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A method is  p resented to determine thermodynamic and k i -  
n e t i c  parameters from complex t h e r m o a n a l y t i c a l  cu rves .  Such 
curves are ob ta ined  when t h e r m o a n a l y t ! c a !  events  l i k e  phase 
t r a n s i t i o n  and chemical  decompos i t ion  o v e r l a p .  

Isopropylammonium n i t r a t e  was taken as an example to de- 
monst ra te  how these parameters were determined from n o n - i s o -  
thermal  TG and DSC curves by c o n s t r u c t i n g  DSC-DTG sum cu r -  
ves.  

The thermodynamic and k i n e t i c  a n a l y s i s  of  n o n - i s o t h e r m a l  

DSC and TG curves is  d i f f i c u l t  i f  the r e a c t i o n  i n t e r v a l s  of  

the key t h e r m o a n a l y t i c a l  events  o v e r l a p .  The key events  are 

phase t r a n s i t i o n  ( t r a n s i t i o n s  in the s o l i d ,  s u b l i m a t i o n ,  l i -  

q u e f a c t i o n  or e v a p o r i z a t i o n )  and chemical  r e a c t i o n .  Hence, 

procedures are of  i n t e r e s t  which d i s c r i m i n a t e  between these 

events  to s i m p l i f y  the a n a l y s i s .  

As shown e a r l i e r  ( r e f .  I )  DSC can be t r e a t e d  as the d e r i -  

v a t i v e  of  the TG. In case t h a t  the t h e r m o a n a l y t i c a l  curve is 

not too complex, phase t r a n s i t i o n  and chemical  decompos i t ion  

can be separa ted  by fo rming  the sum of the ( d i g i t a l i z e d  and 

no rma l i zed )  DSC and DTG curves the reby  e l i m i n a t i n g  one of  

the i n t e r f e r i n g  even t s .  The s ign of  DTG determines which of  

the two w i l l  be e l i m i n a t e d  : As viewed by DTG, both,  phase 

t r a n s i t i o n  and decompos i t ion  have nega t i ve  s igns ( i f  accom- 

panied by weight  loss on h e a t i n g )  as opposed to DSC where 

phase t r a n s i t i o n  is nega t i ve  but decompos i t ion  p o s i t i v e .  

Hence, fo rming the sum of DSC and DTG e l i m i n a t e s  decomposi- 

t i o n  whereas t h a t  of  DSC and i n v e r t e d  DTG e l i m i n a t e s  phase 
t r a n s i t i o n .  
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By c o n s t r u c t i n g  DSC-DTG sum curves phase t r a n s i t i o n  and 

decomposi t ion appear s e p a r a t e l y  and can be ana lyzed in the 

usual f a s h i o n .  In the f o l l o w i n g  DSC-DTG sum curves were used 

to c a l c u l a t e  thermodynamic and k i n e t i c  parameters from the 

( o v e r l a p p i n g )  e v a p o r i z a t i o n  and decomposi t ion i n t e r v a l s  of  

isopropylammonium n i t r a t e  ( IPAN). 

METHODS 

Cons t ruc t i on  of  the DSC-DTG sum curves 

The bas is  f o r  t h i s  procedure is  the r e l a t i o n :  

DSC(T) : P DTG(T), (1) 

where P denotes a p r o p o r t i o n a l  f a c t o r .  The r e l e v a n t  sum cur -  

ves are:  

Se(T) = DSC(T) + P DTG(T) and 

Sd(T) = DSC(T) + i n v e r t e d  P DTG(T). 

(2) 

(3) 

Se(T) descr ibes  the e v a p o r a t i o n  i n t e r v a l  and Sd(T) t h a t  of  

decompos i t ion .  To get Se(T) and Sd(T) the expe r imen ta l  DSC 

and TG curves were d i g i t i z e d  (580 data po in t s  per 100 C i n -  

t e r v a l s ) ,  the d e r i v a t i v e  taken and the data norma] ized w i th  

respec t  to we igh t ,  hea t ing  r a t e  and i n s t r u m e n t a l  s e n s i t i v i -  

t y .  DTG was co r rec ted  f o r  o f f s e t  d r i f t .  DTG was no isy  and 

had to be smoothed. 

The p r o p o r t i o n a l  f a c t o r  P was determined by d i v i d i n g  DSC 

and DTG at the maximum accord ing  to equ. ( I ) .  However, cor -  

r e c t i o n s  had to be made on P the c r i t e r i o n  the reby  being the 

d i f f e r e n c e  sum of  DSC and P DTG to equal zero ( r e f .  2 ) .  

