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Abstract The thermal vaporization kinetics of Schiff’s base was studied by thermogravimetry (TG)

and differential thermal analysis (DTA) techniques using non-isothermal conditions. The kinetic

parameters were calculated under model-free (Friedman’s, Kissinger–Akahira–Sunose (KAS) and

Flynn–Wall–Ozawa (FWO) methods) and model-fitting (Coats–Redfern, CR) methods. The results

of the Friedman’s isoconversional analysis of the TG data suggest that the investigated vaporization

process follows a single-step reaction. Based on the obtained results, the mass loss is caused mainly

by vaporizations and not by decomposition. The most probable kinetic model for vaporization of

the compound is P2 (power law).
ª 2011 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.
1. Introduction

Schiff bases are nitrogen donor ligands ð–CH@ €N–Þ that form
complexes by donating an electron pair to a metal atom in the
formation of coordination compounds. Schiff bases have
found wide applications in the field of coordination chemistry

(Sallam, 2006), biological processes (Snatos et al., 2005), sev-
eral enzymes (Clarkson and Basolo, 1973), microcalorimetry
(Li-Xia et al., 2006), cytotoxic (Tarafder et al., 2002), insulin
mimetic agents (McNeill et al., 1992), anticonvulsant (Panc-

hagnula et al., 2004), antiproliterative (Vicini et al., 2003), anti-
fungal activities (Pignatello et al., 1974), transport of oxygen in
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mammalian and other respiratory systems (Singh et al., 2010).
Few Schiff’s bases are prepared, characterized and determined
the kinetic parameters of chitosan with salicylaldehyde

(Guinesi and Cavalheiro, 2006), trans 1,2-cyclohexadiamine
with salicylaldehyde (Aranha et al., 2007) and 4-aminoanti-
pyridine with 2-aminophenol (Mohamed et al., 2009). Litera-
ture data show that no work has been reported on thermal

decomposition of anil at different heating rates (10, 15 and
20 K min�1) under non-isothermal condition in nitrogen
atmosphere.

2. Experimental

2.1. Preparation of anil

Anil was prepared by refluxing equimolar quantities of benzal-
dehyde and aniline in alcohol for about 1–2 h. The resulting
solution was cooled and poured into cold water. The precipi-
tated anil was filtered off, washed with cold ethanol and dried.

It was recrystallized from alcohol. The purity of anil was
ier B.V. All rights reserved.
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checked by melting point and FT-IR spectrum (m.p. 53 �C, lit.
54 �C), microanalysis; Found %C: 86.10, %H: 6.02, %N: 7.68;
Calculated %C: 86.18, %H: 6.07, %N: 7.73.

2.2. Measurements

Elemental analysis was performed on a Carlo Analyzer at Cen-
tral Drug Research Institute (CDRI), Lucknow, India. FT-IR

spectrum was recorded in a KBr-pellet on an Avatar-330 spec-
trometer (with resolution 2 cm�1). The simultaneous TGA and
DTA curves were obtained with the thermal analysis system

model Perkin Elmer TAC 7/DX Thermal Analysis Controller
TAC-7. The TG and DTA analyses of anil were carried out
under static nitrogen atmosphere (100 mL min�1), in an

alumina crucible with sample mass around 10 mg with heating
rates of 10, 15 and 20 K min�1 from 308 to 973 K. The kinetic
parameters Ea and ln A were calculated using Microsoft�

Excel 2007� Software. The sample temperature, which is

controlled by a thermocouple, did not exhibit any systematic
deviation from the preset linear temperature program.

3. Theoretical background

3.1. Model fitting method

The integral method (Horowitz and Metzger, 1963) of Coats

and Redfern (1964) has been most successfully used for study-
ing the kinetics of dehydration and vaporization of different
solid substances (Wendlandt, 1974). The kinetic parameters

can be derived from modified Coats and Redfern Eq. (1),

ln
gðaÞ
T2

� �
¼ ln

AR

bEa

� �
1� 2RT

Ea

� �
� Ea

RT
ð1Þ

where g(a) is an integral form of the conversion function, the

expression of which depends on the kinetic model of the occur-
ring reaction. If the correct g(a) function is used, a plot of
ln [g(a)/T2] against l/T should give a straight line from which

the values of the activation energy, Ea and the pre-exponential
factor, A can be calculated.

