HAHOMATEPUADbI

MOJE/MPOBAHWUE CBOMNCTB UHAUBUAYANbHDBIX
KOJI/IOUAHbIX HAHOYACTUL, OKCUAA KPEMHUA
MODELING OF THE PROPERTIES OF INDIVIDUAL
COLLOIDAL SILICON OXIDE NANOPARTICLES

I1.T.Kydpasues’, d.x.H., npo., 3amecmurmeab dupekmopa no uccaedosanuam u paspabomean,
(ORCID: 0000-0002-0729-0958) /pgkudr89@gmail.com
P.C.Kudryavtsev’, Doct. of Sc. (Chemistry), Prof., Deputy Director for Research and Development

DOI: 10.22184/1993-8578.2020.13.6.372.382
[Mony4yeHo: 21.09.2020 .

Hacrosiwas crtaths NocBsLEeHa ONUCAHMIO B3AUMOAEACTBUS YACTUL, AUCTIEPCHOM ¢asbl B KOIJIOUAHOM
pacTBope U, B YaCTHOCTM, HaHOYACTUL, OKCUAA KPeMHUsl, HaxoAslMXCS B pacTBOpe 3/eKTpoauTa.
MNpepnaraemoe TeopeTUyeckoe pacCMOTPEHME 3TOro B3auMMOJEWCTBUSI SIBNIIETCS pasBUTUEM Teopum
ON®O. MNpu co3paHMM Mofenu MPUHATO, YTO HaHOYaCTMLbl OKCMAA KPeMHUs, Haxopsumecs
B pacTBOpe 3JIeKTPO/UTA, MPeAcCTaBasioT CO60M COBOKYMHOCTb 3apsDKEHHbIX YacTuu, HO MpU 3TOM
ABNAOTCA 3NeKTPOHENTPA/IbHbIMU YacTULaMu. MNpu oNMCcaHUKU B3aMMOZENCTBUS STUX CUCTEM MPUHSATO
npuéMXeHMe 0 MaIOCTU PasMepOoB 3aPSAXKEHHbIX YAaCTUL, MO CPABHEHUIO C PacCTOSIHUEM MeXAY HUMM.
B HacToswen pa6oTe 6bui1a NpeAnpuHATA MOMbITKA ONMUCaHUS B3aUMOLENACTBUS KOJIOUAHbIX 4acTul,
B pamMKax Moenu B3auMOJENCTBUS TOYEYHbIX 3apsfoB. [lns 3Toro npegnaraercsl npocrasi MOAEesb,
onucbiBaloLas B3anMoAencTBme ABYX CUCTEM 3/1eKTPUYECKUX 3apSA0B, HAXOAALMXCS Ha NPOU3BOJIbHbIX
pacctossHusX Apyr oT papyra. lNpoBeaeHHbI aHanu3 MOJIyY4EeHHbIX MOTEHLUAJIbHbIX 3aBUCMMOCTEN
OT "KeCTKOCTU" KOJNIOMAHbIX 4YacTUL, MOKasa/sl Haaumume Tpex O0cob6biX To4YeK. 3TU TOYKM CBSi3aHbl
C KayecTBeHHbIM U3MEeHEeHMeM BUAA B3aUMOAENCTBUSA YacTuUL, Mexay co60i, YTO NO3BOJISET BbliAe/UTb
YyeTbipe TUMNa KOJUIOUAHbIX YacTUL,, HaxXoAALWMXCSA B pacTBOpax 3/1eKTPoUTOB. NMpoBefeHHble pacyeTbl
YyKasbiBalOT HAa BO3MOXKHOE CyLLECTBOBaHNE CBEPXMSIKUX KOIJIOUAHbIX CUCTEM C Ja/IbHOAENCTBYIOLWMUMU
cunaMu B3aMMOAENCTBUS YacTUL, MeXpay cobor. B Mopob6HbIX cucTemax BO3MOXHO ¢hopMupoBaHue
OaNbHOAENCTBYIOWMX TUNEPCTPYKTYp, TO ecTb arperatoB 6e3 6/M>KHEro B3auMMOZENCTBUS MeXAy
yacTMuamMu. Ha oCHoBe aHanu3a MOJIyYeHHbIX pe3y/bTaToB MpepJioXeHa cuctema Kraaccudpukauumm
KOJ/UIOMAHBIX 4YacTul,. [na KeCTKUX KOJJIOMOHbIX CUCTEM TOJIYYEHO BbipaXKeHuUe pjisl BSA3KOCTU
KOJUUIOUAHOro pacTBopa B 3aBMCMMOCTU OT O6beMHOM [onu pucnepcHom ¢asbl U OT MmapameTpa,
XapaKTepusyoLLLero 3akKoH NPUTSIXKeHUS NpUY B3aUMOAEACTBUM KOJIOUAHbIX YacTuUL,.

This article describes interaction between dispersed phase particles in colloidal solution and,
particularly, nanoparticles of silicon oxide contained in an electrolyte solution. The proposed
theoretical analysis of this interaction develops the DLVO theory. In the frame of the theory
it was assumed that silicon oxide nanoparticles in the electrolyte solution are the assembly
of the charged particles but, at the same time, they are electrically neutral. It was assumed
that charged particle sizes are much smaller in comparison with the distance between them.
This paper attempts to describe interaction of colloidal particles in the framework of the
point charges model interaction. We suggest a simple model describing interaction of two
systems of electric charges placed at arbitrary distances from each other. The conducted
analysis of the obtained potential dependencies versus "rigid" colloidal particles revealed
presence of three singular points. These points are associated with a qualitative change
in the type of particle interaction with each other, which makes it possible to distinguish
four types of colloidal particles found in electrolyte solutions. The calculations indicate a
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possibility of ultrasoft colloidal systems existence with long-range forces of interaction
of particles with each other. In such systems formation of long-range hyper structures, in
other words, formation of aggregates without short-range interaction between particles is
possible. A system of colloidal particles classification is proposed on the basis of analysis of
obtained results. A formula that describes viscosity of a colloidal solution depending on the
volume part of the disperse phase and the parameter characterizing the law of attraction in
the interaction of colloidal particles in case of "rigid" colloidal systems was obtained.

BBEJEHWE
HaHoYacTHUIBI OKCH/JA KPeMHHS, HaXoOdlluecs
B pacTBOpe 37IeKTPOIMTA, IIPeICTaBISIOT cO6OH COBO-
KYIIHOCTb 3aps’KeHHBIX YaCTHUIL], HO IIPH 3TOM, KaK
U BCe MULIe/bI, IBJISIOTCS, B LIeJIOM, 31eKTPOHeH-
TPaJIbHBIMM YacTHULIAMHU. IIpU ONMKMCaHKMH B3aHMO-
IeHCTBUS HEeUTPAJbHBIX CHUCTeM 3JeKTPHUUYECKUX
3apsiI0B OCHOBHBIM IIPUO/IMKeHHUEM SIBJISeTCS JOIy-
IeHHe 0 MajJIOCTH Pa3sMepoB 3apASKeHHBIX YaCTHUI]
[I0 CPaBHEHHUIO C PAcCTOSIHHMEeM MeXAy HuMHU [1].
Takoe yTBep>KIeHMe IBJISeTCs CTPOTMM TOJIBKO B pas-
Pe’KeHHBIX rasax.

