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Dynamic thermogravimetry was used to the study of chemical kinetic of 
solid-state decomposition rwctions of four selected crysLd!ine amino acids, L-serine, 
Glysine, L-phcnylalanine, and L-cysteine. Gas chrotnato_graphic tcchtiques were 
employed to the analysis of evolved cgaseous products during the course of thermal 
degradation reactions. The determined kinetic parameters by dynamic thcrmo- 
gravimetry were compared to those evaluated by the method of differential thermal 
analysis from the literature. It was found that the dynamic thermogravimetry method 

provides a mote rapid, sensitive, simpler, and direct means for determining the 
kinetic parameters than differential thermal analysis. The results of kinetic data were 
discussed briefly with the proposed chemical processes and the structural propr&itv 

and thermal stability of the compounds. 

I tiTWOlX!C~ION 

Thxmoanaiytiml methods, such as dynamic thermogravimctry (JYG), differcn- 
tial thermal analysis (DTA) and diflixentiai sunning calorimetry (DSC), for the 

determination of kinetic parameters from solid-state decomposition reactions have 
become universally popular since the last two decades. Several theoretical approaches 
to the derivation of kinetic parameters from TG data have been proposed and were 
reviewed and categorized quite completely by Flynn and Wall’. Kissinge?* 3 pruented 
a semitheoretical method for the evaiuation of activation energy from multiple DTA 
runs based on the assumption that the temperature at the minimum, T,, of the DTA 
@ coincides with the maximum reaction rate_ However, there is ody a few published 
literature concerning the comparative study of the use of both dynamic.TG and DTA 
techniques to the determination of kinetic parameters of the solid-state decomposition 



reztion. This rqxxt is therefore intended to provide a comparison of the experimen- 
ally determined irinctic parameters of therma! decomposition of some crystalline 
amino acids by the dynamic TG method with t.hozc available literature vaIucs estimat- 
ed by rhc DTA approach. 

ln principle. each uf the tn.&hods involves lhc foltowing similar steps. (1) 
Combination of the rate equation or equations in question with the Arrhenius 
equation ta eliminate the rate consum_ (2) Transformation of the isothermal rate 
equation into dynamic form by substituting the temperature funclion for the time 
variable. (3) Conversion of the dynamic rate equation into experimentally applicable 
form throqh tither approximation methods or exact solution techniques. 

Among the many published dynamic TG methods, di~e~~-~i~er~nti~ 
me:‘_h&, intcgr4 mcthcwl’, 2nd diffcrentisl metbib, three methods have been 
com_paratfv+ studied and critieafty tested by several investigtors’ -*. The advantaga 
uf :hesc m&xx% arc: (3) that only ane TG curve for a sin@e sample is required; 
(b) that the b&tic parameters can be cvah~~tcd over an entire temperature range in a 
continuous iixznncr; (c) that dynamic trchniques demand less time-consuming 
experiments Khan do Ihe isothermal methods; (d) that a 1~2: amount of information 
is obtained uithout sample-to-sample error, since the same sample is used throughout 
the dttmrmination. These methods remain their potential applications in the analysis 
of reaLsion kinetics of solid-natm: &compositions. 

AlthouaJl Kissin$r’s approach for analyzing the kinetic data from DTA 
cures *vas criticized by Retd et ~1.‘~ and hielling et aI_” to be invalid in a practical 
experiment, Akill and Kzwc’ ’ have shown it to bc valid provided that appropriate 
experiwgnti conditions such as smalls cell dimensions, slow heating rate, and moderate 
w&ion of %qrnp!e materials arc used. Akita and Kssc’“? concluded that the peak 
minimum {i.e., T,) of the DTA curve did agree with the maximum rate of reaction, 
in agreement with Kissinger, and pfaced fh:: Kissinger relationship on a more sound 
theeFrtic3i bsis. 

