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Abstract. Using the method of microelectrophoresis for the investigation of
clay fraction (<2 um) of kaolinite clays, a statistical analysis was made of the fre-
quency of occurrence of particles of definite electrophoretic mobility. The analysis
yielded a number of distribution curves of electrophoretic separation, which display
peaks grouping sets of particles of different electrophoretic mobility. The number
of these peaks gives information on the amount of mineral components with diffe-
rent physico-chemical surface properties in a sample.

INTRODUCTION

The minerals exhibiting differences in their crystal structure or the
degree of crystalline perfection also differ in the physico-chemical pro-
perties of the surface. This feature was used by the present author to
carry out physico-chemical phase analysis.

The investigation was carried out on three samples of clay fraction
obtained from kaolinite clays and kaolinite sandstones derived from mines
near Bolestawiec in Lower Silesia.

Sample 1 — White silty clay from a longwall in the Bolko mine.

Sample 2 — Light-grey clay from the cross-cut 3 of the Janina mine.

Sample 3 — White loose fine-grained sandstone from the Wschéd extrac-
tion gallery of the Bolko mone.

EXPERIMENTAL

The samples were subjected to investigation by the method of mi-
croelectrophoresis, described by Zbik (1980). In this method, using the
external electric field, mineral particles moving in the aqueous electroly-
tic solution inside a capillary tube are viewed under the microscope. The
microscopic image is received by a television camera and displayed on the
TV monitor screen, being simultaneously recorded on video tape. The mo-
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i -« divided into vertical sections of known size. Measuring the
?ilrtnoer isr(l:r\j/ehnicl}f (Lillu\(/‘ ?)arti(‘les cover the distances between the sections, §he
particle velocity is calcualted. With the known electric field 1nt§n51ty
inside the capillary tube, electrophoretlc. mobility, 1.e_.xthe velocity o pafi-
ticles at an electric field potential gradient of IV.m™, can be qalculaﬁe )

The investigations were carried out on monoionic samples in sodium
and potassium form in NaCl and KCI salt elect'rolytes of 0.0001, 0.00QS
and 0.001 n concentration. The distinctive physmo—c_he'mlcal property in
this case was the surface electric potential characterlstlc of each rpmgral
phase, imparting specified motion velocities in the extgrnal electrl.c field
to the groups of particles. The process of electrophoresis was carried out
for the same sample at seven different voltage values on the capll}ary
electrodes. Due to the repeated reproduction of the process from the yl.deo
tape, a velocity value could be ascribed to each mineral particle v1s1}:)1e
on the TV monitor screen. Owing to this, a large number of measuring
points were obtained for different electric field iptensities in51’$:le the ca-
pillary tube. Using the statistical method of ,window counts ,'t.he fre-
quency of occurrence of particles of specified electrophoretic mobility was
analysed.

RESULTS

The results of calculations in the form of distribution curves of the
amount of particles against their electrophoretic mobility are presented
in figures 1, 2 and 3. Each curve was a result of the summation of distri-
bution curves obtained at different electric field intensities. This form of
presentation was chosen because the systematic experimental errors had
been eliminated. The summation was done after the separate curves obtai-
ned for voltage gradients were superimposed on one another. In view of
the fact that due to the non-linearity of the electrophoretic process, the
peaks to be summed had different electrophoretic mobility values, the di-
stribution curves were not joined to the origin of co-ordinates.

The curves of electrophoretic separation presented by Shaw (1969)
follow a Gaussian distribution, yet they were obtained not for minerals
but for very regular oil droplets in water suspension. The character of the
distribution curves obtained by the present author indicates that the sam-
ples studied are not homogeneous but are a mixture of several mineral
phases showing different physico-chemical surface properties. Their di-
stribution curves (Figs. 1, 2, 3) consist of a few coinciding peaks. The di-
stribution of the amount of particles vs. their electrophoretic mobility for
each peak follows closely the Gaussian function. There are essential diffe-
rences in the shape of curves obtained for individual samples.

