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Abstract: Enalapril maleate is a widely used drug for the treatment of cardio-
vascular diseases. Its mechanism of action is to inhibit the angiotensin-con-
verting enzyme selectively. Therefore, it is metabolized to enalaprilat by liver
cells. The thermal behaviour of enalapril maleate was investigated by simul-
taneous thermogravimetry and differential scanning calorimetry (TG-DSC), as
well as with evolved gas analysis by simultaneous thermogravimetry and differ-
ential scanning calorimetry coupled infrared spectroscopy (TG-DSC-FTIR).
The results provided information on thermal stability, purity, thermal decom-
position steps and the main products formed in the heating. The enalapril maleate
was found to be stable up to 148 °C. Above this temperature causes thermal deg-
radation of the substance, which occurs in two stages in an inert atmosphere (N,)
and three stages in an oxidizing atmosphere (air). Through the TG-DSC-FTIR
the released gases were identified as maleic anhydride as a thermal decompo-
sition intermediate. DSC analysis showed that the material obtained 99.5 % pur-
ity, which indicates high purity. Employing both the Kissinger and Friedman
equations, alongside model fitting methods, the study reveals key insights. The
Kissinger method unveils an apparent activation energy of 47.07+15.45 kJ mol'!
for the complete thermal breakdown, a finding corroborated by the Friedman
method. Model fitting methods, the article applies them, yielding an apparent
activation energy of 55.7+3.4 k] mol™! with a three-dimensional diffusion ther-
mal degradation model.
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INTRODUCTION
Enalapril maleate (Fig. 1) is a prodrug of (Z)-but-2-enedioic acid; (25)-1-
-{(28)-2-[((25)-1-ethoxy-1-0x0-4-phenylbutan-2-yl)amino |propanoyl} pyrrolid-
ine-2-carboxylic acid-1-[2-(1-ethoxycarbonyl-3-phenyl-propyl)aminopropanoyl]
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1354 TEIXEIRA et al.

pyrolidine-2-carboxylic acid ((£)-carboxylic acid), which undergoes hydrolysis of
the ethyl ester in hepatic cells and is converted to enalaprilat, considered its bio-
active form. Its main indication is for use in cases of heart disease, such as systemic
arterial hypertension and congestive heart failure. It acts by inhibiting the angio-
tensin-converting enzyme, competitively by inhibiting the biotransformation of
angiotensin I in angiotensin II, which promotes the therapeutic effect.!-8
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Fig. 1. Structural representation of enalapril

For the drug to be safe and effective, strict quality control must be done, which
may be realized through thermoanalytical techniques. The literature demonstrates
the importance of thermal analysis to characterize and evaluate the purity of drugs,
active pharmaceutical ingredients (IFAs), excipients and medications since ther-
mogravimetry and DSC are analytical, quantitative and comparative techniques.”
These techniques are considered capable of quickly and reproducibly producing
the expected results. DSC is used in the pharmaceutical industry as an important
analytical tool to identify and test the purity of active principles, and it produces
results quickly and efficiently. DSC is already accepted in countries such as the
United States of America for quality control of raw materials used in pharma-
ceutical products.3-11

The use of analytical techniques to characterize pharmaceuticals is important.
An example of this importance that can be cited is that by DSC curves, infrared,
and Raman spectra, it was possible to elucidate two polymorphic forms of enal-
april 12,13

Thus, given the importance of quality control of raw materials and pharma-
ceutical products, the objective of this study was to perform thermal character-
ization and determine the purity of the raw material, enalapril maleate, which is
one of the most prescribed drugs for cardiovascular changes. In this way, to obtain
information not yet described in the literature. Such as thermal and chemical stab-
ility, thermal decomposition, and the main products and gaseous intermediates rel-
eased during the thermal decomposition process.
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THERMAL CHARACTERIZATION OF ENALAPRIL MALEATE 1 355

EXPERIMENTAL

Enalapril maleate was purchased commercially in a compounding pharmacy and stored in
an amber bottle for further analysis.

