
TXERMAL DECOMPOSIT?ON IUNETICS OF STRON-IIUM 
PERMAIW~ATE TRIHYJDRATE,CADMIUMPERMA.NGAWVXE 
HEXAHYDRA-IE AND CALCIUM FE RhSANGANATE PENTAHYDRATE 
CRYSTALS* 

A thermogtavimetric study of the kinetics of thermal nuclei formation and 
growth has been carried out for the dehydration and decomposition of single aystal 
strontium permanganate trihydrate, cadmium permanganate hexahydrate, and 
c&km permanganate per&&y&ate_ The isothermal dehydration of strontium 
permanganatetrihydrateoccurs in two stages between 50 and 100°C. The dehydration 
kinetics suggest that the two dehydration stages are based on a sing&-step nucieation 
process followed by a growth proce~ without nudei overlap. The resulting activation 
energies are consistent v+h the proposed nucleation theory- For the dehydration 
kinetics of cadmium permanganate hexahydrate, an overlapping nucleation growth 
mechanism appears to be operating between 30 and 60°C. The results are irreproduci- 
ble for the dehydration of cakium permanganate pentahydratc at 100°C. 

The thermal decomposition studies indicate that the data of the sigmoida& 
isothermal fractional decomposition vs. time cm-v? are reproducibie for whole and 
ground crystaIs of each dehydrated permanganate~ A!l of the data plots mntain an 
induction or slow rate period, an aaxkatory and a decay period. The induction 
period can be shortened by irradiation with 60~ prays prior to decomposition_ 
Activationenergies obtained for aSl three materials for the various thermal decomposi- 
tion periods are found to be simiiar to those published previously ok other alkali and 
atkalille-earthpermanlpnates- 
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INIRODUCTIOX 

The isothermal fractional decomposition, (i-e_ a) vs. time curves for solid 
(crystals) and powdered iithium’, sodium’, potassium’~ ‘, rubidium3, caesium4, 
barium5 and silver6 pxmanga&es show three distinct decomposition periods_ Over 
the iirst stage, the induction period, the fractional decomposition is hneariy dependent 
on time, i-e_ 

cx = k,t t cr (1) 

where2 = P(z)/P,. P(2) is the pressure evolved in a closed system at time t and Pr 
is the final pressure at the completion of the reaction, The induction period is foIlowed 
in succession by the second or acceleratory stage during which the decomposition rate 

aaxkraWs markechy to au z value curresponciing to the iufiexion point. This point 
marks the onset of a third or decay period during which the reaction rate decays 
monotonicaIIy_ For ah of the above-mentioned permanganates, the data over the 
aazeleratory and decay periods can be described by the Prout-Tompkins equation2 

log& = k,t -i czm3 

&2> c2 = accelemtoty, ksr c3 = decay, periods). Equation (2) is based on the assump 
tion that the product nuclei give rise to strain, which in turn causes‘microcracking 
and, thus, new surfaces at which decomposition might cxxu.r_ Thus during the 
acceIeratory period the reaction proceeds in a branching manner into the crystal 
bulk Ultimately, the branching me&anism would cease due to the interference of the 
branching plaues_ Upon completion of this sequence of events, the decomposition 
has reached the inflexion point of the Q vs. t curve Subsequently, the decomposition 
rate is controIled by the amount of unreacted material and a contracting interface 
mechanism predominates 

The ro!e of strain induced during the thermai decomposition process was also 
observed in the decomposition of ammonium perch@ate’-99- where the number of 
nucleation sites was ma&e&y effected by the radiation-induced strain in the .crystal 
prior to decomposition, For ammonium perchIora* the &composition process’“- ” 
invokes, initiahy, the slow formation and growth of random nuclei followed by 
groWh with overlap- The kinetics of this process ati described by the Avrami- 

Erofeyev analysis’ 2, i-e_ 

exp (- k,t) - I + k4t - [F] f [%I) (3) 

where d is a shape factor, Ai, is the total number of potential nucleus-fonuing sites 
at t = 0, V0 is the final volume, k4 is the rate of nuckation and k, the (Iinesir) growth 
rate of the decomposition sitw. Equation (3), can lx simplified by assuming that k,t 
is small over the acceleratory period yielding 
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for the acxeleratory period- For k,t large, i.e. over the decay period, eqn- (3) becomes 
r_..-. 

