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Abstract

Isothermal calorimetry offers the potential to determine rapidly the stability of formulated pharmaceuticals because it is
indifferent to physical form and sensitive enough to detect extremely small powers; ca. 50 nW at 25◦C. However, its use in
this area is not widespread, principally because the power–time data obtained often comprise contributions from more than one
process and are thus difficult to analyse quantitatively. In this work, we demonstrate how power–time data recorded for systems
in which two components are degrading in parallel (in this case, binary mixtures of selected parabens) can be analysed using a
kinetic-based model; the methodology allows the determination of the first-order rate constant and reaction enthalpy for each
process, so long as one rate constant is at least twice the magnitude of the other. It was found that the reactions did not need to
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un to completion in order for the analysis to be successful; a minimum of 15 min of data were required for samples
egrading component and a minimum of 4 h of data were required for samples with two degrading components. It was

hat the rate constants for paraben degradation in binary systems were significantly lower than expected. This was
he fact that the parabens degrade to a common product and is an important factor that should be accounted for when
ore parabens are formulated together.
2004 Elsevier B.V. All rights reserved.
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. Introduction

An assessment of the long-term stability of an ac-
ive pharmaceutical ingredient (API), or the likelihood
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of any active-excipient incompatibility, is an importa
part of the formulation process of a medicine. Isot
mal calorimetry (IC, the measurement of power a
sample is maintained at constant temperature) is
ally suited for stability assessment of pharmaceut
for a number of reasons; it is indifferent to the ph
cal form, or heterogeneity, of a sample; the data
tain both kinetic and thermodynamic information
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the process(es) under investigation; samples are stud-
ied non-destructively (that is, the calorimeter causes
no additional degradation other than that which would
have occurred anyway upon storage); and the sensitiv-
ity of modern instruments is such that, in principle, re-
actions with a first-order rate constant of 1× 10−11 s−1

(corresponding to 0.03% degradation per year) can be
detected directly at 25◦C (Willson, 1995).

Pikal (1983)first showed the correlation between
the exothermic power output of some pharmaceutical
systems and their known degradation rates, showing
that degradation rates of the order of 2% per year were
easily quantified. Subsequently, IC has been used to in-
vestigate the stability of a number of APIs alone (Oliyai
and Lindenbaum, 1991; Angberg et al., 1993; Willson
et al., 1995a; Hansen et al., 1990; Pikal and Dellerman,
1989) and a number of approaches have been suggested
that allow qualitative screens of API-excipient compat-
ibility ( Phipps et al., 1998; Schmitt et al., 2001).

However, since heat is a universal indicator of chem-
ical change the data obtained from IC, especially for
multi-component systems, are often complex, because
the calorimeter records the power changes from all the
processes occurring in the sample simultaneously (in-
deed, care must be taken to ensure that erroneous or
unexpected powers do not arise simply as a conse-
quence of poor experimental design or sample han-
dling) and a lack of data analysis routines has limited
its more widespread application. The analytical chal-
lenge, therefore, is to be able to analyse such complex
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analysis, although this may need to be extended for
reactions that progress slowly or with a small change
in enthalpy). We have shown previously how this ap-
proach can be used to study: (i) a degradation reaction
with three consecutive, first-order steps (Gaisford et al.,
1999) and (ii) a second-order hydrolysis (that is now
recommended as a chemical test reaction for calorime-
ters;Beezer et al., 2001a). However, these studies had
only one degrading component. A typical formulated
pharmaceutical may well have several independently
degrading components and, although the degradation
kinetics of the individual components of a medicine
may be known, their behaviour in combination may be
significantly different.

The applicability of IC to the quantitative analysis
of systems containing more than one degrading ma-
terial has not been reported and is the focus of this
work. Of particular interest is the ability of the models
to determine the number of degrading components in
a complex system and the minimum number of data
needed to effect an accurate analysis. Kinetic models
have been used to analyse power–time data for two-
component systems; aqueous solutions containing bi-
nary mixtures of selected parabens. The parabens were
selected for study because their degradation kinetics are
known (Kamada et al., 1973) (more recently, the base-
catalysed hydrolysis of methyl paraben (MP) has been
suggested as a test reaction for flow microcalorimeters;
O’Neill et al., 2003); they can degrade through consec-
utive steps dependent upon solution pH (Sunderland
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ata, with no prior knowledge of the number or type
eaction processes, and to deconvolute them into
onstituent parts.

