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CRYSTALLIZATION KINETICS IN BINARY SOLID
SOLUTION-AQUEOUS SOLUTION SYSTEMS

ALEXANDER G. SHTUKENBERG* ', YURII O. PUNIN*, and PAVEL AZIMOV**

ABSTRACT. Phenomenological description of crystallization kinetics in a binary
system “aqueous solution—solid solution” is given. This approach involves consider-
ation of the true equilibrium and possible quasi-equilibrium states. It gives description
of the crystallization Kkinetics close to equilibrium and features of the growth process
occurring at high driving forces and growth rates. Special attention is paid to interac-
tions between an aqueous solution and a seed crystal placed into this solution. In
particular, this includes analysis of pure chemical interactions as well as effect of misfit
strain. The theory developed predicts the growth/dissolution rate of a mixed crystal
based on the knowledge of phase diagram and growth kinetics of the end members of
the series. The key point of the paper is discussion of supersaturation concept in such
aqueous solution—solid solution systems.

GLOSSARY OF SYMBOLS

activity of ions in aqueous solution

lattice constant

ion concentration in an aqueous solution

activity coefficient of components in solid solution

kinetic coefficient

kinetic coefficients for direct and reverse reactions, respectively

molar volume

molar fraction of components in solid solution

activity fraction in the salt part of aqueous solution y = a,/(ag + ac)

distribution coefficient

Young modulus

direct, reverse and total fluxes of components, respectively

solubility product

universal gas constant

absolute temperature

stress energy

linear growth rate

activity coefficient of components in aqueous solution

different supersaturation functions

components of the strain tensor

chemical potential

difference in chemical potentials

Poisson ratio

components of the stress tensor

total activity product (total solubility product in the case of equilib-
rium)

+
il

Rl P <Qﬂmw\+m©‘€ 2 8 >0 9
o .
o N
~

q <
g CET

Subscripts

1=A B, C ions in aqueous or solid solution
iA = BA, CA components of solid solution
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eq equilibrium
substrate

st stoichiometric saturation

U elastic stress is taken into account

00 approximation of infinitely high growth rate
Superscripts

aq aqueous solution

s solid solution

0 standard state

n+, n— charges of ions in aqueous solution

INTRODUCTION

The phenomenological theory of crystallization of simple salts from aqueous
solutions is developed well enough to predict the crystal growth/dissolution rate
provided the data on solubility, solution composition and a few kinetic constants are
known. However, a significant number of minerals and industrially important synthetic
compounds are solid solutions, whose formation from aqueous solution is not yet
understood in full detail. Crystallization in such “solid solution — aqueous solution”
systems (SS-AS systems) was a subject of experimental and theoretical studies per-
formed during the last few decades. In particular, a success was achieved in understand-
ing phase equilibria, and in simulation of Lippmann SS-AS phase diagrams (Lipp-
mann, 1980; Glynn and Reardon, 1990; Glynn and others, 1990; Glynn, 2000) and of
their modifications (Treivus, 2000; Azimov and Shtukenberg, 2000; Shtukenberg and
Azimov, 2001).

Experimental data on crystallization kinetics of mixed crystals were reported in a
few papers only (Zhmurova and Khaimov-Mal’kov, 1970a, 1970b; Tsuchiyama and
others, 1981; Mullin and Kitamura, 1985; Kasatkin and others, 1995; Soloviev and
others, 1997; Wasylenki and others, 2005). Several authors considered quasi-equilibria
and replacement processes between aqueous and solid solutions (Glikin, 1995, 1996;
Kryuchkova and others, 2002; Putnis, 2002; Glikin and others, 2003; Voloshin and
others, 2003a, 2003b; Putnis and Mezger, 2004;) and the effect of elastic stress during
crystal growth (Bolkhovityanov, 1982; Moshkin and others, 2000). Finally some atomic
force microscopic (AFM) studies of crystal growth in SS-AS systems were performed
recently (Davis and others, 2000; Astilleros and others, 2003b; Sanchez-Pastor, 2005;
Shtukenberg and others, 2005).

A. A. Chernov (Voronkov and Chernov, 1967; Chernov, 1970, 1984) has devel-
oped a statistical theory of isomorphous impurities incorporation, which was appli-
cable for minor concentrations but failed to deal with higher concentrations of
dopants. Van Erk (1982) formulated the theory of growth, which was based on the
thermodynamics of irreversible processes but contained some unclear points and
ignored the role of substrate. In addition, certain works on thermodynamics of
nucleation and growth kinetics in binary “solid solution-liquid solution” systems can
be mentioned (Kamenetskaya, 1968; Temkin, 1980, 1981), whose results may also be
applied to SS-AS systems.

The key point of the growth in SS-AS systems is determination of supersaturation
or, more precisely, of the driving force of crystallization. A pure thermodynamic
approach gives no way to construct the single variable as the chemical potentials of
components in both solid and aqueous solutions are mutually independent. For
example, this approach ignores situation, when the difference in chemical potentials
between solid and aqueous solutions is positive for one component and negative for
the second one. This situation is, however, typical for many natural systems and should
be clarified.
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The second problem is that any driving force expression must include the
compositions of both aqueous and solid solutions. However the latter is not known «
priori and thermodynamic consideration provides only a hypothetical way to predict it.

The last, but not the least problem concerns the misfit strain arising at the
interface between substrate and a new deposited layer of different composition. This
has a strong effect on the thermodynamics and kinetics of crystal growth.

In this study we intend to consider theoretically the main features of solid solution
formation from aqueous solutions starting from the equilibrium and quasi-equilibrium
in SS-AS systems, looking at crystallization kinetics under the simplest growth condi-
tions and under more complicated ones.

