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CALCULATION OF ADSORPTION APPARATUSES WITH A
LAYER OF EXPANDED SUBSTANCES

Abstract. This work is a part of the project for investigations of hydrodynamics and
mass transfer in an adsorption apparatus with ion-exchange resins during the extraction of
stevioside from stevia extract. The issues of improving the structural-sorption characteristics
while increasing selectivity to certain substances, expanding the range, simplifying the
manufacturing technology and reducing the cost of production of industrial adsorbents are
extremely relevant. The work is devoted to mathematical modeling and a theoretical
description of adsorption in the layer of expanded ion-exchange resins. The main aspects of
adsorption in a layer of porous material have been considered, and a model of the adsorption
layer structure has been developed. The contribution of the work and its scientific novelty lie
in the fact that a mathematical model of the evolution of a two-component dispersed phase
has been developed and qualitatively analyzed taking into account competitive adsorption
and the non-equilibrium nature of mass transfer between the adsorption surface of the porous
material and the dispersed phase. The results and conclusions are recommended to be used
in planning and conducting research work for intensification of heat and mass transfer
processes and for engineering design of adsorption chemical apparatuses and adsorption
columns.

Keywords: adsorption, adsorption layer, adsorption wave, fractal dimension, ion-
exchange resins multicomponent systems, stevia, porosity.

Bakhram Z.S., Bayisbay O.P., Azimov A.M., Seitkhanov N.T., Brener A.M., Pecherskiy V.N.

/ Calculation of adsorption apparatuses with a layer of expanded substances // Mechanics
and Technology / Scientific journal. — 2024. - No.2(84). - P.272-283.
https://doi.org/10.55956/XWHV9151

Introduction. Adsorption apparatuses based on layers of expanded
substances, ion-exchange resins in particular [1], have been widely used currently
[2] both to purify multicomponent mixtures from impurities [3] and as an
intermediate step for extracting useful components by adsorption [4]. During the
porous adsorbents producing [5], the main problem is to create high porosity [6].
Besides it, the porous layer hold be also characterized by a uniform distribution of
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pores throughout the volume of the layer [7]. The rheological characteristics of the
binder in the production of porous materials with an even cellular structure from the
viscous-flowing compositions by swelling depend on the consumption of the binder
and the duration of the mixing and molding cycles [8]. Ensuring optimal modes of
swelling process [9] with a developed porous internal structure of the layer, and
achieving the necessary geometric characteristics of the adsorption layer [10] require
both an understanding of the features of the formation of the layer structure and a
theoretical description of this complex process [11]. These requirements determine
the method and parameters of the molding process [12], as well as the type of porous
structure and properties of the products [13].

The rheological properties when producing highly porous adsorbents can be
controlled by using a set of various techniques [14]: external influences on structured
mixtures, in particular vibrations that cause a thixotropic effect, or the introduction
of surfactants, temperature changes, etc. [15]. The need for such a combination of
different techniques is due to the fact that none of the known techniques is without
drawbacks [16].

Water, highly volatile liquids, and burnable solid additives are used as blow-
forming agents. When using burnable additives, as a rule, a cellular porous structure
is formed; when using evaporating liquids, a porous-capillary structure is formed
[17]. If the mass concentration of the pore-forming agent in the material and the mass
concentration of the structure-forming material are known, then the porosity of the
resulting material can be calculated in advance.

One of the most widely used methods is swelling [18]. This method is based
on the release or introduction of a gas phase into a plastic-viscous mass in the form
of hydrogen, oxygen, carbon dioxide, water vapor, air, isopentenyl, Freon, or other
substances.

As a result of saturation of the mass with the gas phase, its volume increases
— swelling occurs (foaming). During swelling, a cellular porous structure is formed,
the total volume of porosity of which depends on the amount of the gaseous
component introduced and retained by the mass. Common to all types of swelling is
the plastic-viscous state of the porous masses during the period of their porosity, i.e.,
the porous masses must have the ability to irreversibly deform (flow) without
breaking the continuity. However, the process of swelling of the ion-exchanged
resins has some peculiarities [19].

Namely, in this system, the so-called lamellar porosity is observed due to the
sliding apart of the grains of the dispersed system by inter-packet water, which turns
into a vapor state when the grains are heated. In the case of using a porous binder in
the form of a foam mass, the material is obtained with cellular porosity, consisting
of the porosity of the grains and the porosity of the binder [20].

