
THERMAL ANALYSIS OF REACl-IONS AND TRANSFORM_4tiONS I& THE 
SOLKD STATE_ II. THEORETICAL ANALYSIS OF DIFFERENT REAmON 
AND TRANSFORMATION SYSTEMS USRVG THERMOGFWVIMElXY* 

A new mathematical approach has heen developed to follow the kinetics of 
Inactions and transformations in the solid state using thermogravimetry, The technique 
requires a thermogravimetric trace containing both an integral and first derivative 
recorded at a single heatins rate- The approa+ permits one to extract kinetic para- 
meters from a wide range of systems as it can be readily adapted to most comp!icatio& 
generaliy encountered, including the presence bf inert nmterial and changing atmos- 

phere conditions. The approach can utilize one or more process models and in this 
way is able to account for the overlapping stages which can occur due to a change 
in the me&an&n_ The equations lend themselves well to graphical anaiysis, yielding _ 

linear plots from which kinetic parameters of desolation, chemical degradation, and 
phase transformation of orgauic, iuorgauic, and polymeric compounds can be success- 
fkliy extracted_ The method provides a means to obtain kinetic parameters that 
must otherwise be obtained from more tedious, time consumingisothermaitechniques_ 

Our previous paper’ showed that the non-isothermal TG methods curreutiy 
used to study reactions and transformations in the solid state yielded siguificant 
variations in the c&&ted heats of ktivation due to the influence of procedural 
factors. For this reason, the kzinetic parameters extracted have been referred to aS 
“procedmW’ constantsz* 3_-m Exp+mentaUy, it was found’ that the titracttk3 para- 
meters showed ~cry wide ranges of values as a function of the sakple size and heating 
rate ratios. 

The above showed t&at t&z was need for a method that would provide r&u& 
which would be reprodu&Me, independent of experimental parameters, and’ be 
accurate_ The purposk of this manuscript is to present such ad ap&ach.‘Hopefulfy, 



this xviii permit others to investigate and to determine me&a&ms which are involved 
in the solid state via non-isothermal thermogravimetric analysis with more confidence_ 

An analysis of the hypothetical character of the general equation used as a 
basis to derive aU of these methods, as well as the assumptions inherent with each 
particular method, was made in order to determine ail sources of the infiueuce of 
procedural conditions on the kinetic parameters I_ This analysis reveaIed the foiIowing 
implicit and explicit assumptions and suested ways to overcome them_ 

(I) Equations were generally derived assuming that all sokis decompose to 
another solid plus gas_ This is not a unique system for Aid reactions and trans- 
formations as other possibilities exist, such as solid decomposing compretel_v to _m 
or interacting with the _9as carrier in a complex way_ Therefore, the equation shouId 
be individually derived for each and all possible processes which can be foflowed by 
dynamic thenmogravimetry. 

(2) The fkxtion of the mass change, f(z), is generaBy arbitrarily chmn to be 

(1 - ar_ The use of the fraction conversion, z, causes the cakulated kinetic para- 
mefers to depend strongly on the specifk experimental conditions rued_ It should be 
noted that reactions in the solid state are quite different from reactions In solutioh. 
As ffie sample is heated, mokcnles in the crystal iattice are often subjected to decom- 
position with very little interaction with other molecules. ThereforeY the weight loss 
isamezisure of many variabks such as the surface area, volume, weight, and type 
of reaction or transformation, rather than the fraction conversion. This is apparent 
when CL has to be di&erentiated with respect to temperature, as differentiation may 
scatter the data and maximize the error&_ In addition, the fraction conversion changes 
on the temperature asis as a function of the experimental c&ditions*_ This, in turn, 
afkcts the accuracy of the cakulated dz/dX The value of n should not be an empirical 
constant but should depend soIely on the reaction process itself. Therefore, in order 
to overcome the drawbacks of the arbitrary choice of f(a), one should take into 
consideration the analytical form of the reactants in the reaction in question from a 
classicaf sense_ Since thermogravimetry monitors the weight change as a function of 
temperature and time, the analytical form of the reactants should be based on the 
mass balance of the reaction in question. 

(3) The homogeneity factor, n, is frequently referred to as the reaction or&r 
in anafo~~ with homogeneous kinetics_ This factor has purely empiri4zaI significance 
andisbynomeans a universal constant for heterogeneous reaction@_ 

(4) The furaace atmosphere generally was nut taken into cuusid+ion_ For 
many reactions, the results would change drastically with changes in furnace condi- 
tions, i-e_ whether a dynamic or static atmospherewas used or whether an inert or 
rextkeatmospherewasustd.Thiscan beovercomebystandardizingtheexpeknental 
conditions, especially those undergoing theTGruns underadynamicinertatmosphere- 
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In addition, one shouId derive equations which account for systems with interacting 
gas cond.itions. 

