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Abstract: The kinetics of the TiO2 crystalline phase formation in the powdered samples of protonated potassium 
polytitanate (PPPT) having an amorphous layered structure was studied by differential scanning calorimetry (DSC).  
The theoretical analysis was carried out using the THINKS free software, based on the methods of Kissinger, Friedman 
and Vyazovkin, as well as the method of combined kinetic analysis, and the methods of linear and non-linear regression. 
The obtained results have shown that the formation of the crystalline TiO2 (anatase) in the investigated system occurs in 
two stages. The theoretical results were analyzed taking into account their correspondence to the kinetic models of 
crystallization process including: two independent flexible one-step stages; two sequentially flowing flexible single-step 
stages; two parallel flowing (competing) flexible single-step stages. The main kinetic parameters of the crystallization 
process are determined using the best satisfaction to the Bayesian fit criterion (BIC). Based on the results obtained, the 
mechanism of two sequentially flowing stages is proposed. The first stage of crystallization, involves the diffusion of 
surface-active components (H2O, H3O+, K+) in the interlayer space to the surface of PPT particles and following 
desorption of water and transformation of the layered amorphous PPPT structural polyanions into the distorted crystalline 
anatase-like structure. At the second stage of the process, the distorted anatase structure is transformed into the traditional 
crystalline form, and, finally, the process of crystallization of protonated PPT is completed by the formation of small 
crystals of potassium hexatitanate onto the surface of particles with the participation of potassium ions previously diffused 
from the bulk. 
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Аннотация: Методом дифференциальной сканирующей калориметрии (ДСК) исследована кинетика 
формирования кристаллической фазы TiO2 в образцах протонированного полититаната калия (ПТК), имеющего 
аморфную слоистую структуру. С использованием свободного обеспечения THINKS на основе методов 
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Киссинджера, Фридмана, метода комбинированного кинетического анализа, с применением методов линейной и 
нелинейной регрессии проведен анализ соответствия полученных экспериментальных кривых ДСК различным 
кинетическим моделям процесса кристаллизации, включая: два независимых гибких одноступенчатых шага; два 
последовательно протекающих гибких одноступенчатых шага;  два параллельно протекающих (конкурирующих) 
гибких одноступенчатых шага. Определены основные кинетические параметры процесса, в наибольшей степени 
удовлетворяющие экспериментальным данным по критерию соответствия Байеса (BIC). Результаты исследования 
показали, что образование кристаллической фазы анатаза в данной системе идет в два этапа. На основании 
полученных результатов предложен механизм двухстадийного процесса кристаллизации протонированных ПТК, 
предусматривающий на первом этапе диффузию поверхностно-активных компонентов (Н2О, Н3О

+, K+)  
в межслойном пространстве к поверхности частиц ПТК, с дальнейшей десорбцией воды и преобразованием 
слоистой аморфной структуры полианионов ПТК в искаженную структуру анатаза. На втором этапе  процесса 
происходит трансформация искаженной структуры анатаза к ее традиционной кристаллической форме,  
и завершается процесс кристаллизации протонированных ПТК образованием мелких кристаллов гексатитаната 
калия на поверхности кристаллических частиц TiO2 с участием остаточных ионов калия, ранее 
продиффундировавших из внутренних слоев частиц ПТК к поверхности. 
 
Ключевые слова: полититанаткалия; термический анализ; кристаллизация; изоконверсионный кинетический 
анализ; кинетические параметры; механизм. 
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1. Introduction 
 

The understanding of the mechanism and 
description of the kinetics of reactions in solid-phase 
systems is of great importance in the development of 
methods for the synthesis of so-called high-tech 
composite materials. In recent years, intensive 
research has been carried out in the field of obtaining 
intermediate products intended for use in the 
synthesis of complex oxides in the form of various 
titanates, zirconates, bismuthates, niobates, which are 
functional materials for various purposes [1–3]. 

An example of the implementation of this 
approach is the synthesis of intermediates based on 
quasi-amorphous potassium polytitanates (PPT) 
subjected to modification under various chemical and 
thermal effects [4–6]. The obtained materials exhibit 
a high thermal reflectance, a low coefficient of 
friction, and a high dielectric constant [3–7]. 

