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AESTRACT 

The effect of the addition of &-FeiOs and &-AlaOs on the thermal decomposition of 
five salti of halogem &oacicIs (KClO.,, KeOs, KBrOa, KIO,+ and KIOs) was studied by 
DTA ‘of salt-oxide mixtures and by SEM observation and X-ray analysis of partly reacted 
mixtures obtained~~during~the course of. the decomposition process. DTA results suggested 
that ar-FelOs gives rise to solid state decomposition of the salts before they melt, except 
in the decomposition of KIO4 into KiO& in contrast with the liquid state decomposition 
after melting in the pure salt systems. In order to identify the occurrence of solid state 
decomposition in a-FeaOs4t systems, SEM observations &r& performed for samples 
obtained after decomposition to various extents by heating up to various temperatures on 
the II?FA curves. From comparison of SEM photographs of ar-FezOs--salt systems with 
those of pure salts and ar-Al20s--salt systems, it was found that a-FeaOs.shows ohserv- 
able indications of the solid state decomposition of the salts at the initial stage. 

INTRODUCXION 

Ik previous papers [l--3], the authors hiwe reported the results of DTA 
experiments on the effect of .the addition of oxides, such as a-Fe203, .a- 
A1203, 0.10 and. NiO, -on the th_ermal decomposition of salts of halogen oxo- 
acids, oxalates, azide, pqanganate, and oxides. It has been found that a- 
F%O, shows a remarkable catalytic accelektion effect giving a large decrease 
.in the ‘thermal. decompotitiqti temperature of I(cIO,, @Zl$, ICBr03 and 
KI04; In the case&without -a+Fe203? these.oxoacids, wi$h the exception of 
.KIO,; showed the endothermic DTA@ak due to melting and therrfhe sharp 
eiothermk pe&& duk to decompc@titin in -tli@ liq@d. phase. ‘I;he qddition of 
a-FG03,’ however,’ resW@&i a decr&se&the .ex+hermic peak temperature 
b&w-.the .&l%ing texiip&k&‘,o~ the ~&al& %‘he D?A resulti niehtiohed 
kbOv% would -lead t@ : iui is&n ptiqn that .th@. dwonifio&tion occ&&cj ti. the 
&lid &ate by’ the addition of acrFe203. This is.in &gr&kient with the coticlu- 
&on. dra* by _-&i.$off ai14. F’+ex&an [ 41 for the catalytic_ deco&position- .6f 
K.gFand--.KaQj.: .. -_I ; : .. . . . :; . . .. ’ .. ,; 
; . . .I.@ :the pr&.qt .+dk,. SEM .tiFt&q, yd -T-k& @al@& of. .mples oh- 
ta@@: 
.... 
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were carried out in order to understand the effect of the addition of ar-FeZOJ 
on the decomposition processes of KC104, KClOs, KBrOs, KI04 and KIOs. 
Considerable differences in the decomposition behaviors were observed 
between pure salt and salt mechanically mixed with ar-FezOB. Since the salts 
of these oxoacids were used in a powdery state, however, the kinetic data of 
the decomposition could not be obtained from SEM photographs as in the 
case of NH&lo, single crystal [ 5,6]. 

EXPERIMENTAL 

Additives 

cr-Fe&Is. Ferric oxide was prepared from FeG04 - 2 HZ0 by calcining it in 
flowing air (1OC ml min-‘) at 500°C for 1 h. The oxide formed was ground 
to pass r;hrough a 200 mesh sieve. The X-ray diffraction pattern of the oxide 
was identified as cr-Fe103 with reference to ASTM 13-534. 

cu-AZ203. CY-Alz03 was obtained from activated alumina (Merck) by heating 
it in static air at 1300°C for 3 h. The X-ray pattern coincided with ASTM 
10-173. a-AIZOj powders passed through 200 mesh sieve were employed as 
an additive and the reference material of DTA experiments. 

NiO. Thermal decomposition of NiCOs - 2 Ni(OH)2 - 4 Hz0 was carried 
out to prepare the oxide under the conditions of flowing O2 (100 ml min-‘) 
at 500°C for 1 h. The oxide obtained was confirmed to be NiO by X-ray 
analysis (ASTM 4-835). 

Figure 1 shows SEM photographs of c~-Al~Os, cx-FezOs and NiO. 

Salts of halogen oxoacids 

Five salts (KC104, KCIOs, KBr03, KIO, and KIOJ) were employed for the 
experiments. All were commercial reagents from Kanto Chemical Co. and 
were used without further purification. The mixing ratio of salt to additive 
was 1 : 1 by weight. Mechanical mixing was carried out in an agate mortar 
for 30 min. Pure salt without additive was also pretreated in the mortar for 
30 min to obtain the same grinding condition as the mixture.’ 

DTA 

Apparatus and procedures have been previously described in detail [ 73. 
The apparatus consisted of two quartz tubes (i.d. = 10 mm) placed vertically 
in an electric tube furnace. The sample was packed in the quartz tube which 
could be quenched rapidly with cold water to stop the reaction. The experi- 
mental conditions were: weight of sample and reference material (ar-A130J) = 
1 g, heatingrate = 4.6% mm’*, chromel--alumel thermocouple 0.3 mm diam, 
and atmosphere = static air. 