DESCRIPTION OF THE SYSTEM

We consider a simple SS-AS system (B,C)A — H,O, where the cations B"* and C"*
and the anion A" are present in the aqueous solution and form a continuous series of
solid solutions. The aqueous solution can contain some other species, which do not
incorporate into the crystal. They can indirectly affect SS-AS partitioning through
speciation, complexation and effects on the ionic strength. These influences, however,
can be taken into account by appropriated choice of the activity coefficients and are
not considered here. We ignore the nucleation and mass transport processes like
diffusion and consider only the kinetics of species attachment/detachment occurring
at the edges of steps spreading along the flat crystal surface with the surface reaction as
the rate-limiting factor. After some simple rearrangements the results can be also
applied to the normal growth rates. If other is not specified, we also assume that the
crystal is very small compared with the amount of aqueous solution, so that the
aqueous solution does not change its composition during the growth/dissolution
processes.

The crystal growth is a transition from one phase (aqueous solution denoted
below by the superscript aq) to another one (solid solution denoted by the superscript
ss), so it can be considered as a heterogeneous chemical reaction. The net reaction should
be written as follows:

xBABnJr + xCACn+ +A"T = anACx(‘AA’ (1)

where the right side of the equation relates to the solid solution and the left one—to the
aqueous solution; xc, and x4 = 1 — x4 are the mole fractions of the components BA
and CA in the solid solution, respectively. Note that due to the mass balance
requirement the fractional stoichiometric coefficients xg, and x-, appear in the left
side of the equation (aqueous solution side). From the point of view of thermodynamic
equilibrium this reaction is not valid. Indeed the equilibrium conditions for this
reaction (the chemical affinity is equal to zero) does not necessarily result in the
equality of chemical potentials of each component in both phases. Thus the stoichio-
metric coefficients of any heterogeneous reaction should be restricted by the values of
*+1 (Prigogine and Defay, 1954). It is necessary to consider two independent reactions
coupled only by the mass balance condition xz, + xcp = 1:

B + A% = BA® (2)
Caq + AY = CAss (3)

Therefore, equilibrium and the driving forces leading to it are defined by two
quasi-independent chemical reactions.

EQUILIBRIUM
The chemical potential of each component in the aqueous solution is

R =p 4+ RTIna,= W+ RT In ¢y, i=A,B,C (4)
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where a; ¢; and <y, is the #th ion activity, concentration and activity coefficient
respectively, R is the gas constant, T is the absolute temperature. The superscript *
refers to the standard state. For the solid solution the corresponding equations have
the form

Wi =ul + RTIn fixy i=B,C (5)

Here x;, and f;, are the molar fraction and the activity coefficient of +th components in
the solid solution.

In equilibrium p, = i = pf? + pi’ It gives the conditions one needs to
calculate the equilibrium phase diagram

a 14 a £

Apgy = B~ p§7 — pl7 = RTIn (B” ‘”) (6)
ﬁsAxBA
a(:?, a £l

Apls = pex — we — pi“ = RTIn (7 Aq) (7)
fCAch

The subscript eq denotes the equilibrium. The expressions (6) and (7) are valid for any
fraction x;,, in particular for xz, = 1 and x, = 1. Substitution of the variables yields

A“'(I)SA = RT In Kpy (8)
Apgs = RT In Ky (9)

where Ky, and K¢, are the solubility products of the end members of the series. Finally
we have the general expressions for the computation of the phase diagram

Ao eg = JoaKpaxsa (10)

ACeoqreg — JeaKeaXca (11)

At this point it is useful to introduce the total ion activity product variable IAP =
ax(ag + ag), which characterizes the solution and below is always denoted as 2I1. In a
similar manner for the equilibrium we introduce the total solubility product variable
EHWI = ay,(ag,, + ac,) (Lippmann, 1980), which directly leads us to the solidus
equation of the system

EH(»q = foaKpaxpa T feaKeaXca- (12)
In order to derive the solutus equation we introduce the activity fraction of «th
component in the salt part of aqueous solution is y; = a;/(ag + a;) (¢ = B, C).

Combining equations (10), (11) and (12) with definition of y, gives

Y8 XBA
= 13
fBAKBA EH?{] ( )
Yo Xca
= 14
fCAKTA EH?{[ ( )
and thereby provides an expression for the solutus of the system
ST, = (1)
“a bl Yo

_|_
JoaKea  feaKea
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Fig. 1. Lippmann diagram for a hypothetical ideal aqueous solution - solid solution system. The
solubility products of the end members are Ky, = 4, K = 10, the equilibrium distribution coefficent D,, =
Kea/Kea = 0.4.

The typical phase diagram of a system with continuous series of solid solutions is shown
in figure 1. The way we used above to describe the phase equilibria in a SS-AS system
has first been proposed by Lippmann (1980) and further developed in a series of works
(Glynn and Reardon, 1990; Glynn and others, 1990; Glynn, 2000). Some modifications
suitable for highly soluble salts were added by us (Azimov and Shtukenberg, 2000;
Shtukenberg and Azimov, 2001).

To complete the set of equations, which characterizes the true equilibrium in a
SS-AS system the equilibrium distribution coefficient should be introduced. This
variable is usually defined as (Henderson and Kracek, 1927)

L XA o XA GcYp XA Yo VB

eq (16)
Xca @B  Xca @Yc  Xca B Yo

The superscript * is added only to distinguish this definition of distribution coefficient
from that given below. On the other hand, it can be deduced theoretically from the
solubility products of the end members of the series (Ratner, 1933; Azimov and
Shtukenberg, 2000). In our notations this result can be obtained directly from the
equations (13) and (14):

D = Kea feays
‘0 Kpa foaYe

Through the manuscript we are dealing with activity fractions y; = «@; / (ag + ac) instead
of concentration fractions ¢; /(¢g + ¢). Therefore, to avoid confusion and for the sake
of simplicity we introduce the equilibrium distribution coefficient in some other form

(17)

_ M o Ker Joa

= = 18
T xea ag Kpy fBA (18)
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This correction does not change the meaning and general behavior of this
variable and the “standard” distribution coefficient can be always found if the activity
coefficients are known.

Below we use the Lippmann phase diagrams as a starting point for the description
of crystallization kinetics.

