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Master plot methods based on the integral and/or the differential forms of the kinetic equation describing
solid-state reactions have been redefined by using the concept of the generalizéd ititneduced by Ozawa.

This redefinition permits the application of these master plots to the kinetic analysis of solid-state reactions,
whatever the type of temperature program used for recording the experimental data. In isothermal conditions,
a single curve is enough to construct the experimental master plots. In nonisothermal conditions, the knowledge
of botha as a function of temperature and activation energy is required for calculating the master plot curves
from the experimental data. Practical usefulness of the present master plot methods is examined, and exemplified
by being applied to the thermal decomposition of Zn@@der isothermal, linear nonisothermal, and nonlinear
nonisothermal conditions.

1. Introduction the experimental kinetic data can easily be transformed to the
| experimental master plots, comparison of the theoretical master
plots drawn by assuming various kinetic models with the
experimental master plot allows us to select the appropriate
kinetic model of the process under investigation or, at least, of
the type of appropriate kinetic models. The knowledge of the
a.Ifinetic model, deduced from such a simple graphical method,
IS very helpful for further detailed kinetic analysis by avoiding
a possible misestimation of the kinetic parameters due to the
wrong kinetic model being assumék?

Because independence from the measured temperature condi-

The kinetic analysis of solid-state reactions from experimenta
thermoanalytical (TA) data recorded under nonisothermal condi-
tions became very popular from the earlier proposals by
Kissinger! Freeman and CarrdliCoats and Redferhand Zakd
of formal kinetic equations to be used for this purpose. Many
methods have been subsequently developed, but the opinion th
most of the research devoted to the proposal of these new
methods has been useful for producing a huge number of
publications rather than for leading to a better knowledge of
the mechanism of solid-state reactions is very extended. The

popularity of the nonisothermal methods with regard to the “Of!s Is another I|mport¢';1]ntdchharactgrlstlc of the (;nf';\sdt.er.dplol'ﬁ,
isothermal ones rests on the assumption that the reaction kinetic/arious master plot methods have been proposed individually

parameters can be determined from a single nonisothermalfor the kinetic data recorded under different types of temperature
. 30 : oy
experiment while isothermal methods require a set of experi- prc()]lgrarr]s, such as forhlsc;]t%gepgrﬁa}, linear nonls:thermél‘} ded
ments at different temperatures. However, it has been pointedan r?o(? |gear Inonlzoé erSh m?sa;glrgmer?ts. Ivzry exFenhe
out in previous pape?$ that both the kinetic parameters and method, developed by Sharp etdbr isothermal data, Is the.
the kinetic model obeyed by the reaction cannot be simulta- reduced-time master plot that represents the reacted fraction,

neously discriminated from a single experiment. It would be % 8t timet versus reduced timeito s (tos being the time at

interesting to introduce a new point of view for the kinetic study ghlcklalzbo.S). The CEIN?S for 3If|fk|net|c m.OdﬁIS cr(])mudef art]
of solid-state reactions that would lead to the simultaneous Yfos = 1, but reasonably large differences in the shape of the

analysis of isothermal and nonisothermal data and to establishMaster plots are at once apparent among different kinetic models.
the minimum number of independent experiments required for Among the master plot methods for nonisothermal data, we can

) i A 18
determining the kinetic model of the reaction. This finding cite those based on_the first or second dgrlvz?mvenéf In
would give a global view of isothermal and nonisothermal many cases for the linear nonisothermal kinetic data, however,

experiments. the reaction mechanism cannot be ascertained from only one

Several attempts have been made to determine the IDhySiCO_nonisothermal experiment unless one of the kinetic parameters,

geometric mechanism of solid-state reactions by using the so-€- the activation energly or preexponential factak, is Ifnov_vn,

called “master plot”-2° Master plots are reference theoretical because of the interdependence of the assumed kinetic model
) i i i 23

curves depending on the kinetic model but generally independentW'th calculated kinetic parametets.

of the kinetic parameters of the process. Because, in many cases, Thg kinetic use of the rece”t'Y developed thermoanalytlcal
techniques under nonlinear nonisothermal conditions such as

* To whom correspondence should be addressed. Fax: (34) 954460665.temperature-modulated and sample-controlled measurements is

E-rpailr jmcriado@cica.es. _ growing quickly. Two different types of reduced-temperature
Centro Mixto CSIC-Universidad de Sevilla. N master plots based on the integral and differential kinetic
* Academy of Sciences of the Czech Republic and University of . s

