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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 two 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 Development,
Mead Johnson & Company, Evansville, Indiana 47721.

539

Copyright © 1981 by Marcel Dekker, Inc,

RIGHTS

i,



Drug Development and Industrial Pharmacy Downloaded from informahealthcare.com by Biblioteca Alberto Malliani on 01/20/12
For personal use only.

540 YANG

INTRODUCTION

In a non-isothermal accelerated kinetic study the
degradation of a drug substance is monitored when the
temperature of the system is being increased at a pre-
determined rate. This makes it possible, from a single
experiment, to determine the important kinetic parameters
which are normally obtained from the isothermal kinetic
studies at several temperatures. Both isothermal and non-
isothermal 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
vharmaceutical products. It is desirable to analyze and
compare these methods for their applicabili*ty in cevelopine
the pharmaceutical products. The goal of this parver is
to search a non-isothermal accelerated kinetic method
which 1) is mathematically simple; 2) requires only
simple tools normally immediately available in a labora-
tory, such as calculators as opposed to the computers,
for the data treatment; 3) is realistic to fit into the
time frame of the pharmaceutical indusiry (i.e., 8

working hours per day).
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THECRETICAL

Three temperature~time programs were used for the

non-isothermal accelerated kinetic studies (1-3):

1/T, - 1/T = b In(14+t) Eq.l
l/To - 1/T = at Eg.2
T - To = ct Eg.3

where T is the initial temperature, T is the temperature
at time t, and a, b and ¢ are heating rate constants.

The temperature-time program shown in Eg.l together
with the Arrhenius relationship result in an analytical
solution (1)}:

log f = log k, -log[14(Eb/R)] + [14(Eb/R)] 1og(14t)
+1og [1-(k /x) 1+(R/ED)] Eq.k
where the function f is defined in Table I for different
kinetic orders, ko and k are rate constants at the
initial temperature T0 and at the temperature T (thus
also at time t) respectively, E is the activation energy,
and R is the gas constant.
When
1og[1-(ko/k)1*(R/Eb)]<< log f Eq.5
Eq.4 can be simplified to:
log f = log ko-log[l+(Eb/Rﬂ +[l+(Eb/Ri]log(l+t) Eq.6

Plotting log f vs log(lst) should give a straight
line. The values of the parameters ko and E can be
obtained from the slope and the interceprt of the straight

line.
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Similarly, when the temperature-time program shown
in Zq.2 is used an analytical solution can also be ob-

tained. The equations corresponding to Eq.4, 5 and 6

are (2):
= (Rko/aE)eaEt/R - Rk_/aE Bq.7
Rko/aE «< f Eq.8
log £ = log(Rko/aE) + (aE/2.303R)t Eq.9

Another mathematical manipulation of Eq.7 leads
to (2):

log g = log[(eaE&t/R

—1)(Rko/aE) +{ak/2.303R)1t Eq.10
where the function g is defined in Table I for different
kinetic orders, At is a constant time interval employed
to obttain the function g. No assumption, such as shown
in Eq.8, is made in deriving Eq.10. Note that plotting
log f vs t in Eq.9 and log g vs t in Zq.10 result in
straight lines from which values of ko and E can be
computed.

One of the attributes of Eq.6, 9 and 10 is the
ability to determine the reaction order. This is accom
plished by substituting the appropriate function f or g
as defined in Table I to obtain the best straight line.

No analytical solution, similar to Eq.4 and Eq.7,
can be obtained when the temperature-time program shown
in Eq.3 is used. Data treatment is more complicated in

this case.
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TABLE I

Function f and g for Different Kinetic Orders

Kinetic Order f g
0 Ao = Ay Ay = Apant
/
1 In(A /AL) In(Ay /Ay As)
2 /A, = /A, YA a - VA
Ao' Ay and At+£¢ are drug levels at time 0, t

and t+At 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°, tgo) 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.5, 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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Figure 1

Eo.3: C: Eq.2.

Temperature-time programs used in the ron-isothermzl
study. A: Zg.l; B:
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Eo.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
kinetie 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 studyl.
As anticipated, the extent of the degradation at any time
is the greatest for the temperature-time program described
by Ea.l, followed by those for Eq.3 and Eg.2. Another
major difference lies in the early time of the study.

