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On the Calculation of Rate ParaiDeters of Solid-state 
Reactions by Ther111ogravirnetJ:ic Analysis* 

llrl. D. Karkhanavala and S. G. Rege 

no.tr pRrn.ml•WrK nf lto\id-~~oliuta rnac·tinnfl h~~ove bct~nr.va.lun.tcfl from thod.ccomposit;ion o[ equal amoWltl 
of ellolt•ium oxa.\o.te monohydrate of rliffett"nt but cnntrHih•-tl partil'lc size a.t ditforunt ra.te11 of hoat.iag. 

H.oc·ently Freeman 11ncl Carroll' propoR()(l a methclcl for calculating the rate para· 
nwl"r~ o£ sulicl-l!tato roo.<'tions from thormo~-,tTavimetril• c·urveA. They calculo.tod the activll· 
ticm onor!!y and the 'onlor of tho rmu·tinn' for variouH readionH taking place during the 
hflatin~ UJ> to !1110" of cnlc·ium oxo.lo.t.o monohydrate. Sii1t'e tbon value!! of these parameters 
lm,·u bt'('JI reported for other oxalo.tcs by diiTerent nutb.ors••!. 

l[;\ny \"ariablos, sm·h as, 1mrticlo size, lteating rate, atmosphere of the funtace, 
tho balnm·o closig'!, ami air buoyancy, however, n.ffect the shape of the thermogra,•imetric 
c·urvcs, but t.:~w these affect tho finally calculated paramstcrs is not known. Of these 

-!~.n~!?rs, tho. oalanco design and furnance atmosphere arc not taken into &<:count as only 
one ty}A .;{balance o.nd a.ir atmosphore a.rc considered. Also for the balance usod, air buoy· 
ancy was found not to contribute ,-ery significantly in the tomporature range studied. 

Hence decomposition of equal amounts of ca.lciutn oxalate monohydrate of differ­
ent but controlled particle size at different rates of heating has been studied in order to 
evaluate tho applicability of tho method.t 

E Xl'ERIMENTAL 

li:J.uii11m oxalate monohydrate was I>ropared from E. 1\lerl'k G. R. quality Ca003 
by 6.rnt converting it to tile chloride by treatment with puro lN-HCl o.nd then precipitating 
it with pure O.IN-H.C. 0 4 • Tho precipitate was filtered, washed, and dried at 80". It 

•Paper No. 13, rca.d at the Rympo~o~ium on 'Ro.to Procoi!IIICa', held io Bombay on -..January 1, 1980, under 
tho auspiceo uf thu Indian Chemioal !locioty, · 

1. Joreema.n a.nd Cuoll, J. Pl>y8. 0/tt,m., 1058, 6Z, 30-l.. 
2. l'adma.nabhan e.l n!., Paper No. 14 of the Bympooium, •ince publiobcd in J. lJwrr~. Nwl. OAerR., 

1960, lZ, 3G6. 
3. Apr\\·al& and Naik, l'eroonoJ. communication, sinoe pubJ.i,ohed in .Aaal. Ollim. .Ad4, 1961, 

24, 128. 
tAt the Sympoalum on TbermoJ. :.lletbodaof Aaa1yais, held by the Division o£ Analyt.ioal Chemiatry, 137tb 

Meeting of the Amerill&Jl Chemical Society, Cleveland, Ohio U. S. A., April 1960, the ell"eoto of the balance 
o.tmOBphoro, air buoya.ncy, heat.ing rate. 8\o. were diaoussed [A liM O~tt,,.,, 1960, 32, 1558]. Tho liDdinga 
reported there are in 81lbat&Dtio.1 agreement with the reaulto obtained and reported in tbia paper. 
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wa.s ground and sieved through standa.rd sieves to provide three fractions: (I) 100·125, 
(2) 200-240, (3) 300-325 mesh B. S. S. The sieved portions were stored in tightly closed 
bottles. 

Th.erm'J(Jravimefric Ourvea.-The thermogravimetric curves were recorded on a 
Sta.nton 'High-temperature' model thermobalance of 1 mg. sensitivity with a standard 
heating rate of 6"/min. Slower and faster hoatinf! rates were obtained by disconnecting 
the furnace from tho built-in program met: and manually controlling the heating by mea.IIB 
of a. variac. Five runs were made for aach sized sample at one heating rate in order to 
check reproducibility of tlto equipment. The results recorded in Table I represent the mean 
of the five runs. In these duplicate runs oqua.l weight of. the material was packed to 
equal height in rocrysto.lliscd alumina crucibles. Tho temperature was continuously 
recorded on tho thormoba.la.nco and also measured on a potentiometer, using a 118pa.ra.ts 
couple. 

lliSCCS810N 

C.tlcium ox:ttla.te monohy•lra.te undcrg<)()ll throo decomposition reactions before fmal 
conversion to CaO at about 900". Tho reactions arc: 

Cac.o •. H.o 
ca.c.o. 
CaC08 

-+ Ca.C03 + CO 

.... Ca.O + CO. 

