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The efiksts of z-Fc,O, and z-Al?O, additives on the thermal decomposition 
of perchlorates, oxalates and hydroxides were invL%igated by means of IOTA, TG 
and X-ray techniques_ It was found that the oxide additives catalytically promoted the 
decomposition of perchlorates (NaCIOI. KCIOI and Mg(CIO,),) and resulted in a 
lowering of the initial decomposition temperature (Ti)- On the other hand, the oxides 
showed no significant effect on the decomposition of oxalates (FeC20, and CuC,OJ 
and hydroxides (Mg(OH), and AI(OH 

The thermal decomposition of KCIO, was chosen to compare the catalytic 
effect of twelve metal oxides_ The resulfi indicated that the transition metal oxides 
such as CrxO,, z-Fe,03 and CuO markedly accelerated the decomposition; these 
oxides resulted in a solid-phase decomposition before fusion of KCIO,, and the 
initial decomposition temperature (Ti) of KC104 with oxides was about 1CW200°C 
lower than that without catalyst_ The oxides such as z-A1203 and MgO resulted in a 
slight lowering of the temperature of the fusion and promoted the molten-phase 
decomposition of KCIO,, but their effects were not so remarkable as those of the 
transition metal oxides. The modified catalytic mechanisms of transition metal oxides 
were proposed by considering the electron transfer and the oxygen-abstraction models. 

Recently, several investigators have studied the effect of metal oxide additives 
on the thermal decomposition of perchlon?es, and observed that the oxides cause a 
lowering of the decomposition temperature’-’ and an increase of the decomposition 
rate’-“. The tentative explanations have been made in terms of the charse transfer 
mechanism for the catalytic effect of metal oxides. Freeman et aLz have proposed that 
the rate controlling mechanism is the transfer of electron from the perchlorate ion to 
positive ho!e in the oxides. Rudlofi and Freeman’ employed thirtczn metal oxides as 
catalyst for the decomposition of KCIO, and KCLO,, and found that p-type semi- 
conductive oxides show the rermarkable effect on the decomposition, and the high 
electrical conductivity. 



On the other hand, the effect of oxide additives on the thermal decomposition 
of oxalates and hydroxides has not heen studied. The catalytic effect of oxides on the 
decomposition of these salts is expected to be different from that on perchlorates. 

In this work, t,he eff’ects of metal oxide additives such as rr-Fe,O, and z-AlzOII, 
on the thermal decomposition of perchlorates, oxalates and hydroxides were studied 
by means of DTA, TG and X-ray techniques. Furthermore, the catalytic decomposi- 

tion of KCIO, with ten kinds of oxides in addition to z-FezOJ and rr-AlzGj was 
investigated in some detail, and the electrical conductivity of oxides was measured 
to consider a relationship with catalytic activity. 

MOttTiUlS 

Perchlorates (NaCIO, - H 10, KCIO, and Mg(CIO,), - 6H20), oxalates 

(P~ZO4 - 2H,O and CuCzO, - 1/2H,O) and hydroxides (Mg(OH;, and AI(OI1),) 
used in the prcr;cnt experiments were GR reagent from Kanto Chemical Co. 

Melal oxide adriitires 

z-Fe?O,(S) was prepared by the dehydration of FeSO, - 7Hz0 (Kanto) in air 
at 200% for 38 min and’the calcination in a stream of air (100 ml min-‘) at 700°C 
for I h. z-FeJ&(A) was prepared by the calcination of Fe(OH)(CH&OO)2 in a 
stream of oxygen (100 ml mid”) at 500°C for 1 h. rx-Fez03(C) was GR reagent from 
Kanto Chemical Co. rr-AIZOa was prepared by the calcination of AJz03 (Merck) 
in air at 1330°C for 3 h. Other metal oxide additives (BzOs, CaO, Cr,05, CuO, 
Fe,O,, MgO, MnO,, PbOz, Si02 and ZnO) used were from Kanto Chemical Co. 
Alf samples were ground to pass a 200 mesh sieve. Samples for DTA and TG experi- 

ments were prepared by mixing the salts and oxides (weight ratio = I : I) in an agate 

mortar for 20 min. 

