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ABSTRACT

. 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
discussed. An experimental evaluation of the new tabular method introduced by
Gyulai and Greenhow is presented. Thermograms of several compounds of different
sample size were obtained at different heating rates and analyzed by the Gyulai-
Greenhow technique. The analysis showed a wide variation for the enthalpy calculated
by this technique, as a function of the sample size and the heating rate ratios. For
example, the calculated enthalpy of desolvation for the tertiary butanol solvate of
methyl prednisolone obtained from different runs using the same heating rate but
different sample sizes, yielded values between 16 and 95 kcal/mole. Variation in the
heating rate ratios also affected the resulis. The enthalpy of theophylline varied
between 17 and 39.6 kcal/mole with different heating rate ratios. Similar differences
were found with calcium oxalate samples.

INTRODUCTION

In the past twenty years, the determination of kinetic parameters from thermo-
gta\nmctnc (TGA) curves: has been the subject of extensive experimental and
theoretical discussions. In many instances, carlier ¢fforts have not only been dis-
appointing and tedious to carry ont, but also subject- to many systematic errors,
thereby necessitating an arbitrary choice of variable constants. In a great number of
these instances, it was therefore possible to change the value of the experimental
activation energy dramatically by varying “adjustable’ parameters within permissable
limits.-Such conditions do not inspire great confidence in the apparent activation
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energies so extracted. For this reason, many careful workers preface such results
by the word “procedural”?- 2, meaning that the results could contain variables not
extracted by the treatment of the data.

It would be important to eliminate the variability of the extracted parameters
as thermogravimetry is a continuous non-isothermal method which has many
advantages over currently used isothermal methods. These advantages are that a single
experimental curve is sufficient to obtain an estimate of the apparent heat of activation
and that the kinetics can be probed over an entire temperaun'e range in a continuocus
manner without any gaps>.

The present study was undertaken to investigate the presently utilized, non-
isothermal thermogravimetric kinetic methods to study chemical degradation and
phase transformation. The study was done in two parts. The first part is concerned
with a literature review of methods and their evaluation while the second part is an
experiment2] evaluation of a recently introduced tabular method by Gyulai and
Greenhow*. For this purpose, experimental data for methyl prednisolone tertiary
butanol solvated formm (Form II,) desolvation, theophylline phase transformation,
and calciom oxalate monohydrate dehydration and chemical degradation was
obtained.

EVALUATION OF PUBLISHED METHODS

A number of non-isothermal methods have been proposed and summarized
in several review articles! 2- 3~ 2. These methods fall into two distinct approaches for
the determination of kinetic parameters from thermogravimetric measurements. The
two approaches are the difierential and the integral methods. These two methods use
the general non-isothermal kinetic equation, eqgn. (1).

e A e a © ®
where a = dT/dr or the linear heating rate (°C/min); Z is the Arrhenius pre-exponential
factor; E£* the activation coergy (kcal/mole); R the gas constant; T the absolute
temperature in (K); dz/dT the rate of sample loss per degree; « 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 analytical form depends on the reaction in question. -

The most widely used differsntial method to extract the kinetic parameters
from TG curves is the method first introduced by Freeman and Carroll®. The method
is based on eqn. (1) and on Scheme 1 with the arbitrarily chosen f{a) = X*®, where X
is the concentration, mole fraction or amount of reactant- A, and n is frequently
called the reaction order, in analogy with homogenous kinetics.

(Solid), — (Solid); + gas _ (Scheme 1)

Therefore, the rate expression for the disappearance of reactant A from the xmxtnrc
can be written as g
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dXA —~E°/RT = ‘ ’ '
_— = p)
I Ze X . @

By rearranging eqn. (2), taking the logarithmic fdrm, and then differentiating
with respect to dX/ds, X, and 7, we arrive at

":;f dln(-%)-ndmx , 6)

Integration of equo. (3) gives

E* 1 ax
-74(r)="‘“('T)’""‘“X @

Dividing eqns. (3) and (4) by dlnX and 4InX, respectively, gives
E*dT _ din(— dX/dr) n

RTZdlnX dinX ©

and

(— E*/R)YA(T) _ Aln(— dX[d5) )
AlnX - 4dInX

From eqns. (5) and (6), a plot of din(— dX/dT)/dInX versus d7/T2dInX and
Aln(— dX[df){AlnX versus A(1/T)/AInX should yieid a straight line with slopes of
-+ E*/R and intercepts of n.

Markowitz and Boryta'® 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 aL 2 criticized the differential
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, dx{dz, depends on the
sample size, keating rate, and absolute linearity of the heating program. In addition,
Sestak et al.? criticized the assumption of the existence of a single reaction order, n,
as an empirical constant. To overcome the disadvantages of the differential method,
Sestak et al.? suggested the use of a numerical solution for the determination of the
rate (dz/ds). Flynn and Wall! pointed out that the differential method gives a
“procedural” n and E*, particularly when an overlapping stage of an independent
reaction takes 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 multistage reactions.

