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INTRODUCTION

The rate of a general homogeneous reaction is conventionally measured
by following the decrease in concentration of reactants or the increase in con-
centration of the products at constant temperature. For the heterogenous
reaction, however, the concept of concentration has no longer the same signif-
icance, and the progress of reaction is usually determined in some other way.
The kinetics and the mechanism studies of heterogeneous reactions thus in-
volve measurement of changes in mass of reactants of the sample as functions
of time at constant temperatures [3, 10, 19, 32]. Many equations relating the
rate of solid-state reactions under isothermal and nonisothermal conditions
to the bulk nucleation followed by three-dimensional growth and diffused dis-
tribution at the phase boundary (classical Fick diffusion or Prout—Tompkins
model) are summarized and discussed in the literature [1, 5, 11, 34, 47]. The
interpretation of the kinetic equations is extremely complicated and consid-
ers the way in which the reaction starts, by a process of nucleation, then
how those nuclei grow, what reaction or interface geometry is involved, and,
finally, how the reactants decay. Consequently, for the investigation of com-
plex solid-state reactions, different novel mathematical approximations and
computational models recently have been suggested [13, 35, 36].

In our dissertation, we construct two- and three-reactant models of syn-
thesis reactions at high temperatures and provide methods of estimation of
the parameters of syntheses, such as the diffusion coefficients and reaction
rate coefficients, using a rather limited information from real laboratory ex-
periments. Namely, the known data only includes the synthesis half-times at
different temperatures and approximate sizes of reactant particles. We use
the Fick, Arrhenius, and active mass laws. Though the validity of applying
the Arrhenius law to heterogeneous reactions has been questioned, the pa-
rameters obtained from it often have practical values even if their theoretical
interpretation is difficult.



Actuality

In mathematical modeling, for solving actual problems, one often uses
numerical methods for differential parabolic equations. In this work, we
present the results of computer modeling of synthesis at high temperatures
of yttrium aluminium garnet (YAG) and synthetic calcium hydroxyapatite
(CHAp), but the methods used can be applied for general two- and three-
reactant synthesis reactions.

Yttrium aluminium garnet 2Y3Al5015 is now widely used in optical ma-
terials because of a variety of unique optical properties. YAG doped with
a transition metal or lanthanide ions is an important solid-state laser mate-
rial ( [14, 4, 16, 22, 27, 29, 30, 33]). The YAG powders could be synthesized
by many different methods, such as solid-state reaction, sol-gel, and others
(2, 17, 18, 24, 28, 41, 48, 49, 50]).

Synthetic calcium hydroxyapatite, Cajo(PO4)s(OH)y (CHAp for short),
is known to be one of the most important implantable materials due to its
biocompatibility, bioactivity, and osteoconductivity and is used as a sub-
stitute material for human hard tissues [45, 25, 40]. However, the specific
chemical, structural, and morphological properties of CHAp bioceramics are
highly sensitive to the processing conditions [12, 15, 23, 43]. Several sol-gel
approaches starting from nonaqueous [38, 51] and aqueous [46, 31] solutions
of different precursors of calcium and phosphorus have been used for the
preparation of CHAp powders.

It has been well demonstrated that many parameters of sol-gel process
such as starting materials and its concentration, pH, temperature, speed
of stirring, stirring time, duration of gelation, nature and concentration of
complexing agents, and others should be carefully controlled [6, 7, 8, 9]

Synthesis of both materials are expensive because they require long-term
support of high temperature [37, 42, 44]. Investigation of synthesis and its
parameters using usual experiments would be complicated and expensive.
Therefore, it is important to create theoretical mathematical models that
would help to accomplish such tasks.

A one-dimensional mathematical model of YAG synthesis was presented
in [20, 21, 26).

In this work, we first present general two- and three-dimensional (two-
reactant) mathematical synthesis models and perform calculations for the
YAG synthesis based on real data from laboratory experiments. Natu-
rally, the three-dimensional model is more realistic, but, as was shown by



computer modeling, the results of the two-dimensional model (unlike the
one-dimensional model) are rather similar to those of the three-dimensional
model. So, as a consequence, the two-dimensional model is preferable as
significantly simpler and less time consuming. This is also a motivation of
restricting ourselves to the two-dimensional model in the case of three reac-
tants since its extension to the three-dimensional model would be extremely
complicated. Thus, investigating the CHAp synthesis, we have developed
a general two-dimensional three-reactant mathematical model, which also
allowed us to find the synthesis parameters.

Research object

Mathematical models for investigation of chemical synthesis at high tem-
peratures and methods of calculating the synthesis parameters having limited
data from real laboratory experiments.

The Main Aims and Tasks

e To extend the one-dimensional two-reactant synthesis model to two-
and three-dimensional models.

e To construct and investigate a three-reactant synthesis mathematical
model.

Tasks

e To develop general two-reactant two- and three-dimensional and three-
reactant two-dimensional synthesis models and methods for calculation
of synthesis parameters.

e To apply this model for finding temperature dependencies of diffusion
and reaction rate coefficients and activation energies in the YAG and
CHAp syntheses.

e To compare the results in one-, two-, and three- dimensional models of
YAG synthesis.

e To find the optimal temperature of YAG synthesis that minimizes the
energy consumption.



Methodology

For modeling, we applied the laws of physical chemistry and reduced
the problems to particular state spaces by periodization of distribution of
reactant particles and symmetrization of the state space.