The results of studies of the internal structure of adsorption layers using
adsorption isotherm methods leads to the conclusion that the internal surface of the
porous layer is characterized by an extremely complex developed shape [21]. This
problem can be solved by using fractal geometry methods [22].

In this case, the inner surface of the layer is characterized by a fractal
dimension higher than the “usual” geometric dimension of the surface [23].

The specific value of porosity and internal surface depends on the initial
geometric characteristics of the layer, i.e. the size of the granules and the method of
their laying [24].

This paper is devoted both to mathematical modeling of the geometric
structure of porous adsorbents with account of the peculiarities of substances [20]
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exposed to swelling and to building a govern model for describing mass transfer of
two-phase liquids flowing through the adsorbent porous layer [25].

Materials and methods. This section of paper is devoted to description of the
main concepts for calculating the height of the adsorbent layer in the adsorption
apparatuses. The process of removing a contaminant from a carrier gas in an
adsorbent layer can be described using such a concept as the “adsorption wave”
shown in Figure 1.

Fig. 1. Movement of an adsorption wave along a stationary layer

Curve 1 characterizes the dependence of the pollutant concentration on the
position of the layer for fresh adsorbent, and the dashed horizontal line Co
characterizes the maximum permissible concentration of the pollutant in gas
emissions after adsorption treatment. With proper adsorption apparatus design, the
output concentrations are much lower than this value. During operation, saturation
occurs at the entrance to the adsorption layer and pollutants begin to penetrate further
into the depth of the layer, where their effective adsorption occurs (curve 2). Finally,
in cases where the maximum permissible concentration at the outlet of the layer is
reached (curve 3), the adsorbent must be regenerated.

The adsorption process involves staged or continuous contacting, as in the
case of liquid absorption, in which preferably only one component of the gas phase
is absorbed. When more than one component is adsorbed, the process is more similar
to fractionation, in particular extraction.

For dilute solutions, neglecting thermal effects, it is possible to obtain
formulas corresponding to an isothermal process. Regardless of the nature of the
adsorption forces, the magnitude of adsorption is influenced by the following factors:
the nature of the adsorbed substance; temperature; pressure; impurities in the phase
from which the substance is adsorbed [26]. As for the nature of the adsorbed
substance that it is believed that the equilibrium concentration x* is higher, the
higher the molecular weight of the adsorbed gas, and in the case of solutions, the
lower the solubility of the adsorbed substance in the liquid [23]. With increasing
temperature, other things being equal, the equilibrium concentration x* decreases.
With increasing pressure in the vapor-gas phase, the equilibrium concentration
increases.

As for the impurities in the phase from which the substance is absorbed that if
there is a competing (displacing) substance B in the phase from which the adsorbent
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adsorbs substance A, i.e. of a substance that is also capable of being adsorbed by this
adsorbent, the equilibrium concentration x* of substance A decreases. In this case,
substance B either partially or completely displaces or replaces substance A in the
adsorbent. Adsorbents are characterized by static and dynamic activity. After a
certain period of operation, the adsorbent ceases to completely absorb the extracted
component and a “breakthrough” of the component through the adsorbent layer is
observed. From this moment, the concentration of the component in the exhaust gas-
vapor mixture increases until equilibrium is reached.

The amount of substance absorbed per unit mass (or volume) of the adsorbent
during the time from the beginning of adsorption to the beginning of the
“breakthrough” determines the dynamic activity of the adsorbent. The amount of a
substance absorbed by the same amount of adsorbent during the time from the
beginning of adsorption to the establishment of equilibrium characterizes static
activity (equilibrium activity).

As aresult of the occurrence of some complex processes, such as, for example,
wetting of the adsorbent or changes in the shape of the capillary openings and pores
of the solid phase, the parameters characterizing the desorption equilibrium differ
from the values determined for the adsorption equilibrium. The adsorption process
is characterized by the presence of hysteresis, and the desorption pressure is always
lower than the value obtained during adsorption.

Equilibrium during adsorption can be determined using various equations
[23]. The sorption isotherm according to the Dubinin [22] equation is considered the
most universal today:

Cp= E—Oexp{— b[%lgg—ﬂ
k 0
1)

where C is the equilibrium concentration, (kmol pollutant/kg adsorbent); k is a
constant characterizing the maximum adsorption volume of micropores; , b is a
constant characterizing the size of micropores; T — average process temperature, K;
is the contaminant breakthrough concentration at the average process temperature
and is the initial contaminant concentration.