(5) Thesampletemperaturewasassumedtobethesamethroughoutthespecimen 
and to be equal to the furnace temperature. These assumptions can only be overcome 
by taking the thermal gradient into consideration_ Under dynamic heating at a certain 
heating rate, the sample temperature is related to the furnace temperature by a 
uniform function because the existing thermai gradient generaUy has a uniform 
character, The sample’s decomposition and[or phase transformation is a function of 
its reai temperature_ The mass toss, therefore, is a function of tie sample temperature 
and is related to the recorded temperature by a thermal gradient function_ If the 
aualytieal function of the mass loss of the reactants is taken into consideration using 
mass balance, and if the &rst derivative of the reztants’ mass loss is obtained simui- 
taneously under the same experimental conditions, the thermal gradient function 
should be cauce&d if we divide t&e first derivative of the reactams mass ioss by the 
mass function of the reactants. That is to say, both the integral and its simuhaneous 
first derivative should be used to calculate the kinetic parameters. This will cancel L3 
the infiuence of the experime&ai conditions on the extracted kinetic parameters_ The 
above data analysis will also cancel the e&ct of a non-linear heating rate on the 

thermal gradient of the sample and, in turn, the kinetic parameters extracted 

(6) In the case of two TG curve methods, the assumption is made that the 
thermograms wiII show a paralfel shift on the temperature axis with increasing 
heating rate or sample size. This ~SSUII@OSI has been criticized by Zsako3 and is said 
to be false, which m with our tidings’. Since the shi% are not believed to be 

parallel, only one thermogram should be used for kinetic studies. 
From the above aualysis, it was decided to derive icinetic equations which are 

based on the specific physical and chemical models invo&d to follow re&tions and 
transformations in the solid state, Since it was planned that the derived equations be 
applied to Irhermogravimetric studies, oniy the processes involving a weight ioss or 
_eain will be considered. These equations wih be based on the foilowing models. 

(a) liquid or solid 1: _e 
@)IiquidorsoIid-+X,$gas+X, 

where X, is an inert fitier mate&L 

(a) (liquid or solid), 5 (liquid or solid), + gas 
@) @quid or solid)I 5 X, 2 (liquid or Aid), + k + gas 

(a) @quid or s&d), + gas 2, (iiquid or solid), 
(b) (liquid or solid), +x,+gas~(liqu.idorsoIid)2fXS 



(a) (liquid or solid), t gas 5 (liquid or solid), t e 
(b) (liquid or solid), i X, f gasI !, (liquid or solid), i X, i gas2 

(a) (liquid or solid), $_ sohd, f gas, 
(b) (liquid or soIid)l t X, &solid2 i WX i & 

(a) (liquid or solid), f gas, & (solid or liquid)z +- gas2 
(b) (liquid or solid), i X, t gas, g (solid or iiquid)2 t X, i gas2 

It should be noted that any of the models I-IV can be reversible; however, only 
in cases If-IV would a study of the reverse reaction be feasible, and these are re- 
presented in case V (n and III) and case VI. In addition, system (b) for all cases I-VI 
is the same as system (a) with the exception that system (b) contains inert nonvolatile 
additives in addition to the reacfant compound. 

A number of examples of the above can be cited- Examples of case Ia are 
compounds which sublime or vaporize. An example of case Ila would be the desolva- 
lion (with no o_xidation) of the ortic solvate to the anhydrous crystalline form_ An 
example of cast IIIa would be a compound which interacts with a gas to form a solid 
with a higher molecular weight, Such processes cover reactions such as oxidation, gas 
adsorption, and hydrate formation, An example of case IVa would be more complex 
oxidation processes such as _m, being oxygen and gas2 being a cleavage product or 
products Case Va is the same as case IIa except that it involves equiliirium. Case Via 
is the same as Case IVa except that it involves e@librium_ 

MATHESATICAL AXAI_.YStS OF PROCESS WHICHLEKD-i-HESfStX.VESTOSTUDYBYTG 

The equations which will be derived for the above cases will be based on classical 
kinetics and the analytical functions of the mass loss of the reactants ofeach reaction 
The am&y&al functions of the mass loss of the reactants are based on mass balance- 

The derivation of equations that will bc used to study solid reactions and 
transformations will he derived assuming that the weight (W&) as a function of 
time and temperature VGA) and the rate of mass change as a function of the time 
(dWJ&) and temperature (dW&.JdT) are experimentally available_ Equations will 
be derived for both isothermal and non-isothermal conditions_ 

CASE ia 
liquid or solid 2 gas 

L% 
where 4 is the weight of the drug organic compound, or intact polymer (the subscript 
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desiguates the state of thecompound). It should be noted that ifthe solid melts during 
the run, it will &l&t the DTA observed but will not change the TGA or DTG. 

