in
Table 4,

Infrared and Raman spectra of oomplex perchlorates have recently
indicated that the co-ordinated perchlorate group may exhibit some covalent
charecter [G2, 71] and thus be of lower symmetry than tetrahedral. )

2 Bond strengths

A value of the bond dissociation energy of the no-cmj bond was
caloulated by Levy [98, 99] from the heats of formation available for gaseous
perchlaric acid, gaseous hyﬂro:qu end chlorine trioxide radicals., The value
of 48.3 koal mole < was in good agreement with Levy's experimental value of
45,1 koal mole -1 for the activation energy of the rate-determining step in

the thermal decomposition of perchloric acid vapour.

Heath and Kajer [72] in a mass speotrometric study of the vapour of 72%
perchloric acid obtained a value of the HO-0103 bond strength from measurement
of the appearance potential of the Cl()3 * ion

A (c10, Y = (H0-C10,) + I (C20,) . (6)

The ionization potential of Dibsler [41] for I (0103) was used to deduce a
bond energy of 46 koal mole 1.

v THERMOCHEMICAL DATA

Thermochemical data far perchloric acid are somehwat sparse, It is
only very recently that values have been obtained for the specifio heat and
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for the heats of evaporation and fuasion of the anhydrous acid. The acocursoy
of much of the data on both the anhydrous and the diluted acid is uncertain,

A ifio heat

The available values are presented in Table 5. Only the value for the
snhydrous acid is fram a recent determination. No values are available for

perchlorie acid vapour,
B Heat of fusion

The heat of fusion of the anhydrous acid was determined by Trowbridge
and Westrum [196] to be 1657 cal mole™ ' at the melting point, 171.13°K.
A value for the heat of fusion of the monohydrate was deduced by Rosolovskii
ot al [147] fron measurements of the heat of sclution at 25 end 48°C for
801id monohydrate and at 51°C for 1igid monohydrate. This value of 2.46 $0,08
koal mole” ! at 51°C was obtained by assuming the temperature coefficient of the
hest of solution of so0lid monohydrate from 25 to 48°C to be valid from 4LE to
51°C,

c Heat of vaporigation

The experimental data available for the vapour pressure of anhydrous
perchloric acid until recently were sparse., Tauber and Fastham [192] have
measured the pressure for a temperature range from O to 20°C, Sibbett et al
{164, 165] have made the only study of the vapour pressure over an extended
range. Their early experiments indicated a boiling point at 760 mm of 97.2°C
[165] but later this was corrected to 120,5°C [164]. These data give a value
of the heat of vaporigation of 8,13 keal mole-1. The values quoted elsewhere
in the literature for the heat of vaporization (8.80 koal mole"1 by Zinov'ev
[221] and 8,85 koal mole™" by Trowbridge and Westrum [196])ere based on the
very scattered data in the early literature and are unreliable, The entropy
change oan be used to obtain another value of 7.60 koal mole™! using the

entropy of the vapour [15] snd liquid [196] states at 298°K.

The data available for the constant boiling point mixture are somewhat
scattersd, Measurements of the vapour pressure of perchloric acid (72.4%)
over the range from 140 to 203°C and 100 to 760 mm Hg yielded a good straight
line plot and gave a heat of vaporisation of 14.76 kocal nole” ! per mole of
vapour produced [36]. A vapour density determination [39] showed that the 72%
acid d4id not associate in the vapour phase,
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D Heat of dilution

Heats of solution have been obtained under the differential experimental
oconditions indicated in Tabla 6 for the system HC10 h G diluted to HC].OL,
(n1 + nz)ﬁzo. A plot of Sthe dats suggests that thoae orr Krivtsov et al,-and.
of Vanderzee and Swanson, although not overlapping, appear to be consistent
and are to be preferred to the other data. The heats of dilution of
anhydrous, moro and dihydrated perchloric acid at 298°K are -21,15, =7.8 and
~5elt3 +0,04 koal mole-1 respectively.

E Entropy

The vibrational frequencies measured by Gigudre and Savoie [54] were
used by these authors in oonjunction with probable values of the structural
perameters to caloulate the entropy of anhydrous acid in the gas phase at
298°K. The derived value is 70.7 cal deg’t mole” ] [53] which is somewhat
in error as the bond 1et!5th for the Cl-OH bond waa taken as 1.70 A This has
been recaloulated [1343 to-be 70.5 cal deg mole' (using a C1-OH bond length

of 1.& A [3])0

The entropy of anhydrous perchloric acid in the liquid phase at 298°K
was determined by Trombridge ard Vestrum [196] to be 45.02 cal deg'1 mole-1.
Using a rather large value of the heat of vaporization they calculated the
entropy in the gas pha"i, at 298°K to be 68.2 cal deg-1 mole-1 and commented
that the gas imperfection resulting from the intermolecular hydrogen bonding
(estimated to be. 3 koal Sole”! [54, 160, 161])would tend to increase the
entropy to a certain extent.

F Heat of formation
. 1 Perchloric acid at infinite dilution

Three methods have been used for the determination of the heat of
formation of dilute perchloric acid: (a) measurement of the heat of solution
of a perohlorate, (b) measurement of the heat of neutralization of the acid
with a base and (c) measurement of the heat of solution of chlorine heptoxide,
The first two methods require an eccurate values for the heat of formation of a
perchlorate, The heat of formation of a perchlorate is fourd by measuring
the heat 6f' decomposition to the chloride and oxygen, e.g. for potassitﬂn
perchlorate

KC10, —>KC1 + 20, ; 4H, . (n

Using the known heat of formation of the chlorids, the heat of formation of the
perchlorate can be calculated.
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Two values of AH, are currently availshle, That of -2,55 %0,18 koal mole™"
was obtained by Vorcb'ev et al [210] whereas that of -0,96 $0,08 keal mole” !
was obtained by Johnson and Gilliland [83]. The discrepancy is considerable,
Vorob'ev has discussed the two values [170] and has concluded that his is the
more reliable for the following reasons:

(i) Two calorimetric methods were used yielding velues of ~2,5 and

«2¢6 kecal mole™ T,

(ii) 8H, was measured for both sodium and potassium perchlorates, The
results gave values for the heat of formation of aqueous perchloric
acid of -29,82 and -29,73 keal mole™ ',

(ii) A check was made for the possible decomposition to the oxide [109)
KC10, —5% K,0 + 4 CL, + 7/4 0, (8)

On the other hand, full experimental details are given by Johnson and
Gilliland [83] but not by Vorob'ev et al [210] hence it is not possible to
choose between these values, The National Bureau of Standards has recently
made further experiments to check their value for the heat of decomposition
of rotassium perchlorate, using a slightly modified method, but no significant
difference was found [212], In this review the values obtained by Johnson and
Gilliland, corrected for the lat»st values available for the heats of
formation of potassium and sodium chlorides, will be used throughout,

However, values based on the work of Vorob'ev will be quoted in parentheses
with a V to indicate source,

(2) BHeat of formation from heat of solution of perchlorates

This method is based on the fact that at infinite dilution the perch-
lorete is made up of Clol: and M" ions, When ist for M* is known that for
C10,” can be calculated and this is identical to the heat of formation of

perlc'.hloric acid at infinite dilution, Values for the heat of formtion of
perchloric acid at infinite dilution derived from the heats of solution of
potassium, sodium and lithium perchlorates are presented in Table 7, A

slightly different treatment by Vorob'ev [209] gave a value of =29,46 keal

111013-1 .

(b) Heat of formation from heats of neutralization

The heat of formation of perchloric acid can be calculated from the heat
of neutralization of perchloric acid with a base MOH, whexe the heats are known
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for the formation, solution and dilution of the hydroxide [151, 213) and the
perchlorats, Thus, where

HC10 + HOH v = iC10 + H0; oH (9)

L (n, H,0 N 2 T2

(n, H0) 252" n,+1,) K0

B+ 3C1, + 20, = MC1O ; OH (10)

1, + %, k(o) 3
#C10 = MC10 ; OH (11)

I"(c) z"(n1 + n2) H,0 b

the heat of formation, AH5’ of perchloric.acid in n, H20 is given by
AH. = OH, + AH, + AH - AH - O0H, . (12)
5773k " fmoe)  f(NoH innmy HO) 2

The various values for AH5 are shomn in Table 8.

(o) Heat of formation from heat of solution of chlorine heptoxide

The heat of solution of chlorine heptoxide

0 = 2HC10,, n H0 (13)

+ Hzo(l) +n H2 x

01207(1)
is a direct approach to the heat of formation of dilute perchloric acid.
The heat of solution, in 55C0 and 1758 moles of water respectively, was
found to be ~50,0 koal mole by Goodeve and Marsh [60] and =50.4 kcal mole”
by Rosolovskii et al [147]. The mean value of -50.2 koal uu.)lem‘I leads to a
heat of formation of perchloric acid of =31,71 *1.65 keal mole-1.

1

A mean heat of formation of perchloric acid can be computed (the results
from the comparatively inaccurate data on chlorine heptoxide being excluded)
to be ~31,03 keal mole-1 (V: =~ 29,93 keal mole-1). A best value for the heat
of formation of dilute perchloric acid would be =30.48 kcal mole-1.

2 Anhydrous perchloric acid

Since the heat of dilution of anhydrous acid (Section V,D) is -21,15
koal mole-1, the heat of formation of the anhydrous acid is ~9,33 koal nole™,
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5 Heat of formation of perchloric acid vapour

Values can either be obteined by calculation from the heat of formation
of dilute perchloric acid or from experimental studies of the heat of
diasocistion of ammonium perchlorate.

Values for the heat of vaporization of ammonium perchlorate of 56.6 koal
mole™! end 58 koel mole™ ' have been obtained by Powling and Smith [140] and by
Inari, Rosser znd ise [81] respectively assuming dissociation occurs as shown
in equation (14)

+ HC10 (1)

*(g)
Using the value of Gilliland and Johnson [55] of =70.567 kcal mole-1 for the
heat of formation of ammonium perchlorate, the heat of formation of perchloric
acid vapour is -3,07 and ~1.67 keal mole” respectively, However, both of
these studies were at considerably elevated temperatures and no correction has
been made to obtain the heat of dissocistion at 298°K,

B s NH
%) 3(g)

Calculetion using the heats of dilution and vaporization of cnhydrous
perchloric acid result in a value of -1,20 kcal moll.e"1 for the heat of fomation
of the vepour at 298°K,

A similar calculation can be made to give the hest of formation of the
constant boiling mixture in the vapour phase at 298°K. This yields a value
of =127.14 keal mole“al [36].

G Heat of adsorption

The heat of adsorption of anhydrous perchloric ecid vapour on a pyrex
surface at 150 to 260°C under pressures of up to half an atmosphere has been
deduced by Sibbett and Geller [16L] to be 9.7 kecal mole-1. However, an
alternative value of 15,85 kcal mole‘d appears to be possible (see discussion
in Seotion VIII, B).

VI PHYSICAL FROPTRTIES

A General -

No attempt is made here to exhaustively review all the recent papers on
the physical properties of perchloric acid. " 4 literature source table is
provided to indicate the properties and the concentration ranges which have

been studied (Table 9), For completeness , some old references have been
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included where these oontain the only data available. Dats for various
physical properties of the 70-75: acid have recently been presented in
graphical form [68]. Some selected topics are briefly discussed below.

