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A review of the non-isothermal mathematical models used to study the kinetics 
of reactions and transformations in the solid state is presented and their deficiencies 

_ 
m An experimental evaluation of the new tabular method introduced by 
Gyulai and Greenhow is presented- Thermograms of several compounds of &ff&ent 
sample size were obtained at differ& heating rates and ana&d by the Gyulai- 
Greenhow technique. The anal@ showed a wide variation for the enthaipy calculated 
by this technique, as a function of the sampfe size and the heating rate ratios. For 
exampI&, the cakulated enthalpy of desolvation for the tertiary butanol sokate of 
methyl prednisolone obtained from different runs using the same heating rate but 
different sample s&s, yield& values between 16 and 95 kcal/mole. Variation in the 
heating rate iatios also afkcted the results. The enthaIpy of thecphylline varied 
between 17 zud 39-6 kcaI/moIe with different heating rate ratios_ Similar differences 
were found with cakium oxalate sampks. 

In the past twenty years, the dfXermhalion of kinetic parameters from thermo- 
gravimebic (TGA) curv=: has been the subject of extensive experiment& and 
theoretical dkussions. In many -instances, eariier efforts have not only been dis- 
appointing and tedious .to carxy out, but also subject- to many systematic errors, 
thereby necessitating anarbitrary choice of variable constants, In a great number of 
+se instances, it was therefore possible to change the value-of the eXpe&nental 
activation energy dramatically by varying “adjustables parameters within permissable 
limits:Such conditions do not inspire great confkknce in the. appareut activation 
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energies so extracted_ For this reason, many carefi~l workers preface such results 
by the word “procedural~‘~ ‘, meaning that the resuhs could contain variables not 
extra&d by the treatment of the data-’ 

It would be important to eliminate the variability of the extracted parameters 
as thermogrmimetry is a continuous non-isothermal method which has many 
advantages over cmrently used isothermal methods. These advantages are that a single 
experimental c-e is s&cient to obtain an estimate of the apparent heat of activation 
and that the kinetics can be pro&d over an entire temperature range in a continuh~~ 

manner without any gaps3. 
The present study was undertaken to investigate the presently utihxed, non- 

isothermal thermogravimetric kinetic methods to study chemicaI degradation and 
phase transformation. The study was done in two parts- The first part is concerned 
with a iiterature review of methods and their evaluation while the second part is an 
experimental evaluation of a recently introduced tab&u method by Gyuiai and 
Greenbow4_ For this purpose, experimental data for methyl prednisolone tertiary 
butanol solvated form (Form II,) desolvation, theophyhine phase transformation, 
aud calcium ox&se monohydrate dehydration and chemical degradation was 
obtained 

EVALUA~ON OF PUB- METHODS 

A number of non-isothermal methods have been proposed and summarized 
insev,ralreviewarticIes’- 2. s-9_Th ese methods fall into two distinct approaches for 
the derermination of kinetic parameters from thermogravimetric measurements. The 
two approaches are the differential and the integral methods- These two methods use 
the general non-isothermal kinetic equation, eqn. (I): 

where a = dTldz or the linear heating rate (TImin); Zis the Arrhenius pre-exponential 
factor; C the activation energy (kcal/mole),- R the gas constant; T the absolute 
temperature in (EC); dz/dTthe rate of sample Ioss per degree; do the fractional weight 
of the material reacted as a function of the total weight loss; and f(z) a function of the 
weight loss Its ana@icai form depends on the reaction in question 

l3e most wi&ly used differential method to extract the kinetic parameters 
from TG curves is the method first introduced by Freeman and Carroll’. The method 
isbascdoneqn.(1)andonSchemeI~iththearbi~~~f(h)=X”,~~X 
is the concentration, mole firaction or amount of reactant-& and-n is f~uentiy 
called the reaction order, in analogy with homogenous kinetics_ 

(Mid), + (SoEd), t gas w==m 

Therefore, the rate expression for the disappearance of mactant A from the-&ixtW 
canbkwrittenas 
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By rearranging eqn. (2), taking the logxithmic form, and then differentiating 
with respect to dX’&, X, and 5?, we arrive at 

-%A(+) =A,*(-~) -ndI.nx 

Dividing eqns (3) and (4) by dlnX and AlnX, respectively, gives 

EfdT 

RT= dlnX 
= dln(- dxld0 _ n 

dInX 

and 

(5) 

From eqns. (5) and (6), a plot of dht(- dX/dT)/d.lnX versus dlJT2dlnX and 
Aln(- dX/&)/AlnX versus A(IJT)IdInX should yield a straight line with slopes of 
+ F/R and intercepts of n. 