QUASI-EQUILIBRIA

In the previous section the true thermodynamic equilibrium between solid
solution and aqueous solution has been considered. Here we are going to treat the
quasi-equilibria that is the states, when the thermodynamic equilibrium is not achieved,
but the driving force for the ionic fluxes of one or both components between aqueous
solution and solid solution can be negligible. To do it we can consider the solid
solution as a mixture of two components (BA and CA) and find the conditions for the
equilibrium of each component separately with respect to a series of aqueous solutions
in accordance with the reactions (2) and (3), respectively. In this way we find the states,
when the chemical potential difference between solid and aqueous solutions AG;, =
wia — Wil — i’ for one of the components A is equal to zero, but for the second one it
can take on different values (positive, negative or zero). In other words, we fix the
composition of solid solution to be x5, = 1 — x5, and explore behavior of the partial
solubility product 2II as a function of either yg or y. Such a condition can be directly
deduced from the equations (13) and (14) as follows

K ) s
EHBeq = Eneq(yB) = M (19)
B
S, = 311, (0) = K“’;(C‘x“ (20)

These functions take on values of K, firXin, = Ky if y; = 1, tend to infinity for y;, — 0
and correspond to the hyperbolas in the Lippmann diagram (fig. 2). Each hyperbola
describes equilibrium of given solid solution with aqueous solution relative to one
individual component. The point of their intersection (point O in fig. 2) corresponds
to the true equilibrium 211, = 211, = 211, (a solid solution is in equilibrium with
the one and the same aqueous solution with respect to both components) and thus
belongs to the solutus. Above (below) the corresponding line the chemical potential of
component (A = BA, CA in aqueous solution of composition y; is higher (lower) than
the chemical potential of this component in a given solid solution x,,. Respectively,
these two hyperbolas divide the phase space into the four regions, marked in figure 2
by roman numbers. The aqueous solutions in the region I are supersaturated with
respect to both the components BA and CA. On the contrary, the solutions in the
region III are undersaturated with respect to both the components. The other two
regions represent the aqueous solutions supersaturated with respect to one compo-
nent and undersaturated with respect to the other one of the solid solution in
question. Thus these lines describe equilibrium of solid and aqueous solutions to each
component separately and therefore can represent the true equilibrium only in the
point O. As it will be shown below, these lines turn out to be very useful for the
description of interaction between aqueous and solid solutions.

Another useful quasi-equilibrium state can be deduced considering the crystal
dissolution. This process involves detachment of the cations B"" and C"" in the same
proportion in which they are present in the solid solution. Thus the crystal dissolves
congruently (as a whole), and this process can be described by the net reaction (1). In
accordance with the law of mass action the dissolution stops when the solution acquires
certain concentration of components and the system achieves the so-called stoichiomet-
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Fig. 2. Quasi-equilibria for the SS-AS system shown in fig. 1 (the equilibrium phase diagram is shown by
dashed lines). Solid lines show equilibrium of the solid solution x.,, = 0.4 with respect to the whole series of
aqueous solutions. Regions separated by solid lines and marked by the roman numbers denote: I (gray
background) supersaturation with respect to both the components BA and CA; II supersaturation with
respect to CA and undersaturation with respect to BA; III (gray background) undersaturation with respect to
BA and CA; IV supersaturation with respect to BA and undersaturation with respect to CA. The dotted line is
stoichiometric saturation state for the same solid solution x,.

ric saturation state defined by Thorstenson and Plummer (1977). Later development
(Glynn and others, 1990; Glynn and Reardon, 1990, 1992; Glynn, 2000) transformed
this concept to a powerful tool for studying the SS-AS phase diagrams. In this case the
solubility product K, can be found from equilibrium conditions for the net reaction
(1) considering the values of x; (¢ = B, C) as the stoichiometric coefficients

K, = a@;aé;}%eq = (Kpa foaxsa) ™ (Kea foaXea) ™ (21)

In contrast to the thermodynamic equilibrium, when each solid solution x, corre-
sponds to a single aqueous solution, the stoichiometric saturation of solid solution xc,
is achieved for a series of aqueous solutions yi, which are characterized by the total
solubility products

st

K,
EH&I = XBA . XCA = (EHBP/])QCBA(EHCWZ o (22)
B JC
The stoichiometric saturation curve (dotted line in fig. 2) has a minimum at yo = Xca,
and is tangent to the solutus curve at the point O related to the true equilibrium
between the crystal x5, and the aqueous solution.

CRYSTAL GROWTH: THERMODYNAMIC APPROACH

The solid solution—aqueous solution interactions are not restricted to the true
equilibrium and quasi-equilibria and various processes such as crystal growth, dissolu-
tion and metasomatic replacement take place. We are going to consider such processes
beginning with the simplest case of “pure” crystal growth, when no reaction between
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the seed crystal and the solution occurs and the system is assumed to be not far from
the equilibrium.

Let us consider the supersaturated solution (point 1 in fig. 1), which is character-
ized by the total solubility product 3IT and has the composition of yg. Crystallization
from the solution is driven by the difference in chemical potential of the liquid and the
crystal

§ a g
Apps = B + p% — s, = RTIn ( o ) A RT1 () 23
A = Mg Mea Mpa = ]; Xpx MBA n fB X Kox (23)
Ac [LelUN
A 4 4 — RT1n ( ) A RT1n () 24
Bea = pd + i — pea = Jonon Wi = ToxonKen (24)

These equations have the same structure as (6) and (7) but now the values of A, are
not restricted to be equal to zero as it was for the equilibrium. It follows from (23) and
(24) that deviation from the equilibrium depends on crystal composition as well as on
the aqueous solution composition. But the composition of growing crystal xg, is
unknown a priori. To find it for the continuous series of solid solutions, which
crystallize from the simple system without metastable/intermediate phases, one can
assume that the crystallization provides the maximum possible decrease in the system
molar free energy AG = xg Apps + XcaApcy, that is the condition IAG/dxg, = 0
holds (Sally, 1963; Ghiorso, 1994; Astilleros and others, 2003a). Unfortunately, al-
though reasonable, this assumption does not have sufficient theoretical background
and can be considered only as a plausible hypothesis. Like any other partial variables
the chemical potentials of components can be represented as

