Eng. Sci., 2021, 14, 1-13

Engineered Science
por: https://dx.doi.org/10.30919/es8d1132

Applications of Kinetic Methods in Thermal Analysis: A Review
Xin Zhang

Abstract

Determining kinetic parameters such as activation energy (E,), pre-exponential factor (A), rate constant (r), and reaction order
(n) via thermal analysis techniques is important to material synthesis and fabrication, industrial production, biomedicals,
energy storage, catalysis, etc. Various kinetic methods based on non-isothermal techniques have been developed to obtain
kinetic parameters. In this review, we aim to summarize various kinetic methods for non-isothermal analysis and their
applications in different reactions, including thermal decomposition, solid-state phase transformation, crystallization, thermal

ignition, curing process, etc.
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1. Introduction

Determining kinetic parameters such as activation energy (E,),
pre-exponential factor (A), rate constant (r), and reaction order
(n) via thermal analysis techniques is important to material
synthesis and fabrication, industrial production, biomedicals,
energy storage, catalysis, etc.[*®1 The isothermal technique was
developed for kinetic studies first. For example, as early as in
1905, G. N. Lewis has explored the decomposition of Ag.O
using the isothermal method.[”? The non-isothermal method
was developed for the kinetic analysis in 1930s.® The
experimental techniques involve Thermogravimetric analysis
(TGA), Differential scanning calorimetry (DSC), Differential
thermal analysis (DTA), Derivative Thermogravimetry (DTG),
Evolved gas analysis (EGA), etc. An overview of the history
about the isothermal and non-isothermal kinetic analysis
methods could be obtained from Vyazokin’s review paper.’
Compared with the isothermal technique, the non-isothermal
kinetic analysis method has several advantages. Firstly, the
isothermal technique needs some time to reach the required
experimental temperature. During the pre-heating process, the
sample may experience some changes that could influence the
kinetic analysis. This problem is particularity obvious when
using a high temperature in isothermal experiments. The non-
isothermal method solves this problem very well. Second, for
the multiple decomposition reactions, the isothermal
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technique cannot detect all reactions in a short time when
using a low heating temperature and will lose important
information for the low temperature reactions when using a
high heating temperature. However, the non-isothermal
method could observe all changes efficient. Several papers
have reviewed the development of non-isothermal method,® !
the applicability of the kinetic methods in thermal analysis,[**
1 and the applications of non-isothermal methods in
specifically fields such as the pyrolysis of woody biomass*?
and microalgae,’¥ and crystallization of glass-forming
liquids.[* In this review, we aim to summarize various kinetic
methods for non-isothermal analysis and their applications in
different reactions, including thermal decomposition, solid-
state phase transformation, crystallization, curing, thermal
ignition, efc.

2. Kinetic Methods

In the last several decades, various non-isothermal kinetic
methods, which depend on relationships between heating rates
and temperatures that the reaction reaches a maximum value,
have been developed to obtain kinetic parameters. The most
well- known approaches are Kissinger™ and Ozawall
methods.

2.1 Kissinger and Kissinger-Akahira-Sunose (KAS)
Methods

The Kissinger method was developed by Homer E. Kissinger
in 1957.0%1 Because of the method is rapid and easy-to-use, it
has been become one of the most popular approaches for
determining kinetic parameters via thermal analysis. To today,
May 31, 2020, the first paper™ that reported the Kissinger
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model has been cited by more than 5600 literatures (5605
citations in Web of Science, 9757 citations in Scopus, and
12505 citations in Google Scholar).

The Kissinger method relays on a series of experiments
that heating samples at several (always three or four) different
heating rates by using thermal analysis instruments such as
DSC and DTA. Then the reaction exothermic peak
temperature at each heating rate are recorded to calculate the
kinetic parameters. For a thermal reaction, the rate of
conversion can be described by two separate functions f(x) and
k(T) ;119

dx
T f)k(T) ey

where x is the conversion; f{x) is the function of the conversion;

t is the time; k(7T) is the rate constant; and 7T is the Kelvin
temperature.
Based on Arrhenius equation:

k(T) = Aexp( RT) @)

where A is the pre-exponential factor for the thermal reaction,
R is the gas constant, and Ejis the activation energy.
The rate of conversion can be written as:[*7-29

% = f(x)Aexp (— g—;)

For the function of the conversion:

(3)

fG)=0-x" 4)
where n is the empirical order of the reaction.
Then the rate of the conversion can be described as:[17-19]
o A — 0 (- E“) 5
- X)TEP\ TR ®)

Taking the derivative from both sides:™!

e (5p)

4 st Cit)
+ Aexp (— g—;) w (6)

When a sample is heated at a constant rate 3, the temperature
changes linearly:

T=T,+pt (7)
Taking the derivative from both sides:
dT
— =8 (8)
Then the equation 6 can be written as:
d (dx) A1 — )" ( ) PE,
de \de X eXP\ " RT) RT?
E, . dx
— Aexp (— —) n(1 —x)" 1— 9
d (dx) _[BE, ( ) dx 10
dt\dt)  |RT?2 e a 10

. X . .
The reaction rate " will rise to a maximum value and

then return to zero when the reactant is exhausted. The

d /dx\ .
maximum rate occurs when a (d_) 1S Z€ro.

