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ABSTRACT 
..-.Y-d 

33~ experimental applications of the previously introduced theoretical models 
were used to calculate the kinetic parameters of dksolvatioq chemical-degradatio& 
and phase transformation of five compounds of diKerent chemical structures. The&““’ 
compounds are calcium oxafate monohydrate, anhydrous theophylline, urea, 50% 
f8led ethylene/propylene rubber and unf%ed cross-linked polyethylene The approach 
produces kinetic parameters which are consistent, t-eproduciile and independent of 
the experimental conditions_ In addition, the new’method allows the study of complex ~- 

and overlapping reactions in both urea and poIymer degradations. Enthalpy ofcalkium,._ 
oxalate monobydrate dehydration was found to be 327 kcaljmoje; however; its di=;“- 
composition occurs in two separate steps and the heats of activation were found to be 
71.7 and 65.8 kal~mole, respe&vely. The kinetic parameters for the phasetransforma- 

tion of theophyhinc are 35-4 kcal/moIe for the first step and 30-7 kcal]mole for ‘@.e 
second step_ The application of the new method on cross-linked poJyethylene showed 
that the polymer decomposes in at least three overlapping-stagg Each stage has an 
activation energy chamcte&tic of the process, On the other hand urea decomposition_ _ 

is complex and occurs in overlapping steps; each step with its characteristic heat 6f 
activation_ 

Il’Il-RODtiCXtON ^ 

In a previous communicztionr we introduced a non-isothermal method to study 
reactionsandtransformationsint6esoZidstateusingthermo~~etry.’Iheeqnations 
were based On the specific physical and chemical’modek involved to follow. reactions 
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and transformations in the solid state for each individurd kinetic system using classical 
kinetics, and therefore deviating from the common practice of attempting to derive- 
one universal equation applicable to alI kinetic systems which can be studied using 
thermogravimetry. The intent was to obtain, experimentaUy, kinetic parameters 
which Gould be imkpendent of such e xperimmtal variabks as sample - particle 
Size, and heating rate, but reflecting only the chemical or physical transformation 
being studied. The need for such a technique was called for by several investigators 

during the Iast two decades2-‘_ 
The technique uses simultaneous TG-DTG curves and the analytical function 

of the reaction in question was spe&calIy followed using the mass balance. 
The present study was undertaken to investigate the utiity and validity of 

these equations’ on the kinetics of &hydration and chemid degradations of calcium 
0xaIat.e monohydrate, degradation of urea and cross-linked poIyethyIene, as weII as 
the kinetics of phase transformations of anhydrous theophyiIine_ For better comparison, 
the thermo_w used to examine the efiicacy of the Gyulai and Greenhow method’ 
in caIc&ting the kinetic parameters of caIcium oxaIate monohydrate and thee- 
phyIIine’ were used to examine the introduced method’ in this paper. 

calcium oxaI&e monohydrate (Fisher Scientific Co-, Fair Lawn, NJ_), theo- 
phyhine (Nutritional Biochemical Carp_, Cleveland, Ohio) (USP), urea (Sigma 

Chemical Co_, St Louis, Miss) and cross-linked polyethylene (XLPE) were used 
in this study- Calcium oxaIate monohydrate, urea and XLPE were used as supplied- 
However, theophylline monohydrate was obtained by recrysta&ing theophylline 
(USP) from double-distilfed water, while anhydrous theophyihne was prepared by 
heating theophylline monohydrate in the oven at 105°C overnight or until its X-ray 
diffractogram corresponded to anhydrous theophylline. 

