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Abstract

Background: The thermal decomposition of cephalexine, cefadroxil and cefoperazone under non-isothermal conditions
using the TG, respectively DSC methods, was studied. In case of TG, a hyphenated technique, including EGA, was used.

Results: The kinetic analysis was performed using the TG and DSC data in air for the first step of cephalosporin’s
decomposition at four heating rates. The both TG and DSC data were processed according to an appropriate strategy to
the following kinetic methods: Kissinger-Akahira-Sunose, Friedman, and NPK; in order to obtain realistic kinetic
parameters, even if the decomposition process is a complex one.

The EGA data offer some valuable indications about a possible decomposition mechanism. The obtained data indicate a
rather good agreement between the activation energy’s values obtained by different methods, whereas the EGA data
and the chemical structures give a possible explanation of the observed differences on the thermal stability. A complete
kinetic analysis needs a data processing strategy using two or more methods, but the kinetic methods must also be
applied to the different types of experimental data (TG and DSC).

Conclusion: The simultaneous use of DSC and TG data for the kinetic analysis coupled with evolved gas analysis (EGA)
provided us a more complete picture of the degradation of the three cephalosporins. It was possible to estimate kinetic
parameters by using three different kinetic methods and this allowed us to compare the £, values obtained from
different experimental data, TG and DSC. The thermodegradation being a complex process, the both differential and
integral methods based on the single step hypothesis are inadequate for obtaining believable kinetic parameters. Only
the modified NPK method allowed an objective separation of the temperature, respective conversion influence on the
reaction rate and in the same time to ascertain the existence of two simultaneous steps.
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Background

In this article it was realized a study about the kin-
etic parameters features of three active subtances-
monohydrate form of cephalexin, cefadroxil, and
cefoperazone. The kinetic parameters were obtained
both from thermogravimetrical data and from DSC
data.
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The three active subtances belong to the cephalosporin
class and are characterized by a common skeleton of cep-
hem type. On this basic structure, different groups (radi-
cals) are grafted that induce different bio-pharmacological
properties of the three studied compounds.

Cephalosporins are bactericidal and have the same mode
of action as other beta-lactam antibiotics but are less sus-
ceptible to penicillinases. Cephalosporins disrupt the syn-
thesis of the peptidoglycan layer of bacterial cell walls.
Cephalosporins are indicated for the prophylaxis and treat-
ment of infections caused by bacteria susceptible to this
particular form of antibiotic. First-generation cephalospo-
rins (cephalexin, cefadroxil) are predominantly active
against Gram-positive bacteria, and successive generations
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have increased activity against Gram-negative bacteria
(cefoperazone) [1-3].

Cephalosporin’s formulas are presented in Figure 1.

In order to be able to propose a methodology for the
stability of these active substances, it is of paramount im-
portance to understand their degradation mechanisms.
The degradation process occurs by bond breaking, which
generates smaller molecules.

Most techniques that are used to follow the reaction,
either by analyzing gas-phase products [4,5] or by
thermogravimetric analysis [6,7], will only detect the re-
action when the products have become sufficiently small
to evaporate into the gas phase.

A wide range of models have been developed, especially
based on the analyses of weight loss curves obtained during
thermal gravimetric analysis (TG kinetic models) and on the
reaction mechanisms [7], for different materials [8-10].
However, the use of models based on partial information,
like the one supplied by TG curves, cannot provide a clear
view of the whole process since, in the initial stages, the deg-
radation of substance proceeds without weight loss.

In our previous papers we provided the importance
and utility of the kinetic analysis in estimation on the
thermal behaviour of different pharmaceuticals [11-13].

Methods

Materials

The active substances (cephalexin, cefadroxil, cefoperazone)
were obtained from Antibiotice Iagi Roméania.

The thermoanalytical curves TG/DTG/DTA/DSC for
all the three active substances were drawn up in an air
atmosphere and under dynamic conditions at different
heating rates using Perkin-Elmer DIAMOND equip-
ment, respectively a Netzsch differential scanning calori-
meter, model DSC-204.

The DSC and TG data were recorded both under non-
isothermal conditions. Samples of mass in the range of 3 to
7 mg were put into aluminium crucibles, at a heating rate,
B, of 5,7, 10 and 12°C-min™" up to a temperature of 500°C.

The evolved gas analysis (EGA) was carried out by a
coupled TG/FTIR technique, using a Perkin Elmer
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SPECTRUM 100 device with an IR gas chamber connected
by a transfer line to the exit of the DIAMOND furnace.
The air flow of 100 mL-min™ and a heating rate of 20°-
Cmin™ were used. The FTIR spectra were processed by
the Sadtler Gas Vapor Library.