Markowitz and Boryta r” found that this method could not be used to study 
reactions in which the sample temperature deviated considerably from-that of the 
furnace_ This was the case with highly exothermic reactions such as the reactions of 
powdered metals with air, oxygen, or nitrogen_ Sestak et aL2 criticized the diBerential 
method in that it suffered from an inherent weakness such as the magnification of 
experimental scatter due to differentiation which thus requires a very precise and 
tedious recording, since the graphical determination of the rate; dz/df, depends on the 
sampIe size, heating rate, and absoIute Iinearity of the heating program- In addition, 
Sestak et al._* criti- the assumption of the existenck of a single reaction order, n, 
as an empiricai constant_ To overcome the disadvantages of the diierential method, 
Sestak et aL2 suggested the use of a numerical solution for the determination of the 
rate (dz~&)_ Flynn and Wall’ pointed out that the differential method gives a 
uprcxed&P in and Ef, particularly when an ovedapping stage of an independent 
reaction take place This is due to the arbitrary choice of f(a) which does not always 
account for the right analytical form needed for overlapping reactions and therefore 
cannot account for muitistage reactions. 
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or in the integrai form 

Whe- hence, Q and To are initial conversion and absolute temperature, re.spectivei~_ 
Udortunazeiy, the ri&t-hand side of the equation does not reduce to 3 finite form 

under integration, and the analytical form of f(z) is not known. Of the severaI inte_grai 
methods proposed in the literature, differences exist in the soWi& path for eqn. (8). 
Both exponential ’ I- I4 and tabulated numerical soI~tions’~-~’ to the right-hand 
side of eqa (8) have been proposed_ 

The exponential integration method was introduced by Coats and R&rn”_ 
Their approach is based on Scheme 1 and cqn. (8) with the arbitrariiy chosen f(z) = 

(1 - zr. Integration of the right-hand side of eqn. (S) was done by the substitution 

P = Ec/RT, and then use of the approximation relationship presented in eqn, (9) 
to obtain eqn- (10). 

I - (I - z)=-= 2RT 1 -F/iZT I --n -E’e 

Taking the Iogarithmic form of eqn- (10) will give eqn. (I I)_ 

d+ - a)1-a 
T*(l - n) 

=+$(1-zg)] -ST 

W-D 

(W 

From eqn. (I I), a plot of log [I - (I - ~)(‘-~~]fT~(l - n) versus IjTshouid 
yield 3 straight line with a slope of(- E*/2_3R). 

Zsako and A&* analyzed fifreen thermogra vimetric curves of the thermal 
decomposition of CaCO, obtained from the hterature by means of the Coats and 
Redfern method and found that the activation energy varied between 26 and 377 
kcaI/moIe and the pre-exponential factors between IO* and 106’ as functions of the 
working conditions. 

‘33s tabdated integration methods are based on tabulating the value of the 
integrai form of the right-hand side of eqn, (Ss). Assuming that the amount decom- 
position at the Iower temperature is veXy sfna& Doyle’ s substituted zero for To in 
order to be able to use the notation p = P/RT to obtain 



where y is the value of p at the temperature corresponding to the apparent value .of z. 
Introducing the notation 

I 

03) 

F(a) = (14) 

Using eqn. 14 and a table of - iogP(y), Doyle” applied a trial and error curye 
fitting method for the dete rmination of activation energy_ This method is Iengthy and 
f(z) must be known or assumed Zakor6 attempted to simplify Doyle’s method by 
using eqn- (14) in the Io_&thmiC form 

ZEl 
b3 aR 

[ 1 
= log F(z) - iog P(y) = constant 

where the term log(ZC/&) is constant, and depends only on E*, the nature of the 
mate&i and the reaction studied, and the heating rate “a”, but not the temperature 
of the study_ The constant can be cakufated for different reaction mechanisms, if 
F(z) is kuown or assumed, for each individual value of a series of activation energies 
using a tabuIated value of 1ogPQ. The apparent activation ener,a chosen would 
yield an activation energy which is consistent with the chosen function F(z). 