Rcuntiy, Ofafsson and Bryan I3 ‘. ’ ’ have adopted the Kissinger method to the 
determination of the “procedural activation energy”, E’, in terms of the r, value 
and rhc heatiq rate, for rhcrmal decomposition of crystalline amino acids. The 
procedure empfoycd by these investigators are complicated in that (a) it required the 
dctbrmination of ~vcral DTA CUIWS at different heating rafts and (b) it needed a 
minimum of three Grtussians to be ressolved from the DTA curves by a sophisticated 
Curve Rcsofvcr- Thus, three similar or equivafent E’, vah~es were generally obtained 
from rho correspondinefy rcsolveci mks of an original single eudothermic peak of 
I2T.A CUXWS. According to their reports, it seems that good linear relationships were 
observed for Kissinger’s pfots for most of the systems studied- Nevertheless, the 
results deserve to he justified- 

ir is the purpox: of this paper to rc+xzmine experimentally the thcrmz4 stability 
and decomposition kiEcti= of some wrlected crystaIlinc amino acids in a more 
quanritative way by dynamic TG techniques. A simple, sensitive, graphkaf approxima- 
tion method su_wtcd by Broido” wss employed to the analysis of kinetic data from 
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an entire temperature range of o sin& TG curve. A comparztivc study bctvrecrl the 

experimentally determined resuits and those values repwted in the Iiteratwe using 

Kissinger’s treatment of DTA CU~CS has been pursued and presented. The lclntion- 
ships of structure property-thermal stability xlecomposition kinetics xc atxmptcd 

and discussed. 

A simplified scheme for dcpictin, 0 the chemical change underzone by ;1 solid 
substance during a thermal decomposition is: 

where A,,, is the original solid reactant; H,,, is the solid residue which may or may 

not be present; and C(g) the gaseous product cvoivcd. 
At constant temperature, the rate e.rpression for kinetic analysis based on the 

change in mass or weight of A(,, follows a model equation as; 

rdX,- 

1 I dr-_ T 
= k,(i - x,y (2) 

where X, is the fraction of material decomposed at time, f; (dX,/df). is the instzlnta- 
neous decomposition rate; kT is the temperature cJcpendence of the: Arrhcnius Trite 
constant; n is the order of reaction. 

For a first-order thermal decomposition reaction and assuming the rate 
constant L-, chanSe?; with absolute temperature accordin to the Arrhenius equation: 

k, = A exp - E.fKT 

where H is the universal -gas constant; ‘I-is the absotute temperature; E& is the nctiva- 
tion energy, and is often interpreted as the energy barrier opposing the reaction; and 

A is a prc-exponcntial factor, often called the frequency factor, is a measure of the 
probability that a motecute having energy E, will participate in SI reaction. 

By substituting eqn (3) into eqn (2), one obtains a generalized equation in the 
form: 

dx, _ --_ 
dr 

- A(1 - _Yz)cxp-L’Rr 

which holds for any value of T, whether constant or variable, so long as X, and 7 are 
measured at the same instant. 

Almost all mathematical derivations for kinetic analysis are based upon eqn (4). 
In this paper, only Kissinger’s approach for DTA curve analysis and Broido’s 
approximation method for dynamic TG curve treatment arc briefly reviewed. III 

addition, the appropriate consideration of Kissinger relationships by Akita and Kasc 
is also presented. . 



Kkrin,qer’s 3ppmach for DT. curw a~@sis 
Ii the experiment is carried out dynamically so that the temperature, T, is a 

linear function of lime, t, i.e., 

T= To+@ (3 

and the hczting rate, Ij, is defined as: 

Further, by ditierentistinS eqn (4) with respect to time, t, eqn (7) is obtained. 

When the reaction tati is a maximum, iht derivative, (d,Mr)(dX,,‘dr), with respect IO 
time is zero_ J3esides, the maximum value of dX,/dr occurs at temperature T’,, there- 
fore, eqn (7) becomes 

By taking natuni logarithms of eqn (8), the Kissinger equation is yicldcd: 

AR + In -__. 
L; 

(9) 

Hence, a plot of In(&Ti) against I/Tm should produce a strdight line with a slope 
equal to - EJ’R and the Y-inkrcept equal to In(A R,IE,). Thus, E, and A, in turn, can 

be determined simultaneously_ Such a plot has been used extensively by Olafsson and 
BQXP-‘- for obtaining kinetic parameters of amino acids decomposition from 

DTA cu~ycs. 