Inthiscasqtherateofmasslo5scanbewrittenas 

44 -=-J&g) 
dt 

where k is the specifk rate constant and A: is the weight of the compound at time t_ 
Non-irohmnd wnditins A more useful version of eqn, (1) can be obtainedi 

by introducing the heating rate, dT/dZ, noted by the symbol (I The time d&vatk of 
the weight of the intact compound, eqn- (l), can be conve+l to a temperature 
derivative by divi$ing both sides of eqn. (I) by LZ since 

44 1 -= 44 
dt e dT 

It should be noted that A: in case I is also equal to the observed weight of the sample, 

CS~ during the degradation process. Incorporating these changes into eqn, (1) 
yields the equation 

_ d(Wd 
dT (3) 

The dependence of the specific rate constant on temperature must be considered. 
Therefore, using eqn- (3) and the Arrhenius equation k = 2 exp [(- AH*)/RT& 

we may write 

_ WcbJ = 
dT 

Taking the Iogaritt of eqn. (4) 

(4) 

Despite the negative sign, it should-be noted that the term [- d( Q,JJ/dTis positive 
as d( W&)jdT is negative since P_ is decreasing during the study. 

The above equation can be usefkl as a plot of the log[(- d(wl,,))/d~~(W&J 
versus l/Z K will yield a linear fmtion of slope equal to - ABf/Z303 R and an 
intercept of log[Z/&J 



where P_ is the initial sample weight_ According to eqn- (7), a plot of Iog (H$.,J 
versus time, r, wiil produce a straight line of slope - k/uOS_ 

In this case, the sample contains inert nonvolatile material, X,, and tfre reaction 
shown for case la must be written as_ 

&-+x,_iB,+-& 

Mass iXdance requires that 

(W&=A:+X* (81 

Diffkrentiating eqn. (8) 

Since X’ is constant, d(X,)/dr is zero. 
Non-ikothenna1 cond.itioons- From eqns. (I), (8) and (9), the rate expression for 

this case can be obtained. The resultant time derivatik of the weight of the intact 
compound can then be converted to a temperature derivative using eqn_ (2) to yield 

I3e specific rate constant is temperature dependent~T%erefore, using eqa (10) and 
the Arrknius e_xpression gives 

f- d(W’LI,‘d~ = 2 e-~.far 
[ 1 WLJ-XJ a 

01) 
Taking the lo,earitbm of eqn, (11) yields 

(12) 
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value can be obtain& from a non4sO&@ run where X, is the amount not i&r- 
acted at the end of the reaction, at inhite time. - 

Isothemd conditions- Equation (10) must be conuezted-to t6e time dfxivak& 
as&z = 0 in an isothermal study_ .- 

(13) 

Therefore, t&e integration of eqn. (13) will yield 

log(Wf&$ - x3 = -&+bg(% - x-3 (~4) . 

According to eqn- fI4), a plot of log (IV& - X,) versus time will produce a straight 
line of slope (- k/2-303)_ 

(Iiquid or solid), 2 (liquid or solid)z -+ gas 

4 j B, -i- C, 
A, is the weight of the intact compound, l?, is the product of the reaction in the soiid 
or liquid state and C, is the gaseous product which is car&d out by the carrier ,s_ 

Mass baIance dictates that 

4 = A: -i- (23, f G$’ 05) 

where A,O is the initial amount of the compound and (B, -i_ CJ, is equal to the 
amouot of compound de_=ded at time t- The wei_&t of compound degraded can be 
defined by 

amount degraded = <IQ (16) 

where PS is the amount of the solid or liquid product at time t, and I is the ratio of 
the molecular weight of A divided by the molecular weight of B. Since no inert 

‘material is prcscnt, AL equals U?$_ and 

wo oiS=A:+r(B3 (17) 

At any time r, the uveight observed x+--U be equal to the-sum of both solid (or 
liquid) A: and soiid (or liquid) q_ That is 

w *=A:+B: 