For a non-stationary adsorption apparatus with a fixed layer, it is necessary
also to determine the breakthrough moment. A slip occurs when the changing
concentration (1) of a pollutant in the effluent stream reaches a certain set point,
which may be, for example, the value allowed by standards for a given release. The
time required to achieve breakthrough is determined from the mass transfer
equations and equilibrium conditions; this, in turn, allows you to determine the
required amount of adsorbent. Adsorption diameter layers are calculated, as in the
case of absorption, based on the permissible value of hydraulic resistance [24].

First, the adsorbent comes into contact with the incoming concentrated
solution. As a result of passing through the entire adsorbent layer, almost all of the
solute is removed from the solution. Figure 2 illustrates the process when the flow is
supplied from top to bottom and corresponds to the case where the exit stream
contains practically no solute. The uppermost part of the layer becomes saturated,
and the main adsorption occurs in a relatively narrow part of the sorbent layer, where
the concentration changes rapidly.

This narrow adsorption zone moves down the layer, forming a concentration
wave; the displacement velocity is much less than the linear velocity of the gas
passing through the sorbent layer. Over time, the solute concentration in the effluent
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increases. When it reaches a predetermined limit value, which, for example, may be
determined by environmental regulations, it is considered that a breakthrough has
occurred. After this, the concentration of the dissolved substance increases rapidly,
since the adsorption zone extends beyond the sorbent layer; eventually the solute
concentration at the outlet becomes the same as that in the original solution. The
dependence of the concentration on the volume of the outlet flow in this region is
called the breakthrough curve.

Using Figure 2, you can determine the required height of the adsorbent layer
in the apparatus for a given degree of purification.

If the rate of filtration of the mixture through the layer is known, and the speed
of the breakthrough wave is known also, then the height of the layer is determined
by the formula:

H=zW (2)

14

14

19

Concentration-of-the-pollutant-q

in-the-outlet-streamq

Qutlet-stream-
* — breakthrough point; 1 — adsorption zone;
Fig. 2. Non-stationary adsorption in a fixed sorbent layer

where 7is the residence time of the mixture in the apparatus.

Calculation procedure for periodic adsorption apparatus can be written as
follows:

The most common adsorption process is cleaning in devices with a fixed layer
of solid phase. Processes of this kind are non-stationary and periodic. In this case,
the concentrations in the solid material and gas located inside the apparatus change
over time.

In the fixed adsorbent layer, the adsorption zone moves along the column.

Calculations of periodic adsorption apparatuses with a stationary adsorbent
using the Dubinin equation (1) and relation (2) can be performed in the following
order [22].

1. Determine the equilibrium concentration of the pollutant in the solid phase.
The concentrations of the pollutant in the adsorbent, which are in equilibrium at a
given temperature with its concentrations in the gas phase, are expressed as a
sorption isotherm. Using the known sorption isotherm, the amount of pollutant that
can be absorbed by the adsorbent at a given temperature is determined if the process
continues to an equilibrium state.
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The sorption isotherm of the pollutant in question is calculated using the
special thermodynamic graphs [22].

2. Select the type of adsorption apparatus and its design parameters. Take a
fictitious speed of cm6e in the adsorption apparatus w = 0.05...0.1 m/s, calculate the
diameter of the apparatus at a given flow rate and select the closest standard size of
the adsorption apparatus of the selected design. Based on the design characteristics
of the apparatus and the speed of the breakthrough wave, an acceptable height of the
adsorbent layer is selected.

3. Determine the mass transfer coefficient.

During adsorption on the expanded substance, the mass transfer coefficient in
the continuous phase can be found from the equation [8]:

Nu = 0,355Re0’64ﬂ

¢ 3)

The mass transfer coefficient from the continuous phase to the surface of the
adsorbent is found by the formula:

ﬂl:Nu&

% (@)

To estimate the value of the internal diffusion coefficient, you can use the
equation [16]:

D 2d, [8RT
D, =<"|1-exp| -0 |20
a 2{ Xp[ aDV m ﬂ

Mass transfer coefficient:

()

Ko L
T o

Deviation from the ideal displacement regime due to longitudinal mixing can
be taken into account by introducing additional diffusion resistance, for which the
longitudinal mixing coefficient is determined [8]:

W Re%22

1l-¢ (7)

The mass transfer coefficient (m/s) adjusted for longitudinal mixing is found
from the relationship:

A =0,057

ko 1
H I ®)

Set of formulas (3) - (8) can be considered as methods for calculation the main
control parameters for the mass transfer description.
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It is convenient to present the results of calculations of the output curve
graphically in the form of a dependence of the dimensionless concentrations of C/Cy,
on the dimensionless time of the process T. From this graph, for a given output (final)
concentration, it is not difficult to find the corresponding dimensionless calculated
time and the estimated duration of the adsorption stage.