3.2. Model free methods

Friedman’s method (Friedman, 1963) is a differential method
and was one of the first isoconversional methods. The non-iso-

thermal rate law Eq. (2)

b
da
dT
¼ Ae

�Ea
RT fðaÞ ð2Þ

gives

ln b
da
dT

� �
¼ ln AafðaÞ½ � � Ea;a

RTa
ð3Þ

A plot of ln (b da/dT) versus 1/T at each a gives Ea from the

slope of the plot.
In the present study to evaluate the values of the activation

energies of thermal vaporization of solid materials, Flynn–

Wall–Ozawa equation (Flynn and Wall, 1966; Ozawa, 1965)
(Eq. (4))

lnb ¼ ln
0:0048AEa

gðaÞR � 1:0516
Ea

RT
ð4Þ
and Kissinger–Akahira–Sunose (KAS) equation (Kissinger,

1957; Akahira and Sunose, 1971) (Eq. (5)) were used.

ln
b

T2

� �
¼ ln

AEa

gðaÞR�
Ea

RT
ð5Þ

The plots of ln (b da/dT) versus 1/T (Eq. (3)), ln b versus 1/

T (Eq. (4)) and ln (b/T2) versus 1/T (Eq. (5)) have been shown
to give the values of apparent activation energies for the vapor-
ization of anil at different a values. According to these equa-

tions, the reaction mechanism and shape of g(a) function do
not affect the values of the activation energies of the vaporiza-
tion stage.

3.3. Thermodynamic parameters

The kinetic parameters, energy of activation and pre-exponen-
tial factors are obtained from Kissinger single point (Kissinger,
1957) kinetic method using the Eq. (6).

lnðb=T2
mÞ ¼ �Ea=RTm þ lnðAR=EaÞ ð6Þ

where Tm is temperature that corresponds to the maximum of

da/dT. This ‘model-free’ kinetic method can be applied with a
reasonable approximation without being limited to n-order
kinetics (Malek, 1989), providing a single Ea value for each

reaction step.
Based on the values of activation energy and pre-exponen-

tial factors for the vaporization stage, the values of DS„, DH„

and DG„ for the formation of activated complex from the reac-
tants were calculated (Cordes, 1968).
4. Results and discussion

4.1. TG and DTA curves of vaporization of anil

The TG and DTA curves of vaporization of anil obtained at
three heating rates (10, 15 and 20 K min�1) are shown in

Fig. 1. The weight loss observed in TG curves on heating the
anil from room temperature to 350 �C is associated with the
peak of curves. The weight loss is due to complete vaporization

of the anil and curves are asymmetric figures and move to high
temperature with increase in heating rates (Fig. 1).

4.2. Model-free analysis

The non-isothermal vaporization kinetics of anil was first ana-
lyzed by model-free methods viz., Friedman, Kissinger–Akah-

ira–Sunose and Flynn–Wall–Ozawa. The data show that the
variation of apparent activation energy Ea, as a function of ex-
tent of conversion a, for vaporization of anil. Ea value in-

creases slightly in the conversion range of 0.20 6 a 6 0.90. It
was pointed out (Vyazovkin and Linert, 1995) that when Ea

changes with a, the Friedman and KAS isoconversional

methods lead to close value of Ea. The applied isoconversional
method does not suggest a direct way for evaluating either the
pre-exponential factor (A) or the analytical form of the reac-

tion model (f(a)), for the investigated vaporization process of
anil. In addition, the obtained data reveal that the dependence
of the apparent activation energy (Ea) on the extent of conver-
sion (a) helps not only to disclose the complexity of vaporiza-

tion process, but also to identify its sublimation or evaporation



Figure 1 TG and DTA curves of anil at (a) 10 K min�1, (b)

15 K min�1, and (c) 20 K min�1 heating rates in nitrogen

atmosphere.

Figure 2 Ea versus a plot for the vaporization of anil under non-

isothermal condition.
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mechanism. Similar type of effect is observed in the study of
dichloroglyoxime (Pourmortazavi et al., 2007). The value of
activation energy Ea changes slightly with a which suggests
that the vaporization stage is a single step (Sbirrazzuoli

et al., 2005). The average values of Ea energy of vaporization
are 26.92 ± 1.90 kJ mol�1 (0.20 6 a 6 0.90, Friedman
method). From Fig. 2 it is evident that the values of activation

energies obtained by the Friedman method is little lower than
the values of activation energies obtained by FWO method
and closer to KAS method. Regardless of the calculation

procedure used, the activation energy remains practically con-
stant in the 0.20 6 a 6 0.90 range, with average values of Ea =
26.92 ± 1.90, 26.43 ± 0.40 and 33.09 ± 0.59 kJ mol�1

calculated by using the Friedman, KAS and FWO methods,
respectively. The observed energy of activation error varied
from 1% to 5%, in our case KAS method shows least when
compared with Friedman method.
4.3. Model-fitting analysis