‘The integral approach is also based on eqn. (1) which can be mn'anged to yield

== (%) e™maen | | R @
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or in the integral form
x T
_ dz _Z —E~RT
Zo To - .

Where, hence, 2y and T, are initial conversion and absolute temperature, respectively.
Unfortunately, the right-hand side of the equation does not reduce to a finite form
under integration, and the analytical form of f(x) is not known. Of the several integral
methods proposed in the literature, differences exist in the solution path for eqn. (8).
Both exponential**~'* and tabulated numerical solutions'®*~!7 to the right-hand
side cf egn. (8) bave been proposed.

The exponential integration methed was introduced by Coats and Redfern®?.
Their approach is based on Scheme 1 and egn. (8) with the arbitrarily chosen f(z) =
(1 — a)". Integration of the right-hand side of eqn. (8) was done by the substitution

= E*{RT, and then use of the approximation relationship presented in egn. (9)
to obtain eqn. (10).

x

fez b gy = pB o yof__ﬂl}‘_(f’z ©)
B
1—m 2

Taking the logarithmic form of eqn. (10) will give eqn. (11).

— _— I-n
logx (1 e log[ ZR (1 _ 2RT)] _ E* an
T*(L — n) aE* E* 2.3RT

From eqn. (11),a plotoflog [1 — (1 — «)*™™}/T?(1 — n) versus 1/T should
yield a straight line with a slope of (— E*/2.3R).

Zsako and Arz'® analyzed fifieen thermogravimetric curves of the thermal
decomposition of CaCO; obtained from the literature by means of the Coats and
Redfern method and found that the activation energy varied between 26 and 377
kcal/mole and the pre-exponential factors between 102 and 10%° as functions of the
working conditions.

The tabulated integration methods are based on tabulating the value of the
integral form of the right-hand side of eqn. (8). Assuming that the amount decom-
position at the lower temperature is very small, Doyle!? substituted zero for T, in -
ordcr to be able to use the notation g = E*/RT to obtain

F(z) = % J. e FRT QT = — —Zg—f(e’lﬂz)d# a2
[+] < :
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where y is the value of 1 at the temperature corresponding to the apparent value of «.
Introducing the notation

o) = — | ) dp (13)
eqn. (12) becomes
F(@) = ( ZE* ) PG) a4

Using eqn. 14 and a table of — logP(y), Doyle!® applied a trial and error curve
fitting method for the determination of activation energy. This method is lengthy and
f(2) must be known or assumed. Zsako!® attempted to simplify Doyle’s method by
using eqn. (14) in the logarithmic form

log [%] log F(a) — log P(y) = constant ) as)
where the term log(ZE*[aR) is constant, and depends only on E*, the nature of the
material and the reaction studied, and the heating rate “a”, but not the temperature
of the study. The constant can be calculated for different reaction mechanisms, if
F (=) is known or assumed, for each individual value of a series of activation energies
using a tabulated value of logP(y). The apparent activation energy chosen would
yield an activation energy which is consistent with the chosen function F(x).

Satava and Skvara!”? have simplified Zsako’s tedious procedure by using a
graphical comparison of log F(z) and log P(y) by means of nomograms. The log
F(2) values for various rate processes are plotted versus the corresponding temperature
values on traasparent paper on the same scale as the standard plot of — log P(y)
versus 7. The plot of log F(x) is placed on top of the log P(y) diagram so that the
temperature scales coincide and it is then shifted along the coordinate until one of the
log F(x) curves fits one of the log P(y) curves. From this log P(») function, the
corresponding activation energy, £*, can then be obtained.

Zsako!® suggested an empirical formula, eqn. (16), for the approximation of
P(y) and claimed that errors are less than 0.59% if y is greater than 1.6.

o ,
: 16
-6 (e
with d = 16/(y* — 4y + 84).
. Other methods which involve the use of two TGA curves have been proposed. -
Reich?? has published a method which requires two TGA curves with different
heating rates for determining the energy of activation. He emphasizes that his method

is sensitive to changes in temperature. On the other hand, Chatterjee?! introduced a
method. which requires two TGA curves obtained with different sample weights

P(y) =




72

under similar reaction conditions. This method uses the rate expression given by
eqn. (17). - . -

— ——‘g:' — Ze FURT py= an

or 4

n logW — log(— dW/di) = 18y

E*
230RT 1087

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

E*

and
n logh, — log(— Wjdn); = 5= — C (20)

The constant will be the same in both cases. The values of W,, W,, and the corre-
sponding (— dW/dt), and (— dW/dt), can be determined at selected temperatures
from each set of curves and n can be evaluated by

_ _ log(— dWwdr), — log(— dWjd1),
- logW, — logh,

(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 7, the value of E* can be determined from a single tracing by plotting
[nlogH — iog(— dW/dr)] versus 1/T. The slope of the plot of this equation will
give the value of £*/2.303R and the intercept will be equal to the value of the logZ.

