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Abstract This study reports the investigation of three
binary mixtures represented by acetylsalicylic acid (ASA)
with its most important degradation product, salicylic acid
(SA), and two of the most commonly used excipients
(polyethylene glycol 4000 (PEG-4000) and p-mannitol
(MA)). The liquidus and solidus equilibrium temperatures
determined by DSC for pure components and solid binary
mixtures at a fixed composition (mass fraction of ASA, w)
were used to construct the corresponding solid-liquid phase
diagrams. On the basis of the DSC results, the binary mix-
tures ASA/SA and ASA/PEG exhibit eutectic behavior
(Tew = 155.0 £ 0.5 °C, we, =0.55 £0.02 and T, =
53.3 £ 0.5 °C, we, = 0.327 & 0.011), respectively), while
the binary mixture ASA/MA revealed the presence of a
monotectic with a mean melting temperature of 162.2 °C in
the range 0.2 < w; < 0.8. The composition of the two eu-
tectics formed was confirmed by the related Tamman trian-
gles. Finally, the liquidus curves of ASA/SA and ASA/PEG
mixtures were also successfully predicted providing suitable
polynomial (second-order) fitting equations.
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Introduction

Since the beginning of the twentieth century, acetylsali-
cylic acid (ASA) was considered one of the first anti-
inflammatory nonsteroidal drugs used in clinical practice.
Up to now, it is the most widely used analgesic, antipyretic,
anti-inflammatory drug and is taken as the term of com-
parison for evaluating and comparing other peripheral
analgesics. Differential scanning calorimetry (DSC) is one
of the most effective and used technique to distinguish
whether binary mixtures form solid solutions or eutectic
systems [1] and to monitor a liquid—solid phase diagram for
binary organic and inorganic systems [2-9], in particular in
the pharmaceutical field for active component/excipients
binary systems [10-12]. Several authors found that ASA
forms eutectic mixtures with many components, like
acetaminophen [13, 14], propoxyphene HCI [15], pheno-
barbital [16], and urea [13]. Some years ago, Becket and
coworkers found in binary mixtures with high percentage
of ASA a linear correlation between temperatures and
fusion enthalpies of ASA and those of salicylic acid (SA)
[17]. In addition, ASA is known to form a eutectic with SA
[18], the main metabolite resulting from its hydrolysis,
although as far as the exact percentages are concerned, and
to a lesser extent the exact eutectic temperature, is not
known.

Nowadays, polyethylene glycols have been extensively
used as solid dispersion carriers because of their low
melting temperatures, rapid solidification rate and low
toxicity and economic cost, while b-mannitol is recognized
to be one of the most popular substances for a solid dis-
persion matrix among sugars due to its very low toxicity
and high aqueous solubility [2].

In this study, the thermal behavior of binary mixtures
represented by ASA with SA and two of the most
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commonly used excipients (polyethylene glycol 4000
(PEG-4000) and p-mannitol (MA)) was examined using
DSC with a view to construct the corresponding binary
phase diagrams.

Experimental and methods
Materials

Acetylsalicylic acids, salicylic acid, polyethylene glycol
4000 were supplied by Fluka, while p-mannitol by Carlo
Erba Reagents. Since purity of all products, certified by the
suppliers, resulted to be over 97%, w/w, they were used
without further purification. The procedure adopted in this
study before carrying out the DSC experiments consists of
preparing a series of solid binary mixtures (with compo-
sitions, expressed as mass fraction of ASA wy, covering the
whole composition range) by gently blending the appro-
priate quantities of pure components in a agate mortar for
about 10 min. All pure components were also ground up in
an agate mortar using the same procedure.

Determination of experimental and predicted phase
transition temperatures and eutectic compositions

The DSC measurements were carried out on a simultaneous
Stanton Redcroft STA 625 TG/DSC thermoanalyzer, con-
nected to a 386 IBM-compatible personal computer. Ther-
modynamic quantities were calculated using the Stanton-
Redcroft Data Acquisition System, Trace 2, Version 4.
Temperature and heat flow rate scales were calibrated with
very pure standards (indium, lead, tin, zinc), whose melting
temperatures and enthalpies are well known [19]. Samples
of about 10 mg were weighed into Al pans in an argon-filled
dry box to avoid a possible sample degradation, and then in
the thermoanalyzer, where the purge air stream fluxed to
continuously remove the gases given off during the thermal
heating process experiment. Three DSC experiments were
made for each sample at 2 K min~' using fresh product
only. The phase transition temperatures of the samples were
measured during the first heating (evaluated as onset DSC
peak temperatures) because the use of resolidified melts was
unacceptable due to the possibility of polymorphic changes
and the corresponding phase diagrams were obtained when
these experimental temperatures were properly interpreted
and connected (interpolated) to form phase lines [20].
Unfortunately, for a eutectic binary system in which two
phase lines converge to the same temperature at a particular
composition (eutectic composition) its correct estimation
was usually difficult with the use of conventional DSC
equipment for several reasons [2]. The accuracy associated
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Fig. 1 DSC curves at heating rate of 2 K min~' under a stream of air
of binary mixtures: a ASA/SA, b ASA/PEG-4000, and ¢ ASA/MA.
The composition (on the right side of the plots) is expressed in mass
fraction of ASA (wy)

