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Abstract

Six metal oxide samples were prepared by calcination of the corresponding precursors at
500°C for 5 hin air and were characterized by IR and XRD analyses. Their surface areas were
calculated by means of the BET method. The acidities and basicities of these metal oxides
were estimated thermogravimetrically by the method of adsorption of pyridine and formic
acid as probe molecules. The pyrolyses of pure ammonium perchlorate (AP) and of AP mixed
with (10% w/w) metal oxide were studied, in a dynamic atmosphere of N,, by thermo-
gravimetric analysis (TG} and derivative thermogravimetric analysis. A correlation was found
between the catalytic activities of the metal oxides during the pyrolysis of AP, and their acidic-
basic characters. The activation energies of the non-catalyzed and catalyzed pyrolysis of AP
were calculated from the TG results via the Coats-Redfern equation.

Keywords: acidity, ammonium perchlorate, basicity, characterization, DTG, metal oxides, pyro-
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Introduction

Perchlorates have been of chemical interest as oxidizers and in different tech-
nological applications such as explosives and rocket propellants [1]. Many inves-
tigators have studied the pyrolysis of ammonium perchlorate (AP) as a pure com-
pound [2] or the sublimation of AP in the presence of certain inorganic salts, un-
der atmospheric pressure [3] or under vacuum [4], while others have studied the
catalyzed thermal decomposition of AP [5, 6]. Different mechanisms have been
proposed to illustrate the pyrolysis of AP at low temperatures, based on either a

* Permanent address: Department of Chemistry, Faculty of Science, South Valley University,
Qena 83511, Egypt.

1418-2874799/ § 5.00 Akadémial Kiadd, Budapest
© 1999 Akadémiai Kiadd, Budapest Kiluwer Academic Publishers, Dordrecht



834 HALAWY, AL-SHIHRY: METAL OXIDES

proton transfer mechanism [7] or an electron transfer mechanism {8]. A novel re-
action mechanism was recently published [9], involving the formation of nitryl
perchlorate NO,ClO, as a reaction intermediate.

Metal oxides, as individual or mixed catalysts, have been used in different
catalytic reactions, such as the oxidation of methano! [10], the Fischer-Tropsch
synthesis [11] and the reduction of nitrobenzene {12].

The present work is intended to study the relationship between the catalytic
activities of various metal oxides during the non-isothermal pyrolysis of AP ina
dynamic atmosphere of nitrogen, and their acidic-basic characters.

Experimental

Materials and techniques

CdO, Cr,0; and Co30, were obtained by calcination of the corresponding ni-
trate salts [Cd(NO3)2-4H,0, Cr(NOs)::9H,0 and Co(NO3),-6H.O {BDH, Eng-
land)]. NiQ was prepared by the decomposition of Ni(OH),, CuQ was produced
from the calcination of basic copper carbonate, CuCO;-Cu(OH), (Aldrich,
USA), while MoOs was obtained by calcination of (NHy)sMo070,4-4 H,O (Fisons,
England) at S00°C for 5 h in air. NH.C104 (BDH, England) was carefully ground
with each oxide (10% by weight) in an agate mortar, and the mixtures were then
sieved and stored in a desiccator over anhydrous CaCl..

The produced oxides were identified by X-ray diffraction, using a Philips dif-
fractometer (P.W.2103/00) with Ni-filtered CuKq radiation (A=1.542 A).

IR absorption spectra of the oxide samples were recorded with a Perkin-El-
mer 599B IR spectrophotometer, by the KBr disc technique, in the region
1600-200 cm .

The surface areas Sger of all the oxides under investigation were determined
by the BET method, using N as an adsorbate at —1 96°C, with the aid of a conven-
tional volumetric gas adsorption apparatus [13].

