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Abstract: The stability of active pharmaceutical ingredients (APIs) and the corresponding pharmaceu-
tical formulations are nowadays of great importance in pharmaceutical research and technology. The
quality of an API or of finished pharmaceutical products (FPPs) is time dependent under the influence
of several parameters, such as light and air exposure, temperature, and humidity. Additionally, the
stability profile of an API is influenced by the formulation composition, due to the presence of
excipients or by the characteristic of the packaging materials. In this sense, the main objective of this
study was to analyze the degradation kinetics of the antihypertensive drug moxonidine as a pure
ingredient (MOX) and in two different solid mixtures, one corresponding to a pharmaceutical formu-
lation (MOXTAB) and the other to an enriched pharmaceutical formulation in MOX (MOXMIX). As
investigation techniques, FTIR (Fourier transform infrared) spectroscopy and TG/DTG/HF analysis
were employed, while the thermoanalytical data were processed according to the ASTM E698 kinetic
method and the isoconversional methods of Flynn–Wall–Ozawa (FWO) and Friedman (FR). The
kinetic methods revealed that the excipients have a stabilizing effect on MOX (in terms of Ea values),
but the decomposition mechanism of the samples is complex, according to the results suggested by
the analysis of Ea vs. α values.

Keywords: moxonidine; thermal stability; kinetic study; isoconversional methods; drug degradation

1. Introduction

In the medical–pharmaceutical domain, the increasing percentage of patients with
both obesity and hypertension led to the need to investigate molecules with therapeutic
effects on these two chronic diseases [1]. From a physiological point of view, both condi-
tions are associated with a hyperactivity of the sympathetic nervous system, including
catecholamines and neuropeptides (leptin and neuropeptide Y) [2,3].

Moxonidine (abbreviated MOX, structural formula presented in Figure 1) is a new-
generation API used in the treatment of mild to moderate essential hypertension [4],
especially in overweight and obese patients [5], since it has been proved that the drug
reduces body weight. The antihypertensive agent, along with rilmenidine, belongs to
the second generation of the imidazoline derivatives, which are described as APIs with
reduced sedative and central nervous system depressant activity and lower affinity to
the α2-receptors compared to the first generation. The molecule acts as an agonist for
the I1-imidazoline and α2-adrenergic receptors, participating in cardiovascular control by
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reducing the sympathetic activity [6,7]. The pharmaceutical market currently provides
three common pharmaceutical formulations along other generics: Physiotens®, Moxon®,
and Cynt®, with different concentrations of moxonidine—0.2 mg, 0.3 mg, and 0.4 mg, re-
spectively, designed for oral administration as coated tablets. Currently, MOX is also being
investigated for its efficacy in attention deficit hyperactivity disorder (ADHD), showing
significant improvement in the symptoms [8].
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Figure 1. Chemical structure of moxonidine (4-chloro-N-(4,5-dihydro-1H-imidazol-2-yl)-6-methoxy-
2-methylpyrimidin-5-amine).

Pharmaceutical formulations are obtained by conditioning APIs along excipients,
which have a significant impact on the biopharmaceutical profile of the drug molecule [9].
The stability of the drugs can be evaluated using thermoanalytical tools, which lead to
crucial information on its stability under thermal stress and decomposition under different
conditions (in non-isothermal and/or isothermal conditions), based on irreversible mass
loss [10] and phase transitions, including polymorphic shift [11]. Additionally, in the field
of pharmaceuticals, thermal analysis can provide essential data on interactions between
APIs and excipients [12,13], the formation and stability of supramolecular adducts such
as guest–host complexes with cyclodextrins [14–17], salts and cocrystals [18–22], or even
semisolid formulations, such as medicated jellies [23] or gels [24].

Kinetic analysis represents an analytical method based on the data obtained from various
thermal analysis techniques (thermogravimetry and differential scanning calorimetry) and
it serves as an important investigational method in the pharmaceutical research [10,25–27],
among other scientific fields [28–30], leading to crucial information on stability, degradation
mechanisms of the investigated compounds, and even shelf-life.

Considering the lack of information about the thermolysis mechanism for most sub-
stances currently used in therapy, isoconversional methods can be employed to determine
their decomposition mechanism. This approach allows the approximation of the activation
energy (Ea) without knowing or assuming an explicit model for the differential or integral
conversion functions. To increase the quality of these studies, several recommendations
have been described by the International Confederation for Thermal Analysis and Calorime-
try (ICTAC) Kinetics Committee that must be taken into account in order to obtain realistic
data [31–34].

