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Abstract Simultaneous thermoanalytical techniques

were used for the characterization of the thermal decom-

position of ketoprofen—active substance and tablets. DTA

and DSC curves showed that ketoprofen melts before the

decomposition. A kinetic study regarding the ketoprofen—

active substance’s thermal decomposition was performed

under non-isothermal conditions and in a nitrogen

atmosphere at five heating rates: 2.5, 5, 7.5, 10 and

15 �C min-1. The kinetic parameters of thermal decom-

position process were obtained from TG/DTG curves using

the following differential methods: Friedman isoconver-

sional, Chang, respectively, integral methods: Flynn–Wall–

Ozawa, Kissinger–Akahira–Sunose, Coats–Redfern and

Madhusudanan. The careful treatment of the kinetic

parameters obtained in certain thermal conditions was

confirmed to be necessary as well as a different strategy of

experimental data processing.
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Introduction

Ketoprofen 2-(3-benzoylphenyl)-propionic acid, with the

formula:

O

OH

O

is a non-steroidal anti-inflammatory drug (NSAID), ther-

apeutically used in inflammatory and painful diseases of

rheumatic and non-rheumatic origin.

The anti-inflammatory activity of NSAIDs and most of

its other pharmacological effects are related to the inhibi-

tion of the conversion of arachidonic acid to prostaglan-

dins, which are mediators of the inflammatory process.

Ketoprofen is a potent inhibitor of cyclo-oxygenase

(COX-1 and COX-2) in vitro and in vivo, thereby

decreasing the synthesis of prostaglandins, prostacyclin

and thromboxane products. Inhibition of the COX-2 system

results in anti-inflammatory action, whilst inhibition of the

COX-1 enzyme system results in anti-inflammatory action

as well as gastric irritation [1–5].

The thermal analysis is a routine method applied for drugs

characterization and it is useful in the preformulation stage in

the development of solid dosage forms. Research in thermal

decomposition of drugs is of great interest in developing new

products since it is often necessary to predict degradation

rates at marketing temperatures from collected data on

accelerated processes studied at elevated temperatures.

Thermal analytical techniques, such as thermo-

gravimetry/derivative thermogravimetry (TG/DTG) and
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differential scanning calorimetry (DSC) techniques, provide

important information regarding the physical properties of

the pharmaceutical compounds (purity, polymorphism,

thermal stability, compatibility, kinetic analysis, etc.) [6–11].

Thermogravimetry is an analytical, quantitative and

comparative method, capable of producing fast and

reproducible results. It can be used in the quality control of

drugs, with a view to the improvement of the final product

and for the determination of drug quality via technological

parameters [12–15].

Differential scanning calorimetry, which is frequently

used instead of the DTA, can be used in pharmaceutical

research as an analytical tool of great importance for the

identification and purity testing of active drugs and espe-

cially to elucidate the miscibility/incompatibility with its

effects on thermal stability, yielding results rapidly and

efficiently [7, 16–19].

The thermal stability is a very important factor since the

determination of the temperature range in which a certain

medicine substance (drug) is stable regarding its structure,

as well as its pharmaceutical action is crucial for stocking

drugs, for its technological transformations and for the

obtaining technology of the right formulas.

Thermal behaviour of the substances can also be char-

acterized by the kinetic analysis. One main purpose of the

kinetic analysis of solid decomposition is to determine

reaction mechanism(s) and to calculate Arrhenius param-

eters. There are two ways to do this, using either isothermal

or non-isothermal kinetic analysis, each category of

methods having advantages and disadvantages in the

determination of kinetic parameters [20–25].

In our previous articles we provided the importance and

utility of the kinetic analysis in estimation on the thermal

behaviour of different pharmaceuticals [26–30].

Thermogravimetry, during which the change of mass of

a sample heated at constant rate is recorded and plotted

versus temperature, is an effective method of studying

thermal stability and for determining the kinetic parameters

of the decomposition of drugs and medicines [31–33].

