
NEW METHOD FOR T-G AND DSC 0AT.A ANALYSIS 

The paper dcscrihcs a graphinl compurcr method for anal_using TG and DSC 
traces which gives all three reaction paramclcrs (E A‘, and n) charactcrisin~ an nth- 
order reaction from a sin&z IKKC_ If the rcxlion proceeds in multiple stages (ET d 
and n) triplets czn bc obmincd for each stage, The computer proSrammcs arc basically 
simple and use little compuling cimc (lypicrilly a few seconds) The advantages of the 
approach over carher methods arc discussed- As a test of the method, results on the 
dchydmtion of calcium oxalalc monohydraic arc dcxribcd. 

The dcdu4on of the reaction pxamelcrs E (xtivation encr3)r -4 (frequency 
facfor), and n (rcaclion order) from TG, and IXC tracts is clearly of interest. A 
number of methods hzwe txxn us4 in the past to do this but all have unutisfktory 
fcaturcs- In Ihc work dcscri*bzd here a number of Fortran programmcs wcrc written 
to extract all three reacfion panme!crs of an nth-order rcadion from a single TG, or 
DSC tracr The progammcs wre run on the Cambridge IBM 370!165 computer, 
and the plotfcr was used for Sraphical output- So that the adsantagcs of the prcscnt 
approach can bc apprcciatcd urlicr methods arc bricfIy discussed_ 

Murray and White” have shown that the tcmpcnturc at the reaction peak of 
BTA traces can bc used to obtain E and A from a number of tracts if a first order 
rcoction (eqn, I) is assumed, whcrrlr w is Ihc fnctional residual wci~ht, I rhc timq T 
the temperature and R the gas constant. 

If cqn- (I) is differcntiatcd to obtain the maximum for dwjdf then cqn_ (2) can 
bc dcriwd, whcrc 4 = d77dr is the hating rate and r, the tcmpcrature at the rate 
maximum, 



A pW of I$T, uerms In Q&T:) yidds @R as the slope and In (AR!&) as the intercept 
of the draight line with the ordinate The main didvantage of this method is that 
it only iLIcE a sin$e poinf (T,) from a trace to produce one point on the activation 
uwqy &t_ A aumber of ~perimcnts arc necdcd to obtain a reliable value for E 
Thcxc is aJsu the limitation that the theory only worL;s for a first-order reaction- 

Kissinger’ shrewd that the technique cm be extended to an nth-order reaction 
by deei% eqn” (3)- 

HE show in his paper that the product R #FcP._ ” is indcpmdcut of the heating 
rate @]I and almost equal to unity. lBefi3re. eqn- (3) &kctiwzIy tmiuces to apt_ @)_ 
The apprmcb again makes poor use of the information contain& in a DTA traac. 

Ozads analysis3 of TG tmxs begins 6th a _e#lcrl form of reaction equation- 

(4) 

This is integrated by Ozawa *a-ho sho=s that the solution to the right-hand side of the 
equation is a polynomial in the w-ariabk GRT, Equation (5) is an approximate 
fonnulrr which relates the heating rale gS with E 

where Tr and T2 ccwrq~nd to the same fractional decomposition (w) of the sample- 
Sineapteoft~~uusus i/Tcan be obtainal for each 4ue ofw. Ozawa a_grcgatcs 
all thex wtts in a ~~~CFCWVC with a gain in accuracy of the #inal result- !+ation 
(5) ody assumes that the function f(w) is constant far a given vahic of n;. 

This methad aLso needs a number of cxpcrimcnr~ at diffkcnt heating rate to 
gareratr cnou@ data fcr a singk activation energy plot. Althou@ the method was 
&s&qwd for thwnoswimetric data, it can be applied to DSC data by integrating 
the ps&s to gibe vah& ofls, A thcorcticd analysis of such a process is given by Rd 
d al,? 

Barchdt and Da&k5 de&be a method which allows E A and c9 to be 
dctmnined from the shape of a DTA cucrc Their approach WE applied to reactions 
in the Gquid phaz The type of reaction to which this method is applicable must have 
a single rate constant and 1he activation energy must not vary with tcmpaaturc_ 
By cotssiting the heat transfix equation of the calorimeter csn_ (6) was obtained 
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where N is the number of moles present, A’, the initial number, A’ the heat transfer 
cocfflcicnt, A’ the arca under the DTA CUE-VIZ C, the heat capacities of the two liquids 
and 4Tthc tcmpcraturc diflcrcnce bctwcn the IU-o cells- tnrc_er;lGon of cqn_ (6) with 
rcspcct to time @vcs 

whcrc 41 is the arca under the DTA cuwe up to the prcscnt tcmperaturc, 
The cxprwion for the rate constant k of a reaction of order n is 

whcrc Y is the rolumc, Substituting cqns_ (6) and (7) for dN/dr and N +cs 

In order to obtain ruction parameters, Borchardt and Danicls5 assumed a value 
for n_ This allowed k to bc calculated. A plot of In ii scrsus I!T (activation energy 
plot) yields a straight line if, and only if, the correct value of n has been assumed, 
thus GIIU~ of Ev A and n can bc obtained. The main dificulty of this n&hod is the 
number of plol~ that have to bc made for each value of n until the points lie on a 
straight liner, 