[logobuass Teopus Obinma paspaboTaHa
B 1937-1943 romax He3aBHCHMO OPYr OT Apyra
B.B. Jleparunbim U JI.[I.Jlangay B CCCP u 2.@epBeem
u [Ix.T.OBepbexkom B [onaHAUU. B COOTBETCTBUU
C mepBBIMHU OYyKBaMHU GaMUIHUK aBTOPOB TEOPHS
HOCUT Ha3BaHUe [JIOO [7-10].

CornacHo JaHHOM TeOPHUH, KOMJIOUJHBIE YaCTHUIIEI
B pacTBOpe, BCIeACTBHE OPOYHOBCKOTO ABHKeHHUS,

MOTYT 6ecrpensITCTBEHHO COMUKATHCS APYT C APY-
roOM, II0OKa He COINPUKOCHYTCS CBOMMH ITUPPY3-
HBIMHU 000/I04KaMHU U C/IOSIMHU. [IpU 3TOM MeKIy
HUMHU He BO3HHKaeT HUKAKUX CHJI B3AaUMOJEHCTBHU .
[st manpHennero cOMIM>KeHU s YaCTHUIIBL JOJIKHBI
nebopMUpoBaTh CBOU JUPPY3HbIe 060I0UKH, YTOOBI
IIPOM30IIJIO HX B3aKMHOe IIepeKpbIBaHUe (MU IIPO-
HUKHOBEHUe IPYT B APyra). Ho >KHUAKOCTH IIJI0X0 CKU-
MaITCs, ¥ B OTBeT Ha AePpOPMaLIMIO0 C KX CTOPOHBI
IIOSIBJISIIOTCS TaK Ha3blBaeMble CHUJIbl PACKJIMHUBAIO-
IIIero JaB/IeHU s, IIPeIsTCTBYIOIHe OCYILeCTBIeHHIO
IaHHOrO Imporecca. Ilpuyem yeM 60sbliIe pa3Mepsl
Iuddy3HOro Cj10si, TeM 3HaAUYHTe/IbHee CUJIBl PaCK/IH-
HUBAOLIETOo JaB/IeHU .

B ocHoBe Teopuu [leparuHa - Jlangay - ®epses -
OBep6eKa (IJIPO) neskuT IIPeaIIoIoKeHKe 0 TOM, YTO
B CHJIy TepPMOJUHAMHUYECKON HEeyCTOMYHBOCTH JTHO-
$Oo6HBIX 30/1eH UX arperaTHasi yCTOMYHUBOCTb MOXKeT
MMeTh IMIIb KUHeTHYeCKHUU XapaKTep, a yCTOMUHBOe
COCTOSTHHE C/IeiyeT TPAKTOBATh KaK '3aMOpOsKeHHOoe"

INTRODUCTION

Silicon oxide nanoparticles in an
electrolyte solution form an aggre-
gate of charged particles but, like all
micelles, they are electrically neutral
particles. When describing the inter-
action of neutral systems of electric
charges, the basic approach is an
assumption that the sizes of charged
particles are much smaller than a
distance from each other [1]. This
assumption is strict for dilute gases
only.

A similar theory was developed in
1937-1943 by B.V. Deryagin and L.D.
Landau in the USSR and E. Vervay
and J.T. Overback in Holland inde-
pendently of each other. Accordingly
to first letters of authors’ surnames
the theory is called DLVO [7-10].

According to this theory, colloi-
dal particles in a solution, due to the
Brownian motion, can freely move
closer to each other until the moment
when their diffuse shells or layers
touch. In so doing, no interaction
forces arise between them. For fur-
ther convergence, the particles must
deform their diffuse shells so that they
overlap (or penetrate into each other).
But liquids are poorly compressed and,
in response to deformation, the so-
called wedging pressure forces appear,
which impedes implementation of
this process. Moreover, the larger the
size of the diffuse layer, the greater the
force of the wedging pressure.

The Deryagin - Landau - Verwey -
Overbeck (DLVO) theory is based
on the assumption that, due to the

thermodynamic instability of lyo-
phobic sols, their aggregate sta-
bility can only be kinetic, and the
steady state should be interpreted as
a "frozen" state with a low coagula-
tion rate. The reason for this stabil-
ity is that in colloidal solutions, in
contrast to ordinary molecular solu-
tions, long-range forces are capa-
ble, under certain conditions, of cre-
ating a sufficiently high potential
barrier, which sharply reduces the
likelihood of particles approaching.
Therefore, the DLVO theory assigns
the most important place in solv-
ing the problem of the stability of a
lyophobic sol to the analysis of force
and potential curves obtained by the
superposition of electrostatic repul-
sion and molecular attraction.
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Puc.1. Modenb 83aumodelicmaus 08yX KOAAOUOHbIX Yacmul, 00
(1) u nocae cmonkHogeHus (11);

| = »xecmkul paduyc yacmuubl, Al << | = moawuHa 080LH020
3NeKmpu4eckozo cAosl

Fig.1. Model of interaction of two colloidal particles before (I) and
after collision (11);

| - rigid radius of the particle, Al << | - thickness of the electric dou-
ble layer

COCTOSSHHE C MaJIOM CKOPOCTbIO KOATryISALHH.
[IpUYMHOM TaKOU YCTOMYUBOCTH SBJISCTCS TO, YTO
B KOJIIOUJHBIX PacTBOpax, B OTIHYHe OT 0ObIY-
HBIX MOJIEKY/ISIPHBIX PACTBOPOB, JAa/bHONEHUCTBYIO-
I[Ke CHUJIBL CIIOCOOHBI IIPH OIlpe/le/IeHHBIX YCIOBH X

CO3[aBaTh AOCTAaTOYHO BBICOKMH MOTeHIHa/lbHBIN
bapbep, pe3Ko yMeHbIIAKIIUKI BePOSTHOCTh cOiu-
SKeHH S 4acTull. [Io03ToMy BaKHeHIIIee MeCTO B pelle-
HHU 33/1a4H 06 YCTOMYUBOCTH THOPOOHOT0 30151 TEO-
pust 1JI®O 0TBOAUT aHAIKM3Y CHJIOBBIX U [IOTEHIHUAJIb-
HBIX KPHBBIX, [10Jly4aeMbIX CyllepIIO3ULIHeH 3/IeK-
TPOCTATH4YeCKOro OTTaJIKUBAaHU S K MOJIEKY/ISPHOTO
N PUTSDKEHUS.

B HacTostmer paboTe 6pla MpeIIPHUHSITA IIOMIBITKA
OIIMCAaHUS B3aUMOJEHCTBUS KOJJIOUAHBIX (B paMm-
KaX MOJeIU B3aHMOMAEKCTBUS) TOUeUHBIX 3aPsA0B.
Jl71s1 3TOrO MpefsaraeTcs: IIpocTasl Mofelb, OIIKCHI-
Balollasi B3aMOJIeICTBHE IBYX CHCTeM 3/IeKTpHye-
CKHX 3aps/0B, HAXOASIUXCS Ha [IPOM3BOJIBHBIX pac-
CTOSIHUSIX APYT OT APyTa.

