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Effect of Manganese Integration Methods
on the Electrophysical Properties

of Bi0.67Ba0,33Fe0.67Ti0.3303 Piezoelectric Phases
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Abstract. Three novel low-temperature techniques have been developed for the synthesis of ultrafine
powders (UFP) of the ferroelectric phase (Bi;.Ba,)Fe; 4 Ti,O; doped with manganese ions. These methods
are designed to significantly reduce the dielectric loss (tan d) in the resulting ceramic piezoelectric
materials. The reduction in the tan & values is accomplished by introducing manganese in three distinct
chemical forms during synthesis: a) aqueous Mn(NOjs), solution, b) Mn(I11) hydroxide gel, or ¢) Mn(I'V)
hydroxide gel. A key advantage over conventional doping is the achievement of a highly uniform
distribution of the dopant, even at low concentrations (0.5—1.0 mol%), within every particle of the base
UFP. Furthermore, these innovative techniques eliminate the need for a milling step, thereby preventing
the common contamination of the base ferroelectric powders with silicon and aluminum impurities. Such

contamination is a known factor that exacerbates the thermal degradation of piezoelectric ceramics.

Keywords: piezoelectric properties, piezoelectrics, sol-gel processes, doping, low-temperature process.
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Bausinue cioco0a BBeJleHUS COeIMHEHUII MapraHia
Ha 3JIeKTPOU3NYeCKre CBONCTBA NMbe303JIEKTPUYeCKUX (a3

Biy ¢7Bag.33Fe) 67Tip 3303

A.A. Hecrepos, A.B. KazakoBa
FOoicnviti pedepanvrulil yHusepcumem
Poccuiickas ®edepayus, Pocmoe-na-/[ony

AnnoTtanus. C LeNblo CHIDKCHHSI 3HAYCHNH tg0 KepaMHUeCKUX Ibe30MaTepHaIoB, H3TOTAaBIMBAEMBIX
Ha ocHoBe (a3 coctapa (Bi(Bay)Fe (Ti,0s, pa3paboTaHbl TP HOBbIC HU3KOTEMIICPATYPHBIC TEXHOJIOTUU
YIIBTPaAUCIIEPCHBIX OPOLIKOB YKa3aHHBIX CerHeTodas, JernpoBaHHbIX HoHaMu Mn"™". D ekt
CHIKEHUSI 3HAYCHU I tgd KepaMUYECKHX [Tb€30MaTEPUAIIOB IOCTUTAETCs 38 CUET BBEACHHSI B UCXOHYIO
MIUXTY COeMHEHNH MapraHia B Buze: a) pactsopa Mn(NO;),; 6) rens rugpoxcuaa Mn(111) mmm
B) rens rugpokcuaa Mn(I'V), uto, B OTIHYHE OT TPAIUIIMOHHBIX TEXHOJIOTHi{, TO3BOJISIET PABHOMEPHO
pacupenenuthb naxe 0,5—1 Morp% nerupyromieit 7o00aBKU B 00BEME KaXKI0H U3 YacCTHI] Oa30BBIX
YJIBTPAUCIEPCHBIX MOPOMIKOB. Takxke MpenMyIecTBOM pa3padoTaHHbIX HU3KOTEMIIEPATYPHBIX
TEXHOJIOTHH SBIISIETCS OTCYTCTBHE OIIEPaIlMH [TOMOJIA, YTO HCKITIOYAET 3arpsi3HEHHE ITOPOIIKOB 0a30BOH
cerHero(asbl COSAMHEHNUSIMU KPEMHUS U QJJIOMUHUS, KOTOPbIE YBEJIMUUBAIOT CTEIEHb €€ TEPMUYECKOM

JIECTPYKITUH.

KuaroueBble ciioBa: IIBbE302JICKTPUICCKUEC CBOﬁCTBa, IIbE302JICKTPUKH, 30JIb-I'CJIb ITPOLCCCHI, JICTUPOBAHUEL,

HU3KOTEMIIEpaTypHBIN IpoIiecc.

Baaronapuoctu. VcciienoBanue BBIMOJIHEHO MTPU (UHAHCOBOM mojiepkke MUHUCTEpPCTBA HAYKHU

u BeIcmero oopaszoBanus Poccuiickoit @enepannu (mpoext Ne FENW-2025-0005).

Iutuposanue: HecrepoB A. A., Kazakoa A.B. Biausinue cioco6a BBeIeHUS COSITMHEHHI MapraHIia Ha 3J1eKTPoHU3HUeCcKue
CBOMCTBA Mbe303JeKTpudeckux a3z BiggBags3Feqq7Tip3305. XKypn. Cub. denep. yH-ta. Xumus, 2026, 19(2). C. 250-257.
EDN: CRGTZK

1. Introduction

Ceramic piezoelectric materials derived from BiFeO;-BaTiO; ferroelectric systems are attractive
for high-temperature transducers owing to their high Curie temperature (420—470°) and sufficient
piezoelectric performance (ds; > 110 pC/N) that are acceptable for several types of transducers [1-3].
However commercial adoption of these ceramic piezomaterials is hindered by unresolved issues in the
solid-state reaction manufacturing process, encompassing both powder synthesis and the sintering of
green bodies. Key challenges are a) development of core-shell grain heterogeneity during sintering,
driven by disparate diffusion rates of cations in the A-cite (Bi**, Ba?") and B-cite (Fe**, Ti*') sublattices
of the (Bi;4Bay)Fe, Ti,O5 solid solution; b) formation of secondary phases induced by the thermal

instability of precursor materials. ¢) elevated dielectric loss (tan J), attributed to charge heterogeneity
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from mixed-valence Fe"" ions (n = 2—4). This phenomenon, explained by Maxwell-Wagner polarization,
arises during both synthesis and sintering.

Some problems of the considered type technologies can be solved by replacing the traditional
solid-state synthesis method for base ferroelectric phase powders with low-temperature synthesis
technologies (LTST), in which heteropoly compounds of Fe(IIl) and Ti(IV) are used as precursors
instead of oxide or carbonate phases. We [13, 14] have established that the interaction of these
heteropoly compounds with solutions of barium and bismuth nitrates under standard conditions results
in the formation of intermediate polymer phases, whose decomposition at 380—450 © leads to the
formation of crystalline ultrafine powders of ferroelectric phases with a predetermined composition.
By changing the formation mechanism of ultrafine powders of (Bi; ,Ba,)Fe, (Ti,O; phases and reducing
synthesis temperature, both the appearance of core-shell grains in ferroelectric ceramic samples and
the contamination of base powders with grinding media particles (SiO, or Al,Os) are eliminated. LTST
does not involve grinding operations for amorphous or crystalline phase powders. These features not
only reduce the probability of degradation of the target ferroelectric phases with (Bi;Bay)Fe; Ti O3
composition during synthesis but also prevent the appearance of impurity phases in sintered samples,

which constitutes their undeniable advantage.

2. Experiment
2.1. Research methods

The processes of synthesis of ferroelectric phases’ UFP were controlled by the method of
differential thermal analysis (DTA) on a Diamond TG/DTA derivatograph. The phase analysis of
the synthesis products and the determination of the unit cell parameters of the resulting phases were
performed using an ARL X’TRA — Cug, diffractometer, and the visualization of powder particles and

ceramic grains was performed using a JSM-6390LA scanning electron microscope.

2.2. Technologies for manufacturing ultrafine ceramic materials

The synthesis of the UFP phase of the composition Bij¢Bags3Feqs7Tig33;0; was carried out
within the framework of the LTST developed by us earlier [13, 14]. Solutions of H,[Ti(O;),x(NO3)242x],
Fe(NO;);, Bi(NOs); u Ba(NOs), of known molar concentrations were used as precursors of this
technology. The formation of the primary amorphous product was carried out in a Ready™ reactor at a
temperature of 20-30°. At the second stage, the primary gel-like synthesis product was separated from
the liquid phase by centrifugation and subsequent decantation.

In contrast to the technology presented earlier [13, 14], at the next stage of the process, either
the calculated volume of 0.05 M Mn(NO;), solution or the calculated volumes of Mn(III) or Mn(IV)
hydroxide gels were introduced into the primary synthesis product of the base phase. Gels of Mn(I1I)
and Mn(IV) hydroxides, previously introduced into the primary product, were formed by neutralizing
0.1 M solution of Mn(NO;),, 0.5 M solution of ammonia, to pH = 7.5. To form Mn(I1I) hydroxide, the
resulting suspension containing Mn(II) hydroxide was stirred in air for 60 minutes, which contributed
to the oxidation of Mn(II) hydroxide to Mn(III) hydroxide, which was accompanied by a change in
the color of the suspension from initially colorless to dark brown. To oxidize Mn(II) hydroxide to
Mn(IV) hydroxide, a 7 % solution of hydrogen peroxide was added to the suspension. The introduction

of Mn(III) and Mn(IV) hydroxide suspensions into the primary synthesis product of the target phase
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was carried out considering their conditional concentrations, the calculation of which was based
on the initial molar concentration of Mn(NOs), solution and the volumes of the obtained hydroxide
suspensions.

At the next stage of the process, the gel-like primary phase containing alloying additives was
intensively mixed for 30 minutes. This operation made it possible to evenly distribute the alloying
additives in the volumes of the initial suspensions due to the sorption processes and polycondensation
processes in these systems.

At the end of this stage, the suspension was transferred to porcelain cups and dried in a drying
oven at a temperature of 100—110 °. (Fig. 1). The UFP of the target phases was formed during the
decomposition of the dried alloyed product at 430—-450° (Fig. 2).

20kV X3,000

Fig. 1. SEM image of intermediate alloyed synthesis product, after drying at 110 ©

15KV X10,000 1pm

Fig. 2. SEM image of UFP phase composition Bij ¢;Bag 33Fe.67T193303 + 0.95 mol% MnO(OH)
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2.3. Manufacture of piezoceramic samples

Piezoceramic samples in the form of disks (10 mm in diameter, 0.5 mm in height) were made
from sintered ceramic samples. Silver electrodes were applied to parallel planes by burning a silver-
containing paste. The thickness of the samples was regulated by a significant value of their coercive
fields, which makes it possible for them to be noticeably polarized (by a constant electric field with
a voltage from 3 to 4 kV/mm, at 90—120° and a polarization time of up to 1 hour): a) in polysiloxane
liquid PES-5; b) only when their value is tand < 5.

The electrophysical parameters (EFP) of ceramic samples made on the basis of doped phases of
the composition Biy¢;Bag33Feq¢7Tig330; were determined by traditional methods: a) the value of the
static electrical capacitance C , of polarized samples and the tand bridge method; b) the values of the
relative permittivity (e337/g¢), as well as the piezo constant (ds;) by dynamic methods (research stand
“Censorka-M” manufactured by SCTB Piezopribor, Russia); c) values of the piezo constant (ds3) by
quasi-static method within “Wide-Range d33 Tester Meter”, APC, USA.

As follows from Fig.2, the product of thermal decomposition of the primary polymer phase
consists of agglomerates formed by crystalline particles with a diameter on the order of 0.1 pm.

To investigate the effect of the composition and mass fractions of manganese compounds
introduced into the ultrafine powders of base ferroelectric phases on the dielectric loss tangent values
of ferroelectric ceramics manufactured based on the Biy¢;Bags;Feqq7Tig330; phase, disk-shaped
samples (11.5 mm in diameter and 4 mm in height) were fabricated by uniaxial pressing from three
types of starting batch (differing in the composition of doping additives). The pressed green bodies
were placed in corundum crucibles and fired in two stages: a) heating at an average rate of ~ 20 °/min
to 420 © with holding at this temperature for 30 min; b) raising the system temperature to 930-950
° at an average rate of 27 °’min with holding at this temperature for 1-2 hours. The first firing stage
is necessary for the formation of numerous crystalline nuclei of ceramic grains, while the second is
for sample densification. The significant heating rate of the first firing stage is necessary to achieve
the activation energy for the crystallization process of the maximum number of target phase nuclei,
while the high rate of temperature change in the system during the second firing stage prevents the
appearance of impurity phases in the system that can form due to thermal decomposition of base and
intermediate forms.

The microstructure of sintered ceramic samples fabricated from ultrafine powders of the base
phase doped with Mn(NOs), phase (1 mol%) is shown in Fig. 3.

The density of the fabricated ceramics was determined by the hydrostatic weighing method (octane)
and amounted to 89 % of the theoretical density for the first sample and 94 % for the second sample. The
electrophysical properties of the investigated ceramic samples, based on phases with the composition

Biy 67Bag 33Fe0 671103305 and doped with various manganese compounds, are presented in Table 1.

3. Results and Discussion

The data in Fig. 4 and Table 1 indicates that the proposed method for alloying UFP phases of the
composition Biy ¢7Bag 33Feq 67T1.3303, by introducing Mn(I111) and Mn(NOs), hydroxide into the system,
reduces the tan § values of ceramic samples made on their basis to about 2 %. In turn, it makes possible
to polarize samples with fields of higher intensity, which contributes to an increase (by 12—18 %) in the

values of piezoelectric constants.
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15kV X1,200 10pum

=)

15kV  X5,500 2pym

Fig. 3. SEM image of sintered ceramic samples made from UFP of composition Bi ¢7Bag 33Fe( 47 Ti0330; + 1 mol%
Mn(NOs),: a) — ceramic surface (before grinding), sintered for 80 minutes at a temperature of 930 °; b) — ceramic
chip (sintering time 120 minutes at a temperature of 950 °).

Table 1. The influence of the additive composition and its mass fraction within the system on the electrophysical
parameters of ceramic samples fabricated from phases with the composition Biy ¢7Bag 33Fe ¢7Ti0 3303

Manganese additive mol% Tk °C tano E. (kV/cm) | €'33/e, (1IkHz) | d33 pC/N
No additive - 485 4.32 20 442 97
MnO; (c.) 0,80 492 3,67 22 456 106
Mn(NO;), 1,00 508 2,05 33 474 142
Mn,0;3xH,0 0,75 514 1,93 39 509 157
MnO,yH,0 1,00 497 3,13 28 466 119

It also follows from the data presented in Fig. 4 and Table 1 that the dielectric losses of the
samples under consideration (fixed external conditions) depend both on the degree of oxidation of
Mn"™ ions included in the alloying additive and on the type of anions introduced into the system. In
particular, Mn(III) and Mn(I'V) hydroxides have the same composition, but Mn(III) hydroxide reduces
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tan 0, %
7_

Mn compound, mol%

0 0.5 1.0 1.5 2.0

Fig. 4. Change in the tan 6 values of ceramic samples based on phases of the composition Biy ¢;Bag 33Fe¢.67T10.3303
doped with Mn™" ions by introducing into composition, at the synthesis stage, a variable amount of manganese
compounds: (1) Mn(NO3),; (2) Mn(III) hydroxide); (3) Mn(IV) hydroxide

the values of tand more effectively (Fig.4). The efficiency of the Mn(NO;), phase used in the processes
under consideration is comparable to that of Mn(III) hydroxide, but to achieve similar results, the mole
fraction of Mn(NQOs), introduced into the system must exceed the mass of Mn(III) hydroxide by more
than 1.6 times. This can be attributed to the uncontrolled oxidation of Mn?* ions during the thermal
decomposition of Mn(NO;),. The efficacy of the studied doping additives can be explained by the
capabilities of the employed synthesis techniques, which enable their uniform distribution throughout
all grains of the formed ceramic matrix. Furthermore, manganese compounds can contribute to a
reduction of the Maxwell-Wagner polarization effect within the grains. This occurs via redox processes

taking place within the grain volume, which can decrease the mole fractions of both Fe*" and Fe?" ions.

4. Conclusions

The results on the effectiveness of alloying additives can be explained as the peculiarities of the
technologies used to evenly distribute additives over all grains of the formed ceramics, as well as by
reducing the Maxwell-Wagner effect in samples due to a decrease in the molar fraction of Fe** ions in

their grains and the possibility of redox processes in their volumes.

YciioBHBIE 0003HAYEHHS

SEM — Scanning electron microscopy
UFP — Ultrafine powders
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Abstract. A lot of attention is paid to the issues of wastewater treatment in the electrochemical industry,
while the relevance of the topic continues to increase. The involvement of various waste products
and innovative reagents will not only reduce the cost of the cleaning process, but also minimize the
negative impact on the environment. The main purpose of this work is the purification of wastewater
of various origins from copper compounds using the processes of adsorption and coagulation.
Carbonizate obtained from the waste of the film processing line was chosen as the sorbent, and a
complex titanium—containing coagulant was used as a reagent to intensify the purification process.
It has been established that carbonizate is effective against complex copper compounds, which is
due to the high chemical affinity of the carbonizate surface and the active ligand group, ammonium
tartrate. For dissolved forms of copper, the use of carbonizate was less effective. It is proved that
the use of complex titanium-containing coagulants makes it possible to minimize the content of
suspended solids and copper ions in water that has passed the stage of adsorption. The consumption
of complex reagents was 2 times lower compared to the traditional coagulant, aluminum sulfate. It is
noted that the use of complex reagents makes it possible to intensify the processes of sedimentation
and filtration of coagulation sludge by 2 and 1.5 times, respectively, compared with aluminum sulfate.
The observed acceleration will improve the efficiency of treatment facilities and reduce their size.
Based on the results obtained, it was concluded that the combined use of carbonizate from waste
and complex titanium-containing reagents in wastewater treatment processes of electrochemical

production from copper compounds is highly promising.
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AZICOPOLMOHHO-KOATYJISIIIUOHHAS TEXHOJIOT S

OYUCTKHU CTOYHBIX BOA IJCKTPOXUMHUYIECCKOI0 INIPOU3BOJACTBA

FO. /1. [lepecynnko, C. B. A3onkoB

Poccuiickuii xumuko-mexHonocuyeckuti yHugepcumem
umenu JI. 1. Menoeneesa

Poccuiickas @edepayus, Mockea

AHHOTanuA. BompocaMm 0O4HCTKU CTOYHBIX BOJ IEKTPOXUMHUYECKON MPOMBIIIIEHHOCTH yAEHAsSETCS
MHOI'0 BHUMAaHHs, IPY 9TOM aKTYaJbHOCTh TEMATUKU IIPOOJIKAET BO3pacTaTh. BoBieueHue pa3nnuHbIx
OTXO/I0B 1 NHHOBAIIMOHHBIX PEAareHTOB MO3BOJIUT HE TOJBKO CHU3UTH CEOECTOMMOCTH IIpolecca
OUUCTKHU, HO U MUHUMHU3UPOBATh YPOBEHb HEraTUBHOI'O BO3JCHCTBHUSI HA OKPYKAIOLLYIO IPUPOIHY IO
cperny. OCHOBHOM 11eNbI0 JAHHOM paOOTHI SIBJISICTCSI OYMCTKA CTOYHBIX BOJ] PA3JIMYHOTO IIPOUCXOXKACHHS
OT COEIMHEHNH MU C UCII0JIb30BaHUEM IIPOLECCOB acopOumu 1 Koarynsuuu. B xauectse copOeHTa
BBIOpaH KapOOHM3AT, MOy YEHHBIH U3 OTXO/IOB JIMHUU NePepadOTKH IUICHKH, a B KAYeCTBE peareHTa s
UHTEHCH(HUKALIUH TTPOIIECCa OUUCTKH — KOMITJIEKCHBIH TUTAHCO/ICPIKAILMH KOAT'YJISIHT. YCTaHOBJICHO, YTO
kapOoHu3aT 3 PEeKTHBEH B OTHOILEHNN KOMIIJIEKCHBIX COIMHEHUH Me/IN, 9YTO 00YCIIOBIEHO BHICOKUM
XMMHYECKAM CPOJICTBOM MOBEPXHOCTH KapOOHM3ATa U aKTHBHOW I'PYIIIBI JINTaH/1a — aMMOHUH-TapTpara.
Jlist pacTBOpeHHBIX (OPM MeIH NpUMEHeHHe KapOoHn3aTa Obu10 MeHee 3(hdeKTHBHO. JloKa3aHo, 4To
IIPUMEHEHHE KOMIIJIEKCHBIX TUTAHCOAEPIKALMX KOATYJISIHTOB [103BOJISIET MUHUMU3UPOBATH COAEPIKAHUE
B3BEIICHHBIX BELIECTB M HOHOB MM B BOJIE, ITPOIIEAIICH cTaquio aJcopOonnn. Pacxos KOMIIIIEKCHBIX
peareHToB ObLI B 2 pa3a HIKE 110 CPABHEHHUIO C TPAJUIIMOHHBIM KOAryJISTHTOM — CYJIb(AaTOM altOMHHUSI.
OTMedeHo, YTO MPUMEHEHHE KOMIUIEKCHBIX PEareHTOB MT03BOJISIET HHTEHCU(DUIIMPOBATH ITPOLECCHI
CEAMMEHTALMH ¥ (PUIIBTPAIIMU KOATYJISIIHOHHBIX IIAMOB B 2 U 1,5 pa3a cOOTBETCTBEHHO 110 CPABHEHHIO
¢ cyabdaToM amoMuHus. Habmronaemoe ycKopeHre 03BOIUT HOBBICHTH 3()(heKTHBHOCTH paboThI
OYHUCTHBIX COOPYKEHUH M COKPATUTh UX rabapuTbl. Ha OCHOBaHMH MOJIy4YEHHBIX PE3yJIbTaTOB ObLI
c/ieJIaH BBIBOJ] O BBICOKOH IEPCHEKTHBHOCTH COBMECTHOIO TPUMEHEHHST KapOOHM3aTa U3 OTXO0J0B
Y KOMILJIEKCHBIX TUTAHCOIEPKALIMX PEareHTOB B IIPOLECCAX OUUCTKH CTOUHBIX BOJ DJIEKTPOXUMHUYECKOIO

MIpoOn3BOACTBA OT CO€I[HH€HPII7[ MEOH.

KuaroueBble ciioBa: az[cop6u1/191, KOMILICKCHBII TI/ITaHCO,I[ep)KaH.[I/Iﬁ KOaryJsHT, CTOYHbIC BOJAbI, MC/Ib,

B3BCHICHHBIC BCIICCTBA.

Iuruposanue: Ilepecynsko 0. 1., Azonkos C.B. AncopOunOHHO-KOATyISIIUOHHASI TEXHOJIOTHS OYHCTKH CTOYHBIX BOJ
EKTPOXUMHUYecKoro npoussoactaa. XKypa. Cud. penep. yu-ra. Xumus, 2026, 19(2). C. 258-266. EDN: BVVTCR
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BBenenue

BompocaM 04nCTKH CTOYHBIX BOJ PA3IMYHBIX OTPACIICH TPOMBIIIIICHHOCTH ITOCBSIICHO OTPOMHOE
KOJIMYECTBO MCCIICAOBAHUI M MPAKTUYECKHUX pa3padboTok. C yueToM MOCTOSIHHO yIKECTOYAIOIErocs
3aKOHOJATENbCTBA U COKPAIICHUS 3aI1aCOB YHCTOM MPECHON BOIBI BOIIPOC BOJOOYHCTKH CTAHOBUTCS
Bce 0oJiee aKTyalbHbIM.

lanpBaHUYECKOE ¥ ANEKTPOXUMHUECKOE TTPOU3BOICTBO — HAHOOJIEE IPKHUI HETaTUBHBIN IPUMED
C TOUKH 3pPEHHsI BO3JICHCTBUS HA OKPY KAIOUIYI0 IPUPOAHYI0 cpeny. [Ipouecchl HaHECEHUsT TIOKPbI-
THH TPEOYIOT UCTIONH30BAHUS YIBTPAPECHON BOIBI CBEPXBBHICOKOTO Ka4eCTBa, PH 3TOM Ha BBHIXOJIE
00pa3yroTcsi KUCIOTHO-IIEJIOYHBIE CTOYHBIE BOJIbI, COJICPIKAINE IIUPOKUN CIEKTP TSKEIbIX MeTall-
70B (Me/b, IWHK, KaJMUH, XpOM H IIp.) U MYJITHAHHOHHBIA COCTaB (CYIb(paThl, XJIOPUABI, PochaTl,
nuanuel). [lonaganue Takux CTOYHBIX BOJ B TOPOJCKYIO KaHAJIM3ALUIO MOXKET [IPUBECTU K THOEIH
AKTHBHOTO HJIa Ha TOPOJICKHUX COOPYKEHUSX ITyOOKOI OHONOTHUSCKON OYMCTKH, 8 TAKKE aKKyMYJIs-
I[UY TSDKEJIBIX METAJJIOB BBEPX M0 TPOPHUUESCKUM LIETISIM ITPH MOIaIaHUH HEIOCTATOYHO OYHUIIEHHBIX
CTOKOB B OKpy»arolyto cpeny [1-4].

JlokanbHas (HU3HKO-XUMHUUYECKAsi OYUCTKA BOJIbI, BKJIFOUAIOIIAS CTaUU HeWTpamu3anuu [5—6],
KOAryJsIIHuH U (QIOKYIISAIUN B COYCTAHUH C IPOIIECCAMU OTCTAMBAHUA/(DIOTAIUA TTO3BOISET dPPeK-
TUBHO YJAJATh U3 BOABI 0 99 % coenuHeHU# Tsokenbix MeTalnoB [7-10]. s 10OYMCTKH BOIBI
no ypoBHs [IJIK nmst cOpoca B TOPKOJLIEKTOP MIIM BOJOEM PBHIOOXO3HCTBEHHOTO0 HA3HAYCHHUS IMPH-
MEHSIOT METO/IbI aJCOPOIIMH, HIOHHOTO OOMEHa M1 MeMOpaHHbBIC MPOIEeCChl (00paTHBIN 0CMOC, IJICK-
Tpoauanu3). KimroueBbim kputepuem 3(h(HeKTHBHOM 3KCILTyaTallluy MOJOOHOH CHCTEMBI BOTOOYHCTKH
SIBJISIETCSI MAKCUMaJIbHOE CHM)KEHHE KOHIGHTPAIMI TTOJIJTIOTAHTOB B CTOYHOW BOJIE MEPe]] ee Mmojauei
Ha T1y00KYI0 TOOYUCTKY.

Juist moBbIeHus 3peKTHBHOCTH WIIH PEHTA0EILHOCTH TIPOLIecca peareHTHOM OYMCTKH MOTYT
MPUMCHSTHCS JCHICBbIe COPOIMOHHBIC MaTepPHAabl, TOIydaeMble U3 KPYIMTHOTOHHA)KHBIX OTXOHOB
PacTUTENBHOIO MPOUCXOKICHHUS. MHOXECTBO PadOT MOATBEPIKAAIOT BHICOKYIO MEPCIEKTUBHOCTH
Pa3JIMYHBIX OTXOJOB (KOCTOYKHU (PHCTAIIKH, a0pHKoca ¥ Ip.) B MPOIECCaX OYUCTKH BOJBI OT MOHOB
TsDKENBIX MeTasuioB [11-14]. B kauecTBe aJlbTepHATHBHOIO HANpaBJICHUs] HHTEHCH(UKALINK TIpoliec-
COB BBIJICIICHUS TSDKENBIX METAJIOB MOJKHO BBIJICIIUTH OCAXJCHHUE B (pOopMe THAPOKCHIOB, KapOoHa-
TOB, CYJb(UIOB U APYTUX HEPACTBOPUMBIX coequHeHuil [15—17]. He MeHbIINii HHTEpEC BBHI3BIBACT
WHTCHCU(DHUKAIIUS TPOIECCOB CEIUMEHTAIINN WU (PIOTAIMH C WCHOIH30BAHUEM HWHHOBAIIMOHHBIX
KOAryJisiHToB. Jl[aHHBIE peareHThl MPHUILIM HA CMEHY TPaJMIMOHHBIM KOArylssHTaM Ha OCHOBE CO-
SIMHCHUN aTFOMHUHUS U Kele3a. TuTaHCoAep Kallue peareHThl padoTarT IpH JIF000H TeMIiepaType
U B IIMPOKOM auamna3zoHe pH, mpu 3Tom ux pacxon B cpeareM Ha 2025 % Huxke, a 00pa3yromuecs
KOAryJISIIHOHHBIC IITaMBI OBICTPEE OCEHAIOT U JIErde (PIIIBTPYIOTCSL.

OCHOBHOM IICJIbIO TAHHOW PaOOTHI SABIISIETCS UCCIICAOBAHUE MIPOIIECCOB aACOPOIUU COSAMHECHMI
MEIH M3 CTOYHBIX BOJI AIEKTPOXUMHYECKOTO IMIPOU3BOJCTBA B COUCTAHUU C HHHOBAIIMOHHBIMH, KOM-

IJICKCHBIMH TUTAHCOACPKAIIUMHU KOATr'yJITHTaAaMU.

MartepuaJibl U METOAbI

B kauecTBe 00bEKTa HCCIICIOBAHNS BRIOPAHBI KNCIOTHO-MIEIOYHBIE MEABCOIEPKAIINE CTOUHBIC
Boxbl TuHuK Meanenus (pH 1,35, konuenTpanus noHos Meau 19,54 mr/am?), a Takke CTOUHAs BOAA

HaHCCCHHUA MCIHBIX HOKpLITI/Iﬁ C UCIIOJIb30BAHHUEM KOMIIJICKCHBIX aMMOHHﬁ-TapraTHHX QJICKTPOJIN-
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toB (pH 5,21, konuenTpanus noros meau 11,37 mr/nm?). KHCIOTHO-IET0YHO# CTOK TIPEABAPUTETHHO
HerTpanuzosanu 10 pH 9,0-9,5 ¢ ortaenenuemM ocaaka ruipoKcHia Meau.

OmnpeneneHre KOHIEHTPAMK TSAXKEIBIX METAJUIOB MPOBOAMIM METOAOM aTOMHO-3MHCCHOHHOM
CIIEKTPOCKOIINY C MAarHUTHOI 11a3moit Ha mpudope «Crekrpockain» (I'K «Ckatirpany, Poccus) [18—19].

B kauectBe amcopOupyroiero marepuana obut BeiOpan kapoonusar (650 °C, 60 MUHYT) HOITy-
YEHHBIH U3 <OCKMBIXa»: CKJICCHHBIH IUIACTUK U OyMara (COOTBETCTBEHHO 78/22 %) — OTXO/ INHUMY TIe-
pepaboTKH TUICHKH, a TaKyKe 00pa3el] KOMIIESKCHOTO TUTAHCOePIKAIIero KoaryJisiHTa, Moy YeHHbIH
o onucaHHOU paHee TexHoNoruu [20—22]. B xadecTBe 00pasma cpaBHEHUS HCIIOIB30BalU Cylbdar
ATIOMUHUS — TPATUIIUOHHBIN KOATryJIsSHT.

[Tpouecc aacopduny MPOBOIMIM B CTATHYECKOM PEXUME, IIPH CKOPOCTH NepememmBanns 150
00/mMuH B TeueHne 30 MUHYT. 3aT€M B CUCTEMY BBOJMJIHM KOAryJSIHT U HHTEHCUBHO INEpEeMEIINBaIH
B Te€UYCHHE 2 MUHYT, (ha3a XJonbeoOpa3oBaHus 8§ MUHYT (MeIJeHHOEe niepememnBanne 20 00/MUH)
u cenuMeHTalus B TedeHue 30 MuHyT. Bee ombIThI poBOaMIIH HA JabopaTopHoM (iiokymsitope JLT
4 Velp (Italia) [20, 23].

CKOpOCTh CEIMMEHTAIIMHN OIPEICIISUIH CIIEKTPOYOTOMETPHYUCCKH, & CKOPOCTh (DUIIBTPALIUHU OLe-
HUBAJIH, IPOITYCKas 3a/laHHbI 00bEM JKUIKOCTH B TeueHue 60 CexyH 1, uepe3 GHIBTP CHHSIS JICHTA.

OmnpezesieHne MOBEPXHOCTHBIX XapaKTepUCTUK 00pa3ioB KapOOHU3aTa IPOBOAMIIN Ha TPUOOpE
Gemini VII 2390t (Micromeritics Instrument Corp., USA).

Pa3mep aucrnepcHbIX YacTHI Onpeaessin Ha mpudope Analysette 22 NanoTec Fritsch (Germani).

Omnpenernenne coiepXaHus B3BEIICHHBIX BEHIECTB (B IepecyeTe ¢ MyTHOCTH IO KAOJINHY) TIPO-
Bonuau Ha mopraruBHoM Goromerpe HANNA 98703 (HACH, USA).

PesyabTaThl M X 00Cy:K/IeHHE

B 1abn. 1 mpencraBieHbl XapaKTEPUCTUKU KapOOHU3aTa, TOIYUYSHHOTO U3 OTXOIOB IIpoIecca
nepepadboTKH MJICHKU.

W3 nauHBIX TabI. 1 BUAHO, 9TO IMpoIecC TePMOOOPAOOTKH «KMBIXa) MO3BOJSCT IIOIy4YaTh yIiie-
POACOAEPIKAIIUI MPOAYKT C BBICOKHM COACPIKaHHEM yriepoaa. Beicokas ynenbHasi MOBEPXHOCTh
U OTIpEICTICHHBIN 00BEM TTOP MO3BOJISIOT MPEATIONOKHATh HATMIUE Pa3BUTHIX aICOPOIIMOHHBIX CBOIi-
CTB y KapOOHH3aTa. AKTUBAIMsI JAHHOTO KapOoHU3aTa Oblja IpU3HAHA HE PEHTA0CIbHON U B JaJib-
HEeHIIeM He N3y4aiach.

Ha crnenyromem srarne skcrniepuMeHTa Oblia MccieaoBaHa cOpOIMOHHAs eMKOCTh KapOOHU3aTa
B OTHONICHWY MOHOB M. B CTOYHYFO BOAY BBOIUIN KapOOHH3AT, IIEPEMEITNBAIINA U OTACIISIN Kap-
6onu3ar punsrpanueii yepes cetky 100 mxm. JlanHbIe 110 3G GEKTUBHOCTH U3BJICUCHUS HOHOB MEIU

13 peaJIbHbIX CTOYHBIX BOJA IMPEACTABIICHBI Ha PUC. L.

Tabnuua 1. XapakTepucTuku KapOOHH3aTa «KMbIXay IpoLecca nepepaboTKy MIICHKH

Table 1. Characteristics of the carbonized “cake” of the film processing process

Conepixanue, % Macc.
C (0] H N S
88,21 7,36 3,75 0,68 - 0,18 238,42 31

O6nem nop, cM*/r | Vaen. mosep. M2/t | Beixox, kap6on.%
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Fig. 1. Extraction of copper ions from wastewater by carbonate

W3 nanHbIX puc. 1 XOpoIo BUIHO, YTO KapOoHHU3aT Hanboiee 3)(HEKTUBCH B OTHOIICHUH KOM-
IJICKCHBIX COCIWHEHUN MEIH, YTO OOYCIIOBJICHO BBICOKHM XHMHYECKHM CPOJICTBOM ITOBEPXHOCTH
KapOOHHM3aTa M aKTUBHOM I'pyIIbl JIMTaH/Ia — AMMOHUK-TapTpaTa. J{is pacTBOPEHHBIX (OpM Meau
NpuMeHeHne KapOoHu3ara OblI0 MeHee 3¢ ¢dexTuBHO. OunIieHHas BoJa XapaKTeprU30Balach Xapak-
TEPHBIM YEPHBIM OKPACOM M BBICOKHUM COZIEP)KaHHEM B3BEIICHHBIX BEIECTB, IPEACTABICHHBIX B OC-
HOBHOM MHUKpOYACTHIIaMU KapOoHm3arta ¢ pazmepom 15-20 mxm. ConepkaHue B3BEIICHHBIX BEIIECTB
(MUKpOYACTHUIIBI TUAPOKCHIOB MEJIU U YTIIEPO/Ia) B BOJIE TIOC)Ie 00padOTKH KapOOHHU3aTaMU COCTABJIS-
710 220-430 mr/am?. JIJ1s KMCIOTHO-IIEIOYHOrO CTOKA, IPOILENIEro CTaJUK0 HEHTPAIN3AIMU U al-
copOuu, ObLIT JOCTUTHYT HOPMATUB COPOCa B TOPOJICKOM KOJIJICKTOP.

CrenyonmM 3TarmoM dKCIIEPIMEHTOB CTalla JTOOYUCTKA MPEABAPUTEIHFHO 00paO0TaHHONW BOJIBI
o0pa3iaMy KOMIUIEKCHOT'O TUTAHCOACPIKAIIETO KOAryJIsiHTa U cyJbdarta anroMuHus. JlaHHbIe 110 3¢-

(I)CKTI/IBHOCTI/I YAajlaeHus COGI[HHCHI/IfI MEIN 1 B3BCUICHHBIX BEIICCTB IPEACTABJIICHBI B Tabi. 2 u 3.

Ta6nuua 2. DHPeKTHBHOCTE KOary IsuuoHHoi noourctky (pH 7,01) cTOYHOMN BOMIBI OT COSAMHEHNUH Meau, MI/IM>

Table 2. Efficiency of coagulation aftertreatment (pH 7,01) of wastewater from copper compounds, mg/dm?

OBbeKT HECTETOBANNA Jlo3a koarynsnTa, mr(MexOy)/am?
o | s | 1w [ 15 | 20 [ 25 30
KomnnekcHbli TUTAaHCOAEPKAILIMIA KOATYJISTHT
Ucxonnsriii K1 cTox 11,27 7,51 2,31 1,12 0,87 0,75 0,72
KomriekcHbIH 21eKTpOoTUT 2,12 1,89 1,21 0,86 0,75 0,69 0,68
Cynbdar anroMuHHS
Wcxonnsiii K1 cTox 11,27 10,15 8,96 6,15 2,58 1,71 1,65
KoMriiekcHbIH 21eKTpOTUT 2,12 2,01 1,96 1,89 1,85 1,65 1,59
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Tabnuna 3. OcTaToyHble KOHIEHTPALKMU B3BELICHHBIX BEIIECTB MOCIe KoarynsnuuoHHoit goounctku (pH 7,01)
CTOYHOM BOJBI, MI/IM>

Table 3. Residual concentrations of suspended solids after coagulation aftertreatment (pH 7.01) of wastewater,
mg/dm?

Jlo3a koarynsuTa, mr(MexOy)/am?
OOBEKT UCCIe0BaHUS
o | s | w0 | 15 | 20 [ 25 [ 30
KomriekcHbli TUTaHCOAEPKAUTUN KOATYISHT
Hcxonnsrii K1 cTrok 412 380 212 21 1,6 0,8 0,75
K crok mocne ocaxxknenus (pH 9) 380 364 201 23 1,9 1,1 0,9
KoMIIeKCHBIH 3IIEKTPOTUT 219 201 155 36 9,5 2,3 1,9
Cynbdar anroMUHHS

Hcxonnsii K1 cTok 412 401 390 280 113 54 21
KIII ctox mocie ocaxkaenus (pH 9) 380 370 354 301 142 65 18
KomiiekcHblH 371eKTpOaUT 219 217 198 105 43 13 11

AHnanuzupys gaHHbie Ta0. 2 ¥ 3 BUJHO, YTO IPUMEHEHHE KOMIIJIEKCHOT'O KOAryJIsiHTa JUIsl BCeX
00BEKTOB UcciIeoBaHus ObLI0 0oJiee d3GHEKTHBHBIM B CPaBHEHUH C TPaIHLIUOHHBIM allOMHHUICO-
JepKaM KoaryassHToM. OCTaToYHble KOHLIEHTPAI[MU B3BELICHHBIX BELIECTB M MEIH ObUIN MOYTH
B 10 pa3 HHXKe MO CPaBHEHUIO C CYJb(HATOM aJFOMUHUS, IIPH TOM PAaCcCXOJ KOMIIJIEKCHOIO pearcHTa
(103MpOBKa ISl COIIOCTABIICHHSI OCTATOYHON KOHIEHTpAIMK) ObUI B cpeliHeM B 2 pa3a Huxke. [1oBbI-
nreHHast 9pQEKTUBHOCTh KOMIICKCHBIX KOATyJISIHTOB OOYCJIOBJIEHA MPOLecCaMu acopOLUu Ha XO-
POLIO Pa3BUTOMH MOBEPXHOCTH MPOJYKTOB I'MIPOJIH3a COSTMHEHNI TUTAaHa, a TAK)KE IPOLIECCAMHU 3a-
poxnsimeoOpa3oBanus (HeWTpanuzanun 3apsaa) [20, 24-26].

3aKJIIOYNTEIBHBIM ATAIIOM SKCIIEPUMEHTOB CTaJI0 CPABHEHHE CPEIHEro (IU1s Tpex 00pa3LoB) Bpeme-
HY CeIUMEHTALUH (OCaKACHNUS) M (QUIIBTPALIMU KOAryJISIIHOHHBIX [IJIAMOB B 3aBUCHMOCTH OT THIIA IPH-
MeHsieMoro koaryJiisiHTa. [ToyueHHble B pe3ylibrare dKCIIepUMEeHTa JaHHbIE PEICTaBIICHbI Ha PUC. 2.

W3 naHHBIX pHC. 2 BUIHO, YTO IPUMEHEHHE KOMILICKCHOTO THTAHCOICPIKAILEro KOaryJisiHTa MHo-
3BOJISIET COKPATHTh BpeMsl CEAMMEHTAIMK Oojiee 4eM B 2 pasa, IPH 9TOM CKOPOCTh (PUIIbTpAIMH KO-
aryJSIIMOHHBIX ITaMOB ObliIa B cpefHeM B 1,5 pasa BblmIe. YKa3aHHbIE IPEUMYIIECTBA MO3BOJISIIOT

HE TOJIBKO MOBBICUTH 3()(HEKTHBHOCTH COOPYKEHUH OUUCTKHU, HO U COKPATUTh UX rabapuThl.

3akjrouenne

B pamkax mpozenaHHOW paOOTHI MpOBeeHA OIEHKA COBMECTHOTO IPUMEHEHHS aJcopOeHTOB
(kapOOHM3aTOB) U MHHOBAIMOHHBIX KOMILJIEKCHBIX THTAHCOAEPIKAIINX KOATYJISIHTOB.

YcTaHOBIICHO, UTO IPUMEHEHHE KapOOHM3aTOB, MOIYYEHHBIX U3 OTXOJIO0B NepepadOTKH IOJIH-
MEpHO# TUIEHKH MO03BOJIsieT YPPEKTUBHO YAANIATh U3 BOJbI OPraHMYECKUE KOMIUIEKCHI MEJH, MPH
9TOM Takke HaOlrofaeTcss CHUKEHHE KOHIEHTPAIlMM MOHOB MEIW B KHCIOTHO-IIEJIOYHBIX CTOKAX
C KHCIIBIM M cJ1a00Iea09HbIM 3HadeHneM pH. Hachinmenasle TSKeIbIMI MeTallIaMy [ITaMbl Kap6o-
HHU3aTa MOTYT OBITh PEreHepHUPOBAHBI KUCIOTHOW MPOMBIBKOW U TIOJIBEPTHYTHI IIOBTOPHON TEPMOOO-
paboTKe JUIsl BOCCTAHOBIICHHSI COPOLIMOHHBIX CBOMCTB, OIHAKO JAHHBII BOIPOC TPEOYET OTIEIBHOTO

yl"J'Iy6.]'ICHHOl"O H3YyYUCHUS U 3aIlJTaHUPOBAH B paMKax MOCJICAYOINUX HCCHGHOB&HHﬁ.
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Fig. 2. Sedimentation and filtration characteristics of coagulation sludge

HOKaSaHO, 4TO MPUMCHEHUEC KOMIIJIEKCHBIX TUTAHCOACPIKAIINUX KOAT'YJIAHTOB IMO3BOJISACT MUHU-
MHU3UPOBATh COJEPIKAHUE B3BEIICHHBIX BEIIECTB U HOHOB ME/IH B BOJIE, IPOILE/IICH CTa U0 a1cop0-
uu. Pacxo/; KOMIUIEKCHBIX peareHToB ObLI B 2 pas3a HHMIKE 110 CPABHEHHIO C TPAJAMIIMOHHBIM KOary-
JISTHTOM — CyJIb(ATOM aTFOMIHHSL.

OTMe‘-IeHO, 4YTO IPUMEHECHUE KOMIIJICKCHBIX PEATr€HTOB IMO3BOJISACT I/IHTeHCI/I(bI/IHI/IpOBaTI) mpouec-
ChI CEIMMEHTALIMHU U QUIIBTPALINU KOATYJISIUOHHBIX LJIAMOB B 2 ¥ 1,5 pa3a COOTBETCTBEHHO 110 CPaB-
HEHHIO ¢ CyJb(haToM aqroMuHus. Habnromaemoe yCKOpeHHUE MO3BOIUT MOBBICUTH 3()(HEKTUBHOCTD pa-
0OTBI OYMCTHBIX COOPYIKEHUI U COKPATUTH UX raOaAPUTHIL.

Ha ocHoBanuu MOJYYCHHBIX PE3YJIbTATOB MOXKHO CICIaTh BBIBOJ O BBICOKOM TMEPCIICKTUBHOCTHU
COBMECTHOTO MPUMEHEHHsI KapOOHU3aTa M3 OTXOJO0B MOJUMEpIepepadaThIBAIONIEr0 MPOU3BOICTBA
N WHHOBAITMOHHBIX KOMIIJICKCHBIX TUTAHCOACPKAIIHUX PCAr€HTOB B IIPOIECCaX OUYUCTKU CTOYHBIX BO/

QJICKTPOXUMHYECCKOI'0 IMPOU3BOACTBA OT COG,I[I/IH@HI/Iﬁ MEIH.
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Abstract. Artificial radionuclides, including the transuranic 2*! Am, have been detected in the bottom
sediments (BS) of the Yenisei River in the zone of influence of the Rosatom Mining and Chemical
Combine, even after the nuclear reactor was shut down in 2010. This paper presents the first comparative
analysis of the potential mobility of artificial radionuclides in Yenisei River sediment core layers,
taking into account their formation time and the presence of radioactive microparticles. Radionuclide
mobility in the bottom sediments was assessed using two sequential extraction schemes. The high
potential mobility of ?! Am and 'S?Eu persists for a long time in all layers of sediment cores. The
high binding strength of '3’Cs to sediment mineral matter (up to 100 %) remains constant over time.
Results of fractionation of bottom sediments with radioactive microparticles showed that >*' Am is
more mobile compared to '*’Cs and ®°Co. The long-term persistence of potential mobility of artificial
radionuclides in sediments must be taken into account when predicting radionuclide bioavailability

in the Yenisei River ecosystem.

Keywords: bottom sediments, Yenisei River, artificial radionuclides, sequential extraction, mobile

forms of radionuclides, radioactive microparticles.
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Ouenka MOOUMJIBHOCTH TEXHOT€HHBIX PAJHOHYKJIH/I0B
B JIOHHBIX 0TJIOKeHUusAX peku Enncei

METOJAO0M MOCJIEA0BATCJIBHOI'0O XUMHYECCKOI'0 (l)paKIII/IOHI/IPOBaHI/IH

A. 4. Boacynosckuii**, P. B. Bopucos?, /1. B. [lemenTheB?
“Uncmumym 6uoguszuxku CO PAH

QUL «Kpacnospckuil nayunsii yenmp CO PAH»
Poccuiickas ®edepayus, Kpacnosapck

SUncmumym xumuu u xumuuecxoti mexuonozuu CO PAH
QU] «Kpacnoapckui nayunvii yeump CO PAH»
Poccuiickaa ®eodepayus, Kpacnosapck

AnHoTanus. B nounsix otnoxenusx ([0O) pexu Enuceli B 30He BIUAHUA [ OpHO-XUMHYECKOTO
koMmOnHaTa Pocaroma rociie octaHOBKH siiepHOro peaktopa B 2010 roay nponoikaT perucTpupoBaThes
TEXHOTEHHBIE PaIHOHYKJIUIbI, BKJIIOYAsl TPAHCYPAHOBBIN 2eMenT > Am. B paGoTe BriepBbIE IPUBEIEHBI
Pe3yNBTaThl CPABHUTEIBHOTO aHAN3a HOTCHHAIBHOW MOOMIBHOCTH TEXHOTCHHBIX PAHOHYKIIHI0B
B ciosax kepHOB 1O pexu Exuceil ¢ yuétom BpemeHn oOpa30BaHUs U HAIUYUS PaJUOAKTUBHBIX
MHKpoYacTULl. MOOMIBHOCTE paniuoHyKIHI0B B JJO olleHHBaIach METOAOM IOCJICAOBATEIBHOTO
XAMHYECKOT0 (PaKIMOHMPOBAHUS 110 IBYM cxeMaM. BhICOKasi MOTEHI[HATbHAS MOOUIBHOCTH
panuonykiauaos 2* Am u '?Eu coxpaHsieTcs JUIMTENbHOE BpeMst JUIst Beex ciioéB kepros J[O. Jlist
137Cs BBICOKAS MPOYHOCTH CBA3BIBAHMSA ¢ MUHEpanbHEIM BemecTBoM J{O (no 100 %) He usMenseTcs
BO BpeMeHH. [1o nanubiM Gpakiuonuposanus JIO ¢ MUKpOYACTHIAME TTOKa3aHo, 4To 2 Am B popme
MMKPOYACTHII SBISETCA 60Jee MUTPALUOHHBIM 110 cpaBHeH IO ¢ 2Cs u °°Co B popMe MUKpoOUaCTHII.
CoxpaHeHHe JIUTEIBHOE BPEeMsl Pa3HO! MOTEHIHATBHOH MOOUIIEHOCTH TEXHOT€HHBIX PaJIMOHY KJIH/IOB
B JIO HE0OX0AMMO YUHTHIBATH MPU MPOTHO3¢ OHOIOCTYMHOCTH PATHOHYKIHIOB B 9KOCUCTEME PEKH

Enwncei.

KiaroueBrble ciioBa: JOHHBIC OTJIOKCHU A, PCKa EHHCCﬁ, TCXHOI'CHHBIC pAJUOHYKIHNABI, [IOCIICAOBATCIIBHOC

XUMHUECKoe (ppaKI[HOHMPOBAHNE, MOOWIIbHBIE (POPMBI PaJHOHYKIIHMJIOB, PaAHOAKTHBHbIE MUKPOYACTHIIBI.

BaaronapnocTu. VcciaenoBanue BBIIIOJHEHO B paMKax rocyaapctseHHoro 3ananus Ub® CO PAH,

¢uHaHCHpyeMoro MUHHCTEPCTBOM HayKH M BeIciero oopazosanust PO (mpoekt Ne FWES-2024-0024).
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Iurtuposanue: boncynosckuii A. 5., bopucos P.B., [lementses /. B. Onenka MOOMIBHOCTH TEXHOT'CHHBIX PAJHOHYKIUI0B
B IOHHBIX OTJIOKCHUSAX pekn EHnCel MeToI0M IocIe0BaTeIbHOro XuMudeckoro gpaxkunonuposanus / XKypu. Cub. denep.
yH-Ta. Xumus, 2026, 19(2). C. 267-280. EDN: CABMSI

BBenenue

[Notima pexu EHuCeli B cpefHEM TCUCHUH CONEPKUT TEXHOTECHHBIC PaIHOHYKIIHIBI B Pe3yIbTaTe
nesitenbHOCTH ['opHO-XxuMudeckoro komounara (I'XK) Pocaroma B r. JKenesnoropcke KpacHosipcko-
ro kpas [1-6]. Paree B coctaBe ' XK paboTtanu peakTOpHBIN 3aBOJ C TPeMs SIICPHBIMHU peaKTopaMu
U PaANOXUMUUYECKHUH 3aBOJ. Bce peakTopsl M paAnOXUMHUUECKU 3aBOJI OBIJIM OCTAHOBJICHBI OoJee
10 met Ha3ax (2010 u 2015 rr.). B HacTosAmIEe BpeMst HAa KOMOWHATE 3aIyIIIEHO ITPOU3BOJCTBO YpaH-
nayTonueBoro (MOX) TonauBa AJist HOBOTO THIIA SIEPHBIX PEAKTOPOB U MepepadoTKa OTpadOTaHHOTO
SIZIEPHOTO TOTUTHBA, KOTOPOE COMPOBOXKIAACTCS IMMOCTYIIJICHUEM TEXHOTCHHBIX PaTUOHYKIUIOB B IOHMY
p. Enuces, no uudopmaruu I'XK [7]. Jouusie otinoxenus ([10) u )KuBble OpraHU3Mbl 9KOCHCTEMBbI
pexu EHmcelt comepkaT TeXHOT€HHBIC PaInOHYKIIUIBL, B TOM YHCIIE TPAHCYPAHOBBIC, HE TOJIBKO BOIH3H
KOMOHMHATA, HO ¥ Ha 3HAYMTEIIBHOM PACCTOSHUH [0 TCUCHUIO pekH [1, 2, 4—6, 8]. DTO CBUACTEIBCTBYET
KaK 0 MEePEeHOCE PaJHOHYKIIHIOB B COCTaBe B3BeNmIeHHOTO BemecTBa 1O, Tak 1 UX MOOHIBHBIX (hopM
C BOJIHBIM IIOTOKOM 10 TEYEHHUIO PEKU OT KOMOMHATA.

Pacnipenenenue pangnonykauaoB B J10 ¥ MOYBCHHBIX TPYHTAX BAPBHPYETCS OT HAXOXKICHHUS B TI0-
POBBIX PACTBOPAX B BUJIE HOHOB J10 accoluaryu ¢ TBEpoii hazoii J1O, koTOpas MOXKET ObITh B KATHOHHO-
oOMeHHOH (opMe, TOCPEICTBOM aICOPOIINH HIIH COOCAKIACHUS ¢ OKcHaaMu MetaiuioB [9—10]. Kiroue-
BBIMH MEXaHM3MaMH MHUTPAIMH, [IOHUMAaHNUE KOTOPBIX MO3BOJISIET MPOTHO3UPOBATH OMOJOCTYITHOCTD
PaAMOHYKJIUIOB B BOIHBIX CHCTEMaX, BHICTYIAIOT PEAKIIMH PACTBOPEHUS-0CAKICHUS, COPOIIMOHHO-
JIeCOpOIIMOHHOE B3aUMOJIHCTBHE, a Takxke TUddy3unoHHbIN nepenoc. [jist u3ydeHust MOOMIIBHBIX popM
paauoHyKJIHI0B B JIO HCHONB3YIOT pa3IMyHbIC BapHALMU METOA TOCIIENOBATEIIEHOTO XUMHUYIECKOTO
¢bpakiponuposanus [9, 11-13]. Takue METOIBI OCHOBAHBI HA CEJICKTUBHOM IIEPEBOJIC B PACTBOP OpraHu-
YEeCKHMX U HEOPTraHMYECKUX COSTUHCHNH, TpUCY TCTBYomuX B JIO, B cocTaBe KOTOPHIX MOT'YT HAXOIUTh-
Csl paAMOHYKJINBL. [0 yMEHBIIEHUIO MUTPAITHOHHON MOABMYKHOCTHU PagHOHYKIUI0B B JIO BBLAEHSAIOT
ux (hopMBI — BOTOpacTBOpUMAasi, OOMCHHAS 1 HCOOMEHHast. 3HAHUS 0 (OpPMax HAXOXKACHUS PaJHOHY-
KJINJIOB MTO3BOJISIIOT MTPOTHO3MPOBATH MX MOBEIACHNE B 00bEKTaX OKPYIKaIOIIeH cpesl (ToYBax, JOHHBIX
OTJIOKEHUSIX) U OIICHUBATHh BO3MOXKHBIC Ty TH MUTPAITUH U OMOIOCTYITHOCTb.

MerTo/ 1IOCIIeIOBATENBHOIO XMMHUYECKOT0 (ppaKiMOHUPOBAHMSI paHEee UCIIONb30BAIN ISl OLICH-
k1 MoOmibpHOCTH paauonykiuoB B JIO pexn Enmnceit B 3one Bnusnusa ['XK [4-5, 14-17]. Xumn-
yeckoe (ppakiroHupoBaHue npod moBepxHOCTHHIX ciioéB JIO p. EHuces mokasano pa3HyIO CTElCHb
MTOTCHIINAJIBHOW MOOWMIIBHOCTH TEXHOTCHHBIX PAaJIHOHYKJIHIOB B BOIHOW IKOCHCTEME — OT MaKCH-
MalbHOI 11 >*' Am u M30TONOB eBponus 10 MUHUMaIBHOMH 11151 ©°Co u ¥7Cs [4-5, 14, 16]. Onnako 5TH
HCCIICIIOBAHUS MIPOBOAIIIA B MIEPHOI PAOOTHI PEaKTOPHOTO M paJuOXMMHUYecKoro 3aBomoB Ha [ XK
(o 2015 1.). OueBUHO, YTO TOCIIE OCTAHOBKM ITHX 3aBOJIOB U 3aITyCKa HOBBIX Ipon3BoacTB Ha I XK
¢usnko-xuMudecKkre (HOPMBI TIOCTYNUBIINX B pa3HOE BPeMsl TEXHOTEHHBIX paguoHykiauaoB B JJO
MOTYT U3MEHSTBHCS U, CIEOBATENIBHO, BIUATh HAa UX MOTEHIMAIBHYO MOOUIBHOCTS [9, 11, 12].

Lenb paboTH — CpaBHUTEIBHBINA aHAIA3 MOOMITFHOCTH TEXHOTCHHBIX PAJHOHYKIUIOB B Pa3HBIX
CIIOSIX TOHHBIX OTNOXkeHHH peku Ennceit B 30He BiustHuA [ XK npu ncnonp3oBaHUM JBYX CXEM IO-

CJICAOBATCIBHOI'O XUMHUYCCKOI'O (bpaKL[I/IOHI/Ip()BaHI/IH.
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JKenepMMeHTAJIbHAA YacTh

Ombop u npedsapumenvHas NOO20MOBKA NPOO OOHHBIX OMAONCEHUL

B xadectBe 00BEKTOB HCCIICAOBaHUS HCoab30Banu a8a kepHa J10 (E15—-1 u E15-2), orobpan-
HBIX B peke Exuceii B 2022 1. Ha ympaneHuu okoio 15 kM ot mpomruiomanku [' XK, B mporoke BOIM3M
cena bamuayr (56°27°56” N, 93°42°03” E). Jlnuna kepHOB coctaBmia 61 cm. st XumMu4eckoro Gppak-
LIMOHUPOBAHMS, a TAK)KE IIPOBEPKH BO3MOKHOT'O BIMSHUS (haKTOpa BpEMEHHU (BO3PACT 00pa3oBaHU
ciost J10) Ha MOOGMIIBHOCTH TEXHOT€HHBIX PaIHOHYKIHA0B B JIO ncnonas3oBanu npoOsl BepxHux (07,
7-10 u 10—-13 cm) u HIKHEX (52-55, 55-58 1 58—61 cMm) cinoéB keproB E15—1 n E15-2. Bo Bpems pa-
60TbI peaktopa B 1997-2008 rr. noBepxHocTHBIE 1poObI [10 Bozie ¢. baixuyr yxe ucciienoBaiu ¢ 1o-
MOIIBI0 XHMUYECKOT0 (ppakiroHupoBanus [4-5, 14].

W3zBecTHO, uTo B npobax 10O B GunxHel 3one Biausinus [ XK comepxkarcst paquoakTHBHbIE MU-
KkpodacTuisl [5, 18—20], KoTOpbIe MOTYT OKa3aTh BIHSHUC HA PE3YIBTATHI XHMHUYECKOTO (ppaKIIHOHU-
poBanus. /|15 BBIICNEHUS PaAMOAKTHBHBIX MUKPOYACTHI] HCIOIB30BATIH METO/ MOCIEI0BATEIHLHOTO
KBapTOBAaHUS MCXOMHON NPpoObI [0 U y-CEKTPOMETPHYECKUX U3MEPEHHUH OTAEIbHBIX 4acTeH TOH

npo6sl (o1 10 1o 260 rpamm).

PeS’yJmeambl IJIEMEHNMHOC0 araausa

BemecTBeHHBIN 1 MUHEpATIOTHUECKU cocTaB mpod BepxHuX (0—13 cm) i HIDKHEX (52—61 cMm) cino-
és J10 xepuoB E15—1 u E15-2, otoOpannbix BOaM3u ¢. bandayra B 2022 1., OblI OnpeiesiéH MeTonamMmu
PEHTTEHO(ITYOPECIICHTHOTO, PEHTICHO(PAa30BOr0 U XUMHIYECKOTO (CHUIMKATHOr0) aHamu3oB B 2023 T.
B UucturyTe reonoruu u munepanoruun CO PAH (HoBocubupck). [TonyueHHble 3HaueHHs KOHIICGHTPA-
[OUH OCHOBHBIX JIEMCHTOB HE OTIIHYAIHCH JUISI HIDKHUX U BePXHUX CIOEB KepHOB JIO: TOMHHHPOBAI
kpeMuuii (57-60 %), amomunnii (13.0—13.7 %), xeneso (5.0-5.7 %); Ha ypoBHe 2 % Obuin MgO, CaO,
Na,O u K,0. DTH KOHUEHTpaluKy OCHOBHBIX 3JIEMEHTOB COBIAJAlIM ¢ paHee nonyueHHbMu s 1O,
otoOpanHbIMHU BONM3H ¢. bamayra B 1997-2007 rr. [4]. 3a uccienyemsiii mepuoa 1997-2022 rr. otdopa

J10 MOXXHO OTMETHTH HU3KYIO BapnaOelbHOCTh OCHOBHBIX AiieMeHTOB 1po0 IO BOmu3u c. bamayr.