Step I 

Ste.l!, II 

Step ~j~ 

In any true evaluation of tho kinetics of decomposition, the partial pre~\ii' the 
gaseous component should be taken into consideration as well as the composition and parti· 
al pressures of the gases constituting the environment which in moat cases is air.* No 
attempt has been made in tho present study to evaluate these effects, &II these are pla.IUlBd 
to be stU<~ied sepuately. Attention has boon focussed only on those physical parameters 
(viz., particle size and heating rate-s) which would affect tho shape of the thermogr&vimet­
ric curves in all cases, 

HeatiJlU RateB 

In a closed system the decomposition of any salt is truly an equilib~henomeoon 
and it should be studied- only under equilibrium conditions, i.e., isotheimalJ?"'!!h11orefore 
methods, like thermogravimetric analysis, which are essentially dynamic methods, Cllll 

at be~t yield only approximately correct values of reaction parameters. The a.pproxima.' 
tion to the true values would obviously become closer, the closer tho experimental 
conditions are to the equilibrium conditions. 

Hence it is to be expected that in any thermogravimetry curve, the sta.rting tempera.· 
tum of de~omposition would be more or less independent of the heating rate, whereas 
the fina.l temparature would be strongly dependent. Also this effect should be much more 
pr:m:luuce:i with c:~mpl.ratively fast heating rates. The results prove these e:x:pectatio:as. 

'"That moh consideratioaa ciHl, at J .... ot in oome ......,, mateiially affeot the tomperata..,. of dlloom· 
pooition hao been clearly demonotrated by Nota and Jefl"e in the .ooae oJ' anydrous uranyl 011lphate 
[J. A_,-. C,_,.. Soc., 1960, G, 53]. 
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In Fig. 1 th3 firdt step deoomposition (dehydration) of the 100-12o-mosh materia.lls 
shown for he!Lting rates of 8", 6" and 4" per minute, Tb.e initial tempera.tures of decomposi­
tion aro in those cases 183°,182° and 183° respectively, which oe,n be regarded as consta.nt, 
keeping in mind tho aoeuracy of temperature measurement attainable. The final tempera­
turoH, on the other hand, show a marked ft uotna tion, tho temper•tures for the three heating 
ro.tos hoing 367", 312" .and 297". Tho drag of the curve naturally increases with the faster 
rate of ho=:~.tirJ.g since in this dynamie experiment, the temperature is increasing at a very 
ro.pid rate, but tho weight stn.biliso.tion is not so rapid. Thus oven with constant particle 
size, cnnRta.nt initial weight, and identical packing, the final temperatllres in fifteen measure­
ments with throe llilloront hea.ting rates ran~ed from 294 ° to 379", :yielding a large spread 
of 85". AIYo variations of the heating rate wcrofound to affect not only the final tempera­
t•tro~ of <lecomposition but also tltoir roproduribilitios. On the other hand, tho heating rates 
h'td Jmr1lly any effect on tho temporuturo of inception of d.oeomposition. In all cases the 
va.ri:J.ti Jn w.1s n:>t more thn.n±2", the normal variation to be expected. Thus for the first 
arep in fifteen moa.surenients and with throe different heating ratea, the initial temperature 
!lid 1ut hn.vo a spread of more than 5" and was always between 180" andl85". In contrast, 
the final tcmpcrn.turott of367"± 12", 312"±1i", n.ml297"±3" showed a marked dependance 
011 tlto ho=:~.ting rato, Thu11 there was a spread of 24 • in tho final temperatures recorded in 
tho sot of fivo exp:lrimonts for a heating rate of 8"/min. which reduced to a spread of onlyfl• 
aK the he:Lting rate waH reduced to 4 • /min. Simila.r rmllllts wore obtained for the other two 
step~ 1\B woll u.s with difforont meah Rizos. 
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FIG. 1. EfFect of heating rah on 'hcrmogravimc:tric curves (100-120 meah), 

The effeets shown by variation in particle size on the thermogrsyimetric curves 
wore not uniform. With the faster heating rates, in case of both tho very coarse and the 
Yery fine pl.rticles, there was a considerable drag in thefins.l tempera.turos. Thus with ps.rti-
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clos of vory fino sizo (300-325 mosh), thoro were no sha.rp demo.rca.tions botwee~ the· stops, 
as seen from Table I. 

TABLE I 

100-125-llliOih (150 to 125 \l-). 200-240-!\leoh (75 to 300-3211-Hesh 
87 ILl· (52 to 45 p.). 

IlORUng rate: 8"jmin. 0°/min. 4"jmin. 8"jmin 4"/min. 8"Jmin. 4"/min, 
]at Stoop: 

Jkoginning temp. HCI0 :l: 2° 182"±2" 1113"±2° 180"±2" 182":1:2" 180":1:4" 180"± 2" 
J'irU'I k'mp. 36i 0 ±1:!0 3120±tj0 2117":1:3" 340"±7" 305°::J:5°' ca. 370" 290"±10" 
Weight 1.,.., (mg.) 1111:1: 2 117:1:2 Hll :1:1 !111:1:2 80:1:1 80 88:1:: 1 
(Theor..t.cal: 86 mg.) 

