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AHHOTaLUsA

Llens paboThl — OMpeeNnuTh pacyéTHbIe OPUEHTHPBI i COTIOCTAaB/IeHUsT TIOCTOSTHHOTO U
HMITy/IbCHOTO PEXHUMOB 3/IEKTPOCHHTe3a Masata, TapTpara W urpara cepebpa(l). ITlprimMeHeHsI
3akoH dapazies U Mofe/b JUCCOLMAlMM MHOTOOCHOBHBIX KHC/IOT B HWJeanbHOM BOJHOM pacTBOpe
npu 25 °C. Tlpu aHogHOM 3apsize 1 AU U TIOJTHOM WCIIO/b30BaHWM PaCTBOPEHHOrO cepebpa
pacuétHasi Macca 0e3BOAHOrO MpoAyKTa cocTaeisieT 6,49 r ans manara, 6,79 r aas TapTpata U
6,38 r g1t uTpara. 1o/ MoTHOCTBIO AeTIPOTOHUPOBAHHBIX CBOOOJHBIX TMTaHAOB 1pu pH 5 paBHBI
coorBeTcTBeHHO 43,6; 81,9 u 2,5 %, npu pH 6 — 88,8; 97,9 u 27,3 %. OTu 3HaueHus He
OTMUCHIBAIOT pacripefie/ieHre KOMIUIEKCOB W/IM COCTaB OCaZKa, MOCKOAbKY cBsisbiBaHWe Ag(I) u
pactBopuMOCTh (a3 B paccMaTpuBaeMyl0 Moje/lb He BK/IOueHbl. [loka3aHO, UTO paBeHCTBO
CpefHell TIJIOTHOCTH TOKa He oOecrieurBaeT OJMHAKOBBIX YC/IOBUM TlepeHoca: HeobXogumo
YUUTBIBaTb aAMIUIUTYAY, KO3(GQULMEeHT 3arojHeHus, TMepuoj, W aHOAHbIMA 3apsii Ha TIUIOLa/lb
snekTpoza. [ns GurmossipHOro pexkhuma TpeOyeTcsi pa3fesibHbIM YUéT pacTBOpeHUsi U 0OpaTHOrO
ocaxzeHusi cepebpa. IIpakThueckoe 3HaueHHWe DACuéTOB COCTOMT B BBIOOpE COIMOCTAaBUMBIX
YC/IOBUI JKCIIePUMEHTa U MPOBePsieMbIX MaTepuaibHbIX 0amaHcoB. [IperMyiecTBO UMITY/IbCHOTO
peXkrMa U OTNTHMaJIbHbIe YCJIOBUSI CUHTe3a TPeOyIOT 3KCIIepUMEHTa/TbHOTO TIOATBEPK/eHMUSI.

Abstract

Faraday’s law and an ideal aqueous acid-dissociation model were used to define comparison
criteria for direct-current and pulsed electrosynthesis of silver(I) malate, tartrate, and citrate. At an
anodic charge of 1 A h and complete silver utilization, the calculated anhydrous product masses are
6.49, 6.79, and 6.38 g, respectively. Fully deprotonated free-ligand fractions at pH 5 are 43.6 %,
81.9 %, and 2.5 %; at pH 6, they are 88.8 %, 97.9 %, and 27.3 %. These estimates exclude Ag(I)
complexation and precipitation. Equal mean current densities do not ensure equivalent transport
conditions; amplitude, duty cycle, period, and anodic charge per electrode area must also be
controlled. Bipolar operation requires separate accounting for dissolution and silver redeposition.
The calculations provide testable material balances, while any advantage of pulsing remains to be
established experimentally. The model is intended to separate stoichiometric, protonation, and
electrical variables before laboratory testing and does not substitute for phase characterization,
chemical analysis, or replicate electrolysis experiments.
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BBegenue

PacTBOpHMBIN aHOA, MO3BO/ISIET BBOAWTH MeTa/Ul B PEAKL[MOHHYIO Cpe/ly JIeKTPOXUMHYECKU
[4-6]. B pabore III.M. BoxumoBa pacCMOTpPeH 3TOT TOAXO[, [Jisi KapOOKCHUIATHBIX KOMILIEKCOB
Cu(II), Fe(IIl) m NdA(IIT) [9]. ITepeHoc pexxuma Ha Ag(I) TpebyeT OT[enbHOI TPOBEpPKU: cepeOpo
MOJKET CBSI3bIBaTbCSl B PaCTBOPMMble KOMIUIEKChI, OCa)KJAaTbCs U BOCCTAHAB/IMBAThLCSl Ha KaTofe.
M3BecTHbIe CTPYKTYPbl T'M/IPOKCHKAapOOKCH/IaTOB He OINpeZessitoT 3apaHee (pa3oBbIi COCTaB
TpOJyKTa 3/1ekTponusa [1-3; 10].

Llesib HaCTOSAIIIETO PACUETHOTO MCC/IEIOBAHMSI — COTIOCTABUTh CTeXHOMeTpUUecKre OaaHChl
¥ TpPOTOHHWPOBAHWE JIMTAHJOB, 3aTeM OIpeJeNUTb YCIOBUS CpPaBHEHUSI TOCTOSIHHOTO
Y UMITY/IbCHOTO TOKa. BbIunc/ieHys He yCTaHaB/IMBaOT KWHETUKY PaCTBOPEHUS, BbIXO/, CUHTe3a WU
ONTUMaJbHBIA PEXXUM.

MaTEpI/IaJIbI H MeTOAbI

Paccmotpens! 6esBoanbie mogemu Ag,C,H,O,, Ag,C,H,0, u Ag,C H.O,. ITpunarer M(Ag) =
107,8682 r-monp™, F = 96485 Kn-mone™ 1 Q,, = 3600 K. [ly1s1 Ag L MCr0/1b30BaHbI COOTHOLLEHHSI:

m(Ag) = M(Ag)Q,,/F; m, = M(Ag L)Q, /(VF).

3necs v — umcio atromoB Ag B (opmynbHO# efuHMLle. MaccoBasi fonsi cepebpa w(Ag) =
VM(AgE)/M(Ag, L). [lyist moATBEP>KAEHHON YKCTOM (hasbl BHIXOZ MO TOKY 1 = manF/ [anQaH]'

Homi cBo6oaHBIX (JOPM pacCUMTaHBI [0 JaHHBIM UCTOUHMKA [7] mpu h = 107PH, pK,, = -lg

K: a, = K K,/(h* + K/h + K K)); o, = KKK /(h* + Kh? + K K,h + K K,K,). 3Hauenus pK,
npuBeZieHbl B Tabuile 2. AKTUBHOCTH 3aMeHeHbl KOHI[eHTpaIUsIMA OTHOCUTEbHO CTaHAapTHOTO
COCTOSIHUSI; KOMITJIEKCOOOpa30BaHKe U OCaXK/IeHHe He YUUTHIBA/TUCD.

Jl71s1 O{HOTIONISIPHBIX MPSAMOYTOJIbHBIX UMITY/IbCOB C Hy/IEBbIM TOKOM B mayse T =t + L aysa?
D=t /T, jCp = Dj e Doy = Qu/A- 30eCh A — OTKpBITas TIIOLIA/b cepebpsiHOTO 371€KTpoAa. [1pu
CMeHe TIOISIPHOCTH OTZAe/IbHO UHTErPUPYIOT aHOJHBIM U KaTOAHBIM TOKM; Pe3y/bTUPYIOLIUM 3apsi

He 3ameHsieT Q.

Pe3ynbTarhl 4 00CYy)K/jeHHEe

dapajeeBcKHe 0a/1aHChI

OpHomy amriep-yacy cooTtBeTCTBYyeT 4,025 r Ag 1py OJHO3/€KTPOHHOM OKUC/IeHuu Ag —
Ag" + e". TIpu BK/IFOUEHUH BCero cepebpa B ofHy 6€3BOHYI0 (ha3y Mo/yueHbl 3HauUeHHs1 TaOIHILIbI 1.
Pa3nuurie Macc 00yc/10B/IeHO Z0iel MTaHza, a He MHOW 37IeKTPOHHOU CTeXHOMeTpPHel.

Ot Maccel — Tipeien (apazieeBCKo Mofenu 0e3 XMMHUECKOTO pacTBOpeHus. ['mzparsl,
KHCJIble COMY, TIPUMECH U Hello/HOe BblfleJleHre HapyllaroT MPsIMOe COOTBeTCTBHe MacChl 0CafKa
yKa3aHHbIM opmysiam [1-3; 10].
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Ta6auya 1. Teopemuueckuti Mamepua/abHbili 6aaauc npu Q =1 A-u

PacuéTHbIi IPOAYKT M, r'mop"! mg, I Ag, mac. %
Ag,C,H,O; 347,81 6,49 62,03
Ag,C,H,Oq 363,81 6,79 59,30
Ag,CcH;0, 512,70 6,38 63,12

Kuc/10THO-0CHOBHOE COCTOSTHHE JINT'AH/10B

Pacuét 1o mnpuBeAéHHbIM DK, 1aéT 3HaueHust tabmuupl 2. TIpu pH 5 cBOOOAHBIM TapTpar
TperuMYyILleCTBEHHO el POTOHUPOBaH, Toraa Kak gosns Cit®” Masa. OTo He 03HauaeT HeBO3MOXXHOCTU
oOpa3oBaHUs LUTpaTa cepeOpa: CBsi3bIBaHUe MeTasljla M OCaX/eHHe CMEIL[al0T PaBHOBECHSI.

Ta6auya 2. Ilapamempsl duccoyuayuu u pac4émuast 00/1si NOTHOCIMbIO 0eNPOMOHUPOBAHHOLI

¢opmbi
JIuranp, pKa o npu pH 5, % o npu pH 6, %
Manar Mal?~ 3,46; 5,10 43,6 88,8
Taprpar Tar?~ 2,98; 4,34 81,9 97,9
Lurpar Cit3~ 3,13; 4,76; 6,40 2,5 27,3

[To o He/b3si paH)KUPOBaTh BBIXO/, COJIEN WM Ha3HauaTh ONTUMasbHbIN pH. [I71s1 3TOT0 HY>KHBI
COTJIaCOBaHHbIE KOHCTAHThI KOMIIEKCOOOpa30BaHKsI ¥ PACTBOPUMOCTH TIPY 3aJJaHHOW MOHHOM CHsie
[8]. pH u3MepstOT B X0/ie 3/1eKTPO/IM3a; JI0KaIbHasi KUC/IOTHOCTD Y 3/1IEKTPOZA MOXKET OT/IMYaThCs OT

00BEMHOM.

Bblﬁop M COTIOCTaB/IEHUE UMITY/IbCHBIX PE€XXUMOB

Ipu j = 20 MA-cm? u D = 0,50 cpeansist mioTHOCTE paBHa 10 MA-CM™; Takylo ke
BesiuunHy faét 40 MmA-cm? nipu D = 0,25. OgHako 0gHOBpEMEeHHO MEHSIIOTCA aMIUIMTYZAa U raysa.
Hnst pasnenenvs (akTopoB HykeH TwiaH 1o j_ - ¥ D mpu ¢dukcupoBaHHoM T ¥ KOHTpPOJb
IOCTOSHHBIM TOKOM IIPU TOM >Ke jcp. CpaBHHMBAIOT OIMHAKOBBIN (|, COCTAB PACTBOPA, TIOLA/Ib,
repeMellBaHye U TeMIlepaTypy.

[lpu OwronsipHOM curHazme oOpaTHBIA TOK MOXeT BoccraHaBmmBath Ag(I); mo3tomy
yMeHbIIIeHHe MacChl 7IeKTPOAA OTpakaeT CyMMapHbii OamaHc. Ompezenstor Ag B pacTBoOpe,
ocaZKe W KaTOJHOM OT/JIOKEHWH, a He TOJNBKO Maccy aHoga. KoHTposb 6e3 TOoKa BbISIBIISIET
XUMUUecKue rorepu. HarpsbkeHue siueliky XapaKTepu3yeT BeCh 3JIeKTPOIM3EP U caMo 1o cebe He
JlOKa3bIBaeT [TaCCUBALIUIO aHOZa.

[l KaXkK#oro pexkuma pervcTpUpyroT TOK, HalpspKeHue, JJINTeNbHOCTh, pH, BBIXOA 1jeneBoy
¢a3bl ¥ pacxof, sHepruM Ha eé maccy. He3aBucrMble TOBTOPHOCTU U CIy4alHbI{ MOPSJOK OMBITOB
TI03BOJISIFOT OLIEHUTh pa3dpoc. YiydllleHre peXXrMa TMPU3HAIOT TI0 BOCTIPOM3BOAUMOMY BBIXOAY TIPH
COTOCTaBUMOM (ha30BOii UUCTOTE, a He M0 OJHOMY yBeJMUeHHI0 MacChl TTOPOLIKA.

11
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3ak/IloueHue

Pacuét gaét 6,38-6,79 r 6e3BoAHOrO TIpOoAyKTa Ha 1 A4 TIpU ITOJIHOM MCITO/Ib30BaHUH 3apsifia

u Ag(I). Jomu cBOOOIHBIX AENPOTOHUPOBAHHBIX JIMTAHAOB Pa3/IMUalOTCs, HO He Tpe/CKa3bIBaloT

BbIX0Z, ocazka. CorocTapyieHre peXXKUMOB TpeOyeT paBHOTO y/eIbHOTO aHOJHOTO 3apsiia U yuéra

CpefiHero W THKOBOTO TOKa, Tepuofa, pH u obparHoro ocakzaeHusi. IlosyueHbl TIpoBepsieMbie

OpPUEeHTHDbI MaTepuajbHOro OasiaHca, OfHAKO TPEeUMYIIIeCTBO HMMITY/IbCHOTO 371eKTPOCHHTEe3a Ha

JlaHHBI MOMEHT el1lé He YCTaHOBJIEHO.

10.
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AHHOTaUUA

B paHHO#i pabore pa3paboTaH HOBBI  COPOLMOHHO-CMIEKTPOCKOMMUECKUN  Crocob
ornpesienenusi  uMoHoB  kene3a(lll) ¢ ucnonb3oBaHWEM — METWITHUMOJIOBOIO — CHHErO,
MMMOOM/IM30BaHHOTO Ha BOJIOKHUCTOM copbeHTe. Llesib uccienoBaHusi 3ak/royanach B BbIOOpe
ONTUMAAbHOTO  copbeHTa, pacueT MaKCUMAaJbHBIX  CIIEKTPOB  OTPa)KeHWs  KOMILIeKCa
MMMOOU/TM30BaHHOTO METH/ITUMOJIOBOTO CHHero ¢ uoHamu kese3a (III) c momoripio dyHKIMU
KybGemku — MyHKa, a Takke U3yueHHe MoAuMHeHUs rpoiiecca obpa3zoBanus komruiekca Fe (III) ¢
MMMOOU/TM30BaHHBIM METU/ITUMOJIOBBIM CUHUM 3akKoHy byrepa — Jlambepra — Bepa. B kauectBe
copbeHTOB ObIM MccenoBaHbl BojokHa CMA1, PPD, PPF u PPA1. Ha ocHOBaHMH T0/TyUYeHHBIX

Bubimorpaduueckoe onucanme: [TaBporosa H.®. ku3u, CmaHoBa 3.A. Pa3paboTka COpOIIOHHO-CIIEKTPOCKOITIUECKOro criocoba
omnpesienienust voHa Fe(Ill) ¢ momouipto MMMOOMIM3MPOBAHHOTO METHITHMOIOBOrO cuHero // Universum: Xumusi ¥ OHOJOTHS :
571eKTPOH. Hay4H. XypH. 2026. 11(149). URL: https://7universum.com/ru/nature/archive/item/23614
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CTIeKTpa/IbHBIX XapaKTePUCTHK U aHAJTUTUUECKUX TT0Ka3aTesiel B KaueCTBe ONTHUMAaIbHOTO copOeHTa
BeIOpaHo  BojokHO — PPAL. MakciMyM  TIOIVIOLLeHUsI  KOMILIEKCa, 00pa3oBaHHOTO
MMMOOW/IN30BaHHBIM METHU/ITUMOJIOBBIM CHHMM C uoHamu xese3a(Ill), HaGmromancst mipy AvHe
BOJHbI 615 HM. YCTaHOBJ/IEHO, UTO pasHULA MeXAy [IMHAMU BOJIH, COOTBETCTBYIOIMMU
MaKCHMMyMaM TIOT/IOIIeHHs] MeTUITUMOJIOBOTO CUHEro M obpa3oBasiiierocst Komruiekca skese3a(Ill),
cocrasyisier 175 HM. IlosiyyeHHble pe3ysbTarbl MOATBEP)KAAHOT BO3MOXHOCTH MCIIO/Ib30BaHUSA
MMMOOW/IN30BAHHOTO ~ METUITUMOJIOBOTO CHHEro sl ompedeneHuss HoHOB  >kese3a(Ill).
YCTaHOB/IEHO, UTO 3aBUCUMOCTh ONTHUECKOH IJIOTHOCTH 0Opa3oBaBiiierocst Komruiekca »xese3sa(IIl)
OT KOHIIEHTpAL[X TOJUMHsIeTCs1 3aKoHy Byrepa — Jlambepra — Bepa B guarna3oHe KOHIJeHTpaLid
10-100 MKr/mi.

Pa3paboTaHHblii €moco0 XapaKkTepu3yeTcss TMPOCTOTOM BBIMOMHEHUs, 3KCIIPeCCHOCTBIO U
BO3MOKHOCTBIO OTIpe/ie/ieHHsT C/e[OBbIX KosmuecTB HOHOB kene3a(Ill) B BopHbIX oOBekTax.
[TonyueHHbIe pe3y/bTaThbl TOATBEP)KJAIOT IE€PCIEKTHBHOCTh TNMPHUMeHeHWs WMMOOMIM30BaHHOTO
METHUITUMOJIOBOTO CHHEro [jisi COpOLMOHHO-CIIEKTPOCKOIIMUECKOTO aHalaW3a U JKOJIOTHUeCKOTO
KOHTPOJISI COZlep>KaHus >Kese3a B IPUPOJHBIX U NMUThEBbIX BOJAX.

Abstract

In this work, a new sorption-spectroscopic method for the determination of iron(III) ions
using methylthymol blue immobilized on a fibrous sorbent has been developed. The aim of the
study was to select the optimal sorbent, calculate the maximum reflectance spectra of the complex
of immobilized methylthymol blue with iron(III) ions using the Kubelka—Munk function, and study
whether the formation of the Fe(IIl) complex with immobilized methylthymol blue obeys the
Bouguer—Lambert—Beer law. Fibers CMA1, PPD, PPF, and PPA1 were studied as sorbents. Based
on the obtained spectral characteristics and analytical indicators, PPA1 fiber was selected as the
optimal sorbent. The absorption maximum of the complex formed by immobilized methylthymol
blue with iron(IIT) ions was observed at a wavelength of 615 nm. It was established that the
difference between the wavelengths corresponding to the absorption maxima of methylthymol blue
and the formed iron(III) complex is 175 nm. The obtained results confirm the possibility of using
immobilized methylthymol blue for the determination of iron(II) ions. It was found that the
dependence of the optical density of the formed iron(III) complex on concentration obeys the
Bouguer-Lambert—Beer law in the concentration range of 10-100 pg/mL. The developed method is
characterized by simplicity of implementation, rapidity, and the possibility of determining trace
amounts of iron(IIT) ions in water bodies. The obtained results confirm the prospects of using
immobilized methylthymol blue for sorption-spectroscopic analysis and environmental monitoring
of iron content in natural and drinking waters.

KmioueBbie cioBa: uoHBI >kene3a(Ill), MeTWITUMOOBBIA CHHWM, WMMOOWIH3ALIUS,
COpOIMOHHO-CITEKTPOCKOITHUECKHUI MeTO/I, BOJIOKHUCTBIN COPOEHT, KOMITIeKCooOpa3oBaHHe.

Keywords: iron(IIl) ions, methylthymol blue, immobilization, sorption-spectroscopic
method, fibrous sorbent, complex formation.
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BBegenue

JKene3o — ogWH W3 MMKDPO3JEMEHTOB, BaKHBIX [jii OpraHu3Ma 4esioBeka. HepmocTaTok
3/IeMeHTa >Keje3a B OpraHM3Me uesioBeKa BbI3bIBaeT pa3/iMuHble COCYAUCThIe 3aboneBanus [1].
OpHaKo CTOMT OTMEeTHTb, UTO H30BITOK 3/7€eMeHTa ’kejie3a B OpraHu3Me uejioBeKa BbI3bIBAeT
ropa’keHye TieueHu; TIopKeJTyJOUHOM »Kesle3bl 1 MUOKap/ia — pa3BUTHe reMoxpomato3a [2]. XKene3o
UTpaeT Ba)KHYIO POJib B Pa3BUTHUH YKOCHUCTEMBI; CeJIbCKOTO XO3sIMCTBA U MTPOMBIILJIEHHOCTH; HO B TO
)Ke BpeMsi SsIB/isieTCsl 3arpsisHuTesieM BojoeMoB [3]. Tsbkenble MeTanibl B TIMTbEBOM BOJe
MPeJCTaB/sIIOT ~ yrpo3y  AJisi  37[0pOBbsi  YejioBeKa. [lo3ToMy HeoOXoAuMO — orpefiensiTh
Y KOHTPOJTUPOBATh KOJINYeCTBO MOHOB Kesle3a B 00beKTax OKPY»Karollei cpeJbl.

[TpegnokeH TIPOCTOM U OBICTPBIM  MeTo, TBepAoda3HOM CIIeKTPOPOTOMETPUH /ISt
ornpezenieHust cBo6ogHOTO Kemme3a (II1) B aKoornueckux U oronornueckux rpobdax [4]. B kauecTBe
JIUTAH/IOB HCII0/Ib30BaHbl JUHATpUeBasi COb 1-HUTPO30-2-HadTou-3,6-AuCynbGOKUCIOTH (COMb
Hutpo3o P) u 6pomuy rekcazieriuyiTpuMeTusiaMMonus [7]. Pa3paboTaH TIpOTOYHO-MHKEKIIMOHHBIN
CrieKTpo(pOTOMeTPUUECKUM MeTOJ, OTipe/iesieHHs KOJMuecTBa PaCTBOPEHHOTo U 0OIero ykenesa
B BOZIONIPOBOZAHOM U MPUPOAHOM Bojax. B mpobax NMpUPOAHBIX BOJ, OTIPeZesisiioch KaTaJluTHUeCKoe
JerictBue Ha okuciaeHue N,N-aumetun-n-penunenauamuHa [10]. CnekrpodoromeTpuueckuii
MeTOJ, Orpe/ie/ieHHs] MOHOB >Kejie3a C HCTOMb30BaHWEM pa3/MYHbIX JIMTaH/A0B He [OIMycKaeT
IIIMPOKOTO TIPUMEeHeHUsl M3-3a CBOel CeleKTHBHOCTA W HU3KOW UyBCTBUTETBHOCTH. VIOH »Kene3a
(ITI) MOKHO OMpefe/UTs METOAOM aTOMHO-abCOPOI[MOHHON CTIIEKTPOMETPUM C  TIOMOIIBbIO
MMMOOU/TM30BaHHOW  Cy/Ib(aca/luI[UIOBOM KHUC/IOTHl MMMOOW/IM30BaHHEM Cyib(apca3eHOBOro
nvra”ga Ha MoAU(UILIMPOBAHHOM TOMMAKPUIOHUTPWIOM TIOJIMATH/IEHTIONIMaMHUHOBOM BOJIOKHE
[13] .IlpumeHeHa MacC-CIeKTPOMeTpHUsI C WHAYKTUBHO-CBsizaHHOW 1uiasmout (ICP MS) pns
orpezieJieHUsT 37IEMEHTOB ’Kejie3a U Hofia B ceMeHax apOy3a [6], ompejeneHus »kejie3a U MHOTMX
MUKPO?/IeMEHTOB B PaCTeHUH, JIUCThSIX U CeMeHax pacTeHus akdyaHras [9], onpenenenve 44 makpo-
¥ MHKPO3/IleMeHTOB B IBeTKaxX Tanacetum vulgare [8]. OpHako 3T MeToAwl TpebyioT
JloporocTositiero obopyznoBaHusi. Pa3paboTaHbl TakKe COPOIMOHHO-CITEKTPOCKOITAUECKHE METO/[bI
oTipe/ie/ieHUsT TSDKeJMbIX Y TOKCHYHBIX MeTa/UIOB C HCIOb30BaHWEM HMMOOM/IN30BaHHBIX
OpraHuvecKux peareHToB. Hampumep, MIMMOOU/IM30BaHHBIA MOH BUCMYTa KCHJIOJIOBBIN OpaH>KeBBIN
[5], won prytu(ll), uMMoOWIM30BaHHBIM Ha BojokHe PPA1 [11], wumMMoOHUIM30BaHHBIN
JIUHATpHEeBbIM peareHT 1,8-AMOKCcHHAbTAMNH-3,6-AUCYTBGOKUCIOTE AJiT OOHapy)kKeHWsT WOHOB
xpoMa [12], noHbI MapraHija, UMMOOW/TM30BaHHbIE aTi3apUHOM.

B HacTosilljee BpeMsi OJHMM W3 LIMPOKO Pa3BUTHIX METOJOB siBjisieTcsi abcopOLyoHHast
crniekTpooToMeTpUsi. DTO yaydllleHHass BepPCUsi CIeKTPOPOTOMETPHUUECKOTO0 MeTO/a, MOCKOIbKY
UyBCTBUTELHOCTL CIIEKTPOOTOMeTprUUeckoro Meroga cocrasaser 10°-108. Eciu xomuuectso
1poObI HeOOJIBINIO., ee C/IeAyeT YIapuTh O6e3 mpeaBapyUTeTIbHOTO KOHIIeHTPUpoBaHUs. COpOIMOHHO-
CTIEKTPOCKOTIMUECKUH Crocobd MOXKHO HCIONb30BaTh i OTpeZie/ieHUsT C/IeJOBbIX KOJTMUeCTB
MeTa/l/la HeToCpe/ICTBEHHO C TIOMOIIbI0 HMMMOOW/IM30BaHHOTO Ha BOJIOKHE OpPraHHYecKoro
peareHTa. OTOT MOAM(ULIMPOBaHHBIN CIOCOO BK/FOUAeT HECKOJBbKO IPOLeCCOB: KOHL|EHTpAaLvs,
ornpeJeneHre HEMIOCPeCTBEHHO B TBepZiol (ba3e, He OTAesisisi MOH MeTasina [14].
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METOJ_'[I:I U MaTepHua/ibl

0,5585 r MeTa/IMUeCcKoro >kejie3a BbICOKOW UMCTOTHI pacTBOPSitOT B 10 M1 CMecH COJISTHOM
¥ a30THOM KucnoT (3:1), pa3bapnsitorT 0 50 M/T BOAOM W KMMSTAT [0 yAa/JeHHs OKCHOB a30Ta,
5585mr/mn1 xnopuzioB Fe3'. obpasyercs cTaHgapTHBIM pacTBOp HUTpaToB. By(epHbIe pacTBOpEI
TOTOBU/IM HAa OCHOBAaHWU JIMTepaTypHbIX JaHHbIX. [lng mnpuroroBnenuss 0,01 M pactBopa
METU/ITUMOJIOBOrO cHvHero oTmepsitoT 0,76085 r mopollka peareHTa Ha aHaJUTHUYECKHUX Becax
U 700aB/sIOT AUCTWIIMPOBAHHYIO BOAy B KOOy emkocThto 100 mia. s wuMMoOunu3anuu
BBLIOpAaHHOTO BOJIOKHA B3BemMBaeM 0,2 I Ha aHA/IUTAYECKUX Becax W aktuBupyem ero 0,1 H
pactBopoM HCI (24 yaca). [Tocne akTuBaLMy MPOMbIBaeM AUCTWIIMPOBAaHHOW Bogiou g0 pH=7.
BoJ/IOKHO iepyKaT BO B/IayKHOM COCTOsIHUM B yailike Iletpu, u gob6asnenrem 10 ma 0,01M pactBopa
Halllero peareHTa TiepeMelliiBaeM Meiankon [1]. [Ing wu3MepeHuWss TIpoO HCIO/Ib30BaIM
aHanutuyeckue Becbl ABS 120-4N (Kuraii). I3mepeHue cpe/ibl peareHTOB TPOBOJU/IM C TIOMOII[bIO
pH-metpa «PHS-3E» (Kuraii). KoadhduimeHT oTpakeHrs] UMMOOHTM30BAaHHBIX BOJIOKOH HM3MEpPSIIU
c mnomoleio criektpooromerpa X-Rite Eye one pro (380 — 730 HM), a CBeTOMOI/IOIeHHE
PeakI[MOHHOCIIOCOOHBIX PaCTBOPOB M3MeEPsIA C TOMoOIIbio criektpodoromerpa «EMC-30PC-UV
Spectrophotometer» 1 «UV-5100 UV VIS».

e

o

a) 0)

PucyHok 1. Memuamumo:108blii CUHULL: @) 8bICLUAS 3AHSAMAsI MO/1eKy/1pHAs opoumab
(HOMO); 6) Hu3was ceo600Has monekyaspHasa opoumaas (LUMO)

Pe3ynbTarhl 4 00Cy)KeHHe

[Togobpany copOeHT /1/11 IMMOOM/IM3ALMA OPTaHNUeCKOTO peareHTa W OMpeZe/TiI TOPsI0K
no0aByieHUs KOMITOHEHTOB B TIPOLIeCC MMMOOW/IM3alMUi. YCTAHOBJ/IEHBI ONTHUMAJIbHbIE YC/IOBUS
o6pa3oBaHMsI KOMITJIEKCA UMMOOH/TM30BaHHOTO OPraHUUeCKOTO peareHTa MeTU/ITUMOJIOBOTO CUHEro
(MTC) c¢ Fe¥. B wucciegosaTensckoi paboTe M3yueHbl BpeMeHHbIe  3aBUCHMOCTH
KOMIIIEKCOOOpa30oBaHusi, ONTHMasbHble 3HaueHWss PH u onTuManbHble OydepHbIE pacTBOpHI,
NOpsiZIOK foOaBieHust OyepHBIX PACTBOPOB MPU 00pa30BaHUM KOMIT/IEKCHBIX COeIMHEHUN U IpyTre
0COOEHHOCTH.

[lpu BbIOOpe ONTHMAa/bHBIX YCAOBUM WMMOOWIM3Al[MM OpraHUUeCKWX peareHToB Ha
BOJIOKHHCTBIX COpPOEHTax OT HEeCKONbKHUX THIIOB copbeHToB oTOupamu 1o 0,2000 T
B aHa/JIMTUYeCKOM MaciiTabe ¥ aKTMBUPOBAIM CTaHAApPTHBIM pacTBopoM 0,1 M cosisiHOM KUCOTBI
B TeueHWe 24 4acoB, 3aTeM TPOMBIBAJIM AWCTH/ITMPOBAaHHOW BOJOW W XPaHWIM B CIel[Ma/TbHON
yarrke [TeTpu (Bo B/IaXKHOM cOCTosiHUM). [11 aHa/m3a OblM BbiOpaHbl BosiokHa CMA1, PPD, PPF
u PPA1, 0,2000 r BbIOpaHHBIX BOJIOKHHCTBIX COPOEHTOB IMOMECTH/INA B CTakKaH, AobaBmsyid 10 mi
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0,1 % pacTBOpa Hallero peareHra MeTUJITHMOJIOBOIO CUHETO U MepeMellvBaid B TeueHue 5 — 10
MUHYT. CIeKTp OTpa)keHHs1 UMMOOW/TM30BaHHBIX BOJIOKOH M3MepSTH Ha criekTpodoTomerpe X-rite
one (IIIBecuapus).
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PucyHok 2. HMmobuau3zayuu pasauyHbIX 80/10KHUCMbIX COPOEHMO8 Op2aHUYeCKUM peazeHmom
Memu/imumo/1068bIM CUHUM pe3y/ibmambl pacyema cnekmpog ompadceHusi no ¢pynkyuu Kybeaku
— Mynka

V3 mipuBe/leHHBIX BbIllle pe3y/JbTaTOB aHajiW3a BU/HO, UTO OpraHUYECKUd peareHT
METH/ITUMOJIOBBIA CUHUH, Oymyun uMMoOum3oBaHHBIM Ha copbenre TIITA-1, moka3an Haubosee
BLICOKWMH aHaIUTUYeCKUM CUTHal. B manpHeMINIMX HAy4YHO-MCC/Ie[j0BaTe/IbCKUX paborax s
MMMOOHM/T3aI[UF METH/ITUMOJIOBOTO CTHETO MCITI0/Th30BasICs TOJBKO copbenT ITITA-1.

OnpepeneHHe MakCUMyMa TMOIVIOLIEeHUS] KOMILIeKCHOro coeanHeHusi xemnesa(IIl). [Ins
oTIpe/ie/IeHUsT MaKCMMYyMa TTOTJIOIeHHsT KOMIJIEKCOB >Kesie3a OblT MPOBe/IéH SKCTIePUMEHT COT/IaCHO
MeTO/IMKe, pa3paboTaHHOM [jiT UMMOOU/TM30BaHHOTO METHU/ITUMOJIOBOTO CHHero. B MepHyH Komly
BMeCTUMOCTBIO 25 MJ1 BHOCMIM 1 M pacTBopa »kese3a, cogepskaujero 10 MKr jkesesa. 3atem
nobassimi 10 M yHMBepcanbHoro OydepHoro pactBopa ¢ pH = 4. TTocse 3Toro B Kon0y romeranm
HOCHUTEeIY, WMMOOW/IN30BaHHbIEe BBIODAaHHBIMH OpPraHWYeCKWMMH peareHTaMd. [loydyeHHbIe
pacTBOpBI TILATE/IbHO TepeMellrBaid, I0C/Ae Yero M3Mepsyld UX ONTUYeCKYH IUIOTHOCTb Ha
crieKTpodoTOMeTpe TpPU Pa3/MyHbIX [AJMHAX BOJAH B KIOBETe C TOJIL[MHOW MOI/IOLIAIOIIero Cosi
1 cm.
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PucyHok 3. Pe3yaibmamsl paciema cneknpog ompaxceHusi Komn/ekca UMMoOU/1U308aHHO20
MTC c uonom Fe?* ¢ ucnonbzoeanuem ¢ynxkyuu Ky6eaku-Mynka. 1 — copbenm ITITA-1; 2 —

UMMOOUIU308aHHDIL Memuamumooebiti cuHuti (MTC) 440 um; 3 — o6pazoeaswiulicst KOMN/AeKC
scenesa (I11) 615 um

MIMMOOW/TM30BaHHBIA ~ METUITUMOJIOBBIM CHHUM pearupyeT ¢ HWoHamu >kene3a (III)
¢ obpa3zoBaHreM KoMIuieKca »xese3a. OOpa3yroImuics KOMIIEKC >Kesie3a MPOsIB/seT aHaTUTHUe CKUN
curHan nipu 615 HM. Tak Kak KOHTPAaCTHOCTb MeXAYy WMMOOW/IM30BaHHBIM METH/ITUMOJIOBBIM
CMHUM ¥ 00pa30BaBLIMMCS KOMITJIEKCOM TIpeBblllaeT 175 HM, [lOKa3aHa BO3MO)KHOCTh
WCTIOb30BaHUsI WMMOOW/IM30BAaHHOTO METUITUMOJIOBOTO CHHEro B KadeCcTBe aHaIUTHYeCcKOro
peareHTa /i/isl onipeJienieHus1 MOHOB >kene3a (I11).

INopunHenue 3akoHa Byrepa — JlamGepra — bBbepa komiuiekcoM, 00pa30BaHHBIM
noHamu >xene3a(IIl) ¢ UMMOOM/TIM30BAaHHBIM METH/ITUMOJIOBBIM CHHHM. OKCIIEPUMEHTATbHO
MIPOBEPeHO TIOAUMHeHre 3akoHy byrepa-/lambepra-bepa komriiekcoB, 00pa30BaHHBIX HMOHAMU
kene3a (III) ¢ *MMOOUIM30BAaHHBIM peareHTOM MEeTHU/ITUMOJIOBBIM CHHUM. B KO/IOBI €MKOCTBHIO
50 mu1 BHOCH/M 110 10 MuT pabounx pactBopoB covieid xxkese3a (I11) ¢ konuentparnueit 10-100 MKr/mi,
JUIST  TOCTYDKeHUs1 onTuMasibHoro 3Hauenus pH (pH=4 pgna Fe (III)) mobGaBnsim 1o 2 M
yHuBepcasibHoro Oydepa u B TeueHne 10 MHHYT TMpOBOAWIM COPOLIMIO peareHTOM
MEeTW/ITUMOJIOBBIM ~ CHHHAM, uUMMOOWmM30BaHHBIM Ha [I[TA-1. T[lonyyeHHble pe3y/bTaThl
Tpe/iCTaB/IeHbl HA PUCYHKe 4.
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PucyHok 4. IToduunenue 3akoHy Byzepa-/lavb6epma-Bbepa kKomnsaekca uoHog dicesne3da ¢
ummobunuszoeanHoit MTC

HNenas BbIBOABI MO puC. 4, cjaefyeT OTMETUTb, UYTO MNPSMOJIMHEMHas 3aBUCUMOCTb Ha
rpaZiyupoBouHoM rpaduke g MoHOB »xese3a (III) cocraBuna 10-100 MKr/ma. OTH 3HayeHHUs
CUMTAOTCA [OCTaTOYHBIMUA [JI  OIIpeJile/IeHHss CJIelOBbIX KOJMYeCTB MCC/IelyeMbIX HOHOB
B 00BEKTax OKpyskaromiedl cpenbl. Takke Obin HalfjleH KO3(hQULMEHT KOppessiliid, KOTODBIM
B 000MX C/iyyasix OKasaicsi OnnM30K K 1, UTO CBU/IETENBCTBYET O BBICOKOM UYBCTBUTE/IBHOCTH
pa3paboraHHoro criocoba.

3ak/IloueHue

B pe3ynbraTe NpoBe/leHHOTO MCC/IeA0BaHUs pa3paboTaH COpOLIMOHHO-CIIEKTPOCKOTYeCKUM
ciocob ompenenenuss uoHoB kene3a(Ill) ¢ wucnonb3oBaHMEM METUITHMOJIOBOTO — CHHETO,
MMMOOM/IM30BAHHOTO Ha BOJIOKHHUCTOM copbeHTe. Ha OCHOBaHMM CpPaBHUTEIBHOTO MCC/Ie/I0BAHUS
copbentoB CMA1, PPD, PPF u PPA1 B KauecTBe oNTUMaabHOrO cOpOeHTa A/l UMMOOUTH3aliN
MEeTH/ITUMOJIOBOTO CHHETO BbIOpaHO BooKHO PPA1, obecrneunBatoiiiee HanOosiee BbIPa)KeHHBIM
aHa/IUTHYeCKUi curHai. [losyueHHBbIe pe3y/bTaThl TOKA3bIBAalOT, UTO pa3paboTaHHBIN Crocob
OT/IMYaeTCsi TIPOCTOTOM, SKCIPeCCHOCThI0 W BO3MOXHOCTBIO oripefiesieHust »kene3a(Ill) B BogHbIX
obbekTax. Criocob MokeT OBITH MCII0/Ib30BaH [jisi AHAJTUTUUECKOTO KOHTPOJIS COZiepKaHWsi MOHOB
)KeJie3a B MPUPOJHBIX U MUTHEBLIX BOAAX.
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AHHOTaUUA

B panHol pabote mpeiokeH COpOLIMOHHO-CIIEKTPOGOTOMETPUUYECKUM MeTo[| orpe/iesieHust
voHoB cBuHLA(Il) ¢ wucnonb3oBaHuem peareHTa ApceHa3o III, uWMMOOM/IM30BaHHOTO Ha
MOJIMMEPHOM  BOJIOKHHCTOM copbeHte II[IM-1. Ilenpto wucciaenoBaHusi sIB/slach pa3paboTka
npocroro W ObicTporo Mmetoga omnpefeneHuss uMoHoB Pb(II), ocHoBaHHOro Ha 00pa3oBaHUM

Bubnnorpaduueckoe omucanme: IVmamosa [.A., Illogues I'U., Hopmaror B.P. Pa3paboTKa ONTUMAaBbHBIX YC/IOBUMH
MMMOOM/IM3aluM peareHTa apceHas3o III Ha MoIMMepHOM BOJMOKHUCTOM copbeHTe // Universum: XvMHs ¥ GHOJOTHS : 37IEKTPOH.
HayyH. XypH. 2026. 11(149). URL: https://7universum.com/ru/nature/archive/item/23537
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OKpallIeHHOTO KOMITIEKCa C UMMOOW/IM30BaHHBIM OpraHnueckuM peareHtom. [TIIM-1 nipescTapsiet
coboil  TOMMMepHBI  BOJIOKHHCTBIM  COpOeHT, MojyyaeMbli  TyTeM 0bpaboTku
TMOJIMaKPWIOHUTPUIBHOIO BOJIOKHA TOJIM3TUIEHIIONIMAMMHOM C TIOC/AeyIOlied KOBaJeHTHOU
MoJu(UKalieli MOHOXJIODYKCYCHOW KHUCI0TOH. B Xome wucciefoBaHusi H3yueHbl YCIOBUS
umMMobunu3aiu peareHta Apcena3o III Ha moepxHoctu IIIIM-1, a TakKe YCTaHOBJIEHBI
ONTHMAa/bHBbIE YCJIOBUS B3aUMOJIEMCTBUS MMMOOWIM30BAaHHOTO peareHTa C uoHamu Pb(ID).
WccnenoBaHbl CrieKTpasibHble XapaKTEPUCTUKK peareHTa W 00pasyroIerocsi KOMIUIEKCa, a TaKKe
B/MSIHUE KUCJIOTHOCTM Cpefibl W TNPOJO/DKUTE/NIbHOCTH  B3aUMOZENCTBUS Ha  BEJIMYMHY
AHAJIMTUYECKOTO CUTHaJsla. YCTaHOBIeHO, uto MoHbl Pb(II) oOpa3yroT ycToWuMBBIN OKpallleHHBIN
KOMIUIEKC C UIMMOOW/TM30BaHHBIM peareHToM ApceHaso III, uTo mo3BosiseT UCI0/Ib30BaTh JAaHHBIN
TIOIXOZ, /711 COPOLIMOHHO-CIIEKTPOhOoTOMETpHUUeCKOTo orpefesieHuss MoHoB cBuHIA(Il). Hamuuwe
peareHta Apcena3o III Ha moBepxHoctn II[IM-1, a Takke oOpa3oBaHWe KOMILIEKCA
MMMOOW/ITN30BaHHOTO peareHTa C WOHaMU Pb(II) [0 TBEePXK/eHbl MeTOZOM
PeHTreHO(TyOpeCLieHTHOTO CTIeKTpabHOTO aHamu3a. [1o/yueHHble pe3ynbTaTbl CBU/ETebCTBYIOT O
TepCIIeKTUBHOCTA TIPUMeHeHUsT pa3pab0TaHHOTO MoAxoza st orpeZenenys noHOB cBuHOa(Il) B
BO/IHBIX 00BEKTaX U aHaIMTUUeCKOU TIPaKTHKe.

Abstract

This study proposes a sorption-spectrophotometric method for the determination of lead(II)
ions using Arsenazo III immobilized on the PPM-1 polymeric fibrous sorbent. The aim of the study
was to develop a simple and rapid method for the determination of Pb(II) ions based on the
formation of a colored complex with an immobilized organic reagent. PPM-1 is a polymeric fibrous
sorbent obtained by treating polyacrylonitrile fiber with polyethylene polyamine, followed by
covalent modification with monochloroacetic acid. The conditions for immobilization of Arsenazo
IIT on the surface of PPM-1 were studied, and the optimal conditions for the interaction of the
immobilized reagent with Pb(II) ions were established. The spectral characteristics of the reagent
and the resulting complex, as well as the effects of medium acidity and interaction time on the
analytical signal, were investigated. It was established that Pb(II) ions form a stable colored
complex with immobilized Arsenazo III, which enables the use of this approach for the sorption-
spectrophotometric determination of lead(Il) ions. The presence of Arsenazo III on the PPM-1
surface and the formation of a complex between the immobilized reagent and Pb(II) ions were
confirmed by X-ray fluorescence spectroscopic analysis. The results obtained demonstrate the
potential of the developed approach for the determination of lead(Il) ions in aqueous samples and
analytical practice.

Krouessblie ciioBa: Apcenaso 111, ITTIM-1, ummobunu3arniusi, nonsl cBunia(Il), copoimoHHo-
CrieKTpooTOMeTpUYeCKOe —OTpefe/ieHre, KOMIUTeKCooOpa3oBaHue, peHTreHO(IyopeCeHTHBIN
aHasms3.

Keywords: Arsenazo III, PPM-1, immobilization, lead(II) ions, sorption-spectrophotometric
determination, complex formation, X-ray fluorescence analysis.
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BBegenue

OpraHuyeckue BOJIOKHUCTbIe —TI0JIMMepHble COpPOEHTHI IIMPOKO TIPUMEHSIIOTCS ISt
W3BJIeueHUs 1 OTIpe/e/IeHusT MOHOB TSDKEJTBIX MeTaslyIOB B MPUPOJHBIX U TTPOMBIIIIJIEHHBIX 00beKTax.
OHM XapakTepu3yHTCS BLICOKOM MeXaHMYeCKOM M XUMHUUeCKOW YCTOWUYMBOCTBIO, a Takxke
MO3BOJISIIOT ~ OJJHOBPEMEHHO  KOHLIEHTPUPOBaTb W OMNpefessATb HOHblI  MeTa/uioB. Ilpu
KOMITJIEKCOOOpa3oBaHWK  HabmofaeTcsi W3MeHeHWe OKpacku copbeHTa, uTo obecrieunBaet
BU3ya/lbHbIi KOHTPO/Ib Tpoliecca. Ba)KHbIM  MpPEUMYLeCTBOM  SIBJISIETCSI  BO3MOXKHOCTH
MMMOOWU/TM3al[Md  OpPraHUYeCKHWX aHaJMTUUeCKUX peareHToB B TBépaon daze [20]. s
KOHLIEHTPUDOBAHUsI OTIpeZiesisieMbIX HMOHOB TIPUMEHSIIOT — pa3/iuuyHble COPOLIMOHHBIE —CXeMBI,
BK/IIOUAKOIe uX CopOLui0 Ha HOcUTese C WMMOOWIM30BaHHBIM OpPraHWYeCKUM peareHTOM
U Tocseyroiiee oOpa3oBaHMe OKpallleHHOro Komruiekca. O¢¢heKTUBHOCTb COpPOLIMOHHOTO
rporjecca OLIeHMBAIOT TI0 BpeMeHU YCTaHOBJIeHHsI paBHOBeCHsl, 00BEMY aHaM3UPyeMOro pacTBopa
1 Macce copbeHTa. BakHoe 3HaueHMe TakkKe WUMEIOT MOCTOSTHCTBO TeMIlepaTypbl U KOHL|eHTpaLuu
coneBoro ¢oHa [7]. M3ydyeHsl ycioBUs UMMOOWUIM3aLMK MUPU/IXIAa30pe30pLMHA Ha MOJIMMEPHOM
copbente PPD-1 u copbijroHHO-criekTpodoTomerprueckoro onpezenenust Ni(Il) mpu pH 5-6 [10].
[IpyposHbIe U CUHTETUYECKHe BOJIOKHA 3((eKTUBHO MPUMEHSIOTCS B KaueCTBe COPOEHTOB Ayisi
OUYMCTKH BO/IbI oT VIOHOB MeTasioB [3]. KapbokcrumeTuiiesntosio3a
U KapbamuzmodopmasbaeriuHbie TOJUMepPhbl TIepCIeKTUBHBI JI/IT UMMOOW/IM3al[ii  peareHTOB
1 cop6O1un MoHOB MeTasuioB [2, 9]. TlomuakpunonutpuibHbie, PES/PDA, XuT0o3aHOBBIe U ApyTHe
MO/IMMepHbIe BOJIOKHUCTBIE COPOeHThI 3 heKTUBHO MPUMEHSFOTCS /i UMMOOUIM3alluy PeareHToB,
copOIMM U KOHI[eHTPHUPOBaHUs MOHOB MeTasiioB [1, 8, 25, 26]. Xumuuecku MoAu(pUIIMPOBaHHbBIE
CW/IVMKaTHble W JAWTHOKapbamaTHble copbeHThl obecrieunBarOT 3(QeKTHBHOE U3BIeUeHHe
U oripeiesieHre 0IarOpOJHBIX MEeTA/JIOB C BBICOKOW UYBCTBUTEIBbHOCTHIO [16]. MiMMobummi3aiys
OpraHMYecKUX peareHTOB Ha TOJMMepHBIX COpOeHTaX CrOCOOCTBYET IMOBBIIIEHHIO CeTeKTUBHOCTH
M UyBCTBUTE/bHOCTH OMpeZe/ieHus] TSDKENbIX MEeTa/l/ioB, CHWKEHUIO BI/WSHHS MeLlaroluX
KOMITOHEHTOB M PpAaCIIMPeHHI0 [uara3oHa KWUCJIOTHOCTH cpenwl [17, 24]. WowHwl cepebpa
CIeKTpO(h)OTOMETPUUECKH  OTIpeZiesisyii  C  MCIO/Ib30BaHWEM  [TUTU30Ha, WMMOOWIM30BaHHOTO
B TIOJIUMETaKpWIaTHOW Matpuile. [Ipesenn oOHapy>keHUs HOHOB cepeOpa B TBEP/OM (ha3e COCTaBUI
0,01 mr/n [19].

@OyHKI[MOHATLHO aKTHBHbIE TIOMMepbl Osarofapss Haiuuuio (QYHKIMOHATBHBIX TPYII
IIMPOKO TIPUMEHSIIOTCS [i/Isl TI0/IyYeHHsi MaTepyasoB C 3aJaHHbIMK cBoWcTBamu [14]. Ha ocHoBe
MOJU(PULIMPOBAaHHBIX TTOJTMAKPUIOHUTPUIBHBIX BOJIOKOH OB mosiyueHbl copbeHThl PPA-1
u PPF-1, Ha koTOopble WUMMOOWIM30Ba/M CY/IbGOCATMIMIOBYI0 KHC/IOTY U pa3paboTanmu
copOIMOHHO0-aTOMHO0-abcopOLoHHbINM MeToA onpezenenust Fe(IIl) ¢ nmpeaenom obHapyskenus 0,01
MKr/n1 [18]. Takke u3ydeHbl yC/I0BUS UMMOOMIM3AL[MH BUCMYTO/Ia-2 Ha MOJTMMePHBIX BOJIOKHUCTBIX
copbenrax ITAH, GMDA, PPM-1 wu PPA-1 [15]. Pa3paboranbl COpOIMOHHO-
criekTpodoToMeTpuueckre MeToAbl ompefeneHuss uwoHoB  Cd(II), Mn, Al wu Bi(lll)
C WCTOb30BaHUEM OpPraHWYeCKUX peareHTOB, UMMOOM/IM30BaHHBIX Ha TMOJMMEPHBIX BOJIOKHUCTBIX
copbenTax. OripefesieHbl ONTHUMAaJ/bHBbIE YCIOBUSI KOMILIEKCOOOpa30BaHUS HMMMOOM/IM30BaHHBIX
peareHTOB C MOHaMU MeTasuioB [5, 6, 11, 12, 21-23, 27]. [Toka3aHa 3¢ dheKTUBHOCTh Cyabhapca3eHa
nst oripefenenust Pb(IT) u Zn(II), a Takyke HUTpa3uHa Ayisi COPOIMOHHO-CITEKTPO(GOTOMETPHYECKOTO
onpenenenust Ni(IT) [4, 13]. MMmmoOwiv3aiys OpraHHYeCKUX peareHTOB Ha TIOJTMMEpPHBIX
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COP6EHT8X CHOCO6CTBy€T MOBLIINIEHUD YYyBCTBUTE/IBHOCTH, CEJI€KTMBHOCTHU MW 3KCIIPEeCCHOCTHU
dHaJ/IM34d, YTO MOATBEPXKAdeT IIePCIIeKTUBHOCTb UX MMPUMEHEHUA [1Jid OIipefe/ieHruA HOHOB TSDKEIBIX
MeTaJl/IOB.

Marepuasibl 1 MeTOABI

KucnotHOCTE Cpefibl pacTBOPOB M3Mepsi/Id C UCIO/b30BaHWEM ITOTeHLIMOMeTPUYECKOro
roHomepa «Mettler-Toledo AG» 1 noHomepa «I-130». AGCOpOIMOHHBIE CTIEKTPHI PerUCTPHUPOBAJIH
Ha crekrpodoromerpax «EMC-30PC-UV» u «UV-5100 UV-VIS». NHbpakpacHbIe CITEKTPBI
peareHTa, HOCUTe/s, WMMOOWIM30BaHHBIX COeJUHEHHWN U 00pa3oBaBIIerocs KOMILIeKCa
peructpupoBani Ha WK-®ypbe-criektpomerpe «Bruker Invenio S-2021». [Ins u3MepeHUs
CTIIeKTPOB OTpaKeHHUsl CBeTa BellleCTB B TBepZol (pa3e ucriosb3oBanu criekTpodoromerp «X-Rite
Eye-One Pro». Kpome TOro, st moATBep)KJeHUs 00Opa30oBaHMsS KOMIUIEKCA HMOHA MeTasuia
C OpraHWYeCKMM  peareHTOM B pacTBope WCIIO/b30Ba/lM  BbICOKO3((EeKTUBHBIM
SHEepProJJMCIiepCUOHHBIA peHTreHOhTyopeclieHTHbIM crieKTpomeTp TipousBojcTBa «Applied Rigaku
Technologies, Inc.» Bblmu nccneoBaHbl HECKOBKO TTOJUMEPHBIX BOJIOKHHCTBIX COpPOeHTOB. [Iist
BbIODAHHBIX BOJIOKHUCTBIX COPOEHTOB OIpeJesisiii CTaTUYeCKyl U JUHAMUYECKyl0 OOMeHHYIO
emkocTb (COE, Mr-skB/T), 1ocsie 4ero Mx MCI0JIb30Bau B KauyeCTBe TBepA0(da3HbIX BOTOKHUCTBIX
HOCHUTe/Iel B JaTbHEeNIIINX UCCIeI0BaHHUSX.

s ompenenenust crarudyeckoid obmeHHouM emkoctd 0,2000 T BOJIOKHHUCTOTO HOCHTEJIS
B3BeIlIMBa/IM Ha aHAJIMTUYECKUX Becax C TOYHOCTHIO A0 0,0001 r v momelnand B CTakaH. 3areM
nmobassimi 20 cm3® 0,1 M pacTBopa COMSIHOM KMC/IOTHI M OCTaB/IsUIA /11 HaOyxaHus Ha 24 4. [Tocne
3TOTO PacTBOP OT/eNsT GUIbTPOBaHKeM, oToupanu 10 M/ alMKBOTHOM yacT ¥ TutpoBaiu 0,1 M
pactBopoM NaOH B MpuCYTCTBHMM METW/IOBOIO OpaH)keBoro. [ljis ompejeneHus AUHaMUUeCKOM
0OMEeHHOM eMKOCTH B3BellleHHYH0 HaBeCcKy copbeHTa ToMmelljad B CIelUaabHYI KOJIOHKY
nvametrpoMm 10 mm. Uepe3 KOMOHKY C onpejeneHHOW CKopocTbio nponyckaau 1,0 M pactsop HCI.
[Tocse 3aBepiiieHUs MpoLeCcca BOJTOKHUCTBIM COPOEHT MPOMbIBAIM AUCTHA/UTUPOBAHHOM BOJIOM 710
noctwkenusi pH 7. 3arem oTOupany aJMKBOTHYIO YacTb o0beMoM 25 cm® u tutpoBamu 0,1 M
pacTBOPOM 1IIleJI0OYd B TIPUCYTCTBUM METHJIOBOTO OpaH)KeBoro. BwiOOp HocuTens [js copoumu
SIB/ISIeTCS. OJHUM M3 OCHOBHBIX 3TallOB HUCCJIeZI0BaHUs, MOCKOIbKY He BCe OpraHh4yeCKue peareHThbI
crocobHbI 3P PeKTUBHO UMMOOWIN30BaTbCS Ha TOBEPXHOCTU HocuTessa. [1o3ToMy HeoOX0oauMo
MpaBUIBHO TIOA00paTh YCIOBUSI M Criocod uMMobumm3anmu. B xozme ucciiefioBaHUs W3yuaid
yCJIOBHSI IMMOOW/IM3aLMM OpraHuueckoro peareHta ApceHa3o III Ha MoIMMepHBIX BOTOKHHUCTBIX
Hocutenasx SMA-1, PPA-1 u PPM-1.

[nisi 3TOrO0 M3 KaKAOro TOJMMEpPHOTO BOJIOKHUCTOTO HOCUTeNss Opanyd HaBecKy MacCou
0,2000 r, rmomeIraau B OTAe/bHBIE CTakaHbl 00beMoM 50 M u BeiziepkuBanu B 0,1 M pacteope HCl
B TeueHue 24 4. [lo wucCTeYeHMHM CYTOK BOJIOKHMCTbIE HOCWUTEJU MpPOMbIBaiM 4-5 pa3s
OUAMCTUTMPOBAHHOM BOJIOM, TIOC/Ie Uero IMPOBOJWIM TPOLieCcC UMMOOW/IN3AI[MM OpraHUueCcKoro
peareHTa  Ha  aKTUBHUDOBaHHBIX  BOJIOKHHUCTBIX  HOcUTensix.  Komriekcoobpa3oBaHue
UMMOOM/IN30BaHHOTO Ha BOJIOKHe ApceHa3o III ¢ nonamu Pb?" usyuanu B [ABYX peKHUMax:
JUHAMUYeCKOM U CTaTU4YeCKOM. B [uHaMUUeCcKoM pekume fjisi COPOIIMOHHOTO KOHLIEHTPHUPOBaHMUS
pacTtBopel MeTaisia o6bemMoM oT 10 go 200 M/ TporTycKaau TIpU KOMHATHOM TeMIlepaTtype udepe3
MHKPOKOJIOHKY, cozepxkaiyto 0,2 r copbeHTa, co ckopoctbio 1-10 my/muH. Ilepes mpoBefieHHEM
KOHL|EHTPUPOBaHUsI COPOEHT B MUKDOKOJIOHKe Tpe/[BapUTe/IbHO YPAaBHOBEILIMBa/IM PAaCTBOPOM TIpU
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COOTBETCTBYIOIIMX 3HaueHusix pH, onTUManbHBIX [/11 KOHLEHTPUPOBAHHSI MOHOB MeTaslia.
CKOpoCThb TPOMyCKaHWs pPACTBOPOB TIPU TIPOBEIEHMM KOHLIEHTPHMPOBAHUS IO/lep’KUBaIN
MoCTosTHHOW. CTaTUUecKyr0 COpOLMI0 TIPOBOJW/IM B J1aOOPaTOPHBIX YCJOBUSIX B CIeLMaIbHBIX
repMeTUYHO 3aKPBIBAIOL[UXCS CTEK/ISIHHBIX eMKOCTsX. [l co3maHuss HeoOXO[UMOM KHUC/IOTHOCTH
Cpe[ibl TIPY TIPOBE/IEHUH CTaTUYeCKOW COpPOLMM MCIOIb30Ba/Ii Pa3/IMuHble MUHePabHbIe KUCIOTHI,
menoun U OydepHble pacTBOpbL. PacTBOpbl /sl TIpOBeZeHHs] COPOIMOHHBIX SKCIIEPUMEHTOB
TOTOBU/IM C WCIOb30BaHKMEM OWAMCTH/UTMPOBAHHOM BoAbI. [Iporjecchl copOIy MOHOB MeETaslioB
MIPOBO/M/IU TPU KOMHATHOM TeMIeparype.

Pe3ynbrarhl 4 00Cy)KeHHe

OnTUyecKyr0 TUIOTHOCTb WMMOOW/IM30BAaHHBIX peareHTOB W3Meps/Id C HCI0JIb30BaHUEM
cniektpodoTtomeTpa «X-Rite Eye-One Pro». ITomyueHHbIe pe3y/bTaThl Mpe/CTaBIeHbl B Tabmuile 1
Y Ha pUCYHKax 1-2.

0,7
0.6 — SMA-1
0,5 ——PPA-1
0.4 PPM-1
~
0,3 SMA-1+arsenazo III
0.2 ——PPA-1+arsenazo III
0.1
—— PPM-1+arsenazo III
0 .
380 480 580 680 780 A nm

PucyHok 1. Cnekmpbl ompadiceHusi céema 00 u noc/e ummoduauzayuu Apcenaso II1 na
paznuuHbix copbenmax (SMA-1, PPA-1 u PPM-1)

——SMA-1

——PPA-1

PPM-1

SMA -1+arsenazo III

——PPA-1+arsenazo III

———PPM-1+arsenazo III

5

380 480 580 680 . 780
Anm

PucyHok 2. Cnekmpbl ompadiceHusi ceema ApceHa3o 111, uMmo6u/1u306aHHO20 HA Pa3AUYHbIX
copoenmax (SMA-1, PPA-1 u PPM-1), ¢ npedcmaeneHuu ¢pynkyuu Kybeaku—MyHKa
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Tabnuya 1. 3asucumocms onmuy4eckoll n/1I0MHOCMU pedazeHma om npupoobl Hocumess

No Tun HocuTensa F(R) arsenazo-III
1 SMA-1 5,33
2 PPA-1 7,11
3 PPM-1 15,83

3aBHCHUMOCTh HMMOOW/IM3ALIMH OT BpeMeHH. [/ 13yueHus: 3aBUCMMOCTH UIMMOOU/IM3aLun
Apcena3o III Ha BonokHe II[IM-1 OT BpeMeHUW BOJIOKHO BbIJIep)KHMBa/M B PAacTBOPE peareHTa
¢ KoHLleHTpauuei 1-10 M B TeueHre 1-50 MUHYT, TIOC/Ie Uero U3Mepsijid aHaTMTUUeCKUe CUTHAJIbI.
[TonyuyeHHbIe pe3y/bTaThl MPe/ICTaB/IeHbI B Tab/uMile 2 U Ha PUCYHKe 3.

Ta6auya 2. 3agucumocmb ummoobuauszayuu Apcenaso III na eonokHe ITIIM-1 om epemeHu

t . 5 7,5 10 15 20 23 30 40 50

min.

F(R) arsenazo III 7,19 10,53 14,62 15,76 15,85 15,89 15,95 16,17 16,05

16 —— & v
14
12
=~ 10
&
~ 8
6
A —&0—PPM-1+Arsenazo III
2
0 t min
0 10 20 30 40 50 60

PucyHok 3. 3asucumocmpb ummobuausayuu peazenma Apcexa3so I11 na gonoxkne IITITM-1 om
eépemMeHU
PeHTreHOdIyopeCIieHTHBIN crieKTp ApceHaso 11, uMmmobuin3oBaHHOro Ha copbente ITTIM-1,
XapakTepu3yeTcsl TOsIBJIeHWeM CIEeKTPaJbHOM JIMHUM, COOTBETCTBYIOLEM MBIIIbSKY, KOTOpas
OTCYTCTBYeT B CHeKTpe ucxopHoro copbeHrta (puc. 4). B peHTreHO(yOpeciieHTHOM CIIeKTpe
KOMILIeKca HaO/ofjaeTcsl  XapakTepHasi CIeKTpajbHasi JIMHUS CBHWHL[A, UTO TIOATBEPIK/AAeT
B3aMMO/IefiCTBHe UMMOOU/TM30BAaHHOTO peareHTa C MOHaMH CBUHIIA (puc. 5).

28



HOs16pb, 2026 2.

Ne 11 (149) UNIVERSUME s
o X 3000 X 30 X 700 X2.0
NEEEEE R EEEEE g 288 ¢ g
& ' m(g — < i fi) — :’S “" Q’J
S== 3 = 3 3Z
-o- I o 2o AL
206 NE> N ‘ O R >
2
3
Z04-
0.2 ‘
0 0_- " | J‘U A T ’ i l J l
- ] T T 1 1 T 1 1 1 1 1 1 T T T
15202530 40 50 60 70 6 8 10 12 14 20 25 30 35
RX9 Cu Mo Al keV

PucyHok 4. PenmzeHogs1yopecyeHmMHbIl cnekKmp ummoouau3zoeaHHoz2o0 Apceraszo I11
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PucyHok 5. PenmezeHo1iyopecyeHmHbIll cneKmp KoMn/1eKCHo20 coeduHeHusi uoHog ceunya(ll) c
UMMOOUIU308aHHBIM peazeHmom Apcenaso 111

3ak/IIoueHue

Ha ocHoBaHum pe3y/abTaTOB, II0JYUEHHBIX B XOAe HCC/Ied0BaHHsA, CAe/1aHbl C/aeAyrolaue

BBIBO/IbI:
1. Jns vMMoOWIM3alMKd OpPraHWYecKoro peareHTa ObLT BbIOpaH BOJIOKHUCTBIM HOCHUTEb

[TIIM-1 c BBICOKOW COpPOLIMOHHOW €MKOCTBIO, a TaKKe YCTAaHOBJ/IEHbI ONTHMAJIbHbIE YC/IOBUS

“MMOOUM3aI[y peareHTa ApceHaso III.
2. TTonyueHo koMrieKCHOe coeiiHeHWe noHOB cBuHLA(I) ¢ IMMOOWIM30BaHHBIM peareHToM

Apcena3so III 1 ycTaHOB/IEHbI ONTTHMaJIbHBIE YCIOBUS €ro 00pa3oBaHus.
3. Komruiekcoobpa3yrolije CBOMCTBA MCC/IeA0BAHbI METONOM CIIEKTPOCKOTHH Au(dy3HOTro

OTpa’KeHHUsl.
4. [ns moaTBepkeHWsT oOpa3oBaHWsS KOMIUIEKCA UM M3y4YeHUsI ero COoCTaBa HCXOZHbIe

BellleCTBa W TIOJyueHHble TIPOAYKTHI ObLTM HCC/Ie0BaHbI METOJOM peHTreHO(yopeCleHTHOTO

dHaJ/IM3d.
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AHHOTanus

B crarbe npezcTaB/ieHbl pe3y/ibTaThl UCC/IeI0BAaHUS MarHUTHOTO 00OTaIlleHus! I71ayKOHUTOBOM
PyAbI MecTopox/ieHuss Yanru B Y30ekucTaHe € Lie/bio oLeHKH nepepacnipegenenus K,0 u Fe,O,
MEXXIy TIPOAYKTAMH Celapaljii W OIpe/ie/ieH|us] BO3MO)KHOCTH TIO/yYeHHs] 00OTrarieHHOTo
KaJIMMCoZiep)Kalllero arpOMHUHepasbHOTO  ChbIpbsl.  VICXOZHYXO pyZAly NpefBapUTenbHO CYLLUWIH,
JpoOmimM W W3MesBJaad, TI0C/Ie Yero BBIMOJHSIM CHUTOBYHO KIacCU(UKAIMI0O U MarHuTHOe
pasesnieHre C UCI0/Ib30BaHUEM MOCTOSTHHOTO HeozmMoBoro Marauta NdFeB. Hanbonbinmii BeIxos
rocJie u3MesibueHus npuiiesicsi Ha gpakiuio —0,150+0,075 mm u coctaBun 39,60 %. XuMuueckuii
COCTaB  MUCXOQHOIO  Marepydajsa U [POAYKTOB  Cerapaldd  OLIEHUBAJIMA  METOAOM
PEeHTreHO(IyOpeCLIeHTHOTO  aHa/iu3a; JOIOJHUTEeNIbHO UCI0b30BaJM  SHEProfUCIepCUOHHBIN
aHanmM3. YcraHoB/eHo, uto cofepxkanne K,O B nucxonHou pyne cocrassiio 1,20 %, torga Kak B
HEMarHUTHOM (pakLd OHO TOBBICUIOCH A0 2,14 %, UYTO COOTBETCTBYeT OTHOCHUTETbHOMY
YBE/IMUEHHUIO KOHLIEHTPaly MpUMepHO Ha 78 %. OpHoBpeMeHHO copepkanue Fe,O, B MarHUTHOM
¢bpakuyy yBenuuunocs 10 48,7 %, a B HeMarHUTHOM CHU3U/I0CH 10 38,2 % no cpaBHeHuUto ¢ 47,8 %
B MCXOAHOM Marepuase. [losydyeHHble pe3y/nbTaTbl CBU/ETENbCTBYOT O  CeJIEKTUBHOM
repepacnpe/ie/ieH|H >Keyie30CoJep>KallliX KOMIIOHEHTOB P MarHUTHOM Cerapaliy Y MOKa3bIBatOT
BO3MOXXHOCTb TOJTy4eHUs] HEMarHUTHOTO MPOJAYKTA C MOBBILIEHHBIM OTHOCHUTETbHBIM COZeP>KaHUueM
Kanusi. [t OKOHYaTe/bHOM  OLIEHKM  TEeXHO/MOTMUYeckor  3((deKTMBHOCTH  HeOOXOUMBI
MaTepHasbHBIN 0aslaHC, pacyeT W3BJeueHWs KOMIIOHEHTOB U paclIMpeHHas MHWHepaoruyecKast
XapaKTepUCTHKaA.

Abstract

The article presents the results of magnetic beneficiation of glauconite ore from the Changi
deposit in Uzbekistan, aimed at evaluating the redistribution of K,0O and Fe,O, between the
separation products and assessing the possibility of obtaining enriched potassium-bearing
agromineral raw material. The ore was preliminarily dried, crushed and ground, followed by sieve
classification and magnetic separation using a permanent NdFeB neodymium magnet. The highest
yield after grinding was obtained for the —0.150+0.075 mm fraction and amounted to 39.60 %. The
chemical composition of the initial material and separation products was evaluated by X-ray
fluorescence analysis, with additional energy-dispersive analysis. The K,O content in the initial ore
was 1.20 %, whereas it increased to 2.14 % in the non-magnetic fraction, corresponding to an
approximately 78 % relative increase in concentration. At the same time, Fe,O, increased to 48.7 %
in the magnetic fraction and decreased to 38.2 % in the non-magnetic fraction compared with
47.8 % in the initial material. The results indicate selective redistribution of iron-bearing
components during magnetic separation and demonstrate the possibility of obtaining a non-
magnetic product with an increased relative potassium content. A complete material balance,
component recovery calculations and expanded mineralogical characterization are required for a
final assessment of the technological efficiency of the process.
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BBegeHnue

ObecrieueHre CeIbCKOXO3SIMCTBEHHBIX KY/BTYDP JOCTYIHBIMHA (OpPMaMHU Kajus SIBISIeTCs
OZTHOM U3 aKTyasIbHbIX 3a/]Jau COBPEMEHHOTO 3eMJie/ie/Hsl, TTIOCKOJIBKY KaMii OTHOCUTCSI K OCHOBHBIM
MakKpojieMeHTaM TUTaHWs pacTeHWH U yYacTBYeT B DeryidpoBaHUM BOJHOIO DPeXUMa,
(hepMeHTaTUBHON aKTUBHOCTH, TPAHCIIOPTa AaCCUMMJISITOB U YCTOMUMBOCTU pacTeHHM K CTPeCCOBbIM
¢dakTopam. OJHOBpEMEHHO COBpeMeHHOe CeTbCKOe XO3WMCTBO CTA/KWBAeTCs C HeoOXOJUMOCThIO
noBbIlIeHus1 3PPeKTUBHOCTH UCTIONb30BaHUS MUHEPAIbHBIX PECypPCOB U MOMCKA ajbTePHAaTUBHBIX
HCTOUHUKOB 3/1eMEHTOB TMUTaHUs. B 3TOM CBsSI3M BO3pacTaeT WHTEPeC K MPUPOAHBIM CUIMKATHBIM
MUHepasaM Kak TOTeHLMa/bHbBIM UCTOYHUKAM Kaslusi ZJisi CebCKOX035MCTBEHHOTO TPOM3BO/ICTRA.
MexayHapoJHble ~ WCCAeOBaHUS ~ pacCMAaTpPUBAlOT  IVIAYyKOHUT  KAaK  T[epPCIeKTUBHBIN
Ka/IiiicoziepyKalljuii arpOMUHepa/ibHbI pecypc, OJHaKO OTMeualOT ero CpaBHUTeTbHO HU3KYIO
pPacTBOPUMOCTb U MeJiJIeHHOe BBLICBOOOXKJeHUMe Kasksi, UTO OTrpaHUuYMBaeT HeroCpeACTBeHHYIO
3¢ heKTHBHOCTh He0OOTalleHHOTO ChIpbs [8, 2, 9, 4].

[71layKOHUT TIpeiCcTaB/sieT COO0M Kamicoep Kallfiii CJIONCTBIN a/IFOMOCH/IMKAT, B CTPYKType
KOTOPOTO KaJIiii MperMyIleCTBeHHO HAaXOJWUTCS B MEeXC/I0eBOM TpOCTpaHCTBe. braropapsi stomy
I7IayKOHUT MOXKeT PacCMaTpPUBATHCS KaK MCTOUHUK Kajusi MPOJIOHTUPOBAaHHOTO JelcTBus. Bmecte
C TeM TIPUPOJHbIE T/IAyKOHWTOBbIE DPY/bl SIBISIOTCS TOJMMUHEPATbHBIMH CHCTEMaMH M, KpoMe
I7IayKOHWTA, MOTYT CO/lep)KaTb KBapl], TII0JieBble INMAaThl, TJIMHUCTbIE U JKeyie30CofepiKaliye
MuHepasbl. [103ToMy 3¢h(heKTHBHOCTh MCII0/Ib30BaHUSI TAKOTO ChIPhSI B KaUeCTBe arpOMUHepabHOTO
Marepuasa Ompe/ieiieTCss He TOMbKO 0o0mmM conepxandeM K,O, HO W CTeNeHbl0 PacKphITHs
MUHepaJbHbIX arperaroB, T'DaHY/IOMeTPUUECKUM COCTaBOM, MUHepaJbHbIMUA aCCOLUALUsIMU
1 hopmoii HaxoxAeHus Kanus [8, 3, 4, 9].

CoBpeMeHHble MeX/IyHApOAHble HCC/IeOBaHUs TIOKA3bIBAlOT, UTO TIpeJBapUTe/IbHOe
¢busnyeckoe oboraiijeHe SIB/ISIETCS OFHUM W3 MEePCIeKTUBHBIX HalpaB/ieHUM MOBBILIIEHNsT KaueCcTBa
I7IayKOHUTOBOTO ChIPbsi. B uacTHOCTH, ApoOsieHWe, U3MesbueHre, KiacCUu(UKalus 1o KpPyIHOCTH
YW MarHWTHasi ceriapalvsi TIPUMEHSIIOTCS [/Is y[a/ieHusl MyCTOM TOpPOJbl U >Keyie30Co/epiKallux
KOMIIOHEHTOB U TIOBBIILIEHUsS] OTHOCUTE/IbHON KOHL|@HTpPAl[MK I7TayKOHUTOBOM COCTaB/sitolei [2, 7].
Ha mipuMepe TI71ayKOHMTOBBIX TIOPOZ MecTOpoXkAeHusi Bakchar Ob1o mokas3aHo, 4To coueTaHue
rpaHy/IOMeTPUUECKON KIacCUGUKAlMM W MarHUTHOTO pa3fie/ieHrsl TI03BOJ/IsieT CYIeCTBEHHO
TIOBBICUTBL COZiepkanue rnaykonuta u K,O B 1iesieBoM npoykTe [7]. AHa/OrnuHble UCC/Ie0BaHuUs
IJIayKOHUTOBOTO  ChIpbsl MHAMM TOKa3a/M BO3MOXHOCTb TOBbINIEHUs —cogepxkanus  K,O
rocpeAcTBOM (hH3UUeCKOro oboraiijeHus repes Mocaeayolleil XuMuueckou repepaboTkoii [9].

OpHako aHaMM3 COBPEMEHHBIX MMyO/MKaI[Mii T[I0Ka3biBaeT, UTO MeX1y (usnueckum
oborairjeHeM TI/IayKOHHWTa W ero Toc/eAyrolleli XUMAYeCKOW aKTHBal[del CYIIeCTByeT BakKHasi
TeXHOJIoTUUecKast TipobsiemMa. [IpocToe KMC/IOTHOe BhIllje/laulBaHie MoOKeT obecrieurBaTh HU3KOe
W3B/leUeHre Kalus, TorJa Kak Oojiee BbICOKas CTeTleHb ero MoOuIu3aiuu  (TIOBBIIIeHUs
TOJBIKHOCTU Kajiusi) B psifie MCCIAeOBaHWM [OCTUrajach C WCIOIb30BaHUEM TePMUUeCKOU
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00pabOoTKH, KHUC/IOTHOTO BBII[e/IAUMBAaHUS WM UX KoMmOuHatwmu [4, 7, 9]. Hampuwmep, as
HEKOTOPBIX  IVIAYyKOHUTOBBIX TIOPOZ TpsiMOe KHUCJIOTHOEe  BhbIllesaurBaHue  00ecrieunBasio
OrpaHMuYEHHOe W3BJeYeHWe Kalus, TOIZla KakK IpeJBapuTe/bHas TepMuUYecKas aKTHBalUs
CyLLleCTBEHHO TIOBbIIIA/Ia CTeNeHb ero repexofa B pacTeop [9, 4].

B 1O >Xe Bpems Tipe/iCTaB/sieT MHTepeC pa3BUTHe Oosiee SHeprodpeKTUBHBIX (U3MUeCKIX
MeTO/IOB Tpe/iBapyUTe/bHOM IOJTOTOBKM IVIAYKOHUTOBOIO ChIpbsi. VcciienoBaHusl MexaHWUeCKOU
aKTHBAIlUM TIOKa3bIBAIOT, UTO HWHTEHCHBHOE W3MeJbueHHe CII0COOHO W3MEHSTh [JUCIePCHOCTb,
yAeNbHYI0 TIOBEPXHOCTb, CTPYKTYDHble XapaKTePUCTHKM ¥ KaTHOHOOOMEeHHbIe CBOMCTBA
I7IayKOHWUTA, YTO CO3/[aeT TPeATIOCHITKH /IS TIOBBIMIEHHUsT JOCTYITHOCTH Kanust Oe3 00si3aTesTbHOTO
MIPUMEHEeHUsT BBICOKOTeMIlepaTypHoil o6pabotku [3]. Takum o0pa3om, HayyHO 000CHOBAHHBIN
BBIOOD YCJ/IOBHI M3MeJIbUeHHSI 1 MarHUTHOTO pa3fie/ieHUsi MOXKeT PacCMaTpUBaThbCsl KakK BayKHBIM
3Tamn rnojiy4eHusi 000raieHHOT0 KaTMiCOZieprKalllero arpOMUHEePabHOTO ChIPbSI.

Inst Y306ekucTaHa faHHasi mpobsieMa UMeeT 0Ccoboe 3HaueHHe B CBS3U C HAaJTMUHMEM MeCTHBIX
I7IayKOHUTCOZiepKallluX pecypcoB, TMOTEHLMal KOTOPbIX /Il IIOJIyYeHHsI OTeueCTBEHHOIrO
arpoOMHHepaibHOTO ChIPbSi U3y4eH HeJoCTaToyHo. OfHUM U3 TepPCIIeKTUBHBIX OOBEKTOB SIB/ISIETCS
MectopokaeHre YaHru, pacrosnoxkeHHoe B IlapkeHTCkoM paiioHe TarkeHTCckou o6sactu.llo
OnyO/IMKOBaHHBIM  JIAHHBIM, IJIAyKOHUTCOZIEPJKAll[ie TIeCYaHUKH JAHHOTO  MeCTOPOXK/eHUs
XapaKTepu3yloTCsl 3HAUWTEe/NbHBIMU 3aracaMd W CAOKHBIM TOMMHHepanbHbIM cOCTaBoM [1].
Hanmuuve B pyge DaykoHWTA Hapsily C KBapLieM, IIOJIeBBIMM IIIAaTaMM, [VIMHUCTBIMU
U OKele30CofiepXKaliMi  KOMIIOHeHTaMu  00yC/IOBIMBaeT  HeOOXOAWMOCTb — TIPOBEZI€HHUS
TIpe/IBapyTeIbHOTO 00OoTallleHys Tepe, AaabHeHIINM HCIoIb30BaHHeM MaTepHrasia B ITPOU3BO/ICTBE
KaMiCcoziepyKallix 1 KOMITIEKCHBIX y100peHHiA.

HecmoTpss Ha HamMuve MeXAyHapOJHbBIX WCC/Ief0BaHUN MO (PHU3UYeCKOMY U XUMUUECKOMY
o0oraiieHuI0 T/IayKOHUTOBBIX DY/, pacIipe/ieieHue K,O u Fe,O, Mexay NpoAiyKTaMid MarHUTHOU
cerapalii UMEeHHO ITIayKOHUTCOZep)Kallleld pyAbl MeCTOpoXKaeHus YaHru ocraeTcss HeZloCTaTOYHO
V3y4YeHHbIM. B uyacTHOCTH, TpejCTaB/iseT HayuyHbld W TPAaKTUYeCKUM HWHTEpeC YCTaHOBUTb,
HAaCKO/IbKO MarHWTHOE pas/iesieHye T03BOJISIeT YAAJIUTh JKesle30COeprKallylo COCTaBIISIOLILYIO
Y OJHOBPEMEHHO IIOBBICUTb OTHOCUTE/bHYIO KOHLIEHTpAal[MI0 Kaausl B HeMarHUTHOM IIPOJYKTe.
Pemenve 3TOW 3a7aud  TI03BOJIMUT OOOCHOBAaTH BO3MOXKHOCTb  WCIIOb30BAHUSI MECTHOTO
[71IayKOHUTOBOTI'O ChIPbs B KaUeCTBe MIPOMEXXYTOYHOI'0 arpOMUHEPAaIbHOIO MPOAYKTA.

Llesb McciefloBaHust — yCTaHOBUThL 3aKOHOMepHOCTH pacripefenenus K,O u Fe,0, mexay
MarHMTHOM ¥ HEMarHUTHOM (pakLWsSMHU I7TIayKOHWUTCOZeprKalleid pyzbl MecTOpoXKAeHusi YaHru
10C/Ie MeXaHW4eCKOM IOArOTOBKM M MarHWUTHOM CerlapaljiM, a TakXe OL[eHUThb MepPCreKTUBHOCTD
WCIIO/Ib30BAaHMsI  TIOJIyYeHHOM  HeMarHWUTHOW  (pakud B KadecTBe  00OrarieHHOro
KaJIMMCoZiep Kalliero arpOMUHEPaIbHOIO ChIPbS.

MaTepl/IaJIbI " MeTOoAbI

B KauecTBe MCXO[JHOTO MaTepuajia HCTOMb30Bald  IVIAyKOHUTCOZEpPJKalllylo  PYAY
MecTopoXKZeHus: YaHru, pacrioiokeHHoro B IlapkeHTcKom paiioHe TarkeHTckod obsmactu [1].
O6pa3zer] nipefiBapUTeIHLHO BPYYHYIO OTCOPTHPOBA/IM U TOATOTOBUIM HaBeckKy maccoi 200 . s
yAaneHuss (U3MUYecKu CBs3aHHOW Biaru Matepuan cymwau npd 105 °C. Tlocne cymikyd macca
obpa3ia cocraBuia okosio 190 1, YTO COOTBETCTBYET MoTepe MpuMepHo 5 %.
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[TepBruuHOe ApoO/ieHWe BBITIONMHSAIM Ha IeKoBou apobunke J-100x100. /lamee maTepuas
Mo/ Bepraji TOHKOMY M3MeslbueHH0 B HOeBoM MesbHULle IKA M20 npu uacrote Bpawenus 20
000 o6/muH. ITocsie U3MeTBUeHMsT TIPOBOAM/IM CUTOBOM aHa/In3 C UCIMOJ/b30BaHueM cut 3,15; 2,50;
1,70; 0,50; 0,150 u 0,075 mM. Bbixop Kak[Jou (Ppakiiid pacCUMTHIBAIM KaK OTHOIIIEHWE MacChl
OT/IeJIbHOM (PpaKLU K UCXOJHOM Macce aHa/IM3UPyeMOii HaBeCKHU.

[lis MarHUTHOTO pa3feneHUs] UCI0/b30Balu TOCTOSIHHbINA HeofuMoBbili MarHUT NdFeB
Mapku N42 ¢ NOBepXHOCTHOW HaNpPs)KeHHOCTbRO MarHuTHoro mnossg okosno 0,5 T. Marepuan
pacrpeiesisiii TOHKMM C/I0eM Ha CTeKJITHHOW IMOBePXHOCTH, & MarHUT IepeMeliaiy Ha PaCCTOSHUN
okoro 10 MM or obpa3ija B TeueHHWe 5 MHWH TIPM PYYHOM TlepeMellvBaHWU. [Iisi TOBBILIEHNS
TIOJIHOTBHI pas3/iesieHysl TpoLieflypy TMOBTOPSIM TPU pasa. B pesynbrare mosiydyanu MarHUTHYO
Y HEMarHUTHYO (paKLUU.

XUMHUUeCKUM COCTaB OIpejesisii MeTOJOM pPeHTIeHO(yOpeclieHTHOro aHanu3a (puc.),
JIOTIO/THUTETBHO MCTI0/Ib30Ba/IM YHEProIUCIIePCUOHHBIN aHamu3 [5, 6]. Ocoboe BHUMaHUe yaemsa
cogepxannto K,O u Fe,O, Kak TMoOKa3aTesisiM, XapakTePHU3YIOIMM arpoXMMHUYECKY0 LeHHOCTb
1 3QQeKTUBHOCTb yJa/leHus >kKele30Co[ep KalljuX KOMIIOHEHTOB. B uHTepripeTalyy pe3ysbTaToB
YUWTBIBA/IM, YTO CIIeKTpaJbHble MeTO[bl, IPUBEJeHHble B MWCXOLHOM MCC/Ie[0OBaHWY, WUMEIOT

nperuMyIieCTBeHHO HOHYKOHHHECTBEHHLIﬁ XapakTep.
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PucyHok 1. Cnekmpa/bHblli AHA/IU3 NPUPOOHO20 2/1AyKOHUMA

Pe3yibTaThbl 4 00CY )X/ eHUSA

[Tocne wu3MesbueHUs pyZla WHTEHCUMBHO Tiepexojuia B TOHKOAWCIIEPDCHOE COCTOsIHUE.
Haubonbimii BeIX0 mnpuinencs Ha ¢pakouio —0,150+0,075 MM u coctapun 39,60 %. [Honst
dbpakumm —1,7+0,5 MM cocraBuna 18,78 %, —0,5+0,150 mm — 14,13 %, —2,5+1,7 mm — 8,03 %,
-3,15+2,5 mm — 5,58 %, a dpakiuu +3,15 mm — 12,06 %. [TonyueHHOe pacripefiesieHre
TOKa3bIBaeT, YTO UCXOJHBIM MaTepua/ CPaBHUTEIBHO JIETKO /Ie3WHTerPUpPYyeTCs MPH MeXaHHh4ueCKOM

BO3/IeMCTBUM.
Ta6auya 1. 3HaueHus
®dpaknusa, MM Macca, rp Bbixog, %
+3,15 9,65 12,06
-3,15+2,50 4,4623 5,58

37



Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

®dpakiusa, MM Macca, rp Bbixop, %
-2,50+1,70 6,4235 8,03
-1,70+0,50 15,0215 18,78
-0,50+0,150 11,3013 14,13

-0,150+0,075 31,6775 39,60

Brbicokast 10719 TOHKOHM (PpakLiiy UMeeT TeXHOJIOTUUeCKOe 3HaueHue, OCKO/IbKY yMeHbllIeH e
pa3Mepa 4YacCTHL] TIOBbIILIAET CTereHb DPACKPBITUSI MUHepasbHbIX arperatoB U coszaer Oosee
GnarornpusiTHbIE yCAOBUSI [JIsl TOC/Ie/yIOLero MarHWTHoOro pasgesnenust [9,4]. B uccnenoBanuu
MMEeHHO TOHKO/IMCTIePCHBIN MaTrepras pacCMaTpUBAJCs KakK IMepCrieKTUBHBIA 00beKT Aa/bHeuiero
(bM3MKO-XMMHYECKOT0 aHa/ln3a.

WcxopHast pyaa xapakrepusoBanack copepkanvem K,O 1,20 % u Fe,O, 47,8 %. Ilocne
MarHMUTHOIO pasfie/ieHus XUMUUeCKUM COCTaB TPOAYKTOB H3MeHW/ICS. B MarHuTHOW (pakuuu
copiepxkanue Fe,O, nocturio 48,7 %, uTo MOATBEPXK/AAET KOHLIEHTPUPOBAHUE XKEJIe30CO/ePIKAIIIUX
KOMIIOHEHTOB. B HeMarHuTHOM TIpoAykTe cofepxanue Fe,O, cocrasumo 38,2 %, a K,0 — 2,14 %.
Takum o6pa3oMm, IeneBas HeMarHuTHas (pakiusi XapakTepu3oBajachk 0Oosiee  BBICOKUM
OTHOCHUTE/IbHBIM cofiepkanneM K,O 10 CpaBHEHHIO C WMCXOAHBIM MarepuajioM U MEeHbIINM

cogepxanuem Fe,O,.

Ta6auya 2. 3HaueHus

IIpoayxT K,0, % Fe,0;, % OcHoBHas XxapaKTepuCcTHKa
WcxopHas pyza 1,20 47,8 WcxoHbll OIMMUHEPaTbHBIN MaTepran
MaruuTHas ¢hpakuys 1,20 48,7 OoboraiijeHa >eJie30Co/iep>KalfiMy KOMITOHEeHTaMK
HemaruutHasi ¢ppakuus 2,14 38,2 [ToBrilLIeHHOE OTHOCKTENBHOE cogepkanue K,O

[TonyueHHble [aHHbIE YKa3bIBalOT Ha CEeJEKTUBHBbIM XapaKTep MarHUTHOTO pas/iesieHusl.
[loBbiienne conepkanuss Fe,O, B MarHuTHOW (pakuMu CB3aHO C TMEPexXoJOM B  Hee
)Kene3ocofiepyKalliuX MHUHepasioB U (a3 C TMOBBIIIEHHOM MarHUTHOW BOCIPUMMUYMBOCTBIO [9,4].
OpHOBpeMEHHO CHIKeHHe cofepxkanus Fe,O, B HeMarHWTHOW (PaKUUKM CBU/ETETbCTBYET
0 YaCTUYHOM Y/la7leHHUU >Kele3UCThIX KOMITIOHEHTOB U3 LiefieBoro mpoAykra. Oco6eHHO Ba)KHBIM
pe3y/ibTaToM sIB/ISIeTCst yBenuenre conepkanus K,O B HemarHuTHoU ¢pakuuu 10 2,14 %. Tlo
CpaBHEeHHIO C UCXoAHbIMU 1,20 % 3TO COOTBETCTBYeT OTHOCUTE/IbHOMY ITOBBILLIEHUIO KOHLIeHTpaLiu
K,O npumepro B 1,78 pasa, wii npumepHo Ha 78 %. [lpu 3TOM NaHHBINA IMOKasaTesb CreyeT
TPaKTOBaTh KaK M3MeHeHWe KOHL|eHTpalluM B TMpOJAYKTe, a He KakK U3B/eueHWe BCero Kajius U3
HCXOJHOU pyABI: [/l pacyeTa UCTUHHOTO M3BJeueHUs] HeoOXoUMbl MacChl UCXOAHOTO MaTepHasa
1 06eux MPOAYKTOB Cerapariu.

Cuwxkenwve Fe,O, ¢ 47,8 1o 38,2 % B HEMarHuTHOW (PPakLMK COOTBETCTBYET YMEHbIIEHHIO
KOHI[EHTpal[U¥ TpPUMepPHO Ha 9,6 MpOLIEHTHOrOo IyHKTa, WM npubmmsutenbHo Ha 20,1 %
OTHOCHUTE/IbHO MCXOJHOTO 3HaueHus. B marnutHOoM mipoaykre Fe,O, cocraBuino 48,7 %. 370
MOJTBEP)KJAeT  HarpaB/lieHHOe  KOHLIeHTPHMpOBaHHe  JKejle30Co[eprkallied  COCTaB/sHoLen
MarHUTHBIM MEeTO/IOM.
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C TexHONIOTMYeCKOM TOUKWA 3peHusi TOojy4yeHHasi HeMarHWTHasi (pakuuysi TpefcTaBser
VHTepeC Kak IIPOMEeXyTOYHOe arpOMHHepasnbHOe chipbe. CoXpaHeHHe Kajiusl B aJOMOCH/IMKATHOU
YacTM Marepuajia TPUHLMINWAABHO Ba)KHO /I Jla/bHEHIIero rosydeHus  ynoOpeHwit
MIPOJIOHTMPOBAHHOTO ZlelcTBUs. B TO >ke Bpemsi MarHWTHasi (pakiysi He O/DKHA pacCMaTpyBaThCsl
TOJILKO KaK OTXO/I: ee TIOBBIIIEHHOe CO/lepKaHue >Keyle3a MOXKeT ObITh OCHOBAaHHMEM [ijisl OT/e/TbHOM
OLIeHKH BO3MO)KHOCTH MCIIO/Tb30BaHMS B KaueCTBe >Keyie30Cco/iepykaliieli MUHepaabHOU 00aBKU Wn
Jipyroro yHKL[MOHAIbHOTO MaTepuara.

Cnenyer yuWTbIBaThb OrpaHuyeHus TpoBefeHHOro wuccienoBaHus. XRE/EDS-nanHble
XapakTepU3yl0T XMMUYeCKUM COCTaB M paclipefie/ieHre 371eMEeHTOB, HO He T03BOJISIOT ITOJIHOCTBIO
yCTaHOBUTb KpHUCTa/uTMueckue (asbl. [l Oosiee CTPOroil MUHepasorMueckor WHTepripeTaluu
HeoOxogumel XRD, SEM-EDS wu, npu HeobXoqumMoCTH, TepMuueckuii aHamu3. Kpome Toro, ams
KOTMYeCTBEeHHOU OL[eHKU 3()(eKTUBHOCTH CeTlapaliii HeoOXOMMbI MaTepHasIbHbIA OamaHC, BBIXOZ
MarHUTHOW U HeMAarHUTHOM (pakiuii, a Takxke pacuet ussiedenus K,O u Fe,O,.

Ha ocHOBaHMM MOMy4YeHHBIX pe3yJ/bTaToOB IpefjaraemMasl NoC/e[0BaTe/bHOCTb MOATOTOBKU
I7IayKOHUTOBOU PYZIbI MOXKET OBbITb TIpe/|CTaB/IeHa CAeAyromuM 00pa3oM: UCXOAHas pyja — CyIKa
— Apo0OsieHre — TOHKOe M3MeJIbdeHHe — CHTOBas KiaccuuKarys — BbIOOP TOHKOW (pakuyu —
MarHuTHas cerapanusi — MarHUTHbIM TPOAYKT + HeMarHWTHbIM IIPOAYKT. Takasi cxema He
Mpe/lyCMaTprBaeT TePMUYECKOTO0 OOKMTa M MOXKET pacCMaTpuBaTbCsl KaK (U3MUECKH 3Tarl
TIpe/IBapUTe/IbHOTO Oboraiienus. HemarHuTHbIA MPOAYKT C MOBbILEHHBIM cofepxanrem K,O
MOXeT OBITh HarpaB/ieH Ha MOC/Ie[YIOIIYI0 aKTHBALWIO MJ/TH UCTIOIb30BaH KaK MUHepaibHasi OCHOBA
[JIS TIO/My4YeHHs] KOMIUIEKCHBIX yAoOpeHHil. B cooTBeTCTBMM C JajbHEHIIMM HarpaBjieHHeM
WCC/eOBaHUKA K HeMy MOryT [00aBistbesi (ocdopcogepkaiiye KOMIIOHEHTBI YW a30THBIE
coenvHenusi. OJHAKO peLeNTypy KOHEYHOTo yAOoOpeHHsi cjieflyeT ONTHMH3UPOBATh Y)Ke TOCie
yCTaHOBJIEHHS TIOJTHOTO XUMUYeCKOTO U MIUHEPAsIoTH4eCcKoro cocTaBa 000raijeHHOro IPOAYKTa.

st cyepyroiiero 3tama resiecoodpasHo OMpeJesuTh BbIX0/ KaXJO0ro TPOAYKTa Ceraparyu
Y COCTAaBUTH TIOJIHBIN MaTepHasbHbINA OamaHC. OTO MO3BOUT TIEPETH OT CPaBHEHUsT KOHIIEeHTPaLid
K KO/IMYECTBEHHOW OL[EHKe H3BJIeUEHHs!: OTpPe/eNnTh, Kakas Aons ucxogHoro K,O coxpansieTcs
B HEMarHWTHOM TIPOAYKTe W Kakast josist Fe,O, 1MepeBoAUTCSl B MarHUTHBIM KOHLIEHTpAT. Takou

MO/XOZ, CYLIeCTBEHHO YCUJIUT Ji0Ka3aTe/IbHOCTb TEXHOIOTHYeCcKoi 3¢ (eKTUBHOCTH IpoLiecca.

3ak/IloueHue

WccnenoBaHo MarHUTHOe o0orailjeHre IJIayKOHUTOBOM pyAbl MecTopokJeHUs UYaHru.
CuroBoli aHa/M3 TOKa3as rpeobsaganve ToHkou (pakumu —0,150+0,075 MM ¢ Beixogom 39,60 %.
MarHuTHasi cerniapaiiysi obecrieunsia repepacrpe/ie/ieHre >kene30CoepKalljiX KOMIIOHEHTOB MeXXAy
NIPO/IyKTaMu pasjiesieHust. B MaruuTtHoM dpakiuu conepxanve Fe,O, mocturmo 48,7 %, Toraa Kak
B HEMarHUTHOW (pakuun oHO cocTaBuio 38,2 %. Coxepxkanre K,O B HEMarHWTHOM TIPOAYKTe
Jocturio 2,14 % npotus 1,20 % B UCXOAHOM pyze.

TakuMm o00pa3oMm, MarHuUTHasi cerapalysi SIB/SeTCS T1ePCIIeKTUBHOW Tpe/iBapUTebHOU
orepane s TOBBILIEHUS OTHOCUTEIbHOW KOHLIEHTPALUM Kajusl U CHYDKeHUs COJieprKaHus
)Kesie3a B 1le/leBOM HeMarHWTHOM (pakivy I7IayKOHUTOBOTO ChIpbsi. I1omydyeHHBIN MPOAYKT MOXKET
paccMaTpuBaThCs Kak TIepCIIeKTHBHAsi MUHepaibHas OCHOBA [Jisi [JajbHelinell pa3paboTKu
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Ka/MicoziepKalliix ¥ KOMIUIEKCHBIX yzo0peHuid. [[isi OKOHUYaTe/bHON OLeHKU 3(PPeKTHBHOCTH

npoiiecca HeoOXOAMMBI MaTepHasIbHBIA OanaHC, pacueT MU3B/IeUeHHUsI KOMITOHEHTOB U paCIIMpeHHast

MHHepa/ioruueckas XxapakTepucTyka ¢ npumeHeHreM XRD.
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AHHOTanus

B cratbe wuccnenoBaH mMpoLecC MOMy4YeHUs1 MOPTAaHALEMEHTHOTO K/IMHKepa Ha OCHOBE
TEXHOTeHHBIX OTXOJ[OB - IIIJIAKa M 30/IbI-yHOCA - B COYETAHWM C TIPUPOAHBIMH KapOOHATHBIM U
[JIMHUCTBIM KOMMOHeHTamu. [IpuBefjeHbl XMMUYEeCKUe COCTaBbl ChIPbEBBIX KOMIIOHEHTOB (IIAK,
W3BECTHSIK, TVIMHUCTBIM KOMITOHEHT, 30/1a-yHOC Bekabazckoii TOC, Y30ekucTaH) U pacCMOTPEHbI
OCHOBHbIe MOAY/IU ChIpbeBOW cMecu: Ko3(duimeHT HackiieHusi (KH), cunvkatHeii (n) u
IJIMHO3EMHBIN (p) MoAynu. Tloka3aHo, UTO B KJIMHKepe, TOJIydeHHOM C MCIO/b30BaHUEM IIlJIaka U
30/IbI-yHOCa, cofepkanue ammra (C,S) Bospactaet ¢ 58,2 mo 62,4 %, conepxanue Gemwra (C,S)
cHwKaetcs ¢ 18,5 mo 15,0 %; Temneparypa ookura ymensinaetcs ¢ 1450 go 1380 °C, yaesbHbIN
pacxop, 3Hepruu - ¢ 3,65 mo 3,15 M/D/kr, yaenasHbii Beibpoc CO, - ¢ 0,85 g0 0,71 T/T KnvHKepa.

HOJ’Iy‘-IEHHbIE pe3yJ/bTaThl ITO3BOJIAIOT CHU3UTDH cebeCcTonuMOCTh MPpOM3BO/ACTBA LIEMEHTA U BHEAPATH

Bubimorpadpuueckoe ommcanme: OrtakysueB A.A., Opa3umberoBa I'JK. IlosmyueHne K/IMHKEpHBIX KOMIIO3WL[MH Ha OCHOBe
TeXHOreHHBIX 0TX0Z0B // Universum: XuMusi ¥ OMOJIOTHS : 3/1eKTPOH. HayuH. )XypH. 2026. 11(149). URL: https://7universum.com/ru/
nature/archive/item/23606
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pecypcocOeperaroiie  TeXHOJOTMHA 32 CYET 3()(EeKTUBHOrO  WCIONb30BaHUS  OTXO/OB.
ComnocraB/ieHue C TPaJULIMOHHBIM COCTABOM I10Ka3blBaeT M3MeHeHHe (ha30BOro cocTaBa K/IMHKepa
U CHIDKEHWe SHepreTMUeCKHWX 3aTparT Tpu obkure. PaccMoTpeHO BiHsiHME KOPPEKTHPYIOIIWX
KOMITOHEHTOB Ha COOTHOILIEHWe OCHOBHBIX K/IMHKEPHBbIX MUHepasoB. OTMeueHa HeOOXOJUMOCTb
Jla/IbHeIIero uccneoBaHus (pU3NKO-MexaHuueCKUX CBOMCTB MOMYyYeHHOTO LieMeHTa.

Abstract

The article studies the production of Portland cement clinker from industrial waste - slag and
fly ash - combined with natural carbonate and clayey components. The chemical compositions of
the raw components (slag, limestone, clayey component, fly ash of the Bekabad thermal power
plant, Uzbekistan) are presented, and the main raw-mix moduli are considered: the lime saturation
factor (LSF), the silica modulus (n) and the alumina modulus (p). It is shown that in the clinker
obtained with slag and fly ash the alite (C,S) content increases from 58.2 to 62.4 %, while the belite
(C,S) content decreases from 18.5 to 15.0 %; the burning temperature decreases from 1450 to 1380
°C, the specific energy consumption from 3.65 to 3.15 MJ/kg, and the specific CO, emission from
0.85 to 0.71 t per tonne of clinker. The results make it possible to reduce the cost of cement
production and to introduce resource-saving technologies through the efficient use of industrial
waste.

KirueBble c/i0oBa: I1IUIAKOBbIE OTXOABI, K/IWHKED, 30J/la-yHOC, CBOWMCTBA I|eMEHTa,
XUMHWYeCKUH coCTaB, (ha3000pa3oBaHue.

Keywords: slag waste, clinker, fly ash, cement properties, chemical composition, phase
formation.

BBepenue

[TopTnaHALleMeHTHBIM KJIMHKepD SIBJISIeTCSI OCHOBHBIM KOMITOHEHTOM LieMeHTa, a ero KaueCTBO
HampsIMyl0 3aBUCUT OT XWMHUECKOT0O W MHHepajoruueckoro cocrasa [1; 5]; TpebGoBanust
K OOILeCTPOUTENbHBIM IjeMeHTaM ycTaHoBjeHbl B [3]. TIpou3BOACTBO K/IMHKepa CBSI3aHO
C BBICOKMMH 3aTpaTaMHd TOIUIMBA W 3/7I€KTPOHEPTMM, A TaKXKe CO 3HAUMTEbHBIMM BbIOpOCaMu
YIJIEKUCIIOTO Ta3a, KOTopble 00pa3yroTCsl KaK MPY CKUTAHWUM TOT/IMBA, TaK W TMPH JieKapOOHU3aIuu
W3BECTHSIKA. B CBfA3M C 3TUM BCE Oosiblllee BHUMaHWE Y/eNsSeTCsl TPUMEHEHHIO0 TeXHOTeHHBIX
OTXOZI0B- MeTa/UTypruueCKux IJIakOB U 30J1 TEeIJIOBBIX 3/IeKTPOCTaHLIMN - B KaueCTBe KOMITIOHEHTOB
ChIDbEBOM CMeCH, 4YTO TI03BOJISIET OJHOBPEMEHHO COKPAaTUTb pacxofi TMPUPOJHOTO ChIPbs
Y YTWIN3HUPOBaThb OTXOZbI MpombiiivieHHocTH [9; 10]. Tak, B pabore [9] moka3aHa BO3MOXKHOCTb
CHHTe3a TOPT/IaH/ALIEMEeHTHOIO0 K/IMHKepa C WCIo/b30BaHueM 10 27,5 % 3osbl-yHOca U 70 35 %
JIOMEHHOr0 IIVIaka B3aMeH YaCTU W3BeCTHsKa TP COXPAaHEHUM T'MApPaTalMOHHOTO TOBeeHUs,
COTIOCTAaBUMOTO C OOBIYHBIM I[eMEHTOM. BOMpOChl HMCTOML30BaHUS TIPOMBIILIZIEHHBIX OTXO/I0B
B COCTaBe lieMeHTa M KOMIIO3ULIMOHHBIX MaTepyasioB, POJb OKCH/A Ka/lbLiUsli U OCHOBHbIE CTaJUU
MIPOM3BO/ICTBA TIOPT/IaH/IIEMEeHTa pacCMOTPEeHbI B paboTax aBTopoB [6,8].

[Ipy mo/nyyeHUM K/AWMHKepa pelllalollee 3HaueHWe UMEIT pacyéT ChbIpbeBOM CMecHu
Y TPAaBU/IbHOE COOTHOLIEHHe OCHOBHBIX OkcuaoB — CaO, SiO,, ALO, u Fe,O,. [lns oueHku

XUMHWYECKOIr'o COCTaBa U IIpeiBAPUTE/IbHOT'O ITPOrHO3a CBOMCTB K/IMHKEDA B IMPaAaKTHUKE HUCIIOJb3YIOT
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TPU OCHOBHBIX TEXHOJIOTHUYeCKUX MoAy/si: KoddduimeHt Hacbimenus (KH), xapakTepu3yroruii
CTeNeHb HAaChIL[eHWs KpeMHe3éMa W3BeCTblO, CWIMKAaTHbIA MOAYAb (N) Y [IMHO3EMHbBIN
(ammomuHaTHBIN) Moayib (p) [1; 4].

Ilesis paboThl - W3YUYHUTh BO3MOXKHOCTH TIOJYUEeHHs K/IMHKEePAa Ha OCHOBE TEXHOTEHHBIX
OTXOZ0B (IIVIaka W 30JIbI-yHOCA), OIpeJe/NuTb palyOHalbHble COOTHOIIEHUSI KOMITIOHEHTOB
CBIPbEBOM CMECH W OLIEHUTh B/IMSTHHE COCTaBa Ha (pa30o00pa3oBaHMe, a TaKKe Ha YHepreTudyeckue
1 9KOJIOTHYeCKHe TToKa3ares ooKura.

Marepuasibl 1 MeTOABI

B KauecTBe CbIDbEBbIX KOMIIOHEHTOB MUCIIO/Ib30BaHbI: [UIAK (TEXHOTEHHbIM OTXO[,
TIPOMBIILIIJIEHHOCTH), W3BECTHSK, IJIMHUCTBIM KOMIIOHEHT U 30/a-yHOC bekabazackoii TOC.
XUMHUYeCKH COCTaB KOMIIOHEHTOB TITPUBE/IEH B TabsuIe 1.

Pacuét chIpbeBOM CMeCH BBITIOJHSIM 1O MOJY/IbHBIM XapakTepucTUkKam. KosdduiyeHT
HaCBILL[eHUS BBIUUCIISIN 0 (hopMyJie

KH = (CaO0 - 1,65-Al,0, - 0,35-Fe,0,) / (2,8-5i0,) (1)
CU/IUKATHBIN MOAy/b - IO hopmyIe
n = SiO, / (AL,O, + Fe,0,) (2)
[JIMHO3EMHBIN MOAYJIb - 10 hopMyrie
p =Al,0,/Fe,O, (3)

rge CaO, SiO,, AlLO,, Fe,0, - MaccoBoe cofepXaHue COOTBETCTBYIOIMX OKCH/IOB
B 0000CKEHHOM (6€3BOJHON) ChIpLEBOM CMecH, %.

MuHepanbHBI COCTaB K/IWHKEpa, TEeMIepaTtypy OO)ura, y/e/lbHbId pacxoj >SHepruu
v yzienbHbIA BeiOpoc CO, A1 mpejyiaraeMoro CoCTaBa COTOCTAB/ISA/IM C TI0Ka3aTe/ MU K/IMHKepa,

IMMOJIyU€HHOI'0O U3 TPAAULIMOHHOI'O ChIPbA.

Pe3ynbrarhl 4 00Cy)KeHHe

XUMUYeCKui COCTaB UCXOJHBIX MaTepuasnoB. Pe3ynbTaThl XUMHAUYECKOTO aHAlM3a ChIPbEBBIX
KOMITOHEHTOB TIpe/icTaB/ieHbl B Tabmine 1. Illnak xapakTepusyeTcsi BBICOKMM cofiepxkanuem SiO,
(58,63 %) u Fe,0, (15,62 %) npu Huskom copepxkanuu CaO (4,64 %); notepu npu MpoKanTMBaHAN
(IIITIT) y Hero ortcytcTBytoT. CriefioBaTesibHO, IJIaK BBICTyHaeT KaK MCTOUHHMK KpeMHe3éMa

U OKCH/la Kejie3a U He BHOCUT [IOTIOJIHUTENbHBIX TIOoTepb Mpu oOkure. OCHOBHBIM HOCHUTEIEM
U3BeCTH CTyuT u3BecTHsK (CaO - 54,55 %, IIIIIT - 42,61 %). 3ona-ynoc 6orara SiO, (51,07 %)

u ALO, (18,55 %) M MOXeT C/IyKUTb alFOMOCH/IMKAaTHOW KOPPEKTUpYIoLlel /06aBKoH,
a TIMHUCTBIA KoMIoHeHT (SiO, - 47,35 %, Al,O, - 10,52 %, IIIIIT - 15,10 %) obecrieurBaeT

HegoCTaroe KMCjible OKCUBI.
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Tabauya 1. Xumuueckutl cocmas cblpbeeblX KOMNOHeHMo8, Mac. %

Komnonent Fe,O, Al O, CaO MgO Sio, SO, Cymma IIIIIT
[Tnax 15,62 13,03 4,64 4,55 58,63 H/0 96,41 0
W3BecTHSIK 0,23 0,52 54,55 0,67 0,53 0,67 99,78 42,61
I'MUHUCTBIN KOMITOHEHT 4,92 10,52 13,16 4,61 47,35 0,82 96,98 15,10
3osna-yHoc bekaban- 6,97 18,55 4,73 1,58 51,07 H/0 95,43 12,53
ckolt TOC

INpumeuaHue: H/0 — He onpedensinocCh.

Mopyny CbIppeBOM CMeCcu M UX BAUsHME Ha (a3oBblid cocTaB. Ko3dduiveHT HachIleHUs
MoKasbIBaeT OTHOIIeHWe KonmmdecTBa CaO, (hakThuecKu cofeprkalerocsi B CMecH, K KOJIUYeCTBY
CaO, HeoOXomMMOMY [/1si TIOJIHOTO CBSI3bIBAaHUSI KpPeMHEe3éMa B aJluT (C,S). On ompegesnsiet
cooTHoulenue anuta U Gemura (C,S) B kimHKepe; o6bruno KH = 0,85-0,92. Tlpu KH > 0,92
B K/IMHKepe yBeJWYMBaeTCsl cofiepkaHue cBobogHoro CaO, 4To OTpULIATeTbHO CKa3bIBaeTCs Ha
TPOYHOCTH W paBHOMEPHOCTH W3MeHeHHs1 00béma 1iemenTa; ipu KH < 0,85 cozmepskaHue amurta
CHIXKaeTcs, a Oenura Bo3pacTaeT, BC/Ie[CTBUe Yero yMeHbIllaeTCsl HauasibHasi TIPOUHOCTD IjeMeHTa
[1; 4; 5].

CWIMKaTHbIA MOZy/Ib N BbIpa)kaeT MacCCOBOe OTHOIIIeHUe SiO, k cymme A1203 u Fe203
¥ XapakTepusyeT COOTHOLIEeHWe CWIMKaTHbIX MuHepanoB (C,S + C,S) u kuzkod Qasbl
(amomuHaToB U anmoModepputoB). O6bruHo n = 1,9-3,2 (wame 2,1-2,6). IIpy BBICOKOM n
KOJTMUECTBO JKUAKOU (pa3bl yMeHbLIaeTCs U OOKUT 3aTPYJHSIETCs; TP HU3KOM N TIOBBIILIAETCS PUCK
o0pa3oBaHUs Kojiell ¥ HaCThlJield BO BpalllatoIeiics Tieum.

[1MHO3EMHBIN MOZYIIb P BbIpaXkaeT oTHouenue Al,O, k Fe,O,,

(asel 1 ckopocTh TBepAeHus KauHkepa (cootHowenue C,A u C,AF). O6eiuno p = 0,9-2,0 (vame

ornpegessaeT BA3KOCTb )KI/I,E[KOﬁ

1,2-1,7). TIpu BBICOKOM D IIEMEHT TBEpJeeT ObICTpee, HO CHIDKAETCSl €r0 CTOHKOCTh K KOPPO3UH
u cynbartHoi arpeccuu. Ilpu p < 0,64 Bech IVIMHO3EM CBSI3bIBAETCSI B A/FOMOQEPPHT,
Tpéxkanblyesblii amomuHar (C,A) B K/IMHKepe He 00pasyeTcs, UTO OTKDbIBaeT BO3MOXHOCTb
TO/TyYeHUsT Cy/b(aTOCTOWKUX LIEMEHTOB. BiiusiHHe MoOAy/liedl Ha MHHEpPaJorMuecKUil COCTaB
K/IMHKepa 060011ieHo B Tabsurie 2.

Ta6auya 2. BausiHue mody/ell HA MUHepa/102U4eCcKull cocmaes KauHkepa

Mopgyns | CraHjapTHBIN IIpu yBeinyeHuy 3HaUeHHUA IIpu ymeHbIIeHUM 3HAUEHUA
HHTepPBaJI

KH 0,85-0,92 Pactér conepkanue anuta (C,S), nosng- | Pactér conepxkanue 6emmra (C,S), cHu-
eTCst pucK u3bkITKa cBobogHOro CaO ’KaeTCsl Haua/ibHast MPOYHOCTh

n 2,1-2,6 PacTéT comeprkaHue CUIMKATOB, MOBBILLIA- YBeMUMBaeTCsT KOJTMUeCTBO >KUTKOU
eTcsl TeMreparypa obxxura ¢a3bl, B ieun 00pa3yroTCs HACThUTH

p 1,2-1,7 Pacrér conepkanune C,A, yCKopsieTcst Pacrér conepxanue C,AF, mioBbiiaer-
TBepJeHue Cs1 Cyb(aToCTOMKOCTh

CocTaB cbipbeBoil cMecH. [Jom KOMIIOHEHTOB B ChIPbeBOW CMeCH Mo0Mpauch Tak, 4ToObI
moaynu KH, n ¥ p Haxouuch B TipefiesiaX, yKa3aHHbIX B Tabsuie 2. [1Inak 1 30/1a-yHOC TPU 3TOM
BBICTYIAIOT B KaueCTBe KOPPEKTUPYIOIIMX KOMIIOHEHTOB, JOTOJIHSIOLIMX MPUPOJHbIE WM3BECTHSIK
¥ TJIMHUCTOE ChIPBE TI0 cofiepxkanmto SiO,, Fe,0, u Al O,.
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MuHepanoruyeckKuii COCTaB M SHepreTvyeckye Iokasarenyd. (CpaBHeHMe K/IMHKepa,
TO/IyYeHHOI0 W3 TPAaJULMOHHOIO ChbIPbs,, U KJ/IMHKepa C HMCII0/b30BaHMEM IlJlaka Y 30JIbI-yHOCA
rpe/CTaB/eHo Ha pUCYHKe 1.

a) MuHepasnbHBEINA COCTaB KJIMHKEPa 6) OHepreTUUYEeCKUe U 9KOJIOTHUECKHE MTOKa3aTeu
[ TpapWLIMOHHBIA KIIHHKED i [ TpaguLUOHHBIA
70 4 _ 16 _
I IIpemiaraeMslii (IIUTak + 30j1a) [0 TIIpemraraeMsli
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CsS Ca2S C3A CsAF TeMnepatypa VHenbHBIA pacxos BriGpoc CO2,
(amuT) (6enwut) (amomMuHaT) (aymomodeppuT) obxwura, °C/100 9Hepruy, MJIXK/Kr T/T KJIIMHKEpa

Pucynok 1. MuHepaabHblIli cocmae KAuHKepa (a) u 3HepzemuyecKue U 3Ko/102u4ecKue
nokazamesu o6cuza (6)

W3 paHHbIX TabmuLbl 3 ciefyeT, YTO MPU MCII0/Ib30BaHUH 11I7IaKa M 30JIbI-yHOCa CoZiepKaHue
anuiTta ToBbimaeTcs Ha 4,2 abc. %, a OGenura cHwkaetcs Ha 3,5 abc. %. CopgepyxaHue C,A
ymenbiiaercst (7,8 - 6,5 %), a C,AF Bospacraer (11,2 - 12,1 %). Takoe mepepacrpe/eseHue
coriacyeTcsi C XMMHYECKHM COCTaBOM KOMIIOHEHTOB: IIVIAK BHOCHT 3HauWTelbHOe KOJIMYeCTBO
Fe,0, (15,62 %), uro CHWKaeT [MHO3EMHBIMA MOAY/Ib W CMeIaeT CBS3bIBAHWE IVIMHO3éMa
B cTOpoHy amomodepputa. Chmxkenve gomi C,A, comtacHo Tabiuie 2, GnaronpusTHO [
Cy/b(haTOCTOMKOCTH LieMeHTa. PoCT cozepskaHusi aauTa - OCHOBHOTO HOCUTENs MPOUHOCTH [5] -
CO37aéT MpeAIOChIIKY /Il MOBBILLIEHUS] IPOYHOCTHBIX II0KAa3aresied LieMeHTa, KOTOpble [JO/DKHbI
OBbITH TIOATBEP>KEHBI (PU3UKO-MeXaHWYeCKUMH HCTIBITAHUSIMU.

OOGXur Tpe/IaraeMoro cocTaBa rpoTeKaeT Tpu Oosiee HU3KoM Temmeparype (1380°C mpotus
1450°C), 4TO COMpPOBOXJAETCSI CHW)KEHWEM YZe/JbHOrO pacxoza sHepruu Ha 13,7 % U yzae/lbHOTrO
BbiOpoca CO, Ha 16,5 %. BepoATHOM NpPUYMHOM AB/ISETCS TO, UTO OKCH/BI Kejie3a W Jpyrue
TIaBHeoOpa3yrolye KOMITIOHEeHTHI IIIJIaka W 307bl CIOCOOCTBYIOT Oosiee paHHeMy 0Opa30BaHMIO
pacriiaBa ¥ obseryarotr cBssbiBaHue CaO B ammt [1; 9; 10]. Kpome Toro, uacTuuHas 3ameHa
MIPUPOJHBIX KOMITIOHEHTOB OTXOZAAaMH COKpaIljaeT [JOJF0 ChIPbs, HY)K/IAIOIIerocs B ekapOoHU3aLum
U [leTU/IpaTaliiy, 4yTo B CyMMe JIaéT SKOHOMMUIO TOTI/IMBA U YMeHbIlIeHe BhIOPOCOB.

3ak/IloueHue

B xope uccnenoBaHusi ycTaHOBeHO, uTo Moaynu kiavHkepa (KH, n, p) B3auMOCBsi3aHBI,
Y ToAJep)KaHWe MX B ONTUMAa/bHBIX IIpefiesiax SB/SeTCS OCHOBHBIM YCJIOBUEM II0JyYeHUs
BBICOKOKaueCTBEeHHOTO LieMeHTa. [IpaBU/bHBIN BHIOOD 3TUX TPEX MOAYJel Mpu pacuéTe ChIpheBOU
cMecH obecrieurBaeT yCTOMUMBYIO PabOTY MeUHOro arperata U CTabu/IbHbIe TTOKa3aTeny MPOUYHOCTH

TOTOBOU MPOAYKLIUU.
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WUcronp3oBaHue Iaka U 307bl-yHOca bekabazckoit TOC B cocTaBe CHIPHEBON CMeCH

MO3BOJIWJIO YBEJIMUUTHL COZlEep)KaHue anuTa B KiIWHKepe ¢ 58,2 no 62,4 % mnpu OZHOBPEMEHHOM

CHIDKEHWU COZIep>KaHus Oe/uTa U TPEXKAJbIIMEBOTO altoMUHaTa. Temreparypa o6kura CHU3HIAaCh

Ha

70 °C, ymenbHBIA pacxon sHepruM - Ha 13,7 %, ynenbHeii Beibpoc CO, - Ha 16,5 %.

[TonyyeHHbIe pe3y/bTaThl TIOATBEPXKAAIOT 11e/1ecO00pa3HOCTh TIPUMEHEeHUsI TEXHOTEHHBIX OTXOZI0B

[UIl CHWKeHUsT ce0ecTOMMOCTH IleMeHTa W BHeJpeHus pecypcocOeperaromyx TeXHOOTHH.

IanbHeHIIe NCCIe0BaHMs TIPEATIOoaratT orpe/eieHue (pUu3rko-MexaH|uueCKUX CBOMCTB IjeMeHTa

Ha OCHOBe ITI0/Iy4YeHHOI'O K/IMHKEepaAa.

10.
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AHHOTanus

B HacTosiieMm ucciejoBaHUY KOMIUIEKCHO W3Yy4YeHbl TEXHOJIOTMSI CHHTe3a U peoJiorhyecKre
CBOMcTBAa KapbamMumo(opMaibAeruHOTO —CBSI3YIOIIero, MOAUGUIIMPOBAHHOTO KpaxMajaoM U
KapOOKCUMeTHIILEITFO/I030M (KML). B rporjecce UCCeJOBaHUS B COCTaB
KapbamMuzodopMaibAerujHON CMOJTbl ObUTH BBeJeHbI MenaMuH, Kpaxmana, KMLI, nmomakpunamuz
(ITAA) u snuxyoprugpuH (OXI'), B pe3yabrare uero IOJy4eHO HOBOE KOMIO3UL[MOHHOE
cBsisyrouiee. [IpoBesieH HayuHbIM aHaaM3 IIpoLiecca >KeJaTMHU3alMM Kpaxmasa, B3auMOZeNCTBUS
KMLI u [TAA B nonvMepHoO#l cucteMe, MexaHu3Ma ()OPMUPOBaHUsI BA3KOCTH, a TAK)Ke UX BIAMUSHUSA
Ha BSI3KOCTb 10 Bpykduabay, Bpems reneo0Opa30BaHUS U TPOJO/DKUTETBHOCTb OTBEPKAEHHUS.
[TosmyueHHble pe3y/nbTaThl MOKas3alad, 4YTO CUHepreTUYecKoe Bo3ZelcTBHe Kpaxmana U KMIJ
CTIOCOOCTBYeT — CYI[eCTBEHHOMY  TIOBBLIIEHHWIO  PEeOJIOTHUECKOM  CTaOWIBHOCTH, — Kjeslel
CMOCOOHOCTM W IKCIUTyaTallMOHHBIX ~ XapaKTePUCTUK  CBs3ymoiiero.  [lpenjioykeHHOe
KOMITO3WLIMOHHOE CBSI3ylOlllee DEeKOMEeH/yeTCsl B KayeCTBe I1epCHeKTUBHOIO MaTepuana Jjis
TPUMEHEeHUsI B MPOM3BOJCTBe JApeBeCHOCTPYXeuHbIX mnt ([JCIT), ApeBeCHOBOJIOKHUCTBIX TI/TUT
cpenHei iotHocTH (MI®) u gpeBecHOBOMOKHUCTBIX MUT ([ABIT). [Toc/ieqoBaTtelsbHOCT CUHTE3a
U (pr3MKO-peosioruuecKre ToKasaTesd, UCT0Ib30BaHHbIE B HACTOSILEN CTaThe, OB/ pa3paboTaHbI
W CHUCTEMaTW3WPOBAHBI Ha OCHOBe J1IabOpaTOpPHBIX JaHHBIX. [IpakThueckas 3HAUMMOCTb
WCC/IeJOBaHUsI COCTOUT B 0DOCHOBAaHWM COCTaBa CBSI3YIOLIEro, 00eCcreunBaroIiero peryampyeMyto
BSI3KOCTh, YCTOHUMBOCTb TIPU XPaHEHWH U TEXHOJIOTHUECKYH) CTaOWIBHOCTh TIPU W3TOTOBJIEHUU
JIpeBeCHbIX KOMITO3ULIMOHHBIX TUTUT.

Abstract

This study investigates the synthesis and rheological properties of a urea—formaldehyde
binder modified with starch and carboxymethyl cellulose (CMC). A new composite binder was
prepared by incorporating melamine, starch, CMC, polyacrylamide (PAA), and epichlorohydrin
(ECH) into a urea—formaldehyde resin. Particular attention was paid to starch gelatinization, the
interaction of CMC and PAA within the polymer system, the mechanism of viscosity development,
and the effects of the modifiers on Brookfield viscosity, gelation time, and curing time. The
laboratory results showed that the synergistic action of starch and CMC considerably improved the
rheological stability, bonding performance, and functional properties of the binder. The developed
composite binder can be considered a promising material for the production of particleboard,
medium-density fibreboard (MDF), and fibreboard. The synthesis procedure and physicochemical
and rheological parameters presented in this study were developed and systematized using
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laboratory data. The practical significance of the study lies in substantiating a binder composition
that provides controlled viscosity, storage stability, and reliable processing performance in the
manufacture of wood-based composite panels.

KrwueBble coBa: KapbamugodopManbieruiHas cMoma, MOAUGMHUIMPOBAHHOE CBSI3yHOIIlee,
KpaxMaJl, KapOOKCHMETU/IIIe/UTI0I03a, PeOJIOTHUeCKHe CBONCTBA, BA3KOCTh 10 Bpykbuibay.

Keywords: urea—formaldehyde resin, modified binder, starch, carboxymethyl cellulose,
rheological properties, Brookfield viscosity.

BBegeHnue

B cBsi3u C eXerofHbIM yBe/JMdeHHeM 00bEMOB MPOM3BO/ICTBA /IPEBECHBIX KOMITO3ULIMOHHBIX
MaTepuajoB B MHUpe CYIIeCTBEHHO TIOBBIMIAIOTCS TpeOOBaHUS K CBS3YHOIIMM CHCTEMaM,
WCTIO/Tb3yeMbIM TIPH X U3TOTOBJIEHUH. B yacTHOCTH, KaueCTBO ApeBecHOCTPY»KeuHbIX TinT ([CIT),
JIpeBe CHOBOJIOKHUCTBIX TTUT cpefiHel ruioTHOCTH (M/I®) 1 1peBeCHOBOMOKHUCTHIX MUT (ABIT),
MpUMeHsIeMbIX B MeOe/lbHOM TIPOMBIIIJIEHHOCTH, CTPOUTENbCTBE, TIPOU3BOZACTBE OTZE/0YHBbIX
MaTepuasioB M KOHCTPYKIIMOHHBIX TaHeseld, HeroCpeJCTBEHHO 3aBUCHUT OT (DHU3UKO-XUMHYeCKUX
Y DeoJIOTHUeCKUX CBOMWCTB CBs3ylolleld cMosbl. B mocnegHve roabl pa3paboTKa CBSI3YOLIUX
C BBICOKOH 3KOJIOTHYECKOW 0e301aCHOCTBIO, HU3KOH SMHCCHelr (opMasbieri/a, IOBBIIIEHHON
TEPMO- M BJIaTOCTOMKOCTBIO, a TaKXKe BBICOKOH Kesieid CrocoOHOCThIO CTaja OJHUM U3
MPUOPUTETHBIX HAyYHbIX HamNpaBleHWN MUDOBOW TIOJIMMEPHOM XUMHM U TeXHOJIOTUH
KOMIO3UI[MOHHBIX MaTepuasioB [4].

B Hacrosiimiee BpeMsi B TIPOMBIIIJIEHHOCTW Haubojiee  IIMPOKO  MPUMEHSIOTCS
Kapbamu o opMabieruiHbIe (KD), MejlaMUHO(MOPMasbieruHble (M®D)
u denomopopmanbervgasie (©@P) cmonel. Cpeaut HUX KapbamuzodopmasibierigHble CMOJIBI
IIMPOKO WCITO/Ib3yKOTCS B KaueCTBe OCHOBHBIX CBSI3YHOI[UX TIPU TIPOM3BOJCTBE /IPeBeCHBIX
KOMITO3ULIMOHHBIX MaTepuasioB Osarofjapss WX HU3KOM CTOMMOCTH, OBICTPOMY OTBEPXKIEHHUIO,
TEXHOJIOTUYHOCTH W BBICOKOW Kiesimed crocobHocth. OfHAaKO CpaBHUTENbHO HU3Kasi
B/IarOCTOMKOCTb,  Bbiie/ieHWe cBOOogHOrO  (opManbierdzia B TpoLjecce  SKCIUTyaTalud
Y TIOBBILIIEHHAsI XPYTIKOCTh IaHHBIX CMOJT 00y CJ/IOBJTMBAIOT HEOOX0[UMOCTh UX MoauduKaiuu [3; 4].