MElHODS A&D ESTRUMENTATiO?Z 

The instrument used (Rigaku Thermoflex AnaIyzr, Rigaku/U.SA., Inc., 
Wakefield, Mass_) is a simultaneous thermogravime*tic analyze* TGA, difTerential 
thermogravimctric analyzer, DTG, and differential thermal ana&zer, DTA. It is a 
singIe furnace instrument in which the DTA ceIIs are mounted on the weighing beam. 
The diIferential temperature and sample temperature are measured by the same 
thermoeoupIe pair_ The thermocouple is in direct contact with the mate&i undergoing 
the scan. The DIG signal is generated with an anaIog system from the TGA signal. 
AsampIetraceisshowninFig 1, 

The sample was weighed on a Cahn EIectrobalance using the thermobaiance 
pJ.atinurn sampIe cruciibk as a tare so that the residual weight cotrId be directiy 
measured after the run Since the sampIe mass ranged from 10 to 20 mg; the thermo- 
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bahmcc was calibrated for 10 mg fuII. The atmosphere was high purity dry nitrogen 
(Norwich Cylinder Co_) which was re@ated at a constant ffow of 160 m&uin The 

sensitivity of the DTA was 500 jN_ The temperature scaIe was 30 mV fulI scaIe with 
the temperature caIibrated at zero voltage_ Temperatures were converted to degrees 
centi_grade by a table of electromotive force for pIatinaI thermocoupIes. The heating 

rate was as stated in the thermogram_ DTG sensitivity was OS_ The chart speed was 

IO mm/min for all rnns, 
The method of data coIIection can be iIIustrated using Fig_ I, which is a 

simuhaneous TG-DTG and DTA Thermogram On the TG curve, Iine a----d 
represents an extrapoIation of the initial weight and the base to which ah others are 

reference& At point c, the sampIe was cleariy losing weight and the DTG curve 
indicates a measurable rate_ Point c can be taken as the observed sampIe wei_&t., 
W ,_,&, at TI_ At this temperature, T,, the rate of weight loss, d( W,>/dT.‘. is equiva.Ient 

to the distance e ----b above the DTG baseline- At a series of weight loss vahres, the 

height of the DTG curve is taken and the IogzMInnic term of the equation derived 
for the particular system is plotted versus 104/jr K. 

The experimental applications of the previousIy introduced theoretical modeis 
wiII be demonssted to caIcuIate the kinetic parameters of drug dedvation, chemical. 
degradation, and phase transformation of five compounds of different chemical 
structures. These compounds are caIcium oxalate monohydrate, anhydrous the+ 

phylline, urea and two sampkzs of unfiIIed cros9inked polyethyIenes and 50% fiIIed 
ethylene/propylene rubber_ 

CMcium oxaIate monohydrate was se&ted because it undergoes a number of 
sohd transformations which can be studied. It has one molecde of water incorporated 

. 
in its uystaI lattice, which permits the study of the rate and the- me&amsm of de- 
hydration-It also undergoes degmd&ion at high temperature in two conse&ve steps, 

each having its own heat of activation, The ti step in~oIves the release of czsbon 
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monoxide in the temperature range 393495% while the seukd step invoives the 
rekase of carbon dioxide to form calcium oxide in the temperature range 5%-768°C 
On the other hand., urea exhibits chemical degradation which pnmits the study of 
the mechanisms of degradation- The third compound, anhydrous theophylline, allows 
the study of phase transformation of two overiapping steps. Cross-Iinked poIyethykne 
permits the study of the mechanism of polymer degradation and the effkct of the 
presence of an inert filler_ 

The first two mathematical models of the theoreticai paper’ will be utilized 
here to foliow the drug desolvation, chemical degradation and phase transformations_ 
The 6~1 non-isothermal equations for these two models can be suminarkd as 
follows. 

For case IQ 
solid 2 _gu 

The final non-isothermal equation~is 

where (H$,J is the weight obsenred on the thermogram at time z and temperature T, 
d(F&,JdT) is the instantaneous first derivative of the weight observed with respect 
to temperature, a is the heating rate, AH* is the heat of activation, R is the gas 
constant, and 2 is the pre-exponential factor in the Arrhenius equation, 

For case Ib 
solid tx,$g=tx, 
where X, is an inert filler and the non-isothermai equation is 

