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Abstract

A kinetic study on decomposition processes of some penicillin salts was carried out. Both isothermal and dynamic
thermogravimetric curves were used. As expected by their complex structures, several steps with different energies
were involved in decomposition processes. Model-fitting and -free kinetic approaches were applied to nonisothermal
and isothermal data. The kinetic triplet ( f(�), A and Ea) related to model-fitting method that defines a single step
reaction resulted to be at variance with the multi-step nature of salts-decomposition. The model-free approach
represented by the isothermal and nonisothermal isoconversional methods, gave different dependencies of the
activation energy on the extent of conversion. The complex nature of the multi-step process of the studied compounds
was more easily revealed using a broader temperature range in nonisothermal isoconversional method. The failure in
the model-fitting method did not allow calculating shelf life and half-life times. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Thermal analysis is a routine method for the
analysis of drugs and substances of pharmacolog-
ical interest [1–4]. Some years ago, a study con-
cerning the penicillin sodium salts was carried out
by thermal analysis [3]. By using thermal analysis
it was possible to evaluate by TG the sodium

content of the cited compounds. The accuracy
and the precision of the method were good, espe-
cially if compared with those obtained by flame
photometry.

It is also well known that at high temperature
the chemical reactivity of drugs active compo-
nents, both pure and in the mixture, can be
modified thus leading to uncontrollable reactions
with consequent danger situations.

For this reason it is necessary to carry out a
thermal stability study that usually requires weeks
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or months. However, kinetic analysis allows us to
obtain some data more rapidly.

Although this technique cannot completely re-
place the classical stability program that implies
long time observation, it can provide an early
alert to danger problems and indicate the most
favourable directions to pursue a successful
formulation.

Before the application of thermal analysis the
following considerations must be made: (i) the
chemical analysis of the compound structure is
able to supply useful expectations on its stability;
(ii) the presence of an oxygen atom in the com-
pound structure permits the decomposition pro-
cess without the presence of air; (iii) the presence
of a notable exothermic process at low tempera-
ture requires the knowledge of decomposition
rate, the suitable mechanism and the activation
energy values at various temperatures. Moreover,
an attempt to find the half-life (the isothermal
decomposition of half product) at a given temper-
ature can be made by heating a sample and by
quickening its decomposition process. This proce-
dure requires a single step reaction and a severe
statistical analysis [5].

In this work all the above-cited quantities were
provided by means of kinetic analysis of solid-
state decomposition processes of some of the
penicillin sodium salts having very similar struc-
tures. To reveal the complex nature of the multi-
step processes both isothermal and nonisothermal
model-free together with isothermal model-fitting
methods were used instead of a nonisothermal
model-fitting one that uses a single TG run.

TG/DSC curves of these substances allow also
to obtain some information on the physical prop-
erties (melting, solid–gas phase transitions) re-
lated to the thermal decomposition processes. The
compound studied were benzylpenicillin, ampi-
cillin and carbenicillin.

2. Experimental

Penicillin sodium salts (Table 1) were supplied
by the Istituto Biochimico Italiano (ampicillin)
and by Farmitalia (benzylpenicillin, carbenicillin).

The measurements were carried out on a Stan-
ton–Redcroft 625 Simultaneous TG-DSC con-
nected to an Olivetti 250 computer.

Instrument calibration was performed with
standard indium, gallium, lead, tin, zinc, naphtha-
lene and benzoic acid samples of known tempera-
tures and enthalpies of melting. Both the metals
and organic compounds were of purity over
99.9%.

For decomposition studies, under dynamic and
static conditions, samples (8–10 mg) were
weighed in aluminium pans placed in a nitrogen-
filled dry box. The TG-DSC system was flushed
with air stream both below (flow rate 30 ml
min−1) and above (flow rate 50 ml min−1) the
open pans. In this way the gas evolved during the
thermal decomposition experiment was continu-
ously removed. The chosen heating rate was a 5 K
min−1 (in nonisothermal experiment) and at least
two runs were made for each compound. For
isothermal measurements the prefixed tempera-
ture was reached using a heating rate of 8 K
min−1.