For calculations, we applied standard and constructed new difference
schemes for solving parabolic differential equation systems with partial deriva-
tives. Computer modeling programs were written in ANCI C language with
codes parallelized using the parallelization library MPI.

Scientific novelty

In this work, we developed two- and three-dimensional two-reactant mod-
els and a two-dimensional three-reactant mathematical model of chemical
synthesis, parameter calculation methods, and numerical algorithms. The
results obtained extend and generalize the known results for one-dimensional
two-reactant model.

Practical significance

The obtained numerical algorithm provides the ability to model processes
of chemical synthesis and allows one to find synthesis parameters and their
dependencies on the synthesis temperature from limited data of real labo-
ratory experiments. This method can be successfully applied in analysis of
various syntheses.

Defended models, methods, and results

e Two-reactant two- and three-dimensional synthesis models and three-
reactant (two-dimensional) synthesis model.

e Methods of calculating parameters of synthesis reactions at high tem-
peratures.

e The results of calculations in concrete cases of YAP (two-reactant) and
CHAp (three-reactant) synthesis.



The Structure of Dissertation

The dissertation consists of the introduction, four chapters, the list of au-
thor’s publications, and references. The language of the thesis is Lithuanian.

In Chapter 1, we shortly present the laws of physical chemistry that we use
to construct the diffusion-reaction equation systems modeling the synthesis
reactions and check the mass preservation law for thes models.

In Chapter 2, we consider one-, two-, and three-dimensional models of
two-reactant synthesis reaction. Concrete calculations are performed and
compared for YAG synthesis on the basis of data from real laboratory exper-
iments in the Faculty of Chemistry of Vilnius University.

In Chapter 3, we consider the three-reactant two-dimensional model. To
assure the periodicity and symmetry requirements, we consider rhombic par-
ticles and triangle synthesis space, which allow us to reduce the calculations
to the triangle state space with zero Neumann boundary conditions. Con-
crete calculations are preformed for CHAp synthesis on the basis of data from
real laboratory experiments in the Faculty of Chemistry of Vilnius University.

In Chapter 4, we present numerical methods used for solving our model
diffusion—reaction equation systems. In Section 4.1, the standard difference
method is presented, while in Section 4.2, a newly constructed method for
a triangular state space is presented, which we have used for solving equation
systems of Chapter 3. At the ends of both sections, we present the plots illus-
trating the methods. In Section 4.3, we present the parallelization algorithm
used in calculations of parameters.



1. TWO-REACTANT MODEL

1.1 Experimental

The YAG powders could be synthesized by many different methods, such
as solid-state reaction, spray-pyrolysis, coprecipitation, sol-gel, and others.
The conditions for the formation of monophasic YAG largely depend on the
used synthesis method. For example, by changing the solid-state synthesis
method to the sol-gel chemistry approach, the YAG formation temperature
decreases from 1600 °C down to 1000 °C.

1.1.1 Sol-gel method

In the sol-gel synthesis, yttrium oxide was dissolved in 150 mL of 0.2 mol L~*
CH3COOH by stirring the mixture for 10h at 55-60°C in a breaker covered
with a watch-glass. To this solution, aluminium nitrate dissolved in 50 mL of
distilled waster was added, and the resulting mixture was stirred for 2 h at the
same temperature. In the next step, 1.2 ethanediol (25 mmol) as complexing
agent was added to the above solutions. The acidic medium (pH 5) prevents
the flocculation of metal hydroxides in the mixtures and nu adjustment of
pH was necessary. After concentrating the solutions by slow evaporation at
60-70°C under stirring, the Y—Al acetate—nitrate—glycolate solution turned
into a white transparent gel. The oven-dried 60-70 °C gel became light brown
due to the initial decomposition of nitrates. The gel powders were ground in
an agate mortar and preheated for 2h at 800 °C in air. Since the gels are very
combustible, slow heating (2°Cmin"'), especially between 150 and 400 °C,
was found to be essential. After an intermediate grinding, the powders were
additionally sintered at various temperatures from 1000 to 1600°C in air.
The optimum annealing time was 5h at 1000°C, 4h at 1200°C, and 3h at
1600°C.



1.1.2 Solid-state method

In the solid-state reaction method, the stoichiometric mixture of metal
oxides (5Al,03 and 2Y,03) was carefully ground in an agate mortar and an-
nealed at various temperatures from 1000 to 1600 °C in air. The monophasis
YAG was obtained only at higher temperature, after sintering oxide precursor
for 5h at 1600 °C.

1.2 Mathematical model

For synthesis modeling, using the second Fick’s law and active mass law,
we describe the two-reactant reaction

aA+bB — pP, (1.1)

by the following diffusion-reaction equation system for concentrations ¢; =
ci(x,t), x €V, t>0,1=1,2,3, of the reactants A, B and product P:
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with initial conditions ¢;(z,0) = (z), 2 € V = VUV, i = 1,2,3, and
boundary conditions % =0,z€dV,t>0,i=1,2,3. Here V is the
synthesis space (two- or three-dimensional), D is the diffusion coefficient,
and k is the reaction rate coefficient. For example, in the case of the YAG

synthesis reaction

3Y203 -+ 5A1203 — 2Y3A15012, (13)

we clearly have a = 3, b =5, and p = 2.