The activities of the different oxides towards the pyrolysis of AP were mea-
sured by a thermogravimetric analysis (TG) technique. TG and derivative ther-
mogravimetric (DTG) analyses of pure AP and AP mixed with 10% (w/w) oxides
were carried out with a Shimadzu Stand-Alone Thermal Analyzer Instrument
(TGA-50H), supplied with a data acquisition and handling system model Shi-
madzu Chromatopac C-R4AD, Japan. A heating rate of 5°C min, samples of
=7 mg and a dynamic atmosphere of N (40 ml min ') were applied.

The acidities (¥) and basicities (@) of the oxide samples were determined
thermogravimetrically, as described previously [14], by the adsorption of pyri-
dine and formic acid as probe molecules, respectively. The mass loss was esti-
mated as the acidity or basicity of the catalyst. Values of ¥ and @ were calculated
as mol sitesx10'® mq4 [15, 16].
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Results and discussion

Characterization of the oxides

The prepared oxide specimens were identified by XRD analysis. The diffrac-
tion lines of the XRD patterns of these oxides matched the corresponding ASTM
card data as follows: CdO at d=2.71, 2.35 and 1.66 A (ASTM card no. 5-0640),
Cr,0; at d=2.71,2.52,2.20, 1.69 and 1.47 A (ASTM card no. 6-0504), Co30; at
d=3.99, 3.09, 2.85, 2.45, 1.56 and 1.43 A (ASTM card no. 9-418), CuO at
d=2.75, 2.52, 2.33, 1.91 and 1.50 A (ASTM card no. 5-0661), NiO at d=2.05,
1.55 and 1.09 A (ASTM card no. 4-0835) and MoOs at 4=6.86, 3.82, 3.47, 3.27,
2.65 and 2.31 A (ASTM card no. 5-0508).

All the oxides prepared by calcination of the corresponding precursors at
500°C for 5 h in air were also characterized by IR spectroscopy. The locations of
the absorption bands observed in the spectra of all the oxides are listed in Table 1
with their references,

Table 1 IR absorption frequencies of metal oxides prepared by calcination of the corresponding
salts at S00°C for 5 hin air

Metal oxide Observed absorption frequem:y.’cm'l Reference
Cd0o 725, 575, 490, 275 [17]
Cr, 0, 625, 560, 440, 405 [18]
Co,0, 660, 575, 390, 350 (18]
Cu0 610, 505, 415 [18]
NiO 510, 440 [17]
MoO, 960, 870, 660, 375 [19]

From the results of the XRD and IR analyses, it is concluded that all the pre-
pared oxides were obtained in a pure state.

Reactivity measurements

TG curves of pure AP and AP mixed with 10% (w/w) of each oxide are shown
inFig. 1. After the slow initial stage, the low-temperature pyrolysis (LTP) of pure
AP (curve a) started at 295°C and was completed at =330°C, the second step (i.e.
the high-temperature pyrolysis, HTP) taking place in the temperature range
335-365°C. The DTG curve of the pyrolysis of AP (Fig. 2a) revealed two peaks,
with Thax at 307 and 349°C, corresponding to the two stages of pyrolysis of pure
AP. The addition of 10% (w/w) of MoOs, CuQ, Co30; or Cr203 to AP reduced the
two pyrolysis stages (LTP and HTP) to one step. It started at 260-285°C and was
completely finished at 370°C in the case of MoQs, and at =340°C in the cases of
CuO and Co;04. The pyrolysis of AP was notably enhanced by the addition of
Cr,03, where it was completed at 330°C.
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Fig. 2 DTG curves of the pyrolysis of NH,CIO, (AF) and AP mixed with 10% (w/iw) of dlf-
ferent oxides, carried out at 5°C min”' in a dynamic atmosphere of N, (40 ml min” "

The DTG curves of the catalyzed pyrolyses of AP mixed with the above-men-

tioned oxides are shown in Fig. 2. They have different shapes, depending on the
enhancing effects of the oxides. The values of Tiax of the DTG curves are given
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in Table 3. Two other oxides, NiO and CdO, accelerated the pyrolysis of AP
through two consecutive steps (Fig. 1, curves ¢, g). CdO proved to be the most
active of the used oxides. The first step (LTP) of AP in the presence of CdO was
in the temperature range 290-315°C, with a 69% mass loss, while the second step
(HTP) occurred between 315 and 350°C, with a 21% mass loss. The DTG curve
of the pyrolysis of AP+10% CdO displayed a large peak at 308°C, where most of
the AP decomposed (69%), followed by a weak broad peak at 322°C,

