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A kinetic study of thermal decomposition of 

e dihydrate and of the dehydrated 

salt have bmen made and the results have been 

interpreted in term* of the formation and growth of 

nuclei. A mathematical analysis of variable growth 

rates based on a Aysicel model has been proposed to 

explain the induction period. The effects of cold 

working, the inclusion of setae (e.g. Phi, Au and Pt) 

end of differs:it gases (e.g. 02, n2, N2, fle and CO2) 

on the kietitiets of the riction have also been 

investigated. 

The kinetics of the thermal decomposition 

tion of mixtures of asmonium perchlorate and 

cuprous oxide have been studied. There are three 

stages of the reaction: (i) a surface reaction 

catalysed by cuprous oxide, (ii) oxidation of Cu20 

to CUG and (iii) therga decomposition of the salt 

catalysed by oxidised Cu20. Only (ii) and (iii) can 

lead to iwaition of the reactants. 

The temperature variation in samples 

in thermal docomposition has been studied and 



t hoe bucA shOVZI that the ignition by either mechanism 

is due to set!-hestiu;. Theoretical expressions for 

the excess temperaturo am *Emotion of time and for 

the induction periods have been obtained by integrating 

the heat balance equation. The agreement between the 

theory and experimental recta hae been shown to be 

very satisfactory. 
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INTODUC ION  

The ucuni practice 	at 'Ing the thcrmnl 

decomp04ition 	la, :.'irat to find teat 't1 shape 

of tile -curvo renresonting the plot Uzi' fmction 

0..ocomposedt• 	az z function of time, t. 'Thez-Je plots 

ars generally siemoid, indicating an cutocatiAlytic 

rez4etion. Ohomicaly, thc_majoritz, of such reactions 

ecn be represented b the equation: 

solid --!> Ceolid) 	.0 (ens 

in which the onset of the reivtion-involves the S'ormation 

of new phase B at special po r tc in the lattice of 

The now AI r e r1 first spreads 41 Ag around these points 

7nown as 'germ nuclei 	j-fter those germ nuclei bvvo 

reached a critical vim they Cr= rreolY in ono, two or 

it 10 A 	dim= Ions, and aro termed Jgrowth nucl 

=triconilale to believe Uzlt in reactions where there Is a 

Ions; induction period. these germ 	arc being formed 

tmd ere growing slowly daring the period of induction, at 

the end of which most or them have 4.ttaincd the critical 

size and arc growing freely. There art several theories 

describing nucleation and growth, according to verlich 

different reactions can be classified: these arc full 



described Iv tioobs end Tomokine (1). 

The second stcce or inVesticAt'en is then to 
outthe.offect of vary 	conaitiens on the course 

of remotion. The inauction period, in general. my be 
roaucedby. celd vorkina the erystuis (2) - or#  it the 
substance undercoes photochemical decompOsition (e.6 
barium azie). Lj re-irraalation with O. V. light (3, 
tin oxiditinu. or roducirit; atlosphere may also caect the 
kinetics of reGctien - (e.g. silvcr oxulvte () ). 
kinetics of react on limier dirreront cona tionu tay then 
be fitte 	milthomtio.1.1.euz iona derive 	dirferent 
theories +ILL meel-;anism Vor the reixtion under study 
pro7oseds 

nas meti;c4 or invest/ ation is by no moons 
ectroleto in itself ona other phy Jo 1  mcm5urementso .euch 
ez erztstallocra7Alle etaay ma electron mierbseol:w. ere 
need e6. to dbinin a complete picture. In some ez,cus it is 
posztible to see &with nucleituainv 	electron micrescore 
(6) 
	to 	their shape on different recce o1 erratias. 

ZAleri stuqies • - valuable a4uncts but are not slmye 
possible. In viA,eh otlec tho kinetic study or tho reaction 

mv have to be the sole guiCv-t to tic netas oT a solid 
uzzte re-notion. 



Thle was *Ara etudied by nacdonsall 

met Fin lia/wood (7). They found that it -deconvosee 

accordinz: to the ovation: 

) 

and that the rate o1 docomporiltlon is govemod by the 

:crmatiOn and growth of =alai of 	in thy apace lattice 

of the oxalate oryttal. The rate of docompoaltion is 
noneitive to the prcaonce of cdsorbcd. lone (7, 	that 

obtained viten oxalate ione arc in =eat) durinil; 

precipitation boinc of the "anst6h1,,  ac celery 

tharcaa thA prepared ueinc an exc c:o or eilver lot,  lb 
of the °stable, feebly ancolereting typo 	ntotio  ,,ccobe 

tnd ‘or 	(9) haw Elver an explcmation ,or 	effect 

of adeorboa Ions in tor of it 	4:lefects tmfiihrem 

ato neamirod the ionic. Ind phot000n,,:tuotance cnd the 

effect of 14, irradiation on the thermal decomposit.on of 

the eat. Benton and OunninENam (10) and ToTykin (11 

founa tnat the *grazeuro of carbon dio it le evolve varied 

au the third orroar,th :power of times  In&icatlar 1 

dimonaional 17-ro4;1 	eliver nuclei, wlicroac gacaonald (&) 

pro6oeed two-aimenciona growth iron' c fixed. nunibtlr of 

nuclei vdth Chain-branchl3T neehunism to explain t1.Ix 

pratiominantly eXponcrtlal character of the p«t curve as 



Macdonald and ndi.4on (42) showed by measuring the ionic 

conductance that the concept ot solid nuclei is favoured, 
alt houeh the pi-t plots were again exponential, Pinch, 
Jacobs and To king 0) have developed Macdonald's 
branching..chairemeehanism to account Quantitatively for 
all the features of the thermal decomponition• Erofeev„ 
7:elkovich and Volkova (13) found that rip t 26-5W 
docomvosition can be fitted br the equation: 

4og (i.m* 4 ktn with n l to 5 

Osabo and tiroN.augtw () have confirmed the poisoning 

effect of oxygen observed first by :lacdonsid and 

)sinchelwooa (7) and also round that 4ydrogon and argon .  
hive a cataytic effect on the decomposition* „Acdonald 

(15) has commented on this effect al proposea three 

step mechanism for the del:opposition* 

Crystallographic studios (14, 16,i have silo 
that silver oxalate hap a layer.. lattice 	that tbe thermal 

decomposition is accomptinie4. t fracmentation of the crystal, 
the Fragments r1veluccdbeint; sliEhtly disoriented with 

respeat to the origine.i or, stal, The unaecomposcd 441 
maintains I vu tructure until - Vie ro$ction is oomplete# The 
silwr forme , the docolpocition ozists in the form of 

-5-- 
f.le,,c4, crystals having size of aTtroximately*W 

The thermal clecmposition 0L' morcur 



=bail:to hue been OUldiedbyyrout and Tompkins '07). it 
in rer:orted that tapereaction io c surface ore, unaffected 
by ercl ..-roducts* The.chemic::+1 iu 	the reaction can 

be beet reprosentedby the equation: 
1 

The r ction sprosAc'raplill over the surfvco from'a number 

of initial centric of re ctivity, after Clic% the rate 

controlled 	the linear propagation of the interfsee 
inwerds the activetion energies associated with these.two 

ocesses toing 256 and 370 kcalfoole respectiVe/y. The: 
initial rate is accelerstea 1.1,1r pretreatment vfitIllir:tt Lind 
cathode r4ys, velich produce mercurous oxsiste by electron. 
trsneer. Ttio deem:poses rapidly on heatins accordint to .  
a-first-ordor•lae. The authors state that !becalm mereuiLe .  
ortaate 	expectea to have a molecular lattice, theMett 
theory 00) b 	ox the .agnor*Zichottky concept (19) Or 
ionic.conductivity is not applicsble Wthis case The 
reaction is poisoned by the presence of 'miler vupour in the 

otafes, bat the si4bsequent rate, is unaffected* 

l og3 Le  Ot  Qzaisto„:. 	thermal decomposition can best be: 
ronresented 	the equa ion (IND): 

j7b 0 17b0 

The kinetics of the decomposition are fitted 	) by the 

3,.i1r; 	CO 	(3) 

CO 



Prout-Tompkinst  orlyastion: 

jog 	) = *kt o 	(!4) 

Crindinc oh the sample rcducos the induction period and 

also slightly reduces the secelerator7 perioi. i chain-

brunching mechanism has been proposed.. Tho cctivation • 
cuox'r for both the aeceleratory and decay p rioa'is 
founa to be 36 kcal/moles 117o1dyrav (U) hss otualed the 

efrcet of a ng and pre irradiation, Asoshly prepared 

Ictll oxalate deco: moos at a hicher mte than doe n 

sample because there: oro more -olocrAions ia 

freshly prepared sample, Irraalation with 	 it or 

heating at temeratuncs below tho decomposition point also 

aecresses the rote ov thermal decomositions  

these treatments result in a more or 	erystsls 

the suit is treated with hyarcsir hyarate, the rate or 

aocomposition is ineronoed ow 14 to the catalytie.offeet 

off.' the particles o3 metallic leads 

'Tho for l'. oz these 

ogalatoo hc'to been mainly gualitative in natures 1ecket 

infield 
	hsvo studied the thermal aecomposition 

of thorium oxalate by aetermininc the woirht loos and 

hnve moaoured the electrical conductivity or the samnle 

ea the aceonpoSition proceeass The latter vaz found to 

intro am 	he weicht of thezamIlle decreaocos Ueetron 



IllicroccOpy shows thmt thc;re is little diLerence in outT,v3;rd 

appearance of the crysta no its composition Jo vtriea in 

stores om 111C204_ 17...,,0 -to 	Am/nor chance was 

detectoei in the fine etruature which May be due to 

contraction in -wall thickness of the Sronge*  of which the 

crypts' i composed* 

.:Jacricium oxalate has boon studied. byMrkin (21 )  

and different 1-1rnte stages found a the decomosition 

proceeds* 7hat final product of decovosition in nix is .Am02  

thereto. in vacuum it le 

th VaQt: 	um oxalate (25), mixture 04 CO and 

CO2  J.iz evolved on hmating the eat in vacuum* 	the 

*amounts of those gases are rotten tic a function or time 

t 	eurve are never identical* 

	

Clasher nnt Ctoitbcre 
	have 31..udie1 tha thermal 

do ompoeition of ozaates of tLc 1=thmon scrieee Tho so/id 

residueo were: nixed oxel to-acarbomtes, carbomIten, 

oxyearbonnIez, .tnel. oxides* The re iducs t7cre tint:30, b own, 

owing to the presence of finely divided Co  and the gases 

contained a high percentage of 002, .ogcther with CO, even it 
onpozition only to the stage of carbonate haa taken nlace* 

r.'he extent o the dieproportioation: 2C0 --nal  0, ie 

e,epondent on tLe rare-earth ion* e.i:he Dressure-timc curves 

were s mold show-Inc the uuteCatalAla natlre etho v3Ic4t1on* 



!Vosonoe of odnorbod molstarc In thp samnlo had a pronounced 

poiaoninc, erre t on Vie ronetion• 



The thermal decomnosition of nickel oxalate has 

been studica nroviously by Allen and Gocife C27). They 

studied the reaction under an atmosphere or , with lame 

amounts of the sample 2O rag 

stages or t1 reaction: 

(1) the iriitial 

be fitted by the equation:  

They have observed two 

-1c-t‘y mac on 	can 

to 	(5) 

.where V Is the volume of cal) ova,: 	and (ii) um mittally 

lincGrs reuetion at the end or this first decay perioL. The 

activation enero;ies assooluted with those two nr000sseo are 

reported to be 47,6 and 36.4 kcal/mole respectively* A 

mechanism bt;sed on the forantion 	anion vacanciea at the 

surface me diffusion of anions to the surface is the r c 

determining procons, o square rent law can be derived 

assuminu thet under those oorditions the concentration 

cradient controlling the diffusion of anions,  to the froo 

surface is inversely nroportionel t the =tont of rocction, 

i.e.: 

1' 
It is suggested that at the end of initinl reaction tie 

lattice in the =per Surface layers becomes so defoctive 

that it collapsee to form metallic nuclei and an initially 



10. 

linear procoef3 msulta. 

moro rocent stud$ off. the thermal decomposition or 

this sat has been made by DanAs ani Pollee (3). They have 

studied the resetion under a hip,th pros ure of 002  (100-800mm 

of It.) in the temperature ran6 270°- 0°0. tIna with largo 

sample welEhts (100 mg) by measurinc the vo1un of gc 

evolvedp keeps the pressure constvnt. They find that thee 
.rrout- .7.)%ins ecaution bolds in the begtnning of the• 

reaction, but does not 'hold very well after the maximum rate 

is rdt,ined. ;xsc AVrami-Broteyev equation; 

.Ln (1 
	to 	(7) 

bolds tor between 14 Cina 1443:, With n 244a OA and otter 

140;' With n • I. The activation encreies ealeulated.by using 

diffez nt e►Uutiona arc ithin the r 	kcal/nolo, 

but those calculateek by using f•vr..ami-Srtifo,yev eauation and 

po:?er lay; at.* reported to be 	and 93.5 :cal mole 
r,  spoetively. X10 •initial reaction me .obeervea. 	these 

authors; this is -probably due to high, 0 	'are of asp,, in 
the system. The aehydration or nia2o J„)0 vac also studied 

y DELnes and 'Perms (2&) by measur 	the lo 	weicbt with. 

time. The velue of the activation energy 	with 

dohyttration was found to o. I0 kepi/ 010. 

Lllen and Z:cati.le (27) report: thA x-ray onalysee 

of GALID 	talsen durina th Initial reaction rields identical 



patterns with those obtained for uraecomDosed nickel 

oxalate, whereas*  sampler, token daring the second port of 

the reaction show patterns at metallic nickel* Tt  w s 

etimstow from synthetic mizture that 	vould be 

observoble* There vex no of ;n of t4 presence of 1110 or 

nico. in anom* or the mimics, slthoui-;% in the c42e of latter, 

GS much as UV might escape detection* 



12. 

..fat.Ktt5 	x cap, 
tripsw pl•_q!Toz:r7tgii, 

The uotial high.draouum conntant volume ayntem wan 
usea to stady the thermal aecompo ition or nicL1r.ei oxalate 

in the lewr ter„Iperature rattce 	le oparatue in shown 

diagrammatically in Diarram 
is,vacaum of better than 10 mm of mercury was 

obtaned 'by uainr a two...stage mercury CilfZunion 'pump, baoked 
by 0. l'OttlfaV 02.1 PUP?* The spparatun coula be. isolated from 
the pumpo by means or the tup T; bat mercury cut-off 
between Uoleoa gauges and the tap wt:in ueca 	isolate the 

system as it maintained a better vacuum in tiac nyntem. The 
trpreraturi could hold a VAOUUM or the order of 10_5 	of 

mercury for the neriod of a ran 1--6 hears). 	, ;plea 

were outganced fl,r more than 5 ana usurii1 t 6 Fours before 

arraple to be decompoeed was contained in. a 
W.a.112. DM= 1.)0c t. hOOkea to a thin platinum ',rim which. was 
attached to an iron taut: ceGled in glaus. The samle could 
be pulled into the reuirec!. ponition 	moans of a maoict. 

small p a  tube( am long; 0.4 cm dia.) wan used in 
order to minimise the time required to attain the ru.rnace 

temerature. 



;Ari electric PurnaCe- was used to haat the reaction 

cone, its heatinv el mentr were 	adjuotea ae ‘o give a 

1-1,:ors1 toni!orature within U 0 5 ) zone about 4 cm long, 

and the temperature vas maintained constolt 	0.5°C.) with 

the aid.:of An ele tronie controller (20, ego ehromel aamel 

thermocouples, eaibrated, ilyt the /cop oteam, tin, lead and 

entimolv roints„ were uaea to mencure the temperature of 

the reaction zone, Clle tAermocounIe was placed outside the 

reaetion tube and inside the l'urnace tube immediately below 

the poeition oT the eamele, the ether was placed immedietely 

obove the oan:Ae in a narrow glass tube, Sealed to the 

standerd ground ulnae joint used to introauee the sample beet. 

t4 cold junetion of the tl rmocouples were Dept at Ock; in 

mel ing lee. The 0OOtCi re,qings eV both thermocouples 

agreed within 0. °C in every ran. 
Two Meleo gougeo overinc.the renges 10 — tO4*  

tInd 14r4; 
 

5 mm oV merourj were used to measure the preseure 

in the .system. 

A XI...tube trio WtS uaed betwoon the recction tube 

ana oleod Bugs to remove water vapour* ',;ardice mixed 

with.=4 to make a slurry me ueea 	u coolant for this 

trap* The level of oardiee wn kept 'constant during i run. 
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244 oo...nrrv,r 1,44g'-.72TURE 
:mot ,  

The apparatus described. in section 2.1 (Apgratus 

was 

 

not suitable ror the study of fsater reactions at 

I4gh temneratures because: 

The tine required for sample to read in 

equilibrium with the hot zone wac long 

compnsed with the durvtion of the reaction 

(it took 3-4 min to reac 

The MOlcod gauge reaaince ennnot be taken 

quickly enough to fellow the fast reactions 

securatel;* 

ii r`h0 effect o different gtse couL: not be 
stuAlod in 17aratus •becausc Isreor 

eszarer-, (10.400 MW of these gases were 

t.120;1 to fin: the effect. 

e arawbncks were ovorcome In a second aptnu,atue 

as 	in. Diagram 2. 	conicil reaction tube was used. which 

.nrojected inside a furnace similwr to th.vt acoc ibeLl in 

At ction 2.1. :1)c tin par of the reaction tube 11;ic in t4c 

constant to 	zone of the furl ucc. 	calibrated 

thermocouple in ontaet with this e t was mod to record the 

temperature. The temperature or furnace vas controlled with 

a variao. The reaction tuba wus connected to the rcat of 



15. 

the 07etam by a groun&. ate joint, sealeei either with 

oicoin Wax or lath. vu m silicone grease to Mcilitote 

its removU from the rest of the systems 

(1:he sam2le, In the forll of a pellet fraLnent 

was kept in a spoon diroct17 above the reaction tube*  

and could be dropped into the reaction song by rotating 

the' grounwoclass joint to which the 4:loon was connected. 

The pressure ohangcs In the systen were followed 

by means or a U.z piral deflection gauge, the deflection 

caused by the pressure difference across. the spiral being 

mcasure by a lamp and scale. The gaUet vms calibrated 

against c mercury 	omete the deflection being 

iliroctly proportion to the premium difference, 	This 

is shown in Diagram 3. The sensitivity or the gauge is 

sr Vg nor cm deflection on the scole. 'The initial 

77,ressure o:r gss 'present in the system doeS not street the 

sensitivity which also di not ehsngo with time. 

The system was connected to the. tame pumping 

system described it section 2. t;h ts7.1 	A trap 

(usitc caiiiico as eoolant) cou16, be used to condense water 

vapour. 

The ronuired pressure of a toe coula be introduced 

through tap T2  and two ai 	of the gaulx then isolated by 

top Th. 	was used to Isol tc the mercury manometer 

when it was not roquircd• 



The sample wa kept in the spoon during tile 

outgassing; the ay tom was isolatea from the puma beret's 

doing u run by closing the tap 	trn1 ga (ii: required) 

introduced via # with taps 2- and 2 oven, and its 

pressure mcasurea on the manometer, 	and 	were then 

closed and the sample was dropped into e reaction vessel 

by rotating the Spoon tmd sizultaneouzly starting a ston-

watch. The =saints of the deflection were taken on the 

scale at suitable intervas of time 	coin a be az small 

An 10 sec, As no container ma usea Tor the sample in thin 

appavatuar 	time taken or samplo to mach equilibrium 

vitb the reaction vessel wan creatly roducca and was 

;probably 6bout (20.30 secs)* The 0111;1  disadvantokoin this 
system was that theleitial decomposition of N3G20.4  coUld 

not be folio e4 becau the gas pressure Tyroausea during 

this reaction wus too small to be followea accurately us 

o. spiral rcAgc* 
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42:40;1  SC T::..114 f;14410.4 

Iliac' oxalate di-hydrato vmS :prepared by running 

slowly, j litre of hot (60°C) potassium amulets solution 

(14/5) from a Iyurotte into 1 litre of hot (60°C) nickel 

nitrate solution (g/5)..coutained in u two-litre beaker, 

vitll vigorous stirring. noth.potasoiwa oxalate and nickel 

nitrate used in the preparation were isnalor reagents. The 

procipitnte of riek.el oxalote. was alowed to stm:Lfor two 

hours; it vac then washed thoroathly cacout 15 tim3) with 

hot distilled !ter by deenntation u)a nclly wasIled twice 

in the funnel. The salt vat; cried over 7'205  i'or two days 

and then heated 	100°C in vaouir before 	it was 

store ver P205  for the entire 'Derio.1 of this work. 

