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Abstract — Conditions for occurrence of fast solid-phase chemical reactions were revealed by examination of
physicochemical properties of the reagents and reaction products. A comparison of the results with the cor-
responding experimental data showed the validity of the theoretical correlations.

By solid-phase reactions are usualy meant reac-
tions in which both the reagents and reaction products
are solids. The place of such processes among chem-
ica transformations is illustrated by a scheme given
in Fig. 1. The specificity of solid-phase processes is a
weak transport mobility of the components of the
system and, consequently, as a rule, a low rate of
chemical reactions. The time in which a solid-phase
chemical reaction is completed generally ranges from
several hours to tens and in some cases hundreds of
hours a temperatures close to or exceeding the
Tamman'’s temperature T ~ 2/3T,, (T, is the melting
point, K) [1]. At the same time, there are cases when
a solid-phase reaction is completed within a much
shorter time: from fractions of a second to several tens
of minutes. We will term them fast solid-phase
reactions.

The reaction acceleration is due to the decrease in
the relaxation time of transformation and transport
processes in all the stages of a chemical reaction. The
relaxation time of these processes depends, in its turn,
on the corresponding driving forces, the mobilities of
elementary components, the length of transport path-
ways, and the complexity of the transformation
process. Buerger [2] classified solid-phase transforma-
tions as fast and slow by the latter criterion. With
regard to the results of the above-mentioned work,
combining them with the examination of rates of
transport processes in various stages of the reaction,
we can recognize the types of the initia states of
reagents that ensure the highest rates of solid-phase
reactions.

Generaly three main stages are distinguished in
solid-state chemical reactions in heterogeneous sys-
tems: (1) the transport of reagents to the reaction zone
and the increase in the area of their contact, (2) nuclea-
tion of a new phase, and (3) growth of its nuclei. The
rate of the first stage, as shown in [3-7], largely
determines the rate of the whole solid-phase reaction

in a disperse system. These three stages are genetical-
ly successive but the heterogeneity of the starting state
of the system resultsin their overlap in space and time.
The latter makes possible the effects of self-decelera
tion of self-acceleration of a chemical reaction owing
to the organization of a feedback between them.

Classifying the compositions by the relaxation time
of transport processes, we distinguish the mean
distances between particles of reagents, typical for
processes fundamentally differing in the their mech-
anism and rate of mass transfer. The first group
consists of starting systems with the mean distances d
between particles of the reagents, comparable to the
corresponding interatomic distances R, g in the
product, i.e., satisfying relationship (1):

d~ Ry . D
Chemical reactions

(including phase transitions)
| |

Homogeneous Heterogeneous
A—-D
(including S;iy — S;j3)
A,B—->D
Giy > Gy ABC-D
S-S A,B,C—>DE

A,B,C—>DEF

Fig. 1. Classification of chemical transformations by the
states of aggregation of reagents (A, B, and C) and
products (D, E, and F). A class of solid-phase processes
is set apart. Notation: A, B, C, D, E, F = G (gas),
L (liquid) or F (solid); a lower index, for example, i at
the notation of the state of aggregation points to the fact
that ith component has this state of aggregation, and
index in braces shows that we deal with the correspond-
ing set of components involving more than one member.
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The transport of the components is almost absent
in such compositions in the initial stage of evolution
of the system, but this still does not mean that the
chemical reaction in these compositions will aways
be fast. When there is no structural similarity between
the starting composition and the reaction product, the
nucleation can occur so slowly that the system relaxes
to one or simultaneously to severa intermediate states.
In such a system metastable states, glassy or crystal-
line phases among them, can form. These states have
the same chemical composition as the target product,
but another crystal structure. Also, phases of the start-
ing reagents and (or) phases differing in their com-
position from the target product can form (see, for
example, [8, 9]).

One or another type of the system evolution de-
pends on the presence of corresponding nucleation
centers. In the listed alternatives of the evolution,
along with formation of phases with a chemical com-
position identical to that of the product, the advantage
of the starting compoasition is lost, because the mean
distances between particles of reagents increase,
relationship (1) ceases to be true, and transport pro-
cesses become necessary to yield the product. A sim-
ilar situation can occur aso in the case of formation
of phases with the chemica formula of the end prod-
uct, but another structure, if these phases transform
into the end product via intermediate compounds with
a composition differing from the composition of the
target compound.

Therefore the possibility of a fast solid-phase
chemical reaction in a starting composition with the
atomic degree of mixing of the reagents is determined
by the structural similarity of the starting composition
and the target product. In this case the very chemical
reaction can be considered as a phase transition.
According to Buerger’'s classification, it will be fast if
no changes in the type of chemica bonds, no rear-
rangements in the first and second coordination
spheres, and (or) no ordering (or disordering) pro-
cesses by the interchange of atoms are required.
Otherwise corresponding nuclestion centers must be
introduced into the system for the process to be fast.

