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LINEAR NONISOTHERMAL ACCELERATED KINETIC STUDY : 
A NEW DATA TREATMENT BJETHOD 

\Mu-huang Yang* 
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A new data t reatment  method f o r  t h e  l i n e a r  non- 

isothermal  a c c e l e r a t e d  k i n e t i c  s tudy  i s  presented and 

d iscussed ,  Besides being simple and s t r a i g h t f o r w a r d ,  

t h e  method involves  no assumptions. Important k i n e t i c  

parameters can be r a p i d l y  determined f o r  statbi:lity 

assessment purpose. When t h i s  method is compared with 

two o t h e r  data t reatment  methods, wh i l e  being a b l e  t o  

provide equal ly  s a t i s f a c t o r y  r e s u l t s ,  t h i s  new method 

o f f e r s  t h e  advantages o f  p lac ing  equal  weights on a l l  

data p o i n t s  and r e q u i r i n g  only a s i n g l e  numerical  

i n t e g r a t i o n .  

-- * 
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INTRODUCTION 

YANG 

A linear nonisothermal accelerated kinetic study 

is a study in which drug degradation is monitored when 

the temperature of the system is being increased at a 

predetermined constant rate. This method was first 

developed by Zoglio et al. (1). The method provides, 

in a single experiment, important kinetic parameters 

for the stability characterization of the system. The 

disadvantage of using a linear temperature-time program 

in such a study is that the rate equation does not 

provide an analytical solution after integration for 

easy data treatment. Rather, the method resorts to the 

computer for data treatment. In this aspect, this method 

is inferior to the nonisothermal kinetic methods using 

nonlinear temperature-time programs (2-4). 

This paper describes an alternative rapid data 

treatment method for the linear nonisothermal kinetic 

method. 

In a linear nonisothermal accelerated kinetic study, 

the temperature of the system is increased at a pre- 

determined constant rate according to the following 

temperature-time program 8 

T f To t ct Eq.1 
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K I N E T I C  STUDY 191 

where To i s  t h e  i n i t i a l  temperature ,  T is  t h e  temperature  

a t  t ime t ,  a,nd c i s  t h e  hea t ing  r a t e  c o n s t a n t .  

For a first order  degradat ion,  

-dC/dt a kC Eq .2 

where C i s  t h e  drug l e v e l  a t  time t and k is  t h e  rate 

c o n s t a n t .  The r a t e  cons tan t  i n  a nonisot1zerma:L k i n e t i c  

s t u d y  is no longer  a c o n s t a n t .  Rather ,  it i s  a f u n c t i o n  

of t ime t .  When t h e  Arrhenius r e l a t i o n s h i p  i s  a p p l i -  

c a b l e ,  k can be expressed i n  terms o f  t h e  r a t e  cons tan t  

where E i s  t h e  a c t i v a t i o n  energy o f  t h e  degradat ion and 

R i s  t h e  gas: cons tan t .  

S u b s i t u t i o n  o f  Eq.1 and Eq.3 i n t o  Eq.2, followed 

by rearrangement and i n t e g r a t i o n :  

E l  1 

R To To+& 
13 d t  Eq .4 exp[-- ( -  - - 

C 

where Co is t h e  i n i t i a l  drug l e v e l .  Eq.4 is t h e  b a s i s  

o f  t h e  method t o  be discussed i n  t h i s  paper. The i n t e g r a l  

i n  Eq.4 can be solved,  but  t h e  s o l u t i o n  does not  provide 

a basis f o r  easy d a t a  t rea tment  such a s  demonstrated by 

Rogers ( 2 )  and Eriksen e t  a l .  ( 4 ) .  Rather ,  t h i s  i n t e g r a l  

can be evaluated by a numerical  i n t e g r a t i o n  method f o r  

a known temperature-time program and an  E value.  A s e t  

of kovalues can be computed f o r  the  corre:;poi?di.ng ex- 

per imental ly  determined C va lues .  D i f f e r e n t  E values  a r e  
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192 YANG 

used u n t i l  the  ca lcu la ted  ko values a r e  r e l a t i v e l y  

constant  . 
A general  expression of Eq.4 can be given t o  

accommodate d i f f e r e n t  k i n e t i c  orders :  

where T ( t )  is  t h e  tempera ture- the  program and t h e  

funct ion f i s  Co-C f o r  t h e  zero order ,  ln(Co/C) f o r  

t h e  f i r s t  order  and 1/C - l / C o  f o r  t he  second order .  

