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1t is shown that the quartz crystal microbalance method can be utilized to study adsorption-desorption
processes proceeding for several seconds and more. The pulse of sorbate vapor with half-width of a few
seconds can be obtained by the injection of a dose of liqud sorbate at appropriate evaporator temperature
and flow rate of carrier gas with the use of a device combined with the flow-through cell of the type of
electronic nose. The use of piezoquartz resonator with a chemical coating based on a metal stearate,
thiolate or cross-linked polymer is proposed as a simple, relatively quick-response sensor to control the
current adsorbate concentration in gas phase. The method has been applied for determination of effective
diffusion coefficients in the process of ethanol adsorption-desorption on fine dispersed macroporous

sulfonic acid resin Amberlyst 15.

INTRODUCTION

The use of the quartz crystal microbalance
method (QCM) for adsorption studies is attractive
because of its high sensitivity: a few micrograms of
sorbent required for its study, and a few nanograms
of adsorbed compound can be detected. The study
of variety of solid adsorbents became possible with
the development of methods of attaching of fine-
dispersed sorbents (with a particle diameter smaller
than several microns) onto the piezoquartz
resonator (PQR) electrodes [1-3]. As a result, the
time required to reach adsorption equilibrium can
be reduced to several minutes or even seconds. In
the study of adsorption-desorption dynamics of
volatile compounds by QCM the use of small
weighed sample enables to eliminate or
significantly reduce the contribution of diffusion
between grains of the adsorbent to the overall
speed of the process. So, this method can be used
to study the dynamics of adsorption-desorption
which is determined mainly by diffusion of sorbate
interior of the grains of the sorbent (catalyst).

In the study of adsorption in stationary mode
the velocity of sorbate vapor inlet in electronic
nose (EN) cell does not matter. Only the stationary
vapor concentration and the adsorption values are
important. But for the study of an adsorption
dynamics the change of sorbate concentration in
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the gas phase of the working cell should be
significantly faster than the rate of adsorption-
desorption process. Otherwise, the shape of
response of the PQR covered with studied
adsorbent will reflect the dynamics of change in the
adsorptive concentration in the cell, rather than the
dynamics of its adsorption or desorption.

This problem is solved by use of pulsing mode,
i.e. by introducing a small dose of liquid sorbate
into the evaporator, as is done in flow system of
gas chromatograph (GC) or of GC coupled with
EN for the analysis of mixtures of volatile
compounds [4]. The injection of the sample in this
way takes a fraction of a second but the time and
the character of distribution of the adsorbate vapor
in the cell strongly depends on the flow rate of
carrier gas, the nature of the sorbate, the evaporator
temperature. The shape and volume of the cell EN
are also important for the vapor distribution.

In our setup at a pulsing mode, the transient
concentration wave of sorbate vapor through the cell
takes a time ranging from seconds to tens of seconds
varying both in time and space. At sufficiently high
carrier gas flow velocity the PQR coated with
porous adsorbent can give a response, which in
duration and shape may differ significantly from the
duration and shape of the sorbate concentration
wave flowing around the PQR. This difference can
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be used to study the dynamics of adsorption-
desorption of a volatile substance on a given
adsorbent. In this way a qualitative difference was
detected between the sulfonic acid resins KU-2-8
and Amberlyst 15 (A-15) in the rate of adsorption-
desorption of reactants and products of the catalytic
synthesis of ethyl fert-butyl ether [5].

For a quantitative description of the
adsorption-desorption process in the pulsing mode
the problem is to determine the sorbate current
concentration in the position where the PQR
covered with an adsorbent under investigation is
placed, and it is desirable that the adsorbtive
concentration being measured by an inertial-less
transducer placed in the same position.

With the present method the simplest way to
control the sorbate vapor current concentration is
also to use a PQR with nonporous chemical
covering as a relatively low inertia transducer.