X-Ray diffraction 

A Geigerflex type 2001 diffractometer (Rigaku Denki Co.) was used for 
the powder X-ray diffraction of the samples. Samples were obtained by 
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quenching them in the DTA quartz tube to room temperature from various 
temperatures during the course of the reaction. The diffraction conditions 
were: target = Co, voltage = 35 kV, current = lOmA, and scanning speed = 1” 
min-’ . 

P-l. 
-’ 

a-Al 203. . . 

.p-3-; N j0 -. ,._(. ...‘. y_. ; 
#j .&$J :- 

Fig. 1. SEM photographs-of oxides used as the additive. 
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SEM 

SEM photographs were taken by using a part of sample for X-ray diffrac- 
tion. Sample powders were mounted on a cylindrical aluminum block with 
adhesive tape. The sample was spattered with thin Au film (15-20 nm) by 
the use of an Ion Coater type lB-3 (Eiko Engineering Co.) operated at a 
spattering current of 6 mA. The SEM apparatus, MiniSEM Model MSM-4 
(Akashi Seisakusho Ltd.), was operated at 16 kV. 

RESULTS AND DISCUSSION 

Potassium per-chlorate 

Figure 2 shows the DTA curves of the KCIOs systems. The numbered 
circles on the curves correspond to the temperatures at which samples for 
SEM and X-ray analysis are taken from DTA apparatus, Figures (2-A)-(2-D) 
show SEM photographs, which are appended with X-ray results and the tem- 
perature at which the sample was taken. 

Figure 2, curve (2-A) is the DTA curve of KC104 without additive. As 
reported previously [ 1,2], the endothermic peak at 310°C corresponds to 
crystallographic transformation, the sharp endothermic peak at 605’C is due 
to melting and the sharp exothermic peak at 620°C results from the liquid 
state decomposition of KClO,. The thermal decomposition process of pure 
KC104 was followed by taking ten SEM photographs shown in Fig. (Z-A). 
The first photograph (P-l) in the figure shows the perchlorate powders at 
room temperature before heating. It can be observed that there are small 
particles on the smooth surface of the large KClO, particle with cracks. P-2 
shows the sample heated to 425°C after the reversible crystallographic trans- 
formation from the rhombic to the cubic form of KClO,, corresponding to 
the endothermic DTA peak at 310°C. Since the pronounced differences can- 
not be seen between P-l and P-2, the transformation is found to give no 
change in the surface and the form of the KCIOs particle. P-3 was taken after 
heating to 495’C at which temperature the decomposition product, KCl, was 
not detected by X-ray analysis. P-3 shows that the small particles seen on P-l 
and P-2 change shape from angular to round (mushroom-like) and adhere to 
the surface of large particles of KClO+ This change may indicate that solid 
KC104 began to soften at temperatures before the appearance of the endo- 
thermic DTA peak (605°C) due to melting. P-4, taken for a sample heated to 
51O”C, shows a similar view to that of P-3, but the development of surface 
roughening is recognized on the KClO, as shown in P-4’ which is a 2 X mag- 
nification of P-4. ??-5 and P-6 show samples heated to 570 and 580°C just 
before the start of the melting DTA peak. These photographs indicate the 
disappeamnce of the mushroom-like particles and the surface roughening 
observed in P-4, the formation of asmooth’surface and the progress of soften- 
ing of KClO+ The black pentagonal area in P-6 is due to electron beam 
damage of the Au layer on the sample. P-7 shows the sam@e heated to 
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Fig. 2. DTA curves of KC104 systems. (2-A), KClOd; (2-B), KClO4 -b a-AlzOs; (2-C), 
KC!104 + a-Fe203; (2-D), KClO.+ + NiO. Heating rate, 4.6’C min” atmosphere, static air; 
mixing ratio, 1 : 1 by weight. Circles indicate the temperatures at which the samples were 
removed and the numbers appended to the circles correspond to photograph numbers in 
Figs. (2-A)-(2-D). 

610°C just after the melting DTA peak at 605°C. The formation of a small 

amount of KCl was detected by X-ray analysis of this sample. The appearance 
of small particles is observed in P-7. P-8 shows the sample heated to 615°C. 
This sample gave an increased diffraction line intensity of KCl. It is found 
that small particles are produced with the progress of the decomposition. At 
63O”C, after the sharp exothermic DTA peak of decomposition, the sample 
transforms to pure KCl, which can be seen in P-9 as a ‘huge particle formed 
from sintering of the small particles seen in P-8. P-10 shows the formation of 
a large KCl crystal with smooth surface at 750°C. 

