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Estimation of the Shelf Life of a Drug in Its Solid State. I.
An Application of Lacey’s Theory to a Kinetic Analysis
of an Air Oxidation of Ascorbic Acid
in Its Solid State
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Lacey’s theory, concerning a gas-solid reaction rate is applied to a stability study of
a pharmaceutical solid. An accelerated air oxidation of ascorbic acid is analysed to predict
its shelf life at room temperature as an example. The temperature dependence of the
diffusion constant is found to be 48 kcal/mole, and that of the chemical reaction rate,
26 kcal/mole. The diffusion constant, and 2nd order reaction rate constant at 25° are esti-
mated to be 1.6 x 1072 cm?/hr, and 4.3 x 10~ liter/mole-hr, respectively. The 19, degra-
dation life of ascorbic acid in a disk of mannitol conglomerate containing 109, ascorbic acid
is estimated to be about 200 years in the absence of moisture.

Introduction

The majority of drugs are in the solid state in their pure form at ordinary temperatures,
and they are also often formulated in solid pharmaceuticals. A definite procedure to estimate
the shelf life of a drug in the solid state is desired by formulators who are expected to guaran-
tee the quality of the drug for a period of time. The problem has been solved to some extent
for drugs in solutions, and an acceleration test based on kinetic theory is widely adopted as
an effective means for an estimation of the aging of the solution. The prediction for stability
of drugs in solid forms, however, has not been based on such good ground as yet. The aging
of a drug in the solid state almost always involves a heterogeneous reaction which has much
more complicated factors than a homogeneous reaction in solution. But the rapid progress
in the mathematics of heterogeneous kinetics is considered to have reached a stage where it
can be applied to practical pharmacy.

The present investigation is undertaken to propose a procedure for treating heat accele-
ration data to estimate the shelf life of a pharmaceutical solid when the aging is a simple
gas—solid reaction. The air oxidation of solid ascorbic acid is studied in this aspect. The
reaction is believed to be clearly a gas—solid reaction in the absence of moisture. Two factors
are taken into consideration, the diffusion of oxygen into the solid, and the chemical reaction
of oxygen and ascorbic acid. Both of these simultaneous processes are considered to control
the reaction. In the stability studies of solid drugs,?-% it was assumed that absorbed water
layers exist on the surface of drug particles, into which they dissolve, and decompose hydroly-
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tically as in ordinary saturated solutions. The absorbed water molecules were assumed to
have the ordinary properties of solvent and reactant. Very little work has been carried out
on gas-solid reactions between a drug and water vapor, so far as is known to the authors.
Even when the stability against moisture is studied, kinetic discussions neglecting the gas-
solid reaction between a drug and water vapor may be incomplete.

In recent years, the interest in gas-solid reactions has increased in various industrial
fields, partly because of wider commercial application of this type of reaction, and partly
because of improved technological and mathematical treatments, including electronic com-
puters, for analysing the reactions.

Some excellent work has been carried out in the field of gas—solid reactions, but most
workers have correlated their kinetic and mass transfer data by empirical or semiempirical
means, usually assuming that one of the above two mechanisms is the controlling factor.
Diffusion of reactant gas through product layer is the mechanism most commonly assumed.
For example, physical diffusion with a moving boundary is solved for a typical gas-solid
reaction, that of metal tarnishing.”

The diffusion of reactant gas through the product layer was assumed to be a slow process,
while a chemical reaction at the unreacted solid surface is instantaneous.

In average pharmaceutical solid, however, packing is not so compact as in metal crystals,
and they have many cracks and pores. The diffusion of gas molecules through pharmaceuti-
cal solids, then, is not a slow process as in metals. A chemical reaction, on the otherhand, is
not always a rapid process, for most drugs are prepared in as stable a form as possible. Thus,
gas-solid reactions in the pharmaceutical field must be considered to be controlled both by
diffusion, and chemical reaction, simultaneously.

Lacey®) presented a new model for a gas—solid reaction based on the assumption that
in the general case of both the rate of diffusion and chemical reaction governing the over-all
rate of absorption, no gas-solid interface exists, and a reaction zone is substituted for this
interface. The model allows for reactant gas to diffuse past a point in the solid where react-
ant solid particles still exist. It allows then for a concentration gradient of both solid reactant
and gaseous reactant within the solid. Thus, our condition can be introduced from the same
stand point as that of the Lacey.

