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CHARACTERISTICS OF MICROWAVES,

SOME ASPECTS THEORY OF MICROWAVE HEATING
AND THE FIELD OF APPLICATION OF MICROWAVES
IN ORGANIC CHEMISTRY AND
CHEMISTRY OF NATURAL COMPOUNDS

Abstract. The review considers the characteristics of microwaves, the theory of mic-
rowave heating in a comparative analysis with the features of thermal heating. The
presented material shows the areas of use of the microwave radiation in organic chemistry
and chemistry of natural compounds.

Key words: microwave radiation, microwave heating.

The problem of complex processing of plant raw materials and the creation
of new highly effective methods for obtaining biologically active substances
(BAS) are among the priority directions in the development of chemical science.
At the same time, an important aspect in the development and use of new
chemical, physico-chemical, physical and biological approaches is the following
principles of «green chemistry» [1, 2].

Currently, studies are underway to modify and improve these processes,
which include such areas as: improvements in the technical equipment of the pro-
cess, replacement of the conditions for carrying out the reaction and extraction,
including the solvents used, the use of various factors of physical impact, inclu-
ding ultrasonic and microwave treatment [3-7].

Microwave radiation and its characteristics. Microwaves are electromag-
netic waves, consisting of two oscillating perpendicular fields: electric and mag-
netic (figure 1).

The microwave radiation is electromagnetic radiation, which includes a
decimeter, centimeter and millimeter wave ranges. Quantum energy, frequency
(v) and wavelength of their waves (A) are joined by rigid dependencies (figure 2).
In accordance with them, the electromagnetic spectrum is conventionally divided
into partially overlapping bands, depending in part on the source of the radiation.
Microwave is usually called the spectral region in the frequency range 300 GHz -
300 MHz (wavelength from 1 mm to 1 m). It is located in the interval between the
infrared and radio frequency ranges [8-10].

Microwaves are used as information carriers or as energy vectors. Micro-
wave radiation of low intensity is used in communications, mostly portable, and
microwave radiation of high intensity is used for contactless heating of bodies.
The second direction is related to the direct action of waves on a material that is
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Figure 1 — Schematic description of the electromagnetic wave

Figure 2 — The scale of electromagnetic radiation

capable of absorbing some of the electromagnetic energy and turning it into heat
and used for heating [8, 9].

In most microwave installations, including household microwave ovens, a
frequency of 2,450 MHz is used, which can only cause the rotation of molecules.
This frequency was chosen to avoid interference with radar and telecom-
munications systems. The wavelength and frequency are related by the relation:
A = clv, where )\ - wavelength, ¢ - wave propagation velocity, v — frequency.
Knowing that electromagnetic waves propagate at a speed of light equal to
300,000 km/s, it is not difficult to calculate what the wavelength of the
microwave radiation of a given frequency is equal to: A = c¢/v =12.25 cm.
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Features of thermal and microwave heating. An important factor affecting
the extraction process and the reaction in solutions and heterogeneous systems is
the increase in temperature. The traditional (thermal) method of heating is cha-
racterized by the transfer of heat from the surface to the volume of matter by
means of thermal conductivity and convection (figure 3). However, with a slow
transfer of thermal energy from the source to the sample and inside it, obstacles
are created that do not allow significantly accelerating the course of the processes.
In the case of the low thermal conductivity of the object, heating proceeds slowly
and is complicated by local overheating on the surface [10].

Sample-solvent
mixture

Convection

Conductive / Temperature on the outside

heat surface is in excess

/ / T \ \ of the bailing point of solvent

Conventional heating

Figure 3 — Schematic representation of specificity thermal and microwave heating [12]

Microwave heating is an alternative way to increase the temperature. When
microwave radiation is used, the mechanism of interaction with matter consists in
absorbing the energy of electromagnetic radiation and scattering it in the form of
heat. In this case, heating occurs from within the entire volume of the sample due
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to the creation of the effect of dielectric losses. Microwave heating differs from
the traditional method by a high volume and time gradient, and also by the une-
qual ability of solutions and components of a heterogeneous system that differ in
composition to absorb radiation energy [11].