Verificarion of Kissinger’s approach by Akita and Kare 
Akita and Kascsf derived basic equations of DTA for the infinite cylindrical 

sample with first-order reaction and solved the differential equations strictly by 
I_aplace mnsformarion and Green’s function method. With some ass-mptions and 
approximations. they presented the final simplified form of equation (eqn (38) in 
ref. 12) z% 

where a is the rdus; r is the radial coordinate; k, and k2 arc the mean thermal 
ditTusivitier of rn~tcrials packed in each cell; Q is the heat of reaction per weight: ~2 
is the men specific heat of Ihe sample ceil; w2 is the total weight of sampk acll: IV, is 
the initial weis@ of reactant; and d(w/w,,)/dt is the reaction rate of the reactant. 
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with 
Eqn (IO) means that the temperature difference in DTA has a linear correlation 

the reaction rate. On the other hand, eqn (39) of their article’*, 

shows that the peak of the DTA curve just coincides with the inflection point of the 
TG curve. These equations support the theory of Kissinger within e.rtain limits of the 

experimental conditions, such as heating rate, the cell size, and the kinetic properties 

of the sample ma’&riaL 

Brdo’s approximaiion merhol for dynamic ‘TG curve Ireafmenl 
Broido stated that W:, talc weight at any time, I, is related to the fraction of the 

number of initial molecules not yet decomposed, y, by the equation 

where & is the initial weight of reacting material, W, is the weight of final residue 
(which is equzll to zero for a complete decomposition). 

By substituting eqn (6) and cqn (12) into eqn (4) and rcrrzmging, a differcntissl 

form of rate equation was obtained: 

-E.,‘RT JT 
03) 

In order to integate the right-hand side of eqn (13), Hroido used one of the alternate 
assumptions, 

-E.,/RT - cxp = (-f-&-)2 exp-“/x’ (14) 
which was suggested by Horowitz and Mctur’ ‘_ The assumption was based on the 

statement given by Van Krevelen et al.” that almost the entire measurable reaction 

usually occurs within 510% of T,, the temperature of maximum reaction velocity_ 
After integration of both sides of eqn (13) and taking logarithm of the resulting 

equation, a simplified final form of Broido’s equation was obtained: 

fnIn (+) = - (+) (+) + constant (15) 

where constint - in (ARTil+EJ 

Eqn (15) indicates that if the plot of in In (l/u) versus (I/T) is linear, the 
decomposition reaction (in&ding many pyrolysis reactions) is a first-order reaction. 
Thus, E, can be caldated from the slope, and the prsexponcntial factor A evaluated 
froln the Y-inh-cept constant. This equation is very sensitive to the effects of sample 
and instrumental factors. It has been tested by Boido and shown to give an excellent 
approximation to a straight iine over the range 0.999 > y > 0.001. 



blodijication of Broido’s method for treating experimentai data 
Since, in practical dynamic TG experiment, instead of weighing the sample at 

any time, t, the TG cum’t actually monitoring the continuous change (or decrease) 
in tht weight of a sample as function of time and tcmperaturc, cqn (I 5) is thus further 
modified for tre&ng the ex@mcntal data. That is, 

4 iv_, = .__- . . _-- __.-. = 
(A K** - 4lV,j ’ W3 

where A iv,,, 1 = total change in weight ofa sampleafter completion of decomposition, 
and AIY, - chanse in weight of active material at time, t. With such modification, 
eqn (IS) can be rewritten as 

Eqns (IS) and (17) h ave been successfully applied to the determination of kinetic 

parameters of the desorption of liquid solvents from polymeric membrancsr’w ” and 
of the thermal degradation of poiymeric materials’JV 2r. in the present study, eqn (17) 

has been adequately used in the amlysis of TG curves for obtaining kinetic .~ta for 
amino acid decomposition_ 

M ethads and equipn:ents 

A dynamic (non-isothermal) TG technique was used in the kinetic study of 
decomposition reaction experiments. The Fisher Series 1OOTG system (manufactured 
by Fisher Scientific Co., Pittsburgh, PA) was cmpioyed in all TG experiments. This 
system consists of Model 12OP TG accesso.ry, Model 360 linear tenrperature prozgram- 
mer, Model 26OF furnace, Cahn RG e!ectrobalance (manufactured by Cahn Instru- 
ment Co., Paramounb CA), and two-channel “ServojRiter Ii”, I-mV stripchart 
Recorder (Texas instruments, Inc.- Houston, TX). 