EXPERIMENTAL

The setup analogues described in [4] was
used, but for the study of adsorption of
individual substances there was no need for the
chromatographic column (Fig. 1).

Fig. 1.

Block scheme of the setup:
1 — mass flow controller; 2 — bubbler-
saturator; 3, 4 — stop-cocks; 5 — evaporator;

6 — katharometer; 7 — thermostat for
chromatograph; 8§ — thermostat for EN; 9 —
EN cell with generators and frequency
counter; /10— PC

The setup can be used for both research of
equilibrium adsorption (in the steady flow mode)
and of adsorption-desorption dynamics (in the
pulsing mode).

In the steady flow mode a certain
concentration of adsorbate vapor was produced by
mixing of helium saturated with the adsorbate
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vapor and pure helium in certain proportion by
means of mass flow controller. The obtained vapor
comes immediately through a short tube, located in
thermostat of the chromatograph, to katharometer
and then into temperature-controlled EN cell.

In the pulsing mode a doze of liquid sorbate
from 0.2 to 1pul was injected into the
chromatograph evaporator using microsyringe. The
impulse of adsorbate vapor, obtained after the
evaporator, came by the same way into the EN cell.

The internal cavity of the cell had dimensions
of 15 x 17 x 56 mm. Along the long axis of the cell
there are 4 pairs of PQR’s, so that both PQR’s in
each pair were in the equivalent position relative to
the gas flow (total of 4 positions). Each successive
PQR pair of downstream was at the time in an
earlier phase of the adsorptive concentration wave
compared to the previous pair. Also, the
concentration wave was somewhat reduced in
height and broadened when passing through the
cell from the entrance to the exit. Therefore, to
study the dynamics of adsorption-desorption on
adsorbent covered PQR, it is necessary to have a
fast-response sensor for measuring the adsorptive
current concentration in the same position.

In this work the PQR’s with chemical coatings
based on metal stearates and thiolates or with fine
dispersed nonporous styrene  divinylbenzene
copolymer (StDVB) were studied as potential
sensors. The metal stearates or thiolates based
coverings were prepared as described in [6, 7] using
compounds of general formula MSt, or ML,,, where
M"™ — a metal cation, n was 2, St — anion of stearic
acid and L™ — octadecylthiolate anion CigS™. The
sensor covering based on fine dispersed cross-linked
styrene divinyl benzene copolymer (“AZOT”,
Cherkassy, Ukraine) was made by attaching of the
copolymer (ground and fractionated to particles with
diameter < 0.1 um) to the PQR electrodes by using a
polymer composition. The composition consisted of
saponated copolymer of vinyl chloride with vinyl
acetate and polyurethane rubber in the ratio 3:2
dissolved in methyl ethyl ketone. Prior to depositing
the hardening agent and hardening catalyst (amine
GM-3 and dodecyl benzene sulfonic acid) were
added to the composition, and the mixture was
diluted with methyl ethyl ketone to 0.2 % solution.
Then the solution was applied to the PQR electrodes
by means of airbrush taking into account that after
the solvent evaporation the covering loading being
about 0.1-0.3 kHz. After the applying the PQR was
dried at room temperature during 2-3 min and
whereupon a dispersion of fine StDVB in acetone
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was applied over the polymer composition sublayer
taking into account that after the solvent evaporation
the StDVB covering loading being about 7-10 kHz.
Afterwards the PQR was exposed at 70 °C during
30 min and then at 120 °C during 30 min.

The macroporous sulfonic resin Amberlyst 15
(Rohm and Haas, USA) was used as an adsorbent
covering. It was ground and fractionated to
particles with diameter < 0.1 um and attached to
PQR electrodes by the same way as aforesaid for
StDVB.

The PQR’s with fundamental frequency of
10 MHz on the basis of quartz plates with AT-cut
nickel-silver electrodes, produced by AOA
"Ukrpiezo" (Cherkassy, Ukraine) were used to
prepare the sensors and the adsorbent coverings.

