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Molecular imprinting of
bovine serum albumin
and lysozyme within the
matrix of polyampholyte
hydrogels based on
acrylamide, sodium salt
of 2-acrylamido-2-methyl-
1-propanesulfonic acid
and (3-acrylamidopropyl)
trimethyl ammonium
chloride

A.V. Shakhvorostov¥*, S.E. Kudaibergenov

Institute of Polymer Materials and
Technology, Almaty, Kazakhstan
*E-mail: alex.hv91@gmail.com

Molecularly-imprinted polyampholyte (MIP) hydrogels based on nonionic monomer —
acrylamide (AAm), anionic monomer — sodium salt of 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMPS) and cationic monomer — (3-acrylamidopropyl)trimethyl ammonium chloride
(APTAC) were obtained by immobilization of bovine serum albumin (BSA) and lysozyme in situ
polymerization conditions. It was found that the best amphoteric hydrogel for sorption of BSA
is APTAC-75H while for sorption of lysozyme is AMPS-75H. The sorption capacity of APTAC-75H
and AMPS-75H with respect to BSA and lysozyme is 305.7 and 64.1-74.8 mg per 1 g of hydrogel
respectively. Desorption of BSA and lysozyme from MIP template performed by aqueous solution
of 1M NaCl is equal to 82-88%. Separation of BSA and lysozyme from their mixture was performed
on MIP templates. The results of adsorption-desorption cycles of BSA on adjusted to BSA
polyampholyte hydrogel APTAC-75H and of lysozyme on adjusted to lysozyme polyampholyte
hydrogel AMPS-75H show that the mixture of BSA and lysozyme can be selectively separated
with the help of MIP hydrogels.

Keywords: molecularly imprinted polyampholyte hydrogels; bovine serum albumin,
lysozyme, sorption-desorption; separation of proteins.
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beiivoHabl moHOoMep — akpunamug (AAm), aHMOHAbI MOHOMEp — 2-aKpuiamuao-2-
MeTuN-1-NponaHcybGOH KbILWKbINAbIHbIH, HAaTPUii Ty3bl (AMIC) KaHe KaTMOHAbI MOHOMEpP
— (3-akpunamuponponun)-TpumeTunammonuii  xaopugi (AMTAX) HerisiHaeri Monekynanbik
— UMNPUHTUHITI nonnamdonuTTi ruaporengepre (MUN) 6yka capbicy anbbymuHi (BCA) meH
AMsoummai in situ nonumepney KafganbiHAA UMMOBUAM3aALMANAY apKblibl CUHTE3AenAi.
maporengepait, aKkybi3gapfa KaTbiCTbl  MaKcumanabl copbumansik Kacvettepi BCA ywiH
AMNTAX-751, an nusoumm ywin AMMC-75I ekeHairi aHbikTangbl. AMNTAX-75I xaHe AMMC-75I
rmaporenbaepaid 6CA aHe AM30UUM yWiH copbLMANbIK CUbIMAbBINbIFLI 1 T TMApOrenbre caikec
305,7 aHe 64,1-74,8 mr Kypaabl. MUM rugporenb maTtpuuacbiHad 1M NaCl cynbl epiTiHaiciHe
BCA KaHe Tn30uMMHIH aecopbumnanaHy aapexeci 82-88% Kypanabl. AKybi3gapablH KOCNAacbiHAH
BCA aHe nusouumpai 6enin any Taxipubenepi xyprisingi. BCAHbl AMTTAX-75 )aHe nusouumai
AMNC-75F MWN ruaporengepiHe bipHewe peT aacopbumsa-gecopbuma Kacay apKbiabl,
rmaporengepai Tanfamnasabikka 6eimaen, onapabl ogaH dpi cenekTUBTI benyae KongaHyfa
60naTbIHbIH KOPCETTI.

TyliiH ce3aep: MONEKYNaNbIK-MMNPUHTUHTTI NoAnambonunTTi rngporensep; byka capbicy
anbbymuHi; nM3oumnm; copbuma-gecopbumsa; akybidgapabl 6eny.

MoneKynAapHbIA UMNPUHTUHT
6blubero cbiIBOPOTOYHOTO
anbbymuHa (BCA) n
NN30uMMa B MaTpuULy
NoAMam@pOoNUTHbIX
rugporenen Ha

OCHOBe aKpunammga,
HaTpueBoii conun
2-akpunamupao-2-meTun-
1-nponaHcynbpoHOBOM
KUCNOTbI U
(3-akpunamupgonponun)-
TPMMETUNaMMOHUI XNopuaa

A.B. lLaxBopocTtoB*, C.E. KypaitbepreHos

WHCTUTYT NOAMMEPHbIX MaTepuanos u
TexHonorunii, Anmatsbl, KazaxctaH
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MoneKkynApHO-UMNPUHTUPOBaHHbIE MoanambonnTHble ruaporenu (MUM) Ha ocHose
HEeMOHOreHHOro MoHOMepa — akpunamupa (AAM), aHMOHHOrO MOHOMEpa — HaTPUEBOM
conn  2-akpunamupo-2-meTtun-l-nponaHcynbdoHosoit  Kucnotel (AMMC) M KaTMOHHOrO
MOHOMepa — xjopug (3-akpunamugonponun)-tpumerunammonusa (AMTAX) nonyuyeHsl
nytem ummobununsauum Gblubero cbiBOpoToyHOro anbbymumHa (6CA) u nMsnLoma B yCA0BUAX
in situ nonMumepusaunn. YCTaHOBNEHO, YTO MaKCUMaNbHYH COPOLMOHHYIO CNOCOBHOCTb Mo
oTHoweHwuto K BCA npoasnaet rugporens AMNTAX-751, Torga Kak Ana avsoumma — ruaporens
AMNMC-75I. CopbumoHHaa emkocTb AMTAX-75T n AMIC-75T no oTHoweHuto K BCA n nusouumy
coctasnaet 305,7 u 64,1-74,8 mr Ha 1r ruaporena cooTseTcTBeHHO. CTeneHb Aecopbuuu
BCA v nusoumnma us matpuubl MUM rugporens sogHbim pactsopom 1M NaCl coctasnset 82-
88%. MNpoBeaeHbl sKcnepMmeHTbl No pasgeneHnto BCA 1 nnsoumma 3 nx cmecu. PesynbraTsl
LUKAnYeckon agcopbumm-gecopbummn BCA Ha MWUM rugporene AMTAX-75T u nusoumma Ha
MU rugporene AMMC-75I nokasbiBatoT, 4To cmecb BCA 1 IM30UMMa MOKET BbITb CENEKTUBHO
pasaeneHa c NOMOLLLbio HacTpoeHHbIX MU rugporenei.

KnioueBble €N0Ba: MONEKYNAPHO-UMMPUHTUPOBAHHbIE MOANAMbONUTHbIE TUApOrenu;
6bI4nii CbIBOPOTOYUHBIN anbbyMuH; An30UnM; copbuma-agecopbuus; pasgeneHme 6enKos.
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(This paper is dedicated to 70*" anniversary of Professor Sarkyt E. Kudaibergenov)

1. Introduction

Molecularly imprinted polyampholyte (MIP) hydrogels
and cryogels[1] are perspective materials for biomedical
applications [2-6]. Macroporous amphoteric polyampholytes
based on N,N-dimethylaminoethyl —methacrylate and
methacrylic acid (MAA)[7], N-[3-(dimethylamino)propyl]
methacrylate and MAA[8], N,N-dimethylaminopropylacryl-
amide and acrylic acid (AA) [9], acrylamide, methacrylic acid
and N,N-dimethylaminoethylmethacrylate [10] were used as a
templates, adsorbents and carriers with respect to bovine
serum albumin (BSA), lysozyme and cytochrome C.

The imprinting capability of polyampholyte cryogels as
templates with respect to lysozyme, pepsin, ovalbumin,
hemoglobin, and y-globulin was compared [11]. An imprinting
factor (IF) calculated by the formula: IF =k /k, . (wherek and

NIP MIP
k. are the retention factors on the molecularly imprinted

NIP
polyampholyte — MIP and non imprinted polyampholyte — NIP)
changed in the following order: lysozyme >> ovalbumin >
hemoglobin > pepsin > y-globulin.

Molecularly imprinted polyampholyte hydrogel with
respect to BSA was prepared from acrylamide (AAm),
N-isopropylacrylamide (NIPAM), [2-(methacryloyloxy)ethyl]
trimethylammonium chloride (METMAC), and 2-acrylamido-2-
methyl-1-propanesulfonic acid (AMPS) monomers with MBAA
asthe crosslinker [12]. The morphology of molecularly imprinted
polyampholyte hydrogels (MIPAHs) and non-imprinted
polyampholyte hydrogels (NIPAHs) showed that the pore

diameter of MIPAHSs is larger than NIPAHs. The ideal conditions
for preparing MIPAHs were found, including AAm concentration,
NIPAM/AAmM molar ratio, charge densitiy ratio (expressed as
METMAC/AMPS molar ratio), and crosslinking density.

Earlier [13-15] we described the synthetic protocol of
linear and crosslinked quenched polyampholytes based on
sodium salt of 2-acrylamido-2-methyl-1-propanesulfonic acid
(AMPS) and cationic monomer — (3-acrylamidopropyl)trimethyl
ammonium chloride (APTAC), studied the behavior in aqueous-
salt solutions, evaluated the swelling properties and
complexation with respect to ionic dyes and surfactants. The
rheological, mechanical and self-healing properties of
hydrophobically-modified AMPS-APTAC hydrogels were
investigated [16]. Behaviors of quenched polyampholytes in
solution and gel state were also reviewed [17].

In spite of numerous publications devoted to imprinting of
proteins within polyampholyte hydrogels available information
on molecularly imprinted quenched polyampholytes for
immobilization of biomacromolecules are frequently lacking.
This paper considers the molecular imprinting of BSA and
lysozyme within quenched polyampholyte hydrogels to develop
the molecularly imprinted polyampholyte system for binding,
separation and purification of target proteins from a mixture.

2. Experiment
2.1. Materials
Proteins — bovine serum albumin (BSA), lysozyme, and

monomers — 2-acrylamido-2-methylpropanesulfonic acid

© 2021 Authors

This is an open access article under the CC BY-NC-ND 4.0 license (https://creativecommons.org/licenses/by-nc-nd/4.0/).



6 Molecular imprinting of bovine serum albumin and lysozyme within the matrix...

AMPSNa APTAC  AAm MBAA
HN:l%o HN:l%o H2N:KO HNlo
e
., &0 | HN__O
NaO~~~0 SNT g _f

(@)

I

N

Z
I
T

APS lﬁm
25°C HN-O HN

J=

N
— EH,
. Lo | HN_ O
NaO” "0 \T+ S|
k

Figure 1 — Polymerization protocol of AMPS-75H and APTAC-75H hydrogels

sodium salt (AMPS, 50wt.%) and (3-acrylamidopropyl)
trimethylammonium chloride (APTAC, 75wt.% in water),
acrylamide (AAm, 99% purity), crosslinking agent N,N’-
methylenbisacrylamide (MBAA, 99% purity), red-ox initiator
(Na,S,0,-Na,S,0,, 99% purity) were purchased from Sigma-
Aldrich Chemical Co., and used without further purification.
Reagent grade sodium chloride, sodium hydroxide and

hydrochloric acid were used.

2.2. Methods

UV-Vis spectra were recorded on UV-Vis spectroscopy
(Specord 210 plus , Germany). FTIR spectra of samples were
registered on a Cary 660 FTIR (Agilent, USA). Dynamic light
scattering (DLS) and zeta-potential measurements were provided
with the help of Zetasizer NanozZS 90 (Malvern, UK). pH of the
solution was measured by 905 Titrando (Metrohm, Switzerland).
Centrifugation of samples was carried out on the centrifuge Z 206
A (HERMLE Labortechnik, Germany) at 6000 r.p.m.

2.3. Synthesis of APTAC-AMPS-AAm (APTAC-75H) and
AMPS-APTAC-AAm (AMPS-75H) polyampholyte hydrogels

APTAC-AMPS-AAm (APTAC-75H) and AMPS-APTAC-AAmM
(AMPS-75H) hydrogels were synthesized at various initial molar
ratio of monomers and crosslinker (Figure 1). The content of
charged monomers in APTAC-75H was equal to 10 and 20 mol.%
while in AMPS-75H is 10 mol.% respectively (Table 1).

After polymerization the AMPS-75H and APTAC-75H
hydrogel samples were washed sequentially using distilled and
deionized water for one week, in order to remove the sol
fraction.

Table 1 — Synthetic protocol of AMPS-75H and APTAC-75H
hydrogels

Polyampholyte APTAC, AMPS, AAm, MBAA,
hydrogels mol.% mol.% mol.% mol.%
APTAC-75H 7.5 2.5 85 5
APTAC-75H 15 5 75 5
AMPS-75H 2.5 7.5 85 5

2.4. Imprinting of proteins into the matrix of AMPS-75H
and APTAC-75H polyampholytic hydrogels

Imprinting of BSA and lysozyme within the strong charged
polyampholyte hydrogels was carried out by the following
scheme (Figure 2):

template removal

‘ polymerization ‘ _ >
rebinding

functional monomers

& template crosslinking monomer

Figure 2 — Immobilization scheme of proteins within the
network of polyampholytes

The sense of molecular imprinting is that after removal of
the template the leaving cavities possess size, shape and
functional environment which are complementary to the target
molecule. In our case the selected protein or enzyme was mixed
with AMPS, APTAC and crosslinker — MBAA (5 mol.%) and
polymerized at room temperature. The template was removed
by washing of hydrogel samples by 1M NaCl several times.
APTAC-75H with excess of cationic monomer was suitable for
adsorption of BSA while AMPS-75H with excess of anionic
monomer — for adsorption of lysozyme.

The synthetic protocol of MIP adjusted to BSA is the
following. To vial containing 0.1 g of BSA preliminary dissolved
in 20 mL of deionized water the monomers APTAC, AMPS, AAm
and crosslinking agent MBAA were added, stirred 30 min and
purged 20 min by nitrogen to remove the dissolved oxygen.
After addition of red-ox initiator (Na,S,0,-Na,S,0,), the mixture
was stirred 20 sec and the vial was sealed with screwing band.
The mass concentration of monomers in mixture was equal to
10 mol.%. To avoid the denaturation of BSA, the polymerization
reaction was carried out at room temperature during 18-20 h.
The obtained monolithic gel sample was washed by deionized
water and crushed through the sieve with mesh screen 125 um.

For removal of the imprinted BSA from the AMPS-75H
hydrogel matrix 1 g of hydrogel paste was added to 20 mL of 1M
NaCl solution and shaked in centrifugal shaker at 300-350 r.p.m.
during 20 min. The microgel particles were precipitated on

BecTHuMK KasHY. Cepua xummyeckana. —2021. — Nel
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centrifuge at 6000 r.p.m. and an aliquot was taken from the
supernatant to determine the concentration of BSA by UV-Vis
spectrophotometer at 279 nm. The microgel particles were
washed out by 1M NaCl until disappearance of absorption peak
of BSA in supernatant. The absence of BSA in supernatant was
qualified as washing out of all imprinted BSA from
hydrogel matrix.

The procedure described above was used for imprinting of
lysozyme to and washing out from the polyampholyte hydrogel
matrix APTAC-75H.

2.5. Sorption of BSA and lysozyme by imprinted MIP

Templated microgel particles preliminary adjusted to BSA
(AMPS-75H)  and/or lysozyme (APTAC-75H) were used
afterwards for sorption of proteins. For this 10 mL 0.2 wt.% BSA
(or lysozyme) was added to templated microgel particles,
shaked in centrifugal shaker at 300-350 r.p.m. during 20 min.
Then the mixture of BSA (or lysozyme) and microgel particles
was centrifuged at 6000 r.p.m. during 10 min. The supernatant
was separated from the precipitate, weighed followed by
determination of protein concentration at A=279 nm. Such
procedure was repeated until the concentration of protein in
supernatant remained constant showing the completeness of
adsorption process.

2.6. Desorption of BSA and lysozyme from the MIP

Desorption of BSA (or lysozyme) from the MIPs preliminary
adjusted to BSA (AMPS-75H) and/or lysozyme (APTAC-75H) was
performed as described in previous section. Threefold washing
of AMPS-75H and APTAC-75H by 1M NaCl leads to full removal
of BSA and lysozyme from imprinted hydrogel matrix.

2.7. Separation of the mixture of BSA and lysozyme by
MIPs

For separation of the mixture of BSA and lysozyme by
MIPs the following experiments were carried out. 10 mL
0.1 wt.% mixture of BSA and lysozyme was added to templated
microgel particles AMPS-75H adjusted to BSA or to templated
microgel particles APTAC-75H adjusted to lysozyme, shaked in
centrifugal shaker at 300-350 r.p.m. during 20 min. Then the
microgel particles was centrifuged at 6000 r.p.m. during 10 min.
The supernatant was separated from the precipitate followed
by determination of the isoelectric points of proteins and
concentrations at A =279 nm.

2.8. Determination of the isoelectric points (IEPs) of BSA
and lysozyme in water

The IEPs of BSA and lysozyme were determined in aqueous
solution measuring the pH dependence of zeta-potential. In our
case the values of the IEPs of BSA and lysozyme determined by
zeta-potential measurement were equal to 4.58 and =10
respectively. However the IEP of lysozyme deviates from the
value of the IEP determined at the ionic strength 0.1 (pH ., 11.3)
[18]. This is probably due to different ionization degree of acid-
base groups of lysozyme in pure water and saline solution.

ISSN 1563-0331
elSSN 2312-7554

3. Results and Discussion

Figure 3 shows the amount of removed BSA during three
times washing of APTAC-75H crosslinked by 10 and 20 mol.% of
MBAA by 0.1M NaCl.

It is seen that comprehensive removal of BSA from APTAC-
75H crosslinked by 10 and 20 mol.% of MBAA takes place during
3 times washing by 1M NaCl. Approximately 82-84% of BSA is
desorbed from the molecularly-imprinted APTAC-75H. Figure 4
demonstrates the amount of adsorbed and desorbed BSA by
APTAC-75H the cavity of which was preliminary adjusted to BSA.
Charge density in APTAC-75H plays the crucial role in adsorption
of BSA. APTAC-75H with charge density 20 mol.% much higher
retains BSA (306 mg) compared to APTAC-75H containing 10
mol.% of ionic monomers.

14 -

=y
N
1

=y
o
1

BSA mass, mg

S I e i -

10% 20%
Hydrogel APTAC 75 - AMPSNa 25, charge density

Figure 3 — Amount of BSA washed out from the APTAC-75H
crosslinked by 10 and 20 mol.% of MBAA during three times
washing by 1M solution of NaCl
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Figure 4 — Sorption to and desorption from molecularly-
imprinted samples of APTAC-75H preliminary adjusted to BSA.
The crosslinking degree of APTAC-75H is 10 and 20 mol.%

Chemical Bulletin of Kazakh National University 2021, Issue 1



8 Molecular imprinting of bovine serum albumin and lysozyme within the matrix...

Analogous experiments were carried out with lysozyme
that is positively charged at initial pH 6.57 (Figures 5,6). It is seen
that comprehensive removal of lysozyme from AMPS-75H
crosslinked by 10 and 20 mol.% of MBAA takes place during 3
times washing by 1M NacCl. Adsorption of lysozyme on AMPS-
75H is much lower and in the range of 66-74.8 mg irrespective
the charge density. Approximately 74-85.7% of lysozyme is
washed out from the molecularly-imprinted AMPS-75H by 1M
NaCl.

Table 2 represents the results of sorption of BSA and
lysozyme on APTAC-75H imprinted for BSA and AMPS-75H
imprinted for lysozyme.

Table 2 — Sorption of BSA and lysozyme on APTAC-75H and
AMPS-75H imprinted for BSA and lysozyme

Protein Concentration, %  Sorption, % Sorption, mg/g
APTAC-75H
Lysozyme
0.1 1.02 7.58
AMPS-75H"
BSA
0.1 No sorption No sorption

As seen from Table 2 the positively charged lysozyme at
pH 6.57 is not adsorbed on positively charged APTAC-75H while
the negatively charged BSA at pH 6.57 is not adsorbed on AMPS-
75H that has the negatively charged matrix. However it should
be noted that some parts of proteins can be retained on the
“dead” volumes of hydrogels as a result of mechanical capturing
or physically adsorption on the surface of hydrogels.

Separation of the mixture of BSA and lysozyme by MIPs
adjusted to either BSA (APTAC-75H) or lysozyme (AMPS-75H)
was complicated due to complex formation between two
proteins in the range of pH 7.5-10.8. Our results are in good
agreement with data of authors [18].

Table 3 shows the results of selective adsorption-
desorption cycles of BSA on imprinted for BSA APTAC-75H
polyampholyte hydrogel and selective adsorption-desorption
cycles of lysozyme on imprinted for lysozyme AMPS-75H
polyampholyte hydrogel from the mixture of BSA and lysozyme
when the solution is turbid due to complexation of proteins
(formation coacervate complexes) in the range of pH 7.4-10.8.

10 -

[oe]
1

o
1

IS
L

Lysozyme mass, mg

N
N

0 T T
10% 20%
Hydrogel APTAC 25 - AMPSNa 75, charge density

Figure 5 — Amount of lysozyme washed out from the AMPS-
75H hydrogel matrix crosslinked by 10 and 20 mol.% of MBAA
during three times washing by 1M solution of NaCl

[ Sorption of Lysozyme

1004 [_] Desorption of Lysozyme

75 74,8

64,1 66

Lysozyme mass, mg
a
o
1

N
[6,]
1

10% 20%
Hydrogel AAm-(APTAC 25 - AMPSNa 75), charge density

Figure 6 — Sorption to and desorption from molecularly-
imprinted samples of AMPS-75H preliminary adjusted to
lysozyme. The crosslinking degree of AMPS-75H
is 10 and 20 mol.%

In the course of sorption BSA-lysozyme complex by APTAC-75H
or AMPS-75H it is expected at first the destruction of protein
complex and then adsorption of the target protein.

Table 3 — Cyclic selective sorption-desorption of BSA and lysozyme from their mixture by molecularly-imprinted polyampholyte

hydrogels (MIPH) AMPS-75 and APTAC-75

MIP/ Cycle 1 Cycle 2 Cycle 3

Protein Sorption, Desorption, Sorption, Desorption, Sorption, Desorption,
mg mg/% mg mg/% mg mg/%

APTAC-75H/BSA 20.37 16.7/82 15.42 13.41/87 12.01 10.09/84

AMPS-75H/Lysozyme 9.52 7.9/83 6.31 5.55/88 4.64 3.62/78
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Table 4 — Sorption efficiency of MIP hydrogels with respect to proteins and drugs.

