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Abstract Thermal analysis is a routine method in the

solution of pharmaceuticals problems such as the control of

raw materials, to the determination of purity, to the qual-

itative and quantitative analysis of drug formulation, tests

of thermal stability and compatibility, the determination of

kinetic parameters, etc. The evaluation of thermal stability

in the solid state is mostly made by analyzing their

decomposition under isothermal and non-isothermal con-

ditions. The present work reports the study on the thermal

behavior of pentoxifylline—active substance and tablets,

respectively, the determination of the kinetic parameters

for the decomposition process under non-isothermal con-

ditions and in a nitrogen atmosphere at five heating rates:

2.5, 5, 7.5, 10 and 15 �C min-1. For the determination of

kinetic parameters from the TG/DTG curves, the following

differential methods were utilized: Friedman isoconver-

sional and Chang, respectively, integral methods: Flynn–

Wall–Ozawa, Kissinger–Akahira–Sunose, Li–Tang, and

Starink. Thermoanalytical curves showed that the active

substance is thermally more stable than the tablets. The

decrease in stability was attributed to the presence of

excipients.

Keywords Pentoxifylline � Thermal stability � Kinetic

study � TG/DTG � Non-isothermal conditions

Introduction

Pentoxifylline (PEX) is a tri-substituted xanthine derivative

designated chemically as 1-(5-oxohexyl)-3,7-dimethylxan-

thine that, unlike theophylline is a hemorrheologic agent

used for the treatment of peripheral disease and intermittent

claudication [1]. It improves blood flow through the

peripheral circulation by decreasing blood viscosity, inhib-

iting platelet aggregation, enhancing erythrocyte flexibility,

and diminishing fibrinogen concentration [2]. Besides this

well-known hemorheological properties, PEX has also been

found to exert a wide range of immunological activities [2]. It

has been reported that PEX disturbs polarization and

migration of human leukocytes [1, 3]. The structural for-

mulae of the pentoxifylline is the following.

Applying the thermal methods is very important for

solving pharmaceutical problems as getting the purity,

qualitative and quantitative analysis of the medicine for-

mulas, testing the stability and determining the kinetics

parameters.

Thermogravimetry (TG) and differential scanning cal-

orimetry (DSC) can be used in the pharmaceutical industry

as an analytic instrument of great importance, to identify

and test the purity of the active substances, with quick and
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efficient results. Also, DSC can be used to control the

quality of the raw materials used to obtain pharmaceutical

products [4–11].

The actual trend, of using the analytical techniques,

consists using combination of these (thermal and of other

nature: spectrophotometric first of all, gas-chromato-

graphic, titrimetric techniques), to obtaining superior

results and in the same time reducing the quantity of

material studied [12–15].

Reducing of the quantity of substance analyzed can be

done, with superior results, using methods based on the

relation between the reaction rate and the concentration of

some substances, methods known as kinetics methods.

The kinetic studies of one kind or another, some are

genuine and some are not, are widely utilized in the

characterization of thermally induced events in a variety of

materials. Such studies provide information that may be

useful for a variety of purposes particularly for compari-

sons within a series of similar materials, for quality control,

to predict suitable process conditions, or to project an

expected use lifetime [16–23].

A series of works, even recent ones, show encouraging

results regarding the evaluation of the thermal behavior of

pharmaceuticals products by the kinetic data obtained in

non-isothermal conditions [16–23].

In our previous papers, we provided the importance and

utility of the kinetic analysis in estimation on the thermal

behavior of different pharmaceuticals [24–27].

The aim of a kinetic investigation is to calculate the

kinetic parameters: the rate constant (k), the activation

energy (E), the pre-exponential factor (A) and reaction

order (n), respectively, to determine the kinetic model for

the studied process.

The methods proposed for the kinetic study of thermal

decomposition are commonly classified in model-fitting

and model-free methods. The kinetic analysis based on an

isoconversional method is frequently referred to as

‘‘model-free’’ because it is possible to obtain the apparent

activation energy (E) as a function of the conversion degree

(a) which has specific interest when the thermal decom-

position occurs in more than one step. Using an isocon-

versional method one does not obtain directly either the

reaction model or pre-exponential factor, but the effective

activation energy that tends to vary with the conversion

degree [28–33].

