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V. Varchenko™?, Z. Bunina™®, K. Bryleva™<, K. Belikov*",
I. Shcherbakov™¢, A. Drapailo*’, V. Kalchenko*?
* SSI “Institute for Single Crystals” of NAS of Ukraine, 60, Nauky ave., Kharkiv, 61070, Ukraine

1 V.N. Karazin Kharkiv National University, School of Chemistry, 4 Svobody sqr.,61022 Kharkiv,
Ukraine

T Institute of Organic Chemistry of NAS of Ukraine, 5, Murmanska Str., Kyiv, 02000, Ukraine

a) varchenko@isc.kh.ua https://orcid.org/0000-0002-7369-1637
b) bunina@isc.kh.ua https://orcid.org/0000-0002-8639-958X
C) bryleva@isc.kh.ua https://orcid.org/0000-0002-8903-4922
d) belikov@karazin.ua https://orcid.org/0000-0002-1682-6064
e) ilias.shcherbakov@isc.kh.ua https://orcid.org/0000-0002-9450-2153
f) a.drapailo@gmail.com https://orcid.org/0000-0002-8701-1380
9) vik@ioch.kiev.ua https://orcid.org/0000-0002-0325-7544

The article presents results obtained during investigation of Eu(lll) ion removal from aqueous solutions us-
ing triacetate cellulose films and styrene-divinylbenzene copolymer beads containing tetraoctyl
diglycolamide (TODGA). A simple method for manufacturing films containing up to 50 % w/w TODGA is
provided. Solution acidity effect on the removal rate of Eu(lll) ions was studied. Maximum removal of Eu(lll)
ions was obtained in nitric acid solutions with concentrations of 1-6 mol/l. Additionally, increase in the euro-
pium removal rate is also observed at pH > 2 for beads and in the pH range of 2 to 4 for films. In the former
case increase in the removal rate is explained by increase in the nitrate ion concentration in the solution and
Eu(NO3)3(TODGA)3 complex formation, and in the latter case — by decrease in TODGA protonation rate with
pH growth. Observed trends indicate a high similarity in surface sorption mechanisms between the materials
studied. Sorption equilibrium of Eu(lll) ions onto the styrene-divinylbenzene copolymer beads impregnated
with TODGA is adequately fitted to Langmuir sorption isotherm. The maximum sorption capacity of this ma-
terial for Eu(lll) removal from solutions with nitric acid concentration of 1 mol/l is 7.4 mg/g. It has been found
that the maximum removal rate of Eu(lll) ions by the triacetate cellulose films is achieved for TODGA con-
tent in the films = 40 % w/w. The possibility of selective europium sorption from natural water using both
beads and films is shown. Although cations present in natural water do not bind to sorbents studied, there is
still slight deterioration in sorption properties when moving from model solutions to natural water. Complete
desorption of Eu(lll) ions from the film surface is achieved by washing three times with an EDTA solution,
pH = 6.8. Prepared films can be reused for Eu(lll) ion removal.

Keywords: europium, sorption, TODGA, triacetate cellulose, styrene-divinylboenzene copolymer, removal
rate.

Introduction

Processing and disposal of nuclear wastes as well as determination of trace amounts of radionu-
clides in the environment objects have become increasingly relevant due to nuclear industry develop-
ment. A number of ligands was engineered for this purpose such as di(2-ethylhexyl) methane diphos-
phonic acid [1], quaternary ammonium salts (Aliquat™) [2-4], trioctyl phosphine oxide [5,6], octyl
phenyl-N,N-diisobutyl carbamoyl phosphine oxide [7-10], dipentyl pentyl phosphonate [11,12]. Up to
date, one of the most promising extractants for actinides removal is tetraoctyl diglycolamide
(TODGA) (Fig. 1) [13-20]. This ligand has an especially great affinity for americium.

A number of extractive systems based on TODGA [21-23] are known at the moment. They con-
template using toxic and flammable solvents. Solid sorption materials, i.e. a carrier bearing an immo-
bilized ligand on its surface, are more “ecological”. The carrier should be inert, resistant to acidic me-
dia and radiation. Good examples of such materials are different polymers in the powder, bead, and
film forms.

In order to determine ultratrace concentrations of a-emitters in natural waters and other environ-
mental objects, preconcentration of the emitter is usually needed. Coprecipitation, extraction, ionic

© Varchenko V., Bunina Z., Bryleva K., Belikov K., Shcherbakov I., Drapailo A., Kalchenko V., 2020
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exchange, sorption etc. [24,25] are generally used for this purpose. One of the approaches is to use
polymeric thin films for radionuclide removal [26,27]. In addition to an analyte preconcentration, this
method allows significantly decreasing matrix interferences. A great advantage of such films is the
possibility of direct measurements using alpha spectrometry. Polymeric films suitable for these pur-
poses usually consist of three main components: a carrier polymer, a ligand, and a plasticizer improv-
ing mechanical properties of the films [28]. Film composition is typically adjusted individually in each

separate case.
(0] (@)

)K/OQJ\
[CH3(CHZ)s]2N N[(CH2)s-CH3l»
Figure 1. Structure of TODGA

It should be noted that film application is not appropriate to remove radionuclides for their process-
ing or disposal. In this case, material with high sorption capacity and developed surface such as poly-
mer particles with immobilized ligands is needed.

It is well known that europium properties resemble those of americium, except europium is not ra-
dioactive. For these reasons, primary investigations of sorption properties are often conducted using
europium as an analogue for americium.

In this study sorption properties of the styrene-divinylbenzene copolymer beads impregnated with
TODGA towards europium ions are examined.

Additionally, the study describes manufacturing of the polymeric films containing the same ligand
and their sorption properties towards europium (III). Spent photographic film without any additional
plasticizer or other components was proposed to use as a carrier material, which makes the method for
film preparation cheaper and simpler.

Experimental part

Reagents. TODGA was provided by the Institute of Organic Chemistry (Kyiv). 5 g/l stock Eu(III)
solution was prepared by dissolution of an accurately weighted amount of europium oxide in nitric
acid (Merck). The sorbent based on styrene-divinylbenzene copolymer beads (available from SOE
“Smoly”, Kamianske, Ukraine) was manufactured in the Institute of Organic Chemistry by the im-
pregnation of the beads using TODGA solution in chloroform and subsequent solvent removal. Bead
size was in the range of 63...100 pum. The fraction of TODGA in the material was 40% by weight. For
film manufacturing, photographic film from Kodak Color and chloroform were used. pH of the solu-
tions were adjusted using HNO; (Merck) or NaOH (Merck). Sodium ethylenediaminetetraacetate was
used for desorption. All solutions were prepared using deionized water.

Manufacturing of TODGA-containing polymeric films. Photographic cellulose triacetate film af-
ter mechanical stripping of a photosensitive emulsion was cut into small pieces and dissolved in 10 ml
of chloroform with stirring. A certain amount of TODGA was added to the solution obtained. Total
mass of the bare photographic film and TODGA was 0.1 g. The solution obtained was poured in Petri
dishes with diameter of 7 cm, which were previously treated with ethanol and hot concentrated nitric
acid to degrease the surface. The dishes were lidded and maintained at room temperature for 48 h until
complete chloroform evaporation. The dishes with films formed were filled with water and left for
several hours. Then the films were carefully detached from surface of the dish and dried at 25 °C at
reduced pressure for 2 h to remove residual solvent. Dried films were cut into 2 x 3 cm square pieces.
In order to obtain optimal film composition, ratio of the photographic film amount to the TODGA
amount was varied while total mass of the mixture being kept constant. The inclusion of TODGA in
the polymeric matrix was monitored by IR spectroscopy. IR spectra of the films were obtained using a
FTIR-8400S spectrometer (Shimadzu, Japan).

Study of sorption properties. Sorption was investigated in a batch mode. 20 ml of the test solution
with a certain Eu(Ill) concentration was added to 0.05 g of sorbent or 2 x 3 cm film sample in a coni-
cal flask. pH was adjusted with NaOH and HNOs; solutions using a STARTER 3100 pH-meter
(OHAUS, USA). Solutions with nitric acid concentrations in the range of 0.5 to 6 mol/l were prepared
by dilution of the corresponding amount of the concentrated nitric acid. Flasks were shaken at 300 rpm
for 3 h. Then the film was removed or the sorbent was filtered out. Eu(Ill) concentration in the solu-
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tion before and after sorption was measured by inductively coupled plasma atomic emission spec-
trometry using an iCAP 6300 Duo spectrometer (Thermo Scientific, USA).
Removal rate was calculated according to the formula:

R,% =0"% 100, (1)

=0
where ¢y is an initial concentration of Eu(IIl) ions in the solution; ¢, is a concentration of Eu(IIl) ions
after sorption.

In order to obtain sorption isotherms, 20 ml of Eu(IIl) solution with concentrations in the range of
2 to 140 mg/l was added to 0.05 g of the sorbent. Nitric acid concentration in all solutions was 1 mol/I.

When studying removal from natural waters, tap water spiked with an aliquot of europium stock
solution was used. Concentrated nitric acid was added to the tap water before sorption to obtain con-
centration of 1 mol/L.

For desorption and film reuse studies, films were washed with ultrapure water and placed in 20 ml
of sodium ethylenediaminetetraacetate (EDTA) solution with concentration of 0.3 g/l and pH 6.8. De-
sorption was carried out in conditions analogous to those in sorption studies except that the time was
1.5 h. Procedure was performed several times, each time a new portion of the EDTA solution being
used. When Eu(III) was not detected in the solutions after sorption, the films were again washed with
ultrapure water, dried and reused for Eu(Ill) removal as described above.

Results and discussion

Sorption properties of polymeric beads based on styrene-divinylbenzene
impregnated with TODGA

Acidity effect on the removal rate of Eu(lll). Lanthanides and actinides are usually extracted by
TODGA or related ligands from concentrated solutions of nitric acid. It has been concluded that when
extracted from nitric acid solutions, nitric acid forms complexes of different composition with
TODGA [29], which in turn readily react with europium cations. However, in this work Eu(III) sorp-
tion was studied in a wider acidity range to choose the most optimal conditions for removal: in nitric
acid solutions with concentrations of 6 mol/l to 0.5 mol/l and in solutions with pH of 1 to 7. pH > 7
was not studied because hydrolysis of europium may occur in this conditions. Sorption was carried out
at an initial Eu(Ill) concentration of 20 mg/l. Obtained results are shown in Fig. 2.

100
» \_/e/%
80
70
60
50
40
30
20
10

[}
70 60 50 40 30 20 1,0 1,0 2,0 30 40 50 60 7,0 80
¢(HNO3), mol/l pH

Removal rate, %

Figure 2. Acidity effect on removal rate of Eu(III)

Fig. 2 illustrates that the maximal removal of Eu(IIl) was observed in the solutions with high nitric
acid content. Authors of the publication [30] demonstrate decrease in the removal rate with increase in
HNO; concentration and relate this phenomenon to competition between Eu(IIl) and H" ions. In our
work such effect was not observed. Oppositely, the removal rate began to increase again with further
decrease in solution acidity (pH > 2). Previously, complex formation between Eu(Ill) and TODGA
was studied. It has been concluded that it most probably occurs according to the following scheme
[30]:

Eu™ +3NO; +3TODGA — Eu(NO, ), TODGA,
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Therefore, formation of a different-ligand complex occurs, with nitrate anions directly participating
in the complex formation. That explains increase in the europium removal rate from solutions contain-
ing nitric acid. It is also confirmed by the fact that changing of nitrate ions for sulphate ions dramati-
cally decreases the europium removal rate (about 6 % at the initial Eu(IIl) concentration of 20 mg/l).
Subsequent increase in the europium removal rate with increase in pH of solution > 2 can be explained
as following. Though basic properties of TODGA are rather weak, as far as it is amide with tertiary
nitrogen atoms and long alkyl substituents, it still may bind to nitric acid. Amides are protonated by
strong acids at an oxygen atom because the cation formed in such way is stabilized due to mesomeric
effect. So the amide oxygen participating in the complex formation with europium is involved in this
process. Therefore, in addition to europium binding, competitive protonation of TODGA should be
taking into account. Consequently, increase in the removal rate after pH of 2 relates to decrease in the
protonation rate of the TODGA amide moiety.

Sorption isotherm of Eu(lll). Sorption isotherms were obtained by varying concentration of
Eu(Ill) ions in the solutions for sorption.

Sorption capacity was calculated according to the equation:

(co -c, ) V

gq=-—""": 2)
m

where ¢, is an initial concentration of Eu’", mg/l; ¢, is a concentration of Eu®" in the solution after
sorption; V' is a volume of the solution, I; m is a mass of the sorbent, g.
The isotherm obtained is shown in Fig. 3.

. ¢, Mmg/g

ce, mg/l

0 20 40 60 80 100 20 140

Figure 3. Sorption isotherm of Eu(IIl) ions

This isotherm is an isotherm of H-type according to the classification in [31]. According to calcula-

tions, data obtained is well fitted to Langmuir sorption isotherm:

KLCe
1+K,c,
where ¢ is a sorption capacity; ¢., is a maximal sorption capacity; K; is a Langmuir adsorption con-
stant; ¢, is an equilibrium concentration of Eu(III) ions.

Coefficients g, and K} in the equation (3) were determined by a nonlinear method of least squares.
Values obtained as well as values of squared correlation coefficient are provided in Table 1. The obe-
dience of the sorption process to Langmuir model suggests an equivalence of all centers on the sorbent
surface without any interaction between particles as well as formation of a monolayer of adsorbed
particles [32].

q9=9., 3)

Table 1. Parameters of Langmuir sorption isotherm equation
Ky, (/mg) G MY/ R’
6.2 7.4 0.988

Removal of Eu(ll1) from natural waters. It is well known that natural water contains cations that
can interfere target ion sorption. Table 2 provides content of Eu(IIl) ions and ions usually present in
natural water before and after sorption.

10



V. Varchenko, Z. Bunina, K. Bryleva, K. Belikov, 1. Shcherbakov, A. Drapailo, V. Kalchenko

Table 2. Cationic composition of water spiked with Eu(IIl) before and after sorption

Ion Before sorption, mg/l After sorption, mg/l
Ca" 90 90
Mg** 49 49
Sr** 0.91 0.90
Al 0.12 0.12
Fe* 0.50 0.48
K* 9.9 10.0
Na" 107 111
Eu(I1I) 19 5.3

As can be concluded from Table 2, ions present in the natural water do not bind to the investigated
material; however, decrease in the removal rate compared to model solutions is observed: 70 % for
natural water and 90 % for model solutions (at the initial Eu(IIl) concentration of 19 mg/1). Such dete-
rioration can be explained considering blocking of the sorbent active centers by other components
from water, e.g. organic compounds contained therein. However, this issue needs further study.

Sorption properties of polymeric films containing TODGA

Optimal film composition determination. Fig. 4 provides an exemplary IR-spectrum of triacetyl
cellulose film with incorporated TODGA molecules. The spectrum includes the absorption band of
stretch vibrations of the TODGA amide group as a nonassociated form v(C=0) at 1650 cm™ and the
absorption band of stretch vibrations of the C-O-C bond at 1120 cm’, two bands at 2860 and
2920 cm’™', which correspond to symmetric and asymmetric stretch vibrations of the alkyl groups in the
hydrocarbon substituents of TODGA, and the band of the deformation vibrations of C-H from -CH,-
and CH; groups at 1460 and 1370 cm™. Bands at 1740 and 1230 cm™ or 1040 cm™ correspond to the
vibrations of C-O-C in ester or ether groups, respectively, which pertain to the matrix material.

100
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55
50 4
45
40
35
30
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1460
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2920
1650
1370
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Figure 4. IR-spectrum of triacetyl cellulose film modified with TODGA.

Sorption of Eu(IIl) ions on the films obtained was carried out in 1 M HNQO;. Removal rate of euro-
pium vs. weight fraction of TODGA in polymeric film is shown in Fig. 5.

Increase in the removal rate with increase in TODGA content in the film is observed up to 40 % by
weight and then the removal rate becomes essentially constant. Accordingly, optimal film composition
was chosen to be 40 % by weight of TODGA and 60 % by weight of the photographic film.

Acidity effect on the removal rate of Eu(l11). Removal of Eu(Ill) by the films was investigated in
the wide pH range: in nitric acid solutions with concentrations of 6 mol/l to 1 mol/l and in the solu-
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tions with pH of 1 to 7 (the initial Eu(Ill) concentration was 0.3 mg/l). The relationship obtained is
shown in Fig. 6.

100
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Figure 5. Eu(Ill) removal rate vs. weight fraction of TODGA in the film
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Figure 6. Eu(IIl) removal rate vs. acidity of the solution

In general, the relationship is even more complicated than that observed for styrene-divinylbenzene
copolymer beads impregnated by TODGA. As for polymeric beads investigated, the maximal removal
rate was observed in solutions with high nitric acid concentrations. Notably, europium removal rate
increases in the pH range of 2 to 4 in both systems studied. Further increase in pH leads to the growth
of the europium removal efficiency in the case of the beads and on the contrary to the decrease in the
efficiency in the case of the films, which can be associated with changes in sorption mechanism.

Removal of Eu(lll) from natural waters. The removal of Eu(Ill) from natural water spiked with
europium was studied using the polymeric films. As for polymeric beads, slight deterioration of sorp-
tion properties was observed: about 80% of europium ions was removed from the natural water, while
> 95% was removed from model solutions at the initial concentration of the analyte of 0.3 mg/1.

Regeneration and reuse of the films. The aim of the following experiment was to elucidate the
possibility of the film reuse. Eu(Ill) removal occurred the most efficiently in a highly acidic medium,
so an EDTA solution with pH of 6.8 was decided to be used for desorption. Table 3 illustrates results
obtained during desorption process investigation.

Table 3. Desorption of Eu(IIl) from the films

No. of cycle Eu(III) content in the solution, mg/l
1 0.13
2 0.12
3 <0.005

It has been found that complete desorption (> 99%) of Eu (III) from the film was achieved after
three cycles of washing with the EDTA solution, while integrity and mechanical properties of the
films were remained intact. Repeated sorption of Eu(IIl) was performed on the films regenerated. Such

12
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regeneration was found to not influence on the sorption properties of the films: Eu(Ill) removal rate
was 95 % and 96 % for new and regenerated films, respectively. Accordingly, the films can be used
twice. However, subsequent purification cycles led to an abrupt deterioration of physical properties:
the film lost her elasticity and became soft and sticky. This is likely to be explained by gradual saponi-
fication of cellulose triacetate with the nitric acid solution.

Conclusions

Sorption properties of the styrene-divinylbenzene copolymer beads impregnated with TODGA and
of the polymeric films based on cellulose triacetate containing TODGA towards Eu(IIl) were studied.
It is found that the maximal removal of Eu(Ill) ions is observed both in the concentrated nitric acid
solutions (1-6 mol/l) and in the solutions with higher pH values: in the range of 4-7 for the beads and
3-4 for the films, with the minimal removal being observed at pH = 1-2 for both materials. Sorption
equilibrium of Eu(III) ions on the styrene-divinylbenzene copolymer beads is adequately (R* = 0.988)
fitted by Langmuir adsorption isotherm. According to calculations, the maximal sorption capacity is
7.4 mg/g in the nitric acid solutions with concentration of 1 mol/l. Removal of Eu(Ill) ions from natu-
ral water is slightly less effective than that from model solutions for both films and beads. However, it
is found that metal cations present in natural water do to not sorb in such systems. The possibility to
use the polymeric films twice without any deterioration of their sorption properties was shown.

The study is financially supported by the National Academy of Sciences of Ukraine within the pro-
ject “Novel polymeric sorption materials for radioecological monitoring”, state registration
no. 0119U101248.
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B.B. BapueHko*, 3.FO. ByHiHa*, KO. Bpunbosa*, K.M. Benikos* ", 1.5.-X. LLlep6akos*, A.B. ,D,panaﬂno*,
B.l. KanbueHkot. CopbuinHi BnacTnBocCTi NoniMepHMX rpaHyn Ta MiBOK, WO MICTATb TETpaoKTunaurnikonsamia,
no BigHOLLEHHIO Jo oHiB esponito (I1).

* HTK «lHcTuTyT MoHokpucTanis» HAH Ykpainu, np. Hayku, 60, 61070, Xapkis, YkpaiHa
1 XapkiBcbkuii HauioHanbHWiA yHiBepcuTeT imeHi B.H. KapasiHa, nn. Ceoboaw, 4, 61022, Xapkis, YkpaiHa
IHcTUTYT opraHiyHoi ximiT HAH Ykpainu, Byn. MypmaHceka, 5, 02000, Kuis, YkpaiHa

Y uin cTaTTi HaBe4eHO pe3ynbTaTu AOCNIAXEHHs BunyYeHHst noHiB Eu(lll) 3 BogHMX po34ymHiB nniBkamu Ha oc-
HOBI TpuavueTaTy Liernionosn i rpaHynamu Konomnimepy CTUpeHy Ta AMBIHINGEH3eHy, WO MICTATb TeTpaoKTUNammi-
konbamig (TODGA). 3anponoHoBaHO MPOCTMI CNOCIO OTPMMaHHSA NAIBOK TpMaLEeTUNLENonosm, Wo MICTATb A0
50 mac. % TODGA. [ina BkasaHux MaTepianiB AOCMiAXEHO 3anexHOoCTi cTyneHs BunyydeHHs nodis Eu(lll) Big
KMCINOTHOCTI po34nHiB. MakcmanbHe BunydeHHs oHiB Eu(lll) cnocTepiraetbea y posdmHax HiTpaTHOI KACMIOTK 3
KOHLeHTpauisMm 1-6 monb/n. Kpim Toro, 30inblLUeHHSA CTyneHs BWUIYYEHHsI €BPONIil0 BiobyBaeTbCs TaKoX MNpu
pH > 2 ona rpanyn, i B iHTepBani pH Big 2 o 4 ans nniBok. B nepliomy BunagKy 36inbLUEHHS CTYNEeHs BUNYyYEHHS
NOSICHIOETLCS 36iNMbLUEHHSAM KOHLIEHTPAL,i HITpaT-ioHIB Yy po34unHi Ta yTBOpeHHsIM komnnekcy Eu(NO3)3(TODGA)3,
a y Opyromy 3MeHLUeHHAM CTyneHs npoToHyBaHHs TODGA 3i 36inbweHHam pH. Xapaktep 3anexHocTen Bkasye
Ha iDEeHTUYHICTL MexaHi3miB copOLii Ha noBepxHi gocnigxyBaHux maTtepianiB. CopbuiiHa pisHoBara 1oHiB Eu(lll)
Ha rpaHynax kononimepy CTUpeHy Ta AuBiHiNGeH3eHy, imnperHoBaHnx TODGA, 3a4oBinbHO ONMCyeTbCs i30Tep-
moto agcopbuii JleHrmiopa. MakcumanbHa copOuinHi €MHICTb Takoro maTtepiany npu BunyyeHHi nowis Eu(lll) 3
PO34YMHIB 3 KOHLEHTPALiE0 HITpaTHOI KMCNOTU 1 MOMb/N CTaHOBUTL 7.4 Mr/r. BCTaHOBMEHO, WO MaKCUMarnbHUi
CTyniHb BUNy4YeHHsi oHiB Eu(lll) nniBkamy Ha OCHOBI TpraueTUILENONo3n gocsaraeTbea npy BMicTi B HUX TODGA
> 40 mac. %. NokaszaHo MOXNKMBICTb CEeNEKTUBHOI copbuii eBponito 3 NPUPOAHOI BOAM SK 3 BUKOPUCTAHHSIM rpa-
Hyn, TaK i NniBok. Xo4a KaTioHM, Lo MICTATbCA Y MPUPOAHIN BOAj, HE 3B’A3YI0TbCS AOCHiAXYBaHUMN copbeHTamu,
npu nepexogi Bif MoAernbHUX PO3YMHIB A0 NMPUPOLHOI BOAM TUM HE MEHLLIE CNOCTEPIraeTbCsl He3HaYHe noripLueH-
Hs1 copbuinHmx Bnactusoctel. NoeHa gecopbuia oHiB Eu(lll) 3 noBepxHi nNniBok A4OCAraeTbCsA Npu TPUKpaTHOMY
npomusaHHi posunHom EATA 3 pH = 6.8. OTpumaHi nniBkM MOXHa yapyre BMKOPUCTOBYBATW ONA BUIYYEHHSA
nowis Eu(lll).

KnroyoBi cnoBa: esponin, copbuis, TODGA, TpuaueTaT Lentonosu, conomniMmep CTUpeHy 3 AUBIHINGeH3eHoM,
CTYMiHb BUITYYEHHS.

B.B. BapueHko*, 3.10. byHuHa*, E.}O. Bpbinesa*, K.H. EGJ'II/IKOB*'T, I.6.-X. LWep6akos*, A.B. ,El,panaﬁnoi,
B.W. KanbyeHko*. CopbunoHHbIE CBOMCTBA MONMMMEPHBIX FPaHyn M MIEeHOK, COAepXKalLuMX TeTPaoKTUIAUIMMKONb-
amug, no oTHoLeHuto k noHam esponus (11).
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B HacToswen ctatbe npuBeAeHsbl pe3ynbTaThl nccnenoBaHusa nssneveHns noHos Eu(lll) ns BogHeix pacteopos
rpaHynamu cononumepa ctupona v aveBuHunbeH3ona n nrneHkamy Ha OCHOBe TpuaueTaTta Lennonosbl, cogep-
xawmmmn TetpaokTungurnukonsamug (TODGA). MNpeanoxeH npocton cnocob nonyyYyeHns nneHok TpuaueTwn-
uenntonosel, cogepxawux 0o 50 mac. % TODGA. [na gaHHbIX MaTepuanoB M3ydYeHbl 3aBUCUMOCTU CTENEHU
nssneyeHus noHos Eu(lll) ot kucnotHoctn pacteopoB. MakcumansHoe nasnevyexve noHos Eu(lll) Habnogaetcs B
pacTBopax a3oTHOW KWUCNOTbl C KOHLUeHTpaumnen 1-6 monb/n. Kpome Toro, yBenuueHne cteneHu n3BrneyveHns es-
ponus npoucxoauT Takke npu pH > 2 ans rpaHyn, u B nHtepsane pH ot 2 go 4 anga nneHok. B nepsom cny4vae
yBenuyeHue cTeneHn n3BnedyeHns oobsACHAETCS yBENMYEHNeM KOHLEHTPaLMN HUTpaT-MoHOB B pacTBope u obpa-
3oBaHvem komnnekca Eu(NO3);(TODGA)s, a BO BTOPOM YMEHbLUEHWEM cTeneHn npoToHupoBaHus TODGA c
yBenunyeHnem pH. Xapaktep 3aBMCMMOCTEN yKa3blBaeT Ha MAEHTUYHOCTb MEXaHN3MOB CoOpOLUMM Ha NMOBEPXHOCTM
nccnefoBaHHbIx mMatepuanos. CopbumoHHoe pasHoBecue noHos Eu(lll) Ha rpaHynax cononumepa crupona u
AvBMHUNGeH3ona, nmnperHnposaHHbix TODGA, yaoBneTBopuUTeNnbHO onncbiBaeTcst n3otepmon agcopbumn Jlen-
rMiopa. MakcumanbHas copbumMoHHas eMKOCTb Takoro matepuana npv n3snedeHumn noHos Eu(lll) s pactsopos c
KOHLeHTpaumen a3oTHOW kucnoTel 1 mMonb/n coctaBnset 7.4 mr/r. YCTaHOBMEHO, YTO MakcuMmarbHas cTeneHb
nssneveHuss noHos Eu(lll) nneHkamy Ha ocHoBe TpuaLETUNLENONo3bl AOCTUraeTcs Mpy COoAEepXaHUU B HUX
TODGA = 40 mac. %. Noka3aHa BO3MOXHOCTb CENeKTUBHOW copbuumn eBponusi M3 NPMPOAHON BOAbl Kak C WC-
NONb30BaHMEM rpaHys, Tak U NNeHoK. XOoTa KaTWOHbI, coaepxalunecs B NPMPOAHON Bo4e, HE CBA3bIBAIOTCA U3Y-
YyaeMbiMy copbeHTamu, Npy Nepexofe OT MoAerbHbLIX PaCTBOPOB K NPMPOAHON BOAE TeM He MeHee HabnwpaeT-
CA He3HauuTenbHOe yxyAleHne copbLmMoHHbIX cBOMCTB. MonHas gecopbuns noHos Eu(lll) ¢ noBepxHocTn nne-
HOK [OCTUraeTcsl Npu TPexKpaTHOM npoMbiBaHun pacteopoM OOTA ¢ pH = 6.8. Mony4eHHble NEHKU MOXHO
NMOBTOPHO UCMONb30BaTh Anst n3sreveHus noHos Eu(lll).

KnioueBble cnoBa: esponuii, copbunsa, TODGA, TpuaueTaT Lennonosbl, Cononmmep cTmpona ¢ AUBUHUNGEH-
30110M, CTeMeHb N3BMNeYEeHUs.
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The fortification of food with vitamin D has several limitations because this group of fat-soluble com-
pounds may degrade or undergo undesirable changes during technologic processing and storage of food.
The purpose of this study was to investigate emulsions for vitamin D3 delivery in commercial foods. Oil-in-
water (o/w) emulsions stabilized by mixture of various proteins (whey protein isolate (WPI), skimmed milk
powder (SMP) and vegan protein isolate (VPI)) as emulsifiers and carboxymethylcellulose as thickening
agent were used. The shear stress and effective dynamic viscosity of the emulsions in the wide range of
shear rates were experimentally determined. By approximating experimental flow curves using the power-
law model, the values of the consistency coefficient and flow behavior index were obtained, which made it
possible to classify the emulsions as systems with pseudoplastic flow.