Systems with atomic (or molecular) degree of mix-
ing of reagents are commonly obtained by coprecipitat-
ing the reagents from liquid solutions or from gas
mixtures, by guenching melts, by cryochemical tech-
nology, etc. However, within the framework of these
methods it is often difficult to control the structure of
the resulting composition [8, 10]. This problem is
responsible for the fact that in some cases it is advan-
tageous to sacrifice the spatial proximity of reagents,
i.e.,, a short relaxation time of transport processes, for
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creating compositions with a developed network of
nucleation centers and, consequently, with a high
nucleation rate. In this case the starting composition
represents a heterogeneous system in which one or
several reagents have a structure similar to the struc-
ture of the product, i.e., they are nucleation centers.
In spite of the fact that in such systems the transport
of components begins to affect significantly the solid-
phase reaction, there are cases when the relaxation
time of transport processes is rather short. Among
these compositions are the systems with mean dis-
tances between centers of the particles of reagents
comparable to the thickness of a two-dimensional
nonautonomous phase h,, i.e, meeting relation-
ship (2):

d ~ hy, @

We will set off such systems into the second group.
It was shown in [6, 11] that all the processes in solid-
phase systems, limited by the transport of components,
are initiated only upon attaining a particular critical
temperature equa to the melting point of two-dimen-
ional nonautonomous phases [6]:

Tm2n = 7T ©)

Here T is the melting point of an autonomous
phase (the eutectic temperature in the case of multi-
phase systems); v is a parameter having close values
for smilar compounds (Table 1). Therefore, in hetero-
geneous systems in which condition (2) ismet at T >
Toon Mass transfer of reagents occurs mostly via
liquid two-dimensional nonautonomous phases. In
general, reagents in such systems are transported by
two mechanisms: (1) the flow of liquid two-dimensio-
nal nonautonomous phases based on lower-melting
reagents i (T > Tpp,a) across the surface of com-
paratively high-melting reagents j (Tnpn) > T) and
(2) mass transfer of reagents through liquid two-
dimensional nonautonomous phases.

It was shown in [13] that the relaxation time of the
first process can be estimated by expression (4):

T = Kpj_i Mangy ongy/f- @)

Here ¢;_i = (Syj) — Sont(j-ip)/Sont(j-iy S(j) 1S the
specific surface area of the jth (relatively high-melting)
reagent; Soni(j_iy 1S the mean surface area of the

particle contact of the jth and ith reagents; uy, is the
dynamic viscosity of a two-dimensional nonautono-
mous phase based on the ith component; f is the force
initiating the flow of the liquid two-dimensional
nonautonomous phase across the surface of the jth
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Table 1. Experimental and calculated parameters y [for-
mula (3)] for certain oxides?

Compound Yealc Yexp
H,0 0.68 0.66 [12]
BO; 5 0.78 0.74 [6]
AlO; g 0.65£0.15 0.69 [6]
SO, 0.75£0.05 0.70 [6]
FeO, 5 0.54 0.62 [6]

@ The values are calculated on the assumption that AS, i, >>
ASq, conf: Where Ay, yip(conf) IS the vibration (configuration)
component of the entropy of melting.

Table 2. Time of spill-over (tg,) a liquid two-dimensional
nonautonomous phase based on A; component over the
surface of A; component

System Parameters? Te S
¢,_i | &_; |calculation| experiment?
BeO-FeO, 5 22 | 09 | 1.8x10? 2x10?
BeAl,O,~FeO; s | 25 | 0.8 | 1.4x10° | 1.5x10?
MgO-FeO, ¢ 23 | 09 | 1.8x10? 1x10°
MgO-MgFe,0, | 12 | 31 | 1.5x10% 1x 10
AlO; 5-FeO, 5 23 | 16 | 09x10° | 15x10°
AlO, TiO, 22 | 15 | 0.7x10° 1x10°
SiO,—FeO, ¢ 80 | 7.5 | 26x10° | 45x10*

@ Starting data for the calculation of the parameters were taken
from [6, 14]. ® Experimental data of [14-16].

component. Its value is determined by the difference
in the surface energies of the jth and ith reagents
(As(j_jy); k is a constant close to unity.