MIP hydrogels Protein or drug

Sorption, mg/g Reference

APTAC-75H BSA
AMPS-75H Lysozyme
AAM-MAA-DMAEMA?® Lysozyme
AAmM-MAA-DMAEMA®¢

AAmM-MAA-DMAEMAP

AAM-MAA-DMAEMA®*

AAmM-MAA-DMAEMA®

AAmM-MAA-DMAEMA®¢

NIPA-APMA-Ibu® Ibuprofen
NIPA-AAc-Prop’ Propranolol
M15M’01DCO5L108 Lysozyme
M15M’02DCO5L10¢

M15M’05DCO5L10¢

AAmM-NIPAAM-DMC-AMPS-MBAAmM BSA
AAmM-NIPAAM-DMC-AMPS-MBAAmM Lysozyme
AAmM-NIPAAM-DMC-AMPS-MBAAmM Ovalbumin

3060
660-750

22 19
<10

431

150

125

a4

275 20
80

39 21
199

313

1,7 22
0,75

0,7

present work

a—monomer concentration in hydrogel is 4 % w/w.
b —monomer concentration in hydrogel is 20 % w/w.
¢ — monomer concentration in hydrogel is 40 % w/w.

d —runs are carried out at the different concentration of aqueous NaCl solution.

e — hydrogels were immersed 4.75 mM drug aqueous solutions at 4°C
f—hydrogels were immersed 1 mM drug aqueous solutions at 4°C

g —hydrogel based on NIPAAM-MAA-MBAAmM

Table 4 shows the sorption capacity of different MIP
hydrogels tested with respect to various proteins and drugs. It is
seen that MIP hydrogels based on APTAC-75H and AMPS-75H
demonstrate considerable high efficiency towards BSA and
lysozyme respectively in comparison with described in
literature.

4. Conclusion
Molecularly-imprinted polyampholyte hydrogels AMPS-

75H and APTAC-75H are proved effective tool for separation of

References (GOST)

the mixture of BSA and lysozyme. The cyclic selective sorption-
desorption of BSA and lysozyme from their mixture is in the
range of 78-84% and clearly demonstrates the separation of
target proteins by MIP.
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Synthesis of fluorescently-
labelled poly(2-ethyl-2-
oxazoline)-protected

gold nanoparticles

E.K. Nurgaziyeva?, S.E. Kudaibergenov?,
G.A. Mun?, V.V. Khutoryanskiy*3*

*Al-Farabi Kazakh National University,
Almaty, Kazakhstan

’Institute of Polymer Materials and
Technologies, Almaty, Kazakhstan
3Reading School of Pharmacy, University of
Reading, Reading, United Kingdom
*E-mail: v.khutoryanskiy@reading.ac.uk

Gold nanoparticles (GNPs) protected by poly(2-ethyl-2-oxazoline) (POZ) of different
molecular weights (M =5, 50, 200 and 500 kDa) were synthesised and characterised by dynamic
light scattering, nanoparticle tracking analysis, zeta potential measurement and transmission
electron microscopy. It was established that the use of POZ with 50 kDa resulted in formation of
GNPs with low polydispersity while POZ with greater molecular weights led to formation of more
polydisperse GNPs. Fluorescent labelling of these nanoparticles was achieved through their
reaction with polyethyleneglycol dithiol (8-12 kDa) as a linker molecule with subsequent reaction
with 6-(iodoacetamido) fluorescein. The fluorescent nature of obtained GNPs was confirmed
by the appearance of the fluorescence peak at 510 nm that is typical for fluorescein molecules
and glowing of the aqueous solution under the UV irradiaton. The fluorescently-labelled GNPs
are promising tool in biomedical application to monitor the biological systems using fluorescent
microscopy.

Keywords: poly(2-ethyl-2-oxazoline); gold nanoparticles; fluorescent label; polyethylene
glycol; colloidal stability; fluorescein.

MNonwu (2-aTun-2-
OKCa30/IMHMEH
TYPaKTaHAbIPbIAbIN,
dnyopecueHTTi-6€nrineHreH
anTblH HaHO6eNLWeKTepPiHIH
CUHTE3I

3.K. Hyprasuesa?, C.E. KyaaiibepreHos?,
I.A. MyH!, B.B. XyTopAHCKUA3*

'9n-dapabu aTbiHAaFbl Kasak yaTTbIK
yHuBepcuteTi, AnmaTtbl, KasakcTtaH
Monumepni matepuangap MeH
TEXHONOTUANAP UHCTUTYThI,

Anmarbl, KasakctaH

3PeMHT KanacbliHblH Papmaumanbik
mekTebi, PeanHr YHUBecuTeTi,

PeawHr, ¥AblbputaHus

*E-mail: v.khutoryanskiy@reading.ac.uk

Byn ymbicTa ap TypAai mosiekynanbik maccagafbl (5, 50, 200 and 500k/[a) noau(2-
3TWUN-2-OKCa30/IMHMEH) TypaKTaHAbIPbIIFAaH anTblH HaHobenwekTepi cuHTesgendi. byn
HaHobenWweKTep GU3NKANBIK-XUMUANBIK TanaayabliH bipHelle agicTepimeH cunaTTanibl, COHbIH,
iWiHAe AMHAMUKaNbIK XapblK Wallbipay a4ici, TPEKUHITIK Tanaay, A3eTa-noTeHuManabl eiey
)KOHEe 3NEeKTPOHAbl MUKPOCKONWA KONAaHbinAbl. Monekynanblk canmafbl 50k[a 6onatbiH
NoANn(2-3TUN-2-0KCa3oNMHAbI) KONAAHY NOAMAMCNEPCTiri TOMEH anTblH HaHObe/WeKTepiHiH
Ty3inyiHe SKeneTiHi aHbIKTaNAbl, an MOJEKYNaNblK Maccacbl KOFfapbl NONMMepAi KONAaHy
NoNMANCNEPCTIKTIH,  AOofapblnaybiHa akeneai. ®nyopecueHTTi-benrineHreH 6HenwekTtepai
onapablH, 6aiNaHbICTbIPYLWbl PeTiHAE KONAAHbINFAaH NONUITUNEHTNINKOND AUTUONBIMEH (8-12
k[a) peakuuAcbiHaH KeWiiH 6-(ogoaueTamuao)payopecleMHMeH apPEKeTTeCTipy apKbiabl any
aaicTemeci )acanabl. byn HaHobenwekTepaiH, dayopecueHTTi TabuFaTbl CyNbl AUCNEPCUACHIHA
TOH YNbTPAKYAriH cayneperi »KapkbliNbIMeH, COHAal-aK (GNyopecueHTTi CMeKTPpOoCKonuameH
pactangbl. byn HaHobenweKkTep GuomeaMLMHANbIK 3epTTeyaep yWiH naiaansl }KaHe onapablH,
6ronornAnbIK Kyhenepaeri KafoanbiH  GayopecueHTTi MUKPOCKOMWUA apKblibl 3epTTeyre
6onagbl.

TyiiiH ce3gep: Nonn(2-3Tnn-2-oKcaszonuH); anTblH HaHoGeWeKTepi; dayopecueHTTi benri;
MOIMITUIEHIINKO/Ib; KONZIOUATbI TYPAKTbUIbIK; GayopecuemnH.
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I.A. MyH?, B.B. XyTopsHCKuit'**

'KasaxcKkuit HaLMOHabHbIN yHUBEPCUTET
um. anb-®apabu, Anmatbl, KaszaxctaH
ZUHCTUTYT NOAMMEPHBIX MAaTepuanos u
TexHonoru, Aamatbl, KasaxctaH
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B paboTe CMHTE3MpOBaHbl HaHoYacTMubl 30s0Ta (HY3), npoekTMpoBaHHble noau(2-
3Tun-2-okcasonnHom) (MO3) c pasanuyHbIMKM MoneKkynapHbiMu maccamu (M =5, 50, 200 u
500 k[a), U oxapaKkTepusoBaHbl MeTOAaMW AMHAMMUYECKOTO CBETOPACCEAHWUA, TPEKUHIOBOro
aHanM3a HaHOYacCTWL, MW3MepeHMA A3eTa-noTeHuMana M npocBeyMBaloleil 31eKTPOHHOW
MWUKPOCKONUWU. YCTAaHOB/NIEHO, YTO ucnonb3oBaHue O3 ¢ HU3KOM MOJIEKYNAPHOWN Maccoi
50k0a npuBoguT K o6pasoBaHUto HY3 HM3KOM NOAMAMUCNEPCHOCTM, B TO BPEMS KakK
MCnonb3oBaHWe nonumepa c 6onblieil MONeKyNAPHOM Maccoil NPUBOAUT K NosyyeHuto bonee
nonauaucnepcHolx HY3. PaspabotaHa meToauKka nonyyeHua oayopecueHTHo-meueHbix HY3
NOCPeACTBOM WX Peakumm C NOAMITUAEHIANKOAb AuTuonom (8-12 k[a) B KauecTBe AuHKepa
npu nocneayioLlem B3auMoaencTBum ¢ 6-(ogoauetammuao)payopecuenHom. dayopecueHTHan
npvpoAa NoNyYeHHbIX HAaHOYACTUL, NOATBEPKAEHA NoABaeHUeM $yopecLEeHTHOro NuKa npu
510 HM, KOTOpbI XapakTepeH monekynam ¢ayopecuenHa u CBeYEHWEM BOAHOMO PacTBopa B
ynbTpadpuonetosom ceete. PnyopecueHTHo-MmeuveHble HY3 aBnatoTca obewatowmm ob6beKTom
AnA BUOMENLMUHCKOrO NPUMEHEHUA NPU MOHUTOPUHIe BUONOTMYECKUX CUCTEM C MOMOLLbIO
dnyopecueHTHOW MUKPOCKONUN.

KnioueBble cn0Ba: Noau(2-3TUN-2-0KCA30/IMH); HAaHOYaCTMUbl 30/10Ta; dayopecueHTHas
MEeTKa; NONIMITUNEHTINKO/b; KONNIOMAHAA CTabUNbHOCTb; byopecLemH.
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1. Introduction

One of the first studies of colloidal gold was reported by
Michael Faraday who was fascinated by unique properties of
this material [1]. In 1951 Turkevich et al [2] reported an easy and
highly-reproducible synthetic method of GNPs, which involves
reaction of hydrogen tetrachloroaurate (HAuCl,) with citric acid
(CA) in boiling water where CA acts as both reducing and
stabilizing agent. Later, it was demonstrated by Frens that the
size of nanoparticles can easily be controlled by varying gold-to-
citrate ratios [3]. The GNPs have received a great deal of interest
due to their unique physicochemical properties. In particular
they are very useful for various biomedical applications,
including therapeutic and diagnostic areas [4-6]. Moreover, the
GNPs are widely applied in catalysis [7-8].

The use of water-soluble polymers in the synthesis of
GNPs dates back to 1718, when starch was used to stabilize the
colloidal gold in aqueous dispersions [9]. Since then different
synthetic and natural water-soluble polymers such as poly(N-
vinyl pyrrolidone) [10-12], poly(ethylene glycol) [13-14], gellan
gum [15-16], k-carrageenan and pectin [12] were used to
prepare gold nanoparticles for various applications.

Poly(2-oxazolines) are an emerging class of polymers that
recently attracted a lot of attention for biomedical applications
[17]. Nanoparticles decorated with poly(2-methyl-2-oxazoline)
and poly(2-ethyl-2-oxazoline) were previously shown to exhibit
‘stealth’ properties and facilitate penetration through biological
tissues [18-19]. Previously, de la Rosa et al reported the
functionalisation of GNPs with xanthate-functional poly(2-
alkyl-2-oxazoline) [20].

Inthe present work we have synthesised and characterised
GNPs stabilised with commercially available poly(2-ethyl-2-

oxazoline) (POZ) using different concentrations and molecular
weights of the polymer. We also have developed the
methodology for preparation of fluorescently-labelled POZ-
protected GNPs using poly(ethylene glycol) dithiol as a linker
and 6-(iodoacetamido)fluorescein as fluorescent label.

2. Experiment

2.1. Materials

Poly(2-ethyl-2-oxazoline) (POZ) with M =5, 50, 200 and
500 kDa, poly(ethylene glycol dithiol) (PEG-dithiol) with M _=8-
12 kDa, 6-(iodoacetamido)flouorescein and tetrachloroauric
acid (HAuCl,) were purchased from Sigma-Aldrich (UK) and used
without further purification.

2.2. Synthesis of gold nanoparticles

Synthesis of GNPs was carried out by mixing 0.3 mL (10
mmol) HAuCl, and 10mL0.1,0.5,1, 2, or 4 w/v % poly(2-ethyl-2
oxazoline) (POZ) at room temperature. After dropwise addition
of aqueous solution of NaOH (0.5 M) the reaction mixture was
stirred for several minutes until the colour of the solution
changed which confirmed the formation of GNPs. When 0.1%
POZ solution was used the formed GNPs underwent quick
aggregation and precipitation pointing at too low concentration
of the POZ for stabilisation of the GNPs. The synthesized GNPs
were purified by dialysis against 4 L deionised water for 48
hours using cellulose membranes (molecular weight cut off 12-
14 kDa, Medicell International Ltd, UK).

2.3. Preparation of fluorescently-labelled
nanoparticles

2 mL of GNPs solution and 1 mL of poly(ethylene glycol
dithiol) (0.7 w/v %) were mixed and stirred at room temperature

gold
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overnight. The reaction mixture was then dialyzed against
deionised water using cellulose membrane for a week. 0.5 % 1
mL of 6-(iodoacetamido) fluorescein was added to this solution
and was stirred overnight. Then the reaction mixture was
dialyzed using a float-a-lyzer membrane (with 3.5-5 kDa
molecular weight cut off) for a week to get rid of unreacted dye.

2.4. Dynamic light scattering (DLS) and zeta potential
measurements

Particle size distributions and zeta-potential of GNPs in
aqueous dispersions were measured using Zetasizer NanoZS
(Malvern Instruments Ltd., UK). The results are presented as
the mean + standard deviation for three repeated
measurements. All experiments were performed at 25 °C. DTS-
1070 cuvettes were used for zeta potential measurements.

2.5. Nanoparticle tracking analysis (NTA)

The size of GNPs was additionally characterised using
nanoparticle tracking analysis using LM10 system with
temperature-controlled module, green 532 nm laser, and
syringe pump (Malvern, UK).

2.6. UV-vis spectroscopy

Absorption spectra of GNPs were recorded at room
temperature using UV-Vis spectroscopy (Specord 210 plus BU,
Germany).

2.7. Transmission electron microscopy (TEM)

TEM images of GNPs were recorded using a Philips CH 200
microscope operated at an accelerating voltage of 160 kV.
Samples were prepared by dropping a dispersion of the particles
on Formvar coated copper grids.

2.8. Fluorescence spectra

Fluorescence spectra were recorded for fluorescently-
labelled POZ-protected nanoparticles using a FP-6200
Spectrofluorometer (Jasco, UK) over the wavelength range 505-
700 nm (A_ =308 nm).

HAUCl,

gt

}

3. Results and Discussion

Formation of GNPs is usually accompanied by changes in
colour of solutions, the intensity of which depends on the
concentration and size of nanoparticles. In our case the color of
POZ solutions containing GNPs changes is shown in Figure 1.
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Figure 1 — Photographs of aqueous solutions containing GNPs,
which were synthesised using (a) 1 w/v % POZ of different M =
5 (1); 50 (2); 200 (3); 500 kDa (4); (b) POZ (M,, =200 kDa) of
different concentrations 0.5 w/v % (1); 1 w/v % (2); 2 w/v % (3);
4 w/v % (4)

The reduction of Au®* to Au® probably proceeds through
theionization of tertiary amine groups of POZ by HAuCl, followed
by formation of AuCl,(OH)" that is reduced into atomic gold [21]
and stabilized via chemisorbed lactame ring, as schematically
illustrated in Figure 2. In our mind the negative charge of the
system is accounted for chemisorbed chloride and/or hydroxide
ions on the surface of GNPs. The exact mechanism of this

’AuCI4l@
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— ’ —
¢}
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. //l ;
Supramolecular

interaction

Figure 2 — Proposed stabilization mechanism of GNPs by POZ
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reaction and which species act as a reducing agent for Au®* is
currently unclear. This will require further studies.

All nanoparticles were characterized using dynamic light
scattering, nanoparticle tracking analysis (NTA), zeta-potential
measurements and transmission electron microscopy. Figure 3
shows typical size distributions of GNPs measured by dynamic
light scattering in aqueous solutions. In most cases the size
distributions are monomodal, which indicates good colloidal
stabilisation of the nanoparticles. According to recent results
[12] the average hydrodynamic diameters of GNPs stabilized
with a series of synthetic and natural polymers varied from 5 to
30 nm, while the zeta-potentials were negative and range
between -28 and -42 mV. The colloidal stability of GNPs
protected by these polymers is very good over an extended
period of 36 days. A long-time stability of GNPs for our system
was also observed but was not studied in detail in this work. A
polymodal size distribution, on the contrary, indicates poor
colloidal stability, polydisperse nature and possible aggregation
of nanoparticles to form larger species. For example, polymodal
size distribution was observed for the GNPs synthesised in the
presence of 0.5 w/v % POZ with M_ =50 kDa.

Selected nanoparticles were additionally characterised
using transmission electron microscopy (TEM). Figure 4 shows
the TEM images of some GNPs. It is clearly seen that all of them

12 -

10 4 3

Mean Intensity, %
[=2]

1 10 .100
Size, nm

1000 10000

Figure 3 — Size-distribution of POZ-protected GNPs prepared
using 50 kDa POZ of different concentrations: 0.5 w/v %
(1-blue); 1 w/v % (2- green); 2 w/v % (3- bright blue), 4 w/v %
(4-red)

are spherically shaped polydisperse nanoparticles. The average
sizes of GNPs evaluated using TEM image analysis, NTA, DLS
together with polydispersity index (PDI) and zeta-potential data
are summarized in Table 1.

Figure 4 - TEM images of GNPs prepared using POZ 5 kDa (a, b, d), 50 kDa (c, e, f) at the polymer concentration of 0.5 (a)
and2w/v% (b, c,d,e,f)

ISSN 1563-0331
elSSN 2312-7554

Chemical Bulletin of Kazakh National University 2021, Issue 1



16 Synthesis of fluorescently-labelled poly(2-ethyl-2-oxazoline)-protected...

Table 1 —The average sizes of GNPs determined by NTA, DLS, TEM together with their PDI and zeta-potential

Sample Average size of GNPs, nm PDI Z-potential, mV
NTA DLS TEM

AuNPs /0.5% -POZ 5 kDa 20+5 19+1 13.9+1.2 0.259 -5.37
AuNPs /1% - POZ 5 kDa 26%14 22+1 * 0.342 -14.10
AuNPs /2% - POZ 5 kDa 5245 85420 13.3%1.2 0.168 -10.30
AuNPs /0.5 % - POZ 50 kDa 4014 82+4 11.5%1.2 0.191 -5.63
AuNPs /1% - POZ 50 kDa 2547 57+20 * 0.198 -10.20
AuNPs /2% - POZ 50 kDa 90+9 6146 12.5%1.0 0.138 -10.90
AuNPs /4% - POZ 50 kDa 133+8 2945 * 0.168 -8.92
AuNPs /0.5% - POZ 200 kDa 55+1 44%13 * 0.197 -12.10
AuNPs /1% - POZ 200 kDa 8415 29+1 * 0.480 -5.34
AuNPs /2% - POZ 200 kDa 67+6 3242 * 0.341 -10.50
AuNPs /4% - POZ 200 kDa 67+15 376 * 0.485 -7.99
AuNPs /0.5% - POZ 500 kDa 615 43+8 * 0.468 -10.9
AuNPs /1% - POZ 500 kDa 75+15 52412 * 0.602 -9.96
AuNPs /2% - POZ 500 kDa 71+6 30+1 * 0.429 -7.03
AuNPs /4% - POZ 500 kDa 67+18 36112 * 0.530 -2.65

*Samples were not characterised

It is clearly seen that POZ with 50 kDa results in formation
of GNPs with lower PDI = 0.138 — 0.198, whereas the POZ with
greater molecular weights produces nanoparticles with higher
PDI = 0.341-0.602. The latter can be explained by the greater
size of macromolecular coils of POZ that are associated with
bigger aggregates of GNPs. The discrepancy between the
particle sizes of GNPs determined by DLS, NTA and TEM is
observed. The particle size registered by TEM represents the
core of GNPs without a hydrated polymer-based shell. While
both DLS and NTA results show greater size of GNPs due to the
presence of a polymer shell. However, there is also some
discrepancy between DLS and NTA data. This is probably related
to application of different techniques used for calculation of
particle size. NTA tracks the motions of each individual particle
and then calculates the particle size, whereas DLS is based on
light scattering of all particles in the suspension. In this case DLS
is more biased to larger particles and NTA can provide
information on more polydisperse samples. These discrepancies
between DLS, NTA and TEM data are well documented in the
literature for similar systems composed of dense solid core and
hydrated polymer shells [22].

Overall, the GNPs prepared using 5 kDa and 50 kDa POZ
have a core-shell structure with 10-15 nm gold core and
polymer-based shell, whose thickness ranges within 3-40 nm
depending on molecular weight and concentration of POZ. The
greater values of the GNPs shell thickness are observed for POZ
with higher molecular weights due to bigger size of
macromolecules stabilising these particles.

Zeta potential measurements indicate that all GNPs have
negative charge due to chemisorption of chloride ions onto
GNPs. The low values of zeta potentials are probably accounted

for non-ionic nature of POZ, which shields the negatively
charged surface of GNPs. The main advantage of our approach
over developed in [12, 23] methods is formulation of POZ-
stabilized GNPs in the absence of any other reducing agents and
the possibility achieve the Au®* reduction process at room
temperature.

Previously, we reported the behaviour of thiolated silica
nanoparticles functionalised with poly(ethylene glycol) or with
poly(2-oxazolines) and their penetration through various
biological tissues such as the cornea [24], stomach mucosa [18-
19] and hair follicles [25]. The GNPs decorated with hydrophilic
polymer shells are also of great interest for tissue penetration
studies. However, conventional polymer-protected GNPs are
not fluorescent, which limits their detection by fluorescent
microscopy.