Cxembl n0cied08amenbH020 XUMULECKO20 ([)pakuuoyupoeanuﬂ

Jliist uccrnieoBaHusl IPOYHOCTH CBSI3BIBAHUS PAIMOHYKIIMIOB U UX MHUTPAIIMOHHONW CIOCOOHO-
ctu B mpod6ax /10 peku Enuceil panee ncnonp30Bain 0OMENPUHATYIO B MEPE METOJUKY ITOCIIEI0Ba-
TeJILHOr0 XUMHYeckoro dpaxknuonuposanus Tessier [9] B Mogudukannn Semizhon u coaBropos [5].
YCIoBUS M PEaKTUBHI IS KAXIOH cTaquu cTaHmapTHOU cxembl Tessier No 1 mpuBeneHs! B Ta0u. 1.
[TyTéMm nocienoBaTeabHOr0 KBapTOBAHUST HCXOHOI 1Tpo0Obl J1O ¢ KOHTpOJIEM Ha CollepKaHHUe pajiuo-
HYKJIHJIOB Ha KaxJ0H cranuu otoupanu HaBecky 40 1. [IpoOy moMemnianu B TEpMOCTOMKHN CTaKaH
00néMom 2000 cm® u mobasisin 400 ¢cM® COOTBETCTBYIONIETO CBEKEPUTOTOBIECHHOTO SKCTPATUPY-
fotero pactsopa (tadi. 1). CycreH3uo MeXaHH4eCcKH MepeMeIInBajIl ¢ NCIO0JIb30BaHUEM IIeHKepa
B TCUCHHE 3aJaHHOI0 BpeMeHH (TadJ1. 1), a 3aTem pasaessiiau $has3sl GUuiIbTpOBaHUEM Ha 00€330JICHHBIX
¢unpTpax «cuHss JeHTay. [locne kax10i cTagnu 0cagoK ¥ (GUIBTP TPOMBIBAIM HEOOJIBIIMMH MOP-
MSAMH TOpSAYEl AMCTUIIIMPOBAHHON BOMBI, JOBOAS CyMMAapHBI 00beM (pakuuu g0 500 cm®. He-
PacTBOPHUMEIH 0canok (ppakuust 6) mocie BhIACICHNS NATH (ppakInii CYIIMIN B CyIINIBHOM MIKady
u o3ousin B mydernbroii neun npu 400 °C. Tlocie oxnaxaeHus oca ok rnepetupaiu B papdhopoBoii

CTYIKE U IMOMCIIAJIN B TCOMETPUIO 1JI1 U3MCPCHU .
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Tabnmuma 1. CxeMa MOCIEIOBATEIBHOIO XHMHUYECKOro (QpakuuoHupoBanus crangaptaas JIO Ne 1
u MoaudunuposanHas™ J10 Ne 2

Table 1. Sequential extraction schemes of standard BS No. 1 and modified* BS No. 2

VYcnoBus BhIEIaYNBAHUS
Dpakiyn
p XuMuuecKue T, °C Bpews, u
peareHThl

1 ObOMeHHas NH,Ac (pH7) 24
2 Kapbonatst NHsAc (pHS) 25 8
3 TlomyTopHBIE OKCHIBI U THAPOKCUIHI Fe, NH,OH-HCl 3

Mn B 25 % HAc
4 Opranuyeckoe H,0, + HNO;s 35 3

BEIECTBO (m0 0.05 M)

5 AMop(hHBIE CHIIUKATHI NaOH (0.2M) 80 1
5% (Heoomennvie gpopmur) (HCI 6M) (~100) 1)
6 Hepasznoxusuuiics MUHEpaIbHbII _ _ B

(ocmamok) | ocTaTOK

[TpoBenénnoe panee xumuueckoe (paxnuonuposanue npod J1O mo crangaptHOi cxeme Ne |
(tabu. 1) mokasaso, YTo MPUCYTCTBHE MUKPOUYACTHUIL B Tpobax mpuBoaut K 100 %-ii 101¢ aKTHBHOCTH
paauonyknuaa (*°Co winu ¥’Cs) B MunepanbHoM octarke (hpakuust 6) [4—5]. DTO CBUAECTENBCTBYET
0 MPOYHOCTH CBSI3AHHOCTH 3TUX PATUOHYKIHIOB C MATPHUIEH yacTHUIBL. J{719 TOro 94TOOB! OLEHUTH
CTeTIeHb IIPOYHOCTH CBS3aHHOCTH PaJMOHYKIUAA ¢ Marpuiel yactuis! B J10, HeoOX0nnMO 4acTHY-
HO pasJyIoKUTh MUHEPAIbHbII 0CTATOK. J[JIs1 3TOr0 Mbl MCKIIIOYHIIM M3 CTAHAAPTHOM cxeMbl Tessier
(tabm. 1) ppakmuio 5 (AMOpQHBIE CHITHKATHI), 8 BMECTO He€ BBeN HOBYIO ppakiuto 5* (HeoOMeHHBIC
(dhopmbi) (Tabi. 1), coracHo KOTOPO# MPOBOAMIIN 3KCTparupoBanue paguonykingos 6M HCI (80 mu)
n3 J10 npu xunsyennu. Mcenons3yemas Hamu Cxema ¢paknuonuposanus Ne 2 (tabmn. 1) sBisercs

Moaudukaiueit Metoza mociaenoBarenbHON 3kcTpakiuu [1aBmonkoii [21].

Memooul usmeperus

Jlnst u3MepeHus AKTHBHOCTH TEXHOTEHHBIX PAJIMOHYKIHIOB (BKJIIOUas TPAHCYPaHOBbIN 24! Am)
B MCXOJHBIX 1pobax /O, B mpobax 1nociie KBapTOBaHMsI C PaJJHOAKTUBHBIMUA MUKPOYACTUIIAMHU U T10-
aydeHHbIX (ppaknusax /10 ucronszoBanu y-criekrpomerp ¢pupmbl Canberra (CILA) co cBepXuuCcTHIM
T€PMaHHUEBBIM JETEKTOPOM C TOHKMM OEpUIUIHMEBBIM OKHOM, MO3BOJSAIONIUM PErHCTPUPOBATH Y-
KBaHTHI ¢ 3Heprueit ot 30 k3B. Bpems m3mepenus npob Bapsuposaio ot 40000 mo 90000 cexyH.
Craructudeckne pacu€Thl MPOBOIMIN ¢ noMolbio nporpammbl Excel MS Office. OTHocuTenbHas
omnOKa B ONpeeSICHNH aKTUBHOCTH PaIuOHYKIHI0B B rpodax JIO u nmomxyuenssix ¢ppaknusx 1O

nocie ppakuuonupoBanus obu1a < 30 %.

Pe3yabrarsl un 00cyxaeHne
ITpoBeNEHHBIN Y-CIIEKTPOMETPUYECKHI aHau3 pod JIO 3aperucTpupoBal TAKUE TEXHOTEHHBIE
paguonyknuael, kak °°Co, *’Cs, ?Eu u **'Am, a taxxe npupoanbiii paguonyknug “°K B mpodax

kak BepxHHX (0—7 n 7-10 cm), Tak 1 HIWKHUX (52-55 1 55-58 cm) ciioéB kepHOB (Tadu. 2). YienbHas

— 271 —



Journal of Siberian Federal University. Chemistry 2026 19(2): 267-280

akTUBHOCTH “°K MOuTH HE MEHSETCS U1 BEPXHUX U HIKHUX CIOEB, YTO MOYKET CBUIETENLCTBOBATD
0 Omm3koM MuHepasnornieckoM coctase JIO 1o riryOMHEe KepHOB M COTNIACYETCs C JIaHHBIMU Belle-
CTBEHHOTO W MUHEPAJOTHYECKOro aHanu3a. IIpu 3ToM copeprkaHne TEXHOTEHHBIX PaJIHOHYKIHIOB
B HIDKHUX cJ05iX JJO MHOTOKPATHO NMPEBBIIIAET COACPIKAHUE ITUX PATUOHYKITHIOB B BEPXHUX CIIOSIX.
VYnenbHas aKTUBHOCTH TEXHOTE€HHBIX PAJUOHYKIHIOB B BepxHUX cinosix J1O, oroOpanusix B 2022 1.
(Tabm. 2), Obl1a B HECKOJBKO Pa3 MEHbIE aKTHBHOCTH PaJMOHYKIHUAOB B ITIOBEPXHOCTHBIX Ipobax
0O, orobpannbix B 2008 1. (10 octanoBku peakTopa '’ XK) [14]. DTo cBHAETEIBCTBYET O COKpAIIEHUN
panunoakTuBHBIX cOpocoB I'XK B p. Exuceit mocie ocranoBku peakropa B 2010 . JlatupoBka cioés
STUX KEPHOB, aHAJOTMYHO JAAHHBIM paOoThI [22], mOKa3aja pa3sHHUIy B BO3pacTe 00pa30BaHUS BepX-

HUX 1 HWKHUX ci1oéB 1O npubnnsnrensHo B 30-35 neT.

Tlocredosamenvhoe xumuyeckoe pakyuonuposanue

npoH OOHHBIX OMIIONCEHUL NO CMAHOApPMHOU cxeme No |

Ha nepBoM sTare uccienoBaHus MOOMIBHOCTH PAJIHOHYKINA0B B IO MpoBOAMIM IIOCTIE10Ba-
TeJbHOE XUMHUecKoe (hpakiMoOHUpOBaHue 10 cTanaapTHoi cxeme Ne 1 (tabu. 1). B pesynbrare nc-
CJIEJIOBAHMS PACIIPEACICHUS PaAHUOHYKIINIOB 110 XUMUYECKUM (PpaKIHsIM BEPXHHUX CIOEB KEPHOB
JO (0-7 u 7-10 cm) or6opa 2022 1. (Tabu. 2) nonydeHo, 4yTo Handonbmas 10as °°Co u 3’Cs 6b11a
B MUHepasibHOM ocTartke (ppakums 6) — 80—100 % (puc. 1). MuHMManbHAS 105 SKCTPArupyeMoro
137Cs (1 %) cBsizana ¢ kapboHaramu (ppaknus 2), a TaKKe C OKCUAAMH U TUAPOKCHIAMH METaJIOB
u opranuyeckum BemectsoM (hpakuuu 3 u 4) — 2 %. {ust °Co cymmapHast oyis pajinoHyKIua,
csizanHOro B JIO ¢ okcuiaMu ¥ TUJPOKCHIaMU METAJIJIOB U OPraHMYECKUM BelecTBOM (hpakuuu
3 u 4), 6b11a 3HaUKMTENbHO BhIIIE — 10 20 %. Panee, B 2008 T., mpoBoAMIM XUMHUYECKOE (PAKIINO-
HUpOBaHKE MOBEepXHOCTHBIX ¢iIo€B JIO kepua E15, oTroOpanunoro Boiu3u c. banuyra, u Ha puc. 1
MIPE/ICTABIICHBI PE3YJIbTATHI paclpeeeHnusl pafuoHyKiInaoB o ¢paxkuusm [14]. CoriacHo 3T0M
pabore, makcumanbHas gons °Co u ¥Cs Taxxke Oblga B MHHEPaIbHOM ocTaTke (ppakuus 6) —
94 % nns ¥Cs u 88 % s °Co (puc. 1), uro coBnagaer ¢ gaHHbIMU (Qpakuronuposanus 1O
ot6opa 2022 r. Panee B paboTe [5] oTMEUann HU3KYIO0 CyMMapHyo moaBuxkuaocTh 'Cs (3-9 %)
u °Co (ue Gonee 20 %) 1ocie MSATU TOCIEAOBATENbHBIX CTaquil Gppakuunonuposanus 10 pexu
Enwuceii. Takum 00pa3om, Ha OCHOBAHWHU HACTOSIICH pabOThl U paHee OMyOJIMKOBaHHBIX JaHHBIX
MOKHO yTBEPXKAATh, 4T0 3a nepuox ¢ 2008 o 2022 rr. gons HeoOpaTumo ceszanuoro 37Cs u °Co
C MHHEpPaJIbHBIM BelecTBOM BepxHux cioéB [0 pexu EHuce#t He n3MeHuIach 1 0cTaéTcs BEICOKON
(puc. 1). Aptopsr paboTsl [10] mpoBOAMIM TOCIEAOBATEIFHOC XUMUYECKOe (HPAaKIIMOHUPOBAHUE
nous YepHOOBIILCKOM 30HEI aBapuu 1o cxeme Tessier [9] u nonmyuunu 91 % *’Cs B MuHepanbsHOM
ocrarke. Bee 310 okasbiBaeT npounoe cs3biBanue 27Cs u °°Co B 1oYBax 1 MOBEPXHOCTHBIX CJIO-
ax J10.

Jltst iByX m3 msiti BepxHUX ciioéB kepHoB E15—1 u E15-2 J1O p. Enuces, oto6panusix B 2022 1.,
nony4eHo, uto pagauony ksl °°Co u '3’Cs 6putn Ha 100 % B MuHEpanbHOM ocTaTke (ppakuus 6), 9To
MOTJIO CBHJETEIBCTBOBATh O IPUCYTCTBUH TPYJHOpPA3JIaraéMbIX PaJHOAaKTUBHBIX dacTul (puc. l).
OnHaKo HCIoJb3yeMble s GpakimoHupoBanus HaBecku npod /IO, kak oTMedanu BhIIE, IPEIBa-
PHUTENBHO aHAJIM3UPOBAIHN HAa HAJMYHME PAJMOAKTHBHBIX YaCTHI[ METOIOM KBapTOBAHUS, OHHU HE CO-
JEpIKal 9acTHUIl C OTHOCHTEIBHOU BBICOKOH akTuBHOCTBIO °Co m 37Cs. Kak cnemyeT m3 JaHHBIX

Tabi. 2, conepxkanue °Co u ¥’Cs He 0TIIMYATIOCH CYHIECTBEHHO MEXY NPOOAMU Pa3HbIX BEPXHUX
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Ta6numa 2. Coneprxanue paauoHykiIua0B B BepxHUX (0—7 u 7—10 cm) 1t HuKHUX (52—55 1 55-58 cM) Cl10SIX KEPHOB
E15-1 u E15-2 JIO p. Enuces, oroopannbix B 2022 I. ¥ UCIIOIB3YEMbIX Ui XUMUYECKOI'0 (PAaKIIHOHUPOBAHHUS

o cxeme Ne 1

Table 2. Radionuclide content in the upper (0—7 and 7-10 cm) and lower (52—55 and 55-58 cm) layers of cores
E 15-1 and E 15-2 of the Yenisei River sediments, collected in 2022 and used for sequential extraction schemes

No. 1
Kon mpo0s1, cioii B cMm K-40, bx/xr | Co-60, bx/kr | Cs-137, bk/kr | Eu-152, bk/kr | Am-241, Bx/kr
E15 (0-7 cm) (2008) * 500+28 20012 200+15 128+4 61
E15-1 (07 cem) /1 540+29 23+1 120+5 29+1 2.8+0.4
E15-1 (0-7 cm) /2 520+28 15+1 110+5 28+1 5.8+0.5
E15-2 (07 cm) /2 450+27 13+1 85+4 23+1 3.8+0.4
E15-1 (7-10 cm) /2 495+30 414£2 110+5 40+2 2.7+0.5
E15-2 (7-10 cm) /1 587435 21.5+1 143+5 45+2 16+3
E15-1 (52-55 cm) /1 545431 4342 630+27 310+5 13+£2
E15-1 (52-55cm) /3 520429 40+2 590+26 25545 28+2
E15-2/ (52-55 cm) /3 527430 25+1 635435 176+4 7.5+1
E15-1 (55-58 cm) /1 485426 29+1 595426 185+4 1341
E15-2 (55-58 cm) /2 530+29 3741 520423 255+5 1741

* — nannble padotsl [14] mo ppaxuonunposanuio 10, orobpanubix B 2008 r. BOmu3u ¢. bamayra.
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Puc. 1. Pacnipenesnenue paJoHyKJINIOB 110 XUMu4eckuM ¢paxuusim (%) B Bepxuux (0—7 u 7-10 cm) 1 HIKHUX
(52-55 u 55-58 cm) cnosix kepuoB E15-1 u E15-2 JIO p. Enuces, oro6pannbix B 2022 1. st cpaBHEHUS
npuBe/ieHbl JaHHble padoTsl [14] o dpaxuuonnposanuto npod /10, orodpanusix B 2008 r. (kepu E15, 2008)

Fig. 1. Distribution of radionuclides by chemical fractions (%) in the upper (0—7 and 7-10 cm) and lower (52—
55 and 55-58 cm) layers of cores E 15-1 and E 15-2 of the Yenisei River sediments, collected in 2022. For
comparison, the data from [14] on the fractionation of samples of the surface BS taken in 2008 (core E 15, 2008)

are presented
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CJI0EB KepHOB. BO3MOXKHO, B OT/IENBHBIX IPO0aX MPHCYTCTBOBAIM MUKPOYACTUIIBI HU3KOH aKTHBHO-
CTH PaJIMOHYKIIUIOB.

Pacnipenenenne *?Eu o xuMuueckuM (GpakuusaM BEpXHUX CI0EB KepHoB JIO CyIecTBEHHO OT-
nuuaercs ot takooro juis ¥7Cs u °Co (puc. 1). Bo-nepBbix, Joist mpo4Ho cBsazanHoro 2Eu B mu-
HepaJbHOM ocTaTke ((ppakuus 6) cyiecTBeHHO MeHble — 30—40 %, 1 BO-BTOPBIX, 3HAYUTEIBHO BO3-
pocina noias '’Eu, CBA3aHHOIO ¢ OpraHu4ecKuM BelecTBoM (bpakuus 4) — 1o 60-70 %. ITo naHHbIM
¢dpaxumonuposanus JI0O or6opa 2008 r. [14], mong HeoOGpaTumMo cBsazanHoro >Eu Bo ¢gpakuuu 6 co-
crasiisiaa 55 %, a pons S2Eu, caszannoro B JIO ¢ OKCUAAMK U MMIPOKCHIaMHU METAIUIOB U OpraHuye-
ckuM BeriecTBoM (bpakuuu 3 u 4), roxonuia 10 35 % (puc. 1). AHaIOrHYHBIC PE3yJIBTAThI OBLIN OIY-
6mukosansl panee [5] st 1O p. EHucest 10 ocTaHOBKY peakTopa — 101 CB3aHHOTO C OPraHUYECKUM
BemecTBoM Eu noxoauna 10 53 %. CrnenosarenbHo, 3a neprog ¢ 2008 mo 2022 IT. 10515 CBA3aHHOTO
132Eu B munepanbHom octatke IO p. Exuces usmenunacs ¢ 55 10 30—40 %, HO IpH 3TOM yBEJIUYH-
nack nois P?Eu, CBA3aHHOTO ¢ OPraHUYECKMM BEIECTBOM, ¢ 22 10 6070 %.

Panee nposenénnsle uccienoBanus [4-5, 14] no ¢ppakunonuposanuto npod /10 pexku Ennceit
B 2004-2008 rT. moka3anu GIM3KYH TOTEHIHANBHYI0 MOOMIBHOCTE Y Am u '?Eu. B mactosmiei
pabore npu (pakunoHupoBanuu BepxHux cioés J10, orobpanubix B 2022 ., monydena pous 2 Am
B MHHEPaJILHOM ocTaTKe ((ppakuus 6) B unTepsae 25—45 %, 4To coBNaAaeT ¢ 10l MPOYHO CBSI3aH-
Horo '?Eu B MunepansHoM octatke — 30—40 % (puc. 1), a Takxke ¢ goneii 24! Am B 910l ke ppakuuu
J10 ot6opa 2008 r.— 50 % (puc. 1). IIpu stom **'Am, xak u >Eu, B 0CHOBHOM ObLII CBS3aH C OPraHH-
4yeCcKMM BemecTBOM — OT 40 10 65 % M TOJNBKO B OAHOM ciiydae >*'Am Obl1 OTMEUEH B MOOMIIBHON
obmennoi ¢pakuuu 1 (35 %). Xumunueckoe (ppakironupoBanue npod Bepxuux cioés /1O orbopa
2022 r., 10 CpaBHEHHIO ¢ (hpaKIHOHHPOBAHUEM TOBEPXHOCTHBIX TP00 2004—2008 IT., He BEISBUIIO CY-
IECTBEHHOTO U3MEHEHHS JIOJIM HEOOPATUMO CBA3aHHBIX panuonyknuaos (°Co, ¥'Cs, ' Eu n ' Am)
B MHUHEPAJILHOM OCTaTKe, HO MOKAa3aJlo J0JTOBPEMEHHOE COXPAaHEHHE BBICOKOM MOTEHINAIBHOW MO-
OUIILHOCTH TAKHMX PaJHOHYKJIHMIOB, Kak **!Am u P?Eu.

Jlnst mukHux cnoéB kepros IO (5255 u 55-58 cm) monst 37Cs B MuHepanbHOM ocTaTke ((hpak-
1y 6) 6611a 94-96 % M MOYTH He M3MEHUIIACK, 110 CPaBHEHUIO ¢ ponei Y’Cs B 3TOM (pakuuu 1jis
BepxHUX cnoéB (0—7 u 7-10 cm) — 98-100 % (puc. 1). Hons sxcrparupyemoro *’Cs B MOOHIIBHBIX
¥ MIOTEHIMATEHO MOOMIBHBIX (PPAKIUAX TaKxkKe ObLIa Ha HU3KOM ypoBHe. B omnune ot 37Cs, mons
%0Co B MuHEpanbHOM OcTaTKe HUKHEX ci0éB JIO ymenbiunach 10 50-70 %, 110 CpaBHEHHIO ¢ J0JIEH
%0Co B BepxHuX cnosax (80-100 %). Ymensmenue gonu °Co B MUHEPAIEHOM OCTATKE HUKHUX CIIOEB
J1O cesi3aHo ¢ BospactanueM goiu °Co B MoOuibHbIx Gppakiusx (1 u 2) go 10 %, a taxke Bo3pacTa-
aueM °Co B IOTEHIUMAIBLHO MOOHIIBHOM Opranudeckoil ppakunu 4 u Gppaxumu 3 (OKCHIBI U THIPOK-
cuaBl MeTaiuioB) 1o 25 u 15 % cooTBercTBeHHO (pHC. 1).

Pacnpenenenne ?Eu no Gppakuusam B HUKHHX ClosX kepHOB JIO He OTIMYaeTCs CyIECTBEHHO
OT BepxHuX cinoéB (puc. 1). Tak, 105151 IPOYHO CBsI3aHHOrO “2Eu B MHHEPATIBEHOM OCTATKE P00 HUK-
HUX cJ108B ObLa 25-35 %, uto Gnusko k P?Eu B 510l (pakuuu B BepxHeM cioe (30—40 %). Makcu-
MasbHble Joau S2Eu, CBSI3aHHOTO ¢ OPraHUYeCKUM BEMECTBOM (hpakius 4) JUist HUKHUX U BEPXHUX
cioéB kepHoB J[O cocraBnsimu 65 u 70 %, T.e. mpakTuuecku coBnagaiu. CieayeT OTMETHTh, YTO
B HHDKHHX CJIOAX, B OTJIMYUE OT BEPXHUX CIOEB KEPHOB, HECKOJIBKO YBEIMYMIach 10is 2Eu B Mo-
OounpHbIX Gpakuusix (1 u2) go 7-10 %. D10 MOKET CBUIETEILCTBOBATH 00 yBEIIMYEHUU MOOUIBHOCTH

132Eu B HusKHUX cnostx kepHoB. Ho st 132Eu, B ominuue ot °Co, addext yBenudyenns MoOUILHO-
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CTH B HI)KHHX CJIOSIX HE CTOJIb 3HAYMTENICH U TPeOyeT MpoIoJDKEeHHs uccieioBannil. Pacipeenenue
24 Am no ppakuusiM HIKHUX 0B KepHOB JIO TakKe HE OTIMYAETCs CYHIECTBEHHO OT pacipeseie-
Hus 2 Am 11 BepXHUX CIOEB, aHATIOTMYHO TaHHBIM Ut 2Eu (puc. 1). Jlons > Am B MUHEpaIbLHOM
ocrarke npod HuKHEX coéB IO Obina 35—45 %, 4ro 61au3ko K 2*' Am B 9T0ii (ppakiuK BEPXHETO CIOS
(25—45 %). OcHOBHAas 0N OKCTPArupyeMoro >4/ Am B HKHUX CIIOSIX, KAK ¥ B BEPXHUX CIIOSIX, ObLIa
cBsi3aHa ¢ oprannyeckum BemectsoM J{O.

[TpoBenéHHbIE HCCIIEIOBAHN S BO3MOXKHOTO BIMSHUS (DakTOpa BpeMeHH (pa3HHIa B BO3pacTe 00-
pa3oBaHMsI HIDKHUX M BepXHHX ci10€B KepHOB JIO coctaBmia 3035 jieT) Ha MOTeHIUATIBHY 0 MOOIIb-
HOCTb IBYX pagnonykaua0B ’Cs u *'Am B JIO He manu Jo0CTOBEPHOro noaTeepxaeHus. s S2Eu
(hakTOp BpeMEHH IPUBOJNT K YBEITUUYCHIIO MOOUIBHBIX (popM (ppakiuu 1 1 2) B HIIKHHX CIIOSAX Kep-
uoB J10. Jlns °°Co BnustHue hakTOpa BpEMEHH TaKKe MOATBEPKIAETCS, OCKOIBKY B HIKHUX, O0TIee
paHHUX [0 BpeMeHu obpaszoBanus ciosx O BeIsBIEHO Kak yMeHblnerue 1oud ©°Co B MUHEPAILHOM
octatke (Qppakuus 6), TaK ¥ 3HAUUTENHHOE yBenudenue n0au °Co B MOOMIIBHBIX U HOTEHIHAIBHO
MoOuIBHBIX hopmax (ppakuuu 1-4) (puc. 1). Usmenenue nopsuxkuoctd °Co, KOTOPBIH, KaK MpaBH-
JI0, CBSI3aH B HMDKHHUX CIIOSIX C OKCHJIAMH METaJIIOB, MOXKET ObITh 00YCIIOBIICHO H3MEHEHHEM (haKTOPOB
cpensl (pH, OKHCIUTENPHO-BOCCTAHOBUTENBHEIHN noTeHuan) [23]. B Hmwkuaux cnosx 10 pH o6braH0
CHIIKAETCsI, CMEIasiCh B KUCIIYIO CTOPOHY, YTO OOYCJIOBJICHO MEPEXOJ0M OT OKHUCIUTEIbHBIX K aHa-
9POOHBIM YCIIOBHSM. 3aperUCTPUPOBaHHAs JOCTOBEPHAs Pa3HHUIA B YAEIbHOW aKTHBHOCTH PaHO-
aykmuaos (Y Am, '2Eu, ¥7Cs, °Co) Mexk1y BEpXHMMH M HIKHUMH ClosMu KepHoB JIO (tabi. 2),
a Tak)Ke MEeXX1y OBEepXHOCTHBIMU ciosimu JIO onHOro paifona oréopa crycrs 14 ner (tabm. 2) He mo-
BJIMSUIA CYLIECTBEHHO Ha XapakTep paclpelelieHHs] PajluoHyKIUA0B 10 (GPaKIUsIM U TOTCHIHATb-

HY0 MOOWJIBHOCTH (puc. 1).

Ilocnedosamenvroe xumuyeckoe Gpakyuonuposanue

npobd OOHHBIX OMI0CEeHUL no cxeme Ne 2

PesynbraTsl xumuueckoro ¢pakiuonuposanus npod J1O mo cranmaprHoii cxeme Ne 1 (puc. 1),
a Tak)Ke ONMyOJIHKOBaHHBIE AaHHBIE [4—5] 00bscHsnu cnydan 100 %-i nonu paguonykimunos *°Co
1 137Cs B HEpa3MOKUBILEMCSI MUHEPATBHOM OCTaTKe ((DpaKius 6) NpUCy TCTBHEM MUKPOYACTHII B IIPO-
06ax. DTO CBUETENBCTBYET O IIPOYHOCTH CBSI3AHHOCTH 3TUX PAJMOHYKIIHMJIOB C MATPULEH YaCTHIIBI.
Jltst TOro 94TOOBI OLIEHUTH CTENEHb MPOYHOCTH CBS3aHHOCTH PAJMOHYKIINAA C MaTPUIEH YacTHIIbI,
HEOO0XOIMMO YaCTUYHO PA3JI0KUTh MHHEPATIbHBIA OCTATOK. [IJ151 5TOr0 MBI HCKJIIOYMIIN U3 CTAaHIapT-
Hoit cxembl Tessier Ne 1 (tabm. 1) ¢ppakuuio 5 (AMophHBIE CHIMKATHI), @ BMECTO HEE BBEIH HOBYIO
¢bpakuuo 5* (HeoOmenHbie popmbr) (Tabi. 1), cOrmacHO KOTOPOH MPOBOAMIIN IKCTParupoBaHUE pa-
quonykimnaos 6M HCI u3 JIO npu kunsuenun (Cxema Ne 2 B Tabm. 1). Kak yxe oTmevann Bblle,
cornacHo cxeme Ne 2 Bo dpaxiuu 5* (HeoOMmeHHBIE (hOPMBI) TOJKHBI OBITH PAHOHYKJIH/IbI, KOTOPbIE
paHee OBLITH HE OYCHB ITPOYHO CBS3aHBI C MATPHIICH YacTUI (ppakiuu 6).

Jliist XuMHu4Yeckoro (ppakiMOHUPOBaHUS 10 HOBOM cxeme Ne 2 ucnonb3oBaiu npodsl kepHa 1O
E15 paitona baxayr, 9acTh M3 KOTOPBIX OBLITH 00BEKTaMU (PPAKIIHOHUPOBAHUS 110 CTAHIAPTHOU CXeMe
Ne 1 (puc. 1). B Tabn. 3 npuBeaéH paguoHyKIUIHBIN cOCTaB OAHOI poOsl BepxHero cios (10—13 cm)
" IBYX Npo0 HMkHeH dact kepHa (55-58 m 58—61 cM), HCHOIB3yeMbIX il (paKIIHOHUPOBAHUS
no cxeme Ne 2. MeTozom mociieoBaTesibHOro kBapropanus mpo6 /10 Obliau BbISBIEHBI JBE MPOOBI,

KOTOpBIE [0 JaHHBIM Y-CIIEKTPOMETPHHU MOKa3anu Beicokue aktuBHocTH P7Cs u 21 Am, T.e. comep-
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Kanu paanoakTuBHble Cs-MHKpodacTUIbl 1 Am-Mukpodactuisl. Tak, comepxanue 'Cs n 2 Am
B mpobe BepxHero cios (10—13 cm) gocturano 2470 u 640 Bx/Kr, 9T0O MHOTOKpPATHO MPEBBIIIAIO CO-
JIepKaHUE 3TUX PAJUOHYKIHAOB B APYTrUX ciosfx u HaBeckax mpoO IO xeproB El5 (tabm. 2 u 3).
Jpyras npoba HuxHero cios (58—61 ¢M) Oblia ¢ BHICOKOH akTUBHOCTHIO Y Am n0 104 Bx/kr, T.e.
comepkana Am-MuKpodacTUbl (Tadm. 3). U3 npuBenEHHBIX JaHHBIX CIEAYET, uTo coaepxanue *°Co
B Pa3HBIX CJIOSX BapbupyeT B HEOOJbIIOM anana3zone — 38—59 Bk/Kr, 4ToO MOXXET CBHIETEILCTBOBATh
006 orcyrctBun Co-uacTuil. Takke a1 ppakiMOHUPOBaHUSI 110 HOBOW cxeme Ne 2 HCII0JIb30BaIH IIPO-
6y xepna J10 E15 cnost 55-58 cM, KOTOpasi He COEPKHUT YaCTHUIIBI, HO YacTh ATOH MPOoObI paHee Oblia
MOJBEPrHYyTAa XUMHYECCKOMY (HPaKIIMOHUPOBAHUIO 0 cTaHAapTHOU cxeme Ne 1 (puc. 1). B manHOM
ciryqae npob6a /10 E15 (55-58 cm) OyzeT ciryXKUTh KOHTPOJIBHOH IIpo0OH JIsl cpaBHEHUS IBYX CXEM
(pakIMOHUPOBAHUSI.

ITpo6a JIO E15 (10-13 cm), conepxainas mukpodactunsl 3’Cs u ' Am, Gblia 06bEKTOM XUMHYE-
ckoro (pakuuonupoBanus 1o cxeme Ne 2. B pesynbrare ppakiinoHHpoBaHus NPOObl ¢ MUKPOYACTHIIA-
MU TPOU30IIIO YMEHBIIEHUE JJOJIN ABYX PAIUOHYKIUI0B B MUHEepaibHOM octaTke: ¢ 70 1o 39 % mis
37Cs, m ¢ 11 go 7 % nust > Am, npu CpaBHEHUHM C TaHHBIMHU (PAKIIMOHMPOBAHMS KOHTPOJILHOM MTPOOBI
JO EI15 (5558 cm) o cxeme Ne 2 (puc. 2). IIpr 3TOM OTMEUEHO CYIIECTBEHHOE yBEIUUCHHE JOIH PAIH-
OHYKJIMZIOB B HOBOM (pakuuu 5* (Heobmenusie popmer). U Tonbko mis °°Co HoBast cxeMa GppakuoHH-
poBanust Ne 2 He MpHBeNa K YMEHBIIECHHUIO JI0JIM B MUHEPAJILHOM OCTATKE U ke Hao60poT — Beck ©°Co
ucronb30BaHHOM IpoObl Ha 100 % 6611 Bo (paxiiuu 6 (puc. 2). DTO CBUAETEIBCTBOBAJIO O IIPHCY TCTBUH
B 11po6e /10 Co-MuKpodacTHIl, KOTOpbIe He OBIIN BBISBICHBI METOIOM KBAPTOBAHUS, KAK M JUISI IPYTHX
noBepxHOCTHBIX 1pod 1O npu dppakunonuposanuu no cxeme Ne 1 (puc. 1 u 2).

[Tpo6a J10 E15 (58—61 cm) copeprkana Am-MHKPOYACTHIIBI, HO MEHbIIEH aKTUBHOCTH, B CpPaBHE-
Huu ¢ npodoii E15 (10-13 cm) u Takxe Oblia 00bEKTOM XMMHUYECKOTO (PpaKIMOHUPOBAHHUS 110 CXEME
Ne 2. U3 puc. 2 cnenyer, 4To, Kak U B Apyroi npode ¢ Am-mukpouactuamu E15 (10-13 cm), mons
24l Am B MUHEpPAIBLHOM OCTATKE TaKKe MUHUManbHas (ae 6onee 10 %). [Ipu atom mons **'Am B op-
raHnueckoil ¢ppakuuu (ppakuus 4) ymensmaercs ¢ 55 % ans KOHTposbHOH mpoObl E15 (55-58 cm)
u 10 10-30 % ans npo6 ¢ Am-mukpouactuuamu (puc. 2). Jns paguonyknunos 3’Cs u ?Eu pacnpe-
nenenne 1o gpakuusam mpodst 10 E15 (58—61 cm) ¢ Am-MuKpovacTHIIaMH HE OTJINYAJIOCH OT pac-
NpezesieHUs paJMOHYKIIUIOB B KOHTPOJIbHOH npobe 6e3 uactuil E15 (55-58 cm). B atoit npobe E15
(58-61 cm) nosenenue °Co npu GppaKIHOHUPOBAHUH TAKKE OTIMYATIOCH OT KOHTPOIBHOI Mpo0kl 6e3

YaCTHL, TIOCKOJILKY OTCYTCTBOBaAN °CO B OTHOCHUTENFHO MMIPALIMOHHBIX (pakuusax (Gppakuuum 2, 3

Tabnuua 3. Conepxkanue paanoHyKIua0B B BepxHeM (0—13 cm) u HuxHUX (55-61 cm) ciosx 1O kepHa E15,
0TOOpaHHBIX B 2022 I. ¥ UCTIOJIB3YEMBIX JIJIsI XUMHUYECKOTO (PpaKIIMOHUPOBAHUS IO cxeme Ne 2

Table 3. Content of radionuclides in the upper (0—13 cm) and lower (55-61 cm) layers of the sediments of core
E 15, collected in 2022 and used for sequential extraction schemes No. 2

Kon mpo0sr (citoit) Macca ipo6sl, T | Co-60, br/kr | Cs-137, Br/kr | Eu-152, br/kr | Am-241, Bx/kr
E15 (10-13 cm) ¢ yactumen 19 5942 2470+120%* 3942 640+40*
E15 (58—61 cm) ¢ vactuueit 19 3841 730430 289+5 104£5*
E15 (55-58 cm). Kontpois 30 4742 560+25 259+6 11,9+1,1

* —mpoOs 1O coaepkanu paguoaKTHBHBIC MUKPOYACTUIIBL.
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Puc. 2. Pactipenenenne paiHOHYKIIHAOB I10 XUMHUCCKUM (PpaxusyM paanoHyKIua0B (%) B OTACIBHBIX CIOSX
kepHa E15 J1O p. Enuces, orobpannoro B 2022 roay, nNpH UCIIOJIB30BAHUHA HOBOW CXeMbI (YPaKLIMOHUPOBAHHS
Ne 2. TTpo6sr E15 (10-13 cm) u E15 (58—61 cM) comepkat MEKPOYaCTHIIBI

Fig. 2. Distribution of radionuclides by chemical fractions of radionuclides (%) in individual layers of core E 15
of the Yenisei River sediments, collected in 2022, using the new sequential extraction schemes No. 2. Samples
E 15 (10-13 cm) and E 15 (58—61 cm) contain microparticles

u 4), npu cpasaennu ¢ pacnpenenennem *°Co mo Cxeme Ne 1 u Cxeme Ne 2 (puc. 1 u 2). s nannoi
npoOsl IO E15 (58—61 cm) ¢ Am-mukpouactuiamu paguonyknua °Co na 30 % Obi1 Bo ppakuuu 5%
u Ha 70 % °°Co — B MUHEpPAIBHOM OCTATKE ((Pppakims 6). ITO TAKIKE CBUAETENLCTBYET O TIPUCY TCTBUM
80Co-mukpouacTuil.

Hcnonp3oBanue HOBOW cxembl (pakuuoHupoBanust Ne 2 st koHTposibHoW mpooOsr IO E1S
(5558 cm) (puc. 2) mpu cpaBHEHUH €O CTaHIApTHOM cxemoil Ne | moka3zaso st TpéX pajnoHyKIIH-
noB (7Cs, 52Eu u 2! Am) yMeHbIIEHNE T0TM PAAUOHYKIHUIOB BO (PAKIUKM MUHEPAILHOTO OCTATKA
6 u yBenuuenue nonu Bo (paxnuu 5* (Heodmennsrie popmsel) Ha Benuunny 20-30 % (puc. 2). 3o
CBHJIETEJILCTBYET O 00Jiee CUIIBHOM XMMUYECKOM Bo3jieiicTBuu HOBOM dpakiuu 5% (6M HCI) Cxembr
Ne 2, o cpaBHeHuto co cranaaptHoil Gppakiueii 5 (0.2M NaOH) Cxemsl Ne 1. U tonbko mist °Co
HE OTMEUYEHO M3MEHEHHUsl JIOJIM PaJUOHYKIHIA BO (hpaKkiy MUHEepanbHOro octarka 6 Cxembl Ne 2,
HECMOTpsI Ha OoJiee CHIIbHBIE XUMUYECKHE YCIIOBHUS HOBOH (hpakiuu 5.

Panee ormeuanu [12—13], uro MeTasuibl (paiuoOHyKIUABI) B IEPBBIX ABYX (ppakuusx (0OMeHHas
n xap6oHatsl) 1O SIBISIIOTCS TOTEHIMAIBHO OMOIOCTYITHBIMU ISl OMOTHI 1 MOOMIIBHBIMH B OKpY>Ka-
onie cpeae. Pagronykianael Bo Gppakiusax 3 u 4 (okcuasl Fe-Mn 1 opraHindeckoe BEIIeCTBO) TAKKe
MOT'YT OBITh MOTEHIIHAIBHO OMOIOCTYITHBIMH MTPH ONPECIEHHBIX YCIOBUSIX — OKCUABI Fe-Mn mMoryT
OBITh HECTAOMJIBHBI, U OPraHMYECKOE BEIIECTBO MOXKET pa3nokuthes [9, 12—13]. B 0030pe meTomoB
XUMHYECKOro GpakunoHnpoBanus [13] ormedaercs, 9To B OONBIIMHCTBE MyOIUKAUI «ONOZOCTYTI-
HBIM/MOOHJIBHBIM ITYJIOMY» PaJIMOHYKJIUJIOB SIBISIIOTCS BCe (PPAKIIMKA XMMHUYECKOTO (ppaKiinOHUPOBa-
HUS 32 HCKITIOYEHHEM MUHEpaIbHOro ocTaTka. CienoBaTebHo, B HalIeH paboTe OlleHKa «ONo0CTYII-
HOT'0/MOOMJIBHOTO T1yJIa» PaJiMOHYKIIUI0B Oy/IeT OCHOBAaHA Ha MEPBBIX ISTH GPAKIIHIX XUMUYECKOTO
(paKIIMOHUPOBAHUSI.

[To pesysibraTaMm NMpPOBEAEHHBIX UCCICAOBAHUI MPOYHOCTH CBSI3bIBAHUSI TEXHOI'€HHBIX PajiHo-

HYKJIUJOB II0 CTaHAApTHOU cxeme (pakimoHupoBanust Ne | B BEpXHHMX M HIDKHHX cllosix kepHa J1O
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paiiona Bamayr (puc. 1) momydena mocnea0BaTenbHOCTh, cornacHo kotopoit ¥7Cs n °Co maubomee
npouno cazansl ¢ JO, a '2Eu u *!Am — menee npouno (¥’Cs > °°Co > 32Eu = ?*! Am). Ucnons30-
BaHHUE HOBOM CXEMBI XMMHUUYECKOTO (pPaKIMOHUPOBAHUS Ne 2 [UIst MCCIIEIOBAHMS IPOYHOCTH CBA3BI-
BaHMs paguoHyKIHI0B B JIO BEPXHUX M HHIKHHX CIOEB KEPHA, COMEPKAIMX MUKpodacTuibl 3/Cs
u > Am (puc. 2), ©3BMEHHJIIO PSI[I TOCIIEN0BATENLHOCTH IPOYHOCTH CBA3bIBAHUS pauonyKinaos: *°Co
> 137Cs > 132Fu = 24! Am. Ha 0CHOBaHUH TOJTYYEHHBIX JAHHBIX MOXKHO yTBEPKAaTh, uTo 4! Am B op-
M€ MUKPOUYACTHIL ABISAETCS GOJIEE MUTPAIMOHHBIM U OMOIOCTYIHBIM 10 cpaBHeHuto ¢ 37Cs B popme
MuKpodacTuil. HecMOTps Ha TO 4TO B MCCIIENOBAHHBIX pobax KBapToBanue npobbl JIO He BbISBU-
710 CO-MHUKPOYACTHIIBI, METOM XMMUYECKOTO (hpakunornposanus nokasan 100 % npucyrctsue ©°Co
B MUHEPAJILHOM OCTATKE, T.€. IPOYHOCBA3aHHON (opme. Bepostro, ©°Co naxoautes B Goiee TpyaHo-

pacTBOpUMOii popme B cpaBHEHUH ¢ paguoRyKauaamu > Am u ¥’Cs B coctase Mukpouactun B J1O.

3akjrouenne

[TpoBenéunslii y-cnekrpoMerpuueckuil ananns npod /10 pexn Enwuceit B OnurkHel 30He BIus-
Hust [ XK (c. bamuyr) 3apeructpupoBai MHOTOKpaTHOE MPEBBIIICHNE TEXHOICHHBIX PaIUOHYKIIH/IOB
(®°Co, 137Cs, 52Eu u ' Am) B HukHUX (52—61 cM) CII0SX KEPHOB 0 CpaBHEHHIO ¢ BepxHuMu (0—13 cm),
YTO CBUJIETEIBCTBYET O COKpaIllleHUH paarnoakTuBHbIX cOpocoB I'XK B p. Enuceli mocie octaHOBKH
peakropa B 2010 . B ornensubIx ciosx /10 Oblin OTMEUYEHBI PaJHOaKTHBHBIE MUKPOYACTHIIBI, CO-
nepxamue 7Cs u 2 Am.

B pesynbrare ncclieoBaHUH IPOYHOCTH CBS3BIBAHMS TEXHOI'CHHBIX PAJHOHYKIIUIOB 10 CTaH-
JapTHOM cxeme (pakuroHupoBaHus Ne 1 B BEpXHHMX M HIIKHUX closix kepHOB /IO ycTaHOBIICHO,
YTO pa3HMLA B BO3pacTe UX o0pa3oBaHus (35 yieT) He NOBIHsIIA HAa TOTCHIHATIBHY I MOOUIBHOCTD
paguonykauaos ’Cs u *'!Am, HO yBenwuuna J0JK0 MOOUIBHBIX (OPM PamMOHYKIHI0B “2Eu
u °Co B HHKHUX cI0X KepHOB. HauGonee npouno ceszansl ¢ JI0 ¥7Cs u ®°Co (B HepacTBOpHMOM
ocrarke 55-100 %), a 5?Eu u **' Am — MeHee npo4HO (B HEPACTBOPUMOM ocTaTke 2545 %). [TonHoe
coxpanenue paguonykinuaos °Co u ¥’Cs B Hepa3I0KUBIIEMCS MUHEPAIBHOM OCTAaTKE 00YCIOBIIE-
HO MPHUCYTCTBUEM B IIpo0axX pajMOaKTHBHBIX MUKPOYACTHULL. J[JIs1 OLlEHKH MPOYHOCTHU CBSI3aHHOCTH
pPajMOHYKIUAA ¢ MaTpULei YacTul Oblia mpeiokeHa cxemMa Ne 2 XUMHUYECKOro (pakLHOHUPO-
Banus JIO, B KOTOPO#l MUHEPAJIbHBII 0cTaToK yacTu4dHO pasnaraercs B 6M HCI. Tlocne dpaxiu-
onuposanus npo6 10 mo cxeme Ne 2, comepxkamux Mmukpodactunsl ¥’Cs u >*'Am, nabarogaercs
yMEHBIIEHHE N0JH ABYX panuonykiaumaos (13’Cs u ! Am) B MUHEPATILHOM OCTATKE, IPU CPABHEHUH
¢ pesynbraramu (HpaKMOHUPOBAHUS KOHTPOIbHOM npobbl JIO Ge3 wactun. Oguako aus ©°Co Ho-
Bas CXeMa He IpHBeJia K YMEHBIIECHHUIO ero JI0J1 B MUHEPaJIbHOM OCTAaTKe, YTO MOKa3bIBAET MPOY-
HYI0 cBs13b paguonykiuaa °Co ¢ mukpouactunamu. CoXpaHeHHE ATUTENBHOE BPEMSI BBICOKOH MO-
TEHIMAJbHONH MOOUJIBHOCTH OTACIBHBIX TEXHOICHHBIX PaaroHyKIuI0B B JIO, HE3aBUCHMO OT UX
yIeNbHON aKTUBHOCTH, HEOOXOAMMO YYUTHIBATh IIPU IPOTHO3E OHOJOCTYITHOCTH PaJHOHYKIUI0B

B 3KOCUcTeME pexu EHuceil.
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Abstract. The effect of Cr, Mn, and Ni alloying additions on the oxidation and corrosion behavior of
the Zn22A1 zinc—aluminum alloy intended for protective coatings was investigated. The kinetic and
energetic parameters of oxidation were studied in the temperature range of 523—623 K, and the true
oxidation rates and activation energy were determined. It was established that manganese accelerates the
oxidation process, whereas chromium and nickel exhibit an inhibiting effect. The influence of alloying
on the electrochemical behavior and microstructure of the alloy was demonstrated. The obtained results

can be used in the development of effective protective coatings.
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XuMu4ecKkas 1 3JIEeKTPOXUMHYECKAs KOPPO3us
cmi1aBoB cucteM Zn22Al1-Cr, Zn22Al1-Mn u Zn22Al-Ni

B pa3/IMIHBIX Cpeaax

®. A. Paxum3zona, . H. I'anues, 3. P. Oounos

Hucmumym xumuu umenu B. U. Huxumuna

Hayuonanvnou axademuu nayx Tadsxcukucmana

Pecnybonuxa Tadoxcuxucman, /[ywanbe

Vuueepcumem unnosayuu u yugposwvix mexuonozcuu Tadxicukucmana
Pecnybonuxa Tadorcuxucman, Kynab

AnHoTanus. B pabote ncciienoBaHo BIusHUE Jerupyromux g00aBok Cr, Mn u Ni Ha OKHCITUTEIIbHBIC
1 KOPPO3HOHHBIE CBOMCTBA IIMHK-AJIIOMUHHUEBOTO cIiIaBa Zn22Al, mpeqHa3HaYeHHOTO [T 3aIIUTHBIX
HOKPBITUH. M3y4eHbl KHHETHUECKHE U SHEPreTHIECKUE ITapaMeTphl OKHCICHHS B MHTEPBAJIe TEMIEPaTyp
523-623 K, onpeneneHbl HCTUHHBIE CKOPOCTH OKHMCIEHUS U SHEPTUsl aKTUBALIMHU. YCTAHOBIIEHO, YTO
MapraseIl yCKOpseT MPOIecc OKUCIECHHS, TOTAa KaK XpOM M HUKEINb OKa3bIBAIOT HHTHOUpYIOIIee IeHCTBHE.
[Toka3zaHo BIMSHNE JISTUPOBAHUSI HA JIEKTPOXHMHYECKOE ITOBEIEHNE M MUKPOCTPYKTYPY CIUIaBa.

[NonyyeHHble pe3yJIbTaThl MOI'YT OBbITh UCIIONB30BAHBI IIPH Pa3padoTKe P PEKTUBHBIX AU THBIX MOKPHITHH.

KarwueBble cioBa: cruias Zn22Al, neruposanue Cr, Mn, Ni, peHTT€HOCIICKTpaJbHbIN aHAIN3,
MHKPOCTPYKTYPa, OKUCICHHE, KOPPO3ZUOHHASI CTOHKOCTD, JJIEKTPOXMMHUYECKUE XapaKTEPUCTUKH,

OKCUJHBIH CJIOH, 3alIUTHBIE IOKPBITHUS.

Iurtuposanue: Paxumsona ®. A., I'anues . H., O6uoB 3. P. XuMudeckas n 2JIEKTPOXHUMUYECKasi KOPPO3HUs CIUIABOB CUCTEM
Zn22A1-Cr, Zn22Al-Mn u Zn22Al1-Ni B paznuunsix cpenax. XKypn. Cub. denep. yn-ta. Xumus, 2026, 19(2). C. 281-292.
EDN: DKIVPF

B coBpemeHnHOM MEpE TIpU pa3pabOTKe HOBHIX 3aIIUTHBIX MOKPHITHI U KOHCTPYKIITHOHHBIX
MaTepHaJIoB, PEIHA3HAUYCHHBIX I pa0OThI B 0OCOOCHHO KECTKHUX YCIOBHSX, 3a/aua 3aKIH0YaeTCs
B MTOBBIIICHUY WX aHOJHOW CTaOMIBHOCTH ¥ MMPUIAHUH KOPPOSHOHHOW CTOHKOCTH — IPAKTHIECKOE
peleHre, KOTOPOE CBSI3aHO C YPOBHEM 3HAHUHN B 00J1aCTH (DU3UICCKON XUMUH.

Beskoe (pu3nKko-XxUMHYECKOE BO3NICHCTBIE, BIUSIONIEE Ha (JOPMY, pa3Mephl, CTPYKTYPY, COCTaB
WIY COCTOSTHUE TIOBEPXHOCTH METAINIMUECKOT0 MaTepuralia, MpUBOAsIIee K HeXKeIaTeIbHOMY U3MEHe-
HUIO CBOWMCTB 00BEKTA, OMpPEesieTcsl Kak aHOTHBIN 3 dexT. J[r000i aHOIHBIN MPOIIecC MPOTEKAST
Ha rpaHule AByx (a3 (MaTepuai—cpesna), To eCTh IBIJISETCS reTeporeHHbIM [1-3].

dyHIaMEHTaIbHBIC HCCICOBAHUS IIPOIIECCOB KOPPO3UH CIIOCOOCTBYIOT JaTbHEHIIIEMY TTPO-
rpeccy B IaHHO# 00acTu. Takue nccieaoBaHus, HAYaBIIHECs B CEPEUHE MPOIIJIOro BEKa, IIPUBEIN
HE TOJIBKO K IIOHIMAaHHIO IIPUPOIHI IpoIiecca KOPPO3UH, HO K YCTAaHOBIICHUIO BaXKHBIX 0COOEHHOCTEH
X MEXaHHM3Ma U LEJIOTO Psa MPUHITUITHATBHBIX 3aKOHOMEPHOCTENH. DTO MOCIYKHUIO OCHOBOM TSI
CO3/J]aHUsI HOBBIX METO/IOB U CPEJCTB 3aILUThI U3IE€TUN OT KOppo3uu [4—6].

OnuH n3 3(Q(EKTUBHBIX U PEANBbHBIX MYTEH MOBBIIMICHUS AHOAHONH YCTOWYMBOCTH IUHKOBO-

AJIIOMUHUCBOI'O CIlJIaBa — HNOKPBITHS C LHEJIbIO 3alIUTBI YTJIICPOAUCTBIX CTAJIbHBIX I/I3Z[€J'II/II>1 OT KOpPpO-
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3MHU — SIBJISIETCS YBEJIMUSHHE CKJIIOHHOCTH TIOKPBITHUS K IIACCHBAIMH U ITOBBIIIEHHE CTA0UIBHOCTH Iac-
CHBHOTO COCTOSIHHS. B nmuTepaType BCTpedaroTcsi pasinyHble MOIU(GHUKAINHE [IHHK-aJIIOMUHUEBBIX
CILTaBOB, JISTUPOBAHHBIX TPETHUM KOMIIOHEHTOM [7—20].

PaboTa mocBsieHa N3yYEHNI0O XUMUYECKON U 3JIEKTPOXHUMHUYECKON KOPPO3UH CILIABOB CHCTEM
Zn22Al1-Cr, Zn22A1-Mn u Zn22 Al-Ni B pa3iiuHbIX Cpeaax v pa3paboTKe ONTHMAJIBLHOIO COCTaBa HO-
BBIX CIIJIaBOB, KOTOPBIE IIPEIHA3HAUCHBI B KAUECTBE aHOAHBIX TOKPBITHH JJIS 3aIIUTHI YTIEPOAUCTBIX

CTaJIBHBIX U3JEJINI, KOHCTPYKIIUH U COOPYKEHUN OT KOPPO3ZUOHHOI'O pa3pyLUEHUsL.

MarepuaJibl U METO/bI

HccrienoBanre aHOTHOTO MOBEICHUS M OKUCIEHUS CIUtaBoB cucteM Zn22Al-Cr (Mn, Ni) mpo-
BEJICHBI C MPUMEHEHHEM CKAaHHMPYIOIIEro 3eKTpoHHOro mMukpockona SEM cepum AIS 2100; nm-
mynbcHoro norennuocrara [1M-50.1.1; meramtorpaduyeckoro mukpockona ERGOLUX AMC; tep-
MOrpaBUMeTpU4ecKux BecoB u npubopa JIPOH-3.0. Maremaruueckas u craTucTuyeckas oopaborka
9KCTIEPUMEHTAJIBHBIX PE3yJIbTaTOB BBIMOJIHSIIACH C HCIIOJIB30BAaHHEM KOMITBIOTEPHON IPOrpaMMBbl
Microsoft Excel. O0bekTaMu HCCIICIOBAHUS CAYXXHIN ITUHK Mapku XU (rpaHyIdpOBaHHBIN), allto-
MHHHT Mapku A7 ¥ eTo JTUTaTypsl ¢ XxpoMoM (Mapku XY), mapranuem (Mapku MY) u HukereM (MapKu
H-2) (o 2 % Cr, Mn u 6 % Ni). llluxToBKa cIjiaBa MpoBOAMIIACH ¢ YUETOM yrapa MeTasuioB. LLnxTe
n3 00pa3noB crraBoB cucteM Zn22Al1-Cr, Zn22Al-Mn u Zn22Al-Ni cHHTe3npOBaIl B KOPYHIOBBIX
turisix u3 Al,O; B maxTHoit neun snexrpuueckoro conporusienus Tuna CIIOJ B unTepBale Tem-
neparyp 700—-850 °C. Ha ocHOBaHMH BBIIIEM3I0KEHHOTO, € LIEIbI0 SKCIEPUMEHTAIbHOIO U3YUEHUS
XUMHYECKON Koppo3uu criaBa Zn22Al, nernpoBaHHOTO XpOMOM, MapraHiieM U HUKEJIEeM, B TBEPIOM
coctossHUU u u3oTepMmuueckux yenmopusax (T = 523, 573, 623 K) npuMeHsIH METOJ TePMOT paBUMe-
Tpuu [21-23]. O6pa3ibl CIIABOB TaKXKe MOABEPrajuCh UCCIEAOBAHUIO 3JIEKTPOXUMHUIECKOI KOppo-

3un. MeTonnKa MpoBeIeHUS HCCIeIOBaHIS MOIpoOHO onrcana B paboTax [24-26].

Pe3yabTaThl M 00Cy:KAEHUE

Kunernveckue KpuBble poliecca okucieHus ciiasa Zn22Al, neruposansoro 0,5 mac.% Cr, Mn
n Ni, npencTaBieHsl Ha puc. 1. AHaIN3 SKCIIePUMEHTAIBHBIX JAHHBIX TIOKa3bIBACT, YTO JJIs BCEX HC-
CJIEZIOBAaHHBIX 00PA3II0B MPOILECC OKUCICHUSI COMTPOBOXK/IAETCS YBETUICHUEM MACChl BO BPEMEHH, UTO
CBHJICTEJILCTBYET O (JOPMUPOBAHMH OKCHIHOTO CJIOSI Ha TOBEPXHOCTH CILIABOB.

Jlst mcxonnoro craBa Zn22Al (puc. la) xapakTepHa BbICOKas CKOPOCTbh OKHCJICHHWsI Ha Ha-
YaJIbHOW CTaJlnM, CBSI3aHHAs C MHTCHCUBHBIM 00pa30BaHMEM OKCHIOB IIMHKA M aJIIOMUHUS, KOTOpas
CHIKAeTCsI 110 Mepe (GOPMHUPOBAHUS 3ANIUTHON OKCHAHOM eHKHU. JlerupoBanue xpomoMm (puc. 1b)
MIPUBOJIUT K 3aMETHOMY 3aMeJJICHHUIO ITPoLiecca OKUCIICHHS 3a cueT 00pa30BaHus MIIOTHOTO U TEPMO-
JUHAMUYECKH yCTOMYMBOro cjos. BBeaenue mapranna (puc. 1c) yBeaTuduBaeT CKOPOCTh OKUCICHUS
BeieacTBrEe GOPMUPOBAHMS MEHEE 3alIUTHBIX OKCHIOB, TOT/a Kak jo0aBka HUKeNs (puc. 1d) okassl-
BaeT YMEPEHHOE HHTHOUpYyIollee ieiicTBre, 00yCIOBIEHHOE TOBBIIIIEHUEM CTAOUIBLHOCTH U CIUIOLI-
HOCTHU CMEIIaHHOTO OKCHTHOT'O CJIOSL.

[IpencrarieHbl CTOMOUYATHIC TUATPAMMBI PacIpeACICHHS IPOAYKTOB OKUCICHU ciiiaBa Zn22Al
u ero aeruposaHHbixX ¢ 0,5 mac.% Cr, Mn u Ni Ha puc. 2. JI7s HCXOIHOTO CIIIaBa OCHOBHBIMHU KOM-
MOHEHTAMHU OKCHAHOTO cjos siBisitoress ZnO u AlOs, ipu 3TOM ci0ii popMupyeTcss HepaBHOMEPHO

u 06na;[aeT OrpaHNUYCHHBIMHA 3allIUTHBIMU CBOICTBaMH. .HGFI/IpOBaHI/IG XpoMOM CHOCO6CTByeT YBC-
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Puc. 1. Kunernueckue KpuBbIe mporecca OKUCIeHUs crutaBa Zn22Al: (a) HCXOAHBIHN CILIaB, JIETUPOBaHHBIH (b)
0,5 mac.% xpoma, (c) 0,5 mac.% mapranna u (d) 0,5 mac.% HuKens

Fig. 1. Kinetic curves of the oxidation process of the Zn22Al alloy: (a) base alloy; alloyed with (b) 0.5 wt.%
chromium, (c) 0.5 wt.% manganese, and (d) 0.5 wt.% nickel
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Puc. 2. llITpuxpeHTreHOrpaMMbl IPOAYKTOB OKUCIICHUs crutaBa Zn22Al (a), conepxamuii (b) 0,5 mac.% xpom,
(c) 0,5 mac.% maprasnen u (d) 0,5 mac.% HuKeTb

Fig. 2. X-ray diffraction patterns of the oxidation products of the Zn22Al alloy(a): containing (b) 0.5 wt.%
chromium, (c) 0.5 wt.% manganese and (d) 0.5 wt.% nickel
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nmuenuto 1o Cr203 u Al2Os B OKCHUIHOM CJI0€, YTO 00ECIIeUnBAET €ro MOBBIIICHHYO MJIOTHOCTh
¥ TePMOJUHAMUYECKYIO CTAa0MIBHOCTH. JJoOaBKa MapraHIla MPUBOJUT K MIPEOOIIaJaHUI0 MCHEE ILIOT-
HBIX OKCHI0B MnOyx 1 ZnO, 4TO CHMKAET 3aIIUTHBIC XapaKTePUCTUKHU MOKPHITHA. B cimyuae HuKens
(dopmupyeTcst 6oee paBHOMEPHBIN U CIUIOIIHON OKCHIHBIN cioi, BKatodatomuid NiO, ZnO u Al>Os,
YTO yJIy4IllaeT ero 0apbepHbIe CBOICTBA.