Within the framework of the structural approach, the rheological data were analyzed on the basis of the
generalized rheological model of Casson. The contributions to the process of viscous flow calculated from
the experimental data from the integral characteristics of associates of droplets and individual particles dur-
ing their hydrodynamic interaction made it possible to explain the effect of changing the viscosity of emul-
sions from the nature of the emulsifier used.

The zeta potential values determined by the dynamic light scattering method indicate the existence of a
strong repulsive force as a factor for the stability of emulsions. The sign of the potential and its magnitude
indicate the process of adsorption on the surface of fat droplets molecule of protein. The presence of a peak
of flocculated particles in the histograms of the particle size distribution is explained by the presence of non-
adsorbing polysaccharides, which are capable of the generation of aggregated emulsion structures through
depletion flocculation.

Regardless of the choice of the type and nature of the protein emulsifier - animal or plant origin, all studied
systems were stable and can be considered for use as emulsion-based delivery systems of vitamin D. From
an economic point of view, it is advisable to use dry milk as an emulsifier. The resulting emulsions can be
used as a basis for the production of vitamin Ds-fortified foods, in particular for dairy products.

Keywords: rheology, protein, emulsion, delivery system, vitamin D, structural approach.

Introduction

Vitamin D (VD) is a fat-soluble vitamin. It supplements are available in two forms: vitamin D,
(ergocalciferol) and vitamin D; (cholecalciferol). Both are also naturally occurring forms that are pro-
duced in the presence of the sun’s ultraviolet rays, but only D; in animals, including humans [1]. VD
production in the skin is the primary natural source of vitamin D, but many people have insufficient
levels. Today, according to medical reports, the majority of the world's population is deficient in the
vitamin Ds [2,3]. This problem is inherent in the population of Ukraine [4].

Vitamin D; is known to play an important role in bone health (calcium and phosphorus metabo-
lism) [5], play a role in muscle development and epidemiologic data suggest its benefits cardiovascu-
lar mortality, hypertension, colorectal cancer, multiple sclerosis, type 1 diabetes, immune function,
and inflammation [6—8]. More detailed information on biochemical and physiological aspects can be
found in the monograph [9]. In 2020, close attention to VD was due to both the problems of the global
food market and publications related to the spread of the COVID-19 virus [10]. Analysis of statistical

© Gubsky S.M., Aksonova O.F., Evlash V.V., Batrak A.S., Laguta A.N., Kalugin O.N., 2020
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medical data has shown the important role of this vitamin in the regulation of the immune system in
viral infections [11]. According to the authors [12], VD consumption can lead to a decrease in severe
complications of COVID-19, suppress hypercytokinemia, while increasing innate immunity and
avoiding a significant increase in adaptive immunity. In report [13] present preliminary evidence of a
link between VD deficiency in humans and the severity of COVID-19 disease. The authors concluded
in favor of the intake of this vitamin in the human body as a potential additional strategy to prevent the
incidence of COVID-19 or reduce the severity of the disease.

Since VD deficiency is a widespread health problem, functional foods fortified with this vitamin
have been attracting more and more consumer attention around the world in recent years [10]. A de-
tailed overview of such products, including country of origin information, is given in [3]. Fortification
is considered the most effective among the available medical interventions, but requires close attention
to studying the interaction of the introduced component with components of the food matrix of prod-
ucts. Ignoring this factor can lead to the loss of the added enrichment component during processing
and/or storage of the food product. From a chemical point of view, VD is sensitive to oxidation proc-
esses due to the presence of double bonds in the structure. In addition, factors such as light, oxygen
and high temperature can cause isomerization and degradation of the vitamin, leading to the formation
of its inactive forms. All these problems must be solved for the development of an effective and budg-
etary technology for introducing vitamin VD into food products.

Many foods are manufactured as emulsions. That is why, a promising solution is the introduction
of vitamin VD in emulsions by encapsulation [14,15]. In this way the VD can be protected from con-
ditions that lead to its degradation [3]. In this case, various emulsions should be considered as emul-
sion-based delivery systems of bioactive compound into the human body and they are of undoubted
interest for the food industry [16]. In recent years, particular interest has been attracted by the use of
nanotechnology in this area [17,18]. However, an emulsion in the macro- and nanoscale range is a
thermodynamically unstable system that is capable of destabilizing over time by sedimentation, floc-
culation, coalescention, Ostwald ripening and phase separation [19]. In addition, droplet size directly
depends on the stability of the emulsion, as well as on the optical, rheological and sensory properties
[20]. It has been shown that, smaller droplets can usually be formed when the viscosity ratio (the vis-
cosity of the oil phase to the viscosity of the aqueous phase) is close to unity. This indicates that
knowledge of the rheological properties of the material is becoming one of the important factors for
the development of technological processes for creating food emulsions [21] and would help to im-
prove the economic production of high-quality products [22].

Thus, the effective process of creating a food product as emulsion-based delivery systems of VD is
determined by two main factors: the stability of emulsions as the ability of an emulsion to resist
changes to its properties over time and the absence of vitamin degradation in the food matrix. This
should take into account the fact that the delivery systems should meet food-grade standards, both in
the formulation and in production methods [23].

In the last decade, the research has addressed with growing intensity the development of food-
grade delivery systems for VD. As an example, some summarized data from these studies, important
for the design of the developed emulsion, are presented in Table 1.

As can be seen from Table 1, even on such a small number of the above studies, in experimental
development, a fairly wide variety of types of emulsions, methods of their preparation and emulsion
components are used. But when choosing one or another methodology for obtaining emulsion-based
delivery systems as a commercial product, an economic criterion related to the cost of production be-
comes important. Taking into account all the above factors, in the section Emulsion structure design
and sampling, the choice of the objects of this study is justified.

The aim of this work was to study (i) the formation process and the stability of vegetable oil-in-
water emulsions as potential as emulsion-based delivery systems of VD (in form of D) in commercial
foods and (ii) rheological and microscopic parameters variation of such emulsions prepared in the
laboratory from the type of protein emulsifier.

Emulsion structure design and sampling

The above analysis of the literature data made it possible to optimize the design of the studied
emulsions using the authors' sample as a prototype [24]. But instead of rapeseed oil, sunflower oil was
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used as the fat phase with VD introduced into it. Such a replacement for a future commercial product,
firstly, is quite logical for economic reasons, given the price of both oils and the region of production
(Kharkiv Oblast, Ukraine). Secondly, it should be taken into account that in [25] the fact of an increase
in the preservation of VD with a decrease in the size of droplets was noted. Replacing rapeseed oil
(dynamic viscosity at 26 °C is 59.2 mPa-s [28]) by sunflower oil (dynamic viscosity at 26 °C is
48.8 mPa-s [28]) should lead to a decrease in the droplet size of the fat phase. The generation of small
droplets during homogenization depends on the ratio of the viscosity of the dispersed phase to that of
the continuous phase [29]. And thirdly, sunflower oil is more stable to oxidation due to the lower con-

tent of polyunsaturated and monounsaturated fatty acids in fatty acids composition [28].

Table 1. Some emulsion-based systems for delivery of vitamin D

Main results (emulsion

Type* MH** 0011 phase E10nu151ﬁer S‘Eablllzer, stability and vitamin D Ref.
(% w/w) (% wiw) (% wiw) .
degradation)
. — 5
rapeseed . carboxymethyl creaming stablhty IOQ &
C . whey protein and retention of vitamin D
HSH oil cellulose [24]
Oo/W (40) 2) (0.75) 93% after 7 days of storage
’ at 4°C in the dark
the highest protection of
gum arabic vitamin D (70-85 %) at
medium- (7), maltodex- 25°C after 30 days; the
. trin (2), minimum size of particles
C chain tri- . .
O/W MF Iveerides whey protein obtained were as [25]
&y 4) (0.5), 132-468 nm; the minimum
soy protein amount of vitamin D would
“) be oxidized in smaller
droplets
o droplet growth ratio was
. soy lecithin 0.141 after 14 days of stor-
ML canola oil  and tween 80 . .
S . S age; vitamin D retention [26]
O/W (7 with ratio 2:3 .
0,
) 76%:; values for droplet size
was 112.36 nm
The emulsions were stable
to temperature, most pH
P soybean  nanofibrillated values (3 to 7); good stabil-
O/W HP oil cellulose ity to long-term storage, [27]
10 0.3-0.7 with little evidence of
(

creaming; retention of vi-
tamin D >94%

* Type of emulsion: C — conventional; ML — multilayer emulsion; P — Pickering.
** MH (Method of homogenization): HSH — high-speed (rotor-stator); MF — microfluidization;
S— sonication; HP — high pressure

Emulsions (o/w) with different emulsifiers were used for research. In food technologies, surfactants
are widely used as emulsifiers, in particular, protein emulsifiers (Table 1), which are adsorbed on the
surface of the droplet, reducing the interfacial tension. In the process of stabilization of emulsions, the
molecular properties of proteins are manifested: structure, surface hydrophobicity and molecular
weight, which makes possible the formation of small droplets. In addition, milk and vegetable proteins
are natural emulsifiers [20]. Most edible emulsions usually contain a combination of protein and poly-
saccharides. The latter compounds are used as a thickening component and stabilizer. When certain
environmental conditions are created (pH, temperature, ionic strength), the interaction of these com-
ponents can be used as a factor for obtaining an emulsion and optimizing its stability [30,31].

There are two alternative ways in which emulsion droplets can be stabilized by a mixture of protein
and polysaccharide [32]. In this study, we used simultaneous adsorption principle by analogy with
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research [33]. According this method, first procedure is to prepare a mixed solution of the protein and
CMC, and then use the resulting protein—polysaccharide complex as the emulsifying agent during
homogenization. But it was taken into account that the WP—CMC interaction will not occur at a pH
close to neutral. Therefore, in emulsions stabilized with a mixture of WP and CMC, the polysaccha-
ride molecules remain unabsorbed on the oil drop. But research has shown [20] CMC can increase the
stability of emulsions by increasing the viscosity or gelation of the aqueous phase. As a result, the oil
droplets of the emulsion are blocked by the structure of the resulting gel, which prevents delamination
[31]. It should also be noted the effect of carboxymethylcellulose on the stability of emulsions under
conditions that simulate real conditions of digestion in the gastrointestinal tract [33].

Taking into account the information given in the literature sources discussed above, in this study,
samples of emulsions were used as objects, the composition of which is given in Table 2. The emul-
sions were made in triplicate at room temperature and the batch size was 200 g.

Table 2. Formulations of o/w emulsions weighing 100 g

Aqueous phase

Emulsion Emulsifier, Stabilizer, %}/1 F;lvlfvsvi
(%o w/w) (%o wiw) 0
EWP WPI (2.0) . ‘
EVP VPI (2.0) 0 pg :

Experimental Section

Reagent. Vitamin D5 powder (800 1.U./g) was purchased from Susin Biotech Co., LTD (Hefei,
China). Sodium carboxymethylcellulose (CMC) (reagent purity >99,5+£3%, viscosity of 2% (w/w) solu-
tion at 25 °C equals 1000-3000 mPa s) was received from Carl ROTH GmbH Co (Karisruhe, Ger-
many). Emulsion was prepared using double distilled water.

Materials. Raw materials were purchased from the following suppliers: skimmed milk powder
(content w/w: 1.5% fat, 32.0% protein) (PJSC Milk Canning Factory, Kupyansk, Ukraine); sunflower
oil TM Oleina refined, deodorized, frozen (w/w: 0.05-0.06% moisture, no more 12% saturated fat;
14-35% monounsaturated fat; 50-75% polyunsaturated fat) (Suntrade Subsidiary Enterprise, Ukraine).
Commercially available food additives Whey Protein QNT (78.3% w/w whey protein isolate) and
Vegan Protein QNT (pea protein isolate and rice protein with total protein amount 77.12% w/w)
(QNT, Belgium) was procured from the local supermarket in the city of Kharkiv, Ukraine.

Preparation of solution. A solution of a mixture of sodium carboxymethylcellulose and skimmed
milk (CMC+WPI) with concentration CMC (0.75% w/w) and protein (2% w/w) was prepared by dis-
persing the required amount of component in distilled water (per 100 g final solution) under continu-
ous stirring (1000 rpm) using a magnetic stirrer.

Preparation of emulsion. The oil-in-water (o/w) emulsions stabilized by proteins and CMC were
prepared as described [24]. Method is to prepare a mixed solution of the biopolymers, and then use the
resulting protein—polysaccharide complex as the emulsifying agent during homogenization.

Initially, for the manufacture of the studied emulsions, aqueous solutions of CMC (2% w/w) and
solutions of necessary protein components with a mass protein concentration of 10% w/w for samples
were prepared from weighed portions of the corresponding components according to formulation. The
nonsheared mixture were stirred and mixed at an appropriate ratio for at least 1 h. The pH of the mix-
ture was adjusted to 7 using 0.1 M NaOH. The emulsion was made by dispersing the oil phase (sun-
flower oil) in the necessary protein and CMC mixture for 5 min at 24000 rpm using an the IKA Dis-
perser T 25 digital Ultra-Turrax (IKA, Staufen, Germany) homogenizer combined with disperser
S25 N. The vitamin D; solution in ethanol was added to the mixture after 5 minutes after homogeniza-
tion to prevent vitamin oxidation by air.

Speed mixer for homogenization. In addition to the EMP emulsion, which was made by dispersing
the oil phase at 24000 rpm, an emulsion EMP1 of the same composition was used in the experiment.
But it was made by homogenizing the fat phase in an aqueous mixture of SMP and CMC at 11000 rpm
using high-speed mixer (Hungary).
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pH stability. All emulsions were freshly prepared and then adjusted to pH values 7 using 0.1 M
NaOH. This pH value makes it possible to obtain the smallest particle size of the dispersed phase, the
zeta-potential value is less -30 mV and retention (%) of vitamin Dj; at or above 90% using fatty phases
of different nature [34].

Measurements. The apparent viscosity of emulsions was determined by using a rotation viscometer
OFITE Model 900 Viscometer (OFI Testing Equipment,, Inc., USA). The device operated with a true
Couette coaxial cylinder with combination standard F1.0 spring (constant 386), rotor R1 (radius
1.8414 cm) and bob B1 (radius 1.7245 cm, height 3.8 cm) in variable speed range 1-1000 rpm with
speed accuracy 0.001 rpm. All measurements were carried out at shear rate constant 1.7023 s/rpm,
overall instrument constant 300 and maximum shear stress 0.0168 mN/cm?. Calibration Fluid Batch:
100 cP NIST N 132-80 (OFI Testing Equipment,, Inc., USA) was used to calibrate of viscometer at a
temperature of 298 K. The procedure for calibrating the viscometer, measurements, and calculation of
the effective dynamic viscosity were performed as in [35]. The combination of spring-rotor-bob used
in the study allowed measurements on the rotary viscometer described above to the shear stress value
157 Pa. This meant the possibility of measurements in the range shear rate 1-1200 s for dispersed
medium MED and emulsions EWP u EMP1. For the EMP and EVP emulsions, for this reason, data
were obtained only in the range shear rate 1-136 s ' and 1-42 s, respectively.

The particle size distributions and zeta potential of the emulsions were measured by dynamic light
scattering (DLS) distribution using a particle and molecular size analyzer (Zetasizer Nano ZS, Mal-
vern Instruments Ltd., Melvin, UK). This instrument determines the particle size from intensity—time
fluctuations of a laser beam (a 4.0 mW He-Ne laser with a wavelength of 633 nm) scattered from a
sample at an angle of 173°. Each individual measurement was an average of 10 runs. The particle size
and E-potential was measured for the fresh emulsions immediately after 1 h of production. The sam-
ples were diluted with double distillated water until a diluted solution viscosity of 1.9 mPa-s was
reached (approximately 1: 100—150 dilution ratio). For calculation of particle size and &-potential were
used values of optical parameters as follow: refractive index of 1.469 for the dispersed phase; refrac-
tive index of 1.333 for the continuous phase and droplet absorbance of 0.01. The particle size meas-
urements are reported as the average and standard deviation of measurements made on two freshly
prepared samples, with two readings made per sample. The Smoluchowski’s equation used for zeta-
potential calculations.

Stability of emulsion were measured according [36]. A graduated tube with a volume of 10 ml was
filled up to the upper mark with an emulsion. Then placed in centrifuges and centrifuged for 5 minutes
at 1500 rpm. Then this tube was placed in boiled water for 3 minutes and then centrifuged again for
5 minutes.

Creaming index (CI) of emulsion were measured as in [25]. An amount of 25 ml of samples was
placed in a tube and stored at 25 °C for 7 days after the preparation. With the passage of time, the in-
terface between the two phases was analyzed: the first phase was rich in oil, and the second phase,
which was turbid and more abundant in the lower part of the tube.

The pH of the emulsions were measured by 692 pH/Ion meter (Metrohm, Switzerland) with the ac-
curacy of 0.002 pH units using the combined LL pH glass electrode with temperature sensor Pt1000
(Metrohm, Switzerland), pre-calibrated with standard buffers (1.68, 4.01, 6.86, 9.18 and 12.45) at
25 °C.

All weighing operations were carried out on a balance IKEA (IKEA GmbH, Germany) with accu-
racy 0.01 g.

Data Treatment

Stability of emulsions in percent of emulsion intact were calculated from experimental data accord-
ing expression [36]:

Stability(%) = VKIOO% , (1)
0
where V is a volume of intact emulsion, V is a volume of emulsion’s sample.
Creaming index of emulsion as the percent ratio of the height of serum phase (bottom layer) HSP
and to the height of total emulsion HTE were calculated by expression:
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CI(%) = HSP 009 (2)
HTE
The obtained experimental data on the shear stress t versus the shear rate y were used to calculate
the effective dynamic viscosity 1 of the emulsions at ambient temperature according to the expression
3):

n=1/v. 3)
All calculations were performed automatically in the software ORCADA™ Model 900 software

(OFI Testing Equipment,, Inc., USA).

Statistic analysis

For the statistical analysis were used a one-factor analysis (ANOVA) for a series of parallel meas-
urements (n=3) with the statistical software package Minitab ver. 18.1 (Minitab Inc., USA). Value of
p<0.05 was considered statistically significant. The Tukey-Kramer honestly significant test was used
to determine significant difference between means. All data were expressed as the X+AX with X as
average value and AX as standard deviation.

The approximation of the experimental data was evaluated by two parameters: the correlation coef-
ficient R? and standard error o,

Results and Discussion

Emulsion curves of flow and model fitting. As you know, most food emulsions are non-
Newtonian liquids that exhibit thixotropic behavior. Indeed, the obtained rheograms for emulsions
demonstrate the typical behavior of fluids with a non-Newtonian flow in the range of the studied shear
rates. In addition, there is a characteristic hysteresis for the flow curves depending on the direction of
change in the shear stress. Thixotropy is an integral property of a structured dispersed system, in
which particles of a dispersed phase form aggregates, most commonly flocculates. Equations of flow,
according to literature data, characterize the equilibrium state of flow in the presence of some equilib-
rium structure. Rheology studies of highly flocculated gels are difficult due to poor reproducibility of
sample preparation, sensitivity to shear history, and preparation conditions [37]. However, weak or
reversible flocculation allows the destruction and re-formation of aggregates with the achievement of a
metastable thermodynamic state. Taking this fact into account, in further experiments to obtain a flow
curve close to the equilibrium state, sequential measurements were carried out (T 1),where T — means
viscosity measuring with increasing shear rate, and 4 — conversely. The curves presented in the fol-
lowing discussion refer to (T) measurements. Taking into account the comments made, the flow
curves of CMC solution (0.75% w/w) and CMC+WPI with concentration CMC (0.75% w/w) and pro-
tein (2% w/w) and the studied emulsions are shown in Fig. 2. In addition, this figure has shown a
curve for a dilute emulsion EMP with a viscosity 1.9 mPa-s. This diluted emulsion was used in the
experiment to determine the size distribution and zeta-potential by the DSL method. The curve is lin-
ear (R*=0.9955) with practically zero intercept, which confirms the Newtonian type of flow with a
constant viscosity (1.9 mPa-s). The rest of the curves, including the CMC and mixed CMC + WPI
solutions, have a non-linear dependence shear stress versus shear rate (Fig. 1).

To approximate the obtained experimental data, we considered the most commonly used (for food
materials) to study the relationship between the shear stress and shear rate of the model [21]: power-
law (4), Herschel-Bulkley (5) and Casson (6):

=Ky’ 4)
T="1,+KY" (5)
where 1 is shear stress (Pa), 1o is yield shear stress (Pa), v is shear rate (s '), K is consistency coeffi-
cient (Pa s"), n is flow behavior index (dimensionless),
1/2, 1/2

=T iy (6)
where 1/ is the yield stress, n,, is the Casson viscosity, which relates to the high shear rate viscosity.

The above models are widely used to describe various food systems. Their disadvantage is the physi-
cal unreasonableness of the exponent index n. However, in some rheological studies, the constant n is
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considered as the shear thinning index. This describes the degree to which a material is shear thinning
(n<1, pseudoplastic) or shear thickening (n>1, dilatant). For n=1 we have Newtonian behavior. The
above also applies to the uncertainty of the consistency coefficient. Table 3 summarizes the results of

the evaluation of parameters of power-law model.

160 ® CMC+WPI
o EWP 12 4
140 v EMP1
A EMP 10
120 m EVP
o EMP for DSL
100 ¢ CMC 81
T &0 Q
5 b = 64
60 4
p 4 CMC+WPI
40 EWP
D EMP1
20 % 2 EMP
: EVP
0
r T T T 1 0 T
0 200 400 600 800 0 20
.87 y12
Figure 1. Curves of flow for solution CMC and Figure 2. Curves of flow as T versus y'? plot (dots are
CMC+WPI, and emulsions (dots are experimental data;  experimental data; the lines are the results of approxima-
the lines are the results of approximation by the eq. 4) tion by the eq. 7)

Table 3. Coefficients the flow equation of the power-law and Herschel-Bulkley models

Sample Ty, Pa K, Pas" n R? Oest
Herschel-Bulkley model
EWP 0.2+1.4 6.910.5 0.42+0.01 0.9987 1.6
EMP1 -0.6 8.840.5 0.42+0.01 0.9994 1.2
EMP -8 2946 0.34+0.03 0.9969 2.4
EVP -295 4442 0.291+0.011 0.9912 34
Power-law model
EWP 7.0£0.2 0.418+0.004 0.9987 1.6
EMP1 7.840.1 0.424+0.003 0.9994 1.2
EMP 24+1 0.360+0.008 0.9969 2.2
EVP 4442 0.291+0.011 0.9912 33

The analysis of the results (Table 3), carried out on the basis of a comparison of the correlation co-
efficient and the standard deviation of the experimental data from the data that were calculated using

the nonlinear regression equation showed:

1) the best approximating ability, according to the adopted criteria, is possessed by the power-law
model (4), which in the further analysis of the curves of the dependence of the shear stress on the

shear rate was taken as the basis (Fig. 1);

2) when calculating by the Herschel-Bulkley model, statistically insignificant or negative values of
yield shear stress yield shear stress 1o, were obtained for all emulsions, which has no physical

meaning;

3) curves in the coordinates 7> —y"?>of Casson model had a pronounced nonlinear character
(Fig. 2), which indicated that there was no need for calculations using a straight-line dependence

(eq. 6);

4) the calculated values of n less than 1 for all systems indicate their typical pseudoplastic flow (tak-

ing into account 1y = 0 according to (eq. 4);
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5) anincrease in K and a decrease in n in the series of emulsions EWP <EMP <EVP testifies in fa-
vor of an increase in the structuredness of the resulting emulsions.

The obtained K value for the EWP is in good agreement with the similar value obtained for the
emulsion with whey protein, taking into account the higher viscosity of rapeseed oil [24].

Earlier, in [35] to describe the behavior of aqueous solutions of food gelling agents for the analysis
of the obtained curves of flow, we used the generalized flow equation of the Casson rheological model
[38]. Initially, this model was developed for polymer melts [39], but it is suitable for describing dis-
persed systems, including emulsions and suspensions [40,41].

The rheological behavior of the system within the framework of the discussed model is explained
by a change in the structure, which is understood as a certain arrangement in space of individual or
interconnected particles, in our case, emulsion drops. The structure is characterized by the size distri-
bution of particle aggregates, the shape of the particles or aggregates, the internal structure of the ag-
gregates and their orientation in space. This model is a generalization and extension to real systems of
the classical microrheological model Casson [42] with an additional interpretation of the coefficients
of this model based on the kinetic equations of destruction — recovery of structural aggregates of the
Kross model [43]. The proposed mechanism of viscous flow is associated with the dissipation of the
energy of this flow when flowing around a set of aggregates and individual particles under the condi-
tion of their hydrodynamic interaction, the possible destruction of aggregates due to breaking hydro-
dynamic forces and unification during collisions of particles and aggregates [38]. The generalized flow

equation for this approach is represented by the expression (7):
12, 1/2
e R (7)
Xty

where values 1,"%,%,m,"> — are integral characteristics of a structured system, in our case, emulsions.

Their values are obtained by approximating the experimental data of flow curves in a wide range of
shear rates in the region where an increase in shear stress is observed. Unlike expressions (4)—(6),
these parameters have a physical meaning based on the kinetic model of destruction-recovery of struc-
tural aggregates of the system [44]. This meaning becomes clear if we take into account that the first
term of eq. (7) corresponds to energy dissipation in the flow around particle aggregates, and the sec-
ond — to energy losses during the movement of individual particles. The coefficient t /> characterizes
the degree of aggregation of the system and takes on the meaning of the limiting dynamic shear stress
only under the condition y — 0. The coefficient ¥ indicates a tendency towards the formation of an

infinitely large aggregate of particles and is associated with the looseness or compactness of an indi-
vidual aggregate of particles. It determines the plastic or pseudoplastic behavior of a structured sys-
tem. These coefficients are related to the parameters of the kinetic equation, which considers the mo-
tion of particles in a viscous medium, which aggregate upon mutual collision, and are separated under
y2 4

the influence of thermal motion and hydrodynamic tensile forces. Casson viscosity coefficient '~ is

equal to the viscosity of the system with complete destruction of the original aggregates, i.e., it is as-
sociated with the flow of a viscous dispersion medium around individual particles. From this it follows

that the parameter 1, can be considered as the total viscosity of the system with the complete destruc-

tion of the associates of the dispersed system [41].

In [41] the authors emphasized that the calculation of the coefficients of the approximating expres-
sion for curves of flow largely depends on the choice of the shear rate range. This is especially true
when considering the range of high shear rates. The authors of the aforementioned work proposed a
choice of different values of the coefficients of the rheological equation in the field of high and low
speeds. To analyze the influence of the choice of the shear rate range on the values of the coefficients
eq. (7), a calculation was carried out for emulsions EWP and EMP1, for which experimental data were
obtained in the maximum range 1-1191 s™' (Table 4, Fig. 2). The same data was processed in a nar-
rower shear rate range 1-51 s '. Comparison of the results obtained indicates their significant differ-
ence. This is noted for all considered coefficients eq. 7. It should be noted that the values of the coeffi-
cient y in the region of low velocities are always significantly less than in the region of high shear
rates. This indicates a tendency for the formation of a continuous framework (network) in the case of
low flow rates and a transition to the plastic type of flow. The results obtained confirm the conclusions
of the calculations [41].
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Table 4. Coefficients the generalized flow equation of the Casson rheological model

Calculation parameters

Sample Shear rate Points Te " X ncl/z R’ Oest
range,s ' number
Solution (aqueous phase of emulsion EWP)
CMC 1-51 6 1.89+0.18  0.53+0.20 0.13+0.02 0.9953  0.059
1-680 13 2.59+0.12 1.24+£0.19  0.079+£0.005  0.9956  0.069
CMC+WPI 1-51 8 1.43£0.18  0.17£0.19 0.25+0.02 0.9928  0.054
1-680 23 2.3140.07 1.00£0.11  0.147+0.003  0.9984  0.054
Emulsion
EWP 1-51 8 4.5540.20 1.37£0.10 0.33+0.02 0.9997  0.023
1-1191 27 6.94+0.10  2.63+0.10  0.151+0.005 0.9994  0.063
EMPI 1-51 8 5.04£0.11 1.3340.05 0.32+0.01 0.9999  0.014
1-1191 27 7.06£0.14  2.40+0.13  0.182+0.005  0.9989  0.094
EMP 1-51 8 9.13+0.91 1.31+£0.23 0.31+0.09 0.9970  0.111
EVP 1-42 10 13.0+1.8 1.26+0.31 0.17+0.18 0.9886  0.209

Taking into account the remarks made, in further analysis for a correct comparison of rheological
data, calculations for eq. (7) were carried out for all systems in the same range of shear rate, limited by
values 1-51 s™'. The exception was the EVP emulsion, for which the entire experimental data range
was used (less than that used in calculations for other samples).

Data analysis of Table 4, can be summarized:

1) the generalized flow equation of the Casson rheological model has the best approximating ability in

relation to the power model according to the criterion under consideration G,y;

2) coefficient ’Ecl/ *, characterizes the degree of aggregation of the system, increases in the series of

emulsions EWP-EMP-EVP and indicates an increase in structuredness in this series;

3) it is obvious that the formed EWP emulsions are more structured in comparison with the dispersion
medium (aqueous phase of emulsion EWP), the coefficient of the degree of aggregation of which is
3 times higher;

4) obtaining values y > 0, confirms the conclusion about pseudoplastic behavior of emulsions ob-
tained on the basis of the power model;

5) in the series of emulsions EWP-EMP-EVP pseudoplastic behavior, based on a statistical assess-
ment, practically does not change;

6) CMC solution has a higher degree of particle aggregation than CMC solution with added WPI pro-
tein;

7) sample CMC + WPI is a non-linear plastic fluid (y — 0), at least to a greater extent than the CMC
solution, which can be classified as pseudoplastic fluids;

8) the total viscosity of the system with the complete destruction of any associates is practically the
same for all emulsions, as evidenced by the parameter 1., the exception is the EVP emulsion, but

in this case it is observed as a result of the choice of points for approximation and a greater statisti-
cal estimate of the obtained value.