’ (ii) KC104~-Al~O~ mixture 
Figure 2, curve (2-B) is the DTA curve and Fig. (2-B) shows SEM photo- 

graphs of the decomposition processof the mixture. The pattern of the DTA 
curve is identical to that of KClci, alone; crystallographic transformation 
(endotherm -at 310” C), melting (endotherm at. 530” C), liquid phase decom- 



P-l. RT. P-2. 425’C 
KClO, KC104 

P-3. 495°C 
KC104 

P-4.’ 51 o”c P-5. 57OY 

P-6. 5so”c 
KCIOS 

P-9. 630CC 
KC1 

P-7. 670°C 
KC1 0, +KCj 

P-S. 615°C 
KC1 04+KC1 

P-10. 75OOC 
KC1 

Fig. (2-A). SEM photographs showing the thermal decomposition of pure KClOa. Heating 
temperature and X-ray result of the samples are indicated below each photograph. The 

length of bar corresponds to 10 ,xm for P-4’. 

position (esotherm at 55O”C), and fusion of KC1 (endotherm at 790°C). The 
peak temperatures of melting and decomposition of the mixed system are 
found to be lower by about 70°C than those for pure KClO+ 

Figure (Z-B), P-l shows the mixture of KC104 and (r-A1203 before decom- 
position. It is observed that the small white a-A1203 particles (refer to Fig. 1, 
P-l) are scattered on a large KC104 crystal. P-Z and P-3 indicate that samples 
heated up to 425 and 495°C above the crystallographic transformation tem- 
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P-l. RT. 
KC1 04+a-A1203 

P-3, 495°C 
KC1 O~+CY-Al 203 

P-5. 525OC 
KC1 O,+ KC1 =-Al ,O, 

P-2. 425OC 
KC1 Od=-Al ,Oq 

P-4. 510°C 
KC1 04+KCl *-Al 203 

P-6. 560°C 
KCl+cc-Al ,,Oq 

P-7. 700°C P-8. 
KC1 +a-Al 203 

800°C ,-, 
KC1 +a-Al 203 5 i-lm 

Fig. (2-B). SEM photographs showing the thermal decomposition of the KCIO~--~Y-AI~O~ 
mixture. 



P-l. RI-. 
KC7 Oq+a-Fe203 

P-3. 430°c 
KC1 04+wFe203 

p-5. 490°C 
KC1 04+KC1 +a-Fe203 

- - 

P-7. 750°c 
KC1 +a-Fe20s 

P-2. 415OC 
-KC1 04+a-Fe203 

P-4. 450°C 
KC1 04+KC1 +a-Fe2C3 

- - 

P-6. 530°C 
KC1 +a-Fe203 

Fig. (2-C). SEM photographs showing the thermal decomposition of the KCl04-wFe203 
mixture. 
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P-l. RT. 
KC1 04+N i 0 

P-2. 29ok 
KC1 04+NiO 

P-3. 300°C 
KCl04+NiO 

P-4. 360°C 
KCj04+KC1+Ni0 . 

P-5. 400°C P-6. 425°C 
KCIOa+KC1+NiO KClO,+KCl+NiO 

P-7. 525OC 
KCl+NiO 

P-8. 735OC - 
KCl+NiO 5 w-n 

Fig. (2-D). SEM photographs showing the thermal decomposition of the KC104-NiO 
mixture. 



208 

perature give similar photographs to P-l. P-4 corresponds to the sample 
heated to 510°C where the endothermic peak due to the melting of KC104 
starts as shown in Fig. 2, curve (2-B). In this sample; a small amount of KC1 
was observed by X-ray analysis. P-4 shows that small KClO, particles sinter to 
adhere. P-5 shows the sample obtained during melting of Kc104 after heating 
to 525°C. It is seen that KClO, in the molten state is solidified and grows 
into large particles. After having been decomposed in the liquid state .up. to 
56O”C, KC1 with a smooth surface adheres to small particles of a-All03 as 
shown in P-6. P-7 and P-8 correspond to KC1-u-Al~OB mixtures before 
(700” C) and after (800” C) the melting of KCl. After melting, the KC1 grows 
into large particles. 

(iii) ICC104~-Fez03 mixture 
The DTA curve of this mixture is shown in Fig. 2, curve (2-C). The pat- 

tern of the DTA curve is different from that of pure KC104 and the KClOa- 
a-A120j mixture. After the crystallographic transformation (endotherm at 
307” C), the broad exothermic peak starts at 45O”C, which suggests an occur- 
rence of solid state decomposition of KClO.+. KCl formed by the solid state 
decomposition yields the small sharp endothermic peak at 507°C by forming 
a eutectic mixture with undecomposed KC104, which is followed by the 
sharp exothermic peak at 510°C due to the decomposition of KC104 in the 
liquid state. 

SEM photographs are shown in Fig. (Z-C). P-l is the mixture of KCIOll and 
ar-Fe203 at room temperature before reaction. As in the case of the KClO,- 
cu-A.l*O-, mixture, small white ly-Fe203 particles me scattered on the surface 
of large KC104 crystals. P-2 and P-3 show samples heated to 415 and 430°C, 
respectively, after the crystallographic transformation, which are similar to 
P-l. The exothermic peak of the solid state decomposition starts at 450°C at 
which partial decomposition is recognized by X-ray diffraction of the sample. 
The sample removed at 450°C gives P-4. No serious distinctions are observed 
between P-4 and P-3, except for the formation of small round swellings on 
the KCIO,, surface. P-4 does not show indications of melting. P-5 corresponds 
to the state at the top of the broad exothermic peak at 490°C in Fig. 2, 
curve (2-C). It is observed in P-5 that the agglomeration of small particles 
forms a large particle. At 53O”C, after the decomposition, the sample (P-6) 
shows similar shape of particles to that observed before the decomposition, 
in contrast to pure KClO$ and the KC!lO,--ar-AlzOJ system, Fig. (2-A), 
P-8 and Fig. (2-B), P-6. P-7 in Fig. (2-C) shows the KCllv-Fez03 mixture at 
750°C after melting of KCl. 