Pardubice. equations have already been proposed for the kinetic data
$ Hiroshima University. recorded by constant-rate thermal analysis (CRT&Y.The
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TABLE 1: Algebraic Expressions for the f(a)) and g(a) Functions for the Most Common Mechanisms in Solid-State Reactions

mechanism symbol f(o) g(o)

phase boundary controlled reaction R2 21— a)? 2[1-(1-w¥g
(contracting area, i.e., bidimensional shape)

phase boundary controlled reaction R3 1— o) 3[1—-(1—- ¥
(contracting volume, i.e., tridimensional shape)

unimolecular decay law F1 1-0o) —In(1— o)
(instantaneous nucleation and unidimensional growth)

random nucleation and growth of nuclei Am m(1 — a)[—In(1 — a)]+~Vm [—In(1 — o)]¥m
(Johnsor-Mehl—Avrami equatior)

two-dimensional diffusion D2 U[-In(1 — o)] l-a)ih(l-0)+a
(bidimensional particle shape)

three-dimensional diffusion D3 31— ) [1-(1- )32
tridimensional particle shape) (Jander equation
( p pe) ( q ) 2[(1 - a)1/3]

three-dimensional diffusion D4 3 (1-20/3)— (1 — a)?®
(tridimensional particle shape) 2[(1 — OL)—1/3 —1]

(Ginstein-Brounshtein equation)

aThis formal kinetic law generally applies for random nucleation and growth of nuclei, although they are two different processes with different
kinetic parameters. The nuclei are generally formed during the induction period. Thus;-tHer T) plots usually represent the growth process
from preexisting nuclei.

CRTA method implies the reaction temperature should be 2. Theory
C(;?ttirglle(rjelsr;usrtécgfaﬂ\]/\éay ;2:; bort(? d::rz:eedregftlcoonnsrﬁtrﬁe?in?nt?r?e 2.1. Generalized Kinetic Equations.The rate of a solid-
partial p orthe g P . state reaction can be expressed by means of the following
reaction are maintained at any constant previously selected .

: - R : general law:
value. This experimental method allows minimizing the influ-

ence of heat- and mass-transfer phenomena on the forward da E

reaction2*25 This method has also been successfully used for e AEXF{_ RT f(a) 1)
the synthesis of materials with controlled texture and

structure?6-29 a is the reacted fraction at tintef(o) a function depending on

A comparison of the kinetic results for a process under the reaction mechanism (Table Bthe activation energyA
different types of temperature programs is essential for a the preexponential factor of Arrhenius, afdthe absolute
systematic kinetic analysis of the solid-state reactions, which temperature. The kinetic rate equation at infinite temperature
enables us to evaluate the reliability of the kinetic results and/ is obtained by introducing the generalized tirledefined
or to investigate further detailed kinetic characteristics of the ag#41530
procesg* Development of a master plot method applicable
universally to the experimental kinetic data under any type of 0= fexd_ E) dt 2)
temperature program is thus desired for comparing the phys-
icogeometric mechanism of a process under different temper-
ature profiles. For this purpose, the generalized kinetic equations
proposed by Ozaw&'>seem to be very useful. By introducing
the generalized time),14153%0zawa constructed the generalized do E
kinetic equation at infinite temperature originally for analyzing ot exp(— RT 3)
the kinetic data under linearly increasing temperature. Because
the kinetic data recorded under any temperature profile can becombining eqs 1 and 3, the following expression is
extrapolated to infinite temperature by using the predetermined gptainedts-2°
value of E,3132the generalized kinetic equations can be used
even for the kinetic analysis of the nonlinear nonisothermal data da _ Af(00) 4)
such as CRTA533At the same time, the universal property of do
the generalized kinetic equations makes it possible to calculate
the rate behavior under any temperature profile from the Of
extrapolated rate data using the predetermined val&e'6#435

) . — do _ da E

In the present work, on the basis of the generalized kinetic — = ex;{—T) (5)

equations at infinite temperature, we have redefined a series of do e R

master plot methods applicable universally to the kinetic analysis \yhere dvdo corresponds to the generalized reaction rate

of solid-state reactions from TA data under any type of spiained by extrapolating the reaction rate in real timedt
temperature profile. The procedures for calculating the experi- 1 infinite temperature. The integrated form of the kinetic rate
mental master plots are described with reference to the equation is obtained from eq 4 as followfs®

conventional master plot methods. To evaluate the practical

usefulness, the theoretical conclusions have been applied to the o dou
experimental data of the thermal decomposition of ZgCO 9(o) = fo@
recorded under various types of temperature profiles. The

practical roles of the universal master plot methods throughout 2.2. Master Plots Based on the Differential Form of the
the systematic kinetic analysis are discussed as concludingGeneralized Kinetic Equation. Using a reference point at
remarks. o = 0.5, the following equation is easily derived from eq 4:

where6 denotes the reaction time taken to attain a partioular
at infinite temperature. Differentiation of eq 2 lead$°t®