All the thermodynamic parameters were calcu-
lated using Stanton–Redcroft Data Acquisition
System, Trace 2, Version 4. The compounds were
used without purification.

The simultaneous TG-DSC system is a very
useful tool for investigating organic compounds
since it combines, in a single run, weight loss and
heat change processes.

In this manner, the transformations that occur
even with small weight changes (chemical reac-
tions, decomposition, vaporisation, and oxidation
processes) can be distinguished from those occur-

Table 1
Names, empirical formulas and molecular weights for the
antibiotics studied (sodium salts)

EmpiricalNamesSample Molecular
weightformula

Benzylpenicillin1 C16H17N2 356.38
NaO4S
C16H18N32 Ampicillin 371.39
NaO4S
C17H16N2Carbenicillina3 422.36
Na2O6S

a Disodium salt.
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ring without weight change (melting, crystallisa-
tion, polymorphic changes).

The quantities used to characterise the com-
pounds were, in nonisothermal measurements, the
percent loss in TG technique and the correspond-
ing onset temperatures (To).

In differential scanning calorimetry technique
the enthalpy values related to various processes
were considered together with the temperature
peaks Tp that could provide valuable information
in the analytical study of organic compounds.
Ideally, Tp is the temperature at which the process
occurs most rapidly, but it is also the temperature
at which the maximum rate of the heat change
between the sample and the environment takes
place.

At this regards some �-amino acids [6], for
example, were identified on the basis of Tp alone
because these values are distinct and do not over-
lap with those of the adjacent �-amino acids on
the decomposition scale.

Furthermore, thermal analysis of different se-
ries of dipeptides, by simultaneous TG-DSC mea-
surements, was carried out. The thermal
behaviour of these compounds was compared to
that of independent free �-amino acids contained
in the dipeptides [7,8].

3. Kinetic procedure

Kinetic analysis of decomposition process is
traditionally expected to produce an adequate
kinetic description of the process in terms of the
reaction model and of the Arrhenius parameters
using a single-step kinetic equation,

d�/dt=k(T) f(�), (1)

where t is the time, T is the temperature, � is the
extent of conversion and f(�) is the reaction
model. The temperature dependence of the rate
constant is introduced by replacing k(T) with the
Arrhenius equation, which gives

d�/dt=A exp(−Ea/RT) f(�), (2)

where A (the pre-exponential factor) and E (the
activation energy) are the Arrhenius parameters
and R is the gas constant. For nonisothermal

conditions d�/dt in Eq. (2) is replaced with � d�/
dT where � is the heating rate giving,

d�/dT= (A/�) exp(−Ea/RT) f(�). (3)

The three components ( f(�), E and A) called
‘kinetic triplet’ define both in Eqs. (2) and (3), a
single-step reaction that disagrees with the multi-
step nature of decomposition that usually occurs
in the solid-state.

As the studied compounds have complex struc-
tures, it can be hypothesised that several steps
with different energies will be involved.

If a process involves several steps with different
activation energies, the relative contributions of
these steps to the overall reaction rate will vary
with both temperature and extent of conversion.
This means that the effective activation energy
determined from the analysis of the results will
also be a function of these two variables. The use
of the Eqs. (2) and (3) determines reactions model
that does not represent multi-step kinetics.

For this reason one cannot justify the establish-
ing of the reaction mechanism from f(�) alone.

Also for a simple step of decomposition process
one cannot justifiably expect that identical values
of Arrhenius parameters result from isothermal
and nonisothermal experiments, which are neces-
sarily conducted in different regions of
temperature.

Moreover, the application of nonisothermal
model-fitting (method) approaching to single-rate
data fails to achieve a clean separation between
the rate temperature dependence k(T) and the
reaction model f(�), so that almost any f(�) can
satisfactorily fit the data by virtue of the Arrhe-
nius parameters compensation effects, thus substi-
tuting the true unknown reaction model. For this
reason a single heating rate data for the determi-
nation of kinetic parameters should be avoided.
The application of these models to isothermal
parameters gives rise to believable values of
Arrhenius parameters that, however, are likely to
conceal the kinetic complexity. Anyway the com-
plex nature of a multi-step process can be more
easily detected when a broader temperature range
in the nonisothermal method is used. In the nar-
row ranges used under isothermal conditions, the
differences between different models are much less
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visible and lead to a statistically acceptable de-
scription of the multi-step by one set of kinetic
parameters. An alternative approach to kinetic
analysis is the model-free methods that allow for
evaluating Arrhenius parameters without choos-
ing the reaction model. The isoconversional meth-
ods make up the best representation of the
model-free approach.