Zsako?? criticized the methods which use more than a single TG curve to
obtain the kinetic parameters. He describes these methods as erroneous, illusory,
and worthless, since the extracted kinetic parameters obtained depend on procedural
vaniables such as heating rate, sample weight, particle size, compactness, material
and geometry of the sample holder, nature and static or dynamic character of the
atmosphere, etc. Also, Zsako discussed the influence 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 own®® tabulated methods.

In the case of thermogravimetry, because the shapes of the TG curves and also
the kinetic parameters derived from these curves depend on the previously mentioned
procedural variables??~ 26, investigators tried to explain these variations on the basis
of the Arrhenins equation by introducing a new term referred to as the “kinetic
compensation effect”26~31_ This phenomenon is expressed as

log(Z) = aE* + b @
Equation (22) predicts that, for the same compound and under different
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procedural conditions, a plot of E* versus log(Z) will give a straight line with a slope
equal to “a” and an intercept equal to “b”. Both “2” and “b” are constant and
characterize the family of curves for that compound. Needless to say, this approach
requires two empirical paremecters for cach experimental variable such as heating rate,
sample size; etc. It also allovrs one to predict experimental values of Z given E* or
vice versa, but does not yield a constant value of E* and Z which are mherent to the
reaction or transformation belng studied.

In a recent article, Gyulai and Greenhow* have combined the tabular integral

apptoax.n WII.II L[R: Suun‘:wna.t 010CT l.u.muquc Ul uuu.uung lWU lUt‘L iraces o1 toe
same compound taken under the same conditions, but at different heating rates. They

infradicad f'—-n nAafatran

LR VU LRWAAL Lilw VMGV
T

R )

i= j e =I®t aT 23
o

and rewrote eqn. (8) as

F(o) = (4]a)i - °9

To apply this approach using TGA curves taken at two different heating rates, a;
and a,, one must determine the temperature at a, and a, at which a percentage
conversion a, is achieved. This is then repeated using a different value for the
percentage conversion, «,. In their notation, a, is the lower heating rate, a, the higher
heating raie, 7, the temperaiure for conversion a, at heating rate a,, T, , the tempera-
ture for conversion al at heating rate az, T,, the temperature for conversion a:z at

L& o s Fomcmmimmcemdecmn Lme mmemsoaanS Taomal |- G,

ALY Iate Ul, 1-;2 un: wImnpCiatuic IUI WLIVCI)I.ULI !lz at ut.'d.uug 1aic az. Uuuang

the i notation of eqns. (23) and (24), thcy obtained

Tas Ti2
ill — f e—E‘.’RT dT; ill f c —E*JRT 4T ‘ o (25)
o o
F(@): = (4]a,)iss; F(@)12 = (4]ais, / . (26)

Since the area under the curve for a constant fraction of conversion is egual
for both thermograms, then '

F(@);, ;¢)12 - 7 (27)
z_md j . }
F(2);1/F(@);2 = (@z/a,)[(i11/i12) = 1 S : (28)

P T3
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They calculated and tabulated values for i as log(7). These equations imply that one
should obtain a series of values for the activation energy, E£*, at any percentage
conversion, x,, and any two heating rates, a, and a.. For this method, a plot is made
of a series of E* values as the x-axis and the values of log(i, /i) obtained from the
tables as the y-axis. The value of E* for a system can be obtained, where

log(iy,fi,2) = log(a,/a-) 30)
According to the above equations, egn. (30) should be a unique solution and should
present the value of £* at that particular percentage conversion.

The Gyulai and Greenhow technique will be experimentally evaluated in this
study.

EXPERIMENTAL

Materials

Calcium oxalate monohydrate (Fisher Scientific Co., Fair Lawn, NJ.) was
used during this study as supplied. Theophylline monohydrate was prepared by
recrystallizing theophylline (U.S.P. grade, Nutriticnal Biochemical Corp., Cleveland,
Ohio) from double distilled water. Anhydrous theophylline was prepared by heating
theophylline monohydrate in the oven at 105°C overnight or until its X-ray diffracto-
gram corresponded to anhydrous theophylline. Methy! prednisolone Form II, was
prepared by recrystallizing methyl prednisolone (The Upjohn Co., Kalamazoo, Mich.)
in tertiary butanol (J. T. Baker Chemical Co., Philipsburg, IN_J.).