We analyze the relations between D and k by using the following data
known from the true laboratory experiments of YAG synthesis at Vilnius
University: the synthesis half-times at different temperatures and synthesis
methods, and typical dimensions of the reactant particles. By the half-time



we mean the time, denoted ¢/, in which the total concentration of initial
reactants falls to one half; so, it satisfies the equation

/V(cl(x,tl/Q) + co(@, ty2))dr = %/V(cl(a:, 0) + co(z,0))dx. (1.4)

To be concrete, the half-times ¢, /, approximately equal 5, 4, and 3 hours
at the temperatures T" = 1000°C, 1200°C, and 1600 °C in the sol-gel syn-
thesis method and 5 hours at 1600 °C in the solid-state synthesis method.
At the preparatory stage of the synthesis (using both solid-state and sol-gel
reaction methods), the reactants are milled and mixed thoroughly in some
cubic volume. The particles in the synthesis space are distributed randomly
since their exact initial positions are unknown. As a result, modeling would
require a huge memory size for storage. Therefore, we assume that the par-
ticles are periodically stored in the synthesis volume as shown in Fig. 1.1
(two-dimensional model) and Fig. 1.2 (three-dimensional model). Then, be-
cause of periodicity, it suffices to consider the reaction in the square synthesis
space V' = [0,a] x [0,a] or cubic synthesis space V' = [0,a] x [0,a] x [0, a,
respectively, with zero boundary conditions, dc¢;/dn(x) = 0 for x € OV,
where n is the normal vector to the boundary (as shown, in more detail, in
Fig. 1.3 in the two-dimensional case).

-
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Fig. 1.1: Synthesis space in the two-dimensional model: V' = [0,a] x [0,a]; a =
1 (um) for the sol-gel method and a = /10 (um) for the solid-state
method

The typical volume of particles is 1 um? in the sol-gel synthesis method
and 10 um? in the solid-state method. Therefore, in the two-dimensional
model, we assume that line dimensions of particles are respectively a = 1 um
ir a = /10 pm (in the one-dimensional case, a = 1 um and a = 10 pm).
This is motivated by the natural presumption that, in order to compare
models of different dimensions, for the same reactant concentration values,
the quantities of reactants must be the same at all dimensions.



Fig. 1.2: Synthesis space in the three-dimensional model: V' = [0, a] x [0, a] x [0, a];
a = 1(um) for the sol-gel method and a = /10 (um) for the solid-state

method
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Fig. 1.3: Synthesis space in the two-dimensional two-particle model: V' = [0, a] x
[0,a]; a =1 (um) for sol-gel method and a = /10 for solid-state method.

So, summarizing, we arrived at the equation system (1.2) in the synthesis
space V' = [0,a] x [0,a] x[0,a] (3D) or V = [0,a] x [0,a] (2D) with the initial
conditions proportional to the initial densities of the particles in the space V'
and zero boundary conditions, gi:’ =0on V.

When solving numerically the partial differential equation system (1.2),
we use a standard finite difference scheme (see [39] or Section 4.1 of the
dissertation).




1.3 The main goal

Our estimations are based on the Arrhenius laws describing the tempera-
ture dependence of the diffusion and reaction rate coefficients by the following

relations:
B Ep B Ea
D—Doexp{—RT}, k—koexp{ RT}' (1.5)

Here, Ep is the diffusion activation energy, F, is the reaction activation
energy, Dy and kg are constants, and R = 8.314472. Our main goal is to
estimate the unknown parameters Ep, E4, Dy, ko by finding the coefficients
D and k for temperatures 7' = 1000°C, 1200°C, and 1600°C. In a sense,
we solve the inverse problem for system (1.2): given the synthesis half-times
t12, we look for the parameters D and k of the system such that the half-
time condition (1.4) is satisfied for all temperatures. Using Eq. (1.5), for any
temperature T', we can find the corresponding parameters D and k, and then,
by computer modeling, the corresponding synthesis half-time. This allows us
to calculate the energy needed for synthesis at any given temperature and,
in particular, to find the optimal temperature.

1.4 Calculation method

We calculate the diffusion and reaction rate coefficients as follows:

First, for each of the temperatures 77 = 1000°C, Ty = 1200°C, and T3 =
1600 °C, we draw the graphs L, Ly, and Lj of points (D, k) of the diffusion
and reaction rate parameters for which the half-times are equal to those
of the laboratory experiments by using the sol-gel synthesis method (i.e.,
t1/2 = 5,4, and 3, respectively). To this end, we use our computer program
that, given any fixed D, half-time ¢, /5, and particle size a, numerically solves
system (1.2) until the half-time condition (1.4) is satisfied and, using the
middle-point method, finds the value k such that half-time coincides with
the given one. A sufficiently large discrete set of the (D, k) values is joined
by a smooth curve. Finally, in the same way, we additionally draw the
graph Lg of the (D, k) for the solid-state method (75 = 1600°C, t;/2 = 5).
The difference with the previous cases is in the particle-size parameter a,
which now takes the value v/10 (three-dimensional model), instead of a = 1.
So, in Fig. 1.4 (n = 2) and Fig. 1.5 (n = 3), we see all four graphs : L;, Lo,
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and L3 for the sol-gel method at temperatures 77, 15, and T3; and Zg for the
solid-state method and temperature 7T3.