Satava and Skvarar ’ have simplified %ako% tedious procedure by using a 
graphical comparkon of Iog F(g) aud log Pot) by means of &omograms. The Iog 
F(a) xxlues for various rate pr- are pIottedversusthecorrespomiingtemperature 
values on transparent paper on the same scale as the standard plot of - log P(y) 
versus T_ The plot of log F(a) is placed on top of the Iog P(y) diagram so that the 
temperature scaks coincide and it is then shifted aIong the coordinate unti1 one of the 
log F(a) curves fits one of the log P(y) curves_ From this log P(y) functi&, the 
corresponding activation energy, p, can then be obtained. 

Bakoxg suggested an empirical formula, eqn, (16), for the approximation of 
P(y) and claimed that errors are kss than 0.5% if y is greater than 1.6. 

WY) = 
=-7 

ti-4mf2) 

with d = 16[01f - 4y i 84). 
Other methods which involve the use of two TGA curves have been proposed_ 

&i&20 has published a method which requks two TGA CuNes with Herent 
beating rates for dete rmining the energy of activation. He emphasizes that his method 
issendtivetoc~Sntemperature,Onootherhand,Chattejee2I~ceda 
method, which requires two- TGA curves obtained with different sample weights 
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under similar reaction conditions. This method uses the rate expression given by 

-In- WI- 

dW -_= 
dt 

&-Pm @,m 

or i 

n logW - lo&- dW/dt) = 2 gRT - log2 (18 

Considering two thermo_m which are to be obtained by taking two different 
initial weights of the substance, eqn- (18) can be rewritten as 

n IogW, - log(- dW/dz), = &&. - C 

and 

n iogw* - Iog(- d Widt), = z3&T - C 

The constant will be the same in both cases. The values of W,, W,, and the corre- 
sponding (- dW,kU), and (- dWjd& can be determined at selected temperatures 
from each set of curves and R can be evaiuated by 

?r= 
iog(- d W/d& - iog(- dW/dr)2 

iogFy, - IogWx (21) 

A series of values of n can be determined at successive temperatures in order to 
determine whether or not n changes during a particular reaction Having determined 
the value of n, the value of E* can be determined from a single tracing by plotting 
[nIogW - iog(- dW’&)] versus l/T. The slope of the pIot of this equation will 
give the vahxe of F/2303R and the intercept will be equal to the vaiue of the IogZ. 

Z&0*= critidzed the methods which use more than a singie TG curve to 
obtain the kinetic parameters- He describes these methods as erroneous, iksory, 
and worthkss, since the extracted kinetic parameters obtained depend on procedural 
variabks such as heating rate, sampIe weight, particle size, compactness, materiai 
and geometry of the sampIe hokier, nature and static or dynamic character of the 
atmosphere, ek AIso, Zsako dkussed the infhrence of the factors on the shape and 
position (on the temperature axis) of the obtained TG curves. He extended his 
criticism to Doyle’s” and his ownI tabuIated methods_ 

In the case of thermo_gravimetry, because the shapes of the TG curves and also 
the !cinetic parameters derived from these curves depend on the previously mentioned 
procedural variabk~~~-~~, investigators tried to explain these variations on the basis 
of the Arrhenius equation by introducing a new term referred to as the ‘kinetic 
compensation effkctw26-31_ This phenomenon is expressed as 

IogO=a~tb (22) 
Equation (22) predicts that, for the same compound and under difkent 
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procedural condit;ons, a plot 0fC versus log(Z) will give a straight line with a sIope 
equal to “u” and an intercept equal to “b’*_ Both “a” and “b” are constant-and 
charaderlze the family of curves for that compound. I+xdkss to say, thisapproach 
requires two empirical parzmetexs for each experimental variable such as he&kg rate, 
sample s& etc_ It also allows one to predict experimentaI vaIues of Z given E* or 
vice versa, but does not yield a Lmwzt value of C and 2 which are inherent to the 

reaction or transformation berg Studied, 
In a recent artick, Gyulai and Greenho& have combined the tabuiar integral 

approach w$th the somewhat aider technique of obtaining tko TGA traces of the 
same compound taken under the same conditions, but at different heating rates_ They 
introduced the notation 

T 

and rewrote eqx~ (8) as 

F(a) = (A/a)i (24) 

To appIy this approach using TGA curves taken at two Merent heating rates, ai 
and a,, one must determine the temperature at al and a2 at which a percentage 
co~lv~on aI is achieved_ This is then repeated using a different value for the - 

percentage conversios a2_ In their notation, ax is the lower heating rate, a, the higher 
heating rate, Tl 1 the temperature for conversion 01, at heating rate aI, T12 the tempera- . 