The FWO integral isoconversional method is a fairly simple and widely used method
to determine the value of the activation energy (Ea) of a decomposition process, using the
data collected from the thermogravimetric curve (TG). The FWO method is based on the
assumption that the conversion function does not fluctuate with the modification of the
heating rate for all values of the conversion degree and it acts according to the Arrhenius-
type temperature dependence without changing the form of the kinetic equation [35,36].

Using the FR differential isoconversional method, the values of the activation energies
tend to be slightly higher than the ones determined with the FWO method; those results
can be attributed to the calculation of the reaction rate and the higher sensitivity of the FR
method to the experimental noise, due to differential processing of the data. Nonetheless,
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the FWO and FR methods reveal the same tendency of variation for the values of the
activation energies; as the conversion rate increases, so does the activation energy [35,37].

Searching the literature data regarding the physicochemical characterization of MOX
by instrumental analysis, scarce information was obtained. In 2006, a study regarding
the determination of MOX in the blood plasma of humans by liquid chromatography–
electrospray ionization–mass spectrometry was conducted by Zhao, Ding, and Wei [38],
followed by some other dedicated papers regarding the investigation of this compound
and its impurities by chromatographic techniques [39–43].

Forced degradation studies were performed for MOX as pure API and in pharma-
ceutical formulations according to the International Conference for Harmonization guides
in acid, neutral, and basic environments, as well as to oxidative, thermal, and photolytic
decomposition, in both solution and solid state [41].

The paper of Allada et al. presents the preparation, characterization, and crystal struc-
ture determination of a novel salt containing MOX, namely, the hydrated saccharinate with
improved water solubility, which was characterized by TGA (thermogravimetric analysis),
DSC (differential scanning calorimetry), and XRPD (X-ray powder diffraction) [44].

To the best of our knowledge, there are no published reports on the thermal degrada-
tion of MOX in solid state under thermal stress, or on the investigation of the degradation
process using isoconversional kinetic studies. Thus, this study is focused on the thermal
stability characterization of the MOX during thermal stress in oxidative atmosphere, in pure
form, as a commercialized formulation MOXTABB that contains 0.4 mg MOX/tablet, and as
a 5:1 mixture of MOXTAB and pure MOX (abbreviated MOXMIX). The obtained experimen-
tal data were initially processed using the preliminary ASTM E698 kinetic method, followed
by the isoconversional methods of FWO and FR. All compounds were also subjected to
FTIR analysis in order to prove the identity and purity of the active ingredient (MOX), as
well as the presence of this API in the complex samples (MOXTAB and MOXMIX).

2. Materials and Methods
2.1. Samples and Preparation

Moxonidine (MOX) was acquired from Sigma-Aldrich (St. Louis, MO, USA) and the
purity was according to the European Pharmacopoeia (EP) Reference Standard. The sample
was kept in a sealed vial according to the supplier’s recommendations and was used in the
studies as received.

The tablets were a commercialized product containing 0.4 mg MOX/dose, namely,
Physiotens 0.4 mg (batch 28TACWG71H), produced by Mylan laboratories SAS/Viatris—
France. In this study, 10 tablets were used. The excipients of the tablets were hydrated
lactose, povidone K25, crospovidone, and magnesium stearate, as indicated in the patient
information leaflet. The average mass of the tablet was 108.22 ± 1.11 mg, while after
manually removing the film using a scalpel, the average mass was 93.91 ± 1.18 mg. The
mass of the core taken into analysis was not the absolute mass of the core, but the remaining
mass after the entire coating was removed together with some small external parts of
the core.