B Acidity

Ferchloric acid is one of the strongeat acids known, Its solution in
fluorosulphonic acid is one of the few cases where it is believed not to ionize
to form the perchlorate ion {217]. An ionisation of the type

HC10, + 2HS0.F &= cm; + 250,F + Hyo* (15)

was proposed,

The Ho scale of acidity has recently been re-determined and extended to
cover the range from O to 70 acid at 25° [218]. The B, scale decreases more
rapidly than in aqueous sulphuric acid beceuse 79% perchloric acié has an
indicator acidity equal to that of 987 sulphuric acid. It was conservatively
estimated that an Hy value of -16 would be reached for 10(j: perchloric acid.
Perhcloric acid was a much more efficient protonating medium than sulphuric
acid. The activity ocoefficient has been measured for 3 to 10 i perchloric
acid [76]. It was found that the molarity activity coefficient for
H“(ﬂzo)lF C10,” passes through & mexinum near 8H acid. This is in agroement
with the observation [80] that perchloric acid extracts into ether with four
moles of water, Later measurements of the activity coefficient indicate the
existence of two more species, HClOA(HZO)B and 110104(}120)7 [77]. '™e dis-
sociation constant for anhydrous perchloric acid could only be revorted as > 4
since the data did not extend to high enough concentrations. This may be
compared with the estimate of the thermodynamic dissociation constant of 38 by
Hood et al [78] who concluded that perchloric acid is such a strong acid
because the degree of dissociation is high even in highly concentrated

solutions,

C Transport numbers

The transport numbers for the cation in perchloric acid were determined
recently for the 0,1 to 5.1 i oonocentration range at 25°C [64). The results
agreed well with those obtained eerlier (10, 34].

VII  CHEICAL PROPERTIES

Anhydrous perchloric acid is an extremely powerful oxidizing agent.
Vith most combustible materials there is an immediate explosive reaoction in
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the cold. Gold amd silver are oxidised in the cold; platinum is not

attacked but its presence resulis in rapid decomposition of the acid [196].
Consequently, all handling of the acid should be carried out in glass apparatus.

Sections VII, A and B discuss the nature of mixed acid systems and the
explosion hazard concerned with the use of ahhydrous acid. The system
HC10, - H,0 - H 0, has recently been studied {195] but no compound containing
hydrogen peroxide wes detected,

Other chemicel reactions are sumerized by Schumecher [158], iiellor
[118, 119], and by Burton and Praill [30].

A Hixed acid systems

1 Acetic acid - perchloric acid system

The ion association constants which have been determined for perchloric
acid in acetic acid at 25°C by potentiometric [24] and conductimetric [186]
methods differ by a factor of 15, Recently a value of 0.064) x ‘IO"6 has been
obtained [142). Conduction with perchloric acid has been shown [113] to occur
by a proton-jump mechanism in common with other solvated protons.

In the very concentrated system, that of perchloric acid monohydrate-
anhydrous acetic acid,it has been shown that the perchloric aocid retains its
water of hydration [223].

2 Sulphuric acid ~ perchloric acid system

Infrared absorption spectra of the perchloric-sulphuric and sulphuric-
phosphoric acid systems have been studied [162] in the region from 37C0 to
750 em . The spectra indicate that chemical reaction 6ccurs in the
HBPOI» - !1230 system but not in the HC10, =~ HZSOA.’ confirming the results of

b L
Usanovich [202] on the electrical conductivity and viscosity in the system

HZSol;. - HCth.

However, simultaneously another group of Russian workers [163] studied
the freezing point diagram of the ternary system 01207 - SO3 - H20 and

observed the formation of an intermolecular compound HZSOI'_. 2HC1014-’

3 Nitrous acid - perchloric acid system

This system has Leen particularly studied in connection with the
reactivity of nitrous acid in acidic media.

The proportion of nitrosonium ion present in solutiens of sodium nitrate
in oonoentrated perchloric acid was measured specotrophotometrioally in 1956
[169] but no equilibrium constant was available until 1958 [200].  Dilute
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solutions of nitrous acid in 50K perchloric acid were observed to decompose
steadily with time. This was confirmed by later workers [14] who also studied
the kinetios of the nitrite decomposition [13] and found that the rate was
strongly dependent on the perchloric acid concentration. The maximum
decomposition ocourred at sbout S0 by weight where both nitrous acid and the
nitrosonium ion exist in appreciable concentration. The reaotion of sodium
nitrite with perchloric acid has been briefly studied [63].

4 Nitric 20id - perchloric acid aystem

This system has been thoroughly examined by Goddard et al [57] and
by lillen [82]. They showed clearly that the reaction

+ - *ran™
HNO, + 2Hc10h = N0, €10, + njo ¢10, (16)

occurred on mixing the anhydrous acids at -40°,

B Explosive nature

Anhydrous perchloric acid has long had a reputation that it is explosive.
Recently it has become clear that it is not and that its earlier reputation
arose from the preparation of impure samples containing chlorine heptoxide,
which can exploda violently on shook or sudden heating. Samples of the
anhydrous acid on standing at room temperature rapidly become coloured with
chlorine oxides which are explosive. It must also be emphasised thet contact
of the anhydrous acid with meny materials — especially organic ones - will
result in explosion, The non-explosive nature of ocarefully prepared enhydrous
acid has been shown by Levy [98]. However, samples of anhydrous acid in
closed bottles can produce pressure bursts as a result of the formation of
s0lid monohydrate round the stupper which is thus effectively cemented in
(see also Section VIII, A).

Diluted perchloric acid (72% or below) is stable at room temperature
as wes shomn by Dietz [44] and by Elliott and Brown [45]. Its mixture with
organié compounds can be very dangerous, especially so with acid anhydrides
which have the effect of producing a solution of anhydrous perchloric acid
[107]. The dangers of mixtures with acetic anhydride used in elcotro-
polishing ure reviewed by Schumacher [158]. Mixtures with ethyl alcohol have
a detonation velocity of 1500 m/zec [95] whilst other mixtures with orgenic
compounds have been proposed as monopropellent fuels [11, 215] and 21s0 cs & means
of producing explosions on surfaces (48], The paper by Elliott and Brown is
e particularly useful survey of the explosive nature of various perchloric
acid mixtures [45].




180 Appendix

Ventilating systems for perchloric acid vapour must be carefully
designed {33]. The sealant in such systems must NOT be a litharge-glycerin
cement since this has resulted in fatalities [201] . Portable scrubbers [167]
and digestion units [105] have been described.

VIII THERMAL DECCMPOSITIGN
A Introduction

Until recently little information was available on the themal decom-
position of perchloric acid in either the gas or liquid phase, although the
unsteble nature of the anhydrous acid was well knom. Mellor [118] stated
that the anhydrous acid exploded if an attempt was made to distil it at
atmospheric pressure; at 72°C the acid darkened in colour and at 92°C white
fumes mixed with chlorine dioxide were evolved &ad cn further heating
explosion occurreds It is now clear that anhydrous perchloric acid is not
explosive when pure, The fact that earlier workers often found even freshly
prepared samples to be explosive can be explained by the ease with which the
anhydrous acid can be dehydrated to the anhydride chlorine heptoxide, which
explodes violently on shock or sudden heating., This has been shown by
Levy [98] who found that samples of perchloric acid vapour, from acid pre-
pared in the usual way by dehydration of the dihydrate, could be exploded
either by heating a spiral of wire in the vapour or by plunging the bulb
containing the vapour into a hot bath, These samples or acid were shown to
contain as much as fifty per cent of chlorine heptoxide, Pure samples of
vapour, freed from the chlorine heptoxide, did not explode. It is thus
clear that statements such as the one by Sibbett and Lobato [165], that the
sample of acid passed over phosphorus pentoxide in order tc remove all
traces of water was unstable, can be explained by formation of the unstable
chlorine heptoxide.

An cutstending feature of the perchloric acid system is the marked
increase in stability with increasing dilution of the acids The monohydrate
is & crystalline solid (m.pt 49.9°C) [180] and is steble up to about 110°C
[199] , the 72,)% acid is a constant boiling mixture which is quite stable
and decomposes only slightly when heated to its boiling point (203°C) whereas
the anhydrous acid is unstable even at -78°C [220]. It is suggested that this
stability is associated with the formation of the perchlorate ion, i.e. the
aci-form, and the inheren . instability of the anhydrous acid with the covalent
form,
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B Gas d sition

The thermal decomposition of anhydrous perchloric acid vapour was studied
at 200 to 220°C by Sibbett and Lobato [165]. They showed that reaction
proceeded according to the overall equation

B0l0, = B0 + 01, + Yuo, (17)

4L

although a complete analysis was not obtained, The kinetics were found to
be second order in the early stages of the reaction, changing to first order
as the reaction proceeded, The reaction was shown to be heterogeneous at
200 to 220°7,

Levy (98, 99] confirmed that the overall reaction yields chlorine,
oxygen and water for the temperature range from 200 to 435°C, Hydrogen
chloride was not a product, The decomposition kinetics from 20C to 350°C
wore dateirmined in a static system using anhydrous perchloric acid and from
350 to 439°C in a flow system using 705 perchloric acid, Experiments at
294°C indicated that water had a moderate inhibiting effcoot: 2,53 moles of
water per mole of acid decreased the first order rate constant from 0.062 to
0.038 min™'. This indicsted that the presence of small ammounts of water in
the acid should not affect the kinetics significantly.

Below 310°C a heterogeneous reaction was involved whereas above this
temperature the decompcsition was homogeneous, and first order. An Arrhenius
plot of the data for the homogeneous reaotion yielded the expression

k = 5.8 x 102 exp(-45100/RT) sec”, (18)

The first order nature of the reaction and the magnitude of the activation
energy suggest that the rate determining reaction is

HOC10; ——>HO- + C10, (19)
followed by the fast reactions
HO+ + HOC103 —>H,0 + 010, (20)
R h
€10, —> % C1, + 0, (21)

c205° ~—>% 01, + 2 0, - (22)
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Although reaotions (21) and (22) are written as single equations it is likely
that the decompositions of the (?103 and CJ.O" radicals are complex and involve
formation and decomposition of lower chlorine oxides.
Using the heats or formation of HC10 (~1¢20 koal nole”! (Section V, F)),
) (9437 koal mole [213]) and C10, “( 237 koal mole " [61]),a v.}ue can
be caloulated for the heat of reaction (19§ at 298°K of 47.6 koal ‘mole , which
agrees well with the experimental activation energy of 45.1 koal mole 1.

The heterogenecus reaction which occurred below 310"0 was found by Levy
to have an asctivation energy of the order of 10 koal nole o Hore recently,
Sibbett and co-workers [1667 have studied this heterogeneous reaction between
150 and 260°C, They proposed the fcllowing mechaniam

x
2 1
2 1010, 201, + 2 0, + B0 (23)
nc10 + H)0 —>HC10 nzo (24)
K 3 7
HC10, . B0 —>3 C1, + /o 0 + Y 0,. (25)

Rate oconstants for the second order reaotion, kz, and the first order
reaction, k1, have been computed from the initial and finel .data which were
obtained by following the rate of pressure change, A computer solution of
the simltaneous differential equations which represent the reaction scheme
demonstrated that the observed pressure may be computed when the two rate
constants are evaluated. Activation energies were caloulated to be 8,9 and
21+3 koal mole-1 for the second and first order steps respectively. Both
steps were shown to be surface catalysed with a linear dependence of the two

rate constants on the surface to volume ratio at 200°C,

This research has been further described by Sibbett and Geller [164].
The reaction was second order initially and then became first order., The
amount of chlorine evolved was found to be directly proportioned to the amount
of decompossd acid at all times., Computer multiple-trial celculations showed
that the reaction scheme which best fitted the data was

k

1 7
2HC10, —3 H,0 + C1, + /2 0, (26)
HC10, + H,0 —3 HC10, . H,0 (27)

H510, 30—343/230+%c1 + Moo, (28)
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On the assumption that these reactions occurred on the glass swrface (the data
showed that most of the reaction, if not all, was heterogeneous) it followed

that
a [nc1o, ) o 1,[HC10,] [H0]
- —t = &, (500, -ff n K:[Bzﬂ (29)

where KB is the equilibrium oonstant for the adsorption of some inhibiting
species, presumed to be water, on the reactor surface. From consideration
of Lengmuir-Hinshelwood adsorption theory, it followed that reaction (26)
occurs by a mechanism in which perchloric acid is weskly adsorbed and surface
coverage is slight. Then the initial bimolecular process can be described by

2
. ?
v, = 2k} ¥° [now, %, (30)
The experimental rate oconstant, lc1 = kf, s where K is the equilibrium constant
for the adsorption of perchloric acid on pyrex. This requires that the
observed activation energy
B2y = Pr 72 Mo (31)

. 4
where Mic10 is the heat of adsorption of I-lCth_ and ET is "the true activation
energy for Q'he homogeneous gas phase decompositior of HClOk."