ture for conversion a1 at heating rate a,, T2, the temperature for conversion a2 at 
heating rate ax, Tz2- the temperature for conversion a2 at heating rate a,. Utiking 
the i notation of eqns_ (23) and (24), they obtained 

Ill 3-12 

ill = 

I- 

eDpfRTdT; 
if2 

I 

e-HRT dT _ 
(u) 

0 0 

F(4 1 = Wa3ill; F(& = (Ala&2 (26) 

Since the area under the curve for a constant Caction of conversion & eq& 
for both Zkrmogzarns, then 

F& 1 = F&2 (27) 

and 



They akuIated and tab&ted v&es for i as log@_ T&se equations imply that one 
should obtain a series of values for the tivation energy, E+, at any percentage 
conversion, IL&, and my two heating rates, a, and a,. For this metho& a pbt is made 
of a series of A?? tiues as the x-axis and the values of k&i1 Jil t) obtained from the 
tab&s as the Jr-;?xis_ The vahe of Ef for a system can be obtaiaed, where 

Iog(i,,Ii,3 = log(a,[a=) W) 

Aaxxdirg to the above equations, cqa (30) should be a unique solution and should 
;tresent the value of E* at that particular percentage conversion_ 

The GyuIai and Greenhow technique will be experimentalIy eva.Iuated in this 
study. 

EixF-7Ju. 

Caicium oxaIate monohydrate (Fisher Scientific Co., Fair Lawo, NJ_) was 
used durir~g this study as supplied. Theophyfine monohydrate was prepared by 
recrystaI&ing theophyIiine (U.S.P_ ,sade, Nutritional Biochemical Corp., CIeveIand, 
Ohio) from double d&i&d water. Anhydrous theophylirne was prepared by heating 
theophyiIine monohydrate in the oven at 105°C overnight or until its X-ray diffracto- 
gram corresponded to anhydrous theophylline. Methyl prednisolone Form 11, was 
prepared by recrystaIl.izi’ng methyl prednisoione (The UpjohnCo., Kalamazoo, Mich.) 
in tertiary butanol (J_ T_ Baker Chemical Co., Philipsburg, KJ.). 

The instrument used during this study is a simultaneous thermogravimetric 
anaIm, TGA, ciiffkcntiaf thermogravimetric analyzer, DTG, and differential 
thermal anaI>zr, DTA (Thermofzex AnaIyzer, R&&u/USA, Inc., Wakefield, class.). 

The thermofiex anaIyzer is a single furnace instrument in which the DTA cells 
are mounted on the weighing beam. The differential temperature and sample tempera- 
ture are measmzd by the same thermocouple pair_ The sample couple is in direct 
contact with the material undergoing the scan_ The DTG signal is generated with an 
anaIog system from the TG_4 signaL 

The sample was weighed on a Chan EhzctrobaIance using the thermobalance 
platinum sample crucibIe as a tare so that the residual weight could be dire&y 
measured after the run. Since the sampIe mass ranged from f0 to 20 mg, the thermo- 
balance was calibrated for 10 mg fuU scale. The atmosphere was high purity dry 
nitrogen (Norwfch Cylinder Co.) which was regulated at a constant fi ow of 160 
mI/mir~ The sensitivity of the DTA was 5OOpV. The temperature scale was 30 mV 
fti scaie with the temperature caIibrated at zero voltage. Temperatureswereconverted 
to degrees aentr&ade by a tabfe of eIectromotive force for pIatinaI thermocoupIes_ 
The heating rate was as stated in the thermogram_ DTG sensitivity was 0.5. The chart 
sp~wasfOmm@inforallruns. 
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--i-S AXD DiSCUSSlO~ 

To investigate the consistency of the extracted value of E* under the *%iuence 
of experimental conditions using the GyuIai and Greenhow method, a program was 
undertaken to study the kinetics of a wide variety of compounds which undergo 
different chemical and physicai tranzSormations_ The chosen compounds and tram+ 
formations studied were the desokation of the f-butyl aloohoI solvate of methyi 
predniso!oone, the phase transformations (sublimation and vaporization) of theo- 
phyiline, and the dehydration and chemicai degradation of cakium oxalate mono- 
hydrate. l[n particuIar, the investigation was designed to focus on the effect of sampk 
size, heating rate, and heating rate ratios on the calculated heats of activation. 