450

50 - q

1e-005 2e-005 3e-005 4e-005 5e-005 6e-005
D

Fig. 1.4: Calculations in the two-dimensional model. The synthesis space V =
[0,a] x [0,a]; @ = 1 (um) for the sol-gel method and a = /10 (um) for
the solid-state method.
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D

Fig. 1.5: Calculations in the three-dimensional model. The synthesis space V =
[0,a] x [0,a] % [0,a]; a = 1 (um) for the sol-gel method and @ = +v/10 (um)
for the solid-state method.
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At the same temperature, the values of (D, k) for both synthesis methods
coincide. So, the intersection of the graphs Zg and L3 gives us the first pair
of the true values of (D, k) at the temperature 73 = 1600 °C. We mark by N
the intersection point.

To calculate the four unknown parameters (Ep, Ea, Dy, ko), we need an-
other pair of the values of (D, k). Recall that the graph L, is obtained as the
spline of m calculated points M; = (Diqy0, kiggo)s © = 1, .., m, obtained by
computer modeling, where the main condition was that the half-time is 5 h.

NOW, for each pair N = (D16007 klﬁoo), Mz = (DiOO(D k’iooo), llSiIlg the
Arrhenius law for T = 1873K and T = 1273 K, we write and solve the
following equation system with respect to unknown (Ep, E4, Do, ko):

FE FE
D100 = Dy exp {_RTZWS} , kieoo = koexp {_RT;W)} )

Digoo = Dy exp {_RT[;Z’-S} , Klooo = ko exp {_RT%} .

We denote the corresponding solutions by (E%, EYy, Dj, ki). Substituting
these values of EY, EY%, D}, ki into the Arrhenius law (1.5) with T =
1200°C = 1473 K, we get a set of points O; = (Digg, kiogo), i = 1,...,m.

Now, comparing the points O; with the graph Ly, we choose the nearest
one Lp. Fixing the latter, again from the Arrhenius law, the corresponding
unknown Ep, Fa, Dy, ko can be found uniquely.

1.5 Calculation results

For the three-dimensional model, we obtained the following calculation
results:

1) N = (D1600, k’1600) = (116—6,209)
2) Lo = (6e-6, 170);

3) The diffusion and reaction rates as functions of synthesis tempera-
ture T

D = 9e-5exp(—3.3e4/(RT)), (1.6)
k = 450 exp(—1.2e4/(RT)). (1.7)

12



The obtained Arrhenius law equations (1.6)—(1.7) give us the diffusion and
reaction rates at temperatures 1T' = 1000 °C, 1200 °C, and 1600 °C, presented
in Table 1, where the results in the one- and two- dimensional models are
also included for comparison.

Tab. 1.1: Diffusion and reaction rate coefficients
T | 1000°C | 1200°C | 1600 °C
One-dimensional model
D | 5.0e-4 5.8e-4 7.0e-4
k | 113 143 199
Two-dimensional model

D | 10.5e-6 | 15e-6 28e-6
k | 119 146 192

Three-dimensional model
D | 4e-6 6e-6 11e-6
k | 146 170 209

The corresponding points (D, k) on the graphs L;—L3 and Ly (Figs. 1.4
and 1.5) are marked as Tig00, T1200, 11600, respectively.

In Figs. 1.6 and 1.7, we compare the graphs of the diffusion and reaction
rate coefficients as functions of temperature (the Arrhenius law) in all three
models.

0.0007

5D D=9e sexp((33e3/(RT) |
2D D=2¢-004"exp(-(32¢3)/(R*T)
1D D=1.4e-3exp(-(11e3)/(RT)

0.0006

0.0005

0.0004

0.0003

0.0002 -

0.0001

o 200 400 600 800 1000 1200 1400 1600 1800
T

Fig. 1.6: Comparison of dependence of diffusion coefficients on the temperature in
one-, two-, and three-dimensional models.
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3D k=450%exp(-(12e3)/(R'T)) T
2D k=526%exp(-163)/(R"T) p—
1D k=661*exp(-(193)/(RT)

150 <

100

L e L L L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800
T

Fig. 1.7: Comparison of dependence of reaction rate coefficients on the tempera-
ture in one-, two-, and three-dimensional models.

We see that reaction rate coefficients are rather similar in all models,
although the diffusion coefficients are not. The latter difference can be ex-
plained by noticing that, in the one-dimensional model, the diffusion actually
begins through a single point, while in the two- and three- dimensional mod-
els, the “diffusion surface” is essentially larger.

1.6 Optimization of the energy consumption

Our approach allows us to find the optimal synthesis temperature in the
sense of minimal energy consumption. We are given the powers (Table 1.2,
column 3) needed to achieve various temperatures (column 2) in the YAG
synthesis. The energy outly was calculated for the high-temperature chamber
furnace Nabertherm LHT. From Egs. (1.6) and (1.7) we can get the diffusion
and reaction rates (columns 4 and 5) needed for specific temperature and then
calculate the corresponding half-times (column 6) by computer modeling. To
calculate the total energy consumption Er (column 7) under given synthesis
temperature T', we take into account the energy consumed for preheating
from room temperature, for which the five times higher furnace power is
used for half an hour. For simplicity, we assume that the total synthesis
time is twice the half-time, although in real experiments, the reaction time

14



Tab. 1.2: The energy consumption in YAG synthesis

No. [T (°C) [ Pr (kW) [ D k [t () | Br (MJ)
1 | 1000 | 648 de-6 | 146 | 5 7.8
2 | 1100 | 667 Be-6 | 157 | 4.47 7.3
3 | 1200 | 720 6e-6 | 170 | 4 7.2
4 | 1300 | 975 Te-6 | 181 | 3.63 9.0
5 | 1400 | 1260 8e-6 | 191 | 3.37 11
6 | 1500 | 1512 10e-6 | 200 | 3.17 13
7 | 1600 | 1800 11e-6 | 209 | 3 14.4

is somewhat longer.! To be precise, we use the formula

ET — PT(25 "— 2t1/2),

where Pr is the power used at the synthesis temperature 7. Having plot-
ted a graph of energy vs. temperature (Fig. 1.8), we see that the minimal
energy consumption in the YAG synthesis is achieved at the temperature

T ~ 1170°C.