Results and discussion

Thermal behaviours of the three cephalosporin monohy-
drate active substances are characterized by the existence
of two stages which can be identified both by the TG and
DSC curves. The processes that follow are still numerous
and consist in destroying the whole product from
dihydrotiazinic cycle decomposition (cephem structure).

The results of TG/DTG/DTA obtained for the active
substances during heating at p=5°C:min" in air atmos-
phere are presented in Figure 2, whereas the DSC data
are presented in Figure 3.

The kinetic analysis is performed for the second de-
composition process, the process which took place in
the approximately temperature range 175-225°C. The
first decomposition process corresponds to removal of
water molecule from the composition of the hydrate.
The dehydration of the sample with loss of one water
molecule took place in the range 50-150°C.

The second process involves the destruction of cepha-
losporin molecule and for this reason it was selected for
the kinetic analysis. What happens after this step does
not present any interest for the characterization of the
thermal behaviour.

To perform the kinetic analysis of the experimental data
such as TG and DSC, there were used two isoconversional
methods, a differential one and an integral one, respec-
tively a third method elaborated by Sempere et al. [14,15]
and modified and developed by Vlase et al. [16-18], the
non-parametric kinetics method.

The isoconversional methods which evaluate the acti-
vation energy are advantageous as they do not require
the knowledge of the analytical form of conversion func-
tion and, on the other hand, they give the possibility to
evidence the change of the activation energy with the
conversion degree.
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Figure 1 The chemical structures of the cephalosporin active substances.
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Figure 2 The thermoanalytical curves TG/DTG/DTA obtained in air at B=5°C-min™ for the monohydrate active substances (a- cephalexin;

b- cefadroxil; c- cefoperazone).
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Figure 3 The DSC curves obtained in air at four different heating rates for the monohydrate active substances (a- cephalexin; b- cefadroxil;
c- cefoperazone).
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a) Friedman method

Friedman’s isoconversional method [19] is based on

the equation:

The necessary data for graphical representation
ln( j—%) vs. (1/T) were taken from the chart of the
reaction rate vs. temperature, under non-isothermal

conditions. It was obtained the Friedman straight

ln(ﬁﬂ> = In[A- f(a)] _;—T

aT

(1)

lines family, from the slope of those lines being
calculated the activation energy according to Eq. (1).



respectively E, values somewhat higher by
processing the DSC data in comparison with that
from the TG ones.
It is noted a significant variation of the activation
energy depending on the conversion degrees. This
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Table 1 Activation energy’s values obtained by Friedman isoconversional method for the three analyzed
cephalosporins from DSC data (a) respectively TG data (b)
E, k) mol Conversion degree a E.kJ
0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 mo™
Cefadroxil (a) [20] 5103 4759 4683 399.5 3557 3311 259.1 2458 194.9 360.1
+1.0 +05 +14 +28 +128 +36 +75 +99 +10.8 +374
Cephalexin (a) [11] 2577 2499 256.8 2518 2558 2435 266.2 284.5 295.1 2624
+23 +4.0 +59 +25 +38 +7.0 +12.5 +57 +9.8 +56
Cefoperazone (a) 147.0 164.4 189.6 202.8 196.5 186.1 1926 204.3 269.8 194.8
+33 +28 +4.1 +1.7 +29 +6.2 +4.0 +9.1 +87 +11.2
Cefadroxil (b) 3736 4326 4033 3815 3068 3009 2113 159.2 1184 298.6
+52 +39 +20 +13 +15 +13.2 +6.9 +132 +27 +375
Cephalexin (b) 2729 2572 2471 2535 246 2325 224.7 2319 209.7 2417
+32 +74 +24 +136 +11.2 +33.6 +84 +9.6 +838 +6.3
Cefoperazone (b) 168.8 195.5 1921 165.3 68.1 399 61.1 131.0 2717 143.7
+3.8 +4.1 +64 +39 +22 +86 +86 +33 +150 +253
The activation energy’s values corresponding of the fact indicates that the decomposition process is
second decomposition process which appears in all complex, respectively the existence of more than
of three cephalosporin’s thermal behaviour, the most
important one, according to the degree of one process. In this case it is necessary to use other
conversion are presented in Table 1. kinetic methods of study, more developed in an
The data from Table 1 indicate that the values of E, attempt to determine and separate these processes,
are in the following order: yet unknown as number.
Cefoperazone < Cephalexin < Cefadroxil b) Kissinger-Akahira-Sunose method [21]

This method is based on measuring the temperature
corresponding to fixed values of the conversion
degrees (a) for experiments at different heating rates
B. Using TG respectively DSC curves recorded at
various heating rates, one can plot ln% vs. 1/T.