The response of the sensors was studied both at
the steady flow mode and at the flow-impulse
mode at the cell temperature tgy =25 °C or 40 °C.
Evaporator temperature tg,,, was from 50° to
100 °C. The rate of carrier gas — helium was from 5
to 100 cm’/min.

The aliphatic hydrocarbons from pentane to
nonane and methyl alcohol qualification
"chemically pure for chromatography" were
studied as adsorbates.

RESULTS AND DISCUSSION

Definitions and relations. If noninertial
sensor has a linear dependence of the height
response (4f, Hz) on the adsorbate vapor
concentration (C, mg/l), the area bounded by the
peak response (S,eq) corresponds approximately
to the area of a triangle equals to:

Speak = Aﬁnax X Thy » (1)

where Af,.. 1s the maximum response (Hz) and
Ty 18 the half-width of the peak, s. This area is
proportional to the dose (mass) of liquid
adsorbate introduced into the evaporator, mg.

It can be shown that the concentration of the
adsorbate at the time of attaining the peak
maximum (C,,,, mg/l) is equal to:

c -.m

max
z-hw ’ VH

2)

e

where vy, is the carrier gas flow velocity, 1/s. The
coefficient of sensitivity of the sensor does not
matter for the calculation. It is only necessary to
know a dose (m) of liquid adsorptive
administered and values 7;,, and vy.. However, it
is crucial that the half-width of the sensor
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response peak coincides with the true half-width
of the adsorbate concentration wave, i.e. senor is

C the

max >

not inertial. Assessing the value of

value C, (mg/l), the concentration of the
adsorbate vapor at each time z, for this pulse can
be calculated:

4,
max A]pmwc :

Here 4f, . and Af, represent magnitude of the

response inertialess transducer at the time of
attaining of the maximum and at the time T,
correspondingly.

The magnitude of adsorption was calculated
from the following relations:

A _ Af;‘tat

stat

C. =

3)

(for stationary regime)

“4)

Cov

A
and 4 = M (for pulsing mode).

Cov

(4a)

Henry's law constant — from the following
formulas:

A, . .
K" ==L (for stationary regime) (5)
Stat
and K;* =% (for pulsing mode), (5a)
where A4, (orA_, ) — adsorption, mg/g, Af,

(Af,...) — the height of response in the stationary

regime (or maximum peak response in the pulsing
mode), Hz, and AF, is a chemical covering (or

adsorbent) loading, i.e.change in frequency of PQR
due to the covering, kHz. The quantity of K,, has

the dimension /g with the above indicated
dimension values.

The value Af,  may vary from several Hz to

hundreds and can be defined with a relative error
up to 1-3 %, depending on sorbate dose, carrier
gas flow rate and the evaporator temperature, as
well as on the sorbate nature (boiling point) and
manner (reproducibility) of injection of the
sorbate dose by an operator. But all these factors
can give proper weight with the in situ
measurement of sensor response half-width 7,
when calculating the current concentration of the
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adsorptive by the proposed method. With the
setup presented in this work, the half-width of
the concentration wave of lower hydrocarbons
(up toCyp) vapor at flow rates from 5 to
100 cm’/min can range from 2 seconds to tens of
seconds and can be measured to within 0.1 s.
The adsorptive dosing error at a dose of 1 pl is
no more than 5 %. The flow rate of carrier gas
10-100 cm®/min can be settled to within 1 %.
Thus, the error in the estimate of C,,. caused
only by the parameters of the setup can reach
10-15 %. Therefore, the possible error of value
Ty, caused by the inertia of PQR sensor must be
no more than the same amount.

The responses of the potential sensors. The
criterion for inertance of a transducer can be
determined by comparison of the magnitude of
its response in a pulsing mode with its steady
state response for the same adsorptive vapor at
the same concentration. A sensor, whose
response in a pulsing mode within the error does
not differ from its steady-state response at the
same concentration of the adsorptive hereinafter,
will be named as inertialess.