IAG

Appgy =AG+ (1 - xBA) (25)
IAG

Apey = AG - xBAW (26)
BA

For the case under consideration dAG/dxz, = 0 and these conditions are fulfilled only
if Apga = Apa- The same result can be obtained directly by differentiating expression
for the free energy AG and application of the Gibbs-Duhem equation (Prigogine and
Defay, 1954). Evaluation of the second derivative and application of the Gibbs stability
conditions shows that the extremum point found corresponds to a maximum. After
substituting (25) and (26) into the equations (23) to (24), the comparison with the
expressions (10), (11) and (17) shows that the crystallization from each solution of the
composition y; with any 31T value should form the solid solution of composition xg,; in
other words, the distribution coefficient should always be constant and equal to the
equilibrium value D = D, Thus, crystallization from solution 1 gives the crystal of
composition 2, which should be in equilibrium with the solution 3 (fig. 1). This allows
us to use the difference in chemical potential between solutions 1 and 3 as the value of
solution supersaturation, or as the driving force for crystallization. From the equations
(10), (11), (23) and (24) we get

A RT1 ( it > RT1 ( 3211 ) (27)
n = n
MBA aBequeq yBe([EHeq
Ao ay chH )
A RT1 = RT1 28
MCA n (aflequeq) 1 <yC{eq2H{eq ( )
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Since for Apg, = Apca the solution has a constant composition y; = y,,,, we can define

the supersaturation function & as
Apga _ Apca —t=In

RT RT 311,

S\ S0
>~zn‘L

eq

(29)

where the latter approximate equality follows from the condition of proximity to
equilibrium. A similar expression was deduced by Van Erk (1982). This means that
deviation of the aqueous solution from the equilibrium with solid solution is the same
with respect to both the components. The growth rate can be expressed in terms of
standard supersaturation V = k(x;,)& where k(x;) is the composition dependent
kinetic coefficient [see equation (41) below]. Despite the simplicity this consideration
is usually sufficient for the description of experimental data (Kasatkin and others,
1995).

We would like to emphasize that this simplest case is characterized by only one
value of supersaturation/undersaturation §, which is a thermodynamic variable describ-
ing deviation of the aqueous solution from the strict thermodynamic equilibrium.

CRYSTAL GROWTH: KINETIC APPROACH

The thermodynamic consideration is restricted to the crystal growth not far from
equilibrium, since only near to equilibrium the proportionality between flux and
driving force has been postulated and verified. Far from equilibrium chemical thermo-
dynamics provides no tool for the crystallization description. In such cases the
principles of chemical kinetics seem to be more appropriate (Lasaga, 1981). Below we
will consider independent attachment/detachment of cations in accordance with the
reactions (2) to (3) and, for the sake of simplicity, will ignore additional effects related
to the association of ions, formation of intermediate compounds, contribution of
other species et celera.

The total flux of the component ‘A (i = B, C) into the crystal is a balance of the
direct J;, and reverse ], fluxes

Jea :ﬁA —Joa = kgAaBaA — kya foa%ia (30)
Joa = Jéa — Joa = kéaacan — kea foaXea (31)

where kjy and k;, are the kinetic coefficients of the direct and reverse reaction,
respectively. We suppose that k;; and kj are independent of liquid and solid phase
composition. In a first approximation it is a plausible assumption, which follows from
the chemical kinetics. Some additional effects on the kinetic coefficients are automati-
cally taken into account by activity coefficients. Other influences are not considered in
this model, but they can be easily incorporated into the model if the physical basis for
such influences will be known. In equilibrium J;, = 0, therefore

ke
BeqUAeqg — 7+ JBAXBA
AR oy = ki JoaX (32)
kea
aeraAeq = %f(;A'x(,A (33)

From the equations (10) and (11) one can directly obtain
kpa = kpaKps (34)

koo = kéAKA (35)
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and find the kinetic expression for the equilibrium distribution coefficient

P
D(,q=:z::§:-]f§: (36)

Substitution of the equations (34) and (35) into (30) and (31) gives
Joa = kaa(apay — Kpy foaxps) = ksaOp2I1 — Ky faxpa) (37)
Joa = kéalacay — Koa foaxon) = kia(9e2IT — Koy feaxon) (38)

As the steady state is reached, these two equations should be completed by the
stationary condition

Jos _

Joa  Xca

(39)

Assuming the kinetic coefficients are known (for example, from the kinetic data on the
end members BA and CA) these three equations have three variables ( J4, Joa, and
Xca = 1 — xp,) and can be solved. For ideal solid solutions ( fza = fca = 1) the
substitution of equations (37) and (38) into (39) gives a cumbersome quadratic
equation with respect to xg,. Its analytical solution describes the effect of solubility
product 2II and solution composition y; on the distribution coefficient D. For
non-ideal solid solutions the set of equations can be solved numerically.
Given the values of fluxes [, the linear growth rate is easily obtained as

V= wBA]BA + w(;A](;A =~ w(]BA +]CA) (40)

where wy and w denote the molar volumes of the components (w = wpp = wey).

The results of a model calculation are shown in figures 3 and 4. It can be seen that
the zero growth rate (equilibrium) leads to the equilibrium value of distribution
coefficient D = D,,. Respectively, in the vicinity of equilibrium (D =~ D,,, y; = y,,,) the
growth rate can be found from equations (27)—(29), (37), (38), (40) and expressed in
the simple form

V= (kgAKBA ﬁ%AxBA + kgAKvCA ﬁ:AXCA) wE (41)

As the growth rate increases the distribution coefficient approaches the limiting
constant value of D, = kg,/kés (at V— ). This follows from the fact that the reverse
fluxes become negligible compared with the direct ones as the growth rate rises
significantly. The same result was also obtained by Van Erk (1982).

In all the calculations the growth rate (the velocity of steps) was assumed to be
proportional to the difference in activity products (that is to the supersaturation, see
fig. 4). This assumption was based on the theory developed by Chernov (1984), and on
the experimental data available for different compounds (Chernov and Malkin, 1988;
Ristic and others, 1997). However, for certain reasons (for example, action of impuri-
ties) the V(&) function can assume much more complicated character (Chernov and
others, 1987), in which case a revision of the model would be required.