These methods yield the variation of the effec-
tive activation energy as a function of the extent
of conversion.

The knowledge of the dependence Ea on �

allows detecting multi-step processes and predict-
ing the reaction kinetics over a wide temperature
range.

The isoconversional methods could also yield
similar dependencies of the activation energy on
the extent of conversion for isothermal and non-
isothermal experiments but direct comparison be-
tween these two methods should not be made
because they cover different range of
temperatures.

In order to obtain the above-cited values both
TG isothermal and dynamic curves have been
carried out.

3.1. Isothermal methods

For the isothermal model-fitting method the
following procedure was adopted.

It is well known that isothermal kinetics of
solid-state reactions can be represented by the
equation,

g(�)=kt, (4)

where k is the specific constant rate and g(�) is an
integral mathematical expression related to a
mechanisms of solid phase reactions.

Three groups of mathematical expressions
(D1, D2, D3, D4), (R2, R3, F1) and (A2, A3, A4) de-
scribe, respectively, diffusion, chemical reaction
and nucleation mechanisms.

Degree of conversion � (fraction of compound
decomposed) is given by the expression,

�(t)= [(%mi−%mt)]/[(%mi−%mf)], (5)

where %mi is the initial percent mass; %mt, the
percent mass at time t ; and %mf, the final percent

mass, as they are collected from an isothermal TG
experiment.

The degree of conversion (�)– time plots �=
f(t) were constructed using experimental percent-
age mass data taken from TG isothermal curves
performed at different constant temperatures, ly-
ing in the temperature range where decomposition
processes of the studied compounds occur.

Generalised reduced time plots, in which � val-
ues for each curve are reported as a function of
the ratio t/t0.5 (t0.5 is the experimental time corre-
sponding to �=0.5), have subsequently been
constructed.

The curves �= f(t/t0.5) were compared with the
theoretical ones reported in literature [9,10] to
individuate the most probable mechanisms. The
mathematical expressions g(�) describing the pos-
sible decomposition mechanisms, together with
the experimental � and t values corresponding to
a fixed temperature, were inserted in Eq. (4). The
values of kinetic constant rate k were determined
at different temperatures from the slope of the
straight line obtained by plotting g(�) against
time (least-square method). These values were
subsequently inserted in the Arrhenius equation
together with the corresponding temperature val-
ues T :

ln k= ln A−Ea/RT, (6)

supplying Ea activation energy and pre-exponen-
tial factor values from the slope and intercept of
regression straight-line.

If no expression was found to describe the
kinetic complexity, an alternative procedure, the
isothermal isoconversional method, was used to
verify the energy value variation related to the
multi-step in the experimental temperature range.

From isothermal TG curves a set of tempera-
ture T and t values were obtained for fixed values
of �. Substituting k=A exp(−Ea/RT) in Eq. (4)
one obtains,

g(�)=A exp(−Ea/RT) t, (7)

where the obtained t and T are the time and
temperature values which make constant the func-
tion g(�). By using the logarithmic form of Eq.
(7):
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ln g(�)= ln A−Ea/RT+ ln t, (8)

and rearranging it, one obtains

ln t= − ln A+ ln g(�)+Ea/RT. (9)

By plotting ln t against 1/T according to Eq.
(9), the activation energies were found at any
given � values from the slope of a regression
straight line.

It must be taken into account that in the
isothermal mode the reactions are very slow at the
lowest temperatures, so that the experiments will
be limited by long times to completion and by low
detection limits, while for high temperatures, the
reaction will be too fast.

These restrictions imply that the experimental
isothermal domain of temperature available is
limited, hence the possible separation of several
reactions with isothermal isoconversional method
will depend on this.

Furthermore, the complexity of the process
could be concealed if different processes have
similar activation energy.