Substituting AZ from eqe (18) into eqn. (17) yields 

KZIS = wih_- B3fmi.l 

Rfzurangement of.eqn_ (19) yields 
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3Difhentiation ofequ. (20) yiekis 

By taking the derivative uf eqn- (17) and combining it with eqn. (21), the rate ex- 

pression, eqn- (l), which characteti the mass change for this model, can be written 
as 

Since differential thermogravimetry (DTG) takes into account the change in 

the weight observed and not the individual changes of A’, or 3 as a function of 
temperature, the rate expression cd(W’&)/dTJ must be used, not [d(A:)/q or 

Cd(Bc,)/flI- 
From eqns (18) and (22), 

(5) (“‘Zd) = - kw&J 433 

Susstituting q from eqn- (20) into eqn- (23) yiekis 

(23) 

NhrXwrhed c0ndiion.s A more us&d version of eqn_ (24) can be obtainexi 
by introducing the heating rate, Q, given by (dT/dz) [see eqn. (2)} to convert the tie 

derivative of the weight observed on the thermogram to atemperature (2°K) derivative, 
As a resuit ofthese &an,- eqn_ (24) Gil transform to the following on rearrangement- 

Converting the specific rate constant to this temperature function by snbstitnting the 

Arfknius expression into eqn, (3s) yields 

Taking the logarithm of both sides of eqn, (26) and rearranging it, yields 

According to eqa (27), a plot of the lo&[---d(FT,)IdTy[(W&,J - (WA/r]) 
versus l/TKwlll~i~dalinearfundionwithaslopeof - dH*/2303Raadanin~ 
of log(Z/a). An of this information can be obtained from a combined TGA;and 
DTG record- _.. 
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Isotht!rm& conditions. The integral form of the time derivative version of&n. 

(u)k 

Therefore 

bs cw%J - oGJ~1 = - &3 + loI3 (f(W3~~1(~ - 1)) (29) 

A plot of Iog[(FV&J - (v_)/r] versus time shouId re4t in a straight line 
with a slope equal to (- k/2-303). 

CASE Ilb 
This case is the same as Case Ha except the sample contains inert nonvolatile 

material, K, and 

A,+X,2B,+-X,-X, 

Mass baiance dictates that eqn, (15) coyer& to eqn. (30). 

A,O i- X, = W& = A: i- X, f (B, i- CJ 

and 

(W&) = A: + x, i rHs 

Mass balance ako dictates that 

(W&J = A; f X, i B: 

Substituting Ai from eqn. (32) into eqr~ (31) 

m?bJ = w&J - x* - B: + x, 4- ‘B: = (w&J 

Solving eqn. (33) for B: 

,=(w”,,--(~~ 
l r- 1 

Differentiating eqn. (34) with respect to time will yield 

Combination of eqns. (1) and (35) and-the derivative of eqn. (31) can be used to 
*be the rate of mass change as foliows. 
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Substituting for Ai in eqa (36) using eqn. (32) yields 

Substituting for I$ from eqa (34) into eqn, (37) and rearranging yields 

lilon-irothmmal comiitiom_ Converting eqn, (38) to a temperature derivative 
[see eqn_ (2)-j and substitnliog the Ax&enius equation yields 

w-here Q is the heating rate- Rearran_ Ping eqn. (39) and taking the Io_earithm yields 

1% 
- d(rJriobdldT 

r(r&J - X,(r - 1) - (w&) 
]=-[G]+iog[;] 

A plot of the left-hand side of eqn- (40) versus I/T will yieId a straight line ~5th a 
siope of - AH*j23R and an intercept of iog(z/ar)_ 

I.‘.~herm~I w&iftim. The integration of eqo. (38) will yield 

Iog[-r(Wf - (fv”,, - Xs(r - l)] = - & i tog [(r - 1) (Wk - XJX (41) 

A plot of Iog[r(WO,) - (PA - X,(r - -111 versus time will give a straight line 
with a slope of - k/2.303. 