Instrument

The instrument used during this study is 2 simultaneous thermogravimetric
analyzer, TGA, differential thermogravimetric analyzer, DTG, and differential
thermal analyzer, DTA (Thermofiex Analyzer, Rigakuf/USA, Inc., Wakefield, Mass.).

The thermofiex analyzer is a single fumace instrument in which the DTA cells
are mounted on the weighing beam. The differential temperature and sample tempera-
ture are measured 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
analog system from the TGA signal.

The sample was weighed on a Chan Electrobalance using the thermobalance
platinum sample crucible a5 a tare so that the residual weight could be directly
measured after the run. Since the sample mass ranged from 10 to 20 mg, the thermo-~
balance was calibrated for 10 mg full scale. The atmosphere was high purity dry
oitrogen (Norwich Cylinder Co.) which was regulated at a constant flow of 160
ml/min. The sensitivity of the DTA was 500uV. The temperature scale was 30 mV
full scale with the temperature calibrated at zero voltage. Temperatures were converted
to degrees centrigrade by a table of electromotive force for platinal thermocouples.
The heating rate was as stated in the thermogram. DTG sensitivity was 0.5. The chart
speed was 10 mm/min for all runs. ‘
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RESULTS AND DISCUSSIONS

To investigate the consistency of the exiracted value of E* under the influence
of experimental conditions using the Gyulai and Greenhow method, a program was
undertaken to study the kinetics of a wide varety of compounds which undergo
different chemical and physical transformations. The chosen compounds and trans-
formations studied were the desolvation of the z-butyl alcohol solvate of methyl
prednisolone, the phase transformations (sublimation and vaporization) of theo-
phylline, and the dehydration and chemical degradation of calcium oxalate mono-
hydrate. In particular, the investigation was designed to focus on the effect of sample
size, heating rate, and heating rate ratios on the calculated heats of activation.

Sample size effect on the calculated enthalpy of desolvation of methyl prednisolone
Three thermograms (A, B, C) of methyl prednisclone Form I, were obtained
using the thermoflex analyser. Two of these thermograms, A and B, were obtained at
the same heating rate (10°C/min), but for different sample weighis. Thermogram A
was generated from 12.74 mg while thermogram B was obtained from 8.05 mg_ These
wo thermograms were compared with thermogram C, which was obtained from
8.66 mg and generated under a heating rate of 2.5°C/min. _
For illustrative purposes, Fig. 1 shows thermogram A, a typical tracing for
methyl prednisolone Form II,, obtained using the thermoflex 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 also the change in mass
as a function of temperature. It also provides the temperature difference between
the sample and an inert reference substance as a function of temperature at a constant
heating rate. Gyulai and Greenhow used only the TG trace to calculate their kinetic

parameters.
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Fig- 1. Simultaneous TG-DTG and DTA thermogram for methyl prednisolone tertiary butanol
solvated form (Form Iy} desolvation, in mtrogm :mnospherc obtamed from 12.74 mg as stated
under the expmmcnla.l condition- -
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TABLE 1

TEMPERATURES OF DECOMPOSITION OBTAINED FROM TWO THERMOGRAMS OF MEYHYI PREDNISOLONE
FORYM Ilp GENERATED AT TWO DIFFERENT HEATING RATES AT A PARTICULAR PERCENTAGE CONVERSION

Thermogram A (10°Clmin) versus Thermogram B (10°Cfmin) versus
thermogram C (2.5°C[min) - thermogram C (2.5°C[minj

100a T12 (K} Tu (X} 100a Tz (K} n (K)
10.1 356-1 346.6 11.1 350.1 3469
21.28 365.5 3513 19.7 3544 350.7
492 3764 35380 34.19 3544 3550
70.48 38143 3616 3585 364.7 3583
9222 389.1 366.6 81.62 3709 3634
TABLE 2

A SAMPLZ WORKSHEET TO LLUSTRATE THE METHOD OF CALCULATION USING lO.l% CONVERSION AS 1
FOR METHYL PREDNISOLONE (USING THE GYULAI AXD GREENHOW METHOD)

E* —login —log ix2 log (infir=)
T = 3466 K> Tz = 356.1 K

20 1156175 11.20265 —03591

30 18.03428 17.50674 —0.52754

40 2446001 23.76415 —0.69586

50 3085952 2999531 —0.86415

70 43.61323 42 41256 —1.20067

s m = 2.5°Cfmin (fun C)

b g+ = 10°Cfmim (fun A)

log (ax/as) = —0.6021.

log (f11fi12) = log (a1/a=) at E* = 34 kcal/mole.

From the thermogram, Fig. 1, the ratio between the initial weight of methyl
prednisolone Form 1II, 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
unsolvated form (Form II). This suggested that Form II, is 2 1:1 solvated form
which agrees with the finding of Munshi and Simonelli32. Similar results were obtained
from thermograms B and C which are not included in this text.