3.2. Nonisothermal methods

To avoid this fact nonisothemal model-fitting at
various heating rates can be applied.

In order to study chemical and physical proper-
ties variation related to nonisothermal processes it
has become usual to associate mathematical rela-
tionship with a particular model of mechanism,
but there are several models giving the same
mathematical expression and the same model giv-
ing two, three or more alternative expressions.

Dollimore et al. [11–14] have carried out a
computer program that plots theoretical d�/dT
curve by using Eq. (3) when the hypothesised
mechanism f(�) and the suitable values of both A
and Ea are introduced.

This approach may be considered as the reverse
of the Arrhenius nonisothermal kinetics in which
A and Ea are calculated both from the �–T plots
and a proper mechanism. The shape of the theo-
retical curve obtained in this way results to be
only a function of the mechanism and allows
determining the following parameters:

(i) Initial (Ti) and final (Tf) temperature of TG
curve as diffuse (d) or sharp (s).

(ii) The half width defined as the peak width on
the differential plot of d�/dT against T
measured at half height.

(iii) the value of �max at the maximum rate of the
process (at Tp) in the �–T plot.

The comparison of these characteristic quanti-
ties (half width, �max, Ti, and Tf) for experimental
curves with those reported in literature [10,11]
shows more than one possible mechanism for
each compound.

In order to select the appropriate mechanism
for each compound and to determine the kinetic
parameters A and Ea, the following method can
be used.

The � values, calculated from TG curves as a
function of the temperature, together with those
of d�/dT (the reverse of DTG), are inserted in the
mathematical expressions of f(�) and used in the
Arrhenius differential equation.

ln[(� d�/dT)/f(�)]= ln k= ln A−Ea/RT. (10)

The � values are also inserted in the mathematical
integral expression g(�) and used, together with �

in the Satava integral equation,

log[g(�)]

= −0.4567 (Ea/RT)−2.3115+ log(AEa/R�),
(11)

where Doyle’s approximation is valid in a temper-
ature range of 100 K [15].

The Arrhenius parameters can be calculated by
means of the following linear relationships,

ln[(� d�/dT)/f(�)]=vs. 1/T, (12)

log[g(�)] vs. 1/T, (13)

where f(�) and g(�) are the mathematical expres-
sions related to the mechanisms according to the
two methods.

From the coefficient and the intercept of the
regressions straight lines, the E and parameters
can be calculated.

Finally the values of A, E and related mecha-
nisms represented by f(�) were inserted in Eq. (3)
and the theoretical DTG curves are reconstructed
and compared to the experimental ones.
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Fig. 1. Simultaneous TG (a) and DSC (b) curves of penicillin
sodium salts examined.

t�=g(�)/A exp(−Ea/RT), (15)

by using the mathematical expressions g(�) de-
scribing the possible decomposition mechanisms
and, respectively, �=0.5 or small values
(0.05, 0.10).

If triplet kinetic (g(�), A and Ea obtained from
isothermal model-fitting method) fails in the de-
scription in kinetic complexity, the values of these
quantities extrapolated to room temperature are
not acceptable.

4. Results and discussion

4.1. Features of the thermal processes

Trends of thermal behaviour at �=5 K min−1

for the examined compounds are shown in Fig. 1.
The values of the thermodynamic quantities relat-
ing to TG/DSC curves are reported in Tables 2
and 3.

TG and DSC curves of benzylpenicillin show
two steps of weight loss in which exothermic
processes occur. A dehydration process was also
found (endothermic process).

The first and second decomposition steps con-
tain, respectively three and two exothermic pro-
cesses so that it can be hypothesised that they
happen through a series of superimposed
reactions.

For ampicillin there are two decomposition
steps, with three exothermic processes, while at
low temperatures a dehydration process occurs.

Carbenicillin shows a dehydration process and
three steps of decomposition with a sharp
exothermic process in the third one.

4.2. Kinetics

The �= f(t) isothermal experimental curves of
penicillin salts for the two steps of the decomposi-
tion processes, chosen at different temperatures
(lying in the experimental temperature range), are
given in Fig. 2a and b. The t values, that in curves
at different temperatures are related to same �,
were divided by the corresponding t0.5. This quan-
tity depends on temperature only so that the
curves were normalised.