Conditions, adopted in Lacey’s theory, meet the situation of practical pharmacy much
more closely than those of previous theories.  Here, an outline of his theory is introduced
briefly.

Theoretical

Assumptiona; a solid in contact with a gas containing a gaseous reactant, reacts irrevers-
ibly with the solid according to

A(gas)-+vB(solid) ——> Product(solid)

Assumption b; the reactant gas can diffuse in the solid, where it is immobilized by a
second—-order reaction, first-order with respect to both the gas and the solid.

Assumption c; the diffusivity of the gas within the solid is constant for all time and
concentration.

Lacey solved the following simultaneous partial differential equations,

04 924

=D -—k4B (1.1)
%—f:——vaB (1.2)

8) D.T. Lacey, J.H. Bowen and K.S. Basden, Ind. Eng. Chem., Fundamentals, 4, 275 (1965).
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with the boundary conditions,

A4(0,8)=A4; A(x,0)=0
B(0, 0)=B
A (0o, t)=0 B(c0, £) = Bo;

to obtain the numerical solution, Fig. 1, for different ratios of reactants, Q=vA;/B,.

Lacey’s theory can be employed effectively to calculate the two parameters, those of
chemical reaction and diffusion, through the following procedure:
Let M,=amount of gas absorbed at time ¢

4.001 .
‘ d 0.001 ) . . o . .
375 first / 0 1Q0 by a diffusion accompanied by a chemical reaction.
ie order e The amount of gas absorbed by physical diffusion
3.50- Treactiony, ‘ L e . 6
, 7/ 0.15 alone, M/, is given by Crank®
B / .
3.25F // M'¢=2Co(Dt/ﬂ)1/2 ( 9 )
3.00? ’I . ’ . .
2.75/- /’ - 0.20, The ra}tlo of ‘.cl}e two, M, [M,, is ¢,, according to
. / ‘ 0.25 Lacey’s definition.
2.50f /
| / 0.30 Gov =M [M't =M, [2Co(Dt|m)%  (3)
" 2:25¢ Iy 0.40

where D-is diffusion constant.

2.00r 050 As ¢,,=1 in any case at {=0, (the effect of
1.75¢ 0.70 chemical reaction does not appear at the very
150k (1):88 beginning), extrapolating M,/f% to time zero will
200 give the value of 2C,(D/=)% from which D is
1.257 5.00 calculated. Introducing this value in equation
LOOE— 1,(;'0 3 (3), ¢, is obtained for any time. It is then
f( f,@‘ plotted against #*. The resulting diagram is anal-
ogous to Fig. 1, in which ¢,, is plotted against
Fig. 1. Ratio of Average Rate of Absorp- %= (kB,#)%, k being the rate constant of the
tion Due to Diffusion and Chemical . i
Reaction to that Due to Diffusion Alone, chemical reaction, and B, the the molarity of
$av, as a Function of Dimensionless solid reactant at the interface. By comparing the
Time, 6, for Different Values of v44/Bo;. above defined dimensionless time, 0, from Fig. 1,
(cited from Fig. 3 of the Lacey’s Paper.?) and the real time ¢ for the same values of ¢,,,

one can calculate the rate constant 2 It is also possible to determine an accurate value of
A4, the molarity of the gas reactant in the solid phase at the interface, from the experimental
asymptotic value of ¢,., as described later.

Experimental

Ascorbic acid in a mannitol conglomerate is studied. The oxidation of ascorbic acid in its solid state
is reported to be accelerated by the presence of moisture. In order to simplify the experimental conditions,
the oxidation was performed in the absence of moisture.

1. Materials Ascorbic acid (mp 190°) and mannitol (mp 168°) are thoroughly dried in a vacuum
silica gel desiccator for more than 24 hr. Remaining moisture is determined by a Shimazu Moisture Meter
to be less than 0.19,. Ninety gram of mannitol is put in a beaker and heated in an oil bath to 170° until
melting., Ten gram of ascorbic acid is dissolved into it, A clear melted mixture is quickly cooled to congeal,
and the conglomerate is finely pulverized to pass J.P. VII Standard sieve No. 7 (200 mesh).

