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ABSTRACT 

A non-isothermal kinetic study allows the determi- 

nation of the important kinetic parameters in a single 

experiment and thus is useful for the quick assessment 

of stability characteristics of the pharmaceutical proto- 

types during the development stage. The applicability 

and limitations of t w o  non-isothermal accelerated kinetic 

methods in the pharmaceutical product development are 

discussed. Both methods are simple and no sophisticated 

calculation is necessary. These methods, however, fail 

to provide a unique reaction order for the pharmaceuti- 

cally acceptable systems. The method is applicable only 

to those systems which obey the Arrhenius relationship. 

* Present address: Pharmaceutical Product Developnent, 
Mead Johnson & Company, Evansville, Indiana 47721. 
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I KT ROEUCT IGN 

YANG 

In a non-isothermal accelerated kinetic study the 

deeradation of a drurz substance is monitored when the 

temperature of the system is being increased at a pre- 

determined rate. This makes it possible, from a sinale 

experiment, to determine the important kinetic parameters 

which are nornally obtained from the isothermal kinetic 

studies at several temperatures. Both isothernal and non- 

isothernal accelerated kinetic methods are based on the 

Arrhenius relationship. 

Different temperature-time programs have been used 

in the non-isothermal kinetic study (1-5). However, all 

the systems chosen to demonstrate the non-isothermal 

methods were relatively unstable when compared to the 

pharmaceutical products. It is desirable to snslyze and 

compare these methods for their applicabi l i t v  13 n e v ~ l o ~ i n p  

the pharmaceutical products. The gos l  01’ this paper  1s 

to search a non-isothermal accelerated kipetic method 

which 1) is mathematically simple: 2 )  requires only 

simDle tools normally immediately available in a labora- 

tory, such as calculators as opposec! to the computers, 

for the data treatment; 3 )  is realistic to fit into the 

time frame of the pharmaceutical industry (i.e., 8 

working hours per day). 
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PHARMACEUTICAL PRODUCT DEVELOPMENT 541 

THECRET I C AL 

Three temperature-time programs were used f o r  t he  

non-isothermal accelerated k i n e t i c  s tud ie s  (1-3): 

l /To - 1/T = b l n ( l + t )  

l /To  - 1/T = a t  

Eq.1 

Ea .2 

Ea . 3  T - To = c t  

where To i s  the  i n i t i a l  temperature, T i s  the  temperature 

a t  time t ,  and a, b and c a r e  heat ing rate constants .  

The temDerature-time program shown i n  Eq.1  together  

w i t h  t he  Arrhenius r e l a t ionsh ip  r e s u l t  i n  an a n a l y t i c a l  

so lu t ion  (1) : 

lop f = l o q  ko-log[l+(Eb/R)] t [1+(3b/.9)] l o g ( l + t )  

I Eq .4 +lop[l-(ko/k) 1+ ( R/Eb) 

where t h e  funct ion f i s  defined i n  Table I f o r  d i f f e r e n t  

k i n e t i c  orders ,  ko and k a r e  r a t e  constants  a t  the  

i n i t i a l  temDerature To and a t  t he  temperature T ( t h u s  

a l s o  a t  time t )  respec t ive ly ,  E is the  ac t iva t ion  energy, 

and R i s  t h e  gas constant.  

When 

Eq * 5  1+(R/Eb) << log f log 11- ( ko/k I 3 
Eq.4 can be s impl i f ied  t o :  

log f = l o g  ko-logil+(Eb/R)) + [l+(Eb/R)] l o g ( l + t )  Eq.6 

Plot t ing  log f vs l o g ( l + t )  should give a s t r a i g h t  

l i n e .  The values of t he  parameters ko and E can be 

obtained from t h e  slope and t h e  in t e rcep t  of the  s t r a i g h t  

l i n e .  
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S i m i l a r l y ,  when t h e  temperature-time program shown 

i n  Sq.2 i s  used a n  a n a l y t i c a l  s o l u t i o n  can a l s o  be ob- 

t a i n e d .  The equat ions corresponding t o  Eq.4, 5 and 6 

a r e  (2): 

f = !Rko/sE)e aEt/R - Rko/aE 5s.7 

liko/aE << f Eq .8 

fog f = log(Rko/aEf + (aE/2.303R)t Eq * 9  

Another mathematical  manipulat ion of Sq.7 l e a d s  

t o  ( 2 ) :  

l o g  g = l o g [ ( e  aEat/R-l ) ( Rko/aE I] + ( aE/2.?038 t La .10 

where t h e  func t ion  g i s  defined i n  Table I f o r  c i i feerent  

k i n e t i c  o r d e r s ,  At is  a c o n s t a n t  time i n t e r v a l  employed 

t o  o b t a i n  t h e  f u n c t i o n  g .  No assumption, such as shown 

i n  Ea.8, i s  made i n  d e r i v i n g  Eq.10. Note t h a t  p l o t t i n g  

log f vs t i n  Eq.9 and log  g vs t i n  Zq.10 r e s u l t  i n  

s t ra ight  l i n e s  from which va lues  of ko and E c s n  be 

computed. 