DTA 
The ga47ow type DTA apparatus4 was used for the DTA experiments. Two 

quartz tubes (i.d. - 10 mm) were used as the sample holder and the reference material 

holder, respectively. Since the quartz tube permits a rapid cooling of sample by the 
method of throwing water on the sample holder, an analysis of samples at a different 
stage of reaction was possible. The reference material was rs-AlzOJ. DTA experiments 
were carried out at a heating rate of 5°C min-’ in air atmosphere. Sample and 
reference material (I g) were kept at a fixed position in a quartz tube by underlying 
loosely-packed quartz wool. Both ends of holders were open to give a convectional 
flow of air during the heatins. 

TG 
The apparatus used consisted of a quartz spring (sensitivity; 32.5 x IW6 

g/O.OImm) and a quartz reaction tube (d = 4Omm). The weight decrease of the 
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sample was measured with a cathetomcter as a function of temperature. A mixture 
of KCIO, and additives (weight ratio = 1: I) of IOOmg was placed in a cylindrical 
quartz dish (10 x IOmm). The measurements were carried out at a heating rate of 
5°C min-’ in air atmosphere of 1 atm. 

X-ray dflrac fitm 

The diffractometer used was of Geiger flex 2001 type (Rig&u Denki Co.). 
ahd was operated under the following conditions: Co-target, Fe-filter, 35kV and 
IOmA. 

Electrical conductivity measurement 
The electrical conductivity of oxides was measured at 5OV d-c., in air atmosphere 

at temperatures up to 450°C. Oxide powders of 0.2 2 were prosed under 6&100 
kg cr11-~ into cylindrical pellets (IOmm diam., Imm thickness). Rcsistivity of pellets 
pressed between Ptclectrodcs was measured by an ohmmeter (TOA Electronics, 
SW9). 

Figure 1 shows DTA and TG curves of KCIO, with additives, and an X-ray 

pattern of partially decomposed KCIO,. DTA curve(a) of pure KCIO, shobs two 
endothermic peaks at 310 and 570°C and an exothermic peak at 600°C. These three 
peaks correspond to solid-phase transition from rhombic to cubic form, fusion of 
solid KCIO, and exolhermic decomposition in the liquid state, respectively. X-ray 
dilfraction patterns of the sampIes heated to 530 and 56O’C showed the presence of 
KC1 as the decomposition product of KCIC),. Therefore, it is found that the peak of 
fusion over the temperature range 530-590°C overlaps with that of the decomposi- 
tion. In the DTA curve(b) of the KCIO,+-AI,O, system the peak lemperaturcs of 
fusion and decomposition are 40 and 55°C lower than those in curve(a), respectively_ 
The onset tempcraturc of the fusion peak does not change. On the basis of these data, 
it may be speculated that =-AI,O, promotes the molten-phase decomposition of 
KCIO,. In the DTA curve(c) of the KCIO,<-Fe20s(S) system a characteristic elfect 
of a-Fe20s additive is found as compared with curves(a) and (b), i.e., the cxothermic 
reaction is initiated at about 435’C before the beginning of fusion of KCIO,. The 
result of TG for the KCIO,--sr-Fe,O,(S) system (Fig. I-R) shows that the decrease in 
weight corresponding to eqn(l) also begins at 435°C. 