In the present work we developed a facile synthesis of
polymer-protected and fluorescently labelled GNPs using PEG-
dithiol as a linker. Thiol containing molecules have excellent
affinity to gold [26] and give an opportunity to link PEG-dithiol
macromolecules to gold surface leaving the other thiol end
intact. The possibility of some PEG-dithiol macromolecules
binding to GNPs surface with both thiol groups cannot be fully
ruled out. However, this binding will be sterically less favourable.

The free thiol groups present on the surface of GNPs after
this modification were used to conjugate with 6-(iodoacetamido)
flouorescein (6-1AFC), which resulted in formation of
fluorescently labelled GNPs (Figure 5).

The fluorescence ability of the fluorescently-labelled GNPs
was tested under UV light (Figure 6). The fluorescently-labelled
GNPs solution displays characteristic green glowing under UV
light, which is not observed for the unlabeled GNPs.
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Figure 5 — Scheme of synthesis of fluorescently-labelled POZ protected GNPs

Figure 6 — Aqueous solutions of POZ-protected GNPs without (a) and with (b) fluorescent labelling under the UV irradiation
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Figure 7 — Fluorescence spectra of POZ-protected GNPs without
fluorescent labelling (1) and with fluorescent labelling (2)

The fluorescence spectra of fluorescently-labelled GNPs
solutions clearly show the emission maximum at 510 nm, which
is typical for fluorescein (Figure 7). The unlabeled GNPs do not
display this characteristic fluorescence.

References (GOST)

4. Conclusions

GNPs were synthesised in the presence of POZ with
different molecular weights and concentrations. It was
established that both molecular weights and concentrations of
POZ affect the size and polydispersity of GNPs. Most of GNPs
are spherically-shaped and have a core-shell structure. The size
of gold core was around 10-15 nm and the thickness of the
hydrated polymer shell was in the range of 3-40 nm. The
synthetic protocol for the preparation of fluorescently-labelled
GNPs using PEG-dithiol as a linker and 6-(iodoacetamido)
flouorescein as fluorescent label was developed. It is expected
that POZ-protected and fluorescently-labelled GNPs can be of
great interest for biomedical applications, in particular as
therapeutic and imaging agents in cancer therapy.
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Synthesis and
characterization of novel
acrylamide-based ternary
polyampholyte as tracer
agent
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Anovel ternary polyampholyte composed of fully charged anionic monomer —2-acrylamido-
2-methyl-1-propanesulfonic acid sodium salt (AMPS), cationic monomer — (3-acrylamidopropyl)
trimethylammonium chloride (APTAC) and the positively charged fluorescent dye — acrylamide
Nile Blue (ANB) was synthesized by conventional free radical copolymerization and characterized
by FTIR, UV-Vis, fluorescence spectroscopy, dynamic light scattering and zeta-potential.
FTIR spectrum of AMPS-APTAC-ANB shows that introduction of 1 mol.% ANB into copolymer
composition does not influence the basic characteristic bands of polyampholyte. The adsorption
and emission peaks of AMPS-APTAC-ANB found at A __ = 586 nm and A__ = 660-680 nm are
attributed to ANB groups of terpolymer. The average qhydrodynamic size and zeta potential of
AMPS-APTAC-ANB in aqueous solution that are equal to 4.3 nm and &= —1.6 mV indicating the
globular conformation of amphoteric macromolecules with a slightly negative charge. Injection of
0.1 wt.% (or 1.3:10° mol-L") AMPS-APTAC-ANB into the core sample derived from the “Vostochnyi
Moldabek” oilfield demonstrated the passing of fluorescently-labeled terpolymer through the
core. The ternary polyampholyte containing the fluorescent marker can serve as oilfield tracer for
monitoring well-to-well connections (or interwell tracer test).

Keywords: ternary polyampholyte; synthesis; characterization; core flooding; filtration;
tracer.
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Anmarbl, KasakctaH
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*E-mail: iskander.gussenov@gmail.com

Tonblk 3apAATanfaH aHa YWTIK KypabiMAabl NoaMamdonnT, aHWOHAbIK MOHOMeEp —
2-aKpUNamunao-2-meTun-1-nponaHcynbdoH KbllWKbIAAbl HaTpuit Ty3bl (AMIMCK), KaTuoHabl
MOHOMep — (3-akpunamugonponun) TpUMETUNaMMOHMUI xnopuai (AMTMAX) KaHe OH
3apaaTansaH ayopecueHTTi 60Ay - akpunamua HuA kek (AHK) 6oc pagmkanabl cononumepneny
ajicimeH cuHTe3penpi koHe on UK-Dypbe CNeKTpoCcKonus, YAbTPAKYATiH-KepiHiC XaHe
bnyopecueHTTIK CNEKTPOCKOMUAMEH, KapblKTblH, AWMHAMUKaNbIK Liallblpaybl KaHe pA3eTa
noTeHuMansbl apKplnbl cunattanagbl. AMIMCK-ANTMAX-AHK cnektpi 1 monb.% AHK eHrisinreHin
KepceTeai, on cononumepaeri NonMamponnTTiH Herisri cunaTTamasnblK *KOMAKTapblHa acep
eTnenai. Makcumanapl kmax= 586 HM XaHe XMEX= 660-680 HM 6onaTbiH AMIMCK-ANTMAX-AHK
JKYTbIY MEH CayNeNeHy WbIHAApbl, Tepnonumepain, AHK TonTapbiHa aTagbl. AMIMCK-ANTMAX-
AHK-HbIH, Cy epTiHAiciHAeri opTawa rMApoAMHAMUKaNbIK MeJwepi MeH A3eTa NOTeHuManbl,
calikeciHwe 4,3 HM XaHe &= —1,6 MB 60naTbiH ampoTepai MakpomonekynanapabiH rnobynanbik
KoHdOopMaLumacbiMeH Bipre anci3 3apaabl 6ap ekeHiH kepceTTi. LWbiFbic Monaabek KeH opHbIHaH
anbiHFaH KepH yariciHe 0,1% (1,3-10° monb-n?) AMIMCK-APTMAX-AHK epiTiHgiciH aipay KesiHaoe
dnyopecueHTTi BenrineHreH TepnoaMMepAiH KepH apKbifibl Tay KbIHbICbIHA aAcopbumAchI3
OTKeHAiriH KepceTTi. dayopecueHTTi benrici bap ywTik nonnamdonunT yHFbiIManap apacbiHAafbl
6avinaHbicTapabl H6aKkblnayFa apHanfaH MyHal KeH OpblHAApbIH i34eCTipy KbI3MeTiH aTkapa
anapbl HeMece yHFbIMa iWiHaeri i3gey cbiHafbl peTiHae KonaaHbic Tabagbl.

TyiiiH ce3gep: yWTiK NonMamdonnT; CUHTE3; CUMATTama; KepH apKblibl angay; cysy;
Tpaccep.

CuHTE3 n uccnepoBaHue
HOBOro TpOﬁHOI’O
I'IOI'IMaMdJOI'IMTa Ha OCHoOBe
dKpuanamuga B Kayecrtee
TPaACCEePHOro areHTa

W. TyceHos', H. MyxameTrasbi'?,
A.B. WWaxsopocTtos?, C.E. Kygaii6epreHos!

MHCTUTYT NOAMMEPHBIX MAaTEPUANOB U
TexHonoruni, Anmatbl, KasaxcTtaH
2Satbayev University, Anmartsl, KazaxctaH
*E-mail: iskander.gussenov@gmail.com

HoBbIli  TpOWHOW NOAMamMPONUT, COCTOAWMN U3  CUIBHO3APAMKEHHOTO AHWOHHOrO
MOHOMEpPA — HaTPMEBOW CONMN 2-aKPUNAaMUL0-2-MeTuA-1-nponaHcyabPoHOBOM KncnoTbl (AMMC),
KaTUOHHOrO MOHOMepa — (3-akpunamugonponun) TpumetTunammoHuit xnopuga (ANTAX) u
NOJIOXKUTEIbHO 3apsXKeHHOro GAyopecLEeHTHOro Kpacutena — akpunamug Hun rony6oro (AHT)
CMHTE3MPOBaH MeToAoM CBOGOAHOPaAMKANbHOW COMOAMMEPU3ALMN U OH OXapaKTepu3oBaH
meTogamun UK-®ypbe, YO BuaMMON M GAyOpecLLeHTHON CNeKTPOCKONUKU, AUHAaMUYECKOro
cBeTopacceAHUs u aseta-noteHuumana. UK-dypoe cnektp AMIMC-AMNTAX-AHI nokasbiBaeT, YTo
BBegeHne 1 mon. % AHI B cocTaB cononumepa He BAMAET Ha OCHOBHbIE XapaKTEPUCTUYHbIE
nosocbl nonvamdonuta. AACOPOLMOHHLIA U  3IMUCCUOHHBIN nukM  AMIMC-AMTAX-AHT ¢
MaKCMMymamu npu kmax = 586 HM ¥ A . = 660-680 Hm npunucbiBatoTca AHI rpynnam
Tepnonumepa. CpegHermgpoanMHamuyecku pasmep n aseta-noteHuman AMMNC-APTAX-AHT
B BOAHOM pacTBope, paBHble 4,3 HM U &= —1,6 MB yKa3blBaloT Ha rMobynapHy KoHbopmauuio
amdOTEPHbIX MaKPOMOJIEKYN CO C/MabOBbIPaXKEHHbIM OTPULATENbHBIM 3apALOM. 3aKauka
0,1% (wnm 1,310 monb-n?) pacteopa AMMC-APTAX-AHI B o6pasew, KepHa, MOJYYEHHOTO U3
MecTopoXAaeHuA «BocTouHbli Mongabek» nokasana npoxoxaeHne GpayopecLeHTHO-MevyeHoro
TepnonMmepa 4vepes KepH. TpolHoi nonnamdonut, coaeprawmii GayopecueHTHbIN MapKep
MOXeT C/IYKMTb B KayecTBe Tpaccepa MpU MOHUTOPUHIE MEMCKBAXKMHHOrO MPOCTPaHCTBA
HedTAHBIX CKBAXKUH.

KnioueBble cnoBa: nonnamdoNUTHbIA TPOMHON CONOAMMEP; CUHTE3; XapaKTepUCTUKK;
3aBofHeHMWe KepHa; bunbTpaums; Tpaccep.
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1. Introduction

The strongly charged or “quenched” polyampholyte (QPA)
represents a macromolecule consisting of static positive and
negative charges independently on pH [1-3]. Earlier [4-7] we
have considered the behavior of linear and crosslinked QPA
based on fully charged anionic monomer — 2-acrylamido-2-
methyl-1-propanesulfonic acid sodium salt (AMPS) and cationic
monomer — (3-acrylamidopropyl) trimethylammonium chloride
(APTAC) in aqueous-salt solutions, complexation ability with
respect to ionic dyes, surfactants, swelling and mechanical
properties. Later on [8,9] we have reported the applicability of
amphoteric terpolymers composed of AMPS, APTAC and
acrylamide (AAm) as viscosifying agent in enhanced oil recovery
(EOR). Equimolar QPA based on AMPS-APTAC dissolved in saline
water with mineralization more than 200 g-L* was also tested to
evaluate the flow behavior through porous media [10]. It was
found that AMPS-APTAC solution is able to pass through the
porous media model. This invoked us to synthesize equimolar
QPA composed of equal numbers of anionic and cationic
monomers containing also a small amount of fluorescent
monomer — acrylamide Nile Blue for application as an interwell
tracer agent. The main reason of selection of ternary copolymer
AMPS-APTAC-ANB as polymeric tracer is that it is water-soluble,
highly stable thermally, chemically, physically, and biologically in
oil reservoir conditions, salt tolerant in oilfield water, detectable
invery low concentrations, low toxic, and has minimal adsorption
to the rock [11]. In the present communication we demonstrate
that the transport behavior of ternary copolymer AMPS-APTAC-
ANB through the core can open new smart tracing possibilities
for monitoring well-to-well connections.

2. Experiment

2.1. Materials

2-acrylamido-2-methylpropanesulfonic acid sodium salt
(AMPS, 98wt.% in water) and (3-acrylamidopropyl)
trimethylammonium chloride (APTAC, 75wt.% in water),
acrylamide Nile Blue (ANB, dark blue crystals, purity 99%) and
ammonium persulfate (APS, purity 99%) were purchased from
Sigma-Aldrich Chemical Co. and used without further
purification. The core sample of 3.9 cm length and 2.95cm
diameter purchased from “Vostochnyi Moldabek” oilfield
#2524 from the depth of # 500 m has the porosity of 0.094%
and permeability of 1 mD. According to elemental analysis the
core sample mostly consists of aluminosilicates of calcium, iron
and potassium. Brine solution from “Vostochnyi Moldabek”
oilfield #2524 with mineralization 100 g-L* was used for core
flooding test.

2.2. Methods

Absorption, fluorescence and FT-IR spectra of AMPS-
APTAC-ANB were registered on UV-Vis spectrophotometer
(Specord 210 plus BU, Germany), F97 Pro fluorescence
spectrophotometer (China) and Carry 660 (Agilent, USA),
respectively. The fluorescence spectrum of AMPS-APTAC-ANB
was recorded at emission wavelength A = 660-680 nm that is
very close to emission spectrum of monomeric ANB in water
(., = 674 nm). The average hydrodynamic size and {-potential
of AMPS-APTAC-ANB were determined with the help of a
dynamic light scattering (DLS) device (Malvern Zetasizer Nano
7590, UK). The core flooding experiments were conducted with
the help of special core flooding set up “YUK-C(2)” (Russia).

© 2021 Authors
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3. Results and Discussion

3.1. Synthesis and characterization of AMPS-APTAC-ANB
terpolymer

Acrylamide-based ternary polyampholyte AMPS-APTAC-
ANB was synthesized via conventional free radical (co)
polymerization at the molar ratio of initial monomers
[AMPS]:[APTAC]:[ANB] = 50:49:1 in the presence of APS at 60°C
during 4 h (Figure 1).
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Figure 1 — Synthetic protocol of AMPS-APTAC-ANB terpolymer

Table 1 — Identification of FTIR spectrum of AMPS-APTAC-ANB

Figure 2 and Table 1 show the FTIR spectrum and
characteristic bands of functional groups of AMPS-APTAC-ANB.

FTIR spectra of AMPS-APTAC (50:50 mol.%) and AMPS-
APTAC-ANB (50:49:1 mol.%) are identical, meaning that 1 mol.%
of ANB in terpolymer composition does not influence the
characteristic bands of polyampholytes [4]. UV-Vis spectra of
AMPS-APTAC-ANB in aqueous solution exhibit well defined
absorption maximum at A, =586 nm that is attributed to ANB
group of terpolymer (Figure 3).

The average hydrodynamic size and zeta potential of
AMPS-APTAC-ANB in aqueous solution are equal to 4.3 nm and
&=-1.6 mV, respectively, that indicate on globular conformation
of amphoteric macromolecules with slightly negative surface
charge (Figure 4).

In pure water the AMPS-APTAC-ANB macromolecules are
in globular state due to electrostatic attraction between
oppositely charged monomer units. It is likely that the ANB
molecules due to more hydrophobic character are replaced
inside of globules as shown in Figure 5. It is expected that due to
slightly negative surface charge of the AMPS-APTAC-ANB (&=
—1.6 mV) its adsorption to negatively charged surface of core
materials is minimal or even excluded.

3.2. Core flooding experiments with AMPS-APTAC-ANB
solution

The technology
considerable interest in oilfield operations [11] due to many
advantages over radioactive isotopes, ionic and organic tracers
[12]. For evaluation of interwell permeability and porosity the
authors [13] used fluorescent polyacrylamide microspheres,
which fluoresce under ultraviolet irradiation. A water-soluble

fluorescence-detection attracts
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Figure 2 — FTIR spectrum of AMPS-APTAC-ANB
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Figure 3 — Visible spectra of AMPS-APTAC-ANB in aqueous solution (a) and calibration graph (b) plotted in coordinates “intensity-
concentration” at concentration of [AMPS-APTAC-ANB] =0 (1), 0.0625 (2), 0.125 (3), 0.25 (4), 0.5 (5) and 1.0 wt.% (6). Insert is a
quartz cuvette containing aqueous solution of AMPS-APTAC-ANB.
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Figure 4 — The average hydrodynamic diameter (a) and the value of zeta-potential (b) of 0.15 wt.% AMPS-APTAC-ANB in aqueous
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Figure 5 — Schematic representation of structural unit of amphoteric terpolymer AMPS-APTAC-ANB (a) and formation of globular
structure (b) in dilute aqueous solution
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fluorescent polymer was prepared as a combination of a
flooding agent and tracer by introducing a polymerizable rigid
fluorescent coumarin monomer into polyacrylamide chains
[14]. Fluorescent polymer microspheres were also obtained via
the inverse suspension polymerization method with Rhodamine
B as a fluorescence functional monomer [15]. As distinct from
the abovementioned studies, in our case we have introduced a
trace amount of fluorescent monomer acrylamide Nile Blue
(ANB) into the composition of AMPS-APTAC quenched
polyampholyte to prepare globular and fully electroneutral
macromolecular chains to minimize or exclude their adsorption
to the rock. The advantages of our approach are that the QPA of
equimolar composition is water-soluble, salt tolerant and
adopts globular and quasi-electroneutral conformation in

aqueous solution due to mutual compensation of positive and
negative charges. The core flooding experiments were
conducted in the following sequence. At first, 40 mL of distilled
water was injected into the core sample at 1 mL'min™. In the
course of water injection, the pressure sharply increased during
5 min and leveled off at P = 0.08-0.10 MPa during 10-90 min.
The effluents were slightly turbid due to washing out of fine
dispersed microparticles present in the core sample. In the next
stage 50 mL, 0.1 wt.% (or 1.3-10°* mol-L") aqueous solution of
AMPS-APTAC-ANB were injected into the core sample
preliminary washed out by distilled water (Figure6). The
injection rate of AMPS-APTAC-ANB was equal to 0.1 mL-min™. In
the course of the test the injection pressure was increasing
gradually and blue color appeared in the collected effluents.

£S5 ‘1 |’ ‘l\ | hﬂhll’ }. . Im\dﬁ’lyﬂl‘lll ‘||m”|u‘||m\m
n]lu' ||.,||| ||":“|"|i'| “ ”‘M ,'|"\||l"||r|| r|l| |p| T 1
iy

S 2 46 258 4B

Figure 6 — Time-dependent change of pressure upon injection of AMPS-APTAC-ANB solution into the core sample and vials of
collected effluents at T =25 °C

Chase saline water flooding with salinity 100 g-L* shows
the linear increase in the pressure and replacement of
residual amount of AMPS-APTAC-ANB entrapped within the
core (Figure 7).

The presence of color initial 3 fractions of passed saline
water confirm the replacement of AMPS-APTAC-ANB in core
sample by saline water. The effluents were analyzed by UV-Vis
at A = 586 nm and fluorescence spectrophotometer at
emission wavelength A = 660-680 nm (A__ of pure ANB in
water is 674 nm) to determine the concentration of AMPS-
APTAC-ANB passed through the core and displaced by saline
water (Figure 8).

The fluorescence intensity of AMPS-APTAC-ANB gradually
increases after injection of the first 6 mL of polyampholyte
solution (Region 1). This is probably due to the dilution of

polyampholyte by residual distilled water left in the core
sample. A sharp increase in the fluorescence intensity is
observed after injection of 7mL of polyampholyte solution
through the core. It means that the main portion of AMPS-
APTAC-ANB passes through the core in Region2. The
fluorescence intensity of AMPS-APTAC-ANB levels off in Region
3 after injection of 12-25 mL of polyampholyte solution meaning
that the core sample is fully saturated by fluorescently-labeled
polyampholyte. Pumping of 100 g-L* saline water into the core
saturated by 0.1 wt.% AMPS-APTAC-ANB leads to the gradual
decrease of the fluorescence intensity of polyampholyte
solution. It is related to the replacement of AMPS-APTAC-ANB
with saline water. After the injection of 28 mL saline water the
fluorescence intensity of AMPS-APTAC-ANB decreases up to
38.5 a.u. It is 10 times lower than the initial concentration of
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AMPS-APTAC-ANB solution injected into the core (389 a.u.).
This implies that AMPS-APTAC-ANB is replaced from the core
sample by saline water. Thus, the novel QPA based on AMPS-
APTAC-ANB may be promising tool for evaluation of interwell
and interlayer connections, as well as heterogeneities of oil
reservoirs.

4. Conclusion
A novel ternary polyampholyte consisting of 50 mol.% of

anionic monomer — AMPS, 49 mol.% of cationic monomer —
APTAC and 1 mol.% of cationic fluorescent dye — ANB was

ISSN 1563-0331
elSSN 2312-7554

synthesized and characterized as oilfield tracer. Globular,
electroneutral and nano-sized macromolecules of AMPS-
APTAC-ANB in aqueous and aqueous-salt solution are proved to
be able to pass through porous media. It is expected that the
novel AMPS-APTAC-ANB formulation might be useful as a
polymer tracer for monitoring of oil wells.
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B 0630pe npuBeaeHbl UCCNELOBaHWA, B KOTOPbIX M3yYeHbl Pas/nyHble BUAbI TBEPAbIX
cTabuNM3aTOPOB 3MY/JbCUIA Ha OCHOBE HeOpraHUMYeckMx maTepuanos. HeopraHuyeckue
KOJIIOUAHbIE YaCTWLUbl MMET MPEeUMyLLecTBO A MONYYEHUA YCTOMUYMBBLIX IMY/bCUI
BCNeACTBUE MX IKONOTUYECKOW 6€30MacHOCTM ANA MPUMEHEHUA B NULLEBOM, KOCMETUYECKON,
bapmaLeBTMYECKON MPOMbBIWAEHHOCTH, MeguumHe. Imynbcum  [MuKepuHra obnagatot
6onblieit BUONOTMYECKOW Pa3araemocTblo MO CPABHEHMIO C KNACCUYECKUMMMU IMY/bCUAMM,
CTabuUNN3MPOBAHHBIMU MOBEPXHOCTHO-aKTUBHbIMK BeuwiecTBamu (MAB). MpeactasneH 0630p
HeopraHWYecKmnx BELLECTB, UCMOAb3YeMbIX AA CTabuansaumm asmyabcuii NMMKepuHra, BKAOYasA
TaKMe YacTuLbl, KaK OUOKCUA KPEMHUsA, TIMHUCTbIE MaTepuasibl, HAHOYACTULLbI METasNoB 1
OKCWUA0B METaNN0B, COEAMHEHUA KaNbLMa M YacTuy, yrnepoaa. MoKkasaHo, 4to pasHoobpasve
TBEPAbIX HEOPraHMYEeCKMX YacTUl, a TakKe moaMdMKauMa MNOBEPXHOCTHO-aKTUBHbIMMU
BELLECTBAMMU VX MOBEPXHOCTEN MO3BO/IAET NOAYyYaTb CTabUNbHbIE IMYNbCUM [TUKEPUHTA Pa3HOTO
TMNa ANA WWPOKOro CrnekTpa npumeHeHuin. CrepyeT OTMETWUTb, YTO HECMOTpA Ha 6osblwoe
KO/IMYECTBO MCCAeA0BaHMI, AAHHbIN KAacC AUCMNEPCHbIX CUCTEM BCE elle 40 KOHLA He U3yYeH,
NpeACcTaBNeHbl Pa3/iyHble Crocobbl MX MOJyYEeHMsA, MOKA3aHO B/WSHUE Pa3MeEpOB TBEPAbIX
4acTuUL, Ha YCTOMYMBOCTb M pasmep Karnesib IMyNbCUiA.