The curves presented in figures 1 and 2 display at least three peaks,
which fact testifies to the presence of three minerals differing in physico-
-chemical surface properties in samples 1 and 2.

The curves presented in Fig. 3 show two peaks, one of which having
a lower value of electrophoretic mobility, is very intense, and the other
appears as a slight bulge on the main peak on the side of higher mobility
values. Considering the wide differences in peak intensities on the distri-
b'utl?n curves of this sample, sample 3 can be regarded as physico-chemi-
cally homogeneous.
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Fig. 1. Distribution curves of the amount of particles vs. their electrophoretic mobi-
lity (Ve) for sample 1
N — number of particles counted, Ve — electrophoretic mobility in 10-* pm-s-! at a potential
gradient of V:-m-!, Curves a, b, ¢ are for monoionic potassium form (K+*), curves d, e, f for
monoionic sodium form (Nat*)

X-ray diffractometry, electron microscopy and DTA analysis have
shown (Zbik 1981) that sample 3 is virtually homogeneous, consisting of
kaolinite (TC) with a well ordered structure (Stoch, Sikora 1966). Judging
by the index of crystallinity (IU) calculated according to Rusko (1976)
from an X-ray diffraction pattern of an oriented sample (Zbik 1981), the
kaolinite of sample 3 seems to have a high degree of crystalline perfection
(IU=1.33), whereas in sample 2, where IU=0.48, a mineral with the poorly
ordered structure predominates. According to Osipov (1979), kaolinite with
a well ordered structure is characterized by high hydrophilic ability.
A thick layer of water dipoles, representing the crystal structure deep into
the solution, forms at the surface of this mineral. In the author’s opinion
(Zbik 1981), this layer is capable of generating a fairly high electric charge.
Owing to the high degree of crystalline perfection of kaolinite (TC) in
sample 3 and its homogeneity, the peak produced by this mineral on the
distribution curves is high and sharp. For most particles the scatter of
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electrophoretic mobility values is not more than 0.8:107* um.s™! at a po-
tential gradient of V.m~!. Besides the kaolinite (TC) peak, the distribution
curves for sample 3 (Fig. 3) display a small peak displaced towards higher
electrophoretic mobility values, which has been attributed to a mineral
of the mica group occurring in trace amounts in this sample.

As appears from the studies of the mineralogical composition of clays
and loams from the area of Boleslawiec, at least two minerals of the mica
group may be present in the <<2 pm fraction. One of them is fine-cry-
stalline illite of a grain size up to 0.5 ym. In view of the small particle
size and the peculiar character of optical analysis of the TV monitor scre-
en (the eye perceives selectively larger particles, failing to notice ones
smaller by an order of magnitude), it was not recorded with satisfactory
accuracy in the process of electrophoresis. Besides illite, the samples
under study also contain muscovite. Its flakes, a few micrometers in size,
were readily recorded during electrophoresis. Since the hydration of their
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Fig. 3. Distribution curves of the amount of particles vs. their electrophoretic mobi-
lity (Ve) for sample 3
N — number of particles counted, Ve — electrophoretic mobility in 10-? pm-s-! at a potential
gradient of V-m-!, Curves a, b, ¢ are for monoionic potassium form (K*), curves d, e, f for
monoionic sodium form (Nat)

surface is as intense as in the case of kaolinite (TC) (Osipov 1979), and they
have additionally a high negative charge on the layer, the two minerals
of the mica group present in the samples studied show higher values of
electrophoretic mobility and are presumably responsible for the peak di-
splaced towards higher electrophoretic mobility values.

Besides the two peaks appearing on the distribution curves for sample
3 and attributed to kaolinite (TC) with a well ordered structure and to
minerals of the mica group, the curves obtained for samples 1 and 2 di-
splay a third peak of the highest intensity, displaced towards lower elec-
trophoretic mobility values. On the monitor screen, the group of particles
with a mobility yielding this peak represents a large number of small
thin platelets. On the basis of mineralogical studies (Zbik 1981), this group
has been identified with kaolinite (D) with a poorly ordered structure,
which was found to be present in these samples.