The dehydrated salt vas pretlared from the 

d.i.e.hydrate b;,r heGting it kA 150C in vacuum for mare than 

8 hour • It irtz atoreu over ',05  in c. scpuraue desiccator. 

ellots wore mtli-le b eo 	imig the salt in a 

viwlI stemless steol pellet press unth: y hand vise to 

appl7 nresstlre• The pellets thiwataine4 were broken into 

small fragments of suittiblo size(6.08 rag) 
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'117. 0" 	11.17 

)*1_1 PAriatA112aWIIL.112230AWWICLIIIIIIL The thermel 
deoosrosition of del: ,rate . nickel oxaate in the form or. 
llowder and compressed pelleta gas tuc lca in the temperature 
range 240°  - 280°0. The proauets of deeomposition are Ni 
cAla 	only', the reaction being represented by the 

equation (Z?): 
map. 	(solia 	2CC2  (gas) 

Using Apparatus 	ogsumples 	the salt were 
decomposed isothermally and tho gsa produced allowed to 
secumulate. The kinetics were followe! by measuring the 
2rest;urc of CO,,at  reu .r intervals of tine. Pit. la showS 
0(.4 plots for Run 42 end Run 2.: .at ti same temperature 
(250°G) to check thereproducibility. 	0 DOVaer WAS 

usea end in Ran 29i  pellet frarnant. 'Ine results are 

rperoducible and apart from a slicht variation in the 

induction period pollctinc is seen to hnve no afoot. 

There is en initialTast reaction which decaye 

rmid. -  the total mount of- salt docomosed during' thia 

reeci.) 	the total decomposition. Pie. ib shows 

the -t :cylo,  for tlic, rectiva on au enlarged scale. The 
c;,:troploltited 

 
curve 	n.ot p I38 thPOLIEh the origin. 



ii auo to th tick: revived roP la stzple to attain the 

farnctec tomperatUr0, Yic* 2 show the —t plots for the 

whole 	or rune at different tomverataros*  Runs tV 

to 260°,;; were carried oat in arvaretus with noraer and 

aove 26000 LI') to 280°C in uppuratus with polloto* it 

was not possible to follow tha initisl 'Vast reaction in 

apparatus 	theroforc*  1 3 shore 	plotn for t 

initial period 11.  to 	of 

war" denote the 

br (0( sna uhe total amoalIt 

procesa bzro( (=0.010)*  tho 

initial process is c<=z-v 0  
ebays tho 'Contra:41:1g iTee' formula* 

k ot,)A' 	ft, 

	

.C. 4a shows tgpical plot al.' 	Mit, the 

slope of thin sari 	/in ixi 	F:alaes or k ana the 

range of °Cover whier equation 	hoicla 	given in 

Tilaie 1. Fie*  58. e a plot oP r.  Xiv *1 	for these runs* 

Tbo activation energy foau0 from this plot is 324'9 keolimoles 

17-enotinc tba fraotional docoraosition in the 

secona r4setionbyt( then: 

%Imre 	and *(0  have the roma mtiantnr DS before* 

scoond rei:tation then Obeys an ;Atrar 	4ofoyev trve or 

total tractional 6ceo4position 

aocomponed in the initia 

fraction dcoompose.i in this 

• The iratia reach on than 



20. 

ovation: 

3.0(1-0() 	 (9) 

pith n 	The range over which thie equation holds is 

t;;,04 to 0.85* Pig 4) shows a :aot or the function 

1 °O 3 vaiot for 	23„ the elope of tbie line 

bein the Avrtol—rofoycv rate constant, k. In 'Table 2, 

values of k rind the ream of g over 	the ovation 

hold, ure von for all the runs in this a ries* :Pits :A) 

is a plot of log k vs 4/T from which sit tz,etiri.,.tio.:i energy 

of .32.0 keel tole rx.ror be esic)autod. 

The •:2.eotiy period i alao 	by the uninolocular 

..log (I 	 (40) 
* 

.)ow 	plot of voet for atn 23 and 

g* 7t that of log k vs•it2 for t o thole eerie** The 

yrilues of tale adc,4 law re.to constant, k4 alc given in 

dble 3, tormther 'with the rtirte of a over which tttte 

equation holas. 

The riot ox log tom, vs.1/T, where t,, ie the time 
tt 'which the coconet reaction stcrts, is a/ e u straight 

The activation enemy oalculatea 'ro-:} v!1 plot, 

ri 	8a, is 39.8. kcal/mole. Numericn1 values of to  rare 

:Tr in Tr;ble 4. 

Pour runs were done after thp dol—drate'l no der 



Lad been stored for 2-3 months, There is no apprecidble 
ageinc ef.Vcet and tic rata constants ca/oul ted for these 
runs Ito on the stxte 	 onomy plot u those for 
tc 	 eh sam”le 	5b). 7zumerical vrauos of rate 
eonstants aro giVen ir. Table 5. 

'e,flcf4j ji 	Th kinetics of the decomposition 
o acet1 dehydrIAtod eat wore also studied by a' differential 
Inethod. i.e. by measuring, the ra.te of evolution of 002  at 
recular interval of time. The Sys 	rcmainei emincoted 
o the pumis throughout the reaction exceot while measurinc 

the rate, when it woo isolated and the: gas talored to 
uocumu3.ate for 23 min. f..Cr.le pressar divided. *kir the time 
interval gavethz rate of decomposition. 13;4 ps  shows a 
nlot'or this mte against tim* The (t) curve 

	then 
determined by numerienl.integration (i 511)). 	e retketion 
ita sgain rounCL to obey the Avrami-Rro.teyev w, uation with 

but the •• ,nce of of  over which this equation hole:ut is 

now 4 	is. *,;io 	rote constamto at vcrious 
to!•rlolmturos are also lower khan_ those obtt:ined for the  

respective tlocumu3.atery rune. This eToot is s'oown in the 
* 

1k .rheniutt plot in i'ig, 5o. Values or rire vixen in 

Table 6. 
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.04 .32 
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TABliAt 2  

1/1:100 	,o7 T4pw 
$  

,Iory 

9 	amin11 :70e  
240.0 1.9485 0.009305 
245.0 1.9295 0.01153 
250.0 1.9115 0.01548 
255.0 1.13932 0.02015 
260.0 1.8754 0.03093 

264.4 1 08601 0.‘.114250 
269.2 1.8463 0.06100 
277.4 1.8162 0.07530 
282.3 1.79% 0+10S0 

2.= 
25 

27 

137 

133 
139 
144 

3.937 
L0Clo 
4.1013 
24,043 
2.4905 

T.62814 	.03 
,.78.53 	.04 
7.876G 	.03 
7 .0334 	.03 
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24 
23 
26 
27 

137 
138 
139 
441 

.65 

.71 

.58 

s  

/4 4.1mti, Pft0,1.1TO3ITION 	DhilYilizaiM TaCk2L 
TIort mr OD 3. 

"(um? 034, 
2140.0 1.9485 151 
22454 1.929 89 
250.0 75 
255.0 1.8932 41 
260.0 1,3754 30 
264.4 i .360i 23.5 
269.4 .8463 20.0 
277.4 1.0162 3.5 
282.8 1 .7986 7.0 

44?-0, 	 VIII 	1.9P 1;:. 	5479 LIM m 0, 
92 2145.0 1.9i2515 0.00966 34,9350 •026 

110 247., 169190 0.01000 2•0WO .026 
91 250.0 1.9115 0.011440 '111584 .040 
93 4:i5.5 1.5914 0.02205 .3434 •0110 
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143_4T0qt oC tcr Vpq:  Dehydrated nickel ozolate 

absorbs moisture fron the atmosphere readily, w!-Ach it 

does not lose over PQ in a desiccator; hence there is 

always a certain amount of water present (15-20):; of the 

original) in the sic ben. decomposed. is this 

nboorbod water is more raail;';r given up during heating 

th t original vmte of ergot lliest on, it does not 

affect the kinetics or decoy 	ition of dehydratoa sat 

when a cola trap is Tvcsent in the systems • If, however, 

there 13 no trap in the system and wo.ter vapour at a 

T?reav%are or (2,0 	i.2 mm) is allove. to remain in contact 

with the sample throuEllout the run, the Icinetics of thermal 

(7,cconnosition is affected 
	

follows: 

(l) The induotion pcaliol, to, comes considerably 

longer (Fig, 8b), Yiumerical vaues of to  are 

riven in Table 7. 
AE 

(ii) Thet,rat:, constants, 	Lre lower and the range of 

°( over which this egwtion holas Is shorter at 

the lever tecmerstUre, varying from 1:;04 - 0,40 

to 0.02 - 0.94 as' T increases. Yig.10 shows 

the fit of tills emotion at the two extreme 

temperatures. Table 7 rive the vic of rate 

constants for all rina in thi a ries am, the 

range or over w:lich the coustion is obeyed. 
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Tne laorhenius plot is shown in ,A. g. 5d#  the 

activr.tion cnerg.7 boinG unvItereCI b' tne 

presence of va OD vt,po,  

iii 
	

The accav port of t lc rct%ction Le fitted by the 

unimolecoler deeaY lev. but It.) rate constunts 

are lower than the corresponang voles when u 

trap 10 =Oat. t Iheniac plot Vor those runs is 

shown in i.1g. 7h. fluncriot-  values of rc te 

conctante are given in '4':]ble 9. 

Id.L:91...41 924t.zazgrie  then t relatively high Tire: ure 

of i>,,; is nrns-rt In the cystem, thore MOO two f'emtors which 

-f .s~ it aiefieult to retclin the cold trap uso i .'or condensing 

water VapoUr given up by the sample. firstly, due Lo 

evaporation of cordite cocIa4t the off ct ive volame 	the 

system ohanges#  causing fluctuations in the pressure recorded; 

theee fluctuations nrc 	e consiacrable Compered vith the 

pressure of the reaction product* aeeonilly#  water vapour 

evolved from the sample takes considers' le time to reaoh the 

cold trsp in 250 an/ the time taken. for cozApleto removal 

of water vapour was 5U min). This produces s variable 

pressure of water vapour daring tho recetIon. Those' two 
factors msdo it essential to study the effect of different 
casts on the kinetics o deco2Tosition of nickel oxalate in 

the presenee or water vapour evolved from the Sample ena to 



com re these results with thee() Obtained in section 3.13, 

c:xperimento doscribc.1 in thit section and. 3.13 were 

raflC in apparatua with pollota•. 

ariugulja4. Oacrre4: Beth these gases react with One or the 
other or the reaction prOducte-end hence their.  efreet on the 

kincticeor the deempooition reaction could not be ct).1ilied, 

eloVeaown the reaction aulto oonaidembly ana the 

.final. Dresser. of CO2  recorded was norly 3/4 of the original 
• value rer.the smme- maas of.rUC,

! . 0 	Thia le probably üue to 4 4 
Aho reaction or O. with the finely divided Ni reoidue, thus 

. oiSoning the nuclei. Parther, at 02  le being romorud. from 

systml by reaotion, the meaCured ratele the difference. 

the rate of decompoSition of.1,11 0 a d the rate of 

oxidation of Ni, The wane Per too final Drecourc cur:goats 

thult nocrly all 7.:1 has been ocd by 0 accorainr: to 

equation: 

2 
	

211/0 

7:ith .12  the tvossure in the system a artt to . 	• 	. 

decreace.artor Et certain amount of decomposition has tiken 

ace, indicating a gas-These reaction between 	and the 

reaction producted, Pig. I ishows a comparisonor.p4 

ourvwe in breeence of 

clew, 

vapour), ET 0 (vaTIour 

 



UtroPeni 40111410.selk 4oxtde: The effect of these 

cases at difVcrent pressure hoe been studied. The kinetics 

still obey the Avrami-t'xofeyav equation from 44 = 0,05 to 

01(= 0.75 and the decay period le Pitted by the unimat-ular 

decr law. Fig. 12 shows he.  coaoarisoa o some 04-t curves 

under different rreesures 
	these rs,scs and Pica. 13 and i4 

show the fit or the tro equations. Loth /1 and UM rate 

constants decrease rith increasing preaaare or the gas, 

whereas the 41duction period increases vith increasing 

pressure. The 3i= rae constant falls chsrplv with pressure 

ecoming Constant at hish pressures 	150. The variable 

has been aaed instead of P for comparison. The MD rut() 

constant falls linearly 	PM vhore P"is the preestire or 
gee and U its moleetiler weight 1g 15b), The'Andaction 

porlol rises linearly with XI for fs tire 	but the effect 

of COQ  is more pronounced it high prezvAlrec (rig. 150)i 

Table 10 shows numerical val-s.0 of to  and the rate constants 

for these run 

1  c 	feel,, of Prinaini. 1;cfore studying tlLO decomposition 

of pallets made fran oxalate meta mixtures, it was - 

necessary to find eat if Cher& vm1.-,  any effect alto to 

grindirw.  the dehydrated nickel oxaate, because it was 

intended to make a uniform intimate mixture of salt and 

metal by grinding them together. Therefore, nickel oxalate 
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was ground in an agate mortar for .five minutes and a pellet 

was made. Rune at lower temperatures were done in keparstus 

by the differential methoA while those at hit teMperntures 

(aove 260°0) were done in ipsratws by the occumulvtory 

method. All these ram tort A uniform'eontinuous series 
e5lowing.thfA there is no real difference between difterential 

and scaumulatory rune for thia series. The reootion le again 

found to obey 	eeuetion from of= 0.O 	O.& for accumulate:7 

runs End oiCa 0.13 U.60 4or. differentitl runs. Pig. 16 

shows the EX t. lot for the whole aeries and' ir 17 thow3 

the 18 plot for ow irferentiel and one adeumalatory,run. 

The decay period is also fitted br the unimoleealar deew: 

law and a representative plot fo  for both accumulator and 

differential runs LS ehown.in ig. 18. The values of rate 

eenStanto'bre rivn in Tables 11 and 12. The ,;.rrheniue plot 
of ;AI': rate constants io shown In Fig. 5e for comparison with 

the powder 	'lets made from la:Aground powder. The 

lines show tit there its a'slight inemkse in rate constants 

an prinding. the activation energy remaining the same. 

3)0rtje pr 	(Kesiaue), /43.7. ;AAA 41 Pellete were made 

containing 4=4;: VI. (residue left after the decompoeition of 

ViC204 from previous runs), 9.1 Au and 19.V Pt. Runs on 

memento or these pellets were carried out both by 

(lifferentiel and accumuletory methods in ieraretua and 33 



respectively in the st40 wcw a in auction 3.14. 17one of 

test 	t&ls were fourk.:;. to hi.vo any apprecicIble cattilytic 

ef,rect on the do omposition of NiC204  mc 	plot for 

one accumulatory run with eac14 metal ure *Min in i'iç. /9. 

Tables 13 cult 14 give the n1uo cx 	unD rate 

constants and the 	s'or over which hese equations 

Pig. 20 (Shows this .4rbeniut3 plot 	all these rans 

with.  those in section 3.1Fusin4;; 	und UM law.  rate 

constants, ;.here is eqmo scattcr but it col*bo seen that 

addition at these etas exerts no apnl'ocible effect. 

)Fig, 21 is a 1A.ot osflog to  v3.0: br All thecc runs with 

thosc in scctioA 3,46; shovirv,i 	tì.. taut there is mo 

effect of ni:cinOletaleon the renction. The'volues of 

to to given in Tables 13 end 11. The txtIvation energy 

fond from this plot ic 36.7 Lea/mole.. 
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• • "' 	rte.1 • 

Cii".”: 
rs:TI 	') T4  -7 	 y try 01.1;ii, 	•„, 

158 	262.6 	1.66 
2Ci.' .9 

	

270.5 	
.e1,1,47 

15s) 	 i .83 

	

273.3 	1.420 
1 	277.0 	e.1175.. 

!;r: 	2e0.2 	• i aro o 
157 	L'et .6 	k * 
153 	24,s7i: .aY 	1 3; 6 
154 	235.9 	1 .78Q6 
15b  

6;.40 

36,6 
JO*4 
,23,0 

0 
biiG 

13.4-  
10.0 

.6 



Ru.n TemvoC to'{TOK i"m&n ~1 ? ,,( -I'rme! 128 k" 

158 262.6 1.6664 .02800 .05-.44 2.4472 
156 268.9 1.8447 .01+160 .04-.43 ~.6191 

150 270.5 1.8392 .U5137 .04-.60 ~.7107 

148 ;}.73.3 1.8i.98 .O!>5}; .03-.40 t.7431 
142- 2.77.0 1.8115 .06571 .0";-.62 2.8117 
145; .2tH).2 1.8070 .\)"71U!i .01-.66 :.8;;18 
1 ;,,7 ~~1.6 1.80.;:.;4 .0.,:;17 .01-.7'i:. :!.a~66 

153 Itd,.6 1.7986 .v~1~7 .O~-.7':t ~.~6u3 

154 2Ci5.~ 1.7iJci6 .1120 .o4-.6!.1 1.1.)4:.12 
15.5 1.:~";.2 1.76iJ7 .1333 .U1-.~4 1'.12451 



2.6373 
.2.7125 
2.7569 
2.8050. 
2.9270 

2.9743 

3 

TABLE 

MakAL D5‘.011P041TIQ OF PC,0  Iir PRWSENC15: OF 
17,TAR VAP90A, RATS CONSTANTZ; Di;TEiNINED FROM 

TemD°0 -  

UMD LAW 

it(mtn ot 03  T0h 
26.'; 1.6447: .0433i3 0.4 ..., 0093 
s70.5 1..8392 ..5158  0.53 -.. .94 
'e::73.3 1,6298 .05714 0.48 ... .96 
277.0 1.8175 .06383 0.49 .., .40 
260,2 • 1.6070 .08451 0.52 ... • .96 
281.6 ' 1.8024. .09424 0.56 — 	3 

156 
150 
146 

142 
149 

157 



178 
	

0 
181 	20 
	23.71 

180 	53 
	

36.5 
177 102 53.4 
182 250 83.7 
183 500 11.3 

THFRMAL DROMPfnITION flJ 1110  0 t  EFF=T OF Onin flN 
INDUCTI pmEnDs ANIVRATE CONSTANTS  

Temp. 276°  5°0. 
Pressure of V 0 	1.8 0.3mm. 

klmin 1t(min 
UMD 

.07563 

.96250 

.05000 
,U458 
.03696 

23 	.0875 
21 	.0520 
30 	.9545 
30 	.0370 
34 .U350 
38 .0435 

208• .100 	20.0 	2 	.0510 	.07U60 

	

207 335 36.6 25 .0b40 	.06476 

	

tie 206 404. 44.0 32 .0510 	404801 

202 
203 

CO 204 
-2 

205 

52 47.6 
106. 66.3 
244 103.6 
387. 130.5 

32 	.Q63:-) 	.06040 
38 	.0 ,)14. 	.04946 
50 .0351 	.03605 
60 	.393 	.03214 



TABlig.  11  
• 

TRAWL DZOOMPOSITION 0? n0204:  InisiARM OF'040UND  
• pCmDER. RATS CoN4TANTa 	F. 	Ag. B;;TATio  

13IPWRENTJA4  

Asa Isteg 	 klmln 	Ke-range  

121 241.9 1.9414 .01110 .16-.66 

120 246.3 1.9245 .0168 .13-.71 	. 