Preliminary experiments showed that PQR’s
with coatings based on metal stearates or
thiolates or fine StDVB have a relatively low
inertia.

Following to above mentioned criterion we
have compared responses of such potential
sensors in a stationary and a pulsing mode with
the same concentration of some hydrocarbons as
adsorbates.

N
I
5
- O
Hept’ mg N $
8 |
-100 4 |
i“\% [
i 45.8
-150
55. 1{
-200 T
0 1000 2000 3000 4000 5000
T, S

Fig.2. The responses of the PQR sensor with
chemical covering based on CoL, (loading
7.6 kHz) to step-wise change of heptane
vapor concentration in a stationary regime at
ten = 25°C

As can be seen from the Fig. 2, the stationary
response is achieved only 3-4min after
switching the system to a new level of
concentration. However, this is not due to
adsorption process but to the delivery dynamics
in the system. The results of experiments carried
out with the same PQR sensor in the pulsing
mode with various doses of heptane (Fig.3)
prove that the adsorption process in these
conditions is not limiting.
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Fig.3. The responses of the PQR sensor with
chemical covering based on CoL, (loading
7.6 kHz, position 2) in a pulsing mode to
different doses of heptane (ul): 1.0 (1), 0.8
(2),0.6 (3),0.4 (4),0.2 (5);
ten =25 °C, Loy = 50 °C and vige = 44 cm’/min

In Fig. 4 two dependencies are compared for
the same PQR sensor: dependence of its
response magnitude on heptane concentration
Cs.r in the steady state and that of the response
magnitude in the pulsing mode, C,,. being
calculated by the Eq.(2).
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Fig.4. The dependence of responses of the PQR sensor
with covering based on CoL, on heptane vapor
concentration in stationary (©) and in pulsing (A)
modes. Conditions see Fig. 2 and 3
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As can be seen, both dependences have a
linear character for the studied range of heptane
concentrations. The values of Henry's law
constants  for  corresponding  dependence
calculated from the slope are: in the stationary

mode K ;" =0.43+0.01 /g, in the pulsing

mode K ;* = 0.40+0.02 I/g. Similar results were

obtained with heptane adsorption on sensor
coverings based on thiolates Cul, and NiL,
(Figs. 5 and 6).
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Fig. 5. The dependence of response of the PQR

sensor coated with CuL, (loading 7.4 kHz)
on heptane vapor concentration in stationary
(o) and pulsing (A) mode at tgy =25 °C.

Ve =6 cm’/min, position 3, ey, = 50 °C
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Fig. 6. The dependence of response of PQR sensor
coated with NiL, (loading 8.0 kHz) on
heptane vapor concentration in stationary (0)
and pulsing (A) mode at tgy = 25 °C.
Vie = 5 cm’/min, position 1, tovap = 50 °C
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For the first covering the Henry constant was
K ;" =0.34+0.02 /g in the stationary regime, and

K" =037+0.01 /g in the pulsing mode (at
Vie =5 cm’ /min). For the latter:
K" =0.28+0.02 I/g in the stationary regime and

K;* =0.2940.02 /g in the pulsing mode. Thus,
PQR with these coatings can be also used in pulsed
mode for estimating the heptane vapor concentration
in the cell EN (at least within indicated conditions).
The applicability of CoL, coated PQR as a sensor
for estimating some of the vapors concentration in
the pulsing mode could be inferred from Table 1,
where the values K, and K™ (obtained at
tin=25 °C, teyqy =50 °C and vy, =20 cm3/min) are
compared for corresponding adsorptive.