From thermograms A and C, T, at a heating rate of 10°C/min and T, at a
heating rate of 2.5°C/min were obtained from a percentage conversion, a;. This
procedure was repeated using these two thermograms for a series of percentage
CONVETSIONnS, I, o3, 4, etc. The results were tabulated in Table 1. Using these two
temperatures, (7,, and 7;,) and a table of log i, we calculated log(i, /i, ) for 2 series
of values of E*. Since these computations are on the lengthy side, a working sheet
was used as an example to illustrate the method of calculations. Table 2 shows this
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Fig 2. Log (is1fiaz) versus E* plot for methyl prednisolone Form Iy desolvation as a function of
fraction decomposition (a) using two thermograms (A and C) generated under the same conditions
as described in the experimental condition, but with different heating rates. Key: A at 10°C/min;
C at 2.5°C/min; O, 92.2°%,, decomposition; @, 70.5% decomposition; 13, 492%, decompoat.on'
A. 21.3% decomposition; @, 10.1%, dccomposmon.

TABLE 3

EFFECT OF SAMPLE SIZE ON THE CALCULATED ENTHALPY OF METHYL PREDNISOLONE FORM I, DESOLVATION
OBTAINED BY USING GUYLAI AND GREENHOW METROD

Thermogram A (10°Clmin, 12.76 mg) vs. Thermogram B {10"(:_/:;@, 805 mg) vs.
thermogram C (2.5 °C[mm, 8.66 mg)> thermogram C (2.5°C|min, 866 mg)®
100a E* (kcalfmole) 100a E* (keallmole)
10.1%, 3443 11.1% ' 9497

21.28% 233 197% 0.0

4929, : 1889 34.19% 0.9

70.48%, .. 17189 53.89% 557

92 229, 163 31.62% - 483

s Calculated from Fig. 2
b Calkulated from Fig. 3.
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Fig. 3. Log (is1fias) versus E* plot for methyl prednisolone Form IIs desolvation as a function of
fraction decomposad (a) using two thermograms (B and C) generated as described in the experimental
condition but with different heating rates. Key:- B at 10°C/min; C at 2. 5°C/min; O, 80.6%9; decomposi-
tion: @, 53.9%; decomposition; [, 34.2%, decomposition; A, 19.7% decomposition; @, 11.1%
decomposition-

working sheet in which the weight loss corresponding to 10.1 9/ occurs at 346.6 K
at @a; = 2.5°C/min. The same percentage conversion at @, = 10°C/min occurs at
356.1 K. For these two temperatures, 7, = 346.6 K and T, = 356.1 K, and log i
at 20 kcal/mole were determined using the reciprocal interpolation®. The calculated
values were 11.56175 and 11.20265, respectively. The difference between these two
values will give a value of log(iy,fi;2) = — 0.3591. This operation was repeated for
other values of E*. A plot of — log(i,,/i,;) versus E* for a series of percentage
conversions, shown in Table 2, was made and is shown in Fig. 2. The plot shows a
linear relationship from which the enthalpy of desolvation of methyl prednisolone
as a funcuon of percentage conversion can be obtained by extrapolation, where
— log(iy,/i;2) = — log(a,/a;) = — log (2.5/10) = 0.602. The values of enthalpies
obtained at different percent conversions are tabulated in Table 3.

The temperatures of decomposition obtained 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(i,,fi,;) versus E* is shown in Fig. 3. The resulting enthalpies of desolvation
of methyl prednisolone, Form II,, obtained from Fig. 3 were also listed in Table 3.
The data show a wide variation of the calculated enthalpies as a function of the
percentage conversion within the same sample and as a function of sample size
variation between thermograms A and B. The calculated enthalpies as a function of
the percentage conversion using thermograms A and C varied between 16 and
34 kcal/mole while the values obtained from thermograms B and C yielded values
much higher than the previous thermograms and ranged between 48.8 and 95 kcal/
mole. Close analysis of the sample size effect shown in Tables 1 and 3 shows that the
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Fig. 4. Simultaneous TG-DTG and DTA thermogram for theophylline monohydrate dehydration
and phase transformations in nitrogen atmosphere obtained as stated in the experimental condition.
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Fig. 5. Thermograms for theophylline (anhydrous) obtained at a constant sample weight (8 mg =-
0.1 mg) and different heating rates. The thermograms were generated as stated in the experimental
conditions and scaled for fraction decomposed and linear absolute temperature. Kev: (2), 1.25°C/min;
(®) 2.5°C/min; (¢) 5°C/min; (d) 10°C/min_

larger the sample size, the greater the temperature difference and the lower the
calculated E*, '