Since MOXTAB contains 0.4 mg of MOX per tablet, we prepared a model system
that mimics the behavior of the API in the commercialized formulation by adding to the
crushed tablet (after mechanically removing the film) a required amount of API so that
the final mixture contained one part of API to five parts of excipients. For this, 10 tablets
were used; their film was completely removed by scratching and they were immediately
crushed and triturated in an agate mortar, then sieved. Then, 100 mg of sieved powder
was mixed with 20 mg of MOX using the agate mortar and then kept in sealed vials until
analysis. The procedure was repeated in triplicate and the samples were in comparison,
leading to practically identical results.
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2.2. FTIR Investigations

FTIR spectra were drawn up using a Perkin Elmer SPECTRUM 100 device (Perkin-
Elmer Applied Biosystems, Foster City, CA, USA) without any a priori preparation of the
samples. Data were collected in a 4000–650 cm−1 domain on a UATR (Universal Attenuated
Total Reflectance) accessory in order to eliminate the effect of pelleting due to the use of
KBr and pressure. Spectra were built up after 64 co-added scans. The spectral range
2300–1900 cm−1 represents the crystal noise signal and has no spectroscopic significance.

2.3. Thermoanalytical Investigations

Thermal analysis investigations were carried out on a Perkin-Elmer DIAMOND appa-
ratus (Perkin-Elmer Applied Biosystems, Foster City, CA, USA) to simultaneously obtain
the TG (thermogravimetric/mass curve), DTG (derivative thermogravimetric/mass deriva-
tive), and HF (heat flow curve) in dynamic air atmosphere (100 mL·min−1) using open
aluminum crucibles. The analyses were carried out under non-isothermal conditions at
four heating rates β, namely, 5, 7, 10, and 15 ◦C·min−1, from ambient temperature up
to 400/500 ◦C. To determine the thermal effects, the differential thermal analysis (DTA)
data (in µV) were converted into HF (Heat Flow) data (in mW). The HF data (mW) were
converted into normalized HF data by dividing the signal by the mass of the sample, thus
obtaining the differential scanning calorimetry (DSC) data (in mW·mg−1).

2.4. Kinetic Study

The kinetic processing of the data (ASTM E698, Friedman and Flynn–Wall–Ozawa
methods) was carried out on the first decomposition process of MOX, MOXTAB, and
MOXMIX, using the AKTS—Thermokinetics Software version 4.46 (AKTS AG TechnoArk,
Siders, Switzerland). As for abbreviations, we used the notations that are generally
accepted by the ICTAC committee [34,45]: α—conversion degree, t—time, β—linear
heating rate (◦C·min−1), A—pre-exponential factor according to kinetic model of Ar-
rhenius (min−1), f(α)—the differential conversion function, g(α)—the integral conver-
sion function, Ea—activation energy (kJ·mol−1), R—universal gas constant (J·mol−1·K−1),
T—absolute temperature (K), m0—mass of the sample at the beginning of decomposition,
mf—mass of the sample at the end of decomposition, mT—mass of the sample at a certain
temperature T.

3. Results and Discussion
3.1. FTIR Investigations

FTIR analysis was performed for all three samples, namely, pure MOX, the commer-
cially available pharmaceutical formulation MOXTAB containing 0.4 mg MOX in each
film-coated tablet and, MOXMIX (the 5:1 mixture of MOXTAB and MOX), in order to
characterize the pure API and to identify its presence in both mixtures.

The obtained FTIR spectra are presented superimposed in Figure 2. The major charac-
teristic bands [46–48] associated with pure MOX can be easily observed in the spectrum
and the data are in accordance with the scientific literature [44]. As such, for the primary
amine groups, the N–H stretching vibration is revealed by the band seen in the high
wavenumber range (3300–3125 cm−1) with a maximum at 3187 cm−1. This value is slightly
lower than the usual position of this type of vibration, the shift being most likely due to
the formation of hydrogen bonds. The bending vibration of the N–H bond is associated
with the peak seen at 1648 cm−1, while the stretching vibrations of the different C–N bonds
found within the architectural structure of the molecule can be correlated with the signals
seen at 1219 and 1181 cm−1. The stretching vibrations of the double C=N bonds present
in the pyrimidine and 2-imidazoline heterocycles can be matched with the peaks seen at
1561 and 1524 cm−1. The existence of the ether bond within MOX’s structure can easily be
related to the absorption band observed at 1092 cm−1, since the C–O bond forms a C–O–C
linkage whose stretching vibration determines a strong signal. At 857 cm−1, a peak can
be distinguished, most likely indicating the presence of the C–Cl bond. The remaining
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hydrocarbon skeleton presents a series of characteristic vibrations, namely, the symmetric
and asymmetric stretching vibrations of the C–H bonds from the methyl and methylene
moieties (2997, 2953, and 2856 cm−1), the bending vibrations of the –CH3 groups (1469 and
1369 cm−1), as well as the scissoring (1426 cm−1), wagging (1313 cm−1), and rocking (705)
vibrations of the –CH2 groups.
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Figure 2. FTIR spectra for MOX, MOXTAB, and MOXMIX.