Table 1. The Ky, values (in 1/g) obtained in
stationary (K;;m) and pulsing (K;*)

modes for adsorption of hydrocarbons and
other substances vapors on the covering
COL2 at tpy = 25°C

Adsorbate K" K~
pentane 0.138 0.14
hexane 0.249 0.23
cyclohexane 0.304 0.29
heptane 0.432 0.40
isooctane 0.415 0.39
3-methylheptane 0.619 0.60
octane 0.691 0.65
nonane 1.139 1.13
decane 1.751 1.68
undecane 2.435 2.48
methanol 0.283 0.27
water 0.523 0.49

In the pulsing mode the shape and height of
adsorptive concentration wave depends on the rate
of carrier gas, the evaporator temperature, as well as
the location of PQR in EN. The influence of these

factors on the response height Af,  and half-width

T, to octane vapor for a PQR based on CuSt,
coating (loading 6.5 kHz) can be seen in Table 2.

In all cases the dose of liquid octane was 1ul
which corresponds to octane mass m = 0.7 mg.
Table 2 shows the values C,,. of octane vapor
calculated by the Eq.(2) for the corresponding
gas rate vy.. In addition, it shows the values 4,,,,
of octane adsorption calculated by the Eq. 4a at
the peak maximum, as well as corresponding

Henry's law constant K, (Eq. 5a).
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One can see that the values K;;* obtained at

different rates of carrier gas (11-78 cm’/min)
coincide with an accuracy of 10 %. The change
in position of the PQR also has little effect on the
calculated value K;;*. This means that at any
position at the indicated carrier gas flow rates,
the adsorption of octane on the CuSt, covering is
close to equilibrium adsorption, and the
measured value reflects correctly the value of 1y,
of real concentration wave of the adsorbate.
However, when Vie = 100 cm®/min the
value K;* is clearly too high. This can be
explained by value 7, being too high and,
consequently, the low calculated value of C,,.

and overly high value K ;" obtained. This is not

unexpected, because every PQR sensor based on
adsorption phenomenon must have its inertia
threshold when its response shape no more
reflects the veritable shape of real concentration
wave of the adsorbate. Thus, with carrier gas
flow rate over 100 cm’/min, the inertia of the
sensor becomes an obstacle to a correct
assessment of  current octane vapor
concentration. On the other hand the use of
overly low flow rates may be inexpedient,
because the concentration wave may become so
extended in time and become commensurable
with dynamic of an adsorption process. On the
whole, the feasibility of using one or another
flow rate depends on the rate of adsorption
process on the studied adsorbent.

Table 2. The K;"[ax values for octane vapor adsorption on the covering CuSt, at tgy = 25 °C calculated from the

PQR sensor responses in pulsed mode

VSHe g fovas °C Position Af,  Hz Tinws A, ,mglg C,..omgl K™ Vg
cm’/min
11 50 1 261 84.3 40.2 453 0.89
22 50 1 270 43.0 41.5 44.5 0.93
40 50 1 262 24.5 40.3 42.9 0.94
78 50 1 196 17.0 30.1 31.8 0.95
78 80 1 302 11.3 46.5 47.8 0.97
100 100 1 380 8.5 58.5 49.6 1.18
11 50 4 216 102.0 33.2 37.4 0.89
22 50 4 198 57.0 30.6 33.6 0.91
40 50 4 197 33.0 30.3 31.9 0.95
78 50 4 170 19.0 26.2 28.5 0.92
But the usage of metal stearates or thiolates Table 3. Henry low constants (in 1/g) for different
as covering materials for PQR sensors has some vapors adsorption on StDVB covering at
limitations. Their usage is impossible for sensing 80 °C, calculated f‘;r stationary and pulse
such adsorbates which can be good solvents for mode (Vi = 60 cm’/min)
the sensing material. In this case adsorption by Adsorbate Stationary Ky Pulse K
the material can proceed not only on its surface pentane 0.014 0.012
but also into its bulk volume making such a hexane 0.024 0.023
sensor too inertial. Another limitation is the use isobutylene 0.0066 0.0061
of temperatures above about 90-100 °C, since ethanol 0.071 0.067
the sensing material melts and becomes again ETBE 0.027 0.026
water 0.144 0.142