CASE IUa 
@quid or solid), + gas 5 (liquid or solid), 

where as is the amount ofusueacted gas at time 2. Thereactior~ rate wiJlbepropotiOaal 
toZh~pressurC ofthe_sasinthecbamber~ For conve&ebce, ho&&r, the weigW of 
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ihegzsratherthauitspressure will -be used This does not pose any problems as Q: 
for a chamber of a specified volume is given by 

(43) 

where ikf; is the mokeuhir weight of the reacting gas, Vis the volume of the reaction 
chamber, P: is the pressure of reacting gas in the ehamher, Qr is the corrC$onding 
weight of the gas in the chamber and B is the proportionaMy constant between 
weights and pressures of j&i_ 

Mass haknce dictates that 

where Ps = (A,0 - ADjr and r is the ratio of the molecular weight of A divided by 
the mokcuiar weight of B, or the ratio of A: divided by 23, if the reaction goes to 
completion, 

since (W&) = A,O, cqn. (44) can be written as 

Differentiating.eqn_ (45) and substituting into eqn, f42) 

Substituting cqns. (43) and (45) into eqn. (46) and rearranaing yields 

(45) 

(46) 

(47) 

The constantf was incmded in eqn. (47) as the reaction rate is proportiona? to the 
effective pressure of the reacting gas at the solid surface which could be iess than the- 
measured pressure of the reacting gas in the bulk of the reaction chamber, andfis the 
proportionality constant between bulk and surface pressure of the gas. 

There is an additional experimental condition that must he included in deriving 
the appropriate equation for case III as this system involves an environmental gas- 
reacting with the solid- Obviously, the effective amount or concentration of @is as a 
function of time wih differ for static or dynamic conditions. The derivation of an 
equation that would be applicable under .aU conditions of flow and re@.iug gas 
pressures would yield equations that would be very cumbersome and applicable only 
for’.thc specific apparatus being used for the study- A more&e.ful approach is to 
derive equations for specific conditions that can easily be experimentally at&i&i 
aud thereGore would be generally applicable to. all ap$ratu&_In this my,, one can 
ignore any themiai and/or co ncentration gradients6f reacting-and product gases. 
-In the following sections, various flo+ and experimental c.onditionS will be considered_ - 



For wrrstant gasflow. The simpkt system that can be considesed wouId be one 
in which a quasi-steady state gas pressure is maintained throughout the study_ 
Obviously, the required steady state can be easily attained by the proper choice of. 
experimental conditions such as heathg rates, gas fiow, sample size, etc, Under these 
conditions, the concentration of reacting gas at the solid surf&e is collstant for the 
duration of the experiment aud the obscmed kinetics would be pseudo-first order 
depending only on the activity of the solid. 

For these conditions Pi in eqn, (47) becomes constant and is equal to the 
initial pressure of the gas, J$ 

N~n-i;sothen~~~Icorza%~kzs_ Converting the time derivative of the weight observed 
to a temperature derivative for the above conditions, eqr~ (47) becomes 

Using the Arrhenius 

rearrangemeut- 
expression and equ. (48), the following equation resuits after 

AH* -_ 
RT 1 

Takiug the Iogarithm of both sides of eqn, (49) yieIds 

According to eqn, @!‘I), a pIot of Iog([t d(F&)jdTJj[(W&) - r(W&)j) versus 
1/T gives a straight line with a slope of - AH*/2_303R 

~02herz~Z con&ions_ The integraI form of eqn. (47) for conditions of constant 
pressureis 

A plot of the left-hand side of the logarithmic term v&us time will give a straight 
line with a slope equal to m-/2.303 and an intercept equal to Iog[(Pa(I - r)j- 
It should be reiterated that eqr~ (51) wiIl be valid only nmitzr konditious of-qua+ 
steadystateinwhichthe~tioofthepreseuce ofl-ea&lg’&isatthesurfaceandinthe 
bulk of the chamber does not change appreciably during the experimkk T&z effkct 
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of the above restriction can be nGnim&d by using a sufEcientIy fast ffow rate and high 
pressureofreactinggaqahuge reacting chamber vohuue, and a small sampIe siiz 

For m gas’flo& To be rigidly come& one would need to assume a cIosed 
system so that gas flow could truly be considered zro. This can be done by scaling 
the reaction chamber outlet, loading the reaction chamber with the reacting gas and 
then closing the reaction chamber inlet, Often., however, the experiment cak be 
designed to esscntialIy simulate a closed system Examples would be an environmental 
chamber that wouid grcatIy expand the volume of the reactkn atmosphere or a 
system that is csscntiahy reacting with air. 