One of  t h e  a t t r i b u t e s  of Eq.6, 9 and 10 i s  t h e  

a b i l i t y  t o  determine t h e  r e a c t i o n  o r d e r .  This  i s  accom- 

p l i shed  by s u b s t i t u t i n g  t h e  a p p r o p r i a t e  f u n c t i o n  f o r  g 

as def ined i n  Table I t o  o b t a i n  t h e  b e s t  s t r a i g h t  l i n e .  

h'o a n a l y t i c a l  s o l u t i o n ,  similar t o  Xq.4 and Eq.7,  

can be obtained when t h e  temperature-time program shown 

i n  Eq.3 is  used. Data t rea tment  is more complicated i n  

t h i s  case. 
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PHARMACEUTICAL PRODUCT DEVELOPMENT 543 

TABLE I 

Function f and g for Different Kinetic Orders 

Kinetic Order f 

A and At+& are drug levels at time 0, t A,* t 
and t+& respectively. 

The application of the non-isothermal accelerated 

kinetic method based on Eq.1 and Eq.2 in the pharmaceu- 

tical product development is discussed in this paper. 

Pharmaceutically acceptable values of the kinetic para- 

meters E and ko (expressed indirectly in terms of the 

shelf life at 25'. t9*) are used in the calculation. 

Suitable temperature-time programs which are realistic 

and acceptable to be used in the industry are employed. 

Data are then calculated using a suitable sampling 

schedule (discussed later). Finally data are treated 

according to Eq.6, 9 or 10 to generate ko and E and tested 
for the ability to determine the reaction order. Only 

zero order and the first order are discussed in this 

paper 

RESULTS AND DISCUSSION 

Typical temperature-time programs described by Eq. 

1-3 are shown in Figure 1. The heating curve based on 
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Time (hour) 

9igure 1 

Temperature-+iw programs used in the ron-isothermel 
s tudy .  A :  L a . 1 :  R :  Ez.3: C :  ‘ 3 . 2 .  
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PHARMACEUTICAL PRODUCT DEVELOPMENT 545 

Eq.1 is convex, while the heating curve from Eq.2 is 

concave. The heating curve using Zq.3 is of course a 

straight line. This basic difference is reflected in the 

kinetic profiles, This is best illustrated using Figure 2 

when the same pharmaceutical system is studied under 

non-isothermal conditions having the same initial and 

terminal temperature and the same duration of the study . 
A s  antici?ated, the extent of the degradation at any time 

is the greatest f o r  the temperature-time program described 

by Ea.1, followed by those f o r  34.3 and Eq.2. Another 

major difference lies in the early time of the study. 

Drug degradation becomes substantial at the early time 

Nhen Eq.1 and Eq.3  are used, while the same is not true 

for Eq.2. 

1 

Note that a calculator with simple linear regression 

capacity is sufficient to manipulate the kinetic data 

using Eq.6, 9 or 10. A digital computer (3-5, 7) and an 
analog computer”(8) must be used to generate ko and E 

when E q . 3  is used. Because of the involvement with a 

computer the non-isothermal method based on Eq.3 is ex- 

cluded from the discussion in this paper. 

When Eq.6 and Eq.9 are used for the data treatment 

the assumptions shown in Eq.5 and Ea.8 must be met. A 2% 

Eq.4 and Eq.9 are used to compute these theoretical 
degradation curves. A numerical integration method 
is used for the non-isothermal study employing E q . 3  

1. 

(6) 
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F i g u r e  2 

Kirletic profiles of a formulation having a shelf 
l i f e  of 24 months and decrsdation activatiorl energy 
of 20 kcal/n?ole under the non-isothermal conditions 
described in Picure 1. First o r d e r  kinetics is used 
in t h e  calculation. A: E a . 1 ;  B :  Cq.3; C :  0 0 . 2 .  
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PHARMACEUTICAL PRODUCT DEVELOPMENT 547 

cut-off was used ( 9 )  for the method using Eq.6, i.e.: 

Ea .ll 

Therefore only those data collected after the cut-off 

time, tc, are usable in the data treatment. Thiscut-off 

time is a complex function of E, b and ko and it can be 

determined by solving the following equation: 

Eq .12 

When the same cut-off is adopted for Ea. 9: 
Rk+E f 2s f Eq 13 

the cut-off time, ti, is: 

t; * R In SO/aE Eq ,14 

Preliminary calculation shows that for most phar- 

maceutically acceptable systems the non-isothermal 

kinetic method must span for a period of several days, 

rather than for a few hours as already reported (1-5, 

7,9),to provide reasonable extent of degradation. 