For case Ha 

(solid), 2 (solid), t gas 
The final equation is 

(3) 

where x is the ratio M_W_(so~id),/M_W_(~~~=_ 

lhennal analysis of udcium oxalate monohydrate 

Figure 2 shows a thermogram for calcium oxalate monohydrate generated 
under a nitrogen atmosphere, The thermogram shows three consecutive phase trans- 
formation steps. The first step is the dehydration of cakimn oxalate monohydrate 
to form anhydrous calcium oxafate_ The second and third steps show the chemical 
decomposition of calcium oxalate_ The chemical dkomposition in-step two is the 
release of carbon monoxide to form calcium carbonate which in turn decomposes 
in the third step to release carbon dioxide to form calcium oxide. The-I&et& of 
dehydrationandchemicaIdega&tiondfcakiumoxaIatemonohydrakcanbefoRowed 
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FIS_ 2 Simultaneous TG-DTG tbmmograms from calcium oxalate monohydae dchydrztion and 
m degradation, in nitrogen atmosphere, obtained from 13-6 mg as stated in the expe - I 
conditions- 

l 

Fig 3_l%eisothicnnal pXots for calcium ox&ate monohydrate dehydration obtained from diffdat 
nms with the same sampIe siz (136 i -1 mg) but with difk-est heating rates 

. . 
22 23 24 - 

IO41 T-K 



using the non-isothermal equation of Case Ha [eqn- (3)-j_ To examine the vaIidity 

of eqn. (3) and afso to compare the resuh with that of the Gyulai and Greenhow 
integral method, it was decided to use the same four thermograms used’ toevaluate 

the Gyulai and Greenhow integral methcui 
Fipure 3 shows a non-isothermal plot for the kinetics of dehydration of calciuin 

oxAte monohydrate. The plot was generated (from three thermograms obtained 
under different heating rates) according to e& (3), which predicts a linearrelationship 
between the left-band side logarithmic term and l/T K. The pIots were linear and 
parallel which shows the validity of eqn, (3) and that the extracted kinetic parameter 
is independent of the heating rate which agrees with the previous finding for methy 

prednisoIone Form l&, desolvation and chemical de_mdation’_ The caIcuIated heat 
of dehydration of calcium oxalate monohydrate equais 327 kcaljmoIe_ 

The chemical degradation of ca.Icium oxaiate occurs in two consecutive steps, 
The kinetics of caIcium oxaiate-cah5um cArbonate chemical degradation were 
analysed also, using eqr~ (3) for different runs generated under difftrent heating rates, 
and the resultant non-isothermal plot is given in Fig. 4, Figure 4 also provides linear 
and parallel plots which prove the validity of eqn. (3) and that the extracted kinetic 

parameters for the chemical degradation arc independent of the experimental condition 
of Sting rate, consistent, and reliabIe_ The heat of activation of calcium oxalate- 

calcium carbonate chemical degradation which is accompanied by a loss of carbon 
monoxide is 71.7 kcal/moIe. 

Figure 5 shows the non-isothermal plot for difEerent runs obtained under 
different heating rates for the calcium carbouate_caIcium oxide chemical degradation, 



Four of these runs were obtained from the third step of calcium oxalate monohydrate 
thermograms obtained at different heating rates, while One plot was obtained from 
the pure calcium carbonate thermogram (Fig. 6). The non-isothermal plot shows 
that the data obtained from the third step of calcium oxalate monohydrate and pure 
calcium carbonate thermogram were linear and parallel, yielding a heat of activation 
of 65.8 kc&/mole. This indicates also that the calculated heat of activation is consistent 

and independent of the experimental conditions. 

ZkrnzaZ dysis of !heophyZEne monohydkzle 
Theophylline monohydrate thermograms (Fig. 7)‘exhibit two phase trans- 

formation steps. The first step is the dehydration between 52 and 80°C and the second 
step is the phase tran&ormation betwa 239 and 315”C, without any chemical 
decomposition as de c~lkyzted sublimed product does not show any difference in the 
W spectra and X-ray pattern. it shoold be noted that the second step covers a weight 
loss before and after the melting point (272 & 1 “C). Therefore, the stndy of the kinetics 
of this~transformation will give the opportunity to test the validity of using eqn. (1) 
on overlapping steps. 