Values of triplets obtained in this way can be
used in nonisothermal model-fitting method (Eq.
(10)).

To obtain the Ea values related to isoconver-
sional nonisothermal method Ozawa–Flynn–
Wall equation,
log �= −0.4567 (Ea/RT)−2.3115+ log(AEa/R)

− log[g(�)], (14)
was applied to nonisothermal TG curves.

Finally some importance was given to the
parameters determining the stability times of the
drugs: half-life time (isothermal decomposition of
half product) values at various temperatures were
obtained by the expression,
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The generalised reduced time plots derived from
the isoconversional curves have been compared
with the generalised reduced theoretical ones re-
ported by literature [9,10].

Theoretical curves were constructed in the fol-
lowing way: by substituting k=A exp(−Ea/RT)
in the expressions d�=k f(�) dt one obtains,

d�=A exp(−Ea/RT) f(�) dt,

where the hypothesised mechanism f(�) and the
suitable values of both A and E are introduced.

The shape of the theoretical curves obtained in this
way proves to be only a function of the mecha-
nisms and the temperatures. These curves were
normalised in the same manner as the experimen-
tal ones.

In the first and second step of decomposition the
experimental normalised curves at various temper-
atures (Fig. 3a and b) for benzylpenicillin do not
completely overlap with the theoretical one related
to various mechanism. This result allows conclud-
ing that a superimposed series of reactions occur.

Table 2
Onset temperatures (Te) and mass loss percentage obtained from TG measurements for the penicillin derivatives studied (sodium
salts)

Dehydration stepCompounds Decomposition steps

Te (K) Mass loss (%) Te (K) Mass loss (%)

287.8 4.0 480.5Benzylpenicillin 37.8
26.9553.8

38.2Ampicillin 294.2 2.3 502.0
572.8 16.3

299.2 12.6Carbenicillina 450.3 2.3
9.1501.8

524.4 24.6

a Disodium salt.

Table 3
Onset, peak temperatures (Te and Tp, respectively) and enthalpy changes calculated from DSC measurements for the penicillin
derivatives studied (sodium salts)

Compounds Dehydration step Decomposition steps

Te (K) Tp (K) Te (K)�H (kJ mol−1) �H (kJ mol−1)Tp (K)

−18.6Benzylpenicillin 497.7492.619.3303.6286.3
−9.9518.6 525.7

541.3 543.4 −12.9
589.2 591.3 −6.6

618.3 −13.7613.1

501.5494.421.4 −72.4296.2286.1Ampicillin
545.5537.1 −43.8

570.7 572.6 −29.5

−17.3Carbenicillina 313.8318.3 29.1 452.4 467.2
−13.3489.1 506.9

−127.8525.7517.4

a Disodium salt.
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Fig. 2. �(t) isothermal plots for the first (a) and the second (b)
decomposition step of benzylpenicillin at different fixed tem-
peratures.

The Dollimore’s computer program used in
nonisothermal method cannot be applied to our
experimental curves due to the complexity of de-
composition process (as it can be seen in Fig. 4).

The change in Ea values in the isoconventional
methods were obtained by using Eqs. (9) and (14).

For isoconversional isothermal method (Fig. 5)
related to the first decomposition step (498–523
K) of the benzylpenicillin, the activation energy
values decreases from 27 to 15 kJ mol−1 in the
0.1–0.2 range extent of conversion, increases from
15 to 29 kJ mol−1 in the 0.2–0.8 range and
decreases from 29 to 15 kJ mol−1 in the 0.8–1
range.

For the second decomposition step (573–603
K) (Fig. 5) the activation energy decreases from
19 to 12 kJ mol−1 in 0.1–0.2 range extent, in-
creases from 12 to 17 kJ mol−1 in the range from

Fig. 3. Comparison between isothermal reduced time plots
�(t/t0.5) for the first (a) and the second (b) decomposition step
of benzylpenicillin at different fixed temperatures with those
reported in literature for each kinetic model function.