There are two main mechanisms for the interaction of microwave radiation
with matter. The transformation of electromagnetic energy into thermal energy is
due to two mechanisms: ionic conductivity and dipole rotation. lonic conductivity
generates heat due to resistance. Migration of dissolved ions causes collisions
between molecules because the direction of ions varies as many times as the field
changes sign. Dipole rotation is associated with an alternative motion of polar
molecules which is caused by the continuously changing direction of the vector of
the electrical component of the radiation. Multiple collisions associated with such
a movement of molecules generate energy and, consequently, an increase in
temperature. The frequency of microwave radiation corresponds to the rotational
motion of molecules (figure 4), and in the condensed state, in which there is no
free rotation, the absorption of energy leads to its redistribution between mole-
cules and homogeneous heating.

Figure 4 — Motion of molecules at different frequencies electromagnetic radiation [13]

Since the frequency of microwaves used is 2,450 MHz, and one hertz is one
oscillation per second, the megahertz is one million oscillations per second.
During one period of the wave, the field changes its direction twice, hence, the
field in which the molecules are located changes the polarity 4,900,000,000 times
per second. The change in the electrical component of the wave 4.9x10° times per
second contributes to the generation of unorganized motion of polar molecules,
which when irradiated by microwaves and produce heat [4, 5]. This heating is a
consequence of the interaction of the electrical component of the electromagnetic
wave with charged or polar particles. In the absence of an external electric field
effect, such particles have random chaotic motion or oscillate with respect to the
equilibrium state (figure 5A). When an external electric field is imposed, such
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C D

Figure 5 — Schematic representation of interaction microwave radiation with polar particles

particles are ordered, electrostatic forces will tend to orient the dipole moments of
the molecules along the field lines (figures 5B and 5C), and if the field is ascen-
ding, their orientation will change with each oscillation (figure 5D). Thus, the
reorientation of particles, which is activated by an alternating electric field, and
causes intense internal heating.

Thus, the effect of the electromagnetic wave on the substance of the mic-
rowave band leads to a continuous reorientation of the polar molecules, due to the
continuously changing direction of the vector of the electric component of the radia-
tion, which, as a result of intermolecular interactions, leads to the release of heat.

In the case of a condensed phase in which free charged particles exist, these
particles will move in accordance with a change in the electric field and generate
an electric current. This situation is typical for metals, where electrons act as
mobile charged particles, and for solutions of electrolytes in which charge carriers
are ions. If microwave radiation is used for a phase containing polar molecules,
then these molecules will orientate themselves in the applied electric field and
reorient themselves with its oscillations. Such a motion and collisions of mole-
cules in the condensed phase will cause heating, thus conditioning «from within.
Another property of the microwave heating is that it does not affect nonpolar mo-
lecules and materials such as quartz, ceramics and glass that do not contain water,
Teflon, polyethylene, alkanes. This allows them to be used (quartz, ceramics,
glass, teflon) as dishes for chemical reactions, as well as (non-polar solvents) as a
specific reaction medium. As a rule, in the microwave treatment the polar sol-
vents are used, because they effectively absorbing microwave radiation.
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Some aspects of the theory of the microwave heating and effects of mic-
rowaves on solutions. Discussing the feature of microwave heating it should be
noted that in contrast to thermal heating when it is used there is a so-called
dielectric heating. In this case, the total heating is made up of the electrical con-
ductivity losses that occur when in a dielectric or a reaction mixture there are free
ions capable of moving in an electric field and which, when moving and colliding
with the molecules of the substance, transform some of the electrical energy into
thermal energy, as well as to relaxation losses, which are due to the orientation of
the dipole molecules in the direction of the lines of force of the electric field [10].
At the frequency that is used at 2450 MHz, the electric field strength vector
changes its direction 4.9-10° times/s. Because of it the vibrational vibrations of the
dipole moments of the molecules occur, which contributes to the transfer of some
of the energy of the electromagnetic field, and accordingly to the temperature
increase which occurs uniformly throughout volume, taking into account the
depth of penetration of microwave radiation (table 1).