122 248.0 1.9186.  .0171 .15-.76 

113 251.1 1.9073 .01830 .17-.62 

119 251.9 1.9043 .0190 .11-.67 

AO0UMULATORX: 

172 	255.2 1.8925* .02675 .09-.63 
171 260.7 1.8730 .03343 .06-.79 
166 263.4.  1.8636 .05675 .08-'77 

165 266.8 1.8518 .06360 .05-.8 

164 276.0 1.6205 .  .1(i56 .0 	a 
163 279.5 1.8093.  .1100' v4;-.83 .  

2.0453 
2.2253 
2.330 
2.2625 

2.2788  

2.4273 
2.5241 
2.7540 
2.8035 20 
1.0412 	11 

. 1.0414 



:.4954 
7.6157 

.55 	2.8005 

.60 97 T.1065 

.60 96 T.1714 

38. 

pir tR AL DRCOMPOSIT 

 

0 	L, OF GROUND 2 4 
vilVT) RfV94 	LIT,.  

 

PM-Dn. RATE, CONCTA 

DIFF NT  

121 241.9 1.9414 .u1590 
120 246.3 .19249 02Q00 
122 a48.0 1.4.$1t5U .02U9J 
113 251.1 1.9073 .0550 

J,CQ 

172 X55.2 1.8925 3 	'9 
171 260.7 1.873U .04128 
166 263.4 1.4636 .06317 
164 276.0 1 62,)5 1273 
163 27:.5 1.3093 .1484 

Terq °9 1 lei: asIrri  ) 	0‹-rwe lost 
2.21)14 

53-.95 2.30u 
.57-.94 2.34ua 
.51 5 2.4065 
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TABLR 1,3  

ThTMAt  DRCOrOZITION OF /40204. IN PRESENCE OF, - 

METALS,. :RAT',  CONCT1NT ETERMIFb FROM AF EC,IJATIONs 

Method. 

1) = differentia 

Ni.. 

run; 	A = sooumulatory run. 

10 iT°i 	(min 	, 06-range 	log Temp_O 
118 	241.6 .  1.9425 150 .00850 14-.82 3.9494 
116 	245.2 1.9290 105 po1l$0 .o5-.69 2.u755 D 
114 	251.3 1,9066 65 .01604 01-.82 2.2562 
117 	254.0 1.6968 •50 .01940 .07-.71 2.2678 

10 	264.8 1.8587 20 .v4050 .04-.73 2.6075 
160 	275.6 1..8222 13 .0727.) .02-.71 2.6615 
162 	280.6 1.6057 7 .i)565 

 
.07-.&i 2.5645 

5A.1% Aut  
124 	242.2 1.9402 140 .01212 16-.63 2%0635 
130 	247.7 1.9197 95 .01566 7.1947 
123 	248.6 1.9165 73 .31833 .14-.82 7.2625 
125 	254.0 55 .02180 .13-.83 2.3385 

170 	265.0 1.6560 30 .05970  .04-.54 2.7760 . 
167 	269.0 1.8443 24 .06820 7.8338 A 
168 	282.3 1.8002 9 .1215 .04-.77 1.0846 

19.8'i-  Pt. 
127 	240.6 1.5463 135 .01015 .14-.87 2.0064 
129 	247.8 1.9194 80 .01339 .15-.80 2%1239 'p 
126 	249.5 1.9131 70 .91630 .12-.52 2.2253 
128 	255.14 1.8,16 45 .02026 3067 

175 	263.1 1.8646 30 .u4135 .05-.92 2.6165 
173 	272.8 1.6315 15 .06565 .04-.68 2.8172 
174 	280.1 1.8073 10 .1030 .05-.66 1.0128 



4 NI. 
Temec  

118 241.6 
116:  245.2 
114 251.3 
117 254.0 

KUM, 

191  
1.9425 

1.9290 

1.9066 

1.8968 

DigNRMI 72). FROM I)  

i:Cm  
.v1349 
.01396 
.02284 

08 

0- kt  

2.13XX 
.58-.97.:0449 
.57-.93 :.3587 
.52-.94 2.3440 

Method  

1.8587 
.18222' 
1.8057 .1295 

05769 	.57-.97 4.7611 

09279 	.53-.96 2.9675 
.50-.96 1.1123 

161 

160 275. 
162 280 

40. 

Ti,D0 14 

VIZ 	MITION OF Ni0 U IN DRU:I;w01.,, 
	TA • 

9,15 Au. 
1.9402 
1.5197 
1.9165 
1.8968 

.01717 

.02098 

.02308 

.02761 

...96 
7 

.58...91 

.53-.91 

2.2348 
2.3218 

2.3632 
:4,4411 

124 	242.2 
130 	247.7 
123 	240.6 
125 	254.0 

170 265.0 1.880 .05714 .48-.88 2.7569 

167 26 	". 1,6443 .050w .55-.59 2.:.‘542 

168 242.3 .1.8Q0 .1513 .5a-•6 1.179 

Ptt  

127 240.6 1.9463' .0i648 .60-.96 2.2170 

129 247.6 1.9194 .01046 .46-.96 2.2662 

126 249.5 1.9131 .02407 2.3814 

128 255.4 1.8918 .02728 .58-.94 e.4356 

175 263.1 1.8646 .06667 .54-.96 2.8240 

173 272.8 1.8315 .09730 .43-.95 Z.9681 

174 280.1 1.8:73 .1552 .56-.99 T.1909 



FIGURE 10 

T.D. OF Nicz04 	PRESENCE OF DVVER VAPOUR • ICE PLOT 
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FIGuRE 11 

T CI • OF NiC204  . EFFECT OF tia.  AND Oa.  . 
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FIGURE V5 
T.D. OF 14;Ct04  • EFFECT OF GokiitS. AE PLOTS. 
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FIGIuRE lii,  

T. 0. OF Ni c2o4  . EFFECT OF GASES. UMD LAW PLOTS . 
'-V 

SAME RUNS AS Stioust4 IN F14.ii. 

40 
t spat% 

20 	 40 90 
I  

too 

vo 

o•S 

i  



9 
a, 

10  Ito ViA.i.lev 

F‘GuRE IT 
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FIGURE 16 
T.D. OF NiC104 . PELLET OF QROUND POWDER . of-t PLOTS • 



11(1—.1)1 

7$. 

171. 2.64-7C 
AccumuLA-toRy 	

ilig.11C 112. 

FIGURE 17 
T.D. OF Ni C104  . PELLET OF GROUND POWDER. AE PLOTS. 
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FIGURE 18 
T. D. OF NiCa04 • PELLET OF GI ROUNI D POWDER .UMD LAW PLOTS . 
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FIGURE 19. 
T.D. OF NiC.1011  1t4 PRESENCE OF METE LS. At PLOTS . 
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FIGURE 20 
T. D. OF NiC20t4  1NPRESENCE OF METELS. ARRNENIUS PLOTS. 
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FIGURE 2,1.. 
T.D. OF NiCAI  IN PRESENCE OF METALS. ARRHENIUS PLOT(INDuc.neig 
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LajLICXf 

• r zind 1)e11ets; aocu=lotory runs: 
	4  • 

Using Appt.ratus 
	

6 r; 	o' the ca. were doomnpoccd 

isothermally. 'Raoul ti atclined on cepvcs ea repots of 

this salt :ere very irre771.voaaciblc; hence ell the work on 

hydrated snit was done on powder., rssi, Apparatus .k cools 

be used which limited the to; perature ranfe to be 

f-2/ )0 and 260°G,:eocve which the repotion becomes too fast 

to be followed accurately with a Pcleod gaage. The shrine 

of tte 1(...t curves is eitmold, us shown In rig. 22a. Runs 

und 10 were done tat tht same temperature to check 
revroductibility There is oleo an initial decay reectien 
as in dehydrated salt; this is shown in Ag. 2Zb on an 
enloreed scolc. This corresnonde, as in the dolvdrated 

*alt.; to t;:',  of the total doccosition. Doti in g. d in 

the Mae way az in section 
	this initial rorvation efain 

P 

obev's tht contracting are 	, *41-"(  )71  m kt. Fin. 23 

ohms trio chnrneteristic riots or 1-0 d vs .t. The vsluo0 

of these rate on:Aosta for P3/ rana or tAx series arc riven 

in Tcb1e 	 tot 	r with the range of ac  ovcr 	t to 

actuation holds. The Arrhenius •rzlot is town 	• 24a. 

'be ?slug Q1' activaion energy calcaintea front this riot 

is 330 keel/mole. The rent of the rt3:7-iction fretta 	MO 
to O,6 Is 1- ,,i b7 the 	equation 	n 

3. 



typical 	plots are shown i. 

constants ;limn in Mble 16. 

plot; the r.etivJ'tiol enercy  

Ag♦  231) and values of rate 

Fig. 210 shows the .Arrnehius 

3 50.3 keel/mole. 

 

144VViitA.  rAilu T;le 40(-t plots were doteminea 

 

from rate curve by numerloU integratiOn as before+ Pig. 

25a shows a typical 1,c1te curve n 3 251 the integrated o(..t 

curve. _The latter e(i.JId not be fitted by tree vramirofeyeV 

equation below .  = 0.20 but between °k=0.20 and °(= 0.8 the 

co-tat:ton bolde well; one zu,..th ?:lot i shown in. T'ic. 25a. 

.Valuoci of ttae rate aenatanti; arc given in Table 17 and the.  

Arrhenius plot 1 caaowr, in Pi, 24c. 	-etivLtion energy 

found from this plot la 31.1 keel mole. Lot: t0  va. l/T plots 

ler both aceumulatory and differential runs '.are shown in 

Pig. 	T activation energies calculated from this plot 

is 39.3 Ito mole. The numerical values of to  ore Elven in 

Tf.bles 16 and 17 Linda b ors. c, silorn for eomnarieon in 

rig. 26, are for dehydrated 34lt with an:1 without the trap, 

-osneetively. 

3.23 Dehydration of 111C„,0 	.0: The dehydration of the salt 

was studied in the temperature range of 172° 	0 u 

A7111c4ratue D. The salt wse mai:4 into t pellet which wee 

broken into fragments oz. saitAac size (12 -ia mg)4 The 

debydration of these framents wae 'ollowed by mansuring Ina 



43. 
deflection of spiral gauge. Theplots of ill (where 

deflection -in  cm and m t 10 maso of he sample in?) ve,t 

cro shown in ri 27 for' throe runo. The i.1t1cIrairt of 

these plots can ie fitted by unimolcculur decztu-  law if the 

frtIction dohydrated is calculated from a 	vhere 

is the observed deflection and 	. is the tot!..1 

deflection calculated from the mato of the,somple and the 

volume of the system (1914 ml), The range of c< over which-

uno law holds to rather uull nd Increases steadily with 

temperature* This is due to the cmplicting street of 

the Dehydration .process. TO law plots at throe different 

temperatures are shown in Fig, 20. An ',Inlicniuo. plot for 

these rate conatenta is on in :A 29 trom which e 

value or 18414kool/bolo is obtained for the actiWlion 

energy cocoented vith the dehydration 



n,TVLINED aor "Pi.t.OT 

TABLE 15  

MO:KU WaCTIOR IN THitRMLL OECWOSITION OF NiGao 

.20- 	260.0 

12 	445.0 

14 	247.5- 
10. 	250,0 

11 	250.0' 

15 	.254•5.  

17. 	255.0 .  

16,10,51. 	10  /T° 	Ximin 1j  P.ilrant 
. tip 9495 .01200 900....0O9U 2 si U72 

- 1,920. .01632. .00...0095 2.2127 

1.9115 :02045 .004...0095 2.3120 

• 1.9115 -.01870 , 	• 	. .000.0092 2f.2718 

' 	:-(42.2 ..62267 ...30-...0074 7.3555 

1.6932 ..'02525 .00..40081 4 4022 

1.8754 .05250 .4.00...0066 x.5119 
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TABLi? 10.  • 

ZIPIRMAt  pipclirc s r 0P.  Ilia-  	.tOCUMUUTORY RUNS.  
RATI? COWSTANT3 DSVAMINMO PR( '1i! AVRAVIsogiOnnli  

32UATION 

Temp°C- 04/.  k4(m4q 
12 245.0 1.9.295 .02000 
4 247.5 1.9205 ..W.456 
10 	250.0 	1.015 	.029..+4  
11 250.0 144115 .02900 
15 252.5 1.9022 .03750 
-17 255.0.  1.032 .05075 

21 257.5 1.8843 .5925 
260.0 1.6754 .0610J 

Xosr k nin 

2.3010 142 
116 

2.462] 101 
2.4620 100 
:t4,5740 72.5 
2.7450.  76.e  

207730 58.2  
Y4)60 54.7 



TOW4,,,DEO0WOSITTal' OF MO 	DIFFEWITM.RUNS. 

0ONS7OT3 DTTFRMI1' 70 1'RO1 THE .AVRAMI.i.SROPEYNV  

VMATION. 

10:/T° 	k min 	d-ronve  
103 235.3 1.9666 .01250 .25•..86 

98 	1.9562 .0400 

97 240.6 1.9470 ..01640 
99 243.5 1.9339 02040 .18-.84 

	

100 .247.8 	1.9194 	.02420 . 

	

.102- .251 ar 	1.9044 	.25.85 

320 
1461 232 

G.211 292 
7.3096 152 
2.3538. 100 
2.4487 54 



4 

TAME 18  

DEIJYDRIAION OF NW 0 .211,0: UNIMilLTZULAR DV AY 

ilgrE 09NSTANTS.  

BM' 	esp°' 	03./    XOSE k  

192 17264 	.2442 0.01316 	1193 600 16 

.*9 17066 262134 1.404773 4.2487 	600 i6 

• 193 18565 	2.1601 	0.02174 	.3373 	.00+.23 

196 	1 y2. 	2.1466 	0.02760 	2.44v1:' 

197 	2vv.1 	i.114.100 	.612b 	• 600...36 

196 207.9 •2.0766 0.05754 2.5797 0..645  
200. 215.7 .460454 60647 269169 600..651 

201 	222.6 	2.0161 	0 1085 • 160354 	600..,•61 
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Fl CURE Z2 
T.D. OF Ni C2.04. 21420 . 0C- t PLOTS TO SHOW RERODUCIBILITY. 
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FIGURE 23 
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FIGURE Vt. 
T.O. OF NiCtOii 2 HiO. PAR H E NM PLOTS . 
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FIGURE 215 

T.D. OF MiC1092HIP BY DIFFERENTIAL METHOD. 
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FIGURE Z6 
TD. OF Ni C2.041 2.14z0 APR HEN I US PLOT (INDUCTION PERIODS) 
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FIGURE 2.7 
DEHYDRATION OF NiCt041142,0. PRESSURE-TIME PLOTS . 
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FIGURE 2,8 
DEHYDRATION OF NiC104111/40 UMO LAW PLOTS. 
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FIGURE 2•9 . 

a.. ARRHENIUS PLOT . UMO LAW RATE COHTD.HTS. 
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4. DISCUSGION  

4.1 Tia:RMAL.DECOMPOSITION OF NICKSIJ OX/j.aaii.AVD, 
NICk FL1 OLiThDI-HYWiA • Accumadvioa.  aut4;. 

il the results discussed in this section were 

obtained by the accumulatory method, using powder of the 

di-hydrate, and both powder and pellets of the dehydrated 

salt. 

4.11 Initial_surface rea 	As described in sections 

3.11 and 3.21, there jean initial reaction in the thermal,  

decomposition of both the hydrate and the dehydrated Salt. 

This reaction commences without an induction period and 

decays rapidly. As the second reaction also starts et 

t = o, there is . noabsolute method of determining the total 

extent of this reaction, but from careful extrapolation of 

the decay part of dA-t plots (Fig.3) it can be estimated 

fairly accurately. The extent of the initial reaction in 

both cases (via, hydrate and dehydrated salt) has been 

estimated in this way to be .1),, of the total decomposition. 

The fractional decomposition for this initial reaction is 

therefore: 
= 	isk 	 (Ii) 

where 	is the total fractional decomposition end o(, the 

extent or this initial reaction ( o% 0.01). 



49. 

Allan and Scaife(27)   fitted their 
	

by 

equation: 

k ( (12) 

where V ire volume of product Eases* They have put forward 

a mechsnism based on the diffusion of anions to the surface 

as the rate determining process for this reaction. They 

assumed that the rate of diffusion of anions to the surface 

is inversely proportional to the extent of reaction, V, i.e. 

VAt oc 1/V, from which equation (12)  is derived. 

However the ionic conductivities of metallic 

oxalates so far studied, are very low. The extra-polated 

values of specific conductivities obtained from Finch's OW 

work for lead and mercury oxalates ere of the order of 

10-11 -1 -1 	o, ohm 	cm at 25u 	whereas 

barium oxalates are of the order 'of 10 ohm at the same 

temperature. It seems likely that the ionic conductivity 

of nickel oxalate will also be of the same order of magnitude 

end that a mechanism for the thermal decompositioh of this 

salt ba ed on ionic mobility as the rate determining process 

is unlikely (38). The temperature coefficient of ionic 

conductance is also low end for the oxslates mentioned above, 

lies between 10 end 15 kcal/mole. Allan and Scaife have 

found the activation energy associated with this initial 

process to be 47.6 kcal/role which is considerably hither 

those for silver and 



- than the probable diffusion value, which will be equal to .  

:•thet.for conductance. Allen and Scaifes mechanism being 

untenable,- theresults were examined in terms,of the-model 

of a contracting area of surface decomposition. It seems 

probable that the reaction starts on the corners and edges 

of the particles which are nucleated, within a very short 

time (probably within the time in which the saMple is 

leating.up to the furnace:temp ratUre). The produce phase 

then spreads overAhe surface' at a constant rate. Hume and 

Colvin (31) found.-that'in the decomposition of potassium 

hydrogen oxalate hemihydrate, 'nucleation of,the transparent 

plates occurred preferentially at corners and edgea. The

rate :of advanee . of•the,interface was measured directly and 

found to be constant. On-this model considering -the • 

available area as 6. square surface .of side, a, the. fraction 

decomposed after time, t, is given by: • 
-  (a-k;k 4rt.)3-ja 	(13) .. 

where kl  is the constant rate of advance of interlace. This 

equation can be written in the form: 

- 0-00k 	k(t-to) 
	

(14) 

where'k = 2ks/av and to is the nucleation time. The initial 

reaction is fitted satisfactorily by this equation as shown 

in, rigs, 46 and 23e. The values of to 
are of the order of 

3 min,reasonable value Vor the heat up time in Apparatus A. 
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The activation energies for.hydrate and dehydrated 

salt are 33.8 and 32.9-kcal/mole respectively and the 

pre-exponential factors 10 	and i0 . The agreement .59 

betleen these values shows that the surface of the hydrate 

has been dehydrated during evacuation and the heat-up time. 

The thickness of this surface layer can be 

calculated. from the surface area of the salt. The approximate 

particle size determined by electron microscopy is of the, 

order of 60004,°., For the fraction decomposed we can write 

.the relation: . 

0(0= v/V 	= ar eb, I 

or . .0(0= 	cp-b/1 	(is) 

where 1 is the, size of the particle, a- the shape factor 

(= 6'for.a cube), b the thickness of Surface layer, v the 

volume decomposed and V the total volume. All the quantitlea 

in equation (15) are known except b, which can therefore be 

calculated.. The thickness of the surface layer cornea out to 

be of the order of 10 Z1, that is a few (perhaps even one) 

atomic layers. 