Data reported previously were used t o  demonstrate 

t he  v a l i d i t y  and the  appl ica t ion  of t h i s  new data 

treatment method. 

RESULTS AND DISCUSSION 

Figure 1 shows the  exponential  expression i n  Eq.4 

as a funct ion of time. The t rapezoida l  approximation 

method was found t o  be appropriate  t o  es t imate  the  

i n t e g r a l  ( a rea  under curve) i n  Eq.4. 

Table I lists the  r e s u l t s  obtained using Eq.4. 

The ar i thmet ic  means o f t h e  ca lcu la ted  ko values a r e  

presented o r  a r e  used t o  ca l cu la t e  t he  r a t e  constant  

a t  o ther  temperature i n  conjunction w i t h  t he  ca lcu la ted  

a c t i v a t i o n  energy. As shown, t h e  values of ko and E 

ca lcu la ted  using Eq.4 agree wel l  w i t h  previously 

published r e s u l t s .  

Eq.4 i s  appl icable  not only t o  the  nonisothermal 

study employing the  l i n e a r  temperature-time program 
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KINETIC STUDY 193  
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FIGURE 1 

The e x p o n e n t i a l  term i n  Eq.4 as a funct.iori 
o f  t ime .  Shown h e r e  i s  f o r  t h e  d e g r a d a t i o n  
o f  procainamide H C 1  under  t h e  nonisothnial  
c o n e i t i o n  i n  r e f e r e n c e  1 w i t h  E=13 kcal./mole. 

(N-acetyl-p-aminophenol and procainamide H C 1 ) .  bu t  a l s o  

t o  a s p e c i a l  c a s e  of t h e  l i n e a r  nonisothermal .  s t u d y  

( s u b s t i t u t e d  benzazep ine )  and a nonisothermal .  s t u d y  

employing a n o n l i n e a r  tempera ture- t ime progralm ( , r i b o -  

f l a v i n )  . 
Three d a t a  t r e a t m e n t  methods have been p r e v i o u s l y  

descr ibed.  Zog l io  e t  a l .  (1) used t h e  f o l l o w i n g  e q u a t i o n  

f o r  t h e  data t r e a t m e n t :  

where i = 0 , 1 , .  . . ,n-:L and n is  t h e  number o f  the  t ime 

i n t e r v a l s  be.tween t , ( i n i t i a l  t i m e )  and t f ( f i r i a l  t i m e ) .  
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K1NETI.C STUDY 195 

The func t ion  g i s  def ined as C f o r  t h e  zero  order  and 

In C f o r  t h e  first order .  The va lues  of ko t2irolng.h kn - 
can be c a l c u l a t e d  ,using Eq.6 f o r  a p a r t i c u l a r  n. va lue .  

The a p p r o p r i a t e  n value i s  determined by 8 convergence 

t e s t .  These k va lues  can then  be employed t o  c o n s t r u c t  

a family o f  t h e o r e t i c a l  degradat ion curves a g a i n s t  which 

t h e  experimental  d a t a  a r e  compared. No c r i t e r i o n  f o r  

judging t h e  f i t n e s s  betwwen t h e  experimental  and t h e  

t h e o r e t i c a l  was mentioned by Zog l io  e t  al.. ( I ) .  Edel 

e t  a l .  ( 6 ) .  employing t h e  same d a t a  t reatment  method, 

used t h e  least sum of square of t h e  d i f f e r e n c e  between 

t h e  experimental  values  and t h e  t h e o r e t i c a l  vaI.iues as a 

c r i t e r i o n .  I t  was shown (Figure 2 and 3 in re ference  1) 