Amnanu3 gaHHBIX Tabn. | MOKa3bIBaeT, YTO KUHETHUKA M TEPMOCTAOMIBHOCTh OKCHIHOTO CIIOS
crutaBa Zn22 Al cy1ieCTBEHHO 3aBUCST OT THIIA M KOHIICHTPALMH JICTUPYFOILETO dJieMeHTa. st HeXo1-
HOTO CIUTaBa HAOIOAAaeTCS MOCTEIICHHOE YBETNICHHE HCTHHHOM CKOPOCTH OKUCIICHUS C POCTOM TEM-
HepaTypsl, YTO COOTBETCTBYET KIACCHYECKOMY TEPMOINHAMHUYECKOMY MTOBEICHHUIO TBEP/IBIX CINIABOB
1 OTpakaeT moBsImeHue nuddy3nn kuciopona yepes GopMUPYIONIUHACT OKCHITHBIHN CII0H; 3P PEKTHB-
Has SHEPIUs aKTUBALUU cocTaBisieT 151,2 kJ[>k/MOJ1b, 4TO yKa3bIBACT HA YMEPEHHYO TEPMOCTAOMIIb-
HOCTHh TOKPBITHS. JlermpoBaHUEe XPOMOM IPUBOIUT K CHIDKEHUIO CKOPOCTH OKHCIICHUS, OCOOCHHO
npu masoil korrentpanuu Cr (0,01 mac.%), a sHeprus akTUBanuu Bo3pacraet 10 162,4 kJx/Moib,

YTO CBUACTCIBLCTBYCT O q)OpMI/IpOBaHI/II/I IJIOTHOI'O U TEPMOANHAMHUYCCKU YCTOﬁqHBOFO 3aMCIJIAI0-

Tabnuua 1. Kunetnyeckue u SHEpreTHYECKUe napaMeTpsl IpoLecca OKUCIeH s crutaBa Zn22Al, iernpoBaHHOTO
XPOMOM, MapraHiieM 1 HUKEJIeM, B TBEPAOM COCTOSIHUU

Table 1. Kinetic and energetic parameters of the oxidation process of the Zn22Al alloy alloyed with chromium,
manganese, and nickel in the solid state

Temtieparypa okucICH, HcTtunnas cxopoc4TL Db dexTuBHas FSHEPTHS
JlobGaBku B cruiaBe, Mac.% K okucienus K107, AKTUBALIMU OKUCIICHUS,
Kkr-m2c! kJIx/MoIb

523 3.00

- 573 344 151.2
623 379
523 2.55

0.01 Cr 573 299 1624
623 342
523 2.61

0.5Cr 573 3.05 160.6
623 348
523 436

0.01 Mn 573 4.68 1475
623 515
523 4.88

0.5 Mn 573 521 1371
623 5.67
523 230

0.01 Ni 573 242 180.0
623 3.05
523 241

0.5 Ni 573 2.83 168.4
623 329
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mero auddysuro kucnoposa. Beenenne Maprania, HAPOTUB, YCKOPSIET MPOLIECC OKUCICHHS U CHU-
JKaeT PHePTHro aktuBanuu 10 147,5-137,1 xI»x/M0OIs IpH YBETUYCHUH KOHIICHTPAILIUH, YTO CBA3aHO
¢ 00pa3oBaHMEM MEHee IUIOTHBIX M CIIa003alMTHBIX OKCHJIOB, CIIOCOOCTBYOLINX 00Jiee MHTEHCHB-
Hoit nuy3uu kuciopona. JlodaBka HUKENS MPOSBIISCT BRIPAKCHHOE HHTHOUPYIOIee AeWCTBYE: OHA
CHIIKAET CKOPOCTh OKHMCJICHHS W MOBBIIIAET dHEpruto akTuBaiuu 10 168—180 k/»x/Moib, 0coOeHHO
nipu Mastoit korueHTpanuu Ni (0,01 mac.%), uto oObsicHsAeTCS GOpMUPOBAHHEM CTAOMIEHOIO OKCHI-
HOT'O CJIOS M TIOBBIIIIEHUEM €r0 3alIUTHBIX CBOMCTB.

Maremarnueckast allpoOKCUMaInsl KPUBBIX OKUCIeHN cruiaBa Zn22Al, neruposannoro Cr, Mn
1 Ni, ¢ IOMOIIBIO MMOJMHOMHAIBHBIX (YHKIHHA YETBEPTON CTENEHH MoKa3aja BBHICOKYI TOYHOCTb
(R?>0,986), myist MCXOMHOTO CIUTaBa HaOIIOMaeTCs OBICTPHIN POCT MACCHI HA HAYaJIbHOU CTa U, KOTO-
pbIii 3ameyIsieTcst o Mepe (OPMHUPOBAHUS 3aUTHOTO OKCHIHOTO ciost. Kak BUIIHO, HETMHEHHOCTh
KPMBBIX 3aBHCHMOCTH (g/8)>-t Io4ePKUBAET rUNEPOOIMYECKUI MEXAaHU3M OKUCIIEHH S MCCIIENYEMBIX
CIIJIAaBOB, UTO W MOATBEPXKAACTCS U3 aHATMTHYECKUX 3aBUcUMocTel y = Kt", rae n = 2+4 (tabu. 2).

PesynbraTel KOMWYECTBEHHON OIICHKH KOMITOHEHTOB, COCTABIISIFOIIMX CILIAB, IPEACTABIICHBI
Ha puc. 3 aus crasa Zn22Al, nerupoBantoro no 0.5 mac.% XpoMoM, MapraHiieM 1 HUKesieM. PeHT-
TEHOCICKTPaTbHBIC THHUHU CBUACTEIECTBYIOT O COOTBETCTBUH 3aJaHHBIX (II€JIeBasi IporpamMma) 1 Io-
JyYEeHHBIX (JOoCTUraemasi MporpamMma) COCTaBOB CHHTE3MPOBAHHBIX JIETHPOBAHHBIX CINIAaBOB. TodY-
HOCTb IIPOBEPKH I10 pe3yJIbTaTaM aHain3a cocTanisia 10~ 0T u3MepeHHON BEIMYMHBL

AnopnHoe nosesieHue criaBoB cucteMm Zn22Al1-Cr (Mn, Ni) B kucibix (0.1 1 HCI), HeiiTpanbHbIX
(3 % NaCl) u mienmounsix (0.1 # NaOH) cpenax BRICOKOI KOHIICHTPALHH U3YYaIl MOTCHIIMOCTaTHYe-
CKHMM METOAOM B IIOTEHIIHOANHAMUYECKOM PEKHUME CO CKOPOCTHIO TMHEITHOM pa3BEPTKH MOTEHIIHAA
2 mB/c Ha nmpubope norennuoctar-I111M.50.1.1 (tadm. 3).

Koppo3HOHHO-3JIEKTPOXUMHUUYCSCKUE UCCIea0BaHus citaBa Zn22Al u ero JerupoBaHHbBIX MOIHU-

(1)1/11(31.[1/11‘/’1 IIoKasalJid, 4To HCXOZ[HBIﬁ CIlJIaB 06naz(aeT HauOOJIbIIEH CKOPOCTBIO KOPPO3UH BO BCCX U3-

Tabnauua 2. PesynasraThl MaTeMaTHUeCKOH 00pabOTKM KpPUBBIX Ipoliecca OKHCIeHHs crutaBa Zn22Al,
JIETUPOBAHHOI'O XPOMOM, MapraHiLeM U HUKeJIeM

Table 2. Results of mathematical processing of the oxidation process curves of the Zn22Al alloy alloyed with
chromium, manganese, and nickel

CreneHb
JloGaBku Temnepatypa
TTomMHOMBI KPUBBIX OKHCJICHHSI CILIIABOB JIOCTOBEPHOCTH
B criaBe, Mac.% | okwucieHus, K 2
anmpokcumaruu, R

523 y =0.002x* + 0.005x3-0.066x2 + 0.334x 0.987

- 573 y =0.002x*+ 0.003x3-0.053x> + 0.369x 0.990

623 y =0.001x*+ 0.002x3-0.069x2 + 0.615x 0.993

523 y =0.002x*+ 0.004x3-0.036x> + 0.215x 0.988

0.5 Cr 573 y =0.001x*+ 0.002x3-0.043x> + 0.246x 0.990
623 y =0.001x*+ 0.001x3-0.059x> + 0.272x 0.995

523 y =0.002x*+ 0.004x3-0.048x2 + 0.291x 0.986

0.5 Mn 573 y =0.002x*+ 0.003x3-0.066x> + 0.303x 0.989
623 y =0.001x*+ 0.002x3-0.073x> + 0.311x 0.994

523 y =0.002x*+ 0.004x°*-0.039x2 + 0.221x 0.986

0.5 Ni 573 y =0.001x*+ 0.003x*-0.057x2 + 0.259x 0.989
623 y =0.001x*+ 0.001x3-0.061x2 + 0.276x 0.994
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Puc. 3. IHTEHCUBHOCTH PEHTI€HOCIIEKTPAIBHBIX JIMHUI KOMIIOHEHTOB cIuiaBa Zn22Al, nernposansoro 1o 0,5
Mac.% XpoOMOM, MapraHieM 1 HUKeJIeM

Fig. 3. Intensities of X-ray spectral lines of the components of the Zn22Al alloy containing 0.5 wt.% chromium,
manganese and nickel

yueHHbIx cpenax (NaCl, HCIl, NaOH), uto o0ycioBieHO OTCyTCTBHEM HMHTHOMpyIomero 3¢ dexra.
JlernpoBaHue XpOMOM M HUKEJIEM CHH)KAET CKOPOCTh KOPpo3uu Oaaronapsi GopMUpOBaHHIO MIIOTHO-
IO M YCTOHYHMBOTO OKCHUJHOTO CJIOSI, KOTOPBII yiydmniaeT OapbepHbIe cBOMCTBa MOKPHITHS. JloOaBka
MapraHua yCKopsieT IpoLecc KOPPO3UH, NOCKOJIBKY OKCHABI MEHEE IJIOTHbIE U ciladee 3allUILaioT
MIOBEPXHOCTH crutaBa. Hanbonee BopaykeHHbIH HHrnOupyomuii 3¢ dext Cr n Ni HaO1ronaeTcs B Hel-
tpasbHOH cpene NaCl, uTo nMeeT MpaKTHYeCKoe 3HAUCHHE JIJIsi IPUMEHEHU S CIIJIaBa B YCIOBUSIX aT-
Moc(hepHOH 3KCILUTYaTalHH.

3aBUCHMMOCTb CKOPOCTH KOppo3uu cruiaBa Zn22Al u ero serupoBanHbix Mopudukanuit (0,1 mac%
Cr, Mn, Ni) or pH cpens! nokazana Ha puc. 4. VIcXomHblil cIutaB JEMOHCTPHUPYET HauOOJIBIIYIO KOPPO-
3110, 0COOEHHO B Kucioii cpene. Jlobasku Cr 1 Ni CHH)KAIOT CKOPOCTh KOPPO3UH 32 CUET (hPOPMHUPOBAHUS
TUIOTHOTO M CTaOMJIBHOTO OKCH/IHOTO CIIOS, TOT/Ia Kak Mn ycKOpsieT mpomecce u3-3a 00pa3oBaHUsI MEHee
3aIIMTHBIX OKCKI0B. Hanbonpiuit unrndupyrommuii a¢pdpexr Cr u Ni Haboiaercs B HeUTpaibHOW cpefe.

MeTamrorpadpudeckuM MeToaoM [27] MUKPOCTPYKTYPHI ciutaBa Zn22Al, nerupoBaHHOTO Xpo-
MOM, MapraHiieM 1 HuKeseM, CHAThI Ha MuKpockorie ERGOLUX AMC npu x500. Beibopouno mpume-
POM Ha pHC. 5 MPEICTaBICHb MUKPOCTPYKTYPHI cruiaBa Zn22Al, copepxkaero mo 0.1 mac.% xpoma,
MapraHiia 1 HUKeJs, [0 Pe3yJabTaTy KOPPO3HOHHBIX HCCIEIOBAaHUN JAAHHBIN CIIJIaB YKAa3aHHOTO CO-
CTaBa MMEET HAaMMEHBIITYI0 CKOPOCTh KOppo3un. Mogudukanus cTpyKTypsl 6a3zoBoro criasa Zn22Al
MPOUCXOJUT TIOCIIE €ro JETHPOBAHUS MEPEXOJHBIMH METAJIAMHU BCICACTBHE U3MEIbUCHUS CTPYKTY-

pBI 0230BOTO cIIIaBa B BHJIE MApO0Opa3HOM U UTOJIBYATON (POPMBIL.
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Tabauua 3. Koppo3MOHHO-IIEKTPOXMMHUYECKHE XapaKTePHUCTUKH (X.C.3.) cruiaBa Zn22Al, nerupoBaHHOTrO
XpOMOM, MapraHueM U HUKEJIEM, B Pa3JIMYHbBIX Cpeaax

Table 3. Corrosion—electrochemical characteristics (C.E.C.) of the Zn22Al alloy alloyed with chromium,
manganese, and nickel in various environments

SHCKTPOXI/IMI/II;IGCKI/IC IIOTCHIMAJIbI, CKOpOCTL KOpp03I/II/I
Cpena, | Jlerupyiomuii KOMIOHEHT (x.c.2)
Mac.% cruiaBsa, mac.% Iop- 102 K103
— Eauxop. | = Bxop. | = Buo. | — Epu
A/M? /Mm% 4
Zn22Al 0.993 1.288 0.735 0.840 0.048 0.492
0.01 Cr 0.958 1.261 0.715 0.812 0.026 0.266
0.1 Cr 0.938 1.238 0.692 0.795 0.024 0.246
0.5Cr 0.927 1.227 0.683 0.790 0.034 0.348
NaCl 0.01 Mn 0.977 1.270 0.724 0.822 0.032 0.328
3.0 0.1 Mn 0.954 1.242 0.701 0.803 0.029 0.297
0.5 Mn 0.940 1.230 0.690 0.796 0.037 0.379
0.01 Ni 0.940 1.245 0.700 0.800 0.024 0.246
0.1 Ni 0.919 1.220 0.680 0.782 0.021 0.215
0.5 Ni 0.910 1.208 0.670 0.774 0.032 0.328
Zn22Al1 1.083 1.088 1.038 1.043 0.083 0.851
0.01 Cr 0.973 0.975 0.874 0.886 0.033 0.338
0.1 Cr 0.934 0.935 0.829 0.836 0.031 0.318
0.5Cr 0.987 0.990 0.879 0.894 0.035 0.359
HCl 0.01 Mn 1.031 1.038 0.935 0.946 0.036 0.369
0.ln 0.1 Mn 0.954 0.960 0.920 0.926 0.034 0.348
0.5 Mn 1.043 1.050 0.965 0.973 0.037 0.379
0.01 Ni 1.033 1.039 0.964 0.979 0.031 0.318
0.1 Ni 0.976 0.974 0.904 0.920 0.029 0.297
0.5 Ni 1.055 1.054 0.984 1.005 0.034 0.348
Zn22Al 1.128 1.133 1.073 1.078 0.091 0.933
0.01 Cr 0.942 0.955 0.874 0.881 0.043 0.441
0.1 Cr 0.874 0.883 0.764 0.781 0.040 0.410
0.5Cr 0.947 0.953 0.895 0.901 0.045 0.461
NaOH 0.01 Mn 1.041 1.045 0.855 0.866 0.044 0.451
0.1n 0.1 Mn 0.998 1.003 0.810 0.822 0.041 0.420
0.5 Mn 1.055 1.060 0.903 0.910 0.047 0.482
0.01 Ni 1.073 1.076 1.024 1.041 0.041 0.420
0.1 Ni 1.018 1.021 0.917 0.925 0.038 0.389
0.5 Ni 1.092 1.094 1.027 1.037 0.044 0.451

Takum 00pazom, MUKPOCTPYKTYpbl Zn22Al noka3plBaloT BIMSIHHUE JIETHPYIOMIUX 2J1eMeHTOB: Cr
BBIPABHUBACT U YIUIOTHSAET CTPYKTYpPY, Mn nenaet e€ Oosiee poixiioi, a Ni MOBBIIIAET CIUIONIHOCTh

OKCHHOT'O CJIOSI, YIIydIIaeT KOPPO3HOHHYIO CTOHKOCTb.
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Puc. 4. 3aBucumocts ckopocTu kopposun K103 (r/m2-4) crutaBa Zn22Al (1), coxgepxkaero mo 0.1 mac.% xpoma
(2), mapranua (3) u mHuxess (4), ot pH cpexsr

Fig. 4. Dependence of the corrosion rate K-10? (g/m*h) of the Zn22Al alloy (1), containing 0.1 wt.% chromium (2),
manganese (3), and nickel (4), on the pH of the medium

Puc. 5. Mukpoctpyktypsl (x500) crutaBa Zn22Al1 (a), cogepxkarero no 0.1 mac.% xpoma (b), mapranua (c)
u Hukens (d)

Fig. 5. Microstructures (x500) of the Zn22Al alloy: base alloy; (a), containing 0.1 wt.% chromium (b), manganese
(), and nickel (d)
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3akjaoueHune

Jlernposanwne craBa Zn22Al Cr u Ni NoBBIIIaeT KOPPO3HOHHYIO CTOWKOCTD 32 CUET (OpMHU-
POBaHMS MJIOTHOIO U CTAOMIBHOTO OKCUAHOrO ciios (Cr20s, NiO), KoTOpsIi yiydiiaer OapbepHbIC
CBOMCTBA IOKPHITHS M YIIJIOTHSCT MUKPOCTPYKTY Y criiaBa. J/lo6aBka MapraHiia, Ha000pOT, yCKOPSIET
OKHCJICHHE M KOPPO3HI0 M3-3a 00pa30BaHUsl MEHee IUIOTHBIX U ciado3amuTHeix MnOy. Haubonee
BbIpa)kKeHHBIH HHTrHONpytomuii a3gdext Cr u Ni Habar01aeTCS B HEUTPAIBHON Cpejie, YTO BasKHO IS
NPUMEHEHUs CIlJIaBa B aTMOC(EpPHBIX yCIoBHsIX. MaTemaTrueckasi 00paboTka U KMHETHYECKUE UC-
CJIC/IOBAHHUS TIOJITBEPXKAAIOT 3aBUCUMOCTh CKOPOCTH OKHCIICHHS M KOPPO3MH OT THIA M KOHLEHTpa-

L[UH JIETUPYIOILETO JJIEMEHTA.
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Abstract. The interaction of chloromethylallyl ether with carbonyl compounds with metallic zinc in the
presence of a chiral ligand, N-ethyl-N-{[(2S)-pyrrolidin-2-ylJmethyl}ethanamine, leads to enantioselective
synthesis. As a result, unsaturated f-hydroxyethers are formed in moderate yield and high selectivity.
Then, the absolute configuration of the synthesized compounds was determined by the Mosher reagent.
The obtained compounds are stable and do not undergo hydrolysis. The reaction duration and the volume
of substituents in the alkoxy group do not significantly affect the yield of the target reaction products. The
composition of the synthesized compounds contains signals of protons of allyl groups. The reactions and
purity of the obtained compounds were monitored by TLC. The structure of the obtained compounds
was confirmed by 'H, *C NMR spectroscopy, and mass spectrometry data. Diastereomeric purities (dp)
were determined using chiral phase HPLC analysis. This reaction can also be used to form a C—C bond.
Some methylene protons of the synthesized compounds are diastereotopic and appear in the spectra as
an AB system. However, we have shown that modulation of the conformational equilibrium in favor of
one of the conformers allows a safe assignment of the absolute stereochemistry using only one o-meth

oxytrifluoromethylphenylacetic acid derivative rather than two.

Keywords: chloromethylallyl ether, allyloxyether, enatioselective synthesis, N-ethyl-N-{[(2S)-pyrrolidin-2-
yllmethyl}ethanamine.
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JHAHTHOCEJEKTUBHbIH CMHTE3 MOHOALJIHJIOBBIX 3(PMPOB

O-IJIMKOJIeH U onpeae/ieHue X a0CoJIOTHOM KOHPUTrypauuu

I. M. Taasi60B?, A.3. 3a10B°,

P.K. I'acanan®, C. B. UOparumoBa®

4A3epbatiodncancKull mexHu4ecKull yHugepcumem

Aszepbatiodcan, baxy

% Azepbatiodcanckull 20Cy0apcmeeHHblll Nedaz02udecKuil YHUeepcumen
Aszepbatiodcan, baxy

fA3epbatiodncancKuil 20Cy0apCmeeH bl YHUSepCUmem

Heghmu u npomvluIeHHOCmu

Asepbaiiodcan, baky

AnHHOTanus. BzanmozelcTBre XJI0pMETHIIAIIUIOBOTO 3dpHpa ¢ KapOOHMIBHBIMH COSITMHEHUSIMHU
METaJJTMYECKOr0 IMHKA B IIPUCYTCTBUH XHUPAJILHOTO JTuranaa, N-3Tuia-N-{[(2S)-nuppoauauH-2-1i|Me TrII}
STaHAMWHA IPUBOANT K SHAHTHOCEJICKTUBHOMY CHHTE3y. B pesynbrare 00pa3yroTcs HeHACHIIIEHHbIC
B-ruapokcudGpUphI ¢ yMEPEHHBIM BBIXOIOM M BHICOKO CEJIEKTHBHOCTBIO. 3aTE€M C IOMOIIBIO PEaKTHBA
Momepa Obli1a onpeziesneHa adcoMoTHAs KOHHUTYpallisi CHHTE3UPOBaHHBIX coeuHeHni. [TomyuenHbIe
COCJIMHEHH S CTA0WIIBHBI U HE MOJIBEPraloTCs ruApoiaun3y. [IpogomKuTeIbHOCTh peakilnil 1 00beM
3aMECTHUTENIEH B aJIKOKCUTPYIIIE CYIECTBEHHO HE BIMSIOT HA BBIXOJ LIEJAEBBIX IPOLYKTOB PEAKIIHH.
CocTaB CHHTE3MPOBAHHBIX COCAMHEHUH COIEPKUT CUTHAJIBI IIPOTOHOB AJTUIIBHBIX T'pymil. Peakiun
U YUCTOTA MOJYYEHHBIX COeAUHEHUN KOHTponaupoBanuck MetogoM TCX. CTpyKkTypa NOaydeHHBIX
COeMHEHNH ObLIa oATBEPKIeHA ¢ oMoIbio 'H, 3C SIMP-CIeKTpOCKONUK U MacC-CIIEKTPOMETPHH.
JuactepeoMepHyto YuCTOTY (dp) Orpenensiu ¢ HOMOIIbI0 XupaibHo-(asoBoro BOXX-ananusa. Ota
peaxius Tak)ke MOXKET ObITh MCIIOJIb30BaHa Jist o0pa3oBanusi cBsiz C—C. HekoTopble METHIICHOBbIE
MIPOTOHBI CHHTE3UPOBAHHBIX COCAMHEHUN SBIISIIOTCS JUACTEPEOTONHBIMU U IPOSBISAIOTCS B CHEKTPAX
B Bujie cucteMbl AB. OnHaKko Mbl OKa3ajiu, YT0 MOLYJISIMS KOH)OPMAIIMOHHOTO PAaBHOBECHS B TI0JIb3Y
OITHOTO M3 KOH(POPMEPOB MO3BOJIIET OE30M1ACHO ONPEIEINTh A0COIIOTHYIO CTEPEOXUMUIO, UCIIOIb3YS

TOJIBKO OJTHO MPOHU3BOHOE (.-METOKCHTPUPTOPMETUI(PECHUITYKCYCHOM KHCIOTHI, & HE JBa.

KuioueBsble cjioBa: XJIOpMETHIIAJIIUIIOBBIN 3QUD, aJUTHIOKCUIUD, FHATHOCEICKTUBHBIA CUHTE3,

N-o1un-N-{[(2S)-nupponuanH-2-uia|MeTHII} S TaHAMHUH.

Hurtuposanue: Tanpi6os I. M., 3anos A. 3., 'acannu P.K., U6parumosa C. B. DHaHTHOCENEKTHBHBII CHHTE3 MOHOAJJIUIOBBIX
3(hUPOB O-TITUKOJICH U OnpeaeaeHue nux abcomoTHol Koudurypauuu. XKyph. Cub. dpenep. yH-ta. Xumus, 2026, 19(2). C. 294-303.
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Introduction

Allyl derivatives containing various functional groups and heteroatoms in their structures are
relevant and promising both in theoretical [1, 2] and applied terms [3, 4]. They can be used in various
fields of stabilizers of polymeric materials. [5, 6].

The determination of the absolute configuration of chiral molecules is an essential tool for modern
organic chemistry [7-9]. This is particularly true in the areas of asymmetric synthesis and in structural
studies of complex natural products. There have been, however, no practical methods generally
applicable to noncrystalline compounds and/or for samples available only in very small quantities
[10—12]. In an important approach to this problem using NMR spectroscopy,] the modified Mosher’s
method uses as a chiral derivatizing agent (CDA) [13].

Many biologically active compounds, including modern drugs, exhibit optical isomerism. Most
natural compounds exist as a single enantiomer. The synthesis of such compounds is especially relevant
[14, 15].

Enols, which have a high synthetic potential due to the reactive centers present in their composition
(HC=CH,, C-OH), are widely used in the formation of C—C bonds, in particular, in the synthesis of
heterocyclic compounds [16, 17].

We previously reported that condensation of carbonyl compounds with a-haloethers in the
presence of zinc leads to the synthesis of monopropargyl ethers of a-glycols [18]. Of great interest are
the studies of new methods for the synthesis of allylic ethers; structural analogues of such compounds
are widely used in organic synthesis [19], they represent the study of their properties and the discovery
of new areas of practical application, including for the synthesis of macromolecules [20], etc. Thus, the
introduction of additional reactive centers, such as a hydroxyl group into the molecules of allyl ethers
expands the synthetic boundaries of this class of compounds and increases their practically important

properties.

Materials and Methods

The IR spectra were recorded from samples prepared as thin films on a Specord 75 IR spectrometer.
The 'H and '*C NMR spectra were recorded in CDCI3 on a Bruker SF-300 spectrometer (Germany) at
300.13 and 75 MHz, respectively, using hexamethyldisiloxane as internal standard. Elemental analysis
was performed on a Euro EA 3000 analyzer (UK).

HPLC-MS analysis of compound 1-3 was carried out on a Shimadzu LC-10AD liquid
chromatograph with Shimadzu SPD-10A UV Vis (254 nm) and Sedex 75 ELSD detectors, combined
with a PE SCIEX API 150EX mass spectrometer. The purity of the obtained compounds was monitored
by TLC on Silufol UV-254 plates, eluent acetone-hexane, 1:1. To sum up, we propose a new simpler
method to assign the absolute configuration of a chiral secondary alcohol by NMR. It requires only
half the amount of the usual sample, only one auxiliary reagent and only one derivatization reaction.
The application of this method to an extensive range of alcohols of varied structure and known absolute
stereochemistry is also included in order to demonstrate the general applicability of the method and
to define its scope and limitations. A simplified model for the correlation of the spectral data with the

absolute configuration of the alcohol is included at the end of the paper.
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General Procedure Synthesis of Monoallyl Ethers of a-glycols
Synthesis of (+)1-Phenyl-2-[(prop-2-en-1-yl)oxy]ethan-1-ol ()

In an inert atmosphere of nitrogen, add 1.0 g (0.015 g-atom) of finely ground zinc, a catalytic
amount of HgCl,, 0.6 g (6 mmol) of chloromethylallyl ether, 0.5 g (5 mmol) of benzaldehyde, 10 ml of
anhydrous benzene, 5 ml of anhydrous ethyl acetate, 1 ml hexamethylphosphortriamide (HMPTA).
The reaction mixture is boiled for 4 hours, cooled, drained and separated from excess zinc, hydrolyzed
with a 5 % hydrochloric acid solution, the organic layer is separated from the aqueous layer and the
reaction products are extracted twice with ethyl acetate. After drying the extract with anhydrous
sodium sulfate, the solvent is distilled off and the product is distilled in vacuum. At the same time, 1.21
g (68.1 %) of substance 1 was isolated at bp. 94—96°C (1 mm Hg).

IR spectrum, v, cm™: 3603, 3080, 3010, 1640, 1420, 1330, 1270, 1100, 985, 840, 770, 700.

"H NMR spectrum, 8, ppm: 7.15-7.55 (m, 5SH), 5.84 (ddd, J=17.21, 9.15, 5.34 Hz, 1H), 5.32 (ddd,
J=17.21, 1.57, 1.61 Hz, 1H), 5.12 (ddd, J=9.15, 1.57, 1.23 Hz, 1H), 4.84 (d.d, J=14.2 Hz, 1H), 4.62 (dd,
J=12.15, 5.34 Hz, 1H), 4.16 (ddd, J=12.15, 1.61, 1.23 Hz, 1H), 3.96 (dd, J=14.2, 7.2 Hz, 1H), 3.76 (dd,
J=14.2, 7.2 Hz, 1H), 3.45 (br.s., 1H). (Fig. S1).

3C NMR spectrum, 8, ppm: 134.63 (-HC=), 131.93 (CH,om), 126.94 (2CH,om)s- (Fig. S2.), 126.87
(2CHarom), 124.01 (CHapom), 117.64 (H,C=),94.22 (COH), 72.30 (=C—CH,0).

Found,%: C 74.15, N 7.93. C;;H,40,. Calculated,%: C 74.13, H 7.92.

Synthesis of () 1-Phenyl-2-[(prop-2-en-1-yl)oxy]propan-2-ol @)

Prepared similarly, starting from chloromethylallyl ether and acetophenone. Yield 1.19 g 62.5 %,
bp. 101-102°C (2 mm Hg).

IR spectrum, v, cm™: 3598, 3085, 3065, 3030, 1600, 1490, 1100, 985, 770, 700.

"H NMR spectrum, 8, ppm: 7.25-7.75 (m, 5H), 5.84 (ddd, J=17.21, 9.15, 5.34 Hz, 1H), 5.31 (ddd,
J=17.21, 1.57, 1.61 Hz, 1H), 5.16 (ddd, J=9.15, 1.57,1.23 Hz, 1H), 4.62 (dd, J=12.15, 5.34 Hz, 1H), 4.17
(ddd, J=12.15, 1.61, 1.23 Hz, 1H), 3.94 (d, J/=14.2 Hz, 1H), 3.75 (d, J=14.2 Hz, 1H), 1.02 (s, 3H), 3.46
(br.s, 1H) (Fig. S3.).

3C NMR spectrum, 8, ppm: 134.63 (-HC=),129.93 (CH,om), 126.94 (2CH 1om), 126.81 (2CH,om),
126.02 (CHarom), 117.67 (H,C=), 93.28 (COH), 72.32 (=C-CH,0), 16.2 (Me). (Fig. S4.). Found,%:
C 74.95; H 8.41. C;,H;50,. Calculated,%: C 74.97; H 8.39.

Synthesis of (+) 1-Cyclopentyl-2-[(prop-2-en-1-yl)oxy]ethan-1-ol 3)

Prepared similarly from chloromethylallyl ether and cyclopentanone. Yield 1.20 g 65.1 %, bp.
68—89°C (1 mm Hg).

IR spectrum, v, cm™: 3596, 3085, 3064, 3030, 1600, 1491, 1100, 985, 770, 701.

"H NMR spectrum, 8, ppm: 5.85 (ddd, J=17.21, 9.15, 5.34 Hz, 1H), 5.31 (ddd, J=17.21, 1.57, 1.61
Hz, 1H), 5.17 (ddd, J=9.15, 1.57, 1.23 Hz, 1H), 4.61 (dd, J=12.15, 5.34 Hz, 1H), 4.46 (dd, J=6.6, 10.1 Hz,
1H), 4.16 (ddd, J=12.15, 1.61, 1.23 Hz, 1H), 3.92 (d, J=14.2 Hz, 1H), 3.72 (d, J/=14.2 Hz, 1H), 3.47 (br.s,
1H), 1.15-1.31 (m, CH,)s, CH, 11H) (Fig. S5).
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BC NMR spectrum, 8, ppm: 24.12 (2CH,), 32.54 (2CH,), 35.11 (CH,), 72.31 (=C-CH,0), 117.62
(H,C=), 134.61 (-HC=), 96.22 (COH), 124.09 (2CHgom), 124.8 (2CHyom), 125.92 (CHyrom), 128.93
(CHgpom) (Fig. S6.).

Found,%: C 71.72; H 10.93. C;;H,(0,. Calculated,%: C 71.70; H 10.94.

General Procedure Determination of Absolute Configuration
of Monoallyl Ethers of a-glycols

General procedure for the synthesis of MTPA ethers (1a-3b).

To a mixture of 17 mmol of unsaturated alcohols 1-3 in dry pyridine (2.5 ml, 31 mmol) and dry
CH,Cl, (20 ml), MTPA-CI (3.2 g, 16 mmol) was added dropwise at 0°C in a nitrogen atmosphere and
the mixture was stirred at room temperature for 5 hours. After evaporation of the solvents, excess
pyridine was azeotropically removed along with dry toluene (20 mIx2), obtaining the crude product.
The two diastereomeric ethers were separated by silica gel column chromatography (CH,Cl,) to give
(S)-MTRA ether from (2) 2.8 g (44 %) and (R)-MTRA ether from (3) 2.0 g (53 %).

Synthesis  of  (1S)-2-Phenyl-2-[(prop-2-en-1-yl)oxy]ethyl-(SR)-3,3,3-trifluoro-2-methoxy-2-
phenylpropanate (1a).

[a]p =1+29.4 (c 1.4, CHCl;, 98 % ee).

IR spectrum, v, cm™: 3080, 3010, 1746, 1640, 1420, 1330, 1270, 1224, 1100, 985, 840, 770, 700.

'"H NMR spectrum, 3, ppm: 7.61 (m, 2H), 7.41 (m, 3H), 7.13-7.54 (m, 5H), 5.84 (ddd, J=17.21,
9.15, 5.34 Hz, 1H), 5.34 (ddd, J= 17.21, 1.57, 1.61 Hz, 1H), 5.13 (ddd, J=9.15, 1.57, 1.23 Hz, 1H), 4.84
(d, J/~14.2 Hz, 1H), 4.64 (dd, J=12.15, 5.34 Hz, 1H), 4.18 (dd, J=12.15, 1.61, 1.23 Hz, 1H), 3.96 (dd, J=
14.2, 7.2 Hz, 1H), 3.79 (s, 3H), 3.74 (dd, J= 14.2, 7.2 Hz, 1H) (Fig. S7.).

Enantiomeric excess was determined by chiral HPLC (Daicel Chiralpak IA, nr-hexane/i-
propanol=97/3, flow rate=1.1 mL/min, A=220 nm), ¢! = 8.1 min (major), > = 9.3 min (minor)

Synthesis of (1S)-2-Phenyl-1-methyl-2-[(prop-2-en-1-yl)oxy]ethyl-(5R)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanate (2a)

[a]p=*19.7 (¢ 1.7, CHCl5 90 % ee).

IR spectrum, v, cm™: 3083, 3065, 3030, 1718, 1600, 1495, 1420, 1330, 1221, 1100, 983, 770, 702.

'"H NMR spectrum, 8, ppm: 7.61 (m , 2H), 7.41 (m 3H), 7.35-7.15 (m, 5H), 5.87 (ddd, J=17.21, 9.15,
5.34 Hz, 1H), 5.33 (ddd, J=17.21, 1.57, 1.61 Hz, 1H), 5.18 (ddd, J=9.15, 1.57, 1.23 Hz, 1H), 4.84 (d, 9.7
Hz, 1H), 4.65 (dd, J=12.15, 5.34 Hz, 1H), 4.18 (dd, J= 12.15, 1.61, 1.23 Hz, 1H), 4.16 (dk, 1H, CHO,
J=1.2,9.7Hz, 1H), 3.77 (s, 3H), 1.07 (d, CH3, J=7.2 Hz, 3H) (Fig. S8).

Synthesis of (1S)-2-Phenyl-1-methyl-2-[(prop-2-en-1-yl)oxy]ethyl-(5R)-3,3,3-trifluoro-2-
methoxy-2-cyclohexylpropanate (3a)

[o]p 299= —17.72 (c=0.75, CHCl3, 99 %ee)

IR spectrum, v, cm™: 3085, 3065, 3030, 3010, 1718, 1600, 1490, 1420, 1330, 1340, 1270, 1100, 985,
840, 770.

"H NMR spectrum, 8, ppm: 7.61 (m, 2H), 7.41 (m, 3H), 5.87 (ddd, J=17.21, 9.15, 5.34 Hz, 1H), 5.34
(ddd, J=17.21, 1.57, 1.61 Hz, 1H), 5.19 (ddd, J=9.15, 1.57, 1.23 Hz, 1H), 4.48 (dd, J=12.15, 5.34 Hz, 1H),
4.17 (ddd, J= 12.15, 1.61, 1.23 Hz, 1H, §), 4.17 (k, J= 9.7 Hz, 1H), 3.77 (s, 3H), 1.15-1.31 (m, 11H), 1.20
(s,J=17.2 Hz, 1H), 1.02 (d, J= 7.2 Hz, 3H) (Fig. S9).
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Enantiomeric excess was determined by chiral HPLC (Daicel Chiralpak IA n-hexane/i-propanol =
=97/3, flow rate = 1.1 mL/min, A = 254 nm), ¢' = 12.9 min (major), #* = 16.9 min (minor).

Results and Discussion

Stereoselective synthesis of hydroxy ethers expands the practical value of these reactions. The
addition of chiral ligands leads to the enantioselective synthesis of the optically active allylic hydroxy

ether. N-ethyl-N-{[(2S)-pyrrolidin-2-ylJmethyl}ethanamine was used as a chiral catalyst (Scheme 1).

o} S
RRC=0 + 7 N7 e Zn, MeCOOEt HeCly /%\/ ~

kat [N
OH N N
H

R=H,R=Ph(1) R=Me,R=Ph(2) RuR=-(CHys (3) 1-3
kat.

Scheme 1. Synthesis of monoallyl ethers of a-glycols

The formation of compounds 1-3 is confirmed by spectral methods. In the 'H NMR spectrum,
hydroxyl protons are observed in the region of 3.45-3.47 ppm; in the IR spectra, there are characteristic
absorption bands of O-H stretching vibrations of hydroxyl groups at 3598-3603 cm’!.

Compound 1 was obtained and fully characterized as the product of the opening of phenyloxirane
with allylic alcohol [21], including enantioselectively [15]. It was also obtained by other methods,
including enantioselectively [22].

The NMR spectrum of the resulting diastercomer can be analyzed to reveal the absolute
configuration of the original chiral alcohol. Several advantages over the Mosher technique have been
reported for this methodology: ease of use; ease of spectroscopic interpretation; scope which includes
hindered or elimination-prone alcohols; and ease of recovery of the starting chiral alcohol.

NMR spectroscopy is one of the most convenient methods for determining absolute configuration.
Diastereomeric ethers (la-3a, 1b-3b S/R) were obtained by etherification of a-trifluoro-methyl-
phenyl-acetic acid chloride (MTPA-CI) with alcohols. Next, we determine the configuration using 'H
NMR spectroscopic differentiation data (AS R/S) of diastereomers (la-3a, 1b-3b). The signals of the
allyloxymethyl group protons are shifted to low fields, and the signals of the phenyl and cyclopentyl
group protons are shifted to high fields. The procedure proposed is simple, fast, and cheap because
it requires a very small amount of sample, only one derivatization, and the recording of only two 'H
NMR spectra at RT.

Indeed, in a number of ways, secondary alcohols are «suitable» for NMR to be used. Firstly, the
presence of a C-H bond at the chiral carbon satisfies the requirement of conformational preference
around the first O-C bond. Second, the presence of a hydroxyl group (OH) allows acylation with an
acid chloride, and this logically leads to chiral aromatic acid ethers.

The absolute configuration of a non-racemic sample of a chiral molecule is a fundamental and
essential property of that compound. This is especially so when the compound is of biological relevance

(e.g., a natural product or a synthetic compound under development as a possible therapeutic agent). For
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evidence, one needs to look no further than the infamous history of the differences in biological response
to each of the two enantiomers (mirror image antipodes) of thalidomidel. Assignment of absolute
configuration to compounds where that important structural detail is not yet known is accomplished by
a number of different methods. These include correlation with compounds of known configuration by
synthetic interconversions and comparison of optical rotation by polarimetric methods, (II) approaches
based on X-ray crystallographic, optical rotary dispersion, circular dichroism or exciton chirality methods
and various empirical methods based on NMR spectroscopy. Among the NMR-based methods, what is
now commonly referred to as Mosher ester (or amide) analysis is the most frequently used.

Determination of absolute configuration of new chiral compoundsis usually the last step of structure
elucidation. While the molecular formula, the connection table, and the relative stereochemistry of
organic compounds

In its more general application, the assignment of the absolute configuration by NMR spectroscopy
is based on the comparison of the 'H NMR spectra of two derivatives of the substrate, prepared with
the two enantiomers of an appropriate CDA. Those two derivatives show different chemical shifts for
the protons on the substituents around the asymmetric carbon, and these differences, expressed as,
show signs that correlate with the spatial location of that is the absolute configuration of the substrate.

The assignment of absolute configuration by NMR has experienced a remarkable development
in recent years. The determination of the absolute configuration of organic compounds by NMR
constitutes a research area of increasing interest due to the general availability of the instruments, the
small amount of sample needed, and the simplicity of the method.

In recent years widespread use has been made of chiralreagents for derivatization of optically active
alcohols subsequent determination of their enantiomeric purity or absolute configuration by NMR. The
nature of these chiral reagents is such that atoms or groups around the chiral center of the alcohol.

This approach is based on the anisotropic effect of the phenyl group with a-methoxytrifluorome
thylphenylacetic acid chloride (MTPA), which leads to selective shielding of substituents (R and R ')
at the chiral center C(1”). This effect makes it possible to correlate the spatial position of R and R 1
relative to the phenyl group of MTPA based on the signs of Ad R/S substituents [23, 24]. According to
Mosher’s «static» model used for MTPA derivatives, C(1”)H, the carbonyl and CF3 groups are located
in the same plane, and the difference in chemical shifts is the result of an anisotropy effect that occurs
due to distortion in the geometry of the corresponding diastereomers. Thus, in the (R)-MTPA ether,
the protons of the R substituent are shielded by the phenyl ring, while the protons of the R 1 substituent
remain unaffected. In the (S)-MTPA derivative, on the contrary, R ! and its protons are shielded, while
the R ! substituent does not experience the anisotropic influence of the phenyl ring.

Methylene protons 3 are diastereotopic and appear in the spectra as an AB system.

Methylene protons at the C, carbon atom retain diastereotopy, and the geminal coupling constant
J2a-J2b reflects the nature of the heteroatom in the a-position, so for compounds 2 and 3 it is 12.5 and
12.6 Hz, and for compounds 1 and 3 it is 10.8 Hz and 9.9 Hz, respectively.

Carrying out the reaction in a nitrogen atmosphere eliminates the hydrolysis of the a-haloether,
which easily decomposes in moist air.

In order to determine the absolute configuration, compound 1-3 was reacted (Scheme 2) with a
chiral derivatizing reagent (CDR) — (R)-acid chloride of a-methoxytrifluoromethylphenylacetic acid
[(R)-MTRA-CI], Mosher reagent [25-28], converting it into the corresponding diastereoisomers la-
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Scheme 2. Determination of absolute configuration of monoallyl ethers of a-glycols

b. Then, the configuration was determined by '"H NMR spectroscopy. The signals of the protons of
the allyloxymethyl group are shifted in a weak field, and the signals of the protons of the phenyl and
cyclohexane groups are shifted in a strong field.

The structure and composition of the obtained target compounds 1a-3a were confirmed by IR, 'H

and *C NMR spectroscopy and elemental analysis data.

Conclusions

The reaction of chloromethylallyl ether with with carbonyl compounds with metallic zinc
in the presence of a chiral ligand, N-ethyl-N-{[(2S)-pyrrolidin-2-ylJmethyl}ethanamine, leads to
enantioselective synthesis gave (1S)-2-organyl-1-methyl-2-[(prop-2-en-1-yl)oxy]ethyl-(5R)-3,3,3-
trifluoro-2-methoxy-2-phenylpropanate with a moderate yield and high selectivity. This method is fast,
accurate, and requires only small amounts of sample and reagent. The analysis of the enantiomeric
ratio can be executed within a short period of time with the used method of Mosher.

These results lay the foundation for further optimization in the direction of increasing
enantioselectivity. In addition, we explored a simplified strategy for determining the absolute
configuration using a single MTPA derivative. In general, the presented results expand the synthetic
toolkit for obtaining functionalized allyl esters and provide practical information on both stereoselective

synthesis and configuration analysis.
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Abstract. This study investigates the antihypertensive potential of Quisqualis indica L. leaf extracts
compounds through phytochemical quantification, LC—MS-QQQ profiling, in vitro ACE inhibition,
and molecular docking. The methanol extract showed potent ACE inhibition (80.81 %), correlating with
high flavonoid (78.06 mg/g) and polyphenol (63.42 mg/g) content. LC—MS identified quercetin, rutin,
and kaempferol. Molecular docking confirmed strong ACE binding, notably kaempferol-3-O-glucoside
(-9.139 kcal/mol). These findings support Q. indica as a novel source of natural ACE inhibitors.
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KBuckBajguc MHAUUCKHN KaK HCTOYHHK
NMPUPOAHBIX HHTHOUTOpPOB AIID:

(puTOXMMHYECKHE UCCIICOBAHUS,

In Vitro, LC-MS/MS-QQQ u pe3ybTarhbl JOKHHIa

®apax Pauna?®, Myxammana Uciam®,

Omep Maxmya Mymras*®, Aiima Caku6?,
Aiima Adszaan®, Xupa Apyax', Mma Tapuk bxarTw’,
Aopya Pexman Pua3z?, Caiig Yanax Xan?
“@apmayesmuueckuti paxyiomem
Yuusepcumema Munxaooc 6 Jlaxope
Tlaxucman, Jlaxop

*Dapmayesmuyeckuii KoA1EONC
Ilenooicabckoeo ynusepcumema
Yuueepcumem Ilenodoicaba

Tlaxucman, Jlaxop

‘Dapmayesmuueckuii paxyromem
Meosicoynapoonoeo ynusepcumema Pughax
Taxucman, Jlaxop

‘Dapmayesmuyeckuii haxyivmem
Yuueepcumema Llenmpanvnoeo Ilenoscaba
Tlaxucman, Jlaxop

‘Dapmayeemuveckuii paxyiomem
Ynusepcumema COMSATS 6 Hcnamabaoe
Taxucman, Jlaxop

AHHOTanus. B 5TOM HcClieJOBAaHNN N3yUYaeTCsl aHTUTMIIEPTEH3MBHBIN OTEHIMAI YKCTPAKTOB JINCTHEB
Quisqualis indica L. ¢ momMomipio KOTHYeCTBEHHONH (PUTOXUMUYECKON OlleHKH, aHann3a LC—MS-
QQQ, uarudbuposanus AIID in vitro ¥ MOJIEKYJISPHOrO JOKHHTA. METaHOIBHBIN 3KCTPAKT MOKa3aJl
cuiipHOe nHruouposanne AIID (80,81 %), 4To KOppeaupyeT ¢ BBICOKUM COJIepKaHUEM (hIIaBOHOHI0B
(78,06 mr/r) u nonudenosos (63,42 mr/r). C momonisro LC—MS 0buTH HACHTUPHUIIMPOBAHBI KBEPIICTHH,
pyTHUH 1 KemIideposr. MoJeKyIspHBIA aHalIi3 MOATBEepAII cuibHOE cBsi3biBaHne ACE, B yacTHOCTH
kemrdepoin-3-O-rimokosuaa (—9,139 kkan/mMoib). DTH JaHHBIE TOATBEPXKAAIOT, yTo Q. indica sBisieTcs

HOBBIM CTOYHHKOM IIPUPOIHBIX HHTHOUTOpPOB ATID.

Kurouessle ciioBa: nuruduposanne AIID In vitro, LC-MS/MS-QQQ, MoneKy s pHbIi JOKHHT.

Huruposanue: ®apax Pana, Myxamman Ucnam, Omep Maxmyn MymrTas, Aiima Caku0, Aitma Adzaan, Xupa Apyax, Uira
Tapuk bxartu, A6nyn Pexman Puas, Caiid Ynnax Xan. KBuckBanuc MHIMACKHUIA KaK HCTOYHUK IPUPOJHBIX HHTHOUTOPOB
ATI®: putoxumuueckue uccaenoBanus, In Vitro, LC-MS/MS-QQQ u pesynbratsl qokunra. XXyps. Cub. denep. yH-ta.
Xumus, 2026, 19(2). C. 304-309. EDN: HQOZQI
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Natural bioactive compounds derived from medicinal plants play a pivotal role in traditional and
modern therapeutic approaches, particularly in cardiovascular and inflammatory diseases. Among these,
polyphenols and flavonoids contribute prominently to antihypertensive effects through antioxidant and
enzyme inhibition mechanisms [1, 2]. Quisqualis indica L. leaf, traditionally used in various Asian
medical systems, has shown promise in managing disorders ranging from inflammation to microbial
infections [3, 4]. However, its antihypertensive activity remains underexplored. This study focuses on
evaluating the natural potent Angiotensin-converting enzyme inhibitors from various polarity extracts
from Q. indica L. leaves, supported by analytical techniques such as LC-MS/MS-QQQ and in silico
docking. Phytochemicals including total flavonoids and polyphenols were quantified in different polarity
extracts (Table 1). Methanol extract contained the highest flavonoid (78.06 = 0.09 mg/g) and polyphenol
(63.42 + 0.08 mg/g) content, supporting its potent bioactivity [5, 6].

ACE inhibitory screening assay showed highest activity in the methanol extract (80.81 %) at
1000 pg/mL, with a dose-dependent relationship (ICso: 375 ng/mL). Captopril, the reference drug,
exhibited 79.3 % inhibition as shown in Fig.1. Polyphenols and flavonoids are also known to exert ACE
inhibitory effects by chelating zinc at the active site of the enzyme [7].

LC-MS-QQQ of methanolic extract were performed () as shown in Fig. 2.

LC-MS-QQQ profiling of methanolic extract revealed multiple flavonoid’s bioactive compounds
[6] as shown in Table 2. These compounds are known ACE inhibitors and antioxidants, supporting their

pharmacological role [8, 9].

Table 1. Estimation of Phytochemicals in Extracts of Quisqualis indica (mg/g, Mean = SD)

Extract Flavonoids (mg/g) Polyphenols (mg/g)
Petroleum ether 29.56 +0.08 16.92 + 0.10
Chloroform 47.50 £0.12 39.42 £0.06
Methanol 78.06 = 0.09 63.42 +0.08
Ethanol 52.75+0.12 5442 +0.10
Water 29.08 £0.10 25.41 £ 0.17

I vitro ACE Inhibition
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Fig 1. Legend: ACE inhibitory activity (%) screening of Quisqualis indica leaf extracts (1 mg/mL) compared to
standard captopril)
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Fig. 2. Legend: LC-MS-QQQ chromatogram of Quisqualis indica methanolic extract showing peak intensities of
major bioactive compounds detected in positive ion mode with respect

Table 2. LC-MS-QQQ Identified Maximum Abundance Compounds in Methanol Extract of Quisqualis indica L.

Peak no RT (min) m/z Compound PubChem CID
2 1.432 301.2 Quercetin 5280343
8 5.752 4473 Kaempferol-3-O-glucoside 5282102
33 14.138 611.2 Rutin 5280805

Molecular docking studies were performed using the ACE crystal structure (PDB ID: 108A).

Quercetin, rutin, and kaempferol-3-O-glucoside were docked using AutoDock Vina. Kaempferol3-
O-glucoside demonstrated the strongest binding energy (—9.139 kcal/mol), followed by rutin
(8.929 kcal/mol) then quercetin (—8.445 kcal/mol), as shown in Fig.3. The stronger binding affinity of
our flavonoid’s ligand is attributed to additional hydroxyl groups and glycoside linkages that enhance
interaction with the ACE active site [10—12].

This study provides phytochemical, analytical, and computational evidence for the natural ACE
inhibitors of Q. indica L. leaves. The high content of polyphenols and flavonoids correlates with in vitro
bioactivity and docking results. The methanol extract shows the highest promise for isolation of these
bioactive compounds and subsequent lead optimization, leading into potential novel antihypertensive
drug candidates [13, 14].
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Fig. 3. Legend: 2D/3D Docking Interaction of Quisqualis indica compounds with ACE Active site, A= Kaempferol-
3-O-glucoside vs ACE, B= Rutin vs ACE, C= Quercetin vs ACE
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Abstract. Extracts from cauliflower leaves were used to biosynthesize metal oxide nanoparticles.
Copper and cadmium oxide nanoparticles (CuO and CdO) are among the most important metal oxide
nanoparticles (MONPs) because of their physiochemical and anticancer characteristics, which aid in
molecular diagnostics and therapy. Atomic force microscopy (AFM), Transmission Electron Microscopy
(TEM), Field Emission Scanning Electron (FE-SEM), and X-ray diffraction (XRD) were used to
investigate the physiochemical characteristics of copper and cadmium oxides. One promising option
for creating a novel class of anti-cancer drugs is metal oxide nanoparticles. Because of their small size,
metal nanoparticles and their oxides have biological activity; they may approach, interact with, and
come into touch with bio-objects. Copper oxide and cadmium oxide nanoparticles’ bioactivity against
the MCF-7 breast cancer cell line was examined in this study, and the results indicated that the copper

oxide nanoparticles’ activity was higher than the cadmium oxides.
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Hoayuyenue HanoyacTuy CuO u CdO
€ HCMOJIb30BAHUEM IKCTPAKTA JIUCTHEB IIBETHOM KAMYCThI,
OlIeHKA U CPaBHEHHUE UX OMO0JI0rM4eCcKoil aKTUBHOCTH

NPOTHB KJETOYHOM JUHHHU PaKa MoJI0uHOM xese3bl MCF-7

®apkaa Taand Axmen,

Mapsa Ucmana Mybapak, Xagxup Axmen Maxau,

3uan T U Anbkasip, Anyiakaabep XyceilH Ainb Xa3paJKu
Konneooic obpazosanus 6 obnacmu hynoameHmanbHuvlX HayK
Jlusanvckuu ynusepcumem

Upax, [usana

AHHOTAIMS. DKCTPAKTHI U3 JINCTHEB [IBETHOM KAITyCThI OBIIIM MCIOIb30BAHbI JUIsSI ONOCHHTE3a HAHOYACTHI]
okcu10B MeTasuioB. HaHouactuiipl okcuioB meau v kaamust (CuO u CdO) sBisiFoTCS ONHUME M3 HanboJee
Ba)KHBIX HAHOYACTHL OKCUJIOB METAJLIOB, KOTOPBIE IOMOralOT B MOJNEKYJISIPHON TUATHOCTHKE U TE€PAIuH,
Orarofapst CBOMM (DM3MKO-XMMHUYECKUM M IIPOTHBOOITY XOJIEBBIM CBOMCTBaM. [1J1st McciieioBaHust PU3HKO-
XMMHYECKUX XapaKTEPHCTUK OKCHJIOB MEIM M KaIMUs1 ObUTH HCIIOIb30BaHbI aTOMHO-CHIIOBAsI MHKPOCKOITHS,
[IPOCBEYMBAIOLIasl JIEKTPOHHAsI MUKPOCKOIINS, II0JI€BAsi SMUCCUOHHAS CKAHUPYIOLIas SJIEKTPOHHAsI
MHUKPOCKOITHS U pEHTI'€HOBCKas tudpaxiyst. OMHUMH U3 IEPCHEKTHBHBIX BAPHAHTOB CO3AaHUS HOBOTO
KJlacca IIPOTUBOPAKOBBIX IIPENAPATOB SBJISAKOTCS HAHOUACTULBI OKCUA0B MeTaJIOB. biaronapst ceoemy
HeOOIBIIOMY pa3Mepy HAHOUACTHIIBI METAJIJIOB ¥ X OKCHBI 00J1a1al0T OMOJIOTMUeCKON aKTHBHOCTEIO;
OHU MOT'YT IPUOJIHIKATHCS K OMO00BEKTaM, B3aMMO/ICHCTBOBATh C HUIMHU U BCTYTaTh B KOHTAKT. B aTOM
MCCIIeIOBAaHNY OblJIa M3y4YeHa OMOJIorHYecKast aKTHBHOCTh HAHOYACTHI] OKCH/Ia MEIH 1 KaIMHUsI B OTHOIICHUT
KJIETOYHOH IMHUN paka MosouHoi xene3sl MCF-7. Pe3ynbraTsl mokasaiy, 4To OHoJIornyeckasi akTHBHOCTh

HaHOYaCTHI OKCHUJa MCIIH ObLIa BBILIC, YEM Y OKCHU 0B KaJIMU .

KuaroueBble cioBa: PACTUTCIBHBIC OKCTPAKTHI, 3eJICHBIN CHHTE3, HAHOYACTHUIIbI CUO, HAHOYACTHIIbI

cdo, IPOTHBOOITYX0JIEBbIE TPEIapaThl.
BaarogapHocTu. ABTOPBI BEIPAXKAIOT NMPU3HATEIBHOCTh XUMHYECKOMY (akyiibreTy Komnemxka

O6pa3OBaHI/I$I B 00J1aCTH YHUCTHIX HayK yHI/IBepCI/ITCTa ﬂI/IﬂHa 3a MpeaoCTaBJICHUC Ha60paTOpHBIX

HOMCH.[@HI/Iﬁ, HCO6XOI[I/IMI>IX JJIA IPOBEACHU A OTOI'0 UCCIIEAOBaHU .
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Introduction

Because of their growing applications, metal oxide nanoparticles have drawn more attention from
researchers in recent years [1]. It was discovered that the various properties of these oxides change
dramatically at the nanoscale as opposed to traditional measurement, eventually changing completely
[2,3]. Because copper, cobalt, and cadmium oxide nanoparticles are super-active metal oxides with several
uses in cutting-edge technology, they are utilized extensively in a variety of fascinating and significant
sectors, including biology and medicine. Because plant extracts are readily accessible, safe, nontoxic, and
contain a wide range of metabolites (phytochemicals) that facilitate the rapid reduction of metal ions, they
are frequently utilized in the manufacture of metal oxide nanoparticles [4,5]. According to Ismat Bibi and
colleagues, cobalt-oxide nanoparticles (NPs) were created utilizing a low-temperature extract of Punica
granatum peel from cobalt nitrate hexahydrate and utilized for photo-catalytic processes [6]. According
to many researchers, various plant extracts were successfully employed as a natural ligation agent in the
manufacture of cadmium oxide nanoparticles [7,8]. Numerous studies have documented the chemical
production of copper oxide (CuO) nanoparticles from Cu(NQO;), and CuSOy, and the electrocatalytic
efficiencies of CuO nanoparticles and their use in the manufacture of CuO-water nanofluid have been
studied [9—-11]. By causing apoptosis and rupturing cell membranes, copper oxide nanoparticles (CuO
NPs) have cytotoxic effects against the MCF-7 breast cancer cell line, which reduces colony formation
and cell proliferation. According to research, CuO, CdO NPs and extract of the root bark of Securidaca
longipedunculata led to the isolation of one new xanthone derivative, which may have a size-dependent
anticancer impact that is amplified when used in conjunction with other treatments like hyperthermia
or other nanocarriers [12—14].

As far as we are aware, there has never been a publication on the green production of Cu and Cd
oxide nanoparticles using plant leaf extracts at room temperature and use it treatment anticancer. In
order to produce and evaluate the copper and cadmium oxide nanoparticles utilizing leaf extracts from
local plants (cauliflower leaves), as well as to investigate their anti-cancer efficacy, the current work

was conducted.

Experimental

Chemical and materials used

We acquired cadmium (II) nitrate (CANO3), and copper (II) chloride hexahydrate (CuCI2.6H20)
from the Department of Chemistry, College of Education for Pure Science, University of Diyala, Iraq.
The cauliflower leaves were from Iraqi farms. The XRD spectra were recorded using an XRD-6000
Cuka (A=1.5406 A°), 220/50, HZ, SHIMADZU, (Japan). The products morphology was determined
using field emission-scanning electron microscope (FE-SEM) techniques on the ZEISS model: Sigma
VP., Transmission Electron Microscopy (TEM) on the Philips model: CM120 and Atomic Force
Microscopy (AFM) Scanning Probe Microscope, AA 3000 SPM 220 V- Angstrom Advanced Inc,
AFM contact mode, (USA).

— 312 —



Journal of Siberian Federal University. Chemistry 2026 19(2): 310-319

Preparation of the Cauliflower leaf extract

In order to prepare the green reducing and stabilizing agent, cauliflower leaves were gathered
from Iraqi farms in Diyala. To get rid of any contaminants, wash the cauliflower leaves with deionized
water. Slice the cauliflower leaves into tiny bits. Put 25 g of chopped leaves in 100 mL of deionized
water, then set the temperature to 80 °C. After a while, the water will become green, which means
that leaf extract has formed in the water. The extract will now be utilized as a reducing agent for the

manufacture of CuO and CdO nanoparticles after being filtered out and poured into the burette.

Synthesis of metal oxides nanoparticles

Set the temperature to 60 to 70 °C and add 2 g of cadmium (II) nitrate (CdNO3), or copper (II)
chloride hexahydrate (CuCl2.6H20) to 100 milliliters of deionized water. Add the cauliflower leaf
extract very slowly, drop by drop, until the solution changes color. When the color changes, stop adding
more cauliflower leaf extract because this shows that CuO and CdO nanoparticles are forming in the

water.

Characterization

Using Cu Ko radiation in the range of 20 = 20—80° at a scanning rate of 5° min-1, XRD analysis
(Bruker, Germany) verified the quality of the produced CuO and CdO nanoparticles. Atomic Force
Microscopy (AFM), Transmission Electron Microscopy (TEM), and Field Emission Scanning Electron
(FE-SEM) were used to analyze the structural morphology.