Potassium polytitanate (PPT) synthesized in 
hydroxide-nitrate melts [7] is an ideal intermediate, 
which, due to its layered structure, can be easily 
modified by any compounds by intercalation or 
decoration. 

In this case, the structure of PPT particles can be 
defined as quasi-amorphous. It is based on double 
polyanionic layers formed by titanium-oxygen 
octahedra with a highly ordered structure of 
individual polyhedra; on X-ray diffraction patterns, 
the reflection at angle 2θ of about 48.1° has a rather 
high intensity and a small half-width, which is typical 
for all crystalline titanates [8]. However, other 
reflections associated with the mutual orientation of 
titanium-oxygen octahedra are weakly expressed, and 
sometimes they are completely absent. Some [TiO6/2] 

octahedra contain vacancies, from 5 to 20 % of the 
octahedra are formed by titanium with the Ti3+ 
valence state, their shape is distorted, which leads to 
the formation of a deformed layered structure with an 
interlayer distance varying over a wide range (from 
0.2 to 1.1 nm). H3O+and K+ cations, which 
compensate the excess negative charge of titanate 
polyanions, as well as molecules of waterlocated in 
the interlayer space of PPT particles [6, 8]. 

During the heat treatment, potassium 
polytitanates, regardless the molar ratio of 
n = TiO2/K2O, which can vary over a very wide 
range from 2 to 6 [4, 7], crystallize with the 
formation of K2Ti4O9, K2Ti6O13 and TiO2. At the 
same time, the ratio of components in the final 
product, as well as the temperature of the beginning 
of their crystallization (450–600 °C), vary depending 
on a value of n. 

The protonated forms of potassium polytitanate 
(n = [TiO2]/[K2O] > 8), obtained during the treatment 
of the parent (commercial) PPT in the aqueous 
solutions at pH < 7, are used to produce various 
functional ceramics by sintering [4–7]. However, 
their thermal behavior is not investigated yet in 
details. In addition, recently, it was found that anatase 
crystals, prepared by hydrothermal treatment of 
layered low alkali lepidocrocite-type titanates at 
140 °C, preferentially exposed their (010) planes at 
the crystal surface and show high photocatalytic 
activity in dye-sensitized solar cells [9]. In this 
regard, it is very important to investigate the thermal 
behavior of the protonated forms of the lepidocrocite-
like potassium polytitanates.  
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In connection with the foregoing, the aim of this 
research is to study the kinetic regularities of the 
process taking place during crystallization of the 
partially protonated forms of the potassium 
polytitanate (PPPT). To achieve this goal, the 
following purposes are considered: 1) identification 
of the kinetic model that best describes crystallization 
of the anatase phase during the thermal treatment of 
PPPT intermediate; 2) recognition of the topotactic 
phase transformation mechanism supporting 
obtaining the product (TiO2, anatase) characterized 
with a specific structure; 3) determination of the main 
kinetic parameters of the crystallization process, such 
as activation energy and pre-exponential factor, as a 
function of the PPPT conversion using the data of 
differential scanning calorimetry (DSC). 

Such information could help in preparing new 
ceramic materials by this approach using varied 
regimes of the thermal treatment of PPPT based 
intermediates. 

 
2. Materials and Methods 

 

2.1. Materials 
 

Commercial quasi-amorphous potassium 
polytitanate (PPT-4 trade mark, Nanocomposite Ltd., 
Saratov, Russia) synthesized in the hydroxide-nitrate 
melt by processing the TiO2 powder at 500 °C in 
accordance with [7] was used as a raw material.  
The parent PPT-4, characterized with the chemical 
composition of K2O·4TiO2, was treated with distilled 
water until a pH value of the dispersion equal to 7. 
This value corresponds to the partial dealkalization of 
the parent product (PPT-4) used to obtain 
intermediates for the synthesis of functional ceramics 
having the hollandite-like structure [4, 6].  
The resulting powder was filtered using a Whatman 
paper filter No. 40 and dried at 50 °C in an oven 
SNOL 67/350. 

According to the data of X-ray fluorescence 
analysis (Spectroscan MAX-GV, Spectron, Russia), 
the studied protonated PPT powder had the following 
chemical composition (wt. %): K2O (1.9 ± 0.1), TiO2 
(98.1 ± 0.1). 