Pe3ynbTaThl MCC/IeAOBaHWMA, TIPOBOAWMBIX B pa3/IMUHBIX CTpPaHaX MHPA, MOKAa3bIBAlOT, UTO
MOJU(UKALIMS CBSI3YIOIIMX Ha OCHOBe TIPUPOJHBIX IT0/IMCAaXapU/iOB SIB/ISETCS MEePCIeKTUBHBIM
HarpaB/ieHHeM CO3/laHusi KOJorMuecKrd 0e30TacHbIX KieeBbIX cHcTeM. B uacTHOCTH, Kpaxmai
Tpe/iCTaB/sieT coboii OGropassiaraeMblii, BO300HOB/ISIEMBIM M IOCTYITHBIM TPUPOAHBINA ITOJHUMED,
KOTOpBIN Omarofjapss Ha/JWuui0 OOMBIIOTO KOJIMYeCTBA TUAPOKCHIBHBIX TPYI CrOCOOeH
00pa3oBbIBaTh BOJIOPOZHbIE CBSI3W C AMUHOIJIACTHBIMUA CMOJIaMH. B pe3ysbrare ke JaTUHU3ALUA
Kpaxmasia obOpasyercs renb, 3((EeKTMBHO CMauMBalOIMii JpeBecHble BOJIOKHA, TITyOOKO
MIPOHUKAIIUH B KalMW/ISIPHYIO CTPYKTYpPY MaTrepraa U MOBBIIAIIUHN 1[e/IOCTHOCTh CBSI3YIOLIEro
ciost. BMmecTe ¢ TeM cam Kpaxmas He 00/1a/jaeT JOCTaTOYHOM BOAOCTOWKOCTBIO, UTO 00YyC/IOB/TUBAET
HayYHYHO u MPAaKTUYeCKYI0 1je/1eco00pa3HOCTh ero TIpPUMEeHeHHUsI COBMECTHO
C peakIMOHHOCTIOCOOHBIMU MoMbHKaTopaMH [9].

KapbokcumeTuiesumono3a (KMII) mpexgcraBisier coOoi XOpOIIO pPacTBOPUMBIM B BOJE
BBICOKOMOJIEKY/ISIDHBIM aHUOHHBIM TIO/IMMeED, LTUPOKO WCTIONb3yeMblii B KaueCTBe Peoiorhyeckoro
Mogudukaropa. OcHoBHbIMU GyHKUUsIMH KML] SBASIFOTCS pery/ivpoBaHue BSI3KOCTU CBSI3YHOLLETO,
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yAep)KaHve BOAbl, (HOPMUPOBaHME THUKCOTPOIHBIX CBOMCTB U obecrieueHWe paBHOMEDPHOTO
pacripefiesieHust KieeBoro ciios. Mosekynsl KMI] crioco6Hbl 00pa30oBbIBaTh MHOTOUMCIEHHBIE
BOZJOPOZHbIE CBSI3M C LeNsAMM Kpaxmaja ¢ I0JMakpwiaMWZJa, TOBbIIasg CTPYKTYPHYO
CTaOWIBHOCTb TIONMMEPHON CHUCTeMbL. B pe3ysbraTe CBs3yrolljee MpPOSIBsieT CBOMCTBA TeKyueid
CHCTEeMbI TTPU MeXaHWYeCKOM TepeMeIlIMBaHNH U CTaOM/TbHOM BBICOKOBSI3KOM CHCTEMBI B COCTOSTHUN
TIOKOS1.

IMomuakpunamug (ITAA), B cBOrO ouepezb, Oiarozapsi Ha/IMUMIO aMUJHBIX TPYIIT CIIOCOOeH
(bopMUpOBaTE  MEXMOJEKY/IspHble  B3aUMOJEUCTBUS C  KapbamupodopmasibAeruJjHbIMUA
OnMromMepaMHu. JTO CIIOCOOCTBYET TIOBBLIIEHWIO KOT@3WOHHOW TIPOYHOCTH, 3MaCTUYHOCTU
Y yAapoCTOMKOCTH cBsizytoiriero. Kpome toro, srmuxnoprugput (OXI') criocobcTByeT 06pa3oBaHHIO
JIOTIOJTHUTE/IbHBIX ~ KOBaJIeHTHBIX  CBSI3ed  MeXZAy  IIOJIMMEepPHbIMU  LeNsIMH,  YTUIOTHSIA
MIPOCTPaHCTBEHHYIO0 TPEXMEpPHYIO CeTuaTyio CTPyKTypy. bsarogaps stomy mopucuiipoBaHHast
cucTeMa XapaKTepr3yeTcs TIOBbILLIEHHON TePMO- 1 B/IaroCTOMKOCThIO [1; 6].

Hecmotps Ha Hamuue WCCreJ0BaHUM, TIOCBSALEHHBIX MoJU(pUKaLIN
KapbamMuzopopManbAerugHbIX CMOJI  Pa3/IMUHBIMA  PeaKLMOHHOCIIOCOOHBIMU ~ KOMITOHEHTaMH,
CBeZleHHsI O KOMILIEKCHOM JlericTBUM Kpaxmaina, KMII u ITAA nipu ux coBMeCTHOM HCII0/Ib30BaHUH
oCTaloTcsi orpaHuueHHbIMM [5; 10]. B cBsi3u C 3TUM B HacToOsillleM MCC/IelOBaHHUU TPOBeEH
yIAyOneéHHBI  aHAlMW3  pEeoJIOTHUeCKOT0 Y TeXHOJIOTHUeCKOTO — BO3ZI€HCTBUSI  yKa3aHHBIX
MO/IM(hHKaTOPOB.

Ilesbl0 WCCIe0BaHUA SIBISETCS CHUHTe3 KapbamugodopmasbAeruZiHOTO —CBSI3YIOIIero,
MoguduipoBaHHoro kKpaxmanoM, KMII, TTAA wu O3XI, onTuMU3aLUs TeXHOJOTUUeCcKuX
rapamMeTpOB TIpoIiecca CUHTe3a, a TakKe HayuHO 00OCHOBaHHas OIeHKa BJIMSIHUSI MOJM(UKAaTOPOB
Ha BS3KOCTH 10 bpykdunpay, Bpemsi reneoOpa3oBaHusi, BpeMsi OTBEpXKIEeHHST U 0OLue
peosioruueckKre CBOMCTBA CBSI3YHOILErO.

Marepuasbl 1 MeTOABI

B kauecTBe 00BEKTOB HCC/IeJOBAHUS HCTIOMb30Bamu 37—40 %-Hblii pacTBOp (hopMasbaerua,
Kapbamu, MenamMuH, nuieBou Kpaxmasa, KML], I[TAA u 3XT. CuHTe3 CBSA3YIOIIero OCyIeCTB/ISIN
TI03TarHO B TPEXTOP/IOM JIabOpaTOPHOM peakTope.

Ha mnepBom »3Tame pactBop ¢opManbjeruia B IIe/I0YHOM Cpefie TOABEpraad peakLun
MEeTW/IOMPOBaHUSI C KapbamMujoM, TIOC/e uYero B KHUCJIOW Cpele TPOBOJWIA CTa/IUIO
No/IMKoH/eHcaluu. [1o 3aBepilieHny peakiiui CUCTEMY HeWTpairM30Baau U BBOAWIN Me/laMyH.

B otpenbHOM émkocTu 1ipu TeMriepaType 90 °C oCylileCTB/IS/IA >KeJlJaTUHU3ALMI0 KpaxMalia,
10CJie Yero B TosiyueHHyro cuctemy BBoawid KMII u TTAA c obpa3oBaHreM OJHOPOJHOTO TeJis.
[TosyueHHY!0 KOMMO3WLIMIO BBOAWIA B OCHOBHYIO CMOJIy, a Ha 3aK/IHUWTENbHOM CTauu
c wucnonb3oBaHueM OXI' ¢dopMupoBanu [IOMOMHUTE/NBbHYI0 TIPOCTPAHCTBEHHYIO CeTYaTyro
CTPYKTYPpY.

OcCHOBHBIE CTaZMM TIpollecca CHHTe3a OCYIIeCTB/s/IA B COOTBETCTBUM C j1abopaTOpHBIM
TeXHOJIOTUUeCKUM perniaMeHToM. CoCTaB ¥ OCHOBHbIE CBOMCTBA MOAU(ULIMPOBAHHOIO CBSI3yHOLIIEro
ripe/icTaB/ieHbl B Tabsuiie 1.
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Ta6auya 1. Cocmag moouguyupo8aHHo20 cesizyloujezo

KomMmnioHeHT KoymuectBo

dopmanbgerus (37 %) 113,51

Kapbamup 72T

Kpaxman 12r

MenamuH 3r

KM 15T

IMonuakpunamuf, (TTAA) 1,3r

SnuxaopruzpuH (OXTI') 3r

JucTunnupoBaHHasi Boja 120 mn

TexHonoruueckas cxema CUHTe3a MO}JMd)MLIMpOBaHHOI'O NOJIMBUHUJIOBOIO Kiesa

o ©e e o 6 6 o0 o @

Dopmansaerna NaOH Kap6amug l . ‘ ‘ Hei 1 M KMC | naa ‘lrzmxr loToBbIN COCTaB
(37-40 %) (10-20 %) (99,5 %) (pH=7,5-8,5) (0,5-2,0%) || (0,5-1,5%) (0,5-2,0 %) Knes

|

iii Dopmansperua U.lemuwicpem% | | Kapbamua arpyxaercs. MonuKkoaeHcaums Menawun 3arpyxaercs | | p o ToTossiit npoayKT
3arpyxaerca CONetecl Cpena UHTeHCHPOAKHO Haunaerca i " 5 3arpyxaercs, arpyxaercs, 3arpywaercs, BIrPyXaercs,
Aobasnesmem NaOH PpacTeopa kpaxwana. o
B PeakTop. ). H A BopRer ; MMUYCKOe unbTpyeTcs u
pesIoe PpH KoppexTupyercs. v G ocs P i e o [P CumMBaHwe. CAMBAETCH B Tapy.
OCHOBHbIE YC/IOBUS U NapameTpbl A/ CTaaui
Cragus 1 2 [ 3 4 | 5 [ 6 7 8 9 10 11
Temneparypa, °C 20-25 25-30 | 55-60 80-90 | 55-60 60-65 55-60 50-55 | 45-50 45-50 25-30
pH 6,0-7,0 7.8-85 l 8,0-8,5 4,5-5,0 ‘ 7,5-8,0 7,5-80 7,0-7,5 7,0-7,5 7,0-7,5 7,0-7,5 7,0-7,5
CxopocTs, 06/MuH 250-300 250-300 ‘ 350-400 350-450 | 300-350 350 300-350 300 ; 300 300 250-300
Bpems, Mun 5-10 5-10 ‘ 25-30 40-60 ‘ 5-10 20-30 15-20 15 15-20 20-30 -
OcHosHoR npouecc Yuklash pH rostlash ‘ Metillanish | Polikondensatsiya ‘ Neytrallash | Modifikasiya Hoay, Peomonesas| Mpcasowian’ ||| Xeaeecon - || Amensce
ClmBanue Clumsanune
| OCHOBHbIE NOKa3aTe/I FOTOBOrO Kiiest YcnosHbie 0603Havenns n
I T OSACHEHUA
| Nokasarens | Benwuuna wde — Mexanmueckas vewanka
Bsakocts no Bpykdwsay (25 °C), Ma-c 4000-7000 m T Cunres np 8 PaTOPHOM peakTope wmerozgom. M1 pH u Temneparypsi
Bpems reneobpasosanus (25 °C), ¢ 60-90 s s NOAIEPXHBAIOTCA B COOTBETCTBUM C Tpeby Moawdy Pbl BBOAATCA B maccy
Bpemn ompeiisaniun (25 °C), M 5-7 = pH-verp [ P JMUXAOPTUAPHH BBOZNTCA Ha Ji CTaH /U8 CLIMBAHAS MAKPOMONEKY .
nyou ocvavo‘x. % i % (Macc) 5586655 @ ~ Dlosatop pacteopa BA3KOCTB, NPOMHOCTL M APYTHE NOKA3aTeNM COOTBETCTBOBAM TEXHUYECKUM YCIOBUAM.
Cpox roanocu (20-25 °C), cyrku 45-60 rf = EmKocTb ans cuinsa
Tpumeqanue: Hazpeearue eedemcs na eodswoil bane wiu macnsneim mepmocmame. B opeHa Ha | 6uc ipe Brookfield (RV, 25 °C, dens 4, 20 o6/mur).

PucyHok 1. IIpunyunuanbHas cxema cuHmesa moouguyupoeaHHO20
Kap6amuodogopmanboe2udoHoz20 ceszyouje2o

Pe3ynbTathbl 4 00CYy)X/jeHHEe

Bnusinne kpaxmana u KML] Ha peonoruro kapbamuochopmanberuiHoW CMOJIBI.

TexHonornveckass 3hdeKTUBHOCTE  KapbaMuzohopMasbAerHbIX CMOJI BO MHOTOM
orpefie/isieTCsl WX PeoJorMYecKMMM CBOWCTBaMM. Peosnorvueckue Tmokasarenud — SIB/ASIOTCS
OCHOBHbIMHU (haKTOpaMH, OMNpe/ie/sIIOIMMU  PaBHOMEPHOCTb pacripefie/ieHusi CBSI3YIOLLEero 10
MOBEPXHOCTU /[IpeBeCHbIX UacTHWl], MpejoTBpallieHHe ero BbITEKaHWs B IpOLiecce IpecCOBaHMs,
a TaKxe BO3MO)XHOCTb yTpaB/ieHus TIpOLIeCCOM OTBep)K/leHusl. OO6bIuHBbIE
KapbamuzodopManbAerujHble CMOIbl  XapaKTePU3YIOTCS OTHOCHUTE/NBHO HU3KOW  BSI3KOCTBIO,
BCJIEICTBHIE Yero WX CIOCOOHOCTh Y/ep)KUBaTbCsi Ha TIOBEPXHOCTH JIPEBECHHBI SIBIISETCS
orpaHW4yeHHOW. [l ycTpaHeHHs JAHHOTO HeNOCTAaTKa OB TPUMEHEH MeTof, MoAupUKaryu
C UCIo/Ib30BaHMeM Kpaxmasna u KMII [7].
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I1pu >kenaTuHU3aLUK KpaxMasa npu Temreparype 90 °C ero rpaHysibl HaOyXaroT, @ MOJIEKYJIbI
aMW/I03bl ¥ aMUJIOTIEKTHHA TepexofAsaT B pacTBop. OOpasyrouuiics TpEXMepHBIN Teslb Croco0eH
(opMHpOBaTH BOJOPOZIHBIE CBSI3U C KapbaMujogopMaibAeruJHbIMA OJTMTOMEPAMH, UTO TPUBOJUT
K TIOBBILIEHHIO BHYTPEHHEH BS3KOCTHM CHUCTeMbI. B pe3ynbrare cBsidyioiee riy0yke MPOHUKAeT
B KaNWISPHYIO CTPYKTYPY [peBeCHHbI, a L{eJIOCTHOCTh K/IeeBOr0 CJ10s1 ToBbIIIaeTcs [12].

KMLI, siBissiCb BO/OCBSI3BIBAIOLIUM aHMOHHBIM TOJIMMEpPOM, 00ecrieurBaeT paBHOMEpPHOE
pacripesiesieHrie  MOJIEKY/I BOZABI B CHUCTEME U CIIOCOOCTBYeT (DOPMHUPOBAHUIO THUKCOTPOITHBIX
cBoiicTB. [TAA, B CBOIO ouepe/ib, 3a CUET aMHU/HBIX I'PYIIT 00pa3yeT [[OTIO/THUTe/TbHbIE BOJOPO/HBIE
CBSI3Y, TOBBILLIAS MPOYHOCTH MOJMMEPHOW CeTKH. B pe3ynbrare CHHepreTMueckoro BO3[eHCTBUS
3TUX TPEX MOAU(MUKATOPOB CBsi3ylollee MPUOOpeTaeT BBICOKYIO CTPYKTYPHYIO CTaOH/IBHOCTD.
JlaHHOe MoJIoKeHHe TakKe OBIIO MOATBEPIKAeHO pe3y/bTaTamMmu labopaTopHbIX Habsmoaenuit [10].

AHanu3 Bsa3Koctd 1o Bpykpunbpy. Bsskocts no Bpykdunpay sBiseTcss OfHUM U3
Hanboree BaKHBIX TEXHOJOTMUECKUX TIOKa3aTesiell JpeBecHbIX CBS3YyHOUMX. /laHHbBIM TlapameTp
ornpejesseT KayeCTBO HaHECEeHUs CBA3YIOLero Ha II0BEPXHOCTb [peBeCHUHbl, CTelleHb ero
IIPOHUKHOBEHUS], & TaK)Ke COXpaHeHue KJ/IeeBOro €105 B IpoLjecce IpecCcoBaHusl.

Pe3ynbTaThl MccnefoBaHUs MOKasaau, YToO BSI3KOCTh Mo Bpykduabay moauduiupoBaHHOTO
cBa3ytolero rpu temrieparype 25 °C Haxoputcs B auana3one 4000—7000 mlla-c, 4ToO B HECKOJIBKO
pa3 TpeBhIIIAeT COOTBETCTBYIOIMI TOKa3aTe/b WCXOAHOW KapbaMuaodopMasibAeruHOM CMOJBI.
OCHOBHBIMY TIPUUMHAMH TAKOTO TIOBBIIIEHUS SIBJISIFOTCS Tesie00pa3oBaHe Kpaxmaja, YIJIOTHeHUe
Mosieky/isipHOH ceTku KMII M CTpyKTypHOe YIpPOYHEHHEe CHUCTeMbI 3a CYET 00pa30oBaHUs
BOZOPOJHBIX cBsa3el [TAA.

[ToBbIlIeHHast BA3KOCTh CITIOCOOCTBYeT CHIDKEHUIO CTeKaHWsl CBSI3YIOILETO C TIOBEPXHOCTH
IpeBecHbl W obecrieurBaeT 0osilee paBHOMEpPHOEe —pacripefiejieHHe K/IeeBOTro  CJIosl, UTO
TIO/ATBEP)K/JAeTCsl IaHHBIMY, TTPe/ICTaBIeHHbIMU B Tabsmiie 2.

Ta6auya 2. BausiHue memnepaniypbl Ha ési3kocmb no Bpykguabdy

Temneparypa, °C HUcxopnasa Kd-cmona, mlla“c MopudunupoBanHoe cBsi3yroigee, mIla-c
20 520-650 6200-7200
30 430-560 5400-6500
40 350-470 4700-5700
50 290-390 3900-4900
60 230-320 3200—-4200
70 180-260 2600-3500
80 140-210 2100-2900

Kak BHUJHO K3 Ta6J'II/IL[BI, C TIOBbIIIEHWEM TeMIIEPATYPhI BA3KOCTb CBA3YHOILETO0 CHHXKAETCA.
OAHaKO MO,E[I/I(i)I/IL[I/IpOBaHHaH CHUCTEMa COXPdHAET TEXHO/IOTMUeCKH HpHEMHEMbIﬁ YPOBEHBb BA3KOCTHU
BO BCEM HUCC/ieJOBaHHOM TeMIIepaTypHOM [OHWalld30HeE. OTo0 obecreurBaeT BO3MOXKHOCTh
PaBHOMEPDHOI'O HaHeCeHMs K/I€eeBOI'0O COCTdBd B YC/IOBHUAX IMMPOU3BOACTBEHHOI'O IMMpOLieCCd.

AHanus BpeMEHU reneoﬁpa303amm U 1pornecca oTBepXXaeHUs. BPEMH 06Pa3OBaHI/I$I ressd
ABJ/IAETCA OAHWM M3 OCHOBHBIX IMapdMETPOB, OIIpele/ARIINX TeXHOJ/JIOTHYe€CKYHO 3(1)¢)€KTI/IBHOCTB
CBA3YHOILLIEro B TIIpoLecce TIIpeCCOBdAHMA. Cyikom KOPOTKOEe BpeMmsd reneo6paaoBaH1/1;1 MOXeT
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TIPUBECTH K TMPEXIEBPEMEHHOMY OTBEP)KJEHUIO Kjles Ha TeXHOJOTMUeCKoM 00OpYIOBaHMH, TOTZA
KaKk upe3MepHO TIPOJO/DKUTEIbHOE BpeMsi Tefeo0pa30oBaHUSI CHIJKAeT IMPOW3BOJUTE/LHOCTD
riporjecca [2].

B Xozme wuccnenoBaHUsI YCTAHOB/IEHO, UTO BpeMsi rejieo0Opa3oBaHUs MOAUMDUIMPOBAHHOTO
cBasytollero cocrasiasier 60-90 cekyHJ, a Bpemsi OTBepxAeHUsI — 5—7 MUHYT. [losyuyeHHbie
TI0KAa3aTe/y SB/SIOTCS TeXHOJIOTMUeCKU TTPUeM/IEMBIMU U 00eCTIeUMBalOT BBICOKYHO 3(h(eKTHBHOCTD
CBSI3YIOILIEro B MPOM3BO/JCTBEHHBIX YC/IOBUSIX.

BBeieHre MejlaMMHA M STMMXJIOPTHAPWHA COCOOCTBYeT YIIOTHEHHIO TIOJIMMEPHON CeTKU
Y YCKOPEHHMIO TIpoljecca OTBep)KAeHHs, Torja Kak Kpaxman u KMII obecrieunBaroT peryavpyemoe
MpPOTeKaHHe TIpoIlecca U YBEeJIMUMBAIOT TEXHOJOTMUeCKoe BpeMst o0paboTku cuctembl [8; 11].
B pe3ysnbrate pabouasi )KU3HECTIOCOOHOCTD CBSI3YIOIIETO YBEJIMUMBAETCS /10 4—6 uacoB.

Ta6/1uua 3. OcHoeHble mexHo/a02UUecKUe noKazame/nau cesi3yrouwje2o

ITokazarens Ncxopnas KP-cmona MopuduiipoBaHHOe CBSI3yIOLIee
Bsi3kocTh 110 bpykdumnbay, mIla-c 210-450 4000-7000

Bpewmst resieobpa3oBaHusi 5-6 MuH. 60-90 c.

Bpewmst oTBepkzeHus 7-10 muH. 5—7 MUH.

Pabouast )kr13HecrocobHOCTh 2. 4-6u.

Cpok xpaHeHUs 20 cyToK 45-60 cyTok

Peosiornyeckuii MexaHusM. Peojiormyeckue CBOMCTBA MPeAJIOKEHHOIO KOMITO3ULIMOHHOIO
cBsi3yromero o0ycoBneHbl 00pa3oBaHHMEM MHOTOYMC/IEHHBIX BOJOPOJAHBIX CBSI3eld  MeXIY
MoseKynamu Kpaxmasna, KMII u [TAA. Ilocne xeymaTMHU3aLMU TpaHy/l KpaxMasia Ljeld aMU/I03bl
Y aMWJIOTIEKTHHA B3aMMO/eMCTBYIOT ¢ KapbamuohopMasberuIHbIMU OJTATOMepPaMU.

Mornekysnet KMI cBSI3pIBatOT MOJIEKY/TbI BOJBI M CTaOWMIM3UPYIOT AUCTIEPCHYTO cuctemy. ITAA
[0Cpe/iCTBOM aMUJHBIX rpyImn ¢opmupyeT  JONIOHUTENbHBIE MeKMOJIeKYJIsIpHbIe
Y TIPOCTPAHCTBEHHbIE B3auMOAeUCTBUsl. Ha 3akmourTtenbHOM cTaguu OXI' BCTymaeT B peaklvio
¢ (yHKUMOHANMBLHBIMH TPYIIaMA TOIUMEPOB, CIOCOOCTBYS (OPMHUPOBAHHIO KOBAJIEHTHBIX
MOCTHKOB MeX/y TO/JIMMepHbIMU LienssMd. B pesynbrate (opmMupyeTcsi MJIOTHas TpEXMepHast
NIPOCTPAHCTBeHHas MO/IMMepHast CeTKa.

BausHue Moau(dukaTopoB Ha CTPYKTypHOe (hOpMHpPOBaHHe CBA3YHOIIEHl CHCTeMbI.
DU3UKO-XUMUUeCKre V3MeHeHus, TIPOUCXOAALE rpu MoAu(pUKaLU
KapbamMuzohopManbAerugHbIX CMOJI, SIBJISIFOTCS OFHUM W3 OCHOBHBIX (JAKTOPOB, OMpe/esistOIInX
KOHEeuHble 3KCIUTyaTallMOHHBIe CBOMCTBa CBsi3yioiero. B xope mccienoBanusi Obiia pa3paboraHa
MHOTOKOMIIOHEeHTHasi MoAU(ULIMPYIOlllas cucTeMa Ha OcHoBe Kpaxmasna, KMII, TTAA, mMenamuHa
u OXI.

HecmoTpss Ha TO, YTO KaK/AbIM M3 YKa3aHHBIX KOMIIOHEHTOB BBITOJHSET B CBA3YIOLEN
cucTeMe Ompefe/iéHHYI0 (YHKLMIO, WX COBMECTHOe TpHMeHeHHe 00ecrieurBaeT BbIpa’KeHHBIN
CUHepreTueckuii >3@@ekt, B pe3ynbTaTe KOTOPOrO CyILeCTBEHHO TOBBILLIAETCS CTPYKTYypHast
CTaOWIBHOCTD TIONIMMEPHOM CeTKH.

B mnporecce jxemaTMHU3aLMM KpaxMasl yTpauuMBaeT HCXOAHYIO TpaHY/ISAPHYIO CTPYKTYDY,
a MaKpOMOJIeKy/bl aMHWIO3bl M aMWIONEeKTHHAa TiepexofsaT B pactBop. OOpasyromuiics renb
B3aMMO/IEMICTBYeT C KapOamMuzogpopMaibAeruJHbIMA OMTOMepaMH TIOCPEACTBOM BOJOPOJHBIX
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CBsi3eid, oOecrieuriBasi HeTIPEePLIBHOCTD KjieeBOro c/iosi. OfHOBpeMeHHO KpaxMast Iy00Ko TIPOHUKaeT
B KallWUIIPHYHO CTPYKTYPY [peBecuHbl, yCUIMBas MexaHWUYeCKoe ClerieHue. [JaHHbIA IpoLecc
WrpaeT BaKHYX0 pOJb B TOBBIIIEHWA IPOYHOCTH aZre3MOHHOIO COEJVHEeHUs] CBSI3yHOLero
C TIOBEPXHOCTBIO /IpeBeCUHBI.

KapbokcumMeTu/bHBIe TPYTIIBI, BXOASIIHE B cocTaB MoneKyn KML], o6pa3ytoT ¢ MoneKynaMu
BOJIbl YCTOWYMBYIO THAPATHYIO 000/0uKy. B pe3ynbraTe TOBBIIIAeTCS BOZAOYZEP>KUBAIOLIasT
CTOCOOHOCTL CBSI3YIOIIETO, CTAOWIM3UPYeTCs AWCTepcHasi (a3a W yAy4LIarTCS TUKCOTPOITHBIE
CBOMCTBA CUCTEMBI. DTO MMeeT 0COO0e TIpaKTUUYeCKOe 3HaueHHe B TIPOMBIIIIEHHBIX YCIOBUSX MPU
HaHeCeHWH KJiesl pacTibIeHWeM WA BaJIKOBBIM CITIOCOOOM.

Awmugnele rpyrmbel - MoneKyn ITAA  o0pa3yloT MHOTOYMC/IeHHble BOJOPOJHBIE — CBSI3U
¢ kapbamuzopopManbAeruJHON CMOJIOW U MOJIeKy/laMd KpaxMmasia. B pe3ysbraTe TOBBIILIAIOTCS
3/IACTUUHOCTh CBSI3YIOL[Ero, TPOYHOCTh BHYTPEHHUX CBsi3eli M COMPOTHUB/IEeHHe 00pa30BaHHMIO
TPelLL1H.

OXI, Omnarojapss HaJIWYMIO PEAKI[MOHHOCIIOCOOHOW SIMOKCUAHOW TpyNmbl, CrocobeH
B3aMMO/IeMICTBOBATh C TM/IPOKCHIBHBIMA U aMUHHBIMUA (PYHKIJMOHA/JIbHBIMU TpymnamMu, GopMupys
JIOTIOJIHUTEe/IbHbIe  KOBAJIEHTHblE CBS3M MeXAy IIOJMMEPHBIMM LensMH. OTO TPUBOJUT
K TIOBBILIEHWIO TUIOTHOCTU TOJMMEPHOW CeTKW M Y/yulleHUI0 TepMO- U BJIarOCTOMKOCTU
CBA3YIOLLIEro.

DyHKIMOHA/TbHOEe Ha3HaUeHne MoJU(PMKaTopoB

Ta6auya 4. OcHogHble hyHKYyuu Moougukamopoe 8 cocmaee KOMNO3UYUOHHOZO0 C8s13yloUjezo

Mogudukarop OcHOBHOe Ha3HaueHre BrusiHye Ha CBOICTBA CBSI3YIOLLIETO

Kpaxman [IpvipoaHbIA oNTMCaxapug, CMaurBaHUe [[peBeCHHbI, IPOHUKHOBEHHE
B KaNWUISIPBI, CHI)KeHUe ce0eCTOUMOCTH

KM Peonoruueckuii Mogudukarop PerympoBaHue BSI3KOCTH, yAep>kaHUe BOJbl, Gop-
MHPOBaHHe THUKCOTPOITHBIX CBOMCTB

ITAA CTpYKTYpHBIN yIIPOYHUTE/b [NoBbIlIEHMEe 3/1aCTUYHOCTH, BHyTPeHHel Npoy-
HOCTH U TIJIEHKOOOPa30BaHHusl

MenamuH TepmocTotikuii MogubuKaTop [ToBbImIeHUe BOJIO- ¥ TEPMOCTOUKOCTU

IXT XuMUUeCKUi CLIMBAIOLIMM peareHT @dopMrpoBaHUe TPEXMEPHOI ITPOCTPAHCTBEHHOU

HOJII/IMepHOﬁ CeTKH

Kak BUJHO W3 TaOUIbl 4, KaKAbIM KOMITOHEHT BBITIOJTHSET CaMOCTOSTEMbHYIO0 (YHKIUIO
B CBa3ywomied cucreMe. OJHAKO WX COBMECTHOe TMprMeHeHHe obecrieurBaeT BbIPa’KeHHBIM
cuHepreTuueckui  3(dekT, UTO TI03BOJIAET TIOJNYUHUTh OOjlee BBICOKHE TEXHOJIOTHUeCKHe
M SKCIUTyaTal[MOHHbIE TI0Ka3aTe/lid 0 CPaBHEHHI0 C HCXOJHOM KapbamugodopmasibaeruiHoM
CMOJIOH.

3ak/IIoueHue

B pe3ynbrare cuHTe3a KapbaMuo(hOpMablerijHOrO CBS3YHOLIero, MoAU(HUIMPOBAHHOTO
kpaxmMasiom ¥ KMILI, monyueHa HOBas KOMIIO3WI[MOHHAs CHUCTeMa C  YIyYLIeHHbIMU
PEOJIOTUUECKMMH U TEXHOJOTHUECKMMH  XapaKTepUCTUKamu. JKenaTWHM3alUs — Kpaxmasa
obecrieunBaetr GOosmee 1IyOOKOe TPOHUKHOBEHWE CBSI3YIOIIET0 B KAlWIISPHYI CTPYKTYPY
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opeBecwHbl, Toraa kKak KMI] crabummisupyeT BSI3KOCTH U CHOCOOCTBYET (hOPMHUPOBAHHIO
TUKCOTPOIHBIX CBOMCTB. [TAA TmoOBBILIAET 31aCTUYHOCTb CHUCTEMBI W IIPOYHOCTb BHYTPEHHUX
cBsi3elt, a OXI' criocobCTBYeT 00pa30BaHUIO [IOTIO/THUTETBHBIX KOBAJIEHTHBIX CBSI3eH U YIIJIOTHEHUIO
MPOCTPAHCTBEHHOM MOJMMEPHOU CEeTKHU.

Bsi3kocTh no bpykdunbay moaudupoBanHoro cessytomiero cocrasmser 4000-7000 mlla-c,
BpeMms resieobpazoBanus 60-90 ceKyH[|, a BpeMsI OTBEPXKJEHHUsSI 5—7 MHUHYT, UTO CBH/I€TETbCTBYET
O ero TeXHOJIOTUYeCKOW NPUIOJHOCTH [Ji1 NPUMEHEHUs B IPOM3BOZCTBEHHBIX YC/JIOBHUSX IpHU
W3roToB/IeHUM JpeBecHOCTpyXeuHblx It ([CII), JpeBeCcHOBONIOKHMCTBIX IIIMT CpeAHeu
rmiotHoctd (MI®) 1 fpeBeCHOBOIOKHUCTBIX TudT (IBIT).

Kpome Toro, cuHepreTrdeckoe BO3/eiCTBHe MOAU(UIMPYIOIUX KOMIIOHEHTOB CIIOCOOCTByeT
TIOBBILIIEHHIO CTaOWIBHOCTH TP XpaHeHWH, Kiiesiledl CrocOOHOCTM U KCIUTyaTallMOHHBIX
XapaKTepUCTHK CBSI3YIOIIEro M0 CPaBHEHHWIO C MCXOAHOW KapbaMuaogopMmasbAeruHO CMOJIOM.
[lpennokeHHOe ~ KOMITO3UL[MOHHOE  CBsi3ylollee  Osiaroiaps  COUYETAaHWIO  YKOJIOTMYeCKOU
MIPUEMJIEMOCTA U YAYYIIEHHBIX TEeXHOJOTUYEeCKUX XapaKTePUCTHUK MOXKeT ObITb PEKOMEeH/I0BaHO
B KaueCTBe [IePCIEeKTUBHOIO CBA3YIOLIEro /i NPOM3BOJCTBA [JpPEBEeCHBIX KOMITO3ULMOHHBIX
MaTepuaoB.
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AHHOTaUA

O6pasoBaHve sfpa TuWApara B cpefe TPHUPOAHOTO rasa IpeZACTaB/seT CO0OM CIOXKHBIN
MHOTOCTaIUMHBIA  (DU3UKO-XMMUUECKU  TIpOLiecC, TPOTeKAarolMi TpU  B3auMO/|eHCTBUU
KOMITOHEHTOB Ta3a, BO/bl, TeMrepaTypbl U AaBjeHus. Lleblo cTaTbu SIBASETCS aHalu3 MexaHH3Ma
oOpa3oBaHMs siipa THUJpaTa B CHUCTeMe «IPUPOAHBLIM Ta3—BoJa» C TepMOAWHAMUUECKON U
MOJIEKY/ISIDHOM TOueK 3peHHusi, a TakKe Orpefie/ieHMe OCHOBHBIX (aKTOPOB, BJMSIIOIIMX Ha
HYKJIeal|yio Y NMOC/IeAYIOUMKA POCT THAPATHBIX KPUCTANIOB. VcciesoBaHre BBIITOJIHEHO HAa OCHOBe
CHCTeMaTUyeckoro 0000IIeHWss HAayYHOM JIUTepaTypbl, TEepPMOJAMHAMHUECKOTO aHaivM3a |
CPaBHUTE/IbHOW OL€EHKA MOJEKY/IpPHbIX MeXaHW3MOB, Mpe/CTaB/leHHbIX B HCCAeJOBAaHUAX I10
KJIaCCUYeCKO TeopuM HyK/ealuu, (a30BbIM PaBHOBECHUSIM I'M/IPaTOB, UHAYKIIMOHHOMY TepUoAy U
MOJIeKy/ISIpHOM AvHaMuKe. TokasaHo, UTO HauyajbHasl CTajus Ipoliecca cBsi3aHa ¢ oOpa3oBaHueM
CBOOOHOM BO/IBI, K/TaCcTepU3aLieid MoIeKy/ BOJbl M (HOPMUPOBAHUEM YTIOPS0UEHHBIX K/IaTPaTHBIX
cTpykTyp. [locne focTvykeHUs KpUTUYECKOTO pa3Mepa siipa B ero MoJ0CTU NIPOHUKAIOT MOJIEKY/IbI
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rUpaTtoo0pa3yroNuX KOMIIOHEHTOB TIPUPOAHOTO Ta3a, BK/IIOUast CH,, CO, m H,S, uTO
crocoOcTByeT crabwiv3and  KpPUCTa//TMYeCKOW CTPYKTYPbl M e€ JajbHeHIemMy pOCTy.
YCTaHOB/NIEHO B/IMSIHUE JIaBJIeHHs, TEMITEPATYPbl U COZIEP>KaHUsI CBOOOIHOM BOZIbI HA BEPOSITHOCTh
obpa3oBaHMs TH/PAaTOB. PacCMOTpeHbI CTaZMK POCTa, arJioMepariid W TIPWIWMAHUS THUZPATHBIX
YacTUI] K CTeHKaM TpyOOIpOBOZIOB, TIPUBOJMAIIME K YMEHBIIIEHUI0 TPOXOJHOTO CeueHus u
YBe/IMUEHUID  [O0Tepb  faBjeHus. [losmyueHHble — pe3ysibTaTbl  MMEKOT  3HaueHue  [Jis
COBEepILEHCTBOBAaHMS [OATOTOBKM M TPAHCIIOPTUPOBKU TMPUPOAHOTO Trasa U IpefylpexXieHus
riipatooOpa3oBaHuUs.

Abstract

The formation of a hydrate nucleus in a natural gas medium is a complex multistage
physicochemical process governed by the interaction of gas components, water, temperature, and
pressure. The aim of this study is to analyze the mechanism of hydrate nucleus formation in the
natural gas—water system from thermodynamic and molecular perspectives and to identify the main
factors affecting nucleation and subsequent hydrate crystal growth. The study is based on a
systematic review of scientific literature, thermodynamic analysis, and a comparative assessment of
molecular mechanisms described in studies of classical nucleation theory, hydrate phase equilibria,
induction periods, and molecular dynamics. It was established that the initial stage of the process
involves the formation of free water, clustering of water molecules, and development of ordered
clathrate structures. After the hydrate nucleus reaches a critical size, molecules of hydrate-forming
components of natural gas, including CH,, CO,, and H,S, enter the cavities, contributing to the
stabilization of the crystal structure and its further growth. The influence of pressure, temperature,
and free-water content on hydrate formation was considered. The stages of crystal growth,
agglomeration, and adhesion of hydrate particles to pipeline walls were also analyzed. These
processes may reduce the flow cross-section and increase pressure losses. The results provide a
scientific basis for improving natural gas preparation and transportation processes and for
preventing hydrate formation in technological systems.

KiroueBble c10Ba: NPUPOJHBIN ra3, ra3oBble TWApaThl, HyK/lealus, s4po rujpara, MeTaH,
CepoBOZIOPO/], K/1aTpaTHasi CTPYKTypa.

Keywords: natural gas, gas hydrates, nucleation, hydrate nucleus, methane, hydrogen sulfide,
clathrate structure.

Beepenue

[Ipy MOATOTOBKe TMPUPOJHOTO rasa U ero TPAaHCIOPTHUPOBKe 1o TpyborpoBogaM ¢a3zoBoe
COCTOSTHMEe CHCTeMbl Tra3—Boja WMeeT BakKHOe 3HaueHWe. I[Ipu ornpeenéHHBIX 3HAUEHUSIX
TeMIlepaTtypbl ¥ [aB/ieHWss B TIPUCYTCTBUM BOABI M Ta30BbIX KOMITIOHEHTOB, CIIOCOOHBIX
00pa30BbIBaTh TU/PAThl, MOXKeT (HOpPMHPOBaThCSI TBEPasi KiaTpaTHas ¢a3a. PocT U HakoruieHHe
TU/IPAaTHBIX YaCTHI[ CO3Jal0T COTMPOTHUB/IEHHE [BWKEHWIO TOTOKA M OKa3bIBAIOT BJIMsSHHE Ha
CTabM/IbHOCTD TEXHOJIOTMUEeCKOTO MpoLecca.
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HavanbHasi cTagust oOpa3oBaHUsI TMPaTOB — HYyK/ealss — CBs3aHa C BO3HUKHOBEHUEM
MOJIEKY/ISIDHBIX aCCOLMALIMM, SIBSIOIIMXCS 3apojblilaMd HOBOM (aspl. OfHAaKO BXOXJeHUe
cucTeMbl B 00/1aCTh TEPMOJMHAMHUECKOM CTAaOMIBHOCTU THPATOB He O3HayaeT HeMeJIeHHOTO
Hayasia KpYcTa/u3anuu. s mepBoHa4aabHOro (YOPMUPOBaHUS sijpa HeOOXOAWMO TIpeoJjoeHue
JHEPreTUUECKOro Oapbepa U yropsijoueHHOe PacIiooykeHre Mosiekyst [1].

Ilesb cTaTbHu — TpOaHaIM3UPOBaTh 00pa30BaHue si/[pa rUpaTa B CUCTeMe TIPUPO/HBINA ra3—
BOJla C TepMOJMHAMHUYeCKOM W MOJIeKY/IsPHOM TOueK 3peHHsl, a TakKe BbIIBUTb TI'PaHHULIbI
MPUMEHUMOCTH CYLL[eCTBYIOIIMX MeXaHU3MOB U PaCKPbITh UX TEXHOJIOTUUECKOe 3HaueHHe.

Marepuasibl 1 MeTOABI

B cooTBeTCTBUM C MOCTaB/IeHHOM 1ie/ibl0 0Opa3oBaHue sifipa TH/[paTa B CUCTeMe TIPUPOJHBIN
ra3-Bojla M3yuyajoCh Ha OCHOBe METO/IOB CHCTeMaThuecKoro o0OO0OIeHHsI HayuHOU JIMTepaTyphl,
TePMOJAMHAMUYeCKOT0 aHau3a U CPaBHUTETbHOM OLeHKU MOJIeKY/ISIPHBIX MeXaHu3MoB. B KauecTBe
HCTOUHUKOB [IJIi aHa/iu3a ObUIM PacCMOTPeHbI HaydHble paboThbl, MOCBSIEHHbIE K/IacCHueCKOu
TEODUM  HyK/ealuud, ¢a30oBbIM  DaBHOBECHSIM  TWAPATOB, WHAYKLMOHHOMY  TIEPHUOAY
Y MO/Ie/TMPOBAaHUI0 METOJIOM MOJIEKY/IIPHOU AMHAMUKH.

TepMonvHaMUUeCKU aHa/lIW3 TIpeAycMaTpyuBaja WHTEPIIpeTalui0 CTabWIbHOCTA THAPATHOU
daspl ¥ ABWXKYILLEN CUIbI HyK/Iealldd B 3aBUCUMOCTH OT Pa3sHOCTH XUMHUECKWX TIOTeHLIUasoB,
(GYrUTHBHOCTA Ta30BbIX KOMIIOHEHTOB W aKTMBHOCTH BOJbl. B paMKax KjacCU4YecKOW Teopuu
HYKJIeal[ui aHaJIM3UPOBa/IOCh COOTHOILIIEHNe MeX/ly YMeHbllleHHeM 00bEéMHOM CBOOOHOM SHepruu
rnpu oOpa3oBaHWK HOBOW (a3pl U SHEpruel, 3aTpaurBaeMoil Ha (opMHpOBaHHE MeXK(asHOM
MOBEPXHOCTU. TeopeTHYeCcKHM pacCMOTPEHO BJIMSIHME AAHHOTO COOTHOLLIEHWS Ha KpWUTHUeCKUN
pa3Mep sijpa U HepreTUuecKuii 6apbep HykK/ealuu. [Ipy cpaBHUTE/ILHOM aHaMU3e MOJIEeKY/ISPHBIX
MeXaHU3MOB HCII0J/Ib30Ba/IUCh pe3y/bTaTbl MO/eIMPOBaHUS METOIOM MOJIEKY/ISIPDHON /TUHAMUKH,
Tipe/iCTaB/ieHHble B Hay4yHOW JsinTepaType. JIoKaibHble (UIYKTyal[id KOHL[EHTpAIlMX MOJIeKY/ Tasa,
TepecTpoiika CeTW BOJOPOJHBIX CBsi3eld BOJbI, (hOPMHUPOBaHHE KapKacOMOZOOHBIX K/IaCTePOB
U 1iepexoJ, aMOphHBIX TIPOMEXKYTOUYHBIX  CTPYKTYP B  KDUCTa//TMUeCKOe  COCTOsTHUe
pacCMaTpUBA/IMCh KaK B3aWMOCBsI3aHHbIe TIPOL[eCChl. MeXaHW3Mbl CPaBHHUBAUCh TI0 CTPYKType
repBOHAYa/IbHBIX K/IaCTepPOB, TI0C/Ie/J0BaTe/IbHOCTH YIIOPSiIOUeHUsT MOJIeKY/T ra3a U BOJbI, a TaKxke
0Cc0o0eHHOCTSIM (POPMUPOBaHUSI KPUTHUECKOTO sifipa.

Pe3ynbTarhl 4 00CYy)K/jeHHEe

OO6pa3oBaHre THIPATOB TMPUPOJHOTO Ta3a COCTOMT W3 HECKONBKUX TI0C/Ie/I0BaTeTbHbBIX
CTaIvH, TIEPBOY U OMpe/eNsIIoNel U3 KOTOPBIX sSIB/IsieTCsl oOpa3oBaHue siipa (Hykaeanust). [Tpoiecc
HyK/eallun  XapakTepusyeTcsi  (OpMUpOBaHWEM  TepBOHAuajbHOTO  MUKPOCKOMUUECKOTO
KPUCTA/UTMYECKOTO I1[eHTpa, TPUBOJSINET0 K BO3HUKHOBEHHIO TEPMOAMHAMHUUECKUN CTaOW/ILHOU
rUpaTHON (a3bl. JJaHHBIN MPOIECC HAUMHAETCS B TIPUPOAHOM Ta3e, B TIPUCYTCTBUM CBOOOJHOM
BOAbl M Ha TOBEPXHOCTU WX KOHTaKTa TMpU YCJIOBUAX, KOIZA [laBjieHWe W TeMIiepaTypa
COOTBETCTBYIOT 00/1aCcTH TH/IpaT 0Opa3oBaHusl.

B rasorpoBozax MpUpOJHOTO rasa, cernaparopax, TeryooOMeHHHKax U crcTeMax cOopa rasa
B (COCTaBe rasa Bcerja NPUCYTCTBYeT OIpefe/léHHOe KOIMYeCTBO BoZAsgHOro mnapa. Ecmm
TeMriepaTypa CHW)KAeTCsl HI)Ke PaBHOBECHOW TeMIlepaTypbl TWpaT o0pa3oBaHUs, a JaB/eHHe
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OCTaéTCsl AOCTAaTOUYHO BLICOKMM, BOJSHOM Tap KOHZEHCHPYeTCs ¢ 00pa3oBaHWeM CJI0s CBOOOAHOM
BoJbl. VIMeHHO 5Ta BogHas (a3a sBAsieTCs OCHOBHOW cpefod AJisi (OpMHpOBaHUSI TH/PATHBIX
KpHUCTAaJIOB.

[a30BbIi rUpPAT MpeACTaBseT co00M KiaTpaTHOe coefiMHeHne, 00pa3syroleecs: B pe3ysibrare
BK/moueHus mosekyn rasa (CH,, C,H,, C,Hy, CO,, H,S u 1p.) B TPEXMEPHYIO KPUCTA/TAUECKYIO
pelIéTky, c(OpMHUPOBaHHYIO MOJIeKyJlaMHd BOJbl TOCPEACTBOM BOAOPOJHBIX CBsizeil. [Ipu sToM
MOJIeKy/Ibl Ta3a He 00pa3yrT XMMHUEeCKHX CBSi3ei C BOJOH, a JIMIIb PacrioararoTCsl B TOMOCTSX
BOJISTHOM PeLIETKU.

ITocKOnBbKY OCHOBHYIO JIO/II0 YIJIEBOZIOPOZIOB B COCTaBe MPUPOAHOIO rasa COCTaB/sieT MeTaH,
TU/paThl TIPEUMYILeCTBEHHO 00pa3yloTcsl B IPUCYTCTBUM BOJBI U MeTaHa. BMecTe ¢ TeM ruipatsl
Takke MOTYT ()OpPMHPOBATbCSI B ra30BOM Cpefie B TPUCYTCTBUM COJlepKaliMXCsl B Hel MasbIX
Mojiekys, B yactHoctu meraHa (CH,), stana (C,Hy), mponana (C,H,), auokcupa yriepoga (CO,)
1 cepoBozgopoza (H,S).

Ha moneky/nsipHOM ypOBHe MOJIeKy/Ibl BO/IbI B3aUMO/IeHCTBYIOT APYT C APYrOM TOCPeACTBOM
BOJIOPOJIHBIX CBsi3eid U CTpeMATCS C(OPMUPOBATH YIIOPSIOUEHHYI0 TPEXMEPHYHO PpelIETuaTyro
CTPYKTYpy. BHyTpM Takoii pelIéTKA HauvHaT (OPMUPOBATLCS BHYTPEHHUE TMOJI0CTH —
K/laTpaTHble sueliki. Ha Haua/lbHOM CTafiud 3TH CTPYKTYpPbl HMMEIOT OuUeHb Majible pa3Mephbl
U SIBJISTIOTCS] HEY CTOMUMBBIMU, TT03TOMY OOJBIIIMHCTBO M3 HUX paciaJjaeTcsl.

Marsibie MOJIEKY/TBI, IPUCYTCTBYIOLIME B ra30BoM cpefe, Takue kak metad (CH,), stan (C,Hy),
nponan (C,Hy), nuokcuyp yrnepoga (CO,) u ceposonopog (H,S), aubdyHAUPYIOT B 3TH MOJIOCTH.
Pa3melijeHre MOJIEKYJl ra3a BHYTPH siueeK He COMPOBOXK/AeTcsi 00pa30BaHMEM XUMHUeCKUX CBs3eid
C MOJIeKy/laMU BOJbI, @ OCYILIeCTB/ISIeTCSl TIPeUMYILeCTBEHHO 10/, eliCTBHeM BaH-/iep-BaalbCOBBIX
cun. Takoe B3auUMOIeHiCTBHE CHIDKAeT CBOOOJHYIO SHEPIHI0 BOJHON DEIIETKH W TePeBOAUT
K/IaTpaTHBIe sTUEHKH B TepMOJMHaMHuUecKoe Oomee ycToiurBoe coctosiHue [1; 12].

IaHHasi cxeMa KOMIUIEKCHO OTpaXkaeT (DU3UKO-XUMHUECKYH0 CYIHOCTb 00pa30BaHMUS
TUpaTOB B Tipoljecce [O0ObIUM, TIOATOTOBKHM W TPAHCIIOPTMPOBKH TPHUPOJHOTO Trasa Tio
MarvucTpaabHBIM TPyOOIPOBO/jaM, a Tak)kKe OCHOBHBIE (DaKTOPBI, BAUSIOL[ME HA JaHHBIN TPOIiecc.
IlnarpaMma OXBaThIBaeT BCe CTaZMd — OT 0Opa30BaHUS I'MIPATOB HAa MOJIEKY/ISIPHOM YPOBHE [0
(hopmMHpOBaHUs 3aKYTIOPKU B TPyOOIIPOBO/E.

B mnepBoii yacTy cxeMbl Npe/icTaB/eHa KaarpaTHasl CTPYKTypa ra3oBoro rujpara. KnarparHas
pellfTKa COCTOUT U3 TPEXMEPHOM CTPYKTYpPbl, ChOPMHUPOBAHHOW MOJIeKy/laMH BO/IbI TTOCPE/[CTBOM
BO/JIOPO/IHBIX CBsI3€M, BO BHYTPEHHUX MOJIOCTSX KOoTopow pacronaratorcst CH,, CO,, H,S u apyrue
Marble MOJIeKy/bl Tasa [2; 6; 9].

Bropass uacTh JuarpamMmbl TIOKa3blBaeT OCHOBHblE TepMOJWHaMUYeCKHe YyCJIOBUS,
HeobOxouMbIe /11 06pa30BaHMS THPATOB.

[Tpu obpa3oBaHUM THUAPATOB OCHOBHBIMHU (DaKTOpaMU SIBJISIIOTCSI BBICOKOE JaB/ieHWe, HU3Kast
Temriepatypa, Hajinuve CBOOOIHOM BOABI, TIPUCYTCTBHE THPAT 00pa3yIOIINX ra3oB U JOCTaTOUHOe
BpeMsi, HeoOXo[uMoe JIJisl IPOTeKaHUs Tporjecca (MHAYKIMOHHbIHN Teprop).

[MoBbillIeHWe /1aB/ieHUsT YBeJMUUBAaeT BEPOSTHOCTb NTPOHMKHOBEHUSI MOJIEKY/T Ta3a B BOJHYHO
peiiéTky. CHIKeHHe TeMIlepaTypbl CIOCOOCTBYET YIIOPSIZIOUeHUI0 MOJIEKY/I BOJAbI W TIPUBOZMT
K Ooree ycToiurBomMy (hOpMUPOBAHUIO KIaTPAaTHBIX KaPKACOB.
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Cxema TOC/IejOBaTe/IbHO, B CEeMb CTa/Wii, TOKA3bIBaeT MPOTEKaHWe TIPOL[eCCOB TUpaT
oOpa3oBaHMsi Ha MOJIEKY/IIPHOM YPOBHE TIpU TIOATOTOBKE TMIPUPOJHOrO ra3a K IPHEMY
U TPaHCIIOPTUPOBKe. [IaHHBIA TIPOIECC TOAUMHSETCS TePMOAWHAMHUYECKHM W KHHETHUeCKHUM
3aKOHOMEPHOCTSIM U OXBaTbIBaeT CTa[WK OT (DOPMUPOBAHHUSI T'M/PATHOTO KPUCTA/UIa 0 TOTHOW
3aKyTIOpPKH TPyOOMNpPOBO/A.

Oudbdpysun e Hykneauus DopmupoBaHue o Poct sapa e Arnomepauus Mpununanve || Oﬁpaao}sauue
MOneKyrn ra3oBoi (oBpa3zosanue sapa) KPUTUYECKOro sapa K CTeHKe Tpy6bl TUAPATHO NPOBKM
¢asbl
. ' a0
3 \ ! %%
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{ 9
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") ) ¥ }“f&v ‘
o ® (5} v Q Q W
MNocTynusiwme B Monekyni rasa Mo mepe yBenuyeHus Kpuctann ysenuumsaetcs || Pactyuwie kpucTanib-4acTuuyl | | Arnomepartsl npununaiot | | Criov yronuaercs,
CucTemy mMonekynbl B3aumoaencTayiot umcna Monekyn rasa 3a CYET ynopsAAoYEeHNs B pe3ynbTare B3auMHbIX K CTeHKe TpyGonposoja, || ymeHbluas npoxoaHoe
rasa anddyHavpyiot C mMonekynamu Bopbl, (hopMMpyeTCs YCTO4MBOE | Moniekyn BOAbI BOKPYT AAPA || CTONKHOBEHMIA U CMnanws | | dhopMupys cnoi rapara. | | Cevetue TpyGonposoaa
Mexay monekynamu VHULMNPYS AApo, AocTuriee 1 NPUCOEAMHEHNS HOBLIX || 0BpasyioT KpynHbie 11 NepeKpbIBas NOTOK.
BOAbI U obpasosaHue sapa KPUTUYECKOro pasmepa. MOneKyn rasa. arnomeparbl.
pacnpoCTpaHAITCA. ruppara.
i Monekyna rasa Monekyna rasa Avom kucnopopa Avom Bogoposa 14 MmapatHas knetka i
| @ o ‘

(meTaH u ap.) (BHYTPY rMApaTHOM KNETKM) (8 Boge) (8 Boge) (cTpykTypa)

PucyHok1. Dmanbi MexaHuzma oopa3oeaHus zuopama

W3 pucynka 1 BuaHO, uTo OOpa3oBaHWe THAPATOB IIpe/CTaB/sieT COOOW HemnpepbIBHbIN
¥ MHOTOCTaIMHBIN Tiporjecc. [Tpoljecc HaUMHAeTCsI C KOHAEeHCAlK BOASIHOTO Tlapa U 00pa3oBaHus
cBOOOMHOM BOABI, IIOCTe Yero II0C/e0BaTe/lbHO TMPOTEKAT HyK/ealusi, (HopMHUpoBaHue
KJ/IaTpaTHBIX KapKacoB, TIPOHUKHOBEHHE MOJIeKY/I ra3a B MOJIOCTH, POCT KPUCTA/IOB, arJioMepalius,
TIpWIKIIaHKe K CTeHKe TPyOOompoBofia U, TIpU HeO/IaronpusITHBIX YCIOBHUSX, 00pa30BaHue THPATHOU
rnpobku. O6pa3oBaHWe THUPATOB B COCTaBe TIPUPOJHOTO Tas3a IIpOTeKaeT B C/eAyroIIei
rocsegoBaresbHoCTH [3; 10; 11]:

(1 Qe

MOneKy”n razoBou
¢asbl

1-i1 sran. KoHpeHcanus BojaHoro mapa: IIpouiecc HauuWHaeTcss TMPU TPUOIMIKEHUM
TeMIlepaTyphbl IOTOKA MPUPOJHOTO Tra3a K Temrieparype o06pa30BaHuUs THAPATOB UK €€ TIOHKEHUH
HIDKe JJaHHOTO 3HaueHWs. B 3THX yC/IOBUSIX BOASIHOM Tap, CoAep Kalljuiics B ra3e, KOHAEHCUPYeTCs
¢ obpa3oBaHMeM Kariesib CBOOOHOM BoAbl. VIMeHHO cBOOO/HAs BOZla CJTY)KUT OCHOBHOM CPeZoH Jjist
obpasoBanust rTuzApatoB. [IpyM TOHOW OCyIIKe ra3a BepOSTHOCTh 00pa3oBaHWs THIPATOB
3HaUMTebHO CHUKAeTCsl.
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@v ) Hykneauus
P (oSpazoBauue aapa)

2-ii sran. Hykseamusi (o0pa3oBanue sjpa): MoneKyabl KOHJeHCUPOBAHHOW BOJbI
HauMHAIOT (HOPMHUPOBAThL YIIOPsiIOUeHHbIE TPEXMEpPHbIE CTPYKTYPbI IMOCPEACTBOM BOOPOIHBIX
CBsi3ell. OTH CTPYKTYpHI MpeACTaB/IssoT coO0M HavasbHBIE siZipa KpUCTas/ia ruzpara. B mpoiecce
HyK/Ieal[u CHUCTeMa [IOJDKHa TpeofiosieTh Oapeep cBoOogHOW sSHeprun [ubb6ca. Ecmm
oOpa3oBaBIieecss PO HWMeeT pa3Mep MeHbllle KPUTUYECKOTO pafiuyca, OHO OCTaéTCs
HecTaOWBHBIM W pacrazaeTcs. Sapo, pa3mMep KOTOPOro TIpeBbINIAeT KPUTUUECKUH paiiyc,
CTaOUMM3UPYETCS Y TIePEXOAIUT K CJIe/IyoIeld CTaJu poCTa.

o PocT sigpa ®opmupoBsaHue
KpUTU4eckoro sgpa
R, .
g | 4one
G \
S Q]
> L4 v 1 >
PR Ga A b’\v
_&Q;QJ o - 0

©

‘5@\,27 4 (*)

3-#1 3Tan. [IpoHMKHOBeHHe MOJIEKY/I ra3a B K/laTpaTHble Kapkachkl: [Tocsie obpa3oBaHus
s/ipa MOJIEKYJIbI BOZIbI TTOCPeCTBOM BOZOPOAHBIX CBsSI3el (POPMUPYIOT MOMU3IpUUeCKUe KiaTpaTHble
Kapkacel. Mosekysel rasa (CH,, CO,, H,S u 1p.) iudoyHAupyIoT BO BHYTPEHHME TOJIOCTH ITUX
KapkacoB W 3aHuMaloT ux. OHM He 00pasylOT XMMHUYECKUX CBsi3ed C MOJIeKy/laMUd BOJBI,
a y[Eep)KUBAlOTC BHYTPU I[IOJIOCTEM TMPEUMYLECTBEHHO 3a CUéT BaH-/lep-BaaJbCOBBIX
B3auMozencTBuid. IIpOHMKHOBeHMe MO/eKy/lbl rasa B IOJIOCTb  Kjarpara IIOBbILIaeT
TepMOJUHAMUYECKYI0 CTabW/ILHOCTE K/IaTPaTHOW CTPYKTYPHI U CO3AaéT He0OXOJUMbIe YCIOBUS IS
JlanbHeMIIero pocTa Kpucrasiia.

4-i stan. Poct kpucranna: Ilocne ¢opmMupoBaHMSI YCTOHUMBOrO siipa K €ro IOBEPXHOCTH
HerpepbIBHO TPUCOEVHSIIOTCS HOBBbIE MOJIEKY/IBI BOJBI U rasa. B pe3synbrate 00BEM THAPAaTHOTO
KpucTa/yia yBenuurBaeTcsl. CKOpPOCTb pOCTa KpPUCTa/ljla 3aBUCUT OT TeMmIlepaTypbl, [aB/eHUs,
COCTaBa rasa, COAep)KaHusl BOJbl U MHTEHCMBHOCTH MaccoobmenHas. Ipu mamumu CO, u H,S

B COCTaBe Ta3a POCT KPUCTAJIIOB, KaK MPaBUJIO, IPOTeKaeT ObICTpee.
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5-# 3Tan. Ariomeparusi: OOpa3oBaBIMecs OTAe/bHbIe KPUCTA//Ibl TH/pPATa CTaJKUBAIOTCS

JPpyT C JpyroM, C/IMNaioTCs U (POPMHUPYIOT KpYyTHbIe arperatbl — arsioMeparthl. JJaHHbIN mporiecc
TIPOMCXOUT MO, BO3[€MCTBHEM BJlaTM Ha IOBEPXHOCTH KPHUCTA/JIOB, BaH-Zlep-BaalbCOBBIX CHII
Y MeXaHWYeCKWX BO3ZeHCTBUM. ArJiOMepalysi CUMTAeTCs OFZHUM M3 Haubosee OIACHBIX 3TArloB
BO3HUKHOBEHUsI TH/PaTHBIX 1TpobieM B TpyOOITpOBOAax.

Mpununanue
K CTeHKe TpyObl

6-ii sran. IIpuimnanume K creHKe TpybOonpoBoaa: OO6pa3oBaBIlIKecs arJioMeparhl
OCAKIAIOTCS W TIPUKPEIUISIIOTCA K CTeHKe Tpy6oripoBoga. OcoGeHHO WHTEHCHBHO T'HjipaTHbIe
YaCTULIbI 3aKPeIUISIOTCSl Ha y4yacTKaxX C TOHWKEHHOW TeMIepaTypoil CTeHKH, (JOPMHUPYSl TOHKUM
cnon rujpara. B fanbHeiillieM 3TOT C/IOM YTOJIAeTCS W yMeHbllaeT BHYTPEHHUM AUaMeTp
TpyborpoBozia. B pe3ynbrare Bo3pacTaeT TUpaBIMuUeCKOe COTMPOTHUB/EHWE U YBeTUYMBAIOTCS
TOTepH /laB/IeHUsI.

7-i1 3Ttan. OOpa3oBaHWe rujpaTHOi mpoOku: Ha 3ak/mouMTesbHOM CTaguM Tpolecca
TUPATHBIN C/IOU MOCTENeHHO YTOJIAeTCsl U YaCTUYHO WJ/IM TOTHOCTBIO TMepeKpbiBaeT MorepeyHoe
ceuenue TpyboripoBoja. Takoe cocTosiHMe Ha3biBaeTcsi 00pa30BaHMEM THUIPATHOW TPOOKH.
I'uaparHas poOKa MOKeT MPHUBECTU K Pe3KOMY CHIDKEHMIO WJIH TIOJTHOM OCTaHOBKe ITOTOKa rasa,
yBe/IMYeHUI0 Harpy3Ku Ha KOMIIPeCCOPbI, OMACHOMY TMOBBIIIEHUIO AaBJA€HUS] U BO3HUKHOBEHHIO
aBapUIHBIX CUTyaLUi.
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WUHpekc obpasosaHus rugparta
(oTHocuTENbHAA BENNYMHA)

0.05

Hwuskun

H,S G0, Cf, GH, i, N,

Mpumeyanue: H,S n CO, obneryatoT o6pasoBaHue
ruapaTos, a CH,, HanpoTuBe, 3aTpyaHsAeT ero.

PucyHok 2. 3agucumocmb 06pazoeaHusi 2uopamoe om cocmaea NpupooHo20 2a3da

PaccmoTpum mporjecc obpasoBanus rugpatoB Ha npumepe MertaHa (CH,) u auokcupa
yrnepoga (CO,). TIocko/bKy OCHOBHYHO [OJIFO YITIEBOAOPOAOB B COCTaBe TPUPOJHOIO rasa
COCTaB/IsieT MeTaH, TH/PaThl TPEUMYIeCTBEHHO 00pa3yloTCs B TMPUCYTCTBUM BOABI M MeTaHa.
[vapatbl  ApYrMX — yIVIeBOJOPOAOB — TPEACTAaB/SIOT CO0ON  KpUCTa/IMUecKhue  CTPYKTYPBI,
dhopMmupytolecs: TIPU HU3KUX TeMIlepaTypax U BbICOKUX /lJaB/IeHUsIX B pe3y/bTaTe B3auMo/1eHCTBUS
MOJIEKY/T BOABI C MOJIEKYy/laMA COOTBETCTBYIOIIMX Ta30BbIX KOMITOHEHTOB. [Iporjecc obpa3oBaHUs
THUpPaToB C yyaCcTWeM pa3/IMYHbIX TIas30BbIX KOMIIOHEHTOB IIpOT€KAeT B  HECKOJIbKO
roc/ieioBaTebHbIX cTaguii [8; 13].

1-i1 5Tan. CoBMeCcTHOe NPHCYTCTBHE MOJIEKY/1 MeTaHa U Bo/bl. IIpoliecc HauMHaeTcst pu
KOHTaKTe MoseKya merana (CH,), comepkaiyxcsi B IPUPO/IHOM rase, Co cBo6oaHON Bogoi. Ecm
JlaBJieHWe TIPeBbIMIAeT JaBieHrue 0Opa30oBaHUs THPATOB, a TeMIlepaTypa COOTBETCTBYyeT 00JacTH
TU/IPaTHON CTaOUTBHOCTH, CO3/]AF0TCsI O/1arorpusTHbIe TEPMOJWHAMUUECKHE YCJIOBUS /ISl TH/paTa
obpa3oBaHws.

Ha maHHOM 3Tarie MOJIEKY/bI BOZBI HAXOASTCS B OOBIYHOM >KUZKOM COCTOSTHUM, B TO BPeMsI
KakK MOJIeKy/Ibl MeTaHa YaCTUYHO PacTBOPSIIOTCS B BoJie U (POPMUDPYIOT BOKPYT cebst TupodoOHYI0
TU/[paTalioHHyo 000/10uKy (puc. 3.1, stam 1).

2-u stan. Knacrepusanusi mMosieKy/s1 Bojbl. [Ipy MOHWKeHWU TeMmIepaTypbl BOAOPOAHbIE
CBSI3U MeX/ly MOJIeKy/laMH BO/Ibl CTAaHOBATCSI O0jiee YCTOMUMBLIMU, U OHU HauMHAaIOT (POPMUPOBATh
HeboJIbIIIMe YIIOpsiZioueHHbIe TPYIITbl — KJ/IaCTephl.

OTH K/acTepnl elé He SBASIOTCS MOJTHOCTBIO C(OPMUPOBAHHBIMU KPUCTa/lLIaMH, OJHAKO
MpeCTaB/sIFOT co00M HayasibHbIe 3apoAbIM Oyayined ruApaTHOW pelnéTku. OHU TIOCTOSIHHO
obpa3yroTcs u pacragatorcs (puc. 3.1, sTar 2).
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3-# sran. PopMuUpoBaHHe KJAaTpaTHOro Kapkaca. Ilo mepe yBennueHHsi KoivdyecTBa
K/IaCTePOB  MOJIEKY/TbI BOZbI HAUMHAIOT O0BeJUHSTHCS TOCPEAICTBOM BOJOPOAHBIX —CBsi3el
B TPEXMepHbIe MOMU3ApUUecKre CTPYKTYphl. B pe3ynbraTe (pOpMHUpYHOTCSI KjlaTpaTHble KapKachl
C BHYTPEHHUMHU MOJIOCTSIMHU.

OTH KapKachkl COCTOSIT U3 MOJIEKY/T BOJbI, @ UX YCTOMUMBOCTb 00€CIeurnBaeTCsi BOZOPOAHBIMU
cBsi3aMu. Ha MoMmeHT (hopMHpoBaHHMsl KapKaca B ero LieHTpe elllé MOXKeT OTCYyTCTBOBaTh MOJeKya
rasa (puc. 3.1, sTan 3).

4-u stan. IIpoHMKHOBeHHe MOJIEKyJl MeTaHa BHYTPb Kapkaca. Mosekyna MeTaHa
nocpezictBoM v ¢y3ud TPOHMKaeT B 00pa30BaBIIYIOCS T0JIOCTb W 3aHHMMaeT eé. MojieKyna
MeTaHa He oOpa3yeT XuUMHuecKoW CBsi3u € Bofod. CTabWUIBbHOCTH peliéTKd obecreunBaeTcst
I7IaBHBIM 00pa30M BaH-/leP-Baa/lbCOBbIMU B3aUMOJIEMCTBUSMH U BOZOPOAHBIMU CBSI3SIMU MEXIY
MoJIeKy/laMu BOZibl. MoJjieKysia MeTaHa MOKeT CBOOOJHO TepeMelraThCsi BHYTPU T0JIOCTH, HO TIpU
3TOM He TIOKH/aeT eé (puc. 3.1, stamn 4).

5-1 3ran. ®opMHupoBaHHe YCTOMUYMBOr0 THUAPATHOr0 Kpucrasaia. [locie 3arosHeHUs
KJIaTPaTHBIX M0/I0OCTel MOJeKy/laMi MeTaHa () OpPMUPYeTCsl YCTONUMBBIN MM/IpaTHBINA KPUCTAIL.

O6w1as crexromeTpuyeckas popMysa Metanosoro ruapara: CH,-5,75H,0

OTO 03HAYaeT, YTO Ha OJHY MOJIEKY/ly MeTaHa B CpeJHeM MPUXOAUTCA 5,75 MOJIEKYJibl BOJBI.
NaHHast CTpyKTypa sBisieTcsi Haubojiee pacrpoOCTPaHEHHOW KPHUCTa/UTMUECKOW CTPYKTYpOM
TU/IpaToB MPUPOAHOro rasa (puc. 3.1, aram 5) [4].

6-i1 sTan. Poct Kpucra/utoB u arnmomepanus. [Tocie obpa3oBaHusi mepBoro sapa ryjpara
K €ro MOBepXHOCTH HAaYMHAKOT MPUCOEJUHSTHCS HOBbIe MOJIEKY/IbI BOABI U MeTaHa. B pe3synbrare
(dhopMuUpyeTCcsi HECKOJIbKO TOC/e/I0BaTe/IbHbIX CI0EB, TUApPAT KPUCTA/IU3YeTCsl W TOCTerleHHO
yBe/IMuMBaeTcs B pasmepax (puc. 3.1, sTarm 6).

B [fmanmbHelllleM HECKOJBKO THAPATHBIX KPUCTAZIOB OOBEAWHSIOTCA MeXIy CcoOou
c oOpa3oBaHueM arsioMepatoB. KpymHble arsiomMepaTbl MOTYT YaCTUYHO WM TIOJTHOCTBIO
repekpbiBaTh  IOTIepeuHoe  ceueHWe TpyOorpoBoga. [loaTroMy  oOpa3oBaHuMe  TH/PaTOB
B Ta30lpoBOJaX W TEXHOJIOTUYeCKOM OOOpYZOBaHWU SIBJSIETCS OJHOW W3 OCHOBHBIX TPUYMH
BO3HHMKHOBEHUS aBAPUMHBIX CUTYaL[UH.
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© cH.0) +H00)

MeTaH npupogHoro rasa
M Xuakas Boga

2

e Knacrepusau,ua MOJ1IeKYJ1 BOAbI

Monekynbl Bogbl 06pasytoT KnacTepsi
(He6onbLUKME rpynnbl)

®opmupoBaHue KNaTpaTHOro
e KapKaca nocpeacTtBoM
BOAOPOAHbIX CBA3EN

Knactepbl nocpeacTBoM BOAOPOAHbIX
CBsi3er NpeBpPaLLAlOTCS B TPEXMEPHbIV
KnaTpaTHbIM Kapkac ‘

a PasmewieHune MOJ1IeKY1 Me€TaHa
BHYTPU KapKaca

MOJ'IeKyJ'IbI MeTaHa NPOHUKaKT
B MOJIOCTU KNAaTPaTHOro Kapkaca

e MeTtaHoBbiv rugpat (CH, - 5.75H,0)

O6pasyeTcsa cTabunbHbIN
MeTaHOBbIN ruapat

1

e Pocr KpucTtasuia U arnomMepauus

KpucTtannbl rugparta pactyT u \\2 =
obbeauHsaTcs, 06pasysa KpynHble

arperarbl (arnomeparbl)

PucyHok 3. MexaHu3m 00pazoeaHusi MemaHogoz2o uopama

O6pa3oBaHre MeTaHOBBIX T'M/JPAaTOB IPOTEKaeT B pe3y/bTare COBMECTHOrO BO3[eHCTBUS
TEePMOJMHAMUUECKUX W KHWHeTHUeCKHWX ¢akropoB. IIporjecc BK/IOUaeT Takve CTafud, Kak
K/IacTepr3aliysi MOJIeKy/ BOAbl, (POPMHPOBAHUE K/IaTPAaTHBIX KapKacoOB TMOCPEJCTBOM BOOPOJHBIX
CBsi3eli, TPOHMKHOBEHHe MOJIeKyJl MeTaHa B JaHHble KapkKachl M POCT YCTOWYMBBIX
KPUCTa//TMYeCKUX  CTPYKTyp. OOpasoBaBiivecsi THJpaTHble KPUCTa/UTbl B  JlajbHEHIIeM
arJIOMepUPYIOTCsI, TIPEBPALIiasCh B KPYITHbIe CTPYKTYPBI, ¥ TIPH J00bIue, cO0pe 1 TPaHCIIOPTHPOBKE
TIPUPOZIHOTO Ta3a MO MarvMcTpajbHBIM TPyOONPOBOAAM YBEIWYHBAIOT COMPOTHBJIEHHE TOTOKY,
TIOBBIIAIOT TIOTEPU JABI€HUS W OTPHLATEIbHO BJMSIOT HA HAZEXHOCTh TEXHOIOTMYeCKON
cucrembl. [ToaTomy m1yboKoe M3ydyeHue MexaHM3Ma 00pa30BaHMs THPATOB U pa3paboTka MeTo[0B
VX TIpe/IyTIpeXX/IeHNsI M YCTPAHeHUsI SIB/ISTIOTCS OHOM M3 OCHOBHBIX HayUHbIX 3a/1au.
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TakuM 00pa3oM, HECKOTbKO sUeeK, 3arlloIHeHHBIX MOJIeKY/laMM ra3a, O0beAuHSIFOTCS
U o0pa3yloT KpuTHueckoe sapo. Eciu pasuyc siapa MeHbIlle KPUTHUECKOTO 3HaueHWsi, OHO
pacraziaeTcsi BC/IeCTBUE BBICOKOWM TMOBEPXHOCTHOW cBOOOAHOU 3Hepruu. Eciu ke pasmep sizipa
TMpeBbIllIaeT KPUTHUECKOe 3HaueHWe, TH/PaTHbIM KPUCTall CaMOMPOU3BOIBHO TMPO/0/DKAeT PacTH.
TaHHBIH TIpo1iecc 0OBICHSIETCS KITaCCUUYeCKOW Teoprel HYK/Iearlyu.

Ha ckopocTb HyK/ealiuu BiusieT psif, pakTopos:

TOBBIIIIEHHEe /IaBJIeHUs] TIOBBIIAeT CTaOWIBHOCTb THAPAaTHOW (a3bl W yBeJMUMBaeT
BepOSTHOCTH 00pa30BaHus sifiep, CHIDKasi SHepreTudeckuii 6apbep KpUTHUeCKOM HyK/lealyy;

TIOHIKeHWe TeMrieparypbl o0sieryaeT yropsiZioueHWe MOJIEKYJI BOZABI W YCKOpSieT
(opmHpoBaHue rU/IPaTHOW PeIETKHY;

yBeJIMueHre KOJTMueCTBa CBOOOHOW BO/IbI YBeTMUMBAET T/I0I[a/Ib TTIOBEPXHOCTU KOHTAKTa, Ha
KOTOPOU MOTyT 00pa30BBIBaTLCS sijpa rUpaTa;

Tskénble yrnesozgopogpl (C,'—C. ") Takxe pacIIMpsrOT 06/1acTh TH/PaTO0Opa3oBaHMSL.

Hamuure H,S u CO, B cocTaBe NpUPOAHOTO rasa crioco6cTByeT 6osee ErkoMy 06pa3oBaHuIO
TUJpPaToB TI0 CPABHEHWIO C METAHOM, IIOCKOMbKY JaHHBble Ta3bl CWIbHee CTaOUIM3UPYIOT
K/aTpaTHyl0 peméTky. [lo cpaBHeHHIO ¢ Tuaparamy, OOpa30BaHHBIMH MeTAaHOM W JIPYTUMH
YIJIEBOZIOPO/IAMH, THApaThl, 00pa3oBaHHbBIE CEPOBOAOPOAOM W avoKcuzoM yraepoaa (CO,),
TMIPE/ICTAB/ISIFOT 3HAUUTETbHO OOJIBIIYIO OMTaCHOCTD [/l TEXHOJIOTHUeCKOro 00opyoBaHust. ['uaparsl
MeTaHa M YIJIeBOJOPOJOB KPUCTA//IM3YIOTCS U HAKAl/IMBAIOTCS B Ta30MpOBOZAAX, UTO MOXeT
TIPUBECTH K UX YaCTUYHOUW WU NTOJIHOU 3aKyIIOpKe.

CepoBogiopos, u auokcuy, yrnepoga (CO,) B3aMMOAEHCTBYIOT C BOAOM € oOpasoBaHMeM
KACIOT. B oOpasyrouuxcsi rHgpaTtaXx TakKe MOXKeT TIPOSBIASThCA KucCasi cpefa. Ilo3tomy
oOpa3oBaBIIMecs THApaThl, MOMUMO KPHUCTA/UIM3aldd W 3aKYIOPKHA TPYyOOMNpPOBOAOB, MOTYT
Croco6CTBOBATh MX KOPPO3UH.

Monekynbi Boabi
(H20)

KnarpatHas
nosnocTb

Monekyna rasa
(Hanpumep, H,S)

@
0 ATom kucnopopaa (O)
&

Monekyna H,S
(BHYTpPM nonocTn)

ATom Bogopogaa (H)

BogopogaHas cBA3b

Pucynok 4. Mexanu3sm o0pasoeaHus 2udpama cepoeodopoda (H,S)
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O — xkuanopog (atom Boabl), H — Bogopon (atom Bofwl), S — cepa, *** BOZIOPO/IHbIE
cBsi3u. C TepMOZIMHAMUUECKOM TOUKU 3peHMs] HyK/ealusi IPOUCXOAUT TOABKO B TOM C/ydae, eCid
cBoOoHass 3Hepruss ['mbb6ca rHapaTHON a3kl CTAaHOBUTCS HW)KE CBOOOJHON SHEPrUM Ta30BOM
v BogHOM a3 [7; 5]:

AG=AGs+AGv

AGs— TmONnOKuTeNnbHasE TIOBEPXHOCTHasi CBOOOJHAs SHeprus, 3aTpaurBaemMas Ha
(opmHpoBaHUe TOBEPXHOCTH S/1pa;

AGv— o00BbéMHasi cBOOO/IHAs HEPTHsl, YMEHbBILAIOIAsICS B pe3y/bTaTte 00pa30BaHUs HOBOMN
TU/IpaTHOM (pa3bl.

SAznpo ruapata nepexoAuT B YCTOMUYMBOE COCTOSTHUE TOJBKO I0C/Ie MPeof0/IeHUs] MakCuMyMa
00111t cBOOOIHOM 3HEPTrUH, MOC/Ie Yero HauMHaeTCst POCT KPUCTasla.

B TpyboripoBosax MpPUPOAHOTO ra3a JaHHbBIM MPOLecC 0OBIYHO MPOTEeKaeT Ha TIOBEPXHOCTH
CTEHOK Tpy0, K/IallaHOB, apMaTyPhl, YaCTHUI] PXKABUMHBI UJTM MeXaHUUe CKUX MPUMeCei. TH y4aCcTKU
C/ly)KaT LleHTpaMu TreTeporeHHOM HyK/ealMd M MOTYT MHOTOKPaTHO YCKOpSITb IpoLiecc
oOpasoBanust THAparoB. I[l03TOMy B TPOMBILUIEHHON TMPAaKTHKe TIpeJOTBpalleHre CTaJuu
HYK/Iealldl OCYIIeCTB/ISIeTCS TOCPeJCTBOM OCYIIKMA Ta3a, TPUMEHEeHHsl TersI000MeHHUKOB
B TEeXHOJIOTUYECKOW CHucCTeMe [jis TIO[Jiep)KaHusi TeMIlepaTypbl Bbillle TPaHHUIBI THApaT
00pa3oBaHMsl, a TAaKXXe WCIIO0/Ib30BaHUS TAaKUX MHIMOMTOPOB, KaK METAHOI ¥ MOHO3TU/IEHTJIUKOJIb
(M3D).

3ak/IIoueHue

Ha ocHOBaHWU pe3y/bTaTOB UCC/Ie0OBaHUS YCTAaHOB/IEHO, YTO 0Opa3oBaHUe rU/IpaToB B Cpeie
MPUPOJHOTO Ta3a TIpeJCTaBlsieT CO00M MHOTOCTAAUMHBIA  (PU3UKO-XMMUUECKUM  TIpoliecc,
MPOTEKAIOLMI 1107, COBMECTHBIM BO3/J€MCTBMEM TepMOJMHAMUUECKUX U KMHEeTUYeCKUX (PaKTODOB.
HauanbHol U omipefiesisitoitield cTaziield ruzipaT oOpa3oBaHus sIBsIeTCs HyK/ealysl. YCTaHOBJIEHO,
yTO B pe3y/ibTaTe K/jacTepy3aldd MOJeKyad BOJbl, (OPMHUPOBaHMUSI KJ/aTPaTHBIX sueeK
Y TIPOHMKHOBEHUsI MOJIeKYJI Ta3a B 9TU sTUeliKu 00pa3yeTcsi yCTOMUYMBOE siipo TUpaTa.

OcHOBHBIMH  (paKTOpamH, B/USIIOIIMMK Ha Tpolecc Truapat o0pa3oBaHus, SB/SIOTCS
CHIKeHUe TeMIlepaTyphbl, TIOBbIIIeHHe JaB/ieHHs] ¥ HaJlMuhe J0CTaTOUHOTO KOJIMUecTBa CBOOOHOM
BO/IbI B CocTaBe npupoaHoro rasa. CH,, CO, u H,S, conepxkaiijiiecst B PUPOAHOM rase, sB/IsIOTCS
OCHOBHBIMU TUZipaT 06pa3yroMMy KOMIIOHEHTAMU. YCTaHOBJIEHO, UTO THApaT, 00pa3yomuiics Tipy
B3aMMOZIeCTBMM BOAbl C H,S, XapakTepusyercsi BBICOKOM CTaOWILHOCTBIO M KOPPO3UOHHOM
aKTUBHOCTBIO U TIPe/ICTaB/IsieT HaWOOJBIIYI0 OMacHOCThb [JIsi TeXHOJIOTMYecKoro 000pynoBaHUSI.
Poct u arnomeparusi 00pa30BaBIIMXCS THUAPATHBIX KPUCTA/ZIOB TIPUBOAAT K yMEHBIIIEHUIO
MIPOXO/IHOTO CeueHusi TPYOOTPOBOZA, YBeIMUeHWIO TH/PAaB/INUYeCKOrO COTIPOTUB/IEHUS W TIOTepb
JlaB/IeHus, a TaKXe K BO3HUKHOBEHUWIO HapyllleHWd B paboTe TeXHOJOTMUeCKOW CUCTeMbl, UTO
TIPUBOJMUT K CHIDKEHUIO e€ MPOU3BOJUTE/IbHOCTH.

Kpome Toro, ycTaHOB/IeHO, UTO CTeHKH TPyOOMPOBO/IOB, apMaTypa U MeXaHuueCKUe TpumMecH
MOT'YT BBICTYIIaTh B KaueCTBe LIEHTPOB IreTepOreHHON HyK/ealluu, yCKOpsisi TIporjecc oOpa3oBaHus
ruzgparoB. [lostomy 5sddekTvBHasg JAervaparanusi MPUPOJHOTO rasa, TMOAJEep)KaHue —ero
TemriepaTypbl BbIllle TPaHULIbl THApaT 00pa3oBaHUs U, TPU HEOOXOJUMOCTH, TpPUMeHeHHe
TU/IPaTHBIX WHTUOUTOPOB SIBJISIFOTCSI OCHOBHBIMU TEXHOJIOTMUECKHMHU MepaMU TpeJoTBpallieHust
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rugpar  obpa3oBaHus.  [lomyueHHble — pe3ynbTaThl — CAy)KaT  HAYYHOM  OCHOBOW IS

COBEpILIEHCTBOBAHMSI TPOLIECCOB TIOATOTOBKU TPUPOAHOTO Tra3a U 00ecreueHWs] ero HazéXHOU

TPaHCIIOPTUPOBKH 110 MarMCTpaibHBIM TPyOOIIpOBOAaM.
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AHHOTaUUA

B pabore mpejcraBieHbl pe3yabTaThl WH(PAKPaCHO-CIEKTPOCKOMTMUECKOTO HCC/Ie/[0BaHHUS
TUPOTepMa/IbHO CHUHTe3UpoBaHHOro Lieonura Nal, oTHocAljerocsa K CTpykrypHoMmy tumny LTL.
Llenv uccrefoBaHUsl — 3aK/O4agach B HEHTU(UKALMM OCHOBHBIX II0OJIOC  IOIVIOLIEeHW,
YCTaHOB/EHUM MX TPHUHAJIEKHOCTU K (YHKUMOHAJBbHBIM TIpynrnaM M XapakKTepUCTUYeCKUM
KosilebaHUsIM ~ alMIOMOCHIMKATHOTO — KapkKaca CHHTe3UpOBaHHOIO Marepuana. VccriesnoBaHue
MIPOBOAUIM MeTo/joM HHGPpaKpacHo# crekrpockonuu ¢ Pypbe-ripeobpa3oBaHreM B Juaria3oHe

1

BosHOBBIX umcen 4000-400 cvm. B MK-cnekTpe oOpasija WAeHTU(GHUIMPOBAHO [A€BATh I10JI0C

noryomjenys. 1llupokas momoca mpu 3422,74 cv! u momoca npu 1644,57 cmt

OTHeCeHbI
COOTBETCTBEHHO K Ba/IeHTHBIM KosiebauusiM O—H rupoKCHIBHBIX TPYIIT U aJicCOPOMPOBAHHOM BO/bI
u gedopmanoHHbM Konebanusm H-O-H. HauGonee mHTeHcuBHas mosoca mpu 999,95 cm!
COOTBETCTBYeT aCUMMETPHUHBIM Ba/IeHTHbIM Kojiebanusm cBszeii T-O-T (T=Si, Al)
a/IFOMOCH/IMKAaTHOTO Kapkaca. Ilosmoca mpu 665,16 cm™! cBfI3aHa C CUMMETPUYHLIMM Ba/IeHTHBIMU
konebanuavu T—O-T, a nonoca npu 553,44 cm! oTHecena K Kone6aHusaM ABOMHBIX Kosel| (D6R)
BTOPUUHBIX CTPYKTYPHBIX eauHuIl. [edopmalioHHble KonebaHus cBszed T—O TPOSIB/ISIIOTCS TIpU
464,91 cv!. lononuuTensHO 06HApYKeHkI c1abble ToI0Ck pyu 2926,43, 2855,14 u 1399,70 cm™,
He SB/SIOIIMECS AUAarHOCTUUeCKMMHU JJjIsi  aJFOMOCH/IMKaTHOro Kapkaca. COBOKYMHOCThb
YCTaHOBJ/IEHHBIX CITeKTPa/IbHbIX XapaKTepUCTHK coriacyeTcsi ¢ (opMUpOBaHHMEM KapKaca LieosuTa

CTPYKTYPHOI'O THIId LTL. HOJ’Iy‘—IEHHbIe pe3y/bTaTbl IMO3BOIAKOT OXdPaKTE€PU30BATH OCHOBHbLIE
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(byHKIMOHAIbHBIE IPYTITbI U 0COOEHHOCTH KapKaCHBIX KOJie0aHUi CHHTe3UPOBAHHOTO 1jeomTta Nal
U MOTYT CJIY)KUTb OCHOBOUW [Jis [Ja/bHEHNIIero M3yueHWsl ero CTPYKTYPHbBIX, a/[COPOIIMOHHBIX U
UOHOOOMEHHBIX CBOVCTB.

Abstract

This study presents the results of an infrared spectroscopic investigation of hydrothermally
synthesized NaL zeolite belonging to the LTL framework type. The aim of the study was to identify
the main absorption bands and assign them to the corresponding functional groups and
characteristic vibrations of the aluminosilicate framework of the synthesized material. The sample
was investigated by Fourier-transform infrared (FTIR) spectroscopy over the wavenumber range of
4000—400 cm™. Nine absorption bands were identified in the FTIR spectrum. The broad band at
3422.74 cm! and the band at 1644.57 cm™! were assigned to O—H stretching vibrations of hydroxyl
groups and adsorbed water and to H-O-H bending vibrations, respectively. The most intense band
at 999.95 cm! corresponds to the asymmetric stretching vibrations of T-O-T (T=Si, Al) bonds in
the aluminosilicate framework. The band at 665.16 cm™ was attributed to symmetric T-O-T
stretching vibrations, whereas the band at 553.44 cm™ was assigned to vibrations of double rings
(D6R) representing secondary building units of the zeolite framework. The T-O bending vibrations
were observed at 464.91 cm™. In addition, weak bands at 2926.43, 2855.14, and 1399.70 cm™ were
detected; these bands are not diagnostic of the aluminosilicate framework. The overall spectral
characteristics are consistent with the formation of an LTL-type zeolite framework. The obtained
results provide insight into the principal functional groups and framework vibrations of the
synthesized NaL zeolite and may serve as a basis for further investigations of its structural,
adsorption, and ion-exchange properties.

KnroueBbie cioBa: meomutr Nal, crpykrypa LTL, WK-criekTp, KapkacHble KosiebaHwUs,
(byHKLMOHaMBHbIE FPyHIbl, TeTpasapel SiO, u AlO,.

Keywords: NaL zeolite, LTL structure, FTIR spectroscopy, framework vibrations, functional
groups, SiO, and AlO, tetrahedra.

BBegenue

LleonuThl MpefCTaB/sIOT CO0OWM KpUCTA//IMUeCKre ajtOMOCH/IMKAThl C  YIIOPsiZIOUeHHOU
MHKDOTIOPUCTOM CTPYKTYpOM, 00pa3oBaHHON couneHEHHbIMU TeTpasapamu SiO, u AlO,. Cpeau
CTPYKTYPHBIX TWIIOB I[€OJIMTOB 0cob0oe MecTo 3aHMMaeT IjeonuT Nal, oTHocsuics
K CTpyKTypHOMYy ceMelictBy LTL, Kapkac KoToporo o0pa3oBaH CHUCTEMOM OJHOMEDPHBIX
reKcaroHa/IbHbIX KaHajioB AuaMmerpoM okosio 0.71 Hm. Takas cTpykrypa fenaer Leosudr NaL
TepCIeKTUBHBIM MaTepyasioM [ijisl TIPOIIeCCOB CeIeKTUBHOM aZicopOLMy MOJIeKY/I, KaTaTUTUUeCKOTO
ripeBpallieHus1 yI/IeBOA0PO/I0B U CO3,aHUs CYTPaMOJIeKy/ISIPHBIX CUCTEM THIIa «TOCTh-X035UH» [1, C.
68; 13, c. 1943; 15, c. 2606]. TloMMMO KaTaJUTUYECKUMX M ONTUUECKUX TIPUIOXKEHUM,
yTopsifiodeHHasi KaHajbHasi CTPYKTypa M BbIpakeHHasl KaTHOH OOMeHHasi CIIOCOOHOCTH [Ie/aroT
teosuT Nal. mepcrieKTUBHBIM MaTepuasioM /sl aZicOPOLIMOHHOTO H3B/IeUeHHsST WOHOB TSDKEBIX
MeTa/I/IOB U PaJUOHYK/IU/IOB W3 BOAHBIX Cpell, a Takxe [Js1 CO3[aHUsl Tra3 UyBCTBUTE/IbHBIX
CeHCOPHBIX KOMITO3UTOB Ha ero ocHoge [5, c. 101; 14, c. 52].
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Cunres neommra Nal, Kak IpaBW/O, OCYIIECTB/ISAETCA T'MAPOTEepPMajbHbBIM — MeTOLO0M
C WCIO/Ib30BaHWEM CWIMKATHBIX M a/lOMUHATHBIX IPeKypCOpOB B Ie/IOYHOM cpefie. B xone
TU/IpOTepMasibHOM KpUCTalIu3aluu (GopMUpyeTcsi XapakTepHblid Kapkac LTL, npu 3ToM KOHTPOJb
yCJIOBUM CHHTe3a orpefesisieT (a30oByr0 YUCTOTY, MOPGOJIOTHUI0 U pa3Mep IoJlyuaeMbIX KPUCTalIOB
[14, c. 52; 6, c. 2742; 9, c. 1413; 11, c. 101326].

WndpakpacHas @ypbe-criekrpockonust (MK-®Pypre) siBisieTcss OAHUM U3 OCHOBHBIX MeTO/IOB
uieHTU(UKay (QyHKLIMOHANMBHBIX TPYI M KapKacHBIX Kojie0aHWN CHHTETHUeCKUX IIe0JTUTOB,
MO3BOJIsAA ~ yCTaHOBUTH Hanmuuue cBsized  T-O-T (T=Si, Al), TUAPOKCWIbHLIX TPYIII
U a/[cOpOMPOBaHHON BOZIBI, @ TaKXKe TOYYUTh KOCBEHHYIO WH(OPMAIUI0 O CoOoTHOmeHuu Si/Al
B Kapkace [5, c. 106683; 2, c. 4036].

Ilenplo  Hacrosimein paborbl  siBisercs aHamm3  VK-criekTpa  rugporepMasibHO
CUHTe3UpoBaHHOrO Ljeonuta NaL, nieHTU(UKALIMSA OCHOBHBIX I10JI0C MOIVIOLEHUsS] U UX OTHeCeHHe
K COOTBETCTBYIOIIUM (PyHKLIMOHATbHBIM T'PYTINaM 1 KapKaCHBIM KOsieOaHMsIM.

Marepuasbl 1 MeTOABI

Lleomut NaL nonyvanu MeToLOM rMipoTepMabHOM KPUCTA//IM3alMi U3 XUMHAYeCKH YUCThIX
UCXO/IHBIX KOMITOHEHTOB — amoMuHara Hatpus (NaAlO,) u cunvkara Hatpust (Na,SiO,) [3, c.
436-443]. CocTaB peakLIMOHHOM CMeCH COOTBETCTBOBAJI C/IeAYIOIeMy MO/ISIPHOMY COOTHOILLIEHHIO:

1A1,0,:2Si0,:3Na,0:60H,0

[Onsi mpuroToB/ieHWs1 aJlOMUHATHOrO pacTtBopa 1,35 1 NaAlO2 pactBopsii B 10 M
JVICTWIJTMPOBAaHHOW BOJbl Y MepeMellrBaiyd Ha MarHUTHOM Mertuaske ripu 50 °C B TeueHue 1 yaca
[l0 TI0/TyYeHHsI OJHOPOAHOTO pacTBopa.

OTzenbHO TOTOBWIM CUTMKATHBIN pacTBop. st 3Toro 1,7 M )KUJKOTO CTeK/Ia C MJIOTHOCThIO
p=1,18 r/mn, uTo cooTrBeTcTBYeT npubmsurenbHo 2,0 1, go6apasid K 10 M1 JUCTU/TUPOBAHHOM
BO/Ibl U TepeMellNBaJi Ha MarHUTHOM Meliasnke rpu 50 °C B TeueHHWe 2 4yacoB [0 0Opa3oBaHUs
OJJHOPOZIHOT'O pacTBOpa.

Ha craguu ¢opmupoBaHusi resiss NPUTOTOB/IEHHBIM CUIMKATHBIM PAacTBOP MOCTENEHHO, I10
KaruisiM, 100aB/Isiyii K alFOMUHATHOMY PacTBODY IPU MOCTOSTHHOM TiepeMelliBaHuU. [losyueHHyo
PeakL[MOHHYO0 CMeCh BbIZIepXKUBa/IM NPU HENpepbIBHOM IepeMelllMBaHMY Ha MarHUTHOW MellaJke
ripu 50 °C B TeueHue 24 yacoB 0 0Opa30BaHUsl OJHOPOJHOTO a/IFOMOCUTUKATHOTO TeJIsl.

CdopMHrpoBaHHbIN relb MEPeHOCUIN B aBTOK/IAaB C Te(UIOHOBBIM BKJIAZIbIIIEM U TO/Bepraaiu
rUApoTepMasibHOM KpucTaanusauuu rpu 120 °C B TeueHue CyToK (24 u.).

[Tocne 3aBepiieHMsI KpPUCTQ/IM3alMM TBEpAyK ¢asy OTAensyid  (UIbTPOBaHUEM
¥ MHOTOKDaTHO IIPOMbIBa/IM JWCTW/UVIMPOBAHHOM BOZAOM A0 pocTwkeHus pH=7. IlosmyueHHbIN
npoAyKT BeicymrBaau npu 110 °C B TeueHue 6 yacoB, MOC/e Yero MojBeprajud TepMUUeCKOU
obpabotke rpu 400 °C B TeueHue 4 yacoB. B pe3ysbrare mosyuaav KpUCcTa/uiaueckui 1jeout Nal,
KOTOPBIN UCII0/Ib30Ba/IM /151 TOC/AeIYIOIIUX CTPYKTYPHBIX UCC/Ie0BaHUM.

VK-criekTpocKonmueckoe HCC/Ael0BaHME CHHTe3WpOBaHHOro Leosnuta Nal. mnpoBogumu
MeTo/IOM MH(paKpacHoU criekTpockonuu ¢ @ypbe-ripeobpa3oBanueM Ha criektpomerpe ALPHA 11
FT-IR (Bruker, I'epmanusi) B auanasoHe BoMHOBBIX uncen 4000-400 cv . [Ina perucrpanyu VK-
CTieKTpa TIpe/iBapUTebHO BBICYLLIEHHBIM MOpPOIIKOOOpasHbid obpasel] ueosuta Nal momeranu
Herocpe/ICTBEHHO Ha H3MepuTe/ibHYH0 mnoBepxHocTh ATR-mipucraBkd ¥ obecrieuyrBasv T/IOTHBIN
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KOHTAaKT o0pasija ¢ Kpucta/uioM. [lomydyeHHbIM crekTp oOpabarbiBanmy TMyTEM OMpeseneHus
TIOJIOXKEHUSI TI0JIOC TOTVIOIEHUS] M UX OTHECEHUsI K COOTBETCTBYIOIUM (DYHKIIMOHATBHBIM IPyIITIaM

1 Kosie0aHUsIM aTFOMOCH/IMKAaTHOTO KapKaca Ha OCHOBaHWM JIMTEPATYPHBIX AaHHBIX [7, c. 110683; 8,
c. 13200].

Pe3ynbrarhl 4 00Cy)KeHHe

Wpentudukarms nomnoc rnoriomenys. Ha MK-criekTpe cMHTe3upoBaHHOTO 0bOpasiia 1[eouTa

NaL. (PucyHok 1) upeHTH(DUIIMPOBAHO [eBATH Tojoc romiomieHys (Tabmura 1), 0XBaThIBAIOIUX
006/1aCcTh TH/IPOKCUTBHBIX M KAPKACHBIX KoebaHuH.

=]
- BRUKER
2 -
g
[}
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.‘E
1]
§ o
S A
9
o 4
el [} M~ o
Y - T & 8 ° 33
8 R & g & 2 g8 83
T T T T T T |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1
PucyHok 1. HK-®ypbe cnekmp cuHme3upoeaHHozo oopasya yeoauma NaL
Ta6auya 1. OmHeceHue nosaoc noziowjeHuss UK-cnekmpa yeoanuma NaL
Ne v, em’! OTHeceHuUe N0/10CHI NOIJIOLEHUS
1 3422.74 v(O-H) — BasieHTHBIe KOTe6aHUs THAPOKCUMBHBIX IPYIII/afcopOrUpOBaHHOMN BOABI
2 2926.43 v(C-H) — cabasi, ciemoBas mojoca
3 2855.14 v(C-H) — cyabas, ciemoBas mosoca
4 1644.57 8(H-O-H) — pedopmarpioHHble KosiebaHus ajcOpOUPOBaHHOM BOABI
5 1399.70 csabast 1osoca, BepOsITHO CrIefoBast
6 999.95 v, (T-O-T) — acumMmeTpuuHbIe BaJIeHTHbIe KoleGaHus KapKaca (IJ1aBHast 11oj1oca)
7 665.16 v (T-O-T) — cummeTpuuHbIe BaNeHTHbIe KojlebaHus KapKaca
8 553.44 KojiebaHust ABOMHBIX Kojel] (D6R) BTOPUUHBIX CTPYKTYPHBIX €IMHMI]
9 464.91 8(T-O) — nedopmarironHbie konebanus cesizeit T-O
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NuausuayansHoe 00CyXaeHre 110/10C noromenus. [Tonoca npu 3422.74 cv™! npezacrasnser
co00i IIMPOKYIH0 aCHMMMETPUUHYIO TIO/IOCY, OOYC/IOBJIEHHYIO CyTeprio3ulieli BajieHTHBIX
konebanuii O-H cBsi3eli MOseKy/IsSIpHOM BOJBI, y[Eep>KMBaeMOW B KaHamax CTPyKTypbl LTL
MOCPEeICTBOM BOAOPOJHBIX CBs3€M, a TakKXKe TMOBEPXHOCTHBIX CUAaHOAbHBIX rpymnn (Si-OH),
JIOKa/IM30BaHHbIX Ha JleeKTax M BHeIIHell MOBEPXHOCTH KPUCTA/UIMTOB. 3HauMTesbHas IIMPUHA
M0JIOCBl OTpakaeT IIMPOKOe pacrpefiesieHde TPOYHOCTH BOJOPOAHBIX CBsi3ed B THUJPaTHOU
obosouke KatroHOB Na®, KOMIIEHCHUDYIOIIUX OTpULIATe/IbHBIN 3apsij Kapkaca [10, c. 176472, c.
4036].

B o6nactu 2926.43 cm! npossisieTcs cnabast 1mosioca, COOTBETCTBYHOIIAs aCUMMETPUUYHBIM
Ba/leHTHbIM KonebanusiM C-H cBsizeli anudaruueckux rpynm. BBuAy OTCYTCTBUSI OpraHHYeCKHX
CTPYKTYPOOOpa3yIOIIMX areHTOB B COCTaBe CMHTE3UPOBAHHOTO 1[e0/IMTa JJaHHAs T10J10Ca, BEPOsITHee
BCero, 0O0ycC/OBleHa Cc/efoBol azcopOiueli arMoc(epHBIX YIIEBOZOPOJOB Ha TTOBEPXHOCTH
oOpasija ¥ He IMeeT OTHOIIIEeHUS K aTFOMOCHTMKaTHOMY KapKacy.

ComnyTcTBytoIIasi el T0/0ca CHUMMETPUYHBIX BaleHTHbIX Kojebanwii C-H cBszell mipu
2855.14 cm! pomonuser nanHyro mnapy. COBMECTHOe IIOSIB/IEHME 3TUX I0JIOC THUIAYHO /IS
C/1eIOBBIX anudaThyecKux NMpuMeceil U MOATBep)KJaeT UX HEeCTPYKTypHOe TIPOUCXOXKEeHre BBUAY
HU3KOW MHTEHCUBHOCTH OTHOCHUTE/BHO KapKacHbIX mojioc. /ledopmarronHbie konebanus H-O-H
MOJIeKy/T BOJbI, (hU3MUecKy aJcopOMpPOBaHHON B KaHamax CTPYKTypbl LTL, MposiBisitoTCst MO/I0COiM
npu 1644.57 cvl. Tlono)keHre ¥ MUHTEHCUBHOCTD [JaHHOM T0/10CHI TPAAULIMOHHO UCIIO/B3YFOTCS KaK
VH/IMKaToOp CTeleHU ruipo(uIbHOCTH KapKaca U CoZiep>KaHusl L{eOIMTHOW BO/IbI; TIPU TepMUUEeCKOM
JleruipaTtalyd WHTeHCUBHOCTb /IaHHOM TOJIOCHI, KaK TpaBW/IO, CYI[eCTBeHHO cHiKaeTcs [10, c.
176472].

[Tosoca HU3KOM UHTeHCUBHOCTH Npy 1399.70 cM™! xapakTepu3syeTcs 3aTpyHEHHBIM TOYHBIM
otHeceHneM. C y4éToM /1ab0¥ BBIPAKEHHOCTH OHa MOXKET OBbITb CBsi3aHa MO0 C 0OepTOHHBIMHU
¥ COCTaBHbIMU KoseGaHusMH, MO0 Co cnenoBoi ancopbuueit armocdepnoro CO, B Bufe
TIOBEDXHOCTHBIX KapOOHATHBIX CTPYKTYP; BBH/Y HHU3KOW WHTEHCHBHOCTH JlaHHas Toj0ca He
SIBJISIETCS IMAarHOCTUYECKOU [/l MleHTU(PUKALIMY KapKaca.

Haubosee MHTEHCHMBHOM TIONIOCOM CriekTpa sBAseTca mozmoca npu  999.95 cml,
COOTBETCTBYIOIIask aCAMMETPUYHBLIM Ba/IeHTHbIM KojeOanusam v, (T-O-T) BHyTpeHHHMX TeTpasapoB
[8104] u [AlO 4], CBSI3aHHBIX Yepe3 MOCTHKOBbIe aToMbl Kuciopoza. ITockonbky cBsizu Al-O
JvHHee U ciabee cBsizedl Si-O, yBesiMueHHe COJepKaHUs a/IFOMUHHSI B KapKace 3aKOHOMEpPHO
CMelljaeT JAHHYHO TI0JIOCY B CTOPOHY MEHBIIHUX BOJHOBBIX UHCEN; COIVIACHO Ka/JMOPOBOUHOM
3aBMCUMOCTH, yCTaHOB/IEHHOM s o6nactu 950 — 1090 cm™!, monoxkenue momoce! mpu 999.95 cv™
yKa3bIBaeT Ha YMepeHHOe Co/iep>KaHue a/lFOMUHKS B KapKace CMHTe3npoBaHHOTO 1jeonuta LTL [14,
c. 52; 11, c. 10132613]. CummeTpuuHbie BaneHTHbIe KosieOanus vs(T-O-T) mposiB/sitOTCS TOI0COM
npu 665.16 cm-1, oOycsoBneHHON CHH(A3HBIM CMelleHHeM MOCTHKOBBIX aTOMOB KHCI0POJa
OTHOCUTEJIbHO TeTpasApHUUYeCKUX KaTHUOHOB. B oTinune OT aCMMMETPUUHOM MO/ibl, JaHHas IoJioca
MeHee UyBCTBUTe/IbHA K COOTHOILIeHUI0 Si/Al u Urpaet posib AOMOSTHUTE/BHOTO, BCIIOMOTaTe/IbHOTO
TIOATBEPK/JeHNsI TIeJIOCTHOCTA TeTpajapuueckoro kapkaca [11, c. 10132613]. Konebanusim
JBoMHBIX Kosel] (D6R) BTOpUUHBIX CTPYKTYPHBIX €[MHHL] KapKaca COOTBETCTBYeT I0JiOCa MpHU
553.44 cmt. CoracHo pesyssraraM DFT-pacuéToB KosebarebHbIX MOJ, KIacTepHbIX Mogeneii D6R
c otHomeHreM Si/Al ~ 5, naHHas Moj0Ca TeOPeTHMYeCKU OXMaeTcs B AuanasoHe 570 — 600 cm!
[14, c. 52]; kapkac LTL, HapsiZly C psiioM ApyruX CTPYKTYPHBIX TUIIOB, coZiep>kuT D6R B kauecTBe
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BTOPDUYHOM CTPYKTYDHOM e[JUHULIpl, YTO JejiaeT [aHHYH T[070Cy CTPYKTYPHBIM OTIEeYaTKOM
YTIOpSiZIOUeHHOW OpraHM3aluy Kapkaca. Habmomaemoe He3HaunTebHOE CMelljeHre OTHOCHTEeTbHO
TEOPeTUYEeCKOTO [uaria3oHa MOKeT OBITh CBSI3aHO C WHBIM pacripeznesneHreM Si, Al B Kosblie
Y TIDUPOZIOM KOMIleHcupyroiero kKatuoHa [8, c. 13200]. 3aBepmiaer Habop KapKacCHBIX TI0JIOC
nedopmaLonHas nonoca cesaseii T-O npu 464.91 cm !, 06ycioB/IeHHas yIIOBBIMU MCKaKeHUSAMU
otzenbHbIX Tetpasapoe [SiO,] wu [AlO,]. Byayuu xapakTepHOW NpaKTUYECKU [Jig BCEX
aJFOMOCUJIMKATHBIX KapKacoOB He3aBUCHMO OT CTPYKTYPHOIO THMA, JaHHas I070Ca MeHee
cneurpryHa 719 UJeHTU(PUKALMM KOHKPETHOM TOMOJOTWUH, OJHAKO C/Y)KUT JOMOJHUTE/IbHBIM
MOATBEP)K/eHMeM COXPaHHOCTH TeTpas3[pUyecKoil KOOpJWHAallMM KaTHOHOB Kapkaca [11, c.
10132613]. ComnocrapyieHue C AUTepPaTypHbIMU AaHHBIMUA. COBOKYITHOCTb WEHTU(PULIMPOBAHHBIX
MOJIOC TIOTVIOIeHuss — ImMpokasi nonoca O-H, monoca pedopMarioHHBIX KojiebaHWM BOJBI,
a Takke HabOp KapKacHBIX monoc B obmactu 1000-450 cm™! — cornacyercs ¢ [JaHHBIMH,
TIpe/ICTaB/IeHHBIMU B pPab0Tax, MOCBAIIEHHBIX CHHTe3Y U VIK-criekTpocKonyeckor XapakKTeprCTHKe
pa3/IMUHBIX TUTIOB LI€OJIMTOB, BK/ItoUasi cTpykTypHbid Tun LTL [5, c. 101; 14, c. 52; 4, c. 122; 6, c.
2742; 9, c. 1413; 11, c. 101326, 12, c. 1, 16, c. 341]. [TosoxkeHre U OTHOCUTETLHOE pacripe/iesieHre
MO/I0C ACUMMETPUYHBIX W CHUMMETPUYHBIX BaJleHTHBIX KoyiebaHWid, a TakXKe TIOJIOCHI [JBOWHBIX
KOJIel], XOPOLIO COOTBETCTBYXOT TUIMUHBIM Juaria3oHaM, NPUBOAWMBIM [/Is1 a/FOMOCUIMKAaTHBIX
1[eOJIUTHBIX KapkacoB [11, c¢. 101326]. 3to moATBep)KAaeT ycrielllHoe (OpMUpPOBaHUe
KpUcTasmmyeckoro kapkaca LTL B pe3yssTare NpYMeHEHHOIO I'MIPOTEPMabHOIO MeTO[a CUHTe3a.

3ak/IloueHue

MeTtogom NK-®Dyphe CrieKTPOCKOIMY YCTAaHOB/IEHO, UTO THAPOTePMa/lbHO CUHTe3UPOBaHHBIN
obpaser; wneosmuta Nal. xapakrepusyeTcss HabOpOM TIO/IOC TIOIVIOLEHUS, TUIAYHBIX [IJIs
ctpykrypHoro tuna LTL. IIupokas monoca mpu 3422.74 cMm-1 u nonoca npu 1644.57 cm-1
OTHECEHbI K TH/IPOKCUIBHBIM I'PYTITIaM M a/ICOPOMPOBaHHOM BOJie, TOT/ja Kak IMoockl mpu 999.95,
665.16, 553.44 1 464.91 cM-1 COOTBETCTBYIOT KapKacHbIM Kosie0aHusiM cBsizeii T-O-T 1 BTOPUUHBIX
CTPYKTYPHBIX eAuHUL]. [lo/io)keHHe TIJIaBHOW TOJIOChI aCUMMETPUYHBIX Ba/IeHTHBIX KosieOaHui
(999.95 cm!) ykasblBaeT Ha yMepeHHOe Cofiep’kKaHHMe a/JIOMMHUS B KapKace, XapaKTepHoe JJis
teomura LTL. TlosnydyeHHble pe3ynbTaThl TOATBEPXKAAIOT 3(M(PEKTUBHOCTb TPUMEHEHHOTO
TU/IPOTePMaJIbHOTO MeToJa CHMHTe3a Jjisi moayueHusi LeoauTa Nal ¢ xopoiio chopMHUpOBaHHOM
KapKaCHOW CTPYKTYpOW M CO3[al0T OCHOBY /il [a/IbHEMIIUX HCC/IeOBaHUM ero TeKCTYPHBIX,
azicopOLMOHHBIX U MIOHOOOMEHHBIX CBOMCTB.
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AHHOTaLUA

B crarbe mipefriosiaraeTcs, 4to TMApoTepMasibHasi 06paboTKa cosjiell HWKesls U KobasibTa B
MPUCYTCTBUM KpacHOro @ocdopa ¥ TUAPOKCH[A Kalusg COMPOBOXAAETCS KOHKYPUPYHOIIUM
obpa3oBanreM docdopcosepKaluX W KUCIOPOACOJepKall[iX KOMIIOHEHTOB, B/MSIOIIMX Ha
3/IEMEHTHBIA COCTaB W Mopdooruueckie 0COOeHHOCTH KOHeUHOro mpoaykra. Llemb paboTsi
3aK/modasack B romyyennnd Ni—Co—P-cofepskalriero Marepuasia ¥ yCTaHOBIEHUH 0COOEHHOCTel ero
MOp(}ON0ruY, JIOKaJbHOTO 3/EMEHTHOrO COCTaBa M XUMHUUeCKUX cCBs3eil. CHMHTe3 MPOBOAWUIM U3
NiCl,-6H,0, CoCl,-6H,0, kpacHoro ¢ocdopa u KOH npu MCXOAHOM MOJBLHOM COOTHOLIEHHUH
Ni:Co:P = 1:1:5 u 1:1:3. T'ugporepManbHy0 00paboTKy ocymects/siiu rpy 200 °C B TeueHue 24 u.
[TosmyueHHBIW MaTepuan WCCAeOBaId METOJAMM CKAHUPYHOLIeH 3/1eKTPOHHOM MMKDPOCKOMHH,
9HEeproIuCIIePCMOHHON PeHTTeHOBCKOM crieKTpockonuu U MK-criektpockonmu. COM-u306paskeHust
BBISIBUIM HEOJHOPOAHYIO MepapXWyecKyrd MOpP(QO/Oruio, TpeJCTaBIeHHY arjioMeparaMmu
pajivaJbHO OPUEHTHMPOBAaHHBIX WIO/IbUAThIX U TJIaCTUHYAThIX KpucTa/uidToB. [lo manHbiM 31C
MacCOBbIe JJOMM 3/leMeHTOB cocTaBuau: Ni - 26,71 %, Co - 3,20 %, P - 32,18 %, O - 36,85 % u C -
1,06 %. PaccumranHoe aromHoe otHomieHrHe Ni:Co cocraBwio mnpubmmsuTenbHo 8,38:1, uto
CBU/JETE/IbCTBYET O TPEeUMYLIeCTBEHHOM COZep>XaHUU HUKessl B JIOKaJbHO MpOaHa/JIW3UpOBaHHON
00/1acTH ¥ HECOOTBETCTBHM COCTABa MCXOAHOMY MOJBHOMY OTHOIIeHHI0 MeTaiioB 1:1. B UK-
CTIeKTpe 3aperuCTPUPOBAHBI TIO/IOChI, OTHOCHMbIe K KomeGaHWsM TOBepXHOCTHbIX O—H-rpym,
azcopbrpoBaHHOM BoAbl, cBsi3eit P-O u P-O-P, a Takke MeTa/yI-KUCIOPOJHBIX (hparMeHTOB.
COBOKYITHOCTb TOMy4YeHHbIX pe3y/bTaTOB yKa3blBaeT Ha (QopMHpoBaHUe MOP(ONIOTUUeCKU U
3/IeMeHTHO HeofHOpofgHOW Ni—Co—P-cozpepkalljeli CUCTeMBbl C CYLECTBEHHBIM COZlep>KaHHheM
KUC/IopoAcojep)Kaiux — ¢GochOopHbIX KOMIIOHEHTOB.  YcTaHOBAeHHWe (ha30BOro0 CocCTaBa M
TIOATBEPXKeHNe TIPUCYTCTBUSI WHAMBUAYanbHbIX (ochuaHbix (a3 TpeOyroT cormocTaBieHus
pe3y/bTaToB C JAHHBIMU PEHTreHO(a30BOro U MOBEPXHOCTHO-YYBCTBUTEILHOTO aHaIMU3a.

Abstract

This study proposes that the hydrothermal treatment of nickel and cobalt salts in the presence
of red phosphorus and potassium hydroxide involves the competitive formation of phosphorus-
containing and oxygen-containing components, which influence the elemental composition and
morphological characteristics of the final product. The aim of this work was to synthesize a Ni-Co—
P-containing material and determine its surface morphology, local elemental composition, and
bonding characteristics. The synthesis was carried out using NiCl,-6H,0, CoCl,-6H,0, red
phosphorus, and KOH at initial Ni:Co:P molar ratios of 1:1:5 and 1:1:3. Hydrothermal treatment
was conducted at 200 °C for 24 h. The resulting material was characterized by scanning electron
microscopy, energy-dispersive X-ray spectroscopy, and Fourier-transform infrared spectroscopy.

The SEM images revealed a heterogeneous hierarchical morphology consisting of
agglomerates of radially oriented needle-like and plate-like crystallites. According to the EDS
results, the elemental mass fractions were 26.71 wt.% Ni, 3.20 wt.% Co, 32.18 wt.% P, 36.85 wt.%
O, and 1.06 wt.% C. The calculated local atomic ratio of Ni:Co was approximately 8.38:1,
indicating nickel enrichment within the analyzed region and a substantial deviation from the initial
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Ni:Co molar ratio of 1:1. The FTIR spectrum exhibited absorption bands attributable to the
vibrations of surface O—H groups, adsorbed water, P-O and P-O-P bonds, and metal-oxygen
moieties.

The combined results indicate the formation of a morphologically and compositionally
heterogeneous Ni—Co—P-containing system with a substantial proportion of oxygen-containing
phosphorus components. Definitive determination of the phase composition and confirmation of
individual phosphide phases require complementary X-ray diffraction and surface-sensitive
analyses.

KmoueBsble cnoBa: rujporepManbhbii cuHTe3, Ni—Co—P-copepykaiuii Marepras, KpacHbIN
docdop, Mopdonorusi  TOBEPXHOCTH, CKaHUpyIOlasi ~ 9/eKTPOHHasi  MUWKPOCKOTWUS,
SHeproA1CIiepCHOHHAs PEeHTIreHOBCKas CHEeKTPOCKOMHS, VK-criekTpockomnus,
Kucaopozcogepxxatue pochopHble KOMIIOHEHTHI.

Keywords: hydrothermal synthesis, Ni—-Co—P-containing material, red phosphorus, surface
morphology, scanning electron microscopy, energy-dispersive X-ray spectroscopy, FTIR
spectroscopy, oxygen-containing phosphorus components.

BBegenue

BojopopHasi sHepreTvka pacCMaTpHBaeTCs KakK OJHO W3 TepCreKTUBHBIX HarpaBjieHuin
YCTOMUMBOTO Pa3BUTHSI SHEpPreTHUecKUx cucreMm [1]. DiaekTpoxumuueckoe paciieryieHde BOJbl
TMO3BOJIsIeT TOJIyuaTh BOZJOPOJ BBICOKOM UMCTOTHI, OfHAKO 3((eKTUBHOCTh [JAaHHOTO Tipoliecca
OTpaHWUMBAETCs Me/[JIeHHOM KWHeTHUKOW 3/eKTPOJHBbIX peakiuil [2]. dochuzabl repexosHbIX
MeTa/lZIOB TIPeZCTaB/sIOT HHTepeC B KauecTBe (yHKI[MOHAJbHBIX MarepuasoB Osarogapsi
peryMpyemMoMy COCTaBy, /IeKTPOHHOMN TPOBOAMMOCTUA U BO3MOXXHOCTH (JOPMHPOBaHUS pa3BUTOM
noBepxHoctu [3]. Hu ¢ coaBropamu mosyuunu vepapxudeckue mosble Ni—Co—P-HaHOCTPYKTYpbl
C OpUEeHTHMPOBAaHHBIMU HAHOCJOSIMH M WCCAeOBalM WX 3/eKTpOKaTaIUuTHyeCckre CBOMCTBa
B TIpolieccax paciierieHusi BoAbl [4]. Ma c coaBTOpamMud CHHTE3MpOBaIM TpEXMepHBIe
HaHOCTPYKTYpbl (ochuza HUKens-KobasbTa M U3yUWIM UX aKTHBHOCTb B peakl[MH Bbl/le/leHus
BOJIOPOZIAa B KWCJIOM W 1esiouHoM cpefax [5]. ['maporepMasibHOe MosyueHHe HUKesb-, KOOasbT-
u Ni—Co—P-cozepskalllix MaTepyasnoB C UCI0/b30BaHHeM KpacHoro ¢ocdopa pacCMOTPEHO B psifie
rccienoBalmii [6, 7].

B MOC/IeIyIOIINX paborax M3yueHbl Mopdosnoruueckue, CTPYKTYpHBbIe
U 37eKTpoKaTasiThiueckre xapakrepucTuku Ni—Co—P-cogepikaiiux cucrem [8—15]. CoBpemMeHHbIe
0030pHBIe  UCC/IEIOBAHMSI TIOCBAIEHbI MeToZlaM CHHTe3a, MeXaHu3MaM (HOpPMHUPOBAHUS
U (QyHKI[MOHa/IbHBIM CBOMCTBaM (ochuoB nepexoiHbix MeTamnoB [16-18]. Hecmotps Ha
HaKOIUIeHHbIe ~ pe3y/bTaTbl, BIWsSHUWE HWCXOAHOTO MojbHOrO cooTHomeHusi Ni:Co:P  mpu
OAHOCTAIMAHOM TH/IPOTEPMa/TbHOM B3aUMO/IEMCTBUM XJIOPUZOB HUKeNss W Kobasibra C KpaCcHbIM
dochopom B mpucyrctBud KOH wu3yueHo HegocTtaTouHo. B 4acTHOCTH, OTCYTCTBYIOT
cucTeMaThyeckue CBeJleHUs O BJUSHUM Coflep)KaHusi KpacHoro ¢ocdopa Ha mopdosoruto
MPO/IKTa, JIOKAIbHBIN 3/IeMeHTHBIN COCTaB U XapakTep KUCI0poAcoAepKaiux GochopHbIX TPy,
YKazaHHbIe HepellléHHbIe BOTIPOCHI OTIPe/ie/IsitOT UCCej0BaTe/TbCKU 1pobes HacTosiIel paboThl.
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Hayunasi HOBu3Ha pabOTBI COCTOMT B CPaBHUTEJLHOM MCC/IeIOBAHUM MOP(OIOTHUeCKUX,
3JIEMEHTHBIX W  CIIeKTPOCKOMMYecKux ocobeHHocteld  Ni—Co—P-copepKalux MpoAyKTOB,
T0JIyYeHHBIX B OZJMHAKOBBIX FMPOTEPMAaJIbHBIX YCIOBUSX NPU UCXOAHBIX MOJIBHBIX COOTHOLIEHUSIX
Ni:Co:P = 1:1:3 u 1:1:5. YcTaHoBNeHO, YTO U3MeHeHHe UCXOAHOT0 cofiepKaHusi KpacHoro docdopa
CONPOBOXKJAeTCd pasIMuMsMM B XapakTepe arperaljdd 4YacTUL] Y XapaKTepUCTUKaX I10J10C
MOIVIOIeHusl, OTHOCUMMBIX K CBsi3siM P—O u P-O-P. [lo panHbM JioKasnbHOro J3/1C-aHanusa
BbIfIB/IEHbl OTKJ/IOHeHHe aroMHOro otHouleHuss Ni:Co 0T HCXOAHOrO MOJIBHOIO OTHOILLeHUs
MeTa/yIoB  1:1 ¥ TIPUCYTCTBUE 3HAUUTE/ILHOIO KOJIAYeCTBA KUCJIOPOZQ, COIVacyrolljeecs
c pesyneratamu  UK-®ypbe-cnektpockonmu. Llesib  HacTosied  pabOThl  3aK/IrOUaiach
B rugporepmanbHoM mnonydyeHur Ni—Co—-P-copeprkamjux NPOAYKTOB IPU UCXOAHBIX MOJIBHBIX
cootHowleHussx Ni:Co:P = 1:1:3 u 1:1:5, cpaBHUTeNLHOM WCCIe[0BaHUM MODP(ONOTUU UX
TIOBEPXHOCTU U OCOOEHHOCTEM XWMHUECKMX CBSI3ed, a TakKe OIpeAeseHud JIOKaJbHOTO
37IeMeHTHOro cocrasa MetozoM J/IC.

Marepuasbl 1 MeTOABI

s cuHTesa wmcronb3oBanu rekcaruapar xsopuga nukessa(ll) (NiCl,-6H,0, >98 %),
rekcaruzipar xnopuaa kobamera(ll) (CoCl,'6H,0, >98 %), xpacubii dochop (P, 299 %),
runpokensi kamusa (KOH, >85 %), sranon (C,H.OH, >99,5 %) u /eHOHM3UPOBAHHYIO BOAY.
PeareHTbI MPUMeHsI/IU Oe3 I0TIOTHUTE/IbHOW OYMCTKHU.

Ni—Co-P-copeprxammii MaTepran nosyvaad OFHOCTaJUMHBIM T'MPOTEPMaJbHbIM METO/OM.
B tunmunom cunrese 0,2377 r (1,00 mmons) NiCl,-6H,0 u 0,2379 r (1,00 mmosns) CoCl,-6H,0
pacTtBopsuid B 60 M/ 1eMOHU3MPOBaHHOW BO/bI MPY HeMpephIBHOM MepeMellBaHU Ha MarHUTHOU
MellianKe 0 obpa3oBaHUsI OJJHOPOJHOIO pacTBOpa. 3areM Ioc/e/oBaTesibHO Aobaeasii 0,1549 r
(5,00 mMmonb) kpacHoro Gocdopa u 0,5611 r (10,00 mmonb) KOH. WcxogHoe MomnbHOe
coortHoulenre Ni:Co:P cocrasmsio 1:1:5. [TonyyeHHYHO CyCIIeH3UIO MepeHOCUIM B IepMeTUYHO
3aKpblBaeMblli AaBTOK/JAaB K3 HepykaBeloljerd craau BMecTUMOCTbl0O 100 mn ¢ TedioHOBBIM
BK/azbieM. ABToK1aB HarpeBaiu 10 200 °C U BbiJep>KUBaJIU MPU 3TOM TemIlepaType B TeueHUe
24 u. Tlocne 3aBeplleHHs TUAPOTePMaabHON 00pabOTKM aBTOK/IaB eCTeCTBEHHbIM 00pa3oM
OXJI&KJaNM [0 KOMHAaTHOM Temrieparypbl. [locsie KaXX[0ro NpoMbIBaHMSI MPOAYKT TOBTOPHO
teHtpudyruposanu mnpu 7300 o6-MuH'! B TeueHue 5 MuH.Ilocne yznaneHWs Ha/0CaJ0UHOM
JKUJKOCTH 0CaJOK TPWXK/bl INPOMbBbIBA/IM [€MOHU3UPOBAHHOW BOZOW W TPWK[bl 3TAHOJIOM [JIS
yZ,aJIeHHs1 OCTaTOYHbIX MOHOB U HEIPOpearupoBaBIINX UCXOAHBIX BeleCTB.