Sample size eflect on the cakuiated enthaipy of desolvation of methy prednisvloize 
Lee thermograms (A, B, C) of methyl prednisolone Form J& Caere obtained 

using the thermofiex analysez Two of these thermograms, A and B, were obtained at 
the same heating rate (lO”C/min), but for different sample weights. Thermogram A 
was generated from 1274 mg while thermo,oram B was obtained from 8-05 mg- These 
rwo thermograms were compared with thermogram C, which was obtained from 
8-66 mg and generated under a heating rate of 2S”Cjmin. 

For illustrative purposes, Fig, 1 shows thermogram A, a typical tracing for 
methyl prednisolone Form II, obtained using the thermofiex analyser, The thermo- 
gram is a simultaneous TG-DTG and DTA trace. That is to say, this thermogram 
provides not only the mass as a function of temperature, but aIso the change in mass 
as a function of temperature. It also provides the temperature diff’ce between 
the sample and an inert reference substance as a fimction of temperature at a constant 
heating rate_ Gyulai and Greenhow used only the TG trace to calculate thek kinetic 
parameters 
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TAXE 1 

IO-1 356-I 346-6 11.1 350.1 3469 
2I.B 365.5 3513 19.7 354.4 350.7 
493 376-4 358-O 34.19 354-4 355-o 
70-4s 381-4 3616 35-m 364-7 35x3 
9222 389.1 366.6 81-62 370-g 363-4 

TABLE 2 

20 1156I75 11m -03591 
30 IS-0342S 17sm74 -0XZt54 
40 24.56001 23.76415 -0.69586 
50 3085952 29-99531 -086415 
70 43.61323 4z41256 --120067 

8 01 = i5’c/min (run c) 
b at = lO=cfmin (nm A) 
log (ada2) = -0-6021.. 
Iog(idid = fog(adad atf? = 34 kcaldmok. 

From the thermogram, Fig. I, the ratio between the initial weight of methyl 
prednisoione Form &, and the final weight was found to be equal to 1.215, which is 
equal to the ratio of the molecular weight of the solvated form (Form II,,), to the 
unsoIvated form (Form II). T3is suggested that Form II, is a 1 :I solvated form 
which a~ with the finding of Mmshi and Simonelli3’. Similar results were obtained 
from thermograms B and C which are not included in this text_ 

From thermo_oams A and C, TI t at a heating rate of IO”C/min and T,, at a 
heating rate of 25”C[min were obtained from a percentage conversion, af. This 
procedure was repeated using these two thermograms for a series of percxWage 
conversions, cr,, a3, ~~etc_TheresultswefetabillntPAinTablel,Usingthesetwo 
temperatures, (T’ 1 and T,,) and a table of log i, we calculated log&&~) for a series 
of vakes of I?_ Since these computations are on the-lengthy si& a working shf+t 
vzs used as an example to ilk&ate the method of calcukions~ Table 2 shows this 
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working sheet in which the weight loss corresponding to 10.1 oA occurs at346.6K 
ata, = 25QC/min, The same percentage conversion at a, = IOT/min recurs at 
356.1 K- For these two temperatures, TX 1 = 346.6 K and T,, = 356.1 K, and log i 
at 20 kcal/moIe were determined using the reciprocal interpoIation4_ The calcuIated 
vahxs were 1 I.56175 and 11.20265, respectively The diff’ between these two 
values wiiI give a value of 10g(i~~/~~~) = - 0.3591. This operation was repeated for 
other values of E*_ A plot of - log(i,,/i,,) versus Ef for a series of percentage 
conversions, shown in Table 2, was made and is shown in Fig_ 2, The plot shows a 
linear reIationship from which the enthalpy of desolvation of methyl prednisolone 
as a function of percentage conversion can be obtained by extrapolation, where 
- Iog(i, &) = - log(fz,[a,) = - log @i/IO) = O-602 The vaIues of enthalpies 
obtained at different percent conversions are tabulated in Table 3_ 

The temperatures of decomposition obtajned from thermograms B and C at 
the same heating ratio as thermograms A and C are also listed in Table 1. A plot 
of log@, Jilt) versus El is shown in F?= 0 3_ The resuIting enthalpi& of desolvation 
of methyl prednisuIone, Form II, obtained from FIN_ 3 were alsO listedinTable3- 
Tkdata show awickva5ation ofthecalculatedenthalpiesasafunctionofthe 

percentage conversion within the same sampIe and as a function of sample size 
variation between thermograms A and B. The caicuIatedx&h.alpies as a function of 
thc5 perax~tage conversion using thermograms A-and C ‘varied b+een 16 and 
34 kcal/mofe while the values obtained from thermograms B and C yielded values 
much higher than the previous thexmo~ and ranged between 48.8 and 95 kcal/ 
moIe, close analysis of the sample sizez effect shown in Tables I and 3 shows that the 
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Fis 4. Sii-us TG-DTG an0 DTA thamogram for thcophyllinc monohydrate dehydration 
and phase trandorxnai~ in nitroga~ atmaspherc obtained as stated in tbc expe&xnial cozzdition. 