The model-free isoconversional methods are considered

as the most reliable ones, especially the Friedman method

[34], because of its theoretical and experimental advanta-

ges. By these methods, the overlapping reactions could be

detected looking at the dependence of the activation energy

on the conversion.

This paperwork studies the thermal behavior of pen-

toxifylline active substance (AS) and tablets, having as

purpose the evaluation of its thermal stability. Also, it was

effectuated the kinetic study through the thermal decom-

position, under non-isothermal conditions, for the active

substance.

Experimental

Materials

The substances examined by thermal analysis were: pen-

toxifylline—AS or PEX and pentoxifylline retard—tablet

or PEXR.

The AS was obtained from Sigma-Aldrich GmbH,

Germany, as pure compound, able to be used for medical

purposes. The pharmaceutical was obtained from Anti-

biotice Iaşi, Romania, containing different (qualitative and

quantitative) excipients like: lactose, talc, and magnesium

stearate.

Methods

TG/DTG/DTA experiments were performed with a Net-

zsch-STA 449 TG/DTA instrument in the temperature

range of 20–500 �C, using platinum crucibles with

&20 mg of samples under dynamic nitrogen atmosphere

(20 mL min-1) and the heating rates of 2.5, 5, 7.5, 10 and

15 �C min-1.

Results and discussion

Thermal behavior of pentoxifylline

Some of the thermal curves of the pentoxifylline—PEX

and PEXR, obtained under dynamic temperature conditions

at heating rate of 10 �C min-1 and a nitrogen atmosphere,

are presented in Figs. 1 and 2.

The TG/DTG curves of the AS show one clear step of

mass loss. The large mass loss took place in the domain

range of 250–475 �C with a mass loss of 81.2 % which

corresponds to the decomposition process of the PEX

(Tpeak DTG = 390.6 �C).

The DTA curve presents a first strong event at 108.7 �C,

which corresponds to the melting process of the PEX. The sec-

ond peak, broad and strong, of endothermic nature, corresponds

to the decomposition process with Tpeak DTA = 390.6 �C.

The Fig. 2 shows the thermoanalytical curves of the

commercial pharmaceutical product using the same

experimental conditions in relation to active substance.

The TG/DTG curves indicate the existence of a complex

process of decomposition, which comprises three stages,

with the following temperature ranges: 125.2–150.3 �C
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(Dm = 1.04 %; Tpeak DTG = 138.5 �C); 205.7–275.2 �C

(Dm = 7.66 %; Tpeak DTG = 249.8 �C) and 275.2–500 �C

(Dm = 70 %; Tpeak DTG = 368.5 �C). Practically, the

thermal decomposition begins at 205 �C and the mass lost

total is of 78.7 %.

The DTA curve confirms the complex nature of the

thermal decomposition of PEXR by the four peaks

of endothermic nature. The first peak, broad and

relatively strong, in the temperature range 95.2–136.3 �C

(Tpeak DTA = 118.3 �C) corresponds to simultaneous pro-

cesses: the melting and probably one deshydratation of

excipients.

The following two peaks, in the temperature range:

136.3–166.7 �C (Tpeak DTA = 142.2 �C) and 205.7–261.1 �C

(Tpeak DTA = 254.8 �C), are relatively broad and of reduced

intensity. The last peak, very broad and strong, in the
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temperature range 275.2–405.9 �C (Tpeak DTA = 371.6 �C),

corresponds to the principal process of decomposition.

The different thermal profile of the PEXR curves in

comparison with PEX, respectively, the difference between

the values of the temperature intervals of decomposition and

those of the endothermal peaks are due to the presence of the

excipients and to the possible interactions of these ones with

the AS, phenomena which happens to other drugs too.

Decreasing temperatures Tonset, respectively, Tpeak DTG(DTA)

for thermal decomposition of pentoxifylline tablets, as com-

pared to the pentoxifylline—AS indicates a higher thermal

stability of this.

Kinetic analysis

Also, the thermal stability was characterized using the

kinetic parameters, on the basis of the kinetic study per-

formed under non-isothermal conditions, which sustained

the present facts.

The kinetic parameters were determined from the

TG/DTG curves, using the differential method, Friedman

isoconversional (Fd) [34] and Chang [35], respec-

tively, integral methods, Flynn–Wall–Ozawa (FWO)

[36, 37], Kissinger–Akahira–Sunose (KAS) [38, 39],

Li–Tang (LT) [40] and Starink (St) [41].