Two alternative possibilities exist for the surface processes in
reactions (27) and (28). Either both HC10, end the inhibiting reaction
product (assumed to be HZO) can (1) compete for the same sites or (2) be
adsorbed on two different types of surface sites. For competitive adsorption
it was shom that

E = B_ = (32)
e, = 17 M0
and for non-competitive adsorption
E = E, -~ - . (33)
e, = 17 M0 M0,

Sibbett and Geller in an early manusoript used the value of 32.8 keoal mole"1
obtained by Zinov'ev and Babaeva [224] for the 1iquid phase decomposition as
the value of Ej in equation (31), This with the experimental value of E, 4=
13.4 koel mole~! yielded a value for the heat of adsorption of HCIOLF of

9,7 keal mole™ ",
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Substitution of this valus along with Ay o = 133 koal mole™ " for pyrex
2
glass and the e xperimental value for E‘z of 20,5 koal mole”" in equations (32)

and (33) leads to values for E, of 33,8 and 43.4 koal moi).e-1 respectively.
Hence it was conoluded that the competitive adsurption process was more probable.

However, if the value obtained by Levy [98, 99] of 45.2 koal mole™ " is

used for B.r it follows that )‘BCIO = 15,85 kecal nole-1. Su!{stitution of this
&

value11n equations (32) and (33) yields values of E, of 33.8 and 49,65 keal
mole  respectively., Consequently it might appear that the non-competitive
adsorption process is more probeble.

Perchloric acid vapour (72: acid) has been introduced by Heath and
Majer [72] into an A.E.I. Type ¥.S.2 iiass spectrometer. They studied the
heterogeneous decomposition of perchloric acid vapour on a hot platinum wire
just outside the ionisation box of the mess spectrometer, The results showed
that the dominant mode of decomposition was into hydrogen chloride and oxygen:

HClOl‘_——-i)HCI + 2, . (34)

The equilibrium oonstants for the Deacon equilibrium [36]

21 + 3 0, =201, + HO (35)
show that at the tomperatures and pressures used by Heath and Majer (estimated
to be 950° and 1170°K) a preponderance of hydrogen chloride would be expected.
The equilibrium constants at 450 to 700°K (the temperature range used by Levy)
show that production of chlorine should be dominant at these temperatures.

c Chlorine heptoxide thermal decamposition

The gas phase decomposition was studied by Figini et al {46] at pressures
of 1.5 to 80 mm Hg and temperatures of 100 to 120°C, The decomposition was
found to be homogeneous, uni-molecular and to have an energy of activation of
32.9 21,5 keal mole-1. The reaction was followed by the pressure rise because
analysis of the products showed the overall decomposition to be

01207-——>012 + 3% Oy (36)

The effect of added chlorine and oxygen was studied. They both activated the
decomposition but were sbout 4.5 times less active than pure heptoxide.
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Experiments with added fluorine showed that the first stage was

decomposition into 010} and cm# radicals
c1207—-—s €10, + €10, . (37

The liquid phase decomposition has very recently been studied by
Baboeva [7] at temperatures from 60 to 80°C, The isotherms of liberation of
oxycen were very nearly straight lines. An activation energy of 32,1 kcal
molsd was nglx;:ed for the zero crder process, Additions of trichloroacetic
acid or carbon #etrachloride had no effect on the decomposition. However, !
additions of perchloric acid (4.) considerably modified the decomposition; |
the oxygen liberation rate increased, the oxygen liberation curves became
S-shaped and the whole decomposition was more rapid. At 60-80°, the (:1207
became pale yellow but did not darken in colour in the course of the
experiment. However, at 50° the colour became more intense and this led to
an ao‘é‘elerati.on of the reaction in the final stage. The oxygen liberation
isotherm became S-sheped,

The liquid phase decomposition is compared and contrasted with that
of liquid perohloric ccid in the rext section.

D Liquid phase decomposition

Zinov'ev [220] in 1958 stated that, although anhydrous perchloric
acid decomposed slowly at room temperature and even at ~78°C, it also had an
induction period when heated and it was because of this induction period thnt
anhydrous perchloric acid could be distilled. An electrochemicol study by
Hisscn and Sukhotin [122] showed thet 975 perchloric =acid decomposed at room
temperature to give oxygen, chlorine dioxide and chlorine trioxide, They
also found that highly coneentra};e;d perchloric acid: contained chlorine
heptoxide whose contentration increas:ad répidly a8 the perchloric acid concen-
tration opproached 100%, In view of the discussion in Section II this
observation confirms that chlorine heptoxide is an impurity in highly concen-
trated perchloric ncid when the latter is not syecislly purified. The
decomposition of the acid was reduced by addition of 1 to Z. chloral hydrate
to the concentrated acid.

A series of papers on the thermol decomposition of liquid perchloric
acid has been published by Zinov'ev and co-workers [8, 9, 199, 224, 227].
It was assumed that the overall decomposition could be represented by the
equation

HC10, —->§ H0 + ¥ C1, + ", 0, (17)

4 2
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and the reaction was followed by measuring the volume of oxygen evolved. The
actuel reaction is considerably more oomplex since chlorine oxides have been
detected as intermediate products, The decomposition in the liquid phase was
found to toke place in three stages: an induction period, an cotive period in
whioh the reaction rate rose sharply to a maximum, and & finel period in which
the reaction rate fell to szero., The final product was a yellowish liquid
orystalliaing at 47 to 48°C and containing 85.3 to 86,0% perchlaric acid,

This corresponds to the monohydrate.

The eerlier papers studied the decomposition of the 83-1007 acid over
the temperature range 40-95°C with experiments at 110-245°C for the 83 acid.
Flots of the logarithm of the maximum rate of oxygen evolution sgainst the
reciprocal of the absolute tsmperature yielded a value for the activation
energy of the second stage of 22,2 keal nole”! [227]. A later value was
22,56 koal mole”' [199]. The induction period was found to decrease with |
increase in temperature and increase in acid concentration. A detailed |
study of the induction period by Zinov'ev and Babaeva [22l] who also studied
the effect of inhibitors (trichloroacetic acid and carbon tetrachloride) led
to a value for the activation emergy of the induction period of 32,6 keal mole™ %

This was obtained by plotting the logarithm of the induction period against

ths reciprocal of ths absolute temperature. 4in ldentioal activation energy

was obtained with perchloric acid-chlorine heptoxide mixtures. The induction

period study was extcnded [9] to six acid concentrations from 84.8 to 1005 and

activation energies of 32.5 and 22,58 koal mole"1 were obtained for the |
induction i)eriod and active period respectively. The mechanism by which the |
inhibitors act was not discussed [22] but it was apparent that the C-Cl bond
is the effective agent beosuse this is the ocommon fastor in the known-inhibdiars
(chloral hydrate, trichlorcacetic zoid and osrbon tetrachloride).

More recently kinetic curves have becn obtained for the formation and
consunption of chlorine, chlorine diaxide cnd chlorine trioxide
during the decomposition of anhydrous perchloric acid [8]. The shape of the
kinetic curves was complex and no detailed mechanism was suggested,

Tsentsiper [199] proposed that the decomposition was a chain process
initiated by fission of the HO-(.‘,ZI.O3 bond, The sharp fall in the rate of
decomposition with increase in dilution was ascribed to a decrease in the
concentration of the pseudo (covalent) form HOC10; and an inorease in the

concentration of the more stable aci-form 0101: as indicated by Raman spectra,
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However, Zinov'ev ond Babneva [224] suggested that the decomposition
rate was determined by the formation and subsoquent decomposition of chlorine
heptoxide:

2 HC10, ==> 01207 + 1S, (38)

This reaction would be facilitated by the tendency of perchloric acid to
hydrnte:

\
HC10, + H,0 —>HC10, .K,0. (39)

This mechaniam was based on three observaiions: (i) the activation
energy for the decomposition was independsnt of the initial composition through-
out the rango from 84.8. porchloric acid through 100.. acZd to acid containing
3544 chlorine heptoxide, (ii) the activation encrgy caloulated for the
induction period closely equalled that observed far the gns phose decomposition
of chlorine hertoxide, and (iii) Missan and Sukhotin had detected chlorine
heptoxide in highly concentrated perchloric acid [122]. Zinov'ev and Babzeva
therefore rejected the mechanism prorosed by Tsentsiper,

However, recent work has thrown more light on this controversy. It is
now clearly established thnt concentrated perchloric acid when not specielly
purified will contein chlorine heptoxide. The recent work by Babacva [7] on
chlorine heptoxide in the liquid state indicctes that it does not decompose in
the same way as the anhydrous acid since (i) inhibitora for nerchloric acid
have no effect on chlorine heptoxide and (ii) addition of 1 perchloric acid
to chlorine heptoxide chanzes the vhole char:scter of the decomposition,

The earlier finding of Zinov'ev and Babaeva [224] that additions of chlorine
heptoxide to the acid do not affect the kinetics of decomposition save by
reducing the induotion period when considered along with Babaeva's recent
work do not lend support to the idea of decomposition through the heptoxide.

In fact the observed phenomena can be better explained by the alier-
native theory of Tsentsiper [193] along with the assumption that the

dissociation

5 HC10, —== 01207 + HCLO

, T JH 0 (1)

N

does not occur to any great extent. The effect of addition of uhlorine
heptoxide to the acid can then be explained as being sololy due to the shift
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of this equilibrium to the left. The finding of Rosolovskii et al [147] that
the heat of reaction for the above equation as written from left to right is

AH = -2,8 keal also supports Tsentsiper's theory beomuse inorense. in temporature
will tend to shift the equilibrium to the left. Purther, decomposition of

83> acid does not differ significantly from that of acid mare concentrated than
the monchydrate (84.8%); it is difficult to believe that chlorine heptoxide

is present in 83% acid. The sole evidence remaining to support the
decomposition of anhydrous perchloric acid through chlorine heptoxide is that
the numericsl value of the activation energy deduced from the induction poriod
(32.5 koal mole-1) is the some as that in the gas cnd liquid phase decomposition
of chlorine heptoxide as deduced from the pressure rise of products (32.9 and
32.1 keal nole” respectively). It would perhaps be more logical to compare
the activation energies of the 20id decomposition for the induction period

with that of ammonium perchlorate also for the induction period (~ 32 keal
mole-1) [187] or of guanidine perchlorate also for the induction period

(~ 30.5 koal mole™ ) [56].

X RADIATION CHEMISTRY
A Photochemical irradiation

The optical density of perchloric acid is less than 0.1 in the 2300~
28004 region [131] and the perchlorate ion zbsorbs light very slightly between
2000 and 8000 & [74]. This is in accord with the method for the preparaticn
of perchloric acid in which a mixture of chlorine, ozone and water vapour were
photolysed at 2537 & [153]. The photolysis by sunlight of a mixture of
cerous and ceric perchlorates with perchloric acid has been used to produce
miocroquantities of hydrogen and oxygen [73]. The perchlorate acted as a
catalyst and it was hoped that this process may évehtually be of economic
importance, ) ' '

B Ionizing radiation

Solutions of perchloric acid were found to be decomposed into chlorate
and molecular oxygen by X-rays [143]. In the presence of ferrous ions, an
additional interaction occurred in which the ferrous selt was oxidised and
chlorine was produced.