The spectral profiles of MOXTAB and MOXMIX are more complex due to the presence
of the excipients in the analyzed mixtures (hydrated lactose, povidone K25, crospovidone,
and magnesium stearate). When the spectrum of the pharmaceutical formulation MOXTAB
is analyzed, it can be seen that the signals associated with MOX are attenuated in intensity
and several bands that can be correlated with the presence of the excipients are revealed.
For example, the stretching vibration of the O–H bonds found in the structure of lactose
determines a broad band in the 3450–2990 cm−1 spectral range and a peak at 3524 cm−1,
while the well-defined peak seen at 1655 cm−1 characterizes the stretching vibration of the
C=O bonds present in the structure of the other three excipients. However, the addition of
MOX to MOXTAB in the sample MOXMIX is revealed, since in this sample, more bands
that characterize pure MOX can be observed and the intensity of the obtained signals is
significantly increased.
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3.2. Thermoanalytical Investigations

The thermal stability of MOX was investigated along with MOXTAB and MOXMIX
under similar conditions, and the thermoanalytical data obtained at a heating rate of
10 ◦C/min are shown in Figures 3–5.
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Figure 3. Thermoanalytical data (TG/DTG/HF) recorded for MOX in dynamic air atmosphere at
β = 10 ◦C·min−1.

The obtained thermoanalytical results suggest that MOX shows good thermal stability,
so no mass loss or thermal events are observed under heating up to 173 ◦C, when the
decomposition begins. In the 173–500 ◦C range, MOX is degraded by a complex mechanism
consisting of several consecutive steps, separated solely on the DTG curve, the residual
mass being 52.25%. HF data reveal that the compound does not present an endothermic
phase transition (melting), as an intense exothermic event is observed in the 221–239 ◦C
range (HF peak at 234 ◦C), while the following melting point/decomposition temperature
ranges of MOX are reported in the literature: 197–205 ◦C on Pubchem and DrugBank [49,50]
and 217–225 ◦C on AKSci [51].

In the case of solid formulation (tablet, MOXTAB), the thermoanalytical data presented
in Figure 4 reveal a different behavior under thermal treatment, including a more complex
HF profile, since the thermal events are associated along the API with the excipients. In the
temperature range 40–159 ◦C, thermoanalytical data reveal two consecutive dehydration
processes: first is the release of superficially adsorbed water (TG process between 40 and
86 ◦C, DTGpeak at 83 ◦C, ∆m1 = 0.27%), followed by the dehydration of excipients, mainly
hydrated lactose (TG process between 86 and 149 ◦C, DTG process between 86 and 149 ◦C,
DTGpeak at 144 ◦C, ∆m2 = 4.83%, HF peaks at 146 ◦C and 147 ◦C). At temperatures over
149 ◦C, the TG curve reveals that the tablet maintains its mass in the temperature range
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149–174 ◦C, while in the 174–214 ◦C interval, the third mass loss is observed (∆m3 = 2.36%,
DTGpeak at 209 ◦C, HFpeak at 173 ◦C and 214 ◦C). Two well-individualized degradation
processes are separated on the DTG curve: one between 214 and 258 ◦C (∆m4 = 15.38%,
DTGpeak at 235 ◦C, HFpeak at 224 ◦C and 233 ◦C), followed by another one in the 258–331 ◦C
interval (∆m5 = 35.07%, DTGpeak at 297 ◦C). At temperatures above 331 ◦C, thermolysis is
rapid and intensely exothermic (HF peaks at 361 ◦C and 503 ◦C, respectively), resulting in
a residual mass of 8.82%.
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Thermoanalytical data (TG/DTG/HF) recorded for MOXMIX in dynamic air atmo-
sphere at β = 10 ◦C·min−1 (Figure 5) are closer to the MOX profile, since it contains a
significantly higher amount of API compared to MOXTAB. TG data reveal that this sample
is thermally stable up to 88 ◦C, when the first mass loss occurs up to 146 ◦C, i.e., a dehy-
dration that is also evidenced by DTGpeaks at 88 ◦C and 127 ◦C and HFpeak at 129 ◦C, with
a corresponding mass loss ∆m1 = 4.44%. MOXMIX is then thermally stable, and no mass
loss occurs between 146 and 168 ◦C, followed at 168–500 ◦C by a continuous mass loss due
to thermolysis. On the DTG curve, there is a well-individualized mass loss process in the
168–242 ◦C range, with two overlapped DTGpeaks at 199 ◦C and 203 ◦C, HFpeaks at 172 ◦C,
191 ◦C, and 230 ◦C, and a corresponding mass loss ∆m2 = 34.15%. At temperatures over
242 ◦C, thermolysis leads to a final residual mass of 14.55%, which is greater than the one
obtained when the MOXTAB sample was analyzed. This behavior can be explained by the
supplementary quantity of API, which has a greater residual mass at 500 ◦C compared to
the excipients.
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3.3. Kinetic Study