Check the convergence of the found parameters, drawing up a material
balance. To do this, the amount of pollutant entering the adsorption apparatus is
calculated and compared with the amounts of pollutant absorbed by the adsorbent,
remaining in the gas phase of the adsorbent layer and leaving the apparatus in
accordance with a given breakthrough.

Determine the duration of auxiliary stages of the mixture processing process.

When designing an adsorption scheme, the duration of each of the auxiliary
stages — desorption, drying and cooling of the adsorbent — is assumed to be the same
as the calculated adsorption duration.

The duration of the remaining phases of the cycle (desorption, drying and
cooling of the adsorbent) is calculated, as a rule, on the basis of experimental data or
empirical equations (due to the complexity of the mathematical description of the
corresponding processes, due mainly to the internal porosity of the adsorbent).

Research results and discussions. An assessment of the porosity of a layer
of a plate-like adsorbent, in particular, vermiculite, taking into account two
characteristic scales, can be made based on the following relationship [9]:

&x (|1/|2)37D 9)

From here an estimation for the fractal dimension of the swollen adsorbent
layer can be obtained as follows [2, 8]:

D~ 3_{|n(&+goj/ln(ll/lz)} (10)

where the indices 1 and O for porosity ¢ refer to the final and initial states of the
layer, respectively. The derivation of Egs (9) and (10) is based on the ideas proposed
in the work [8].

Typically, the main source of data on disperse systems is the results of
rheological experiments. At the same time, it is known that during the flow of
multicomponent multiphase liquids in porous structures, nonlinear effects are
observed, which manifest themselves both in the form of adsorption effects, which
affects the dynamics of adsorption efficiency indicators, and at the level of specific
rheological effects, for example, in the form of a blocking effect flow [22].
Therefore, the dynamic properties of complex disperse systems are not determined
only by rheological characteristics.

Unusual flow regimes of complex multicomponent liquids in porous media
are manifested in the nonuniform distribution of the adsorbed substance in the
adsorption layer. This is explained by the interaction of the components with each
other and their competition when filling free adsorption centers on a solid surface,
since many multicomponent mixtures are colloidal systems in which surfactant
components form a dispersed phase.

This paper presents a mathematical model of the movement of a two-
component dispersed phase, taking into account competitive adsorption and the non-
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equilibrium nature of mass transfer between the adsorption surface of the porous
layer and the dispersed phase.

The basic system of model equations for a flow one-dimensional layer scheme
is as follows [25]:

dc, oa d’c, o,
e—t+—1=D—F-u—,
ot ot OX OX (11)

% =5 [Ci —biaiz(l_zk:lkakj +zkijaiai}

j#i

(12)

The mathematical model (11), (12) is not closed and must be supplemented
with a relation for the connection between equilibrium and non-equilibrium
concentrations of components in the adsorbed state.

In the work by A. Brener [25] it was proposed to use the simplest form of such
a connection:

08 ~
ot

(13)

were & is some pseudo-equilibrium value, and 7 is the characteristic relaxation

time.
System of equations (11), (12) is solved under the following initial and
boundary conditions:

¢(0,t)=c?, ? =0, t>0

Xlxt (14)

a(x0)=0, ¢(x,00=0, O<x<L (15)

However, taking into account the relaxation time requires modification of the
basic transport equation (1). Therefore, in this paper it is proposed to use the
methodology of, based on the concept of relaxation transfer kernels [25]. In addition,
this approach makes it possible to study the effect of non-isothermal process on the
intensity of adsorption.

The system of equations (9) - (15) represents a development of methodology
proposed in [25]. This methodology is based on the representation of transport
equations in the form of integer-differential equations, which make it possible to take
into account the phenomena of nonlocality and delay using a special form of kernels
of integral operators in the equations.