The kinetics of the phase tranSormations of the second step of theophylline 
was done using eqn. (1) and the resulting non-isothermal plots are given by Fig. 8. 
Figure 8 shows parallel plots obtained from different runs with different beating rates 
which indicate that the extracted kinetic parameters are independent of the heating~ 
Eqes. IO addition, the pI0l.s show That the phase iIansfornlalion 0ftheupIlyIIine tKGurZj 
in two consecutive Steps with a break ia~the curve at a tempera&e equal to the 
melting point (272 & 1OC). The &l&pies are 35.4 and 30.7 k&/mole for the first. 
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and second linear merits, respectiueiy- This indicates that the weight loss below the 
meRing point gjves the enthaipy of subIimation (35.4 kcal/mote) and the weight loss 
af?er the melting yields the enthalpy of vaporization (30.7 kcal/moIe). This shows that 
eqn, (I) net oniy produces kinetic parameters which are independent of the experi- 
mental conditionq but also that the equation is applicable to overlapping rxztions 
and transformational. Further applications of this techuique to sublimation and 
vaporization were discussed by the authors in a separate pubkation9_ 

It should be noted that the extra&& enthalpy is the important parameter which 

is cakulatcd from the slope of the p?ots- This means that the superimposah3ity of 
data obtained by he&kg rates is not important, but paraMkm is_ ShifIs in the 

thermograms should not be surprising as it should be expected that thermograms 
obtained at faster heating rates should shift the geuerated non-isothermal plot to a 
higher temperature_ Figure8showsthatthezhiftsintherm~areinthesuggested 

direction_ 

c”omparirom berween tire Gyxdai and Gremhow integration method and the new medod 

The thermograms used to evaluate GyuIai and Greenhow’s method7 were aIso 
used to evaluate our method’. Three compounds of different chemical structure were 
used for this purpose These compounds were theophylline, calcium oxaIate and 

methyl prednisolone tertiary butanof solvated form (Form II,)*. The caku&ed AN* 

for these compounds, using both the new method and the Gyulai and Greenhow 
method, svere listed in TabIe I_ In general, the table shows that the heat of activation 
ca!cuIated using the Gyulai and Greenhow method varied over a wide rauge as a 
function of percentige conwztion for the same runs and as a function of the experi- 

mental conditions, such as heating rates, heating rate ratios, and sample size’. On 

TABLE 1 

cdtarnn oxdate lnculobytie 
siq3 I (deilydlatiou) 
step II (catch fomlatioil) 
step III (CaO fol-matim) 

Ihcophyilinc 
Sublimatim 
Yzipoezatioi.I 

Methyi prednidonc Fom IIcv dedvation 

Ezg:. 

3z7 27.1-713 
71-7 372-759 
65.8 39-50 

AR; = 354 
AHv = 30.7 2o.s39.e 

33-7 16.%949~ 
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the other hand, the corresponding heats of activation obtained from the new technique 
were obtained from a linear segment of the produced graph rather than one-point 
determination as a function of the percentage conversion, In addition, and contrary 
to the Gyufai and Greenhow method, the value of the extracted heat ofactivation is 
independent of the experimental condition such as heating I&Z, sampIe size, etc_ For 
exampIe, the heat of activation of calcium oxalate monohydrate dehydration obtaimzd 
by the use of the GyuIai and Greenhow method varies between 27, I and 71-3 kca.i/mok 
as a function of percentage conversion and heating rate; however, the heat of activa- 
tion of dehydration of the same compound using the same thermograms obtained 
from the new technique &ted in 327 kcal/mole from all the thermograms* and 
independent of the experimental conditions- 

The observed variation in the heat of activation caIcuIatcd by Gyuti and 
Greenbow for the two separate steps of &gmdation of calcium oxalate were 37.2-75.9 
kcallmole and 39-50 kcaljmoie, respectively; however, the corresponding heats of 
activation for the same degradations using the same thermograms obtained by the 
new method resulted in 7L7 kcal/mole and 658 kcaIjmole, which are independent 
of the experimental conditions_ 