In this article, thermoanalytical techniques were used to

study thermal behaviour of ketoprofen, active substance

and tablets, respectively, kinetic analysis of the active

substance under non-isothermal (dynamic) conditions.

Experimental

Materials

The substances examined by thermal analysis were:

– ketoprofen—active substance (AS)

– ketoprofen—tablets (M) or drug.

The active substance was obtained from Terapia S.A./

Ranbaxy, Cluj-Napoca, Roumania as pure compound, able

to be used for medical purposes. The pharmaceuticals

(tablets) were commercial products, containing different

excipients like: starch, colloidal silicon dioxide, talc, citrate

of triethyl, microcrystalline cellulose, magnesium stearate,

povidone, lactose monohydrate, etc.

Methods

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

zsch-STA 449 TG/DTA instrument in the temperature

range 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.

Differential scanning calorimetry curves were recorded

with a Netzsch differential scanning calorimeter, model

DSC-204, using aluminium crucibles with samples of

3 mg, under dynamic nitrogen atmosphere (50 mL min-1)

and a heating rate of 10 �C�min-1, up to a temperature of

500 �C.

Results and discussions

Thermal behaviour of ketoprofen

Some of the thermal curves of the two substances, obtained

under dynamic temperature conditions at heating rate of

10 �C min-1 and a nitrogen atmosphere, are presented in

Figs. 1, 2 and 3.

The DTA curve of active substance (Fig. 1) shows an

endothermic sharp event between 89.4 and 128.6 �C indi-

cating the melting (Tpeak = 96.8 �C), which corresponds to

the values indicated in the literature (94–97 �C). In this

temperature range the TG/DTG curves did not show mass

loss.

The second broad event, observed in DTA curve was

also an endothermic one which corresponds to the thermal

decomposition process. This is confirmed by TG/DTG

curves that indicate thermal decomposition in the following

temperature range and mass loss: 235–400 �C (Dm =

86%). For the decomposition process the thermal curves

indicate the following temperatures of the peaks:

DTGpeak = 361.4 �C; DTApeak = 365 �C. The DTA data

combined with TG allow evidencing a thermal stability of

ketoprofen active substance up to 235 �C.

Also, the DSC curve (Fig. 2) confirms the purity of

ketoprofen AS by a sharp endothermic peak at 96.7 �C

that corresponds to melting followed by thermal decom-

position.
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The Fig. 3 shows the TG/DTG and DTA curves of the

commercial pharmaceutical product using the same

experimental conditions in relation to active substance with

a different thermal profile caused by the presence of ex-

cipients and the possible interaction of them.

The DTA curve shows two endothermic events

(Tpeaks = 94.8 and 145.6 �C), which are due to melting,

respectively, to lactose dehydration. The third endothermic

event, Tpeak = 209.5 �C, corresponds to the melting of

lactose which stabilizes the ketoprofen.
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TG/DTG curves indicate that thermal decomposition of

the ketoprofen tablets takes place in different temperature

ranges causing the respective mass losses: Dm1 = 2.6%

(DTGpeak = 55.2 �C) and Dm2 = 1.7% (DTGpeak =

144.1 �C) corresponding to excipient dehydration: micro-

crystalline cellulose [34, 35], magnesium stearate [36, 37]

and lactose monohydrate [38, 39], Dm3 = 9.1% (DTGpeak

= 224.2 �C) and Dm4 = 62.6% characterized by a broad

endothermic peak (DTGpeak = 289.5 �C) with two right

shoulders (DTGpeaks = 322.1 and 367.1 �C).

The melting of lactose is followed by the decomposition

of this (DTGpeak = 224.2 �C) and the main process of the

decomposition takes place in the temperature range

257.8–475 �C. This is a complex process because the

decomposition of ketoprofen tablets is accompanied by the

decomposition of some excipients as starch and magne-

sium stearate.