The more detail analysis of the derived equations of adsorption kinetics
showed the possibility of the existence of two types of solutions to the model,
namely: solutions of the traveling concentration wave type for the case when the
speed of adsorption or the degree of adsorption activity on the surface of a porous
medium for one of the components clearly exceeds the others, as well as specific
solutions describing oscillatory concentration processes of more complex dynamics
[26]. At the same time, the detail analysis of the stability of the solutions obtained
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yet should be completed. Note that the resulting system of equations contains the
entire variety of discovered solutions, and it describes the corresponding modes of
adsorption processes. This gives grounds to propose the model outlined in the
submitted paper for a detailed description of the flow of a two-phase liquid in a layer
of a porous adsorbent of complex structure.

For a more detailed study of the system, a bifurcation diagram was constructed
for a “nested” dynamic system of equations (11, 12) at a fixed point in space (x=0).
As a result, it was revealed that in the various range of control parameters values the
phase portrait can consist of unstable nodes, stable nodes and saddles. These states
correspond to damped or unfading oscillations in the concentrations of adsorbed
components. In all cases when the system exhibits oscillations in a nested “dynamic”
system, a response to them appears in the form of a nonmonotonic distribution of
concentrations of substances in the flow over space. Figure 3 shows the typical
results of processing the data obtained on the penetration of various pollutants
through a layer of expanded vermiculite. Both the case of fading (A) and unfading
oscillations (B) is presented in Figure 4.

al, a2, cl, e2 al, a2, cl, c2
06 06
cl 1
-‘-\\
04 —— 04
r2 \y. '—\._.J
~ N yative
02 0,2
"'~/\/ﬂ' a2
0 0
0 0.1 02 03 X 04 0 0,1 02 03 X 04

Fig. 3. Distribution of concentrations  Fig. 4. Distribution of concentrations of
of substances the flow substances the adsorbed state

A larger volume of computer research remains to be carried out, as well as a
comparison of the results obtained with known experimental data. Such work will
require separate specialized training to clearly define the verification concept.

Conclusion. The work devotes for carrying out the engineering model for
describing mass transfer processes in non-equilibrium systems based on the
methodology of relaxation transfer kernels applying to the dynamics of the
adsorption process of a two-component liquid in the expanded adsorbents layer. The
results of a qualitative and numerical study of the model are presented. At the same
time, the possibility of the occurrence of wave modes of the adsorption process is
shown. Possible types of emerging patterns have been identified. The fractal
structure of the expanded adsorbent layers has been studied and corresponding
estimates of the geometric parameters of the layer have been obtained. Further efforts
will be aimed at identifying areas of different dynamics in the space of control
parameters of the proposed novel model.
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IM. 9ye3z08 ameiHOasbl OHmMycmik KasakcmaH yHusepcumemi, LLbimkeHm K., Kazakcma

KEHEWIEH CYBCTAHUMUANAP KABATbIMEH
AACOPBLUUANDBIK ANNAPATTAPAbI ECENTEY

AHpgatna. XMymbiC CTEBUA CbIfbIHAbBICbIHAH CTEBMO3UATI any KesiHAe WOH
aNMacTbIpFbIW WaKblpaapbl 6ap aacopbumsanbiK annapaTtra rmapoanHaMmMKka mMeH macca
anmacyapl 3epTTey KobacbiHbiH, 6eniri 6onbin Tabblnafbl. MMeke 3aTTapfa KaTbICTbl
CENIEeKTUBTINIKTI apTTbIPY, ACCOPTUMEHTTI KEHENTY, OHAiIPY TEXHONOTUACBIH XKEHINAETY KoHe
©HepKacCinTiK aacopbeHTTepAi eHAIPYAiH 63iHAIK KYHbIH TOEMEHAETY Ke3iHAE KYPbINbIMAbIK
KoHe copbumanblK, cMmaTTaManapblH  KaKcapTy Macenenepi ete ©3eKTi. Mymbic
KEHEMNTINTEH MOH a/IMACTbIPFbIW Wakbipaap KabaTbiHAaFbl aACOPOLMAHBI MAaTEMATUKANDIK,
MOZENbAEYre KoHe TeopUANbIK cuMnaTTayfa apHanfaH. KeyekTi matepuan KabaTtbiHAaFbI
aAcopOUMAHbBIH, Heri3ri acneKkTinepi KapacTblpPbINbIM, afCcopPOUMANBIK KabaT KypblabIMbIHbIH,
MoZaeni xKacanfaH. yMbICTbIH, KOCKAH YNeCi XKaHe OHbIH, Fbl/IbIMW XKaHaNblFbl 6aceKkenecTik
aacopbumsaHbl KoHe KeyeKTi matepuangbiH, 6eTki agcopbumacel meH gucnepcti ¢asa
apacblHAafFbl Macca a/JIMacyAblH, Tene-TeHAiK CMNaTblH €CKepe OTbIPbIM, €Ki KOMMOHEHTTI
amcnepcti  dasa  3BONOUMACBIHBIH,  MaTeMaTuKanblk, MoZesi  93ip/eHin, cananbl
TaNpaHFaHAbIFbIHAA. HaTuKenep MeH KOpbITbIHAbIIAPAbl Kby }KOHE Mmacca asamacy
npouectepiH MHTeHcUdMKaLmanay 6oMbIHLLIA FbINbIMU-3€PTTEY KYMbICTapbIH Kocnapaay
JKOHe KYprisy KesiHAe, COHAaN-aK aAcopbuMANbIK  XMMUAALIK annapatrap MeH
aAcopbuMAnbIK KoNOHHaNapabl }obanay KesiHae naliaanaHy ycbiHblIagbl.