An examination of relaxation times t; obtained
under the conditions when p,,;) and f are variables

(Table 2) shows that if the condition g;_; = log ¥;_; <
1 [where W' _i = ppny hongy/(f 1€)] is met, the contact
factor @;_; only slightly affectsthetotal rate of asolid-
phase reaction, because in this case the maximal
relaxation time of the reagent transport into the reac-
tion zone is no longer than 2-3 min, i.e, it is much
shorter than the time required for a solid-phase reac-
tion to occur (Table 3). Otherwise the reaction can be
expected to be fast only in starting compositions with
minimal ¢, _, i.e., with a maximal degree of spatial
conjugation of reagents (x;_; = 1 - ¢;_;). This
examination was carried out for temperatures close to
the melting point of the two-dimensional nonauto-
nomous phase, when hy;, only slightly varies with
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temperature, remaining at almost the same level of
hongy ~1-10 nm for all the systems [6, 19, 20].

The relaxation time of the mass transfer of reagents
through liquid two-dimensional nonautonomous
phases depends on d and on the effective rate of dif-
fusion of the reagents in a liquid two-dimensional
nonautonomous phase Dy [equation (5)]:

tg ~ 0%/Dgy. (5

When a synthesis is carried out a T ~ T,,,, and,
consequently, in systems with d ~1-10 nm, this
process can be neglected even for reasonably viscous
two-dimensional nonautonomous phases (with small
D) owing to relatively small values of t4. At high
homologous temperatures t = T/T,,, = 0.95-1 the value
of h,, and, consequently, the values of d sharply
increase (Fig. 2). This results in the increased relaxa-
tion time t4. In this case the mass transfer through a
liquid two-dimensional nonautonomous phase can
become the limiting stage of the solid-phase reaction,
and low values of Dy will result in a considerable
deceleration of the chemical reaction. In such a situa-
tion the reaction can be accelerated only by decreasing
the viscosity (increasing D) of the two-dimensional
nonautonomous phase, for example, by introducing
small additions of appropriate compounds.

Compositions meeting condition (2) can generaly
consist of solid domains of autonomous phases having
various shapes. filamentary, lamellar, or isometric.
However, the systems currently realized in technology
consist of particles of one reagent of any shape,
covered with alayer of another reagent, or of mixtures
of isometric particles regularly distributed over the
space. In the latter case it is amost impossible to
achieve high degrees of spatial conjugation of rea
gents. Hence such compositions will ensure a high

rate of chemical reaction only if g;_; < 1.

To the third group we will assign the starting
compositions in which the mean distances between
the centers of the particles of reagents meet rela-
tionship (6):

d > h2n- (6)

If temperatures of the synthesis are close to melting
points of two-dimensional nonautonomous phases,
relationship (6), as follows from [20], is met for the d
values of the order of 0.1 um and greater. Solid-phase
reactions in such compositions involve fairly distant
transport of the components. At the same time, if a
pathway for a fast mass transfer is organized in the
reaction system, the rate of a chemical reaction can
be sufficiently high even in this group of systems.
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Table 3. Effect of the history of the starting composition on the rate of solid-phase chemical reactions, by the example of
AlO; 5--MeO,, systems (Me is Be, Si, Ti)

Distances d : :
. . . between centers Relaxation twn_e
System Method for preparing the starting composition of the synthesis
of reagent
. a T~ Ty S
particles, nm
AlO; 5-SIO, Controlled hydrolysis of solutions of meta alcoholates ~Nx 1071 ~102
AlO, 5-TiO, & ~Nx 10t ~102
v-AlO; 5-SIO, Molecular layering of the silicon oxide component ~Nx 100 ~102
v-AlO; 5-TiO, [Molecular layering of the titanium oxide component ~Nx 100 ~102
a-AlO; -BeO  |Mechanical mixing of the components >10* ~10°
o-AlO; -SIO, |” >10* ~10°
Y'A|01_5—Si02 " 2103 ~104
o-AlO; &-TiO, | >10° ~10°
v-AlO; -TiO, |” >10° ~10*

@ The data of [3, 4, 9, 16-18] were used; N is a number from the (1, 10) interval.

Since the diffusion coefficients in solid phases are  of the growth of nuclel and of the grains of starting
by four orders of magnitude lower than the diffusion  components are much lower than the rate of nuclea-
coefficients in liquid two-dimensional nonautonomous  tion. In this case the volume fractions of the two-
phases [21], a fast transport of reagents to the reaction  dimensional nonautonomous phases V,, and of the
zone can be expected if a large volume fraction of  product phase V, increase exponentialy with time
two-dimensional nonautonomous phases is maintained  [equations (7), (8)] [3]:
in the system. A high rate of mass transfer of reagents

through the liquid two-dimensional nonautonomous V, = Vyn(0) k7t exp[E/(RT)] x

phases is associated not only with relatively high

diffusion coefficients and, consequently, with a fast (explkly exp-(W + B(RT)] 7} - 1), ()
diffusion transfer, but also with a cooperative motion Vo = Vo (0) exp{kky, exp[«(W + E)/(RT)]t}. (8)