too inertial. As a more acceptable alternative, a
finely dispersed but nonporous cross-linked
polymer can be used which can respond to a
given vapor only by means of a fast and
reversible physical adsorption. The fine
dispersed StDVB is an example. The PQR with
this covering proved its ability to give fast and
reversible responses on different organic and
inorganic vapors and operate at temperatures up
to 120 °C (Table 3).
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Adsorption-desorption dynamics of ethanol
on fine dispersed Amberlyst 15. For the purpose
to demonstrate of foregoing pulse mode
approach the results of an experiment using a
porous sorbent Amberlyst 15 (the catalyst for
ethyl-tert-butyl ether synthesis) and ethanol as
sorbate are presented below.

The adsorbent in the form of particles about
0.1 pm in diameter was fixed as thin layer on PQR
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electrode as it was described above in experimental.
A PQR covered with fine dispersed nonporous
StDVB (fixed by the same way) was used as a
sensor. Both PQRs were placed in position 4 in
respects to the gas flow direction. The sensor PQR
was used to determine the sorbate (ethanol) current
concentration and the Amberlyst 15 covered PQR
was used to monitor its current adsorption on the
adsorbent. In the course of the experiment 1 pl of
liquid ethanol was injected at some point from the
start of registration. Some seconds later the both
PQR began to respond. But whereas the PQR sensor
(“non inertial”) gave the response with fast return
(graphs C), the PQR with adsorbent Amberlyst 15
gave a protracted one (graphs A).

As it was shown in [8], the process of
adsorption on a powdered sorbent at constant
sorbate concentration can be described with

. . L. ads
approximate equation (correct within ;. <0.5):

as 0 |D,T

b
: R\ «

(6)

T

& s the adsorption degree
1 4 P g

0 ext

d.
where y/© =

to the current time, 7 — the time from the outset
of the sorbent contact with sorbate vapor, A4, is
the adsorption at the current time, A, is the
equilibrium adsorption at given sorbate vapor
concentration, 4., is instantaneous adsorption on
the external surface of the sorbent particles
(taking into account if it is marked as compared
with adsorption in the pores of the sorbent), R is
the mean radius of the sorbent particles, D, is the
effective diffusion coefficient.

As it is seen from Fig. 7, we can obtain in the
pulse mode a series of sorbate pulses with the same
value the sorbate concentration C,, but having
different pulse duration (i.e. 7). Thus the
dependence of the A4,, on the 7, obtained at
different vy, but the same sorbate C,,, can be
approximately recognized as the dependence of
adsorption value on effective contact time of the
sorbent with the sorbate at that sorbate concentration.

ads 05 .
The dependence of Y, on 7,7, presented in

Fig. 8, was constructed with such approximation.

The value of effective diffusion coefficient
can be derived from tg o of the linear section of
this graph. For the present example we have
obtained D, = 5.58:10"* cm?%/s. The kinetics of
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sorbate desorption from the powdered sorbent
in He flow (without of the sorbate vapors) can
be represented with the equation analogues to
Eq. 6:

w _0 D1
Ve R\ =~

where y® =

(7

u is the desorption degree to

the current time 7, the time from the discontinuance
of the sorbent contact with sorbate vapor or any
arbitrary point on desorption curve durante absentia
sorbate vapor accepted as onset of desorption, A4, is
the total adsorption towards the current time from
the onset of desorption, 4, is the adsorption at the
onset of desorption (4., is implying to be equal zero
in such conditions), R is the mean radius of the
sorbent particles. D, is the effective diffusion
coefficient. This time it is possible to use of all
experimental points, where C,=0 in each separate
response.

For instance, as can be seen in Fig. 9, the
ethanol desorption proceeds after 50 minutes of
the response in absence of the sorbate in gas
phase (with indicated conditions).