One promising approach to meet this challenge
t IC data to models based on reaction kinetics usin
terative procedure (Willson et al., 1995a,b, 1996). This
eturns rate constants (k) and reaction enthalpies (�H)
or each individual reaction step and, in theory, does
equire any prior knowledge of reaction mechanism
ange of models is used to fit the data and that w
ives the best statistical fit, with the fewest variab

s selected. However, if, as in this case, the reac
echanism is known (or suspected) then the spe
odel can be used; see below for further discussio

his point). Importantly, this method does not requ
he reaction under study to progress to completion
ending upon the reaction parameters, approxim
4 h of power–time data are usually sufficient to al
nd Watts, 1984); they provide a model example
arallel degradation; and they have found widesp
pplication in pharmaceuticals, foods and cosmeti
reservatives (where it is usually the case that at

wo parabens are in any particular formulation).

. Materials and methods

.1. Materials

Methyl 4-hydroxybenzoate (methyl paraben), e
-hydroxybenzoate (ethyl paraben, EP),n-propyl
-hydroxybenzoate (n-propyl paraben, PP) andp-
ydroxybenzoic acid (pHBA), all >99%, were p
hased from Fluka. Sodium hydroxide was purcha
rom VWR. All materials were used as received. So
ions were prepared in distilled, de-ionised water.
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2.2. Isothermal microcalorimetry

Experiments were conducted using a 2277 Thermal
Activity Monitor (TAM, Thermometric AB, J̈arfälla,
Sweden) at 25◦C. Solutions were prepared by dissolv-
ing the required amounts of MP, EP and/or PP (0.05 M
with respect to each component) in sodium hydroxide
solution (0.5 M). Solution pHs were measured before
and after each experiment and were found to be con-
stant at pH 12.3. The time at which the addition of
solute to water was made was noted and designatedt0.
Aliquots of solution (3 ml) were pipetted into standard
glass TAM ampoules; the ampoules were then sealed
with a crimped metal lid. An air-tight enclosure was en-
sured with the use of a rubber seal on the inside of the
lid. Sample ampoules were placed in the thermal equili-
bration position of the TAM for approximately 20 min
before being lowered into the measurement position.
Data capture was then initiated using the dedicated
software package Digitam 4.1. The time at which data
capture started was noted and designatedts. Power data
(�W) were recorded every 30 s, for a minimum of 24 h,
with an amplifier setting of 300�W, against a reference
ampoule containing sodium hydroxide solution (0.5 M,
3 ml). The instrument was calibrated weekly using an
electrical substitution method, and was zeroed before
each experiment using buffer against buffer. Samples
were run at least in triplicate.

2.3. Data analysis
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of solution in the ampoule,k the first-order rate constant
and [A0] is the initial concentration of reactant. The pro-
cedure requires initial estimates for all parameters to be
entered into the software. Values forv (0.003 dm3) and
[A0] (0.05 M) were known and therefore kept constant.
The initial values entered for�H (1× 1010 �J mol−1)
andk (1× 10−5 s−1), values which are entirely reason-
able for chemical degradation, were the same for each
data set; the software then altered these values until
a good fit to the data (as indicated by a lowχ2-value)
was obtained. Were the reaction mechanism not known,
then the data would have been fitted to a range of mod-
els (such as those inGaisford, 1997) and that giving
the best fit would have been selected.