KClO,(s) + KCl(s) i 20,(g) -!- lOSl(kcal/mol) (1) 

Accordingly, the exothermic DTA peak of the KCIO,-z-Fc,O,(S) system is assumed 
to be due to the solid-phase thermal decomposition before the fusion. This assumption 
is reasonable because the sample heated to 440°C shown by an arrow on curve(c) 
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Fig. 1. Efkt of additives on DTA and TG cunzs of KCIOd, and X-ray pal~cm of parthlly de- 
composed KCIOd. (A) DTA curves of KC304 with and without additives. (a) KC.304 (b) Kc101 -t 
n-AlzOa (c) KC304 i- a--S) (I3) TG cunm of Kc101 with a-FM&(S). (Cl X-ray difkaction 
purrem of sampic shoun by amow on D’rA cmv@cj. C. KCIOI; l , KCI; 0. a-F&Is. 

indicated no symptom of fusion, and the X-ray diffraction pattern (Fig. I-C) of this 
sample shows the ,presence of KCL The solid-phase decomposition results in a 
decrezwz in the depth of fusion peak of KCIO, and the height of succeeding iiquid- 
phase decomposition peak in comparison with those for DTA curves(a) and (b). 

Figure 2 shows the effect of additives on the DTA curyes of NaCIO, and 
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Fig 3. FXcct of additiws on DTA CU~YCS OT F&&J - 2Ht0 and CuGO~ - 1/2&0. (a) FcCk01 - 
2H_4; (b) FeCzOa - ‘Hz43 -i a-AI_&,; (c) FcCzO~ - 2H_zO + a-Fe&s(A); (d) CuC&, - I/2H:O; 
(e) CuCz01 - I/LHzO f u-Al&; (1) CuCtoi - 1.!2i-h0 i a-Fe&s(A). 

Mg(ClO,), _NaClO,. without additive (curve-a) gives three peaks in a similar manner 
ro KCIO,. Two endlothermic peaks comzspnd to solid-phase transition (313OC) and 
f&ion (484°C) of NaCIO,, mspectivefyl. One exathermic peak is due to the decom- 
poSition (563%) of N&IO., I. In the NaCI04-3L-Al,O, system (curve-b), the pk 
temperatures of fusion and decomposition indicate the lowering of about 20°C and 
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Fig. 4. Efkt of ;zdditives on DTA curves of Mg(Oti)z and Al(Okg~. (a) NlgiOHk; (b) Mg[pWh + 
a-ANa; (c) Ng(OH)lr + u-h~OstA); <d) Af(Oti)~; (e) At(OH)z t a-At& (f) Ai( !- a-Fe& 
(A). 

50°C compared with those in curve(a). In the NaClO,-+x-Fe,O, system (curve-c), the 
fusion peak disappears and the exothermic peak temperature towers to 424°C_ This 
means that the addition of r-Fe,O, results in a solid-phase decomposition before the 
fusion of NaCIO, and the marked lowering of the decomposition temperature in a 
similar manner as KClO,, In the casts of M&.10,),, the thermal d~om~sition 
gives more complicated DTA cures (d, c, f)_ Acheson and Jacobs” showed that the 
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decomposition products of Mg(CIOJx are mainly MgO, Clz and O2 in airatmosphere. 
in our samples heated to 6CWC, only MgO was detected by X-ray dilfraction as the 

solid product of the Mg(ClO,)x decomposition. It was also found from TG experi- 

ments that these exothermic peaks on curves (d, e, f) correspond to the decomposition 

of Mg(CIO,),_ In the Mg(ClO.& --A1203 system (curve-e), a sharpening of these 

peaks occurs. in the Mg(Cl0,)x-s-Fe,O, system (curve-f), a lowering of 5&7O”C 

of the p=k temperaZureS OCCUIS. 

