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Results are presented to show that as the thermal decomposition of orthorhombic ammonium per-
chlorate proceeds there is an accumulation, in the solid, of hydrochloric and nitric acids, the concen-
trations of which increase up to 15% decomposition after which they decrease until they reach the original

values.

Introduction

Various investigators have studied the
thermal decomposition of ammonium
perchlorate (AP) from essentially different
viewpoints (I—4). It should be recalled that
below 250°C orthorhombic AP decomposes
in an incomplete fashion, i.e., the decom-
position terminates after 30% (5-7); the
residue remaining behind is physically and
chemically AP (8). Most chemical studies of
the thermal decomposition of AP have been
analyses of the gaseous decomposition
products of AP (8-26) and their effects on
the decomposition (8, 27-33). However,
there have been few studies of the chemical
nature of the problem of incomplete decom-
position of AP. In fact very few chemical
analyses of partially decomposed AP (the
residue left behind after decomposition)
have been carried out.

Bircumshaw and Newman (8), who car-
ried out the first investigation on the kinetics
of decomposition of AP, reported that the
residue remaining after 30% decomposition
of AP at 230°C contains traces of chloride
ion and nitrogen tetroxide. Osada and
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Sakamoto (34) found that AP becomes aci-
dic at 220°C, reaches a value of maximum
acidity at 240°C, and then decreases in aci-
dity above 250°C. The absence of HCI,
HNOj3;, and HNO,, by spot tests, led them to
conclude that the acid present is HClO,.
Klimenko and Frolov (35) also claimed that
the HCIO, produced remains in the conden-
sed phase during the initial stages.

Different interpretations based on various
physicochemical measurements have been
put forward (1, 36) to explain the incomplete
decomposition of orthorhombic AP. The
interpretation which is pertinent to this work
and is widely accepted is based on the fact
that some of the ammonia (NH,) liberated
from the reaction

NH,* +ClO,” —= NH,+HCIO,

is adsorbed at selective sites. Jacobs and
Whitehead (1) argue that the NH; thus
adsorbed subsequently combines with
perchloric acid (HCIO,) to form AP, before
the HClIO, has a chance to decompose, and
the reaction thus comes to an end. They have
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presented indirect evidence to confirm this
view (I).

Recently Boldyrev et al. (36) presented a
slightly modified version of the theory of
Jacobs et al. (1). The

primary stage of the thermal decomposition of AP
is a proton transfer resulting in ammonia and
perchloric acid. The subsequent decomposition of
perchloric acid and an oxidation of ammonia by
products of the acid’s decay result in final products
of the reaction. ... If the dissociation proceeds at
individual and aligned dislocations one should
expect an accumulation of perchloric acid and the
removal of ammonia in these parts of the crystal,
because the removal rate of gaseous molecules from
pores is inversely proportional to the square root of
the molecular weight of the gas. The acid accumu-
lated in this way in a dislocation can be removed in
two ways.

If the decomposition of AP at 230°C is
prematurely terminated, say when 10-15%
of it has decomposed and the pH (pH=
—log[H*], where [H'] is the hydrogen ion
concentration) of an aqueous solution of the
residue has been measured, the pH should be
alkaline according to Jacobs et al. (1) and it
should be acidic according to Boldyrev et al.
(36). This paper presents a direct illustration
of how the pH of the isothermally decom-
posing orthorhombic AP changes with time
or extent of the decomposition.

Experimental

The AP used throughout this investigation
was of Analar grade from BDH. Experi-
ments were also repeated on the same AP
crystallized from double-distilled water and
also on AP from Fluka, recrystallized once.
The particle size (63—90 u) and the age of
the AP used as the starting material and of
the subsequently decomposed AP used for
further experimentation were kept constant.
The thermal decomposition was followed
on a home-made thermogravimetric setup
described earlier (37). The furnace tem-
perature was kept constant (+1°C). Four
different experiments were carried out in the
work. (a) pH measurement: 1.20 g of the
sample was dissolved in 100 ml of double-
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distilled water and pH measurements were
made on a SYSTRONICS pH meter capable
of reading to the second decimal place. (b)
Estimation of H* by iodometry: 0.1 M AP
solutions were prepared. A standard solution
of potassium iodate and potassium iodide
was added to 25 ml of the 0.1 M AP solution
and the iodine liberated was titrated against a
standard solution of 0.01 M sodium thio-
sulfate using a starch indicator. The error in
this method was found to be 10% in this
concentration range. [H'] was also cal-
culated directly from the values of pH, and
the results obtained from the two methods
were found to tally with each other (Table I).
(c) Chloride estimation by Volhard’s
method: 0.1 M AP solutions were prepared.
To 20 ml of this solution was added 25 ml of
0.01 M silver nitrate solution, and the excess
of silver nitrate was titrated against 0.01 M
standard potassium thiocyanate. The error in
this estimation was found to be 5% in this
concentration range. (d) Spot test for nitrate:
The reagent used for the spot test was
diphenyl amine (DPA) dissolved in concen-
trated sulfuric acid. About 100 mg of the
DPA was dissolved in 10 ml of the acid.
Saturated solutions of AP were prepared in
this case. The test is not sensitive if the
concentration of DPA in H,SO, is greater.