t h a t  t h e  t h e o r e t i c a l  degradat ion curves a r e  c l o s e  t o  

each o t h e r ,  e s p e c i a l l y  f o r  those  curves w i t h  l a r g e r  

a c t i v a t i o n  energy. Without such a c r i t e r i o n ,  it; may be 

d i f f i c u l t  to1 t r e a t  t h e  d a t a  o b j e c t i v e l y .  When E:q.k i s  

used, t h e  s tandard d e v i a t i o n  o f  t h e  c a l c u l a t e d  !ko values  

is found t o  be an a p p r o p r i a t e  c r i t e r i o n  f o r  such purpose. 

A minimum standard d e v i a t i o n  i s  sought.  Figure (2 shows 

a t y p i c a l  p l o t  o f  t he  s tandard  d e v i a t i o n  of  t h e  c a l c u l a t e d  

ko values  a g a i n s t  t h e  a c t i v a t i o n  energy. Outsidile t h e  

a c t i v a t i o n  energy range p l o t t e d ,  t h e  t r e n d  o:f i n c r e a s i n g  

o r  decreasing ko values  is q u i t e  apparent , ,  Tlnesa data 

a r e  t h e r e f o r e  not  included i n  t he  f i g u r e .  

The comiputation t ime us ing  Eq.6 i s  long. S ix  hours 

were requi red  as r e p o r t e d  by Edel e t  a l .  C6). S,.ince a l l  
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196 YANG 

FIGURE 2 

The standard deviation of calculated ko values 
as a function of the activation energy. Shown 
here is for the degradation of procainamide HC1 
under the nonisothermal condition in reference 1. 

k values are calculated based on the initial and the final 

assay results according to Eq.6, the method therefore 

suffers by placing heavy weights on these two data points. 

A later publication (8) has simplified the method by 

obtaining only kij value using Eq.6 and calculating the 

remaining k valuBs by the Arrhenius relationship. However, 

it still suffers the same problem. Kay et al. ( 9 )  suggested 

that an isothermal study be performed at the initial 
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198 YANG 

temperature to derive a better estimation for ko for the 

subsequent data treatment. 

A data treatment method using an analog computer 

was demonstrated to provide results which are In excellent 

agreement with those reported by Zoglio et al. (9). 

Madsen et al. (7) employed an iterative least- 

square regression method to minimize: 

h 
where Ci is the observed drug level and Ci is the 

corresponding predicted drug level. The term Ci Is 

defined by: 

h 

Zero oder Ei = Go - PIi Eq .8 

First order ?i = Coexp(-PIi) Eq.9 

Second order Ci A = (Co -1 i PIi)-l Eq .lo 

where P is the preexponential factor in the Arrhenius 

relationship and Ii is expressed as: 

Ii = Ti exp(-E/RT) dt Eq.11 

The integral Ii can be evaluated using the trapezoidal 

rule. 

Note that using this mehtod, P and E are estimated. 

While the values of ko and E are estimated by the new 

method described in this paper. However, both methods 

provide sufficient information for stability assessment 

purpose. As can be seen in Table I both methods give 

comparable results. In addition to the polynomial tem- 
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K I N E T I C  STUDY 199 

perature-time func t ion  as used by Madsen e t  ax., t h e  

temPeratureb-time program descr ibed i n  referenc:e 7 can 

a l s o  be s a t i s f a c t o r i l y  descr ibed by a l i n e a r  func t ion .  

Table I shows t h a t  d a t a  t reatment  using such a l i n e a r  

temperature-time func t ion  a l s o  g i v e s  comparable r e s u l t s .  