Osipov (1979) has found that in smal}, thin platelgts of kaqlinite
showing a low degree of crystalline .perfectronz changes in the unit cell
parameter along the b-axis occur during hydration. These changes are re-
sponsible for the lower hydrophilic ability of the sprfgce of kaohmte,. and
this causes a decrease in the surface charge density in the water dipole
poly-layer at the interface.

The lower surface charge density of kaolinite with the poorly ordergd
structure may partly be responsible for the apearance of a peak from this
mineral before the peak of kaolinite (TC) towards lower electrophoretic
mobility values. g

The curves for sample 2 Na* in 0.001 n (Fig. 2f) and sample 1 Na*im
0.005 n NaCl solution (fig. le) show a substantial decrease in thg intensity
of the peak of kaolinite (D) compared with the peak of kaolinite (TC).
This may be due to the different way of preparation of these samples, as
the <1 pm fraction was washed away. The pronounced reduction in the
intensity of the peak attributed to kaolinite with a poorly ordered structu-
re and the simultaneous decrease in the peak corresponding to minerals
of the mica group seem to evidence that the finest fraction was mostly
washed away. The peak on the distribution curve displayed by illite is
displaced towards lower electrophoretic mobility values compared with
the peak of muscovite. This may be responsible for the narrowing of the
peak arising from minerals of the mica group in these two samples due
to the washing away of illite. It can be inferred that the diffuse part of
the distribution curve for sample 2, lying in the region of higher elec-
trophoretic mobility values beyond the peaks attributed to kaolinites, re-
sulted from the coincidence of several peaks corresponding to minerals of
the mica group. The improvement of the electrophoretic method used may
eventually lead to the distinct separation of the peaks of minerals of the
mica group. The diffusion of the mica peak may also be due to the fact
that the kaolinitization of muscovite has not proceeded to completion
(Stoch 1962), and there occur particles in which the two minerals are in-
tergrown. The fact that the minerals of the mica group do not appear in
a pure form but are intergrown by kaolinite may result in the broadening

of the peak along the x-axis, which is particularly pronounced on the di-
stribution curves for sample 2.

A detailed analysis of curves obtained for samples 1 and 2 in sodium
and potassium forms has shown that in the K-form samples the distances
bgtwecn the peak maxima are generally smaller than in sample saturated
with sqdium. The peaks appearing on the curves for K-form samples 1 and
2, obtained at the lowest concentration of electrolyte, are very close to
one another. In the case of sample 1 (Fig. 1), the peak attributed to kaoli-
nite with a well ordered structure appears as a bulge on the slope of the
peak of kaolinite with a poorly ordered structure on the side of higher
electrophoretic mo.bi]ity values. As the electrolyte concentration increases
the peaks come wider apart and the distances between them are greater:

making the curves easier to interpret. This fact i i
velopment of an electrical double ] b ikl

crease in the electric charge surface
tial. These phenomena occur in spite of the
concentration, which, according to Zlocze
ce of the removal of hydrogen ¢

increase in the electrolyte
2 wska et al. (1970), is a consequen-
ations from the sorption complex and
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their replacement by Na* and K* cations. The hydrogen cations occupy
exchange positions as the electrolyte concentration decreases as a result
of water electrolysis in the electric field of the electrical double layer at
the interface.

In sample 1 Na* (fig. 1d and 1f) a tenfold increase in the electrolyte
concentration results in the separation of kaolinite peaks by 0.15X
X -107* um.s™* at V.m™*. The same sample in potassium form (Fig. 1a and
1b) shows the separation of these peaks by 0.46-10~2 um.s™ at V.m~* when
the electrolyte concentration increases from 0.0001 to 0.0005 n. The same
increase in concentration in sample 2 in Na-form causes the separation of
kaolinite peaks by about 0.2:1072 ym.s™* at V.m™%,