BymeMm paccMaTpuBaTh KOJJIOHUIHBIE HYAaCTHIBL
Kak chepruuecKue, C pPABHOMEPHO pacIpeie/IeHHBIM
10 [TI0BEPXHOCTH 3apsJ0M OLHOIO 3HaKa, 3apsf Ke
[IPOTHBOIIOJIOXKHOTO 3HAKa CUMUTAETCSI COCPeJOTO4eH-
HBIM B LIeHTpe HOHa, 06pa3yollero ABOMHOM 3/1eK-
TPHUYeCKHUH CJIOH. YaCTHULBl CYHMTaeM HeHUTpalb-
HBIMH, U IIyCTh IVIOTHOCTH IIOBEPXHOCTHOTO 3apsza
(MU 97IeKTPUYEeCKUH ITOTeHIIHaJI) YObIBaeT I10 3KCII0-
HeHLIMA/IBHOMY 3aKOHY.

[IpencTaBKMM MPOLIECC B3aUMOJEHCTBHUS ABYX KOJI-
JTOUJHBIX YaCTHLL COTIAcHO pUC.l. [loTeHIHa/IbHAS
3Heprus B3aHMOJeHCTBYIOIKX 10 3aKoHYy KynoHa
YacTHUL paBHa [1]:

1 p,AVp.AV
U=y, ()
ij

ij

In this work, an attempt was
made to describe the interaction
of colloidal (within the framework
of the interaction model) point
charges. For this end, a simple
model is proposed that describes
interaction of two systems of elec-
tric charges located at arbitrary
distances from each other.

We will consider colloidal par-
ticles as spherical, with a charge
of the same sign uniformly dis-
tributed over the surface, while
the charge of the opposite sign is
considered to be concentrated in
the center of the ion which forms
a double electric layer. The par-
ticles are assumed to be neutral,

and let the surface charge den-
sity (or electric potential) decrease
exponentially.

We will consider the process of
interaction of two colloidal parti-
cles according to Fig.1. The poten-
tial energy of particles interact-
ing according to the Coulomb’s law
is [1]:

- 1 v, p;AVp,AV ’

2 ij rij

@

here p;, p; - charge density at
points i and j of the interact-
ing particles, 1;; is the distance
between the interacting elements
of the particle charges, AV is the
volume element.
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Consider, for simplicity, the
one-dimensional model shown in
Fig.2.

The potential energy for this case
can be written as:

2 2 2 2
u=S4_& ,&m .,
R R+21 R-21
2me? (me+e, e+e,J
+ -2 + -
R R-1 R+ @
(mse+2 ge,’ eee. j
-8 + —
R-21 R+21 R J.

Since colloidal particles are con-
sidered neutral, it is possible to
write:

2

2e_+2e, +2me, +2¢ee,=0. ()
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r7ie p;, pj ~ IVIOTHOCTH 3apsifia B TOYKaX i U j B3aUMO-
AeACTBYIOIMX YalCTHULL; T; j ~ PACCTOSHUE MEXTY
B3aMMOZEHCTBYOIUMH 3/IeMEHTAMHU 3aPS/I0B Yall-
cTuir; AV - 3meMeHT o6beMa.
PacCMOTPUM /1S IPOCTOTHI OLHOMEPHYIO MOJEIb,
1300paskeHHY0 Ha PHC.2.
[ToTeHIIMAIBHAS SHEPT U AJISL 9TOrO CIydasi MOKeT
OBITh 3alKMCaHa B BUE:
U= e—3+ el e/m’ 2me’
R R+21 R-21 R

(meﬁ_ e+e_J (m£e+2 ge,’ ceee. ]
-2 + -8 + -
R-1 R+ R-21 R+21 R J.

HOCKOJ’IBKY KOJIJIOMOHBIE YaCTHUILIBI CHHUTATCS Heu-

)

I
e, e e, e, e e,
c—o—0o——0o—0o—0—»
R0 R0 R R0 R R
e Bt 1 — -1 = =+l
2 2 2 2
n e, e me me, e e,
o—o—0o——0o—0o—0—»
R R R R R R
-— - == —— ] e
2 2 2 2 2 2

Puc.2. O0HomepHas modenb 83aumodelicmaus 08yx KoAAOUO-
HbIX Yacmuy,;

| = momeHm e3aumodelicmaus 00 CMoAKHO8eHusl, Il = momeHm
83aumodeLicmaus NocAe CMoAKHOBeHUS

Fig.2. One-dimensional model of interaction of two colloidal

TPa/JIbHBIMH, MOXKHO 3aITHUCATh!:

2e_+2e, +2me, +2¢ge,=0. (3)

particles;

| - the moment of interaction before the collision, Il - the moment

of interaction after the collision

Bespa3MepHEble mepeMeHHBIe M U €, COTTACHO

puc.2, CBA3BIBa€M YCIIOBHEM:

l1-m=¢.

[Toncrasinsist e_ u3 (3) B (2), c yueToM (4), C IIOMOIIBIO

rge X = LR ~ OTHOCHTEJIPHOE PACCTOAHHE MEXAY

4) YacTHUIIAMU.

BenuuyuHa IIOBEPXHOCTHOTI'O 3apsada MOXXeT OBITH

IIPOCTHIX ITpeobpa30BaHUI IIOTyUaeM:

oIipefeyieHa, Kak

e, = g4ml?, (6)

rae o — IVIOTHOCTD ITIOBEPXHOCTHOI'O 3apsia.

2 2 2 — 2 - 2
S N eXl-g)* 2(1-gle}_
Ix (Ix+21) (Ix-21) 1x
_20-gee 2ee 8(1-gee; 8ee! 8eee, (5)
Ix-1 Ix+1 Ix-21 Ix+21 Ix

Dimensionless variables m and ¢,
according to Fig.2, are related by the
condition:

l-m=¢e. @)

Substituting e_ from (3) into (2)
with account taken of (4) with the
help of simple transformations we
obtain:

e’ e? ell-¢g)?
l + + + +
(Ix - 21)

TIx (x +21)
2(1-g)e? 2(1-gle,e. 2e.e.
+ - Z - - (5
1x Ix-1 Ix+1
_8(1-g)ee} Bee! & 8eee
Ix - 21

T Ix+21 1x

’

here x = L is the relative distance
between particles.

The amount of surface charge
can be defined as:

e, = g4mnl’, (6)

where o is surface charge density.
Figure 3 shows variants of the
dependence of function (5) on x.
Presence of the second "weak"
minimum can be obtained by
introducing the interaction of
the colloidal particle with the
medium. The parameters of the
model under consideration are
the value of the positive surface
charge e, and the dimensionless