3. Results and discussion

The degradation kinetics of the parabens in aqueous
solution are well discussed in the literature;Kamada et
al. (1973)recorded degradation of methyl andn-propyl
paraben in acidic solutions between 40 and 100◦C,
Blaug and Grant (1974)reported base-catalysed degra-
dation of methyl, ethyl andn-propyl paraben above
70◦C andRaval and Parrott (1967)reported degrada-
tion of methyl paraben at pHs 6–9 between 70 and
85◦C. In the most complete kinetic study to date,
Sunderland and Watts (1984)studied the hydrolysis
of methyl, ethyl andn-propyl paraben between pH
1.26 and 10.59 and noted that degradation was fastest
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Data analysis was performed using Origin (Micro
oftware Inc., USA). The difference betweent0 andts

in seconds) was added to thex-axis data to correct fo
he time-delay in initiating recording in the TAM (no
hat this does not affect the magnitude of the power
al, as the calorimeter records the instantaneous p
utput as a function of time). Data were analysed u
n iterative procedure (in this case, the non-linear c
tting tool in Origin 7.0, Microcal Software Inc.). Da
ere fitted to Eq.(1), which describes the power–tim

esponse for a single-step reaction following first-o
inetics (Bakri et al., 1988),

ower= dq

dt
= �Hvk[A0] e−kt (1)

hereq is the heat output of the reaction,�H the reac
ion enthalpy per mole of product formed,v the volume
t low pH (acid catalysis predominates) or high
base catalysis predominates). They determined
onstants of 3.03, 1.26 and 0.93× 10−2 s−1 for methyl,
thyl andn-propyl paraben, respectively, at pH 10.
lthough their data were recorded over a range o
vated experimental temperatures and extrapolat
30.5◦C rendering a direct comparison with the d
eported here impossible.O’Neill et al. (2003)reported
he rate constant for the hydrolysis of methyl para
n excess base to be 3.15× 10−4 s−1 at 25◦C and
.94× 10−4 s−1 at 37◦C.

The degradation of methyl paraben is represe
chematically inFig. 1 (the processes for ethyl andn-
ropyl paraben are analogous, the only difference

ng the alcohol formed). The initial hydrolysis step f
ows pseudo first-order kinetics and is pH depen
Kamada et al., 1973; Sunderland and Watts, 19),
lthough no literature data are available at pHs a
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Fig. 1. Reaction pathway for the degradation of methyl paraben.

10.59. Depending upon solution pH,p-hydroxybenzoic
acid can decarboxylate to form phenol, a reaction first
reported byCazeneuve (1896)whose data showed the
acid to be stable in alkaline but unstable in acidic con-
ditions. Quantitative kinetic data are only available for
this reaction between pH 1.26 and 10.59, where it has
been shown that the rate falls significantly at the higher
pHs and the reaction follows first-order kinetics over
four to five half-lives (Sunderland and Watts, 1984).

In this study, paraben degradation was studied in
NaOH solution (pH 12.3), to ensure that degradation
stopped oncep-hydroxybenzoic acid had formed. The
power–time traces obtained for the degradation of the
three individual parabens are shown inFig. 2. The data
were fitted to Eq.(1); the fit of each data set to the model
is represented by the open circles inFig. 2. Eq.(1) can
be used to derive values for�H andk from power–time
data, as long asv and [A0] are known and that the reac-
tion goes to completion. For this system, measurements
of paraben degradation performed at 25 and 37◦C re-
sulted in the same total heat output (data not shown)
indicating no equilibrium state is reached and, hence,
the analysis is appropriate in this case. An alternative
analysis has been proposed for systems where this is
not the case (Beezer, 2001; Beezer et al., 2001b).

F PP
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(

Table 1
Average values for the rate constants and reaction enthalpies for the
individual parabens determined by fitting experimental data to Eq.
(1)

Ester k (s−1) (±S.D.,n) �H (kJ mol−1)
(±S.D.,n)

Methyl 3.1× 10−4 (±0.01, 3) −59.2 (±0.4, 3)
Ethyl 1.5× 10−4 (±0.01, 3) −64.4 (±1.3, 3)
n-Propyl 1.2× 10−4 (±0.01, 3) −60.1 (±0.3, 3)

All three parabens were found to degrade following
first-order kinetics (as a further check, ln(power) ver-
sus time plots were found to be linear, data not shown),
allowing rate constant values and reaction enthalpies
to be obtained (summarised inTable 1). It is appar-
ent that the degradation rate decreases as the hydro-
carbon moiety increases in length, which would be ex-
pected on steric grounds, while the reaction enthalpies
are roughly equivalent.