Procedure 
Four st:mdard crystalline amino acids were examined in this study_ These 

compounds are L-serine, L-Iysine, L-phcnylalaninc, and L-eysteine. They were all in 
the form of free acids and were r~f fhe highest purity obtained cbmmercialiy (Sigma 

Chemical Co., St. Louis, MO). Table I lists the impounds and summarizes a number 

of physical properties for each compound. 
For decomposition study under dynamic condition the TG instruments were 

set up as follo~r: Sample size: 2.00 4 0.01 mg; electrobalancc sensitivity: 0.01 mg; 
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TABLE 1 

C0mpOWd 

. . ._.. -._ _. .-. -.- . .-. -_.. -.- _._.-_ -. -- - 

Ch.srfitwion .WtAtcu~~ MoIcc&r PG Pi hftdting 
wei#rr srrucrnre point B 

f ‘Cl 

.__-_-_____-.--__- -.-.-..-.. .-....__- -.-. --.. .__.-_ .._--. 

I.-ScrirIe (!kr) Hydroxpminc 
acids 

L-Lpiinc (Lys) Amino acids 
having basic 
functions 

L-Phcn~lalaninc A~ornatic 
( Phe) amino xids 

L-Cptcinc (Cp) Sulfur-containing 121.2 CHrSH 1.71 
amino acids ! 8.33 

105.1 C-H&H 
i 

IIaxIH-co2~i 

146.2 (CM&-NH: 
: 

H&HXOdI 

165.2 Q / 
F2 

+p--0(-q 

2.21 
9.15 

2.18 
8.95(a) 

10.53(E) 

1.83 
9.12 

5.68 228 

220 
9.71 225 

5.98 284 

5.02 178 

H:N-CH-CO:H (sulfh~ddryi) 
10.78(a) 

-.-.-.-_m.--. ..-.- - . ..--._.-. --- -_. .._- . . . -. 

* 

b 

From R. Mahla and E. H. Cord= I3iohgicaf Chvnistry, Harper & Row, New Ycrk, 2nd. cd., 
pp. T-r -. Ba *=I. 

From II. A. Sober (ECJ.), Hundtwuk ofl3ioclremisrry. The C’hanid Rubber Co., ClewAnd, Ohio, 
44128 2nd. ed.. 1970. 

recorder span: 2 mg full scale; heating rate: in increasing rate of IO’C mm”; rexorder 
chart speed: 0.5 in. min.. ‘; inert gas atmosphere: flushing with helium zggs at aconstant 
flow r&c of 200 ml min- ‘; opez&on temperature ranse: ambient tcmpenture to the 
completion of decomposition. A schematic diagram of the expzrimcntal W-up is 
shown elsewherc2’. 

In order to avoid the oxidative decomposition of the sample, the X-sample 
system wan first evacuated and then flushed with helium at a flow-rate of 500 ml 
min- ’ before surting the non-isothermal TG run. While, a constant flow-rate of 
200 ml min-’ of helium was continuously flushed to remove the cvoivcd gases during 
the pyrolytic decomposition experiment. At least duplicate runs for each compound 
were made. These weight chanp as a function of temperature (and time), TG curves, 
were used in the determination of kinetic data. Several points were taken from the 
original TG curves, converted to log log (z), and plotted against the reciprocal 
absolute temperature (l/T) titilizing eqn (17). All calculations were made by the 
method of least squares with a computer and Fort& IV lang,tage. T’he activation 
energies and the pm-exponential factors were then evaluated from the linear plots of 
eQn (17) simultaneously. 
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The derivative thermo_eravimetric experiments (DTG) were carried out simul- 
taneoudy with TG runs by setting a full scale of 1 mg min” and sensitivity of 0.01 

rnc From the DTG curves, the temperatures of the m‘aximum thermal degradation 

were evaluated accordin_gJy (i.e.. T.J. 
The dccompoxd gaseous products in the TG systems were measured with a 

Beckman GC-2A _gs chromato_gaph equipped with a thermal conductivity detector 
and a &fit. stainless-steel column packed with molecular sieve SA. Another bit. 

