MACROKINETICS OF AN AUTOWAVE MODE OF SYNTHESIS OF
ORGANIC POWDERS IN A CONDENSED PHASE.
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A comparison is made between the aufowave processes of self-propagating high-temperature synthesis (SHS),
combustion of pyrotechnic compositions, and self-propagating synthesis in organic mixtures. It is shown that auto-
wave modes in organic mixtures involve a variation in the electrophysical properties of a composition. Studying the
latter allows one to determine the stages of microkinetic transformations based on the results of dynamic investiga-
tions of the self-propagating synthesis.

Introduction. The current study considers physicochemical transformations in heterogeneous condensed media, proceed-
ing with an autowave propagation mode of exothermal reactions in the mixtures of organic powders. A highly promising process
is the self-propagating high-temperature synthesis with the following distinctive features, viz., short times of synthesis, insignifi-
cant external energy expenditure, simplicity of equipment, and high efficiency and flexibility. The propagation rate of the wave,
as well as its shape and amplitude are independent of initial conditions in a fairly wide range, but are instead governed by local
characteristics of the medium proper. Utilization of the heat liberated during synthesis, along with the above-mentioned
distinctive features, testifies to the great advantages of this process from the technological standpoint. Self-propagating synthesis
in organic systems, discovered in [1], opens up new potentials both for organic chemistry and for the SHS method.

The results obtained permit us to remark that, during the product synthesis, no solvent is required at any stage, and the
products are easily treated mechanically. Furthermore, self-propagating synthesis in organic systems involves crystallization, which
promotes self-purification of the forming product. To effect SHS, at the outset of the process a wave mode is initiated by a
thermal pulse, with which structural and physicochemical transformations are centered in the zone, moving over a heterogeneous
mixture of solids [2]. It is essential and helpful to study self-propagating synthesis in mixtures of organic powders because of the
following trends [1]:

1) possibilities of setting up the technology for producing new nontraditional organic materials based on self-propagating
synthesis;

2) use of organic systems for studying autowave processes in the condensed phase.

The conditions for implementing self-propagating synthesis in organic systems (T = 100-300°C and combustion rate
about 1 mmy/sec) enable an extension of the ranges of properties and effects associated with SHS.

Table 1 gives the results of comparing SHS [3-6], the combustion of pyrotechnic compositions on the basis of organic
compounds [7-11], and self-propagating synthesis in the condensed phase in mixtures of organic powders [1, 12-14]. The
processes occurring in familiar mixtures of organic powdefs are similar to autowave exothermal reactions, proceeding in the
condensed phase in inorganic mixtures.
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TABLE 1. Results of Comparing Autowave Processes

Qg/RT g Tg/Tp l Qg/RT p Autowave processes
0,05—0,2 0,6—1,1 0,04—0,3 SHS
0,12—0,4 1,6—5 2,4—6 in pyrotechnic compositions
0,15—0,19 0,7—0,9 0,1—0,3 in organic powders

Note. Qg is the thermal effect, Tg is the maximal temperature of combustion,
and Tp is the melting temperature of original components.

The combustion wave for gun powders and explosives is associated with an abrupt fall of density (evaporation and
gasification). These distinctions are especially vivid at the depression stage following rapid combustion of the heated layer. The
heat influx from the gaseous zone of the reaction products is relatively small. The high density of thermal energy in the con-
densed products allows efficient maintenance of the combustion front during depression.

Thus, the study of exothermal frontal reactions in the condensed phase in mixtures of organic powders will demonstrate
the possibility of applying SHS technologies for producing organic materials [15].

Consideration is given to self-propagating synthesis in reactions between malonic acid (C3H,0,4) and piperazine
(C4H gN,), which are colorless crystals with melting points of 136 and 112°C, respectively. During synthesis, a salt of malonic
acid and piperazine forms, which is a crystalline substance with a melting point of 180°C. Studies [1, 4] shows that in the given
system gas-free combustion with a 100% product yield occurs. The product was identified using NMR, x-ray diffraction analysis,
and IR spectroscopy. These works have established the dependences of the rate, maximal temperature in the front, and quantity
of undercombustion on the particle size and molar ratio of components, derived from measurements by two thermocouples.

The primary focus is on the dynamic investigation of the processes of gas-free combustion in a stoichiometric mixture of
malonic acid and piperazine.

Investigation Technigue. For experimental investigations of the given processes we used a setup consisting of a reactor,
a matrix of temperature and electrochemical probes, and an automated system for scientific studies based on the IVK-6 complex.
Unlike the traditional methods of contact thermometry [1, 2, 4-6], the presented design of probes permits measurements of
spatial—-temporal temperature distributions, electric conductivity, and potential difference in the reactor in real time.