From the equation of reaction rate:

da
dt
¼ kðTÞf að Þ ¼ Aexp � E

RT

� �
f að Þ ð1Þ

for non-isothermal conditions da/dt is replaced with

bda/dT:

b
da
dT
¼ Aexp � E

RT

� �
f að Þ ð2Þ

where a is the conversion degree, t—time, f(a)—reac-

tion model, T—temperature, b—heating rate.

The isoconversional Friedman method is based on the

equation:

ln b
da
dT

� �
¼ ln Af að Þ½ � � E

RT
ð3Þ

In order to evaluate the activation energy more

precisely, the term ln (da/dT) was obtained by numerical

derivation of the curve a versus T with respect to T and

subsequent taking logarithms.

For a = constant and using various heating rates, the

plot ln (bda/dT) versus (1/T) is linear (Fig. 3). The values

of the activation energy as obtained from the slopes of the

straight lines are listed in Table 1.

The values of the activation energy (E) obtained by the

five methods are in good agreement, and the weak variation

of E with a, together with the profile of thermoanalytical

curves, indicates a complex process for decomposition of

melt active substance, in condensed phase.

The general equation of the reaction rate for non-iso-

thermal conditions at constant heating rate is generally

written as:

gðaÞ ¼ AE

Rb
pðxÞ ð4Þ

where g(a)—the conversion integral, p(x)—the tempera-

ture integral, x = E/(RT).

Many approximations of the temperature integral

p(x) have been suggested in the literature and as a conse-

quence, many more or less accurate methods appeared for

the activation energy analysis. All these methods involve

the plot of a logarithmic function (which depends on the
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approximation for the temperature integral used) versus

1/Ta. The general equation is:

ln
b
Tk

a

¼ �B
Ea

RTa
þ C ð5Þ

where k is a constant depending on the approximation of

the temperature integral employed, B and C are constants

and the subscript a designates values related to a given

extent of conversion.

Four of the linear integral isoconversional methods,

considered in the literature the most accurate, were used in

this article.

Flynn–Wall–Ozawa (FWO) method

The FWO method is based on Doyle’s approximation for

the temperature integral, p(x) = exp(-1.052x - 5.331).

For this method, k = 0 and for constant conversion a, the

general linear Eq. (5) becomes:

ln b ¼ �1:052
Ea

RTa
þ C ð6Þ

Using the FWO method, the activation energies were

calculated from the slope of the linear fitted function of

ln b versus 1/Ta (Fig. 4). The values of the activation

energy (Ea) are included in Table 1.

Kissinger–Akahira–Sunose (KAS) method

The KAS method is based on the approximation

p(x) = exp(-x/x2) for the temperature integral. In this

case, at constant conversion a, the general linear Eq. (5)

leads to Eq. (7) (k = 2):

ln
b
Tk

a
¼ � Ea

RTa
þ C ð7Þ

For a = constant, the activation energies were

determined from the slope of the linear fitted function of

ln (b/Ta
2) versus 1/Ta (Fig. 5), and the values obtained are

presented in Table 1.

Li–Tang (LT) method

The approximation proposed by LT for the temperature inte-

gral is: -ln p(x) = 0.37774 ? 1.89466 ln x - 1.00145x. For

this method (k = 1.89466) and at constant conversion a, the

general linear Eq. (5) becomes:

ln
b

T1:89466
a

¼ �1:00145
Ea

RTa
þ C ð8Þ

For a = constant, the values of E (Table 1) were

determined from the slope of the linear fitted function of

ln (b/Ta
1.89466) versus 1/Ta.T
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Table 2 The verified functions of conversion, the values of regression coefficient and activation energy for active substance