stainlez+steel coiumn packed with Porapak Q was used to determine ammonia 

(NH,) and carbon dioxide (CO,) gases evolved during the thermal de-gradation 
processes. 1I:Iium wx used as a carrier zgs. The column temperature used wgas 7O*C_ 

The sample size of gases injected into the column was I cc (or ml) using a Hamilton 
syringe. A standard calibration method was employed in all gas determinations. For 
each amino acid studied, the mcasuremcnt of evolved gases was made at several time 

an d !zmpcrature intervals. Only several significant pses which are directly r&ted to 

the study of thermal degadation kinetics are reported and discussed here, however. 

RESULTS AW IMSClSION 

A typical simultaneous TG-DTG curves showing the plots of percent weight 
nmainin_e as a function of temperature obtained from the original degradation curve 

for L-phtnylalaninc (Phe) is prcyented in Fig. I. From thcst: curves, a considurdble 
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fig. 2 Thcmmgmvimctric an&k cwws for L-scrinc (IAkr), L-l_ysine (L-LAB). tphenyhhninc 
(L-Phc). aad Lqstcinc (L-Cys). 

TABLE 2 

_ _-_ 

Compound 

---.-- -._. . .----.-_... . __. . . _. ____ _ _ _. _ . 

Temperature a1 spccifc neigh? pcrctwt of Tcmlpcraturca~maximum 
&graL&7rion f ‘C) rare of d+gr&rion ( “C) 

--_--- -- _----. --_-__ 
Tl TlO 7-u 7-M Ti5 Tf T -1. (DI’W 

L-suinc 182.5 206.5 217.6 221.8 370.0 733.5 224.9 232.0 
L-Lysim 231.2 259.0 268.4 3A.2 318.4 5933 268.4 233.0 
&Pbmlyl- 
zkninc 202.8 221.8 233.5 2M.o 253.7 439.3 257.0 276.0 
L-Cystcinc 186.0 -210.0 219.5 225.3 228.8 688.7 227.2 231.0 

l From ref. 14 by DTA techniques. 

amount of information such iis the tempe.raturc of initiation of degrxiar.i& (ri), 

temperatures at the specified weight percent of degradation T,,, (IO%), Tz, (25%), 

Go @%I, =d T75 W%h and the temperatures ait the maximum rate of degradation 

(T,,_) aJxd the completion of degraciation (7;), and the kinetic paramc’ters, and so on 
were evaluated. The simultaneous TG-DTG curves for Lserine (Ser), L-lysine 

(Lys), and L-cysteine (Cys) showed similar thermal degradation patterns to those of 
Phe and are consequently not given. Instead, the d&ailed degradation pictures in 
terms of weight percent decomposed as a function of temperatures for all four 
compounds arc shown in Fig. 2. These curves clcariy indicate that, for structurally 
different amino acids, their thermal behavior is also not i&nticaI_ The further zwlyzd 



numeri~f data, which my be utilized to represent the thermal stability of the amino 
acids sclmnZ, u-ill &ri@ tk implic;rtion of this statement (Table 2). From compari- 
sons of these therm4 data (Tabic 2) with some physical properties tabulated in Table 
I, it is quite obvious that Ser. a hydroxyamino acid, and Cys, a sulfur-containing 
amino acid, with smaller molecular weights and lower melting win&, are initially 
kss stable (Tj = I82.3’C for Scr and 186.0X for Cys) and finally more resistant to 
thermal effect (Tr -= 7335’C for !Ser and 688.7”C for Cys) than the other two, Lys 
(Ti = 231.2’C, Tr -- 592.3’C), an amino acid having basic function, and Phe 

