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Abgract. The course and the result of the surface
modification of titanium dioxide and ferrous oxide
pigments in agueous disperson by ethylhydro-
xyethylcellulose (EHEC) without and with mechanical
treatment of the dispersion by ultrasonic power was
studied by the dectrokinetic sonic amplitude (ESA)
method. The evaluation of the ESA data showed that the
ultrasonic treatment causes a significant thickness increase
of the EHEC layer on the pigment which is primarily
attributed to the ultrasonically induced activation of the
pigment surface. The thickness of the polymer adsorption
layer derived from ESA measurements was confirmed by
TEM investigations. The ultrasonic treatment leads to
significant changes of the adsorption layers properties and
is a promising method for the surface modification of
pigments with regard to dispersion stability.

Keywords: agueous dispersions, polymers, eectrokinetic
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1. Introduction

In recent years, aqueous colloidal dispersions of
pigments have been of increasing interest from both
scientific and practical points of view. They are important,
ecologically friendly colloidal systems widely used in
polygraphic and paint industries. The pigment particles
are usualy of 200-2000 pm diameter and they are
strongly aggregated. In order to achieve a good
stabilization in agueous pigment dispersions, many
formulations were proposed [1-8]. Earlier we reported

about the role of mechanical, e.g. ultrasonic treatment for
obtaining of highly stable dispersions [7, 9]. It was shown,
that using of polymer surfactants in combination with
mechanical action can significantly improve the quality of
dispersed systems. However, specific aspects of the
pigment-polymer interaction and structure formation of
adsorption layers especidly under mechanical, i.e.
ultrasonic action have not yet been studied in detail.
Electrokinetic sonic amplitude (ESA) measu-
rements have been demonstrated to be a powerful method
that could provide the desired information about the
process of polymer adsorption [7-9] and was employed in
this work. Commercial ethylhydroxyethylcellulose
(EHEC) was used as the stabilizer of TiO, and FeOs
aqueous dispersions. The polymer layers created on the
particle surfaces in the absence and presence of
mechanical (ultrasonic) action were investigated.

2. Experimental

2.1. Materials

As pigments, the titanium dioxide rutil pigment
Kronos 2310 with the particle size of 0.3 p, ferrous oxide
Bayerfox with the particle size of 0.3 p were employed as
received. EHEC with the molecular weight of 60.000 was
provided by Beral.

2.2. Techniques

For preparation of agueous pigment dispersions, the
pigment was added to water or to the aqueous polymer



390

solution and dispersing of the pigment was first achieved
by means of a laboratory stirrer (700 rpm for 10 min).
When ultrasonification was applied, the sysem was
subsequently treated with ultrasound for 2 min with an
ultrasonic generator UZDN-2 or Branson Sonifier B-12
with the actual power of 1.5 W/cn’.

The pigment-polymer interaction and the polymer
adsorption layer formation were investigated by
electrokinetic sonic amplitude (ESA) measurements as
described elsewhere [12]. The particle size was measured
by both ESA (cf. [12]) and by using Nanosizer (Malvern
Instruments). The standard optical equipment was used
for refractive index measurements. Transmission electron
microscopy (TEM) investigations were carried out
according to the standard procedure. The samples of the
pigment dispersions were diluted with distilled water by
the factor of 100, then dropped on the TEM grid of 3 mm
diameter and dried in the air for 1 day. The TEM pictures
were taken by using a Jeol 2000 FX device under the
voltage of 200 kV.

3. Results and Discussion

Data reported in literature [7, 9, 10], showed that
mechanical, in particular, ultrasonic treatment of agueous
dispersions of pigments in the presence of polymeric
stabilizers leads to a significant enhancement of the
stability of these dispersions as compared to dispersions
prepared without ultrasonic treatment. It was proven by
IR-analysis that the thickness and stability of the polymer
adsorption layers were increased and improved by
ultrasonification [9]. The optimal parameters of the
ultrasonic treatment and their influence on the properties
of dispersed systems were established [11]. However, the
effect of the ultrasonic treatment on the pigment-polymer
interaction and polymer adsorption is still obscure and
needs further investigation for better ducidation of the
phenomena observed.