The aim of this kinetic study was to evaluate the effect of the excipient on MOX
degradation. Since the thermal degradation of MOX is a heterogenous solid-state process,
Equation (1) describes the reaction rate in differential form, where:

β
dα
dT

= A·f(α)· exp
(
− Ea

RT

)
(1)

Equation (2) describes the reaction rate in integral form, after the integration of differ-
ential Equation (1) with the separation of variables for α belonging to the [0, α] interval
and T belonging to the [T0, T] interval, where T0 represents the temperature at which the
investigated process begins:

g(α) =
∫ α

0

dα
f(α)

=
A
β

∫ T

T0

[
exp

(
− Ea

RT

)]
dT (2)

The fraction of mass loss (i.e., the degree of conversion) can be calculated using
Equation (3):

α(T) =
m0 − mT

m0 − mf
(3)

According to the ICTAC protocols, the use of model-free isoconversional methods is
recommended over model-fitting methods, and the integral methods of FWO and Kissinger–
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Akahira–Sunose and the FR differential method are by far the most frequently utilized
methods for the kinetic analysis of solid-state degradation processes [28].

The decomposition kinetics was estimated from the TG/DTG curvatures using the
ASTM E698 method [52,53] as a preliminary investigational method, followed by the
employment of two isoconversional methods, namely, the FR differential method [54] and
the integral method of FWO [55,56]. The advantages and limitations of isoconversional
methods, as well as their development and use over time, are reported exhaustively in
the literature [57–59]. However, to facilitate the access to information of the readers, a
brief presentation of the mathematical models of the isoconversional methods is shown in
Table 1.

Table 1. Mathematical models of the integral method of FWO and the differential method of FR.

Method Linearized Form Plotting

FWO lnβ = ln A·Ea
R·g(α)

− 5.331 − 1.052·Ea
R·T lnβ vs. (1/T)

FR ln
(
βdα

dT

)
= ln[A·f(α)]− Ea

R·T ln
(
βdα

dT

)
vs. (1/T)

The kinetically investigated degradation process was selected based on the aspect of
the TG/DTG/HF curves for MOX, and the same process was chosen for both the pharma-
ceutical form (MOXTAB) and the MOX-enriched sample mixture (MOXMIX), according to
the DTG curves. For the analyzed samples, the degradation process that was investigated
from the kinetic point of view was chosen based on the aspect of the DTG curves for each
heating rate, and the temperature intervals are presented in Table 2.

Table 2. Temperature interval according to DTG curves for the degradation process that was investi-
gated by kinetic analysis.

Heating Rate β

(◦C·min−1)

DTG Temperature Interval (◦C) for Kinetic Analysis of Samples

MOX MOXTAB MOXMIX

5 174–244 187–243 150–227
7 175–247 190–248 154–231
10 175–253 193–254 165–241
15 176–260 199–259 168–243

The results obtained after performing the ASTM E698 kinetic study are presented in
Figure 6a–c.
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As can be seen in Figure 6a–c, the variation in activation energy using the DTG peaks
at the selected heating rates is significant. The preliminary information provided by this
method is that the stability of MOX (in terms of activation energy, Ea for MOX being
95.8 kJ·mol−1) seems to increase in the presence of excipients from formulation, and the



Processes 2023, 11, 1738 10 of 14

degradation process requires an additional 53% energy for the degradation of the tablet (Ea
for MOXTAB is 147.1 kJ·mol−1). The destabilizing effect of moxonidine in the mixture is
also proven after the analysis of the MOXMIX model system: the presence of the additional
mass of active ingredient determines a decrease in activation energy to 137.7 kJ·mol−1.