7
1000

I
1100

i I I I
1200 1300 1400 1500 1600

T(Q

Fig. 1.8: Energy consumption vs. temperature.

! Theoretically, the total reaction time is infinite.
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2. THREE-REACTANT MODEL

2.1 Experimental

In the sol-gel process phosphoric acid, H3POy, and calcium acetate mono-
hydrate, Ca(CH3COO)2H50, were selected as P and Ca precursors, respec-
tively. Calcium acetate was first dissolved in 0.2 M CH3COOH at room
temperature (20°C) or at 65°C. To these solutions, phosphoric acid was
added and the resulting mixtures were stirred for 1 h at the same tempera-
tures. In the following step, tartaric acid as complexing agent was added to
the above solutions. After concentrating the solutions by slow evaporation
at 20°C or 65 °C under stirring the Ca—P—-0 sols turned into the transparent
gels. The oven-dried (100°C) gel powders were ground in an agate mortar
and annealed for 5 h at 800-1300°C in air.

2.2 Mathematical model

For synthesis modeling, using the second Fick’s law and active mass law,
we describe the two-reactant reaction

aA+bB +cC — pP, (2.1)



by the following diffusion-reaction equation system for concentrations ¢; =
ci(x,t),z €V, t>0,1=1,2,3,4, of the reactants A, B, C and product P:
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with initial conditions ¢;(z,0) = X(z), x € V. =V UV, i = 1,2,3,4, and
boundary conditions % =0, z€dV,t>0,7=1,2,3,4. Here V is the
two-dimensional synthesis space, D is the diffusion coefficient, and k is the
reaction rate coefficient. For example, in the case of the CHAp synthesis

reaction

10Ca®" + 6PO,*” + 20H™ — Cay(PO,)(OH),, (2.3)

we have a =10, b =3, c=2,and p = 1.

We analyze the relations between D and k by using the following data
known from the true laboratory experiments at Vilnius University: the syn-
thesis times at different temperatures and typical dimensions of the reactant
particles. In our model, for calculations, we use the synthesis half-time, which
is the time, denoted ¢, /2, in which the total concentration of initial reactants
falls to one half; so, it satisfies the equation

/ (01(:1:, tl/g) + CQ(J?, tl/g) + 03(13, t1/2>d$
v

:%K&ﬂ%m+@@ﬂyHML®Mm (2.4)

Theoretically, the total concentration of initial reactants, although decays
exponentially, always remains positive, and therefore the “full” synthesis time
is infinite. Practically, we assume that the synthesis is over when the total
concentration of initial reactants becomes “sufficiently small,” namely, the
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unreacted part is less than 0.1% ~ 2719 From experiments we know that
the “full”’synthesis times are approximately 6, 8, 10, and 16 hours at the
temperatures T' = 1200°C, 1100°C, 1000 °C, and 900 °C, respectively. So,
in our calculations, we assume that the synthesis half-times are one-tenth of
the corresponding “full” times, that is, 0.6, 0.8, 1.0, and 1.6 hours at the
temperatures 7" = 1200 °C, 1100°C, 1000 °C, and 900 °C, respectively.

As before, in order to have a model appropriate for calculations, we first
have to store the particles periodically. Moreover, to reduce the calculations
to a small area with zero Neumann boundary condition (zero normal deriva-
tive), we have to store the particles symmetrically with respect to any edge
of the boundary of the area. Unlike the two-reactant case, this appeared
to be impossible with square-form or rectangular particles. Happily, in the
three-reactant case, we succeeded to achieve the periodicity and symmetry
by taking rhombic particles so that the synthesis volume V' is triangular as
is shown in Fig. 2.1.

Fig. 2.1: Construction of a synthesis space in the two-dimensional three-reactant
model.

In Fig. 2.2, we show in more detail the complex of three rhombic particles
with triangular synthesis space that satisfies the symmetry requirement. The
rhombic particles are bounded by dashed lines, and the synthesis space by
solid lines.

According to chemists, the typical size of particles is about 600nm =
0,6 um. Taking the longer diagonal of rhombus equal to 1 um, the shorter
one is v/3 /3 = 0,6 um. Thus, we can assume that the side of the triangular is
approximately 1 um. So, summarizing, we arrive at the equation system (2.2)
in the triangular synthesis space V' shown in Fig. 2.3, with the initial con-
ditions in the three inner triangles proportional to the initial densities of
the three reactants and zero Neumann boundary conditions, % =0on dV,
where n is the normal vector to the boundary.
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Fig. 2.2: Two-dimensional three-reactant model: rhombic particles and triangular
synthesis space.

l 1 pm l

Fig. 2.3: The synthesis space in the three-reactant model.