In contrast to the thermodynamic approach the kinetic one does not use the
assumption of Apug, = Apca. The solution follows from the set of equations (37) to
(39), and evaluates the steady state with Awg, # Apg, and variable distribution
coefficient Dand the crystal composition. The value of supersaturation £ can be written
for this case as well, but now it is only a formal value, which does not reflect the true
deviation from the thermodynamic equilibrium and it is not sufficient to predict the
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Fig. 3. Distribution coefficient D as a function of supersaturation EH/EH — 1 for the SS-AS system
shown in fig. 1. The value of lattice misfit (bgy — bc)/ b, is written at the lines. "Kinetic coefficients hgn =
10 a.u., kcy = 16 2.u., composmon of aqueous solution y = 0.4. The dashed line corresponds to the case of
1nf1n1tely high growth rate D, = ky\/kéa = 0.625.

growth rate unambiguously-additional information on the solid solution composition
is required.

Note, that the growth rate depends not only on the supersaturation, but also on
the solid solution composition and the kinetic coefficients. If the kinetic coefficients
for the end members differ strongly, quite a slight variation in a crystal composition
can significantly increase/decrease the growth rate. To illustrate this we have per-
formed model calculations for the series (Cu,Ni) (NH,)o(SO,), - 6H,O. Using the data
on solubilities and kinetic coefficients of the Cu and Ni end members from the paper
by Kuschel and others (1982) we estimated effect of the crystal composition on the
growth rate. In accordance with equation (41) it was shown that since k¢, i Kousare =
kicsat Knisal inCorporation of only x, = 0.01 into the nickel end member three times
increases its growth rate. However, due to the same reason incorporation of even x; =
0.10 into the cobalt end member does not change its growth rate significantly. This
phenomenon might be also responsible for effect of the Sr impurity on the calcite
growth rate (Wasylenki and others, 2005). The authors reported that the small
additions of Sr into the mother solution (so that x5, < 0.01) increased the calcite
growth rate, in some cases up to two times. Such strong acceleration of the growth rate
might result from the differences in kinetic coefficients. Unfortunately, we do not have
necessary experimental data to verify this hypothesis.

CHEMICAL INTERACTION WITH THE SUBSTRATE

Let us consider now a very common case of an aqueous solution of the composi-
tion y (point 1 in fig. 1) contacting with a substrate (seed crystal) of the composition
1 — Xgas = Xcas * Xca (point4in fig. 1). In this case the equations (37) and (38) should
be replaced with

]BA = kgA(yBEH - KBAﬁEAxxBAs) (42)
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Fig. 4. (A) Growth rate V (a.u.) as a function of supersaturation EH/EHW — 1 for the system shown in
figure 1. Solid line—stress free crystallization, dashed line-crystallization on the substrate of different
composition, the value of misfit (bgy — bcn) /b, = 0.04; for other numerical values see figures 1 and 3. (B)
Enlarged part of the plot shown in figure 4A close to the equilibrium state. The quasi-equilibrium between
the strained solid solution and the aqueous solution is attained at EH/EHWI — 1 = 0.359, where X1, is
calculated from the equilibrium phase diagram (fig. 1).



solid solution—aqueous solution systems 565

]CA = k&(yCEH - KTAﬁTA.vxCAx) (43)

The total flux of each component is equal to zero J,, = 0 (¢ = B, C) if conditions y2I1 =
KinfinsXias are held. These two mutually independent conditions already considered
above [see equations (19) and (20)] divide the phase space into four different regions
(fig. 2). In the Lippmann diagram the lines, which bound these regions, represent
hyperbolas [equations (19) and (20), fig. 2]. Each of them describes equilibrium of a
given solid solution with a series of aqueous solutions with respect to one individual
component. For y; = 1 the solubility products 211 take on a values K, fix % < 211, =
K, that is the lines 2I1(y,) intersects the ordinate axis lower than the solutus curve
does. Compared with the saturation curves for pure end member solids (Glynn and
Reardon, 1990; Glynn and others, 1990; Glynn, 2000) these lines have the same
meaning, however, the saturation curves for pure end member solids express the
equilibrium conditions only for the end members (x;,, = 1) placed in a contact with a
given solution y, whereas our lines described by equations (19) and (20) consider
equilibrium conditions for any particular solid solution. Since the values of x;,, are
independent of y; and J;,, the equation (39) is no longer valid, and the four different
cases should be considered in accordance with (42) and (43).

If Jsa > 0 and Jo, > 0 (region I in fig. 2), the crystal growth occurs. After the
deposition of a few initial elementary layers the original substrate is completely covered
by deposited substance and does not affect the process any more. The crystal assumes
the stationary composition x;, , — x;5. The growth kinetics is described by the equations
(37) to (40) and the fluxes change by the values of ki Kx ( fixXia — fiasXins)-

In the opposite case Jz, < 0 and Jo, < 0 (region IIl in fig. 2) the crystal dissolves
congruently, and its dissolution rate is completely determined by that component of the
solid solution, which would have the highest dissolution rate V~ —w* max ( Jza, Joa)
when taken as an individual component. The sign “—” reflects the fact that both fluxes
are negative and the dissolution rate is expected to take on a positive value. Indeed, the
driving forces and resulted fluxes should be different for components BA and CA,
however, the crystal can dissolve only as a whole. Therefore, the dissolution rate will be
controlled by that component, which has the fastest detachment rate. This estimate
ignores the mutual influence of fluxes, which can somehow affect the net dissolution
process. Considering such more complicated interactions is beyond the scope of the
paper, our aim here is to show the system behavior depending on the aqueous and
solid solution compositions. This process is directed towards the stoichiometric
saturation state (Glynn and others, 1990; Glynn and Reardon, 1990, 1992; Glynn,
2000) described above and illustrated in figure 2. However, before the stoichiometric
saturation state is achieved the aqueous solution passes the region where the replace-
ment reactions may occur ( gy > 0, Jop < 0or Jgo <0, Jop > 0: regions Il and IV in fig.
2, respectively).