The reaction progress was analyzed for all three samples, and the results obtained are
presented in Figure S1a–c. Additionally, the increase in reaction rate and the shift in its
maximum to higher temperatures with the increase in heating rate due to thermal inertia
was observed for all three analyzed samples, as seen in Figure S2a–c, in good agreement
with the reaction progress presented in Figure S1a–c.

The isoconversional kinetic study according to the FWO method was carried out by
estimating the activation energy values vs. α for each heating rate, from the slopes of the
linear plots of lnβ vs. T−1, as seen in Figure S3, with the corresponding values presented in
Table 3. The obtained values agree with the results obtained by the ASTM E698 method,
increasing to 5.84% for MOX, 18.1% for MOXTAB, and 1.81% for MOXMIX. Similarly, using
the FR method, the plot of ln (β·dα/dT) vs. T−1 is linear (Figure S4), and the individual
Ea(α) values were estimated for the same conversion degrees as in the case of the FWO
method (Table 2).

Table 3. Ea values vs. conversion degree α obtained by the two isoconversional methods and the
mean value of Ea for MOX, MOXTAB, and MOXMIX.

Compound α 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 Ea
(kJ·mol−1)

MOX
FWO 98.8 102.8 103.4 103.5 103.3 103.0 102.6 102.1 101.6 101.2 100.8 100.6 100.3 100.0 99.6 99.3 99.1 98.9 106.4 101.4 ± 0.5

FR 127.7 118.2 106.9 95.2 92.6 89.3 86.6 85.1 84.5 84.0 83.6 82.4 81.3 80.8 81.3 87.5 94.6 100.6 115.2 93.6 ± 3.2

MOXTAB
FWO 201.0 185.9 180.1 179.2 173.2 186.7 181.8 178.2 174.8 171.8 170.0 168.9 167.3 165.3 164.4 163.2 162.6 163.7 163.1 173.7 ± 2.4

FR 164.1 113.7 133.8 144.8 148.1 139.1 143.9 146.1 143.4 144.3 159.9 157.3 150.0 140.9 162.1 152.2 161.5 164.6 167.3 149.3 ± 3.0

MOXMIX
FWO 141.6 143.3 142.7 147.0 152.0 151.7 150.4 149.3 148.1 147.0 146.0 145.0 143.5 142.5 141.5 137.6 133.8 132.2 129.6 143.4 ± 1.5

FR 164.7 126.1 157.1 154.0 157.1 144.5 137.7 137.9 137.7 136.6 138.1 134.5 131.1 140.9 112.4 97.6 122.1 121.8 121.2 135.4 ± 3.8

The analysis of variation in Ea vs. α using such a narrow variation for conversion (5%)
allows the estimation of a medium value of activation energy for the whole investigated
process (considered a single-step process), but only if the variation in individual Ea values
is placed inside a confidence interval of ±10% around the calculated medium value, i.e.,
0.9·Ea ≤ Ea(α) ≤ 1.1·Ea. As a consequence, if the variation in Ea(α) is monotonous
(increasing or decreasing) or arbitrary, a multi-step degradation process, or a modification
of the mechanism with increasing heating rate, is suspected (Figure S5).

The analysis of the data presented in Table 3 and Figure S5a–c reveals that the integral
processing of the kinetic data according to the FWO isoconversional method indicates that
the degradation of all samples is characterized by a mechanism that is not dependent on
the degree of conversion, when 0.1 ≤ α ≤ 0.95. In the case of MOXTAB, there is solely one
value for Ea outside the confidence interval, at α = 5%. For all samples, the tendency for Ea
values follows different trends (Figure S5a–c) up to α = 0.25 and for α > 0.3, suggesting the
existence of complex degradation processes. This tendency is more evident for MOXTAB
and MOXMIX, where the presence of excipients is the reason for this behavior.

The FR isoconversional method (Figure S5d–f) reveals a higher dispersion of the Ea
values vs. α. outside the ±10% limit. For MOX, the Ea values are higher at the beginning
of the process, at lower conversion degrees (α < 0.2), and at the end of the process (α >
0.85). Furthermore, for MOXTAB and MOXMIX, the variation in Ea vs. α is irregular,
mostly with extreme values for MOXMIX at α < 0.25, suggesting a complex mechanism of
decomposition of these samples under thermal stress.