Figure 3 showy the effect of additives on the DTA curves of FeCxO, - ZH,O 

and CuC,O, - l/tH20_ Curve(a) obtained for FeC,O, - 2H ?O without oxide shows 

three peaks; first is the endothermic peak at 249OC due to the dehydration of the 

crystallization w&a, second is the endothermic peak at 437°C due to the deeomposi- 

tion, and third is the small exothernic peak at 464°C due to dispropnrtionation’5~ t6 

of the decomposition product. 4Fe0 ---, Fe,O, -t Fe. Curve(d) for CuCIO, - 1/2H10 
without additive shows two endothermic peaks at 218 and 285°C. which correspond 
to the dehydration and the decomposition, respectively, and a broad exothermic peak 

at about 39O’C due to oxidarion of Cu as the decomposition product”. In the cases 
of two oxalates with oxide additives (curves b, c, c and f), the effect of additives on the 

peak temperature is not so clear as in the case of perchlorates. 
Figure 4 shows the &cc-t of additives on the DTA curves for Mg(OH), and 

AI(OH)J. Curie(a)) for hlg(OH)2 without ad&rive shows one endothermic peak 

(426°C) due to the dchydrzltion of Mg(OH)z to MgO’ 7_ Curve(d) for Al(OZI), 

without oxideshowsthreecndothermicpeaks; thefirst is thetnnsformatIonofAl(OH), 

of large particlt size to T-AIOOH (23O’C), the second is the dehydration of Al(OH)s 
of small particle size to g-Al,O, (315’C) and the third is the dehydration of y-AI0011 

to pAl,O, (514°C). respectively I’_ From DTA curves (b, c and e, f), it is found that 

each peak temperature of two hydroxides is not afkctcd by addition of I-Alx03 

and n-FezOx. 

In previous seccion, it was indicated that the catalytic effect of z-Fe,O, and 

I-AlaO, additives is most remarkable on the thermal decomposition of pet-chlorates 
and less on that of oxalates and hydroxides, and the different effects were observed 
between z-Fe,Ox and z-Al,O,. So, twelve oxides including r-FezOx and r-AlxO, 

were added to KCIO, to cut the differences of the catalytic effect of these oxides. 

Figure 5 show-s DTA rcurlts obtained for KCIO, with twelve oxide additives. 

As shown in Table I. oxide additives can be divided into two groups on the basis of 

the dilTcrence in the catalytic elfectn Group I oxides arc transition metal oxides. 
These oxides result in a solid-phase decomposition before fusion of KCIO, and 

lowering of initial decomposition temperature (7”i) of KCIO, by 100-2OO”Ccompared 
with that of pure KCIO, (T; == 530-550°C). Tj of the solid-phase decomposition was 

determined by measurement of the onset temperature of exothermic deflection of the 

DTA curve. and confirmed by the existence of the decomposition product (KCI) in 
the X-ray diffraction pattern of the DTA sample heated up to the onset temperature. 
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TABLE I 

EFFECT OF VAR6oc;s OXIDE ADDCTIVES ON 1-L DE-- S TFBWERA-I-URE (z) OF KCIOI. 

-.- .----- --_._.---- .-.-.__--_- ----- _.... -.-_--__ _- 

OX&? Tfi t’cl 
_--__- _______ -______-- __.__ - ---..-- -. --___ . -_-_ __ .._._ - . . ._ _ ____ 

pure KC104 . 530-550 

Group la CkOJ 330-335 
Mnm -10 
wFeOa(C) 1IM2O 
Fe104 4zsw30 
CUO 4x430 

Group ‘b ChO 480-500 
MgO 49s505 
PbOZ 510-515 
a-Altos 523530 
zno x5-535 
SiO: ss550 
&ch 5x5-550 

--.--_._ .------.. -. _ ----.-. .-. - - -- ----.- -_-_ --- --- .-- -- _-._--- -_-___ 

s Group 1 oxides ruulting in solid-&se decomposition of KClOa. 
b Group 2 oa~dcs rcsulrmg in mokn-phase dccompowion of KCKh. 