After model-free analysis is performed, model-fitting can be
done in the conversion region where apparent activation en-

ergy is approximately constant where a single model may fit.
The non-isothermal kinetic data of anil at 0.20 6 a 6 0.90
where model-free analysis indicates approximately constant

activation energy, were then fitted to each of the 15 models
listed in Table 1. As shown in Table 1, for the applied method
(Coats–Redfern), Arrhenius parameters (Ea, ln A) for vapori-

zation or decomposition process, exhibit strong dependence
on the reaction model chosen. The values of Ea (mean average
values are calculated by Friedman method) for anil coinci-
dence with values are calculated by Coats–Redfern method

(Ea and ln A). Based on the kinetic data, it is concluded that
the vaporization occurred in a single mechanism (i.e., P2)
which is also confirmed by invariant kinetic parameters

method.

4.4. Invariant kinetic parameters (IKP) method

Criado and Morales (1976) reported that almost any a = a(T)
or (da/dt) (T) experimental curve may be correctly described by
several conversion functions. The use of an integral or differ-

ential model-fitting method leads to different values of the acti-
vation parameters. Although obtained with high accuracy, the
values change with different heating rates and among conver-

sion functions.
Lesnikovich and Levchik (1983) suggested that correlating

these values by the apparent compensation effect, ln A=

ab + bbEa, one obtains the compensation effect parameters,
ab and bb, which strongly depend on the heating rates (b) as
well as on the considered set of conversion functions. The

straight lines ln A versus Ea for three constant heating rates
should intersect at a point (isoparametric point (Lesnikovich
and Levchik, 1985)) which corresponds to the true values of
the activation energy and pre-exponential factor. These were

named as invariant kinetic parameters. To establish the best
combination (r fi 1), a better resolution is determining the
invariant kinetic parameters and the closest values to the mean



Table 2 IKP for several combinations of kinetic models for anil.

Kinetic model Einv (kJ mol�1) ln Ainv (A s�1) �r
AKM 32.71 5.95 1.000

AKM – {D1; D2; D3; D4} 30.15 5.11 0.999

AKM – {F3; D1; D2; D3; D4} 30.74 5.28 0.999

AKM – {P4; F1; F2; F3; D1; D2; D3; D4; R2; R3} 26.93 4.48 0.999

AKM – {P3; P4; D1; D2; D3; D4; R3} 30.24 5.26 0.999

AKM – {P3; P4; F3; D1; D2; D3; D4; R3} 30.96 5.48 0.999

Table 1 Apparent activation parameters by Coats–Redfern method for each heating rate for anil.

Kinetic model b = 10 K min�1 b = 15 K min�1 b = 20 K min�1

Ea (kJ mol�1) ln A (A s�1) �r Ea (kJ mol�1) ln A (A s�1) �r Ea (kJ mol�1) ln A (A s�1) �r
P2 28.15 4.74 0.999 32.07 5.75 0.999 32.66 5.89 0.999

P3 16.13 1.30 0.999 18.60 2.13 0.999 18.61 2.31 0.999

P4 10.15 �0.59 0.999 11.91 0.16 0.999 12.07 0.35 0.999

F1 85.34 20.12 0.996 97.75 22.47 0.994 99.59 22.43 0.994

F2 111.78 27.41 0.985 130.98 31.13 0.976 133.39 30.99 0.975

F3 143.09 35.96 0.972 171.18 41.51 0.954 174.27 41.23 0.952

D1 146.55 42.13 1.000 164.24 44.99 0.999 167.62 44.89 0.999

D2 148.64 34.91 0.999 167.57 37.97 0.999 170.91 37.78 0.999

D3 163.38 37.41 0.998 185.28 41.03 0.998 188.91 40.78 0.998

D4 169.13 38.65 0.999 193.40 42.73 0.999 197.20 42.46 0.999

A2 38.75 7.88 0.995 44.74 9.28 0.994 45.54 9.39 0.993

A3 22.91 3.47 0.994 26.73 4.55 0.992 27.17 4.71 0.992

A4 15.45 1.24 0.993 18.24 2.19 0.991 18.51 2.36 0.990

R2 74.10 16.29 0.999 84.11 18.18 0.999 85.73 18.19 0.999

R3 70.78 15.63 0.999 80.16 17.41 0.999 81.71 17.43 0.999

Figure 3 Determination of A value by plotting a(1/2) against Ea

p(x)/b R for the vaporization process of anil at the different

heating rates (b).
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isoconversional activation energies (Budrugeac and Segal,
2007; Vyazovkin and Lesnikovich, 1988). For (all kinetics
models) AKM – {P4; F1; F2; F3; D1; D2; D3; D4; R2; R3}