Ha puc.3 npuBeieHbl BAPHAHTHI 33aBUCHMOCTH QYHK-
uuu (5 oT X. Hanugue Broporo "cnaboro’ MEHHMyMa

constant € characterizing the col-
loidal particle and the charge dis-
tribution density in the region
between two interacting parti-
cles. We called the value € the
rigidity of the given colloidal sys-
tem. When € > 0, the system
is considered to be maximally
"rigid", and when € - 1it is consid-
ered maximally "super soft".
Depending on the "rigidity”
parameter of the colloidal particle,
four regions are distinguished,
characterized by a different nature
of the interaction of colloidal parti-
cles. The first region A exists in the
range 0<e <0.08425 and is char-
acterized by complete repulsion
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Puc.3. Juazpamma nonoxkeHust 0cobbix Mo4eK Ha 3a8UCUMOCMSIX NOMeRUUAdAbHOU 3Hepauu 83aumodelcmaust 08yX KOAAOUOHbIX
yacmuy, om paccmosiHus Mexkoy UX LeHmpamu e 3aeucumocmu om napamempa € 8 ypasHeHuu (5): 20Ay6as Kpueasi = N0A0XKeHUe
MUHUMYMA Ha NOMEHUUAAbHbIX 3a8UCUMOCMSIX; KOPUYHEBAS KpUuBas — NoAOXKeHUe Makcumyma NOMeHuuanbHozo bapbepa; 3ene-
HAs Kpueast — NoAoKeHUe Makcumyma nomeHuuanbHo20 bapbepd;, GUoAemosas AUHUS — NOAOXKEHUE MUHUMYMA HA NOMeHUUAaAb-
HbIX 3a8UcuMocmsx. Ha ecmaskax npedcmasneH munu4Hbll U0 3agucumocmeli NOMeHUUAAbHOU 3Hepauu 83aumodelicmaus 08yx
KOAAOUOHbIX YACMUL, 8 OMHOCUMeAbHbIX eOUHULAX 0M pacCMOsIHUSI MexOy UX ueHmpamu. Bcmaska 0ns obnacmu: A - cAesd 8HU3Y;
B - cnesa ssepxy; C - cnpasa 8Hu3y; D - cnpasa 8sepxy. OnucaHus obaacmel A, B, Cu D npedcmasaeHbl 8 maba.1

Fig.3. Diagram of the position of singular points on the dependences of the potential energy of interaction of two colloidal particles on
the distance between their centers, depending on the parameter € in equation (5): blue curve is the position of the minimum on the poten-
tial dependences; brown curve is the position of the maximum of the potential barrier; green curve is the position of the maximum of the
potential barrier; purple line is the position of the minimum on the potential dependences. The insets show a typical form of the depend-
ences of the potential energy of interaction of two colloidal particles in relative units on the distance between their centers. Inset for the

area: A - bottom left; B - top left; C - bottom right; D - top right. Descriptions of areas A, B, C and D are presented in the Table 1

of interacting particles. Colloidal
solutions with such "rigidity"
parameters are completely aggre-
gation stable. The second section
B in the presented diagram refers
to the classical version of colloi-
dal solutions, characterized by
presence of a potential barrier
at their interaction. This poten-
tial barrier prevents their aggre-
gation, but its overcoming leads
to falling into the potential well
and sticking of interacting parti-
cles. The potential barrier position
changes depending on the "rigid-
ity" parameter of the colloidal par-
ticle, and it changes in the range
of the relative distance between

particles 4.0606 <x <co. The posi-
tion the potential well mini-
mum also shifts and changes in
the range 2<x<3.98493. This area
exists in the range of changes in
the "rigidity" of colloidal particles
0.08425<¢<0.111.

The third section, which is pres-
ent in the calculated diagram,
is characterized by the range of
"rigidity" of colloidal particles
0.111<€<0.7966. This range is char-
acterized by complete attraction of
colloidal particles. Colloidal solu-
tions with such characteristics are
completely aggregation unstable.
The last range 0.7966 <e<1 is very
interesting. In this range there is

HAHO MHAVCTPHA Tom 13 Ne 6 (100) 2020

a potential barrier, which position
changes in the range of the rela-
tive distance between particles
2.0741<x<7.665. This barrier pre-
vents the aggregation of colloidal
particles very strongly and sta-
bilizes the entire dispersed sys-
tem. However, in this case, such
particles also have a small local
minimum in the range of the
relative distance between parti-
cles 7.7989 <x < 0. The presence of
this minimum indicates a pos-
sible long-range interaction of
the forces of interaction between
particles and, as a consequence,
a possibility of the formation of
long-range structures, thatis, the
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MOKeT OBITH IIOJIyYeHO IyTeM BBeJeHHU s B3aHMOJeH-
CTBUSI KOJUIOUTHOM YaCTHUIIBI CO CPeior. [lapaMeTpamu
paccMaTpHBaeMOM MOJE/H SIB/ISIIOTCS BeJIMYHHA 10710~
SKUTEJIBHOTO ITIOBEPXHOCTHOTO 3apsna e, u bespasmep-
Hasl [IOCTOSTHHAS €, XapaKTepH3yIolasi KOJIIOUJHYIO
YaCTHIy U IUIOTHOCTb pacIipefiesieHUs 3apsia B oba-
CTH MeX]Iy ABYMS B3aHMOMAEHCTBYIOIIHUMHU YaCTH-
LIaMHU. BeJIMUHMHY € MBI Ha3Ba/IH SKeCTKOCTBIO JAHHOM
KOJUIOM/THOM CUCTeMBI. [Ipu € » 0 cCTeMa CUUTaeTCs
MaKCHUMAaJIBHO "SKeCTKOM", a P € - 1 MaKCHUMAaJIbHO
"MSITKOH".

B 3aBUCHMOCTH OT IIapaMeTpa KeCTKOCTH"
KOJIJIOMAHON YaCTHUIBl BBIIENSIOTCS YeThIpe
obnmacTu, XapaKTepHU3yIOU[HeCs Pa3JUYHBIM
XapaKTepoM B3aMMOJEHNCTBUS KOJJIOUJHBIX
yacTtul. Ilepas 061acTp A CyIlecTByeT B JHAIla-
30He 0<£<0,08425 1 XapaKTepU3yeTCs IIOJTHBIM
OTTaJKHUBAaHHEM B3aUMOJEMCTBYONIUX YaCTHUII.
KonmouaHble pacTBOPHI C TAKUMU IIapaMeTpPaMHU
">KeCTKOCTH" SBJISIOTCS IIOJTHOCTHIO arperaTUBHO-
YCTOMYHBBIMH. BTOpo# y4yacTok B Ha mpezncras-
JIeHHON AHUarpaMMe OTHOCHTCS K KJIaCCHYeCKOMY
BAPHAHTY KOJJOUJHBIX PACTBOPOB, XapaKTepH-
3yIOIIKUXCS HaJIMYKMeM IIOTeHIuaabHoro 6aprepa
IIPU UX B3aUMOJENCTBUU. DTOT MOTeHI[MATbHBII
bapbep IPemsITCTBYeT UX arperaijuu, HO ero npeo-
JoJIeHHe IIPUBOLUT K IIOMaLaHUIO B IIOTEHIIHAJb-
HYI0 SIMy U CIHIAHHUIO B3aHMOAEHNCTBYIONUX
yacTul. IlonokeHUe MOTeHLIMANBHOrOo baprepa
MeHseTCsl B 3aBUCHUMOCTH OT IIapaMeTpa 'KecT-
KOCTH" KOJIJIOUHOM YaCTHUIIbl, U OHO U3MEHSeTCs
B IMaIla30He OTHOCUTEIBHOTO PACCTOSHUS MeXIY

qactTuaMu 4,0606 < x < oo, [TososkeHME MUHUMYMA
HOTEeHIIMAJIbHOM IMBI TAK>Ke CMEIaeTCs U U3MEeH I~
eTCA B AHalla30He 2<x<3,98493. 3TOT y4acCTOK CylLIe-
CTBYyeT B JHAIla30He M3MeHeHHUH "SKeCTKOCTH' KOJI-
JougHbIX yacTtul 0,08425<¢ < 0,111.