 
2.2. Characterization 

 

The phase composition of the intermediates and 
their crystallization products was studied using a D8 
Advance X-ray diffractometer (Bruker, Germany), 
CuKα radiation. The obtained results were processed 
using the EVA software and PDF-2 file cabinet.  
The structural features of the PPPT particles obtained 
after the thermal treatment were investigated by 

transmission electron microscope (TEM) (JEOL JEM 
1011, Jeol, Japan) at accelerating voltage of 80 kV. 

Thermal analysis of the PPT powder was carried 
out on an STA 449 FS Jupitersynchronous thermal 
analyzer (NETZSCH, Germany) in a non-isothermal 
mode. Experimental differential scanning calorimetry 
(DSC) curves were obtained in the temperature range 
from 30 to 800 °Cat the heating rates of 5, 10, 15, and 
20 K⋅min–1. The weight of the powdered specimens 
was ~30 mg. 

Further, the obtained results of thermal analysis 
were used in theoretical studies. 

 
2.3. Theoretical methods 

 

The formal kinetic analysis of solid-state 
reactions based on experimental thermo-analytical 
data obtained under non-isothermal conditions was 
carried out in accordance with the methods presented 
in the well-known works of Kissinger, Friedman and 
Carroll, Coots and Redfern. 

The kinetics of solid-state reactions is usually 
described by two functions: f (T) is a temperature 
dependence, f (α) is a function, degree of 
transformation (conversion). The function f (T) is 
expressed by Arrhenius-type kinetic equations, and 
the function f (α) is associated with a physical model 
describing the kinetics of a solid-state reaction: 

 

( ) ( )∞

−

=
α ftRT

E

A
dt

d
e ,                         (1) 

 

where α is the degree of conversion of the reagent 
into products (the degree of conversion), f (α) is a 
function determined by the chosen reaction model, t 
is time, T is temperature, A is a pre-exponential 
factor, E is the activation energy, R is a universal gas 
constant [10]. 

The parameters A, E, f (α) are often called the 
kinetic trinity. The task of kinetic analysis is to 
determine the values of these parameters, provided 
that they retain their physical meaning. Such 
parameters make it possible to describe the processes 
of solid-phase interaction depending on temperature 
changes, heating rates, etc. 

To establish the kinetic parameters using the 
DSC method, isoconversion methods of Friedman, 
Ozawa-Flynn-Wall, Kissinger, Vyazovkinare usually 
used [10]. These methods make it possible to 
determine the A and E values without any 
consideration of the mechanism of the investigated 
process. At the same time, to determine a type of the 
f (α) dependence, a model approach is used. 
Theoretically, several theoretical models can be  
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Table 1. Mathematical models describing the kinetics of crystallization processes occurring  
in solid-phase systems according to various mechanisms [11–14] 

 

Mechanism Symbol Function type f (α) m n 

Phase boundary controlled reaction 
(contracting area) R2 2(1 – α)1/2 0 0.5 

Phase boundary controlled reaction 
(contracting volume) R3 3(1 – α)2/3 0 0.66 

Random nucleation and nuclear growth 
 

A2 2(1-α)[-ln(1-α)]1/2 0.50 
0.54 

0.77 
0.83 

Random nucleation and nuclear growth 
 

A3 3(1 – α)[–ln(1 – α)]2/3 
0.66 
0.72 

0.70 
0.76 

Random nucleation followed  
by an instantaneous growth of nuclei. 
(Avrami-Erofeev eqn. n = 1) 

F1 (1 – α) 0 1.0 

Random Scission of polymer chain L2 2(α1/2 – α) 0.4 ~ 1.0 
Two-dimensional diffusion D2 [–ln(1 – α)]-1   
Three-dimensional diffusion (Jander 
equation) D3 3/2(1 – α)2/3[1 – (1 – α)1/3]–1   

Process is controlled by nucleation 
followed by the linear growth of nuclei   m < 1 n > 1 

 
considered that satisfactorily describe the 
experimental data. 

To determine the f (α) dependence], a number of 
models, based on various physical models of the 
occurrence of solid-state transformations, are 
proposed [11–14] taking into account the geometric 
characteristics and driving forces of solid-state 
processes (Table 1). 