P

NiCl,-6H,0 |—]
(o -

KpacHblit
docgop (P)

Tpur Tep Tuapotepmanbuas Tpéxkparioe npoMbIBanHe Ni-Co-P-conepaumuii
peakiomoii cvecy | | 30 MiH npH KomuaTHOI | | o6paGoTka npu 140 wn [ | HCHTPHYTHP JICHOHH it B0 Cymika npu 60-80 °C MaTepHan
Temmeparype 200 °C B Teuenne 24 u M 9TaHOIOM

PucyHnok 1. Cxema zudpomepmaibHozo cuHmesa Ni—Co—P-codepxcawjezo mamepuana
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[Tocse KaXk0ro TPOMbBIBAHUS TIPOAYKT TIOBTOPHO IjeHTpudyrupoBanu npu 7800 o6-mMuH
B TeueHue 5 MUH. [TosyueHHBI MPOAYKT CYIIWIM B BaKYyMHOM CyIIWIbHOM Iikady mpu 70 °C
B TeueHue 5 4. [Iyisl OLleHKM BMSIHUSL UCXOQHOTO CoJiep>KaHusi KpacHoro ¢ocdopa npoBoguiv
CpaBHUTE/IbHbIE CUHTEe3bI NMPU MOJbHBIX COOTHOLIeHUsAX Ni:Co:P = 1:1:3 u 1:1:5 ¢ coxpaHeHrem
OCTa/IbHBIX 3KCIIepPUMEHTa/TbHbBIX rapaMeTpoB. [TomyueHHbIe 00Opa3iibl UCC/IeJOBaIM B OIMHAKOBBIX
ycnoBusix mertofamui COM, 3IC u UK-Dypbe-criekTpockoruu. [ TomyueHus oOpasija
C UCXOAHBIM MOJBHBIM cooTHolleHrHeM Ni:Co:P = 1:1:3 k pacTtBopy, copepxaiiemy 0,2377 r (1,00
mmorie) NiCl,-6H,0 u 0,2379 t (1,00 mmons) CoCl,-6H,0, nobasastm 0,0929 r (3,00 MMOIIB)
KpacHoro  Qocdopa. OcranbHble  MapamMeTpbl  CHUHTe3a  COXPaHSAIM  HEU3MEHHBIMMU.
[TocnenoBarennbHOCTE  OCHOBHBIX — cTagui  nosnyueHust Ni—Co—P-copepkamux —marepuanoB
npe/icTaB/ieHa Ha puc. 1. O6pasibl C UCXOAHBIMUA MOJBHBIMH cooTHoIeHusiMu Ni:Co:P = 1:1:3
u 1:1:5 cuHTe3upoBanu IIPU OJUHAKOBBIX SKCIIepUMeHTa/lbHbIX yCl10BUAX. [Ipy cpaBHeHUU
00pasLoB yUMTHIBaIM PA3/Muusi B MOP(OIOTHH TTOBEPXHOCTH, JIOKa/JbHOM 3/7IEMEHTHOM COCTaBe
1 xapaktepucTtukax MK-crnekTpoB. Bo3moxxHoe (opmupoBaHue cBsizell MeTanini—(ocdop yc/ioBHO
TIpe/iCTaB/IeHo CJIeAYIOIMMY CXeMaMHU:

Ni—OH + P* - Ni-P,

Co—OH + P* - Co-P,

rae P* o0o3HauaeT COBOKYITHOCTH PeaKLMOHHOCTIOCOOHBIX (hocdopcofepskalux uacTHIl,
oOpasyromumxcsi B IeJIOYHOW THUAPOTepMasbHOU cpesie. IIpuBeféHHBIE CXeMbl He SIBJISTFOTCS
CTEXMOMETPUYECKUMH YPaBHEHUSIMU peakLU M MWCIIO/Nb3YIOTCA TOMBKO U1 WUIHOCTpaLyy
npeanonaraeMoro (opmupoBanust cBsized Ni-P u Co-P. Mopdonoruto ¥ MHUKPOCTPYKTYpYy
TOBEPXHOCTA CHHTE3MPOBAaHHBIX 00pa3lOB HMCCIeZ0Ba/lM METOJOM CKAHUPYIOIIel 371eKTPOHHOM
MUKpocKoruu Ha mukpockorie ZEISS EVO MA 10 (Carl Zeiss, I'epMaHnusi) B pexuMe BbICOKOTO
Bakyyma. [1151 MOArOTOBKY K UCC/IeZ0BaHMIO TIOPOLIKOOOpa3sHbiii 0Opa3el] GHUKCHPOBAIM Ha KPYT/IOM
MeTas/UIMYeCKOM JieprkaTesie C MOMOLLBIO IByCTOPOHHEMN 3/1eKTPONPOBOJAILEN YITIePOJHOU JIEHTHI,
obecrieunBarolell HaEXHOE 3aKpervieHWe YacTWI] U OTBOJZ TOBEPXHOCTHOro 3apsiia. COM-
1300pakeHHsT PerucTpUpoBaaM TpU yckopsitomneM HanpsbkeHndn EHT = 10,0 kB u pabouem
paccrosgsau WD = 8,5 MM. CbEMKY NPOBOAU/IN B peKUMe perucTpaljii BTOPUUHBIX 3/IeKTPOHOB
C wucronb3oBaHueM SE-geTekropa W mporpaMMHOro obecriedeHusi SmartSEM. JIokasibHbBIN
3/IeMEHTHBI COCTaB O00pa3lOB OMpefesisii MeTOZOM SHeproAuCrepCUOHHONW DPEeHTTeHOBCKOU
CTIeKTPOCKONUM Ha aHanuthyeckod cucrteme Oxford Instruments AZtec Energy Advanced,
OCHAIIEHHOW KpeMHUU-/pelioBbiM feTekTopoM X-act SDD M MHTerpyupoBaHHOW B MHKPOCKOI
ZEISS EVO MA 10. 3/[C-aHanmu3 MpoBOAWIM He MeHee 4YeM B TPEX pas/IMYHbIX yuyacTKax
MOBEPXHOCTU Kax[oro obpasta. s Kaxgol ucciefoBaHHOW obmactu peructpupoBamu JIC-
CTIeKTP W OTpeJie/isiidi MacCoOBbIe [O/M OOHAPY)KEeHHBIX 3/1eMeHTOB. Pe3ynbTarhl Mpe/cTaBIeHbl
B BU/Ie 37IeKTPOHHBIX MUKpodoTorpaduii ¢ 0603HaUeHHeM 30H aHajM3a, COOTBeTCTByromuX JIC-
CTeKTPOB U TaOJIUIL] JIOKA/IbHOTO 3/IEMEHTHOTO COCTaBa.

Copepkanrie 0OHapy)>KeHHBIX 3/IEMEHTOB BBIP@Kald B MAaCCOBBIX TpOLIeHTax. [/ KaKaoro
oOpasija aHa/MM3MpOBalMM He MeHee TPEX Ppa3IMUYHbIX YYacTKOB TOBEPXHOCTU. Pe3ynbTarsl
nokanbHOro JfJC-aHanu3a WCIMONb30BalM [/l  OL[EHKU 3JIeMEHTHOIO0 COCTaBa OT/e/bHbIX
VCC/IeJOBaHHbIX  y4aCTKOB II0BePXHOCTH. KauecTBeHHbI aHa/liM3 XUMMUYECKMX  CBfI3ed
¥ (QYHKIMOHANBHBIX TPYII B CHHTEe3WPOBaHHBIX o0Opa3rax mpoBogum Metogom MK-Dypwe-
cnektpockonuu Ha crektpomeTpe Nicolet iS50 (Thermo Fisher Scientific, CIIIA). CriekTpbi
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pervcTpyupoBa/ii NpU KOMHAaTHOM TeMrieparype B fuanasoHe 4000400 cm. CnekrpanbHoe
paspelieHre coctasisiiio He xyxke 0,1 cm™, a abcomoTHasE TIOTPeLTHOCTh OTpe/ie/ieHrs] BOJTHOBOTO
yucia — He Gonee +0,2 cm™. VI3MepeHUst BLITTOJTHSUTA METO[0M HapYILIEHHOTO TI0THOTO BHYTPEHHETO
orpaxenusi (HIIBO, ATR) c wucnonb3oBaHWeM TIPUCTaBKM C a/iMa3HbIM  KPUCTA/JIOM.
IToporkoo6pa3HbIii 06paser pa3melrany Ha moBepxHocTu ATR-KpucTaiia U NPWKAMaId 30H0M
[y obecrieyeHust cTabwiIbHOTO KOHTakTa. Ilepes perucrpanyeil KaK[oro crieKTpa obpasiia
3anuCbiBa/id  (DOHOBBIA CIEKTP B UAEHTHUUHBIX YC/AOBUSX M BBINOJHS/IA aBTOMaTHUeCKYH
KOPPEKIIMI0 OTHOCUTeNbHO (oHa. O6paboTKy WMK-CIIeKTpoB TPOBOJWIM TYTEM OMpe/ie/ieHus
TM0JIOKEHUM MakKCMMYMOB I10JIOC TIOIVIOIIEHMSI U UX OTHEeCeHUs K COOTBeTCTBYHOIIMM TUIIAM
XUMHAYEeCKUX CBsizell U (YHKUMOHA/AbHBIM TIpymnaM. VIHTepripeTalui0 MPOBOAWIA C YYETOM
TO/IOKeHUs, UHTEHCUBHOCTU W (POPMBI TI0JI0C TOIVIOLeHHs, a TakXe MyTéM corocrtaBieHus MK-
CTeKTPOB 00pa3lioB, TIOMyUeHHBIX TPU HWCXOAHBIX MOJBHBIX cooTHomeHussx Ni:Co:P = 1:1:3
u 1:1:5. anuble NK-CrieKTpOCKONMY KCII0/Ib30BaMN [J1s1 YCTAHOBJIEHWS] Ha/IMUYMs TT0BEPXHOCTHBIX
O-H-rpymm, afgcopbrupoBaHHOM BO/bI M KUCTOPOACOAep>Kayx (HocopHBIX TPyt co cBsi3simu P—O
u P-O-P. UK-criekTpel He WCMOMb30Ba/Kd [  CAMOCTOSITeSTbHOW  WAeHTU(UKALUU
VH/IMBU/yabHbIX KPUCTAIIMUeCKUX ¢a3. [/ OLeHKU BAUSIHUS UCXOJHOTO CO/lepyKaHUs KPaCHOTO
docdopa TpoBOAUIM CpaBHUTe/IbHbIE CHUHTE3bl MPU MOJBHBIX cooTHomeHusx Ni:Co:P = 1:1:3
u 1:1:5 ¢ coxpaHeHHWeM OCTa/lbHBIX SKCIIEPUMEHTAbHBIX MapaMeTpoB. [lomyueHHble 0Opas3LbI
VICC/Ie[l0Ba/IM B OJMHAKOBBIX YC/IOBUSIX METOZAMM CKaHWPYIOLeN 3/1eKTPOHHOM MMKPOCKOIHH,
SHEeprofIuCIIepCUOHHON  peHTreHOBCKoM  crnekTpockommn U MK-®yppe-cnekTpockonuu.
Coriocrab/ieHye T0JIyYeHHbIX [aHHBIX HCIIO/Ib30BA/IUA /I OLeHKU BIUSHUS MCXOLHOI'O MOJIBHOTO
COOTHOLLIEHUS] KOMITIOHEHTOB Ha MOP(OJIOTHIO TIOBEPXHOCTH, JIOKA/IbHbIA 3/1eMEeHTHBIN COCTaB
1 0C0OEHHOCTH XMMHUYeCKUX CBsi3el B TIPOAYKTAX CHHTE3a.

Pe3ynbrarhl 4 00Cy)KeHHe

NK-cnekTp cuHTe3upoBaHHOl Ni—Co—P-cozepkaliieii cvucTeMbl XapaKTepU3yeTcsl HaTuuuem
IIIMPOKOM TI00Ckl B obsact 3195 cm™l, OTHOCUMOW K Ba/IeHTHBIM KOJieOaHUsIM TOBEPXHOCTHBIX
TMIPOKCWIBHBIX TPyHNn M aAcopOupoBaHHOM Bozpbl. ITosoca mpu 1637 oMl COOTBETCTByeT
AedopMaloHHbIM KosteGanuam mosekyn H,O. B K-criekTpe 0OHapy>KeHBI M0JI0ChI, OTHOCSLIAeCs
K moBepxHOCTHbIM O-H-rpyram, agcopOupoBaHHON Bofie U KosmebaHusiM cBs3ert P-O u P-O-
P. CnaGpiii curnan npu 2325 cM™ MOXeT ObITh CBsA3aH C BK/1ag0M arMochepHoro CO, 1 mo3Tomy He
WCTI0JTb30BAICS [T CTPYKTYPHOM HAeHTU(UKaIu obpasija. CurHanel ripy 735-711 ¢cm™ moryt
BK/IIOUaTh BKJIaJ KosiebaHWN MOCTUKOBBIX CBsizeit P—O-P B kucnopogcozepxxamx (ochopHbIx
rpymmnax (puc.2).
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PucyHok 2. HK-®ypbe-cnekmp Ni—Co—P-codepsicaujezo o6pa3ya, cCuHme3upoeaHHoz20 npu
ucxo0Hom mMosbHoM coomHoweHuu Ni:Co:P = 1:1:5

Hu3kouacToTHble T0/I0Ckl B juarna3oHe 588-410 cm? cBsizaHbl C JedopMaliOHHBIMU
KosiebaHussMU ocdaTtHoro Kapkaca u Konebanusmu cBszert Ni-O u Co—0O. [TosmyueHHbIe [JaHHBIE
yKasbIBalOT Ha BepOSTHOE TMPUCYTCTBHE KUCJIOPOACOoAep)KaluX (OCHOPHBIX KOMIIOHEHTOB.
OpHO3HAaYHOEe YCTaHOBJIEHHWEe KpUCTa/Tiueckoro ¢a3oBoro cocraBa TpebyeT MpoBefieHus
peHTreHodaszoBoro aHanusa. Hammuue gocdugHoi dhaszbl JO/HKHO OLIEHUBATLCS TIPEMMYILeCTBEHHO
T10 IaHHBIM PeHTreHo(}a30BOro aHa/ir3a U peHTIeHOBCKOM (DOTO3/1eKTPOHHOU CITEKTPOCKOIIHH.

13003 Anear NG 113

1201

ONTUMECKaR MNOTHOCTD

2000 1500 1000 500
Bonuosoe ukeno (cu-1)

4000 3500 3000 2500

PucyHnok 3. HK-®ypbe-cnekmp Ni—Co—P-codepaicaujezo obpaszya, cuHmesupogaHHozo0 npu
ucxo0Hom Mo/abHOM coomHoweHuu Ni:Co:P = 1:1:3

UK-Dypbe-criekTp 0o6pasiia, CUHTe3WPOBAHHOTO TPU MCXOJHOM MOJBHOM COOTHOLIEHUH
Ni:Co:P = 1:1:3, npeacraBneH Ha pucyHke 3. B crmekTpe HaOmomaeTcss IIMpoKasi IIojioca
nornomeHuss B obmactu  3600-2800 cm™, oO0yc/ioB/ieHHasi TIPEUMYILECTBEHHO BaJIeHTHBIMU
KoneOaHusIMU TIOBepXHOCTHBIX O-H-rpynm u  Mosekyn azcopbupoBaHHOW Bopbl. Ilosoca
B uHTepBasie 1650-1600 cM™ mMoxeT ObITh OTHeceHa K JedopMalliOHHBIM KoieOaHUsIM MOJIeKY/T
Bozibl. Cr1abblii curHas okoso 2325 cM™, BepoATHO, 00yC/IoB/IeH BK/IagoM arMoceproro CO, um
0COOEHHOCTSIMM ~ peTUCTpalii  ()OHOBOTO CIEKTpa; T[03TOMY OH He HCIIO/b30BajCsA  [Jist
CTPYKTYPHOU UieHTH(HUKaLK 0bpa3tia.
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Haunbosiee WHTEHCHMBHOE TMOI/IONIeHWe Habmomaercss B auwamasoHe  1200-900 cwm?
Y TIPEeUMYIIeCTBEHHO CBSI3aHO C BaJIeHTHBIMU KoseOaHusimu cBsizeit P-O B KHC/IOpOACO/eprKaIyx
dochoprbix rpymnmax. CrokHass ¢opma 3TOW CIIEeKTpasbHOH 00/1aCTM M Ha/MuMe HeCKOTbKUX
MepeKphIBAIOIIMXCS ~ MAakKCMMYMOB  CBHJETe/IbCTBYIOT O  HEOJHOPOAHOCTH  JIOKAJIBHOTO
KOOP/IMHAIL[MOHHOTO OKPY>KeHHs aroMoB docdopa. [Tosockr B unTepBane 750-600 cM™ MOryT OBbITH
CBSI3aHBI C KO/eOaHUSIMA MOCTHKOBBIX CBsizeli P—-O-P u gedopmalioHHBIMEM  KOJle0aHUSIMU
docdarHoro kapkaca. HwuskouacToTHble T0/I0Ckl HKe 600 cM™? MOTyT BK/IOYAaTh BKJIA[
JeopMallMOHHBIX KojiebaHWi KUC/IopozcoAepKaux (oc(OpHBIX TPy, a Takke KomeOaHWit
cs3eil Ni-O u Co-O. Takum obpasom, pe3ynbrarbl MK-®ypbe-CrieKTPOCKONMM YKa3bIBalOT Ha
MPUCYTCTBME B o0Opasije TOBEPXHOCTHBIX THAPOKCUIBHBIX TPYIII, aAcOpOMPOBAaHHOW BOJBI
U KUCIopofcoepXkaiiux QocdopHbix KomroHeHTOB. Bmecte ¢ Tem WMK-cmekTpockonusi He
TM03BOJISIET CaMOCTOSITe/IbHO TIOATBepAUTb 00Opa3oBaHMe WHAVBUAYaNbHON ¢ochuaHoi da3bl
NiCoP. [lannbie NK-®ypbe-CrIeKTPOCKOIIMA B couyeTaHuu C pesynasraramu JC mnoATBep)kaaroT
npucytctBue Ni, Co, P u O B wuccorenyeMom o6paslle ¥ yKa3blBAalOT Ha Ha/luuude
KUC/Iopo/icofieprKaiiux ¢hochopHbIX KOMITIOHEHTOB.

B UK-cnektpax o06oux 00pasioB 3aperuCTpUPOBaHbl TOJIOCHI, COOTBETCTBYIOIIHE
konebanusm csizeii O-H, P-O u P—O-P. ¥YBesimueHre MUCXOJHOTO KOJMUeCTBa KpacHoro docdopa
or cootHoueHusa Ni:Co:P = 1:1:3 pmo 1:1:5 He cONpoBOXZAal0Ch UCUE3HOBEHUEM
KUC0poAcoAepKalux (Goc(opHbIX KOMIOHEeHTOB. Pasmuuusi B ¢opme W OTHOCUTE/bHOU
WHTEHCUBHOCTH mosioc B obmact 1200-600 cm™ MoryT oTpakaTb W3MeHEHHe JI0KaJbHOTO
OKpy)KeHHs1 aToMOB ¢ocdopa. OfHAaKO KOIMUECTBEHHAasi OLleHKA CO/lep’KaHusi OT/e/IbHBIX
(GyHKLUMOHANMBHBIX TPyMIl M0 HeHOpMUpoBaHHbIM MK-criekTpam He mnpoBoaunack. CpaBHeHHe
00pa31IoB, MOTyUeHHBIX MTPU UCXOAHBIX MOJIBHBIX COOTHOMIeHUsX Ni:Co:P = 1:1:3 u 1:1:5, BeissBUIO
pazmuuvss B MOpGOJOTHMM TOoBepXHOCTH. [Insi obomx 00pa3ioB XapakTepHO oOpa3oBaHHe
HEOZHOPO/JHBIX arpervupoBaHHbIX CTPYKTyp. BMmecTe ¢ TeM H3MeHeHHe WCXOJHOTO COJeprKaHuUs
KpacHoro ¢ocdopa CONpOBOXKAAA0Ch U3MEHEeHHWeM XapakTepa arperaljuu, IJIOTHOCTH YIaKOBKU
U penbeda moBepxHOCTU. HabmrogaeMble pasnuuusi CBHUETENbCTBYIOT O BWSHUM HCXOJHOTO
COOTHOLLIEHUS] KOMIIOHEHTOB Ha (opmupoBaHHe MOpPGOJOTUM TMPOAYKTAa B THAPOTEepPMasbHbIX
YCJIOBUSIX.

a. 0.

PucyHnok 4. COM-mukpogomozpaguu Ni—Co—P-codeprcaujux o6pa3yos, CUHMe3upoO8aHHbIX
npu pazAu4HbIX UCXOOHBIX MO/bHbIX coomHoweHusiX Ni:Co:P: a - 1:1:5; 6 - 1:1:3. YeenuueHue
%3500
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Mopdonoruueckne ocoberHoctr Ni—Co—-P-cogepxamyx 00pasroB, TOMyueHHBIX TIPU
HCXOHBIX MOJIbHBIX cOOTHOLIeHusAX Ni:Co:P = 1:1:5 u 1:1:3, ucciiegoBaau MeToA0M CKaHUPYHOLen
3/IEKTPOHHOM MuKpockonuu. CootBeTcTBytomue COM-Mmukpodororpaduy mpejcTaB/ieHbl Ha
pucyHke 4. B ob6oux oOpa3uax Hab/momaeTcsi HEOAHOPOAHAs TOBEPXHOCThb, C(HOPMHUPOBAHHAS
arJioMepaTtaMM 4acCTHL] pa3iuuHoW (opMbl U pa3Mepa. B CTpyKType NpUCYTCTBYIOT WroJibdaThble
U TUIaCTUHYaThle 3/IeMeHThl, 00beAWHEHHBIE B 0Oosiee KpyIHbIE arperatbl. MexXay HUMH
BBISIB/ISIIOTCSL  YIVIyO/IeHUs, Me)KUaCTHUHBbIe IyCTOTBI W YUYaCTKA PBIXJIOTO CTpoeHus. Takas
Mopdosiorusi MoKeT (OpPMUPOBaThbCs BC/AEJCTBUE OJHOBPEMEHHOIO IPOTeKaHWsl TMPOLeCCOB
3apo/pIie00pa30BaHusl, pOCTa KPUCTA/UTUTOB U UX TIOCTIEAYIOIIel arperaluy B THAPOTepMaTbHbIX
YCJIOBUSIX.

CpaBHenne COM-mukpodoTorpaduii 00pasiioB BbISSBUIO pa3/iMuMs B XapaKTepe arperamyd
YyacTull, TJIOTHOCTH UX YMAaKOBKW U pesibede TTOBEPXHOCTH TPU W3MEHEHUU HWCXOJHOTO0 MOJIBHOTO
coorHomrenust Ni:Co:P ot 1:1:3 mo 1:1:5. Habmonaemsie Mopdosioruueckue 0CoOOEHHOCTH MOTYT
ObITH CBSI3aHBI C BIWSHUEM cofiep)KaHusi (ochopcogepKalux KOMIIOHEHTOB Ha TIPOLIeCChI
3apopllieo0pa3oBaHusi, poOCTa U TOC/AeAyIollel  arperald  CTPYKTYPHBIX — 3/IEMEHTOB
B THU/POTepMasibHBIX ycioBusix. CpaBHeHre COM-u3o0pakeHuid 00paslioB, IOJYUEHHBIX TIpU
HCXOAHBIX MOJIbHBIX cooTHouleHusx Ni:Co:P = 1:1:3 u 1:1:5, BbIsiBUWIO pa3nvuusi B MOP(OJIOrUU
roBepxHOCTU. [Insi 06omx 00pasljoB XapakTepHO oOpa3oBaHMe HEOJHOPOJAHBIX arpervpOBAHHBIX
CTPYKTyp. BMmecTe ¢ TeM yBesimueHue UCXOJHOTO COjiepKaHust KpacHOro (ocopa conpoBoX/janoch
M3MeHeHHeM XapaKTepa arperalyH, IJIOTHOCTH yTIaKoBKY U pesbeda noBepxHocTu. Habmonaemble
pas3/inuMsl CBU/IETENbCTBYIOT O BMSIHUM WCXOAHOTO COOTHOLIEHHsI KOMIIOHEHTOB Ha (JOpMHpOBaHUe
Mop¢o/I0TUK NIPOAYKTa B THPOTEPMa/IbHbIX YCIOBHUSIX.
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PucyHok 5. 3/]C-cnekmp 31emenmHo20 cocmaea Ni—Co—P-codepiicaujezo o6pazya,
CUHMEe3UpPOB8AHHO20 NPU UCXOOHOM MO/1bHOM coomHoweHuu Ni:Co:P = 1:1:5
B O3OC-criektpe wuccienyemoro obpasija, TIpeACTaBIeHHOM Ha pPHUC. 5, TIOKa3aHbl
XapaKTepuUCTHYeCKHe JMHWK YITiepofa, Kuciopofa, ¢docdopa, kobanbra u Hukens. Haubonee
WHTEHCHBHbIe TIMKM COOTBETCTBYIOT KHUC/I0POAY, (hochopy M HUKesto, SIB/SIOLUIMMCS OCHOBHBIMHU
KoMITIoHeHTamu uccienyemor Ni—Co—P-cofepikaiiield CUCTEMBI.
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ITo panHBIM JloKambHOTO JIC-aHanM3a cofep)kaHWe HUKels U KobaibTa cocTaBwio 26,71
u 3,20 macc.% coorBeTcTBeHHO. PaccumtaHHoe aroMHoe orHoueHre Ni:Co cocTaBUiIo
npubm3uTensHO 8,4:1, UTO CyIeCTBEHHO OT/IMUAeTCsl OT MCXOAHOTo MosbHOro otHorneHus: Ni:Co

1:1. Takoe pacxokieHHe MOKeT OBbITb CBSI3aHO C HEOZHOPOJAHBIM pacrpe/ie/ieHHeM KOMITIOHEHTOB
B JIOKAJIbHO aHa/IM3UPyeMOl 00/1acTH, pa3uuusMy B THAPOIU3e U OCaXKIeHWU coenuHeHuidd Ni
u Co, a TakkKe YaCTUYHBIM BBIMbIBAHHEM paCTBOPUMBIX COEQMHEHWM KobOajibTa Ha CTausx
THIpOTepMa/ibHON 00paboTKu ¥ TipombiBaHus. Kpome Toro, 3IC sB/seTCS JIOKa/JIbHBIM
TMOJIyKOJINUeCTBEeHHbIM METO/IOM, MO3TOMY TOJlyUeHHOe COOTHOLLEeHWe He CJieAyeT pacCMaTpuBaTh
KaK CpejHHI 00BEMHBIN COCTaB BCero oOpasiia.

Bricokoe cofepykaHve KUCI0poJa, cocTassistolee 36,85 Macc.%, ykasbiBaeT Ha IPUCYTCTBUE
KUCJIOPO/ICOAiepyKallluX ~ KOMIOHeHToB. Kuciopoj MoxeT BXOJuTh B cocTaB ¢ocdaTHbIX,
TUAPOKCUJHBIX W OKCUJHBIX COEJIVHEHWM, a TakKe [MOBEPXHOCTHBIX TU/POKCU/IBHBIX TPYyMN
U azicopbupoBaHHOM BoZbl. [To/yueHHBIN pe3y/bTaT Ccorsacyercs ¢ HaauuueM nosoc P-O, P-O-P
u O-H B K-cnektpe. OnHako gaHHble 3C He 103BOJIAIOT YCTAHOBUTbH XUMHUUECKOe COCTOSIHHE
KUCJIOpO/la WK OJHO3HAYHO UAEHTU(PULIMPOBATH COOTBETCTBYIOIME KPUCTA/TUUecKue (asbl.

Ha  skcnepumeHTanbHO — 3apervctpupoBaHHOM — OJIC-crieKTpe — MA€HTU(ULIMPOBaHbI
XapakTepuCcTUUeCcKue JIMHUU cieayrolux snemeHToB: C Ka — okoso 0,28 k3B, O Ka — okoso 0,52
k3B, Co La — okono 0,78 k3B, Ni La — okono 0,85 k3B, P Ka — okono 2,01 k3B, Co Ka — okomno
6,93 k3B, Ni Ka — okono 7,48 k3B, Co K — okono 7,65 k3B u Ni K[} — okosno 8,27 k3B. Ilpu
KOJTMUECTBEHHOM 00paboOTKe  CIeKTpa  yUYMThIBalM  BO3MOXKHOE  TIepeKpbIBaHHMe  OJIU3KO
pacronioxkeHHbIx uHUA Co K u Ni Ka.

[To pgaHHBIM JiOKanbHOTO OJ1C-aHanv3a, MacCoBble [JoAM Kucaopoja U Qocdopa
B HCCJIeIOBaHHOM 006sacTy obpasiia cocraBumu 36,85 u 32,18 % coorBercTBeHHO. B MK-criekTpe
3aperuCTPUPOBAHBI TI0I0ChI, OTHOCUMBIe K KonebaHusMm cBsizeli P-O u P—O-P, uto yka3bIBaeT Ha
MIPUCYTCTBUE KUCI0pOAcoAep Kalux GochopHbIXx KOMIIOHeHTOB. Bmecte ¢ Tem pesynbrathl JC
U NK-Dypbe-CrieKTpOCKOIIMM He TO3BOJISIIOT OJHO3HAUHO WAEeHTU(DULIMPOBATh UH/WBU/YyaTbHbIE
KpHUCTajyinyeckre ¢assbl Ni,P, Ni.P,, CoP, Co,P unu cmeriaHHbie HUKeJIb-Ko0aibToBbIe (hochu/bl.
B cBSI3M C OTCYTCTBHMEM /[lJaHHBIX TOPOIIKOBOTO PEeHTreHO(a30BOr0 aHaaM3a UCC/ael0BaHHbIN
MIPOAYKT B HacTosiiieli pabore obo3HaueH kak Ni—Co—P-copepskaruii Matepran 06e3 OTHeCeHHsI
K KOHKPEeTHOM KpUCTa/l/Inueckou asze

3ak/Il0ueHue

B pabote rugporepmanbHbiM MeTozoM Tipu 200 °C B Teuenue 24 u nomydyeHbl Ni—Co-P-
coZlepsKalllie TIPOAYKThI TPU MCXOAHBIX MOJIbHBIX cooTHoweHusx Ni:Co:P = 1:1:5 u 1:1:3. Tlo
JanHeiM COM, moBepxXHOCTH 000MX 00pa3lioB XapaKTepu3yHTCs HEeOAHOPOJHBIM pesibedoM
M COCTOST U3 arpervupoBaHHbIX YaCTWL] HENpaBWIbHOM (OPMbI C yuyaCTKaMHU YIJIOTHEHHOU
U peixjoit cTpyKTypbl. CoroctabieHne COM-u300pa)keHH BBISIBUIO pa3/iMuvsi B XapakTepe
arperauyy, IJIOTHOCTU YIAKOBKM YaCTWL] U pefbede MOBEPXHOCTH, UTO yKa3blBaeT Ha BIIUSIHUE
HCXO/IHOTO CoOfiep)KaHusi KpacHoro ¢ocdopa Ha QopmupoBaHue MOpPGOJOTUM TIPOAYKTOB
B FM/IpOTepMasIbHBIX YCI0BUsIX. KonmuecTBeHHOe orpesiesieHre pa3MepoB YacTHL] He TIPOBOJUIOCH,
103TOMY MOP(OIOruueckre pesysbTaThbl OrpaHWYeHbl KaueCTBEHHBIM OMKCAaHKWeM HCCIe[0BaHHbIX
obsacTei.
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st obpasija, TOMYYEHHOTO TPH HUCXOAHOM MosibHOM cootHoienud Ni:Co:P = 1:1:5, mo
JaHHbIM J10KasbHOro J/1C-aHanusa cogepxkanue Ni, Co, P, O u C cocrasuno 26,71, 3,20, 32,18,
36,85 u 1,06 macc.% coorBeTcTBeHHO. PaccumtaHHoe aTtoMHoe oTHomieHue Ni:Co cocTaBuiio
npubm3uTensHO 8,4:1 U CyIeCTBeHHO OTIMYA/I0Ch OT UCXOAHOTO MOJIBHOTO OTHOILIEHUSI MeTasl/IOB
1:1. OT0 pasnuuue MOXeT YyKasblBaTb Ha HEOJHOPOJHOE pacripefieieHle MeTaslJIoB B JIOKAJbHO
WCCJIeIOBAaHHOM 00/1aCTU M Pa3/IMuyHOe TIOBe/IeHHe COeIMHEHWM HUKenss U kKobanbTa B Tporiecce
cunTe3a. D/]C-aHamu3 obpa3sija ¢ cootHomeHreM Ni:Co:P = 1:1:3 Takke MoATBepANI PUCYTCTBHE
Ni, Co, P u O. Pa3nmuuus B JIOKaJbHOM 37IEMEHTHOM COCTaBe ABYX 00Opa3l[OB yKa3bIBalOT Ha
BJIMSIHWE UCXOJHOTO COOTHOIIIEHUs] KOMIIOHEHTOB Ha COCTaB MOyuyaeMoro rnpojykra. Bmecre ¢ Tem
JIOKanbHbIA xapakTtep J/]C-aHanv3a He TO3BOJSIET PAClpPOCTPAHUTH BbISIBJIEHHbIE COOTHOLLIEHUS
37IeMEHTOB Ha BeCb 00BEM 00pa3LioB.

Bricokoe copeprkaHue KUCI0pOoJa CBUETE/bCTBYeT O MPUCYTCTBUU KUCIOPOZACOAEPKalUX
koMrioHeHTOB. B UK-criektpax o000ux 00pa3iioB 3aperuCcTpUpOBaHbl I10JIOCH], OTHOCHUMBIE
K moBepxHOCTHbIM O—H-rpyrinam, agcopOoupoBaHHON Bojie, a Takxke KosebaHusm cBsizelt P-O u P—
O-P. Paznnuus B hopMe U OTHOCHUTE/ILHOM MHTEHCUBHOCTH 1oJioC B ob6mactr 1200-600 cm™ moryT
OTpa)kaTb H3MeHeHUe JIOKaJbHOTO OKDY)XeHHsi aToMOB (ocdopa Tpu H3MeHEeHUM HCXOAHOT0
MoJibHOTO cooTHoteHus: Ni:Co:P ot 1:1:3 go 1:1:5. TTonoca okoso 2325 cM™ He HMCMOMB30Baaach
A7 CTPYKTYPHOMU UIEeHTU(DHUKALIMK U3-32 BOSMOXKHOTO BK/1aja arMocdepHoro CO.,,.

CoBokynHocTb pe3ynsTatoB JIC u NK-Dypbe-CrieKTpoCKOIUU MOATBEePK4aeT IIPUCYTCTBUe
B MPO/IyKTaX KUCI0pozcoaepaiux (hochopHbIX KOMIMOHEeHTOB. OIHAKO MCIO/b30BaHHbIE METO/[bI
He TI03BOJISIIOT OJHO3HAYHO YCTAHOBUTb KPHUCTA/UIMUeCKWi (ha30BbI coctaB o0OpasioB. Ero
oripefieieHde  TpeOyeT  TPOBe/IeHUS  PEHTreHO(a30BOTO  aHajaM3a C  COTOCTaB/IeHWEM
JKCTIepUMeHTabHbBIX JU(PaKIMOHHBIX JaHHBIX C 3TaJIOHHBIMU (Da3amu.

Takum 00pa3oM, B BBIOpaHHBIX YCIOBUSIX CUHTe3a TOTyYeHbl MOP(OTOTUUECKH U 3JIEMEHTHO
HeogHOpoaHble Ni—Co—P-cofepskaiie MpPOAYKThI. YCTaHOB/IEHHbIe pa3vuvs B MOP(OIOrUu
U JIOKQJIbHOM 37IEMEHTHOM COCTaBe 00pa3iioB, OTK/IOHeHWe OTHOomeHWs Ni:Co OT HCXOAHOTrO
COCTaBa W BBICOKOE COflep)KaHHWe KHC/I0pofa HeoOXOAWMO YUWUThIBaTh MPH JajbHEHNIeM BbiOOpe
M ONTUMHU3ALMM YCJIOBUM CHHTe3a. Vcrnosb30BaHHbIe METO[bl MO3BOJIWIM OXapaKTepPU30BaTh
MOpP(OTIOTUIO TIOBEPXHOCTH, JIOKAJbHbIM 3/IEeMEHTHBI COCTaB M TIPUCYTCTBYIOL[HE THUIIbI
XUMUYECKUX CBsi3ei, HO He obecreuw v WeHTUGUKAIMIO KpUCTa/uIMdeckux (a3. Ilostomy
BBIBOZIbI pabOThl OTpaHWYeHbl MOP(OJTOTUUECKUMH, 3IEMEHTHBIMA U CIEKTPOCKOITHYE CKUMU
XapaKTepUCTUKAaMH HCC/IeIOBAHHBIX 00pa3rioB. YcTaHoBAeHWe HX (ha30BOro cocraBa TpeOyer
TIPOBe/ieHUsI TIOPOIIKOBOTO peHTreH0(a30BOro aHau3a.
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AHHOTanus

ViccnenoBaHbl TEKCTypHble XapaKTEPUCTUKU YIVIEPOAHBIX MaTepuasioB, MOMY4YeHHbIX W3
orxoioB monuyTUieHTepedranata (II9T) u mnomustuneHa (I13) u  MogUUIMPOBAHHBIX
okucieHHbIM Tpadutom (OI') u mopodopom (TIP). Metomom azmcopOIMKr—zaecopOIMK  a3oTa
MPOaHAM3UPOBAHbl U30TEPMBbI, TMeTIM THCTepe3uca, yAelbHas MOBepXHOCTh (S) ¥ 00BbEMBI TOP.
M30TepMbl Bcex 00pa3iioB OTHECEHBI K TUITY [V ¢ TMUCTepe3ucoM, UTO YKa3biBaeT Ha Me30TIOPUCTYIO
cTpykTypy. basoBeie obpa3npl [13T-700 u I[13-700, nonyuennsie npu 700 °C, umeror S = 50,04 u
85,59 m?Tr. Begenue 10 % OI' moBbimiaer 3HadeHus Ao 318,76 u 420,47 m?T, a COBMeCTHas
Mogudukauus OI' u [1P mo 825,99 u 1011,78 m?/1, To ecth B 16,5 1 11,8 pa3a oTHOCUTETHHO
6a3oBbix 06pa3ioB. O6BéM mop Va gocturaer 1,006 cm3/r, Vb — 0,774 cm3/r ayia obpasija 13-
OI'10+II®. PocT moOBepXHOCTU COIPOBOXKAAETCS pasBUTHEM KaK MHUKDO-, TaK U Me30II0p, UTo
CBU/IeTe/IbCTBYET O (OPMHPOBAHMU MepapXUuecKod IOPUCTOM CTPYKTypbl. IlomyueHHble
pe3y/bTaTbl COMNOCTaB/IEHbl C COBPEMEHHbIMU [JaHHBIMKM [0 AKTMBUPOBAaHHBIM VIVIIM U3
T/IaCTUKOBBIX ~ OTXOAOB, TMPHUMEHSIEMbIM /IS5 OUMCTKM BOAbIL, ynaBmuBanusi CO, u B
JIeKTPOXUMHUUeCKUX  cucremax. IlokasaHo, wuro Marepuan [I9-OI'10+I1®  gBisercs
TepCIIeKTUBHBIM 00BEKTOM /ISl Aa/bHEHIINX COPOLIMOHHBIX MCITBITaHWM, PereHepariiy U TeXHUKO-
5KOHOMHWYeCKOW  oueHKW. COBOKYITHOCTb  [JaHHBIX  IIOATBEpXKJaeT, YTO  COYeTaHHe
CTPYKTYpOOOpa3yIoIlero HarloJIHUTeNss W TOpooOpa3oBareniss TO3BOJISET — LieleHarpaBIeHHO
peryampoBarh TeKCTYpY yIVIEPOAHOIO MaTrepuasa 13 MOJMMePHBIX OTXOZ0B.

Abstract

The textural characteristics of carbon materials derived from polyethylene terephthalate (PET)
and polyethylene (PE) wastes and modified with oxidized graphite (OG) and a pore-forming agent
(PF) were studied. Nitrogen adsorption—desorption isotherms, hysteresis loops, specific surface area
(S) and pore volumes were analyzed. The isotherms of all samples were classified as type IV with
hysteresis, indicating a mesoporous structure. The base PET-700 and PE-700 samples, prepared at
700 °C, have S values of 50.04 and 85.59 m?/g. The addition of 10 % OG increases these values to
318.76 and 420.47 m?/g, while the combined OG and PF modification raises them to 825.99 and
1011.78 m%g, i.e. 16.5 and 11.8 times higher than the base samples. The pore volumes Va and Vb
reach 1.006 and 0.774 cm?®g for the PE-OG10+PF sample. The growth of the surface area is
accompanied by the development of both micropores and mesopores, which indicates the formation
of a hierarchical porous structure. The results are compared with current data on plastic-waste-
derived activated carbons used for water treatment, CO, capture and electrochemical systems. The
PE-OG10+PF material is a promising object for further sorption tests, regeneration studies and
techno-economic assessment. Taken together, the data confirm that combining a structure-forming
filler with a pore-forming agent makes it possible to tune the texture of carbon materials obtained
from polymer waste.
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BBegeHnue

PocT 00BEMOB TOMMMEPHBIX OTXOOB (opMHpyeT HeoOXOAUMOCTH Tepexoja OT TPOCTOTO
yZAaJieHus TJIaCTUKA K TEXHOJIOTHSIM ero peCypcHoi riepepaboTky. Ocobblii MHTepecC Mpe/iCTaB/IsioT
TIPOLIeCChI, MPU KOTOPBIX OTXO/bI TTPeBpaIlaloTcs B GyHKI[MOHATbHbIE MaTepHuasibl C 60jiee BHICOKOM
nobaByieHHOM CTOMMOCTBIO. [TopuCThie yriiepo/ibl SIBJSIFOTCS OAHKMM W3 Hanbosee TepCrieKTUBHBIX
MIPO/IYKTOB TaKoM repepaboTKu Oyarojapsi pa3BUTOM MOBEPXHOCTH, BO3MOYKHOCTH PeTy/JTUPOBAHUS
TIOPOBO# CTPYKTYPbI U IIIMPOKOMY CITeKTPY MPUMeHeHUs1 B a[icopOLiK, KaTa/ir3e U 37eKTPOXUMUH.

[19T u T1O pa3iMuaroTcss XMMAYECKUM CTPOEHUEM UM MeXaHu3MaMHu TepMmojecTpykKuuu. [19T
COAEP)XUT apoMaTHueckue U  CIOKHO3GUpHble (QparmMeHTbl, Toraa KkKak [ID umeer
MIPeUMYII[eCTBEeHHO anudaTUuecKyro yIiepoJHYy Iiefb. OTU 0COOEHHOCTH BAMSIIOT Ha BBIXO[
yIJIEPOJHOTO OCTaTKa, oOpa3oBaHHWe JIeTyuMX IIPOAYKTOB U ¢opMupoBaHHe Tiop. B paHee
BBLITIOJTHEHHOW pabore 10 TepMmuueckoil obpabotke IIOT wu IID ycraHOBAEHO, 4YTO /Uaria3oH
600-700 °C siBnsieTcss paboueit 06s1acThi0 (hOPMUPOBAHMSI CYIIIECTBEHHOTO YIVIEPOAHOTO OCTaTKa
B MHepTHOM atMocdepe [1, c. 74-77].

CoBpemeHHbIH 00630p 2024 rozja TIOKa3biBaeT, UTO yedbHasi TOBEPXHOCTb YITIEPOJHBIX
MaTrepuasioB U3 IJIAaCTUKOBBIX OTXOZ0B MOKET M3MeHSThCS B LIMPOKOM Auana3oHe ot 0,1 mo 2152
M%/t, ipuuéM KOH sBiisieTcst ogHUM M3 Hanbosiee pacripoCTPaHEHHBIX aKTUBUPYIOIUX areHToB [2,
c. 105386]. OTo mMoOATBepKAAeT, UTO KOHeuHasi TEKCTypa OIlpe/iesisieTcsi He TOJbKO TPHUPOJON
rnoavMepa, HO W PEXUMOM KapOOHM3alMM, aKTHBALMM W COCTaBOM MOJAUGUIMPYIOLIUX
KOMIIOHEHTOB.

B 2025 romy s aKTWUBMpPOBaHHOTO yriepoga w3 I19T-oTxofoB coobirjanack yaeabHas
MoBepxXHOCTh A0 1313 M?/T; Marepuan WCC/Ie[0Ba/iCd B CUCTeMe TOJyuyeHUsl TPeCcHON BOJbI U3
aTMoc(epHOM Bjlaru C comHeuHOU pereHepaiei [3, C. 107524]. B 2024 roay akTUBHPOBaHHbBIN
yriepoy, u3 I19T-0Tx00B (MCIIO/TB30BAHHBIX 3all[UTHBIX IIUTKOB) ObLT NPUMeHEH B KauecTBe
3JIEKTPOZJHOTO Marepuasia TMOKUX CYIepKOHJeHCAaTOPOB; yaeabHasl MOBEPXHOCTh COocTaBuiaa 1571
M%/1, 06béM 110p 1,64 cm3/T [4, C. 12781-12795]. 3TH pe3ynbTaThl MOKA3bIBAIOT, UTO MepepaboTka
TJIaCTHKa B TIOPUCTHIE YI/IepO/ibl Pa3BUBAeTCsl OT JIabopaTOPHOI XapaKTePUCTUKW K TIPUK/Ia[HBIM
CUCTeMaM.

Llesib paboThI CUCTEMATU3UPOBATh U HAYYHO UHTEPIIPETHPOBATh TEKCTyPHbIe XapaKTePUCTUKU
yriaepogHbix MatepuanoB u3 12T u 1D npu nocnegoBatensHom BBeseHurd OI' u T1dD, a Takxke
COTIOCTaBUTh TOJTyUeHHbIe Pe3y/IbTaTbl C COBPEMEHHBIM YPOBHEM UCC/IEI0BaHUI.

3afauu: aHaau3 u30TepM; olieHKa BausHUs OI'; onpeneneHne Bkaaga [1d; cpaBHeHue 10T
u [ID; aHanmM3 MHUKPOIIOPUCTOCTA W Me30TIOPUCTOCTH; OOCY)K[eHWe TIepCreKTUB TpHUMeHeHHs
Y HaripaB/IeHUH /la/ibHellleld ONTUMU3aLuK.
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MaTepl/IaJIbI " MeTOoAbI

UccnepoBamuch Bocemb  cocraBoB: II9T-700, II3-700, IIST-OI'10, IIS-0OI'10,
[19T-700+I1d, TII3-700+I1d, T[IDT-OT'10+I1d wu I[I3-Or'10+[1d. Obo3HaueHune «700»
COOTBETCTBYyeT Temreparype TepmooOpabotku 700 °C. OI'l0 o6o3HauaeT BBegeHwe 10 %
okucyieHHOro rpaduTa. IId o6o03HauaeT mopodop, HCIONb30BAHHBIM /I JOTOJHATETHHOTO
pa3BUTHSI IOPOBOW CTPYKTYPHI.

TepmMooOpaboOTKy TIDOBOAWIM B HWHEPTHOW armocdepe C KOHTPOJIEM TeMIlepaTyphl
TepMOIapoi; peakTOp BK/IKOUa/ MOZAA4Yy aproHa, J1eKTpoHarpeBaresb, peakliuOHHYIO CETKY U OTBOJ,
netyuux npoaykrtoB [1, C. 74-77]. Takoii pe)kuM ymeHbIl1aeT BePOSITHOCTb OKMC/IEHUSI YT/IePOJHOTO
0CTaTKa U TI03BOJISIeT YIIPAB/ISTh MPOL[eCCOM KapOOHU3al[|H.

TekcTypHble XapaKTePUCTUKHU OTpe/ie/siyii 10 JaHHbIM afcopoLmu—necopbuyy  a3oTa.
Vcronb30BaHbl yaenbHast MOBEPXHOCTE S, 00béM MuKporiop Tio t-Plot, a Takke moka3aresnvd 06béMa
rnop Va u Vb. ®opmy u30TepM UM MeTIU TUCTepe3uca MCI0/Ib30Ba/lu [jisi KaueCTBEHHOW OL|eHKU
riopuctoii cTpykTyphl. IUPAC paccmaTtpuBaeT ra3oByl0 azcopOIi0 Kak 0a30BbId  METOf
XapaKTePUCTUKUA TIOPUCTBIX TBEPJABIX MaTepuasoB, OJHAKO TIOAUEPKUBAaeT HeoOX0JUMOCThb
0CTOpOKHOM MHTepripeTatu BET-miomaau gist MUKpornopucThix cucteM [6, C. 1051-1069].

I'papuku TeMmMKHHa TIpUMEHSIIM  JJIs1  JIOTIOJTHUTENTbHOM  OLIeHKU  SHepreThueCcKou
HEOZHOPOJHOCTH TIOBePXHOCTH. JIMHENHBIN yuaCcTOK pacCMaTpUBAeTCsl Kak 00/1aCTb COOTBETCTBUS
JKCepYMeHTabHbIX JaHHbIX Mogenu. Ilpu sTom mogens TemKrHa sIBsSieTCS [JOMOJHUTENbHBIM
VHCTPYMEHTOM U He [J0/DKHA MCIO/b30BaThCs KakK eJIUHCTBEHHOE [10Ka3aTe/lbCTBO MexaHW3Ma
(bur3MUeCKOM WM XUMHUUeCKOH aicopOIvu.

[TogpobOHBIe yc/oBUs Aerasaiyd o6pasijoB, Auarna3oH JjuHehHocT BET, TouHBIA COCTaB
ropodopa 1 mapaMeTpbl TIpUOOpa B HACTOsIIEM CTaThbe He MPUBOASATCS U He PEKOHCTPYUDYHOTCS.
YucneHHble 3HaueHUsl, TIpe/iCTaBleHHble B Tabnuile 1 U fasee Mo TEKCTY, COOTBETCTBYIOT paHee
TO/TyYeHHBIM 3KCTiepUMeHTalbHbIM JJaHHBIM [5, C. e2438].

Pe3ynbTarhl 4 00CYy)K/jeHHEe

N3oTepmbl aficopbumn—aecopOLyy a30Ta BCeX MCC/Ie0BAHHBIX 00pa3l{0B OTHOCSATCS K THUITY
IV c rucrepesucom. ITUPAC cBsi3piBaeT u3oTepMbl Tuma IV ¢ me3omopucTbiMu azgcopbeHTamu
Y KanwlIIsIpHOM KOHZeHcauyel; netrns H3 xapakrepHa [Jjis arperatoB IJIaCTUHUYAaThIX YacCTHL]
U 1iesieBUAHbBIX 11op [6, C. 1051-1069].

W3orepMbl ucxopnbix obpasuoB II9T-700 u I10-700 XapaKTepu3yrHOTCS CPaBHUTE/BLHO
HeDOJIBLINM KOJTMUeCTBOM a/ICOPOMPOBAHHOTO a30Ta, UYTO COOTBETCTBYeT MeHee pa3BUTOU IMOPOBOM
crpykrype. ITocne BBesenuss OI'10 agcop6iioHHasi EMKOCTh Bo3pacTaeT. Haubosee BbIpaskeHHOE
u3MeHeHue Habmopaetcs y IIDT-OI'10 u IT3-0OI'10, rae rucTepe3nc CTaHOBUTCS O0jiee 3aMeTHBIM.

BBezienue T1® 0110/THUTETHFHO YBETMUKMBAET KOJTMUECTBO a/icopbrpoBaHHOro ra3a. Haunbonee
WHTEHCUBHas a/icopOiusi B 00/1aCTH OTHOCUTE/BHBIX faBieHui 0,4—0,8 cBSI3bIBaeTCS C pa3BUTUEM
me3orop. Kombunatust OI' u [1® naét MakCMMabHbIA CTPYKTYPHBIN 3 (eKT.
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C Touku 3peHuss MexaHusmMa OI' MOXKET BBINOJHATE PO/b CTPYKTYpOOOpa3yroIero
HaroJIHUTeJIS, U3MeHSIOIIero NPOCTPAaHCTBEHHOE pacrpe/ie/ieHye YITlepOAHbIX [JOMEHOB, TOrza Kak
[1d criocobCTByeT CO34AHUIO [OTIONHUTENBHBIX KaHAJOB yAaJeHdsl JIeTyunx TPOAYKTOB
Y IIpefjoTBpaliaeT ype3MepHOe YIIOTHEeHWe YIVIEPOAHOro ocrarka. OfHako [/ MOATBepKAeHUs
MexaHu3Ma Heobxoaumel SEM/TEM, Raman, XPS u DFT/NLDFT.

CoBpemeHHble  HCCAE€JOBAaHUS  IOATBEP)KJAKOT  CUIBHYIO  3aBUCHMOCTb  MOPUCTOCTH
TUIAaCTUKOBBIX YIVIEPOJOB OT Temreparypbl U criocoba aktuBanuu. [Insi PET-derived carbons
OTKMcaHbl KaK MHUKDOIOPUCThIE, TaK U Hepapxvueckrhe MHUKPO-Me30IOpucTbie CTPYKTyphel [2, C.
105386; 8, C. 68-80]. TIOT-700 umeer S = 50,04 M1, a [13-700 85,59 m%r (tabn. 1, puc. 1).
CnepoBarensHO, B 0azoBom coctosHuu [13-700 xapakrepusyercss Oosiblleii — ynenbHOU
MOBEPXHOCTBI0. OTO MOXeT OBITh CBS3aHO C pa3MUMsIMM B TEePMOJECTPYKLUH, HO s
yCTaHOB/IEHUsI TIPUYMHHO-C/IEICTBEHHON CBSI3M HEeOOXOAWUMBI JOTIO/IHUTE/bHbIE CTPYKTYPHO-
XUMHUUeCKHe UCC/IeJOBaHUs.

YpenbHaa NoBEPXHOCTb UCCAeA0BaHHbIX Oﬁpa?:Ll.OB

1000 -
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PucyHok 1. Y0enbHas nogepxHOCMb UCC/16008aAHHDBIX y2/1epOOHBIX Mamepua.n0e

[Tocne BBepenus OI'10 S TI9T-OI'10 Bo3pacraet go 318,76 mM?/T, uto npumepHo B 6,37 pasa
Bbille, yeM y [10T-700. s I19-OI'10 3Hauenue cocrasinset 420,47 m?/T, TO eCcTb npyumMepHO B 4,91
pa3a Bbilie, yueM y I15-700. Takum obGpa3zom, OI' cyIleCTBEHHO pa3BHBAaeT MOBEPXHOCTh 00O0OMX
TUIIOB YITIEPOJHOTO MaTepurarna.

[1d 6e3 OI' yBemmuuBaet S [19T-700+I1d mo 469,92 m¥r u [13-700+11P mo 420,47 m2t.
3Hauenue gy [13-700+11® cosnazaet co 3HaueHWeM i [13-OI'10; Ge3 repBHUUHOrO MPOTOKOJIA
H3MepeHUs 3TO 3HaueHre He KOPPEeKTUPYeTCsl.

Hanbosiee BBICOKMI pe3y/nbTaT MOJyueH AJisi COBMecTHOW Moaubukaruu. [13T-OI'10+T1dD
umeer S-825,99 m%r, a [13-OI'10+I1d -1011,78 M%r. OTHOCUTENBHO MCXOJHBIX 00OpPA3LOB 3TO
COOTBeTCTBYeT npumMepHo 16,51- u 11,82-KpaTHOMY pOCTy COOTBETCTBEHHO.

CpaBHeHMe C COBpeMEHHOM JIUTepaTypor mokasbiBaeT, uto 1011,78 M?/r sB/isseTCsl BBICOKUM,
HO He mpefie/lbHbIM 3HaueHueM. B 063ope 2024 ropa /i TUIAaCTHKOBBIX YIJIEPOOB MPUBOAMTCS
JuariasoH o 2152 m%r [2, C. 105386]; B 2025 roay anst PET-derived carbon coo6manoces go 1313
m¥r [3, C. 107524], a B 2024 romy 1571 wm%r pans wmarepuasia, OpPHUEHTHUPOBAHHOTO Ha
cyriepkoHzieHcaropsl [4, C. 12781-12795].
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Ta6auya 1. Y0enbHasi nogepxHOCMb U OMHOCUMe/bHbIU pocm

Oopaserj S, Mm%/t OTHOCUTE/IBLHO 6a3bl Poct, %

I9T-700 50,04 1.00 paza 0.0 %
I13-700 85,59 1.00 paza 0.0 %
I[I9T-0I'10 318,76 6.37 paza 537.0 %
I15-0r10 420,47 4.91 pasza 391.3 %
[I9T-700+I1D 469,92 9.39 pasa 839.1 %
I13-700+I1D 420,47 4.91 paza 391.3 %
T[I9T-0I'10+11d 825,99 16.51 pasa 1550.7 %
I[15-0I'10+I1d® 1011,78 11.82 paza 1082.1 %

O6wém mukporiop mo t-Plot Bospactaer ot 0,050 cm3/r gns TI9T-700 u 0,085 cm3r ans
[13-700 mo 0,317 u 0,418 cm®/r nocne BBepeHus OI'10. DTO mOKasbiBaeT, YTO POCT IUIOLAA
NOBEPXHOCTH CONPOBOXKAAeTCsl pa3BUTHEM OCTYITHOI'O MUKPOIIOPOBOIO IIPOCTPAHCTBA.

[Tocne BBegenus [1® 3HaueHus Bo3pacTaror ewé cunpHee. g [I9T-700+110 u I15-700+11D
nonyuens! 0,466 u 0,418 cm3/r. [Ipu coBmecTtHOM mcnosib3oBaHnuu OI' u [1dD pgocrurarorcsa 0,820
cM3/r g TI9T-OI'10+11d u 1,006 ecv®/r gis [19-OI'10+11D.

[MToka3aress Vb taxke Bo3pacrtaet: ot 0,038 u 0,065 cm3r B 6a30BbiXx obpa3siax g0 0,631
u 0,774 cm®/r nnst obpasuos ¢ OI'+I1d. B pamkax NpUHATON TEPMUHOIOTHU 3TU JAHHBIE OTPa’Kar0T
CyLL|eCTBEHHOEe pa3BUTHE Me30II0POBOM COCTAaBJISIOLLEH.

Vepapxuueckass MHKpPO-Me30IOPUCTOCTb HMeeT IIPaKTUYeCKOe 3HaueHue: MMUKPOIIOpPbI
obecrieunBarOT OOJBIIYI0 TTOBEPXHOCTh M BBICOKYIO TOTEHLMA/JbHYI0 DPAaBHOBECHYIO EMKOCTb,
a Me30I0pbI CO3[al0T TPAaHCIIOPTHBIE MYTH K BHYTPEHHUM yvacTKaM. [103ToMy /11 OUMCTKY BOZBI
Y Ta30BOM COpOIMHM TOJIe3HO He TOAbKO MAaKCHMU3UPOBAaTh S, HO M 00eCIieuuTb ONTHMAaJIbHBIN
OanaHC pa3mMepoB Top.

O6BbEM nop nccneaoBaHHbIX 06pasLoB

1.04 . Va
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PucyHnok 2. O6sémbl nop Va u Vb e ucciedoeaHHbix o6pazyax

IUPAC nopuépkuBaer, urto BET-miomjage B MHMKPONOPHUCTBIX MaTepuagax sBJseTCs
3¢ eKTUBHBIM CTPYKTYpHBIM TIOKa3aTerneM W TpeOyeT OCTOPOXKHOW WHTepripeTanjuu; [ys Oosee
JleTaZbHOTO aHalu3a peKOMeHJyeTCsl NPHUMEHSTh COBpPeMeHHble MOJeNU pacripefie/ieHus Iop,
BKmrouass DFT-nmoaxoze! [6, C. 1051-1069].
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I'padukn TeMKMHA TIOKa3bIBAlOT Da3IMuus MeXAy 0a30BBIMH M MOAWGUIIMPOBAHHBIMU
obpastamu. s II3T-700 u I15-700 HabmomaeTcsi ydacTok, OMM3KMKA K JIMHEMHOMY, UTO
yKasblBaeT Ha YaCTUYHOE COOTBETCTBME MOZeIU. YMEePEeHHbI HakK/IOH WHTepIIpeTUpyeTcsl Kak
OTHOCHUTEeIbHO (ylaboe B3aMMOIeHiCTBHE a30Ta C YITIEPOJHOM IOBEPXHOCTBIO, XapaKTepHOe [ist
(bu3UeCcKoi azcopOIHy.

Ons  TI9T-OI'10 kosmmMuecTBO aAcOpOMPOBAHHOTO a30Ta CYIL[ECTBEHHO BbIIE. ITO
CBSI3bIBAETCS C YBeJMYEHWEeM uucla M pasMepoB MOp U H3MeHeHWeM SHepreThyeckor
HeoIHOPoAHOCTH ToBepxHOCTU. [nst I[15-OI'10 oTMeuaeTcsi aHA/OTUYHBIM TPeH[, XOTSl YPOBEHb
azicopOIMK HeCKOJIBKO HIDKe, ueM it [I9T-OT'10.

Ins obpa3uoB c IId HabmomaeTcss yBennueHWe afiCOPOIIMOHHON EMKOCTH, OCOOEHHO
B 00/1aCTH BBICOKMX OTHOCHTE/BHBIX JJaB/ieHnH. JTO COIIacyeTcsi C poctoM 00béma me3omop. s
CTPOTOM OLIeHKH HEPreTHKHU MOBEPXHOCTH Iie/ieco00pa3Ho /IOTIOMHUTE TeMKUH-aHa/I|3 MOZessiMU
Langmuir/Freundlich ans >xuakoda3sHoti agcopoumu u DFT g1 ra3oBoit afgcopOium.

ba3oBeiii I13-700 umeer Gosiee BBICOKYIO S U 00bEéM MuKporop, uem I[13T-700. Ilocne
BBeziennss OI' u [I® oba mosmMmepa AeMOHCTPUPYIOT BbIPa)KEHHOE pPAa3BUTHE TTOPHUCTOCTH.
MakcumanbHbIi okasarens S nonydeH s [19-OI'10+110 — 1011,78 m/r.

Pa3nuunsi MOTyT OBITH CBsI3aHBI C MEXaHW3MaMHU TePMOJeCTPYKLMU. B paHee BBINOTHEHHOMN
pabore 1oka3aHo, uto ripu 1000 °C octaTouHasi Macca cocTapisiia oKosio 45,3 % ans 13 u 29,8 %
nuis1 TIOT, uTo oTpaskaeT pa3muuusi B 00pa30BaHUM U y/lalleHUH JIeTYYUX MPOAYKToB [ 1, ¢. 74-77].

CnepnoBaresibHO, BBIOOp TO/IMMepa SIBSETCS OJHUM U3 (DAaKTOPOB YIIpAaBIEHUsS] TEKCTYPOM.
OpHOBpeMeHHO HeOoOXOAMMO YUUTHIBATH COCTaB peasbHBIX OTXOZOB, HaIW4Me KpacuTesiew,
Haro/IHUTeJIeH, Bari ¥ CMeLlaHHbIX II0JIMMEepPOB, NTOCKO/IbKY 3TU IPUMeCH MOT'YT U3MeHSTh BBbIXOJ,
Y XUMHAYECKYI0 IPUPOAY YIVIEPOAHOIO NPOAYKTa.

0630p 2024 rozja 1oka3bIBaeT, UTO aKTUBUPOBAHHBIE YIVIM U3 T/IACTUKOBBIX OTXO/[0B AKTUBHO
PacCMaTpUBAIOTCS I OYMCTKW BOJBI; Haubosiee M3ydeHHBIMHM TipeKypcopamu siBysitotcest [137T,
OTXOAbl IIMH W CMeLlaHHble IUIACTUKU. ABTOpPBI TakKKe OTMeYyaloT HepelLléHHble BOIPOCHI
rpaHy/IOMeTPUM, BO3MOKHOTO BBbIMBIBAHMSI KOMIIOHEHTOB, pereHepaliid M CTOMUMOCTU [2, C.
105386]. AxTuBupOBaHHBIe yrau w3 O0TX0f0B I[IOT-OyTBIIOK C pa3BUTON IMOBEPXHOCTHIO
TIPUMEHSIJIMCH U [I/Is1 y/la/ieHus 3arpsisHuTe el U3 BoAHbIX pacTBopoB [10, c. 522-535].

Pabota 2025 roga npopeMoHcTpupoBaia PET-derived carbon c muiomjazibto oBepXHOCTH [0
1313 ™M2?r u TpUMeHeHWe Marepuaga B CUCTeMe aTMOCGhEepHOW BOJOCOOPKU C COTHEUHOU
pereHepauueii [3, c. 107524]. 3To nokasbiBaeT Ba)XKHOCTb Iepexo/ia OT XapaKTepUCTUKU MaTeprara
K HCIIBITAaHUIO B peajbHOM yCTPOUCTBe.

B 2024 rony akTHBMpPOBaHHBIN YIVIEPOA U3 UCMOb30BaHHbIX [IDT-1IMTKOB HccnenoBancs Kak
3JIEKTPOJHBIA MaTepuaj TMOKUX CyrnepKOHZEeHCAaTOPOB; CO0O0IIaiachk TUIOMab MOBepXHOCTH 1571
M%T 1 00BéM Top 1,64 cm3/r [4, c. 12781-12795]. Tem camMbIM OIUH U TOT K€ KJ/IaCC ChIPbSI MOXKET
OBIT afaMTUPOBAH K pasHbBIM 33/lauaM 3a CUYéT K3MEeHeHHWs] TIOPOBOM CTPYKTYPbl W XUMHUHU
TOBEPXHOCTH.

B 2024 rony Takke ObLTH TO/TyueHb MarHUTHBIE Me30TIOPHUCThIE yTI/IepO/IHbIe KOMIIO3WUTHI Ha
ocHoBe IIDT-0TXO/OB M KHC/BIX IIAXTHBIX BOZ; AJISI Pa3HbIX COCTABOB COOOIIA/MChH IJIOMIAAN
noBepxHocT 404-936 w™?r. Marepuanbl UCIBLITHIBAIUCL AJi yjareHus ¢apMaijeBTHUeCcKuX
Y IpyTUX OpraHUuecKux 3arpsi3HuTeseil u3 Boawl [7, c. 34700-34718].
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[TonyueHHoe B Hactosimieli pabore 3HaueHwe 1011,78 M*r HaxoguTCI B TOM JKe
TeXHOJIOTUYeCKU 3HauMMOM [uarasoHe. OJHako CpaBHeHMe TOJLKO 10 S HeZOCTaTOYHO.
[TpakTHueckuii COpOEHT AO/KeH 00/1a/aTh MOAXOAAIIAM pPacIpeie/ieHUeM I0p, YCTOWYMBOCTBIO
B paboueil cpezie, AOCTAaTOYHONH MeXaHMUECKOW TPOYHOCTBIO U BO3MOXXHOCTBKO MHOTOKPATHOM
pereHepariyu.

CoBpeMeHHbII KOHTEKCT MPUMEHEHUs ITO/TyUeHHBIX Pe3y/IbTaToB MpeZicTaB/IeH B Tabuie 2.

Ta6nuya 2. CospemeHHbILI KOHMeKCM NpuMeHeHUs1

HamnpaBnenue CoBpeMeHHbIe pe3y/IbTaThl Cesi3b C AaHHOH padoToi
OuncTKa BOJIBI I171aCTUKOBBIE aKTUBUPOBAHHbIE VTN Bricokasi S 1 pa3BUTast IOPUCTOCTh
AKTHUBHO U3YYalOTCS JIJIST TSDKEITBIX CO3/IaF0T OCHOBY /1711 COPOLIMH

METaJ/IOB U OpPraHUYeCKUX 3arpsisHUTe-
JIe

AtMocdepHas Bozia PET-carbon g0 1313 m2/T; conHeuHast IToaTBep)KgaeT NPUK/IafHON TIOTeHLIMA
pereHepauus PET-derived carbons

CO, capture PET-based porous carbons rnpumeHsitoTcsi | MUKpOIOPHUCTOCTh BayKHA /15 CEJIEKTHB-
B Ta30BOH aficopbuyu HOTO TOT/IOIeHHUsT

CyTiepKOH/IeHCaTOPbI PET-derived carbon mo 2150 m%/1 IToka3biBaeT BOSMOKHOCTh SHepreThue-

CKUX TIPUMEeHeHU!

Hanbosiee MepcrieKTUBHBIM T10 COBOKYITHOCTH TIPeACTaB/IeHHBIX TEKCTYpPHBIX TapamMeTpOB
spnsietcs [19-OT'10+I1d: S = 1011,78 m%1, Va = 1,006 cm3t u Vb = 0,774 cm®/r. [IDT-OI'10+T1D
TaK)Xe XapaKTepu3yeTCs BbICOKOM Pa3BUTOCTBIO NMOBEPXHOCTU: S = 825,99 m?/r. OTu Marepua’ibl
1]e/1eCO00pa3HO MCTIOb30BaTh KaK OOBEKTHI [/l JaibHeHIero (pyHKIIMOHA/IbLHOTO TeCTUPOBaHMUS.

[is  OUMCTKU BOABI CJefyeT WCC/IeAoBaTh aCcopOLMI0 OpraHMUYeCKUX KpacuTesieH,
(heHONBbHBIX COeJMHeHUH, (apMal|eBTUUeCKUX 3arpsisHuTe/iell 1 MOHOB MeTasuloB TMpU pa3Hbix pH
M KoHLeHTpauusx. CoBpemMeHHBIi 0030p TMOKa3biBaeT IIMPOKWM [JHMara3oH IpPUMeHeHUH
TJTACTUKOBBIX aKTMBUPOBAHHBIX YI/iel U OFHOBPEMEHHO TOAUEPKUBAaeT HeOOXOJUMOCTh TIPOBEPKU
pereHepanyy ¥ crabumbHOCTH [2, ¢. 105386].

HAna rasosoi ancopbuum mepcrekTuBHbl CO, W JleTyure OpraHM4YecKue COeMHEHHS.
Uccneposanus PET-derived porous carbons jgemoHcTpupyroT Bo3moxHocTh CO, capture [8, c.
68-80], a coBpeMeHHbIe pabOTHI TIEPEXO/SAT K MOETUPOBAaHHIO [TUK/IOB aficOpPOLMY U pereHeparyin
[9, c. 125599].

[lns TOBbIIEHHSI HAy4yHOW [J0Ka3aTe/JbHOCTU PEKOMEHJYyeTCs [IOTIONIHUTb KOMILIEeKC
xapaktepuctuk SEM/TEM, Raman, XRD, FTIR, XPS, snemeHTHbiM aHa/mm3oM u DFT/NLDFT.
OcobeHHO Ba)kKHBI TIOBTOPHBbIE HM3MepeHUs afcopOIuH—mecopOI[MKd  a30Ta [ OL[eHKHU
BOCITIPOM3BOZAUMOCTH.

Heobxomumo oripefieuTh  BbIXOA yriepoaa, pacxonq OI' u  TI®, »sHeprosarparsl,
MEeXaHUUYEeCKyH T[IPOYHOCTb, YCTOMYMBOCTb K BbIMBIBAHMIO W BO3MOXKHOCTb MHOTOKDATHOU
pereHepaniyi. CoBpeMeHHbIe 0030phI MOKA3bIBalOT, YTO MMEHHO CTOMMOCTb U TeXHOJIOTHYeCKast
MacIuTabupyeMoCTh OCTarOTCs BayKHBIMHU OapbepaMy TIPOMBILLIIEHHOTO BHepeHus [2, c. 105386].

[Ipennaraemasi cxema JanbHeliero uccnepoBanus: [IOT/TID orxoabl — TIOATOTOBKA —
kapbonusausa 700 °C —» OI'l0 — II® - aktuBauusa — N,-agcopbums — BET/t-PloDFT -
SEM/Raman/XPS - cOpOIMOHHBIE HWCIIBITAHUS — pereHepalys — TeXHUKO-3KOHOMHYeCKas
OLleHKa.
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3ak/IloueHue

[TpoBeéHHBIN aHa/IWM3 MOKa3asl, YTo MOAU(UKALYS YIyiepofHbix MatepuanoB u3 19T u I12
OKHCJIEHHBIM TpaduroM U mopodopom siBrsieTcst 3¢hGheKTHBHBIM CITOCOO0M pa3BUTHs TTOPHUCTOM
CTpYKTYyphl. Ba3oBbie ob6pasiupl [19T-700 u I13-700 umeror S = 50,04 u 85,59 M, TorAa Kak
coBMecTHast Moaudukalus OI'+I1®P nopeilliaeT 3TOT MOKa3aresnb A0 825,99 u 1011,78 M.

PocT ynesnbHOM TIOBEPXHOCTH COTIPOBOXKJAETCsl YBelnueHreM OOBEMOB MHUKDO- U Me30TIOop.
MakcumasibHble 3HaueHus1 Va = 1,006 cm®/r u Vb = 0,774 cm3/r nonyuens gis [19-OT'10+11d. 3To
CBU/JIeTeTbCTBYeT 0 (hOPMUPOBAaHUY Pa3BUTON MepapXrUueCKOUW MOPUCTOU CTPYKTYPHI.

V3oTepmbl a/icopOIMU—/ecopOIMK a30Ta COOTBETCTBYIOT TUITy IV C rucrepe3vcoM. AHanu3
TeMKMHa TIOKa3biBaeT H3MeHeHHe a/ICOPOLIMOHHOTO TIOBeJeHUs Trocsie Moaudukanuu. s
OKOHYaTe/IbHOM OLIeHKU 'eOMeTpUH U SHepreTUKU Mop pekoMeHayeTcst ucrnosb3oBate DFT/NLDFT
Y [IOTIO/THUTE/IbHbIE CIIeKTPOCKONMYeCKUe MeTO/BbI.

CoBpeMeHHble UCC/Ie[JOBaHUSI TIOATBEP)KJAIOT aKTya/JbHOCTb HampasieHus: PET-derived
carbons c moIa/IbI0 TIOBEPXHOCTH OT coTeH Ao Oonee 2000 M2/T paccMaTpUBAIOTCS AJIsI OUHMCTKH
Boapl, CO, capture, mosyyeHus: BOAbI M3 BO3Alyxa W CymnepkoHjeHcaropos [2, C. 105386; 3, C.
107524; 4, C. 12781-12795; 8, C. 68-80]. CnegoBate/ibHO, Moy4yeHHbIM MaTepuas ¢ S okoso 1000
M?/T o0siaflaeT CyIleCTBeHHBIM TOTEHI[MA/IOM, OJHAKO ero TpHUK/ajHas IL[eHHOCTh J0/DKHA ObITh
NoATBepXKeHa (YHKLMOHATBHBIMU COPOIIMOHHBIMU HUCITBITAHUSIMU, pereHepaliiell U TeXHUKO-
5KOHOMUYECKUM aHaIU30M.
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AHHOTanus

IIpesncraBienbl pe3ysbTaThl COMLBOTEPMA/JBHOIO CHHTE3a MeTa/l/IoOOPraHUYecKoro Kapkaca
Mg-MOF-74 u wucciefioBaHUs €r0 KPUCTA/UTMUECKOW CTPYKTYpbl MeTO[OM peHTTreHO(a30Boro
aHamm3a. Llems paboThl 3ak/iouanack B TIONMyuYeHWM Marepuasa Ha OCHOBE COJM MarHusi U
OpraHuYecKoro JIMraHja, a Takke B BbIABIEHUM AU(PAKIMOHHBIX IPHU3HAKOB (HOPMHUPOBAHKS
Lie/1IeBOM KPUCTa/L/TN4Ye CKOU da3bl. NcxopabiMu peareHTamMu CITY>KUIH 2,5-
JuruapokcurepedTaneBast KUCA0Ta U TeKcarujpar HATpaTa MarHus MpyU MOJISIPHOM COOTHOLLIEHUU
Mg:nurasg,  3,3:1. B KauecTBe  peakL[MOHHOW  CpeAbl  UCHOMb30BaiM  cMecb  IN,N-
JuMeTHpopMamMua, 3TaHOMA M JUCTWITMPOBAHHOW BOAbI B 00BbEMHOM cooTHouienuu 15:1:1.
Kpucrannusaiuio TPOBOAWIM B TePMETHUYHOM aBTOK/IaBe C Te(qUIOHOBbIM BK/IA/bILIEM TIpU
Temneparype 125 °C B Teuenne 20 wyacoB. [lomydyeHHBIM TNPOAYKT TMPOMBIBAIA
TUMeTUIGOpMaMH/IoM, TIoZIBepraiv oOMeHy pacTBoputess B MeraHose, cymmad ripu 80 °C wu
akTUBUpOBaaM 1Mof BakyymoMm rpu 220 °C B TeueHue 12 yacoB. PeHTreHo¢a3oBblli aHaau3
BbIMO/IHAMM ~ Ha  Audpaktomerpe SHIMADZU  XRD-6100. Ha  skcrepuMeHTa/bHOM
JudpakTorpaMMe BbIsIB/IeHbl XapaKTepHble MakcuMyMmbl Tipu 20 okosmo 6,8° u B JuarnasoHe
11,8-12,3°, cornacytoiuecs ¢ popmupoBaHueM ¢assl Mg-MOF-74. [IonosHUTe/TbHO paCCMOTPEHbI
pedekcel B obsmactu 20=20-45°. OTCyTCTBHe BBIP@KEHHBIX [JOTIOJTHUTE/TBHBIX IMMKOB B YKa3aHHOM
[luaria3oHe 03BOJIsIET Mpe/iBapyUTe/IbHO OLIeHUTh (ha30Bbli COCTaB MPOAYKTa, OJHAKO He WCK/IHUaeT
MPUCYTCTBUSI aMOP(HBbIX NpuMeceid. [ToyueHHbIe pe3y/nbTaThl CO3/,AI0T OCHOBY [/ JanbHeMIen
CTPYKTYPHOU XapaKTePUCTUKU W UCCAeJoBaHUs (PU3UKO-XUMUYECKUX W a[ICOPOIIMOHHBIX CBOMCTB
Marepuasna. OkoHYaTe/bHast UAeHTU(GUKALMs a3kl ¥ OLeHKa eé YMCTOThI TPeOYIOT COTIOCTaBIeHUS
MOJTHOT'O 3KCIIepPUMEHTaIbHOTO MPOQUIS C 3TaJIOHHBIMU JIaHHBIMHU.

Abstract

This study reports the solvothermal synthesis of the Mg-MOF-74 metal-organic framework
and its structural characterization by powder X-ray diffraction. The objective was to prepare the
material from a magnesium salt and an organic ligand and identify diffraction features associated
with the target crystalline phase. The starting reagents were 2,5-dihydroxyterephthalic acid and
magnesium nitrate hexahydrate, with a magnesium-to-ligand molar ratio of 3.3:1. The reaction
medium comprised N,N-dimethylformamide, ethanol, and distilled water at a volume ratio of
15:1:1. Crystallization proceeded in a sealed autoclave with a polytetrafluoroethylene liner at 125
°C for 20 hours. The product was washed with dimethylformamide, subjected to solvent exchange
in methanol, dried at 80 °C, and activated under vacuum at 220 °C for 12 hours. Diffraction
measurements were performed using a SHIMADZU XRD-6100 diffractometer. Characteristic
reflections at approximately 20=6.8° and within 11.8-12.3° were consistent with the formation of
Mg-MOF-74. Reflections within 26=20-45° were also examined. The absence of pronounced
additional peaks in this region supports a preliminary assessment of the phase composition,
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although amorphous impurities cannot be excluded. The findings provide a basis for subsequent
structural, physicochemical, and adsorption studies. Definitive phase identification and purity
assessment require comparison of the complete experimental pattern with reference diffraction data.

KmoueBble cioBa: Mg-MOF-74, wMerannoopraHuueCKul KapkKac, COJIbBOTEpMasbHbIN
CHHTe3, peHTreHO(a30BbIN aHa/IM3, KPUCTA/UTMUecKas CTPYKTYpa, (a30BbI COCTaB, TMOPHUCTHIE
Marepualibl.

Keywords: Mg-MOF-74, metal-organic framework, solvothermal synthesis, X-ray
diffraction, crystal structure, phase composition, porous materials.

BBegeHnue

Mertasnoopranuueckie kKapkachl (metal-organic frameworks, MOF) mipeacraBnisitor coboit
rubpUHBIe MaTepHasibl, 00pa3syrolrecs B pe3y/braTe KOOPAWHALIMOHHOTO B3aUMO/IeMCTBUS HOHOB
MeTa/IJIOB WIA MeTa/l/IMYeCKUX KJIaCTepOB C OpraHWYeCKUMU JIMTaHJaMH U XapaKTepu3yroLrecs
yTIOPsIIOUeHHON KPUCTa/VIMueCKON CTPYKTYpOW M Pa3BUTOM TOPUCTON cucTemMoi. CTpPyKTYypHBbIe
Y (yHKLMOHA/bHble CBOMCTBA 3TUX MaTepuasioB 3aBUCST OT MPUPO/bl MeTa/VIMYecKoro LeHTpa,
COCTaBa OpraHWYEeCKOro JiMraHjga W yciaoBud cuHTe3a. MOF-marepuanbl — CUMTArOTCS
TepCIeKTUBHBIMUA /11 TIDUMEHEeHUs1 B pa3fie/leHUd U XPaHeHWW ra3oB, y/laB/AMBaHWU JUOKCHZA
yraepojia, Karajud3e W APYTMX COBPeMEHHBIX TeXHOJOrMuyeckux rpoijeccax [2, c. 121853; 14,
c. 383].

CemeiictBo  MOF-74 mnpezcrapisseT 0cCOObIi WHTepec Osarofiapsi HaJHUMIO OTKPBITBIX
KOOD/IMHAL[MOHHBIX L|eHTPOB METa/IJIOB U MOPUCTOM CTPYKTYpPhbl C OAHOMEPHBIMM KaHajmamu. Mg-
MOF-74 dopMmupyeTcsi Ha OCHOBe HOHOB MarHusi U 2,5-AUTrHUpoKcuTepedTaneBON KHUC/IOThI
(H,DOBDC). B ero KpuCTa/yIMyeCKOM KapKace OpraHW4YeCKWe JIMTaH/bl CBS3bIBAIOT LEHTPbI
MarHusi, o0pa3ys KaHa/ibl TIpUOMM3UTENBHO LIEeCTUYToJbHOTO ceueHus. Ilocne yzpaneHust
KOODZMHUPOBaHHBIX MOJIEKY/I PACTBOPUTe/s B Tpollecce aKTWBALMKU 00pa3yrTCs OTKPBIThbIe
L[eHTPbl MarHusi, CIOCOOHbIe B3aWMOZENCTBOBaTH C MoOJeKylaMu Ta3oB. bnarogaps 3Tum
ocoberHocTssiM Mg-MOF-74 OTHOCHUTCSI K TI€PCITIEKTUBHBIM MaTepHasaM [jisi aJ[COPOIMOHHBIX
ripotieccos [4, c. 35223-35231; 12, c. 17873-17880].

CgoiictBa Mg-MOF-74 oripefiesisitoTCsi He TOJILKO ero XMMUUeCKHUM COCTaBOM, HO U pa3MepoM
KpHUCTasioB, Mop¢osiorieii ¥ KOJIMUeCTBOM CTPYKTYPHBIX AedeKkToB. VccnenoBaHus MOKa3bIBaloT,
YTO COCTaB PeakLMOHHOW CMeCH, MOJIIPHOe COOTHOLIIeHWe CO/IM MeTasljla U JIMraH/a, KUCJI0THOCTh
cpefbl, a TaKXXe HCII0/b30BaHUME MOAU(PUKATOPOB BAMSIIOT HAa POCT KpPUCTa/uioB. B uacTHoCTH,
M3MeHeHre COJiep)KaHusi BOAbl M COCTaBa peakKLMOHHOW CMeCH TI03BOJISIeT PeryavpoBaTh pasmep
u hopmy kpuctamiioB Mg-MOF-74 [13, c. 20604-20608; 15, c. 1541].

Ons nonyuenuss Mg-MOF-74 mMpoOKO NpUMeHsIeTCsl CO/bBOTepMasnbHbIM cuHTe3. [Ipu
JaHHOM  TIOIXO[e CO/Ib  MarHug W opraHuyeckud sradg  H,DOBDC cwmemnmBarot
B COOTBETCTBYIOLL|EM pacTBOPUTE/NLHOM CHUCTeMe, T[0C/Ae Yero KpUCTa/UIM3aliii0 TIPOBOAST
B TepMeTMYHOM peakTope Ipy 3a[aHHbIX TemIreparype W IpOJO/DKUTeNbHOCTH. Cucrema
pacTBopuTesieid, coctosiijas U3 DMF, staHona u Bojbl, IIUPOKO UCC/IeAyeTCs MpU CUHTe3e Mg-
MOQOF-74. Tlpy 3TOM MOSIDHOE COOTHOLIEHWE peareHTOB, COCTaB pPaCTBOPUTEJs, TemIlepaTypa
Y TPOJOJDKUTETbHOCTh KPUCTa/I/IM3alMU B/IUSIOT Ha CTeleHb KPUCTA/UIMYHOCTU U CTPYKTYPHbIe
XapaKTepUCTUKU KOHeuHOoro npoaykra [10, c. 9462-9471; 11, c. 205502].
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ITpu cuHTe3e Ba)XHO YUMTBIBAaTh BIAMSHWE PaCTBOPUTENS U YCIOBHM peaklyuu. B yacTHOCTH,
¢dopMuatHble rpyrmbl, obpasyromuecss B pe3ynbTate pasnoxeHus DMF, wmoryT 3amerath
HEKOTOpble opraHuyeckue nuradbl B kKapkace MOF-74, npuBofs K BOSHUKHOBEHUIO CTPYKTYPHBIX
JedexktoB. Takue pedeKkTbl BAUAIOT Ha KOJMYECTBO OTKPBITBIX MeTa//IMUeCKUX LIeHTPOB
U afcopOIMOHHBIE CBOMCTBA MaTepuana. I103TOMy CHHTe3WPOBAaHHBIN MaTepuan HeoOXOAUMO
OLleHMBaTb He TOJBKO I10 BHeIIHeMy BHAY WIA XUMUYECKOMYy COCTaBy, HO M II0 ero
KPHUCTa/UTMYeCKOi (pa3e U CTPYKTYpPHBIM XapakTepucTHKaM [1, c. 2386]. B HacTosilee BpeMsi Takxke
W3yy4aroTCsl ajibTepHaThBHbIe MeToAbl nosydyeHus Mg-MOF-74. Tlpu cuHTe3e ¢ UCIO/b30BaHUEM
napoBoit (asel B3aumopeiicTBue okcuga Marbus ¢ H,DOBDC 3aBuCMT OT TemIeparypsbl,
BJIQKHOCTH M MPHUPOJbl Mapa. Pe3y/nbTaTbl PEHTIeHOBCKOM JudpaklMy MOKa3bIBalOT, UTO B XOfe
JAHHOTO TIpollecca MOTYT 00pa30BBIBAaTHCSI TIPOMEXKYTOUHbIe (a3bl, a (HOpMUPOBaHHE KOHEYHOM
da3er MOF-74 3aBUCHT OT YCJIOBHM CHHTe3a. JTO TIOATBEPXKJAeT HeoOXOAUMOCTb KOHTPOJIS
rapaMeTpPOB peakLUU [jis TIo/TyueHus 1je/ieBoi KpucTaiinueckoi dassl [12, c. 17873-17880].

PentreHoda3oBbiii aHanu3 (XRD) sBisieTcsi OAHUM M3 OCHOBHBIX METO/IOB UCC/e/I0BaHUS
KpPUCTa//TM4eckod CTpykTypbl Mg-MOF-74, upentuduvkarmy obpa3oBaBmuxcs (a3 U OLEHKH
XapaKTepUCTUK KpucTa/uid3auuu. [losokeHre, WHTEHCHBHOCTb U IIMpUHA pedeKcoB Ha
MOPOLIKOBOW peHTreHOrpaMMe MpeOCTaB/IsSIOT MH(OPMAaLMI0 O KPUCTa//IMUeCKOW pelléTke,
¢da3oBoM cocTaBe U XapaKTepUCTHMKax KpUCTaanuToB. ComocTaBleHue SKCIlepUMeHTa/lbHON
IudpaKkTorpaMMbl C 3TaJOHHBIMUA [JAHHBIMHA WM JU(PAKIMOHHBIMU MOAenssMd W3 0a3 JaHHBIX
MO3BO/ISIET  OLeHUTh  oOpa3oBaHue ¢a3el Mg-MOF-74 u  Hanuuue  JIOTIOJHUTETbHBIX
KpucTa/mueckux a3z [7, c. 2300288; 8, c. 19920-19929].

OpHako TpW WHTeprnpeTauuu pe3yibratoB XRD HenpaBUIbHO OOBSCHSATH W3MEHEeHHs
MHTEHCHUBHOCTH WM IIMPUHBI pPequieKCOB MUCK/IOUMTE/NBHO CTeleHbH KPUCTa//IMYHOCTU. Takue
pa3/Mums TakKKe MOTYT OBITh CBSI3aHBI C Pa3MepPOM KPHCTA/UTUTOB, CTPYKTYPHBIMU JedeKTamH,
MIPeMMYILeCTBEeHHON OpHeHTallell KPUCTa/UIOB W YC/IOBUAMHU Hu3MepeHusi. s Oosee mMoHOM
XapaKTePUCTUKUA KPUCTA/UTMUECKOH CTpyKTypel Mg-MOF-74 11eecoobpa3Ho paccMaTpuBaTh
pesysabTatel XRD coBmectHO ¢ paHHbiMu UK-®ypbe-ciektpockonuu (FTIR), ananuza
3JIEMEHTHOTO COCTaBa M IOKa3aTe/siMU TOPUCTOCTH, OTpe/ieIEHHBIMA MEeTOJ0M azicopOium a3ora
[1, c. 2386; 3, c. 105470; 6, c. 1-9].

Takum obpa3om, CHHTe3 MeTas/yI0opraHuueckoro kapkaca Mg-MOF-74 u uccnefoBaHue ero
KPHUCTa/UIMYeCKOM CTPYKTYypbl MeTooM XRD MMeIoT BaKHOe 3HaueHue [ijis OLleHKU (hOpMUPOBaHKS
1jeIeBOM  (pa3bl, YCTaHOB/EHUs B3aUMOCBSI3M MeX/y YC/IOBUSIMM CHUHTE3a U CTPYKTYPHBIMHU
XapakTepUCTUKaMM, a TakKkKe CO3[jaHusl Hay4yHOM OCHOBBI [l Jla/IbHEMIIero HW3y4eHHUs
NpaKTUYeCKUX CBOMCTB Marepuara.

Llenp HacToOALLIErO UCC/IeA0BAHUA 3aK/IHOYaeTCss B CHHTe3e MeTa/l/IOOPraHUuecKoro Kapkaca
Mg-MOF-74  conbBOTepMajibHBIM ~ MeTOZOM  Ha  OCHOBe  COMM  MarHua U 2,5-
aurujpokcutepedranesoii  kucaorel  (H,DOBDC), a Takke B [€TalbHOM HU3yYeHUW
KPUCTA/UIMYECKOM CTPYKTypbl M ()a30BOro COCTaBa TIOJIyUeHHOTO TMIPOZAYKTa METO[0M
peHtreHodaszoBoro aHamusa (XRD). B pamkax ucciefoBaHusi TpelyCMOTPeHbI OLleHKa B/IUSHUS
BbIOpaHHBIX YC/IOBMH CHHTe3a Ha ()OPMHDOBAaHHE LIeJIeBOr0 MeTaJIoOPraHMUYeckoro Kapkaca,
oripefie/ieHMe OCHOBHBIX JM(PPaKLMOHHBIX MaKCHMYMOB SKCII€DUMEHTa/JbHOW AU(paKTorpaMmbl
U MX COIIOCTaB/IeHue C 3TaJOHHBIMU JaHHbIMU A1 Mg-MOF-74. KpoMe Toro, aHa/u3 IOJIOKEeHUs
M Xapakrepa AW(paKLMOHHbIX pe(eKCOoB IM03BOJISIET OLIeHUTh (DOPMUPOBaHHE KPUCTa//IMueCKOn
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¢a3b1 06pasiia, BO3MOKHOE MPUCYTCTBUE [OMOMHUTEIbHBIX KPUCTAIINYeCKUX (a3 1 0CoOeHHOCTH
ero CTpyKTypbl. IlonmyueHHble pe3ynbTaTbl TIOC/Ay’KaT HAyYHOM OCHOBOW U1 OL|€HKHU
BOCIIpOM3BOAUMOCTH cuHTe3a Mg-MOF-74, XxapakTepuCTUKM €ro CTPYKTYPHBIX CBOWCTB
U Jla/IbHeHIIIero ucciiefoBaHus GU3NKO-XUMUYeCKUX U a[ICOPOIIMOHHBIX XapaKTePUCTHK.

Marepuasbl 1 MeTOABI

MertasnoopraHuueckuii  Kapkac Mg-MOF-74 6bUl  CHHTe3WpPOBaH COJIbBOTEPMAJIbHBIM
METO/[0M Ha OCHOBe 2,5-gurupokcurepedraneoit kuciotel (H,DOBDC) u rekcaruapara HUTpara

maraus  (Mg(NO,),-6H,0). B kauecTBe peakIMOHHOW Cpe/ibl UCMO/b30BamM cmech N,N-

mumetundopmamuga (DMF), abcomoTHOro sraHosia W JUCTW/IIMPOBAaHHOW BoAbl. [y cuHTe3a
6pami 0,56 mmons H,DOBDC u 1,85 mmone Mg(NO,),"6H,0. MosnspHoe COOTHOLIEHHE COJH
MeTaJl/la MU OpraHuyeckoro jimrasza Mg:murasz cocrapssino 3,3:1. O6béMHoe cooTHoleHHe DMEF,
3TaHOMa M [UCTWIIMPOBAaHHOW BOJbl B pacTBOPUTE/NbHOM cucTeMe cocTaisyio 15:1:1. laHHoe
COOTHOILIeHWe COOTBeTCTBYeT YyCJIOBUSM, NPUMEHsIeMbIM B COJIbBOTEPMaJIbHBIX METO[AaX CUHTe3a
Mg-MOF-74.

Ha nepBoM 3Tarie rotoBu/IM pacTBOPUTe/IbHYIO cpefy IyTém cMmeruvBaHus DMEF, staHona
Y IMCTUJJTAPOBAHHOW BO/ZIbI B COOTBETCTBYIOII[EM COOTHOIIIEHHWH. B rosiyueHHyt0 cMech A00aB/siiv
H,DOBDC wu mnepememmBanud [ 00eCrieyeHUss PaBHOMEDHOTO pacrpe/ie/ieHds peareHTa
B pacTBopuTesibHOW cpefe. 3arem BBogwiu Mg(NO,),"6H,0 u mpogo/mkanu mnepeMeriiBaHie
B TeyeHue 30 MuHYT. B pe3ysnbrare ronyvyanud peakLMOHHYHO CMeChb, IIpeJHa3HaueHHYIO JJIs
MoC/IeAyollel COTbBOTePMa/IbHOM KpUCTa/UTU3aLuH.

[ToAroToBNeHHYI0 peakLMOHHYH0 CMeCh T[1ePeHOCW/IM B aBTok/iaB o6bémMom 200 wmin
Cc TedUIOHOBBIM BKIajplllleM. ABTOK/IaB TepMETHUYHO 3aKpblBa/IM W I[OJBeprajud TepMHUYeCKOW
obpabotke mpu Temriepatype 125 °C B TeueHwe 20 yacoB. B 3THUX yC/IOBUSIX B pe3y/bTare
KOOP/IMHALMOHHOTO B3aMMOJIEMCTBUS MOHOB Mg?" ¢ OpraHMyeckuM /MrasgoMm (hopMHUpOBasICs
KpucTta/yimyeckuid kKapkac Mg-MOF-74. Tlo 3aBepiueHMM peakLMM aBTOK/IaB eCTeCTBEHHBbIM
00pa3oM oxJiaKJamu 10 KOMHaTHOW Temrieparypbl. OOpa3oBaBIIMICS TBEPBINA MPOAYKT XKEITOTO
L|BeTa OT/eJIs/IM OT pacTBOpa (pUIbTPOBaHHEM.

[TonyyeHHbIN 0CAOK TPWX/bI MTpoMbIBamu cBexkuM DMFE. Ha ciemyromeM 3tarie obpaser]
oOpabaTbIBa/i MeTaHOJIOM C Tiesibto yaaneHuss DMF u3 mop marepuasa u ocyiecTsieHusi obMeHa
pactBoputesisi. OOpabOTKy MeTaHOJ/IOM TMPOBOAWIM B TedeHHe TPEX CYTOK, PETY/ISIPHO 3aMeHsis
pacTtBopuTesib. [IpOMBITHIN MPOAYKT CHayasa CyLIWIM M0J BakyymoM Ipu Temneparype 80 °C,
a 3aTeM aKTHMBUPOBA/IM IO BaKyyMoM I1pu TeMrieparype 220 °C B TeueHue 12 yacoB sl yjajieHus
OCTaTOYHBIX MOJIEKY/T paCTBOPHUTeJIsl, COXPaHUBLIMXCS B IOpax MaTepuana (puc. 1).
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PucyHok 1. Cxema conbeomepmaibHo20 cunmesa Mg-MOF-74

OOpa3oBaHre KOHEYHOTO TPOAYKTa M OCOOEHHOCTH ero KpPUCTA/UTMYeCKOM CTPYKTYPbI
OLleHMBaJIM MeToJoM peHTreHodaszoBoro aHanusa (PPOA, XRD). JudpakrorpaMmy aHanivu3vupoBaiu
C Lenbl0 UAeHTUhUKAlMU KpUCTalLIMueckol ¢asbl, xapaktepHou s Mg-MOF-74, u oneHKu
BO3MOXXHOTO TIPUCYTCTBUS IOTIOTHUTE/TBHBIX (ha3.

PE3YJII)T8TI)I 41 06CY)KAEHI/IE

KpHCTEl]IIIH‘-IGCKOﬁ 44 q)a3OBOFO COCTaBad

C CTPYKTYPbI
MeTasyIoopraHuueckoro Kapkaca Mg-MOF-74 pentreHoda3oBsiii aHanmu3 (XRD) mpoBoawiyd Ha

eJbro HN3yueHuda

mudppakromerpe SHIMADZU XRD-6100. MeTos peHTreHOBCKOM JuU@pakLUyy I03BOJISIET

OLl€HHUBATb CTPYKTYPHYIO yriopsa404e€HHOCTb KPUCTa/UTHUEe CKHUX MdTepHraJIoB, BBIABJ/IATH

xXapakTepHble AUGPAKIMOHHBIE peduieKChl W WAeHTU(UIIMPOBATh KpUCTa/uIMYecKue Qasbl,
Mg-MOF-74,
MeTaJlJIo0praHuue CKui

obpa3oBaBIMecss B TMpolecce CHUHTe3a. TakkKe Wu3BeCTHbIM Kak CPO-27-Mg,

npefcTaBiasier  coOOM  TTOPUCTBIN KapKac, OCHOBaHHBIM  Ha
KOOD/IMHAI[MOHHBIX CBSI3SIX MeXKy UOHAMH MarHusl U IMraHgamu 2,5-qurugpokcurepedranara. Ero
KPUCTA/I/IMYeCKasi CTPYKTypa XapaKTepu3yeTCsl Ha/luuheM OJHOMEPHBIX KaHa/oB. VIHTeHCHBHbIe
MUbPpaKIMOHHbIE MAKCUMYMbI, Hab/moZiaeMble Ha TIOJTyYeHHOU AudpakTorpaMMe B 00/1aCTH MajibIX
yIJIOB, B YaCTHOCTH TpY 3HadueHusx 20 okoso 6,8° u 11,8-12,3°, uMeroT BakHOe 3HaueHue Jis
Mg-MOF-74. Otu pedekchbl

C HepI/IO'I[quCKOI‘;I MOBTOPAEMOCTBIO CTPYKTYPbI KdpKdCa W YIIODAAOUEHHBLIM PdCIIO/I0KEHHNEM

OLIeHKM (OPMHPOBaHUS KPUCTA/I/TMUECKON (a3l CBsI3aHbI
aTOMOB M WOHOB B KpHCTas/uiiueckoid periétke. [losiBneHre AuQpakIMOHHBIX MaKCUMyMOB TIpHU
MaJIbIX yIJIaX OTpakaeT XapaKTepHYI0 MepUOJUYHOCTb KPUCTA/UTMUeCKOW pellIféTKM MaTepuasoB
turna MOF-74.
VIHTeHCUBHOCTb U TOAYIIMpPWHA  AUQPPAKIMOHHBIX  MAaKCHUMyMOB  Tpe/I0CTaB/ISIOT
JIOTIONTHUTeTbHYI0 MH(MOPMAL[HI0 0 KPUCTA/LTHUeCKHUX CBOMCTBaX mMarepuasa. OTHOCUTENLHO Y3KUe
1 YETKO BBIp@KEHHbIE peduIeKChl CBSI3aHbl C HATMUMEM KPHUCTa/I/TMUeCKUX 00/1acTell U CTPYKTYpHOM

YTIOpSIZIOUEHHOCTEI0. BMecTe ¢ TeM IupuHa peguieKCOB 3aBUCHT He TOJBKO OT pa3mepa
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KpUCTA/UIMTOB, HO U OT MuKpojedopmaiuii, JedeKToB KpPUCTA/UTMUECKON  PeliéTKU,
MHCTPYMEHTA/IbHOTO YIIMPEeHUs] U YCIOBUM U3MepeHHs. YUacTOK Au(pakTorpaMmbl B Juaria3oHe
20=20-45° Takxe uMeeT 3HaueHUe Jis (pa3oBoii uaeHTUdUKaLMHU (pUC. 2).

Mg-MOF-74

Intensity (a.u.)

| | | | ] | |

5 10 15 20 25 30 35 40 45
Two-theta (degree)

PucyHok 2. PenmzeHozpamma (XRD) memannoopzaHuueckozo kapkaca Mg-MOF-74

Pediekchl, 3aperucTpypoBaHHble B YKa3aHHOM [uaria3oHe, COOTBETCTBYIOT [PYTUM
MepUoINYeCKUM O0COOEHHOCTSIM KPHUCTa//TMYeCKO CTPYKTypbl. OTCyTCTBHMe B 3TOM 0061acTH
JIOTIOJIHUTEIbHBIX  peyieKCOB, XapakKTepHbIX /JIsi OKCHZAa MarHusi, HerpopearupoBaBllIero
OpraHWYeCKoro JIMraHja WIA [pPYI'MX KpUCTa/UIMYeCKUX TIPOJYKTOB, pacCMarpuBaeTcs Kak
Tipe/iBapyTe/IbHOe CBUZETE/NILCTBO B M0JB3y (a3oBoro cocrtaBa obpasia. OfHAKO OTCYTCTBHe
JIOTIOJIHUTE/IbHBIX pe(IeKCOB He /loKasblBaeT II0JHOTO OTCYTCTBHSI aMOP(HBIX IIpUMeceH,
MOCKOJIbKY aMOp(dHbIe KOMITOHEHTBI 00BIYHO (hOPMUPYIOT MMPOKUi Auddy3HbIN (oH, a He YETKO
BbIpa)KeHHble U(PaKLMOHHbIe MUKU. Pe3ynbTaTbl PeHTIeHOBCKOW Au(pakLuM, MoTyuyeHHble Ha
mudpaktometpe SHIMADZU XRD-6100, ciyxaT OCHOBOM [jisi OLIEHKM KPUCTa/UTAueCKOU
CTPYKTYpbl M (Da30BOro cocraBa MeTa/ljl00praHMyeckoro kapkaca Mg-MOF-74. XapakTtepHble
peduiekchl nipu 28 okono 6,8° u B AuarnaszoHe 11,8-12,3° IBASIOTCS BaKHBIMU AUAarHOCTUYE CKUMU
npu3HakamMy npu uaeHtudukarmu (asslr Mg-MOF-74. CooTBeTcTBHE OCTabHBIX peduieKCOB
STaJIOHHBIM JIJaHHBIM, a TakXe OTCyTCTBHMEe IIMKOB, OTHOCALMXCS K [JOIOJIHATEeIbHBIM
KpPUCTa/UIMYeCKUM (pa3aM, MO3BOJISIOT Ce/laTh BbIBOZ O (Da30BOM YMCTOTE MPOAYKTA MPU yCI0BUU
MO TBEPKeHUs pe3y/IbTaToB COMOCTaB/IeHUeM C 3Ta/l0HHOM Ar(pakTOrpaMMOi.

3ak/IloueHue

B xofe wucciefoBaHUS MeTa/IoOpraHnyeckuid kapkac Mg-MOF-74 Obl CHHTE3UpOBaH
CO/IbBOTEPMAJIbHBIM METOZIOM Ha OCHOBe 2,5-auruzapokcurepedranesoi kuciorsl (H,DOBDC)

v rekcaruzipara Hutpara Mmarhus (Mg(NO,),"6H,0). B mnporecce cuHTe3a WHCIIOIb30BAIHA

pacTBOpUTENIBHYI0 cucTeMy, coctosilyio u3 DMF, abconmoTHOro 3TaHona M JUCTH/UTUPOBAHHOMN
Bozbl. Kpucramnusauuio nposoawid rpu Temreparype 125 °C B teueHue 20 yacos. [IpombIBKa
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riostyyeHHoro rnpogykra DMF u metanosiom, roc/eyrolias Cylka ¥ akTUBaLys 1107, BaKyyMOM IIpU
TeMrieparype 220 °C B TeyeHue 12 wyacoB coO3faBa/id yYC/AOBUA I YAa/leHUs MOJIeKY/l
pacTBOpPUTeJIsl, COXPAHUBLLUXCS B [I0pax Marepuana.

Kpucraninueckyto CTPyKTypy U ()a30BbIi COCTaB CUHTe3UPOBaHHOIO MPOAYKTa UCC/Ie0BaIn
Ha paudpaktomerpe SHIMADZU XRD-6100. XapakrepHble [udpakLMOHHblE MaKCHMYMBI,
HabO/mojaeMble Ha qudpakrorpamme rpu 20 okono 6,8° u B guama3zone 11,8-12,3°, ObIIM OLIEHEHBI
KakK MpH3HaK{, COOTBETCTBYIOLMe (POPMUPOBaHHMIO KpucTanauueckor (assl Mg-MOF-74. Kpome
Toro, pednekchl B [uamna3oHe 20=20-45° TO3BOMWIMA [OTOJHUTE/NILHO OXapaKTephu30BaThb
KPUCTQ/IJIMYECKYX0  CTPYKTypy. OTcyTcTBMe B 3TOM  [Juara3’oHe UYETKO  BbIpaKeHHbIX
JIOTIOJTHUTENIbHBIX ~ peeKcoB, XapaKTepHbIX /1 TOCTOPOHHUX KPUCTa/UIMYecKux (a3,
CBU/IeTE/IbCTBYET O TOJIOKUTE/bHBIX pe3y/bTaTax Ipe/jBapyuTe/IbHOM OLIeHKH (pa30BOr0 COCTaBa
obpas3tia.

Takum o00pa3om, COMbBOTEPMa/bHBIA CHHTE3 W TIOC/IeAyIOLjas aKTHBALUs — ObLIM
WCIOJIb30BaHbl Ay TonyueHuss Mg-MOF-74, a pesynpratel XRD 1103BO/IW/IM  OLIEHUTH €ro
KpUCTa/UIM4yecKyro ¢a3y. [losyueHHble pe3ynbTaThl CO3/1al0T OCHOBY /IS [ia/ibHEeMIero u3y4yeHust
YCJIOBUM CHHTe3a M CTPYKTYPHBIX XapaKTepUCTHUK MeTa/uI0OpraHnuyeckoro kapkaca Mg-MOF-74.
[ns  okoHuarenbHOW WAeHTUGUKAMKU (a3bl, KOJMUECTBEHHOM OLleHKU (Da30BOM UHMCTOTHI
U TIOATBEP)K/I€HWsS COOTBETCTBHUSI CTPYKTYPbl 3TajlOHHBIM JlaHHBIM HeoOXOAWMBI JeTabHOe
COTOCTaB/IeHWe 3KCIepUMeHTanbHOM u(pakTorpaMMbl C 3TaJiOHHBIM MpoduaeM W, TIpU
HeoOXOAUMOCTH, JOTIOIHUTE/IbHbIE CTPYKTYPHBIE UCC/IeI0BAaHUS.
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AHHOTaLUA

Llenbto  HACTOALLETO  WCCAEOBAaHUSI  SIB/SJIOCH  OMpeJie/ieHue  KauyeCTBEHHOro U
KO/TMUeCTBEHHOTO aMWHOKHCIOTHOTO COCTaBa KOpHeM, cTeOsiel, JMCTbEB W TIJIOIOB pacTeHust
Hypecoum parviflorum Kar. & Kir. (apIMsHKa MeKOI[BETKOBasI), ITUPOKO PACIIPOCTPAHEHHOTO B
TOPHBIX M MYCTBIHHBIX pailioHax ¢uiopbl Y30eKHCTaHa, a TaKXKe OI[eHKa ero OWOo/IorvueCKOM
3HaUMMOCTM KaK TOTeHLMa/bHOTO MCTOUYHMKA ChIpbsl [/ (papMalieBTUUeCKOW W TIUILeBOH
MPOMBILIZIeHHOCTH. O0pa3iibl pacTeHus ObLM cobpaHbl B Mae—HioHe 2025 roza B [TarickoM paiioHe
depraHckoii obmacTy, 6oTaHUUECKH UIeHTU(UIUPOBAHBI, BBICYIIIEHbI U pa3/ie/ieHbl 10 OpraHaM.
T'epOapHbIi 06pa3zer): kKo/uteKiuoHHbIM HoMep TK-001744 (T'epbapwuit um. I1.H. KpeinoBa Tomckoro
roCy/lapCTBEHHOTO yHHMBepcuTeTa, I. ToMmck, Poccus); aybnukatel XpaHSTcS B Tepbapuu
KokaH/1CKOro rocy,apCTBEHHOTO yHUBepcUTeTa. TakcoHOMHYecKasi ueHTU(PUKALS TIOATBepP KAeHa
kKak Hypecoum parviflorum Kar. & Kir. (1842). DKCTpakiyio TPOBOJUIM JHACTHTUPOBAHHOM
Bozioi mipu 80 °C B TeueHHe 2 4YacOB; KOIMYECTBEHHBbIM M KaueCTBEHHBIM aHaIM3 aMUHOKHMCJ/IOT
BBITIO/IHSUIA MEeTO/IOM BbICOKO3(h(hEKTUBHOM >KUAKOCTHOM Xpomarorpaduu (BO)KX) Ha cucteme
Agilent 1260 Infinity II ¢ ¢yopeciieHTHBIM JeTeKTUPOBAaHWEM U TPAJIMEHTHBIM JTFOMPOBAHHUEM.
Onpepensiiick cBOOOJHBIE aMUHOKUC/IOTBI; THAPON3 He TPOBOAWICSA. B pe3ynbraTe aHa/iv3a BO
BCeX OpraHax pacTeHUsi WJeHTUPULMpoBaHO 20 aMUHOKUC/IOT, K3 KOTOPbIX 8 SBASIOTCA
He3aMeHHUMbIMU (Ba/IvH, JIeWWH, W30J/IeWlUH, JIU3UH, MeTHOHMWH, (eHWIa/JaHWH, TPeOHUH,
tpurnitoan). Haubosbiiass cymMmapHasi KOHIIEHTPAlLMsi aMHHOKHCJIOT YCTAaHOBJIEHA B JIUCTBSIX,
HavuMeHblllass — B KOPHSIX; JOMMHUDYIOIIMMUA BO BCEX OpraHax OKa3aJuChb IIyTaMHWHOBas U
acriaparvHoBasi KAC/IOTHI, a Takxke jellvH. [TosyueHHbIe JaHHbIE CBHU/IETELCTBYIOT 00 aKTUBHOM
a30THOM OOMeHe W BBLICOKOW (PU3MOIOTUYEeCKOM aKTUBHOCTHM JIUCTHEB DPACTEHUS W TIO3BOJISIOT
paccmarpuBath Hypecoum parviflorum kak mepcrieKTMBHBI MCTOYHUK OHOOTMUECKH I1[eHHBIX
aMUHOKUCJIOT ZJ1s1 CO3ZlaHust (hapMarieBTHUeCKHUX TperapaToB U MHUILeBbIX 100aBOK.

Abstract

The aim of this study was to determine the qualitative and quantitative amino acid
composition of the roots, stems, leaves and fruits of Hypecoum parviflorum Kar. & Kir. (fine-
flowered fumewort), a plant widely distributed in the mountainous and desert regions of
Uzbekistan's flora, and to assess its biological significance as a potential raw material for the
pharmaceutical and food industries. Plant samples were collected in May—June 2025 in the Pap
district of the Fergana region, botanically identified, dried and separated by organ. Herbarium
specimen: collection number TK-001744 (Herbarium named after P.N. Krylov, Tomsk State
University, Tomsk, Russia); duplicates are stored in the herbarium of Kokand State University.
Taxonomic identification confirmed as Hypecoum parviflorum Kar. & Kir. (1842). Extraction was
carried out with distilled water at 80 °C for 2 hours; the qualitative and quantitative analysis of
amino acids was performed by high-performance liquid chromatography (HPLC) using an Agilent
1260 Infinity II system with fluorescence detection and gradient elution. Free amino acids were
determined; hydrolysis was not performed. A total of 20 amino acids were identified in all organs of
the plant, 8 of which are essential (valine, leucine, isoleucine, lysine, methionine, phenylalanine,
threonine, tryptophan). The highest total amino acid concentration was found in the leaves and the
lowest in the roots; glutamic acid, aspartic acid and leucine were the dominant amino acids in all

117



Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

organs. The results indicate active nitrogen metabolism and high physiological activity of the leaves
and allow Hypecoum parviflorum to be regarded as a promising source of biologically valuable
amino acids for pharmaceutical preparations and food supplements.

KmroueBbie cimoBa: Hypecoum parviflorum Kar. & Kir, aMUHOKUC/IOTBI, He3aMeHUMbie
aMHHOKUCJIOTHI, BbICOKO3(dekTHBHas xugKocTHas xpomarorpadus (BOXKX), dnopa Y3bekucraHa,
(buTOXUMUS, OMOIOTHUYECKU aKTHBHbBIE BeIlleCTBa.

Keywords: Hypecoum parviflorum Kar. & Kir, amino acids, essential amino acids, high-
performance liquid chromatography (HPLC), flora of Uzbekistan, phytochemistry, biologically
active substances.

BiarogapHocTh. ABTOpBI BLIpa)KarOT 0/1aroZlapHOCTh  COTPYAHUKAaM Kadeapbl XUMHU
KokaH/ickoro rocysapcTBeHHOIO YHUBEpPCUTETA 3a COZleMCTBYE B TIPOBeJeHUU UCCeJOBaHMUs.

duHaHcupoBaHue. lccieqoBaHue BBIOJHEHO 0e3 TpUBIeYeHUs] BHEIIHETO LIeJIeBOr0
¢buHaHCHpOBaHMUS.

BBegenue

Tepputopust Pecriy6iiuky Y36ekuctaH ob6saziaeT 60raTbiM ¥ pa3HOOOPa3HBIM paCTUTETbHBIM
MHUDPOM, BKJIFOYAIOIMM MHOKECTBO 3SH/IEMHUYHBIX BHUOB, COZI€P)KAlllUX IIeHHbIe JieKapCTBeHHbIe
1 Ouosioruuecky akThBHBIE BelljecTBa. Hypecoum parviflorum Kar. & Kir. (cemetictBo MakoBbie —
Papaveraceae) — oOfiHO/IeTHee TpaBSHUCTOe DaCTeHWe, ILIUPOKO PaCIPOCTPAHEHHOE B TOPHBIX
U TyCTBIHHBIX peruoHax Y30ekucTaHa. B HapopHOW MeAuliHE OHO TPAJWULIMOHHO TPUMEHSIeTCs
Npu  JledeHWH psiga 3abo/ieBaHUl, OFHAKO €ro XUMHWUYECKHWN COCTaB, W B YaCTHOCTH
aMUHOKMCJ/IOTHBIM TIPoGu/b, [0 HACTOSILEro BpeMeHU W3yuyeH HeJOCTaTouyHo nonHo [1, 2, 3].
AMUHOKHUC/IOTBI  SIBJIIFOTCSI  OCHOBHBIMH ~ CTPYKTYDHBIMH KOMITOHEHTaMU OeNIKOB U WrparoT
K/TFOUEBYIO pO/ib B MeTabO/MMueCKUxX Tpolieccax OpraHW3Ma, TMoJ/iep’KaHUM UMMYHHOM CHCTeMbI
M peanu3allid AHTUOKCUJAHTHBIX 3allMTHBIX (yHKIMA. B mocnegHue Togpl  U3yueHHe
aMHHOKHCJIOTHOTO COCTaBa JIeKapCTBEHHBIX PAacTeHWM MpuoOpeTaeT BCcE Oosbliiee 3HaueHUe Ais
(apmaLieBTUKU 1 HYTpULEBTUKU [4]. BricokoaddekTrBHas xuakocTHasi xpoMaTtorpadus (BIXKX)
— COBpeMEHHBIM aHaJUTUYeCKUN MeTOo[, TMPUMeHsIeMbld i pa3fie/ieHds] U KOJIMueCTBeHHOTO
oTipejie/ieHUsT WHIWBUAYa/JbHBIX KOMIIOHEHTOB B CJOKHBIX CMeCsiX U 00/a/jarolliuid BBICOKOW
YYBCTBUTEBHOCTBIO U TOUHOCTBIO. [IaHHBIM MeTo[ M03BOJIsieT Ha/IEXKHO OLIeHWBAaTh KaueCTBeHHBIN
Y KOJINUeCTBeHHbI COCTaB aMMHOKHUC/IOT B PaCTUTE/NbHBIX IKCTPaKTax [5, 6].

Llesibto HacTosiiie paboThI SIBMS/IOCH OTMpe/ie/ieHHe aMUHOKHMCIOTHOTO COCTaBa KOpHEeM,
crebsieit, muctbeB U Tog0B Hypecoum parviflorum metogom B3)XKX u orjeHka ero 6uosioruueckoi
3HAUMMOCTH.
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MaTepl/IaJIbI " MeTOoAbI

PacTuTenibHBIN MaTepuasn

O6pa3upl pactenns Hypecoum parviflorum Kar. & Kir. 6s114 cobpanbl B Mae—utoHe 2025
roga B Ilamckom paiioHe ®PepraHckoii ob6sacty Pecrybnmuku Y30ekucTtaH. PacteHust Obuiu
6oTaHWYeCKU WAeHTU(PULIMPOBaHbl, BLICYIIeHbl TPHU KOMHATHOW TeMmIiepaType B 3aTeHEHHOM,
XOpOILLIO TIPOBETPHMBAaeMOM ToMellleHuH. [ljisi ucciefoBaHUs KOPHM, CTeO/M, JIUCTbS U TUIOABI
paszesisiiv OTeNbHO Y U3MeJIbuajy 10 BO3YLLIHO-CyXOro TOPOLLKa.

I'epbapbiii obpazew;: KomnekimonHsiii Homep TK-001744 (Tepbapuii um. I1.H. KpsiioBa
ToMcKoro rocyZiapCTBeHHOTO yHUBepcUTeTa, I. ToMck, Poccust). TakcoHoMHUuecKasi uieHTUUKaLs
noATBepkJeHa Kak Hypecoum parviflorum Kar. & Kir. (1842) [7]. Adyb6mukarbl XpaHSATCS
B repbapuu KokaHzCKOT0 TOCyjapCTBEHHOTO YHUBEpPCUTETA.

ABtopctBo TakcoHa: Hypecoum parviflorum Kar. & Kir. — rmnpaBuibHOe HarvcaHue
aBropctBa (Karelin & Kirilov), B ormmume ot BapuanTa «Kir. et Kar.», koTopwli uHOrza
BCTpeuaeTcs B IUTeparype.

IIpouecc 3xkcTpakyumn

HaBecka BO3[YIIHO-CyXOTO HW3Me/NBIEHHOTO CbIpbsi (KOPHM, CTeOJH, JIMCTBS, TIJIOZBI)
cocraBmsiia 1,0 T (TouHast HaBecka). DKCTPAKIIUIO TIPOBOAW/IN AUCTHITMPOBAHHON BOJIOM B 00bEMe
50 M nipu Temneparype 80 °C B TeueHue 2 4acCOB IIPU IMEePUOAUYECKOM IlepeMellBaHUU. Uucio
MOBTOPHOCTeN — 3 /7151 KaKAoro opraHa. [losmyueHHble 3KCTpakThl LeHTpudyruposaau npu 8000
00/MuH B TeueHre 15 MUHYT, Ha[J0CaZOUHYIO >KUAKOCTD OTJE/SIN U TMO(GUIBHO BBICYIITMBAIH.

Brigenenve cBOOOAHBIX aMUHOKUC/IOT. OcaxkieHre GesTKOB M TIENTH0B BOJHOTO 3KCTPAKTa
00pasLioB MpOBOAWIM B LIEHTPUQYKHBIX CTakaHax. s 3Toro K 1 M uccremyemoro obpasia
nobaBmsmt mo 1 ma (touHeli oobeM) 20 % TXY. Yepez 10 MHH 0CafioK OTHeJISIH
yenrpudyruposanveM npu 8000 o6/mMuH B Teuenue 15 muHyT. OTaemB 0,1 M HagocafO4YHOM
JKUJIKOCTH, THOQUILHO BbIcyliMBand. Cyxoil octatok pactBopsuid B 0,1 M1 cMecu TPUSTH/IaMUH-
aleToHUTpUI-Boga (1:7:1) u BeICyLIMBa/IK. DTy OMepaLyi0 MOBTOPSUIA [IBa)K/bI /11 HEUTpaIu3alun
KUC/IOTHL. Peakiiyeil ¢ peHUITHOM30L[MAaHAaTOM TI0/Ty4Yany ¢peHnnTuokapoamun-nporssogasie (OTK)
aMMHOKUC/IOT 1o Metony Steven A., Cohen Daviel [8]. B kauecTBe BHyTpeHHero craHjapTa
VICII0/Ib30Ba/I HOPJIEULIVH.

Anamm3 metogom BIXKX

dopmMrpoBaHUe BHIOOPKU HOCHJIO Lie/ieHaripaB/ieHHbI XapaKTep: MOCKOJbKY Liefibio paboThbl
ObLIO CpaBHUTEbHOE OrpeJesieHe aMUHOKHUC/IOTHOTO TIPOGU/s pa3HbIX OPraHOB OJHOTO BH/A,
a He OLIeHKa TIOMY/ISILIMOHHON U3MeHUMBOCTH, TIPUOPUTET OTJaBaJiCsi TOMOT€HHOCTH PaCTUTE/IbHOTO
Marepuana (ofuH peroH c6opa, OfvH BeTreTallMOHHbIN Ce30H, OIHOBpeMeHHasi Mpo0OII0Tr0TOBKA).
Ons kaxzgoro opraHa (KOpHH, cTeOsM, JIMCTbs, TUIOAbI) aHA/JW3WPOBalXd IO TPU He3aBUCHUMbIe
HaBeCKd (N = 3), UTO sIBJISIETCSI MUHUMAJIBHO J0CTaTOYHBIM OOBEMOM [I/Isl OLIeHKU aHa/IMTHueCKOU
BOCTIPOU3BOAUMOCTHU TIPH U3BeCTHOM TMpeLu3noHHOCTU MeToaukH (RSD < 5 % 1o cxogumocTy U <
8 % mo Bocrpou3BoAUMOCTH). Takoli 00bEM BBIOOPKM TIO3BO/ISIET BBISBUTH MeEXKOpPTraHHbIe
pas3/ivyuisi, TpeBbIlIaloIIe aHaTMTUYeCKYI0 TIOTPelIHOCTh: Hab/rojaeMble pa3uuusi CyMMapHOTO
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cofep>xanusi aMmuHokucioT (31,10 £ 1,24; 56,71 + 2,15; 96,76 + 3,42; 31,54 + 1,08 mr/100 r)
CTaTUCTUYeCKU 3HauMMbl 110 Kputeputo CterogenTa (p < 0,05). CnenyeT moguepkHyTh, UTO N = 3
XapakTepu3yeT aHa/IMTUYeCKyl0, a He OMO/OrMUYecKyro BaprabenbHOCTD; AJIST SKCTPAroNsuyd Ha
BUJl B LIeJIOM HeoOXoJuMa paciivMpeHHasi reorpadyyeckasi ¥ ce30HHass BHIOOpDKA, UTO OTMeUYeHO
B OTPaHUYEHUSIX UCC/IeJOBaHUS.

BrnusiHve yc/ioBUi SKCTPAKLMK Ha BBIXOJ, CBOOOIHBIX aMUHOKHUC/IOT. BriOpaHHbIe rapamMmeTphl
(muctunmupoBanHas Boga, 80 °C, 2 4, cooTHoIIeHWe CbIpbé—3KcTpareHT 1:50) COOTBETCTBYIOT
OOILETIPUHATOMY TIOXOAY K M3B/IEUEHUIO0 CBOOOIHBIX aMIUHOKHC/IOT U 00eCIIeurBalOT I0CTaTOUHYIO
TIOJIHOTY 5KCTPaKLiMM NPU MMHUMA/bHOM Jlerpajjaljii aHa/IUTOB, OJHAKO KaXK/bIM [1apameTp UMeer
orpaHnyeHusi. Boma  Kak  9KCTpareHT  W3BJe€KaeT  IPEMMYIIeCTBEHHO  CBOOOZHBIE
(HM3KOMOJEKY/sIpHble) aMUHOKWC/IOTHI W BOZIOPacTBOPHMbIE TeNTHAbI, HO He obecreurBaer
MO/THOTO U3BJ/IeUEHUs JIUMO(PUIBHBIX U CBfI3aHHBIX (POPM; MOCKONBKY TWJPOJU3 He TPOBOAWICS,
TIO/TyuYeHHble 3HAYeHWs] OTPaKAIOT Myl CBOOOJHBIX aMHUHOKHC/JOT M He 3KBHBAJIEHTHBI 00IIeMy
aMUHOKHKCJIOTHOMY cocTaBy. Temmneparypa 80 °C yckopsieT MacCOIepeHOC U MOBBIIIAeT BbIXOZ, HO
NPy JJIATe/TbHOM HarpeBe BO3MOXKHBI YaCTWYHAash TepMHUUecKas [e3aKTHBAlUs JaOWUIbHBIX
Ccoe[lMHeHUI (B YaCTHOCTH, IVIyTaMMHa W TpuUMNTO(daHa, CKAOHHBIX K Jle3aMUMPOBaHUI0
Y OKMCJIEHMIO) M TepexoJ INyTaMMHa B IVIyTAMUHOBYIO KHMCJIOTY, YTO MOJKET 3aBbILLIATh [OJIHO
nocnennedi. CoorHomeHre 1:50 ¥ OByKpaTHbIM 00bEM SKCTpareHTa CHIDKAIOT PUCK HACHIIIEHUS
pacTBopa, HO He TapaHTUPYIOT UCUEPIIbIBAKOLEro U3B/IeYeHNs U3 IUVIOTHBIX TKaHeu (KOPHH, TI0ZbI).
Hakonell, 1eHTpudyrvupoBaHue U auMopUIA3aLMs MUHUMU3BUPYIOT TIOTepH, OJHAKO CTajus
ocaxzerust 6emkoB 20 % TXY MOXKeT 4aCTMYHO COOCAXK/AAaTb BBICOKOMOJIEKYJISIPHBIE TIETITHABIL.
Takum o0Opa3om, TOMy4YeHHblE KOJIMUYECTBEHHble 3HaueHWs CJielyeT pacCMaTpvBaTh —Kak
BOCIIPOM3BOAVMMYIO XapaKTepUCTUKY CBOOOJHOAMHHOKHMC/IOTHOTO TIyJla B CTaHJAPTH30BaHHBIX
YCIOBUSIX, a [/ OLeHKH OO0I[ero aMHHOKHMC/OTHOTO COCTaBa HeoOXOAWMa JIOTIO/THUTEbHAsT
onTUMH3alyg (KUCIOTHBIM TMAPOJW3, BapbHMpOBaHMe TeMIlepaTypbl, BpeMeHM W COOTHOLLIEHUS
ChIPbE—3KCTpareHT) C NOC/IeyIOler Baualen.

Pe3ynbrarhl 4 00Cy)KeHHe

B pesynkrare aHami3a MetozioM BO)KX B ueThIpéx opraHax pactenust Hypecoum parviflorum
ObUT0 MAEeHTU(MUIMPOBAHO B 001Iel cnokHOCTH 20 aMMHOKUCIOT. Cpeii HUX — 8 He3aMeHUMBIX
(3cceHIManbHbIX) aMUHOKUC/IOT: Ba/IvH, JIEWLIUH, W30/IeULIUH, JIM3WH, MeTUOHHWH, (eHu/IalaHuH,
TPeoHHH U TpunrodaH. KonvuecTBeHHOe pacrpeziesieHMe OCHOBHBIX aMHWHOKHCJIOT IO OpraHam
pactenus (B mr Ha 100 r cyxoro Beca) ripe/icTaBieHo B Tabwiie 1.

Ta6auya 1. KoauuecmeeHHbIl COCIMAG AMUHOKUC/0M 8 PA3/IUYHBIX OP2aHAX pacmeHust
Hypecoum parviflorum * — He3ameHUMble AMUHOKUC/10Mbl

HaumenoBanue aMuHOKucI0T | Kopau (Mr/100r) | Cre6u (Mr/100r) | JIucrea (mr/100r) | Ilnoas: (Mr/100r)
AcriaparuH K-Ta 2.950 3.027 6.207 3.142
I'nyramuH K-Ta 1.259 2.077 5.258 1.215
Cepun 0.766 3.428 7.561 1.357
Imunyn 1.934 3.094 8.058 0.983
Acniaparus 1.917 3.109 8.038 0.966
I'nyramun 2.102 1.250 2.688 0.462
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Haumenoanue amuHokuciaot | Kopuu (Mr/100r) | Creomu (mr/100r) | JIncres (Mr/100r) | Ilnoasr (Mr/100r)
Hucrenn 0.472 1.119 0.717 0.315
Tpeonun* 1.798 8.638 10.336 3.323
AprenuH 0.165 0.525 1.406 0.201
AnanuH 2.720 6.502 9.581 3.251
IposmH 3.694 5.847 9.395 3.230
TuposuH 0.257 0.907 1.409 1.054
Banmuna* 1.533 3.227 6.405 0.339
MeTtroHuH* 0.672 1.198 1.656 0.492
Tuctugun 0.905 1.601 2.924 1.323
W3oneitma* 1.385 1.893 3.733 0.929
Jleruya* 0.745 3.202 4.954 1.974
Tpurnrrodan* 3.362 1.258 3.277 3.410
®enunanaHuH* 0.722 3.364 4.177 1.199
JIusun* 0.276 0.238 0.361 0.228
* — He3ameHUMble AMUHOKUC/A0MbI.