to the determination of the eutectic composition can
be significantly improved using the enthalpic method
[9, 21-23]. This approach is based on the composition
dependence of the eutectic melting enthalpy in the form of
the well-known Tamman’s triangle, where the maximum
value of the eutectic melting enthalpy is obtained for the
mass fraction corresponding to the eutectic composition
Weu. TO this end, the experimental heat flux versus tem-
perature data points were fitted to multiple nonlinear
regression equation using Gaussian and exponentially
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modified Gaussian peaks for deconvolution of symmetric
and asymmetric DSC melting peaks, respectively. The
details of the mathematical procedure adopted are reported
in the literature [23].

Results and discussion

Before construction of the binary phase diagrams, all the
DSC curves are given in Fig. la—c. SA is the only pure
component that showed (Fig. 1a) two endothermic peaks in
the temperature range investigated, ascribable to melting
followed by vaporization. For the other pure components
only one melting DSC peak is found, while two melting
DSC peaks were observed in all the cases for the binary
mixtures ASA/excipients (E) up to 473 K, being the first
one, at lower temperature, attributable to the melting of
eutectic (Fig. 1a—b) or monotectic system (Fig. 1c), while
the second one, at higher temperature, corresponds to
melting of the major component.

The experimental melting point values (T%,) of the pure
components and of the respective binary mixtures are
reported in Table 1, and plotted in Figs. 2a, 3a, and 4. In
particular, the melting temperatures of pure ASA, SA,

PEG, and MA were found to be 135.6 + 0.5, 160.3 £+ 0.5,
59.9 + 0.5, and 166.9 £ 0.5 °C, respectively. The enthal-
pies of fusion of the pure components and of the respective
binary mixtures (except for the ASA/MA binary mixtures)
were also summarized in Table 1 for each given ASA mass
fraction value, wy. In particular, the enthalpies of fusion of
pure ASA, SA, PEG, and MA were found to be 106 & 2,
93 +£2,178 & 5, and 184 + 3 J g™, respectively.

The phase diagrams reported in the plots a of Figs. 2
and 3 clearly show that ASA/SA and ASA/PEG-4000
binary mixtures exhibit a simple eutectic behavior. After
deconvolution of the melting endothermic DSC peaks
using a multiple nonlinear regression method, the compo-
sitional dependence of the enthalpy of fusion so obtained
was determined for the component in excess. From the
characteristic Tamman’s triangle shape obtained after a
linear regression of the enthalpy of fusion (after deconvo-
lution) versus w; data points (plots b of Figs. 2, 3), the
temperatures and compositions of the ASA/SA and ASA/
PEG-4000 eutectics systems (expressed as mass fraction),
were accurately determined: 7, = 155.0 & 0.5 °C, we, =
0.55 +£0.02 and T,, =533+ 0.5°C, we =0327 &+
0.017, respectively. The uncertainty associated to each
eutectic temperature is equal to the experimental error

Table 1 Melting temperatures and enthalpies of the binary system ASA (w;) + E (1 — w;), where E = SA, PEG-4000, and MA