Kniouesble cnoBa: amynbcuun [MKepuUHra; HeopraHWYeckue 4YacTuubl;
MWKPOYACTULLbI; MPAMbIE 3MYIbCUU; 0BPATHbIE IMYIbCUMN.
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LWonypa 6GelopraHuKanblk  MmaTepuangap  HerisiHAeri  amynbcuAnapAplH,  KaTTbl
TYPaKTaHAbIPFbIWTAPbIHbIH, Typaepi KepceTinreH. beliopraHuKanblk Konnouatobl bGenwektep
a3bIK-TY/NiK, KOCMeTMKanblK, dapmaLeBTUKANbIK ©HepKacinTe, MeauUMHaAZa  KONAaAHY
YWiH onapAblH, 3KONOTMANLIK Kayinci3Airi cangapblHaH TypaKTbl aMynbcuAnapAbl any YLWiH
apTbIbIKWbINbIKTapbl  6ap. [MKepuHr smynbcuanapbl, 6eTTik-akTMBTI 3aTTapmeH (BA3)
TYpPaKTaHAbIPbIIFAH  K/AACCUKaNbIK 3MynbcuanapfFa KapafaHZa 6MONOTUANBIK  blablpaybl
ofapbl. Makanaga MUKepuHr amynbCuANapbIH TYPAKTaHAbIPY YILiH KPeMHUI AUOKCUAI, casabl
benweKTep, MeTantap MeH MeTanN OKCUMATEPiHiH HaHobesWweKTepi, KafbLMit KOCbINbICTapbI
MeH KemipTeri cuaKTbl 6eliopraHuMKanblK 3aTTapfa WOy YCbiHbIAFAH. KaTTbl 6ef0praHuKanbik
benweKTepaiH, apTypiniri, coHaain-ak onapAablH, 6eTTiK-aKTUBTI 3aTTapMeH MOAUDUKALUACHIH
KON4aHy 9pTypAai TUnTeri TypakTbl [MUKEPUHT 3MYyAbCUANAPbIH anyfa MYMKIiHAIK 6epeTiHi
KepceTinreH. 3epTTeynepain, Ken caHbiHa KapamacTaH, AUCNEepPCTi Kyhenepain, ocbl Knacbl ani
KYHre AeiiH TONbIK 3epTTeIMereH, Makanaga onapAbl anyablH TYpAi TacinAepi KapacTbipblaFfaH,
KaTTbl GenlweKTep enwemAaepiHiH, 3MyNbCUMA TaMLUbINAPbIHbIH, 6AWeMiHe XaHe 3Mynbcua
TYPaKTbI/IbIFbIHA dCEPi KOPCETINTeH.

TyiiiH ce3gep: MuUKepuHT amynbcuanapsl; beliopraHmkanbik 6enweKkTep; HaHobeWeKTep;
MUKpOb6eLWeKTep; TYPa IMY/IbCUANAP; Kepi aIMyabcuAnap.

Pickering emulsions stabilized
by some inorganic materials

A.O. Adilbekova, A.B. Yertayeva*

Al-Farabi Kazakh National University,
Almaty, Kazakhstan
*E-mail: ayaulym.ertaeval@gmail.com

The paper presents studies of various solid stabilizers of emulsions based on inorganic
materials. Inorganic colloidal particles have an advantage for obtaining of stable emulsions due to
their safety for use in food, cosmetics, pharmaceutical industry and medicine. Pickering emulsions
have a higher biodegradability compared to classical emulsions stabilized with surfactants. An
overview of inorganic substances such as silicon dioxide, clay materials, metal and metal oxide
nanoparticles, calcium compounds and carbon particles used for stabilizing of Pickering emulsions
is considered. A variety of solid inorganic particles as well as modification of their surfaces by
surfactants allows to obtain the stable Pickering emulsions of different types for a wide range
of applications. It should be noted that despite a large number of studies, this class of disperse
systems is still not studied fully; various methods of their preparation and influence of solid
particle size on stability and size of emulsions droplets are shown.

Keywords: Pickering emulsions; inorganic particles; nanoparticles; microparticles; direct
emulsions; reverse emulsions.
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1. BBepgeHue

3Mynbcuun, cTabmunnsnpoBaHHble TBEPAbIMU YacTULLAMMU,
Ha3blBalOTCA IMyNbcUAMM MMUKepuHra. dmynbcumn MuKepuHra
CoAepKaT TBepAble YacTULbl Ha FPaHULLe pasaena Kuakux das,
KOTOPbIE C/Y¥KaT B KayecTBe CTabUAn3MpyoWmx areHTos. B To
BpeMA KaKk AnA CTabuavsaumu TPagULMOHHBIX 3SMYbCUi
MCMO/Ib3YIOT HU3KO- U BbICOKOMOEKYNAPHbIE NOBEPXHOCTHO-
aKTUBHbIe BelecTsa (MAB) [1].

3TOT TMN 3MynbCMit HasBanu B yecTb C.VY.[TMKepuHra,
KOTOpbIV Brnepsble ux onucan 8 1907 r [2, 3]. M3BecTHO, 4TO B
1903 B. PamcpaeH [3] coobuwaet 06 agcopbunmn opraHnMYecKux
yactuy, (anbbymuH), Ha rpaHuue BoAa/BO34yX. Takue
YacTULbl — «NPOTEUAbI» HE ABAAOTCA peasibHbIMU TBEPAbIMU
YyacTuuamu. B.PamcaeH yTBepAgan, u4To Takaa agcopbuma
KMAFKUX TBEPAbIX YAaCTUL» MOXET TaKXKe MNPoUCXOo4UTb Ha
rpaHvue pasgena macno/sofa, HO MM He 6bln0  AaHo
9KCMEePUMEHTaNbHOTO [0Ka3aTenbCTBa, MOATBEPKAAIOLWEro
ero npegnonoxexusa. B pabote C.Y. MukepumHra coobuanocb o
bOpMUPOBAHUM YCTOMUMBDLIX IMY/IbCUIA NapadUHOBOTO mMacna,
cTabunnsmMpoBaHHbIX TBEPAbIMM YacTMLuamn. OH NoKasasn, yTo
3My/bCMKM,  CTAabUNU3NPOBAHHbIE
6onee cTabuibHbl, 4eM amynbcun Ha ocHoBe MAB. HecmoTps Ha

TBEPAbIMM  YacTULAMM,
TO, YTO 3My/bCMU MUKEPUHTa UMENIN onpeaeneHHble Npenmy-
WeCcTBa MO CPABHEHUIO C IMY/IbCMAMU Ha ocHose [MAB, oHu
6bI11 MPOUTHOPUPOBAHbI B TeYEHME AANTENLHOTO Nepuoaa.

C KaXkAblM rofoOM MOBbILLAETCA MHTEPEC K 3IMY/IbCUAM
MKepuHra wm3-3a WX LMPOKOrO CrneKkTpa MpPUMEHeHus B
MULWeBbIX MPOAYKTaX, ¢apmaLeBTUYECKMX npenapatax W
KocmeTuke. Cnpoc Ha 06bluHble 3My/bCMM NafaeT, Tak Kak
aBnaeTca npobnemon  npwm

3MYNbCUNA, MAB.
BaXHbIM MPEenMyLLEeCTBOM 3MyabCUA [UKepuHra sBafeTca

TOKCUYHOCTb OCHOBHOM

ncnonb3oBaHUn CTa6MﬂVI3VIpOBaHHbIX

HU3KaA cebecToMMOCTb M 3KONIOTMYHOCTb npn Ncnosib3oBaHunn

NPUPOAHbLIX FWH U APYrUX BUOCOBMECTUMbIX MaTepuanos [4,
5]. Mpwu ocywecTBAEHUN B IMYNbCUAX [TMKEPUHIa IMYNbCUOH-
HOW WMAW CYCMEeH3MOHHOW MONMMEepPU3aLMM MOXKHO NOAYYUTb
HaHOCTPYKTYPUPOBAHHbIE MOJIMMEPHbIE KOMMNO3UTbI, 1ATEKCbI
U MUKPOKANCY/bl C YHUKANbHbIMKU CBOMCTBaMM [6].

dmynbcun MUKepUHra B OT/IMUME OT TPALULMOHHBIX
3MY/IbCUIA MOTYT COXPaHATb CBOK YCTOMYMBOCTb B TeyeHue
HECKO/IbKUX MeCALEB UAKn faxe net. IMynbcun MNuKkepuHra u
06blYHble 3MY/IbCUN UMEIOT CXOACTBA M pas/iMuma. Bbicokas
CTabUNbHOCTb 3MYAbCUM, CTabUAM3UPOBAHHbLIX TBEPAbIMU
yacTuuamu, umeeT 60MblIOE NPEUMYLLECTBO C TOYKU 3peHus
CPOKa roAHOCTU cucTeM. WX pPeonoruio M XapakTepUCTUKK
OCaKAEHUA Ha MOBEPXHOCTAX, HAMPUMEp, KOXKM, HYKHO
nccnenosaTb. Takme aMysbcun MOTYT BbITb MUCMO/Ib30BaHbI KaK
WabnoHbl ANA YNOPAAOYEHUA YACTUL, B HOBble CTPYKTYpbI
nocne WCNapeHUs KUAKUX KoMMnoHeHToB [7]. Ha pucyHke 1
npeacTaBneHa Mofesib O6bIYHOW 3MynbCUWM, CTabunusu-
poBaHHOW Monekynamu MAB (a) u amynbcuu [MuKepuHra,
cTabnnnsnpoBaHHOW TBEPALIMM YacTMLAMK (6).

YcTOMUYMBOCTL  3mynbcuii  MuKepuHra
COOTHOWEHUA MacnaHoW M BOAHOW ¢asbl,
nobasneHna anekTponntos [5].

[na nonyyeHus amynbcuii MukepuHra, 6bian ycnewHo
MCMNONb30BaHbl Pa3/IMUHbIe KOIOUAHbIE YacTULLbl, B TOM YnCae
Takue Kak

3aBUCUT  OT
pH-cpeabl u

HeopraHM4YeckMe W MOAMMEpPHbIE KOMNOUAbI,
OMOKCUA, KpemHuA [8], nonumepHbln natekc [9], marHuTHble
YyacTuubl [10], rpadeH [11], ranHbI, NOAMMETUAMETaKPUAATHbIE
Yyactuupbl [12], HaHoOYacTMUbl METaNsIoB WU COEAUHEHUN
meTtannos [13, 15] u gpyrue [16].

YCTOMUYMBOCTb, TUM 3MY/NbCUM (NpAMan MaM obpaTHas),
mopdoaorma smynbcuii NMUKepmHra CIbHO 3aBUCAT OT CBOMCTB
TBEPAbIX YacTuu,. MosToMy BaXKHO Bbi6paTb MPaBUAbHbIN BUA,
HAaHO/MMKPOYACTUL, 4YTOBbI MNOAYYMTb HEOBXOAMMBIN TUM
amynbcui [17].
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a)

6)

1 -TBepaan yactuua, 2 — monekyna MNAB, 3 — aucnepcrMoHHan cpeaa (uakocTb 1), 4 — ancnepcHas dpasa (SKUAKOCTb 2)

PucyHok 1 — Cxema cTabunumsaumm amynbcum, ctabmunmsmposarHoi MAB (a) n amynbcum MukepurHra (6)

Pasmep yvactuy, gna nonyvyeHus [MUKEPUHT 3MyNbCUI
urpaet aHeprua agcopbumm
nNponopuMoHanbHa NaoWaAN COMNPUKOCHOBEHUA. Teepapble
YacTUUbl PA3/IMYHBIX PAa3MepoB (OT HECKONbKMX HAaHOMETPOB
40 MMKPOMETPOB) M GOPM 4aCTO MCMONb3IYIOTCA ANA NONYHEHUA
MUKEPUHT  3MYNbCUNA. PekomeHpyeTca MCNonb30BaTb
KONNIOWAHbIE YacTWLbl, KOTOpble CYLLeCTBEHHO MeHble (rno
KpaliHel mepe Ha OA4MH NOPALOK), YeM Kanaa amynbCun ans
bopMUpPOBAHMA CTPYKTYPUPOBaHHbIX cnoe. [18]. Tem He
MeHee, HeKoTopble nuwesble 3Mynbcuu MUKepuHra 6bian
3aAB/ieHbl KaKk cPOPMUpPOBaAHHbIE C AaHAIOTMYHBIM Pa3mMmepom
Kanjn macna v 4acTuubl, XoTa cnegyeT OTMEeTUTb, YTO aBTOpPbI
M3MepAAM pa3mep 4YacTul, [0 3SMYNbrMPOBaHMA U He
paccmaTpMBasv BOSMOXKHOCTb pa3pyLleHMA YacTuL, B npoLecce
roMmoreHusaumnm 7 He UCKAOYanmn cTabunmsaumto
menbYanlwmmm yactuyamm [19].

BONbWWHCTBO MccnepoBaTenelt NPUWAN K BbIBOAY, YTO
ANR TOro, YTo6bl NONYYUTL CTabUAbHbIE 3IMYbCUK TUKEPUHTa,
KNtoueBbIM  GaKTOPOM ABAAETCA CMayYMBaeMoCTb YacTuu,
KOTOpas MoeT OblTb OXapaKTepuM3oBaHa KPaeBblM YrIOM
cMaymBaHuA B Ha NnoBepxHOCTM pasgena a3 macno-yacTuua-
Boaa [7].

Onsa rmgpodunbHbIX Yactuy, ¢ 6 < 90° yacTuubl UMetoT
CpoACTBO K BOAHOM dase, cnocobcTBya 06pa3zoBaHUIO NPAMbIX
aMynbcuii Mmacno/soga. [lna Toro Ytobbl NOAYUUTbL 0BpPaTHbIE
aMynbCUM  BoAa/Macno, AOMKHbI  6bITb  MCMNOMb30BaHbI
rmapodobHble yacTuubl ¢ 8 > 90°. Yactuubl ¢ yrnom 90° Ha
BOZOMACNAHOW rpaHuLe pasgena obnafatoT MakcMmanbHoM
sHepruen pgecopbunn. Boicokas aHeprua, Heobxogmmasa ana
yAaneHua afcopbrpoBaHHbIX YacTUL, C MOBEPXHOCTU pasgena
NPUBOAMUT K BbICOKOW CTabUAbHOCTU 3MynbCuit MUKepUHra no
CPaBHEHUIO C 3MyNbCUAMM, CTabunmnsmposaHHbiMmu MAB [20].
MAB u1cnonb3yTcA OAHOBPEMEHHO C  YacTuuamu  Kak
KO3MynbraTopbl ANA MNOAYYEHUA Kenaemoro yrna cmadu-
BaHMA [21,22]. Takxe aBTOpPbl CUCTEMaTUYECKU W3y4Yanu

BaXXHYKO pPO/Jb, TaK KakK

cTabman3aumio MexaHM3ma amynbrMpPoBaHMA YacTMLAMMK NpPU
oTCyTCTBMM Mosiekyn [MAB ¢ Mcnonb3oBaHMEM 4YacTuy, ¢
pasnunyHoit rnapodobHOCTbIO B pAasge cuctem Boga/macno [9,
23, 24]. Hanpumep, 6bl10 nccneposaHo BANAHUE
CMa4MBaemMoCTM HaHouyacTuy, SiO, Ha YCTOMYMBOCTb CUCTEMbI
Tonyon/soaa (9. IMynbcuKM, NONYYEHHble C  MOMOLLbIO
cyneprugpodunbHbIX nam cyneprngpodobHbIX YacTul, Hbinn
HecTabuabHbIMW M paspywanncb. [MOKa3aHoO, YTO TO/bKO
YacTULbl C MPOMENKYTOUYHOW rnapodpobHocTbio (B = 90°) moryT
/IerKO HaKan/MBaTbCA Ha rpaHuLLe pasgena ¢as macno/soaa u
cTabnAn3nMpPoBaTb IMYNbCUMN.

3¢ddeKTMBHOCTL YacTuL, B KayecTBe CTabunansaTopos
3aK/t04aeTca B UX CNOCOBHOCTU 06pa3oBbIBATL CTEPUYECKUE
bapbepbl  BOKpYyr amynbcun.  Paccmatpusasn
AevicTeytowme cuabl Ha chepuyeckonyacTmLe, NpUKpenneHHom
Ha rpaHuue pasgena macno/Boaa, aBTopbl [25] nokasanu, 4to
KOa/lecueHLUMA BO3MOXKHA TONIbKO TOrAa, Korga 4yactuubl anbo
CMeLLeHbl OT rpaHuubl pasgena, 4vto [fenaeT OTKPbITYHO
NOBEPXHOCTb KanNAM [AOCTAaTOYHO OONbWON ANA  CAUAHUA
HeAO0CTaTOYHO MOKPbITble Kanau
UMEIOT TEHAEHLMIO K CIMAHMIO. ITO NOATBEPKAAETCA MHOTMMMU
B[26], rgoe wu3yyanm
KOa/feCUueHUMNo Kanenb MocpencTBOM MUKPOMAHUNYAALMUK.
MonHoe cnAusHMe HabAwAanocb NpuM HEMOAHOM MOKPbLITUK

Kanesab

Kanenb. Kak cnepctsue,

nccnenosaHnAmMM, B TOM  4YuUcie

NOBEPXHOCTU Kanau, B TO BpemMA KaK NMpu NOJIHOM NOKPbITUK
NOBEPXHOCTMN KOoanecueHuMAa He BO3HUKaeT. an HENONHOM
NOKPbITUXM NOBEPXHOCTU MNpoOUCxogunno 4aCctuyHoe cavAaHue.
B /UTepaTtype MOXKHO HalTU AaHHble,
noKasbiBawouimne o6pa3OBaHme CcTabuAbHbIX 3Myl'IbCMl7l npun

Tem He MmeHee,

HEeA0CTaTOYHOM MOKPbLITUM NOBEPXHOCTM [27,28] mnosyyeHsl
CcTabunbHble SMYNbCUM C MOKPbITUEM Kanenb Bcero 15%.

B npepnaraemom o0630pe ¢OKyc caenaH Ha BuAax
TBEPAbIX cTabunmsaTtopos 3MYNbCUiA Ha ocHoBe
HeopraHuyecknx Mmatepuanos. Kak oOTmeyeHO Bbille,
HeopraHuyecKkune KoNNoNAHbIe YaCTULLbI UMEOT NMPEeNMYLLEeCTBO

BecTHuK KasHY. Cepua xummyeckada. —2021. —Ne 1
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O1A NONYYEHUA YCTOMUMBDIX MTMKEPUHT SMYNbCUIA BCIeACTBUE
ux  6e3onacHoCcTM  ANA  MNPUMEHeHus B
KocmeTuyeckor,  dapmaueBTUYECKOM
YBeNMuMBaloWMNNCA MHTEPEC K CO34aHWUI0 KOPraHUYeCKUx»
NPOAYKTOB, CO3A4aHHbIX Ha OCHOBe He3omacHbIX mMaTepuanos
4NA noTpebneHMs 4eNloBEeKOM, a TaKXKe ANA OKpy:KatoLien
cpefbl, cnocobcTBYeT U3yyeHuto MuKepuHr amynbeuii. Cnegyet
OTMETWUTb, 4YTO HecMoTpA Ha 6osiblloe  KOAMYECTBO
uccnefoBaHUN, AaHHbIM BUA ANCNEPCHBIX CUCTEM BCe elle A0
KOHUa He u3yyeH. PasHoobpasme TBepabIX HEOPraHUYeCcKux
YyacTuy, Mo3BO/IAET WCMO/Mb30BaTb WX ANA  NOAyYeHun
CTabunbHbIX MUKEPUHT SMYNbCUIA ANA PA3ANYHBIX LEenew.

nuLLeBon,
NPOMbILWNEHHOCTM.

2. AnoKeup, KpeéMHUA U MUHUCTble YacCcTUl bl

YacTuubl KpemHesema ABAAOTCA OAHMMMU U3 Haubonee
M3yYeHHbIX TBEPAbIX YacTuL, B KayecTse cTabuausatopos
aMynbcuii MMKePUHra, Tak Kak OHU J0CTAaTOYHO N1EFKOAOCTYMHbI
M ux nerko moauduumposatb [29,30,17]. Hemoandu-
LMPOBaHHbIN  AMOKCUA,  KPEMHMA  MMeeT  TeHAEeHUMUIo
cTabunusnposaTb npamble 3Myabcuu (macno/soga) 3a cyet
rMapodUNbHOCTN, Tak Kak cogepxut rpynny Si-OH Ha
NoBEPXHOCTH YyacTuu, Torga KakK rmapodobHo-
MOANOULMPOBAHHbBIN AUOKCUA KPEeMHUA NPEeuMyLLeCTBEHHO
cTabunmsnpyet obpaTHblie amyabcum MukepuHra (Boga/macno)

[29,31]. BOANbLWMHCTBO UCCNEAOBAHWI  HampasaeHbl Ha
MofyyeHWe  pasiMuyHbIX  BMAOB  MOAUDULMPOBAHHOrO
KpemHesema ana ctabuamsaumii  amynbcum  MrKepuHra

pasHoro Tuna [17, 32].