2. Determination of the Particle Size Distribution of the Material Powder The above powder is
suspended in ethyl oleate and its size distribution is analysed by a Hitachi Photo Scanning Particle Size
Analyser. Fig. 2 shows the result. As a more detailed size distribution of the finer portion of the powder is
needed, the analysis is repeated using normal heptane which has lower density -and viscosity than ethyl
oleate. 0.5% Span 80 (oil soluble non—ionic surface active agent) is addedas the: dispersing agent. The
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Fig. 2. Particle Size Distribution of Material Fig. 3. Close—up Size Distribution of
Powder by an Hitachi Photo Scanning the Finer Portion of the Material
Particle Size Analyzer (PSA-2) Powder
suspending liquid: ethyl oleate (60 cps) suspending liquid: N-heptane containing 0.5%
{Microscopic observation does not detect particles Span 80.
larger than 30 u.) Photo scanning data were analysed ass uming

that the proportion of fine particles smaller than
3.0 u is 109, of the total weight of particles.

analysis of the obtained autograph is performed on the basis that the proportion of fine particles less than
3.0 1 is 109, of the total weight of particles. The resulting particle size distribution is shown in Fig. 3.

3. Compression of the Material Powder 0.3—0.4 g of the material powder is compressed by a KBr-—-
tabletting machine for an infrared spectrometer (Nihon Bunkoh). The die is evacuated to 20 mmHg and
the powder compressed at 7 tons for five minutes by an oil press, and a disk 20 mm in diameter and 0.64—
0.78 mm thick is obtained. The change in the porosity with the punch pressure showed that the packing is
closest. The obtained disk is an opaque solid, and has the appearance of compact porcelain.

4. Elevated Temperature Storage Test Oil baths at 135°, 128° and 120°, and water baths at 95°,
80° and 60° are maintained at each temperature within +0.2°. Sample disks are suspended on the holder,
and inserted in a test tube of 2.5 cm diameter and 20 cm length with an air inlet pipe at the bottom and an
outlet pipe at the side. An air stream of volume velocity 3 liter/min (linear velocity 10 cm/sec) from a
diaphragm pump is passed through the test tube, which is immersed into the above described bath.

With this stream velocity, the oxygen con-

centration on the disk surface is considered to be silica gel [_.*__]600 80° 95’

the same as that in the atmosphere as follows: tube ™ l B 4
Material transfer coefficient &y, at this veloc- air I

ity, is 2 cm/sec according to Ranz & Marshall’s

equation,” which relates £y to fluid stream.

Oxygen absorption by the disk is, at most, of the

order of 10-%mole/cm2-sec as described later, diaphragm  flow

while the oxygen concentration drop in the boun- pump meter constant temperature baths

dary film of air is of the order of Ac=10-8/ky=5 . .

X 10~® mole/ml, which is negligible compared Fig. 4. The Arrangement of the Heating Baths

with the atmospheric oxygen concentration of 8 x 10~% mole/ml.

Initial temperature change in the test tube after its immersion in the bath was measured and found that
even with preheating of the inlet air, the predetermined temperature is not attained within 10 minutes.
It takes almost half an hour before the complete disk attains the desired temperature. The influence of the
time lag in the temperature for the first hour of the reaction can not be neglected.

5. Demoisturization of the Inlet Air and the Determination of Humidity in the Test Tube A capillary
condensation is possible at humidity much less than the critical humidity. The relative humidity at which
the capillary condensation begins in a pore with 1 mu diameter is calculated to be 30% from Kelvin’s equa-
tion.’® The maintenance of the relative humidity of the inlet air below 109, will be sufficient to avoid forma-
tion of condensed water in a pore. The relative humidity of the air after passage through a drying tube
filled with 100 g of dry silica gel at a flow rate of 3 liter/min was found to be 15—209%,, using an “Ace Humidity
Meter” (Yamato Kagaku Kikai) at 25°. The relative humidity of this air is estimated to be 1.0—1.39, at 80°,
and a still lower value at 95° or higher. Thus, there is no need to be anxious about the presence of liquid
water in the sample, even if capillary condensation is taken in account.

6. Determination of Ascorbic Acid To the sample disk, accurately weighed (W, g), stored in the above
described high temperature tube with an air stream, 5 ml of meta phosphoric acid-acetic acid mixture (an

9) W.E. Ranz and W.R. Marshall, Jr., Chem. Eng. Prog., 48, 141 (1952).
10) A.E. Alexander and P. Johnson, “Colloid Science,”” Oxford, Clarendon Press, 1950, p. 607.
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aqueous solution containing 69, meta phosphoric acid and 16%, acetic acid) is added and dissolved in water
in a 100 ml volumetric flask. 10 ml aliquote is titrated with 0.025% aqueous solution of 2,6-dichlorophenol-
indophenol (containing 0.025%, sodium bicarbonate) (T, ml). A sample disk, which has not undergone heat-
storage (W, g), is treated in the same way and titrated (T, ml). The residual ratio of ascorbic acid is cal-
culated by the following equation.