(iv) KC104-MO mixture 
The DTA curve of this mixture is shown in Fig. 2, curve (2-D). The broad 

exothermic deflection is observed just after the endothermic crystallographic 
transformation at 310” C. X-Bay analysis revelaed that the sample heated up 
to 360°C contains KCl decomposition product. Accordingly, the broad exo- 
thermic peak is considered to be due to the decomposition. 

In Fig. (2-D), P-l is the mixture before the reaction. Nickel oxide is seen 
as small white particles on the surface of a large KClO., crystal with cracks. P- 
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2 and P-3, for samples heated to 290 and 300” C, resemble P-l. At 36O”C, 
where- the DTA curve starts to deflect toward the exothermic direction, X- 
ray analysis showed the formation of a small amount, of KC1 in the sample, 
which shows the porous surface of KC104 as seen in P-4; however, no indica- 
tion of melting can be detected. P-5 and P-6 correspond to more advanct-d 
reaction stages than P-4, and P-7 and P-8 correspond to the stages after the 
decomposition. P-7 and P-8 are not different from P-4. 

It was suggested from the DTA curves and SEM photographs described 
above that the liquid state decomposition proceeds after the melting of the 
perchlorate in the cases of pure. KClO, and the KClO,-a-Al,O, mixture, in 
contrast to the solid state decomposition in the cases of the KC104--ar-Fez03 
and KC104-NiO mixtures.- As seen in Fig. 2 curves (2-A) and (2-B), the 
endothermic DTA peak due to melting of KCIOa is at 605°C for pure KCIO1, 
and at 535°C for the KC104~-A1103 mixture. Do these temperatures mean 
that cx-AlzOJ does not promote the solid state decomposition, but lowers the 
melting temperature? This was examined in following experiments. 

Harvey et al. 183 have reported that the melting temperature of KClO, is 
lowered by mixing it with KCl. Figure 3 shows the DTA curves of KC104 
containing KCl at various mixingratios from 10 to 100% KC104. These curves 
reveal that the endothermic DTA melting peak starts at about 580°C in the 
case of 100% KC104 (curve 7) and at about 505°C in the cases of KC104-KCl 
mixtures (curves l-6) irrespective of the change in mixing ratio. Figure 4 
curves l-6 show the DTA results obtained for samples of a-AlpOj (0.5 g) 
mixed with KClO_+-KC1 mixtures (0.5 8;) of the various mixing ratios shown 
in Fig. 3. Curve 7 is the DTA curve for the KC104~-A1,0j mixture. KCIO,- 
KC1--(w-A1203 mixtures give the startiig temperature of DTA melting peak at 
495°C irrespective of the mixing ratio of KCl to KCIO+ The KC104--cu-A1209 
mixtures gives 510°C. The results in Figs. 3 and 4 indicated that KCl leads to 
a lowering of the melting temperature of KC104, and that KClO,-KCI, 
KC104-KC~YY-A~,O~, and KClO.+--ar-A.1203 mixtures give similar starting 
temperatures for melting, that is, 505,495 and 51O”C, respectively. It is con- 
sidered that the lowering of the melting temperature is a result of the forma- 
tion of KCl, and thus the lower melting temperature of the KCIO.+q-Al,- 
Oj mixture is due to the formation of KCl from the solid state decomposi- 
,tion of KC104 by ar-AlzOj, but the amount of KCl formed by the solid state 
decomposition is so small that X-ray analysis, SEM and DTA cannot detect 
it. 

Potassium Chlom te 

Figure 5 shows the DTA curves for the thermal decomposition of KCIOB, 
KC103--ar-A130j, and KCIOj--cr-Fez03 mixtures. SEM photographs are shown 
in Figs. (5-A)-(5-C). 

(i) Pgre KClO, 
According to previous studies [9-111 of pure KCIOJ, the endothermic 

peak at .370°C and the .two exothermic peaksat 540 and 580°C in Fig. 5, 
curve (5-A) correspond to the-melting of KClOs, the’ disproportionation of 
the chlorate to KC104 and the decomposition of the KClO,, formed, respec- 
tively.. 
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Fig. 3. DTA curves of KClOe-KCl mixtures. (1) 10 mole 96 KC104 + 90 mole % KCl; (2) 
20 mole 96 KC104 + 80 mole % KCl; (3) 40 mole 96 KC104 + 60 mole % KCl; (4) 60 mole 
% KC104 + 40 mole % KCl; (5) 80 mole % KC104 + 20 mole % KCl; (6) 90 mole % KCl- 
03 + 10 mole % KCl;(7) 100 mole % KCl04. Heating rate, 4.6”C min-’ ; atmosphere, static 
air. 