[-Iog(1 - s)J’/~ = k,t W--- 
_ - 

The literature apparently contains no reports on the kinetics of *he dehydration 
or isothermal decomposition of strontiq cadmium or calcium permanganates 
It is thus of interest to investigate the dehydration and isothermal decomposition 
kinetics of strontium, cadmium aud calcium permanganates to determine if the 
decomposition kinetics were similar to the decomposition of other permanganates or 
if there occurs a random nucleation process such as that postulated for eqns, (3)-(5)_ 

In order to examine the effects of “‘Co gamma rays on the subsequent iso 
thermal decomposition process, it is necessary to understand *& &composition 
kinetics of the u&radiated material Ionizing radiation markedly aff&& the de- 
composition kinetics of permanganates *_ With increasing gamma-ray dose, the 
induction period is shortened, the rates of the aaxleratory and decay periods increases 
and the overall time of decomposition is shortened without ahering the overah 
activation energy of the decomposition process@). Hence the kinetics of nucleation 
and growth during the thermal dehydration and dezompositionofstrontium, cadmium 
and caIcium permanganates wiU be investigated as a function of temperature, particle 
siz and =amrna-ray preirradiation. A comparison would then be possible with the 
previous results of kinetic data from the other permanganates. 

Crystal prepararion 

The strontium, cadmium and caIcium perman~~tes were synthesized from 
siIver pevtc cryst.aIs. The silver permanganate was prepared as follows: 
67-5 g of siIver nitrate (“Baker Analyzxi” Y&t 45088, J. T_ Baker Chemical Company) 
was dissolved in 100 ml of distiIM water at room temperature, and 62-5 g of potassium 
pemanganate (MC reagent, Cont 35952 HalI Lab Prod_) iu 500 ml of distihed 
water was added so that the following reaction took place stoichiometrically. 

The resulting mixture was cooled slowly to 5°C in an ice bath, followed by filtration 
at 5°C through a sintered glass funnel (ASTM 40-6OC) to obtain silver perman- 
a cYrk-purple amorphous precipitate. Using eqn, (6), the percentage yield was 
942~~ The amorphous precipitate was recrystahized by evaporation from an aqueous 
solution in air yiehling crys&~ which were approximately (4.0 x 20 x 20) mm in 
size, These crystals were then stored in a wxuum desiccator using Drierite as a 
desiccant . 

(i) Sprh& of strontium permmgamate Zrz%y&zte_ I-75 g of strontium chioride 
hexahydrate (SrCi2 - 6H,O) (Baker Analyx& Lot 37259, J. T. Baker Chemical 
Company) was dissoIved in 30 ml of d&i&xi water at room temperature. A stoichio-. 
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metric quautity of silver permaugana% 30 g dissolved in 400 ml of d&i&d water, was 
added according to the equation 

sfl, - 6wx=I*) + 2 AgMnO, 4 Sr(MnO,), - 3H,O(aq.) i 2 AgCIJ Q 
This soIution was then rapidly t%hered using a sintered gkiss funnel (ASTM 40-6OQ 
The resulting f&ate., which contained no traces of Ag’ or Ci-, was concentrated by 
evaporation in air for five days. Large (3.0 x 3.0 x 3.0 mm) hygroscopic singIe 
crystals were obtained_ The percentage yield calculated from eqn. (7) for the hydrated 
CrystaIs was 9x?% & 2%_ 

(ii) SJnZllreJis of cadmium permargamfe hexahytirafe_ After 1.99 g of barium 
chloride dehydrate was dissolved in 50 ml of distilled water, a 10 M solution of silver 
permanganate was slowiy added and the resulting solution fiitered through a sintered 
giass funnel (&G&l 4CUOC) at room temperature. A solution containing 1.84 g of 
cadmium Surphate (Baker Analyzed, Lot 9480, J_ T. Baker Chemical Company) 
dissolved in 70 ml of distihed water was then added to the above fihrate to produce 
the reaction 

cdso, t Sa@inO,), + -+ Cd(MnO,), - 6H=O(aq_) + BasO,I (8) 

The resultixg solution was filtered wi'& Whatman No. 4 filter paper, the fiitratc 

contining no detectable traces of barium, silver, chloride or sulfate ions. The filtrate 
was evaporated at 35% in air for two days and this was followed by a prolonged 
evaporation at room temperature for two weeks- The resuiting dark-violet crystaIs 
WE hygoscopic with rhombohedral symmetry_ Their sires ranged between 5.0 x 
40 x 20 mm and OS x 03 x O-2 mm_ The percentage yield of hydrated solid was 
89.2 i 8 % as cakxdated from eqn_ (8) 

(iii) Sjmthesk of cakirun permarrgana~e penrahydiafe. 3.68 g of calcium chloride 
(Baker Ana&zd, Lot 20089, J_ T_ Paker Chemical Company) was dissofved in 50 mI 
of distilled water and then added to 15.0 M solution of silver mganate- The 

folIowing reaction occurxd, 

CaCl, +- 2 AgMnO, t + Ca(MnO,), - SH,O(aq_) _t 2 AgCil (9) 