ABTOpbI [33] Mcnonb3oBanu NanoHUT XLG (cMHTeTUYeckan
MHOTFOC/IOMHAA [IMHA, COAep)Kaliaa CUAMKAT MarHuva w
LwenoyHon metann), obpaboTaHHbI MAB ana obpasoBaHus
reneobpasHbix amynbcuii MukepuHra. lenesas CTPyKTypa
aMmynbcuii  Bbina obbacHeHa credylowum obpasom: 4yem
bonblie yaenbHas MNOBEPXHOCTb [MWMH, Tem 6osblue
amouodunbHbIX Monekyn, u 6onee cuabHOE NPUTANKEHUE
MexXay Kanaamu. MokasaHo [33], YTo anoHUTOBbIE NAACTUHDI,
Haxo4ACb Mexay ABymA dasamu, MOMM  He TONbKO
rapaHTMpoBaTb CTAabWAbHOCTb CUCTEMDI,
peaenvTb pasmep M NAOTHOCTb NPOAYKTOB, @ TaK}Ke CKOPOCTb
npouecca [33].

Kak oTmeueHO
cTabunumsatopos

HO “ npepgon-

BbllUe,
3MYNbCUIA

B paborte [5]
6blAN  NPUMEHEHbI
NPUPOAHbIE TAWHbI, KaK OGEHTOHMT, MOHTMOPU/IOHUT U
rekTopuT ans nonyyeHus NPAMbIX 3MYNbCUNA.
KOHLEHTpUPOBaHWe TBEPAbIX YaCTUL, Ha rpaHuue pasgena
macno/soga  Aocturanocb  gobanaeHuem HEMOHHbIX
KO3MYy/NbraTopoB (MOHOCTeapaT rAuuepuHa, AeKa(sTunex-
TNNKOMb) TeKCaLeuunoBblit abup, ankKUANOAUMAOKO3NA U
neuntunH). CopepiKaHuWe FAUHUCTbIX MUHEPaNoB B BOAHOM
aucnepcum  coctanano 2%. BallOMUHICKMIA BEHTOHUT M
COOTBETCTBYIOWMIA €My pacciamBaloLMiica  HaTPUEBbIN
MOHTMOPUANOHUT bblnn 3ddeKTUBHbIMKU CcTabunmsatopamu
3MyNbCUiA. TEXHUYECKME, aKTUBUPOBAHHbIE COA0N BEHTOHUTBI
4aBanu HecTabuibHble 3MYAbCUWU, UAN SMY/IbIMPOBAHME He

B Ka4ecTse
Takue
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6bi10  ycnewHbiM. dPdeKTUBHbIM  CTabunnsaTtopom 6bin

CUHTETUYECKMI  TeKTOPWT,  Bbi3bIBaBLWWN  BblpaXKeHHOe
YNAOTHEHUE MeKda3HOM rpaHuLLbl.

ABTopbl [34] ana nonyyeHua smynbcuii MukepuHra
MCMNOb30BaIM BKayecTBe cTabnuan3aTopoBHearpermpoBaHHble
HaHo4yacTUubl  KpemHesema pasmepom  30HM. bbian
MCMNOAb30BaHbl MOAAPHOE Macao (AMM3oNponuAa aaunaT) v
KonnougHana cycneHsuma kpemHesema Ludox AS 40. CtabunbHble
3MYNbCUMU MOTYT BbITb NPUFOTOB/IEHBI NPU COAEPKAHMUM Mac/a
60%. TakaacucTtemano3Boinia u3MeHUTbINEKTPOCTaTUYecKoe
B3aMMogencTeme nytem usmeHeHua pH M MOHHOM cuabl U
AOCTUYDL pexuma cnaboi agcopbumm yacTul, KpemHesema.
Crabunusauma samynbcum TpeboBana noHwkeHusa pH go 3,
4TObbI 0CNAbUTL 3NEKTPOCTATUYECKOE OTTA/IKMBAHME.

B pabote[35] 6bl10 McCNepoBaHO  peosiornyeckoe
nosegeHuWe cycneHsunii YacTuLa/macno n asmynbcuii NMukepuHra,
COCTOAWMX U3 BOAbI, 1-AoAeleHa M PasIMYHbIX HAHOYaCTuUL,
KONNIONAHOTO ANOKCMAA KPeMHUA. YacTuubl pasnmMyanncs no
mapopobHOCTM W yAenbHOW MAOWAAM  NOBEPXHOCTM.
ABTopbl [35] onpenenanu BAUAHME KOHLLEHTPALMU YacTul, U
COAEepPXKaHNA BOAblI HAa PEeoJIOrMI0 U pacnpegesieHne Kanenb
3MY/IbCUM NO pazmepam. IMYNbCUN C PA3IUYHBIMKU Pa3mepamum
Kanenb 6blAM co3haHbl MyTEM WM3MEHEHUA KOHLUEHTpauuu
YacTuL, MW cofepsKaHuAa BoAbl. Bblno 06HapyKeHo, 4TO
HaxXoX/eHWe YacTuL, B HemnpepbiBHOW macnaHol ¢ase, a He
pacnpegeneHne pasmepa Kanesab, NO-BUAMMOMY, ABAAIOTCA
OCHOBHbIM (aKTOPOM, B/MAIOLWMM HA PEOSIOTUI0 3MYIbCUN
MukepuHra.

Ha cerogHAWwHW aeHb, BOALLWIMHCTBO WCCAEA0BaHUN
amynbcuit MukepuHra 66110 NPOBEAEHO C HEOPraHUYECKUMMU
YacTULLAMM HA OCHOBE KpeMHe3ema, KoTopble UCMO/b3YIOTCA B
KauyecTBe MOAE/bHbIX CTabunnsaTopos amynbcuin MuKepuHra
ANA HeMULLEeBbIX 3MYNbCUIA. HYacTULbl KpeMHe3ema AO0CTYMHbI
Ha pbIHKE C LUWMPOKUM AMana3OHOM XapaKTePUCTUK: Pa3inyHble
pasmepbl YacTuy, (0T HAaHOYACTML, 4O MUKPOYACTULL), BbICOKME
yAenbHble NAoWaAn NOBEPXHOCTU U UX MOANPULMPOBAHHbIE
dopmbl [36]. MpoaykTbl, coaep:kawme MAB, moryT okasaTtb
HebnaronpuATHble BO34EMCTBMA Ha OPraHW3m, TaKue Kak

noBblWeHne YYBCTBUTENBHOCTM " remoiMTuyeckoe
npeinctsue [37].

B paboTe[38] wM3yyeHa YCTOMYMBOCTb IMYNbCUN,
CTabUAM3UPOBAHHBIX YacTULamu  (amynbcun  [uKepwHra),

MOANDULMPOBAHHBIMKA  Pa3anyHbIMKM  pacTBopamu [AB
YCTOMUYMBOCTb  3MYAbCUI,  CTaBUAMSUPOBAHHbLIX  TO/bKO
TBEPAbIMM YacTULLAMU. BbiN0o M3yyeHo BaAMAHME GOPMbI HaCTuL,
Ha obpasoBaHMe 3mynbcuit MUKepuHra. YCTaHOBAEHO, YTO
B3aMMOZLEeNCTBME MeXKAY YacTMuamm 1 Gopma YacTul, urpatoT
Ba)KHYH pOJ/ib B ONpesesieHNnn MUKPOCTPYKTYPbl U KOHEUYHOM
CTabUNbHOCTM 3MyNbCUIA. N5 onpeseneHns cTabuabHOCTH U
CTPYKTYpPbl 3MyNbCUi aBTOPbI [38] Mcnonb3oBann KOMBUHALMIO
OMNTMYECKOM, KOHPOKaNbHOW M KPUOTEeHHOW CKaHupytloLen
3N1EeKTPOHHON MUKPOCKOMUM.

[anee anacpasHeHusa, B Tabaunue 1 cpaBHeHbl HEKOTOpPbIE
[AaHHble N0 YCTOMYMBOCTU IMYNbCUIA MTUKEPUHTA B MPUCYTCTBMM
yacTuu SiO, c onncaHMem MeTo08 NOYYeHUA.
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Kak nokasblBalOT AaHHble Tabauubl 1, ycToNM4MBOCTb
amynbcuii MnKepmHra 3aBUCUT OT COOTHOLWEHMA $as, NpUpoabl
yactuy, wux  moaubduKauuu, yCNOBUM  nepemellnsBaHuA
amynbcuii. Kpome Toro, Haimume Kosmynbratopos B suge MNAB
OKa3blBaeT KaK CUMHepreTMyeckoe, Tak U aHTAarOHUCTUYHCKOE
adencteue. Tak, B [49] npuBeaeHbl faHHble 0 CTaBUBHOCTU U
peonorum 3sMynbCuiA  TPUKANPUAMHOBOrO Macna B Boje,
coAeprKalmx CMecb NMOBEPXHOCTHO-aKTUBHbIX TMAPOPUAbHBIX
HaHOYaCTUL, KpemHe3emMa W HeuoHHbIXx monekyn MAB, un
npoBeAEeHO CPaBHEHUE C IMYbCUAMM, CTaBUAN3MPOBAHHBIMMU
KaXXAbIM 3MY/IbraToOpPOM UHANBUAYaNbHO. [lobaBneHMe YacTumL,
B 3MyAbCcUio, CcTabunusmposaHHyto [AB, npuBoauT K
NoAB/IEHUIO HEBO/IbLIOrO KONNYECTBA KPYMHbIX Kanesb 3a cyeT

KoanecueHumu. Oob6asneHune MNAB B 3IMYNbCUIO,
CTabUNM3MPOBAHHYIO  YacTULAMKM, TaKXKe nNpueBeno K
YBENIMYEHUIO  KOanecueHuMu,  XOoTAa  YyCTOMYMBOCTb K

neHoobpas3oBaHWIO BO3pPOC/aa rNaBHbIM obpasom 3a cuyeT
yBennyeHua BA3KOCTU. OAHOBpPEMEHHOe 3MyNbrMpoBaHue
Yyactuy, v MAB NpuBENo K CUHEPrMYeckoin ctabuamsaumm npu
NPOMEXKYTOUHbIX KOHLeHTpaunax MAB; smynbcmm, NONHOCTbLIO
yCTOMYMBBIE KaK K NeHO0bpa30oBaHMIo, TaK U K KoanecLeHumm,
CYLLECTBYIOT NPU HU3KOW 06LLEN KOHLLEHTPALMM IMyIbraTopa.
Mcnonb3ya nsotepmy agcopbumm MAB Ha YacTULaX, BA3KOCTb U
OMTUYECKYIO NNOTHOCTb BOAHbIX AUCMEPCUIA HacTULL, MOKa3aHo,
yto Haubonee ycToWuMBBIE 3My/NbCUM 0bOpasylTcA K3
bNIOKYNMPOBAHHBIX  AUCNEPCUIA M YAacTUYHO TMAPODOOHbIX
yacTtuuy, [49].

MpAMble amynbcun, cocToALMe U3 BOAbl M NapaduHOBOTo
6bINM  NPUrOTOB/IEHbI U CTabUAM3MPOBaHbI  C
OBOVHOW  3My/NbrUpylowen  cuctemsl,

rmapodobHble  4YacTULbl KpemHesema U
MAB. WccneposaHo CUHepreTuyeckoe
B3aumogeictaume MNMAB c YacTULAMM U, B HYaCTHOCTU, BAUAHUE
KOHUeHTpauun MAB Ha cBOMCTBA 3amynbCuin. [Onsa nydwero
NMOHUMaHWA B3aMMOAENCTBMA WM MexaHu3ma cTabunmsaumm
SMy/NbCUM TBEPAbIMM YacTuuammn B npucytcTeum MAB 6bian
onpepaeneHbl MexdpasHoe HaTAKeHne, MopdONorMa amynbeum,
pacnpegeneHue Kanenab BoAbl N0 pasmepam, cTabuabHOCTb BO
BPEMEHU, Peonornyeckne HanpaKeHHo-gepopmmnpoBaHHbIe U
KonebaTenbHble cBOMCTBA. M0NyYeHHble pe3ynbTaThl NOKasanu
cyuiecTBoBaHue CUAbHOTO B3aMmogencTeuma mexay
monekynamu MAB n yacTuuamm KpemHesema. Kputuuyeckan
KOHUEeHTpauuma MuLenoobpasoBaHua ana cucTembl
CMeLlaHHOro amynbratopa 6bin1a 3HaYNTENbHO Bbllle, YeM ANA
nHamsugyanobHoro TMAB. B npucyTcTBun  Hebonblioro
konnyectea [MAB (0,1%) smynbcua xapaKTepusoBanacb
MaKCMManbHOM cTabunbHocTbio (40 21 cyTok 6e3 ¢dasoBoro
pasgeneHus). 3Ta 3aBUCMMOCTb bOblna NOATBEPNKAEHA
peonornyeckumm n3mepeHnAMM, KOoTOpble BbIABUIN
Hanbonbluee 3HaYEHME MOAYNA XPAHEHWA ANA STOM SMYNbCUN.
OnTuyeckas MMKPOCKONWUA BbiABMAA obpasoBaHMe NAOTHO
YNaKoOBaHHbIX arperaTtoB MeNKMX Kanenb, obpasyolwmx
MOCTUKM MEXAY COCEAHUMMN KPYMHbIMU Kanaamu, npu HU3KoWM
KoHUueHTpauun [AB. Bo3mMOXHbIM 06bACHEHMEM 3Toro
ABNIEHUA MOXKeET BbITb GNOKYNALUA MENKUX Kaneb SMYNbCUN B

macna,
MCMO/Ib30BaHNEM
BK/ItOYatoLen
HEMOHHOoe

ISSN 1563-0331
elSSN 2312-7554

HeBONbLWOro  KONMYecTBa  MOBEPXHOCTHO-
O6pasoBaHMe XJ/IOMbeB Bbli3blBAIO
dasbl,

cnenoBaTtenbHo,

NPUCYTCTBUM
aKTUBHOrO BellecTsa.
CrylwieHne HenpepbIBHOM
KecTKoCcTH

MacnaHom yBenndyeHune

3IMYNIbCUN U, nosblweHne
cTabunbHocTM amynbeuum [50].

B KauecTBe MoAeNu ANA NOHUMAHMUA TOTO, KaK IMYNbCUM,
cTabunumsunposaHHblie MAB, pearnpytoT Ha obaBneHue YacTumu,
aBTopbl [51] uMccnenoBanu peakumio 3MynbCUi AOAeKaHa B
Bofe, cTabwuamsmpoBaHHbix SDS  (aHMOHHbIM), CTAB
(KaTMoHHbIM) M Triton X-100 (HEMOHHbIM) MNOBEPXHOCTHO-
AKTUBHbIMU BeLLeCTBAMM, HA AobaBNeHne BOAHOW CycrneH3nm
oTpULaTENbHO yacTuy,
CTabuNbHOCTL Kanenb 3My/NbCUW W KOHUeHTpauua MAB Ha

3apAXKEeHHbIX KpemHesema.

rpaHuue pa3sgena macno/soga YYBCTBUTE/IbHbI K
B3aMMOLENCTBUIO MNAB c YacTmyamm, yCcnoBuaAm
nepemMellMBaHna W KOHUEHTpauuMM Yactuy B obbeme.

[obasneHne cycneHsmu yactuy, K SDS-cTabuamsmpoBaHHbIM
3MYNIbCUAM B/IMAHUA Ha CTabuabHOCTb
SMYNbCUN. YKPYMHEHMEe Kanenb sMynbcun Habnogaetcs npu
fobasneHun KpemHesema B IMyNbCUAX,
CcTabnAn3nNpPoBaHHbIX X-100. B 3aBucumoctn OT
KOHLLeHTPALMM YacTuL, KpeMHe3ema B cycrneHsuu gobasneHune

He OKa3blBano

yacTuy,
Triton

YyacTuy, KpemHesema B cTabuamampoBaHHble CTAB amynbcum
NPUBOAWIIO K KOanecLeHLMM Kanenb n ¢pasoBomy pasaeneHuto
macsa U BoAbl MAM 0OPa30OBaHMIO MOKPLITbIX YacTULAMMU
Kanenb. dHepruyHoe (BUXpeBOe) NepemellnBaHUe No3BoiAeT
yacTMuam aacopbupoBaTtbCcA Ha rpaHuuax pasgena Boaa/
Macno v ctabunnsmposaTb amynbcuu [51].

3. OKcuAabl kenesa

B nocnegHve roapl marHWTHble HaHouacTuubl Fe 0,
npvBiekatoT 6onblloe BHUMaHWe ucciegosaTteneit, ocobeHHo
B obnactM bMomMeaMLUMHbI, U3-32 UX Masol TOKCUYHOCTU W
NoNEe3HbIX MarHWTHbIX CBOMCTB. bosiblloe  KO/MYeCTBO
6UoOMeANLMHCKMX MaTePMaNoB bblM U3roTOBAEHBI C MOMOLLLbIO
3MYbCUIA CTabnUNN3NPOBAHHbIX Fe,O,.
HemoauduumposaHHble  HaHoyacTuubl  Fe,0, ABaaloTCA
MapoduabHbIMK - Bnarofapa  MHOXKECTBY FUAPOKCU/IbHBIX
rpynn Ha NOBEPXHOCTU YaCTHL, B TO BPEMA KaK OHU MOTYT BbITb
npespalleHbl B ruapodobHble 4Yepes COOTBETCTBYIOLLYHO
06paboTKy nosepxHocTK [29].

Bbin npoeeaeH pag MCCﬂeAOBaHMI‘;I C ucnonbsosaHnem

MukepuHra,

moaunduumposaHHoro Fe,0, Ana GOPMUPOBAHUA IMYNbCWIL
MuKepuHra, B To Bpema Kak [53] uccneposann pesynbrathbl
cTabmnumsaumm gByxpasHom cuctembl HeMOAUDULMPOBAHHOTO
Fe,O,. rmapodunbHble
HaHouacTuubl Fe,0, MoryT cTabunnsnMposaTb TONbKO CUCTEMbI

MX 3KCNepuMMeHTbl MOoKasanu, 4YTo
C HemoAsApHbIM MAW CNabonoNAPHbIM MAcAOM, F4e KpaesoWn
yron 6bin 64130K K 90°, B TO Bpems Kak ctabunusauma bbina
HeabdEeKTMBHA AR CUbHO MONAPHbLIX Maces U3-3a CAULLIKOM
Masioro 3HayeHua Kpaesoro yraa [52].

[aHHble pe3ynbTaTbl 6bIAN NOMYYEHbI MPU YCAOBUM, YTO
TO/IbKO TBEPAbIE YaCTWLbl C KPAaeBbiM YIIOM B HagaexKaliem
AnanasoHe MoryT 06pa3oBbiBaTb amynbcuio MukepuHra. Aas

Chemical Bulletin of Kazakh National University 2021, Issue 1



38 Imynbemm MUKepUHra, CTabuamsnpoBaHHbIE HEKOTOPbLIMM. ..

Toro, 4tobbl  pewuTb npobnemy U3 NpeablaywUx
uccnefoBaHui, HaHowacTuupl Fe,O, BnocneacTsuu 6biam
MoAndULMPOBaHbI A8 YBeUYeHUA ux rugpodobHocTH [53].

OfHMM M3 CaMblX YHMUKANbHbIX NPEUMYLLECTB IMYNbCUI
MKepuHra, cTabuUAU3MPOBAHHbIX MArHUTHbIMM YacTULAMM,
ABNAETCA TO, YTO OHWU MOTYT BbITb IEFKO AE3MYIbIMPOBATLCA U
MCMNO/Ib30BaTbCA MNOBTOPHO, MPOCTO MNPUMEHAR BHelHee
MarHWTHoe nose. B 3TOM OTHOWEHWMM OHU YyAOOHbI ANA
usBneyeHma oTxodoB M3 Boabl. OHM  uMCNosnb3oBanu
HaHouyacTuubl Fe,O,, rnapodobusmposaHHbie 0NenHoBoOM
KMCNOTOW, AnA obpa3oBaHMA cHayana obpaTHbIX IMy/bCUi
MukepuHra Boga/macno, 3aTem obpasosanack cuctema (Boaa/
macno/soga) nocne  pobaBneHusa  BoAHOM  dasbl  C
opraHuyeckumu otxogamu [54]. 3TOT HOBbIW TUN BbITAXKHOW
cuctembl  ByAeT  LWMPOKO MCMONAb30BaThCA B byayuwiem
6narofapa NPUroAHbIM ANA NOBTOPHOrO WMCMO/Ib30BaHMA
CBOMCTBAM AaHHbIX YaCTULL.

ABTopbl [55] Aans ctabuamsaumm smynbcuii MuKkepuHra
Mcnonb3oBann HaHovactuubl Ludox CL n Fe,O,. YcTolumBsble
aMynbcun 0bpasosbiBanuch npu pH 8. Mpu Mcnonb3oBaHUM
cmecu HaHoyacTumy, Ludox HS-30 u Fe,O, He yaanocb nonyuntob
3MY/NIbCUM, YCTOMYMBBIE K 06PaTHOW ceguMeHTaLnK, SMYNbCUN
COXPaHANM CBOKO YCTOMYMBOCTb Npu pH 2-6.

B wuccneposaHmn [56] npepcTaBneH obwumii metop,
MONYy4YeHUA MArHMTOYYBCTBUTEIbHOW WMOHHOW KWAKOCTU Ha
ocHoBe 3MYNIbCUIA MuKepuHra, CTabunmM3npoBaHHOWM
amoudumnbHbIMM HaHovacTuuamu Fe O,. MoaTBepKAEHO, YTO
MoNyYeHHble MarHUTHble HaHoYacTWUbl NpoABAAlT bosee
CUNbHYIO MeXda3Hylo aKTUBHOCTb, B pe3y/abTaTe u4ero
06pasytoTca cTabusbHble aMynbeun MuKkepuHra 6e3 nomoLm
Kakoro-nmbo conytcTaytowero MAB. MonyyeHHana amynbcus
MKepuHra ABNAETCA XOPOLIEW IKCTPAKLMOHHOW CUCTEMOW,
KoTopasa 3¢deKTUBHO oTaenseT xaopbeHson, ¢eHon u
MeTWUIOPaHIKEeBbI OT BOAHOro pactsopa. [ O4YUCTKKU BOAbI
OT OpraHWYyeckux 3arpAsHuTeneit 6Gblia  Mcnosb3oBaHa

MarHuTHaA cenapauyus.
4. Kanbuuiicoaepskawme 4actuubl

CoeguHEHUA KanbLMA LIMPOKO WCMONb3YOTCA AN
nosy4YeHunn amynbcuii MukepuHra. Tak, Bbiwe 66110 OTMEYEHO
nccnegosaHue [42] ¢ UICNONb30BaHWEM KaNbLMTA COBMECTHO C
SiO, Ana nonyveHna smynbcuin NMukepuHra.