Let us consider the crystal of composition x¢, placed in the initial solution TO
(pure water) and follow the dissolution pathway (in this section we assume that the
crystal is large compared with the solution volume and the aqueous solution changes
its composition in the course of the crystal dissolution). Between points TO and T1 the
crystal dissolves congruently and no replacement reaction takes place (fig. 2). At the
point T1 the equilibrium is achieved for the component BA, but the component CA
should continue to dissolve and the solution comes to the region Il in figure 2, where
the coupled dissolution-precipitation reaction may occur. This point has a rather
theoretical meaning because in the course of real dissolution process the replacement
reaction has a low probability. The replacement seems unlikely to proceed at the
atomic level, because such a mechanism would require anomalous high diffusion rate
in solid and the process should stop after a few elementary layers have been replaced.
Significant replacement rates are only possible if the substrate has a high degree of
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porosity or if the molar volumes of the substrate and the deposit are considerably
different. The quasi-equilibrium state (replacement within a small number of mona-
tomic layers prevents further interaction between the crystal and the solution) may
take place - only if the dissolution rate is very low either due to the closeness to the true
equilibrium point or for some other reason. In other cases the crystal should dissolve
without re-precipitation with the dissolution rate V=~ — wj;,.

Further congruent dissolution leads to the point T2 (fig. 2), where the system
achieves the primary saturation state (Glynn and Reardon, 1990, 1992; Glynn, 2000). The
aqueous solution remains undersaturated with respect to one of the considered solid
solution components, and the dissolution continues. At the same time the aqueous
solution becomes supersaturated with respect to other solid solution T2’ that may
result in simultaneous precipitation at some localities not far from the original crystal
or even immediately on the dissolving surface. Such coupled reactions of dissolution
and precipitation were frequently observed in experiments (Glikin and Sinai, 1983;
Bolkhovityanov, 1990; Kuzmina and others, 1994; Glikin, 1995; Kryuchkova and others,
2002; Putnis, 2002; Glikin and others, 2003; Voloshin and others, 2003a, 2003b; Putnis
and Mezger, 2004).

Finally, if no re-precipitation occurs for some reason, for example because of high
energy barrier, the system can attain the quasi-equilibrium stoichiometric saturation
state (point T3 in fig. 2).

Thus, despite the numerous theoretical possibilities only two processes should
usually occur at a micro scale (the system is large enough to avoid considering the
elementary attachment/detachment processes and the surface morphology but small
enough to not take into account diffusion and stirring in the solution): (1) growth of
crystal with a composition and growth rate defined solely by a solution and (2)
congruent dissolution whose rate is controlled by both phases - crystal and solution.
The first opportunity corresponds to the field I in figure 2, whereas the second one
refers to three other fields. The replacement reactions are possible and are observed in
experiment (Glikin and Sinai, 1983; Bolkhovityanov, 1990; Kuzmina and others, 1994;
Glikin, 1995; Kryuchkova and others, 2002; Putnis, 2002; Glikin and others, 2003;
Voloshin and others, 2003a, 2003b; Putnis and Mezger, 2004) but usually need the
mass transport that complicates the problem significantly and are not considered here.

SUPERSATURATION

At this point the important question needs to be answered: how the supersatura-
tion of a given aqueous solution with respect to a given solid solution can be defined.
Some of such definitions were elaborated in Prieto and others(1993) and Astilleros
and others (2003a), but they are not satisfactory in our point of view.

The first approach suggests that supersaturation is a thermodynamic variable, which
corresponds to deviation of the given aqueous solution from the equilibrium state
(namely the aqueous solution, which is in equilibrium with the crystal growing from
the given solution). It is self-evident that this supersaturation is independent of the
substrate composition and even of its presence and any solution can be characterized
by one and only one value of supersaturation. Due to the proportionality between
growth rate and supersaturation, this concept is widely used in study of crystallization
kinetics. Such a supersaturation was introduced in the section “crystal growth: thermo-
dynamic approach” for the systems, which are close to equilibrium, and according to
the equation (29) itis equal to & = Awgy /RT = Apca /RT.

The second approach is aimed to find the driving force for crystallization/
dissolution of given substrate crystal placed into given aqueous solution. It is clear that
the supersaturation should be a function of two independent differences in chemical
potentials of both components between aqueous solution and solid solution Apg, /RT
and A, /RT defined in the equations (23) and (24), respectively.
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In the paper by Astilleros and others (2003a) the supersaturation § was introduced
in the form of two functions 8y, and 8, calculated as follows

aB aA

— 44
JoaXpaKpa (44)

dpalap) =

acay
dcalxca) Zm

where the crystal growth is supposed to be controlled by the minimal values of 8,4 (x;4)
(i = B, C). It is easy to show that not far from the equilibrium Ap, /RT
= In (aay /foxnKin) = aay /faxaKy — 1 = du(x,) — 1 and thus the supersatura-
tion § is approximately equal to § = min (Apgy /RT + 1,Apcy /RT + 1). The
physical meaning of the variable is that although the fluxes of two components are
mutually independent the crystal cannot grow “with two different rates” and the
slowest flux should define deviation from the equilibrium and, correspondingly, the
growth rate. So in this case the slowest flux plays a role of a “limitation stage” of
crystallization. On the other hand, this expression is valid only in a first approximation,
since the mutual influence of the fluxes cannot be excluded and to calculate the
supersaturation accurately a more rigorous approach is necessary. This expression is
also applicable for the dissolution and replacement reactions. The dissolution is
controlled by that component, which has the maximal detachment rate, and hence it is
characterized by the maximal negative value of corresponding flux.

Another approach to definition of supersaturation starts from the net reaction (1)
and finds the difference between the free energy of given solid solution and aqueous
solution AG = xgpApps + XcaApca, where the differences in chemical potentials are
found from the equations (23) and (24). This concept based on the stoichiometric
saturation state was suggested by M. Prieto and co-workers (1993) and in our notations
resulted in the following expression

apay )m< Acay
ﬁsAxBAKBA ﬁmx(*AKCA

This function has a physical meaning only for the dissolution near to the stoichiomet-
ric saturation state and, therefore, cannot be used for the most aqueous solution—solid
solution systems.