A formal kinetic analysis of the structural 
transformations and crystallization of TiO2 (anatase) 
during the non-isothermal annealing of protonated 
PPT powder was carried out using the DSC data. 

Kinetic calculations were performed using the 
THINKS software [15] by the methods of Kissinger 
[16], Friedman [17], Vyazovkin [18], as well as the 
method of combined kinetic analysis (CKA) [19] 
altogether with the methods of linear and nonlinear 
regression. 

The choice of a model for the crystallization 
process (independent parallel, competing and 
sequential stages of the reaction) was carried out 
using a flexible extended Prout–Tomkins 
correspondence formula (ePT model) 

 

( ) ( )( )mn qk
dt

d
W α−−α−=

α
= 111 ,                 (2) 

where W is the rate of the reaction, k is a effective 
rate constant, α is the degree of conversion, q is a 
numerical integration factor with a non-zero rate of 

the process in the absence of an explicit reaction of 
its initiation, which can be optimized to ensure 
compliance with any given set of experimental data 
[12], n, m are exponent parameters. 

According to [12], at q = 0.9999, equation (2) 
has the following form 

 

( ) mnk
dt

d
αα−=

α
1 .                      (3) 

 

A choice of the theoretical model with the best 
description of the experimental data was carried out 
according to a value of the Bayesian information 
criterion (BIC) [20, 21]. 

 
3. Results and Discussion 

 
The DSC data obtained at different heating rates 

(the DSC cover at β = 10 K⋅min–1 is reported as a 
sample in Fig. 1) shows that, when the PPT-4 
intermediate powder is heated, after removal of 
physically adsorbed water (endothermic peak at 100–
120 °C) the crystallization process takes place 
(exothermic peak at 472 °C). 

X-ray diffraction patterns of the parent partially 
protonated PPT powder and the products obtained 
after the thermal treatment at the temperatures of 450 
and 800 °C, are shown in Fig. 2. In accordance with 
the data of X-ray phase analysis, the isothermal 
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Fig. 1. DSC curves of PPT-4 powder at β = 10 K⋅min–1 

 
 

 
 

Fig. 2. X-ray diffraction patterns of a sample of protonated PPT (pH = 4): 
 1 – anatase; 2 – rutile; 3 – K2Ti6O13 

 
thermal treatment of the parent powdered sample at 
450 °C leads to the crystallization of TiO2 in the form 
of anatase. Increasing the treatment temperature up to 
800 °C promotes the transformation of the TiO2 
crystal structure into the rutile form and, in addition, 
a presence of a certain amount of K2O in the 
composition of PPT powder contributes to obtaining 
a certain quantity of potassium hexatitanate 
(K2Ti6O13). 

The following research theoretical analysis of 
the kinetic data was carried out taking into account 
the obtained experimental results.  

The isoconversion method was used to 
determine the initial kinetic parameters of the anatase 
structure formation, however, realizing that this 
process can have multistage nature indicated by 

the asymmetry of the first exothermic peak  
at 435–500 °C. 

The isoconversion analysis data on a dependence 
of activation energy (Ea) vs degree of conversion (α) 
were obtained using the methods: Friedman, 
Vyazovkin and Kissinger (Fig. 3). 

The application of the Kissinger method, which 
is usually used to estimate the kinetic parameters of 
the dominant reaction near the maximum of the 
exothermic peak [22], shows that the activation 
energy only at the initial stages of the process 
coincides with the data obtained by the Friedman and 
Vyazovkin methods. This fact indicates a 
complicated mechanism of TiO2 (anatase) 
crystallization process, may be similar to the case 
described in [23]. 

In
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However, in the first approximation, the method 
of linear regression analysis was used taking into 
account a possibility of approximating the 
crystallization process with one-stage model of the 
process. The results of the theoretical modeling, 
carried out using the method of linear regression 
analysis, are shown in Fig. 4. 

According to the data of the combined kinetic 
analysis, at α = 0.10–0.96, the following values of the 
kinetic parameters were obtained Ea1 = (179.6 ± 2.6) 
kJ·mol–1, ln(A1, s–1) = (25 ± 0.4) s–1, n1 = 1.20 ± 0.02, 
m1 = 0.08 ± 0.02. The best approximation to the 
experimental DSC curves is given by the results 
described by the first order reaction model (F1) (see 
Table 1). The model F1 assumes instantaneous 
nucleation and further two-dimensional growth of 
nuclei. This process should be considered as dominant. 