When commenting on the results, it should be noted that the introduction of protein into the CMC
solution leads to a system with a more plastic flow, which is confirmed by a decrease in the coefficient
x. At the same time, the degree of aggregation of particles in the system decreases. These facts indi-
cate the presence of a more compact and durable structure.

Apparent viscosity. As seen from Fig. 3 and 4, the viscosity of all studied systems depends on the
shear rate or stress, which is typical for non-Newtonian fluids. As the shear rate increases, the viscos-
ity decreases. The viscosity increases with the range of emulsions EWP=EMP1<EMP<EVP.

The value of the viscosity of the EWP emulsion significantly, almost by an order of magnitude,
prevails the same indicator for the dispersed medium CMC + WPI (these data are not shown in the
figures). This indicates that the main contribution to the viscosity of the emulsion is made by the effect
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associated with the colloidal interaction of the components of the emulsion. And the viscosity of the
solution of 0.75% CMC as a thickener increases the viscosity of the emulsion, according to approxi-
mate calculations, up to 30%.

There are two things to note (Fig. 3). The first of them shows that the EMP emulsion, created by
homogenization at a rotation speed of 24000 rpm, has a higher viscosity at a certain shear rate value
than the same EMP1 emulsion, but obtained at a speed 14000 rpm. Another fact is related to the fact
that, as can be seen, the viscosities of the EWP and EMP1 emulsions are equal and have the same
rheological behavior during shear. Based on this, we can assume a hypothesis about their identity re-
garding stability over time. It is based on a study [24], in which an emulsion based on WPI prepared
by the same method and differing only in the nature of the rapeseed oil had a high VD stability (Ta-
ble 1). This suggests similar results for the EWP emulsion. Taking into account the ratio of the vis-
cosities of the studied emulsions, this assumption can be extended to the rest of the emulsions. So far,
this is a hypothesis requiring experimental confirmation in future research.

Homogenization at 24000 rpm was also used to obtain an emulsion on rapeseed oil with WPI. In
our case, simpler and cheaper equipment was sufficient to obtain an emulsion with similar rheological
properties. This is an important economic factor in the practical implementation in production. Using
the same homogenization conditions (24000 rpm) in this study, an emulsion with better rheological
properties is obtained, and, presumably, more stable.
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Figure 4. Viscosity (Pas) curves on shear stress (Pa) in
double logarithmic coordinates
(dotted lines shows schematic full viscosity curve from

Figure 3. Logarithmic of viscosity (Pa-s) versus shear . X
eq. (10); dots at Igzr=4 and on ordinate axis shows

rate for emulsions
(lgn,) and zero-shear viscosity plateau (lgr,) for

EMP emulsions, respectively)

The most common type of non-Newtonian behavior is shear thinning or pseudoplastic flow, where
the fluid viscosity decreases with increasing shear stress (Fig. 4). Shear thinning is the result of micro-
structure restructuring occurring in the plane of applied shear. Typical such flow curves for shear thin-
ning fluids with a zero shear viscosity 1, (viscosity shows a plateau as the shear rate approaches zero)
and an viscosity of system viscosity with complete destruction of associates 1., (identical in meaning
to the value n. in eq. (7)). Both values characterize a structured and completely destroyed (aggregated
structures can be broken down) emulsion with Newtonian behavior at very low and very high shear
rates. In this study, only the "shear thinning" area was achieved. In double logarithmic coordinates
lgn—lgy the specified area for all emulsions looks like a linear one (the graph is not presented in the
article).

At low shear rates, dispersed systems with pseudoplastic behavior tend to preserve an indestructible
structure as a result of the action of two factors: the interaction of particles and the effects of Brownian
motion. This structure is characterized by a constant viscosity value, 1o, termed the zero-shear viscos-
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ity or zero-shear viscosity plateau. The generalized flow equation (7) of the Casson rheological model

with considering eq. (3), can be converted to form:
1/2

771/2 — c — + 775/2 (8)
Xty
Value ng o 1s viscosity of emulsion at the shear rate approaches zero:
1/2
T

) =——+n," at y >0, ©)

X

on the other hand:

77;/2 5772,/2 at y > 0. (10)

Calculated by eq. (9) the values 1 are schematically shown in Fig. 4 as dots on the ordinate with
dashed lines perpendicular to the axis, denoting a plateau on the rheological curve with a constant
viscosity. For the studied emulsions, the values are 13.3, 16.9, 53.0 u 110 Pa-s, increasing in the series
EWP< EMP1<EMP<EVP.

If the coefficient y is equal to zero, which can be roughly attributed to the WPI + CMC system,
then the dimensions of the unit increase indefinitely at y — 0. In this case, a nonlinear plastic flow is

observed with value 1. as yield shear stress. This means a tendency to form a continuous framework
(network) at zero shear rate [45]. For the studied emulsions y is greater than zero (Table 4) and pseu-
doplastic flow is observed. This behavior is characterized by the size of the aggregates of the system
with finite dimensions at an infinitely low shear rate. The flow of these units corresponds to the vis-
cosity of the system ny. This characteristic for dispersed systems is in a good correlation with the rate
of creaming or sedimentation and 1y may be used to assess the flocculation of the dispersion on stor-
age [46]. As a rule, its increase is observed with increased flocculation of the system.

With an increase in the value of y the difference in the values of the viscosities of the emulsions
almost disappears (comparison of the values 1. in Table 4), which is due to the fact that at a significant
bias voltage, the structure of the emulsion is completely destroyed and ratio (10) is satisfied. From
Table 4 it can be seen that the calculation of this value depends on the data range. But from an exam-
ple of calculation for emulsions EWP and EMPI, it can be assumed that for all studied emulsions,

12

when choosing the same and wide range of values y the calculated value n '~ will be in the range of

0.15-0.17 for all emulsions, which gives a value of 1, in the range 0.02-0.03 mPa-s. Fig. 4 schemati-
cally shows, as an example, the full viscosity curve for EMP taking into account the calculated values
Mo and 1.

Size distribution of particles. The parameters that characterize the change in the structure of the
emulsion due to a certain arrangement in space of individual or interconnected particles were obtained
when discussing the data of rheological studies within the framework of the structural approach. This
arrangement is characterized by the size distribution of particle aggregates, the shape of particles or
aggregates and the internal structure of the aggregates. To explain the data of the rheological experi-
ment, an DSL experiment was carried out to study the microstructure of the obtained emulsions.

The DLS method is used to study the stability of suspensions or emulsions and to evaluate the
properties of the dispersed phase, such as particle size and volume fraction [47]. Moreover, the zeta
potential of emulsion particles determined by this method can be used as a formulation optimization
tool to achieve the desired colloid stability and size distribution. The researched emulsions had a mul-
timodal distribution with tree peaks by volume (Fig. 5), with the majority of droplets having diameters
which are given in Table 5.

The first peak on all three histograms, having particle size classes in the range of 100-200 nm, is
represented by aggregated molecules of the emulsifier and thickening agent in a dispersion medium
that are not adsorbed on the surface of droplets of the fat phase. The presence of such particles in sys-
tems is clearly shown on the histograms size distributions by number (Fig. 6). As seen from Fig. 6, the
number of non-adsorbed molecules significantly exceeds the number of fat droplets, but due to their
small size, their contribution to the volumetric distribution does not exceed 12-13%. When they are
introduced into an aqueous dispersion medium, a sufficiently dilute suspension is formed, which coex-
ists in the aqueous phase of the emulsion with the rest of the system.
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Table 5. Zeta potential and average size of particles according data of DLS distribution for emulsions

- - Peak
3 ' Z.average Polydispersity eaks (mean), pm
Sample  potential,  diameter, id
mV um tndex Molecules peak Drops peak Flocs peak
EWP -61=£1 1.7£0.1 0.547 0.14£0.02 (12%)  1.3£0.1 (67%) 5.2 (21%)
EMP —7342 3.240.3 0.508 0.15£0.02 (13%)  1.1+0.3 (72%) 5.3 (15%)
EVP -101+2 4.140.3 0.620 0.0940.02 (n.a.) 1.0£0.3 (n.a.) >10
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Figure 5. Measured particle size distributions by volume of EWP (@) and EMP (b) emulsions
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Figure 6. Measured particle size distributions by number of EWP («) and EMP (b) emulsions

The remaining two peaks on the histograms should be attributed to a relatively broad bimodal dis-
tribution of emulsion droplets. This bimodal distribution is an integral part of numerous edible emul-
sions. Its presence is explained by the processes of droplet flocculation or coalescence in emulsions
[19]. Specified structural elements of the emulsion may have non-spherical shapes, e.g. flocculated
droplets with open packing. At the same time, it should be noted that this method considers the dif-
fraction of light by spherical particles. The mathematical model of the theory used in the calculations
assumes the presence of particles with isolated homogeneous spheres and well-defined optical proper-
ties. Flocculated droplets, on the other hand, form rather loose, non-spherical, and heterogeneous
structures that have poorly defined optical properties. The floc-like emulsion droplet size distributions
determined by laser diffraction should be considered as approximate. And in some cases, as with EVP
emulsion, the sizes of such particles exceed the limit of the method and cause the problem of the im-
possibility of obtaining quantitative indicators.
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The formation of floc-like emulsion in our study, as noted above, is evidenced by the presence of
hysteresis in the shear stress versus shear rate curves. This behavior is typical for dispersed systems
with weak flocculation [46]. Thus, the second and third peaks in the histograms (Fig. 5) should be
attributed to the distribution of emulsion drops and flocculated droplets, accordingly.

As can be seen from Table 5, non-flocculated emulsion droplets make up about 70% of the sample
volume. The size of such droplets decreases in the series of emulsions EVP <EMP <EMP1 <EWP.
While due to flocculated droplets in the same series, the opposite trend is observed and an increase in
Z-average diameter and PI.

Comparison of rheological data and DSL data allows us to conclude that the viscosity of emulsions
at a certain value of the shear stress is higher for emulsions with a larger average size of fat droplets.

This tendency is typical for flocculated emulsions. [19]. The coefficient ’Ecl/ * calculated using the gen-

eralized flow equation (7) of the Casson rheological model, characterizes the degree of aggregation of
the system and correlates well with the value Z-average diameter (Fig. 7).
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Figure 7. Correlation between different diameters of emulsion droplets and the aggregation coefficient t,

In [41] based on calculations by the generalized flow equation of the Casson for model emulsions
(o/w), a result was obtained, according to which, at the same volumetric oil concentration, an increase

in the droplet diameter leads to a decrease in rcl/ u nc'/ g

[38]. However, these studies used systems with a rather narrow monomodal particle size distribution.
12

. A similar result was noted for suspensions

In our case, such dependence is observed if we consider the dependence of the value t,’" on the size

of non-flocculated drops (Fig. 7). But this value can hardly be regarded as a characteristic of the emul-
sion as a whole. This option is possible if the rheological behavior of the emulsion without and with
floccules is identical, which is far from obvious and requires experimental confirmation. In our study,
we should state the fact that the presence of 20% in the volume distribution of droplets aggregated into
floccules leads to a different dependence, if we consider the value of the Z-average diameter as a char-
acteristic of the particle size distribution in emulsions.

Zeta-potential. &-potential is a measure of electrostatic interaction (repulsion or attraction) between
particles, and its change carries information about the state of the interface of coexisting phases. Such
information is very important and directly characterizes the factors influencing the stability of dis-
persed systems. From a practical point of view, the measurement of zeta potential allows for a deeper
understanding and better control of the mechanisms of dispersion, aggregation or flocculation, and can
be used to improve the properties of dispersed systems in the form of emulsions and suspensions dur-
ing the development and production stages.

As can be seen from Table 5, negative values were obtained for all emulsions &-potential. The dis-
tribution of the number of particles from the zeta potential is characterized by a peak with a rather
wide shape with a range of values from -20 to -150 mV. This fact is not surprising, considering that
commercial protein products with a predominant protein content, but with the presence of a certain
amount of additional ingredients, were used as emulsifiers. In the case of SMP and VPI, it is also a
mixture of proteins of different nature. Therefore, if for EVP a wide but single peak was obtained, then
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for EWP and EMP the distributions are more complex with several local peaks (Fig. 5 and 6). It is
impossible to take into account the influence of all particles in a real system. However, by comparing
the nature of the curve, the parameters of the peaks and the signs of the charge, one can draw up a
certain qualitative picture and interpret the parameters as factors of the stability of emulsions.

A significantly predominant number of particles (more than 90%) of the system, regardless of the
form of distribution, have a zeta potential value much less than the threshold value -30 mV. From the
point of view of the classical DLVO theory, this fact and the sign of the potential indicates the exis-
tence of strong repulsive force as factor for the stability of emulsions [19]. The sign of the potential is
due to the phenomenon of adsorption of molecules of negatively charged particles on the surface of fat
droplets. The formation of such particles in the studied emulsions is due to protein molecules. Protein
as a polyelectrolyte forms negatively charged particles when the pH value of the medium exceeds the
value of the isoelectric point of the protein. According to the literature, for WPI this is a value of about
4.6, and at pH = 7 of the dispersion medium of emulsions, the zeta potential reaches —24.3 mV [48].
The authors of [49] give zeta potential of skim milk, evaluated over a wide pH range, and values re-
ported in literature for various milk proteins. Isoelectric points for SMP proteins are within the pH
range of 4-5, and for skimmed milk about 4.6. With a pH value of the dispersed medium equal to
7 zeta potential of protein and skimmed milk is in the range of —30...—40 mV. The VPI used in the
experiment contains pea protein isolate and rice protein concentrate. Globulins (referred to as legumin,
vicilin and convicilin) represent roughly 70% of pea seed proteins and the glutelins are the major rice
storage proteins [50,51]. Globulins can be used as gelling agents. The isoelectric point for WPI is 5.60
[52]. RPC, principally composed of glutelins as globulin-type subunit in form of monomer or polymer,
shows a poor solubility with a minimum at pH 4.5 and maximum solubility in water near pH = 8, and
zeta potential equal to —13.1 mV [53]. Thus, with the exception of the casein of SMP protein, all used
protein emulsifiers have a globular structure. The data presented confirm dissociation for all proteins
in a neutral medium with the formation of negatively charged particles with a zeta potential in the
range —20...—40 mV. This is the distribution of particles with a peak in this area observed for the EWP
and EMP emulsions. In the EVP emulsion, the presence of particles with a similar zeta potential value,
but without a local peak was also observed. If we also take into account the fact of the presence of the
first peak in the size distribution histograms (Fig. 6) in the region of 100 nm, then we can conclude
that there are non-adsorbed protein molecules in all studied emulsions. However, the CMC polymer
molecules may also contribute to this peak. The dissociation of the anionic polysaccharide is accom-
panied by the formation of negatively charged particles, which can contribute to the distribution of the
negative zeta potential in the system.

And finally, a variant of co-adsorption of fat particles is a protein molecule and a polysaccharide,
which was used by the authors to create an emulsion using a mixture of whey protein isolate and CMC
[24,33,54]. According [55], when proteins and polysaccharides, or polyelectrolytes are mixed, three
different scenarios are possible: (i) segregative phase separation, (ii) cosolubility, and (iii) associative
phase separation or complex coacervation. The state diagram for a weak anionic polysaccharide with a
globular given by the authors, obtained by generalizing numerous literature data, shows that at
pH =5-7 and zero ionic strength (absence of electrolytes) there is a possibility of scenario (ii). It
means, that solubility of both polymers or lower formation of soluble or intrapolymer complexes (car-
rying excess net charge). Weaker reversible complexes tend to be formed between anionic polyelectro-
lytes and proteins carrying nearly zero overall charge (in isoelectric point of protein) or a net negative
charge (at pH slightly exceeding the isoelectric point) [32]. In this case, a layer of biopolymer layers is
formed at a planar oil — water interface, which represents a mixed layer from simultaneous adsorption
in the form of charged complexes. In our study, we used the method of emulsion stabilization at a pH
close to neutral, which should be considered as a significant excess of the protein isoelectric point.
Therefore, in emulsions stabilized with a mixture of WP and CMC, the polysaccharide molecules re-
main unabsorbed on the oil drop. For those non-adsorbing polysaccharides that do not form complexes
with proteins, the mechanistic control of emulsion rheology and stability arises from thickening and
gelling effects in the continuous aqueous phase, and also the generation of aggregated emulsion struc-
tures through depletion flocculation [56]. Authors [57] a study was carried out (o/w) emulsion contain-
ing 10-40% sunflower oil, stabilized by -lactoglobulin with 1% emulsifier. Shown to form depletion-
flocculated emulsions, by addition of the polysaccharide CMC to emulsions that were at pH 6.7.
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The indicated literary sources confirm the data obtained in our study on the size distribution of par-
ticles and zeta potential. The process of flocculation of emulsion droplets is a destabilizing factor for
emulsions, but how critical it is for obtaining the final product can only be confirmed by an experi-
mental study of the stability of emulsions over time.

Stability of emulsions. Conducted according to the standard of Ukraine DSTU 4560: 2006 [36]
studies on the stability of emulsions showed the result, according to which the Stability indicator was
equal to 100%. The indicated value was obtained for all studied emulsions, regardless of the type of
emulsifier used. Similar results were obtained in the study CI. Thus, the results obtained indicate the
existence of partial flocculation of the studied emulsions. This process is explained by non-adsorbing
of biopolymer CMC due to depletion flocculation. But the speed of the further process of aggregation
of systems does not affect the stability of the emulsions during the studied time interval.

These facts testify in favor of the economic criterion in the form of the cost of raw materials for
choosing an emulsifier when creating an emulsion-based delivery system. And despite the increased
amount of SMP emulsifier in the emulsion formulation, due to the lowest protein content, this particu-
lar ingredient should be considered as the main one in further research and technology developments
of fortified vitamin D foods.

Conclusions

This study focused on the influence of surfactant type on the formation and stability of surfactant-
based colloidal dispersions as emulsion-based delivery systems of vitamin D. The objects were (o/w)
emulsions containing 40 (% w/w) sunflower oil, stabilized (as an emulsifier) with a mixture of protein
with a content of 2 (% w/w) and carboxymethylcellulose 0.75 (% w/w). The proteins used were com-
mercial products in the form of isolates or concentrates: whey protein, skimmed milk powder and ve-
gan protein. In the course of this work, rheological data for the indicated emulsions were obtained on a
rotary viscometer in shear rate range 1-1191 s™'. All of these systems have typical flow curves for
shear thinning fluid with thixotropic behavior. This fact shows that rheological studies can be used to
study the state of flocculation of emulsions. Weakly flocculated dispersions usually exhibit thixotropy
and the study of the parameters characterizing its change over time can be used as an indicator of the
aggregation force of the particles of the system, as well as the type of flocculation.

The obtained experimental flow curves were approximated by power-law, Herschel-Bulkley and
Casson equations. Analysis of the calculations showed that the power-law model has the best ap-
proximating ability. The values calculated within this model indicate that all emulsions are structured
systems with shear thinning or pseudoplastic flow. The value of consistency coefficient increased, and
the flow behavior index decreased in the series of emulsions EWP <EMP <EVP, which indicated an
increase in the structuredness of the resulting emulsions. To quantitatively confirm this conclusion,
calculations were carried out within the framework of the structural approach based on the generalized

Casson rheological model. The calculated coefficients t,”?, characterizing the degree of aggregation

of the system increased in the indicated series of emulsions. The obtained values y > 0 confirmed the
pseudoplastic behavior. The contributions of the integral characteristics of the associates of macro-
molecules 1y and individual particles 1., calculated from the experimental data during their hydrody-
namic interaction in the process of viscous flow made it possible to quantitatively characterize the
dependence of the change in the effective viscosity on the change in the nature of the emulsifier of
emulsions.

For a possible explanation of the obtained data of the rheological experiment, an experiment was
carried out to study the microstructure of these emulsions using light scattering techniques. The re-
searched emulsions had a multimodal distribution with tree peaks by volume. The first peak in all
three histograms, having particle size classes in the range of 100-200 nm and a contribution to the
volume distribution not exceeding 5%, is represented by aggregated molecules emulsifier and thicken-
ing agent that are not adsorbed on the surface of fat phase droplets. The other two peaks belong to
bimodal distribution of drops in typical floc-like emulsion. Non-flocculated emulsion droplets make
up about 70% of the sample volume, their size is about 1.0—1.3 um and decreases in the series of
emulsions EWP<EMP<EVP.

The calculated electrophoretic mobility is converted into zeta potential values. The obtained zeta
potential values of emulsions EWP, EMP and EVP have the values —59.5, -72.3 and —101 mV, re-
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spectively. From the point of view of the classical DLVO theory, this indicates the existence of strong
repulsive force as factor for the stability of emulsions. The sign of the potential and its value indicate
the process of adsorption on the surface of the fat phase of weaker reversible complexes, that to be
formed between anionic polyelectrolytes and proteins. The presence of flocculated particles is ex-
plained by the fact that non-adsorbing polysaccharides that do not form complexes with proteins, ca-
pable of generating generation of aggregated emulsion structures through depletion flocculation.

Despite the destabilizing factor in the form of the formation of flocculated particles, we found that
all surfactant was capable of forming stable emulsions. Thus, we can conclude that regardless of the
choice of the type and nature of the protein emulsifier — animal or plant origin, all studied systems can
be considered for use as emulsion-based delivery systems of VD. But, you should pay attention to the
fact that the cost of skimmed milk powder, in comparison with food additives containing proteins of
various nature in high concentrations, is much less. From an economic point of view, cost is one of the
key factors in the development of commercial food technology. Studies have shown the combination
of this emulsifier with carboxymethylcellulose gives good results in terms of obtaining stable emul-
sions with the required rheological characteristics even when using less expensive homogenization
equipment.

The resulting emulsions can be used as a basis for the production of vitamin D-fortified foods, in
particular for dairy products. However, the full development cycle of such products should include
tasks related to the study of the safety of VD in the food matrix and verification of its bioavailability
during the digestion process.
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C.M. I'y6ebkuin*, O.®. AkcboHoBa*, B.B. €snaw*, A.C. BanaKT, AM. J'laryTaT, O.M. KanyriHT. [w3aiiH, peonoris
Ta MiKPOCTPYKTYpa CMCTEM Ha OCHOBI Xap4YOBUX eMYIbCill ANA AOCTaBkM BiTamiHy [.

* XapKiBCbKUI OepXaBHWUIA yHIBEPCUTET XapdyBaHHSA Ta Toprisni, kadpegpa ximii, mikpobionorii Ta ririeHn xapyy-
BaHHS, Byn. KnoukiBcbka, 333, 4, Xapkis, 61051, YkpaiHa

T XapkiBcbkuin HauioHanbHWUA yHiBepcuTeT iMeHi B.H. KapasiHa, ximiyHuiA chakynbTteT, kadenpa HeopraHiyHol
ximii, marigaH Ceoboawn, 4, Xapkis, 61022, YkpaiHa

36arayeHHs1 XxapyoBUX NPOAYKTIB BiTaMiHOM D mae Kinbka obmeXeHb, OCKiNbKM Li CMOoMyKM MOXYTb po3Knaga-
Tucsa abo 3a3HaBaTy HebaaHuX 3MiH Mig Yac TexHonoriyHoi 0bpobku i 30epiraHHs. MeToto uiei nybnikauii 6yno
[OCNiOXEHHsT PeororiYHMX BNacTUBOCTEN i MIKPOCTPYKTYPU eMYNbCill Anst 30arayeHHsi XxapyoBUX NPOAYKTIB BiTa-
MiHOM D3. B sIKOCTi Takmx emynbcCiii BUKOPUCTOBYBanv eMyrbcii TUny macno-B-sogi, wo oynu ctabinizoBaHi cymi-
Wi pisHMx GinkiB (i3onaTyn cupoBaTkoBOro Binka, Cyxoro 3HEXUPEHOro Monoka Ta CyMilli pocnuHHKUX Binkis) B
AKOCTi emynbratopie i kKapbokcMmMeTMnUenonosm SK 3arycHuka. ExcnepvmeHTanbHo 6yno Bu3HayeHO Hanpyry
3CyBYy N eeKTMBHY AMHAMIYHY B'A3KiCTb €MyrbCil B LUMPOKOMY fiana3oHi LWBUAKOCTEN 3cyBy. AnpoKCMMaLiero
eKcrneprvMeHTanbHNX KpUBMX Tedii 3a JONOMOrY CTENEHEBOrO PiBHAHHSA Gynn po3paxoBaHi 3Ha4yeHHs koedilieHTa
KOHCUCTEHUi i NokasHuKa TekyyocTi. OTpumaHi gaHi 403BONMAM KracudikyBaTu eMyrnbCii Sk piaMHu 3 ncesaonna-
CTUYHWUM MITUHOM.

B pamkax CTpyKTypHOro niaxoay peonoriyHi AaHi 6ynu npoaHanizoBaHi Ha OCHOBI y3aranbHeHOI PeororivHi Mo-
neni KeccoHa. Po3spaxoBaHi 3 ekcriepuMeHTanbHUX AaHnx BKNagu B NpoLuec B'A3KOI Tevii Big iHTerpanbHUX xapak-
TEPUCTUK acouiaTiB MakpOMONneEKyn Ta OKpeMUX YaCTUHOK Mpw iX rigpoanHaMmivHin B3aemogii 403BONUNY NOACHATU
edeKT 3MiHW B'A3KOCTi eMynbCii Bid NpUpoaM BUKOPUCTOBYBAHOIO eMyribratopa.

JocnigxeHHsa a3eTa noTeHuiany MeTogomM AMHaMIYHOrO PO3CiloBaHHA CBITMAa MNOKa3arno HasiBHICTb CUM eNnekTpo-
CTaTMYHOrO BiALITOBXYBAHHA Kpanenb emynbcii Sk dpaktopa cTtabinbHOCTi unx emynbcii. 3Hak noTeHuiany i horo
BeNMYMHA BKa3ylTb Ha Npouec agcopbuii Ha MOBEpPXHi XXMPOBUX kpanernb Monekyn 6inka. HasBHicTb niky dnoky-
NbOBaHMX YaCTMHOK Ha rictorpammax po3noginy 4acToK 3a po3MipamMu MOSICHEHO MPUCYTHICTIO B BOAHOI aasi
emynbcii HeagcopOoBaHMX MOMeKyn noricaxapuay, siki 34aTHi reHepyBaTy arperadito Kpanenb eMyrnbcii 3a Mexa-
Hi3MOM CTOHLLEHHSI NOABINHOIO ENEKTPUYHOIO LLapy.

HesanexHo Big Bubopy Tvny i npupoam GinkoBrMx emynbraTopis - TBAPUHHOTO abo POCNIMHHOIO MOXOAXKEHHS, BCi
pocnigxeHi cucteMun 6ynu ctabinbHi | MOXyTb BYTU poO3rnsiHYTi B IKOCTI eMYSbCIMHUX CUCTEM [OCTaBKU BiTaMiHy
D B opraHiam noguHu pa3oM 3 CNOXUBaHMMU NPOAYKTaMU. 3 €KOHOMIYHOI TOYKM 30pYy AOLINIbHO BUKOPUCTaHHSA B
AKOCTi emynbratopa cyxe 3HexuvpeHe mornoko. OTpuMaHi emynbcii MOXyTb OyTW BUKOPWUCTaHi SK OCHOBa Ans
BMpOOHULTBa 36aravyeHnx BiTaMiHoM D3 NpoayKTiB xap4yBaHHS, 30KpeMa, MOMOYHUX MPOAYKTIB.

KniouoBi cnoBa: peornorisi, 6inok, emynecisi, cuctema 4ocTaBky, BiTaMiH [, CTpyKTypHUIA nigxia.
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C.M. I'yockuin*, E.®. AkceHoBa*, B.B. Eenaw*, A.C. BanaKT, A.H. J'IaryTaT, O.H. KanerHT. OwnsaiH, peornorns n
MWKPOCTPYKTYpa CUCTEM Ha OCHOBE NMULLEBLIX 3MYNbCUI AN 4OCTaBKM BUTamMuHa L.

* XapbKOBCKWUIA rOCYAaPCTBEHHbIN YHUBEPCUTET NUTaHMS U TOProBnu, kadeapa Xumumn, Mukpobuonormm un rm-
rmeHbl NUTaHus, yn. Knovkosckas, 333, Xapbkos, 61051, YkpavHa

T XapbkoBCkuii HaLMOHanNbHbIN yHUBepcuTeT uMeHn B.H. KapasnHa, xumundeckunin dakynbTeT, kadegpa Heopra-
Hu4eckon xumumm, nn. Ceoboakl, 4, Xapbkos, 61022, YkpanHa

OboralleHrie NyLLeBbIX NPOAYKTOB BUTAMWHOM D MMeeT HECKOMbKO OrpaHnyYeHuin, NOCKOMNbKY 3TU COeAUHEHMS
MOryT pasnaraTbCA UNu npeTepneBaTb HexXenaternbHble U3MEHEHNS BO BpeMs TexHomnorudeckon obpaboTku u
XpaHeHus. Lienbto aTon nybnukaumm 660 uccnegoBaHne peoriornyeckux CBOMCTB U MUKPOCTPYKTYPbI AMYNbCUN
Ans oboralleHns nulieBbIX NPoAyKToB BUTamMuvHOM Ds. B kavecTBe Takmx aMynbCMil MCMOMb3OBanM 3MynbCUm
TMNa Macro-eB-Bode, CTabunmusnMpoBaHHble CMeCbio pasHbix GenkoB (M30NATbI CbIBOPOTOYHOro Gerka, Cyxoro
06e3XMPEHHOro MOJIoKa N CMeCU pacTUTENbHbIX BefKoB) B Ka4ecTBe aMyNbraTopoB U KapboKCUMETUNLEenono-
3bl B Ka4ecTBe 3aryctuTens. KcrnepMMeHTanbHO Obinn onpegeneHbl HanpsbkeHne casura n 3ddeKTMBHasa AMHa-
MMYecKas BA3KOCTb aMyrbCUIA B LLMPOKOM Aunana3oHe CKOpocTeln caBura. AnnpokcuMaumen skcnepMmeHTanbHbIX
KPMBbIX TEYEHUSI C MOMOLLIbIO CTEMNEHHOro ypaBHEHWS ObInn paccunTaHbl 3Ha4eHUst KoadpurumeHTa KOHCUCTEHLMM
1 nokasatensi Tekydectu. MNonyyeHHble AaHHblE NO3BONWUMIMN KNaccnuumpoBaTb 3MYNbCUN KakK XUOKOCTU C NCeB-
[onNnacTuyecknm Te4eHmeMm.