Results

Figure 1 presents a plot of the hydrogen
jion concentration, [H*] (pH = —log[H"]; the
hydrogen ion concentration was also deter-
mined iodometrically), of AP at various
stages of decomposition at 230°C versus «,
the fraction of the salt decomposed. It can be
seen that the H® concentration increases
systematically, reaching a maximum value
when « is about 0.15 (when a =0.3 the
reaction stops), after which it decreases to
attain the original value and the reaction
terminates. It is worth mentioning that a plot
of da/dt versus « is also of the same nature,
with the maximum occurring at about a =
0.15 (Fig. 2). Also presented in Fig. 1 is the
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TABLE I
DATA ON THE ANALYSIS OF AP PARTIALLY DECOMPOSED AT 230°C*

[H*] (moles/liter) Mole% Mole% Estimation of NO;~
of CI” of H*
Percentage [cr From pH From present present Percentage Concentration
decomposed (moles/liter) measurements iodometry in AP in AP decomposed of NO;~
0.0 0.00000 0.00000 0.00000 0.00000 0.00000 0 Absent
43 — 0.00003 0.00003 0.00000 0.03133 12 Present
10.8 0.00060 0.00129 0.00116 0.58956 1.26136 30 Absent
18.3 0.00053 0.00063 0.00063 0.51739 0.61785 — —
23.3 0.00001 0.00000 0.00000 0.00979 0.00000 — —
30.0 0.00000 0.00000 0.00000 0.00000 0.00000 — —

% Maximum error allowed: chloride estimation, 5% ; acid estimation, 10%.
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FiG. 1. Plot showing the variation of hydrogen and chloride ion concentrations (moles/liter) with
percentage AP decomposed at 230°C.
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variation of the chloride ion concentration
[CI"] with a. This behavior is seen to be
identical to that of H". A careful analysis,
however, reveals that although the orders of
magnitude of [H'] and [Cl17] are the same,

there is mmnhtahvplv more fI—l’ 1 than [C1™ 1

VAL N2

spec1ﬁcally ata = 0.15. It was not possible to
measure the concentration of nitrate ion
(NO;") quantitatively. Spot tests, however,
definitely revealed that NO;™ in the decom-
posing AP followed the same trend as H'.
Details of the above experiments are sum-
marized in Table I.

A similar analysis of the decomposing AP
in the cubic form definitely showed the
absence of H, CI", NO;~, and NH;,.

Discussion

The results presented in the present
investigation show beyond doubt that
hydrochloric acid and nitric acid accumulate
in the decomposing crystal, the extent being
roughly 1mole% of AP concentration at
a=0.15 (Table I). HCl and HNO; are
undoubtedly the decomposition products
arising from the oxidation of NH; by the
decomposition products of HCIO,4. This
suggests that up to a =0.15, HCIO, de-

rather than
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recombmmg w1th NH;, i.e., HCIO,4 and NH;
are physically, on a molecular level,
separated from each other. As pointed out by
Boldyrev et al. (36), the pores of the wall
become larger as a result of the interaction of
the products of HCIO, decomposition with
unreacted AP on the walls of the pore and
HCIO4 molecules can now diffuse through
the pores as easily as the smaller molecules of
NH;. This results in recombination and the
reaction terminates.

When the thermal decomposition of AP is
carried out in an atmosphere of NH; gas the
reaction is known to be drastically desen-
sitized (7). The excess of NH; moiecuies
makes possible back-diffusion of NH; to the
center where HCIO, is accumulating, leading
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to a recombination of NH, and HC1Q,. An
atmosphere of HCIO,, however, has no
effect on the decomposition except during
the induction period (30). The bulky HC1O4

molecules simply cannot back-diffuse into

the crvstal

the crystal,

One can, however, argue at this juncture
that the increases in the concentrations of
H, CI", and NO;~ with decomposition and
the subsequent decreases constitute a
pncﬁ(n“nénun io DC CXpﬁCICG, as me acm
production will naturally be greater in the
acceleration stage of the reaction. Then by
analogy one would expect a similar trend in
the decomposition of cubic AP. But the
present investigation derives its importance
from the finding that in cubic AP there are no
changes in the concentrations of H Cc1I-
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NO;  and that they do not accumulate in the
solid during decomposition as it happens in
orthorhombic AP. This, however, does not
mean that H', CI-, and NO;  are not

oAy aa Avaas anmiriiaat

pxuuubcd in l.hc l-l.lClllld} dchlllpUBlllUll Ul
cubic AP. The results definitely show that
these products are not trapped in or ad-
sorbed onto the AP crystal in cubic form.
One can speculate that the pore size of the
wall is already Iarge enough in cubic AP to
allow the molecules of both HC1O,4 and NH;
to diffuse through easily. Bircumshaw and
Newman (8) and subsequently Maycock and
Pai Verneker (5) have in fact shown how the
phase transition from orthorhombic to cubic

at about 240°C affects the rate of thermal

da itinn fAD (1Y Tha rata of da -
GeCoOmMpOosItion O Ar: (1) 1 n¢ rat of aecom

position at 260°C is less than that at 230°C;
and (ii) whereas orthorhombic AP decom-
poses in an incomplete fashion, cubic AP
decomposition goes to completion The
present data in fact complement the earlier
work of Bircumshaw and Newman (8) and
in addition provide clues as to why
AP in orthorhombic form decomposes in an
incomplete fashion whereas cubic AP
decomposition goes to compietion. Finaily,
one could also speculate that the very
mechanisms of decomposition in the two

and
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FIG. 2. (a) Plot of a, the fraction of AP decomposed versus 7, the time of heating at 230°C. (b) Plot
of the rate of decomposition da/dt, obtained from Fig. 2a (dt is equal to 20 min) versus o, the fraction of

the AP decomposed at 230°C.

crystal forms of AP are different, i.e., the
primary products of decomposition in the
two forms are different. This could be
supplemented by the respective activation
energies of 30 and 20 kcal mole™' and the
fact that even the final decomposition
products are different in the two different
crystal forms of AP.
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