TpeTU y4acTOK, KMEIOIINICS Ha PACCUUTaHHOM
IuarpaMMe, XapaKTepH3yeTCs LHUAIIa30HOM SKecT-
KOCTH" KOJJIOMIHBIX yacTull 0,111<€£<0,7966. 3TOT
IHama30H XapaKTepH3yeTCs MOJHBIM IIPUTIXKE-
HHeM KOJJIOMIHBIX YacTHIL. KoaIouaHbBIe pacTBOPEI
C TAKUMHU XaPaKTePUCTUKAMHU SIBJISIOTCS IIOJTHOCTBIO
arperaTUBHO-HeYyCTOMYMBLIMHU. BecbMa HHTepec-
HBIM SIBJISEeTCS HOCAeTHUM nuamna3oH 0,7966<e<1.
B 5ToM guMama3oHe MMeeTCsS HOTeHIIHMaJIbHBIH
bapbep, IOJOKeHKE KOTOPOTO MEeHsIeTCsl B JHalla-
30He OTHOCHTEJIBHOTO PACCTOSAHUS MeXIY 4aCTH-
naMu 2,074 <x<7,665. 9ToT 6apbep BecbMa CHUIBHO
IIPendTCTBYeT arperauuy KOJJIOMJHBIX YaCTHIL
U CTabuUIu3HUpyeT BCIO AUCIEPCHYIO CHCTEMY.
OmHAKO ITPU 3TOM Y IOZOOHBIX YacTHI] HabmogaeTcs
U Majablld JOKAaJbHBIM MUHHMYM B JHalla30He
OTHOCHTEJBHOIO PacCTOSHHUSA MeXAYy YacTH-
amu 7,7989 <x<oco, Hamuyue 3T0ro MUHUMYyMa yKa-
3bIBa€T Ha BO3MOXKHOE TaIbHOAEMCTBUE CUJI B3AHMO-
IeMCTBUS YacTUI MeXAY coboil U, Kak CJle[CTBUe,
Ha BO3MOXKHOCTb QOPMUPOBAHUS JA/TbHOLEUCTBYIO-
IHX CTPYKTYP, TO eCThb QOPMUPOBAHUS arperaTos
6e3 61M>KHEro B3aMMOJEHCTBHS MeXKAY YaCTUIIAMH.
Ha BO3MO>KHOCTB TaKOT'0 Ja/IbHOLEHCTBH S YKa3bIBaJl
eme J.PepBent u k. T.OBepbex B cBoew pabore [11].
OmHaKo OHH BUIE/NIH TaKoe JaJIbHOLEHCTBUE Ha 3Ha-
YUTeIbHO MEHBIINX PACCTOSIHUAX.

formation of aggregates without
short-range interaction between
particles. A possibility of such
long-range action was pointed out
by E.Vervey and J.T.Overbeck in
their work [11]. However, they saw
such long-range action at much
shorter distances.

The analysis of the obtained
potential dependences on the
"rigidity" of colloidal particles
showed a presence of three singu-
lar points. These points are asso-
ciated with a qualitative change
in the type of interaction of par-
ticles with each other, which
makes it possible to distinguish 4
types of colloidal particles found

in the electrolyte solutions. The
classification of colloidal parti-
cles proposed on the basis of the
calculated data is presented in
Table 1.

The results obtained can be
used to describe the rheological
behavior of the colloidal solution,
namely, to understand the depen-
dence of the colloidal solution vis-
cosity on its concentration. In view
of the complexity of the applica-
tion of the obtained model to all
types of the described colloidal
systems, we chose only the vari-
ant of elastic colloidal particles to
describe the viscosity of a colloidal
solution.

Viscosity () of a colloidal solu-
tion is called the internal friction
between its layers moving relative
to each other, which reflects the
resistance to flow under the influ-
ence of external forces. Viscosity
results from intermolecular inter-
action, and it is the higher, the
greater the forces of intermolec-
ular attraction. The viscosity of
a colloidal solution varies greatly
compared to the solvent in which
it is prepared. In addition, it addi-
tionally changes as a result of the
presence of substances dissolved in
it. Viscosity of most hydrophobic
sols and suspensions at low concen-
trations differs little from viscosity of
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Tabauua 1. Knaccugukayus KoAA0UuOHbIX Yacmuy,
Table1. Classification of colloidal particles

[nanasoH n3MeHeHns XKecTKo-
CTW € KONNOUAHbIX HaCTUL,

Range of change in rigidity € of 0<€<0,08425 0,0843<€e<0,1M 0,1M<€e<0,7966 0,7966<€e<1

colloidal particles

Twnn B3aMMOAENCTBMSA KONMONAI- CUNbHOE Cnaboe nepemexHoe | - o oo Cnaboe uaanqﬂeMCTBylo-
HbIX YacTuL, B3aMMOAENCTBUE Liee B3aMMOencTBMe
Interaction type of colloidal ggTaﬂKMBaHIM.e Weak variable ngTmKet'gme i Weak long-range
particles rong repuision interaction rong attraction interaction

XapaKkTep NnoBefieHWs KOMNOWA- | ArperaTuBHO-

ArperaTueHo- BO3MOXHOCTL 06pa3oBa-

HbIX YaCTUL, yCTONYMBbIE MepemMeHHbIN T HUS TMNEepCTpyKTYp

The behavior of colloidal Aggregation Alternative A v B NSEE Possibility of formation of
particles stable ggreg hyperstructures

Tun konnouaHsix Yactum (Pyc.) KecTtkne Baskoynpyrue Msarkue CBepxmsirkue

Type of colloidal particles (Eng.) Rigid Viscoelastic Soft Super soft

[IpoBeIeHHBIN aHAIH3 101y YeHHBIX ITOTeHI[Ha b
HBIX 3aBUCUMOCTEH OT KeCTKOCTU" KOJIJIOMUIHBIX
YaCTHIL [I0KA3aJI HAJTUYUe TPeX 0COObIX TOUeK. ITU
TOYUKU CBS3aHBl C Ka4YeCTBeHHBIM H3MeHeHHeM
BHUJA B3aUMOJENCTBUS YaCTUI MeXAy cob0i1, 4To
I103BOJISIeT BBIJENUTD YeThlpe THUIIA KOJIOUJHBIX
YaCTHL, HAXOASIIUXCS B pACTBOPAX 3JI€KTPOTIHUTOB.
[IpenioskeHHAs] HA OCHOBE PACCYUTAHHBIX JAHHBIX
KJIACCUPUKALIMS KOJIJIOUTHBIX YACTUI] [TPeCTaBIeHA
B Tabi.1.

[losydyeHHBle Pe3yJbTAaThl MOXHO IHpHMe-
HUTB [IJIsl OIIMCAHUS PEOJIOTUYECKOro II0BeeHHU s

KOJJIOUJHOTO PAaCTBOPa, & UMEHHO I [IOHUMaHHU
3aBHCHMOCTH BSI3KOCTH KOJIJIOKTHOI'O PacTBOPaA OT ero
KOHILIeHTpPallMK. BBUAY C/IOXKHOCTH MPHUIOKEHUS
IOJIyYeHHOM MOJe/NN KO BCeM THUIIAaM OMHCAHHBIX
KOJIJIOUHBIX CUCTEM MBI BBIOpAIM [Jisl OLIHMCAHUS
BSI3KOCTH KOJIJIOUJHOIO PAaCTBOPA TOJIBKO BapPHUAHT
SKECTKHUX KOJIJIOUAHBIX YaCTHUII.