There are two possible gas conditions under no flow conditions. ln the G.rst 
situation, the amount of gas is in great excess so that its pressure is essentiahy not 
changing due to the amount reacting In this case, the pressure of gas in the chamber 
remains constant and is equal to c which means that equs. (SO) and (51) would be 
appIicabIe_ In the second situation, the pressure of gas is d&easing as a fimctiqn 

of timeand its decrease must be accounted for in the derived equations. In the second, 
situation, however, Pi is changing appreciably during the experiments and cc@_ (SO) 
and (2) are not appIicabie_ 

One can account for Pi chan3in3 during the experiment as obviousIy 

p’t = e - Ap’, (52) 

Mass baIance dictates that APs, the decreases in weight of the gas at any time, is 
given by 

AG’, = (w’, - W&) = BAP’, (53) 
Equations (52) and (53) yield 

Non-i$othermaZ conditions_ Using both eqn, (47) and eqn. (54) 

Substituting the Arrhenius equation i&o eqn, (55), convert&g to a temperature 
derivative and rearranging yieIds 

. TaI&gtbeIoga&bmicform forbothsidesofeqn_(56)willyie~d 

(57) 
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Aazording to eqn. (57), a plot of the kft logzhhmic terms versus I/T-K &es a 
straight line with a siope of - AH*lZU)3R : '. 

Zsozhermalconditidnr- Under this coridition, the time derikve~ ofeqn, (55) 
shoutdbeintegatedasfollows- .s 

Riks t 

(56 

-, 

Since the m easuremcnts were starched after the compound had reached the equilibrated 
*mpefaturr, some of the compound IV&$,_ bad &grad&. The amount -observed at 
the time of equilibrium temperature is referred to as the Pg* which is difkcnt Corn 
the previous PA_ Integration by the use of partial fractiok Urill yield 

Equations (58) and (59) yield 

A plot of the left-hand side of the iogarithmic term vers& I/T K will y&d a straight 
Enc. The rate constant,can then be extracted froni the sIope_ - 



(61) 

Therefore 

Substituting eqn. (62); the time derivative of eqi (62) and eqa (43) into eqn. (42) 

%br w-ant gasflow. The introduction for Case IIIa is also ~pplicabkto this 
case- 

Non-isotherms wndi~iorm Converting the time derivative of the weight observed 
[from eqn- (63)] to a temperature derivative at constant gas flow, we get 

~5ingthe~el.liIl5equation, rearranging eqn, (64), and taking the logzithmic form 
for both sides of the resultant equation, will yield 

- 4WkYdT 
= - [r(W& - X,(r - 1) - @y&)-J 1 

65) 

According to eqn. (69, a plot of the left-hand side logarithmic term versus I/T K 
gives a stxaigM line with a slope of - dZF/2_303R 

IwthermuZ wnditiims The int.egraI form of cq+ (63) for constant gas p&ireis 
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For no gasflow_ The intrudution given for Case IiIa is also tipplicabk here_ 
In this case, however, eqns, (65) and (66) are valid for conditions in which the amount 
of reacting _eas is in great excess and therefore constant for the We of the experiment, 

A?‘on-irorhen~& conditims Using a simiiar approach as shown in Case IIIa to 
derive eqn, (57), but using eqns. (63) and (54), the fkal equation was derive+and 
is given by 

Zf 
ilog - 

[ 1 ar 

Equation 67 predicts that a plot of the left-hand side of the fogarithmic form versus 
reciprocal abs01ute temperature will yieid a straight line with a slope equal to 
- AH*/2303R 

Isothermal wdWons_ The tinal equation is given by eqn- (68)_ 

Equation (68) predicts that a plot of the left-hand side of the equation versus 
will yieid a straight line with a dope equal to -_CrB< -+ <r - lx@’ - 
fk/2303R_ 

(68) 

time 
xaJ 

CASE I-Vu 

(iiquid or soiid), + gas, 2 (liquid or solid), +- gas, 
or 
(liquid or soiid), f gas, ‘L”r compiex VW ‘“, @quid or solid), + gas, 

This case characterizes a complex oxidation process, in which gas,, G.,, is 
oxygen =ci gas, G,, is a cleavage product or products This could be applied to 
the mechanism of the effect of oxygen on organic moIecules_ It should be noted that 
the0bservedweightinthiscasecankreaseordecnzue with time depending on the 
mo&uIar weights of gases I and 2 

For deriving the norr-isothermd equation for this czse, we assumeinthelatter 
equation that the complex is decomposing very quickly so that its amount is negiigible_ 

Mass balance dictates that 



where AGs2 is the amount ok ga+ formed up to time 2, AGti thz amount of gas, 

reacted with A up to time 2, and r the ratio of the moIecuIar weight A divided by 
mokcuhr weight B_ 

From eqns. (69) and (71), we get 

Therefore 

(731 

Equation (73) is identical to eqn- (45) in Case HIa. Therefore, if gas, is used 
at a constant gas Bow to help remove the _gaseous product gas,, eqn- (47) becomes 