4. Conclusions

In this paper, we present the findings of the instrumental screening of the drug
moxonidine, both as a pure ingredient and also in the presence of several excipients that
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are currently used in a commercial solid formulation that contains 0.4 mg API per tablet. To
evaluate the excipient effect, we prepared an enriched mixture starting from this commercial
formulation by adding pure API until a 5:1 tablet/API ratio was achieved. All samples
were characterized by FTIR spectroscopy in order to check the identity and purity of MOX
and to confirm the presence of API in the tablet and in the mixture. Thermal investigations
were carried out for all samples using a dynamic oxidative atmosphere and four different
linear heating rates, and the obtained data were processed using three kinetic methods.
Initially, the simple AST-E698 method was used, and later, the isoconversional methods
of FWO and FR were employed. If used alone, the ASTM-E698 method cannot produce
realistic kinetic parameters regarding reactions that include simultaneous or consecutive
reaction steps, while the isoconversional methods allow an estimation of the values of Ea
vs. conversion degree. The different results of the three methods reside in the mathematical
processing of the data, since in the case of the ASTM E698 method, the estimated Ea value
does not consider the conversion degree as it is a mean value for the entirely investigated
process. Excipients showed a stabilizing effect on MOX (in terms of Ea values), but the
decomposition mechanism of the samples is complex, according to the results suggested by
the analysis of Ea vs. α values.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11061738/s1, Figure S1: The reaction progress vs. temperature at
selected heating rates for: (a) MOX; (b) MOXTAB; and (c) MOXMIX. Figure S2: The reaction rate vs.
temperature at selected heating rates for: (a) MOX; (b) MOXTAB; and (c) MOXMIX. Figure S3: Linear
plot of FWO integral isoconversional method of the analyzed decomposition process for: (a) MOX;
(b) MOXTAB; and (c) MOXMIX. Figure S4: Linear plotting of FR differential isoconversional method
of the analyzed process of decomposition for: (a) MOX; (b) MOXTAB; and (c) MOXMIX. Figure S5:
Variation in Ea vs. α according to FWO integral isoconversional method (a–c) and FR differential
isoconversional method (d–f) of the analyzed decomposition process for: (a,d) MOX; (b,e) MOXTAB;
and (c,f) MOXMIX.
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43. Filipic, S.; Elek, M.; Popović, M.; Nikolic, K.; Agbaba, D. Development of Hydrophilic Interaction Liquid Chromatography
Method for the Analysis of Moxonidine and Its Impurities. J. Anal. Methods Chem. 2016, 2016, 3715972. [CrossRef] [PubMed]

44. Allada, R.; Maruthapillai, A.; Devikala, S.; Pallepogu, R. Hydrated moxonidine saccharinatesalt: Synthesis, Characterization,
Crystal structure determination and dissolution enhancement. Mater. Today Proc. 2019, 14, 618–629. [CrossRef]

45. Vyazovkin, S.; Achilias, D.; Fernandez-Francos, X.; Galukhin, A.; Sbirrazzuoli, N. ICTAC Kinetics Committee recommendations
for analysis of thermal polymerization kinetics. Thermochim. Acta 2022, 714, 179243. [CrossRef]

46. Stuart, B.H. Infrared Spectroscopy: Fundamentals and Applications; John Wiley & Sons: Hoboken, NJ, USA, 2004; ISBN 0470011130.
47. Silverstein, R.M.; Webster, F.X.; Kiemle, D. Spectrometric Identification of Organic Compounds, 7th ed.; John Wiley & Sons: Hoboken,

NJ, USA, 2005; ISBN 9781118311653.
48. Coates, J. Interpretation of Infrared Spectra, A Practical Approach. In Encyclopedia of Analytical Chemistry; Meyers, R.A., McKelvy,

M.L., Eds.; John Wiley & Sons: Hoboken, NJ, USA, 2006; ISBN 9780470027318. [CrossRef]
49. Moxonidine (Compound) on PubChem. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Moxonidine#section=

Melting-Point (accessed on 22 March 2023).
50. Moxonidine (Compound) on DrugBank. Available online: https://go.drugbank.com/drugs/DB09242 (accessed on 22

March 2023).
51. Moxonidine (Compound) on AKSci. Available online: https://aksci.com/item_detail.php?cat=K289 (accessed on 22 March 2023).
52. Duswalt, A.A. The practice of obtaining kinetic data by differential scanning calorimetry. Thermochim. Acta 1974, 8, 57–68.