The synthesis processes are performed in a cylindrical reactor made of quartz glass (Fig. 1a). Because of the high
hygroscopicity of the reagents it was placed in an atmosphere of desiccated high-purity argon. Preliminary tests established the
critical diameter of the reactor, equal to 15 mm. The prepared original mixture was heated by a flat Nichrome spiral, with a
short pulse of 10 sec, up to a temperature of 200°C. The measurements were performed on the sections with the front velocity
stabilized and independent of the ignition conditions. A sensor (Fig. 1b) was mounted in the reactor prior to its charging. In
another case, the sensor represented two aligned and centered matrixes, the first consisting of 16 copper—constantan thermo-
couples 15 mm in diameter (4 X 4), built into a glass-textolite plate of thickness 0.3 mm, and the second being the matrix of
electrochemical cells (4 X 4) for measuring electric conductivity. In the other case, the sensor represented a matrix of thermo-
couples (4 x'4) and a matrix of electrochemical probes for measuring the potential difference. The cell for measuring electric
conductivity consists of two platinum electrodes 100 ym in diameter, spaced a distance of 2 mm apart. The electrochemical
probes are installed into the glass-textolite plate of thickness 0.3 mm. As the tests showed, the given design does not affect the
front propagation in the reactor. The reagents of "Ch" brand are colorless crystals 0.5-4.0 mm in size. They were ground in a ball
mill, and thereafter 0.2 % 0.05 mm fractions were sampled. Preliminarily prepared components were mixed in a mortar. When
malonic acid was added gradually by portions to piperazine, mixture clotting was observed each time during 1-2 min, whereas
when piperazine was added to malonic acid, the clotting was only observed on adding the first portion. The piperazine/malonic
acid molar ratios were varied from 3/1 to 1/3. It can be assumed that the reaction products are specified by the state of malonic
acid. At the mixing stage, a dense envelope of piperazine surrounds a particle of malonic acid. The prepared mixture was placed
in the reactor, where the charge was compacted using a hydraulic press.

The dynamic experiments provide a unique possibility of studying high-rate phase, structural, and chemical transforma-
tions in condensed substances. The main difficulty is related to the short time of synthesis in the front. Therefore, we used a
method based on measuring electric resistance of the test cell during the front passage. Electric.conductivity is calculated taking
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Fig. 1. Measuring system: a) reactor for studying combustion processes: 1)
reactor wall; 2) charge; 3) pump; 4) ignition device; 5) sensor; 6) protective
shield. b) Sensor: 1) thermocouple; 2) electrochemical matrix. ¢) electric-con-
ductivity measuring circuit.

into account the geometric dimensions of the cell and the electrolytic modeling. At frequencies lower than 10% Hz, ohmic resis-
tance for electrolyte solutions does not depend on frequency [16, 17]. In the general case, however, impedance can be a function
of frequency, since it is determined not only by the ionic movement, but also by some other effects [16, 17]. The choice of the
cell structure and the platinization of the electrodes dramatically weaken the influence of some of them. There are a number of
factors involved in measuring electric conductivity, viz., parallel capacitance stipulated by dielectric properties of the solutions;
capacitance of the double electric layer; and Faraday impedance associated with the electric charge transfer through the elec-
trode—solution interface. The measurements were conducted at a frequency of 5.6 kHz. For such a frequency and for small
dimensions of the cell, the conductor capacitance is negligible. The Faraday impedance was practically eliminated by a voliage of
100 mV applied to the cell. The method is based on measuring the voltage drop on the cell with stable current (Fig. 1c). The
resistance R, was chosen such that the current traversing the measuring circuit was stable. With the aid of synchronous
rectification, the real part of the voltage drop on the cell R, is separated. Then R, can be determined by measuring U, at the
exit from the direct-conversion receiver, with U, and R assigned.
Identifying the cell constant k via the electrolytic modeling, we calculate the specific electric conductivity

= k/R,.

The measurement of the potential difference at various electrodes, in accordance with an electrochemical series, can give
additional information on dynamic processes occurring in the front. The traditional method of voltage bucking due to the
process dynamism is unsuitable here, since the speed of response in insufficient.