For numerical solving the partial differential equation system (2.2) with
zero Neumann boundary conditions in the triangular area, we have con-
structed a finite difference technique described in Section 4.2 of the disserta-
tion.
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2.3 The main goal

Our estimations are again based on the Arrhenius law describing the
temperature dependence of the diffusion and reaction rate coefficients by the
following relations:

E E
D:Doexp{—R—;}, k:koexp{—R—;}, (2.5)

where Ep is the diffusion activation energy, F, is the reaction activation
energy, Dy and kq are constants, and R = 8.314472.

The other problem that arises in the CHAp (three-reactant) model is
that the synthesis is possible by using the sol-gel method only. Therefore,
we cannot obtain one pair of parameters (D, k) as the intersection of two
curves corresponding to the same temperature. However, we are given four
values of half-times at four different temperatures. In view of this, we have
to modify the method of calculation of the synthesis parameters.

2.4 Calculation method

We calculate the diffusion and reaction rate coefficients as follows:

First, for the temperatures 77 = 1200°C, T, = 1100°C, T3 = 1000 °C, and
T, = 900°C, we draw the corresponding graphs L, Lo, L3, and L, of points
(D, k) of the diffusion and reaction rate parameters for which the half-times
are equal to those of the laboratory experiments by using the sol-gel synthesis
method (i.e., t;2 = 0.6, 0.8, 1.0, and 1.6, respectively). To this end, we use
our computer program that, given any fixed D, half-time ¢, /,, and particle
size a, numerically solves the system (2.2) until the half-time condition (2.4)
is satisfied and, using the middle-point method, finds the value k such that
half-time coincides with the given one. For each temperature T, a sufficiently
large discrete set of the (D, k) values is joined by a smooth curve. All four
graphs, Ly, Ly, L3, and Ly, are shown in Fig. 2.4.

To calculate the four unknown parameters (Ep, F4, Dy, kq), we proceed
as follows. For any pair (Di,k;) € L; and any pair (Da, ko) € Ly, using
the Arrhenius law for T} = 1473 K and T, = 1173 K, we write and solve the
following equation system with respect to unknown (Ep, E4, Do, ko):
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Fig. 2.4: Calculations in the three-reactant model in the triangular synthesis
space V with edge a = 1 (um) shown in Fig. 2.3.

E )
D1:D0exp{—R'l;1}, DQ:DOexp{—R_Dﬂ},

E E
kl:kOeXp{_Ré’l}’ kQ:kOexp{_ A }

R-T,
This way, we get the set of possible collections of the parameters

(Y, EY, DKL), i=1,2,....

Repeating this for curves Ly and L3, we get another set of possible collections
of the parameters, (E%, E%, D}, K]), j =1,2,....

Using the weighted least-squares method, we look for the minimal value
of the sum

wi(E} — BL)? + wy(EL — EY)? + ws(D) — DY)? + wa(kh — kY)?,

(2.6)
where we choose the weight coefficients w;, ¢ = 1,2, 3,4, so that the sum-
mands are approximately of the same order.

1e o1 ~ The collections of parame-
ters minimizing the sum (2.6), say (E}S, E'?, DY, k) and (ES, E%, DY, kl%),
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can both serve as estimates of (Ep, Ea, Dy, ko); the first collection repre-
sents the curves L, and L4, while the second one represents L, and L3. To
equate their “contribution,” we finally take the average values of parameters:
(ED’ Ey4, Dy, ]{30) = ((ElDO +E£)/27 (E,Zf +E,j40)/27 (Déo +D60)/2, (k(i)o +kéo)/2)'
Now we can use these values to calculate D and k for arbitrary tempera-
ture T'. Their values for temperatures T;, i« = 1, 2, 3, 4, are marked in Fig. 2.4
by “m”.

2.5 C(Calculation results

For the three-reactant model, we obtained the diffusion and reaction rates
as functions of synthesis temperature 7"

D = 6.5e-5 exp(—5.6e3/(RT)), (2.7)
k = 8.7ell exp(—5.5e4/(RT)). (2.8)

The obtained Arrhenius law equations (1.6)—(1.7) give us the diffusion and
reaction rates at temperatures 7" = 900°C, 1000°C, 1100°C, and 1200 °C,
presented in Table 1.

Tab. 2.1: Diffusion and reaction rates

T | 900°C | 1000°C | 1100°C | 1200°C
D | 3.7¢-5 | 3.9e-5 4e-5 4.1e-5
k | 3¢9 4.6e9 6.8¢9 9.4e9
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3. CONCLUSIONS

Using the second Fick’s, active mass, and Arrhenius laws, we presented
and analyzed two-reactant (two- and three-dimensional) and three-reactant
(two-dimensional) models of synthesis reactions at high temperatures in the
forms of diffusion—reaction equation systems describing the dynamics of con-
centrations of reactants and products. Based on these models, we provided
methods for calculation of diffusion and reaction-rate coefficients of such
reactions when limited data (half-times and approximate sizes of reactant
particles) from real laboratory experiments are given. Applying these meth-
ods for concrete YAG (two-reactant) and CHAp (three-reactant) synthesis
reactions that were realized in real laboratory experiments, we obtained the
following results:

1. We obtained explicit formulas for diffusion and reaction rate co-
efficients expressing their dependence of on the temperature, provided by
Egs. (1.6)—(1.7) for YAG and Eqs. (2.7)—(2.8) for CHAp. At the same time,
we have calculated activation energies, important data that can be used to
analyze other syntheses.

2. In YAG synthesis, for reaction rate coefficients, we see similar results in
all dimensions. However, for diffusion coefficients, we the results are similar
only for two- and three-dimensional models. Since calculations in the three-
dimensional case are significantly more time-consuming than in the two-
dimensional case, the two-dimensional model seems to be a good choice for
much simpler and less time-consuming calculations.