Q7- 

a6- 

Ck5- 

Q4 - 

ctzf- 
Ql - 

Fig. s- l-hamoglams for thcophyEnc (anbydrcxs) obtained at a constant sampk we&W (8 mg i 
0.Img)anddifErcnthcatingratcsIh~anegemratad asstataiinthccxp&men~ 
amditi~andscaltdforf~ d-uxxnposed and lincw zbsolute tmperaturr- Key: (a], i2!7C~m@ 
@) 2s’C~; <c) 5=c/mill; {a) Ioeqmin 

Iargex the sample size, the greater the temperature diEenxice and the lower the 
caI&tedC. 

Egecf of the heating rare ratio 
Theophylline and cakium oxaWe monohydrate were usd to study the influence 

of the heating rate ratio _&I the calculated kin@c_parameters using de Gym and 
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Greenhow method. Several thermogkms of these sampks at a.constant timple 
weight and diEerent heating rates were generated using the thermoflex analyser to be 
usedinthisstudy. 

Figure 4 shows 2 thermogram for theophylhne monohydrate, The thermogram 
indicates that there are two steps_ The first step is dehydration starting at point D 
on the thermogram and the second step is phase transformation, starting at point T 
on the thermogram, which is the weight loss due to vaporization of the compound. 
Since there are weight losses below and above the melting point., M, on the thermo- 
gram without any chemical decomposition, sublimation is occurring beiow the 
mehing point and vaporization is occurring above the melting point_ Only the calcula- 
tions involving the vaporization, the second step, will be used at this point to evaluate 
the use of Gyulai and Greenhow’s technique. 

For convenience, the percent conversion as a function of the temperature was 
determined from the original thermograms and the plots shown in Fig_ 5 for four 
thermograms of theophylline obtained at a constant sample weight (8 mg + 0.1 mg) 
and d.iBerent heating rates- The heating rates chosen were 125*C~min, 2S”C/min, 
S”Cim;n, and 10°C/ min- The temperatures of decomposition obtained from sets of 

TABLE 4 

-TURFS OF mo2TAlsmmMTIlio THERMOGRAHSOF~- -E (A-Rous) 
AT TWO D- T HLtTlSG PATES AT A PAR-IT-U PEaCESTAGE COMfERSIO?J 

Run9venxurun14 RWKPvC~nX7IIz Runl3versusrunZ,3 
iO”C/min versus ZJT/m.fn IOTjmh versus lJS”C/min s=c/mcz versus I_zYTjti 

IoOa II: (Kl 2-n (K) I00a Txi (K) TH (K) Itxla TI: (K) 7-u (K) 

17.09 567.2 sm.5 17.09 567.2 5125 17.09 553.6 5125 
30.76 579.3 5522 30.76 579.3 530.1 30.76 566.5 530.1 
5101 5931 563-4 5101 593.7 5439 51xu 578-4 5439 
SO.13 6075 575.a 80.13 607.5 555.8 80.13 591.3 555.8 

-i-ABLE 5 

Rim 9 (IO’C(min) versus 
run 14 (25’Cimin) 

17-09 39-6 17-09 172s 17-m 
30-76 30.76 _~30-76 ~_- 2355 

5LOi 51.01 E-i I5.oI 24.62 
80.13 m-13 2338 80.13 : ~;24.78 
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20 40 60 80 100 
E+ 

Fis 6- Log (&&Lz) vaxus C pIog for theopbyIIiuc phase tranSormations as a fimaion of fraction 
deuxnpasition; and heating rate ratios0.0.8,17-1~0 decomposition; 0,~. 9.%-8% Qcomposi.- 
tion; 0, l ,@,5i-0’3, decomposition; A, A A. 80% dcwnposition. whereD, ISO, A.= 