It is appropriate to note here the benefits of using
this method of analysis compared with other analysis
methodologies. Conventionally, the reaction order and
the rate constant are determined by plotting some func-
tion of power versus some function of time; the plot,
which is linear determines the reaction order and the
slope gives the rate constant. In the case of a first-order
system, a plot of ln(power) versus time, or for a second-
order process a plot of power−0.5 versus time, results
in a linear relationship. Similarly, enthalpy is conven-
tionally determined by letting the reaction progress to
completion and measuring the total heat released. Fit-
ting a section of data to Eq.(1) allows the determi-
nation of both the rate constant and enthalpy without
needing the reaction to run to completion (often time-
consuming) or invoking an extrapolation of data. The
approach presented here also allows the determination
of reaction order if the general form of Eq.(1) is used
(as derived byWillson et al., 1995b; not shown here),
and also allows the analysis of non-integral order sys-
tems. It was found that the correct reaction parameters
w ere
u of
d

ig. 2. Power–time data for MP (0.05 M), EP (0.05 M) and
0.05 M) in NaOH aqueous solution (0.5 M) at 25◦C and the fit line
©) generated by application of Eq.(1).
ere returned even if only the first 15 min of data w
sed for analysis (Table 2). Fitting greater numbers
ata did not alter the fitting values.
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Table 2
The reaction parameters obtained by fitting varying time periods of
power–time data for MP to Eq.(1)

Time k (s−1) �H (kJ mol−1)

15 min 3.1× 10−4 −59.1
30 min 3.1× 10−4 −59.1
1 h 3.1× 10−4 −59.1

Initial experiments on binary systems were con-
ducted on mixtures of MP and PP, since these com-
ponents had the largest difference in rate constants.
Power–time data obtained for MP–PP mixtures could
not, as expected, be fitted by Eq.(1) (which, in the
absence of any prior knowledge of the system, would
have immediately indicated the likelihood of there be-
ing more than one event occurring in the sample); the
data were, however, described very well by Eq.(2)
(which describes two simultaneous first-order decay
processes),Fig. 3, allowing the recovery of rate con-

Fig. 3. Power–time data for a binary mixture of MP (0.05 M) and
PP (0.05 M) in NaOH aqueous solution (0.5 M) at 25◦C and the fit
lines generated by application of Eq.(1) (dotted line) and Eq.(2)
(represented by open circles – the fit line to Eq.(2) overlays the raw
d

stant and enthalpy values,Table 3.

Power= dq

dt

= �H1vk1[A0] e−k1t + �H2vk2[B0] e−k2t

(2)

where the subscripts 1 and 2 refer to the individual
reaction pathways and [A0] and [B0] refer to the initial
concentrations of reactantsA andB, respectively.

Interestingly, while the enthalpy values determined
from the mixed system data are the same (within error)
as those determined when the species are studied indi-
vidually, both rate constants are lower than expected.
The most likely explanation for this observation is that
the two reactants present both degrade to a common
product,p-hydroxybenzoic acid. The rate of degra-
dation for the degradation of an individual paraben
(methyl paraben in this case) is given by,

−d[MP]

dt
= d[pHBA]

dt

where [MP] is the concentration of methyl paraben and
[pHBA] is the concentration ofp-hydroxybenzoic acid
as a function of time (the rate laws are analogous for
the other parabens). In the case of a binary mixture, it is
clear that two sources contribute to [pHBA]; this must
inevitably cause the rates of disappearance of the two
reactants to change.
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verage values for the rate constants and reaction enthalpies
2)

ster mix k1 (s−1) (±S.D.,n) k2 (s−1) (±S.D

ethyl/ethyla 2.3× 10−4 (±0.1, 8) 1.1× 10−4 (±0
ethyl/n-propyl 2.2× 10−4 (±0.08, 9) 8.0× 10−5 (±0
thyl/n-propyla 1.2× 10−4 (±0.1, 8) 8.0× 10−5 (±0