B pamkax CTpyKTypHOro nogxoga peonornyeckme AaHHble Gbinv npoaHanuanpoBaHbl Ha ocHoBe 0606LLEHHON
peonornyeckon mogenu KaccoHa. PaccumTaHHble M3 3KCNepuMEeHTanbHbIX AaHHbIX BKNadbl B NPOLECC BSA3KOro
TEeYEHNs OT MHTErpasibHbIX XapakTePUCTUK accoLMaToB MakpOMOMEKY U OTAEMbHbIX YacTul, Npu UX rmapoanHa-
MWYECKOM B3aMMOAEWCTBUM NO3BOMNMMN OOBACHUTL 3PMEKT U3MEHEHUS BA3KOCTU 3MYSbCUI OT NPUPOAbI UC-
nonb3yeMoro amynbratopa.

WccnepoBaHne a3eTa noTeHumana MeTOAOM AUHAMUYECKOrO paccevMBaHMs CBeTa Mokasano Hamuuve cun
3MeKTPOCTaTNYECKOro OTTaNk1BaHNs Kanesb 3Mynbcun Kak daktopa CTabunbHOCTU 3TUX AMYNbCUIA. 3HaK NOTEH-
umMana n ero BenuynHa ykasblBaloT Ha npouecc aacopbumm Ha NOBEPXHOCTM XUPOBbLIX Kanenb monekyn 6ernka.
Hanuuune nvka gnokKynMpoBaHHbIX YacTuL, Ha rMcTorpaMmax pacnpegeneHvs Yyactuy no pasmepam ob6bACHeHo
npucyTcTBMEM B BOAHOW ha3e 3MyMbCUN HeafncopbupoBaHHLIX MOMEKYN nonmcaxapuaa, KoTopble CrocO6HbI
reHepupoBaTh arperauuio Kanenb 3MyrbCUM MO MEXaHU3MY YTOHYEHWNS ABONHOMO 3NEKTPUYHECKOro Criosi.

Hesasucymo ot Bbibopa Tvna n Npupodbl 6enKoBbIX 3MYNbraTopoB — KMBOTHOMO UMM PACTUTENBHOTO NPOWNCXO-
XOeHWs, BCe NCCrefoBaHHble CUCTEMbI Oblnm CTabubHbl U MOTyT OblTb PACCMOTPEHbI B KAYECTBE 3MYSTbCUOHHBIX
cucTem goctaBku BuTamuHa D B opraHvam yenoBeka BMecTe ¢ notpebnsiemMbiMy npogyktamu. C 9KOHOMUYECKOM
TOUKM 3peHns LenecoobpasHo UCMofb3oBaHMe B Ka4ecTBe aMyrbratopa cyxoro obeaxmpeHHoro monoka. MNony-
YeHHble AMYNbCUM MOryT BblTb MCMOMbL30BaHbl Kak OCHOBA ANs NPOU3BOACTBa 0boralleHHbIX ButammHom D3 npo-
OYKTOB NUTaHNSA, B YaCTHOCTM, MOMOYHbIX NPOAYKTOB.

KnroueBble cnoBa: peonorusa, 0ernok, 3MynbCUd, cucteMa AoCTaBkK, BUTAMUH [, CTPYKTYPHbINA NOAXOA.
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Several approaches quantitatively describe the effect of surfactant micellar solution on the reaction rate.
The most used among them are Piszkiewicz’s, Berezin's, and Pseudophase lon-Exchange (PIE) models.
The last-named was developed by Bunton and Romsted.

Piszkiewicz's model is based on representations of the micellization according to the mass action law with
the formation of a catalytic micelle, which consists of some surfactant molecules and a substrate. In our pre-
viously paper, this model was used to explain the kinetic micellar effect on the reaction of cationic triphenyl-
methine dyes with water once again showed the main disadvantages of this approach.

Berezin’s model is based on another model of micelle formation viz. the pseudophase model, and the
binding of reagents by micelles is considered as the distribution of a substance between two phases. In this
work, we aim to consider the applicability of Berezin’s approach for the interaction of malachite green and
brilliant green cations with water molecule as a nucleophile in aqueous systems of nonionic, anionic, cati-
onic, and zwitterionic surfactants. On the whole, Berezin's model performed well when applied to the de-
scription of the micellar effect on the reaction of similar dye with the hydroxide ion. However, it was revealed
that this model does not take into account the change in the local concentration of the HO™ ions due to a
compression of the double electric layer upon addition of reacting ions to the system, as well as the constant
of association of the HO™ ions with cationic head groups of surfactant. In this case, when water is used as a
nucleophile, the question of the degree of nucleophile binding can be solved differently.

The PIE model is also based on a pseudophase model of micellization, but a substrate binding by mi-
celles is considered as an association in a stoichiometric ratio of 1:1, and a nucleophile concentration is ex-
pressed in a local concentration based on the neutralization degree of micelles. Given the latter, its ap-
proach cannot be applied to the kinetic micellar influence on the reaction of cationic triphenylmethine dyes
with water.

Keywords: Berezin's model, malachite green, brilliant green, micellar rate effect, surfactant.

Introduction

The models of the kinetic micellar effect are usually tested using the reactions of nucleophilic addi-
tion of hydroxide ions or alkaline hydrolysis [1-6]. In a previous paper, we began to consider the ap-
plicability of Piszkiewicz’s kinetic micellar model on the reaction between an ion and a neutral mole-
cule. As an example of this reaction type, we used the fading of cationic triphenylmethine dyes in an
acidic medium due to the interaction with water molecule as a nucleophile [7].

Earlier it was established that ratio of the observed second-order rate constant and the correspond-
ing constant in water, kqs/ky, increases with increasing the cgyfactant, With a plateau in the micellar re-
gion [7]. In the case of sodium dodecylsulfate, SDS, the constancy of the ks value is achieved already
in the premicellar region. The premicellar surfactants effect was explained by the high affinity of the
dye and surfactant monomers, which leads to micelle formation before its critical micelle concentra-
tion, CMC, value, or by the dye interaction with premicellar surfactant aggregates.

According to the pseudophase Berezin's model, the kinetic micellar influence is considered based
on: (i) the binding of reagents by micelles is a distribution between two phases and (ii) micellar pseu-
dophase and the aqueous phase are considered as separate media in which chemical reactions take
place simultaneously [8,9]:

v = kyp [ Dye*),[H,0], = k,[Dye*],[H,01,,(1- CV) + k,[Dye* ], [H,01,CV . (D)
Here k,, is the second-order rate constant in the micellar pseudophase; [Dye'] and [H,0] are the

concentrations of the reagents in each phase. The indices m and w refer to the micellar and aqueous
phases, respectively, and the suffix ¢ corresponds to the total concentrations; V is the molar volume of

© Laguta A.N., 2020
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the surfactant; C is the concentration of the micellized surfactant. The factors CV and 1 — CV are the
fractions of micellar pseudophase and aqueous phase volume, respectively.
The dependence of the rate constant on the surfactant concentration in Berezin's model is described
by equation (2) [8].
kaDyg PHZOC V+k,

k, = ,
P+ KDye+ O)1+ K, ,C)

Here prg _ [ Dye* ]m /[ Dy ejw S By = [HZO] /[Hzo] ; K is the reagents binding constant, expressed in

m w

2)

framework of Berezin’s model in the following way K = (P — 1)V [9].

The results of quantitative analysis according to Berezin’s model and their discussion

Quantitative treatment was performed for previously published rate constants of the interaction of
malachite green and brilliant green with water (Fig. 1) in aqueous surfactants systems: nonionic — Brij-
35, anionic — SDS, cationic — cetyltrimethylammonium bromide (CTAB), and zwitterionic —
3-(dimethyldodecylammonio)-propanesulfonate (DMDAPS) [7].

R R R R
k
+ HzO _— HO + H+

Figure 1. Interaction of malachite green, R = —N(CH;),, and brilliant green, R = —-N(C,Hs),, with
water.

The partition coefficient of the dye is much higher than unity because (i) the dyes binding by the
micelles is confirmed by solvatochromic shift [7] and (ii) the binding is a consequence of hydrophobic
interactions and electrostatic forces. The water distribution coefficient is close to unity. This follows
from the MD modeling of the water volume fraction in the surface layer of micelles, obtained depend-
ing on its thickness: 59 vol% for 0.4 nm, 72 vol% for 0.6 nm, 83 vol% for 0.8 nm, 88 vol% for 1.0 nm,
and 90 vol% for 1.1 nm [10]. Therefore, simplified equation (3) of Berezin's model can be used [8,9].

kP .CV+k
— et 3)

kabs -
1+pP .CV

Molar volumes of surfactants used in the calculations were 1.064 M for Brij-35 [11], 0.314 M
for DMDAPS [12], 0.364 M for CTAB [13], 0.246 M ' for SDS [11].

The C value equals the total surfactant concentration from which CMC is subtracted [8,9]. How-
ever, a calculation using the CMC value, which corresponds to a dye-free system, showed a discrep-
ancy between theory and experiment for systems, in which the change in the rate constant began in the
pre-micellar concentration range; the obtained R* values were less than 0.8. Therefore, for these sys-
tems, the "kinetic CMC" value, that is the surfactant concentration at which changes in the rate con-
stant begin to occur, was used as the CMC value. For systems in which the change in the rate constant
occurs immediately, the concentration of the micellized surfactant was taken to be the surfactant
monomers concentration. It should be noted that this approach is quite applied [14,15]. Its validity is
to some extent confirmed based on particle size data obtained by the dynamic light scattering, where it
was found that at the presence of the triphenylmethine dye the micelle formation occurs earlier than in
a dye-free system [1,2].

The application of equation (3) to reactions with H,O as a nucleophile in Brij-35, DMDAPS,
CTAB, and SDS systems shows a satisfactory correspondence between the experimental points and
the points calculated by equation (3), except anionic surfactant solutions near CMC from 0.002 to
0.015 M (see Fig. 2). Probably, this discrepancy is due to the possibility of H' ions concentrating in
the Stern layer of anionic surfactant micelles due to electrostatic attraction at low micelles concentra-
tions. This also accelerates the interaction of the dye with water, because the rate constant of this reac-
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tion increases with decreasing pH [16,17]. The H" ions concentrating in micelles decreases with in-
creasing SDS concentration, which reduces this effect on the observed rate constant. However, this
effect was not taken into account in equation (3). The obtained parameters according to Berezin’s
model are given in Table 1.
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Figure 2. Dependence of k,/k,, reactions of MG" (V) and BG" (A) with H,O on the coufactanss: (2) CTAB, (b) Brij-
35, (c) SDS, and (d) DMDAPS. The lines are drawn according to Berezin’s model.

Table 1. The parameters obtained according to Berezin’s model for the reactions of dyes with water in Brij-35,
DMDAPS, CTAB, and SDS micellar systems

Surfactant | R kp, M5! P dye
The reaction of MG" with H,O
k,=4.44x10°M's'atpH=3,¢=25°C,[=1x10"M
Brij-35 | 0.965 | (5.88+0.04)x10° | (2.1 £0.2)x10°
DMDAPS | 0.985 | (8.52+0.08)x10° | (7.2 +0.6)x10
CTAB | 0.987 | (7.02+0.04)x10° | (2.6 0.2)x10’
SDS 0.958 | (9.6+0.1)x10° | (4.1 £0.9)x10

The reaction of BG" with H,O
k,=621x10°M's " atpH=3,7/=25°C,/=1x10"M
Brij-35 ] 0.981 | (7.32=0.02)<10° | (1.03 £ 0.09)x10°

DMDAPS | 0.979 | (1.09 = 0.08)x10° | (7.6 = 0.7)x10°

CTAB | 0.950 | (8.04+0.05)x10° | (3.8+0.6)x10°
SDS 0.8 | (1.24+0.01)x107 | (6.5+0.9)x10°

The ratios of the observed rate constant corresponding to the plateau and the second-order rate con-
stant in water, Apaea/kw , are 1.17, 1.28, 1.69, and 2.00 for Brij-35, CTAB, DMDAPS, and SDS, re-
spectively for BG and 1.30, 1.56, 1.87, and 2.11 for Brij-35, CTAB, DMDAPS, and SDS, respectively
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for MG [7]. Based on the data presented in Table 1, a conclusion can be made that the observed
change of the rate constant is a consequence of (i) the dyes concentrating in the micellar pseudophase,
(i1) an almost equivalent water concentration in the bulk phase and micellar pseudophase, (iii) a weak
increase in the rate constant of reaction in micellar medium as compared with water.

An analogy should be drawn with the difference between kpjaeean/kw and kn/ky, values for the Dye+ +
HO' interaction, where kpyjacan/kw = 1.33, 1.42, and 14.69, and kn/ky, = 1.33, 1.52, and 2.10 in the micel-
lar solutions of DMDAPS, Brij-35, and CTAB, respectively [2]. Hence the values of kpaea/kw and
ku/ky are substantially differ only for CTAB system due to the enhanced concentration of the HO™ ions
on the surface of cationic micelles (see equation (2)), which was confirmed by the high value of the
distribution coefficient of HO™ in this system.

However, in the absence of concentrating of a nucleophile the k,/k, values are quite close to
kplatean/kw viz. the high Py, value does not have the same strong accelerating effect to the nucleophile
concentrating. This can be explained by estimating the ratio between the amount of dye and surfactant
monomer in 1 liter of micellar pseudophase, for example, for BG and CTAB. The dye concentration in
the micellar phase is Py % [Dye]; = Pg.x1- 10° = 0.038 M. The surfactant concentration per 1 L of the
micellar phase estimates based on the surfactant molar volume is 3.18 mol. For one dye in the micellar
phase, there are 84 surfactant molecules, which is commensurate with the micelles aggregation num-
ber. That is, despite the dye concentrating in the micellar pseudophase, there is 1 dye per 1 micelle.
High [Dye],/[Dye],, value at working dye concentration determines only that at a certain micelles
concentration the reaction in the micellar pseudophase is the rate-determining step (see equation (1)).

The obtained P, values agree with the theoretical ideas about dyes binding degree according to
hydrophobic interactions. The values of the distribution coefficient of the cationic triphenylmethine
dyes obtained by equation (3) can be placed in the following order: Ppg(10300) > Pys(2100) >
Procnyi violet (870 [2]) for the Brij-35 micellar system, i.e. in the absence of electrostatic interactions
between the dye and the micelles. This order correlates, R* = 0.996, with decreasing order of log of
octanol-water partition coefficient of dyes, logP: 2.3 [18] (2.77) for BG > 0.62 [19] (0.80) for
MG > 0.5 [20] (0.43) for methyl violet (in brackets the logP value calculated in the program KowWin
(Syracuse Research Corporation)). This shows that the Py, values obtained by Berezin’s model corre-
spond to the fact that less hydrophilic dyes have a greater affinity to the weakly polar micellar pseudo-
phase. The absence of a correlation between the P, value and the micelles surface potential indicates
that BG and MG binding is rather due to hydrophobic interactions than electrostatic interactions.
Probably, such predominance of hydrophobic interactions is expressed for weakly hydrophilic sub-
strates.

The obtained £, values (Table 1) are higher than the 4, value. Considering that for the reaction of
an ion with a neutral molecule, the influence of the primary salt effect due to the high ionic strength of
ionic micelles may be absent. Such a result can be explained by the low polarity of the micellar me-
dium according to Amis’s equation (4) and the Hughes-Ingold rules [21-23]. However, some effect of
the difference in the hydrogen cation concentration in the aqueous and micellar phases is also not ex-
cluded, as these reactions are pH-dependent in an acidic environment, but this effect should not be
significant (in acidic surfactant-free system dlgk/dpH equals 0.46 for MG™ + H,O reaction and 0.6 for
BG" + H,O0 reaction [24]).

Using the obtained k., values, the values of the effective relative dielectric constant, &/ (Table 2)

were calculated by Amis’s equation (4). Taking the approach distance for the two particles to react,
ap, is equal to 2 A based on the values of the sum of the van der Waals radii of carbon and oxygen
equals 3.1 A [25], i bond length C—O equals 1.4 A [26],

Ink=Ink,, + ! ZAe'UBZ : 4)
ameg\ kpTeryp

Here £, is the rate constant in a medium with relative permittivity of infinite magnitude; w3 is the di-
pole moment of the reacting molecule; z; is the reacting ion charge; e is the elementary charge; 7; is the
ion radius; kj is the Boltzmann constant; g, is the vacuum permittivity; ¢, is the relative dielectric con-
stant of the solvent.
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Table 2. The effective relative dielectric constant of the Brij-35, DMDAPS, SDS, and CTAB micellar microen-
vironment of the reagents

&
The reagents - "
Brij-35 DMDAPS SDS CTAB
MG" and H,O 56 41 37 47
BG" and H,O 63 43 39 57

The 7 value shows what the relative dielectric constant value of the solvent is equivalent to the

micellar microenvironment as an indicator of the medium polarity. The Stern layer of ionic micelles
and the surface layer of non-ionic micelles are probably the dye cation location in the micellar pseudo-
phase and the obtained ¢ values belong to the dye microenvironment in them. These values differ

from the corresponding values estimated using other probes [27]. For example, in the paper [28] using
E1(30) molecule, the values of ¢# =28 for CTAB and ¢#' =27 for Brij-35 were obtained. This may be

due to the slightly different microenvironment of the probes and the studied triphenylmethine dyes in
the Stern layer. Since, as shown in the paper [10], the decisive factor that determines the polarity of
the microenvironment is the water amount around the probe. The Stern layer is equally hydrated for
micelles of different charge types [10]. Dye cations, which are electrostatically attracted to the main
anionic groups of surfactants, are somewhat shielded from water; therefore, their microenvironment in
DMDAPS and SDS micelles is weakly polar. Also, the probe hydration will be determined by the
available substituents.

Conclusions

The application of Berezin’s model gives satisfactory results for describing the effect of nonionic,
anionic, cationic, and zwitterionic micelles in the case of interaction of the dyes with water as a nu-
cleophile:

i. shows a satisfactory correspondence between the experimental points and the points calculated by
Berezin’s model equation, which is characterized by a high R* value;

ii. the correlation between the obtained P, values by Berezin’s model equation and the dyes logP
values corresponds to the fact that the less hydrophilic substrates have a greater affinity to the
weakly polar micellar pseudophase.

iii. the obtained £, values by Berezin’s model equation correspond to the concept of the effect of
weakly polar micellar pseudophase according to the Hughes-Ingold rules.

However, the model has some problems in the case of the reaction involving hydroxide ions in
cationic micelles. Where for reliable calculations of the partition coefficient of HO™ ion by electro-
static approach it is necessary to take into account the change in the local concentration of the HO™
ions due to a compression of the double electric layer upon addition of reacting ions to the system.
Moreover, Berezin’s model, like the pseudophase ion-exchange model, does not take into account the
“diverting” effect of cationic head-groups owing to their electrostatic attraction of the HO™ ions [1-3].

According to Berezin’s model, the dependences of the observed rate constant of BG™ or MG" and
H,O reaction on the surfactants concentration can be explained by the following quantitative parame-
ters:

— «BG — Brij-35»: [BG],/[BG],, = 1.03x10", k,/k,, = 1.18;

— «BG — DMDAPS»: [BG],/[BG],, = 7.6x10%, k,/k,, =1.76;

— «BG — SDS»: [BG],/[BG],, = 7.8x10°, k,/k,, = 2.00;

—«BG — CTAB»: [BG],/[BG],, = 3.8x10°, ky/k,, = 1.29;

— «MG — Brij-35»: [MG],/[MG],, = 2.1x10°, k,/k,, = 1.32;

— «MG — DMDAPS»: [MG],/[MG],, = 7.2x10% k,/k, = 1.92;

— «MG — SDS»: [MG],/[MG],, = 4.1x10°, k,/k,, = 2.16;

—«MG — CTAB»: [MG],/[MG],, = 2.6x10°, k,/k,, = 1.58;

—based on the MD modeling data of the water volume fraction in the surface layer of micelles [10],
the water distribution coefficient is close to unity; P, ~0.6-0.9. The surface layer of micelles is suf-

ficiently hydrated regardless of the main surfactant groups charge [10];
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—the change in the observed rate constant due to (i) the distribution of reagents between the water
phase and the micellar pseudophase and (ii) a corresponding £,/k, value. Stern layer of ionic micelles
and surface layer of non-ionic micelles is usually the location of triphenylmethine dyes.

—the obtained k./k, > 1 can be explained by the lower polarity of the reagent location in the micel-
lar pseudophase than in the water following the Hughes-Ingold rules and Amis’s equation. The ob-
tained k, value corresponds to the microenvironment with the following values of relative dielectric
constant as an indicator of the medium polarity: 56-63, 41-43, 37-39, and 47-57 for Brij-35,
DMDAPS, SDS, and CTAB micelles, respectively. The weakly-polar microenvironment in DMDAPS
and SDS micelles is a consequence of the proximity of the dye cation to the negatively charged head
group, which makes them shielded from water.

— at working dye concentration equal to 1x10~ M, the high Py, corresponds to ~1 dye per 1 mi-
celle, does not have the strong increasing ks effect, and determines that at a certain micelles concen-
tration the reaction in the micellar pseudophase is the rate-determining step. The correlation between
the P, value and the logP,,. value and the uncorrelation between the P, value and the micelles sur-
face potential value indicated that BG and MG binding is predominantly due to hydrophobic interac-
tions than electrostatic interactions. However, the main surfactant groups charge affects the location
and microenvironment of the dye in nonionic, anionic, cationic, and zwitterionic micelles.
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A.M. NaryTa. KinbkicHui aHani3 miuensapHoro BMiMBY Ha LUBUAKICTb peakLii KaTioHHUX TpudeHINMeTnHoBMX 6a-
PBHUKIB 3 BOOOI 3a Moaennto bepesiHa.

XapkiBCbKuii HauioHanbHU yHiBepcuteT iMeHi B.H. KapasiHa, ximiuHnin dhakynbTeT, mangaH Ceoboau, 4, Xap-
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61022, YkpaiHa
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Quantitative analysis of micellar effect on the reaction rate of cationic triphenylmethine dyes ...

IcHye psa mogenen, Lo KinbkicHo onucytoTe BNNue Miuen MNMAP Ha wBuakicTb peakuii. Cepen HUX HanyacTiwe
BMKOPUCTOBYIOTLCA Mogaeni: MMiwkesnya, bepesiHa i NceaodasHa ioHoobmiHHa (M10) BaHToHa Ta PomcTeaa.

Mogensb lMiwkeBuya 3acHoBaHa Ha NpeACcTaBlEHHI NpoLEecy MiLernoyTBOPEHHS BiAMOBIAHO OO 3aKOHY Aii Mac 3
YTBOPEHHAM KaTamniTUYHOI Miuenu, gka cknagaeTbest 3 Aekinbkox monekyn MAP i 6apBHuka. PaHilwe npoBefeHi
pO3paxyHKu 3a L€ MOAEMMI0 3 METOK MOSICHEHHS KIHETUYHOrO MiLensipHoro edekTy Ha peakuito KaTiOHHMX
TpudpeHinmeTnHoBMX 6apBHMKIB 3 BOAOK YEpProBuiA pa3 nokasanu OCHOBHI Hedoniku Liei mogeni.

Mogenb BepesiHa 3acHoBaHa Ha iHLWIiA Moaeni MiLenoyTBOPEHHs, a came ncesAodasHin mogeni, npu LboMy
3B'I3yBaHHA peareHTiB MiLenamu po3rnsgaeTbCsl sIK PO3MOAIN peyoBMHM Mix ABoma dasamu. Y Uik poboTi mu
CTaBUMO 3a MeTy PO3rnsHYTU 3aCTOCOBHICTbL Moaeni bepesiHa Ansa B3aemogii kaTioHHMX 6apBHUKIB ManaxiToBoro
3eneHoro i GpMNbAHTOBOrO 3€NEHOr0 3 BOAOK K HYKNEOoMinom y BOAHNX CUCTEMaX HEIOHHOI, aHIOHHOI, KaTiOHHOT
i uBiTepioHHoi MAP. Y uinomy mogenb BepesiHa HenoraHo cebe 3apekomeHAyBana paHile npu 3acToCcyBaHHi 40
onucy BMAMBY Millen Ha peakuito aHanoriyHnx 6apBHUKIB 3 rigpokcng ioHom. OgHak 6yno BMSBMEHO, WO LS MO-
Oenb He BPaxOBYE 3MiHY NOKamnbHOI KOHUeHTpauii HO™ ioHiB 3@ paxyHOK CTMCHEHHS! MOABINHOrO eneKkTPUYHOro
Lapy Npu JoAaBaHHi pearyroumnx ioHiB B CUCTEMY, @ TaKoX KOHCTaHTy acouiauii HO™ ioHiB 3 kaTiOHHMMMW ronoBHW-
mMu rpynamu MNAP. Y gaHomy Brnagky npuv BUKOPUCTaHHI BOAM B AKOCTi HYKMeodina nuTaHHA Npo CTyniHb 3B'A3Y-
BaHHSA Hykneodina Mmoxe 6yTu BUPILLEHE iHLLWM LUNSXOM.

Mogenb MIO Takox 3acHoBaHa Ha nceeaodasHin Moaeni MiLlenoyTBOpeHHs, ane 3B'A3yBaHHS GapBHUKa Mile-
namu po3rnsifaeTbcs SK acouialisi B CTeEXiOMETPUYHOMY CniBBiAHOLWEHHI 1:1, @ KOHUEHTpaUia Hykneodina Bupa-
XaeTbCA Yepes nokanbHy KOHLUEHTPaLilo, BUXoAsa4M 3i CTyneHs HewTpanisauii miuen. 3 ornagy Ha oCTaHHE, ii He
MOXXHa 3acTocyBaTV A0 AOCHiOXYBaHUX CUCTEM.

KniouoBi cnoBa: mogenb bepesiHa, ManaxiToBuin 3eneHuin, 6punbsHTOBUIA 3eNeHni, MiLlenspHuii edpekT, no-
BEPXHEBO-aKTUBHA PeYOoBMHa.

A.H. Naryta. KonnyecTBeHHbI aHann3 MULENNSPHOTO BAMSIHWUSA Ha CKOPOCTb peakumMn KaTUOHHBLIX TpudeHun-
METUHOBbIX KpacuTenen ¢ Bogon no mogenu bepesnna.

XapbKOBCKMI HaUMOHanbHLIN yHuBepcuTeT umeHn B.H. KapasunHa, xumunyeckuii cdakynbteT, nn. Ceoboabl, 4,
XapbkoB, 61022, YkpanHa

CyllecTByeT psig NoaxoOoB, KONMMYECTBEHHO OMUCbIBaKOWMX BnusHuMe Mmuuenn MAB Ha CKOpOCTb peakuuu.
Cpeou Hux Haubornee yacTto mcnonb3yTca mogenu: MNMuwkesnya, bepeanHa n MNMceBpodasHas MOHHOOOMEHHas
(MNO) baHToHa n PomcTeaa.

Mogenb lMuwkeBuMYa ocHoBaHa Ha NpeacTaBneHUN npolecca MuLennoobpa3oBaHUsi B COOTBETCTBUN C 3aKO-
HOM [IeNCTBUSI Macc ¢ 06pa3oBaHNEM KaTanmuTUYECKON MULLENTIbI, KOTOPasi COCTOMT N3 HECKONbKMX Morekyn MNAB
n kpacuTensa. PaHee npoBefeHHble pacyeTbl Mo 3TOM MOAENM C LeNblo 0OBbSACHEHUS KNHETUYECKOTO MULIeNnsip-
HOro adpdpekTa Ha peakumo KaTUOHHBIX TPUMEHUNTMETUHOBBIX KpacuTernen ¢ BO4OW OYepedHOW pa3 nokasanu
OCHOBHbI€ HEJOCTaTKWN 3TOW MOAENMN.