A number of computer programmcs arc prcscntcd by Benin et aL6 and used to 
S&-C three probkms, namely (i) the production of thermograms given the reaction 
paramctcrs E A, n and gi%-cn that the rcatiion is of the nth-ordcr type; (ii) the calcula- 
tion of the (E A, n) triplet from an expcrimcntal thermogram - this is the inverse to 
problem (i); and (iii) the dctcrmination of the reaction parameters and the complcv 
reaction mechanism from a given cspcrimcntal thermogram. The first problem is a 
strai@foward function plot of the solution to the nth-ordcr reaction cquation- 
The second problem is more dificult, and prmts itself to anyone who wants to 
obtain reaction paramctcrs from cxpcrimental data_ Benin ct ale6 treat it as a problem 
in cur)‘c fitting They minimir the discrepancy bctwxn the cxpcrimcntal data and the 
calculated function by taking as the discrepancy criterion the maximum deviation of 
the function from the data_ The solution of the third problem is an attempt to rcvcal 
the mechanism cf a chemical reaction. The progammcs become quite involved as 
they work out activation cncrgics for each section of the thermogram by usin a plot 
of reaction rate wxsus 1,8T for a constant amount of conversion, z* but different 
heating rates- 

The most general form of the fit function zusumcs a decomposition process 
which praazcds in a number of individual stages- Each stage consists of an elementary 
nth-ordcr reaction, in, CXJ~- (I) with A, Eand HI replaced by Aiz Ei and Is-i- rcspcctivcly, 
~-here “7 denotes the variabk belonging! to the ith stage of the reaction. The prognm- 
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mc9_bkhtaptimislerthciitofthlxfu~iantothrda~~li~upto~hofcompufingfimc, 
Thk makw the method rather a&w Another weak point is the dkrcpzxncy 
czircria bmwm the dam and the fit. which k taken 55 the maximum diffcrmac It is 
\nr=11 known that she data poinir tiwasds the end ofa dccompozGtion process bccomc 
W rrthbk due to impuritk and zero errors. But the pointr ha\-c the ~mc Wright 
in tie ana&& as a11 the OrherS 

Tk gmzthod dcwbpcd was bawd on the ideas of Borchardt and Danieisi_ Our 

data wccrc obtained from bath a therm&a Iance <Stanton R&croft) and a diffcnmthi 
thcnnaI4orimctcr (Perkin-Efmer MC-Z?)- 

R8c anaJy5is assume5 a sxacticm which can bc dcscribcd hy 

S&ma the heatins rate h (dcg min” @) ti corutank the time variabk can bc 
ciiminatcd from cqn_ (BO) by putting dndr = h;i”bl) (dqg see’ ‘)_ 

faking natura! logarithms on bjth Gsidcx @rs 

Note that (- dw&U) is a pc&fw; quantity &xc the factional residual uti$t dccruws 
u-fth incnmdng tcmpcrature, 

A pW of [!n( - dw,sdr) - In f&r)] wsus {l/T: only yields a straight lint if 
C&r) br hm chm corrcctIy_ In the cwz of~&r) = IF the reaction order n is 
uaricd unrtil a straight !inc is found_ The activation cnw Ecan be abtaincd from the 
slow of this plot, tk fqucncy factex A from the intercept on the ordinate and ~hc 
-ion order R is ckrcrmincd by tht tic&&t line criterion 

Thk5 ana&5 cau akso be applied to the OSC data since !he basic cqn_ (12) only 
differs from (IO) by constants 

The +- (-) in the qua&ion corrtspands to an cxothcrmic (endothermic) 
reactfen a%crck Q Fs the heat gkn off by the sampk 4H Ts the enthalpy chans of the 



cntirc rcacGon, w,, is the initial wzisht and ~a** is the rest weight, and the other para- 
mctcrs aft 33 dcfincd previously- 

Taking logarithms giucs 

(13) 