Tipek ce3gep: aacopbums, agcopbumanbiK Kabat, agcopbuma  TOAKbIHBI,
bpaKkTangplk, eWwemM, MOH anMacTbipfbill LWANbIPAAPAbIH, KONMKOMMOHEHTTI XKylenepi,
CTEBUA, KEYEKTINIK.
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PACYHET AACOPBLIMOHHbBIX AMMAPATOB CO C/IOEM PACCEAHHbIX BELLLECTB

AHHoTaumA. PaboTa ABAAETCA YaCTblo NPOEKTA MO UCCAEA0BAHUIO TMAPOANHAMMUKM
M MacconepeHoca B afcOPOUMOHHOM annapate ¢ MOHOOBMEHHbIMM CMOMaMWU MpU
3KCTPAKLMM CTEBMO3MAA M3 IKCTPaKTa cTeBuU. KpaiiHe aKTyanbHbl BOMPOCHI yAy4lUeHUs
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CTPYKTYPHO-COPOLUNOHHbIX XapaKTEPUCTMK NPU NOBbILEHUM CENEKTUBHOCTU NO OTHOLUEHUIO
K OTAENbHbIM BELLECTBAM, PACLIMPEHWU aACCOPTUMEHTA, YMPOLWLEHUU TEXHOOMMMU
W3rOTOB/IEHNA W YyAeleBAeHUM MPOM3BOACTBA MPOMbIWAEHHbIX agcopbeHToB. PaboTta
NoCBALWEHA MAaTEMATUYECKOMY MOLENMPOBAHUIO M TEOPETUYECKOMY ONMUCAHUIO agcopbumm
B C/1I0€ BCMYYEHHbIX MOHOOOMEHHbIX CMOJ1. PacCMOTPEHbI OCHOBHbIE acneKTbl aacopbuunm B
cnoe NoOpuUCTOro MaTepuasna M paspaboTaHa MoLenb CTPOEHMA aAcOpPOUMOHHOro cnos.
Bknag paboTbl M ee Hay4yHasa HOBU3HA 3aK/IOYAOTCA B TOM, YTO pa3paboTaHa U KauecTBEHHO
NnpoaHaM3MpoBaHa MaTemMaTUYeCcKaa MoAe b 3BOIIOLUN ABYXKOMNOHEHTHOM ANCNEPCHOM
$asbl C y4eTOM KOHKYPEHTHOM afcopbunmn n HepaBHOBECHOIO XapaKTepa mMacconepeHoca
MeXay aacopbumsMM  MOBEPXHOCTM MOPUCTOrO MaTepuana M AucnepcHon ¢asbl.
Pe3ynbTaTbl U BbIBOAbI PEKOMEHAYETCA MUCNO/b30BaTb NPU NAAHUPOBAHUN U NPOBEAEHUM
Hay4YHO-UCCNenOoBaTENbCKMX  PaboT nNo  WMHTEHCUMOUKAUMM  MPOLECCOB  Tenno- U
MaccoobMeHa, a TaK»Ke Npu NPOEKTUPOBAHUM aACOPOLMOHHDBIX XMMUYECKUX annapaTos m
aACcopPOUMOHHbBIX KOMIOHH.

KnioueBble cnoBa: aacopbuua, aacopbuUMOHHbLIA Ccnoii, BONMHA agcopbuumu,
¢dpaKTanbHasa pasmepHOCTb, MHOFOKOMMOHEHTHbIEe CUCTEMbI MOHOOBMEHHDBIX CMOJ1, CTEBUA,
MOPMUCTOCTb.
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