Results and Discussion

In order for us to complete this study, it was important to prepare the plant extract of cauliflower
leafs, which acts as a reducing agent and stabilizer for nanoparticles prepared from salts precurser
(CuCI2.6H20 and CdNO3). The metal hydroxides nanoparticles were first product, follow that the
metal oxides nanoparticles were synthesized by calcination process at 650 °C of metal hydroxides
nanoparticles. CuO and CdO nanoparticles followed by the diagnosis of the prepared nanoparticles by
physical spectroscopic methods.

X-ray diffraction analysis

Metal oxide nanoparticles (CuO and CdO NPs) were produced and analyzed using the X-ray
diffraction method. By comparing the created metal oxides, we can demonstrate in figures 1 and 2 that
the type metal’s action appears to have a distinct impact on the positions of the acquired peaks.

Displays the CdO nanoparticles X-ray diffraction pattern. The nanoparticles’ strong orientation
along the (111), (200), (220), (311), and (222) planes is demonstrated. A polycrystalline nature with a cubic
(face-centered) crystal structure is demonstrated by the presence of diffraction peaks (JCPDS 5-0640)
Fig. 1. CdO NPs’ average crystalline size, determined by the Debye Scherrer equation was 37.29 nm.
However, Fig. 2, which shows the generated CuO nanoparticles’ XRD diffraction, revealed a number of
the particles’ fundamental peaks inside the x-ray diffraction spectrum. The pattern closely resembles
the reference patterns for CuO (Joint Committee for Powder Diffraction Studies (JCPDS) File No. 00—
101-1148) and is consistent with the monoclinic crystal phase of the copper oxide nanoparticles with
cell parameters a=4.6530 A b=3.4100 A ¢=5.1080 A B=99.480°. It is well indexed at values of 20 at
32.68°,35.60°, 39.22°,49.06°, 53.71°, 58.66°, 61.86°, 66.98°, 68.27°, 73.38° and 75.40°, which correspond
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Fig. 1. XRD pattern of CdO nanoparticles Fig. 2. XRD pattern of CuO nanoparticles

to the (110), (002), (200), (20-2), (020), (202), (11-3), (310), (113), (221) and (004) planes, respectively.
The average crystalline size of CuO NPs was 31.43 nm, which was calculated using Debye Scherrer

equation.

Surface morphological study

Fig. 3, 4 and 5 display the AFM, FE-SEM, and TEM pictures of CdO nanoparticles, respectively.
The granularity distribution and three-dimensional AFM of CdO NPs are displayed in figure 3. The
CdO NPs are semi-ball shaped, feature uniform grains, a vertical orientation, and good dispensability.
These are the approximate values of the surface’s average diameter (53.67 nm), average determined
roughness (2.81 nm), and root mean square (3.12 nm).

Fig. 4 shows a FE-SEM picture of CdO nanoparticles that have been green-synthesized. Sizes of
CdO nanoparticles range from 44.99 nm. Additionally, a cluster of CdO NPs particles is the oval and
spherical form of these nanoparticles.

The particle size distribution was shown in Fig. 5 by the TEM picture of the CdO nanoparticles,
which matched the identical sample of XRD pattern in figure 1 and FE-SEM in figure 4. According
to TEM (at 60 and 100 nm magnification), the average particle size is between 13 and 35 nm.

Mean diameter

100 200 200 400 500 €00 nm

Fig. 3. 3D AFM image and distribution map of CdO NPs granularity accumulation
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Fig. 4. FE-SEM image of green synthesis CdO NPs

The homogeneous cubic structure of the produced cadmium oxide nanoparticles is seen from the
particles.

In the realm of nanotechnology, Atomic Force Microscopy (AFM) is a tool used to determine and
depict the topography of nanoscale surfaces with a high analytical capability.The spherical CuO NPs
employed in this investigation were 99 % pure and less than 50 nm in size (Fig. 6)

FE-SEM was used to examine the shape of CuO NPs (Fig. 7). Fig. 7 showed that the CuO NPs had
an average diameter of 35.76 nm and were shaped like spherical sheets.

The size, shape, and crystalline structure of CuO nanoparticles may be seen in photos captured by
a Transmission Electron Microscope (TEM). These images typically show spherical, self-assembled
particles with different levels of aggregation and fusion depending on the synthesis and annealing

conditions. The result is composed of spherical nanoparticles with a consistent shape and a relatively

¥22.39 nm

30 nm

Fig. 5. TEM images of green synthesis CdO NPs (scale = 60 and100 nm)
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Fig. 6. 3D AFM image and distribution map of CuO NPs granularity accumulation
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Fig. 7. FE-SEM image of CuO NPs

narrow size distribution from 2 to 40 nm, according to the TEM images in Fig. 8. A tiny proportion of
the nanoparticles shown in the micrographs are elongated, whereas the majority are almost spherical.
Additionally, they are agglomerated and not widely distributed, with an average particle size of 40 nm,

which is in good agreement with the XRD data.

Aanticancer activity

Using the MTT test, the cytotoxicity effects of CdO and CuO NPs were investigated against the

MCEF-7 (Fig. 9) and table 1. Cytotoxicity activity on tumor cells was examined at two concentrations:
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Fig. 8. TEM image of CuO NPs
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Fig. 9. Anticancer activity of CuO NPs and CdO NPs

normal cells and control cells (50 pg/mL and 100 pug/mL). The phytoconstituted CdO and CuO NPs
IC 50 values against the MCF-7 cell line were 124.5 pg/mL and 94.6 pg/mL, respectively. According
to these data, the lowest dosage exhibited good cytotoxic effect. An illustration showing how well
biosynthesized copper oxide and cadmium oxide nanoparticles work against MCF-7 (Fig. 9) cells at
various. Based on these results, it can be said that CuO NPs have strong inhibitory effect on MCF-7

Table 1.The proportion of cells remaining and percentage of killing on MCF-7 after 24 hours

. CdO NPs (IC 50 =124.5 pg/mL) CuO NPs (IC 50 =94.6 pg/mL)
Concentration (ppm) — —
Cell Death (%) Cell Viability (%) Cell Death (%) Cell Viability (%)
0 9.44 90.56 4.08 95.92
20 19.82 80.18 12.01 87.99
60 39.57 60.43 32.71 67.29
100 48.91 51.09 46.82 53.18
140 65.53 34.47 59.37 40.63
180 80.27 19.73 80.19 19.81
220 87.07 12.93 86.11 13.89
260 89.13 10.87 90.68 9.32
Blank 96.3 37 93.3 6.7
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cells, with the percentage of cancer cells killed being higher at the lowest concentration. This is superior

than CdO NPs, depending on the nanoparticle concentration.

Conclusions

Green chemistry, often known as environmentally friendly chemistry, is a cost-effective and
ecologically safe approach of creating nanoparticle materials. Additionally, the produced material
nanoparticle may be reused several times without losing its chemical activity and is distinguished by
its chemical stability and lack of anxiety. Excellent in vitro anticancer and apoptotic activity against
human breast cancer cells was demonstrated by the effective production of CuO and CdO NPs using
cauliflower leaf extracts, which was verified by XRD, AFM, FE-SEM, and TEM.

Compared to CdO NPs, CuO NPs showed more cytotoxic action and apoptosis induction against
breast cancer cells. Additional in vivo studies may clarify CuO NPs’ potential for use as a therapeutic

agent in cancer treatment.
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Abstract. In this research, the influence of inlet temperature, drying gas flow rate, polymer solution
feed rate, and polymer solution concentration, both individually and in interaction, on the diameter
and zeta potential of poly(3-hydroxybutyrate-co-3-hydroxyvalerate) microparticles produced via the
spray drying technique was evaluated. It was determined that particle diameter is predominantly
influenced by polymer solution concentration. As a result, the optimal parameters for obtaining
microparticles with the smallest diameter and satisfactory zeta potentials were found to be: inlet
temperature 100 °C, drying gas flow rate 35 m*/h, polymer solution feed rate 7.5 ml/min, and polymer
concentration 0.1 %. This study demonstrates the applicability of response surface methodology
based on a Box-Behnken design to determine the optimal conditions for obtaining microparticles

with desired characteristics.
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Hcnoab3oBanue PACHBLIMNTEC/IbHOIO BbICYININBAHUSA
AJS MOJYYECHU I MUKPOYaCTHUII

noJU(3-ruAPOKCHOY THPAT-CO-3-THAPOKCUBAJIEPATA)

C.10. JIunaiikun?, A.C. lopoxun®®, I. A. PeaibueBa™®,
B.M. Jlenucor?, T.T. BosioBa®?, E. . Keccaep™®
“Cubupckuii ghedepanvhwiili yHUSEpCUMEM

Poccuiickaa ®edepayus, Kpacnosapck

*Uncmumym ouogusuxu CO PAH

QU] «Kpacnoapckui nayunvid yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacnosapck

AHnHoTanus. B paboTe oneHeHO BIMSHNE TEMIIEPAaTy Pl Ha BXOZIE B PACHIBIIUTENBHYIO KaMepy, CKOPOCTH
MOTOKA ra3a-oCyHIMTENs, CKOPOCTH IIO/Ia4H PAcTBOPA IOJIMMEPA, a TAK)Ke KOHIIEHTPAaIMK NOIMepa
Ha J[3eTa-MOTEHIMAJ U JUAMETP MUKPOUYACTHIL MOJIHU(3-THIpOKCUOY THPAT-CO-3-THAPOKCHBalIepaTa),
MTOJIyYEeHHBIX METOJIOM PAaCHbUINTEIBHOTO BBICYIIMBAHUS. YCTAaHOBJICHO, YTO HA JUAMETP YaCTHI]
IPENMYIIECTBEHHO BIUACT KOHLEHTPAIMA pacTBOpa noaumepa. B pesynprare HaiiieHbl ONTUMAJIbHBIC
rapameTpsl ISl TIOTyYeHU I MUKPOYacTHUI] C HAMMEHBIIUM IHAMETPOM H y/I0BICTBOPUTEILHBIMHU
J3eTa-NOTeHIIMaJaMu: TeMIIepaTypa Ha BXOJIe B pacblIuTenbHy0 kamepy 100 °C, ckopocTu moToka
rasa-ocymurens 35 M3/4 u mojauu pacteopa nonuMepa 7,5 MiI/MUH, KoHeHTpaus noiaumepa 0,1 %.
HccnenoBanue 1eMOHCTPUPYET MPUMEHUMOCTh METOAMKH ITOBEPXHOCTH OTKJIMKA, OCHOBAHHOI Ha IJIaHe
Bokca-benkena, 7151 onpeneneHusi ONTUMaJIBHBIX YCIOBHH MOy Y€HUsI MUKPOYACTHIL C 33 JaHHBIMHU

XapaKTePUCTUKAMH.

KiroueBble cjioBa: MOJIMTUAPOKCHUATIKAHOATHBI, MUKPOYACTHUIIbI, paCIIBIJIUTCIIBHOC BRICYIINBAHUC,

niaH bokca-benkena.
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ABTOpBI XOTEH OBl BBIPA3UTh 0COOYI0 O1aroapHOCTh KpacHOsPCKOMY perHoHaIbHOMY HEHTPY Hay4HO-
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Introduction

Biopolymer microparticles are small, spherical particles composed of biodegradable and
biocompatible polymers (such as chitosan, alginate, polylactic acid, poly(D, L-lactide-co-glycolide),
polycaprolactone, polyhydroxyalkanoates, efc.), typically ranging in size from 1 to 1000 micrometers.
These promising materials have attracted considerable interest as drug delivery carriers due to their
ability to provide controlled and sustained drug release. Microparticles protect the encapsulated drugs
from degradation prior to reaching the target site, which improves therapeutic effectiveness [1]. Despite
the variety of biopolymers used in the formulation of drug delivery systems, polyhydroxyalkanoates
(PHAS) are rightfully regarded as some of the most promising candidates for this purpose. These
biopolymers attract attention due to their non-toxicity, biocompatibility, natural origin, and unique
physicochemical properties [2].

Biopolymer microparticles can be produced by a wide range of methods, such as electrospray, spray
drying, ionotropic gelation, microfluidic techniques, solvent extraction, solvent evaporation, and many
others [3—7]. Among the above-mentioned methods, the spray drying method is gaining significant
popularity due to its rapidity, cost-effectiveness, and scalability. In the spray drying technique, the
polymer is dissolved in a suitable volatile organic solvent, and the resulting solution is then fed into
the drying chamber through nozzle using a peristaltic pump. Inside the drying chamber, the sprayed
solution interacts with hot drying gas (inert gases, nitrogen, air), causing rapid evaporation of the
solvent. Consequently, the dispersed particles, formed as the solvent evaporates, are removed from the
chamber using a cyclone [§].

It is well established [9—11] that critical characteristics of microparticles produced via spray drying,
such as particle size, zeta potential, surface morphology, yield, efc., are influenced not only by the nature
of the polymer used but also by the specific parameters governing the microparticles’ formation process
[12]. The most important parameters include the polymer concentration in the organic solvent, the inlet
temperature of the drying chamber, the drying gas flow rate, and the spraying solution feed rate [13].

Although there is an increasing interest in the application of the spray drying technique for the
production of PHA-based microparticles for drug delivery systems [14,15], investigations focusing on the
effects of particle formation parameters on their physicochemical properties have received considerably
less attention. Several studies [16,17] have provided comprehensive analyses of the factors influencing
the physicochemical properties of poly(3-hydroxybutyrate) microparticles, whereas research concerning
polyhydroxyalkanoate copolymers, particularly poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV),
remains limited.

Determination of the optimal conditions for obtaining spray-dried microparticles with desired
characteristics requires a comprehensive optimization process. For this purpose, the application of
the response surface methodology (RSM), which includes an experimental design procedure, may
be used. Among various designs within RSM, the Box-Behnken Design (BBD) has demonstrated
considerable efficacy in delineating the quantitative relationships between independent variables and their
corresponding responses [18]. Notably, BBD demands a reduced number of experimental runs relative
to alternative design strategies, thereby conserving both time and material resources. Furthermore, this
design facilitates the fitting of a comprehensive quadratic response surface model encompassing linear,
interaction, and quadratic terms, which collectively enhance the capability to identify optimal process

conditions and elucidate the interactions among variables [19].
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Thus, the objective of the study is to investigate the influence of spray drying parameters on
the physicochemical properties of PHBV microparticles and to determine the optimal production

conditions for microparticles with desired characteristics.

Materials and Methods

Materials

Microbial PHBV (10 % of 3HV, 490.8 kDa) was synthesized at the laboratory of Biotechnology
of new biomaterials of Siberian Federal University in Krasnoyarsk, RF [20]. Dichloromethane (DCM)
was purchased from Merck (Germany).

The water used was purified by Arium® Pro Ultrapure water system (Sartorius AG, Germany).

Preparation of microparticles

Spray-dried PHBV microparticles (MPs) were obtained using Biichi Mini Spray Dryer B-290
(BUCHI Laboratory Equipment, Switzerland). To prepare MPs samples, 150 mg of PHBV was
dissolved in DCM, and each solution was then spray-dried using argon as the drying gas. The obtained
MPs were collected, weighted and kept at —20 "C.

Experimental design

To evaluate the relationship between independent variables (factors) and dependent variables
(responses), and optimize the production of spray-dried microparticles with desired characteristics,
Design Expert® 11.0.3 software (Stat-Ease, USA) was used.

The number of experiments (N) required for the development of BBD is defined as [18]:

N =2k(k—1) + C,, Q)

where k is the number of factors and C is the number of central points.

The design included 4 independent variables (inlet temperature — X, drying gas flow rate — X,,
polymer solution feed rate — X3, and polymer concentration — X4) with 3 levels each, and 2 dependent
variables (diameter — Y | and zeta potential — Y ,) as shown in Table 1. The number of experiments was
setas 27 (Cy=3).

Preliminary experiments were carried out to establish appropriate ranges for the processing
variables.

A p-value of < 0.05 was used to determine statistical significance. The adequacy of the model was

evaluated using the F-test.

Particle diameter and zeta potential

Zetasizer Nano ZS (Malvern, UK) was used to determine the particle diameter (average hydrodynamic
diameter) and zeta potential (ZP). The microparticles were suspended in deionized water (1 mg/mL) and

sonicated at 30 W for 1 minute prior to measurement using Misonix Sonicator S-3000 (USA).

Scanning electron microscopy

The shape and surface morphology of the obtained microparticles were assessed using scanning

electron microscopy (SEM) (Hitachi SU 3500, Japan). The samples were mounted on a specimen stub
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Table 1. Independent and dependent variables of Box-Behnken design

Independent variables

Factor Symbol Level
-1 0 +1
Inlet temperature, °C X, 80 100 120
Drying gas flow rate, m*h X, 28.0 31.5 35.0
Polymer solution feed rate, ml/min X3 1.5 7.5 13.5
Polymer concentration,% Xy 0.10 0.15 0.20
Dependent variables

Response Symbol

Average hydrodynamic diameter, nm Y,

Zeta potential, mV Y,

and then sputter-coated with platinum using Leica EM ACE 200 (Germany) to enhance conductivity

and facilitate heat dissipation from the polymeric matrix.

Results and Discussion

To evaluate the relationship between process parameters and particle diameter and zeta potential,
an experimental design consisting of 27 runs, including 3 center points, was conducted based on the
Box-Behnken design with four factors at three levels. The experimental data along with the predicted
values are shown in Table 2.

The regression equation for the coded variables is as follows:

Y1 = b(] + b1X1 + bzXz + b3X3 + b4X4_ + b12X1X2 + b13X1X3 + b14_X1X4_ +

2
+b,3 X5 X5 + by X, X, + by XX, + by X2 + bypX2 + by X2 + by, X3, @

where by is the intercept of the regression equation, b; are the linear regression coefficients, and bj; are

the coefficients of the pairwise factor interaction.

Particle diameter and morphology

The optimal size of microparticles in drug delivery systems varies depending on the route of
administration and delivery system type [21-24]. For inhalation systems, the particle size should range
from 1to 10 um, whichis determined by the phagocytic activity ofalveolar macrophages and the necessity
of ensuring effective penetration into the lower respiratory tract. For intramuscular administration, the
preferred microparticle size is 5—8 um, while for intranasal delivery, it is approximately 10 pm, which
provides effective adhesion to the nasal mucosa and contributes to localized action. Nevertheless,
even considering the optimal sizes of polymeric microparticles for various administration routes, the
primary objective remains the production of particles with the smallest diameter. This is due to the
fact that microparticles in solution tend to aggregate. The surface morphology of microparticles also
plays a key role in their interaction with cells. Since microparticles in delivery systems come into
direct contact with cell membranes, surface characteristics can significantly affect the adhesive ability
of cells [2,25,26].
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Table 2. Experimental and predicted response values

Sample X, X, X3 Xy Y Exp Y Pred Y, Exp Y, Pred
MPsl 1 0 0 2312 2436 -35,9 B
MPs2 1 0 0 -1 1724 1639 -33.8 B
MPs3 0 0 -1 -1 1543 1644 -34,9 B
MPs4 -1 1 2531 2706 -37,3 _
MPs5 0 0 2985 2973 -37,2 _
MPs6 -1 0 -1 0 2831 2695 -36,2 _
MPs7 1 -1 0 0 3051 2861 -36,3 _
MPs8 0 1 0 -1 1350 1442 -35,1 B
MPs9 0 1 -1 0 2340 2238 -35,9 _
MPs10 0 0 -1 1 4331 4333 34,7 _
MPsl1 1 0 0 1 4100 4329 34,7 _
MPs12 -1 0 0 1 4664 4588 -31,6 _
MPsl13 1 0 1 4242 4131 -32,8 _
MPsl4 0 -1 0 1 4422 4546 -33,4 _

MPsl5 0 0 0 3043 2973 -35,4 _
MPsl6 -1 0 0 -1 1848 1899 32,4 _
MPs17 -1 -1 0 2400 2653 -33,8 _
MPs18 0 1 1 4510 4333 -36,2 _

MPs19 -1 1 0 2700 2695 -36,0 _

MPs20 1 0 2300 2238 35,5 _

MPs21 0 0 0 0 2894 2973 -34,3 _

MPs22 0 -1 0 -1 2066 1857 -32,6 _

MPs23 1 1 0 0 2020 2021 -31,2 B

MPs24 -1 -1 0 2712 2696 -34,9 _

MPs25 0 1 -1 1600 1644 32,4 B

MPs26 1 -1 2522 2436 -34,9 _

MPs27 0 -1 1 2622 2653 -35,7 _

*Exp — experimental; Pred — predicted

The average hydrodynamic diameter of all the obtained microparticles was in the range of 1350
nm to 4664 nm. Such sizes are typical for spray-dried polymeric PHA microparticles [27,28].

According to analysis of variance it was found that the intercept of the regression equation (by),
the linear coefficients (b, by, and by), as well as their interactions (byy, by, by, bss, byy), are regarded
statistically significant. Thus, the final regression equation for MPs’ diameter is written in terms of

coded factors as:

Y, = 2973.3 — 129.7X, — 207.5X, + 1344.8X, — 212.5X,X, —

3
—141.3X2 — 261.1X% — 266.8X2 + 281.9X2. ®)

Equation 4 demonstrates that particle size is predominantly influenced by polymer solution

concentration (X4, p < 0.0001). Specifically, maintaining X, at low level (-1) results in a reduction
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of the mean MPs diameter by 1344.8 nm. The effect of polymer concentration on particle diameter
may be attributed to the increased viscosity of the solution, which, during the spray drying process,
leads to a larger droplet formation and consequently to an increase in resulting particle size [29]. The
inlet temperature (X;, p = 0.0068) negatively affects particle diameter: the higher temperature is set,
the smaller particles are formed. However, the opposite effect of inlet temperature is usually noted:
as the temperature increases, solvent evaporation °Ccurs more intensively and a drop saturated with
polymer, losing moisture, forms a larger microparticle [30]. Nonetheless, in [31,32] a reduction in
particle size during spray drying was observed with increasing inlet temperature within a comparable
temperature range (this might be due to other non-studied process variables or specific interactions
affecting spraying process rather than the inlet temperature effect alone). The drying gas flow rate (X5,
p = 0.0001) also had a negative effect on particle diameter; flow rate increases the drying gas velocity
and centrifugal forces, improving drying efficiency and reducing the initial droplet diameter. This
reduction in droplet diameter is the key factor driving the decrease in particle size [33].
Fig. 1 shows a response surface plot for the interaction X;X, (X, is at medium level): smaller
particles can be obtained if both of the parameters are at high levels or at low levels. This conclusion is

quite predictable, since the coefficient by, is negative for both cases.
Fig. 2 depicts the morphology of some representative formulations to show the effect of studied

parameters on particle size and shape.
SEM images reveal that increasing the concentration of the polymer solution increases the particle

diameter and changes the particle surface morphology (MPs of defective structures are observed).
Therefore, the optimal parameters for obtaining microparticles with the smallest diameter (1350
nm) correspond to those of sample MPs8 (X,—100 °C, X,-35 m’/h, X3-7.5 ml/min, X;—0.1 %).
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Fig. 1. Response surface plot showing the effects of two parameters on the particle diameter
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SU3500 10.0kV 10.9mm x15.0k SE

Fig. 2. SEM images of the obtained microparticles: (A) MPs8. (B) MPs4. (C) MPs12

Particle zeta potential

Zeta potential is the difference in the potential between the bulk dispersion medium and the
stationary liquid layer surrounding the particle surface. It serves as an indicator of the particle’s surface
charge, directly influencing colloidal stability and the tendency for aggregation; particles exhibiting
higher absolute ZP values generally demonstrate enhanced dispersion stability [34].

The measured zeta potential values, ranging from —37.3 mV (MPs4) to —31.2 mV (MPs23),
indicate a moderate aggregative stability of the obtained microparticles [35]. Polyhydroxyalkanoate
microparticles typically have negative surface charge due to the presence of terminal carboxyl groups
on their surface (which deprotonate in aqueous environments). This negative surface charge results in
a negative zeta potential [36,37].

It was found that the traditional regression models (linear, p = 0.4684; quadratic, p = 0.6210;
cubic, p = 0.7544) have p-values significantly exceeding 0.05, as well as Fisher’s F-test statistics
exceeding the critical values, indicating the inadequacy of these models. The findings indicate that the
studied independent variables do not affect ZP or have a more complex influence on its value and may
potentially be described by more advanced models.

According to studies on similar topics [38,39], the primary factors influencing zeta potential
include the presence of surfactants, the ratios of polymer mixtures in the spraying solution (in this
research, the solution to be dried consisted only of PHBV and DCM), and the ionic strength of the
MPs’ dispersion medium (in the current work, ZP was measured in deionized water).

Overall, since the absolute zeta potential values of all obtained microparticles exceed 30 mV, and
the range between the highest and lowest values is only 6.1 mV, further optimization of this parameter
is not required. From the perspective of ZP values, all studied systems can be regarded as moderately

stable against aggregation.

Conclusion

In this research, the influence of spray drying parameters on the physicochemical properties of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) microparticles was evaluated. The optimal conditions
for obtaining microparticles with the lowest diameter were determined. In the future, based on the data
obtained, it will be possible to justify the selection of micronization parameters for preparing drug-
loaded PHBV-based microparticles using spray drying technique.
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Abstract. The condensation of allobetulone with thiosemicarbazide in an ethanol medium leading to
the production of allobetulin 3-thiosemicarbazone and its subsequent heterocyclization into allobetulin
1,2,3-thiadiazole was studied for the first time. The structure of allobetulin 3-thiosemicarbazone and
allobetulin 1,2,3-thiadiazole was confirmed using FTIR and NMR spectroscopy, and the composition
was determined by elemental analysis. It has been shown that allobetulin 1,2,3-thiadiazole, synthesized
from allobetulin 3-thiosemicarbazone, is identical in its physico-chemical characteristics to the compound

obtained by the known method from allobetulin 3-semicarbazone.
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Cunre3 3-Tnocemukap6a3oHa aj100eTyJInHa

U ero rerepouukanzanmsa B 1,2,3-Tuaanaszonn aaio0eTyjnHa

B. A. JleBpanckmii, A.B. JleBjanckuii

Huemumym xumuu u xumuyeckou mexnonoauu CO PAH
QUL «Kpacnospckuil nayunsii yenmp CO PAH»
Poccuiickas ®edepayus, Kpacnosapck

AHHoTanus. B HacTosieil paboTe BrepBble H3y4YeHa KOHACH AL aJlI00eTyIOHA C THOCEMHUKAp0Oa3uIoM
B CpeJie 9TaHoJIa ¢ MoJyYeHHeM 3-THoceMuKapOa3oHa aJulio0eTyIuHa U MOCIeAyolias ero
rerepounkinzanys B 1,2,3-tuagnazon amroderynnHa. Crpoenne 3-TnoceMukap6a3oHa amuro0eTynHa
u 1,2,3-tuaguasosna aynodeTyInHa YCTaHOBIICHO ¢ ucnoiab3oBanueMm MK u SIMP criektpockonuu,
a cocTaB — IIEMEHTHBIM aHau3oM. [lokaszano, uto 1,2,3-THaana3on amiodeTyIMHa, CHHTE3HPOBAHHbIH
u3 3-THoceMuKapOa3zoHa anao0eTynrnHa, 10 CBOUM (HH3UKO-XUMHUECKUM XapaKTePUCTUKAM HJICHTHYEH

COCAMHCHUIO, TOJTYUYCHHOMY U3BCCTHBIM cIrocoooMm u3 3-CGMI/IKap6aSOHa a.]'I.]'IO6€TyJ'II/IHa.

KuroueBble ci10Ba: aymodeTyoH, TnoceMukap0asn, 3-rnoceMukap0a3oH auro0eTyInHa, peaKius

Xapna-Moypwu, 1,2,3-Tragna3on aaiooeTyauHa.

Baarogapnoctu. PaGota BeimonHeHa B paMkax rocyaapcrsennoro 3aaanus UXXT CO PAH npoekt
FWES-2026—-0010 ¢ ncrions3oBanuemM 060opynoBaHusi KpacHOSIpCKOTO pernoHajlbHOTO HEHTPa
KosutekTuBHOTO nonb3oBanust UL KHI[ CO PAH.

Iurtuposanue: Jlesnanckuii B. A., Jlesnanckuii A. B. Cunres 3-tnoceMnkap6a3oHa aJuto0eTyIHHA U eT'0 FeTePOLHMKIN3AIHS
B 1,2,3-tnazna3zon annoberynuna. XXypa. Cub. ¢penep. yu-ra. Xumus, 2026, 19(2). C. 332-339. EDN: MMBCAG

Beenenne

XuMuueckue TpaHcGOpMaIMK JOCTYITHBIX U JIETKO BBIJIEISIEMbIX B YHCTOM BH/JI€ IPUPOJIHBIX
COCIMHEHUH C [EJThI0 IONCKA OMOJIOTMUECKU aKTHBHBIX BEIIECTB, B YaCTHOCTH JICKAPCTBEHHBIX IIpeTa-
paToB, CTaJK OCHOBOW CaMOCTOSTENILHOTO HAy YHOT'O HAIIPABJICHUSI OMOOPTaHMYECKON U CHHTETHYECKON
OpraHWYECKOW XUMHH. AHAIIN3 JIUTEPATYPHI TO3BOJISICT CYUTH O TOM, YTO HAaHOOJbIIIce BHUMAHUE
[PUBJIEKAIOT IIPUPOHBIE COCANHEHUS], O OMOJIOTNYECKOI aKTHBHOCTH KOTOPBIX HMEIOTCS IOCTOBEPHbIC
JMAHHBIC. SIpKUM IpIMEPOM TaKUX COSAMHCHUHN SBIISICTCS TPUTEPIICHON OCTYIUH, CONCPIKAITUNCS
B 3HAUUTEIbHBIX KosnuecTBax (110 30 %) B HApYIKHOM clioe KOpbl Oepésbl — Oepecrte. beTynuu npu-
BIIEKACT OIPOMHOEC BHUMAHHE XUMUKOB U (hapMaKOJIOTOB M3-3a ITUPOKOTO CIEKTPa OMOIOTMIeCKON
AKTUBHOCTU: aHTUPAXUTHOM, PAaHO32KHUBJISIOIIEH, THIIOX0JIECTEPUHEMUYECKOMH, KEeTYerOHHOM, TPOTUBO-
BOCHAJIUTENILHOH, IenaTonpoOTeKTOPHOM, MpoTUBOONYyX0ueBoi, antu-BUY [1, 2].

[Ipu nelicTBMYM KUCIOTHBIX KaTaIU3aTOPOB OETYJHMH MeperpynnupoBsIBaeTcs no Baruepy-
MeepaeitHy B ayuto0eTynnH. MeTo/bl IpeBpalieHus OSTyIHHA B aJUI00STYINH B IPUCYTCTBUU KUCIOT
oaApoOHO OMKMCaHbl B 0030pHOM cTaThe [3]. YCTaHOBIICHO, YTO IPOM3BOAHbBIC a/UI00ETyIMHA 001a1al0T

ITPOTHBOBOCIIATIMTEIBHOM, IIPOTHBOSA3BEHHON, TPOTHBOBHPYCHOM, IMMYHOPETYJISI TOPHON U aHTHPAKO-
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BOM akTHBHOCTSIMU [4]. Illupokwuii ciekTp OMOIOrnYecKoi aKTUBHOCTH aJI00ETY IMHA TOTBEPIKIAET
11eJ1ecO00Pa3HOCTh MPOBEICHUS Pa3IMYHBIX €I0 TPaHCPOPMAIHii.

W3BecTHO, UTO THAAMA30JbHBIN FETEPOLUKI BXOAUT B CTPYKTYPY Le(PaToCIOPUHOBBIX aHTH-
omortukoB [5, 6]. Coenunenus, cogepxkamiue 1,2,3-Tuanna3onbHbId GpparMeHT, 00Jagal0T pa3HO-
00pa3HOl OMOJIOrMYECKOW aKTHBHOCTBIO, CPEAM HUX OOHApyKEHbI BBICOKOAKTHBHBIA Ne(OIHAHT
XJIOMYaTHUKAa U UMMYHOMOAYJISATOp pacTeHuil [6]. Mcnonp3oBanue peakuuu Xappa-Moypu ans
cunTesa 1,2,3-Tmaana3oyioB Ha OCHOBE TPHUTEPIEHOUOB HCCIEIOBAHO HA MPUMEpPE METHIOBOIO
a¢upa 6eTyIOHOBOI KHUCIOTHI [6], A-HOp MPOU3BOIHOTO ajobeTynuHa [5], amroberynuna [7, §]
u 24-Hop-annodeTrynuna [9].

B pabotax [5-9] TpuTeprieHOBBIC TPOU3BOAHEIC 1,2,3-THaara305a ObLIH MOTYYEHBI IT0 PEeaKIIHH
Xapna-MoypH ¢ UCTIOIB30BaHUEM THAPOXJIOpHIA ceMukapOasuaa. B mpogomxkenue paboThl O CHH-
te3y 1,2,3-TnaanaszonoB ajmuio0eTyluHa M3ydeHO IOoJydeHHe 3-THoceMHKapOa3oHa ajutoOeTysInHa

U ero nukiau3anus B 1,2,3-Truaanason aaio0eTyauHa.

BKCHepl/IMeHTaJI])HaSI qacThb

Hcxomnubril 6eTyauH OBLI MMOTY4YeH U3 OepecThl — Hapy KHOTO clost Kopsl 0epésnl (Betula pendula
Roth) no meronuke [10]. AmioGeTys0H ObLIT MOJyUYeH B ABe cTaiauu. [lepsas ctaiusi — IMoJy4eHUe
ayobetynuHa mmo Metoauke [11]. Bropas — okucnenue amioderyninHa peakTHBoM J[>)KOHCa B alleTOHE
o metoauke [12].

CunTe3 3-THoceMnkap0a3oHa ajio0eTyInHA

B kpyriononuyo koia0y 06bémMom 100 M1, cHaOXKeHHYI0 00paTHBIM XOJIO0AUIBHUKOM, 3aJMBaJIH
35 M1 aTHIOBOTO crupTa, 3aTeM gobasisumm 1.10 T (2.5 MmMons) amnoberynoHa u 3.64 T (4.0 MMoIIB)
TroceMukapbasuna. CmMech nepeMenBaIl MpH KUIAYeHUH 6 4. X0 peakInu KOHTPOINPOBAIN Me-
tonoM TCX. PeaklIMOHHYIO Maccy oxJiakaajiu ¥ BbuiuBaIM B 150—200 M X010AHON BOJbI, BbIIIaB-
MK 0Ca/I0K OTQUIBTPOBBIBAIIN, IPOMBIBAJIN Ha (PUIBTPE BOJIOM, BBICYILIMBAJIM IPU KOMHATHON TEM-
nepaType ¥ NepekprucTaIM30Baln U3 3TuiaoBoro ciupra. Beixox 0.91 1 (73.0 %). BemectBo 6enoro
useta. T.paszn. 233-235 °C. UK-cnextp: (KBr, v, em™) 3440, 3260, 2920, 2851, 1736, 1704, 1588, 1464,
1385, 1375, 1261, 1200, 1175, 1074, 947, 767. IMP 'H cuekrp (CDCls, 8, m.a., J/T): 0.82, 0.92, 0.93,
0.95, 1.02, 1.08, 1.17 (21H, s, 7CHj3), 1.10-2.43 (24H, m, CH, CH,), 3.47 (1H, d, J=7.8, H-28), 3.55 (1H,
s, H-19), 3.80 (1H, d, J=7.8, H-28), 6.30 u 7.21 (2H, NH,), 8.66 (IH, NH). IMP *C cnextp (CDCls, 3,
m.a.): 13.41, 15.61, 16.07, 19.57, 19.95, 21.43, 23.31, 24.54, 26.24, 26.40, 28.45, 28.79, 29.67, 32.71, 33.32,
34.23, 36.27, 36.74, 37.08, 38.68, 40.62, 40.79, 41.47, 41.76, 46.79, 50.42, 55.21, 71.25 (C-28), §7.92
(C-19), 162.61 (C-3), 179.23 (C=S). Haiineno, %: C 72.13; H 9.28; N 7.85; S 6.03. C5;H5;N;0S. Brrunc-
neHo, %: C 72.51; H 9.94; N 8.19; S 6.24.

Cunres 1,2,3-Tuanunazona annobeTyanHa

B xormueckoii konbde o6pémom 100 ma pactBopsinu 0,51 T (1 Mmoitp) 3-THoceMuKkapOa3oHa ajio-
OerynuHa B 25 Mi1 0€3BOIHOIO XJIOPUCTOrO MeTHJIeHa. K MojyueHHOMY pacTBOpY MpH IepeMennBa-
HUU J00ABIISIIN OHOM TopIuei 1.5 MIT cBeXeneperHaHHOro THOHMIIXJIopHia. CMech nepeMeInnBain
Ha MarHWTHOW MeIajike IpHU KOMHATHOW TeMmIepaType 6 4, OCTaBISUIM HAa HOYb, 3aTeM T00aBIIsIN
25 Mu1 BOAbI, 25 MJI XJIOPUCTOTO MeTHJIeHa U mpombiBanu 10 %-bIM pacTBOpOM KapOoHaTa HaTpHs
(3%x40 mu) u Bommoit (3x40 mi). [TpOMBITEIN PACTBOP XJIOPUCTOTO METUIIEHA CYIIVIIM HaJl O€3BOTHBIM

CyIb(paToM MarHMs 1 yIapHBaJid B BAaKyyMe Ha poTallmoHHOM ucnapuresne. CyXoi 0cTaTOK pacTBO-
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psuin B O€H30JIe U XpoMaTorpaupoBalii Ha OKCUJIEC aJIFOMUHUS, Aonpys OenzosoM. Beixox 0.36 ¢
(75.0 %). BewecTBo cBeTno-kopuuneBoro mpera. T.mr. 270-272 °C. UK-cnekrp: (KBr, v, cm™!) 2943,
2860, 1727, 1679, 1518, 1450, 1384, 1361, 1251, 1140, 1033, 1011, 965, 946, 930, 900, 836. SIMP 'H
cektp (CDCl,, 6, m.x1., J/T'm): 0.84, 0.86, 0.96, 0.97, 1.07, 1.42, 1.53 (21H, s, 7CH3), 1.00-2.20 (20H,
m, CH,, CH), 2.36 (1H, d, J=16.7, H-1), 3.25 (1H, d, J=16.4, H-1), 3.49 (1H, d, J=7.8, H-28), 3.58 (1H,
s, H-19), 3.82 (1H, d, J=7.6, H-28). IMP 3C cnekrp (CDCl3, 8, m.1.): 13.47, 15.41, 16.43, 19.21, 21.60,
23.53, 24.56, 26.21, 26.35, 26.51, 28.80, 31.26, 32.71, 32.90, 34.24, 36.29, 36.33, 36.73, 37.68, 38.78,
40.78, 40.83, 41.52, 46.77, 49.56, 52.75, 71.26 (C-28), 87.94 (C-19), 145.43 (C-2), 165.62 (C-3). HaiineHo,
%: C 74.38; H 9.30; N 5.57; S 6.33. C30H6N,OS. Beruucneno, %: C 74.69; H 9.54; N 5.81; S 6.64.

DJIeMEHTHBIN aHaIN3 BBITIOJTHEH Ha 3JeMeHTHOM aHanm3atope Flash EA™-1112 (Thermo Quest
Italia). T.m1. usmepsuin Ha ipubope Electrothermal A9100 (Electrothermal Engineering Ltd., Benuko-
6puranns). TCX-ananu3 nposoxuin Ha uractuHkax Silufol (Chemapol, Yexus), ucronssyst cucremy
pacTBopuTenei xopopopm—meranod, 20:1. BemiectBo odHapyxuanu 20 % pactBopom ¢ochopHo-
BOJIb()PAMOBOM KUCIIOTHI B 3TaHOJE ¢ HocienyomuM HarpesanueM mpu 100-200 °C B teuenue 2—3
MMUH, a TaKXe B Ilapax oja.

UK-cnekTpsl 3anuceiBain Ha @ypre UK-criekrpomerpe Tensor-27 (Bruker, ['epmanmns) B o6mna-
ctu niuH BostH 400-4000 cm™! B Tabnetkax KBr (3 Mr o6pasua / 300 mr KBr). O6paboTka creKTpab-
Hol nH(popManuu nposezaeHa o nporpamme OPUS (Bepcns 5.5).

SIMP-cniexktper peructpuposaiu B cpeae CDCl; mpu temmneparype 25 °C Ha CHEKTpoMETpe
Bruker Avance II1 600 MTI't (Bruker, I'epmanmst) ¢ mpuBs3Koil K JeHTEpUEBOMY PE30HAHCY PACTBO-

putens.

Pe3yabrarsl 1 00cyxaeHune

B pabotax [5-7, 9] cunTe3 1,2,3-THaana30JI0B TPUTEPIICHOUIOB OCYIIECTBISACTCS B IBE CTAIUH.
[lepBasi cramusi — KOHJEHCAIMSI TPUTEPIICHOUAA C THAPOXJIOPHIOM CeMHKapOas3uaa ¢ MOIydYeHHU-
eM ceMHuKap0a30Ha TPUTEPIICHOU A IIPOTEKAET B BOMHO-CIIUPTOBON Cpee B MPUCYTCTBHH aleTaTa
Harpusi. Bropasi cTanus — reTepolrKIn3anus MoJyueHHOro ceMUKapOa3oHa TPUTEPIICHOMU A TIPO-
TEKAaeT B CPE/e XJIOPUCTOr0 METUJIEHA B MPUCYTCTBUU THOHMUIIXJOPUJA U MPUBOJUT K MOIYUYEHUIO
1,2,3-Traaunazona TpuTEeprieHOU 1A,

B oTiimune oT U3BECTHBIX CIIOCOOOB HAMH BIIEPBBIC MPEIOKEHO HA TICPBOM CTalMA BMECTO TH-
JIpoxJiopujia ceMukapbasu/ia UCHoyb30BaTh THOCeMuKapOasun. KonaeHcanus anaodeTysiona ¢ THO-
ceMUKap0a3uIOM TIaKO MPOTEKAET B ATAHOJE C MOTyYCHUEM 3-THOCEMUKapOa3oHa allio0eTyInHA,
KOTOPBIN pU 00pabOTKEe THOHUIXJIOPUIOM B XJIOPHUCTOM MeTuieHe (peakius Xapaa-Moypu) mpe-
Bpammaercs B 1,2,3-tuanuason amnoderynuHa (puc. 1).

3aMeHa THIpOXJIOpHa ceMuKapOa3uaa THOCEMUKapOa3uI0M MMO3BOJISIET UCKIIIOYUTh 100aBie-
HUSl B PEAKLMOHHYIO Cpeay BOJHOIO pacTBOpa aleTara HaTpus, YTO MOJIOKUTEIbHO CKa3blBAETCS
Ha MMPOTEKAaHUU TaHHOW PEaKINN KOHICHCAIINH.

CoctaB 3-THOceMnkap0a3oHa ayuto0eTyInHa IMOATBEPKAEH 3JIEMEHTHBIM aHAJIN30M, a CTpOe-
HUE — CpaBHEHHEM NONy4eHHBIX JaHHBIX K- u SIMP-cnexTpockonuu ¢ 1uTepaTypHBIMHU JaHHBIMU
JUTs1 OTU3KHX TI0 CTPOCHUIO COCAMHCHHUIM.

UK- u AMP-cnextps! 1,2,3-Tnannazona annobeTyInHa, MOIYy4YSHHOT'0 C HCIIOJIb30BaHUEM TH-

OCGMI/IKap6aSI/II[a, HUACHTHUYHBI CIICKTPAaM JAaHHOT'O COCAUHCHU S, [TOJIYYCHHOI'O ¢ UCIIOJIb30BAHUEM
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a. NH,NHCSNH,, C,H50H; b. SOCl,, CHCl,

Puc. 1. Cxema cunTe3a 1,2,3-THaamna3zomna amiodeTyImHa

Fig. 1. Scheme of synthesis of 1,2,3-thiadiazole allobetulin

TUIpOXIIOpHUIa ceMukapbasuaa B padorax [7, 8]. B pabore [6], mocBsmeHHOo# curTe3y 1,2,3-TH-
aJlMa30JI0B HAa OCHOBE I[UKJIONICHTAHOHIIMMAPOBOIl KHUCIOTHI M METHIJIOBOrO 3(upa OETYIOHOBOM
KMCJIOTHI, IOKa3aHo, 4To B cnektpe 'H SIMP 3-ceMukap6a3oHa METUIOBOIO 3(hupa OETyI0HOBON
KHCI0Thl 1poToHbl Tpynn —NH, u —NH HabnrogaroTcs B BUAEC MYJIbTUIIETA WM YIIHPEHHOT'O
curnaina (8 7.10-7.16, 8.40-8.48 u 8.60 m.1.). B '"H SIMP-criekTpe 1moj1y4€HHOro HaMH 3-THOCEMHU-
kapOa3oHa ajnobeTynuHa curHaisl npoToHoB —NH, 1 —NH rpynn oOnapyxensl 1ipu 6.30 u 7.21
(NH,) u 8.66 (NH) m.n. B Buie YIIUPEHHBIX NMUKOB. B mpoliecce reTeporuKIN3auu 3-THOCE-
MuKap6azona amoberynuna B 1,2,3-tnaguaszon amnoberynura B 'H SIMP cnektpe mociemnnero
curHanbl mpoToHOB —NH, 1 —NH rpymnn oTcyTcTBYIOT, 4TO MOATBEpKAacT oOpazoBanue 1,2,3-Tu-
aJI1a30JIbHOTO IUKJIA.

Awnanuz BC SIMP-cnekTpoB UCXOIHOTO anioberynona (puc. 2) u 3-TuoceMuKap0Oa3oHa aso-
OetynuHa (puc. 3) mokasai, 4To CUrHai aroma yriepoaa C3 B HCXOMHOM ajIo0eTyJIOHE HAXOAUTCS

pu 217,93 M.1., a mociae KOHICHCAIUU B 3-THOCEMUKap0a30H ajIo0e Ty IiHA CMECTHIICS B CHIIBHOE

c19
Cc28

C3

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20  ppm
Puc. 2. 3C AMP-crexTp HCXOIHOTrO aj1106eTyI0Ha
Fig. 2. BC NMR spectrum of initial allobetulone
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210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Puc. 3. BC SIMP-cnektp 3-ToceMukapba3oHa amiodeTynnHa

Fig. 3. 3C NMR spectrum of allobetulin 3-thiosemicarbazone

nosie K 162.61 m.a. u mogBuiICs HOBBIH curHan npu 179.23 m.x., npuHaanexamuii atomy C=S 3-tu-
oceMuKapOa3oHa.

B paboTtax [5—9], mocBsieHHbIX CHHTE3Y 1,2,3-THaara30bHbIX TPOU3BOIHBIX PA3IUIHBIX TPHU-
TEPIIEHOUIOB, YCTAHOBJIEHO, uTO B *C SIMP-criekTpax TPUTEPIEHOMIOB CUTHAJIBI ATOMOB YIJIEPOIA
C2 u C3, yuacTByouiye B popmupoBanuu 1,2,3-Tnaana3onbHOro reTeporykia, HaboaaTes B 00-
nactu 145,4-147,0 u 162,0-165,6 m.1. coorBercTBenHO. B *C IMP-cniekrpe (puc. 4) 1,2,3-tuanuaso-

C19
c28
C3
C2
T T T T T T T T T T T T T T T T T T T T T 1
210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Puc. 4. BC SIMP cnextp 1,2,3-Tnagunasona annobeTyauHa
Fig. 4. 3C NMR spectrum of allobetulin 1,2,3-thiadiazole
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Jia aJut00eTyIMHa, MOJYUYSHHOr0 reTepOoIUKIIn3aluel 3-TnoceMuKkapOa3oHa, CUrHaibl aTOMOB YTJie-

poma C2 u C3 nHabmronatores nipu 145.43 u 165.62 m.x.

3akJoueHue

AHanu3 TOMyYeHHBIX AaHHBIX TMOKa3aj, 4To JJisi cuHTe3a 1,2,3-Tmanmazona aninoleTyuHa
KpOMe THIPOXJIOpH/Ia CeMUKapOa3nua MOKHO C yCIIEXOM HCIIOIb30BaTh M THOceMuKapbasua. [pe-
UMYILECTBO HCIOIb30BAHUS THOCEMUKApOa3uia, o CPABHEHHIO C THIPOXIIOPUIOM ceMukapbasuia,
3aKJII0YaeTcsl B TOM, YTO Ha CTAJMH IIPOBEICHUS KOHJCHCALUH C aJNI00ETYJIOHOM OTCYTCTBYET He-
00X0IMMOCTh T0OABICHHS B PEAKIIHOHHYIO CPEIy BOJHOTO pacTBOpa amerara Hatpus. B pabore [13]
MOKA3aHO, YTO MOJO0OHbBIC PEAKIIMU KOHICHCAMH TPHUTEPIICHOUIOB C aMUHOTYaHU THHOM, THOCEMH-

Kap0a3ua0M | Jp. IPOBOIATCS B aOCOTIOTHOM 3TaHOJIC U O€3BOIHOM MUPHUIUHE.
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Abstract. Ni-doped SnO, thin films with nickel concentrations ranging from 0 to 7 at.% were deposited
on glass substrates using the solar spray pneumatic technique at 450 & 15 °C. X-ray diffraction confirmed
that all samples are polycrystalline with a tetragonal rutile SnO, structure and a preferred orientation
along the (101) plane. The absence of secondary NiO phases indicates successful substitution of Sn*?
ions by Ni*? ions, which caused a slight reduction in lattice parameters and crystallite size. Optical
measurements revealed high transparency in the near infrared region, reaching 80 % for undoped
films. The transmittance decreased with increasing Ni content, while the optical band gap narrowed
from 3.10 eV to 2.08 eV at 5 at.% Ni due to defect level formation. Electrical conductivity significantly
improved with doping, reaching 2.05 x 1073 (Q-cm)* at 5 at.% Ni, followed by a slight decrease at higher
concentration. The optimized films exhibit tunable optoelectronic properties suitable for gas sensing,

transparent electrodes, and photovoltaic applications.
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HccaenoBanue CTPYKTYPHbBIX, ONITHYECKUX
U 3JIEKTPUYECKUX CBOMCTB TOHKMX IJIeHOK SnO,,
JIETHPOBAHHBIX HUKeEJIEM, OJYYEeHHbIX THEBMATHYECKUM METOI0M

COJIHEYHOI'0 PpaClblJICHUA

SI. Ayn®, A. Coanxu?, C. Benpamaiue?,

A. Yaped?, A. luxa®, O. beaaxcen?, A. Jlakesan?
*Vnusepcumem buckpul

buckpa, Anorcup

0 Vuusepcumem Dnv-Ya0a

Onv-Y50, Anorcup

¢Vnueepcumem Tebeccol

Tebecca, Anocup

AnHoTauus. TOHKUE MIIEHKH JETUPOBAHHOTO HUKesneM SnO, ¢ KoHIeHTpalueit Hukens oT 0 1o 7 at.%
OBbLITH OCaXKJICHBI HA CTEKJISTHHBIC ITO/UIOKKH C UCIIOJIb30BaHIEM THEBMATHUECKONH TEXHUKHU COJIHEYHOTO
HarnblieHus npu temieparype 450 + 15 °C. PenrrenoBckas audpakiins NOATBEPANIIA, YTO Bce 00pasiibl
SIBIISTIOTCS OJTMKPUCTAIUTMIECKUMU C TETPArOHAIBHON CTPYKTYpoi pyTrina SnO, 1 IpenMyIIeCTBEHHON
opuenTaruei B1ob miockoctd (101). OtcyTerBre BropryHbixX (a3 NiO yka3biBaeT Ha yCIeHOe 3aMelleHNe
noHoB Sn*2 noHamu Ni'2, 4To IIPUBENO K HEGOIBIIOMY YMEHBILIEHUIO TAPAMETPOB PEILETKH U pa3Mepa
KpHUCTAJUTUTOB. ONITHYECKUE U3MEPEHN I TOKa3aJIi BBICOKYIO IIPO3PaYHOCTh B OJIMKHEH HH(PpaKpacHO
obiacty, nocturatontyto 80 % At HeJlernpoBaHHbIX IIIEHOK. [IporyckaHne yMEHbIIAI0Ch C yBEINYCHHEM
cozmepxanus Ni, B TO BpeMsl KaK ONTHYCCKas IMPUHA 3aIPEIeHHON 30HbI cyxkaach ¢ 3,10 3B 10 2,08 3B
mpu 5 a1.% Ni 13-3a 00pazoBaHus AeEKTHHIX yPOBHEH. DIEKTPOIPOBOIHOCTh 3HAUUTEIBHO YTy IINIIach
C YBEJIMYEHHEM KOHIIEHTPALUH JIETHPYIOIIETO AIeMeHTa, 1ocTUrHYB 2,05 x 1073 (Qecm) ™ ripu S at.% Ni,
TI0CIIe Yero HadIIoIaIoch HEOOIBIIOE CHIKEHHE ITPH O0Jiee BEICOKMX KOHIEHTpausaX. ONTHMH3HPOBAHHbIC
MIJICHKU JAEMOHCTPUPYIOT PEryJIUpyeMble ONTOMNIEKTPOHHBIE CBOWCTBA, OAXOAAIINE 15 Ta30BBIX

JAaTYUKOB, IPO3PAYHBIX IJICKTPOAOB U q)OTOBHCKTpI/I‘IeCKI/IX HpHMCHeHHﬁ.

KuaroueBbie ciioBa: SIIOZ, JICTUPOBAHUC Nl, TOHKHUC IJICHKHU, THECBMATUYCCKOC PACHBIIICHUEC, OpFaHI/I‘IeCKI/Iﬁ

COJIHEUHBII HarpeBaTellb.

Lutuposanue: AyH 5., Coauxu A., benpamante C., Yaped A., [luxa A., benaxcen O., Jlakens A. MccnenoBanue CTPYKTYpPHBIX,
OINTHYECKUX U IIEKTPUICCKUX CBOUCTB TOHKUX INIEHOK SnO,, IErHPOBaHHBIX HUKEIIEM, OJTYYCHHBIX THEBMATHICCKUM METOIOM
coJHe4Horo pacnbuteHus. XKypH. Cub. denep. yn-ta. Xumus, 2026, 19(2). C. 342-354. EDN: MMNIRY

Introduction

Tin oxide (SnO,) is one of the most widely investigated transparent conducting oxides due to its
excellent chemical stability, low cost, high optical transparency in the visible region, and good electrical

conductivity [1]. It crystallizes in a tetragonal rutile structure and exhibits a wide direct band gap
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(~3.6 eV), making it suitable for various optoelectronic applications such as gas sensors, solar cells,
transparent electrodes, and photodetectors [1-5]. However, the intrinsic electrical conductivity of pure
Sn0O; is often limited by native defects and oxygen vacancies, which motivates the need for doping to
tailor its physical properties [5, 6].

Doping SnO, with transition metal ions has attracted considerable attention as an effective strategy
to modify its structural, optical, and electrical characteristics. Among various dopants, nickel (Ni) is
particularly interesting due to its smaller ionic radius compared to Sn*2, which allows it to substitute
into the SnO, lattice and induce lattice distortion, defect formation, and carrier concentration changes
[7-8]. These modifications can significantly influence crystallite size, band gap energy, and electrical
conductivity.

Several deposition techniques have been employed to prepare doped SnO, thin films, including
sol—gel, chemical vapor deposition, sputtering, and spray pyrolysis [9—12]. In recent years, spray-
based techniques have gained attention due to their simplicity, low cost, and suitability for large-area
deposition [10—12].

In this study, Ni-doped SnO, thin films with different Ni concentrations were deposited using the
solar spray pneumatic method. The effect of Ni incorporation on the structural, optical, and electrical
properties of the films was systematically investigated in order to determine the optimal doping level

for optoelectronic applications.

Experimental

The sputtering solution was prepared using Tin (II) chloride dehydrate (SnCl,.2H,0) with (0.1
M) as a precursor in 100 ml of bi-distilled water and stirring at 60 °C. An amount (Ni/Sn) of the
nickel acetate (Ni(CH;3.CO,),.4H,0) with different ratio was dissolved into the solution (0, 1, 3, 5 and
7 at.%). The solution mixture was stirred for 1 hour at RT and heated to yield a clear solution, in these

setup drops of HCI can be added as a stabilizer with heating as shown (Fig. 1). After that, the different

\ N °

po 9o ( HCl
\J
(SnCl,. 2H,0) \/
0.1IM SnO; solution (Ni(CH3.C0,),.4H,0)

100ml (H,0) i

4

(0,1,3,5,7 at. %)

T=60°C T=RT

~ stirred ﬁ’r—l L t=1h ﬁj

FEEEE
Ni doped SnO;
Fig. 1. The schematic diagram of the preparation of Ni doped SnO, solution
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Fig. 3. Procedure of the pneumatic spraying method

prepared Ni doped SnO, solutions were sprayed on T= (450 + 15 °C) preheated glass substrates by solar
spray pneumatic method using solar furnace (see Fig. 2) for 10 minutes of deposition time and 2 ml/min

solution flow rate.

Results and Discussion
X-ray diffraction patterns for pure SnO, and Ni doped SnO, are shown in Fig. 4, from which it
can be observed that all films are polycrystalline and have a tetragonal SnO, rutile structure, This is
in accordance with JCPDS Standard Files No. 41-1445, Similar structure was found by other literature

[13]. From XRD results, it is noteworthy while, all films have peaks are related to plates of (110), (101),
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Fig. 4. (a) XRD patterns of undoped and Ni-doped SnO, thin films, (b) an emphasis of the (110) peak showing a
shift towards higher angles for the doped thin films

(200), (211), (220), (310), (301) and (321) reflections. However, all films have preferred orientation growth
along the (101) plane direction, not characteristic peaks of NiO were found in the diffractograms, which
indicates the formation of a single crystal phase. From the peak (110) of all the films, we can observe
that the Bragg angle of the (110) peak of the Ni-doped films deviate upward higher value of 6, values
equal to 0 %, 1 %, 3 %, 5 %, and 7 %, with 26.61°, 26.65°, 26.76°, 27.00, and 26.82° respectively.lt is
possible due to the substitution of the ionic radius of Sn** (0.74 A) with a smaller ionic radius of doping
Ni?"(0.69 A) [14], which causes a decrease in the lattice parameters.where these parameters a and ¢ was
calculated using according Eq. (1), a slight decrease was found when doped with Ni, which confirms
the substitution of Sn*" ions by Ni?" ions. of the larger ionic radius of by the smaller ionic radius of in
the SnO, lattice [15]:

1 h? + k2 12
= + C—z, (1)

2 2
A% a

where d is the inter-planar distance, (hkl) the indexes of Miller, to calculate Inter- planar distance we

use Bragg’s Law [16]:

ni

2dp; Sin 8y, = nA&dy,; = ——.
hkl hkl hkl = S nens

@

The results for both network lattice parameters (a&c), inter-planar distance () and the unit cell
volume are summarized in Table 1.
From the results of X-ray diffraction measurements of peak(110), the crystal size can be determined

using the Debye-Scherer formula [17]:

kA

D = Bcoso 3
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Table 1. Variation of structural parameters for undoped and Ni doped SnO,thin films

Sample a(A) = bA) c(R) dio) V (A%
Sn0,:0 % Ni 4735 3.186 3.348 71.43
Sn0O,.1 % Ni 4.728 3.185 3.343 71.19
Sn0,:3 % Ni 4.700 3.184 3.330 70.33
Sn0O,:5 % Ni 4.668 3.179 3.301 69.27
Sn0,:7 % Ni 4.699 3.183 3.323 70.28

Where: 4 is the X-ray wavelength of (A= 1.5406 A°®), 0 is the Bragg diffraction angle B (rad) is full
width at half-maximum FWHM of the peak, k is a constant (k =0.94) and (hkl) is the Miller indices.
The dislocation density () and the micro-strain (€) corresponding to (110) can be evaluated by

means of following relations [18, 19]:

1
5(hkl) = ﬁ, )
B
Ekl) = —4_ tan 6’ ®)

The results for crystallite size D, The dislocation density (6) and the micro-strain (€) axes are
summarized in Table 2 and Fig. 5. Furthermore, we can observe a decrease in the crystallite size due
to the decrease in the plane space due to the substitution of the Sn*" ion for Ni?*, which prevents a good
crystallite growth and lattice distortion, this all leads to the creation of oxygen vacancies [20].

Fig. 6 shows the transmittance spectra of pure tin oxide thin films nickel doped at different concept
(07 at%). Optical properties were measured by UV-VIS spectroscopy as a function of wavelength
over the spectral range (300-900) nm. Fig. 6 shows that the films exhibit high transmittance in the
near IR region (A=740-900 nm), with the highest transmittance values reaching 80 % at 0 % Ni. The
transmittance decreases with the increase of Ni to reach the value 40 % at 5 % Ni, then increases until
it reaches the value 64 % at 7 % Ni. However, this optical decrease when doped with Ni. may be due
to increased dispersion resulting from higher surface roughness, as appeared in the X-ray diffraction

results, and this is consistent by other literature [13].

Table 2. Variation of 2 tetha (°), Crystallite size & Micro-Strain for undoped and Ni doped SnO, thin films

Sample Peak (hkl) 2 tetha (°) D110y (nm) €a0)1073 8(110)101*(Lines/m?)
SnO, Puer (110) 26.61 10.81 13.93 8.55
SnO,:1 % Ni (110) 26.65 10.88 13.82 8.44
Sn0,:3 % Ni (110) 26.76 8.47 17.67 13.93
Sn0,:5 % Ni (110) 27.00 547 27.12 3342
Sn0,:7 % Ni (110) 26.82 10.07 14.85 9.86
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Fig. 5. The Crystallite size and micro strain of Ni doped SnO; thin film as a function of the Ni content (%)
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Fig. 6. The optical transmittance spectra of Ni doped SnO; thin film as a function of the Ni concentrations (%)

Moreover, the optical band gap energy of Ni doped SnO, thin films of (0—7 at%) is calculated by
plotting a curve between (chv)? and the photon energy(hv) as shown in (Fig. 7), Tauc plot equation

according to the following relation [21]:
(ahv) = B(hv — Eg)®, (6)

where: p is an integer that takes the value (1/2 or 2 for direct or indirect) transitions semiconductor

. . . . 2. A
material, a is theabsorption coefficient ai)

and (A, t is absorbance and film thickness cm,
respectively), Eg is the optical band gap energy and B is constant.