The DSC curves were obtained in a DSC-Q200 calorimeter (TA Instr. Co., USA), which
was calibrated according to the manufacturer’s recommendation, and a standard indium 99.99
% purity, m.p. 156.6 °C and AH = 28.56 J g'! were used to check the calibration. A mass sample
was around 2 mg and the sample was heated from 130 to 180 °C using an aluminium crucible
with a perforated lid with a 1.0 mm orifice, under an N, atmosphere, with a flow rate of 50 mL
min'! and a heating rate of 1 °C min'!. Universal Analysis software was used to determine the
purity of the sample.!415

Simultaneous TG-DTG-DSC curves were obtained on a thermal analysis System, TG-
-DSC1, Mettler Toledo. The purge gases were dried in air and N, with a flow of 50 mL min!,
with a heating rate of 10 °C min™!, weighing about 10.0 mg. Alumina crucibles were used to
record the DSC and TG curves. !¢

The thermokinetic study was conducted using the thermal decomposition curves obtained
through thermogravimetry on a calibrated Netzsch STA 449 F3 Jupiter® apparatus following
the manufacturer’s instructions. The analyses adhered to the recommended parameters in the
literature,!7-20 with a sample mass of approximately 1.0£0.1 mg. The temperature range spanned
from 30 to 700 °C in an inert N, atmosphere (99.99 %), employing the following heating rates:
2,4, 6, 8 and 10 °C min’!. The thermokinetic treatment was performed with THINKS, free
open-source thermokinetic software.2!

The analysis of the detected gases (TG-DSC-FTIR) was performed using a thermogravi-
metric analyser coupled to a Nicolet FTIR spectrophotometer with gas cells and a DTGS detec-
tor. The oven was coupled to the heated gas cell (250 °C) through a heated current (225 °C)
stainless steel transfer line with 3.0 mm diameter and 120 cm length, both purged with 50 ml
min~!. The identification of the gaseous products was based on the reference spectra available
in the spectrometer software (Omnic 8.0) and literature data.!4-16

RESULTS AND DISCUSSION

Thermoanalytical and spectroscopic study

The purity determination of enalapril was based on the assumption that an
impurity will depress the melting point of a pure material for which the fusion was
characterized by melting point (7() and a melting enthalpy (AHyelt.). The effect of
a Ty impurity on enalapril was determined by the DSC method based on the Van’t
Hoff equation (Eq. (1)).16:22 The DSC curve obtained shows an endothermic event
corresponding to the melting point of enalapril at 154 °C (AHeit. = 29.6 kJ mol-1);
the purity was 99.5 %, indicating the high purity of the material:

m2 A2, 1)
h R T T,

The simultaneous TG-DSC curves in dynamic dry air and N, atmospheres of
enalapril are shown in Fig. 2a and b. In both conditions studied (Pyrolysis (N3) and
oxidation (air)), enalapril was stable up to 148 °C and, above this temperature, the
TG-DSC curves showed that the thermal decomposition occurs in two (N3) and
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three (air) stages between 148—-330 °C and 148-605 °C, respectively, the with total
mass loss of 99.85 (N») and 99.95 % (air). The percentages indicated that the
compound has no inorganic impurities.
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Fig. 2. Enalapril maleate TG-DSC simultaneous curves in dynamic dry air (a) and N, (b)
atmosphere (mass (air) = 10.225 mg, mass (N,) = 10.125 mg).

The TG-DSC curves indicate that the first mass loss occurred slowly between
148 and 230 °C (air) and 148 and 220 °C (N3), with loss mass of 25.4 and 25.5 %,
respectively. At this stage, for both analysis conditions (air and N») the DSC curves
have an endothermic peak at 154 °C with a shoulder at 169 °C, attributed to the
melting followed by thermal decomposition of Enalapril maleate, respectively. To
check these attributions, the sample was heated in a glass tube until 169° C, and as
indicated by the TG-DSC curves, and melting followed by thermal decomposition
was observed. The infrared spectrum of the product condensed on the wall of the
glass tube after the thermal decomposition of enalapril maleate was obtained (Fig.
3) and the maleic anhydride was identified as a decomposition gas product at this
stage (Amcgyle. = 26.04%, Amtg = 25.4 % (air), 25.5 % (N3)). The TGA also
identified maleic anhydride at 170 °C, as the gas product from the thermal decom-
position at this stage, as shown in Fig. 3.