One shortcoming o f  us ing  Eq.7 i s  t h a t  i n i t i a l  

es t imates  of P and E a r e  requi red  f o r  t h e  d a t a  t rea tment .  

However, t h i s  i s  e a s i l y  compensated by t h e  automatic 

computer c a l c u l a t i o n .  

The method based on Eq.6 r e q u i r e s  t h a t  t h e  r e a c t i o n  

order  be known i n  advance. The method was subsequent ly  

modified t o  overcome t h i s  shortcoming by adding a n  i s o -  

thermal s tudy  a t  t h e  te rmina l  temperature  o f  t h e  non- 

isothermal  s t a g e  (10). This  au thor  i s  quick t o  poin t  out  

such a n  isothermal  s tudy  must be allowed t o  proceed over 

a s u f f i c i e n t l y  long per iod of time t o  enable  one t o  

unequivocal.ly determine t h e  r e a c t i o n  order .  The i so-  

thermal  d a t a  i s  Figure 2 i n  r e f e r n e c e  10 (from 2 t o  3 

hours)  a l s o  g i v e  an e q u a l l y  s a t i s f a c t o r y  s t r a i g h t  l i n e  

when t r e a t e d  as zero  order  k i n e t i c s  o r  second order  

k i n e t i c s .  

The method based on Eq.7 w a s  claimed t o  be s e n s i t i v e  

t o  t h e  r e a c t i o n  order  ( 7 ) .  A r e s i d u a l  p l o t  was used t o  

determine t h e  r e a c t i o n  order .  Figure 3 is  a similar 

r e s i d u a l  p l o t  f o r  t h e  hydro lys is  of r i b o f l a v i n  using 

t h e  r e s u l t s  c a l c u l a t e d  by t h e  new method i n  t h i s  paper. 

These residlual p l o t s  a r e  e s s e n t i a l l y  equiva len t  and t h u s  
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Table If 

Estimated Kinetic Parameters Using the Method in 
This Paper 

Zero order First order Second order 
kO 0 .00000238M*hr-1 0.0231hr-1 172.5M-lhr-I 

E 19 
(kcal/mole) 

21 26 

P 3.17~10~M.hr-l 9.45~10~~hr-l 3.68~10 21 M -1 hr'l 

can not be used to determine the reaction order. Table 

I1 shows the values of the kinetic parameters calcu- 

lated for degradation with different order. The same 

situation can also be demonstrated for the other three 

cases listed in Table I, This discrepancy may lie in 

the fact that absorbance values, instead of concentra- 

tions, were used in the calculation using Eq.7 in refe- 

rence 7. The use of absorbance values or concentration 
is expected to give different results (except for the 

first order) when Eq.7 is used. This can be explained 

as follows. When Beer's law is applicable: 

A = abC Eq .12 

where A is the absorbance, a is the absorptivity, b is 

the path length and C is the concentration. For a given 

analysis, the product ab is a constant. 

Subsititution of Eq.8-12 into Eq.7 results in: 
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n 
First order SS/(ab)2= > [Ai-Aoexp(-Pai):i2 Eq.14 

i-1 

-1 2 

Eq 15 

n 

1-1 
Second order SS/(ab)2= [Ai-(PIi/ab + l / A o )  1 

where Ai is; the absorbance at time t and A, is the 

initial absorbance. When dealing with the first order, 

the use of absorbance or concentration should give the 

same results since when SS/(ab)2 in Eq.14 is minimized 

so f s  SS in Eq.7. Xhile the same is not true when the 

zero order or the second order is involved. 

CONCLUSION 

A new data treatment method for the linear non- 

isothermal accelerated kinetic study is presented. The 

advantages of this new method are: 

1. No assumption is made. 

2. A1:L data points are equally weighed. 

3. No initial estimates of kinetic parameters are 
required. 

4. It is mathematically simple and straightforward 

and requires only one numerical- integration step. 

5 .  It is applicable to the nonisothermal study 

employing :Linear and nonlinear temperature-time programs. 
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