The kinetic profiles under different non-isothermal 

conditions (based on E q . 1 )  are shown in Figures 3-6. 
Briefly, the following observations are found: 

1) Figure 3 indicates that raising the initial 
temperature increases the extent of degradation when 

the same formulation is studied. 

2) With the same initial and terminal temperature, 

increasing the duration of the study increases the 

extent of degradation when the same formulation is studied 
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T i m e  (hour) 

r 'ipure 3 

K i n e t i c  p r o f i l e s  o f  a formula t ion  hav , .~g  a s h e l f  
l i f e  of 24 months and degrada t ion  a c t i v a t i o n  energy 
o f  20 kcal/molc under d i f f e r e n t  non-isothermal 
c o n d i t i o n s  having 'I = 1OOOand t - 100 hours  and 
var ious  i n i t i s l  ternseratures  (Ti;. T : A = 5 O 0 ,  B=4Oo, 

i? t h e  c a l c u l a t i o n .  
C=30', 3.125; E=20". F i r s t  o r d e r  k i r l e t i c s  0 is used 
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PHARMACEUTICAL PRODUCT DEVELOPMENT 549 

T i m e  (hour) 

? iqure 4 

K i n e t i c  p r o f i l e s  o f  a fo rmula t ion  having a s h e l f  
l i f e  of  24 months and depradat ion a c t i v a t i o n  
Pnerpy o f  20 kcal/mole under d i f f e r e n t  non- 
i so the rma l  cond i t ions  having T = 5 0 " ,  'I -100'and 
va r ious  d u r a t i o n  of  t h e  s t u d y  ?t ) .  t fS A * l O O  
hours : 3~150 hours : Ca200 hours  . f F i r s e  o r d e r  
k i n e t i c s  is  used i n  t h e  c a l c u l a t i o n .  
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100 
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60 

0 10 20 30 40 50 60 70 80 90 100 
T i m e  (hour) 

Figure 5 

K i n e t i c  p r o f i l e s  o f  t h e  formula t ions  w i t h  
d i f f e r e n t  s h e l f  l i v e s ,  but  t h e  same degrada t ion  
a c t i v a t i o n  energy (20 kcal/mole),  under t h e  
same non-isothermal c o n d i t i o n  (T0=50* * T f = l O O o  
and t f = l O O  hours based OR Eq.1).  t 
Bt 24 months; C= 18 months: 0.I 12 90months. 
F i r s t  o r d e r  k i n e t i c s  i s  used i n  t h e  c a l c u l a t i o n .  

: A= 30 months; D
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Kin ti 

0 10 

- ’ 80- 
M 
E 
4 
E 
rl 
a! 

a 
.I 

8 60- 

P 
4 0 -  

E 
20 * 

0 -  
20 
-~~ A 

30 40 50 60 70 80 90 100 
Time (hour) 

Figure 0 

profil of the formulations with 
different degradation activation enerqy, but the 
ssme shelf life (24 months) under the same non- 
isothermal condition (T =50” ,  T -100. , t -100 hours 
based on Eq. 1). E : A=lOOkcal/mofe i B=15 ical/mole i 
C-17.5 kcal/mole i Do20 kcal/mole ; P22.5 kcal/mole i 
F=25 kcsl/mole; G=3O kcal/mole. First order kinetics 
is used in the calculation. 
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3 )  Under t h e  same non-isothermal  c o n d i t i o n ,  l e s s  

s t a b l e  fo rmula t ion  ( s m a l l e r  tgO v a l u e )  e x h i b i t s  p r e a t e r  

e x t e n t  o f  deg rada t ion  (FiPure 5 ) .  

4) Figure 6 shows t h a t  under t h e  same non-isothermal 

c o n d i t i o n ,  a greater a c t i v a t i o n  energy r e s u l t s  i n  a areatel 

e x t e n t  of  deg rada t ion  when fo rmula t ions  having t h e  sane 

s h e l f  l i f e  a r e  s t u d i e d .  