CymmapHoe cogepkanue aMuHOKUCI0T (Mr/100 r cyxoro Beca): kopHu — 31,10 + 1,24;

crebmu — 56,71 + 2,15; muctbs — 96,76 + 3,42; tnogel — 31,54 + 1,08. Paznuuus Mexupy

opraHaMu cTaTucTuyecku 3HaunuMmsl (p < 0,05, kputepuii CTbIO[eHTa).

Hwxke nipesictaBieHa Tabuiia 2 ¢ TIOHBIMY JaHHBIMU 17151 BceX 20 aMMHOKHUC/IOT. [laHHbBIe TI0

BpeMeHaM y/iep)KaHusl, ypaBHEHUsIM perpeccuu, kosgduuuentam fetepmuHanuu (R?), npegenam

obHapyxenuss (LOD) u kosmuuectBeHHOro ompefenenvs (LOQ) mpuBeeHbI B COOTBETCTBUH

C YCJIOBUSIMM XpOMAarorpapuueckoro paszesieHus,
U Mmetoabl» (kosmoHKa Discovery HS C

(sryopeciieHTHOe JeTeKTUPOBaHKE).

18

OIMMMCAaHHBIMHU B pa3fjeJie

«Marepuaibl

75 X 4,6 MM, 3 MKM; TpaJJMEHTHOE >/IFOMPOBAaHUE;

Ta6auya 2. BpemeHa ydepxcaHusi u Xapakmepucmuku Ka/uOGpo8OUYHbIX KPUBbIX AMUHOKUC/0M

Ne AMHHOKHCJIOTA Bpems YpaBHeHHe perpeccun R? LOD (Mmxr/ | LOQ (Mkr/
yAepxa- MJI) MJT)
HUsl (MUH)
1 AcrnaparvHoBasi KUcC- 4,21 y = 1250x + 45 0,998 0,15 0,50
Jlota
2 ['nyramuHOBas KUCJIO0- 5,08 y = 1180x + 38 0,997 0,18 0,60
Ta
3 Acnaparun 5,92 y =1120x + 41 0,996 0,16 0,55
4 CepuH 6,84 y =980x + 22 0,996 0,20 0,65
5 nyramun 7,12 y = 1050x + 33 0,997 0,17 0,58
6 luctuaun 7,56 y =920x + 28 0,995 0,22 0,70
7 [muyH 8,03 y =1050x + 30 0,998 0,12 0,40
8 Tpeonun* 8,67 y = 1100x + 35 0,997 0,14 0,45
9 ApruHuH 9,24 y = 890x + 26 0,995 0,25 0,80
10 | AnaHuH 9,81 y =1020x + 31 0,996 0,19 0,62
11 IMponun 10,45 y =870x + 24 0,994 0,28 0,90
12 | Tuposun 11,02 y = 940x + 29 0,995 0,23 0,75
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Ne AMHHOKHCJIOTA Bpems YpaBHeHHe perpeccun R? LOD (Mmxr/ | LOQ (Mkr/

yAepxa- MJT) MJI)

HUs (MUH)

13 | Bamun* 11,68 y =1080x + 34 0,997 0,16 0,52
14 MeTtnoHHUH* 12,35 y =910x + 27 0,996 0,21 0,68
15 | Llucrenn 13,01 y =850x + 23 0,994 0,30 0,95
16 | U3zonedinmn* 13,78 y = 1060x + 32 0,997 0,17 0,56
17 | Jletiuma* 14,52 y = 1150x + 36 0,998 0,13 0,42
18 | ®enunanaHuH* 15,24 y =990x + 30 0,996 0,20 0,64
19 | Tpuntodan* 16,08 y = 880x + 25 0,995 0,26 0,85
20 JIn3un* 16,85 y =930x + 28 0,995 0,24 0,78

* — He3amMeHUMble AMUHOKUC/A0MBbI.

IlpumeuaHue. YpaBHeHUsI perpecCyy IOJIyyeHbl B Auarna3oHe KoHueHTpauud 1-100 mkr/mi.
LOD u LOQ paccuuTanbl 1o COOTHOLIeHUI0 curHas/myM (3:1 u 10:1 cooTBeTcTBeHHO). Banuaius
MEeTOAVKY BK/IIOYana oOleHKy JuHeiiHocthd (R?2 > 0,994), crenenu otkpbiTus (85-110 %),
cxogumoctu (RSD < 5 %) u BocniponsBoaumoctu (RSD < 8 %).

Xpomarorpammbl BO)KX BOAHBIX 3KCTPAaKTOB KOpHEH, cTeO/el, JMCThEB W TUIOJOB
rpuBefieHbl Ha puUCyHKax 1—4. VpeHTuduKalys TNHUKOB TpOBefieHa MyTEéM CpaBHEHHsI BPEeMEH
yAep>KaHUsl CO CTaH/AapTHBIMU 00pa3liaMyd aMHUHOKHC/IOT B COOTBETCTBUU C JAHHBIMU TaOIUIIBI 2.
Hawubosbiziee uync/io xpoMaTtorpapuuecKkux MAKOB 3a()UKCUPOBAHO Ha XpOMAarorpaMMme 3KCTPaKTa
JIUCTHEB, UTO YKa3bIBaeT Ha HauboJsiblliee pa3HOOOpa3ve U CyMMapHOe COfIep)KaHHe aMUHOKHCJIOT
MMEHHO B 3TOM opraHe. Bo Bcex ueThIpéx XpoMarorpammax JOMUHUPYIOLIMMU M0 JIOIIaIA [TUKOB
SIBJISIFOTCS aCraparMHoBasi KUC/I0Ta, IITyTAMUHOBAs KAC/I0TA U JIEHLVH.

DAD1 F, Sig=269.4 Ref=360,100 (def_LCATE 2025-06-11 10-11-26\004-4-H.U.Y. U.D)
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PucyHok 1. Xpomamozpamma BIKX eo0Ho20 3kcmpakma kopHeti Hypecoum parviflorum
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Pucyhnok 3. Xpomamozpamma BIKX 00020 sxcmpakma nucmbeg Hypecoum parviflorum
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DAD1 F, Sig=269.4 Ref=360,100 (def LCATE 2025-06-11 10-11-26\005-5-H.U.Y. M.D)
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Pucynok 4. Xpomamozpamma B3)KX 800H020 3kcmpakma niaodoe Hypecoum parviflorum

Pe3ynbTaThl MCC/IEIOBaHUS TIOKa3aad, 4yTo Bce opraHbl Hypecoum parviflorum 6orarsi
aMUHOKHC/IOTaMH, OHAKO X CYMMapHOe COjiep>KaHHe CyI[eCTBeHHO BapbUPYeT MeX/y OpraHaMH.
Hawnbosibilasi KOHIIEHTpaLys aMUHOKHC/IOT YCTaHOB/IEHA B JIUCTBSIX, UTO 3aKOHOMEPHO CBSI3aHO C UX
BBICOKOH (DOTOCHHTETUUECKOH aKTUBHOCTBIO M 1IEHTPA/IbHOM POJIbIO B a30THOM U Oe/TIKOBOM 0OMeHe
pacrenusi. [lasiee 1o yOBIBAHHIO COZlepyKaHUsSI OPraHbl PACIIONAraloTCs B PSAY: JUCTbs > CTeOmm >
TIJIO/bI > KOPHHU.

Bricokoe copepkaHHe TJIyTaMHHOBOM U acCrlapardHOBOM KHC/IOT CBUZETELCTBYeT 00
aKTMBHOM a30THOM OOMeHe B pacTeHHWH. OTH aMHUHOKHC/IOThI WTPAlOT Ba)KHYIO POJb HE TOJIBKO
B cuHTe3e 0esKa, HO U B yCTOWUMBOCTH PacTeHHs K CTPECCOBBIM (paKTOpaM, a TAKXKe B peanr3aljiu
AHTUOKCUJIAHTHOM 3ammuThl [9]. CpaBHUTE/IbHBIM aHA/IU3 C JIMTEPATYPHBIMH JaHHBIMHU TI0 IPYTUM
BujaM poza Hypecoum (H. erectum, H. lactiflorum) mokasan, 4To uX aMUHOKUC/IOTHBIN TPOGUIIb
ocraBasics ManousydeHHbIM [10]. Hacrosiiee wucciefoBaHre BOCIOMHSET 3TOT Tpobesn
u pemoHctpupyeT, uro H. parviflorum siBisieTcss 60oraTbiM HMCTOUHMKOM HE TOJBKO BTOPHUYHBIX
MeTabo/UTOB (a/KaIon 0B, (h/IaBOHOWIOB), HO U MEPBUYHBIX MeTAa00/IUTOB — aMUHOKHUC/IOT [11].
OrpaHuueHusi WCCIeAOBAHUS: aHa/M3 TIPOBeAEH [yi OJHOTO perdoHa cbopa ¥ OFHOTO
BEreTal[MOHHOTO Ce30Ha; /i1 00001eHNs pe3y/IbTaTOB HeOOXOJUMBI JlaTbHEHIIINe UCC/IeI0BaHMUS
c Oonee mmMpoKou reorpaduueckoii BeIOOpPKOH. BbICOKOe cofepkaHre aMUHOKHMC/IOT B JIUCThSIX
Hay4yHO OOOCHOBBIBAeT WX TPAJUIMOHHOE TIPUMEHeHWe B HapOJHOW MeAulliHe. AHa/IOTHYHbIE
WCC/IeIOBaHUS TIPUPOJAHBIX OHONOTMYECKH AaKTUBHBIX COEJUHEHUN pery/IsipHO ITyOJUKYIOTCS
B JKypHajaxX, B YaCTHOCTH pabOTbI 10 AHTUOKCHJAHTHBIM W aHTHUPAJMKaJbHBIM CBONCTBaM
PaCTUTENBHBIX YKCTPAKTOB U Masel [9, 12, 13]. B cBsi3u C 3TUM MpeCTaB/sSeTCs 1ie/1eco00pa3HbIM
JanpHelinee, Oonee rybokoe wu3yueHHWe OMOIOTMYECKOW AKTMBHOCTH 3KCTpPakToB Hypecoum
parviflorum, B mepByto ouepe/ib UX aHTUOKCUAAHTHBIX 1 TIPOTUBOBOCIIA/TUTE/LHBIX CBOUCTB [14].
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3ak/IloueHue

Pe3ynbTaThl MCCIe[OBaHUS TIOKa3aqd, uTo Bce opraHbl Hypecoum parviflorum 6orarei
aMUHOKHCJIOTaMH, OZJHAKO UX CyMMapHOe COfiep>KaHue CyIleCTBeHHO BapbUpYyeT MKy OpraHaMu.
Haubosbiiiasi KOHIIeHTpaLys aMUHOKHC/IOT YCTaHOB/IEHA B JIMCTBSIX, UTO 3aKOHOMEPHO CBSI3aHO C UX
BBICOKOM (hOTOCHMHTETUUECKOW aKTUBHOCTBIO U LIEHTPA/IbHOM POJIbIO B a30THOM U 6eTKOBOM 00MeHe
pacrenus. [asee 1o yObIBaHHIO COJepyKaHUsI OPraHbl PacTionaratoTCs B PAAY: JTUCTbsI — CTebnd —
TI0/IbI — KODHHU.

Bbicokoe copep)kaHWe TJIyTAMUHOBOW U acrapardiHOBOM KHWC/IOT CBUZETeNbCTBYeT 00
aKTMBHOM a30THOM oOMeHe B pacTeHHWH. OTU aMHUHOKMC/IOThI WTPAOT Ba)KHYIO pPOJb He TOJIBKO
B CHHTe3e 0e/ka, HO M B yCTOMUMBOCTH PACTEHUSI K CTPeCCOBBIM (haKTOpaM, a TakKe B peav3aliuu
aHTHUOKCUAAHTHOW 3aiuThl [9]. CpaBHUTEMBHBIM aHA/MW3 C JUTEPAaTypPHbIMU JaHHBIMU M0 APYTUM
BugaM pozaa Hypecoum (H. erectum, H. lactiflorum) mokasas, 4To MX aMHUHOKHC/IOTHBIN MPOGHIIb
ocraBancs MmanousyueHHbiM [10]. Hacrosiiiee wucciefoBaHue BOCIOJIHSIET 3TOT  mpobent
u nemoHctpupyeT, uro H. parviflorum sBnsiercss 6oraTbiM HMCTOUHMKOM He TOJIBKO BTOPHUYHBIX
MeTaboMTOB (a/IKaIon/10B, ()J1IaBOHOMZOB), HO M MEPBUYHBIX MeTab0/JUTOB — aMUHOKHUC/IOT [11].
OrpaHuueHUsi UCC/IeIOBAaHUsS: aHa/lM3 TIPOBeEH /s OJHOrO0 perdoHa cbopa ¥ OJHOTO
BereTal[MOHHOTO Ce30Ha; /151 00001eHNs pe3y/ibTaToB HEeOOXO[UMbI JlabHeNIIIe UCC/iel0BaHuUs
c Gosiee MMPOKOHM reorpaduueckoi BHIOOPKOH. BbiCOKoe cozep)kaHWe aMHUHOKUC/IOT B JIUCThSIX
HayuyHO OOOCHOBBIBaeT WX TPAJUIMOHHOe TIpUMeHeHWe B HapOJHOW MeuliHe. AHa/lOrHYHbIe
WCCJIeIOBaHUsI TIPUPOJHBIX OHONOTMYECKH aKTHUBHBIX COeJJUHEHWN peryasipHO TyO/IHKYHTCS
B JKypHajax, B YaCTHOCTH pabOTbl 1O aHTUOKCUJAHTHBIM W aHTHUPAJUKaJbHBIM CBONCTBaM
pacTUTeBHBIX SKCTPAKTOB M Masel [9, 12, 13]. B cBsI3u C 3TUM Tpe/CTaB/ISETCS 1ie/ieco00pa3HbIM
JlanbHelilee, Oonee TIyOOKOoe H3yueHHe OHOOrMYECKOM aKTHBHOCTH SKCTpPakToB Hypecoum
parviflorum, B mepByt0 ouepe/ib UX aHTUOKCUAAHTHBIX 1 TIPOTUBOBOCIIA/TUTE/TLHBIX CBOUCTB [14].
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AHHOTanus

B pabore wucc/iefoBaHO BAMSHYUE OTHe3allUTHONW 00paboTKM Ha MoOp(do/orHuecKue U
CTPYKTYPHBbIe CBOWCTBA CMW/IKA W HATypalbHOW KOKU. [I/1 OLIeHKM WM3MeHEeHWM TOBEePXHOCTH U
CTPYKTYDHOTO COCTOSTHUSI ~ KOJJIareHOBOW  MAaTpHWIbl TIPUMEHEHbl MeTOAbl  CKaHUPYIOLIe
anekTpoHHOM Mukpockoruu (SEM-EDX) u pentreHogudpakiuoHHoro aHamusa (XRD). COM-
VCC/Ie[j0OBaHNe T10Ka3aso, YTO UCXOAHAsA KoXKa OT/IMYaeTCsl BbIpa)KeHHOM BOJIOKHUCTOU CTPYKTYPOU,
c(OpMHUPOBaHHOM ITyuKaMU KOJIJIareHOBBIX BOIOKOH. [locsie orHe3aruTHO 06paboTKH C TIOMOIIBI0
KOMIIO3UIIMM Ha OCHOBe KoJ/ulareHa C jo0aBjieHVMeM KapOamuyza, MojMakpuiamuga U OOpHOM
KHCJIOTBI 0OHAPY>KUBAIOTCST U3MeHeHUs] MOP(OJIOrHK TIOBEPXHOCTH, CBsi3aHHbIe C ()OPMHUPOBAHHEM
3aI[UTHOTO CJI0Si ¥ BO37I€HCTBHEM KOMITIOHEHTOB OTHE3aIlIUTHON KOMITO3MLIMM Ha KOJUIareHOBYIO
Marpury. CornacHo gaHHeiM XRD, kak HeoOpaboTaHHble, Tak U oOpaboTaHHble 00pas3LbI
COXPAHSIIOT TPEeNMYIIeCTBEHHO HU3KYH0 CTelleHb CTPYKTYPHOMW YTIOPSIZIOUEHHOCTH C XapaKTePHBIM
mMpokuM anddy3HeIM MakcuMymMoM B obsactu 20 ~ 21-23°. Tlpu 3tom mocne ob6paboTku
OTMEYaloTCsl CHIDKeHWe WHTEeHCUBHOCTH M HEKOTOpOe VIIMpeHHe OCHOBHOTO JU(PaKIIMOHHOTO
MakcuMyMa. [Ip# 3TOM HOBBIX BLIP@)KEHHBIX ITUKOB He BBISIBIE€HO. [lo/ydyeHHBIE pe3ysIbTaThl
CBU/IETEIbCTBYIOT O TOM, UTO OTHe3al[iUTHasi 00paboTKa OKa3bIBaeT BMUSHHE Ha MOP(OIOTHUeCKOe
COCTOsIHME TIOBEPXHOCTH W CTeleHb YIIOPSI0UeHHOCTH KOJ/IareHOBOW MaTpHLIbI, He BBI3bIBast
CyIIeCTBEHHOTO pa3pylleHus eé UCXOAHOU CTPYKTYPHI.

Abstract

This study investigates the effect of flame-retardant treatment on the morphological and
structural properties of split leather and natural leather. Scanning electron microscopy (SEM-EDX)
and X-ray diffraction (XRD) were employed to evaluate changes in the surface morphology and
structural state of the collagen matrix. SEM analysis showed that untreated leather exhibits a
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pronounced fibrous structure formed by bundles of collagen fibers. After flame-retardant treatment,
changes in surface morphology were observed, associated with the formation of a protective layer
and the interaction of the flame-retardant components with the collagen matrix. According to the
XRD results, both untreated and treated samples retain a predominantly low degree of structural
order, with a characteristic diffuse maximum in the 20 range of approximately 21-23°. After
treatment, a decrease in the intensity and a slight broadening of the main diffraction maximum were
observed, while no new distinct peaks were detected. These results indicate that flame-retardant
treatment primarily affects the surface morphology and the degree of structural ordering of the
collagen matrix without causing significant disruption of its original structure.

KnroueBble (/I0Ba: HaTypalbHas KOKa, KOKeBEHHBIM CITHW/IOK, KOJUIareHco/epKariast
KOMIIO3WLIMSI,  OrHe3aluTHass  o0paboTka,  CKaHWpYyMoljass  3J€KTPOHHAas  MUKPOCKOIHS,
PEHTIreHOU(PPaKIMOHHBIN aHATH3.

Keywords: natural leather, leather split, collagen-containing composition, flame-retardant
treatment, scanning electron microscopy (SEM), X-ray diffraction (XRD).

1 BBepenue

HarypanbHasi KoXka TmpefCTaB/isieT €000 MHOTOYPOBHEBYIO BOJIOKHUCTYIO CTDPYKTYDY,
OCHOBHBIM KOMIIOHEHTOM KOTODOW $IB/sieTCsl KosulareH. IIpocTpaHCTBeHHasi —OpraHu3alys
KO/UlareHOBbIX ~ (UOpWIT ¥ BOJIOKOH  OMpeZesisieT  MeXaHWuUeCKde,  TepMUYecKHe
1 9KCITyaTallMOHHbIe CBOMCTBA KOXKU [1, 2]. [/ MOBbIIIeHUs OTHECTOMKOCTH HaTypa/bHOU KOXKU
npuMeHsitoTcsi  ¢ocdop-,  a30TcopepKalye, MUHepasbHble W OpraHO-HeopraHudeckue
OrHe3alluTHble cuctembl [3, 4, 5]. OgHUM U3 paHHUX [IOAXOJ0B OBIIO KCIT0/Ib30BaHHE
dbochopcogepkalux coevHeHUM, B yacTHOCTH, [IupoBatekc CP [6, 7, 8]. Ons ymyuiieHus
OTHECTOMKOCTH KOXKH B Tporecce ay6sieHusi obun mobasnenbl (pocdoprbeiii anturuped (PFR),
a3oTHo-(ocdopHbili BcryuuBaromuiicss antunuped (NPIFR) u a3oTHO-(ocdopHbIii aHTUNMpPeH
(NPFR). I1pu 3TOM MakcHMMa/ibHOe 3HaueHHe Mpe/ebHOro KUC/I0POAHOI0 UH/IeKCa yBeTMUUBAIOCh
€ 29,3 1o 31,4 % [9].

[Tomumo ¢ocdop- ¥ a30TcofepKalllix aHTUMTMPEHOB, /ISl TIOBbIIIIeHUs] OTHECTOWKOCTH KOXKH
TaKKe NMPUMEHS/TM MUHEepaJibHble 100aBKH, B UaCTHOCTU HaTpHeBbld MOHTMOPWIIOHUT [10]. COM-
aHa/iM3 TOKa3aj pacrpefie/ieHde 4acTUl] MOHTMOPHW/UIOHHMTA B MeKBOJIOKOHHOM IPOCTPAHCTBE
KOJI/TareHoBOM MaTpuilbl. MuHepaibHast ¢a3a criocobcTByeT obpa3oBaHuio (hu3nueckoro b6aprepa,
OrpaHUYMBAIOIIEr0 TIePeHOC TeIula W TIPOJAYKTOB TepMuueckoro pasnoxenusi [10]. pyrum
MepCreKTUBHBIM HarpaB/IeHUEM SIB/ISIeTCsl CO3/jJaHie HaHOKOMITO3UTHBIX OTHe3alllUTHBIX CHCTeM Ha
ocHoBe BcryuuBawolleiics aHtunupeHa (IFR) [11]. Takke wuccieqoBaHO BCITyUMBAROIIUECS
KOMIIO3WLIMM Ha OCHOBe MejaMuHa U TonudocdaToB, BBOAWMBIE HEMOCPeCTBEHHO B TIPOLiecC
MPOM3BO/CTBa KoXk. OO6paboTKa 1M03BO/M/Ia CHU3UTh TIMKOBYIO CKOPOCTh TeI/IoBbIenieHust Ha 14 %
1 obiiee abiIMooOpa3oBaHue rpumepHO Ha 20 % 10 cpaBHEHUIO C HeoOpaboTaHHOM Koxel [12].
CoBpeMeHHbIe 0030pBI TOKA3bIBAIOT, UTO OTHE3allUTHbIE CUCTEeMbI [Jii KOXXM MOXKHO YCJIOBHO
pa3zie/uTh Ha OpraHuvyecKWe, HEOpraHWUeCKWe U opraHo-Heopranwueckwe [13,14,15]. OcoObrii
WHTepecC TpeJCTaB/SIOT THOpUJHBIE KOMITO3UTHI, TIOCKOJBKY COUeTaHHe HeCKOJIbKUX MeXaHHU3MOB
TMO3BOJIsIeT OJHOBPEMEHHO TOBBICUTh OTHECTOMKOCTb M COXPAHWUTh JKCIUTyaTallMOHHbIE CBOMCTBA
KOKeBeHHOro marepuasna [16, 17]. Tlpu gelicTBUM OrHs OOpHas KHMC/oTa oOpa3yeT [JOCTaTOYHO
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MIPOYHYIO OKCH/IHYIO TIIEHKY, TIPETSITCTBYIOIL[e TOPeHWI0 M paclpoCTPaHeHUI0 OTHs, KapOamup
passaraetcsi ¢ obpa3oBaHMeM ra3000pa3HOrO a30Ta, KOTOPBIM co37aeT Oapbep /s KUCIOpPOAA
Bo3ayxa [18, 19]. PaHee Hamu Obla TIOJyueHa OTHE3alWTHAsi KOMIIO3UI[USI HAa OCHOBE
KOJIJIareHCOZleprKalllero pacTBOpa, BKJIIOUAIOIIEr0 OOPHYIO KHUC/IOTY, Kapbamu/ ¥ TOIMaKpUIaMuZ
Y OmMyO/MKOBaHbl pe3y/bTaThl OLeHKU OTHeCTOMKOCTH 00paboTaHHbIX MarepuanoB [20]. OgHako
XapakTep M3MeHeHHUH MOpP(}OIOrUM TIOBEPXHOCTH U CTPYKTYPHOM yNOPsiJOYeHHOCTH KOJI/IareHOBOM
MaTpHULbl KOXXU TI0C/Ie Takoi oOpaboTku TpebyeT oThenbHOro usyueHws. I[Ipearosnaranock, 4to
KOJIJIareHOBBIM TUAposiu3ar Osarozapss (YHKIMOHA/MBHBIM TpymmaM OyeT B3auMO/IeHCTBOBATh
C BOJIOKHAMU KOXXM W CIIWJKA, pacripefie/sisicb Ha WX TOBEPXHOCTM W UYACTUYHO 3arloJHss
ME>KBOJIOKOHHbIE TPOCTPAHCTBAa. B pe3ynbTate MOBepXHOCTh AO/DKHA CTaTh Oojiee OJHOPOIHOM,
a TPaHMIIbI OT/AEbHBIX BOJIOKOH U TIPOMEXYTKU MEXAy HUMH ObITb MeHee BbIpaKeHHbIMU. Llesb
paboThl — YCTAaHOBUTH BiMsiHME 00pabOTKM KoJlareHCoZiepyKallield KOMITO3UuIrell Ha MOP(OIOTHio
MOBEPXHOCTU U PEHTreHOJU(PaKLIMOHHbIe XapaKTePUCTUKU KO)KeBEHHOT'O0 CMW/KA M HaTypasibHOU
KOKU mocpe/icTBOM cpaBHUTeIbHOTO SEM-EDX 1 XRD-aHanmi3a uCXoHbIX U MOAU(ULIMPOBAHHBIX
00pa31ioB.

2 Marepua/ibl 1 MeTOAbI

B KauecTBe 3KCrepyMeHTa/lbHBIX 00pAa3lioB HCMO/Mb30BaHbl [iBa BH/la HaTypasbHBIX KOX,
B COOTBeTCTBUU C TpeboBanusmu ctaHgaptoB 'OCT 939 — 2021 «Koska st Bepxa 06yBu» u TOCT
12.4.032 — 95 «O6yBb crieljdaabHasi C KO)KaHBIM BEPXOM JIJIS1 3all[UThl OT JE€HMCTBUS TIOBBIIIIEHHBIX
TeMIIeEPATyp»:

1 — o6pa3ser]. [IByXCTOpOHHSII OaxTapMsiHasi CITH/IKA TOMIMHON 1.7 MM, monydabpukar
XpoMoBoro nybmeHuss 6e3 oOpabOTKM peareHTamH, TOJiyUeHHasi W3 IIKypPbl KPYITHOTO POraToro
CKOTa B KO>KeBEHHOM MpeANpUsATHM T. [[)Kr3ak.

2 — obOpaser). TotoBasi miazkass Ko)ka XpPOMOBOTrO AyOseHHsi TOMIMHOM 1.8 mwm, nuiieBas
MOBEPXHOCTb TIPOIIJIA TIOHYI0 00pabOTKy HAaro/MHSOMUMY, JXKUPYIOLUMU W KPaCAIUMU
peareHTamH.

1711 IpUrOTOB/IEHUST OTHE3ALMTHOW KOMITO3ULMM T0/Tyyanu TWAponu3aT KosuvlareHa U 1 %-
HBbIM pacTBOp Monvakpuiaamuza. [ NpUroTOBAeHUs THUJPOIM3aTa KosjlareHa HCI0J/Ib30BaHbl
KOKeBeHHbIe OTXOZbI, TOyYeHHble Ha CTaZusX TePBUUHONM 00pabOTKM WLIKYp, A0 TpUMeHeHHs
nybounbHBIX BelljecTB. KojkaHble 0TX0/bI u3Messuanu fio 10 — 15 MM B guHY. 30 T M3MeTBUEHHBIX
otxoz10B 3a/mBanu 50 M 2 %-Horo pactBopa NaOH u BeijjepskuBanu 12 u ayist Habyxanwus. [Toce
HabyxaHus TIPOBOAWIM TepMoobpaboTKy mpu 50 °C B TeueHWe 5 uacoB /0 oOpa3oBaHUs
ofHOpoAHOro pactBopa. [losmyueHHBIM pacTBOp (UIBTPOBAIM uepe3 CUTO C pa3MepoM sueeK
0,05 MM U HelTpanu30Balu KOHILIEHTPUPOBAHHOM YKCycHOW kuciotod go pH 6,5 + 0,2. s
TIPUTOTOBJIEHHSI PaCTBOpA MoMMaKpuaamuaa 1 r rnosvMepa pacTBOpsiM B 99 M/ IUCTUTMPOBaHHOU
BOJbI TIPU TiepeMeIlMBaHUM cO ckopocThio 300 o6/MuH B TeueHwe 3 4. OrHes3aluTHYIO
KOMITO3WLIMI0O TOTOBWUIM cMelneHneM 40 M rugponusara kosjaareHa, 40 M pacTBopa
noavakpuiaMuza, 5 r© OopHoMt Kucinotel U 10 T MoueBuMHBL. OOBEM CMecu JOBOJWIN
JUCTWIMPOBaHHOW BogoW A0 200 M M mepeMellMBaay [0 TOJyuyeHUs OJHOPOJHOIO COCTaBa,
KOTOPBIN UCTIO/Mb30Bau [ijisi 00pabOTKH KO>KeBeHHOTo Marepuara. [1Jis poBefieHus: OTHe3alluTHOU
00paboTKKM w3 Kakzoro obpasija BbIpe3asd Tojockl pasmepoM 20 X 8 cM U TIOrpy»Kad
B TOJITOTOB/IEHHYIO KOMITO3ULIMIO Ha 6 YacoB, TepUOAUYECKH TiepeBopauMBasi /ijisi obecriedeHust
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pPaBHOMEpPHOW TPOMUTKKU. 3aTeM 0Opasipl TO/BEprajud TepMUUeCKol 00paboTke B CyLIM/IBHOM
mkady npu Temrneparype 160 °C B TeueHue 3 MHUHYT. [IpUpOCT Macchl MOC/e TIPOMUTKU
KOMIIO3UIIMel U ToC/eayomeii TepMooOpaboTKy orpeienisiii Ha TPEX He3aBUCHUMBIX oOpasiiax
Kakoro Marepuana. OH cocTaB/sl pubmm3utenbHo 15 % s crvnka v 18 % [yt TOTOBOM KOXKU
OTHOCHTEJIbHO UCXOJHON MacChl.

XuMnyeckue peareHThI ObUTH TipHoOpeTeHs! y ipeanpustuii AO «Navoiyazot» B Pecrybmvike
Y36ekucraH, “Rouyangmoer” B Kurae, «Besiktas/Istanbul» u PulcraChemical B Typruu.

Ckanupytolas 371eKTpoHHasi MUKpockonusi (SEM)

Mopdonoruio MoBepXHOCTH M JIeMEHTHBIM COCTaB MCXOAHBIX M 00paboTaHHBIX 00pa3roB
HCCJIe/IOBA/IA METO/IOM CKaHHMPYIOIeH 31eKTpoHHON MUKpockonuu (SEM) Ha nmpubope ZeissEvo 15
(I'epmanys), OCHaIIEHHOM CHCTEMOW 3HEpProfIuCIIePCUOHHOIO DPEeHTreHOCIIeKTPaJbHOIO aHaau3a
Bruker EDS.

PentreHoBckas audpakiusa (XRD)

WccnemoBaHusi MeTOJOM peHTreHOBCKoW audpakiuu (XRD) npoBoauiy Ha audpakTomeTpe
XRD Miniflex 600 (Rigaku, SImonust) ¢ ucrosnb30BaHieM MOHOXpoMarruueckoro unyuenuss CuKa,
BBI/|e/ICHHOTO HMKe/IeBbIM (PU/IBTPOM, C JUIMHOM BonHBI A = 1,5418 A, npu nanpsokenun 40 xB
1 cwie TokKa 15 MA. O6pa3ibl UCC/IefoBaIv B MOPOIIKOOOPa3HOM COCTOSHUH. [IM(pPaKIIMOHHBIM
CTIEKTP PETruCTpUpoBaiM B Auama3oHe 20 = 2-70°. OOpabOTKy 3KCIIePUMEHTa/IbHBIX
IU(PaKLMOHHBIX [JaHHBIX, JEKOHBOJIIOLMI0 MHWKOB, MX OMMCaHWe C MCIO/Jb30BaHWEM HH/EKCOB
Munniepa, ompejeneHrde (GOpMbl TUKOB W Bblje/ieHHe aMOpGhHON COCTaB/ISOIIEN ITPOBOAMIN
C TIOMOIIIBI0 MTporpaMMHoro obecrieuenust SmartLab Studio I1. [Isis1 yTouHeHHUSI CTPYKTYPbI METOZIOM
PutBesb/la ucronb3oBaau (QyHKLMIO TiceBao-Boiita (pseudo-Voigt). DKcrepyuMeHT ITPOBOAMIU
B pexxuMe oTpaxkeHusi bparra—bpenTtaHo (Bragg—Brentano) c ucrosib3oBaHHeM (DUKCMPOBAHHbBIX
1enei c yrinom 1,25°,

3 Pe3ynbTarhl U 00Cy)XK/jeHHE

3.1 SEM

JluteparypHble JaHHble CBUETENbCTBYIOT, UTO OTHe3al[uTHas 00paboTKa MOXKET W3MeHSITh
MOpP(ONOTUI0  KOJ/UTareHOBbIX  BOJIOKOH, MEXXBOJIOKOHHOE TIPOCTPAaHCTBO U CTPYKTYPHYIO
OpraHu3allMl0  HaTypaJibHOM  Koku.  OJHako  KOMIUIeKCHoe  comocTaBieHue  COM
M peHTreHorpadHuyecKUX XapaKTePUCTUK HeoOpaboTaHHOW M OrHe3al[UTHO-MOJUGMHUIMPOBAHHOM
KO)KU U3yuyeHO HeflocTaTouHO. [ToaTomMy coBMecTHOe npuMeHeHMe COM U peHTreHorpaduueckoro
aHa/iu3a SIB/SIeTCS] TIePCIeKTUBHBIM [I7Isl OLIEHKU CTPYKTYPHBIX M3MEHEHHH KOXKU U YCTaHOBJ/IeHUs
B3aMMOCBSI3M MeXJy eé Mopdosorueii W oOrHe3alllUTHbIMU CBoWcTBamMu. Ha pucyHke 1
npefctaieHbl COM-u300pakeHUs]  TIOBEPXHOCTH  HCC/IeAyeMbIX — 00pasljoB  CITHJIOK
HeobpaboTaHHOM M 00pab0TaHHOM C OTHe3aIUTHOW 00pabOTKOM.
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EHT = 10.00 kv Signal A= SE1 < EHT=10.00 kV Signal A= SE1 Date: 27 Aug 2025 ZEISS
WD =8.14 mm Photo No. = 674 A WD = 8.10 mm Photo No. = 723 Time: 22:19:19

¥ _L(ES

PucyHok 1. COM-u3006padxceHus /uyeeoli nogepxHOCMU Ucc/1edyemblX 00pa3yoe cnusiok oe3 (A)
u ¢ (B) ozHezawjumHoli 06pabomxoti

CDM-aHa/mu3 ToKa3asl CyleCTBeHHOe N3MeHeHre MOP(OIOTHH CITU/TKA TI0C/Ie OTHe3alluTHON
obpabotku. ITo pucyHKy 1 BHAHO, UTO KaK B MCXOAHOM oOpasle, Tak U B MOAWGMUIIMPOBAHHOM
obpasiie COXpaHsleTCsl BOJIOKHUCTasi CTPYKTypa Ko/ulareHa. HeoGpaboTaHHbli — obOpa3serls
XapaKTepU3yeTCsl BbIPAKEHHOW (GUOPWIISPHON CTPYKTYPOH C XOPOILO DPa3IMUMMBIMU ITyYKaMH
KOJIJIareHOBBIX BOJIOKOH M ME>KBOJIOKOHHBIMU TIPOCTPAHCTBaMU. [Toc/ie HaHeCeHUs] OTHe3alUTHOM
KOMIIO3UIIUM CTPYKTYPa MOBEPXHOCTU CTAaHOBUTCSI OOJiee OJHOPOJHON M YIVIOTHEHHOM, TPU 3TOM
OT/le/IbHBIE KOJIJIareHOBhLIe BOJIOKHA U MEKBOJIOKOHHBIE TIPOMEXKYTKH BbIDa’KEHbI MEHEe OTUEeT/IUBO.
BeposiTHO, 3TO CBSI3aHO C pPaBHOMEPHBIM Ppacripe/ie/ieHMeM U 3aKperyleHHeM KOMITOHEHTOB
OTHE3alUTHON KOMITO3ULIMM MEXIY KOJIJIareHOBHIMUA BOJIOKHAMU M (JOPMHPOBAaHWEM 3alllUTHOTO
TIOKPBITHS Ha TIOBEPXHOCTH CITHJIKW. BbIBIIeHHBIE MOP(OIOrHUeCKHe W3MEeHeHUsI YKa3bIBalOT Ha
B3aMMO/IeHICTBHE KOMIIOHEHTOB KOMITO3MLIMK CO CTPYKTYPOM KOJUIareHOBOW MaTpwiibl. Ha pucyHke
2 mipeactaBieHbl COM-u300pakeHHs TIOBEPXHOCTH UCC/IeyeMbIX 00pa3lioB HATypaTbHOU KOXU
HeobpaboTaHHOM 1 00paboTaHHON OrHe3al[UTHON KOMITO3UIIHEH.

EHT = 10.00 kV Signal A= SE1 Date: 27 Aug 2025
WD =8.10 mm Photo No. = 714 Time: 22:02:36 WD =8.10 mm Photo No. = 716 Time: 22:06.09

EHT= 10.00 kv Signal A= SE1 Date: 27 Aug 2025 ﬁ

PucyHok 2. COM-u3o6padiceHusi iuyeeoli nogepxHoCcCmu uccaedyembix 006pazyoe koxcu 6e3 (A) u
¢ (B) ozHe3awjumHoti 06padbomxoti

CornacHo pesynbrataMm, COM-uccnenoBanusi, HeoOpaboTaHHasi HaTypaibHas KOXKa

XapakTepusyeTcs BbIDa)KEHHOU BOJIOKHHUCTOU Mopdoorue, chopMHpOBaHHOM

repervieTaloMMUACS  MyuKaMu  KOJ/UIar€HOBBIX  BOJIOKOH, C HajqWMuueM OTJAebHbIX T0p

U MeXBOJOKOHHBIX TMpOCTpaHCTB. Ilocrme 00pabOTKM OTHe3al[UTHOW KOMIIO3UIMel oOl1as

CTPYKTypa KOJIIaTeHOBOM MaTpHLbl COXPAHSIeTCs, 0A4HAKO MOp(O/IOrUsi TOBEPXHOCTH CTAHOBUTCS
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Oosiee OAHOPOAHOM M YTJIOTHEHHOW. Me)KBOIOKOHHBIE TIPOCTPAHCTBA U OT/e/IbHbIe TIOBEPXHOCTHBI®
yrnyOneHusi BbIpaKEHbI MeHee OTYeT/IMBO, UYTO MOXeT OBITh CBsi3aHO C pacripefiesieHneM
KOMITOHEHTOB OTHe3allldTHON KOMIIO3WL[MM B MEeXBOJIOKOHHOM MPOCTPAHCTBE M Ha TMOBEPXHOCTH
KOJI/IaT€HOBBIX BOJIOKOH. IIpy 5TOM NpPH3HAKOB CyII|eCTBEHHOrO paspylleHusi wWiu jedopMariiu

BOJIOKHHUCTOI'O KapKdCa He BLISAB/IEHO.

3.2 PeHmzeHOOU(pAKYUOHHDIU AHAMU3

[nsi OLleHKW CTPYKTYPHBIX M3MEHEeHWM KOJIJIareHOBOM MaTpULibl HATypa/JibHOM KOXU [10
U TIOC/Ie OrHe3alluTHOW 00paboTKuM ObIMT MpOBeAEH peHTreHoAWGMPAKIMOHHBIN aHamu3 (XRD).
CpaBHeHue audpakrorpamMm 00pasioB HeoOpaboTaHHOTO W 00pPaOOTAHHOTO C OTHe3alUTHBIM
KOMIO3UTOM T03BOJIIeT OLIeHUTh B/MSIHAE KOMIIOHEHTOB OTHEe3alllUTHOM KOMIIO3ULIMU Ha
CTPYKTYpHOE COCTOsIHMe KOJIIareHOBOM Marpuilbl. JludpakrorpamMmbl CMWAKa [0 W TOC/e
00paboTKu KosareHcozep Kaliieli KOMITO3ULIMel TIprUBe/ieHbl Ha PUCYHKe 3.

Calc. data

obr1

Individual peaks
BG

10000—

Intensity, cps

20 2020 60 80

Calc. data

obr 4

Individual peaks
10000 BG

Intensity, cps

5000

I T I 1
20 2020 60 80

PucyHnok 3. PenmeeHoO0upakyuoHHbIll aHaU3 1uUyeeoli N0gepxXHocmu uccaedyembixX 006pasyos
cnuika 6e3 (A) u ¢ (B) oeHezawyumHoti o6pabomkoti
PeHTreHo M paKkLIMOHHBIM aHAM3 TI0Ka3aj, uyTo MCC/ielyeMble 00pasiibl HaTypaabHON KOXKU
XapaKTepU3yIOTCsl TIPerMYyIleCTBeHHO HU3KOYTIOpsJ0UeHHOW CTpyKTypou. Ha mgudpakrorpammax
HeobpaboTaHHoro ¥ o6paboTaHHOTO 00pa3roB HaO/MoAaeTcss MUPOKUNM AU dy3HBIM MaKCUMyM
B obsactu 20 ~ 21-23°, xapaKTepHbIM /I/Is1 KOJIZIareHOBOM MaTpulibl KoXKH. [Toc/ie orHe3alyuTHOM
00paboTKH TO/I0XKEeHHe OCHOBHOTO AM(PaKI[MOHHOTO MaKCMMyMa CYILeCTBEHHO He W3MeHseTcs,
OIHaKO HAaOJFO/IaeTCsl CHI)KeHHe ero MHTeHCUBHOCTH M HEKOTOpOe paciivpeHue AU(paKI[MOHHOTO
nipodusist. [Ipy 3TOM HOBBIX BbIPa)KEHHBIX KPUCTa/ITMUecKuX pedekcoB B oO6paboTaHHOM oOpasiie
He BbIsIB/IeHO. [losyueHHbIe pe3y/bTaThl CBHIETE/ILCTBYIOT O TOM, UTO OTHe3allUuTHas 00paboTKa He
MPUBOJUT K 0Opa30BaHMI0 HOBOW BBICOKOKPHUCTA/IIMUeCKoW (a3bl, HO BbI3bIBAeT H3MeHEeHHe
JIOKa7bHOTO ~ CTPYKTYPHOTO  TIOpSiIKA  KOJ/UIAaT€HOBOW  MaTpWLIbl, BepOSITHO,  BCJIe[CTBUE
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B3aUMO/IEHCTBUSI KOMITIOHEHTOB OTHE3allIUTHOW KOMITO3UIIMU C KOJUIareHOBBIMU BOJIOKHamu. Ha
pUCYHKe 4 TIpeiCTaB/ieH PeHTreHOAu(PAKIMOHHBINA aHA/IU3 MOBEPXHOCTH HUCC/IeAyeMbIX 00pa3iioB
HaTypaJbHOM KOXXKK HeoOpaboTaHHOW 1 06paboTaHHO C OrHe3alUTHONH 00pabOTKOM.

Calc. data

obr3

Individual peaks
BG

10000

5000—
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Calc. data
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5000
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0
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PucyHok 4. PenmzeHoO0upakyuoHHbIli aHa/1u3 AUyeeoll NogepxHoCcmu uccaedyembix 00pasyos
HamypaabHoU Kodicu 6e3 (A) u c (B) ozHe3aujumHoli 06pabomxoti

PeHTreHOCTPYKTYpHBIM aHa/lM3 TI0Ka3aJ, uTo HeoOpaboTaHHasi HaTypa/JbHasi KoXKa
XapaKTepu3yeTcss LIMPOKUM Auddy3HbBIM MakcumymoM B obsmactu 20 =~ 21-23°, uro
CBHU/IETE/ILCTBYET O TIPEUMYII[eCTBEHHO aMOpP(HOM COCTOSIHUM KOJlareHoBOHM Mmarpulipl. [Tocsie
00paboTKK T0/I0)KeHHe OCHOBHOTO JU(@Y3MOHHOTO MaKCHMyMa TPAaKTUYeCKH COXpaHsSeTcs,
OZTHAKO M3MEHSIFOTCSI er0 MHTeHCHBHOCTh W (hopMa. DTO yKa3biBaeT Ha HM3MeHeHHe CTPYKTypHOMU
YTIOPS/JOYEHHOCTA KOJIJIareHOBBIX BOJIOKOH T10[] BO3ZIEMCTBHEM OTHE3alllUTHOW KOMITO3UI[UH.
OTCyTCTBME HOBBIX BBID@KEHHBIX Y3KMX JU(PPAKLMOHHBIX MaKCUMYMOB CBU/IETETLCTBYET
0 COXpaHEHWU TIPeUMYIeCTBeHHO aMOP(HON CTPYKTYpPbl KOXM W OTCYTCTBUH CYII[eCTBEHHOTO
(hopMHpOBaHUST HOBBIX KpUCTaITMUeCKUX ¢a3. Takum obpa3oM, 06paboTKa U3MeHsieT CTPYKTYpPHOe
COCTOSIHME KOJUIar€HOBOW MaTpHllbl, He BbI3bIBasg €€ CyIeCTBeHHOW KPUCTa/UTU3al[uil WIN

pa3pylLeHws.

3ak/IIoueHue

YCTaHOB/IEHO, UTO TOC/e OTHe3alfUTHOM 00paboTKM MOBEPXHOCTHCIIM/IKA W HaTypaabHOMN
KOKM CTaHOBUTCS O0siee OTHOPOHOM U YIIJIOTHEHHOM, TIPH 3TOM MCXO/IHAsi BOJIOKHUCTAst CTPYKTYpa
KosinareHa coxpansietcs. [To ganabiM XRD, nocne 06paboTKM 1osioskeHHe 0CHOBHOTO Auddy3Horo
MakcuMyMmMa B obmacti 20 ~ 21-23° cymecTBeHHO He W3MEHSIeTCs, OJHAKO CHIDKAIOTCS €ro
WHTEHCUBHOCTb W CTeleHb CTPYKTYpHOH yropsijodeHHOCTH. TakuM 00pa3oM, OrHe3alluTHast
06paboTKa MoAUGULIPYeT TOBEPXHOCTHOE M CTPYKTYpPHOE COCTOSIHHE KOJIareHOBOW MaTpulibl 6e3

eé CyIL[eCTBEHHOTO pPa3pylieHHs.
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AHHOTanus

B pabore nccieoBaHbl 3aKOHOMEPHOCTH TTO/TyYeHUs] HFOHOOOMEHHOTO MaTepuasa Ha OCHOBe
No/usTUIeHTepedTanara, XUMUYeCKM MOJU(PULIMPOBAHHOIO MOJUSTUIEHUMUHOM. PaccMoTpeHO
B/IMSIHME TeMIlepaTypbl, KOHLIEHTPAaLMA ITOJIM3TWIEHHMUHA W TPOZAO/DKATENBHOCTH IpoLiecca
Mopu(UKalMM HAa CTaTHUECKyH0 OOMeHHYI EMKOCTb IIOydyaeMoro HOHUTA. Moaudukarmio
no/uaTUIeHTepedTanara npoBoAuan npu temneparypax 50, 70, 80, 90 u 100 °C. YcraHOBn€eHO,
YTO TIOBBILIIEHHE TeMIIepaTypbl COMPOBOXKJAETCS] YBEJMUEeHHEeM CTaTUYecKol O0OMeHHON EMKOCTH
Marepuasna: ot 1,2 no 4,6 mr-sks/r. MccienoBaHo BAMSIHUE KOHL|@HTPALIUM IOJIMITHUIEHMMUHA B
murarnasoHe 20—100 %. MakcumansHOe 3HayeHHe 0OMeHHOW €MKOCTH 4,6 Mr-3KB/T TIO/yYeHO TIpH

Bubimorpadpuueckoe ommcanue: Vcvaunos PV, BypuweBa I'T. kusm VcciemoBaHWe ONTHUMAlbHBIX IapaMeTPOB ITOTyUeHHs
MOHOOOMEHHOr0 Mareprasa Ha OCHOBE MOU3TU/IeHTepedTanara, MOAU(UIIMPOBAaHHOTO NOMMATHIEHMMUHOM // Universum: Xumust 1
Ouosorus : 37eKTPOH. HayuH. XXypH. 2026. 11(149). URL: https://7universum.com/ru/nature/archive/item/23610
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KOHLIeHTpauuu nojustiwieHnmuHa 80 %. M3yueHO BiusiHWe TIPOJOJDKUTEBHOCTHA MIpoLiecca
MojuduKalud B uHTepBajie OoT 2 0 18 u. [Toka3aHo, UTO yBeJWYeHUE MPOJO/DKUTETEHOCTU
peakiuu o 12 4 MPUBOAUT K poCcTy O0OMEHHON EMKOCTH, MOC/Ie Yero JajbHellnee yBeIrMueHHe
BpeMEHU TIPpAaKTUYECKU He U3MeHsieT [aHHbIM [l0Ka3aTe/jb. Ha OCHOBaHMM COBOKYIHOCTH
TO/TyUYeHHbBIX pe3yJ/IbTaTOB YCTaHOBJ/IEHbI ONTHMMasbHbIe IapaMeTpbl mporecca: temneparypa 100
°C, koHLeHTpauus ToaudTUWIeHUMUHa 80 % U TIPOAO/DKUTENLHOCTh Moaudukaimu 12 u.
[TonyueHHble pe3y/lbTaThl CBUAETEILCTBYIOT O TI€PCIEKTUBHOCTH XUMUUYECKOW MOouUKalin
Mo/M3THIeHTepedTasmaTa C TMOJUITUIEHUMUHOM [IJIsl TIOJTYYeHHs] TOJIMMEPHBIX MOHOOOMEHHBIX
MarepuasoB.

Abstract

This study investigates the principles of producing an ion-exchange material based on
polyethylene terephthalate chemically modified with polyethyleneimine. The effects of temperature,
polyethyleneimine concentration, and modification duration on the static exchange capacity of the
resulting ion exchanger were examined. The modification of polyethylene terephthalate was carried
out at temperatures of 50, 70, 80, 90, and 100°C. It was found that increasing the temperature leads
to an increase in the material's static exchange capacity, ranging from 1.2 to 4.6 meq/g. The
influence of polyethyleneimine concentration was investigated within the 20-100 % range; a
maximum exchange capacity of 4.6 meq/g was achieved at a concentration of 80 %. The effect of
modification duration was studied over an interval of 2 to 18 hours. It was shown that extending the
reaction time up to 12 hours increases the exchange capacity, whereas further increases in time
result in virtually no change to this parameter. Based on the collective results, the optimal process
parameters were determined to be a temperature of 100°C, a polyethyleneimine concentration of
80 %, and a modification duration of 12 hours. The findings demonstrate the potential of chemically
modifying polyethylene terephthalate with polyethyleneimine for the production of polymeric ion-
exchange materials.

KnwueBble c/10Ba: TOAUSTWIEeHTepedTanaT, MOMMITUWIEHUMUH, HWOHHUT, XHWMHYecKas
Mopu¢uKays, craThdeckas oOOMeHHass EMKOCTb, KWHeTHKa MOJU(UKALM, TI0JMMepHbIe
MaTepua’bl.

Keywords: polyethylene terephthalate, polyethyleneimine, ion exchanger, chemical
modification, static exchange capacity, modification kinetics, polymeric materials.

BBegenue

[MomstunentepedTanar (II9T) OTHOCKTCS K UMC/Iy HIMPOKO NPUMEHSIEMbIX TMOMMAI(HUPHBIX
MOJMMEPOB M UCIIOJIb3yeTCsl TIPU TIPOM3BO/CTBE TOJMMEPHOM Taphl, BOJIOKOH, TVIEHOK W APYTUX
u3fenuii. Boicokas MexaHWuecKasi TIPOYHOCTb, XMMMUeCKasi YCTOWUMBOCTb U TEXHOJOTMUHOCThb
00yC/IOB/IMBAIOT IIMPOKOe TIpUMeHeHWe [JaHHOrO Marepuana. BmecTe ¢ TeM WHTEHCUBHOE
rcnonb3oBaHue [1DT MpUBOAUT K HAKOTJIEHUIO 3HAYUTETbHBIX 00bEMOB MOJIMMEPHBIX OTXOZ0B, UTO
oripefiesisieT HeoOXOAUMOCTb pa3paboTKu 3¢ ¢eKTUBHBIX MeTOJOB MX BTOPUYHOM TepepaboTKu
U JlanbHelIero GyHKLMOHATbHOTO UCTIOMb30BaHUS.
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OfHUM W13 TIepCIIeKTUBHBIX HampaB/IeHUH TepepaboTKU TOMMMEPHBIX OTXO/OB SIBJISIETCS WX
XUMHUUeckass MoJU(UKalMs C 1e/Ibl0 TIPUIaHKs UCXOAHOMY MaTepuaay HOBBIX (PYHKIIMOHA/IbHBIX
CBOMCTB. B uacTHOCTH, BBe/ieHWe B CTPYKTYpy MoiuMepa (yHKLIMOHAIbHBIX TPYII, CIOCOOHBIX
yuacTBOBaTb B HMOHHOM OOMeHe ¥ KOMILJIEKCOOOpa30BaHMM, TO3BOJISIET TIO/yyaTh MaTepuasbl,
TpUMeHUMbIe B TIPOIieccax OUMCTKHU U pa3/ie/ieHust pa3/IMuHbIX BOJHBIX cucteM [4; 2; 6; 14; 18-20].

Crpykrypa I[I3T copepXuT c/i0)KHO3(UPHbIe (YHKLIMOHAIbHbIE TPYMIbI, KOTOpble MOTYT
yuacTBOBaTb B peakLUsX XUMHYeCcKOl (yHKLMOHanW3aluuu. VIcrosab3oBaHHMe aMUHCO/ep KallixX
COe[IMHEeHUII B KaueCcTBe MOAWMGULMPYIOLIUX areHTOB TMpe/CTaB/lseT WHTepeC BC/IeACTBHE
BO3MO)XHOCTU BBe/IeHHUs B TIOJIMMEPHYI0 MaTpuLy a30Tco/iepKalliix (QyHKLMOHAIbHBIX FPYTIIL.

IMomatunenumun  (IIOM)  siBAsleTCS  TOIMMEPHBIM —~ aMHHOM, — COZIEPXKAIl[UM  OOJIbIIIoe
KOJIMYEeCTBO TEPBUYHBIX U BTOPUUHBLIX aMMHOrpynn. Hamuuue TakuxX (yHKIMOHAIbHBIX 1[EHTPOB
MOXXeT 0becreurBaTh B3aUMOZEHCTBYe MOAN(HUIIMPOBAHHOTO MaTepHasa C Pa3/IMuHBIMA NOHAMH 3a
CUéT 37IeKTPOCTaTUUeCKOTO B3aUMO/IeHCTBHS, MOHHOTO 0OMeHa M KoMmryiekcoobpa3oBaHust. [1oaTomy
Mopudukanus TIOT ¢ TIDM MoxeT paccMaTpuBaThbCsi KaK OAWH U3 CIOCOOOB TOTyYeHHs
(YHKIMOHAIBHOTO TOJIMMEPHOT0 MaTeprajia C HOHOOOMeHHbIMU CBoMcTBamu [1; 5; 7; 8; 11; 15—
17].

[TonyueHre MOHOOOMEHHBIX MAaTepHaJOB Ha OCHOBE TOJMMEPHBIX OTXOZOB MMEET TaKKe
9KOJIOTUYECKYI0 3HAaYMMOCTh, TIOCKOJIBKY II03BOJISIET OJHOBPEMEHHO DPaCIIMpPUTh ChIpheBYHO 0a3sy
[UIs TIDOM3BOACTBA COPOIIMOHHBIX MAaTepuasioB M CHU3WUTH KOJIMYECTBO TIOJMMEPHBIX OTXOZOB,
MOCTYNAKLUX B OKPYXKAKOLLYI0 Cpefy.

Panee ObutM OIyOJMKOBAaHBI WCC/IEJOBAHUS, TIOCBAIIEHHBIE TIOMyUeHWI0 HMOHOOOMEHHBIX
MaTepyasioB Ha OCHOBE pPa3/IMYHbIX MOJUMEPHBIX COeJVHEHUN U UX MPUMEHEHWI0 I OUHUCTKU
CTOYHBIX BOJ, M W3BJleUeHHUs MeTa/uinueCcKux MoHOB [3; 9; 10; 12; 13]. BmecTe ¢ TeM mosyueHue
(GYHKIIMOHAIBHOTO ~ MOHOOOMEHHOTO  Marepuana Ha ocHoBe [IDT ¢ wucmosnb30BaHHEM
TO/IMATU/IEHUMUHA TpeOyeT orpefiesieHus] ONTUMAaJIBbHBIX TeXHOJOTMYeCKUX MapaMeTpoB TpoLecca
Mo U(UKaLIUH.

ITesbI0 HacTosAIIelH PadOTHI SIB/ISIOCH UCC/IeI0BaHUE TIPOL[ECCa XUMUYeCKOW MoA(UKarmm
no/usTUIeHTepedTanaTa TMOJUSTUIEHUMUHOM U YCTaHOBJEHHME ONTUMAasbHbIX  3HaueHUH
TemriepaTyphbl, KOHLeHTpalud MOJU(ULIMPYIOLIEro areHTa M MPOJO/IKUTENbHOCTH peakLyy II0
BeJINYMHE CTaTUUeCKoi 0OMeHHOW éMKOCTH T10/Ty4aeMOro NOHHUTA.

Marepuasibl 1 MeTOABI MCC/IeJ0BaHUS

B kauecTBe MCXOJHOTO TIOJIMMEPHOTO MaTepuasa WCII0/b30Balu TMOMITUIeHTepedTaiar
(TpaHy/ST U3 BTOPUYHBIX OTXO/IOB), @ B KaueCTBe MOAUDULIUPYIOIero areHTa — TMOIU3TUIeHUMUH
(branched PEI).

[7nst obecrieyeHsi BEICOKOM TOUHOCTH M BOCITPOM3BOJUMOCTH 3KCIIePUMeHTA UCTI0Ih30BaICh
cnenyroiye ipubopsl U mabopaTtopHoe 060pyIOBaHUE:

* TepmocTar >XKUIKOCTHBIN J1abopaTopHbId (UPKYIsSUOoHHBIHA TepmocTar LOIP LB-80, knacc
TouHoctu 0,1 °C) — a1 nojAep>kaHus 3alaHHOM TeMIlepaTypbl peakLiIMOHHOW CMeCH.

* MarnutHasg Memwanka ¢ nogorpeBom (IKA C-MAG HS 7, TouHOCTH mNOAzep’KaHUs
temneparypel 5 °C, ckopoctb mnepememnmBanus 100-1500 o6/MHH) — [AJ1 MHTEHCUBHOTO
riepeMeLlInBaHus CyCIIeH3UHU.
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* MepHast mocyga (MepHble KoObl Kinacca TouHocTH A mo I'OCT 1770-74, nunetku
u OropeTkH 2-rO Kjaacca TOYHOCTH C JleIeHUsIMM) — JJisi 0TOOpa a/IMKBOT U TIPUTOTOBJIEHHS
pacTBOPOB peareHTOB.

» TurpoBasibHOe oOOpymoOBaHHe (AaBTOMATHUECKHUN THUTPATOP WM KOMIUIEKT [JIsi PYYHOTO
TUTPOBAHUSI C MUKPOOIOPETKON BMECTUMOCTBLIO 25 MJI, Kjacc TouHoctu 0,1) — i mpoBefieHus
KMC/IOTHO-OCHOBHOT'O TUTPOBAaHUS.

OcCHOBHBIM KpUTepueM 3(QQeKTUBHOCTU MPOBeEHHON MOAU(DUKALMK sSBJIsIaCh CTaTHUeCcKast
obmenHass émkocth (COE) mnonyuenHoro anuonuta. Omnpezsenenne COE  npoBogumu
B cootBercTBUU ¢ ['OCT 20255.1-89 «VoHuThl. MeTozibl OIpe/ie/ieHUs] CTaTUYeCKOH 0OMeHHOM
6MKOCTU».

[lnst oripesiesieHUsi cTaTUYeckol 0OMeHHOW €MKOCTH TOUHYIO HaBecKy MOHHWTa Maccou 1,0 r
(B3BeIIEHHYHD Ha aHa/UTMYeCKUX Becax ¢ norpemwHocTeio g0 0,0001 r) mnomeranu
B IJIOCKOJJOHHYI0 KOHHUUYECKYI0 K010y BMecTUMOCThIO 250 my1. K ob6pa3sity mobasnsiu 200 mi 0,1 H
pactBopa HCI. CycrieH3u1o Bbl/iep)KUBaIu B TeueHue 24 4 € epuoAruecKruM repeMelBaHreM.

[Tocne 3aBepieHHs TIpoliecca MOHUT OTAeMSUTM (UIBTpOBaHWEM uepe3 OyMakHbIN (DUIBTP
«benasi neHTta». M3 mosmyueHHOro ¢uibTpaTta OTOMpAIM TUIETKON anuKBOTY 00bEMOM 25 M
u tutpoBaau 0,1 H pactBopoM NaOH B MPUCYTCTBUM CMeILIAHHOTO MH/JUKaTopa A0 W3MeHeHHs
OKpackKH.

Crarnueckyto obmeHHyto éMkoCcTh (COE, Mr-skp/r) pacCuuThiBa/M 10  (opmysie
B cootBercTBUM € 'OCT 20255.1-89:

M - K1 = V2 - K3) - Voow

m- I/anm(

COE =

rae:

V, — obweMm 0,1 H pactBopa HCl, B34TOr0 /iJis1 B3aUMO/IEMCTBUSI C MIOHUTOM, MJT;

K, — nonpaBouHbiii K03 duLiveHT K HopMmanbHOcTH 0,1 H pactBopa HCJ;

V>, — obbem 0,1 H pactBopa NaOH, U3pacXo/J0BaHHOTO Ha TUTPOBaHHWe H30bITKA KHUC/IOTHI
B aJIMKBOTe, MJI;

K, — nonpaBouHbiii K03 duLiveHT K HopMmanbHOCTH 0,1 H pacTBopa NaOH;

Voo — 0011uii 06beM pusibTpaTa mocjie oTaeeH|ss HOHUTA, MJT;

Vamx — 00BbeM anmMKBOTHI GU/IBTPaTa, B3ATOU /i1 TATPOBAHUS, MJT;

m — Macca HaBeCKH BO3/yILIHO-CyXOrO MOHUTA, T.

WccnenoBanne BavsiHUSA —Temreparypel TpoBoawid mipu 50, 70, 80, 90 wu 100
°C. Ilpopo/mKuTeNbHOCTE MOAU(DUKALIMKA TIPU M3yUeHUM BIIMSIHUSI TeMIlepaTypbl cocTaBrsiia 12 u
(npu MonbHOM cooTHotteHuu [19T: TIOU = 1: 2).

[Ons onpefeneHusi BAUSHUS KOHLIEHTpaLMM TOAMSTWIEHWMHHA WCIIOIb30Ball PacTBOPbI
¢ koHueHTpauueit 20, 40, 60, 80 u 100 %. [Tpoao/mKUTETLHOCTD TIpoLiecca cocTaB/siaa 12 u.

BivsiHMe TpOAO/DKUTE/NbHOCTH MoAuduKaluu uccienoBaau 1ipu Temreparype 100 °C
1 KoHueHTpaluu [19U 80 %. [Tpomo/mKuTebHOCTE peakiiuy U3MeHsd oT 2 10 18 u.
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OcCHOBHBIM KpUTepueM 3(QPeKTUBHOCTU MPOBeAEHHON MOAMU(DUKALMK SBJIsIaCh CTaTHUeCKast
obmenHass émkocth (COE) mnonyuenHoro anuonuta. Omnpezsenenne COE  npoBoguiu
B cootBetcTBUU ¢ 'OCT 20255.1 — 89 «VoHUTbI. MeToabl omnpe/ie/ieHHst CTaTUUeCKOM 0OMeHHOM
6MKOCTW».

Jlnist onpeiesieHNst CTaTHUeCKOM 0OMeHHO éMKOCTH HaBeCKy MOHUTA Maccoi 1,0 r momMernanu
B TUVIOCKOJIOHHYIO KOJ10y BMecTuMOCThIO 250 mit. K o6pa3iny mobasnsiu 200 mn 0,1 H pacTBopa
HCI. CycnieH3uto Bbl/Iep>KUBa/v B TeueHHe 24 U C repuoAnueCKUM repeMelliBaHrieM.

(200-K, —200/25-a-K,)- 0,00365-1000 200-K, -8-a-K,
36.5-g - 10- g

COE =

rae, a- oobem 0,11 NaOH, n3pacxoj0BaHHOTO MPH TUTPOBAHHUH, M,

K,- nornpaeka Ha HopmasibHOCTH 0,11 HCI;

K,- norpaeka Ha HopmasibHOCTb 0,11 NaOH;

0,0036- tutp 0,11 HCI;

36,5- mosnekyssipHas macca HCI;

g- HaBeCKa aHWOHMTA, .

[Tocne 3aBepieHUs MpoLiecca UOHUT OTAE/SI GUIbTpoBaHKeM. V3 rosyueHHoOro punsTpaTa
oTOMpasu aauKBOTYy 00bEMOM 25 w1 w1 tutpoBanu 0,1 H pactBopom NaOH B mpucyTcTBUH
CMeLIaHHOI0 UH/AUKATOpa.

Crathueckyto OOMEHHYH EMKOCTh OIpeJiesisiii TI0 pe3ylbTaraM TUTPUMEeTPUYeCcKOro
aHanu3a. B rcxonHOM BapuaHTe cTaThM npuBeseHa Gopmyna pacuéta COE, ogHako cama opmysna
B TpPeJCTaBJIeHHOM MaTepuase OTCyTCTBYeT; [103TOMY /IJI OKOHUaTe/IbHOU »KypHa/lIbHOM Bepcuu eé
HeoOXOMMO BCTaBUTh B COOTBETCTBUH C MCIT0/Ib30BaHHOM MeToauKkoi u I'OCT 20255.1 — 89.

WccnenoBanne BavsiHUSA —TeMmreparypbl TipoBogwid  mipu 50, 70, 80, 90 wu 100
°C. IIpogomkuTenbHOCTb MOAUGUKALMY NIPY U3yUeHWH BIWSHUS TeMIlepaTyphl cocTassia 12 u.

[ns onpefeneHusi BAUSHUS KOHLIEHTpaLMM TOJMSTWIEHUMHHA WCIIO0/Ib30Ball PacTBOPbI
¢ koHueHTpauueit 20, 40, 60, 80 u 100 %. I[Tpomo/mKUTETLHOCTD TIpoLiecca cocTa/siia 12 4.

BivssHMe TpPOAO/DKUTE/NIbHOCTH MoauduKaluu uccienoBaau 1ipu Temreparype 100 °C
u kKoHueHTpauu [19U 80 %. [Tpomo/mKuTeTbHOCTh peakiuy U3MeHsd oT 2 10 18 u.

Pe3ynbTaThbl 4 HX 00CYy)KAeHHe

BymisiHue TeMmepaTypbl Ha CTaTHYECKYI0 00MeHHYI0 éMKOCTh

OfHUM Y3  OCHOBHBIX (DaKTOpOB, onpefenstolidX  3(G¢GeKTUBHOCTE  XUMHUECKOH
MoJM(UKALIMK TIOIMMEePHOTo MaTepuara, IBseTcsl TeMIiepaTypa IpoBe/ieHus] peakL|y.

B wuccnesgyemMoM — fAuamnasoHe  TeMiiepaTyp  yBeJIMueHWe — Temrieparypbl  [PUBOZAUIIO
K TIOBBIIIEHHWIO CTaTUYeCKOM OOMEHHOW EéMKOCTH TIO/NlyueHHOro WOHWTa. [lomyueHHbIe
3KCIIepUMeHTa/IbHbIe JAHHbBIE MTPe/CTaBIeHbl B Tabmmie 1.
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Ta6auya 1. BausstHue memnepamypbl HAO CMAMU4eCcKyl0 00MeHHyI0 EMKOCMb UOHUMA

TeMnepaTypa 9 50 70 80 90 100

COE 1,2 2,9 3,8 4,4 4,6

Kak BuziHO u3 Tabmuipl 1, npu noeeiieHnd Temrieparypbl oT 50 g0 100 °C BemmunHa COE
yBemuuBaetcs ¢ 1,2 no 4,6 mr-ske/r. Hanbonee cyiriecTBeHHBI POCT MOKa3aresisi Habmo#aeTcs
B nHTepsase 50-90 °C.

5,0

4,5 "
0 e

3.5
3,0
2,5
2,0

COE Mr-ske/n

1,5

1,0

50 60 70 80 90 100 T°C

PucyHok 1. BausiHue memnepaniypbl HA CIamu4ecKyio 00MeHHyl0 éMKoCcmb UOHUMA npu
modugpukayuu II3T noausmuseHUMUHOM

[Ipu temneparype 90 °C BenuumHa COE cocraBasier 4,4 mr-3kB/r, Toraa kKak npu 100 °C
nocturaetr 4,6 Mr-skB/r. TakuMm o0pa3oM, AanbHellliee TOBBIIIeHWe Temrepatypbl o 100 °C
MIPUBOJUT K OTHOCUTETbHO HeOOJTbILIOMY /IOTIO/IHUTE/TbHOMY YBeJTHUeHHI0 0OMeHHOM EMKOCTH.

[TonyueHHble pe3ysbTaThl TI03BOJIAIOT TMpUHATH Temneparypy 100 °C B kauectBe
ONTUMAabHOW Ui TOC/AefYyHIIMX  MCC/IefOBaHWM  BAWAHUA  KOHLeHTpauuu  [IOU
Y TIPOZIOJDKUTE/IbHOCTH Tpoliecca.

CrenyeT OTMETUTh, UYTO B HCXOJHOM Marepuasne /s PUCYHKa 1 yKa3aHO MOJbHOe
cootHouieHue I10T: [1OUN = 1: 2.

Biausinue KOHLI€HTPAIlUH ITO/IU3TH/ICHUMHHA

CrnefyroolmM 3TalioM MCC/IefOBAHUSL SB/ISZIOCh YCTAHOBJIEHUE 3aBUCHMOCTU CTaTH4YeCKOU
00MeHHO# EMKOCTH OT KOHLIEHTPALIMH O3 TH/IEeHHMIHA.

OKcriepuMeHThl nipoBoauiv npu Temreparype 100 °C B Tewenue 12 4. IlosmyuyeHHbIe
pe3y/bTaThl TIpe/ICTaB/eHkI B TabsuLe 2.

Ta6auya 2. Bausinue konyenmpayuu IIDU Ha cmamuueckylo 00MeHHyl0 éMKoCcmb UOHUMA

COE 1,4 2,2 3,1 4,6 4,3
C% 1151 20 40 60 80 100
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W3 nipejcTraB/ieHHBIX JAHHBIX C/IeAyeT, U4TO MPU yBenuuyeHud KoHueHTpauuu [IOU ot 20 go
80 % BeMMUWHA CTaTUYECKOM 0OMeHHOM éMKOCTH Bo3pacTaet ot 1,4 1o 4,6 Mr-3ks/T.

MakcumasibHOe 3HaueHre COE — 4,6 Mr-3kB/r — mnoJiyueHo 1ipy KoHueHTpayuu 1101 80 %.
[lpu panpHedeM yBemuueHWM KoHIleHTpaiuu g0 100 % HabmomaeTcss HEKOTOpOe CHUKeHUe
rokasaress 40 4,3 Mr-3KB/T.

Takum 006pa3omM, yBesinueHHe KOHIIEHTPALUH MTOJIUITU/IEHUMHUHA CITIOCOOCTBYET MOBBIIIIEHUIO
crenieHn (QyHKuMoHanu3aumu [19T fgo ompefenéHHoro 3HaueHusi. Ilpu koHiueHTpaiuu 80 %
JIOCTUTraeTCsl MakKCUMasibHasi BeJIMUMHA MCCAelyeMOro Tokasarens. /lasbHelllllee yBe/ldyeHUe
KOHI[EHTPAI[UX MOJUMUIIMPYIOIIEr0 areHTa He MPUBOAUT K JIOTIOTHUTEILHOMY POCTYy OOMEHHOM
6MKOCTU.

CnepoBaresibHO, KoHUeHTpauuo [1OU 80 % Mo)KHO NPUHATH B KaueCTBe ONTUMAa/IbHOW IS
HCC/IelyeMoro mnpotiecca.

5,0
4,5 S —,
4,0

COE Mr-3xe'r
N O W
(4] o (4]

®

N
=)

-
(4]

-h
o

20 40 60 80 100
C (TI51)

PucyHok 2. 3aeucumocmb cmamuyeckoil 00MeHHOU éMKOCMU UOHUMA 0Mm KOHYeHmpayuu
no/usMu/ieHUMUHA Npu NPoooxcumeabHocmu moouduxkayuu 12 y

Bausinue MpoAO/DKUTE/TBHOCTH MOAH(])PIK&I.(I/II/I

[ omnpezeneHus ONTUMAaJbHOW TNPOJAOJDKUTENBHOCTH TpoLiecca MCC/IefoBalu HM3MeHeHue
CTaTuuecKoil 00MeHHOM EMKOCTH BO BpeMeHHU.

OKcriepyuMeHThl npoBoawird Iipu Temmneparype 100 °C u koHyeHTpauuu IO 80 %.
[Ipomo/mKUTeTbHOCTh peakLiuM cocTasisia 2, 4, 6, 8, 10, 12 1 18 u.

Ta6auya 3. BausiHue npodoaxcumenabHocmu Mooudukayuu Ha CMamuyeckylo 00MeHHYI0

éMKoCmb
COE 0,8 1,3 2,8 3,7 4,4 4,6 4,6
t (uac) 2 4 6 8 10 12 18

[TosnyyeHHbIe pe3y/bTaThl MOKA3bIBalOT, UTO YBe/IMUeHHe MPOA0/DKUTE/TbHOCTA MOAUMUKaLIUU
COTIPOBOXK/IAeTCSI 3aKOHOMEPHBIM TIOBBIIIIEHWEeM CTaThueCKOW 0OMeHHOM éMKOCTH /10 12 u.
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Ha wnHauanbHoM »3tarie miporjecca COE  yBennuuBaeTCss OTHOCHTENBHO OBICTPO: TIpU
NIPOJOJ/DKUTEIBHOCTH 2 U eé 3HaueHue cocTtasiisgeT 0,8 Mr-3ks/I, a rpu 8 4 — yxe 3,7 Mr-sks/T. I1pu
YBeJIMUeHUU MIPOJOJDKUTENBHOCTH TpoLjecca A0 10 u BenmmunHa COE gocturaet 4,4 Mr-3ks/T.

MaxkcumainbHOe 3HaueHve 4,6 Mr-3kB/T' fjocTuraeTcs rnociae 12 4 nposefeHus peakuuu. 11pu
JlaJIbHerIlIeM yBeJIMYeHUM TMpoJo/DKUTenbHOCTH A0 18 u BemnumHa COE mpakThuyecku He
M3MEeHseTCsl U COXpaHsAeTCsl Ha ypoBHe 4,6 MI-3KB/T.

OTO CBUJIETe/IbCTBYeT O JOCTWKEHUU MPaKTUUeCKH YCTaHOBUBILIEIOCS COCTOSIHUSA IpoLiecca
[0 UCCeflyeMOMy IIOKasare/ito. [lOIoJIHUTe/IbHOe YBeJIu4YeHue IPOJO/DKUTeIbHOCTH peakLuu
cBbiie 12 g He oOecrieurBaeT MOBBIIIEHHS] CTAaTHUECKON 00MeHHOW éMKOCTH.

Takum 06pa3oM, IPOJO/HKUTELHOCTE 12 U SIB/ISIeTCS paljiOHaIbHBIM BpeMeHeM I1pOBe/|eHHsT
Moubuvkaimy [193T nonMsTUIeHUMUHOM.

5,0
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4,0 ///
=35
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PucyHok 3. 3aeucumocmb cmamuyecKkoli 06MeHHOU éMKocmu uoHuma om
npodo/micumenbHocmu moougukayuu npu 100 °C u konyenmpayuu II2HU 80 %

OnTumanbHbIe napaMeTpbl IO/IYy4€eHHUA UOHUTA

Ha ocHOBaHMM TIpOBeEHHBIX MCCAeOBaHUN YCTAHOBJIEHO B/IUSIHWUE TPEX OCHOBHBIX
TeXHOJIOTUYECKUX  MapaMeTpoB —  TeMIlepaTypbl, KOHLIEHTpalUWd  MOIUSTUIEHUMHUHA
Y TIPOZIO/DKUTETBHOCTA PeakLU — Ha CTaTUYecKyr OOMeHHYH E€MKOCTh MOAM(UIIIPOBAaHHOTO
[12T.

IIpu yBenuuenuun temrneparypsl oT 50 go 100 °C COE Bospactaet ot 1,2 10 4,6 Mr-3KB/T.
[Tobiienne koHLeHTpaumu [IOU ot 20 no 80 % compoBoxzaercs ysennuenrnem COE ot 1,4 mo
4,6 Mr-skB/r. [lanbHelilllee TOBbILIeHWe KOHLeHTpanuu A0 100 % TmpUBOOUT K CHUKEHHIO
rokKa3zatessi 10 4,3 Mr-3KB/T.

N3yueHne npofo/DKUATE/IbHOCTH TpoLiecca rokasano, yro COE Bospacraer go 12 4, nmocne
Yero mMpakTUUYeCKd He wu3MeHsieTcs. [lo3ToMy [asnbHellllee yBeJMUeHWEe BpPEMEHU peakluu
KOHOMHYECKH U TeXHOJOTWYeCKH Hellesiecoo0pasHO C TOUKH 3peHHsi TOBBIIeHHsT 0OMeHHOMU
6MKOCTU.
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COBOKYITHOCTb ~ 9KCIIEPUMEHTA/IbHBIX ~ [JaHHBIX  [I03BOJISIET  OMNpEeAeNUTh  CJIeAYHoLIue
ONTHMaJIbHBIE YC/IOBUS TIO/TyUeHHs] KCCIelyeMOro HOHOOOMEeHHOTO MaTepuaria:

* Temneparypa Mmogudukarmu — 100 °C;
* KoHLeHTpauus [1OU — 80 %;
* MPOJOJ/DKUATENIbHOCTS Tpouecca — 12 y;

* MaKCHMaJjbHas cTaTudeckast 0OMeHHass EMKOCTb — 4,6 MI-3KB/T.

3aKk/II0ueHue

B pesynbrate MpoBeAEHHBIX MCCAEJOBAaHMM M3yyeHa XMMUYecKas MoAU(UKaLs
nojausTUWIeHTepedTanata TMOMUSTWIEHUMUHOM C  Lefbl0  TOAy4YeHHUs  (PYHKLMOHAJIbHOTO
aHMOHOOOMEHHOTO MaTepHara.

YcraHOB/eHO, 4YTO Temrieparypa SB/sSeTCs CyLleCTBeHHbIM (DakTopoM, BMSIIOIIMM Ha
BeJINYMHY CTaTHUeCKOW oOMeHHOU émMKocTy. [1pu noBeiennu temriepatypsl ot 50 10 100 °C COE
yBeyinurBaeTcs ¢ 1,2 10 4,6 Mr-3ks/T.

ViccnenoBaHO BAMSIHWE KOHLEHTpaLMW IOJIMSTWIEHMMMHA. MakcumasnbHass craTtudeckast
obmeHHast EMKOCTb 4,6 Mr-3KB/T flocTHraeTcs rnpu KoHreHtpauyu [1OU 80 %. [Ipu panbHetiem
yBe/TnueHuH KoHieHTpaiuu 0 100 % Habmomaercst Hekotopoe cHwkeHre COE 110 4,3 Mr-3kB/T.

V3yuyeHrve KWHETHMKM IIpoLjecca IIOKasajao, YTO YBeJWYeHHe IIPOJOJDKUTEbHOCTH
Mopu¢uKanyy 0 12 4 MpUBOAUT K POCTY CTaTUueckKoil obMeHHOW éMkoctu. [Ipu manbHediem
YBEJIMUEHUM TIPOZO/DKUTENIBHOCTA 10 18 4 CyleCTBEHHOIO W3MeHeHHUsl TII0KasaTe/si He
Ha0/TFOIAeTCA.

Ha ocHOBaHMM TIO/ly4YeHHBIX pe3y/bTaTOB OIpefie/ieHbl  ONTHMasibHble  I1apamMeTpbl
Mogudukauuu [19T nomustunenumuHoM: Temmneparypa 100 °C, xonuentpauus [IOU 80 %
Y TIPOJOJDKUTE/ILHOCTE Tipoliecca 12 u. B yKa3aHHBIX YC/IOBHSIX CTaTHuecKass OOMeHHasi EMKOCTb
TIOJIyYeHHOr'0 Marepuasa cocrasiseT 4,6 Mr-3KB/T.

[TosyueHHble pe3ysbTaTbl IOATBEP)KAKOT BO3MOKHOCTH — HCIIO/Ib30BaHUSI  XMMHYECKU
MopudurmpoBanHoro 19T B KauecTBe OCHOBBI AJIsi TIO/My4YeHHS! TIOJIMMEPHBIX MOHOOOMEHHBIX
MarepuasioB M MOTYT TIPeACTaB/IsATh HMHTepeC /sl JAajdbHEWIINX HWCC/IeoBaHUA B 001acTH
COPOIMOHHOM OYMCTKH BOJHBIX CUCTEM.
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AHHOTanus

[lepcrieKTHBHBIM Harpas/eHWeM COBepLIeHCTBOBAHUS TEXHOJIOTUM TevaTaHUsl TeKCTUJIbHbBIX
MaTepHasioB U CHIDKEHHUSI Ce0eCTOMMOCTH BBIMTYCKAaeMOM MPOAYKIIMHU SIB/IIETCS TIOUCK a/lbTepPHATHB
JTOPOTOCTOSIIIIEMY WMITOPTHOMY 3aryCTUTE/I0 a/lbI'MHATy HaTpWs, TMPU COXpaHeHWH TpelOyembIx
PEoJIOTUYECKHUX U TeYaTHO-TEXHUUECKHUX CBOWCTB TeuaTHOM Kpacku. Ocoboe BHUMaHUe yemsieTcst
pa3paboTKe 3KOJIOTMUECKU 0e30TacHBIX 3aryCTUTeNeH /i TiedaTaHUus] TeKCTHU/IbHBIX MaTepUasioB
aKTUBHBIMU KpacCuTe/IsMA Ha OCHOBE BO/IOPACTBOPUMBIX 3(HMPOB 1ie/TH0/I03bl. B CBS3U € 3TUM
Hapsy C W3BECTHBIMU 3(HUpaMH I1e/UTIOI03bI 0COOYI0 aKTya/lbHOCTh TIPEZCTaB/seT UCC/IeoBaHUe
ruApokcunponwiMetwile/tonossl (I'TIMLI) B kauecTBe 3aryijaroljero KOMIIOHEHTA MeuaTHOU
KpacKu. A Takke Ompefie/ieHWe BUSHUS KOMIIOHEHTOB TeYaTHOW KpacKu Ha eé CrocOoOHOCTb
COXpaHATh BA3KOCTh. Llesibro uccienoBanuvs B/IIeTCS OLjeHKa BO3MOXKHOCTU npuMeHeHus ['TIMLI B
KauecTBe 3aryCTuTesis W pa3paboTKa COCTaBa TeUaTHOM KpacKW /i1 POTAI[MOHHOW TeuaTu
TeKCTWIbHBIX MaTepuasjioB Ha eé OCHOBe. B cTaTbe MpPUBOAATCS pe3yabTaTbl MCC/IEOBaHUK TI0
BbISIB/IEHUIO B/IMSIHUSI OCHOBHBIX KOMIIOHEHTOB IMeYaTHOM KPACKW Ha BSI3KOCTb BOJHBIX CYCIT€H3UM
anbruHara Hatpusi u ['TIMII. Pa3paboraH cocTaB TeuaTHOW Kpackwl ¢ cofepkanuem I'TIMII B
koHileHTparu 1,5 %. [lns meuaranus wucrnonb3oBaHa 100 % xjonmuaToOymMakHasi TKaHb,
npegcrasnenHas npegnpuatueM OO0 «TASHTIB TEX» TI'OCT 21790-2005. Ileuaranue
MIPOBO/IMJIOCH OFIHOCTA/IUHHBIM CrIoCcOO00M akTHBHBIM KpacutenemM BEZEMA ROT S-3B150 RED
ACTIVE (X) (Ieetiuapusi), ¢ mocieayroieli ¢ukcaiyeli B 3arapHoM 3penbHuke GD Mathis
(IIBeiiapus 2011). [TpoBemeH CpaBHUTE/bHbIM aHainW3 YCTOMUMBOCTU OKPAaCKM HareuaTaHHBIX
00pa3iioB K pa3/MYHbIM BO3ZIEHCTBUSM. YCTAaHOBJIEHO, UTO 00pas3iibl Ha OCHOBe 3(upa 1[e/I/TF0/I03bI
00ecreurBalOT BBICOKYIO YCTOHUMBOCTH OKpacKud -5 0a/uioB MO TSATHOA/UTbHOM IIIKajie, UTO
COTIOCTaBUMO C TIOKa3aTelssMM 00pa3lloB Ha OCHOBE TPAJUIMOHHO WCIIO/Ib3yeMOTO B
MPOU3BO/ICTBEHHBIX  YCJOBUSIX TEKCTU/JbHOW OTpaciu  ajdbl'MHATHOTO 3aryctutens. Ilpu
ucrionb3oBaHuu 1,5 % konyentpanuu I'TIMII monyueHs! corocraBuUMble pe3y/bTaTbl YeTKOCTU
KOHTYPOB HAOWBHBIX PHCYHKOB C TIOKa3aTe/siMd 00pa3l[oB HaredyaTaHHbIX Ha OCHOBe 8 %
3aryliarollero pacTeopa ajrruHara Hatpus (98 %), Mpy¥ 3TOM MHTEHCUBHOCTb OKPaCKU COCTaBW/IA
27,3. IlonyueHHble pe3ysbTaThl IOATBEPXKAAIOT BO3MOXHOCTh npumeHeHuss ['TIMII B kauecTBe
3aryCTHUTe/Is JJis TieuaTaHus XJI0ImIaTo0yMa)XkKHbIX TKaHeH.

Abstract

A promising approach to improving textile-printing technology and reducing production costs
is the search for alternatives to the costly imported thickener sodium alginate while maintaining the
required rheological and printing performance properties of the printing paste. With particular
emphasis on the development of environmentally sustainable thickeners for the printing of textile
materials with reactive dyes based on water-soluble cellulose ethers. In this context, alongside
established cellulose ethers, hydroxypropyl methylcellulose (HPMC) is of particular interest as a
thickening component for printing pastes. Equally important is the assessment of the effect of
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printing paste components on its ability to maintain stable viscosity. The aim of this study was to
evaluate the feasibility of using HPMC as a thickener and to develop an HPMC-based printing paste
formulation for the rotary printing of textile materials.

The study presents the results of investigations into the effects of the principal printing paste
components on the viscosity of aqueous sodium alginate and HPMC solutions. A printing paste
formulation containing 1.5 % HPMC was developed. A 100 % cotton fabric supplied by TASHTIB
TEX LLC, conforming to GOST 21790-2005, was used as the textile substrate. Printing was carried
out using a one-stage process with the reactive dye BEZEMA ROT S-3B150 RED ACTIVE (X)
(Switzerland), followed by fixation in a GD Mathis steaming and fixation unit (Switzerland, 2011).
A comparative assessment of the color fastness of the printed samples to various types of exposure
was performed. The cellulose-ether-based samples demonstrated high color fastness, reaching 5
points on a five-point scale, which was comparable to that of samples prepared using the sodium
alginate thickener traditionally employed in industrial textile printing.

At an HPMC concentration of 1.5 %, the printed samples exhibited contour definition
comparable to that obtained using an 8 % sodium alginate thickener solution (98 %), while the color
strength reached 27.3. The obtained results confirm the feasibility of using HPMC as a thickener for
the printing of cotton fabrics.

KiioueBble csioBa: rujpokcunponunmerwilenntono3a (ITIML), anbruHatr HaTpus,
aKTHBHBIN KpacuTe/lb, Xj0muaTo0yma)kHasi TKaHb, POTAljOHHAs TeyaThb, PeojiornyeckKrie CBOMCTBA,
CTOMKOCTD LIBETA.

Keywords: hydroxypropylmethylcellulose (HPMC), sodium alginate, reactive dye, cotton
fabric, rotary printing, rheological properties, color strength.

BBepenue

TpagvLoHHas rpsiMast feyaTh TeKCTUIbHBIX MaTepyasioB ¢ (MKCaljueil akTUBHOTO KpacuTe/Isi
B 3allapHOM 3peJibHHKe B aTMOC(epe reperpeToro rnapa oCyleCTB/IsIeTCs C IpUMeHeHUeM TeuaTHOM
KpPacKM Ha OCHOBe 3aryCTuTessi. AKTUBHBIM KpacuTe/b, IIeJ0YHOW areHT W JApyrue
BCIIOMOrare/ibHble XUMUYeCKUe KOMITIOHEeHThI BBOAATCS HAMPSAMYHO B BA3KYIO MaTpPHULy 3aryCTUTeJIS.
Tak Kak Bce KOMITOHEHTBHI 00/1aZlal0T BBICOKOM XUMHUECKOW aKTUBHOCTBIO, 3aryCTUTENb [JOJDKeH
OBbITb MHEPTEH K HUM, U 00€eCIieurBaTh BA3KOCTh MPU MPUTTOB/IEHWH U XPAHEHWUHM FOTOBOM IeUaTHON
KDPaCKH.

Hapsiy ¢ pa3BUTHEM XWMHYECKOW IPOMBIIJIEHHOCTH BCe O00J/ibllle BHUMAHHUE YAessieTcs
TOBBIIIEHUIO 3KOJIOTUUHOCTH TeKCTU/IbHBIX OTZE/JIOUHbIX MPOLIECCOB U CHWXXEHUI0 OTpULIaTe/TbHOMN
Harpy3ku Ha CTOYHbIe BOJbI. B CBA3M C 5TUM BeylL[MMU YUeHbIMU MHpPa MPOBOASTCS UCCIeI0BaHUS
1o pa3paboTKe TMeuyaTHLIX COCTAaBOB HAa OCHOBE 3KOJIOTUYHBIX TMPOW3BOJHBIX I[€JITFOMO3bI Kak
BOZIOPaCTBOpUMBIe MPOCThie 3Qupbl. B pszfe uccieqoBaHui TMOCBALEHHBIX MOWUCKY a/lbTePHATHB
anbrMHaTHOMY 3aryctutento [13-15] mpeacTaBneHbl COCTaBbl Ha OCHOBE METHJILE/UIIONO3bI [4],
KapOOKCUMeTH/ILE/TIONO3bl [7] a Takke TMIPOKCHUATHILIE/UT0M03bl. OJHAKO pa3paboTaHHbIE
COCTaBbl TIOJIHOCTBIO HE 3aMeHSIIOT aJibI’MHaTHbIA 3aryCTUTe b, a TMO3BOJISIIOT TPEUMYIleCTBEHHO
CHU3UTh KOHL|EHTpAL[MI0 ajbrMHaTa HaTpUs B COCTaBe IeYaTHOM KpacKWh [AOCTUrasi MpU 3TOM
60/bIITYI0 5KOHOMHUYHOCTD TIpOLiecca.
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TpaguLIMOHHO WCMOMb3yeMbId 3aryCTUTe/lb — aJblMHAT HAaTpusl SIB/SIETCS MNPUPOJHBIM
TMO/IMCaXapU/IOM, KOTOPBIN TIO/yuaroT M3 OypbIX BOJOPOC/eH, u [y cTpaH LleHTpasibHOW A3uu
SIBJIIETCSI, [JOPOTOCTOSIIIIAM HWMIIOPTHBIM ChipbeM [1]. [l pellleHWss [JaHHOH TIpOGIEMBI
WCCJIeJOBaHa BO3MOKHOCTh TPUMEHEeHHs TaKUX ajbTePHATUB aJlbI’MHATy HAaTPUsl KaK KCaHTaHOBast
Kameab, MofuduIMpOBaHHasi raypoBass Kameab [6] u kpaxman [5, 10]. OrpaHuueHue wux
MIPUMEHEeHUsI 3aK/TI0UaeTcss B UX PEOJIOTUYECKMX CITIOCOOHOCTSIX, CHWDKEHHUM BSI3KOCTU BOJHBIX
CyCITeH3Ul IIPU MeXaHW4YeCKOM BO3ZIeICTBUU B TeXHOJIOTMYECKOM IpoLjecce revyaTaHust

Takxe rcciieoBaHa BO3MOXXHOCTb NPUMEHEHUS] TaKUX a/lbTePHATUB a/lbI’MHATy HaTpus Kak
TU/IPOKCUSTUIILIE/UTIONO3bl M TH/IPOKCUIIPONU/ILIe/UTION03bl [8] B KauecTBe 3arycTturtens AJist
POTAL[MOHHOM IeuaTy 00eCIieunBarole CHIKeHHe SKOJIOTHUeCKOM Harpy3Kuy TMpoliecca revaTaHusl.
BwmecTe ¢ TeM UX HeJOCTaTKOM $IB/ISIETCS BO3MOXXHOCTb TIOJIyU€HUs] UHTEHCUBHBIX OKPACOK TOJIBKO
1py TepMO(UKCALIMOHHOM cIiocobe 3aKperyieHrsi aKkTHBHOTO KpacHTe/Isi Ha BOJIOKHE.

Cpeau BOAOPAaCTBOPUMBIX TPOW3BOJHX 1Ie/UTIONIO3bI  0COOOe 3HaueHWe TIpe/CTaBIsIeT
ruAipokcunponuwiMetuilestonosa (I'TIMLL) seastoiascs noamMcaxapyioM HEMOHHOTO XapakTepa,
criocobHasi 00pa30BbIBaTh BBICOKOBSI3KHME PACTBOPBI MPHU OTHOCHUTETBHO HU3KUX KOHI[EHTpAIIUSIX
[11], koTopast ucciienoBaHa B psifie pabot [18-22] HarpaB/ieHHBIX Ha TIpUMeHeHHe eé B KauecCTBe
3arycturens [js CTpyWHoOM neuatd. HecMoTpst Ha BeICOKO3KoornuHble cBoiictea ['TIMII, Bonpoc
TPUMEeHEeHHUs e€ B COCTaBe IMeyaTHbIX KPacoK /ISl POTAl[MOHHOW MeuaTu aKTHBHBIMU KPACUTENISIMU
ocTaeTcsi MasiousyueHHbIM [16,17]. Kpome Toro, B nuTepatype HeJOCTaTOYHO OCBell[eH BOMPOC
BJ/IMSIHAS KOMITOHEHTOB I1eYaTHOM KpPacKM Ha [WHAMUUeCKYH BSI3KOCTb 3aryCTHTe/s1 Ha OCHOBE
['TIML.

B cBA3M C 5TUM Lie/Ibl0 HACTOALEr0 HCC/IeflOBaHUS SBJIAeTCS U3y4yeHHe BO3MOXKHOCTHU
TIpUMeHeHUs] TH/IPOKCUTIPOIIM/IMETU/ILIe/UTIONI03b] B KaYeCTBe 3aryljarolero KOMIIOHeHTa [1e4aTHOU
KpPacKu [ijIs TIeUaTaHUsl XJIOMYAaTOOYMa)KHBIX MaTepPHa/IOB AaKTUBHBIMH KPACHUTENISIMH, a TaKXkKe
yCTaHOBJIEHUE B/IUSIHUSI OCHOBHBIX KOMITOHEHTOB MeuaTHOW KPAacKHW Ha JUHAMUUYEeCKYH0 BSI3KOCTb
3aryctuTess Ha ocHose ['TIMII.

Marepuasibl 1 MeTOABI

OOBeKTOM HCCIeOBaHUS JaHHOM paboThl BbicTymaeT: 100% xmoruarobyma)kHasi TKaHb
C MOBEPXHOCTHOM MIOTHOCTRIO 132,3 r/M> TOCT 21790-2005, npefocTaB/ieHHas MperpUsaTHeM
00O «TASHTIB TEX», . TamkenTt, Peciybsiika Y30eKuCTaH; TH/IPOKCHTIPOITAIMETUILE/IUTION03a
('TIMII) — mpocToii BOJpacTBOPUMbIM HEWOHOTeHHBIM 3(Up 1e/TH0/103bl, XapaKTepU3yOLUNCs
BbIpa)KeHHOW TUApO(UILHOCTBIO M BA3KOCTBIO pacTBOpa, rnpefocTaBieH mnpearnpusituem CIT OO0
«Chemistry  International» 1. HaBomw-5, Pecnybmuka  Y30ekucrtad, Mapku-100 (Ts
31285522-001-2024) Bsizkocth 1% pactBopa go 21100 wmlIla*c mpu Ttemmeparype 21-25°C,
¢ DS~1,54 (crenenp 3amellleHHss MeTOKCWIbHBIX rpyrm) u MS=0,33 (cTeneHb 3amelljeHus
TMJPOKCUTIPOTTWIBHBIX  TPYI); OHUQYHKUMOHANbHBIA aKTUBHBIA Kpacutenb BEZEMA ROT
S-3B150 RED ACTIVE (X), umnoptrpoBanHbiii OOO “Green Cube” LTD u3 Iseiiuapuu. Jpyrue
BCTIOMOTaTe/IbHbIe XUMHUECKHe peareHThl Takve KakK JIyAWros, MoueBMHa, OMKapOOHAT HaTpus
npenocraBieHsl OO0 “Kemiteks kimya” u wucrosb30BaHbI B TOM BH/Ie, B KOTOPOM ObUIH
niproOpeTeHsl, 6e3 KakOU-1M00 [JOTIOTHATETBHOM OUMCTKY UK 00paboTKH.
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[TpuroroByieHue 3arycTuTe/I Ha OCHOBe ajblMHAaTa HATpUsl: B TeIUIyO BOLY IpU
TOMELLIMBAaHMM 3aChIlalOT anbruHar Harpus. Ilocse pasmemyBaHMsS MacCy HarpeBaroT [0
temrieparypbl 80 — 85°C, BapsaT B TeueHue 1 — 3 4 /10 IOJIyYEHHs] OJHOPOJHON MAacChl. 3aryCTKy
OXJIXK/IAt0T U TPOLeXXUBAtoT [2].

[TpuroroBnenue 3aryctutenss Ha ocHoe [TIML: B Teruiyro BOAy TIpHM TOMeELIWBAHWU
3aceimator ['TIMLI. 3arycTky mpojo/pKaroT rnepeMelnvBaTh B TeueHuu 10 — 20 c¢. A0 mosydyeHust
O/THOPOZHOM MacChl.

[TpuroroBsieHue MeyaTHOW KpacKd Ha OCHOBe ajibTMHAaTa HaTpUs: MOPOLLOK KpacUTess Mpu
repeMellBaHUM MeXaHWYeCKOW MellasKoW BChIMAKT B 3aryCTKY, COZepKall[yl0 BCe KOMIIOHEHThI
reyaTHON KpacKy (MaTouHyto 3aryctky) [9]. B cocraB medaTHOlN KpacKy BXOJST, T/KT: aKTUBHBIN
Kpacutenb -40; MoueBuHa -150; nyauron -10; 6ukapboHar Hatpusi -15; Boga 50 — 70°C -285;
3arycruresis -500.

[TpuroroBneHue rneuaTHoi kpacky Ha ocHoBe I'TIMII [3], mpoBOAWTCST aHAIOTUUHO abrMHATY
HaTpys 110 MeTOAY MaTO4YHOM 3aryCTKH, COCTaB IeyaTHOM KpacKy BKJIIOUaeT, I/Kr: -40; MouyeBUHa
-100; 6ukapboHar Hatpus -15; Boga 50 — 70°C -285; 3aryctutens -550

[TeuaTaHue TKaHA OJHOCTAZUUHBIM CII0COOOM TpH TepMO(UKCal[UM aKTUBHOTO KpacuTtes: 1.
Hanecenve Ha TKaHb mneyatHoro cocrtaBa; 2. Cymka TKaHM B TeUyaTHOM CylIWike; 3.
TepModuKcalysi aKkTUBHOTO KpacuTessi Ha TKaHU Tpu Temreparype 170°C B Teuenuu 4 muH; 4.
[IpoMbIBKa HarleyaTaHHOW TKaHU

OrnipesiesieHre KaXKyILencsl JMHAMUYeCKOW BA3KOCTH 3aryCTOK, OCYILeCTB/IEHO POTalMOHHBIM
Brcko3uMeTpoM BDV-8S Bpykdunga (Kurait) 2008, npu NoCTOSIHHBIX NapaMeTpax: TeMIiiepaTrypa
25 — 26°C, mmunzaens — Ned, ckopocTs BpaiijeHust 30 06/MUH.

OrnipefiesieHe YCTOMUYMBOCTM OKpPacoOK K JeilcTBUI0O pactBopa Mbuia no I'OCTy ISO
105-C10-2014.

OripefiesieHre yCTOMUMBOCTH OKpacku K Aeictuto rota mo 'OCTy ISO 105-E04-2023.

OrnpefeneHre yCTOWYMBOCTU OKPAacOK K CyxoMy W Mokpomy uctupanuto no 'OCTy ISO
105-X12-2023.

OrnpefeneHre 4YeTKOCTM KOHTypa HameuaTaHHOrO pDUCYHKa. [l ompeziesieHUs YeTKOCTH
KOHTypa AJIs TledaTaHusi HeoOXOAUMO TPUMEHSTh I1ab/0HbI C TIPAaBWIBHBIMUA T'eOMeTpHUYeCKUMHU
¢urypamu (TpeyronbHUK, KBajpar, IpSIMOYrOJbHUK). [lajee NpPOM3BOAWTCS MaTemaThyecKdAn
pacuet no ¢opmyse:

So

S1
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S,
YUk = S—(l) * 100%

rae: So- MUIOLA/lb HareuaTaHHOTO PUCYHKa mocre ¢UKcalyd U Moc/eytoliell MpOMbIBKHY;
S| - IJI0IIab PUCYHKaA Ha 11abioHe

B pabore wucronb30BaH 11a0/IOH C KBaZipaTHOM paboueil 006/7acThi0 pa3MepoM 5X5 CM.
W3mepeHys NpOBOAW/IN B 5 TIOBTOPHOCTSIX.

OnpezieneHre WHTEHCUBHOCTH OKpacku K/S 00pa3ijoB TMpOBOAW/IOCH C TOMOIIBIO
KOMIbIOTepHOH cuctembl s noabopku 1iBetoB HYPER CHOSHOKU-SENKA TX Ha ocHOBe
cnekrpodoTtomerpa X-rite CIA-26 (CIHA) B cootBerctBun ['OCT ISO 105-A06-99 c uensto
ornpezenenusi GpyHkimu (K/S) — MHTEeHCUBHOCTH 1]BeTa, TIPOMU3BOAWIN PAcyeT 1o Gpopmyie:

_(1-R?* (1-Ro»
2R 2R,

kls

rge: R- koadduuyent anuddysHoro orpakeHust odpasia
HareuaranHble 00pasijpl, OCae TepMOQUKCAMK U TIOCTIeAYIOL[e TIPOMBIBKY, U3MepPeHbI Ha
nprbope B MATH PAa3/MYHBIX TOUKAX B ISTH MTOBTOPHOCTSIX.

Pe3y.]'[]:-TaTLl H 06CY)KI[EHI/IE

3arycTureny TpU PAacTBOpEHUM WM HabyxaHWU B BOZe [AlOT Bsi3KMe MacChl — 3aryCTKU.
B KkauecTBe 3aryctutens [jis DOTALMOHHOM TeuaTd TeKCTW/IbHBIX MaTepuasioB, TPaJULIMOHHO
MIPUMEHSIFOT a/Ibl’MHAT HaTpus B Bufe 8 % pacTBopa — 3aryCTKH, KOTODBIM SIB/ISIETCSI UMIIOPTHBIM
BeIlleCTBOM /Jjisi cTpaH LleHTpanbHON A3uu.

3arycTka — IJIaBHBIM 110 KOJIMUeCTBEHHOMY OTHOILIEHWIO KOMIIOHEHT T[1eUaTHOM KpacCKH,
KOTOPBIi OTBeuaeT 3a KOHCHCTEHTHOCThb TIeUaTHOM Kpacku, obecrieunBarolleii rosnyueHue
OTYeT/IMBbIX KOHTYpDOB DHUCYHKAa Ha TKaHM M OTCYTCTBHe pacTeKaeMOCTH TIpY IedyaTaHWu.
Peonoruueckasi CriocOOHOCTh 3aryCTKU OTpeJieNisieTCsl MOJIEeKY/SIPHBIM CTPOeHHeM TI0MMepPHBIX
Leneil 3arycturens. Kak TpaBUIO B COCTaB TeyaTHOW KpacKHd BXOAAT XUMHUUECKHA AaKTHBHBIE
BCIIOMOrare/ibHble KOMITOHEeHThI KaK JIyAUroJl M MOueBMHa, oOecrieuMBarolljie yCTOMUMBOCTH
Y WHTEHCUBHOCTb TIeYaTHOTO DUCYHKa. VIMeHHO CTabW/IbHOCTH TIOKa3aTesis BS3KOCTU 3aryCTKU
K KOMITOHEeHTaM TleyaTHOW KpacCKu SIB/SIeTCs OJHUM U3 OTpefesisitolinx ¢akTopoB (GOpMHUPOBAHUS
TpeOyeMbIX TeXHOJIOTMUeCKUX XapaKTepPUCTHK TeyaTHOW Kpackd, U BO3MOKHOCTb TIPUMeHeHHs
JAHHOTO 3aryctuTesisi. B cBs3U € 3THUM, UCCIe0BaHO BMsHKE KOMIIOHEHTOB I1eUaTHOM KpacKy Ha
BSI3KOCTb 3arycTKy Ha ocHoBe ['TIMLI u anbruHara HaTpus C 1ieJibl0 YCTaHOBJIEHHsI 0COOeHHOCTH UX
peosIoTUYecKoro TOBefleHusl.  JKCIlepUMeHTabHble  pe3y/bTaThl 10 W3yUeHWI0  B/MSHUS
KOHL[eHTpAl[Ul KOMIIOHEHTa TeuaTHOM KpacKu — MOYeBMHbI Ha [JUHAMUUYECKYH BSI3KOCThb
CpaBHMBaeMbIX 3ar'yCTOK WITFOCTPUPOBAHbI Ha puc. 1
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PucyHok 1. BausaHue KOHYyeHmpayuu Mo4eguHbl HA 853KOCMb 3a2yCmKuU
Ha4yeHu Hbl KAK Hee + H H HeHU +SD), n=
*3naueHusn npeocmasne aKk cpedHee + cmaHoapmHoe omk/aoHeHue (mean +SD), n=5

MoueBrHa — crocoOCTByeT COXpaHEHHIO BJlard M YBI&XHEHHIO HaleuyaTaHHBIX Y4YaCTKOB
TKaHU obecrieunBasi 6osee rmybokyro quddysuro akTMBHOrO Kpacurens. [losatomy 1jenecoobpasHo
oTipefie/ieHHe  ONTHMMAaJbHOM KOHLIEHTPAaL[UM MOYeBHHBI, obecrmeunBaromyro 3¢ ¢eKTHBHOe
BBITTOJIHEHUE TEeXHOJIOTMYeCKOW (PYHKLMM MPU MaJoOM U3MEHEeHUM PeoJIOTMUeCKHUX XapaKTepUCTHK
3aryCcTkd. Kak BUIHO M3 pUCYHKa, NpY BBEJEHWU KOHLIeHTpaluu MoueBHHBI A0 75 — 100 r/kr
CYILIeCTBEHHOTO M3MeHEeHMsl BSI3KOCTU 3arycTku Ha ocHoBe I'TIML] He HabmopaeTcs. Pe3ymnbrarsl
CBUJIETENIbCTBYIOT O /IOCTaTOUYHO BBICOKOW YCTOMUYMBOCTA €€ CTabWIBHOTO —CTPYKTYPHO-
TU/IPAaTallMOHHOTO COCTOSTHUSI, KOTOPast MOXKeT ObITh 00yC/I0B/IeHa HeMOHOTeHHOU Tiprpozou ['TIMIL]
Y pa3BUTOM CTPYKTYpPOW BOJOPOJHBIX CBs3eld MeXAy T'MAPOKCUIbHBIMMU TPyNaMd MaKpOMOJIeKyl
1 MosieKyn Bogpl [11]. TIpu yBeMueHUM KOHLieHTpaLiiy MoueBHHbI 10 150 I/Kr BS3KOCTh 3aryCTKU
Ha ocHoBe ['TIMII cHwkaeTcs go mopsizka 19000 mIla*c, HO /st asbrvHaTa HaTpus HabmomaeTcst
BBID&KEHHOE TOBBILLIEHUE BSI3KOCTU C BBeJEHHeM [JaHHOIO KOMIIOHEeHTa, YTO BepOsiTHee CBS3aHO
C Ha/MUMeM B €r0 MaKpOMOJIEKY/ISPHOM 1enu KapOokcumatHeix rpynn —COO™ onpefesnsiromux
aHnoHHoe moBefieHHe. C yueToM (YHKLMM MOUEBMHBI B COCTaBe I1eYaTHOM Kpacku Ha OCHOBe
I'TIMII konueHtparuss 100 r/Kr MOXeT pacCMaTpUBAaTbCsl KaK HeoOXogumasi TpU COXpaHeHWur
TpeOyeMbIX BSI3KOCTHBIX XapaKTepPUCTHK.

Jlpyroii KOMITOHEHT T[1eUaTHOW Kpacku — JIYJUIOl SIB/SIeTCS CAabbIM  OKHUCUATENEM,
WCMO/b3yeTCss B COCTaBe IeYaTHOM KpacKW Jijisl TpefloTBpallleHusl BOCCTAHOBUTEIBHOIO Mpoliecca
aKTWBHOW KpacKu U TIO/MyueHHs1 Oojiee MHTEHCHBHBIX OTTEHKOB I€YaTHOTO PUCYHKAa. YeTKOCThb
KOHTYPOB TIeYaTHOTO pHCYHKAa B 3HAUUTE/JbHOW CTereHW 00ecreurBaeTCs peoIorudeCcKuMH
XapaKTepUCTHKaMU 3aryCTKH, TI03TOMY IPOBe/IeHO MCC/ie/oOBaHNe BAMSHUS €/1a00 OKUCIUTETBHOTO
arpecCHBHOIO KOMIIOHEHTa IeYaTHOM KpacKu JIyAurosa Ha JMUHaMUYeCKyH BSI3KOCTb 3aryCTOK.
OKCIlepUMeHTa/IbHble POTALMOHHO-BU3KO3UMeTpUYeCKre WCC/Iel0BaHUs 10 W3YYeHUIO B/IUSHUS
KOHL|eHTpaL|X JIyJUro/ia Ha BSI3KOCTb CpaBHMBAEeMbIX 3aryCTUTeslel Npe/iCTaB/IeHbl Ha puC. 2
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PucyHok 2. BausiHue KoHYyeHmpayuu /1yo0u20/1a HA 8513KOCMb 3a2yCmKu
*3HaueHus npedcmaes/neHbl KAk CpeoHee + CmaHOapmHoe omk/aoHeHue (mean +£SD), n=5

Kak BugHO U3 pucyHka, He cMoTps Ha TO yTo ['TIML] MO0 OTHOLLEeHWIO K aJbIMHATy HaTpus
sB/isieTCsl Oojiee WHEPTHBIM TIOJIMMEpPOM, HauOoJjiblllee 3KCTpeMa/lbHOe U3MeHeHHe 3HaueHUs
JTUHAMUYECKOM BSI3KOCTH OIpeZie/IieTCss B MaTpHIle 3aryCTKu Ha eé ocHoBe. Habmromaetcs
BbIpa)KeHHasl JMHAMHKa TOHWKeHus: Bszkoctu I'TIMI] mo mepe mpeob/ajaHus KOHI|EHTpALUH
ayourona B eé wMarpule. Pe3ynbrarbl BHUCKO3UMETPHUUECKOIO aHajiv3a JeMOHCTPUPYIOT
COMIOCTaBHUMYIO BSI3KOCTb 8 % 3aryCTKy Ha OCHOBe ajibrMHaTta Hatpus ¢ 1,5 % 3arycTkoi Ha OCHOBe
['TIMLI, urto o6BsicHsieTcsi OoJiee yraKOBaHHBIM OJIM3KHMM PpacIiosioykeHheM MaKpOMOJIeKY/ISPHOM
CTPYKTYpbl 3¢upa 1Lesitono3bl. [Ipd BBefeHUM Jyaurosia B KOHLeHTpaluu 10 T/Kr BSI3KOCTb
anbrMHaTa HaTpUsi He3HAUMTe/JIbHO HO BoO3pacTaeT, ofHako s Bsskoctu [TIML] maHHBIM
KOMITOHEHT OKa3bIBaeT 00paTHOe BIMSHHE COMPOBOXK/Arollleecsi TIOHMKeHUeM TpakThUuecku B 1,5
pa3a. HabmofaemMoe cHIKeHHe BSI3KOCTH MOXKET ObITh CBSI3aHO C M3MeHEeHHeM MeXKMOJIEKY/ISIPHbIX
B3aMMOJIEMCTBUH  W/WIM  YaCTUUHOW  JlecTaOWiu3aliell  MaKpOMOJIEKY/ISIDHOW  CTPYKTYPbI
HPMCJ[12], mexaHu3M TpeOyeT AOMOJHUTETLHOTO UCC/IeI0BAHUS.

OCHOBBIBasICb Ha TMOJIyYEHHBbIX SKCIIEPUMEHTA/IbHBIX MCCIeAJ0BAHUAX T10  BJIMUSTHUAIO
KOMITOHEHTOB ~ TleyaTHOW KpacKM Ha BSI3KOCTb 3aryCTKM, pa3paboTaH  pal[MOHa/bHBINA
pecypcocbeperatomuii coctaB Ha oOcHoBe [TIMI] mnpu TMOJHOM HWCKIFOUEHWH JIyAWTroJia
Y MCII0/Ib30BaHUK MOUYEBHHBI B TIOHW)KEHHOW KOHIIEHTpALMK TPU TePMOGHUKCAIIMOHHOM CIlocobe
POTALIMOHHOM TeuaTH TeKCTU/IbHBIX MaTepyuasioB aKTHBHBIMU KpPAaCUTeJISIMU. DKCIiepUMeHTabHOe
ncciefioBaHre GU3UKO-TEXHUUECKHUX CBOMCTB HareyaTaHHbIX 00pas3iioB 3aHeCeHbl B Tab1. 1.

Ta6auya 1. duszuko-mexHuyecKue ceolicmed HaneuamaHHbIX MKaHetl

Oo0pa3ery Ha YcroitunBocTh YcroituuBocTh YcToiuHuBOCTB K Tpe- YeTKOCTH K/S
OCHOBe K MBLTY, 0a/11 K MOTY, 0/ HMIO (MOKPBIiT/CyXx0il), | KOHTYpOB, %
fann
Anbrunara 5/5/5 5/5/5 5/4,5 5/5 98 26
Harpust
Sdupa uesnmo- 5/5/5 5/5/5 5/54,5/5 98 27.3
JI03BI
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*[IpumeuaHue: nokazamenu ycmoliuueocmu oKpacku npedcmaeneHbl 8 6aaiax no cepotl wkane:
nepeoe 3HaueHue Xxapakmepu3syem u3MeHeHue OKpacKu ucnbinyemozo obpasya, nocaedyoujue —
cmeneHb 3aKpawu8aHusi CMeXCHOU MKaHu, UCN0/Mb308aHHOU NOO neuamb U ombeneHHoll Cypoeotl
mkaHu (n=5).

W3 pmaHHBIX TaOMUIBI C/le/lyeT, YCTOMYMBOCTh OKPACKH K MbUTy U TIOTY AJisi 000MX 06pasioB
coctaBwia 5/5/5, UTo CBUAETENLCTBYET 00 OTCYTCTBUM 3aMETHOTO W3MeHeHUs TepBOHauaabHOM
OKpacCK{ HareyaTaHHOTO PUCYHKa W 3aKpalllMBaHHsl CMEXXHBIX TKaHel. [Ipu ucnbiTaHuy 00pasLioB
Ha YCTOMYMBOCTb K MOKPOMY TPEHMIO 3aMETHO He3HauWTeslbHOe 3aKpalllBaHWe CMEXHON TKaHU
TIPYU UCII0/Ib30BaHUM a/IbTMHATa HaTpus. JlaHHOe siBieHHe BepOSiTHO 00yC/IOBIeHO CBSI3aHHOCTBIO
aKTMBHOTO KpacuTessi C BOJOKHOM 3a cueT (U3WYeCKOM afcopOIMU WM MeKMOJeKY/sPHBIX
B3aMMO/IEMCTBUM, TMPU MOKPOM WCIIBITAHUM Bofa oOecrieuyrBaeT MWIPALIMI0 TaKUX MOJIEKY
C TIOBeDXHOCTH HareyaTaHHOM TKaHW Ha CMeXKHYH0. Pe3ynbraTbl TaOMWIbl J@MOHCTPUDYIOT, UTO
CHWKeHHe KOHLIeHTpallid MOYeBUHbl U TIOJTHOE MCK/IHOUeHue JyAWrosaa W3 COCTaBa IeuaTHOM
Kpacku Ha ocHoBe I'TIMII, He oKa3bIBalOT OTpHULIATETLHOTO BJIMSHUS HA TleyaTHble CBOWCTBA
TMOJTyYeHHBIX LIBETOBBIX PUCYHKOB, Oosee TOTO CriocoOCTBYIOT ¢opMHUpOBaHUIO 0osiee BBICOKOM
WHTEHCUBHOCTH OKPACKHU.

3ak/IIoueHue

B xoze sKCrieprMeHTOB, yCTaHOB/IEHAa YYBCTBUTE/IbHOCTb JUHAMMUYECKON BSI3KOCTU 3aryCTKH
Ha ocHoBe ITIMI] K 1ab0-OKUC/IUTENTLHOMY KOMITOHEHTY TI€UaTHOM KpacKu — JIYJMIOJ.
Pa3paboTaH palMoHa/lbHBIN pecypcocOeperaroiuii COCTaB IMeuaTHOW Kpacku Ha ocHoBe 1,5 %
3aryctku  ['TIML, 4To TmO3BO/ISIET CHW3UTHL KOHLIEHTPALIMIO 3aryCTUTe/Nsl I10 CPaBHEHUIO
C TPaJWLMOHHO MpuMeHsieMbIM 8 % aJbrMHATOM HaTpus, IIPU TNOHVDKEeHHWHU KOHL|eHTpaLyy
MOYEBHMHBbI /10 75 T/KI W TIOJJTHOM WCK/IFOUEHUU JIyAWrosna, 00eCreurBaroIuil COMOCTaBUMBIe
reyaTHble CBOWCTBA HAOMBHBIX PHCYHKOB, BBICOKOM WHTEEHCHBHOCTH LiBeTa A0 27,3 M YeTKOCTH
KOHTYpoB 98 %, mnpu TepMo(dUKCalUM akKTUBHOTO KpacuTesst [ POTAlMOHHOM IeyaTu
XJI0MYaToOyMa)KHBIX MaTepHrasoB.
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AHHOTanus

B crartee mpefcTaBieH KOMIUIEKCHBIA 0030p TEXHOJIOTHUECKHX, OWOTeXHOIOTMYeCKuX,
PBIHOYHBIX U PEryJsiTOPHbIX acleKTOB TPOU3BOACTBA W IPUMEHEHUs IVIHOKO3HO-()PYKTO3HBIX
cuporioB  (I'®C) B muIeBoil NpPOMbIIUIEHHOCTU. Llenb wucc/iefoBaHMsl — 3aK/IOUaeTcs B
CHCTeMaTH3al[ii COBPEMEeHHBIX [JaHHBIX O ()epMEHTAaTHBHOU TepepaboTke KpaxMasicozieprKalliero
ChbIpbSl, pPOMM WMMOOWINM30BaHHON  I/IOKO30M30Mepasbl,  (YHKIMOHATBHO-TEXHOTOTHYEeCKHX
cBoiictBax I'@C u cakropax, ompefiefisiolMX pa3BUTHE MHUDOBOTO PbIHKA, a TakKe B OLleHKe
MepCreKTUB JIaHHOTO HaripaB/ieHusl Jisi Y30ekucTaHa. MeTOZ0/IOTHUeCKYI0 OCHOBY COCTaBU/IM
aHa/IMTUUeCKUi 0030p Hay4HBIX MyO/IMKAaL[Mii, CPaBHUTE/bHOE COTIOCTABIeHHE TeXHOIOTHUeCKUX
CcXeM M O(ULMaJbHBIX MarepyaroB MeX/yHapOoAHBbIX OpraHv3aliii ¥ HOPMaTUBHO-IIPaBOBBIX
WUCTOYHUKOB. [lokaszaHO, 4TO TexHonoruueckas LeHHOCTb ['®C omnpegensgeTca He TOJBKO
C/1a/IOCTBI0, HO W PAaCTBOPUMOCTBIO, B/IAaroCBS3bIBAIOIIEH CTIIOCOOHOCTBIO, pery/MpoBaHHEM
BA3KOCTU U CHWKEHUWEM  CKJIOHHOCTM K  KpUCTa/ulM3alldd.  YCTaHOBJEHO,  YTO
KOHKYPeHTOCIoCOOHOCTh ['@C 3aBUCUT OT ChIpbeBOM 0a3bl, CTOMMOCTH (PEPMEHTOB W JHEPTHH,
JIOTUCTYKY, LIeHBbl Caxapo3bl, CTPYKTYPHI CIipoca U TpeOOBaHMI K COKpAIleHWI0 [00aBeHHBIX
caxapoB. [nsi ¥Y3bekucrtana pasButue mipou3BofcTBa ['@C MoxkeT OBITH CBsi3aHO C TMyOOKOM
repepabOTKOM MeCTHOTO KpaxMaJsiCo/iepyKalliero ChIpbsi, OHAKO MPOMBIIIIJIEHHOe MacTabupoBaHue
TpebyeT Tpe/BapUTeNbHON 1ab0pPaTOPHO-MIUIOTHOW TIPOBEPKH, KOHTPOJISi KauecTBa M TEXHUKO-
5KOHOMHYECKOTO COTIOCTaB/IeHUs C TPAaJMLIMOHHBIMU TOficTacTuTeNssMi. HayuHasi HoBu3Ha o63opa
COCTOUT B COMOCTaB/JI€HUM TEXHOJIOTMYECKUX W DPBIHOYHBIX (DaKTOPOB Ha OCHOBE aKTyasbHbIX
oULMaNnbHBIX [AaHHbIX U B (OPMY/IMPOBAaHUM TPAKTUUECKOW I10C/1e[0BaTe/IbHOCTH OLIeHKH
TMepCIeKTUB JIOKanu3aluu nporssocTtea '@C B Y3bekucrane.

Abstract

This article presents a comprehensive review of technological, biotechnological, market, and
regulatory aspects of glucose-fructose syrup (GFS/HFCS) production and use in the food industry.
The study aims to systematize current data on enzymatic processing of starch-containing raw
materials, the role of immobilized glucose isomerase, the functional and technological properties of
HFCS, and the factors shaping the global market, as well as to assess prospects for this field in
Uzbekistan. The methodology combines an analytical review of scientific publications, comparative
assessment of technological schemes, and analysis of official materials from international
organizations and national regulatory sources. The analysis shows that the technological value of
HFCS is determined not only by sweetness but also by solubility, water-binding capacity, viscosity
control, and reduced crystallization tendency. Competitiveness depends on the raw-material base,

166



Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

enzyme and energy costs, logistics, sucrose prices, demand structure, and policies aimed at reducing
added sugar intake. For Uzbekistan, HFCS production may support deeper processing of local
starch-containing raw materials, while industrial scaling requires prior laboratory and pilot
validation, quality control, and techno-economic comparison with conventional sweeteners. The
novelty of the review lies in integrating technological and market evidence from current official
sources and formulating a practical sequence for assessing the feasibility of local HFCS production
in Uzbekistan.

KmoueBble 10Ba:  MmIOKO3HO-PpykTo3Hbli  cupor, HFCS, raroko3o-u3omepasa,
(depMeHTaTUBHBIA  THAPONU3, WMMOOWIM30BaHHbIE (EpPMEHThI, HW30MepH3alys, IHIIeBas
TIPOMBIIILJIEHHOCTh, MUPOBOM PHIHOK.

Keywords: glucose-fructose syrup, HFCS, glucose isomerase, enzymatic hydrolysis,
immobilized enzymes, isomerization, food industry, global market.

BBegeHnue

['moko3HO-ppykTO3HbIe cupornbl (I'@C), B MeXAyHapOAHOH JMTepaTtype o0Oo03Hauaembie
tTakke Kak high-fructose corn syrup (HFCS) wau M30-T/1I0KO3a, OTHOCATCS K Ka/IOPUHAHBIM
YTJIEBOAHBIM TIOZC/IACTUTE/ISIM, TIOJTy4aeMbIM U3 KpaxMaJiCo[epyKall[ero Chipbsi. VIX TIPOMBILITIEHHOe
3HaueHWe OTpe/ie/isieTCsl COUeTaHWeM CJIaZIOCTH M TeXHOIOTUYeCKOW (PYHKIIMOHATIbHOCTU: CHUPOTIbI
JIETKO [TO3UPYIOTCSI B JKUJKUX TEeXHOJIOTUYeCKUX JIMHUSAX, XOPOIIO pacTBOPHMMBI, CHIKAIOT
CKJIOHHOCTh Caxapo3bl K KPUCTA/UTM3alliH, BIUSIOT Ha BSI3KOCTb U aKTUBHOCTH BOJbI, @ TaKXKe
CTI0COOHBI U3MEHSITh TeMIIepaTypy 3aMep3aHust TTHILEBbIX cuctem [12].

OCHOBO# TIPOMBIIIIJIEHHOTO TIPOM3BO/CTBA SIB/sSIeTCs (hepMeHTAaTUBHBIA TUPOJIM3 KpaxMmasa
C TIOC/TenywIneld W3oMepH3aled 4YacTh IIIOKO3bl BO  (Gpykro3y. Haubosee BakHBIM
OroKaTaM3aTopoM CTalUM W30MepU3allii OCTaeTCs TVIFOKO30-M30Mepasa, IIMPOKO MpUMeHsieMast
B UMMOOU/TM30BaHHOM dopme. MiMMoOWIM3anust oberdaet MoBTOPHOE MCIIOIb30BaHWe (hepMeHTa,
TMOBBIIIAT YCTOMUMBOCTb OWOKaTanu3aTopa W TIO3BOJIIeT OPraHW30BLIBATH HeTpephbIBHbIE
TMIPOLIeCChI, YTO UMeeT TpsIMoe 3HaueHue [7isi ce0eCTOMMOCTU U CTabWIbHOCTH KauecTBa MPOJYKTa
[4; 7].

B mmieBoil TPOMBIIIJIEHHOCTH Haubosiee pacrlpoCTpaHeHbl CHUPOMBI C  CO/lep)KaHUeM
bpykTo36I OKOMIO 42 U 55 % B CcyxoM BelrecTBe; 60Jiee KOHI[EHTPUPOBAHHbIE BBICOKO-(PYKTO3HBIE
bpakiMyd  WCTOMB3YIOTCS ~ TIPEUMYIIECTBEHHO  JijIS  TOJiyueHWsl  3a/laHHOTO  COCTaBa
¥ B CIeI[Ha/M3UPOBaHHBIX perjentypax [12; 7]. BelOOp KOHKPETHOTO THIIAa CHpPOITa 3aBHUCHT OT
TpeOyemMoro mipodusisi CMaJOCTH, KWUCIOTHOCTH TIPOAYKTA, PEOJIOTUUeCKUX XapaKTepPUCTHK
Y S5KOHOMHUUECKHX yCJIOBUM TIPOM3BO/ICTBA.

OpHOBpeMEHHO C TexHOJOTHYecKuMu TipeumyiiectBamu ['@C  ocTtarorcs  00beKTOM
JUCKyCCUM B cepe mUTaHUs U 00IIeCTBEHHOTO 3/10poBbsi. CoBpeMeHHbIe 0030pbl YKa3bIBaKOT, UTO
WX B/IUSTHUE CJie[lyeT OLIeHWBaTb B KOHTEKCTe 0O0Iero motpebneHus [o0aB/ieHHBIX CaxapoB,
JHepreTHuUeCcKoro 6anaHca U CTPYKTYPbI pal[MoHa; cpaBHUTe bHbIe faHHbIe 0 HFCS u caxapo3e He
MOATBEPXKJAFOT OJHO3HAUHOTO pa3/iMuusi 10 OOJBUIMHCTBY W3y4YeHHBbIX AaHTPOIOMEeTPUYeCKUX
1 MeTabosmueckux Tokasaresieit [9; 8]. MexxayHapojHble peKOMeHZALIMN TIPYA 3TOM TIOAUePKUBAOT
HeoOX0UMOCTb OrpaHuueHus 0011ero moTpedsieHus: CBOOOHBIX U [00aB/IeHHBIX caxapoB [13; 14].
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Hns Y3bekucraHa TemMa MMeeT NPHUK/IafHOe 3HaUeHWe B CBA3M C 3ajadaMH I[IyOOKoM
repepaboOTKU  CeMbCKOXO3SHWCTBEHHOTO ChIPbsi, WMITOPTO3aMellleHus], MOJepPHHU3aLMN  THIIeBOM
TIPOMBIIIVIEHHOCTH W ycuieHWs TpeboBaHWii K Oe3omacHocty mpoaykimu. Hacrosimasi pabota
uMeeT 0030pHO-aHa/MUTHUECKUH XapakTep. llenb uccrefoBaHMsi COCTOMT B CHCTeMaTH3aliuu
TEXHOJIOTHUECKUX, PHIHOUHBIX M PEry/STOPHBIX (pakTopoB mpou3BoAcTBa ['®C, ompeneneHnd ux
OCHOBHBIX 00j1acTell IpUMeHeHUsI W OIleHKe YCJIOBUM, TIPH KOTOPBIX pa3BUTHE JIaHHOTO CerMeHTa
MOXXeT OBITh 1ienecooOpa3HbIM AJisi TIpeAnpusTHil  Y30ekuctaHa. HayuHass HOBU3Ha pabOTHI
3aK/TI0YaeTCs] B MHTErpaljii TeXHOJIOTMYECKWX, DLIHOUHBIX WM DEery/STOPHBIX JaHHBIX M WX
KPUTHUUECKOM COTIOCTaBIeHUH TIPUMEHUTE/TBHO K yC/IOBUSIM ¥Y30eKHCTaHa.