Mogenb BepesvHa ocHoBaHa Ha Apyron mMogenu muuennoobpasoBaHusl, a MMEHHO nceBgodasHoOn mogenm,
npu 3TOM CBSA3blBaHME peareHTOB MULIeNnnamMy paccMaTpuBaeTCs Kak pacnpefeneHne BeLecTBa Mexay ABYMS
haszamun. B HacToswen paboTe Mbl CTaBUM Lieflb pacCMOTPETb NPUMEHNMOCTL Mogdenn bepesunHa k B3aumoaen-
CTBMIO KaTMOHHbBIX Kpacutenewn mManaxuToBoro 3enéHoro 1 6punnnaHToBoro 3enéHoro ¢ BOAOW Kak Hykrneodunom
B BOAHbIX CUCTEMAX HEMOHOrEHHOrO, aHUMOHHOTO, KATUOHHOIO U LUBUTTEPUOHHOTO MAB. B uenom mogens Bepesu-
Ha Hennoxo cebs 3apekomMeHaoOBana paHee npu NPUMEHEHUN K ONUCAHUIO BIIMAHUS MULENI Ha peakumio aHano-
MYHbIX KpacuTenewm ¢ rmgpokcma MoHom. OgHako ObiNo BbISIBMEHO, YTO 3Ta MOAENb HE YYUTbIBAET M3MEHEHMe
rniokanbHOM koHueHTpauum HO™ MOHOB M3-3a CxaTusi OBOMHOMO 3MEKTPUYECKOro criosi npu gobaenennn pearu-
PYIOLLMX MOHOB B CUCTEMY, @ Tarke KOHCTaHTy accoumaumm HO™ MOHOB C KQTMOHHBLIMU FOJSIOBHLIMU Fpynnamm
MAB. B paHHOM cnyyae npu MCMofb30BaHUWM BOAbl B Ka4ecTBe Hykreoduna, BONPOC O CTENEHW CBSA3bIBAHUS
Hykreoduna MoxeT ObITb PELUEH NHBIM NYTEM.

Mogenb MUO Takke ocHoBaHa Ha NceBAOda3HON Mogeny MULENooOpa3oBaHnsi, HO CBSA3bIBAHWE KpacuTens
MULIENMamMn paccMaTpuBaEeTCs Kak accoumaums B CTEXMOMETPUYECKOM COOTHOLLEHUM 1:1, @ KOHLEHTpauusi Hyk-
neodguna BblpaxaeTcs Yepes3 NoKanbHYH KOHLEHTPaLMIo, NCXoasa U3 CTeNeHn HenTpanuaumm Muuenn. YumTbl-
Bas nocnegHee, ee Hemnb3s NPUMMEHUTb K UCCneayemMbiM cucTemam.

KnioueBble cnoBa: moaenb bepesnHa, ManaxuToBbii 3eneHbld, OpUNIMaAHTOBLIA 3eNneHbIA, MULENISIPHbIA
3¢ eKT, NOBEPXHOCTHO-aKTUBHOE BELLIECTBO.
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Various vinylsulfones and vinylsulfonamides have a wide range of biological activities (mainly, inhibition of
different types of enzymes) and are frequently used in synthetic organic chemistry (as active dienophiles,
Michael acceptors and, generally, active agents in 1,4-addition and electrocyclization reactions). However,
despite numerous synthesized substances of this type, the synthetic protocols for the obtaining of the low
molecular weight representatives of these compounds — 1-(methylsulfonyl)-1-propene and N,N-dimethyl-
1-propene-1-sulfonamide — seem to be still little known. In the present work we report a simple, efficient and
general protocol for the dehydrative synthesis of 1-(methylsulfonyl)-1-propene and N,N-dimethyl-1-propene-
1-sulfonamide  starting from corresponding  1-(methylsulfonyl)-2-propanol and  N,N-dimethyl-
2-hydroxypropanesulfonamide, respectively, using MeSO,Cl/organic base system basing on the preliminary
experiment of 2-(4-bromophenyl)-N,N-dimethylethenesulfonamide synthesis from 2-(4-bromophenyl)-
2-hydroxy-N,N-dimethylethanesulfonamide. The latter in its turn has been obtained starting from
N,N-dimethylmethanesulfonamide by lithiation with n-BuLi, subsequent action of 4-bromobenzaldehyde and
further workup. The applied protocol of vinyl derivatives synthesis allows to avoid isolation of intermediate
mesy! derivatives, consisting of one-pot formation of leaving group and its elimination. Accordingly to cou-
pling constants in 'H NMR spectra, synthesized N,N-dimethyl-1-propene-1-sulfonamide exists as mixture of
E- and Z-isomers (in the ratio 88:12), while isolated 1-(methylsulfonyl)-1-propene and 2-(4-bromophenyl)-
N,N-dimethylethenesulfonamide are the most stable E-isomers. The structures of the synthesized com-
pounds are confirmed by the methods of H NMR-spectroscopy and mass-spectrometry.

Keywords: vinylsulfones, vinylsulfonamides, 1-(methylsulfonyl)-1-propene, N,N-dimethyl-1-propene-
1-sulfonamide, dehydration.

Introduction

Vinylsulfones and vinylsulfonamides possess a variety of biological activities and this fact causes
their wide application in medical chemistry [1-3]. Moreover, these compounds are active Michael
acceptors, being intensively explored for the syntheses of S-functionalized sulfones and sulfonamides
and in Diels-Alder reaction [4-7]

Nevertheless, the low molecular weight representatives of vinylsulfones and vinylsulfonamides —
N,N-dimethyl-1-propene-1-sulfonamide 1 and 1-(methylsulfonyl)-1-propene 2 — are still little known,
and their synthetic preparation is not well-studied [8—10] (Figure 1).

O 0 0O 0
A \\S// o \\S//
Me/\/ \NMez Me/\/ “Me
1 2

Figure 1. Structure of the target N,N-dimethyl-1-propene-1-sulfonamide 1 and 1-(methylsulfonyl)-1-propene 2.

The purpose of the present work is to work up simple and preparative protocols for the synthesis of
compounds 1 and 2.

Results and discussion
First we tested ability of vinylsulfonamides’ synthesis starting from corresponding f-hydroxy-SO,-
derivatives using MeSO,Cl/organic base system on the example of transformation of bromoalcohol 3

© Huzhva 1.D., Shvets E.H., Kolosov M.A., 2020
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Synthesis of 1-(methylsulfonyl)-1-propene and N, N-dimethyl-1-propene-1-sulfonamide

to corresponding vinylsulfonamide 4. Bromoderivatives 3 and 4 were chosen because of their rela-
tively low solubility in most organic solvents (that was expected comparing with target compounds 1
and 2) and due to our ability to fix characteristic bromo-containing ions by MS-techniques.

Alcohol 3 was  synthesized similarly to been reported [11, 12]. Initial
N,N-dimethylmethanesulfonamide was metallated with n-BuLi in THF at the temperature below 0°C
and formed salt was then treated with 4-bromobenzaldehyde in the same conditions, giving the prod-
uct after appropriate workup (Scheme 1).

OH ()\/()
1) n-BuLi (1.2 eq.), THF \s/\
\\S// > NMe,
~
Me” “NMe, 7 4-BrC¢H,CHO (1.1 eq.), THF g, 394 %
3) NH,Cl, H,0 (£ 0

Scheme 1. Synthesis of alcohol 3.

Noteworthy, that all the preliminary experiments on the syntheses of tosylates and mesylates of
f-hydroxy-SO,-derivatives 3, 5 and 6 anyway led (accordingly to '"H NMR spectra of the probes of
reaction mixtures) to formation of some amount of corresponding vinyl derivatives. That is why we
undertook dehydration of secondary alcohol 3 according to the synthesis of the similar vinyl sulfona-
mides in the presence of excess MeSO,Cl and NEt; in DCM at reflux, that allowed to avoid isolation
of intermediate mesylate [13]. The reaction proceeded smoothly and gave model vinylsulfonamide 4
with 83 % yield. The existence of the only set of signals in '"H NMR spectrum of the obtained com-
pound 4 and observed coupling constants of 15.8 Hz, which belonged to vinyl protons, testified the
formation of the most stable E-isomer of compound 4 (Scheme 2).

OH
O\\S/,O MeSO,CI (1.7 eq.) O\\S/,O
\NMCZ NEt; 3.5 eq.) /@/\/ \NMez
v o
DCM, A
Br 3 Br 4 (83 %)

Scheme 2. Synthesis of model £-2-(4-bromophenyl)-N,N-dimethylethenesulfonamide 4.

Inspired by successful synthesis of compound 4, we tried to transfer applied conditions to the syn-
thesis of vinyl derivative 1. In contrast, it turned out that the best choice for the synthesis of the target
vinyl sulfone 1 was the use of higher excess of MeSO,Cl (2 eq.) and pyridine as solvent under heating.
This difference may be attributed to the fact that elimination process for the molecule of compound 3
is influenced as by SO,NMe,-substituent, as by aromatic ring, and in the case of compound 5 only the
effect of SO,NMe,-group is present (Scheme 3).

OH g 0 MeSO,Cl (2 eq.) O\\S,,O
—»
S X e S
Me NMe, Py, A
5 143 %)

Scheme 3. Synthesis of the target N,N-dimethyl-1-propene-1-sulfonamide 1.

Compound 1 was isolated as a mixture of major E- and minor Z-isomer. The assignment of the sig-
nals and the ratio between two isomers (E : Z =88 : 12) was established basing on their 'H NMR-data.
Namely, the coupling constant of C=CHSO,-atom equals in the case of E-isomer to 15.1 Hz, and for
Z-isomer it equals to 11.2 Hz.

Interestingly, that 1-(methylsulfonyl)-2-propanol 6, the simplest secondary f-hydroxysulfone and
the initial substance for the synthesis of the target compound 2, was unknown to the moment. It was
synthesized starting from 1-(methylsulfonyl)-2-propanone 7 by reduction with NaBH; in MeOH
(Scheme 4).
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OH o

() (0]
)]\2\\5/’0 NaBH, (1.1 eq.)> )\/\\s//
Me ~ Me “Me

Me MeOH, 0°C
- 6 (73 %)

Scheme 4. Synthesis of 1-(methylsulfonyl)-2-propanol 6.

Expectedly, that compound 6, having more electron-withdrawing MeSO,-substituent (comparing
with SO,NMe,-group in molecules of compounds 3 and 5) should form corresponding vinyl derivative
under relatively milder conditions. Really, the formation of the target product 2 occurred in DCM un-
der the action of 1.5 eq. of MeSO,Cl on compound 6 in the presence of 3 eq. of NEt; at room tempera-
ture with good yield (Scheme 5).

MeSO,Cl (1.5 eq.)
OH 2 0 0
)\2\\ L2 NE;Geq) . < N
Me S\Me o Me/\/ “Me
DCM, r.t.
6 2 (79 %)

Scheme 5. Synthesis of the target £-1-(methylsulfonyl)-1-propene 2.

As well as for compound 4, formation of only E-isomer of the product 2 was detected using
"H NMR spectrum, which showed the only HC=CHSO,-coupling constant equal to 15.3 Hz.

Synthesized compounds 14 are stable in time and in air for at least several months, that was also
confirmed by the permanence of their spectral data.

Conclusion

Basing on  the successful ~ preliminary synthesis ~ of  E-2-(4-bromophenyl)-
N,N-dimethylethenesulfonamide, we worked up the simple and convenient protocols of the synthesis
of (E/Z)-N,N-dimethyl-1-propene-1-sulfonamide and E-1-(methylsulfonyl)-1-propene, being, together
with obtained 1-(methylsulfonyl)-2-propanol, among the most low molecular weight and little-known
compounds in their series.

Experimental

'H NMR spectra were registered in (CD3),SO (8 = 2.50 ppm) at 400 MHz using Varian MR-400
spectrometer with Si(CH3), as an internal standard. Chemical shifts are given in ppm, coupling con-
stants are given in Hz. Resonance multiplicity is described as s (singlet), doublet (d), m (multiplet) and
br (broad signal). EI mass spectra were obtained with a Shimadzu GCMS-QP2020 instrument (70 eV
ionizing energy) using direct inlet method. Argon of 99.993 % purity was used for the syntheses with
n-BuLi and MeSO,Cl. Starting n-BuLi (2.5 M in hexanes), MeSO,Cl, 4-bromobenzaldehyde, triethyl-
amine, inorganic reagents and solvents were commercially available. THF was dried over KOH and
distilled over molten potassium before use. Dichloromethane (DCM) was dried over K,COj;. Triethyl-
amine and pyridine were dried over KOH. N, N-Dimethylmethanesulfonamide and 2-hydroxy-
N,N-dimethyl-1-propanesulfonamide 5 were synthesized, as reported [12]. 1-(Methylsulfonyl)-2-
propanone 7 was obtained, as shown elsewhere [14, 15].

N,N-Dimethyl-1-propene-1-sulfonamide 1, mixture of E- and Z-isomers (E:Z = 88:12).
MeSO,Cl (27.5 g, 0.240 mol) was added dropwise to a solution of 2-hydroxy-N,N-dimethyl-
1-propanesulfonamide (20.0 g, 0.120 mol) in anhydrous pyridine (100 ml) at r.t. Resulting mixture
was than heated for 48 h. at 90°C, cooled and poured into water (800 ml) and extracted with
CHCI; (7%40 ml). The obtained extract was washed with brine (2x40 ml), conc. HCI1 (3x45 ml), brine
(40 ml), saturated aqueous NaHCO; (2x40 ml), brine (2x40 ml) and dried over K,CO;. After filtering
the drying agent and evaporating the solvent 7.74 g (43 %) of the target product were obtained. Dark-
orange liquid. '"H NMR ((CD3),S0), 3, ppm (J, Hz): 6.54-6.65 (1H, m, E-CHCH3), 6.40—6.54 (1H, m,
Z-CHCH;), 6.43 (1H, d, J = 15.1, E-C=CHS), 6.22 (1H, d, J=11.2, Z-C=CHS), 2.65 (6H, s,
Z-N(CHs;),), 2.60 3H, s, E-N(CHs),), 1.98 (3H, d, J = 7.2, Z-CH;CH), 1.87 (3H, d, J=6.7,
E-CH;CH). m/z (EI, 70 eV): 149 (M", 27), 105 (15), 44 (100), 41 (63).
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Synthesis of 1-(methylsulfonyl)-1-propene and N, N-dimethyl-1-propene-1-sulfonamide

E-1-(Methylsulfonyl)-1-propene 2. MeSO,ClI (72.3 g, 0.631 mol) was added dropwise to a solu-
tion of 1-(methylsulfonyl)-2-propanol 6 (58.0 g, 0.420 mol) and NEt; (175 ml, 1.26 mol) in 1 1 of dry
DCM at temperature below 0°C. The resulting mixture was stirred for 72 h. at r.t., washed with satu-
rated aqueous NaCl (2x300 ml), aqueous 10 % HCI (3%x200 ml), brine (200 ml), saturated aqueous
NaHCO; (2x200 ml), dried over K,COs. After filtering the drying agent and evaporating the solvent
39.6 g (79 %) of the product were obtained. Pale-yellow crystals after washing with mixture hex-
ane/MTBE (2:1) and air drying. M.p. 38-9°C. 'HNMR ((CD;),SO), &, ppm (J, Hz):
6.68-6.77 (1H, m, CHCHs;), 6.65 (1H, d, J = 15.3, C=CHS), 2.93 (3H, s, SO,Me), 1.86 (3H, d, J=5.5,
CH;CH). m/z (EI, 70 eV): 120 (M", 6), 105 (17), 91 (28), 64 (22), 57 (37), 45 (53), 41 (100).

2-(4-Bromophenyl)-2-hydroxy-N,N-dimethylethanesulfonamide 3. »-BuLi (2.5 M in hexanes,
27 ml, 68 mmol) was added dropwise to a solution of N,N-dimethylmethanesulfonamide (7.0 g,
57 mmol) in 45 ml of THF at temperatures below —5°C. The mixture was stirred under cooling for
1.5 h and a solution of 4-bromobenzaldehyde (11.6 g, 63 mmol) in 20 ml of THF was added dropwise
at temperatures below —5°C. The resulting mixture was stirred for 12 h. A conc. aqueous solution of
NH4Cl1 (18 ml) and 750 ml of water were added in turn. The mixture was extracted with EtOAc
(5100 ml), the extract was dried over K,COs. After filtration of drying agent and evaporation of a
solvent 16.5 g (94 %) of the product were obtained. M. p. 76-8°C. '"H NMR ((CD5),SO), &, ppm (J,
Hz): 7.50 (2H, d, J = 8.3, ArH), 7.33 (2H, d, J= 8.3, ArH), 5.83 (1H, br. s, OH), 4.93 (1H, dd, /= 8.7,
J=3.5, CHOH), 3.35 (1H, dd, J = 14.5, J = 8.7, CH4Hg), 3.17 (1H, dd, J=14.5, J = 3.5, CHaHp),
2.72 (6H, s, N(CH3),). m/z (EL 70 eV): 308 (M", 1), 198 (80), 185 (57), 120 (36), 92 (67), 77 (48),
44 (100).

E-2-(4-Bromophenyl)-N,N-dimethylethenesulfonamide 4. MeSO,Cl (50.8 g, 0.44 mol) was
added dropwise to a solution of 2-(4-bromophenyl)-2-hydroxy-N,N-dimethylethanesulfonamide 3
(80.2 g, 0.26 mol) and NEt; (126 ml, 0.91 mol) in 710 ml of dry DCM at temperatures below 0°C. The
resulting mixture was heated to reflux for 24 h., cooled, washed with water (3x400 ml), aqueous 20 %
HCI (3%x60 ml), saturated aqueous NaHCO; (4x100 ml), water (400 ml), dried over K,COs. After fil-
tering the drying agent and evaporating the solvent 63.0 g (83 %) of the product were obtained. Pale-
yellow crystals. M. p. 128-9°C (EtOAc). '"H NMR ((CDs),S0), &, ppm (J, Hz): 7.70 (2H, d, J= 8.0,
ArH), 7.61 (2H, d, J=28.0, ArH), 7.36 (1H, d, J = 15.8, C=CHAr), 7.31 (1H, d, J = 15.8, SCH=C),
2.69 (6H, s, N(CH;),). m/z (EI, 70 eV): 291 (M(*'Br)", 21), 289 (M("Br)", 20), 225 (70), 181 (31),
102 (100), 75 (20), 44 (23).

1-(Methylsulfonyl)-2-propanol 6. NaBH, (30.8 g, 0.81 mol) was added portionwise to a solution
of 1-(methylsulfonyl)-2-propanone 7 (100 g, 0.73 mol) in MeOH (800 ml) under bubbler at tempera-
tures below 0°C. The resulting mixture was stirred for 24 h. at r.t., the solvent was removed under
reduced pressure. CHCI; (600 ml) and saturated aqueous Na,COj; (150 ml) were added to the residue
and the resulting mixture was allowed to stir for 1.5 h. Organic phase was collected, dried over K,COs.
After filtering the drying agent and evaporating the solvent 74.5 g (73 %) of the product were ob-
tained. Pale-yellow crystals. M. p. 61-3°C 'H NMR ((CD5),S0), &, ppm (J, Hz): 5.10 (1H, br. s, OH),
4.01-4.13 (1H, m, CH), 3.19 (1H, dd, J=14.6, J = 8.6, CH,Hp), 3.00 (1H, dd, J=14.6, J = 3.0,
CHaHp), 2.94 (3H, s, SO,CH3), 1.14 (3H, d, J=6.3, CH;CH). m/z (EI, 70 eV): 139 (52), 123 (66),
121 (48), 94 (100), 79 (66), 59 (41), 45 (33), 41 (43), 31 (56), 15 (32).
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Haodicrnano oo pedaxyii 15 scoemusn 2020 p.

1.0. T'yxea, O.I'. Weeub, M.O. Konocos. CuHTes 1-(MeTuncynbdoHin)-1-nponerny ta N,N-gumeTtun-1-nponen-
1-cynbchoHamigy.

XapkiBCbkuii HauioHanbHUi yHiBepcuTeT iMeHi B.H. KapasiHa, ximiuHui dakynbteT, mangaH Ceoboau, 4,
Xapkis, 61022, YkpaiHa

PisHOMaHITHi BiHiNcynboHM Ta BiHiNcynbdoHaMiaM mMalTb LWMPOKMIA cnekTp GionoriyHoi akTMBHOCTI (ULe, B OC-
HOBHOMY, iHFiOyBaHHSA Pi3HMX TUNIB (DEPMEHTIB) i YaCTO BMKOPWUCTOBYIOTLCA B CMHTETUYHIN OpraHivyHoi Ximii (SK
aKkTuBHi gieHodinu, akuentopu Mixaens i, B Linomy, akTUBHI areHTu B peakuiax 1,4-npuegHaHHsa Ta enekTpoLikni-
3auii). OgHak, He3BaXxar4um Ha MonNynsApPHICTb BENMKOI KiNbKOCTI NOAIGHNX CNonyK, NpenapaTyuBHi MeTOOVKM oaep-
XKaHHS HM3bKOMOIEKYNSAPHUX MpPeAcTaBHUKIB LbOro knacy — 1-(MetuncynbgoHin)-1-nponeHy i N,N-gumetnn-
1-nponeH-1-cynbdoHamigy — 0O TenepilHbOro Yacy BMBYEHI Marno. Y Lji poboTi M1 NOBIAOMMASEMO NPO NPOCTUHN,
eekTMBHUIA | 3aranbHuiA  cnoci®é cuHTe3dy  1-(mMetuncynbdgoHin)-1-nponeHy i N,N-gumeTtun-1-nponex-
1-cynbpoHamigy wnsaxom Aerigpatadii, BignosigHo, 1-(MeTuncynbdoHin)-2-nponaHony Ta N,N-gumetun-
2-rigpokcinponaHcynbdoHamigy B cuctemi MeSO,Cl/opraHiyHa ocHOBa, cnvparyuMcb Ha nonepegHii ekcnepu-
MEHT 3 cuHTesy 2-(4-6pomdeHin)-N,N-gumeTunsiHincynsdoHamigy Buxoasum 3 2-(4-6pomdeHin)-2-rigpokcu-
N,N-gnmetunetaHcynsdoHamigy.  OcTtaHHin, 'y cBow  4yepry, ©Oyno oTpumaHO, BMXOOAYM 3
N,N-gnmeTunmetaHcynboHamigy  Wwnaxom  MiTioBaHHA  3a  gonomorot  H-Buli, nogansiwioi  Aif
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Synthesis of 1-(methylsulfonyl)-1-propene and N, N-dimethyl-1-propene-1-sulfonamide

4-6pombeH3anbaerigy i HacTynHoi 06pobku. BukoprctaHa meToamka CUHTE3Y BiHINMMNOXIGHWX JO3BOMSE YHUKHYTK
BUAINEHHA NPOMDKHUX Me3UnaTiB i nonarae B ogHoOpeakTopHOMy (hOpMyBaHHiI BigXigHOI rpynu Ta ii BigwenneHHs.
3rigHO KOHCTAHT CNiH-CMIHOBOrO POS3LUENMEHHA Y CrekTpax H AMP, otpumanun N,N-gumeTunn-1-nponex-
1-cynbpoHamig icHye y Burnsagi cymiwi E- i Z-isomepiB (y cniBeigHoweHHI 88:12), y ToW 4yac sk BuAineHi
1-(MeTuncynbdoHin)-1-nponeH i 2-(4-6pomdeHin)-N,N-gumeTuneiHincynsdoHamia € Hanbinbw crabinbHUMK
E-nsomepamun. bygooBy CUHTE30BaHUX CMOMyK NigTBEPAXEHO MeToaamu H AMP-cnekTpockonii Ta mMmac-
cnekTpomeTpii.

KnrouoBi cnoBa: BiHincynboHu, BiHincynsdoHamian, 1-(metuncynbcoHin)-1-nponeH, N,N-gumetun-
1-nponeH-1-cynbdoHamig, gerigpartadis.

n.0.Nryxea, E.llBeu, M.A.KonocoB. CuHTe3 1-(metuncynbcdonun)-1-nponeHa u N,N-gumeTtun-1-nponex-
1-cynbpoHammaa.

XapbKOBCKMI HauUMOHanbHLIN yHuBepcuTeT umeHn B.H. KapasunHa, xumunyeckuii cdakynbteT, nn. Ceoboabl, 4,
XapbkoB, 61022, YkpanHa

PasnnyHble BUHWNCYNbMOHBI 1 BUHMICYNbGOHaMMALI 00NadalT LWMPOKUM CMEKTPOM GUOMNOrMyeckon akTmB-
HOCTU (3TO, B OCHOBHOM, MHIMOUPOBaHNE pa3nu4YHbIX TUMOB (PEPMEHTOB) M YacTO UCMONb3YIOTCA B CUHTETUYE-
CKOW OpraHuM4eckor XmMumn (B Ka4ecTBE aKTUBHbLIX AMEHOMUNOoB, akuenTtopoB Muxasns v, B LENOM, aKTUBHbIX
areHToB B peakuusax 1,4-npucoefnHeHunst u anekTpoumknunsaumm). OgHako, HECMOTPS Ha M3BECTHOCTL BONbLLOrO
KonmyecTBa NogobHbIX COeQUHEHMN, NpenapaTuBHbIE METOAMKN MOMYYEHUs] HU3KOMOMEKYNSAPHbIX NpeacTaBuTe-
nen atoro knacca — 1-(metuncynoegonun)-1-nponeHa n N,N-gumeTtun-1-nponeH-1-cynsoHammnaa — A0 HACTOS-
LLlero BpeMeHM n3yyeHbl Mano. B HacTosiern pabote mbl coobiaem 0 NpocTom, 3PHEKTUBHOM M 0OLLEM CMOCO-
0e cuHTesa 1-(metuncynbdoHun)-1-nponeHa n N,N-gumeTnn-1-nponeH-1-cynbpoHammaa nyTém germgparauum,
COOTBETCTBEHHO, 1-(MeTuncynboHun)-2-nponaHona n N,N-gumeTnn-2-rugpokcunponaHcynsdoHammnaa B cuc-
Teme MeSO,Cl/opraHuyeckoe OCHOBaHWE, OMUMPasiCb Ha MpeaBapUTENbHbIA 3KCMEPUMEHT MO CUHTE3Y
2-(4-6pomdpenun)-N,N-gumeTnneuHuncynsoHammaa ucxops 13 2-(4-6poMdbeHuUn)-2-ruapokcu-
N,N-gumeTtunataHcynbcoHammaa. [locnegHuin, B  CBOW  oyvepedb, Obln  nmonmydeH  ucxoass U3
N,N-gumeTtnnveTtaHcynboHaMmmga nyTeM nUMTUPOBaHWS C nomowbo  H-Buli, nocnepyiowero pencreus
4-6pombeH3anbaernga u ganbHenwen obpaboTku. Mcnonb3oBaHHas MeToAMKa CUHTE3a BUHWUIMPOU3BOLHbLIX
no3BonseT nm3bexartb BblOeNeHNsi NPOMEXYTOYHbIX ME3UNaToB M COCTOUT M3 OQHOPEaAKTOPHOro hopMMpoBaHUs
yxoasLwen rpynnbl 1 ee oTwenneHns. CornacHo KOHCTaHTaM CMMH-CMMHOBOrO pacluennexHns B cnektpax H AMP,
nony4yeHHein N,N-gumeTtun-1-nponeH-1-cynscoHamu cywlecTByeT B BMAe cMecu E- n Z-u3omepoB (B COOTHO-
weHnn 88:12), B TO BpeMs Kak BblaeneHHole 1-(MeTuncynbdoHun)-1-nponeH wun 2-(4-6pomdenun)-
N,N-gumeTuneuHuncynegoHamma sBnsaTcs Hanbonee ctabunbHbiMM E-u3oMmepamu. CTpoeHne CUHTE3MPOBaH-
HbIX COEMHEHU NOATBEPXAEHO METOAaMMU H AMP-cneKkTpocKkonMu 1 Macc-CnekTpPoOMeTpuM.

KnioueBble cnoBa: BMHWUMNCYNb@OHbI, BUHUNCYNbdOHaMuAabl, 1-(MeTuncynbgonnn)-1-nponeH, N,N-gumeTumn-
1-nponeH-1-cynboHamng, gerngpataumsi.
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BISYAJIbHE BIHAPHE TECTYBAHHA AOMILLUOK METAHOJ1A
B ETUJ10BOMY CINUPTI

H.O. HikitiHa™?, 0.0. PewerHsk®, 0.C. Yepuuwona'<, I'.C. BnaceHko"?,
A.O. Bensa ¢, A.B. NanTteneiimoHoB™ '

* Xapkiecbkuli HaujoHanbHUU yHisepcumem imeHi B.H.KapasiHa, ximidyHul ¢hakynbmem, matidaH
Ce0600u, 4, Xapkie, 61002, YkpaiHa

T [lepxasHa Haykoea ycmaHosa “HayKkoeo-mexHomo2iqHull KOMIANeKc “lHecmumym MOHOKpucma-
nie” HAH Ykpainu, np. Hayku, 60, Xapkie, 61072, YkpaiHa.

a) nikitina@karazin.ua https://orcid.org/0000-0002-8792-4403
b) reshetnyak@karazin.ua https://orcid.org/0000-0002-6826-2790
c) chernysheva.oks.@gmail.com https.//orcid.org/0000-0001-6981-5310
d) annavlasenko@gmail.com https://orcid.org/0000-0002-4317-6044
e) artem.belya2@gmail.com https://orcid.org/0000-0001-5253-327X
f) panteleimonov@karazin.ua https.//orcid.org/0000-0003-0265-1264

B po6oTi 3anponoHoBaHO cnocib KOHTPOSO JOMILLKM MeTaHoy B eTUIIOBOMY CnMpTi-pekTudikaTi i B anko-
rofnbHMX HaMosAX, 3aCHOBaHWU Ha BidyanbHOMY BiHApHOMY TECTyBaHHi 3 3aCTOCYBaHHSIM OQHOrO 3paska Mnopi-
BHSHHS. [INs1 CKPUHIHIY CNMPTOBMICHUX 3pas3kiB Ha BMICT MeTaHony obpanu iHOuKaTopHy peakLilo B3aemopii
dopmanbzerigy (MPOAYKTY OKMCHEHHS METaHOIY) 3 XpPOMOTPOMOBO KUCIOTOW. YMOBU NPOBEAEHHS iHAMKa-
TOPHOI peakuii aHanoriyHi BigoOMii MeToauui CneKTPOOTOMETPUYHOrO BU3HAYEHHSI METaHOoNy: MeTaHon
OKUCIIOBanu nepmMaHraHaToM Kanito B KUCIOMY cepefoBuLLi Ao hopmanbaerigy; dopmanbaeria notiM pea-
ryBaB 3 XpOMOTPOMOBOK KMCIIOTOK B MPUCYTHOCTI rapsyoi KOHLEHTPOBaHOI CynbdartHoi KMCMOTK 3 YTBO-
PEHHAM MPOAYKTY hioneToBOro Konbopy (konip NpogykTy ctabinbHuin npotarom 12 rogmH). BetaHoBneHo,
LLO CNEKTP MOrMMHaHHA NPOAYKTY peakuii He 3MIHIETLCS Npu nepexogi Big eTaHonbHuX (96%) Ao BoaHO-
€TaHOJbHUX PO34MHIB 3 06'€EMHOI0 YacTkoto eTaHony 40%, MakCMMyM CBITNOMNOINIMHAHHSA BiANOBiAaB AOBXMN-
Hi xBuni 570 HM. Bci noganbLui gocnigXeHHst NpoBoAWIM Y BOAHO-ETAHOMNBHUX pO3ynHax 3 00'€eMHO YacT-
koto eTaHony 40%.