Thus, the graph can be presented in terms of the
Eq. 7 for desorption section of the graph A with
50 seconds being accepted as onset of desorption
(ie. desorption time t=0). In this point
A(Ag) =2 mg/g.

The value of can be derived from tgo of the linear
section of the graph in Fig. 10. For the present
example we have obtained D,s=1.26:10"* cm’s.

It is easy to see that this D, value distinctly
differs from the D, value indicated above
(5.58:10"* sm?%s). This difference can be
explained by the fact that the effective diffusion
coefficient is not constant, it actually decreases
with adsorption degree increase. The D,, value
obtained with adsorption kinetics data processing
attitudes to initial adsorption when the sorbent
grain is free of the sorbate. However, the D,
value obtained with desorption kinetics data
when the grain loaded in some extent with the
sorbate. So, for the example presented in Figs. 9
and 10 the initial point was Ay = 2 mg/g. Thus,
the obtained difference between the D¢ values
reflects actually the dependence of the D¢r on the
adsorption degree.
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Fig. 7. EtOH adsorption on A-15 in a pulse mode at 80 °C at different He flow rates. EtOH dose is 1 pl. The
adsorption A (left) is calculated from responses of the PQR covered with A-15 and EtOH vapour
concentration C; (right) is calculated from SDVB covering responses

Fig. 8.
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Fig. 9. Ethanol dsorption-desorption on fine dispersed A-15 at 80 °C — a and current EtOH concentration — b in pulsed
mode; A-15 loading 7.1 kHz, position 4; ¢z, = 100 °C, He flow rate 80 cm3/min, dose of ethanol: 1 pl
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Fig. 10. The kinetics of EtOH desorption from fine A-15 (R = 50 nm) at 80 °C, He flow rate 80 cm®/min

CONCLUSIONS

On the basis of the study it is shown that the
QCM method with developed setup can be used to
study the adsorption-desorption  processes
continuing for several seconds and more. The pulse
of sorbate vapor with half-width of a few seconds
can be obtained with appropriate evaporator
temperature and flow rate of carrier gas. The use of
PQR with a chemical coating based on a metal
stearate or thiolate or cross-linked polymer is
proposed as a simple, relatively fast response
sensor to control the current sorbate concentration

in gas phase. The method can be applied for
determination of effective diffusion coefficients in

adsorption-desorption processes on fine dispersed
sorbents.
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BuBueHHs1 nMHAMiKM agcopOLii JIeTKHUX CMOJYK HA TOHKOAUCIIEPCHUX a/ICOpPOeHTaX
METOJ0M I’ €30KBAPLOBOr0 MiKPO3Ba:KYBAHHS B IMITYyJIbCHOMY pPe:KUMI

O.11. ®ininnos, I1.€. Crpuxax, H.B. Bnacenxo, H0.M. Koukin, T.I'. Cepeopiii

Inemumym ¢hisuunoi ximii' im. JI.B. [Tucapoicescorkozo Hayionanvuoi akademii nayk Yrpainu
np. Hayxu, 31, Kuis, 03039, Yxpaiua, aphylippov_chem@mail.ru