Effect of fhe heating rate ratio 7
Theophylline and calcium oxalate monohydrate were used to study the influence
of the heating rate ratio on the calculated kinetic parameters using the Gyulai and
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Greenhow method. Several thermograms of these samples at a constant sample
weight and different heating rates were generated using the thermoflex analyser to be
used in this study. ’

Figure 4 shows 2 thermogram for theophyliline 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
melting 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 different heating rates. The heating rates chosen were 1.25°C/min, 2.5°C/min,
5°C/min, and 10°C/min. The temperatures of decomposition obtained from sets of

TABLE 4

TEMPERATURES OF DECOMPOSITION OBTAINED FROM TWO THERMOGRAMS OF THEOPHYLLINE (A.\?!YDRO[S)
AT TWO DIFFERENT HEATING RATES AT A PARTICULAR PERCENTAGE CONVERSION

Run 9 versus run 14 Run 9 versus run 12 Runt I3 versus run 12
10°C[min versus 2.5°C[min 10°C[min versus 1.25°C{min 5°C{min versus 1.25°C[min

100a Ti= (K) Tu(K)  100a T2 (K) Tu(K)  100a T2 (K) Tu (K)

17.09 567.2 540.5 17.09 567.2 5125 17.09 553.6 5125
30.76 579.3 552.2 30.76 579.3 530.1 30.76 566.5 530.1
5101 5937 5634 51.01 593.7 5439 5101 5784 5439
80.13 607.5 5758 80.13 607.5 5558 80.13 591.3 5558
TABLE 5

THE CALCULATED ENTHALPY OF VAPORIZATION (4H,*) FOR THEOPHYLLINE USING THE GYULAI AND
GREENBOW INTEGRATION METHOD FGR KINETICS

Run 9 (10°C/min) versus Run 13 (5°Cimin) versus anr9 (10°C[ntin) versus

run 14 (2.5°C{min} run 12 (1.25°C{min} run 12 (1.25°C/[min)

100a AH* (kcal) 100a AH® (kcal) 100a AH* (kcal)
17.09 396 17.09 1728 17.09 262

30.76 3026 30.76 - 2056 . 3076 - 2355 -
5101 2822 51.01 . 2294 1501 24.62

80.13 2809 20.13 2338 © 8013 © 2478
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Fig 6. 10g (ia1/ix®) versus E* plot for theophylline phase transformations as a function of fraction
decomposition; 2nd heating rate ratios. O, @, &, 17.1%, decomposition; O, 1. S, 30-8% decomposi-
tion; O, @,0, 51.0% decomposition; A, A, A, 80% decomposition, where(O, [, O, A, were
obtained from thermograms (a) and (d) (Fig. 5); @, 18, @, A, were obtained from thermograms (2)
and () (Fig- 58, 5,0, A, were obtained from thermograms (b) and (d) (Fig- 5)-

two thermograms with different heating rates and having different h&tmg ratios, are
listed in Table 4. The resulting log(i;,/i;.) versus E* plots for data in Table 4 are
shown in Fig. 6. The enthalpies calculated from Fig. 6 show wide variation, ranging
from 173 to 39.6 kcal/mole as a function of percentage conversion within the same
runs and as a function of the heating rate ratios. The data are summarized in Table 5.
Table 5 shows that enthalpies 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 smaller as we go to higher heating rzate ratios.
For example, for a heating rate ratio equal to four, (a;/a; = 4), obtained from two
thermograms generated at 10°C/min, the enthalpies calculated by the Gyulai and
Greenhow method range between 28 and 39.6 kcal/mole. On the other hand, the
enthalpies calculated from two thermograms generated at 5°C/min and 1.25°C/min -
vary between 17.3 and 23.5 kcal/mole. This indicates that as we go to lower heating
m.tshavmgthesamemnos,theva]uesoftheentbalplesdecmseandtherangeof ‘
vanatxon also decms&s. ~ . .
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Fig 7. Simultapeous TG-DTG and DTA thermograms from calcium oxalate monohydrate dehydra-
tion 2nd chemical degradation in nitrogen atmosphere, obtammed as stated in the experimental condi-
tions.
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TABLE 6

TEMPERATURES OF DECOMPOSITION OBTAINED FROM TWO THERMOGRAMS OF CALCIUM OXALATE MONO-
HYDRATE GENERATED AT TWO DIFFERENT HEATING RATES AT A PARTICULAR PERCENTAGE CONVERSION
(DEXMYDRATION STEP)

Rurn 2 20°Clmin) versus Run 4 (10°C[min) versus

runt 3 (2.5°C/min) un 3 (2.5°Clmin)

100« T~ (K) Tu (X} 100a Ti2 (K) Tu (X}
16.67 4321 4124 16.67 4188 4124
40 4423 4188 40 4315 4188
70 4525 4249 70 43790 4249

For a heating rate ratio equal to eight, the enthalpies calculated from two
thermograms at 10 and 1.25°C/min range between 22.6 and 24.8 kcal/mole. The -
data for theophylline suggests that the higher the heating rate ratio, the less the
variation in the calculated enthalpies.