Then the equation 10 can be written as:

BE, Eq
— A 1 n—1 (_ )
RTZ =nA(1—x)"texp R,

(11)
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where Ty, is the reaction exothermic peak temperature.
Assuming n=1, then:*¥

BE, ( Ea)
=A - 12
RTZ ~ P\ TRT, (12)
For n#0 and n#l, based on the Coats-Redfern

approximation:[8-20

2RT,,
n(l—x)"‘1z1+(n—1)( 5 ) (13)
a
Furthermore, because of
2RT,,
<1 (14)
a
Then
2RT,,
(n—1)( )zO (15)
Eq
Thus
n(1l-x)"1=1 (16)
The equation 11 can also be written as:
PEa _ 4 ( Fa ) 12
RTz ~ “*P\TRT, (12)
Change the equation 12 to:
B AR ( E, ) 17
12 = E, “P\"RT, a7

Taking the natural logarithm on both sides of equation 17,
the Kissinger method is written as:[!)
E a

In (7?)2) In (2_5) " RT,,

Plot In (Tﬁz) versus T— and fit all data using a straight line,

m

(18)

then the slope (k) and the intercept (b) of the line equals to —

(E—R), respectively. Finally, the activation energy
(Ea) can be obtained by -k multiply the gas constant R (8.314
J mol! K-') and the Arrhenius pre-exponential factor (A)can
. bE,
be obtained by -
On the basis of the Kissinger method, several other kinetic

methods have also been developed, such as Kissinger-
Akahira-Sunose (KAS) method.?!

Considering equation (8), the equation (3) can be written
as:
= A 1
= fe)dexp (- 22) (19)
Then
@ _, ( Fq )dT 20
Define g(x) as the integral form of f(x), then

X

9(x) = f(x) ﬁf exp (- ) ar =

where p(;) is an approximation.

ﬂR

Taking the natural logarithm on both sides of equation 21, we
have:

AE, E,
Ing(x) = ln( R ) —Ing + lnp(ﬁ)

On the basis of the Coats-Redfern approximation:[?°-22

(22)
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Table 1. Kinetic methods in thermal analysis

Method Equation Ref.
- 1 B -1 (AR) Eq
Kissinger n TZ) = n E, RT, [15]
Kissinger-Akahira-Sunose <ﬁ ) ( AR ) Eq
In|—=]=1In -
(KAS) T2 g(x)Es/  RTy [21]
1 4 =1 (AR) Eq + Ind,
Ozawa/Flynn-Wall-Ozawa Ea
l = -1
(FWO) ogp oglg(x)] [26]
d
Friedman In (/3 dT) In[Af ()] — [27]
m
1 ( 1 dx) —1
Achar "roar) T n(ﬁ) [38]
gx) (AR ) E,
Coats-Redfern 1n< Tnzl ) =In GE R, [20]
Augis-Bennett/Boswell ( ) - + constant [30,31]
Matusita-Sakka ( ) ———"+ constant [42]
dlnB (E +oT
Crane (1Y \nR ) [36]
d (m)

Note: x is the conversion; f(x) is the function of the conversion; g(x) is the integral form of f{x); A is the pre-exponential factor for
the thermal reaction; R is the gas constant; Eis the activation energy; » is the empirical order of reaction; B is the heating rate; Tr/T),

is the reaction exothermic peak temperature; m in the Matusita-Sakka method represents the dimensionality of the crystalline phase.

£ _ e (-gf)
p(Z) = TR (23)
(=)
Then
2
Ing =1In (AI%) —Inglx)—In (g—;) - g—; (24)

Finally, KAS method can be written as:[?*-%]
E a

In (Tﬁz) =1n (g(ifEa) T RT,,

Similar as the Kissinger method, the plot of In (Tﬁz)

m

(25)

Versus TL will develop a straight line. Then the E. can be

calculated by the gradient of the curve multiplication with the
gas constant R.

The Kissinger method depends on determining the single
point reaction peak temperature; however, it’s limited to the
reactions that the E, obtained at the single point reaction peak
temperature that is different with the one for the early or late
portions. The KAS method based on assuming the process that
following the same mechanism of reaction for a given
conversion degree and it doesn’t need to consider the
conversion-dependent function.