Table 2 The activation energy values obtained by the KAS method for the three analyzed active substances utilised

DSC data (a) respectively TG data (b)

E, kJ mol Conversion degree a E.kJ

0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 mol
Cefadroxil 283.1 2833 2832 287.1 284.1 286.5 283.0 285.8 290.8 2852
(a) [20] +55 +89 +33 +34 +74 +15 +45 +1.1 +22 +0.9
Cephalexin 236.7 247.1 2496 250.2 2514 2544 2614 264.6 2708 254.0
(@) [11] +173 +57 +23 +15 +0.3 +0.9 +1.8 +129 +24 +34
Cefoperazone 171.8 1925 188.0 189.6 189.0 190.7 1732 1826 179.8 184.1
(a) +55 +3.8 +37 +3.8 +3.8 +39 +24 +13 +0.6 +26
Cefadroxil 389.2 3799 366.7 3709 363.2 354.2 340.7 3386 336.2 3599
(b) +2.7 +34 +138 +13 +1.8 +85 +44 +78 +44 +6.3
Cephalexin 2427 240.2 2310 2247 2136 2399 2404 243.0 257.1 2369
(b) +12 +22 +76 +23 +4.1 +48 +185 +9.0 +193 +4.2
Cefoperazone 2213 186.4 182.7 1785 165.8 170.2 148.6 140.8 1419 170.7
(b) +8.6 +4.6 +39 +4.0 +26 +7.1 +33 +5.1 +19 +85
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According to Eq. 2, from the slope of the obtained
straight line, the activation energy can be calculated.
If it noticed a change of the E, values function of a,
the result can be interpreted as a multistage reaction
mechanism.

This method is based on measuring the temperature
corresponding to fixed values of the conversion
degrees (a) for experiments at different heating rates
B. Using TG respectively DSC curves recorded at
various heating rates, one can plot In% vs. 1/T.
According to Eq. 2, from the slope of the obtained
straight line, the activation energy can be calculated.
If it noticed a change of the E, values function of a,
the result can be interpreted as a multistage reaction
mechanism.

B A R E

= In———

=’ 7T

(2)
By inspecting the data in Table 2, there have been
done the same comments as those made by
Friedman’s method, i.e.:

— a significant variation of E, vs. a;
— a general higher E, values from DSC in
comparison with that from TG;
— the E, values varies in the following order:
Cefoperazone < Cephalexin < Cefadroxil
¢) Non-parametric kinetics method (NPK)

The non-parametric kinetics (NPK) represents a special
approach for processing the kinetic data. The method intro-
duces a new point of view in kinetic analysis. It is also based
on the single-step kinetics approximation, so that the basic
relationship for the analysis of kinetic data represents Eq. 3:

= kT) (@) 3)

The experimental values of reaction rates are arranged
in a matrix which is expressed as a product of two vec-
tors containing information on k(T) and f(a). The most
important feature of the method is that it enables to de-
couple the vectors related to the temperature and con-
version functions without the need of any assumptions
about their functionality. Validity of Eq. 3 is the only as-
sumption made in the development of NPK method.

The experimental points obtained at different heating
rates are represented in a 3D system and interpolated as
a continuous reaction rate surface (see Figure 4).

This surface is discretizated into a square matrix M
which is decomposed, using the singular value decompos-
ition algorithm [22], into the product of three matrixes:

M = U(diagS)V"* (4)
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ip/op-d

Figure 4 The reaction rate surfaces in the three-dimensional
space with the coordinates (B-da/dT; a; T) for the
analysed cephalosporins.

The results of NPK analysis are systematized in Table
3. These data were obtained by analyzing the vector u
(the first column of U) in respect of a kinetic model sug-
gested by Sestak and Berggren [23]:

fla)=a” (1-a) (5)
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Table 3 Kinetic analysis for the three active substances, the NPK method

Process A (%) E (k) mol™) A (min™) n m Sestak-Bergrren Eq SAE (kJ mol™)
Cefadroxil 1 954 2586+7.1 133107 1 - (1-a) 2645498
(DSC data) [20] 2 46 38544838 1.07-10% - 1/3 a'?
Cephalexin 1 772 2202497 804.10% 1 - (1-a) 2480+182
(DSC data) [11] 2 189 412441622 34010% 5/3 1 - (1-a)
Cefoperazone 1 86.7 1702+17.4 27010'® 2 1 a- (1-a)? 179.9+14.9
(DSC data) 2 133 2438+176 7.1810% 2 1 a-(1-a)
Cefadroxil 1 939 226.7+83 49510% 2 1 a- (1-a)? 231.9+14.1
(TG data) 2 45 42814403 7.8810% - 0.1 !
Cephalexin 1 840 181241322 73710 1 - (1-a) 2206+132
(TG data) 2 16.0 41194754 5.1010% 0.1 - -
Cefoperazone 1 714 1415460 9.1610" 3 - (1-a)® 1564+124
(TG data) 2 225 24564836 5.8010% - 3 o’

respectively the vector v (the first column of V) for an
Arrhenius type temperature dependence.