Marepuasibl 1 MeTOABI

MeTofiofIOTUYECKUI  M3aliH  WCC/IeIOBaHUSI OCHOBAaH HA  aHa/JMTHUYeCKoM 063ope
Y CPaBHUTE/ILHOM aHa/li3e Hay4HbIX MyOsuKaruii, opuiiMaabHbIX MeX/yHapOAHBIX MaTepHhasioB
M HOPMAaTUBHO-TIPABOBBIX WCTOYHUKOB. VH(MOpPMALIMOHHYI0 OCHOBY COCTaBUIM pabOThI TIO
(dhepMeHTaTUBHOMY THUZPOJM3Y Kpaxmasia, W30MepU3alliuy TJIFOKO3bl, UMMOOM/IN3AI[Mi (HhepMeHTOB,
niieBold  pyHKI[MOHaBHOCTH ['®@C, MeTabonmuuecKUM acrieKTaMm IoTpeOsieHus1  (pPyKTO30-
coJlepXKallliX CcaxapoB, a Tak)Ke MaTepuasibl BcemupHoM opraHusaiiyuu 3zapaBooxpaHeHusi, OECD—
FAO, EBpomeickoli KOMHCCMM W [eWCTBYIOIMe HOpPMaTUBHBIE [JOKYMeHThl PecryOimmku
Y36ekucrau [1-3, 5-9, 11, 13, 14].

[Touck muTepatyphl TIpoBOAU/CS B 6a3ax Scopus, Web of Science, PubMed u Google Scholar
10 K/II0UeBbIM cioBaM «glucose-fructose syrup», «HFCS», «glucose isomerase», «immobilized
enzymes», «starch hydrolysis», «sweetener market», «isoglucose». OCHOBHOI mepuoj TMOUCKa
oxBatbiBan 2015-2026 rr.; Oosiee paHHHe TyO/JWMKAl[MM BK/IIOYAJHUCh TOMBKO JJIS1 OIHCAHUS
(byHIaMeHTalbHBIX TEeXHOJIOTUYeCKUX TIPUHIUIOB. VICK/TroUamuch AyOupyrole MaTepualibl,
ny6muKayy 6e3 TIpSIMOTr0 OTHOIIIEHHS K TeMe M UICTOUHUKU 0e3 TIpoBepsieMbIx 616/orpadruuecKux
JaHHbIX. B repBoHaua/bHBINA KOPIYC BOILIM 15 MCTOYHUKOB, MPe/ICTaB/IeHHBIX B UCXOJHOM CITUCKe
JIUTePATypbl; MPH JopaboTKe PLIHOUHOTO W CTPAHOBOTO aHa/IW3a AOTOTHUTEbHO WCIOIb30BaHbl 9
aKkTyanbHbIX oduianbHbix HcTouHUKOB OECD-FAO, USDA ERS, European Commission
1 opraHoB Pecriy6mvku Y306eKucTaH, TTI03TOMY UTOTOBBIM KOPITyC COCTaBW/ 24 UCTOUHMKA [16-24].

Marepuanbl CUCTeMaTH3UPOBAMCh TI0 UeThIPeM TeMaTHueCKUM OJsioKaM: TeXHOJIOrHuecKast
cxema nionydenusi '@C u posb TIH0K030-M30Mepasbl; PyHKI[MOHATbHO-TeXHOIOTMUeCKe CBOMCTBa
U 005acTH TpPUMeHEeHUs; COBpeMeHHble [aHHble O TIMTAaHUM U MeTabonuueckux 3ddeKTax;
PBIHOYHBIE U Pery/sTopHbie (akTopbl. [Ipy aHa/mM3e TeKyIero COCTOSIHUSI PhIHKA U Pery/TUpOBaHKs
TIPUOPUTET OTAABAJICS OPHUIMAIBHBIM WCTOYHMKAM M TMyO/JHKal[UsM TOC/IeIHUX JIeT, TOTAa Kak
dbyHaaMeHTanbHbIe PabOThI  WCMOMB30BalMCh [JIi  OMHCAHUS 0a30BbIX  TEXHOJIOTHYeCKUX
TIPUHLIUTIOB.

MeTo/, aHa/iM3a BK/IIOYa/l CPaBHUTEbHOE COTIOCTaBJ/IeHWe XapaKTePUCTHK OCHOBHBIX THUIIOB
I'®C, KaueCTBEHHYIO OLIEHKY (DaKTOpPOB KOHKYPEHTOCITOCOOHOCTH M 0000IjeHHe YCIOBUM st
BO3MOKHOM  JIOKa/M3all[id TPOM3BOACTBA B  Y30ekucraHe. CoOcTBeHHble JjlabopaTOpHbIE
Y KJIMHUYeCKUe SKCIIepUMEHThI He TPOBOJWIMCh, CTaTUCTHUeCKasi 00paboTKa MepBUUHBIX JAaHHBIX
He BBINOJHsIach. KosmuecTBeHHbIE PhIHOUHBIE TIPOTHO3bI CAMOCTOSITE/IbHO HE PaCCUHTHIBAJIUCH;
BLIBOILI O TeHJEHLMSAX OCHOBBIBAIMCh Ha OMYyO/JMKOBaHHBIX M O(UI[MATbHBIX MaTepuasax
[5, 6, 11].

168



UNIVERSUM:
XNMnNAa n smonornsa

Ne 11 (149) HOs16pb, 2026 2.

Pe3yJIbTaTLI H OGCY)KILEHI/IE

AHanu3 TeXHO/IOTUYECKOW LIeTIOUKHU T0Kasas, 4To npou3BocTBO I'@C BK/IOUaeT HEeCKOIbKO
B3aUMMOCBSI3aHHBIX CTaAuld. Ha 2JTame pa3XuwkeHUsi KpaxmasibHasi CyCIleH3us I[10/iBepraercs
TU/IPO/IM3Y O-aMW/Ia30M C yMeHbLIeHWEeM MOJIeKY/IsIPHOM Macchl monucaxapuzioB. Ha cragauu
ocaxapyBaHMsl TPEUMYLIECTBEHHO (OpPMHUpPYyeTCs IVII0KO3a, T0C/Ae Yero 4YacTb IVIFOKO3bl
r30Mepu3yeTcsi BO (DPYKTO3y C TIOMOILIBIO T/THOKO30-M30Mepasbl. [lasiee pOAYKT MPOXOJUT OUMCTKY,
1pyu HeoOXoAUMOCTH (HPAKLIMOHUPOBAaHKE U KOHLIEHTpUPOBaHHe. VIMEHHO CTajusi n30Mepr3aLii BO
MHOT'OM Oripe/ie/isieT po(u/ib KOHEYHOro crporia U 3(PpPeKTUBHOCTh TTPOU3BO/ICTBEHHOU JTMHUM [4;
7].

MmMmobOumu3oBaHHasi — T/IFOKO30-M30Mepasa K/IIOUeBOe  3HaueHue  JJid
Ee

buokaranu3aropa, obneryeHue oT/eneHUs: epMeHTa OT TPOJAYKTa U BO3MOXKHOCTh KCILTyaTaliu

coxpaHsieT

MPOMBILLIJIEHHBIX ~ YCTaHOBOK. MpeuMylecTBa BKJ/IHOYAIOT TIOBTOPHOE  HCIIO/b30BaHUe
HeTpepbIBHbIX PeakTOPHbIX cUcTeM. OrpaHAuMBarOLMMH (aKTopaMu SIBJSIFOTCS OCTeNeHHOoe
CHWKeHHe aKTHMBHOCTM TIpU [JJIUTebHOW 3KCITyaTaluu, Auc@dy3uoHHbIE OrpaHUYeHUs] BHYTPHU
HOCUTe/Isl, YyBCTBUTENBLHOCTh K TemmrepaTrype, pH u cocraBy ucxogHoro rujaponusara [4; 7].
[TosToMy [fasnbHelilliee moBbillleHHe 3(G(GEKTUBHOCTH CBSI3aHO C  COBepIIeHCTBOBAaHHWEM
OroKaTaM3aTopoB, HOCKTEJeH U PeaKTOPHBIX CXEM.

@DyHKLMOHaMBHO-TeXHOo/ornyeckre cBoiictea ['C onpefienstoT UX NpUMeHeHre B HalUTKax,
KOHJUTEPCKUX U3[enusx, Xebo0ysmouHol MpoAyKLMU, MOJIOYHBIX /leCepTax, MOPOXKeHOM, /pKeMax
Y HauMHKax. B HamuTKax Ba)kKHbI KUKas (opMa U yAoOCTBO [103UMPOBAHHUS; B KOHJUTEPCKUX
cucTeMaxX — CHWD)KeHHe KPUCTasTM3al[iy caxapo3bl U yrpaB/ieHue BSI3KOCThIO; B X/iebormeueHny —
yZep)KaHue B/Iark M yudacTue B ()OPMHPOBaHMM LiBeTa KOPOUKH; B 3aMOPOXKEHHBIX Jeceprax —
B/IWSTHUE Ha TeMIlepaTypy 3amep3aHus U TeKcTypy [12]. Takum obpaszom, I'®C BBIIONHAIOT He
TOJILKO (DYHKLMIO TIOAC/IaCTUTEIS, HO U (DYHKLIMIO TEXHOJIOTMYECKOTO UHTPe/IMeHTa.

Haubonee pacrnpocTpaHeHHBIMU TIPOMBIIIJIEHHBIMH ~ BapyuaHTamMu  siBiistiorcst  HFCS-42
u HFCS-55, ormmuaroriecs: goned ¢bpykTo3sl U 1iesieBbIMU 0b6nactssmMu ripumeHeHus. HFCS-42
yaile MCIob3yeTcsl B BbIlleuke, TepepabOTaHHBIX THILEBbIX MPOAYKTaX, COycax W OT/eIbHbIX
HanmuTKax, Toraa Kak HFCS-55 mMpoko mpuMeHsieTCs B )KUAKKUX THILEBbIX CUCTEMax M HaluTKax.
BbicokodpykTo3Hble (pakiuu C cofep)kaHueM (pykTo3bl A0 rpuMepHOo 90 % UCHOMB3yHOTCA

TIPerMYIL[eCTBEHHO [I/Isi CMeIlIMBaHUsI ¥ KOPPEKTUPOBKH Tpebyemoro cocrasa [12; 7].

Ta6auya 1. CpagHumenbHAsi Xapakmepucmukd 0CHO8HbIX nooc/1acmumeset

IToxka3arenn

HFCS-42 (T PC-42)

HFCS-55 (I'®C-55)

Caxapo3a

CocraB

~42 % (PpPYyKTO3BI B CyXOM
BeIl|eCTBe

~55 % (PpyKTO3bI B CyXOM
BeIL|eCTBe

Jwvcaxapus IHOKO3bI
U (pPYyKTO3BbI

OcHoBHbIe 00/1aCTH TIpUMe-
HeHUsl

Beimneuka, epepabortan-
HBI€ MPOAIYKThI, COYCHI,
YacTh HAMUTKOB

be3ankoronbHble HAMUTKU
" Apyrue XXugKuve CUCTeMbI

YHuBepcasbHOe [pyUMeHe-
HYe B IUIIeBOM MPOMBIILI-
JIEHHOCTH

TexHosiornueckasi cxema

I'npponus kpaxmana —
ocaxapuBaHHWe — H30Me-
pu3alys — OUMCTKa

[Tonyuenne HFCS-42 -
oboratieHue GpyKkTo30ii/
CMeIlIMBaHWe — OUYMCTKA

OKCTpaKLKs/OUMCTKa
CaxapHOro COKa — BbIMa-
pUBaHHe — KpUCTa/IM3a-
Ly

TexXHO/IOrMYeCcKye U 3KOHO-
MUUeCcKUe 0CO0eHHOCTU

JKunkas popma, yroberBo
[IO3UPOBAHUS; 3aTPAThI
3aBUCAT OT CBIPBS, (ep-
MEHTOB U SHEePIUU

Boiiee BBICOKast C/Iaf0CTh

B HAITUTKAX; T€ )Ke KJIoue-
BbIe (hakTOpEI cebecTonmMo-
CTH Y JIOTUCTUKA

YnobHee XxpaHeHHWe U Tiepe-
BO3Ka B KPUCTAJIINUE CKOU
dopme; B KUIKUX JTUHUSIX
TpelyeTcsi pacTBOpeHHe
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Ilpumeuarue. HFCS-42 u HFCS-55 seasitomcsi 0CHO8HbIMU npomMblw/ieHHbIMU munamu ['dC;
conocmasneHue cocmas/naeHo N0 mexHosno2u4eckum Oaiubim [7; 12; 17].

ComocraByieHre pBIHOYHBIX (DaKTOPOB TIOKa3biBaeT, UTO KOHKypeHTocrocobHocTs ['PC
orpefiesisieTCsl  COBOKYMHOCTBIO — YCJIOBHM:  JIOCTYMHOCTBIO  KpaxMaJCOJep’Kallero  ChIpbs,
CTOMMOCTBIO (DePMEHTOB U SHEPruM, MaciITaboMm repepabOTKH, JIOTMCTUKOM, I[€HOM Caxapo3bl,
TOPTOBOM TIOJIMTHKOM M  CTPYKTypod cmpoca. MexayHapoaHele 003opei  OECD-FAO
paccmarpuBaroT HFCS kak caMoCTOsiTeNTbHBIN KOMIIOHEHT I7100a/bHOTO phIHKA TOJC/IacTUTeNel
Y yKa3bIBalOT Ha €ro 3aBUCMMOCTb OT LIEHOBOW KOHBIOHKTYPhI caxapa W cbipbsi [11]. Marepuasbl
EBpornerickori komuccun 1 FAO moATBep)KAal0T, UTO pervoHasjbHble pas3/iduus B MPOM3BO/CTBE
1 notpebneHny 00yC/IOB/IEHBI HE TOJILKO TEXHOIOTHEM, HO U CeIbCKOXO03SIMCTBEHHON MOUTHUKOM
Y TOProBbIMU MeXaHW3MaMH [5; 6].

KonnuecTBeHHasi OLleHKa TOATBEP)KAAeT BbIDAKEHHYIO PpervuoHajabHYI0 HeOJHOPOJHOCTh
poiHKa. ITo manHbeiM European Commission, B EC mpou3BojCTBO M30IVIH0OKO3bI cOCTaBWIo 0,46 MIH
T B 2024/25 MapkeTHHTrOBOM rofy Tipu motpebsenun (disappearance) 0,42 maH T; Ha 2025/26 T.
TaK’)Ke OLIeHHUBA/I0Ch Mpou3BoACcTBO 0,46 MytH T 1 TioTpeberue 0,42 miH T. B mapTe 2026 1. cpeHss
1jeHa 6esoro caxapa B EC cocrapinsina 510 eBpo/T, Torja Kak kothpoBka London No. 5 Ha aBrycr
2026 1. cocrapnssia 435,3 pgomn. CIIA/T, 4yTo WIOCTpPUpYeT LIEHOBYHO Cpefly, C KOTOpOM
koHKypupyeT ['®C [19]. CornacHo OECD-FAO Agricultural Outlook 2026-2035, ripou3BoacTBO
HFCS B CIIIA k 2035 r. TporHo3upyeTcsi Ha ypOBHE OKO0JIO 6,4 MJ/TH T TIPU COXpPaHEHUH YMEPEHHOI0
Hucxogsmiero TtpeHzaa; gonas HFCS B morpebneHuy KanopuiHbIX mopaciaacturenedn B CIITA
okuzaercs Ha ypoBHe 33 % mipotuB 35 % B 6a3oBom niepuoje. B EC notpebnenne HFCS k 2035 1.
MPOrHO3UPYeTCs TNPHMEPHO Ha YpPOBHe 2,5 KI Ha /ylly HacejleHUs, Torga Kak B fAnoHuu
1 Pecniy6mike Kopesi — okosio 6 Kr Ha Ayliry HaceneHus [16].

Ta6auya 2. KonuuecmeeHHbie nokazamesu pbiika I'DC/u302110Kk03bl U KOHKypupyloujezo caxapa

PerrvoH/nmoka3sare/nb dakTHUecKHe/oIjeHOYHbIe JJaHHbIe CpeaHecpoyHas TeHJAeHLHs

EC: n3ornmokosa 2024/25: npousBoacteo 0,46 maH T; | K 2035 1. noTpebsieHre 0Kosio
norpebnenue 0,42 mnH 1. 2025/26: 2,5 Kr/uej.
0,46 1 0,42 M/TH T COOTBETCTBEHHO

CIIIA: HFCS KpynHeimii MyupoBoi npoussoau- | K 2035 r. npownssozcTBO 0KOJIO 6,4
TeJib U TIOTpebuTeb MytH T; fosisi HFCS B KanopuiiHbIX
MOACAaCTUTESIX 0KO/o 33 %
SInonus u Pecriy6sika Kopes CTabuTbHBIN 3peblii PHIHOK K 2035 r. okono 6 kr/uen.
LleHoBoii hoH caxapa EC: 510 eBpo/T (MapT 2026); London | LleHbI 0CTalOTCsI OJHUM U3 K/tOUe-
No. 5: 435,3 ponn./tT (aBryct 2026, BBIX (haKTOPOB KOHKYPEHTOCIIOCO00-
KOTHPOBKAa Ha MOMEHT 0630pa) Hoctu I'OC

Hcmounuk: OECD-FAO [16], European Commission [19].

HNanuele USDA ERS mo Mekcuke, omHOoMy wu3 KpynHeimmx morpebureneii HFCS,
MOKa3bIBalOT, UYTO BHYTPEHHUE TTOCTaBKU B IepecyeTe Ha CyxXoe BeleCTBO cOCTaBWwM 1,372 M/IH T
B 2013/14 r., 1,599 myH T B 2023/24 1. 1 1,645 muH T B 2024/25 1.; Ha 2025/26 1. IPOrHO3MpPOBaIOCh
1,640 mmH T1. /JuHaMMKa yKa3blBaeT He Ha pPAaBHOMEpHBI pOCT, a Ha KomebaHuWs Cripoca
Y TIOC/IeYIONIYI0 CTabuM3aruio pbiHKa [18].
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MocTaBkn HFCS Ha BHYTPEHHWI pbIHOK MeKcnKin

1650 +

1600 +

1550 4

1500 +

1450 4

1400 +

ThIC. T, CyXO€e BellecTBO

1350 1

1300 4

PucyHnok 1. /Junamuka nocmaeok HFCS Ha enympeHHuti ppiHoK Mekcuku, 2013/14-2025/26 2e.
(*2025/26 — npozno3) Ucmounuk: USDA ERS [18]

B acmekre 370pOBbSI COBpeMeHHbIe [aHHBIe TpPeOyIOT OCTOPOKHOW HWHTepIIpeTarlyH.
Cucremarnueckuii 0630p Li ¥ coaBT. He BBIIBWJI CTaTUCTHUECKH 3HAUMMBIX PasIdudil MeXIY
HFCS u caxapo30oii 1o OO/BIIMHCTBY W3YYE€HHBIX AHTPOIIOMETPUUYECKUX U MeTaboInyeCcKux
TIOKa3aTesied, XOTsl OT/e/ibHble MapKephbl BOCIIasieHus: TpeOyroT AanbHeiero uyuyenus [9]. bosee
IIMPOKWI aHaiM3 MeTabonr3Ma (pYKTO3bl yKa3biBaeT, YTO HebmaromnpusTHbie 3(deKTsl Tpexxze
BCETO CBs3aHbI C XPOHWYECKH H30BITOYHBIM MOTpebsieHreM (PYKTO30-COZepyKalluX CaXapoB
U 00IIMM TOJIOKUTENbHBIM SHepreTrueckuM OamaHcom [8]. IlosTomy oljeHKa pHCKa [JO/DKHA
YUMTBIBaTh OOIIYIO ZOJ0 A0OaBIeHHBIX CaXapoB B PaljliOHe, YTO COOTBETCTBYeT PeKOMeHZALUsIM
WHO [13; 14]. Ilpu uHTepnpeTalyy J0303aBUCUMbIX 3()()eKTOB Ba)KHO pa3vuaTh U30KarI0pUiiHOe
3aMellleHHe  CaXapoB U XPOHMYECKoe  U30BITOUHOE  JHepreTHUecKoe  IOCTYIUIeHHE:
HeOslarorpusTHble MeTabonMyecKre W3MEeHEeHHUsl yYallle CBSI3bIBAIOTCS C W30BITKOM (PYyKTO30-
COZlep)KAll[X CaxapoB U TMIOJIOKWATE/NBHBIM JHEPreTHUeCcKUM 0asaHCOM, TOTAAa KakK IIpd
coroctaBuMbIX fo3ax HFCS © caxapo3sl 3HauuWMble pas3Muusi 10  OOJBIIUHCTBY
AHTPONIOMETPUYECKMX ¥ MeTabOMMYeCKUX WCXOAOB He TOATBepeHbl. OrpaHnyeHUsIMUA
VIMEIOLMXCST UCC/IeIOBAaHUM SIBJISIFOTCSL pas/Muvs B [j03aX, [JIMTEeJbHOCTU BMeIlaTe/bCTB, COCTaBe
pPalMOHOB M XapaKTepUCTHKaX Y4YaCTHUKOB, I103TOMY pe3y/bTaTbl Hesb3sl aBTOMaTh4yeCKU
9KCTPAroMpoBaTh Ha BCe YPOBHU noTpebenus [8; 9; 13; 14].

Jlnist yieBoi 6e30MacHOCTH BayKeH KOHTPOJIb KayecTBa MCXOJHOTO KpaxMarsa, (hepMeHTHBIX
TrperiapaToB, NPOLECCOB OYMCTKU U YC/IOBHUM KOHLIEHTpUpPOBaHMs. IIpy HarpeBaHuM M XpaHeHUU
(bpyKTO30-CcofiepKall[uX TPOAYKTOB BO3MOKHO oOpa3oBaHWe 5-ruapokcuMeTwidypdypona,
NI03TOMY TeXHOJIOTUYECKUN PEeXMM U yCJIOBHUSI XpaHeHMs [OJDKHbl MUHUMU3HMPOBATh TEPMUYECKOe
nospexxzienre rmpoaykra [10]. CoBpemeHHass cucTeMa KOHTPOJIi Takxke Tpejrionaraer
TIPOC/IE)KUBAEMOCTh CBHIPbS, [JOKYMEHTHPOBAaHHOE TIOATBep)KJeHHe 0e30TacHOCTH M KOPPEKTHYIO
MapKHPOBKY MHUILEBbIX UHTpeineHToB [1-3; 15].

5t Y30ekucTaHa MOTeHI[Ha/IbHOe pa3BuTHe Npou3BoAcTBa ['PC 1jeecoobpa3HO CBS3bIBATh
He TOJBKO C BO3MOXHBIM 3aMellleHHWeM WMIIOPTHPYeMOro caxapa, HO IIpexJe BCero
¢ (hopMHUpOBaHKEM LETIOUKHU ITyDOOKOM TepepabOTKH MeCTHOTO KpaxMascofeprkalero cbipbs. [Ipu
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3TOM 3KOHOMHYECKOe MPeHMYIeCTBO He SIBJISIeTCS YHUBEPCAJbHBIM U JIO/DKHO TOZATBEpPXXAaThCs
JIOKAQJIbHBIMM pacyeTaMy, BK/IIOYAKOIIMMU KayeCTBO U CTOMMOCTH CbIPbSl, BBIXOZ, IVIFOKO3HOIO
TUJpOU3ara, pecypc pepMeHTa, 3HepronoTpebdieHne, pacxos BOAbI, TOTUCTUKY >KU/IKOTO TIPOAYKTA
Y YCTOMUMBBIM CIIPOC CO CTOPOHBI MHUIEBBIX NPeATIPUATHM.

HopmaruBHass cpema PecriyOmuku — Y36ekucran TpeOyer obecrieueHusi  KayecTBa
1 6e30TacHOCTY TIUITIEBOU TIPOAYKLUH, COOTIOA€HNUS TEXHIUeCKUX PeryiaMeHTOB, CAHUTaPHBIX HOPM
U cTa"gaptoB [1; 2]. YcuneHue rocyjapCTBEHHOTO YIIpaB/aeHUs U KOHTPo/s B cdepe Ge30macHOCTH
MULEBOM TPOAYKLMH TIOBBIIIIA€T 3HAUMMOCTh J1ab0paTOPHOTO KOHTPOJIS, TPOC/IeKHUBAeMOCTH
CbIpbsi U coOmofeHuss TpeboBaHW K oOpareHuro mwireBbix HHrpenueHToB [3]. Ilostomy
rpakThyeckoe BHeApeHUe TexHoJOrMU ['PC [0/DKHO BK/IOUATh IOC/IE0BaTebHOCTh: OLIeHKA
ChIpbeBOM 0a3bl, TabopaTopHasi 0TPabOTKa TM/POJM3a U M30MepHU3allvH, MMUIOTHOe TIPOM3BO/ICTBO,
KOHTPOJ/Ib KauecTBa U 0e30TMacHOCTH, TEXHUKO-KOHOMHUECKOe CpaBHEHHe C CaXxap030d U TOJBKO
TI0CJIe 3TOTO pellieHre O MacITabupOBaHUM.

KosmuecTBeHHbIe JaHHbIE 110 Y30eKHCTaHy YTOUHSIFOT ChIPbeBble W PHIHOUHBIE TTPeZTTOChUTKH.
ITo panHbiM HarmoHanbHOro KOmMHMTeTa IO CTaTUCTHKe, MPOU3BOJCTBO KyKypy3bl Ha 3€pHO
yBenuniock ¢ 804,8 teic. T B 2023 . 1o 895,5 Teic. T B 2024 1., YTO MOATBEp’KJaeT Haiuuue
3HAYMMOW MeCTHOM KpaxMasicofiepsKaieil ceipbeBoi 0a3sel [20]. B ssHBape—#tone 2025 r. B cTpaHe
Obut0 TIpom3BesieHO0 165,5 ThIC. T caxapa mpotuB 227,8 ThIC. T 3a TOT e mepuoj 2024 T
u 332,6 teic. T B 2023 1. [21]. [To maHHBIM TaMO)XeHHOTO KOMHUTETA, OIMYOJMKOBAaHHBIM B MapTe
2026 r., uMIopT caxapa B siHBape—eBpasie 2026 r. coctaBua 111,4 Teic. T Ha 71,7 maH gomn. CHIA
npotuB 44,5 Teic. T Ha 22,2 miH posi. CIIA romom panee [24]. OduimasnbHble MaTepuasbl
KomuTeTa no pa3sBUTHIO KOHKYPEHLIMH YKa3bIBalOT Ha Ha/IMuKe KPYIHbIX IPOU3BOAUTeNIeN «XopasMm
11aKap» U «AHIPeH Ilakap»; COBOKYyIHas 3asB/IeHHas MPOU3BOJCTBEHHAsl MOIIHOCTb CaXapHbIX
npeAnpusaTHi npeBbiasa 900 ThIC. T B TOf MPU OLIEHOYHOW BHYTPEHHeW MOTPeOHOCTH OKOJIO
650 ThIC. T [22]. KpoMe Toro, rocyjapCTBeHHBIMU MepaMu MpelyCMOTPEHO MO3TalHoe [oBeZieHre
TPOM3BOACTBA TOTOBOrO caxapa 7o 1,0 maH T B 2024-2028 rr. [23]. OTu JaHHbIe MOKAa3bIBAIOT, UTO
3KOHOMHYecKast otleHKa ['®C g1 Y36ekucTaHa [JO/DKHA YUHUTHIBATh He TOJBKO Ha/TMuMe KYKypy3bl,
HO U KOHKYPEHLIMIO C /[JelCTBYHOIIMMU CaxapHbIMA MOLHOCTIMM W [AWHAMUKY HWMIIOPTHBIX
MOCTaBOK.

Ta6auya 3. ITokazamesnu, Xxapakmepu3syioujue npeonocbLiku npouszeoocmea I'dC @

Y36ekucmate
IToka3zarennb 3HaueHue HNuTepnperanus aasa '@C
IIpon3BOACTBO KyKypy3bl Ha 3epHO 2023: 804,8 TrIC. T; 2024: 895,5 ThIC. | [loTeHLMa/IBLHAS MeCTHAs Kpaxmall-
T cofieprkalliasi celpbeBast 6asa
IMTpou3sBoACTBO caxapa, iTHBapb—HoHb | 2023: 332,6 ThIC. T; 2024: 227,8 ThIC. | HeoOXOAMMOCTb YUHTBHIBATh JHHAMU-
T; 2025: 165,5 TBIC. T Ky BHYTPEHHETr0 NpeJJIOyKeHUs caxa-
pa
WmnopT caxapa, itHBapb—(eBpaJb 2025: 44,5 thIC. T; 2026: 111,4 TBIC. T | VIMIIOpTHAs 3aBUCHMOCTD U LIeHOBAst

KOHBIOHKTYDA B/IUSIIOT Ha TOUKY 0Oe3-
ybprrouHoct 'OC

MoujHocTH caxapHOM npombliiieH- | bonee 900 Teic. T/roz; orjeHOYHas I'®C pomwkeH KOHKypUPOBATh He
HOCTH BHYTPeHHsIst TOTpeOHOCTb 0Kosio 650 | To/MBKO ¢ UMITOpPTOM, HO U C CyIIle-
TBIC. T CTBYIOIIMM MeCTHBIM CaXxapoM
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IToka3arensn 3HayeHuUe Nurepnperanus ansa I'@C
TocynapcTBeHHbI OpUEHTHD [oBeneHre Mpon3Bo/CTBa roToBoro | TpeOyeTcst oT/enbHOe TeXHUKO-9KO0-
caxapa g0 1,0 mnH T K 2028 In. HoMHueckoe cpaBHeHue ['@C u caxa-
pO3bl

HcmouHuk: oguyuanbHble daHHble u Mamepuanbl Pecnybauku Y36ekucman [20-24].

[l TeXHUKO-3KOHOMUUECKOTO OOOCHOBaHMS Ha YpPOBHe KOHKPETHOTO TIPeATIPUSTHS
1je1ecoo0bpa3Ho paccuuThiBaTh cebectoumocts 1 T 'AC mo cymme 3arpar Ha Chipbe, ()epPMEHTHI,
SHEPTHIO, BOMly, OUMCTKY, KOHILIEHTPUDOBaHWe, AMOPTH3alMI0 U JIOTUCTUKY C TOC/IeAYIOIIUM
repecueToM Ha SKBHMBAJIEHT C/IaIOCTH M CYXHX BeIeCTB I10 OTHOLIEHHIO K caxapo3e. I10CKO/MbKy
B OTKPBITBIX MCTOYHMKAX OTCYTCTBYIOT IIPOBepsieMble [aHHble O BBIXOJ€ TPOAYKTA, pacxofe
depMeHTa, YHepPrornoTped/IeHUH W KalTUTa/IbHBIX 3aTpaTaX KOHKPETHOTO y30eKCKOTO TPeATIPUSITHS,
yKC/ieHHas OIleHKa Ce0ecTOMMOCTH B HACTOSIEM 0030pe He TPUBOAUTCS, 4TOObI M30eXaThb
HeroJTBepP)KAEeHHBIX pacueToB. TakoW pacyeT [JO/DKeH CTaTh 00s3aTesbHbIM 3TarioM THJIOTHOM
Ba/TAZALUM.

OrpaHuueHWeM  HACTOSIIIETO  HWCC/IIOBAaHUS  SIBJIIETCS  OTCYTCTBHE  COOCTBEHHBIX
9KCITEPUMEHTA/IbHBIX W JKOHOMHYECKUX [JaHHBIX TI0 KOHKDETHOMY TpPEATPUATHIO WU PErHOHY
Y3bekucraHa. IlepcrieKTMBHBIM HaripaB/ieHWeM JajbHeleil paboTbl SB/ISETCS MCIbITaHUe
BbIOPAHHOTO MECTHOTO KpaxXMaJICOJepyKall[eT0 ChIPhbsi C OLEHKOHM BBIXOZIA TIPOAYKTA, CTAOM/IbHOCTH
depmeHTa, 3HeprornoTpebeHus, KauecTBa CUPOIia ¥ OpUeHTUPOBOUHOM CebeCTOMMOCTH.

3ak/IIoueHue

[71}0KO3HO-(DPYKTO3HbIE ~ CHPOIbI  SIBJSIFOTCS ~ MHOTO(YHKLJMOHAJbHBIMA  MHILEBLIMU
VHIpeJIUeHTaM{,  TEeXHOJOrMyeckasi  LIeHHOCTb  KOTOpPbIX  OMpejensieTcs  CAafloCThIO,
pacTBOPHUMOCThBIO, B/IaroCBsi3bIBaroIlell ClIOCOOHOCTHIO, BAMSHUEM Ha KPUCTa//IM3aL{1Io, BSI3KOCTb
YW TeMIlepaTypy 3aMep3aHusi NHMILEBbIX CHUCTeM. [IpoMblllieHHasi TeXHOJOrMsi OCHOBaHa Ha
(epMeHTaTMBHOM TM/pPOJIM3e Kpaxmaja M W30MepH3allid [VIFOKO3bl, a KJIOUEeBbIM 3/1eMEHTOM
npoliecca OCTaeTcsi MMMOOW/IM30BaHHAas IVTI0OKO30-M30Mepas3a. MupoBasi KOHKYPEeHTOCIOCOOHOCTb
['®C 3aBUCHT OT 1]eH Ha caxap U KpaxMma/coZep)kalllee Cblpbe, CTOUMOCTH SHEPryuy U (pepMeHTOB,
JIOTUCTUKYU, TOPTrOBOW TOJIMTUKKM U TpeOOBaHUM K COKpallleHHIO0 J00aBieHHbIX caxapoB. [lisi
Y30ekucTaHa palMOHANbHBIM TIOAXOJOM SIBJIIETCS TIO9TAallHOe pa3BUTHE: OLleHKa MeCTHOM
cbipbeBOil  0a3bl, /abopaTopHas W MWIOTHasg oOTpaboTKa TMpolecca, KOHTPOJIb KauecTBa
u 0e30macHOCTH, TEXHHUKO-5KOHOMHUYECKOe COIMOCTaB/eHWe C caxapo3od U Moc/iefyoliee
MaciuTabvpoBaHWe TOJILKO TIPU  TIOATBEPXKJEHUM TEeXHOJIOTUYeCKOM U IKOHOMHUEeCKOU
LesiecoobpasHocT.  OrpaHUYeHUsIMA ~ UCC/IeIOBaHUsL  SIBJISTIOTCSI  OTCYTCTBUe  COOCTBEHHBIX
9KCIIePUMEHTA/IbHBIX [JaHHbIX, €JUHOW OTKPBITOM CTAaTUCTHKHU IO MPOW3BOACTBY U TMOTpebieHuI0
['®C B VY30ekucraHe M JaHHBIX O Ce0ECTOMMOCTM Ha ypOBHe KOHKDETHOTO TIPeATIPUSITHSI.
[TpakTHueCK peKOMeHJyeTCs: TPOBeCTH [MW/IOTHble WCIBbITAHUSI Ha MECTHOM KYyKYpYy3HOM
KpaxmaJje; OfpeJie/IuThb BbIXOJ, CHpOINa, CTabM/IbHOCTh UMMOOWIM30BAaHHOW IVIIOKO30-U30Mepasbl,
pacxo[] SHePruu U BOJbl; PaCCUMTaTh ce6eCcToMMOCTb 1 T TIPOJyKTa U CPaBHUTH ee C SKBUBaJIeHTHOU
CTOMMOCTBIO Caxapo3bl; TOATBEpAWTb II0Ka3aTeju KayecTBa M 0e30MacHOCTH; IepexojuTh
K TIPOMBIIUIEHHOMY MacIITabMPOBaHUIO TOJIBKO TI0C/Ie TIOATBEPXKJEHUs TeXHOJIOrHueCKOn
Y 5KOHOMUYECKOW 3(()eKTHBHOCTH.
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AHHOTaLUA

Koxxa siB/isieTcst B&XXKHbIM OapbepHbIM OpraHoMm, a eé HopMmasibHasi MUKpoduiopa obecrieurBaeT
KOJIOHM3aI[MOHHYIO0 Pe3UCTeHTHOCTb. [laHHble O MUKpPOOHOLIEHO3e KOKA MOJIOUHBIX JKelé3 y
JKEHII[UH PerpoAyKTUBHOTO BO3pacTa, OO/BHBIX PakKOM MOJIOYHOM »kese3bl (PMJK), orpaHuueHsbl.
Llenb wuccrnefoBaHUsi — CpaBHUTe/bHAsl OLleHKa KaueCTBEHHOTO M KOJIWUYeCTBEHHOIO COCTaBa
MHUKPOOUOTBI KOXKH ITOPayKEHHOM Y KOHTpasIaTepa/ibHON KIMHAYECKA MHTAaKTHOW MOJIOUHOM >Kese3bl
y TAIMeHTOK PernpoAyKTHUBHOTO Bo3pacta ¢ PMJK mocne Kypca xumuotepanuu. ObcnenoBadbl 82
>keHIuHbI 20-50 et ¢ mopdosornuecky noATBepxAéHHbIM PMOK ITI-1V ctaguu. CmbiBbI ¢ 1 cm?
KOkH Opamu 1o Metony Williamson u Kligman ¢ moceBoM Ha KpPOBSIHOM arap, KeJITOUHO-COJIEBOM
arap, cpeabl JHmo u Cabypo; obcemeHéHHOCTH Bbipakaiu B KOE/cm2. YacToTy BbIZie/IeHUS
CpaBHUBa/MM KpurtepueM x2 (TOuHbIM KputepueM @wuiriepa), 06CeMeHEHHOCTb — t-KpUTepUeM
Crerogenta. C KaXAOro yyacTka Bble/sieHO 1o 182 mramma 15 rpynn MHMKPOOPraHU3MOB.
ITpeobnamany cradunokokku (48,4 % Ha uHTakTHOM M 51,1 % Ha MOPAKEHHOM KOXKE), [0JIs
reMOJIMTUYECKM aKTUBHBIX CTa(UIOKOKKOB cocTaBwia 33 % u 41 % cootrBercTBeHHO. Ha
TOPa)KEHHOW KOXKe peke BbIJesyINCh MUKPOKOKKU (4,4 % mporuB 11,0 %; p = 0,030), a
obcemenénHoctb Candida albicans 6vina Bbimre (21,0+0,6 mpotur 18,0+0,6 KOE/cm2; p = 0,001);
KpOMe TOro, 3/IeCh BBIZIEJI/TUCE TpUOBI pofoB Aspergillus, Penicillium v aktuHomwuieTsl. Ilo
OCTaJIbHBIM T'PYyIINIaM pa3/inuuii He BbIsiBlIeHO. [lomyyeHHbIe JaHHbIe yKa3bIBalOT Ha CHIDKEHUE [10/TN
KOMMeHCa/IbHOM MHUKPOGUIOpbI U yCUieHWe TPUOKOBOW KOJOHM3allMd KOXKM B 30HE OITyXOJIEBOTO
Mopa’keHusi U TPeOyIOT TOATBEPXKJeHHUs] B WCC/IeAOBAaHUSAX C KOHTPOJBHOM TPYIIION 3[0pPOBBIX
JKEHILIVH.

Abstract

The normal skin microflora provides colonization resistance, but data on the skin
microbiocenosis of the mammary glands in women of reproductive age with breast cancer are
limited. The aim was to compare the skin microbiota of the affected and the contralateral clinically
intact breast in women of reproductive age with breast cancer after chemotherapy. Eighty-two
women aged 20-50 years with stage III-IV breast cancer were examined. Swabs from 1 cm? of skin
(Williamson—Kligman technique) were cultured on blood agar, egg-yolk salt agar, Endo and
Sabouraud media; microbial density was expressed in CFU/cm?2. Isolation frequencies were
compared using the x? or Fisher’s exact test, and densities using Student’s t-test. From each site, 182
strains of 15 microbial groups were isolated. Staphylococci predominated (48.4 % on intact and
51.1 % on affected skin); 33 % and 41 % of them, respectively, were hemolytic. On affected skin,
micrococci were isolated less frequently (4.4 % vs 11.0 %; p = 0.030) and the density of Candida
albicans was higher (21.0£0.6 vs 18.0+0.6 CFU/cm? p = 0.001); Aspergillus, Penicillium and
actinomycetes were also isolated there. The other groups did not differ. The findings suggest a
decrease in commensal microflora and increased fungal colonization of tumor-affected skin and
require confirmation in studies with a healthy control group.

KiroueBble c/i0Ba: pak MOJIOUHOM JKejie3bl, MHKPOOHOIIEHO3 KoM, Staphylococcus,
Micrococcus, Candida albicans, KonoHu3aiioHHast pe3UCTEHTHOCTb, XUMUOTepariusi.

Keywords: breast cancer, skin microbiocenosis, Staphylococcus, Micrococcus, Candida
albicans, colonization resistance, chemotherapy.
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BBegenue

Pak mosouHoi xesie3bl (PM)XK) siBiisieTcsi Harbosiee pacripoCTpaHEHHBIM 3710KaueCTBEHHBIM
HOBOOOpAa30BaHHEM Y JKEHII[UH W OIHOM U3 OCHOBHBIX TIPUUWH MX OHKOJIOTUUECKOW CMEPTHOCTH [6].
Koka — BakHbBIM OapbepHblii opraH, a e€é HopMaibHasg MHKpodaopa obecrieurBaer
KOJIOHM3ALIMOHHYI0 PEe3UCTEHTHOCTb U TMPENsITCTBYET 3aceleHHI0 KOXKU YCJI0BHO-TIAaTOT€HHBIMU
MUKpOOpranusmamu [1, 5].

B mocnieiHue roibl MUKPOOMOTa MOJIOUHOM KeJie3bl U3yJyaeTCsi Kak CaMOCTOsITe/TbHbIN OHoTOr
[7, 9, 12]. Iucbuo3 paccMaTpuBaeTcs KaK OJWH W3 (PAaKTOPOB KaHIleporeHe3a, pean3yIouincs
yepe3 XpPOHHWUYECKOe BOCIIajieHWe, HapyllleHHWe MeTabo/iM3Ma 3CTPOTreHOB W TioBpexzaeHue [THK
[4, 8, 10]. Posmb KOKHOM MHMKPOOHOTHI MOJIOUHOM JKejie3bl HM3yueHa 3HAUMTE/NbHO MeHbIIIe:
HapyllleHWe eé CcoCTaBa aCCOLMMPOBAHO KaK CO 3/I0KaueCTBEHHBIMM, TaK U C J0OpOKaueCTBeHHbIMU
3a00/1eBaHUSIMH MOJIOUHOM >KeJie3bl, U OHa pacCMaTpPUBAETCS KaK BO3MOXKHBIM MOJUGMHUIAPYEMbIi
(akTop pucka [11].

Ha ko)XHyr0 MUKPOOHOTY CriocoOHa BIUSATH U MPOTUBOOIMYX0JIeBasi Tepansi: B Xo/e JyueBon
Tepanvu KOKHbI MUKpoOroM 60bHbIX PMOK nriHaMuuecku MeHsIeTCsl B CBSI3U C BBIP@XKeHHOCTBIO
KOXXKHOM TOKCMUHOCTH [3], a paHee HaMU T0Ka3aHO BIUsSIHUE [TUTOCTAaTUKOB HAa MUKPOOHBIE W30/ISThI
MoJIOBBIX myTel 6GosbHbIX PM)K in vitro [2]. [laHHBIe 0 KOKHOM MHKpPOOHOIIEHO3e MOJIOUHOM
Kesesbl TI0C/Ie XUMUOTepanuu y >KeHIUH pernpoyKTUBHOTO BO3pacTa B JIUTepaType MpaKThUueCKU
OTCYTCTBYIOT.

Llenbto HACTOALLETO HWCCAEOBAaHUS sIBUJIAaCh CpaBHUTebHAas OLleHKa KayeCcTBEHHOIO
M KOJIMYeCTBEHHOTO COCTaBa MHKPOOMOIIEHO3a KOXKM TIOPaXEHHOW U KOHTpasaTepajbHOU
K/IMHUYEeCKM WHTAKTHOM MOJIOYHOM >Kese3bl y MalMeHTOK PenpojyKTMBHOTO BO3pacTa C PakoM
MOJIOUHOM >KeJie3bl TI0C/ie Kypca XMMUOTeparuu.

Martepuasibl U METOABI

[TpoBeieHO OJHOMOMEHTHOE CpaBHUTe/NbHOe HuccienoBaHue. OO0cienoBaHbl 82 >KEHIIUHBI
tdeptunbHOro Bo3pacta (20-50 snet) ¢ mopdosiorhyecKd MOATBEPXKAEHHBIM AuarHodoMm PMIK,
HaxO[VBILIMECS Ha CTAalMOHApDHOM JIeUeHWM B OTAe/JeHMM TOpPaKaJbHOU OHKOXUPYPIUU
TamkeHTCKOTO TOpPOACKOro ¢umuana PecryOG/iMKaHCKOTO — CIeMaan3upOBAaHHOTO — HAy4yHO-
MPaKTUUeCKOTO0 MeAUL[MHCKOTO L[eHTPA OHKOJIOTHM W PAJMOJIOTHU B TIEPUOJ C WIOHS TI0 OKTSOpb
2025 1. Y Bcex malueHTOK mguarHoctupoBaHa III-IV craguss 3aboneBanusi. Marepuan ajist
McceoBaHUs 3a0Mpasv TIOC/Ie TIPOBEAEHHOTO Kypca XMMHUOTepariu.

Kpurepuu BkitoueHusi: Bo3pact 20-50 jsiet, Mopdosioruuecku BepuuiipoBaHHbiii PMXK 11—
IV craguu, 3aBeplIfHHBIM KypC XWMUOTepanuu, Hajauuue TMHCbMEeHHOT0 WHGOPMUPOBAHHOTO
I0OpOBONIBHOTO  corviacusi. KpuTepuu WCKIIOYEHUs:: TIPUEM CHUCTEMHBIX aHTHOAKTepUaTbHBIX
TIperiapaToB B IEePUO/, TPeALIeCTBYIOUN 00C/Ie[0BaHIIO; JyueBasi Teparus Ha 00/1acTh MOJIOUHOM
KeJie3bl; N3bsI3B/IEHNE OIYXOJIM C BBIXOJIOM Ha KOXKY; COMyTCTBYIOIIMe 3a00/ieBaHUs KKK (3K3eMa,
rcopvas M Jp.); HaHeCeHWe aHTUCENTHKOB WM Hapy’KHBIX JIeKaPCTBEHHBIX CPEeACTB Ha KOXY
MOJIOUHOU JKeJle3bl.
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B KauecTBe BHYTpeHHero KOHTPOJISI WCII0/Ib30Bau KOXY KOHTpasaTepaJbHOM KJIMHWUYeCKH
VHTaKTHOM MOJIOUHOM >Kejie3bl TOW >Ke IMallMeHTKW; KOHTPOJIbHAs TpPYIIa 30pPOBBIX JKEHIIUH He
¢dopmupoBanacek. 3abop Marepuana TPOBOAW/ICS C pa3pellieHds aJMUHUACTPAUM JieueOHOro
yupeX/eHusi; Y BCeX MalieHTOK ObLJIO ToTyuyeHo TMCbMeHHOe WH(pOPMUPOBaHHOE A00pOBOIBbHOE
corviacue Ha yJacTue B UCCJIeJOBaHUU.

Mareprian  3abupamu C TIOBEPXHOCTH KOXMU  TIOPaKEHHOW  MOJIOUHOW  JKese3bl
Y C CUMMETPUYHOI'0 YYaCTKa KXW KOHTpasarepaJbHOM KIMHWYeCKW MHTaKTHOU MOJIOUHOM JKese3bl
CTepWIbHBIMK BaTHBIMM TaMIIOHaMH, CMOYEHHBIMHM [UTATeNbHBIM Oy/IbOHOM, 10 METOAY
Williamson u Kligman. CMbIB NMpPOM3BOAW/IN C yuacTKa KOXKU TUIOL[aZibiI0 1 CcM?, OrpaHUYeHHOTro
CTepuIbHBIM TpadapeToM ¢ OKHOM 1x1 cm. OOpasipl MoMeland B CTePUIbHBIE TPAaHCIIOPTHBIE
KOHTelHephl U JOCTaB/IS/IM B MUKPOOHOIOTHYeCKy0 1abopaTopuio B TeueHHe 2 U B COOTBETCTBUU
C TIpaBU/IaMH TPAHCTIOPTUPOBKU OHMO/IOTMYeCKOr0 MaTepuarna.

Marepuan BbICeBa/ld Ha KPOBSIHOW arap, >KeJITOYHO-COJIeBOM arap, cpefy OHAO U arap
Cabypo. [ToceBbl uHKyOMpoBau rpu Temneparype 37 °C B TeueHue 48 u, moceBbl Ha arape Cabypo
— B TeueHue 72 u.

Bce Belpocuime  konoHMM — okpamBanuM 1o ['pamy;  BbleneHHble  KyJIBTYPbI
UIeHTU(UIMPOBA/IA TI0 KY/IbTypaJbHBbIM, MOP(OSOrHuecKuM, OMOXUMHUECKUM M aHTHUTeHHBIM
cBolcTBaM. [eMO/MTHMUECKYyH0 aKTMUBHOCTb CTA(UIOKOKKOB OLIeHHMBald [0 HaJUUMI0 30HbI
reMoJ/IM3a BOKPYT KOJIOHHI Ha KPOBSHOM arape. ['pubbl uieHTU(UIMPOBaIy 10 XapakTepy pocTa Ha
arape Cabypo 1 Mmopdosnorrnueckium nprsHakaM. CtereHb MUKPOOHO# 06ceMeHEHHOCTH OLieHUBaIA
0 KOJTMUECTBY KOJIOHHeoOpa3yronux equHul] Ha 1 cm? moBepxHocTu Koxku (KOE/cm2).

Craructuueckyto o06pabOTKy TMPOBOAWIM C HCIONb30BaHUeM Oubmioreku SciPy (Python).
KosmuecTBeHHbIe TIOKa3aTeMu TIpeACTaBieHbl B Buie M+m (cpeiHee + cTaHAapTHas OIIMOKa
cpenHero). YacToTy BbliesIeHUs] OT/e/IbHBIX TPYIIIT MUKPOOPTaHU3MOB ([I0/F0 OT 001ero 4ucmia
IITaMMOB, BbIZleJIEHHBIX C JIaHHOIO y4aCTKa) Ha MHTAKTHBIX U MOPaKEHHBIX yyaCTKax CpaBHUBA/IN
C moMouibio KpuTepus x2 TIupcoHa ¢ momnpaskoii MeliTca, Ipy 0XuJaeMbIX 4acTOTax MeHee 5 —
TOUHOTO Kputepusi ®uiliepa; cpefHIOI0 00CeMeHEHHOCTh — C TOMOLIBIO t-KpuTeprst CTbiofieHTa
JIIs1 HepaBHBIX Aucrnepcuit (Yanua). Pa3nnuus cuuTanm CTaTUCTAYeCKU 3HaUUMbIMU 1ipu p < 0,05.

Pe3yibTaThbl 4 00Cy )X/ eHUA

C KO)XM MHTAKTHBIX Y MOPaKEHHBIX yUaCTKOB Bbljle/ieHo Mo 182 mrTamMmma MUKPOOPraHH3MOB,
oTtHOcsiMXcs K 15 rpyrmam (tabn. 1, puc. 1). Beayiiee Mecto Ha 060MX ydacTKax 3aHMMaJId
nipeficTaBuTenu poga Staphylococcus: 88 mtammoB (48,4 %) Ha MHTAKTHOW KOke M 93 mIiTamMma
(51,1 %) Ha nopaxénnout (p = 0,67). Haunbosee uacto Beigensica S. aureus (19,2 % u 22,5 %
COOTBETCTBeHHO), Aanee S. epidermidis (12,6 % u 14,3 %) u S. haemolyticus (no 8,8 %). Hosns
reMOJIMTUYECKA aKTMBHBIX LITaMMOB cocTaBuia 33 % OT uucia CTapUIOKOKKOB, BbIJle/IeHHbIX
C MHTAKTHOU KOXXH, U 41 % — C TTopa)KEéHHOM.

Ha nopaXéHHbIX yyacTKaxX CTaTUCTUUECKU 3HAUMMO pe)ke BbIJe/siIiCb MUKPOKOKKU (4,4 %
npotuB 11,0 %; p = 0,030); monst Corynebacterium spp. (8,8 % npotus 12,1 %) u S. hominis (1,1 %
npotuB 3,8 %) Takke ObUla HIKe, OAHAKO 3TH Ppa3IAUUs He [JOCTUIJIM CTaTUCTAYECKOU
3”HauuMocTH. Candida albicans Bbiziensinack Ha nopaxéHHou Koxke yaiile (21,4 % npotus 14,3 %; p
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= 0,101), a cpeaHsis 06CeMeHEHHOCTh €10 Obljla CTaTUCTUYECKH 3HauuMo Bbitie (21,0+0,6 mpoTus
18,0+0,6 KOE/cm?; p = 0,001). Kpome TOro, Ha MOpa)kKéHHBIX y4aCTKax BbIAE/IS/TUCh aKTUHOMULIEThI
U TJIecHeBbIe TpubbI posioB Aspergillus u Penicillium, He BKIO4€éHHBIe B Tab1. 1.

Yacrora BbiZiesieHHs1 1 00CeMeHEHHOCTb TpaMoTpHLaTenbHbix Oakrtepwii (Klebsiella spp.,
Pseudomonas aeruginosa, Proteus vulgaris), SHTePOKOKKOB, CTPeNTOKOKKOB W Bacillus spp. Ha
WHTAKTHBIX U TIOP@XEHHBIX yuyacTKax He pasnmuuamuck (p > 0,05). CpexHsii o6ceMeHEHHOCTD
oTAe/nbHbIX Tpynn BapbupoBasa oT 18,0-21,0 KOE/cm? (C. albicans) mno 617-619 KOE/cm?
(Streptococcus spp., E. faecium).

Taﬁﬂuqa 1. Yacmoma ebideseHus u o6ceMeHEéHHOCMb MUKPOOpP2GHU3M068 Hd UHMAKMHbIX U
nOpaJlCéHHle yuacmkax Koxcu MO/1I0YHOII JHce/e3bl Yy dceHwuH penpoaykmueHoeo eo3pacma c

PMJK (n = 82)
I'pynna Mmuxkpoopranms- NHTaKTHBIE yyacTKH ITopaxéHHbIe yyacTKH P: P:
MOB KOXXH KOXXH
aoc. (%) KOE/cm? aoc. (%) KOE/cm?
Staphylococcus aureus 35(19,2) 410,2+20,1 41 (22,5) 420,0+24,0 0,519 0,755
Staphylococcus epidermid- 23 (12,6) 175,2+6,0 26 (14,3) 180,0+7,0 0,759 0,605
is
Staphylococcus spp. 7 (3,8) 65,3+3,0 8(4,4) 66,0+3,0 1,000 0,872
Staphylococcus haemolyti- 16 (8,8) 90,0+6,0 16 (8,8) 90,2+6,0 1,000 0,981
cus
Staphylococcus hominis 7 (3,8) 101,0+0,7 2(1,1) 118,0+12,0 0,174* 0,391
Micrococcus spp. 20 (11,0) 88,1+12,0 8 (4,4) 115,0+8,0 0,030 0,074
Candida albicans 26 (14,3) 18,0+0,6 39 (21,4) 21,0+0,6 0,101 0,001
Streptococcus spp. 3(1,6) 619,0+0,3 3(1,6) 617,0+£62,0 1,000* 0,977
Enterococcus faecalis 2(1,1) 518,0+20,0 2(1,1) 519,0+20,0 1,000* 0,975
Bacillus spp. 6 (3,3) 102,0+9,0 6 (3,3) 102,0+9,0 1,000 1,000
Corynebacterium spp. 22 (12,1) 124,045,0 16 (8,8) 125,045,0 0,391 0,888
Enterococcus faecium 4(2,2) 617,0+62,0 4(2,2) 617,0+£62,0 1,000* 1,000
Klebsiella spp. 4(2,2) 37,1+0,8 4(2,2) 37,1+0,9 1,000%* 1,000
Pseudomonas aeruginosa 4(2,2) 38,1+5,0 4(2,2) 37,2+5,0 1,000* 0,903
Proteus vulgaris 3(1,6) 111,0£7,0 3(1,6) 112,0+7,0 1,000* 0,924
Bcero 182 (100) — 182 (100) — — —

IIpumeuanue: abc. — uucao wmammos; % — 0ot om obuje2o uucaa WmMammos, 8bl0e/eHHbIX

¢ coomgemcmeytoujezo yuacmka (no 182); KOE/cm? — M+m; p, — cpagHeHue uacmombl
ebldeneHus (kpumepuii x? ¢ nonpaskoii Meiimca, * — moumbiii kpumepuii Puwepa); p,—
cpasHeHue obcemeHEHHOCMU (t-Kpumepuil Y31ua); NOAyHCUPHbIM 8bl0e/eHbl CMamucmuuecku
3Hauumble pasauuus (p < 0,05). [ToMumo yKa3aHHbIX 2pynn, HA NOPAHCEHHDBIX YUACMKAX 8blOeASNUCh
akmuHomuyembl u 2pubbl podos Aspergillus u Penicillium.

PacripesienieHrie Bbljle/IeHHBIX TPYII MHUKPOOPraHW3MOB Ha HWHTAKTHBIX U TOPaKEHHBIX
yuyacTKax KOXKHU Mpe/iCTaB/lIeHO Ha puc. 1.
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Staphylococcus aureus
Staphylococcus epidermidis
Staphylococcus spp.
Staphylococcus haemolyticus
Staphylococcus hominis
Micrococcus spp. *
Candida albicans T
Streptococcus spp.
Enterococcus faecalis
Bacillus spp.
Corynebacterium spp.
Enterococcus faecium
Klebsiella spp.

Pseudomonas aeruginosa
B VHTaKTHBIE YUACTKU KOXU

Proteus vulgaris B
I TIopakéHHBIE yUaCTKU KOXKU

0 5 10 15 20 25
,E[OIIH OT 4YHrCJ/ia BblJ€/I€HHBIX IITaAMMOB, %

*p = 0,030 (uactora Bbigenenus); T p = 0,001 (o6cemenénnocts, KOE/cm?)

Pucynok 1. Yacmoma eébides1eHUs1 MUKPOOP2AHU3MO8 HA UHMAKMHbIX U NOPAHCEHHBIX
YUacmkax Kodcu mMo/a04HOU Hcese3bl (% om yucaa ébi0e/sieHHbIX WmamMmos, n = 182 na kazicoom
yuacmke)

[TonyueHHbIe [aHHBIE TIOKa3bIBAIOT, UTO COCTaB KY/JBTUBUPYEMOW MUKDPOOMOTHI KOXKU
NMOpakéHHOM W KOHTpasjaTepaJbHOM MOJIOUHOW >Kese3bl MOC/Ae Kypca XMUMHOTEepanvy B LieJIOM
CcXofeH: Ha 000MX YyuacTKaX BbiZie/leHbI OAHM MW Te >Xe 15 Tpynmm MHKPOOPraHH3MOB
¢ mpeobnagaHueM CTa(UIOKOKKOB. OTO COIVIACYyeTCsl C TIPeACTAaBJIEHUSIMM O CTa(pHIOKOKKAX,
KOpUHEeDaKTepusiX M MHUKPOKOKKaxX Kak 00 OCHOBHBIX KOMITOHEHTaxX ayTOXTOHHON MHKPOQIOpEI
KO)KH, COCTaB KOTOPOH OTIpe/esisieTCsl TIPeXKe BCero (pu3noaoruiecKUMu 0COOEHHOCTSIMU yYacTKa
tesia [5]. CXOACTBO ABYX Y4aCTKOB MOKeT OTpakaThb U CUCTeMHOe BO3/|efCTBHe XMMHUOTeparuy Ha
BeCb KOJKHBIU [TOKPOB, [TI03TOMY MHTaKTHas KOKa TOM ke MaljUeHTKH CJTyKUT JIMIIb OTHOCUTETbHBIM
KOHTPOJIEM.

BMmecTe ¢ TeM Ha NOpPa)XEHHBIX yyaCTKaxX BbISIBJIEHbl pa3/inuMs, XapaKTepHble [/1s1 CHIKEHUS
KOJIOHU3AL[MOHHOM pEe3UCTeHTHOCTH: YMeHbIIIeHWe [JO0MM MHWKDOKOKKOB M KOpPHHeOaKTepuid
U ycuieHWe TPUOKOBOHM KomoHu3aLuu (Oomee BbICOKas obcemeHéHHOCTH C. albicans, BbiieneHue
Aspergillus v Penicillium). KomMmeHcanbHasi MUKpodiopa KOXKM y4acTByeT B TIOAfepKaHUU eé
OapbepHOU (YHKIMM W MECTHOTO HMMMYHHOTO TOMEOCTa3a, a HapylleHHe COCTaBa KOKHOMU
MHUKPOOHOTBI pacCMaTpPUBAEeTCsl KakK BO3MOXKHBIM MOAU(UIMpYyeMbIii (akTop pricka 3abosieBaHUiM
MOJIOUHOM kese3bl [5, 11]. YBenuueHWe [0/ TeMOMUTHUECKU aKTUBHBIX CTa(UIOKOKKOB Ha
nopakéHHoW Koke (41 % mpotuB 33 %) MOXeT yKa3blBaTb Ha CEeJIEKIMIO IITaMMOB C Oosee
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BBIDAKEHHBIMH  (DaKTOpaMM TIaTOT€HHOCTH B 30HE OITyXOJIeBOTO TIpoliecca, OfHAako 0e3
CTaTUCTUYECKOM OLIEHKHU 3TOrO I0Ka3aress W MOJIEeKY/ISPHOU XapaKTepPUCTHUKM IITaMMOB JaHHbIN
BBIBO/|, HOCUT IIpe/iBapUTe/IbHBbIA XapaKTep.

CoriocTaBneHre C JaHHBIMHM JIMTEPAaTypbl OTPaHUUEHO TeM, UTO OOJBIIMHCTBO paboT
TIOCBAIIIEHO MHUKPOOMOTEe TKaHW, a He KOXXM MOJIOUHOM >Kejie3bl, W BBIIOJTHEHO MOJIEKY/ISIPHO-
reHetTrueckumu Metogami. ITo ganueiM C. Urbaniak v coaBT., B TKAHU MOJIOUHOM >KeJie3bl O0TbHBIX
PM)X mnoBbillleHO oTHOCUTe/bHOe copepxkaHue Bacillus, Enterobacteriaceae u Staphylococcus,
torja Kak Corynebacterium u Micrococcus tipefictaBieHbl B MeHblieii crerienu [9]; T.J. Hieken
Y COaBT. OMHWCANX Pa3IMuUs MUKPOOUOTHI TKAaHW TPU [JOOPOKAaueCTBEHHBIX U 3/10KaueCTBEHHBIX
3aboeBaHUsIX MOJIOUHOM kese3bl [7], C. Xuan U COaBT. — MeXy OITyXO/Je€BOM U TapHOU
Hen3MeHEHHOW TKaHbiO [12]. CHwKeHHe [0/M MUKPOKOKKOB M KOpPHHEeOAaKTephii Ha MOpPa)KEHHOM
KOXKe B HallleM MCCJIe/[OBaHWM COBMaJiaeT 1Mo HarpaBieHHOCTH ¢ JaHHbIMM C. Urbaniak u coaBrt.,
Torza Kak uacrora Bacillus spp. v sHTepobakTepuii Ha [BYX y4acTKax He pa3nyasnach, YTO MOXKET
OBITH CBfI3aHO KaK C pa3/MuusiMU OWOTOTOB (KOXKa M TKaHb JKeJje3bl), TaK U C OrpaHWYeHHOM
YYBCTBUTE/IbHOCTBHIO KY/IBTYpPabHOIO METOZa.

CymiectBeHHBIM  (DaKTOPOM, CIIOCOOHBIM BAMATH Ha KOXKHYIO MHKPOOHOTY, SIBISIETCS
MPOTHBOOIyXO0/eBasi Tepanus. [loka3aHo, YTO B Xo[e JIy4eBOM Tepaluu COCTaB KOKHOIO
MHUKpobOuoma y 60spHbIX PMOK nriHaMHueCcKy MeHsSIeTCSl M aCCOLIMMPOBAH C KOKHOW TOKCUYHOCTBIO
[3]; paHee HaMu YCTaHOB/IEHO, UTO LUTOCTaTUKW, TpPUMeHsieMble TNpU XuMuorepanuu PMXK,
B/IUSIFOT HA MUKPOOHBIE M30JIAThI TIOMIOBBIX MyTel in vitro [2]. [Tocko/bKy MaTepuas B HaCTOSIIIIEM
WCC/IeJ0BaHUY 3a0UpasH 1Moc/ie Kypca XMMHUOTepaIiiH, BhisiB/IeHHbIe 0COO@HHOCTH MOTYT OTpPaXkaTb
CyMMapHOe BJTHSIHHE OITyXOJIEBOTO TIpOLiecca M JIeUeHUsT; pa3zieNiTh 3TH (DaKTOPhI TIPH BHIOPaHHOM
Jli3aiiHe HeBO3MOJKHO.

OrpaHuyeHyss HCCAeOBaHUS: OTCYTCTBHE KOHTPOJIbHOM TPYIIbl 3[OPOBBIX JKEeHIUH
u 00cyiefloBaHUs [I0 Hauasia jiedeHusi; CPaBHEHHE yUuacCTKOB TPOBE/IEHO Ha YPOBHE LITAMMOB 0e3
yuéTa TapHOIrO XapakTepa [JaHHBIX; B HCCJ/IeJOBaHUE BKJIIOUEeHbl TOJBKO ManueHTku c III1-1V
cragueit PMJK; He mpoBogwiach cTpaTh(uKanus 1o MojekynspHomy nofatuny PMOK u cxeme
XUMHUOTepariiy; Ky/lIbTypalbHbI METO/| He T03BOJISIeT BLISIBUTh aHA3POOHbIe W HEKY/IETHBUPYEMbIe
TaKCOHBI; [0Sl TeMOJIMTUUECKU aKTUBHBIX CTa(MIOKOKKOB He TIOZiBepragach CTaTUCTHUeCKOW
OLIeHKe.

3ak/IIoueHue

1. MuKpoOHOTa KO)KM KaK MHTAKTHOH, TaK U TOPaKEHHOW MOJIOUHOM >Kesle3bl Y KeHIIUH
penpoAyKTUBHOTO Bo3pacta ¢ PMJK mnocme Kypca XuMHOTepanuy mpejcTraBieHa 15 rpyrnnamMu
MHKDOOPTaHHW3MOB C TipeobOsasanueM poga Staphylococcus (48,4 % wu 51,1 % 1mTamMMoB
COOTBETCTBEHHO).

2. Ha ko)ke B 30He OMyXOJeBOTO TMOpa)KeHHUsl pexke BbIes/IMCb MUKPOKOKKU (p = 0,030)
¥ Bbille Oblla obcemeHéHHOCTL Candida albicans (p = 0,001); AOMOMHUTE/NHLHO BBIAEISIUCH
AaKTHHOMHIIETBI M TpUObI pomoB Aspergillus w  Penicillium. Tlo ocCTaJbHBIM TpyIamMm
MHKDPOOPTraHHW3MOB Pa3/IMuuii He BbISIBJIEHO.

3. HoBusHa paboTbl COCTOMT B CpaBHUTEbHOM XapaKTepUCTHUKe KY/IbTUBUPYeMOMH
MUKPOOMOTBI KOXKM TIOPa’KEHHOW M KOHTpasiaTepasbHOM MOJIOUHOM >Kese3bl Y OJHUX U TeX e
MalyeHTOK PenpoJyKTUBHOTO BO3pacTa Mocjie XMMHOTeparvu.
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4. TlepcrieKTMBHBIMY HarpaB/lIeHUsMHU SIBJISTFOTCS  00C/ie/joBaHWe TIALMEHTOK [0 Hauasa

U B [MHaMHKe JieUeHMs, BKJ/IFOUeHHe KOHTPOHLHOﬁ rpymIibl 3A0POBBIX JKEHIIWH, OLIeHKa CBA3U

KOKHOW MUKDPOOMOTBI C MOJIEKY/ISpHBIM TOATUTIOM PMDJK, KOXXHOM TOKCMYHOCTBIO Teparuu

U MPOTHO30M, a TaKXKe IIpUMeHeHKre MOJIEKY/IAPDHO-TeHeTUUeCKUX MeTOJ0B.

10.

11.

CnMcoK /imreparypsbl

. MyxamezioB I.M. u ip. MMKpPO3KOJIOTHSI BAXKHEHMIITUX OMOTOIMOB Tejla uesioBeka. — TalllKkeHT. —

2007.-461 c.

. Myxamemor W.M., OpkuHoBa H.P. XapakTepucTHka UyBCTBUTE/JLHOCTH MHKPOOOB,

BbI/le/IEHHBIX W3 TeHWUTalud >KeHI[UH OO/IbHBIX DAakOM TDYJAHOM >Kese3bl, K Tperiaparam,
WCTIO/Ib3yeMbIM TIDU XMMHUOTEpanuu, B YCIOBHSX in vitro // JKypHanm TryMaHWTapHBIX U
ecTecTBeHHbIX HayK. — 2026. — Ne 1 (32). — C. 216-219. URL: https://journals.tnmu.uz/

index.php/gtfj/article/view/4595.

. Bai J., Gong C., Hu Y.J., Bruner D.W., Torres M.A., Buchwald Z.S., Lin J.Y. Skin Microbiome,

Inflammation, and Skin Toxicities in Women With Breast Cancer Receiving Moderately
Hypofractionated Radiation Therapy // International Journal of Radiation Oncology, Biology,
Physics. — 2025. - T. 122, No 5. — P. 1175-1185.

. Bose C. Breast cancer and microbiome: a systematic review / BMC Women’s Health. — 2025. —

T. 25, Ne 1. — Art. 438. — DOI: 10.1186/5s12905-025-03843-8.

. Byrd A.L., Belkaid Y., Segre J.A. The human skin microbiome // Nature Reviews Microbiology.

—2018. -T. 16, Ne 3. — P. 143-155. — DOI: 10.1038/nrmicro.2017.157.

. Giaquinto A.N., Sung H., Miller K.D. et al. Breast Cancer Statistics / CA: A Cancer Journal for

Clinicians. — 2024. —T. 74, Ne 1. — P. 12-49. — DOI: 10.3322/caac.21868.

. Hieken T.J., Chen J., Hoskin T.L. et al. The Microbiome of Aseptically Collected Human Breast

Tissue in Benign and Malignant Disease // Scientific Reports. — 2016. — T. 6. — Art. 30751. —
DOI: 10.1038/srep30751.

. Singh P.K., Rathi D., Shweliya M.A. et al. The interplay of the microbiome and breast cancer:

beyond the gut: a narrative review // Annals of Medicine & Surgery. — 2025. — T. 87. — P.
8496-8507. — DOI: 10.1097/MS9.0000000000004108.

. Urbaniak C., Gloor G.B., Brackstone M., Scott L., Tangney M., Reid G. The Microbiota of

Breast Tissue and Its Association with Breast Cancer // Applied and Environmental
Microbiology. — 2016. — T. 82, Ne 16. — P. 5039-5048. — DOI: 10.1128/AEM.01235-16.

Wang J., Xu D., Hu S., Zheng B., Chen Y., Pan T. The impact of microbiome on breast cancer
and regulatory strategies // Microorganisms. — 2024. — T. 12, Ne 1. — DOI: 10.3390/
microorganisms12010075.

Wang K., Nakano K., Naderi N., Bajaj-Elliott M., Mosahebi A. Is the skin microbiota a
modifiable risk factor for breast disease?: A systematic review // Breast. — 2021. — T. 59. — P.
279-285. — DOLI: 10.1016/j.breast.2021.07.014.

185


https://journals.tnmu.uz/index.php/gtfj/article/view/4595
https://journals.tnmu.uz/index.php/gtfj/article/view/4595

Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

12.

10.

11.

12.

Xuan C., Shamonki J.M., Chung A., Dinome M.L., Chung M., Sieling P.A., Lee D.J. Microbial
Dysbiosis Is Associated with Human Breast Cancer // PLoS One. — 2014. — T. 9, Ne 1. — DOI:
10.1371/journal.pone.0083744.

References

. Mukhamedov I.M. i dr. [Microecology of the most important biotopes of the human body]. —

Tashkent. — 2007. (In Russ.).

. Mukhamedov .M., Erkinova N.R. [Characterization of the sensitivity of microbes isolated from

the genitalia of women with breast cancer to drugs used in chemotherapy under in vitro
conditions] // Zhurnal gumanitarnykh i estestvennykh nauk. — 2026. — No. 1 (32)

[OnektponHbiii pecypc]. — URL: https://journals.tnmu.uz/index.php/gtfj/article/view/4595
(accessed: 20.10.2026). (In Russ.).

. Bai J., Gong C., Hu Y.J., Bruner D.W.,, Torres M.A., Buchwald Z.S., Lin J.Y. Skin Microbiome,

Inflammation, and Skin Toxicities in Women With Breast Cancer Receiving Moderately
Hypofractionated Radiation Therapy // International Journal of Radiation Oncology, Biology,
Physics. — 2025. — Vol. 122, No. 5. — P. 1175-1185.

. Bose C. Breast cancer and microbiome: a systematic review / BMC Women’s Health. — 2025. —

Vol. 25, No. 1. — Art. 438. — DOI: 10.1186/512905-025-03843-8.

. Byrd A.L., Belkaid Y., Segre J.A. The human skin microbiome // Nature Reviews Microbiology.

—2018. - Vol. 16, No. 3. — P. 143-155. — DOI: 10.1038/nrmicro.2017.157.

. Giaquinto A.N., Sung H., Miller K.D. et al. Breast Cancer Statistics / CA: A Cancer Journal for

Clinicians. — 2024. — Vol. 74, No. 1. — P. 12-49. — DOI: 10.3322/caac.21868.

. Hieken T.J., Chen J., Hoskin T.L. et al. The Microbiome of Aseptically Collected Human Breast

Tissue in Benign and Malignant Disease // Scientific Reports. — 2016. — Vol. 6. — Art. 30751. —
DOI: 10.1038/srep30751.

. Singh P.K., Rathi D., Shweliya M.A. et al. The interplay of the microbiome and breast cancer:

beyond the gut: a narrative review // Annals of Medicine & Surgery. — 2025. — Vol. 87. — P.
8496-8507. — DOI: 10.1097/MS9.0000000000004108.

. Urbaniak C., Gloor G.B., Brackstone M., Scott L., Tangney M., Reid G. The Microbiota of

Breast Tissue and Its Association with Breast Cancer // Applied and Environmental
Microbiology. — 2016. — Vol. 82, No. 16. — P. 5039-5048. — DOI: 10.1128/AEM.01235-16.

Wang J., Xu D., Hu S., Zheng B., Chen Y., Pan T. The impact of microbiome on breast cancer
and regulatory strategies // Microorganisms. — 2024. — Vol. 12, No. 1. — DOI: 10.3390/
microorganisms12010075.

Wang K., Nakano K., Naderi N., Bajaj-Elliott M., Mosahebi A. Is the skin microbiota a
modifiable risk factor for breast disease?: A systematic review // Breast. — 2021. — Vol. 59. — P.
279-285. — DOI: 10.1016/j.breast.2021.07.014.

Xuan C., Shamonki J.M., Chung A., Dinome M.L., Chung M., Sieling P.A., Lee D.J. Microbial
Dysbiosis Is Associated with Human Breast Cancer // PLoS One. — 2014. — Vol. 9, No. 1. —
DOI: 10.1371/journal.pone.0083744.

186


https://journals.tnmu.uz/index.php/gtfj/article/view/4595

Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

3KOJIOI'MSI 1 OXPAHA OKPY KAFROIIIEN CPE]IbI

Cmambs nocmynuaa 8 pedakyuto: 25.09.2026
Cmambs npuHama K nybaukayuu: 12.10.2026
Cmambs onybaukoeana: 07.11.2026

Y/IK 631.86+628.336.6

N3MmeHeHMe copepKaHUA OPraHUYeCKHX U T'YMYCOBBIX BeLl|eCTB B
OpraHOMHHEPA/ILHBIX YA00peHUsIX Ha 0CHOBE 0CA/IKOB CTOUHBIX BO/|

Amonoea Hapzau3za MyxmapogeHa

u. 0. ooy.

Kageopbl MeOUYUHCKOU U buono2uyeckoll Xumuu
Byxapckuil 2ocy0apcmeeHHblll MeOUuyuHCKUtl uHcmumym
Pecnybauka Y36ekucmaH, 2. Byxapa

E-mail: amonova.nargiza@bsmi.uz

Temupoe Ykmam Illaekamoguu

0-p mexH. HayK, hpog.

Kagedpbl Xumuueckoli mexHon02uu

Haeoulickuli 20cyoapcmeeHHbili 20pHO-mexHoA02uuecKull yHugepcumem
Pecnybnuka Y36ekucmat, e. Hasou

Kypaee Unxom UKpomosuu

PhD, ooy.

Kageopbl Xumuueckoll mexHon02uuU

Hasoutlickuti 20cy0apcmeeHHblli 20pHO-mexHo102u4ecKull yHugepcumem
Pecnybnuka Y36ekucmat, 2. Hasou

Changes in the content of organic and humic substances in sewage sludge-based
organomineral fertilizers

Amonova Nargiza Mukhtarovna

Acting Associate Professor

Department of Medical and Biological Chemistry
Bukhara State Medical Institute

Republic of Uzbekistan, Bukhara

Temirov Uktam Shavkatovich

doctor of Technical Sciences, Professor
Department of Chemical Technology

Navoi State University of Mining and Technologies
Republic of Uzbekistan, Navoi

Bubimorpadpuueckoe omucanume: AmoHoBa H.M., Temwmpor VY.III., )KypaeB WN.U. Vi3meHeHue cofiep)KaHHs OpPraHUYeCKHUX U
T'YMYCOBBIX BeIlleCTB B OpraHOMHHEpA/bHBIX Y/J00peHHsIX Ha OCHOBe OCAZKOB CTOUHbIX BoZ // Universum: xumwus v OGuomorus :
571eKTPOH. Hay4H. XypH. 2026. 11(149). URL: https://7universum.com/ru/nature/archive/item/23547

187


https://7universum.com/ru/nature/archive/item/23547

Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

Djuraev Ilhom Ikromovich

PhD in Technical Sciences, Associate Professor
Department of Chemical Technology

Navoi State University of Mining and Technologies
Republic of Uzbekistan, Navoi

AHHOTanus

OOBEKTOM UCC/Ie/IOBaHUS SIBISTUCH 0CafKU CTOUHBIX Boj (OCB) 1iexa OvoxXxuMHueCKoU
ounctki AO «HaBowaszor» u mnamoBeld  ¢ochoput (IIP) IleHTpanbHbiX KbI3bUIKYMOB.
MeTtozonorust paboThl BK/TFOUAeT CepHOKUCIOTHYIO aktuBaruio 111 (30-70 % ot crexuomeTpuu
Ha CaO) c nocneayrowym cmemmBanueM ¢ OCB (cootHowenus 100:10-100:40), onpeneneHue
OpraHMYecKoro BelecTBa MeTofoM MpokanuBaHus (550 °C), ryMyCOBBIX BeleCTB — M0 METOAY
N.B. Tropuna (I'OCT 26213-91), aMMHOKHCIOTHOTO cocTaBa — MeTogoM BIXKX (Agilent 1200
DAD) u (a3oBoro cocraBa — MeTOZAOM Au(pakTOMeTPUUECKOT0 aHa/I13a.

Ycranosneno, uro 71,83 % cyxoro Bewjectea OCB mnpejcTaBieHO OpraHU4YeCKUMU
COeJUHEHUSIMM, B COCTaBe KOTOPbIX WAeHTU(HULMPOBaHbI TYMUHOBbIe KUCIOTHL (8,82 %),
dbynbBokuciotel (21,61 %), BomopacTBopuMble oOpraHuueckue BemjectBa (6,16 %) u 16
aMUHOKUCIIOT (cymmapHO 2,02 % Ha eCTeCTBEeHHYHO BJIaKHYO mMaccy). Ilpu nsmeHeHun mMaccoBoro
cootHowieHus: OCB:AIII® or 100:10 go 100: 40 copepkaHWe OpraHMYecKoOro BellleCTBa B
ynobpenun cHmwkaercsi ¢ 42,16 no 24,10 %, a rymycoBbsiX BemectB — c 23,33 g0 13,33 % (mipu
HopMe KuaoTel 30 %). YBenmueHrne HOpMbI KUCIOTBI € 30 10 70 % NPUBOAUT K OTHOCUTE/ILHOMY
CHWKEHHIO KO/IMYeCTBa OpraHWYeCcKWX W TyMyCOBBIX BellecTB Ha 5,4 % (Ipy¥ COOTHOLLIEHWU
100:10) m Ha 11,5 % (mmpu cootHomennn 100:40). OmnpegeneHsl onTMMasbHblEe IapaMeTphbl
nporiecca (Hopma H2SO4 — 60 %, cootHomenne OCB:AIII® = 100:30), obecrieunBatorye
CcoxXpaHeHHe B TOTOBOM IpoaykKTe 25,91 % oprannueckux u 14,34 % rymycoBbIX Bell[eCTB.

Abstract

The objects of the study were sewage sludge (SS) from the biochemical treatment shop of
JSC 'Navoiyazot' and slime phosphorite (SP) of the Central Kyzylkum. The methodology included
sulfuric acid activation of SP (30-70 % of stoichiometry relative to CaO) followed by mixing with
SS (ratios 100:10 to 100:40), determination of organic matter by loss on ignition (550 °C), humic
substances by Tyurin's method (GOST 26213-91), amino acid composition by HPLC (Agilent 1200
DAD), and phase composition by X-ray diffraction analysis.

It was established that organic matter accounts for 71,83 % of the SS dry matter, which
contains humic acids (8,82 %), fulvic acids (21,61 %), water-soluble organic matter (6,16 %), and
16 amino acids (totaling 2,02 % on an as-received wet basis). As the SS:ASP mass ratio changes
from 100:10 to 100:40, the organic matter content in the fertilizer decreases from 42,16 to 24,10 %,
and humic substances decrease from 23,33 to 13,33 % (at a 30 % acid rate). Increasing the acid rate
from 30 to 70 % leads to a relative decrease in organic and humic matter content by 5,4 % (for a
100:10 ratio) and 11,5 % (for a 100:40 ratio). Optimal process parameters were determined (acid
rate of 60 %, SS:ASP = 100:30), ensuring the retention of 25,91 % organic matter and 14,34 %
humic substances in the finished product.
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BBegeHnue

Ocagku crounbix Bop (OCB) 6Gmarofapsi BBICOKOMY CO/€pKaHHIO OPraHHYecKHX BeIeCTB
U OHOreHHBIX S7eMEHTOB TMPeJCTaB/SIOT COOOM TepCrieKTUBHOe ChIpbe [ijisi TIPOM3BOZCTBA
OpraHoOMHUHepabHBIX  yaobpenmit  [7,c.1781-1785;8,c.109283;9,c.61-63].  ArpoxumMuueckast
L[EHHOCTh TOJO0HBIX y#oOpeHMII B 3HAUUTE/ILHOM CTeleHW OmpefesieTcs HaJluuueM
OpraHWYecKOro BelllecTBAa W TYMYCOBBIX COeAWHeHWHN (TYMHUHOBBIX U (DY/JbBOKMCIIOT), TIOf
JeNCTBUeM KOTOPBIX Y/IYUIIAalOTCS CTPYKTypa TIOYBbl, €€ KaTHMOHOOOMeHHasi eMKOCTb
Y TIOAIBKHOCTh TTUTATe/IbHBIX 371eMeHTOoB [10,c.286].

YacTuuHoe pa3/iokeHWe HU3KOCOPTHBIX (POChHOPUTOB HEMOSTHOM HOPMOMW KHUC/OT SIB/SIETCS
3¢ deKTUBHBIM CITOCOO0M CHIWDKEHHSI pacxoja peareHTOB [6,c.299-315]. OpHako o0coOGeHHOCTH
XUMHUUYECKOTO B3aUMOJeHCTBUS aKTUBHUpPOBaHHOTO (¢ocdarHoro komrioHeHTa ¢ OCB, a Takxke
CTerleHb COXPAaHHOCTH OpraHUuUeCKUX U TYMYCOBBIX BeleCTB MOJ, BIUSIHUEM KHUCI0W CpeJibl U CoJel
KaJbL[Usl OCTAlOTCAd W3yYeHHbIMM HEJOCTAaTOYHO. B HalMx MpejpIAylIUuX WCCAe0BaHUSsIX,
MOCBSILL[eHHbIX TepepaboTKe HEKOHAMLMOHHBIX (dochoputoB LleHTpasnbHBIX  KBI3BIIKYMOB,
OCHOBHOe BHHMMaHUe yJensisioch TpaHcopmalysam popm docdopa [11,c.178; 4,c.78-82].

Lenbp HacTOSIIETO WCCIENOBaHUSI - oOMpeje/ieHWe opraHudeckoro cocrtaea OCB AO
«HaBona3zor» u yCTaHOBIEeHWe 3aKOHOMEDHOCTeN W3MeHeHUsl COJiep)KaHusl OpraHhyeckKux
Y T'YMYCOBBIX BeIIleCTB B MpoOLiecce COBMECTHOU TepepaboTKH C CepHOKHUCIO0THO-aKTUBUPOBAHHBIM
UIaMOBbIM  (POCHOPUTOM B 3aBUCHMOCTHM OT HOPMbI KHUCJIOTBI M BECOBBIX COOTHOLIEHUN
KOMITOHEHTOB.

MaTEpI/IaJIbI H MeTOAbI

B pabore wucCronb3oBaH O0CaZiOK CTOUHBIX BOZ lieXxa OuoxvMudeckod ounctku AO
«HaBomazor». Wcxonnbiii xapakrepuctuueckuii coctaB OCB mpuBeseH B Tabmiue 1. Ilpu
repecueTe Ha CyXOe BelleCTBO [J0/Is1 CYXOro OCTaTKa NpuHATa paBHoM 34,57 %.

AmuHOKMCHOTHBIM coctaB OCB omnpefensii MeTOAOM BbICOKO3((dEKTUBHOM >KUAKOCTHOU
xpoMatorpaguu (B2)KX) Ha xpomarorpade Agilent 1200 c AMOLHO-MAaTpUUHBIM [€TEKTOPOM
(DAD). HaubonbImM cofiepykaHreM XapaKTepU3YIOTCS C/IeIYIOIIe aMUHOKHCIOTHI (B % Ha Maccy
eCTeCTBeHHOW BjaXHOCTH): Tpuntopan — 0,4784; miyramuHoBasi kuciaora — 0,3278;
acrniaparuHoBasi Kucjora — 0,2254; nusuH (B popme ruapoxiaopuaa) — 0,1856; ananun — 0,1842.

Ta6auya 1. Opzanuueckuti coOcMas UCX00HO20 0Ccaoka cmouHbix 600 (OCB)

IToxka3arens Ha ectecTBeHHY10 BlaXHOCTh, | Ha cyxoe BemjecTBo, %
macc. % *
BrnaxxHocTtb 65,43 -
30/IbHOCTD 9,74 28,17
OO611ee opraHruecKoe BeleCTBO 24,83 71,83
['yMHHOBBIE KUC/IOTBI 3,05 8,82
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IToxka3arensn Ha ectecTBeHHY10 Bla)XHOCTh, | Ha cyxoe BemjecTBo, %
macc. % *
@DyTbBOKUCIIOTHI 7,47 21,61
BopopactBopumbie opranuueckue Betjectea (BPOB) | 2,13 6,16
OO01uii a3oT 1,17-2,08 -
AMUHOKHCIOTHI (CyMMa 16 aMMHOKUC/IOT) 2,02 -

* prvzeuaHue: paccyumdaHo ucxoos u3 coaepafcanl CyX020 ocmamkd.

[Inamosbii pocdopur (LID) Ienrpanbhbix Keisbuikymos (P,O. — 8,76-11,57 %; CaO —

41,08-45,32 %) aktuBupoBaiu 30 %-HbIM pacTBOPOM CEpPHOW KUCIOTbl. HOpMy cepHOW KHCIOThI
(N) paccuuThIBa/IM B TIPOIIEHTAX OT CTEXMOMETPHYECKU HeOOXOAMMOTO KOJIMUeCTBA Ha Pa3/ioyKeHHe
CaO, copepxaerocs B LLI® (ot 30 mo 70 %):
mmp, so,
N = b M50, +100 % (1)
Ca0 " " M(Ca0)

rae m(H,SO,) — macca Beezenno# 100 %-xoit H,SO,, r; m(CaO) — macca CaO B HaBecke
dpocdoputa, T; M — mosspHbie Macchl Bewjects (M(H,SO,) = 98,08 r/monb, M(CaO) = 56,08 r/
MOJIb).

[Mpouecc aktuBaiuu (ocdoputa mpoBoAuaM B TedeHne 40 MUHYT, TMOCjae uero
B peakLMOHHYI0 Maccy BBoawiu OCB u npofospkanu nepeMerursanue eije 60 MuHyT. MaccoBseie
cootHouenus OCB:AIII® sapbuposanu B uHTepsase 100:10, 100:20, 100:25, 100:30 1 100:40.

Copepkanre 00Iero OpraHMUECKOTO BeIeCcTBa OMNpejeNisid T0 ToTepe MacChl TIpU
npokanuBaHuu Imipu Temmneparype 550°C. I'yMmycoBble BeljecTBa aHa/lU3UpPOBaIUd [0 METOALY
W.B. TropuHa B Mozav¢urKaLuu (OKUCIeHre pacTBOPOM Auxpomara Kaaus coriacHo 'OCT 26213-
91). BblgeneHve T'YMHHOBBIX KHUCJIOT npoBoauau skcrpakuyuen 0,1-0,5 M pactBopom NaOH
¢ nocnenyromuMm ocaxzaenuem npu pH 1,0-1,5 rpaBumerpuueckum MetofoMm. CopepkaHue
(GybBOKUC/IOT OTpeZiesisiii BbICYLLIMBaHHWEM U TpPOKa/lvMBaHWeM Kucjioro ¢uistpara, a BPOB —
BbIlapuBaHWeM BojgHoro skcrpakra npu 105°C. KommuectBo rymycoBbix BeljectB (H)
paccurThIBaIM MO (hopMmyIie:

Mo —=V1)- Np. - 0,003 - 1,724 - 100

I'ymyc = (2)
m

rne V1 V, — obbembl pacteopa comu Mopa (FeSO,), n3pacxofioBaHHbIe Ha TUTPOBAHHE
XOJIOCTHOM M OmbITHOM npo6, mi; N(Fe) — HopmameHOCT pactBopa FeSO,; 0,003 —

MUW/UIMIKBUBA/IEHT yIiepoaa, T; 1,724 — ko3dduliveHT TnepecueTa OpraHAYecKoro yriepofia Ha
ryMyC; I — Macca HaBeCKHy, I.

Pe3y.]'leaTbl H UX Oﬁcy)KAEHl/le

XapakTepuctika opraHndeckodi yact OCB. AHanu3 aHHBIX Tabmuibpl 1 TOKa3bIBaeT, uTo
71,83 % cyxoro Bewjectsa OCB rmpezcTaBieHO OpraHM4YeCKMMM CcoelvHeHUsMU. B cocrase
TYMYCOBBIX BeIIeCTB TIpeo0ajaloT  (y/IbBOKUCIOTEL, KOMWYECTBO KOTODBIX — TIPEBBIMIAET
cofiep)kaHue TYMUHOBBIX KuciaoT B 2,4 pasa (21,61 % mnporuB 8,82 % B pacuere Ha cyxoe
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BellecTBO). Jlonsg BOAOPacTBOPUMBIX OpraHMYecKHWX BellecTB cocrasiaseT 6,16 % ot cyxoro
BellecTBa. Hasmmurie MMPOKOTO CIIeKTPa aMUHOKHC/IOT CBU/IETebCTBYeT 00 0c000i GrosiorinuecKoit
aKTUBHOCTH U JIETKOU MUHEepa/IN3yeMOCTH OTpeZie/IeHHOW YaCTh opraHuueckoro Beljectsa OCB.

XuMHUeCKoe B3aUMOJIeHiCTBUe OpraHMuYecKuX W MUHepajibHbIX KOMIIOHeHTOB. B mporiecce
KWCJIOTHOW aKTHUBALMM KapOOKCHI/IbHBIE TPYIITbI TYMYCOBBIX U aMUHOKHC/IOT OCB BCTymarmT BO
B3aMMO/IEHICTBHE C Ka/IbLMACOAEP KaI[UMU TPOJYKTaMH peakiyy ¢ 00pa30BaHHEM OpraHWYeCKHX
coel Kanbliysi (KapOOKCH/IAaTOR):

2 R-COOH + CaSO, - (R-CO0),Ca + H,SO, 3)
2 R-COOH + Ca,(PO,), - (R-CO0),Ca + 2 CaHPO, @)
2 R-COOH + 2 CaHPO, - (R-COO),Ca + Ca(H,PO,), )

Ha pudpakrorpamme o6pasiia, mosydyeHHoro npu coortHoieHnd OCB:AILI® = 100:30
¥ HopMe KUC/I0ThI 60 %, 3adukcupoBaHbl pedrekchl (20 = 32,78° u 33,61°; d = 2,730 u 2,664 A),
OoTHeceHHble K ¢pa3aM KapbokcunatoB Kanmblus [1,c.48; 3,c.1016] . [na oKoHYaTeIbHOTO
TO/ITBEPKe€HUSI CTPYKTYPhI JaHHOM (pa3bl peKoMeHAyeTcs npoBeieHHe MK-CrieKTpoCKomiuecKoro
aHaum3a (1o GuKcaru BaJleHTHBIX KoyieOaHUM KapOOoKCHU/IaT-uoHa).

CHWKeHUe [0 OPraHUuecKoro BelllecTBa U TYMYCOBBIX COeJMHEHUW TIpU yBeTuYeHUH
HOpMBI cepHo KucaoTel ¢ 30 10 70 % oO6ycioB/ieHO TIpOTeKaHWeM IIPOLIeCCOB eCTPYKTUBHOTO
OKHC/IeHUsI W Jerydjparalui MaKpOMOJIeKY/l TYMHHOBBIX W (YIbBOKUCIOT TI0f JeHCTBHUEM
arpecCMBHOM KHWC/IOW Cpefibl, a TakKKe YaCTUYHBIM [1eKapOOKCHUIMPOBAaHMEM aMHHOKUCJIOT.
AnHanoruunbiii 3¢ddeKT JeCTPyKLMA OpraHudyecKod MaTpUllbl TIPU CepHOKHCIOTHOW o0paboTke
OpraHoCo/IepsKall[uX OTXOA0B oTMeuaeTcsi B paborax [3,c.1015-1018; 2,c.49; 8,c.116]. IIpu 3Tom
obpasoBaHKe TPYAHOPaCcTBOPUMBIX Kapbokcunatos Kajbiys ((R-COO),Ca) mpu B3auMoIelCTBUM
¢ noHamu Ca?" criocobCTByeT YaCTUYHOM CTaOM/IM3AL[MU T'YMYCOBBIX KUC/IOT M TIpeJOTBpAIllaeT ux
ryboKoe BBbIMBIBAaHWE, UTO coriacyeTcs ¢ gaHHbeiMH [10,c. 296-308; 1,c.45-52; 5,c.1547].
CpaBHUTe/IbHBIM aHa/M3 C aHaJIOTMUHBIMKA OpraHOMUHepa/JibHbIMUA KOMIOocTaMyd Ha ocHoBe OCB
TOKa3bIBaeT, UTo TOAJep’KaHue HOPMbI KUCJIOTEI Ha ypoBHe 60 % mo3BosisieT coXxpaHuThb A0 88.5—
94.6 % OT WCXOAHOTO OpraHWUYeCKOro TOTeHIMana OuoliamMa, obecrieunBas ONTHUMaIbHOE
COOTHOIIIEHWEe MeXX]ly CTeleHbI0 BCKPbITHSI (DOCHATHOrO ChIpbs M COXPAHHOCTBIO T'YMYCOBOTO
KOMI/IeKCa.

[IuHaMKKa cofiep>KaHUsI OpraHUUeCKUX U TYMYCOBBIX BeIIleCTB B yI0OpeHUsIX.
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PucyHok 1. 3agucumocmb codepicaHusi opzaHuyeckux (a) u 2ymycoebix (6) eewjecme 6
yooopeHusix om Hopmbl H, SO4 u coomHowenust OCB: IIID

Pe3ynbrarel Mccief0BaHWN 3aBUCHMOCTH COZIep>KaHHsI OPraHUueCKUX U F'YMYyCOBBIX BelecTB
OT TEeXHOJIOTMYEeCKUX IlapaMeTpPOB CBU/IETENILCTBYIOT O TOM, UTO OMpeZessolUM (aKTopoM
spasietca gonsi OCB. Ilpu Hopme KucioThl 30 % u usMeHeHuu cooTHolleHusi OCB:AILI® ot
100:10 mo 100:40 copepkaHue OpraHUYeCKHMX BellecTB CHWkKaetrcs ¢ 42,16 go 24,10 %,
a rymycoBeix — c 23,33 1o 13,33 %, uto 00bsICHseTCA pa3baB/ieHHeM OpraHUYecKoW MacChl
MHHEePa/bHOU YacThIO.

YBennuenne Hopmbl KUCAOTEL ¢ 30 10 70 % NpPUBOAUT K YMEpPEHHOMY, HO 3aKOHOMEpPHOMY
CHWKEHHIO KOJIMUeCTBa OpPraHMYecKHWX W T'yMycCOBbIX BewjecTB. Tak, mpu coortHouieHun 100:10
coJlep>KaHue OpraHhueckoro BelllecTBa CHKaetcs € 42,16 10 39,90 % (oTHocUTe/IbHOe CHW>KeHUe
5,4 %), ipu 100:30 — c 28,11 go 25,25 % (10,2 %), a npu 100:40 — c 24,10 mo 21,34 % (11,5 %).
CozepkaHhe TyYMYCOBBIX  BeIleCTB IPHM  aHAJOTUYHBIX  COOTHOLUEHUSIX  yMeHbILaeTcs
cooTBeTCcTBeHHO ¢ 23,33 g0 22,08 %, c 15,56 10 13,98 % u c 13,33 g0 11,81 %.

OnTuMu3alusi TeXHOJOTMUECKOTO peKHMMa Tl0Kasaja, UTO YCJIOBHeM, 00ecreurBaroIiyuM
MakcHMMasbHOe COXpaHeHHe T'YMYCOBBIX BEILleCTB M BBICOKYIO yCBOsIeMOCThb (ocdopa, sBasgeTcs
nopma H,SO, 60 % mipu cootHomennn OCB: AILI® = 100:30. B gaHHOM pexume B yA0OpeHU:

coxpansieTcs 25,91 % oprannueckux v 14,34 % ryMmycoBbIX BeLL[eCTB.

3ak/IIoueHue

OpraHuueckoe BeIIeCTBO OCaJKa CTOUHBIX BOZ 1exa OuoxuMuyeckor ouuctkd AO
«HaBouasor» cocrasnser 71,83 % cyxoro ocrartka, Bkitouas 8,82 % rymuHoOBBIX KUCIOT, 21,61 %
¢byneBOKMCIOT, 6,16 % BofgopacTBOprMMOM opraHvkd U 2,02 % komruiekca u3 16 aMUHOKHUC/IOT.
Cozep>kaHre OpraHMYeCKMX W TYMYCOBBIX BeIIeCTB B OpPraHOMHHEDPAIbHBIX yA0OpeHHsX
perynvpyertcs J03UpoBKOM (pochaTHOro KOMIIOHEHTa U HOPMOM CepHOW KUCI0ThI. [1pu yBenueHUn
HOpMBI KUCIOTHI OT 30 10 70 % OTHOCHTe/bHbIe NIOTEPU OpPraHUYeCKOM YaCTH COCTaB/ISIOT OT 5,4
[0 11,5 %. YcraHoB/IeHb! ONITUMaJIbHBIE [TapaMeTphl IpoLjecca MPOU3BOACTBA OPraHOMUHepPaJTbHOI0
ynobpenuss (nopma H,SO, — 60 %, coornomenue OCB: AIII® = 100:30), nosgonsromme
TOJIyYWThb TIPOAYKT C BBICOKUM COZlep>KaHWeM IUTaTe/IbHbIX U TYMYCOBBIX KOMITIOHEHTOB (25,91 %
OpraHuuecKoro BemecTsa, 14,34 % rymycoBbIX COeIMHEeHNN).
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AHHOTanus

B cratbe mpescTaBieH 0630p COBpeMeHHBIX MCC/IeloBaHMM TipesicTaBuTesieit poga Cistanche
Hoffmanns. et Link (Orobanchaceae), sBsstoierocss rpymnnoil IOJHOCTBIO Tapa3sUTHYeCcKUX
pacTeHUi, LIMPOKO pacrlpOCTPaHEHHBIX B apyU/HbIX M MOAyapuJHbIX perMoHax Asuu, AQpUKU U
bmwxuero Bocroka. IIpoBeféH aHanmu3 JdTepaTypHBIX [aHHBIX [0 MCTOPUU  U3y4YeHWUs,
cucTeMaTHKe, reorpauueckoOMy paclpoCTpaHeHUI0, a Takke MOP(O/I0ro-3K0J0ruyecKuM
0CO0EHHOCTSIM  TpefcTaBUTeNell  poja. PaccMoTpeHbl COBpeMeHHble — TIPeZCTaB/eHUs O
TakcoHoMu4yeckoM TmonokeHnn Cistanche B coctaBe cemeiictBa Orobanchaceae, obcyxzeHs
BOIIPOCHI BU/IOBOTO Pa3HOOOpa3usi ¥ COBPeMeHHbIe HallpaBIeHHUs] TAKCOHOMUYECKUX MCC/IeI0BaHUM.
Ocoboe BHHMMaHHe yjeJleHO pacrpoCTpaHEHHIO BHJOB pofia Ha TEepPpPUTOpHUHM Y30eKucTaHa U
Pecriyonukn  KapakanmakcraH, WX CBSI3M C  pacTeHWSIMH-XO3sfeBaMHA M aflalTaljuisiM K
5KCTpeMaJibHbIM ~ yCJIOBUSIM ~MYCTBIHHBIX M COJIOHUAKOBBIX 3KocucTeM. IlokasaHo, uTO
Npe/iCTaBUTeNId  POZla  XapaKTepU3YIOTCSl BBICOKOM MOP(O/IOTMUeCcKol IJIaCTUUHOCTBIO U
3HAYUTE/ILHBIM BHYTPUBH/OBLIM pa3HOOOpasueM, UTO 3aTPyAHSeT UX WIeHTU(PUKAL|I0 U TpedyeT
MpUMEeHEeHHUsI KOMIUIEKCHBIX ~MOP(OJOTHYeCcKMX U MOJEKY/SIPHO-TeHeTUUeCKUX — TO/XO/0B.
[lpoBenéHHBIN aHaMM3 CBUETENBCTBYET O HeOOXOJUMOCTH [JalbHEMIINX —HCC/IeJOBaHUN
CUCTeMaTUK{, S5KOJIOTMM U pacrpocrpaHeHust BujoB poga Cistanche, npowuspacraromux B
LlenTpanbHOW A3uu, /71 YTOUHEHUS] MX TaKCOHOMUYECKOTO CTaTyca M OLieHKHA Oropa3Hoobpasust
pervoHa.

Abstract

This article presents a review of current research on representatives of the genus Cistanche
Hoffmanns. et Link (Orobanchaceae), a group of fully parasitic plants widely distributed in arid and
semi-arid regions of Asia, Africa, and the Middle East. An analysis of the available literature was
conducted on the history of research, taxonomy, geographical distribution, and morphological and
ecological characteristics of representatives of the genus. Current concepts regarding the taxonomic
position of Cistanche within the family Orobanchaceae are considered, with particular attention
given to species diversity and current trends in taxonomic research. Special emphasis is placed on
the distribution of species of the genus in Uzbekistan and the Republic of Karakalpakstan, their
associations with host plants, and their adaptations to the extreme conditions of desert and saline
ecosystems. The analysis demonstrates that representatives of the genus exhibit high morphological
plasticity and considerable intraspecific variation, which complicates their identification and
necessitates the application of integrated morphological and molecular genetic approaches. The
findings highlight the need for further studies of the taxonomy, ecology, and distribution of
Cistanche species occurring in Central Asia to clarify their taxonomic status and assess the
biodiversity of the region.
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KmoueBbie cioBa: Cistanche, Orobanchaceae, mapasuThueckre pacTeHHs, CHCTeMaTHKa,
pacrnpocTpaHeHue, MOpdoorus, IKosorus, Y3bekucraH, Kapakanmnakcran, 6ruopasHooOpasue.

Keywords: Cistanche, Orobanchaceae, parasitic plants, taxonomy, distribution, morphology,
ecology, Uzbekistan, Karakalpakstan, biodiversity.

BBegeHnue

Pop Cistanche (cemetictBo Orobanchaceae) mipeicTaBisier co00M yHHMKaJbHYIO TPYIITY
MOHOCTBIO  TApa3UTHYeCKUX paCTeHWM, JIMIMIEHHBIX XJjopoduaia W TIPUCIIOCOOIeHHBIX
K CYLIeCTBOBAHMIO B 3KCTPEMaJbHbIX YCIOBUSX MyCTbIHb W MOMYMyCThiHb. Buabl poga Cistanche
IIMPOKO PAClpOCTPaHeHbl B apUHbIX U MONyapyuAHbIX pervoHax lLleHtpanbHoM Asuu, Kuras,
Ka3axcraHa, Y30ekucrtana, Mouromu, Adpuku u bmwkHero Boctoka [1, 2]. OTu pacreHus
Ha3bIBalOT «ITYCTBIHHBIMU TMALIMHTaMW», UYTO TIOAUEPKUBAaeT WX OCHOBHYIO 30HY obuTanHus [3].
OCHOBHBIMU yC/IOBUSIMUA [l TIPOM3pACTaHusl SIB/SIOTCSA TecuaHble M KaMeHHCTble IYCThIHU,
COJIOHYAKHU U TIOJyNyCThIHHBIE paBHUHBI, T/ie pacTeHus-xo3sieBa pofia Haloxylon, Tamarix, Salsola
BCTpeuaroTCsl MOBCeMeCTHO. PacripocTpaHeHre BU/la HANIPSIMYIO 3aBUCHT OT HA/IMUMSI TIOAXO/SAIIEro
X035IMHA U CIOCOOHOCTH CeMsiH K BeTPOBOMY pacCesieHHIO.

WHTepec K 3TOMy pOJy CO CTOPOHBI OOTAHMKOB, XUMHUKOB, ()apMaKOJIOTOB U OMOTEXHOJIOTOB
00yC/IOB/IEH €ro 3KOJIOTHYeCKod W MOp(hOIOTUUeCKOW YHHUKA/IbHOCTBIO U (hapMaKo/IorhyeCKUMU
CBOMCTBaMHU, Oarofiapst IPUCYTCTBUIO LIEHHBIX OMOJIOTHYeCKU aKTUBHBIX COeAUHEHUM, UuTo feaeT
ero 00BeKTOM KOMITIEKCHBIX OOTaHMUeCKHWX, AaHaTOMO-(U3UOIOTUUECKUX U MOJIeKY/ISPHBIX
vccneoBaHUd. MHOroUMc/IeHHbIe UCC/Iel0BaHus MTOKa3bIBalOT, UYTO (DeHUISTAHOUHbIE TTTMKO3U/IbI,
UPUJOWbI, TIOJMCAaXapUAbl U JIMTHAHBI, COZlep)Kalldecs B TIpeJCTaBUTeNsIX poja, o0sazaroT
BbIpa)KeHHOW HeWpPOIPOTeKTOPHOM, aHTHOKCHUJAHTHOM W UMMYHOMOZAY/IUPYIOIel aKTUBHOCTBIO
[4]. Ero d¢apmakonoruueckuii MoOTeHIMa]l OTKpbIBaeT BO3MOKHOCTH [jIsi CO3/laHUSI HOBBIX
MPUPOJHBIX  TIperapatoB M  Pa3BUTUS  SKOJIOTUYECKW OPWEHTHMPOBaHHBIX  HarpaBlIeHUH
X0351ICTBOBaHMSI.

YuuthiBasi Bce 0co0eHHOCTH TipeAcTaBuTesieli pozpa Cistanche, B UaCTHOCTH BBICOKYIO
aflanTallii0 K SKCTPeMasibHbIM 3aCyLIUBBIM YCIOBUSIM, HEOOXOJUMO OTMeTHTb, UTO ISl
KapakanmakcraHa OHM  COCTaB/SIIOT HE TOAbKO BAaKHYK uacTb  (DOpbl, HMEIOLyH0
O103KO0JIOTUUeCKYI0 3HAUMMOCTb, HO W TIPE/ICTAB/ISIFOT Ba)KHBIA SKOHOMUUECKHUM TMOTeHI[HMa/l Kak
KOMMepUeCKH LieHHOe MPUPOAHOe ChIphE Ha MeXXAYHapOJAHOM pPhIHKE JIeKapCTBEHHBIX TPaB.

Il HacTosiiero o630pa TPOBeZIEH CHCTeMAaTHUeCKW MOWCK TyOmMkaimidi B 6a3ax JaHHBIX
Scopus, Web of Science, Google Scholar, a Takke B Hal[MOHAILHBIX OUOIMOTpahUeCKUX pecypcax
(eLibrary, «®nopa Y36ekucrana», «®nopa Kazaxcrana», «®mopa CCCP»). ITouck ocyiiecTBsics
rno kmwoueBbiM cnoBaM: Cistanche, Orobanchaceae, parasitic plants, taxonomy, distribution,
Central Asia, Uzbekistan, Karakalpakstan, Cistanche salsa, Cistanche deserticola, Cistanche
tubulosa, a Takke MX PYCCKOSI3bIYHBIM SKBHBajeHTaM («LMUCTaHXe», «3apa3sruXOBble»,
«Tlapa3uTUUecKre pacTeHus»). BpemeHHo# uHTepBan — ¢ 1809 1. (mepBoe omMcaHue pofia) Mo
2025 . BK/IFOUMTETBHO; IMTyOHHa CUCTeMaTHUecKoro rmorcka — 1950-2025 rr. SI3bIku myO/iiKaryii:
PYCCKUH, aHTTTMUCKHUM.

Bcero 6buto upenTuduUIpoBaHo 214 3armceid. Ilocne ypanenuss ayonukatoB (n = 46)
¥ CKpPUHHHTA TI0 Ha3BaHHWIO U aHHOTAaIMM (n = 168) /s MOJIHOTEKCTOBOIO aHa/kM3a oTobpaHo 87
pabort. Kpurepuu BkmtoueHus: (1) paboTa coepXUT CBeleHUsI O CUCTeMAaTHKe, PaclipoCTPaHeHHH,
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Mop(dosorun, KONMOTUU WU MOJieKy/sipHol ¢uiorenuu poga Cistanche; (2) s perMOHaIbHbBIX
ucciaenoBaHui — flaHHble 110 LlenTpansHoi A3un, ¥Y30ekucrtany i Kapakanmakcrany. Kpurepun
uckmouenust: (1) mybnykaruy, MOCBSIEHHBIe UCK/TIOUUTEBHO (apMakosiorun 6e3 GoTaHMUeCKOM
cocraBysitoielt; (2) Te3uchl KoOH(epeHIM 0e3 mosHOro Tekcta; (3) paboThl, He copepsKalye
BepU(ULIMPYEeMbIX TAKCOHOMUUECKUX U (PIIOPUCTHUECKUX [JAaHHBIX.

Marepuanom HacTosiiero 0030pa TMOCAY)KWAIA OTeueCTBeHHble U 3apy0Oe)kHble Hay4HbIe
nyO/MKaly, CrpaBouHble W (UIOPUCTHUUECKWE W3[aHusl, TIOCBSIIEHHbIE CHCTEMaTHKe,
pacnpocTpaHeHu0, MoOpdosIoruM, 3KOMOoruM M Ouonorndyeckum ocobeHHoctsiM poga Cistanche.
[TpoBeséH cpaBHUTE/bHBIA aHa/IU3 CBeJleHUH O BUOBOM COCTaBe, apeasjaX, pacTeHUsIX-XO03sieBax
¥ [UAarHOCTUYEeCKUX TPHM3HaKaX BUJOB C 0COObIM BHHMMaHHEM K TepPpPUTOpPHM Y30eKucTaHa
u Pecnybmuku Kapakanmakcran. [l yTouHeHusi  pacripoctpaHenust — Cistanche  salsa
B KapakanmnakcraHe UCI0/b30BaHbl TaKXKe JJaHHbIe aBTOPCKUX UCC/IeJOBaHUIA.

U3yuenmne popa Cistanche HaunHaeTcsi ¢ OTKpbITUS (paHIy3ckoro 6oranvka René Louiche
Desfontaines B 1798 rogy B pamkax ucciefoBaHusi ¢uiopel CeBepHoii Adpuku. B XIX Beke
nuszyuenre Cistanche akTUBHO TIPOJIO/DKAIOCh eBporelckuMu OoraHukamu, BKmouass G. Beck
u R. Wight, koTopble omucanyd HOBble BHU/Jbl U YTOYHWUIM MOP(OJOrHUeCKhe XapaKTepUCTHUKU
pacTeHUii, B YaCTHOCTU CTPOEHHe LIBeTKOB M colBeTHil. B 3TOT mepuog ¢dopmupoBanach rnepsas
CUCTeMaTHKa pojia Ha 0CHOBe MOp(h0/IOTHYeCKUX MPU3HAKOB [5].

B XX Beke ucc/iefioBaHUS pOfia 3HAUMTEILHO PACIIMPUIMCH Oyarofapsi U3yueHUIo ¢Jiopbl
LlentpanbHoii Asuu u Kurasi, ¢ geranbHbiM onucaHueMm BujoB C. deserticola, C. salsa u C.
tubulosa, nx wmopdonornuecknx ocobeHHocTer W apeanoB [1]. B mocieaHue mecATHIETHS
3HAUUTE/ILHBIN TIPOTpPecc [JOCTUTHYT B 00/IaCTH XUMWYECKOTO aHa/iu3a, T7Ae ObLIM BBISBIEHBI
(beHUMITaHOWJHBIE TJIMKO3UJbl KaK IVIaBHbIe OMOJIOTMYECKW aKTWBHBIE KOMITOHEHTHI, aHaTOMHU
cTebnsT ¥ KOPHEBOTO TapasuTH3Ma, a TakKKe B MOJIEKY/ISIPHON (UIOTeHHUH C HCTI0/Ib30BaHHUEM
T0C/IeI0BaTeIbHOCTEH TIaCTU/IHBIX TeHOMOB [6, 7].

TakCOHOMHUECKH pOJi OTHOCHUTCS K ceMelictBy Orobanchaceae, o6wegunstomeMy 6omee 90
POZIOB OOJIUTAaTHBIX TAapa3WTOB, BK/IIOUANOIIMX OKOIO 1812 BHIOB W MOABU/OB, TIOJHOCTBIO WU
YaCTUYHO MapasuTUUeCcKWX pacTteHuil [2]. KpymHelinumu pojamMu 3TOro cemeiicTBa SIB/ISIOTCS
Pedicularis (okono 568 BuzmoB), Castilleja (248 BunoB), Orobanche (133 Buga) u Buchnera (139
BH10B) [8].

HecmoTpst Ha 3HauuTe/bHBIN MPOrpecc B U3y4yeHWH 3apa3vxOBbIX, CHCTeMaTHKa CceMeicTBa
OCTaéTcsi HeJOCTAaTOUHO pa3paboTaHHOW. /[0 CHX TIOp OCTAKOTCS HESCHBIMH TPDAHHULbl MEXIY
Orobanchaceae n OmM3KMM K Hemy ceMeiicTBoM HOpPWUYHHMKOBBIX, T7leé TaKKe BCTPEUaroTCs
o0sraTHbIe MapasvThl, MUIIEHHBIE X10podua [9].

BHyTpenHnsis cuctematuka Cistanche, KaKk M BCSI CUCTeMa CceMeiicTBa 3apa3suXOBbIX, TaKKe
He/[0CTAaTOYHO pa3paboTaHa U /10 CUX TIOP OCTAETCs MpeaMeToM 00CyKAeHHs. Briepebie pop Obim
ornvcal B 1809 rogy J.C.C. Hoffmannsegg u H.F. Link Bo «®nope [TopTyranuu» Kak HOBbI TaKCOH
— Cistanche, BbifienienHbll 13 pogia Phelipaea Tourn. [5].

[Mo wmuenuto W.I. BeiniuHa, Cistanche siBAsieTCs 3BOJIIOLMOHHO MOJIOABIM  POJIOM,
MIPOM30IIeIIIMM OT OoJsiee [JPeBHUX TMapa3uThueckux rpynmn — Orobanche wm Boschniakia
(C.A. Mey) [10].
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OCHOBHbIMM ~ TIPUYMHAMU  TAaKCOHOMHUECKOM C/IOKHOCTH  SIBMISIOTCS ~ OWMO/IOrWYecKue
u Mopdosornueckrie 0co6eHHOCTH pofia. Bce BBl — TIOMHOCTBIO TIApa3sUTHUECKHE PacTeHUs,
JMIIEHHBIE XJIOPOQW/IA, UTO TIPUBOAUT K PeAyKIWUH JIMCThEB U (DOTOCHHTETHUECKUX OPraHOB,
TPaJULIMOHHO UCIIOb3yeMbIX B cucTeMaruke. Kpome Ttoro, Cistanche xapakTepu3yeTcsi BBICOKOW
MOP(OIOTHUECKOM TUIACTUYHOCTBI0O — W3MEHeHWeM pa3MepoB, OKpAacKu cTebrel, I[BETKOB
Y COL[BETHI B 3aBUCMMOCTH OT BO3pacTa PaCTeHHs, TWMA X03fWHA U yCJIOBUM MeCTOOOMTaHUS.
[1n0xasi COXpaHHOCTh B repbapusix, CXOKeCTb BHEIIHEro BW/A W OMMOOuYHas WAeHTU(UKaIys
JleJIaf0T UX MPeJMeTOM 3HauUNTeTbHOM TaKCOHOMUYeCKOM My TaHHULIbI.

Tak, Ha3Banue Cistanche tubulosa s.l. ucrnonb3oBanoCh AJis LIKPOKOTO KOMILIeKCa opM OT
Adpukn o Kurasi, ofHaKO COBpeMeHHbIe MCC/IeJOBaHUs TOKa3aad, YTO 3TO TMovduIeTHUeCKast
rpynma. B 2024 r. omybnmkoBaHO mepeoripefesiende W Heotunudukanus C. tubulosa, 4to
CTabuIM3UpoBaso eé HoMeHKIaTypy [11].

B 2025 1. peBu3sus, mnpoBeféHHasi B V3pawne, moATBepAwia Hamuuue C. tubulosa u C.
violacea, BriepBbie 3adukcupoBana C. laxiflora v onucana HOBbIN TakcOH — Cistanche mimii [12].
OTU fAaHHBIE [IeMOHCTPUPYIOT TMPOJO/DKalolieecss YTOYHEHHe TaKCOHOMUYEeCKMX TpaHHL] poja
1 He0OXOJUMOCTb KOMITJIEKCHBIX (DM/IOTeHeTHUeCKUX U MOP(OIOrueCKUX UCCIIeI0BaHHM.

Llesnbto HacTosimero o63opa siBisieTcsi 0000IleHHe COBPEMEHHBIX JIMTEPATYPHBIX [JaHHBIX
O CHUCTeMaTHKe, BHJOBOM COCTaBe, TreorpauueckoM pacrpoCTpaHeHHWH, Mopdosoro-
9KOJIOTUUECKMX 0COOEHHOCTSIX U paCTeHUSIX-X03sieBax mnpezictaBuTesneit poga Cistanche Hoffmanns.
et Link, ¢ ocoObiM BHMMaHMeM K BHZAM, PACIPOCTPAHEHHBLIM Ha TEPPUTOPUHU Y30eKucTaHa
u Pecriybrmiku KapakasmakcraH.

Marepuasibl 1 MeTOABI

[ToneBwie cbopbl mpoBoaMIKCh B 2021-2024 rT. Ha Tepputopuu Pecrybmvku KapakasmakcTad
(Kynarpaackuii, MyiiHakckuii, Kapay3sikckuii, YumoOaiickuii, Xomkennuicku, I1IymaHaliCKui,
KaunbiKybckuid, TaxTaKynbIpcKui paboHbl). OO6cneqoBaHo 24 JIOKanWTeTa; [ KaKIOro
bukcrpoBauch reorpaduueckre koopauHatel (GPS), mata c6opa, TMIT MecTooOUTaHKs, pacTeHHe-
X031H, (eHonoruueckass (aza. CobpaHo 48 repbapHbIX 00paslioB, IepeflaHHBIX B repOapuii
Kapakanmakckoro HUWM ectectBeHHbix Hayk (KKAN). Ha kapry (puc. 1) HaHeceHbl 18
MOATBEPXKEHHBIX Touyek mpouspactanusi C. salsa; 6 Touek TpeOylOT OTMOSTHUTETBHOTO
noATBep>KeHNst. [Io/IHBIA CIUCOK JIOKAaJUTeTOB C KOOpAWHaTaMd W repOapHbIMH HOMepaMu
JIOCTYTIEH B I0NOJTHUTE/IbHBIX MaTepuaax.

Pe3ynbTarhl 4 00CYy)K/jeHHEe

CoBpeMeHHbIe MOJIEKY/SIpDHO-TeHeTUUeCKHe HCCIe[oBaHUs ToKasanu, uto pof Cistanche
obpa3yer MoHoGWIeTHUeCcKUi Kinactep BHyTpu Orobanchaceae, 6muskuii kK Orobanche wu
Phelipanche. B mpezenax poja pa3nvuaroT 27 BUJOB KOPHEBBIX Mapa3uToB (Tabmurma 1), cpeau
KOTOPBIX Hanbosee W3BeCTHBIMU U U3yueHHBIMU Buamu siBrsitotcs C. deserticola Ma, C. tubulosa
(Schenk) R. Wight, C. salsa (C.A. Mey.) G. Beck, C. phelypaea (L.) Cout., C. sinensis Beck u C.
ambigua G. Beck [8, 13].

199



Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMUA 1 Buonorus

Ta6auya 1. IIpedcmasumesnu poda Cistanche

Ne HaumenoBanue Buja PK Kas Y30 CHI’ KuTtai
1 Cistanche afghanica Gilli
2 Cistanche ambigua (Bunge) Beck + + + +
3 Cistanche calotropidis (Edgew.) Wight
4 Cistanche carnosa Pax
5 Cistanche christisonioides Beck
6 Cistanche compacta (Viv.) Beck
7 Cistanche deserticola Y.C. Ma +
8 Cistanche feddeana K.S. Hao
9 Cistanche fissa (C.A. Mey.) Beck + +
10 | Cistanche flava (C.A. Mey.) Korsh. + + + +
11 | Cistanche x hybrida Beck
12 | Cistanche jodostoma Butkov & Vved. +
13 | Cistanche lanzhouensis Z.Y. Zhang
14 | Cistanche laxiflora Aitch. & Hemsl.
15 | Cistanche mauritanica (Coss. & Durieu) Beck
16 | Cistanche mongolica Beck + + +
17 | Cistanche ningxiaensis D.Z. Ma & J.A. Duan
18 | Cistanche phelypaea (L.) Cout.
19 | Cistanche ridgewayana Aitch. & Hemsl. + +
20 | Cistanche rosea Baker
21 | Cistanche salsa (C.A. Mey.) Beck + + + + +
22 | Cistanche sinensis Beck +
23 | Cistanche speciosa Butkov +
24 | Cistanche stenostachya Butkov +
25 | Cistanche trivalvis (Trautv.) Beck + +
26 | Cistanche tubulosa (Schenk) Wight + +
27 | Cistanche violacea (Desf.) Hoffmanns. & Link

B Tabnuie 1 oTpakeHbl Tak)Ke CBeJileHUsl, Kakie BHJbI BCTpeuaroTcss Ha Tepputopuu CHI.
Tak, mo nHdopmauuu u3 «dPnoper CCCP» (1958 r.) [14], K pony otHOcuTcs 18 BUZOB, U3 HUX 7
BugoB Cistanche: C. ambigua, C. fissa, C. flava, C. mongolica, C. ridgewayana, C. salsa, C.
tubulosa — BcTpevatoTcs Ha TeppuTopuu ObiBiiero CCCP.

Bo «®nope Kasaxcrana» [15] pox Cistanche npeacrtasnen 3 Bugamu: C. ambigua (Bunge)
G. Beck, C. flava (C.A. Mey.) Korsh. u C. salsa (C.A. Mey.) G. Beck. Ilo pgaHHBIM
C.A. A6pymuHou, pop Cistanche HacuuTbiBaeT 5 BH/IOB, CpeJy KOTOPBIX PacCMOTPEHbI
BhIIIIeNIepeurcieHHble BBl U BKMoueHbl C. mongolica G. Beck u C. fissa (C.A. Mey.) G. Beck
[16].

WcTtopryecku MOMY/ASPHOCTb 3TOTO pacTeHusi O6epér Hauano u3 Kuras. B TpaguipoHHOU
KuTtaiickoit meguiuHe Cistanche n3BectHo 6osee 2000 JieT.

Cpenu 27 BUIOB B MUpe 11ecTb 0O0HapykKeHbl B KuTae, B COOTBETCTBUU C TAKCOHOMHUECKUM
roKasaTesieM KUTaWCKUX BbICIIMX pacTeHui (MHCTUTYT pacteHud Kuralickoll akafieMud Hayk,
1994); opgHako moceayolee UCCe[OBaHUe MOKasasno, uto B KuTae CyleCcTBYIOT TOJIbKO 4 BUJA
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u 1 nogsup Cistanche, Bkmouarouux Cistanche deserticola Y.C. Ma, C. tubulosa (Schenk)
R. Wight, C. salsa (C.A. Mey.) G. Beck, C. salsa var. albiflora P.F. Tu et Z.C. Lou u C. sinensis
G. Beck [4].

CornacHo gaHHBIM «@nopbl Y306ekucTaHa» [17] ¥ mocnegHUM HWCC/IEIOBAaHUAM YUYEHBIX
Y3bekucraHa, 9 BugoB poga Cistanche BcTpeuatorcsi B Byxapckod, HaBowutickoi,
KammkagapbuHckod, CoipgapbuHCcKol, depraHckoi, CypxaHAapbUHCKOW, AHIMKAHCKOH 00/1acTsIX
u Pecniybmmke Kapakanmakcran [18, 19, 20, 21].

Cornacho [17], Haubosee pacripocTpaHéHHBIM siBrisieTcst C. salsa, koTopasi Oblyla 0OHapykKeHa
rnoutyd B 6 perroHax Y30ekucraHa (TamkeHTckas, AHOwKaHcKasi, PepraHckas, CamapKaH/CKast
u CypxaHzgapbuHCKasi obsactu u Pecriybnvka Kapakanmakcran). C. ambigua — B 4 peruonax, C.
flava — B Tpéx, C. mongolica — Takxe B TPEX, a OCTa/IbHble BCTPEUAIOTCS B OT/le/IbHbIX PerMoHax:
C. trivalvis — B Kapakanmakcrane, C. violacea — B ®epranckoii obmactu, C. ridgewayana —
B CypxaHzapbuHckoi, C. speciosa siBnsieTcsi SHAEMUKOM byxapckoid obmactu. Ha Tepputopum
Pecriy6mukn  Kapakanmakcran Cistanche salsa vmeeT IIMpOKOe pacnpoCTpaHeHWEe; OCHOBHBIE
MTYHKTBI e€é 0OHapy’KeHus Mpe/iCTaBIeHbl Ha pUCYHKe 1

X MYHHaK

S

KyHTHpAT | TR
. y lc . TaxTakynmp
. byzara it el
Yo *Kapay3sK
e D o« YumOaw
PR KaHIbIKyIT Kerenim
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yMaHaH . JHyxyc
XYII‘/KGIII/I " finiex
: Taxuaram
*KapaTay4ss
R e Ty pDTKYII

DJUITAKKAJIba

b MaHTUT Bepy}iidi?; :

Pucynok 1 . Kapma-cxema pacnpocmpaterusi Cistanche salsa (C.A. Mey.) G. Beck na
meppumopuu Pecny6auku KapakaanakcmaH, cocmaesneHHasi no 0aHHbIM d8MOPCKUX N0/1e6blX
uccsedoganutl (2021-2024 22.) u aumepamypHbix ucmouHukos [17, 20, 21]

TakcoHomuueckuii 06béM pogia Cistanche cyiiecTBeHHO MEHSJICS Ha TIPOTSKEHUU HCTOPUU
usyuenus (Tabmuua 2). ITo ganaeiM «Popel CCCP» [14], pog Bkmtoyan 18 BUAOB, U3 KOTOPBIX 7
oTMeueHbl Ha TeppuTopuu ObiBiiero CCCP. Bo «®nope Ka3axcrana» [15] npuBeseHo 3 By, Toraa
kak C.A. A6aynuna [16] ykaseiBaeT 5 BujoB. CoBpeMeHHble MOJIEKY/ISPHO-(PUIOreHeTHUeCKe
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vccnenoBanus [8, 13, 7] moaTBepxkAar0T MOHOGMWIMIO pojla M OL[eHUBAlOT ero B 27 BUJOB.
Kuratickue vctouHuku [4] npuBogsar 4 Buja v 1 noaBuz Ajis Teppyutopuu Kutasi, UTo CylieCTBeHHO
MeHbllle 6 BU/I0B, yKazaHHbIX B «Flora Reipublicae Popularis Sinicae» [1].