The e v a p o r i z a t i o n  en tha ]py  was c a l c u l a t e d  by t a k i n g  h a l f  

of  the i n t e g r a l  of the DSC-DTG sum curve and n o r m a l i z i n g  on 

the conver ted  mass. This mass was found from the TG curve at  

t h a t  tempera tu re  where the sum curve was m in ima l .  This tem- 
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p e r a t u r e  marks the t r a n s i t i o n  from e v a p o r i z a t i o n  to decompo- 

s i t i o n .  

The r e a c t i o n  en tha lpy  was ob ta ined  in a s i m i l a r  f ash i on  

from the DSC- inver ted  DTG sum curve .  DTG was i n v e r t e d  by re -  

f l e c t i n g  at  DTG(T) = O. 

The k i n e t i c  parameters were determined by f i t t i n g  the 

t h e o r e t i c a l  DTG to the DSC- inver ted DTG sum curve by a non- 

l i n e a r  l e a s t - s q u a r e s  program ( r e f .  3 ) .  The t h e o r e t i c a l  DTG 

of a nth o rder  r e a c t i o n  ( n f l )  is  

dmldT = -z /B  exp (-E/RT) ( I  + z / B ( n - 1 )  S(T))  n / ( 1 - n )  (4) 

where m=mass of  the reac tand ,  T=tempera ture ,  z=f requency 

f a c t o r ,  B = l i n e a r  hea t ing  r a t e ,  E = a c t i v a t i o n  energy,  R=gas 

c o n s t a n t ,  n=order of  r e a c t i o n ,  S ( T ) : i n t e g r a l  o f  the A r r h e n i -  

us f u n c t i o n .  The f i t  parameters are n, E and z. 

Exper imenta l  

A M e t t l e r  TG and DSC (TA 3000) was used. Care was taken 

(and t h i s  was c r u c i a l )  to c o r r e l a t e  the DSC and TG tempera-  

t u res  by c a l i b r a t i o n  w i th  s tandards .  The c o r r e l a i o n  ob ta ined  

was + / -  I ~ The hea t i ng  r a t e  employed was 5 C/min. 

Small sample weights  (2 mg) were used. The covers of  the 

f i a t  aluminum pans were p ie r ced  to a l i ow  easy escape of  the 

gaseous p roduc ts .  The chamber was purged by a stream of  Ar.  

IPRN was syn thez i sed  by dropwise a d d i t i o n  o f  a cooled 50% 

m ix tu re  of  i s o p r o p y l  ammonia and water  to 30% HN03, the 

p r o p o r t i o n s  being s t o i c h i o m e t r i c .  The p u r i t y  of  the product  

was checked by IR and e lementa ry  a n a l y s i s .  

RESULTS AND DISCUSSION 

IPAN mel ts  at  72 C and s u s c e p t i b l e  e v a p o r a t i o n  is  noted at  

150 C over lapped by decompos i t ion  at  200 C. The o v e r l a p p i n g  
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i n t e r v a l s  o f  e v a p o r i z a t i o n  and decompos i t i on  are e v i d e n t  

from an i n s p e c t i o n  of  F i g s . i  and 2 which d i s p l a y  the DSC and 

TG curves as ob ta i ned  by the e x p e r i m e n t .  

u .oe  ao.ee L~I.  l l !  I ~ . ee  | r e . i !  L'SO. ee ~ eo 

g --: 
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Fig .  I DSC of  IPAN in Ar,  hea t i ng  r a t e  5 C/min. 
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Fig .  2 TG of  IPAN in Ar,  hea t i ng  ra te  5 C/min. 

The e n t h a l p y  of  e v a p o r i z a t i o n  was c a l c u l a t e d  by i n t e g r : t  - 

ing the a d d i t i o n  sum curve Se(T) = DSC(T) + P DTG(T). The 

e n t h a l p y  is  864 J/g which is one h a ] f  of  the Se(T) i n t e g r a l .  

Because of  the d i r e c t i o n  o f  the s igns in Se(T) the p o r t i o n  

o f  e v a p o r a r i z a t i o n  is doubled whereas t h a t  of  decompos i t ion  

is  e l i m i n a t e d .  In F ig .  3 DSC(T) and DTG(T) are compared to 

SE(T)= I / 2  Se(T) the c r o s s - h a t c h i n g  t he reby  marking the com- 

p l e t e  e v a p o r i z a t i o n  i n t e r v a l .  
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F ig .  3 
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Comparison o f  SE(T) ,  DSC and DTG 

Conve rse l y ,  in Sd( : )  = DSC(T) + i n v e r t e d  DTG(T) the  por -  

t i o n  o f  decompos i t i on  is  doub led wheras t h a t  o f  e v a p o r i z a t i -  

on is  e l i m i n a t e d .  In F ig .  4 the  f u n c t i o n  SD(T) = I / 2  Sd(T) 

is compared to DSC and i n v e r t e d  DTG and the  c r o s s h a t c h i n g  in 

in t u r n  denotes the  complete decompos i t i on  i n t e r v a l .  The en- 

t h a ] p y  o f  decompos i t i on  i s  497 J /g .  
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F ig .  4 Comparison of  SD(T),  DSC and i n v e r t e d  DTG 

