
Introduction

In the mathematical analysis of non-isothermal

thermoanalytical data, the calculation of the tempera-

ture integral has been usually involved [1]. Due to the

fact that there is no closed form solution of the tem-

perature integral, different approximated equations

have been proposed [2–5]. The main application of

these proposed approximations is the determination

of the kinetic parameters, in particular the activation

energy, and not the computation of the temperature

integral [6]. It would be interest to estimate the preci-

sion of the integral methods for the determination of

the activation energy. Several authors have carried

out the systematic analysis of the relative error in-

volved in the activation energy obtained from the in-

tegral methods in their papers [6–13]. However, the

temperature integral at the starting temperature was

neglected in their calculations. Recently, we analyzed

the precision of one type integral methods, which is

based on the temperature integral approximations as

the form, for the determination of the activation en-

ergy without neglecting the low temperature end of

the temperature integral [14]. Cai and Bi [15] per-

formed the systematic analysis of the precision of

Coats and Redfern method for the determination of

the activation energy without neglecting the low tem-

perature end of the temperature integral. The aim of

this paper is to perform an analysis of the relative er-

ror involved in the activation energy computed from

some integral methods without doing any simplifica-

tion. The integral methods analyzed in this paper in-

clude the Fischer–Jou–Gokalgandhi method [16], the

Gorbachev method [17], the Wanjun–Yuwen–Hen–

Zhiyong–Cunxin method [18], the Cai–Yao–Yi–He

method [19], and the Cai-He method [20], which are

extensively used in the kinetic analysis of solid-state

reactions.

Theory

The rate of thermally stimulated solid-state reactions

depends on the temperature and the extent of reac-

tion [21]. If only a single reaction is involved, it is

usually assumed that these functions are separable

and the equation used to described the progress of re-

action is
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where � is the extent of reaction, t is the time, T is the

temperature, k(T) is the rate constant depending on

the temperature and f(�) is the kinetic function which

is related to the reaction mechanism.

The rate constant is normally expressed by the

Arrhenius equation

k T A( ) � e
–E / RT

(2)

where A is the frequency factor, E is the activation en-

ergy and R is the gas constant.

Equation (2) is inserted in Eq. (1), therefore
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The most common heating profile used for

studying solid-state reactions is the linear heating

program (T=T0+�t, where � is the heating rate and T0

is the starting temperature) [6]. For linear heating

conditions, Eq. (3) may be written as
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By separation of variables and integration, one

can get
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On the basis of Eq. (5), it is possible to analyze

the experimental data by the integral methods, in or-

der to determine the kinetic parameters. However, the

integral in the right-hand side has no exact analytical

solution and many approximations are generally used.

In all of them it is considered that the value of the in-

tegral between 0 and T0 is negligible [22]. In this case
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This integral is called the temperature inte-

gral [23], which can be approximated in different

ways. The most common of them lead to expressions

of the type [24]:
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where x=E/RT and h(x) is a function whose value is as

closer to unity as higher is x and many particular

forms, depending on the technique of approximation.

The common and extensively used forms of the h(x)

function are listed in Table 1.

Therefore,
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In the above equation, the subscript a stands for

the apparent values of the kinetic parameters obtained

from the above integral method and xa=Ea/RT.

If the integral method were used for performing

the kinetic analysis, the apparent activation energy,

Ea, would be obtained from the slope of the plot of

ln[g(�)/T
2
] vs. 1/T:
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Equation (5) may be rendered dimensionless by

normalizing the temperatures by the starting tempera-

ture and defining a new variable �=T/T0. Then
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where x0=E/RT0.

Equation (10) is structurally similar to Eq. (5),

but has the advantage of setting the lower value of the

integration interval without doing any simplification

(as T0=0). The integral presented in Eq. (10) depends

only on two dimensionless quantities (the parameter

x0 and the normalized temperature �).

The real value of the left hand side of Eq. (9) can

be determined from Eq. (10):
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Table 1 Some forms of the h(x) function

h(x)

Fischer–Jou–Gokalgandhi [18] 1

Coats-Redfern [19 (x–2)/x

Gorbachev [20] x/(x+2)

Wanjun–Yuwen–Hen–Zhiyong–Cunxin [21] x/(1.00198882x+1.87391198)

Cai–Yao–Yi–He [22] (x+0.66691)/(x+2.64943)

Cai–He [23] (0.99962x+0.60642)/(x+2.56879)



Here, we define the relative error of the activa-

tion energy
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From Eq. (12), it follows
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Therefore, the equation of � can be obtained

from Eqs (9), (11)–(13):
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Fig. 1 Values of the relative error for the activation energy calculated by the integral methods as a function of the parameters x0 and �;

a – Fischer–Jou–Gokalgandhi; b – Coats–Redfern, c – Gorbachev; d – Wanjun–Yuwen–Hen–Zhiyong–Cunxin;

e – Cai–Yao–Yi–He; f – Cai–He



Equation (14) indicated that the values of � de-

pend on two dimensionless quantities: x0 and �, and

therefore, on the value of the activation energy, the

starting temperature and the range of temperature of

the process.