R=(Co—2)[Co=T,Wo[T; W, (4)
where C, is initial ascorbic acid concentration, and » the product concentration.

The total error in measurement is consi(f'ered to be about +0.29%, and reproducibility 2—3%,. One of
sources of fluctuation seems to be an irregular compactness in the disk. C

Results

The residual ratio of ascorbic acid after storage at each temperature is shown in Table I,
and plotted in Fig. 5 and 6. The product concentration in the table is defined by the following
equation: -

#=Co(1—R) (5)

TasLe I. Change in the Residual Ratio of Ascorbic Acid
and Oxide Concentration with Time

Temperature Time Residual V.C. Product concentration®
T (°C) ¢ (hr) R (ratio) x (mole/liter)
135 1 0.737 0.1991
3 0.510 0.3710
5 0.410 0. 4447
7 0.296 0.5345
128 1 0.973 0. 0203
3 0.878 0.0923
5 0.766 0.1779
10 0.610 0.2956
120 1 0.989 0. 0081
3 0. 949 0. 0390
7 0.871 0.0978
12 0.761 0.1816
95 7 0. 985 0.0114
31 0.963 0. 0280
96 0.883 0. 0889
172 0. 826 0.132
263 0. 767 0.177
351 0.734 0.202
80 405 0.976 0.0182
896 0.944 0. 0425

@) defined by equation (5)
Discussions

Analysis of the Results by a Modification of Lacey’s Procedure
 Some modifications to Lacey’s procedure are necessary in order to apply his theory to
the present study. It takes at least ten to fifteen minutes to raise the temperature inside
the tube to the predetermined temperature.

Due to this time lag in the temperature, data, accurate enough to extrapolate M, [%
toward #=0, cannot be obtained. ‘ :
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However, through the following procedure, a rough estimation of D and %, in Lacey’s
theory, is possible. The value of 4; must be estimated. ~When the gas stream arround the
solid is rapid, and the gas absorption rate is slow compared with its supply rate, the concentra-
tion drop in the gas boundary film is small.

The reactant gas concentration just “on”
the surface,V C,, which is believed to be higher 10
than the bulk gas concentration C,4 due to '
the surface adsorption, will no doubt be rela-
ted to A;, the reactant gas molarity just
“below”’ the surface,'? which is believed to be Noo
lower than C,. AN

Thus, both C4 and 4; are generally lower
than C,. Although C, and 4; are not neces- ] '
sarily equal, there may not be much difference I \3\

AN

fav—1
/

between the two. \
The expedience, taken in the following

analysis, is based upon the assumption i \
0,
CA:Ai (6) 0.1 L et ) ) b :\vo\l
0.1 1 e
. . . 10
Q is determined by (7) for an equimolecular Q(=vAi/By)
reaction, Fig. 7. Asymptotic. Value of Average Rate
‘ Ratio, ¢,v, plotted as a Function of »4:/Boi,
Q=A4/Boi=Co|Cy=C4|C, (7) for both Numerical and Analytical Solutions.
(cited from Fig. 5 of the Lacey’s Paper.®)
Now that Q is thus obtained, it is not O computed results {1 analytical solution

necessary to depend on an inaccurate extra-

11) The concentration of the reactant gas molecules in the gas boundary film at the interface.
12) The concentration of the reactant gas molecules in the solid at the interface.

NII-Electronic Library Service



1978 Vol. 16 (1968)

polation to ¢=0. The asymptotic value of ¢,,, then, is given either by Fig. 7, or by the
Sherwood-Pigford equation.1®

¢a.v.asymp.=.\/n/2Q ( 8)

According to (6), (7) and (8), 4,=8x10-% mole/liter, 0=1.4x10"% and ¢,,.,cym,.=10. Then
D is given by