From the distribution curves it also appears that the samples in sodium
form display peaks characteristic of the two kaolinites that are wider
apart and sharper than the peaks produced by the samples in potassium
form. This is due to the better developed electrical double layer in the
case of sodium form, and is well visible on the curves obtained for sample
2. The maxima of kaolinite peaks in sample 2 Na* at 0.0001 n concentra-
tion (Fig. 2d) are wider apart by 0.23-:107* um.s™* at V.m™! than those in
the potassium form of this sample (fig. 2a). At an electrolyte concentra-
tion of 0.0005 n the peaks separate by about 0.48:1072 um.s™ at V.m™!
and come close to each other again at a concentration of 0.001 n, the diffe-
rence in the peak position diminishing to 0.3:1072 um.s™* at V.m™!. This
phenomenon can be interpreted as the decrease in the thickness of the
electrical double layer at the increasing electrolyte concentration. This
statement is substantiated by the shape of dependence curves of electro-
kinetic potential on the kind of exchange cation and electrolyte concentra-
tion (Zbik 1982).

The separation of two kaolinite phases differing in the degree of cry-
stalline perfection in the electrophoretic process will only take place when
the transition between these two forms of kaolinite is not continuous. As
suggested by Stoch (1962), the lack of continuous transition may be due
to the different genesis of these kaolinites, and the results obtained by the
present author seem to substantiate this hypothesis.

The peaks appearing on the curves of electrophoretic separation are
not affected by the slight, as it is, diversity in the grain-size distribution
and the particle shape. As appears from calculations, the forces of hydro-
dynamic resistance exerted upon the particles during electrophoresis de-
pend, in view of the very low values of Reynolds number (107*—10-%),
on the medium viscosity alone. The flow of the liquid round clay particles
is laminar. Therefore the electrochemical formulae referring to electropho-
resis do not take into account the geometry of moving particles.

The differences in the peak intensities observed on the distribution
curves for individual samples may be due to the method of sample prepa-
ration. Each sample was prepared separately and unintentional differen-
ces may have arisen in the procedure, e.g. repeated saturation with salt
solutions, or different mixing of the suspension during sampling. Moreover,
optical analysis of the TV monitor screen, however careful, has certain
inaccuracies as the eye perceives more readily large particles moving at
a high velocity, failing to notice the smaller and slower ones. The intro-
duction of automatic analysis of monitor screen would yield more objecti-
ve data on the composition of minerals differing in their physico-chemical
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i is worth noting as well that the analysm of distribution cur-
ves ofréllzsc.trléplhoretic separation would not be possible without ‘fche m_ag;x}f-
tic record on video tape, which method was used for the first lime }cn 5 e
present studies. The magnetic record of fche course of experiment also
affords possibilities for the use of automatic analysis of the mom}foa sgrei-
en, and this combination may make e}ectrophorems a useful method yiel-
ding supplementary data to those obtained by other methods.

prope
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Marek ZBIK

WYKORZYSTANIE ELEKTROFOREZY DO ROZROZNIENIA
SKLADNIKOW MINERALNYCH KAOLINOW

Streszczenie

_ Przedmiotem badan byly trzy probki frakeji itowej (ponizej 2 um)
ifow kaolinitowych i piaskowcow kaolinitowych pobranych w kopalniach
surowcow ceramicznych na Dolnym Slasku w okolicy Bolestawca. Prébki
przeprowadzono w forme monojonows, sodows i potasows, a badania pro-
wadzono w wodnych elektrolitach soli NaCl i KCJ o stezeniu 0,0001, 0,0005
i 0,001 normalnym. ‘ i

Dp bgdan zastosowano metode mikroelektroforezy. Proces przemiesz-
czania sie czgstek w zewnetrznym polu elektrycznym obserwowano pod
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mikroskopem i rejestrowano jednoczesnie na tagmie magnetowidu. Bada-
nia tej samej probki prowadzono przy siedmiu réznych wartosciach na-
piecia na elektrodach naczynka pomiarowego. Po wielokrotnym odtwa-
rzaniu procesu elektroforezy z zapisu magnetycznego uzyskano wartosei
ruchliwosei elektroforetycznej wszystkich czastek obserwowanych na
ekranie monitora telewizyjnego. Statystyczng metodg , zliczern w oknie”
dokonano obliczen czestosci wystepowania czastek o okreslonej ruchli-
wosci elektroforetycznej. Skonstruowano krzywe zaleznosei ilosci wyste-
powania czastek od ruchliwosci elektroforetycznej.