In the case of theophyhine phase transformation (sublimation and vaporization) 
and methyl prednisoIone tertiary butanoi solvated form (Form TIJ8 desoivation, 
there are two overlapping steps. The use of the new method yielded a non-isothermal 
plot for each compound, with two linear segments and from each segment a character- 
istic enthalpy was extracted_ However, the use of Gyuiai and Greenhow method’ 
yielded a wide variation in the extracted kinetic parameters as a function of the 
percentage conversion and the experimental conditions without any indication of the 
presence of overlapping reactions or transformations. For example, the enthaipies 
of the phase transformations of theophyhine extracted by the new method were 
found to be 35.4 and 30.7 kcai/moIe for the sublimation and vaporization, respectively; 
however, the Gyulai and Greenhow method was not able to analyse for the two 
consecutive steps of theophyiline phase transformation and, again., wide variation in 
the extracted heat of transformation was observed, as seen in Table l_ 

It is apparent that the new techuique provides a method which can not onIy 
anaIyse one-step reactions, but also co nseoutive overlapping reactions and trans- 
formations- In addition, the extracted hear of activation is consistent, reproducible 
and independent of the experimental conditions. 

Use of the new method to eiuciabte the mechanism of &gra&tion 
The kinetic parameters of any reaction should be & intensive property and 

should be characteristic for that reaction. Therefore the extracted activation energy 
should be independent of the experiment conditions and give a clue to the mechauism 
of the reaction. Since the new method produces kinetic parameters which are in- 
dependent of the experimental conditions, consistent, reproducible, aud.can anaIyse 
not only one-step reactions, but also consecutive overlapping reactions, &en these 
parametk should give a due to r.hemechanism of the reaction. Fort+ r&son, +ree 
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compounds were xzsed hertz to ihshate the utility of eqnx (l)-(3) in thk study of the 
_ 

nxecbmm of degradaticx~ These compounds are unfiikd cros-iinked polyethylene 

50% filled ethyIene&wopyXese rubber as well as urea 
The application of cqn, (1) to unfiki cross-linked polyethyhe (XLPE) yielded 

Fig- 9_ Figure 9 shows the non-isotkrmal plot of unfikd cross-linked pdlyetlsylene 
obtained from Fi_e 1 and a diikent NIL The data points were reproducible and 
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consistent and show that the polymer decomposes in at Ieast three stam of increasing 
heatwith imxeasing decomposition. Each of these stages has its characteristic heat of 
activations This apparently suppartS the me&an&m by which polymer degradation 
can prooeed (either random chain scission or depoIy&erization). That is, f?equentIy 
no single kinetic value wiII descrii the total decomposition~of most polymers over 
the entire decomposition range. For cxamplc, poIyacxyIouitrik, poIy(viuyIchI~ride)~~ 
and #ystyrcnelr decompose in weII&fined steps and present cIassic cases; for 
depoIymerization (chain rmzipping) For polystyrene, the proof for the muhistep 
mcchauism was obtained via gel permeation chron&tographyr” and pyrolysis gas 

lx chromatography _ However, in the case of cross&&d polyethylene, the use of the 
new technique provided the mechanism of the poiymer degradation from a sin&e run 
without the use of any ad.ditiouaI technique 

Figure 9 shows that cross-Ii&cd polyethylene decomposes in three stages. The 
first stage is with a heat of activation of 18.1 kcal/equiv., which is posttdatcd to be due 
to the vohttiition of Iower moIecuIar weight m&e&I and cleavage of weakIy heId 
side chains. The second stage is with a heat of activation of 55.4 kcaI/cquiv., which is 
probably due to the destruction of the polymer backbone to yield volatile fragments 
and a char_ The fmaI stage is with a heat of activation of 146.6 kcaljequiv., which is 
due to the destruction of a graphite char. Figure 10 is a nonAsothermaI plot for 
ethylene/propylene rubber, 50% fiIIed and from a second manufacturer which shows 
that the poIymer decomposes in three overlapping steps and the heats of activation 
are U-9,53, and 138.4 kcaI/moIe, mspcctively, The values for these heats of activation 
are consistent and reproduciibIc_ 