Bsi3k0oCThIO (1)) KOJJIOMAHOTO pacTBOpa Ha3bIBAIOT
BHyYTpeHHee TpPeHHe MeXJy ero CJI0SIMH, IBHXY-
IIUMHUCS OTHOCHUTEBHO APYT Apyra, KOTopoe IIpej-
CTaBisieT COOOM COITPOTHUBIIEHHE TeYEHUIO I10[ LeH-
CTBHEM BHEIIHUX CUJI. BS3KOCTb SIB/ISIETCS Pe3y/IbTaTOM

a pure solvent. As the concentration
of the dispersed phase increases,
the viscosity of the colloidal solu-
tion increases. This is due to the fact
that the particles of the dispersed
phase interact with each other and
with the molecules of the disper-
sion medium. They themselves and
their solvation shells provide hydro-
dynamic resistance to the layers of
the moving liquid phase. Asaresult
of the flow around the particles, the
trajectory of the liquid phase flow
curves. This effect is enhanced if the
particles have a shape other than
spherical, because they can rotate
around their axes under the action
of the flowing liquid phase.

Einstein established a depen-
dence of the viscosity of a col-
loidal solution on the concen-
tration of suspended particles.
The following assumptions
were made in creating this
equation:

« particles of the dispersed phase
are distanced from each other;
 particles of the dispersed phase
have the same size and shape;

e there are no interactions
between the particles of the dis-
persed phase;

« the particle size is much larger
than the solvent molecules.

n=n(l+a ¢, @)
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here o - is a coefficient that depends
on the shape of the particles. For
round particles o = 2,5; for elongated
particles a>2,5. ¢ - is the volume
fraction of the dispersed phase, 1, -
is the dispersion medium viscosity.

Therefore, Einstein’s equation is
applicable for sols and dilute suspen-
sions in which particles of the dis-
persed phase do not interact with the
dispersion medium (i.e., for lyopho-
bic systems) [5].

Asis known, the colloidal solution
viscosity of a at values of the volume
fraction of the solid phase ¢$<0.25,
taking into account the interparticle
interaction, is described by the mod-
ified Einstein equation [6]:



NANOMATERIALS

Me>KMOJIEKYJISIPHOTO B3aMMOJENCTBUS, U OHA TeM
BhIIIle, yeM 6oJIbIlle CHIBl MeSKMOJIEKY/ISPHOIO IIPH-
TSKeHMS. BA3KOCTh KOJJIOUJHOTO PacTBOPa CHJIBHO
HW3MeHSeTCs 110 CPABHEHHUIO C PACTBOPUTEJIeM, B KOTO-
POM OH IIPUTOTOBJIeH. Kpome Toro, OHa JOIIOJTHUTEIBHO
MeHSeTCs B pe3y/ibTaTe IIPUCYTCTBUS PACTBOPeHHBIX
B HEM BellleCTB. Bsi3kocTh 60mbpIIMHCTBA THAPOOOHBIX
30/1eH U CYCIIeH3HH [IPH MaJIbIX KOHIIeHTPALlUX He3Ha-
YMTe/IBHO OT/IMYAETCS OT BI3KOCTH YUCTOI'O PACTBOPU-
Tesnd. I1o Mepe yBelHYeHH I KOHLIeHTPaLuU JHUCIIepCHON
da3bl BA3KOCTH KOJIJIOMIHOIO PacTBOPa YBeIMYUBALTCS.
IT0 06BSICHSAETCS TEM, YTO YACTUIIBL JUCIIEPCHOM (a3bl
B3aMMOJIEHCTBYIOT MeX/Y CO60M U C MOIeKyIaMU JHC-
[IePCHOHHOM Cpenbl. OHU CAMH U UX COIBBATHBIE 060-
JIOUKHU OKa3bIBAIOT FMAPOLUHAMHUYECKOe COIIPOTUB-
JIeHHe CJI0SIM [IBMIKYIIEeHCs SKUAKOU Gaskl. B pe3ynn-
TaTe 00TeKAHUS YACTUL] TPAEKTOPHU S TeYEHU S SKUIKOH
basel UCKpUBLeTCS. DTOT 3GPEKT YCHUIUBALTCS, eC/IH
YaCTHUIBI UMeIOT $OpMY, OTTIHUHYIO OT chepHUUecKOH,
TaK KaK OHU MOTYT BpallaThCsl BOKPYT CBOMX OCeL IOf,
JeHCTBUEM I BH>KYLIEHCS SKUAKOH Pasbl.

DHMHIITEHHOM YCTaHOBJIEHA 3aBUCHMOCTD BSI3KOCTH
KOJIJIOUHOTO PACTBOPA OT KOHLIEHTPALIMH B3BEeLLIEHHBIX
yacTul. [IpyU co3qaHUU 3TOr0 YpaBHEHU S OBIIIU CHIe-
JIAHBI C/Ieiy oI e JOYIIeHU S
* YaCTUILIBI JUCTIEPCHOM (asbl yAaJlIeHbl APYT OT Apyra;

* YaCTHILBI AUCTIEPCHOU $a3bl KMEIOT OIMHAKOBBIL pa3-

Mep U hopmy;

* MeXIy YaCTULAMHM JHUCIIePCHOU Ppa3bl OTCYTCTBYIOT

B3aHMOJIEHCTBUS;
¢ Ppa3Mep YaCTHI] 3HAUYUTEIBHO O0JIbIIe pa3Mepa Mojie-

KYJI pACTBOPHUTEJIS.

n=n,(l+a- ¢, @)

rie o - KO3GOUIIHEeHT, 3aBUCAIINU 0T POPMBI YaCTHI]
(mJ1s1 YacTULL KPYIJIoH GOpMBI ae=2,5; IJ1s1 yITMHEHHBIX
YacTun a>2,5); ¢ - o6beMHast K0S JUCIIEPCHOH $a3bl;
Ny~ BS3KOCTb JUCIIEPCUOHHOM CPe/ibl.

ITosToMy ypaBHeHHe DHHIITelHAa NPHUMEHHUMO
L1l 3071eK U pa3baBIeHHBIX CYCIIeH3HH, Y KOTOPBIX
YaCTHLBI JUCIEPCHON $a3bl He B3aKMOJEHCTBYIOT
C IUCIIEPCUOHHOMN cpenoy (T.e. ons nUodob6HBIX
cuctem) [5].

M3BeCTHO, YTO BSI3KOCTb KOJIJIOUJHOIO PacTBOpa
[IpU 3HAYeHUsIX 00beMHON HOJNH TBepHoOH (a3l
$<0,25 1 € yueTOM Me>K4YaCTHYHOI'0 B3aKMOJENCTBH S
OIIMCHIBAETCSI MOOHUPUIMPOBAHHBIM ypaBHEHHEM
DuHIITeNHA [6]:

n=",(1+a ¢+pg), ®)

I7e 3HaueHHU s KO3QPUIIHEeHTOB COOTBETCTBEHHO PaBHEI
a=2,5u $=10,05. 3mecs - KO3GPUITHEHT, KOTOPHIH yUH-
TeIBaeT 3¢ PeKT MesK4YaCTUUHOIO0 B3aUMOAEHNCTBUS
B KOJIJIOM/THOM PacTBOPe.