Moreover, Elder has modified the Kissinger method as:[** 24

()= (5,) 77 @)

where @, is a correction term, which depends on the kinetic
models: %24
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df (x)
e (27)

This modification tried to make the Kissinger method
applicable to the full range of kinetic models 4

no, =

2.2 Ozawa Method

The Ozawa method is another popular approach for
determining kinetic parameters. It was developed by Takeo
Ozawa in 1965.1%8 Similar as the Kissinger method, the Ozawa
method also depends on a series of experiments that heating
samples at several different heating rates. The kinetic
parameters are also determinate by recording the reaction
exothermic peak temperature at each heating rate.

Define

Eq
Y= (28)
Then
dT = Ea d 29
The equation 29 can be written as:
A (T E, AE, (Y  exp (-y)
— | exp (— —) dT = J. ————]dy (30)
g, e (7)o = | -5
Define
Y exp(—y)
po) = | -2y (31)
0 y
Because of
= [ X (21)
x) = —
8 o f(x)
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Fig. 1 AFM images of the different NC materials, which were prepared (a) from 10 mg/mL DMF solution at 25 °C (bulk film), (b)
from 5 mg/mL DMF solution at 5 °C (300-800 nm), (¢) from 10 mg/mL DMF solution at 5 °C (200-900 nm), and (d) from 30 mg/mL
DMEF solution at 5 °C (0.5—4 um). (E) DSC curves of bulk NC film at different heating rates; (F) plot of In B versus the reciprocal of
the peak temperature 1/Ty, (Ozawa method) for bulk NC film and NC samples that were constructed by 0.5—4 um, 200-900 nm and
300-800 nm particles; and (G) plot of activation energy of bulk NC film and NC samples that were constructed by 0.5—4 um, 200—
900 nm and 300-800 nm particles, reproduced with the permission from [44]. Copyright@ELSEVIER.

Then the equation 31 can be written as:

Eq,
gx) = ﬁ—RP(Y) (32)
Thus
_ ﬂ 33
B= Rg(x)p(y) (33)

Taking the logarithm on both sides of equation 33:

AE
logp = log(—) — loglg(x)] + logp(»)
Based on Doyle approximation, ]

(34)

E
logp(y) = —2.315 — 0.4567R—;
Then the Ozawa model can be written as:[?

E, AE,
logp = —0.4567 7o — 2.315 + log(—=) — loglg (x)] (36)

Plot logp versus Ti and fit all data using a straight line, then

(35

Slope (k)-R
04567
1966, Flynn and Wall reported a similar method with Ozawa’s

independently.? Thus, the equation 36 is also called as Flynn-
Wall-Ozawa (FWO) method.

Other kinetic methods, such as Friedman method,?"
Friedman—Reich-Levi method,?®! Augis-Bennett/Boswell
method,%%  Anti¢-Colovi¢ method,®?%31  Sestak—Berggren
method,*% Crane method,®*® Moynihan method,* Achar
method,®8%  Coats-Redfern method,”@ Madhusudanan-
Krishnan-Ninan (MKN) method,*? and Borchardt—Daniels
method*! have also been developed to determine kinetic

the activation energy E. can be obtained by —

4| Eng. Sci., 2021, 14, 1-13

parameters. For some reactions, such as the crystallization
with random nucleation, some modifications are necessary to
these kinetic methods. All kinetic methods that discussed in
this review are summarized in the Table 1. We will further
discuss these methods and their modifications in the
application part.

3. Applications of Kinetic Models in Thermal Analysis

3.1 Thermal decomposition

The non-isothermal analysis is a popular method to explore
the thermal decomposition reactions, such as thermal
decomposition of energetic materials,**8 pyrolysis of
biomass, 213495 and thermal degradation of minerals and
plastics.[*%275152 Various kinetic methods, especially Kissinger
and Ozawa methods, have been employed to obtain the
kinetic parameters for thermal decomposition reactions. For
example, Zhang et al. studied the effect of the particle size on
the decomposition of nitrocellulose (NC) which is an
important energetic material usually used as a propellant or
explosive component via using the non-isothermal analysis
technique.*+% As shown in Fig 1A-D, they first synthesized
NC bulk films and micro-structured films built by 300-800
nm, 200-900 nm, and 0.5-4 um NC particles, respectively, via
a solvent evaporation method. Then they explored the thermal
properties of these films by using DSC with four heating rates
of 2, 5, 7.5 and 10 °C min' in the temperature range of 40—
300 °C. The decomposition kinetics are analyzed by Ozawa
method first. As an example, the normalized DSC curves of