Table 1 — Data on penetration depth microwave radiation (20-25 °C) [10 (p.16), 14]

Depth of penetration (cm) microwave radiation at different frequencies
Substance
433 MHz 915 MHz 2450 MHz
Water 70,5 23,4 3,5
Methanol 33,0 7,8 1,4
Glass 4600 2180 840

In the superposition of a high-frequency electromagnetic field, in addition to
dielectric polarization, atomic, electronic, and structural polarization are also
observed. The first is due to the displacement of the atoms relative to each other
because of the nonuniformity of the charge distribution, the second is due to the
displacement of electrons relative to the atomic nucleus. The contribution of
structural polarization, which is observed at the interface of inhomogeneous
media, is relatively small [9, 10].

The release of heat is observed merely when the materials have dielectric
losses during microwave irradiation. The ability of a substance to store potential
energy under the action of an electric field is characterized by a dielectric con-
stant, denoted by ¢'. The coefficient of dielectric loss €" determines the efficiency
of conversion of electromagnetic energy into heat. The absorbed energy depends
on the defined coefficient as the tangent of the dielectric loss angle:

tand=¢"/¢ @

where €" is the coefficient of dielectric losses, which characterizes the efficiency
with which the energy of the electromagnetic field is converted into heat, and €' is
the dielectric constant.
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Thus, the value of the tangent of the dielectric loss angle characterizes the
ability of a given material at a fixed temperature to absorb MB radiation of a cer-
tain frequency and convert this energy into energy of thermal motion. The values
of ¢ 'and €" depend on the nature and state of the substance, the frequency of
electromagnetic radiation and temperature. Compounds that have high dielec-tric
losses are mainly polar compounds. The dielectric constants of some solvents are
given in table 2.

Table 2 — Values of the dielectric constant and coefficient
the dielectric losses of some solvents [9]

Frequency
Solvent 3-10%Hz 3-10°Hz 1-10"°Hz
€' g" €' g" €' g"

Water (t=25 °C) 77,5 1,2 76,7 12,0 55,0 29,7
Aquatic NaCl (0,1 M) 76,0 59,0 755 18,1 54,0 30,0
Heptane 1,97 1,97 2:10* 1,97 31073
Methanol 30,9 2,5 23,9 15,3 8,9 7,2
Ethanol 22,3 6,0 6,5 1,6 1,7 0,11
n-Propanol 16,0 6,7 3,7 2,5 2,3 0,20
n-Butanol 11,5 6,3 35 1,6 0,2

Ethylene glycol 39,0 6,2 12,0 12,0 7,0 55
Carbon tetrachloride 2,2 2,2 9.10 2,2 3.10°°

The rate of temperature rise due to the electric field of microwave radiation
is determined by the following equation:

dT const-¢"f-E?
a = p-C,

where f is the frequency of the radiation (Hz); E is the field strength (V/cm);
p — density of the substance (kg/cm®); C, is the heat capacity of the substance
(kJ/kg-K).

It follows from the equation that at a constant radiation frequency, the
heating rate depends on the electro-physical properties of the substance and the
power of the electromagnetic radiation.

The value of the thermal energy (Q, W/cm?®), which is released per unit of
time per unit volume, can be determined from the equation (2) below, from which
it follows the amount of energy released depends on the dielectric properties of
the object, the frequency and the electric field strength [ 10]:

Q =0,055-10"¢"-f-E*tg § = 0,555-10™"*-¢"-f-E? 2)
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where f is the radiation frequency, Hz; E is the intensity of the electrical compo-
nent of the electromagnetic field, VV/cm, ¢ ' is the dielectric constant, tg & is the
tangent of the dielectric loss angle, € " is the coefficient of dielectric losses.