Fig. 4. DTA curves of KC;O,,+ KCl + (r-A1203 mixtures. Heating rate, 4.6T min-1 ; atmos- 
phere, static air. Sample clwGsts of 0.5 g (~-Al~03 and 0.5 g KCi04-KCl mixture. Mixing 
ratios of samples for curves :1)-(7) are same ss those for Fig. 3, curves (l)-(7). 

In Fig. (5-A), P-l shows the KCIOj sample before decomposition. P-2 and 
Pi3 indicate that no change occurs after heating to 325°C (just before melt- 
ing) and to 345’C (initial stage of melting). However, as found from P-4, 
after melting (390°C) the number of cracks increases compared with P-2 and 
P-3. This increase may arise from rapid cooling of the KC103 melt. X-Ray 
analysis revealed the formation of KCIOa and the remaining KC103 in the I 
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Fig. 5. DTA curves of KC103 systems. (6-A). KCIO,; (5-B), KC103 + ~Al203; (5-C). 
KClOs + (Y-Fe20s. Heating rate, 4.6oC min-I; atmosphere, static air; mixing ratio, 1 : 1 
by weight. Circles indicate the temperatures at which the samples were removed and the 
numbers appended to the circles corresoond to photograph numbers in Figs. (5-A)-(5-C). 

P-3.. 

P-4_ 3go9(3 __ . . ‘: ___ : .. 

..-. _ _i 
P-7. .. ..!XO?C 1 ,. ..:-: ‘.’ -:;~:..~p-&.~_‘.~ .615!‘C-. .-. ..,.::. I 
-:.. KCj‘()4.+,KCJ :‘. _.: .. :.-i‘. ._ -._:-.- KCJ...‘,-. : -. .. :._ ‘.,‘; :), : 

.- p-8. ??I?“C- ; 
5.Grn-1. 

.- _ KC1 :-. -‘...-’ .y.. ,, 

Fig. (6-A). -SEM photographs showing the thermal decomposition of pure KC103. Heating 
temperature and x-ray result of the samples are indicated below each photograph. 



P-l. RT. 
KC1 03+a-Al203 

P-2. 325°C 
KC1 03+a-Al 203 

P-3. 345OC 

P-5. 505OC 
txl a, +KCl +a-Al 203 

P-4. 390” c 
KC1 03+a-Al 203 

P-6. 510°C 
+KCl +a-Al 203 

p-7: 560°C 
KC1 +a-Al 203 

P-8. 7OOOC 
KC1 +a-Al 203 m5 

Fig. (5-B). SEM photographs showing the thermal decomposition of the KCl03-~~U203 
mixture. 
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P-l. RT. 
KC103+wFe203 

P-3. 280°C 
KC1 03+KC1 +a-Fe203 

x2. 250°C 
KC1 03+a-Fe203 

P-4. 325OC 
KC1 03+KC1+0!-Fe203 

P-6. 7oo”c a-, 
KC1 +a-Fe203 5 I-lm 

6f@iw_* 
P-5. ~35Ok 

KC1 +a-Fe203 

Fig. (6-C). SEM photographs showing the thermal decomposition of the KClO~-a-Fez03 
mixture. 

sample heated up td 510°C (P-5) at the beginning stage of first exothermic 
peak shown in Fig. 5, curve (5-A). As seen in P-5, this sample gives a different 
SEM photograph from P-l-P-4 before the reaction. P-5 is similar to Fig. (2- 
A), P-7 which represents the surface of pure molten KC104. P-6 corresponds 
to the sample heated to 530°C in the neighborhood of the top of the first 
exothermic peak. The composition of the sample was KC104 + KCl. P-6 indi- 
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cates two parts, with smooth and rough surfaces. The rough surface resembles 
that of KCIOB + KClO, shown in P-5, and thus the smooth part may be the 
surface of the KCl formed. At 56O”C, where the first exothermic’ peak ter- 
minates, as shown in P-7 the sample composition is KClO, + KCl which is 
the same as that for P-6, but the smooth part seen in P-6 disappears to 
become clusters of small particles. After the decomposition, P-8 (615°C) and 
P-9 (700°C) are similar to KCl es shown in Fig. (2-A), P-9 and P-10. 

(ii) KC103--a-A1203 mikture 
Figure 5, curve (5-B) is the DTA curve of the KC104-c&&OB mixture. 

The pattern of the curve is similar to that of pure KCIOB, Fig. 5, curve (5-A), 
but it can be seen that the DTA peaks for melting and decomposition are 
shifted to lower temperature ranges. 

Figure (5-B), P-l and P-2 correspond to samples removed at room temper- 
ature and at 328°C just before KCIOj melting, respectively. Particles of or- 
Alz03 are observed as small white particles scattered on the KC103 crystal. 
P-3 and P-4 show samples obtained at 345°C where the endothermic melting 
peak starts and at 390°C +ere it terminates. These photographs show that 
ar-AlzOj particles were embedded in the surface layer of KC103 as the result 
of melting of the chlorate. X-Ray analysis of samples removed at 505 and 
510°C revealed that, at the top of exothermic disproportionation peak, KCl- 
OS changed completely into KC104 and the composition is KC104 + KCl +c 
a-A170j. P-5 and P-6 correspond to these samples, which show the agglomer- 
ation of small particles and the solid mass of smooth surface resembling Fig. 
(2-B), P-5. After the decomposition as seen in P-7 (560” C) and P-8 (700” C), 
KC1 forms masses of smooth surface. P-5-P-8 give an indication of the solid- 
ification of the molten phase. 