Results and discussion

The values of � for the different values of x0 and � have

been calculated by means of the Mathematica software

system, which can perform the symbolic calculation as

well as the numerical analysis [25]. The resulting � val-

ues as a function of the parameters x0 and � are shown in

Fig. 1. The values shown in Fig. 1 illustrate that there is

a significant influence of x0 and � in the precision of the

calculated activation energy values.

Conclusions

The integral methods which use the approximations of

the temperature integral are generally reliable methods

for the calculation of activation energies of thermally

stimulated reactions studied during linear heating. These

methods generally neglect the temperature integral at

the starting temperature. A systematic analysis of the

relative error of the activation energy calculated by

some integral methods has been carried out. Our results

have shown that the relative errors of the activation en-

ergy obtained from the integral method depend on two

parameters: x0=E/RT0 and �=T/T0.

References

1 H. Rongzu and S. Qizhen, Thermal Analysis Kinetics (in

Chinese), Science Press, Beijing 2001.

2 R. C. Everson, H. W. J. P. Neomagus and D. Njapha, Fuel,

85 (2006) 418.

3 J. Cai, F. Yao, W. Yi and F. He, AIChE J.,

52 (2006) 1554.

4 J. Cai and F. He, AIChE J., 52 (2006) 2656.

5 J. Cai, F. He, W. Yi and F. Yao, Chem. Eng. J.,

124 (2006) 15.

6 L. A. Pérez-Maqueda, P. E. Sánchez-Jiménez and

J. M. Criado, Int. J. Chem. Kinetics, 37 (2005) 658.

7 A. Ortega, L. A. Pérez-Maqueda and J. M. Criado,

Thermochim. Acta, 282/283 (1996) 29.

8 J. M. Criado, L. A. Pérez-Maqueda and

P. E. Sánchez-Jiménez, J. Therm. Anal. Cal.,

82 (2005) 671.

9 L. A. Pérez-Maqueda, P. E. Sánchez-Jiménez and

J. M. Criado, Polymer, 46 (2005) 2950.

10 N. Liu, H. Chen, L. Shu and M. Statheropoulos, J. Therm.

Anal. Cal., 81 (2005) 99.

11 C. Haixiang, L. Naian and S. Lifu, Polym. Degrad. Stab.,

90 (2005) 132.

12 J. M. Cai and R. H. Liu, J. Therm. Anal. Cal.,

90 (2007) 459.

13 J. M. Cai and R. H. Liu, J. Therm. Anal. Cal.,

91 (2008) 275.

14 J. Cai and R. Liu, Solid State Sci., (2007),

DOI: 10.1016/j.solidstatesciences.2007.10.1018.

15 J. Cai and L. Bi, Energy Fuel. (to be submitted).

16 P. E. Fischer, C. S. Jou and S. S. Gokalgandhi, Industrial

Eng. Chem. Res., 26 (1987) 1037.

17 V. M. Gorbachev, J. Thermal Anal., 8 (1975) 349.

18 T. Wanjun, L. Yuwen, Z. Hen, W. Zhiyong and

W. Cunxin, J. Therm. Anal. Cal., 74 (2003) 309.

19 J. Cai, F. Yao, W. Yi and F. He, AIChE J.,

52 (2006) 1554.

20 J. Cai and F. He, AIChE J., 52 (2006) 2656.

21 S. Vyazovkin and C. A. Wight, Ann. Rev. Phys. Chem.,

48 (1997) 125.

22 J. J. M. Órf�o and F. G. Martins., Themochim. Acta,

390 (2002) 195.

23 J. H. Flynn, Thermochim. Acta, 300 (1997) 83.

24 E. Urbanovici, C. Popescu and E. Segal, J. Therm. Anal.

Cal., 58 (1999) 683.

25 S. Wolfram, The Mathematica Book, 5
th

Ed., Wolfram

Media Inc., 2003.

Received: April 10, 2007

Accepted: April 18, 2008

OnlineFirst: August 15, 2008

DOI: 10.1007/s10973-007-8499-4

316 J. Therm. Anal. Cal., 94, 2008

CAI, LIU



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