The last expression shows that the amount of thermal energy released in the
material depends only on the electrical characteristics of the material and the field
parameters and does not depend on the thermal conductivity of the material. This
feature obtain the primary advantage of microwave heating, which allows to
significantly intensify the process of material heating in comparison with any
other traditional type of heating, where the main role in the heating speed is
played by thermal conductivity.

As a result of the interaction of radiation with matter, its intensity decreases
exponentially as it passes through matter. The distance from the material surface
at which the energy flux density decreases by "e" times (where, e is the basis of
natural logarithms) in comparison with its value on the surface is called the depth
of penetration. The depth of penetration of the electromagnetic field into matter
decreases with increasing € ', tg o, f, and the released thermal energy increases.

Because of the decrease in the radiation intensity, the thermal power released
per unit volume of the material falls off exponentially. It is therefore natural to
expect a decrease in temperature from the surface to the center of the volume of
the material. This occurs when the depth of penetration is much less than the
thickness of the heated object. In the opposite case, when the depth of penetration
is comparable or exceeds the dimensions of the object, there is a reverse, or
inversion, temperature profile, i.e. the temperature inside the material is higher
than on the surface. This is explained by thermal radiation from the surface and
by convection cooling of the outer layers of the material with ambient air. The
volume, and not only the surface nature of the heating of the irradiated samples,
in the case of the usual thermal action, is an important feature of the action of
microwaves.

From the foregoing it follows that microwave heating has a completely dif-
ferent nature than convection heating. In the case of convection heating, diffusive
heat transfer from the coolant to the heated substance occurs. In the microwave
heating, the increase in the internal energy of a substance occurs as a result of the
dissipation in the substance itself of some part of the absorbed electromagnetic
energy. From this follows the following significant advantages and peculiarities
of microwave heating: heating occurs throughout the volume of the material, and
the thermal conductivity of the material does not play a role; the temperature
change of the heated material occurs without inertia in accordance with the
change in the input power; the possibility of dynamic temperature control during
the experiment; possibility of rapid temperature rise of the material up to the set
values; the absence of heat transfer agent eliminates the possibility of burning the
material.

An important factor to consider when using microwave heating is the thermal
and electrical strength of the object, which is the limit for increasing the strength
of the electric field. In this case, it is necessary to take into account that as the
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frequency increases, the depth of penetration of microwave radiation into the
dielectric decreases (table 1).

In the case of microwave heating of solutions, the conversion of electromag-
netic energy into thermal energy takes place due to two mechanisms: due to the
reorientation of the dipoles of the solvent in an alternating electric field and as a
result of directed migration of the dissolved ions present in the solution under the
action of an external field, that is, due to dipole polarization and ionic conduc-
tivity [10-12].

The second factor is especially important for the release of heat during mic-
rowave exposure to solutions. Its mechanism of microwave heating is associated
with conductivity effects, which can be caused by electrophoretic migration of
ions in a solution when an electromagnetic field is applied. Such migration of ions
is actually an electric current flowing through the solution. The passage of current
I through a conductor with resistance R leads to the release of heat. Moreover, the
higher the concentration and mobility of ions, the more intense the heating. lonic
conductivity is the conductive migration of dissolved ions that occurs when an
electromagnetic field is applied, which leads to a loss of I2R (where | denotes the
current intensity and R is the resistance) through the resistance to ion flow. Since
the resistance R increases with increasing temperature, and the strength of the
current carried by the ions | with increasing their concentration, both these factors
significantly affect the tangent of the losses of microwave radiation in solutions.
The contribution of the mechanism of ionic conductivity in solutions is deter-
mined by the dimensions, charges and specific electric conductivity of ions, and
also by the interaction of ions with solvent molecules. lonic conductivity depends
on the concentration, mobility of ions and temperature of the solution [11].