The residue mass obtained at the end of the first mass loss stage (220 (N;) and
230 °C (air)) indicates the formation of “pure” enalapril, the proposed mechanism
for this step is shown in Scheme 1 (AResid.cy1c. = 76.74 %, AResid.tg = 74.6 %
(air), 74.5 % (Nj)).

In the air atmosphere, the second step occurs rapidly between 220 and 350 °C,
with a mass loss of 66.90 %, associated with an endothermic peak at 331 °C,
attributed to the “pure” enalapril thermal decomposition and the formation of car-
bonaceous residue at the end of the process. The formation of carbonaceous residue
was confirmed by visual inspection, heating the samples to 350 °C, as indicated by
the TG-DSC curves.
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Fig. 3. Infrared FTIR spectra obtained during the thermal decomposition of enalapril maleate
in air and N,.
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Scheme 1. Proposed mechanism for the first stage of thermal decomposition.

The last step of mass loss in the TG curve between 350-605 °C (Amtg =
= 9.05 %), corresponding to exothermic peaks in the DSC curve at 475, 527 and
607 °C, i1s attributed to the oxidation of the carbonaceous residue formed in the
previous step and/or to the gaseous products that evolved during thermal decom-
position.

Regarding gases released during thermal decomposition, the main gaseous
products identified by TGA were 1,2-diethyl citrate, CO, CO, and N»O in the
second step, and CO, and CO in the third stage.
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In the pyrolysis condition (nitrogen atmosphere), the second and last step
(pure enalapril thermal pyrolysis) in the TGA curve occurs rapidly between 220—
=330 °C (Amcalc. = 76.74 %, Amtg = 73.35 %), associated with the endothermic
peak in the DSC curve at 290 °C, attributed to the thermal decomposition and the
pyrolysis of the material. Due to the absence of oxygen, parallel reactions are
avoided, o which prevents the formation of carbonaceous residue. The infrared
spectrum obtained during this thermal decomposition step by EGA is shown in
Fig. 3. The main gaseous products released were CO,, N>O, 1,2-diethyl citrate and
maleic anhydride.

Thermokinetic study

The thermal decomposition of enalapril occurs in consecutive mass loss steps;
thus, a thermokinetic study was applied to all stages of thermal decomposition.
Isoconversional analysis studies were conducted using the methods of Friedman
and Kissinger,23-24 as well as through model fitting (linear regression).!8.19:25 Fig,
4 shows the results obtained through the application of isoconversional analysis.

The Kissinger and Friedman equations are fundamental tools in isoconver-
sional kinetic analysis, providing valuable insights into the thermal degradation
kinetics of various materials. The Kissinger method, also known as the Kissinger—
—Akahira—Sunose (KAS) method, is widely used to determine the kinetic para-
meters of a reaction. It involves plotting the heating rate’s logarithm against the
temperature’s reciprocal at the maximum degradation rate for different conver-
sions. The slope of the resulting linear relationship yields the activation energy,
while the intercept provides the pre-exponential factor. However, it is important to
note that in cases where the isoconversional activation energy varies significantly,
the Kissinger plots may appear almost perfectly linear, potentially failing to detect
the inherent complexity of the processes.24 The Friedman method is a widely used
differential isoconversional for analysing thermal degradation kinetics. This
method involves plotting the temperature at a given conversion against the heating
rate. The resulting linear relationship provides the means to determine the act-
ivation energy and pre-exponential factor.26

The isoconversional analysis demonstrated an apparent activation energy for
the complete thermal decomposition of enalapril maleate of 47.07+15.45 kJ mol~!
with an R2 of 0.945.