In order to apply the model-fitting method, the
above cited mathematical integral expressions
g(�) together with the experimental � and t values
(corresponding to a fixed temperature), were in-
serted in Eq. (4). The values of kinetic constant
rate k were determined at different temperatures
from slope of the straight line obtained by plot-
ting g(�) against time (least-square method).
These values were subsequently inserted in the
Arrhenius equation together with the correspond-
ing temperature values T supplying Ea activation
energy and pre-exponential factor values from the
slope and intercept of regression straight-line
(Table 4).

The values of activation energies, for the first
step of decomposition, vary from 79.1 to 117.9
while for the second one some negative values
were found, thus confirming that the model-fitting
model disagrees with the multi-step nature of the
decomposition process.
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Table 4
Ea and ln A values obtained by a linear regression analysis on Arrhenius equation according to the isothermal model-fitting method

Kinetic parameters Kinetic modelsStep

D1 D2 D3 D4 F1 R2 R3 A2 A3

Benzylpenicillin
79.1 116.0 101.9Ea (kJ mol−1) 89.7I 117.9 83.1 73.7 113.9 112.6
11.7 20.5 16.7 13.0 22.1 12.5 9.2 20.5ln A (s−1) 19.9

−5.8 5.2 4.3 −0.8Ea (kJ mol−1) 6.0II −4.5 −9.4 2.5 1.1
ln A (s−1) −8.7 −6.5 −7.1 −8.9 −5.1 −8.7 −10.7 −6.6 −7.2

Ampicillin
275.5 275.4 275.2 275.3 275.3I 275.5Ea (kJ mol−1) 275.6 275.4 275.5

ln A (s−1) 58.2 58.0 57.2 56.8 59.2 57.9 57.0 58.5 58.2

38.3 39.8 42.2 40.6 40.7 38.3 36.5Ea (kJ mol−1) 38.6II 37.8
−0.2 0.0 −0.3 −1.1 1.4 −0.4 −1.7 0.2ln A (s−1) −0.3

Carbenicillin
70.0 70.6 71.6 71.0 71.0 69.9 69.0 69.9 69.5Ea (kJ mol−1) I

9.2 9.2 8.6 8.0 10.5 8.9ln A (s−1) 7.7 9.5 9.0

Ea (kJ mol−1) II 25.8 23.5 19.8 22.3 21.9 25.5 28.2 25.0 26.0
−2.4 −3.1 −4.6 −4.6 −2.2ln A (s−1) −2.8 −3.1 −2.3 −2.4

0.2 to 0.4 and decreases from 17 to 3 kJ mol−1 in
the 0.4–0.9 range.

By applying Eq. (14) the Ea values decrease
(Fig. 5) from 25 to 21 kJ mol−1 in the 0.05–0.1
range, increase from 21 to 29.4 kJ mol−1 in the
0.1–0.8 range, while in the 0.8–0.95 range de-
crease from 31 to 27 kJ mol−1.

In the 0.25–0.85 range of conversion degree for
the first decomposition process, the Ea dependen-
cies are very close for isothermal and nonisother-
mal experiments while they are completely
different near the beginning and the end of the
reaction.

However, direct comparison between these two
methods should not be made because nonisother-
mal method experiments cover a much wide range
of temperatures (312–700 K) than those of
isothermal method experiments (498–523 K).

This behaviour allows to hypothesise that more
than one reaction occurs in the decomposition
process.

The normalised curves of the first and second
decomposition step of ampicillin overlap with
those of benzylpenicillin so that partially overlap

with the theoretical ones related to various mech-
anisms. This result allows concluding that a su-
perimposed series of reactions occurs.

However, the values of activation energies, cal-
culated with isothermal-fitting model (Table 4) in
the first step of decomposition for all the g(�) are
constant (275.5 kJ mol−1) while in the second one
(Table 4) vary from 36.5 to 42.2.

In the narrowed temperature range used under
isothermal conditions, the differences between the
different models are much less visible and, in the
first decomposition step, lead to a statistically
acceptable description (Table 4) of the multi-step
process by one set of kinetic parameters.

To test the significance of the regression
parameters related to Arrhenius equation for the
various mechanisms the procedure mentioned as
degree of significance was presented (Table 5).