In the case of microwave heating of water and other solvents, in which the
degree of dissociation is low, the mechanism of dipole polarization will be the
main one. The rate of heating will depend on the initial temperature, the fre-
quency of the radiation and on the properties of the solvent, in particular its
dielectric constant. The contribution of dipole polarization or ionic conductivity is
largely determined by the temperature. For water molecules and other solvents,
the dielectric losses due to the contribution of dipole rotation decrease with
increasing temperature, and the dielectric loss due to ionic conductivity, on the
contrary, increases with increasing sample temperature [11, 15].

With thermal heating, the number of boiling points in the solution volume is
much less than that of the surface. In microwave treatment, heating is carried out
from within throughout the entire volume, as a result of which the temperature of
the solution is higher than the temperature of its environment (the walls of the
vessel and the gas phase above the surface of the solution, etc.). In addition to the
bulk thermal effect, the advantage of microwave heating is the rate at which such
heating takes place. When using microwaves, the effect of overheating is possib-
le, since the temperature, which is reached, can be higher than their theoretical
boiling point. Thus, the rate of heating of the sample using microwaves depends
on the dielectric characteristics, heat capacity, volume and power of the radiator.
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Table 3 — Boiling temperatures (T, °C) and temperatures under microwave heating

of some organic solvents of 50 ml volume after microwave for 1 minute at 560 W, 2450 MHz [9]

Conventional heating Microwave heating
Solvent Boiling temperature Heating temperature
Ty, °C Ty, °C

Water 100 81
Methanol 65 65
Ethanol 78 78
n-Propanol 97 97
n-Butanol 117 109
1-Pentanol 137 106
1-Hexanol 158 92
Dimethylformamide 153 131
Hexane 68 25
Heptane 98 26
Ethyl acetate 77 73
Chloroform 61 49
Acetone 56 56
Diethyl ether 35 32
CCl, 77 28
Acetic acid 119 110

Thus, table 3 gives data on the temperature values that are reached by microwave
heating of some solvents.

The variety of factors influencing the microwave heating makes it difficult to
model this process, although the literature suggests a physical model that allows
calculations of the temperature change in an open system, analysis of the mecha-
nisms for obtaining and energy losses in solution, and theoretical aspects of mic-
rowave heating of solids [16, 12]. The review [17] discusses the theories under-
lying microwave dielectric heating and presents dielectric data for various organic
solvents used in microwave synthesis.

Areas of use of microwave treatment in organic chemistry and chemistry
of natural compounds. Microwaves have found application in various fields of
science, as shown in figure 6. As can be seen from the presented data, microwave
radiation has found the greatest application in chemistry (42.4%), chemical
engineering (14.5%) and materials science (9.3%).

The first use of microwave treatment in chemistry was described in 1975 by
Adu-Samra et al. [19] who used a microwave oven for laboratory analysis of trace
amounts of metals in biological media. Since that time, the number of scientific
publications devoted to the effects of microwaves and their use in chemistry has
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Figure 6 — Application of microwaves in various fields of science [18]

been increasing every year. Thus, according to the data of [18], there is a steady
interest of researchers in the use of microwave radiation, which is confirmed by
the number of publications presented on the histogram (figure 6).

At present, microwave radiation has found practical application in sample
preparation [11, 20], for extraction [21-34], drying of plant objects [35], thermal
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Figure 7 — Number of publications on use microwave radiation in chemistry [18]
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decomposition of plant biomass [36], in particular hydrolysis of plant biomass for
biofuel production (bioethanol), as well as for enzymatic [37] and acid hydrolysis
[38,39], pyrolysis of wood [40], delignification, for example rice hull [41] and
beech wood [42], and after the appearance of the first works on the use of micro-
wave radiation in organic synthesis, which by appeared in 1986 [43,44], intensive
studies of the influence of microwave treatment on the course of chemical reac-
tions and chemical modification of plant raw materials began. Thus, the accu-
mulated experimental material indicates the acceleration of many chemical
reactions under the action of microwave treatment: elimination, esterification,
cycloaddition, isomerization, condensation, substitution, hydrolysis, oxidation,
etc. [10, 45-51]. The reaction conditions are extremely diverse, and the final effect
depends on the nature of the process, the nature of the reacting particles, the type
of solvent and the power of the microwave radiation.