Dav. asymp. = (M [t¥2) asymp. [2Co(Dm) V2 =10 (9)
107°F
135"
128°
120° 107
107° t
< E
I (3]
g o ‘5 10"“‘ ’
3 9 Q
)
E
1077
) 80° 107%}
il 7
i 2.5 . .
_ P et 21
T 1357128 120° (C. 95
T 2 345 1020309050 (©) %
v/t (hr¥) Fig. 9. Temperature Dependence
Fig. 8. M,/t%2, Obtained in Table of the Diffusion Constant, D
I, versus Root of Time log D=23.4—10500/T, AE=148 kcal/mole
TasLe II. Calculation of M;/t%s
Temperature Time Root ¢ M, M [tYa
T° (C) (hr) (hr's) (molejcm?) (mole/cm?/hr¥%)
135 1 1.00 0.64 x 107 6.4 x10°°
3 1.73 1.19 x10-% 6.9 x10°°
5 2.24 1.42 x10-® 6.4 x10-°
7 2.65 1.71 x10-° 6.5 x107°
128 1 1.00 0.65 x 1078 6.5 x1077
3 1.73 2.96 x 1078 1.7 x10°¢
5 2.24 5.7 x107° 2.5 x10-°
10 3.16 9.5 x10-¢ 3.0 x1075
120 1 1.00 0.26 x10-° 2.6 x1077
3 1.73 1.25 x10-¢ 7.2 x10-7
7 2.65 3.13 x10-% 1.18x107°°
12 3.46 5.81 x10-¢ 1.68x 10-®
95 7 2.65 0.365x 1076 1.38x 1077
31 5.57 0.897x 1078 1.61%x 1077
96 9. 80 2.85 x10-® 2.9 x1077
172 13.1 4.23 x 1076 3.2 x1077
263 16.2 5.67x 107® 3.5 x1077
351 18.7 6.47 x 107 3.5 x1077
80 405 20.1 0.583x 1078 2.9 x10-8
896 29.9 1.36 x10-6 4.6 x1078

13) T.K. Sherwood and R.L. Pigford, “Absorption and Extraction,” McGraw-Hill, New York, 1952, p. 332.
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TasLe . Calculation of Diffusion Constant D

Temperature (M ¢[t%8)asymp. 2Co(D|[m)%e D

(°C) (mole/cm?-hr%) (mole/cm?-hr4) (cm?/hr)
135 6.4 x10-8 6.4x 1077 4.88 x10-8
128 3.3x10-¢ 3.3x10°7 1.23 x10-3
120 2.0x 1078 2.0x 1077 0.44 %1073
95 2.8x1077 2.8x10°8 0.0078 x 10-3

(M /%) 14y m,. 15 Obtained graphically from the M,[t% versus ¥ plot (Fig. 8), where M ,[t* is cal-
culated using the experimental » in Table I, and is listed in Table II. The 2C,(D[x)% and D
values thus obtained are listed in Table III. log D is plotted against 1/7, and a straight line
is obtained as in Fig. 9.

Nernst-Einstein’s equation'® is applied to this result, and an empirical equation (10)
is obtained.

10t 135°
log D=23.4—10500/T (10) 4
The activation energy concerning diffusion uv |
is calculated to be 48 kcal/mole. ¢,, is found 5t

as in Table IV by introducing 2Cy(Dfn)% in
Table I11, and M,/t%2in Table 11, into equation
(3). &,, is plotted against # in Fig. 10.

By taking % in Fig. 10, and 6% in Fig. 0 5 0, 152
1, that give the same value of ¢,,, 2 is cal- Fig. 10. @uy, in Table 5, versus Root of
culated by Time, Y2
k= (6%/t4)2/C, (11)

Tase V. Calculation of ¢,y

Temperature Time, ¢ Root of ¢ ,
(°C) (hr) (hrl) P

135

ol
(=)

.73
24
.65

.00
.73
.24
16

00
.73
. 65

[y

©SoPww PEWwE ONUN S99
CCONWJTOW JI=~JW WO WD OO0 0

128

fa—y

120

DN~ W O UTWi ~J U W
DN WD = DN =

,...
o
>
NS

95

w
b

5.57
9.80
172 13.1
263 16.2
351 18.7

©
(=3}
U NN I w GTaNdWw

—t
[=2]

14) A. Einstein, Ann. Physik., 17, 549 (1905) (Cited in W. Jost, “Diffusion in Solids, Liquids, Gases,”
Academic Press, New York, 1960, p. 142.)
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Tasre V. Calculation of Chemical Reaction Rate Constant, 4