Urbach energy £, is a measure for a materials high concentration of defect states that cause band
structure perturbations. The absorption coefficient a changes exponentially with photon energy hv in

the Tauc region, which is the region between a strong absorption peak and a weak absorption tail [22],
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Urbach reported a linear relationship between Ina and hv, which is widely referred to as the Urbach

rule, the following mathematical expression describes this [23]:

a(hv) = a, exp(h”/ Eu)' (7)

where: where, a is the pre-exponential factor, v the photon energy, and E, is the band tail width or
energy of disorder commonly called Urbach tail. The inverse slope of the linear plot between In(a)
and (hv) can be used to estimate E, see (Fig. 7), the calculated optical band gap energy and the Urbach
energy E, of Ni doped SnO, thin films are summarized in (Table 3) and (Fig. 8).

As shown in Figure 8 the variation of band gap energy showed that the band gap energy of pure
SnO;, films is 3.10 eV, doping SnO, thin films with nickel ions led to a decrease in the band gap with
an increase in the doping level until reaching 2.08 eV in 5 % Ni, this decrease may be due to lattice
distortion due to the introduction of defective energy levels into the tin oxide band gap and the creation
of new low-energy states that modify crystal potential and lead to the reduction of the band gap energy
within the gap of the tin oxide nanoparticle to recombine the electron-hole pair [13, 14] further, we
notice the end of this decline and the return of the rise in the band gap energy for a value of 3.88 at 7 %
of nickel content, this may be due to the degree of dissolution of solid nickel in SnO,.

In order to study the effect of nickel doping on the electrical properties of SnO, thin films, we made
electrical measurements (sheet resistance Ry,) using the four-point method at room temperature as
shown in Table 5 and Fig. 9. We also calculated the electrical conductivity (o) and electrical resistance

(p) of the SnO, films using the following relations [24]:

Table 3. Band gap and Urbach energy values of pure and Ni doped SnO, films

Sample SnO, Puer SnO,:1 % Ni Sn0,:3 % Ni Sn0,:5 % Ni Sn0,:7 % Ni
Eg (eV) 3.83 3.62 3.15 3.03 3.26
Eu (eV) 0.277 0.289 0.307 0.344 0.282
0,35
38 - 0,34
<—
< 0,33 _
E 3,6 - 3
= i o
(c; 0,32 5
E 3,44 L 0,31 %
= §
8 - 0,30 g
3 3.2 S
(o) - 0,29
36 L 0,28
T T T T T 0,27
0% 1% 3% 5% 7%

Ni contcet (%)

Fig. 8. The optical band gap variation & Urbach energy of Ni doped SnO, thin film as a function of the Ni content (%)
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1
p = RSh.e&O_ = ;, (8)

where e the film thickness

In Fig. 9 and Table 4 shown the variation of electrical conductivity and resistivity of Ni doped
SnO, thin films for different Ni content (0 %, 2 % 5 %, at 7 %). As can be seen, increasing the Ni
content up to 5 % leads to electrical conductivity rise from 1.19 x 10~* to 2.05 1073 (Q ¢cm)~!, and then
decreased to 1.08 10-3 (Q cm) ' at 7 % Ni contect (%). In contrast, the resistivity value decreases from
8.37107 to 4.88 10%(Q cm) and further increases to 122 (Q c¢cm) at 7 % Ni contect.

Table 5 presents a comparison between the crystallite size, optical band gap, and electrical
conductivity of SnO, thin films prepared by different deposition techniques reported in the literature
and those obtained in the present work. It can be clearly observed that the preparation method has a
significant influence on the structural and optoelectronic properties of SnO, thin films.

The crystallite size reported for previously published films ranges from about 10 to 47 nm
depending on the preparation technique, such as spray pyrolysis, ultrasonic spray, and sol—gel methods.
In contrast, the films prepared in this work using the solar spray pneumatic method exhibit much

smaller crystallite sizes (5.47-10.88 nm). The reduction in crystallite size indicates the formation of

Table 4. Band gap and Urbach energy values of pure and Ni doped SnO, films

Sample Film thickness (nm) Riheet(0hm) Resistivity (ohm.cm) Conducgrl;/)l_tly (ohm.
SnO, Puer 132 6.3410% 8.3710° 1.19 10~
Sn0O,:1 % Ni 124 6.30107 7.81102 1.28 1073
Sn0,:3 % Ni 119 8.83107 6.94 102 1.44 1073
Sn0O,:5 % Ni 128 3.81107 4.8810° 2.051073
Sn0,:7 % Ni 154 6.01107 9.2610? 1.08 1073
7 10 2,2
(@ (b)
6 L2 2
B o =
= % L
£ £ 18 §
2 4 g 61 E
41 £
- % L16 &
e >
s ¥ > 4 £
g s e 8
8 2 0 5
n hs - —_— o
g g 5
z 11 © L12 §
04 0 L 1,0
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Fig. 9. (a) Resistance sheet &(b) Variation of conductivity and resistivityof Ni doped SnO, thin film as a function
of the Ni contcet (%)
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nanostructured films and suggests that the solar spray pneumatic process provides rapid nucleation and
limited grain growth.

Regarding optical properties, earlier studies generally reported wide band gap values between
3.4 and 3.9 eV. However, the present films show a wider tunability of the band gap (2.08-3.21 eV). The
noticeable narrowing of the band gap is attributed to Ni incorporation, which introduces defect levels
and oxygen vacancies inside the forbidden gap, thereby modifying the electronic structure of SnO,.

Electrical conductivity values of previously reported films were relatively higher or remained in
a narrow range. In the present work, conductivity increases with Ni doping and reaches 2.05 x 103
(Q-cm) !, demonstrating effective carrier generation. The combination of reduced crystallite size and

modified band structure enhances charge transport properties.

Table 5. Comparing between parameter of the crystallite size, the optical band gap and conductivity values of
SnO; thin films deposited using different method

The Crystallite | The optical band Conductivity
Sample method size (nm) gap (&V) Q. cm)-! Ref
Ta% doped SnO, Spray pyrolysis ) )
(0-2 at%) technique 33 to 41 3.42t0 3.60 2.7510% to 10.3410° | [15]
Ti% doped SnO, ultrasonic spray )
(05 at%) technique 27 to 47.48 3.91 to 3.97 2 to 1.4x10 [25]
Ni & F doped SnO, .

0% & 5 %) sol—gel dip-coated 10.45 to 12.84 3.69 to 3.82 / [26]
" -
Ni% doped Sn0, | solar spray 5.47 to 10.88 20810321 | 119104102.05 103 | IS
(07 at%) pneumatic work

Therefore, compared with other deposition techniques, the solar spray pneumatic method provides
better control over nanostructure formation and band gap engineering. The obtained results confirm
that Ni-doped SnO, thin films prepared in this study are promising for optoelectronic and sensing

applications

Conclusion

In this work, Ni-doped SnO, thin films with different nickel concentrations (0—7 at.%) were
successfully deposited on glass substrates by the solar spray pneumatic method at 450 + 15 °C. X-ray
diffraction analysis confirmed that all films are polycrystalline with a tetragonal rutile structure
in good agreement with JCPDS card No. 41-1445. The absence of secondary NiO phases indicates
successful incorporation of Ni** ions into the SnO, lattice. The shift of the (110) diffraction peak toward
higher Bragg angles (from 26.61° to 27.00°) and the slight decrease in lattice parameters confirm the
substitution of Sn** (0.74 A) by smaller Ni** ions (0.69 A). Moreover, increasing Ni content led to a
reduction in crystallite size accompanied by an increase in lattice distortion, dislocation density, and
oxygen vacancy formation.

Optical investigations revealed that the films exhibit high transparency in the near-infrared
region (740-900 nm), reaching 80 % for pure SnO,. The transmittance decreased with increasing Ni
concentration to 40 % at 5 at.% Ni, then improved to 64 % at 7 at.% Ni. The optical band gap energy
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decreased from 3.10 eV (pure SnO,) to 2.08 eV at 5 at.% Ni due to defect level formation and band
structure modification. At higher doping level (7 at.%), the band gap increased again to 3.88 eV, which
may be attributed to solid solubility effects and changes in carrier concentration.

Electrical measurements showed a significant enhancement in conductivity with Ni doping,
increasing from 1.19 x 107*t0 2.05 x 1073 (QQ-cm) ! at 5 at.% Ni, accompanied by a decrease in resistivity.
However, further increase in Ni concentration to 7 at.% resulted in reduced conductivity, likely due to
increased defect scattering and structural disorder.

Overall, 5 at.% Ni was found to be the optimal doping concentration, providing improved electrical
conductivity and a narrowed band gap while maintaining acceptable transparency. These findings
demonstrate that Ni doping effectively tunes the structural, optical, and electrical properties of SnO,
thin films, making them promising candidates for optoelectronic applications such as gas sensors,

transparent conducting electrodes, and photovoltaic device.
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Abstract. The paper presents a comparative analysis of vulcanizing systems for rubbers based on
nitrile butadiene rubber BNKS-18 and their adhesive interaction with ultra-high molecular weight
polyethylene (UHMWPE). It has been shown that a system containing dicumyl peroxide (DCP), sulfur and
vulcanization accelerators 2-mercaptobenzothiazole (MBT) and dithiodimorpholine (DTDM) provides
the best physical and mechanical properties of rubber due to the formation of an optimally cross-linked
structure. An adhesion study between UHMWPE and BNKS-18 revealed that the DTDM+S+MBT
system yields the highest peel strength, but failure is adhesive. The DTDM+DCP+MBT vulcanizing
system exhibits moderate adhesive strength but results in cohesive failure. Exposure of samples with
this system to AMG-10 synthetic oil for 30 days confirmed the stability of interfacial contact, which
indicates the formation of strong bonds. IR spectroscopy revealed chemical interactions between the
rubber compound ingredients upon the introduction of sulfur, but showed no changes at the interface
between UHMWPE and the rubber. Microstructural analysis demonstrated that the use of dicumyl
peroxide promotes the formation of a tight interfacial bond between the rubber and UHM WPE without

micro-delamination.

Keywords: ultra-high molecular weight polyethylene, nitrile rubber, rubber, adhesion,

2-mercaptobenzothiazole, dithiodimorpholine, dicumyl peroxide.
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Biunsinue ByJIKAHU3YIOIIECH CHCTEMbI
Ha aJAre3MOHHOE B3aUMOAeHCTBHUE
CBEPXBBICOKOMOJICKYJISIPHOTO MOJIUITHJICHA

C HUTPUWJIBHBIM 3JIaCTOMEPOM

A.A. Auapees, A. A. [Ibsikonos, O. H. Koumap
Cegepo-Bocmounviii pedepanvrvlii ynugepcumem
um. M. K. Ammocosa

Poccuiickas ®edepayus, Axymck

AnHoTanus. B pabote nmposenieH cpaBHUTENBHbIN aHATIHN3 BYJIKaHU3YIOINX CHCTEM JUISl pE3UH Ha OCHOBE
HUTpUIbHOro Kayuyka BHKC-18 u nx anre3moHHOro B3anMoAEHCTBHS CO CBEPXBBICOKOMOJIEKYISIPHBIM
nonuaTrieHoM (CBMIID). [Tokasano, uto cucrema, cogepxamnias nepokcun aukymuia (I1J1K), cepy
U yCKOPUTENH ByJIKaHu3anuu 2-mepkanrodenzoruaszon (MBT) u nutnonumopdonun (JTAM),
obecriedrBaeT HaWITyyIIie (PU3NKO-MEXaHNIECKUE CBOMCTBA PE3UHBI 32 CYET (POPMUPOBAHUS ONTUMAIIEHO
ciruToi cTpyKTypshl. Mccnenopanue anresuu mexay CBMIID u BHKC-18 BeisBuio, 4to cucrema
ATAM+S+MBT naeT MakcuMaabHbIE YCHIINS IPU OTPBIBE, OAHAKO Pa3pylIEHUE HOCUT aAr€3HOHHBIN
xapaktep. Bynkanuzyromas cuctema JJTIAMHIAK+MBT neMoHCTpUpyeT CpeaHIO aAre3uOHHYIO
MIPOYHOCTH, HO OOECTIeYNBACT KOT€3NOHHBIM XapakTep pa3pylieHus. Boigepikka 00pa3IoB ¢ TaHHOH
cHCTEeMO# B cHTeTHYeCKOM Maciie AMI-10 B Teuenue 30 CyTOK MOATBEpAUIIA CTAOUIBHOCTD MEK(Pa3HOIO
KOHTAKTa, YTO CBUJICTEIIBCTBYET O ()OPMHUPOBAHUH NMPOUYHBIX cBsized. MK-cniekTpockomnus BeIsIBUIA
XUMHYECKOe B3aUMOJICHICTBIE HHT'PEUCHTOB PE3MHOBON CMECH NPH BBEICHUH CEPBI, HO HE IToKa3aa
W3MEHEHUH Ha rpanule pasaena ¢as mexay CBMIID u pe3nnoit. MUKpOCTPYKTYPHBIM aHAIIN30M
ycTaHoBlieHo, uTo npumenenue [1/IK ciocoOcTByeT hopMupoBaHuio MIOTHON Mex(a3zHOW CBI3U

pe3unsl co CBMIID 6e3 MuKpopaccioeHni.

Ki1i04eBbie cj10Ba: CBEpPXBBICOKOMOJICKYJISIPHBIN MTOINATUIICH, Oy TaJHeH-HUTPUIIbHBIN KaydyK, Pe3HHa,

aares3us, 2-MepKanToOeH30THA301, TUTHOAUMOP(OTHH, IEPOKCU TUKYMHUJIIA.

Enaronapnocnd. CDyH}IaMeHTaJ'IBHI)IC OCHOBBI CO3/IaHH S HOBBIX NOJIMMEPHBIX MAaTEPUAJTIOB TEXHUYCCKOT'O

1 MEJIMIMHCKOT0 Ha3HAUECHHH ¢ YIIpaBiIseMbIMU M camoopranusytomumMucs csoricramu (FSRG-2024—-0004).

IutupoBanue: AunpeeB A. A., [IpsikonoB A. A., Koumap O. H. BiusHue BynKaHH3YOIIEH CUCTEMBbl Ha aAre3HOHHOE
B3aUMOJCHCTBHE CBEPXBBICOKOMOICKYISIPHOTO MOMIUATUIICHA C HUTPHIBHEIM d1acToMepoM. XKypu. Cub. denep. yH-ta. Xumus,
2026, 19(2). C. 355-368. EDN: PGVIUW
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Introduction

More recently, polymer composite materials have attracted increased attention from researchers
and are widely used in various fields due to advantages such as high strength, low weight, and resistance
to external influences. The key factors determining their performance properties and reliability are
the strength of the adhesive interaction and the thermodynamic compatibility of the components.
Thermodynamic compatibility refers to the ability of polymers to form homogeneous systems through
mixing at the molecular level. Good component compatibility promotes the improvement of mechanical
properties by ensuring uniform load distribution in the interfacial region, ultimately enhancing
strength under mechanical stress. This is especially important for multilayer structures, where the
bond strength at the material interface directly depends on their adhesion [1]. The compatibility of
polymer composite components is determined by a complex of physicochemical characteristics of
the starting materials.

This paper studies the effect of sulfur and peroxide vulcanizing systems on the adhesive bond
strength between UHMWPE and nitrile rubber. Butadiene-nitrile rubber was chosen as the matrix for
the rubber compound due to its good physical and mechanical properties and chemical resistance [2].
UHMWPE, in turn, is a thermoplastic material characterized by high mechanical strength, inertness,
wear resistance, and a low friction coefficient [3—5]. Despite the general hydrophobicity of the polymers,
the presence of polar groups in the rubber structure creates certain limitations for forming a strong
adhesive bond with the non-polar thermoplastic. This can lead to the formation of defect formation
in the polymer composite structure. The quality of the adhesive bond plays a key role in ensuring the
structural integrity and mechanical strength of the composite.

In addition to classical sulfur vulcanization, the method of peroxide crosslinking of rubbers
is applied [6]. This technology is based on the use of organic peroxide compounds that catalyze
the formation of a three-dimensional polymer network through a radical mechanism of rubber
macromolecule crosslinking. Numerous studies have established that treatment with peroxides causes
crosslinking of UHMWPE with the formation of crosslinks between the polymer macromolecules
[7-10]. These processes can significantly improve adhesive bonding. Fig. 1 shows a schematic of the
proposed cross-linking process of UHMWPE and rubber during vulcanization using DCP. Thermal
decomposition of DCP leads to the formation of free radicals — a-hydroxycumyl particles (Fig. 1a).
During vulcanization, the radicals cleave double bonds in BNKS molecules, initiating the cross-
linking process with other rubber macromolecules (Fig. 1b). This results in the formation of a strong
three-dimensional network structure of the rubber (Fig. 1c). As shown in [11], such crosslinking
plays a key role in forming the material’s mechanical and structural characteristics. During the
formation of the three-dimensional network in the rubber matrix, a reaction with UHMWPE also
occurs at the interfacial boundary (Fig. 1d). At high temperatures and pressures, DCP radicals can
abstract hydrogen atoms from UHMWPE macromolecular chains, crosslinking them and forming
new covalent bonds between them.

The research hypothesis is that using DCP as a vulcanizing agent promotes the formation of
covalent bonds at the interface with UHM W PE through the radical crosslinking mechanism, enhancing
adhesion between the materials.

The aim of this work is to study the effect of DCP, DTDM, MBT, and sulfur (S) on the adhesion
between BNKS-18 rubber and UHMWPE.
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Fig. 1. Hypothesis of chemical crosslinking of BNKS-18 rubber with UHMWPE using DCP: a) Thermal
decomposition of DCP with the formation of free radicals; b) Radical polymerization of BNKS by DCP radicals;
¢) Crosslinking of BNKS with the formation of a three-dimensional network; d) Chemical crosslinking of BNKS
with UHMWPE, forming bonds

Objects and Methods of Research

The object of the study was a two-layer material consisting of a layer of UHMWPE and an
elastomer. For the production of the rubber compound, butadiene-nitrile rubber BNKS-18 AMN
(SIBUR, Russia, TU 38.30313-2006) was used, containing 17-20 % nitrile acrylic acid, which
provides resistance to hydrocarbon media. The rubber compound was bonded to UHMWPE grade
GUR-4130 (Celanese Chemical Co., Ltd., China, CAS 9002—88—4), characterized by high physical
and mechanical properties, inertness, and a low friction coefficient. The influence of rubber compound
ingredients on adhesive strength was investigated: vulcanization accelerator MBT (JSC “Kauchuk”,
Russia, CAS 149-30—4); vulcanization accelerator DTDM (Shandong Stair Chemical & Technology
Co., Ltd., China, CAS 103-34—4); vulcanizing agent DCP (Lanzhou Auxiliary Agent Factory Co.,
Ltd., China, CAS 80—43-3) used as an initiator of radical crosslinking. The formulations of the rubber
compounds are given in Table 1.

Preparation of the rubber compound was carried out in a closed-type rubber mixer, Plastograph

EC Plus (Brabender, Germany), until uniformity and homogeneity were achieved. The total mixing
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Table 1. Formulations of rubber compounds based on BNKS-18 AMN nitrile rubber

100 phr of rubber
Ne Ingredients
1 2 3 4
1 BNKS-18 AMN 100,0 100,0 100,0 100,0
Stearic acid 1,5 1,5 1,5 1,5
3 Car';f_’gogla"k 50,0 50,0 50,0 50,0
4 Zinc oxide 5,0 5,0 5,0 5,0
5 DTDM 1,0 1,0 1,0 -
6 MBT 1,0 1,0 1,0 1,0
7 Sulfur - 1,5 - -
8 DCP - - 2,0 2,0

time of the ingredients was 20 minutes at a rotor speed of 25 rpm and a force of 50 N, with an initial
temperature of 40 °C. The mixing process followed this scheme: at minute 0: BNKS-18 AMN rubber
was loaded together with stearic acid T-18 (Nizhnekamskneftekhim, Russia, GOST 6484-96); at
minute 2: the active filler — technical carbon P-803 (Ivanovsky Technuglerod i Rezina, Russia, GOST
7885—86) — was introduced; at minute 5: the vulcanization activator — zinc oxide BC 0 (Empils-Zinc,
Russia, GOST 202—84) — was added; at minute 10: the vulcanization accelerators — DTDM, MBT, or
their mixture according to the formulation — were introduced; at minute 12: the vulcanizing agents —
sulfur (ZAO “Sera”, Russia, GOST 127.4-93) or DCP — were introduced into the rubber mixer.

Vulcanization of the rubber compounds was performed at 155 °C for 20 minutes under a pressure
of 10 MPa in a thermohydraulic press GT-7014-H10C (Gotech Testing Machines Inc, China).

One method for manufacturing products from UHMWPE and rubber compound is hot pressing.
Vulcanization of rubber compounds occurs in the temperature range of 140 to 180 °C, while the melting
point of UHMWPE starts at 130 °C, enabling their joint processing. The process of manufacturing a
two-layer material from UHMWPE and rubber compound consists of 4 stages:

1. Pressing UHMWPE Powder. UHMWPE powder is loaded into a mold and pressed under a
pressure of 10 MPa for 5 minutes. Pressing promotes uniform distribution of polymer particles.

2. Laying the Rubber Compound. A prepared sheet of unvulcanized rubber compound is laid
onto the pressed UHMWPE layer. Uniform laying of the rubber compound layer on the surface of the
pressed UHMWPE ensures maximum contact area between the materials.

3. Joint Hot Pressing of the Rubber Compound and UHMWPE. The hot pressing process is
carried out at 155 °C under a pressure of 10 MPa for 20 minutes. During heating, vulcanization of
the rubber compound occurs, and UHMWPE transitions to a highly elastic state, resulting in mutual
diffusion of the polymers across the interface and the initiation of interfacial bond formation.

4. Sample Cooling. At this stage, the sample is cooled to 80 °C in the press under a pressure of
10 MPa. This process is necessary for stabilizing the material structure and preventing deformation on
the UHMWPE side.

Determination of the elastic-strength properties of rubbers and UHMWPE was performed on

an Autograph AGS-J testing machine (Shimadzu, Japan) according to ISO 37:2020 standard at a grip
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separation speed of 500 mm/min. During testing, specimens were stretched until rupture, allowing
measurement of maximum tensile strength, elongation at break, and nominal stress. Hardness of
rubbers and UHMWPE was measured by the Shore A method according to ISO 7619—1:2009 standard,
based on the principle of mechanical penetration of an indenter into the material. Investigation of the
adhesive bond strength between the UHMWPE and rubber layers was conducted on an Autograph
AGS-J testing machine (Shimadzu, Japan) at a grip separation speed of 50 mm/min. Resistance to
aggressive media of the specimens was determined according to ISO 1817:2016 in AMG-10 hydraulic
oil at room temperature for 72 hours. Analysis of the chemical structure was performed using an
FTS 7000 FTIR spectrometer (Varian, USA) with an attenuated total reflection (ATR) accessory in the
frequency range of 500-4000 cm™. Investigation of the microstructure of specimens and interfacial
boundaries was conducted using a JSM-7800F scanning electron microscope (Jeol, Japan). Specimen
preparation was carried out by obtaining a brittle fracture in a liquid nitrogen environment, which
eliminates plastic deformation and preserves the original structure.

Discussion of Results

The study analyzed the physical and mechanical properties of BNKS-18 AMN-based rubbers
with various vulcanizing systems and UHMWPE before and after exposure to AMG-10 oil. The
results are presented as diagrams in Fig. 2. The research results showed a direct dependence of rubber
elasticity on the type of vulcanizing system. The highest values of elongation at break were recorded
for samples with the peroxide system — 495 % and 417 %. This is explained by the formation of
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Fig. 2. Physical and mechanical properties of rubber and UHMWPE before and after exposure in AMG-10 oil
(23 °Cx72h): a) elongation at break; b) tensile strength; c) stress at 100 % elongation; d) Shore A hardness
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a spatial network that ensures uniform distribution of mechanical stresses during deformation and
maintains high elasticity. With the sulfur vulcanization system, a decrease in elongation at break to
273 % is observed. This behavior is associated with the formation of a more rigid elastomer matrix
dominated by sulfide bonds, creating structural constraints that reduce the material’s ability to deform.
Samples with DTDM and MBT vulcanization accelerators demonstrated intermediate values, due to
the high mobility of rubber macromolecules under relatively weak intermolecular bonds. UHMWPE
testing results showed an elongation value of 196 %. Such deformation properties are explained by the
presence of a crystalline phase in the material’s structure. UHMWPE and the BNKS-18+DTDM+MBT
sample showed the greatest stability of characteristics after exposure to AMG-10 hydraulic oil. The
other materials exhibited a decrease in elongation at break due to oil diffusion into the rubber matrix.

The highest nominal strength is observed in the BNKS-18 sample with the DTDM+DCP+MBT
vulcanizing system and amounts to 12.5 MPa. This is associated with the formation of a strong three-
dimensional network due to the effective combination of ingredients. The BNKS-18+DTDM+S+MBT
formulation demonstrates medium strength values — 11.0 MPa, while the lowest value of 2.2 MPa
was recorded for the BNKS-18+DTDM+MBT composition due to the absence of vulcanizing agents.
Despite the presence of the DTDM vulcanization accelerator in the rubber compound, the lack of
main vulcanizing agents leads to weak cross-linking. The rubbers showed a decrease in strength after
exposure to AMG-10 oil: peroxide compositions retained 85-90 % of the initial values, while the
sulfur-based system lost 22 %. Unlike the rubbers, UHMWPE possesses higher strength, amounting to
56.8 MPa. Its properties remain unchanged after contact with oil, confirming the material’s resistance
to hydrocarbons [4].

Among the studied rubbers, the BNKS-18+DTDM+S+MBT sample demonstrates the highest
stress at 100 % eclongation — 4 MPa. This is related to the increased rigidity of the material due to
its high strength and limited elongation. Rubbers with peroxide vulcanizing systems show average
values, while the BNKS-18+DTDM+MBT sample has the lowest indicator. After exposure to hydraulic
oil, a decrease in stress is observed for most rubbers, except for BNKS-18+DTDM+S+MBT. This
decrease is caused by the plasticizing effect of the oil penetrating the rubber structure. However, for the
BNKS-18+DTDM+S+MBT composition after exposure, a significant decrease in elongation at break
is recorded, indicating reduced macromolecule mobility and increased stress. The original UHMWPE
sample is characterized by a stress of 39.8 MPa, which remains practically unchanged after interaction
with hydraulic oil.

Among the rubbers, the BNKS-18+DTDM+S+MBT sample exhibits the greatest hardness. This
is associated with the material’s rigidity caused by its high strength and low elongation. Rubbers
containing the DCP vulcanizing agent have comparable Shore A hardness values. The lowest hardness
value was recorded for the BNKS-18+DTDM+MBT sample due to its weakly crosslinked structure
resulting from the absence of vulcanizing agents in the rubber compound. After exposure to hydraulic
oil, a decrease in hardness is observed for all rubbers, except for the BNKS-18+DTDM+S+MBT
sample. The decrease in hardness is explained by oil penetration into the material and increased
macromolecule mobility. However, for the BNKS-18+DTDM+S+MBT rubber after contact with oil,
elasticity decreases, increasing the resistance to indenter penetration into the matrix. The original
UHMWPE has a hardness of 95 conv. units, which does not change after oil exposure due to the

polymer’s high resistance to its penetration.
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Fig. 3. Mass change of rubber and UHMWPE samples after exposure in AMG-10 oil (23 °C x 72 h)

The diagram of sample mass change after exposure to AMG-10 hydraulic oil is presented in
Fig. 3. The maximum swelling was recorded for the BNKS-18+DTDM+MBT sample and amounts
to 9.3 %. This is explained by its weakly crosslinked structure, which facilitates oil penetration into
the matrix. In contrast, compositions with denser cross-linking possess increased oil resistance. This
fact indicates that a high degree of crosslink formation in the three-dimensional structure hinders oil
sorption. The smallest mass change was noted for UHMWPE, confirming its high chemical resistance.
This behavior is due to the material’s extremely low permeability to hydrocarbon media, resulting
from its high degree of crystallinity and the absence of double bonds capable of interacting with the oil.

Rubbers possess high elasticity and the ability for significant reversible deformations, making
them indispensable for many technical assemblies. At the same time, UHMWPE is characterized
by high strength, chemical inertness, and wear resistance. Combining these materials allows for
the creation of unique composites with improved performance characteristics. A key technological
challenge in creating such composites is ensuring a strong adhesive bond at the interface between the
rubber and UHMWPE.

Fig. 4 shows a diagram of the adhesion investigation between UHMWPE and rubbers
depending on the composition of the vulcanizing system. During the delamination test of
UHMWPE from BNKS-18+DTDM+MBT rubber, the peel strength was 5.2 N/mm. In the case of
BNKS-18+DTDM+S+MBT, the maximum value of 9.0 N/mm was observed. The improvement in
properties is due to the introduction of sulfur, which promotes the formation of additional sulfide bonds
in the rubber matrix. Failure of the specimens occurred at the interfacial boundary and was adhesive
in nature, indicating that the cohesive strength of the rubber exceeded the adhesive strength. The
two-layer UHMWPE sample with BNKS-18+DTDM+DCP+MBT rubber showed a peel strength of
4.3 N/mm. The decrease in this value compared to the sulfur-containing rubber is associated with the
formation of bonds in the rubber matrix that are less resistant to tearing. The UHMWPE sample with
BNKS-18+DCP+MBT has the lowest peel strength of 3.2 N/mm and also exhibits cohesive failure.
The absence of DTDM in the rubber compound limits the formation of crosslinks, leading to a further

reduction in tear strength.
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Fig. 4. Peel strength diagram of UHMWPE from rubbers depending on the composition of the curing group

Fig. 5. Immersion test of the bilayer material in AMG-10 oil: a) Initial bilayer material; b) Bilayer material after
30-day immersion in oil; ¢) Immersion of the bilayer sample in oil

Two-layer specimens were aged in AMG-10 oil for 30 days at 23 °C to indirectly assess the
bond strength at the rubber-UHMWPE interface. The study aimed to verify chemical interaction at
the interface and is presented in Fig. 5. Visual analysis of the two-layer specimen after oil aging
showed no signs of delamination at the UHM WPE-rubber interface, indicating the formation of stable
covalent bonds between the materials. The radical crosslinking process, initiated by the peroxide
compound, not only leads to the formation of crosslinks within the rubber matrix but also promotes
chemical interaction at the interface with UHMWPE during joint hot pressing. Interfacial crosslinking
is accompanied by the formation of strong C—C bonds at the boundary between rubber and UHMWPE
(Fig. 1). Fig. 5b shows deformation of UHMWPE due to rubber swelling, rather than interfacial
delamination, indicating high bond energy between the materials. This effect confirms the presence of
covalent bonds and strong interfacial adhesion. As a result, the composite demonstrates resistance to
delamination even under prolonged contact with hydrocarbon media.

Fig. 6 presents the infrared spectra of rubbers and the UHM WPE-rubber interfacial boundary,
depending on the composition of the vulcanizing group. The IR spectra of BNKS-18 AMN-based
rubbers and their composites with UHMWPE demonstrate key differences. In the rubber spectra, a band
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at 1537 cm™ is observed, corresponding to deformation vibrations of NHs". This is characteristic of the
rubber’s nitrile groups, which participate in forming intermolecular interactions during vulcanization.
In the BNKS-18+DTDM+S+MBT sample (Fig. 6b), a peak at 1397 cm™ appears, associated with the
formation of sulfide bonds that create a dense network structure, increasing the material’s rigidity.
In the composite with UHMWPE, additional peaks emerge: the band at 1472 cm™ is attributed to
deformation vibrations of CHa-groups, typical for polyethylene [12, 13]. The presence of this band
confirms UHMWPE within the structure. The peak at 716 cm™ corresponds to rocking vibrations of
CHz: in the crystalline phase of polyethylene.

The IR spectroscopy method allowed the identification of characteristic peaks corresponding to
nitrile rubbers and UHMWPE. Upon introducing sulfur into the system, an additional peak appears,
indicating chemical interaction or changes in the rubber structure. The investigation did not record
changes in the spectra that could indicate interfacial processes at the rubber-UHMWPE boundary,
suggesting the method’s limited sensitivity to these specific interface phenomena.

Fig. 7 presents micrographs of the bulk rubber samples and UHMWPE. The surface of the
BNKS-18+DTDM+MBT sample (Fig. 7a) is characterized by an amorphous structure with low
roughness, typical for weakly cross-linked rubbers exhibiting high elasticity and low strength
properties. The obtained physical and mechanical data indicate that DTDM with MBT failed to
provide a sufficient number of crosslinks between rubber macromolecules in the absence of
vulcanizing agents. Microstructural investigation of the BNKS-18+DTDM+S+MBT sample (Fig.
7b) revealed the formation of a homogeneous rubber structure with sharp-edged relief patterns. The
use of sulfur combined with vulcanization accelerators promotes the formation of a sulfide network
with high crosslink density and limited mobility of rubber macromolecules, which is confirmed by
its physical and mechanical properties. In the BNKS-18+DTDM+DCP+MBT sample (Fig. 7c), the
formation of “spherulitic clusters” ~1 um in diameter was observed. Their appearance is presumably

associated with the high segmental mobility of rubber macromolecules, supported by its high
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Fig. 7. Bulk microstructure of the samples: a) BNKS-18+DTDM+MBT, b) BNKS-18+DTDM+S+MBT;
¢) BNKS-18+DTDM+DCP+MBT; d) BNKS-18+DCP+MBT; ¢) UHMWPE

elongation at break. The surface of the BNKS-18+DCP+MBT sample (Fig. 7d) exhibits a porous
and loose structure. The absence of DTDM as an additional accelerator slows down vulcanization
kinetics, reducing the efficiency of crosslink formation. As known from literature [14], peroxide
vulcanization without appropriate co-agents limits the depth of crosslinking in the rubber matrix.
Visibly pronounced porosity indicates a heterogeneous polymer network. The micrograph of
UHMWPE (Fig. 7¢) demonstrates an oriented lamellar structure with distinct molecular alignment.
This morphology is characteristic of UHMWPE, which possesses a high degree of crystallinity [15].
Due to high chain orientation and dense packing of crystallites, the material exhibits high strength
characteristics.

Fig. 8 shows microstructures of the UHMWPE-rubber interfacial boundaries depending on
the vulcanizing system composition. Microstructural studies of interfacial boundaries revealed
significant differences depending on the vulcanizing system composition, which correlates with the
results of the two-layer sample delamination testing. In the UHMWPE with BNKS-18+DTDM+MBT
system (Fig. 8a), a structure with a limited number of interfacial fibrils and micro-delamination
zones is observed. The introduction of sulfur promotes sulfide bond formation in the bulk of the
BNKS-18+DTDM+S+MBT rubber (Fig. 8b), increasing the matrix’s cohesive strength, which
reflects on adhesion to UHMWPE. However, complete elimination of micro-delaminations does not
occur. The observed adhesive delamination indicates insufficient strength of the UHM W PE-rubber
matrix interfacial bonding. This failure mode suggests limited molecular-level interaction between
the polymers and insufficient efficiency of the applied vulcanization system. The most effective
system, BNKS-18+DTDM+DCP+MBT (Fig. 8c), demonstrates an interfacial layer without micro-
delaminations due to the radical crosslinking mechanism initiated by DCP. In contrast, the
BNKS-18+DCP+MBT composition (Fig. 8d), despite the presence of the peroxide agent, shows low
adhesive bond strength due to the absence of the DTDM vulcanization accelerator. This results in
reduced tear strength of the rubber.
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Fig. 8. Microstructure boundary between UHMWPE and rubbers: a) BNKS-18+DTDM+MBT; b) BNKS-18
+DTDM+S+MBT; ¢) BNKS-18+DTDM+DCP+MBT; d) BNKS-18+DCP+MBT

Conclusion

The conducted study established the relationship between the composition of the vulcanizing
system and the properties of rubbers and their adhesive interaction with UHMWPE.

1. Comparative analysis of various formulations revealed that optimal physical and mechanical
properties of the elastomer are achieved using DCP and sulfur combined with vulcanization
accelerators. This composition provides the highest strength and elongation values, associated with
the formation of an optimal crosslinked structure featuring high density of crosslinks between rubber
macromolecules;

2. Investigation of the adhesive strength of UHMWPE/BNKS-18 bilayer materials showed that
the DTDM+S+MBT vulcanizing system provides the highest peel strength value; but the destruction
is of an adhesive nature. In contrast, the DCP+DTDM+MBT formulation exhibits moderate adhesion
strength to UHMWPE but fails cohesively during delamination;

3. Aging of the bilayer sample with the DCP+DTDM+MBT vulcanizing system in AMG-10
synthetic oil for 30 days demonstrated stability of the interfacial contact. The absence of delamination
indirectly indicates the formation of strong covalent bonds resistant to hydrocarbon media. The shift
of the deformation zone from the interface into the UHMWPE bulk is particularly indicative of strong
interfacial bonding;

4. FTIR spectroscopy identified characteristic peaks of nitrile rubber and UHMWPE.
Introduction of sulfur into the rubber compound generates a new peak indicating chemical interaction.
However, no significant changes were detected at the rubber-UHMWPE interface, suggesting the
method’s limited sensitivity to interfacial processes;

5. Micrographs of bulk and interfacial microstructures demonstrated that only with effective
crosslinking agents is a dense, homogeneous structure with pronounced interfacial bonding formed.
Specifically, DCP-containing formulations ensured tight contact between UHMWPE and rubber

without micro-delaminations.
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Thus, the choice of vulcanizing system significantly affects the performance characteristics of
rubbers and their adhesion to UHMWPE. Peroxide systems with optimized accelerator composition

demonstrate the greatest potential for creating high-performance composites.
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Abstract. A comprehensive study of N-substituted 4-nitrosopyrazoles was performed using electrospray
ionization mass spectrometry (ESI-MS) combined with density functional theory (DFT) calculations.
Protonated molecule [M+H]" were successfully detected, and their fragmentation pathways were
systematically investigated. DFT calculations revealed preferential protonation at the pyrazole ring nitrogen
(N-1) due to its higher thermodynamic stability compared to oxygen protonation. Key fragmentation
pathways involved cleavage of substituent bonds (NO, alkyl groups) while preserving the aromatic
pyrazole core. Notably, compounds with bulky phenyl substituents exhibited reduced fragmentation
efficiency. Comparative analysis demonstrated that ESI-MS predominantly yields substituent-driven
fragmentation, whereas electron ionization leads to complete ring destruction. These findings provide
critical insights into the gas-phase behaviour of nitrosopyrazoles and establish a foundation for predicting

their mass spectrometric patterns.
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AHHOTauMs. bplI0 TPOBECHO KOMIUIEKCHOE UCCeoBaHNe N-3aMeIeHHbBIX 4-HUTPO30IMHPa30JI0B
METOJIOM Macc-CIIEKTPOMETPHH ¢ AeKTpoctpeiiHoi nonuzanueii (MOP) B couetanuu ¢ pacuéramu
B pamKax Teopuu GpyHkiuonana miotHoct (TDIT). [IporonunpoBanubie Mosiekysbl [M+H]" Obuin
YCIICIIHO AETEeKTHUPOBAHBI, a MyTH UX (PparMeHTanny CUCTEMAaTHUECKN U3yUeHbl. PacuéThl MeTo0M
T®II noka3anu IpeAnouYTUTEIFHOE TPOTOHUPOBAHHUE IO ATOMY a30Ta MUpa3oyibHOro 1ukIia (N-1)
M3-3a ero Oosee BBICOKOH TePMOAMHAMUYECKOH CTA0OMIBHOCTH IO CPABHEHUIO C IPOTOHUPOBAHNUEM
10 KUCJIOPOJY HUTPO30-rpyInbl. KiltoueBble My Ty NepBUYHOM (parMeHTalnK BKIIIOYaIH pacllerieHue
cBs3eit 3amectureneit (NO, aIKHIBHBIX TPYIII) C COXPAaHEHWEM apoOMaTHYECKOr0 /1pa Mupa3oa.
[TpumeuaTesbHO, YTO COENMHEHHUS C 00bEMHBIMU (DEHUIIBHBIMU 3aMECTUTEIISIMH JIEMOHCTPUPYIOT
TIOHMKEHHY10 3 (PEeKTUBHOCTH (parmenTanni. CpaBHUTEIBHBIN aHATIHN3 TIOKa3all, 4To IOP B ocHOBHOM
NPUBOJAUT K ()parMeHTAINU 3aMECTUTEIICH, B TO BPEMs KaK AJICKTPOHHASI HOHU3AIIMS BHI3bIBACT ITOJTHOE
paspylieHe IUKIa. DTH pe3yIbTaThl Jal0T BaKHOE MPEICTABICHNE O TIOBEICHUN HUTPO30MNPA30I0B
B ra3oBoil (a3e W 3aKJIaJIbIBAIOT OCHOBY JIJISl IPOTHO3MPOBAHUS UX MACC-CIEKTPOMETPHUYECKHUX

XapPAKTCPUCTHUK.

KuroueBsbie ciioBa: UOP, TOII, mexanusm (pparMeHTaINH, THPA30IL.

BaarogapuocTtu. VccnenoBanue MpoBeAeHO B paMKaX TOCYAapCTBEHHOTO 3a1aHus UHCTUTYTa XUMUU
u xumuueckoi TexHooruu CO PAH (FWES-2026—0011). ABTops!I BeIpaXkaroT 01aroAapHoCThb Kadeape
OpPraHUYeCKOW XUMUH U TEXHOJIOTUH opraHndeckux Bemects Cubl'Y um. M. @. PemreTHeBa 3a momos

B MTPOBEACHUH CUHTE30B U J[. A. ManapoBoii 3a perucTpaiui Macc-CreKTPOB.

Iuruposanue: Msanenko T.10., Kopmec E. C. DxcniepuMenTanbHOe 1 TeopeTrdeckoe nccaenopanne UOP myreit dpparmenTannu
NPOM3BOAHBIX THpa3oia. XKypu. Cub. denep. yn-ta. Xumus, 2026, 19(2). C. 369-378. EDN: PXMIAG

Introduction
Pyrazoles are aromatic heterocyclic compounds comprising three carbon atoms and two nitrogen

atoms in their structure. The nitrogen atoms in the pyrazole ring are located at the 1- and 2-positions,
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which confers unique chemical properties to this heterocycle. One nitrogen atom, in an sp>-hybridized
state, contributes two electrons to the m-system, while the second sp?-hybridized nitrogen atom donates
only one electron. Pyrazoles exhibit tautomerism, existing in two forms (1H-pyrazole and 2H-pyrazole)
that differ in the position of the proton [1]. The aromaticity of the pyrazole ring arises from the presence
of 6 m-electrons, including 4 electrons from double bonds and 2 electrons from the lone pair of one
nitrogen atom. This feature ensures high stability and enables pyrazoles to participate in electrophilic
substitution reactions.

Pyrazoles serve as crucial intermediates in the synthesis of complex organic frameworks. They
act as building blocks for heterocyclic systems such as indazoles and pyrazolo[1,5-a]pyrimidines, and
are widely employed as ligands in coordination reactions, the synthesis of coordination polymers, and
functional materials [1-5]. In agriculture, pyrazoles are utilized as pesticides and herbicides due to
their ability to inhibit weed and pest growth [6-9].

The broad applications of these compounds necessitate the development of reliable structural
elucidation methods. Mass spectrometry, being one of the most informative techniques, enables the
identification of pyrazoles based on characteristic fragmentation patterns. However, electron ionization
mass spectrometric analysis of nitrosopyrazoles is complicated by extensive molecular ion fragmentation,
limiting their detection and accurate identification [10, 11]. The lack of literature data on nitrosopyrazoles
studied by soft ionization methods (e.g., electrospray or chemical ionization) hinders the prediction of
their behavior under conditions conducive to the formation of stable ions ((M+H]* or [M—H]").

One of the major limitations in structural elucidation of small organic molecules stems from the
incomplete understanding of fragmentation patterns of protonated molecules in ESI-MS-MS, despite
significant advances in studying structure-fragmentation relationships.

For instance, Nissen elucidated a four-center fragmentation mechanism for esters, amines, and
amides [12]. Smith comprehensively investigated the ESI-MS-MS behavior of compounds with amine-
containing side chains, N-heterocyclic structures (both saturated and unsaturated), and quaternary
ammonium species [13, 14]. Thurman et al. conducted extensive studies on the fragmentation and
ion formation of three major pesticide classes (herbicides, insecticides, and fungicides), as well as
emerging environmental contaminants [15—17]. Meanwhile, Levsen and colleagues systematized mass
spectrometric approaches for the structural characterization of aromatic compounds [18, 19].

However, to validate the results, researchers often employ a combined approach integrating
ESI-MS with DFT calculations, which provides comprehensive insights into molecular structure
and electronic properties. In this study, we demonstrate the efficacy of this methodology using well-

characterized compounds historically developed at our institute.

Results and Discussion

The series of N-substituted 4-nitrosopyrazole derivatives was studied, including 1-methyl-3,5-
dimethyl-4-nitroso-1H-pyrazole  (Ia), I-isopropyl-3,5-dimethyl-4-nitroso-1H-pyrazoles  (Ib),
1-butyl-3,5-dimethyl-4-nitroso-1H-pyrazoles (Ic), I-benzyl-3,5-dimethyl-4-nitroso-1H-pyrazoles (Id),
1-benzyl-3,5-diphenyl-4-nitroso-1H-pyrazole (I1a), and 1-isobutyl-3,5-diphenyl-4-nitroso-1H-pyrazole
(IIIa) (Fig. 1).

DFT calculations were performed to interpret molecular fragmentation pathways and compare

bond length/energy changes upon protonation. We presented calculations for Ia as an example of
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Fig. 1. Structures of investigated compounds

patterns that appear in all compounds. According to the Bond Activation Rule (BAR-rule) [20], the
protonation site influences bond length alterations, including those separated by multiple bonds from
the protonation center. In neutral nitrosopyrazole, only two protonation sites are possible: the nitrogen
(N-1) and oxygen (O-2) atoms. Compound Ia was selected as the model system for calculations. Fig. 2
displays the optimized structures of the parent Ia and its two possible protonated forms.

Although protonation of the nitroso group might seem more obvious at first glance, the energy
difference between the two possible protonated forms was calculated to be 41.59 kJ/mol in favour of
ring nitrogen (N-1) protonation. We suggest that the N-protonated form is energetically more stable
due to the delocalization of the positive charge across the aromatic ring system. In contrast, protonation
at the NO group results in charge localization on the nitroso substituent. Calculations at the level of
theory cc-PVDZ/0wB97X-D3 with dispersion corrections revealed an energy difference exceeding 0.7
kecal/mol (2.93 kJ/mol) [21], clearly indicating that N-1 protonation is energetically more favourable
than O-2 protonation.

To analyze the reactivity of the pyrazole derivative, quantum-chemical modeling of the homolytic
cleavage of the bonds between substituents and the aromatic ring was performed. The method of
scanning the potential energy surface (PES) along the bond cleavage coordinates revealed the process
to be multistage. At the initial stage, the most energetically favorable pathway is the homolytic cleavage
of the nitroso group (Table 1). The calculated PES profile indicates that this pathway is characterized
by a lower energy barrier compared to alternative cleavage routes of other bonds within the studied
conformational space. As a result of this reaction, a pair of radical species is formed: a nitroxyl radical
(*N=0) and a radical cation of the pyrazole ring. The radical nature of the generated fragments was
confirmed by analyzing the Loéwdin spin density distribution. The total spin densities localized on each of
the formed fragments are close to unity (=1.00), which serves as direct evidence for the localization of one

unpaired electron on each fragment and confirms the homolytic character of the bond cleavage (Fig. 3).
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Fig. 3. Potential energy profile as a function of the C—NO bond length for the homolytic cleavage in Ia (left) and
Lo6wdin spin density distribution (right) calculated at the ®B97X-D3/cc-pVDZ level of theory

The subsequent fragmentation process following protonation in ESI-MS is clearly shown in
Fig. 4. A comparison of fragment ions of protonated 4-nitrosopyrazoles is presented in Table 2.
The formation of fragment ions likely proceeds through several pathways: 1) Protonation of the
pyrazole nitrogen followed by alkyl group elimination yielding the radical cation [M+H-AIlk]"s;
2) Protonation of the pyrazole nitrogen with subsequent NO loss forming the radical cation [M+H—
NO]*; 3) Protonation of the pyrazole nitrogen followed by methyl radical elimination producing the
cation [M+H—CHs]".

Due to the stability of its aromatic system, the pyrazole ring exhibits low fragmentation propensity,
with decomposition primarily occurring at the substituents. Elongation of the N-CHs (299.8 kJ/mol)
and C-NO (274.3 kJ/mol) bonds in the N-protonated form indicates their increased lability. While

mass spectrometric data confirm the formation of corresponding fragment ions, bond dissociation
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Table 1. Bond energy of N-1 protonated Ia calculated by PES scanning

Bond E, kJ/mol
N-CH; 299,7623
C-NO 274,3395
C3-CHj; 474,2065
C5-CH; 472,6006
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Fig. 4. ESI-MS spectra of Ia

Table 2. ESI-MS data of protonated compounds

m/z (Ier,%)
Compound

[M+H-NO]"* [M+H-CHj3]"e [M+H-AIK]"*
Ia 110,30 (27,18) 125,20 (20,58) 125,20 (20,58)

Ib 138,25 (19,50) 152,60 (30) 126,60 (5)
Ie 152,6 (66,11) 167,9 (27,51) 125,00 (14,59)

Id 186,30 (50) 201,40 (22) 125,35 (16)

I1a 248,25 (17,24) 263,30 (22,47) 187,20 (20)
IIIa 276,05 (14,52) 291,85 (18,18) 249,30 (43,64)

energy is not the sole factor governing fragmentation pathways. Charge localization and steric factors
also play significant roles. This accounts for the presence of [M+H—CHzs]'s peaks in mass spectra,
corresponding to cleavage of the stronger C—CHs bond (472.1 kJ/mol), though their intensity remains
lower compared to [M+H-NOJ* and [M+H-Alk]'s peaks. The proposed primary fragmentation
pathways for N-substituted 4-nitrosopyrazoles (where R? *=Me for Ia-d; R>=Me, R*=Ph for I1a; R%*=Ph
for Ila) are illustrated in Fig. 5.

Fragment ions characteristic of compound Ia were also observed for other N-substituted
nitrosopyrazoles (Ib, IIIa). The most intense peaks correspond to fragmentation with NO group
elimination [M+H-NO]*s (pathway 2). However, for compounds IIa and ITIa containing bulky phenyl
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Fig. 6. ESI-MS spectra of I11a

substituents at the 3- and S-positions of the pyrazole ring, the peak intensity decreases (Fig. 6). All
studied compounds exhibited fragmentation involving elimination of alkyl groups from the pyrazole
nitrogen (pathway 1). For branched alkyl substituents (Ib—c), the intensity of corresponding ions was
reduced due to neutral alkene formation during fragmentation.

The proposed fragmentation pathways of N-substituted 4-nitrosopyrazoles in the case of
electrospray ionization differ from those characteristic of electron impact. By electron ionization,
fragmentation of the pyrazole ring is observed, characterized by two main processes: the elimination
of a neutral HCN molecule and the loss of an N, molecule. In electron impact, the pyrazole ring
undergoes fragmentation with the formation of the characteristic C ;H,"™ ion (m/z = 38), indicating
complete destruction of the aromatic system.
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Experimental

All compounds were synthesized according to the procedure described in [22].

Mass spectrometric investigations were conducted using Shimadzu LC/MS-2020 quadrupole
chromatograph system comprising an SIL-20AD autosampler, a RAPTOR ARC-18 column (100 mm x
2.1 mm ID; 1.0 um particle size). The analysis employed acetonitrile as mobile phase in isocratic mode
with the following parameters: flow rate 0.1 mL/min, column temperature 40°C, injection volume SpL,
capillary voltage 1.0 kV, cone voltage 40V, ion source temperature 350°C, nitrogen nebulizer gas flow
1.5 L/min. To enhanced protonation efficiency, 0.1 % formic acid additive was utilized when necessary.
All data processing was performed using LabSolution 1.2 and OriginPro 10.1 software suites.

Quantum-chemical estimations were computed with a temperature of 298 K. The optimization
of geometry was performed by density functional theory (DFT) with the hybrid meta-GGA ®B97X
density functional [23] under Grimme’s empirical correction (D3) [24] approach in the ORCA 6.0.1
software package [25]. The full electron cc-PVDZ basis set was chosen for all atoms [26]. To verify that
the obtained structures corresponded to potential energy minima, vibrational frequency calculations
were performed. The structure was considered valid when no imaginary frequencies were present. The
scanning of potential energy surface was performed to determine bond dissociation energy. The atoms
forming the substituent were selected as independent fragments. The calculation included geometry
optimization and energy calculations for each intermediate structure up to the moment of substituent
cleavage from the pyrazole ring. The resulting data on the dependence of the total energy of the system

on bond lengths were used to visualize the reaction profile.

Conclusion

Mass spectra of N-substituted 4-nitrosopyrazoles were acquired using electrospray ionization
(ESI) in positive ion mode, with corresponding protonated molecule [M+H]* being identified. The
study revealed the principal fragmentation pathways of these compounds. Density functional theory
(DFT) calculations confirmed that protonation predominantly occurs at the pyrazole ring nitrogen
atom (N-1), which is attributed to the greater thermodynamic stability of this protonation site.

The results demonstrate that ESI-MS fragmentation primarily involves cleavage of substituent
bonds while preserving the aromatic pyrazole core, whereas electron ionization leads to complete
destruction of the cyclic system. These findings highlight the significant impact of ionization method
on the fragmentation patterns and provide a basis for predicting the mass spectrometric behaviour of

nitrosopyrazole derivatives.
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Abstract. ZSM-11 zeolite (Si/Al = 60) with high mesoporosity was synthesized by the steam-assisted
crystallization (SAC) method using tetrabutylammonium hydroxide (TBAOH) as the single structure-
directing agent. For comparison, ZSM-5 samples were synthesized under identical conditions using
tetrapropylammonium hydroxide (TPAOH). The obtained samples were characterized by powder
X-ray diffraction to determine the phase composition, low-temperature nitrogen adsorption/desorption
to investigate textural properties, as well as scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (TEM) to study crystal morphology. XRD analysis showed that the
samples obtained in the presence of TBAOH represent a pure phase of the MEL framework type zeolite.
The low-temperature nitrogen adsorption/desorption method demonstrated high mesoporosity of the
samples (Vipeso = 0.8 cm3/g). SEM and TEM data indicate that the MEL sample synthesized with an
aging step consists of uniform crystals with an average size of approximately 20 nm.
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CuHTe3 HAHOKPHUCTAJIOB HeoauTa ZSM-11

MeTO0M Napo(a3HOH KPUCTALIN3ANUU

A.A. Bparuna?, K. A. baouna® % E. B. [Tapxomuyk® °
*Uncmumym xamanusa um. I K. bopeckosa CO PAH
Poccuiickas ®@eoepayus, Hosocubupck
*Hoeocubupckuil 20cy0apcmeenblil YHUepCumemn
Poccuiickas ®@eoepayus, Hosocubupck

Annoranus. Lleoautr ZSM-11 (Si/Al = 60) ¢ BbICOKOII ME30ITOPUCTOCTHIO CHHTE3UPOBAH METOIOM
napoaznoit kpuctannuzannu (I1OK) ¢ ucrions3oBannem ruapoxeuaa terpadyruiaammonus (TBAOH)
B KQ4e€CTBE €IMHCTBEHHOI'0 CTPYKTYpooOpa3ytoliero areura. B kauecTBe o0pa3ioB cpaBHEeHUS
B UJICHTHYHBIX YCIOBHUAX CHHTE3UPOBAHBI 00pa3ubl ZSM-5 ¢ UCIIOIb30BaHUEM THIPOKCH 1A
terpanponunammonus (TPAOH). [ToxyuenHble 00pa3Iibl 0XapaKTEPU30BaHbI METOIOM MTOPOIIKOBON
PEHTIeHOBCKOW AU(PAKIINY JUJIsl OTIpeeeHHs (pa30BOro COCTaBa, METOIOM HU3KOTEMIIEPATYPHOM
ancopOIMu/aecopOIM a30Ta ISl UCCIICIOBAHMS TEKCTYPBI, @ TAK)KE METOAAMH CKaHUPYIOIICH
3JeKTpOoHHOMH MuKpockonuu (COM) u nmpocBeunBaloniei 3JeKTPOHHON MUKPOCKOIIUH BBICOKOTO
paspeenus (I19M) aist uzydenust Mmopdooruu Kpuctaaios. POA mokasai, 4to 00pasiisl, 0JyYCHHbIC
B npucytcreun TBAOH, npencraBinsioT cobol uucTyro ¢asy neonuta crpykrypHoro turma MEL.
MeToioM HU3KOTEMIIEpaTyPHOH acopOLMK/IecopOIK a30Ta MoKa3aHa BbICOKAsI ME30IIOPUCTOCTh
00pasioB (Vieso = 0.8 cM>/1). lauusie COM u [TOM ykasbiBaroT Ha T0, uTo 00paser; MEL, nmonydeHHbli

CO cTaguen CTap€HHsA, COCTOUT U3 OAHOPOJHBIX KPUCTAJIJIOB CO CPEAHHUM pa3sMEpPOM OKOJIO 20 HM.

KuioueBsble cJioBa: 110U THI, apodazHas KPUCTAJIIN3alKsl, HAHOKPUCTAIIbI, METOJ] KOHBEPCHH

CyXOro reJjs, Me30IopucToCTb.

BaaroxapuocTu. PaboTa BeinonHeHa pu GUHAHCOBOH MoAepkKke MUHUCTEPCTBA 00pa30BaHUs
n Hayku Poccuiickoit @enepannu (FWUR-2024—-0036).

Iutuposanue: bparuna A. A., babuna K. A., ITapxomuyk E. B. CunTe3 HanOKprcTanios neonuta ZSM-11 metonom napoda3sHoii
kpuctammmsanun. XKypn. Cub. penep. yn-ta. Xumus, 2026, 19(2). C. 379-389. EDN: QAAYOM

Brenenue

ZSM-11 sBnsgeTcs OAHUM U3 IPEACTABUTENCH NEHTACUIIOBOTO ceMeiicTBa 11eoTuTOB. CTPYKTYPHI
ZSM-5 (MFI) u ZSM-11 (MEL) ouenp Gin3KH BBHIy HAJWYHs B CTPYKTYpE OJUHAKOBBIX KOMIIO-
3UTHBIX CTPOUTENBHBIX 0J0KOB (mor, cas, mfi(t-pen), mel). Lieonut ZSM-11 umeer cxoxee ¢ ZSM-5
crpoenue: 3D-cTpyKTypa nepeceKkaronuxcst KanajaoB quameTpoM 0.55 HM, OTHAKO B CTPYKTYpE 11e0-
auTa ZSM-5 1oz npsiMbIM YIIIOM [epeceKaroTcs MPsiMble U CHHYCOUIAJIbHBIE KaHAJIbI, B TO BPEMSsI KaK
B cTpyKType ZSM-11 nmerorcs Tonbko npsMble kaHassl. Leoxut ZSM-11 sBisiercs 6omee a3 exTus-
HBIM KaTaJIn3aTOPOM [0 CpaBHEHHUIO ¢ ZSM-5 B TakMX Ipoleccax, Kak ruporn3oMepu3anus napadu-

HOB [1], KaTaMUTHYECKUN MTUPOIU3 TIKEIBIX HePTeH [2], KOHBEpCHs METaHOIA B YIIIEBOAOPOIEI [3].
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N3-3a CXOXKECTH NAHHBIX CTPYKTYp mosydeHue ynctor (passt MEL siBsieTCS KOMILIEKCHOMN 3amadeit
[4, 5]. Jns nonyuenus anctoit ¢pa3sl MEL ncnonp3yroTes HEKOMMEPUYECKUE TEMILIATHL, TaKue Kak N,
N-audTua-3,5-1uMe TUINUNIEPUAUHUS TUAPOKCU [6], 1-9TH-6-a30HUA-cTIUpO-[S,5]-yHaekaH [7] unu
CMECH KOMMEPUECKUX TeMIIJIATOB.