In our opinion, no universal single variable can be found, which would character-
ize the supersaturation (undersaturation) in general case, since two independent
chemical potential differences Apg, and Apg, govern the attachment/detachment
processes. Yet in any particular case it is certainly possible to find the single value,
which control the growth/dissolution process. It should be emphasized that the
supersaturation cannot be determined a priori from the composition of aqueous
solution alone, like it is normally done for one-component solids. The composition of
growing crystal must also be taken into account, which can be found by solving the set
of equations (37) to (39).

Application of the supersaturation concept also needs to take into account the
differences between relative and absolute supersaturations. Introduction of supersatu-
ration (driving force of some growth/dissolution process) is always aimed to predict or
at least estimate the rate of the corresponding process, since in general the rate of
some reaction is a product of the driving force and some constant called by kinetic
coefficient (Prigogine and Defay, 1954). For our case this relationship can get two
forms: J, = const*Aw, /RT = const*In (4a, /a;,a,,) deduced from postulates of
the chemical thermodynamics - see equations (27) to (29) and J,, = kj\(a,as — QiogUnug) »

2

(45)

B(xpa) = ( ) “ = [Bpa(xpa) ™ [Bcalxca) I (46)
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which directly results from equations (37) and (38) obtained from equations of the
chemical kinetics. Respectively, the former case considers dimensionless or relative
supersaturation § = In (a,ay / aiequeq), whereas the later one introduces absolute super-
saturation @;a, — @,,as,,- These two forms are fully equivalent to each other as long as
deviations from equilibrium are slight and In (@a / a,,a,) = (Gay — Gpys,, / Giyls,,)-
However, for the wide range of growth conditions (especially strongly non-equilibrium
ones) the use of the absolute supersaturation/undersaturation seems to be more
appropriate. For example, the crystal CA will obviously dissolve in the solution
containing only the B"" and A" ions with the finite rate V = wki,(0 — Kgy) =
—wk s Kea [see equation (38)], whereas with the use of relative undersaturation the
infinitely high dissolution rate is predicted V= wkis Ko In (0/Kg) — — [see equation
(41)].

EFFECT OF MISFIT STRAIN

In the previous section it was presumed that the substrate no longer affects the
crystal growth after a few monolayers have been deposited. Experiments, however,
show strong effect of substrate on the growth kinetics (Bolkhovityanov, 1982; Ristic and
others, 1997; Moshkin and others, 2000; Astilleros and others, 2003b). The main factor
responsible for such a behavior is the action of misfit strain—the effect routinely
observed in the processes of semiconductor heteroepitaxial film growth-see, for
example, (Pimpinelli and Villain, 1998; Kaganer and Ploog, 2001) and studied
insufficiently for solution grown crystals.

Let us consider a series of monolayers deposited on a substrate of considerable
thickness and surface area (labeled by subscript ;). For definiteness, let the substrate be
the (001) face of a cubic crystal. The plane deformation problem of elasticity is well
known (Elsen and Ettenberg, 1978) and for a thick substrate has a simple solution. The
components of the strain tensor g in the layer, which has the lattice constant b, are
expressed as

b— b

= 1.9
e={ b 7 (47)
0 j=3,...6
The components of the stress tensor ¢ have a form
E (b—10b) 19
1—v\ b J=5
o= 2vE (b — b, —3 (48)
1—v\ b J
0 j=4,...6

where £'is the Young modulus, v is the Poisson ratio. It is important to note that the
stress (strain) in each layer only depends on the difference in lattice constants between
the layer and the substrate, so the deposited layers do not affect each other, and the
stress in the substrate is equal to zero. Let us assume that the lattice constant obeys the
Vegard’s rule b = x0T Xcabca, Wwhere by, and b, are the lattice constants of the
end members of the series. Thus b — b, = (bga — bca) (Xga — Xpas). The elastic energy U
of the solid (per one mole) is expressed via general equation (Landau and Lifshitz,
1970)

6
w
U=y D 0 (49)
=1
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Fig. 5. Elastic energy U/RT of solid solution deposited on the substrate of composition x5, = 0.7 (solid
line), and the partial values related to components BA and CA (dashed lines). The temperature is 7'= 25 °C,
elastic constant £/ (1 — v) = 10" N/m?, misfit (bg\ — bes) /b, = 0.04, molar volume w = 40 cm®/mol.

Here wis the molar volume. Substituting expressions (47) and (48) into (49) gives

Ew (s — bea\? )
=1_v(‘*,)f““) (s = Xpa)* (50)

The molar elastic energy U characterizes the solid solution as a whole. However, like
the other mean molar values, it can be represented as a sum of two partial values
related to the components BA and CA: U= xg,Upgp + XcaUca (fig. 5), where

oUu
Ua= U+ (l_xBA)WBA (51)
U
Uca=U~- xBAWBA (52)

Taking the elastic stress into account the chemical potentials of the components BA
and CA in the growing layer should be increased by the values Ug, and Ugy,
respectively. In equilibrium

[CUN

ﬁ%AxBA

Appy = pgf + wd — iy — Upa = RTIn ( ) — Apgs — Ups =0 (53)

Acay
JeaXca

Apen = we + i — pea — Uea = RT'In ( ) - A"L%A —Ux=0 (54)

After a rearrangement of the equations (53) and (54) one can obtain the expressions
for the solubility product (additional subscript U denotes the presence of misfit stress)
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Fig. 6. Lippmann diagram for the system shown in figure 1, where the solid solution crystallizes on the
substrate of composition xc,, = 0.7 (solid lines); the conventional equilibrium phase diagram is shown with
dashed lines. The straight solid line connects the points, for which the elastic strain is absent. The elastic
energy of the system is represented in figure 5.