Ko/nmouaHeIN PacTBOp IIpefCcTaBIsieT COB0M CUCTEMY
chepuuecKUX KOJJIOMAHBIX YAaCTULL Pafiuyca I, paB-
HOMEpPHO pacIipefie/leHHBIX B JHUCIIEPCHOU cpefe [4].
B cunpHO pa36aBleHHBIX PaCTBOPAX MOXeM CUH-
TaTh, UYTO YACTHIBl COBEPIIAIT TPAHC/SLIHOH-
HbBle M OPHEHTALIMOHHBIe OPOYHOBCKHE [BHKe-
Hus. CpefiHee BpeMs MeXIy AByMs IIoC/IeJoOBaTe/lb-
HBIMU [lepeOpPHUeHTALUSIMHU MOXKET ObITh 3aIIHCAHO
B BUeE [2]:

n=n(l+a ¢+p¢), 8 T= roexp(k%) , 9) For a spherical particle of mass m:
2 2
where the values of the coefficients =~ where 1, is the half-period of I= 1’];11‘ (11)

are respectively equal to «=2,5 and
B=10,05. Here [ - is a coefficient that
takes into account the effect of inter-
particle interaction in a colloidal
solution.

A colloidal solution is a system of
spherical colloidal particles of radius
r, uniformly distributed in a dis-
persed medium [4]. In highly diluted
solutions, we can assume that par-
ticles perform translational and ori-
entational Brownian motions. The
average time between two succes-
sive reorientations can be written
in the form [2]:

rotational vibrations, U is the
rotation activation barrier char-
acterizing the potential energy
of interaction of a colloidal par-
ticle with a dispersion medium
and a dispersion phase, T is the
temperature.

The half-period of rotational
oscillations, in its turn, is equal
to:

s

where I is the moment of inertia of
the particle.

According to [2], the time between
two successive rotational reorienta-
tions of a Brownian particle can also
be related to the coefficient of viscous
friction:

3

T = KT 12)

Equating (9) and (12), we obtain,
taking into account (10), the formula
1D):

2m 5 U

€= ZrtkTr(EJZGXP (k_T)’ (13)
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T= toexp(%), 9
Ifie T, - IOJYIIepHUOM BpallaTeabHbIX KoMebaHUM;
U - 6apbep aKTHUBALIUU BPAIleHU s, XapaKTepHU3yI0-
K DOTeHIHaJIbHYI0 SHEPTrHUI0 B3aUMOJENCTBUS
KOJUIOMAHON YaCTHUIBL C JUCIePCHOHHOMN Cpellon
U AUCIIePCUOHHOM da3om; T - TeMIlepaTypa.

[Tonymepuos BpalaTelbHbIX KolnebOaHUI, B CBOO
odepenp, paBeH:

T, = n(%)é, (10)

rge I - MOMeHT MHEPL MK YacTUIBI.
st cepryecKom YacTHIIBI MACChI M

_ 2mr?
5 -

I (11)

CornacHo [2] BpeMs MeXIy ABYMS IIOCIe0BaTeNb-
HBIMU BpalllaTelbHBIMU IIePeOpHeHTALUsIMU bpoy-
HOBCKOM YaCTHIIBI MOSKET OBITh TAK3Ke CBSI3aHO C KO3~
GUIIMeHTOM BSI3KOI'O TPeHUS:

3

T=———
2KkT" (12)

[TpupaBHuBasi (9) u (12), mony4uuM, ¢ yaetom (10), dop-
myny (11):

1

€= anTr(zsLEjzexp (k_L']rj 13)

KospdunmeHT BA3KOTO TPeHHUS LI chepuUe-
CKHUX YaCTHUI] CBSI3aH C BSA3KOCTBIO JKUIKOCTH 1)
COOTHoOIIeHUEM [2]:

_ 8
n 8T[I3 (14)
Iloxcrasnsis (13) B (14), momy4aum:
1
KT _Z(Zm)E ( U)

=2 28 —~\ 15
L 4 ' 50 exp kT as)

3amnunieM 6appep aKTUBALIUH B BU/IE C/IATA€MBIX:
U=U,+U,, (16)

rae U, XapaKTepU3yeT [IOTeHIHaIbHYIO 3HEPI UI0 B3aKHMO-
JeUCTBU S KOJIIOMTHOM YaCTHIIBI C JUCIIEPCHOHHOM Cpe-
nor; U, - IOTeHIIUAJIbHYI0 S3HepPTHI0 B3aKMMOJEHCTBHU S
YaCTHUI JUCIIEPCHOM $a3bl MexXAy cobom. [IIsl CHIBHO
pasbaBieHHBIX pacTBOpoB U;>>U,, K MOSKHO 3aIIHCATh:

U, = UZ(RO)(%T, 17)

rae R - cpefHee paccTOssHHEe MeXKZY KOJJIOMIHBIMU
YaCTULLAMH B PacTBope; R, — paBHOBeCHOe pacCTOsIHHe
Me>Ky KOJIJIOMTHBIMU YaCTHULIAMHU IIPU KOATY/ISLIUH, TO
eCTb COOTBETCTBYeT MUHHMYMY Ha 3aBUCHMOCTH IIOTEH-
LIHMaJIa B3aUMOJEUCTBUS [JBYyX YaCTHIL] OT PaCCTOSIHUS
MeKIy HUMU; 11 — LleJI0e IIOI0’KUTe/IbHOe YHCIIO, XapaK-
TepH3yIollee 3aKOH IIPUTSIKeHU SI KOJIJIOMIHBIX YaCTHI]

ApYr KAPYyTY.

The viscous friction coefficient for
spherical particles is related to the
fluid viscosity 1 by the relation [2]:

3

8nr?

n (14)

Substituting (13) into (14), we
get:

1
KT _Z(ijs (U)
Ll s — 1. as
=771 5u) ®Plar (15)

The activation barrier is:
U=0U,+U,, (16)

where U; characterizes the
potential energy of interaction

of a colloidal particle with a
dispersion medium, U, is the
potential energy of interaction
of particles of a dispersed phase
with each other. For highly
diluted solutions U;>>U,, and it
is possible to write:

U, - UZ(RO)(%)H, 17)

where R is the average dis-
tance between colloidal parti-
cles in solution, R, is the equi-
librium distance between col-
loidal particles during coagula-
tion, i.e., it corresponds to the
minimum on the dependence
of the interaction potential of

HAHO MHAVCTPHA Tom 13 Ne 6 (100) 2020

two particles on the distance
between them; n is a positive
integer characterizing the law
of attraction of colloidal parti-
cles to each other.