Over 400 �C, respectively, 475 �C, the TG/DTG curves

indicate a slow and continuous mass loss caused by ele-

mentary carbon formation from the previous steps, as a

consequence of the rupture of the aromatic ring.

Kinetic analysis

Also, the thermal stability was characterized by 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, the rate constant (k), the acti-

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

reaction order (n) were determined from the TG/DTG

curves, by using the differential methods, Friedman iso-

conversional (Fd) [23] and Chang [30], respectively,

integral methods, Flynn–Wall–Ozawa (FWO) [40], Kis-

singer–Akahira–Sunrose (KAS) [24], Coats–Redfern (CR)

[24] and Madhusudanan (Md) [41].

From the equation of reaction rate:

da
dt
¼ kðTÞ � f ðaÞ ¼ A � exp � E

R � T

� �
� f að Þ ð1Þ

for non-isothermal conditions da/dt is replaced with bda/

dT, where b is the heating rate, giving:

b � da
dT
¼ A � exp � E

R � T

� �
� f að Þ ð2Þ

The isoconversional Friedman method is based on the

equation:

ln b � da
dT

� �
¼ ln A � f að Þ½ � � E

R � T ð3Þ

In order to evaluate the activation energy more

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

derivation of the curve a vs. T with respect to T and

subsequent taking logarithms.

For a = constant and using various heating rates, the

plot ln(bda/dT) vs. (1/T) is linear (Fig. 4). The values of the

activation energy as obtained from the slopes of the straight

lines are listed in Table 1.

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

thermal conditions at constant heating rate is generally

written as:

gðaÞ ¼ A � E
R � b � pðxÞ ð4Þ

where g(a) is the conversion integral and p(x) is the tem-

perature integral.

From the general equation, Eq. 4, using Doyle’s approx-

imation [24]:

pðxÞ ¼ expð�1:052 � x� 5:331Þ ð5Þ

the equation corresponding to the Flynn–Wall–Ozawa’s

isoconversional method was obtained:

ln b ¼ ln
A � E

R � g að Þ � 1:052 � E

R � T � 5:331 ð6Þ
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Fig. 4 Friedman’s plot for ketoprofen at different heating rates

Table 1 Values of the activation energy obtained by the Friedman (Fd), Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS)

methods for active substance

Method E/kJ mol-1, for conversion degree, a

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Main

FR 85.1 ± 1.5 86.8 ± 1.3 84.0 ± 1.1 83.9 ± 1.4 86.1 ± 1.2 84.1 ± 1.4 77.5 ± 0.8 78.0 ± 0.8 77.2 ± 0.9 82.5 ± 3.4

FWO 85.2 ± 0.9 81.6 ± 0.7 77.5 ± 0.6 79.8 ± 0.8 79.7 ± 0.6 80.9 ± 1.0 79.1 ± 0.9 80.6 ± 1.1 85.2 ± 1.1 81.1 ± 2.6

KAS 75.1 ± 0.4 72.1 ± 0.4 72.8 ± 0.5 75.1 ± 0.7 74.9 ± 0.6 76.1 ± 0.7 74.1 ± 0.5 75.6 ± 0.4 76.1 ± 0.3 74.6 ± 1.6
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This method is based on the measurement of the adequate

temperature to certain values of the conversion a, for

experiments effectuated to different rates of heating b.

The plot ln b vs. (1/T) is linear (Fig. 5). From the slopes

of the straight lines (-E/R), the values of the activation

energy (E) were obtained (Table 1).

The Kissinger–Akahira–Sunose method, sometimes

called the generalized Kissinger method, is one of the best

isoconversional methods and it is based on the equation:

ln
b
T2

a

� �
¼ ln

A � R
E � gðaÞ �

E

R � Ta
ð7Þ

This method utilizes the adequate temperatures (Ta) to

certain values of the conversion a for experiments effec-

tuated to different rates of heating, b.