. obtained from thumugrams (a) and (d) Wig- 5); *. I, 0, A, WCS obtained frcsin thamogramr (4 
and (4 Wig- 3;e, e,8, A. t+= obw f” thcnrrogams w=fw(fiiz-3- 

two thermograms with different heating rates and having different heating ratios,‘are 
listed in Table 4: The resuhing log(i,,/i,~) versus E* p1ot.s for data in Tabie 4 are 
sho*x in Fig_ 6_ The enthalpies calculated from Fig 6 show wide vari&ion, ranging 
from 173 to 39-6 kcai/mole as a function of percentage conversion within the same 
rnns and as a function of the heating rate ratios. The data are summarized in Table 5. 
Table 5 shoti that en&al&s obtained from two thermograms at higher heating rates 
have higher values with a wide range of variation compared with values obtained from 
two thermograms generated at lower heating rates, even though they have the same 
heating rate ratios_ The variation gets smaUer as we go to higher heating rate ratios. 

For exampIe, for a-heating rate ratio equal to four, (a& = 4), obtained from two 
thermo&ams generated at lO”C/min, the enthaIpies calculated by the Gy&i an& 
Greenhow method range between 28 ,& 39.6 kcal/m&e_ On the other hand, the 
enthaipies caiculated from two thermograms generated at 5_°C/min and -1.2YQnin 
Mrybetween 17.3 and 23-5 kc&/mole. ThiSindicates that as we go to lo- heating 
lates h&ng the same ratios, the vaInes of-the enl$aIpifts~decrese andtherangeof 
variafion- also decreases, . .’ ._ z _ _. 



T-ABLE 6 

16-67 4321 4124 16-67 418-8 4124 
40 4a3 4188 40 4315 418-8 
70 4525 4249 70 437-o 4242 

For a heating rate ratio equal to eight, the enthaIpies calculated from two 
thermo_grams at 10 and L25”C/min fange between 22.6 and 24.8 kcal/moIe. The 
data for theophyIIine suggests that the higher the heating rate ratio, the less the 
variation in the cakuI2ted enthaipies. 

figure 7 shows a thermogram for caIcium oxaiate monohydrate generated 
under a nitrogen atmosphere_ The thermogram shows three consecutive phase 
transformation steps- The first step is the dehydration of caIcium 0xaIat.e mono- 
hydrate to form anhydrous caIcium oxaIate_ The second and third steps show chemical 
decomposition of cakium oxAate_ The &em&I decomposition in step two is the 
release of carbon monoxide to form calcium carbonate which in turn decomposes 
in the third step to release cakium dioxide to form caIcium oxide. 

The temperatures of decomposition in step one obtained ftim se& of two 
thermograms with different heating rates having different heating ratios, are.listed in 
Table 6, The resulting log& & 3 versus E* plots for data in T’le 6 a& shown & Fi,e 
8, The temperatures of decomposition in step two of the c&Sum ox&& ale listed & 
Table 7 and the corresponding log& Ji&) versus E* plots are shown in FigI g---By the 
same token, temperatures of decomposition of caIcium carbonate-&lciu&&idetra& 
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Fig_ 8_ Log (is&,$ v- C pIot for calcimn o&ate monohydrate dehydration <step one) u a 
ftttrtion of fraction decomposition and heating rate ratios; A,l17-y& dacomposition; 0-e 40”,/0 
daxxn~ti~; 0. .,7W,& -position where A, 0, 0. wecz OwaitKd from two * 
generated at zOT/min and zS’C/min; I=. 0, wcnz obtained from two thermograms fpesatcd 
at lOT@n and 25T/min. 

TABLE7 

fo&ation a& shown-in Table 8, and the’ corre&porxling log& JjI 2) versus E+ plots 
arC shown in Fig. 101.The enthalpies ~&&ted from Figs. g-10 she* wide variatiOn, 
The ex~thalfies ran&_ from 27 to 71.4 kcal/moIe for the dehydration step And from 
37.2 to 76 kcaI/moie for the calcium ca&onate+tici&p oxide chemi& &ansform&on 
step- Table 9 summa&~ these data. The data for step-one is Sag&e&&t with-*e 
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TABLE 8 



previous fbuiings on theophylline, in that as the heating rate ratios are increased, the 
calaWed enthaIpies get smaller and the variation between these values ge& narrower- 
-On the other hand, for steps two and three, which &-la the tempex&ture ranges of. 
39349WZ and -596-76JP~, respectiveiy, the 4+dated enthalpies for the higher- 
heatingrate rafios were higher than those of the smaller heating rate ratios and haye a~ 
ti_*r range sf viu-iath The last finding is opposite to that ixi the case_of th&3p~@ixieF 
vapor@atZq~ and calcium oxalatemonohydkte d&hydrztiti-.Tbis tiy be d&o the 
fact that calcium oxalate bionbh$Irate dehyd.rati&‘&d thtdphyUi&‘pbask t&z+ 
formation ocbr at a lower temperature an+ in ii naxkower ten$xxattu+an~~l 