In measuring the potential difference we registered two quantities. The time variation of R, was recorded by the
technique outlined above. Afterwards the potential difference at the electrodes of different metals was measured with no outer
sources. The sought quantity is found from the relation

U (t) = Ul (t) (Re (t) + Rv)/Rm

where U, (1) is the potential difference fixed by the voltmeter and R, is the input resistance of the voltmeter.
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Fig. 2. Spatial—temporal distribution of electric conductivity (a), temperature (b), and potential
difference in the combustion wave (c). 4, Q l.m~1 ¢ sec; U, mV; T, K.
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Fig. 3. Heat release rates: Qy) in the synthesis wave; Q,) during synthesis in the calorimeter. Q,
kJ/(kg -sec).

Fig. 4. Variations in the potential difference modulus for different cells. |U|, mV.
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Fig. 5. Variations in heat release rate and in electric
conductivity during synthesis in a calorimeter.
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The measurements of the constant for each cell and the method calibration were performed using the electrochemical
modeling with solutions NaCl 0.1 M, 0.2 M, 0.5 M, 1 M, 2 M, and 4 M before each test. Statistical and calculated estimates of
the method errors showed a relative error of 11% for measuring electric conductivity and 13-15% for measuring potential
difference.

The processes proceeding in the front are fairly rapid (about 1 sec), while the number of sensors is great. Therefore, we
developed methods for automated measurements on the basis of the periphefal computer of the IVK-6 SM-1300 set in the
CAMAC standard. This unit allows the following comprehensive measurements:

spatial—temporal temperature distribution in the reactor;

spatial—-temporal distribution of electric conductivity and potential difference.

Thermophysical Properties of the Objects Studied . To analyze kinetic regularities and thermal fields in the wave of the
self-propagating synthesis, we defined the thermophysical properties of the original components and mixture. Tests conducted
with a scanning calorimeter revealed that the exothermal effect for the stoichiometric mixture is Q = 250-270 kJ/kg. The results
obtained in [1, 3] using differential thermal analysis give 242-260 kJ/kg. In measuring specific heat, the compression pressure was
set up the same as for compacting in the cylindric reactor. The data obtained are approximated by the following relationship

Cp (T) = A + BT,

where Cp(T) is the specific heat J/(kg -K) and T is the temperature, K.

The constants are presented in Table 2. The data on specific heat cover the range from 30°C up to the melting tempera-
ture of the components. In conformity with [18], for specific heat of the mixture of malonic acid and piperazine it is possible to
write

CM
Cp == /VIMACIJMA —+- Mppcppp.

The standard error of this relation for temperatures of 30-70°C is not larger than 7%. The measurements of thermal conductivi-
ty indicated that, within the range from 25°C up to the melting point, the following relation is fulfilled:

L(T, p)=A(1 + B(T —300)) (1 +Cy).
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TABLE 2. Results of Measuring Specific Heat

s RMS W: Correlation
Substance A B-10 deviation, % | factor, %
Malonic
acid 0,22 4,32 4 86
Piperazine —2,5 13,2 5 96
Synthesis 0,045 4,53 6 87
product
TABLE 3. Results of Measuring Thermal Conductivity
_ RMS Correlation
Substances A 51072 ¢ deviation, %|factor, %
Malonic 3 86
acid 0,095 2 2 5
Piperazine 0,48 13 — 6 80
Reaction
product 0,103 1,6 1,02 5 85

For piperazine, variations with the compactness comprised less than 8%, which is smaller than the measurement errors. The
constants for these substances are given in Table 3. Thermal conductivity for the mixture of malonic acid and piperazine at T =
25-50°C is assessed from the relation:

L= /VIMALMA -+ MppLpp.

The standard error of this relation in the range T = 25-50°C does not exceed 9%.

Discussion of the Results. 1. Dynamics of the Thermal Processes. The front velocity in the conditions described equals 0.6
mm/sec. The maximal temperature in the reaction front is 155°C. This implies that both of the components in the wave are in
a liquid phase. Figure 2 depicts a spatial—temporal evolution of temperature, electric conductivity, and potential difference fields,
obtained using the suggested technique. In the near-wall region (of size about 3 mm), transverse temperature gradients are 20
K/em, and the front curving across the cylinder radius is observed. When the reactor diameter doubles, the combustion rate
increases by a factor of 1.5, whereas the radial gradients decrease; specifically, the temperature gradient falls to 5 K/sec, with the
maximal front temperature invariable. This indicates the formation of an envelope, shielding the remaining charge from heat
losses. When the mixture radius increases as compared to the inert layer (the reactor shell), the shielding layer gets thinner.
According to [19, 20}, the shielding envelope is characterized by a small transformation degree, whereas in the remaining charge

adiabatic combustion is realized.
The equation describing the thermal processes in the established wave [2] can be written in the form

Ljp/V23*T [3t2—pC,0T /0t + Q = 0.