The amount of chlorate formed by 200 KV X-rays was directly proportional
to the perchloric acid concentration [121]. Ceric selts had no effect on the
chlorate formation whilst forrous salts resulted in the formation of on equi-
valent amount of chloride. Vhereas irradiation of ferrous sulphate in
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solution in sulphuric acid liberated equivalent amounts of hydrogen and ferrie
salts, this was not the case in perchloric acid solutions where a less then
equivalent smount of hydrogen was liberated [143]. The &isorepancy between
the yiclds of hydrogen and the ferric salt became marked as the acid concen-
tration inoreased. It was thus shown that irradiation of perohloric ascid
solutions results in a "direct effect", i.e. the energy of the radiation
excites the perchlorio acid molecules. The irradiation of perchloric acid
solutions at 77°K by gamma rays from a 1000 curie Cobalt €0 source was found
to produce substantial amounts of atomic hydrogen [102, 219]. ‘The atomio
hydrogen was detected by the paramegnetic resonance spectrometer which also
showed lines from other unpaired-electron species formed by the irradiation
and trapped stably at 77°Kk. The atomic hydrogen disappeared on moderate
warming of the acid by a2 second order rntz and with an activation energy of

several kecnl mole-1.

Recently, the yields of atomic hydrogen have been measured by the
poramagnetic resonance method along with the volumes of hydrogen and oxygen
liberated on warming the irradiated acid [101]. 7Tt was found that the yields
were indevendent of whether the acid was in a glassy ar crystslline state,
unlike the case for phosphoric end sulphuric acids., The yields of atomic
hydrogen, hydrogen and oxygen increcsed steadily with the acid concentration up
to a concentration of about 0,15 mole fraction at which point (e) the atomic
and molecular hydrogen yields shoved a sudden decreese, (b) the molecular
oxygen yield showed a sudden incraase, and (¢) on unidentified goscous species
was deteoted in quantity increasing with acid concentration from 0,14 moler
fraction. ‘his unknown speciecs was thought to be chlorine or a chlorine
compound since it coloured yellow the liquid phase produced on warming. The
yields of stomio hydrogen were greatly in excess.of those of the molecular
hydrogen liberated. This difference was ascribed to reaction of the hydrogen
etoms with other unidentified species. The saturation of a 0.425 mole
fraotion solution of perchloric acid by irradistion gave a hydrogen atom
concentration of 2,0 x 'IO19
from sulphuric acid, Nitric acid addition scavenged the hydrogen atoms but
not to as greet an extent as in sulphuric acid.

atoms per gram - a faotor of ten greater than that

Tritinted samples of perchloric scid solutions (molar rntios of
HC10, : H0 = 1 : 7 and HC10, : H,0 : D,0 = 1 : 3 : L) have been studied by
electron paramngnetic resonance [94]., H and D atoms were re~dily produced

along with other unidentified species which coloured the acid yellow, The
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change in H and D aton concentrations onwarning was followed and at about
~150°C it was found that the H and D concentrations decreased rapidly whilst
a new unidentified radical species appeared and rapidly increased in concen~
tration. The yields of molecular hydrogen from tritiated perchloric acid
were in good agreement with the early work on gamma irradiated acid [101]).
However, the ratio of the yields of molecular and atomic hydrogen was twice
as high in tritiated acid as in gammae irradiated acid at the same concen-
tration., This may be accounted for by the different lincer energy transfer
of these types of rddiation.

Irradiation of perchloric acid solutions at room temperature has been
studied by Cottin [32] using radiation from three sources: vy-rays from 25 end
90 curie Cobalt 60 sources, X~-rays of 10 KeV, and a~particles from polonium.
The yields of c103' and C1~ were proportional to the concentration of the
irradiated acid (0 to 4M) and were independent of the presence of dissolved
oxygen or the physical state. Other products were hydrogen, chlorine, oxygen
and chlorine dioxide,

The experiments indicated that the chloride ion was probably formed
simultaneously with the chlorate ion., Possible reactions were

cloh' -WV‘>0103- + 0 (40)
and
Cloh.-"'“‘“-;Cl' +0, (41)

although it was difficult to visualize & mechanism for the latter process,
The energy required to decompose a perchlorate ion was 24,7 €V,

Bugaenko [25, 26, 27, 28] .. studied the effect of X-rays (up to

70 keV) on 2,5 M perchloric acid at 20 +1°C. fThe acid solutions were either
saturated with hydrogen, nitrogen or oxygen, or contained 0,008 M ferrous
sulphate. No chlorine dioxide was formed but chloride and chlorate ions

and hydrogen peroxide were formed. Their acoumulation curves were lincar in
all cases. As the G value for percnlorate ion reduction was thc same in

all cases and was the same for 2.5 M sodium perchlorate, it was deduced that
the perchlorate ion was reduced directly by the ionizing radiation. The
following mechanism was suggested:

€10, " mnns C10 2:* " (42)

or

~+vWA» (10, + € , (43)

A
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The excited perchlorate ions probably transferred their emergy to neighbouring
molecules and probably also decomposed by

-+ N -
c10,” —>€10,” + 0. (44)

The perchlorate radicals decomposed by

€10, —>C10, + 0, (45)
which then reccted with hydroxyl radicals to form chlorate ions:
610, + OH —>C€10” + H', (46)
3
Chloride ions were produced by the scheme
_ OH H - A - Ho0p _
€10, ——>010,~——>C10,” —>C10 ——>C1 ", u7)
In the presence of hydrogen the reaotion
H, + O —>4 + H0 (48)

occurred resulting in on increased yield of chloride ions. Addition of ethyl
alcohol and acetone reculted in a decrease in the yield of the reduotion of
the perchlorate ion, This was believed to be due to the reaction

010, + RH—>010," + H + R. (49)

Very recently, Katakis and Allen [88] have studied the radiolysis of

perchloric acid in the absence and presence of radical scavengers over a range
of acid concentrations, Irradiation was by gamme rays from a ccbalt 60 souroce
at a dose rate of 3.2 x 1020 eV/1 min and by 33 MeV He'" ions from a oyclotron,
Radiolysis of 10-2M perchloric acid indicated that the free radicals from the
water radiolysis did not react with the psrchlorate ion. In more concentrated

solutiors, the perchlorate ion decomposed by the direct action of the radiation,
with a yield increasing directly with its concentration, whilst the yields of '
hydrogen and other water decompositon products decreased, Up to 2,5M per-

chloric acid the yields of chlorate F(ClOS-), and chloride ion G(C1™), agreed
with those obiained by Cottin [32] but above 2,5M Cottin's yields were higher.
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ﬁis may have been due to differences in thermal reactions which were not
investigated but were believed to involve a reaction between chloride and
chlorate ions giving products which rapidly oxidized the hydrogen peroxide.
Additim of 10'2l sodium chloride increased the chlorate yield and below 3N
perchloric acid this became equel to the sum of G (C1) and & (cm{) as
measured in the absence of added ohloride ion, This indicated that the
chloride ion was mainly a secondary product in the rsdiolysis resulting from
the attack of the chlorate ion by free radicals. The added chloride ion
proteoted the chlorate from this attack. This was verified by irradiation
of chlorate ion in the presemce and absence of chloride ion., The reaction
involved was proposed to be

OH + 010; + B — HO + €104 (50)
followed by decomposition or reduction of the chlorate radical to yield a
chloride ion, The oxygen liberated along with the chlorate may emerge as
oxygen, hydrogen peroxide, H02 or OH radicals or as 0 atoms,

Since the ylelds all vary linearly with the perchlorate ion concen-
tration, the excited perchlorate ions did not react with other perchlorate
ions but rather decomposed unimolecularly. Two possible reactions were

€10, -—> (51)
04 - 0104 + 6 5
and .
ﬂ* -~ .
C10, " ——> Cl0;” + 0. (1)

The results indicated that reaction (51) was very unlikely and the usual
process was production of chlorate ions and oxygen atoms., iiost of the
oxygen atoms will probably be in the ground state since Taube [191] has shown
that oxygen atoms in the 1D state react readily with water to form hydrogen
peroxide and can also reduce perchloric acid to chlorio acid. This was
confirmed because the hydrogen peroxide yield was decreased.

X PERCHLORIC ACID FLAMES

A Ammonium perchlorate decomposition

Flames in which perchloric aoid is used as the oxidizer have been studied
recently because of the widespread use of ammonium perchlorate as oxidizer in
composite propellents for rocket propulsion. It is believed that, at least
under ocertain oonditions, the monopropellent combustion of the ammonium perchlor-
ate particles is the controlling factor in the burning rate of the propellent
[2, 12]. There has been much discussion in the past decads on possible




Appendix 195

wechanisms of ammonium perchlorate decomposition. Those favoured are
(1) decomposition of the perchlorate ion [20]
(34) eleotron transfer [19, 51]

&+ -
M, " 010, === N + C10, (52)
and (iii) proton transfer [50, 157]

m; €10, " === Ni; + K010, . (53)
Mechanism (1) seems unlikely because the aotivation encrgy for such a prooess
in the crystel lattice would be too high. The bond dissociation energies for
C1-0 and 0-C10 are 63 and 57 kcal moled respectively [33] and the activation
ensrgy for the thermal decomposition of potassium perchlorate is 70 keal moil.e-‘l
(69, 135]. The observed activation energy for ammonium perchlorate is about
30 kecal mole"', thus it is unlikely that C1-0 bond fission is important,

It has been suggested by Jacobs et al [52] that ammonium perchlarate is
decomposed by an eleotron transfer mechanism below 300°C and by a proton
transfer mechanism above 350°C but recently Russell-Jones [152], working with
Jacobs, hes conoluded that the same process is involved under all conditions
and this process was deduced to be effectively proton transfer although free
protons are not involved. Rusrell-Jones obtained activation energies of
3046 koal xnole'-‘l for sublimation, Previous discrepancies in the values
obtained for the high-temperature reaction were ascribed to the faot that gas
phase reactions were limiting at high temperatures.

Evidence for the formation of free ammonia and perchloric scid continues
to accumulate, Biroumshaw and Newman [19] showed that added perchloric acid
reduced the induction period and added ammonie inoreased it as would be
expected if the formation of decomposition centres was associated with the
production of free perchloric acid, The effect of the perchloric acid
addition to ammonium perchlorate is minimised in an ammonia atmosphere at
200 to 240°C [20]., Later work [110] showed that when colcium oxide is placed
above the perchlorate in a tube in which sublimation is occurring, the smount
of sublimate is considerably reduced presumably because of adsorption of the
perchloric acid by the calcium oxide. A recent study of ammonium perchlorate,
in which the salt was hested to a given temperature and then put into cold
water and analysed for possible acids, indicated that the first reaotion step
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is dissociation into ammonia and perchloric scid [132]. This was found to be
£3rst order with an activation energy of 21.5 keal mole s

Sublimation experiments on samonium perchlorate at 300°C with analysis
of the sublimate [31] have resulted in the suggested deoomposition reaction

mhcloh-—-;‘/e (iy + HC10,) + 3¢ (s + HEL + H)0). (5%)

Maok, Toumpa and Wilmot [103] used methods of Xmudsen's free flow and matrix
isolation in the study of the gaseous species in equilibrium with orystalline
ammonium perchlorate, The gassous species effusing from a oell at 200°C were
successfully trapped et liquid helium temperatures in a nitrogen matrix,
Infrared spectra of these species studied over the range 4000 to 650 !
showed that the only major species in the vapour are ammonia and perchloric
acid. Confirmatory evidence has come from Inami, Rosser and Wise [81] who
have studied the dissociation pressure of ammonium perchlorate at 510 to
620°K by pessing helium through a porous bed of the perchlorate and condensing
the sublimate on a cold finger some two cm from the porous bed. The cold
finger was held at 340 +10°K to prevent condensation of water, The sublimate
was analysed for Ni ¥, C10,” and C1~, and was found to contain equimolar

4
quantities of NHI: and 0101“ . The results were interpreted in terms of an
equilibrium dissociation
MH,C10, == NH, + HC10 (55)
4 <
*s) @ Me

which was sffectively confirmed by addition of emmonia to the helium gas
stream. The sublimate was then found to contain equimolar quantities of
NH; and €1~ and only troces of C}Ol:. The heat of dissociation was
calculated to be 58 *2 koal mols .