Figure 7 shows a thermogram for calcium oxalate monohydrate generated
under a nitrogen atmosphere. The thermogram shows three consecutive phase
transformation steps. The first step is the dehydration of calcium oxalate mono-
hydrate to form anhydrous calcium oxalate. The second and third steps show chemical
decomposition of calcium oxalate. The chemical decomposition in step two is the
release of carbon monoxide to form calcium carbonate which in turn decompos&s
in the third step to release calcium dioxide to form calcium oxide.

The temperatures of decomposition in step one obtained from sets of two
thermograms with different heating rates having different heating ral:ios, are listed in
Table 6. The resulting log(i, , /i, ,) versus E* plots for data in Table 6 are shown in Fi 1z
8. The temperatures of decomposition in step two of the calcium oxalate are listed 1 in
Table 7 and the corresponding log(i, /i, ;) versus E* plots are shown in Fig. 9. By the
same token, temperatures of decomposition of calcium wbonate—m]aum oxzdetrans-
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Fig- 8. Log (ia1/ins) versus E* plot for calciumn oxalatc monohydrate dehydration (step one) as a
function of fraction decomposition and heating rate ratios; A, A, 17-79% decompeosition; 3, i, 40%
decomposition; O, @, 707, decomposition, where A, {1, O, wer= obtained from two thermograms
generated at 20°C/min and 2.5°C/min; A. . @. were obtained from two thermograms generated
at 10°C/min and 2.5°C/min.

TABLE 7
TEMPERATURES OF DECOMPOSITION OBTAINED FROM TWO THERMOGRAMS OF CALCIUM OXALATE MONO-

HYDRATE GENERATED AT TWO DIFFERENT HEATING RATES AT A PARTICULAR PERCENTAGE CONVERSION
(FOR CALCIUBM OXALATE-CALCIUM CARBONATE CHEMICAL DEGRADATION)

Run 1 (20°Clmin} versus Run 4 (10°C[min) versus

run 3 (2.5°Clmin) run 3 (2.5°C[min)

100a T (K} T (K) 100a T2 (K) 4 Tn (K)
12.89 741.3 699.4 12.89 7350 6990
32 7562 ™2 32 755.1° 222
64.9 : 769.5 7383 64.9 7700 7383

96.89 781.8 - 7512 / 96.89 7825 7512

formation are shown in Table 8, and the corresponding log(i, x[z,z) versus E¥ plots
_are shown in Fig. 10. “The enthalpies calculated from Figs. 8-10 show wide variation.
Thc enthalpies range from 27 to 71.4 kcal/mole for the dehydration step and from
37.2t076 kcal/mole for the calcium carbonate-calcium oxide chemical transformation
step. Table 9 summarizes these data. The data for step one is In’ agreement with the
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Fig- 9. Log (ix1/ixs) versus E* plot for calcium oxalate—calcium carbonate transformation (step two)
as a function of fraction decomposition and heating rate ratios;: ). 8. 1297 decomposition;
. ML 32°, decomposition; O, @, 64.9%, decomposition; A, A, 96.9%, decomposition, where ),
3, O, A, were obtained from two thermograms generated at 20°C/min and 2.5°C/min; ), |l. ©.
A\ were oblained from two thermograms generated at 10°C/min and 2.5°C/min. -

TABLE 8

TEMPERATURES OF DECOMPOSITION OBTAIXED FROM TWO THERMOGRAMS OF CALCIUM OXAILATE MONO-
HYDRATE GENERATED AT TWO DIFFERENT HEATING RATES AT A PARTICULAR PERCENTAGE CONVERSICN
(STEP THREE: CALCIUM CARBONATE-CALCIUM OXIDE CHEMICAL DEGRADATION) )

Run I (20°C[min) versus . Run 4 (10°C{min) rersus

run 3 (2.5°C[min) rigx 3 (2.5°C/min) ]

100a T (K} Tu (X) 100a T Tu(K) - Tu(K)
9 960.1 3360 9 9400 8860

27 990.1 9205 27 9730 ... - 9205 -

50 1014.0 . S406 50. 9955 - - - 9406

80 10374 959.5 80

1101498 - . . 9595
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" Fig. 10. Log (r.rh,-) versus E* plot for calcium carbonate-calcium oxide transformation (3rd step
in calcivm oxalate monchydrate thermogram (Fig. 7) 2s a2 function of fraction decompasition and__
hmmg rate muos.o. 8. 9% decomposition; 3, Il 27°% dwomposuon O, @, 50°, decom:.ca-

at 20°Clmm and 25°Cimin @, ©. A, wcn: obtained from two thermograms generated at 10°C/
min and 2.5°C/min.