3rigHO HOpMAaTMBHUX AOKYMEHTIB, rpaHW4YHO AONYCTUMUIM BMICT MeTaHOMy B €TUIIOBOMY CMMPTi COpPTYy
"ITiokc" (HanbinbLL NOLWMPEHOMY B arnkorosbHili MPOMMUCIIOBOCTI) i anKOrofibHMX HaMosiX Ha MOro OCHOBI (Crpan)
ctaHoBuTb 0.01% 06. B nepepaxyHKy Ha 6e3BOAHUIA eTUNoBUI cNUPT. 3pasok NOPIBHAHHA — PO34MH 3abap-
BMEHOro MPOAYKTY iHAMKATOPHOI peakLii — NoBMHeH ByB BiANoOBiAaTW KOHUEHTpaLii MeTaHoNy (Cnopis) HUXKYE
3HaYeHHS! Crpan HACTIMbKY, WO6 PU3NK MOMUIMKOBUX HErATUBHWUX pe3ynbTaTiB TECTyBaHHSA He nepeBuns 5%.

[nsa ouiHioBaHHS NOPOroBoi KOHUEHTpaUii (Cnopis) B 3pa3Ky MOPIBHSAHHA 3aCTOCOBYBAanM CTATUCTUKY CrMO-
cTepexeHb. 3 Lieto MeTO roTyBanm po3vmH 3abapBneHoro NpoAyKTy, KM BiANoBiAaB HOPMOBaAHIN KOHLEH-
Tpauii MeTaHony Crpaw=0.01% 06. (HOpMOBaHWI 3pasokK) i 3paskn MOPIBHAHHA 3 MEHLUMMMW KOHLEHTpaLisMu
meTaHony. CrnocTepiradi BUSIBUNu iHTepBan HeHaaiHOCTi — 06nacTb KOHLEHTpaLini MeTaHony, B SKilA YacTo-
Ta BUSBMNEHHS BiAMIHHOCTEN B KONbOPi 3paskiB MOPIBHSAHHA i HOpMOBaHOro 3paska, P(c), 3miHioBanacs
Big 0 go 1 —Big 0.0072 go 0.010% 06. meTaHoMNy B NepepaxyHKy Ha 6e3BoaHUIA CNMPT.

Busasnenuit giana3oH po3bunu Ha 8 koHueHTpauih 3 kpokoMm Ac=0.0004% 06. MNpuroTyBanu Tpu cepii pos-
YMHIB i ANSA KOXHOI KOHLUeHTpauii oTpumanu no 48 cnoctepexeHb. OTpMMaHy eKkcrnepuMeHTanbHy KpuBy
edeKTMBHOCTI (ycepeaHeHy 3anexHictb P(c)) nepesipnnun Ha BignoBigHICTb MaTeMaTUYHUM (PyHKLUiSM Bigo-
MUX PO3MOAINIB: HOPMarbHOro, FIOriCTUYHOrO, NOrHOPMaribHOro, EKCMOHEHLUanbHOro Ta yHKLUii po3noginy
Belibyna, BUKOPUCTOBYOUN CTaTUCTUYHI KpUTEPIl Xz i Konmoroposa-CmupHoBa A. KpuBy edeKkTMBHOCTI onu-
canu TeopeTuYHi (yHKLii NorHopmanbHOro posnoginy Ta posnoainy Benbyna. O6uncneHe npu OoBipuin
nmoBipHocTi 0.95 3Ha4yeHHA NOPOroBoi KOHLEHTpaLii MeTaHony B 3pa3ky nopieHsHHA cknano 0.0073% o06. B
nepepaxyHky Ha 6e3BofHUIA eTunoBui cnupT. BizyanbHe GiHapHe TecTyBaHHSA JOMILLKM MEeTaHOomy npoBenu
B 3pasKax ankorofibH1X Hanois. [1paBUNbHICTb TECTYBaHHSA NiATBEPAMMM METOAO0M ra3oBoi XpomMaTorpaail.

Knio4yoBi cnoBa: meTaHom, eTUNoBuiA CNupT, ankorosbHi Hanoi, BidyaneHe GiHapHe TecTyBaHHS, popma-
nbaeria, XpomMoTponoBa KucrnoTa.

Bctyn
[NepmoueproBumM 3a0pyIHIOBAYEM ETHIJIOBOTO CIUPTY, IO € CUPOBUHOIO JUISi BUPOOHUIITBA aJTKO-
TOJTI0, BBAXKAIOTh METAHOJ, IKUH BIOMUIN CBOEIO TOKCHYHOIO JI€I0 HA OPraHi3M JIOJWHY HABITh MPH
HU3BKUX KOHIICHTpAIlisax. MeTaOoiTH METaHOIy B OPTaHi3Mi JIFOAWHN MOKYTh BUKIIMKATH BaXKKi Me-

© Hixkirtina H.O., Pemretnsix O.0., Yepaummosa O.C., Binacenko I'.C., bens A.O., ITanreneiimonor A.B., 2020
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BizyansHe GiHapHE TecTyBaHHS JOMIIIIOK METAHOJA B €THIIOBOMY CITHPTI

TaOOIYHI Ta HEBPOJOTIYHI MMOOIYHI ePeKTH, AKi MOXKYTh MPU3BECTH 10 KOMH 1 HaBiTh cMepTi. Tomy
KOHTPOJIb BMICTY METaHOJIY B TOPUTYaHUX BUPOOAX € 000B’I3KOBUM.

Haii0inpm mommpeHUMH iHCTPYMEHTaIbHUMH METOJaM{ BU3HAUEHHS METaHOIY B ETHIIOBOMY
CIHUPTI € Ta3o-piAMHHAa XpoMmartorpadis Ta MOIEKyJsIpHa aOcopOIiiiHa CHEKTPOCKOIs, X0o4Ya €
TIOBIOMJICHHS ¥ TIpO BH3HAYCHHS 3a IOTIOMOTOI0 MeToxiB PamaniBchkoi cmekTpockorii [1] abo
(otoenekTpoximii [2].

BinbIicTs METOIUK CENEKTUBHOTO (POTOMETPHYHOTO BU3HAUCHHSI METAHOIy Oa3yeThca Ha epme-
HTAaTHBHHUX PEaKIIisIX 3a YIacTIO aJKOTOIROKCHAA3H, (popMasiberiaeriaporenasy, karaja3d, METaHO-
nokcunaasu [3-10]. B pe3ynbrati XiMiuHUX [IEPETBOPEHB MOCIIOBHO YTBOPIOIOTHCS MYypaIlHA KHCIIO0-
Ta, MEPOKCH] BOJHIO Ta Qopmanpaeria. Ilepekuc BoAHIO MOTIM MOXKHA BH3HA4YaTd 3a JOMOMOTOIO
nepokcuaasu [5]. Mexa Bu3HaueHHS MeTaHony B Takuii croci6 € 0.00012-0.00015% 06. I[Toennanus
(hepMeHTY METaHOJIOKCHIAa3U Ta OapBHUKA OCHOBHOTO (YKCHHY OyJIO BUKOPHUCTAHO TPW BH3HAYCHHI
BMICTY METaHOJIY B CBKMX (PYKTOBHX COKax 3 KaByHY, MOPKBH, AWHI, TOMaTiB Too [6]. Aie eTa-
HoJI, BMicT sikoro OyB Oimbmum 3a 0.01% 006., BcTynmaB y KOHKYpYOUi B3aeMOJil Ta yNOBUIFHIOBaB
peaKIIiro MeTaHoIy 3 (EPMEHTOM.

B po6orti kuTalickkux aBTopis [11] 3anmpornoHoBaHO BH3HAYATH METAHOI 33 PEAKI€l0 3 HITPOIPY-
CHIIOM HATpiI0 y JIy>)KHOMY CEpElOBHILI 3 YTBOPEHHSM MPOAYKTY peakuii OJaKUTHOrO KOIbopy. B
TaKUi croci® MiHiManbHa BU3HAaYyBaHa KiIbKicTh MeTaHony cranoBmiaa 0.0015% 06. Xoua 3amporo-
HOBaHAa METOJMKA TPOCTa, ajile He MOXKe OyTH 3aCTOCOBaHA JI0 00’ €KTIB aHaNi3y, sIKi MICTATh €TaHOI,
00 oCTaHHII KOHKYpY€E B peakLii 3 HITPONPYCHIOM 1 YHHUTH 3aBa)KatOUMi BILIKB.

BinbimicTe peakiiii Bi3yaabHOTO BUSBICHHS METaHOIY 0a3y€eThCsl HA HOTO OKUCHEHHI 10 opMallb-
JIETiTy Ta BU3HAYCHHI OCTAaHHBOTO 32 JIOTIOMOTOI0 KOJLOPOBUX peakiii. HaiBimoMimumMu € peakiiii 3
XPOMOTPOIIOBOKO KHCIIOTOI0, 3 METHIOBUM (DiosieTOBUM, 3 (QyKCHHCIPUYUCTO KHCIOTOK (PEaKTHBOM
udda), 3 kogeinoM, 3 peaktuBom Deminra [12].

11i >k peakrii JekaTh B OCHOBI METOIMK HAIIBKUIBKICHOTO Ta KUTHKICHOTO BU3HAYEHHS METAHOIY B
€TaHOI, 3alpPONOHOBAaHUX MIXKHAPOIHOK OpraHi3alli€ro mo cranaaprusaiii [13,14] Ta HalllOHATEHUM
cTangapToM Ykpainu [15]. BisyanpHuii KOJOPUMETPHUYHHIA METOJ BUKOPHUCTOBYIOTH JIsi KOHTPOJIO
MeTaHOoJy B Aiana3oHi koHueHTpauii 0.10-1.50% 06. 3a peakuiro ¢popmanbaeriny 3 peaktusom HIud-
(a 3 yTBOpEeHHsIM XiHOiTHOTO OapBHUKA CHHBO- a00 4epBOHO-(i0IETOBOrO KOMbopy. HamiBKinbKicHe
BH3HAYEHHS MPOBOAATH, BUKOPHCTOBYIOUM KOMIpHY MiKaiy mopiBHsSHHA [13]. [ns ¢oTomerpuunoro
BH3HAuYeHHS MeTaHOJy B niama3zoHi koHmeHtpamii 0.01-0.20% 00. pekoMeHI0BaHO 3aCTOCOBYBATH
peakIiro B3aeMoIii hopMalIbIeriay 3 XpOMOTPOIIOBOIO KHCIIOTOO 3 YTBOPEHHSAM IMPOIYKTY (ioseTo-
BOTO 3a0apBIICHHS 3 MAKCUMYMOM TTOTJIHHAHHS NPH TOBKUHI XBHII Om3bko 570 M [14,15].

3 mepepaxoBaHMX BHUIIE PEaKUiil JHIIe peakiis 3 XPOMOTPOIIOBOIO KUCIIOTOIO € CIIEHU(IYHOI0 0
METHJIOBOTO CITUPTY, 3 iHIIMMH peareHTaMu OKpiM (opMajbAeTioTy B peaKIlil MOKYTh BCTYIIaTH IESKi
IHII1 aJIbAETIIN.

MexaHi3M KONbOpOBOI peakuii MK XpOMOTpPOIMOBOIO KHCIOTOW0 (4,5-murigpokcuHadTanen-2,7-
JTUCYITH(OHOBOI KUCIOTOK) Ta (hOPMaIbIETiIoM Y CHIBHOKHCIOMY CEPEOBHIII JOCI MOBHICTIO HE
BimoMuii. Peakmifinnii muisax, sSIKHA BBaXKAETHCS HAWO1IBIT HMOBIPHIM, BKITIOUA€E TBOCTYTICHEBHH TPO-
uec (puc. 1) [16]. Cynsdarna kucnota 6epe ydacTb B 000X CTaAifX SK JETigpaHT, a B OCTAHHIM - e
SIK OKHCHUK, BiJTHOBIIOIOYHCH JIO CYIb(ITHOI KHCIIOTH.

HenonikamMu BUKOHAHHS IIbOT'O KJIACHYHOTO METOAY € BUKOPUCTAHHS BEJIHMKOIO 00'eMy rapsdoi
KOHIIEHTPOBaHOI CyJb(aTHOT KUCIIOTH, BUMOTa KpOIITKOI 00p0OOKH MypalinHOi KHCIOTH, SIKa YTBO-
PIOETBCS B MPOLIECI OKUCHEHHSI, Ta JOBTOTPUBANICTh BUKOHAHHS METONMKH B mijomy. Iloganbmii 3y-
CHJUIA BYCHUX OyJIM CIPSIMOBaHI Ha yCyHEHHS a00 3MEHLICHHS LIUX HEeIOJIKiB: JOAaBaHHs MpOIaHasl
NPUCKOPHIIO TPOIeC OKUCHEHHST MeTanomy [17], Moan¢ikyBaHHsS METOIMKH CKOPOTHIIO BHUTPATH pea-
reHTiB [18,19] Ta cyTTEBO 3MeHIIMIO BUTpaTy dacy [20].

PosrnsnyTa iHAMKaTOpHA peakiis Oyna oOpaHa HaMH JUIA Bi3yaJIbHOTO OIHApHOTO TECTyBaHHS J0-
MIIIKH METAHOJIY B €TWJIOBOMY CIMPTI, IPU3HAUYCHOMY JAJIsI BUTOTOBJICHHS aJIKOTOJIbHUX HAIOIB.

BukopucTanHs Bi3yanbHOro OiHAPHOTO TECTYBaHHSA i3 3aCTOCYBaHHSM OJHOTO 3pa3Ka MOPIBHSIHHS
IIPYU CKPUHIHTY BEJIMKOI KUTBKOCTI JOCHTIKYBaHHUX 3pa3KiB 3HAYHO CHPOILIYE NPOLEAYPY Ta CKOPOUyeE
yac OTPUMAHHS Pe3yJIbTaTy: HeMa MOTPeOr BUTpayaTy PEareHTH Ta 4ac Ha MPOBEACHHS I'PalyIOBaHHS
a00 NPUTOTYBaHHS KOJbOPOBOI INKAJIU. 3iCTABJISAIOTh aHATITUYHI CHTHAJIM BiJ 3pa3Ka MOPIBHAHHS Ta
3paska, IO JIOCIIKYIOTh (KOHTPOJIBHOTO 3pa3ka). BapiaHtamu BiJNOBiJei crocTepiradiB MOXYTh
OyTH: BMICT MeTaHONy «OiNbllle — MEHIIe» HOPMOBAaHOI (FpaHWYHOI, HeOe3MmeuHoi) KOHIICHTpaIii
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(Crpan)- SIKIIIO BMICT METaHOIY B 3pa3Ky Oyje BHIIEe IPAHUYHOIO 3HaYEHH, TO HEOOXIAHUN KiabKiCHHH
aHaJi3 3 BUKOPUCTAHHSIM TIITBEPIKYIOUNX METOAWK; HETaTUBHUN pe3ynbTar OyJie BBaXKATHCS MTPaBU-
JHHUAM 1 OCTaTOYHUM.

S0y SOH  HOy
HO HO CH, OH
-H,0
2 + CH0 ——»
" " Q ”
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+0,-H,0
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" O
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Pucynok 1. Cxema peakuii B3aemMo/1ii XpoMOTPOIOBOi KUCIOTH 3 (hopmanbierizom [16].

Bignosigao o [21,22], B 3a1€KHOCTI BiJf COPTY PeKTU(HIKOBAHOTO €THIOBOTO CITUPTY HOPMOBAHMN
TPaHUYHO JIOITyCTHMHUM BMICT METAHONY (Crpan.) KOMHMBaeThCsA Bif 0.005 1o 0.03% 06. B mepepaxyHKy
Ha 0e3BOJHUH eTHIIOBUH cnUpT. B eTrmoBomy crupti copTy “JIFOKC” 1 TOpiTYaHUX HAIMOSX, BUTOTOB-
JIEHMX 3 L[LOTO CIUPTY, 3HAUEHHS Cppeu, METAHONY cTaHOBUTH 0.01% 06. B nepepaxyHKy Ha 6e3BOAHMIMA
crupT. OCKiTBKU coOpT criupTy “JIFOKC” € HaUTOMUPEHIIINM Y TTPOMHUCIIOBOMY BUTOTOBJICHHI ropiiada-
HHX HaroiB, TO caMe Ha 1€ 3HAYEHHS Crpau, MH OPIEHTYBAINCS B POOOTI.

KoHueHTpais MeTaHONIy B TECT-3pa3Ky MOPIBHAHHSA (Cpopis.) HA3MBAETHCA MOPOroBoto. Ii BennunHa
HOBUHHA OYTH 3a1aHa HUKYE Crpay HACTUIBKH, 1100 MMOBIPHICTH MPOITYCKY 3pa3KiB ropiyaHUX HAIoiB
3 BMICTOM METAHOIIy BUILE Crpey. (HEOAKAHMX PE3ylbTaTIB) HE MEPEBHINyBalla 3alaHy, HalpHKIaL,
5%. [Iponenypa OILiHIOBaHHS TIOPOTOBOT KOHIICHTpPAIIil B 3pa3Ky MOPIBHSHHS 3aCHOBaHA HA CTATUCTHIII
CIIOCTEPEKEeHb, il aNrOpUTM 1 NPUKIAIN 3aCTOCYBaHHS HaBEACHI B HAIIMX MONEPENHIX MyOIiKamiax
[23-26].

ExcnepuMeHTasibHa YaCTUHA

BuxopucroByBanu peakTuBH KBarmiikarii X. 4. i 4./1.a., PO3YHHHU SKUX TOTYBaJIl HA TUCTHIHLOBAHIN
BOJli. 2%-HMii PO3YMH AWHATPIEBOT COMi XPOMOTPONOBOi KuciHoTH; Kuciuid 1.5%-uii pozunn KMnOy i
20%-nii pozunH Na,SO; roTyBau Ta 30epiraiu 3riIHO METOIMK, HaBeAeHUX y [15]. Etunosuii cnupr,
99.6% 00., nepell BUKOPUCTAHHSIM JOJATKOBO OYHMIIYBAJIH 3a JAOIIOMOI0OI0 IIEPETOHKH Ta 3HEBOAHIOBA-
JIY 13 TIOJTAJIBIIAM 3aCTOCYBAHHIM MOJICKYJISIPHUX CHT 3 CHHTETHIHHX IEOMITIB TUITY NaA 3 po3mipom
nop 4.2 A [27]. UHCTOTYy OTpPHUMAHOro Iicisl TEPErOHKH Ta 3HEBOJHEHHS ETUIOBOTO CIHPTY,
99.85% 006., mepeBipsIM METOIOM T'a30Boi XpoMaTorpadii.

Metmnosuii cupT, 99.0% 00., 3acTocoByBanmm 6€3 MOMATKOBOI OYHUCTKH. BuXimHi po3uwHH i3
3MIHHMM BMIiCTOM METaHOJy TOTYBaJlM IIJISIXOM BHECCHHS aJiKBOTH PO3BEICHOTO BOJHOTO PO3UUHY
METaHOJy MOTPiOHOI KOHIEHTpawii B MipHi kKonou MicTKicTio 1 My, nogaBanu 0,4 MJI OUMILIEHOTO €TH-
JIOBOTO CIIUPTY Ta JOBOAWJIM 1O MITKH AMCTHIBOBAHOIO BOAOIO. B yciX HpUTOTOBaHMX pO3YMHAX
00’eMHa YacTKa eTaHoy aopiBHioBaa 40%.

Bci BunpoOyBaHHS MeTOOM XpomaTorpadii MpOBOAWIM, 3aCTOCOBYIOUM Ta30BHi XpomaTorpad
Agilent 7890A GC System 3 maccenekTuBHEM JeTekTopoM Agilent 5975C, aBrocammiepom G4513A;
kojonkoro Varian CP7723CP-WAX 52CP momxuHOO 50 M, BHYTPINIHIM iaMeTpOM KaImisapa
0.25 MM, mapom cranionapaoi ¢azu 0.2 MkM, 3 Hepyxomoro ¢azor 100%-T0 MONTieTUICHTIIIKOIIIO,
BupoOHunTa CLLIA. BumiproBaHHS MPOBOIWIN 332 HACTYIIHUX YMOB: HMIBHIKICTh MOTOKY ra3y-HOCis
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1.0 mn/xB; mogaTkoBa Temmnepatypa komonku 50°C, gani HarpiBanas go 100°C 3i mBuakictio 5°C/xB i
10 250°C 3i mBuakictio 40°C/xB; Temmeparypa imkextopa 250°C; Temmeparypa aerextopa 250°C;
koediieHT moauty motoky 1:10; 06’em podu 1 MKIL.

Inouxamopny peaxyiio (puc. 1) 6 po3uurax BUKOHYBaJIH 3TiTHO 31 cxeMoro [15]: y ckisiHI ipobipku
3 MpHUIUTI(POBAHIME KOPKaMH ITOCIIIOBHO BHOCHJIM 1O 2 MJI BHXIIHOTO KHcCoro po3unHy KMnOy,
0.2 MJT BUXIZTHOTO PO3YMHY METAHOINY MOTPiOHOT KOHIIEHTpAIil, BMICT MpOOIpoOK IMepeMillyBald i BU-
TpumyBaiu 3 xB. [loTiM BHOcH 1o 0.4 My BuxigHOro po3uuny Na,SOs (mi1st 3HeOapBIeHHS peakiiii-
HOTO CEpefOBUILA), IePEeMillyBall, JOAABAIH 10 4 MJI KOHLIEHTPOBAHOI CyJIb(aTHOI KHCIOTH, OLpa3y
K TepeMIllyBaI Ta MPOOIpKK MOMIIIaau Ha 2-3 XB B 0aHIO 3 XOJIOAHOI BOJOIO IS OXOJIOKEHHS
PO3uMHIB 10 KiMHaTHOI TemmnepaTypu. Jani B koxxHy npoOipky BHOcHIU 1o 0.1 M BUXiTHOTO pO34H-
HYy JUHATPIEBOI COMI XPOMOTPOTIOBOI KHCIOTH, BMICT MPOOIPOK PETENBHO MEPEMINTyBali 1 TIOMIIIIATN
y 0aHIO0 3 KUIUISTYOI0 BOI0F0 Ha 5 XB. [ToTiM mpobipku BUHMAIH i 0XOJIOIKYBAIH 10 KIMHATHOI TeMITe-
patypu B 0aHi 3 XOJIOAHOIO BOJIOIO MPOTAroM 8-10 XB.

VY Bunazaky aHanizy npoO ropildaHMX HamoiB MPUIOTYBaHHS 3a0apBJICHOTO PO3YMHY MPOBOIMIHN B
TaKWi K€ caMuil Crocib, aje 3aMicTh aJiKBOTH OJHOTO 3 BHXITHUX PO3YHHIB METAHOIY BHOCHIIH
(0.2 MJI TOpITYAHOTO HATIOKO.

IIpu nenpamomy pomomempuuHoMy GUSHAUEHHI MEMAHOLY, WO MICHUMbCSA 8 eMUI080MY CHUPHII,
rpaayoBaJibHI PO3YMHU FOTYBAJIHM aHAJIOTIYHO ONMMCAHIH BHILE NPOUEAYpi, a CBITIONOITIMHAHHS KOX-
HOTO 3 3a0apBJICHUX PO3YMHIB BUMiptoBaiu Ha (orokonopumerpi KOK-3 mpu A=570 HM B KioBeTax
TOBIIMHOIO (.5 CM BIITHOCHO PO3YMHY XOJIOCTOTO 3pa3Kka. XOJOCTUM 3pa3koM OyB €THUIIOBHH CIHUPT,
SIKUM TOYHO HE MICTUB METaHOIy, Ta MPOWIIOB abCONIFOTHO BCi CTafil MATOTOBKH, K i TpaayroBalbHI
po3umnm [15].

T'azoxpomamocpaghiune eusnauenHs emicmy MemaHony 6 2OpilyaHux HAnosx MPOBOAWIN 3TiHO
pexomeHmaniii [28]. Bmict MeTaHONY OIiHIOBa M 3a OTPUMAHOK TPAAYIOBAJIHHOK 3aJIeKHICTIO!
S =(3.63+0.13)-10° ¢ (R?=0.995). I'pamyroBansui posunay mictamu 0.005, 0.01, 0.02 i 0.03% 06.
METHJIOBOTO CHHUPTY B MEpepaxyHKy Ha O€3BOOHMN eTWIOBHM chUpT. [y mpUroTyBaHHS IpalyroBa-
apHEX po3unHiB amikBotu 0.1, 0.2, 0.4 1 0.6 Mi MeTHIOBOTO CIUPTY 3 KoHIEeHTpamieto 0.02% 06. BHO-
CWJIX J10 MipHOI KoJOu MicTkicTio 1.0 mut, momaBanu Bignosiguo 0.5, 0.4, 0.2 i 0.0 Ma aUCTUIBOBAHOT
BOJU Ta JOBOJIWJIN O MITKH OYMIIEHUM O€3BOAHUM €THJIOBUM CHHPTOM. JlocimxKyBaHi 3pa3Ku ropi-
JTYaHUX HAIOIB BBOIWIIH Y iHXKEKTOp XpoMmaTorpada 6e3 0yab-s1koi 00poOKH.

IIpu sizyanvromy mecmysanni IpoOIPKH 3 TPUTOTOBAHUMH 3a0apBIICHUMHU PO3YHHAMHE (i0JIETOBO-
ro KOJBOPY 3 Pi3HOIO IHTEHCHUBHICTIO PO3TAalIOBYBadd B INTaTuBi. CIOCTEpEKEHHS MPOBOIWIN “‘Ha
MPOCBIT” TIpH OOKOBOMY JIGHHOMY PO3CITHOMY OCBITJIEHHI Ha ()OHI apKyIia 0i1oro mamnepy, siKuil po3-
MIIIYBaJIM i KyToM 45 rpaayciB J0 CBiTJa, 10 MaJaB; 04l CIIOCTEepiradiB 3HaXOAWINCH BiJ IITaTHBA
3 mpobipkamu Ha Bigctani 30-40 cm.

Oyinky nopo2o6oi KoHyenmpayii Memanony y 3paskax NOPIGHAHHA NPOGOOUNU, CRUPAIOYUCH HA AJl-
eopumm [26]:

1) TortyBanmu TecT-3pa3zok (3abapBlIeHUH PO3YHMH MPOAYKTY iHAMKATOPHOI peakilii), Mo BiINOBigaB
Crpan(MeTaHOIy)=0.01% 00. B mepepaxyHKy Ha 6e3BoAHMI eTunoBHi cupT. el TecT-3pa3ok Ha-
3BaJI HOPMOBAHUM 3Pa3KOM.

2) ToryBamm TecT-3pa3ku, IO BiAMOBIJAIOTh MEHIIUM KOHICHTPALISIM METaHOIY (3pa3Ku MOPiBHSIH-
HA).

3) 7-10 cmocrtepiradiB BUSBISUIM iHTEpBal HEHAIIMHOCTI — 00JacTh KOHIICHTPAIll METHIIOBOTO
CIIHPTY, B SIKil YacTOTa BUSBJICHHs p0o301XKHOCTEH y 3a0apBieHHI 3pa3KiB MOPIBHSHHS Ta HOPMO-
BaHOTO 3paska, P(c;), 3mMiHtoBanack Big 0 mo 1. BepxHs Mexxa iHTepBaly BiAMoBizaia 3HAYCHHIO
Crpan, HIDKHSI M€Ka IHTEpBally BiANOBifanaa 00’ €MHiH 4acTLi METUIOBOIO CIUPTY B iHAMKATOPHO-
My PO34YHHI, pO301KHICT B 3a0apBICHHI SKOTO 10 BiHOIICHHIO 0 HOPMOBAHOTO 3pa3ka BCTAHO-
BUJIM BC1 criocTepiradi.

4) BusBneHuil iHTEpBan HEHaAIHHOCTI po30MBaNM Ha JeKinbka piBHIB KoHUeHTpauiil (k) 3 piBHUM
KOHIICHTpAIifHUM KpoKoM Ac. [[iist Ko>KHOI KOHIIGHTpaIlii ¢, 3a JormoMoror 15-17 HesanmexHuX
CIIOCTEpiradiB oepKyBaiu 0113bK0 50 pe3ysbTaTiB CIIOCTEPEIKEHD 3 TPHOX CKCIICPUMEHTATBHUX
cepiil (Tpudi TOTyBaJIM BC1 3pa3Ky MOPIBHSAHHS).