Integrating this relationship yields
Q) =Cp(T () —T,) — Lip/V?3T /0L 1)

The specific heat and thermal conductivity of the original mixture as functions of the product quantity vary within
20-30%; therefore in the region of phase transitions we used the relations:

Cp=1C5" + 7712,
L =[LM 1 [PRy2.

Integration of Eq. (1) results in the thermal effect in the combustion front equal to 280 kJ/kg. Figure 3 shows the
relations for the heat release rate in the calorimeter and for that in the synthesis wave, computed from Eq. (1). Here the heat
release rate and, hence, the chemical reaction rate are noticeably lower, and the time needed to obtain 30 mg of the product in
a pellet of diameter 15 mm is 2-3 min. With the autowave mode, the product yield for 1 sec in a reactor of diameter 15 mm is

240-270 mg. Therefore, when one component, viz., piperazine, melts during self-propagating synthesis, only a new phase
nucleation takes place.
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2. Electrophysical Transformartions. We discovered that the process is accompanied by a stepwise variation in the electric
conductivity and by the origination of the potential difference at the electrodes of different materials. Figure 4 plots time
variations in the potential difference modulus in the synthesis front for several electrochemical cells. In the tests we used
electrodes made of Au—Pt, Cu—Pt, Al-Pt, Ni—P1, Al—Cuy, and Ni—Cu. The potential difference polarity and the signal amplitude
relation are found to correlate with the electrochemical series for aqueous solutions. The time variation for electric conductivity
is plotted in Fig. 2a. The maximal electric conductivity in the reaction front comprises 1.5 Q1 -m~1 for the cell with Pt—Pt
electrodes. Proceeding from these data and from the fact that carbonic acids form salts with ionic bonds [20], we may deduce
that ionic conductivity originates. As a result of the reaction, the generation of an N—H ionic bond is the most probable [21].
Figure 5 shows the plots for heat release and electric conductivity in the calorimeter. Electric conductivity sharply increases in
the zone where heat release commenced, at the temperatures corresponding to a liquid phase emergence. The peak of electric
conductivity is linked with the number of charge carriers which, in turn, is governed not only by the amount of the liquid phase,
but also by the presence of impurities (of malonic acid and the product). Of great significance in this case is the likelihood that
local regions of the malonic acid melt on the order of grain sizes of the original components will appear.

3. Sequence of the Autowave Mode Stages. The executed tests disclosed that the variations in the electrophysical parame-
ters occurring in the wave have a direct bearing on the phase, structural, and chemical transformations. Comparing the emer-
gence of electrophysical phenomena with the temperatures of phase transitions for each component (Fig. 6) allows one to
conclude that the transformation in the combustion wave proceeds by stages. Before the melting point (T < 100°C) of pipera-
zine is attained, the so-called warmup zone exists, where the components are in a solid phase. The second region exists for 100 <
T =< 130°C. In accordance with the figure, in this zone piperazine is molten, whereas malonic acid is solid. This region is
characterized by the onset of heat release, by the origination and growth of electric conductivity, and by the initiation of a new
phase (the synthesis product) nucleation.

In the third region (130 < T < 155°C), malonic acid melts, thus giving rise to a sudden increase in the formation rate of
the new phase. The electric conductivity reaches a maximum by a temperature of 155°C, and afterwards falls together with heat
release. As is clear from Figs. 4 and 6, the potential difference originates at the electrodes of different materials, i.e., the number
of charge carriers in this region passes through a maximum. The fourth zone is the region of cooling, when the temperature
passes through a maximum.

It must be noted that there is a qualitative difference between synthesis of powders of the same dispersivity occurring in
the calorimeter and with the autowave mode. Self-propagating synthesis proceeds in two stages (the components melt in turn),
whereas in the calorimeter the piperazine melting goes in one stage.

The proposed technique not only permits the investigation of structural transformations and kinetics of chemical
interactions in the wave, but also opens up wide prospects for the process diagnostics during synthesis, carried out on an
industrial scale.

NOTATION
Mp1a» Mpp, mass fractions of malonic acid and piperazine in the mixture; Ly, Lpp, thermal conductivities of malonic
acid and piperazine; p, L, Cp, density, thermal conductivity, and specific heat of the charge; V, combustion rate; t, time; Q, heat
release rate; CPPR, LPR, specific heat and thermal conductivity of the synthesis product; U, potential difference; A, electric

conductivity.
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