The kinetic results obtained for the parent PPPT 
powder by the isoconversion method and the linear 

regression method can be very conditionally 
correlated with real ones, since these methods give 
reliable results in the case of a one-stage process or 
with the dominance of one stage. 

To carry out more detailed analysis, the 
capabilities of the THINKS program were used to 
simulate the kinetics of two-stage crystallization 
processes considering different order of the stages 
described with the Prout-Tomkins formula  
(ePT model, equation (2)): 

1) ePT(1) + ePT(2) – two independent flexible 
one-stage steps; 

2) ePT(1) → ePT(2) – two sequentially flowing 
flexible single-stage steps; 

3) ePT(1) || ePT(2) – two parallel (competing 
and mutually influencing) flexible one-stage steps. 

The results of simulation obtained taking into 
account the kinetic parameters obtained by the 
isoconversion method and linear regression analysis, 
are presented in Fig. 5 and Table 2. 

 

 
 

Fig. 3. Apparent activation energy of the TiO2 (anatase) crystallization process for a PPT sample,  
calculated by the isoconversion methods of Friedman (points), Vyazovkin (line) and Kissinger  

(ellipse, takes into account the error of the calculated data) 
 

 
 

(а)                                                                                                      (b) 
 

Fig. 4. Calculated data of linear regression analysis: 
(a) combined kinetic analysis; (b) comparison of functions f(α) normalized at α = 0.5 {f(α)/f(0.5)}  

for the corresponding kinetic models 
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Fig. 5. Results of modeling the TiO2 (anatase) formation during the crystallization of the PPPT,  
obtained by the method of nonlinear regression analysis for different heating rates:  

the points are experimental values, the lines are results of the theoretical regression analysis 
(  – experiment;   – regression result) 

 
Table 2. Kinetic parameters obtained in a two-stage simulation of the formation  

of the crystalline phase of anatase in a PPT sample at various stages of the process 
 

Kinetic parameters 
Nonlinear regression 

Kinetic scheme 
ePT → ePT ePT + ePT ePT || ePT 

Ea1, kJ mol–1  210* 210* 210* 

ln(A1, s–1) 31.2 ± 0.0 30.9 ± 0.0 30.5 ± 0.0 

n1 1.17+0.04 1.68 ± 0.06 1.73 ± 0.0 

m1 0.31 ± 0.01 0.36 ± 0.01 0.23 ± 0.01 

Ea2, kJ mol–1 155* 155* 155* 

ln(A2,s-1) 20.6 ± 0.0  20.3 ±  0.0            (5.0 ± 1.24) ·105 

n2 1* 1* 1* 

m2 0* 0* 0* 

BIC –49336 –48039 –47611 
Contribution of the first 
stage to the total 
activation energy (сd1) 

0.45 0.62 – 

* Preset parameter values. 
 

The data of simulation shows that in our case the 
anatase crystalline phase formation is most accurately 
described by a sequential two-stage model 
ePT(1) → ePT(2). The minimum value of the BIC 
matching criterion (Bayesian information criterion, 
Bayesian coefficient), BIC = –49336, is achieved 
with the contribution of the first step to the total 
activation energy of 45 % (сd1 = 0.45). In this case, 
the first stage of the crystallization process is limited 

by nucleation with further linear growth of nuclei and 
branching over the surface, whereas, the second stage 
is described by the F1 model corresponding to 
instantaneous nucleation with further two-
dimensional growth [23]. 

For the chosen ePT(1) → ePT(2)  scheme of the 
PPPT powder crystallization, the best agreement with 
the experimental DSC data was achieved with the 
kinetic parameters given in calculation 1 (Table 3). 