ESA measurements of agueous dispersions of TiO,,
stabilized by ethylhydroxyethylcellulose (EHEC), give
guantitative information about the process of polymers
adsorption as reflected first from the dependence of the
dynamic mobility pu on the relative polymer concentration
(cf. [12-14]) as shown in Figs. 1 and 2, and secondly from
the comparison of this dependency for systems without
and with ultrasonic treatment (Fig. 2).

As one can see from the comparison of Figs. 1 and
2, ultrasonic treatment has a distinct effect on the behavior
of the pigment-polymer suspension. Without ultrasonic
action, the formation of a polymeric adsorption layer on
the pigment surface seems to be reached at 1 wt % EHEC
in relation to the pigment concentration (saturation
concentration as indicated by the unchanged dynamic
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mobility with the further increase of polymer
concentration) followed by polymolecular adsorption
between about 2 and 3 wt %. In the presence of ultrasonic
action, first the initial dynamic mobility of the pristine
TiO, is much higher, and the saturation concentration of
the polymer is reached only at about 15wt %. Further
addition of the polymer does not affect the dynamic
mobility.
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Fig. 1. Dependence of the dynamic mobility on the rdative
concentration of EHEC for 1 wt % TiO, aqueous dispersion
without ultrasonic treatment
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Fig. 2. Dependence of the dynamic mobility on the rdative
concentration of EHEC for 1 wt % TiO, aqueous dispersion with
(u) and without ultrasonic treatment (N, cf. Fig. 1)

However, e.g. for the system with 50 wt % polymer
relativeto 1 wt % pigment dispersion, it was observed that
the dynamic mobility was further decreased to 0.35 m?/Vs
after 1 day. This means that even though the ultrasonic
power was shut off, the polymer deposition still occurred,
indicating that the polymolecular adsorption in case of
treated samples proceeds over a longer period of time.
Obvioudly the ultrasonic action not only increases the
pigment surface by creating a more fine dispersion but
also activates the pigment surface leading to an ultimately
higher polymer adsorption in comparison to the non-
treated samples. Similar results were obtained for Fe,0O3
aqueous dispersions as revealed from Figs. 3 and 4.

Comparing the values of saturation concentration
without and after ultrasonic treatment, one can infer that
the amount of polymer adsorbed on the particdle surface
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significantly increases when ultrasonification is applied.
In this context it has to be considered that the ultrasonic
treatment leads to a finer dispersion by decreasing the
particle size, and, consegquently leading to an increase of
the surface area prone to the polymer deposition. Thus
both the increase of the dispersed particles on the total
surface area and a possible ultrasonically induced
activation of the particle surface must be considered as
being responsible for the observed effects.
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Fig. 3. Dependence of the dynamic mobility on the rdative
concentration of EHEC for 1 wt % Fe,O; agueous dispersion
without ultrasonic treatment
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Fig. 4. Dependence of dynamic mobility on relative
concentration of EHEC for 1 wt % Fe,O; agueous dispersion
with (u) and without ultrasonic trestment (N, cf. Fig. 1)

To get some quantitative information about the
particulars of the polymer adsorption and to explain the
increased amount of the polymer adsorbed when
ultrasonic treatment was applied, the surface area of the
uncoated pigment and of the polymer coated pigment
were caculated; these data were compared with
information obtained from TEM pictures of the particulate
system and further related to data derived from ESA
measurements.

First, the total surface area of the particles asrelated
to the particle radius was cal culated:

The total surface area Sq¢ of al particles in the
dispersion can be expressed by:
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SOI = Spart mpart (1)
where Syt is the surface area of asingle particle, and Npar
is the number of particles.

Assuming the particles to be spherical, the surface
area of one particle can be calculated from the particle
radius rpart:

Spart = 4prpzart (2)
The number of particlesin the dispersion as related
to the particleradiusis given by:
- ITltotal - ITlotal - 3motal
mpart Vpart X TiO, 4p >q.pgart X TiO,
where My IS the total mass of the pigment in the
dispersion, My is the mass of a single particle, Vpa isthe
single particle volume, and Iy, is the density of
titanium dioxide.