5) PoszpaxoByBaiu 4acTOTH BUSBICHHS PO301KHOCTEH B 3a0apBIleHH] 3pa3KiB sl KOHIICHTPAIIIH Cy B
KOXHIN cepil P(cyx) = ni / Ny, 1€ ny — 9UCII0 TO3UTHBHUX BiAMOBiNeH criocTepiravis, Ny — 3arajbHa
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KUTBKICTh BUNIPOOYBaHb B cepil. YcepeaHIOBalIM 3HAYCHHS YaCTOTH 3a CEPisiMH, PO3PaxOBYIOUH

P(Ck) Ta CTAHAPTHE BiJIXUIICHHS YaCTOTH.

6) BuxopucTOByIOUH cTaTHCTHUHI Kputepii x* Ta KomMoropoa-CMHEpHOBA A, EpPEBIpsIIH BiAMOBi-

IHICTH EMIIPUYHOI 3aIeKHOCTI P(ck) , TaK 3BaHOI KpHUBOI €(peKTUBHOCTI, MAaTeMaTHYHUM (PYHK-

isIM BIJOMHX PO3MOIIIIB (HOPMaIBHOTO, JIOTICTUYHOTO, JIOTHOPMAJIEHOTO, €KCIIOHEHITiIaThbHOTO,
Beiibyna).

7) OOpaBum BUI pO3MONiNY, P A0Bipyiid iiMoBipHOCTI P(c)=0.95 po3paxoByBaiu 3HaYCHHS MTOPO-
TOBOI KOHIIEHTPALIT Cropis,

Pe3ynbTaTt Ta ix 06roBopeHHnA

Ha mincraBi gocimikeHHS ONTHYHUX BIACTUBOCTEH MPOAYKTY peakilii sk B 96%-My eraHoi, TakK i
B 40%-1X BOIHO-ETaHOJBHUX PO3UYMHAX, BCTAHOBIIIM: TOJIOKEHHSI CMYTH ITOTJIMHAHHS HE 3MiHIOBa-
JIOCh, 3HAYEHHS A, BIATIOBimamu miana3zony 570-575 um (puc. 2 (a)); IHTCHCHBHICTH CBITJIOTIOTJIU-
HaHHS MPOYKTY PeaKIlii MpormopiiiHO 3pocTaia 31 301IbIIeHASIM KOHIIEHTPAIlil METHIIOBOTO CIHPTY B
JOCUTh HIMPOKOMY IHTEpBalli, A0 SKOTO MOTPAILUIIO 3HAYEHHS Crpay=0.01% 06. (puc. 2 (6)); kouip
MPOAYKTY Ta 3HAYCHHS Amax OYJIM CTAOUTLHUMH MPOTATOM 12 roauH.

I'panyroBanbHy 3anexHicTs onucano piBHAHHA A = (19.74 +£0.19) ¢ i3 koedilieHTOM Kopessuii
R*=10.992.

Hapami yci mocnipkeHHs! POBOAMIIH Y BOIHO-TaHOJIBHUX PO3UUHAX 3 00’ €MHOIO YaCTKOKO €TaHO-
ay 40%.

0,141
0,12 (a) 0,8 ©) .
0,101 061 .

< 0.08 <
0,06 0.41
0,041 024
0,021

500 520 540 560 580 600 620 0,01 0,02 0,03 0,04
A, M ¢(MeOH),% 06.

Pucynok 2. (a)—cHekTp NOITMHAHHA NPOJYKTY IHIMKATOPHOI peakuii (ioseToBOro KoIbopy IpH
¢(CH;0H) =0.01% 06. ta o@(EtOH)=40%; (6)—rpadix rpanyroBanbHOi 3anexHocti B 40%-oMy BOIHO-
€TaHOJBHOMY PO34MHi pu A=570 HM.

Oyinka nopo2o6oi KOHYeHMpayii Memanony y 3pasKy nOpiGHAHHS

3rifHO ONKCAHOTO BHIIEC AaJTOPUTMYy, BHUSBWIM IHTEepBaJM HeHaxdiiHocTi —Big 0.0072 1o
0.010% 06. MeTaHONTy B epepaxyHKy Ha 6e3BOAHMIT criupT. Moro BiIHOCHA IMPHHA, PO3PAaXOBAHA SIK
BiJTHOIIICHHSI Pi3HUIII BEPXHBOI Ta HUKHBOI MEX JI0 3HAUYCHHS HIKHBOT MEXXi KOHIIEHTpallil iHTepBay,
nmopieaioe 0.39. Jlane 3Ha4YeHHS MIMPWHU IHTEPBATY HEHAMIWHOCTI MEHIIE OIMHMWIIN, IO BKa3ye Ha
CTIMKICTh 00paHOi iIHANKATOPHOT peakiii 10 30BHIIHIX BIUIMBIB. 3 iHIIOTO OOKY, I TAKOTO BY3BKOTO
iHTepBany Oyino mocraTHhO HabOpatu 45-50 pe3yspTaTiB CIOCTEPEKEHb IS CTATUCTHYHOI OIIHKH
CnopiB- [29]

BusiBnenuii inTepBan HeHaaiitHOCTI po30mK Ha 8 KoHIeHTpalii 3 KpokoM Ac = 0.0004% 06. [pu-
TOTYBaJIA TPU CePil PO3UMHIB Ta JJIs KOXKHOT KOHIIEHTPALIT ¢, OTpUMaiH 1o 48 CIOCTepekeHb. Y KOK-
HIH cepii po3paxyBaal YacTOTH BHSBJICHHS CIIOCTEpIradaMH BiIMIiHHOCTEHW B IHTEHCHBHOCTI 3a0apB-
JICHHS! PO3YHMHIB BiJTHOCHO HOPMOBAHOTO 3pa3Ky, YCEpEIHUIIN 3HAYCHHS YacTOT 3a CepisMH Ta po3pa-
XyBaJIM X CTaHAAPTHI BiaxuieHHs (Tadm. 1).

TlepeBipuin BiANOBINHICTH eKCIIEPUMEHTAIBHOI 3alIEKHOCTI P(c ) B iHTepBasi HeHaiifHOCTI Ma-

TEMaTHYHUM (QYHKIISIM BiJOMHX PO3MOJLTIB: HOPMaJIbHOTO, JIOTICTHYHOTO, JIOTHOPMAaJIHHOTO, EKCIIO-
HEHIllaIbHOTO Ta (YHKIIsIM po3noziny BeiOyna, Jlamaca i [IyaccoHa, BAKOPUCTOBYOYH CTAaTHCTUYHI
kpurepii x° i Konmoroposa-CmuproBa A (Tabi1. 2). PO3paxyHKOBI 3HAUCHHS Y exen 1 Acxen 3ICTABISITH 3
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5%-MH TOYKAMM TEOPETHUHHMX PO3IOINB % i A Hpu umcii crymneHiB cBoGoau f=n—Z (n— uucio
KOHIIEHTpaIliil, Z — 9uciio mapameTpiB GyHKII po3noainy). Bun ekcriepuMenTanpHOT KpUBOi eheKTu-
BHOCTI BiZIITOBIZa€ TOMY Y IHITIOMY BHIY PO3IMOALTY, SKIIIO xzem < sz,f, Aexer < Ap .

Tabauns 1. YcepeaHeHi 3Ha4€HHs 4acTOT Ta iX CTaHAAPTHI BIAXWJICHHS B iHTepBaJl HeHaXiHHOCTI

c(CH;0H), % 06. | 0.0100 | 0.0096 | 0.0092 | 0.0088 | 0.0084 | 0.0080 | 0.0076 | 0.0072

P(c,) 0.000 0.124 0.248 0.373 0.559 0.746 0.872 1.000

510 0.000 0.061 0.244 0.143 0.209 0.477 0.458 0.000

Sk BUIUIMBAE 3 MaHWX TaOJWIl, 3HAYEHHS OOUYMCICHUX KPUTEPIiB ISl BCIX MOCHTIIHKEHUX BHUIIB
PO3MOIiTy MEHIIIE KPUTHUHUX, aJi¢ MIepeBary Bifaau po3Mo/iiaM 3 HAMMEHITMMH 3HAUCHHSIMH 004H-
CIIEHHX KPHUTEPiiB — JOTHOpMAILHOMY Ta posnofiry BeitOyna. O6GuncieHe npu AoBipYii HMOBIpHOCTI
P(c)=0.95 3HaYEHHS Cpopis. B 3pa3Ky NopiBHAHHSA cTaHOBUTH 0.0073% 00.

Tadanus 2. [lapamerpn Matemarnuynux QyHKuii 1 00'eqnanoi BUOipku (3HadeHHs KputepiiB npu P=0.95 ta
£=6: L. = 12.6; M. = 1.36)

. . ITapamerpu 2 Criopie,

DyHKLIA PO3NOALTY byrKmi X excn. Aexcen % 06.
m = 0.00857

HOPMAaJIbHOTO s = 0.00087 0.24 0.053 0.0073
m = 0.00855

JIOTHOPMAJIEHOTO s=010174 0.11 0.035 0.0073
- a=0.00748

€KCITOHEHIITHOTO b=000128 5.44 0.199 0.0075
. a=0.00857

JIOTiICTUYHOTO b = 0.00052 0.27 0.047 0.0070
a=0.00672

Beiibyna b=10.00213 0.13 0.031 0.0073

k=2.3578

Pesynomamu 6inapnozo mecmysanus 00OMilOKx MEmManomy

Jns mpurotyBaHHS TecT-3pa3Ka MOPIBHSHHA CHOYATKy TOTYIOTh BHXITHHH BOJHO-€TaHOJIBHHI
po3uuH MeTaHody 3 KoHueHTpauieo 0.0073% 06. y nepepaxyHKy Ha 0€3BOIHUM eTHIOBUH criupT. s
IIBOTO B MIpHY KOJIOY MiCTKicTIO 1 M1 BHOCATH 0.29 MJI BOZHOTO pO3YMHY METAHOJY 3 00’ €MHOIO Hac-
K010 0.01%, 0.40 MJI OUHIIIEHOTO €THUIIOBOTO CIIUPTY Ta JOBOASTH JIO MITKU JUCTUIHOBAHOKO BOJIOIO.

[ToTiM y ckisHY TpoOipKy 3 MpHUILTIPOBAHUM KOPKOM TOCTIIOBHO BHOCATH 2 M po3unHy KMnQy,
(0.2 MJT TPUTOTOBAHOTO BUXITHOTO PO3UMHY MeTaHoIy 3 KoHIeHTpatieo 0.0073% 06., a qam BUKOHY-
I0Th BC1 Ji1, 3a3Ha4eH1 BHIIE JJIsl IPUTOTYBAHHS 1HIUKATOPHUX PO3YMHIB.

BinapHe TecTyBaHHs JOMIIIKM METaHOJY MPOBEIH B Mpodax ropinku «Bo3gyx» Ta caMorony no-

MAaIllHBOTO BUPOOHHUITBA. [IpaBUIIBHICTh TECTYBaHHS MiATBEPIUIN METOJOM Ta30BOi xpomarorpadii
(Tabm. 3).

Tabauus 3. Pe3ynpratu OiHAPHOTO TECTyBaHHS Ta XpOMATOrpadiqHOTr0 BU3HAYCHHS METAHOINY Y MPodax ropii-
YaHWUX BUPOOIB

Bwmict metanony, % 00.
B MIEPEPAXyHKY Ha 0€3BOJHUHN ETHIIOBUN CITUPT

O06'exT aHamzy -
. I'azoBa xpomarorpadis
binapue TecTtyBaHHA (n=3: P=0.95)
T'opinka «Bo3myx»,
TM «HarionansHa ropimdana <0.01 (9.1 £0.6)-10™
KOMTaHisH»
Hamiit nomamraboro BUpoOHHMII- <001 (17 £ 2)10*
TBa (CaMOTOH)

56




H.O. Hikirina, O.0. Pemernsik, O.C. YUepnumoga, ['.C. Brnacenko, A.O. bens, A.B. [lanTeneiiMmoHoB

BUCHOBKM

IIpeacraBneHHi B cTaTTi pe3yibTaTH MiATBEPKYIOTh MOKINBICT PEKOMEHAYBATH METOIUKY Bi3y-
IBHOTO OIHAPHOTO TECTYBaHHS 3 BHKOPHCTAHHSM JIMIIEC OJHOTO 3pa3Ka IOPIBHSHHS ISl KOHTPOIIO
BMICTYy METaHOJY SIK B TOPUTYaHUX HAMOAX, TAaK 1 B €TWJIOBOMY clUpTi copty “JIrokc”. CTaTUCTUYHUM
METO/IOM OLIIHEHO 3HaY€HHsI IIOPOroBOi KOHLEHTpAlii METaHOIy y 3pa3Ky MOPiBHIHHSA Ui OiHApHOTO
tectyBaHHA — 0.0073% 00. y mepepaxyHky Ha 0e3BOAHMIA eTHIIOBUI ctUpT. OCKINBKH IS COPTIB €TH-
noBoro crnupty “Ekcrpa” Ta “Buimoi o4ucTKH” HOPMOBaHUH TPAaHUYHO JONMYCTHMHUH BMICT METaHOIY
€ BULIUM, HIX a7 copty “Jlrokce”, Ta cxinagae 0.02 ta 0.03% 00. B mepepaxyHKy Ha O€3BOAHUI CITUPT,
BimIOBigHO [21], TO 32 HEOOXIMHOCTI 3alPOIIOHOBAHA TECT-CHCTEMa MOXKE 3aCTOCOBYBATHCH TaKOX 1
JUISL KOHTPOJIIO BMICTY METaHOJY B IIMX copTax crmupTy. ['a3oxpomarorpadiyHuM METOJ0M J0BEACHO,
0 BisyalibHe OiHApHE TECTYyBaHHS METAHONY B 3pa3kax ropiTdaHuX HamoiB 3abesnedye MpaBHIIbHI
pe3yabTaTH.

SIkmo B pe3ynbTari OGIHAPHOTO TECTYBaHHS CIIOCTEpiradi BCTAHOBISATH, IIO: a) BMICT METAaHOJTY B
00'eKTi aHaNi3y OLIbIIE BEIUYUHHU Crpay 200 0) IHTEHCHBHICTH KOJNBOPY MPOMYKTY 1HIMKATOPHOI peak-
1[ii TPaKTHYHO 30iraeThes 3 KOJHLOPOM 3pa3ka MOPiBHIHHSA, TO HEOOXiTHO MPOBECTH KUThKICHUN aHai3
3 BUKOPHCTaHHAM IIATBEPIUKYIOUHX METOJUK, HAIPUKIIAA, 3aCTOCYBAaTH METOIMKY BU3HAUCHHS MeTa-
HOJTy METOJIOM Ia30BOi Xpomarorpadii.
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H.A. HukutnHa*, E.A. PewetHsak*, O.C. YepHbiweBat, A.C. Bnacenkot, A.A. bens*, A.B. lMaHTenerimoHOB*.
BusyanbHoe GnHapHoOe TecTpoBaHMe NpMMecein MeTaHormna B 3TUNOBOM CNnpTe.

* XapbKOBCKUI HaLMOHanbHbIA yHuBepcuTeT uMeHn B.H. KapasuHa, xumnyecknii pakynbtet, nn. Ceoboasl, 4,
XapbkoB, 61022, YkpanHa.

T MocynapcTBeHHoOe HayyHoe yupexaeHue «Hay4yHo-TexHonorndyeckui komnmnekc "MIHCTUTYT MoHoKpucTannos”
HAH YkpawnHbl, np. Hayku, 60, XapbkoB, 61072, YkpauHa.

B paboTte npegnoxeH cnocob KOHTPONS MPUMECU MeTaHomna B STUMOBOM CrMpTe-pekTudmkaTe n B ankoronb-
HbIX HaMUTKax, OCHOBaHHbIN Ha BU3yanbHOM GUHapHOM TECTMPOBaHWUKU C NPYMEHEHNeM OAHOro obpasua cpaBHe-
HWA. [INA CKpUMHWHIa cnupTocofepxalmx obpasLoB Ha codepxaHue mMeTaHomna BblIOpann UHANKATOPHYI peak-
LMo B3anmogenctemsa dpopmanbaernga (MPoAyKTa OKUCNEHWU MeTaHomna) C XpOMOTPOMOBOW KUCIIOTON. YCnoBus
NPOBEeAEHNS MHAMKATOPHOW peakunMn aHanorMyHbl U3BECTHOW MeToaMke Ans CreKTpodoTOMEeTpUYEcKoro ornpe-
AerneHusi MeTaHona: MeTaHoN OKUCAANM NepMaHraHaToM Kanus B KUCrown cpefe Ao dhopmanbaervaa; dopmarnb-
Jervg 3atem pearvpoBan C XpOMOTPOMOBOW KMCIOTOW B MPUCYTCTBUM ropsiyelt KOHLEHTPUPOBAHHOW CepHON
KucnoTel ¢ obpa3oBaHMeM npoAdykTa cdhuoneToBoro uBeTa (UBeT npodykTa cTabuneH B TedeHne 12 4). YcTaHoB-
MNEHO, YTO CMEKTP MOrNOLWEHNs NPOAYKTa peakumm He MEHSIeTCs Npu nepexofe oT 3TaHornbHbIX (96%) k BOAHO-
3TaHOMbHLIM pacTBopaM ¢ obbemHon gonen staHona 40%, MakcMMyM CBETOMOrMOLLEHNss COOTBETCTBOBAN ANuU-
He BonHbl 570 HM. Bce pganbHelilume nccrnegoBaHWsa NPOBOAUMM B BOAHO-3TAHOMbHBIX pacTBoOpax ¢ 06beMHoM
nonen ataHona 40%.

CornacHo HOpMaTMBHbIX [OKYMEHTOB, NpeAenbHO AOMYCTUMOe CoAdepXaHue MeTaHorna B 3TU/I0BOM crvpTe
copta “Iokc” (Hanbonee pacnpocTpaHEHHOM B arikOrofibHOM NPOMBILLNIEHHOCTU) U ankoroflbHbIX HamuTKax Ha
ero ocHoBe (Cnpen) cocTaBnsieT 0.01% 06. B nepecyeTe Ha 6e3BOAHBIV 3TUNOBLIN cnupT. Obpasel, cpaBHeHWs —
pacTBOp OKpaLleHHOro NpoAaykTa MHAMKaTOPHOW peakuuy — AoMkeH Obin COOTBETCTBOBATb KOHLIEHTpaLUuM MeTa-
HONa (Ccpasn) HWKE 3HAYEHUS Crpey HACTONBKO, YTOGLI PUCK OLLMBOYHBIX OTpULATESNbHBLIX Pe3ynbTaToB TeCTUpoBa-
H¥s He npesbicnn 5%.

[na oueHuBaHUS NMOPOroBON KOHLEHTPALMK (Cepasn) B OOpasLie CpaBHEHUS MPUMEHSNN CTaTUCTUKY Habnoge-
HWI. C 3TOW Lienblo roTOBUMM PacTBOP OKPaLLEHHOro NpoAyKTa, KOTOPbIN OTBEYan HOPMUPYEMOWN KOHLIEHTpaLumm
MeTaHoNa Cnpes=0.01% 06. (HopmMupyembli obpasel) n 06pasLibl CPAaBHEHUS C MEHLLUMMU KOHLIEHTPaLUsaMN Me-
TaHona. Habnopatenu BbIABUM MHTEpPBan HeHageXHOCTU — 0bnacTb KOHLEHTpaumin MeTaHona, B KOTOPOM Yac-
ToTa obHapy>XeHWs pasnuuMn B LBeTe 06pas3LoB cpaBHEHNS 1 HopMmupyemoro obpasua, P(c), MmeHsanack ot 0 go
1 — 01 0.0072 go 0.010% 06. meTaHomna B nepecyeTe Ha 6€3BOAHbBIV CNMPT.
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H.O. Hikirina, O.0. Pemernsik, O.C. YUepnumoga, ['.C. Brnacenko, A.O. bens, A.B. [lanTeneiiMmoHoB

BbisiBNeHHbIN Anana3oH pa3bunu Ha 8 koHueHTpauui ¢ warom Ac=0.0004% o6. MNpurotoBunu Tpu cepun pac-
TBOPOB U AN KAXAO0W KOHUEHTpauun nonyyunnu no 48 HabnogeHuin. Mony4yeHHyo aKCrepuMeHTanbHy KpUBYHO
3hPEeKTUBHOCTM (YyCpeaHEHHY 3aBMCMMOCTb P(C)) npoBepunn Ha COOTBETCTBME MaTeMaTuyeckuM (OYHKUMAM
W3BECTHbIX pacnpefeneHnii: HopManbHOro, NOrMCTUYECKOro, NMOrHOPMAanbHOro, 9KCMOHEHLMAanNbHOro U YyHKLUN
pacnpegeneHus Benbyna, ncnonb3ys cratuctudeckme kputepum x2 n Konmoroposa-CmupHoBsa A. Kpusyio adp-
hEKTMBHOCTM Ny4lle onucanu TeopeTnyeckue (yHKUMU NOTHOPManbHOrO pacnpeaerneHvuss u pacnpegeneHus
Benbyna. BbluicneHHoe npu goBepuTenbHON BeposTHOCTM 0.95 3HayeHne noporoBor KOHUEHTpauum MeTaHona
B obpasue cpaBHeHusi coctaBuno 0.0073% o06. B nepecyeTe Ha 6e3BOAHbLIM ATUIMOBLIV CNUpPT. BusyansHoe 6u-
HapHoe TecTUpOBaHWEe NMpUMecH MeTaHona npoBenu B obpasuax ankoronbHbIX HanuMTKoB. MpaBUNBHOCTb TECTU-
poBaHUs NOATBEPAUINM METOLOM ra3oBoOW XpomaTtorpadguu.

KnioueBble crnoBa: MeTaHOs, 3TUMOBLIV CNUPT, ankoronbHble HaNUTKW, BU3yanbHoe GUHapHoOe TecTupoBaHue,
dopmanbaurng, XpoMoTponoBas KucroTa.

N.A. Nikitina*, E.A. Reshetnyak*, O.S. Chernyshovat, H.S. Vlasenkot, A.A.Bielia*, A.V.Panteleimonov*.
Visual binary testing of methanol contained in ethyl alcohol.

* V.N. Karazin Kharkiv National University, School of Chemistry, 4 Svobody sqr., 61022 Kharkiv, Ukraine
1 SSI "Institute for Single Crystals" NAS of Ukraine, 60 Nauky Ave, 61072 Kharkiv, Ukraine

A method for control of methanol traces in rectified ethyl alcohol and alcoholic drinks based on visual binary
testing using one reference sample was proposed. An indicator reaction of formaldehyde interaction (product of
methanol oxidation) with chromotropic acid disodium salt was chosen for methanol screening. The conditions of
indicator reaction proceeding are analogous as for the spectrophotometric technique of methanol determination:
methanol was oxidized to formaldehyde with potassium permanganate in an acidic medium; the formaldehyde
then reacts with chromotropic acid in the presence of hot concentrated sulfuric acid and forms a violet product
(color of this product is stable for 12 hours). It was established that the absorption spectrum of the reaction
product does not change on going from 96% ethanol to aqueous-ethanol solutions with a volume fraction of 40%
ethanol. The maximum light absorption of the reaction product corresponded to 570 nm. All further studies were
carried out in water-ethanol solutions with a volume fraction of ethanol of 40%.

According to regulatory documents the normalized limiting content of methanol (ciim) in ethyl alcohol of the “Lux”
grade (the most common in the alcoholic industry) and alcoholic beverages is 0.01% by by volume counted upon
anhydrous alcohol. The comparison sample (the solution of colored reaction product of indicator reaction) had to
be less than the normilized level on the value which providing the risk of false-negative test result not more than
5%.

To determination the threshold concentration of methanol in the comparison sample was applied the statistics
of observation. For the aim the solution of colored product corresponding to the normalized limiting methanol
concentration cjm = 0.01% by volume was prepared and comparison samples with lower methanol concentrations
were also prepared. The interval of unreliability was discovered with the help of observers. The frequency of
detecting of the difference in the color of comparison samples and normalized sample (P(c)) changed from 0 to 1
in this interval. The value of methanol concentration 0.0072% by volume counted upon anhydrous alcohol was
taken for the lower boundary of the interval and the value of methanol concentration 0.01% by volume counted
upon anhydrous alcohol was chosen the upper border of the interval.

This interval was divided on eight concentrations with step Ac = 0.0004% by volume. Three parallel series of
solutions were prepared and 48 observations for each concentration were received. The experimental efficiency
curve obtained was checked for compliance with the mathematical functions of the known distributions: normal,
logistic, lognormal, exponential and Weibull distribution function using the statistical criterions x? and Kolmogorov-
Smirnov A. The efficiency curve was described by the theoretical functions of the lognormal and Weibull
distributions. Calculated at a confidence level of 0.95 estimation of the threshold concentration for the comparison
sample was 0.0073% by volume fraction corresponding to anhydrous alcohol. The visual binary testing of
methanol trace in alcoholic drinks was carried out. The accuracy of visual binary testing of methanol was
confirmed by gas chromatography.

Keywords: methanol, ethyl alcohol, alcoholic drinks, visual binary testing, formaldehyde, chromotropic acid.
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The authors regret that the incorrect citation to Figure 3 was provided in the original paper. The correct ci-
tation is given below. The authors would like to apologize for any inconvenience caused.
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Figure 3. Scheme of rutlle (1 10) surface a) non—hydroxylated surface, b) fully hydroxylated surface showing the
bridging and terminal hydroxyl groups, c) the surface partially covered by terminal hydroxyl groups, d) the sur-
face covered completely by terminal hydroxyl groups and partially covered of bridging hydroxyl groups.
Adapted from [6]. © 2017 Elsevier B.V. All rights reserved.
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NAM'ATI NPO®ECOPA B.O. CTAPOAYBA
(5.01.1949 — 12.11.2020)

P

Bomogumup Onexcannposud Crapoay0 HapoauBes 5 ciuns 1949 poky B micti [xerurapa Kycra-
Haticbkoi oOmacti (Kazaxcran). 31 MKITFHUX POKIB 3aXOTUIIOBABCS MPUPOIHNYIUMH Haykamu. Y 1966
poli BiH MOCTYNMUB Ha XiMiuHMHA (akynbTeT XapKiBCbKOTO AepkaBHOTrO yHiBepcutery (XAY), sxwuii
3aKiHYMB 3 Bif3HaKo10 B 1971 p 3a crenianbHOCTAMU: HEOpraHiyHa XiMis i TeopeTnyna ximis. 3 1971
mo 1974 pik HaBYaBCs B acmipaHTypi Ha kKadeapi HeopranigHoi Ximii XY, ne mposBUB TaJlaHT JOCITi-
JTHUKA 1 BpaXkarouy LiJeCpsAMOBaHicTh. [1icisl yCmiTHOTO 3aXUCTy KaHAUIATChKOI nuceprarii 3 1975
no 1983 pp. mpautoBaB cTapluIiM HayKOBHUM criBpoOiTHHKOM JlaGopartopii MoneKyaspHOi AWHAMIKH i
ctpykrypu XJV, sxy odomoas npod. [.B. KpuBomeii. ¥V 1eit gac copmyBamucsi OCHOBHI HAyKOBi
iHTepecu Bomogmmupa OnekcaHIpoBHYa, KM BiH 3aJIUIIABCS BIpHUM IPOTITOM BCi€i CBOET sICKpa-
BOTO 1 IUITHOTO >KUTTA. Lle XiMmis KOMIUIEKCHHX CIOJYK, CHHTETHYHI MeTaliH, BUCOKOAaHI30TPOITHI
MIPOBITHUKOB] MaTepiaiy 1 BUCOKOTEMIIEpaTypHa HAAMPOBIIHICTh. Pe3ynbraTin HayKOBHUX JOCIIKEHb
B.A. Crapony6a Bxe B TOU 4ac myOJIiKyBajiucs B MPOBITHUX HAYKOBUX XXypHaiax, TakuX sk Physica
Status Solidi A (1978) 1 Yemixu ximii (1982). ¥V 1983 poui Bonogumup OiekcaHApOBUY CTaB aKTHBHO
3aiiMaTUCs BUKJIAJAIBKOKO JISUTBHICTIO HAa XiMivHOMY (hakynbreri X/[Y, mpaitoroun pomeHToM Kade-
npu TeopetraHol Ximil. KommmmHi ctymentn Bonomumupa OekcaHApoBUYA, YaCTHHA 3 SKHX 3T0JI0M
cTaja criBpoOiTHUKamMH (pakyJbTeTy, 3aBKAM 3TaJyioTh HOTO HEMmiJpOOHWH eHTy3ia3M, MparHeHHs
NO3HAHOMUTH CJIyXadiB 3 HalCydyaCHIIIMMH HAYKOBHUMHM ifesiMH 1 JocsrHeHHsMU. OcobnuBo 3a-
mam’sITajiicst HOTO SICKpaBi JIEKIl 3 eJIEKTPUYHUX BIACTUBOCTEH 10H-paJiUKaIbHUX COJIEH 1 XIMIYHUX
nmonatkiB teopii rpym. Y 1995 pori, 6ararorpanHa HaykoBa po6ota Bomomumupa OnekcaHapoBuda
yBiHUQJIACS 3aXHUCTOM JOKTOPCHKOI mucepTalii Ha TeMy «BHCOKOaHI30TpOITHI MOJEKYJSpHI TBEp.Ii
TiJla Ha OCHOBI1 KOMIUIEKCIB i3 TIEPEHOCOM 3apsiy, i0H-paJiKaIbHAX COJIeH Ta KOOPAMHAIIHHUX CIO-
ayr». 3 1998 mo 2006 pix Bomomumup OnekcaHIpoBUY MPOAOBKYBaB BUKIIAMAIBKY MisUIbHICTD, TIpa-
mrotoun npodecopom kadeapu. OmHOUACHO BiH BiB IHTEHCHBHY HaYKOBO-AOCIIIHY POOOTY (aKTHBHO
3aliMaBCsl HAYKOBO-IOCIITHOI0 POOOTOI0), CHiBIpalo0dn 3 Pi3UKO-TEXHIYHUM IHCTHTYTOM HH3BKHX
temmnepatyp (M. XapkiB), a TakoX psaoM (3 HH3KOK) HAYKOBHUX OpraHizailiii 3a Mexxamu YKpaiHu.
3o0kpeMa, MOXKHA BIJI3HAYUTH HOTO OaraTopiyHy IUTiIHY CHiBmpamto 3 [HCTUTYTOM mpobieM XiMidHOT
¢izuku (UepHoronoska, Pocist), YuiBepcutetom imeHi I1. 5. [lladapuka B M. Kommne (CnoBauumnna) i
VYuiBepcurerom SHa Koxanoscekoro B M. Kenbiie (Ilonpmia). ¥V 2006 porti Bonogumup Onexcanmpo-
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[Tamsatu mpodeccopa B.A. Crapomyda

BHY riepeixaB A0 [lombmii, 1e mpoIoBKHUB CBOI MOCIimKeHHS (i3UKO-XiMii HU3bKOBUMIPHUX OpraHid-
HHUX MaTepiaiiB, Ipalodn npodecopom kadeapu XiMidHOT TeXHOJOTT (B JaHU Yac Kadenpa CUHTe-
3y 1 CTPYKTYpHHUX AOCIiIKeHb) IHCTHTYTy XiMii yHiBepcuTety SlHa KoxaHoBChKOTO.