The overall mechanism for the decomposition of 

nickel oxalate must be that of electron transfer from an 

oxalate ion to a nickel ion followed by the decomposition of 

positive holes: 

0.0 
2 4 
Ni" + 

----> 2e 

Ti 

2 	2CO2  

) 2e ----> 



for the hydrate, and 

log X4 = (18) 

52. 

Because the decomposition occurs at tne interface 

between product and salt, the overall process may consist 

of intermediate ones in which the electrons are transferred 

first to metal specks or to vacancies present at the interface. 

However, because or the virtual two-dimenalonal character of 

the reaction, it seems more probable that the mechanism of 

catalysis is one of an effect of the interface on the energy 

of positive hole formation (via strain) rather than the 

provision of acceptor energy levels by the metal product. 

The possible role of vacancies created in situ cannot, 

however, be excluded. The activation energies quoted above 

are for the rate determining step which are therefore 

associated with the creation of positive holes. 

The kinetic equations can be written as: 

log ic4 = 
	33,800  4- ii1.59 
	

( 7) 
k.3.5RT 

for the dehydrated  salt, where k is in the units min. 

4,14 Gecend Rea° ion: This reaction starts inside the 

crystal after a long induction period. The fraction decomposed 

daring this reaction can be calculated as described in section 

3.11. The main part of this reaction ( 04= 0.05 - 0,80 for 

the dehydrated salt and 00C= 0.10 - 0.87 for the hydrate) is 
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fitted by a Wrami-Profeyev type of equation with n = 2: 

[- log (1-44 ) 	A  = k .. to) 	 (19).  

The fit of this equation ha e been shown in Pigs. 4b and 

23b; to  is the point where the straight lines intersect 

the time axis. The use of a to  term is conventionally 

justified (35) by ausuming that the nuclei are formed all 

gat the same time t 	equution (19) then follows if these 

nuclei then grow two-dimensionally st a constant rate, 

overlap being allowed for in the -manner of ',kV-ram!. This 

seems most unlikely on general grounds for what is 

happenirw during to. It could, in principle represent 

the time in which nuclei are being formed slowly but 
then (because n = 2) growth.would have to be one-dinensionel. 

It has often been sligk.ested thc,t only after attaining a 

certain size do nuclei grow at s constant rate and that 

the rate of growth of small nuclei is much smaller than 

this. The reaction below o(='0.05 for the dehydrated salt 

and baler 01C= 0.10 for the hydrate is discussed in 

section L.13 in terms of,this hypothesis. 

The activation energy associated with the 	• 

decomposition:of:the dehydrated salt is again 32.9 kcal/mole 

and the:pre-exponential factor = 1011 '96. The kinetic' 

equationforthedehydrated salt can therefore be written 

as: 

1-. ki= 	4 11.96
3v3aT 
	 (2) 
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These values are in good agreement with those obtained for 

the initial surface reaction '(oeCtion 4.11). Therefore, 

the mechanism 'of this reaction is the same as given for 

the surface reaction, i.e. the rate determining step is 

. .the creation of positive holes. 

The decay part of the reaction from g= 0.60 to 

0.97 can also be fitted by the unimolecular decay law. 

The - fall in the power n from.2 to 1 '(unimeleoular decay 

law) is most probably ilue to the retarding effect of CO2  

the pressare of which hes risen to about 2-3.mm near the 

endof the reaction, In differential runs with the 

dehydrated oat, where the cri2  is continually pumped away,' 

the PvramiFrofeyev,equation with n 2 holds up to 

o(0.95 (Fig. 9e). The activation energy obtained by 	• 

using the UMD law le 30.2 kcal/mole, and the pre-exponential 

factor 1019 9 	7a). The .small differences in these 

values from those calculated from the AE eaation,can be 

due to.thesensitivity ofULID plots to the .values of final 

pressure, which are subject to slight errors from run to 

run. 

The activation energy and .pre-expOnential factor 

aesociuted with the decomposition -Of thellydrate are, 

however, higher than for the dehydrated salt the kinetic 

equation forAhe AR rEte.constente being; 

log ku  = 	' 	.15.90 	(21) • 
2-..3c)31L 



The higher Values of E and ,h are to be expected if the 

dohydrEAtion.of the atilt-ls also one of the ri?.te determining 

factors. In accumulator;; rune the rst 
	

dehydration is 

likely to 	slow because of the slows: diffusion through 

the lattice anti through the gas -phase to the trap. The 

dehydration reaction, as described in section 3.23, can 

be fitted by the WIT' law in t1.-e early etripes. Is the 

f,ehT. otion was stucliei under reversible conditions, it 

in exr et ?. th-t the true 	 k of dehrlration will rot hold 

tbrcugholt the rep etion becuse of rehydratien bFlcoming 

consiJerable as the rresauire.o_ waster valour increases. 

l ewever, it is reseondble to aluurneth :t 2r.,he early 

steEeep - rehydration is yOt important z:,rd the true law 

k40) bade. it wee observed thzA otmax ( the geuEe 

eflection. correarording to total dehydr/7:tion wee not 

reached even utter 1on6; intervals or tie,e at temeeratures 

t3 	as k:2",e°. 	The value of +r  (final de:election on 

the ariral t.fauie) was much smaller t4an max; hence, 	max 

wLs used. in the calculations of fraction dehydrated, .0( 

ratner than 
	

The ecmrericon ca 
	

values with the values 

eorres-onding to true equilibriul of water vapour wits, this 

salt (32) shoved t!I,A: f, was also mach smaller then these. 

This irdicates tbut the tttuirment 0. true equilibrium is 

n much alozer recess Gnd tet n r.seu..1.0 tvilibrium is set 
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up, such that furtherdehydration is very slow, It is 

also imarent (Fig. 25b) that this pseudo-equilibrium 

vapour pressure becomes fairly independent'of'temperature 

at higher temperatures. This evidence has been used in 

postulating a mechanism for the thermal decomposition of 

the hydrate. 

We. assuthe that the reactant matrix retains • 

sufficient water for it to be fully hydrated at the 

reaction interface. The reason for this preferential 

hydration is that it is just the sort of disordered 

region at which re-hydration will . oecur most readily. 

Thus, although the salt as a whole has lost a good deal 

of its water, At is essentially hydrate which Is 

undergoinr deeompositionv-spart from the Surface reaction 

already referred to. The nature of the bonding in the 

hydrate is unknorn, but it is quite conceivable that it 

utilises Ni" orbitals which are required to receive 

electrons from the oxalateion and so dehydration must 

precede decomposition. The activation energy for the 

whole process is thus, that for dehydration 4- that for 

electron transfer. Water liberated in the decomposition 

is not lost from the salt, but rather serves to re-hydrate 

fresh material at the advancing interface. 

To summakia, because the eciuiiibrium vapour 



dir 7 • 

pressure of water above the hydrate.  is never attained,  

the salt retains a considerable fraction of its original 

water. Such water is in a state of pseudo- qUI ibriuM, 

in' that it is not necessarily bound to the same fraction. 

of oxalate but,partici7,etrIts in 	continuous process of ,  

,dehydrailon and.re-hy4ration. Such re-hydration occurs 

preferentially at the decomposition interface, aa'that 

dehydration is a n essary rre-reoaisit for and part 

of. decomposition. 

The activation energy for dehydration i found 

to be 18.4 kcal/mole (section 3.12) and that-for _the 

decomposition of dehydrated salt la 32.9 kcal/mole, 

(section. 4.1). The sum or these two values, 51.3 kcal/mole, 

agrees verb_ well with that obtained for the decomposition 

of the 14c-irate, ate. j kcal/mole. Tompkins and Young (36) 

have also shewn that in the decomposition of bariUM 

styphuate mono-hydrate the presence of water vapour at the 

nterface. plays an important:role. 

4.13 Slew Rrowthz 	In section 4.12 it was mentioned that 

the J-;vram ,rofeyev equation holds only after o(=0.05 for 

• dehydrated salt and.o<= .15 -.Tor the hydrate. 'These 
7. 

values correspond to 41(=).04 and '0( =0.1i respectively. 

The departure from. Avrami-rofeyev plot in this range. is 

shown in Fig. .30 for dehydrated salt (a) and the hydrate M. 
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The values of t and of 	above which Avrami-Erofeyev 

equation holds; will be called t
* 

and 0( • 

Focaknotc:, Values or at which the AS equation starts 

to Lit may show slight differences to those values given 

in the Results. The reason is that those given earlier 

refer to the first point actually on the curve on the 

scale used to find kl• while those given now are more . 

precise values found during the slow-growth analysis. 

Now if the model on which AE equation is based, 

i.e. two-dimensionul growth of nuclei at a constant rate 

4 is true, then the linear plots of [-log (1-/)j 

vs.t should pass through the origin which is not so, for 

in practice they intareect the time axis at teto. It has 

been customs 	to explain this departure from the law by 

saying that to  is the so-called incubation period in 

which the nuclei are forming and that they all start 

growing et a constant rate at t=t0, the pressure built up 

during this time being due to nucleation. Use of to  has 

been made in several oases where the power law holds in 

the solid-state decompositions (33, 3L4, 35). Thomas and 

Tompkins (33) have suggested a period of slow-growth at 

a smaller rate changing over to normal growth with a 

higher rate constant, but no detailed mathematical 

treatment of slow-growth has yet been given. tt is proposed 
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that during the period of slow-E o th, the some growth law 

holds ut any instant but that the rate constant is varying 

because it is acme function of gup tog= (X, when the 

interface undergoes some radical change after which the 

rate constant does not vary any further. An anblybis of 

the slow-grew h period will now be attempted on this basis. 

There are two main possibilities for the variation 

of du ng slow growth 

(4) 
	

the.t it' is Proportional to, the linear size (perimeter 

of,the nucleus, end, 

(b) that it is proportional to the surface area of the 

;n4cleua which for two-dimensional growth also 

ns roportional to'the volume., 

Mathematically, these twopossibilities can be 

written down as: 

it'( 	) 

l  and 	k( 

where k is the rate of growth ' of freshly formed nuclei. 

The results (Fig. 33) show that this is so small that it 

msay be neglected liv:Turther analysis, tso that ( 	becomes: 

= 0‹ (4) 
Now the basic assumption is that the elation; 

dy(06/dt = 	J 
	

(45) 

	

1(40  ko 
	 (22) 

	

ko 	 (23) 
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is 	for al]. value; of 	, where F'(0 ) has been written 

for 	(-1Og(1-4)11. It is shown by the data in Table 19 

that to a hich degree of awroximation, 

F(0( ) 	a o(- 	 (26) 

smali. values of c( , where a is a constant,the value 

or which is .663 below •o< tz 0 05' and u.Gb6 below 0( = v» i $.. 

atitut 	F(P4) by a ig 	in equation (25).  

d 
	it( cc 

combining (24) and (2  

ad aZ Alt 
„ 

or 	0.-  Cr d gicit (28) 

wh 	on rcez4rungement end ix tegration gives: 

log 	2/2 	3a) Kt 4 log 44 (o) 	(29) 

wk ere 04.(o) is the finite value of A at two due to instantaneous 

nucleation. The fit of this equation was examined, but as 

shown in Pig. 31a it does not hold right up to oe 9= ye(  , the 

rate increasing faster than .required by this law as $C is 

approached. The, gap between the fit of the exponential law.  

(eqn. 29) and. where the AR. late begins to hold. is small in 

time but quite considerable in 0( because of the rapid 

acceleration of the reaction» 

If, however, we consider the second. possibility 

start from equation (23), then equation (26) becomes 

o( 	)' -Aec tIoidt 	CAL 	 (N) 
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which on rearrangement and integration gives: 

°((0) 	- 94-7  4K/Ot 

where 0((o) is the value of 0( at to due to instantaneous 

nucleation. The fit of eqw)tion (31) is shown in 7ig. 31b: 

this is satisfactory right up to = 	The experimental 

evidence is therefore, that-

It:( 00 is proportional to rather 

than to Is If the variation of 

k(14) is due to the development 

of more and more strain in the 

lattice it seems lielthtt the 

lattice will be distorted all 

along the surface of the decomposed 

material (a sectional representation of this strain is shown 

in the inset figure) end .not merely at the perimeter. In 

twO-dimansional,grow h the surface area is.proportional to 

the'amoant decomposed, 0(4.  

From the slopes of the plots of - '4vs.t, the 

values of Vs, and hence of 4, can be obtained. The 

theoretical plots of 1‹,(44) as a function of ok are shown in 

rip'. 32 a and b for hydrate end the dehydrated salt 

respectively. Fig. 33 a and b shows a comparison of 

calculated values of k(o() with values obtained experimentally 

by graphical differentiation of plots or *(DC) against t. The 
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agreement is as good 'ea can be expected considering. the 

practical difficulties in measuring small values of 0( 

The.valveat. of 0( AhOW n peatter 1r toth.esses for the 

average value for the dehydrated salt ia 0.04 and for 

the hydrate, 00.5 This .wo%ild imply that the lattice 

of hydrate can withstand more 'strain than that of-

dthydrated 

From e4ua n•('43) it ie seen that the activ4Aion 

energy calculated from will be the same as that obtained 
. 	 . 

from k(0() at, any particular value of 0( .--The value thus 

fotkeol; for slow-growth is 37 5 kcal/mole for the hydrate

end 56.0 kcal/Mole for .the dehydrated salt (Fig. 34). The 

Irrheniva plots she', some scatter due to the experimental • 

difficulties referred to. The same value of E for both 

the hydrate and. dehydrated salt for slow-growth period is 

possibly due to the fact that nucleation occurs at defect 

sites which like the surface (section 4.11), will:alio 

tend to dehydrate quickly before any decomposition takes • 

,This conclusion is supported by the, fact that the, 

activation energies calculated from values of to  are also 

Abe:same for both the salts, viz., 39.3 and 39.8 kcal/mole 

for hydrate and the dehydrated salts respectively (sections 

3.22 and 3.11).' The values of pre-exponential factors also 
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agree very well, being 1015.01 and 1015.44 min-1 

4„5,14The2reti9al 9((t):olot: 	It has been shown in sections 

4.11, 4.12 and 4.13 that the whole course of thermal. 

decomposition of nickel oxalate consists of three stages - 

namely, a surface reaction, a period of slow growth and 

finally the main reaction. These stages, as has been 

shown, are fitted by the following equations: 

1 - (1-43( ) 	ki(t-t; 

0((o) 	(K/a)t 
ft 

and 
	

{.40E;(101. 	 k (t-t;:;) 
The values of it t, K le, 	and t"can all be found 

From these values a theoretical 0<(t) curve can be 

utilising the definitions of p‹,endc4 • This has 

for one run to show the agreement between the experimental 

results and the theoretical curve (Fig. 35). This agreement 

is excellent apart from the last stages of the decay period 

where the reaction is retarded by CO2, 

(14)  

(31) 

(15)  

graphically. 

plotted 

been done 
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TkPLE19. 

THF n.TT P(o("Vc<4t 	0_ SMALL 00'  

o<tt a 
0.005 0.0469 Q.07+`.07 v.663 
o,oio 0,0663 o vow 0.663 

'0,022 0.0933 0,i4i4' 0.663 
0.030.-  0.149 00732 0.663 
0,00 . 0f,114 -3 0.243 0.666 
0.071 00775 0.2646 0.671 
0,100 U.2140 0;3162 u677 
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2 Diri4'ERii:NT 

These runs were 'done to find -scut if 	 is. 

technique offered any dei ini 	dvantages over the more 

usual accumulatory one. Using the: same mass of sample, 

neither .the surface reaction nor the el ow growth period -

could be followed accurately enough for the results to. 

be analysed; the sample masswas not, however, increased 

beasims.e.crthe possibility that the time taken by the 

sample to reach- thermal eouilib ium would also increas 

For dehydrated salt, the kinetics of the.  

reaction were the same except that the rate constants 

measured by this method' were sl.i rhtly lower'thsn the 

Corresponding values obtained from accUmulatory. runs;, 

the activation energy was unaltered (fig. 5c). 

lover. values or rate constants found are probably due 

to the difference in experimental technique since this 

method is far less accurate than the sccumulatory one. 

The fit of the AE equation is'very.good (Fig. 90.and 

the equation is obeyed from . g ='0.03 to '0,97. The range. 

of temperature' over which .the decomposition _could be 

studied vas also limited because when the reaction becomes 

fast it cannot 'be followed'accurately due to short putping 

time allowed between the readings; also Apparatus B could 

not be used to do differential runs. 
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hydrate!  the kinetics still obeyed.the .AE 

equation from 01(4= 0.20 to 0.86 (of 0(m. 0.15 - 0.85 for 

the accumulatory method). The most significant difference, 

however, is in the value of the activation energy, which is 

found to be 31.1 kcal/mole (Fig. 240 for the second 

reaction. iy the aceumulatory method, the value obtained. 

was 50.3 kcal/mole (section 4.12). It seems that in 

differential runs, because the water is being continually 

removed by pumping, it is no longer retained in the 

reacting interface (described in section 4.12), so that 

the only rate determining step is the decomposition of 

YiC204. he value of 31.1 kcal/mole agrees well with that 

for the deoomposition of dehydrated salt, i.e. 32.9 kcal/male. 

The pre-exponential factor 1011'44  is also in good agreement 
with the value of 1011'96  associated with the decomposition 

of dehydrated salt. 
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4.3,EPPECT OP METALS nx TnE DECOIMMITTOF OP  

DEHYDRAT2D  

These effects could net be studied using the 

hydrate es the pelleting gave irreproducible results. 

3j Sffeet ef_eppyling: 'Grinding the dehydrated salt 

in an agate mortar for five minutes before making a pellet 

has very slight effect on the decomposition of the salt. 

it does not alter the activation energy but in mesas:the 

pre-exponentiel factor eli -htly1012. 	as compared to.  

1011.9.6 - which is hardly significant but is in the right 

direction, for grinding would be expected to increase No, 

the number of nucleus forming sites, and therefrom k, as 
Op 

the measured rate censtent, k, includes a.factor No  for 

two-dimensional growth. 	he Arrhenius plot .(Fig. 5e) 

includes.  points obtained from both the differential and 

accumulatory runs, showing sin that there is no essential 

difference in resulte'obtained by these different techniques. 

4.32 Nffect of metals: 	4.4 Ni, 9.12L Au or 19.8t;,' Pt had 

no appreciable catalytic effect on the decomposition of 

nickel oxalate 
	

he Arrhenius plot of .1" rate constants 

and WO lew rate constants scatter about the same straight 

line as those for pellet made from ground powder (Fig. 20). 

Previously ?rout (37) had. found that for lUin04  the addition 

of end products had no catalytic effect on the decomposition 
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of this salt; 	rout and. Tompkins (17) heve also reported 

that there was no effect of end products in the decomposition 

of Hg0204. It eems likely that only the metal formed in 

the lattice of he suit can have a catalytic effect, 

whereas mixing it mechanically with the salt does not have 

the same effect. This, supports the view expressed earlier 

that the catalytic effect of the product is due rather to 

strain than to the participation of metal in the reaction* 

There may be a further reason in NiC204  because the growth 

is two-dimensional and the nuclei formed on the surface do 

not grow into the crystal (Section 401)* 1-es the surface 

already contains u large number 	potential nucleus 

forming sites the inclusion of metal particles will have  
no appreciable effect* 
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4.4 EFFECT OF D I F F RENT ASES  

4,40 rtreot 9f water vapour: Water vapour has a strong 

poisoning effect on the decomposition of NiC 0
4* As 

dehydrated salt absorbs moisture from the air during 

handling, the effect of water vapour can be studied simply 

by omitting the cold trap in the system. In Apparatus 

the water evolved could easily be measured on the spiral 

gauge and by keeping the mass of the sample constant, the 

pressure of water vapour could be kept constant at 

1.6 ! 0.2 mm of Mercury. At lower temperatures the AS 

equation only fits in the range 01r= 0.05 0.40, the 

decay period being fitted by the UMD law, rxereaa at 

higher temperatures nearly the whole Course of reaction 

is fitted by the AR equetion with n=2 (Fig. 10a). The 

rate constants are always lower, however, than the 

correspondinF values when water vapour is removed by 

condensation in a trap. It has already been shown that 

dehydration is only partial even at decomposition 

temperatures and that a certain amount of water rem ns 

in the salt particularly at the reaction interface. With 

fully hydrated salt, this is sufficient to keep the nickel 

oxalate at the reaction interface hydrated, but with this 

partially do-hydrated eult, without a trap, there is 

sufficient water to hydrate only some of the nickel oxalate. 
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The result is .a reduction in k but no ehenge.inX, as only 

the unhydrated oxalate-decomposes. The bresk-downin the, 

n-2 law at relatively early stages is connected with this 

inhibition by Water.' .Thus,a0ligherlemperatures as the 

dehydration becomes more and more complete the range of 

applicability . of AE equation increases. The inhibiting 

.• effect of watervarour is most pronounced on:the:length 

of the induction period; nevertheless the value of the 

activation energy, whether determined from to, 'or from 

either rate law remains unchanged (Figs,,5d, - 7.and 8) in 

keeping with the above hypothesis. 