Fig. 5 shows the results of the thermal kinetic analysis through model fitting.
The application of various methods to determine the kinetic parameters of thermal
decomposition processes is involved in model fitting. Both model-free (isoconver-
sional) and model-fitting methods were used for this purpose, each with its advent-
ages and limitations. Model fitting methods have been a subject of debate within
the thermal analysis community, with the interests about the reliability of deriving

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



THERMAL CHARACTERIZATION OF ENALAPRIL MALEATE 1 3 59

kinetic parameters from a single heating rate, which can lead to some unreliable
and nonsensical results.2’
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Fig. 4. Results obtained through the application of isoconversional analysis, Friedman plot,
and Kissinger plot of thermal decomposition of enalapril.
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Fig. 5. Results of the thermal kinetic analysis through model fitting of thermal decomposition
of enalapril.

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



1360 TEIXEIRA et al.

However, model fitting methods have historically been widely used in solid-
-state kinetics and have shown excellent fits to experimental data, although they
may produce uncertain kinetic parameters, especially for nonisothermal condit-
ions.28 The model fitting methods have been used to predict different reaction
mechanisms for thermal disintegration processes.2 Additionally, the model fitting
methods have been employed to estimate the kinetic parameters of complex solid-
-state reactions.30-3! The kinetic parameters for enalapril maleate demonstrate an
apparent activation energy of 55.7+3.4 kJ mol~! with a three-dimensional diffusion
thermal degradation model, where f{ @) = 3(1-R)?/3/(2(1—(1-R)1/3)).

CONCLUSION

When submitted to heating, certain drugs undergo a series of chemical and
physical reactions, including decomposition reactions, resulting in compounds
different from the original. Thermal analysis can be employed to monitor the
sample, while it undergoes the described processes. Thermal analysis was also
effective in determining the purity of enalapril maleate.

The thermoanalytical and spectroscopic study of enalapril maleate was con-
ducted to ascertain its purity and thermal behaviour. Purity determination, based
on melting point and melting enthalpy, yielded a purity of 99.5 %. The Van’t Hoff
equation applied to the DSC curve confirmed the high purity, showcasing a melting
point at 154 °C with a corresponding AH ;. of 29.6 kJ mol~!. Simultaneous TG-
-DSC curves in dynamic air and N; atmospheres revealed enalapril’s stability up
to 148 °C, beyond which thermal decomposition occurred. In air, three decompo-
sition stages were observed between 148—605 °C, with the identified products inc-
luding maleic anhydride and carbonaceous residue. In Nj, two decomposition
stages occurred between 148 and 330 °C. The second step involved thermal
decomposition and pyrolysis, releasing CO», 1,2-diethyl citrate, NoO and maleic
anhydride.

The thermal decomposition of enalapril maleate was systematically investig-
ated through isoconversional analysis using both the Kissinger and Friedman
equations, alongside model fitting methods. The Kissinger method identified an
apparent activation energy of 47.07+15.45 kJ mol-! for the complete thermal
decomposition, exhibiting an R2 value of 0.945. The application of the Friedman
method supported these findings. Additionally, model fitting methods, despite his-
torical debates regarding their reliability, were employed and resulted in an appar-
ent activation energy of 55.7+3.4 kJ mol~!. The chosen model involved a three-
-dimensional diffusion thermal degradation model.
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H3BO
KAPAKTEPU3AIINJA EHAJIAIIPUJI-MAJIEATA: ITPUCTYII KOJU KOPUCTH
TEPMOAHAJIUTUYKE, TEPMOKHUHETHUYKE U CIIEKTPOCKOIICKE TEXHUKE

JOSE AUGUSTO TEIXEIRA!, ADRIAN SANTOS DE SOUZA?, LAIS DA SILVA MENDOZA KARDEK DE MELO?
1 TIAGO ANDRE DENCK COLMAN?