Thus, the formula for the total surface area of all
particlesin the dispersion is expressed by:
2
St — 4pr part >3rT‘ltotal — 3rn[0ta| ( 4)
ot
4p >1.pgart al TiO, I’.part X TiO,
The ratio of the total particle surface area of the
ultrasonically treated (index 2) and non-treated (index 1)
dispersionsis given by:

n 3

part

S[OQ — 3motal >1.partl al TiO, — I’.partl — dpartl (5)
Stotl 3rn[otal >1.part2 al TiO, I’.part2 d part2
Thus, the ratio between the values of the particle
surface area ﬁ can be expressed as the reverseratio of
totl
. . . part2 O
the average particle diameters, i.e. é— N
partl g

Using this equation and by inserting the values of
the particle size in the saturation concentration of
ultrasonically treated and non-treated samples of TiO, and
Fe,O; dispersion aqueous in EHEC-solution, it is possible
to calculate the increasing of particles surface area during
the ultrasonic treatment. These dataare given in Table 1.

From Table 1 it is seen that for both systems the
particle surface area is increased by a factor of 3.4-4.7
upon ultrasonic treatment of the dispersion. However, the
saturation concentrations for these systems are increased
by a factor of 7—15. This indicates that the amount of
polymer adsorbed per unit of the particle surface after
ultrasonic treatment is higher in comparison with non-
treated samples; this al'so means an increased thickness of
the adsorption layer in the case of ultrasonically treated
dispersions.
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Table1

Effect of ultrasonic treatment on particle diameter (dpar) and increase
of particle surface area (Sqt) in comparison to the saturation concentration (SC) of polymer adsor ption;
indices 1, 2: non-treated and ultr asonically treated sample

Averaged particle diameter, pm Ratio between Ra;; b;tyv een
particle surface area concmtrz;tjiror:ovt/]ith and
System Without After with and without thout Uit .
ultrasonic ultrasonic | ultrasonic trestment wi ir eat%{;?on'c
treatment treatment Soto! St SCIC,
TiO, + EHEC 0.85 0.25 34 15
Fe,O; + EHEC 14 0.3 4.7 7
Table 2

Ratios between saturation concentration (SC) and corresponding change of dynamic
mobility Au for pigment disper sion without (index 1) and with (index 2) ultrasonic treatment

Ratio between Differgnce bgtyvem Differgnce bgtyvem
saturation dynam|c mobility of dynam|c mobility of
concentration after | PUe pigment and that | pure pigment ar)d that
System and without a the sz.aturan.on a the satpranon Ao My
ultrasonic treatment concentrgtlon without concentyaﬂon after
C,IC, ultrasonic trestment ultrasonic trestment
A,ul Aﬂz
TiO, + EHEC 15 0.5 17 34
Fe,O; + EHEC 7 17 25 1.47
Table 3

Thicknesses (d; cf. Eq. (6)) of the EHEC polymer adsor ption layer on the TiO, and Fe,O3
for treated and non-treated dispersions ascalculated on the basis of the saturation
concentr ation obtained from the ESA measurements

Thickness of Thickness of Ratio between
System adsorption layer adsorption layer thicknesses of trested
without ultrasonic after ultrasonic and non-treated
treatment, nm treatment, nm samples
TiO, + EHEC 5 17 34
Fe,O; + EHEC 11 16 15

The difference of the dynamic mobility Au between
the pure and EHEC coated pigments (at the saturation
concentration) is higher for the ultrasonically treated (Auy)
than the non-treated (Auwy) samples (see Table 2). The
proportionality between the Auo/Auy ratio (last column
Table 2) of the two pigment systems is similar as the ratio
SC,/C; of the saturation concentration (second column
Table 2).

Thus the correlation of the ESA measurement data
with regard to the established saturation concentration and
the change in the dynamic mobility give a conclusive
picture of the effects of ultrasonic treatment on the
pigment/EHEC interaction which is in accordance with

the calculations of the partide surface/particle diameter
relation (Eq. 5).