Bnarogapa oTAMYHOW aAcopbUMOHHOW CcnocobHOCTU
HaHo4yacTuubl rmapokemanatuta [Ca, (PO,) (OH),] nHTeHcusHO
npumeHstoTca aAna  obpasoBaHUA 3MynbCUid  TUKepUHra,
KOTOpble MOTYT UCNOb30BATLCA B Pa3/INYHbIX 061aCTAX, TAKUX
Kak  buomaTepuanbl, aacopbeHTbl WM KaTaausaTopbl.
mapoKcmanatTuT [Ca,,(PO,),(OH),] aBnserTca BaXKHbIM
KOMMOHEHTOM B Ye/0BEYECKOM OpraHM3mMe U OCHOBHbIM
MWHepanom B KocTAx 1 3ybax[29]. Kpome Toro, rmapokcnanatut
MOKEeT OblTb CMHTE3UPOBAH PA3/IUYHBIMM MEeToAaMM, TaKue

KaK MOKprﬁ XUMUYECKMNI npouecc, 30nb-resib MeTo4.
[lokaszaHo, 4YTO HaHoYacTULbl o6pa303b|Bam4 npAamble
SMYyNbCUW  TUMA Macio/BoAa, KOrga Macnio coaepasio

adupHytlo rpynny uam macnaHaa ¢asa comepana gpyrue
nonvmepsbl ¢ 3PUPHbBIMKU TPyNNamu, Torga Kak HaHOYaCTULbI
r'MAPOKCMaNaTUTa B OAMHOYKY HE MOTYT paboTaTb B KayecTse
amysibraTopa A41a NoayYyeHus amynbcuii Mukepunra [57, 58].

B wuccneposaHum [59]
aencTena mexay GyHKLMOHANbHbIMM FPynnamm noaMMepos 1
rpaHuue pasgena @¢as
macno/sofa vmenu peliarolee 3HauyeHve B cTabunusaumu

noareepxgeHo, 4YTO B3aUMO-

HaHOYaCTUL, rMApPOKCHMANaTUTa Ha

aMynbCuii MUKepUHra, a TakKe ANA peryavposaHusa pasmepa
Kanenb U mopdonoruu npoayktos. Mccnegosatenu Bbibpanu
MOJIeKYNbl MOAUCTUPONA C PAa3AUYHbIMU GYHKLMOHANbHBIMM
rpynnamu  (KapboKkcuabHble rpynnbl, 3dupHble rpynnbl) K
MONIEKYNAPHBIMU MAccamu U UCCNeLOBaNn WX BAWAHME HA
obpasoBaHue 3MYNbCUA,  CTAaBUAN3UPOBAHHBIX
HaHoYacTULAMM TMAPOKCMANaTUTa.

ABTopbl [60] cTabunusmpoBann smynbcumn MukepuHra
HaHouacTULaMu MCNoNb30BaHMEM
NOAMMONOYHON KUCOTbl, PAacTBOPEHHOW B AMXJAOpPMeTaHe

Kanenb

rMAOpoKcnanaTtnuTa C

(CH,CL) B KauecTBe macnaHo dasbl M BOAHOW Aucnepcueit
rMapoKcManaTuTa B Kadectse BOAHOM ¢asbl. Bbino M3yyeHo
KOHLLeHTpaUMM MNOJIMMONOYHON  KUCAOTbI, pH,
KOHLLeHTpaLMM rMapOoKCcManaTnTa, COoTHOLWEHMeE BOAbI/ Macna,
CKOPOCTb M BpemsA 3MyAbrMpoBaHMA Ha CTabUAbHOCTb
3MYNbCUN. Pe3ynbTaTbl MOKa3aau, YTo CTabuabHOCTb 3MYNbCUN

BAnAHUE

nosblWaeTcAacyBe/IMHEHNEM KOHLUEHTPAUUN TNUAPOKCHMANATUTA,
CKOPOCTU U BPEMEHU SMY/IbIMPOBAHUA.

5. AnoKcup TuTaHa

B paborte [61] 6bina MccnesoBaHa BO3MOXKHOCTb CO34,aHMUA
NpAMbIX  3Mynbcuin  MWKepuHra 3a  cyeT
CamMoopraHMsuMmM HaHovacTuy, TiO, Ha rpaHuue paspena
macsio/Boaa. AMOKcMaa TuTaHa obnagatot
YHUKaNbHbIMK OTOKATaZIMTUYECKMMWU CBOWCTBAMM, KOTOpbIe
WUCMONb3YIOTCA  A1A  PA3/IOXKEHMA  OpPraHUMYeckux  u
HEOopraHMYeCcKMX OTXOA0B, Ae3aKTUBALUN BUPYCOB, BaKTepuii,

CTabunbHbIX

HaHouvacTuupbl

MUKPOrpuboB 1 MUKPOBOAOPOCAEN U YHUUTOXKEHUA PAKOBbIX
KNeToK [62, 63]. B aTOomM cnyyae BMpPYCbl, MUKPOObI U KNETKK
MOTYT 6bITb NONHOCTbIO PA3/IOKEHbI U MUHEPANMU30BaHbI A0
yrnekucnoro rasa, BoAbl M 6e3BpefHbIX HEOPraHUYecKux
aHMOHOB, U PA3N0XKEHWNEe 3arPA3HAIOLLMX BELLEeCTB NPOUCXOAUT
npu TemnepaType W [AaBNEHUM OKpyKatoweln cpegbl 6e3
ob6paszoBaHua npoayktos. CoueTaHue
npevmyLLecTs doTokatanutu-
YEeCKMMMU CBOWCTBAaMM HAHOYACTUL, AMOKCMAA TUTaHa npwu

NONNUNKNNUYECKUX
MUWKPOKancynnposaHna ¢

06pasoBaHUM 3MynbCuit [IMKEpUHra OTKPbIBAeT LUMPOKMeE
BO3MOMHOCTM  A/NA  CO34aHMA  MHOTOQYHKLMOHAMbHbIX
CNOXHbIX CUCTEM ANA WX WMCMOMb30BaHMA B KayecTse
MWKPOPEaKTOPOB MM CUCTEM LOCTaBKM NeKkapcTs. Hanpumep,
rpynna KUTaMCKMX y4YeHbIX Ha OCHoBe 06paTHbIX 3IMYNbCUNA,
CTabUIM3NPOBAHHbBIX CMECbIO HAaHOYaCTWL, aHaTasa W pyTuaa
(P25 Degussa) u nonvaonamuHa [64], a TaKKe HaHo4acTuy,
aHaTasa [65], ONA  Pa3NoXKeHUs
OpraHMYeCcKMX CoeMHEHUI Noa AeACTBUEM BUAMMOTO CBETa U

co3fana MWMKPOPEaKTOopbI

OBOMHOW KaTaNMUTUYECKON GQYHKUMUM — MPOCTPAHCTBEHHO-
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OrpaHuYeHHbI  PepMeHTaTMBHbIN  KaTanu3d u  dOTOoKa-
TaUTMYeCcKoe OKMCaeHne Ha membpaHe. B [61] paccmoTpeHo
bopmupoBaHue MNpAMbIX 3Mynbcuit TMKepUHra Ha OcHoBe
KOMMepYEeCKM AOCTYMHbIX HAHOYACTUL, PyTUIA M aHaTasa. B To
e BpemAa aBTopbl pa3paboTanuM  MeTon  YacTUYHOM
rmapodobursaum NoBepXHOCTU TMAPODUAbHBIX HAHOYACTHL,
aHaTasa C H-oKTazeunnpochoHOBOM KMCNOTON ANA CO34aHUA

CTabUNbHbIX 9MYNbCUI Ha UX OCHOBE.
6. OKcHpA, LMHKa

HaHouyacTmubl ZnO WMPOKO NPUMEHAIOTCA B PA3/IUYHbIX
obnacTax YHUKaNbHbIX
3NEKTPUYECKUX, INEKTPOHHbIX M ONTUYECKUX CBOMCTB, a TaKKe
MX HWU3KOW CTOMMOCTW. Menkue TBepable MOPOLLKK,
pacnoso)KeHHble  Ha MOBEPXHOCTM  Kanesnb  3MyNbCUU
MukepuHra moryt obpasoBaTb chepuyeckyto 060104UKy U
npenaTcTBOBATb C/ANAHMUIO Kanesnb [66].

B nccneposaHum [67] npu cmelwMBaHUKM HaHoYacTML, ZnO,
Tonyona (codepkalwmii aHWAMH) M BOAbl (comepKaluein
nepokcoaucynbdat aMMOHMA U YKCYCHYIO KUCNOTYy) 6biaun
06paboTaHbl yNbTPA3BYKOBOW BOJIHOM, pacTBOp Tosayosa bbin
AMcneprupoBaH B BOAHOM ¢ase M HaHovacTuubl ZnO,
pPacnosoXKMANCH Ha FPaHuLLe pa3aena ToNyon/Boaa, AencTsys
KaK amynbratopbl Ana obpasoBaHua UM cTabuausayum
amynbcun MukepuHra. bnaropgapa 6osnbwomy KosmyecTsy
TMAPOKCUIbHBIX FPYNM, CYLLECTBYOWMX Ha NOBEPXHOCTM BOAbI,
CMayMBaemMoCTb HaHo4yacTuy ZnO 6blna CcuabHee, YemM WX
CMayMBaemocCTb € macsom. CornacHo npasuay BaHkpodTa,
cbopmmpoBanmchb Npamble aMynbcun MUKepuHra TMna macno/
Boaa [5].

B pabote [68] amynbcuum MukepuHra 6blaM NOAyYEHbI C
MCNo/ib30BaHMEM MOAUGULMPOBAHHLIX HAHOYACTUL, OKCcMAa
LUMHKa B KayecTBe cTabunausaTopa, BoAa WM HUTpobeH3on
(MoAenbHbIN OpraHNYecKnin 3arpAsHUTENb) UCNOIb30BANUCH B
KayecTBe BOAHOM dasbl U MAcAAHOW $asbl COOTBETCTBEHHO.
3mynbcua Bblna Bnepsble GOTOKATANUTUYECKM PA3/IOKeHa C
NOMOLLLbIO YNbTPAPUONETOBOrO U3NYYEHUA, a 3aTeM pa3aenanm
3MYIbCUIO ueHTpudyruposaHmem  ans YMeHbLUEHMA
KonAnyecTBa HUTpobeH3ona B BoAe. ABTOPbI CYMTALOT, 4TO
amynbcun MuKepuHra asnatoTca 3PPeKTUBHbIM UM HOBbIM
cpeacTBom gna ycuneHma GboToKaTaUTUYECKUX NPOLLECCOB U
YMEHbLUEHWUA OPraHUYECKUX 3arpsasHUTeNEen.

B pabote [69] nonyyanu rugposonm ZnO nentusaumen
TMAPOKCUAA UMHKa B npucyTcTBumn ZnNO, no meToguke [70].
MonyyeHHble  ruapo3onn obnafanu  arperatMBHon u
CeAUMEHTALMOHHOM YCTOMYMBOCTBIO WM  COXPAHANM  CBOWU
OCHOBHble CBOMCTBA B TeyeHue nonyroga v bonee, npu aTom
HaH030/1 ZnO BO3MOXHO MCNO/Mb30BaTb AN GOPMUPOBAHUA
amynbcuii MukepuHra.

n3-3a nx KaTaIMTU4eCKHUXx,

7. HaHouacTuubl 30n10Ta

HaHoyacTuubl Au 4acTo Mcnosib3ytoTca B 6uomegunumHe,
3N1EKTPOHMKE, OBHAPYXEHUM MOHOB TAXKE/bIX MeTasnnoB U
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KaTanuse 6aarofapa X yHMKaIbHbIM ONTUYECKUM CBOMCTBAM,
[71,72]. U3yyeHne KaTanUTUYECKOro MoOBEAEHMA HaHOYaCTuL,
30/10Ta ABAAETCA aKTyasnbHoW Temol [73]. B pabote [74]
HaHOYacCTUUbl 30/10Ta M OKcupga rpadeHa BblAM NoyYeHbl
peaKkunemn mexay
oKcnaom rpadeHa u TeTpaxsopoaypaTom Bogopoaa bes
MCNONb30BaHUA

OKWC/INTE/IbHO-BOCCTAHOBUTENIbHOM
[ONONIHUTENbHOTO BOCCTAaHOBUTENA.
MoaroToBNeHHble HaHOYaCTMLUbl 30/10Ta M OKcuaa rpadeHa
6bl/IM MICNONb30BaHbI A8 CTabUAM3ALUN SMYNbCUIA TTMKepUHTa.
[obaBneHne  31EKTPONUTOB  3HAUYUTENBHO  YAy4LWWUAO
CTabUNBbHOCTb IMY/bCUIA.

B nccnepoBaHum [75] nonyyeHbl amynbcum MukepuHra ¢
MCNo/Ib30BaHMEM HaHoYacTuL, 30/10Ta, MOKPbITbIX
MepKanToKapboHOBOW KUCNOTOM B KayecTBe cTabunusatopa.
MonyyeHHble 3MynbCcMM  ObliM  CcTabUAbHBI B TeYyeHue
ANNTENbHOTO BpemeHu, bonee 12 mecaues. Paamep amynbcum
3aBMCUT  OT  CKOPOCTM  BpalleHUMA  romoreHusaTopa,
KoHueHTpauun NaCl M KOHUEHTpauuu HaHouyacTuy Au.
YcTaHOB/NEHO onTUManbHoe ycnosue noslyyeHmn
BbICOKOMOHOAMCMEPCHbIX 3MY/AbCUI C pacrnpepesieHnem Mo
pasmepam meHee 10%. MNosTopHOE obpasoBaHue
CTabUNM3NPOBaHHBIX HaHovacTULaMu Au 3SMy/JbCUIA nocne
Ae3Mynbcaln BO3MOXKHO NMyTemM NMOBTOPHOM rOMOreHn3aLuu.

BbICOKOOAHOpOAHaﬂ nMKepVIHI’OBaﬂ cnucTtema,
CTa6Ml’IM3MpOBaHHaﬂ HaHOYacCTUUamu, 6y,u,eT Xopowunm
wabnoHom Aana nony4vyeHuAa Kancyn, MVIKpOI’eerﬁ,

MaKpONOpPUCTbIX MAaTePUANoB U T. 4.

B uccnepoBaHun [76] noKasaHo, 4To amouduabHbIe
HaHoYacCTULbl 3010Ta 3GEKTUBHO CTAaBUANUZUPYIOT IMYNbCUM
rekcagekaHa B Boge. [losiyyeHHble HaHOYACTULbl NPOABUAU
cebn, Kak BbICOKO3hdEKTUBHbIE 3IMy/NbraTopbl 3a CYeT WX
cunbHOM agcopbumMm Ha rpaHuue pasgena macno/soga M
BO3A4yXx/BoAa.

8. HaHouacTuubl cepebpa

B paboTte [77] HaHoYacTUUbI cepebpa n okcuga rpadeHa
MOMy4YeHbl 3IKO/MIOTMYECKM YUCTbIM MeTogom 6Ges
MCMNO/b30BaHUA [ONONHUTENbHOTO
MoAroToB/AEeHHble HAHOKOMMO3UTbI 3aTEM 6bIIM MUCMONB30BaHbI
ana crtabunausaumm smynbcum MuKepuHra. Ona yayyweHus
CTabUNBbHOCTM 3MYNbCUM BbiN L06ABAEH INEKTPONUT.
Uccneposaxue [78] LeMOHCTpupyeTt npumeHeHue
YHUKaNbHbIX CBOMCTB, MPUCYLLMX IMyabcuAm lMUKepuHra, To
ecTb N03BONAIT pa3pabaTbiBaTb HOBble GOTOKATAIMTUYECKME
ABTopbl [78] wucnonb3oBann ¢ochat cepebpa
(Ag,PO,) B KauecTBe GOTOKATANUTUYECKM AKTUBHOrO OKCMAa
MeTanna u NoaynpoBOAHUKOBbIE YrnepoaHble HaHOTPYOKM B
Kauyectse rnapodobHOlM npoBoAALWEN HAHOCTPYKTYpPbl ANA
dbopmmnpoBaHua aMy/bCcui MuKepwuHra. Pesynbtathl
NMOKasblBaloT, YTo POTOKaATa/NUTUYECKAA CUCTEMA Ha OCHOoBe
amynbcuii  MukepuHra  nposBnseT  Honee  BbICOKYH
3bbEKTUBHOCTb, TaK KaK CaMOOpraHusylolmMeca YacTulbl
Ag,PO, obecneunBatoT 6onbwyk NAoWaAb MOBEPXHOCTH
¢doTokaTanusartopa.

6b1n
BOCCTaHOBUTENA.

cncrTemol.
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B [69] cuHTe3MpoBaHa
cepebpa Cc MOMOLbIO peakuun cepebpsaHOro 3epkana, Kotopas
cpepe rugposonsa SiO, Te. npouecc
cepebpa npoucxogun  Ha  3apaHee
chopmmuposanHbix uactuuax SiO,. [aHHbiii  cnocob [79]
Nno3Bo/iIAEeT NOMYYUTb AOCTATOMHO KOHLEHTPUPOBAHHbIE 30/1M
cepebpa, KoOTOopble BO3MOMHO WCMONbL30BaTb B KayecTse
CTabnAnsaTopos ANA IMynbcuii MUKepUHra.

rMapo3o/sib  MeTannndyeckoro

nposoaunacb B
BOCCTaHOB/EHNA

9. OKcupa, marHma

OKCUA, MarHna MoKeT B6bITb MCNO/Ib30BaH B HECKO/IbKUX
obnactax. Ero 4yacto Mcnonb3yoT Kak NuueByto A06aBKy, OH
TaKXe  MOXeT  ObITb  MCNONb30BaH B KayecTBe
NPOTMBOKUCAOTHBIX cpeacTs npu usskore [80]. B pabote [81]
MOAYYUNU  3MyAbCcUU  [IMKepUHra, CTabuaMsnpoBaHHble
YacTMLAMM OKCUAA MarHUA € NapaLeTamosioM BO BHYTPEHHe!
¢dasze u rpmuseodynbBMHOM (NPOTMBOrPMOKOBbLIA aHTUBUOTUK)
BO BHellHel dase. IMynbrupoBaHue 6bIJ10 MPOBEAEHO NyTemM
rnocteneHHoro fobasneHua BoAHOM ¢dasbl K macnaHoi dase.
CTabuNbHOCTb 3TUX 3MY/NbCUIA U3yYyeHa B 3aBUCMMOCTU OT
HECKO/IbKUX MapameTpoB (pasmep Kanenb, pH, BA3KOCTb,
3/1eKTPONPO-BOAHOCTb),  NpoBeAeH KayeCcTBeHHbIN "
KO/IMYECTBEHHbIN aHa/M3 aKTUBHbIX UHIPeaUEeHTOB MEeTOA40M
Y®-cnektpo-dpoTometpun. Takum ob6bpasom, asTopbl [81]
npeycnenu B paspaboTke cTabuabHOM 0BpPaTHOW aMynbCcuuU
MWKepuHra ¢ YactTULaMuM oKcuaa MarHuAa. Kpome Toro, oHu
CMOIIM BKOYUTb MapaLeTamos BO BHYTPeHHiow ¢asy wu
rpuseodynbBUH BO BHeLWHOW dasy.

B Tabnuue 2 nokasaHbl MmeToAbl MONYYEHUA W
YCTOMYMBOCTb 3IMY/IbCUWA, CTAabBUAM3MPOBAHHBIX YacTULAMU
MeTanNoB U WX coepauHeHuit Gonee petanbHo. Kak BUAHO
WMPOKUI  KPYr HeOpraHWYecKux TBepablX CoeaWHEHUM
NpuB/EKaeT MHTePeC UccneaoBaTeIbCKUX Tpynn.

10. YrnepopaHble HAaHOTPY6KH

YrnepogHble HaHOTPY6KM 06/1a4a0T  YHUKAAbHbIMU
cBoiicTBamM B ABYxdasHbiX cucTemax. Mx mexxdacTuyHoe
NPUTANKEHWNE MPUBOAMUT K CHUMKEHUIO CKOPOCTU KOanecLeHumum
Kanenb WM cTabunbHOCTM  3amynbcuin [29].  AsTopbl  [82]
MCMO/Mb30BasM KOBAJIEHTHbIE U HEKOBAaJIeHTHble MeToAbl
MmoandrKaumm ruapodmMabHOCTU MHOFOCAOMHbIX YIAEPOAHbIX
HaHOTPYBOK M M3yyanu Mx NoBeAeHMEe Ha rpaHuue pasgena
macsio/Boaa. NccnepoBaHus noKasasnu, yto npwv
MCMO/Ib30BaHNM Pa3IMYHbIX cCUCTeM napaduH/Boaa u gosaeKaH/
BOAaA, TO/ILLMHA CI0A MHOTOC/NOMHBIX YINepoAHbIX HAHOTPYBOK
Ha rpaHuLe pasgena MeHsAeTcs, BCAeACTBME Yero 3To BauAeT
Ha CTabunbHOCTb amynbcuid. [lobasneHve MAB ymeHbluaeT
TO/IWMHY HAHOTPYBOK Ha MOBEPXHOCTM pasgena v ycunusaet
obwyo ctabunusauuio  mexkdasHol obnactm 3a  cuer
yBEAMYEHMA CKOPOCTM KoanecueHuuu Kanenb. B uccnemo-
BaHMM [82] 6blna KONMYECTBEHHO onpegeneHa mexkdasHas
TONWMHAE MOAUDULMPOBAHHBIX YrIEPOAHbIX HAHOTPY6OK W
COOTHECEHA K CTabWAbHOCTM IMYNbCUN.