=A[do = A0 (6)
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dodg  _ fa)
(da/df),—o5  1(0.5)

()

wheref(0.5) is a constant for a given kinetic model function.
Equation 7 indicates that, at a given the experimentally
determined value of the reducedeneralized reaction rate,old
do)/(do/dO).=0 5 and theoretically calculated valuef¢d)/f(0.5)

are equivalent when an appropride) for describing the rate
process under investigation is applied. Because both the values
depend only o, comparison of the experimental plot ofo(d
d6)/(do/db).=0.5 againsto. with the theoretical plots of(a)/
f(0.5) againsty, drawn by assuming varioudga) functions, is
methodologically identical to the conventional master plot 00 02 04 06 08 10

method. Figure 1 shows the theoretical master plot§ )/ Fractional reaction «

f(0.5) againsty, drawn by assuming variotigx) functions listed Figure 1. Theoretical master curves in differential form representing
in Table 1. The theoretical master plots of Hlk) functions f(a)/f(0.5) as a function of for the different kinetic models describing
coincide ata. = 0.5 and disperse clearly among differéut) solid-state reactions.

functions in the range of < 0.5.

ADIO.5)

According to eq 5, the reducedeneralized reaction rate has 5.0
the following relationship to the experimental kinetic data: ]
40 —
do/dd  _  do/dt expE/RT) ®) i
(do/dB)o—o5 (da/dt)—o5€XPE/RT; ) @ 30
= 4
whereTy sis the reaction temperature@t= 0.5. For calculating T 50
the experimental value of (dd0)/(da/df).=0 5 the temperature %
conditions of the experimental kinetic data have to be taken )
into account. For the experimental kinetic data under isothermal 104 ez
conditions, both the exponential terms in eq 8 offset each 1z
other becaus@ = Tys, so that the experimental master plot 0.0
can be derived directly from a single isothermal curve @fdil 00 02 04 06 08 10
againsta. Fractional reaction a

On the other hand, for all nonisothermal data, the exponential _. ) L .
. | lculati h Figure 2. Theoretical master curves in integral form representifog/
terms in eq 8 cannot be canceled out. For calculating the yq 5y a5 a function ofx for the different kinetic models describing

reduced-generalized reaction rate at a givenfrom noniso- solid-state reactions.
thermal data under linear and nonlinear heating, in addition to
the kinetic data of a single measurement, the valug fofr the From the kinetic data under isothermal conditions, eq 2 can

process should be known previously. As a special case of thebe expressed #s

nonlinear nonisothermal data, the ratio of rate terms in real time

in eq 8 is to be unity for the kinetic data of CRTA. 0= ex;{— Et (10)
2.3. Master Plots Based on the Integral Form of the R

Kinetic Data. From the integral kinetic equation at infinite

temperature in integral form, eq 6, we can obtain the following

equation using a reference pointat= 0.536:37

Because the exponential term in eq 10 is a constant during the

course of the reaction, the value 60y5 at a givena is

equivalent tot/tos. Equation 9 is then transformed into

9@ _ 6

205" B 9 o) _t
' 03 g(0.5) fys

(11

Vl\ghe(;.eﬁ?o-f’ is _thle generalilzed timﬁ gtb: O'Sd' As in the ﬁas_e of  Equation 11 is identical to the master plot method developed
the differential master plot method based on eq 7, the integral i, gharp et g for the kinetic data under isothermal conditions.
master plot method at infinite temperature can be ConStrUCtedAccordingly, a single isothermal kinetic curve afagainst is

by comparing the expenmentall mastg:r plot of the redeced enough to calculate the experimental master plé¥é§ s against
generalized timef/6y 5, againsto. with various theoretical master

plots of g(a)/g(0.5) againsi.. Figure 2 shows the theoretical
master plots of varioug(ct) functions. The master plots coincide
with g(a)/g(0.5)= 0 ato. = 0 andg(a)/g(0.5)= 1 ata. = 0.5,
but reasonably large differences among diffeg{od) functions
assumed are apparent within the raimge 0.5. The ranges of
o, where the thoretlical master plots of different kinetic models 1T E _E eXpX) . E

are clearly distinguished, are < 0.5 anda. > 0.5 for the 0 _B‘/(‘) exp(— RT dT_ﬁ_RL de = ﬁp(X)
differential and integral master plots, respectively. By following
the two master plot methods, the kinetic agreement with a (12)
particular kinetic model function during the whole course of wherex = E/RT. The functionp(x) cannot be expressed in a
the process can be examined. closed form, although several convergent series exist for its