As it was proven by refraction index measurements
of the supernatant liquid of sedimented pigment
dispersions, up to the saturation concentration of the
polymer, all polymers added to the system are adsorbed
on the particle surface; only when this concentration was
exceeded, a change in the index of refraction due to the
dissolved polymer was observed. Thus, since the amount
of polymer adsorbed and the surface area of the particles
are known, the thickness of adsorption layers is given by
Eg. (6) where the total area of the particles Sy is
calculated by Eq. (4):
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d :h (6)

St

The volume of the adsorption layer Vi is given by
the ratio of the mass of the polymer adsorbed My po to the
density ppo Of the polymer (Eq. 7):

VtOt — ITl[ot pol (7)
r pol

The relationship of Egs. (6) and (7) alows to
calculate the thickness of the adsorption layers on the
pigment surface for both ultrasonically treated and
untreated pigment dispersions. The data are presented in
Table 3. One can see that the thickness of the adsorption
layer increases by the ultrasonic treatment for both
systems tested. This confirms that during the ultrasonic
treatment an activation of the pigment surface occurs.

Aqueous dispersions of TiO, and Fe,O; stabilized
by EHEC were also investigated by transmission electron
microscopy (TEM) in order to visualize the change of the
dispersed system upon ultrasonic treatment, and also to
confirm the above conclusions about the thicknesses of
the EHEC polymer adsorption layer.

From the TEM picture (Fig. 5) it is seen that the
dispersion of TiO, without the added polymer stabilizer
and without ultrasonic treatment consists of aggregates of
about 5-10 particles, the size of such aggregates of the
non-treated system isabout 1 um and is in agreement with
Nanosizer and ESA data. However, the dispersion of TiO,,
again without EHEC, after ultrasonic treatment consists of
extended aggregates (Fig. 6) of sizes up to 4-5 um; this
size increase is due to the activation of the pigment
particle surface by the ultrasonic power. Asaresult of this
coagulation, fast sedimentation of the dispersion occurs.
From Figs. 5 and 6 it is also evident that the primary
particles are spherical in shape; this confirms the
assumption made above in the calculation of the particle
surface area.

Fig. 5. TEM picture of TiO, agueous dispersion
without polymer stabilizer and
without mechanical (ultrasonic) treatment
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Fig. 6. TEM picture of TiO, agueous dispersion
without polymer stabilizer after ultrasonic

When the dispersion of TiO, or Fe,0O3 pigments is
carried out with added EHEC, the polymer acts as a
stabilizer and primary particle dispersions are obtained.
Asit is seen from the comparison of the TEM pictures of
TiO, or Fe,0O3; agueous dispersions stabilized by EHEC
(polymer concentration chosen corresponding to the
saturation concentration as obtained from ESA
measurements, Figs. 1-4) which were obtained without
(Figs. 7 and 9) and with ultrasonic treatment (Figs. 8 and
10), the ultrasonification leads to an increased thickness of
the EHEC coating layer around the primary particles.

These findings are in agreement with the much
higher polymer saturation concentration required in the
ultrasonically treated dispersions (see Figs. 2 and 4) as
compared to the non-treated systems (see Figs. 1 and 3)
which has already been discussed above (Table 1 and
Table 2). The thickness of the adsorption layers strongly
increases from 4-6 um if dispersions are not treated
ultrasonically, and to about 15-20 um when the ultrasonic
treatment is applied. This is in rough agreement with the
values calculated above from ESA data (see Table 3).

Fig. 7. TEM picture of TiO, primary particle aqueous dispersion
stabilized by EHEC (1 wt % relative pigment) without
mechanical (ultrasonic) treatment
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Fig. 8. TEM picture of TiO, primary particle
aqueous dispersion stabilized by EHEC (15 wt % relative
pigment) after ultrasonic treatment

Fig. 9. TEM picture of Fe,Os primary particle aqueous
dispersion stabilized by EHEC (1 wt.-% reative pigment)
without mechanical (ultrasonic) treatment

Fig. 10. Picture of Fe,0O5; aqueous dispersion stabilized
by EHEC (7 wt % relative to pigment) after ultrasonic treatment

Thus, the TEM investigations alow to conclude
that mechanical, i.e. ultrasonic treatment has a pronounced
effect on the pigment-polymer interaction in the dispersed
system: the amount of the polymer adsorbed and the
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thickness of the adsorption layer are significantly
increased due to the activation of the particle surface.

In order to further eucidate the origin of this
polymer adsorption layer growth, ESA measurements
under variation of the frequency of the applied alternating
electrical fiedd have been carried out. These data can be
used to get quantitative information about the structure of
the adsorption layers according to the polymer gel layer
theory (cf. [15]). In this theory it is assumed that the
polymer adsorption layer consists of an inner layer of
polymers adsorbed on the particle surface and an outer
layer formed by the interpolymer interactions; the inner
layer has a higher density and its formation is a direct
result of pigment-polymer interactions.