(74) 

where P$ is the pressure of gas,, Converting the time derivative of the weight ob- 

served to a ten@etitu.re derivative yields 

For czxz~artt gas flow 5~3 non-isortrprmal cona?i~iks~ Taking into consideration 

that the spwifk rate constant is temperature dependent 

Taking logarithms of both sides of eqn, (76) yields 

(77) 

A plot of the logarithm tqm on the left-hand side of eqn, (77) versus 1/T K will 
yield a straight Sine from the slope of which dH* can be obtained_ 

For wnsram gas#ow and isorhemai condition. Equation (51) using pd for 
~canbeusedfor&seIVaasweUasCaseIIlzTha.tis 



106 

CASE IV& 
(liquid or soi.id)I t gas, + X, -+ (liquid or sol.id)2- + gas, + X, 

or 
(liquid or solid), + gas, i X, z compIex ‘2 (Iiquid or solid), i gas2 t X, 

For this case, the mass balance is given as follows_ 

Equations (80) and (882) yield 

Therefore 

If we use gas, at a constant gas flow to help to remove the gaseous produc& 
ga+, we will end up with eqn_ (84) afker converting the time derivative to [d( W’&,J/d;T3. 

For wnmnt gas flow a.& non-tiothermal con&tio~_ Equation (84) and the 
Arrhenius equation wiiIi yield 

d<W’&/dT 

r(W*& - X&r - 1) - (Pa = - 
f Be& exp _ AH* 

ur RT 1 
Taking logarithms of both sides yields eqn. (86j. 

*Og 

- d(W&J/dT 

r(Wa - Xs(r - 1) - (W&) 
] (ss) 

A pIot of the left-hand expression of eqn. (86) versus l/T K will yieId a straight 
Iine with SIope equal to - ARf/Z303R 

For wmtant gasfrow and iw&ermd wntiSions_ The k@gal form of eqn. @Ij 
after conversion to a time derivative gives 
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Therefore _ .-. ., 

log cr(wa-- x,(r - 1) - (JT%isll = - 
3 Be%kt- 

zm3 + log [(r - l)(W* --X3] (B-3) 

Therefore, a plot of the IeWnurd side versus time will yield a tight Iine with a slope 
equal to -fl3P$/2_303. 

CASE V 
(Iiquid or solid), $ (liquid or solid)z -i- gag 

It is not recommended that the forward and backward reaction be studied 
simultaneously as this woufd unnece~GIy complicate the system. It would be much 
simpler and more aceumte to study the forward and backward reactions individual@ 
This could be done by monitoring the furnace atmosphere- The_ forward reaction 
must be studied Srst under an inert atmosphere and the efhuent gas anaiyzed and 
identified. The backward reaction can then be studied by using the identified gaseous 
product as the furnace atmosphere. 

The kinetic anaIysis for this model under dynamic furnace atmosphere condi- 
tions can be studied using equations derived to suit Case IIa (for the forward reaction) 
and equations derived to suit Case IIIa (for the backward reaction)_ For the case of 
static furnace atmosphere, the equations which would monitor this system wiII be 
complicated and the experimentat conditions di&uIt to controi to yield meaningful 
resuIts without an extensive investigation. Therefore, it is recommended that this 
system be studied under controlled furnace atmosphere which allows one to study 
the forward and the backward reaction separately_ 

(liquid or solid), A- gas1 & <liquid or solid)= + gas, 
It is recommended that the forward and reverse reactions be individuahy 

studied as suggested and discussed under C&e V_ 
The kinetic analysis for this modeIundercontrokd dynamic furnace atmosphere 

can be done using equations derived to suit Case IV [eqn_ (72)] for both the forward 
and reversk reactions. For the-study of the forward reaction, gasa at a-known and 
coustant pressure should be passed through the furnace. However, for the study of the 
backward reaction., gas2 at a Imown and constant ~ESSWS should ‘be passed thou& 
the fiunace. The amount of gas can then be taken into consideration to use eqns. (77) 
and (78) to obtain the kinetic parameters_ For reasons stated under Case V, it is not 
recommended that a static system be used to study this system, 

ExPERnlENTAr..RBQuIBE36EwTs OF I-XilS APPROACH 

isothermaI method and’was developed throughout this Study as part of the’ technique 
introduceCL-- .- _ . 