Microwave radiation is used to dry food materials, as well as plant objects.
Overview of the latest microwave technologies, including microwave drying,
heating and sterilizing fruits (bananas, apples, olives, blueberries, Kiwi, straw-
berries, etc.), vegetables (potatoes, onions, beans, pumpkin, eggplant, garlic, cab-
bage, tomato, cassava, lentils, chickpeas, broccoli, brussels sprouts, cauliflower,
etc.), fish (sardine, carp, salmon, cod, etc.) and meat products (beef, etc.) are dis-
cussed in detail in [52, 53]. Data on the use of microwaves for drying grain of
wheat after its treatment with aqueous solutions of disinfectants, protective
equipment, etc. are described in [54], and the application of microwave radiation
for wood drying is presented in [55].

Hydrolysis under the influence of microwave radiation was used to synthe-
size a number of organic derivatives [56, 57], was used for the cleavage of pro-
teins in order to establish their amino acid composition [58, 59] and in the ana-
lysis of the composition of some natural compounds [59, 60]. Thus, the authors of
the study [39] used acid hydrolysis to convert carbohydrates derived from
biomass into sugars such as glucose, mannose and fructose, which are important
universal products that are easily processed into biofuel. The highest yield of
mannose (92.11%) was achieved under optimal conditions: 148 °C, 0.75 N H,SO,,
time 10 min and substrate to solvent ratio (w/v) 1: 49.69.

Hydrolysis should take into account the fact that under severe conditions
with the use of concentrated acids and increasing the temperature, the process will
promote the cleavage of most of the hydrolysable bonds in organic compounds,
which may affect the course of side processes and the destruction of the starting
compounds.

The results of studies on the microwave oxidation of individual organic
substances, such as amino acids, monosaccharides and stearic acid, whose struc-
tures are the basis of such natural compounds as proteins, carbohydrates and fats,
are reported in Refs [61, 62].

As an example of chemical modification of plant raw materials, reviews [63,
64], which describe methods for modifying polysaccharides under the action of
microwave irradiation, are given. In [65] the process of cellulose treatment with
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crosslinking reagents is presented, and the authors of the study [66] indicated the
possibility of esterification of cellulose from marine herbaceous plants Posidonia
oceanica with succinic, maleic and phthalic anhydride. The results of studies on
carboxymethylation of cellulose under the influence of microwave treatment are
summarized in the reviews [67, 68], the results on carboxymethylation of cotton
stems are presented in [69], and in the article [70] - cassava starch.

Of particular interest are papers aimed at investigating the selective extrac-
tion of organic compounds by solvents under the action of microwave radiation
[21-34]. To date, the microwave-assisted extraction (MAE) technique has been
developed to extract soluble components from plant, ecological, biological,
geological and metallic matrices. Simultaneously, technology and technology
were developed with the creation of commercial reactors for laboratory micro-
wave extraction technology both in closed reactors and in systems communicating
with the atmosphere [30, 31, 71]. Thus, in [27], methods for extracting organic
toxic substances are described, and the review [72] presents a material on the use
of microwave radiation for the separation of polychlorinated biphenyls, pesti-
cides, phenols, organometallic compounds and dioxins. Great prospects are
associated with the use of microwave extraction in the chemistry of natural
compounds to extract components of plant raw materials [29-34].
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Pesome
T. B. Xapnamosa

MHUKPOTOJIKBIHIAP CUITATTAMACEHI, COHBIMEH BIPTE
MUKPOTOJIKBIH/IBIK KbI3/IbIPY TEOPUSJIAPBIHBIH
KEHWBIP ACTIEKTIIEPI MEH OPT AHUKAJIBIK XUMUSIA
KOHE TABUTFU KOCBIUIBICTAP XUMUSICBIHIA
MUKPOTOJIKBIH/IBIK COVYJIEJIEHY IIH KOJIAAHBUTYbI