The procedure given in literature [16] for the
calculation of the thicknesses of the inner (A) and outer
(0) polymer adsorption layers after the polymer gel layer
theory was applied for non-treated and ultrasonically
treated dispersions of TiO, and FeOj stabilized by
EHEC. The formula for calculating the relative dynamic
mobility u/uo (ratio of the dynamic mobility « measured
for the polymer containing pigment dispersion to the
dynamic mohility uo of the polymer free disperson) is
givenin Eqg. (8):

L 2 )
Moo} Warg-k &%, K anhkd O
m 1 K-k® & & Kk o
) k? U iwafl
- i v/ 8
; Klcoshkd il gk’ }) ®
Here the quantity k is given by:
iwh 6
ke=2%,Who 9)
he o9 o
and the quantity y by:
g=wh (10)

where A — thickness of the inner adsorption layer,
o0 —thickness of the outer adsorption layer, w — frequency,
n — dynamic viscosity, k — Debye-Huckel parameter,
o.—drag coefficient, wo —relaxation frequency.

In our case one has to take into account the
differences in the particle size and particle inertia factor in
the dispersion which was proven not to be the same for
both ultrasonically treated and non-treated samples
without and with the addition of EHEC polymer. For
ultrasonically non-treated samples, the differenceis due to
the digoining forces (Deryagin's effect), for treated
samples this deflocculation results from both the
ultrasonic treatment as well as the stronger polymer
adsorption which decreases the particle interaction
strength (Rebinder’ s effect). The inertia factor G(r) can be
calculated by the formula (11):

() = 1+@+iWr/2
1+ @+i)Wr/2+i(r19@+2(Dr /1))

(11)
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where r is the particle radius, pn, is the density of the
solvent, Ap is the difference between densities of the
particles and the solvent.
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Fig. 11. Dependence of the relative dynamic mobility on
frequency for agueous TiO, dispersions stabilized by EHEC
(1 wt % relative to pigment) without ultrasonic treatment:

experimental data (L1) and calculated theoretical curve
(solid line)
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Fig. 12. Dependence of the relative dynamic mobility on
frequency for aqueous TiO, dispersions stabilized by EHEC (15
wt % relative to pigment) without ultrasonic treatment:
experimental data (L1) and cal culated theoretical curve
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Fig. 13. Dependence of the relative dynamic mobility on
frequency for aqueous Fe,Osdispersions stabilized by EHEC (1
wt % relative to pigment) without ultrasonic treatment:
experimental data (L1) and calculated theoretical curve
(solid line)
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Fig. 14. Dependence of the relative dynamic mobility on
frequency for agueous Fe,Osdispersions stabilized by EHEC
(7 wt % relative to pigment) without ultrasonic treatment:
experimental data (11) and cal culated theoretical curve
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Table 4
Thicknessof inner (A) and outer (6) EHEC polymer adsor ption layer
on TiO; and Fe,Ozpigment for dispersionswithout and with ultrasonic treatment
as calculated from Eq. (8) by using experimental ESA data (see text)
Thickness (A) of theinner adsorption Thickness (6) of the outer adsorption
System . LN e
without ultrasonic with ultrasonic without ultrasonic with ultrasonic
trestment trestment trestment trestment
TiO, + EHEC 12 8.7 4.7 6.5
Fe,O; + EHEC 24 3.8 7.3 7.7

First, the relative dynamic mohility, i.e. the ratios
between experimentally obtained values of the dynamic
mobility of pigment particles covered by the polymer and
those of non-covered particles were established for the
whole frequency range (data pointsin Figs. 11-14). Then,

using the Eqg. (8), the thicknesses of inner (A) and outer (9)
adsorption layers were calculated. These data are
compiled in Table 4. Inserting averaged values into the
formula (8) one gets the theoretical dependency of the
relative dynamic mobility (ratio between dynamic
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mobilities of polymer-coated and pure particles) from the
frequency of the applied electrical field (linesin Figs. 11—
14). The comparison of the experimental and theoretical
data allows to check the correctness of the calculations; it
is evident that for all cases the theoretical curves were in
good agreement with the experimental data.