The product solution was stored in the dark for approximately 12 h, The silver chloride 
precipitate was fdtered using an ASTM (40-6OC) sintered glass funnel. The filtrate, 
calcium permanganate solution, contained no detectablt traces of chloride or silver 
ions_ It was concentrated in air at 35°C for five days and then allowed to cool to room 
temperature, The resniting crystaIs were black-purple in color and needWike in 
shape and approximately 2 x O-2 x O-2 mm in six The percentage yield was 91-O & 
O-2% as calenkited from eqn- (9)_ 

In this study, both whole (pristine) crystals and powdered material were 
investigated Whole crystaIs were used as prepared_ Powdered material was obtained 
by crushing and grinding whoIe crystals in an agate pest.Ie and mortar to a sieved 

finemss to pass through a RS_ sieve of 225 mesh/sq. in (&e- -65 F). 
The purities of the crystals have been determined by conventional analytical 
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(oxalatk~ titration techniques. The average percentage purity for three determinations 
oneachpermanganatewereSr(MnO& - 3H,O93.7 & 2%; mO& - 6H,O96.2 5 
2%; and Ca(MnO& - 5H20 95.9 & 2%. The percentage thermal decomposition after _ 

dehydration for Sr(MnO,), was caknlated based on eqn. (10) (where A = Sr, Cd or 
Ca) to be 91.7 + I o/o for powders and 90.9 5 2 % for whole crystals. For Cd(MnO&, 

A(MnO;), -+ AMnO -t MnOr i Gzt (10) 

the percentage decomposition for whole crystals is 92.8 & 1.3 % and 93.3 &- 1.1% for 
powders. For powdered Ca(MnO,), crystals the percentage yield was 92.4 & 1%. At 
best, eqn. (IO) is an over-simplification. Complex stoichiometric reactions have been 
observed in the decomposition products of other permar~ganates~’ and it is probable 
that similar reactions are occurring during these decomposition reactions_ Ako the 
decomposition process could contain a retention region, i.e. a smah quantity of 
unreacted permanganate might remain after decomposition. However, the probability 
that this would occur is small since after decomposition each sample was tested by 
dissolving it in water and in ah cases the typical purple perman__eanate color was not 
observed. 

Apparatus 
The thermobaiance used for these studies was a Perkin Elmer TGS-1 which 

incorporated a Cahn RG electrobaiance with a dry nitrogen gas flow control unit 
operated at IO psi. The data was recorded continuousIy using a Perkin-Elmer twopen 
recorder, Model 52. The data was obtained iu the form of line piots. The points shown 
in the subsequent figures are for illustrative Pur~ose5 only. Many more data Points 
were utilized for the kinetic analysis and the data was analyzed using a best fit 
computer program. The fractional decomposition., g was obtained from the relation- 
ship Q = (W, - kt)/(Wi - Wf) where Wi = initial weight, W, = final weight and 
w, = weight at time, t. 

Pfocediue 
The thermobalance was stabilized prior to thermal decomposition at room 

temperature for 48 h. The sampIes, which ranged in weight from 0.5 to 6.0 mg, were 
placed on platinum pans in the thermobalance and the decomposition chamber was 
seakd. To remove any traces of moisture and air from the chamber, dry, high-purity 
nitrogen gas was passed through the chamber prior to, and continuously during, the 
decomposition- The furnace heating rate was set at 32O”C/min in order to raise the 
temperature as rapidly as possible to a preset constant value, which was then main- 
tained automaticahy to & OYC. The recorder scanning rate was pre-set at 5 mm/min. 

. 
kradmtions were carried out at ambient temperature at Brookhaven National 

Laboratory with 1.1 and 1.3 MeV “Co gamma-rays. In order to avoid any Contami- 
nation, the samples were encapsnhited in air in glass ampoules prior to irradiation. 
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Strontium pmanganate trihydra?e 

For W&AZ crystals the isothermaI dehydration kinetics were investigated at 
100°C. Ihe resulting data were found to be IargeIy irreproduciiIe and markediy 
dependent on the surf- conditions_ The d vs_ time curves showed a monotonic 
decay with completion times ranging from 25 to 50 min. One probable reason fur the 
observed irreproduciiiIity couId be the presence of occluded water_ It was also 
observed that the crystzds undergo no external change during the dehydration process_ 