In a subsequent  s tep the  k i n e t i c  parameters  were d e t e r m i -  

ned by f i t t i n g  equ. (4) to SD(T)o The r e s u l t  is  d i s p l a y e d  in 

F ig .  5 where SD(T) is r e p r e s e n t e d  by the  p o i n t s  used in the  
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c a l c u l a t i o n  whereas the f i t  curve is  dep ic ted  by the drawn 

l i n e .  The s tandard d e v i a t i o n  of  the best  f i t  was 10.4 % and 

the k i n e t i c  parameters ob ta ined  were n = 0 .3 ,  log z = 31.2 

and E = 325 kJ /mo le .  
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Fig.  5 F i t  of  the t h e o r e t i c a l  DSC to SD(T) 

We assessed the q u a l i t y  of  t h i s  method by comparing the 

s tandard  d e v i a t i o n s  of  f i t s  to the o r i g i n a l  DSC and DTG cur -  

ves by s e l e c t i n g  those pa r t s  which showed less o v e r l a p p i n g  

by the phase t r a n s i t i o n .  Such a f i t  i s  dep ic ted  in F ig .6  f o r  

the DSC i n t e r v a l  210 to 240 C. The graph r e v e a l s  the f l a t -  

ness of  the f i t  curve when compared to the expe r imen ta l  cur -  
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Fig .  6 F i t  o f  the t h e o r e t i c a l  DSC to the o r i g i n a l  DSC 
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ve. The s tandard d e v i a t i o n  of  t h i s  f i t  was 16.8%. Even worse 

t h a t  f o r  the DTG curve which amounted to 27 %. 

On i n s p e c t i n g  the k i n e t i c  parameters one should observe 

t ha t  the parameters rep resen t  a formal  d e s c r i p t i o n  of  the 

IPAN o v e r a l l  decomposi t ion process.  In genera l ,  Che a lky lam-  

monium n i t r a t e s  e x h i b i t  a complex decomposi t ion p a t t e r n  in -  

v o l v i n g  a v a r i e t y  o f  pathways ( r e f .  4 ) .  The o v e r a l l  k ine -  

t i c s ,  however, is not unders tood.  

Fur thermore,  the r e s u l t s  d i s p l a y  a l i n e a r  compensation e f -  

f ec t  ( r e f .  5) and sets of  d i f f e r i n g  values were ob ta ined  f o r  

log z and E the span ranging from 13.8 to 31.2 and 158 to 

325 kJ/mole,  r e s p e c t i v e l y .  The presence of t h i s  e f f e c t  is 

documented by the l i n e a r  r e l a t i o n s h i p  of  log z aga ins t  E. 

However, the l i n e a r  r e l a t i o n s h i p  in tu rn  r e f l e c t s  the common 

o r i g i n  of the parameters and, hence, t h e i r  r e p r o d u c i b i l i t y .  
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Zusammenfassung - Es wird ein Verfahren zur Bes- 

timmung thermodynamischer und kinetischer Parameter yon 

komplexen thermoanalytischen Kurven beschrieben. Kurven 

dieser Art entstehen bei der Uberlappung thermoanaly- 

tischer Ereignisse wie z.B. Phasenumwandlungen und che- 

miche Zersetzungen. 

Am Beispiel von Isopropylammoniumnitrat wird demon- 

striert, wie die einzelnen Parameter der nicht-lsother- 

men TG und DSC Kurven durch Konstruktion yon DSC-DTG- 

S~mmenkurven ermittelt werden. 



576 SCHMID e% al.: ANALYSIS OF COMPLEX CURVES 

PeaDMe - ~pe~CTSB~eH MeT0~ ~ 0Hpe~6~eHHX TepM0~HHaMHqeCKHX 

H KH~eTHqeOxHX napaMeTpoB H3 c~o~x TepM0aHa~HTHqeO~HX KpH-- 

BUX. TaEze xp~B~e no~yqaDTc~ B TOM c~yqae, ec~H ~a3oB~ nepe- 

xox H Y~Mzqecxoe pas~oxe~e nepexp~BaDTc~. H3onporL~laM~oHH~ 

HHTpaT ~HX B3~T B KaqeOTBe npH~epa  ~ s  n o ~ a 3 a  TOt0 ,  KaE 0TH 

napaMeTp~ 6 ~ K  o n p e ~ e ~ e ~  z s  ~ e ~ o T e p ~ q e c ~ x  ~ p ~ x  TF z ~CK 

nyTeM n o c ~ p o e ~  CyMMap~X ~p~B~X ~CK-~TF.  