Na krzywych tych przedstawionych na figurach 1, 2 i 3 wydzieli¢
mozna szereg maksiméw odpowiadajacych grupom czastek o odmiennej
predkosci poruszania sie w polu elektrycznym wewnatrz naczynka pomia-
rowego. Poniewaz ruchliwo$é elektroforetyczna czgstek poruszajacych sie
w zewngtrznym polu elektrycznym zalezna jest od jednego z wazniej-
szych fizykochemicznych czynnikéw powierzchni, potencjatu elektrokine-
tycznego, to wystepowanie grup czgstek o odmiennych wartosciach ruchli-
wosci elektroforetycznej wskazuje na réznorodny pod wzgledem fizyko-
chemicznych wlasnosci sklad badanych probek.

Krzywe przedstawione na figurach 1 i 2 sktadaja sie z trzech charak-
terystycznych pikow. Na podstawie badan sktadu mineralnego prébek oraz
analizy ekranu monitora telewizyjnego stwierdzono, ze dwa piki o naj-
wigkszej intensywno$ci wystepujace od strony nizszych wartosei ruchli-
wosci elektroforetycznej naleza do kaolinitu, a trzeci pik przesuniety
w kierunku wyzszych wartosci ruchliwosci elektroforetycznej nalezy do
mineralow z grupy mik. Poniewaz w badanych prébkach stwierdzono
wystepowanie dwoch mineratéw z grupy kaolinitu réznigeych sie stopniem
krystalicznosci, pik kaolinitowy na krzywych rozdziatu elektroforetycz-
nego od strony niskich wartosci ruchliwosci elektroforetycznej przypisano
kaolinitowi (D) o nieuporzadkowanej strukturze, a pik przesuniety w kie-
runku wyzszych wartosci ruchliwosei elektroforetycznej przypisano kaoli-
nitowi (TC) o wysokim stopniu uporzadkowania struktury. Gesto$é po-
wierzchniowa ladunku elektrycznego wzrasta zatem wraz ze wzrostem
stopnia uporzagdkowania struktury sieci krystalicznej mineratu.

Trzeci pik, mikowy, jest w rzeczywistosci zlozony z szeregu maksimow
pochodzacych od réznych mineratéw z grupy mik. Widaé to dobrze na
krzywych (fig. 2), gdzie cze$¢ krzywej od strony nizszych wartosei ruchli-
wosci elektroforetycznej przypisa¢ mozna illitowi, a cze$é od strony wyz-
szych wartosci ruchliwosci elektroforetycznej przypisaé mozna muskowito-
wi. Ponadto na rozciggniecie piku mikowego wzdtuz osi wplywaé moze nie
zakonczony proces kaolinityzacji muskowitu i wystepowanie czastek,
w ktérych oba mineraty przerastajg sie nawzajem.

Krzywe na figurze 3 reprezentuja probke zlozong gléwnie z kaolinitu
(TC) o wysokim stopniu uporzgdkowania struktury z niewielka domieszka
mineratu z grupy mik. Jej obecnos$¢ zaznacza sie jako wybrzuszenie piku
kaolinitu (TC) od strony wyzszych wartosci ruchliwosci elektroforetycznej.

Krzywe rozdziatu elektroforetycznego wykazuja tendencje do rozsu-
wania si¢ maksimow pikéw wraz ze wzrostem stezenia elektrolitu co wig-
zac¢ nalezy z rozbudowa podwojnej warstwy elektrycznej w wyniku reak-
cji jonowymiennych.
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OBJASNIENIE FIGUR

Fig. 1. Krzywe rozdzialu elektroforetycznego ilosci czastek w funkeji ich ruchliwosci
elekroforetycznej (Ve) dla probki 1