Jpyroii npobiemoii cuatetrndeckoro ZSM-11 siBaseTcst HU3Kas I0CTYITHOCTh aKTUBHBIX KHC-
JOTHBIX LEHTPOB LEOJIUTA IS KPYIHBIX MOJICKYJI, YTO MOXET OBITh MPEOJOICHO IIyTEM CO3AaHM
pa3BuToit Me3onopucToctu. st GOpMUPOBAHHUSI CUCTEMbI ME30IIOP CUHTE3 HePAPXMUECKHUX LIEO0JIHU-
TOB OOBIYHO HPOBOJAT B MPUCYTCTBUN ME30MNOPOICHHBIX 100aBOK, TAKUX KaK OpOMUJ HETHITPHU-
MeTHIaMMOHUs [8] uiau To3uaat [9], a TakKe ¢ UCIOJb30BAHUEM MOCT-CHHTETUYCCKON 00padoTKU
eJI04aM¥ MUIM YeTBEPTUYHBIMH aMMOHHEBBIMU ocHOBaHusAMH [10]. B TO ke Bpems momydeHune
HaHOPa3MEPHBIX KPUCTAJIOB LIEOJUTOB MOXKET CIIOCOOCTBOBATH (DOPMHUPOBAHMIO JIOMIOJHUTEb-
HOW MOPUCTOCTH 3a CYET 00pa30BaHUS MEXKPUCTAJUIMYECKUX ME30II0p, OJHAKO TPaJULIMOHHBIN
TUAPOTEPMaJIbHBIH CHHTE3 HAHOKPHUCTAIIOB Hed()(EKTUBEH ISl IPOMBIIIJICHHOTO [TPOU3BOACTBA
neonutoB. OH TpeOyeT cragun HEeHTPU(PYTHPOBAHUS, KOTOPAsI YCIOXKHSET MPOLUECC U MPUBOAUT
K HU3KOMY BBIXOJY MpoAyKkTa. [IpHHIIMNINAIBHO HOBBII MOAX0A CHHTE3a HAHOKPUCTAJIJIOB IEOJIH-
TOB — mapoda3Has KpucTaJUTU3amus — BriepBeie onucad B 1993 [11]. LleonuTsl, OTyYeHHBIC TPE-
JIO’KEHHBIM METOJIOM, TPEOYIOT TOJIBKO IPOKATUBAHUSA IS YAAJICHUS TEMIIJIaTa U3 MUKPOIOp. JTa
METOJMKA YIPOILIAET IPOLEYPY MOTyUEHUS BBICOKOME3OMOPUCTHIX M HAHOPA3MEPHBIX IIEOITUTHBIX
Martepuaios [12].

CuHTe3 HaHOKpHCTAILIOB LeonuTa ZSM-11 omucaH He OueHb IIMPOKO: HAIIPUMEP, U3 OYEHb
IUIOTHBIX TeJIel C IePHOIOM KPUCTAIIITM3AIMH OKOJIO MeCsI[a NOIYYeHbl 00pas3iibl, COCTOSLINE U3 MH-
KPOMETpPOBBIX KpHcTaiuios [13], Beicokome3onopucTsiit ZSM-11, npencrasistronuii coboit arperarsl
pasmepom 380—480 HM, COCTOSIIUMH U3 KPUCTAIIOB 35—60 HM, MOJIyueH METOI0M HCHapEeHUs pac-
TBOPHUTEIIS C MCIIONB30BAHUEM TeKCaIeIMITpUMeToKcucrIana [14]. Takxke oOpasmbl CHINKAaIATA-2
(ctpyxtypubiil Tum MEL), npeacTtaBieHHbIe KpucTaiiaamMu pasMepoM 80 HM, TOJIyYEeHBI C HCIOIb30-
Bannem TBAOH meronom napodaszHoii kpuctannuzanuu npu 170 °C B Teuenue 48 u [15].

B nanHoi1 paboTe onucaH METOA CUHTE3a, MO3BOJIAIONIN MTOTy4aTh BEICOKOME30MOPUCTHIE arpe-
raTbl U3 HAaHOKPUCTAIUIOB pazmMepoM 15-20 um azoBouncroro ZSM-11 (Si/Al = 60) ¢ ucnonp3oBa-
HUEM TUJPOKCHIA TeTPaOy THIIAMMOHUS B Ka4ECTBE €IMHCTBEHHOr0 TEMILJIATa METO/IOM napodaszHoii
KpUCTAJIN3aK. MeTox CHHTEe3a [IeoJINTOB npezcTasieH B 2023 r. B MaTepuanax KOHPEPEHIINH aB-

Topamu paboTsl [16].

3KcnepnmeHTaanaﬂ qacThb

Peazenmut

I'unpoxcun terpabytunammonus (TBAOH, 40 mac.% BomHBbIN pacTBOp, Acros), THAPOKCUT Te-
tpanpornuiamMmmonns (TPAOH, 40 mac.% Boxuslil pactBop, Pallov), rerpastunoprocunukar (T20C,
Amnrapa-PeaxTtu, Poccust), antomunus Hutpar HoHaruapat (Al(NOs);-9H,0, >98 %, OO0 «AO PE-
AXUMp).

Memoouxu cunmesa

MeTton cuHTe3a 00pa3oB HAHOKPUCTAIIIOB 1Ie0auTOB ZSM-5 u ZSM-11 3akitodaeTcs B clemy-

IOMUX CTaauAX:
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— mpurotosneHue reus u3 cmecu TEOS, Temmuiata, pacTBopa HUTpaTa aJllOMUHHS B HE00X0IU-
MOM MOJIEHOM COOTHOIIEHUH KOMITOHEHTOB;

— MpOUERYypHl CTapeHHs — BbIJAepKuBaHue rens B aBrokyase (V = 0.15 m) mpu Temneparype
90 °C B Teuenue 72 u;

—  BeICyHIMBaHue noxydeHHoro remns npu 60 °C Ha Bo3ayxe B TeueHHe 12 9 1 ero n3MeabueHue
B CTYTIKE;

— 00paboTKa CyxOro rejs nmapamu BOJbI (Ha JHO aBTOKJIaBa J00ABIIsLIACKH JKUIKAS BOJA, IPH
HarpeBaHUM Iepexosmas B ra3oByio (ha3y) B aBTOKJIABE B OTCYTCTBHUE IIPSMOTIO KOHTAKTA KUIKOH
u tBepnoi da3 npu 180 °C B Teuenue 24 u s nposeaeHus [1OK;

—  BbICyHIMBaHUe NoiydeHHoro nopomka npu 110 °C B teyenue 12 4 ¥ mpoKaluBaHHE MPU
550 °C B TeyeHue 6 4acoB co CKOPOCThI0 Harpera 2 °C/MUH JUIsl yaJieHus] TeMILIaTa U3 MUKPOIIOP
LEOTHTA.

MobHbIE COOTHOLIEHHUS PEareHTOB UL CHHTEe3a 00pa3LoB yKa3aHsl B Ta0I. 1.

Tabnuua 1. YenoBus cuaTe3a 00pa3nos neonutos crpykryproro Tuna MFI u MEL metogom [TOK npu moasHOM
cooTtHoureHuu peareHToB Si0,: 0.277Temmnar: 0.0083A1,0;: 10H,O

Table 1. Synthesis conditions for zeolites MFI- and MEL-topology via steam-assisted crystallization at molar
ratio SiO,: 0.277Template: 0.0083A1,05: 10H,O

O6pa3sen Temmar Crapenmue m(H,0) 06, T
MFI a 0.8
MFI a 0 0
— TPAOH +
MFI_w 0.8
MFI_w 0 0
MEL a 0.8
MEL a 0 0
—— TBAOH -
MEL_w 0.8
MEL w 0 0

DOu3NKo-XUMHYECKHE CBOMCTBA II€0JINTOB

@a30BBIi COCTAB MTOTYUYCHHBIX 00PA3II0B UCCIIEOBAIH C TOMOIIBIO PEHTIeHO(]Aa30BOro aHaIN3a
(P®A) c ucnonszoanuem auppakromerpa ARLX’TRA, CuKa-n3znyuenue, pokycuposka o bparry-
Bpenrano. OTHOCUTEIBHYIO KPUCTAININIHOCTD OLICHUBAJIN YePEe3 OTHOIICHHE HHTEIPAJIbHBIX HHTCH-
CHUBHOCTEH B nuamnaszone 20 = 22.5-25.2° 06pasioB oaHO# ceprun. Mopdosioruio u pasmep KpUCTajIoB
OIIpe/IeIISIIN METOIOM CKaHMPYIOIIEH IeKTpOoHHOH MuKpockonuu (COM) Ha 3J€KTPOHHOM MHUKPO-
ckonie Hitachi Regulus SU 8230 FESEM (Hitachi, SInonus) ¢ yckopsitomum Hanpsokenuem 10 kB,
B PeXXUMax BTOPUYHBIX JIEKTPOHOB C UCIIOJIb30BaHKEM Upper JeTeKTopa, MO3BOISIOIET0 MM0JIydaTh
MHUKPOCKOIINYECKHE N300pakeHust B Tonorpadpuueckom KoHTpacre. [Ipu HaHeceHU oOpasia Harbl-
JICHUE 3alIUTHOTO MJIN TOKOIIPOBOJIAIIETO CJI0S1 HE TPUMEHSIIOCH, TOCKOIBKY 3TO MOTJIO OBl IPUBECTH
K pa3JIMuHbIM apTedakTaM H300pa)keHU sl Ha BICOKHUX YBEJIHUeHHIX. TeKCTypHbIE CBOWCTBA 00pa3LioB

M3yYalii METOAOM HU3KOTEMIIepaTypHoOi ajcopOuu azota npu —196 °C ¢ momoIpko aicopOruoHHO-
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ro ananuzaropa QUADRASORB evo (mogens QDS-30). YaenbHy10 miomaab MOBEPXHOCTH (SprT)
paccuuThIBaiM ¢ ucnonbzoanueM Metona bIT, 06beM MUKPONOp (Vo) — METOLOM f-plot, o011
00BeM TP (Vyyy) OTIPENENATH U3 KOMHUECTBA a30Ta, aACOPOUPOBAHHOTO TIPH OTHOCHUTEIBHOM JaB-
JeHnu, 6au3koM K enuHuLe (p/po = 0.99). [IpeasapuTenbHO MPOBOIMIIN JIeTa3aluio 00pas3loB B BaKy-
yme mpu 350 °C. HccnenoBaHue CTPYKTYPbl | MUKPOCTPYKTYPBI 00pa3iioB OCYIIECTBIISIIA METOIOM
IIPOCBEYNBAIOIIEH IEKTPOHHONH MUKPOCKOIMH BbICOKOTO pazpemnieHus ([ISMBP) — na snekTpoHHOM
mukpockorie ThemisZ (Thermo Fisher Scientific, USA) ¢ yckopsitomnm nanpsixkernuem 200 kB u mipe-
nenpHbIM paspemienneM 0.07 aM. 3anuck n300pakeHui ocymecTBsuIach ¢ momouibio [13C marpuib
Ceta 16 (Thermo Fisher Scientific, USA). [Ipu6op ocHallieH 3HeproucriepcuOHHbIM CIIEKTPOMETPOM
penTreHoBckoro xapakrepucruueckoro uznydenust (EDX) SuperX (Thermo Fisher Scientific, USA)
C MOJYIPOBOITHUKOBBIM Si-IETEKTOPOM ¢ pa3perieHueM o 3ueprun 128 3B. Cpeanuii pazmep yacTuil
OLICHWBAJIM 110 CHUMKaM BU3yaJIbHO 0€3 IPUMEHEHHs! JOTOJIHUTEIBHOTO IIPOrPaMMHOro obecrneye-

Hust (N = 30, N — Konr4ecTBO YaCTHII JIJIs1 OLIEHKH pa3Mepa).

Pe3yabraTsl u 00CyKIeHUS

JI71s1 moTydeHust HeoauToB CTPYKTypHOTO THITa MEL nMconp3yIoT TeMIuiaT ¢ 0ojiee NITHHHBIMI
3aMECTUTEISMU II0 CPABHEHHIO C TPATUIIMOHHO IpUMeHsieMbIM Juist cuaTe3a MFI katnornom TPA™ —
KaTtuoH TeTpabyTunammonuss TBA'. B pamkax ucciaegoBaHus BIHMSHES UCIOIb3yEMOr0 TEMILIATA
Ha CTPYKTYPY B MOP(OJIOrHIO IMOJIy4aeMOro [Ee0JUTa CHHTE3UPOBaHa CepHsl 00pasIoB npu (Gpukcu-
POBaHHOM MOJBHOM COOTHOIIEHHU peareHToB (Tadu. 1). [Tocie [IOK npoBonuiu mpokaiuBaHue 00-
pa3noB 0e3 mpeaBapuTeabHON OTMBIBKH. Ha puc. 1 mpeacTaBiieHbl peHTICHOTpaMMBbI 00Pa3IioB I€0-

JINTOB, IMOJYYCHHBIX IPU COOTHOLMICHHUU KOJINYCCTBA ,Z[O6aBHGHHOI>'I BOJbI K CYyXOMY I'€JIIO 0.8.

S

MFI_w

MFI_a

| S

MFI

MEL_a

MEL_w
MEL

10 20 30 40 50

Puc. 1. Peatrenorpammsr 06pasiioB ZSM-5 u ZSM-11, nonyuennsix npu (H,0)/m(cyxoit renp) = 0.8
Fig. 1. X-ray diffraction patterns of ZSM-5 and ZSM-11 samples obtained at (H,O)/m(dry gel) = 0.8
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Brnarogaps HaTUYHIO HEKOTOPHIX PA3IHMYMM B peHTTeHorpammax ZSM-5 u ZSM-11, atu cTpyk-
TYPHBIE THUIIBI MOTYT OBITH pa3INYUMBI IO JaHHBIM PDA (pedepeHcHbIe pacueTHBIE PEHTICHOI PaM-
MBI LEOJIUTOB CTPYKTYypHBIX THIIOB MFI 1 MEL B3siThI 113 6a3b1 anHbiXx MexayHapoaHoit Lleonut-
HOWl Acconmanmu — Database of Zeolite Structures, International Zeolite Association). Hampumep,
Ha PEHTIeHOIpaMMax B Juana3oHe yrioB 20 = 45-46° nus crpykrypsl Tuna MFI xapakrepen nuk
C ABYMS MakCHMyMaMH, B TO BpeMs Kak s neoiura tuna MEL XapakTepeH MUK ¢ OJHUM MaKCH-
MyMoM B nuanasone 45—46 [17]. Kpome Toro, 06 orcyrctBun npumecu MFI MOXHO cyauTh 1o OT-
CYTCTBHIO Iieda B obmactu 23-25°. Ha pearrenorpammax oopasnoB MEL au MEL w HaOmromaercs
CMCILICHHBIH BJICBO MUK C OJHUM MaKCHMYMOM B 00J1acTH 45—46° 1 OTCYTCTBYET IJICUO B AHAMa30HE
23-25° (puc. 1). CaenoBarenbHO, MOJTYUYSHHBIE 00pa3Ibl MPEACTABIAIOT c000i (a3oBoUNCTHIE Lie-
onutsl ¢ Tonosorueir MEL 6e3 mpumeceit MFI. Ha puc. 2 mpuBeieHbl peHTTE€HOTpaMMbl 00pa3IioB
LICOJTUTOB, MOIYUYECHHBIX B OTCYTCTBHE 100aBIeHHON BO/ibI B ponecce [IDK.

HccnenoBanue BIUSAHUS TaBICHHUS HACBIIIIEHHOr0 BofsiHOTrO mapa Ha [IOK neonnToB nokasaso,
YTO B OTCYTCTBHE JOOABICHHON BOABI KPHCTAUIN3ALNS LIEOIUTA TPOUCXOINIIA TOIBKO ISt 0Opa3ia
MFI a 0, B npoueaypy CHHTE3a KOTOPOTrO BKJIIOUEHA CTaJlMsl CTapeHus. B ocTajbHBIX ciayyasx 00-
pazoBaHMe KpHCTaNIn4ecKuX (a3 He Habmoanock (puc. 2). Ha puc. 2 Takke npeacTaBlieHa peHTTe-
Horpamma cyxoro resst Juist oopasna MFI a0 no nposenenus [IOK, kpucrammmuHocTs 00pasia co-
craBisieT okoio 60 % (radu. 2). Takum 00pa3om, MOXKHO 3aKJIIOYHUTh, YTO B OTCYTCTBHE JOOABICHHOM
BOJIbI KPUCTAJIIIN3AIMS HE IPOUCXOAUT HU B OJTHOM M3 PACCMOTPEHHBIX clydaeB. Pa3nuuns B coot-
HOIICHUSX WHTCHCHUBHOCTEH JUIsi peHTreHorpaMm cyxoro rens a0 [IOK u o6pasma nocie [IOK cs-
3aHbI C NPOBE/ICHHBIM MPOKaMBaHUEM oOpasua nepex nposegeHuem POA. CrenoBaTtelibHO, B Ciy-
Yyae CyXOro Tejsi HOpbI 3aM0THEHbl MOJIEKYJISIPHBIM TEMIIJIATOM, a B Cllydae MPOKaJICHHOro oOpa3ia
MFI a 0 — HeT, 4uTO ¥ BJIHSET HA COOTHOLICHNE UHTEHCUBHOCTEW peduiekcoB B paiione 5—10°. Kpu-
CTaJUTHIHOCTH 00pasma MFI a 0 oOycnoBieHa YaCTHYHOW KPUCTAJUIH3AIUCH IICOTUTa B YCIOBUIX
crapenust reiis (90 °C, 72 ), 4T0, MO-BUAMMOMY, CBSI3aHO C 00J1e€ OBICTPHIM 3apPOABIIICOOPa30BAHHEM
MIPU KPUCTAJUIN3ALNHN LIEOJIUTa CTpyKTypHOro tnuna MFI BBuny Oosee HU3KOM SHEPrUM aKTHBALIUU
3apobIeo0pa3oBaHus MO CPABHEHHUIO C TEM K€ MapaMeTpoM i cTpykrypHoro tuna MEL [18].
[Tpn mpoBeneHNH KPUCTAIIIN3ANH IEOJUTOB B IPUCYTCTBUH HACHIIIEHHBIX TAPOB BOJBI MOTYYCHBI
BBICOKOKPHUCTAJTNYHBIE 00pas3Ilbl, a CTaus CTAPCHUS HE OKA3bIBACT BIMSHUSA HA KPUCTAIIINYHOCTb,

OILICHEHHYO 110 NaHHBIM PDA, 00pa3IoB B TaHHBIX yCIOBUAX (Tabd. 2).

o™ [anarm————— /| = ¢
swomsnmprsicsamsonmmt T et MEL_a 0
ittt T st MFl_w_0

MFI_a_0

_.AAAWWAMN\M\——M‘ MFI_a_0 go MoK

T T T T T T T T

5 10 15 20 25 30 35 40 45
20, °

Puc. 2. PertrenorpamMmsl 06pasno ZSM-5 u ZSM-11, nonyuerusix npu m(H,0)/m(cyxoii reqn) = 0
Fig. 2. X-ray diffraction patterns of ZSM-5 and ZSM-11 samples obtained at m(H,O)/m(dry gel) =0
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Tabnumna 2. OTHOCHTENbHAS KPUCTAUTMYHOCTH 00Pa3I0B M0 JaHHBIM PDOA

Table 2. Relative crystallinity of the samples according to XRD analysis

Obpasen OTHOCHTENbHAs KPUCTAIUINYHOCTD, %o
MFI_a 100
MFI_a 0 63
MFI_w 98
MFI w0 0
MEL _a 100
MEL a 0 0
MEL w 97
MEL w 0 0

800 800 - r

&
600 J

600 - - i
< £ . el
oE ' =
= i =
S 400 n S 4004 o0
> <5 5-10 10-20 20-30 30-50 u” = <5 5-10 10-20 20-30 30-50

d, HM '.“fl\ d, HM
200 ii" 200 -
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Puc. 3. M3oTepmsbl u pacnpeneneHus nop o pasmepam oopasuo ZSM-5 u ZSM-11, nonyuennsix npu m(H,0)/
m(cyxoi rens) = 0.8

Fig. 3. Isotherms and pore size distributions of ZSM-5 and ZSM-11 samples obtained at m(H,O)/m(dry gel) = 0.8

Ha puc. 3 npencraBieHbl H30TEpPMbl HU3KOTEMIIEPATY PHOM aIcopOIIuu-1ecopOIuu a3ota 0opas-
1OB, [TOJIYYSHHBIX CO CTaJ(MeH CTapeHHUsl B IIPOLIEAypPE CHHTE3a U Oe3 Hee.

Bce mpencraBieHHble 00pas3ibl 00Ja1al0T BHICOKUMHU 3HAYCHUSIMU YACIbHOW MOBEPXHOCTH
1 00'beMa ME30I0p BBUIY HATUYHS MEKKPUCTAITMYCCKUX ME30II0p B TaHHBIX o0pasiax (tadi. 3).

TexcTypHble XapakTepucTiku 00pa3ioB MFI cxoxu /it 00erX MpoLeayp CHHTE3a BHE 3aBHCH-
MOCTH OT HAJIMYUA CTaAUU CTApCHUA, B IaHHOM CJIy4ac CTaausd CTapCHUSA NPUBOAUT K HE3HAYUTCIIb-
HOMY YBEIMUYCHHIO 00beMa ME30I0p B HAUOOJIBIICH CTEIICHH 33 CUET YBEJIUYECHUsI 00beMa KPYITHBIX
mezonop (20-50 um). B ciyuae neonuta MEL MoxHO HaOmonaTh 3HAYUTENBHBIE pa3Inyus B pac-
MpeeSICHUH ME30II0p 10 pa3Mepam U CyMMapHOM 00beMe op 00pasiia npy BKIOYEHUH CTaIUU CTa-
penust B ipoueaypy cunrtesa. Crajusi crapeHusi Mo3BOJIsET MOIydYarTh 00pasiibl ¢ 00JIbIINM 00bEMOM
MHUKPOIIOP, & TAK)KE MPUBOIUT K CIABHUTY PACHPEACTICHUs ME30MOp B CTOPOHY MEHBIIMX THAMETPOB,
HaOJIFo1aeTCs yBeIMUEHUE YeTbHON TOBEpXHOCTH Ha 19 %, moBepxHOCTH Me3omnop Ha 15 %, o0bema

Mukporop Ha 20 % u cpeanero pazmepa mesonop Ha 40 %. Uro xacaercs obpasna MEL w, B mipo-
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Tabnuua 3. TekcTypHBIE XapaKTepUCTHKH 00pa3nos, nonyueHHbix npu m(H,0)/m(cyxoii reis) = 0.8

Table 3. Textural properties of the samples obtained at w(H,O)/w(dry gel) = 0.8

SBET, Mz/r Vmicro: CMs/r Sexts Mz/r Vmeso: CMs/r
MEL a 569 0.12 279 0.77
MEL w 478 0.10 242 0.81
MFI a 493 0.16 116 0.24
MFI w 492 0.16 106 0.19

e[y pe CHHTE3a KOTOPOro OTCYTCTBOBAJIA CTAIMsI CTAPEHMU I, HAOIIOIAETCsI OOJIBIINK 00bEM ME30II0p
BBHJy YBEIHYEHHS 00BbeMa ME30110p OOJIBIIEro TuamMeTpa, Kak 3TO MOKHO BHJICTh U3 pacIIpe/iesICHHS
ME30I10p 0 Pa3MepaM.

Ha puc. 4 npencrasnensl caumMkn COM nomydeHHBIX 00pa3moB. s o6pas3noB 00ouxX CTpykK-
TYPHBIX THUIIOB MOXXHO OTMETHTh, YTO BBEJICHHE B MPOLIEAYPY CHHTE3a CTAUU CTAPCHUSI TIPUBOIUT
K TIOTy4eHHIo o0pasia ¢ 6oyee oqHOPOIHON MOpQoIoruel — 6oiee y3KIM pacipeeIeHUeM YacTHIT
o pasmepam (puc. 4, a, 6). A OTCyTCTBUE CTAUU CTAPCHUS IPUBOAUT K 00Pa30BaHHUIO arjioOMEPaToB
13 YaCTHII pa3IN4HbIX pa3mepos B cirydae MFI (puc. 4, 6) 1 BKIItoueHN10 60J1ee KPYITHBIX KPUCTAIIIIOB
B ciyuae cTpykTypbl MEL (0TMeueHbI cTpenkamu Ha puc. 4, 2), 4TO TaK)Ke 3HAYUTENIbHO CKa3bIBASTCS

1 Ha TEKCTYPHBIX XapakTepucTukax oopasunos MEL: ctaaust ctapenus obecrieunBaeT HHTEHCH(DUKA-

6)

Puc. 4. Cuumku COM o6pasuos neonutos MFI (a, B) u MEL (6, 1)
Fig. 4. SEM images of MFI (a, ¢) and MEL (b, d) zeolite samples
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Puc. 5. Caumku [1OM o6pasna MEL a

Fig. 5. TEM images of the MEL a sample

LU0 3apOABIIICO0pa30BaHU, TEM CAaMBIM YMEHBIIAs Ae(PEKTHOCTD MOIYy4aeMON CTPYKTYPHI U MIPH-
BOJIS K O0Jiee OMHOPOIHOMY POCTY KPUCTAJUIOB 11eoauToB [19]. B ciydae oTCyTCTBHUS 3TOH cTaguu
B IIPOLIEAYPE CHHTE3a MOXKET HAOII0IaThCst 00pa3oBaHue U 0oJiee KPYITHBIX ME30Iop, U Ooiee KpyT-
HBIX KPUCTAJJIOB IIE€OJTUTOB BBUY BOSHUKHOBEHHU S JIOKAJIbHBIX HEOTHOPOAHOCTEH POCTa KPUCTAIIIIOB
B cucteMe. OOpa3ubl 1eoauToB ZSM-5 peacTaBiIsioT co00i mceBIoCheprHIeCKre YaCTHIIBI pa3Me-
pom 50—80 HM.

O06pa3ns! eonuToB ZSM-11 mpencTaBisrOT coO0i arioMepaThl U3 YacTHUI] THAMETPOM MEHeEe
50 HM, A1 onpeneNeHus UX pa3MepoB MoTydeHbl CHUMKH [IOM (puc. 5).

O6pazenr MEL _a mpencraBisieT co0oif armomepatsl U3 4acTull 15-20 HM, He IMEIOIIIX 00mIei
KPUCTAJNINYECKON pereTku. MOXKHO 3aKJIIOYUTh, YTO HCIOJIB3YyEeMbIHl CTPYKTYpOOOpa3youii
areHT BJIHSACT HE TOJIBKO HAa CTPYKTYPHBIH THII ITOJIy4aeMOT0 [IEOJINTa, HO U Ha pa3Mep YacTHIl. ITO
cBsizaHo ¢ Oosnee 3 dexTBHON cTabuau3anueil 3apopliia 6o1ee KpynHbIM MOJIEKYJIOH TeMILIaTa.
Bonee apdextuBHas cradbunusanus B cirydae MEL oObsicHseTCS pacrpeeieHHeM AJIeKTPOHHON
MJIOTHOCTH MO JUIMHHBIM 3aMecTuTensM (paccrosnue d(C 4-N) n1s TBA™ = 5.15 A) u tem cambim
10 CpaBHEHHIO ¢ Gojiee KOpoTKMMHU 3amecTuTensmu (paccrosuue d(C 3-N) qus TPAT = 3.95 A) B

cinyuae MFL.

3akjrouenne

[IpoBeneH cpaBHUTENBbHBINA CUHTE3 CTPYKTYpHbIX THIIOB MFI 1 MEL: nipu ucnonbs3oBanuu pas-
nnuHbIX TemiatoB (TPAT nius MFI u TBA' st MEL) npu dukcupoBannom cootnomennn m(H,0)/
m(cyxoii reib) = 0.8 momydeHs! pa3zoBounCcTbIe 00pas3Ibl 000MX CTPYKTYPHBIX TUIIOB. OCOObII nHTE-
pec mpeacTaBisieT BIAUSHUE CTaJuu cTapeHus. B orcyTcTBue N00aBIeHHON BOABI KPUCTAIIIH3AIMS
HE IPOMCXOMIIA HU JUUISl OJTHOTO M3 00pas3IioB, 3a nckiatroueaneM MFI a 0, rae npenBapurenbHoOe cTa-
penue (90 °C, 72 u) npusesno k yactuuHO# (63 %) kpuctaminzanuu eme 1o Hadana [IOK. 3to o0bsic-
HseTCs Oosiee HU3KOM PHEpruel ak THBAIMK 3apoibleo0opazoBanust i cTpykTypsl MFI o cpaBhe-
Huto ¢ MEL. Hanuuue craguu crapenus B npouenype [IOK ¢ komugecreom Boasr (m(H,O)/m(cyxoit
reinp) = 0.8) He OKa3bIBAJIO 3HAYUTEIIFHOTO BIMSHUS HA HTOrOBYIO KPHCTAJUIMYHOCTD, OJJHAKO Kap/in-
HaJIBHO CKa3bIBaJIOCh Ha TEKCTYPHBIX XapakTepucTukax u mopdonoruu. st crpykrypst MEL Bkitto-

YCHHUEC CTaAWU CTAPpCHUSA NPUBOAUNIIO K (1)0pMI/Ip0BaHI/IIO Oonee OAHOPOAHBIX arjIoOMEpPaToOB U3 YaCTUL]
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pasmepom 15-20 um (mo manHbIM [1OM), yBenu4eHuto yaenbHON noBepxHocTH Ha 20 %, a Takxke
00beMa MUKPOIIOP M CABHTY paclpelesIeHHs] pa3MepoB ME30Mop B 00J1aCTh MEHBIIMX JAMAMETPOB.
Juist MFI ati 5 dexTsl ObLTH BBIPaXKEHBI Clladee, XOTs CTapEHUE TaAKKe CIIOCOOCTBOBAJIO MOy YSHH IO
Gosiee y3KOTO pacIpeleNieHHsl YacTHIl 110 pasMepaM M HE3HAUYHWTEIBHOMY POCTY 00BbeMa Me30Iop.
OrtcyTcTBHe cTanuu ctapeHus B caydae MEL mpuBoauiao Kk 00pa3oBaHUIO KPYHMHBIX arioMepaToB
¥ BKJIFOUCHUIO 00Jiee KPYIMHBIX KpUcTauioB. Pasauma B pasmepe wactunr MFI u MEL, npenmonoxu-
TEJIBbHO, CBsi3aHa ¢ 3 (HEeKTHBHOCTHIO CTAOMIIM3AIIMH 3aPOABIIICH TeMILIATOM: 00Jiee KPyITHbIH KATHOH
TBA* (paccrosune C4-N cocrapnser 5.15 A) crabunusupyer 3apoasimy nyumie, yem TPA* (paccTos-
aue C;-N cocrasnger 3.95 A), uto u mpuBoIUT K GOPMUPOBAHMIO GONEE METKHX KPHCTAIIOB B CITY-
yae MEL.

PacuindgpoBka 0003HaueHHIi HA PUCYHKAX

20 — yaBoeHHbIN yroi bparra (0) Mexxay magaroinuM Jy4oM H OTPaXkarolie MI0CKOCThIO KpH-
cTaja

V — 00bem

d — nuameTp mop

P/po — OTHOCHTEIIBHOE JaBJICHUE
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Lignosulfonate Saponins as foaming Agents

in Mineral Flotation Applications
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Abstract. The composition and structure of saponins, which belong to the group of terpenoids —
substances present in the extractive part of wood after delignification are considered in the article. The
carbohydrate part of lignosulfonates from the sulfite delignification method contains the monosaccharide
L-rhamnose, as a component of saponins that have foaming properties, which has been determined
by thin-layer chromatography method. It has been established that the lignosulfonate produced by the
sulfite method has the greatest foaming capacity, in contrast to the neutral-sulfite lignosulfonate. The
foaming agent, for which it is proposed to use sulfite lignosulfonate, is necessary for the flotation process
of minerals from the composition of natural ores. The contact angles in the «water — foaming agent —
mineral» system were measured using the “sessile droplet” method with the use of the “Compass-3D”
program to substantiate the use of lignosulfonate as a foaming agent and collector in the composition
of a flotation agent. The relative values of the work of adhesion Wadg were calculated for assessing the
efficiency of the process of adhesion of a mineral particle to the wall of a foam bubble during flotation.
It has been shown that the work of adhesion for sulfite lignosulfonates will be maximum, since the
wetting angle reaches 89—90°. This characteristic is halved for neutral-sulfite lignosulfonates, where the
contact angle does not exceed 30°, and the content of the monosaccharide L-rhamnose (hexosan class)
in the hemicelluloses of the carbohydrate part is minimal. This substantiates the possibility of using
sulfite lignosulfonates as foaming components of domestic flotation systems for extracting minerals

from natural ores.
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CanoHNHBI JIUTHOCY/Ib(OHATOB KaK MeHO00pa3ylolye areHThbl

B BOIIpOcCax (l)JIOTaIII/II/l MHUHEPAJI0B

I. A. TenrepeBa?, A. U. Bojomun®,

P.P. Knumun?, E. A. UBanunHa?®
*Vehumckuu eocyoapcmeenmwiii

HepmAHOU mexHUYeCKUull yHugepcumem
Poccuiickas ®@eoepayus, Ygha

SVpumeruii uncmumym xumuu YOUL] PAH
Poccuiickas ®@eoepayus, Ygha

AunHoTanus. B craThe paccMOTpEHBI COCTaB U CTPOCHUE CAIOHUHOB, OTHOCSIIMXCS K TPYIIIe
TEPIEHONIOB — BEIIECTB, IPUCYTCTBYIONINX B COCTaBE SKCTPAKTUBHON YaCTH APEBECUHBI IIOCIIE
nenurHudukanyi. MeTooM TOHKOCIOHHON XpoMarorpaduu yCTaHOBJIEHO, YTO B COCTABE YTIIIEBOIHON
YacTH JIMTHOCYJIb()OHATOB CyNb(PHUTHOrO criocoba JeNUTrHU(pUKALNH TPUCYTCTBYET MOHOCAXapH ]
L-pamMHO3a KaK KOMIIOHEHT CallOHWHOB, 00JIaIAIOIKX TEHOOOPa3yOIMMHU CBOHCTBAMH. YCTaHOBIICHO,
YTO HAWOOJBIIEH BCIICHUBAIOIIEH CIIOCOOHOCTHIO 00J1a/1aeT JINTHOCYIB(OHAT CYITh(PUTHOTO criocoba
MOJIyYEeHHUS], B OTIMYHUE OT HEHTPaIbHO-CYIb(MUTHOIO JUTHOCYIb(pOHATA. BCrieHUBaOMMI areHT,
B KaueCTBE KOTOPOTO MPEJIOKEHO UCTIONB30BaTh CYIb(UTHBIH JINTHOCYIb()OHAT, HEOOXOIUM ISt
HPOBEICHUS TIpoliecca (IIoTalKi MUHEPAJIOB U3 COCTaBa MPUPOIHBIX PyA. [yt 000CHOBaHM S TPUMEHEHHSI
JUTHOCYIB(OHATA KaK IIeHO00pa3oBaTessi M coonpareis B cocTaBe (ioToareHTa N3MEpeHbI KpaeBble
YIJIbl CMaYUBaHUS B CHCTEME «BOJIA-TIEHOOOpa30BaTeb—MHUHEPAT» METOJOM «JIeKaueh Karain»
¢ mpuMeHeHneM nporpaMmsl «Kommnac-3Dy. PaccunTanbl OTHOCHTEIbHBIE BETMYNHBI paOOTHI aAre3UH
Wanr 40151 OLIEHKH 3P PEKTHBHOCTH MpoLiecca NPUIINIIAHUS YaCTUIbl MUHEpaJa K CTEHKE My3bIpbKa
nieHs! npu (uoranuu. [Tokazano, yTo paboTa ajnre3nn aist Cylb(GUTHBIX TUTHOCYIB(OHATOB OyaeT
MaKCHUMaJIbHON, TOCKOJBKY YTOJ cMadyuBaHUs qocTuraeT 89—90°. DTa xapakTepucTUKa BIBOE
CHMIKAETCS /ISl HEHTPaIbHO-CYJIb(OUTHBIX JINTHOCYIb(OHATOB, I/I€ YTOJI CMauMBAHUS HE [TPEBbIIIACT
30°, a conepranure MoHOCcaxapuaa L-paMHO3bI (KJ1acc FeKCO3aHOB) B COCTABE TEMUIICIUTION03 YTIIEBOTHOM
YaCTH MHHAMAJIBHO. DTUM 000CHOBaHA BO3MOXXHOCTH IIPUMEHEHHS CYIb()UTHBIX JTUTHOCYIb(OHATOB KaK
HeHOO6p33yIOH_[I/IX KOMIIOHCHTOB OTCUCCTBCHHBIX (bJ'IOTaLII/IOHHbIX CHUCTEM JJId U3BJICUCHUS MUHEPAJTIOB

13 COCTaBa MPUPOJHBIX PYI.

KaroueBsle ciioBa: CaIlOHHHBI, J'II/IFHOCYHB(I)OHEITH, paMHO3a, (I)J'IOTaLII/ISI, neH006pa3y}0Lua${ CHOCO6HOCTL,

Kpac€BbIC YIJIbl CMAaUUBaHUA.
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BBenenne

AKTyaJIbHOCTH MCCIIEJJOBAHUSI CBA3aHA C MONCKOM (PEKTUBHBIX KOMIIOHEHTOB JJISI CO3AaHMS
HOBBIX OTE€YECTBEHHBIX ()IIOTAI[MOHHBIX CHCTEM Ha OCHOBE BO30OHOBIISIEMOTO IPUPOJIHOTO CHIPbSL.
W HTepecHBIM B 3TOM cilydae sBJIsSIeTCS N3yUYEHHE BO3MOXKHOCTH MCIIOIB30BAaHNUS IEHOOOpa3ytomei
crioco0HocTH urHocyabdonaros (JICT) pa3nudabix crioco00B AeTUTHUGUKAIIUE ApEeBECHHBI [1].
Kax ToBapHBIH NPOAYKT TEXHHUYECKUH JIUTHOCYIH(OHAT BIIEPBbIE B POCCHHCKONW MPOMBILIIEHHOCTH
nosiBuiics B 1937 roxy. [1o CTpOCHHUIO JIMTHOCYIb(OHAT MIPEACTABIACT COO0H (hEeHUITTPOITAHOBBII
MIOJIMMEP, MOHOMEPHOE 3BEHO KOTOPOTO COAEPKUT CyIb(o- u kapOokcu-rpynms! (—SO;H u -COOH),
P30S MAKPOMOJICKYJIE JUTHOCYIb(oHaTa ruapoduasHbie cBoiicTBa [2]. Criocob menuraudu-
Kanuu (BapKu) — CyIb(QUTHBIA WIIN HEUTPAIBbHO-CYJIb(OUTHBINH pa3IMYHBIX TOPOA IepepadaThIBaeMOi
JIPEBECUHBI — OKA3bIBAET CYIIECTBEHHOE BIIMSHNE HA KAYECTBEHHbIE XapaKTEPUCTUKHU JINTHOCYIIb(O-
HATOB, YTO OOBSICHICT X PAa3IUYUs B PCAKIIHOHHON U TTOBEPXHOCTHO-aKTUBHOM criocoOHOCTH [1,2].
TunuyHble MPOIECCHI IPU BapKe APEBECHHBI TPUBEICHBI HAa PUC. | M BKIIOYAIOT pEaKuu CyJIb(OHH-
pOBaHUS ¥ KOHJICHCAIUH.

B Tabn. 1 npuBeneHbl OCHOBHbBIE CBOMCTBA JIMTHOCYJIb(OHATOB KaK MPOAYKTOB CyIb(UTHOM

1 HEHTPAJIBHO-CYIb(QUTHON BapKH APEBECHHBI XBOHHBIX MTOPOI.
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Puc. 1. Peaknun TuranHa B Iponecce BapKy LEJUTIONO036L: a — CyIb(GHUTHAS BapKa, O — HEHTpaIbHO-CyNb(QUTHAS
BapKa

Fig. 1. The reactions of lignin in the process of pulping: a — sulfite pulping, b — neutral-sulfite pulping
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Tabnuna 1. CocTaB M TEXHOJOTMYECKHE CBOWCTBA HPOLYKTOB CYJIb(UTHOIO M HEHTPaIbHO-CYJIB(UTHOTO
crioco0a rnoJyueHus JInrHocyibhonatos [1]

Table 1. The composition and technological properties of products of the sulfite and neutral-sulfite method for
producing lignosulfonates [1]

Cyb- HeiirpanbsHo-
[Tokazarenn GbuTHBIH CyIbMOUTHBIH KomMeHnTapuu u npumeHeHue
JICT* JICT (HJICT)*

Copnepsxanue JICT (ocHOBHOTO 60-65 45-49 Hcnonp3yercs kak 106aBKa K OypOBBIM

BEIIECTBA, IPOAYKTa BapKn), %o pactBopam. OGecrieunBaeT CHIDKEHHE

Macc. BSA3KOCTH JANCTIEPCHBIX PACTBOPOB,
MPOSIBIISIET TIOBEPXHOCTHO-AKTHBHBIE CBOM-
cTBa

CopeprxaHue yrieBooB, % ObecneunBaeT pacCTBOPUMOCTH

Macc.: U TUCTIEpTHpPYeMOCTh B Bojie. [Ipunaer

- MOHOCAXapH bl 8 _ JICT noBepXxHOCTHO-aKTHUBHbIE CBOMCTBA

- MOJTUCaXapH bl - 12

Cremnens cynbpupoBaHUs. 1 0.3 O0ecrieunBaeT pacTBOPUMOCTH

Cynbdorpynmna na OITE** 1 meHooOpasyronryro cnocobHnocts JICT

(CI/OIIE)

CozepkaHue HEpacTBOPUMBIX 0.5 10.2 B03MOXKHBI TEXHOJIOTUUYECKHE OCIOKHEHHS

BELIECTB B pacTBOpE, % IIpY [OJy4YeHUH peareHToB Ha ocHoBe JICT
B TIOPOLIKOOOPA3HOM BHIC

pH BoxgHoro pacrsopa 4-5 67 Yposenb pH peakuimonHoit cpeasl

MonekynsipHas Macca < 4350-7500 Pazxmxkaromiast cnocoOHOCTb,

(cpenueBecoBas), Da. MIOBEPXHOCTHO-aKTUBHBIC CBOHCTBA

CreneHb TEPMOAECTPYKLUU >20 % <10 % CyuiecTBeHHas GpparMeHTaus CETKH

B ananaszone 20-200 °C, % aurHuHa cynspurHoro JICT. HIICT
UCIIONIB3YeTCs Ut 00ecredeHus
TEPMOCTAO0MIIEHOCTH KOMIIO3UTHBIX
MaTepuasoB

* — B 3aBHCHMOCTH OT CII0c00a AeMUTHU(HKAINU JPEBECUHBI 0Ty YaeMblil IPOAYKT Ha3BaH CyIb(QUTHBIN TUTHOCYIB(OHAT
(JICT) u meiirpansHo-cynbdutHb qurHocynsponar (HJICT).
** — @IIE — peHunmponanoBas eIHHUIA.

OueBUHO, YTO CBOMCTBA JIMTHOCYIH(OHATOB MOT'YT OBITh OOBSICHEHBI H3MEHEHUSIMH KOH(OP-
MalMU NOJUMEPHBIX MOJIEKYJI B 3aBUCUMOCTH OT UX MOJIEKYJISIPHOI Macchl U mpumecei [2,3].

Cynb(hOHUIIBHBIE TPYIIIBI JUTHOCYIH(OHATOB B OCHOBHOM JMCCOLMUPYIOT 1pu pH > 2, kap-
OOKCHIIBHBIC TPYIITBI HOHU3UpPYIOTCs 1pHu pH 3—4, a peHonbHbIe rpymibel — npuMmepHo mpu pH 9—10.
Takum oOpa3zom, npu nosbitieHuu pH ¢ 2 no 10 yBenn4yuBaeTcs pazMep MOJIEKYJT U3-3a 3JIeKTpOoCTa-
THYECKOT0 OTTAJIKUBAHNS MEXKy aHHOHHBIMY I'pynnamu [4].

Hanuuue nerko auccoruupytomux Gpyrkunonanbubix rpymnin —COOH, —SO;H u rugpodobHoii
(eHUITTPOIIAaHOBOH YaCTH MOJICKYJIBI TUTHOCYJIE()OHATOB BO MHOTOM OIIPEJIEIISIET €r0 PACTBOPHUMOCTD
B BOJI€, TOBEPXHOCTHYIO aKTUBHOCTh, KaKk aHHOHHBIX [IAB B BOgHBIX pacTBOpax [5], UX BBICOKYIO
a7COpPOIMOHHYIO U OKHCIUTEIHHO-BOCCTAHOBHTEIBFHYIO CIIOCOOHOCTH (Tabm. 2) [2, 3, 6].

VYrneBonHas 4acTh MPOAYKTOB BapKH APEBECHHBI MPEACTABIICHA IEJIION030H U TeMHULEIIIIO-
no3zamu (I'MLI), 1 UX KOJIMYECTBEHHOE COZIEPXKAHME 3aBHCUT OT CIIOC00a BapKu | ChIpbs. [IpnHATO
ycioBHoe pazneneHue ' MI u aApyrux HeleJTIoI03HbIX monucaxapuoB Ha neHto3anbl (CsHgOy) 4,

rekco3asl (C ¢H;Os) , 1 moamypoHOBbIe KUCIIOTHI (TToarypoHaHsl) [1].
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Tabnuua 2. CpaBHUTENbHAs XapaKTEepUCTHKA CylIbPUTHBIX U HeWTpanbHO-cynbduTHbIX JICT mo cocraBy
(GYHKIMOHAIBHBIX rpymm, %*

Table 2. The comparative characteristics of sulfite and neutral-sulfite LST by the composition of functional
groups, %*

Crnioco6 momy4eHus -OCHj -COOH HCO- -OH,6 -OHden -SO;H
Cynbdutasiit JICT 13.2 1.4 4.6 9.6 10.0 0.6
Heitrpansno-cynbdutheiit JICT 14.2 0.6 54 10.1 3.7 1.9

* Ha onny OIIE

[Tpu cynbpuTHOI Bapke nonucaxapusl [ ML apeBecHHbI MOJHOCTHIO PACHAAAIOTCS U BXOIST
B COCTaB IIEJIOKOB B BUJIE MOHOCaxapu1oB. IIpi HEHTpanbHO-CYIb(PUTHON BapKe — B COCTABE MIEJO0-
KOB HEIIEJUIIOJIO3HBIE KOMIIOHEHTHI IPUCYTCTBYIOT B BHJIE MOJIUCcaxapuaoB [1, 7]. DTumM oObscHsETCS
PSA CYLIECTBEHHBIX pa3induil B (PU3NKO-XMMHUYECKUX CBOHCTBAX JIUTHOCYJIb()OHATOB CyJIb()UTHOMH
U HEeUTpaJIbHO-CYIb(GUTHON Bapok. Hampumep, 3HauMTENIbHBIE KOJMYECTBA HEPACTBOPEHHOTO JIUT-
HUHA B COCTaBE HEHTPAJIBHO-CYIb(PUTHBIX JIUTHOCYIL(POHATOB MOATBEPKAAIOT IpucyTcTBHEe I MI]
B BUJIE [TOJIUCAXaPHUIOB.

YCcTaHOBIICHO, YTO BOCCTAHOBUTEIBHASI CIIOCOOHOCTD JINTHOCYJIb(OHATOB CBsI3aHa C HAJTHYNUEM
(hEHOJIBHBIX THPOKCHIIBHBIX U MUPOKATEXUHOBBIX TPYIITUPOBOK, a TAKIKE aCCOIIMMPOBAHHBIX PEay-
nupyromux caxapos yriesonHoi yactu JICT. B coctaBe 'ML, Hanpumep, COAEPKUTCS MOHOCAXAPHU T
L-pamHO3a, SIBISIONINICS KOMIIOHEHTOM CallOHHUHOB [7, 8].

CanoHuHBI 001a/110T CIIOCOOHOCTBIO K IEHOOOPa30BaHMIO B PA3INUYHBIX (DYHKIIMOHAJIBHBIX CH-
cTeMax, B TOM YHCIIE B CHCTEMaX, MIPUMEHIEMBIX JJIS IPOIECCOB CEJIEKTUBHOTO pa3/iesIeHus IIacTH-
KOB 1 M3BJICYEHUS] MUHEPAJIOB IIPU (PJIOTAIMH Py B KaUeCTBE CMauMBaTelIel U CTa0MIIN3aTOPOB TIEH.
OCHOBHBIM KOMIIOHEHTOM HBIHE M3BECTHBIX pEareHTOB-coOMpareseil siBisieTcss OyTHIIOBBI 3dup
KcaHTOreHata Kanus (kanust kcauroreHat ' OCT 7927-75), moMuMo Hero B cocTaB (IOTAMOHHOMN
CHUCTEMBI BBOJIUTCSI IEHOOOPA30BaTeNlb — MOBEPXHOCTHO-aKTHBHOE BEIIECTBO [9].

Pons menooOpazoBarenst B mpouecce ¢GioTanuu 3akiodaeTcs B (QYHKIMM yIepKaHUS
BCTIJIBIBIIMX C IMMy3BIPbKAaMU MEHBl YaCTUIl MUHEpaja U BBINIaJACHUH U3 MEHBl YaCTUI] TyCTOH MO~
pPOABL, 32 CUET YETO NPOXOAUT KOHIEHTPAL U IEHHBIX KOMIIOHEHTOB B citoe neHbl [10]. BaxHbIM
napaMeTpoM (pIOTALMOHHBIX CUCTEM SIBIISIETCS CTAOMJIBHOCTD IEHBI, IPUYEM OHA HE JJOJIKHA
OBITH NINTENbHON. Pa3pylIeHne NeHbl HAYMHAETCS C €€ BEPXHUX CIIOEB, U IOATOMY €€ yCTOWIH-
BOCTH JOJKHA UMETh ONTHUMAaJbHBIE KPUTEPHUHU IO MOKA3ATENII0 BPEMEHHU «KH3HU» My3BIPHKOB
[11-13].

[To BaAMsHKMIO HA YCTOWYMBOCTH IIEH peareHThI-IIeHo00pa3oBaTeny nenstes Ha 3 rpynnsl: [IAB,
pacTBOpHMEIE B BOZIE U 00pa3yrolie HCTHHHBIE (MOJIEKYJISIPHBIC) PACTBOPHI (HU3IINE CHUPTHI, CKH-
nuaapsl u 1ap.), [IAB, o6pasyroniue B BoJe KOJJIOUIHBIE WIH MOTYKOJJIOUTHBIE PAaCTBOPHI, M HEMO-
JSIpHBIE BEILlECTBA, HEPACTBOPHUMEIE B BOJIE (KEPOCHH, OEH30JI U AP.).

CanoHMHBI OTHOCATCS KO BTOPOW TpyIie IeHooOpa3oBareicii. B XUMHUYECKOM OTHOIICHHH
HEKOTOpBIE CANOHMHBI — 0€3a30THCThIE TJIMKO3UABI, OOJIAZAI0OT BBIPAKCHHBIMH IOBEPXHOCTHO-
aKTUBHBIMH CBoOWcTBaMu [14]. B cocTaBe rimKo3um0B BBIIEISIOT YTIAEBOIHYIO YacTh U arjuKoH (ca-

MOTeHHH). AIIMKOH (OT Jp.-Tped. o — He + YAUKOG — CIaJKHi) — 3TO 4acTh MOJICKYJIbI, B KOTOPOH
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ArnukoH
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[nuKkoH

Puc. 2. Crpoenue riuko3uaa konudepuna (bparment OIE nurauHa) ¢ BeIACICHUECM TTIMKOHA U arJTHKOHA

Fig. 2. The structure of coniferyl glycoside (a fragment of lignin FPE) with the isolation of glycone and aglycone

OTCYTCTBYIOT yIJIEBOJBL. B Monekyse rimuko3uaa, yriaeBoaHas U yIIeBOAOPOIHAS YACTH COCTUHECHBI
3(hupHOI cBA3BIO (pHC. 2).

ATJIMKOH MOXET OBITh IPEICTAaBICH YaCThIO MOJEKYJIbl, T1€ KATUOH T'MPOKCHIIBLHON TPYIIIIbI
@ITE 3amelieH MIMKOHOM (CaXapHOW YacThi0). DTOMY YCIOBHUIO YAOBIECTBOPSIET CTPOCHHUE MOJICKYJIBI
JIMrHUHA (JIMTHOCYJIb(OHATA KaK CyJIb(OIPOU3BOHOIO JUTHUHA). B 11€710M cocTaB JiurHoCy1bpoHa-
TOB IPEACTABIIEH APOMATUUYECKON U YTIEBOAHOMN COCTaBISIONINMU.

B nmpupone arnukoHsl JOCTATOYHO PACIPOCTPAHEHBI: MPEUMYIIECTBEHHO 3TO CIIUPTHI, Kap-
OGOHOBBIE KHCIOTHI, eHobl. K arimuKoHy MpHCOeANMHEHBl YTIEBOIHbIE KOMIIOHEHTHI, IIPEICTAB-
neHHble L-pamHO30i, L-apabunoBoi, D-Taiok030if, ypOHOBBIMH KHCIOTAMH, COCTABISIOIINE
ctpyktypy 'MII yrineBonHo# 9acTu nuruocyinb(oHaToB, T.€. L-pamMHO3a SBISETCS KOMIIOHEHTOM
CarlOHHUHOB.

B cocraBe yrieBogHON SKCTPAKTUBHON YaCTU IPEBECHHBI IPUCY TCTBYIOT TPUTEPIIEHOBBIE CAIIO-
HUHBI Kak 1pou3BoHbie u3onpena — (CsHg)g. TpuTeprieHoBbIe cCallOHMHBI MOTYT ObITh HEHTpPaJIbHbI-
MU HJIM KHCJIBIMH 32 CYET HAJINYHS B arJINKOHE KapOOKCHIJIBHOHM I'PYTIIBI WM IPUCYTCTBUS YPOHO-
BBIX M OPTAHMYECKUX KUCIIOT B YTJIEBOJIHOM KOMIIOHEHTE. [IprucyTcTBHE B cOCTaBe yIiIeBOAHON YacTH
JUTHOCYNIB(OHATOB rekco3ana L-paMHO3bI Kak KOMIIOHEHTa CAallOHMHOB MPEII0IaraeT BO3MOXHOCTh
UCIIOJIb30BAHMSI IEHOOOPa3y oIl CIIOCOOHOCTH JIMTHOCYJIb(OHATOB.

Cr10coOHOCTH CaltOHMHOB K 00pa30BaHUIO NIEHBI M UCIIOJIb30BaHME €€ KaK TPAHCIIOPTHOTO Cpel-
CTBa JIJIs BBIACIISICMOM TBEpAOH (ha3bl ABISIETCS BAKHBIM aCIeKTOM IpH (hioTanuu MUHEpasoB. B aToi
CBSI3U LIEJIbIO paOOTHI OblIa OLIEHKA BO3MOXKHOCTH HCIIOIb30BAHUS JINTHOCYIH(OHATOB, COEPKAIIUX

CallOHUHBI, KaK PEareHTOB — IEHO00pa30BaTeeH.

3KcnepnmeHTaanaﬂ JacThb

B xauectBe 00beKTa MCCIIEIOBAHUS HCIOJIB30BAHBI JUTHOCYJIB(OHATHI Pa3IMYHbIX CHOCOOO0B
nonydenus: cynbdurHelii (JICT) u velitpanbHo-cynabuthblii (HJICT), npexcrasisitoniue coboid Ty-

CThI€ XKUAKOCTH (IIOTHOCTH 1.15—1.20 r/cM?) 0T CBETII0- 10 TEMHO-KOPMYHEBOI'O LIBETA, C IIPHATHBIM
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3amaxom, [V kiacca onacHoctu. SIBisieTcsi MIPOMBILIIICHHBIM MHOTOTOHHa)XHBIM OTXOJJOM XHUMHYe-
CKOH repepabOTKH JPEBECUHBI.

Peaxmuewt u npubopwi: ciiupt 0ytuiossiit, [OCT 5208-2013; kuciora ykcycHas, [OCT 61-75;
kucaoTa pochopmonudaenosas, TY 6—-09-3540-78; narpus runpokcun, 'OCT 4328-77; ammuak Bo-
nubrit, TOCT 3760-79; kepocun, [OCT 10227-86; nurnocyiabhonarsl Texaudeckue TY 2455—028—
00279580-2014; deppoxpomuuraocynbponar (OXJIC) TV 2458-048-95901562-2016; niaacTuHKH
JUISL TOHKOCJIOMHO# xpomarorpaduu Silufol-UV.

Memoowr: 1. Ananu3 coctaBa yTiIeBOJHOHN 4aCcTH JUTHOCYIH()OHATOB TPOBOUIICS METOIOM TOH-
KOCJIOITHO# xpomatorpaduu nocie ruaponusa (pH = 8 mociie 06padotku 0.1M pacTBOpOM ruIpoKcHIa
HaTpusl). B kagecTBe MONBMKHOM (Da3bl HCIIOIB30BaHA cUcTeMa: «OyTaHOJ-yKCyCHasl KHCIIOTa-BOA.
[Tpu neTexkTUpoBaHUH B MMapax iojaa 0OHApYIKEHO HAJIMUYUE IIEHTO3aHOB M reKco3aHoB. VneHTnduka-
1M TPOBOAMIIACH 0 BETMYMHAM ITOJBHKHOCTH Ry.

B 3aBuCHMOCTH OT IPUPO/BI CHIPBS U CIIOCO0A ero JeNurHuduKkannu (BapKku) HOIYyUYEHBI CIeay-
IOLINE PE3yJIBTATHI 110 KOJIMYECTBEHHOMY U KOMIIOHEHTHOMY COCTaBY YIJICBOAHOW YaCTH JUTHOCYIIb-
¢dhonaros (tadu. 3) [7].

Ta6mumna 3. KonndecTBeHHBIH 1 KOMIIOHEHTHBIH COCTaB MOHOCAXapHU/IOB YITIEBOIHON YacTH JINTHOCYIb(OHATOB, %0*

Table 3. The quantitative and component composition of monosaccharides of the carbohydrate part of
lignosulfonates, %*

Kucnas cynbpurnas Cynbdursas HeiitpansHo-cynbduTHas
Coennnenne Bapka** Y (MoHOCYTB(UTHAS) BapKa
(6ucynbduTHasr) Bapka**

XBOHHBIX | JINCTBEHHBIX o
Mannoza 48 3 50 2
Kcunoza 22 80 19 82
T'anakTo3a 10 2 11 5
I'mroxo3a 9 10 15 4
ApabuHo3za 6 3 3 5
Pamno3sa 5 2 12 2

* K HaBecKke oOpasIia IurnocyiabonaTa (koHIeHTpat 50 %)
** IOrpeIIHOCTH U3MEPeHU HaXOAATCs B peaenax 2—5 %

2. UccnenoBanue neHO00pa3yoIieil CrioCOOHOCTH JTUTHOCYIb(OHATOB MPOBOAMIOCH HA MTPHOO-
pe Pocc-Maiinca usmepernreM o0beMa NEeHbl BOJHOIO PacTBOPA JIMTHOCYIb(GOHATA (MIIM €T0 MOIH-
¢dunpoBanHbix Gopm) B cootHotneHuu 1:10 B rpajynpoBaHHoOil IpoOupke B TeueHue 15 cek, ¢ mo-
cienytomeit Gpukcanueir o0beMa eHsl ¥ BpeMEHH «KU3HM» B TedueHue 15 munyrt [15]. Yepennennsle
3Ha4YeHUs] U3MEPEHUH (He MEHee IISITH) IPUBEICHbI B Ta0II. 4.

3. Onpenesnenue KpaeBoro yria cMaunBanus (0) MpoBOIMIIOCH IO N3BECTHOMY METOIY «JIekKa-
Yel Kariuy I CHCTEMbI «KEPOCHH — TBepaoe Tesio — BoaHbii pactBop JICT» (puc. 3). st dukca-
1N N300paKeHNsT Kalelb UCIOIb30BasN (poToKaMepy cMapT(oHa, MOAKIIOUCHHYIO Yepe3 ajgantep
K KoMIploTepy ¢ mpuioxenueM «Kommac-3Dy». B kadecTBe TBepmoil mOBEpXHOCTH Oblia BBIOpaHa

MOBEPXHOCTH cTekia yamku [lerpu [16].
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Tabmuna 4. XapakTepUCTHKH [IEHOOOPA30BaHUS TUIHOCYIb()OHATOB PA3IMUIHBIX CIIOCOOOB MONYUYESHHS U UX
MOANGHUIMPOBAHHBIX (HOPM

Table 4. The foaming characteristics of lignosulfonates from different production methods and their modified
forms

Tun ucxomHOro JIMTHOCYJIb(oHATA / O06beM obpasyromieiics O0BeM TICHBI Yepe3
MOAHGUITIPOBAHHOH (HOPMBI neHsl, uepes 15 cek, cm? 15 muH, c™M?

Cyabdurhsiii JICT 280-200 80
HeiirpansHo-cynbdutaerit HICT 210-200 10
DeppoxXpOMIUTHOCYIH()OHAT HA OCHOBE

cynbpurtnoro JICT (OXJIC) 380-200 180
DeppoxpOMIUTHOCYIB(OHAT Ha OCHOBE HEHTPaJIbHO-

cyasdutHoro HJIICT (©XJIC) 215-200 15

Puc. 3. BennunHBI KpaeBBIX yTIIOB CMA4MBaHUS € TOMOIIBIO Tporpammsl «Kommac-3Dy: a) 6 = 89-96° nns JICT
cynbduTHOTO crocoba nomydenus; 6) 0 = 30° st JICT HeliTpanbHO-CyIb(GUTHOTO CIIOCO0a MOy YCHHS

Fig. 3. The values of contact angles using the program “Compass-3D" a) 6 = 89-96° for LST by the sulfite method
of production; b) 6 = 30° for LST by the neutral-sulfite method of production

[TorpemrHocTy BeMUYNH KPaeBbIX YIVIOB CMAYUBAHUSI HE MPEBBIIIAIOT 2 % MpH YKCIIe mapajiesb-
HBIX H3MEPEHUN HE MCHEE IISITH, PE3yJIbTaThl 00pa0OTaHbI C YUETOM IMPUMEHEHHS METOIOB MaTeMa-

THYECKOH cTaTUCTUKH [17].