Temperature, K 
650                     700                      750                      800 

0.005 

0.004 

0.003 

0.002 

0.001 

0.000 

dα / dt, s–1 
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Table 3. Flexible single-stepping (ePT) kinetic parameters of the extended Prout-Tompkins model obtained  
by non-linear regression for anatase crystalline phase formation. The transformations proceed for varied values 

of n and m according to the scheme ePT → ePT 
 

Kinetic parameters 
Calculation number 

1 2 3 

Ea1, kJ mol–1  257 257* 257* 

ln(A1, s–1) 39.2 ± 0.0 39.5 ± 0.0 38.0 ± 0.0 

n1 1.28 ± 0.03 1.37 ± 0.04 1.85 ± 0.02 

m1 0.20 ± 0.01 0.24 ± 0.01 0.21 ± 0.01 

Ea2, kJ mol–1  141 141* 141* 

ln(A2, s–1) 18.3±0.0 18.0 ±  0.0 5.0 ± 1.24 105 

n2 1* 0.86 ± 0.02 0.5* 

m2 0* –0.38 ± 0.05 0* 
BIC –49581 –49635 –49002 

Contribution of the first 
stage to the total 
activation energy (сd1) 

0.40 0.33 0.73 

* Preset parameter values. 
 
By setting the activation energy calculated for 

the initial and final stages of the crystallization (Fig. 3) 
Еа1 = 257 kJ·mol–1 (α = 0) and Еа2 = 141 kJ·mol–1 
(α = 0,9) and by varying the n and m values, in the 
calculation 2, it was recognized that more accurate 
approximation to the experimental DSC curves 
(BIC = –49635) could be obtained with the 33 % 
contribution of the first stage of the process in the 
energy expenditure necessary to form anatase (TiO2) 
(cd1 = 0.33 Table 3, column 2). 

In the secondversion of the calculation, the first 
stage of the process also corresponds to the 
instantaneous nucleation and further two-dimensional 
growth of nuclei (n1 = 1.37 ± 0.04, m1 = 0.24 ± 0.01), 
however, in this version, the optimal values of the 
kinetic parameters for the second stage 
(n2 = 0.86 ± 0.02, m2 = –0.38 ± 0.05) do not allow 
interpretation of the mechanism of this stage in 
accordance with previously published data [14].  
At the same time, it should be noted that a negative 
value of m2 = –0.38 ± 0.05 indicates that a slowdown 
in the crystallization process is observed at the 
second stage. 

In order to describe the experimental DSC 
curves, taking into account the slowdown of 
crystallization at the second stage, the model of a 
compressing plane surface [8] was applied. As a 
result, in the third calculation it was found that using 

the preset values of n2 ≈ 0.5 and m2 ≈ 0, 
corresponding to this model (Table 3, column 3), we 
obtained less adequate value of BIC parameter 
(BIC = –49002), in comparison with the data of 
calculation No. 2, however, the physical meaning of 
the first step was retained and, at some change in the 
numerical values of the kinetic parameters, the 
contribution of the first stage in the energetics of the 
crystallization process increased up to 73 %  
(cd1 – 0.73), whereas the second stage of the process 
successfully described the slowdown of the 
crystallization process. 

Thus, taking into account the data of theoretical 
analysis, it can be assumed that the formation process 
of the crystalline phase of anatase in our case can be 
represented in two stages. The initial stage could be 
described as a process of self-organization of 
nanoparticles in the layered structure of the 
protonated potassium polytitanatedue to van der 
Waals forces supporting the ordering of the PPPT 
structure in areas smaller than 10 nm. This stage was 
not reflected in the considered model and can be 
attributed to the temperature range of 150–400 °C 
after desorption of physically adsorbed and structural 
(located in the interlayer space of PPPT particles) 
water (see Fig. 1). This structural change can be 
recognized in the TEM images of the parent PPPT 
powder isothermally treated at 400 °C (Fig. 6). 
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3.  A value of the activation energy (Ea) changes 
following the stages of the PPPT crystallization 
process decreasing from 257 kJ⋅mol–1 (nucleation) to 
210 kJ⋅mol–1 in the initial stage of crystallization 
(formation of the disordered anatase-like structure) 
and to 141 kJ⋅mol–1 in the stage of the regular anatase 
structure formation. 

4.  The following increase of temperature 
promotes obtaining the final crystalline structure 
which can be formed at T > 800 °C by transformation 
of anatase into the rutile crystalline form of TiO2 and 
formation of small K2Ti6O13 crystals onto the surface 
of TiO2 particles with the participation of potassium 
ions previously diffused from the bulk. 
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