In nonisothermal conditions, solving the integral defined in
eq 2 requires the knowledge of the time dependence of
temperature. From the kinetic data under a linear heating rate
of 3, the value off at a givena. can be calculated by
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approximation. For example, the fourth rational approximation
of Senum and Yang corrected recently by Flyn#,allows an
accuracy of better than 1% for E/RT = 20:

—X

pO) = =¥ (13)
and
(%) = x>+ 18¢° + 86x + 96 (14)

x* 4 20¢ + 120¢ + 240 + 120

For a linear heating rate, therefore, th#),s values can be
calculated from the following equation:

0 _ pK)

o5 B P(%o.9)

(15)

The knowledge oé as a function of temperature and the value
of E is then required for calculating the experimental master
plot of 6/6y 5 againsta. from experimental data obtained under

a linear heating program.

On the other hand, for other nonisothermal processes where
the time dependence of the temperature is not simple (or not
known) such as in CRTA, stepwise isothermal analysis (SIA)
or high-resolution thermogravimetry (HRTG), it is not possible
to calculate the values éfdirectly from the experimental kinetic
data. As a practical method of calculating the value& dfom
the kinetic data under nonlinear nonisothermal conditions, a
numerical calculation based on the differential kinetic data at
infinite temperature has been examirfédds was described
above, knowing previously the value Bf the differential kinetic
data at infinite temperaturepddd versusa, can be calculated
from the kinetic data under any temperature profile. For the
numerical calculation of), a kind of fitting functionh(a) is
applied to the kinetic data obddf againsi, which is expressed
as

do

a0~ @)

(16)
The values of) can be obtained approximately by integrating
numerically the reciprocal df(a) according to

o= [ldo~ [*

where the boundary conditions of integrating the reciprocal of
h(a) should be taken into accouttFor this purpose, any kind
of empirical fitting function can be applied, in addition to a
sophisticated empirical kinetic model function such as the
Sestak-Berggren modet!

2.4. Master Plots Based on Both the Integral and Dif-
ferential Forms of the Kinetic Equation. An alternative
expression of the kinetic equation at infinite temperature can
be obtained by multiplying the differential form of the kinetic
equation, eq 4, by the integral kinetic equation, et§&:42

0% — t(o) g(a)

da

ha (17)

(18)

Because both the values @fda/d#) andf(o) g(o)) depend only
on a, on the basis of eq 18, an alternative master plot method

Gotor et al.
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Figure 3. Theoretical master curves in differentiahtegral form
representind(c) g(a) as a function ofx for the different kinetic models

describing solid-state reactions.
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Figure 4. Theoretical master curves in differentiahtegral form
representingf{a) g(a)]/[f(0.5)g(0.5)] as a function od for the different
kinetic models describing solid-state reactions.

functions. Figure 3 shows the theoretical master plot§f
g(a) againsta drawn by assuming various kinetic model
functions listed in Table 1. The theoretical master plots of the
respective kinetic models are distinguished clearly by comparing
the shape, peak height, and position of the peak maximum.

If we present these master plots in a way similar to that of
the former differential and integral ones, e.g., utilizing the
reference point att = 0.5, we obtain by multiplying eq 7 by
eq9

6(da/d6) _ f(a) g(o)
0o.5(do/db) g5 (0.5)9(0.5)

(19)

These theoretical master curves are shown in Figure 4. In this
case, it is not possible to distinguish between the mechanisms
R3 and D3 nor between a first-order reaction and the Avrami
family.

The experimental master plot 6{da/df) againsto can be
obtained by just multiplying the values obutl® and 6 at a
given o, which have already been calculated for constructing
the differential and integral master plots, respectively.