© Engineered Science Publisher LLC 2021
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Fig. 2 Estimation of activation energy using different isoconversional methods (A) Kissinger, (B) KAS, (C) OFW, and (D) Friedman
method; (E)Activation energy with function of conversion using different isoconversional techniques, reproduced with the permission

from [49]. Copyright@ELSEVIER.

the bulk NC sample at four different heating rates were plotted
in Fig 1E. Plot log B versus 1/Tr, and then fit all data using a
straight line (Fig. 1F), the activation energies are obtained. The
Kissinger method was also applied to calculate the E, for the
thermal decomposition of all four samples. The E. obtained
from both methods was plotted in Fig 1G. Both methods
demonstrated the same result that the E. of thermal
decomposition of NC materials decreasing with decreasing
particle size. There is no obviously difference for the values of
E. obtained from both methods. Zhang ef al. also investigated
the effect of doping concentration of graphene oxide (GO) on
the thermostability of NC using the non-isothermal analysis.*!
The decomposition kinetics of pure NC and various GO-
doped-NC samples were analyzed by both Kissinger and
Ozawa methods too. Similar as the results obtained for
exploring the size-dependent NC samples, both methods
indicated the thermostability of NC increased obviously with

© Engineered Science Publisher LLC 2021

increasing the doping concentration of GO and provided very
close values of E. for the thermal decomposition of NC.
Moreover, He et al. investigated the thermal decomposition of
pure NC and NC with different alcohol humectants such as 30
wt.% isopropanol and 30 wt.% ethanol via non-isothermal
analysis.[*! Similar as Zhang et al., He et al. also calculated
the kinetic parameters via Kissinger and Ozawa methods and
both methods provided similar results. The consistency in the
calculation results for the E. of decomposition of NC and
various NC-GO/alcohol mixtures indicated both Kissinger and
Ozawa methods could be applied to determine the kinetic
parameters of the simple decomposition reactions easily and
fast.

For the complex thermal decomposition reactions, such as
the pyrolysis of biomass, the KAS method and Friedman
method are always employed to determine the kinetic
parameters.['21349501 Ag mentioned in the Part 2.1, unlike the

Eng. Sci., 2021, 14, 1-13 |5
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Kissinger method, the KAS method assumed and rearranged
mathematical approximation for exponential term. Generally,
the KAS method could provide more accurate results than
Kissinger method for the complex thermal decomposition
reactions. Different with Kissinger, Ozawa/OFW, and KAS
methods, Friedman method (Equation 37) is a differential
form of algorithm.[?"
Eq

d
In (3 ﬁ) = In[4f ()] - -

where f(x) is a constant for specified x. Plot In (,8 3—’;) Versus

(37)

TL and fit all data using a straight line, the E, can be obtained
by -slope(k)-R.
Chandrasekaran et al. studied the thermal behavior of

Prosopis Juliflora wood using TGA/DTG with six different
heating rates of 2, 5, 10, 15, 20 and 25 °C/min.! The E, of

pyrolysis reaction was calculated using four different methods,

including Kissinger (Fig. 2A), KAS (Fig. 2B), OFW (Fig. 2C)
and Friedman (Fig. 2D) methods.* The E. and pre-
exponential factor (A) was calculated by the Kissinger method
first, which is 164.58 kJ mol™' and 1.67x10° min™!, respectively
(Fig. 2E). Then the E, and A were determined by KAS, OFW
and Friedman methods via giving a value of fractional
conversion (o), which is ranging from 0.20 to 0.80. The plots
of these three methods were displayed in Fig 2B-D,
respectively. The calculated E, in each a were plotted in Fig 2
E. Obviously, the E, was a function of a, which varies from
187.1 to 231.2 kJ mol™! for KAS method, 187.4 to 229.6 kJ
mol!' for OFW method, and 196.4 to 238.2 kJ mol! for
Friedman method, respectively. The mean activation energies
were 204, 203.2 and 219.3 kJ mol! for KAS, OFW and
Friedman methods, respectively. If the decomposition
occurred without a large variation in E, for a wide range of a,
then a uniformly reaction was assumed during processing.

Otherwise, a complex reaction mechanism should be proposed.

As shown in Fig 2E, significant changes of E. consistent with
o indicated the whole decomposition process was complex and
did not follow the same reaction mechanism for different
conversion. The pre-exponential factor A also changed with o;
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the average value was 1.4x10'°, 1.5x10%, and 6.8x10%° s’! for
KAS, OFW and Friedman methods, respectively. Among all
four methods, the E; calculated through Friedman method was
independent of the heating rates, which could reduce the
system error via evaluating the Ea. Thus, the Friedman method
could be considered as the best one among these four methods
to determine the kinetic parameters for the pyrolysis of
biomass.