Expanding the exponential
term of expression (15) in a

series in x :% <<1 and, leaving
1

the terms of the series up to the

second order in x inclusive, we

get:

KT (me ( U, )
50 KT/ (18)

n
[1 +lx+—3x2}
2 8 .
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PackyaibIBasi SKCIIOHEHIIMAIbHbBIN YIeH BhIpaske-
U,

Hus (15) B paA 10 X o <<1 ¥ OCTaBJsIS YIeHHl psafa
1

N0 BTOPOro MOpSAKa IO X BKIKYHUTENbHO,
MOTYYHM:

1
KT (2m)2 Ulj[ 1.3 2]
=S 2E Sl 1+Sx+ox2. 18
" 4r2(5Uj EXp(kT e 18)

BBemeM 0003HAUeHU S

1
- KT (2P ()
Mo =27 5u) &P KT/,

o UZ(RO)(&)“ (19)
20, 2r/,
e

[IpuHaB, uto ¢ = (r / R)3, momcrasum (19) B (18)
U [IOJIyYHM OKOHYATeJIbHOe BbIPaskKeHHe s BI3KO-
CTH KOJIJIOUHOTO PACcTBOPA B 3aBUCHMOCTH OT 06B-
eMHOI oMK OUCIIepcHOH da3sl (P) U OT mapameTpa,
XapaKTepHU3yIOUero 3aKOH IIPUTSIKeHU S IIPH B3aH-
MOJEHMCTBHUU KO/UIOUHBIX YaCTHILL (N):

n _6
n= no(l +a¢’ +Bo an. (20)
Takum obpaszom, eciIU HOPHHATH, UTO
U(Ro) _ 1, R _ 1,7 ,n=3, mony4yum: a=2,5; f=9,3.
U, 2r

After that we introduce the

notation: colloidal particles - n:
) k_T(z_mf exol %)
o =4 su) “Plkr ,
o = UZ(RO)(&T 19)
20, \2r),
Bz_az Uz(Ro)=1 &:
U, ’2r

attraction in the interaction of

n _6
n=no[1+a¢3+s¢mj. 20)
Hence, on assumption that

1,7,

DTOT pe3yabTaT YAOBIETBOPUTEIBHO COTIACYeTCS
C BRIBOJIAMH, C/IeJIAHHBIMHU B pabote [3].

3AKNOYEHUE

JlaHHas CTaThs IIOCBSIIIEHA OIIMCAHHIO B3aUMOZIEHCTBUS
HAaHOYACTUIL] JUCIIePCHON pa3bl B KOJIOUIHOM pac-
TBOpE U, B YaCTHOCTH, HAHOYACTHL] OKCUJA KPeMHHUS
B pacTBOpe 3/IeKTPoaUTa. [Ipe/ilaraemMmoe TeopeTHYe-
CKOe PacCMOTPeHHe 3TOr0 B3aUMOJIekCTBHU S SIB/ISIeTCS
passutuem teopuu HJIBO. IIpu co3maHHUU MOLETHU
IpeJIIonIarauoch, YToO HAHOYACTUIIBI OKCHU/IA KpeM-
HUSI, HaXOJsIIHeCsl B PacTBOpe 3/IeKTPOIUTa, IIpe/-
CTaBJISIIOT CO60L1 COBOKYIIHOCTD 3apsi’KeHHBIX HaHOYa-
CTHII, HO B TO K€ BPeM$ OHU SIBJISIIOTCS 37IeKTPOHel-
TPaJbHBIMU HaHOYACTHLIAMHU. [IpH OMMCAaHUH B3aH-
MOJEHCTBH S 3TUX CUCTEM HCII0Nb3YeTCs IIPUOIIKe-
HHe OTHOCHUTEIBHO MAJIOCTH pa3Mepa 3apssKeHHBIX
HAaHOYACTHI] I10 CPABHEHHUIO C PACCTOSIHHUEM MKy
HUMHU. B HacTosimelt paboTe chenaHa MOMBITKA OIIH-
CaTh B3aMMOJeNCTBHE KONJIOHMAHBIX HAHOYACTHI]
B PaMKaX MOJleJIH B3aMMO/JIeHCTBHU S TOUYHBIX 3apsi-
n0B. [l/1s1 3TOr0 IpeJIokeHa IIPOCTast MOJENb, OIIH-
CBIBAIOIIASI B3AUMOJIEHCTBHE [JBYX CUCTEM 3JIeKTPH-
YeCKHX 3aPSL0B, HAXOASIIUXCS Ha IIPOU3BOIBHBIX
PaCCTOSIHUSIX APYT OT ApPyra. AHA/IM3 I10Jy4YeHHBIX
[IOTeHIIMAIPHBIX 3aBUCHMOCTEH OT "yIIPyroCTH" KOJ-
JOMIHBIX HAaHOYACTHUI] [TI0Ka3as HaJlk4Ke TPex 0Co-
OBIX TOYeK. DTH MOMEHTBHI CBSI3aHBI C KAYeCTBEeHHBIM
M3MeHeHHeM THUIIA B3aUMOJeMCTBUS HaHOYACTHIL
Mexxay cobor, YTO IO3BOJISIET pa3jiuyuyaTh YeThIpe
THUIIa KOJUIOUIHBIX HAHOYACTHUI] B PACTBOPAX 3/1eK-
TPOJIUTOB. PacueTsl yKa3blBalOT HAa BO3MOXKHOCTH

dispersed phase nanoparticles in
a colloidal solution and, in par-
ticular, silicon oxide nanopar-
ticles in an electrolyte solution.
The proposed theoretical con-
sideration of this interaction is
a development of the DLVO the-
ory. When creating the model, it
was assumed that silicon oxide
nanoparticles in an electrolyte

n=3 we

Assuming that ¢ = (r / R)3,
we substitute (19) into (18) and
obtain the final expression for
the viscosity of the colloidal
solution depending on the vol-
ume fraction of the dispersed
phase - ¢ and on the param-
eter characterizing the law of

obtain: a=2,5; $=9,3.

This result is in satisfactory
agreement with the conclusions
made in [3].

CONCLUSIONS
This article is devoted to descrip-
tion of the interaction of

solution present a collection of
charged nanoparticles, but at the
same time they are electrically
neutral nanoparticles. When
describing interaction of these
systems, the approximation is
used that the size of charged
nanoparticles is small compared
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to the distance between them. In
this work, an attempt is made to
describe interaction of colloidal
nanoparticles within the frame-
work of the model of interaction
of point charges. For this end, a
simple model is proposed that
describes interaction of two sys-
tems of electric charges located
at arbitrary distances from each
other. Analysis of the obtained
potential dependences on the
"elasticity” of colloidal nanopar-
ticles showed a presence of three
singular points. These moments
are associated with a qualita-
tive change in the type of inter-
action of nanoparticles with

each other, which makes it pos-
sible to distinguish between
4 types of colloidal nanopar-
ticles in electrolyte solutions.
Calculations indicate a possibil-
ity of existence of super soft col-
loidal systems with long-range
interaction forces between
nanoparticles. In such systems,
the formation of long-range
hyperstructures is possible,
that is, the formation of aggre-
gates without short-range inter-
action between nanoparticles.
Based on the analysis of the
obtained results, a classification
system for colloidal nanopar-
ticles is proposed. For rigid
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colloidal systems, an expression
is obtained for the viscosity of a
colloidal solution depending on
the volume fraction of the dis-
persed phase and a parameter
characterizing the law of attrac-
tion at interaction of colloidal
nanoparticles. ]
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