�a and �b values in the regression equation
representing the standard deviations of parame-
ters allows to determine the confidence intervals
(CI) a��a tCL,�, b��b tCL,� where the probability
that the true parameter values lie is given by
(100 CL)% (Table 5).
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tCL,� was chosen from proper tables [16] at a CL
(confidence level) equal to 0.995 and for two
degrees of freedom, providing significative inter-
vals of regression parameter values.

Significative intervals does not indicate, for ex-
ample, that b parameter is significant but that in
the considered interval there is a probability of
99.5% to find the true value of b. It is clear that
more the CL is close to 1, the more b could be
discussed by statistical point of view in physical
terms. From the above cited values it can be
noted that for the three compounds the probabil-

Fig. 5. Ea vs. � plots according to model-free methods related
to the decomposition of benzylpenicillin (a), ampicillin (b) and
carbenicillin (c) displayed as follows: the grey symbols for the
nonisothermal procedure while the black and white symbols
for the first and the second isothermal steps, respectively.

Fig. 4. Comparison between d�/dT and DSC curves for ben-
zylpenicillin (a), ampicillin (b) and carbenicillin (c).

ity to find the true values of a and b are statisti-
cally equivalent for all the mechanisms proposed.

For isoconversional isothermal method related
to the first decomposition step (498–523 K) of the
ampicillin the activation energy (Fig. 5) with the
exception of 0.0–0.1 range extent, results to be
constant at about 60 kJ mol−1. In the second
(Fig. 5) decomposition step (573–603 K) the acti-
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Table 5
Linear regression parameters obtained from Arrhenius equation according to the isothermal model-fitting method for the first
decomposition step (498–523 K)

Regression Kinetic models
parametersa

D2 D3 D4 F1 R2 R3D1 A2 A3

Benzylpenicillin
20�119 17�132 13�171 22�114a 13�19512�205 9�225 21�130 20�136

−14�60 −12�67 −11�87 −14�58 −10�99−10�104 −9�114b −14�66 −14�69

0.4 0.5 0.6 0.4�y:x 0.70.8 0.8 0.5 0.5
0.7244 0.6210 0.4303 0.74520.2909 0.3334r2 0.2277 0.6781 0.6547
10 6F 32 12 2 1 8 7

Ampicillin
58�18 57�19a 57�1958�18 59�19 58�18 57�18 59�19 58�19

−33�9 −33�10 −33�10b −33�10−33�9 −33�9 −33�9 −33�9 −33�9

0.07 0.07 0.07 0.07�y:x 0.070.07 0.07 0.07 0.07
r2 0.9985 0.9984 0.9982 0.9983 0.9983 0.9984 0.9985 0.9983 0.9984

2457 2235 2383 2300 24892585 2602F 2408 2427

Carbenicillin
9�1 9�1 8�1 10�19�1 9�1a 8�1 9�1 9�1

−8�1 −9�1 −9�1 −9�1 −8�1 −8�1 −8�1b −8�1−8�1

0.004 0.004 0.004 0.0040.004 0.004�y:x 0.005 0.005 0.005
0.9999r2 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999

45 818 46 139 46 039 43 290 40 365 36 344F 37 66544 596 34 890

a The regression equation is y=a+bx.

Table 6
Storage time values (years) at 25 °C for a conversion of 5, 10 or 50% (half-life) for the first decomposition step (498–523 K)

Conversion (%) Storage time (years)

D1 D2 D3 D4 F1 R2 R3 A2 A3

Benzylpenicillin
16.741.06 1522.34797.565 0.05 10.91 0.37 0.11 182.58

1143.07 1935.1610 0.18 44.42 1.52 0.44 375.03 2.16 17.15
12.30 20.4150 4.50 1316.72 2931.8954.38 3626.0513.92 2467.25

Ampicillina

100.04 7042.21 48.16 1171.315 7.54 4.35 2.06 3.41 51.71
689.8 1487.110 7207.230.2 202.617.7 8.5 14.0 106.1

1156.5 8580.2 1768.950 754.3 525.4 305.6 2786.4440.8 698.2

Carbenicillin
11.84 0.96 2.165 0.200.02 0.01 0.01 0.01 0.12

0.40 12.13 1.3710 0.06 0.04 2.750.02 0.03 0.26
2.29 14.44 3.5250 1.51 1.19 0.83 5.151.06 1.69

a Storage time values×1012.