3. Using Egs. (1.6)—(1.7), we have found the parameters D and k in the
YAG synthesis and, by computer modeling, the corresponding half-times for
several temperatures. Having them, we calculated the energies consumed at
these temperatures and found the optimal temperature.
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CHEMINIU SINTEZIU PRIE AUKSTYU TEMPERATURU MODELIAVIMAS

Reziumé

Homogeniniy reakcijy dydis yra randamas stebint sintezé¢je dalyvaujanciy
medziagos daleliy mazéjima arba naujai susidariusios medziagos prieaugj,
esant pastoviai temperaturai. Taciau heterogeninése reakcijose koncentracijos
sagvoka néra taip pat reikSminga, o reakcijos rezultatai yra apskai¢iuojami
kitokiais metodais. Heterogeniniy reakcijy mechanizmo bei kinetikos studi-
javimas privercia atsizvelgti j daleliy kiekio pasikeitimus kintant laikui [3, 10,
19, 32]. Daugybeé lygciu, susijusiy su kietafaziy reakcijomis prie izoterminiy
ir neizoterminiy salygu (Fick arba Prout-Tompkins modelis) yra aprasyti ir
iSnagrineti [1, 5, 11, 34, 47]. Kinetika aprasanciy lygciu interpretavimas yra
sudétingas, nes atsizvelgiama j salygas, prie kuriy pradeda vykti cheminé sin-
teze, kaip naujai susidariusios medziagos daliy kiekis auga arba kiek daleliy
susinaudoja vykstant reakcijai. Sioms kietafaziy reakcijy problemoms spresti
buvo pasitlytos naujos matematinés aproksimacijos bei skaitiniai modeliai
[13, 35, 36]. Turédami ribotus duomenis is realiy laboratoriniy eksperimentuy,
mes pritaikéme musy modelj skirtingy sinteziy parametry skaic¢iavimams,
tokiy kaip difuzijos bei reakcijy greicio koeficienty radimui. Tarp realiy lab-
oratoriniy eksperimenty parametry mes turéjome tik sintezés puslaikius prie
skirtingy temperatury bei apytikslius daleliy dydzius. Savo skaiciavimuose
mes naudojomeés Fick’o, Arrhenius’o ir veikianc¢iy masiy désniais.

Darbo aktualumas

Daznai matematiniame modeliavime, sprendziant aktualias problemas
yra naudojami diferencialiniy paraboliniy lygé¢iy skaitiniai sprendimo meto-
dai. Darbe nagrinéjamas itrio aliuminio granato (YAG) ir sintetinio kalcio
hidroksiapatito (CHAp) sintezés prie auksty temperatury matematinis mod-
eliavimas. Abi medziagos yra svarbios dél savo unikaliy savybiy.

Pavyzdziui, itrio aliuminio granatas 2Y3Al;015 yra placiai naudojama
optiné medziaga, kuri turi daugybe unikaliy savybiu (7r., pavyzdziui, [14,



4, 16, 22, 27, 29, 30, 33]). YAG milteliai galibuti pagaminti skirtingais
metodais, tokiais kaip kietafaziy reakciju, zoliy-geliy ir kiti metodai (zr.,
pavyzdziui, [2, 17,18, 24, 28, 41, 48, 49, 50]). Sintetinis kalcio hidroksiapati-
tas, Cao(PO4)s(OH), yra zinomas kaip vienas i$ svarbiausiy implantuojamuy
medziagy dél savo biologinio suderinamumo ir aktyvumo ir yra naudojamas
kaip pakaitaliné medziaga zmogaus kietuju audiniy [45, 25, 40]. Dél savo
cheminés strukturos CHAp pagaminimas priklauso nuo pasirinkty procesy
[12, 15, 23, 43]. CHAp gali buti pagamintas skirtingais zoliu-geliu metodais,
pavyzdziui, nevandeniniu [38, 51| ir vandeniniu [46, 31].

Zoliy-geliy proceso parametry, tokiy kaip pradinis medziagy kiekis, pH,
temperatura, maiSymo greitis, maisSymo laikas ir kt. turi buti kruopsciai
kontroliuojami [6, 7, 8, 9].

Abiejy medziagy sintetinimas yra brangus, kadangi jy pagaminimas reika-
lauja ilgalaikio aukstos temperaturos palaikymo (Zr., pavyzdziui, [37, 42, 44]).
Iprastais eksperimentais nagrinéti salygas bei ieskoti parametry, prie kuriy
jmanomna pagaminti minétas medziagas, buty labai sudétinga ir brangu.
Todél svarbu sukurti teorinius matematinius modelius, kuriy pagalba buty
galima atlikti Sitas uzduotis.

Darbe vienamatis modelis iSplétotas dvimaciam ir trimaciam atvejams.
Naturalu, kad trimatis atvejis yra tikslesnis ir tikroviskesnis, taciau kaip
parodé musy kompiuteriniai eksperimentai, dvimaciu atveju, skirtingai nuo
vienamacio atvejo, rezultatai yra panasus ir todeél gali buti naudojami modeli-
avimui kaip paprasteni ir reikalaujantys zenkliai maziau kompiuterinio laiko.

Nagrinéjant sintetinio kalcio hidroksiapatito sinteze, sukurtas bendras
dvimatis matematinis modelis, leidZiantis ieskoti sintezei reikalingy parametry
trijy reagenty atveju.