On the other hand, the dehydration kinetics ofgrowzricqstaIs were reproducible 

and were investigated in the temperature range from 50 to 100°C (see Fig_ 1). It wzs 
found that 66% of the total weight of the hydrated water was removed before 5 min 
had eIapse& These cures indicate that 2 of the 3 water molecules were removed 
rapidiy on heating. The remainder continued evoIving over a longer time period- .On 
compIetion of the dehydration process, for exampIe, after 40 min at So%, ‘there was 
no external change iu the crystal morphology, 

Activation emrrgies were dete- for the& t& distinct p&cesses in’-tie 
powdered mater&I as foIIows_ The rate of in.itiaI rapid dehydration pro&s -&.s 
approxiiniit&I by a Iixuar relationship of the firm of eqn, cl), i.e, 1.‘~ _ 
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TABLE 1 

Linear (for initial 
2 vciucr mokcuks) 

A-E day (for fmaI 
uatermokuks) 

a150 ozo oB4 0.308 0309 O-604 

0.0033 O-ml 0-m o_axz75 0.0268 1 

and the monotonic decay of the slower period was anaiyzd using the Avrami- _ 

_ Erofeyev equation at large times, eqn. (5). The resulting~rate umstants are tabulated 
in Table 1, The activation energies were found to be 6.6 & 0.1 kcal/moIe for the _ 

process of removing the two water molecules and 13.8 + 21 kcal/mole for the 
removal of the fiuai water moIeade_ 

Sfronfizun pennanganafe 

The isotherraal decomposition of pristine dehydrated material was carried out 
directIy after each dehydration and was investigated using both whole and powdered 
czystaXs over the temperature raz~ge 120”-145°C. 

0 FRACTIONAL 
DECOMPOSITION 

45 PRcwr-TcaeKms Ew. 

0 1 , J 
0 50. loo 

TIME (m&a) . 
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TABLE2 

P-T(yrd-paiod) QI52 
0_166 
0.152 

P-T(dccayperiod) 0_201 
0,199 
0.189 

A-E(dpaiod) 0_02io 
O_OBO 
O-OX0 

A-E W=Y perioa) 0.0140 
O-0170 
0.0110 

Ii~~~(kductiix~puiod) 0.0216 
0_02iS 
0_0216 

OJOZ OB530 0_0280 0_0180 
WOO O-0530 0_0330 0_0110 
0.113 O-0590 o_OBO 0.0250 

0.096 0.0530 '0_0280 OB260 
0_0960 0_0570 0-m 0.0190 
OJO1 0_0500 0_02W 0.0200 

O-0185 
:z 

O_O@WO O_ 
0_0190 0_~520 0_00390 
0_018O O_UB8& O_W?80 oM)330 

O_OIIO o_oo69o 0.00410 
0.0120 0_00750 OSXK5O tzzz 
o.ora, o_aI690 o_aMoo o_ocmo 

O_OI90 0_0110 0_0066O. O_O&O 
OB250 O_OloO 0_008IO 0_00410 
0_0180 O_ClOXKl 0_006MJ 0_00550 

r 
b 

I 1 
i- 
:- 
1, 

(0) 
(bl 
(cl 

::; 
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TIME (min) 
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For whole ayse a typicA a vs t txrve is showu in Fig 2 for a d&corn&&ion 
temperature of 135°C. The resulting sigmoidal curve contains a small linear induction 
period and an ikexion p&t at apprkimatetly d = 0.5. ExcfSent ~produa%iIity was 
observed for the *hole crystab as can be seen in the vrrlnes of the rate coustants listed 
in T@e i The iarkct of decomposition temperktures on the c&s_ 2 curyes for tempcr- 
atur& ~ianglngtiom 120~ to 145% is shown &Fig-3, .’ * _ 

The ProukTompkins kquation (P-T), eqn, (2), Was applied to the data and the 
- . : ._ ‘:~ _ 

: 
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extent of fit was 0.09 -c a > 0.90 (see Fig. 2) The Avrami-Erofeyev equation (A-E) 
was also applied to the data, but the fit was not as extkive as for tTg P:T equation, 

partie when examinti over the entire temperature rangr~Neverthe@ss, rate 
conssts for both the acceieratory and decay periods were determined for both 
equations and are listed in Tab’,_ 2 together with the rate constants determined from 
the (linear) induction period, The rate constants wee used to caldate the activation 
energies. npz plots of In k,,**s YS_ I/T K for the induction, acceleratory and decay 
pxiods (Fig 4) gave activation energies of 25-9 & 35,34-g + 22 and 322 * 24 

kcal/moIe, respeztively- 
For grofmdcrystak, a typical = vs t curve at 130°C is shown in Fig_ 5 with the 

appropriate kinetic analysis. Again, the re@roducibiIity was observed to be good as 
ekienced by a comparison of the rate constants observed from 3 runs at each de- 

composition temperature (see Table 3). The effect of temperature on the a YS t ctxrves 

for the range l20-145°C for ground material is shown in Fig. 6, These curves ah 

exhibited a linear induction period. However, unlike the whole crystals, the infIe&on 
point did not correspond with x = OS and thus the P-T analysis2 was inapplicable. 