3. Results and Discussion

The practical usefulness of the master plots described above
was examined by using the experimental data of the isothermal

can be constructed by comparing the experimental master plotmass-loss trace, TG, and CRTA for the thermal decomposition

of 6(da/d) againsto. and the theoretical master plots fé)
g(a)) againsto. drawn by assuming various kinetic model

of ZnCG; (smithsonite) under vacuum reported in a previous
paper?* It was clarified in the previous study that the
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Figure 6. A comparison of the experimental master plots af/@b)/
(do/dO)o 5 againsto for the thermal decomposition of ZnG®@ith the
theoretical master curves &i)/f(0.5) against.

decomposition of ZnC@®under high vacuum at temperatures
higher than 690 K fitted an F1 kinetic model with= 140 kJ
mol~1. Figure 5 shows the kinetic curves for the thermal
decomposition of ZnC@ obtained from CRTA, TG, and
isothermal mass-loss measurements that appeared in ref 24.
Figure 6 compares the theoretical master plot§@)/f(0.5)
againsto. with the experimental master plots ofo(®)/(do/
df)«=05 versusa calculated from the experimental data of

J. Phys. Chem. A, Vol. 104, No. 46, 20000781
5.0
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Figure 7. A comparison of the experimental master plotsédfi, s
againsto. for the thermal decomposition of ZnG@ith the theoretical
master curves ofj(c)/g(0.5) againstr.

kJ mol* was assumed. It is clearly seen from Figure 6 that,
irrespective of the temperature profiles of the kinetic data, the
experimental master plots are in good agreement with the
theoretical master plot corresponding to the F1 mechanism as
was determined in the previous stuiifyThe master plots
corresponding to the D2 and R3 models are also shown for
comparison. Because, with knowledge of the valu€pthe
experimental master plot in differential form can be constructed
from the experimental kinetic data under any temperature profile,
it is very useful to check the constancy and/or variation of the
reaction mechanism of the solid-state reactions under different
types of temperature conditions.

The experimental master plots @9, s againsio constructed
from the experimental isothermal and TG data of Figure 5 are
shown in Figure 7. The master plot for the isothermal mass-
loss trace was calculated using eq 1li/&s againsto.. Using
the predetermined value &= 140 kJ mot?, the experimental
master plot for the TG data was constructed according to eq
15. These experimental master plots obtained for the thermal
decomposition of ZnC@are compared in the same figure with
the theoretical master plot corresponding to the F1 kinetic model,
indicating a close agreement irrespective of quite different
temperature programs. As mentioned above, it is not possible
to construct this kind of master plot directly from experimental
CRTA curves. On the other hand, the integral kinetic relation
at infinite temperature as expressed by eq 6 is essentially
important for the practical kinetic analysis, because, through
the relationship, the experimental kinetic data under any
temperature profile can be transformed to fractional conversion
versus real time data under isothermal condititfi8:30.31:43
Considering the experimental reliability of CRTA data for
kinetic analysis of the solid-state reactidig>44it is desirable
to establish with wider comprehension and higher precision the
practical method of numerical integration of differential kinetic
data at infinite temperature for obtaining the integral kinetic
data at infinite temperaturg.

The differentiat-integral master plotsg(do/d6) versusa,
constructed from the experimental isothermal and TG data of
Figure 5 are shown in Figure 8, which were obtained by
multiplying the values of d/df and 6 at a givena. The
experimental master plots for isothermal and linear nonisother-

Figure 5. Because the exponential terms in eq 8 can be neglectednal data fit again very well the theoretical curvef@d) g(o)
for the isothermal kinetic data, the experimental master plot for againsto corresponding to an F1 kinetic model.

the isothermal kinetic data was obtained as/¢lt)/(do/dt) =0 5
againsto. For calculating the experimental master plots for TG
and CRTA data, the previously determined valueEof 140

As exemplified by being applied to the thermal decomposition
of ZnCQO; under isothermal, linear nonisothermal, and nonlinear
nonisothermal conditions, the master plot methods based on the
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0.5 data recorded under any experimental condition. The universal
i - characteristics of the master plot methods enable us to compare
04 — ,x’ ‘~\ the change in the kinetic agreement to a particular kinetic model
i SiSae \ with the applied types of temperature conditions, i.e., isothermal,
i PO linear nonisothermal, and nonlinear nonisothermal. In any case,
g 03 ? LR for nonisothermal conditions, the knowledgecoés a function
§ ] Lo " of temperature and activation energy is required for calculating
® 02 —F1 w the experimental master plots from the experimental data. For
4 —-emeR3 d example, for CRTA data, an additional experiment such as a
01 - . ?(2; { jumping CRTA® would be required for determining titevalue.
.’ 0
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