These conc lus ions  a r e  o f  cour se  a n t i c i p a t e d .  Figures  

3-6 a r e  presented mainly t o  show t h e  deg rada t ion  p a t t e r n  

under d i f f e r e n t  s i t u a t i o n s .  For most pharmaceut ical ly  

accep tab le  systems, t h e  c o n d i t i o n s  i n  whic'? + ! E  +fm;era- 

ture is r r i s e d  from a n  i n i t i a l  temperature  ( S o )  o f  2G 

5 ~ '  t o  a terminal  t empera tu re  (T,) of ~ O O O  i n  a Derine 

( t f )  o f  100 hours  seem a p p r o p r i a t e .  The cu t -o f f  tirr.ec 

ft,) f o r  those degradat ion? describer? i n  Figure? 3-6 

are l e s s  t h a n  5 hours .  ?he sampling schedule  shown i n  

Table 11 can be used for t h e  minimum inconvience i n  an 

i r . d u s t r i a 1  s i t u a t i o n .  A s  shown i n  Table  111, t h e  penera- 

t ior!  o f  kG snd E according t o  E4.6 f o r  t h e  s t a b i l j t y  

assessment i s  q u i t e  s a t i s f a c t o r y .  It  should be emphasized 

t h a t  t h e s e  r e p r e s e n t  t h e  b e s t  s i t u s t i o s s  o b t a i m b l e .  

Experimental  v a r i a t i o n  w i l l  be i n e v i t a b l y  involved i n  

rea l  s i t u a t i o n s .  

The k i n e t i c  p r o f i l e  p a t t e r n  when t h e  t e m p e r a t u r e  

t ime prograni Eq.2 is used. i s  g e n e r a l l y  similar t c  

Figures  3-6. However, as shown i n  Figure 1. t h e  e x t e n t  
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PHARMACEUTICAL PRODUCT DEVELOPMENT 553 

TABLE TI 

A ?ossible Sampling Schedule ::‘hen the 
Temnerature-Time Program E q .  1 Is ZmployPd 

Sampling Time Time Elapsed (hr) 

Xonday FzAItI 0 
(Study iyitiated) 

Tuesday 8AK 
4% 

,IJednesday 8LT 
Hoon 
4 T 

Thursday 8AA: 
Noon 
4 EW 

24 
32 

48 

72 
76 
80 

Friday %V! 90 
Koon 100 
(Study terminated) 

of degradation is generally much diminished as can be 

seen from the drug levels remaining at the terminal tem- 

perature shovrn in Table IV. The cut-off times are a l so  

shovm. in Table IV when Eq. 9 is used for the data treat- 

ment. In general t{ is much greater than tc f o r  the same 

system when subjected to the non-isothermal conditions 

with the  same initial and terminal temperatures and the 

same duration of the study. As shown in Tabla IV, there 

are two instances in which t; is greater than tf, thereby 

invalidate the use of Eq.9 in the data treatment. In 

most other instances the extent of degradation between 
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* '  and tf is quite small (typically 5%). This makes the 
b C  

dsta treatment utilizing Efl.9 rather difficult anc? the 

Prediction based on this narrow ranee is questionable 

ir! the real situations. 

Eq.10 provides an altermtive method for the data 

treatment which eliminates the restraint of the cut-off 

time. However, a constant time interval (At) is required 
in the data treatment. A sampling schedule can not be 

srranged without difficultyin an industrial situation. 

For this reasor,, the nor-isothermal kinetic method based 

OR Fq .2 j.s n o t  r.ecoarnended. 

It WBS swqested ( 9 )  t h a t  it would be impossible 

tc: do?crp.in? t h e  reaction order when the degradation 

x?s  n2.t z o n i t o r e a  far enouah. Iiowever, for phzrmaceuti- 

cally acceptable cystems discussed in this paper, even 

when the degradation is allowed t o  proceed considerably 

Fq.6 is still unable to. differentiate first order from 

zero order. Calculatior, shows t h a t  substituting the 

function f for first order or zero order in Eq.6 leads 

to equally acceptable strajRht line (Table 111). Despite 

this shortcoming it is generally a good idea t o  follow 

the degradation sufficiently far to obtain more repre 

sentative data, This can be achieved by careful selection 

of the non-isothermal condition. 

Some practical consideration and limitations merit 

further discussion. All non-isothermal accelerated kinetic 
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558 YANG 

methods a re  bssed on t h e  4 r r h e n i u s  r e l a t i o n s h i n .  ? h e r e -  

f o r e  t h e s e  ne thods  a r e  a r i p l i c a b l e  o v * l v  for- t h o s e  8,yystema 

which obey t h e  A r r h e r i u s  r e l a t i o n s h i p .  