1 l 1 I qus l 1

Usa
aBeqUaAe(/U = _ﬁ?u’\KBAxBA eXp (m) (55 )

Uca
ACoquAequ — fCAKCAxCA exp (RT) (56)

Equations (55) and (56) define the quasi-equilibrium phase diagram. If the equilib-
rium solid solution and the substrate have the same composition and no stress occurs
(fig. 6), the quasi-equilibrium and the true equilibrium phase diagram coincide. The
elastic energy Uis always positive but the partial values Uz, and Uy, have the opposite
signs (fig. ). Division of equation (56) by equation (55) directly gives the value of
distribution coefficient in the presence of stress

D ..=D Uca — Upa -D 19U 57
eqU — Mg eXp RT — Mg exXpl — RT BXBA ( )

where the equilibrium distribution coefficient in the absence of stress can be found
from equation (17). The effect of stress on the crystal composition was calculated in a
similar way by Yu. B. Bolkhovityanov (1982) for the liquid phase epitaxy grown
semiconductor A"™BY compounds like Ga(As,P) and by S. V. Moshkin and co-workers
(2000) for the mixed K-Rb dihydrogen phthalate crystals. In both papers a satisfactory
agreement between the theory and experiment was found. For example, in the paper
(Moshkin and others, 2000) solid solutions of potassium and rubidium dihydrogen
phthalate (K,Rb)CgH;O, were grown on KCgH;O, seed crystals and without seed
crystals. For the spontaneous nucleated crystals the distribution coefficients were
found to be constant and independent of the Rb fraction in aqueous solution [as stated
by equation (18) for the systems with nearly ideal solid solutions]. For the seeded
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Fig. 7. Distribution coefficient D for the solid solutions of K and Rb dihydrogen phthalate (K,Rb) CsH;0,
as a function of Rb fraction in a solution yg,, [after Moshkin and others (2000)]. Points and dashed lines
represent experimental data: triangles—spontaneous nucleation of crystals, squares—growth on KCgH;O,
seed crystals. Solid lines—theoretical calculations for unseeded (no stress, upper line) and seeded (with
stress, lower line) crystals. Relative strong discrepancies between theory and experiment at high yg,, (lattice
misfit is high) result from the plastic stress relaxation during crystal growth.

crystals, however, the distribution coefficient changed significantly as the Rb fraction
in aqueous solution increased. These changes agreed well with theoretical predictions
(57) (fig. 7).

The fluxes of components into the crystal can be obtained after minor modifica-
tions to the equations (37) and (38):

. Usa
]BA = kBA(yBEH - KBAﬁsAxBA exP(RT)) (58)

Uca
Joa = kgA(J’cEH — Ko foaXea CXP<RCT>> (59)

The changes in the incorporation fluxes are mainly restricted by the shift of phase
equilibria (fig. 4), so the zero supersaturation expressed in usual notations XI1/211,, —
1 = 0 is accompanied by crystal dissolution. The equilibrium state requires higher
activity product of the ions in aqueous solution, which can be calculated numerically
from the equation (58) or (59). In a wide range of supersaturations the kinetic curves
are approximated with straight lines of similar slope. The same effect of elastic strain
on the growth kinetics was observed experimentally for the NaClOjg crystals (Ristic and
others, 1997). Using synchrotron radiation the authors induced a small strongly
strained area on the surface of NaClOg crystal and then measured growth and
dissolution rates over the crystal surface. On the non-irradiated (non-strained) areas
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the zero growth/dissolution rates were observed for zero supersaturation as predicted
by classic crystal growth theories. However, on the irradiated (strained) area at the zero
supersaturation the crystal dissolved. The zero growth rate was observed for non-zero
supersaturation equal to 0.32 and the corresponding growth as well as dissolution
curves V (§) were shifted along the abscissa axis without change of slope. This shift is
likely to be related to increase the crystal free energy due to the strain action.

The effect of supersaturation on the distribution coefficient for crystals with
mismatch stress is very close to the case of stress free crystal but the equilibrium
distribution coefficient can have another value (fig. 3).

It is worth noting that this simple description is valid for the steady growth, when
several first monolayers have been already deposited and interface effects are negli-
gible. The growth of first layers can drastically differ from the predictions made and
from the growth of successive layers (Astilleros and others, 2003b; Sanchez-Pastor and
others, 2005; Shtukenberg and others, 2005). For example, the growth rate of the first
layer of BaCrO, on the BaSO, substrate is several times higher than the growth rate of
the second BaCrO, layer on the first BaCrO, layer (Astilleros and others, 2003b;
Shtukenberg and others, 2005). The main reason for such behavior is the surface
relaxation phenomena or formation of wetting layer on the substrate that reduces the
internal stress due to “non-elastic” deformation of the first layer (Pimpinelli and
Villain, 1998; Astilleros and others, 2003b; Shtukenberg and others, 2005). Further-
more, nanoscale observations show that such heteroepitaxial growth can be accompa-
nied by formation of 3D islands and ripples. Due to significant free area the surface
roughness arisen reduces elastic stress (Pimpinelli and Villain, 1998; Lea and others,
2003; Sanchez-Pastor and others, 2005; Shtukenberg and others, 2005) and affects the
growth kinetics. Evolution of the islands with a time (for example, their coalescence
and formation of the flat surface) certainly should affect the growth kinetics as well.
The discussion of these phenomena is far beyond the scope of the paper, since here we
give only a phenomenological approach, which suits for the steady growth and does
not involve atomic scale mechanisms.

CONCLUSION

The presented theory describes the aqueous solution - solid solution equilibria
and quasi-equilibria as well as heterogeneous chemical kinetics on a simple and clear
thermodynamical basis. The model is applicable to the relatively narrow class of solid
solution - aqueous solution systems and has the phenomenological character, that is, it
does not deal with microscopic processes, and instead it uses macroscopic parameters
known from experiment. Within these restrictions the model is able to predict the
growth /dissolution rates of any seed crystal placed into any aqueous solution. We
believe that this model could be easily applied to the simple systems like (Ba,Sr)SO,-
H,O. Successful calculations for the complex natural systems require further develop-
ment of the model and also some additional experimental data on the elementary
processes in the systems. At this moment we cannot verify most of the theoretical
results obtained due to the lack of experimental data. Therefore, a detailed experimen-
tal study of crystallization kinetics in SS-AS systems can be considered as the necessary
step in developing this approach.
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