The total thickness of the EHEC polymer
adsorption layer as given by the sum of the inner and
outer adsorption layer as calculated by applying the gel
layer theory (see data Table 4) is in fair agreement with
the values based on the polymer saturation concentration
established by the concentration dependency of the ESA
signals (see Table 3). The comparison of the values of
thicknesses of the inner and outer adsorption layers of the
dispersion without and with ultrasonic treatment reveals
that for both systems investigated the ultrasonic treatment
predominantly effects the thickness of the inner layer
which is especially prominent for the TiO, pigment. This
reflects the activation of the pigment surface by the
ultrasonic power leading to an increased adsorption of the
polymer; on the other hand, the outer layer which results
from interpolymer interactions is less effected and
maintai ns relatively unchanged in thickness.

4. Conclusions

ESA and TEM measurements have shown that the
improved colloidal stability of ultrasonically treated
dispersed pigment/polymer stabilizer systems as known
from sedimentation studies is due to special ultrasonic
treatment related to pigment-polymer interactions. For
aqueous TiO, and Fe,0O3 dispersions stabilized by EHEC,
the saturation concentrations of polymer surfactants, i.e.
the maximum amount of the adsorbed polymer were
established, and the increasing of the thickness of the
adsorption layers upon ultrasonic trestment was proven by
ESA measurements and confirmed by TEM investigations
of the dispersed systems.

By means of the ESA technique insights into the
ultrasonically induced change of the thickness and
structure of the polymer adsorption layers were obtained
by applying the gel layer theory: In particular, the data
alow to conclude that ultrasonic treatment of agueous
inorganic pigment dispersions is a powerful method for
the pigment surface modification leading first to an
activation of the pigment surface; as a consequence,
improvement of the pigment-polymer interaction is
achieved which results in the creation of polymer
adsorption layers of high thickness.

Thus ultrasonic treatment enables to obtain stable
and high-dispersed pigment suspensions with modified
pigment surface; this method opens new perspectives for
modifying the pigment surface more efficiently.

Nikolay Bulychev et al.
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HAHOCTPYKTYPHI XAPAKTEPUCTUKH
MOJIMEPHHUX AJICOPBIIITHUX IIAPIB,
YTBOPEHUX HA IOBEPXHI OKCH/IIB METAJIIB
Y BOJJHUX JUCIEPCHAX CUCTEMAX I AI€IO
YJIbTPA3BYKY

Anomauyia. 3a 00nomo2ot0 enekmpoKiHemuyHoi 36yK080i
amnnimyou (E34) oocnidoceno npoyec moouixayii nosepxmi
niemenmie Oiokcudy mumaHy ma OKCUOy 3ani3a ) B0OHUX
oucnepcHux cucmemax npu 68e0eHHi emuneiopoKCUemunyeniono3u
(ETEL]) y eiocymnocmi ma 6 NPUCYMHOCHI MEXAHIUHO20
00po6NeHHsa OucChepcHux cucmem ynompasgykom. lnmepnpemayiero
Oanux E3A noxazano, wo ynempasgykose oOpoOLeHHs GUKTUKAE
cymmeege 30invuienna moswunu wapy EIEI] na nosepxmi
nieMenmi6, WO NOACHIOEMbCA — YIbIMPA36YKOGOI0  AKMUBAYIEI0
noeepxui. /lani npo moswuny wapis, ompumani memooom E34,
niomeepodceHi O0CTIOHNCEHHAMU 3 BUKOPUCMAHHAM NPOCEIUYIOH0i
eneKmponnoi  MiKpockonii.  Yavmpazeykoee o06pobienns  npu-
3600UMb 00 3HAYHUX 3MIH XAPAKMEPUCIUK A0COPOYIIHUX wapig i €
NepPCneKmuHUM MemoOoM Olisi MOOUDIKYBAHHSI NOGEPXHI Ni2MEHmMI8
ma niosuweHHsa cmadiibHOCMi OUCNEPCHUX CUCTHEM.

Knwuosi cnoea. 6oomi OucnepcHi cucmemu, nonimepu,
Memoo  eleKmpOKiHemu4Hoi  36YK080I  amMnimyou, MNoxiMepHi
aocopoyitini wiapu, y1mpaseykose 06poonenHs.