Other kinetic methods, such as Achar %! and Coats-
Redfern methods?@ have also been developed to determine
kinetic parameters for thermal decomposition processes.
Achar method is a differential form, which is similar as
Friedman method and can be presented as:

1 (L d_x) =1 é - Eq
"reoar) =@~ rr,

Plot In (%%) versus i and fit all data by a straight
line, the E, can be calculated by -Slope (k)'R. The Arrhenius
pre-exponential factor A will be obtained via intercept.

Coats-Redfern method is an integral form and can be

1 (g(x) Eq
n

written as:
) l (AR )

Similar as the Kissinger and KAS methods, the plot of
In (gT(f)) versus Ti will develop a straight line. Then the E,

m

(38)

(39)

equal to -Slope (k)R. The Arrhenius pre-exponential factor A
will be obtained via intercept too.

Bai et al. explored the thermal decomposition kinetics of
light-weight composite NaNH>-NaBH4 hydrogen storage
materials and the effect of Co-B doping via using both Achar
and Coats-Redfern methods.®! The calculated E. for the
pristine NaNH>—NaBH4 (2/1 molar rate) was around 159.6
kJ/mol, while the E. for the Co-B doped NaNH,—NaBH4 (2/1
molar rate) was 70 kJ/mol, which was only 43.9% of the
former, This result indicated the thermal decomposition of
NaNH>-NaBH4 was improved significantly via adding Co-B
catalyst.
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Fig. 3 (A) DTA and TG/DTG curves of gibbsite powder heated at 20 °C min™'. (B) XRD pattern of gibbsite powder treated at different
temperatures for 2 h (G: Gibbsite, B: Boehomite, A: x-Al,O3; and E: y-Al,03). Note: Based on the literatures, the amorphous phase
in the XRD pattern collected at 400 and 600-800 °C should be y-Al,O3 and y-Al>O3, respectively; the phase A and E in the XRD
pattern collected at 1000 and 1200 °C should be crystalline y-Al,O3 and a-Al>O3, respectively.[80,81] (B) Plot of y = Inf, In(B/Twm)
and In In(B/Tm?) according to OFW, Boswell (Augis-Bennett), and KAS methods, respectively, reproduced with the permission from

[55]. Copyright@Polish Academy of Sciences Institute of Physics.
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Fig. 4 Activation energy of crystallization vs. alloying time for
Ti4oZrsoNiz and TisHfsNizy materials, reproduced with the
Permission from [82]. Copyright@ELSEVIER.

3.2 Solid Phase Transformation
The kinetic parameters of the solid-state phase transformation
reactions such as mineral, alloy glass and pharmaceutical
ingredient phase transformations are always obtained via
using non-isothermal technique.4% Except the Kissinger and
Ozawa methods, a special method that only suitable for
investigating  heterogeneous solid-state reactions was
developed based on Avrami law (Equation 40), which could
be used to describe most solid phase transformation reactions.
x=1—exp[—(kt)"] (40)
where x is the amount of material transformed at the time ¢,
n is a dimensionless exponent, k is given by the Arrhenius
equation.B%
In 1978, J. A. Augis and J. E. Bennett developed the
method first;% then in 1980, Boswell built the similar model

independently:[U
E a
———+ constant

In (ﬁ) =
T RT,,
The Augis-Bennett/Boswell method depends on plotting

In (Tﬂ) Versus TL and fitting all data using a straight line. The

m

(41)

activation energy E, can be obtained by -slope (k)-R.
Redaoui et al. investigated the kinetic parameters for the
solid phase transformation of gibbsite (aluminum hydroxide,
o-Al(OH);) to alumina via using the non-isothermal
technique.B Gibbsite is one of the most abundant natural ores
of aluminum, as well as an important raw material in
industrials for catalysts, adsorbents, fire retardants, coatings,
etc.[268 [t’s also serve as an important precursor for the
synthesis of boehmite (aluminum oxyhydroxide, y-AIOOH)!®®
™ and various alumina materials, such as chi(y)-AlOs and a-
ALO3,5™ which are widely used in specialized industries
including filler, catalysis, glass, ceramics, purification, paint,
coating, and metallurgy.l’> ¥ Moreover, gibbsite is one of the
major components in nuclear wastes stored at the Hanford site