Memoo n’e30k6apy06020 MIKpO38ANCYBAHHSA 3ACMOCOBAHO OISl BUGUEHHS Npoyecié adcopoyii-oecopbyii, wo
nepebicaroms 6npo006IC OeKIIbKOX CeKYHO | binvbute. JJOCiONCy8anuil MoHKOOUCHepCHUll adcopbenm modxce 6ymu
3aKpINIeH0 HA eNeKmpooax n’€30K8apyosoco pe3oHamopa. 3a 00NOMO20I0 HPUCMPOI, WO CKIA0AEMbCs 3
NPOMOYHOI KOMIPKU MUNA el1eKMPOHHO20 HOCY 8 KOMOIHAYIT 3 2a308UM XPOMAMOSPAPOM, 86€0CHHAM 003U PIOKO2O
aocopbamy cmeopeEMbCs IMNYIbC NApie adcopbamy 3 HANIGUUPUHOIO 00 KITbKOX CEKYHO 3 NPOMSANCHICMIO, U0
BUBHAYAEMbCA MEMNepPamypol0 8UNApO8aia ma WeUoOKicmio Nomoky 2aza-Hocis. B axocmi npocmoeo, 6i0HOCHO
WBUOKOOIIU020 CeHcopa Ol  GUMIDIOGAHHA NOMOYHOI KOHyeHmpayii napie adcopbamy 6 2a3086ill  ¢hasi
3anpPoNOHOBAHO BUKOPUCIOBYBAMU N €30K8APYOBUL PE3OHAMOP 3 XIMIUHUM NOKPUMMAM HA OCHOGI cmeapamis abo
mionamie memanig, abo 3uumozo noaimepy. Memood 3acmocosano O0ist GusHAUeHHsT eheKmueHo2o Koegiyienma
oughysii 6 npoyeci adcopbyii-Oecopbyii emaHony Ha MOHKOOUCNEPCHOMY MAKPONOPUCMOMY KAMIOHimi
Ambepnicm 15.

Hccaenopanue TUHAMHKH ancopﬁuml JIETYUHUX coeIMHEHUI Ha TOHKOAUCIIEPCHBLIX a)lcopﬁeHTax
METOA0M IbE30KBAPIEBOI0 MUKPOB3BCIIMBAHUA B HMITY/IbCHOM PEKHUME

A.Il. ®ununnos, ILE. Ctpu:kak, H.B. Biacenko, }0.H. Koukun, T.I'. Cepeopuii

Hnemumym ¢usuueckoii xumuu um. JI.B. ITucapacesckoco Hayuonanenou akademuu Hayk Yxpaurol
np. Hayxu, 31, Kuee, 03039, Yxpauna, aphylippov_chem@mail.ru

Memoo nvezoxeapye6oco MUKPOB38EUUBAHUS NpUMeHer Ol U3VHeHUs. Npoyeccos aocopoyuu-oecopoyu,
NPOMeKAroWUux 8 meyeHue HeCKOIbKUX CeKYHO U doavude. Hccnedyemblii MOHKOOUCHEPCHBIIL adcopOeHm Modicem Oblinb
3aKpenien Ha dNeKmpooax nbe3oxeapyesozo pezonamopa. C noMOWbIO YCMAHOBKU, COCMosiyell U3 npomo4HoOl sYetiku
muna 31eKMmpPOHHbILL HOC 8 KOMOUHAYUU C 2A308bIM XPOMAMOSPAPOM, 68000M 003bl HCUOKO20 aocopbama co30aemcsi
UMAYTIC NApos adcopbama ¢ NOIYWUPUHOU OO0 HECKOMbKUX CEKYHO, ONUMENbHOCHb KOMOPO20 ONpedensiemcs
meMnepamypou  ucnapumens U CKOpOCMbl0 HOMOKa edza-Hocumens. B kauecmee npocmoeo, ommocumensvho
bvicmpoodeticmeyloujeco  ceHcopa Ol UMEpPeHUusi meKyujell KOHYeHmpayuu napog aocopbama 6 2az06oul ¢haze
NPeONodiCeHO UCNONb306ANMb Nbe30KEAPYEEbIL PEe30HAMOpP ¢ XUMUHECKUM HOKPbIMUeM HA OCHO8e CMeapamos uiu
MUOIAMO8 MEMALI08, Wil CUUmMo2o noaumepa. Memoo npumenen 0ns onpedenenus 3¢pghexmusnozo ko3 duyuenma
oupghysuu 6 npoyecce adcopoyuu-oecopoyuu SMaHoia Ha MOHKOOUCNEPCHOM KamuoHume Ambepaucm 15.
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