[CrossRef]
53. Lu, W.-Y.; Lin, W.-C.; Huang, A.-C.; Shu, C.-M. Determination of the ambience duration of lavender essential oil with three

perfume fixatives using the thermokinetics approach. J. Therm. Anal. Calorim. 2022, 147, 7551–7561. [CrossRef]
54. Friedman, H.L. Kinetics of thermal degradation of char-forming plastics from thermogravimetry. Application to a phenolic

plastic. J. Polym. Sci. 1964, 6, 183–195. [CrossRef]
55. Flynn, J.H.; Wall, L.A. A quick, direct method for the determination of activation energy from thermogravimetric data. J. Polym.

Sci. Part B Polym. Lett. 1966, 4, 323–328. [CrossRef]
56. Ozawa, T.A. New Method of Analyzing Thermogravimetric Data. Bull. Chem. Soc. Jpn. 1965, 38, 1881–1886. [CrossRef]
57. Vyazovkin, S. Isoconversional kinetics. In Handbook of Thermal Analysis and Calorimetry, Vol. 5: Recent Advances, Techniques and

Applications; Brown, M.E., Gallagher, P.K., Eds.; Elsevier: Amsterdam, The Netherlands, 2008; pp. 503–538.

https://doi.org/10.1007/s10973-016-5895-7
https://doi.org/10.1016/S0040-6031(00)00443-3
https://doi.org/10.1016/S0040-6031(00)00445-7
https://doi.org/10.1016/S0040-6031(00)00447-0
https://doi.org/10.1007/s10973-022-11877-5
https://doi.org/10.1007/s10973-009-0121-5
https://doi.org/10.1016/j.dib.2016.11.100
https://doi.org/10.1002/marc.201100748
https://doi.org/10.1016/j.jpba.2005.06.002
https://doi.org/10.18240/ijo.2020.03.04
https://doi.org/10.1080/10826076.2015.1028291
https://doi.org/10.1007/s10337-013-2580-x
https://doi.org/10.1016/j.jpba.2011.09.029
https://www.ncbi.nlm.nih.gov/pubmed/22071445
https://doi.org/10.1155/2016/3715972
https://www.ncbi.nlm.nih.gov/pubmed/27847672
https://doi.org/10.1016/j.matpr.2019.04.185
https://doi.org/10.1016/j.tca.2022.179243
https://doi.org/10.1002/9780470027318.a5606
https://pubchem.ncbi.nlm.nih.gov/compound/Moxonidine#section=Melting-Point
https://pubchem.ncbi.nlm.nih.gov/compound/Moxonidine#section=Melting-Point
https://go.drugbank.com/drugs/DB09242
https://aksci.com/item_detail.php?cat=K289
https://doi.org/10.1016/0040-6031(74)85072-0
https://doi.org/10.1007/s10973-021-11029-1
https://doi.org/10.1002/polc.5070060121
https://doi.org/10.1002/pol.1966.110040504
https://doi.org/10.1246/bcsj.38.1881


Processes 2023, 11, 1738 14 of 14

58. Budrugeac, P.; Cucos, A. Application of Kissinger, isoconversional and multivariate non-linear regression methods for evaluation
of the mechanism and kinetic parameters of phase transitions of type I collagen. Thermochim. Acta 2013, 565, 241–252. [CrossRef]

59. Budrugeac, P.; Criado, J.M.; Gotor, F.J.; Malek, J.; Pérez-Maqueda, L.A.; Segal, E. On the evaluation of the nonisothermal kinetic
parameters of (GeS2)0.3(Sb2S3 )0.7 crystallization using the IKP method. Int. J. Chem. Kinet. 2004, 36, 309–315. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.tca.2013.05.020
https://doi.org/10.1002/kin.10176

	Introduction 
	Materials and Methods 
	Samples and Preparation 
	FTIR Investigations 
	Thermoanalytical Investigations 
	Kinetic Study 

	Results and Discussion 
	FTIR Investigations 
	Thermoanalytical Investigations 
	Kinetic Study 

	Conclusions 
	References