Function f(a) b/

�C min-1
Value of r2, n, ln A/s-1 and E/kJ mol-1 ðx� SxÞ

2.5 5 7.5 10 15

An ¼ nð1� aÞ½� lnð1� aÞ�ðn�1Þ=n

(Avrami–Erofeev equation)

r2 0.9312 0.8682 0.9301 0.8991 0.8645

E -403.74 -415.71 -414.89 -409.1 -410.11

ln A – – – – –

n 10.3 13.0 12.2 10.8 12.2

Fn ¼ ð1� aÞn

(reaction order model)

r2 0.9872 0.9907 0.9909 0.9891 0.9901

E 153.0 ± 1.4 152.7 ± 1.9 151.9 ± 1.8 152.1 ± 1.6 154.2 ± 1.5 152.8 ± 0.9

ln A 17.4 ± 0.9 17.6 ± 0.9 16.8 ± 0.4 17.1 ± 0.6 17.9 ± 0.9 17.4 ± 0.4

n 1.231 ± 0.041 1.242 ± 0.039 1.261 ± 0.033 1.279 ± 0.031 1.272 ± 0.042 1.257 ± 0.064

Pn ¼ naðn�1Þ=n

(power law equation)

r2 0.8012 0.8402 0.8612 0.8019 0.7959

E -780 -809 -820 -819 -839

ln A – – – – –

n 8.1 8.8 8.5 8.3 8.7
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Starink (St) method

The approximation suggested by St for the temperature

integral is: pðxÞ ¼ exp
ð�1:0008x�0:312Þ

x1:92 . In this case, k = 1.92

and at constant conversion a, the general linear Eq. (5)

becomes:

ln
b

T1:92
a

¼ �1:0008
Ea

RTa
þ C ð9Þ

Using the Starink method, the values of Ea were

calculated from the slope of the linear fitted function of

ln (b/Ta
1.92) versus 1/Ta and are included in Table 1.

For LT and St methods, which rely basically on the

same general equation, with very few exceptions, we have

not included graphical representations (practically identical

to Fig. 5), only the values of Ea (Table 1).

From the Eq. (1), by logarithmation it is obtained the

equation corresponding to the Chang’s method:

ln
da=dt

f að Þ

� �
¼ ln A� E

RT
ð10Þ

where a is the conversion degree, t—time, f(a)—reaction

model, T—temperature.

The different differential functions f(a) were substituted in

Eq. (10) and the relations were linearized therefore obtaining

three–parametric linear equations: z = a ? bx ? cy.

The use of TableCurve3D Software can determine the

kinetic triplet (E, ln A, n) through the estimation of the

three parameters: a, b, c.

For different f(a), the most probable to describe the

kinetic model, it was calculated the regression coefficient.

Based on this values and also because of the activation

energy’s sign (the activation energy must have physical

sense), it was chosen the function: f(a) = (1 - a)n, which

represents the reaction order model, and n = 1/2 (Table 2).

From the graphic representation on the experimental data

(Fig. 6), the values of E, A and n were determined

(Table 2).

The value of activation energy determined by Chang

method is in agreement with the values presented in

Table 1.

According to the values presented in Table 2 (in which

the mean for n is 1.257 ± 0.064), it was not observed a

significant variation of the reaction order versus tempera-

ture of reaction, and according to Sbirrazzuoli et al. [42],

this denotes the presence of a process which takes place in

a single step.

Regarding the physical meanings of kinetic parameters,

the values of E showed a relatively lower thermal stability

of the PEX, considering that &65 % of the values of

E found in the literature are in the 100–230 kJ mol-1

range [43].

The values of n (1.257), respectively, A (&3.6 9 107 s-1)

in the range 105–1018 s-1, indicate that the kinetic model

corresponds to the reaction order model, which agrees with an

homogenous decomposition of purely condensed phase (the

case of PEX decomposition in molten phase) [44, 45].

It is known that the thermal decomposition of drugs is a

complex process which tends to proceed in several stages

with different rates. Within this complex process, com-

petitive, consecutive and parallel reactions could occur. For

PEX decomposition, the competitive reactions can be

excluded because the total mass lost for the five heating

rates is the same.

Conclusions

There was performed a thermal study about the thermal

behavior of pentoxifylline and its pharmaceutical form,

respectively, the kinetic determinations under non-iso-

thermal conditions for the pentoxiphylline active

substance.

There have been observed differences between the

thermal curves of the pure compound and those of the

pharmaceutical product, due to the presence of the excip-

ients in drug and to the possible interactions with the active

substance.

By comparison of the thermal curves, it was revealed the

complex behavior and the lower thermal stability of pen-

toxifylline—drug compared with the active substance,

because the reason is already mentioned.