Drug degradation becomes substantial at the early time
when Eg.l and Eq.3 are used, while the same is not true
for Egq.2.

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 computera(S) must be used to generate ko and E
when Eq.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 Egq.9 are used for the data treatment

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

1‘Eq.lb and Eq.9 are used to compute these theoretical

degradation curves. A numerical integration method
is used for the non-isothermal study employing Eq.3

(6).
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Figure 2

Kinetic profiles of a formulation having a shelf
life of 24 months and deagradation activation energy
of 20 kcal/mole under the non-isothermal conditions
described in Figure 1. First order kinetics is used
in the calculation. A: Eq.l; B: Eq.3; C: wa.2.
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cut-off was used (9) for the method using Eq.6, i.e.:
log [2-(k /x) 2{R/EP)] = 28 10 £ Eq.11
Therefore only those data collected after the cut-off
time, t,» are usable in the data treatment. Thiscut-off
time is a complex function of E, b and k, and it can be
determined by solving the following equation:
[2-(24t )" [1+(Ev/R)]] 50_ [k /14 (E6/R)] (141 ) 1#(EP/R)2 o
Eq.1l2

¥hen the same cut-off is adopted for Eq. 9:

Rko/aE = 2% f Eg.13
the cut-off time, tor is:
t, * R 1n 50/aE Eq.1l4

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 (175.
7,9),to provide reasonable extent of degradation.

The kinetic profiles under different non-isothermal
cond}tions (based on Eq.l) are shown in Pigures 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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figure 3

Kinetic profiles of a formulation having a shelf
life of 24 months and degradation activation energy
of 20 keal/mole under different non-isothermal
conditions having 1_= 100°and t_.= 100 hours znd
various initial temberatures (72). T_: A=50", B=4(,
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C=30°, D=25% E=20". Pirst order kinetics is used
in the calculation,
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Figure %

Kinetic profiles of a formulation having a shelf
life of 24 months and degradation activation
energy of 20 keal/mole under different non-
isothermal conditions having T =50, T_.=100" and
various duration of the study Pt ) : A=100
hours; B=150 hours; C=200 hours. Flrsf order
kinetics is used in the calculation.
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Figure 5

Kinetic vrofiles of the formulations with

different shelf lives, but the same degradation
activation energy (20 kcal/mole), under the .

same non-isothermal condition (To=50', Tf=100

and t.=x100 hours based on Eq.l). t90’ A="30 months;
B= 24 " months; C= 18 months; D= 12 months.

First order kinetics is used in the calculation.
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Pigure 6

Kinetic profiles of the formulations with

different degradation activation energy, but the
same shelf life (24 months), under the same non-
jsothermal condition (T =50, T.=100*, t.=100 hours
based on Eq.l). E: A=10°kcal/mo{e: B=15 ﬁcal/mole:
€=17.5 keal/mole; D=20 kcal/mole; E=22.5 kcal/mole;
F=25 kcal/mole; G=30 kcal/mole. First order kinetics
is used in the calculation.
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3) Under the same non-isothermal condition, less
stable formulation (smaller t90 value) exhibits greater
extent of degradation (Fisure 5).

L) Figure 6 shows that under the same non-isothermal
condition, a greater activation energy results in a greate:
extent of degradation when formulations having the same
shelf life are studied.

"hese conclusions are of course anticipated. Figures
3-6 are presented mainly to show the degradation pattern
under different situations. For most pharmaceutically
acceptable systems, the conditions in which tlre *empera-
ture is raised from an initial temperature (To) of 2C~
5¢* to a terminal temperature (Tf) of 100° in a period
(tf) of 10C hours seem appropriate. The cut-off times
(tc) for those degradations described in Figures 3-€
are less than 5 hours. The sampling schedule shown in
Table II can be used for the minimum inconvience in an
industrial situation. As shown in Table II1, the generz-
tion of k., and E according to Eq.6 for the stability
assessment is quite satisfactory. It should be emphasized
that these represent the best situations obtairatle.
Experimental variation will be inevitably involved in
real situations.