B pabote [83] 6bln CMHTE3MPOBAHbLI U NPEANONKEHbI B
KayecTBe cTabunvsatopa GyHKUMOHANU3MPOBAHHbIE MHOrO-
CTeHHble yrnepofaHble HaHOTPY6BKM/HaHOrMBPUAHBII
KpemHesem ANA NOAy4YeHUA NPAMbIX IMynbcui MUKepuHra
macno/soga. OTHOLWEHUE MacChl YINepoAHbIX HAHOTPYBOK K
macce KpemHesema 6bi pewaowmnm GakTopom, BAUAKOLLMM
Ha MPOWU3BOAWUTENBHOCTb CUHTE3UPOBAHHOM HaHOrM6pUAHOM
cucTembl. Pe3ynbTaTbl MOKasanu, 4YTO COOTBETCTBylOLLee
3HaYeHMe TaKoro COOTHOWeHUA ANA 30/1b—TeNb MeToAa
CTPYKTYypbl coctasuno 28-33%. Bpems
06pasoBaHNA 3MyNbCUKM ObIIO MPOAMKTOBAHO NPUHATOM
cTpaTervei CMeLWuBaHWA TakMm obpasom, YTo 6e3 Kakoro-
NMBO CMeLNBaHMA UAW YNbTPa3BYKOBOTO AMCNEPrMpoBaHUA
notpebosanocb 12 gHei AnAa ycTaHOBAeHWA cTabunausauuu
smynbcun. W HaobopoT, UCNonb3oBaHUE
conpoBoOXAaemoe MexaHU4YecKknum nepemelLmBaHunem,
COKPaTMNO 3TO BpeMA MeHee Yyem A0 4 u. Elle 04MH KatoueBoi
baKTop Kacanca TMNa KaTMOHA, coAep)Kaluiica B Boje.
[ByXBaneHTHble KaTMOHbI, TakKMe KaK MarHui WU KasbLui,
M3MEHUAN tugpodunbHo-nMnodunbHoe pasHoBecue 6osee
WHTEHCUBHO, YeM O4HOBANEHTHbIN KaTUOH HaTPUA.

ABTOpbI [84] NOAYYMAM  3IMYNbCUM, KOTOpble
CTabuamMsnpoBaHbl yrnepozaHbiMu HaHOTpybKamu-
KpeMHe3eMHbIMU HaHornbpugamu. B pesynbrate nonyunnu
npAMble 3MYNbCUN HE3ABUCHMO OT UCMOJIb3YEMOr0 06 BEMHOTO
COOTHOWeHUA Boga/macno. Ob6bemHas [0AA  3MyNbCUM
yBE/IMUYMBAETCA B COOTHOWEHMM BOAA/Macio 3a cyeT
YBE/MYEHUA KO/MIMYECTBA BOAbl, YAEPXKMBAEMON B Kannaax
amynbcun. OKuUcNeHue HaHOrMbpuaos asoTHOWM
MoeT 3pPeKTUBHO MOANPULMPOBATL NMOBEPXHOCTM HACTUL, U
M3MEHATb MOJyYeHHble CBOMCTBA 3mynbcun. ObpaboTka B
a30THOM KUCNOTE yBENMYMBAET MAOTHOCTb PYHKLMOHANbHbIX
rpynn Ha yrnepogHoOi HaHOTPybKe. DMyNbCUM YCTOMYMBBI K
KOanecueHLMN U ceANMEHTALMKN, MOTYT ObITb SIETKO OTAENEHDI
bunbtpaunelt Man UeHTpudyrupoBaHMem, 4YTO Aenaet ux
NPUrOAHbLIMUN ANA NPUMEHEHMA B MeXPa3HbIX KaTaUTUYECKUX
npoueccax, B KOTOPbIX KaTa/nM3aTop MOXKeT ObiTb Jierko
BOCCTAHOBJIEH MOCAE peakLmu.

HaHorMbpuaHowm

yNbTPasBykKa,

(1%

KUCnoTomn

11. 3aKknoueHue

B 0630pe nokasaHO, 4YTO TBEpAble HeopraHuyeckue
YacTWLbl Pa3NNYHbIX Pa3mMepoB U GOpPM MCMONb3ylOTCA ANA
nonyyeHuns MUKepuHr amynbcuii. Hakanaueaacb Ha rpaHuue
pasfena KUAKOCTb/KUAKOCTb WAM OCTaBasaCb B npegenax
obbemMHoW  dasbl, 3TM YacTuubl YacTo cnocobCTByOT
ONUTEeNbHOW CTabunbHOCTM cucTembl. Maes, nexawas B
OCHOBE KOHLENUUW amynbcuit MUKepuHra: Kanam amynbcuu,
NOKpPbITble AMCMNEPCHbIMKU TBEPAbIMM YacTULamu, obpasyioT
cTepuyeckuin bapbep, NPenATCTBYIOWMIA CAUAHUIO Kanenb.
HecmoTpA Ha OTHOCUTENIbHO MpPOCTyl CcTabuausauuio
aMynbcuit MNUKepWHra, MexaHW3Mbl, BOBNEYEHHble B TaKyio
cTabunn3aLmio, MHOTOUYUCIEHHbI U He TPUBUA/bHbI, BKIOYAsA
3aBMCMMOCTb OT pazmepa U GOpMbl HaCTUL,, CMAYNMBAEMOCTH U
NNOTHOCTM YNaKOBKM YacTWL, NPU B3aMMOAEWCTBUM, MPUPOAbI
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KuaKkux ¢as. BospacTatowmii ypoBeHb MHTEPECA K SIMY/IbCUAM
MKepuHra B 3HaYMTE/IbHOM CTEMNEHM CBA3aH C MPOrpeccom B
MaTepuanoBeseHMU U TEXHONOTMN HAaHOYACTHL, @ TaK¥Ke C UX
MoTeHLMaNOM B pa3paboTKe HOBbIX 3MY/IbCUOHHbIX CUCTEM.
MHOKEeCTBO MOAe/bHbIX CUCTEM 6biAM  UCCAenoBaHbl C
pas/iMuHbIX  TUMNOB  YacTuy  (rMHa,
KpemHesemM, MeTasi/ibl, OKCUAbl METanioB M Ap.). NMUKepuHr
KaK MoKasaHo B pgaHHoOm o0630pe, ABAAKOTCA
NPUKNAAHBIMU CUCTEMAMM A5 MPOMBbILLIEHHOrO NPUMEHEHUS,
ONA  NPOM3BOACTBA MNULWEBLIX MNPOAYKTOB, MeAULMHCKMX
npenapatosB, KOCMETMKM, HaHomaTepuanos[6], umetoT
noTeHuMan ANA MCNOAb30BaHUA B 06/1acTU  yBeAUYEHUSA
HedTeoTaaum [85].

Mprmepom nNpUpPoAHbIX MUKEPUHT 3MyNbCUIn ABAAeTCA
cbipasi HedTb, CTabUNU3NPOBAHHAA CMECAMM TBEPAbIX YACTUL,
(Kpuctannamm  napadpuHOB,  YaCTULAMM  MEXaHUYECKUX
npumecein, TBepabiMM accoumaTamm achasibTEHOB M CMOJT), YTO
Cnocob6CTBYOT 06Pa30BaHMI0 BbICOKOYCTOMUYMBBLIX HEDTAHbBIX
aMynbcuii Npu fo6blde M TPaHCNOPTUPOBKe HedTHU, KOTopble
4acTo He MoAAaloTCA PaspylleHUto AN OTAe/IeHUs BoAbl OT
HedTH. M3yyeHne 3aKoHOMepHOCTel 06pa3oBaHMA SMyAbCUiA
MKepuHra BasKHO A/ O6BACHEHMA YCTOMUYMBOCTM CbIPbIX

MCNoNb30BaHUEM

3IMYyNbCUU,

HedTAHbIX  3MYNbCUIA,  CTAabOUAN3MPOBAHHbLIX  TBEPAbIMMU
cTabunmsatopamu, n  ana pa3spelueHua npo6sembl
06e3B0OXKMNBaAHUA TAXENbIX HedTeln MECTOPOXKAEHUA
KaszaxcTaHa.

HecmoTps Ha 6onbluMe MepcrnekTMBbl M MpuUKNagHoe
3HayeHMe, KOAMYecTBO pPaboT Mo u3ydyeHuto [UKepUHr
SMY/NIbCUI  Ka3aXCTAHCKMMM  yYyeHbIMM KpalHe orpaHu-
YyeHHo [86]. BmecTe ¢ Tem, Hay4yHas AnTepaTypa, Kacarowancs
3MYNbCUIA,  CTAaBUAM3MPOBAHHBIX  YacTULAMMK, BK/KOYaeT
ob6wupHble 0630pbl [1,4,6,7,18,29,34,87-89] n amynbcum,
MoNyYeHHble Ha  OCHOBE  HEOPraHWYeCKMX  BELLECTB,
MpUB/AEKAlOT MHTEpec WuccneposaTesniell BCAeACTBME WX
pa3Hoob6pasusa, cpaBHMTENbHOM 6€30MaCHOCTM MO OTHOLLEHMIO

K OKpyKallen cpege M BO3MOXHOCTM  NOJyYEHUA
3MY/IbCUOHHbBIX cUcTeM cBOb6oAHbIX OT MAB.
Kpome TOro, petanbHO He U3y4YyeHbl 3IMYAbCUMK,

CTabuUNM3npoBaHHblE CMecAMM TBepablXx YacTuu. MpoBeseH-
Hble uccaefoBaHnA B 061acTv MUKEPUHT IMYIbCUI KacatoTcs,
B OCHOBHOM, CTabuauMsauunm MHAUBUAYANbHBIMU YACTULAMMU
nnbo vactTuuamm, moanduumposarHbimm MAB. HepgocTaTouHo
M3yYeHO noBeJeHMe CMecu TBepAblX 3MYy/NbraTopos, UX
CUHEepreTMYeCcKoe WAM aHTAaroOHUCTUYECcKoe [AenCTBUA Ha
YCTOMYMBOCTb 3MY/NbCUIN, CNOCOBHOCTb reTepoyacTul, K
CamoopraHmsaumm Ha mexdasHoW rpaHuLe KUAKOCTb/

Jlnteparypa

1 Ngai T., Bon S. Particle-Stabilized Emulsions and Colloids Formation and Applications.

Chemistry. —2015. — 337 pp.

AKUAKOCTb. M3yyeHne BAUAHUA reTepoyacTul, UHTEPECHO ANA
MOZeIMPOBaHNA MexaHn3Ma AHyc-yacTul, (TBepable YacTuLbl
C ANPUNBbHBIMU CBOMCTBaMM) Ha mexKdasHom cnoe [90].

K BaHbIM npeumyllecTBam pa3paboTKM cucTeM Ha
OCHOBE 3My/bcUii  [MKEPUHra OTHOCUTCA CPaBHUTENBHO
HU3Kaa cebecToMMOCTb, YcTaHoBNEeHNE
3aKOHOMEPHOCTEW NO/TyYEHUA HOBbIX MaTepPMasioB AO0CTaTOUHO
Nerkum cnocobom — cmelleHne KUAKMX ¢a3: BOAHOM
CYCMeH3uM TBepAblX YacTuL, C HEMONAPHOMN XKUAKOCTbIO — 3TO
OCHOBA A1 HETPYA0EMKOM TEXHOIOTUM NOAYYEHUA NOPUCTBIX
maTepuanoB (copbeHTbl, KaTanusaTopbl) C  AajbHerWwum
BbiCyWMBaHWeM Xuakux ¢as. Pecnybnuka KasaxctaH
obnagaeT [OCTAaTOYHbIMM 3amacamu [UH (BEHTOHWUTOBBIX,
KaO/IMHUTOBbLIX M [Ap.), KOTOpble WMCMO/b3YITCA B KayecTse
copbeHToB. [lo/Ny4yeHMEe BbICOKOMOPUCTbIX COpBEeHTOB Ha
OCHOBE aMy/bcuit MUKepMHra NO3BOAUT NOAYYaTb CUCTEMbI C
60/1ee ynopaa04eHHOM CTPYKTYPOI 3@ CHET CaMOOpraHu3aLmm
TBEPAbIX YacTUL, Ha rpaHuLue pasfena KUAKOCTb/XKUAKOCTb.
WcnapeHue xupkux ¢as samynbcum [MUKepuHra nossonset
nony4uTb BblCOKOAMCMEPCHbIEe CTPYKTYPUPOBaHHblE
nopucTble mMaTepuasbl, KOTOpble MOTYT 6GbiTb MCMNONb30BaHbI
AN O4YUCTKM BOAbI, @ TaKKe B KayecTBe TEMMN/IATOB.

MprvopUTETHBIM HanpaB/ieHNneM ABAAETCA CcO3faHue
MUKpoOKancyn  (KONNoMaocom) Ha  OCHOBE  3MY/bCUiA
MWKepWHra, TaK KaK Takne CUCTeMbl LUIMPOKO MPUMEHAIOTCA B
MUKpoOKancyanposaHum [2, 91].

Ha fAaHHbI MOMEHT aKTyasibHbIM ABNAETCA CO3faHue
HaHO3MyNbCcui MuKepuHra. AsTopsl [92] nonyumnu 3a oauH
war HaHo4acTuubl (0,2 mac.%) nyTem KOHAEHCcaLUn BOAAHOMO
napa, HaxoZAWMXCA B NepeoxfaKAeHHOM macne. 3To
nccnegoBaHMe MOMOMKET YNPOCTUTb co3daHue CTabusibHbIX
HAHO3MY/IbCUA, KOTOpble He byayT coaep:katb MAB. OgHako
pa3paboTKka HaHO3MybCcKid MUKepUuHra TpebyeT AanbHenwero
N3yYeHUA.

B 3aKk/t0oueHMe MOXKHO CKasaTb, YTO U3yyeHue MuKepuHr
SMYNIbCUI  OTKpbIBAaeT MyTb K HOBbIM TEXHONOMMAM W
obecneynBaeT pag NPeMMyLLECTB nepes, KaacCUYecKUmu
BapMaHTaMu SMybCUIA.

3KOJ/IOTNYHOCTb.

bnarogapHocTu
ABTOpbl  BblpaxkalT 6narogapHocTb  MWHUCTEPCTBY
obpasoBaHMA M Hayku  Pecnybnumkm  KasaxctaH  3a

NpefoCTaB/NeHHbIA FPaHT MO Nporpamme AOKTOPAHTYpPbI,
CNeumanbHoOCTb «XMMMUYecKan TEeXHOOTUA HeopraHUYecKux
BelecTs» EpTaesoi A.b.
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OTKpbiBaa HOBble CTPAHULbI
dunsmnueckoit xumun
rmapoduabHbIX NOIMMEpPOB:
K 70-netuto npodeccopa
CapkbiTa EnekeHoBuMYa
KypaibepreHoBa

B.B. XyTOpAHCKUIA

PeanHrckas wkona papmauum,
YHusecutet PeguHra,

PeauHr, BenukobputaHus

E-mail: v.khutoryanskiy@reading.ac.uk

[aHHan cTaTbs noceaweHa 70-neTHemy 06MAe0 BblAAIOWEroCs Ka3axCTaHCKOro XMmuKa
— npodeccopa KypaibepreHosa CapkbiTa EnekeHosuya. NMpodeccop KypainbepreHos C.E. BHec
CYLLEeCTBEHHbIV BKNAA, B UCCNEA0BAHUA CUHTETUYECKUX U MPUPOLHBIX MOSUINEKTPONUTOB, WX
KOMMEKCOB C pPa3/IM4HbIMM BeLeCTBaMU, NMOJIMMEPHbIX rM,u,poreneﬁ, CTUMYNI-4YBCTBUTENbHbIX
MaTepuanos, HAHOYACTUL, U HAHOKOMMO3MUTOB, a TaK)Ke B PaboTbl MO MCMO/Ib30BAHMIO PA3/INYHbBIX
NOJIMMEPHbIX MaTepuanoB M KOMNOMAHLIX CUCTEM B KayecTBe KaTa/sM3aTopoB, peareHTos
CneumanbHOro HasHa4YeHUsa M CUCTEM AOCTaBKM NIEKApPCTB. B cTaTbe nmpuBeAeHbl OCHOBHble
cBefeHua buorpaduueckoro xapaktepa, MoKasbiBalowme cTaHoBneHue KypaibepreHosa
C.E. KaK yYyeHOro, a TaK¥e paccMaTpuBaOTCA ero OCHOBHbIE HayyHble AOCTUNKEHUA B 061acTn
bu3nYecKkom XMMUKN TMAPOPUNBHBIX MOIMMEPOB U KONNOUAHbIX cucTem. OcyuiecTieH 0630p
Hanbonee nsBecTHbIx paboT npodeccopa KypainbepreHosa C.E., onybAMKOBaHHbIX B XKypHanax,
nHaekcnpyembix Web of Knowledge. Kpome Toro, npusegeHbl ceeaeHua o pabote npodeccopa
KynaibepreHosa C.E. Hap npoekTamu, OGUHAHCMPYEMbIMKM PA3NUYHBIMU  OpPraHU3aALUAMMU,
UYNEHCTBE B PeAaKUMOHHbIX KONNEruax KypHasnos, opraHusaumm WHcTUTyTa MMosmmepHbIx
Matepuanos v TeXHONOTMI1, yyacTun B paboTe B AUCCEPTALLMOHHbIX COBETAX, a TaKKe NOAroToBKe
MHOTO4YNC/IEHHbIX YY4EHUKOB.

KntoueBble cnosa: KyaaitbepreHos C.E.; N0OAN3AEKTPOAUTLI; NOANAMGONUTBI; NOAUMEPHbIE
KOMIMJIEKCbI; HAHOYACTULLbI; TMAPOren.

frmppodunbai nonumepnep
$u13nKanbiK XMMUACBIHDIH
YKaHA KeK)KueriHe Ke3
*KyripTty: CapKkbIT EnekeHynbl
KyaaibepreHoBTbiH 70
KbI1AbIK, MepenTonbl
KapcaHblHAa

B.B. XyTOpAHCKUIA

PeauHr KanacbiHbIH Papmaumanbik
mekTebi, PeaunHr YHuBecuTeTi,
PeauHr, ¥Abl6putaHus

E-mail: v.khutoryanskiy@reading.ac.uk

Byn maKkana aca KepHeKTi XuMuK — npodeccop CapkbIT EnekeHynbl KyaanbepreHoBTbIH,
70 Xblngblk mepeinToibiHa apHanfaH. Makanaga C.E. KynaibepreHoBTblH, emipbasHbl Typanbl
aKknapaTtneH KOca, OHbIH, rTMAPOGUAbAI NONUMEpPAEP MEH KONNOWUATbI Xyhenepain, Gusmkanbik
XMMUACbI CanacblHAafbl HEri3ri fblAbIMKU KeTicTikTepi 6asHaanagbl. Tanpayfa npodeccop
C.E. KynanbepreHosTbiH, Web of Knowledge 6acbinbiMaapbiHAa KapblK KOPreH aca KepHekTi
Makananapbl Herizgeme 6onfaH. acaHabl KaHe TabwuFU NONMINEKTPOAUTTEP, ONAPAbIH, dp
TYPAi 3aTTapMeH KOMMAeKcTepi, NONMMEPAIK ruaporenbaep, CTMMy/-ce3imTan matepuanaap,
HaHobe/LWeKTep, HAHOKOMMNO3MUTTEP, COHbIMEH KaTap ap Typ/Ai NOAMMEPAIK MaTepuangapmeH
KOCa KOMMOMUATbl KyWenepaiH KaTanusaTopnap, A2pi-A9PMEKTI TacbiIManZaWTbiH KaHe
Kep acTbl MyHaWblH bIFbICTbIPbIN LWbIFAPATBIH apHaibl peareHTTep peTiHAe KONAaHbINATbIH
3epTTeynepre KOCKaH yneci Tinre Tuek etinreH. Makanaga npodeccop C.E. KynaiibepreHOBTbIH,
KenTereH Kobanapbl, KYPHaNAap anKacbiHbiH, Mylweniri, e3i yhbimaacTolpfaH Moanmep
MaTepuangapbl  KaHe TeXHONOrMANapbl WMHCTUTYTbIHbIH,  KETICTIKTEpi, AuccepTauuanbik
KeHecTepaeri eHberi, AaliblHAAFaH OKyLWbINAPbl Typabl aknapat 6epinreH. Kentipinren dotonap
C.E. KypainbepreHoBTbIH, KenTereH LWeT enAik faibimgapmeH 6alinaHbICbiHbIH, Kyaci peTiHae
KapacTbIpblIFaH.

TyiiiH ce3pep: KyaaibepreHos C.E.; NONM3NEKTPOAUTTTEP; NOANAMbONUTTEP; NOAUMEPIK
KOMMeKcTep; HaHobe WeKTep; raporeabaep.

Exploring new avenues

in physical chemistry of
hydrophilic polymers: to

the 70t anniversary of
Professor Sarkyt Elekenovich
Kudaibergenov

V.V. Khutoryanskiy

Reading School of Pharmacy, University of
Reading, Reading, United Kingdom
E-mail: v.khutoryanskiy@reading.ac.uk

This paper is dedicated to 70" anniversary of the prominent Kazakh chemist — professor
Sarkyt Elekenovich Kudaibergenov. The information of biographical nature, showing the
development of S.E. Kudaibergenov as a scientist, as well as his main research contributions to
the field of physical chemistry of hydrophilic polymers and colloidal systems are presented in this
paper. This is written in the form of a review of the most important and prominent publications
of Prof S.E. Kudaibergenov, published in the journals indexed by Web of Knowledge. Professor
S.E. Kudaibergenov has made a substantial contribution to the studies of synthetic and natural
polyelectrolytes, their complexes with different compounds, polymeric hydrogels, stimuli-
responsive materials, nanoparticles and nanocomposites, as well as applications of different
polymeric materials and colloidal systems as catalysts, specialty chemicals, and drug delivery
systems. This paper also includes information about the research conducted by Professor S.E.
Kudaibergenov on various projects, funded by different organisations, his membership in different
journals’ editorial boards, his role in the establishment of the Institute of Polymer Materials
and Technologies, his participation in research councils and committees, as well as supervision
of numerous students and researchers. The paper includes some photographs of Professor S.E.
Kudaibergenov with several international collaborators.