Temperature Dav o k kC
°C) 6% th et (literfmole/br) (hr-1)
128 9.0 14.0 3.1 4.5
7.0 9.8 2.0 49 4.6 37 0.29
5.0 6.6 1.5 4.4

120 9.0 14.0 4.4 3.2
7.0 9.8 3.1 3.2 3.1 17 0.14
5.0 6.6 2.3 2.9

95 9.0 14,0 12.0 1.17
7.0 9.8 8.4 .17 1.15 2.3 0.018
5.0 6.6 6.0 1.10

In order to apply Arrhenius’ equation, logkC, must be plotted against 1/T, for kC, of
a second order reaction corresponds to % of a first order reaction. Although the plots obtained
were not straight lines and data for several more temperatures are needed, the following
empirical equation can be obtained by taking the average,

log kCo=13.34—5.600/T (12)
(Co in hr=* T in °K)

The activation energy of the chemical reaction is calculated to be abbut 26 kcal/mole.

Estlmatmn of Shelf Life of Ascorbic Acid at Room Temperature

Using equatlons (10) and (12), D and % at 25° are estimated to be 1. 6>< 10-12 cm?/hr and
4.3x107* liter/mole-hr, respectively. As ¢ is converted into 6 by

6=kCot=2.46 X 1074 S € 1)
$.v at any time £ is given by the 0=0.014 line in Fig. 1. M, is given by
M=2Co(Djm)Yaari¥om1.14 X 108 .1 (14)

1077
and the decomposition ratio is calculated by (15)

M| Co=M,[0.567 (15)

10°°
These calculations are listed in Table VI, and the

estimated decomposition curve at 25° is obtained as
Fig. 11, from which the 19, degradation life of ascor-
bic acid in a disc of mannitol conglomerate containing
109, ascorbic acid is estimated to be about 200 years
in the absence of moisture.

107

Decomposition ratio

107 Conclusion

One of the difficulties met by the application

10days 10°days Iyr 10yrs 10%yrs of Lacey’s theory to the stability test is the contra-
1010710 10 1(')5 0T -diction between the theoretical requirements and the

i  Time o limitations of experimental techniques. In order to
Fig. 11. Prediction of Air Oxidation determine the diffusion factor, 2C,(D|x)%, M,(t must

of Ascorbic Adid in the Disc of
Mannitol Conglomerate Containing - be extrapolated toward {=0. However, as is expect-

10% Ascorbic Acid at 25° ed from Fig. 1, the change in M, [f* with ¢ (or 1)
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TasLe VI. Calculation of Decompsoiton Ratio of Ascorbic Acid
in a Disc of Mannitol Conglomerate containing
109, Ascorbic Acid at 25°

¢ (hr) 6 Pav Myt M, MyCo
10 2.46x 1073 1.00 1.14x 10~ 3.60x 108 6.35x 1078
10? 2. 46 % 102 1.00 1. 14x 108 1.14x 107 2.01x 1077
108 2.46x 10 1.05 1.18x 108 3.72x 1077 6.56 x 1077
10t 2.46 2.25 2.44% 108 2. 44 107 4.30% 10
2% 104 4,92 4.00 4.35% 1078 6. 15x 10-9 1.08% 10
4% 10 9.85 7.20 7.77% 108 1.55% 10- 2.74% 1075
6 x 10* 1.48x 10 9.10  9.85x 108 2.41x 1075 4.25x 1073
S 8x10¢ 1.97x10 9.90 1. 07 x 107 3.02x 1075 5.33% 105
105 2.46% 10 10. 00 1.08 x 1077 3.41x107  6.00x 10
10° 2.46x10°  10.00 1.08x 1077 1.08% 107¢ 1.90 x 104

is not linear near {=0. Therefore, precise data for M, at the very beginning is required.
M, at the beginning ((~0), however, contains a large experimental error because of the time
lag in sample temperature, and time error.  Even if a rapid determination of M, is possible,
it is meaningless if one considers the time lag in the temperature.-

To overcome this difficulty, the determination of the diffusion factor from data taken at
the beginning had to be given up. Instead, an expedience, such as equation (6), had to be
taken in the present investigation as is described in the last section.

No analytical solution (rate equation) has been given for the basic equatlon in Lacey’s
theory, but only a numerical solution, Fig. 1, is given. If a rate equation is given which
relates the experimental reaction curve (R versus £) to the diffusion and reaction parameters,
amore convenient and accurate prediction of the shelf life of 4 solid drug could be made.
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