AP is stable at room temperature, but decomposes with measurable rates at
temperatures above 150°C. At temperatures below 300°C, AP undergoes an auto-
catalytic reaction [20]. This is called the low-temperature reaction. The autocata-
Iytic pyrolysis of AP [20] can be represented as follows:

2NH;Cl04 — NOClOs+NH3+HCI14+2H;0

The intermediate NO,;C10, is formed during the LTP of AP.

In a recentlty published mechanism [21], the intermediate NO,ClO, under-
goes rupture of the covalent bonds, with further decomposition, in the HTP
stage, according to the following scheme [21]:

NO,ClO7— 0N +0OCI03— [02N-0-CI04] — [N'03]+Cl05—
- NO"+CI05+20 (or O3)

Table 2 Values of S,pr, acidity and basicity of the metal oxides prepared by caicination of the
corresponding precursors at S00°C for 5 b in air

Metal oxide SBET/m2 g’l Acidity(*P)* Basicity(D)*
CdO 2.0 15.2 0.9
Cr,0, 21.0 1.8 357.1
Co,0, 6.0 0.6 17.4
CuQ 20.0 6.2 69.8
NiO 12.0 254 116.3
MoO, 0.8 16.6 -

*yor ®x10'* mol sitest’mfle

We therefore consider that there will be a competition between CIO:™ and
NO" over the acidic and basic sites of the metal oxide to give the final decompo-
sition products. From the calculated values of acidity and basicity (Table 2), the
metal oxides under investigation can be classified into three main groups, de-
pending on their catalytic activities, as follows:

(i) Fairly acidic oxides, such as MoOs [22]. This type of oxide retards the
pyrolysis of AP at sites where no basic sites are available on the oxide surface
for decomposition of the acidic anion ClO; .
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(ii) Basic oxides possessing a higher concentration of basic sites () than of
acidic sites (¥), e.g. Cr203, Co304, CuO and NiO [23], which accelerate the py-
rolysis of AP according to the ratio @/¥'. The higher the ratio ®/*F, the more ac-
tive the oxide is during the pyrolysis of AP. From the data in Table 2 and Figs 1
and 2, it is worth noting that Cr,O3 was the most active oxide with a ratio &/ of
188.4 and a Ty Of the HTP of AP catalyzed by Cr,0,=326"C. In contrast, NiC
was the least active oxide in this group, with a ratio ®/¥ of 4.6 and a Th.x of the
H'TP of AP in the presence of NiO at 347°C. Therefore, the higher the ratio ®/'¥
and the lower the Ty, of HTP of a certain metal oxide, the easier is the pyrolysis
of AP. On the basis of their ratio @/%¥ and the Trax of the HTP of AP this group of
metal oxides can be arranged in the sequence Cr,03;>Co030,>CuO>NiO.

(iii) Oxides which possess more acidic sites than basic sites, such as CdO.
The presence of a minute concentration of the basic sites, necessary for the de-
composition of ClO3, accelerates the whole process of AP pyrolysis. C105 is
known to promote the decomposition of AP, as is the presence of a higher concen-
tration of acidic sites, required for the decomposition of NO™. CdO therefore ex-
hibited the highest activity as concerns the pyrolysis of AP. The values of Thay In
the DTG curve of AP+CdO (Fig. 2g) were 308 and 322°C.