(iii) KC103-a-Fe203 mixture 
Figure 5, curve (5-C) is the DTA curve of the KC103--ar-Fez03 mixture. It 

is found that the curve stzts to deflect towards the exothermic direction at 
about 250°C and gives an explosive exothermic peak between 325 and 
350°C. Figure (5-C) shows the SEM photographs and the results of X-ray 
analysis. X-Kay analysis indicated that the sample heated to 280°C (P-3) 
contains a small amount of KC1 and that heated to 350°C (P-5) after the 
explosive DTA peak consists of KC1 and a-Fe203. These results suggest that 
the exothermic peak appearing between 250 and 350°C results from the 
decomposition of KC103. In contrast to the cases of pure KCIOj and the 
KClO,-o-Al,03 mixture, the formation of KClO, is not detected by X-ray 
analysis of samples of KC103T-Fez03 mixture. Therefore, it is considered 
t’_;at the disproportionation reaction of KC103 to KC104 is absent and a-Fez- 
0, preferentially promotes the decomposition of KCIOB into KCl. 

In Fig. (5-C); P-l and P-2 show the sample before heating and that heated 
up to 250°C rt?spectively. The- white particles of cu-FezOB are seen on the 
KCIOj surface. P-3 corresponds to the sample heated up to 280°C. This does 
not show any distinguishable differences from P-l and P-2, although the sam- 
ple for P-3 contains a small amount of KCI. As observed in P-4, the porous 
aggregation of particles of 2-4 m are found at 325°C just before the eXplo- _. 



215 

sive exothermk peak. Furthermore, the-particles are seen to be classified into 
exothermic. peak. Furthermore, te particles. are seen to ‘be classified into 
those of smooth and rough imuface. P-5 and P-6 are KCl--Fe203 mixtures 
obtained after the decomposition, which show the sir&ring of particles 
accompanying the decrease in porosity and the disappearance .of the particles 
of rough surface. 

Potassium Broma te 

Figure 6 shows the DTA curves of the KBr03 systems. Figures (6-A)-(6-C) 
are SEM photographs and X-ray results of samples obtained by heating the 
systems to the temperatures shown by circles on the DTA curves. 

Figure 6, curve (6-A) is the DTA curve of pure KBr03. Two sharp peaks at 
425°C (endothermic) and at 43OO.C (exothermic) correspond to melting and 
the decomposition of the KBrOj melt, respectively [3,12,13]. 

In Fig. (6-A), P-l is an SEM photograph of pure KBrOj before the reaction. 
P-2 corresponds to the sample at 38O”C, just before melting of the bromate, 
which is similar to P-l. P-3 shows the sample heated to 410°C during melt- 
ing. This sample was found. to contain a very small amount of product KBr 
by X-ray .analysis. P-3 indicates an interesting change in the surface of the 
sample, that is, the formation of a region consisting of circular and elliptical 
swellings. This region is thought to be due to sir&ring between two large 

500 60( 

Temperature(OC) 

I I- 

! 

Fig. 6. DTA ~~66 of KBrO3 SJW~IXU. (6-A), -03; (6-B), KBfi3 +t~-Al303; (6-C), 
.KBrO3 + ar-Fe303.. Heatzng rate, 4.6OC min’?; atmosphere, static air; mixing ratio,. 1 : 1 
by weight; Circles i@icate the ternpeFatures at which the samples were removed and the 
numbers appended to the ewes correspond ti photograph numbers in Figs. (6-A)-(&C). 
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P-l. RT. 
KBrO, 

P-2. 380°C 
KBr03 

P-3. 410°C P-4. 450°C 
KBr03+KBr KBr 

P-5. 600°C 
KBr 

Fig. (6--4). SEM photographs showing the thermal decomposition of pure KBrOs. Heating 
temperature and X-ray result of the sam@es are indicated below each photograph. 

particles of partly molten KBrO,. P-4 and P-5 correspond to KBr particles 
formed after the decomposition, which show smooth surfaces. 

(ii) XBrOg-ol-A1203 mixture 
The DTA curve of the KBr03-ar-Al& mixture is shown in Fig. 5, curve 

(6-B). The pattern of the curve is similar to that of pure KBr03, but the peak 



217 

P-l. RT. 

P-3. 

P-5. 600°C 
KBr+a-Al *03 

P-2. 370°C 
KBr03+KBr+a-Al *03 

P-4. 410°C 
KBr+a-Al 203 

I I 

5 pm 

Fig. (6-B). SEM photographs showing the thermal decomposition of the KBrOs*-Al203 
mixture. 

area of melting becomes smaller and the peak temperatures are lower than 
the cases of pure KBr03. 