The poisoning effect col: water has•also been

observed in mercurie-oxalste 07) and oxalates of the 

lanthanon series (26). 

It was found in a further.experiment-that water 

vapour does not :react chemieell;rwith Ni nuclei, by 

condensing all the gaseous-products of decomposition at • 

the end of - a run in a cold trap using liquid N, as coolant, 

whence no residual gas pressure was observed showing that 

had been produced during the reaction. 

Ps the water vapour diffused very slowly to the 

trap in presence of a high pressure of gas, the subsequent 

study of effect of other gases 'on the decomposition was 

made without attempting-to condense the water vapour. 
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4.42 Fffect of 0, and N . Both these gases reign with 
the products of decomposition and hence their physical 

effect (if any) could not be studied. 

02  presumably reacts with Ni nuclei, oxidising 

the metal to Ni0 	ince the reaction is followed by 

pressure changes the net rate ie the difference between 

the reduced rate of decomposition of N10204  and the rate 

of oxidation of Ni, This view is supported by the values 

of 4 	(where 4) final deflection und rev/eight of the 

sample) in two mimes. In run i78, 12.0 mg of NiC204  
produced a final deflection of 5.6 cm on the spiral gauge 

when the decomposition wee carried out in vacuum and 

without a trap, whereas in the presence of 02  (pressure 

60 mm of Hs) 9.5 mc of NiC204  produced 2.55 cm deflection. 

The two values of the ratio Oi./ are 0.467 end 0.310 cm/mg 

respectively. If all the Ni produced is oxidised to NiQ 

the pressure decreece due to it should be 1/4 of the 

pressure of CO, produced provided the reaction goes to 

completion. Hence the # , values should be in the ratio 

4:3 and the observed values are in good agreement with 
this conclusion. 

For 	the pressure in the system first rises 

due to decomposition of NiC204  and then sturts to decrease 

(Pig. li) showing that e gas phase reaction is occurring. 

The precise nature of this reaction wee not investigated 
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but it seems probable that the reaction is the reduction 

of CO, by 1 	for which the nickel nuclei act as a cutalyet. 

4'43 Iiffect of He, 	and CO2a The effect of a variation of 

pressure of these gases has been studied keeping the 

temperature constant (276.0 0.5°C) and the mesa of the 

sample within the limit 15 I 3 mg; the pressure of water 

vapour was 2 = 0.2 mm of Hg. The induction period, to, 

increases with increasing pressure. If to  is plotted against 

PM (where r is the pressure of the Fes and M its molecular 

weight) a straight line is Obtained for N2  and He, but the 

effect of CO2  is more pronounced at higher pressures of 

this gas (Pig. 15a). The second reaction is again fitted 

by the AE equation with n=2 but the range of o( over which 

this equation fits is less, i.e. ol(= 0.05 to 0.58. The 

decay* part from e(c 0.55 to 0,55 is fitted by UM law. The 

plot of the AE rate constant against pi shows a sharp 

decrease up to 47,17= 40, above which it remains appreciably 

constant althou6h there is a considerable scatter (Fig. 150. 

UMD law rate constants chanke more reproducibly with the 

pressure of the ges end the 'plot of UUD rate constant 

againat ,4-11 is linear (Elk. 15b). 

It has been shown in section 4.11 that the presence 

of water vapour retards the decomposition of nickel oxalate* 
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The further retarding effect due to these gases seems 

simply due to the slower diffusion of water vapour from 

the reaction zone except that the effect of 002  on the 

induction period ('ig. 15c) which is more pronounced. 

This shows that the higher pressure of CO2  react with 

Ni nuclei, thus prolonging the induction period more 

than do the other •k.ases, He and N 	iafter the slow 

growth period, the specific retardation by CO2  is not 

observed owing to the inhibition of the reaction by the 

water. Clearly any back-reaction during the induction 

period is more apparent because of the markedly 

auto-cuts-a tic nature of the kinetics. 

For the same reason, there is a sharp drop in 

the 	rate conetunts. 
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The thermal decomposition or ammonium 

perchlorate was first studied by Naomi and Aufsohlager 

(1) and node (2), who both investigated the products 

of decomposition, node found them to be N2 2, 0121,  

0 N1, end N 0 Later Bircumshaw and New an (3) 

undertook a detailed kinetic study of the thermal 

decompo,ition of this salt. They found in addition 

to the above: C10211101% and. N204  in the products 

of de:cove:311Jan below 300°C. Bircumehaw and Newman 

agree with Dodo thLt the equation representing the 

bulk of the decomposition products below 30(PC is: 

4 NH 4C104 	J. 	* auQ s 211t,0 

For.the reaction they propose the following euation 

as being more representative'above 350°C, though not 

completely quantitative: 

.2 N1 4C104 	0, + 1+11  20 + 2NO 

The low temperature decompoaition (21 

did not ro to completion, but ceased after of 0. • 

leaving a residue of !W01% chemicallyidentical with 

the salt and showing identical x-ray patterns. Galway 



0 ) showed a strong catalytic effect, more 
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cobs 4) have c ria0 this zd sho 	tau the 

xycssidue had much greater aurface terera than thee original 

salt and corresponded to blocks of material of size of 

the same order as that cif mosaic blocks in the cryetal. 

Theey have concluded that the loe-temperature reaction 

represents the decomposit on of strained material in 

the inter-mosaic crain boundaries, whereas the high-

temperature reaction (5) represents the decomposition 

of unstrained material forming the core of the mosaic 

blocks. 

nxides of the trensition metals (such a 

MnO, or 

than 30 	mposition occurring and the induction 

period 	reaction being reduced (3). Ceseoue 

ammonia, on the othmr hand, increased the induction 

period and reduced the reaction rate. Addition of 

NT14NO3  or l3c104  reduced the induction period. 

Bircumehaw and Newman (3) fitted their results for 

the low-temperature, reaction to the Prout-Tompkins 6) 

equation; 

00 ,d0 = kt 4 0 

reas 	ay and Jacobs (4) found thtit"the   fit of 

this equation was not uniformly satisfactory. Visual 

observations of whole opystels (3) show .th t the 

nuclei re forme/ on the surface and grow three-dimensionally 
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until u coherent i.ntert'ce is built up which then 

penetrates into the crystal. This model leads to 

the kinetic equation which avproximates 

(1-d) 	Oct )11  

gown as the i,vrami oVeyev 

(7,8).  

The rea►ulte are t 

ith ri=3  in the orthorhombic region and nag in the cubic 

region. This model is conciatent with the obeerrved 

facts. chultz and Dekker (9) have caloulated the rate 

of linear progression of the reaction interface through 

an ammonium perchlorate crystal on the basis of en 

assumed model for the transition complex, and compared 

their results with those found experimentally by 

Bircamshaw and Newman (3). The high-temperature reaction 

is fitted by a contracting-cube formula (5): 

4-  I - (1-00kt 

which can be justified theoreticsi.ly in contrast to the 

empirica power law; 

p 
	to 

used by i ireumahu 	wman (3)  (with n=.5). 

The basic steps in e thermal decomposition 

or 	810 are proposed to be an electron transfer 

process for the low-temperature decomposition, and a 

proton-transfer process for the high-temperature reaction. 

atis ctorily by this stion 
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a 	and Jacobs 	have also etuclie4 

the effe of 4nQ2  on the thermal deoomposition of 

r1146104. There is an initial fast reaction which, 

after an induction period is deceleratory; when 

this reaction ceases, the rest of the salt decomposes 

according to the unimolecular decay law. The initial 

reaction is believed to be cat lysed by Vn ions 

which sot as traps for electrons. This ends when the 

contact between the salt and oxide surfaces is lost 

and the remaining salt decomposes as isolated blocks. 

Carbon can catalyse the high-temperature 

reaction (11). The kinetics in the presence of 

carbon are fitted by a power law but the vul ie of 

the exponent n varies with temperature. Al higher 

temperatures, ignition of the sample due to self heating 

occurs. 



The gen. eral heat conduc'ulon ev,atIon for 

erothernic rea-tion in an isotropic medium at canstant preevare 

can bo written ace 

021:3(dT/dt) = Xce:T Q e dt 	 (1) 

here C is the • s)ocific heat at constant i-xessure 

(cal.dee mole 	C the concentration (mole cam" 3), T the 

aboolute te.,..11eratar:4 t the ti on (roc),, 7% the thermal. 
z 

conductivity (cal 	8C On ), V the Laplacian operator, 

a 	the heat of reaction (cal • 0.310 	a qat- the  

rate of reaction 	at twaperature T16.. Most of the 

irvertant self.heatim theories have been concerts tith gaseous 

ey‘stAme, iiowvero  they can be °nail" applied to Goads. in this 

text the equations are written in tho fora directly applicable 

to solids. Therefore, equation (1) will. be  re-written as; 

Gp rAdlidt) 	w VAV2IT Q ist.0  otalolt) ( 

wthere ra is the men of the said at tine to  no  the initi&. mane 

4.41/0the fractional rite of decriapesition. Op and 

two now in c--a1 	liere tam: baeic anfoxk)tions axe 

randet (i) c. linear law of deca-apocitiono  i.e. 

(54 oqdt k .tke 	; (ii) the conaimptien of reactants to be 

neglUibleo  i.e. a so  and (iii) rivlacanent of the conduetion 

tarn VWT by a heataost; to 124S(Ure); it may be noted that 



this wes Semenvea'(U) assumption of a-uniform 	, 

-temperature 1- >i: (but eee later), 	Equation (2) ma.y.  

then be written as: 

Gp.mo  (1T/6(t) = e%S<TeTo'i,4,  4tm 

where T is now the mean temperature, S the surface area 

of the solid, end 	the effective heat transfer 

coefficient. The first two assumptions may be justified 

in many cases but may prove to be serious approximetions 

in others. The third assumption of uniform temperature 

has been mude by uemenov (12), Rice et el (13) and 

odes (14). Gray and Harper (15) have shown that such 

en assumption is justifiable. The assumption of uniform 

temperature with en abrupt step at the surface corresponds 

phyulcully to e reuctent of infinite conductivity and low 

emmisivity, whereaa „Frank-Kamonetskii's postulute (16) 

that the surface temperature 1; ie esual to that of the 

surroundings 170  correspon a to the other extreme, i.e. 

low conductivity with high emmieivity. Heul oases will, 

however, lie in between these two extremes. Thomas (17) 
, 

following Chambre (10 has shown that the equation for 

such an intermediate case may be solved under. critical 

conditions. The heut trenofer to the boundary is 

according to rrank-Yemenetskii, 24d-r/cle)s  and from the 

boundery, eccordine.  to remenev, is fi(ç-T0) 41 The heat 

RT (3) 
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conduction ecluatton is thus ubjec o the general 

boundary condition: 

2(, (T5-7) 	(c/T/04 x)s 
	o 

car in terms of dimensionless temperature 

diwenaionle a 	to nos Jr if-A, 

ristic parameter udi; s of aph 

cyll 	of helf-width of infinite slab 

(26'0) Gs 4  (a4914 3()5 
	 ( ) 

then ( 7,  r6b, ) is larce es is small and the distribution 

approaches t ' lit of. Frank-i,amenetskii. :then ( x IC /iN ) 

is smell, yat menov se solution is obtained with T independent 

of position. Frank-temenetskii's aasamption makes a 

uniform temperature impossible: the temperature veriation 

is approximetely parabolic (19) with a maximum at the 

centre of the reactant. Critical steady-state conditions,  

in terms of the temperature of surroundings, To, are given 

by 	 e tquetion 

( RT0  ) Qwta Ae 	Vgic N/ro 	(6) 
where 	is the geometric factor, viz., X = o or an 

infinite slab and 	So 	0.88, X=1 for'an infinite 

cylinder and SI  *2 and k = 2 for a sphere and 
	3.3e. 

The analotons expression derived from the aver 
	mperature 

treatment is: 

(E / RT.2 ) Q e z: 	I/r e E T 	„ks/e 	V Cx 4-1  (7) 



beouuse '') a 	7) are of the same form , 

and' (6) is aloe' 	t is clear that the uniform 

temperature approximation can always be used with an 

effeotive heat transfer coefficient given by: 

_(e / + ) vcc, = 	 (8) 
Furthermore, Thomas 20) has also shown thet 3ust as 

can replace t,'›kiv;, when thermal conduction alone 

to importent, similarly an overall heat transfer 

coefficient ,4"" correspond to the Intermediate case: 

this is given by: 
ieit ti  66t 	/96 	(9) 

Thus, the use of an effective uniform temperature 

is in iieeping with the spatial distribution of the 

terperature and not merely a crude approximation. 

Equation (5) (tun now be Integrated on the lines 

or Gray and Ferper (15). This treatment is essentially 

the same us that of aemenov (1) with the adaition of 

the quadratic approximation to be discussed in this 

section. 
E 	0 

The 'term e-S/RT can be written see 	oe, 

where 0 0 (T-T )3/ATo2. This is obtained by expanding 

the argument of the exponential term, 	RT, by a Taylor 

series In (' To)/To  and omitting all but the first two 

terms, i.e.: 

MIT 	ig/RT0 	To2 
	

(10) 



It the quadratic approximation if eis replaced by 

1 .4- (e-2)& + 6 2  

good agreement with the exponential arproximatian is 

Obtained for the range 8 m 0-1 (19). Equation (3) 

may now be written in terms of c9  as: 

7m a IT 2 g d6Vate 	-(X...S 141; 2/E )0 -fr Arno  {14. (e 2).  6 1 .f., e plc-EA7; 

L 
or 	Zoo (16 Alt) ...7 14 (e-a-1-1.. ) + 6' 	 (1 1  ) 

re 	l'0  J-: ( el,  Aro //lifolE) e 6/11-.° 	 (i 2) 

2-:1 - Cy,  sicfr moo)  t 	 0 3 ) 

F uation 	now be integrated: 

ate ( 	d8  
ez, 	7 (04 -4-)2-+ 

(14)  
It (e- 2-v9 

z. where (15)  

nnly `negati.ve values of 	are physically significant.  
oases may be distingaished -here: (1) No 

real mote. Physically this corresponds to explosion. 
hematically: 

< 

OP 	
— 2 — 	< 

° > 	> 

	
(16) 

(ii) Two iea1 roots. 	sically this correspondsto no 

and 



0±l 
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theme tte 	; 
b 	t 1 

and (iii) Two identical roots. hysically this 

litaitin ; :ase and, detainee the explosion limit 

b 

cam 	ink, (18) snd (14): 

fl r°° 
= /0 	_ 

(8 !)z  
or 	8fi = - "cdt 

when 	b.= '4, 61  = 	/t-d/t- 

(17) 
the 

hem:4100,1y 

(16) 

In 	e limiting oondit on w 	b 

equation (15): 
'rte 

ar 
	 using (1  3), 

or 
	

(XS /aAe )CgTo/4) eE 
	

(2Q) 

Lion (11 i  is resdily integrated whe 

satisfies 	(1 7) car (id) to yield O(f) and hence 

the induction period; the so ations are in Gray and 

Harper's paper 
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1..3.1,VN1OUS uar•cr TIE:4,14AL Ex71,, 	T3r,  

Moot of the work in this field has been 

connected with initiation of explosions by friction 

end impact. 	full end critical account of this work 

is lven by Bowden and Yoffe (22) and will not be 

discussed here. Only the thermal explosions are 

discussed in this section. 

The , thermal decomposition anal explosion of  
meresury falminute was studied by earner and Bailee (23).  
The plot of log T' against VT (where 	is the induction 

period and T the abaolate to mp tare) is linear. 

mean valae for activetion energy obtained from such  

plots is 3u keel/mole. Tk e effect of cold working was 

also studied 	drogen and helium were found to increase 

the induction period hydrogen more than helium. The 

maximum rise in temperature was calculated, to be 2° 	C. 

Vaughan and Philips (24) have measured the temperature of 
loose mercury fulmincte undergoing decomposition. They 

have concluded that the theories based on "self'-heating"  

extending only over a few molecules (hot-spots) are not 

consistent with their observations. I theory based on 

chain-branching mechanism and extensive ielf-heating o 

the salt nee been proposed. A microacopic study of this 

salt has been carried out by Sinih (25). He has reported .  



thst the minimum size of the crystal wbich undergoes 

explosion is of the ssme order of magnitude (22 3/t4) 

us the values derived from theoretical considerations 

W. 
The burning and explosions of single crystals 

of u number of solids (e.g. mercury fulminate, lead 

styphnute, silver azide, etc.) huve been studied by 

fs:vuns and Yoffe (27). Using & high speed eine camera 

they have observed the cracking of single cryetals 

along crystal defects before explosion took place. I. 

comparison of burning raters in single crystals and in 

a thin film of these substences is given. The thermal 

explosions of various asides (e.g. AgN3, TlN3, 

trinitro-triarnido benzene and cysnuric trioxide), which 

melt below the ignition temperature, have been made by 

Yoffe (28). The induction periods and limiting rressures 

of an inert gas for the explosion of trinitro-triazido 

benzene have been given. Groocock (25) has studied the 

thermal explosion of a(- lead uside. He has measured 

the rates of decomposition prior to explosion and has 

interpreted his results on the basis of a self-heating 

theory. 



to apparatavp nailitAy Apparatus B ruxl. 

Apparatus C Inv() be on used. to 0114 the therm' 

decyafosition of al C10 an-3 its mixtwen with Ou 
4 4 

ARcaratus B 	beer: described in i art I (cction 2.2) 
of t; ,> thesis; only kpparatac C is doecribod here. 

zaigmulantaau.riu4Gue.oa 	 4.411.14E4 

LA994r4sgas114  
T,his klparatus i. u shownd3k7armatically in 

i ra z /4a, T.ho reaction tube Et wan connected to 

Apparatus via two standnrd ground glay.0 joints 

and J which were connected t:"Lother by a length of 
2 

preowro tit33.nc D the jointsJl  and ki 	rubber 

tub 	connections were lode vacuum 	picein 

Ira. The use of rubber tubing was reccvsary to allow 

the reaction tu'.)e to be :Low,:: ca into the heating bath 

Iviien require:3; as all the runs wore done under 250 MAI 
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preusure of N thic gistea i:rover to 1.;e quite 

satisfactory. A eylindricq steel vencol containin 

molten woods metal waa uccd au a heatini; bath D. 

To make the heat tranufor efficient, the space 

between the bath and the walls of the furnace was filled 

by ao?per foil C ani the upper end of the heating 

uhich Ixeje-tod outside the turn%ce, wan 

insulated with asheotoe wool r, to miniane the meat 

loseos• The savle 43 was in ta, form of a pellet 

with one junction of thermocou4e T2 embedded in it; 

it was made in the pellet press shown in Diamam 4b. 