The kinetic profile pattern when the temperature-
time program Eq.2 is used is generally similar to

Figures 3-6. However, as shown in Figure 1. the extent
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A Possible Sampling Schedule When the
Temperature-Time Program Eg.l Is Employed

TABLE I1I

553

Sampling Time

Time Elapsed (hr)

Monday

Tuesday

Wednesday

Thursday

Friday

8AN o]
(Study initiated)

8aN 24
4Py 32
8a¥ %3]
Noon 52
Ly 56
8ANM 72
Noon 76
LBy 80
8AM 96
Noon 100

(Study terminated)

of degradation is generally much diminished as can be

seen from the drug levels remaining at the terminal tem-

perature shovn in Table IV. The cut-off times are alsc

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

ment. In general té is much greater than tc for 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 Table IV, there

are two instances in which té 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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t. and tg is quite small (typically 5%). This makes the
data treatment utilizing Eo.9 rather difficult and the
prediction based on this narrow range is questionabdble

in the real situations.

Tq.10 provides an alternative method for the data
treatment which eliminates the restraint of the cut-~off
time. However, a constant time interval (&) is required
in the data treatment, A sampling schedule can not be
arranged without difficultyin an industrial situation
For this reasor., the non-isothermal kinetic method based
on Fq.2 is not recommended.

It was suggested (9) that it would be impossible
¢ deterrmine the reaction order when the degradation
w25 net monitored far enough. However, for pharmaceuti-
cally acceptable systems discussed in this paper, even
when the degradation is allowed to proceed considerably
Fq.€ is still unable to differentiate first order from
zero order. Calculatior shows that substituting the
function f for first order or zeroc order in Eq.6 leads
to equally acceptable straight line (Table III1). Despite
this shortcoming it is generally a good idea to follow
the degradation sufficiently far to cbtain 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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methods are based on the Arrhenius relationship. There-
fore these methods are applicable only for those systems
which obey the Arrhenius relationship.

Perhaps the major reason that the ncn-iscthermal
accelerated kinetic method did not enjoy widesrread use
is the lack of the hardware to provide the desired
temperature-time program easily. Manually adjusted
thermoregulator in the water bath (1, 3-%) and variatle
transformer-controlled heater in the o0il bath (9) have
been used, No detail was given for a water btath whose
temverature was stated to be ccntrolled by a variable
speed programmer (2). Manual adjustment of the temperature
is undoubtly tedious. However, it can still be accom-
plished if only a few hours are involved in a study,
which is the case for the papers published thus far.
For a study which must span a few days, any manually
ad justed device would not be applicable for obvious
reason. At least one micronrocessor-controlled mechani-
cal convection oven is available to prrovide the desirable
non-isothermal condition (Eq.l1-3) automatically for
the time period discussed in this paperz.

The container and the closure are integral parts

of the stability characteristics of a pharmaceutical

2. s ped . iz
2lue i Micro MNight Hicroprocessor-Centrolled Mecha-

nical Convection Cven, Blue ¥ Electriec Company,
Blue Island, Illinois 60406.
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product and should be used in the test if possible. The
smallest possible containers are preferred to ensure
guick response to the temperature change of the environ-
ment. FDA's current policy allows the container size

be exvanded up to 8 times of the size tested (10).
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APPENDIX
Readers who refer to reference 2 will find some
equations cited therein are different from those men-

tioned in this paper. Errors in reference 2 are pointed
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out in this appendix. All equation, table and figure
numbers are those used in the original paper unless
otherwise stated.

Eq.l is true for the zero order and the first order,

but is incorrect for both second orders listed in Table I.

o A0
b a' “b’

second orders in Table I should be interchanged.

The functions f(Ca. C ..} and f(¢C ...} for beoth

¥a.5, 6, 7 and 8 should read as:

(T,)
%S © _(aE/R)t

f(C:. c%,...) =
ak

Rkobs(To)

+ £(C , Cpy.vs) —~———;————— Egq.5

fa3

£(Cc2,.00) - f(c;....)

Rk . (T ) Rk
o0bS 0" art/R _

ak ar

(T,)

obs' 0

W

Egq.5
£(c2,...) - f(C;*At,...)

TO) _ Rk
s e[az(t+£ﬁ)]/R _ Eq.7

log[f(C;....) - f(C;*ﬁR....)]

ak Rkobs(To)
— (2E/R)At }
= + log e -1 ———ee g .8
2.303R T e {[p ] [ aE Jj =

The labels of the abscissa 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 II1 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 (té) is calculated to be 4,68
hours using Eq.l4 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,

RIGHTS

i,