'"Federal Institute of Parand, IFPR, Paranavai, PR, Brazil, *Federal University of Grande Dourados, UFGD,
Dourados, MS, Brazil

Enananpun-manear je Jiek KOjU ce LIMPOKO KOPHCTH 3a JieYeHme KapAWOBaCKyJapHHUX
donectu. Iheros mMexaHu3aMm [enoBama je fa CENEeKTMBHO MHXUOMpa €H3UM KOjU KOHBEDTYje
aHruorteHsuH. 39or Tora ce henujama jerpe Metabomnuiue y eHajaanpuiar. TepMUYKO NOHaLIabe
€Ha/laNpHuI-MaleaTa je UCIMTHBAHO CUMYJITAaHOM TEPMOIDAaBUMETPHjOM U JU(EpEHIHjaTHOM
ckenupajyhom xamopumerpujom (TG-DSC), a aHaIU30M €BOTyUPAHOT raca CUMYJITaHOM TEPMO-
rPaBUMETPHjOM H ArepeHIjalHOM CKeHUPajyhoM KaJlopUMeTpHjoM ca HHGPALPBEHOM CIIeK-
tpockonujoM (TG-DSC-FTIR). Pesynratu cy mamu uHbOpMaudje 0 TEPMUYKOj CTaDHIIHOCTH,
yrcTohy, KopaLumMa TEPMHUYKE NeKOMIIO3ULIYj€e U IJIaBHUM TPOU3BOAMMA HAaCTaTUM TOKOM 3arpe-
Bama. YTBphHeEHo je [1a je eHanmanpui-manear ctadbunal fo 148 °C. VsHaz oBe TeMiiepaTtype fo1a3u
I0 TEpMUYKe Aerpajialifje CyTICTaHLe, Koja ce fAellaBa y ABa CTeleHa y UHepTHoj atMocdepu (Nz)
U TPU CTeNeHa y OKCUIALHoHOj atmocdepu (Ba3myx). OcinoboheHu racoBy, HHTEpMeNjepy Tep-
MHYKe pasrpajmwe, Cy UOeHTU(DHUKOBAHM Kao aHXHIPHUI ManenHcke kucenuHe. DSC aHanmu3a je
yKasajia Ha BUCOKy yucTohy marepujana (99,5 %). [Ipumenom Kucunuepose u dpunmanose
jemHauMHe, 3ajeHO ca MeToflaMa yKJlalama Moziena, ogpeleHa je MpUBUAHA eHepryja akTUBallje
01147,07£15,45 kJ mol™' 3a moTmyHOo TEpMHUYKO pasiarare. [[pHMEHOM METOMIA YK/Ialatba MofIeia
ca TPOOUMEH3HOHAIHUM JU(DY3HUOHUM MOZENIOM TepMasHe Jerpajaudje noduja ce NpUBHOHA
eHeprdja aktuBanuje og 55,7+ 3,4 kJ mol.

(ITpumrseHo 7. neuembpa 2023, pesunupaHo 1. bedpyapa, npuxsaheHo 17. asrycra 2024)

REFERENCES

1. G.S. Thind, A. Johnson, D. Bhatnagar, T. W. Henkel, Am. Heart J. 109 (1985) 852
(https://doi.org/10.1016/0002-8703(85)90650-7)

2. R.Kello, W. Abdelwahed, Design and evaluation of a new formulations of enalapril
maleate 20 mg tablet in a time efficient and on alarge industrial scale, 2014
(https://api.semanticscholar.org/CorpusID:51815722)

3. R. K. Verbeeck, I. Kanfer, R. Lobenberg, B. Abrahamsson, R. Cristofoletti, D. W. Groot,
P. Langguth, J. E. Polli, A. Parr, V. P. Shah, M. Mehta, J. B. Dressman, J. Pharm. Sci.
106 (2017) 1933 (https://doi.org/10.1016/j.xphs.2017.04.019)

4. S.P.Bhardwaj, S. Singh, J. Pharm. Biomed. Anal. 46 (2008) 113
(https://doi.org/10.1016/j.jpba.2007.09.014)

5. M. De Diego, S. Mennickent, G. Godoy, V. Miranda, Curr. Pharm. Anal.7 (2011) 248
(https://doi.org/10.2174/157341211797458005)