Figure (6-B), P-l shows the sample at room temperature, in which the 
small a-Al203 particles are observed on the KBr03 surface. P-2 corresponds 
to the sample heated to 370°C at the initial stage of the endothermic DTA 
peak. X-Ray analysis of this sample indicated the formation of a very small 



P-l. RT. P-2. 31 o”c 
KBr03+a-Fe203 KBr03+KBr+cl-Fe203 

KBr03+KBr+a- Fe203 KBr03+KBr+a-Fe203 

P-5. 390°C P-6. 600°C 
KBr+a- Fe203 KBr+a-Fe203 5 

Fig. (6-C). SEM photographs showing the thermal decomposition of the KBrOgq-Fez03 
mixture. 

amount of KBr. No marked difference is observed between P-l and P-2, 
except, to some extent, the surface roughening. P-3 shows the sample heated 
to 390°C at the bottom of the endothermic peak, which consists of KBr03, 
KBr and cr-Alz03. It is observed in P-3 that cr-AIz03 particles are embedded in 
the surface layer of molten KBr03(+KBr). P-4 and P-5 show KBr with 
smooth surface and or-Alz03 particle agglomentation after the decomposi- 
tion. 
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(iii) KBr031w-Fez03 mixture 
Figure 6, curve (6-C) is the DTA curve of the KBrOS--a!-Fe,O, mixture. 

The curve begins to give the gradual exothermic deflection near 300°C fol- 
lowed by the explosive exothemic peak at 375°C. There is no endothermic 
peek on the curve. 

Figure (6-C), P-l is the view before the reaction, which shows the relatively 
smooth surface of KBrOj and small white particles on it. At 31O”C, just after 
the start of the broad exotherm, X-ray analysis of the sample revealed the 
decomposition of a very small amount of KBr03 and the SEM photograph 
shows the formation of many protrusions of about 1 m as seen in P-2. With 
the progress of the decomposition, the sample removed at 335°C (P-3) shows 
the connection of particles of 2-4 pm and the formation of pores of similar 
size. P-3 gives no indication of embedded additive particles, in contrast with 
the case of KBr03--cy-A1203, Fig. (6-B), P-3. Therefore, it is considered that a- 
Fe,OJ promotes the solid state decomposition of KBrOs. P-4 corresponds to 
the sample heated to 365°C just before the explosive exothermic peak, 
which shows the growth of particles compared with those seen in P-3. P-5 
and P-6 are SEM photographs sf the KBm-FezOs mixture formed after the 
decomposition, which show extensively different views from the KBr-u-Alz- 
O3 mixture, Fig. (6-B), P-4 and P-5. 

Potassium Periodate 

Figure 7, curves (7-A)-(7-C) are the DTA curves of the KIO, systems. The 
SEM and X-ray results are shown in Figs. (7-A)-(7-C). 

(i) Pure KIO, 
Figure 7, curve (7-A) is the DTA curve of pure KI04. As shown in previous 

papers [3,14], the sharp exothermic peak at 320°C corresponds to the 
decomposition of KI04 into KIOj and the peak temperature was not affected 
by the additive. Two endothermic peaks appearing near 540 and 570°C are 
due to the melting and decomposition of KIOa formed. 

Figure (7-A), P-l shows pure KI04 before the reaction. P-2, P-3 and P-4 
correspond to samples removed at 285, 300 and 31O”C, before the sharp 
decomposition exotherm of KI04 to KIO+ These photographs show the for- 
mation of white spots on the KIO, surface and their growth with increasing 
temperature. X-Ray analysis of the sample showed that, at 32O”C, KI04 
was completely transformed into KI03. P-5 shows this sample forming an 
agglomeration of small KIOj particles. Any indications of melting of the 
sample are not observed in P-5. After heating to 5OO”C, the sample remains 
unchanged as KIOJ, but, as seen in P-6 and P-7, KIOJ particles increase in 
size. P-8 shows the sample heated to 52d”C in progress of the endothermic 
peak at 540°C. The change in composition was not detected by X-ray anal- 
ysis of the sample; however, the very closely packed large KI03 particles 
with smooth surface are observed in P-8. Pi9 is the SEM view of the sample 
heated to 555°C after the endothermic peak at 540°C and its composition 
was KI03 + KI. From these facts, it may be found that the endothermic peak 
at 540°C arises from the melting of KIOB and its decomposition in the liquid 
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Temperaturs PC) 

Fig. 7. DTA curves of 1c104 SySteIIIS. (7-A), KI04; (7-B), =04 + a-&03; (7-C),-=% + 
+ cr-Fe203. Heating rate, 4.6’C min-’ ; atmosphere, static air; mixing ratio, 1 : 1 by weight. 
Circles indicate the temperatures at which the samples were removed and the numbera 
appended to the circles correspond to the photograph numbers in Figs. (7-A)-(7-C). 

phase. P-9 shows a decrease in the size of particles observed in P-8 and for- 
mation of pores. P-10 and P-11 were obtained for samples heated to 610 and 
65O”C, which show the large KI particles formed from molten KI03. 

(ii) h-I04-a-Ai203 mixture 
Figure 7, curve (7-B) is the DTA curve of the KIO,-u-Al,O, mixture. It is 

found that the addition of cy-A1203 has no effect on the sharp exothermic 
peak for the decomposition of KIO, into KIOs around 320°C. The endo- 
thermic peak due to the decomposition of KI03 appears at 490-570°C and 
its shape is singlet. 