The accuracy of Ti was j_S”C. Group 2 oxides are non-transition metal oxides. 
Temperatures of DTA peaks of fusion and decomposition of KCIO, with the oxide 
additives are slightly lower than for pure KCIO,, and the molten-phase decomposition 
procmls simultaneously wit!] the fusion of KCIO,. The molten-phase decomposition 
temperature (T;) is also lowered slightly compared with that for no additive, but the 
solid-phase decomposition did not occur by the addition of Group 2 oxides. q was 
estimated as follo~is. Two temperatures were measured, the onset temperature (Tr) 
of endothermic peak of fusion and the temperature (T,,) of an intersection point of the 
baseline of the INA curve with the lint drawn along the left-hand arm of fusion peak. 
Then 7; was delined to be in the ranges of Tr and 7;. None of the oxides have an 
influence on the peak temperature (310°C) for the solid-phase transition of KCIO,. 
Only Cr203 among twelve bxides shows a sharp exothermic peak immediately after 
the solid-phase transition. It is presumed that this peak is due to the overlapping 
of the catalytic decomposition of KCIO, and the reaction between Cr,O, and KC1 

formed, because KCr,Os and KJr,O, were detected by X-ray diffraction of sample 
heated up to 355’C At higher temperature (440%), K,Cr,O, and Cr,O, were 

revealed to exist, 

DISCU!iS!DK 

The thermal decomposition of perchlorates was remarkably affected by metal 
oxide additives_ In particular, transition metal oxide additives, Group 1 in Table I, 
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Fig. 6. f?.chtion bctwcm activation energy for oxyga exchange ccaclicn of oxide and initial dc- 
commition temperature of KCIOI. I). sotid phase dccompcsirio~~; 0, molten phase dccomposi‘tinn. 

exerted the great effects resulting in a lowering of 50-200°C of initial decomposition 
tem~rat~r~ and solid-phase d~omposition- 

Markowitz et al. ’ concluded that the efT&t of metal oxide on the thermal 
decomposition of perchlorates is attributed to the abstraction of atomic oxygen from 
perchlorate ions. On the other hand, Freeman et al.’ and Rudloff et ala3 cansidercd 
it to be due to the charge-transfer mechanism. 

Figure 6 shows the relation between the activation cnergics (E)‘“. ” of the 
exchange reaction of oxygen-18 between the oxide sur%acc and the surrounding gas. 
and the initial decomposition temperature (I;) of KC10, measured in this experiment. 
E values correspond to the oxygen abstraction Rower of oxides. This figure shows 
that the higher the abstraclion power of each oxide, the higher the catalytic e&ct 
on the thermal d~om~sit~on of KCIO,, and that the m~h~nisms proposed by 
Markowitz et al.’ arc reasonable. 
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On the other hand, 
proceeds as foI~ows’o-24, 
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it has been reported that the decomposition of KCIO, 

KCIO, + KC103 -;- l/20, (2) 

KCIO, 3 KCI t 3/202 (3) 

In these processeq C17i’ is reduced to CS’+ and CJ’, and 0’0 is oxidized to Oz. In 

Fig. 7, the electrical conductivity of four metal oxide pellets (z-Fe,O,, Cr,OJ, 
I-A120J and M_gO) malswred in air are semilogarithmica!ly plotted as a function of 
temperature_ The elcctri~l conductivitics of +Fcz03 and Cr,OX which show the 
remarkable eR&t on the thermal decomposition of KCIO,, arc higher than those-of 
I-A1203 and MgO by il factor of IO’-105_ This relationship between the electrical 
conductivity and the cazalytic activity of oxides leads to the assumption that oxides 

Fig 7. El~~ricaI amduch-i[y of oxide pcidecs in air as a function of kmpcaamrc. (a) Cr&; 
(b) a-Fe_4~; (c) MgO; (d) a-AI&. 
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act as a charge-transfer medium during the thermal decomposition of perchlorates 
It has been considered that p-type semiconductive oxides arc good catalysts on the 
thermal decomposition of perchlorates” ‘- ‘. However, the results in our experiments 
indicated that n-type semiconductive oxidesz5 such as z-Fc,03 and MnO,, and 
intrinsic type oxides* 5 such as Fe30, and CuO also give gqat effects on the decom- 

position of perchlorates. Accordingly, it seems reasonable to assume that the effect 
of oxide additives on the thermal dt<omposition is closely related to the electrical 
conductivity of oxides rather than the type of semiconductor. 