F. Rodante et al. / J. Pharm. Biomed. Anal. 29 (2002) 1031–10431042

Table 7
Prediction of the storage temperature (K) for a given storage time values at 5% of conversion for the first decomposition step
(498–523 K)

Storage temperature (K)Storage time (h)

D2 D3 D4D1 F1 R2 R3 A2 A3

Benzylpenicillin
0.313 0.290 0.28010 000 0.3340.271 0.298 0.328 0.348 0.354

20 000 0.3080.265 0.285 0.275 0.328 0.292 0.320 0.342 0.348
0.306 0.283 0.272 0.325 0.288 0.3150.263 0.33830 000 0.344

Ampicillin
0.403 0.400 0.40210 000 0.4160.406 0.419 0.443 0.428 0.433
0.400 0.396 0.399 0.4120.403 0.41620 000 0.439 0.424 0.429
0.398 0.395 0.397 0.410 0.414 0.43730 000 0.4220.401 0.427

Carbenicillin
0.256 0.252 0.254 0.277 0.281 0.325 0.296 0.30510 000 0.259
0.250 0.247 0.249 0.2710.253 0.27420 000 0.317 0.289 0.298

30 000 0.250 0.247 0.244 0.246 0.267 0.271 0.312 0.285 0.293

vation energy, in the 0.1–1 range, varies from 5 to
18 kJ mol−1.

In the nonisothermal isoconversional method
the Ea values assume, in the range of degree of
conversion 0.2–0.6, high values varying from 142
to 270 kJ mol−1 while in isothermal isoconver-
sional method the above cited temperature restric-
tions limit the separation of superimposed
reactions. From these results it can be seen that
the complex nature of a multistep process can be
more easily detected when using a broader tem-
perature range.

For carbenicillin the normalised curves of first
and second step of decomposition overlap with
those of benzylpenicillin so that they do not com-
pletely overlap with the theoretical ones related to
various mechanism.

The isothermal model-fitting shows, in the two
steps, practically constant (Table 4) values, thus
confirming the statistically acceptable description
(Table 4) of the multi-step by one set of kinetic
parameters.

In the isothermal isoconversional method, in
the first step (Fig. 5), the activation energy values
decrease (in the 0.5–0.95 range of degree of con-
version) from 60 to16 kJ mol−1. For the second
step E values are contained in the range −1�
Ea�12 kJ mol−1. For the nonisothermal isocon-

versional method the activation energy values
(Fig. 5) are very high. These values increase from
0.1 (77 kJ mol−1) to 0.3 (177 kJ mol−1), decrease
up to 0.5 (143.49 kJ mol−1) and subsequently
sharply increase up to 0.85 (247 kJ mol−1) degree
of conversion.

This confirms the fact that for this compound a
complex system of decomposition occurs and that
the isoconversional nonisothermal method is the
most reliable one.

Finally the half-life times and the storage tem-
peratures for penicillin salts were calculated by
inserting in Eq. (15) the triplet kinetic values
obtained by isothermal fitting model (Tables 6
and 7).

Scattered values displayed by the compounds in
the different mechanisms clearly indicate that the
failure in the model-fitting method makes unsuit-
able half times extrapolated at room
temperatures.

5. Conclusion

The application of the model-fitting method to
a multi-step decomposition process results to be
unsuitable for the nonisothermal data. For the
isothermal data this method gives rise to appar-
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ently reliable results that however are likely to
conceal the kinetic complexity. A viable alterna-
tive to the model-fitting method is the model-free
isoconversional method.

By this method both isothermal and non-
isothermal data can be analysed and the Ea vs. �

plots can reveal complexities in reaction kinetics.
Due to the wide temperature range covered non-
isothermal method gives a more complete picture
of the decomposition process.

By applying the commonly known model-fitting
methods only, misleading kinetic values for com-
plex decomposition processes can be found. On
the contrary the combination of model-fitting and
-free methods is able to reveal the complex nature
and the change in activation energies for all de-
composition processes.

Using this procedure one can avoid to calculate
misleading shelf and half values for compounds
showing complex decomposition processes.
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