6. D. M. Lima, L. D. dos Santos, E. M. Lima, J. Pharm. Biomed. Anal. 47 (2008) 934
(https://doi.org/10.1016/.jpba.2008.02.030)

7. B. Stanisz, J. Pharm. Biomed. Anal. 31 (2003) 375 (https://doi.org/10.1016/S0731-
7085(02)00325-4)

8. B. Stanisz, Acta Pol. Pharm. 61 (2004) 415 (https://pubmed.ncbi.nlm.nih.gov/15794332)

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.



1362 TEIXEIRA et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.

. M. Juhasz, Y. Kitahara, S. Takahashi, T. Fujii, J. Pharm. Biomed. Anal. 59 (2012) 190

(https://doi.org/10.1016/j.jpba.2011.10.011)

F. Q. Pires, T. Angelo, J. K. R. Silva, L. C. L. Sa-Barreto, E. M. Lima, G. M. Gelfuso, T.
Gratieri, M. S. S. Cunha-Filho, J. Pharm. Biomed. Anal. 137 (2017) 196
(https://doi.org/10.1016/j.jpba.2017.01.037)

M. Herbrink, H. Vromans, J. Schellens, J. Beijnen, B. Nuijen, J. Pharm. Biomed. Anal.
148 (2018) 182 (https://doi.org/10.1016/j.jpba.2017.10.001)

A. K. Attia, M. M. Abdel-Moety, S. G. Abdel-Hamid, Arab. J. Chem. 10 (2017) S334
(https://doi.org/10.1016/j.arabjc.2012.08.006)

A. Raw, M. S. Furness, D. S. Gill, R. C. Adams, F. O. Holcombe Jr., L. X. Yu, Adv. Drug
Deliv. Rev. 56 (2004) 397 (https://doi.org/10.1016/j.addr.2003.10.011)

F. X. Campos, A. L. C. S. Nascimento, T. A. D. Colman, D. A. Galico, O. Treu-Filho, F.
J. Caires, A. B. Siqueira, M. lonashiro, J. Therm. Anal. Calorim. 123 (2016) 91
(https://doi.org/10.1007/s10973-015-4956-7)

J. A. Teixeira, W. D. G. Nunes, T. A. D. Colman, A. L. C. S. do Nascimento, F. J. Caires,
F. X. Campos, D. A. Galico, M. lonashiro, Thermochim. Acta 624 (2016) 59
(https://doi.org/10.1016/j.tca.2015.11.023)

M. D. Colman, S. R. da S. Lazzarotto, M. Lazzarotto, F. A. Hansel, T. A. D. Colman, E.
Schnitzler, J. Anal. Appl. Pyrolysis 119 (2016) 157
(https://doi.org/10.1016/j.jaap.2016.03.005)

ASTM, ASTM International: West Conshohocken, ASTM E698-05, PA, USA (2005)
(https://www.astm.org/e0698-05.html)

S. Vyazovkin, A. K. Burnham, J. M. Criado, L. A. Pérez-Maqueda, C. Popescu, N.
Sbirrazzuoli, Thermochim. Acta 520 (2011) 1 (https://doi.org/10.1016/j.tca.2011.03.034)
S. Vyazovkin, A. K. Burnham, L. Favergeon, N. Koga, E. Moukhina, L. A. Pérez-Maqu-
eda, N. Sbirrazzuoli, Thermochim. Acta 689 (2020) 178597
(https://doi.org/10.1016/j.tca.2020.178597)