(Ti :- 202.8cC. 7-r - 339.3%), an aromatic amino acid. Both T,,_ data obtained 
from DTG and DTA methods are very comparable and exhibited similar trends of 
thermal cff’ts for four com~unds. Howe\@er, it should be pointed out that TWX_ for 
Lys determined by DTG (26WcC) is about 35 “C hisher than that by DTA (233WC)_ 
On the contrary, it is about 19°C IoH’cr for Phe by DTG (257.0°C) than by DTA 
(276_O”C). Jt appearr, probably, that the reaction atmospheres and the decomposition 
mechanisms play cfkczivc rok in these cases. It is generally recognized that the 

values of I-_,_ obuined by the DTG method are more reproducible and reliable 
than those evrrluatcd from DTA curves *li. This is due to the fact ttmt the DTG 
mcasuremcnts indicate exactly the temperatures of the maximum reaction rate with 
the first derivative of the mass-change with respect to time, dmnjdr, occurring at 
T _I.. while the curves for DTA extend over a wider temperature interval, owing to 
subsequent warming of the material after the reaction. f~u~hermo~, with the excep 
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tion of&r the T_,_ measured either by DTG or DTA techniques did not correspond 
to the melting point (m-p.) of the compounds studied. The maximum reaction rate of 
Phe occurred before the normal melting behavior while those of Lys and Cys t-k 
place way htyond the m.p. Therefore, it is impossible to predict the thermal behavior 

of these amino acids from the available ordiztary physical properties with acceptable 
accuracy. 

Figure 3 shows the kinetic profiles for Ser. Lys, Phe, and Cys. k can be seen, 
the plots of log log (Z) vs. l/Tover the entire range of decomposition reactions from 
rht original TG curves (Figs. 1 and 2) provide an extremely sensitive method of 
detecting small deviations in an otherwise simple, unique pyrolysis reaction. For each 
compound, three distinguishable linear portions of plots indicating three separating 
component reiictions in the ovcraJ1 complicated pyrolysis process arc obscrvcd. This 
demonstrates that the extreme sensitivity of such plots to minute changes could be 
utilized to ob’&n a linear relationship over a short range corresponding to a sepanted- 
sin&, first-order Arrhenius-type of component reactions. in other words, it also 
means that the estimated component kinetic parameters for each compound is highJy 
indicative of different reaction mechanisms involved in the entire decomposition 
reaction. Thus, three sets of .?rtivation energies designated as E,,, E_, and E=, and 
three sets of preexponentid factors as log A Ir log A,, and log A,, respectively, were 
cvahrated from those linear plots shown in Fig 3 and are listed in Table 3. In this 
table, both the ranges of weight and temperature changes corresponding to each 
stage of degradation are also tabulated. With the exception of Cys, the repor’u’d E’, 
values for the first stag! of degradatior by the DTA method’ 6 are about 5 % higher 
than those experimentally determined by the TG techniques (for Cys, it is 10% lower). 
As mentioned previously, this could be interpreted as resulting from the thermal 
effects in the different reaction atmospheres of the DTA method as for ;rl_,_ vaJucs. 
These values are mainly the procedural activation energies for the chemical processes 
of the component decomposition reactions of deamination, and deamination followed 
by decarboxylation. The detailed reaction sequcnccx are shown in Fig. 4. 

For Ser, Lys, and Phe, these results of rezztion series are in agreement with 
those proposed by other workers I’* 17. “. The percent weight loss (dJV,) e&m&d 
by the TG technique and tie evolved gas analysis for NH, and CO, by GC strongly 
support these decomposition reaction mechanisms occurring in the lower temperature 
range of 180 to 290°C. For example, the values of n W, for Ser, L,vs, and Phe are 
74.9,54.6, and SS.O%, while the uJculatecl pcrccnt wei&t loss due to the evolving of 
NH,, NH; plus CO2 gases are 74.2, 53.3, and 47.2%, respectively. As for Cys, which 
is a sulfur-wntaining amino acid, the computed &I,, value is essential for the deamina- 
tion process at the temperature range of 186 to 210°C sin& the calculated weight 
percent loss for NH, from GC analysis is 14.0% and that for d W, from TG is 12.0% 
(Table 3). However, in the temperature range of 210 to 23O’C the higher E,, vaiues 
for the second stage of degradation demonstrate the activation energies rcquircd for 
the deamination (a continuation process), decarboxylation and dehydrosulfidation 
processes. The estimated w&hi percent loss due to the evolved gases of NHs, Cd,, 



and HIS from GC is 78.4%. ivhilc that from TG is 79.2 % (d IV,). The reaction 
scqucnccs arc shown in Fig. 4. 