(flow) of the two-dimensional nonautonomous phase

under the action of force f resulting from the differ-  Here W is the work of nucleation; E is the activation
ence between the surface energies of reagents and  energy of the transfer of the components from the
from the gradient of the chemical potential dong the  autonomous phase to the two-dimensiona non-
surface of particles [22]. autonomous phase; k and k; are coefficients slightly

Solid reagents can be transported rapidly also varying with time; V,,(0) is the volume fraction of the

through the gas phase if they are highly volatile. The

condition of a high reaction rate in this case is similar hor,
to the preceding condition, namely, a large specific nm
surface area of reagents and a product (minimal values 30f
of %) must be maintained in the course of the reaction.
Since chemical reactions of the latter type, strictly
speaking, are not among pure solid-phase reactions 20r
(Fig. 1), they are not discussed in this work.
A mechanism providing an increase and mainten- 10
ance of large volume fractions of two-dimensional
nonautonomous phases in the course of the reaction 0
has been described in [3, 4]. Such a mechanism is 05 06 07 08 09 10T
realized in a solid-phase reaction if a number of con-
ditions are met: (1) the relaxation time of the transfer Fig. 2. Thickness of two-dimensional nonautonomous
of components through the two-dimensional non- phase h,,, as a function of homologous temperature t =
autonomous phases and the time of nucleation are T/T,,. Calculation was carried out for tyon = Tron/ Tm =
small and comparable to each other, and (2) the rates 0.65 by a formula given in [20].
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two-dimensional nonautonomous phases in the start-
ing composition; T is temperature, K; t istime; R is
the universal gas constant. Such a pattern of increas-
ing volume fractions of the product and of the two-
dimensional nonautonomous phases in the system is
accounted for by the fact that the processes of nuclea-
tion and transport of reagents are related by a positive
feedback. The nucleation under the conditions when
the rate of the growth of nuclei can be neglected
increases the fraction of the liquid two-dimensional
nonautonomous phases in the system at T > T, and,
consequently, facilitates the transport of reagents to
the reaction zone. An increase in the rate of transport
processes increases the number of the resulting nucle,
because it increases the surface area of the contact of
reagents. Following this cycle, the process proceeds
in an avalanche-like way until either the reagents are
exhausted, or the transport pathway is increased to the
limiting values for such a mechanism, or the product
particles grow together to form a layer separating the
reagents.

Similar mechanisms of self-accelerating hetero-
geneous chemical reactions were put forward recently
to describe the nitriding of liquid auminum and
gallium with dry ammonia [23] and the hydrogenation
of some intermetalic compounds in the La-Ni—Cu
system [24]. Thus, the mechanism, advanced in [3, 4],
of self-acceleration of solid-phase chemica reactions
due to the increase in the fraction of two-dimensional
nonautonomous phases and, consequently, in the
surface of the contact of reagents is applicable to a
wider scope of heterogeneous reactions. A similar
self-acceleration process seems to be first observed in
1916 by Morgan, who studied the decomposition of
formic acid in the presence of sulfuric acid at 40°C
(the data are cited by [25]). This reaction resulted in
an avaanche-like frothing of solution (exponential
increase in the fraction of two-dimensional nonauto-
nomous phases), because the decomposition of formic
acid occurred faster in the froth than in the bulk
(autonomous) phase.

The above-listed possibilities for occurrence of fast
solid-phase chemical reactions in compositions with
various d are confirmed by numerous experimental
data. Some of them, descriptively illustrating the
efficiency of the described approach to choosing the
methods of increasing the rate of solid phase reactions,
are given in Table 3.

In this work we did not examine methods for reac-
tion acceleration by various intense energy impacts
on a system, for example, laser radiation, neutron flux,
high-energy electrons, y-radiation, blast waves, etc.
The mechanism of their influence on solid-phase re-
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actions has been considered in detail in [26-31].
Activation of the reactions during so-called non-
gaseous combustion (self-propagating high-tempera-
ture synthesis [32]) also was not considered here.

High rates of solid-phase chemical reactions in the
systems considered in this work were achieved by the
proper preparation of a starting composition and by
the choice of appropriate temperature. The decisive
condition for a high rate of solid-phase chemical re-
actions in al the cases under consideration is the
transfer of a two-dimensional nonautonomous phase
into a liquid-like state. Therefore, in spite of the fact
that these chemical reactions are solid-phase according
to the classification given in Fig. 1, they also can be
considered to some extent as liquid-phase processes.
Such a situation is typical for any solid-phase pro-
cesses involving mass transfer: they are activated and
begin to occur at a detectable rate only after a partic-
ular critical temperature is attained, coinciding with
the melting point of a two-dimensional nonauto-
nomous phase.
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