From the slopes of the straight lines obtained by the

graphic representation of the ln b
�

T2
a

� �
vs. (1/Ta), the

activation energy was determined. The values of kinetic

parameters determined by means of the integral methods

are presented in Table 1.

The values obtained by the three methods are in

good agreement and the weak variation of E vs. a

indicates a single reaction mechanism for the decomposi-

tion processes.

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

equation corresponding to the Chang’s method:

ln
da=dt

f ðaÞ

� �
¼ ln A� E

R � T ð8Þ

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

reaction model and T is the temperature.

The different differential functions f(a) were substituted in

Eq. 8 and the relations were linearized, therefore, obtaining

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

The use of TableCurve3D Software (http://www.sig

maplot.com/products/tablecurve3d/tablecurve3d.php) can

determine the kinetic triplet (E, ln A, n) through the esti-

mation 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).

As shown in Table 1, for 0.1 B a B 0.9, the activation

energy’s values fluctuate around the average values of:

(82.5 ± 3.6), (81.1 ± 2.6) and, respectively, (74.6 ± 1.5)

kJ mol-1, and they are in fair good agreement with the

value obtained with the Chang method (Table 2).

For the kinetic model, f(a) = (1 - a)n, mentioned to the

Chang method, and frequently met in the decomposition of

the drugs, the method Coats–Redfern uses the following

equations:
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Fig. 5 The Flynn–Wall–Ozawa isoconversional diagrams

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 and E/kJ mol-1 ðx� SxÞ

2.5 5 7.5 10 15

An = n � (1 - a) �
[ - ln(1 - a)](n-1)/n

(Avrami–Erofeev equation)

r2 0.9212 0.9191 0.9031 0.9008 0.9341

E -23.11 -35.93 -41.22 -35.09 -45.01

ln A – – – – –

n 1.80 1.00 1.21 2.31 1.89

Fn = (1 - a)n

(reaction order model)

r2 0.9775 0.9897 0.9899 0.9793 0.9906

E 73.6 ± 0.4 75.1 ± 0.5 75.3 ± 0.6 74.9 ± 0.3 76.8 ± 0.7 75.1 ± 1.2

ln A 13.1 ± 0.4 13.7 ± 0.3 14.9 ± 0.6 16.0 ± 0.6 14.1 ± 0.5 14.4 ± 1.1

n 0.588 ± 0.017 0.541 ± 0.016 0.515 ± 0.011 0.590 ± 0.014 0.533 ± 0.015 0.553 ± 0.033

Pn = n � a(n-1)/n

(power law equation)

r2 0.9011 0.9372 0.9219 0.9581 0.9413

E -1320 -1392 -1225 -1290 -1309

ln A 4.3 6.3 6.7 6.0 5.7

n 2.3 2.6 2.9 3.3 2.7
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for n ¼ 1 log
� ln ð1� aÞ

T2

� �
¼ log

A � R
b � E �

E

2303 � R � T
ð9Þ

for n 6¼ 1 log
1�ð1� aÞ1�n

T2 � ð1� nÞ

" #
¼ log

A �R
b �E�

E

2303 �R �T

ð10Þ

The graphic representation of the left side versus 1/

T leads to a straight line for n = 1/2 (Fig. 7) and from the

slopes and the intercepts of the straight lines, the values of

E and A were obtained. The rate constant (k) was calculated

by the Arrhenius equation, the temperature utilized was the

temperature which corresponds to the maximum of the

decomposition (Tb2.5 = 588 K, Tb5 = 607 K, Tb7.5 =

620 K, Tb10 = 631 K and Tb15 = 637 K). The values of

the kinetic parameters are presented in Table 3.