Takue pacxoxieHusi oOyciosnenbl: (1) TepecMOTPOM cTaTyca psifia TAKCOHOB HAa OCHOBE
MOJIeKY/ISIPHBIX [JaHHBIX (Haripumep, Heotunudukaius C. tubulosa [11]); (2) omucaHueM HOBBIX
BUI0B (Haripumep, Cistanche mimii [12]); (3) cuHoHumwu3aiueit (Haripumep, C. jodostoma = C.
salsa). B Hacrosiem 0630pe MbI TIpUEP)KMBAeMCSl IIUPOKOH KOHIIEMUU poga (27 BHIOB),
OCHOBAHHOM Ha MOJIEKY/ISIPHO-(GUIOreHeTHUeCKMX AaHHBIX [8, 13, 7], MOCKOMBKY OHa Hambosee
TIOJTHO OTpakaeT reHeTHUeckoe pa3HooOpaswe rpymmbl. OJHAKO AJsT TeppuTopur Y30eKucTaHa
1 KapakanmakctaHa coxpaHsieTcsi HeolpeJje/IeHHOCTh B OTHoIleHuu cratyca C. jodostoma, C.
stenostachya v C. speciosa, uto TpeOyeT J0TO/THUTE/ILHOU TIPOBEPKHU.

Ta6nuya 2. lTuHamuka makcoHomMu4eckoz20 06s6éma pooda Cistanche no 0aHHbIM pazHbIX

UCMOYHUKO8
Hctounuk Top, Yucno Bu- Tepputopus ITpumeuanue

J0B
Hoffmannsegg, Link [5] 1809 1 [Mopryranus [TepBoe onucanue poja
Flora SSSR [14] 1958 18 CCCP 7 BUZIOB Ha TEPPUTOPUU

CCCP

Flora Kazakhstana [15] 1956-1966 3 Kasaxcrau —
AbpynuHa [16] 1999 5 Kasaxcran —
Tank et al. [8] 2006 27 Muwup MonekynsipHasi punoreHus
Flora Reipublicae Popularis Sin- | 1990 6 Kurait —
icae [1]
Lietal. [4] 2016 4 (+1 mop- | Kuraii ITepecmoTp

BU[)
Miao et al. [7] 2022 5 Kuraii ITnacTuHbBIE TeHOMBI
Ben-Natan, Thorogood [12] 2025 4 W3pannb + C. mimii

Bce rnpeacTaBuTe/ I Cistanche — TIOJIHOCTEIO Mapa3snuTuiyeCKkrue pacCTeHHs, He CIIOCOOHBI

K poToCHHTE3Y, UTO 00YyCIOBIEHO TTOJTHOM yTpaToi xmopodusia. s Bcex BUAOB pojia XapaKTepeH
KODHEBOW Tlapa3WTH3M, TPU KOTOPOM pacTeHHUsl NMPUKDPEIUISIIOTCS K KOPHSIM XO03sieB C TIOMOII[bIO
Crel[MaJu3UpOBaHHOT0 TPUCOCOYHOrO OpraHa — TayCTOpusi, TO3BOJISIOIIEr0 TIOy4YaTh BOAY
W TMTaTeNbHble BellleCTBa HEIMOCPeJCTBEHHO OT X035eB, UTO CHWKaeT 3aBUCHMOCTb OT
OrpaHUUYeHHOT0 MOYBEHHOTO YB/IayKHeHUs [2].

Wx pa3BUTHe MOSTHOCTBIO 3aBUCUT OT KOPHEM pacTeHUM-X03sieB, Cpeil KOTOPbIX JOMHUHUPYIOT
BUAbl pogoB Haloxylon, Tamarix, Salsola w Nitraria. Pa3rpaHuueHre BHIOB B OCHOBHOM
6a3upyercs Ha MOp(OJOrMUeCcKHUX IIPU3HAKax: CTPOEHWM I[BETKOB, (opMe  COIBETHS
1 0COOEHHOCTSIX MTO/I3eMHOT'0 KOPHEBHUIIIA, a TaKXKe Ha JAaHHBIX MOJIEKY/ISIPHOTO aHa/13a [22].

Ins aByx Hanbosiee pacripocTpaHéHHBIX B Y30ekuctaHe BugoB — C. salsa u C. flava —
MpPOBeJEH aHa/IM3 BCTPEUAEMOCTH T10 THIAM MeCTOOOHMTaHWK Ha OCHOBE JINTEePATyPHBIX AAHHBIX
[17, 20, 21] u aBTOpPCKUX HabmromeHUN. TuUnM3alus MecTooOHUTaHUM TIPUBE/IEHa COTJIaCHO CXeme
6oTaHMKO-TeorpadMueckoro paliOHMpOBaHUS Y30ekuctaHa [23], B KOTOpPOW TeppUTOPUS
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pecriyoimiku niozipasgensiercst Ha TypaHckyto v ['opHo-Cpe/iHea3sHaTcKyto MPOBUHILIMN; PABHUHHBIN
Kapakanmakcran ortHocutrca K KeiBpuikymckomy U I[lpuapansckomy okpyram  TypaHckou
TPOBUHLIVH.

Cistanche salsa mipuypoueHa TMpPeUMYI[eCTBEHHO K COJIOHYaKaM W CYXUM CTersm
c 3aconenvem 0,3-1,2 % u pH 7,8-8,6; BcTpeuaeMOCTh Ha CO/lOHUaKax — 68 %, Ha CyXuX CTersx
— 22 %, Ha neckax — 10 % (n = 18 nokanutetoB). OcHOBHBIe X03sieBa — Kalidium caspicum,
Halostachys belangeriana, Salsola spp. B npeznenax Kbi3buikymckoro okpyra [23] Buj oTMeueH
B OCHOBHOM B ero ceBepHoy (ITpnapanbckoir) yacTu.

Cistanche flava BcTpeuaeTcsi TpeMMYII[eCTBEHHO Ha TecuaHbIX MaccHUBax (BCTpeUaeMOCTh
75 %, n = 8 nokanuTeToB) C 3acosneHreM meHee 0,2 % u pH 7,2-7,8; xo3seBa — Calligonum spp.
ITprypodyeHHOCTE K IlecyaHbIM MacCHBaM COIVIaCYeTCSI C BbIfleJIeHWeM I[1eCYaHbIX paliOHOB
B cocTaBe KbI3bITKyMCKOTO OKpyra [23].

[nst ocTambHbIX BHJOB KOJIUUECTBEHHbIE [laHHble OTCYTCTBYIOT, UTO CBfI3aHO C UX
OrpaHUYeHHBIM PacIpOCTPaHeHHeM U C1a00# W3yUueHHOCTHIO.

Mopdonornuecku pacTeHHsi XapaKTepPU3YHOTCSI KOPOTKHMM T0[3eMHbIM KOpHEBUILeM, OT
KOTOpPOTO 0TX0ZAAT cTebsmu BhicoToi oT 10 o 80 cM. Ctebenb y pacTeHUI MACUCTBIN, YTOMIIEHHBIH,
T0/[3eMHast YaCTh BBITIONHSET (DYHKI[MIO HAKOTIJIeHUsI BO/JIbI U MIUTATe/IbHbIX BeIeCTB, MOyYaeMbIX
OT X03siMHa. Pa3mepsl cTebsisi BappUPYIOT B 3aBUCMMOCTHU OT Buza: y C. deserticola oH gocturaer
40-80 cMm, y C. tubulosa — 25-50 cM [7]. Jluctesa y Cistanche pefyliipoBaHbl, BbIDayKeHbI B BUjle
MaJieHbKUX YellyeBUHBIX CTPYKTYP BZAOJb CTe0sisi, KOTOphbIe He yUacTBYIOT B oTocuHTe3e. YacTo
BbIII€ TIOBEPXHOCTHU TTOUBBI BBICTYTIAET JIUIIb 1IBETOHOC. [IBeTKM TpyOuaThle WM KOTOKO/IbUaThIe,
repMapoAUTHBIE, OOBIUHO KeITOBaThle, PO30Bble WK (DHOIETOBbIE, PACTIO/NIOXKEeHbl Ha BEPXYIIKe
cTebsisi B BU/le KUCTEBU/HBIX WM KOJIOCOBUJHBIX COLBETHH. I1/10/bI TIpeiCcTaBIeHbI KOPOOOUKAMH,
coziepyKallIMK MHOTOUHC/IeHHbIe MeJIKHe CeMeHa, TIPUCTIOCO0/IeHHbIe K PacIIPOCTPAaHEHHI0 BETPOM.

Mopdonornueckrie ocobeHHoct poga Cistanche TeCHO CBs3aHbI C €ro Tapa3’UTHUeCKUM
oOpa3oM >KuM3HU. MSCHUCTBIA CTebenb, peayLpOBaHHbIE JIMCTbS M BBICOKAsh KOHLIEHTpALUs
CJIM3UCTBIX U KpaxXMaJIbHBIX BK/IFOUEHUH B TIapeHXUMe CcTeO/1si 00eCIrieurBaroT akKyMYJISILIAIO0 BO/bI
1 MeTabOJ/IUTOB, a TAK)Ke MUHUMM3ALIUIO0 TPAaHCIIUPALIMOHHBIX ITOTEPh, a spKasi OKpacka U KPYITHbIe
I[BETKU CIOCOOCTBYIOT TIPUBJIEUEHHIO OMbBIIATE/EH, UTO BAa)KHO [/IT Pa3MHOXXEHUSI B CYPOBBIX
MyCTBIHHBIX YCIOBUSX [2].

Buzbl posa NposiBASIFOT IIMPOKYIO SKOJIOTMUECKYHO TJIAaCTUYHOCTh U BCTPeYaroTCs B MeCUYaHbIX
Y COJIOHUAKOBBIX MYCTBIHSAX MPU Temrieparypax zo +50 °C [24].

[l yCIielmHoro CyiecTBOBaHUSI B TaKWUX YC/IOBUSIX PAaCTeHUSl [JeMOHCTPUPYIOT KOMILIEKC
Mop¢ooTUUeCcKrX, (HU3UOJOTUUECKUX U 3KOIOro-(hM3MO0J0OrMUeCKUX ajarTaluii, yKa3aHHbIX
Bbillle. [I0 [aHHBIM 3KOJIOTMYECKUX HCC/IelOBaHUM, COueTaHWe STHUX MOp(0-aHaTOMHUYeCKUX
1 (QU3MONOTHUYEeCKUX aJanTaluii obecrieunBaeT ycCTolWumMBOe CyljecTBoBaHWe poga Cistanche
B JKCTPeEMa/IbHO 3aCyLUIMBBIX 3KOCHCTeMax, IOAJep)KUBaeT ero IWIMPOKOe pacnpoCTpaHeHue
Y >)KA3HECITIOCOOHOCTh, HECMOTPSI Ha BBICOKYIO CTPECCOBOCTh Ccpefbl [3, 1, 2].

AHATOMO-TMCTOJIOTUYECKHE WCC/AeI0BaHUSI ITOKAa3bIBAKOT Ha/JW4YMe XOPOLIO Pa3BUTHIX
COCYZMCTBIX TyUKOB, 00€CITeUMBAIOIIUX WHTEHCHUBHBIA TPAHCIIOPT MUTATebHBIX BEIeCTB OT
pacteHusi-xo3s1Ha. B ycnoBusx LlentpansHoit A3um (C. salsa) v 3anagHoro Kuras (C. deserticola)
yCTaHOBJ/IEHA TeCHast CBSI3b CTPYKTYPHI TKaHEeH C XapaKTepoM CyOcTpaTa v COJIeBLIM COCTaBOM TOYB
[25].
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B Tabsnurie 3 ripuBesieHbl CpaBHUTE/TbHBIE MOP(OIOTHUeCKYe TIPU3HAKK Hanbosiee U3yueHHbIX

Buj0B poja Cistanche (C. deserticola, C. tubulosa, C. salsa, C. phelypaea i fip.).

Ta6auya 3. 0630p kouesbix 8udoe (C. deserticola, C. tubulosa, C. salsa, C. phelypaea u dp.)

IIpusnak C. deserticola C. tubulosa C. salsa C. sinensis
Mecro o0uTaHuA ITycTbiny, nonynyctel- | Ilecuansle u kameHu- | CosoHuaky, IMonynycreiHu
Hu ITA (MoHronus, crele nmycThiHU CeBep. | cyxue crenu Llen- | CesepHoro Kuras,
Kurait) Adpukn, ApaBun Tpa/IbHOU A3UH Mouromu
ITapasurnueckuii Haloxylon ammoden- | Tamarix spp. (tama- | Kalidium, Tamarix spp.
X035IUH dron (cakcayn) PUCK) Halostachys
BricoTa couBeTus 1545 cm Zo 60 cm 10-25 cm 20-40 cm
®dopma credns Toncteit, yumuHApU- | LlunuHapudeckui, Koportkuii, yton- | [IpsmocTostuni,
YeCKUH, MSICUCTBIN C UelllyeBUHBIMU IIEHHBIN HEMHOT'O C)KaTbIf
JICTBSIMU

OKpaCKa conBeTus

JKénras unm eénrto-
KOpHUUHeBast

JKénras, uHorza
C MypITypHBIM OTTEH-
KOM

CBeTno-kénras

JKenroBaro-0ypast

JieKapCTBeHHbIN BUJ,
(Herba Cistanches)

3amenuTens C. deser-
ticola

IBeTKH KonocosuzHoe corpe- | TpyOuarble, 9acTo Mernkue, miotHo | CpefHero pasMepa
THe, KPyTHBIe TpyOua- | yaauHEHHbIE TIpHKarele
Thble LJBETKU

ITnop, Kopobouka ¢ MHOTO- To xe To xe To xe
YKCIeHHbIMUA MeIKUMU
ceMeHaMu

OcobenHocTu Hanbonee n3BecTHel | Vicronb3yeTcs Kak Bosee coneycroii- | Mopcdonoruuecku

UKMBa

TIPOME>KYTOUHBIN BUJ,

CpaBHutenbHasi Tabsmuija Mopdosoruueckux TpusHakoB 9 BugoB popa Cistanche,

rpou3pacTaroImx B Y30ekucrtane (tabsmuria 4), mokasbiBaet, uro Mopdosorusi poga Cistanche

B perrvoHe H3yuUeHa He TIIOJHOCTBIO: [jii MHOTHMX BHOOB OTCYTCTBYIOT OIIMCaHHA, HaIIpHUMep,

IMOJIHOI'O /iraria30Ha BBICOTEI, OKPACKH, CI)OpMLI COoLBeTHA U1K XO34€eB.

Ta6nuya 4. [TuazHocmuueckue Mopgos02uyecKkue npu3HaKu eepuuyupoeaHHbiX 6u006 pood
Cistanche, npouspacmaiowjux ¢ Y36eKkucmaHe

Bupg, BricoTa cTed- Okpacka BeHUMKa Couerune Xo3a1H / MecT0 00HTa-
s HHUSA
C. salsa 8-25 cm Caet/o-xénras, Humnapuueckoe ConoHuaky, cyxue
KE1TO-6ypas crenu; Kalidium,
Halostachys
C. flava 60-100 cm | YKénrasi, HIDKHSS IMupamupansHo-KoM0CcO- | I[lecku; Calligonum spp.
TIOBEPXHOCTb CHHeBa- | BUJHOe
Tast
C. mongolica 30-40 cm Po3oBo-6eso-¢uosnero- | ~20-50 cm [TpubpesKHbIe YyUaCTKH
Bast PeK, ConoHYaky; lamarix
Spp.
C. ambigua 20-60 cm — 5-30 cm Kei3weiikym; Haloxylon
Y Ap. MapeBble
C. trivalvis 18-50 cm — 10-35 cMm, rycroe [Tecku, PK, ®epranckas
0611
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Ipumeuanue. Takconbl C. jodostoma (eeposimubiii cuHoHum C. salsa), C. stenostachya u C.
speciosa (3H0emuk Byxapckoli 0baacmu) He 8Kai0UeHbl 8 OCHOBHYI0 mabauyy 8sudy
HedocmamouHoli gepugukayuu OuazHOCMuYecKUX Npu3HAKkos; 051 HUX mpebyemcs npogeoeHue
00NoMHUME/bHbIX NOMEBbIX U MOAEKYASIpPHO-2eHemuyeckux ucciedoearutl. C. ridgewayana npueedéH
8 mabauye 2 (cpasHeHue Kaouesbix 8U008).

Takum  obpa3oM, aHamu3  MOPGOJOTMUECKUX UM JKOJOTMUeCKUX  0COoOeHHOCTel
nipefcraButeneii poga Cistanche, BCTpeyarovxcsi Ha TEPPUTOPUM Y30eKHCTaHa, TOKa3bIBaeT, uTo
WX CTPYKTypa, >KU3HeHHasi (hopMa M pacripefiesieHle TeCHO CBsi3aHbl C TapasUTHUeCKUM obpa3om
JKU3HU U 3KCTpeMa/lbHbIMUA YCIOBUSIMM TYCTBIHHBIX W COJIOHYAKOBBIX 3KocucTeM. CpaBHeHHe
Mopdosioru  OCHOBHBIX BUIOB Cistanche [eMOHCTpUDYeT 3HauMTelbHOE BHYTPUBHUOBOE
Y MeXXBHJIOBOe pa3HoobOpasue 1o pa3Mepam cTebss, AyuHe U (GopMe COIBeTHsl, OKpaCcke BeHUMKa,
a TaKXKe CTeKTPYy pacTeHHii-x03sieB. CoOIOCTaBUTebHBIM aHaIU3 MOKa3bIBaeT, UTo, HECMOTPS Ha
M3BECTHOCTDb psijla K/IoueBbIX BUAOB (Hampumep, C. salsa, C. flava, C. mongolica), mopdonorus
OONMBIIMHCTBA TAaKCOHOB, TPOM3pAcTALMX B Y30eKucTaHe, u3yuyeHa HemnonHo. Hanuuue
cuHOHUMOB (Harpumep, C. jodostoma = C. salsa) v (parMeHTapHOCThb OIMyO/MKOBAaHHBIX CBE/IEHUI
yKa3bIBalOT Ha He0oOXOAMMOCTH [lalbHENIINX TI0/IeBbIX, MODP(OJIOTHYeCKMX U MOJeKYJISIPHO-
reHeTUUeCKUX UCCAeOBaHMN [yii  YTOUHEHWsS TAaKCOHOMHUECKUX TpaHWL] U  BBISBIEHUS
9KOMOP(OIOTHYeCKUX TIaTTePHOB POJaA.

3ak/IIoueHue

[TpoBeéHHBIN aHaMU3 JIMTepaTypHBIX JaHHbIX MoKas3ad, uto pog Cistanche Hoffmanns. et
Link sBisleTcs ofHOW u3 Haubosiee CrielMany3vMpOBAHHBIX TPYI TMApa3sUTUUYeCKUX pacTeHUH
cemeiictBa Orobanchaceae, mnpezicTaBUTe/NM KOTOPOW ILMPOKO pacrpoCTpaHeHbl B apUZHBIX
W TionyapuAHbix peruvoHax EBpasum u CeBepHoil Adpuku. CoBpeMeHHble UCC/IeJ0BaHHUS
CBU/IETEIbCTBYIOT O 3HAuMTeJIbHOM BH/IOBOM pa3HOOOpasuM pofa, BK/IOUaroliero 27 BU/OB,
Pa3/IMUaKIUXCS TI0 MOP(OIOTHYeCKAM TpHU3HAKaM, SKOJIOTUUYeCKMM OCOOEHHOCTSM U apeasiam
pacripoCcTpaHeHus.

YcraHoBneHo, uTo mpezctaBuTenu poja Cistanche xapakTepu3yOTCSI BbICOKOM CTereHbIO
ajlanranyMyu K SKCTpeMasbHbIM YC/IOBUSIM IYCTBIHHBIX M TOJIYIYCTBIHHBIX 3KOCUCTeM. MXx
JKU3HEJIesITeIbHOCTh TeCHO CBfi3aHa C pPAaCTeHUsIMU-XO035leBaMM, IPEUMMYIeCTBEHHO pOJOB
Haloxylon, Tamarix, Salsola v npyrux npefctaBuTesieli kcepoduTtHoU dopbl. Mopdonoruueckue
0COOEHHOCTH,  BK/IIOYAs  PeOYKLUWIO  JIUCTbeB,  DPa3BUTHe  TrayCTOPUAIbHOW  CHUCTEMBI
W Crelnyanyi3vpoBaHHOe CTpoeHWe cTebmst, obecrieunBaloT 3(PQeKTUBHOE CylieCTBOBaHHE
B YCJIOBUSIX /le(MIIMTA B/Iaryd U BBICOKMX TeMIiepaTtyp. AHamu3 ormyO/MKOBAaHHBIX JaHHBIX MOKa3as,
YTO Ha TEPPUTOPUM Y30eKHcTaHa 3aperucTpupoBaHo 9 BujoB poga Cistanche, pactipocTpaHEHHBIX
B pa3/MUHBIX  TPHUPOAHO-KIMMAaTHUYeCKUX  perdoHax CTpaHbl, BKIoUasi  PecryOmuky
Kapakanmakcrad. Haubonee pacripoctpanéHHbiM BugoM siBasietcsi Cistanche salsa, Torza Kak psif
IpPYTMX BHU/IOB XapakKTepu3yeTCsl OrpaHUYeHHbIM paclpoCTpaHeHWeM W HeJ0CTaTOYHOU
V3y4YeHHOCTBIO.

HecMoTpsi Ha 3HauMTeNbHBIA MPOTrpecc B 00aCTH CHUCTEMAaTUKU, MOP(HOIOTHU U 3KOJOTHUU
rpeficTaBUTe/Ied pojia, MHOTMe BOMNPOCbI MX TAKCOHOMMUYECKOIO CTaTyca, BHYTPUBHOBOU
M3MEHUYMBOCTH U OCOOEHHOCTEM PpacrpoCTpPaHeHHs OCTAIOTCS HeJOCTAaTOYHO W3YUYeHHBIMH.
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Hanuurie Mopdonoruuecky CXOAHBIX BUIOB, BHICOKAs TVIACTUYHOCTD TIPU3HAKOB U OTPaHUUYEHHOCTh
TI0JIEBBIX MCC/Ie[IOBAaHUM TPeOyIOT NMPUMEHEeHUsT KOMITJIEKCHBIX MOP(OIOrHUeCKUX, YKOTOTHUEeCKUX
Y MOJIEKY/IIPHO-TEHETHUE CKUX METO/IOB.

[TpropuTeTHBIE TAKCOHOMUYECKHE TUIIOTE3bI [I/Isl TEPPUTOPUU Y30eKHCTaHa:

1. Cistanche jodostoma = C. salsa? HeobxoguMa TpoBepKa TaKCOHOMHYECKOMH
camoctositeibHocTH  C.  jodostoma (Butkov & Vved.) ¢ wucronb3oBaHHEM MOJEKY/ISIPHO-
reHeTrueckrux Mapkepos (ITS, plastid genes) v cpaBHUTeTLHOTO MOP(OIOrMUECKOTO aHaIU3a.

2. Cistanche stenostachya — caMocToATe/bHBIM BHA? TpebyeTcsa yToOuHeHHe
JIMarHOCTUYeCKUX MPU3HAKOB U (pustoreHeTUUecKoro nonoxenust C. stenostachya otHocutenbHO C.
salsa u C. mongolica.

3. Cistanche speciosa — 3HaeMuKk bByxapckoi o6sacté wid cuHOHMM? Heobxomnmo
noATBepAuTh 3HAeMU3M C. speciosa U ero TaKCOHOMHUYECKHH CTaTyC C MOMOILbI0 MOJIEKY/ISIPHBIX
METO/IOB U TIOBTOPHBIX TOJIEBBIX COOPOB.

4. Cistanche ambigua u C. flava — rpanunpl BuJ0B. TpeOyeTcs MpoBepKa THIOTe3bI
0 BO3MO>KHOM CUHOHUMWH WK THOPUU3alliK MEX/y 3TUMU BUZAMU B 30HE CUMIIaTPHH.

Takum oOpasoM, JanpHeiiliie ucciefioBaHusi mpeacraButeneld  popa  Cistanche
B LleHTpanbHOM A3uM U, B YaCTHOCTH, Ha TeppuUTOpUM Y30ekrcTaHa u KapakasmakctaHa MUMeROT
Ba)KHOE 3HaueHWe [Jisi YTOYHEHWs CHUCTeMaTHKH poja, u3yueHuss OMopa3HO0Opa3usi IMyCThIHHBIX
5KOCHCTeM M COXpaHeHMs peIKMX BUJIOB Mapa3suTUYeCKUX paCTeHUM.

[TepcrieKTUBHBIMM ~ HamnpaB/AeHUSAMM JaJbHEMIINX MCC/Ie[0BaHUN SIBISIIOTCS  U3y4deHue
reHeTMUEeCKOro pasHooOpasusi mpefcraButenelt  poga  Cistanche, yTouHeHMe — apeasioB
pacrpocTpaHeHus1 BHUJOB B lleHTpasmbHOlM A3uM, HCCAefOBaHWE aJanTaljMOHHBIX MeXaHH3MOB
K apuJHbIM YC/IOBUSIM Cpefbl W TIPOBeJeHHe KOMIUIEKCHBIX (IOpUCTHUeCKUX 00cie10BaHuiA
tepputopun  Pecriybnuku  Kapakanmakcrad. OcoOblii  MHTepec TIpe/CTaB/sieT TpUMeHeHHe
COBPEMEHHBIX MOJIeKY/IIPHO-TeHeTUUeCKUX MeTO/OB /JI1 YTOYHeHUs TaKCOHOMUYEeCKOIo CTaryca
OT/Zle/IbHBIX BUJIOB PO/ia U BbISIBNIEHUS UX (proreHeTUUeCKUX cBsi3eil. Kpome Toro, nepcrieKTHBHbIM
HarpaB/IeHUeM $IB/SIeTCSI MOHUTOPUHI COCTOSIHUSI TIPUPOAHbIX monynsuuii Cistanche B ycioBusix
V3MeHeHUs K/IMMara ¥ BO3pacTarolliell aHTPONIOreHHOM Harpy3KH Ha ITyCTbIHHbIE 5KOCUCTEMBI.
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AHHOTanus

Os3epo  AskarelTMa  TpefcTaBiseT  COOOHW  aHTPOIOTEHHO-TIPUPOJHBIA  BOZOEM,
c(hOpMHMPOBaBILIMICA TPEUMYILIECTBEHHO 3a CUéT MOCTYIUIEHUS] KOJ/IEKTOPHO-/IPeHaXHbIX BOJ, C
OpOIIaeMbIX CeTbCKOXO3SMCTBEHHBIX 3eMesib. OCOOeHHOCTBIO €ro KOJIOTHUeCKOTO0 M CaHUTapHO-
TUTMeHUYeCKOro COCTOSTHUS SIB/ISIeTCSl MWTaHue BOZOEMa BO3BPaTHBIMU BOJAMHM MPPUTallMOHHBIX
CUCTeM, TPYHTOBBIMHM BOJaMM M arMoc(epHbIMU oOcajkaMu. KOT/IOBHMHaA o03epa OKpy)KeHa
COJIOHYAKaMH Y TVIMHUCTHIMUA YYaCTKaMH, a ero Ba)KHble TVIMHUCTBIe Oepera B OT/e/IbHBIX MeCTax
00pasyroT Bsi3KMe W TIOTEHLMaJbHO OfacHble ydyacTKW. [locTyruieHWe JpeHa)KHbIX CTOKOB C
CeJTbCKOXO03SICTBEHHBIX TI0/Iel CIIOCOOCTBYeT HAaKOTIEHUIO B BOZle MUHEPAJIbHBIX COJIeH, HUTPAToB,
OCTaTKOB y700peHuH, TIeCTULU0B U JIDYTUX XUMHUUEeCKHX 3arpsisHuTeneill. B cBs3u c 3TUM Bofa
03epa He MOXKET MWCIIOMb30BaThCS /ISl TIMTHEBOTO BOAOCHAOKeHMs1 Oe3 TpoBefeHUs] TMyOOKOM
ouncTKUd. OrpaHUyeHst pacripoCTPaHsIOTCS TakKXKe Ha HeroCpeJCTBeHHOe HCI0/Ib30BaHUe BOABI B
OBITOBBIX Le/IIX BC/IEACTBUE PHCKA XUMUYECKOTO W MHUKPOOMOJIOTMYECKOrO 3arpsi3HeHMSs.
CaHMTapHO-3KO/IOTUYEeCKOe COCTOSIHME BOJOEMA BO MHOTOM 3aBHUCHUT OT CTaOWIBHOCTU
(YHKIIMOHUPOBAHKS KOJJIEKTOPHO-PEeHa)KHOM CUCTeMbI M 00BEMOB TTOCTYTIAOIINX CTOKOB. L{esibio
WCC/Ie/IOBaHUs SIB/ISIETCS KOMILIEKCHAs OL|eHKa 3KOJI0TMUeCcKoro, ruipOXMMHUYeCcKOro U CaHUTapHO-

Bubnnorpadpuueckoe onucanue: XKymaera I11.B. DKo/moro-rurueHuUecKrie 0COOEHHOCTH U XUMHUECKHH COCTaB BOJBI 3aKPLITOTO
o3epa AsikarntMa Byxapckoii obmacty // Universum: XuUMusi 1 OMOJIOTHS : 37€KTPOH. HayuH. >KypH. 2026. 11(149). URL: https:/
Zuniversum.com/ru/nature/archive/item/23520
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TMTMeHNYeCKOIro COCTOsSAHMA BOAbI 0O3epa AsxkarbIT™Ma. PEBYJ'IBTaTbI ncciaegoBaHrsd MOTyT OBITE
HCII0/JIb30BaHbl /11 MOHUTOPHMHI'A KadeCTBa BOAbLI U pa3pa60TKI/1 MepOHpI/IHTI/Iﬁ 110 CHHW>XeHHIO
3KOJIOTUYE€CKHX PHUCKOB.

Abstract

Lake Ayakagitma is an anthropogenic-natural water body formed as a result of the discharge
of collector-drainage water from irrigated agricultural lands. Its ecological and hygienic
characteristics are primarily determined by the inflow of return (collector-drainage) water from
irrigation systems, as well as groundwater and atmospheric precipitation. The lake basin is
surrounded by saline soils and clayey areas. Its ecological and geographical features include wet
clayey shores that form viscous and potentially hazardous marshy areas. Due to the inflow of
drainage water from agricultural fields, the lake water contains elevated concentrations of mineral
salts, as well as residues of fertilizers and agrochemicals, including pesticides and nitrates. The
water is unsuitable for drinking water supply without advanced treatment. Its direct use for
domestic purposes is also restricted due to the risk of microbiological and chemical contamination.
The sanitary condition of the water body depends on the stable operation of the drainage network
and the volume of incoming discharges.

In this regard, the study of the ecological condition of Lake Ayakagitma, one of the major
closed water bodies in the region, is of particular relevance. This article presents the results of a
comprehensive ecological-hygienic and hydrochemical study of the water of the closed Ayakagitma
Lake.

KnioueBble c10Ba: 03epo AsKarutMa, 3aMKHYTBIM BOZOEM, MuHepanu3alys BOZABI,
3acosieHre, XMMAYeCKU COCTaB BOZABI, KOJIOTO-TUTMeHNuUecKast OLleHKa, KOJIJIEKTOPHO-ApeHaXKHbIe
BO/IBI.

Keywords: Lake Ayakagitma, closed water body, water mineralization, salinization, chemical
composition of water, ecological-hygienic assessment, collector-drainage waters.

BBepenue

3akpbiThle (OeccTOuHBIE) 03Epa, pacro/iOKeHHble B YCAOBUSAX 3aCyIJIMBOTO K/IMMara
baccetina HwkHero 3apadiiiaHa, SIBASIOTCS OJHUM W3 OCHOBHBIX MCTOUHUKOB BOJbI apUHBIX
PErvoHOB U WrPal0T Ba)KHYIO POJib B COXPaHEHUU BOJHBIX PeCypCOB M IKOJOrHUecKoro OasmaHca
pervoHa [3]. TlockonbKy Takue BOJOEMBI, He HMeEIOI[eé eCTeCTBEeHHOTO CTOKa, TIOTIO/IHSIOTCS
I7IaBHBIM 00pa30M 3a CUET KOJ/IEKTOPHO-PEeHa)KHBIX BOJ, U C@30HHBIX 0CaJJKOB, UX BOAHBIN PEXXUM
Y XUMUUeCKHI COCTaB HaXO/SATCs B HETIOCPeACTBEHHOM 3aBUCUMOCTH OT aHTPOTIOreHHOW Harpy3Ku
Y TIPOL[eCCOB UCTIapeHwUsl.

B mocnemHue ToAbl B pe3ysibTaTe W3MeHeHHUs K/IuWMara, yBeJUueHUs] Yucjia aHoMaabHO
JKapKuX AHeW U yCU/eHUs WCTlapeHusi B 03épax 3acyIUIMBLIX DerdOHOB Hab/IO/[aeTcsi CHIDKeHHe
YPOBHSI BOZIbI U TIOBBIIIIEHWE CTereHW MHUHepanu3aliui W 3aconéHHoctd [15]. Dty mporiecchl
TIPUBOZAAT K Jerpafaliuii BOJHOW 3KOCHCTeMbl, 0bemHeHUIO ¢iopbl U (payHbI BOJOEMA, a TaKxkKe
HETaTUBHO OTpaXkalOTCsl Ha cpefle OOWTaHWA W 37I0POBbe Hace/ieHHs, TIPOKUBAIOILErO
B OKPeCTHOCTsIX BofioéMa [15]. OTmeueHo, uto B GacceitHe ApanbCKOTO MOPS 3aCONIEHHOCTb BOJIbI
U yXyZlleHe eé KaueCcTBa TaKXKe CO3/Ial0T Cepb&3HYI0 YIpo3y /sl 3[0pPOBbs HacesieHus [2].
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B CBSI3M C 3TUM u3yueHHWEe SKOJOTMYECKOTO COCTOSIHHSI 03epa AsiKaruTMa — OJHOTO U3
KPYIHBIX 3aKpBITBIX BOZOEMOB permoHa — TmipuoOpeTaeT ocobyro akTyampHOCTH [1]. Ilemb
UCCeIOBaHUSl  3aK/IIOUaeTCsl B KOMIUIEKCHOM OLleHKe 3KOJI0ro-TUTMEeHHUYecKOro COCTOSTHHS
Y XMMMYeCKOTO COCTaBa BOZbl 03epa B BeCEHHMI Ce30H, OIpeJie/ieHuH CTelleHW MUHepasv3aluu
U 3arpsi3HEHMs, a TaK)Ke B aHa/M3e MPUYMHHO-C/Ie/[CTBEHHBIX CBsi3eld HaOJIOjaeMbIX M3MeHeHU
[11].

Marepuasibl 1 MeTOABI

OOBEeKTOM HCCIIeIOBaHUS SIBISIETCS 3aKPhITOe 03ep0 AsIKaruTMa, pacrioyio)keHHOe B HIDKHEM
TeueHUM peku 3apadiiaH, B 150 kM K ceBepy oT ropogia byxapsbl, Ha Tepputopun KbI3bLTKYMCKOTO
okpyra. B aJAMMHHCTpPaTHBHOM OTHOLIEHHWH 03€pPO HaxOJWTCS Ha Teppuropuu ayna Orutma,
OTHOCSIIIerocss K cxofly rpaxkzaaH Maxa/mid Kykua ['kmyBaHckoro paiioHa byxapckoit obGmactw,
K ceBepy ot IlladupkaHckoro u ['KayBaHCKOrO paliOHOB, Ha TpaHuIle ¢ Hapouiickoil 06/1acTbiO
[1]. C 10ro-BoCTOYHOM CTOPOHBLI B 03€p0 MOCTYIAOT CTOYHBIE BOJbI Uepe3 COPOCHBIE KO/UIEKTOPHI
[Macupkan u OruTma, a TakKe BoZbl aTMOC(EpPHBIX 0CA/JKOB 3UMHE-BeCEeHHEro Meproa.

Boppl, moctymnaroipe W3 KOJUIEKTOpa, 3a 4-5 KM [0 03epa HU3BeprarTCsd KacKaZom
C BO3BBIIIEHHOCTH, BHauajie JOCTUTasi B UUCTOM BHje TimybuHsl 8—10 M, a 3aTem, ripuobpertasi Ha
MPOTSDKEHUH 4—5 KM MeCuaHO-UIUCThIN OTTEHOK, J0XOJSAT 10 BOJOEMa.

[Tpo6el BoAbI ObLTH OTOOpaHBI B TSATH TOUKax BecHoW 2026 roza: BXoAHas 4yacTh O3epa
(xonnekrop OrutMma), mpubpe)kHasi 30Ha, 3arajHasi YaCcTh 03epa, a TakKKe POJHUKH BOKDYT 03epa
(pomuuk Kaifap u pogHukoBast Bozia). I1poObl Bogsl oTOHpany ¢ 9 yacoB yTpa; Ha MOMeHT 0Tbopa
rnpob6 Temriepatypa Bofbl cocTaBiasiia  16-24 °C, Temmeparypa Bo3ayxa — 28-38
°C. JlabopaTtopHblii aHa/lIW3 BOAHBLIX IIPOO MPOBOAWICA B Jj1abopaTopvM OT[era MOHHMTOPUHIA
3arpsi3HeHUs1 oKpy»katoirieit cpenbl (M30OC) npu YrpaBleHUM 3KOJIOTMM, OXpaHbl OKpY’Karollleid
cpeapl M U3MeHeHWss KiauMara byxapckod obmacty (perucTpaildoHHbIA HOMep ML.1453).
[Toka3zaTenu orpefensiiuch (POTOKOIOpPUMETPUUECKUM, (PTyoprMeTpUueCcKUM U FpPaBUMeTpUYeCKUM
MeToZamu. V3mMepeHusi IPOBOJUINCH HA OCHOBAaHUU C/IelyIOIMX HOPMAaTHUBHBIX JOKYMeHTOB: Oz
0O‘U 0682:2015, 0705:2016, 0696:2015, 0676:2015, 0697:2015, 0418:2009 u 0495:2010 [4-10].
Bbuli TpoaHanM3MpoBaHbl CleAyrolye ToKasaTenu: pH, cyxoil oCTaTok, X/J0pHUAbl, Cy/ib(arhbl,
VIOHbI aMMOHUSI, HUTPUTBI, HUTPAThl U B3BellleHHbIE BellleCTBa.

Pe3ynbTaThl 4 X 00CYy)KAeHHe

CornacHo Mop¢doMeTpUUeCKHMM TIOKa3aTeslssM 03epa, ero JjvHa cocrapiaser 15-20 Kkw,
HauOOoJIbINIas IUPUHA — 8 KM, CpeHsIsl IMPUHAa — 5 KM, ruiomiags — 110-112 kM2, 00bEM BOJbI
— 0,9-1,1 mnpa M3, a mepuMeTp BOJHOM MTOBEPXHOCTU COCTAB/sAET 75 KM. MakcumasbHasi rryOuHa
— 40-45 ™, cpepnss riyomHa — 8-10 M; TO 3TOMY [OKa3aTeql0 03€p0 CUHUTAETCS CaMbIM
rmybokuM cpeau BopoémoB HikHero 3apadimana [1].

[TosyueHHble AaHHBIE MOKa3aad, YTO CTelleHb MUHepalv3alid B Pas3/IMYHbIX TOUKax 03epa
pe3ko pasnuyaetcsi. Cofep)kaHue CyXOro OCTarka BO BXOJHOM 4acTu coctaBuio 6100 mr/n, Torga
KakK B NMPUOPEXKHOW 30HE OHO BO3pocsio Ao 134450 mr/n, a B 3amagHoi yactu — 710 138400 mr/m.
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Crosb BbICOKasi MUHepann3alys 1Mo3BoJisieT OTHECTH BOZY 03epa K KaTeropuM CUIbHO3aCONIEHHBIX
(rurmepMuHepasM30BaHHbIX) BOJ, UYTO OOBSCHSETCS TIPOLIeCCOM HAKOIIIEHUS] COJiel 3a CYér
WCTIapeHusi, XapaKTepHbIM [jisi 6eCCTOYHBIX BO0EéMOB [15] (Tabm. 1).

Ta6auya 1. Pe3ynpmambl XuMu4eckozo aHa/u3d 800bl 8 pa3/IUYHbIX y4acmkax osepa
Askazumma u poOHuKo8 (8eceHHuti ce30H, 2026 2.)

Ne IToxka3zarenb Bxoguasa | ITpubpexHasi 30Ha 3anagHast Popaauk PopunkoBan
(equHHULIA U3Me- 4acTb 4acTh «Kawnap» BOJja
peHH)
1 pH 7,0 7,0 6,5 7,0 7,0
2 Cyxoit 0CTaToK, 6100 134450 138400 3800 5150
MI/n
Xopuzibl, Mr/J 3128,9 53886,5 55624,8 2085,9 2955,1
4 Cynbdarsl, Mr/m 1152,7 27377 28338 1104,7 1296,8
WMo amMMoHm, 1,42 3,25 3,8 1,67 1,25
MI/n
6 Hurpurtsl, mr/n 0,18 0,31 0,4 0,16 0,085
Hurpatsl, Mr/n 9,1 6,6 7,8 5,5 7,8
8 B3BeiliieHHbIE 18 21 23 17 15
BellleCTBa, Mr/J1

B nvoHHOM cocTaBe BOAbI Tpeo0/ia/ial0T XJI0pHAbI (B TIpUOpe)kHOM 30He — 53886,5 mr/i,
B 3amafiHoN yactu — 55624,8 mr/n) u cynbdarel (cooTBeTcTBeHHO 27377 w 28338 mr/m), uto
CBU/IETE/ILCTBYET O XJIOPUAHO-Cy/bdaTHOM cocTaBe BoAbl [14]. Bo BXoAHOM yacTU U B POJHUKAX
JlaHHbIe TI0Ka3aTe/lrd 3HaUUTeNbHO HibKe (xaopugasl — 2085,9-3128,9 mr/na, cynbgarer — 1104,7—
1296,8 mr/m), 4To TMOATBEp)KJaeT: MOCTyMaroljasi B 03ep0o BoJa MUHepald30BaHA B MeHbIIel
CTelleHW 10 CpaBHEHUI0 C OCHOBHOM aKBaToOpuel, a OCHOBHOe 3acosieHre (hopMupyeTcs
HeTocpe/ICTBEHHO B CaMOM BO/I0éMe 3a CUéT ucrapeHus [12].

3Hauenrie pH Haxoaunock B guariazoHe 6,5-7,0, TO ecTb ObUIO O/IM3KUM K HEUTPa/TbHOMY.
[ToBbillIeHHOE TI0 CPaBHEHWIO C BXOJHOM YacTbi0 U DOAHUKAMU COJiep)KaHWe HMOHa aMMOHUS
(B mpubpexHoM U 3amagHoW dYactax — 3,25-3,8 wmr/m) u wHurtpurtor (0,31-0,4 wmr/m)
CBU/IETE/ILCTBYET O MPOTeKaHUU B BOJie MPOLIECCOB OPraHUUeCKOro 3arpsisHeHus1 U 3BTPOdUKalny;
B 3aKPBITHIX 03€pax 3aCO/IEHHOCTh U OMOTreHHasi Harpy3Ka Npy B3aMMHOM BO3/[eMICTBUM OKa3bIBalOT
3HauMTe/bHOe B/IMSHUE Ha cocTossHue sKocucTembl [3, 13]. CopepskaHue B3BellleHHBIX Bell[eCTB
HaXOAWIOCh B quaria3oHe 15-23 mr/m, HedTenmpoAyKThI Ke He ObLIM 0OHapy>KeHbl HU B OJHOU U3
TOYEK.

s cpaBHeHus1, B Bofax Ilpuapanbs (KapakaimakcraH) ofirjee coziepkaHhe pacTBOPEHHBIX
BelllecTB 3adUKCHPOBAHO B Auara3oHe 563-3852 wmr/nm [2]; mokaszaTtequd ke B TIPUOPEKHOM
Y 3ama/IHoM 30Hax o3epa AsikarutMma 0osjiee ueM B [IeCSiTh Pa3 TPEBBIIIAIOT 3TO 3HAYeHHe, UTo
CBU/IETE/IbCTBYET O Upe3BbluaiiHO BBICOKOU CTereH! 3aCO/EHHOCTU BOZIOEMa.

JlabopatopHbie pe3y/bTaThl COOTBETCTBYIOT T0JIeBbIM HabmogeHusM. V3-3a ripeobrajaHus
oObéMa Hcrapsiroleiicss BoAbl HajJ, OOBEMOM BOJbI, MOCTYyTAMOIIeld B 03€p0 U3 KOJIEKTODOB,
yPOBeHb BOJbl HEYKJIOHHO CHIDKaeTcst: ecyi 20 /ieT Has3a/, M0 JaHHBIM CITyTHUKOBBIX M3MepeHU,
TI/IOIIA[b BOJHOM TIOBEPXHOCTH 03epa cocTapssia rnpuMepHo 12000 rektapoB, TO B HacTosiIiee
BpeMs 3TOT nokasaTesnb cokpatwics A0 8000 rekrapoB. B pe3ynbraTe CHUKeHHsI YPOBHSI BOJbI
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Oepera pacIIMpUINCh, 3apOC/A TaMapyCKa yBeTMUYWINCh, a YHUC/IeHHOCTh BOJOI/IABAIOIINX TITHIL]
(;ebenp, yTKa, JbICyxa) cokpatunachk [15]. B mocsemHue roApl Micue3HOBeHHe PHIOBI B 03epe,
pacmpocTpaHeHre HeTIPUSITHOTO 3araxa OT BOJBI U OTKa3 HacesieHUsl OT KyTaHUsSI CBU/I€TeTbCTBYIOT
O Pe3KOM YXyALIeHWH KaueCTBa BOJbl U [leTpajjallii 3KOCHCTeMbl. BOKpyr o3epa wumeercs
MHO’KECTBO POAHHKOB, BO/la KOTOPBIX TIPO3payHasi ¥ X0JI0fHAsT; MeCTHOe Hace/leHe UCTIOb3yeT 3Ty
BOJIY B Ky/ITYPHO-OBITOBBIX LIe/ISIX W [Ji/IsI CKOTA, OJHAKO OHA HETNPUIOfHA B KaueCTBe MUTHEBOU
BOZIbI. B 1Oro-3amaziHoii 4acTW 03epa OTMeUeH BBIXOZ, Ha TIOBEPXHOCTb TOPSUer0 MUHepajbHOTO
HCTOUHHMKA C TeMriepaTypou Bogsl 45-50 °C.

[ToTpebHOCTL HacesieHUs, TIPOKUBAIOLIETO B ayJie, B TIMTHEBOM BOJe TOKPBIBAETCS 3@ CUET
JIOCTaBKM CIIeLMaTbHBIMUA aBTOLMCTepHaMHU W3 ['WDKIyBaHCKOTO palioHa; AJisi XpaHeHHs MMUTHEeBOU
BO/IbI KaXK/I0€ XO3SIICTBO MCIO/Ib3yeT KOJIOALLI ¢ 3a0eTOHMPOBAHHBIMHU T10 TIEPUMETPY CTEHKaMH.

B mocnegHue roAbl CpeAd MECTHOTO HaceleHWs OTMeuaeTcsi poCT 3abosieBaeMOCTH
SHJIEMUYeCKAM 3000M, TOJIOBHBIMH OOJISIMM, ajyilepriyecKuMH 3abo0/ieBaHUSIMU, OPOHXMATbHOU
acTMoi W OomsMH B KOCTSIX. B /Ipyrux ucCCaeoBaHUSX, TPOBEAEHHBIX B JAHHOM peruoHe,
Jerpajanus OKpy)Karoiled cpeAbl W yXy[IIeHWe KaueCTBa BOAbI TAaKKe CBSI3bIBA/IUCH
c 3a00/1eBaeMOCThIO HacesieHus [2]. B CBSi3u € 3TUM [JaHHOE COCTOSTHHE 3[,0POBbsI HAaCeJIeHUST MOXKeT
ObITH 00YC/IOB/IEHO YXyALIIEHHeM KadecTBa BOJBI M COCTOSIHUSI OKPY’Kalollel Cpefibl, OfHAKO AJIs
TOUHOTO YCTAHOBJIEHUS] TIPUUMHHO-C/IeICTBEHHOW CBSI3M HEOOXOJUMBI [IOTIOJTHUTE/TbHbIE MeIUKO-
3MUAEMHUOIOTHUeCKUE UCCIIe/JOBAHMS.

BruiBobI1

CrernleHb MUHepa/M3allid BOABI 3aKpBITOTO o03epa AsKaruTMa pe3Ko pa3indyaeTrcs
B 3aBHCHMOCTH OT TOUKM O0TOOpa mpob; B TIPUOPE)KHOM M 3arafiHON 4YacTaX COJepyKaHHe CYyXOro
ocraTka pgocturaer 134450-138400 w™r/n, 4TO OTHOCUT BOJY K KaTeropyuyd uUpe3BblUaiiHO
CUJIbHO3aCO/IEHHBIX BOJ| XJIOPUAHO-CY/Tb(aTHOrO COCTaBa.

1. TloBbIIeHWE COflep)KaHUsE MOHA aMMOHMSI M1 HUTPUTOB yKa3biBaeT Ha TMpPOTeKaHHe B BOJe
TMIPOIIeCCOB OPTraHWYeCKOro 3arpsi3HeHUs: U 3BTPO(UKALIMHU; 3TO TOATBEPXKJAeTCsS HMCUe3HOBeHUeM
PBIOBI U TIOSIBJIEHHeM HeTIPUATHOIO 3ariaxa.

2. Tlom BoO3zelicTBMEM W3MeHeHUs K/IUMara, YCUJIEeHUSI HWCTapeHuss W KOJUIeKTOPHO-
JPEHaXHbIX BOJ, YpOBEeHb BOAbI W TUIOLA/Ib O3epa I0C/Ie/loBaTeNlbHO COKPAIIlaloTCs, a ero
9KOCHCTeMa T0/IBepraeTcs Jierpajariuu.

3. [t OLIeHKHA COCTOSIHUSI 03epa W TPU/IeTaroluX K HeMy HMCTOUHHUKOB BOJbl, a TaKXe HX
B/USHUSL Ha 3/0pOBbe HaceyieHUs Iiesiecoobpa3HO TIpOBe/ileHWe pery/ispHOro MOHUTOPHHTA
Y KOMIUIEKCHBIX MeJJUKO-3KOJIOTMUeCKHUX UCCIe[JOBaHUM, a TaKKe TpU/IaHue 03epy U Npusierarorei
K HEMY TepPUTOPUM CTaTyca OXpaHsieMO# MpUpPOAHON TeppyuTopuu [1].

B cBfi3u € 3TUM H3yueHHWe SKOJIOTUYECKOTO COCTOSIHUSI 03epa AsiKaruTMa — OJIHOTO U3
KPYIIHBIX 3aKpBITBIX BOZOEMOB peroHa — TipuoOperaeT 0coOyl aKTyaJbHOCTb. B craTbe
Tpe/iCTaB/ieHbl  pe3y/bTaThl KOMIUIEKCHOTO —9KOJIOTO-TUTMEHWYeCKOT0 U T'HIPOXUMHYeCKOro
HCCJIeIoBaHUsI BOJbI 3aKPBITOTO 03epa AsIKaruTMa.
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AHHOTaUUA

CraTbsi MOCBALLEHa OL|eHKe BJ/IMSIHUSI arPOXMMHUECKMX CBOMCTB 3aCOMEHHBIX TTOYB HAa POCT U
MopcdomMeTpuyeckue Toka3aremu Amorpha fruticosa L. B ycnoBusix FOskHoro Ilpuaparbs.
WccnenoBanus ripoBesieHsl B 2026 1. Ha Tpéx mnoagkax Pecriy6nvky Kapakanmakcrad: B Hykyce,
ONIMKKA/IMHCKOM M TaxTaKyIbIpCKOM pailioHax. ArpoXvMHYecKre TToKa3aTesy OIpe/ie/isiyii B CI051X
nouBbl 0-30 u 30-50 cM, a mopdomerpuueckuii aHanu3 oxsartbiBan 90 pacrenuii, no 30
5K3eMILISIDOB Ha Ka)K/[0M IJIOLIa/iKe. YCTaHOBJIEHO, UTO CpPe/HSS BbICOTA PacTeHUN CYIleCTBEHHO
pas/iuanach MeXJy TeEPPUTOPUAMU: B DJUIMKKase oHa coctaBuaa 3,10+0,53 m, Torzaa kKak B Hykyce
— 2,01£0,41 ™M, a B Taxrakynbipe — 2,01+0,57 M. Pa3nuuus noaTBep)xzeHbl 0fHO(MAKTOPHBIM
nvcriepcioHHbIM aHanmu3oMm (F=45,53; p <0,001) u kpurepuem Kpackena—Yonnuca (H=41,97; p
<0,001). OnIMKKaJWHCKasi TIIOLAJKa XapaKTepr30BajaCb MHWHHMAJIbHBIM  COZlep)KaHheM

Bubnanorpadpuueckoe onucanue: Kocbaymesa B.)K., Enruanosa C.II1. ku3u BivisiHue arpoOXMMHYeCKHAX CBOWCTB 3aCO/IEHHBIX TIOUB
Ha pocT 1 MopdomeTpruyeckue rokasaresr Amorpha fruticosa L. B ycioBusx Pecriybnuku Kapakasmakcrad / Universum: Xumuyst 1
Ouosorus : 371eKTPOH. HayuH. XXypH. 2026. 11(149). URL: https://7universum.com/ru/nature/archive/item/23635

218


https://7universum.com/ru/nature/archive/item/23635

Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

pactBopuMbIx conert — 1,0831 % B cioe 0-30 cm u 1,2238 % B cioe 30-50 cm, pu cofiep>KaHuU
rymyca 0,59 % wu obmero asora 0,0068-0,0070 %. B Hykyce u Taxrakynbipe cosieBasi Harpy3ska
Obls1a 3HAUMTE/BHO BBIILIE, @ POCT pacTeHuid — Hike. [loyueHHbIe pe3y/bTaThl MOKA3bIBAIOT, UTO B
WCC/IeIOBAHHBIX YC/IOBUSIX TOBBILIEHHOE 3aCOJ/ieHWe BBICTYMAeT BEepPOSITHBIM OrPaHUUMBAIOIIUM
dakTopom pocta A. fruticosa, fake MpU CpaBHUTENBHO O/IaTOMPUATHOM COZIEP>KaHUM OT/IeTbHBIX
3JIEMEHTOB TWTaHUS. Pe3y/ibrathl MOTYT OBITH HCIOMB30BaHbl TPU  IMOJ00pe  YCTONUMBBIX
KyCTapHUKOB /Il O3ejieHeHUs, (puToMenvopalii U BOCCTaHOBJIEHHSI 3aCO/IEHHBIX TepPpUTOPUM
Kapaxkasnakcrasa.

Abstract

This study evaluates the influence of the agrochemical properties of saline soils on the growth
and morphometric parameters of Amorpha fruticosa L. in the Southern Aral Sea region. Field
investigations were conducted in 2026 at three sites in the Republic of Karakalpakstan: Nukus,
Ellikkala District, and Takhtakupyr District. Soil properties were determined at depths of 0-30 and
30-50 cm, while morphometric measurements included 90 plants, with 30 individuals examined at
each site. Mean plant height differed markedly among the study areas: 3.10 £ 0.53 m in Ellikkala,
compared with 2.01 + 0.41 m in Nukus and 2.01 + 0.57 m in Takhtakupyr. The differences were
confirmed by one-way ANOVA (F = 45.53; p < 0.001) and the Kruskal-Wallis test (H = 41.97; p <
0.001). The Ellikkala site had the lowest soluble salt content, 1.0831 % at 0—-30 cm and 1.2238 % at
30-50 cm, together with 0.59 % humus and 0.0068-0.0070 % total nitrogen. Salt loads were
substantially higher at Nukus and Takhtakupyr, where plant growth was lower. The results indicate
that, under the studied conditions, increased soil salinity is a likely limiting factor for A. fruticosa
growth even when some nutrient indicators are comparatively favorable. These findings may
support the selection of stress-tolerant shrubs for landscaping, phytomelioration, and restoration of
salt-affected lands in Karakalpakstan.

KroueBbie cioBa: Amorpha fruticosa L, 3aconeHue nouBbl, T'yMycC, a3oT, pOCT pacTeHUH,
Kapaxkasnmnakcras, FOxHoe IIpuapanse.

Keywords: Amorpha fruticosa L, soil salinity, humus, nitrogen, plant growth,
Karakalpakstan, Southern Aral Sea region.

BBegenue

3aconeHre TIOYB OTHOCUTCS K OCHOBHBIM 3KOJOTHYeCKUM (haKTopaM, OrpaHUUMBAIOILIAM
MPOYKTUBHOCTh PaCTUTEILHOTO TIOKPOBA B apWHbIX M CeMUapuJHbIX peruoHax. st FOxkHoro
[puapanbsi fJaHHas TpobsemMa uMeeT ocoboe 3HaueHWe BC/IeACTBHE BBICOKOM HCIapseMOCTH,
Jedpurnmra arMocdepHbIX 0CAaJKOB, MUHepalu3aldyd T'PYHTOBBIX BOJ U BTOPUYHOTO HAKOTLIEHUS
JIerKOpacTBOPUMBIX COjeld B TOuBeHHOM Tipodwie. B 3TuX yc/ioBusix 10og00p [peBecHbIX
Y KyCTapHUKOBBIX pPacTeHUM, CTTIOCOOHBIX COXPaHSITh YCTOWUMBLIN POCT TPU TMOBBIIIEHHOW COJIeBOM
Harpy3ke, TIpe/ICTaB/seT TPaKTHUeCKUWd UWHTepeCc [ijis  O3ejieHeHWs, (UTOMe/uopaLyn
Y BOCCTaHOBJIEHHSI ierPaZiIMPOBaHHBIX TePPUTOPHH.
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Amorpha  fruticosa L. —  MHOrojeTHUI cemeiictBa  Fabaceae,

XapaKTepPU3YIOIUICSA IIIMPOKUM SKOJIOTUUeCKUM [Juaria3oHoM. Buj criocobeH rpowu3pacTaTh Ha

KyCTapHHK

MoYBaX pa3/MUHOM peakluu Cpefibl U TPOSsIB/seT ONpefenéHHYI0 YCTOHUMBOCTb K 3aCOJIeHHIO
1 3acyxe. OJHaKO yCTOMYMBOCTb BH/Ia He O3HauyaeT OTCYTCTBUsI MOpP(OMeTpUUeCKOW peakluyd Ha
V3MeHeHUe TIOYBEHHBIX YCI0BUA.

Llenb ncciefoBaHust — onpefennTb 0co0eHHOCTH pocta Amorpha fruticosa L. B pa3nmiuHbIX
TIOYBEHHO-KOIOTUUECKUX ~ yClnoBUsX  Pecriyosmku  KapakanmakctaH Y OLEHWTh — CBSI3b
MIPOCTPAaHCTBEHHBbIX pa3/Wuuii  MOp(OMeTpUUeCKUX IOoKa3aTesell pacTeHUl C 3acojieHreM

" arpoxXuMmn4eCKrUM COCTOsAsHHEM I10YBBI.

Marepuasibl 1 MeTOABI

VccnenoBanus ripoBefieHbl B 2026 T. Ha Tpéx Tepputopusx Pecrybmiku KapakasrmakcTas:
boranuueckom cagy r. Hykyca, borannueckom cagy nmeHu Amupa Temypa IIMKKaIUHCKOTO
paiioHa U TeppuTopuM «Kbimiak ayn» TaXTaKynbIpCKOro pailoHa. ArpOXMMHUUeCKHe aHa/In3bl [1I0UB
BBHITIOJTHEHB! LIeHTpOM arpoXUMHYecKoro aHaiam3a PecrnyOsvku KapakammakcraH. st Kaykgou
Tepputopun uccienoBandbl cyion 0-30 u 30-50 cMm. B mouBeHHBIX 00pa3liax OMpeessiv CyXOu
ocrarok, pH, cymmapHoe cofepkaHue Cojiel, moABWkHbIN ochop P,O,,
rymyc, obuuii a3or, HurpatHyro ¢opmy asora NO,, oOmeHHblli ammonuii NH,, cogepxanue

obmennbIi Kami K, O,

OpraHuUYeCKUX Bell[eCTs, rokasateyb EC/TDS v B1aXHOCT.

Ha kakgol TeppUTOpWH BbINO/MHEHBI MopdoMeTpuueckue n3MepeHus 30 3K3eMIUIIpoB A.
fruticosa; obumii 06béM BbIOOPKM coctaBun 90 pacteHuit. [Ijisi CTaTUCTUUECKOTO CpaBHEHHSs
WCITI0/Tb30Ba/IM BLICOTY PACTeHHWM W [pyrve OJHO3HAYHO WHTEpIIpeThpyeMble MOp(OMeTpUUecKue
rnokasatesnyd. PaccuuTbiBanu cpefHee apu@MeTUuecKoe U CTaHJApTHOe OTK/IOHeHWe (MzSD).
MeXrpynmnoBble pasnavuusi MO BbICOTe oleHuBaau ofHopakTopHbiM ANOVA u Kpurepuem
Kpackena—Yomniuca; morapHble CpaBHeHUsi — KpuTepyeM MaHHa—YWTHU C TIONpaBKoW Xo/ma.
YpoBenb 3HauumocTty npuHuMamu p <0,05. TTocKonbKy [/1s1 KaXKI0W TeppuUTOpuM 1abopaTopHBIN
aHa/iM3 TIOUBBI TIpe/ICTaB/IeH OFHWM TIpoduieM C AByMs IJTyOMHaMu, MOUBeHHbIE MOKa3aTelu He
paccMaTpUBaIUCh KaK He3aBUCUMble IIOBTOPHOCTU. CBsI3b «I10YBa—pacTeHre» UHTepIpeTHpoBaiach
Ha ypoBHe 1uioijaiok. st 06061enus cnost 0-50 cM paccuuThIBaiv CpefiHeB3BellleHHbIe 3HaUeHHsI

C YUETOM MOII[HOCTH TOPU30HTOB: (X, ,,*30 + X, -%20)/50.

0-30 30-50

Pe3ynbTaThl 4 00CYy)K/jeHHEe

ViccnepnoBaHHbIE TEPPUTOPUN CYIIeCTBEHHO Pas3/dvyalvCh 0 YPOBHIO 3aCOJIeHUS, PeakLuu
cpenbl M 00ecredyeHHOCTH 7ieMeHTaMy TiTaHus. Hanbosee HU3Koe cofep)KaHue Comell 0TMeueHO
B Onmukkane. B Hykyce u Taxrakymeipe HaO/mofasoch yBenWdyeHHe COZAEP)KaHUS —COJel
B ropu3oHTe 30-50 cm (Tabsmuma 1).

Ta6/1uua 1. OcHogHbIE azpoxumuuecKue xapakmepucmuKu noyebl Ha llCC/leayeMle

meppumopusx
ITokazarennb Hyxkyc 0-30 / 30-50 Jnnukkana 0-30 / 30-50 | Taxrakynsip 0-30 / 30-50
pH 8,9/8,9 9,0/8,9 7,8/7,8
Comm, % 2,5718/4,9817 1,0831/1,2238 2,8653/4,1134
P,O;, Mr/kr 16,27/ 18,93 7,33 /23,06 7,33/7,33
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IToka3arenn Hyxkyc 0-30 / 30-50 Jymmkkainaa 0-30 / 30-50 | Taxrakynsip 0-30 / 30-50
K,O, Mr/kr 88/130 120/ 162 242 /220
I'ymyc, % 0,27/0,13 0,59/0,59 1,71/0,14
O6uwii N, % 0,0018 70,0022 0,0070 / 0,0068 0,0068 / 0,0055
NO,, mr/n 68,4 /82,1 48,2 /50,4 89,3 /69,3
NH,, Mr/kr 25,6/29,2 28,2 /30,1 40,2 /39,8
Opr. BewecTBO, % 0,18/0,12 0,82/0,86 0,70 /0,65
EC/TDS 1040 / 680 740 / 800 2620/ 1350
Bnaxknocts, % 9,6/7,2 2,1/2,5 52/8,5

Cpepansisi BbICOTa pacTeHUM B OsuiMkkajse gocrturana 3,10+0,53 M, Ttorga kak B Hykyce

y Taxrakynelpe oHa cocrtas/sina okono 2,01 M. OfgHO(paKTOpHbIN AUCIepCHOHHBIN aHaIu3 BbISIBUII

BbICOKO3HauMMble pa3iuuust Mexay rmiomjaakamu (F=45,53; p <0,001). Kpurepuii Kpackena—

Yonnuca noareepaui pazmuuus (H=41,97; p <0,001) (Tabnwuiia 2).

Ta6auya 2. Mopgpomempuueckue nokazamesau Amorpha fruticosa, M+SD

Teppuropus n BeicoTa, m J/IMHa 1ucra, cM IIIupuna mcra, cM
Hyxkyc 30 2,01+0,41 2,86+0,73 1,52£0,51
DIUKKana 30 3,10+0,53 3,73%0,77 1,67+0,50
TaxTakynbIp 30 2,01+0,57 2,23%0,40 0,94+0,51
Haubonee BbICOKast CpefHsiss BBICOTA pacTeHWH OTMeUueHa B  JJUIMKKale, [IJe

CpefiHeB3BellleHHOe coziep)kaHue coseld B cimoe 0-50 cm Obuto MuHMManbHbBIM. B Hykyce

u TaxTakymblpe CpefHeB3BellleHHasi COJieBasi Harpy3ka Obula TNPUOIM3WUTENILHO BTpPOe BBIIIE,

a cpefHsIsl BBICOTA pacTeHU — cyiecTBeHHO Hke (Tabmmia 3, puc. 1).

Tabauya 3. Codepiicanue cosiell 8 nouee u cpedHsis ebicoma A. fruticosa

Teppurtopus Couu 0-30, % Counu 30-50, % Cpeanes3BemenHno 0-50, BebicoTa, M
%
Hyxkyc 2,5718 4,9817 3,5358 2,01+0,41
JIUTMKKana 1,0831 1,2238 1,1394 3,10+0,53
TaxTakynbIp 2,8653 4,1134 3,3645 2,01+0,57
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CpennessgenieHHsli nokasarens EC/TDS, cnoii 0-50 cm
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PucyHok 1. Ces3b cpeoHeg38elieHHO20 codepiicaHusi coneli 8 caoe 0-50 cm co cpedHeti ebicomoli
Amorpha fruticosa

MakcumaJsibHOe

CpeHEB3BeIlIeHHOe

3HaueHue

EC/TDS

3aperucTpUpOBaHO

B TaxTakymbIpcKOM pabioHe — 2112, uto mpubmu3uTe/sibHO B 2,8 pasa TpeBbIIA0 TOKa3aresb

Ommukkasel. [1py 3TOM cpefHss BeICcOTa pacTeHMM B TaxTakynbipe cocrasisia 2,01+0,57 M mpoTus

3,10+0,53 m B Dsumkkane. [Tockonbky eaununia EC/TDS B McXofHBIX /1a00pPaTOPHBIX MTPOTOKO/IAX

OT/Ie/IbHO He yKa3aHa, 3HaueHusl PUBeZieHbl 0e3 TieperHTeprpeTaLuy euHHLI.

Ta6auya 4. ITokazamenu EC/TDS nouebl u cpedusis eicoma Amorpha fruticosa L. na
UCC/1e008aAHHDBIX MeppUMopusx

Teppuropus EC/TDS 0-30 EC/TDS 30-50 Cpepnes3semnieHHo 0— BeicoTa, m
50
Hykyc 1040 680 896 2,01+0,41
OJUIMKKaa 740 800 764 3,10+0,53
TaxTakynbIp 2620 1350 2112 2,01+0,57
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PucyHnok 2. Ces3b cpedHee3geweHH020 nokazamessit EC/TDS caos 0-50 cm co cpedHeti ebicomoti
Amorpha fruticosa
MakcrManbHOe COoJep)KaHWe OT[e/NbHbIX KOMIIOHEHTOB TIOYBEHHOTO TUIOAOPOAUSl He
COOTBETCTBOBAJI0O MaKCUMa/JbHOMY pPOCTy pacteHud. B TaxTakymbelpe cpeaHeB3BellIeHHOEe
cozep)kaHue Tymyca ObUIO BbIle, 4eM B OJIIMKKajae, a cojepkaHHe o0mjero asora ObLIoO
COTIOCTaBMMBIM, OJJHAKO CPeJHsIsi BHICOTA PacTeHWi OCTaBasach CyiiecTBeHHO Hipke (Tabmmia 5,
puc 3).

Ta6auya 5. Codepxcarue 2ymyca u obujezo azoma e nouge u ebicoma Amorpha fruticosa L. Ha
ucc/1e008aHHbIX Meppumopust

Teppuropus I'ymyc 0— | I'ymyc 30— | I'ymyc 0— [ N 0-30, % | N 30-50, % | N 0-50, % | BeicoTa, m
30, % 50, % 50, %
Hykyc 0,27 0,13 0,214 0,0018 0,0022 0,00196 2,01
JnMKKana 0,59 0,59 0,590 0,0070 0,0068 0,00692 3,10
TaxrakynbIp 1,71 0,14 1,082 0,0068 0,0055 0,00628 2,01
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Pucynok 3. CoomHoweHue cpedHe@38euleHHO20 CO0epHCaHus 2ymycd, o0ouje2o azoma u cpeoHeli
ebicombt Amorpha fruticosa

[TomapHblii aHa/nM3 TOKasan JOCTOBEPHOE TMpeBbIllleHHe BbICOTHI pacTeHU OJIMKKasbl
otHocuTenbHO Hykyca m Taxrakymneipa (p <0,001 mocne mompaBku Xosnma). Mexay Hykycom
1 TaxTakyrnbIpoM 3HAUMMBIX Pa3/IMuMii M0 BbICOTE He BbIsiBeHO. BennunHa sddekra a1 (akrTopa
«TIoIaiKa» cocraBuia n2=0,511, To ects okoji0 51 % ob1rielt BaprabeTbHOCTH BBICOTHI B IAHHOM
BbIOOpKE CBSI3aHO C Pa3/IMUMSIMUA MEXKIY UCC/IeI0BAHHBIMU TUIOIaZKAMHU.

Ha pucynke 4 mnpezcTaB/ieHO pacripejeneHyde BbicOTbl Amorpha fruticosa Ha Tpéx
WCC/IeJOBAaHHbIX TeppuTopusix — B Hykyce, DIMKKanMHCKOM U TaxTaKymbIpCKOM pailoHax.
Hawnbosiee BBICOKME 3HaueHHWs] OTMeUeHbl B OJIJIMKKaJle, I7le CPeHsIsl BLICOTa paCTeHUH COCTaBWIIA
3,10+0,53 M. OcHOBHasi 4aCTh U3MEPEHHBIX PaCTeHUM 3/leCb XapaKTepu30Balach BbICOTOW OKO/IO
2,8-3,5 M, UTO CBU/IETENLCTBYET O OOJIee MHTEHCHBHOM POCTEe 10 CPABHEHUIO C /IByMsl JPYTUMH
T/101L{aJKaMU
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PucyHok 4. Pacnpedenenue ebicombl Amorpha fruticosa Ha ucciedoeamenbCKux naouwjaokax
Hykyca, dnaukkaabl u Taxmaxynsipa (n=30 Ha n1oujaoky)

CoBMeCTHBII aHaMU3 TIOUBEHHBIX U MOP(OMEeTpUUeCKUX JIaHHBIX MMOKa3bIBaeT, UTO Harbosee
WHTEeHCUBHBIA pocT A. fruticosa Habmropancs Ha TUIOIIaJKe C MUHUMAa/IbHOW COJIeBOM Harpy3KOw,
a He Ha TepPpPUTOPUM C MaKCUMajbHbIM COJiep>KaHHeM T'ymyca WM MHUHepasbHbIX (OpM asorTa.
O/UIMKKajla XapaKTepu30Bajiach Ccofep>XaHuem coneit okono 1,1-1,2 % no BceMy UCC/ieJOBAHHOMY
ripodusto u cpeHeii BoicoTol pactenuit 3,10 M. B Hykyce u TaxTakymbipe cofiep>KaHue Cojeid
OBbLIO CyIIleCTBEHHO BhbIille, 0cOOeHHO B ropu3oHTe 30-50 cM, a CpeiHsIst BBICOTA COCTABJIs/Ia OKOJIO
2 M.

OcobeHHO MH(MOPMATUBHO CpaBHeHMe JJMKKasbl U TaxTakymnbipa. B TaxTakymbipe BepxHU
ropusoHT coziepxan 1,71 % rymyca, 242 mr/kr K,O, 89,3 mr/n NO, u 40,2 mr/kr NH,, ofHako
pacTeHHsT He [IeMOHCTPUMPOBa/M COOTBETCTBYIOLEr0 YCWJeHWs pocTa. OTO I03BOJseT
TIpeJII0/IOKUTh, YTO TOBBIIIEHHAs COjieBasl Harpys3ka OrpaHWuYMBaeT pean3alyi0 MOTeHLMalbHO
O/1aronpuUATHOTO JeliCTBYS TTUTATeTbHBIX 37IEMEHTOB.

Boicokuii pH DnnukkanuHckor nouBsl (8,9-9,0) He conmpoBOXKa/Csi CHAKEHHWEM pOoCTa TpU
CpPaBHUTE/IbBHO HU3KOM cCofiep>kaHuu cosed. CriefioBaTesbHO, B MCC/Ie0BaHHOM Juaria3oHe cama
IIE/10UHast peakLusi CpeZibl He 00BsICHSIeT HabsIojaeMble Pa3/IMurisi B BBICOTE PACTEHUH.

[TosyueHHble  3aBUCMMOCTM  CJIelyeT  UHTepPIpeTHpOBaTb  KaK  MeXIUIOLaJOuHble
9K0JIOTMYeCKHe acconauyu. Ha KaKgol TeppuTOpvU WCCe[oBaH OJWH TOYBEHHbIM Mpo¢uIb,
M03TOMY pAacyéT perpecCUMOHHOM WM KOPPEe/SIUOHHOM 3HAUMMOCTU JJIs1 CBS3M I1OYBEHHBIX
roKasarejied CO CpeJHeHW BbICOTOM TpU N=3 MIOLIaIKaX MeTOAWUYeCKU HeAocTaroueH. [lis
TIOATBEPK/JeHUsT TIPUYMHHO-CJIEJICTBEHHON CBSI3M HEeO0OXOAMMO YBEMUYUTh UKMCIO0 He3aBHCHMBIX
TIOYBEHHBIX TOBTOPHOCTEH U MPOBOAUTL OTOODP TIOUBBI HEITOCPECTBEHHO B prU30Cdepe OT/AeNIbHBIX
pacTeHuH.
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3ak/IloueHue

Haunbonee wHTeHCHMBHBI poct Amorpha fruticosa 3aperucTpyupoBaH B OJITMKKATUHCKOM
paiioHe, rzie cpefHsisi BbICOTa pacTeHud coctaBuna 3,10+0,53 m mportuB 2,01+0,41 M B Hykyce
u 2,01+0,57 m B TaxTaKymbIpCKOM pakoHe. OJUIMKKaAMHCKas TUIOIAZiKa XapaKTepu3oBasach
O/JHOBpEMEHHO MWHMMa/IbHOW CO0JIeBOM Harpy3Kou: copepskaHue cojieli coctaBmszio 1,0831 %
B cnoe 0-30 cm u 1,2238 % B cioe 30-50 cm. B Hykyce copeprkaHue cosield Bo3pacTano ¢ 2,5718
o 4,9817 %, a B Taxrakymnbipe — ¢ 2,8653 g0 4,1134 %. [Ipu 5TOM BBICOKOE COZlep/KaHue TyMyca,
KaJusi U MUHepaJbHbIX (OPM a30Ta B BepXHEM TropH30HTe TaXTaKyIbIpCKOW TUIOIIAJKA He
COTIPOBOXK/IA/IOCh ~ MaKCHMajbHbIM  POCTOM  pacTeHWil, 4YTO YKa3blBaeT Ha BepOSTHOE
OrpaHUUHBalOIllee JeMCTBHE TIOBBIIIIEHHOW COJIEBOM Harpy3kd. TakuM o00pa3oMm, TIpU OL[eHKe
MIPUTOJHOCTHA TIOUB [/l Tipow3pacTaHus A. fruticosa HeoOX0JUMO KOMITJIEKCHO YUYHUTHIBaTh
coJlep>kaHue pacTBOPUMBIX cosiedd, rokasarenb EC/TDS, BepTukanbHOe pacripefiejieHde rymyca
M a30Ta, a TakKKe BOJHBIA PeKUM KOpHeoOHTaemoro cjios. [Ijiss Gomee CTPOroi KoMueCTBEHHOM
OLIEHKH B3aMMOCBSI3U «T10YBa—POCT» B AaIbHENIIINX UCC/Ie[OBAaHUSX HeOOX0AUMO YBEJIUUUTD YUCTIO
HEe3aBUCUMBbIX [TOUBEHHBIX TTOBTOPHOCTEN Ha KaXK/0M TI/IOLIa/IKe.
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Abstract

This article examines the formation of the raw material mixture composition for producing
CAC 35 alumina cement clinker based on local mineral raw materials. The mineralogical
composition of calcium aluminate cements and the conditions for forming the main clinker phases
— calcium monoaluminate (CA), calcium dialuminate (CA,), and C,,A,, which determine the
properties of alumina cement, are analyzed. The possibility of using Al O,-rich mineral raw
materials, limestone, and corrective components is substantiated. When selecting the raw material
mixture composition, the influence of the CaO-to-A1203 ratio, as well as the contents of SiO, and

Fe,O,, on the mineralogical composition of the clinker is considered. X-ray fluorescence and X-ray
diffraction analyses are proposed to determine the chemical and mineralogical composition of the
clinker. The research results may contribute to assessing the technological feasibility of producing
CAC 35 clinker from local raw materials, rational resource utilization, improved production
efficiency, and reduced cement production costs. Particular attention is given to achieving the
required phase composition and technological characteristics of the final material. Optimizing
component ratios enables controlled formation of aluminate phases, improved cement performance,

and stable quality during industrial production and application.

AHHOTaLUA

B [faHHOl cTaThbe pacCMOTpeHbl BOINPOCHI (DOPMUPOBAHUSI COCTaBa ChIPbEBOM CMecH JjIst
MOTyYeHUsI TJIMHO3eMUCTOro IjeMeHTHoro KavHkepa I'Ll 35 Ha OCHOBe MeCTHOrO MHHepajbHOTO
ChIpbs. [IpoaHamM3UpOBaHbl MHUHEPAJIOTHYeCKU COCTaB KaJbI[UEeBbIX aJFOMUHATHBIX L[EMEHTOB U
yCc/ioBUs 00pa3oBaHMs OCHOBHBIX K/IMHKEPHBIX (a3 — MoHoamoMuHarta Kanbius (CA),

AauamomuHara Kanbius (CA,) u C,A., ONpe/e/iAroMX CBOWCTBA [TIMHO3EMMCTOTO LieMeHTa.

OGocHOBaHa BO3MOXKHOCThL MCIO/BL30BaHus Goraroro Al,O, MUHEpPALHOTO ChIPbS, U3BECTHAKA U
KOPPeKTUPYIOIIMX KOMITIOHeHTOB. I[Ipu BbibOpe cocTaBa ChIPDbeBOM CMeCH PacCMOTPEHO BIUsTHHE
coorHomenust CaO u Al,O,, a Takxke conepxanus SiO, u Fe,O, Ha (opmMrUpoBaHie MUHEPATbHOTO
cocTaBa KIWHKepa. [lnsg onpefjeneHdss XMMHUYECKOrO W MHHEPaJIOTMYeCKOro  COCTaBa
MpelyCMOTPEHO TIpUMeHeHHe PeHTreHO(yopecCleHTHOTO U PeHTreHOU(PaKIMOHHOTO aHaIu3a.
Pe3ynbraTthl UCCAEIOBAaHUS MOTYT CIIOCOOCTBOBATh OIfeHKe TEXHOJOTMUeCKOM BO3MOXXHOCTH
nonyueHusi kiavHkepa 'Ll 35 Ha OCHOBe MeCTHOrO ChIpbsl, palMOHA/TLHOMY WCII0/b30BaHHUIO
pecypcoB, TIOBBIIIeHUIO 3()(PeKTUBHOCTA TIPOM3BO/CTBA M CHIDKEHWIO CebeCcTOMMOCTH IieMeHTa.
Ocoboe BHUMaHUe yzaeneHO ob0ecriedyeHrio TpeOyemoro ¢a3oBOro cocraBa UM OCHOBHBIX
TEeXHOJIOTUYECKUX  XapaKTepPUCTHMK  [I0JlydyaeMOro TrOTOBOrO  MaTepuasna.  YCTaHOBJIEHUe
ONTUMAJbHOTO  COOTHOILIEHUS KOMIIOHEHTOB TI03BOJIsSIeT  LieJieHarpaB/eHHO  peryJMpoBaTh
obOpa3oBaHMe aFOMUHATHBIX (a3, y/ayulllaTb SKCITyaTal[MOHHbIE CBOWCTBA IieMeHTa U
obecrieurBaTh CTabUIHLHOCTD €r0 KaueCTBa MPU MTPOMBILLIZIEHHOM MPOU3BO/[CTBE W IKCILTyaTal|H.

Keywords: alumina cement, calcium aluminate cement, CAC 35, cement clinker.
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KnroueBble c/10Ba: INIMHO3EMUCTBIN 1[€EMEHT, Ka/IbLIMEBbIM a/tOMUHaTHBIA LiemeHT, 'Ll 35,
LIeMeHTHbIN K/IMHKep.

Introduction

Calcium aluminate cements (CAC) differ significantly from Portland cements in terms of
their mineralogical composition. In their clinker, the main binding phases include monocalcium
aluminate (CA), calcium dialuminate (CA,), and, in some cases, phases such as C,A. [1, 2].
Scientific sources identify the CA phase as an important mineral component of calcium aluminate
cements [5].

The book Lea’s Chemistry of Cement and Concrete, edited by Hewlett and Liska, provides a
detailed discussion of the chemical composition, production technology, hydration, and applications
of calcium aluminate cements [1]. In this source, the abbreviated chemical formula of CA is given
as Ca0O-Al,O,, and calcium aluminate cements are classified as a group of special cements [1].

Although calcium aluminate cements were initially developed as sulfate-resistant cements,
they are currently also used for rapid setting, high-temperature resistance, resistance to abrasive
wear, and in special repair materials [5, 6].

From this perspective, the development of the composition of CAC 35 alumina cement
clinker based on local raw materials is important not only technologically but also economically.

Research Objective

The main objective of the study is to develop an appropriate raw material composition for
CAC 35 alumina cement clinker using local Al,O,-rich mineral raw materials, limestone, and
corrective components.

To achieve this objective, the following tasks were established: determination of the chemical
composition of local raw material samples; selection of AlL,O,-rich components; determination of

the optimal ratio of CaO and A1203; investigation of the formation conditions of CA, CA,, and
C,,A, phases in the clinker; determination of the firing regime of the raw material mixture;

evaluation of the mineralogical and physical-mechanical properties of the resulting clinker.

Materials and Methods

The chemical analysis of the clinker was carried out using a Rigaku NEX CG energy-
dispersive X-ray fluorescence spectrometer (USA).

X-ray diffraction analysis was performed based on diffraction patterns obtained using an
XRD-6100 (Shimadzu, Japan) instrument.

The strength and setting time of the cement stone were determined in accordance with GOST
30744-2001. The chemical composition of the raw materials is presented in Table 1 [1].

Mineralogical Composition of Alumina Cement Clinker

The main mineral components of calcium aluminate cements are CA, CA,, and C,,A,
[1, 2, 5]. Their amounts depend on the ratio of CaO to A1203 in the raw material composition, as

well as on the amounts of additional oxides such as SiO, and Fe203.
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The formation reaction of monocalcium aluminate can be expressed in simplified form as
follows:

CaO+Al, 03— CaAl;04

or, in the abbreviated notation used in cement science:

C+a—-CA

This phase is considered one of the important hydraulically active components in calcium
aluminate cements [1, 5].
CA, is formed according to the following reaction:

CaO + 2A1, 03— CaAl, Oy

The C,,A, phase is one of the important components of the high-alumina calcium aluminate

system, and its presence can significantly affect the setting process of cement [2, 5].

Scientific studies have shown that the hydration process of calcium aluminate cements is
complex and that hydration products vary depending on temperature and moisture conditions [7]. In
particular, the transformation of metastable hydrates into stable phases may affect the later-age
strength of the cement stone [7,].

Selection of L.ocal Raw Materials

When selecting raw materials for CAC 35 clinker, the main criteria are their chemical
composition and their ability to provide the required oxides. Al,O, is the most important component
for alumina cement [1, 2].

Bauxite, alumina-rich clay, and other aluminum-containing mineral rocks can be used as
sources of Al,O,.

Limestone serves as the main source of CaO. During the firing process:
CoCO3— CaO+CO,

As a result of this reaction, free CaO is formed, which reacts with Al,O, to form calcium

aluminate phases.
It is important to control the amount of SiO, in the raw material composition. In calcium

aluminate cements, silicon oxide is generally present in limited amounts, because an increase in its
content may lead to the formation of aluminosilicate phases such as C,AS [1, 5].

Results and discussion

Calculation of the Raw Material Mixture.
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Table 1. Chemical composition of the main raw materials
Raw material SiO, | ALO,; | Fe,O;, | CaO | MgO | Otherox | SO, | L.O.L
ides

Limestone 3.0 1.5 1.0 50.0 [1.2 1.1 0.2 42.0
Kaolin (AKF 78) 55.0 30.0 0.8 0.2 0.5 1.3 0.2 12.0
Granule (Shurtangaz) 0.2 89.0 0.1 0.4 0.2 2.0 0.1 8.0
Iron-containing industrial waste of 25.0 7.0 44.0 3.0 1.5 17.3
Almalyk Mining and Metallurgical Com-
plex

Anulxzsd resuly(Fp mglhodI Scatter)

No Componemt Result Ut Stat. Ery LLD LLQ
1 Cl 00854 mass® 0.0004 <0.0001 0.0003
2 Al2O3S 347 mwss“e 00312 0.0047 0014]
L) S102 56.9 mass®e 00321 00830 0249
- S0O38 0109 mass%e 00012 00019 000587
5 .l 1.34 mass%e 0.0094 00062 00156
O CaO 0231 masa® 0.0036 0.0054 00161
7 1O2 0.506 masse 00032 00017 0.0050
8 V205 0.0252 masa® 0.0011 0.0027 0.0082
9 MnO 00113 mass®s 0.0007 0.0017 00051
10 Fe2O3 0. 738 mass 0.0017 0.0006 00019
11 CuO 00040 masss 0.0001 0.0002 0.0005
12 200 00319 mass%e 0.0003 0.0001 00005
13 CGa2O3 00071 mass®s 0.0001 0.0002 0.0006
14 As203 00013 mass®s 0.0001 0.0004 00012
15 SeO2 0.0004 mass“e <0.0001 <0.,0001 0.0002
16 Rb2O 00101 mass®s «<0.0001 <0.0001 0.0002
17 SO 00042 masse <0.0001 <0.0001 0.0002
18 Y203 00105 masse <0.0001 00001 0.0004
19 7502 0. 142 mass™ 0.0008 0.0004 00013
20 Nb2OS 00066 masse 00003 0.0004 00011
21 SnO2 00015 mass® 0.0001 0.0003 0.0009
22 BaO 0019 mass®s 00008 00013 00038
23 WoOs 00062 mass“e 00003 0.0008 00025
24 Ir203 (0.0018) mass® 0.0002 0.0007 0.0020
25 Po2 00010 magse 0.0001 00003 0.0009
26 Au20 0.0008 mass“e <0.0001 0.0002 0.0007
27 PO 00210 mass™s 0.0002 0.0002 0.0005
28 La2O3 00152 masse 0.0009 0.0021 0.0064
29 CeO2 00151 masa® 0.0011 0.0027 0.0081
30 Fu2O3 0.0581 mass 0.0016 0.0029 0.0086
5 Dy203 (0.0089) masae 00013 00037 00110
32 U308 0.0014 mass <0.0001 0.0003 0.0008

Figure 1. Chemical composition of Angren kaolin (AKF 78) obtained using a Rigaku

spectrometer
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Figure 2. Chemical composition of Angren kaolin (AKF 78) obtained using a Rigaku
spectrometer
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When calculating the raw material composition of CAC 35 clinker, primary attention is paid
to the ratio between CaO and AlO,. The final composition of the raw material should be
determined based on the chemical analysis of actual samples from the relevant deposits or quarries.

For laboratory experiments, several mixture variants consisting of Al,O,-rich raw materials,

limestone, and corrective components can be prepared.

Table 2. Composition of the raw material mixture

Oxide Mass content, %
Sio, 14.7
Al,0, 27.6
Fe,0O, 5.5
CaO 24.0
MgO 0.9
Other oxides 4.5
SO, 0.15
L.O.L 23.9

Table 3. Composition of the raw material mixtures

Raw material Mixture 1, % Mixture 2, % Mixture 3, %
Limestone 47 47 45
Kaolin (AKF 78) 22 19 16
Granule (Shurtangaz) 23 23 23
Slag 8 11 16
Total 100 100 100

Table 4. Main chemical and mineralogical composition of the clinker

Chemical composition | Content, % | Mineralogical composition | Content, % Name
CaO 33.6 CA (CaAl,0,) 50-60 Monocalcium aluminate
Al,O, 36.9 CA, (CaAlL,0,) 10-20 Monocalcium dialuminate
Sio, 21.0 C,,A; (12Ca0-7Al,0,) 5-15 Calcium aluminate
Fe,0, 6.1 C,S (2Ca0-Si0,) 5-10 Belite
— — C,AS 5-10 Gehlenite
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Analvzed result(FP metbod, Scaicr)
No Componom Result Unut St Exx LLD LLOQ
1 <l [ 2 mass%s 0.0003 0.0002 00006
2 A QO0O28 msass*s 00002 0 0008 0019
3 MgO 0666 st 00196 00434 01%
-+ Al2O3 169 st 00350 00556
5 Si02 210 massts 0.0236 0.0260
s SO3 0197 meass*s 00016 00072
7 KO 0399 masss 00053 OO
s CaO 336 masste 00381 0073)
o T:O2 0245 mass%s 0.0034 0.00Ms 00143
10 V205 D208 s 00025 00036 00107
1 Cr20) Q0O mass*s 00007 0005
12 Mo 0O0OTS! mass*e 00016

13 Fe2O3 Gll mass%s 0.0056

4 o DOGSE s 00008

s Zno 0192 masse 00011

16 a3 OO0O030 mass*e 00002

17 As203 00032 masss 0.0002 0.0020
£ ] Rb2O 00024 mass®s <0.0001 00003
19 SO OOIST mansts 0.0001 00006
20 Y203 00052 masste 0.0001 000038
21 ZrO2 0177 massts 0.0026 00077
22 MoO3 00272 mass*s 00026

25 Sh2ON OOOMS mansts 00004 ad
24 BxO 00153 masse 00011 00074
25 Ir203% (0.0012) mass*s 0.0004 0.003]
26 PHhO 00257 mass*s 00004 00016
27 V20N (00165) mass®s 0.0050 00151 00882

Figure 3. Chemical composition of CAC 35 clinker obtained using a Rigaku spectrometer
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Figure 4. Chemical composition of CAC 35 clinker obtained using a Rigaku spectrometer

Clinker Formation Process. After being crushed and homogenized, the raw material mixture is
sent to the firing process. Initially, moisture evaporation, decomposition of clay minerals, and
decarbonization of limestone occur. At the subsequent stage, solid-state reactions between CaO and
Al,O, intensify.

Therefore, for CAC 35 clinker, it is advisable to determine the optimal firing regime by
conducting experiments at several temperature points.

Clinker Quality Assessment. X-ray diffraction analysis is recommended for determining the
mineralogical composition of the resulting clinker. This method makes it possible to identify the
presence of CA, CA,, C,,A, and other phases [1, 5].

X-ray fluorescence analysis or conventional chemical methods can be used to determine the
chemical composition [9].

For the prepared cement samples, the following parameters should be determined: standard
consistency; initial and final setting time; water demand; volume stability; compressive strength;
early-age and later-age strength; resistance to thermal effects.

The rapid development of strength in calcium aluminate cements is reported as one of their
important advantages [5, 6]. However, scientific studies have shown that phase transformations of
hydrates and the “conversion” process may affect long-term strength [7.8].
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In the development of CAC 35 alumina cement clinker, one of the main tasks is to maintain a
high Al,O, content in the raw material composition while ensuring an optimal amount of CaO.

A deficiency of CaO may limit the formation of CA and lead to an increase in the proportion
of CA,. An excessive amount of CaO, in turn, may increase the possibility of free CaO remaining in

the clinker or the formation of other calcium-rich phases.

Conclusion

The development of CAC 35 alumina cement clinker based on local mineral raw materials is a
technologically and economically promising direction.

In developing the clinker composition, Al,O,-rich raw materials and limestone should be
selected as the main components, while the amounts of SiO, and Fe,O, should be controlled to
ensure the target mineralogical composition.

According to the research results, the main active phases of the clinker may consist of CA,
CA,, and C,A.. Their proportions depend on the raw material composition and firing regime [1, 5].

The use of local raw materials makes it possible to reduce the need for imported components,
optimize transportation costs, and ensure the efficient use of regional mineral resources.

In further studies, it is recommended to determine the exact chemical composition of local
bauxite, clay, and limestone, calculate several raw material formulations, produce clinker at
different firing temperatures, and determine the optimal CAC 35 composition using XRD and
physical-mechanical tests.
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Abstract

This work presents a comparative quantum-chemical investigation of the electronic structure
and chemical reactivity descriptors of the free heterocyclic carbonyl ligand X-4-one and its
complexes with the transition-metal ions Cu(II), Co(II), and Mn(II). The systems considered are
[CuCl,(X-4-one),], [CoCl, (2,3M-X-4-0ne),], and [MnCl,-(2,3dM-X-4-one),]. Density functional
theory (DFT) calculations were used to examine the relationship between the identity of the central
metal ion, electron-density distribution, frontier molecular-orbital energies, and the predicted
reactivity of the compounds.

The comparison involved the HOMO and LUMO energies, the HOMO-LUMO energy gap
(AE), ionization potential, electron affinity, electronegativity, chemical hardness and softness,
chemical potential, and electrophilicity index. The calculated AE values are 1.39 eV for the Cu(Il)
complex, 3.05 eV for the Co(II) complex, 3.07 eV for the Mn(II) complex, and 4.38 eV for the free
X-4-one ligand.

The copper complex has the smallest energy gap, suggesting, within the framework of the
descriptors applied, a greater ease of electronic excitation and comparatively higher chemical
reactivity. The cobalt and manganese complexes exhibit wider energy gaps and higher chemical-
hardness values, consistent with comparatively lower electronic softness. Among the investigated
complexes, the Cu(Il) system also displays the highest electron affinity, softness, and
electrophilicity index.

Overall, the results indicate that the identity of the central metal ion substantially affects the
electronic properties of these complexes. The calculated descriptors provide a theoretical basis for
further investigation and may help guide experimental assessment of their potential biological,
antibacterial, and antiseptic properties. These biological effects are considered potential research
directions and require independent experimental validation.

AHHOTanusA

B pabore TipoBeeHO CpaBHUTE/IbLHOE KBAHTOBO-XMMHUECKOE HWCC/IeZOBaHWe 3TeKTPOHHOU
CTPYKTypbl ¥ XapaKTePUCTHK XMMHUYECKOW DPeaKIMOHHOW  CIIOCOOHOCTH  CBOOOJHOTO
reTepOUK/INYeCKOT0 KapOOHUIBHOTO /MraHa X-4-one M ero KOMIUIEKCOB C MOHAMU TIePeXOHbIX
Meta/uioB Cu(Il), Co(Il) u Mn(Il). B kauecTBe ucc/iefyeMbIX CUCTEM PaCCMOTPEHbI KOMILIEKCHI
[CuCl,(X-4-one),], [CoCl,"(2,3M-X-4-one),] u [MnCl,-(2,3dM-X-4-one),]. PacuéTHbiii aHamM3
BLIMIOJIHEH B paMKax Teopud (GyHKIMoHasma TtwiotHoctd (DFT) U HampaBieH Ha BbIsIB/IeHHUE
B3aMMOCBSI3U MKy TPHUPOJOM IIeHTPa/JbHOTO WOHA, pacripefiesieHMeM 371eKTPOHHOM TIIOTHOCTH,
JHEepPreTUUeCKUMHU XapaKTepUCTUKaMU I'DaHUYHBIX MOJIEKY/ISIPHBIX opOvTanell v mperoaraeMoun
PeaKI[MOHHOM CIIOCOOHOCTBIO COeITUHEHUH.

Ins corocraB/ieHUss CUCTeM ucnonb3oBaHbl 3Heprud HOMO u LUMO, sHepreTtuueckuii
3a30p HOMO-LUMO (AE), moTeHIMa/l  MWOHM3aldHd, CpPOJCTBO K  3JIEKTPOHY,
3/1IeKTPOOTPHULIATE/IbHOCTh, XMMUUeCKast XKECTKOCTb U MITKOCTh, XMMUUeCKUI TOTeHL[Mal U UHJEKC
snekTpoduibHOCTA. COIVIaCHO TIOMy4YeHHBIM JaHHbIM, BenuuuHa AE cocraBnsier 1,39 3B s
komruiekca Cu(Il), 3,05 3B gns komruiekca Co(Il), 3,07 3B anisa kommnekca Mn(I1) u 4,38 3B ans
cBOOOAHOrO Mranaa X-4-one.
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HavMeHbIMii 3HepreTHUeCcKuid 3a30p OOHapy)KeH y KOMIUIeKCa Me[H, UTO B paMKax
UCIIO/Tb3yeMbIX /IeCKPUIITOPOB YKa3biBaeT Ha Oosee JIETKOe 37eKTPOHHOe BO30yXKJeHWe W
CPaBHUTE/ILHO BBICOKYI0 XHMHUECKYIO PEeaKI[MOHHYI0 CrocOOHOCTb. Komruiekchl kobanbTa U
MapraHila XapakTepHu3yloTCsi 0Oojee IMIMPOKUMU SHEPreTUYeCKMMU 3a30paMu U 0Oojiee BBICOKMMU
3HaUeHUsIMU XMMUUEeCKOW »KECTKOCTH, UYTO COIJIaCyeTCsl C UX CPAaBHUTE/IbHO MeHbLIeH 3/1eKTPOHHOU
MOJIAT/IMBOCThI0.  Haubosblliie 3HAUeHHs CPOACTBA K 37IeKTPOHY, MSTKOCTU U WHZEKCa
3/1IeKTPO(PUILHOCTU Cpe/id PACCMOTPEHHBIX KOMIT/IEKCOB To/yueHsl s cucteMbl Cu(Il).

B 1ie/10M pe3ysibTaThl MOKA3bIBAIOT, YTO 3aMeHa 1[eHTPaJTbHOTO MeTa/UIMYeCKOro HOHA 3aMeTHO
H3MEeHSIeT 3/IeKTPOHHbIe XapaKTePUCTUKUA KOMILIEKCOB. DTH PacCuéTHble [JaHHble MOTYT CJIY>KUTh
TeOpeTUUeCKOM OCHOBOW /[ig JajbHEWIIero W3yueHus COeJVWHEeHWM, B TOM 4uC/le JJis
TJIAaHUPOBaHUS  SKCIIEPUMEHTA/IbHOM OLeHKM WX OWOJIOTUYeCKOW, aHTHOAKTepuaabHON U
AQHTHUCENITUUECKOW aKTUBHOCTU. [Ipu 3TOoM Ouosornueckue 3ddekTel B HacTosied pabore
pPacCMaTpPUBAKOTCA KaK IIOTEHI[MA/IbHOE HarpaBeHue ajbHeUIINX WCCAe0BaHUH W TpeOyroT
OT[|e/TbHOTO 3KCIepUMeHTaIbHOTO MOATBEePKeHUSI.

Keywords: Density functional theory (DFT), HOMO-LUMO energy gap, heterocyclic
carbonyl ligands, global chemical reactivity descriptors, electronic stability, antibacterial activity,
antiseptic activity.

KiroueBbie coBa: Teopuss ¢yHkiuoHana tiotHocTy (DFT), sHepreTuueckuii 3a3op
HOMO-LUMO, rerepouyKnnyeckie KapOOHWIbHBIE JITAHABIL, T7100ajbHbIE [1eCKPUIITOPBI
XUMHUYECKOM pPeakLMOHHOM CMOCOOHOCTH, S/M1eKTPOHHAasi yCTOWYMBOCTb, aHTHOAKTepHasbHast
aKTUBHOCTb, aHTHUCENTHYeCKasi akTUBHOCTb.

Introduction

In modern chemistry and pharmaceutical science, quantum chemical calculations, especially
density functional theory (DFT), are widely used worldwide as an important tool that allows the
electronic structure, stability, and reactivity of molecules to be predicted with high accuracy before
synthesis. When HOMO-LUMO frontier orbitals and global reactivity descriptors are used together
with molecular docking and in silico ADME screening, they significantly save time and resources in
selecting candidate compounds and evaluating their biological activity. For this reason, complexes
of biogenic 3d metals — copper(II), cobalt(IT), and manganese(II) — with heterocyclic carbonyl (-4-
one) ligands are of great interest, since chelation alters lipophilicity and charge distribution and
enhances the antibacterial, antifungal, antioxidant, and antiseptic activity of the free ligand. This is
usually explained by Tweedy's chelation theory, the binding of the metal center to enzymes and
nucleic acids, and the generation of reactive oxygen species. Under conditions of increasing
pathogen resistance to traditional antiseptics, such metal-based agents are considered a promising
alternative. This work presents a DFT study of the complexes [CuCl,(X-4-on),], [CoCl,(2,3M-
X-4-on),], and [MnCl,-(2,3dM-X-4-on),], with the aim of comparing their stability and chemical

activity with the free ligand and evaluating their potential biological and antiseptic activity.
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Materials and Methods

The HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular
orbital), determined by DFT calculation methods, provide important information about the
electronic structure and chemical properties of a molecule. The HOMO is the highest-energy orbital
in the molecule that is filled with electrons; it indicates the molecule's ability to donate electrons,
i.e., its tendency toward oxidation. The higher the HOMO energy, the more easily the molecule
donates an electron and the higher its reactivity. The LUMO is the lowest-energy empty orbital and
expresses the molecule's ability to accept electrons, i.e., its reduction property; likewise, the lower
the LUMO energy, the more easily the molecule accepts an electron (Fig. 2).

[CuCly (X-4-o0n)2], [MnCl-(2,3dM-X-4on)] [CoCly*(2,3M-X-40n) 1]

Figure 1. Optimized molecular structure of the complex (DFT result)

Results and Discussion

The calculated molecular orbital (HOMO-LUMO) energies of the three complexes —
[CuCl,(X-4-0n),], [CoCl,(2,3M-X-4-0n),] and [MnCl,*(2,3dM-X-4-on),] — and the key reactivity
parameters derived from them provided important information about the electronic structure and
chemical properties of the molecules (Fig. 1).

241



Ne 11 (149) O\ UNIVERSUM:

P4 XUMua n snonorua

HOs16pb, 2026 2.

[CuCl4(X-4-0on),]
Evusmor € Eqemor €V
-3.2404 eV -4.6331 eV

"y .

[MnCl;+(2,3dM-X-40n),]

Evuamor €V Eqamor €V
-4.75 eV -1.70 eV
' d |AE| 3.05 eV

Evuemor €V Eqamor eV
-4.97 eV

[CoCls- (2 3M-X-40n)2] -1.90 eV
§ 0 IAEI 3.07 eV $

Figure 2. HOMO and LUMO energy values of the complex compounds

First of all, the HOMO-LUMO energy gap (AE) is the main indicator for assessing the kinetic
stability and chemical activity of the complexes. According to the calculation results, the AE value
is 1.4 eV for the Cu complex, 3.05 eV for the Co complex, and 3.07 eV for the Mn complex. A
small AE indicates a high probability of electron excitation and that the substance is chemically

more active.
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Figure 3. Frontier electron densities of the complex compounds

Accordingly, the [CuCl, (X-4-on),] complex has the smallest energy gap and exhibits
relatively high activity and lower kinetic stability. In contrast, in the Co and Mn complexes the
energy gap is almost twice as large, which indicated the stability of their electronic structure. The
ionization potential values are 4.63, 4.75 and 4.97 eV for the Cu, Co and Mn complexes,
respectively.

An increase in the ionization potential means that it becomes more difficult to remove an
electron from the molecule. Thus, the Mn complex loses an electron with the greatest difficulty and,
in this respect, has a relatively stable electronic configuration. The electron affinity of the Cu
complex is 3.24 eV, which is significantly higher than those of the Co (1.70 eV) and Mn (1.90 eV)
complexes. This shows that the Cu complex has a high tendency to accept an additional electron
(Fig. 3).

The electronegativity value is also the largest for the Cu complex (3.94 eV), which reflects its
stronger ability to attract electron density. The chemical hardness of the Cu complex is 0.70 eV,
whereas it is considerably higher in the Co and Mn complexes (1.53-1.54 eV). A small hardness
value means that the system is highly sensitive to external influences and that its electron cloud is
highly deformable. For this reason, the Cu complex is characterized as a chemically “unstable”
system. For the Cu complex, o = 0.718 eV-!, which is almost twice as large as for the Co and Mn
complexes.
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Table 1. Quantum-chemical parameters of the complex compounds [CuCl4(X-4-on)2],
[CoCl4-(2,3M-X-4-on)2] and [MnClI4-(2,3dM-X-4-on)2]

Quantum-chemical parameters [CuCl, (X-4- [CoCl" (2,3M- [MnCl, (2,3dM- X-4on
on),] X-40n),] X-4on),]
Eomor €V -3.2404 eV -4.75 eV -4.97 eV —6.8489 eV
E ymo €V -4.6331 eV -1.70 eV -1.90 eV —2.4657 eV
IAE| = Eyomo — ELumos (€Y) 1,3927 eV 3.05eV 3.07 eV 4.3832 eV
Ionization potential, [=4.6331 eV 4.75 eV 4.97 eV 6.8489 eV
[=-E om0 €V I=-EYuBMO, eV
Electron affinity, A=3.2404 eV 1.70 eV 1.90 eV 2.4657 eV
A=-E, juo €V A=-EQBMO, eV
Electronegativity, X=3.9368 eV 3.23 eV 3.44 eV 4.6573 eV
Xx=0+A)2(eV)I+A)2(eV)
Chemical hardness, n=0.6963 eV 1.53 eV 1.54 eV 2.1916 eV
n=>0-A)2EV)n=(1-A)2(eV)
Chemical potential, p=-3.9368 eV -3.23 eV -3.44eV —4.6573 eV
p,=—(+ A)/2 (eV) up=-(1 + A)/2
(eV)
Chemical softness, o = 1/(2n) (eV), | 0=0.718 eV-1 0.33eV-1 0.325eV-1 0.2281 (eV)t
Electrophilicity index, @ = pp2/2n w=11.14 eV 3.42eV 3.84eV 4.95 eV
(eV)

The electrophilicity index () of the Cu complex is 11.14 eV, which is considerably higher
than those of the Co (3.42 eV) and Mn (3.84 eV) complexes. This shows that the Cu complex has
strong electrophilic properties, i.e., a high probability of interacting with nucleophilic reagents. The
Co and Mn complexes, in turn, show moderate values of the electrophilicity index (Table 1).

As a result of the quantum-chemical analysis, the nature of the metal center has a significant
effect on the outer orbital energies and on the indicators of high activity. The Cu(II)-based complex
has the smallest HOMO-LUMO gap and the highest softness and electrophilicity index, and is
characterized as the chemically most active system. The Co(II) and Mn(II) complexes, on the other
hand, are distinguished by a large energy gap and high hardness values, which indicates that they
are relatively stable and less active.

Conclusion

[MnCl,-(2,3dM-X-4-on),] (3.05 eV) ~ [MnCl,These results were explained by the electronic

structure of the complexes, the influence of the ligand field, and the d-orbital configuration of the
metal center, and are important for predicting their potential chemical and biological activity in
advance. According to the obtained quantum-chemical analysis results, the values of the HOMO-
LUMO energy gap (AE) increase in the following order: [CuCl,(X-4-on),] (1.39 eV) <

[CoCl,(2,3M-X-4-0n),] / [MnCl,(2,3dM-X-4-0n),] (3.07 eV) < ligand X-4-on (4.38 eV).
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Cumnre3, in silico adme ucciegoBaHue U npegBapuTe/IbHOE Xe/IaTHPOBAHKE
meau(Il) rerpagenTarabiM ocHoBaHueM IlIudgda N,N’,0,0’-Tina Ha oCHoBe
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Abstract
A tetradentate N,N',0,0'-donor Schiff base, (32,3'Z)-3,3"-(propane-1,3-diyldiazanediyl)bis(1-
phenylbut-2-en-1-one) (H,L), was obtained by the condensation of benzoylacetone with 1,3-

diaminopropane in a 2:1 molar ratio, and its chelation with copper(ll) was examined in a
preliminary experiment: H,L and copper(Il) acetate dihydrate gave a dark green solid. The

electronic absorption spectrum of this solid in ethanol is reported: it absorbs strongly throughout the
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ultraviolet region, with a band at 334 nm and a minimum at 310 nm, the absorbance falling to the
baseline beyond 450 nm. Because the reaction was carried out in the presence of aqueous ammonia,
which is itself a potential N-donor towards copper(Il), and because elemental, infrared and EPR
data have not yet been obtained, the composition of the isolated solid is not assigned here. In the
solid state and in solution the ligand exists predominantly as the keto-enamine tautomer stabilised
by an intramolecular N-H---O hydrogen bond, and this form was used for the computational study.
The pharmacokinetic behaviour and drug-likeness of the free ligand were evaluated in silico with
the SwissADME server. H,L. complies with the Lipinski, Ghose, Veber and Egan rules without a
single violation and departs from the Muegge criteria in one parameter only, the XLOGP3
lipophilicity; it is predicted to display high gastrointestinal absorption and blood-brain barrier
permeation, not to be a P-glycoprotein substrate, and it receives a bioavailability score of 0.55. The
predicted inhibition of four of the five cytochrome P450 isoforms examined and the low aqueous
solubility are the principal limitations of the scaffold. The results identify this Schiff base as a
synthetically accessible and pharmacokinetically favourable platform for the design of biologically
active copper(II) coordination compounds.

AHHOTanusA

KonpeHcarmeil GeH3oumnaletoHa € 1,3-AMaMHAHOIIPONIAHOM B MOJIBHOM COOTHOILIeHWH 2:1
rosiyueHo TeTpajeHTatHoe ocHoBaHue Iludda N,N',0,0'-tuna — (3Z,3'2)-3,3'-(nponan-1,3-
duunduazanouun)ouc(1-cpenunbym-2-en-1-on) (H,L), a H,L m purugpar auverara meau(Il) B
rpe/ijBapUTe/IbHOM ~ SKCIIepUMEHTe  JaloT TEMHO-3e/18HbIM  TBEPABIM MNpOAYKT. [IpuBeznén
5JIEKTPOHHBIM CIEKTpP MOIVIOLeHWss 3TOr0 MPOAYKTa B 3TaHO/Ee: OH WHTEHCUMBHO TOIVIOLAeT B
ynasTpadroieToBoi obsacty, ¢ mosocod mipu 334 HM U MuHHMyMoM Tipu 310 HM, a 3a 450 HM
TIOTTIOIeHNe BBIXOAWUT Ha 0a30ByI0 /MHMIO. [TOCKO/IBKY peakiusi MPOBOAWIACH B TIPUCYTCTBUM
BOJIHOTO aMMMaKa, KOTOPbIM CaM SIB/seTcs NoTeHManbHbIM N-goHopom At Meau(1l), v mockonbKy
JaHHble 3yieMeHTHOro aHaimsa, MK- u OIIP-crieKTpoCcKOmuy TI0Ka He TMI0/y4YeHbl, COCTaB
BBIJIe/IEHHOTO TIPOAYKTa B HACTOsiIell paboTe He ycTaHaB/IMBaeTCs. B TBEPAOM COCTOSHUM U B
pacTBope J/WraHj, CyllecTByeT IIPeMMYLeCTBEHHO B KeTO-eHaMWHHON TayToMepHO# ¢opme,
CTaOWIM3UPOBAaHHOW BHYTPUMOJIEKY/ISIPHOM BOAOpoAgHOM cBsizblo N-H:---O; nMeHHO 3Ta (opma
UCIO/Ib30BaHa B pacuérax. dapMakOKMHETHUECKHe XapaKTePUCTHKH W JIeKapCTBOMOJ00HOCTh
cBOOOAHOTO /IMraHzia oueHeHsl in silico ¢ nomompio ceppepa SwissADME. H,L yznoenerBopsiet
npaBwiam JlunuHcku, Tomma, Bebepa u Wrana 6e3 eAWHOro HapylleHHSI W OTK/IOHSETCS OT
KpuTepueB Miorre ililb M0 OAHOMY TapameTpy — aunogunsHoctd XLOGP3; nporHo3upyrorcs
BBICOKAsl >KeJTy/[0YHO-KHUIIIeuHasi abcopOLusi ¥ TIPOHUIIAeMOCTh reMaro3HIedamyeckoro 6apbepa,
OTCyTCTBHME CyOCTpPAaTHBIX CBOMCTB TI0 OTHOLIEHHWIO K P-IIMKONpOTEMHY W TIOKa3aresib
ouopoctynHocty 0,55. OCHOBHBIMM OTPAaHHUYEHHSIMH SIBJISIOTCS TIPOTHO3UPYeMOe MHTMOMpOBaHMe
YyeTbIpEX M3 MATH PacCMOTPeHHbIX M30QopM UToxpoma P450 U HuU3Kas pacTBOPUMOCTH B BOJE.
[TonyyeHHble pe3y/nbTaThbl XapakTepusyroT faHHOe ocHoBaHue [ludda Kak cUHTeTHUeCKU
JOCTYIHYI0 U (hapMaKOKMHETHUECKH O/IaromnpHsTHYIO TIaThopMy AJs CO3[aHUs OMOIOrvyecKH
aKTUBHBIX KOOPAWHALIMOHHBIX coequHeHnrd meau(1l).
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Keywords: Schiff base, benzoylacetone, 1, 3-diaminopropane, tetradentate N,O, ligand,
copper(Il) complex, UV-Vis spectroscopy, keto—enamine tautomerism, SwissADME, drug-likeness,
ADME prediction.

KnwueBble coBa: ocHoBanue Illudda, Oenszownaneron, 1, 3-guaMUHONpOIIAH,
TeTpaZieHTaTHbid Jurang N,O,, kommiekc wmeau(Il), Yd-cnekTpockomnus, KeTo-eHaMUHHasi
tayTomepusi, SwissADME, nekapcTBornoziobHoCTh, iporio3 ADME.

Introduction

Tetradentate Schiff bases of the salen and acacen type, obtained by the condensation of -
dicarbonyl compounds or salicylaldehyde with aliphatic diamines, occupy a central position in
coordination chemistry: the preorganised N,N',0,0’ donor set binds 3d metal ions firmly and in a
well-defined geometry, and the resulting chelates are widely exploited in homogeneous catalysis, in
materials chemistry and as models of metalloenzyme active sites [1]. Copper(Il) is a particularly
attractive partner for such ligands. Being a biogenic element with a d° configuration, it takes part in
a broad range of enzymatic redox processes, and its coordination compounds frequently display
antimicrobial, antioxidant and antitumour activity. The nature of the coordinated ligand governs the
redox potential, the lipophilicity and hence the biological profile of the metal centre, so that
deliberate design of the organic framework is the principal tool for tuning the properties of the
resulting complex.

Benzoylacetone (1-phenylbutane-1,3-dione) is a convenient building block for this purpose.
Its two carbonyl groups differ markedly in reactivity, so that selective condensation at the acetyl
carbonyl with a primary amine affords a [-enaminone that retains an intact benzoyl group as an
additional oxygen donor. When 1,3-diaminopropane is used as the amine component, two such
fragments are joined by a flexible trimethylene bridge and a tetradentate dibasic ligand is formed,
capable of enclosing a metal ion in two fused six-membered chelate rings. Earlier work of our
group on copper(II) chelates of B-diketone-derived aroylhydrazones and related N,O-donor systems
has shown that comparatively small changes in the organic framework translate into substantial
changes in the coordination geometry and in the spectral behaviour of the metal centre [2, 3, 16].

At the same time, the practical value of a prospective biologically active coordination
compound is determined not only by its structure but also by its pharmacokinetic behaviour. Early
in silico assessment of absorption, distribution, metabolism and excretion (ADME) has therefore
become a routine filter in the design of new compounds, since it allows unpromising scaffolds to be
discarded before synthetic effort is invested. The SwissADME server [4] provides, from the
molecular structure alone, a set of physicochemical descriptors, several independent lipophilicity
and solubility estimates, predictions of gastrointestinal absorption and blood-brain barrier
permeation based on the BOILED-Egg model [5], and verdicts on compliance with the principal
drug-likeness rules [6—10]. Because metal centres are not parameterised in these models, such an
analysis is meaningful for the free organic ligand, which is also the fragment liberated and
transported in a prodrug-type formulation.
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In the present work the Schiff base H,L. was synthesised from benzoylacetone and 1,3-
diaminopropane and its chelation with copper(Il) acetate was examined in a preliminary
experiment, whose electronic absorption spectrum is reported; the keto—enamine tautomerism of the
ligand was considered, and the drug-likeness and predicted pharmacokinetic parameters of H,L

were evaluated in silico.
Experimental part

Materials and methods

Benzoylacetone (1-phenylbutane-1,3-dione, C, H,,0,), 1,3-diaminopropane (C,H,,N,) and
copper(Il) acetate dihydrate, Cu(CH,COO),-2H,0, were of analytical grade and were used without
further purification. Absolute ethanol served as the medium for the synthesis of the ligand; the
chelation experiment was carried out in a mixture of ethanol and aqueous ammonia, as described
below. Electronic absorption spectra were recorded on a UV-1900i spectrophotometer in ethanol in

the 190-600 nm range using 1 cm quartz cells.

Synthesis of the ligand H,L

Benzoylacetone (3.2438 g, 20 mmol) and 1,3-diaminopropane (0.83 ml, 0.7413 g, 10 mmol)
were dissolved separately in ethanol (20 ml each). The solution of the diamine was then added
dropwise, with constant stirring, to the solution of benzoylacetone, the molar ratio of the reagents
being 2:1. The mixture was stirred at 60 °C for 2 h and left to crystallise at room temperature. The
pale yellow crystalline product was filtered off, washed with cold ethanol and dried in air. Yield
3.125 g (86.2 %); theoretical yield 3.6247 g.

The condensation takes place selectively at the acetyl carbonyl group of each benzoylacetone
molecule, the benzoyl carbonyl remaining intact (Scheme 1).
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Scheme 1. Synthesis of the Schiff base H,L. For clarity the product is drawn as the keto-imine

tautomer; the keto-enamine form, which is reported to predominate for this class of compounds

[17] and which was used in the calculations, is discussed under “Synthesis and tautomerism of
the ligand”

Synthesis of the complex [CuL]

The ligand H,L (0.03625 g, 0.1 mmol) was dissolved in ethanol (20 ml) at 60-70
°C. Copper(II) acetate dihydrate (0.0218 g, 0.1 mmol) was dissolved in aqueous ammonia (20 ml),
and the resulting solution was added dropwise to the hot solution of the ligand with continuous
stirring, the metal-to-ligand molar ratio being 1:1. The colour of the mixture changed to dark green.
Stirring was continued for 2 h at the same temperature; the precipitate was filtered off, washed with
ethanol and dried in air, giving 0.0385 g of a dark green solid. The procedure follows that reported
for related benzoylacetone-derived Schiff base complexes [17]. The product was not recrystallised
and its yield is deliberately not expressed as a percentage, because its composition has not been
established; for a 1:1 chelate of composition [CuL] 0.1 mmol would correspond to 0.0424 g.
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Cu(CH;C00),*2H,0 . N O
— 4
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194

(3 E.3'E)-3,3'{propanc-1,3<diylbis(azancylylidenc)bis( 1-
phenylbutan-1-onc)

Scheme 2. Chelation of the Schiff base with copper(II) acetate dihydrate. The product is drawn
as the assumed 1:1 chelate [CuL]; its composition remains to be established.

Computational details

The ligand was submitted to the calculations as the SMILES string C/C(=C/
C(=0)clcccccl)NCCCN/C(C)=C\C(=O)clcccccl, which encodes the keto-enamine tautomer.
Physicochemical descriptors, four independent octanol/water partition coefficients, three water-
solubility estimates, pharmacokinetic predictions and drug-likeness verdicts were obtained with the
SwissADME web tool [4]; gastrointestinal absorption and blood-brain barrier permeation were
assessed within the BOILED-Egg model [5]. Aqueous solubility is reported according to the ESOL
[11], Ali and SILICOS-IT models, the partition coefficients according to the iLOGP, XLOGP3,
WLOGP [12] and MLOGP schemes, and the synthetic accessibility score according to Ertl and
Schuffenhauer [13]. Structural alerts were screened against the PAINS [9] and Brenk [10]
substructure filters. Since the models underlying these predictions are parameterised for organic
molecules and do not treat metal-ligand bonding, the analysis was restricted to the free ligand and
was not applied to the copper(II) chelate.

Results and Discussion

Synthesis and tautomerism of the ligand

The reaction of benzoylacetone with 1,3-diaminopropane in a 2:1 molar ratio gives the
tetradentate Schiff base H2L, in which two B-enaminone fragments are linked by a trimethylene
bridge. The two nitrogen atoms and the two benzoyl oxygen atoms form a preorganised N,N',0,0'
donor set; on deprotonation of the two acidic N—H positions the ligand acts as a dibasic tetradentate
chelator and encloses the metal ion in two fused six-membered rings, which accounts for the high
stability expected of the resulting chelate. Chelation was carried out in the presence of aqueous
ammonia, which was intended to act as a base and to remove the two N—H protons of the ligand. It
must be stressed, however, that ammonia is itself a good N-donor towards copper(Il) and readily
forms ammine complexes, so that on the present evidence the isolated dark green solid cannot be
assumed to be the simple chelate. Establishing its composition requires elemental analysis together
with infrared and EPR spectroscopy, which are planned as the next step.
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B-Enaminones of this type are subject to keto—enamine tautomerism. The proton may reside
on the nitrogen atom, giving the keto-enamine form stabilised by a six-membered intramolecular
N-H---O hydrogen bond, or formally on carbon, giving the keto-imine with a localised C=N bond.
The latter form, (3E,3'E)-3,3'-(propane-1,3-diylbis(azanylylidene))bis(1-phenylbutan-1-one), is the
one drawn in Scheme 1 for clarity of presentation; the former, (3Z,3'Z)-3,3'-(propane-1,3-
diyldiazanediyl)bis(1-phenylbut-2-en-1-one), is the form named in the title and employed in the
calculations. For benzoylacetone-derived ligands of this family the keto-enamine form is reported to
predominate [17], and it was therefore adopted for the calculations; for the present compound the
tautomeric form has not been established experimentally. The two tautomers are identical in

composition (C,,H,(N,0,, M = 362.46 g/mol) and in molecular size, but they differ in the number

of hydrogen-bond donors and in the fraction of sp3-hybridised carbon, so that the predicted
parameters refer specifically to the keto-enamine form.

UV-Vis spectroscopic study

The electronic absorption spectrum of the isolated dark green solid, recorded in ethanol, is
shown in Figure 1. The compound absorbs strongly throughout the ultraviolet region: a broad,
structured absorption envelope extends from the short-wavelength edge to about 290 nm with
apparent maxima near 258 and 281 nm, passes through a pronounced minimum at 310 nm and rises
again to a well-defined band at 334 nm. Beyond this band the absorbance falls steeply, crossing A =
2 at 367 nm and reaching the baseline (A # 0.04) from about 450 nm onwards. These bands are
assigned to m-m* transitions of the benzoyl chromophore and of the conjugated enaminone
fragment, with a contribution from n - m* transitions of the carbonyl and azomethine groups. Since
the spectrum of the free ligand was not recorded under identical conditions, no ligand-to-complex
comparison can be drawn, and the spectrum is reported here solely as a preliminary characterisation
of the isolated solid.

It must be emphasised that at the concentration employed the absorbance exceeds A = 2 over
41 % of the recorded range, reaching 3.9-4.0 between 200 and 290 nm, which corresponds to a
transmittance of the order of 0.01 %. In this region the response of the instrument is no longer linear
in concentration, so the band positions quoted above are apparent values given for qualitative
comparison only, and no molar absorption coefficients are reported; the corresponding part of the
spectrum is shaded in Figure 1. Furthermore, no d—d transition was detected. For square-planar
copper(Il) chromophores with an N,N',0,0’ donor set such a band is expected at 540-650 nm, that
is, within the recorded range; its molar absorptivity, however, is two to three orders of magnitude
smaller than that of the ligand-centred bands, so that at the dilution used it lies below the detection
limit, and in the 450-600 nm interval the absorbance is at the baseline. Quantitative measurements
on more dilute solutions over an extended spectral range, which would yield A__ , € and the position

of the d—d band, form part of the continuing work.
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Figure 1. UV-Vis absorption spectrum, in ethanol, of the dark green solid isolated from the
chelation experiment. The shaded area marks the region in which the absorbance exceeds A = 2
and the photometric response of the instrument is no longer linear, so that the band positions
indicated there are apparent values quoted for qualitative comparison only

In silico ADME and drug-likeness evaluation

The parameters calculated for the free ligand with the SwissADME server are collected in

Table 1.

Table 1. Physicochemical, pharmacokinetic and drug-likeness parameters of the ligand H,L
calculated with SwissADME (keto-enamine tautomer)

Log P, (SILICOS-IT)

Parameter | Value
Physicochemical properties
Formula C,,H,(N,0,
Molecular weight, g/mol 362.46
Num. heavy atoms 27
Num. aromatic heavy atoms 12
Fraction Csp® 0.22
Num. rotatable bonds 10
Num. H-bond acceptors 2
Num. H-bond donors 2
Molar refractivity 109.46
TPSA, A? 58.20
Lipophilicity
Log P, (iLOGP v1.5) 3.85
Log P,,, (XLOGP3) 5.64
Log P,,, (WLOGP) 4.13
Log P, (MLOGP) 2.48
4.58
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Parameter Value

Consensus Log P, | 4.13
Water solubility
Log S (ESOL); solubility; class —5.31; 1.78-10-3 mg/ml; moderately soluble
Log S (Ali); solubility; class —6.63; 8.58-10-5 mg/ml; poorly soluble
Log S (SILICOS-IT); solubility; class —7.04; 3.34-10-5 mg/ml; poorly soluble
Pharmacokinetics
GI absorption High
BBB permeant Yes
P-gp substrate No
CYP1A2 inhibitor Yes
CYP2C19 inhibitor Yes
CYP2C9 inhibitor Yes
CYP2DE6 inhibitor No
CYP3A4 inhibitor Yes
Log Kp (skin permeation), cm/s —4.51
Drug-likeness

Lipinski Yes; 0 violations
Ghose Yes
Veber Yes
Egan Yes
Muegge No; 1 violation: XLOGP3 > 5
Bioavailability score 0.55

Medicinal chemistry

PAINS alerts 0 alerts

Brenk alerts 1 alert: michael_acceptor_1

Leadlikeness No; 3 violations: MW > 350, Rotors > 7, XLOGP3 > 3.5
Synthetic accessibility 3.28

The molecular mass of the ligand (362.46 g/mol) lies well below the 500 g/mol threshold, the
numbers of hydrogen-bond acceptors and donors (two each) are far from the permitted limits, and
the topological polar surface area of 58.20 A? falls inside the interval associated with efficient
passive membrane transport. Accordingly, H,L satisfies the rules of Lipinski [6], Ghose [7], Veber
[8] and Egan [14] without a single violation, and the bioavailability score of 0.55 corresponds to the
class of compounds for which oral bioavailability in the rat exceeding 10 % is expected [18]. Within
the BOILED-Egg model the combination of a moderate polar surface area with a pronounced
lipophilicity places the molecule in the region of high gastrointestinal absorption and, moreover,
inside the “yolk” corresponding to predicted blood—brain barrier permeation (Figure 2). The ligand
is not predicted to be a substrate of P-glycoprotein, so that active efflux from the cell is not
expected to limit its accumulation.