The activation energies (E,) for the LTP and HTP of pure AP and AP catalyzed
by 10% (w/w) metal oxide were calculated by using the Coats-Redfern equation
[24] as follows [25]:

logio[1 - (1 - (x)lmn/Tz(l —m)] = log1o(AR/GEL)[1 — (2RT/Ey)] — Eo/23RT
(forn< 1); or

logio[~togio(] — 0W/T ] = logio(AR/GES)! — (2RI/E)| = EL/2.3RT (for n=1)

where o=the fractional mass loss (calculated from the TG results), n=the reac-
tion order, A=the frequency factor, and a=the heating rate, R=the gas constant
and T=the absolute temperature (K). Different values of n (<1) were used for a set
of experimental values of (o) and (7), and plots of logw[l—(]—u)l_"/Tz(l—n)] or
loglo[—loglo(l—(x)/Tz] vs. (1/T) were constructed. The value of n that gave the
best fit was chosen as reaction order and from the slope of that line E, was calcu-
lated. The values of E, and #n, with the corresponding temperature range, arc
listed in Table 3. From the calculated values of E, for the catalyzed pyrolysis of
AP it may be observed that E, for both the LTP and the HTP ig less than the cor-
responding value calculated for the pyrolysis of pure AP, except in the case of
AP+Cu0. The high values of E, in the presence of CuO are consistent with pre-
viously published findings [26]. CaO seems to catalyze the pyrolysis of AP, as
shown from the Ty value of the LTP and HTP stages, but a chemical reaction
may occur between AP and CuO during the pyrolysis of AP. The lower values of
E, in the case of MoOj; could be aitributed to the presence of Mo®* in MoOs, as
concluded from the catalyzed pyrolysis of NaClO; in the presence of fourth-pe-
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Table 3 Summary of DTG results and kinetic results of the pyrolysis of NH,C10, {AP) and AP
mixed with 109% (w/w) metal oxides

Sample (II)DTG TW/"(EZ) EﬂkalTr;ol_l R EakaJ Tr;ol—l .
Pure AP 307 349 (30})?2’55)* ! (33]5{53.610)* -
AP+CdO 308 322 (30]0{53'%)* 0 a1 52210)* 02

AP+Cr,O, 289 IR S (31&13';)0)* ”

AP+Co,0, - 330 (28152_2'190)* 03 3 11)1-53'3}5# ’
AP+CuO 294 132 (2825(153';‘5}* 0 (331)?%25)* o
AP+NiO 289 347 (28]0%350)* 03 3 310(173;5)* o

AP+MoO, 297 348 (30]022';0)* 03 (33 599315)* "

* Temperature range °C, n=order of reaction

riod metal oxides [27]. The values of £, (Table 3) are in good agreement with
those to be found in the literature [5, 28].

Conclusions

Many factors affect the catalyzed pyrolysis of AP, including the conditions
under which the pyrolysis process was carried out. In static air, with use of a ga-
sometric technique, the surface area of the applied catalysts was an important
factor, as concluded in a recent study 5] and as proposed earlier [29]. In the pres-
ent work, the catalytic pyrolysis of AP in a dynamic atmosphere of N; was stud-
ied to illustrate the catalytic effect of metal oxides in the absence of atmospheric
oxygen. The pyrolysis of AP in this case depends mainly on the dual acidic-basic
characters of the metal oxides used. The oxides that have a higher concentration
of acidic than basic sites were shown to be the most active catalysts, e.g. CdO.
These were followed by the metal oxides with a higher ratio ®/'¥, e.g. Cr0s,
C0304, CuO and NiO. The fairly acidic oxides were the least active as regards the
pyrolysis of AP. The values of Tima of the HTP stage furnish the following se-
quence for the metal oxides used in this study for the catalyzed pyrolysis of AP:

CdO>Cr;03>C0304>CuQ=>Ni0O>Mo03

J Therm. Anal. Cal, 55, 1999
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If CdO is excluded, the above sequence matches the basicity sequence of these
oxides. If Cd¢0O and MoQs are excluded, the sequence of the ratio ®/¥ for these
oxides is as follows:

CrOs» CO304>Cu0>NiO

Finally, it is difficult to correlate the E, values of the two stages for the cata-
lyzed pyrolysis of AP with Ty or the acidic-basic characters of the metal oxides.
This is due to the different valency states of the metal atoms present in the metal
oxides used in this study.
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