N — ilo§é zliczonych czastek, Ve — ruchliwo$é elektroforetyczna w 10-* um-s-! przy
gradiencie potencjalu V-m-'. Krzywe a, b, ¢ dotycza monojonowej formy potasowej
(K+), krzywe d, e, f — formy monojonowej sodowej (Nat)

Fig. 2. Krzywe rozdziaiu elektroforetycznego ilosci czastek w funkcji ich ruchliwosci
elektroforetycznej (Ve) dla probki 2
N — ilo$é zliczonych czastek, Ve — ruchliwo$¢ elektroforetyczna w 10-* pm-s-! przy
gradiencie potencjatu V-m-i. Krzywe a, b, ¢ dotycza monojonowej formy potasowej
(K+), krzywe d, e, f — formy monojonowej sodowej (Na*)

Fig. 3. Krzywe rozdzialu elektroforetycznego ilodci czgstek w funkcji ich ruchliwosci
elektroforetycznej (Ve) dla probki 3
N — iloéé zliczonych czastek, Ve — ruchliwo$é elektroforetyczna w 10-? pm-s-! przy
gradiencie potencjatu V-m-!, Krzywe a, b dotycza monojonowej formy potasowej (K+),
krzywe ¢, d, e — formy monojonowej sodowej (Na*)

Mapex KBUK

NCHOJb30BAHUE DJEKTPOPOPE3A B PA3JIMYAHUU
MUHEPAJIBHBIX KOMIIOHEHTOB KAOJIMHOB

Pesrome

[Tpeaverom yceseaoranmii 6p1M TpH 06pasia riMHUCToN Gpakiin (H1xKe 2 MKM)
KAOJIMHUTOBBIX TJIMH 1 MIECYAHUKOB, OTOOPAHHLIX B Kaphepax KePAaMHYECKOTO ChIPbSI
B Hwkueit Custe3un B oxpecTtHoCTsAX bosecimaBua. O6pasubl nepeBOAMINCH B MO-
HOMOHHYIO, HATPUEBYIO M KAJIMEBYIO (JOPMBI, 4 MCIBITAHUS IPOBOJMINCH B BOIHBIX
anekTposmTax coneii NaCl u KCI 0,0001, 0,0005 u 0,001 HOpManbHBIX KOHIEH-
TPALH.

B wmccnmenosanmsix npumensiics MetTon anekrpodopesa. Ipouece nepemerenmst
YACTHI BO BHEIIHEM OJIEKTPHYECKOM T10J€ HAOIIONANCs B MHKPOCKONE ¥ OJHO-
BPCMEHHO PErHCTPHPOBANICS Ha JIeHTe BueoMarkuTodona. ToT xe camblii o6paserr
H3YHAIICsS TIPH CeMM PA3HBIX BEJMYMHAX HANPSKEHUS HA SJIEKTPOJAAX M3MEPHTEIIb-
HOTO COCY/a. uﬂocnc MHOTOKPATHOTO BOCIPOU3BE/EHUS TIpOIEcca IIeKTpodopesa
10 MATHUTHOM 3anyucy ObLIO TIOJYyYeHO 3HAYEHUE SICKTPOPOPETUYECKON T1OABIIK-
HOCTH BCEX YaCTHL, HAGIIO/IAEMBIX HA 9KpaHe KOHTPOJILHOIO Tenesusopa. Crartu-
CTHYECKUM METO/IOM «CKOJBL3SILUET0 OKHA» IPOBENEH IOACYET YACTOTHI HAXOM-
ACHUA HACTHIL C ONPEICIICHHON IIEKTPOBOPETHYECKOH MONBHKHOCTLIO. BhIBEICHbI