A similar method to Coats–Redfern one is the Madhu-

sudanan method which uses the following equations:

for n ¼ 1 ln
� lnð1� aÞ

T1:9206

� �

¼ ln
A � R
b � E þ 0:02� 1:9206 � ln E

R
� 0:1204 � E

R � T
ð11Þ

for n 6¼ 1 ln
1� ð1� aÞ1�n

T1:9206 � ð1� nÞ

" #

¼ ln
A � R
b � E þ 3:7678� 1:9206 � ln E

R
� 0:1204 � E

R � T
ð12Þ

The values of E, A and k were determined in the same

mode as for the Coats–Redfern method and these values

are presented in Table 3.

For ketoprofen—active substance, the values of kinetic

parameters determined by means of the integral methods

are in fair good agreement between them, respectively,

with the values determined by means of the differential

methods.

As been mentioned, thermoanalytical curves corre-

sponding to the ketoprofen tablets indicate the existence of

a complex decomposition process because of the presence

and of the excipients’ possible interactions. This leads to

the impossibility of assignment of the values to the kinetic

parameters which range in a broad interval

(E = 77–224 kJ mol-1; ln A = 15–31 min-1) of a partic-

ular process; because of this, the assignment would be

inaccurate and lack scientific support.

chang_kt.xls: (1)Chang, x = 1/T; y = In(1–a); z = In(da/dt)
Rank 26 Eqn 1   z = a + bx + cy

Fstat = 1563.9428

r2 = 0.9775 DF Adj r2 0.9765  FitStdErr = 0.00626

a = 13.08375 b = –8854.2223 c = 0.58803
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Fig. 6 Chang 3D representation for ketoprofen—active substance
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Fig. 7 The graphic representation for Coats–Redfern method

(b = 2.5 K min-1)

Table 3 Kinetic parameters obtained by methods of Coats–Redfern (CR) and of Madhusudanan (Md) for active substance

Method The kinetic parameters b/�C min-1 Main

2.5 5 7.5 10 15

CR E/kJ mol-1 71.2 ± 0.9 74.6 ± 0.8 72.7 ± 0.6 73.3 ± 0.8 73.2 ± 0.7 73.0 ± 1.7

ln A/min-1 12.8 ± 0.3 13.2 ± 0.5 13.8 ± 0.4 13.7 ± 0.5 14.5 ± 0.4 13.5 ± 0.9

k/s-1 0.171 0.206 0.738 0.762 1.971

Md E/kJ mol-1 72.3 ± 0.7 74.0 ± 0.6 73.6 ± 0.8 73.9 ± 0.8 74.8 ± 0.7 73.7 ± 1.6

ln A/min-1 13.4 ± 0.3 13.7 ± 0.4 14.3 ± 0.3 14.2 ± 0.4 14.6 ± 0.5 14.0 ± 0.8

k/s-1 0.249 0.338 1.022 1.120 1.607
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Conclusions

There was performed a thermal study (thermal behaviour

and kinetic determinations) under non-isothermal condi-

tions for the ketoprofen—active substance and their phar-

maceutical form.

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 due to the possible interactions with the

active substance.

The study of thermal behaviour of the two ketoprofen

samples evidenced that the presence of excipients increases

the thermal stability of this drug. It is shown by rather

higher decomposition temperatures and larger decomposi-

tion ranges. This behaviour is confirmed through the

kinetic study that indicated lower values of activation

energy for the standard sample (active substance). By the

values of kinetic parameters, the kinetic study shows a

weak thermal stability of ketoprofen—active substance.

The values of the kinetic parameters, determined with

differential and integral methods, are in fair good agree-

ment, and they are situated in a narrow range

(E = 73–82 kJ mol-1; ln A = 13.5–14.4 min-1) and this

fact indicates the correctness of the applied methods.

The concordance of the values for the kinetic parameters

determined and the mode of dependence of the activation

energy as against the conversion degree show the fact that

the thermal decomposition process of the ketoprofen active

substance is indeed an unitary process, but relatively

complex in the case of ketoprofen tablets.

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, together

with the melting point which characterizes their purity.
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