© Engineered Science Publisher LLC 2021

(WA, USA) and at the Savannah River site (SC, USA).["#7
Understanding the solid-state phase transformation of the
gibbsite could help to improve the processes related to both
nuclear waste treatment and alumina materials synthesis. As
shown in Fig 3A, there are three steps for the solid phase
transformation of gibbsite to alumina based on the DTA and
TG/DTG curves. Combined with the XRD studies (Fig. 3B),
the first and the smallest endothermic peak located at 519 K
was assigned to the dehydroxylation of gibbsite to transfer to
boehmite (y-AIOOH) partly; the peak at 585 K was
contributed to two reactions: first is the additional
transformation of the gibbsite to boehmite and second is the
conversion of gibbsite to y-Al,O3; and the last endothermic
peak at 815 K was claimed as the transformation of the
boehmite to y-Al,Os. There are four heating rates, including 5,
10, 15 and 20 °C, used to determine the kinetic parameters for
all three steps. The activation energy E, for all three steps was
calculated by using OFW, Boswell and KAS methods. The Fig
3C demonstrated the data fitting for the first step reaction at
519 K. The value of the E, for these three steps was 154.9-
159.2, 248.8-256.9, and 277-285 kJ mol!, respectively, which
agreed well with the isothermal techniques. Among these three
kinetic methods, the Boswell method provided the highest Ea
for all three steps and the values were closer to the ones
obtained from the isothermal techniques.

Friedman method (Equation 37) was also used to detect the
kinetic parameters of the solid-state phase transformation
reactions. For example, Prokof’ev ef al. explored the kinetics
of non-isothermal solid-state phase transformation of ZnO-
gibbsite and ZnsCO3(OH)s-H,O-gibbsite using Friedman
method and FWO method.®® 57 Similar as the work reported
by Redaoiu et al., Prokof’ev et al. also observed three peaks
from DSC and DTG curves during heating ZnO/Al(OH)3
mixtures from room temperature to 800 °C. The endothermic
effect for the temperature range of 200—400 and 450-550 °C
corresponded to transformation of gibbsite to boehmite and
boehmite to alumina products, respectively. There is no peak
assigned to the transformation of ZnO. They only determined
the kinetic parameters for the transformation of boehmite to
alumina. The Friedman method was applied first. The kinetic
curves based on Friedman method were obtained after
numerical differentiation. A series of straight lines were also
developed based on the OFW. Then the activation energies and
pre-exponential factors were calculated via fitting the curves
that plotted by Friedman and OFW methods. The values of
activation energies obtained from Friedman and OFW
methods were very close and have similar changing trends
according to the conversion degree. Compared with the
original mixture, the co-grinding samples owned lower
activation energies at the final stages of the reaction
(conversion degree > 0.5), which indicated the co-grinding
process could promote the solid-state phase transformation
reactions. The similar results were obtained for the function of
pre-exponential factor versus conversion degree. In addition,
the values of InAo calculated from the OFW method was10-
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20 % larger than the values calculated from the Friedman
method.

3.3 Crystallization

Non-isothermal analysis techniques have also usually been
used to investigate the crystallization kinetics, such as the
amorphous-to-quasicrystalline transformations in the alloy
systems,[382  crystallization of polymers/polymer-based
nanocomposites,[*®%l and nanocrystal formation in
xyfluoride glass systems.®! Non-isothermal experiments,
which using a fixed heating rate until the crystallization
process completed, are frequently performed to obtain the
crystallization temperature. Then the kinetic models were
employed to calculate the kinetic parameters, such as the E,
for crystallization. The most popular methods used to explore
the crystallization process are also Kissinger method and
Ozawa method. For the solid-state transformation-based
crystallization, the Augis-Bennett/Boswell method is also
used to obtain the kinetic parameters. But for the
crystallization with random nucleation, a modified Kissinger
method (Equation 42) developed by Matusita and Sakka is
always applied to determine the kinetic parameters.?

B" mE
" (r—pz) -

a
RT, + constant

where m represents the dimensionality of the crystalline phase
and n is the Avrami time exponent, which is determined from
the Ozawa equation:

d{ln[—In(1 - X)]}

dinp

where X is the volume fraction crystallized at a fixed
temperature T when heated at heating rate .

For example, Kocjan et al. explored the crystallization
kinetics of Ti—Zr—Ni- and Ti—Hf-Ni-based quasicrystals via
using DSC integrating with XRD to detect the structural
changes.[®?! To obtain the kinetic parameters, the alloys were
heated up to 700 °C with five heating rates, including 2, 5, 10,
15 and 20 °C min!. The Kissinger model was used to calculate

(A) ”

(42)

=-n (43)

i -10 4

2 PET
12 PET / 1%PS

> PET/1%SAN

-13 T T T T T
21 2.2 23 24 25 286 27

1000/7,

the E, for the crystallizations of different alloys first. Authors
mentioned that the Kissinger model is only valid when the
crystal growth occurs on a fixed number of nuclei. Then they
also applied Matusita-Sakka method to obtain the E..[*4 The
calculated E; from both the Kissinger and the modified
Kissinger methods were plotted in Fig 4. Although the value
of the E, obtained from different method was totally different,
both indicated the crystallization of TisZrsNiz was much
harder than TisHf4oNizo. In addition, the result indicated the
longer mechanically alloying time could make the
crystallization easier.