Powling {138, 139, 140] has studied the surface temperature of burning
emmonium perchlorate at a range of pressures from 1/40 atmosphere up to
4 atmospheres. Beoasuse at a glven pressure the surface temperature was
independent of the burning rate it was assumed that near equilibrium conditions
exist between the solid and vapour. Consequently, a surface temperature -
pressure plot should yield the heat of sublima’ion (or dissociation) of
ammonium perchlorate, The value obtained, 57 koal mola'1, is in such close
agreement with the calculated value, 58 keal mole-1, that this may be regarded
as strong support for the dissociation reaction [55].
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A mass spectrometric study [72] in which amsonium perchlorate was
heated in a compartment adjoining the ion source of the mass spectrometer
showed spectra ocorresponding only to ammonia and perchloric acid. No trace
of a2 parent peak corresponding to mmonium perchlorate was found.

B Perchloric acid -~ ammonia reaction

The vapour phase reaction of ammonia with perchloric acid has been
studied briefly. Friedman and Levy [49, 100] mede a preliminary investi-
gation at 367°C. Separate streams of ammonia and perchloric acid in nitrogen
were mixed, passed through a reaotion vessol at a known temperature, absorbed
and snalysed. The main problem was the mixing of the two reactants in a time
short compared to the residence time in the reaction vessel (ca 2 seconds).

It was found that a greater percentage decomposition of perchloric acid occurred
in the presence of the ammonia than would have occurred with the perchloric
acid alone, They deduced a rate constant of about 2 x 10° ca’ mole™! seo™!

on the assumption that the ammonia-acid reaction is first order in each
reactant, An approximate value of 59.9 koal mole-1 for the heat of vaporisza-
tion of ammonium perchlorate was obtained from the observation that solid
formation occurred in the mixing chamber at 362°C but not at 367°C,

Sibbett nnd Lobato [165] studied the reaction between undiluted ammonia
and anhydrous perchloric acid at 25, 48.4 and 60°C. Reaction was initiated
by rupturing o break seal between two pyrex vessels at zero time, and conditions
were arranged so that & jet of ammonia always passed repidly into the acid
vapour to start the reaction, The reaction appeared to be instantaneous because
the pressure measuring system showed a single pressure rise to a fixed level,
Anelysis of the products indicated simultaneous oxidation of the ammonia by
the perchloric acid along with direct combination to yield ammonium perchlorate,
Results [89] at 230°C indicated that the ammonia triggered the decompasition of
the acid., Attempts were also made to stabilize a diffusion flame using an
opposed jet reaotor with ammonia and anhydrous perchloric acid, Reactor
pressures of 1 to 60 torr, ecid flow rates of 43 x 10"6 to 2.6 x 107
mole min 1, mole ratios of HC10 /NH of 0,05 to 7.7, temperatures from ambient
to 180°C and various. nozzle orificea from 0,5 to 2.0 mm were useds In no case
could a stable flame be obtained despite the use of a spark or hot wire [166]
igniter system.

Very recently, burning rates of mixtures of polymeric fuels with 72%
perchloric acid have been studied at the University of Louvain [29]., Similar
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burning rate-mixture ratio curves were obtained to those found with ammonium
perchlorate in place of the perchloric acid. Detonations occurred with very
lean mixtures.

C Flames

The earliest reference to perchloric acid flames in the literature is in
e bricf note by Diets in 1939 when it was reported that perchloric acid
vapour(72K) ignited at 400-405°C in the szbsence of any fuel [44]). Hydregen
passed into hot acid vapour ignited spontaneously at the same temperature but
in the presence of steel turnings this ignition temperature was reduced to
215°C. Recently the value of 4L00-405°C for the spontaneous ignition temperature
of methane - 72% perohloric acid vapour has been oonfirmed [13%4].

In 1958 Powling [137] stabilized flat diffusion flames of perchloric
aoid (72%) with ammonis and propane. The perchloric acid appeared to
decompose in a flame zone emitting a reddish glow befare reacting with the
fuel, A thermocuvle trace across the flame indicated an exothermal bump on
the 2cid side, Because no spectral difference could be detected between
ammonia-perchloric acid flames and smmonia-oxygen-chlorine flames, it was
concluded that the perchloric acid probably decomposed before it reacted with
the fuel,

Very recently, Hall and co-workers {35, 37, 38, 39] have succeeded in
stabilizing premixed flames of perchloric acid (72i) at both 760 mm and at
about 20 mmn pressure, The production of premixed flames with ammonia was
made difficult by the formation of solid ammonium perchlorate but other fuels
have been successfully used., The flames which have been studied are presented
in Table 10, A diffusion flame of methane and 72% perchloric acid was also
studied briefly, “

Spectroscopic studies of premixed methane-perchloric acid flames showed
not only the C2, CH and OH bands usually observed in hydro-carbon~oxygen flames
but also "cool flame" bands, These bands were also observed in perchloric
soid flames with methyl alcohol but not with formaldehyde. Low pressure flame
studies indicated that these "cool flame" bands were confined to the early
part of the flame whereas the 02 end CH bands appeared later,

Methane~perchloric acid-oxygen flames have a second flame zone on the
domnstream side of the first zone and separated by a gap having little or no
luminosity. The second zone was extinguished by removing the oxygen, Spectrc

at low pressure showed that the first zone had the usual perchloric acid fleme
structure and the second zone had the bands expected for a methane-oxygen fleme.
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Burning velocity measurements showed that in general the acid flames
were about three times faster than the corresponding oxygen flame at the same
temperature. The burning velocity maximum ocourred at about A = 1,5 (where A
is the ratio of the fuel present to that required for stoichicmetric combustion)
for acid flames and at A = 1,15 for oxygen flames. The effect of nitrogen
dilution on the burning velocity of stoichiometri¢ methane-perchloric acid
flames was examined. The results could be correlated with an aotivation
energy of 29 keal mt'.vle"‘l using the same assumptions and equation as were used
by Van Tiggelen to obtein an activation energy of 38 kcal mole-1 for methane-
oxygen flames. Flame temperature weasured by the OH reversal method gave
values in good agreement with theoretical flrme temperatures.

The effect of addition of inhibitors was also studied. A stoichiometric
methene-perchloric acid flame with 3 moles of nitrogen per mole of acid (HClO )
had a burning velocity of 99 cm sec (relative to the unburnt gas at 20°C);
replacement of 5 moles of nitrogen by hydrogen chloride reduced the burning
velocity to 84 cm aec'1 and the theoretical flame temperature was decreased
by 30°. Addition of 1% by volume of trifluorobromomethane to the original
mixture reduced the burnin; velocity to 89 om sec-1. This is to be contrasted
with the 507. reduction in burning velocity observed by a similar addition of
trifluorobromomethane to a methane-cxygen flame.

All these observations suggest that in perchloric 2cid flames the acid
does not decompose into hydrogen chloride or chlorine and oxygen before reacting
with the fuel but that some intermediate chlorine-oxygen compound or radical
is involved which reacts much more rapidly with the fuel than does oxygen.

A decomposition flame of perchleric acid vapour alone has been stabilized
at 1 atmosphere [83]. Analysis of the product gases from a decomposition
flame showed a ratio of ohlorine to hydrogen ohloride of O.7. This is
appreciably greater than the equilibrium rctio of 0,057 expected for a

theoretical flame tempernture of 1076°K. Correction of the flame temperature
for the observed chlorine distribution gives a value of 1160°K since the hect

release is greater for chlorine formation:

HC10, - > HCL + 20, A = -21 koel mole ! (56)
w1 4 7/ -1
HC10, -~ >3C1, + ZH,0 + /4 O, AH = -28 koal mole . (571

The observed flame temperature after correction for heat loss from the thermo-

couply was 1125°K in good agreement with the caloulnted tempernture. The

observed burning velocity was 19 om sec-1 (referred to unburnt gas at 210°C),
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This was in very good agreement with the valus of 20,3 om sec™ ' caloulated from
. the Zeldovitoh, Frank-Kamenetsky and Semenov equation using parsmeters obtained
by Levy in his study of the thermal decomposition at 250-450°C. It may be
inferred that the overall activation energy is about 45 koel mole”’. Different
‘rate-determining steps are probably involved in premixed fuel-ncid flames since
a hydrogen-perchloric acid flame with 10 moles of added nitrogen and having the
same fleme temperature as a decompositior flame had a burning velocity about
three times as fast as the decomposition flame. Burning velocities could be
correlated with an activation emergy of 15 kecal mole ! using the Zeldovitch,
Frank-Kamenetsky and Semenov equation for a second order reaction.

Recent work has been devoted to obtaining composition and temperature
profiles of methane-perchloric acid flames by dbatch sampling and mess sveotro-
metrio analysis,

X USES

Perohloric acid is used very widely in analytical laboratories and in
industry as a solvent for many materiacls because it does not readily form oom~
plexes [91] and for the destruction of organic matter [5, 84]. Smith in perti-
oular has pioneered the use of perchloric acid in the wet oxidation of organic
material either by the aoid alone [171] or with sulphuric [42, 177] or periodic
acid [178] and even by use of ammonium perchlorate with mitric and hydrochloric
acids [176]. Monk has modified the method which he found to be somewhat
unreliable (see also [174, 194]) by addition of nitric acid [123, 134]. Per-
chloric acid has also been used in the determination of ammonia and nitrogen
[22, 125], silica and aluminium [75, 182] and sulphur [17] and has been used in
the analysis of coal [188], cosmetics [79], drugs {136] and propellents [104]).

Other applications have included extraction of iron compounds and ores by
perchloric acid solutions [58, 159]. In particular cation exchange behaviour
in perchloric acid has been studied and used for o wide range of cations [128],
Perchloric acid extraction has also been used as a histochemical technique (4],
The extraction of perchloric acid by basic organic solvents has also been
studied (Reference [216] reviews earlier work in this field), Deuterium per-
chlorate has been used as a 8olvent for spectrophotometry [211],

Perchloric acid has also been applied to the fractionation of deuterium
since this is concentrated in the water moleoules at the expense of the hydrczen
ions [59, 206, 214].

ACKNOWLEDGEMENT - I wish t¢ thank Dr. G. A. MoD. Cummings, Dr. A. R. Hell
and Dr. W, R. Kaxwell who read this review in draft form and made helpful
ocomments and suggeations,




Appendix
19

REFSRENCES

1 uccascina, P,, and Schiavo, S., Electrolytes, Froc, Intern. Symp.
Triests, Yugoslavia 1959, 301-8 (1962); see Chem, Dbstr. 61,
8918a (1964.)