Keywords: Kudaibergenov S.E.; polyelectrolytes; polyampholytes; polymeric complexes;
nanoparticles; hydrogels.
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OTKpbiBasA HOBble CTPaHUL,bl PU3UYECKON XMMUMU
rmapodunbHbIX NOAUMEPOB: K 70-netuto npodeccopa CapKbiTa

EnekeHoBuuya KypanbepreHoBa

B.B. XyTOpAHCKu#

Reading School of Pharmacy, University of Reading, Whiteknights, PO Box 224, Reading RG66DX, United Kingdom

E-mail: v.khutoryanskiy@reading.ac.uk

20 man 2021 roga MHOTOYUCAEHHbIE YYEHUKU U Konneru
6yayT npasaHoBaTb BblAatolerocs
Ka3axCTaHCKOro XxuMMuKa — npodeccopa KygmainbepreHosa
CapkbiTa EnekeHoBuya (pucyHok 1).

KyaaribepreHos C.E. — npu3HaHHbIM B MMpe CneunanmncTt 8
06/1acTV GU3NYECKON XMMUN NONUMEPOB, JOKTOP XUMUYECKNX
HayK (1991), npodeccop (1994), naypeaT locymapcTBeHHOM
npemun KasCCP B 061acT HayKku 1 TexHukn (1987 r.), naypeat
npemmm

70-neTHui  obunen

«Mapacat», Kak Haubonee nybAMKyembli WU

Mol HUKO20a He npeKpamum Hay4Hbll nouck,

Ho 8 kKoHue nt0bo20o uccnedosaHus obHapyxusaem,
Ymo sepHynuce K moyke cmapma,

U nosHaem amo mecmo 3aHoeo.

“Yemeolipe keapmema”
T.C. 3nuom, ebinyckHUK fapeapaa,
Jlaypeam Hobenesckol npemuu

LMTUPYEMbIV Ka3axCTaHCKMIA aBTop 3a pybexkom (2010 r.).
HarpaxgeH HarpygHoim 3Hakom MOH PK «3a 3acayru B
pa3BUTMM Haykn Pecnybankn KasaxctaH» (2012 r.), obuneitHom
meganbto «85 net KasHUTY um. K.M. Catnaesa» (2019 r.),
naypeart npemun nmenun K.U. Catnaesa «3a nyyliee Hay4yHoe
uccnefoBaHve B 06/11acTU ecTeCTBEHHbIX Hayk» (2019 r.),
obnapgatenb [ocymapCTBEHHOM HAy4yHOW CTUNEHAMW ANA
YY4EHbIX M CNEeLManncToB, BHECWMX BblAAMOWMIACA BKAAg B
pa3BUTME HAYKKU U TexHUKK (2020 1.).

PucyHok 1 — lMpod. C.E. KygaibepreHos

© 2021 Authors
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KyaaiibepreHoB C.E. OKOHYMA XMMWMYECKMI dakynbTeT
Kasaxckoro locygapctBeHHOro yHuBepcuteTa um. C.M. Kuposa
B 1973 rogy no cneumnanbHocTn «Pusmyeckana xumma». B Tom
)K€ rody OH NOCTYNMA Ha paboTy MHKeHepom B nabopaTopuio
OU3NKO-XMMUYECKUX MeToA0B uccnepoBaHua, a ¢ 1976 no
1980 paboTan cTtaxkepom-uccnegosatesnem Kasl'y. B aTv roapl
OH 3aHMManNcA uccnefoBaHWEM HWU3KOTEMNEPATYPHbIX 30H
ropeHva yrneBoAoOpoOAO0B, 4YTO MPMBENIO K €ero nepsou
cepbesHol nybankaymm [1]. B 1980 oH nepexoauT Ha paboTy B
MHCTUTYT XuMmnyeckunx Hayk AH PK B nabopaTtoputio dusmyeckoi
XMMUM  NONMMEPOB, rAe noj PyKOBOACTBOM aKagemuKa

bekTypoBa E.A.(pMCYHOK2) 3aHMMaeTcs WcCaefoBaHUAMMU

rTMOPOAMHAMUYECKUX UM KOHOOPMALMOHHBIX  CBOMCTB
nonuanexkTponmTos [2,3].

B 1980 KypanbepreHosbim C.E. 6bina 3awmweHa
auncceprtauma  Ha Temy «lMApoAMHAMMYEecKMe CBOMCTBA

NoONIN3NEKTPOIUTOB HA OCHOBE BUHWUASTUHUANUMNEPUL0N0B-4»
Ha COMCKaHWe y4YeHOM CTeneHun KaHaAMAaTa XMMUYECKUX HayK.
Mocne 3awWmThl gUCCepTaL MM, yYeHbld paclunMpsaeT Kpyr CBOUX
HayYHbIX
B3aMMOLENCTBUIM NONUITUNEHIIMKONEM C MOHAMU LLLENOYHbIX

MHTEPECOB M  3aHMMAaeTca UCCNeAO0BaHUAMMU
MeTanNoB M TMOUMAHATaMM aMMOHMA [4], KaTaAUTUYECKUMHM

CBOMCTBAMMU KOMnNneKcos NOIMBUHNANNPUNANHOB C

nannaguem [5], amdoTepHbIMM CBOMCTBAMM
3NEKTPONUTHBIX KOMMNEKCoB [6], a TakXe uccneaoBaHUAMM
noanMmep-meTanimyeckmx Komnnaekcos[7]. B  WHcTuTyTe
XMMUYecKmx Hayk KygaibepreHos C.E. npopaboTan c 1980 no

1993 rogbl B KadecTBe majuwero, crtaplwero v Beaywero

NHTEpPnoan-

HayyHoOro coTpyaHuka. B 1991 rogy vm 6blna 3awumuieHa
OOKTOpPCKaA pguccepTauma Ha Temy «Peakumm KOMNnekco-

PucyHok 2 — C akagemunkom HAH PK E.A. bekTypoBbim

06pa3oBaHUA C yyacTMeM CUHTETUYECKMX MOANamMmbOINTOB» B
MTY nmeHun M.B. JlomoHocoBa, a B 1994 oH nony4unn yyeHoe
3BaHMe npodeccopa. YacTb pe3ynbTaToB €ro [AOKTOPCKOWM
aunccepTaumm 6bi1m onybaMKoBaHbl B BuAe 0630pa B XKypHane
«Ycnexu xumum» [8], B KOTOPOM OTpa)KEHO BMepBble
06Hapy)KeHHoe MM fBNeHMEe «M303/1eKTpuyeckoro apdekTar
MN303/1EKTPUYECKON  TOYKM

BblTaNKNMBaHUA B obnactu

nonnameoanTos (PUCYHOK 3).

Polyacrylic acid, pH =7.1

Polyampholyte, pH = 7.1

Polycomplex, pH = 6.1 3

dC/dx

Polycomplex, pH = 6.9 4

Polycomplex, pH = 7.1
5 5

dx

Polyacrylic acid

Polyampholyte

PucyHok 3 — CegMMeHTOrpaMmbl NOMAKPMAOBOM KucaoTsl (1), nonnamebonuta (2) v Komnaekcos nonnamedonnT-

NOAN3NEKTPOAUT (3, 4) Npu pasnUHbIX 3HaYeHUaX pH cpeabl U NPOABAEHNE «M3031eKTpUYecKoro addeKTa» 414 NONMKOMIIEKCa

nonnameoNnT-NnoANINEKTPONANT (5) B U3031EKTpUYeCcKoi TouKe nonnameonmta npu pH 7.1. NepeneyaTtaHo u3 Russ. Chem. Rev.
1991, 60 (4), 410-419 [8].
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PucyHok 4 — ®opmupoBaHme 6UCNONHbIX MHTEPNOANINEKTPONUTHDIX (a) M NONMMEpPMETaNIMYeCcKMX KoMmnaeKcos (6) Ha rpaHuLe

pasgena a3 ABYyX HECMELUMBAIOLMXCA KUAKOCTEN. PUCYHOK (a) nepeneyaTtaH u3s [9] ¢ paspewweHus John Wiley and Sons.

B atun roabl KyganbepreHosbim C.E. Tak:Ke bbla0 BNepsble
NMoKasaHo 06pa3oBaHMe MOJIMINEKTPOSUTHBIX KOMMNEKCOB B
BUAE MeMbpaH M NAEHOK Ha rpaHuue pasgena ¢das AByx
Hecmewmsatowmxca Kuarocter [9,10] (pucyHok 4). Bnocnea-
NnonyvyeHne TOHKMUX MONNINEKTPOAUTHBIX MAEHOK
nonyymno  6ypHoe  passutMe  nNpu  PopMMPOBAHMM
mynbTUcaonHbIX  (layer-by-layer) membpaH 1
yyacTMeMm NpOTUBOMNOJ/IOKHO-3aPANKEHHbIX MONINEKTPONNTOB.

cTBun

NNeHOK C

PucyHok 5 — Mpodeccopa C.E. KyaanbepreHos u E. Tsuchida B
AnoHumn

ISSN 1563-0331
elSSN 2312-7554

B 1993 roay OH CTAaHOBUTCA HaYaNbHUKOM OTAENa XMMUU
HWUW 3proHomnkn ¢ OKB MuHuctepcTea obpasosaHua PK, a ¢
1994 no 1996 — 3amecTuUTEeNEM [TaBHOrO YYEHOro cekpeTapa u
ynpasneHua MeXAyHapoaHbIX  cBA3el
Mpe3sngmnyma HAH PK. CywecTBeHHYIO poab B CTaHOBAEHUMU

Ha4Ya/lbHUKOM

KyaalibepreHosa C.E. KaK y4eHOro mexxayHapoAHOro ypOBHSA
cbifpania ero TpexmecAavyHas CTaXkuMpoBKa B HauwmoHanbHOM
HayuyHom ®oHpe CLIA B 1995 roay, roe oH 03HaKOMWACA C
rpaHTOBOM HaykM W cTan
cepTUOULMPOBAHHBIM MEHEAKEPOM HAYKU.

B 1996-1998 rr. KypanbepreHos C.E. paboTtaeT npodec-
copom Kasly um. anb-dapabu, roe HULUMMPYET UCCAefoBaHMUA

cucTemoit  dUHaHCUpoBaHUA

CTUMY/-4YBCTBUTE/IbHOTO MNOBEAEHUA HEKOTOPbIX BOAOpa-
CTBOPUMbIX rngporeneni  [11],
MHTEPMONUINEKTPONUTHBIX KomnaekcoB [12], wHTepnonu-
MepHbIX CTabUNM3NPOBAHHBIX  CUCTEMOM
BOAOPOAHbIX cBA3el [13], a TaKKe NONUMEPHBIX NAEHOK Ha UX
ocHoBe [14]. B 1998 npod. KymalibepreHos C.E. nposen 3
mecaua B Waseda University (inoHKA) B Hay4HoM rpynne npoo.

cononanmepos n nx

KOMM/1eKcoB

E. Tsuchida B kKauecTBe npurnaweHHoro npodeccopa (PUCYHOK
5), rae 3aHMManca uccnefoBaHUAMU MOHHOM MPOBOAMMOCTHU
renem Ha ocHoBe nonun(AnBUHUNOBOTO adupa
ANSTUNEHIINKONA) B CMECAX € NepxsopaTtom antus [15].

B 1999 roay npod. KyaaibepreHos C.E. opraHusosan u
BO3MMaBMA YacTHoe ydpexgeHue «UHCTUTYT MNONAMMEPHbIX
matepuanos u TexHonorui» (4Y WUNMT) (www.ipmt.kz).
MapannenbHo, B 2001-2004rr., oOH Takxe paboTan
3amecTuTesieM AMPEKTopa Mo HaydHoih pabote HTL, AO
«KasTpaHcOnn» n AO «Kasaxckuit UHCTUTYT HedTU U rasan», B
2005-2019 rr. — npodeccopom Kadenpbl XMMUK U SKCNEPTU3bI

CemunnanaTUHCKOro rocygapCtBeHHOro YyHuBepcuTeta UM.

Llakapuma, a Takxe B 2008-2020rr. — pykoBoauTenem
nabopaTopun WNHXEHepHOro npoouna Kasaxckoro
HaumoHanbHoro nccnenoBaTeNbCcKoro TEeXHWYEeCKoro

yHuBepcuteta mmeHn K.M. CatnaeBa. B 2002-2003 npodo.
KyaalibepreHos C.E. Take nnogoTBopHO paboTtan B Kwangju
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Institute of Science and Technology (HO:kHas Kopes) B KauecTse
npurnaweHHoro npodeccopa, rae 3aHMMaNCA CUMHTE30M U
uccnefoBaHMEM HOBbIX NOMKapboKcMbeTanHoOB Ha OCHoBe
(ankmn)ammHokpoToHaToB [16]. Haxoaack B MHCTUTYTe HayKu
N TeXHONOrnn KBaHrxy, oH NoAroToBMI TPEX MarnMcTpoB HaykK
13 Yumsepcuteta MoHnenoe (GpaHuus) u YHusepcuteta Ceyna
(pucyHOK 6).

B HacToawmit momeHT, KypalbepreHos C.E. npogonkaet
Bo3rnasnate 4Y WUMMT u ycnewHo 3aHMMaeTcA HayyHoM
paboToi
Kosnneramu. 3a rogpl cylectsoBaHuA MHCTUTYTa yyeHbIM 6b110

CO CBOMMU MHOFOYUCNEHHBIMMN Y4YEHUKaMU WU

0I'Iy61'IMKOBaHO MHOXXeCTBO BblCOKOpeﬁTMHFOBbIX I'Iy6/'IMKaLI,Ml71
B Pa3/INYHbIX HanpaBneHunAax FIOI]MMEpHOVI n KOﬂI’IOMAHOﬁ
Ocobo xouyeTca OTMETUTb TaKue pa60TbI, KaK
KaTUOHHbIX

XUMUN.
nccnenoBaHue KomnieKkcoobpasoBaHua
nonuanektponmtos ¢ [AHK[17], nonyyeHne nonMmepHbIxX
MNEHOK Ha rpaHuLe HeCMelMBaoLWMXCa Xugrocten [18],
TeopeTuyeckne uccnenoBaHna obpasoBaHNA CoNeBbIX CBA3EN
B uenax nonanamoonuTos [19], pa3paboTKy MNOAMMEPHbIX
KOMMNO3ULMI KaK CTPYKTYPUPYIOLLMX areHTOB ANA NpenoT-
BpaleHNA MUrpaLun PaSnoOHYKANAOB U ANA UX U3BEYEeHUA
13 nous [20,21], nonyyeHne NOAMMEP-NPOTEKTUPOBAHHBIX U
HaHoYacTuL, MeTannos "
MCCNeaoBaHUA UX KaTaIMTUYECKUX CBOMCTB [22,23] B KauecTBe

reib-MMMOBUIN30BaAHHbIX

MPOTOYHbIX KaTaIMTUYECKNX PEAKTOPOB (PUCYHOK 7), CUHTE3 U
nccnenoBaHus Kpuorenein [24], cuHTe3
rMapodobHO-MOANPULMPOBAHHBIX NOMMEPOB U rMaporenei
[25],
nonucaxapuaoes B Hedpteaobbiue [26], a Takke cospgaHue

MaKpONopUCTbIX
UcCNefoBaHUA MO MPUMEHEHUID BOAOPaCTBOPUMBIX
NosIMMEpPHbIX CUCTEM [,0CTaBKKU neKkapcTs [27,28].

NPOUMTUPOBAHHbIX Bbilwe paboT, npod.
KyanaibepreHosbim C.E. B coaBTOpCcTBE 6bIO ONYHAMKOBAHO

NMomumo

18 moHorpadmit Ha pyccKOM, NONbCKOM U aHIIMACKOM A3bIKAX,

Reagent

o p-Nitrophenol

Product

—

p-Aminophenol

PucyHok 6 — Mpodeccop C.E. KyaalibepreHos ¢
maructpaHTamm YHusepcuteta Monnenoe Gregory Huyghe n
Julia Mouton 8 OxkHoli Kopee

cBbliwe 400 HayyHbIX Ny6AMKauuii, B Tom yncae 17 0630pHbIX
ctateit, 11 rnaB KHur, 145 Hay4yHbIX cTaTel, onybAMKOBaHHbIX
Ha aHIIMIACKOM f3blKe B MEXAYyHapoAHbIX pedepupyembix
ypHanax. B 2002 u 2021 rr. oH onybauKkoBan ¢yHOameH-

p-Nitrophenol

Optical density

A, NM

PucyHok 7 — Cxema NpOTOYHOrO KaTa/IMTUYECKOro peakTopa ¢ KpMOI’eﬂb-MMMO6VIl'IM3Mp0BaHHbIMVI HaHOYaCTUUaMM 3010Ta
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Polyampholytes

Sarkyt E. Kudaibergenov

POLYAMPHOLYTES
kl{“y ¢oo”. 8 \\l::
coom /l K K €00’ : ]
VR 0

Sarkyt E. Kudaibergenov

PucyHok 8 — O610xKM moHorpadwuit «Polyampholytes: Synthesis, Characterization and Application» n «Polyampholytes: Past,
Present, Perspectives», ony6/MKOBaHHbIX B U343aTeNbCTBE «Springer» U Ka3axCTaHCKOM U3AaTesbCTBe

TaNbHble MOHorpapum “Polyampholytes: Synthesis,
Characterization and Application” B usgatenbctse «Springer» un
“Polyampholytes: Past, Present, Perspectives” B KazaxcTaHCKOM
n3patenbcTee (PUCYHOK 8).

CornacHo paHHbiM 6a3bl «Web of Science, Clarivate
Analytics», KypanbepreHos C.E. 3aHMmaeT /nguUpytoLLyto
nosnumio B Mupe Mo 4ucay nybavKauui no HanpaB/ieHWto
«MNonnamebonntbi». Mpod. KypanbepreHos C.E.  aBnsaetca
04HUM 13 Hanbonee BbICOKOLMTUPYEMbIX YUeHblx KasaxcTaHa,
cornacHo 6ase faHHbIX Scopus ero obuwas UUTMPYeMOCTb
npesbiwaet 1880 n nHaekc Xmplua coctasanet 20.

Momumo HayyHoM paboTbl, npod. KyaanbepreHos C.E.
BCerga yAenan noAroTOBKe HayuyHblx Kaapos. [og ero
PYKOBOACTBOM 3alUMLLEHbl OA4HA AOKTOPCKadA, 9 KaHANAATCKUX
13 PhD guccepTaunin. OH ABAAEGTCA YNEHOM AUCCEPTALMOHHOIO
coeta KasHY wum.anb-®apabu no HaHomaTepuanam w
HaHoTexHonorun (2013-2021rr.) u npepcepatenem auccep-
TaumoHHoro coseta KasHUTY wumennm K.U. Catnaesa no

cneuuanbHOCTM  «XMMUYECKas TEexXHOJIOTMA OpraHUYeckmux
BewecTs» (2019-2021rr.). OH TaKXKe ABAAETCA 4Y/NEHOM
peakonneruii  KypHanos  «BecTHMK  KaparaHAuHCKOro

yHuBepcuTeTa, Cepma xmumuuyeckan», «EBpasmMiiCKMIl XMMMUKO-
TEXHOIOTMYECKUIA KYPHAN», a TaKXKe roCTeBbIM pPefakTopom
cneumanbHoro Bbinycka «Advanced Technologies in Polymer-
Protected and Gel-Immobilized Nanocomposites» (https://
www.mdpi.com/journal/polymers/special_issues/adv_tech_
poly_gel_nano) n uneHom MexayHapoaHbix OprkomuTeTos
IUPAC (MIOMAK)  “MacroMolecular Complexes (MMC)” u
“Macro- and Supramolecular Architectures and
Materials” (MAM).

ISSN 1563-0331
elSSN 2312-7554

KyanaibepreHos C.E. sBnaetca obnagatenem mexapyHa-
pogHbIX rpaHToB ¢oHaa Copoca (1994), MHTAC - KasaxctaH
(1995, 2004), oTKpbITOro KoHKypca MHTAC (1997, 1999, 2001),
MHTAC-Apan (2003), B8 2011-2014rr. — pyKoBoAUTENEM
MexayHapogHoro npoekta HATO «YCTOMUYMBLIA MEHELKMEHT
3arpAsHUTenen B Asun: ot
perMoHasbHOM MoZesn 3SKOCUCTEMbl [0
OKpy»Katowen cpeapi». B2012-2015 rr. oH pyKOBOAUA NPOEKTOM

LleHTpanbHol
6esonacHocTH

TOKCUYHbIX

Kommepumanusaummn «PaspaboTka U BHeApPEHWE TEXHONOMMU
NOAMMEpPHOro 3aBOAHEHUA ANA yBenuveHus HebTeoTaaum
NNacToB», a TakKe 6 NpoekTamu, GUHAHCMPYEMbIMM MO FPaAHTY
MOH PK (2009-2020 rr.). Momumo atoro, npod. KypanbepreHos
ABNANCA COPYKOBOAWTENEM [BYX COBMECTHbIX MPOEKTOB
mexay PK n KHP (2015-2016, 2018-2019 rr.), a B HacTosllee
BpPeMsA OH ABAAETCA yY4aCTHMKOM MeAyHapo4HOro NpoeKTa
Esponeickoro Coto3a «fopun3oHT-2020» (2019-2022 rr.). B 2002-

2019rr. y4yeHbllh OpraHM3o0Ban BOCEMb MEXAYHAPOLHbIX
CEMMHApPOB, MOCBALLEHHbIX MNOAMMEpPaM  CreLuanbHOro
Ha3HayeHuA.

CBefieHMA O Hay4yHO-Mefarormyeckon [AeaTeNbHOCTU
KynalibepreHosa C.E. onyb6auKoBaHbl B  3HUMKAONEAUU
«AnmaTbl» (1996, ¢.188), cnpaBoyHuKe «KTO ecTb KTO B
Ka3axCTaHCKoM Hayke» (1999, c.493), a TaKKe B TaKUX U3AAHUSAX,
Kak «Kasak JHuwmknoneamsacbl» (2005, 1.6, c.93), «XHysaeH
KYMPIK, MblHHaH Tyanap» (u3a. KasHY, 2009), «HedTb 1 Mas»
(2011, Ne3, c.145), «McTopusa KasaxcTaHa: npenogaBaHue B
wKone» (2011, No5, c.38-40), «Macromolecular Chemistry and
Physics” (2011, v.212, Issue 10, p.1086-1087), «Hawa dauta»
(v3a. «Kasak yHuBepcuTteTi», 2014, 1.2., ¢.298-299), Polymers
for Advanced Technologies (2020, DOI: 10.1002/pat.5156).
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