has the highest correlation coefficient (r = 0.999) and is a true
straight line (Table 2). For these six groups, the invariant
activation energy is 26.93 kJ mol�1, which is equal to
26.92 ± 1.90 kJ mol�1 obtained by Friedman method and

invariant Einv = 26.93 ± 0.3 kJ mol�1 and ln Ainv =
4.48 A s�1. Depending on the chosen group of kinetic models,
the compensation effect parameters are obtained with different

accuracies, their values and derived invariant activation
parameters varying substantially.

By using Dollimore method (Dollimore et al., 1992), most

reliable kinetic model was developed from recreated DTG
curves (Fig. S1). The extent of activation energy and pre-expo-
nential factor are calculated from the Arrhenius plot. Table S1
shows the Ea and A values obtained from lines drawn through

various ranges of a in order to illustrate the disadvantages of
extracting these parameters directly from Arrhenius plot.

Carrying out the vaporization of anil under a dynamic flow-

ing atmosphere of nitrogen, and using a heating rate of
10 K min�1 gave amax equal to 0.62 and half-width of 59 �C.
Referring to Table S2, the data show two possible mechanisms

having a amax range comparable to the experimentally deter-
mined value. Thus the P2 equation is possible with magnitude
of the half-width making the power law mechanism most suit-

able. Table S2 shows the reconstructed amax and half-width
values as function of the kinetically related Arrhenius param-
eters obtained for the vaporization of anil, using the P2
mechanism.
The most probable kinetic model for vaporization process
of anil is therefore P2 model. By introducing the derived reac-
tion model g(a) = (a)1/2, the following Eq. (7) is obtained:

ðaÞ1=2 ¼ AEa

Rb
pðxÞ ð7Þ

The plot of (a)1/2 against (Ea/Rb)p(x) at the different heat-
ing rates is constructed in Fig. 3. By using the above equation,
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the A value was determined from the slope of the fitted line

shown in Fig. 3. For power law model (P2) and Ea = 26.92 ±
0.34 kJ mol�1, the pre-exponential (frequency) factor was
found to be A= 1.21 · 102 s�1 (ln A = 4.80). The obtained
value of ln A is in good agreement with average value of

Friedman isoconversional intercept (ln [Af(a)] = 5.14).
For the non-isothermal decomposition of anil, model P2 is

the best for all three heating rates. Model P2 gives raise to an

activation energy that varies in the range of 28.15–
32.66 kJ mol�1. Fitting of the reaction-order model followed
by statistical analysis resulted in the following confidence

limits �1.0 6 n< 0.6, 26.92 6 Ea 6 50 kJ mol�1 and 4.8 6
log A/min�1 6 8. The kinetic triplet corresponding to the min-
imum (r= �0.999) is n= 0.33, Ea = 26.92 kJ mol�1 and

ln |A| min�1 = 4.8. According to the statistical test (Vyazov-
kin and Wight, 1999) this kinetic triplet is equivalent to the
triplet corresponding to model P2.

4.5. Thermodynamic parameters

From the DTA curves, the peak temperatures for anil are

503.04, 514.09 and 522.49 K and used to evaluate single point
kinetic parameters (Kissinger, 1957).

The energy of activation for anil is less. Free energy of acti-

vation (DG#) is more positive, which indicates that vaporiza-
tion of anil is non spontaneous in nature. The lower value of
energy of activation, shows that anil is thermally less stable.
The positive values of DH„ and DG„ for anil show that they

are connected with absorption of heat and they are non-spon-
taneous processes (Criado et al., 2005). The obtained Ea value
is coincided with invariant kinetic parameter.

Based on the obtained results, the kinetic description of
mass loss can be accomplished through one mechanism (P2).
The low values of apparent activation energy attributed to

phase transformation may occur. So the loss in this stage
should be caused mainly by vaporizations and not by decom-
position. It is confirmed by TG and DTA curves.
5. Conclusion

The studied compound is vaporized in a single stage with
absorption of heat. The model for the vaporization mechanism
is P2. The thermal stability of anil is less and the energy of acti-
vation also less. Free energy is positive which indicates that the

vaporization is non-spontaneous process.
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