:_. ~. I . 
_ ._- _I . . . 
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R;m 2 (~W’C/nrhzJ mzr-szs Run I (2o”c)hin~ R-erw Run I (2o”Cimin) Yffsus 

rurz 3 [25=cimik) run 3 (2J°Citi) run 3 (2zNymih) 
16-S 3582 1289 47-m 9 4393 
40 m-93 2.9 63.57 27 5oAs 
70 27.11 7238 so 4998 

96.89 75.95 So 4836 

Run 4 (Ioec/MinJ wm?Ls Run 4 cIo”clmii) pczsro Rwl4 (IoT/mz-n~ Ym 

run 3 (25Tjhzin~ MI 3 (25”C,rmin rurl3 (25°c(nrin) 
1667 7139 12x9 372 9 3897 
40 37.85 32 4299 27 43-43 
70 4oA4 46.65 50 4332 

48.69 so 44-63 

A literature and experimental evaluation showed that the non-isothermal 
thermo_erauimetric techniques published in the literature gave unsatisfactory results, 
as a wide variation in cakulated enthalpies as a function of experimental conditions 
~23s observed_ Ali methods, diEerentia& integrat or two-curves techniques, make the 
following assumptions which are often violated 

(a) The equation was derived zzssumhg that all solids decompose to another 
solid plus gas_ 

(b) The function of the mass change, f(r), is assumed to be (L - CZ~- 
(c) The anaiysis of data implicitly assumes that the furnace atmosphere does not 

infiuence the reaction. This su~ests the reaction will be the same under an oxidative 
or non-oxidative atmosphere, which is not trae for many reactions- 

(d) The method assumes that the sample temperature is equal to the furnace 
temperature throughout the specimen, i.e. no thermal gradient, 

(e) The method assumes that only one reaction occurs inthesystemandthat 
the order of the reaction is the same throughout the reaction_ This excludes the 
possiiility of multi&p reactions, 

In addition to the a-hove assumptions, the methods using~hvo thermogram 
curves either assume a parallel shift of the thermograms on the temperaiuze axis when 
the two thermograms are generated under two different heating rates, but keeping 
other conditions consfant; or a parallei shift of the thermograms on the temperature 
axis when the two thermograms are generated from two sample weights keeping 
other conditions constant- 
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This assumption does not agree with our obsetiations and findings in Fig. 5. 
Figure 5 also showS that the ldwer the heatigg rate the-lower-the temperature of 
decomposition corresponding to a certain per&Wag& conversion. This d&rease is not 
homogeneous since the slopes of these therinograms are different aud the distance WY 
is greater than the distance X2. Figure 5 shows that this distance is not homogenaus 
as a function of faction of decomposition (a). This latter observation f&.Uy.su~ports 
our observation that the inconsistencies of the parameters obtained from presently 
utilized techniques is due to the disregard of the thermal gradients that must exist in 
the sample. 

After a thorough a&@&i of the techniques, we have rationalized that the &ajor 
cause of this variation is due to the fact that these methods cmcluding the Gyui& 
and Greenhow method) do ndt take into consideration the the&al gradient of the 
sample or the Iag in temperatt of the sample from that indicated on the thermogram. 
As a result, a minor variation in the recorded tcmpcrature will yield a range of 
~aiiations in the calcuIat.ed E*. The variation of E* as a function of the sampIe size 
can be explained by the fact that the larger the specimen mass, the greater the 
diffezuce between the sampfe and fUmac&temperatures, and the iarger the thermal 
gradient. Also, the specimen mass could alter the heating rate and the degree of 
gaseous diffusion through the specimen, Similarly, the Iarger variations seen with 
higher heating rates can be explained due “LO the Iarger thermal gradients and tempera- 
ture lag of the sample which must exist at the higher heating rates. 

It is obvious from the above resuhs that the dissatisfaction often expressed iti 
the literature regarding use of the non-isothermal techniques presently available to 
researchers is weli founded. 
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