Tyrimy objektas
Tyrimy objektas — matematiniai modeliai, skirti cheminiy sinteziy prie
auksty temperatury parametry radimui.

Darbo tikslai

Apibendrinti ir iSplétoti dviejy reagenty sintezés vienamat] matema-
tinj modelj dvimaciam ir trimac¢iam atvejams.
Sukurti ir iSnagrinéti trijy reagenty matematinj modelj.
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Darbo uzdaviniai

e Sukurti ir iStirti YAG (dvieju reagentu) vienamacio modelio dvimatj ir
trimatj analogus.

e Rasti aktyvacijos energijas dvimaciame ir trimaciame YAG sintezés
modeliuose.

e Rasti YAG sintezés dvimacio ir trimacio modeliy difuzijos ir reakcijos
koeficienty priklausomybes nuo temperaturos.

e Palyginti vienamacio, dvimacio ir trimacio YAG sintezés matematinio
modeliavimo parametry rezultatus.

e Rasti YAG sintezés optimalig temperaturg, minimizuojancia energijos
sanaudas.

e Sukurti CHAp (triju reagenty) dvimatj matematinj modelj.

e Rasti CHAp sintezés aktyvacijos energijas ir difuzijos bei reakcijos
greicio koeficienty priklausomybes nuo temperaturos.

Tyrimy metodika

Atlikdami tyrimus, taikéme diferencialiniy lygé¢iy su dalinémis iSvestinémis
skaitinius sprendimo metodus. Kompiuteriniy eksperimenty programos pa-
rasytos ANSI C kalba, naudojant skaiciavimy lygiagretinimo biblioteka MPI.

Darbo mokslinis naujumas

Disertacijoje sukurti ir iSnagrinéti dvimacio bei trimacio dviejy reagenty
ir dvimacio trijy reagenty cheminés sintezés matematiniai modeliai ir ju
parametry skai¢iavimo metodika bei skaitiniai algoritmai. Atlikto darbo
rezultatai apibendrina ir iSplétoja iki Siol gautus rezultatus vienamaciame
dviejy reagenty modelyje.

Kadangi pereinant tiek prie didesniy sintezés erdvés dimensijy, tiek prie
didesnio reagenty skaiciaus zymiai padidéja skai¢iavimy trukmeé, ypatingas
démesys buvo skiriamas sprendimo pagreitinimui, sudarant efektyvesnius
skaic¢iavimo algoritmus ir skaidant bei lygiagretinant uzdavinius.
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Darbo rezultaty praktiné reikSmé

Sudaryti ir realizuoti skaitiniai algoritmai, leidziantys modeliuoti chem-
inés sintezeés difuzijos—reakcijos procesus, rasti jy parametrus, turint ribotus
laboratorijose gautus duomenis. Algoritmai pagrjsti lygiagretumo principu.
Rastos difuzijos ir reakcijos koeficienty priklausomybeés nuo temperaturos.
Apskaiciuotos aktyvavimo energijos, svarbios kity sintezés uzdaviniy anal-
izei.

Gynimui pateikiama

e Dviejy reagenty dvimatis bei trimatis ir trijy reagenty dvimatis sintezés
modeliai.

e Sintezés parametry siuose modeliuose skai¢iavimo metodai.

e Parametry skaiciavimy rezultatai konkreciais YAP (dviejy reagenty) ir
CHAp (triju reagenty) sintezés atvejais.

Disertacijos struktura

Disertacija sudaro jvadas, keturi skyriai ir literaturos sarasas. Skyriai yra
suskirstyti j poskyrius. Disertacijos apimtis — 79 psl.

1 skyriuje trumpai pagrindiniai disertacijoje naudojami fizikinés chemi-
jos désniai ir nuostatos, trumpai apibudinti matematiniai cheminiy reakcijy
modeliai — atitinkamos difuzijos-reakcijos lygé¢iy sistemos, jiems patikrintas
masés tvermes deésnis.

2 skyriuje nagrinéjami dviejy reagenty sintezeés reakcijos vienamatis, dvi-
matis ir trimatis modeliai. Konkretus reakcijos parametry skaiciavimai at-
likti ir palyginti YAG sintezés atveju, remiantis duomenimis is realiy labora-
toriniy eksperimenty VU Chemijos fakultete.

3 skyriuje nagrinéjamas triju reaganty dvimatis modelis. Sukonstruotos
periodiskumo ir simetrijos reikalavimus atitinkancios reagenty daleliy formos
ir sintezés erdvé (rombinés dalelés ir trikampé erdve), leidziancios atlikti
skaic¢iavimus trikampéje srityje su Neumanno krastinémis salygomis.

4 skyriuje aprasyti skaitiniai metodai bei algoritmai, naudoti difuzijos—
reakcijos lygciy sistemoms spresti. 4.1 poskyryje trumpai aprasytas standar-
tinis skirtuminis metodas intervalui, kvadratui ir kubui, naudotas 2 skyriaus
uzdaviniams spresti. 4.2 poskyryje aprasytas naujai sukonstruotas skirtu-
minis metodas trikampei sriciai, reikalingas 3 skyriaus uzdaviniams spresti.
Abiejuy poskyriy pabaigoje pateikti metodus iliustruojantyss grafikai. 4.3 po-
skyryje pateiktas parametry skaic¢iavimy lygiagretinimo algoritmas.
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