From these facts, the modified catalytic mechanisms were proposed by consider- 
ing both the electron transfer between oxide-s and pcrchlontc ions and the abs:nction 
of atomic oxygen from perchlorate ion by oxides. 

For the case of n-type semiconductive oxides, 

*'(Lidr) f- ClO, -+ Ogidc, -!- CIO, + l/20, -L CIO, -I- *ct--‘idc, (4) 

where. e&gr) -= electron of conduction band of oxide. O&& = oxygzn ion ab- 
stracted by oxide. 
For the case of- p-type semiconductive oxidc3, 

(5) 

where. O(oxidc) = positive hole of valence band of oxide. O,o,idr, - oxygen atom 
abstracted by oxide. CIOJ :: radical. 

Oxala fes 

The thermal decomposition of oxalates was little afkctcd by a-Fe?O, and 
z-A1203 additives as shown in Fig. 3. 

It has been reported z8-‘2 that the thermal decomposition of oxalates proceeds 
according to eqn (6) in which the oxide (MO) and carbon oxides arc formed, 

FCC~O~ --• Fe0 -i CO f- CO2 (6) 

or eqn (7) in which the metal (M) and carbon dioxide qre formed. 

cuc20, --, cu + 2c02 (7) 

Dollimore et aL3* assumed that the decomposition of bivalent metal oxalates 
to the oxide (MO) or the metal (M) would occur at a temperature at which the rupture 
of C-0 bond or M-O bond is possible, respectively. In this assumption, the tcmpera- 
turc of dcu;omposition which products the oxide (MO) depends on the dissociation 
energy required to break C-O bond, and the temperature of decomposition which 
produces the metal (M) depends on the size and the charge of the metal ion of 

oxalatcs since the rupture of the M-O bond is required. Thus, the oxide additives 
show little effect on the decomposition temperature of oxalates. 

On the other hand, Jacobs et al.” considered the electron transfer mechanism 
for the decomposition of nickel oxalate, which was represented as follows: 



c=o:- --, c,o, i a? (8) 
c10, + ZCO~ (9) 
Ni3+ + 3s -b Ni (W 

Nagse et al. 32 also proposed that the decomposition of oxafates to the metal may 
occur by electron trausfcr from the oxafate ion to the metal ion. If the electron 
transfer may occur when oxalatti &compose to ~IVC the metal, the decomposition 
of CuC204 in our experiments will probably be catafysed by z-f;e,05 which promoted 
the decnmposition of perchlorates by the electron transfer mechanism. Nevertheless, 
as shown in Fig. 3 the thermal decomposition of CuC,04 was little affected by b- 
Fe,O,. This probably means that the decomposition of oxafate radicals to carbon 
dioxides shown in eqn (9) is the controlling step,sothatthedeconlposition temperature 
may be governed only by the dissociation energy of the bonds. 

Anderson et al. I8 stated that the decomposition of magnesium hydroxide 
proceeds in the following three stages: first, some perturbation of the hydroxide 
lattice resulted from the interaction of adjacent hydroxyl ions; second. removal of 
water from the hydroxide: and third, crystallization of the dehydrated product CO the 
formation of MgO crystalfites. 

I-Fc,O, and a-Af203 additives had no effect on the thermal decomposition of 
hydroxides (Fig. 4). in a previous section, it was considered that the catalytic action 
of oxides on the decomposition reactions is the contribution to the electron transfer 
during the decomposition of materials. If the decomposition of hydroxides is initiated 
by the perturbation of chc lattice”, no effect of the oxide additives on the decomposi- 
tion of hydrolridcs appars. 

We thank Profm.or T. Matsushita and Dr. J. Fukushima. Hokkaido University, 
for their help in the electrical conductivity measurements of oxides. 
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