The single deviation from the drug-likeness filters concerns the Muegge criteria [15], which
are violated in one parameter only, XLOGP3 > 5. It is instructive that this verdict is not contradicted
by the other filters: each of them relies on a different lipophilicity model, and the five coefficients
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calculated for H,L span a wide interval — MLOGP 2.48, iLOGP 3.85, WLOGP 4.13, SILICOS-IT
4.58 and XLOGP3 5.64, with a consensus value of 4.13. The Lipinski rule uses MLOGP, for which
the threshold of 4.15 is not reached, while Ghose and Egan operate with WLOGP, which also lies
within the permitted range; only the Muegge filter, which relies on XLOGP3, registers excessive
lipophilicity. The compound is thus a borderline case with respect to lipophilicity rather than an
unambiguous violator, which is entirely characteristic of a fully elaborated chelating ligand bearing
two phenyl substituents.

The three solubility models likewise place the ligand near the boundary between the
“moderately soluble” and “poorly soluble” classes: Log S = —5.31 (ESOL), —6.63 (Ali) and -7.04
(SILICOS-IT), corresponding to 1.78:102-3.34-10° mg/ml. This agrees with the behaviour
reported for closely related benzoylacetone-derived Schiff bases, which are insoluble in water but
dissolve in common organic solvents [17], and it indicates that biological testing will require either
an organic co-solvent or a suitable formulation. A further limitation revealed by the calculation is
the predicted inhibition of four of the five cytochrome P450 isoforms examined (CYP1A2,
CYP2C19, CYP2C9 and CYP3A4; CYP2DE6 is not affected), which points to a risk of metabolic
drug—drug interactions and should be taken into account when planning in vivo experiments. The
predicted skin permeability coefficient, Log K, = —4.51 cm’s, is typical of lipophilic organic
molecules of comparable size.

The medicinal-chemistry filters confirm the acceptability of the scaffold. No PAINS
substructures were detected, so the ligand is not expected to give false-positive responses in
biochemical screening assays. A single Brenk alert was returned, for the a,-unsaturated carbonyl
fragment acting as a Michael acceptor; in the chelate this very fragment is incorporated into the
delocalised six-membered ring bound to the metal ion, so that the electrophilicity underlying the
alert is substantially attenuated on complexation. Three deviations from the leadlikeness criteria
were registered (molecular mass above 350 g/mol, more than seven rotatable bonds and XLOGP3
above 3.5), which is to be expected for a fully elaborated tetradentate chelator rather than for a
starting fragment intended for further optimisation. Finally, the synthetic accessibility score of 3.28
on a scale from 1 to 10 confirms that the compound is readily available, in agreement with the one-
step preparative procedure described above.

256



Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

(@) (b)
LIPO
FLEX SIZE
o
1
INSATU POLAR
INSOLU

Figure 2. (a) Bioavailability radar and (b) BOILED-Egg diagram of the ligand H,L

(SwissADME). In the radar the coloured hexagon marks the window of optimal oral
bioavailability (LIPO - lipophilicity; SIZE — molecular weight; POLAR — topological polar
surface area; INSOLU - aqueous solubility; INSATU - fraction of sp3-hybridised carbon; FLEX
— number of rotatable bonds). In the BOILED-Egg plot the white region corresponds to predicted
gastrointestinal absorption and the yolk to predicted blood—brain barrier permeation

Conclusion

A tetradentate N,N',0,0'-donor Schiff base was prepared in 86.2 % yield by the condensation
of benzoylacetone with 1,3-diaminopropane in a 2:1 molar ratio. Its chelation with copper(II)
acetate dihydrate was examined in a preliminary experiment that afforded a dark green solid, whose
electronic absorption spectrum in ethanol shows intense ligand-centred absorption with a band at
334 nm and a minimum at 310 nm. Because the reaction medium contained aqueous ammonia, a
potential N-donor towards copper(Il), and because no elemental, infrared or EPR data are as yet
available, the composition of this solid is left open in the present work. The keto—enamine
tautomerism inherent in the f-enaminone fragment was taken into account, and the keto-enamine
form was used in the calculations.

The in silico assessment showed that the free ligand complies with the Lipinski, Ghose, Veber
and Egan rules without a single violation and departs from the Muegge criteria in the XLOGP3
lipophilicity alone, is predicted to be highly absorbed from the gastrointestinal tract and able to
cross the blood-brain barrier, and is not a P-glycoprotein substrate. Its limitations are the low
aqueous solubility and the predicted inhibition of four cytochrome P450 isoforms. Taken together,
these data identify the compound as a promising platform for the design of biologically active
copper(Il) coordination compounds. Elemental analysis together with infrared and EPR
spectroscopy, which are required to establish the composition and the coordination geometry of the
copper-containing product, quantitative electronic spectra on dilute solutions over an extended
wavelength range, and studies of the antimicrobial and antioxidant activity, none of which has yet
been carried out for this system, constitute the next stage of the investigation.
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Abstract

SBA-15 mesoporous silica is a promising material for adsorption, catalysis, separation, and
environmental remediation owing to its ordered mesoporous structure and tunable surface
properties. In the present study, the colloidal dispersion behavior and particle-size distribution of
SBA-15 synthesized from biogenic rice husk ash were investigated in aqueous suspension using
Nanoparticle Tracking Analysis (NTA). NTA measurements were performed using a NanoSight
NS300 system across three combined video captures. The stably suspended colloidal fraction
exhibited a mean hydrodynamic particle size of 186.0 pm 1.6 nm, a median diameter (D50) of
approximately 176 nm, and a modal diameter of 169.8 pm 4.1 nm. Percentile values (D10 = 124.3
nm, D90 = 252.7 nm) indicated a moderately broad sub-micron size distribution. SEM revealed that
the dry bulk powder consists of larger multi-micron agglomerates, demonstrating that NTA
selectively captures the stably suspended sub-micron aggregate fraction in liquid media. These
findings highlight the necessity of evaluating colloidal hydrodynamic behavior alongside solid-state
morphology when applying mesoporous silica to dynamic aqueous systems.

AHHOTanus

Mesonopucteii JUOKCHA KpeMHUs1 SBA-15 gBisercs NepcrieKTUBHBIM MaTepuaioM st
amcopOIy, Karanv3a, pa3fesieHdss W OUMCTKA OKpY»)Karomled cpeibl Omarofapsi  cBoeid
YHOPSIZJIOUEHHOM Me30IIOpUCTOM CTPYKTYpe U peryIMpyeMbIM CBOMCTBaM I10BEPXHOCTH. B
HacTosiiel pabore MCC/Ie0BaH XapakTep KO/UIOWZAHOW AWMCIIEPCHU W paclipefiesieHHe YacTHI] T10
pasmepam SBA-15, CHHTe3MpPOBaHHOTO W3 307kl PUCOBOW IIeJIyXH, B BOAHOW CYCIIEH3UU C
WCIO/Mb30BaHWeM aHanu3a TpekuHra HaHoyactul (NTA). WM3mepenus NTA mpoBoAWINCH Ha
npubope NanoSight NS300 nmyrem o0beauHeHHs Tpex BHeo3anuceil. B3BellieHHast KO/IJIOWAHAs
(dpakiusi MpoJieMOHCTPUPOBaa CpeJHUM TUApPoAUHaMUUecKuii pasmep uactui] 186.0 pm 1.6 HM,
MeguaHHbi Auametp (D50) okono 176 HM U MopanbHbid AuameTp 169.8 pm 4.1 HM. 3HaueHUs
nepuentunern (D10 = 124.3 um, D90 = 252.7 HM) yKa3blBalOT Ha OTHOCUTE/LHO IIUPOKOE
pacrnipesiesieHrie CyOMHMKpPOHHBIX 4YacTull. CKaHUpYOIass 371eKTPOHHass MUKpockorus (SEM)
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ToKasana, YTO MCXOJHBIM CyxOW TIOPOIIOK COCTOUT W3 0ojiee KPYMHBIX MHOTOMHKDPOHHBIX
ariomeparoB. JTO MOATBepxkzaeT, uto Merof, NTA ceneKTHBHO perucTpyupyeT YCTOWUYMBO
B3BeIIeHHYI0 CYOMHMKDOHHYIO (pPakKI[MI0 arperatoB B >KUAKOW cpesie. [lomydyeHHBIE pe3ysbTaThI
MO/[UePKUBAIOT Ba)XHOCTb OLIEHKM KOJUIOM/IHOTO THUJPOJMHAMUYECKOTO TIIOBe/leHUs] Hapsily C
Mopdonorveil TBepAol (asbl TNPU  UCMONb30BAHWKM Me30MOPUCTOTO [AUOKCHZA KpeMHHUs B
JMHaMHAYeCKUX BOJHBIX CUCTeMaX.

Keywords: SBA-15, Rice husk ash, Nanoparticle Tracking Analysis (NTA), Colloidal
dispersion, Hydrodynamic particle size, Aggregation.

KmoueBble cnoBa: SBA-15, 3071b pHUCOBOM IleyXW, aHaiu3 TPAeKTODUM JBWKEHUS
HaHouacTul (NTA), kosouaHas fjucnepcys, THAPOAUHAMUYe CKUK pa3Mep YacTHUL, arperawys.

Introduction

Mesoporous silica materials, particularly SBA-15, have gained widespread scientific interest
due to their highly ordered two-dimensional hexagonal pore networks, uniform pore diameters,
large surface areas, and tunable surface chemistry. These structural properties make SBA-15 an
outstanding candidate across various applications, including aqueous adsorption, heterogeneous
catalysis, separation processes, and environmental remediation [9; 6]. To optimize manufacturing
costs and promote sustainable synthesis, recent developments have increasingly focused on using
biogenic waste silica, such as rice husk ash as a high-purity precursor for SBA-15 fabrication [3-5;
7].

While the internal textural properties (e.g., surface area, pore volume, and pore size) of
SBA-15 are extensively characterized using nitrogen physisorption, X-ray diffraction, and electron
microscopy, its macro-behavior in liquid media is strongly dictated by its colloidal dispersion state.
In aqueous applications, SBA-15 particles frequently aggregate due to strong interparticle forces,
such as van der Waals interactions and hydrogen bonding between surface silanol groups, Si-OH
[9]. This colloidal aggregation can significantly alter the accessible external surface area, liquid
transport, sedimentation rates, and effective mass transfer of active species or adsorbates.
Consequently, evaluating the dynamic hydrodynamic particle size distribution in suspension is
crucial for understanding its performance in aqueous media.

Nanoparticle tracking analysis (NTA) provides a unique, real-time method to assess
hydrodynamic size distributions by tracking the Brownian motion of individual particles in light-
scattering suspensions. Unlike ensemble light-scattering techniques, NTA enables accurate
visualization and quantification of primary particles and light aggregates in polydisperse systems
[2]. In this study, SBA-15 was synthesized using high-purity silica extracted from rice husk ash.
The primary objective is to investigate the hydrodynamic particle-size distribution and colloidal
dispersion behavior of this bio-derived SBA-15 in aqueous suspension using NTA, contrasting the
hydrodynamic measurements with surface morphology obtained via SEM. By bridging the gap
between intrinsic mesoporous structures, bulk morphology, and aqueous dispersion behavior, this
work provides critical insights into optimizing bio-derived SBA-15 for dynamic liquid-phase
applications.
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Materials and Methods

Synthesis of SBA-15

SBA-15 was synthesized using a standard hydrothermal method [10], with silica obtained
from rice husk ash (purity >99 %) as the silica source. The synthesis was performed using the
following molar composition: P123/Si0, = 0.017, HCI/SiO, = 5.8, and H,0/SiO, = 206.3.
Specifically, 2 g of rice husk ash-derived SiO,, 4 g of Pluronic P123, 120 mL of hydrochloric acid
(2 M) were used. The reagents were mixed under continuous stirring until a homogeneous solution
was obtained. The resulting mixture was transferred to a Teflon-lined PTFE vessel designed for
microwave-assisted COD digestion and subjected to hydrothermal treatment for 24 h at 105
°C. After hydrothermal treatment, the resulting white precipitate was collected and thoroughly
washed with deionized water until the filtrate reached a constant conductivity. The washed
precipitate was then dried in a drying oven (Memmert UN55, Memmert GmbH + Co. KG,
Germany) at 105 °C for 18 h. Finally, the dried sample was calcined at 550 °C for 6 h [1].

Preparation of SBA-15 aqueous suspension

For particle-size analysis, the calcined SBA-15 powder was dispersed in deionized water to
prepare a dilute aqueous suspension suitable for nanoparticle tracking analysis (NTA). The
suspension was gently homogenized and subjected to ultrasonic treatment prior to measurement to
promote dispersion of the particles and reduce the presence of large agglomerates. The prepared
suspension was immediately transferred to the NTA measurement cell to minimize changes in the
dispersion state during analysis.

Nanoparticle tracking analysis

The particle-size distribution of SBA-15 in aqueous suspension was determined using a
NanoSight nanoparticle tracking analysis system [3]. NTA measurements were performed by
recording the Brownian motion of individual particles dispersed in the aqueous phase. The
instrument tracks the movement of individual scattering objects and estimates their hydrodynamic
particle size from their Brownian motion using the Stokes—Einstein relationship.

Three independent measurement captures were recorded for the same suspension under
identical instrumental conditions. The resulting captures were combined to obtain a representative
particle-size distribution. The analysis was performed at room temperature under controlled
measurement conditions. Instrument settings, including camera level, detection threshold, and
measurement duration, were maintained constant for all captures.

The particle-size distribution was expressed in terms of the mean particle size, standard
deviation, mode, median diameter (D50), and percentile diameters D10 and D90. Here, D10
represents the particle diameter below which 10 % of the detected particles occur, D50 corresponds
to the median particle diameter, and D90 represents the diameter below which 90 % of the detected
particles occur.
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Surface Morphology Characterization

The bulk morphology and dry aggregate size of the calcined SBA-15 were examined using
scanning electron microscopy (SEM, JEOL JSM-IT200, JEOL Ltd., Japan). The samples were
mounted onto aluminum stubs using conductive carbon adhesive tape and sputter-coated with a thin
gold layer prior to imaging. SEM images were recorded at an accelerating voltage of 3.0 kV, with a
working distance of approximately 15.1 mm, at magnifications of x1,000 and x1,500 [8].

Results and Discussion

Particle-Size Distribution and Hydrodynamic Behavior

The hydrodynamic particle-size distribution of SBA-15 in aqueous suspension was evaluated
via NTA. Three combined measurement captures yielded a consistent size profile with a dominant
population spanning 100 — 300 nm and a low-intensity tail extending toward 500 nm (Figure 1).
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Figure 1. Particle-size distribution of SBA-15 in aqueous suspension obtained by nanoparticle
tracking analysis

The mean particle size was 186.0 + 1.6 nm, whereas the modal particle size was 169.8 + 4.1
nm. The median particle size (D) was approximately 176 nm, indicating that half of the detected

particles or scattering objects were smaller than this value. The D, and D, values were 124.3 + 1.9
and 252.7 + 3.4 nm, respectively. The difference between the D , and D, values indicates a

relatively broad particle-size distribution.
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Figure 2. Size-intensity scatter plot of individual SBA-15 scattering objects in aqueous
suspension, generated from three overlaid NTA capture files. Each point corresponds to a single
tracked particle, plotted according to its estimated hydrodynamic diameter (x-axis) and relative
scattering intensity (y-axis)

The observed hydrodynamic size distribution reflects the dispersion state and colloidal
aggregation of SBA-15 in aqueous media. Although individual SBA-15 primary domains possess
internal mesoporosity, surface silanol groups (Si-OH) and attractive van der Waals forces drive
interparticle association, forming secondary sub-micron clusters in water. The degree of this
aggregation is sensitive to suspension parameters, including concentration, pH, ionic strength,
surface charge, and ultrasonic energy input.

Crucially, the hydrodynamic diameter determined by NTA (186.0 pm + 1.6 nm) characterizes
the ensemble size of these suspended colloidal aggregates and primary fragments rather than the
intrinsic mesopore dimensions (6 — 10 nm). While internal mesoporosity is typically quantified via
nitrogen physisorption, powder XRD, or electron microscopy, NTA captures the dynamic physical
boundary of the material when suspended in a liquid matrix.

The moderately broad size dispersion (D,, = 124.3 nm, D9, = 252.7 nm) highlights the

coexistence of individual sub-micron domains and small clusters. In practical aqueous systems—
such as adsorption, heterogeneous catalysis, and membrane separation—this hydrodynamic
aggregate size directly governs liquid mass transport, sedimentation kinetics, and effective external
surface accessibility. Consequently, NTA serves as a necessary complementary tool to solid-state
textural analysis for predicting liquid-phase performance.
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Morphological Analysis and Comparison Between SEM and NTA

Figure 3. SEM micrographs of rice-husk-ash-derived SBA-15

SEM micrographs of the dry SBA-15 powder (Figure 3) reveal irregular, quasi-spherical, and
platy aggregates on the scale of several micrometers up to >10 pym.

Comparing the SEM micrographs with the NTA data highlights an important methodological
distinction:

— Bulk Powder vs. Suspended Fraction: SEM images reflect the dry, strongly agglomerated
state of the synthesized powder where primary domains are bound into multi-micron clusters.

— NTA Optical Boundaries: NTA measures the Brownian motion of light-scattering objects in
liquid suspension. Multi-micron aggregates shown in SEM settle rapidly due to gravity and scatter
light beyond the optimal sSCMOS tracking threshold. Consequently, NTA selectively quantifies the
stably suspended sub-micron fraction (mean 186 nm) and fine fragments dispersed following
ultrasonic treatment.

Distinguishing between intrinsic mesopore diameter (6—10 nm), primary domain size, and
hydrodynamic aggregate size (186 nm) is crucial. In dynamic liquid applications such as aqueous
adsorption or flow-through catalysis, the hydrodynamic size determines liquid mass transfer rates,
effective diffusion paths, and particle sedimentation stability.

Conclusions

SBA-15 mesoporous silica was successfully synthesized using silica derived from biogenic
rice husk ash. Nanoparticle Tracking Analysis (NTA) was utilized to evaluate its hydrodynamic
particle size distribution in aqueous media. The suspended colloidal fraction exhibited a mean
hydrodynamic size of 186.0 pm 1.6 nm, a median size (D) of 176 nm, and a mode of 169.8 pm 4.1
nm. SEM imaging showed that the dry state consists of larger multi-micron agglomerates, proving
that NTA characterization selectively probes the sub-micron fraction that remains stable in liquid
suspension. Combining NTA colloidal analysis with solid-state electron microscopy provides a clear
understanding of how bio-derived SBA-15 behaves in liquid environments, offering essential
insights for optimizing its use in aqueous adsorption, catalysis, and environmental separation
processes
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Abstract

Sulfanol (alkylbenzene sulfonate, ABS) and alpha-olefin sulfonate (AOS), both belonging to
the class of anionic surfactants, have been widely used in the oil and gas industry for many years.
Based on an analysis of scientific publications and patents from 1977 to 2026, this paper examines
the industrial application of both surfactant classes in chemical enhanced oil recovery (surfactant,
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ASP and micellar flooding), foam-assisted mobility control (CO2/N2 foam EOR), foam-assisted
liquid unloading (deliquification) in gas wells, well stimulation by acidizing and hydraulic
fracturing, and as an additive for drilling fluids. Reported quantitative indicators include
incremental oil recovery of up to 26.8 % in ASP flooding and 6-10 % with CO2 and AOS solution
co-injection. The two classes are shown to be complementary: sulfanol-type systems are applicable
to micellar-alkaline flooding under moderate temperature and salinity, whereas AOS is preferred
where stable foam is required. Recommendations are given for priority testing of domestically
produced sulfanol under the conditions of Uzbekistan.

AHHOTanus

Cynbdanon (ankunbensoncynbdonar, ABC) u anbda-onedbuncymbdonar (AOC), oba
OTHOCSIIIMeCs K K/IacCy aHWOHHBIX NOBEPXHOCTHO-aKTHWBHBIX BeleCTB, B TeyeHHWe MHOTUX JIeT
IIMPOKO MPUMEHSIIOTCSI B He(Tera3oBoi MPOMBIIIZIEHHOCTH. B aHHOM paboTe Ha OCHOBe aHa/M3a
HayuHbIX MyO/iWKalii W TmareHTOB 3a 1977-2026 roabl pacCMaTpUBAeTCs TMPOMBIILIEHHOEe
npuMeHeHe 06oux KinaccoB [TAB B XxuMHuecKuxX MeTofax yBenndyeHus: HedreoTaur (3aBoJHEHHe
c ITAB, ASP u Mulle//issipHOe 3aBOJHEHUE), Pery/TMPOBAaHUU MOABUYKHOCTH C riomolibio reHbl (EOR
¢ neHamu CO2/N2), yzaaneHUM >XUAKOCTU C TIOMOILIbIO TeHbl (AeMMKBU(UKALIUS) U3 Ta30BbIX
CKBa)KUH, CTUMYJISALUA CKBXUH KUCJIOTHBIMA 00pabOTKaMy ¥ THZAPABIMUECKUM Pa3pbIBOM I1/1aCTa,
a Takke B KauecCTBe 00aBKH /11 OypOBBIX pacTBOPOB. [IprBe/ieHbI KOMMUeCTBeHHbIE TIOKa3aTeu:
npupoct HedTeoTaum 710 26,8 % npu ASP-3aBogHennu u 6-10 % nipu coBMecTHoM 3akauke CO2 u
pactBopa AOC. IlokazaHo, urto cyabpaHon u AOC B3aMMHO [JOMOJNHSKOT Jpyr Jpyra:
Cy/b(haHONOBbIe CUCTEMBbI NIPUMEHUMbI B MULE/ISIPHO-IIIEJIOUYHOM 3aBOJHEHUU TIPU YMepeHHOU
TemIiepaType ¥ MUHepanu3aiyi, Toraa kak AOC mnpeanouTiTesnieH TaMm, Iae TpedyeTcst yCToiumBast
neHa. /laHbl peKOMeHJALMK 10 TepBOOUYepeJHbIM HCIIBITAaHUSIM OTeYeCTBEHHOrO Cy/b(aHona B
yCoBUsIX Y30eKucTaHa.

Keywords: sulfanol, alkylbenzene sulfonate, alpha-olefin sulfonate (AOS), EOR, foam,
deliquification, well stimulation.

KrueBble cioBa: cynbdaHos, ankunbeH3omcynbdoHart, anbda-onedpuncynbdonar (AOC),
yBe/mueHue HeTeoT/Iauu, eHa, JeTMKBU(DUKAINS, CTUMYJISIUS CKBaYKHH.

Introduction

As the production life of gas fields increases, most wells eventually experience liquid loading
at the wellbore, which sharply reduces well deliverability. Anionic surfactants play a central role in
addressing this problem.

Sulfanol and AOS surfactants are used throughout the oil and gas industry in chemical EOR
(surfactant, ASP and micellar flooding), foam-based mobility control, deliquification of gas wells,
well stimulation, and drilling-fluid formulation. The purpose of this paper is to comparatively
analyze the main application areas of sulfanol and AOS in the oil and gas industry and to assess the
prospects for their use under the conditions of Uzbekistan (Figure 1).
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Figure 1. Comparative characteristics of sulfanol and AOS surfactants in oil and gas
applications

Materials and Methods

This paper is a review study based on the analysis of scientific publications and patents
concerning the use of sulfanol (alkylbenzene sulfonate) and alpha-olefin sulfonate (AOS)
surfactants in the oil and gas industry. Sources were selected from the ScienceDirect, Springer,
PubMed Central and OSTI electronic libraries, as well as from the US Patent and Trademark Office
(USPTO) and Google Patents databases. The search used the keywords sulfanol, alkylbenzene
sulfonate, alpha-olefin sulfonate, EOR, foam, deliquification and well stimulation. The review
included sources published between 1977 and 2026 that reported experimental results on the
application of surfactants in oil and gas technologies. The collected data were grouped by
application area, and the performance indicators of sulfanol and AOS were compared.

Results and Discussion

Chemical Enhanced Oil Recovery (EOR)

Alkylbenzene and alkylaryl sulfonates were studied as the principal component of micellar
flooding as early as the 1970s. Experiments with 12 different alkylbenzene sulfonates recovered up
to 98 % of the oil from sand samples with an initial residual oil saturation of 25-28 % [1]. The
micellar aggregation properties of the surfactants (critical micelle concentration, interfacial tension)
were investigated separately, demonstrating the importance of adapting these parameters to
reservoir conditions [2]. Recent studies have shown that a middle-phase microemulsion system
based on heavy alkylbenzene sulfonate can mobilize up to 57.5 % of the residual oil in low-
permeability formations [3]. In alkaline—surfactant—polymer (ASP) flooding using alkylaryl
sulfonate, oil recovery increased by more than 20 % [4], and some field trials reported an
incremental recovery of up to 26.8 % [5]. In offshore fields under high-temperature (90°C) and
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high-salinity (34 g/L) conditions, a sulfosuccinate-betaine composition yielded 12.84 %
incremental oil recovery, confirming that modern sulfonate formulations can be adapted to harsh
reservoir environments [6].

AQS, in turn, is distinguished by its low adsorption (particularly on sandstone) and high
tolerance to hard water, which ensures deeper penetration into the reservoir [7]. For this reason,
AOS is increasingly preferred in modern surfactant-flooding projects [5].

Micellar ABS,

0,
sand sample [1] 98%

Microemulsion,
low-permeability
formation [3]

57.5%

ASP flooding,

0,
field trial [5] 26.8%

ASP flooding [4] Over 20%
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Figure 2. Oil recovery indicators obtained using sulfonate surfactants in various studies

Foam-Assisted Mobility Control (Foam EOR)
AQOS, particularly its C,,~C,. homologue (AOS 14 — 16), is the most widely used anionic

surfactant for improving sweep efficiency by reducing gas mobility through CO, and nitrogen foam.
In an experiment on carbonate core samples, co-injection of CO, and AOS solution yielded an
incremental oil recovery equal to 6-10 % of the original oil in place [7]. However, the presence of
crude oil is the main limitation of foam stability. To overcome this, adding nanoparticles (fly ash,
Si0,, ALO,) or a polymer (guar gum) to AOS has been shown to significantly increase foam
stability even in the presence of crude oil [8]. For high-salinity conditions (10-25 wt% TDS),
special C10—C16 AOS formulations have been developed [9].

Foam-Assisted Liquid Unloading (Deliquification) in Gas Wells

AOS (often in its sodium form, known as AOST) is the most commonly used anionic
surfactant for removing accumulated liquid from gas wells, owing to its high foaming capacity and
low adsorption. In modern formulations, AOST is combined with cationic (CTAC) and amphoteric
(CDAB) surfactants together with the nonionic surfactant AEO,, producing a composite foam
system resistant to formation water, salinity, and the presence of methanol (added to prevent hydrate
formation) [10].

In gas wells, AOS is mainly used in high-pressure wells that have been in operation for many
years and have since become inactive. For example, sulfanol (AOS-type product) is currently used
at the Gazli underground gas storage facility located near the town of Gazli, Bukhara Province.
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When liquid accumulation in a gas well reduces its deliverability or injectivity, sulfanol is applied in
one of two ways. The first method involves mixing sulfanol with water to form an aqueous solution,
which is poured into the upper part of the well; however, this method is relatively ineffective in
high-pressure wells. For this reason, the second method is more commonly used, in which sulfanol
is pressed into a solid ‘checker’ (briquette) form. The sulfanol briquettes are introduced from the
wellhead and, owing to their weight, descend to the bottom of the well more rapidly. At present,
however, even this method is becoming less effective, as the foam generated from sulfanol and the
produced liquid no longer remains stable for a sufficient length of time.

Gas + foam
(produced at surface)

l

FOAM
(AOS/sulfanol +
liquid + gas)

O o
@)
O

O
So
P ®)

LIQUID
(water)

.

Gas flow (from well bottom)

Figure 3. Schematic of foam-assisted liquid unloading (deliquification) using AOS/sulfanol-
based foam in gas wells

Well Stimulation (Acidizing and Hydraulic Fracturing)

In acid treatments, foam compositions based on AOS and alkyl ether sulfate blends are used,
producing foamed acid solutions with a half-life of at least 30 minutes and a foam quality above
60 % [11]. In hydraulic fracturing operations, a suspension of solid-form AQOS surfactant in an
organic-based fluid is used to thicken drilling and stimulation fluids and to improve well cleanup
efficiency [12].

Additive for Drilling Fluids

AOQOS surfactants are used in organic-based (diesel or vegetable oil) drilling fluids as a solids-
suspending agent, performing the functions of polymer hydration, wetting, and dispersion [12].
Such formulations are also effectively used during well-completion operations [12].
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Discussion

The analysis shows that the application domains of alkylbenzene and alkylaryl sulfonates
(sulfanol-type surfactants) and alpha-olefin sulfonates (AOS) are closely related to their molecular
structure and physicochemical properties. Alkylbenzene and alkylaryl sulfonates, including
sulfanol-type surfactants, can be used in micellar-alkaline flooding under relatively low to moderate
temperature and salinity conditions. The efficiency of such systems depends on the composition of
the medium, temperature, salinity level, and the oil-water—surfactant interaction.

AOS surfactants, in turn, are regarded as a promising component in a number of modern oil
and gas technologies that require foam generation, including CO,-EOR, well deliquification, and
certain acid-treatment processes. Their molecular structure can influence surface activity, adsorption
behavior, and foam stability. For this reason, AOS-based systems may be applied to form stable
foam under specific conditions.

For both surfactant classes, high salinity and the presence of various components in crude oil
can affect micelle formation and foam stability. In this regard, combining surfactants with polymers,
nanoparticles, or other surface-active agents — such as betaines and gemini surfactants — is one of
the possible methods for controlling their functional properties. However, the efficiency of such
composite systems should be evaluated experimentally under specific geological and technological
conditions.

For conditions in Uzbekistan, given the availability of domestically produced sulfanol, it is
recommended to first test it in mature oil fields using micellar-alkaline flooding and in low-
productivity gas wells using simple foam-deliquification formulations, and to combine it with
performance-enhancing additives to form hybrid compositions. It is subsequently recommended to
compare these formulations with imported AOS in order to determine under which conditions each
surfactant is more economically and technically advantageous.

It should be separately noted that foam-assisted liquid removal represents only the initial
stage of the technological chain for preparing gas produced from underground gas storage (UGS)
facilities: after free liquid has been removed from the bottom of the well, an additional absorption-
or adsorption-based drying stage is required to reduce the residual moisture content of the gas to the
required dew point. This subsequent stage has been addressed by the authors in separate studies,
which examined the applicability of adsorption-based gas drying under the UGS conditions of
Uzbekistan [13], an integrated efficiency criterion for the absorbents and solid adsorbents used in
gas drying [14], and methods for enhancing the regeneration capacity of inorganic adsorbents [15].
Together with the foam technology discussed in this paper, these studies form a coherent
technological chain for the comprehensive treatment of UGS gas.

Conclusion

Sulfanol and AOS were found to be mutually complementary classes of anionic surfactants
that can, in practice, be applied across virtually all major technological processes of the oil and gas
industry. Further laboratory and pilot-scale studies are recommended to determine the efficiency of
their application under local conditions, including in combination with additional stabilizers such as
fly ash.
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Abstract

Acetylene hydrochlorination provides a direct route to vinyl chloride monomer, but the
replacement of volatile mercury catalysts remains a central process objective. This study examines a
multicomponent chloride catalyst containing zinc, magnesium, iron, and bismuth chlorides and
focuses on the effects of reactor temperature and acetylene gas hourly space velocity. The catalyst
was evaluated in the 165 to 175 °C interval, with an acetylene gas hourly space velocity of 200 h
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used as the reference throughput condition. Under these conditions, acetylene conversion reached
96.7 %, vinyl chloride yield was 91.1 %, and vinyl chloride selectivity reached 94.2 %. The result
shows that the mixed chloride formulation can direct most converted acetylene toward vinyl
chloride within a moderate temperature window. Reactor analysis indicates that 200 h™ represents a
practical compromise between contact time and throughput, while the narrow temperature interval
limits both kinetic underperformance at the low end and thermally promoted side reactions or
catalyst loss at the high end. The functions of the individual chlorides are discussed as mechanistic
hypotheses rather than assigned active sites because phase and surface characterization were not
available. The findings support further optimization based on acetylene conversion, space time
yield, long duration stability, replicate measurements, and post reaction characterization.

AHHOTanus

I'mapoxioprpoBaHUe aljeTrIeHa MpeCcTaBseT coboil mpsiMoi crmocob mosyueHrs MOHOMepa
BUHUWJ/IXJIOPUZA, OJHAKO 3aMeHa JIeTy4YUX PTYTHBIX KaTaJU3aTOPOB MO-TIPe)KHeMY OCTaéTCsl OfHOU U3
KJ/IIOUeBBbIX 3a/lau JIaHHOTrOo Ipolecca. B HacTosiem uccie0BaHUA U3yYyeH MHOTOKOMIIOHEHTHBIN
XJIODUJHBIM KaTanru3aTop, COZlepyKalidi XIOpU/bl [IMHKA, MarHus, jkeiae3a M BUCMYTa, C 0COObIM
BHUMaHMeM K B/MSHHUIO TeMIepaTypbl peakTopa W OOBEMHON CKOPOCTH TOJAauM aljeTH/IeHa.
WcnbiTaHus Karaayd3aTopa NpOBOAW/IM B UHTepBasie Temriepatyp 165-175 °C, ripu 3TOM B KauecTBe
6a30BOro yCI0BHs TPOM3BOAWTENBHOCTHA HMCIIOIB30BaId OOBEMHYIO CKODOCTb TOZAuu aljeThseHa
200 ul. B yka3aHHBIX yCI0BUAX KOHBepCUs aLleTu/ieHa cocTas/sana 96,7 %, BbIXO/ BUHUIX/IOpPUJA —
91,1 %, a ceneKTUBHOCTb N0 BUHWIXJIOPULY — 94,2 %. IlonyueHHbIN pe3ysbraT MOKasblBaeT, UTO
CMeIllaHHbIM  XJIOPDUJHBIM COCTaB KaTaju3aropa II03BOJIIeT HalpaBUTh OCHOBHYIO 4acCTb
MpOpearupoBaBIllero arjeTwieHa Ha oOpa3oBaHWe BUHWIXJIOPWJA B YMEDPEHHOM TeMIlepaTypHOM
uHTepBase. AHann3 paboThl peakTopa CBUETeNbCTBYeT O TOM, uTO 00béMHas ckopocts 200 ut
npescTaBisieT  coOOM — TMPAaKTHUECKWM ~ KOMIIPOMHCC — MeXJy  BpeMeHeM  KOHTakTa W
TIPOM3BOAUTE/IBHOCTBIO. B TO e Bpems y3KWM TeMIlepaTypHbId MHTepBasl M03BOJIsseT OrPaHUYUTh
KaK HeJOCTAaTOUHYI0 CKOPOCTh peakluu Ipu 0Oosiee HU3KMX TemIieparypax, TaKk U TepMUYeCKH
CTUMY/IUPOBaHHbIE TIOOOUHBIE peakUWd WM TI0TepI0 Karaju3aropa TIpd 0Oormee  BBICOKMX
Temreparypax. @yHKIMY OTZeIbHBIX XJIOPU/0B paCCMaTpPUBAIOTCSl B KaueCTBe MeXaHUCTHYeCKUX
TUIOTe3, a He KaK yCTaHOB/IeHHbIe aKTUBHBIE LIeHTPbI, TOCKOIbKY MCC/IeloBaHus (Da30BOro cocTaBa
Y XapakKTepUCTUK II0OBEPXHOCTH He TMpOBOAWIMCH. [losydyeHHble pe3ysbTaThl MOATBEPKAAIOT
11e/1eCO00pa3HOCTb Ja/IbHEeHINel ONTUMM3ALMK TIpollecca Ha OCHOBe TIOKa3aTesied KOHBEPCUH
arleTusieHa, OOBEMHO-BPEMEHHOTO BBIXOJ@ TPOAYKTA, [AJUTENbHONW CTaOWIBHOCTH, TIOBTOPHBIX
V3MepeHUU U NoC/IepeakiMOHHOM XapaKTepr3aliy KaTaams3aTropa.

Keywords: acetylene hydrochlorination, vinyl chloride monomer, mixed metal chlorides, gas
hourly space velocity, temperature, selectivity.

KiroueBble C/I0Ba: TUPOX/IOPUPOBAHUE alleTU/ieHa, MOHOMED BUHWIXJIOPH/IA, CMeIIaHHbIe
XJIOPUJBI META/ITIOB, 00bEMHAsT CKOPOCTH TIO/jauM T'a3a, TeMIeparypa, CeJIeKTUBHOCTb.
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Introduction

Vinyl chloride monomer is the immediate precursor of polyvinyl chloride, and acetylene
hydrochlorination remains an important production route in regions where acetylene is
economically available. The overall reaction adds hydrogen chloride across the carbon—carbon
triple bond of acetylene to form vinyl chloride. The reaction is strongly exothermic, so catalyst
formulation and heat removal must be considered together. A catalyst that is chemically selective
but produces local hot spots can still lose selectivity, deactivate, or release volatile components
under practical fixed bed conditions.

C,H, + HClI - CH, =CHCI

Activated carbon supported mercuric chloride historically provided high activity for this
reaction, but mercury loss and toxicity drove the search for mercury free catalysts. Early screening
of supported metal chlorides established that catalyst identity strongly affects hydrochlorination
activity [1]. Later work showed that cationic gold can be highly active and selective [2,3], while
bismuth, copper, tin, ruthenium, palladium, and modified carbon systems have also been
investigated. The most relevant lesson is that the oxidation state, dispersion, chloride environment,
adsorption strength, and resistance to carbon deposition are interdependent. Performance therefore
cannot be predicted from the identity of one metal salt alone.

Bismuth based catalysts are especially relevant to the present formulation. Phosphorus
modified Bi/activated carbon produced 82 % acetylene conversion and 92 % vinyl chloride
selectivity at 160 °C and 120 h™; characterization associated the active bismuth phase with BiOCl
containing Bi (III) [4]. A Bi/carbon nanotube catalyst gave 91.7 % acetylene conversion and 97.3 %
vinyl chloride selectivity at 160 °C and 120 h™, while loss of bismuth species and carbon deposition
were identified as deactivation routes [5]. These results support the inclusion of BiCl, in mixed

chloride formulations but also show why stabilizing and dispersing the bismuth component matters.

Materials and Methods

The ZnCl,-MgCl,~FeCl,-BiCl, system combines several Lewis acidic chlorides in one
formulation. ZnCl,, FeCl,, and BiCl, can create electrophilic environments capable of interacting
with acetylene or chloride containing intermediates. MgCl, is less readily assigned as a primary
hydrochlorination center and may instead influence salt distribution, acidity, and structural stability.
These roles remain hypotheses until the fresh and used catalysts are examined by diffraction,
spectroscopy, and adsorption measurements. The value of a multicomponent formulation lies in
possible cooperation among adsorption, activation, and stabilization functions, but synergy must be
demonstrated against single component and partial formulation controls.

Two operating variables directly determine how those surface functions are used. Temperature
control’s intrinsic reaction rate, adsorption equilibria, desorption, and the rates of coke formation or
active phase loss. Gas hourly space velocity controls the amount of acetylene fed per unit catalyst
volume and therefore changes contact time and productivity. Higher space velocity usually
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increases throughput but can reduce conversion when reactants leave the bed before reaction is
complete. Lower space velocity increases contact time but may intensify secondary chemistry and
reduces production per unit reactor volume.

This work evaluates the mixed chloride catalyst within a temperature interval of 165 to 175
°C and at an acetylene gas hourly space velocity of 200 h*. The principal reported result is a vinyl
chloride selectivity of 94.2 %. The objective is to interpret this result within an IMRAD framework,
define what it shows about the operating window, and identify the measurements required to
convert a promising selectivity result into a complete catalyst performance assessment.

The catalyst formulation contained 5 wt% ZnCl,, 3 wt% MgCl,, 3 wt% FeCl,, 1 wt% BiCl,,
and 88 wt% YuKS carrier is a granular activated carbon of the AG-3 grade (GOST 20464-75,
manufacturer: JSC «Sorbent», Perm, Russia), with a specific surface area of 850-950 m?-g™* (BET,
N,, 77 K), a total pore volume of 0.55-0.65 cm? g™, a micropore volume of 0.35-0.40 cm?-g™, an
ash content of < 5 wt%, and a particle-size fraction of 1-2 mm. Accordingly, a nominal 100 g
catalyst batch contained 5.0 g ZnCl,, 3.0 g MgCl,, 3.0 g FeCl,, 1.0 g BiCl,, and 88.0 g HZS; the

total metal-chloride loading was 12 wt%.

Catalyst preparation

(1) The YuKS carrier was washed with distilled water (500 cm3 per 100 g of carrier) to
remove fines and water-soluble impurities, dried at 50 — 60 °C for 1 — 2 h, and sieved to a particle-
size fraction of 1 — 2 mm.

(2) On a nominal 100 g catalyst basis, 5.0 g ZnCl,, 3.0 g MgCl,, 3.0 g FeCl,, and 1.0 g BiCl,
were separately dissolved in distilled water (25 cm?3 per salt) at 50 — 60 °C under stirring for 120
min. For BiCl3, a minimum volume of 0.1M HCI (10 cm3) was added to prevent hydrolysis, and the
resulting acidic solution was combined with the other chloride solutions before impregnation.

(4) A total of 88.0 g YuKS was added to the resulting sol, and the suspension was aged at 70 —
80 °C for 3—4h.

(5) The obtained material was filtered or evaporated, dried at 250 — 300 °C for 10 — 12 h, and
then heat-treated under a flow of dry nitrogen (99.99 vol%, 50 cm3-min ') at 350 — 400 °C for 15 —
16 h.

Experimental setup and analytical accuracy

Hydrochlorination was carried out in a laboratory-scale fixed-bed reactor (laboratory
fabrication ID: FB-1, manufactured at Navoi State University) made of type 316L stainless steel.
The reactor had an internal diameter of 50 mm and a heated length of 450 mm, and was charged
with 300 g of catalyst. Temperature was measured using three chromel-alumel (K-type)
thermocouples (model TXA-K, manufactured by «Teplopribor», Moscow, Russia) connected to a
PID controller (model REX-C100, RKC Instrument Inc., Japan) with an accuracy of +1-2°C.

The reactor effluent was analyzed using a gas chromatograph "Crystal 5000.2" (Chromatec,
Yoshkar-Ola, Russia) equipped with a packed column 3mx3mm filled with Porapak Q (80/100
mesh) and a flame-ionization detector (FID). The uncertainty or repeatability of the
chromatographic measurements was +0.1-0.2%+0.1-0.2%, as established from 10 replicate
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injections of a certified calibration gas mixture (supplier: "Monitoring", St. Petersburg, Russia;
components: C,H, 99.5 vol%, C,H,CIC, 99.5 vol%, balance N,; concentration range: 0.1-100
vol%).

The reaction was treated as a continuous gas phase process in a fixed catalyst bed. Hydrogen
chloride and acetylene were contacted over the catalyst after the reactor reached the selected
temperature. Catalyst charge, feed ratio, pressure, and analytical procedure were held constant while
temperature was varied between 165 and 175 °C. The reference acetylene gas hourly space velocity
was 200 h. This definition separates reactor throughput from catalyst mass alone and allows results
from beds of different sizes to be compared when the same volumetric basis is used.

GHSV = Oc2m2

cat

In the equation, Q denotes the acetylene volumetric flow rate at the stated reference
conditions and V_, denotes the packed catalyst volume. A GHSV of 200 ' means that a gas

volume equal to 200 catalyst bed volumes of acetylene is introduced each hour on the stated basis.
The nominal space time is the reciprocal of GHSV, although the true gas residence time also
depends on temperature, pressure, bed voidage, and the contribution of hydrogen chloride to total
flow.

The reactor effluent was analyzed for unreacted acetylene, vinyl chloride, and detectable
chlorinated or carbon-containing byproducts using the gas chromatograph specified above.
Calibration was performed with the certified gas standard specified above (supplier: «Monitoring»,
St. Petersburg, Russia; components: C,H,, C,H,CIC,, N,; five calibration levels: 0.1, 1, 10, 50, and
99.5 vol%). Component response factors were obtained by [external/internal standard method], and
each steady-state sample was analyzed [1-2] times. Acetylene conversion and vinyl chloride
selectivity were calculated on a molar basis using the following expressions.

E - F out

X2 = —5 x 100%
n

F
Syey = —2M  « 100%

E - F out

F. and F_ are the inlet and outlet molar flow rates of acetylene, and FVCM is the outlet
molar flow rate of vinyl chloride. The formulas assume a one-to-one carbon molar relationship
between reacted acetylene and vinyl chloride. For the quaternary ZMFB catalyst (Table 1, entry 7),
acetylene conversion was 96.7 %, vinyl chloride selectivity was 94.2 %, and vinyl chloride yield
was 91.1 %. The yield is internally consistent with 96.7 x 94.2 / 100 = 91.09 %. Space-time yield
cannot be calculated until the actual molar feed rate and catalyst mass or packed-bed volume are
reported.
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Results and Discussion

Temperature was treated as a bounded process variable with an investigated interval of 165 to
175 °C. The reference space velocity was 200 h. The reported measurements identify a
performance point rather than a full response surface. Consequently, no regression, activation
energy, confidence interval, or statistical optimum was calculated. A complete design should include
replicated measurements at several temperatures and space velocities, randomized run order where
practical, stabilization time before sampling, and a material balance closure criterion.

All testing of acetylene, hydrogen chloride, and vinyl chloride requires a closed and corrosion
resistant system, exclusion of air, verified leak tightness, controlled vent treatment, and suitable gas
detection. These controls are essential because acetylene is highly flammable, hydrogen chloride is
corrosive, and vinyl chloride is toxic and carcinogenic. Safety controls do not alter the performance
equations, but they determine whether the experiment can be conducted and reproduced
responsibly.

Catalytic tests were conducted at 165 — 175 °C, a C,H,:HCI volumetric ratio of 1:1.5, and an
acetylene gas hourly space velocity of 200 h™. The catalyst was prepared using the sol-gel
procedure described above. The effect of catalyst composition on activity in acetylene
hydrochlorination is summarized in Table 1.

As shown in Table 1, ZnCl, alone gave 63.5 % acetylene conversion, 43.0 % vinyl chloride
yield, and 67.7 % selectivity. Relative to this baseline, both AlCl,-containing ternary formulations
increased vinyl chloride yield: ZnCl,-AlICl,-NiCl, gave 61.5 %, and ZnCl,-AlCl,-CdCl, gave
48.6 %. Within the two AICl,-containing formulations, replacing NiCl, with CdCl, reduced the
yield by 12.9 percentage points (from 61.5 % to 48.6 %), although the CdCl,-containing catalyst
still exceeded the ZnCl,-only yield by 5.6 percentage points.

Table 1. Effect of Catalyst Composition on Its Activity in the Catalytic Hydrochlorination of
Acetylene (T = 165-175 °C; C,H,:HCI = 1:1.5; V=200 h™)

Ne Catalyst composition C,H, conversion, % Selectivity, %
Overall To vinyl chloride
1 ZnCl, 63,5 43,0 67,7
2 ZnCl,-MgCl, 72,0 50.1 69,6
3 ZnCl, FeCl, 76,0 55.7 73,3
4 ZnCl,-BiCl, 68,5 47,8 69,8
5 ZnCl,-MgCl,-FeCl, 52,3 31,6 60,0
6 ZnCl,-FeCl, BiCl, 77,8 56,0 72,0
7 ZnCl,-MgCl,FeCl,"BiCl, 96,7 91.1 94.2
8 ZnCl,-AlCl,"NiCl, 75,0 61,5 81,7
9 ZnCl,-AlCl,-CdCl, 65,8 48,6 73,8

The binary ZnCl,-based formulations gave vinyl chloride yields of 50.1 % with MgCl,,
55.7 % with FeCl,, and 47.8 % with BiCl,; FeCl, therefore gave the highest yield among the three
binary combinations. The ternary ZnCl,-MgCl,-FeCl, formulation gave a lower yield of 31.6 %,
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whereas ZnCl,-FeCl, BiCl, gave 56.0 %. These data show that the effect of adding a chloride
depends on the complete catalyst composition and should not be interpreted as a uniform
promotional effect.

A direct comparison of ZnCl,-MgCl,-FeCl, (Table 1, entry 5) with ZnCl,-MgCl,-FeCl,-BiCl,
(entry 7) shows the effect of adding BiCl, to the same base composition. Acetylene conversion
increased from 52.3 % to 96.7 %, vinyl chloride yield from 31.6 % to 91.1 %, and selectivity from
60.0 % to 94.2 %. Thus, BiCl, had a positive effect in this specific composition pair, and the
quaternary catalyst gave the best overall result in the screening series.

The 165 to 175 °C interval lies within the broader temperature range commonly used for gas
phase acetylene hydrochlorination. Its practical advantage is that it is warm enough to support
useful reaction rates while remaining below conditions at which local overheating becomes
especially difficult to control. Because the reaction is exothermic, the measured furnace temperature
is not necessarily the maximum catalyst temperature. Even a small axial hot spot can change
selectivity and accelerate active phase loss. Temperature profiles along the bed should therefore
accompany future activity measurements.

At the low end of the interval, incomplete acetylene activation or slow surface turnover can
limit conversion. Increasing temperature generally improves the intrinsic rate and product
desorption. At the same time, higher temperature can weaken adsorption of hydrogen chloride,
change the chloride coordination of metal centers, and increase the rates of acetylene
oligomerization and coke formation. Bismuth systems may also lose active species or change phase
under reaction conditions [4,5]. The selected interval is therefore chemically plausible as a
compromise, but the present data support an operating range rather than a mathematically
determined optimum.

Space velocity changes the balance between utilization of each active site and production per
reactor volume. At low GHSYV, acetylene and hydrogen chloride remain in contact with the catalyst
longer. Conversion may rise, but throughput falls and the product can remain on acidic surfaces
long enough to undergo secondary reactions. At high GHSV, the opposite occurs: throughput rises,
the gas phase is less exposed to secondary chemistry, and conversion can become limited by
residence time or mass transfer. The 94.2 % selectivity measured at 200 h™ indicates that secondary
chemistry was controlled reasonably well at this reference condition.

The result should not be interpreted as proof that 200 h™ maximizes vinyl chloride
productivity. Productivity depends on the acetylene conversion multiplied by selectivity and molar
feed rate. If conversion at 200 h™* were low, high selectivity could coexist with a modest vinyl
chloride yield. Conversely, a slightly lower selectivity at higher GHSV could still provide greater
space time yield. A process relevant optimization should test at least three GHSV levels below and
above 200 h* and report conversion, selectivity, yield, pressure drop, and carbon balance at steady
state.

Conclusions

The ZnCl,-MgCl,-FeCl,-BiCl, catalyst achieved 96.7 % acetylene conversion, 91.1 % vinyl

chloride yield, and 94.2 % selectivity to vinyl chloride in the investigated temperature interval of
165 — 175 °C at an acetylene GHSV of 200 h™. The result identifies a practical operating window in
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which the mixed chloride formulation directs most reacted acetylene to the desired monomer.

Temperature and space velocity should be optimized together because temperature governs reaction

and deactivation rates, whereas GHSV sets contact time and reactor throughput.

The data support the catalyst as a promising mercury free formulation, but they do not yet

establish the most active composition or a unique optimum temperature. Acetylene conversion,

vinyl chloride yield, space time yield, replicate uncertainty, byproduct distribution, and long-term

stability are required for that conclusion. Controlled composition comparisons and surface

characterization are also needed before specific catalytic functions are assigned to ZnCl,, MgCl,,
FeCl,, or BiCl,.

10.
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Abstract

This study is aimed at developing a bitumen—alkyd anticorrosion coating for steel gas
pipelines using locally available raw materials. BND 60/90 bitumen, PF-060 alkyd varnish,
hydrocarbon liquids, microcalcite, and zinc oxide were used to prepare five coating formulations.
The effect of formulation composition on bitumen dissolution, drying behavior, adhesion, water
uptake, and corrosion resistance was evaluated. Pyrolysis distillate showed the highest bitumen
dissolution at 25-45 °C and was selected as the preferred processing liquid. Among the tested
compositions, F5, containing 25 wt.% bitumen, 30 wt.% alkyd varnish, 30 wt.% pyrolysis distillate,
10 wt.% microcalcite, and 5 wt.% ZnO, showed the shortest drying time and the highest reported
adhesion index. Salt-spray and NaCl exposure tests indicated delayed visible corrosion of coated
steel compared with uncoated specimens. The obtained results confirm the practical potential of the
developed coating for further pipeline protection studies.

AHHOTaUUA

JlaHHOe uccriejoBaHMe TOCBALEHO pa3paboTke OUTYMHO-a/JKWAHOTO aHTUKOPPO3MOHHOIO
TOKPBITUS [/Is1 CTa/IbHBIX a30IIPOBOZOB C MCIIO/Ab30BaHUEM [OCTYITHOIO MECTHOIO ChIpbs. [Ijs
TIPUTOTOBJIEHUS TIATH BAapUAaHTOB COCTaBa TOKPBITUS TIPUMeHsMCh Outym Mapku BHJ] 60/90,
ankuaHbI yak [1P-060, yrneBofopoaHbIe )KUAKOCTH, MUKPOKAIbLUT U OKCHJ, LIMHKA. O1jeHUBanioch
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B/IMSTHUE COCTaBa Ha PaCTBOPUMOCTb OMTyMa, CKOPOCTb BBICHIXaHUSI, aire3uI0, BOJOIIOIVIOIIeHHe U
KOPPO3UOHHYI0 CTOWKOCTh. [IMpO/MM3HBIA JUCTWIIAT 00ecreuns Hawlyullyld pacTBOPUMOCTD
butyma B auara3oHe Temreparyp 25-45 °C u Obul BbIOpaH B KauecTBe TPeANOYTHUTETHHOTO
pactBopuTesisi. Cpeii UCIIBLITAHHBIX COCTAaBOB BapuaHT F5, copeprkamuii 25 mac. % Outyma, 30
Mac. % ankugHoro Jiaka, 30 mac. % nvposmsHoro guctuiiATa, 10 mac. % MUKpoKaabLyTa ¥ 5 Mac.
% ZnO, TIpoAeMOHCTPUPOBA HaWMeHbIIlee BPeMsi BLICBIXaHWSI M Hanbosiee BLICOKHMM TOKa3aresib
aaresun. VcnbiTaHus B Kamepe coissHOro TymMaHa U B cpefie NaCl mokasanu, uTo TosiBlieHHe
BUJVMBIX IIDU3HAKOB KOPPO3MM HA CTaqu C TOKPBITUEM 3a/lepKUBaeTCs I10 CPaBHEHHIO C
obpasijamu Oe3 TOKpbITHs. [lomyueHHbIe pe3ysbTaThl MOATBEP)KAAIOT MPAKTUUECKHd TMOTeHLas
pa3paboTaHHOTO TIOKPLITHS /IS AAaTbHEHIIINX UCCIe0BaHNi B 00/1aCTH 3a1{UThI TPyOOIIPOBO/IOB.

Keywords: bitumen—alkyd coating, gas pipeline, anticorrosion protection, zinc oxide,
microcalcite, pyrolysis distillate, adhesion, corrosion resistance.

KnroueBble ciioBa: 6I/ITYMHO-aJIKI/I,£[HOQ IMOKPLITHE, I'd30IIPOBOJ, dHTUKOPPO3WOHHAA 3dIIUTa,
OKCHJ IUHKd, MUKPOKAJ/IBLIUT, HHPOHHBHbIﬁ AUCTHUJIJIAT, aAre3usd, KOPPO3UOHHAs CTOMKOCTb.

Introduction

The problem of efficient protection of steel gas pipelines from corrosion becomes
increasingly important for materials engineering due to the possibility of failure caused by coatings
degradation, which will lead to higher maintenance needs and shorter lifetime. Bituminous and
alkyd coatings are promising materials because of their relative simplicity of preparation along with
barrier properties, which can be adjusted through mineral or functional fillers. The recent research
has revealed that the corrosion resistance of these systems depends not only on the chemistry of
binder, but also on the coating thickness, filler dispersion, adhesion properties and the conditions of
exposure. Thus, the cerium-doped zinc-rich bitumen, MOFs-modified polyester coatings, and
polyaniline-containing alkyd systems have shown enhanced barrier properties under the
investigation using electrochemical, immersion, and accelerated corrosion tests. Recent studies have
demonstrated that the performance of protective organic coatings is governed by both formulation
chemistry and electrochemical behavior. EIS analysis has been successfully used to assess corrosion
protection in organic coating systems [1], while surfactant-based modification studies illustrate the
broader role of functional additives in controlling interfacial processes in complex material systems
[2]. For alkyd coatings, incorporation of polyaniline has been shown to improve corrosion
protection of mild steel [3]. In addition, bitumen-based anticorrosion coatings have been
specifically developed for gas-pipeline applications, confirming the practical relevance of
combining bituminous binders with functional components for steel protection [4]. Recently carried
out researches prove that the effectiveness of protective action of alkyd and bituminous coatings
largely depends on the type of filler, amount of pigment, its distribution in the coating matrix, and
electrochemical behavior. The use of nanoclays in the composition of alkyd coatings increased their
anticorrosive action with regard to carbon steel, as well as pigment composition and zinc-rich
coatings [5,7,8]. In addition, composite mastic coatings made of bitumen for gas pipeline protection
confirm the applicability of bituminous coatings [9]. In general, the performance of anticorrosive
coatings depends on the combined properties of barrier action, adhesion, and stability [10].
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In that case, the current study deals with the evaluation of a five-formulation series of
bitumen-alkyd coating intended for the protection of gas pipelines by means of locally obtained
materials. In this context, the study investigates the link between formulation composition,
processing procedure, temperature-based drying process, properties connected with adhesion,
exposure to water and resistance to corrosion, while taking into account the possibility of
preparation of larger batches. Special emphasis is placed on the formulation based on ZnO and
mineral filler along with the reasons for its efficiency in relation to the other formulations. Instead
of taking for granted the mechanism common for all coating systems studied before, the study
intends to establish which structure-process-property links are evidenced by the available data.
Aluminum oxide-based granular materials and composite organic coatings have been investigated
as functional components for improving material performance and corrosion protection [11-13]. In
particular, waterborne and organic composite coatings have demonstrated the importance of
formulation design and barrier properties in protecting steel substrates from corrosive environments
[12,13].

Materials and methods

Five coating formulations were made using BND 60/90 bitumen, PF-060 alkyd varnish,
hydrocarbon processing liquids and mineral fillers. Main formulations included 25 wt.% of
bitumen, 30 wt.% of alkyd varnish, 30 wt.% of liquid phase and 15 wt.% of filler phase. White
spirit, kerosene or pyrolysis distillate were used as liquid phase, while aluminium containing
powder, kaolin, microcalcite and ZnO were used as fillers. Chosen formulation F5 included 25 wt.
% of bitumen, 30 wt.% of varnish, 30 wt.% of pyrolysis distillate, 10 wt.% of microcalcite and 5 wt.
% of ZnO. Purities of microcalcite and ZnO are indicated as 97.8 and 99.2 %, correspondingly.
Coatings preparation was performed by heating the bitumen up to 60-80 °C, mixing the bitumen
with liquid phase, then gradually mixing alkyd varnish and finally gradual addition of the mineral
ingredients. Also, ZnO was pre-wetted with varnish before addition to coating mixture. The coating
formulations were prepared following a defined sequence of bitumen heating, incorporation of the
liquid phase, addition of alkyd varnish, and dispersion of mineral fillers. The preparation procedure
was evaluated in relation to the physicochemical and protective properties of the resulting coatings.

The physicochemical, mechanical, and corrosion-protection properties of the prepared coating
formulations were investigated experimentally using the testing procedures described below. Drying
kinetics were studied at 10, 20 and 30 °C, as well as independently in a degree-3 drying curve
measured at 20 + 2 °C. Adhesion was tested by the cross-cut technique according to GOST
15140-78, and impact strength was determined according to GOST 4765 — 73 by a U-1A tester as
the average of three independent measurements. Absorption rate in water was measured after a 24 h
immersion at 23 + 2 °C, and corrosion resistance was estimated visually in 3 % NaCl solution and
additionally by a salt spray test on St3 steel substrates having approximately 100 pm thick two-
layer coating. Infrared spectra were registered within the region of 4000 — 400 cm™. The
experimental results were evaluated through comparative analysis of the physicochemical,
mechanical, and corrosion-protection properties of the prepared coatings. The impact resistance was
determined from three independent measurements. For the remaining tests, the available
experimental data were analyzed descriptively, and differences between the formulations were
interpreted within the investigated conditions without assigning statistical significance.
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The experimental results were analyzed to compare the physicochemical, mechanical, and
corrosion-protection characteristics of the investigated coating formulations. Impact resistance was
evaluated using three independent measurements (n = 3) in accordance with GOST 4765 — 73. The
remaining experimental results are presented descriptively because the corresponding replicate
measurements and estimates of variability are not available in the current dataset. Therefore, no
statistical significance is attributed to differences between formulations, and the reported trends are
interpreted within the investigated experimental conditions.

Results and discussion

The initial screening study determined the dissolution of bitumen at 10 and 20 wt.% in
different solvents at temperatures of 25-70 °C. The pyrolysis distillate had the best dissolution of
65-85 % at 25 and 45 °C, for 10 and 20 wt.% bitumen, correspondingly, while for alkyd varnish the
dissolution was 60—80 % and 55-75 %, correspondingly. At 70 °C, full dissolution (100 %) was
obtained.

45°C 70°C

ro
)
@)

mfpem A lkyd varnish === Kerosene White spirit === Gasoline = ==@==Pyrolysis distillate

Figure 1. Effect of temperature on the dissolution of 10 wt.% bitumen in different liquid media

Increase in bitumen content from 10 to 20 wt.% slightly reduced the rate of dissolution at 25
and 45 °C, but the pyrolysis distillate still had the best effect.
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Figure 2. Effect of temperature on the dissolution of 20 wt.% bitumen in different liquid media

This allows for the assumption that some moderate heating can be used during mixing, but
due to the lack of contact-time, agitation, endpoint, replicates and uncertainty values it is impossible
to analyze the results according to equilibrium solubility.

The selected ALBM composition includes 55 wt.% bitumen-varnish binder, 30 wt.% distillate
and 15 wt.% mineral filler. F5 differs from F2 in replacing microcalcite by ZnO with the same total
filler content. Therefore, any differences between F5 and other formulations should be considered
as the result of filler properties, dispersion and interfacial effects.

F5 also demonstrated the fastest drying time at all the tested temperatures (9, 7 and 6 h at 10,
20 and 30 °C correspondingly). As compared to F2, the drying time was reduced by 14.3-25.0 %,
and as compared to F4 — by 30.8-36.4 %. Again, these values should be considered as descriptive
only since replicates were not analyzed.
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Figure 3. Temperature-dependent drying times for formulations F1-F5

All systems showed decreased drying times with increased temperature. F5 exhibited the
shortest drying time in absolute terms, while its relative decrease from 10 to 30°C (33.3 %) was
smaller than that of F1-F3. This information proves the existence of a temperature-dependent drying
pattern but is not enough for distinguishing between the proposed mechanisms of evaporation,
oxidation and through-film curing as well as for kinetic modeling. The difference between F2 and
F5 is also not enough for establishing a ZnO-catalyzed curing mechanism without controlled cure
data and standardized film thickness.

In the temperature-dependent drying experiments, formulation F5 exhibited drying times of 9,
7, and 6 h at 10, 20, and 30 °C, respectively (Figure 3). A separate determination of drying to degree
3 at 20 + 2 °C yielded a value of 6 h. Since the equivalence of the experimental endpoints and
testing conditions has not been established, these measurements were treated as separate datasets
and were not directly compared. The temperature-dependent results consistently demonstrate a
reduction in drying time with increasing temperature.. Since there is no information about the
experimental conditions for obtaining this data, only the order of drying time for the temperature-
resolved series is certain. Consequently, initial drying cannot be identified with mechanical curing
or commissioning time.

Water absorption was 0.5 %, 1.5 % and 0.8 % for neat bitumen, unfilled bitumen-alkyd and
filled coatings respectively. The addition of mineral filler to bitumen-alkyd resulted in an average
reduction of 46.7 % in water absorption compared to the unfilled bitumen-alkyd but the figure was
higher than neat bitumen. It means therefore that the performance regarding moisture resistance is
better than the modified unfilled bitumen.

The filled category being unspecified, F5, the 0.8 % could not be attributed to ALBM alone.
In addition, 24 hours of water absorption represents total mass gain under the exposure condition
and cannot be used to assess diffusion resistance or interfacial corrosion protection.
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Table 1. Reported ALBM properties and their interpretation

Property Reported value Interpretive boundary
Density 0.97 gcm™3 Reported material density
Nominal dry-film thickness 90 pm Not uniform across all tests
Efflux time at 20 + 2 °C 125s Cup and orifice unspecified
Drying to degree 3 at 20 + 2 °C 6h Different from 7 h in the temperature series
Adhesion index 95-98% Not reconciled with categorical cross-cut scoring
Impact-test drop height >50 cm Load and replicate readings unavailable
Bending parameter 1.5-2 mm Detailed geometry not reported

The indicated density (0.97 g cm™), efflux time (125 s) and dry film thickness (90 pm) pertain
to the basic coating properties. Still, the efflux time cannot be considered dynamic viscosity as the
cup geometry and its orifice diameter are not specified. Furthermore, the film thickness differs from
about 100 pm two-layer salt spray test specimen; hence, these datasets cannot be considered as
measurements of the same coating setup.

The increase in adhesion index from 80 — 92 % in F1-F4 to 98 % in F5 notwithstanding
another source table indicates an inconsistent F3 value; the percentages demonstrate good
performance but cannot be considered adhesion strength, as the measured quantity is not force. As
well, the advantage of 20 — 25 % due to mechanical activation lacks sufficient support through
baseline pairings.

All samples were unchanged in the described 3 % NaCl test, whereas a separate report of salt
spray test found localized deterioration of the paint coating of St3 steel at 240 hours, in contrast to
serious corrosion of plain steel after 48 hours. Such findings reveal delayed visible deterioration,
but without equal times of testing, corrosion rates and inspection criteria, calculation of the
efficiency of protection cannot be performed. The reported 80 %, 90 %, and 95 — 98 % values seem
to come from different tests, and hence they should not be combined to produce an ALBM
corrosion protection value.

There have been several scale up operations, such as 5 L preparation and 100 L batch
processing with application on 2 m lengths of 325 mm and 220 mm pipes. Yet, such experiments
fail to show batch-to-batch reproducibility, evenness of coating application, or service life in the
field. Assuming that a nominal 1000 kg batch would be used, the chosen formulation includes 250
kg of bitumen, 300 kg of alkyd varnish, 300 kg of pyrolysis distillate, 100 kg of microcalcite and 50
kg of ZnO. It is only an approximate material balance, which has not yet been verified in the 3 m3
reactor.

Table 2. Calculated ingredient requirement and source-price cost for a 1000 kg charge

Ingredient Charge kg Source price UZS kg™! Calculated cost UZS
BND 60/90 bitumen 250 2,700 675,000
Alkyd varnish 300 10,000 3,000,000
Pyrolysis distillate 300 1,800 540,000
Microcalcite 100 800 80,000
ZnO 50 43,000 2,150,000
Total ingredients 1,000 — 6,445,000
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The calculated raw-material cost of the developed formulation was 6,445,000 UZS per tonne
of prepared coating mixture. Including an assumed additional processing allowance of 50 %, the
estimated production cost was 9,667,500 UZS per tonne. These estimates refer to the nominal wet
formulation. The composition contains 25 wt.% bitumen and 15 wt.% mineral fillers, corresponding
to a combined 40 wt.% of these components before accounting for the non-volatile fraction of the
alkyd varnish. Therefore, the previously indicated non-volatile content of 25-28 wt.% was excluded
from quantitative interpretation pending verification by gravimetric analysis. The calculation does
not represent the cost per tonne of dry coating solids. Despite the promising performance of the
developed bitumen—alkyd anticorrosion coating, several limitations of the present study should be
acknowledged. The experimental evaluation was primarily based on laboratory-scale
physicochemical, mechanical, and corrosion-resistance tests. Although the results demonstrated
favorable drying behavior, adhesion characteristics, and delayed visible corrosion of coated steel,
the limited availability of replicate measurements and quantitative electrochemical data restricts the
statistical assessment of coating performance. Furthermore, differences in drying-test conditions,
variations in coating thickness, and uncertainties regarding the non-volatile content require
additional experimental verification. Future research will focus on improving the reproducibility
and reliability of the experimental results through standardized testing procedures and at least three
independent measurements for each investigated property. Particular attention will be given to
electrochemical impedance spectroscopy (EIS), quantitative corrosion-rate measurements, and
extended salt-spray exposure tests to evaluate the protective efficiency of the coatings. Additional
FTIR and morphological analyses will be performed to investigate the interactions between the
bitumen—alkyd matrix, ZnO, and microcalcite. Furthermore, optimization of filler dispersion,
coating thickness, and processing conditions will be undertaken to improve the mechanical
durability and long-term corrosion resistance of the developed formulation. The practical
applicability of the coating will be assessed through larger-scale production trials and long-term
exposure studies under representative gas-pipeline operating conditions.

Conclusion

From the investigation, F5, with its combination of bitumen, alkyd varnish, pyrolysis
distillate, microcalcite and ZnO, was found to be the best formula among those tested. F5 exhibited
short drying time, high adhesion index and delay in corrosion damage, which is reported under the
stated conditions of exposure, and scale-up tests confirmed that it can be produced at larger scales
than the laboratory scale. However, irregularities in the drying, adhesion, non-volatile content and
corrosion data, in addition to insufficient replicates, preclude the calculation of a definite protection
efficiency or performance of the formulation.
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Abstract

Mixed extracts of Achillea filipendulina Lam. and Salvia sclarea L. prepared at ratios of 1:1,
3:1, and 1:3 were evaluated for activity using the DPPH assay. The study examined effects of
extraction solvent and plant ratio on antiradical activity. The mixtures were extracted with 96 %
ethanol, 70 % ethanol, and water. One gram of plant material was extracted with 25 mL of solvent
in an ultrasonic bath for 20 min, filtered through a 0.45 pm syringe filter, and diluted tenfold.
Activity was determined spectrophotometrically at 517 nm for 30 min. At 100 pL, the highest
activity was observed for the 1:3 mixture extracted with 70 % ethanol, reaching 42.64 %. Values for
the 3:1 and 1:1 mixtures were 37.92 % and 34.55 %, respectively. The calculated IC50 value of the
most active sample was 119.2 pL. Results demonstrate dependence on solvent composition and
plant ratio, with the 1:3 mixture in 70 % ethanol showing the effect.

AHHOTaLUA

[TpoBefieHa cpaBHUTEeNbHAs OLleHKa aHTUpaJUKaabHONM aKTUBHOCTH CMeIIaHHBIX KCTPaKTOB
Achillea filipendulina Lam. u Salvia sclarea L. B cootHomenusix 1:1, 3:1 u 1:3 metomom DPPH.
Llenb wccnenoBaHUs 3ak/rouanach B OMNpeJe/ieHWH BAWSHUS SKCTpareHTa YW COOTHOLLEHUs
pacTUTebHBIX KOMIIOHEHTOB Ha aHTHUPAJMKA/IbHYH aKTMBHOCTb. [l SKCTPaKLMKA MCIO/b30BaIN
96 %-Hbiii 3TaHon, 70 %-Hbli 3TaHon W BoAy. OAWH TpaMM pacCTUTeNbHOTO MaTepuasa
9KCTparupoBaiu 25 M/ pacTBOpPUTENS B yIbTPa3BYKOBOUW BaHHe B TeueHue 20 MUH, (UIBTPOBAIU
yepe3 mrpuiieBoit ¢punstp 0,45 MKM U pa30aB/isiid B 1eCATh pa3. AHTUPAJUKa/IbHYH aKTUBHOCTb
orpeziesisimi crieKTpodoroMeTpruecku nipyd 517 HM B Teuenue 30 muH. I[Ipu o6beme obpasma 100
MKJ1 MaKCHMaJibHasi aKTUBHOCTb ycTaHoB/eHa [ijisi 70 %-HOro 3TaHOJBHOTO 3KCTpakTa cMecH 1:3 u
cocraBunia 42,64 %. Jnsi cmecei 3:1 1 1:1 3HaueHUs1 COCTaBU/IM COOTBeTCTBeHHO 37,92 u 34,55 %.
PacuetHoe 3HaueHue IC50 Hanbo/ee akTUBHOTO 0Opasija COCTaBHIO OKO/Io 119,2 MK/, Pe3ynbraThl
MOKa3bIBAlOT 3aBUCUMMOCTb aKTHBHOCTH OT TPHUPO/bI 3KCTpareHTa U COOTHOLLIEHUS] KOMIIOHEHTOB.
Haunbonee 3hdeKTUBHBIM CpeJu HMCC/Ie[0BaHHBIX BapHAHTOB OKa3zancs 70 %-Hblii 3TaHOMBHBIN
9KCTPaKT CMeCH PacTeHuH B COOTHOIIeHnH 1:3.

Keywords: Achillea filipendulina, Salvia sclarea, DPPH, antioxidant activity, antiradical
activity, ethanol extraction, IC50.

KmioueBbie cioBa: Achillea filipendulina, Salvia sclarea, DPPH, aHTHOKCHaHTHas
aKTUBHOCTh, aHTUPAJUKa/IbHasi aKTUBHOCTb, 3TaHOJIbHBIN 3KCTpakT, IC50.
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Introduction

Oxidative processes are closely associated with the formation of reactive species, and plant
phenolics are widely investigated as natural radical scavengers. The DPPH assay remains one of the
most frequently used spectrophotometric approaches for screening hydrogen- or electron-donating
capacity because the reduction of the stable violet DPPH radical can be monitored as a decrease in
absorbance [1-3]. Methodological variables, including solvent, reaction time and sample
concentration, can substantially influence the measured antioxidant response [3].

Achillea filipendulina L. is a medicinal species rich in phenolic acids, flavonoids and other
bioactive metabolites. Recent phytochemical studies confirm substantial variation in its antioxidant
activity depending on plant part, morphotype and extraction conditions [4-8]. Salvia sclarea L. also
contains antioxidant constituents; recent studies have demonstrated that its biological activity
depends strongly on extraction procedure and solvent system [9-11]. These findings make solvent
selection particularly important when plant mixtures rather than single species are evaluated.

The objective of the present work was to compare the DPPH radical-scavenging activity of
Achillea filipendulina—Salvia sclarea mixtures at 1:1, 3:1 and 1:3 ratios after extraction with water,
70 % ethanol and 96 % ethanol, and to identify the combination showing the most favorable
antiradical response under the experimental conditions.

Materials and Methods

A DPPH working solution (7.92 mM) was prepared in ethanol in a 100 mL volumetric flask,
protected from light with aluminum foil and kept for 30 min at room temperature. Mixed Achillea
filipendulina and Salvia sclarea samples were prepared at 1:1, 3:1 and 1:3 ratios. For each
extraction, 1 g of plant sample was treated with 25 mL of 96 % ethanol, 70 % ethanol or water in an
ultrasonic bath for 20 min. The extracts were passed through 0.45 pm syringe filters and diluted
tenfold before analysis.

For the blank, 3.0 mL. DPPH solution and 100 pL ethanol were placed in a 4 mL quartz
cuvette. Absorbance was measured at 517 nm with a K7000 spectrophotometer (YOKE, China)
every 5 min for 30 min. For test samples, 25, 50, 75 or 100 pL extract was mixed with 3.0 mL
DPPH solution, and ethanol was added to a total volume of 3.1 mL. Antiradical activity (ARF, %)
was calculated as ARF = [(AO — As)/A0] x 100, where AOQ is the blank absorbance and As is the
sample absorbance.

Apparent IC50 values were estimated from the linear relationship between extract volume and
ARF measured at 30 min. For a regression y = mx + b, the extract volume corresponding to 50 %
inhibition was calculated as IC50 = (50 — b)/m. Because the tested range did not reach 50 %
inhibition, these IC50 values are extrapolated estimates and should be interpreted as comparative
indicators rather than directly observed endpoints.

296



Ne 11 (149) UNIVERSUM: HOA6pb, 2026 2.

Results and Discussion

All tested extracts reduced DPPH absorbance over the 30 min reaction period, and the
magnitude of the response generally increased with extract volume. This concentration- and time-
dependent behavior is consistent with the established DPPH mechanism, in which antioxidant
molecules donate hydrogen atoms or electrons to the stable radical [1-3]. The clearest separation
among the samples was observed at 100 pL after 30 min.

Table 1. DPPH antiradical activity and apparent IC50 of the mixed extracts

Solvent A. filipendulina:S. sclarea | ARF at 100 pL, 30 min Apparent IC50 (pL)
(%)
96% EtOH 1:1 28.01 174.7
96% EtOH 3:1 20.50 2441
96% EtOH 1:3 26.47 188.5
70% EtOH 1:1 34.55 143.8
70% EtOH 3:1 37.92 127.6
70% EtOH 1:3 42.64 119.2
Water 1:1 26.56 185.0
Water 3:1 24.06 206.5
Water 1:3 33.21 147.5

The 70 % ethanolic series was the most active group. At 100 pL, ARF reached 34.55 % for
the 1:1 mixture, 37.92 % for 3:1 and 42.64 % for 1:3. In comparison, the corresponding 96 %
ethanolic extracts produced 28.01, 20.50 and 26.47 %, while the aqueous extracts produced 26.56,
24.06 and 33.21 %, respectively. Thus, the 1:3 mixture in 70 % ethanol exceeded the corresponding
96 % ethanol and water extracts by 16.17 and 9.43 percentage points, respectively.

The regression-derived apparent IC50 values supported the same ranking. The lowest value
was obtained for the 1:3 mixture in 70 % ethanol (119.2 pL), followed by the 3:1 70 % ethanolic
extract (127.6 pL) and the 1:1 70 % ethanolic extract (143.8 pL). The 3:1 mixture extracted with
96 % ethanol showed the highest estimated IC50 (244.1 pL), indicating the weakest response in this
comparison. Importantly, none of the measured samples reached 50 % inhibition within the tested
25-100 pL range; consequently, the IC50 values are extrapolations from highly linear regressions
and should be verified experimentally at higher sample volumes or concentrations.

The superior performance of 70 % ethanol is chemically plausible because aqueous ethanol
provides intermediate polarity and can extract a broader spectrum of phenolic constituents than
highly concentrated ethanol or water alone. A recent solvent-comparison study reported maximal
flavonoid recovery and strong DPPH activity around 70 % ethanol in plant matrices [12]. Studies
on A. filipendulina likewise show that antioxidant performance varies with solvent and phenolic
composition [4-8]. For S. sclarea, different extraction techniques and solvent systems also produce
marked differences in DPPH activity and phenolic yield [9-11]. Therefore, the present solvent-
dependent pattern is consistent with current international evidence, although direct chemical
profiling of the mixed extracts would be required to identify the compounds responsible.
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The influence of plant ratio was also solvent-dependent. Within the 70 % ethanol and water
series, enrichment with S. sclarea (1:3) produced the highest ARF. However, the 96 % ethanol series
did not show the same monotonic ratio effect, indicating that mixture composition and solvent
polarity interact. The data therefore do not by themselves prove synergism between the two plants;
demonstration of synergy would require comparison with extracts of each individual species at
matched concentrations and an appropriate combination-effect model. The present results instead
support a narrower conclusion: among the tested mixed systems, the 1:3 mixture extracted with
70 % ethanol showed the strongest DPPH-scavenging response.

Conclusion

Mixed extracts of Achillea filipendulina and Salvia sclarea displayed measurable DPPH
radical-scavenging activity that depended on both extraction solvent and plant ratio. The best result
within the tested conditions was obtained with the 1:3 mixture extracted with 70 % ethanol, which
reached 42.64 % ARF at 100 pL after 30 min and gave the lowest extrapolated IC50 (approximately
119.2 pL). The 70 % ethanolic extracts were consistently more active than the corresponding 96 %
ethanolic extracts and, for the most active 1:3 ratio, also outperformed the aqueous extract. These
findings identify 70 % ethanol as the most promising of the tested solvents for this herbal
combination. Future work should directly measure IC50 within an expanded concentration range
and determine total phenolic/flavonoid contents and chromatographic profiles to clarify the
chemical basis of the observed activity.
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Abstract

This article investigates the quantitative content of water-soluble B-group vitamins (B1, B2,
and B6) in the flowers, buds, aerial vegetative parts, and roots of cultivated Capparis spinosa L.
plants in the conditions of Karakalpakstan, using High-Performance Liquid Chromatography
(HPLC). Based on chromatographic analysis, the separation efficiency, distribution across various
morphological parts of the plant, and relative quantitative levels of the vitamins were determined,
with results expressed in mg/100 g. The method was validated for linearity, limits of detection
(LOD) and quantification (LOQ), accuracy (recovery), and precision (repeatability and
reproducibility) in accordance with ICH Q2(R1) guidelines. Each sample was analysed in triplicate
(n = 3); data are presented as mean + standard deviation (SD), and one-way analysis of variance
(ANOVA) was used to compare plant organs. The study results revealed an uneven distribution of
vitamins across the plant parts. The highest levels were recorded in the flowers, with vitamin B1 at
39 mg/100 g and vitamin B6 at 393 mg/100 g, indicating high metabolic and biosynthetic activity in
the generative organs. The aerial vegetative parts were also notable for their high B-group vitamin
content, whereas vitamin levels in the roots were relatively low. The data obtained indicate that the
content of water-soluble B-group vitamins in the raw material did not decrease significantly during
the cultivation process. The research findings serve as an important scientific and practical basis for
utilizing Capparis spinosa L. in the production of pharmaceutical raw materials, biologically active
supplements, and promising phytopreparations, while also confirming the need for further study of
the plant's biological and pharmacological potential.

AHHOTaLUA

B maHHOU cTaThbe MeTO[IOM BbICOKO3(D(EKTHBHON >KUJKOCTHOM xpomatorpadguu (BIXKX)
MCC/IEZI0BAHO KOJIMUECTBEHHOE COZIEP)KAHNE BOJOPACTBOPUMBIX BUTaMUHOB rpymibl B (B, B, 1 By)
B IIBeTKaX, OyTOHAaX, HaZi3eMHON BereTaTMBHON uaCTU M KOPHSX KY/JIBTUBUPYEMOIO pacCTeHHs
Capparis spinosa L. B ycnoBusix Kapakanmnakcrana. Ha ocHoBe xpomatorpadrueckoro aHaausa
ornpeesieHbl 3¢ (eKTUBHOCTD pa3zeneHus], pacrnpe/esieHre o MOpQoI0ruuecKum YacTsiM pacTeHust
Y OTHOCHUTe/IbHble KOJMYeCTBEHHble YDOBHU BUTaMHHOB; pe3y/bTaTbl BbipakeHbl B Mr/100 T.
MeToarKa Ba/lMAMpPOBaHAa IO TIOKasaTesssM JIMHEHMHOCTH, TipefenoB oOHapyxkenus (LOD) wu
KosinuecTtBeHHoro onpegeneHus: (LOQ), mpaBUIbHOCTU (CTeTeHU W3B/IeUeHUs) U MPeLu3UOHHOCTH
(cXogUMOCTH M BOCTIPOM3BOJUMOCTH) B COOTBeTCTBUM C pykoBogcTtBamu ICH Q2(R1). Kaxkzpbiii
obpa3sel] aHa/M3UPOBAJICS B TPEX TOBTOPHOCTSX (N = 3); ZAHHBIe TIpeACTaBeHbl KakK CcpefHee +
CTaHJapTHOe OTKIOHeHWe (SD), /151 cpaBHeHHsI OPTaHOB pacTeHHsl UCI0Mb30BaH 0HO(MAaKTOPHbIN
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aucriepcoHHbld  aHamu3 (ANOVA). Pesynbrarbl BbISSBUIM HepaBHOMEDHOe pacrpejiesieHue
BUTaMMHOB 110 YacTAM pacTenus. Hanbonbiuve ypoBHY 3a(MKCMPOBaHbI B 1IBETKAX: BUTaMUH B, —
39 mr/100 r, Butamud B, — 393 mr/100 1, uTo yka3biBaeT Ha BBICOKYIO MeTabO0/TMUeCKyI0 U
OHMOCHHTETHUECKYIO0 aKTHBHOCTh T'€HepaTUBHBIX OpraHoB. Hajj3eMHasi BereTaTWBHasi YaCTh TaK)Ke
OT/IMYaeTCsl BBICOKUM COfiep)kaHueM BUTaMUHOB TIpymIbl B, Torza Kak B KOPHAX UX YPOBHU
OTHOCUTe/IbHO Hu3Kue. [losyyeHHble [aHHBIe CBUJETEIBCTBYOT O TOM, UTO COJep)KaHue
BOZIOPaCTBOPUMBIX BUTaMHUHOB TIpPyIIbl B B Cbippe CyLeCTBEHHO He CHIXXAeTCa B IpoLjecce
KYJIbTUBUPOBaHUs. Pe3yrnbraTsl NCCIe0BaHNs C/Iy>KaT Ba)KHOM Hay4YHO-TIPaKTUYeCKOM OCHOBOU IS
ucronp3oBanus Capparis spinosa L. B mpou3BojcTBe (apMarjeBTUUeCKOTO ChIPbsi, OMOIOrHYeCcKH
aKTHUBHBIX [100ABOK ¥ MEPCIEKTUBHBIX (PUTOTIPErapaToB, a Takke MOATBEPKJAIOT HEOOXOAMMOCTh
JabHeNIIIero n3yueHuns: OMOIoruueckoro U papMakoIOrHueCKOro TIOTeHI[fasia TOT0 PaCTeHHs.

Keywords: Capparis spinosa L, caper, water-soluble vitamins, B-group vitamins, high-
performance liquid chromatography, medicinal plant.

KnrwueBsblie cioBa: Capparis spinosa L, kanepc, Bog4OpacTBOPUMbIe BUTaMKHbI, BUTAMUHBI
rpymnel B, BbICOKO3(QeKTHBHAs )KUKOCTHAsE XpOMaTorpagus, 1eKapCTBeHHOe pacTeHHUe.

Introduction

Today, biologically active substances derived from natural medicinal plants are becoming
increasingly important for maintaining human health and preventing various diseases. Compared to
synthetic preparations, plant-derived substances are valued for their gentler effect on the body and
fewer side effects. In this context, the in-depth study of the chemical composition of medicinal
plants is a pressing scientific issue. Water-soluble vitamins — specifically B-group vitamins — play
a crucial role in metabolism, nerve impulse transmission, enzymatic reactions, and energy exchange
processes within the body. A deficiency in these vitamins can lead to various metabolic disorders,
nervous system diseases, and a weakened immune system.

Capparis spinosa L. (caper) is a plant adapted to arid climates and rich in biologically active
substances; it holds a significant place in the flora of Central Asia. In traditional medicine, almost
all parts of this plant are used to treat liver, cardiovascular, thyroid, rheumatic, and endocrine
disorders. Although scientific literature indicates the presence of flavonoids, phenolic compounds,
ascorbic acid, and antioxidants in Capparis spinosa L., the quantitative composition of water-
soluble vitamins has not been sufficiently elucidated. In recent years, it has been noted that the
polyphenols and flavonoids found in Capparis spinosa L. possess potent antioxidant properties and
exhibit high inhibitory activity in assays such as DPPH, FRAP, and ABTS. This antioxidant
potential plays a crucial role in protecting against diseases associated with oxidative stress while
simultaneously influencing metabolic processes [1].

Research demonstrates that Capparis spinosa extracts help lower blood sugar and improve
glucose metabolism in diabetes models; furthermore, clinical trials have shown that a daily dose of
400 mg significantly reduces HbA1lc levels [2, 3]. Additionally, the plant extracts possess anti-
inflammatory and immunomodulatory properties, exerting a positive effect on supporting the
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immune system and modulating inflammatory processes through their flavonoid and phenolic
constituents [4]. Thus, scientific studies have confirmed that Capparis spinosa possesses
simultaneous antioxidant, antidiabetic, and anti-inflammatory biological activities [4].

Figure 1 illustrates the global natural and introduced distribution range of Capparis spinosa
L. It shows that the plant's primary natural range encompasses the Mediterranean basin, Southern
Europe, North Africa, the Middle East, the Caucasus, and Central Asia. This distribution confirms
that Capparis spinosa L. is a xerophytic species adapted primarily to arid and semi-arid climatic
conditions. Instances of its introduction and cultivation in certain regions are also noted.

B Ecrectsennbiit apean

HurpopynmpoBanHbit
(HaTypanM30BaHHbIN) apean

2 “ ® L 1

Figure 1. Global natural distribution range of the plant Capparis spinosa L. (POWO, Plants of
the World Online, GBIF 2024)

Figure 2 illustrates the distribution of Capparis spinosa L. within the Republic of
Karakalpakstan. Research data (2022-2024) indicate that the plant's growth sites are primarily
concentrated in the vicinity of Nukus and in the Qanlikol, Khujayli, Beruni, and Chimbay districts.
A significant portion of these distribution sites is located in the central and southern parts of the
republic, where sandy-saline soils, high temperatures, and low precipitation create relatively
favorable ecological conditions for the plant. Distribution sites are comparatively scarce in the
northern regions near the Aral Sea; this can be attributed to severe soil salinity, wind erosion
(deflation), and the impact of extreme environmental factors. Overall, the data demonstrate that
Capparis spinosa L. is well-adapted to the arid and semi-arid landscapes of Karakalpakstan and
highlight the existence of promising areas for its cultivation and production as a source of medicinal
raw materials. In this context, researchers from the Karakalpakstan Branch of the Academy of
Sciences of the Republic of Uzbekistan and the Karakalpakstan Research Institute of Natural
Sciences (Kh.K. Matchanova, R.A. Sharafatdinova, et al.) are conducting scientific work on the
domestication of Capparis spinosa L., and a patent (No. IAP 8328) has been obtained for the
invention titled «Method for cultivating Capparis spinosa L. on saline soils.»
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Figure 2. Distribution range of the Capparis spinosa L. plant in Uzbekistan (Republic of
Karakalpakstan)

However, most studies in the literature have focused on antioxidants and phenolic
compounds, while quantitative data regarding B-group vitamins have not been sufficiently
elucidated. Although some sources note the presence of vitamins in general terms, comparative
analyses of the plant's specific morphological parts are virtually non-existent. In this context, the
present study serves to fill this gap in scientific knowledge.

The aim of the study is to determine the quantitative content of water-soluble B-group
vitamins in the flowers (V1.2), buds (V1.4), aerial vegetative parts (V1.7), and roots (V1.9) of the
cultivated Capparis spinosa L. plant using high-performance liquid chromatography (HPLC), with
validated methodology and statistical processing of the results.

Materials and methods

Plant material

For the study, the flowers, buds, aerial vegetative parts, and roots of the Capparis spinosa L.
plant were collected during the growing season. Mechanical impurities were removed from the
samples, and they were quickly washed with clean water. The plant parts were dried at a
temperature of 25-30 °C in a well-ventilated area protected from direct sunlight. The dried samples
were ground to a particle size of 1 mm using a laboratory mill and stored under dry, dark
conditions. This step is crucial for preventing the degradation of water-soluble vitamins, as B-group
vitamins are sensitive to light and high temperatures [5, 6].

Sample preparation for HPLC

Precisely weighed 1.0 g samples of ground plant material were mixed with 25 ml of pure
water. To ensure efficient vitamin extraction, the medium was adjusted to be weakly acidic (pH =~
4.0—4.5) using acetic acid [7]. The mixture was stirred on a magnetic stirrer for 30—40 minutes. The
extraction process was conducted at a temperature of 40-50 °C, as higher temperatures could lead
to the degradation of B-group vitamins [8]. Upon completion of the extraction, the solution was
centrifuged at 5000 rpm for 10 minutes. The clear supernatant was collected and filtered through a
membrane filter with a pore size of 0.45 pm. This step is crucial for protecting the HPLC column
from mechanical particles [9]. The filtered extract was then subjected directly to HPLC analysis.
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Derivatization and internal standard. For vitamins B1 and B6, derivatization was not
performed; direct UV detection was applied [13]. As an internal standard, p-hydroxybenzoic acid
was added to each sample before extraction at a final concentration of 5 mg/mL [15]. Identification
of vitamins was based on retention times of standard solutions and confirmed by UV spectral
comparison with authentic standards [13, 14].

HPLC conditions

The HPLC method was employed to determine the qualitative and quantitative composition of
water-soluble vitamins in various morphological parts of the Capparis spinosa L. plant.
Chromatographic separation was performed on a reversed-phase C18 column (Poroshell 120 EC-
C18, 2.7 ym, 4.6 x 100 mm). A binary system consisting of a 0.5 % acetic acid solution (A) and
acetonitrile (B) was selected as the mobile phase, and separation was conducted in gradient mode:
0-3 min — 5 % B; 3-6 min — 15 %; 6-9 min — 25 %; 9-12 min — 35 %; 12—-15 min — 25 %;
and 15-17 min — 5 %. These gradient conditions ensured the effective separation of the water-
soluble vitamins. The mobile phase flow rate was set at 0.6 ml/min. Vitamins were detected using a
UV detector at wavelengths of 254, 265, and 285 nm; identification was based on the retention
times of standard solutions, while quantitative analysis was performed by comparing peak areas
with those of standard samples [13, 14].

Method validation

The HPL.C method was validated in accordance with ICH Q2(R1) guidelines [16, 17] for the
following parameters: linearity, limits of detection (LOD), limits of quantification (LOQ), accuracy
(recovery), and precision (repeatability and reproducibility).

Linearity. Calibration curves were constructed for vitamins B1, B2, and B6 in the
concentration range of 0.5-20 pg/mL (B1), 0.4-20 pg/mL (B2), and 0.5-20 pg/mL (B6). The
calibration curves were linear with correlation coefficients (R?) of > 0.993 [13].

LOD and LOQ. LOD and LOQ were calculated based on the standard deviation of the
response and the slope of the calibration curve (3.30/S and 100/S, respectively) [16, 17]. The values
obtained were: LOD — 0.06-0.15 pg/mL; LOQ — 0.20-0.50 pg/mL [13].

Accuracy (recovery). Recovery was assessed by spiking samples with known amounts of
standard vitamins at three concentration levels. The mean recovery values were 91.5-98.0 % [13].

Precision. Repeatability (intra-day) and reproducibility (inter-day) were evaluated by
analysing replicates of the same sample. Relative standard deviation (RSD) values were < 4.7 % for
repeatability and < 7.3 % for intermediate precision [13, 14].

Table 1. Validation parameters of the HPLC method for determination of B-group vitamins

Parameter Value / Range Source
Linearity range, pg/mL 0.4-20 [13]
R? >0.993 [13]
LOD, pg/mL 0.06-0.15 [13]
LOQ, pg/mL 0.20-0.50 [13]
Recovery, % 91.5-98.0 [13]
Repeatability (RSD, %) <4.7 [13, 14]
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Parameter Value / Range Source
Reproducibility (RSD, %) <73 [14]

Statistical analysis

Each sample was analysed in triplicate (n = 3). Data are presented as mean * standard
deviation (SD). One-way analysis of variance (ANOVA) was used to compare the content of B-
group vitamins across different plant organs. Differences were considered statistically significant at
p <0.05[18].

Results and Discussion

The water-soluble vitamin content of extracts obtained from various morphological parts
(flowers, buds, aerial parts, and roots) of cultivated Capparis spinosa L. was analyzed using high-
performance liquid chromatography (HPLC). The HPLC chromatograms demonstrate the
separation of water-soluble vitamins, the presence of various vitamin groups, and their distribution
within the samples.

The intense peaks observed at early retention times are characteristic of B-group vitamins,
indicating a particularly high concentration of vitamins B1 and B6. The height and area of the peaks
confirm the high content of biologically active substances in the flower extract.

The content of water-soluble vitamins in various morphological parts of the Capparis spinosa
L. plant was calculated by comparing the areas of the chromatographic peaks with those of standard
solutions. The peak areas for vitamins in each sample were compared against the peak areas of the
standards, and relative quantitative values were expressed in mg/100 g. This approach was used to
assess the distribution of B-group vitamins across different parts of the plant, and the results were
analyzed in relation to morphological characteristics.

As shown in Figure 3, the highest level of Vitamin B1 (39 mg/100 g) was detected in the
flowers, indicating that the plant's reproductive organs are metabolically active. Lower levels of this
vitamin were found in the buds (24 mg/100 g), the aerial parts (19.4 mg/100 g), and the roots (14.5
mg/100 g). The highest level of Vitamin B6 was recorded in the flowers (393 mg/100 g). This
confirms that caper flowers are rich in biologically active substances. Levels of 155 mg/100 g in the
aerial part, 88 mg/100 g in the buds, and 65.5 mg/100 g in the root were determined. Although the
Vitamin B2 content was relatively low across all samples, the highest value (1.5 mg/100 g) was
recorded in the aerial part.
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Figure 3. Water-soluble vitamin content of the cultivated Capparis spinosa L. plant

The analysis results obtained using the aforementioned HPLC method demonstrated
variations in the content of water-soluble vitamins — specifically vitamins B1, B2, and B6 —
across different parts of the Capparis spinosa plant. Existing literature confirms the presence of
ascorbic acid and B-group vitamins in C. spinosa, linking them to antioxidant and metabolic
activities [2, 3]. Scientific studies verify the presence of flavonoids, alkaloids, saponins, and
phenolic compounds in C. spinosa and provide general data on its vitamin content [1, 10, 12].
However, many studies fail to report precise quantitative values for vitamins or do not compare
levels across different plant parts. For instance, while research by Tlili et al. documented the levels
of ascorbic acid and other antioxidants [2, 3], our findings revealed a notably high vitamin B6
content (393 mg/100 g) in the flower — a specific detail not highlighted in previous studies.
Furthermore, existing literature offers limited data on vitamin content in samples from diverse
geographical regions; our results, obtained under the conditions of Uzbekistan, help fill this gap
[11, 12].

Discussion

The results obtained demonstrated an uneven distribution of water-soluble vitamins across the
morphological parts of the Capparis spinosa plant. In particular, the high accumulation of vitamin
B6 in the flowers enhances the pharmacological significance of this part of the plant. This
phenomenon can be attributed to the more active biosynthetic processes occurring in the generative
organs.

Physiological role of B-group vitamins in generative organs. B-group vitamins are essential
cofactors in enzymatic reactions involved in energy metabolism, amino acid synthesis, and nucleic
acid metabolism. In generative organs (flowers and buds), the demand for these cofactors is
significantly higher due to active cell division, pollen formation, and nectar production. Vitamin B6,
in particular, is a cofactor for more than 140 enzymatic reactions, including those involved in the
biosynthesis of amino acids and neurotransmitters, which may explain its high accumulation in
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flowers [5, 8]. Vitamin B1 (thiamine) is required for carbohydrate metabolism and is essential for
the energy supply of rapidly growing tissues [5]. Thus, the high content of B-group vitamins in
flowers reflects the intense metabolic activity of generative organs.

Our results are consistent with the general trend reported in the literature: generative organs of
many medicinal plants accumulate higher levels of water-soluble vitamins compared to vegetative
organs [2, 3, 12]. However, direct comparison with published data on Capparis spinosa is limited, as
most studies focus on phenolic compounds, flavonoids, and antioxidants rather than B-group
vitamins. For example, Tlili et al. [2, 3] reported the content of carotenoids and tocopherols in
leaves, buds, and flowers of C. spinosa grown wild in Tunisia, but did not quantify B-group
vitamins. The review by Sayed et al. [4] and the updated review [12] provide general information
on the nutritional value of capers but lack detailed quantitative data on B-group vitamins across
plant organs. Our study thus fills this gap by providing quantitative data for C. spinosa cultivated
under the conditions of Karakalpakstan.

Regional climatic conditions, soil composition, and growth stages are key factors influencing
vitamin synthesis. The arid and semi-arid climate of Karakalpakstan, characterized by high
temperatures, low precipitation, and saline soils, creates specific conditions for plant growth. Under
such conditions, plants often accumulate higher levels of osmoprotectants and antioxidants,
including water-soluble vitamins, to cope with oxidative and osmotic stress [1, 4]. The high levels
of B-group vitamins detected in our samples may reflect an adaptive response of C. spinosa to the
extreme environmental conditions of the region. This is consistent with the known role of B-group
vitamins in stress tolerance and redox homeostasis [5, 8].

The present study has several limitations. First, the analysis was limited to three B-group
vitamins (B1, B2, B6); other water-soluble vitamins (C, PP) and fat-soluble vitamins (A, E) were
not determined. Second, the study was conducted on plants collected during a single growing
season; seasonal and interannual variability of vitamin content was not assessed. Third, the sample
size for each plant organ was limited to three replicates (n = 3), which, while sufficient for statistical
analysis, may not fully capture the natural variability of the plant population. Fourth, the
identification of vitamins was based on retention times; confirmation by mass spectrometry would
further strengthen the reliability of the results. These limitations should be addressed in future
studies.

The high content of B-group vitamins, especially vitamin B6, in the flowers and aerial parts
of Capparis spinosa L. cultivated in Karakalpakstan indicates that this raw material is promising for
the production of biologically active supplements and phytopreparations. The data obtained can be
used to justify the optimal harvesting periods and plant parts for pharmaceutical raw material
production. However, before practical application, additional studies on safety, toxicity, and optimal
dosages are required.

Conclusion

The study results revealed that the flowers and aerial vegetative parts of Capparis spinosa L.
are the richest in water-soluble B-group vitamins. Data obtained using the HPLC method provided a
scientific basis for the plant's medicinal significance. These findings expand the potential for
utilizing Capparis spinosa in the future development of promising phytopreparations and
biologically active supplements.

308



Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

Based on the results obtained, the following practical recommendations can be formulated.
First, the flowers and aerial vegetative parts of Capparis spinosa L. should be considered as the
preferred raw material for the production of B-group vitamin-rich supplements. Second, the
harvesting of flowers and aerial parts should be carried out during the period of maximum vitamin
accumulation (growing season), with careful drying at 25-30 °C to prevent vitamin degradation.
Third, before industrial application, it is necessary to conduct additional studies on the safety,
toxicity, and optimal dosages of the obtained extracts.

The present study was limited to three B-group vitamins (B1, B2, B6) and did not include
other water-soluble (C, PP) and fat-soluble (A, E) vitamins. The analysis was performed on plants
collected during a single growing season; seasonal and interannual variability was not assessed. The
identification of vitamins was based on retention times; confirmation by mass spectrometry is
recommended for future studies.

Future research should aim to determine the content of other water-soluble vitamins (C, PP)
and fat-soluble vitamins (A, E) in Capparis spinosa, as well as investigate their relationship with
antioxidant activity. Additionally, studies on seasonal and interannual variability, as well as the
influence of different cultivation conditions on vitamin content, are warranted. Further investigation
of the biological and pharmacological potential of this plant, including in vivo studies, is also
recommended.
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Abstract

This study aimed to characterize soluble carbohydrates and selected phenolic markers in the
aerial parts of Phlomoides isochila (Pazij & Vved.) Salmaki (Lamiaceae) using high-performance
liquid chromatography. Plant material was collected during flowering in the Pap district of
Namangan Region. Carbohydrates were analyzed by HPLC with refractive-index detection on an
amino-bonded column using acetonitrile and water (82:18). The ethanolic extract was examined by
reversed-phase HPLC with diode-array detection at 254 nm. Sucrose was the dominant quantified
carbohydrate (4.944 mg/g), followed by fructose (0.810 mg/g) and glucose (0.173 mg/g). The total
concentration of these three compounds, for which chromatographic parameters were available, was
5.927 mg/g. The phenolic profile contained a peak consistent with gallic acid by retention time,
giving a calculated concentration of 5.68 mg/g. The tentative ellagic-acid assignment showed a
substantial difference in retention time between the sample and the reference standard and therefore
requires additional confirmation before quantitative interpretation. These findings provide
preliminary analytical information on the phytochemical composition of this species and identify
priorities for method validation, compound identification, and further phytochemical investigation.

AHHOTanus

Llefibl0 HACTOAIETO HWCC/IE[OBaHUS SB//IaCh XapaKTepUCTHMKA Mpo(uas pacTBOPUMBIX
yIJIeBOZIOB U OT/e/ibHbIX (heHOMBHBIX MapKepoB B HaJj3eMHOI uacTu pacteHus Phlomoides isochila
(Pazij & Vved.) Salmaki (cemeiictBo Lamiaceae) MeTofioM BBICOKO3(D(PEKTUBHOU >KUIKOCTHOU
xpomarorpaduu. PacturtesnsHoe cbippé cobupany B Mepuoj, LiBeTeHus Ha Tepputopuu Ilarickoro
paiiona Hamanranckoii obnact Pecriybimiku ¥36ekvcTaH. AHanM3 yrieBoJ0B MTPOBOAWINA METOZOM
BbICOKO3()(eKTUBHOM KUAKOCTHOUM Xpomarorpaduu ¢ peypakToMeTpUueCKUM [leTeKTUPOBaHHEM Ha
KOJIOHKe C MPUBUTOM aMMHOTPYIION C UCI0/b30BaHKEM IOJBW)KHOU a3kl alleTOHUTPUI-BOJA B
00béMHOM cooTHoIleHnd 82:18. DTaHO/MBHBIA SKCTPAKT WCCAe0BalM METOJ0M OOpaIeéHHO-
¢da3zoBoii  BBICOKO3(h(dEKTUBHON  >KUAKOCTHOM  Xpomarorpaguui C  JUOJHO-MaTPUYHBIM
JleTeKTUpOBaHKeM IpU JIMHe BOJIHbI 254 HM.

YCTaHOB/IEHO, UTO Cpe/id KOJIMUeCTBeHHO OMpe/ie/IEHHBIX YITIeBO/IOB mpeobsiaziaia caxaposa,
coJiep>kaHue KOoTopoii coctaBuio 4,944 mr/r. Conep>kaHue ¢hpyKTo3bl U THOKO3bI cocTtaBuio 0,810 u
0,173 mr/r coorBeTcTBeHHO. CyMMapHOe COZiep)KaHue TPEX yKa3aHHbBIX YIJIEBOJOB, AJ/Is1 KOTOPBIX
HMMeJIMCh XpoMaTorpaguyeckye rapaMeTphbl, COCTaBUIO 5,927 MrI/T.

ITpu uccnegoBanuu (heHONBHOTO TIpodusisi oOHapy)KeH XpomaTtorpaduuecKuii MUK, Bpems
yZiep>KUBaHUsI KOTOPOTO COOTBETCTBOBA/IO BpEMEHM YIep>KUBAHUSI CTaHJaPTHOTO 00pa3iia ra/yioBou
KUC/IOThI. PacuéTHoe copep>kaHWe JaHHOTO COeAuHeHMsI cocTaBuio 5,68 mr/r. TlpeaBapuTenbHast
WAeHTU(PUKAIUS 3/I7IaroBON KUC/IOTHI BBISIBM/IA CYIIIECTBEHHOE DPACXOKEHHEe MeXAy BpeMeHeM
yIep)KUBaHUSI COOTBETCTBYIOILI[ETO TIMKA B HCC/ieAyeMoM o0pa3ile W BpeMeHeM YAep>KUBAHUS
CTaH/IApTHOTO BelljeCcTBa. B CBSA3M C 3TUM [/1s1 JOCTOBEPHOTO KOJMUYECTBEHHOTO OTpefie/ieHus
3JI71aroBO¥ KUCI0ThI He0OX0JUMO JOTIO/THUTETbHOE TIOATBEPIKeHe eé UeHTUUHOCTH.
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[TonyyeHHble pe3y/nbTaThl MPECTAB/SIOT TpeJBapUTe/bHble aHAJIUTUUECKHWEe CBeJeHUs O
(UTOXMMUUECKOM COCTaBe WCCAeyeMOro BUJla U TIO3BOJISIIOT OMNpeJe/UTh TMPHUOPUTETHbIe
HaripaB/eHUsl [aJIbHEeWILMX HWCCAe[0BaHUM, BK/IOUas BalUAALMI0 aHAJUTUUECKUX METOMUK,
TIOATBEPXK/EHNE  WJeHTUYHOCTH  OTAE/NbHBIX  COeAWHEHWHM W  YIIyOJéHHOe  U3yueHHe
(bUTOXMMHUUECKOTO COCTaBa pacTeHUsI.

Keywords: Phlomoides isochila, Lamiaceae, HPLC, carbohydrates, sucrose, gallic acid,
ellagic acid.

KnroueBbie cioBa: Phlomoides isochila, Lamiaceae, Bbicoko3(deKTHBHasI >KUIKOCTHas
Xpomarorpadusi, yrieBofbl, caxapo3a, raanoBasi KUC/IO0Ta, 3/1aroBast KUC/I0Ta.

Introduction

Following the phylogenetic revision of the tribe Phlomideae, the genus Phlomoides Moench
(Lamiaceae) includes species previously assigned to Eremostachys. Thus, Phlomoides isochila
(Pazij & Vved.) Salmaki is the accepted combination for Eremostachys isochila Pazij & Vved. [12].
Species of the related genera Phlomis and Eremostachys have been used in traditional medicine for
diabetes, gastric ulcers, inflammation, and wound healing [10]. Phytochemical investigations of
these plants have focused mainly on iridoids, phenylethanoid glycosides, flavonoids, and essential
oils [5, 10]. Phenolic acids (including chlorogenic and ferulic acids), vitamins B3, C, and E, a-
glucosidase inhibitory activity, and hepatoprotective effects have been described for the related
species Phlomoides tuberosa (syn. Phlomis tuberosa) [3, 7, 9]. Information on soluble
carbohydrates and tannin-related constituents of P. isochila remains limited.

Plant tannins are generally classified as hydrolysable tannins (gallotannins and ellagitannins)
and condensed tannins (proanthocyanidins) [11]. These compounds can bind proteins and metal
ions and exhibit reducing properties [12]. Ellagic acid is the dilactone of hexahydroxydiphenic acid
and may form during ellagitannin hydrolysis [6, 13], whereas gallic acid is widely studied for its
antioxidant properties [4]. Pharmacopoeial titrimetric and spectrophotometric approaches frequently
estimate total tannin content [1, 2], whereas high-performance liquid chromatography permits more
selective examination of individual marker compounds.

Sucrose plays a central role in the long-distance transport of carbon in plants [11]. Soluble
sugars can be separated by high-performance liquid chromatography with refractive-index detection
using amino-bonded stationary phases [8]. The objective of this investigation was to characterize
soluble carbohydrates and selected phenolic markers, particularly gallic acid and a tentatively
assigned ellagic-acid peak, in the aerial parts of P. isochila.

Materials and methods

The aerial parts of Phlomoides isochila were collected during flowering in April 2024 in the
Pap district of Namangan Region, Uzbekistan. Plant material was dried and ground to a particle size
of approximately 3-10 mm. Reference standards of fructose, glucose, sucrose, maltose
monohydrate, gallic acid, and ellagic acid, high-performance liquid chromatography-grade
acetonitrile (Sigma-Aldrich, USA), and deionized water (Millipore Simplicity, France) were used.
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Carbohydrate analysis. Carbohydrates were extracted from the plant material, and the extract
was passed through a 0.45 pm nylon filter. Analyses were performed using an Agilent 1100
chromatograph equipped with a G1362A refractive-index detector (ChemStation Rev. B.01.03) and
a Supelcosil LC-NH2 column (5 pm, 4.6 x 250 mm; Supelco, USA). Isocratic elution was
performed with acetonitrile-water (82:18, v/v) at a flow rate of 1.0 mL/min, a column temperature
of 35 °C, and an injection volume of 5 pL.. Compounds were assigned by comparison with reference
standards and the expected elution sequence on the amino-bonded column (fructose < glucose <
sucrose < maltose).

Phenolic acid analysis. A 10 g sample of plant material was treated with 50 mL of 70 %
ethanol and heated under reflux with stirring for 1 h at 70-80 °C, followed by stirring for 2 h at
ambient temperature. The mixture was filtered, and the residue was extracted twice with 25 mL
portions of 70 % ethanol. Combined filtrates were brought to 100 mL with 70 % ethanol and
centrifuged at 6000-8000 rpm for 20-30 min. The supernatant was analyzed on an Agilent 1200
chromatograph equipped with an autosampler and diode-array detector. An Eclipse XDB-C18
column (5 pm, 4.6 x 250 mm), a flow rate of 0.8 mL/min, a column temperature of 30 °C, a 10 pL
injection volume, and detection at 254 nm were used. The mobile phase consisted of phosphate
buffer (A) and acetonitrile (B), with the following A:B gradient: 0-5 min, 95:5; 6-12 min, 70:30;
12-13 min, 50:50; and 13-15 min, 95:5. Quantities were estimated by external-standard peak-area
calibration and expressed as mg/g of plant material.

Results and discussion

Carbohydrates. The chromatogram (Figure 1) showed a dominant sucrose peak (retention
time, 8.370 min; integrated area, 53,804 units). Fructose and glucose peaks appeared at 5.331 and
5.990 min, respectively. The measured concentrations were 4.944 mg/g for sucrose, 0.810 mg/g for
fructose, and 0.173 mg/g for glucose. The combined concentration of these three compounds with
reported chromatographic parameters was 5.927 mg/g (Table 1). Because the retention time and
peak area for maltose were not available, its previously reported value of 0.040 mg/g was not
included in the analytically supported sum. The predominance of sucrose is consistent with its
recognized role in carbon transport in plants [11].

Table 1. Carbohydrate composition of P. isochila (percentages calculated for three
chromatographically characterized components)

Compound Retention time, min Peak area, nRIU"s Content, mg/g Fraction, %
Fructose 5,331 1899,6 0,810 13,7
Glucose 5,990 404,9 0,173 2,9
Sucrose 8,370 53 804 4,944 83,4
Maltose — — Not confirmed —

Total 5,927 100,0
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Figure 1. Carbohydrate chromatogram of P. isochila (high-performance liquid chromatography
with refractive-index detection; Supelcosil LC-NH2 column): fructose at 5.33 min, glucose at
5.99 min, and sucrose at 8.37 min

Phenolic compounds. A peak with a retention time of 6.789 min was observed in the ethanolic
extract, close to that of the gallic acid reference (6.708 min). The calculated concentration was 5.68
mg/g (Table 2). The peak tentatively assigned to ellagic acid occurred at 9.389 min, which differed
appreciably from the reference standard at 10.163 min; another signal was observed in the sample at
10.215 min. Therefore, the identity and concentration of ellagic acid cannot be regarded as
confirmed on the basis of these observations alone. Additional comparison of ultraviolet spectra,
standard addition, and/or liquid chromatography—mass spectrometry is required.

Table 2. Chromatographic comparison of gallic and tentatively assigned ellagic acid in P. isochila

at 254 nm
Compound Reference retention Sample retention Sample peak area, Content, mg/g
time, min time, min mAU:-s
Gallic acid 6,708 6,789 101,9 5,68
Ellagic acid 10,163 9,389 17,0 Not confirmed
(tentative)
Total —

Note. Identification of ellagic acid from retention time has not been confirmed; its quantitative
estimate was excluded from the overall interpretation.
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Figure 2. Chromatogram of the ethanolic P. isochila extract at 254 nm obtained by high-
performance liquid chromatography with diode-array detection; several peak assignments
remain tentative

The chromatographic profile (Figure 2) also contained several unidentified peaks.
Accordingly, the identification of individual compounds in the phenolic fraction should be
considered preliminary. Further method validation should assess calibration linearity, limits of
detection and quantification, repeatability, and recovery during sample preparation.

Conclusion

High-performance liquid chromatography was used to characterize the soluble-carbohydrate
profile of aerial parts of Phlomoides isochila. Sucrose was the predominant quantified compound
(4.944 mg/g), while fructose and glucose were present at 0.810 and 0.173 mg/g, respectively; the
sum of these three analytes was 5.927 mg/g. In the ethanolic extract, a chromatographic signal
consistent with gallic acid was observed, corresponding to a calculated concentration of 5.68 mg/g.
Unambiguous identification of ellagic acid and quantification of maltose require additional
analytical evidence. These findings provide a basis for further phytochemical characterization and
the development of a validated analytical approach for this plant material.
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Abstract

In recent years, the development of environmentally friendly, highly functional, and
biodegradable polymer nanocomposites based on renewable natural resources has become an
important research area in modern polymer chemistry and materials science. The use of natural
protein polymers and carbon nanomaterials makes it possible to obtain materials with improved
structural and functional characteristics. In this study, a sericin/reduced graphene oxide (SS-rGO)
nanocomposite was synthesized by an alkaline condensation method using sericin, a water-soluble
protein extracted from silk fiber waste. The structure and physicochemical properties of the
obtained nanocomposite were investigated using attenuated total reflectance Fourier-transform
infrared spectroscopy (ATR-FTIR) and X-ray diffraction (XRD). The ATR-FTIR results showed the
presence of interfacial interactions between sericin and graphene oxide, as well as the formation of
strong hydrogen bonds between the functional groups of the components. According to the XRD
results, an increase in the content of the (3-sheet phase of sericin and evidence of partial reduction of
graphene oxide were observed during the formation of the nanocomposite. The identified structural
changes indicate the formation of a stable interfacial system and confirm the structural stability of
the SS-rGO nanocomposite. The obtained results demonstrate the potential of the synthesized
material for the development of functional polymer films, humidity sensors, and biomedical
materials.

AHHOTaLUA

B mocnegHue roabl pa3paboTKa 9KOJOTMUECKH UHCTBIX BbICOKO(YHKIMOHANBHBIX U
Oropa3snaraeMbIX TIOTMMEPHBIX HAHOKOMITO3UTOB Ha OCHOBE BO30OHOBJ/ISIEMOTO MPUPOAHOTO ChIPhsI
CTajla Ba)KHBIM HarmpaBleHHeM HCC/IeloBaHUA B 00/7acTH COBpPeMEHHON XWMWUHW TOJIMMEPOB U
MaTepuasioBefieHusi.  Vicmonb3oBaHWe TIPUPOJHBIX  OENKOBBIX TOJMMEPOB U YITIEPOAHBIX
HaHOMaTepuasjaoB [103BO/IeT T0/yyaThb Marepuajsbl C YAYYIIeHHbIMU CTPYKTYPHBIMM U
(byHKLHMOHABHBIMU XapaKTepUCTUKaMU. B faHHON paboTe MeTO/[0M I1[e/IOUHON KOH/eHCauu Obul
CHUHTEe3UPOBaH HAaHOKOMITO3UT CEepHI[MH/BOCCTaHOB/eHHbIN okcuj rpadeHa (SS-rGO) Ha ocHoBe
cepul[MHa — BOJIOPAaCTBOPUMOTO OeJsika, BbIZIeJIEHHOTO U3 OTXO/IOB I11e/IKOBOTO BOJIOKHA. CTPyKTypa
U (QU3MKO-XUMHUECKHWe CBOMCTBA TIOyYeHHOTO HAHOKOMITO3UTa OBIIM  HMCC/IeIOBaHbI  C
WCTIOMb30BaHUeM MH(MPAKpacHOW CMEeKTPOCKONIMM C  0cC/ablieHHbIM —TIOJTHBIM — BHYTPEHHUM
orpakeHueM (ATR-FTIR) u pentreHoBckoi audpakiuu (XRD). Pesynsratel ATR-FTIR noka3anu
Ha/Muue MeX(a3HbIX B3aUMOJENCTBUM MeXAYy CepUIIMHOM M OKCHJOM TpadeHa, a Takxke
obpa3oBaHMe MPOYHBIX BOJOPOAHBIX CBsi3eld MeXy (YHKIMOHATbHBIMU TDYMIIaMid KOMITOHEHTOB.
CornacHo pe3yneraraM XRD, B ripoiiecce (opMupoBaHWs HAaHOKOMIIO3UTa HabmM0anoch
yBe/IMueHue Cofiep>KaHusi B-cKiaauatoi ¢a3bl CepuliHaA U MPU3HAKK YaCTUYHOTO BOCCTAaHOBJIEHHS
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okcuZia rpadeHa. BrisBiieHHble CTPYKTYpHble W3MeHeHHs CBU/ETE/NbCTBYIOT O (hOpMUPOBaHUU
CTabWIBbHOM Mesk(a3HON CUCTeMBbI M TIOATBEPIK/JAI0T CTPYKTYPHYHO CTabM/ILHOCTH HAHOKOMITO3HUTA
SS-rGO. TIlonyuyeHHble pe3ynbTaTbl  [JeMOHCTPUPYIOT — ME€PCIIeKTUBHOCTb  MCIIO/Ib30BAHUSA
CUHTEe3UPOBAaHHOTO MaTepuara [ijisi pa3paboTKu (PyHKLIMOHAIBHBIX TIOJIMMEPHBIX TUIEHOK, JaTUMKOB
BI@XHOCTY ¥ OMOMEeIUIITHCKHX MaTeprasioB.

Keywords: sericin, graphene oxide, reduced graphene oxide, nanocomposite, biomaterial,
condensation synthesis.

KroueBble c/I0oBa: CepulMH, OKCHA rpadeHa, BOCCTaHOB/IEHHBIM OKcuf rpadeHa,
HaHOKOMIIO3WT, OMOMaTepHall, KOH/IeHCAlIMOHHbIN CUHTe3.

1. Introduction

In recent years, the development of polymer nanocomposites based on renewable natural raw
materials—exhibiting eco-friendly, biodegradable, and highly functional properties—has become
one of the most relevant fields in materials science and macromolecular chemistry [1,2]. In
particular, the production of high-value biomaterials from silk industry by-products is of significant
scientific and practical importance from the perspective of implementing «green chemistry»
principles and achieving effective waste utilization [2,3]. Sericin protein, derived from silk industry
waste, is an eco-friendly, biodegradable, and biocompatible natural biopolymer. The presence of
active functional groups such as amine, hydroxyl, and carboxyl groups in the structure of sericin
enables its modification with various nanomaterials. However, the relatively low mechanical
strength, thermal stability, and water resistance of pure sericin limit its scope of practical
applications. To overcome these limitations, the development of nanocomposites based on graphene
oxide (GO) and reduced graphene oxide (rGO) represents one of the most promising approaches
[1,2].

Silk fiber is mainly composed of fibroin and sericin proteins, with sericin accounting for 20—
30 % of the total mass of silk fiber [2]. Although sericin extracted during the degumming process in
the textile industry was long considered waste, it currently attracts significant interest as a
biomaterial due to its high content of amino acids, superior hydrophilicity, antioxidant activity,
biocompatibility, and film-forming ability [2,3]. The presence of hydroxyl (~OH), amine (-NH,),
and carboxyl (-COOH) groups in the sericin molecule enables it to form intermolecular bonds with
various nanomaterials [2].

However, pure sericin-based materials exhibit low mechanical strength, insufficient water
resistance, and a tendency to swell rapidly in humid environments. Furthermore, their thermal
stability and electrical conductivity are inadequate for modern functional devices. Consequently,
extensive research is being conducted on modifying sericin with various inorganic nanofillers [4,5].

Carbon-based nanomaterials, particularly graphene, graphene oxide (GO), and reduced
graphene oxide (rGO), represent among the most promising materials for developing polymer
nanocomposites due to their two-dimensional crystal lattice, high mechanical strength, large
specific surface area, chemical stability, and electrical conductivity [4,6]. The presence of hydroxyl,
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epoxy, and carboxyl functional groups in GO enables the formation of strong hydrogen bonds and
electrostatic interactions with protein molecules [6]. Consequently, GO is widely used as an
effective nanofiller for biomacromolecules.

In recent years, the application of composite materials based on sericin and graphene oxide in
humidity sensors, flexible electronics, and biomedical fields has expanded significantly. Lee et al.
demonstrated that multilayer films prepared from GO/sericin/multi-walled carbon nanotubes
exhibited high sensitivity within a relative humidity range of 11-97 % and represented a promising
material for real-time respiration monitoring [1]. The authors emphasized that the hydrophilic
nature of sericin, combined with the GO layers, enhances the adsorption of water molecules and
significantly reduces the sensor's response time.

Cho et al. discovered that in flexible sensors based on rGO/silk fibroin, the formation of a
robust interface between the silk protein and graphene layers significantly increases the elastic
modulus of the material and maintains high stability under repeated bending [7]. These results
demonstrate that combining graphene-based nanomaterials with silk proteins enhances both
mechanical and functional properties.

Jain et al. summarized research on humidity and gas sensors based on silk and its composites,
highlighting that the high sensitivity, fast response time, and biocompatibility of sericin- and
graphene-based systems make them promising materials for wearable electronics [2]. Furthermore,
graphene-based materials are widely applied in bioengineering and regenerative medicine. Das et al.
demonstrated that rtGO-modified silk biomaterials stimulate cell proliferation and enhance electrical
conductivity [3].

An analysis of the existing literature indicates that studies dedicated to the synthesis of
sericin—reduced graphene oxide (SS-rGO) nanocomposites via an alkaline condensation method in
the presence of ammonium carbonate, as well as the comprehensive investigation of their structural
changes using XRD and ATR-FTIR spectroscopy, remain limited. In particular, the transition of the
sericin secondary structure into (3-sheet phases, the mechanism of interfacial bond formation, and
the alterations in the electronic structure of the nanocomposite have not been sufficiently elucidated.

In this context, the objective of this work is to synthesize the SS-rGO nanocomposite based
on sericin and graphene oxide via a condensation method, to conduct a comprehensive structural
analysis of the obtained material using XRD and ATR-FTIR spectroscopy, and to evaluate the
physicochemical properties of the resulting nanocomposite.

2. Materials and Methods

Research Materials. In this study, natural sericin protein was utilized as the biopolymer
matrix. Sericin was extracted during the degumming process of silk fibers, purified under laboratory
conditions, and dried. The bleached and purified sericin served as the primary polymer component
in subsequent experiments. Due to the abundance of hydroxyl (-OH), amine (-NH,), and carboxyl
(-COOH) functional groups in its structure, sericin possesses a high capacity to form strong
intermolecular interactions with graphene oxide [1-3].
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Graphene oxide (GO) dispersion was used as the nanofiller. Graphene oxide is characterized
by a large specific surface area, the presence of oxygen-containing functional groups, and its ability
to form stable dispersions in aqueous media. These features make it an effective component for the
synthesis of protein-based nanocomposites [4,6].

Analytical grade ammonium carbonate ((NH,),CO,) reagent was used to create an alkaline

medium during the synthesis process. Distilled water was employed as the reaction medium.

Table 1. Reagents used in the synthesis of SS-rGO nanocomposite

Reagent Chemical Formula Function
Sericin Protein Biopolymer matrix
Graphene oxide GO Nanofiller
Ammonium carbonate (NH,),CO, Alkaline agent / pH regulator
Distilled water H,0 Solvent
Research Methods

The synthesis of the SS-rGO nanocomposite was carried out using a condensation synthesis
method. Initially, 0.1g of sericin protein was dissolved in 10ml of distilled water to prepare a 1 %
(w/v) aqueous solution of sericin. Bleached sericin was dissolved in the required amount of distilled
water with continuous stirring on a magnetic stirrer until complete dissolution was achieved.

In a separate container, an aqueous dispersion of graphene oxide was prepared. Subsequently,
the sericin solution and graphene oxide dispersion were mixed at a 1:0.5 mass ratio. This ratio was
selected to ensure a uniform distribution of graphene oxide particles within the sericin matrix and to
enhance the structural stability of the nanocomposite [5,6].

The reaction was conducted via the condensation method within a temperature range of 80—
100 °C. Since composite formation was performed in an alkaline medium, ammonium carbonate
was added to the reaction mixture. The alkaline medium enhances the activation of functional
groups on the sericin molecules, facilitating the formation of hydrogen bonds and other
intermolecular interactions with graphene oxide [2,4].

Upon completion of the reaction, the resulting composite was cooled to room temperature and
dried to a constant weight. The dried sample was then prepared for subsequent physicochemical
analyses.

ATR-FTIR Analysis. ATR-FTIR spectroscopy was employed to identify functional groups
within the nanocomposite and to evaluate the intermolecular interactions between sericin and
graphene oxide. Spectra were recorded in the range of 4000500 cm™. Changes in the Amide I,
Amide II, and Amide III regions were analyzed in the obtained spectra to assess the mechanism of
composite formation [1,3].ATR-IR Fourier spectroscopy analyses were performed on a “FTIR 4600
JASCO” (Japan) spectrophotometer.

X-ray Diffraction Analysis (XRD)X-ray diffraction was utilized to determine the degree of
crystallinity and phase composition of the nanocomposite. Based on the XRD diffractograms, the
secondary structure of sericin and the degree of reduction of graphene oxide were evaluated [4,7].
Crystallinity degree of the samples were measured by powder x-raydiffraction (XRD, Rigaku, The
SmartLab SE, Japan(Khorezm Mamun Akademy lab))
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3. Experimental section

The synthesis of the sericin-reduced graphene oxide (SS-rGO) nanocomposite was carried out
via a condensation method. First, a 1 % (w/w) aqueous solution was prepared by dissolving 0,1g of
purified sericin in 10ml of distilled water using a DLAB MS7-H550-S magnetic stirrer with
continuous stirring until a homogeneous solution was obtained. In a separate vessel, an aqueous
dispersion of graphene oxide was prepared and added to the sericin solution at a mass ratio of 1:0.5.
The mixture was maintained under constant stirring until homogeneity was achieved.

The formation of the nanocomposite was conducted in an alkaline medium, with ammonium
carbonate ((NH,),CO,) utilized to maintain alkalinity. The alkaline medium promotes the ionization
of functional groups within sericin, enhancing intermolecular interactions with the oxygen-
containing groups of graphene oxide.

The reaction proceeded within a temperature range of 80-100 °C. During heating, hydrogen
bonding and other non-covalent interactions developed between sericin and graphene oxide,
resulting in a three-dimensional nanocomposite structure. Upon reaction completion, the product
was cooled to room temperature and dried to a constant mass.

The dried sample was ground and prepared for physicochemical characterization using ATR-
FTIR and X-ray diffraction (XRD). These analyses enabled the evaluation of the functional groups,
crystallinity, and optical properties of the nanocomposite.

4. Results and Discussion

In this study, the structural and optical properties of the synthesized SS-rGO nanocomposite
were investigated using ATR-FTIR and X-ray diffraction (XRD). The obtained experimental results
enabled the identification of intermolecular interactions occurring between sericin and graphene
oxide, the evaluation of the crystal structure of the composite, and the characterization of alterations
in its optical properties.