Attempts were nxxde to fit the exponential law over the acceleratory period 

Ina= k,ttcs (11) 

and, for the decay period, the unimokular law 

in(1 - cz) = k,t +- cg (12) 

was applied. In addition, the A-E equation was fitted over the whole curve-The best 
fit was obtained using the A-E equation. The range of fit for the A-E equation 
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csystak decomposed at 120°C and IZYC, respectively, the effits of 6oCo gamma-ray 
irradiation are shown in Figs- 8 and 9, respectiveIy, over the dose range of I x 104 to 
I X lo6 rad- The principal result of the irradiation was to increase therateiofthe 
accderatory period and to shorten the decay period, i.e. to shorten the overaIl time 
for completion of the reaction- For example, the time required to complete the 

decomposition of ground crystals, pre-irradiated with 1.0 x lo6 rad, was approxi- 
mateIy haIfthat for the u&radiated sampk of the same temperature. Visual o-a- 
tion of a decomposing preirradiated cry&I (dose LO x lo6 rad) shows-that no 
fracture occurred during the acceieratory or decay periods_ 

GzdmM pemzangana hex&y&ate 
Thedthydrationprocessin~O,),-6H~Owasexaminedkineticallybetw~n 

30 and 60°C on pcwdered mat&al only_ Attempts to obtain’resuhs for whole crystak 
yiekkd markedly irreqroducible results, The powder on dehydration exhibited no 
i&hi&ion period_ Two iziscinct dehydration pr ocezx&&kartobeopkti&at3Oand 
35°C as shox+ in Fig- IO_ The initial process was wry in naturt a&d appeared 
toenoompassuptothreehy~~~~rnoI~,~ornthe~~~Ioss measurements_ 
The slower reaction, which is almost linear with time for kiter times, involvesthe 
evo?ution of the rem&kg three water moIecules_~~-The rates -of the twQ reacti011s 

__mexgc~tthehigkrtemperatures into one continuous Fe. @ig_ IO):,-. .‘ 
$nce the dchydlation curves were rcproduciblc.attcmptswerexnade-to.fit . 

..~ -- .- 
._ __- 
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TABLE4 

Kitztic anal- 

50°C 60°C 

IllQ(iitid!&C) 0.0487 O-0743 0.117 a.141 0.283 

:tE -- 
0.0733 0.111 0.133 0266~ 
0.0744 0.115 OS45~ 0282 

In((L-a)<kalszge) 0263 0256 0200 " 0271 0278 
0263 0266 * 0_2a? 0.266 0* 
026fi 0269 O-211 0279 0278 

: 

severalkineticequationsoverbothpzriods.Neitherthe A-Eequation,eqn-(3),nor 
the P-T equation, eq?. (21, provide a satisfactory fit over both periods. -However, zbe 
exponential law, eqti (I I), and the unimolecular law, eqn, (12), were fetid to fit the 

-data satisfactorily and were thus used to analyze the initiai and final stages, resp 
tiveIy_ AImost identicai rate constants for several independent dehydration runs were 

obtained from the subsequent kinetic analyses, The resulting values of the respect& 

rate constants are tabuIated in Table 4, The respective activation energies were 
determined by plotting In ksw9 YS_ l/T K, yielding l-3 &- 0. I kcaljmole for the initial 

period and 11.9 & 1.5 kcal/mole for the final period, respectiveIy- 
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TABLE 5 

8s’C 93°C 94°C Ioo”C izoO”c 

wliolccty!aak Indmtion O-444 0_710 ‘1.08 266 . 
cLl6o 0.770 1.08 
0_400 _ OXKl xX$ 269 

Acakratory 0.683 0270 1.72 436 _- 
0.783 0980 _ 1.75 4.00 
o_fssJ ._ 0377 l-72. 4.37 

Decay 0320 O-440 0.616 1X50 
0.333 O-450 O-639 1-6X 
0.333 

==.Qdcrystalse Indudioa 
o.qJ 0.600 1.60- 

0,781. 1-29 
O-769 131 . - ._ .g& _ ;g 

Ac&lelat~~ 
0.816. -- 133 -280 593 
Orrl 
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constant) ys- i/T K and are shown in Figs, 15 and i 6, respectively_ From these plots, 
activation energ& of 21.4 * 29,256 & 22 and 23_2 5 26 kcai/mok were obtained 
for the induction., acc&xatory and decay stageq respectively, for whole crystals and 
20.3 % S-1, 28.9 5 24 and 28.7 &- 3.2 k&/mole for the same periods for powder. 