OciMaiK MaTepHaIIapblH KEIICHII OHICY MACEIeci MCH OMOJIOTHSIIBIK aKTHBTI 3aT-
TapAbl aTyAblH >KOoFapbl 3()(EKTHBTI 9JIiCTEpiH Kacay XMMHUsI FBUIBIMBIH JIaMbITYIbIH Oa-
CBIM OaFbITTAapBIHBIH imIiHe Kipeai. Ockl mpoLecTep/l )KakcapTy YIIiH MaHbI3/bI JKaFaaibl
«OKachlJl XUMHMSI» TIPHHIMITEPIH cakray Oonbln TaObutaabl. 1llodyna MHKpOTOIKBIHIAP
curaTTamasapbl, COHBIMEH 0ipre MHKPOTOJIKBIHIBIK KbI3JIBIPY JKBUTYIIBIK KBI3IBIPY €peK-
LIETIKTEPIMEH CAJIBICTHIPMAJIbl CapanTaMachl JKOHE EPITKIIITepre MUKPOTOJIKBIHAAPIBIH
KerOip acep eTy Mocemnenepi KapacThIpbUFaH. MUKPOTONKBIHABIK COyIEeNeHAIPYIiH opra-
HUKAJIBIK XMMHSAA JKOHE TaOUFU KOCBUIBICTAP XMMHACBIHIA MHKPOTOJKBIHIBIK CAyJIene-
HYZIH KOJIIAaHBLTY aliMaKTaphl KapacThIPbUIFaH.

TyiiiH ce3nep: MUKPOTONKBIH/IBIK COYIENEHIPY, MUKPOTOJIKBIHIAP.

Pesrome
T. B. Xapramoea

XAPAKTEPUCTUKI MUKPOBOJIH, A TAKXKE HEKOTOPBIE ACITEKTBI
TEOPMU MUKPOBOJIHOBOI'O HATPEBA U ITPUMEHEHHNE
MUKPOBOJIHOBOI'O U3JIYUEHHUS B OPTAHUYECKOM XUMUK
1 XUMUU TTIPUPOJHBIX COEJIMHEHUIA

[IpobmemMa KOMIUTEKCHOW TepepaOOTKA PACTHUTEIBHBIX MaTepHAllOB W CO3JaHHE
BI)ICOKO3(1)(1)GKTI/IBHI)IX METOA0B l'lOJ'IyquI/ISI 6I/IOJ'IOFI/I‘-IBCKI/I AKTHUBHBIX BCUICCTB BXOJAT B
YUCJIO NPUOPUTETHBIX HAIPABJICHUN Pa3BUTHUS XMMHUYECKON HAayKd. BaxkHbIM ycioBHEM
JUJIA ynqueHI/m 3THUX HpOHeCCOB SABJISACTCSA CO6J'IIO}I€HI/IQ HpI/IHHI/IHOB «36.]'[6H0ﬁ XUMHUU». B
0030pe paccMaTpUBAIOTCS XAPAKTCPUCTUKA MHKPOBOJH, a TaKKE TEOPHS MHKPOBOJ-
HOBOTO HAarpeBa B CPaBHUTCIILHOM aHAIU3¢ C OCOOCHHOCTSMH TEIJIOBOTO HArpeBa W He-
KOTOpPBIC BOIMPOCHI BJIMSHHUS MUKPOBOJIH HAa PacTBOPBL. PaccMOTpeHBI 00JacTH HCIIOJNb-
30BaHMSI MHUKPOBOJIHOBOTO HU3JIYYEHHs B OpPraHMYECKOW XUMHUHM M XHMHUU MPHUPOJHBIX
COCTUHEHNH.

KiroueBble ¢j10Ba: MUKPOBOJIHOBOE H3ITydeHHE, MAKPOBOJHEI.
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