Oobcy:k1eHue pe3yJibTaTOB

Mertonom TOHKOCIOIHOM Xpomarorpadun Ha mactuHkax Silufol-UV B cucteme «H-OyTaHom —
YKCYCHast KHCIIOTa — BOJIa» UJIH «H-OyTaHOJ — HAIIATBIPHBIN CIIMPT», B 3aBUCUMOCTH 0T pH pacTBopa
JUTHOCYNIb()OHATA, YCTAHOBIICHO HAIMYHME MOHOCaXapuia L-paMHO3BI IPH IETEKTHPOBAHUY TITACTHH
pactBopoM 25 % dochopHOMOTHOIEHOBON KHUCIOTHI, MPOSIBISIIOIIUXCS B BUJAE MATEH KOPHYHEBO-
cupereBoro npeta [7]. [To manapiM Tabdn. 3 BugHO, uTo B coctaBe JICT cynbdurHOM Bapku comep-
XKaHUe MOHOcaxapuaa L-paMHO3bI IPaKTHUECKH HA MOPSA0K OOJIbILE, IO CPABHEHUIO C HEHTpaibHO-
cynbGuTHEIM JICT: 12 % B cynbduTHOM U 2 % B HeliTpanbHO-cynbduTHOM JICT, B pacyere Ha HaBECKy
50 % xoHIIEHTpaTa.

HauOonpmnit 06bem nens! xapakrepen 1uist JICT cynbdurHOro criocoda aenuranpuxaniy, rie
00BEeM U BpeMs <OKU3HM» MIEHbI 3HAYUTEIBHO IPEBOCXOAT JaHHBIC HEHTpanbHO-cyabGuTHOro JICT.

AHaJorn4yHble pe3yibTaThl moiydeHsl st MopuduuupoBaHubX ¢opMm (DXJIC). IMo-Buanmomy,
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Jdyuuiasi neHooOpasytomias cnocooHocts cylibpurHoro JICT oOycioBiieHa Tem, 4TO B €ro cocTaBe
cozmepkaHue L-paMHO3BI, SBISIOIICHCS TNIMKOHOBOI YacThIO CANIOHWHA, 3HAYMTEIBHO BBIIIC, YeM
B HEHTPAJIbHO-CYJIb(UTHOM JINTHOCYIb(OHATE.

ComnocTaBlIeHUE TMONYYEHHBIX MaHHBIX C IEHOOOpa3yromeldl CIOCOOHOCTBIO PEreHTOB-
neHooOpa3oBaresieil mokaspiBaet, 4To CynbGuTHbIA JICT u ®XJIC Ha ocHoBe cynabputHoro JICT
HE YCTYNAlT CTAaHJAPTHBIM IEHOOOPa30BaTesIM — MOJUIIPOIHIICHITIUKOISM HIIH METHIN300Y THII-
KapOMHOJIaM 110 CKOPOCTH 00pa30BaHus U 1o cTabmiIbHOCTH [18].

KonuyecTBeHHO CIOCOOHOCTH JTUTHOCYNIB(OHATOB K paboTe Kak peareHToB-coOupareneii Mox-
HO OIIGHUTh PACUETOM PAOOTHI anre3uH Wy axr) (PAOOTHI IPHIHIIAHNS) OCIE ONPEAEICHUS BETUINH
KpaeBoro yriia cMmauyuBasus ().

PacueTHbIM IIyTEM Ha OCHOBAHUHU SKCICPUMCHTAJIBHBIX JAHHBIX YCTAHOBJICHBI OTHOCHUTCIIbHBIC
BEJINYHMHBI paOOTHI a/IM€3HHU ISl JIMTHOCYIb(OHATOB Pa3JIMYHbIX Bapok. PaboTa aare3un uiu padora
npununaius (W, @) ABISETCS ASHCTBYIOIEH cHIol mporecca GIOTAUN U MOKET OBITH OLIEHEHA

KaK BBIMI'PBIII SHCPIUH:

I/Vrlp (anr) — (GT)K + G)Kl') — Gy (1)

TOE Opx — HOBEPXHOCTHOC HATAXKCHHUE HA I'PAHUIEC pas3aciia «TBEPAOC TEJIO — KUIAKOCTB», Oy — IIO-
BEPXHOCTHOC HATAKCHUC HA I'PaHULC pa3/Jiciia «XKUAKOCTb — I'a3», G — OBCPXHOCTHOC HATSAXKCHUC
Ha I'paHUIEC pa3aciia «TBEPAOC TCJIO — ra3d» U ONpCACTIACTCA OIOCPEAOBAHO YE€PE3 BEJIMYNHBI ITIOBEPX-
HOCTHOI'O HATAXKCHUS Ha 'PAHULIC «<GKUAKOCTb-Ta3» (Gm-) 1 KpaceBoOro yria CMaiMBaHUA 0 mo YpaBHE-

uuto Owura:
Gr — Op = Oy COS 6. )

Torz[a OHEPprus, HGO6XOZ[I/IMEI$I JJIA 3aKPEIJICHU A YaCTUIbI HA TOBCPXHOCTH ITYy3bIPbKA, — pa60Ta

anre3uu W,,, unu paborta npununanus W,
I/Vr[p (anr) — Oxr (1 — COS 6) (3)

Ecnu paccmatpuBaTh ypaBHeHHE (3) B KOHTEKCTE pabOTHI are3uH MEXAY By MsI HECMEIINBAIO-

HMIMMHUCS KUAKOCTSIMH (JIMTHOCYJIb()OHAT-KEPOCHH) U TBEP/IbIM TEIIOM, yPaBHEHHE IPUMET BHI:

I/Vr[p (anr) — O (1 —Cos 9), (4)

TJIC Gx — HIOBEPXHOCTHOE HATSDKCHIE HAa TPAHUIIC Pa3/ielia «KUIKOCTh — JKHIKOCTHY.

CpoICTBO K MOBEPXHOCTH 151 pacTBOPOB pa3nuuHbiX JICT ogHON KOHIIEHTPAIIUU ONPEACTIeTCS
BEJTUYMHON KPAaeBOT0 yIila CMaYMBAHUS O M TIPH TOMYIIECHUH, YTO Gy B IpricyTcTBUU JICT cynbdut-
HOT'O U HEHTPaJIbHO-CYJIb(MUTHOIO CIIOCOOOB MOJyUeHHS OJIU3KH, IIPH IPUHSTHIX BEJIHUYNHAX KPAeBO-
ro yrina cmaguBanus 0, paBHbIX cos (30°) = 0.8660 nist HIICT u cos (89°) = 0.01745 nns cynbpuTHOTO
JICT, ¢ morpemHocThio u3Mepenust 0 He Oosee 1-2 %, oTHOCHTEIbHAS paboTa aJAre3u MOKET ObITh

OIIpEACIICHA 110 YPABHCHUIO 5:
I/Vrlp (a/:[r)/ Ouex — (1 — COS 6) (5)

Hast HIICT: Wy aany/ Osex = (1 — cos 6) = (1-0.8660) = 0,134;
Hns cyne@utHOro JICT: Wyp aan/ Guex = (1 — cos 0) = (1-0.01745) = 0,983.
— 398 —



Journal of Siberian Federal University. Chemistry 2026 19(2): 390-401

TaxuMm 06pa3oM, pacyeTaMu MOKa3aHO, YTO PAa3HUIIA MEXKAY OTHOCUTEIbHBIMH BETHYHHAMH pa-
OOTHI aATe31H, PACCYUTAHHBIMH JIJIS INTHOCYIb(OHATOB PAa3HBIX CIIOCOO0B BapOK, MAKCHMAJIBHA TS
JnurHocynbdoHata cynb(GUTHOTO criocoda MmoJy4yeHus ¢ pa3HULel B 7,3 pasa, IIpu 3TOM yroJl CMadu-
BaHUS CTPEMUTCS K 3HaueHUI0 90°, mpu KoTopoM cos 6 — 0 u rmoTanus BO3MOXKHA.

[leHoOOpa3yroIKe CBOMCTBA IUTHOCYIb(OHATOB PA3IUYHBIX CIIOCOOOB MOIYUCHUS U UX MOIHU-
(buMpOBaHHBIX (POPM HUCCICIOBAHEI, U ’TUM 000CHOBAHO HCIIOIB30BaHUE JINTHOCYIH(OHATOB TOJb-
KO CYJIb(UTHOIO Criocoba MONIyUYeHHsI, COBMEIAMIUX (DYHKIMIO eHOoOpa3oBareneit ¢ hyHKuen
peareHTOB-coOupareneil 3a c4eT HaIMYHsI BRIPAKCHHBIX KOMILIEKCOOOPa3yIOIUX CBOMCTB C KaTHO-
HamMu MeTaJyIoB [1, 2]. YkazanHoe cBoicTBO JICT mo3BOIISIET IPEIJIOKHUTH PEHENTYPY POPMBI PJIOTO-
pearerta. [Ipu 3ToM ycToitamBOCTbh meHbl (15—20 MuH) M03BOIISIET U30€XKaTh psia TEXHOIOTHISCKIX

prL[HOCTCﬁ IIpU BBIACJICHUU MUHEpPaJa U3 CoCcTaBa IMyJIbIIbI IPUPOJAHBIX MCAbCOACPKAIIUX PYI.

BuiBoabl

JlokasaHo, uTo cofepkanue L-paMHO3bl Kak KOMIIOHEHTA TPUTEPIIEHOBBIX CAIOHMHOB B COCTaBE
yriaeBogHoi yacTu ['MI] cynbpUTHBIX TUTHOCYI()OHATOB MO3BOJISACT UCIIOIH30BaTh HX B KAUECTBE
peareHTOB-TICHOO0Pa30BaTeNeH MIPH CO3AAHUH HOBBIX (DJIOTAIIMOHHBIX CHCTEM.

[TonyuenHnsle ¢ momortsto mporpammbl « Kommac-3Dy dncieHHbIe 3HAYE€HU I KPAeBhIX YTIIOB CMa-
YUBaHUS IS TUTHOCYITB(OHATOB CYIB(QUTHOTO W HEUTPAILHO-CYIB(PUTHOTO CIIOCOOOB IMONTYUCHUS
MO3BOJMJIM PACYETHBIM ITyTeM YCTAHOBUTH 3HAUCHUS pabOThHI aAre3wu W, Kak ABUXKYIICH CHIIBI
mporecca GroTanuu 1 000CHOBATh BOZMOYKHOCTH IMIPIMEHEHHUS PEareHTHBIX CHCTEM Ha OCHOBE CYJIb-

(UTHBIX JIMTHOCYJIb()OHATOB B PEIICHHH BOIIPOCOB U3BJICYCHUSI MUHEPAJIOB U3 COCTaBa MPUPOIAHBIX

pPyAa.

Kondukt nurepecos

ABTOpBI 3asBJISIOT 00 OTCYTCTBUM KOH(IIMKTa MHTEPECOB, TPEOYIOUIEr0 PACKPBITHS B JAHHOM

CTaThbE.
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Abstract. The reactions of Ni(II) with halogenated azomercaptophenols {1-(5-Chloro- or 5-Bromo-2-
Pyridylazo)-2-Hydroxy-4-Mercaptophenol} and 2,9-dimethyl-1,10-phenanthroline (Neocuproine) were
studied by the extraction—photometric method. After a single extraction with chloroform at an aqueous-
to-organic phase ratio of 4:1, 98.4-98.7 % of nickel is extracted in the form of a mixed-ligand complex.
The optimum acidity range is pH 4.8—6.5, and the absorption maxima are observed at 582 and 596 nm,
with molar absorption coefficients € = (3.3-3.5)x10% The Beer law is obeyed in the concentration range
of 0.18-22 pg mL™" Ni(II). The developed extraction-photometric method was used to determine nickel

in wastewater, oil samples and oil products.

Keywords: nickel, 1-(5-chloro-2-pyridylazo)-2-hydroxy-4-mercaptophenol, 1-(5-bromo-2-pyridylazo)-2-
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hydroxy-4-mercaptophenol, 2,9-dimethyl-1,10-phenanthroline, chloroform.

Spectrophotometric Determination of Nickel(II) Using Mixed-Ligand Complexes of 1-(5-Chloro- or 5-Bromo-2-
Pyridylazo)-2-Hydroxy-4-Mercaptophenol and 2,9-Dimethyl-1,10-Phenanthroline. J. Sib. Fed. Univ. Chem.,
2026, 19(2), 404—417. EDN: JXGUMG

IKCTPAKIMOHHO-CIIEKTPO(OTOMETPHYECKOE

onpenesienne Hukeasi(I) ¢ ucnosb3oBanuem
CMEIIAHHOJIMTAHIHBIX KOMILIeKCOB 1-(5-xJ10po-

WIH S-0poM-2-TMpPHANIA30)-2-THAPOKCH-4-MepKanTodeHo1a

U 2,9-numetnii-1,10-¢penanTposimua

A.3. 3amoB**, A.T. I'yceiinona®,

H.C. I'yceitnosa®, J.I. lllnpunos’, I11. A. Uoparnmosa”
1A3epbaiioncancKull 20Cy0apCcmeeHHblll nedazo2uiecKull yHugepcumen
Asepbaiioscan, baky

*Bakunckul 20Cy0apcmeenublil yHueepcument
Asepbaiiodcan, baky

$A3epOatioHcancKuti MeOUYUHCKUL YHUGepCUumem
Asepbaiiodcan, baky

*Muneeuesupckuii 20Cy0apCmeeHHblll YHUBEePCUmem
Aszepbaiiodcan, Muneeuegup

?43epbatiodcanckasn 20Cy0apCmeentasn aKaoemus.
Qusuyeckoll Ky1bmypsl u cnopma

Aszepbatioscan, baxy

Annoranusi. Peakiuu Ni(Il) ¢ ramoren azomepkantopenonamu {1-(5-xaopo- uiau 5-0pomo-2-
MUPUANRITA30)-2-THAPOKCU-4-MepKanToderon} u 2,9-mumetni-1,10-dpenantponnaom (HeokynpownH) Opumn
U3Y4eHbI IKCTPAKIIMOHHO-(POTOMETPHUECKUM MeTOI0OM. [lociie 0HOKpaTHOM KCTPaKIMU XJI0pOohOpMOM
(BomHas: oprarmdeckas (assl = 4:1) u3Bnekaercs 98.4—98.7 % HuKes B BHAC pa3HOIUTAHIHOTO
KoMIiekca. ONTHMaIbHBIN HHTEpBa KUCIOTHOCTH cocTaBisieT pH 4.8—6.5, MaKCUMyMBbI OTTIOIIEHUS
HaOmronarotes mpu 582 u 596 uwm, ¢ = (3.3-3.5)x10* 3akon bepa BemonHseTcs B quanazone 0.18-22
mkr/ma Ni(I). PazpaGoTaHHbli 9KCTpaKIIMOHHO-(POTOMETPHUECKHIT METO/1 ObLI UCIIOJIB30BaH JUJIS

OompeAcJICHUA COACPIKAHUA HUKEIIA B CTOYHBIX BOJAAX, 06pa3uax He(i)TI/I u He(l)TerOZ[yKTaX.

KuroueBble ciioBa: HUKEIb, 1-(5-x110po- 2-MupuaniIa3o)-2-ruipokcu-4-meprantoderor, 1-(5—6pom-2-

MU PUINIIA30)-2-THAPOKCH-4-MepKanTodeHou, 2,9-numerni-1,10-heHanTponut, Xa0popopM.
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crieKTpodoTomeTpudeckoe onpenesnenne Hukems(11) ¢ ucrnonp30BaHneM CMEIIaHHOIUTaHIHBIX KOMITIEKCOB 1-(5-Xmopo- niu
5-OpoM-2-ITpH1I1a30)-2-THIPOKCH-4-MepKanTopeHona u 2,9-mumerni-1,10-penanrponnna. XKypn. Cub. denep. yH-Ta.
Xumus, 2026, 19(2). C. 404—417. EDN: IXGUMG

Introduction

Heavy metals, including nickel, constitute a significant group of technogenic environmental
pollutants, the main sources of which are mining operations, non-ferrous metallurgy, metal processing,
electroplating industries, and the petrochemical sector. Prolonged exposure to nickel can lead to
respiratory diseases, carcinogenic effects, and allergic reactions, including dermatitis and eczema [1].
Therefore, reliable and sensitive analytical determination of nickel at low concentration levels remains
an urgent scientific and practical task. At present, modern analytical methods such as inductively
coupled plasma spectrometry [2], atomic absorption spectroscopy [3], and spectrophotometric
techniques [4] are widely used for nickel determination. These approaches provide high accuracy
and sensitivity; however, they require expensive instrumentation, complex sample preparation, and
highly qualified personnel. Such limitations significantly reduce their accessibility for routine analysis
and field studies. In this context, extraction—spectrophotometric methods have attracted sustained
interest due to their simplicity, rapidity, relatively low cost, and the absence of strict requirements for
sophisticated instrumental support [5].

From the standpoint of coordination chemistry, Ni(II) is a typical d-element capable of forming
a wide variety of coordination compounds with different ligands. Coordination numbers of 4 and
6 are most characteristic for Ni(Il) ions, which allows the formation of both square-planar and
octahedral complexes. The nature of ligand donor atoms (N, O, S) plays a decisive role in determining
the geometry, stability, and spectral characteristics of nickel complexes. Mixed-ligand complexes
(MLC) containing several types of donor centers usually exhibit enhanced thermodynamic stability
and pronounced analytical properties [5]. Changes in the coordination number and coordination
environment of nickel ions are accompanied by noticeable bathochromic or hypsochromic shifts in
electronic spectra, which are widely exploited in spectrophotometric analysis. Controlled variation
of the composition and structure of the Ni(Il) coordination sphere enables targeted improvement of
selectivity and sensitivity of analytical methods. Thus, the coordination chemistry of nickel provides
a fundamental basis for the development of effective extraction—spectrophotometric procedures for
its determination.

Heterocyclic azo compounds (HACs) represent one of the most important classes of organic
reagents used in photometric and extraction—photometric determination of metal ions [6—9]. Their
analytical value is attributed to the ability to form intensely colored complexes with high molar
absorptivities. The effectiveness of HACs is governed by reagent sensitivity and selectivity, the contrast
of spectral changes upon complex formation, and the stability of the resulting complexes. Among azo
reagents, pyridine-containing derivatives exhibit the highest analytical sensitivity [9—11], followed by
anabasine derivatives [7, 10], 2-aminoquinoline [7], thiazole derivatives [7, 11, 12], and antipyrine-
based reagents [6, 7]. Similar regularities have been established for reagents of the resorcinol series and
are generally characteristic of most transition-metal ions.

The introduction of heteroatoms and substituents into the molecular structure of azo reagents

significantly affects their spectral characteristics, dissociation constants, and complex stability.

— 406 —



Journal of Siberian Federal University. Chemistry 2026 19(2): 404—417

According to literature data [6, 7,9], monoatomic substituents with high Coulomb integral parameters,
such as chlorine or bromine, introduced into the 5-position of the pyridine ring, markedly enhance
reagent sensitivity. In most cases, bromine-containing derivatives exhibit higher analytical sensitivity
than their chlorine analogues. Quantum-chemical calculations have demonstrated that substituents
located in the para position relative to the azo group also exert a pronounced influence on analytical
performance; sensitivity increases with increasing substituent polarizability in the series phenol <
naphthol < resorcinol < p-thiophenol [7].

One of the most widely used azo reagents is 4-(2-pyridylazo)resorcinol, which forms colored
complexes with numerous metal ions and is extensively applied in spectrophotometric analysis.
Nevertheless, its limited selectivity remains a serious drawback, particularly in the presence of
competing ions [7, 10, 11]. Conventional approaches aimed at improving selectivity include the
use of masking agents, strict control of solution acidity, and the formation of MLCs. Currently,
spectrophotometric determination of d-elements is predominantly based on organic complexing
reagents such as nitroso compounds, azo derivatives, oximes, sulfur-containing ligands, halogenated
azomercaptophenols, 2-hydroxy-5-halothiophenols, 2,6-dithiol-4-alkylphenols, and chiral aniline
derivatives [9, 10, 13—15].

Among these reagents, halogenated azomercaptophenols (HAMPs)—1-(5-chloro-2-
pyridylazo)-2-hydroxy-4-mercaptophenol (CPMP, L') and 1-(5-bromo-2-pyridylazo)-2-hydroxy-4-
mercaptophenol (BPMP, L?)—are of particular interest. These compounds are capable of forming
stable and intensely colored MLCs with Ni(II) ions in the presence of hydrophobic amines, such
as 2,9-dimethyl-1,10-phenanthroline (DPhen). The combined coordination of S-, O-, and N-donor
atoms ensures high stability, good extractability, and favorable spectral characteristics of the
resulting complexes.

The aim of the present work was to conduct a comprehensive investigation of the interaction
between Ni(II) ions and halogenated azomercaptophenols in the presence of a slight excess of the
reagent and DPhen. The study focused on establishing optimal conditions for the direct extraction—
spectrophotometric determination of Ni(II) in complex matrices, as well as on evaluating the

concentration range and metrological characteristics of the proposed analytical method.

Experimental

Reagents and solutions. A standard nickel(II) solution with a concentration of 1.0x1072 mol L
was prepared by dissolving Ni(NOs)>'6H20 (analytical grade) in distilled water. Working solutions
were obtained by appropriate dilution. The nickel solution was standardized gravimetrically using
dimethylglyoxime [10].

Chloroform (CHCls) was used as the extractant. Solutions of HAMPs and DPhen with
concentrations of (1.0-1.12)x107 mol L' and (0.8—1.0)x10* mol L, respectively, were prepared in
chloroform. The extraction was carried out at an aqueous-to-organic phase ratio of 4:1 under constant
mixing for 5 minutes at room temperature (20-25 °C). The ionic strength of the solutions (p = 0.1)
was maintained constant by adding KNO;. Acetate buffer solution, prepared by mixing of 2 mol L-!
aqueous solutions of CH;COOH and NH4OH.

Instrumentation. The optical density of the extract was measured on a KPK-2 and SP-26 with a

cuvette thickness of 0.5 and 1.0 cm, respectively. The pH of the solution was measured on an [-120.2
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device. IR spectra of the compounds in thin films were recorded on a Specord 75 IR spectrometer. The
'H and *C NMR spectra of the substances in CDCl; were obtained on a Bruker SP-300 instrument
[300.13 for ("H), 75 MHz for (*3C)], with HAMPs used as the internal standard.

Thermogravimetric analysis of the mixture under consideration was performed on a STA 449C
Jupiter synchronous thermal analysis device (Netzsch, Germany) combined with a QMS 403C Aeolos
mass spectrometer. Samples of the prepared mixtures were placed in a corundum crucible and heated
at a rate of 10 deg/min in an argon flow (40 ml/min). Intermediate products of thermal decomposition
for studying their phase and chemical composition were obtained in a flow-through quartz reactor
inserted into a tubular furnace in an argon flow at a rate of 40 ml/min at temperatures corresponding
to the endo- and exoeffects on the thermograms. Elemental analysis for C, H, N and S atoms was
performed on a Carlo Erba 1106 elemental analyzer. Chromatographic separation was carried out on a
glass column (/ = 20 cm, d = 2 cm) filled with silica gel of grade L 100/160. The eluent was a hexane-
ethyl acetate mixture in a 9:1 ratio.

General procedure for the synthesis of ligands L! and L. A solution of 10.6g (0.01 mol) of m-
thiophenol in 10 ml of 5 % aqueous NaOH was stirred at 5-10 °C and a solution of 0.01 mol of a diazo
compound based on sulfate or pyridine in 10 ml of water was added dropwise. The reaction mixture
was stirred for 30 min at 5-10 °C, then acetic acid was added until pH 7-8 was reached. The main
products were separated by recrystallization. The product yield was 52 %. The synthesized compounds
were identified using IR and NMR spectroscopy.

1-(5-chloro-2-pyridylazoe)-2-hydroxy-4-mercaptophenol. Yield: 0.86 g (62.3 %). IR spectrum,
v, cm’l: 3738, 3612, 3431, 3245, 3079, 1633, 1551, 1483, 1121, 812, 704, 609, 602, 560. 'H NMR spectrum
(CDCl,), 8, ppm: 7.47-6.85 (m, 6H,,,), 5.36 (s, 1Hoy), 3.44 (s, 1Hgy). *C NMR spectrum (CDCls), 3,
ppm: 151, 148, 130, 129, 121, 119, 116. Found, %: C 63.91; H 1.95; N 11.27; S 8.73. C;;HgN;SOCI.
Calculated, %: C 64.45; H 2.13; N 11.18; S 8.52. VB spectrum (CHCl;), Ajyax, nm: 512.

1-(5-bromo-2-pyridylazo)-2-hydroxy-4-mercaptophenol. Yield: 0.92 g (73.1 %). IR spectrum,
v, cml: 3734, 3612, 3435, 3245, 3074, 1633, 1552, 1483, 1121, 811, 704, 670, 609, 605. 'H NMR spectrum
(CDCly), 8, ppm: 7.46—6.84 (m, 6H ,), 5.32 (s, 1Hoy), 3.41 (s, 1Hgy). *C NMR spectrum (CDCls), 8C,
ppm: 154, 149, 132, 129, 122, 118, 117. Found, %: C 57.14; H 1.87; N 11.58; S 8.34. C,;HgN;SOBt.
Calculated, %: C 57.89; H 1.91; N 10.05; S 7.66. VB spectrum (CHCl3), Ay, nm: 523,

General procedure for the determination of nickel. 0.1-1.0 mL (in 0.1 mL increments) of the
stock nickel(II) solution, 2.6 mL of 0.01 M HAMPs solution, and 2.4 mL of 0.01 M DPhen solution
were added to graduated tubes (the total volume of the organic phase was 5 ml). The required pH was
adjusted by adding 1 M KOH or a buffer solution. The volume of the aqueous phase was brought to 20
mL with distilled water. After phase separation, the organic layer was separated and its optical density
was measured on a KFK-2 spectrophotometer at 590 nm (1= 0.5 cm).

General procedure for the synthesis of complexes Ni-HAMPs-DPhen. 0.3 g Ni(NOs),:6H,0 is
dissolved in 30 ml of water and a solution consisting of 1.25 g of HAMPs and 1.40 g of DPhen, previously
dissolved in 30 ml of ethanol, is added with stirring at a temperature of 70—800C for 10 minutes. A
reflux condenser is connected and the mixture is stirred on a magnetic stirrer at this temperature for 30
minutes. After cooling, the solution is filtered. The separated crystals are recrystallized in ethanol after
two days; greenish crystals are obtained after 24 hours. The yields were 0.034 g for Ni(II)-CAMP-
DPhen (1) and 0.039 g for Ni(II)-BAMP-DPhen (2)
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Study of the Ni(II)-L!-DPhen complex by HNMR spectroscopy. The singlet observed in the
spectrum of the L' ligand at 5.36 ppm, associated with the phenolic group -OH, disappears in the
spectrum of the complex. This shows that the -OH group is involved in the formation of the complex.
The intensity of the signal observed at 3.28 ppm, associated with the thiol group -SH, does not change.
This confirms that the thiol group is not involved in the formation of the complex.

Determination of nickel in wastewater. Two wastewater samples were analyzed. Wastewater
samples (1.0 L) were evaporated and the resulting solid residue was dissolved in water, treated with 2
mL concentrated HNO3 and heated at 60—70 °C until complete removal of HNO;. The mixture was
then filtered, transferred to 50 mL flasks and diluted to the mark with distilled water. In an aliquot
(5 mL), nickel(IT) with L"?> and DPhen was determined by the extraction-photometric method under
optimal conditions.

Determination of nickel in oil and oil products of Baku. For the analysis, 40 g of the test fuel
were placed in a porcelain cup and burned in accordance with GOST 1461-75. Then the porcelain
cup with ash was placed in a muffle at a temperature of 550 + 20 °C and kept at this temperature for |
hour. After cooling, 5 mL HCI (1:1) were added to the cup, the mixture was boiled to dryness, 0.5 g of
anhydrous Na,CO; was added. Then the cup was placed for 2—3 min in a muffle heated to 800 °C. After
cooling, the alloy in the cup was dissolved in distilled water, filtered into a 50 mL flask and diluted to
the mark with distilled water. An aliquot of the resulting solution was taken and the Ni(II) content was

determined in the same way as indicated in the case of determination in water.

Results and Discussion

The reaction schemes for the synthesis of L' and L? are given below (Fig. 1).

Like PAR, 1-(5-chloro(bromo)-2-pyridylazo)-2-hydroxy-4-mercaptophenol can form two types of
complexes. In acidic media, the -SH group in the n-position does not dissociate, and complexes known
in the literature [7] as protonated complexes are formed. The contrast of the color change during
complexation is high.

In a neutral medium, the SH group in the p-position begins to dissociate, which is equivalent to the
introduction of an auxochrome into the reagent molecule. Complexes known as normal complexes are
formed, characterized by high color intensity. These complexes are extracted only by polar solvents.
The transition from protonated to normal complexes is reversible and very fast.

Protonated complexes can be used in analytical chemistry despite their low color intensity.
They are formed only by ions of certain metals, and in an acidic medium, where the selectivity of
interaction with these ions is high, the complexes are well extracted by non-polar solvents. After

selective extraction, they can be re-extracted into a buffer solution in the form of normal complexes
(Br)Cl
HO /7 \
N n HO
SH —>» N—
N7 N, =N SH

Fig. 1. Reaction schemes for the synthesis of L' and L?
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with high molar extinction coefficients. The effect of dissociation of the substituent in the p-position
on the sensitivity of the reagents has been convincingly demonstrated [7]. If the group is methylated,
the sensitivity of the reagents is significantly reduced, although the contrast of the reaction remains
largely unchanged.

Extraction agent selection. The extraction degree of MLC was studied using non-polar and polar
solvents of proton-donor, proton-acceptor nature, as well as aprotic aromatic and aliphatic hydrocarbons.
Chloroform turned out to be the best extracting solvent, so it was selected for extraction throughout
the work. When extracting the complexes with chloroform, the layers quickly separated, and the molar
absorption coefficient reached its maximum value. After a single extraction with chloroform at a ratio
of aqueous and organic phases of 4:1, 98.4-98.7 % of nickel is extracted as a MLC.

Extractability of complexes was estimated in coefficient of distribution (D) and extent of extraction
(R%):

_ C(Ni)org )
c(Ni)gq '
R 100 x D @
=—
D + 7+
Vorg

Until the phase volume ratio reaches 20:1, the degree of extraction remains constant. The
concentration of nickel in the organic phase was determined with dimethylglyoxime (DMG) [11] by
photometric measurements after back extraction, while in the aqueous phase it was determined by the
difference. The organic solvents used for Ni (II) extraction can be arranged based on their extraction
coefficient values as follows: CH5;Cl > C,H,Cl, > C4¢HsCl > C4HsCH; > C4Hg > n- C;HyOH > iso-
CsH;,OH > C¢HsCH,OH> CH;COOC,Hs.

Effect of pH of the aqueous phase. The study of the dependence of complexation on pH
shows that the extraction efficiency is strongly dependent on the pH of the solution. The change in
pH will significantly affect the complexation of Ni(II) with HAMPs and DPhen. The optimal acidity
range for the Ni(Il)-CAMP-DPhen (1) and Ni(II)-BAMP-DPhen (2) complexes is at pHoy. 4.8-6.4
(PHform. 3.3-7.6) and pHop 5.2—6.5 (pHgorm. 3.1-7.3), respectively (Fig. 2, Table 1). The presence of one
maximum of optical density in the specified pH range confirms the assumption of the formation of one
complex compound.

Absorption spectra. Nickel complexes 1 and 2 have maximum absorption at 582 nm and 596 nm,
respectively (Fig. 3). While ligands L' and L? has maximum absorption at 512 and 523 nm respectively.
Bathochromic shifts are calculated by the formula A = Ayiq.. — AL and are 70 nm for 1 and 73 nm for
2. The molar absorption coefficients are €sg9 = 3.5x10* for 1 and €595 = 3.3x10* for 2. A proportional
relationship between the optical density and the number of metal ions is observed in a fairly wide
range of concentrations. Compliance with the fundamental law of light absorption is achieved in the
concentration range Cy;qn=0.18-22 pg mL!. Judging by the values of the molar extinction coefficients
(Table 1), the reaction of nickel with HAMPs and DPhen has high sensitivity. We came to the same
conclusion by calculating the sensitivity of the Sendel reaction in pg cm? per 0.001 light absorption
(Table 1). LOD (limit of detection) can be calculated as LOD = 3.36/S, and LOQ (limit of quantification)
LOQ =100/S. Here o is the standard deviation of the response and S is the slope of the calibration curve.
The calibration equations are calculated as: y=0.285x+0.026 (LOD= 3.3 x 4.328 / 0.9652 = 15 ng mL"!
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Fig. 2. Absorption spectra of Ni(II) complexes with HAMPs—DPhen system in chloroform: 7 — Ni(II)-CAMP-
DPhen) and 2 — Ni(I)-BAMP-DPhen Cyiy = 3.4¥10-° M, Criamps = (1.0-1.12)x10 M, Cpppen = (0.8-1.0)x 103 M,
A=540 nm, KFK-2, (=0.5 cm

] | | | | ] ]
510 530 550 580 600 560 570 580 A, nm

Fig. 3. Electronic spectra of the ligands and Ni(Il)-L-DPhen complexes in CHCl;: (/) L, (2) L%, (3) 1, (4) 2.
CNi(II) =3.34x107° M, CHAMPS = (10—112)X1073 M, CDPhen = (OS—IO)X 1073 M, SF-26

Table 1. Analytical characteristics of [NiL,](DPhen) complexes

Parameter 1 2
o Form.ation 3.3-7.6 3.1-7.3
Optimal 4.8-6.4 5.2-6.5

1 582 596
e 3.5 33
log Keq 10.15 9.61
log Kex 12.36 11.25
log B 9.34 8.06
Beer's law execution interval, ug 5 mL"! 0.9-110 0.5-100
y=ax+b 0.285x + 0.026 0.272x + 0.014
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and LOQ = 10 x 4.328 / 0.9652 = 45 ng mL! for 1) and y=0.272x+0.014 (LOD = 3.3 x 4.915/0.9903 =
16 ng mL! and LOQ =10 x 4.915/0.9903 = 2.48 ng mL"! for 2).

Effect of ligand concentration and holding time. Nickel MLCs are formed in the presence of
an excess of complexing reagents. There must be a 10—15-fold excess of complexing agents for the
production and extraction of MLC.

As the concentration of HAMPs and DPhen increases, the nature of the spectra does not
change, but the intensity of light absorption increases. The optimum condition for the formation and
extraction of these compounds is (1.0-1.12) x 10~ mol L' concentration of HAMPs and (0.8—1.0) x
1073 mol L' — DPhen. Nickel MLCs are stable in aqueous and organic solvents and do not decompose
for three days, and after extraction — for more than a month. Maximum optical density is achieved
within 5 minutes.

Determination of the stoichiometry of the complex. To determine the composition of the
complex, the relative yield method, the equilibrium shift method, the crossed lines method, and the
Asmus method were used [16]. In all cases, the Ni(I[): HAMPs: DPhen complex has a ratio of 1:2:1.
The complexing nickel ion is the divalent Ni?*. The number of protons displaced by it from one H,L
molecule is 1. MLCs does not polymerize in chloroform (y = 1.04—1.11).

The coordination centers of the synthesized Ni(I1) MLCs were studied using IR spectroscopy [17].
The band due to N=N stretching vibrations, which shifts to the low-frequency region at 620 cm™ in
all complexes upon going from L to the complexes, i.e., the azo group is involved in the coordination.
The strong band at 1210 cm™, due to 3(C-0), 6(C-N), and d(C-H) in free HAMPs, shifts to the low-
frequency region upon complexation via the ortho-oxygen group of HAMPs. The data indicate that
HAMP binds to Ni?* via the azo group and the -OH. The absorption band at 2570 cm™, corresponding
to v(C—SH), indicates that the -SH group is not involved in the formation of complexes.

Some analytical characteristics of Ni(Il)-L2-DPhen complexes are given in Table 1.

Ni-CPMP-DPhen: Found, %: C 54.27; H 2.48; N 12.05; O 4.17; S 8.23; CI 10.19; Ni 7.32.
C36H24N60,S,CHhNi. Calculated, %: C 58.85; H 3.27; N 11.44; O 4.36; S 8.68; Cl 9.67; Ni 7.87. VB
spectrum (CHCI3), Apax, nm: 580.

Ni-BPMP-DPhen: Found, %: C 48.86; H 2.67; N 11.74; O 3.96; S 7.88; Br 9.67; Ni 7.44.
C36H24NO,S,Br;Ni. Calculated, %: C 52.49; H 2.91; N 10.20; O 3.887; S 7.77; Br 19.37; Ni 7.03. VB
spectrum (CHCI3), Ayax, nm:595.

Elemental analysis of isolated compounds is consistent with the Ni-HAMPs-DPhen formula
established by the aforementioned techniques. Proceeding from the obtained data, we propose the
following structure for the extracted MLC (Fig. 4):

Thermogravimetric study of the complexes 1 (C3¢H,4NsO4S,CI1,Ni) and 2 (C36H4NgO4S,Br,Ni)
showed that they are stable up to 170 °C. Thermal decomposition of the complexes occurs in three
stages. At 175-200 °C water evaporates — the total mass loss is 4.1 % (Ampeor = 4.3 %), the mass
of the solid residue is 95.9 % (Ampeor = 95.7 %) {for 2 3.5 % (Ampeor = 3.9 %), the mass of the solid
residue is 96.5 % (Ampeor = 96.1 %)}, in the second stage at 350—420 °C DPhen decomposes and
endoeffects are recorded on the DSC curve, and signals of nitrogen, carbon dioxide and water are
recorded in the mass spectra. The mass loss is 23.5 % (Ampeor = 24.9 %), the mass of the solid residue
is 76.5 % (Ameor = 75.1 %) {for 2 20.9 % (Ampeor = 21.6 %), the mass of the solid residue is 79.1 %
(Amypeor = 78.4 %)}. The third stage in the temperature range of 488510 °C decomposition of HAMPs
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Fig. 4. Graphic formulas of complexes with different ligands

is accompanied by endoeffects on the DSC curve. According to mass spectrometry data, signals of
water, chlorine, ammonia, carbon dioxide and sulfur dioxide are detected in the gas phase in the
specified temperature range. The mass loss here is Aniey, = 88.5 % (Anieor = 89.2 %), the mass of the
solid residue is 11.5 % (Ampeor = 10.8 %), {for 2 90.5 % (Ampeor = 90.2 %), the mass of the solid residue
18 9.5 % (Ameor = 9.8 %)}, which is in good agreement with the experimental data. In both cases, the
final product of thermolysis of the complex is NiO:
Ca6HaN04S2CL(Bry) Ni -222%% € HagNG0»S,Cly(Bra) Ni o2
CapHN4048,Cl(Bry) Ni 222 Nio
Equilibrium, extraction and stability constants. The complexation reaction can be predicted

as follows:
Ni2+(aq) + 2HL'(aq)+DPhenn(0rg) (=4 {[NiLz](DPhen)}(Org)-i- 2H+(aq)- (3)

Equilibrium constant (K.,) of the reaction

{[NiLz] (Dphen)}org [H+]%aq)

= — - ©)
NI, [HLT]Z, o (DPhen) org)
NiL,](DPhen)}, Ay
(INiLJOPhenlory _ | . (5)
[Nl] (aq) Ao - AX
D H+ 2
[ ](aq) (6)

Keg = :
" [HL7]Z, (DPhen) org)

where, A, — is the optical density for a given experiment; A, — is the optical density for complete

binding of the nickel ion into a complex. Taking the logarithm of equation (6), we obtain
logK.q = logD —2pH —2log[HL"] + log[DPhen]. 7
To calculate the extraction constant, the reaction equation can be represented as follows:
[NiLy]*" (aq)+ DPheny) < {[NiL,](DPhen)} o). 8)
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The value of the extraction constant (K.) can be calculated from equation (9):

_ {[NiL,](DPhen)}, o
“ [NiL, %, (DPhen) ()
If we substitute the value of equation (5) into equation (9), we get
D
Kex = ——7 10
ex (DPhen)(org) ( )
Taking the logarithm of expression (10), we obtain
logK.x = logD —log[DPhen]. (11)
The stability constants are calculated using equation (12): and are 9.34 for 1 and 8.06 for 2.
Ce
logfs.c. = 12)

(CNi - c)(CLl'2 - nCc)n’

where Cy;, C;12 and C, are the concentrations of nickel ion, HAMPs and complexes, respectively.

The values of K4 and K, calculated using formulas (7), (11) and (12) respectively, are given in
Table 1.

Comparison of methods for determining Ni(Il) with known reagents and HAMPs in the presence
of DPhen. It is evident that HAMPs has advantages over other reagents: the maximum of light
absorption is shifted to the long-wave region of the spectrum [18—23] the molar coefficient of light
absorption is much higher than the molar coefficients of light absorption of other complexes [21], the
pH of the reaction is shifted to a more acidic region [21, 22] which increased selectivity.

Selectivity and interference study. The selectivity of the proposed methods for the determination
of Ni(II) using the L'? and DPhen reagents was systematically evaluated by examining the influence
of potentially interfering ions commonly present in real sample matrices. The tolerance limits were
defined as the maximum concentration of foreign ions causing a deviation of no more than =5 % in the
absorbance signal of Ni(II).

It was established that alkali and alkaline earth metal ions (Na*, K*, Ca?*, Mg?"), as well as
rare earth elements, do not interfere even at a 1000-fold excess relative to Ni(II). The anions F-,
CI, Br, SOs*, SO3*, SO,*, PO,* and CH;COO" were also found to have no statistically significant
effect at concentrations up to 500—1000-fold excess, confirming the high stability of the formed
complexes.

Transition metal ions exhibit different interference behavior. Fe(Ill) and Ti(IV) interfere at 10-
fold excess; however, their effect is completely eliminated by reduction with ascorbic acid. Cu(II)
interferes at 5-fold excess but can be effectively masked by iodide ions, allowing tolerance up to at
least 100-fold excess. Nb(V) and W(VI) interfere at relatively low concentrations (=5—10-fold excess),
but their influence is successfully suppressed in the presence of oxalate and citric acid, respectively,
increasing their tolerance limits to 50-100-fold excess.

These results demonstrate that the proposed method possesses high selectivity and can be reliably
applied for the determination of Ni(II) in complex matrices due to the effective use of appropriate

masking agents.
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Analytical Applications

The developed extraction-photometric method was used to determine nickel in wastewater, oil
samples and oil products. The results were found to be in good agreement with the results obtained by
the standard known method (Table 2)

Table 2. Determination of Ni (IT) in wastewater, oil and oil products (z =6, P = 0.95)

Found, mg L
Analyzed object Method Adde(_il, . o _ S S,
mgL With additive X+
Vn
CPMP 10.5 10.408 0.092+0.006 0.057
Wastewater BPMP 10.7 10.783 0.083+0.008 0.091
DMG 10.6 10.697 0.097+0.003 0.074
CPMP 10.4 12.92 (2.52+0.17)107 0.029
Oil BPMP 10.2 12.88 (2.68+0.15):107 0.026
DMG 10.3 12.75 (2.45+0.19):1077 0.032
. CPMP 17.9 19.71 (1.814£0.35)-10¢ 0.041
Fuel oil
DMG 18.1 19.85 (1.754+0.26):10°¢ 0.049
Hudron BPMP 14.9 18.46 (3.56+0.31):10°¢ 0.069

To evaluate the accuracy and precision of the proposed method, the relative standard deviation
(RSD) and recovery values were calculated. The RSD values did not exceed 5 %, indicating good
repeatability of the method. The recovery values were found to be in the range of 98.1-99.8 %,
confirming the accuracy of the proposed procedure. The obtained results were compared with those of
the standard dimethylglyoxime (DMG) method. Statistical comparison using Student’s t-test showed
no significant difference between the results at the 95 % confidence level, demonstrating the reliability
of the developed method.

Conclusions

The interaction of Ni(Il) ions with the azomercaptophenols — CPMP and BPMP — in the presence
of DPhen was investigated by an extraction—spectrophotometric method. The complexes form rapidly
(within 5 min), are stable in both aqueous and organic media, and are produced in the pH ranges
4.8-6.4 (CPMP) and 5.2-6.5 (BPMP). The extracted complexes show intense absorption maxima at
582 and 596 nm with high molar absorptivities (¢ = (3.3-3.5) x 10%). The Beer law is obeyed over a
nickel concentration range of 0.18-22 ug mL-!, and detection limits of 15-16 ng mL"' were achieved.
The developed extraction-photometric method was used to determine nickel in wastewater, oil samples

and oil products.
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Abstract. A procedure for the sorption-X-ray fluorescence determination of inorganic chlorides in crude
oil was developed. At the first stage, inorganic chlorides were extracted from crude oil using deionized
water. In aqueous extracts, the analytes were concentrated using an aqueous suspension of fine-grained
anion exchanger AB-17-8. To aggregate the sorbate suspension, a flocculation process was employed with
the addition of fine-grained cation exchanger KU-2—8. The filtered precipitate of the sorbate mixture of
ion-exchange resins containing chloride ions was prepared for XRF measurements. The fluorescence of
the studied samples was used as the analytical signal (ClKa line at 2,62 keV). The intensity of the XRF
signal depends on the moisture content of the samples, increases synchronously as they are exposed to
air after sorption, and reaches a constant value after 60 min. During sorption concentration of chloride
ions from aqueous solutions, the recovery rates exceed 90,0 %, and the concentration factors reach 1900.
The developed procedure was successfully tested on real crude oil samples. The linear dependence of
the analytical signal on the analyte concentration is maintained up to 10 mg/dm?, the lower limit of

determination is 1 mg/dm?, and the calculated detection limit is 0,03 mg/dm?.
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CopO1HOHHO-PeHTreHO()TyOpeclleHTHOEe onpeiesieHue
HEOPraHu4YecKuX XJOPUI0B B HepTH

C UCITOJIBb30BAHUEM MEJIKOAUCIICPCHBIX HOHUTOB

O.11. Kaasikuna?, M. A. Ilos1iocyxuna?,

C.H. Kaasikun®°, C.B. Kaunn?, A.Il. Ky3bMun?
“Cubupckuti pedepanvHulii yHUGepcumem

Poccuiickaa ®edepayus, Kpacnosapck

SUnemumym xumuu u xumuueckou mexuonozuu CO PAH
QUL «Kpacnospckuil nayunsiii yenmp CO PAH»
Poccuiickaa ®edepayus, Kpacuosapck

AnHoTanus. Pa3zpaboTrana mporenypa copOIMOHHO-PEHTTEHOMIYOPECIEHTHOTO OPEACICHUS
HEOpraHMYeCKuX XJIOpuI0B B HeTH. Ha nmepBom 3tarne SKCTparupoBajil HEOPraHUIECKHUE XIOPHIbI
n3 He(hTH AEMOHU30BAHHON BOIOH. B BOIHBIX AKCTpaKTax MPOBOMIIIN KOHIICHTPUPOBAHHUE aHATHTOB
C UCTIONIH30BaHUEM BOTHOH CYCTIEH3UH MENKOIUCTIEpCcHOro annonnTa AB-17-8. Jlyis arperanuu cycrieH3uu
copb6aToB 3aAeiicTBOBANH IMpoiecc GIOKYIAIUH C JOOABICHUEM MEIKOIUCIICPCHOTO KaTHOHUTA
KVY-2—8. OTdunsrpoBaHHbIl 0CaJOK COPOATHON CMECH HOHUTOB C XJIOPUI-HOHAMH TOTOBUJIN s
POA usmepenmii. B kadecTBe aHATUTHYECKOTO CUTHAJIA HCIIOIB30BATH (MIIYOPECIICHITUIO HCCIIETYEMbIX
o6pa3sioB (muuaus ClKo npu sHepruu 2,62 k3B). Bennunna POA curuana 3aBUCHT OT BIQKHOCTH
00pas3IoB, CHHXpPOHHO BO3pacTaeT [0 MePe MX BBIACPKUBAHUS HA BO3AYXE ITOCIIE COPOIIUH U JOCTHTACT
HOCTOSTHHOM Bes4uHHbI yepe3 60 muH. [Tpu copOIOHHOM KOHIIEHTPUPOBAHHUHU XJIOPHI-MOHOB U3 BOJHBIX
PACTBOPOB 3HAUCHUS CTEIICHEW m3BJIeYeHHs peBhIMaoT 90 %, a kK03 PUIHEHTH KOHIICHTPUPOBAHUS
nocturaroT 1900. Paspaborannas mporeaypa yCcrenHo anpoOupoBaHa Ipy aHaIn3e peajbHbIX 00pas3ioB
HedTu. JInHeTHAS 3aBUCHMOCTD aHAJIMTHYSCKOT'O CHUTHAJIA OT KOHIICHTPAIMH aHATHTOB COXPAHSIETCS
10 10 Mr/nM>, HEKHSS TPaHUIIA ONPENCIAEMBIX COAEPKaHUN — 1 MI/aM?, pacCUMTAHHBIN TIpene

o6napysxenus cocrasua 0,03 mr/am?.

KuaioueBble ciioBa: HeTh, HEOPraHMYECKNE XJIOPHIBI, COPOIIMOHHOE KOHIIEHTprupoBaHue, POA,

OIpe/IeIICHHE.

Huruposanue: Kansknna O.I1., ITonocyxuua M. A., Kanskur C. H., Kauun C.B., Ky3smun A.Il. CopOunonuo-
PEHTTeHO(ITyOPECIICHTHOE ONPEASIICHUE HEOPTaHUIECKHUX XJIOPH/IOB B HE(THU C HCIIOIb30BAHUEM MEJIKOAUCIICPCHBIX HOHHUTOB.
Kypn. Cub. penep. yn-ta. Xumus, 2026, 19(2). C. 418—427. EDN: ILRCLG

Introduction

Inorganic chlorides (IC) of alkali and alkaline-earth metals (primarily NaCl, MgCl,, CaCl,) are
present in oil reservoir fluids and are co-extracted with the oil during production. Their concentrations
can reach 2-3 g/dm? and account for 0,3-0,4 % by weight [1]. These compounds tend to form solid salts,
and under certain conditions, they release hydrogen chloride, which is highly corrosive. This can lead

to corrosion and clogging of equipment, reduced productivity of atmospheric and vacuum columns, and
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deterioration of residual petroleum products such as fuel oil, lubricating oils, tar, and others. Therefore,
monitoring their levels in commercial oil is a critical task for the oil refining industry [2, 3].

The procedures for determining IC in crude oil are quite diverse; various research approaches,
methods, and GOST standards are used [4—7]. The general algorithm of these procedures involves,
at the first stage, the extraction of inorganic chlorides from crude oil and subsequent preparation
of the extracts for analytical signal measurement [6]. Among the available techniques, titrimetric,
potentiometric, and chromatographic methods are the most widely employed. A wide range of
laboratory equipment is manufactured by well-known companies such as Agilent, Dani, PerkinElmer,
Shimadzu, R&D Metachrom, Himanalitservice, and Chromatek Ltd, among others. The choice
of a particular method depends on the requirements imposed on solving a specific analytical task.
Nevertheless, the demand for innovative and effective procedures for IC determination, leveraging
modern analytical methods, remains highly relevant. For this purpose, X-ray fluorescence (XRF)
analysis proves to be a highly effective technique, widely used for the determination of organochlorine
compounds, sulfur, and multiple elements in crude oil samples [8—11]. Special attention is given to
building up methodological provisions for compact, field-portable XRF spectrometers such as the
PANDA type. These instruments are equipped with a low-power X-ray tube and therefore are exempt
from radiation monitoring and do not require a special permit for operation. This significantly expands
the possibilities of their practical application, including in educational institutions.

The aim of the present study is to develop a procedure for determining inorganic chlorides in crude
oil using X-ray fluorescence spectrometry. To overcome the limitations associated with the insufficient
sensitivity of XRF measurements for elements with relatively low atomic numbers, the analytes were
pre-concentrated on fine-grained ion-exchange resins, followed by preparation of suspensions with
particle sizes of 70 um for subsequent XRF analysis. It is known that the particle size is of great
importance for XRF analysis of samples in the form of suspensions. For conventional XRF analysis,

the particle size of suspensions must not exceed 75 um [12, 13].

Experimental

The following materials were used in the work: oil samples, GSO 7262-96 composition of
the chloride ion solution (Urallian Research Institute of Metrology, Russia), GSO 9294-2009 mass
concentration of chloride salts in petroleum products, XSN-5-NS (Oil-Standard LLC, Russia),
hydrochloric acid, sodium chloride, sodium hydroxide, ethyl alcohol, potassium hydroxide
(CHRISTMAS+, Russia, p.a.), sodium carbonate, sodium bicarbonate (Sigma-Aldrich, USA), hexane,
p.a. for chromatography (ECOS-1 JSC, Russia), nitric acid, p.ch. (Polychem LLC, Russia), KU-2—8
cationite, AV-17-8 anionite (TOKEM LLC, Russia), deionized water (Yonglin installation, Korea).

XRF analysis of suspensions was performed using a compact X-ray fluorescence spectrometer
«PANDA» (manufactured by CJSC «Scientific Instruments», St. Petersburg, Russia). Measurement
conditions: ClKa line at 2,62 k3B voltage — 10 kV; current — 50 uA; measurement time — 100 s. Spectral
data were processed using the «kExACT Expert» software.

Ion chromatography measurements of aqueous solutions were performed on a high-performance
LC-20 Prominence liquid chromatograph with LC Solution software (Shimadzu, Japan), equipped
with a conductometric detector (CDD-10 Avp/10Asp), a 120x5 mm KanK-ASt14 pm separating column
(GEOKHI RAS, Russia) [14] and a 200x6 mm SPS-SAC 50 pum suppressive column (Aquilon PC LLC,
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Russia). A carbonate buffer solution (2,5 mM Na,CO; + 3,0 mM NaHCO;) was used as an eluent. The
volume of the injected sample is 100 pl. The eluent flow rate was 2.0 ml/min. The temperature of the
column thermostat is 33 °C. The device was controlled and chromatograms were processed using the
LC Solution program on a personal computer.

Before conducting the experiments, the ion-exchange resins were washed with distilled water.
AV-17-8 was converted to the OH™ form by passing a 1 M NaOH solution through it, with a volume
ratio of anion exchanger to alkali of 1:4. KU-2—8 was converted to the H" form by passing a 1 M HCI
solution through it at a volume ratio of acid to cation exchanger of 1:20, followed by soaking the latter
in 6 % HCI for two days.

Ion-exchange exchange resin suspensions were prepared by grinding the initial sorbents in a
Pulverisette 2 laboratory mortar mill (Fritsch, Germany) at a force of 15 daN for 20 min, followed
by fractionation based on their sedimentation time in water. Fractions with sedimentation times of 1
minute, 60 minutes, and 24 hours were separated sequentially. The particle size in individual fractions
was determined microscopically. Fractions with particle sizes up to 70 pm were dried and used to
prepare aqueous suspensions at a concentration of 100 mg/dm?3. The suspension was stirred using a
magnetic stirrer before application to ensure even distribution of the sorbent particles.

IC were extracted from oil samples using deionized water (oil-to-extractant volume ratio 1:10;
extractant temperature 90 °C; extraction time 20 min). Upon completion of the extraction process,
chloride ions were concentrated from the aqueous extracts using the ion-exchange exchange resins
AB-17-8 and KU-2-8, which are widely used in analytical practice [15]. For this purpose, 0,05 cm? of
AB-17-8 anion-exchange resin suspension was added to 100 ¢cm? of the aqueous extract, stirred, and
held for 10 min. Then, 0,05 cm? of KU-2-8 cation-exchange resin suspension was added, stirred until
flocculant formation, and the mixture was filtered through a 20 mm diameter paper disk («blue ribbon»
filter paper) using a vacuum pump. It was visually observed that the formation of stable sorbate flakes
occurs at a volume ratio of KU-2—8 to AV-17-8 suspensions of 1:1.

Prior to recording the analytical signal, the filtered mixture on the paper disk was covered with a
Mylar film for XRF analysis, the surface was leveled, and the disk was placed in the sample chamber
of the PANDA spectrometer. Fluorescence intensity measurements of the samples were performed
immediately after filtration and again after 24 hours.

The calibration dependence was constructed using aqueous solutions of chloride ions at
concentrations of 1, 3, 5, 7 and 10 mg/dm3, which were prepared from a certified reference material.
All solutions underwent the same operations as described in the preceding section.

In the calculation of the detection limit, the background signal was represented by the fluorescence
of the flocculant free of chloride ions. This flocculant was obtained from an aqueous solution and
prepared under the same conditions used for constructing the calibration curve.

The developed procedure was tested using oil samples obtained from the Kuyumbinskoye oil
field, located in the Yurubcheno-Tokhomskaya zone. The oil samples had a density up to 819 kg/m?,
were classified as light, low-sulfur (0,06—0,64 % S), low-resin (2,41-21,21 % resins), low-paraffin
(0,64-3,72 % paraffins), methane-type oils [16].

The experiment was carried out at the Center for Collective Use «Science-intensive methods of
research and analysis of new materials, nanomaterials and mineral raw materials» of Siberian Federal

University.
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Results and their discussion

In the X-ray spectrum of a model aqueous sodium chloride solution, an intense ClKa peak is observed
atan energy of 2,62 keV. Preliminary experiments showed that the lower limit of the determining levels of
chloride ions in low-mineralized aqueous solutions was quite significant, at 0,022 mol/dm? (780 mg/dm?).
Thus, when determining trace amounts of these analytes in real samples by XRF analysis, problematic
limitations may arise due to insufficient measurement sensitivity. To overcome the aforementioned
limitations, sorption pre-concentration procedures for chloride ions, as described above, were carried out.

Using model aqueous solutions of chloride ions, a series of experiments was performed to assess
the efficiency of the concentration process employing fine-dispersed ion-exchange resin AB-17-8. The
extraction degrees of chloride ions by resin AB-17-8, denoted as R, were determined by means of the
following calculation formula:

R % = (Co—C)- 100’
Co
where C, is the initial concentration of chloride ions in the solution, mol/dm?; C. is the residual
concentration of chloride ion in the solution after sorption, mol/dm?.

Table 1 presents the results of R value determinations. As can be seen from Table 1, in the analyte
concentration range of 3—10 mg/dm?, the R values exceed 90 %. The decrease in chloride extraction
efficiency when their concentration is reduced to 1 mg/dm? generally agrees with the kinetics of
sorption pre-concentration.

Fig. 1 shows the test-derived dependence of the chloride-ion concentration in the phase of finely
dispersed ion-exchange resin AV-17-8 on the initial anion concentration in the solution.

As can be seen from the approximation equation (Fig. 1), the concentration factor values for
chloride ions are approximately 1900.

The obtained data (Table 1, Fig. 1) provide grounds to suggest the effectiveness of using AV-17-8
for the concentration of chloride ions prior to their subsequent XRF determination. However, there are
differences in the values of analytical signals during XRF measurements of air-dry and wet sorbate
samples.

Fig. 2 shows the dependence of the analytical signal magnitude on the exposure time of the sorbate
samples in air before XRF measurements.

As can be seen from Fig. 2, the magnitude of the XRF signal increases synchronously as the

sorbates are exposed to air, and reaches a constant value after 60 min.

Table 1. Results of determining the extraction efficiency of chloride ions from aqueous solutions using fine-
grained ion-exchangeh resin AB-17-8

Cy, mg/dm? Cy, mol/dm310° C,, mg/dm? C,, mol/dm310° R.%
1 2.8 0,24 0,66 77
3 8,5 0,21 0,58 93
5 14 0,36 1,0 93
7 20 0,33 0,94 95
10 28 0,46 1,3 95
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Fig. 2. Dependence of the X-ray signal magnitude on the exposure time of the sorbate samples in air

Fig. 3 (A, B) shows comparative calibration graphs for chloride ions determining by sorption
X-ray fluorescence spectrometry.

The analytical signal during detection of wet samples is lower than that of air-dried samples,
which is attributed to the swelling of the ion-exchange resin in the presence of water and, consequently,
to a decrease in the volumetric concentration of the analyte. The use of 3A or 3B calibration graphs
depends on the analytical problem being solved. In both cases, the linear dependence of the analytical
signal on the analytes account is maintained up to 10 mg/dm?. In the case of XRF measurements of

wet samples, the maximum rapidity of analysis is achieved immediately after the sorption process is
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Fig. 3. Calibration graphs for chloride ions determining by sorption X-ray fluorescence spectrometry:
A) measurement of wet samples; B) measurement of air-dry samples

completed. However, there is instability of the analytical signal over time (Fig. 2) and the sensitivity of
the measurements is approximately an order of magnitude lower. The detection limit for chloride ion,
calculated using the 3S criterion, was 0,79 mg/dm?. In the case of air-dry samples, the analytical signal
is constant over time, and the calculated detection limit is reduced to 0,03 mg/dm?>.

The developed approaches were employed by us to determine IC in real crude oil samples using
the PANDA X-ray fluorescence spectrometer. Sample preparation of crude oil was carried out in
accordance with the recommendations [6] and under the previously established optimal conditions [5].
Aqueous extracts were prepared for XRF analysis as described above.

Fig. 4 shows the XRF spectrum of a mixture of sorbates of fine-grained ion-exchange resins with
chloride ions from a water extract of crude oil. As can be seen from Fig. 4, the preliminary sorption
separation and concentration of chloride ions ensures satisfactory sensitivity and selectivity of XRF
measurements at the level of 1,5 mg/kg. At the same time, the presence of sulfur does not interfere with
the determination of chloride ions.