This time dQ:dr at tcmpcraturc T is the mclsurcd quantity and w needs to bc 

clkuhtcd_ This is Emily done since_ if the rcwtion results in a weight loss 

The computer numerically integrates dQ[df to yield the weight at time f_ A plot 

of {In dQ[dr - In f(w)? wrsus Ik’rproduccs E, A and n (iff(w) = I?) in the same xty 
as for the weight-loss cu~-cs &o\r_ The slope is apin -EjR and the intcrccpt is 

in dff(w, - q)d, 
In practice the data from the TG or DSC is rccordcd on S track ASCI paper 

tape_ This information is then read into disc files of the computer. Thcsc files can bc 
used by the prosrammes which ukulate the activation energ? CIC. After thcsc 

prosnmmcs ha-x run, the plotter output is uicwcd on a tclcvision screen- Only if the 

plot iz ~tisfactory is a copy obtained from the plotter for the fmal analysis. The 
c+xnsions correspond to the original output of the chart recorder so that a direct 
comparison is pwsib’k Difkrcnt pen colours arc used to diffcrcntiatc bctwccn the 

r-.~w data (black) and the theoretical fit to 
prc5cntcd in Fis- 1 as a broken fine (black) 

the data (green)_ These colours are rc- 
and a full line &rccn)_ 



Thwc arz three diiliMnt ~25s in which diffcrcntiab tv the weight-lvs cun7c 
~vbtzzincd_fhc first us~difi;crmcrr and prvduces a noisy diffcrcntiat cunq which 
is. hvwxzr. ncam IQ the vri_dnat data- The other two us a pvlgnomial lit, and a 
splint tit, wpa=tiw&_ The polywmial fit, usually vf3th order. is gcnenliy zqvd but 
prvduccs artifiriatly !a- undu!alivns 083x straight rcgivnz of Ihc r;uwz This bt 

nsdts wm~ obllincd by a cubic sptinc fit, This prvgrammc fits a third order curw to 
sections of the daw, and joins tbcm in such a way that the funcfion and tbc first two 
dcrS\-atiBm am cmtinuoux The pmmmc uss a standard subrvutinc frvm the 
EIarweIJ IFvrtnn Cbrawy. rhich chvvss its vwn knots (points where LWB rplinas meet) 
accvrding tv the bchauivur OF the originat curw~ This means that vwr a straight part 
vTthc rfurw a long section can bc fitted by a singk cubic ~cpline. Wercar at places of 
_mta wariativn, smalla sccfivns arc chosen tv be approximated_ The: diErcntia1 
of the cllirw is then obtained by diffitiating the third vrckr rpline. The lit of the 
spline and the di&rential is b-q accurate, The amount of data smoothing achic\& 
by this fit suits the purpve 0C tk foliowing prTr3mmc (nest 9xlion) besI_ 

Thii prvgramme aHvws the pro&&on sCa weight-loss curve silk up ta faur 
diffizrent sxtions each of u-hi has its own E A and n Getor_ It wx impkmcntcd an 
a E&Mitt F%&ard D& top cakubtor and pforrcr orthe t_ypc HP 9SZ5_ The thcorctical 
pIots prvduced in such a uqr fit brat ori$xd uri~ht-km curw wry well_ They also 

prm* a Uvcul check that a11 tbc caicuiafions ncnr~aw IV produoc this tripkt wcr~ 
correezf. and produce a =gwd fit- 



The dehydration rr;sction of calcium oxalatc monohydrate 

is ~41 understood and ualucs for the rucikn pwamctcrs can h: obtained from the 
IitcraturcF 9e It thcrcforc provides a good test USC for the new analysis method, 
F&WC 1 shows the u-tight-loss cut-w of a sample of Ca C204H,0_ The dashed curve 
rcprcscnts the original data and the full cun-c the rhcorczical tif based on the compurcd 

(E’ A, n) triplet- Figwe 2 show the activation cncre plot- The number at the end of 
each line g&s the reaction order that is assumed for the cztlcuhtion of the corre- 
sponding line, The straight lines which approximate the cm-vcs best arc used to obtain 
(E. A, n) tripkts for rhc three scctionn Since thtssc (E_ .-?, n) trip!cts compktcly 
spKi@ the reaction the ori_jin~i wci_rht-loss CUD-C can bc modclkd (full cun-c Fi_e I )_ 

The results obtained with this method, and literature ~11ues arc summarized in Table 
I_ -411 our experiments w-ccc pcrformcd at a heatins raw of 10 dcs min’ *_ The results 
obtained in this \\7ay have an error of 5 5 kf mol’ ’ which is due to the variance of the 
ampks thrmrlvcs- The method itself has much greater accuracy_ It was found that 

the best straitit line could bc tittcd to a cu~\‘(c corrcspondin~ to a reaction order of 0-G 

TABLE 1 



which itwdtitcs a surface reaction (thcoreiically t/S- it can also be seen on Fig_ 2 
that there arc thaw distinct sta_& of the tctction- The first IN-O~ howuer, cmrcspond 
to only ?I!$: of the whht and arc attributed 10 volatile substances on the surf;tcc, 
This shows the titiv& of the method used cspccially considerins that the wxtical 
asis has o !ogarithmiz scak The real dehydration rcxtion is rcprcscntcd by the fast 
strzight line segmeztt_ 

The method outlined in this paper has rcccntly barn successfully applied ’ * to 

dccompwition studies of PET&L P_ET_N- \a-ith filkrs. high density polyzthyknc 
IHBPE) sud polytctranuorocthyknr: [P-FE,.. 