Perhaps t h e  major  r eason  t h a t  t h e  ccn - i sc the rma l  

a c c e l e r a t e d  k i n e t i c  method d i d  c o t  en joy  wides-read w e  

i s  t h e  lsck o f  t h e  hardwsre t o  p rov ide  t h e  d e s i r e 6  

temperature- t ime Drop;ram e a s i l y .  b n u a l l y  a d j u s t e d  

t h e r m o r e g u l a t o r  i n  t h e  wa te r  b a t h  (1, 3-5 )  and v a r i a b l e  

t r a n s f o r m e r - c o n t r o l l e d  h e a t e r  i n  t h e  o i l  b a t h  ( 9 )  have 

been used. RO d e t a i l  was g i v e n  f o r  a w a t e r  b a t h  whose 

t emoera tu re  was s t a t e d  t o  be c c n t r o l l e d  by a v a r i a b l e  

speed programmer ( 2 ) .  Kanual ad jus tmen t  of t h e  t empera tu re  

i s  undoubt ly  t e d i o u s .  Eowever, it can s t i l l  be accom- 

p l i shed  i f  on ly  a few hours  a r e  involved i n  a s t u d y ,  

which i s  t h e  c a s e  f o r  t h e  pape r s  publ ished t h u s  f a r .  

?or a s t u d y  which must span a few d a y s ,  ar?y manually 

a d j u s t e d  d e v i c e  would n o t  be  a p p l i c a b l e  f o r  okv’tous 

r e a s o n .  A t  l e a s t  one m i c r o m o c e s s o r - c o n t r o l l e d  rnochsnj- 

c a l  convect ion oven i s  a v a i l a b l e  t o  o rov ide  t h e  d e s i r a b l e  

non-isothermal  c o n d i t i o n  (59.1-3) a u t o m a t i c a l l y  f o r  

t h e  time period d i s c u s s e d  i n  t h i s  paper  . 2 

Tho c o n t a i n e r  and che c l o s u r e  a r e  i n t e q r a l  parts 

of t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  of a pha rmaceu t i ca l  

2*21ue 5: E i c r o  3:ight i~icroprocessor-Ccntralled Iviecha- 
n i c a l  Convection Oven, Blue X E l e c t r i c  Company, 
91ue I s l a n d ,  I l l i n o i s  60405. 
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PHARMACEUTICAL, PRODUCT DEVELOPMENT 559 

product and should be used i n  t h e  t e s t  if poss ib le .  The 

smallest poss ib le  c o n t a i n e r s  a r e  p r e f e r r e d  t o  ensure 

quick response t o  the temperature  change o f  t h e  envirorr  

ment. FDA's c u r r e n t  po l icy  allows t h e  c o n t a i n e r  s i z e  

be expanded up t o  8 t imes o f  t h e  s i z e  t e s t e d  (10). 
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APPENDIX 

Readers who r e f e r  t o  r e f e r e n c e  2 w i l l  f i n d  some 

equat ions c i t e d  t h e r e i n  are d i f f e r e n t  from those  men- 

t ioned  i n  t h i s  paper. Er rors  i n  re ference  2 are pointed 
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560 YANG 

out  i n  t h i s  acpendix.  A l l  equat ion ,  t ab l e  and figure 

numbers a r s  t f i3se :isel? in t h e  original Faker u n l e s s  

otherwise s ta tnd .  

EC.1 is t r u e  fc r  t h e  zero  o r d e r  and t h e  first order ,  

but i s  i n c o r r e c t  f o r  both second o r d e r s  l i s t e d  i n  Table I .  

The P n c t i o n s  f ( C a ,  Cb ,... ) and f(C,, 2; ,... 1 f o r  bcth 

second o r d e r s  i n  Table I should be in te rchanged .  

0 

E-la.5, 6, 7 and 8 should read as :  

Eq.5 

f(’C, 0 ,... ) - f(C, t+At ,...) 

The labels of t h e  a b s c i s s a  of Figure 3 should read  

0 ,  0.5, 1.0 and 1.5. 
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No detail about the temperature-time program was 

given in reference 2. However the heating rate constant, 

a, can be estimated from the slope of the straight line 

in Figure 3 and the activation energy in Table I1 for 

p-nitrophenol acetate. The value of a is estimated to 

be 0.000079. It is interesting to note that with this 

a value the cut-off time (t;) is calculated to be 4.68 

hours using Eq.14 in this paper. Since the kinetic 

experiment in reference 2 lasted for only 2 . 5  hours, 

Eq.9 in this paper is not applicable at all for the 

degradation of p-nitrophenol acetate with the non-iso- 

thermal condition used in reference 2 .  
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