a The rate constants for these systems were obtained by fixi
If MP degradation is measured in a solution of b
ontaining 0.05 Mp-hydroxybenzoic acid (i.e. a sol
ion that already contains one of the degradation p
cts), the measured rate constant is 2.2× 10−4 s−1, a
alue that is identical to that recorded for MP in
ixed MP:PP system. Furthermore, the total am
f heat released from the binary mixture (16.7± 0.6 J)
as the same, within error, of that of the sum of h

eleased by the individual components (17.9± 0.6 J),
ndicating the same extent of reaction taking plac

ry mixtures of the parabens determined by fitting experimenta

�H1 (kJ mol−1) (±S.D.,n) �H2 (kJ mol−1) (±S.D.,n)

n/a n/a
−58.2 (±2.1, 9) −54.4 (±1.9, 9)
n/a n/a

enthalpy values constant.
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Fig. 4. Power–time data for a binary mixture of MP (0.05 M) and PP (0.05 M) in NaOH aqueous solution (0.5 M) at 25◦C (solid line) and the
power–time trace obtained by summation of the data recorded for MP alone and PP alone (dotted line).

all cases. If the power–time data recorded for individual
samples of MP and PP are summed, it is clear that the re-
sulting trace differs significantly from that recorded ex-
perimentally for the actual binary system (Fig. 4). Fit-
ting these summed data to Eq.(2) resulted in rate con-
stants of 2.9× 10−4 (±0.1) and 1.1× 10−4 s−1 (±0.1)
and enthalpies of−60.9 (±2.0) and−53.7 (±2.0) for
the methyl andn-propyl esters, respectively, values that
are in much better agreement with those presented in
Table 1.

The observation that degradation rate constants may
differ significantly from those expected when materi-
als are formulated in combination is important; in this
case, a shelf-life could have been predicted based on
the stability data obtained for the individual materi-
als, but the actual shelf-life of the product would have
been longer. Other properties of the parabens have been
observed to alter when they are formulated in combi-
nation (for instance, mixtures of parabens are more ef-
fective as preservatives than the individual parabens,
Littlejohn and Husa, 1955; Schimmel and Husa, 1956)
and this highlights the importance of developing ana-
lytical techniques that allow the direct study of hetero-
geneous samples.

The data for the other two binary mixtures (MP:EP
and EP:PP) were found not to be fitted by either Eq.
(1) or Eq. (2), when all the parameters were allowed

to vary, but were successfully fitted to Eq.(2) when
the enthalpy values (as determined for the individual
components and shown inTable 1) were fixed. As for
the MP:PP binary system, the fitting again returned
lower than expected rate constants,Table 3, but these
systems also have a common degradation product.

These data serve to show the practical limits of the
resolution of the model fitting technique to real data
and suggest that one rate constant needs to be at least
twice the magnitude of the other to enable a success-
ful analysis, assuming approximately equal enthalpies.
If ‘ideal’ data for either the MP:EP or EP:PP system
are generated (for instance, using Mathcad) using the
data inTable 1then the model fitting successfully re-
covers the rate constants using Eq.(2). This suggests
that it is the inherent noise in the data that prevents
successful analysis, rather than the parameters being
too similar. Analysis using simulated data also showed
that if one rate constant is more than three orders of
magnitude larger than the other, the model fitting is
similarly unable to recover both values, because one
process dominates the observed signal.

As for the individual components, different sections
of data were analysed in order to determine the mini-
mum observation period required to allow the recovery
of the correct reaction parameters. Unsurprisingly, the
binary mixtures required a greater number of data to be
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Table 4
The reaction parameters obtained by fitting varying time periods of power–time data for a binary mixture of MP and PP to Eq.(2)

Time k1 (s−1) k2 (s−1) �H1 (kJ mol−1) �H2 (kJ mol−1)

30 min 1.2× 10−4 1.2× 10−4 −39.1 −50.4
1 h 1.5× 10−4 2.0× 10−5 −85.2 −24.9
2 h 1.6× 10−4 5.0× 10−5 −77.3 −29.5
3 h 2.1× 10−4 8.0× 10−5 −60.1 −52.3
4 h 2.2× 10−4 8.0× 10−5 −59.1 −56.0

analysed for the fitting method to recover the correct
values,Table 4. However, the analysis required just 4 h
of data to return the correct parameters; a significant
improvement over the methodologies used in existing
published work, most of which contain data recorded
at a minimum of 70◦C.