The czysti remained intact throughout the decomposition aithough the color 
changed from pwpbviokt to tste&bIue, 

A pre&minary study of irradiation ef5tcrs was car&xi out on the isothermal 
deu3mposition, Samples were exposed to 6oc0 gamma-ray doses of 1.0 x IO6 and 
LO x IO* rad prior to decomposition at 80°C and the results are shown in Fig. 17_ 
ThcmaIn~~oftheIrradiationwastoreducethetsmeoftheovcrallreaction,i.e- 
tbeindu.&on period was reduced and the rate wnstants for the -Vd-Y 
ptrIoasinatast&Astudyofftheonoftherateconstantswrthtemperatureis~ 
presently under way and_tbe resu&s wiIl be reported elsewhere_ 

Gzkiim pemzmganafe hexuhy&&e 

A ptdimkq study was carried out on the isothexmaI .+hydratioa and de- 
composition of cakium pennanganate_ Dehydration stndi&-we& attempted at 
100°C; however, the results were found to behighly irreprodqciiIe. Dehydration time 
fOI.~remoratoftftefivchydratcdwatcrmo~varitdfin>m~25to95min,with 
so- indication that *Jte dehydration process occursintwostages:thefintco~nds 
to the initial removal of twq water molec@es and &qse&xtd *the rem&xl of the 
nmaindg.3~-~nlzqpantitativc~=diita~~-bt~b~-.~-_ .:.-' _ 

1 _ 
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TlME (min) 

TABLE6 

2?knnuI &wmpsition kite& rare wnmm2 

/Io-=ll&l-=_I 

I5o”C I4wC 13cJ”C 

rincar fit (iitim period) O-710 0275 0.169 
0.650 0275 0.152 
0.659 . 0276 :0.148 

P-T~@cc&ra& period)_, 3.50 -1ilo --. -0_00666 
. . . 4.op I-60 - om666 _. 

4.00 1.60 Ooomo 
- 

P-T&caypa&d) --- _ 
: 2oo ;*& - 

0.450 
180 :-. ‘0983 0.390 

: 1-68 - -. ’ l.oq :‘ - 9333’ I 
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The isothermal decomposition of dehydrated material was investigated on 
ground crystak over the temperature range i3S15O”C (see Fig_ 18)_ The resulting 

a vs f curves were sigmoidal in shape with an induction period which was more 
pronounced than that found for either strontium or cadmium permanganates The 
reproducibility of these curves was again found to be satisktory by comparing their 
rate constants from three runs at the same temperature (see Table 6)_ 

The Prout-Tompkins equation was found to fit the data best, a typical fit at 
I4O”C being given in Fig 19, where the extent-of-fit was found to be 0.02 -E a > 0.98. 
The resulting activation energies for the induction, accekratory and decay periods 
were determined to be 299 5 26, SO-3 i: I-3 and 26.1 & 29 kcai/mole, reqxctively- 

The chemical purity of aU the permanganates discussed in this paper was found 
to be below 97x_ Several reasons may be suggested for these low values Fm, the 
observed impurity Ievels could have resulted from samples whictiwere izsii reduced 
under normal atmosphericconditions Secondly, the strontium, cakium,andcadmium 
m crystals are very hygroscopic. During the weighing procedure, even 

undtrcarrfuIIycontroLttdenvironmentaiconditions, thecry&alscouIdhaveabsorbcd 
additional water- The recorded weight wo_uM be proportionalfy higher and the 

rcsding puriiy of the materiaIs thus lowered, Thirdly, even after several re+staIliza- 
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tion steps, some ch&ni~~irnpuriti~ remain in the aystalsi On many occasions during 
recrystallization, a surfkce scum was observed to form. Attempts weremaderepeaWly 
to remove the surface &yer but some oxickd material cotid have adhered to the 
crystallites as impurities_ (The thin scum-like Iayers were assumed to be oxidized 
material,) It-is impOrtant to note that tie thermaI dehydration and decomposition 
kinetics have been examined under the described limitations. 