Vcry fine chrarallotilumi wires (4j s.w.g.) were 

used for thermocouples T2 an. T 	pelleting 

the thernocouplc junction pas )zept opproxinat.eoly in 

the same :osition inside the pellet oich time, the 

wires co3iki out throuzh the hale:: in the head h of 

the ire:„4.1; those wore led through the open grooves on 

top to avoid breaking them during iiressing. 

the sa-aple with thermocouple T2 wan kept in 

reaction tuba It end the uwo thermocouple wires ware 

insaatod I'm each etAer by panning ono o them 

txraihra ~:i 	ss W jil ax p, Tho wie‘s ware taken 
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otzt through the vac= tieht pieoin j 

junction of thermocouple T vas kei:t in the heatina bath. 

T tare eonmeted in osl,oeition arri the differcnee 

in o.n.f. ..,pplied across a rovicualy calibrated 

galvenbraetoT G thrcaLb a variable Serie C re ci stance. The 

differcneo in te:aperatures between the pellet and the bath, 

AT • could thus be moasured, 1is  sensitivitil of 

galvanateter could, be varied by var,-447, the resistince 

in series; with no resietince 	AT 	a3u1d be 

measured to t 0.0:-.65O, with TvA1:) dhno to. 0.025PC, faith 

11=11+ dame to 0.1°C and 	/1;10 oir to 11.0°C. 

As tiv values of AT 	reacornbly Large (of the 

order ei 154  5a°0) 	ebalo resister= w.s nor,. 	used; 

only in the beginnin.; 	each xan then AT .W311 very 

lave° (the rez'ole being initially at room temperature) 

vas 1O chi used. ibis was ,acereaued to 104  ohne eta the 

eaaple boated by to furnaco teveraturep and all aubeequent 

readings taken 	this resiatance in Series with 

galvanometer. 

The temi:erature of the heating bath 0  vas recorded 

uy a calibrated ehror2e1.Alur3e1 thermocouple T1. 

The cristem vac evacuated far 2 — 3 hours before 

each run. he taverature of tile heating bath vat; 

maintained at 	10°0 higher than the ta-ai.erature at which 
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the r.In w.2.3 to be oarried eat. The nystm was isolated 

froa the iravta and dry id2  ihtro(lIrea t. tiNn 25 ) 	of 

tip iron e*  To two tide t-i or D2ira3. gauge were isolated 

anxi the reaction tab° intraatzeoti cluickly Into the heating 

bath up to a fi:xed mark no that he sample. T and 

re at the ;tea level in the bath. It was found that 

the :Icahn bath 'came to thca'aal 	8 10°C 

below the original temperature within 1-2 nin. &rine 

lihich period the saL,-;:31e afro attairsci the te.-aperature 

of the bathe  ItoaSingn otAard A? were tat:4n at -cedar 

intervals by rceoi•dir the deflection of the galvanctieter 

and of tZ.0 Oral wage* The toverature or tie heats 

bath me also checked during the Jar an -(41tai a little 

manipulation could bo keit wtkr.ltant to within 1.0°C 

&wilt a run. 
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g MATFRIALS  

The ammonium perchlorate used wee 	resgen 

grade, it was used as such without further purification. 

It was, however, ground In an agate mortar rand sieved 

to obtain fractions of known particle size. The fraction 

mostly used in this work was that below 24Q mesh B.;.S. 

particle size <66/  ). 

The cuproas oxide used was Hopkins and Williams 

general purpose reagent of specification: 'Ci 1.5 max., 

alkalis (Na) U..3 max., and Cu2U 86/. minimum. 

The mixtures were made by weighing the required 

amounts of two salts and ebaking them together, in a 

sample tube, vigorously for 10.20 min. till the mixture 

appeared uniform. 
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3.11 Reproducibility and Effect o The 

reproducibility of the results eras checked- t 265.1 	0.2 

under 40U mm T2  pressare. The 0C -t plots of three runs 

on fragments of two differ 	pellets are shown in Pig. 

the reaulta are fairly reproducible. The effect of 

varying1 pressure in the system was also studied ut the 

sum,  temperature. The particle size of the salt used 

was ( 66 ,k KO this material is called "fine", powder 

in the future text. 

The percentage .ecomposition increased with  
increasing pressure of N2 and became constant at presoures 

above 250 mm of Ng. The numerical values of percentage 

decomposition as a function of nitrogen pressure are 

given in Table 1.  

omposition of Cubic NB 	: The thermal, 

omposition 	pure" NH46104 in the cubic, region 
( 	240°0) was studied for pellets made from material of 

two different particle sizes, naze14, "fine ( < 66/4 	a 

and "course" (152 - 176 /4 particle size). The reaul 

for pellets of "line" powder ceull be fitted bw the AS 

(vitiation with n 2 from 0( = %).0.5 to X = v.o3 (Fie. ); 



but for pellets of "coarse" powder AE ec uation fitted 

the results wi h n = 2 in the range of 0< = U,U3 to 0 

and with n = I from 0< = U.25 U.85. The activation 

energies obtained are 27.2 kcal/mole for both "fine" and 

"coarse" powder from AE rate constants with n 2, ond 24.0 

kcal/mole for "coarse" powder from AE rate constants with 

n = I. The Arrhenius plot is shown in Fig, 3, and the 

numerical values of rate constants with the range of 

0( over which the equation holds are given in Table 2, 

al decomposition of NH4C104  in orthorhombic 

	 The thermal decomposition of both the "coarse" 

and the "'fine"material was studied in the orthorhombic 

region (below 2400C). The results could be fitted by the 

itE equation with n = 
	The range of 0< over which this 

equation held was from 0(  = 0.0a to 0.00 on an average 

for both the materials. The Arrhenius plot is shown in 

Fig. 3 the points for both the materials lie on the 

me straight line. The activation energy obtained from 

is plot is 32.6 kcal/mole. The numerical values of AE 

rate constants ere given in Table 3. 



95. 

TABLE.  

THERMAL_cf~.POZ. ITT 	OF "PURE" , AUMONIUM Tf''RC;IL 

EFFFOT OF N2 PR1±'3SU2?' OP to AE RAT CONSTANT AND  

DECOMPOSITION.  

Tewp 265.1 

k 	
.1 

 

(imp. 

   

R 14 0 4.6 .1610 '17.1 

R 13 .23 3.0 u.1160 16.5 

R 11 102 2.9 U.0760 2u.9 

R16 250 .5 0.'0910 22.5 

R1O 4u0 4.9 '0.0630 21.6 

R 15 5.0 23.2 

R12 76U 5.9 • 910 21.9 



8G/ON. 	TR 

;;MMONIVM PFF  BLORATE.  
kNED nom A WIATi0ji 

THER  
CUBIC 

96. 

Materiel,_: "Coarse 
n=2 1  ki,mi 0C-ran 

n01 
koAn K7ranPe Temr.°C 

R 21 247.5 1.9205 0.02864 0.03-0.25 0.02350 0,25-0.85 
T 20 257.2 1.8854 0.04136 0.02-0.30 0.03040 0.26-0.82 
R 18 272.3 1.833' 0.09265 0.01-0.35 ().0623  3.25-0.82 
19 260.0 1.8077 0.1259 0.03-0.37 0.084o .005-0.82 

Mate Fine 

32 445.0 1.9295 0,0(61 (40170.92 
16 265 0 1.b57 0.0757 fjo6-0.72  
3u '56.4 1.0680 U.U52v2 u.03-.95 
i 4/1.0 i .6376 0.1090 0. u3-0.71 
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TAIRA 3  

THKR/.1AL wzommITIon OF "PURE" AMMONVOM .PKRCHLORATR.  
oRTHMR1M4,10 REpIoN„picg comavar 	RMMI) FROM  

.AF  

g44eria1 am. pimpk!G 10 Pet; min (Osawe. 

25 223.4 2.0137 0.00936 0.06-0.96 
a 24 27.i5 1.9955 4.v1390 .04, 00.97 

%aortae Ft 23 23U.4 • 1.057 U00172Q U.04-0.57 
22 Z35.4 1.662 U.W410 • 0.01-0.58 

R.29 220.7 • 2.0247 0.00714. • 0 16-0.80 
"Fine" • 'It 26 227.b 1.95'55 .0. •  01200  

.R 27 231.6 1..i;b10 j.3183U 0.05..0.78 
R 28 237.1 1.5596 0.02090 0.03-0.74 
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3.2 TannuAL DEC: 	,SITION 07 N 6104:C120 : TURES 

All work on nya 4:Cu20 mixtures described 

in this section and subsequent sections was done by 

using "fine" rowder to make the mixtures of desired 

compositions and under a pressure of 250 mm N2, unless 

otherwise stated. till percentages ure expressed as 

mole percent of Cu ,o in the mixture. 

T V 	** * Cf 	t *t The effect of 

varying the composition of mixture was studied at 

270.34) 4-  ).2°c. .The 0-fr (where # is deflection of 

spiral :gauge) plots for different compositions are shown 

in Fig. 4. The mass of the sample for each composition 

was chosen to keep the amount of NH46104  constant at 

about 25 I 3 mg. The, 	plots. show that there are 

two types of reaction which lead to explosion. The: 

variation of % , the time for explosion, with composition 

• of the mixture is shown in Pig. 5. The time for explosion 

increases.with,increasine percentage of Cu20 up to about. 

1O aboverwhich it remains appreciably constant; ' above 

20% Cu20,' 15 decreases sharply, indicating another 

mechanism for explosion, and decreases linearly with ' 

further increase in amount of Cu20. The numerical data 

is given in Table 4. The mechanism by which the explosion' 



occurs at above 20;3 Gu2J mixtures has been csiled the 

"first mechanism" and the other the "second mochunism". 

The critical composition of the mixture which divides 

the range of these mechanisms depends on mass of the 

sampleand the temperature of the reaction. 

3tg2 The erolosion limits: -The critical mass for both 

types of explosion was found for different compositions 

at a-  constanttemperature of 2570C. -The plot of 

critical mass, m against mole , of Cu20 in. the mixture-

is shown in Fig. 6. There are two dictinet boundaries-

dividing the zones of explosion by the two mechanisms 

and the zone where no explosion can occur. The two. 

types of explosions nun be easily distinguished from 

their.p-t plots, as. explosions by the second mechanism 

occur after a relatively long time during which the 

pressure in the system decreases. 
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- THm TIMlim :f.'OR ~~XPLOSI ON FOR MIXTURES OF NH G.l01 
-, lit ,J fA 1_ 'p ... ".. ••• • 11 P I 4 i 
-,Arm C'M.i,0AT- 270.,° _ ! _ 0.2°0. 

tnl E."" af diM , 

Run me.8·,III. OllaO,ID01~_ % "t" ,.e08 _ - IPI •• u 

R 118 25.5 0.4' no exploelon -
R 180- 25.1 0.99 259 
R 181 - 22.7 0.99 250 

R116 27.5 2.01 267 
R 177 25.4 ;;.01 275 

- -

R 129 29.5 4.,6 315 
R 133 2~.4 4.56- 290 
a-169 - ,0.1 S~44 }50 
H 170 }2.8 8.44- 352 
a. 172 28.2 17.76 364 
R 173- ·~5.2 17.76 345 
R 1a4- 3,.8 -,,0.4 ';55 
a-iS5 }j.5 ~O.4_ - 165 
R 182 ,)4.4 2:'.92 147 
li is' lu.!.) 23.9~ 149 
It 17.5 40.6 25.04 140 

R 175if. 41.6 29.04 1/,.5 

R 8' h.i .4 45.3f1- 102 

It 84 ;9.7 45.39 101 



FIGURE LI. 
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FIGURE 6 
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THERM 	 OMPOaTION 4.4/N Cui,  0: IXT' 

1.3 	bp reprob Oitsr qi', resu ,tas,  The reproducibility 
wee checked by making several pellets and decomposing 

fragments of approximately same mass at 26v.15 0.4°C. 

The reproducibility of 1G time for explosion, from 

pellet to pellet wus good and the variation in 	were 

of the same order as for fragments of same pellet. The 

maximum variation in the values of A: was 1  1O;Z. These 

values are plotted in Fig. 7 and variation in 	, for 

the samplee of 45 = 5 mg mass. is from 147 sec to 

160 sec for fragments of different pellets. The 

dependence of 1.Lr  on mass was also studied. The time 

for explosion increases v.ith increasing mass; this 

increase is linear although the results for samples of 

mass. below 3U mg show a considerable scatter (Fig. 7a). 

This was aloe studied in vacuum at 26O 6 I U.200 and 

under 25U mm X2 pressure at 270.5 0.2° 	the a e 

effect was found (Fig. 7b and 70); the numerical values 

are given in T ablea 5 and 6. The increase in /^ with 

mass is of the order of 1 sec/mg. 

1.A,Asist;v0,41,qn epergy for (wlos on: As the pressure 

of gas evolved prior to en explosion wee very small for 

this composition (Pi, 8), pre-explosion kinetics 4 
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could not be analysed. owever, is 

plotted against 1/T (where "r is the mean time taken 

for explosion, and 1 	the heat-up time wee found 

empirically to be 45 Sec), a straight line is obtained. 

Fig. 9 shows this plot The value of '4<„ at each 

temperature was Obtained by taking the mean of three 

runs at that temperature* 1; was found by trial to be 

the time necessary to bring the points at hiEh temperat 

on the same straight line as those at low temperatures a 

it only beoomea important when lr is small. The 

activation energy obtained from tiiis plot is 33.4 kcal/mole. 

The numerical values of induction periods are given in 

Table 7. 

4xplosion l,i.mitel 	Explosion li.mi.ta 'for explosion 

were found by gradually decreasing the mass of the sample 

at a particular temperature until it failed to explode. 

The boundary dividing the explosion andnon-explosion 

region was found in this way by repeating the procedure 

at various temperatures. Such a plot is shown in Pig 

and the numerical data is given in Table 
	The curve 

which separates explosion and non-explosion region in 

this plot shows the variation of critical masa with 

temperature. The saiplea of WASS very tear to the critical 

mass, did not explode but showed a considerable acceleration; 
these bre marked by itoot4eidiria4as circles in Fig. 10 and 



Aire almost on the boundbxy nes. 
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TABLV 5  

THE will TIM; n'al,IODS 	3X-rIXISION, i;',Y,PROMZ;IFILITY  
Writax ON 7: ITU MA3 	2096 0.2°C tor 45.39_2  

Ci OsNR 810 MIXTURE. 

If 

t 

Single whole pellets nude in the mill pellet press's. 

MOS4.11)17 	'1G  zBeC  

6 	20.0 	 133 
tt 	 21..5 	 138  

	

24.0 	127 

	

29.0 	 142 

	

31.5 	 136 

	

39;62 	 1k$ 

	

_42.7 	 156 

	

43.7 	155 

	

40.7 	152  

	

4.5 	i by 

	

40.3 	 147 

	

4.0.8 	1 6U 

	

42.4 	 149 

	

27.0 	 133 

	

31.6 	 138 

	

43.5 	 155 
124 

	

23.1 	 126 

	

38.0 	1 .38  

  

41 
R 42 
• 43 
• 144 .  
• 45 
• 147 
R 48 .  
R 149 
R 50 
R 51 
R 52 
R 53.  

R 54 
R 56 
R 57 
R 6o 
rt 64 
R 65 
R 66 .  



&UWE 
28.8 
45.0 
47.14 
39.7 
13.1 
10,1 
5.8 

102 

  

Ion.  1CAR4ATI  
o 74}103.04  IXTURE. AT 270. I 0.2°C POE 4 

R 82 	VI 
R 83 

R84 

Ri14. 	12 

Rii5 	IY 

F 116 
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TABLE 7  

THE PIPSOTI90 PERIODS FOR EY;(11i0819N4, 45.3936 MIXTURE  
VARIATION 10TH TEMPERATURE. MASS OF THE SAMPLES 45 5 m • 
t'e at 45 sec* 

tsee sea 

259 214 

190 145 

152 107 

153 108 

114 69 

99. 54 

87 42 

Te 	°C 
R 105 251.4 
R 106 251.2 
R 107 251.0 
R 100 256.2 
R 102 256.2 
R 103 256.2 
R 	52 260.6 
R 	53 26©.5'  
R 	54 260.5 
R 	6O 260.8 
R 	61 260.6 
R. 62 260.8 
R 	97 266.0 
R 	98 266.0 
R 	99 266.0 
R 	82 270.2 
R 	83 270.5 
R 	84 270.2 
R 	85 275.2 
R 	86 276.2 
R 	87 275.4 
R 	88 279.8 
R 	89 280.0 
R 	90 280.0 .  
R 	91 286.9 
R 	92 287.3 
R 	93 287.1 
R 	94 293.4 
R 	95 293.4 
R 	96 293.2 

03/Y°K 	see, 
9062 250 

1.9069 264 
1.9076 263 
1.8889 	186 
1.8889 	195 
1.8889 	188 
1.8734 	.147.  
1.8737 	160 
1.8737 	149 
1.8726 	155 
1.8734 	153 
1.8726. 	150 
1.8546 	109 
1.8546 	121 
1.8546 	113 
1.8403 	95 
1.8392 .102 
1.8403 	101 
1.8235 	83 
1.8202 	93 
1.8228 	84 
1.8083 	83 
1.8077 	78 	81 	36 
1.8077 	83 
1.7854 	69 
1.7841 	67 	69 	24 
1.7848 	70 
1.7649 	61 
1.7649 	59 	62 	17 
1.7655 	66 



Run luting 

R 108 518.4 55.6 
R 109 521.0 35.4 
u 110 522.4 48.0 
11 	34 521.4 23.5 
R 122 523.2 50.3 
R 105 524.4 46.0 
R i06 524.4 38.6 
R 107 524.4 4±..3 
R 112 525.5 32.9 
R 113 528.6 28.4 
R 111 526.6 22.; 
R 121 531.6 22.2 
R 	43 533.6 244.0 

42 5334.8 21.5 
41 533.6 20.0 
63 533.8 15.6 

a 40 533.6 14.6 
R 46 533.b 14.0 
R 57 533.6 ik.2 
A 120 536.6 13.6  
R 117 538.4 8•b 
R 118 540.0 5.5 
R 115 543.2 10.1 
114 543.2 5.8 

R 119 542,0 5.8 

Remarks. 

NE 
N3 

NE 
NRA 

NE 
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7MiLE  

THE EXPLMION 	45.3i& 

E = explosion; NHS no explosion; NEA no explosion but 
acceleration. 
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is given in Table 9. 

ng 
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3.4 TWIRMAL, MICOMP Inmr 	4* 	Cid 001Hi el 	MR. 4  

Th, volved Obilitx of the,  res4 • The repr ucib .lity 

or, the results for this mixture was checked at 270.5̀ ' in 

the salsa way as for 454.39iz,  ixture. The variation of k f  

(an exponential law rate constant for pre-explosion 

re aotion) and t" (the induct on period for explosion) 

the *ass of the sample is shown in 

shows a general increasewith mass eh* 

ila and 11b.1; 

the values o 

kisre scattered. Hamm r, for musses between. 25 - 35 241 

the values or vary only by = 10% and 	of 

8, 
	

Therefore*  masses between these limits were used 

in further study. The numerical data from these observations 

ittetie : The pre-.a .oston reaction co 	be fitted by 

sn 	 ntial law for this mixture. The extent of fit,  
however, depended on the conditions or remotion, i.e. 
whetherthe sample exploded f  or did not explode bat was 

close t the explosion limit, or failed to explode and 

was well below the explosion limit ip-t and (log 0-t 

exponential law) plots for these three cases are shown 

in Figs 12. 13 and 14. Fig. 1Z is a plot for one that 

exploded; the exponential law holds in the bsginh 



109. 

but near the a cplosion tise the reaction becomes much 

faster than required b he expemential law (Pig. 12b). 