wy ASA/SA mixture

ASA/PEG-4000 mixture

ASA/MA mixture

1st DSC peak 2nd DSC peak

1st DSC peak

2nd DSC peak 1st DSC peak 2nd DSC peak

T/°C* AH/J g'® T/°C* T/°C* AH/Y g2 T/°C? T/°C* T/°C*
0.000 160.3 93 - 59.9 178 - 166.9 -
0.005 - - - 59.9 21 - - -
0.010 - - - 59.7 21 - - -
0.020 - - - 55.3 21 59.5 - -
0.100 116.2 35 157.9 51.9 37 59.3 131.4 166.1
0.200 115.4 55 152.7 51.4 53 56.9 131.4 162.7
0.270 - - - 51.4 53 56.9 - -
0.300 114.4 83 144.9 - 77 543 - 161.7
0.330 - - - - 77 543 - -
0.400 115.9 105 135.8 53.9 72 88.7 129.4 161.3
0.450 114.3 - - 54.3 - - 126.9 161.1
0.500 114.3 - - - 61 108.3 131.3 160.0
0.550 - - - 54.1 55 131.2 160.6
0.600 116.1 124 120.9 53.9 49 120.9 129.0 160.5
0.700 114.4 100 129.8 53.5 37 128.5 131.8 160.3
0.750 - - - - - - 134.5 159.2
0.800 114.6 58 132.2 51.9 26 132.2 134.5 159.2
0.900 116.2 33 134.6 55.3 14 1354 134.4
1.000 135.6 106 - 135.6 106 - 135.6 -

? The temperature uncertainty is +0.5 °C, while the enthalpy uncertainty is always lower than 7%
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Fig. 2 a Solid-liquid phase diagram of the binary system
ASA(1) + SA(2), filled circle experimental values, line predicted
liquidus lines according to Eq. 2 whose fitting parameters are reported
in Table 2 and b Tamman plot of the binary system ASA/SA

associated to the measured sample temperatures, while
those associated to the mass fraction were estimated from
uncertainties associated to the slopes of both the regression
lines in the Tamman’s plots.

The two branches of the liquidus curves of both the
binary systems ASA/SA and ASA/PEG-4000 with com-
positions w; < we, and w; > w,, respectively, repre-
sented in Figs. 2a and 3a by the measured melting
temperatures Ty, versus w; experimental data, were
subsequently interpolated using the Schroder—van Laar
equation [24]:

—In(x;) = AHus/R(1/T — 1/T5) (1)

where x;, AHy,,, and T; are, respectively, the molar fraction,
the enthalpy of fusion, and the melting temperature of the
component in excess. Fitting experimental data to Eq. 1
results to be unsuccessful because of the large deviation
from ideality of the ASA/SA and ASA/PEG-4000 systems
in the molten state. Therefore, it was decided to interpolate
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Fig. 4 Solid-liquid phase diagram of the binary system
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Table 2 Parameters of second-order equations Tfus(OC) =a- wf +
b - wy + ¢ for fitting experimental Ty, vs. wy data

Binary system  Range of w; a/°C*  b/°C*  ¢/°C* R®

ASA/SA <0.55 —144.5 2776 159.2 0.9981
ASA/SA >0.55 —132.0 2482 19.0 0.9950
ASA/PEG-4000 <0.30 —-27.6 —125 60.5 0.9875
ASA/PEG-4000 >0.30 —236.3 4137 —43.2 0.9815

# Uncertainties associated to fitting parameters are always lower than
8%

The number of digits of fitting parameters depends on the corre-
sponding uncertainty

the melting temperatures Ty, versus w; experimental data,
using a polynomial (second-order) fitting equation, which
has the following usual form:

Trs(°C) =a-wi +b-wy +c (2)

The fitting parameters a, b, and ¢ and the squares of the
correlation coefficients (R?), obtained using a nonlinear
regression based on the least square method, were reported
in Table 2. Estimated uncertainties associated to fitting
parameters, expressed in terms of percentages of relative
standard deviations, are found always lower than 8%. For
both ASA/SA and ASA/PEG-4000 binary mixtures the
corresponding liquidus lines, predicted using Eq. 2, were
displayed in Figs. 2a and 3a (solid lines). Lastly, as far as
the binary system ASA/MA is concerned (whose phase
diagram is displayed in Fig. 4), the melting temperatures of
each component do not change significantly over the entire
range of composition: practically constant melting
temperatures were observed in the range 0.2 < w; < 0.8
(within the experimental uncertainties, reported as error
bars in Fig. 4) with a mean value of 162.2 °C, thus
suggesting that the ASA/MA system follows a monotectic
behavior. Only a slight decreasing trend was observed for
the melting temperature of MA of up to w; = 0.2, already
observed in the literature in other binary system containing
MA [2, 24, 25] and sometimes ascribed to the presence of
possible metastable modifications [2]. Finally, for the ASA/
MA system the isotherm corresponding to the mean
temperature value was reported in Fig. 4.

In conclusion, the confirmation of the presence of a
eutectic between ASA and SA is of considerable practical
importance in the pharmaceutical field considering the
frequency with which the presence of salicylic acid
impurities in ASA-based pharmaceutical formulations is
detected due to the tendency of this active principle to
undergo hydrolysis.
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