The dehydration of strontium trihydrate and cadmium hexahydrate occurs as a 
sequential series. of dehydration steps. No induction period is observed in either 
material for the process of removal of water mokcules. Both compounds appear to 
lose twos water molecules iuitially with a very small required actktion energy_ 

For ground crystals of strontium permanganate trihydrate, the dehydration was 
examined using ,a iinear weight loss vs- time relation for the initial stage, aud the 
Avrami-Erofgrev decay equation for the later period_ The initial weight loss in the- 
sample probably corresponds to nuclei generation on.the external crystal surfaces. 
Presumably the nuclei can form initially only at a select number of sites on the 
surface, since the whole process involves only two water molecules, At first, it would 

seem that only certain sites are involved also within-the bulk. The kinetic results 
indicate that during the stage of initial nucieation the number of nuclei were directly 
proportional to time. This could occur if a singk dehydration nucleus were formed in 
one step by the 10s~ of a certain configuration (e.g. a pair) of water molecuk at 
specific type sites. Experimentally, the second dehydration stage would appear to 
involve additional energy_ At this time, it wouid be reasonable to question why two 

water mokcules were easier to remove than the third. A possible ex$anation can be 
proposed using the X-ray data of Ferrari et aL ’ 6_ One water molecule is found to be 
located near the strontium cation at a distance to 2.573 A, and other two -water 
mokcules are focated nearest to au oxygen atom with the same distance, 3-097 A, 
between them and the oxygen atom. Both of these water mokcules are on the same 
(21 I) pIane_ Thus it wouid appear that the two molecules kated near the oxygen are 
probably less tightly bonded than the one closer to tk cation, suggesting that these 
two water molecules are easier to extract than the t&&l_ 

For whole crystals, the z vs. t dehydration curves contain no well-defined point 
for partial removal of the water molecules. In these crystals, the &hydration nuclei 
presumably fo,rm by the same process as for the pow&r but grow at such a rate as to 
be indistiuguishable from each other kinetically. 

The dehydration results for powdered cadmium pkuangauate were aualyzed 
using the exponential equation for the initial and the nnimolecular decay equation for 

t.Ix final stages. presumably the dehydration nuclei form and grow at a surface in a 
successive non-overlapping progression. The activation energies -w&-e determined to 

be1.3 & -1-0, and i i-9 SL, 1.5 kcaljmole for the initial and the f&al &es, respc+ively_ 
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bility of the resuIts_ However, there is some evidence that a partial dehydration occurs 
involving two water molecules- 

Ihe thermal decomposition process~ 

The nuckation process occurring during the thermal decomposition of whole 
and ground crystals of dehydrated strontium pcrman_gante can be explained since 
the accclexxtory and ky periods fit. the Prout-Tompkins equation. This indicates 
that, after an initial induction period corresponding to formation of the nuclei on the 
external tiw the acceIeratory period begins with the &owth of these nuch5 on 
the surface and the decomposition progresses uniform& into the bulk of the material, 
This is ~$denced by the smooth transition from the induction period into the accelera- 
tow stage. Subsequently, the reaction spreads into the crystal by a system of branching 
Chaios- 

The decomposition process might occur in several ways. For example, a number 
of molecules of reactant, whose decomposition was highty favored, couId decompose 
and form product nuclei on the surface_ These product nuclei would produce focal&d 
strains in the crystal, which are uitimateIy reIieved, for example by the formation of 
Smekai cxacks 13_ MAei formation wouid be favored at or near the strain zones 
associated with these cracks. The reaction couId therefore spread into the ~ystzd 
down the cracks. The newiy cracked and reacted surf&e array would set up, in turn, 
lattice strains leading to further cracking. Thus the reaction wouId penetrate still 
further into the crystaI as the phenomenon is repeated, producing a series of branching 
nucIei_ However, the branchiug wouId not be determined solely by the crystal or the 
size of the ultimate Smekal bIocksx4. Inherent impurities so&d aIso influence the 
decomposition path. Eveutualiy the crystal would consist of smaH umeac&d blocks 
or grains of mates%& These small grains would decompose by a contracting interface 
mechanism_ For the crystals in the prcseut study, probabIy because of the large 
adherent grains formed during dehydration, the composite particles were sufficiently 
resilient to the onset of the induced volume of product formatian to remain intact 
throughout the decomposition_ 

Comparing the various materials used in this decomposition study, it will be 
noted that the values of the activation energies for both the acceIeratory and decay 
stages of each decomposition are, within experimental error, the same for the same 
mater&_ However, the induction period activation energies tend to be lower_ These 
lower values are presuma bly associated with the formation. of nuclei at surface sites 
which require a lower energy for formation than in the bulk_ _ 