2 lLdams, G.K.,, Newman, ©,H,, and Robins, ..,B,, Symp, Combust. &th,
California Inst, Technol., 693-705, 1960 {1962)

3 .kishin, P,..., Vilkov, L,V., and Rosolovskii, V. Ya., Kristallografiya
4, No. 3, 353-9 (1959); Soviet Phys.-Cryst. 4, i.0. 3, 328-=33 (1960)

4  ildridge, .i.G., and .atson, M.L., J. Histochem, Cytochem, 11, io. 6,
77301 (1963); see Chem, .bstr. 60, 9054c (1964)

5 .nalytical Methods Committee, ..nalyst 35, 643~56 (1960)
6 /ndrussow, L., Chiu, Ind, (Paris) 86, 5425 (1961)

7 Dabaeva, V.P., 2h. Neorgan. Khim, 8, No. 8, 1609~13 (1963); Russ. J,
Inorg, Chem, 5, No. 8, 944-=3 (1963)

8 Babaeva, V,P,, and Zinov'ev, ......, Dokl. .kad. Nauk SSSR 149, No. 3,
592< (1963). Finistry of ..viation R,F.E, Translation No. 3

9 Babaeva, V,P., =nd Zinov'ev, ....., Zh. Neorgan. Khim, 8, lo. 3, 567-72
(1953); Russ. J. Inorg. Chem, 8, No. 3, 280-01 (1963)

10 Banerjee, K., and Srivastava, R.D., 4. physik, Chem. (Frankfurt) 38,
2349 (1903)

11 Barth-~yehrenalp, G., and Gerdner, D.M., U.S, Patent 3,115,895 dec, 10,
+1963, .ppl. Jun. 13, 1960; see Chem, .bstr, 60, 6694h (1904)

12 3RBestiress, E,[,, Princeton Univ. ..eronautical Engineering Rept. No. 536,
ilarch 1964

13 Beyliss, N.S., and .atts, D.W,, .ustralian J. Chem, 16, No. 6, 927~32
(1963)

14 bLayliss, IN.S., Dingle, R., Watts, D.W., and kilkie, R., ..ustralian J,
Chem, 16, No. 6, 933-42 (1963)

15 Berthelot, Y., Compt. Rend. 93, 291-2 (1861), .nn, Chim. (Phys.) (sl ,
27, 222 (1382); Ministry of .viation R.P.E. Translation No. &

16 Bethell, D.E., and Shephard, N., J. Chem, Phys. 21, 1421 (1953)
17 Bethge, P,0., Anal, Chem. 28, No. 1, 119-22 (1956)




e Appendix

REFERENCES (Cont.)
18 Bidinosti, D.R., and Bierman, i.J., Can., J. Chem, 34, 1591=5 (1956)

19 Bbircwmshaw, L,L,, and Newman, B.H., Proc. hoy. Soc. (London), Ser, ..
227, 115-32, 228-h1 (195)

20 Bircumshaw, L.L., and Phillips, T.R., J. Chem. Soc.(1957), 4741~7

21 Birky, Ii.li., and llepler, J.G., J. Phys. Chem. 64, No. 5, 686-7 (1960)
22 Bradstreet, J.B,, .nal, Chem, 26, No. 1, 185-7 (1954)

23 Trickwedde, L.E., J. Res., Nat. Bur. Sid. . 42, No. 3, 309-29 (1949)

2, Bruckenstein, S,, and Kolthoff, I.M., J. .m. Chem, Soc. 78, 10-15 (1955)

25 Bugaenko, L.T.,, Tr. 2=-go Vtorogo Vses. Sovesch. po Radiats. Lhim.,
.kad, Nauk SSSR, Otd. Khim, Nauk, loscow 1960, p. 144=-8 (Pub. 1962);
see Chem, .bstr, 58, 51C-d (1963) U.S. .ir Force Systems Command
Translation FID-iT-63~1%, ST.R N 65-11619, ..stia Document .D 602600

26 Bugaenko, L,T,, Vestn. Mosk, Univ,, Ser, II: Kkhim, 16, No. 3, 21-6
(1961); see Chem, .bstr, 56, 11102e (1962)

27 Dugaenko, L,T,, Vestn. Mosk, Univ., Ser, II, Khim,, 18, No, 2, 37-42
(1963); see Chem, .bstr. 53, 2145e (1963)

28 Bugaenko, L,T., and Belebskii, V.N., Vestn. kosk. Univ,, Ser. II:
Khim, 16, No, 2, 77=9 (1961); see Chem, .bstr. 56, 126c (1962)

29 Burger, J., and Van Tiggelen, ..., nem, .cad. Roy. Belg, Cl. Sc. XXXIV,:
lioe 3 (1964); liinistry of ..viation R,P.E. Translation No. 13%;
Bull, Soc. Chim, France 1964, No., 12, 3122-30

30 Burton, H,, and Praill, F,F.G., ..nalyst §0, No. 1, &=15 (1955)
31 Cassel, H.M,, and Liebman, I,, J., Chem, Phys. 3k, 342 (1961)
32 Cottin, k., J. Chim. Fhys. 53, 903=16, 927-8 (1956)

33 Cottrell, T.L., "The Strengths of Chemical Bonds", p. 280, Dutterworths,
London, 1958 :

34 Covington, ...K., and Prue, J.E,, J. Chem. Soc. (1957), 1567=72

35 Cummings, G....licD.,, and Hall, ...R., Ministry of /viation, R.P.L. Tech.
Note No, 222, May 1963




v 7

Appendix ‘™

REFERENCES (Cont. )

36

31

38

39

40

8

42
43

Ly

45

L6

47
48

49

50
51

52

Cummings, G....kcD., and Pearson, G.S., .:iaistry of .wviation, R.F.E.
Tech, Note No. 224, Octoter 1963

Cummings, G....kcD., and Pearson, G.S., Hinistry of ‘.viajtion;lt.%.

Tech, Note iio, 226, October 1953 4
Cummings, G,...lcD., and Pearson, (;:.S. , Combust. Flewe 8, No. 3, 199-802
(1964) "
Cummings, G....licD., end Hell, ..R., Symp. C.ibust. 10th, Cembridge 1964
(1965) g D i
Dahl, ...J., Trowbridge, J.C., and Taylor, R.C., Inorg. Chems 2, No. 3 »
654-5 (1953) SN
Dibeler, V.H., Reese, R.K., ond Nann, D.E., J. Chem. Phys. 27, 176=9 Y/
(1957) H ‘
Diehl, H., and Smith, G.F., Talanta 2, 209-19 (1959) Vi

Dieter, ¥.L., Cohen, L., and Kundick, ii,E., U,S. Bur, iines Rept.
Invest, No. &473, 1964

Dietz, W., .ngew, Chem, 52, 616=8 (1939); Hinistry of ..viation R.,P.E.
Translation Ko, 8

Elliott, M,.., and Brown, F,W., U.S, Bur, hines Rept, Invest. Fo., 4169,
January 1948

Figini, R,V., Coloccia, E., and Schumacher, il.J,, Z. physils. Chem,
(Frankfurt) 1k, 32-48 {1958)

Forman, E.J., end Hume, D.N,, Talanta 11, No. 2, 129-37 (1964)

Frazer, J.H., Perry, J../., and Johnson, k., U.S, Patent 2,504,119
.pril 18, 1950; see Chem, ibstr. 4l, G130f (1950)

Friedman, R., ond Levy, J,B., ..tlantic Research Corporation, Final Tech,
Rept. .FOSR 2005, 31 December 1964

Galway, ...k., and Jccobs, P.W.M., J. Chem. Soc., 837-kk (1959)

Galway, ..K., and Jacobs, P.W.M., Proc. Roy. Soc. (London) Ser. i 25k,
L5569 (1960)

Galvuay, ...K., and Jacobs, P.i.X., Trans, Faradsy Soc., 56, 58190 (1960)




Avpendix

REFERENCES (Cont. )

53 Gigudre, P..., Private commnication; value of eniropy in ref, 5
' incorrectly printed as 71.7

5, Giguére, P,.., and Szvoie, R., Can. J. Chem, 40, No. 3, 495-502 (1962)

55 Gilliland, ...i., and Johnson, V.H., J. Res. Nat. Bur. Std. .. 65, No. 1,
67-70 (1964)

56 Glasner, ..., and liakovky, .., J. Chem, Soc. (1953, 1606~10
57 Goddard, D.R., Hughes, E.D., end Ingold, C.K., J. Chem. Soc. (1950),

2559~15
58 Goets, C...., and .;adsworth, E.P., Jr., ;nel, Chem, 28, No. 3, 3756
(1956)

59 Goid, V., Proc, Chem, Soc, 1963, No. 5, 141=3
60 Goodeve, C.F,, and Harsh, ..E.L., J. Chem, Soc, (1937, 11616
61 Goodeve, C,F., and iiarsh, ...E.L., J. Chem., Soc. (1939, 1332-7

62 Guibert, C.R., Klodowski, ii.F,, and licLlroy, ...D., ..nnual Rept.,
Studies of complex perchlorates, Gallery Chemical Co., 27 October,

1964
63 Gyani, P., end Prasad, R.K., J. Indian Chem., Soc. 41, No. 3, 179-82 (196k4)

64 Haase, R,, Lehnert, G., &nd Jansen, H,J., Z. physik, Chem, (Frankfurt) 42,
32-4k (1964)

65 Halassz, .., end Jonosi, .., Veszpremi Vegyip, Egyet. Kozlemen, L, 151=8
(1960); see Chem, .bstr. 55, 14147a (1961)

66 Hale, J.D.’ Izatt, R.}:.’ &nd Christensen’ J.J., PI'OC. Cheml SOO.,
No. 8, 240 (1963)

67 Hale, J,D., Izatt, R.I,, and Christensen, J,J., J. Phys., Chem. 67, lNo. 12,
2605-8 (1963)

68 Hall, ..R., and Pearson, G.S., Ministry of .viation, R.F.E. Tech. Note
No. 232, May 1964

69 Harvey, ...E., Edmuson, 1.,T., Jones, E,D,, Seybert, R,.., and Cetto, il....,
J. «a, Chem, Soc, ]_é, 3270-3 (1954)

70 Hathaway, D.J., end Underhill, ..E., J. Chem, Socc. (1960), 648<54




Appendix er:

BEFLPENCES (Cont. )

71 Hathavay, B.J., and Underhill, ...E., J. Chem. Soc. (1961), 3091-6

72 Heath, G..., and ‘gjer, J.R., Trans, Feraday Soc. 60, No, 10, 175391
(1964)

73 Heidt, L.J., Proc. .orld Symp. Lppl. Solar Pnergy, Fhoenix, .riz. 1955,
P 275-80 (1956)

7% Heidt, L.J., rosier, G,F,, end Johnson, .,k., J. Am, Chem. Soc. 80,
No. 2, 6471-7 (1959)

75 Henicksman, .,I., .pel, C.T., ..shley, ,H,, and Zerwekh, ..., Los  lamos
Scientific Lcoboratory Rept. Li=3134, 12 Cetober 1964; see ST.R
N 64-33065

76 Hogfeldt, E,, .cta Chem., Scend, ik, 1597-611 (i960)
17 Hogfeldt, E., ..cta Chem, Scand., 17, No. 3, 785-96 (1963)

78 Hood, G.C,, Fedlich, ., and Reilly, C...., J. Chem. Phys. 22, Ko, 12,
2067-71 (1954 -

79 Hopuood, J.S., Perfumery Issent. 0il Record 53, No. 10, 692+ (1962)
60 Horne, R..., J. Chem. Zng, D ta 7, 1-2 (1962)

81 Inami, S.H., Rosser, ..., and Wise, H,, J, Phys. Chem, 67, No. 3,
1077~9 (1963)

82 Ingold, C.K., i"illen, D.J., and Foole, H.G., J. Chem. Soc. (1950, 2576=09

85 Johnson, W,H., and (illilend, ....., J. Res, Nat. -ur, Std. . 65, No. 1,
63-5 (1961)

84 Rahane, E,, Oesterr, Chemiker=Z., 55, 209-15 (1954)
85 Kekiuchi, Y., and i.omatsu, Il., J, Phys. Soc., Japan 7, No. &, 380=2 (1951)

86 Kekiuchi, Y., Shono, ¥., Komatsu, H., and Ligoshi, K,, J. Chem. Phys. 19,
1069 (1951)

87 Kakiuchi, Y., Shono, H., Komatsu, H,, nd Kigoshi, K., J. Phys. Soc. Japan 1
No. 1, 102-6 (1951)

88 hetakis, D., and .llen, ..,0., J. Phys, Chem, 68, No. 11, 3107-15 (1964)

89 Kispersky, J,P., ..erojet Goneral Rept, No, 0372=01=13, 31 March 1963,




«d . Appendix

EEPIRENCES (Cont.)
90 Klages, PF., and Hegenberg, P., ingev, Chem, 74, No. 22, 902 (1962)