For simples very near 	explosion limit the exponential 

law holds all the way 	ii the material is exhausted and 
the product gases start 	react with reaotants causing a 

decrease in pressure (Fi,g. 13b). The third case is that 
o f samples much below the explosion limit when the 
erponentisl, law only holds during the acceleratory period 

14b) and there is * decay period which 1$ or course 
not fitted by this.  law. The Arrhenius plot of the 
exponential law rate constants for 3Q - 5 eg samples. is 

shown in rig lf and the activation energy obtained .frog 

his plot is 	01 . kcel/MoIe. The plot of log Vt,",-"C; ) 

against VT was also a atraight line where 	the 

mean induction period to explosion determined by taking 

the mean of two or three values of ie at the same temperature 

and t; is a heat up time found empirically to be 30 sec). 

The activation energy obtained from this plot is 28.1 kcalimole 

(Pig 16). The numerical data for these observations is 

given in Table 10. 

3,41 EFA9Pion AfrallAA: 	xplosion limits- for this 

composition were deterei.ne it the same way as for 45.39% 

mixture (section 3.33) The data is given in Table 41 taut 

the plot is shown inFi. 17. There are again three types - 
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those which explode and become faster than exponential 

near the explosion time; those which do not explode 

but show a very fast acceleration (neer the boundsry 

line); and those which have a decay period (much bele* 

the boundary line). These types are represented by 

different symbols in Fig+ 17. 
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R 123 
• R..124 
. 8125 

it 127 
• ..a 128 
R 129 15 
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TABLE S, 

THE IND6CTION PFRkODZ: TO EV-1.0210N !ND Tai x RAT6 CONSTANTS  

.TATRRUINRDjoRMI.THE Er'ONP.NTIAL LAW ton? P.RR.•EXiI4SION 

RYACTION IN TIMMAL DTCOMPWITION.010 4.567. ~0:NH~$l0li  
MIXTTIREk RFPRODUCIBIL/TY 4 N2L1?,ARI#It* WITH PPE MAGS  

OF 	SAME. T7MP 27Weok 

4 Ww— t% sec, 

30.2 0.0182 3d5 
29.5 . - 0.0196 328 

.32.7. 	. '0.0216 34 
20.5. 0.0172. 294 
16.9 0.0105 337 
64.1 NE' NE 

• 29.5 0.02 .315 

41.5 0:0244 335* 
16.0 0.0194 269. 

13.5 '0.0252 242  
;6.4 0.0212. 290 • 
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;HE 	Di JO 	PzitIODS .TO EXri.OWNi AND 	%,91'441744  
• pizgityaniu get:A 	klx,rZzg,lirp.4,  

R-"•.(.)TIOS IN.  TIM 'Tit:404AL L. Oa; OUPOLIT1024 O. 4 . 56ji, 	WM • 610 

	

Map 	3V **(1. 

R..156 22A 
1,1155.. Ps' .  
R .154 • v' • 

R 15.3 "... 
2..

152 21 
it 151 
i

.
go 

• R.149 
•11 133 
R 130.  

.429 
R 125 

. 124 
R 123 " : 
R 147 . 21 

: a 1 1113 
R135 
• #134 
4 ..136 
R137 

,R 1 
• it 1.41 • 
• R ..142 

A 1.43 

R 144'- 
145 
146 

U. 	PelAt  • tee  ITeA %Mt 	)4414. 

	

248.0_ 1.9486 	-87f 0.00665 
252.0 	0 	0:0030 
255.2 1:6925 660 	0.0112' 

	

255.0 1.8932 704 	51. 0.007O 

	

,259.7 1.6765 518 	0.0121, 

	

259.9 1.8758 539 	0.0125 

	

:264.8 1.8587 390 	0.0201 

	

0.. 264.8 1.8547 359 	0:0184 

	

9- . 270.0 1.8410 -290 	0.0212 

	

270.2' 1.8403 335- 	. 0.0224 

	

270.2 1.8403 315 	0204 

	

.270.2 1,8403 307 	 0216.  

	

270.2 1.8403 328 	 0449.8. 

	

270.5 i .0394 •3Z: 	320 . 	29 	5.0182 
276.0 1.8208 2.6 	 00356. 
216.0 • 1 	Z33 	 y . .0•0332 

ou" 1-.8o11 
282.2 1.'6004 165 
293.4 1.7849 1.20  
-2*,4.1.7645 131. 

4.6 1.7361,  84.  
302.4 1.7:)73 

66 
312:4 -  1.7076 :73 
*314.4 1.7076 74 
319:6 1.6869 59 

319.6 1.6,56 66 

	

333.8 • 1.6474 	53 

	

333. S 1.6474 	 20 
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30611i I1  

THK XXPLOSION LIMITS FOtt 4.56* 	0:NR (no MIXTUUM. 

explosion; NE 1. no explosion; BEA no explosion but 
ssoeleration 

R 157 
R 158 

.R 159 

.R 160 
R 164 
R 162.  
R 163.  
R 164 ' 
R. 165 
R 128 
•R 166 
R.167 . 
• R 132 

mg Reserks 

515.7 28.7 NKA 
518.7 27.4 
516.8.  36.6 REA 
520.2 20.2 NB 

523.6 23.3 
527.3 18.4 zraA. 

533.9 15.3 
535.4.  42.5 REA 
539.5 11.9 REA 
543.4 8.1 
557.6 6.4 
547.4 7.8 N4 
543.4 13.5 
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FIGURE 11 
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FIGURE 124 
T. D. OF 11.51% Cul° N 1-14CLO4 MIXTURE 
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FIGURE 14 
T.D. OF 4.51. ye  Cu%O:NH4 CtOti  MIXTURE. (a.) 42-t PLOT. (A 634)-t PLOT. 

a, 

2.0- 

t.0- 

0.0 	 I 
0 	No 	Zoo 	3oo 

1. .Zee 
225-

t 4cc.. 

1 . 5-  - 

7.0" 

600 400 th- 2; o 



.7o I.90 1.90 2.'oo 

FIGUREIS 
4.54 1.ce.4..0:NNkctoq. APIPIENIGIS PLOT . EXP. LAW 

RATE. Cor4STANTS. 

i.00 

1.76' 

1.5 • 

- 
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T.1. OF 4.s %cuto:milict.04 MIXTURE. ARRHENIUS PLOT (ItiDuCTION PERIODS.) 
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FIGURE 17 
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tion rature end the 

e for this oomposition ehrwed thut the m 

DTCO SITIO'g 0 23.9; OM4  a MIX P. 

explosion could occur by both the meohsnisms depending upon 

the choice of these two variable. Fig. 18 shows p-t plot 

for three rune . 216 at 267.5°C with a i6,4 mg Cample 

which did not explode, R 19 at 268. 	with 16.4 mg sample 

which exploded by the second mechanism and k 4C) at 269•2 

with a 30.6 mg sample exploded by the 

Hence, explosion limits mere found bet  
regions. The method was essentially t 

previously (Section 	plot of 

iret mechanism. 

nthese: three 

us described 

xplosion limits 

s shown in Fig. 19 	the date is given in Teble 92. The 

two boundaries describe the variation of critical mass, 

ith to persture e, To, for the two types of explosion. 
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• .`R 195 	37.6 . 	f 535 
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4 198 	20.0... 	543.2 
a 199 	18.2 	1.7.: 
R ate..30 	.54i..4 
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R goic 	• 11.6 	548.2 • 
R 245 	 53.2 
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R 211 	- 17.5 	5/46.2 	'III 
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T.,‘B' 7,12  

,EXPLOSIV 141473 .FOR 23.9: Cu--0:141i 	tfIXTUiV. 

is  fis explosion. :b ;trot mechanism; 	explosion by second 
w 

	

	 mechanism. 
'no .explosion 

Remarks Run 	moms 
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.6 MELINSIWMSNT 0? s41.4.7-d4T 	Xti 	r1W.Rgi.14  
60CMPOUITION OP 	0:NU 0 MIXTURES. 

'All the - work deicribed in this section was done 

in .ipparatus C under s pressure of 250 ram of 74, 

C it was found th±t "pure" 

smnoniumperchlorete at.  .255°C shows very little self-heating. 

.Fig. 20 shows plots 01'4.4 ond'AT-t fors 45 mg eampls of 
ure N'h610 at 255°C. There is a very small maxims 

in /VT—  corresponding to the maximum rate of 

reaction. Hence, the decomposition of pure" ?W 6104 cen 

reasonably be regarded a8'isotherms1 The variation of 

composition of,oupreus.oxidesmmenium percblorate mixture 

showedVist. there Are twe'llaiiiss:in:iheNt-t let; .-theie:: 

correspond to the trtoreadtien iikohanisma (section 3.21 

Both Of these maxima :increase with increaalhF percentage . 	. 

Of 	mixture. i ig. 21 *heels 	plots .for 

. verieue porn:positions from i.4.52 Cuip tO•145.5%.-Cup -mixtureo 

at' 255 = g°0. The mess *of the sample was taken such es to 

keep the amount :of NH 610 in it. constant 	45 - 3 mE. The 

induction period for the first reaction is masxed by the 

hestup.  time but the induction period for the second reaction 

increases-with increasing amount of Cu20; this is in 

Agreement with the results describei in section 3.21. The 

variation of AT 	for both first and second reactions 
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with mole percent.of pu20 is shown in Pig. 22. These: 

values have been obtained from Fig, 21.. 17.8 .4u d 

mixture explodes by the second .seollsnlei but 20.W. Ca 

mixture does no . and.the self-beating due to-et:Condi 

reaction is alio seell'beoeuite a considerable amount or,. 

the salt has beep dcoosPoild by the first reaction: 

3v, uu Ca mixture. shows considerable self-beating due to 

the first reaction ( 5 C) and 4545. cu Aiituie explodes' 

by the first mechanism. 

The step in QT--t-  plot during; the heat-uv period. 

is due 	phase transition (orthorhombic to cubic) which 

'occurs in NH 61  at 240°C: 

3.62 SOFAaseting in 29.0W2  C1120:NP 610 mixture: This. 

mixture can only explode by the first mechanism and if it 

does not explode by this mechanism the self-heating clueè 

to the second reaction i very small ana 

.s the induction periods to explosions by the first 

mechanism are smalli the temperature ran :e in which self-

heatirw could be studied for this mixture was very limited 

due to the unavoiably lone:hsat-up time ( 2 min) in 

Apparatus C. Three runs at different teAperatures with 

samoles of b5 	mg mg,Ess are shown in Fij. 43. It 21st 

i.54.1?0 shows Omaii self-heating ( 

first reaction Lna there 1i -soother small peak of 4"C at 
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43 min due to second reaction (not shown in Fig a3); 

R.24 at 2570C shows a peak of 180C due to first reaction 

and another of 11.20C .at  23.5 min (not shown) due to second 

reaction; i 25 at 462'1/0 exploded ( w 2.5 min) by the 

first mechanism. 

3.63 Self-heating in 17 	610 mixture: This 

mixture can explode by either mechanism depending upon the 

muss of .the sample and the temperature at which the reaction 

took place. Keeping the mass constant within 55 mg and:  .•- 
varyin8 the temperature of the reuction it was obeerved 

that self'-hcating due to the first reaction becume more 

and more eronounced 116 the temperature inereaeed until at 

279°0 (u 33) the ;sample exploded by the .first mechanism 

(Fig. 29). The value of activation energy obtained from 

log to vs 1/T plot (where to  is the induction period 

corrected for heat-up time) le 37.9 kcal/mole Fig. 25). 

3'.64 Self-heating in 4.56'Cu 0:11i 6 	mixture: 	This 

mixture can be made to explode only by the second 

miahanism. The 477-4-  plots for this composition in the 

temperature range 2350C to 2850C are shown in Pig. 26. 

There is praotically no self-heating due to first reaction 

up to temperatures as high as 2710C (R 5 at 271°C shows 

a maximum of only 10C for first reaction). whereas. R 

at 265Oc (Fig. 26) shove an observable self-heating due 
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reaction but explosion still Oe c vs by the 

echaniam, 	composition was very suitable for 

ing.self heating as it allow) a wide range of 

rature to work in and the mechanism for explosion 

induction period, to, at 

et begins to rise can also 

A plot of log to  (where to  is 

the induction period from which she he* ap time has 

subtracted) against thr is linear (Pig, 27 	The 

activation n rgy'for the pre-implosion reaction obtained 

from this plot is 30,97 kcal/Mole 

le the same throughout, 

which the temperature of 

be determined accurately,. 
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FIGURE 24. 
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FIGIURE IS. 
17.8 % C.40 NH4C/04  MIXTURE . ARRHENIUS PLOT, (INDUCTION 
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FIGURE z6. 
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4, DIscussm  
ovrongIoN OF 	RR" A 1.) 1 

tics of the thermal decomposition of 

sent/illy the aaae as reported by 

(14), end the activation energies fo 
the" 	cubic regions'(32.6 and 27.'2 I cal/wol.e 
re pectively);are ingoed.agreement-,Mith the - vaIues:reported, 

by these authors.. The meohanism ofIhe.reaction,can.:. 

therefore, be concluded to be.the same as described 'in 

4ection.i4t. However as theAtalt used in this stuar was. 
net recrystallised'(whereas 	vieus.  authors used twice-. 

recrystallised.salt)4ome differences in the valuea of 

rate constants were to be expected.' The !slues of rat* 

constants obtained in this study were: considerably higher. 

then'those reported ty.Galway and Ssoebs.(14. This is 

reasonable because the unrecrystsllised salt would contain  

small amounts of 	es which could catalyse the 

emotion. 

increase in pereent deeomposi.tien of the 

seal t with the pressure f nitrogen in the system la easily 

understood because N2  pressure would supprens the 

sublimation of the salt and hence more salt will be 

available for the decomposition reaction. .  

Reducing the particle else of the salt has two 
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important effects on the kinetics of the decomposition. 

Firstly, in the cubic region the Ai; equation fits the 

results with n 2 from 0( %).03 to 0.9U for the "fine" 

powder whereas forthe "coarse" powder it only fits 

from 0.0.03 to 0.30, the rest being _fitted by the UMI) 

law (eotion 3.12) • Secondly, the discontinuity in the 

Arrhenius plot (Pig 4) at the temperature of the plume 

transition (240°0) is less for the "fine" powder than 

for the coarse one. Both of. these observations can: 

be easily explained by the fact that there is no difference" 

in the results for the two particle edges below 240°C 

when there is no phase change). The phase, transition 

will probably result in extensive cracking up of the 

crystal. The effect of this would be greater, the 

larger the particle Size and hence in the cubic region 

the corsage powder would mainly decompose as isolated 

blocks and the uaD law will hold for most of the reaction 

which le found to be so. _or "fine powder the phase 

transition would result in lees strain and less damage 

to the crystal ant hence. the (A auction with n m 2) 

holds throughout. Similarly, the discontinuity in the 

Arrhenius plot 19 smaller for the "fine" powder than 

that for the "coarse" one. 
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hiazaahlauaiiaan )7:  '1,f-40:144o  

halhairwaiCiAL.21:14i1X414tiaal-  • Mo Varital:`n in the cant eit ion 

of 0,1 6.1 4.Ca  14::.tara ch.ova tart 	eeemosittm reaction is 

.Virntlyt bi  an oxvination or :;:.:70,fxsurc.tize 	4-ee in Fie;./,, 

thrz:e stRees 	tau: rrnetion is bo diAinvielecl. Thorn is an 

initial relation aveociatcd with a prowaire rive. rokzellj linear 

vith 	 unkrabted " tho emtalyera-1 tioca.apooition at 

ore.mad by eiritztot 	 ' :AMC triOn. Whitt rovirrni 

n in!,Inction 	eems not propacrtto for into the DIU particles 

and E:= 00 ait  I n exletly 	eituation tow boon tound 

in the deocca;poition 	(11.04  oatA yocd ij ;In32(10). Aoovectod 

frog thin hai,ot ao;>ic, the na...r.wit 	rot:elation int:mows with the 

P Writ ox" 	wt., and in hi d1y aroarent at law oataiyat 

eencontration. Ao Vain roaetilm dace* not leai W.a the ienition . 

o the salt awl the cmtent its 	arra,yol.:ale matie:tatieailys  it.  

ham not boon .  concidaral rarther in thio 	klubonscirttly. 

afte.r an inaaetton period o tho order of a Low minutes, 1:1140.0 / 

ear.;:nncoo e].ow docaaposition and the avcon realltin frixa tido 

and frsm the lnx3tir intorfnes remotion, 	D the C220 to av). 

Tao oxidation i hit:Illy exatitormia and 14-.' sui`eicitAnt cat-ayet is 

:Ivorzatt  the oelf.heating recatin raieito the tcaper7,turo or the 

pellet strive Vitt o1 the rcvlettm v6t)3o1. `The deoami2oatis)n af 

Z;104.  ear cra:z IOnU.y aeooler.nt:, o and tho oilt.bantire raft:Att.:7c 

ftzrtier addstion and from tie oxItherraisity of the 

dace.rvor,iti 	rv,jJ 
	

This ,)c-•tirc. 
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for exaxvkle, at 274 C for Oa
2 
 0 concentrations of 

creator tian 2) (Fig. • 
For lov:r cata.l.yet concentrations, the 

solf••huatinG initiatod oy tae oxidation of Ca 

does not load to oxolosion (at 270°C) but may 

result in an accolerat=y reaction Irich then maces 

without ottina falr4 under way. Thin is oLown 

by the p.t aot 17.7& Oa 0 in FIFA, 	fall in 

prossare botusen. 230 and 103 sec bein3 Ono 

oxidation of Cu,O. At hiOlar temiAaraturos or ibr 

hieher masses, the decomoosition rate of nu Q10 

woul  bo just that much hi her to enable the heat 

derived iron the oxidation of cataly t to 	te 

a rk:ic accelerl.tinc rococo. This rosult,- in an 

explosion, at this concentration, at 279°C. This 

reaction and its 4oadanicm aro termed as nfirst 

reaction" a "first nachanism" respeotivay, 

If this ofirst re:Action", assinte4 by 

oxidatIon of Ga20, fans to lead to ignition, nothor 

reaction rota in after a feu nine as. (This is termed as 

"cocond roction" and its mechanism as "second neduanisal. This 
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reaction ie,.mvat probably the deeompositton of T146.1% 

:catalysed by 040 Since the initial 'process was,helted-

by lose :of contact between Cu,0 and perchlorate the 

oxidation reaction smut - resat in. some rearrangement o 

hetwo phases in the loosely compacted pellet. Somel 

mpbiltty of the oxide phase awe result of either fraCture 

or sinterink, on oxidation to the di-valent oxide seems 

probable. The larger the molar fraction of oxide in 

the original pellet the more oxygen is required to 

oxidation and renewal of contact and the longer the 

induction period to the "second reaction". Thus the 

mese in AC with cat list concentration up to 8.5; 

Gu 0 (Pig 5) is cons .etent w 	this hypothesise The 

ability of Cu° to act as a cat* at was demonstrated by 

the following experiment: Pour pollete were made containing 

respectively the same molar concentration of Cut   as 

received, lightly oxidised Cu2  0, highly oxidised Cu d̀   
and 0u0. 	e tour pellets were respectively pink, 

pink, violet and black. The induction periods for the 

"second reaction", were in the order 4 
	

(Pig. 2 j • 

once this second .reaction is initiated, self-

heating gross the exothermic decomposition of W1146104 

ceusee acceleration of the reaction which within suitable 

ranges of temperature, muss and catalyst concentration, 

leads to ignition. Explosions could be -induced down to 



cat 	s 	the suitable choice of .other p masters. 
bows a cross-section of critical mass- 

t c erature-corn osition surface at 2 	AS shall be 

discussed later the tact that a given simple will explode 

depends on the rate of heat generation due to reaction 

and the rate of heat loss due to temperature difference 

between the pellet and Its surroundings Fig. 6 has been 

introduced here only to elucidate further, 	 sharp 

difference between the two types of .mechanisae and that 

at certain composition* (e.g. 511. Cu 0) ignition may 

take place at the same temperature by either mechanism 

depending upon the mass at the sample. The m* compost 

curve for "second reaction" (P 
	

6) shows a ri.nima.at  about 

4.56% Cu ,0 composition. s further confirms the 

hypothes 

deoompoa 

(below 4 

he second:reectioe. is the catalysed 

vm elo by CuO, because at low concentration 4 4 
ttle increase in the amount of catalyst will. 

cause a considerable tncreeee 	the'reaction. rate but rat 

much in the'lleat.loss vonditione-(14.0,'colour:and 

conductivity' of the'pellet),.and:hance the critical a a. 

ill decrease sharply. Whereas, at higher,catalye 

concentrations (above.4.5fA,'Cu20) the increase in rap to 

rate this to-more catalyst will be balanced by the oppoging, 

factor. that moreM46104.1S be 	used for the oxidetion 

reaction-so that.the heat generation factor (i.e. reaction 
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r►te) till not change very much but the heat loss 

f,ectors are increasing causing an increase in the 
critical mates. 