KPUBLIC 3aBUCHMOCTH KOJMYCCTBA IIPHCYTCTBYIOL]
o MX YaCTHUI[ OT OJIEKTPO i
YECKOM TI0IBUIKHOCTH. X podopety

Ha asTux KpuBbIX, npeacraBienubix na (ur
MaKCUMyMOB, COOTBETCTBYIOLUMX TPYNNAM YACTHLL C Pa3HOM CKOPOCTLIO TEPE/BH-
KCHUSL B SJIEKTPUYCCKOM TOJIE BHYTPH M3MEPHUTENHHOLO cocyma. ITockosbky airex-
TPODHOPETHYCCKAST TIOABUKHOCTD ABWKYIIMXCSA BO BHEIIHEM OJIEKTPMYECCKOM I10JIE
HaCTHUIL 3ABUCHT OT OJHOTO M3 BAKHEHLINX (DM3MKO-XHMUTECKHX (baxTopoB 1oBepx-
HOCTH — OSJICKTPOKHHETHYECKOTO IOTEHIHANA, TO TIPUCYTCTBUE TPYNMbI YACTHULL
C PA3HBIMHU 3HAYCHUAMI SJIEKTPO(OPEeTHYECKOH TOJIBMKHOCTH yKa3biBA€T Ha pas-
HOPO/IHbIM B OTHOLIEHHH (JU3MKO-XUMUYECKHX CBOMCTB COCTaB M3y4yaeMBbIX 0Opa3noB.

ypax 1, 2, 3, MOXHO BBIIEIHTD pag
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Ipencrasnenubie Ha ¢urypax 1 u 2 KpuBBIE UMEIOT TPU XapaKTEPHLIX MUKA.
Ha ocHoBannu uccsenoBatvss MUHEPAJILHOIO COCTABA 0OPA3IOB, a TAKXKE aHAIU3A
U300paxeHnit Ha HKpaHe KOHTPOJLHOIO TEeIeBM30pa, OOHAPYKEHO, YTO HBA NUKA
MaKCUMAJIbHOM MHTEHCHMBHOCTU NMPUHAUIEKAT K KAOJMHMUTY, 4 TPETUH MHK, C/BU-
HYTBI B CTOPOHY BBICIIMX 3HAYCHMH HJIEKTPOPOPETHIECKON HOABUKHOCTH, MNpPHU-
HAJUIEXHUT K MUHEpasam rpynnbl citofd. ITockosibky B M3ydaeMbix oOpasziax o6-
HapYXEHO IPUCYTCTBME ABYX MHUHEPAIOB U3 IPYMNIIbl KAOJMHUTA, OTINYAFOIUIUXCS
CTETICHBIO YHNOPSIOYCHHOCTN KPUCTAILIMYECKOW CTPYKTYPbl, TO KAOJIMHUTOBLIN
MUK Ha KPUBBIX JIEKTPODOPETHIECKOTO PA3ALICHMs CO CTOPOHBI HUBLIMUX 3HAYEHMI
9JIEKTPO(POPETUYECKOM TOABUKHOCTH Ipunucan Obur kaosmuuty (D) ¢ Heymops-
JIOYCHHOM CTPYKTYPOM, a IUK, CABUHYTBII B CTOPOHY BBICIUMX 3HAYEHUMN ITEKTPO-
(bopernueckoit moaBmxHOCTH, mpunucan kaomuHuty (TC) ¢ BBICOKOH CTENEHBIO
YIOPSIOYEHHOCTHU CTPYKTYpbI. Clle10BATETLHO, TOBEPXHOCTHAS MIIOTHOCTH JIEKTPHU-
YeCKOTro 3apsaa PacTeT C YBEJIMYEHHEM CTENEeHU YHOPAAOYEHHOCTH CTPYKTYPBI KpH-
CTAJTMYECKON PeIIeTKM MUHEPaJIa.

TpeTuit, «CITIOASHOW» MUK B AEHCTBUTEILHOCTU CIIOXEH PSIIOM MAKCUMYMOB,
MTPOUCXOMSIIMX OT PA3TTMYHBbIX MUHEPAJIOB U3 TPYNIILI CIIOJA. DTO XOPOLIO 3aMETHO
Ha KpUBBIX (Gur. 2), rae ydacToK KpUBOM CO CTOPOHBI HU3IIMX 3HAYEHUH JJIEKTPO-
(hopeTryeckont MOABIKHOCTH MOKHO OTHECTH Ha CYET MJUIMTA, & OTPE30K €O CTO-
POHBI BBICUIMX 3HAYCHHI TEKTPOYOPETUIECKON TMOABUKHOCTH MOKHO NPUIHUCATE
MyckoBUTy. KpomMe TOro, Ha pacTsDKeHUe CITFOASHOIO MHKa BIOJb OCH (X) MOXKET
BIIMATH HE3aBEPINEHHBIH TIPOLECC KAOJMHUTU3ALMU MYCKOBUTA, a IPHCYTCTBUE
YaCTHIL, B KOTOPBIX 002 MMHEPAJIA B3aMMHO CPACTAIOTCS.