Wellen et al. studied the nonisothermal crystallization of
polyethylene terephthalate (PET) and its blends with 1%
polystyrene (PS) and 1% styrene-acrylonitrile (SAN)
copolymer using DSC with ten different heating rates,
including 1, 2.5, 5, 7.5, 10, 15, 20, 30, 40, and 50 °C min™'.[84
The Kissinger model was used to calculate the E, for all
samples first (Fig. 5A). However, the data fitting in the Fig SA
was poor based on all ten heating rates for all samples by using
the linear Kissinger relationship between In(f/T,?) and 1/Ty,
where T, is the detected crystallization temperature by DSC at
different heating rates. In fact, nice fitting could be applied for
both lower heating rates (1, 2.5, 5, and 7.5 °C min'') and higher
heating rates (20, 30, 40, and 50 °C min'), but provide
different E,, which is 165 and 85 kJ mol!, respectively, for the
crystallization of PET (broken lines in Fig. 5A). The
calculated E. for the crystallization of PET based on 10 heating
rates was 120 kJ mol!. The Matusita-Sakka method, which
using B" to replace the B in the Kissinger model, was also
applied to obtain the E,. The n for the PET, PET/1% PS and
PET/1% SAN was around 1, 1.53, and 2.27. There is no need
to re-plot the data for PET due to the value of m was around 1.
The obtained E, for the crystallization of PET/1% PS and
PET/1% SAN was 115 and 160 kJ mol!, respectively (Fig.
5B). These values were totally different with the one obtained
from the traditional Kissinger model, which was 100 and 85
kJ mol! for PET/1% PS and PET/1% SAN, respectively.

2 /\ PET/1%PS
> PET/1%SAN

235 2.40 245

1000/7,

220 225 2.30 2.50

Fig. 5 Kissinger (A) and modified Kissinger (B) plots to calculate the E, for the cold crystallization of PET, PET/1%PS, and
PET/1%SAN, reproduced with the Permission from [84]. Copyright@ELSEVIER.
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Fig. 6 KAS plots for ignition reaction of (A) Mg/Ba(NOs3), and (B) Mg/Sr(NO3),

pyrotechnic at three heating rates and various

conversion factors (o = 0.1-0.9, with 0.1 increment). (C) The calculated E, from the KAS methods for various conversion factors,

reproduced with the Permission from [90]. Copyright@Springer.

3.4 Ignition reaction

Thermal induced ignition reactions have also been
investigated by using various kinetic methods.[**2 For
example, Pouretedal ef al. explored the ignition reactions
Mg/Ba(NO3), and Mg/Sr(NO3), (Equation 44) via using the
non-isothermal thermal analysis technique.®® The TG/DSC
curves were obtained at three heating rates of 20, 25 and 30 °C
min’! under nitrogen atmosphere. The Kissinger and FWO
methods were employed to calculate the E, of ignition
reactions of Mg/Ba(NO3), and Mg/Sr(NOs), pyrotechnics first,
which is 130.5 and 146.3 kI mol’!, and 138.3 and 153.2 kJ mol
I, respectively. Then the KAS method was applied to obtain
the E, at a wide range of a (0.1 to 0.9). The Fig 6A and 6B
displayed the KAS plots for these ignition reactions at three
heating rates and various conversion factors. The calculated E,
was plotted in Fig 6C. There were no significantly change in
the E, with changing the a, which indicated both ignition

reactions were uniform.
3Mg (s) + M(NO3)2(s) —» 3MgO (s) + MO (s) + N2 (g)
+02(gy(M=Ba or Sr) (44)
Pouretedal et al. also investigated the catalytic effect of
Ag/multi-walled carbon nanotubes (CNTs) nanocomposite on
the ignition reactions of Mg/KNOs pyrotechnics via the
thermal analysis technique. The DSC with heating rates of

(A) (B)

["—T

DSC (mW. mg")

1 1 (’ 1 1 1

350 400 450

K/°C

500 550

5, 10, 15 and 20 °C min"! was performed to determine the
exothermic peaks of ignition reactions of Mg/KNO; and
Mg/KNO3/Ag/CNTs under N, atmosphere. There was a
decrease around 37 °C in exothermic peak temperature and an
increase around 500 J g in enthalpy after introducing
Ag/CNTs into Mg/KNOs. Using Kissinger, FWO and KAS
methods, the E, of the ignition reaction of Mg/KNO3 was
calculated as 174.6 + 7.8 kJ mol"'; however, the value of the
E. was reduced to 155.8 + 5.3 kJ mol"! in presence of the
Ag/CNTs, which indicated the ignition reaction of Mg/KNO3
was improved obviously with adding Ag/CNTs as catalyst.