J. R. MacCallum, J. Tanner, Eur. Polym. J. 6 (1970) 1033 (https://doi.org/10.1016/0014-
3057(70)90035-2)

N. V. Muravyev, A. N. Pivkina, N. Koga, Molecules 24 (2019) 2298
(https://doi.org/10.3390/molecules24122298)

B. Androsits, J. Therm. Anal. Calorim. 55 (1999) 1041
(https://doi.org/10.1023/A:1010123009883)

H. L. Friedman, J. Polym. Sci., C 6 (1964) 183 (https://doi.org/10.1002/polc.5070060121)
S. Vyazovkin, Molecules 25 (2020) 2813 (https://doi.org/10.3390/molecules25122813)
L. A. Pérez-Maqueda, J. M. Criado, P. E. Sanchez-Jiménez, J. Phys. Chem., A 110 (2006)
12456 (https://doi.org/10.1021/jp064792g)

A. Soria-Verdugo, E. Goos, N. Garcia-Hernando, U. Riedel, Algal Res. 32 (2018) 11
(https://doi.org/10.1016/j.algal.2018.03.005)

A. K. Burnham, L. N. Dinh, J. Therm. Anal. Calorim. 89 (2007) 479
(https://doi.org/10.1007/s10973-006-8486-1)

M. Heydari, M. Rahman, R. Gupta, Int. J. Chem. Eng. 2015 (2015) 1
(https://doi.org/10.1155/2015/481739)

H. Mahmood, A. Shakeel, A. Abdullah, M. Khan, M. Moniruzzaman, Polymers (Basel)
13 (2021) 2504 (https://doi.org/10.3390/polym13152504)

A. Agi¢, E. G. Bajsié, J. Appl. Polym. Sci. 103 (2007) 764
(https://doi.org/10.1002/app.25040)

N. A. Mariano, M. A. G. Tommaselli, S. E. Kuri, Materwiss. Werksttech. 36 (2005) 325
(https://doi.org/10.1002/mawe.200500877).

Available online at: http://www.shd.org.rs/JSCS

(CC) 2024 Serbian Chemical Society.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 841.890]
>> setpagedevice



@Article{Teixeira2024,

  author    = {José Augusto Teixeira and Adrian Santos de Souza and Laís da Silva Mendoza Kardek de Melo and Tiago André Denck Colman},

  journal   = {Journal of the Serbian Chemical Society},

  title     = {Characterization of enalapril maleate: An approach using thermoanalytical, thermokinetic and spectroscopic techniques},

  year      = {2024},

  issn      = {1820-7421},

  month     = {11},

  pages     = {1353-1362},

  volume    = {89},

  abstract  = {Enalapril maleate is a widely used drug for the treatment of cardio­vascular diseases. Its mechanism of action is to inhibit the angiotensin-con­verting enzyme selectively. Therefore, it is metabolized to enalaprilat by liver cells. The thermal behaviour of enalapril maleate was investigated by simul­taneous thermogravimetry and differential scanning calorimetry (TG-DSC), as well as with evolved gas analysis by simultaneous thermogravimetry and differ­ential scanning calorimetry coupled infrared spectroscopy (TG-DSC–FTIR). The results provided information on thermal stability, purity, thermal decom­position steps and the main products formed in the heating. The enalapril maleate was found to be stable up to 148 °C. Above this temperature causes thermal deg­rad­ation of the substance, which occurs in two stages in an inert atmosphere (N2) and three stages in an oxidizing atmosphere (air). Through the TG-DSC–FTIR the released gases were identified as maleic anhydride as a thermal decom­po­sition intermediate. DSC analysis showed that the material obtained 99.5 % pur­ity, which indicates high purity. Employing both the Kissinger and Friedman equations, alongside model fitting methods, the study reveals key insights. The Kissinger method unveils an apparent activation energy of 47.07±15.45 kJ mol-1 for the complete thermal breakdown, a finding corroborated by the Friedman method. Model fitting methods, the article applies them, yielding an apparent activation energy of 55.7±3.4 kJ mol-1 with a three-dimensional diffusion ther­mal degradation model.},

  doi       = {10.2298/JSC231207070A},

  file      = {:08_12721_5792.pdf:PDF},

  issue     = {10},

  keywords  = {kinetic characterization,thermal decomposition},

  publisher = {National Library of Serbia},

  url       = {https://www.shd-pub.org.rs/index.php/JSCS/article/view/12721},

}