Pesynpratn HaykoBux pocmimkedb B.A. Crapomyba y3arambHeHi B 116 HayKOBUX Tparsx, fKi
yBiMm B 6a3y manux Web of Sciences, Ta y 5 HaB4amsHUX TIociOHMKaX. HaBiTh B ocTaHHIN pik CBO-
ro xutTs Bonomumup OnekcaHApOBUY BCTUT OMyOIIiKyBaTy 4 HAyKOBI CTAaTTi B MPOBIAHUX MiXKHApPO-
JIHHX KypHajax.

3ananro pano obipBamocs kUTTS Bomogumupa OnekcaHIpoBHYa, aje CBIiTIa MaM’ STh PO HBOTO
Ha3aBXIH 3aJIHIINTHCS B CEPISIX YCIX THUX, XTO HOTO 3HAB.

Komneru ta apys3i.
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NAM'ATI AOLIEHTA A. B. KPABYEHKA
(20.12.1955 - 9.03.2020)

9 Gepesnst 2020 poky micas TSHKKOI XBOPOOU Tilllia 3 KHUTTS 4yJ0Ba JIIOJMHA, BUCHUI 1 MeIaror
Annpiit BacunmsoBru KpaBuenko. Ha mpotsizi 6arateox pokiB AHJpiit BacuiiboBUY IUTiAHO MpairoBaB
Ha XIMiYHOMY (aKyJbTeTi Hamoro yHiBepcutety. Haponuscs A. B. KpaBuenko 20 rpyaus 1955 poky
B MicTi Xapkoi. Ll]e 31 KigpHUX POKIB HOTO BiApi3HsIA HE3BUYAHA IIUPOTa iHTEPECiB — BiJ] My3UKH
1 CIOPTY 10 OCTaHHIX JOCSATHEHB Hayku. ¥ 1972 porli BiH BCTynuB Ha XiMidyHHN (pakyabTeT XapKiBCh-
KOTO Jiep’kaBHOTO yHiBepcuTeTy iMeHi M. ['oppkoro (X/[VY). JloOpo3nwimBuii i TOBapUCHKHII Xapak-
Tep Aunpis BacuiboBuua, Horo eHeprisi OyKBaIbHO MPUTATYBAIM JI0 HBOTO HE TUIBKH OJTHOKYpPCHH-
KiB, ajie 1 HOro YHCJICHHUX JIPY3iB MO 3aHATTSAX CIIOPTOM i My3UKOIO. YiKe B ToW 4ac AHApii Bacuipo-
BHY CTaB OJHIEIO 3 «BEPIIMH» 3HAMEHUTOTO (aKyIbTETCHKOT0 aHCamMOIt0 « TPHKYyTHHKY» — IMIOCTIHHOTO
1 6baxkaHoro ydacHuka JHsa xiMika.

Maiixe Bigpasy micis 3aKiHYEHHS YHiBepcUTeTy AHApii BacuiboBHY cTaB mpamoBaTH BHKIIAAa-
yeM Ha XimiuHOMY (akyrpreri. CrioyaTky Ha IMocajli acUCTeHTa KadenpH 3araibHoi XiMii, a TOTiM,
MICTS 3aXUCTy KaHAMAATCHKOI IUcepTarii 3a CIeIiaabHICTI0O «(hi3UdHa XiMis», DOIEHTOM Kadempu
TeopeTuuHOi Ximii (3apa3 xadenpa npukianHoi ximii). Toxi x mouanacs oro GaraTopiyHa HayKoBa
criBmpans 3 npodecopom kadenpu B. A. Crapoxyoom, npodecopoM Di3HKO-TEXHIYHOTO IHCTUTYTY
HU3BKUX TemrepaTyp (M. XapkiB) A. B. XoTkeBudem, npodecopoM [HCTUTYTY eTeMEeHTOOPTaHIqHUX
cnonyk (M. Mockga, Pocis) B. 1. Bperanze. Po3po6iieni Anapiem BacuiaboBudeM METOAMKH B 00J1aCTi
€JIEKTPOCHHTE3Y CHJIBHO aHIi30TPONHMX MPOBIJHHX MarepiajiB Ha OCHOBI iOH-paJUKalbHUX COJICH
MIBUKO MTOKA3aJId CBOIO €(DEKTUBHICTB 1 CTAIM OCHOBOIO TIOSIBH SICKPABHUX CTaTeH B IIPOBIIHUX BITUH-
3HSHUX Ta MIKHapOJTHHUX HAYKOBHX XypHayax. [orpiOHO ckazaTu, mo cam BUOIp HampsiMKy IOCIi-
JDKEHB 3r0/IOM BHSIBHBCS YK€ MEPCIEKTUBHUAM. 3apa3 MmoaiOHI poOOTH Ha3MBAIOTh «IU3aiHOM HOBHX
MaTepianiB JJis HAHOCJIEKTPOHIKH Ta CIHTPOHIKW». be3yMOBHO, 11e TOBOPHUTH PO BMiHHS MPAIFOBATH
Ha TIEPCIIEKTURY 1 PO BUCOKY HAYKOBY iHTYimito Auapis BacuiboBnua Kpasduenka.

JKutrs Annpis BacuiboBuua obGipBanacs Ha MiiioMi HOTO HAyKOBOI i BHKJIAJAIbKOI MisIIBHOCTI.
Crincok #oro HaykoBUX poOiT ckiaB 114 HaliMeHyBaHb, 3HAYHA YaCcTHHA 3 AKUX YBIMIILIA 10 MiXHa-
ponHux 6a3 manux Scopus i Web of Science. Haxkams 6arato 3 Toro, 0 TUIAHYBAJIOCS, 3aJTATITHIIOCS
HE3aBEPIICHUM.

Cgitna nam’ate po AHapis BacuipoBuua KpaBueHka Ha3aBXIu 3IMIINTBCA B CEPISIX HOTO YHC-
JIEHHUX JIPY3iB, YUHIB 1 KOJIET.

Komnerwu, yuHi Ta 1py3i.
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NAM’ATI AOLIEHTA C. 0. KOMNXOBA
(9.09.1971 — 22.10.2020)

Bpanmi 22 xoBtHs 2020 poky miciis BaXKO1 XBOPOOH JyKe IMepeadacHo y caMOMy PO3KBITI MIIIOB
3 JKHUTTS HAII APYT 1 KOJera, MpeKpacHWi BUCHU Ta BUKIanad, OaraTorpanna iroauaa — Ceprii Oire-
kcanaposud Komuxos.

Cepriit OnekcanapoBud Hapoauscs 9 BepecHs 1971 poky y M. Xapkis, y 1988 pomi 3akiHUuB ce-
pexHio mkory Ne 23 3 moriMONIeHNM BHBUYCHHSAM HiIMEIBKOT MOBH. JI1000B 1 CXWIBHICTH 10 MOB BiH
MIPOHIC Yepe3 yCe CBOE JKUTTS - OKPIM YKPaTHChKOT, pOCIHChKOT, aHTTIHCHKOT 1 HIMEIIBKOT, IKUMHU BIH
BOJIOZIB JockoHano, Cepriif caMOCTIHHO BUBYMB i OTpUMAaB CepTH]IKAT HepeKnagaya AmoHChKOI MO-
BH, 3HAaB Ta JIOOMB SMOHCBHKY TO€3i10. A IIe BUBYaB MOBHU IIPOTpaMyBaHHs 1 MaB cepTudikaT mporpa-
MicCTa.

Bingpasy micns mkoau BiH BCTYNHB Ha XiMi4HUH (aKyabTeT XapKiBCHKOTO AEP:KaBHOTO YHIBEpPCH-
TETYy 1 Biipa3y MoYaB I[iIKaBUTHCS OPTaHIYHOKO XIMI€IO MiJ] KEPIBHUIITBOM CBOTO 0araTopiyHOTo HACTa-
BHHKA - Cepris Muxaiimosuya Jlecenka. by mydn TaaHOBUTHM 1 epyIOBaHUM CTYJACHTOM BiH BUKOHAB
LIKaBe MUIUIOMHE IOCII/PKEHHS, CTaB aclipaHToOM Kad)eApu OpraHivyHoi Ximii, miarorysas ta y 1997
poli OIUCKyYe 3aXUCTUB KaHAMOATChKY AUCEPTalilo, B AKild CTHCIIO ane BceOiyHO PO3KPHB MpoOiieMy
HOBUX TETEPOIMKIIYHMX CHCTEM Ha OCHOBI mquTimpoTpuazojompuMinuny. Cepriii OnexcaHapoBHY
OyB OIHUM 3 MEPUIMX MOJOAWX BUECHHX KadeApw opraHiuHOi XiMii, XTO HE OIWH pa3 BUDKIKAB Ha
cTaxyBaHHs 10 HiMewunHM i mpu oMy HOBEpHYBCS Haszal, 3B’A3aBIIM CBOE€ JKUTTSA 3 YKpaiHOIO,
CIPaB)XHIM MaTPiOTOM SIKOI BiH 3aJIMIIABCS 0 OCTAHHBOTO THSL.

Cepriit OnekcanapoBud OyB MPEKpPaCHUM TIEIaroroM, SIKOTO JIFOOWIIN 1 MIHYBaIl CTYICHTH, aCITi-
paHTH i, HaBITh, JJOCBIAYCHI HAYKOBI CIIIBPOOITHUKH Ta BHKJIaAadi 32 HOTO TaJIAHT JIOCTYITHO 1 TIPOCTO
JIOHECTH HeoOXinHy iH(opMallito Ta mepeaatu cBoi 3HaHHs. [lenaroriuny xap’epy BiH IIOYaB aCHCTEH-
TOM y XapKiBCHKOMY TOJIITEXHIYHOMY IHCTHUTYTI IIIE TiJ Yac HaBUAHHSA B aCHipaHTypi, MPOTOBKHUB
noueHToM kadenpu opraniunoi ximii Kapasincekoro yniBepcutery (1999 - 2002 pp.), a 3 2012 poky i
JI0 caMoi CMepTi - AOIEHTOM KadeApH MPHUKIAAHOI XiMii, y KOJIEKTHBI K01 BiH 0Apa3y MiCis MPUXOAY
cTaB “‘cBoiM’’; Oarato 3poOMB I PO3BUTKY KadeapH, po3poOHB PsJl HOBUX CIIEIKYpPCIB 1 pPO3BHBAaB
BJIACHUI HAyKOBUU HampsM.

Bararo pokiB Tomy ocHoBHHM MicuieM poboTu Ceprist Onekcanaposuyda craB HTK “lactutyTt Mo-
HokpucraniB” HAH Ykpainu e BiH mpaitoBaB Ha I0Ocajli CTapIIoro HAyKOBOTO CHiBpoOiTHHKA 3 2002
poxy. Bia OyB TOCBITYCHHM XiMIiKOM, SKiil 32BN PETEIBHO 1 TTUOOKO BHUKAB Y HAYKOBI POOIIEMH,
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ITam’ati nouenra C.0O. Komuxosa

MaB TIHOOKI 3HAHHS Ta MIUPOKY EPYAMINI0, OpaB y4acTh y BUKOHAaHHI 0araThOX IMPOEKTIB, Y TOMY
YyHCcI MiDKHapoHUX. Y nabopatopii, B skiit npamtoBaB Cepriit OJekcaHApOBHY YH JI0 SKOT BiH IPOCTO
3aX0MB B T'OCTI, Bipa3sy BUHUKAJIM KUBi AUCKYCIi Ha Pi3HI TEMH, SIK HAYKOBi TaK 1 )KUTTEBI, 0OTOBO-
PIOBaNHCH ITiKaBi 3a/1a4i i MpooIeMHu.

Cepriit OnexcanapoBHUY 3aBXKI1 OYB JKHTTEIIOOHNM OINITHMICTOM. A TOM mepiof, KOJX BiH 00poBCS
3 XBOp0OOI0, TIOKa3aB, 1[0 HE3BAKAIOYH Ha 30BHIIIHIO M SIKICTh BiH OYB 1€ i CHIIBHUM JTyXOM!

Moro mepemuacHa cMepTh - Iie HEMONpaBHA BTPaTa IS PiJHUX Ta Apy3iB, muIa KonektupiB HTK
“IHCcTUTYT MOHOKpHCTaNIiB” Ta XapKiBCHKOTO HaIlOHATRLHOTO YHiBepcuteTy iMm. B.H. Kapasina.
[lam’ATs PO HHOTO 3aBXKAM 3ATUIIMTHCS B HAITUX CEPIISX.

Hpys3i i koneru
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ETUYHI HOPMM MYBJIIKALII HAYKOBUX PE3VJBTATIB TA iX MOPYIIEHHA.
Penakuilina xoserisi poOUTh BCe MOXKIIMBE U JOTPUMAHHS €TUYHUX HOPM, NPUHHATHX MIKHApOA-
HUM HAayKOBUM TOBAapHCTBOM, i IJIsl 3am00iranHst OyAb-sSKMX MOPYLICHb IUX HOpM. Taka MojiTHKa €
BKJIMBOIO YMOBOIO TUTITHOI y9acTi KypHaJIy B PO3BHTKY IITICHOI CHCTEMH 3HaHb B Taiys3i XiMii Ta
CYMDKHHUX Taly3sX. [isUIbHICTh pENaKIHOT KOJIerii 3HAaYHOK MIpOK0 CIHPAEThCS Ha PEKOMEHIAIT
Kowmirery 3 etnkn HaykoBux myOmikaitiid (Committee of Publication Ethics), a Takoxx Ha 1iHHUN H0-
CBil MDDKHAPOJHUX JKypHAaJiB Ta BUIABHUUTB. [logaHHs cTaTTi Ha po3risia 03HAaYae, 0 BOHA MICTUTh
OTpYMaHi aBTOpPaMH HOBI HETPHBIaIbHI HAYKOBI PE3yNIBTATH, SKI paHimie He Oynu omyoiikoBani. Ko-
KHY CTaTTIO PELEH3YIOTh IIOHAHMEHIIIE JIBa €KCIIEPTH, SIKi MalOTh yCi MOKIMBOCTI BUIbHO BUCIIOBHTH
MOTHBOBaHI KPUTHYHI 3ayBa)KCHHS LIOA0 PIBHS Ta SICHOCTI MPEACTABICHHS MaTepiany, Horo BigmoBi-
JTHOCTI MO0 )KypHATY, HOBU3HHU Ta JOCTOBIPHOCTI pe3ynbTaTiB. PekomeHnaltii peneH3eHTiB € oc-
HOBOIO JIs TPUMHATTS OCTATOYHOIO PIlIEHHS IIOIO0 MyOJTiKaiii cTaTTi. SIKIIO CTaTTIO NPUHHATO, BOHA
PO3MIITYEThCS Y BIAKPUTOMY IOCTYIIi; aBTOPCHKI IpaBa 30epiraroThCs 3a aBTOpPAMH. 3a HAsSBHOCTI
Oyab-sikux KOH(QIIKTIB iHTepeciB ((hiHAHCOBHX, aKaJeMiYHHX, NEPCOHATBHUX Ta 1HIIHMX), YYaCHUKH
TPOLECY PELCH3YBAHHS MAiOTh CITOBICTUTH PEHAKIIHHY KOJETiio mpo Ie. Bei muTaHHs, OB’ s3aHi 3
MOXIIMBUM IU1ariaromM abo QanbCuikalliero pesyibTaTiB PeTeNbHO OOrOBOPIOIOTECS PENAKIIHHO
KOJICTI€I0, PIBHO SIK CIIOPH 100 aBTOPCTBA Ta JOLUIBHICTE PO3APOOICHHS Pe3y IbTaTiB Ha HeBEIIMYKi
CTaTTi. I[OBez[eHl iariat uu anbcudikaris pe3yabTaTiB € MiACTaBaMH Ul 0€3yMOBHOTO BiAXHUJICHHS
CTaTTi.

STATEMENT ON THE PUBLICATION ETHICS AND MALPRACTICE. The Editorial
Board has been doing its best to keep the ethical standards adopted by the world scientific community
and to prevent the publication malpractice of any kind. This policy is considered to be an imperative
condition for the fruitful contribution of the journal in the development of the modern network of
knowledge in chemistry and boundary fields. The activity of the Editorial Board in this respect is
based, in particular, on the recommendations of the Committee of Publication Ethics and valuable
practice of world-leading journals and publishers. The submission of a manuscript implies that it con-
tains new significant scientific results obtained by authors that where never published before. Each
paper is peer reviewed by at least two independent experts who are completely free to express their
motivated critical comments on the level of the research, its novelty, reliability, readability and rele-
vance to the journal scope. These comments are the background for the final decision about the paper.
Once the manuscript is accepted, it becomes the open-access paper, and the copyright remains with
authors. All participants of the review process are strongly asked to disclose conflicts of interest of any
kind (financial, academic, personal, etc.). Any indication of plagiarism or fraudulent research receives
extremely serious attention from the side of the Editorial Board, as well as authorship disputes and
groundless subdivision of the results into several small papers. Confirmed plagiarism or fraudulent
research entail the categorical rejection of the manuscript.

STUYECKUE HOPMBbI INYBJIUKAIIUU HAYYHBIX PE3YJIIBTATOB U UX HAPY-
HIEHUS. PenakiimonHasi KOJUIETHS IeTA€T BCE BO3MOXKHOE JIJISl COONTFOICHUS STHIECKUX HOPM, TIPH-
HATBIX MEKIYHAPOIHBIM HAYYHBIM COOOIIECTBOM, W JJISl TIPEAOTBPAIEHUS JIIOOBIX HAPYIICHUH ITHX
HOpM. Takasi moMMTHKA ABIAETCS HEOOXOAMMBIM YCIOBHEM TUIOAOTBOPHOTO yYaCTHs KypHaIa B pas-
BHUTHH TIEJIOCTHOW CHUCTEMBI 3HAHUHA B OOJACTH XMMHH W CMEXHBIX 00NacTsAX. JTa AEITEIHHOCTH pe-
JAKITUOHHOM KOJUISTMH OIHPACTCs, B YaCTHOCTU, Ha peKOMEHIanuu KoMuTeTa 1Mo 3THKE HAyYHBIX
myosmkarii (Committee of Publication Ethics), a Takyke Ha IIEHHBIH OMBIT aBTOPUTETHBIX MEXTyHa-
POIIHBIX )KYPHAIOB U U3AaTelbCcTB. [IpencTaBienne cTaTb Ha pACCMOTPEHUE TIOJPa3yMEBaeT, YTO OHA
COACPIKUT MOJYUCHHBIC aBTOpaMU HOBBIC HETPHUBUAJIBHBIC HAYUHBIC PC3YJIbTAaThl, KOTOPBLIC paHCC HU-
r7ie He myOanKoBamuch. Kaxayro cTaThio peleH3upyrT MHHIMYM JIBa SKCIIEPTa, KOTOPBIE UMEIOT BCE
BO3MO>XKHOCTH CBO6OI[HO BbICKa3aTb MOTUBUPOBAHHBIC KPUTUYCCKUE 3aMCYaHUA OTHOCUTCIILHO YpPOB-
HS U SCHOCTH HM3IIOKEHUS MPE/ICTABIEHHOTO MaTepHala, ero COOTBETCTBHUS MPO(UIII0 KypHaa, HO-
BH3HBI U JIOCTOBEPHOCTHU PE3yJITATOB. PeKOMEHIaMY PEIICH3CHTOB SBIISIOTCS OCHOBAHUEM JUIS TIPH-
HATHUS OKOHYATEIIFHOTO peleHust 0 myOnukanmu ctatbu. CTaThs, B CIydae IPUHATHS K OMyOJIMKOBa-
HUIO, Pa3MEIIACTCS B OTKPBHITOM JIOCTYIIC; aBTOPCKHE MpaBa COXPaHIIOTCs 3a aBTopamu. [Ipu Hanmuum
KaKAX-THO00 KOH(IMKTOB HHTEPECOB ((PMHAHCOBBIX, aKaIEMUUIECKUX, JTMYHBIX U T.J.) YIACTHUKH TIPO-
1ecca pereH3upoBaHus JOJDKHBI COOOIIUTE 00 3TOM penkosuerud. JIroObie criopHbIe BOIPOCHI, CBSI-
3aHHBIC C BO3MOXKHBIM IIJIaruaToM HIIN q)anbcmbmcaunef/i PE3YIbTAaTOB, BHUMATCIILHO pacCMaTpuBa-
I0TCS PEJaKIMOHHON KOJUIeTHEeH, paBHO KakK CIOPBI 00 aBTOPCTBE M IEJIECOO0Pa3HOCTh IPOOIICHUS
pe3yJIbTaTOB Ha HEOONBIIUE CTaTh. B ciiyyae MOATBEpKIACHUS Tularuara wWid (pambcudukaiiu pe-
3yJBTATOB CTAThsI OE30TOBOPOTHO OTKIOHSIETCS.
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THOOPMALISA JJI51 ABTOPIB. XKypnan my0rikye cTaTTi pociiChKOI0, aHTITIICHKOI0 Ta YKpai-
HCBbKOI0 MoBaMmH. Jlo myOmikamii npuiMaroThCs: OTJIsAN (38 MOTOKEHHSM 3 PEAKOJIETI€0); OpHUriHa-
JIbHI CTaTTi, 00CsT 6-10 )XypHaTBbHUX CTOPIHOK; KOPOTKI MOBIAOMIIEHHS, 00CST 10 3 KypHaJIbHUX CTO-
piHok. KpiM 3BHUaifHOTO CHHMCKY JiTepaTypH, B CTATTi OOOB'I3KOBO MOBHHEH OYTH APYTHH CIIHCOK, BCi
MMOCHJIAHHS SKOTO JaHi JlaTnHUIeto. [IpaBuia miaroToBKH MbOTO CIUCKY HaBeAeHi B po3aim «TpaHc-
JiTepalish» Ha caiti xypHarty. OOuaBa CIIMCKH ITOBUHHI OyTH MOBHICTIO ieHTHYHI. [Ipu penieHsyBan-
Hi cTaTell OAWH 3 KPUTEPIiB - HAsIBHICTh MOCHJIAHb Ha MyOJiKalii ocTaHHIX pokiB. CTaTTs 000B'SI3KOBO
MMOBHHHA MICTUTH PE3IOME POCIHCHKOI0, YKPATHCHKOIO Ta aHTIIHCHKOI0 MOBaMH. Y BCIX TPHOX HE00-
XiIHO BKa3aTH Ha3By CTaTTi, NPI3BHIIA aBTOPIB 1 KIIOYOBi cioBa. OpieHTOBHHHA 00CAT pe3roMe -
1800 3HakiB (0e3 ypaxyBaHHS 3arojOBKY 1 KJIIOYOBMX ciiB). Pemakmis npuiimae enxekrponHuii (MS
Word) i nBa po3apykoBaHHX (I XapKiB'sH) TEKCTy pyKomucy. Anpecy BkasaHi B po3aui «KoHTak-
TH» Ha CalTi XxypHay. CypOBiIHHIA JIUCT IO CTATTi, BUMPABICHOI BiIMOBIAHO 10 3ayBaXKCHb PEIICH-
3€HTa, MOBMHEH MICTHTH BiJNOBiAlI Ha BCi 3ayBaxkeHHs. [logaeTbes eNeKTPOHHUM 1 OJUH pO3APYyKOBa-
HUH (JUTs XapKiB'sH) BapiaHT. PykomnucH, siKi MPORTILTN pelieH3yBaHHs, MPUHHATI 10 myOumikarii i odo-
pPMJICHI BiITOBITHO J0 TPAaBHJI IJIS aBTOPIB, MpHuitMaioThes y dopmari doc (He docx) eleKTpOHHOIO
nomtoro (chembull@karazin.ua). Po3npykoBanuii BapianT He mnotrpiOeH. [JloxnmanHima iHpopmarris
po3MmilieHa Ha caiTi )kypHay http://chembull.univer.kharkov.ua.

INFORMATION FOR AUTHORS. Papers in Ukrainian, Russian and English are published.
These may be invited papers; review papers (require preliminary agreement with Editors); regular
papers; brief communications. In preparing the manuscript it is mandatory to keep the statement on the
publication ethics and malpractice, which can be found on the web-site and in each issue. The article
should contain summaries in English, Russian, and Ukrainian. In all three it is necessary to indicate
the title of the article, the names of the authors and the keywords. The approximate volume of sum-
mary is 1800 characters (excluding the title and key words). The help in translation is provided by
request for foreign authors.. Any style of references is acceptable, but all references within the paper
must be given in the same style. In addition, the second, transliterated, list of references is required if
at least one original reference is given in Cyrillic. See section "Transliteration" of the web-site for
details. Please use papers of previous issues as samples when prepare the manuscript. The MS Word
format is used. Standard fonts (Times New Roman, Arial, Symbol) are preferable. Figures and dia-
grams are required in vector formats. Figure captions are given separately. All figures, tables and
equations are numbered. Please use MS Equation Editor or MathType to prepare mathematical equa-
tions and ISIS Draw to prepare chemical formulas and equations. The decimal point (not coma) is
accepted in the journal. Please avoid any kind of formatting when prepare the manuscript. Manuscripts
may be submitted to the Editor-in-Chief via e-mai chembull@karazin.ua. For more detailed informa-
tion see the journal web-site http://chembull.univer.kharkov.ua.

NHOOPMAIMA JISA ABTOPOB. XKXypHan myOnukyeT cTaTbil Ha pyCCKOM, aHTJIHHCKOM U yK-
panHCKOM s3bIkax. K myOnmkanuy npuHUMAIOTCs: 0030pbI (110 COrJIaCOBAHMIO C PEIKOJIIIETHEN); OpH-
TUHAIBHBIC CTAaThH, 00BeM 6-10 >XypHAIBHBIX CTPAHHI];, KpaTKUE COOOIICHH, 00heM 10 3 JKypHAIb-
HBIX cTpaHul. [ToMHMO OOGBIYHOTO CIIHMCKA JIUTEPATYPhI, B CTaThe 0053aTENbHO JOHKEH ObITh BTOPOI
CIHCOK, BCE CCBUIKM KOTOPOTO JAaHbl JaTHHHLEH. [IpaBuia moaroToBKU 3TOTO CIIMCKA NMPHUBEICHBI B
paznene «TpaHciourepanus» Ha caiite xypHana. O0a cMcKa JOJDKHBI OBITh MOJHOCTBIO HICHTHYHBIL.
[Ipu perieH3upOBaHUM CTAaTEH OJMH U3 KPUTEPUEB - HAIMYHNE CCHUIOK Ha MyOIMKAINK MOCIEIHHX JIET.
Crarpsa 00s3aTeNbHO NOJKHA COAEPIKATh PE3lOMe Ha PYCCKOM, YKPAaMHCKOM M aHTJIMICKOM SI3bIKax.
Bo Bcex Tpex HE0OXOAMMO yKa3aTh Ha3BaHME CTaThby, ()aMHIMK aBTOPOB M KIltOUYeBble ciioBa. OpueH-
THPOBOYHBIN 00beM pe3tome - 1800 3HakoB (0€3 yueTa 3arjaBus W KIIOUYEBBIX CJIOB). Pemakius mpu-
HUMaeT 1eKTpoHHbIH (MS Word) u 1Ba pacnieyataHHBIX (JUIS XapbKOBYaH) TEKCTa pyKOMKCH. Anpeca
yKa3aHbl B pa3aene «KoHTakTe» Ha caiiTe xypHana. COMpoOBOJUTENbHOE MUCBMO K CTaThe, HCIIPaB-
JICHHOW B COOTBETCTBHHU C 3aMEUaHMSMH PELIEH3CHTA, JOJKHO COJEPXKATh OTBETHl HA BCE 3aMEUYaHMs.
[Tomaercst 3neKTPOHHBIN M OAWH pacliedaTaHHBIA (A7 XapbkoBuaH) BapuaHT. [Ipomenmue peneH3u-
pOBaHUE W TPHHATHIE K MyONMKAalUK PYKOMUCH, O(QOpMIICHHBIE B COOTBETCTBHU C MpPaBUJIAMH IS
aBTopoB, mpuHUMatoTcs B popmare doc (He docx) mo amektponHoU moute (chembull@karazin.ua).
Pacnieuarannsiii Bapuant He TpeOyercs. bomee moapodHas mHGOpMaIys pa3MeIieHa Ha calTe KypHa-
na http://chembull.univer kharkov.ua.
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