The technique requires that both ~II in- (TG) and differential @TG) 
cwve as a function of time and temperature are available or cahlable. For analysis, 
this technique only require that the initial weights of gases in the reacting &amber be 
known and does not require that the wtigbt of gaseous reacbnts and products be 
monitored as terms containing the gaseous change in weights have been converted 
to terms expressed in observed sample weights as a function of time, Ph. In tbis 
way, the ffeoessary data can be collected in one run using a single heating rate_ 

The experimental conditions, both sample-=Iated and instrument-related, 
sboul’d be monitored and specified in any studies using this method The furnace 
atmosphere for aii tberrno_gr&metric studies using this approach should he dynamic. 
The pre~~az ofa dynamic atmosphere can act either as a gas carrier in the case of an 
inert atmosphere to remove the gaseous producL, prevent condensation and hinder 
reverse rfzctions so the _easeous product will not suppress the reactioq or to react 
with &e sample- EmpIes of the fatter are the cases of air or oxygen in oxidation 
processes and carbon dio.tide in the cast? of studying the reverse reaction of calcium 
carbonate-caicium oxide equilibria As previousIy noted, an inert atmosphere should 
be used in Cases I and II and the proper reacting gas should he chosen for CasesllS-VI_ 

The sampIe bolder should be a tall crucible which acts as a tare to prevent any 
spattering of the material during the process and tbe material of tbe.crucibIe should 
he inert with respect to tbe sample studied and not act as a catalyst for the reaction 
taking place_ The powder should he weil ground prior to its use and mixed well wben 
an interaction between two compounds is being studied, 

FELATI~~EEIWEEXEX~~H.ALPY, AH*,A?.TD INTERNAL JSERGY, AP 

For systems held at constant volume, i.e. allowing pressure to vary, studies as a 
function of the temperature yield changes in tbe internal energy_ However, for a 
system at constant pressure, i-e_ no restraint on tbe volume, studies as a function of 
the temperature yield changes in tbe entbalpy, not the internal energy, of the system 
during tbe process_ If one assumes only PV work is do= the relation&.@ between 
these thermodynamic parameters at constant p- isgivenbyAH*=AEf+ 
PAV. For systems in which the volume change is negligible, AH* and AC can be 
consic?exed to be equivalent. 

The change in internal energy of the system during the process being studied, 
however, can he calculated from tbe change in entbalpy- For a system not invoIved in 
the production of gases, one can estimate the change in volume of tbe q&n during 
the process as the change in volume, A V, is given by A V = IV.@, - pl)/PIpr wbere 
pi is the density of the products and p1 the &us&y of the reactants, In most cases, 
this volume change would he insignificant. 

PV work is the work a system must do in order to expand against tbe pressure 
of its atmosphere_ For the production of a gas at 1 atm pressure., the volume change 
is appro-ximateiy equal to 8205 T ml/mole. The energy change for this work is 
approximateljr equal to RTcaL For example, a system composed of 1 mole of material 



which completely decomposes to a gas at 300°C will involve PAY work of almost 
600 Cal and a volume change of abnost 25 1. Obviously, for solid-soki, liquid-liquid, 
and solki4iqtid phase changes AZP and AE* are essedially equaL 

ETQERXMET7AL NJPLICATXON OF TEE MA-4TIcAL MODELS AND YERIFiCAl7O~ OF THEtR 

VALrDilY 

The application of models I and II under inert, dynamic, furnace atmosphere 
was done’ on theophyiline dehydration and phase transformation, methyl prednisolone 
Form II, desolvation and chemical degradation and calcium oxalate dehydrationXo 
and chemicaf degradation _ r0 The resuhs show that the extracted kinetic parameters 
were consistent, reproducible, reliable, independent of the experimental conditions 
and in good agreement with values obtained from the more tedious, time consuming, 
isothermal approach, On the contrary, methods accepted in the litemtnre yielded 
kinetic parameters for the above-mentioned compound using the same thermograms 

that depend on the experimental conditions’. 
The study of the applications was expanded to include not only orgauic and 

inorganic compounds, but also polymers_ The application to the -on of 
cross-linked poIyethylene showed that the polymer decomposed in at Ieast three 
overlapping stages, each with a characteristic activation energy6_ In addition, the nsz--- 
of these mathematical models permitted the caicuiation’ of e&&pies of sublimation 
and vaporization of a thermally stable (ii the iemperature range of vaporization or 
subhmation) compound from a single thermogram. The values obtained by this 
method were in excellent agreement with the values obtained from adiabatic calori- 
metry. _ . ..- 

Finally, this approach was extended to thermal opticai analysis9 and therm&___ 

X-ray dBkctometrya_ These latter techniques contribute an additionaI dimension 
. to the study of solid state processes which do not involve weight changes. 
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