As noted above, under certain conditions paraben
degradation can proceed via two consecutive steps. If,
as expected,p-hydroxybenzoic acid is stable under al-
kaline conditions then paraben degradation should be
described by Eq.(1). However, ifp-hydroxybenzoic
acid subsequently degrades to phenol, then the data
would be better described by a two-step consecutive
model. We have shown previously that a consecutive
reaction with two first-order steps is described by Eq.
(3) (Gaisford et al., 1999);

Power= dq

dt
= �H1vk1[A0] e−k1t

+ k1k2H2v[A0]

(
e−k1t − e−k2t

k2 − k1

)
(3)

wherek1 andk2 are the rate constants and�H1 and
�H2 are the enthalpies for the two reaction steps, re-
spectively. Power–time data for the degradation of MP
were fitted to Eq.(3) and showed a better statistical
measure of fit than that obtained when the data were
fitted to Eq.(1) (χ2 = 0.008 for fit to Eq.(3) compared
with χ2 = 0.125 for fit to Eq.(1)). The microcalorimeter
p ab-
s d that
t isms
f of
m the
f e
r e-
g )
s alpy

value returned by the fitting process is very small (ca.
0.3 kJ mol−1); if the reaction parameters are used to
construct the power–time traces for the two steps, it is
clear that the degradation to phenol contributes very
little to the observed heat-flow,Fig. 5. An alkaline so-
lution of p-hydroxybenzoate gave no detectable heat-
flow in the calorimeter over a period of 4 days (data not
shown); the same solution also showed no detectable
change when analysed by UV spectroscopy over the
same time period (p-hydroxybenzoic acidλmax 280,
phenolλmax 287; data not shown). It may therefore be
the case that Eq.(3), having more variables, simply
gives a better fit by generating artifacts that are not re-
lated to the reaction mechanism and, as stated in the
introduction, should be disregarded. Further work will
be required using other analytical methods to verify the
exact reaction mechanism for the parabens under these
conditions; however, since the aim of this study was
simply to assess the use of IM to study parallel pro-

F tion
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n
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rovides no direct molecular information and, in the
ence of any other supporting data, we have state
he best approach to determining reaction mechan
rom calorimetric data is to fit the data to a range
odels and select that which gives the best fit with

ewest variables (Gaisford et al., 1999). As such, thes
esults suggest thatp-hydroxybenzoic acid is itself d
rading and is not, as suggested byCazeneuve (1896
table under alkaline conditions. However, the enth
ig. 5. Power–time data for MP (0.05 M) in NaOH aqueous solu
0.5 M) at 25◦C and the theoretical contributions to the observed
al from the individual steps as determined using Eq.(3); degradation
f MP and degradation ofp-hydroxybenzoic acid.
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cesses, rather than to result in a comprehensive study
of paraben degradation, these studies were not con-
ducted here. We simply note that the analysis suggests
a secondary degradation step could be occurring and
we will return to the issue in a future publication. We
also note that in order to effect a successful analysis for
two parallel processes it appears that one rate constant
needs to be twice the magnitude of the other.

4. Conclusion

It has been shown that IM can be used to study sam-
ples containing more than one degrading component
and that analysis of the power–time data obtained al-
lows the recovery of the rate constant and enthalpy for
each species, so long as one rate constant is at least
twice the magnitude of the other. Analysis of simulated
data showed that the inability of the model to separate
rate constants more similar than this was a result of
the inherent noise of the signal, although results from
fitting simulated data also suggested that a complete
analysis would not be possible if the two rate constants
were more than three orders of magnitude different.

The data allowed the determination of the rate con-
stants and enthalpies for degradation of methyl, ethyl
and n-propyl paraben directly at 25◦C, without the
need for reaction to progress to completion. Indeed,
it was found that as little as 15 min of experimental
data were needed to effect a complete analysis when
o aly-
s t the
m rallel
r con-
s ably
l ence
o 4 h
o urate
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