The value of the explained variance, \, in Table 3, ex-
presses the contribution of two simultaneous steps to the
whole thermodegradation process, so that ¥ A\=100%. If
A<10%, we consider that the discussed step can be
neglected. From this point of view, there are significant dif-
ferences in the thermal behaviour of the three samples: only
cefadroxil seems to be thermodegradated into a single step,
whereas cephalexin and especially cefoperazone are
degradated by a process with two significant parallel steps.

Regarding the values of E,, by DSC data processing,
higher values were obtained in comparison with that
one from TG data. Probably, this is in connection with
the different kinetic models by DSC, respectively TG
data (see Table 3).

Concerning the mean values of E, (> AE,), the same rule
was observed, i.e. Cefoperazone < Cephalexin < Cefadroxil.

In order to elucidate the basic reactions of thermal deg-
radation of these active substances in oxidative atmosphere,
it was realised a study on identification and tracing of
evolving gaseous species from pure cephalosporins mono-
hydrate using coupled FTIR spectrometric gas cell as de-
tector connected to furnaces of thermal balances (TG-
FTIR). The components of released gaseous mixtures have

been monitored and identified mostly on the basis of their
FTIR spectra.

Arguments for a rapid thermooxidation of the molecule
were brought by EGA by identifying the substances which
arise from both the destruction of radicals and the destruc-
tion dihydrothiazine cycle. It was identifying three stages of
decomposition:  dehydration process; degradation of
dihydrothiazine ring, respectively further decomposition
with releasing of benzene, p-cresol, phenol, azine and N-
ethyl-formamide from the substituents [11,20,24].

Similarity of the EGA spectra is observed throughout
the analysed process; the wave numbers are identical
and they characterize the existence of the same com-
pounds which result from total breakdown of the initial
active substances.

The compounds that can be identified from the EGA
spectra are: water vapours (v=3750-3500 and 1900-1300
c¢m™b); carbon dioxide (v=2300-2250 and 750-600 cm™);
carbon sulphide (v=750-700 cm™); ethyl-formamide
(v=1680-1660 cm™ - stretching vibration C=O from
amide; 1560-1530 cm™ - stretching vibration N-H, re-
spectively C-N); azine (v=1615-1565 cm™ - stretching vi-
bration of C=N bond from aromatic cycle); phenol
(v=3550-3500 cm™ - stretching vibration of O-H phen-
olic bond). These data are systematized in Figure 5.

CEPHALEXIN

geievelnsdlicy “51’;

CEFADROXIL

HaN i

CEFOPERAZONE

‘EGA results

Benzene

p—Cresol

Azine; Phenol; N—substituted formamide

Figure 5 The connections between the structure of the three active substances and EGA results.
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These products identified from the EGA spectra are
according with the active substance’s skeleton and are dem-
onstrating a significant destruction of dihydrothiazine ring
(see carbon sulphide), but also of this ring’s substituents.
The most complicated cefoperazone, with the azine ring
and the sulphur bridge brings a low stability, whereas the
cefadroxil, with the extended conjugation on the phenolic
hydroxyl, exhibit the highest thermooxidative stability.

Conclusions

The simultaneous use of DSC and TG data for the kinetic
analysis coupled with evolved gas analysis (EGA) provided
us a more complete picture of the degradation of the three
cephalosporins.

It was possible to estimate kinetic parameters by using
three different kinetic methods and this allowed us to com-
pare the E, values obtained from different experimental
data, TG and DSC.

The thermodegradation being a complex process, the
both differential and integral methods based on the single
step hypothesis are inadequate for obtaining believable kin-
etic parameters. Only the modified NPK method allowed
an objective separation of the temperature, respective con-
version influence on the reaction rate and in the same time
to ascertain the existence of two simultaneous steps. The
observed order of E/s values, i.e. Cefoperazone << Cepha-
lexin < Cefadroxil is certainly in connection with the cepha-
losporin’s structure.

It was also shown that the use of TG data leads to lower
values for activation energy, respectively for Sestak-
Bergrren equation’s parameters. This aspect can be attrib-
uted to the fact that the TG data highlights only the mass
loss. Compared with the TG data, the use of DSC data to
determine the kinetic parameters allow the display of both
chemical and physical processes which leads to relatively
higher activation energy. Probably, this is also the reason of
the observed differences by the conversion functions.
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