Figure (7-B), P-l shows the sample before the reaction. As seen from P-2, 
there is no change on heating to 300°C before the exothermic decomposi- 
tion into KI03, in contrast to the case of the pure KIO4 sample [Pig. (7-A), 
P-2 and P-31, where white spots were formed on the KI04 crystal. X-Kay 
analysis showed that the composition of samples heated to 320 and 340°C is 
KIOa + KI04 + ar-A1203 and KI03 + Q(-AI~O~, respectively. As observed in P-3 
and P4, these samples are in a slate of particle aggregation of l-2 pm. At 
475°C (P-5), the sample still remains as KI03, but the particles of 1-Z pm 
seen in P-4, increase in size to 4-5 m, which is similar to P-6 in Fig. (7-A) 
for the pure KI04 sample. For the sample removed at the peak temperature 
of the endotherm (535”C), a considerable amount of KI was detected by X- 



P-4. 31OOC. . . .p_‘5i ... - -. .: :. _. 

P-7. 5oiq ‘. . :-. :P-8. 52oe .. P-9. 555y 
KIO? . . . . . KIO, KIO,+KI 

a 

T 

p-10. (jt)O~C~ J p-11 ; : .$50°C:- .- 
KI . . .-- _. KI - 

Fig. (7-A). SEM photographs showing the thermal decomposition of pure KIO4. Heating 
temperature and X-ray result of the samples are indicated below each photograph. 

ray analysis. As seen in P-6, this sample gives an indication of melting. P-7 
and P-8 are photographs of the KI obtained after the decomposition of KIOB. 

(iii) KI04~-Fe203 mixture 
Figure 7, curve (7-C) shows the DTA curve of the KIO.+q-Fez03 mixture- 

Addition of cr-FezOJ, as with a-A&OS, does not affect the sharp exothermic 
peak at 325°C. The endothermic 3XI08 decomposition peak appears in a tem- 



P-3. 320°C 
KI03+KIOq+a-A1203 

KI03+a-A1203 

P-7. . 565°C 
KI+a-A1203 

P-4. 340°c 
KI03+a-Al203 

P-6. 535°C 
KI03+KI+a-A1203 

P-8. 650°C 
KI+a-A1203 T 

Fig. (7-B). SEM photographs showing the thermal decomposition of the KIO4 + 0r-AlzO3 
mixture. 
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%l. RT. 
KIO,+a-F&O, 

P-2, - 
___ -~ 
3OOOC 

KIO,+a-Fe.,O- 
P-3. 320°C 

KIO,+KIO,+a-Fe-O, 

P-4. 340°C P-5. 420°C 
KI03+a-Fe203 KI03+a-Fe203 

P-6. 445v 
KI03+KI+a-Fe203 

P-7. 475°C P-8. 510°c P-9. 650°C 
KI03+KIta-Fe203 KI+a-Fe203 KI+a-Fe203 - 5 pm 

Fig. (7-C). SE&I photographs showing the thermal decomposition of the KIO4 + ar-FezOa 
mixture. 

perature range of 420-510°C, which is lower by 70-80” C than the decom- 
position temperature of pure KIO,, and the KI04-u-A1203 mixture. 

In Fig. (7-C), P-l corresponds to the sample before the reaction. P-2 is the 
photograph of the sample heated to 300°C which is similar to P-l. P-3 cor- 

responds to the sample in the course of decomposition into KIOJ at 320°C. 
This photograph indicates the formation of many particles of 1 pm. The 
increase in heating temperature up to 420°C results in complete decomposi- 
tion of KI04 into KIOs. P-4 and P-5 show these samples having composition 
of KIOB + cu-Fe203. These two photographs are very similar to Fig. (7-B), P-4 
of the KI04-u-A1203 system. It is seen from Figs. (7-A)-(7-C) that the par- 
ticle size of the KIOs formed in the KI04-ZY-Fe203 and KI04--u-A.120j sys- 
tems is smaller than that formed in the pure KI04 system. Figure (7-C), P-6 
shows the sample heated to 445”C, which contained a small amount of KI. 
The growth of particles to 2-4 pm is observed. The amount of KI was found 
by X-ray analysis to be greater than that of KI09 at 475°C. P-7, taken at 
475”C, shows the formation of very large particles (5-8 pm) and into which 
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white cy-Fe203 particles are embedded. Therefore, it is .considered that the 
melting and the decomposition of sample proceed rapidly between 445 and 
475°C. P-S and P-9 show the KI + ar-Fe203 mixture formed by.the decompo- 
sition. 

Po tasshn Iodute 

The DTA experiments and SEM observations for KIOJ systems were car- 
ried out in a similar way to the salts mentioned above. The results were the 
same as those obtained for the decomposition of KIOj formed in the KI04 
systems. 

CONCLUSIONS 

In the present study, the apparatus does not permit SEM observations of a 
single sample heated in situ up to .various temperatures in the course of the 
decomposition reaction, and powder samples were used. Therefore, the dis- 
cussion was qualitative and contained many speculations. The authors, how- 
ever, believe that the SEM observations confirmed the solid state decomposi- 
tion by addition of or-Fe203. 
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