The values of the kinetic parameters, determined with dif-

ferential and integral methods, are in fairly good agreement,

they are situated in a narrow range (E = 152–156 kJ mol-1;
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ln A & 17 s-1) and this fact indicates the correctness of the

applied methods.

The concordance of the values for the kinetic parame-

ters determined and the mode of dependence of the acti-

vation energy as against the conversion degree show the

fact that the thermal decomposition process of the PEX is

relatively complex, with simultaneous and/or successive

reactions.

The kinetic study through values of kinetic parameters

(especially E) can be used in the preformulation and pro-

duction steps for quality control of medicines.
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2009;60:419–23.
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(Bucureşti). 2011;62:31–6.

28. Ortega A. A simple and precise linear integral method for iso-

conversional data. Thermochim Acta. 2008;474:81–6.

29. Chrissafis K. Kinetics of thermal degradation of polymers.

Complementary use of isoconversional and model-fitting meth-

ods. J Therm Anal Calorim. 2009;95:273–83.

30. Saha B, Maiti AK, Ghoshal AK. Model-free method for iso-

thermal and non-isothermal decomposition kinetics analysis of

PET sample. Thermochim Acta. 2006;444:46–52.

31. Dickinson CF, Heal GR. A review of the ICTAC kinetics project,

2000: part 1. Isothermal results. Thermochim Acta. 2009;494:

1–14.

32. Dickinson CF, Heal GR. A review of the ICTAC kinetics project,

2000: part 2. Non-isothermal results. Thermochim Acta.

2009;494:15–25.

33. Budrugeac P. Differential non-linear isoconversional procedure

for evaluating the activation energy of non-isothermal reactions.

J Therm Anal Calorim. 2002;68:131–9.

34. Friedman HL. New methods for evaluating kinetic parameters

from thermal analysis data. J Polym Sci. 1965;6C:183–7.

35. Chang WL. Decomposition behavior of polyurethanes via

mathematical simulation. J Appl Polym Sci. 1994;53:1759–69.

36. Flynn JH, Wall LA. A quick direct method for determination of

activation energy from thermogravimetric data. J Polym Sci B.

1996;4:323–8.

37. Ozawa T. A new method of analyzing thermogravimetric data.

Bull Chem Soc Jpn. 1965;38:1881–6.

298 B. Tita et al.

123



38. Kissinger HE. Reaction kinetics in differential thermal analysis.

Anal Chem. 1957;29:1702–6.

39. Akahira T, Sunose T. Method of determining activation deteri-

oration constant of electrical insulating materials. Res Rep Chiba

Inst Technol (Sci Technol). 1971;16:22–7.

40. Li RC, Tang BT. A new method for analysing non-isothermal

thermoanalytical data from solid state reactions. Thermochim

Acta. 1999;325:43–6.

41. Starink MJ. The determination of activation energy from linear

heating rate experiments: a comparison of the accuracy of iso-

conversion methods. Thermochim Acta. 2003;404:163–76.

42. Sbirrazzuoli N, Vincent L, Vyazovkin S. Comparison of several

computational procedures for evaluating the kinetics of thermally

stimulated condensed phase reactions. Chemom Intell Lab Syst.

2000;54:53–60.

43. Galwey KA. Magnitudes of Arrhenius parameters for decompo-

sition reactions of solids. Thermochim Acta. 1994;242:259–64.

44. Genieva DS, Vlaev TL, Atanassov NA. Study of the thermo-

oxidative degradation kinetics of poly(tetrafluoroethene) using

iso-conversional calculation procedure. J Therm Anal Calorim.

2010;99:551–61.

45. Vlaev TL, Georgieva GV, Gospodinov GG. Kinetics of isother-

mal decomposition of ZnSeO3 and CdSeO3. J Therm Anal Cal-

orim. 2005;79:163–8.

Thermal stability of pentoxifylline 299

123


	Thermal stability of pentoxifylline: active substance and tablets
	Part 1. Kinetic study of the active substance under non-isothermal conditions
	Abstract
	Introduction
	Experimental
	Materials
	Methods

	Results and discussion
	Thermal behavior of pentoxifylline
	Kinetic analysis
	Flynn--Wall--Ozawa (FWO) method
	Kissinger--Akahira--Sunose (KAS) method
	Li--Tang (LT) method
	Starink (St) method

	Conclusions
	References