2nd litep: 
Jkoginning temp. 3!11":1: •• :40f""±3" 3!12"±2" :1110"±2" 390"±2" .... 380-300" 300":1: 5° 
Final k'mp. li70°±l2° 514"±11" 4!17"±3" 525°±D0 490"±3° ca. 600" 510':1:20' 
Weight 1089 (mg.) 130 ±3 131 :1:2 131 ±2 131 ±~ 131 ±2 134 134 
[Theore~ical: 13-i mg.) 

3rd A!P.p: 
~inningl,pmp. fiM2°± 3° 6Ki"±:l" IIIH"±3" 0711'":1:3" 670"±2" .... 630° ---e;;o• .... &.iO" 
Jo"ina.1 temp. 11.>4"± 14° 8113CI±:'i 0 ~7M0 ±!i0 11-tll"±li" 888"±2" 900"±10° 000"±10" 
w~ight lo .. (mg.) ~116 ±2 21'0 ±2 ~IJU :1:2 2117 ±2 200 ±2 :!10 210 
[Theorectical: 210 mg.) 

In ge:~era.l, tho initial aml final tomperatnrc11 of tho Ya.rious steps for ma.terials of 
200-240 and 300-325 mesh (Fig. 2) tended to be lower than those fo~ 100-125 mesh size. 
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FIG. 2.. Efl"ee' of po.rticle oiu: on T. G. curves. 

With the 300-325-mesh material, somewhat higher values were, however, obt&ined for 
the end of tho second and subseque-nt steps. Tho effect with lihe 300-mesh materia.} could 
bo due to tho in situ. sintering of and grain growth in the mll.lieria.l. This is inferred from 
the fa.idy denl!f. ca.ke obtained a.t the end of the runs. 

The lowering of the temperatures with decrease in particle size is to_ be expec1led since 
the tra.nsport of tho reloo.sed ga.sos through the llm&ller sra.in is achieved much mon zeadil;y. 
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Also tllCI surfa.eo o.roa. to volume ratio is rola.tively very high for the small pa.rtichs. 
}lenre thr lo.rgo1" surface permits more wid.csproa.d inception of tho reaction DB well as easier 
tl!l<·npe of thtl products. 

Calculation of Rate Parameters 

The 'activation energy' and 'order of the reo.ction' were obt.aincd from the Freeman­
Carroll C<tuation' : 

whom E• = aetivation energy; R=ga.s conBta.nt; T=a.h11oluto temperature; n·.=the 
ditiorrm·e hetwoon total weight lofls and weight loss UJI to limo I; dwfdl =rate of change 
of IVDi;lhl loss with timo; x=ordcr of reaction. Tho values of E• and z wem ca.lcula.ted for 
tll!l fir~t stnp only hor.austl of tho flllRJlflCtod gmin growth during subsequent steps. TheBO 
r<'~ults aro rel"onled in Tnbb II. 

TAIII.~: rr 
Ortlu of reartirnr aml tllt!rgy of ttrlivatirm for ~-ariau8 llltps. 

~t.rpXo. lll ... h ...... OrdPt n£ r••a.rtior Cur Ener~y of activatiun (E•) E• 
hr11tinp; raW. of for hf'!sting rate ,,f (t"roem..., I; 

.&0 /min. M0 Jmin. 4°/min . l!"fmin. Carroll). 

100-12<1 0.47 1.10 33,, ,1.1 22 
31~1-325 1.00 1.20 20.9 21.1 

2 I00-1!!0 0.60 1.31 108.0 101.0 96 
JlJI.'-3!!5 0.110 1.20 8!1.() 96.0 

. Por any gin•n reaction, the activation enurgy a.nd order of reaction are constant. 
Due to the inherent nature of the thermogravimetric method, only apparent values 
of theso CIUantitiBII are obtained. It is obserntd that experimental variablca that affect 
the thermogra,•imetry cur\·e even to a small extent produce a large ,-ariation in the 
,-aloes caleulated from it. The effect of tho heating rate is most clearly seon for the 100-125-
mesll mA.terial. The app:uent value of the order of tho reaction is more than doubled when 
tho heating rate is d?ublod. Tllis effect is, however, minimised as the partido size is re­
ducctf The effect of the particle siz& is equally marked. E\·en Freeman and Carroll' 
had explained that the disparity between their values for E• and those obtained in the 
literature could be d11e to differences in particle size. Tho \"aloe for the 300-3211-mesh mate­
rial is ahnoilt identi<·al with tha.t reported by them. 

Th'l!Ml re~ults demonstrate tha.t tho variables studied have pronounced effects 
on the ltO!loting curves a.nd henoo on the p3.ramotors calculated. It is essential therefoie 
to d.ccroa.so tho hea.ting rate as much as possible and deeide on one particle size. Thl' 
range of 210-3110 me!lh with a. ro3.sono.bly slow heating rate of a. bout 4."/min. seems to be 
optimum in presonting n. ro!l.sona.ble compromise for obtaining values of these ra.te pa.ra­
metors as a fair approximation of the true values. 

Tho authors thank Dr. Jagdish Shankar, Head of the Chemistry Division, for his 
kind interest. 
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