91 Klanberg, F., Hunt, J.P., and Dodgen, H.ii., Inorg, Chem. 2, No. 1, 159-41
(1963)

92 Klochko, M,...., and Kurbanov, M.Sh., Izv. Sektora Fiz. Khim. .nal., ‘kad.
Nauk SSSR 24, 237=51 (1954)

93 Krivisov, N.V., Rosolovskii, V.Ya.,, and Zinov'ev, ..., Russ. J. Inorg,

9% Krvh, J,, Green, ,C,, and Spinks, J,%.T., Can, J. Chem, 40, 413-25 (1962)
95 Kurbangalina, R.ih., Zh. Fiz, Khim. 22, No. 1, 49-51 (1948)

96 Latimer, WM., and  hlberg, J.E., J. im. Chem. Soc. 52, 549-53 (1930)

. 97 Lee, F,S,, and Carpenter, G,B.,, J, Phys. Chem. 63, 279-82 (1959)

98 Levy, J.B., ..tlantic Research Corporation .FOSR T™F 1555, ..stia Document
D 265, 051, October &4, 1961

99 Levy, &.B., J. Phys, Chem. 66, No, 6, 1092-7 (1962)

100 Levy, J.B., Symp., Combust., 10th, Cambridge 1964 (1965). Discussion on
ref. 39

101 Livingston, R., end ‘einberger, ..J., J. Chem, Phys, 33, No. 2,499-508
(1960)

102 Livingston, R., leldes, H,, and Taylor, R.H., Discussion Feraday Soc. 19,
166=173 (1955)

103 Mack, J.L., iompa, ...S., and ‘filmo%, G.i., Symp. on Molecular Structure
and Spectroscopy, Ohio State Univ., 1962; .bstract in Spectrochim,
.cta 18, Mo, 10, 1375 (1962) . )

104 liacorkindale, J.B., and Lamond, J.J., ..nal, Chem, 35, No. 8, 1058-60
(1963)

105 Mader, D,L., and ligyle, N,C., Soil Sci. 98, No, 5, 295-9 (1964)
106 Mand, N,V,, Proc. Indian .cad. Soi. Sect. .. 56, 143=51 (1957)

107 Kanufacturing Chemists ..ssocn., Inc., Chemical Safeiy Data Sheet SD~11,
Perchloric ncid solution, May 1947




Appendix z)

\n

REFERENCEY (Cont.)

108

109
110

111

112
113
114
115
116

117

118

119

120
121

123
124
125
126
127
128

Menufacturing Chenists ..ssocn,, Inc., Case Histories oi ..ccidents in the
Chemical Industry, Vol, I, History No. 581 (1962)

Murkowitz, M,H,, J. Inorg, Nucl, Chem. 25, 4LO7~14 (1963)

ilerkowitz, M.k., and Boryta, D..., .J. Rocket Soc, J. 1962 (December),
19442

Markowitz, M.l.,, iierris, R.¥., and Stewart, il, Jr., J. Phys, Chem, 63,
No. 8, 1325-6 (1959)

Mertin, R.J.L., .ustralian J, Chem, 15, 409-15 (1962)

Martin, R,J.L., .ustralian J, Chem, 16, No. 1, 84~92 (1963)
Nascherpa, G., Bull, Soc, Chim, France (961), Mo, 7 1259-60. (1963, 1132
lNascherpz., G., Compt. Rend. 252, No, 12, 1800=-2 (1961)

Hascherpa, G,, Compt. Rend. 257, No. 22, 3414=6 (1963)

hascherpa, G,, Pavia, .,, and Potier, .,, Compt., Rend. 254, No. 18,
32135 {1962)

tiellor, J.7., M. Comprehensive Treatise on Inorganic and Theoretical
Chemistry." Vol, II, p. 370, Longmens Green, London, 1946

liellor, J..., ". Comprehensive Treatise on Inorganic and Theoretical
Chemistry", Supplement II, Part I, p.598, Longmans Green, London,
1956

Millen, D.J,, and Vaal, E.G., J. Chem., Soc. (1956), 29135
1illing, B,, Stein, G,, and Teiss, J,, Nature 170, 710 (1952)

liissan, ...E., cnd Sukhotin, ..M., Zh, Heorgen. hhim, &, Ko. 3, 606-22
(1959); Russ. J. Inorg., Chem. 4, lio. 3, 276=83 (1959)

lonk, R,G., .nalyst 87, No. 1030, S4=6 (1962)

Monk, R.G., ..nalyst 08, No. 1047, 476-8 (1963)

Moore, F.B,, =nd Diehl, H,, inel, Chem, 34, Ko. 12, 1638-41 (1962)
l'ullhaupt,J.T,, Dissertation .bstr. 19, No. 7, 1581 {1959)
Mullhaupt, J,T., and Hornig, D.F,, J, Chem, Phys, 2, 169 (1956)

Nelson, F., Murase, T., and Kraus, K...., J, Chromatog. 13, No, 2, 503-35
(1964)




206 Appendix

REFERENCES (Cont, )

129 Neros, C..., and iversole, ¥.G., J. Piys. Chem. 45, No. 3, 38895 (1941)
130 Nordmen, C.E., .cta Cryst. 15, 13-23 (1962)

131 Ogur, K., and Roscn, G., .xchiv, Biochem, and Biophys., 25, 263~76 (1950)

132 Osada, H,, and Sakamoto, E, Kogyo Keyaku Kyokaishi 2 (5), 236-4k (1963);
see Chem, .bstr. 60, 7669a (1964); TIL Translation (1965).

133 Padmini, F.R.,K.L., Subba Rao, K., and 2amachandra Rao, B., J. Chen,
Phys. 33, 1268=9 (1960)

43, Pearson, G.S., Symp. Combust, 10th, Cembridge 1964 (1965). Discussion
on ref, 39

135 Phillips, T.R,, Thesis, Birmingham (1953); quoted in saf. 152

136 Posgay, E., Gyo:yszereszet 6, 336-8 (1962); see Chem, .bstr. 58, 3269h
(1963)

137 Powling, J,, private communication

138 Powling, J., Symp. Combﬁst. 10th, Cambridge 1964 (1965)

139 Powling, J,, and Smith,W....W., Combust, I'lame 6, 17381 (1962)

140 Powling, J., and Smith, #,..W., Combust, Flame 7, 209-75 (1963)

41 Prosen, R., Ph. D. Thesis, Univ. of California (1955); quoted in ref. 198

142 Richards, T.7., end Rowe, ...W., Proc. /m. .cad. .rts and Sci, 49, 171=99
(1913)

143 Rigg, T., Stein, G., and Weiss, J., Proc, Roy. Soc. (London) Ser. .. 214,
375=97 (1952)

{44 Robinson, B...., Con. J. Chem. 41, No, 1, 173=9 (1963)
145 Robinson, E.i.,, Can. J. Chem, 41, No. 12, 3021-33 (1963)

146 Robinson, R...., and Stokes, R.H., "Electrolyte Solutions", 2nd Edition,
Buttervorths, London, 1959

147 Rosolovskii, V.Ya., krivisov, N,V,., and Zinov'ev, ..,i., Russ., J. Inorg,
Chem, 5, No. &, 3746 (1960)

448 Rosolovskii, V.Ya., and Zinov'ev, ....., Zh. Neorgan. Khim. 3, 1589-91
(1958); see Chem, .[bstr, 56, 8067a (1962)




B N L

Appendix : 27

REFZRENCES (Cont,)

149

150

151

152
153

154
155
156
157

158

159

160

164

162

163

164
165

Rosolovskii, V,Ye., Zinov'ev, ..., and Frokhorov, V,..,, Russ, J.
Inorg. Chem, 5, No. 3, 334-5 (1960)

Qosolovskii, V,Ya,, Zinovtev, /...., and Prokhorov, V...., Russ. J,
Inorg. Chem, 5, Ho. 10, 1042-4 (196V)

Rossini, PF.D,, :ogman, D.D,, Evans, \,H,, Levine, S., and Jeffla, I.,
Nat, Bur. Std. (U.S.) Cire, 500, February 1952

Russell-Jones, .., Finel Rept., Imperial College, London (Sepiember 1984)

Sandberg, V..., ~rikson, T..., and Riesz, C.H., U.S. Fatent 2,925,368,
Pebruary 16, 1960; see Chem, .bstr, 54, 11405 (1360)

Savoie, R., Ph. D, Thesis, Laval University (1962)
Savoie, R., and Gigzudre, P...., Can. J. Chem. 40, 991=6 (1962)
Savoie, R., and Giguére, P..., J. Chem, Phys. 41, Ne. 9, 2698-705 (1964.)

Schulz, R.D., and Dekker, ...0,, Symp. Combust, 6th, Yale Univ, pp.
618=26, 1955 (1957)

Schumacher, J.C., (editor), "Perchlorates, ‘their Proverties, Mamufaciure
’ ? H ) ’ H

and Uses", cinnhold, New York, 1960

Seryaikova, I.V,, and wolotov, U..., Zh. Neorgan, Ihim. 9, No. 1, 190=5

11964.)

Shehukarev, S...., ..ndreev, 5.N., and Balicheva, T.G,, Proc. ..cad., 3ci.
USSR Alk, Fo. 3, 417-8 (1962)

Shchukarev, S...,, ..ndreev, S,N,, and Dalicheva, T,G,, Vestn., Lenirgr,
Univ,,.Ser, Fiz, i Khim, 17, No. &, 128=34 (1962)

Shechukarev, 8...., ..alicheva, T.G., ond Borcha, k.Y., 3h., Neorgan, Lhim,,

8, No. 6, 1437-41 (1963)

Shehirove, N,..., Zinov'ev, ......, and kikheeva, V,I., Dokl. .kad, Nauk
SSSR 152, o, 2, 346-8 (1963)

Sibbett, D.J., and Geller, I., ©to ve publiched in J. I'hys. Chem,

Sibbett, D,J., and Lobat,, J.ii., ..erojct General Rept, No., 1762, .stia
Document D 240,274, .pril 1960




Z0R Appendix

REFERENCES (Cont.)

166 Sibbett, D.J., Cheselke, F.J,, Geller, I., Lobato, J.ll., Sutherland, J.L.,
and Chaiken, 2.F., .erojet General Corpn. _bstract in _FOSR 2348,
isiia Document LD 274,132, ..pril 1962

167 _Silbermamn, L., and First, K., Industrial Hygiene Journal (1962), 463-72
168 Simon, .., and ileist, M., Z. anorg. allgem, Chem. 268, 301-26 (1952)

169 Singer, K., and Vampew, P,.., J. Chem, Soc. (1956), 3971=4

170 Skuratov, S.M., Vorobtev, ..,P,, and Privalova, N.ii., Russ, J. Inorg.

Chem. 7, No. 3, 343-5 (1962)
171 Smith, G.F., _ral, Chem. .cta 8, 397421 (1953)
4172 Smith, G.F,, J. _m. Chem, Soc. 75, 104=6 (1953)
175 Smith, G.F., Talanta 7, 2124 (1961)
17% Smith, G.F., Talanta 8, 364 (1963)
175 Smith, G.P,, Talania 10, 4136 (1963)
176 Smith, G.F., T-lanta 11, 63340 (1964)
477 Smith, G.F,, end Diehl, H., Telanta 3, 41=6 (1959-60)
178 Smith, G.F,, and Diehl, H., Talenta 4, 165-93 (1960)

179 Smith, G.F,, and Diehl, H,, .nal, Chem. Proc. Intern. Symp.,
Birmingham Univ,, Birmingham, England, 1962, pp. 39%~6 (1963)

180 Smith, G,.F., and Goehler, 0.E., Ind. Eng, Chem. (.nal. Ed.) 3, No. 1,
61-3 (1931)

181 Smith, G.F., ond Lamplough, C.E., Chemist .nalyst 41, No. 4, 7-8 (1952)
182 Smith, G.F., and Taylor, W,II., Tolanta 10, No. 10, 1107=9 (1963)