3.5 Curing process

Obtain the kinetic parameters of the curing reactions has
important theoretical and practical significance for its
application in industrial. For example, the value of the E,
could reflect the degree of difficulty in the curing process
directly.[%1 To date, various kinetic methods have been
employed to determine the kinetic parameters for curing
processes.[t7: 2. 36,9391 For instance, Ding ef al. explored the
curing reaction kinetics of the epoxy resin (EP)/3,6-enodro-
1,2,3,6-tetrahydrophthalic anhydride (OBPA)/Furfuryl
glycidyl ether (FGE) polymer system via the non-isothermal
DSC method (Fig. 7A).[%1 The Kissinger and Ozawa methods

9.0
£ i
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5 L
o e -10.0 o
&
= <105
35
G- 3.0 4
=
£ 254
2 204
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= 154
] 1.0 N 1 1 L
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Fig. 7 (A) Non-isothermal DSC curves of EP/OBPA/FGE system. (B) The relation between (B/T,?) and 1/T,, of Kissinger (i), the
relation between Inf and 1/T, of Crane (ii), and the relation between 1gf and 1/T,, of Ozawa (iii), reproduced with the Permission

from [93]. Copyright@Royal Society of Chemistry.
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were applied to obtain the E, first, then the Crane method was
employed to determine the reaction order (Fig. 7B).

The Crane method was presented as:[
dinf

d(ﬁ)——<—“+zrm)

45
- (45)
Aplotof Inf8 versus Ti will generate a straight line with

the slope (— :—;) when :—; >> 2T,,. Then the reaction
Ea

~ stope (k)R

method and Ozawa method, the E, of the curing reaction was

72.37 and 73.87 kJ mol™!, respectively, both indicated :—; >

> 2T,,. The slope of the line that obtained by fitting the plot

of Inf versus Ti is —9538.51, then the reaction order n is

m

order n equal to ) Based on the Kissinger

0.912 or 0.931, which was a first order reaction. The value of
pre-exponential factor 4 was calculated as 2.640 x 103 min™".

Moreover, the non-isothermal analysis based kinetic
methods have also been used to determine the kinetic
parameters for the melting,®"% combustion,?%! aging
process,*% etc.

4. Conclusions

Various non-isothermal kinetic methods, which depends on
relationships between heating rates and temperatures that the
reaction reaches a maximum value, have been developed to
obtain kinetic parameters for different thermal reactions. It’s
critical to choose suitable or develop novel kinetic methods for
the thermal analysis. Kissinger and Ozawa methods are most
popular kinetic methods to determine the kinetic parameters
and they’re easy and fast, but both methods are limited to the
simple reactions. The modifications are necessary for these
kinetic methods when analyze the complex processes, such as
the pyrolysis of biomass and the crystallization with random
nucleation. The KAS and Matusita-Sakka methods have been
developed to investigate complex reactions. The Friedman
method is independent of the heating rates, which could
reduce the system error via evaluating the E,. Thus, the
Friedman method could be considered as a better approach for
some complex systems. In addition, some kinetic methods are
developed to work on specific reactions, such as the Augis-
Bennett/Boswell method for solid-state phase transformations
and Crane method for determining reaction orders. Moreover,
researches pointed out that some kinetic methods such as
Kissinger method were derived only for heating experiments
and were not mathematically sound for cooling processes 1%
02 Employing these methods with positive values of cooling
rates may lead to erroneous values of the activation energy.'?!
Although Kissinger method and other non-isothermal kinetic
methods have been widely applied to determine the cooling
processes, researchers should still pay attention to use these
methods in their systems. It would be highly advisable to
employ several non-isothermal kinetic methods to calculate
the kinetic parameters and evaluate the differences from
different methods.

10| Eng. Sci., 2021, 14, 1-13

It worth to point out that kinetic parameters can be
determined easily and fast by fitting the thermal analysis data
using different kinetic method, but the data analysis is also
very subjective to the experimental design, instrument
configuration, data collection, and even reacting atmosphere.
Thus, it’s critical to apply suitable non-isothermal technique
for the thermal reactions based on literature retrieval and
contrast analysis method. Finally, because of the limitation of
the different kinetic models, there is a continuous interest in
developing simple, practical or fast kinetic methods for non-
isothermal analysis, especially for a particular type of thermal
reaction but with high accuracy.
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