previous findings on theophylline, in that as the heating rate ratios are increased, the
-calculated enthalpies get smaller and the variation between these values gets narrower.
On the other hand, for steps two and three, which occur in the temperature ranges of
393-495°C and -596-768°C, respectively, the calculated enthalpies for the higher -
heating rate ratios were higher than those of the smaller heating rate ratios and have a.
wider range of variation. The last finding is opposite to that in the case of theophyhne

. - vaporization and calcium oxalate monohydrate déhydration. This may be due to the

~ fact that calcium oxalate monohydrate dehydratxon and theophylline: ‘phase tra.ns- :

- formahon occur at a lower temperature and n a narrower temperature range.
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TABLE 9

THE CALCULATED ENTHALPIES CF DEHYDRATION AND DEGRADATION OF CALCIUM OXALATE MONOHYDRATE
USING THE GYULAI AND GREENHOW INTEGRATION METHOD FOR KINETICS

Step one Step two Step three
1002 AH® (kcal) 100 AH* (kcal) 100a AH* (keal)
(%) (%) (%)
Raun 2 (20°C/min) versus Run 1 (20°Clmin) versus Run I (20°Clmin) versus
run 3 (2.5°C/min) run 3 (2.5°C/min) run 3 (2.5°Cfmin)
16.6 3582 12.89 4783 9 43032
40 3093 32 63.57 27 50438
70 271l 64.9 72.38 50 4998
96.85 7595 &0 43856
Run 4 (10°Clmin) versus Run 4 (10°Clmin) versus 4 (10°Clmin) versus
gy W K .7 af /e | were 2 £ ECL  merre ) —rom T I‘) CO L [rneson )
SIS J Q=T N jEILAIS) FRIS T famd NojEIEESE) S8IE T ol NopEINMEIR)
16.67 71.39 12.89 372 9 3897
40 37.85 32 42.99 27 4343
70 40.44 649 46.65 50 43.32
96.89 48.69 80 44 63
CONCLUSIONS

A literature and experimental evaluation showed that the non-isothermal
thermogravimetric techniques published in the literature gave unsatisfactory results,
as a wide vanation in calculated enthalpies as a function of experimental conditions

e Ablcacmrad Al cvvathads Jiffarantial contanenl Ae turn Ansvras tashnsmeae mala tha
WadD VUDALTUAL Al LS UIVUD, LiLiIiciuar, It rtal Uk t“ UL VD Mmquc), MHIAdAS UG

following assumptions which are often violated.

(a) The egnation was derived assuming that all solids decompose to another
solid plus gas.

(b) The function of the mass change, f(x), is assumed to be (I — )~

(c) Theanalysis of data implicitly assumes that the furnace atmosphere does not
influence the reaction. This suggests the reaction will be the same under an oxidative
or non-oxidative atmosphere, which is not truc 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 in the system and that
the order of the reaction is the same throughout the reaction. This excludes the
possibility of multistep reactions.

In addition to the above assumptions, the methods using two thermogram
curves either assume a parallel shift of the thermograms on the temperatare axis when
the two thermograms are generaied under two different heating rates, but keeping
other conditions constant; or a paraliel shift of the thermograms on the temperature
axis when the iwo thermograms are genefaiéa from itwo sample weights keeping
other conditions constant. -
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This assumption does not agree with ounr observations and findings in Fig. 5.
Figure 5 also shows that the lower the heating rate the lower.the temperature of
decomposition corresponding to a certain percentage conversion. This decrease is not
homogeneous since the slopes of these thermograms are different and the distance WY
is greater than the distance XZ. Figure 5 shows that this distance is nothomogeneous
as a function of fraction of decomposition (). This latter observation fully supports
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 analysis of the techniques, we have rationalized that the major
cause of this variation is due to the fact that these methods (including the Gyulai
and Greenhow method) do not take into consideration the thermal gradient of the
sample or the lag in temperature of the sample from that indicated on the thermogram.
As a result, a2 minor variation in the recorded tcmperature will yield a range of
variations in the calculated E*. The variation of E* as a function of the sample size
can be explained by the fact that the larger the specimen mass, the greater the
difference between the sample and furnace temperatures, and the larger the thermal -
gradient. Also, the specimen mass could alter the heating rate and the degree of
gaseous diffusion through the specimen. Similarly, the larger variations seen with
higher heating rates can be explained due io the larger thermal gradients and tempera- ..
ture lag of the sample which must exist at the higher heating rates.

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