The &, and E,, values for the second and third stages of degradation are only 
1.14and 3.11 kcal mol-‘. respectively. for Ser. These quantities are just the activation 
energies xcessxy for the slow dchydrogenation reaction from the residual products 
in the hisher and lonser temperature range (227 to 500X). The total weight percent 
loss is only 24% (A W, I- d IV,). Possibly, it also involves the dehydration .md 
demethylation procesus since HZ. CHG. and Hz0 (trace) were a!so found in the 
residual product chamber by GC. 

The weight percent change (A W2) for the second stage of degradation of Lys 
is 20.90A. This change requires about 8 kcal mol.” of energy t,o induce the reaction 
wiihin a short range of temperature change (286.7 to 318.4”C). It may be interpreted 
as indicating that the continuous dcamination of the -amino group and the dchydroge- 
nation and demethylation processes occurred simukmeously in this stage. The values 
of E,, and A W, for the third stage o!. degradation of Lys are very close to those 
values of Scr at the UIRC stage, and therefore, the decomposition processes could be 
inLe_rpreted similarly to those for Ser. (For Scr: Es, : 3.11 kcalmol-‘,dW, - 15.6%; 
Lys: E,, - 3.68 kcal mol . I, A W, == I S.9o/o). 

The activation energies for the second stage of de-gradation of Phe (E,,) is 
16.71 kca! mol- I. The wei_ght percent change (d IV,) for this slage is 39.5%. It is 
interesting to note that this change occurred at the short temperature range of 
T r- 14.O’C (i.e., Tax_ -- 257_O”C, dTt - 245.0 to 273.O’C). GC analysis of the 
de=dztion mixture indicates a larger amount cf NH, and CO,, and trace of CO 
~a. After this stage. Phe completed the de_mdation at 390°C with a residual 
weight 1~ of 4.7% (AW,) and only took up 2.79 kcal mol-’ of ener_gy (E,,) for 
dehydrogenation and demerhylation processes. 

A direct check of the functicnal relationship between A (frequency factor in 
terms of log A) and E, (activation energies for all stages of degradation, E,,, E,,, E*,, 
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etc., from Table 3) is shown in Fig. 5. As is expected, a linear relationship is observed. 
This relationship can be expressed in the form 

E, = 3.34 (kcal mol’ I j + 2.24 (kcal mol”) x log A (18-A) 

or 

IogA - - I.49 j 0.45 x -_ ..E!__ 
(kca t mol- ‘) 

(18-B) 

Thus one can estimate fZa value for the desired component reaction with known 
value of A at the specified T,,,_ or temrdrature range, AT, and vice versa_ With a 95 x, 

confidence, the correlation coefiicient is 0.995. 
In conclusion, the kinetic parameters of thermal degradation of amino acids 

determined by the TG techniques utili.&ing Broido’s approximation method arc very 

comparable to those evaluated by the DTA method using Kissinger’s approach. This 
is particularly true for the first stage of degradation by TG, which could be considered 
as the main component reaction during the overall reaction. However. it is evident 

that the TG techniques ofTer more direct, rapid, and simpler measurement of rate 
processes of the separated component reactions from a complex system composed of 
several first-order c,omponent reactions than the L)TA method. ‘1-G can measure the 
overall rate of disappearance of reactants which follow a solid-gas type of process 
(eqn (I 1) and a rate cxprcssion (eqn (2)), and then cvaluotc the kiuctic panmctcrs for 

any ponion of weight changes correspondin g to the first-order component reactions 
within rhe specified tcmpwaturt. ranges. While, the success of measuring kinetic 

parameters by the DTA method using Kissinger’s approach was dependent on the 

validity of the ‘r-,,._ values derived from the series of resolved DTA curves obtained 
(from the complicated curve-fitting processes by a computer) at different heatins 

rates (from the separared different sctr of experiments)” and on the limits of the 
experimental conditions mentioned previously. It is found fr>m this study that the 

TG techniques and GC method provide more suitable means for the determination of 

kinetic parameters and mechanisms of thermal degrddation of crystalline amino 
acids. Of course, the most effective and powerful techniques in this aspecr would be, 

if it was possible to use a direct combination of TG-GC-MS (mass spectrometry) 

tools. 
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