The effect of the inert f&r gcncraIIy increased the stability of the poIymer but 
its exact effect cannot be elucidated because of the unknown identity of the f&r_ 
More work has been done by the authors on crosAinked polyethylene degmdaGonx2_ 

The study of urea degradation using tbermogravimetric data is a complex one 
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which cannot be done using the currently accepted ‘kinetic equations in the iiterature. 
However, the use of the new method could isolate the coxecixtive steps and provide 
the kinetic parameters of the process involved. Figurc 11 shows a simultaneous 
TG-DTG and DTA thermogram for urea_ At point I, urea melts (1327°C) and starts 
to iosc we@& This weight loss is due to the loss of NH, and the formation of biure~ 
The formation of biuret ends at point IL As the heating of the sample is continued, 
the biuret formed decomposes further to form melaminex3 tich then solid&es at 
point IV_ At point Iv there is an exothermic reaction as indicated by the shoulder 
on the DTA curve which is due to the soIidi&ation. Between points Iv and V, 
melamine melts and Ioses weight as seen ou the DTA, TGA and DTG curves_ At 
point V, melamine melts completeIy and then vaporizs between point-s vi and VU 
The me&au&m by which urea dccomposcs during pyrolysis is known to be as 
folloul=l=’ 3_ 

The kinetics of each step of urea decomposition wcrc done using the new 
technique, The resulting non-isothermal plot is given inFi& 12 which shows that 
urea decomposition occurs in two overlappin g steps followed by physical changes 
(solidScation and melting) and then evaporation of melamine_ The arrows I-VU 
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inf;ig, 12represzntthearrowsonthethermograminFig. ll.Th~GrstplotinFig. 12 
was obtained from Fig. 11 between the arrows I znd II and usin& eqn. (3) with x = 
1.1652, where the value of x is equal to -CZ(moL &t. of urea)/moL wt; of biuret] 
since two mole&es of urea were needed to form one molecule of biuret This plot 
is linear and has a heat of activation equal to 17.5 kcal/mol&. +Y& Second pls_t is the 
non-isothermal plot for the formation of melamine obtained from Fig. I1 between 
arrowsIIaudIIlandusingeqn.(3)withx= 2.453, where the value of x is equal to 
[3(moL wt. of biuret)[(moL wt. of melamine)] since two molecules of biuret were 
needed to form one molecule of u&amine. This plot is aiso linear la.?+ predicted bi 
eqn. (3)7 with a heat of activation equal to 15.4 kcal/mofe. Between arrows III and V 
in Fig. I I, there are physical changes (solidification and m&ing) occurringasindicated 
by the DTA curve. This explains the scattered points presented in the non-isothermal 
plot (Fig. 12) in the same temperature range. The kinetics of melamine evaporation 
between arrows VI and Vii anaIyscd according to equ. (1) are given in the third 
linear plot in Fis I2 The extracted heat of evaporation of meIamine obtained from 
this plot equals 17. I kc&/mole. From the above example, it is apparent-that the care&l 
analysis of the thermogram and the a priori knowled~ of the formed decomposed 
products will lead to the aocurate caiculation of the extracted kinetic parame&s. 

In summary, the experimental applications of the new introdnczd method’ were 
utilized to &c&ate the kinetic parameters of desoIsati&, chemiml degradation’and 
phase transCormations of five compounds of different chemical structures. The 
extracted kinetic parameters for these compounds were found to be consistent 
reproducible and independent of the experimental conditions such as sampIe size, 
heating rat& and heating rate ratios. Therefore, the approach gives an insight into 
the mechanism of the reaction in question. In addition, the approach allowed the 
ardysis of complex and overlapping reactions. In contrast, the ‘kinetic parameters of 
the same compounds extrzted from the same thermo_grams using the Gyulai and 
Greenhow method were not usefizl for mechanistic an< Quantitative purposes as 
the parameters varied as a function of the percentage conversion and the experi- 
mental conditions’. 
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