183 Smith, H.G., and Rundle, R.E., J. /m, Chem, Soc, 80, 5075-80 (1958)

484 Smith, J,..S., and Richards, R,E,, Trans, Farcday Soc. 47, 1261=74 (1951)
185 Smith, J....S., and Richards, R.E., Trans., Feradey Soc. 48, 307-15 (1952)
186 Smith, T,L,, and Dlliott, J.H., J. Jim. Chem. Soc. 75, 3566~71 (1953)

187 For example soe Solymosi, F., and Revesz, L., 4. anorg., allgem, Chem. j22,
86-100 (1963)

188 Spielholtz, G,L., Dissertation [bstr. 2, No, 4, 13689 (1963)




Appendix

REFERENCES (Cont.,)

189

190
N
192
195
19
195

196

197
198

199

200
201

202

203
204

205

206

207
208

Sullivan, J.C., Cohen, D., end Hindman, J.C., J, im. Chem, Soc. 79,
36724 (1957)

Teketa, T., J. Sci. Hiroshima Univ, Ser. .., 13, No. 1, 193-202 (1955)
Taube, H., Trens. Faraday Soc. 53, 656=65 (1957)

Tauber, S.J,, 2nd Dastham, ..M., J. in, Chem., Scc. 82, 4888-01 (1960)
Taylor, R.C., and Vidale, G.L., J. .m. Chem, Soc. 78, 5999-6002 (1956)
Thomson, J., T-lanta 8, 276 (1963)

Tokareva, S...., 2h. Neorgan, Khim, 9, No, 9, 2265-7 (1954); sce Cheu,
~bstr, 61, No. 11, 12687g (1964)

Trowbridge, J.C., and Westrum, E,F, Jr,, J. Phys. Chen, 68, No. 1, h2-9
(1964)

Truter, M.R., ..cta Cryst. 1%, 318-9 (1961)

Truter, }.R., Cruickshank, D,W.J., and Jeffrey, G..., icta Cryst. 13,
855-62 (1960)

Tsentsiper, ...B., Zh, Neorgan, Khim. &, No. 5, 1086-91 (1959);
Russ. J. Inorg, Chem. i, No. 5, 493~6 (1959)
Turney, Te..., and Lright, Ge.., J. Chem. Soc. (1956), 2415-8

U.S. .tomic neryy Commission, Perchloric acid ventilating system
hezards. Serious ..ccidents No. 184, 20 June 1962

Usanovich, M.L., Sumerckova, T., and Udoverke, V., Zh, Obshch. Khim,
9, 1967=75 (1939); see Chem, ibstr, 3k, 51567 (1940)

Van Wyk, H.J., %. anorg, allgem, Chem, 48, 152 (1906)

Vanderzee, C.E., and Swanson, J.i., J. Phys. Chem, 67, No. 2, 285-91
(1963)

Vanderzee, C,E,, ond Svanson, J.i., J. Phys. Chem, 61, ¥o. 12, 2608-12
(1963)

VEB Vakutronik, German Patent 1,144,697 March 7, 1963; see Chem, .bsir.
59, 21a (1963)

Venkatesan, K., Proc. Indian icad. Sci. Sect. . 56, 13442 (1957)

Volmer, M., .nn, Chem, 440, 200-2 (1924)




210

209

210

211

212

213

21

215

216
217
218

220

221

222

223

22,

225

219

Appendix

BEFERENCES (Cont.) .

Vorcb'ev, ..F,, and Privalova, N,4., Vestn, Mosk. Univ,, Ser, II:
Ehim, 1933, No, 6, 22<6

Vorob'ev, .,F,, Privalova, N.l,, llonaenkova, .i.S,, and Skuratov, S.H.,
Proc. icad. Sci. USSR, Phys. Chem. Sect. 135, No. 6, 1439-41 (19G0)

Waggener, %.C,, “‘einberger, ...J., and Stoughton, R.¥W., ..bstracts of
Papers, .m, Chem. Soc. 148th liceting, Chicago, Lug. 30 - Sep. &4,
1964, ‘bstract 368

Wagman, D.D,, private communication

Wagman, D,D., Nat. Bur. Std. (U.S.) Rept. No. 7437, p. 79-95,
January 1962

Wetsel, K., USSR Fatent 148,793, July 20, 1962; see Chem, _bstr., 58,
21094 (1963)

“harton, ..E. Jr,, U.,S. Patent 2,968,539, January 17, 1961; see Chem,
ibstr. 55, 13852h (1961)

¥hitney, D.C., and Diamond, R.M., J. Phys, Chem. 67, No. 2, 209-16 (1963)
Woolf, ..., J. Inorg. Nucl, Chem, 3, 250 (1956=7)

Yates, K., and ,ai, H., J. .m, Chem., Soc. 86, No. 2, 5408=13 (1964)
Zeldes, H,, and Livingston, R., Phys. Rev, 96, 1702 (1954)

Zinov'ev, .,.., Zh. Neorgan. Khim, 3, No. 5, 1205=9 (1958); Ministxy of
iviation R,P.E, Translation No. 6

Zinovtev, ..., Usp, Khim, 32, No. 5, 590-616 (1963); Russ, Chem. Rev.
32, No, 5, 268-82 (1963)

Zinov'ev, ....., and Babaeva, V,P,, Zh. Neorgan, Khim, 2, No, 9, 2188-95
(1957); Ninistry of .viation R,P.E., Translation No. 9

Zinov'ev, ..., and Tabaeva, V,P,, Zh, Neorgen, Khim, 3, 1428-32 (1958);
see Chem., .hstr, 53, 17650e (1959)

Zinov'ev, ..., and Bataeva, V,F,, Zh, Neorgan, Khim, 6, No, 2, 274-82
(1961); Russ. J. Inorg. Chem, 6, No. 2, 138-44 (1964)

Zinov'ev, ......, and Rosolovskii, V.Ya., Zh., Neorgan, Khim, 3, No, 10,
2382-9 (1958)




B,

LR I 4

Appendix ~a

BEFLIENCES (Cont.)
226 Zzincv'ev, ...., and Rosolovskii, V.Ya., Russ, J. Inorg, Chea, 5, No. 11,
1239-41 (1960)

221 Zinovtev, ..., ond Tsentsiper, ..B., Zh. Meorgon. Khim. &4, ilos &, 724=9
(1959); Russ. J. Inorg, Chem. 4, No. L, 329-32 (1959)




Appendix

[
<l

089
669 M
969 ; 069
ool vl o3
onl ehl 8¢l 8¢l ol G2l osl
v26 oL
€0+ 2oL tcet | ot egoL | geoL | oL | osCL
ozt | G2k 0021 | %ELt
gLt 2gtt
(44} ¢er | ey | oozt
22y K2y o3 ¢gzt | o2t
. gzt 026
I gottL o3
LLGY %21 60¢£L GicL erel | 066t | Qe | 92¢t oogt
62¢2 oshi
0£6?. (s 0174 o't 0,5 4
o2¢¢ 11:749 0s¢s | aleg 9¢¢¢ | 092¢ | 096¢ 096¢ 006¢
oslY
owmd«.la - wmo«... esuyd pyros | eswyd sen { eseyd pmbyT eseyd pPTTOS eseyd anodep
Yot 01 L%t L Toton oton “oton




A

[t ‘09L]]| [€64) [s64) | [&§v] | [89t] | [*6) : [ozv] | fon) | [*6] “ [#G6] | [v9t “09t] H.mw%
olz L2 g2 .
9N 2L (e)etn o8Y alv | log
1594
9vE
~ (949 Vi
w2eh o | G2% 9¢% | gz | ofh
106 90%
o] 126 324
m 925
g5 656 Vv | as 996 | 036
G996 . LS LLS 28% g3s | &8¢ 1169 6lS
wnmm :
129 |
r4%] 009 . €09 2%9
owwuﬂa wﬂﬁwmo~+ esvud pyros | eswyd €39 | esvyd pynbyr eswyd PITOS aseyd anodeyp
Yono, 0 Lotto otox “otoi: “oron

(penutyauod) T 1AVl




T.BIR 2
Cl=0 Stretc frequencies

Stretching frequencies (cn")
Symmetric i.symmeiric
4326)
Perchloric acid 1100103 1050 1296
1263
Fluorine perchlorate  F(C10, 1049 1298
Perchloryl iluoride F0105 1061 1315
Chlorine dioxide c102 93 1110
Chlorite ion 0102' 86G 952
- 930 °75
Chlorate ion (:103
930 1087
Perchlorate ion CIOI: 935 1410
1250
1034
Chlorine heptoxide 01207 1045 1270) 4275
1057
1295




Appendix

TABLE 3
Bond lengths for C1-0 compounds

2
Force constant sond Bond lengti, i
Compound X x 10° order r r B
obs. ccle,
c1207 9.32 1,62 142 * 0,04 1.4
HoC10, (c1-0) 9.55 1.6, 142 143
(CI-QI) }.79 1 005 1 oaﬁ 1 066
1.46 £ 0,01
clok 8.20 1.50 1.47
1.452 * 0,005
FOC103 9058 1.65 - 3011-3 !
FC10 9.82 1.67 - 143

3
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“-.ppetﬂix
T..BLE 4
€1-0 bond lengths in the verchlorate ion
Bond
Compound o Source Ref,
length, .
mcm,‘ 1.0 * 0,00
mclok.mzo 146 * 0,02 Frosen [141]
:(Cloh 143 * 0,02
KC10, 146 * 0,05 tlani {106]
M-ILC].OI" 1.6 * 0,03 Venkatesan [207]
1.4 * 0,01
46010, .Cil Smith [163 )
(1.51 + 0,01
HBOCIOA 142 0,01 Lee, Carpenter [97]
H,0010, 1.452 £ 0,005 Truter [1971]
NO,C10, 1.464 + 0,007 Truter ot al, (196
1445 ¢ 0,006
1.478 * 0,005
H,0C10, Nordman [(130]
1.465 + 0,007
1.468 £ 0,006
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LDBIE 5
Specific heats of perchloric acid
Specific heat,
toles qu’mole 100, 1 - Source Ref.
cal gn  deg C
0.0 0.288 Troubridge & Vestrum [196]
3.085 0.501
S 0.575
Berthelot [15]
9.59 0.6705
46,35 0.893
100 0. 9466 Richards O Rove [142]
590 0.993 Derthelot [i5]
T.JLE §
Heat of solution data
€10, , n, £,0 diluted to HCLO, , (n1 + nz)nzo
n, n, + n, Source Ref'.
0 - 200 600 Lerthclot (15]
2.31 = 55.5 110 Picinosti & Biermann (18]
0-4 800 Krivtsov et al, (93]
5.0 « 500,000 o0 Vandorzee & Swanson (204 ]
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+ Appendix “
T.BIE 8
Heat of formation, AH5, et dilution
HClOl;, n,H,0 from heat of neutralization, AH,
. AH, AHg
Base Source Reference n1
keal mole ™" Xeal mole
KH «13,35 Vorob! ev [210] ~31.54 {500
NaCH ~13.380 Bidinosti [18] =30, 9 55.5
NaCH ~13.34 ‘ale l (66, 67] ~30.99 co
NeCHl -13,66 Vorobtev | [210] =30,9% 465
'
NaCH 13,336 Vanderzes | [204, 205] 3099 | e
LitH -13.54 iarkovitz | [111] -30.81 ' 225
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Premixed perchloric acid flames stabilized

. Fuel Low pressure _ .timospheric pressure
None - Su, T, Spectra
Hydrogen - Su, T, Spectra
Methane Su, Spcctra Su, T, Spectra
Ethane Spectra Su, Séectra
Carbon monoxide Su . Su, Spectra
Formaldehyde Spectra -

Methyl alcohol - Su, Spectra

Su indicates burning velocity measured

T indicates iemperature measured
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