The preliminary studies on the e&cts of aoCo gamma-ray radiation on the 
thermal decomposition of both whofe and ground &produced several in&esting 
results. FmtIy, decomposition was acceIerated by the irradiation, Secimtiy, the 
radiation did not appear to have influenixd the quantity of materi.aI which was decom- 
posed- For Sr(AinU& whole crystais (I x IO6 rad), the percizntage decomposition 
was 93.2 & I y, and for ground crysta& (i x IO6 rad), it was 93.0 t 15/, For 
Cd(‘MnOJ,, the percentage decompositicn for grotid aystaIs (1 & 104 rad) was 
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97.9 _ir I OA_ The jame kinetic expressions fit the pre-irradiated a vs. t data as for the 
case of the u&radiated crysMs_ The resulting r&e constants &hibit an increase over 
the onirradiated equivalent and, in general, increase monotonically, PresumabIy 
increasing the dose of ionizing radiation produces, in turn, additional e&ztrouic 
species (electrons and holes) which .are available for conveCsion into additional 
thermal nuclei, e.g. at sites where dislocations intersect the surface, or the can form 
aggregates, or th&se species might migrate to previously unreactive centers, such as 
benign impurities and form nuclei- . - 

For the case of cadmium permangauatc, the thermaI decomposition J&US& of 
both whole and ground crystals were ana@& with Avrami-Erofeyev kinetics. The 
main ftilure of the Prout-Tompkins equation was due to the fact that the infiexion 
point did not rigorously occur at x N l/2 Again, as for strontium permanganate, the 

TABLE 7 

ACl-iVATIOX EXERGIR OF THE - DEOOHP05mOX PROCSSS IX ALKALI AXD AKXAUXE X3.Rl-H 

PERMA?CGAXATB 

Aaivation energy (kuzZ~rnoZe) 

hdiurion Acchrafory De9 

period period pried 

*AgMnol 

WhOlC 

Powdered 

svhole 
Powdered 

Whore 
Powdered 

whole 
Powderd 

WhOlC 

Powdered 

WhOk 

Poa-dercd 

Whole 
Powdered 

P&end 

Whole 
Powdad 

whde 
Pawdered 

228 
226 

255 

W-9 

31.4 

259 
295 

349 
33.7 

21.4 25.6 
2fu 289 

21.4 
203 

33.7 

256 
289 

40-O 
403 

36-l 
369 

32_4 
33.3 

28.6 
313 

38.5 
385 

30.3 

395 
383 

31.6 
30-4 

31.9 
30-s 

38-8 
33-I 

33.6 
3x1 

W-6 
342 



induction period is linear, i.e. the _r;lte of nuclei formation is constant. Pmsumaby the 
lower aczivation energies for this period are associated with the formation of sz@.i.ie 

KW2ki. 

For the pre&ra&d st~dics on cadmium permanganate, the doses used were 
I x i04and 1 x i06 rad. Evenaftera 1 x i06rad irradiatioa,thereactlonrate~ns 

only slightly feer than fur the unirradiated material. It was not obvious why this 
material should be more “&tant** to irradiation. Factors which might be infiuential 

ia al&ting this stabiiity include the ion co-vohrmes, the stability of electron traps, as 
well as others. Another possible explanation of this effect might be t&at many of the 
elaztron-hoIe pairs formed during the irra.d&ion are unstable at room terqxra~re 

and are thermally annealed and thus do not contribute to nuckation. 

For calcium permanganate, the thermal decomposition kinetics of ground 
crystals are weU fitted by the Rout-Tompkins equation over the acceleratory and 
decay stages. The inflection point occurs at cz 21 I/2, and the extent-of-fit of the 
equations showed that the curves fit over a wide range (es_ from Q = 0.07 - 0.9s) 
at ail temperatures. The activation energies of the linear induction period, the accelera- 
tion and decay stages were all found, within experimental error, to be the same, 
suggesting that the same chemical process was operative over each stage. 

It is thus concIuded that strontium, cadmium, and calcium permanganates are 
similar in behavior to all of the alkaliearth permanganates so far investigated. As 
found previously, the resuhing CL vs. time decomposition curves are sigmoidal in 
shape, al! containin, e an induction, acceleratory and decay stage. These stages are 
shortened by exposure to ionizing radiation prior to decomposition, Furthermore, the 
kinetic data can be described by equations similar to those fitted previously to 
fithium’, sodium’, potassiumz- 3, caesiumq barium’ and silver6 permanganates. 
The activation ener@s for the induction, aazeleratory and decay periods are not 
markedly different from the other perman_~tes (see Table 7). DetaiIed studies of 
the effects of preirradiation are underway and wiU be reported elsewhere 
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