Thus, the procedure for determining IC in real crude oil samples using XRF detection is as
follows. 10 cm? of crude oil is placed into a separating funnel with a capacity of 250 cm?, followed
by the addition of 100 cm? of deionized water pre-heated to 90 °C. The mixture is then extracted
for 20 min under stirring, with the stopper being periodically opened. Then, drain the aqueous
phase and transfer it to a 250 cm?® separating funnel. Add hexane at a 2:1 ratio and extract for
10 min to remove any remaining oil residues. After the mixture separated into layers, the lower
(aqueous) layer was drained into a beaker. Leave 0,5 cm? of the aqueous layer in the separating
funnel to avoid transferring the hexane extract into the flask. Using a graduated cylinder, measure
50 cm?® of the extract and transfer it to a 100 cm?® flask. To concentrate chloride ions, 0,05 ¢m?
of a fine-grained anion-exchange resin suspension is added to the aqueous extract, followed by
stirring and holding for 10 min. Then, 0,05 cm?® of a fine-grained cation-exchange resin suspension
is added, and the mixture is stirred until flocculant formation. The resulting flocculant is then
filtered through a 20 mm disk («blue ribbony» filter paper) using a vacuum pump. The filtered
mixture of ion-exchange exchange resins on the paper disk is covered with a Mylar film for XRF
analysis, the surface is leveled, and the disk is placed into the sample chamber of the PANDA

spectrometer for XRF measurements.
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Fig. 4. XRF spectrum of ion-exchange resin sorbates with chloride ions from a crude oil water extract.
C - = 1,68 mg/kg

Table 2. Results of the comparative determination of inorganic chlorides in oil (P = 0,95, n = 2)

Ccl. £ 0, mg/kg Calculated t-value | Table t-value
Sample number
X-ray fluorescence method | lon chromatography
1 1,68 £ 0,25 2,3+0,5
0,9 4,3
2 1,55 + 0,31 0,94 + 0,31
1,43 £ 0,21 1,56 £ 0,24

Table 2 presents the analysis results for three crude oil samples. To assess the accuracy of the
obtained data, ion chromatography was used as independent method [6]. To test the equality of mean
values in two samples, Student’s t-test was calculated.

As can be seen from Table 2, satisfactory agreement is observed between the data on the
content of inorganic chlorides in oil obtained by X-ray fluorescence and ion chromatography. The
calculated t-test value was 0,9, which does not exceed the tabulated (critical) value at the 5 %

significance level.

Conclusion

The study was led to the first-ever development of a sorption-XRF procedure for determining
inorganic chlorides in crude oil with fine-dispersed ion exchangers. The algorithm for its
implementation involves the extraction of analytes from crude oil using deionized water, sorption
concentration of chloride ions from aqueous solutions, and the preparation of suspensions using

fine-grained ion-exchange resins AV-17-8 and KU-2—8 for XRF measurements on a PANDA-type
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spectrometer. These XRF spectrometers are highly reliable, do not require specially equipped
certified premises, and are exempt from radiation monitoring as well as from the need to obtain
special permits for their operation.

The XRF procedure was successfully tested on real crude oil samples. The accuracy of the
obtained results was confirmed by an independent method and statistical calculations of the t-test. The
proposed approach allows eliminating matrix effects of the hydrocarbon base, as well as the interfering
influence of organic chlorine-containing compounds and sulfur.

The obtained data allow us to recommend the developed procedure for use in general-purpose

laboratories, including educational institutions.
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Abstract. In this study, binary and ternary deep eutectic solvents (DESs) based on glycerol, urea, and
choline chloride were synthesized and studied to develop new environmentally friendly reagents for
enhanced oil recovery. Melting points were determined using the capillary method, phase diagrams
were constructed, and eutectic compositions were established for the binary systems: “glycerol — choline
chloride” “choline chloride — urea” and “glycerol — urea” A single eutectic point was identified for
each system, the temperature of which was significantly lower than the melting points of the individual
components. Based on the phase diagrams of the binary systems, a phase diagram was constructed
for the ternary system “glycerol — urea — choline chloride” and its eutectic point was determined. The
introduction of a third component was shown to further decrease the melting/freezing point compared to
the eutectic points in the binary systems. The effect of water on the properties of the eutectic composition
of the ternary DES system was studied. It was found that adding water as a fourth component results in a
lower pour point compared to the eutectic point of the ternary system. As a result of these studies, a new
alkaline oil-displacing composition based on surfactants and the ternary DES system with adjustable

physicochemical and rheological properties was developed for use in enhanced oil recovery technologies.

Keywords: deep eutectic solvent, choline chloride, glycerin, urea, phase diagram, surfactant, enhanced

oil recovery, alkaline oil-displacing composition, viscosity.
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Cunre3 u ¢ga3oBoe nopegeHne OMHAPHBIX

U TPOWHOM CHUCTEM ITy0OKHX IBTEKTHUYECKHX PACTBOPHUTEJIEH
HA OCHOBE IVIMLEPUHA, Kap0aMK1/Ia U XJIOPU/IA XOJIMHA

JJISI CO3JaHM A IKOJOTrHYeCKH YUCTOM

He( TeBbITECHAOIIEH KOMIIO3UIIUU

AJS YBEJIUICHU S He(l)TeOTIla‘ll/I IJjacroB

M. P. lllosmmponos*, JI. K. AntyHuna
Huemumym xumuu ne¢pmu CO PAH (MXH CO PAH)
Poccuiickas ®eoepayus, Tomck

AnHoTanusi. B paboTe cHHTE3MPOBaHbI M HCCIIEIOBaHbl OMHAPHBIE U TPOWHBIE TITyOOKHE 3BTEKTHUECKHE
pactBoputenu (I'DP) Ha ocHOBe ruieprHa, KapbaMuaa U XJIOPUIa XOJHUHA C IIeJIbI0 pa3padoTKu
HOBBIX 9KOJIOTMUECKH YUCTBIX PEareHTOB JIJIsl yBEIMYEHUS He()TEOTNauH MJI1acTOB. KammiispHbIM
METOJIOM OIIpe/IeICHbl TeMIIePaTy bl MIJIABJICHUS, IIOCTPOCHBI (Pa30BbIe JUATPAMMBI U YCTAHOBJICHBI
COCTaBBI BTEKTHK JJIsI OMHAPHBIX CHCTEM: TIULIEPHUH — XJIOPUJ XOJINHA», «XJIOPHU] XOJIWHA —
KapObaMuI» U «TIHLEPUH — KapOaMuay. [Tt Kayk 0l CHCTEMBI BBISIBJICHA O/THA 3BTEKTHYECKask TOUYKA,
TeMIepaTypa KOTOPOH 3HAUUTEIbHO HIKE TEMIIEPATYP IIABJIECHUS MHANBUAYaJIbHBIX KOMIIOHEHTOB.
Ha ocHoBe (ha30BbIX 1uarpaMm OMHAPHBIX CUCTEM IOCTpOeHa (ha3oBasi TuarpaMma TPOHHOH CHCTEMBI
«TIULEPUH — KapOaMHuJI — XJIOPH/L XOJIMHA», OIIpeesIeHa ee IBTeKTuYecKas Touka. [lokazaHo, 4To
BBE/ICHUE TPETHEr0 KOMIIOHEHTA IIPUBOJUT K JalIbHEHIIIEMY CHUKSHHUIO TEMIIEPATy Pl TIaBJICHUs1/
3aCTBIBAHMS 110 CPABHEHUIO C IBTEKTHUECKUMH TOUKaMH B OMHAPHBIX CHCTeMax. VccinenoBaHo BIMsTHAE
BOJIbI Ha CBOICTBA 3BTEKTUYECKOTO cOCTaBa TpoiHOM cuctemsl ['OP. YcTanoBneHO, uTo n06aBneHne
BOJIbI B KAYECTBE YETBEPTOr0 KOMIIOHEHTA NPUBOIUT K CHUIKEHHUIO TEMIIEPATYPhl 3aCThIBAHUS
10 CPAaBHEHUIO C 3BTEKTHMUECKON TOUKOM TPOWHOM cUCTEMBL. B pe3yibrare NpoBeICHHBIX UCCIIEN0BAHUI
Obu1a pazpaboTaHa HOBas IeJIOYHAs HeTeBbITECHIOMAs KOMIIo3unus Ha ocHoBe ITAB u Tpoiinoi
cucrembl [ DP ¢ perynupyeMbiMu GU3MKO-XUMHUUECKUMH U PEOJIOTMUECKMMH XapaKTePUCTUKAMU IS

IIPUMEHEHHUS B TEXHOJIOTHAX yBeJINYEeHUS HeTeoTaaum.
KuaroueBsbie cjioBa: riryOOKHi 9BTEKTHUYECKHI pAaCTBOPHUTEINb, XOJIMHA XJIOPH, TNINLEPUH, KapOaMHu /I,

(dazoBas quarpamma, [IAB, yBennueHrne HepTEOTAAUH IJIACTOB, IICJIOYHAS HEPTEBBITCCHSFOIIAS

KOMIIO3UIIU A, BA3KOCTD.
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Introduction

Increasing the oil recovery rate from depleted oil fields is one of the key challenges in global oil
production. Traditional methods of enhanced oil recovery are often unprofitable in reservoirs with
heavy and highly viscous oil and low permeability, which stimulates the search for new methods of
enhanced oil recovery (EOR).

Chemical methods of enhanced oil recovery, which involve injecting polymers, surfactants, alkalis,
or compounds based on them into the formation, are effective. However, they have disadvantages such
as high cost, toxicity, and negative impacts on equipment and the environment [1-5].

To address the problem of oil recovery from heavy, highly viscous oil reservoirs, common methods
include thermal, gas, and chemical reservoir stimulation. A special place is occupied by technologies
using oil-displacing compositions aimed at reducing the viscosity and modifying the structure of
heavy oil directly in the reservoir. However, the chemical reagents used in these methods often have
a number of drawbacks, including high cost, toxicity, poor biodegradability, and a tendency to form
stable water-in-oil emulsions.

In this context, deep eutectic solvents (DERSs) represent a new class of “green chemistry” functional
materials that are attracting the attention of scientific researchers. DERs are formed by mixing two or
more safe and inexpensive hydrogen bond acceptor and hydrogen bond donor components, resulting
in a significant reduction in the melting point of the mixture compared to the individual components
[6]. Due to their low volatility, non-toxicity, biodegradability, high stability at high temperatures and
salinity, and tunable properties, DERs find application in various fields of science, from catalysis to
petroleum engineering [7-15].

The aim of this study is to synthesize and study the phase behavior of binary DESs systems:
“choline chloride — glycerol”, “choline chloride — urea” and “urea — glycerol” as well as the ternary
DES system “choline chloride — glycerol — urea” to determine optimal compositions stable in the
liquid phase over a wide temperature range. Based on the obtained data, a concept for developing
environmentally friendly oil-displacing compositions based on these systems for depleted fields,

including those in the northern regions, is proposed.

Experimental

The synthesis was carried out by mixing the DES components in specified molar ratios. Choline
chloride (XX) (> 98 %, chemically pure) was pre-dried in a vacuum oven at 80 °C for 24 hours.
Glycerol (Gl) (= 99,5 %, chemically pure) and urea (U) (= 99 %, chemically pure) were used without
further purification. To obtain binary DESs of choline chloride — glycerol, choline chloride — urea, and
urea — glycerol, the mixture was placed in a round-bottomed flask and heated on a magnetic stirrer
with heating at 80 °C and constant stirring until a clear, homogeneous liquid was formed. The ternary
DES system of “glycerol — urea — choline chloride” was obtained in a similar manner, varying the

molar ratios of the components.
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To synthesize three new two-component DESs and one three-component DES system, chemically
pure substances were used: glycerin, urea, and choline chloride.

The solubility of the ternary system “glycerol — urea — choline chloride” was measured by
dissolving the DES in water until it precipitated, then maintaining the aqueous solution at a certain
temperature, separating the precipitate and determining the amount of dissolved substance.

The density of the composition solutions and formation fluids was determined using the
pycnometric method and an EASY D 40 density meter.

The determination of the pH values was carried out using a microprocessor laboratory pH meter
manufactured by HANNA Instruments.

Thermal analysis and determination of phase transition temperatures were performed using the
capillary method on a Stuart SMP 30 instrument in the temperature range from minus 70 °C to 150 °C
at a heating/cooling rate of 1 °C/min. For binary systems, a series of mixtures were studied with a
compositional increment of 10 mol.%. For the ternary system, isothermal diagrams were constructed

on a triangular diagram, examining the compositional network.

Results and Discussion

Fig. 1-3 show the fusibility diagrams of binary and ternary DES systems.

Fig. 1 shows the phase equilibrium diagram of the DES. It can be seen from the diagram that the
binary DES system “glycerol — choline chloride” is characterized by one eutectic point (the lowest
point of the solidus line, designated by the symbol “E”) (Fig. 1) with a melting/freezing point of minus
35,5 °C. The melting point of the mixture in the molar ratio of components C ;HgOs: C sH4CINO (60:
40 mol.%). is significantly lower than the melting points of the individual initial components of the
mixture (melting point glycerol — 17 °C, melting point choline chloride — 302 °C).

The presence of a single eutectic point and the absence of other extremes on the liquidus line

indicate the absence of formation of chemical compounds: the system exists as a mixture of components

T°C T°C
302
290 - 290
240 - 240
Liquid (L)
190 - 190
140 - 140
90 - 90
L+ sotia C;HgO4
40 - K+ wi CsHy CINO 40
17
-10 A -10
C 1 - D
~60 1 solid C3HgOs + solid eutectic (solid CsH 4 CINO + solid eutectic 60
0 10 20 30 40 50 60 70 80 90 100
C,H,0, Ratio, mol. %. CsH,,CINO

(L)

Fig. 1. Phase diagram of the fusibility of the binary system of DES “glycerol — choline chloride
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with donor-acceptor interactions. Points A and B on the ordinate axes of the phase diagram correspond
to the melting points of pure glycerol and choline chloride.

Changing the molar ratio of the components in the binary system “glycerol — choline chloride”
affects the melting point of the binary system. Below the curve AE of the phase diagram, there is a solid
phase of glycerol and a liquid melt of glycerol and choline chloride.

The ratio of “solid phase of glycerol” / “liquid melt of the binary system” changes from point A
(there is only a “solid phase of urea” (L + solid glycerol) to point E (there is only a “liquid melt of the
binary system”), along the curve AE there is an enrichment of the binary system of choline chloride.

Fig. 2 shows the phase diagram for the fusibility of a binary DES system based on glycerin
and urea. The binary DES system of glycerin and urea is characterized by a single eutectic point
without the formation of chemical compounds at a crystallization temperature of minus 26,8 °C for a
composition of 60 mol.% glycerin and 40 mol.% urea.

A study of the phase equilibrium of DES revealed that the urea-choline chloride binary system
is characterized by a single eutectic point (Fig. 3), which has a lower melting point than the individual
components. No formation of chemical compounds was observed. The melting point of DES with a
component ratio of 33 mol.% choline chloride and 67 mol.% urea is 12 °C.

One of the factors leading to a decrease in melting/freezing temperature is the formation of
intermolecular hydrogen bonds via the donor-acceptor mechanism. A study of the phase diagrams
showed that all three binary systems studied are DESs.

In the “glycerol — urea” (Fig. 4a) and “glycerol — choline chloride” (Fig. 4b) systems, glycerol acts
as a hydrogen bond donor, while urea and choline chloride act as hydrogen bond acceptors. However,
in the “urea — choline chloride” binary system, the nature of the interaction reverses: choline chloride
serves as an acceptor, while urea acts as a hydrogen bond donor. This donor—acceptor interaction
results in the formation of molecular complexes in all systems (Fig. 4).

The results of a study of a ternary DES system based on glycerol, urea, and choline chloride

showed that the addition of urea to the binary system “glycerol — choline chloride™ led to the formation

160°5C T"G60
140 1325, 140
120 - - 120
100 1 Liquid (L) 100
80 - )
60 - )
40 - 40

- 20

L+ solid CHO,
177 L+ solid (NH,),CO
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/\\J/
-20 - - =20

C | . D
40 4 T + F -
40 1 Solid CyH O, + solid | (NH,),CO + solid 40
. eutectic
60 - eutectic | L _60
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C3H;30; Ratio, mol. %. (NH,),CO

Fig. 2. Phase diagram of the fusibility of the binary system of DES “glycerin — urea”
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Fig. 4. Scheme of donor-acceptor interaction: a) glycerol and urea; and b) glycerol and choline chloride

of a new eutectic point and a decrease in the melting/freezing point of the eutectic compositions. The
addition of glycerol to the binary DES system “urea — choline chloride” also reduced the crystallization

temperature at which the system remains a liquid. A large “core” of compositions that demonstrated
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glass transition upon cooling without signs of crystallization was identified in the triangular diagram,
which is a valuable property for practical applications under variable temperature conditions (Fig. 5).
The melting/freezing point for the eutectic composition of 34,5 mol% glycerol, 50,5 mol% urea, and
15,0 mol% choline chloride was minus 49,1 °C.

In the ternary system “glycerol — urea — choline chloride”, choline chloride acts as an acceptor of
hydrogen bonds in relation to the donors — urea and glycerol (Fig. 6).

Thus, the key advantage of the tertiary DES system of glycerol, urea, and choline chloride is
the ability to control the melting point, which enables the production of liquid commercial forms of

oil-displacing compositions. Studies of the phase diagrams of binary and ternary DES systems have
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Fig. 5. a) Spatial phase diagram and b) Phase diagram of the ternary DES system “glycerol — urea — choline
chloride”
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Fig. 6. Scheme of donor-acceptor interaction of DES components based on glycerin, urea and choline chloride
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shown that they can be used to develop a liquid commercial form of an oil-displacing composition for
enhanced oil recovery.

The choice of commercial forms for oil-displacing compositions is particularly important for
oil recovery in northern regions. The availability of low-freezing liquid commercial forms (LCF) of
composition concentrates solves critical logistics and storage issues. LCF concentrates can be stored in
standard tanks, eliminating the need for expensive specialized tanks with heating systems. This allows
for the transportation and storage of oil-displacing composition concentrates over a wide temperature
range. Furthermore, the finished liquid commercial form of the oil-displacing composition, in concentrate
form, readily dissolves in water directly at the field site, eliminating the need for high-tech heating and
dissolution equipment, thereby eliminating the risk of freezing and additional energy costs.

A study of the phase equilibrium diagrams of ternary DES systems and water revealed that the
pour point of aqueous solutions decreases depending on the concentration of the ternary DES systems.
New eutectic points are also observed. The pour point of these compositions is lower than that of the
eutectic compositions of ternary DES systems, and for the quaternary DES system “glycerin — urea —
choline chloride — water” it is minus 56 °C (Fig. 7). This quaternary DES system could be used to
develop a liquid commercial form of an oil-displacing composition for enhancing oil recovery at fields
in northern regions and the Arctic.

A eutectic composition of the ternary DES system was chosen as the basis for creating a new oil-
displacing composition. To prepare working solutions, these eutectic compositions were dissolved in
water and a surfactant was added.

During the study, a comprehensive study was conducted on the physicochemical properties of
the resulting aqueous solutions of the ternary DES system. The primary focus was on studying the

dependence of the pour point on concentration, as well as determining the hydrogen ion exchange ratio
(pH) (Fig. 8).
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Fig. 7. Phase equilibrium diagram of the quaternary system “DES “glycerol — urea — choline chloride” — water”
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Fig. 8. Change in pH after thermostatting the solution of the triple DES system “glycerin —urea — choline chloride”
at different temperatures

For the quadruple system “DES “glycerin — urea — choline chloride” — water” at low temperatures,
aneutral environment is characteristic, the pH of which is in the range from 6,0 to 7,0 pH units (Fig. 8).

When the temperature is raised to 90 and 150 °C and the aqueous solution of the “glycerol — urea —
choline chloride” ternary system is held for up to 6 hours, the pH increases to a range of 9,0—10,0 units
(Fig. 8). This is due to the fact that after increasing the temperature above 70 °C, the urea, which is part
of the DES ternary systems, hydrolyzes to form carbon dioxide (CO,) and an ammonia buffer system.

The use of an alkaline oil-displacing composition based on ternary DES systems leads to the
formation of carbon dioxide and an ammonia buffer system directly in the formation under the influence
of formation temperature.

The system’s maximum buffering capacity is achieved in the pH range of 9,0-10,0 pH units,
creating optimal conditions for surfactant action. This helps reduce interfacial tension and liquefy
highly viscous layers or films at the oil-water-rock interface. Dissolution of CO, under reservoir
conditions leads to a 2—6-fold reduction in oil viscosity, significantly increasing oil recovery. This
property was used in the development of an alkaline oil-displacing system based on eutectic mixtures
of the ternary DES system.

The composition’s effects result in a decrease in oil viscosity, reduced interfacial tension and
clay swelling, and increased formation fluid mobility. This, in turn, contributes to an increase in oil
displacement efficiency and a reduction in residual oil saturation, making the production process more
efficient. The compositions are classic Newtonian fluids, meaning the stress-shear rate relationship is
linear, and the viscosity of the solutions is independent of shear rate (Fig. 9).

As a result of the study of the rheological and physicochemical characteristics of the composition,
it was shown that it is characterized by an adjustable viscosity of up to 551,96 mPas and a density of
up to 1,2333 (Table 1).

Conclusion

In this study, binary and ternary systems of deep eutectic solvents based on choline chloride,
glycerol, and urea were synthesized and characterized. Their phase diagrams were constructed using
the capillary method, enabling the identification of compositions stable in the liquid state over a wide
temperature range. It was established that the ternary system exhibits increased stability compared

to binary systems. The lowest melting point is characteristic of the quaternary DES system based
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Fig. 9. Rheological flow curves and viscosity dependence of solutions of alkaline oil-displacing composition

Table 1. Results of studies of the physicochemical and rheological characteristics of the composition

Composition Freezing point, °C Density, g/cm? Viscosity, mPa's  Hydrogen index, pH

“glycerin — urea —

choline chloride” down to minus 58 up to 1,2333 up to 551,96 6,45

on choline chloride, glycerol, urea, and water. The melting/freezing point for the DES composition
“glycerol — urea — choline chloride — water” was minus 56,0 °C.

The decrease in the melting/crystallization temperature of DES is explained by intermolecular
forces and self-association during donor-acceptor interactions between the components, which leads
to a decrease in the lattice energy between the DES components with the destruction of the solid
crystalline structures of the DES components. This means that melting molecular complexes requires
less energy than melting the individual starting components. Furthermore, the destruction of the
crystalline structure of the DES components in eutectic compositions can also lead to changes in their
physicochemical and rheological properties.

Thus, their properties can be easily adapted for various purposes. As a result of the research,
a new alkaline oil-displacing composition based on surfactants and a ternary DES system with
adjustable physicochemical and rheological properties was developed for use in enhanced oil recovery
technologies.

This work (research, scientific work) was supported by the Ministry of Science and Higher
Education of the Russian Federation (Registration Number 126012716057—6).
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Abstract. This work studied the composition of products from the catalytic cracking of plastic waste
mixtures consisting of polyethylene (low and high density), polypropylene, polystyrene, and polyethylene
terephthalate in the presence of various zeolites. The introduction of zeolites significantly affects the
distribution of gaseous and liquid products, as well as the nature of the resulting hydrocarbons. It
was shown that with a total yield of liquid products of 79-83 % wt., their fractional and hydrocarbon
composition significantly depends on the nature of the catalyst. Zeolites contribute to an increase in the
yield of light fractions (up to 360 °C) compared to thermal cracking, providing an increase of up to 8.6 %
by weight and shifting the distribution towards gasoline components. The yield of gaseous products
during the catalytic cracking of plastic waste varies between 7.1-16.6 % wt. The most pronounced
formation of gaseous products and light hydrocarbons is observed when using a zeolite with the highest
concentration of acidic centers and moderate specific surface area. At the same time, a zeolite with a
more developed surface and larger pores contributes to the yield of heavier fractions and reduces the

share of light products.
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KaranuTuuyeckunii KpeKMHI cMecell NMJIACTUKOBBIX 0TX0/10B:

BJIMSIHNE XaPAKTEPUCTHK LE0JMTOB HA COCTAB NMPOAYKTOB

Y.A. ®poaosa, H. H. CBupuaenko,

X.X. Ypa3os, A. A. Bocmepukos

Huemumym xumuu negpmu Cubupckoeo omoenenuss PAH
Poccuiickas ®eoepayus, Tomck

AnHOTanus. B nanHo# paboTe OBLIT M3y4YeH COCTaB MPOJYKTOB KaTaIUTHUECKOr0 KPEKHHTa cMecei
IUTACTUKOBBIX OTXO/IOB, COCTOSAIINX U3 MOIUATHIICHA (HU3KOH U BRICOKOHN MIIOTHOCTH), TIOJTUIPOIHIICHA,
MOJTMCTUPOIIA ¥ OJIMATHIICHTEpedTaaTa, B IPUCYTCTBUN Pa3IMYHBIX IIEOJUTOB. BBeneHNe 1e0ITOB
CYILECTBEHHO BIHUAET HA PacIpe/ielIeHne ra3000pa3HbIX 1 )KUIKUX MPOAYKTOB, a TAK)KE Ha XapaKTep
oOpasyromuxcs yrieBoaopoaos. [loka3aHo, 9To mpu o0IIeM BEIXO/E JKUAKIX TPOAyKToB 79—83 % mac. ux
(paKIMOHHBIN U yTIIEBOIOPOJHBII COCTAB CYLIECTBEHHO 3aBUCUT OT PUPOBI KaTanu3aropa. Lleonuter
CIIOCOOCTBYIOT YBeNMUeHHUIO Bbixoza cBeTbix (pakuuit (HK-360 °C) 1o cpaBHEHHUIO C TEPMOKPEKHUHIOM,
obecrnieunBas X IPUPOCT 10 8,6 % Mac. U CMelIeHHEe PACIPEACIICHUS B CTOPOHY OCH3MHOBBIX
KOMITOHEHTOB. BBIX0/1 Ta3000pa3HbIX MPOAYKTOB MPH KATATUTHYECKOM KPEKHHI'€ TIITaCTUKOBBIX
OTXOJIOB BapbHpyeTcs B npenenax 7,1-16,6 % mac. Hanbosnee BeipaskeHHOE 00pa3oBaHKe ra3000pa3HbIX
MPOAYKTOB 1 JIETKHUX YTJIEBOJOPOAOB HAOIIONACTCS IPH MCIIOIb30BaHUH IEOJINTA C MAKCHMAJIbHOH
KOHUEHTPALMEH KUCIOTHBIX LICHTPOB U YMEPEHHOH YAEJIBbHON IOBEPXHOCTHIO. B TO 7x€ BpeMs LieosuT,
oOanatontuii 0osiee pa3BUTON NOBEPXHOCTHIO M KPYTHBIMH ITOPAMH, CIIOCOOCTBYET BBIXOAY OoJee

TSOKENBIX PPaKIUil U CHUKEHHUIO IOJU CBETIIBIX MPOJYKTOB.

KuroueBble ¢J10Ba: MIIACTUK, OTXO/bI, OCH3MH, TU3CITHbHOE TOILIMBO, ra3bl, TPAHC(HOPMALIHSI.

Buaaromapuoctu. VccnenoBanue BBINOIHEHO 3a cueT rpanTta Poccuiickoro HayuHoro ¢onna Ne 24—
73—00058, https://rscf.ru/project/24—73—00058/.

Hurtuposanue: ®ponosa Y. A., Cupuaenko H. H., Ypaszos X. X., BocmepukoB A. A. Karanutuueckuii KpeKHHT cMeceit
MJIACTHKOBBIX OTXOJIOB: BIMSIHHE XapaKTEPUCTHK LIEOJUTOB Ha cocTaB NponyKToB. JXKypH. Cub. denep. yu-ra. Xumus, 2026,
19(2). C. 441-450. EDN: TGRLOL

BBenenne

Poct norpebienus miacTMace B 1i00aibHOM MacuiTade NpuBEl K 3HAYUTEIbHOMY YBEITHUCHHIO
HAKOIJICHUSI TUIACTUKOBBIX OTXOJI0B, KOTOPBIE IJIOXO MOAAATCS TPASHIIMOHHBIM METOIAM Y THIIH-
3anuu [1]. [Tpu aTOM exeronHoe 0Opa3zoBaHuUe MJIACTUKOBBIX OTXO/O0B IPOIOJIKAET pacTH [2], uTo
JefaeT aKTyaJbHBIM Pa3BUTHE XMMUYECKUX METOIOB IepepabOTKH, CIOCOOHBIX MPEBPAILATh TAKUE
OTXO/Ibl B MOJIE3HBIE YTIIEBOIOPOHBIC MPOAYKTHI U CHIPHE [J151 HEPTEXUMUUYECKON MTPOMBILIICHHO-
cTH. TepMUUYeCKH U KaTAIMTHYECKUI KPEKUHT PACCMATPUBACTCSI KaK MEPCIeKTHBHAS aJIbTepHATHBA
TPAaAUIIUOHHBIM IOAXO0AaM, ITOCKOJIBKY MMO3BOJIACT pa3pyliaTh JJIMHHBIC MAKPOMOJICKYJIBI TIOJIMMEPOB

1 TIosTy4aTh OoJiee JIETKUE yIIIeBOJOPO/IbI C KOHTPOJIUPYEMBIMH XapaKTepUCTUKAMH [3, 4].
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TepMuyeckuii KPEKUHT IMJIACTUKOBBIX OTXO/OB MPEACTABISET COOOM NECTPYKIIMIO TOJUMEPOB
IIPU BBICOKUX TEMIIEpaTypax ¢ 00pa3oBaHUEM ra3000pa3HbBIX, KUJKUX U TBEPIBIX MPOAYKTOB [5—9].
BaxHoit mpo0aeMoil pu MPUMEHEHUH TEPMHYECKHX IMPOLECCOB K CMECSIM IIACTUKOBBIX OTXOJO0B
SIBJISICTCSL CJIIOKHOCTH YIIPABICHUS MYTSAMHU PEaKIUN M3-32 PA3IMYHON CTPYKTYPHI U TEPMHICCKOM
CTaOMIIBHOCTH KOMIIOHEHTOB, Takux Kak nonudtuieH (PE), nonmunponunen (PP), momuctupon (PS)
u nonmtunearepedranar (PET), u cHIKeHNE CENEKTUBHOCTH MO MEJICBBIM TOTLUTHBHBIM (PpaKIIHsIM
OTpaHMYMBAET €ro MpakTudeckoe npumenenue [10].

B mocnenHue TONBI aKTUBHO Pa3BUBAIOTCS MCCICIOBAHUS B OOJACTH KATaIUTUYECKOTO TEPMO-
32 ¥ KPEKMHTa TOJIMMEPHBIX OTXOJ0B C MCHONb30BAaHUEM PA3TMYHBIX THIIOB KaTalu3aTOpoB. Tak,
B paborax [11-13] mokaszaHo, yTo mpuMeHeHHe LeonnToB (Harpumep, HZSM-5, HY) n me3onopucThix
MmatepuaiioB (MCM-41) mo3BosisieT CyImecTBEHHO MOBBICUTH BBIXOJ JIETKUX YTJIEBOIOPOJIOB U apOMATH-
YECKMX COCMUHCHHUN 32 CYET KUCIOTHBIX IEHTPOB U PAa3BUTON IMOPUCTOM CTPYKTYPHI KaTaIH3aTOPOB.
B gactHOCTH, B pabote [11] mpoaeMOHCTpUPOBAHO YBEIUUYECHHE BBIX0O/Ia APOMATUUECKUX COSTMHEHUI
MIPH UCTIONIb30BaHUM neonuta HZSM-5, ogHako oTMeuaeTcs ObICTpOe Ae3aKTHBHPOBAHNE KATaJIA3aTO-
pa BcliencTBue KOKkcooOpaszoBanus. B uccnenoBanuu [12] mokazaHo, 4T0 ME30MOPUCTHIE KaTalln3aTo-
PBI 00ECIIeUynBaIOT YIIyUIIeHHY0 Au(dy3u0 MaKpOMOJIEKYI, HO 001alal0T MEHBIICH KUCIOTHOCTEHIO
U, KaK CJeACTBHE, 0ojiee HU3KOM CEeJIeKTUBHOCTHIO K apOMaTHUYECKHUM yTieBogoponaM. B pabore [13]
paccMOTpeH KaTATHTUICCKIA KPEeKIUHT CMEIIAaHHBIX TUTACTHKOBEIX OTXOJI0OB, OIHAKO BIUSHUE TEKCTY P-
HBIX XapaKTePUCTUK KaTaJIn3aTopa Ha pacpeaeeHne IPOIyKTOB OCTaETCA HEOCTATOUHO N3y YEHHBIM.

TakuMm 00pa3oM, HECMOTpPSI Ha 3HAYUTEIBHBIC JOCTHIKCHHS B 00JACTH KaTaJIHUTHYECKOTO Kpe-
KMHTa TIOJIMMEPHBIX OTXOJOB, OCTAIOTCA HEPEIIEHHBIMH BOINPOCHI, CBA3AHHBIC C YCTAaHOBJICHH-
€M B3aMMOCBSI3H MEKIY TEKCTYPHBIMHU XapaKTePUCTHKAMU U CEJICKTUBHOCTHIO TporeccoB. Cpenu
MHOYKECTBa THUIIOB KaTalln3aTOpPOB 0c000e BHUMAaHUE YAETACTCS LIEOINUTaM, 00JagarolliM BEICOKON
YICTHHOH MOBEPXHOCTHIO, IOPUCTOM CTPYKTYPOH M KHCIOTHBIMHU CBOMICTBaAMU, KOTOPBIE CIIOCOOCTBY-
I0T yCKOpeHHIo peakiuii pazpbiBa C—C-cBsizeil 1 00pa30BaHUIO JEFKUX YIIeBOAOPOAOB [14].

MexaHu3MBl KaTaJTUTHYECKOTO KPEKHWHTa IUIACTMACC BKIFOYAIOT CIOKHYIO CETh PEaKIHi, MpH
9TOM CTPYKTYpa U KHCIOTHOCTH IIEOJIUTOB HUIPAIOT KIJIIOYEBYIO PONb B HAINIPABJICHHH 3TUX peakLuit
U pacrpeaenaeHuu npoayktoB [15]. Kpome Toro, TekcTypHbIe CBOMCTBA KaTaIu3aTOPOB — yAEIbHAs M0-
BEPXHOCTB, pa3Mep U pacipeieieHue Mop — CyIECTBEHHO BIHSIIOT Ha 3P()EKTUBHOCTh KaTAINTHYECKO-
ro pasnoxeHus [16]. Karanutudyeckre cHCTEMBI HA OCHOBE I[COJIUTOB CIIOCOOHBI HE TOJIBKO CHI)KATh
SHEpreTUYecKue Oapbepbl, HO U M3MEHITh MEXaHU3Mbl (OPMHUPOBAHKS aPOMATHUYECKUX COCANHEHUI
1 01e(PMHOB, YTO OTKPBIBACT IIYTh K OOJIee [eIeHATPaBICHHOMY TIOTYUYCHHIO IICHHBIX TPOIYKTOB. DTO
HampaBJeHue TpeOyeT AaTbHEHIITNX UCCICIOBAHHI C IENBIO TIOBBIIIICHHUS BBIX0O/1A [IEHHBIX MPOIYKTOB,
COKpAIIICHUS JHEPreTHUSCKUX 3aTpaT U MUHUMU3AINH HETaTUBHOTO BO3JICHCTBHUS HA OKPYIKAIOIIYIO
cpeny. B cBsi3u ¢ 3THM, Lienb AaHHOH pabOThl — YCTAHOBICHUE BIIMSHUSI XapPaKTEPUCTUK LIEOJIMTOB

Ha COCTAaB NNOJIy4YaceMbIX ITPOAYKTOB KaTAJIUTUYICCKOI'O KPEKUHI'A IIJIACTUKOBBIX OTXOO0B.

JKcHepuMeHTAIbHAS YaCcTh

Memoouka sxcnepumenma

B kauecTBe 00BEKTA HCCIIENOBAHMSI UCIIOB30BAIK cMech monumporiieHa (PP), nonustuneHa
uu3koii (LDPE) u Beicokoii miotHoct (HDPE), nonuatuientepedranara (PET) u momuctuposna (PS)

B COOTHOIIICHUH, TIpeCTaBICHHOM B Tabm. 1 [1, 7, 17, 18, 19].
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Tabuuna 1. CocTaB cMeCH IIACTUKOBLIX OTXO0J0B

Table 1. Composition of the plastic waste mixture

Tun nnacTuka HDPE LDPE PET PP PS

Conepxanue, % Mac. 22,8 25,1 12,7 31,6 7.8

Tabnumna 2. TekcTypHBIE ¥ KUCIIOTHBIE XapaKTePUCTUKH IICOJIUTOB

Table 2. Textural and acidic characteristics of zeolites

Ieonut Ilnomans noBepxHOCTH Cunukatseiii | Pasmep mop, | KoHumeHTpamus KHCIOTHBIX
no BOT (M?/1) MOIYJIb HM LEHTPOB, MKMOJIB/T
Ne 1 314 100 1.9 751
Ne 2 393 40 2,6 1075
Ne 3 874 5 7.4 929

KpeKkuHr cMecH TpOBOIMIIA B aBTOKJIaBe 00beMoM 12 ¢m® ipu Temneparype 475 °C, mpomomku-
TEJIBHOCTHU SKCIEPUMEHTa 5 MUHYT U ckopocT Harpesa 40 °C/muH [18, 19]. B xauecTBe karanauszaro-
POB HCHOJIB30BAIN PA3IUYHbIC [IEOJINThI, XapaKTEPUCTUKH KOTOPBIX MPEICTaBICHBI B Ta0. 2.

Beixoz rasa omnpenesnsuin 1o moTepe Macchl peakTopa Mociie y1ajleHus ra3000pa3HbIX IPOIyKTOB
(myTeMm B3BEIIMBaHMS peakTopa A0 U nocie). Kuakue mpoayKThl cOOMpaau, peakTop MPOMbBIBATH
xJjopodopMoM 1 B3BeIIMBaIH. PazHuIia B Macce peakTopa A0 U Iocje pacCMaTpHUBAJIACH, 3@ BEIYETOM
MAaccChl 3arpyKaeMoro KaTajau3aTopa, Kak TBEPAbIH MPOAYKT (KOKC).

@DpakIHOHHBIN COCTAB JKUIKNUX MPOIYKTOB KPEKHHTA OIPEEIIsIICS KOCBEHHBIM METOJIOM Ty TEM
pacueTa Ha OCHOBAHHMH OIPECIICHUS NHINBUIYaTIbHOTO YTIEBOAOPOIHOTO COCTaBa METOOM ra30X-
pomarorpau9IecKoro aHaln3a ¢ IIaMeHHO-HOHU3aHOHHBIM geTekTopoM (I'X-TIN ). Aramus3 mpo-
BojwiM Ha xpomatorpade «Kpucrami-2000M», ocHamEHHOM KBaplieBOH KamHJIJISPHOW KOJIOHKOM
JUTMHOM 25 M 1 BHYTpeHHUM quamerpom 0,22 MM co crannonapHoit ¢azoit SE-54; raz-Hocurens — re-
auit. B xpomarorpad BBOAMIIN KHUJIKHE NPOAYKTbI KPEKHUHTA (TEPMOJIM3HOE MACIIO), IPEIBapUTEIb-
HO OT/EJNEHHBIC OT TBEPAOro OCTaTKa M BOAHOH (has3bl M MOABEPTHYTHIE (QUIBTPALMU. XpOMaTOIpa-
(upoBaHHe OCYIECTBIISIIM TIPU JIMHEWHOM MOBBILICHUH TEMIEpPATypbl TEPMOCTaTa KOJOHKU OT 40
110 290 °C co ckopoctbio 15 °C/MuH. neHTHHUKAINI0 KOMIIOHEHTOB ITPOBOAMIIN [0 BpEMEHaM yep-
JKMBaHMS H—aJIKaHOB C UCIOIb30BaHUEM KannopoBouHoi cMecu Cg—Cyg (Sigma—Aldrich), uto mo3so-
JIWJIO OTIPENICNIUTD pacIpe/ielieHne H—aJKaHOB B aHAJIN3UPYeMbIX oOpa3nax. OueHky (GppaxinoHHOTO
COCTaBa OCYIIECTBIISIN PacCUETHBIM MTyTEM Ha OCHOBE COIIOCTABIEHUS BPEeMEH YACPKUBAHUS C MH-
TepBaJIaMH TEMIIEPATyp KUIIEHHU s, yCTAHOBJICHHBIMH 110 CTAaHIAPTHOI CMecH H—allkaHoB. Paznenenne
Ha 6ensunoByto (HK-200 °C) u guzenpuyto (200-360 °C) dbpakiuu MpoOBOAMIH IO COOTBETCTBYIO-
LM AUANa30HaM BPEMEH YAep)KUBaHUS.

Omnpenenenue yriaeBoJOPOAHOTO COCTaBa ra3000pa3HbIX MIPOAYKTOB KPEKUHTA IPOBOAMIIHN C ITO-
MOIIBIO Ta3oxpomarorpaduueckoro merona Ha xpomarorpade «Kpucrami-5000» cormacao 'OCT
31371.3-2008. leTekTupoBaHUE BOAOPOJA, KUCIOPOJA U a30Ta MPOBOJAUIIOCH HA KOJIOHKE, HAIOJI-

HeHHOU MojeKkynsapHbiME cutaMu NaX (ppakmms 80—100 memr., juinmHAa KOJIOHKH 3 M, BHYTPEHHUN
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nuameTp 2 MMm). CkopocTh raza-uocurtens (aprod) — 30 mu/mun. Pasaenenue yriesompopono Ci—Cg
MIPOBEJICHO Ha KOJIOHKE, HATIOJTHEHHOH monumMepHbiM copOeHToM Porapak R (ppakmus 80—100 merr.,
JUIMHA KOJIOHKU 3 M, BHYTpeHHHH aumameTp 2 MM). CKOpOCTh ra3a-HOCHTENs (Tennii) cocTaBisia
30 mur/mMuH.

CopeprkaHue HENpeIeNbHBIX YTICBOAOPOIOB ONMPEAEIIAIN METOIOM HOMHOTO YHCIa COTIACHO
I'OCT 2070-82. XKunkuii mpoayKT 00padaThIBaICs CIUPTOBBIM PACTBOPOM HO/1a, MOCIIE 3aBEPIICHHS
peakiuu n30bITOK HO/a, He BCTYNHMBIIUI B PEAKIMIO, TUTPYETCSl paCTBOPOM THOCYJIb(ara HaTpHs
B IPUCYTCTBUU Kpaxmasia (MHIANKATOp). MaccoByI0 1010 HEIPEACTbHBIX YTIEBOJOPOJIOB OIIpEIes-
0T 110 HOMHOMY YHCITY U CPEIHCH MOJICKYJISIPHOM MacCe UCIBITYEMOIr0 HEPTEIPOIyKTa.

KHCI0THOCTD TOBEPXHOCTH LIEOIUTOB ONPEACISIIM METOIOM TEPMOIPOTrpaMMHUPYEMOH 1iecopo-
UY aMMHaKa. DKCIIEPUMEHTBHI 110 TEMIIEPaTy pPHO-IIPOrpaMMHUPOBaHHOM JiecopOrnu ammuaka (TT1]—
NH3) npoBoaru ¢ momorisio mpubdopa Autosorb-1-C/TCD (Quantachrome Instruments, CIIIA) 060-
PYJOBaHHOTO JCTEKTOPOM IO TeIutonpoBogHocTH. HaBecky oOpasiia neosurta (0,5 r) mpokaauBain
B ITIOTOKE KHUcopona npu Temrneparype 550 °C B Teuenne 3 4acoB, 3aTeM o0Opaser] OXJIaxkaalu B T0-
Toke uHepTHOro rasa no 100 °C, mocne yero mpoBOaKIIN aACOPOLINI0O aMMUaKa B IPOTOYHOM PEXKH-
Me B TedeHne 10 MunyT. PU3NUECKH ajcOpOMPOBAaHHBINA aMMHUAK YAAJSIN BaKYyMHUPOBAaHUEM IIPH
TOH ke TeMrepaType B TeueHue 2 yacoB. Curnainsl TI1J] 3anuceiBanuch B TeMIepaTypHOM HHTEpBale

ot 100 no 550 °C npu ckopoctu Harpesa 10 °C/MuH B motoke renus (36 Mir/MuR).

Pe3yabTaThl U HX 00CyKIeHHE

Kak BujHO 13 maHHBIX Ta0d. 3, ¢ 100ABKON Ka)KI0TO UCCIETYEMOT0 IIE0TUTa YCUIIUBAETCS KOK-
cooOpasoBanne. C yBENTHYCHHEM KOJIMYECTBAa KaTaJIU3aTOpa BBIXOJ KOKCA MPOXOIHUT Yepe3 MHUHH-
MyM — aist katanuzatopa Ne 1-0,5 %, mmst Ne 2—0,5 u 1,5 % u g Ne 3—0,5 % wmac. B 1o ke Bpemst
MaKCHMAaIIbHBIA BBIXOJ] KOKCA IS BCEX MCCICIYEMbBIX KaTaIn3aTOpOB HAOII0AaeTCs IPH KOJIHYECTBE
karanu3aropa 2,0 % mac. u cocrasuser 10,4-10,8 % mac. [{is o6pasios neosnta Ne 1 u Ne 2 BbIxon
ra3000pa3HbIX IPOAYKTOB IIPOXOIUT Yepe3 MUHUMYM H MaKCHMYM, HO Bcera npeBbimaet 10 % mac.
Boixoa ra3000pa3HbeIX MpOAYKTOB s 1eonuta Ne 3 u3zMeHsieTcst pe3ko, Tak npu pobaske 0,25 %
KaTaJm3aTopa BBIXOJ ra3a cHikaercs ¢ 15,4 no 8,0 % mac. Jlanee HabmrogaeTcst poct rasa a0 16,2 %
¢ yBennueHueM 100aBku karainusaropa 10 1,0 % u manee camkaercs 10 7,1 % mac. Bbxom ®uIKHX
MPOAYKTOB IIJISI BCEX KAaTalM3aTOPOB B CPeIHEM cocTaBiisieT 79-83 % mac., 4To Ha YPOBHE TEpMO-
KPEKHUHTra.

HecMmoTpst Ha HE3HAYHUTEIBHBIC OTIIMYHS B BRIXOJE KUIKUX MPOJYKTOB COACPKAHUE CBETIBIX
¢bpakiuii u3amensiercst 3HaduteapHo (puc. 1). Jlnst neonutoB Ne 1 u Ne 2 HabOmrogaeTcs yBeanue-
HHE BBIXOJ]a CBETIBIX ()PAKIHUI IO CPAaBHEHUIO C TEPMUUYCCKUM KPEKHUHTOM Tpu nobasienun 0,25
u 1,0 % mac. Haubonpmuii npupoct cBemibix Gppakiuii npu godasnenun 0,25 % Ne 1 u Ne 2 u co-
craBiusieT 8,1 u 8,6 % mac. COOTBETCTBEHHO. DTO 00YCIJIOBICHO 3HAYUTEIBHON AECTPYyKIUEH KOM-
MOHEHTOB, BhIKUMatOMuX Bbile 360 °C, 4T0 MPUBOAUT HE TOJIBKO K YBEIMUYECHHUIO BBIX0/IA CBETIBIX
(pakmuii, HO U KaK OMHCHIBAJIIOCH BBIIIE, TOOOYHBIX MPOAYKTOB. CTOUT MPHU 3TOM OTMETHUTH, YTO
1eouTsl Ne 1 1 2 criocoOCTBYIOT U3MEHEHHIO COOTHOIICHU ST OCH3UHOBBIX U AU3EIbHBIX (PpaKIluii,
C IBYKpaTHBIM IIpeolIagaHueM OCH3WHA B COCTABE KUIKUX MPOIYKTOB KpeKUHTa. Vcronbp3oBaHue
Oosbiiero konudectna neoqutToB No 1 u Ne 2 mpuBOIUT K 3aMEUICHUIO peaklMil KPeKUHTa, YTO

BUAHO MO CHUKCHUIO NCCTPYKIHUHU BBICOKOKHITAIINX KOMIIOHCHTOB. HpI/I HCIIOJIB30BaHWH IICOJIUTA
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Tabauua 3. Berxo mpoyKTOB KPEKHHIa CMECH IUIAaCTUKOBBIX OTXO/I0B B IPUCYTCTBUU KaTaIM3aTOPOB

Table 3. Yield of cracking products of a mixture of plastic waste in the presence of catalysts

Ileomut Copepxanue, % mac

Ileomut KIT Ta3 Kokc

0,25 80,8 13,3 5,9

N1 0,50 83,4 12,9 3,7
B 1,0 81,9 12,9 5,2
1,5 84,4 10,1 5,5

2,0 75,2 14,0 10,8

0,0 82,0 15,4 2,6

0,25 80,0 12,9 71

No2 0,50 79,4 16,3 4,3
B 1,0 81,1 12,6 6,3
1,5 85,7 10,0 43

2,0 73,0 16,6 10,4

0,0 82,0 15,4 2,6

0,25 82,8 8,0 9,2

No3 0,50 82,2 15,1 2,7
) 1,0 79,1 16,2 4,7
1,5 82,2 8,3 9,5

2,0 82,4 7,1 10,5

Ne 3 BeIXO[1 CBETIIBIX (hpakiuii, BRIKHIAMUX 10 360 °C MeHbIIIe, YeM [TPU TEPMOKPEKHHIC B CPE/-
HeM Ha 1-5 % wmac., 3a uckiroueHueM npumenenus 2.0 % mac. neoauta Ne 3, rae BbIXOJ LIEJIEBBIX
MPOAYKTOB cocTaBisieT 55,3 % mac. B aTom axcriepuMeHTe 0TMEYaeTCsi MUHUMAJIbHOE KOJTNYECTBO
O6eH3nHOBBIX (ppakuuii 13,8 % Mac. 1 MaKCUMaJIBHOE KOJIMYECTBO BBICOKOKHUITAIINX (Gpakiuii (>360
°C) — 27,1 % wmac. Takoe pacnpeneseHre MPOAYKTOB CBI3aHO C TEKCTYPHBIMH XapaKTEPUCTHUKAMU
neosnta Ne 3. Bosee BrIcOKast yaebHasl TOBEPXHOCTH M YBEIIMYCHHBIA pa3Mep Mop M0 CPaBHCHHIO
c neonutamu Ne 1 1 Ne 2 criocoOCTBYIOT OBICTPOIt AU PY3UH TPOMEIKYTOUHBIX ITPOAYKTOB U UX Jie-
COpOIUH C TIOBEPXHOCTH KaTaIH3aTOPa, YTO OTPAHHYHUBACT IPOTCKAHNUE BTOPUIHBIX PEaKIuil Kpe-
KuHra. B pesynprare 3ameniisieTcs: mocienoBarenbHas AecTpykius mno nytu >360 °C — 200-360
°C — HK-200 °C — ras3, 4TO IpUBOIUT K HAKOIUICHHUIO TSHKENBIX (DpaKIUil M CHHIKSHUIO BBIXOIA
OCH3MHOBBIX MPOIYKTOB.

Kax BugHO U3 pHC. 2, IpH TEPMUIECKOM KPEKHHTE UCCIEAYEMON CMECH IUIACTUKOBBIX OTXOOB
B COCTaBE XUIKHX MPOAYKTOB comepkutcs 43,8 % mac. onepunos. Mcnons3oBanue reonuta Ne 1
CIOCOOCTBYET YBEIMYEHHUIO JaHHOTO NoKaszaress Ha 2,1 % Mac., B TO BpeMs Kak neoinuTsl Ne 2 u Ne 3
cumxaroT Ha 0,7 u 1,4 % Mac. COOTBETCTBEHHO COJCPKAHKE OJIC(HUHOB.

CocTtaB ra3000pa3HBIX MPOAYKTOB KPEKHMHTa CMECH IIJTACTHKOBBIX OTXOIOB IPEICTaBICH
B Ta0i1. 4. [Ipy TepMUYECKOM KPEKHHI€ CyMMapHBIN BbIXOJ ra3a cocTaBisieT 15,4 % mac., npu 3ToM
OCHOBHYIO JIOJIO Ia30B0ii (hasbl hopmupyroT yriaesoaopoast C,—Cs (9,72 % mac.) 1 okcuasl yriaepoaa
(3,40 % wmac.), conepkanue metana jgocruraer 1,55 % mac., Torzna Kaxk oM BOAopoja U oJerHOB

HCBCJIMKMU.
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Puc. 1. ®pakIMOHHEIN COCTAB KHUJIKUX IIPOAYKTOB KPEKHHTA B IPUCYTCTBUM IeOIUTOB: a) Ne 1; 6) Ne 2; B) Ne 3

Fig. 1. Fractional composition of liquid cracking products in the presence of zeolites: a) No. 1; 6) No. 2; B) No. 3

BBenenne 1101 TOB IPUBOAUT K IIEPEPACIIPE/IEIICHUI0 KOMIIOHEHTOB I'a30BOH (ha3bl 1 H3MEHEHHIO
obmrero Bbixoza raza. Jlus neonurta Ne 1 xapaktepHo BapbupoBaHue Bbixozaa rasza ot 10,0 no 16,6 %
Mac. B 3aBUCHMOCTH OT KoJIM4decTBa karanuzaropa. [Ipu stom yBenmunsaetcs odpazosanue CO n CO,
(mo 5,83 % mac.), BozpacTaer cofepkanue Metana (10 1,96 % mac.), a Takxke U3MEHSIETCsI 10JIsl YIJIEBO-
nopozos C,—Cs. Habmonaercs 3HaunTeNnbHOE yBennueHne oopazoBanus oneunoB C, u C4, cyMmMapHOE
cofiepykaHue KOTOPhIX MOXKeT gocTurath nopsiaka 0,7-1,0 % mac. (B 2-2,5 pa3za), YTO CBUCTEIBCTBYET
00 YCHJICHHH BTOPUYHBIX PEAKINI KPEKUHTA U JETUAPUPOBAHIS HA KUCIOTHBIX IIEHTPaX.

Hcnonb3oBanue meonuta Ne 2, 00yiagaroniero HanOobIiel KOHIICHTPAIlMEH KUCIOTHBIX IICH-

TPOB, CIIOCOOCTBYET OOJiee BBIPAXXEHHOMY 00pa30BaHUIO JErKUX YIIEBOAOPOAOB U ojeduHoB. [Ipu
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m Yy, r 1,/100r m Conepxkanne oniepunos, % mac.

618 64,7

60,8 59,8

42,4

Kpexuur Meonut Nel IMeoanT Ne2  Tleomnt Ne3

Puc. 2. Conepxanue oneMHOB B >KMIKHMX HPONYyKTaX KPEKHHTa IIACTUKOBBIX OTXOAOB C JOOABICHHEM
Pa3IUYHBIX [EOTHTOB

Fig. 2. The content of olefins in liquid cracking products of plastic waste with the addition of various zeolites

Ta6Jmua 4. CocraB Fa3006p33HLIX IIPOAYKTOB KPEKHHTA CMECH IIJNIACTUKOBBIX OTXO0/10B

Table 4. Composition of gaseous cracking products of a mixture of plastic waste

Copnepxanue, % mac.
Heonut Koz-so . OnepuHsb
Karajansaropa z H, CO+CO,| CH4 n—C,—Cs | i-Cy4—Cs

C, Cy

0,0 15,4 0,03 3,40 1,55 9,72 0,25 0,28 0,15

0,25 12,9 0,03 3,53 1,43 6,76 0,19 0,42 0,55

Nl 0,50 16,3 0,03 5,83 1,96 7,39 0,18 0,54 0,37
1,0 12,6 0,02 3,96 1,35 6,20 0,19 0,40 0,47

1,5 10,0 0,01 3,07 1,05 5,14 0,13 0,31 0,30

2,0 16,6 0,05 5,55 1,87 7,83 0,23 0,51 0,56

0,0 15,4 0,03 3,40 1,55 9,72 0,25 0,28 0,15

0,25 13,3 0,03 4,46 1,60 6,14 0,16 0,46 0,45

s 0,50 12,9 0,01 4,36 1,26 6,15 0,15 0,43 0,51
1,0 12,9 0,03 4,64 1,94 5,40 0,13 0,40 0,35

1,5 10,1 0,01 3,59 1,38 4,39 0,10 0,35 0,26

2,0 14,0 0,04 4,35 1,31 7,13 0,18 0,42 0,56

0,0 15,4 0,03 3,40 1,55 9,72 0,25 0,28 0,15

0,25 8,0 0,03 3,41 0,83 3,29 0,04 0,39 0,01

o3 0,50 15,1 0,04 3,57 1,46 8,54 0,28 0,46 0,74
1,0 16,2 0,05 4,86 1,78 8,68 0,26 0,54 0,55

1,5 8,3 0,02 2,67 0,96 3,98 0,13 0,25 0,29

2,0 7,1 0,02 3,27 0,77 2,73 0,03 0,25 0,02
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OTJEIbHBIX KOHIEHTPALMIX KaTaiu3aropa GUKCHpyeTcs yBeauueHue n1oiau Mmerana o 1,94 % wmac.,
npenenbHbix C,—Cs — 1o 7,13 % mac., a cyMMapHbIi BeIXoJ raza pocturaer 16,6 % mac. [Ipu satom
noinst CO u CO, ocraércs Ha ypoBHe 4,4—4,6 % mac., 3a uckmiodenuem 1,5 % mac. katanuzatopa. [lo-
BBITIICHHAS KUCIIOTHOCTH JAHHOTO [IE0JINTa HHTCHCU(PHUITNPYET paciag MaKPOMOJICKYII, YTO IIPUBOIUAT
K POCTY COIEP)KAHUSI HU3KOMOJICKYJISIPHBIX KOMIIOHCHTOB ra30B0# (hasbl.

Jns neomuTa Ne 3, XapakTepH3YIOIIETOCS pa3BUTON MOBEPXHOCTHIO M KPYITHBIM pa3MepOM IIop,
COCTaB ra3oB OTJIMYACTCS O0JBLINM pa3inuunreM. [Ipu mo0aBke karanu3aropa B koinuuectse 0,25, 1,5
u 2,0 % BeIxop ra3a cHmxkaeTcs 1o 7,1-8,3 % mac., ymeHbIaetcs conepxkanue metana (1o 0,77—0,96 %
Mac.) u npenenbubix C—Cs (mo 2,73-3,98 % mac.), 4To yKa3bIBaeT Ha MCHEE IITyOOKYIO JSCTPYKIIHIO
monuMepoB. B To xe Bpemst ipu 0,5—1,0 % mac. meonnta Ne 3 HaOromaeTCs MOBBINIICHHBIH BBIXOJ] Ta3a
1o 15,1-16,2 % mac. ¢ yBenudenueM 10iu yriieBonopoaos C,—Cs u onedunos. JlJis JaHHOTO E0IUTa
otmeuaeTcs cxoxuit BErxoq CO u CO,, Kak U Mpu TEPMOKPEKIHTE, IIPU MEHBIIIEM BBIXOZE Ta3a Ooee
4yeM B 2 pa3a. Beixoj razoo0pasubix mpoaykToB coctaBa i—Cy—Cs I BCEX UCCICAYEMbIX IICOTHTOB

HHIXKC, YCM IPU TEPMHUYICCKOM KPCKUHTIC.

3akJ/ioueHue

B pesynbraTe npoBeEHHOTO UCCIIEN0BAHNS YCTAHOBICHO, YTO XapaKTEPUCTHKHU 1IEOJINTOB OKa-
3BIBAIOT OIIPENEIISIONIee BIMSHIE Ha BBIXOM, PACIPECICHNE U COCTaB MPOAYKTOB KaTaIUTHYECKO-
o0 KPEKHMHIa CMECH IJIACTUKOBBIX OTXOAOB. BBIXOM *KUAKMX MPOXYKTOB JJIsI BCEX HCCIEIOBAaHHBIX
CHCTeM coxpaHsieTcsi Ha ypoBHe 79—83 % mac., OIHAKO CYIIECTBEHHO M3MEHSETCs X (ppakiuoH-
HBIH 1 yrieBonopoaHbli coctaB. LleomuTs Ne 1 u Ne 2 crmocoOCTBYIOT YBETHYEHHIO BHIXOJA CBETIIBIX
¢dpakumii Ha 8 % Mac. ¥ CMEIIEHHUIO pacIIpe/IeNICHHs B CTOPOHY OCH3MHOBBIX KOMIIOHEHTOB, UTO CBsI3a-
HO C YCHJIEHHEM TIPOIIECCOB JECTPYKIIMH BBICOKOKHUITSAIINX KOMIIOHEHTOB. MaKCUMaIbHBIA IPUPOCT
CBEeTIBIX (ppakiuii nocturaercs npu nodasiennu 0,25 % mac. katannzaropa. [Ipu 3ToM noBbIIeHNE
KHCIOTHOCTH (1eonuT Ne 2) yCHIuBaeT BTOPUYHBIC PEAKIIMH KPEKUHTa, YTO IPUBOANUT K yBEIHYE-
HUIO BBIXO/Ia Ia3000pa3HbIX MPOAYKTOB 110 16,6 % mac. u pocty nonu merana, C,—Cs—yTiaeBonopoios
u osie(pHOB B ra30Boii (asze. Lleonnt Ne 3, oOiagaromniuii BBICOKOH yebHOM OBEPXHOCTHIO U KPYII-
HBIM pa3MepoM II0p, XapakTepusyercsi Oosee MATKUM XapakTepoM BozzaeicTsust. [Ipu psne KoHIEH-
Tpauuii 0TMEYaeTCsl CHIYKEHHE BBIXO/1a CBETIIBIX (PpaKIuil 1 yBeJTU4YeHHE IO BHICOKOKHITSIIINX COe-
nuHeHu# (>360 °C). DTo CBUAETENBCTBYET O MEHBIIEH TITyOMHE BTOPHYHOI0 KPEKMHTA ¥ 3aMe/JICHUN
HOCJIE/IOBATEILHON JIECTPYKIUH TSKENIBIX KOMIIOHEHTOB. AHAJIM3 COCTaBa Ira3000pa3HbIX MPOIYKTOB
1I0Ka3aJl, 4TO C YBEIMYEHHEM KHCIOTHOCTH KaTaJIn3aTopa BO3PacTaeT BKJIAM JErKUX yIIeBOIOPOIOB

U 0JIe(HHOB, TOT/Ia KaK KPYITHOIIOPHCTAsl CTPYKTYpa CIOCOOCTBYET CHUIKEHUIO IIIyOUHBI KPEKUHTA.
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