442 Tiotr, 

 

r 145,39%, wil4turq. ion 

  

his mixture occurs only by the first mechanist 

because if the oxidation of Cu20 does not result in 

enough self-heating to ignite the sample the amount of 

ammonium perchlorate left is insufficient to cause 

ignition by the "second reaction". The induction pe 

for ignition increases linearly with increasing mass 

ample and the slope of this struight line is independent 

f temperature (Fig 7). This is probably due to an 

increase in heat up time of the sample. Thee.effect of 

doing a run in air in piece of dry nitrogen was also  

studied. The induction period in air was much lower 

(126 atm as compared with 170 see) than that in dry 

nitrogen. This again shows that it is the oxidation of 

u,,U which starts the ignition reaction for this 

composition. 

The p 	it on .kinetics could not be studied 

as the pressure rise before ignition wee very small. 

However a value of 33.b kcal/mole for the activation 

energy associated with this process was obtained from a 

plot of log (1:;(n) against 1/T (Pig. 9) where Tftl„ is.  
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the induction peri for ignition (mean of three values) 

and 	is the heat-up time (Ls sec). This value of 

activation energy implies that although tile ignition 

reaction consists or two chemical processes (i.e. ozidution 

or ula 0 wad decomposition of NH46104) only one of them is 

rate determining. Ls the value of activation energy 

obtained is very c ose to that for the thermal decomposition 

of "pure H6104 it clams that it is the rate-determir in  
factor. 

4•2A Tt ireaL i1P-•tion, 9 4. 	54xtvre:  s the amount 

catalyst ie low in this mixt 	. the thermal ignition 

occurs or by "second mechen m" isr to temperatures as 

high as 333.a0C. The pre-explosion reaction is fitted 

by the ponential law. s it is shorn late (section 4.3) 

that th thermal ignition i 

heating of the a mple the  

undoubtedly due to the self-

t of the exponential law is 

reasonable. The rise in temper tore due to self-heating 

will result in faster decomposition rate which will cease 

a further increase in rate of heat-generation. The 

interdependenee of reaction rate and rise in tempers ture 

causes the preesure to rise !exponentially with time. This 

aspect will be discussed quantitatively in Zection 4.3« 

It is noteworthy that the decomposition goes faster than 

would correspond to the exponential law, just prior to 
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explosion (F 
	

13b) and falls away from the exponential 

law in those rune which dc not e Diode ig 15b) showing 

that the 	the exponential law is ti ely dependent 

on the rate of self-heating..Under the critical conditions 

the exponentiallaw holds all the way (Fig 13b), Although, 

the temperature of the ample is varying yet he exponential 

law rate constants give a reasonable value for the 

activation energy. Fig. 15 is an krrhenius plot of these 

rate constants and an activation energy of g.44 Jacal/mole 

for the reaction is,obtained from this plot. This value 

is in good agreement with the value for pure' salt and 

the values (23.1 kcal/mole) obtained from the plot of 

log (T-10 where I! is the induction period to ignition 

and 'r6 thehest-up time found to be 30 Mee (Fig. 16). These 

values (and others quoted in section 4.3) show that again 

the rate determining step is the decomposition of NH4ao4 
the mechanism for which has been proposed as that of 

lectron transfer (3, 4) CuO catalyses this reaction by 

facilitating this proces a.a now the electron transfer 
from 610".4 	4 to NE*  can take place via Cu+4 
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caueed by the 	eating 

I9. 

bed in section 3.6 ehow 

610 mixtures is 

s 	ple, The AT _t plots 
for is 7.8%u2  0 mixture •(Fig 24) again confirm the fact 

that the explosion o 	0;NIT6104  mixtures can occur by 

two. different .mechanis 	tier; 4.21) The "sect; 

mechanisto described in ection 4 21 is father conf rmed 

,by the 	plata for mitxturea containing C 	11 htly 

oxidised Ca.0*  highly oxidisedCu,0 and.Pare 0 (Ili 	8)* 

The induction period decrease, in the order CaO: )lightly • 

oxidised 	) highlyoxidised. Guij Cuv, showing that 

the decomposition is catalysed by qu04. The degree of self-

heating also decreases in the same order indicating that .• 

hest is lost more quickly. in mixts containing Luck (bleak) 

than in those containing 	(pink}. Therefore *  although  

CuQ is. a better catalyst 	the initiation o1 the reaction 

it is not such an etfiotent catalyst for ignit on. 

2,Thetpri of pelf-heoktinsr: The ohaniam fo 

reyaction min be based on self-hes 

resection rate for the decomposition o 

by the catalytic effect of. Cu20 (Pure 

Quslitstively the 

ti 610 is increased 4 4 
3i46104  shows 



prsetiasll, ,o sal beating in this temperature range 

Fig. 20 	to this increased rate of decomposition 

the heat is generated at a faster rate thin it can be 

loot; consequently, he temperature of the:*ample rise 

leading to faster rates of decomposition end ignition. 

Quantitatively, the heat balance equation with the 

assumption of uniform temperature can be written sat 

	

Ch
i 

'217- = XS Cr""c) 	x40 44_ 	(22) 

p is the specific hest (cal Er/  deg t dr60- 

rate of temperature rise (deg sec ); 	the mass 

	

e sample at any instant; 	, the eveffiaient of 

heat transfer (cal c 	sec deg" ). S 	surface 

are 
	T the teatpersture of the sampla at any 

instant (deg X); To  tbe temperature of the surroundings; 

CL * the heat or reaction (cal el); %N. the initial sass 

of the sample (g); and Avc/att is the rate or fractional 

decomposition. 1.4 described in se ction 4.2.3 the 

pre-exponential reaction for 4.56* Cu20 mixture o 

fitted by en exponential la*. limpirioally: 

= cent 
	

(23) 

where t is the deflection of the gauge, 	the rate 

constant end t the time. This can be written in terms 

f oe as: 

kt 	(24) 'no- 	 e 



kt- 
e 
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where 0( bete fraction. decomposed when the decomposition 

ceases (note that for 	614 only about 255 or the total 
4 4 

mass decomposes durin he low-temperature decomposition 

and consequently b = 0 25), 0 Is the deflection 

corresponding t complete decomposition and is equal to 

a b 	where a is an apparatus constant relating the mass 

decomposed to deflection on the gauge (for Apparatus C 

1.0 cm deflection/mg Ski l04; and for Apparatus 

a = 1.2 cm deflection/mg NR  6104) Esivation (24) can be 

written as: 

o4 r_ 

W • pc* (o m 

It meat' be noted here that k is not the true rate conat 
(which is varying as the temperature of the sample varies)  
but an effective rate constant which is constant Et. a 

particular value of To  even though the temperature of the 

sample is varying. As k is not the true rate eons ant it 

also varies with the mass of the sample (Pig. 11a) and 

comparisons can only be made if the mass is kept constant. 

Prom equation (25), dabkt. 	ka . Therefore,  
equation (22) can be written as: 

	

(cp /11) d 	Lz• -(0)(r- 	 (26) 

	

= E 	-r; 2 
	

then equation (26) becomes 

(CI, 1-.1 IV Vie) deNt - (24SRT,z/)0 -+ Q,sio ize< 
tearrangin; and putting m, 	1/0-00 from equation (24) 

	

0167 /60- 	( S /coo  '14 ) + G1E k/CAAT: )(00-10 (27 )  



Equation (27) can be integrated by usatuainc: that self- 

cooling term (7 /%p'") 	is negligible compared with the 

self-heating term. This we term the zera-order approximation; 

it is in fact the usual adiabatic approximation. R'ith 

tine approximation equation (27) can 'be written se: 
-  

*here 	( Cr  R T„/CIE k 	Replacing c<dt.  by a(Vk 

from equstion (25) t 
-2-- ( 

lnte. 

 1 -c< 
grating between the limits 0 to 	and 0 to 

14 .7 
. 	• 

The 'approximation 'in the logarithmic term is good or 

0(< d • 	experimentally, it was possible to judge  From 

the values or ¢ at which explosion occurred that .9( never 

exceeded - 0 1 

if explosion occurs st S. particular value of 
,t, 14 	to, the. time for explosion -c 	tn, where t Can be ca calatod 

from equation ,(28) by putqn.,  6 = n, i.e.: 
d4  

or 	trik)'14~ (K * Y...3/0(0) = w = /t.(6) 	(29). 

For the first order approxiMation, B in the 

self-cOoling 'term of •equE4.ion (27) is replaced by the 

value round from the zero-order approximation equation 

so thet (27) becomes: 

dd lat 	—ots/cp..)(vki;,),(042 kt
(lIkto )(41/--i) 

	
(30) 



(3b) 
AO 

As m m0(1-o() 

written as: 

^(0  d9 	
1C 5 	c<dt 

CA sd% 	f-- 
oc ett by dwk 

B 	toikt..") 4 dec /1-40 

	

re 	f at 	Piet 04, 

From e uation ( 32) expressions for 6 and Teem be obtained 

on integration as in zero-order approximation. 

These are: 

9 (I3/k 2 0 ) 
	

(33) 
and 	= e," WA) I— 	to /Ado 

4.33 ExqlosiOn-limits:-  From eve on (34) crib 

condition. for explosion can be predicted because as 

.1) 	04 	Therefore the critical condition , 

Is 	jg a 0 

or 
	7,;$./g) 

	

11 8 	is the critical masa. 	iting 

m* 	'(1,S/Cis  A )-e 
limits for 44..,.,34.9%6:end, 47.39 compositions have 

been determined and described in section 3 33, 3.43 and 
Equation (36) was tested for these limits and plots of log m 

against 1/T are shown in Figs. 29, 30 and 31. The 

boundaries dividing explosion and no-explosion regions are 

streight lines showing that an equation of the form (36) 

d oe"  Ix of equation (3 ) can be 
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holds. The activation energies determined from these 

plots are 22.4 keel/thole for 4.06 mixture, 33.8 kcal/mole 
and 59.00 koal/mole for 23.9 ,  mixture and 61.7 kcal/mole, 

for 45.39i,  mixture. If the heat loss is mainly due to 
radiation from the surface these values should correspond 

213 
to YE as S 04 	Bat the heat loss term is made up 

of several terms, i.e. conduction through thermocouple 

which is independent of mass of the wimple conduction 

through the glass walls of the reaction vessel which is 

complete function of mass as the wimples were irregular 

in shape and the contact area between the reaction vessel 

and the sample consequently depended more on the shape 

than the mass of the reaceant. Finally some heat is 

also lost with product gases which leave the sample while .  

they are still hot. Therefore, it is not unreasonable to 

assume that9“% term is roughly independent of mass. The 

activation energies thus obtained are in fair agreement 

with (although somewhat lower than) the values obtained'  

from the log 	plots' (28.1 kcal/mole for d4.56%. and 37.9 
kcal/mole for 17.8'i composition) In contrast the 

activation energies associated with the first" mechanism 

i.e. 5.0 and 61.7 kcal/mole obtained from limits) are 

vastly different from the value obtsined previously from 

log It' plots for 45.39A Cu20 mixture 03.4 kcal/mole). 

The reason for this deviation is not fully understood but 



ae the reaction int/Jived lc =pier 	deorai.icaiti.on 

NU 	vith IIITAILtIVIO =0 -32E MAI In Of Cott 	this incorldeteney 4 
in the rguila or activaticn (mercies ie perhaps not ton ettrprieing. 

itv lowr volvos 	activatio;; enerfar obtainod tro 	co. 

readily evq-aained b eocuilerint.; ezpation (3S) nem t o 

e •.lont1on.i-A 'se .'or.; (motion 3.41) Vac ciTectivo rata -co: ctant is 

ix rot oray a function or tot,voraturc ut aleo r :wave ( 

It tietoro.ixtinz Van litaitat  =co 	varici conddortbly ar4 hcnoz) 

the valcata o km are n1 lercet directly coariarable. Yer lower 

zasnoc ki in leder than that intarpO Asa .11%172: the Arrnentan 

plot (detor;airod tai 	rie, ortz,ao) anti hence toruiT 

prodictcd by err.ritl:In t :16) in to nr than tier sw.,orizacntal 

vailte, titre 	 enorc,y ELA:crently loom' than 

ite mai vilua, 

17)  
0,4p:test= can bc/ 	troa e<Nati:rrir. t2;.3 	(34). tae 

valt4oes 7.2;:od for a and Cfr aro 312 calig, (21) arga 0.34 

calicoloG. (eatimatocl 	annloy with ::;141100; k Arld 

obtained fro:,:. kinetic datf. Trz'z-lo 13 divos thy vri:Lu: 

aeo for aeries of rans 	which t no.= value a 
low a< 0 	enn be ot•...1.mt:1 eV -7 -3 	1. 	Ire in 	ttle 

in tarts:).  vall.v.:b 'oat tix,  1-a.c.m.nvorantlel •'-ictor jj  wry ce.,,71zik-Avc 

igp -LI-414;AI  The -Li err tnicen for 

TI%mr k 	$tf, 



to errata fuIr.•  rbo value forAgtich in ror.r..tirod to 

calculate 	in eV-MU (3J) can be. faun:1 from e4.yrttion 

(35). Wean the valizes or k anj he at ,2f,.) °C in Appsratus 

LI We value of AS is 400;7735 031 tain i  tier; 	Thic vatic of 

16$ gives Ice 0014 at 450E and an /3  Imre:moo with 

twaporoture at 1-.1:;he to:174.per:::turce it in of the cyder of 

ihorti,,Tcy vac voluf...s 	c.1.1.ctitateci .i 	the 

sore fvoi first ordtm kprortaatSfnns ewe nearly th^ ewt e. 

rir,.* elms the coare.risen 	ihooricaell. linos of log re. 

srlanai; 	tcalculatea for 	es 11  2 and od fr>15 ilret 

ordei.• ni.,;yozzitvatian) with ex:mirk/vit.:11 entt for Z..06 lailttura. 

hQ aareament is eN.calleilt and oseat at hijit 

tay.1 :ivisental paints lie Wtmon the linen far n * i an, 

Ibe deviation at :sigh tot:;,ormtarev cmy be due to incroas.::s 

Li tir; value 4,1: 	, 

ceac:.4.10.tion or 	t  p3.0tne 	(11) ayes as 

..::Iction eft. :.,nedng UK, vi.,,.1.nos of do . 0 nru.3 

0- t piati c:?,.1.1 be dot(mained Ulenretiealy ett vorieuS 

tozvcastIturott. his ha bc;.r1 do re using the data free 

Asnratun 3.•  item thqre thcoret17:11 curves ere erst7);*tred with 

the ongiar-4:2.acinigta. 9-t 	obtnirod 3n ii\proaratas it is 

found .•4".r, 	imiuction AirieSe 3. iippantun C euro 

lot ;nor than ocUctAd from Op 	usinf:: U Oat% flmxti 
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Apperatus B. As k end °40 are constants independent of,  

apparatus these dirferences must lie in the value of, 

This is to be expected as the heat loss coefficient 

will moat certainly vary with the apparatus; it is 

expected to be higher because of the thermocouple and 

because the reaction vessel is surrounded by molten 

woods-metal. The theoretical curves can' be displaced 

along the time axis by changing the value of P 	This 

has been done and ?lg. 31 shows the agreement of 

theoretical curves (with different values of P ) and 

experimental plots for 4.565 Cud) mixture. These plots 

show that the value of k is independent of apparatus 

as predicted by theory but )1 is much smeller in Apparatu 

C than in Apparatus B. This is due to difference in the 

value of ,4$ 	These plots also indicate that ,43 is not 

independent or temperature but in fact increases with T. 

Table 14 gives the value of 	at various temperatures  

and Fig. 31) shows its variation with temperature. For an 

inert solid. the heat transfer coefficient should be 

independent of temperature but for solid that is reacting 

it is not necessarily so for the product gases also play 

a part in heat transfer and higher the temperature higher 

is the reaction rate which edds to the heat loss term 

thus increasing it.  

It may be noted here that in the above diiscussi©n 



only the assumption of uniform temperature has been made 

which is quite justifiable (section 1.2) for the system 

Cui 	' Otliff 610 	Taking a reasonable value of 	(o.050 cal 4 4 
cm-1  der1  sec-1  for Alumina) and comparing 1/4," with 

found that 26 << '/Yo and 

hence the assumption of uniform temperature is justified 

(15). No other approximations, have been necessary because 

the use of an effective rate constant makes the equation 

CU) et aily integrable. 

(obtained empirically), it wa 
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TA,BL,E.13. 

US 

Temp°C 	1©g C Run 
R 156 
R 155 

248.0 
252.0 

5.42. 
-7.31 

1.60 
1.62 

-.87:9023  

R 154 255.2 -6.71 1.58 -8.29 
R 151 259.9 -5.95 1.61 -7.56 
R 150 264.8 6.93 1.55 -6.48 
R 149 264.8 -5.76.  1.57 -7.33 
R 130 270 2 6.93 1.70 -5.09 
R 133 270.2 1.48 -6.7v 
k147 276.0  6.01 1.52 -7.53 
R 148 276.0 -6.50 1.58 5.05 
£ 	135 262.0 1.55 -3.14 
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TA13:a  

VALUES OF IlEAT TRAI4S.PER CCEF1IC E iT 7`.5  DETERMIN41)  
EMPIRICALLY FOR APPARATUS O.  

Temp _q 	Xsi(a 	min 	ilea 1)  
245.8 	0.01/4 
250.4 	0.019 
253.4 	0.011 
263.6 	0.038 
266.8 	0.045 
271.0 	0.047 



FIGURE 28 
EFFECT OF REPLIKINGI Gup WITH CO ON SELF-RENTING IN T.D. OF HNC-RN . 
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FIGURE 29. 
EXPLOSION LIMITS FOR 4.6 %C.L4t0:Nii4ao4  MIXTURE. TEST OF 

S E LF-HEATI Nq THEORY. 
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FIGURE 30. 
rXPLOS1ON LIMITS FOR 23.9 %Cs4a0:NNCi04 MIXTURE . 'TEST OF SELF-HEATING, "rinow.f 
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FIGURE 31 . 
EXPLOSION LIMITS FOR 45.4 64 Cup:NH4C104  MIXTURE. TEST OF SELF- HEATING, THEORY. 
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FIGURE 32. 
CALCULATION OF 'C FROM 1st ORDER APPROXIMATION . COMPARISON WITH EXPTL. VALUES. 

4.6% Cup:NritiCiotiMIXTURE. 
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FIGURE 33 
CALCULATION OF e-t PLOTS FROM 1st ORDER APPROXtmATION. COMPARISON WITH EXPTL. PLOTS. 

4.6 % Cut° : NRyClOil  MIXTURE. 
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FIGURE 

THEOR'Y OF SELF-HEATING. VARIATION OF XS WITH TEMPERATURE. 
144% Ctip:WHIIC lois  MIXTURE. 
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