Kpusbie Ha Qurype 3 mpeacTaBigioT oOpasell, CIeKEHHBIH ITaBHbLIM 00pa3om
kaoauHuTOM (TC) BBICOKOW CTENMEHU YHOPSIMOYEHHOCTU CTPYKTYPBI C HEOOJILLION
NPUMECHIO MHUHEpAJa W3 TPYIIbI Citofl. Ee IpucyTCTBHE OTMEYaeTCs KaK yTOJIIEeHHE
nuka kaoymHuTa (TC) cO CTOPOHBI BHICIIMX 3HAYCHMH IJIEKTPO(POPETUUECKOl 1OI-
BUIKHOCTH.

Kpusble 251eKTpohOpeTHUECKOTO pa3/eenust 0OHAPYKHBAIOT TEHAEHIHIO K Pa3-
JBUTAHWIO MAaKCHMYMOB IHMKOB OJHOBPEMEHHO C YBEIMYEHWEM KOHUEHTPALMU
9JIEKTPOJIATA, YTO CIIEAYET yBA3bIBATH C PACUIMPEHHEM ABOIHOIO IJISKTPAYECKOrO
CJIOSI BCJIGJICTBME MOHOOOMEHHBIX PEeaKLIMM.

OBBSICHEHUS K OUT'YPAM

®ur, 1. Kpusble 21eKTPOGOPETHIECKOrO PA3ICIeHHsT KOIMYECTBA YaCTULl B QYHKLMI UX OJIEKTPO-
(hoperuveckoit mogBrwkHOCTH (Ve) st obpasma 1
N — KOJMYeCTBO MONCYMUTAHHBIX ¥acTul, Ve — snekTpodoperuyeckas moABMKHOCTL B 10-2 Mkm * cex—!
npu rpajmente notednuana ¥ - m-1. Kpusbie a, b, ¢ OTHOCATCS K MOHOMOHHOI# Kasmesoit popme (K+), kpusnie
d, e, f — x MoHOMOHHOII HaTpneBoi (opme (Nat)

®ur. 2. Kpusble 271eKTpo(hOPETHIECKOrO Pa3IeIeH!st KOJIMYECTBA YaCTUIl B (hYHKUMM UX 3JIEKTPO-
(opernueckoit momsrkHocT (Ve) mist obpasua 2
N — KOJMYECTBO INOACYMTAHHBIX YacTuu, Ve — asjekrpodopernieckas MOABMKHOCTE B 10-2 MKMm - cex~!
NpH rpanuenTe noTenuuana ¥« m=*. Kpusbie @, b, ¢ OTHOCATCSH K MOHOMOHHOI Kanmesoit popme (K+), kpussie
d, e, f — k moHononHoi HaTpmesoii popme (Nat)

®ur. 3. Kpusble 21eKTPOGOPETHYECCKOTO PA3ISTCHUST KOMYECTBA YaCTHIl B (DYHKLMM MX OJIEKTPO-
(hopernveckoii mogsmwkHocTH (Ve) mist obpasma 3

N — KOJHYECTBO MOICYATAHHBIX 4aCTHLl, Ve — snekTpodopeTnyieckas MOABIKHOCTE B 102 mkMm * cex~!
npu rpaguente norenuuana ¥ - m-'. Kpusbie @, b OTHOCATCS K MOHOHOHHOI KaMeBoii dbopme (K+), kpusbie
¢, d, e — x MonomoHHOIT HaTpuenoii popme (Nat)
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