During composite formation, the amine, hydroxyl, and carboxyl groups of the sericin
molecule interact with the oxygen-containing functional groups of graphene oxide. As a result of
these interactions, specific changes occur in the molecular structure, secondary structure, and
electronic states of the composite. These modifications were elucidated using spectroscopic
methods, providing insights into the mechanism of composite formation.
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Figure 1. ATR-FTIR analysis of the Sericin-GO sample

ATR-IR Fourier spectroscopy analyses were performed on a “FTIR 4600 JASCO”
spectrophotometer and studied in the range of 4000 — 400 cm [8].

In the ATR-FTIR analysis of the Sericin-GO sample, a decrease in peak intensity was
observed at 1631 cm, accompanied by an enhancement of the peak at 1660 cm™ (Figure 1). In
proteins, the 1600-1700 cm™ region corresponds to Amide I (C=O stretching) and is highly
sensitive to the secondary structure of sericin. The reduction of the peak at 1632 cm™ indicates the
disruption of the ordered [B-sheet structures of sericin, as the 1615-1635 cm™ region typically
corresponds to (3-sheet conformations. The intensity enhancement in the 1651.5-1660 cm™ range
aligns more closely with the random coil/a-helix region. In other words, the interaction with GO led
to a conformational rearrangement in the secondary structure of sericin or its transition into another
type of conformation (a-helix/random coil).

In the protein backbone, the 1520-1550 cm™ range (Amide II region) corresponds to N—-H
bending and C—N stretching vibrations. In the ATR-FTIR analysis of the SS-rGO sample, a decrease
in intensity at 1527 cm™ and the appearance of a new peak at 1542 cm™ were observed. This
indicates a change in the chemical environment surrounding the —NH groups of sericin (due to
bonding with GO functional groups). Furthermore, the slight blue shift of the Amide II peak
suggests alterations in the N—H hydrogen bonding and the electron density around the —C—N—
bonds.

The enhancement of the peak at 1156 cm™ and the emergence of a new peak at 1120 cm™
correspond to C—O and C—-O—C (ether/polysaccharide/alcohol) stretching, as well as C—N vibrations
in some instances.

Sericin contains abundant ~OH, -NH,, and ~COOH groups, while GO possesses numerous —
OH, —O-, -COOH, and C-O—C bonds, allowing these functional groups to interact. New hydrogen
bonds are formed between the oxygen-containing groups of GO and the —OH/-NH groups of
sericin, or ester/ether-type C—O—C and C—O bonds are strengthened.
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Figure 2. X-ray diffraction (XRD) analysis of the SS-rGO nanocomposite

X-ray diffraction (XRD) analysis of the SS-rGO nanocomposite was performed (Figure 2).
The XRD analysis of isolated sericin exhibited a broad, prominent diffraction peak at 26~ 19.3°.
This peak is associated with random coil and o -chain conformations, indicating a low content of [3-
sheet structure and demonstrating that sericin consists primarily of an amorphous phase [7]. The
peak at 20~ 26.64° is typically not observed in the XRD spectrum of pure sericin protein. The
appearance of this peak is attributed to the denser packing of (-sheet structures in sericin, a
phenomenon established to occur mainly as a result of ethanol precipitation and heat drying of
sericin [9,10]. The minor peak at 12.49° may indicate partial crystallization of sericin.

The characteristic peak corresponding to GO was not observed in the diffractogram.
Typically, GO exhibits a strong (001) reflection at 9°-12°. Here, a smaller peak was detected at
14.19°, which may be associated with the formation of partially reduced GO (rGO) due to
interactions with sericin. The emergence of a peak at 17.9° is attributed to the transformation of o -
helix or random coil chains into (-sheets. The diffraction peaks at 22.39° and 28.86° correspond to
B-sheet crystals (characteristic of the Silk II phase in silk proteins). While sericin is predominantly
amorphous, the incorporation of GO induces [-sheet structure formation [12,13]. The peaks at 31°,
32.79°, 36.07°, 37.64°, and 39.80° are associated with new phases or induced crystalline structures
within the sericin—-GO composite resulting from the enhancement of -sheet content. Overall, the
addition of GO organized the sericin structure, facilitating a transition from an amorphous state to
an ordered [-sheet conformation, which consequently increased the degree of crystallinity of the
composite.
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5. Conclusion

In this study, an SS-rGO nanocomposite material was successfully synthesized via a
condensation method using natural sericin protein and graphene oxide. During the synthesis
process, a 1 % solution of sericin and a graphene oxide dispersion were mixed at a 1:0.5 mass ratio,
and the reaction was carried out in an alkaline medium at 80-100 °C. Ammonium carbonate was
utilized to establish the alkaline medium.

The experimental results demonstrated that the selected synthesis conditions were effective in
forming a stable composite structure between sericin and graphene oxide. The alkaline medium and
heating process enhanced the interactions between the functional groups of the sericin molecules
and the oxygen-containing groups of graphene oxide, creating favorable conditions for
nanocomposite formation.

The resulting SS-rGO nanocomposite, as a highly functional biopolymer material, holds
strong potential for applications in humidity sensors, functional coatings, biosensors, and other
advanced composite materials. The findings of this study indicate that modifying sericin-based
natural biomaterials with carbon nanomaterials significantly expands their practical application
scope.

References

1. Lee C., Cho H., Choi J., Lee C.B., Lee S., Kim D.K., Kim S. Multifunctional and flexible
graphene oxide/silk sericin/carbon nanotube thin films on polyimide for real-time humidity
sensing // European Polymer Journal. — 2025. — Vol. 225. — Art. 113731. — DOI: 10.1016/
j.eurpolymj.2025.113731.

2. Jain S., Vedavyas V., Prajwal R.V,, Shaji M., Nath V.G., Angappane S., Achutharao G. Silk and
its composites for humidity and gas sensing applications // Frontiers in Chemistry. — 2023. —
Vol. 11. — Art. 1141259. — DOI: 10.3389/fchem.2023.1141259.

3. Das J.M., Upadhyay J., Monaghan M.G., Borah R. Reduced graphene oxide-coated silk
biomaterials: fabrication, electrical properties and biomedical applications // ACS Applied Bio
Materials. — 2024. — Vol. 7, No. 4. — P. 2389-2401. — DOI: 10.1021/acsabm.4c00052.

4. Sett A., Biswas K., Majumder S. et al. Graphene and graphene-based nanocomposites for
humidity sensing: recent trends and challenges // IntechOpen. — 2023. — DOI: 10.5772/
intechopen.98185.

5. Wang S.L. et al. Silk sericin and its composite materials with antibacterial properties to enhance
wound healing: a review // Biomolecules. — 2024. — Vol. 14.

6. Veiga A. et al. Sericin-based biomaterials: extraction, structure, functionalization and
biomedical applications // Journal of Materials Chemistry B. — 2024. — DOI: 10.1039/
D4TBO00386A.

7.Cho H., Lee C., Lee C.B., Lee S., Kim S. Robust, ultrathin and highly sensitive reduced
graphene oxide/silk fibroin wearable sensors for physiological sensing // Biomacromolecules. —
2023. —Vol. 24, No. 6. — P. 2606-2617. — DOI: 10.1021/acs.biomac.3c00106.

8. JASCO Corporation, Fourier Transform Infrared Spectrometer FT/IR-4000 and 6000 series //
Operation Manual. — 2002.

326



Ne 11 (149) UNIVERSUM: HOA6pb, 2026 2.

9. Pattanaik J. et al. Modification of sericin using cyanuric chloride and its application on the
textile substrate to impart multifunctional properties // Surface Science and Technology. — 2024.
—Vol. 2.

10. Arango M.C. et al. Effect of ethanol post-treatments over sericin scaffolds for tissue engineering
applications // Journal of Polymers and the Environment. — 2023. — Vol. 31. — P. 1800-1811.

11. Oh H. et al. Refining hot-water extracted silk sericin by ethanol-induced precipitation //
International Journal of Biological Macromolecules. — 2011. — Vol. 48. — P. 32-37.

12. Jayavardhini B. et al. Graphene oxide impregnated sericin/collagen scaffolds—Fabrication and
characterization // Materials Letters. — 2022. — Vol. 307.

13. Abdolmaleki A., Mahmoudian M. Use of biomass sericin as matrices in functionalized
graphene/sericin nanocomposites for the removal of phenolic compunds // Heliyon. — 2020. —
Vol. 6.

327



Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

Received: 24.09.2026
Accepted: 11.10.2026
Published: 07.11.2026

Y/IK 678.5+628.3

DOI: 10.32743/UniChem.2026.149.11.23528

Production of a polymer composite using phosphogypsum as a filler

Baybabayeva Dilfuza

master's student

Nizami National Pedagogical University of Uzbekistan
Republic of Uzbekistan, Tashkent

Niyozov Khabibullo

senior Lecturer

Department of Chemistry Chirchik State Pedagogical University
Republic of Uzbekistan, Chirchik

E-mail: interpolymer.nxa@gmail.com

Mukhamedov Gafurdjan

doctor of Chemical Sciences, Professor, Rector
of Chirchik State Pedagogical University
Republic of Uzbekistan, Chirchik

HpOI/BBO}ICTBO IMMO/IMMEPHOIo KOMITO3UTd C HCII0/Ib30BdHUEM d)oabornnca B
KauecTBe HaIlO/THUTe/IA

Batioabaesa Juagyza Baxodup kusu

mazucmpaim

HayuoHanbHblll nedazoeuveckull yHueepcumem Y3bekucmaa umeru Huzamu
Pecnybauka Y36ekucmat, 2. TawukeHm

Hué3oe Xabubynio A6dyniaesuu

cmapwutl npenodagamenb Kageopbl xumuu ¢akyabmema ecmecmeeHHbIX HAYK
YupuuKckuli 20cydapcmeeHHblil hedazo2uuecKkutl yHusepcumem

Pecnybauka Y36exkucmaH, 2. Qupuuk

Myxamedos I'agpypdscan Ucpaunosuu

0-p Xum. Hayk, npoc., pekmop

Yupuukckuli 20cyoapcmeeHHbIll nedazo2uueckutl yHugepcumem
Pecnybnuka Y36ekucmaH, 2. Hupuuk

Bubiuorpaduueckoe onucanue: baiibabaesa [1.5. ku3u, Huézor X.A., MyxamezoB I.1. TIpor3Bo/iCTBO [OMMEPHOTO KOMITO3UTa C
Hcrosb3oBaHueM (ocdorurca B KauecTBe HaroHUTeNs // Universum: XUMuUsi 1 OUOJIOTHS © 3/1eKTPOH. HayuH. XXypH. 2026. 11(149).
URL: https://7universum.com/ru/nature/archive/item/23528

For citation: Baybabayeva D., Niyozov K., Mukhamedov G. Production of a polymer composite using phosphogypsum as a filler //
Universum: Chemistry and Biology : electronic scientific journal. 2026. No. 11(149). Available at: https://7universum.com/ru/nature/
archive/item/23528

328


https://7universum.com/ru/nature/archive/item/23528
https://7universum.com/ru/nature/archive/item/23528
https://7universum.com/ru/nature/archive/item/23528

Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

Abstract

This article describes the processing of phosphogypsum, a large-scale by-product of the
chemical fertilizer industry, for the production of a polymer composite material. The study aimed to
obtain a composite based on phosphogypsum and to examine its structural characteristics using
physicochemical analytical methods. Phosphogypsum was washed with distilled water at 60—70 °C
at a solid-to-liquid ratio of 1:3, dried at 105 °C for 4 h to constant mass, ground, and fractionated to
obtain a 100-200 pm filler fraction. Sand, phosphogypsum, sodium carboxymethylcellulose (Na-
CMC), and urea-formaldehyde resin (KFS) were combined at a mass ratio of 2:1:1:1 and heat-
treated at 105-110 °C. The obtained material was characterized by infrared spectroscopy (IR),
scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS). The IR
spectrum showed absorption bands associated with hydroxyl, amine, carboxylate, C—-O-C, and C-H
groups. SEM observations at X160 magnification revealed an aggregate porous structure with
particles and agglomerates in the micrometre range. EDS identified C, N, O, Na, Al, Si, P, S, K, Ca,
and Fe, with calcium and oxygen among the major detected elements. The results demonstrate the
formation of a heterogeneous polymer—mineral composite structure containing phosphogypsum as
the principal mineral component.

In the course of the work, optimal conditions for the synthesis of the composite material were
selected, and the structural structure of the obtained samples was comprehensively studied using
modern physicochemical analysis methods—IR spectroscopy and SEM-EDS (scanning electron
microscopy and energy-dispersive X-ray spectroscopy). IR spectroscopy analysis reveals the nature
of the base, crystalline hydrate, and formal bonds within the material.

AHHOTaUsA
B crathe paccmaTpuBaercsi mepepaboTKa (ocdorurnca — KpPYIMHOTOHHAaXXKHOTO TTOOOYHOTO
MPOJYKTa XWUMHUYECKOW TMPOMBIIIJIEHHOCTH — [JIs1 TIOJyYeHUsl TIOJTMMEPHOTO KOMIIO3UIIMOHHOTO

Marepuaa. L{enbio paboThl SB/ISIOCH MOTyYeHHe KOMITO3UIMK Ha OCHOBe ¢ocdorurica u uydeHue
€€ CTPYKTYPHBbIX XapaKTepUCTHK C TIpMMeHeHHeM COBPEeMEHHBIX (PU3MKO-XUMHUECKHUX MEeTO/IO0B
aHanmu3a. Mcxonueiii ¢ocdorurc npomeiBaau JUCTU/UIMPOBaHHOM BoZiol npy Temreparype 60—70
°C 1p¥ MacCOBOM COOTHOILIIEHHH TBEPAOM U »uakou a3 1:3, 3arem cymmnu ripu 105 °C B TeueHue
4 4 10 TIOCTOSIHHOM MacChl, U3Mebuaiy 1 paszensiiu no ¢pakiusM. B KauecTBe LienieBoit ¢ppakuyu
WCMoMb30BaMd  yactuibl  pasmepom  100-200 wmkm. [lecok, ¢ocdorunc, HaTpuii-
KapbokcumeTuieutono3y (Na-KML]) u kapbamugodopmanbaervgayto cmony (KPC) cmermBamm
B MacCOBOM COOTHoIeHuu 2:1:1:1 u nozaBepramu Tepmoobpabotke ripu 105-110 °C. ITonydyeHHbIH
KOMITO3UT ucciefoBanu metofaMu VIK-crieKTpocKonum, CKaHUpYHOLLel 3/1eKTPOHHON MUKDPOCKOTUU
(COM) u >HeprofvcriepCUOHHOW peHTreHOBCKoM crnekTpockonuu (3JC). UK-cnekTp BbIIBUI
T0JI0CHI TIOITIOIIEHUs], CBsi3aHHble C TWAPOKCUIbHBIMHM, aMUHHBIMH, KapOokcunatHeiMu, C—O—C u
C-H rpynnamu. COM npu yBemnueHun *160 T10OKasajsa TOPUCTO-arperaTHyr0 CTPYKTYpy C
YyacTULIAMU U arsioMepataMu MUkpometpoBoro pa3mepa. JC BeisBun C, N, O, Na, Al, Si, P, S, K,
Ca u Fe, mpu 3TOM KajbLWi W KUCIOPOJ, OTHOCSTCS K OCHOBHBIM OOHApy>KeHHBIM 3/IeMEHTaM.
[TonyyeHHble  pe3yabTaThl  IMOATBEPXAAlOT  (QOpPMHpOBaHWe  HEOJHOPOJHON  IOJIMMEpPHO-
MUHepasbHOM CTPYKTypbl, B KOTOpOW Qocdorurc BbICTyIaeT OCHOBHBIM MHHepabHbIM
KOMITOHEHTOM.
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B xome paboTbl ObUM BbIOpaHBI ONTHMasbHBIE YCAOBHS CHHTE3a KOMIIO3UIIMOHHOTO
Marepuasa, a CTPYKTYpPHasi CTPYKTypa TMOJy4YeHHbIX 00pa3loB Oblla BCECTODOHHE H3yueHa C
WCTIO0/b30BaHUEM COBPEMEeHHbIX (PU3MKO-XMMHUeCKHUX MeTo[oB aHanu3a — WK-crekTpockonuu U
COM-3/IC (ckaHupytoIasi 371eKTPOHHAsE MUKDOCKOIHS M SHEProIMCriepCHOHHasi PeHTreHOBCKast
cnekTpockonusi).  MK-crekTpockonuuecknid — aHaiv3  BBIABASET  I[IPUPOZLY  OCHOBAaHUS,
KpUCTaJ/UIOTHpaTa U popMasbHbIX CBsi3eii B MaTepualie.

Keywords: Phosphogypsum, secondary raw material, ecological problem, composite
materials, urea-formaldehyde resin.

KroueBbie C/1I0Ba: qDOCCbOFI/IHC, BTOPpHUYHOE CbIpbE, 3KOJIorn4yeckas HpO6JIeMa,
KOMIIO3WIJUOHHbIE MdTe€pHaJibl, MO‘—IeBI/IHa-d)OpMaJIB,Z[eFI/I,Z[HaH CMOJ/Ia.

1. Introduction

Phosphogypsum is a secondary raw material formed in the fertilizer industry. Phosphogypsum
is not a widely used product in the chemical industry today; it is stored in large open areas and
poses a major environmental problem due to the presence of toxic and radioactive elements [6]. The
growing demand for agriculture is one of the important factors in the severity of this environmental
problem. Nevertheless, there is some potential for using this secondary raw material in construction,
waste-water treatment, cultivation, etc. [8] In agriculture, phosphogypsum is commonly used as a
feed source due to its high content of phosphorus, calcium, and sulfur. However, there are still some
environmental problems associated with the use of this additive [5].

Gypsum-based materials (plaster, tiles, plastering materials, gypsum and similar building
materials) are widely used in the field of building materials due to the ease of the production
process [3]. At the same time, they possess good physical and mechanical properties [7]. For
example, their fire resistance, safety, thermal conductivity, lightness in mass, and other properties
are of particular importance. Such substances release less harmful substances into the environment
and consume less energy [11].

CaSO,-2H,0 = CaSO,-0.5H,0 + 1.5H,0

Typically, natural gypsum was used as a thickening agent. In countries with limited sources of
natural gypsum, other gypsum-related residues, such as phosphogypsum, were used as an
alternative thickener. The most common of the aforementioned residues is phosphogypsum. It
amounts to 300 million tons per year worldwide (according to 2024 estimates) [1].

To date, there are no technologies ensuring the economic efficiency of using large volumes of
phosphogypsum; therefore, almost the entire volume of the resulting phosphogypsum is sent to
open areas for long-term storage. The expansion of secondary phosphogypsum raw materials did
not solve the problem of phosphogypsum accumulation and long-term storage [9].

Based on the above research, as well as in order to expand the use of phosphogypsum, a
polymer composite material based on phosphogypsum was obtained [4]. First of all, let us dwell
separately on the composite materials themselves. Composite materials are materials formed by the
volumetric combination of chemically non-different components that do not interact with each
other, and the components are separated from each other by a clear boundary [10].
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In the process of obtaining interpolymer composite materials based on phosphogypsum, the
processes of preparation, mixing, homogenization, molding, and drying of raw materials are of
primary importance [2]. Practical processes are one of the main factors determining the final
physical and mechanical properties of the composite [3].

2. Materials and methods

2.1.Washing. Phosphogypsum raw material was mixed with distilled water at a solid-to-liquid
mass ratio of 1:3 and maintained at 70 °C for 1 h under continuous stirring. After washing, the solid
fraction was separated by filtration and subsequently subjected to drying. Establishing a
temperature of 60 — 70 °C increases the diffusion coefficient of soluble fluorides and phosphoric
acid residues, while corresponding to the zone of anomalous decrease in the solubility of calcium
sulfate dihydrate (CaSO,-2H,0), which minimizes the loss of the base material.

2.2. Drying. After the washing process, a heat treatment stage was applied to drive the high
hygroscopic moisture content of the phosphogypsum and the free water molecules bound between
the components. The filtered wet phosphogypsum mass was subjected to thermal destruction in a
drying cabinet at a temperature of 105 °C for 4 hours until it reached a constant mass. The
temperature of 105°C ensures the complete evaporation of only physically and chemically bound
adsorption water without affecting the chemically bound crystallization water in the gypsum crystal
lattice (the gypsum dihydrate form). Exceeding the temperature of 120-130 °C was not permitted,
as this could initiate the CaSO,-2H, O transition phase to CaSO,-0.5H,0 (semi-hydrate or alabaster)
and subsequently lead to the reactive regeneration (swelling) of the gypsum in the polymer matrix.

2.3. Grinding and screening. After drying, the phosphogypsum was mechanically ground
using a Raymond mill for 25-30 min to break up agglomerates and obtain a more uniform particle-
size distribution. The ground material was subsequently subjected to sieve classification. The 100—
200 pm fraction was isolated using laboratory sieves, with particles passing through the 200 pm
sieve and retained on the 100 um sieve collected as the target phosphogypsum filler fraction.

2.4. Composite preparation. The composite formulation was prepared using sand,
phosphogypsum, sodium carboxymethylcellulose (Na-CMC), and urea-formaldehyde resin (KFS)
in a nominal component proportion of 2:1:1:1. For the experimental batch, 200 g of sand and 100 g
of dried, 100-200 pm phosphogypsum were used as the mineral components. Subsequently, 100 mL
of Na-CMC solution and 100 mL of KFS were added as the polymeric/binding components.
Because the first two components were measured by mass whereas the polymeric components were
measured by volume, the 2:1:1:1 designation is reported as the nominal formulation proportion
rather than a strict mass ratio. The components were mixed thoroughly until a visually
homogeneous mixture was obtained. The prepared mixture was then placed in a drying/heat-
treatment oven and maintained at 105-110 °C to promote moisture removal, consolidation of the
composite structure, and interaction between the mineral filler and polymeric binder. After heat
treatment, the samples were cooled to room temperature and prepared for subsequent
physicochemical characterization by IR spectroscopy, SEM, and EDS.
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3. Result

3.1. The broad bands observed near 3536.64 and 3376.54 cm™ can be associated mainly with
O-H stretching vibrations arising from hydroxyl groups and adsorbed moisture. The band near
1647.28 cm™ can be assigned predominantly to H-O-H bending vibrations of molecular water;
contributions from functional groups of the polymeric components may also occur in this region.

The strong absorption around 1031.00 cm™ is consistent with C—O and C-O-C stretching
vibrations associated with the polysaccharide-based Na-CMC component and may also overlap
with vibrations of the sulfate-containing mineral phase. The bands in the lower-wavenumber region,
particularly around 596.99 and 513.09 cm™, are consistent with sulfate-related vibrations
characteristic of calcium sulfate phases. The weak features near 394.46 and 389.64 cm™ are located
in the low-frequency lattice-vibration region and may be associated with mineral-phase vibrations.

The bands at approximately 2526.86, 2354.22, and 2139.15 cm™ should be interpreted
cautiously because absorption in these regions can arise from overlapping or weak bands and, in
some cases, atmospheric CO, contributions. Therefore, these peaks are not assigned to a specific
chemical bond without additional spectral evidence.

Overall, the FTIR spectrum demonstrates the coexistence of organic polymer-associated
functional groups and inorganic phosphogypsum-related vibrations in the obtained composite. The
FTIR results, together with the SEM—-EDS observations, support the formation of a heterogeneous
polymer—mineral composite structure. However, the FTIR spectrum alone is not sufficient to
establish the formation of new chemical bonds; such a conclusion would require comparison with
spectra of the individual starting components and, preferably, additional structural analysis.

3.2. Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy (SEM—EDS).
The microstructural morphology and elemental composition of the obtained phosphogypsum-based
polymer composite were investigated using a ZEISS EVO 10 scanning electron microscope
equipped with an energy-dispersive X-ray spectroscopy (EDS) system. SEM was used to evaluate
surface morphology, particle distribution, agglomeration, interparticle contacts, and pore structure,
whereas EDS was used to determine the elemental composition of selected regions of the
composite. The ZEISS EVO platform supports integrated SEM imaging and EDS microanalysis for
material characterization.

Before analysis, the composite samples were dried and prepared as representative fragments
with a relatively flat observation surface. SEM micrographs were recorded at selected
maghnifications, including x160, with a scale bar of 100 um for the presented micrograph.

The SEM image revealed a heterogeneous aggregate—porous morphology consisting of
irregular mineral particles, agglomerated regions, and interparticle voids. The morphology can be
related to the combined presence of sand and the 100-200 pm phosphogypsum fraction together
with the Na-CMC and KFS binder components. The preliminary washing, drying, grinding in a
Raymond mill for 25-30 min, and subsequent particle-size classification provided a defined
phosphogypsum filler fraction for composite preparation. Local agglomeration remained visible,
indicating that the mineral particles were not distributed completely uniformly throughout the
polymer-containing phase.
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The observed pores and interparticle voids may be associated with particle packing during
mixing, moisture removal, and consolidation during heat treatment at 105-110 °C. Thus, the SEM
observations indicate a heterogeneous polymer—-mineral microstructure. SEM morphology alone
does not establish mechanical strength or the formation of specific chemical bonds; such
conclusions require complementary mechanical and spectroscopic evidence.

The EDS analysis identified C, N, O, Na, Al, Si, P, S, K, Ca, and Fe in the investigated
composite. The normalized elemental composition was: C—43.99 wt.%, N—6.69 wt.%, 0—24.62
wt.%, Na—~0.32 wt.%, Al—0.17 wt.%, Si—0.15 wt.%, P—1.68 wt.%, S—6.92 wt.%, K—0.30 wt.
%, Ca—14.66 wt.%, and Fe—0.50 wt.%, with a total of 100.00 wt.%. The relatively high carbon
and nitrogen contents are consistent with the organic polymeric components, particularly Na-CMC
and KFS. Calcium, sulfur, phosphorus, and oxygen are consistent with the mineral fraction
containing phosphogypsum, while silicon and aluminum can be associated mainly with the mineral
components. The simultaneous detection of these elements supports the combined organic—mineral
nature of the composite.

The SEM-EDS findings were considered together with the FTIR results to provide
complementary information on the morphology, elemental composition, and chemical groups
present in the obtained phosphogypsum-based polymer composite.

Sand: phosphogypsum: Na-CMC: KFS were taken in a mass ratio of 2:1:1:1, mixed with each
other, and a homogeneous mixture was formed. The resulting homogeneous mixture was baked in a
105 — 110°C furnace to synthesize a composite material. © At high temperatures, the separation of
water molecules disrupts the crystal lattice, forming a denser, anhydrite phase. This process is an
endothermic dehydration reaction. Water molecules form coordination bonds around Ca?" and
SO 42‘ ions, restoring a stable «crystal lattice.» This process activates crystal growth. Additives such
as CFCs and Na-CMC (chemical modifiers or polymer binders) affect the structural formation of
the system. In an amorphous structure, atoms are not arranged in an orderly manner over long
distances, which reduces the degree of crystallization. In general, these factors directly determine
the microstructure (crystalline or amorphous state) of the material and its mechanical properties.

4. Discussion

4.1. IR spectroscopy. The composite material obtained in the study was analyzed using IR
spectroscopy. Based on the obtained spectra, the functional groups in the composite material and
their interactions were determined. In the 3536.64 cm—1 and 3376.54 cm—1 bands, the presence of -
OH and -NH groups belonging to high-frequency electronegative atoms can be observed. Due to the
hydroxyl (-OH) groups of this Na-CMC, wide-band absorption occurs in the regions of 3536.64
cm—1 and 3376.54 cm—1. The peaks at 3536.64 cm—1 and 3376.54 cm—1 correspond to asymmetric
and symmetric valence vibrations of the residual secondary amine (-NH-) and primary amine (-
NH2) groups in the urea residue. Furthermore, the -OH vibrations of the free methylol (-CH20OH)
groups in the resin also fell to the same regions of 3536.64 cm—1 and 3376.54 cm—1, leading to a
further expansion of the peak. The peak of 1647.28 cm—1 in the spectrum is one of the most
important and intense signals. Since Na-CMC is a salt of a weak acid, the electron density is evenly
distributed between the two oxygen atoms in the carboxylate ion (-COO-). The absorption peak of
1647.28 cm—1 in the spectrum clearly indicates the asymmetric valence oscillation of the
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carboxylate group. The same frequency corresponds to the «Amide» band in the urea-formaldehyde
resin. Asymmetric vibrations of the [-1,4-glycoside (C-O-C) bonds forming the main cellulose
chain are usually formed in the range of 1030—1050 cm—1, and the obtained value of 1031.00 cm—1
corresponds to this. Also, this 1031.00 cm—1 peak represents the valence vibrations of the C-O bond
in the methylol (-CH20H) groups and in the ether bridges (-CH2-O-CH2-). The peaks of 2526.86
cm—1, 2354.22 cm—1, and 2139.15 cm—1 belong to C-H. The 596.99 cm—1, 513.09 cm—1, 394.46
cm—1 and 389.64 cm—1 peaks in the results indicate the rotational movements of the hydrocarbon
skeleton and the rings.
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Figure 1. IR spectrum of polymer composite material

4.2. SEM analyz. A SEM analysis of the polymer composite material was performed.
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3060 5/22/2026 11:40:39 AM 20.0kV 160x

Figure 2. SEM image of a polymer composite material
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This SEM image was obtained at a X160 magnification, allowing for an assessment of the
overall microstructural state of the material. The image shows that the particles are distributed and
agglomerate. The particles are not in a fine dispersed state, but have merged with each other to form
large aggregates. This situation indicates the presence of a strong interphase interaction between the
components within the composite. In the image, dark areas represent voids and pores, while bright
areas indicate that they are composed of denser particles or mineral phases. The porosity in the
structure can have a positive impact on the adsorption and acoustic properties of the material. Based
on a scale of 100 pm, the size of particles and agglomerates is determined to be in the range of tens
of micrometers.

4.3. EDS analyz. The given figure is an EDS spectrum and shows a qualitative analysis of the
elements in the material. The main elements in the spectrum are O, C, Ca, Si, Al, Fe, Na, K, P, and
S. One of the most intense peaks in the spectrum belongs to the element Ca (calcium), indicating
the presence of a phosphogypsum phase based on calcium compounds, especially CaSO,
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Figure 3. EDS spectrum of the composite and the elemental composition obtained on its basis

Element At. Net Mass [%] Normalized Atomic Absolute Error Relative Error
No. Mass [%] [%] [%] [%]
(1 sigma) (1 sigma)
C 6 111 30.92 43.99 57.61 3.84 12.41
N 7 4 4.71 6.69 7.52 3.44 73.17
@] 8 43 17.31 24.62 24.21 3.03 17.52
Na 11 4 0.23 0.32 0.22 0.23 104.37
Al 13 3 0.12 0.17 0.10 0.16 139.93
Si 14 4 0.11 0.15 0.09 0.14 129.37
15 40 1.18 1.68 0.85 0.37 31.77
S 16 175 4.86 6.92 3.39 1.23 25.37
K 19 7 0.21 0.30 0.12 0.13 60.86
Ca 20 283 10.31 14.66 5.76 2.68 25.97
Fe 26 5 0.35 0.50 0.14 0.27 77.84
Total 70.29 100.00 100.00
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The high calcium content confirms that phosphogypsum was used as the primary mineral
component of the composite. The high intensity of the element O (oxygen) indicates the presence of
oxides and sulfate compounds. This is explained by the presence of CaSO,-2H,0, SiO,, or other
oxide mineral phases. The presence of a Si (silicon) peak indicates the presence of quartz or silicate
components in the composition. Silicate phases play a crucial role in enhancing the mechanical
strength of the composite. The element Al (aluminum) indicates the presence of aluminosilicate
minerals or additional mineral impurities.

The element S (sulfur) is associated with sulfate ions in phosphogypsum, forming a calcium
sulfate phase together with Ca. This result confirms the presence of phosphogypsum as the main
structural component in the material. The detection of Fe (iron) indicates the presence of natural
mineral impurities or oxide impurities introduced during the technological process. Iron oxides can
affect the color and some physical properties of the material. Elements Na and K belong to alkali
metals and can be derived from mineral additives or natural raw materials. These elements
influence the chemical activity of the composite and interphase reactions.

5. Conclusion

Sand, phosphogypsum, Na-CMC, and KFS components were taken at a mass ratio of 2:1:1:1,
mechanically mixed, and a homogeneous mixture was obtained. The resulting mixture was heat-
treated in a furnace at a temperature of 105-110 °C, and a polymer composite material was
synthesized. ° During the heat treatment process, physicochemical bonds were formed between the
components, forming a durable composite structure.

The microstructure of the obtained composite material was investigated using SEM and EDS
methods. The analysis results indicated that the material possesses a porous-aggregate structure.
The pores in the structure ensure that the material possesses high adsorption and thermal insulation
properties. At the same time, the relatively uniform distribution of sand and phosphogypsum
particles within the polymer matrix serves to increase the mechanical strength of the composite.

Author’s revision note: The bracketed fields above must be replaced with the actual
experimental values and instrument specifications from the laboratory records before submission.
No unverified instrument model or experimental mass has been introduced.
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Abstract

This research focuses on the synthesis of a new polymeric cation exchanger based on the
urea-formaldehyde-tartaric acid (UFT) system, featuring active functional groups containing
nitrogen and oxygen. The study comprehensively investigated the influence of polycondensation
temperature and duration on the ion-exchange and sorption properties of the resulting cation
exchanger. Experimental results established the optimal synthesis conditions for the polymer
sorbent: a process temperature of 120°C and a reaction time of 2.5-3 hours. The static exchange
capacity (SEC) of the cation exchanger produced under these optimal parameters was determined to
be 3.6 mg-eq/g relative to a 0.1 N sodium hydroxide (NaOH) solution. The chemical structure and
functional groups of the synthesized polymer material were analyzed in detail using infrared (IR)
spectroscopy, and the results fully confirmed the presence of active centers capable of forming
coordination bonds with metal ions. Furthermore, the material's high-temperature resistance was
investigated using differential thermal analysis (DTA) and thermogravimetric (TG) methods, and its
thermal stability characteristics were determined. The positive results obtained indicate that this
cation exchanger can serve as a highly effective and promising polymer sorbent for purifying
industrial wastewater of various toxic heavy metal ions and ensuring environmental stability. It was
determined that the production and application of this sorbent represent an optimal approach to
removing heavy metals from water.

AHHOTaLUsA

AnHoTauus. [laHHas Hay4HO-HCC/IefioBaTesbCkKasi paboTa TMOCBsiljeHa CHHTEe3y HOBOTO
MOJIMMEPHOTO KaTHOHWUTA C aKTUBHBIMM (DYHKL[MOHATbHBIMU TpyMIaMH, COZepKallliMH a3oT U
KHC/IOPOJZl, Ha OCHOBe CHUCTeMbl MOUeBMHa, Gopmanbjeruj W BuHHas kuciora (M®PB). B xope
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9KCIIEPUMEHTOB BCECTOPOHHE U TTyDOKO M3Y4YeHO BI/IUSIHWE TeMIlepaTypbl U MPOAO/DKATETBHOCTU
peakuu TIO/IMKOHJEHCAlUd Ha HWOHOOOMeHHble W COpPOLMOHHBIE CBOWMCTBA TOTYYE€HHOTO
KaTUOHWTA. B  pe3ynbrate 3KCIIePUMEHTAlbHBIX — WCCAeOBaHUM  Ompe/ieNieHbl  Haubosee
OnarorpusiTHble (ONMTHUMasbHBIE) YC/IOBUS CHHTEe3a TIOJIMMEPHOT0 COpOeHTa; ONTHUMasbHast
TeMIlepaTypa Iiporiecca cocrasisger 120 °C, a Ipojo/DKUTEeNbHOCTh peakuuu — 2,5-3 yaca.
YcraHoB/eHO, uTo crartuueckas oomeHHass eMKocTb (COE) kaTHOHUTA, TOTy4YeHHOTO TIPH 3THX
ONTHUMaJIbHBIX TapaMeTpax, cocrasiseT 3,6 mMr-sks/r orHocutesnbHOo 0,1 H pactBOopa rufpokcuja
Hatpusi (NaOH). Xwumuueckasi CTpyKTypa U (yHKLMOHA/bHble TPYIIbl B CHHTE3UPOBAHHOM
MOJMMEpPHOM Marepuase JeTajlbHO M3yuyeHbl C TIOMOLbI0 HH(PaKpacHON CHeKTPOCKONUU, U
TIO/TyUYeHHbIe Pe3y/bTaThl MOJHOCTBIO TIOATBEPXKAAIOT HaIW4yhe aKTUBHBIX LIEHTPOB, CITOCOOHBIX
00pa3oBbIBaTh KOOPJWHAL[MOHHbIE CBS3M C HMOHAMHA MeTa/uioB. Takke Obula H3yueHa
TEPMOCTOMKOCTb MaTepuasa C MCIO0/b30BaHUeM MeTo/0B Au(depeHLIMaTbHOTO TepMHUYeCKOro
aHa/M3a ¥ TepMOTrpaBUMeTPUUeCKOr0 aHa/ln3a, a Takke OIpeie/eHbl [0Ka3areau ero TepMuyecKon
crabuibHOCTU. Bce TomyudeHHbIe TMOJIOKWTE/bHbIE pe3y/IbTaThl YKa3bIBAlOT Ha TO, UTO 3TOT
KaTHUOHUT MOKeT OBbITb HCIIO/b30BaH B KaueCTBe BBICOKOI((HEKTUBHOTO W TEPCIeKTUBHOTO
TMO/TMMEPHOTO COpOeHTa /Il OUMCTKUA TPOMBIIIEHHBIX CTOYHBIX BOJ OT Pa3/IMUYHBIX TOKCHUHBIX
VIOHOB TSDKeJIBIX METaJ/IOB U 00ecriedeHusi SKOIOTHUeCKOM yCTOWYUBOCTH.

Keywords: urea, formaldehyde, tartaric acid, cation exchanger, polymer ligand, sorption,
temperature, complex compound, ion-exchange capacity.

KaroueBble c/1oBa: MOY€eBHHa, q)OpMaJIb,E[EFI/IA, BHWHHAA KHC/IO0Td, KAdTHOHMUT, HO]'II/IMepHLII‘/JI
JIMTaH/, COp6L[I/IH, TeMIlepaTypd, KOMIVIEKCHOe CoeJUHEHHE, MOHOOOMEHHAst eMKOCTb.

Introduction

Amidst rapid industrialization and technological advancement, minimizing the environmental
impact of production processes and effectively managing the resulting waste constitute significant
scientific and practical issues. In this context, there is growing interest in sorption technologies that
enable the separation of various pollutants from aqueous media and their recovery. Sorbents are
among the promising materials used in numerous practical applications, such as the separation and
recovery of metal ions, the purification of wastewater from heavy metal ions and organic pollutants,
gas capture (including CO,), and the production of various functional composite materials[1-7]. The
pollution of water resources further underscores the ecological urgency of this issue. Water bodies
serve as primary recipients of waste generated by industrial enterprises, households, and agricultural
activities, playing a significant role in the accumulation and dispersal of various pollutants. In
particular, certain toxic substances that enter the aquatic environment can persist in ecosystems and
move up through trophic chains to higher levels. Therefore, it is crucial to remove pollutants from
water using effective, selective, and environmentally safe methods[2-597]. The efficiency of
sorption materials depends directly on their surface properties, pore structure, functional groups,
and ability to interact with contaminant components. Compared to traditional ion-exchange
materials, the absence of strong chemical bond formation between the solid phase and the
component being separated in certain sorption systems can lead to accelerated mass transfer
processes and rapid sorption kinetics[3-229]. The potential use of various natural, inorganic,

340



Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

biopolymer, and synthetic sorbents for the removal of heavy metal ions from aqueous solutions is
being extensively studied. In particular, the cation-exchange properties of a calcium hydrosilicate
material derived from technogenic raw materials have been investigated, and the kinetic principles
governing the sorption of Co?*, Ni2*, Cu?*, Zn?*, Cd?", and Mn?" ions by this material have been
determined. These studies demonstrate the possibility of simultaneously processing waste and
purifying the water environment from heavy metals by turning man-made waste into functional
sorbents[4-155]. Porous carbon materials derived from natural and plant-based raw materials are
also considered promising sorbents for the separation of heavy metal ions. For example, activated
carbon materials with a high specific surface area (SBET = 980-2100 m?-g?, VX = 0.45-1.0 cm?-g
1) have been obtained through chemical activation using orthophosphoric acid. When the sorption
properties of such materials regarding Cd?", Cr3", Ni2", Cu?", and Zn?" ions were investigated, it was
found that they exhibit high sorption activity toward certain metal ions[5-56]. These results
demonstrate that the efficiency of metal ion separation by sorbents can be enhanced through the
targeted modification of raw material composition, surface morphology, and functional groups. The
use of materials of biological origin for the sorption of metal ions is also attracting significant
scientific interest. For instance, a chitin-glucan complex has been isolated from *Aspergillus niger*
biomass waste—generated during the microbiological synthesis of citric acid—and its metal-ion-
adsorbing properties have been investigated. This biopolymer material exhibited high sorption
activity toward certain metal ions. The study established the sorption sequence Co?" > Ni2" > Mn?"
> 7Zn?" > Cu?", indicating that the interaction of these metal ions with the sorbent's functional groups
depends on their nature and chemical properties[6-787]. Sorbents based on synthetic and chemically
modified biopolymers enable high selectivity toward metal ions. In particular, the sorption
properties of a cation exchanger based on cross-linked sulfoethylated chitosan have been
investigated regarding the uptake of Cu?", Ag", Co?", Ni?*, Zn?", Mn?", and Mg?" ions from
solutions containing them either individually or in combination. Mathematical analysis of sorption
isotherms revealed that the cation exchanger exhibits a high affinity for Cu?* and Ag" ions. The fact
that the sorption process is well described by the Redlich—Peterson model in the presence of co-
existing metal ions indicates that the sorbent surface is energetically heterogeneous [7-39]. Among
natural mineral materials, montmorillonite clays are also distinguished by their ability to sorb metal
ions. The sorption properties of samples obtained from montmorillonite clay deposits in the
Belgorod region regarding Cu?’, Fe3", and Cr3" ions were investigated, and their chemical and
mineralogical composition, colloidal-chemical properties, and sorption activity were
comprehensively evaluated. The results demonstrated the potential for using these mineral materials
in water treatment, particularly in fine purification processes[8-381].

The studies mentioned above indicate that the efficiency of heavy metal ion sorption depends
directly not only on the porosity and specific surface area of the sorbent but also on the nature of the
functional groups present in its composition, the donor atoms, and the interactions formed with the
metal ions. There fore, the synthesis of polymer materials containing nitrogen- and oxygen-bearing
functional groups, along with the study of their sorption and complex-forming properties with
respect to metal ions, represents a promising area of research[9-252].
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Materials and methods

In this study, a cation exchanger was synthesized using urea, formaldehyde, and tartaric acid.
The uptake of Ni(II), Cu(II), and Zn(II) metal ions by the obtained samples was determined via
static exchange capacity. Thermal analysis of the obtained samples was carried out using a DTG-60
thermal analyzer manufactured by Shimadzu[10-5].

Synthesis of a cation exchanger based on urea, formaldehyde, and tartaric acid. A mixture of
2.52 g (0.02 mol) of melamine and 4.5 g (0.03 mol) of tartaric acid was melted at a temperature of
170°C. The temperature of the melt was lowered to 100°C; 5 ml (0.06 mol) of formaldehyde
solution and 5 ml of NH,OH solution were added dropwise, and the mixture was heated until a
viscous mass formed. The product was placed in a porcelain mortar and dried in a drying oven at
100°C for 24 hours. The analysis results of the dried sorbent were evaluated.

Results and Discussion

An optimal temperature of 125°C was established for the UFT cation exchanger reaction, with
a reaction duration of 2.5-3 hours; the static exchange capacity of the cation exchanger for a 0.1 N
sodium hydroxide solution was determined to be 3.6 mg-eq/g.

Table 1. Dependence of the ion exchanger's sorption properties on the reagent ratio

Molar ratio of urea, formaldehyde, and | Reaction yield, % | Static exchange capacity, mg-eq/g, 0.1 N solu-
tartaric acid tions:
Cu? Zn** Ni%*
2:5:0,5 89 4,03 5,32 5,15
2:5:1,0 90 6,80 6,0 6,40
2:5:1,5 88 4,55 4,65 4,54

The synthesized cation exchanger demonstrated good ion-exchange properties toward metal
ions, which can be attributed to the presence of nitrogen- and oxygen-containing functional groups
in its polymer matrix. These results indicate that the obtained material has potential for the selective
sorption and removal of metal ions from aqueous solutions.

Table 2. Effect of temperature and time on the polycondensation process during the formation of
a cation exchanger based on urea, formaldehyde, and tartaric acid

Ne | Reaction Reaction time, T, | Specific volume of a cation exchanger s | SEC, in mg-eq/g of
temperature, t,°C hours wollen in water in the H+ form, ml/g 0.1 N NaOH solu-
tion
1 95 5-6,5 1,4 2,5
2 110 4,5-5 1,2 2,9
3 125 2,5-3 0,9 3,6
4 130 1,5-2 0,6 3,1

A high-performance cation exchanger was obtained from urea, formaldehyde, and tartaric
acid. Experiments were conducted using various initial mass ratios, and a sorbent with the highest
static exchange capacity was synthesized using a (urea:formaldehyde:tartaric acid) ratio of 2:5:1
(table 1).
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Figure 1. Graph showing the temperature dependence of the formation of a cation exchanger
based on urea, formaldehyde, and tartaric acid

Table 3. FTIR spectroscopic analysis of the cation exchanger based on urea, formaldehyde, and
tartaric acid

Classifications UFT UFT +Cu(IT) UFT +Zn(1I) UFT +Ni(IT) sm!
v(OH) 3128,42 542,70 552,76 551,33
v(NH) 3055,95 3095,93 3065,96 3067,81
v(C=0)
S(NH) 1568,20 1560,00 1538,20 1549,93
v,(-CO0) 1725,93 1765,11 1745,94 1738,83
v, (-C-0-C-) 1176,01 1188,11 1182,,50 1196,91

The FTIR analysis confirmed the presence of characteristic hydroxyl, amino, carbonyl, and
carboxylate functional groups in the synthesized cation exchanger. The shifts in the characteristic
absorption bands after interaction with Cu(II), Zn(II), and Ni(II) ions indicate the involvement of
oxygen- and nitrogen-containing functional groups in metal-ion binding. Thus, the FTIR results

confirm the formation of coordination interactions between the functional groups of the polymer
matrix and the investigated metal ions.
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Figure 2. Synthesis of chelating cation exchangsrs based on urea, formaldehyde, and tartaric
aci
The following conclusion can be drawn from the analysis of the differential thermal analysis
and thermogravimetric curves obtained for the cation exchanger based on urea, formaldehyde, and
tartaric acid.
Thermal gravimetric analysis revealed decomposition occurring in three stages; the first stage
took place within the 25-120°C range.
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We attribute the mass loss during this stage primarily to the release of physically adsorbed
moisture and surface-bound water present in the sorbent. The desorption of water from the sorbent
also contributes to this process, owing to the material's porous structure.

The third stage of mass loss occurred within the temperature range of 200—-300°C. The most
significant portion of the mass reduction is observed in this interval. This may be attributed to the
thermal decomposition of organic structures, chain scission, and the detachment of certain
functional groups within the urea-formaldehyde-tartaric acid-based polymer sorbent. Sharp changes
in the DTA curve also indicate that thermal processes are proceeding rapidly at these temperatures.
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Figure 3. Thermal analysis curve of the cation-exchange resin based on urea, formaldehyde and
tartaric acid
The red curve represents the thermal effects (DTA) occurring during the heating of the
sample. Significant changes are observed on the graph in the ranges of approximately 100—160°C,
170-200°C, 220-300°C, and 330-370°C. Changes in the thermal signal continue at higher
temperatures as well.

- Low-temperature effects may be associated with moisture desorption and physicochemical
changes.

- Effects in the 170-300°C range may correspond to structural changes in the organic matrix
and thermal decomposition processes.

- Effects in the 300-370°C range may reflect further decomposition of the polymer structure
and the formation of a thermal residue.

- Changes in the 400-600°C range may be related to further thermal transformations of the
residual material.

Conclusion

During the study, a polymeric cation exchanger containing functional groups was synthesized
based on urea, formaldehyde, and tartaric acid. The effect of the temperature and duration of the
polycondensation process on the ion-exchange properties of the cation exchanger was investigated.
Based on the results obtained, synthesis conditions involving a temperature of 120°C and a duration
of 2.5-3 hours were determined to be optimal. The static exchange capacity of the cation exchanger
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obtained under these conditions was 3.6 mg-eq/g with respect to a 0.1 N NaOH solution. The
obtained results demonstrate that temperature is a key factor affecting the formation and ion-
exchange properties of the synthesized cation exchanger. The synthesized material exhibited stable
ion-exchange characteristics and can be considered a promising polymeric sorbent for the removal

of metal ions from aqueous solutions. The obtained results provide a basis for further studies aimed

at investigating the sorption selectivity and complex-forming properties of the cation exchanger

toward various metal ions.

10.
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Abstract

This study evaluates restoration of the structural and performance properties of post-consumer
polyethylene terephthalate (PET) through mechanical recycling and reactive modification with
pyromellitic dianhydride (PMDA). PET beverage-container waste was sorted, washed, shredded,
dried, re-extruded, and granulated. Recycled PET formulations containing 0.25-1.00 wt.% PMDA
were prepared and compared with unmodified regranulated PET. Pellet yield, moisture content,
density, and melt flow rate (MFR) were assessed as processing and material indicators. The MFR of
unmodified regranulated PET was 24.6 g/10 min and decreased progressively with increasing
PMDA content, reaching 9.8 g/10 min at 1.00 wt.% PMDA. Pellet yield reached a maximum of
95.1 % at 0.50 wt.% PMDA and decreased to 93.9 % at 1.00 wt.%. Moisture content ranged from
0.016 to 0.018 %, while density increased from 1.342 to 1.353 g/cm3. Considering MFR, pellet
yield, and visual appearance together, the formulation containing 0.50 wt.% PMDA showed the
most balanced processing performance; the 0.75 wt.% formulation may be considered when lower
melt flow is required. The results provide a basis for further molecular, thermal, and mechanical
characterization to verify chain extension and determine the application potential of the modified
recycled PET.

AHHOTaUA

B cratbe wuccienyeTcsi BOCCTaHOB/IEHME CTPYKTYPHBIX M 3KCIUTyaTallMOHHBIX CBOMCTB
nomvatTunenTepedTanarta (I19T), monyueHHOro U3 MOTPEOUTENILCKUX OTXOZOB, TOCPEICTBOM
MeXaHUueCKoW TrepepaboTKU U peakLMOHHOW MOAWGUKAIMU MUPOMEJIUTOBBIM JUAHTUPUIOM
(PMDA). Otxogpl ITIOT-6yTbUIOK COPTUPOBA/M, TPOMbBIBAIM, W3Mesbuaau, CYLIWIH, TTOBTOPHO
9KCTPYMPOBa/K U rpanyavposasu. Obpasisl BropuuHoro 19T c copepykanuem PMDA 0,25-1,00
Mac.% CpaBHMBaJM C HeMOAW(ULIMPOBAHHBIM perpaHyasiToM. B KauecTBe OCHOBHBIX
TeXHOJIOTUYECKUX U MaTepuasrioBeUeCKUX IlOKasaTesiell OL[eHWBAIU BbIXOJ TDaHy/l, B/IaKHOCTb,
MJIOTHOCTh M TOKa3arenb TekyuyecTu pacriasa (ITTP). [Ins HemoauduLMpOBaHHOTO perpaHy/isiTra
[TTP cocrtaBun 24,6 r/10 MUH ¥ TI0C/Ie0BaTeIbHO CHUKAJICA C yBeJiMueHueM copepkanusi PMDA
mo 9,8 r/10 mun npu 1,00 mMac.% moaudukaropa. Haubonbimii Beixof rpanyn — 95,1 % —
nonyyeH npu cogepxxanud PMDA 0,50 mac.%; npu 1,00 mac.% oH cHuswica o 93,9 %.
BiaxxHocTs o6pasijoB cocrasmsisia 0,016-0,018 %, mioTHOCTh yBemuumBanachk ¢ 1,342 mo 1,353 r/
cm3. CoBMmecTHas orjeHka [1TP, BbIxofja 1 BHeIIHero BU/ja rpaHy/ MokasbiBaeT, 4to coctas ¢ 0,50
Mac.% PMDA ofbecrnieunsi Haubosiee cOanaHCUPOBAHHbIE TeXHOJIOTHYeCKHe —TI0Ka3aTesiu.
PesynbTathl 0OOCHOBBIBAIOT —JajibHelilllee MOJIEKY/sIpHOe, TepMHUYeckoe U MeXaHUuecKoe
vccnefoBaHre MoauduLupoBaHHoro BTopuuHoro [1D9T A nmoaTBep)KAeHUsl YAJUHEHUS Lierned U
oripejiesieHus 061acTelt ero MpuMeHeHusl.

Keywords: waste polyethylene terephthalate, recycled PET, mechanical recycling, reactive
extrusion, pyromellitic dianhydride, melt flow rate.

KnrwueBbie c/ioBa: OTXOAbl TonU3TWIeHTepedTanaTa, BTopuuHbii [19T, mexaHuueckas
repepab0OTKa, peakLMOHHAasi SKCTPY3usi, TTUPOME/UTUTOBBIA [JUAHTHUAPH/, TO0Ka3aTelb TeKydecTd
pacruiasa.
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Introduction

Currently, the rapid growth in the production and consumption of polymeric materials has
made the effective management of plastic waste, its recycling as a secondary raw material, and its
reintegration into resource circulation important environmental and scientific-technological
challenges. Globally, a substantial proportion of plastic waste is accumulated in landfills or released
into the environment, while recycling rates remain relatively low. This situation reinforces the need
to transition from the conventional linear “production—consumption—waste” model toward the
principles of a circular economy [1, 2]. This issue is also highly relevant to Uzbekistan. According
to official data, 14.8 million tonnes of municipal solid waste have been generated in the country, of
which only 6.1 % has been recycled [3]. Recent data indicate that plastic waste accounts for
approximately 15 % of municipal solid waste, with an average of 1.8 million tonnes of plastic waste
generated annually, of which only about 6.6 % is recycled [4]. Therefore, the advanced recycling of
polymer waste, including polyethylene terephthalate (PET) waste, the production of high-quality
secondary raw materials, and the expansion of their reuse opportunities are of particular importance
for ensuring environmental sustainability and resource efficiency in Uzbekistan.

Polyethylene terephthalate is a thermoplastic polyester characterized by high mechanical
strength, chemical resistance, transparency, and favorable processing properties. It is widely used in
the production of beverage containers, packaging materials, films, synthetic fibers, and various
technical products [5]. Since a substantial proportion of PET products becomes waste after use, the
development of efficient methods for recycling this polymer is essential. Mechanical recycling of
PET waste, involving sorting, washing, shredding, drying, extrusion, and granulation, is one of the
practical approaches that enables the polymer to be reused as a secondary raw material [5, 6].
However, during repeated thermomechanical processing of PET, thermal, hydrolytic, and thermo-
oxidative degradation of the macromolecular chains occurs under the influence of elevated
temperature, residual moisture, oxygen, and mechanical shear forces. Consequently, a decrease in
molecular weight and intrinsic viscosity (IV), as well as changes in melt rheological behavior,
crystallization, thermal stability, and physicomechanical properties, can occur [6, 7]. Therefore,
regranulation of waste PET alone is insufficient to fully restore the original performance
characteristics of the material.

One promising approach to overcoming this problem is the targeted modification of recycled
PET (rPET). In particular, the use of chain-extending compounds during reactive extrusion can
promote reactions between the functional end groups of PET macromolecules, thereby increasing
chain length and molecular weight and improving melt viscosity and mechanical properties [8, 9].
In this process, the type and concentration of the modifier, the moisture content of PET, extrusion
temperature, and other processing parameters are critical factors determining the final structure and
properties of the material.

From this perspective, the restoration and investigation of the structural and performance
properties of waste polyethylene terephthalate through recycling and modification constitute an
important scientific and practical challenge. The present study involves a comparative investigation
of virgin PET, waste PET, regranulated rPET, and modified rPET samples, determination of the
degradation mechanisms occurring during recycling, and restoration of the properties lost during
processing through targeted modification. In this context, a comprehensive evaluation of the
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structural, rheological, thermal, and physicomechanical characteristics of PET is essential for
establishing the “processing conditions—structure—property” relationship and developing the
scientific and technological basis for producing regenerated PET granules with improved properties.

Materials and Methods

Colorless post-consumer polyethylene terephthalate (PET) waste originating from beverage
packaging was selected as the primary material for the study. Unprocessed virgin PET (VPET)
granules were used as a comparative reference material. Waste PET containers were separated from
polypropylene/polyethylene caps, labels, adhesive residues, and other foreign components and
subsequently shredded into flakes measuring approximately 8-12 mm. The samples were cleaned in
a warm washing solution and rinsed with distilled water until a neutral pH was achieved. The
washed PET was initially dried at 120 °C for 2 h and subsequently dried in a vacuum dryer at 150
°C for 4 h. Prior to extrusion, the moisture content was controlled to achieve, as far as practicable, a
level below 0.02 wt.% (200 ppm).

Seven sample groups were prepared for the experiments: V-PET, virgin PET used as the
reference material; W-PET, washed and dried waste PET; R-PET, regranulated PET produced
without a modifier; and P025, P050, P075, and P100, recycled PET modified with 0.25, 0.50, 0.75,
and 1.00 wt.% pyromellitic dianhydride (PMDA), respectively.

PET regranulation was carried out using a laboratory-scale twin-screw extruder. The initial
temperature profile of the extruder zones was set at 240-250-260-265 °C, while the die
temperature was maintained at 260-265 °C. Screw rotation speeds within the range of 80—120 rpm
were investigated. Since prolonged exposure of the material to elevated temperatures may cause
additional thermal degradation, the residence time in the extruder was maintained, as far as
possible, within 2—4 min. The R-PET sample was processed under the same conditions without the
addition of any reactive modifier and was used as the control material for comparison with the
subsequently modified samples.

To prepare the P025-P100 samples, dried R-PET granules were dry-blended with 0.25, 0.50,
0.75, and 1.00 wt.% PMDA, respectively, followed by reactive extrusion. The process was carried
out directly in the PET melt without a separate solvent medium. Where technically feasible, the
extruder feed section and processing system were protected with an inert nitrogen (N,) atmosphere
to minimize oxidative degradation. The extrudate was cooled, pelletized into granules
approximately 3—4 mm in size, and redried before analysis.

The molecular characteristics of PET were evaluated by determining its intrinsic viscosity
(IV) using solution viscometry. An approved solvent system suitable for PET and compliant with
the laboratory safety requirements and the applicable standard method was employed. The same
solvent system, polymer concentration, and measurement temperature were maintained for all V-
PET, W-PET, R-PET, and M-PET samples to ensure comparability of the results. The melt flow rate
(MFR) was determined under selected standard conditions appropriate for PET, and the effects of
polymer degradation and chain extension on the melt-flow behavior were evaluated.
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Results and Discussion

At the initial stage of the study, particular attention was focused on recovering waste
polyethylene terephthalate as a secondary raw material, producing regranulated PET, and evaluating
the effect of a chain-extending modifier on the properties of recycled PET. Colorless PET
containers were selected as the waste feedstock and separated from caps, labels, and other foreign
contaminants. The PET waste was washed, shredded into flakes measuring approximately 8-12
mm, and thoroughly dried to minimize the adverse effect of residual moisture during subsequent
processing.

For the experimental study, the samples were designated as follows: V-PET — virgin PET; W-
PET — washed and dried waste PET; R-PET — regranulated PET produced without a modifier; and
P025, P050, P075, and P100 — rPET samples modified with 0.25, 0.50, 0.75, and 1.00 wt.%
pyromellitic dianhydride (PMDA), respectively.

Regranulation of Waste PET. Initially, waste PET was regranulated by extrusion without the
addition of a modifier. This experiment was conducted to obtain the R-PET control sample and to
evaluate the processability of waste PET under the selected extrusion conditions. The main
temperature zones of the extruder were maintained within the range of 240-250-260-265 °C, the
die temperature was set at 260—265 °C, and the screw rotation speed was varied within the range of
80—120 rpm. Stable melting of the dried PET in the extruder and the formation of a continuous and
uniform extrudate were considered the principal technological criteria for assessing the stability of
the regranulation process.

The resulting extrudate was cooled and pelletized into granules approximately 3—4 mm in
size. As a result, the R-PET base material was obtained and subsequently used for the modification
experiments.

Effect of Chain Extender Content

Pyromellitic dianhydride (PMDA) was selected as the chain extender to compensate for the
reduction in PET macromolecular chain length caused by degradation during recycling. To
determine the optimal modifier content, the PMDA concentration was varied from 0.25 to 1.00 wt.

%. The compositions and sample designations used in the experimental study are presented in Table
1.

Table 1. Composition and designation of rPET samples containing different amounts of PMDA

Sample rPET, wt.% PMDA, wt.% Sample Type

R-PET 100,00 0 Control
P025 99,75 0,25 Modified
P050 99,50 0,50 Modified
P075 99,25 0,75 Modified
P100 99,00 1,00 Modified

As far as practicable, identical drying and extrusion conditions were maintained for all
samples. This approach made it possible to attribute the observed differences primarily to the
PMDA concentration rather than to variations in processing temperature or residual moisture
content.
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At this stage of the study, prior to conducting advanced instrumental and structural analyses, it
was considered appropriate to determine the primary characteristics of the produced granules,
including pellet yield, visual appearance, color, pellet size, density, moisture content, and melt flow
rate (MFR/MFI).

Table 2. Pellet yield, moisture content, density, melt flow rate, and visual appearance of PMDA-

modified rPET samples

Sample Pellet Yield, % Moisture Con- Density, g/cm?® MFR, g/10 min

tent, %

R-PET 94,2 0,018 1,342 24,6
P025 94,5 0,017 1,345 20,8
P050 95,1 0,016 1,349 16,3
P075 94,8 0,016 1,351 12,7
P100 93,9 0,017 1,353 9,8

The obtained results demonstrated that increasing the PMDA content in rPET had different
effects on the granulation process, moisture content, density, melt flow rate, and visual appearance
of the pellets. In particular, the systematic decrease in MFR can be regarded as one of the key
findings indicating a significant effect of the chain-extending modifier on the rheological behavior
of the rPET melt.

For the unmodified R-PET sample, the pellet yield was 94.2 %, whereas the incorporation of
0.25 wt.% PMDA increased the yield to 94.5 % for P025. A further increase in PMDA content to
0.50 wt.% resulted in a pellet yield of 95.1 % for P0O50. Compared with R-PET, the 0.9 percentage-
point increase in pellet yield observed for PO50 indicates that extrudate formation and granulation
proceeded relatively steadily in the presence of a moderate amount of the modifier.

When the PMDA content was increased to 0.75 wt.%, the pellet yield was 94.8 %, while at
1.00 wt.% PMDA it decreased to 93.9 %. The decrease observed for P100 may be associated with
substantial changes in the flow behavior of the polymer melt. At a high modifier concentration,
increased chain extension and branching may increase melt viscosity, thereby hindering material
flow through the extruder die. Therefore, from the standpoint of product yield alone, the P050-P075
composition range appeared to be more technologically favorable.

The moisture content of the samples ranged from 0.016 to 0.018 %. The moisture content was
0.018 % for R-PET, 0.017 % for P025, and decreased to 0.016 % for both PO50 and P075. For
P100, a value of 0.017 % was recorded. Overall, the differences among the samples were small,
indicating that the initial moisture levels of the modified and unmodified samples were comparable.
This parameter is particularly important because PET is susceptible to hydrolysis, and elevated
moisture content may promote hydrolytic chain scission of the macromolecules during high-
temperature extrusion. Therefore, the low and comparable moisture levels among the samples allow
the effect of the modifier to be evaluated with relatively limited interference from variations in
moisture content.

A small but systematic increase in density was also observed. The density of R-PET was
1.342 g/cm3, whereas the corresponding values for P025, P050, P075, and P100 were 1.345, 1.349,
1.351, and 1.353 g/cm?, respectively. The overall increase in density for P100 relative to R-PET was
approximately 0.82 %. However, this change cannot be attributed solely to chain extension. The
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density of PET is also influenced by the degree of crystallinity, thermal history, cooling rate, and
internal morphology of the pellets. Therefore, until this trend is confirmed by additional structural
or thermal analyses, the observed density variation should be interpreted as a supplementary
indicator rather than direct evidence of chain extension.

The most pronounced changes were observed in the MFR values. The unmodified R-PET
sample exhibited an MFR of 24.6 g/10 min. Upon the addition of 0.25 wt.% PMDA, the MFR
decreased to 20.8 g/10 min. Increasing the PMDA concentration to 0.50 wt.% further reduced the
MFR to 16.3 g/10 min, while values of 12.7 and 9.8 g/10 min were obtained at PMDA
concentrations of 0.75 and 1.00 wt.%, respectively.

Compared with R-PET, the MFR decreased by approximately 15.4 % for P025, 33.7 % for
P050, 48.4 % for P075, and 60.2 % for P100. These results demonstrate a clear inverse relationship
between PMDA content and the melt flowability of rPET.

Variation in MFR with PMDA content: R-PET — 24.6 g/10 min; P025 — 20.8 g/10 min; P0O50 —
16.3 g/10 min; PO75 - 12.7 g/10 min; P100 — 9.8 g/10 min.

The decrease in MFR indicates an increase in melt viscosity. In the PET system, such
behavior may be attributed to reactions between PMDA and the terminal functional groups of PET
macromolecules, resulting in chain extension and potentially the formation of branched
macromolecular structures.

The dependence of MFR on PMDA concentration revealed a particularly interesting
technological trend for the P050-P075 samples. For P050, although the MFR decreased by
approximately one-third relative to R-PET, the pellet yield remained the highest among the
investigated samples, at 95.1 %. For P075, the MFR decreased further to 12.7 g/10 min, while the
pellet yield remained relatively high at 94.8 %. Thus, within this concentration range, the increase
in melt viscosity did not result in a substantial deterioration of the granulation process.

A different behavior was observed for the P100 sample. As the MFR decreased to 9.8 g/10
min, the pellet yield simultaneously declined to 93.9 %, accompanied by more pronounced
yellowing of the material and increased difficulty in melt flow. These observations suggest that
modification with 1.00 wt.% PMDA may be excessive from the standpoint of technological
processability. Excessively high melt viscosity may increase pressure within the extruder,
destabilize melt flow, and reduce granulation efficiency. The increased yellow coloration may be
associated with thermal or thermo-oxidative processes occurring during high-temperature
processing; however, its exact origin cannot be conclusively established without additional analysis.

The visual appearance of the pellets also changed depending on the modifier concentration.
R-PET was slightly yellowish and transparent, whereas the P025 and, particularly, PO50 samples
exhibited more homogeneous and smooth pellets. A slight yellowish coloration was observed for
P075, while the yellowing became more pronounced for P100. In this respect, PO50 exhibited the
most favorable combination of visual appearance and granulation stability.

A comprehensive evaluation of the results indicates that the PO50 and P075 formulations are
the most promising among the investigated compositions. For P050, the pellet yield reached a
maximum of 95.1 %, while the MFR decreased from 24.6 to 16.3 g/10 min, corresponding to a
reduction of 33.7 %. P075 exhibited a further substantial decrease in melt flow rate; however, the
onset of yellowish coloration was observed in the pellets. Although P100 exhibited the lowest MFR,
it was also characterized by reduced granulation efficiency and deterioration in visual appearance.
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Based on these results, the PMDA concentration range of 0.50-0.75 wt.% can be identified as
the most promising range for further investigation. If the principal criterion is achieving an
appropriate balance among granulation stability, visual appearance, and sufficiently high melt
viscosity, the PO50 formulation containing 0.50 wt.% PMDA may be considered the preliminary
optimum composition. Nevertheless, determination of the final optimum formulation requires
further evaluation of mechanical properties and, where necessary, molecular and thermal
characteristics.

Conclusion

Overall, increasing the PMDA concentration from 0 to 1.00 wt.% resulted in a decrease in the
MFR of rPET from 24.6 to 9.8 g/10 min, demonstrating the pronounced effect of the modifier on
the melt rheological behavior of the polymer. At the same time, the deterioration in processability
observed at a PMDA concentration of 1.00 wt.% indicates the existence of an optimum
concentration range for the chain-extending modifier.

Based on the obtained results, the PO50 formulation containing 0.50 wt.% PMDA can be
considered the most technologically balanced composition, providing a favorable combination of
melt rheological behavior, granulation stability, and pellet quality. In contrast, the P075 formulation
containing 0.75 wt.% PMDA may be regarded as a promising composition for applications
requiring higher melt viscosity.
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Abstract

In this study, a highly swellable composite hydrogel based on carboxymethyl cellulose,
methacrylic acid, bentonite, kaolin, and urea was synthesized for agricultural application. The
hydrogel was prepared in an aqueous medium using radical grafting and cross-linking techniques.
During synthesis, carboxymethyl cellulose served as the polymer matrix, methacrylic acid as the
monomer, ammonium persulfate as the initiator, and N,N'-methylenebisacrylamide as the cross-
linking agent. The structure and physicochemical properties of the resulting hydrogel were
investigated using IR spectroscopy, thermogravimetric and differential thermal analysis, and X-ray
diffraction methods. The results indicated the formation of a three-dimensional polymer-mineral
network within the hydrogel. The water absorption capacity of the hydrogel was significantly
dependent on the pH of the medium, reaching a maximum value of 420 g/g at pH 7. It was observed
that water absorption capacity decreased as the salt concentration increased in NaCl, CaCl,, and
AICl, solutions. During repeated swelling-drying cycles, the hydrogel retained its effective
properties for the first 4-5 cycles. Furthermore, the release of urea incorporated into the composite
was significantly slower compared to ordinary urea, reaching 89.5 % over a period of 30 days. The
results indicate that this hydrogel is a promising material for retaining soil moisture and ensuring
the controlled release of nitrogen fertilizers.

AHHOTausA

B JaHHOM wuccienoBaHUM ObIT CHHTE3WPOBaH BBICOKOAOCOPOMPYIOMIUY KOMIIO3UTHBIN
rUporesib Ha OCHOBe KapOOKCMMeTH/ILIe/UTFONI03b], MeTaKpPU/IOBOM KHUC/IOThI, OEHTOHMTA, KAOIWHA U
MOYEBHHBI /Il CeJIbCKOXO35HCTBEHHOTO TpUMeHeHusl. [wuaporesns ObUl TOMy4YeH MeTOZOM
pafiuKaJbHOU TPUMBMBKM M CIIMBaHWS B BOAHOM cpefe. B mpolecce cuHTe3a B KauecTBe
MOIMMEPHON MaTpHIibl MCII0/Ib30Banach KapOOKCUMETU/ILIE/UTI0/I03a, B KaueCTBe WHHLMATopa —
MOHOMep MeTaKpW/JIOBOM KHUC/IOThI, B KaueCTBe CLIMBAIOLEro areHTa — Inepcy/abpar aMMOHMs, a B
KauecTBe cimBarorrero areita — N,N'-Metunen6ucakpunamug,. CTpykTypa v GU3NKO-XUMHUUeCKHe
CBOMCTBA TIOy4YeHHOTo ruzporens Obi  w3ydeHsl ¢ momoupio  UK-criekTpockonum,
TepMOrpaBUMeTprUYeckoro U  JuddepeHMaJbHOTO  TePMHUYECKOro  aHaiusa, a  Takxke
PEeHTreHOAU(PaKLMOHHOIO aHaiu3a. Pe3ynbraThl MCCAe0BaHUS TOKasaau, 4To B THjporese
copmMupoBanack TpexmMepHasi TIOJIMMepHO-MHHepaibHasl ceTKa. Bogormorionatoras crocobHOCTh
TUZIpOresisi 3HAUMTE/IbHO 3aBHCesia OT 3HaueHust pH cpegpl, focThrasi MakCMMasabHOIO 3HaYeHHUs
420 r/r mpu pH 7. BpI0 yCcTaHOBNEHO, YTO BOZOTMOIJIOLIANOLIAS CIIOCOOHOCTh CHIDKAETCs C
yBenMueHueM KouuleHTpaiuu coiu B pactBopax NaCl, CaCl, u AlCl,. B xoze MHOrokparHbix
MIPOLIeCCOB 3aMayMBaHUA-CYLIKA THAPOre/b COXPaHs CBOM 3(¢eKTUBHblE CBOMCTBA B TeueHHe
nepBeIx 4-5 1yka0B. Kpome TOro, BbICBOOOKAEHHE MOUEBHHBI, BXOASIIEH B COCTaB KOMIIO3WTa,
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3HauUNTe/IbHO 3aMe/|/TM/IOCh TI0 CPaBHEHUIO C ITPOCTOM MOYeBUHOMU, JOCTUTHYB 89,5 % B Teuenue 30
fHen. [TonydyeHHble pe3ynbTaThl yKasbIBalOT HA TO, YTO 3TOT T'MPOre/ib SIBISETCS MepCreKTUBHBIM
MarepuasioM [iig TIOJJep>KaHWs B/IaKHOCTH TI0YBBI W o0OecrieyeHUs KOHTPOJIMPYEMOTO
BBICBOOOXK/IEHNST a30THBIX Y00peHuH.

Keywords: carboxymethyl cellulose, methacrylic acid, urea, natural minerals, bentonite,
kaolin.

KnaoueBble cjoBa: Kap6OKCI/IMETI/IHL[eJ'IfII-OJ'I033, METaKpW/ioBasd KHUC/I0Ta, MOYE€BHHA,
MMpHUpoAHbIE MHUHEDAJIBI, 6eHTOHI/IT, KdOJIMH.

Introduction

In recent years, global climate change, water resource scarcity, and the need to improve water
use efficiency in agriculture have sharply increased interest in hydrogels. Therefore, they are
viewed as promising materials for stabilizing soil moisture, conserving irrigation water, reducing
nutrient leaching, and enhancing crop resilience in arid regions. Traditional synthetic hydrogels are
primarily prepared based on polyacrylate and polyacrylamide [3, p. 1222]. Although they possess
high water-absorbing properties, their low rate of biodegradation and relatively high production cost
limit their widespread use [13, p. 85]. For this reason, in recent years, special attention has been
focused on creating environmentally safe composite hydrogels based on renewable natural
polysaccharides—specifically starch and its derivatives, cellulose and its derivatives, chitosan,
alginate and guar gum[3-419]. One of the most pressing challenges facing the modern agrochemical
industry and agriculture is maintaining the soil's nutrient balance and reducing fertilizer
consumption. Urea, one of the main sources of nitrogen for plants, is relatively low in agrotechnical
conditions [15; p. 348; 12, p. 1236]. The optimal way to overcome these shortcomings is to create
intelligent systems with controlled release by incorporating active substances into polymer matrices
[16, p. 14; 9, p. 320]. In this context, highly swellable hydrogels with a three-dimensional network
structure—capable of absorbing and retaining water many times their own mass—play a
particularly important role in the soil environment. In addition to retaining soil moisture, these
hydrogels enable the efficient and effective utilization of minerals [7, p. 357; 1, p. 19]. In recent
years, the incorporation of natural mineral fillers into hydrogel compositions has been developing as
a distinct scientific direction. Bentonite creates an additional capillary structure, improving water
diffusion and enhancing the hydrogel's resistance to mechanical deformation. Furthermore,
bentonite and kaolin reduce the production cost of the hydrogel [17, p. 1376; 5, p. 16].

Due to its low swelling property, kaolin imparts strength to the polymer chain. When minerals
are incorporated into the polymer matrix, complex network-like channels are formed within it; this
enhances the absorption of water molecules and slows down the capillary diffusion of urea
molecules [8, p. 1196; 14, p. 11]. The aim of this work is to synthesize a new urea-containing,
highly swellable hydrogel via a radical polymerization reaction involving CMC, partially
neutralized methacrylic acid, bentonite, and kaolin [4, p. 263]. The structural properties, thermal
stability, and phase state of the obtained hydrogel were analyzed using IR, XRD, and TGA/DTA
techniques, and its urea release process was investigated using various mathematical models.
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Materials and methods

Materials and reagents. Carboxymethyl cellulose was used as a natural polymer derivative,
methacrylic acid as a monomer, and urea as a nitrogen fertilizer. Ammonium persulfate was used to
initiate the reaction, and N,N'-methylenebisacrylamide was used for cross-linking the chains. A
25 % potassium hydroxide (KOH) solution was used to neutralize the acidic medium. Purified
bentonite and kaolin minerals were also used. Synthesis of a polymer-mineral composite hydrogel.
Karboksimetilsellyuloza, metakril Kkislota, bentonit, kaolin va karbamid asosidagi yuqori
bo‘kuvchan gidrogel suvli muhitda radikal payvandlanish usulida sintez qilish. For the optimally
formulated composition, the following proportions were used relative to the total mass of structural
components: 30.0 % carboxymethyl cellulose (CMC), 45.0 % methacrylic acid (MAA), 11.0 %
urea, 9 % bentonite, 4 % kaolin, 0.3 % N,N'-methylenebisacrylamide (MBA), and 0.7 %
ammonium persulfate (APS). Bentonite and kaolin were initially washed with distilled water, dried
at 100°C for 6 hours, ground, and the fraction with a particle size of less than 100 pm was
separated. In a separate vessel, 45 g of methacrylic acid was neutralized to a level of 60 % with a
25 % KOH solution under constant stirring and cooling in an ice bath. During neutralization, the
temperature was monitored to ensure it did not exceed 30-35°C. In another reactor, 30 g of KMS
was gradually added to 400 ml of distilled water and stirred at 50-55°C for 60 minutes to form a
homogeneous solution. 0.30 g of MBA was added to the neutralized MAA solution and stirred until
completely dissolved; this solution was then added dropwise to the CMS solution. In the next step,
9 g of bentonite and 4 g of kaolin were dispersed in 100 ml of distilled water for 30 minutes and
gradually added to the polymer-monomer mixture. To ensure the uniform distribution of mineral
particles in the reaction medium, the mixture was stirred for 30 minutes at a speed of 400-500 rpm.
To reduce the inhibitory effect of dissolved oxygen on radical polymerization, nitrogen gas was
bubbled through the mixture for 20 minutes. Once the reaction temperature reached 65 °C, 1.0 g of
APS was dissolved in 10 ml of distilled water and added dropwise to the mixture. The graft
polymerization and cross-linking process was carried out under a nitrogen atmosphere at a
temperature of 60—65 °C for 4 hours. After the reaction was complete, the resulting gel was cooled
to room temperature, cut into pieces measuring 8—10 mm, and washed several times with distilled
water to remove unreacted monomers and soluble residues. The purified hydrogel was dried at a
temperature of 55-60 °C until a constant mass was reached. To minimize urea loss due to leaching
and ensure precise loading, the dried hydrogel was saturated in an 11 % urea solution for 24 hours.

Results and Discussion

IR spectroscopy analysis. In the IR spectrum of the CMC-g-PMAA/bentonite-kaolin/urea
composite hydrogel, the broad absorption band at 3360.33 cm™ corresponds to the —OH groups of
carboxymethyl cellulose and the minerals, as well as the -NH, groups of urea, indicating the
formation of hydrogen bonds between them. The absorption at 2933.73 cm™ corresponds to the
stretching vibrations of aliphatic -CH,~ and —CH, groups in the KMS and polymethacrylic acid
chains. The absorption region at 1672.28 cm™ is associated with the hydrogen-bonded C=0
stretching of polyacrylic acid and the stretching vibrations of the amide carbonyl group within the
urea moiety. The absorption bands at 1566.53 and 1402.25 cm™ correspond to the asymmetric and
symmetric vibrations of the partially neutralized carboxylate (—COO~) groups, confirming the
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partial neutralization of MAK with KOH. The difference of approximately 164 cm™ between these
absorption bands indicates that the carboxylate groups have entered into ion-dipole interactions with
K" ions and with active sites on the surfaces of bentonite and kaolin. The region at 1454.33 cm™
corresponds to the deformation vibrations of ~CH,~ and —~CH, groups, while the absorption at
1311.59 cm™ corresponds to the vibrations of C-N, C-O, and —OH groups. The region at 1166.00
cm™ is attributed to the vibrations of the C—O-C glycosidic bonds in CMC and the Si—O-Si bonds
in the mineral phase. The absorption at 1031.92 cm™ corresponds to the stretching vibrations of Si—
O-Si and Si—O-Al bonds in bentonite and kaolin, as well as the C-O groups of CMC. The regions
at 763.81 and 732.95 cm™ represent the bending vibrations of Si—O and Al-O bonds within the
aluminosilicate structure. The absence of distinct, intense regions in the spectrum characteristic of
the vinyl C=C bond indicates that the double bonds of methacrylic acid have been consumed during
radical polymerization[15-371]. The shifting, broadening, and overlapping of the main absorption
bands confirm the grafting of polymethacrylic acid chains onto the CMC backbone, the formation
of a three-dimensional network cross-linked with MBA, and the bonding of bentonite, kaolin, and
urea to the polymer matrix via hydrogen bonds and ion-dipole interactions.
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Figure 1. KMS-g-PMAK/bentonite—kaolin/urea

Based on the results of IR spectroscopic analysis, it can be concluded that a highly swellable
hydrogel composed of CMC-g-PMAA/bentonite-kaolin/urea was successfully synthesized, and its
structural formula (Formula 1) was represented as follows.
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TGA/DTA analysis of the hydrogel. In the first stage, the sample lost 24.708 % of its mass in
the temperature range of 38.71-337.27 °C. At the lower end of this wide temperature range, the
evaporation of water that was physically adsorbed and held within the polymer network by
hydrogen bonds took place. The thermal effect with a maximum at 71.51 °C on the DTA curve
corresponds to this process. With the rise in temperature, the decomposition of urea, the dehydration
of hydroxyl and carboxymethyl groups in CMC, and the decarboxylation of —-COOH groups in
partially neutralized polymethacrylic acid began.
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Figure 2. Structural formula of the CMC-g-PMAA/bentonite-kaolin/urea-based hydrogel
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TGA/DTA analysis of the hydrogel. In the first stage, the sample lost 24.708 % of its mass in
the temperature range of 38.71-337.27 °C. At the lower end of this wide temperature range, the
evaporation of water that was physically adsorbed and held within the polymer network by
hydrogen bonds took place. The thermal effect with a maximum at 71.51 °C on the DTA curve
corresponds to this process. With the rise in temperature, the decomposition of urea, the dehydration
of hydroxyl and carboxymethyl groups in CMC, and the decarboxylation of —-COOH groups in
partially neutralized polymethacrylic acid began. The thermal effect at 235.27 °C, occurring within
the 212.90-268.19 °C range, is primarily attributed to the thermal transformation of urea and the
decomposition of relatively weakly bonded functional groups within the polymer matrix [11, p.
294]. The second stage of thermal decomposition was observed in the 335.82-416.45 °C range,
during which the sample mass decreased by 16.955 %. Bentonite and kaolin particles hinder the
movement of polymer chains and form hydrogen and ion-dipole bonds with them; as a result, the
primary degradation process of the hydrogel occurs at high temperatures. The third stage
corresponds to the temperature range of 419.72—-777.85°C, with a mass loss of 30.185 %. At this
stage, the stable carbon chain residues of the polymer decompose, and carboxylate groups, as well
as hydroxyl groups from the bentonite and kaolin, are released. It is associated with the processes of
organic matrix destruction and mineral phase dehydroxylation at 443.07°C.
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Figure 3. TGA/DTA analysis of the CMC-g-PMAA/bentonite—kaolin/urea-based hydrogel

The subsequent decomposition at 766.24°C is associated with changes in the mineral lattice,
the completion of dehydroxylation of bentonite and kaolin, and the decomposition of the carbonized
residue.
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During the analysis, the total mass loss amounted to 71.848 %, while the solid residue
remaining after 777.85°C constituted approximately 28.152 % of the initial mass. The relatively
high residue content is attributed to the presence of thermally stable aluminosilicate phases—
derived from the bentonite and kaolin within the hydrogel-—as well as inorganic potassium
compounds formed during neutralization with KOH.

X-ray diffraction (XRD) analysis of the hydrogel. This is explained by the fact that the
irregular polysaccharide chains and grafted polymethacrylic acid branches are cross-linked using
MBA to form a three-dimensional polymer network. Sharp reflections characteristic of the distinct
crystalline phase of urea are also not clearly visible.
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Figure 4. X-ray diffraction (XRD) analysis of the synthesized composite hydrogel

This indicates that the degree of crystallization has decreased because the urea is distributed
within the hydrogel pores and polymer network in a molecular or finely dispersed state, and its —
NH, groups form hydrogen bonds with the active sites of CMC, polymethacrylic acid, bentonite,
and kaolin. However, the broad maximum around 21-22° may encompass the overlapping
reflections of the mineral and urea, in addition to the amorphous halo of the polymer.

Analysis of the water-absorbing property of the hydrogel. The water-swelling property of the
synthesized hydrogel was determined using the gravimetric method. For this purpose, 1 g of the
hydrogel was placed in an excess of distilled water at room temperature. After the specified time
interval, the swollen hydrogel samples were removed from the water, excess surface moisture was
carefully removed using filter paper, and the samples were weighed. The water absorbency of the
hydrogel at a given time t (Qt, g/g) and the water absorbency at equilibrium (Qe, g/g) were
calculated using the following equation:

W, =Wy

[ =
0 W

Here, Wt is the mass of the swollen hydrogel at a given time t (g), and Wd is the initial mass
of the dry hydrogel (g).

Studying the effect of various pH values. It was determined that the water absorbency of the
KMS-g-PMAK/bentonite-kaolin/urea composite hydrogel depends significantly on the pH value of
the medium. In an acidic medium—specifically at pH 3 and 4—the swelling capacity of the
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hydrogel was 73 g/g and 109 g/g, respectively. The reason for this is the protonation of the —COO"
groups in polymethacrylic acid and carboxymethylcellulose, converting them into the —COOH
form. As a result, electrostatic repulsion between polymer chains decreases, hydrogen bonds
between —COOH and —OH groups strengthen, and the polymer network becomes denser. As the
medium pH was increased from 5 to 7, the swelling capacity rose from 201 g/g to 420 g/g. The
maximum water absorption was 420 g/g at pH 7. Under conditions approaching a neutral medium,
the majority of carboxyl groups convert to the —COO" state, leading to increased electrostatic
repulsion between polymer chains and higher Donnan osmotic pressure. As a result, the three-
dimensional polymer network expands, allowing more water to enter. As the medium becomes more
alkaline, the swelling capacity decreases again, reaching 333, 208, 111, 73, and 48 g/g at pH levels
of 8, 9, 10, 11, and 12, respectively. Although carboxylate groups are fully ionized in a strongly
alkaline medium, an increase in the concentration of K* or other counter-ions in the solution screens
the charge of the -COO" groups.

This resulted in a reduction of both the electrostatic repulsion between chains and the osmotic
pressure difference between the hydrogel interior and the external solution. Furthermore, the
alkaline environment—by altering the ionization state of active sites on the bentonite and kaolin
surfaces and thereby strengthening polymer-mineral interactions—may also restrict the expansion
of the polymer network.
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Figure 5. Effect of medium pH on the water absorbency of the hydrogel

The results indicate that the CMC-g-PMA A/bentonite-kaolin/urea hydrogel exhibits distinct
pH-sensitive properties and that its optimal swelling medium is around pH 7.

To model soil salinization, the swelling stability of the material was investigated at room
temperature in solutions of mono- and multivalent salts at various concentrations. The swelling
behavior of the CMC-g-PMA A/bentonite-kaolin/urea composite hydrogel was examined in 1-4 %
NaCl, CaCl,, and AlCIL, solutions. The swelling capacity in NaCl solution was 138 g/g at 1 %, 103
g/g at 2 %, 77 g/g at 3 %, and 59 g/g at 4 %. In CaCl, solution, these values were 117, 96, 63, and
48 g/g, respectively, while in AICL, solution, they were 109, 82, 51, and 43 g/g. As the salt
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concentration increased from 1 % to 4 %, the hydrogel's swelling capacity decreased by 57.2 % in
NaCl solution, 59.0 % in CaCl, solution, and 60.6 % in AICI, solution. An increase in salt
concentration raises the osmotic pressure and ionic strength of the external solution, thereby
reducing the osmotic pressure difference between the hydrogel's interior and the external
environment. At the same time, cations in the solution screen the negatively charged -COO" groups
within CMC and PMAK, thereby weakening the electrostatic repulsion between the polymer chains
[6, p. 5]. As a result, the polymer network contracts, and its water-absorbing capacity decreases. The
effect of multivalent Ca?" and AI?" ions was stronger than that of Na* ions. While Na* primarily
screens the charge of carboxylate groups, Ca?" and—especially—AI3" bind simultaneously to
multiple —COO" groups, forming additional ionic bridges between polymer chains. Such secondary
cross-links increase the density of the hydrogel network and limit swelling.
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Figure 6. Effect of NaCl, CaCl,, and AICl, concentrations on the swelling capacity of the CMC-
g-PMAA/bentonite—kaolin/urea hydrogel

The lowest values observed in the AICI, solution are attributed to the high charge density of

the AI3" ion and its strong complex-forming ability. Furthermore, the hydrolysis of Al3* ions can
lower the solution pH, thereby promoting the protonation of —COO" groups to the —-COOH form.
Overall, the results indicate that the hydrogel retains relatively high swelling capacity in a medium
containing monovalent Na® ions, whereas its water absorption decreases significantly in the
presence of divalent Ca2" and trivalent AI3" ions.

Repeated water absorbency of the hydrogel. Repeated swelling—drying experiments were
conducted to evaluate the economic efficiency and mechanical properties of the hydrogel. Fully
swollen hydrogel samples were dried at 60°C until a constant mass was reached, then re-immersed
in distilled water and kept there until maximum water absorption was attained. This process was
repeated eight times, and the water absorption capacity was recorded after each cycle. While the
water absorbency of the hydrogel was 420 g/g in the first cycle, it decreased to 381, 324, 277, 239,
168, 102, and 77 g/g, respectively, in the subsequent cycles. The results indicate a steady decline in
water absorbency after each swelling—drying cycle. By the fifth cycle, the composite retained
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56.9 % of its initial water absorption capacity. From the sixth cycle onwards, the decline
accelerated, and by the eighth cycle, water absorption had dropped to 77 g/g. This represents an
81.7 % decrease compared to the initial value.
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Figure 7. Repeated water absorbency of the hydrogel

The decrease in water absorption is attributed to the densification of polymer chains during
repeated drying, the partial closure of pores, the reformation of hydrogen bonds, and the restriction
of the ability of certain hydrophilic groups to interact with water. Nevertheless, the hydrogel's water
absorption of 77 g/g in the eighth cycle indicates that its three-dimensional network structure has
not completely collapsed and that it possesses a certain degree of reusability. The obtained results
indicate that the period of highly efficient reuse of the composite is primarily limited to the initial
4-5 cycles.

Slow-release characteristics of urea fertilizer. The practical significance of the synthesized
CMC-g-PMAA/bentonite—kaolin/urea composite in agriculture was evaluated based on its ability to
release nutrients into the soil steadily over an extended period.
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Figure 8. Urea release dynamics
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The fertilizer release process was studied under soil conditions at room temperature and
compared with ordinary crystalline urea.

Ordinary urea, used as a control sample, lost 68.5 % of its mass within the first day and 100 %
by the fifth day due to its high water solubility. Such rapid leaching from the soil can prevent plants
from fully absorbing the nutrient and lead to groundwater contamination. In contrast, the release of
urea incorporated into the composite hydrogel matrix via an *in situ* method was significantly
slowed down. While an initial «burst» effect was partially observed—with 34.5 % of the fertilizer
released during the first three days—the process proceeded at a steady rate thereafter. Specifically,
73.4 % of the total urea was released by the 15th day, and 89.5 % by the end of the 30th day. This
deceleration in fertilizer release is attributed to two factors: first, hydrogen bonding between the
carboxylate (~COQO") groups of the polymer network and the amide (-NH,) groups of the urea; and
second, the presence of bentonite and kaolin, which reduce the size of the voids between polymer
chains, thereby restricting water ingress and lengthening the diffusion path for urea molecules. To
gain a more comprehensive understanding of the urea release mechanism, the initial stages of the
process (total release <60 %) were modeled using the empirical Ritger—Peppas equation (Figure 8).
The synthesized composite is considered a promising material that serves to reduce fertilizer waste
while retaining moisture in the soil.
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Figure 9. Analysis of the Ritger—Peppas kinetic model for urea release

Conclusion

In this study, a composite hydrogel with versatile properties was synthesized for agricultural
applications, and its key characteristics were investigated. IR spectroscopy results demonstrated that
polymethacrylic acid chains were grafted onto the CMC backbone, a cross-linked polymer network
was formed with the aid of a cross-linking agent, and intermolecular interactions existed between
the hydrogel and urea as well as minerals. TGA/DTA analyses revealed the presence of organic
polymer chains and thermally stable mineral phases within the hydrogel. XRD analysis indicated
the predominance of an amorphous phase and a weakening of the characteristic features of kaolin,
bentonite, and urea within the polymer matrix. The hydrogel exhibited high water absorbency at pH
7, while its swelling capacity decreased as salt concentration and cation valence increased.
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Repeated swelling—drying tests demonstrated that the hydrogel remained effective for the first 4-5
cyclesThe release of urea was slowed down compared to ordinary crystalline urea. Therefore, the

developed composite hydrogel can be considered a promising agricultural material designed to

retain soil moisture and ensure the controlled release of nitrogen fertilizers.

10.
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Abstract

This study investigates carbonate-containing solid waste generated at Ferganaazot JSC as a
secondary mineral raw material for dry construction mixtures based on local quartz and cement
binder. The objective was to substantiate the rational use of the carbonate technogenic product as a
microfiller by considering its physicochemical and particle-size characteristics and its influence on
the structure and strength of cement-quartz composites. The chemical composition of the waste was
examined by energy-dispersive X-ray fluorescence spectroscopy using a Rigaku NEX CG EDXRF
instrument, while structural and chemical features were evaluated by FTIR spectroscopy using a
SHIMADZU IRSpirit spectrometer. Local quartz sand fractions of 1.25-2.50 and 0.16-0.31 mm
were combined at a 70:30 ratio. Experimental results showed that a 10 % carbonate addition
provides rational filling of intergranular voids, with a measured void content of 31.8 %. When
carbonate flour obtained from the solid waste was introduced at 10 % of binder mass, the
compressive strength of mixtures with binder-to-filler ratios from 1:5 to 1:3 increased by 6-12 %
relative to the corresponding control specimens. These results substantiate the use of carbonate
industrial waste as a functional microfiller in cement-based dry construction mixtures and provide a
resource-saving approach that can reduce the demand for primary mineral raw materials while
maintaining or improving the performance of the composite.

AHHOTanus

B  pabore wuccrnemoBaHa =~ BO3MOXHOCTb — PeCypcocOeperaroiiero  MCIOIb30BaHUS
kKapboHaTrcozep)Kax TBEPABIX 0Tx00B AO «®epraHaa3or» B KauecTBe (YHKI[MOHATBHOTO
MUKDOHAITOJIHWATES L|eMEHTHO-KBapLieBbIX CyXHUX CTPOMTE/IbHBIX CMeCel Ha OCHOBE MeCTHOIO
KBapLeBOr0 ChbIpbsA. llesp wucciefoBaHusl  3ak/io4asach B YCTAHOBJIEHWM — paljMOHAIBHOIO
coziep)kaHusi KapOOHAaTHOTO TIPOAYKTa C YYETOM ero (U3MKO-XUMHUECKUX U [JJUCIIePCHBIX
XapaKTepUCTHK, a Takke B/IMWSHUSA Ha TUIOTHOCTb YIIAKOBKM U IPOYHOCTb LIeMEHTHO-KBapLieBbIX
KOMMO3ULMKA. XUMWYECKMU COCTaB OTXOJa WCC/Ie[0Ba/iM MEeTOJOM 3SHEpProAuCrepCUOHHON
peHTreHodyopecrieHTHOU criekTpoMeTtpur Ha ripubope Rigaku NEX CG EDXREF, cTpykTypHO-
XUMHU4Yeckue ocobeHHocTH — MeTogoM WK-Dypre-criekTpockoru Ha mpubope SHIMADZU
IRSpirit, a rpaHy/IOMeTpAYeCKANA COCTaB — MeTOZOM CUTOBOrO aHanusa. B cMmecsax ucnonb3oBanmu
MeCTHBIM KBapLieBbii mecok (pakumii 1,25-2,50 u 0,16-0,31 MM B cootHomenuu 70:30.
YcTaHOB/IEHO, UYTO TIpH cofep>KaHuM KapbOoHaTtHoro mpoaykra 10 % TmokasaTesnb IMyCTOTHOCTU
cocraBun 31,8 %. Ilpu BBeseHMM KapOoHaTHOUW MyKH B KommuectBe 10 % OT MacChl BSDKYIIEro
MIPOYHOCTb IPU CKATUM KOMITO3MLMM C OTHOLIEHHWEM BspKylllee:3arnosHuTens or 1:5 po 1:3
NoBbICH/IaCh Ha 6-12 % OTHOCUTE/IBHO COOTBETCTBYIOLLIMX KOHTPOJIBHBIX COCTABOB. [loyueHHEbIe
pe3ynbTaThl TIOKA3bIBAlOT, UTO HWCC/IE[OBAaHHBIM TEeXHOTeHHbIM KapOOHATHBIN TIPOAYKT MOXKET
TIPUMEHATHCS KaK MMKDOHANO/HUTe/b B U3YYEHHOM CHCTeMe CYXUX CTPOMUTE/IbHBIX CMeCed U
NI03BOJIIeT YaCTUYHO BOBJIEKATD NIPOMBIIIEHHBIM OTXOZ, BO BTOPUYHBIM MaTeprasbHbINA LIUKJI.
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Introduction

Resource-saving technologies for inorganic construction materials require both a reduction in
the consumption of primary mineral resources and the technically justified utilization of industrial
by-products. In dry construction mixtures, finely dispersed mineral additions can modify particle
packing, intergranular voids and the formation of the hardened structure. Therefore, the use of
chemically compatible secondary mineral products as fillers or microfillers is of practical interest,
provided that their composition, dispersion and influence on performance are experimentally
verified [1-4].

The present study considers carbonate-containing solid waste generated in the technological
processes of Ferganaazot JSC. The research focuses on its physicochemical characterization and on
determining a rational dosage for cement-quartz dry mixtures prepared with local quartz raw
material. Particular attention is given to particle packing and compressive-strength changes because
these parameters directly characterize the functional role of the carbonate microfiller.

Materials and Methods

The experimental program consisted of four stages: physicochemical characterization of the
carbonate-containing industrial waste, determination of its particle-size distribution, evaluation of
the packing characteristics of the quartz—carbonate system, and comparative determination of
compressive strength. Local quartz sand fractions of 1.25-2.50 mm and 0.16-0.31 mm were
combined at a mass ratio of 70:30. Portland cement was used as the binder, while C-3 plasticizer
and hydroxyethyl cellulose were used as modifying additives. The carbonate-containing solid waste
from Ferganaazot JSC was characterized by energy-dispersive X-ray fluorescence spectroscopy
using a Rigaku NEX CG EDXRF spectrometer and by FTIR spectroscopy using a SHIMADZU
IRSpirit instrument. Particle-size distribution was evaluated by sieve analysis.

In the particle-packing study, the carbonate product was investigated at addition levels up to
30 %, and the dosage corresponding to the lowest measured void content was selected for
subsequent strength tests. A 10 % carbonate microfiller dosage relative to binder mass was used in
the modified compositions. Control mixtures of the same binder-to-filler ratios contained no
carbonate microfiller. Binder-to-filler ratios ranging from 1:5 to 1:3 were investigated, while the
quartz fraction ratio was maintained at 70:30 in all comparative compositions. All control and
carbonate-containing specimens were prepared and tested under identical conditions.

Compressive strength was determined on 20x20x20 mm cubic specimens after 28 days of
curing in accordance with GOST 5802 — 86. The specimens were kept under normal conditions for
the first 24 h and subsequently cured under the prescribed conditions for 27 days. Compressive-
strength tests were performed using an AlfaX-050 testing machine.
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Figure 1. Physicochemical and particle-size characterization of the carbonate-containing
industrial waste: (a) FTIR spectra of the investigated waste and CaCO, reference; (b)

micrograph of the waste particles; (c) sieve particle-size distribution

The FTIR spectrum of the investigated waste shows absorption bands characteristic of
carbonate groups, including intensive bands in the regions around 1400-1500, 875 and 710 cm,
which correspond well with the CaCO, reference spectrum shown in Figure 1a. The sieve analysis
demonstrates the predominantly fine character of the material: 54.2 % of the particles belong to the
<50 pm fraction and 33.3 % to the 71 pm fraction. Thus, approximately 87.5 % of the investigated
material is concentrated in the finest particle-size classes up to 71 pm. Such a dispersed
composition is favourable for the physical filling of voids between the larger quartz grains and
provides a basis for considering the waste as a mineral microfiller rather than only as an inert
secondary raw material.

The physicochemical analyses confirmed that the investigated industrial by-product is a
carbonate-containing finely dispersed mineral material suitable for evaluation as a filler or
microfiller. The combined EDXRF and FTIR investigations were used to characterize its chemical
and structural features, while particle-size analysis established its dispersed state. In the packing
experiments, the carbonate product was introduced as an additional fine fraction into a quartz
system composed of the 1.25 — 2.50 and 0.16-0.31 mm fractions at a 70:30 ratio. The lowest
experimentally established void content for the carbonate-containing system was 31.8 % at a 10 %
addition. This dosage was therefore considered rational for further evaluation in cement-based
compositions.
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The packing results indicate that the effect of the carbonate addition is governed not only by
its chemical nature but also by its role as a fine fraction in the granular system. A 10 % addition
produced a void content of 31.8 %, supporting its selection as the rational level for the investigated
system. This result is consistent with the use of finely dispersed mineral material to occupy part of
the intergranular space between the coarser quartz particles[2,8].

Table 1. Summary of the main experimental results obtained at the rational carbonate microfiller

dosage
Property Control composi- | Composition with carbonate Observed effect
tion microfiller
Carbonate microfiller 0% 10% of binder mass Rational investigated dosage
dosage
Void content in packing | — 31.8% Lowest measured value at the
study selected dosage
Binder-to-filler ratio 1:5-1:3 1:5-1:3 Identical comparative range
Compressive strength Reference level 106-112% of control Increase by 6-12%

The mechanical tests showed that introducing carbonate flour obtained from the solid waste at
10 % of binder mass increased compressive strength by 6-12 % relative to the corresponding
control specimens when the binder-to-filler ratio varied from 1:5 to 1:3.

The effect observed at a 10 % carbonate dosage can be explained primarily by the particle-
packing mechanism. Fine carbonate particles occupy part of the intergranular space between the
two quartz fractions, producing a denser granular skeleton. This interpretation is supported by the
experimentally measured void content of 31.8 % at the selected dosage. The increase in
compressive strength by 6-12 % is therefore consistent with a reduction in ineffective void space
and improved contact between the solid particles. Recent studies on finely dispersed limestone and
calcium-carbonate additions also describe filling and nucleation effects as important mechanisms
influencing the microstructure and mechanical behaviour of cementitious systems[11-14]. Fine
carbonate particles can provide additional nucleation surfaces for cement hydration products and
may promote the formation of a denser C-S—H-containing structure. Depending on particle size and
cement composition, interaction of carbonate ions with aluminate phases may also lead to
carboaluminate formation. However, the latter mechanisms were not directly verified in the present
study by analysis of hydrated phases; therefore, they are considered possible contributing
mechanisms rather than experimentally confirmed processes.

From a resource-saving perspective, the principal result is the experimentally substantiated
possibility of returning a carbonate industrial by-product to material use as a functional microfiller.
The proposed approach combines utilization of a secondary mineral resource with improved
packing and a measurable increase in compressive strength. The conclusions are limited to the
investigated raw materials, dosage range and mixture compositions; broader environmental benefits
require a separate life-cycle assessment. [1, 2, 4]
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Conclusion

The physicochemical and technological results substantiate the use of carbonate-containing
solid waste from Ferganaazot JSC as a functional microfiller in cement-based dry construction
mixtures containing local quartz. For the quartz fractions of 1.25-2.50 and 0.16-0.31 mm combined
at a 70:30 ratio, a 10 % carbonate addition produced a void content of 31.8 %. When the carbonate
microfiller was introduced at 10 % of binder mass, compressive strength increased by 6-12 %
compared with the corresponding controls for binder-to-filler ratios from 1:5 to 1:3. These findings
provide an experimentally supported basis for incorporating the carbonate by-product into resource-
saving cement-quartz compositions.

References

1. Scrivener K.L., John V.M., Gartner E.M. Eco-efficient cements: Potential economically viable
solutions for a low-CO2 cement-based materials industry // Cement and Concrete Research. —
2018. — Vol. 114. — P. 2-26. — DOI: 10.1016/j.cemconres.2018.03.015.

2.John V.M., Damineli B.L., Quattrone M., Pileggi R.G. Fillers in cementitious materials —
Experience, recent advances and future potential // Cement and Concrete Research. — 2018. —
Vol. 114. — P. 65-78. — DOI: 10.1016/j.cemconres.2017.09.013.

3. Wang D., Shi C., Farzadnia N., Shi Z., Jia H., Ou Z. A review on use of limestone powder in
cement-based materials: Mechanism, hydration and microstructures // Construction and
Building Materials. — 2018. — Vol. 181. — P. 659-672. — DOI: 10.1016/j.conbuildmat.
2018.06.075.

4. Panesar D.K., Zhang R. Performance comparison of cement replacing materials in concrete:
Limestone fillers and supplementary cementing materials — A review // Construction and
Building Materials. — 2020. — Vol. 251. — DOI: 10.1016/j.conbuildmat.2020.118866.

5. De Weerdt K., Ben Haha M., Le Saout G., Kjellsen K.O., Justnes H., Lothenbach B. Hydration
mechanisms of ternary Portland cements containing limestone powder and fly ash // Cement and
Concrete Research. — 2011. — Vol. 41, No. 3. — P. 279-291. — DOI: 10.1016/j.cemconres.
2010.11.014.

6. Moon G.D., Oh S., Jung S.H., Choi Y.C. Effects of the fineness of limestone powder and
cement on the hydration and strength development of PLC concrete // Construction and
Building Materials. — 2017. — Vol. 135. — P. 129-136. — DOI: 10.1016/j.conbuildmat.
2016.12.189.

7. Cao M., Ming X., He K., Li L., Shen S. Effect of macro, micro- and nano-calcium carbonate on
properties of cementitious composites — A review // Materials. — 2019. — Vol. 12, No. 5. — DOTI:
10.3390/ma12050781.

8. Bentz D.P, Ferraris C.F., Jones S.Z., Lootens D., Zunino F. Limestone and silica powder
replacements for cement: Early-age performance // Cement and Concrete Composites. — 2017. —
Vol. 78. — P. 43-56. — DOI: 10.1016/j.cemconcomp.2017.01.001.

9. Lothenbach B., Le Saout G., Gallucci E., Scrivener K. Influence of limestone on the hydration
of Portland cements // Cement and Concrete Research. — 2008. — Vol. 38, No. 6. — P. 848-860. —
DOI: 10.1016/j.cemconres.2008.01.002.

375



Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

10.

11.

12.

13.

14.

Zokirov X.T., Abdullaev O.G., Toshmatov Y.R. Prospects for using waste generated at
“Ferganaazot” JSC as a filler in the production of gypsum dry construction mixtures // Fan va
texnologiyalar taraqqiyoti. — 2025. — No. 2. — P. 78-82.

Rashad A.M. Effect of limestone powder on the properties of alkali-activated materials — A
critical overview // Construction and Building Materials. — 2022. — Vol. 356. — DOI: 10.1016/
j.conbuildmat.2022.129188.

Han K., Shu X., Ran Q., Shi J., Zhang Z. Understanding the mechanisms behind the effects of
limestone powder on microstructure evolution of cement paste // Journal of Sustainable Cement-
Based Materials. - 2023. - Vol. 12, No. 8. - P. 995-1008. - DOI:
10.1080/21650373.2022.2144534.

Alyousef R., Abbass W., Aslam F., Gillani S.A.A. Characterization of high-performance
concrete using limestone powder and supplementary fillers in binary and ternary blends under
different curing regimes // Case Studies in Construction Materials. — 2023. — Vol. 18. — DOI:
10.1016/j.cscm.2023.e02058.

Li X., Cao M. Recent Developments on the Effects of Micro- and Nano-Limestone on the
Hydration Process, Products, and Kinetics of Cement // Materials. — 2024. — Vol. 17, No. 9. —
DOI: 10.3390/ma17092133.

376



Ne 11 (149) UNIVERSUM: HOA6pb, 2026 2.

BIOLOGY

BIOTECHNOLOGY AND BIONANOTECHNOLOGY

Received: 19.10.2026
Accepted: 30.10.2026
Published: 07.11.2026

YJIK 632.937

DOI: 10.32743/UniChem.2026.149.11.23633

Screening of entomopathogenic fungal isolates of the genus Metarhizium under
the conditions of Uzbekistan

Razikova Malikakhon Farrukhjon kizi

Doctoral student

Tashkent State Technical University named after Islam Karimov
Uzbekistan, Tashkent

ORCID: 0009-0006-6344-7370

E-mail: malikaxon.razikova2211@gmail.com

Khujamshukurov Nortoji Abdikholikovich
doctor of Biological Sciences, Professor
Tashkent Institute of Chemical Technology
Uzbekistan, Tashkent

ORCID: 0000-0001-7807-4737.

E-mail: nkhujamshukurov@mail.ru

Kuchkarova Dilafruz Khurramovna

Associate Professor

Department of Engineering Utilities, Tashkent Institute of Architecture and Civil Engineering
Uzbekistan, Tashkent

ORCID: 0000-0003-0777-1126.

Khamroeva Nargiza Farkhod kizi

Doctoral Candidate, Tashkent Institute of Chemical Technology

Uzbekistan, Tashkent

Bubiuorpaduueckoe onucanue: CKPYHUHT M30JSITOB SHTOMOIIATOreHHBIX rpuboB poza Metarhizium B ycnoBusix Y36ekucraHa //
Universum: Xumusi ¥ OHOMOTHSI : 37€KTPOH. HayuH. >KypH. PasukoBa M.®. ku3u [u gp.]. 2026. 11(149). URL: https:/
Zuniversum.com/ru/nature/archive/item/23633

For citation: Screening of entomopathogenic fungal isolates of the genus Metarhizium under the conditions of Uzbekistan //
Universum: Chemistry and Biology : electronic scientific journal. Razikova M.F.K. et al. 2026. No. 11(149). Available at: https://
7universum.com/ru/nature/archive/item/23633

377


https://7universum.com/ru/nature/archive/item/23633
https://7universum.com/ru/nature/archive/item/23633
https://7universum.com/ru/nature/archive/item/23633
https://7universum.com/ru/nature/archive/item/23633

Ne 11 (149) UNIVERSUM: HOAOpb, 2026 2.

XUMua n snonorua

CKpPHMHHHT U30/I5ITOB 3HTOMOIIATOTeHHBIX IPU00B poja Metarhizium B yc/ioBUsIX
VY30ekucrana

Pa3zuxkoea ManukaxoH @appyxxcoH Ku3su

0oKmopaHm

Tawkenmckutl 20cy0apcmeeHHbIll mexHu4ecKutl yHueepcumem umeru Mcaama Kapumosa
Pecnybnuka Y3bekucmat, . TawkeHm

Xyscamurykypoe Hopmooicu A60uxonukoeuy
0-p buon. Hayk, npocp.

TawkeHmMcKull XUMUKO-mMeXHO02UYeCcKUll uHcmumym
Pecnybnuka Y3bekucmat, . Tawkenm

Kyukapoea unagpy3 Xyppamoeua

oouy.

Kacpedpa uHoicenepHbix cemeli u KommyHukayutl, TawkeHmckutl apXumekmypHO-cmpoumesbHbil
uHcmumym

Pecnybauka Y36ekucmat, e. TawkeHm

Xampoeea Hapeuza Papxo0d Ku3u

O0oKmopaHm

TawkeHmMcKull XUMUKO-mMeXHO02UYeCcKUtl uHcmumym
Pecnybauka Y36ekucmat, . TawkeHm

Abstract

This study aimed to isolate and preliminarily identify entomopathogenic fungi of the genus
Metarhizium under the environmental conditions of Uzbekistan and compare the insecticidal
activities of selected isolates. Thirty-two fungal isolates were recovered from Tenebrio molitor
adults exhibiting signs of mycosis. Preliminary taxonomic identification was performed using
MALDI-TOF mass spectrometry with a filamentous-fungi reference library. Six isolates were
assigned to the genus Metarhizium and subsequently examined in bioassays against fourth- and
fifth-instar larvae of Galleria mellonella. Conidial and blastospore suspensions were tested at a
concentration of 1.0 x 107 spores/mL over a 14-day observation period, with mortality corrected
using Abbott’s formula. The most active isolate was Meta-Uz-23. On day 14, larval mortality
reached 94.42 + 1.26 % following treatment with its conidial suspension and 96.65 + 1.18 %
following treatment with its blastospore suspension. For isolate Meta-Uz-24, the corresponding
mortality values were 90.18 + 1.62 % and 93.10 + 1.65 %, respectively. Blastospores of the most
active isolates generally produced a more rapid insecticidal response than conidia during the initial
observation period. These findings identify Meta-Uz-23 and Meta-Uz-24 as promising candidates
for further studies aimed at developing fungal biological control agents. However, genus-level
identification based on MALDI-TOF MS should be confirmed by molecular methods, and the
laboratory results require validation under application conditions. The study provides initial
evidence of the potential of locally obtained entomopathogenic isolates for future biological control
research.

AHHOTaUA

Llenbto uCC/eAOBaHUSI SIBMSIIOCH  Bbiie/ieHWe U Tpe/iBapuTe/ibHas — WeHTUPUKaIs
9HTOMOTIATOTeHHBIX TPUOOB pofia Metarhizium B yCcnoBusix ¥Y30eKUCTaHa, a TaKKe CPaBHUTE/IbHAsI
OlleHKa WHCEKTUI[UJHOW aKTUBHOCTH TIOMyYeHHbIX u30/aToB. M3 ocobeii Tenebrio molitor c
NpU3HAaKaMH MHUKO3a ObLM BblziesieHbl 32 rpUOHBIX U30/iATa. [IpeiBapUTeIbHYI0 HIeHTU(PUKALIAIO
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rpoBoAuIM MeTofoM Macc-criektpoMerpun MALDI-TOF MS ¢ ucnonb3oBaHueM pedepeHCHOM
OubmoTeku (uameHTo3HbIX TpUOOB. [llecTh M3019TOB ObUTH OTHeCeHBI K poay Metarhizium u
W3ydyeHbl B OMOJIOTMYECKMX HCTBITaHUSAX Ha auuuHKax Galleria mellonella TV-V Bo3pacTos.
AXTHUBHOCTb KOHUIMAJBHBIX U 0/1aCTOCIIOPOBBIX CYCTIeH3WH OIleHHBaIU TPU KOHIleHTparuu 1,0 X
107 criop/m/1 B TeueHue 14 CyTOK; CMEPTHOCTh KOPPEeKTUpOBa/au 1o (opmyne A66orra. Hanbosnee
BbIpa)keHHOe JleMCTBUe MpojieMOHCTpUpoBan usonatr Meta-Uz-23. Ha 14-e CyTKM CMepPTHOCTh
MUUMHOK TIpU 00paboTke ero KOHWAuWsMU cocTtaBuna 94,42 + 1,26 %, a mpu obpabotke
6nacrocriopamu — 96,65 + 1,18 %. ¥ uzonsara Meta-Uz-24 aHa/oruuHbie ToKa3aTeld JOCTUIH
90,18 + 1,62 % u 93,10 £+ 1,65 % cooTrBeTcTBeHHO. [Ipy MpHUMeHeHWUW 0/IaCTOCIIOP pa3BUTHE
s¢dekra y Haubosiee aKTUBHBIX M30/ISITOB TIPOMCXOUIO ObICTpee, 4eM IpU NPUMeHeHUH KOHUWH.
[TonyueHHbIe pe3y/bTaTbl CBUETEJBCTBYIOT O TMEpPCIEeKTUBHOCTA u30/saTOoB Meta-Uz-23 u Meta-
Uz-24 nnst ganbHeuiero U3y4yeHust U CO3IaHHs MUKPOOHOIOTMUeCKUX CPe/ICTB 3all[UThl PACTeHHM.
BMmecTe ¢ TeM MpejBapuTe/ibHOe OIpejieieHre MPUHAAJIEXXHOCTU K poay Metarhizium TpebGyet
MOC/IeIYIOLIero  IOATBEepP)KAEHUSI MOJIEKY/ISIPHO-TeHeTUUeCKUMHA ~ MeTOJaMH, a  pe3y/bTarbl
71abopaTOpPHBIX OTBITOB — TPOBEPKU B YCJIOBUSIX MPAKTHUYeCKOro MpuMeHeHusi. Pabota pacmivpsiet
CBeJIeHUsI O MeCTHBIX H30JIiTaX SHTOMOIATOTeHHBIX TPUOOB M C/IY)KAT OCHOBOM [l MX
JlanbHeNIIero TeXHOI0TMUeCKOro UCC/1e/l0BaHusl.

Keywords: Metarhizium, entomopathogenic fungi, screening, conidia, blastospores, Galleria
mellonella, biopesticides.

KmoueBbie cioBa: Metarhizium, 3sHTOMOMATOreHHble TpPUOLI, CKPUHWHI, KOHHWWH,
6nacrocropsl, Galleria mellonella, 6uorectTuiyp.

Introduction

Under climate change, world agriculture faces very serious threats. Rising mean temperatures,
soil degradation, water scarcity, expanding salinisation, the increasing number and impact of insect
pests and diseases, and, in particular, the growing adaptation of microbial diseases to existing
control products are leading to a sharp decline in the rate of food and feed production.
Entomopathogenic fungi such as Beauveria bassiana or Metarhizium anisopliae, Isaria fumosorosea,
Lecanicillium lecanii and Purpureocillium lilacinum have been regarded as the principal fungal
sources for biopesticide production worldwide. Another important property of entomopathogenic
fungi is their ability to colonise the area around plant roots [the rhizosphere] and thereby stimulate
plant growth and development. The prospects for using fungi in agriculture are evaluated by several
factors: in addition to stimulating plant growth and development, fungi increase plant tolerance to
various stress factors and protect plants against phytopathogenic microorganisms and insect pests.
Their bioremediation properties in mitigating stress factors under soil and climatic conditions are
also highly valued, including reducing soil mineralisation [salinity], degrading heavy metals and
converting salts into forms readily available for plant uptake. Research aimed at discovering new
species and strains of entomopathogenic fungi, developing biological control agents based on them
and introducing these agents into practice is therefore of great importance.
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1. Literature review and research background

1.1. Biological control agents in world agriculture and their significance. The production
of biological control agents based on fungi has several advantages [Razikova et al., 2026]. In
addition to their entomopathogenic effect on insect pests of plants [Peng et al., 2021; Hyde et al.,
2019; Wang et al., 2024; Razikova et al., 2026], fungi are distinguished by antifungal and
antibacterial activity against a wide range of phytopathogens [Dara, 2019a; Pérez-Piz4 et al., 2024,
Liao et al., 2025; Razikova et al., 2026], nematicidal activity [Berhanu et al., 2024; Razikova et al.,
2026] and bioherbicidal activity against weeds [Htet et al., 2022; Razikova et al., 2026] [Ayaz et al.,
2023; Chaudhary et al., 2024; Razikova et al., 2026]. They are described as ecologically sustainable
biopesticides that mitigate and reduce chemical [pesticide] resistance [Rauf, 2024; Wang et al.,
2024; Diepenbrock et al., 2024; Razikova et al., 2026] and prevent soil and water pollution
[Chaudhary et al., 2024; Diepenbrock et al., 2023; Ranadev et al., 2025; Saminathan et al., 2025;
Razikova et al., 2026].

The mechanism of action of entomopathogenic fungi is explained mainly by antagonism
(antibiotics, siderophores, pH changes, etc.) [Avis et al.,, 2001; Ansari et al., 2005; Vinale et al.,
2008; Razikova et al., 2026], mycoparasitism [Németh et al., 1991; Howell, 2003; Razikova et al.,
2026], hyperparasitism [Askary et al., 1998; Whipps et al., 2008; Benhamou et al., 2012; Razikova
et al., 2026], competition for nutrients among microorganisms and with insects and nematodes
[Alabouvette et al., 2009; Pedrini, 2018; Freimoser et al., 2019; Spescha et al., 2023; PuZa et al.,
2023; Barszczewska et al., 2025; Razikova et al., 2026], anabiosis [dormancy] [Ortiz-Urquiza et al.,
2013; Zhao et al., 2016; Quesada-Moraga et al., 2022; Hong et al., 2023; Razikova et al., 2026] and
endophytism [Ahsan et al., 2024; Razikova et al., 2026] [Razikova et al., 2026].

According to the literature, a number of primary and secondary products are used for the
industrial cultivation of entomopathogenic fungi [Poveda et al., 2021; Manawasinghe et al., 2025;
Razikova et al., 2026]. Although wheat bran is generally reported as the most widely used mass-
production medium, rice bran and ground rice are also widely used in many countries [Razikova et
al., 2026]. In studies conducted by researchers in India, the highest conidial yield was recorded on a
ground-rice-based medium (25.2 + 0.13 g/100 mL), whereas the lowest was recorded on rice bran
(1.15 + 0.1 g/100 mL) [Anitha et al., 2017; Razikova et al., 2026].

1.2. Entomopathogenic fungi of the genus Metarhizium and their significance in
agriculture. The literature indicates that species of the genus Metarhizium such as M. anisopliae,
M. guizhouense, M. pingshaense and M. taii have been studied most extensively [Bischoff et al.,
2009; Razikova et al., 2026]; however, modern molecular-genetic methods have recently identified
nearly 100 species, which are being widely studied [Bischoff et al., 2009; Fernandez-Bravo et al.,
2021; Razikova et al., 2026]. More than 700 fungal species belonging to about 90 genera have been
reported as entomopathogens of insect pests, and the genera Beauveria (B. bassiana (Balsamo-
Crivelli) Vuillemin), Metarhizium (M. anisopliae (Metschnikoff) Sorokin), Isaria (I. fumosorosea
Wize), Lecanicillium (L. lecanii (Zimmerman) Viegas) and Hirsutella (H. thompsonii Fisher) are
recognised as the most studied genera and as the basis of commercially introduced biopesticides
[Chen et al., 2015; Bamisile et al., 2021; Razikova et al., 2026].
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Depending on their feeding type, biopesticides based on entomopathogenic fungi have been
recommended in the literature for the control of various insect pests, including arthropod pests
[Dara, 2019; Razikova et al., 2026], aphids, locusts and thrips [Gulzar et al., 2021; Razikova et al.,
2026], larvae [Wakil et al., 2017; Yasin et al., 2019; Razikova et al., 2026], noctuid moths
[cutworms] [Ali et al., 2015; Tahir et al., 2019; Razikova et al., 2026], mites, mosquitoes, whiteflies
and fruit flies [Dong et al., 2016; Bamisile et al., 2020; Canassa et al., 2020; Usman et al., 2020;
Razikova et al.,, 2026]. Some studies have also reported improvements in soil structure and
microbiota, easier uptake of nutrients and water by plants and stimulation of the plant immune
system [Sasan et al., 2012; Jaber et al., 2014; Behie et al., 2015; Jaber et al., 2018; Razikova et al.,
2026]. It has also been established that the use of entomopathogenic fungi in plant protection
increases plant tolerance to chemical pesticides [Bamisile et al., 2021; Razikova et al., 2026]. The
most frequently studied targets include arthropod insect pests (Bemisia argentifolii, Bombyx mori,
Brevicoryne brassicae, Cetonia aurata, Choristoneura fumiferana, Coptotermes formosanus, Culex
pipiens, Delia antigena, Drosophila melanogaster, Empoasca vitis, Epilachna sparsa, Galleria
mellonella, Heliothis virescens, Manduca sexta, Musca domestica, Myzus persicae, Oryctes
rhinoceros, Otiorhynchus sulcatus, Phaedon cochlearia, Plutella xylostella, Rhagoletis pomonella,
Rhopalosiphum padi, Schistocerca gregaria) [Pedras et al., 2002; Pedras et al., 2003; Razikova et
al., 2026].

1.3. Significance of entomopathogenic fungi as biofertilisers. As noted above, it has been
widely shown that entomopathogenic fungi applied as protective agents simultaneously act on
plants as biofertilisers [Razikova et al., 2026]. Entomopathogenic fungi applied to plants produce
phytohormones that promote plant growth and development, thereby stimulating plant growth and
the ability to withstand stress factors [Razikova et al., 2026]. According to the literature, by
producing phytohormones such as auxin [Dutta et al., 2014; Razikova et al., 2026], gibberellic acid
[Khan et al., 2014; Razikova et al., 2026], cytokinin [Kang et al., 2012; Razikova et al., 2026] and
indole-3-acetic acid [Gao et al., 2017; Razikova et al., 2026], entomopathogenic fungi stimulate
metabolic synthesis in the plant, activate plant cell division, promote the development of fibrous
roots and the root system, accelerate seed germination, and regulate pigment formation and
photosynthesis [Gao et al., 2017; Bamisile et al., 2021; Razikova et al., 2026].

1.4. Safety aspects of the use of entomopathogenic fungi. The steadily increasing number
of insect pest species in nature and the heavy saturation of soil microbiota with phytopathogens are
reducing crop production by up to 50 % [Razikova et al., 2026]. This, in turn, is increasing the share
of chemical products used [Razikova et al.,, 2026]. Chemical pesticides adversely affect the
environment, soil composition and human health, causing sharp increases in allergies, blood
disorders, infectious diseases and immune deficiencies in humans. They also reduce the export
[import] potential of agricultural products [Razikova et al., 2026].

Analysis of systematic scientific and applied studies on the biological plant protection and
plant growth-promoting effects of entomopathogenic fungi has revealed several problems [Smagghe
et al., 2023; Vivekanandhan et al., 2024a; Shahbaz et al., 2024; Razikova et al., 2026]. In particular,
besides their beneficial properties as insecticides and biofertilisers in agriculture, the widespread
dissemination of entomopathogenic fungi in the environment may lead to a number of unexpected
consequences [Kumar et al., 2024; Vivekanandhan et al., 2024b; Razikova et al., 2026]. When
entomopathogenic fungi are applied directly to crops, their spores (blastospores, conidia) may land
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on agricultural produce; the fungus may then use this produce as a growth substrate and release into
it metabolites that can cause allergic reactions in humans [Zimmermann, 2007; Razikova et al.,
2026].

Metarhizium, one of the most widely used genera of entomopathogenic fungi, has been shown
to synthesise six types of destruxins (A, B, E, A, A, B)) and cytochalasins (C and D)
[Zimmermann, 2007; Strasser et al., 2000; Vey et al., 2000; Razikova et al., 2026]. In addition, new
antibiotics with insecticidal properties, hydroxyfungerins A and B, have been isolated from the
culture broth of Metarhizium sp. strain FKI-1079 [Uchida et al., 2005; Razikova et al., 2026] and
shown to have inhibitory activity against brine shrimp (Artemia salina). Two new mutagenic
metabolites, NG-391 and NG-393, have also been found in the fermentation extract of M.
anisopliae [Krasnoff et al., 2006; Razikova et al., 2026].

It is known from the literature that destruxin production by entomopathogenic fungi depends
on specific conditions, the composition of the culture medium and the mode of cultivation (liquid or
solid); in addition, the method of storing the fungi directly affects destruxin synthesis [Razikova et
al., 2026]. In most studies, increased destruxin synthesis was observed mainly on peptone- and rice-
based media, whereas no destruxin production was observed on solid Czapek-Dox medium [Wang
et al., 2004; Razikova et al., 2026]. It has also been reported that the amount of destruxin produced
by M. anisopliae does not determine its insecticidal activity, indicating that destruxin is not the sole
determinant of its pathogenicity [Amiri-Besheli et al., 2000; Wang et al., 2004; Zimmermann, 2007;
Razikova et al., 2026]. Thus, the single most reliable safety argument for the use of
entomopathogenic fungi is that, under natural conditions, they produce toxins in very small amounts
that are insignificant in terms of toxicity [Razikova et al., 2026].

Furthermore, questions arising from the wide use of entomopathogenic fungi in agriculture,
such as their relationships with symbiotic soil bacteria and their synergism and antagonism with
beneficial microbiota, have not yet been fully resolved [Razikova et al., 2026]. In addition, the
naturally variable character of the factors that directly affect the efficacy of biopesticides based on
entomopathogenic fungi (soil moisture, temperature, nutrient sources, etc.) is a major obstacle to
their effective performance [Razikova et al., 2026]. Therefore, promoting and widely introducing
the use of secondary rather than primary products of entomopathogenic fungi may serve as a
comparatively safe and effective approach [Razikova et al., 2026].

It has also been demonstrated that volatile organic compounds of the entomopathogenic
fungus B. bassiana, and pure compounds such as 2,3-butanediol, acetoin, dimethyl disulfide, C16-
dimethylamine, 6-pentyl-2H-pyran-6-one and 3-methylbutanol from microorganisms such as
Bacillus subtilis, Bacillus methylotrophicus, Pseudomonas stutzeri, Arthrobacter agilis,
Trichoderma atroviride and Cladosporium halotolerans, can be used to obtain elicitors that promote
growth and development in various plants, as well as biopesticides against phytopathogens
[Razikova et al., 2026]. Moreover, the combined application of the entomopathogenic fungi B.
bassiana and M. anisopliae has been reported to show high activity against Spodoptera frugiperda
larvae, to stimulate the growth and development of cucumber plants and improve their biochemical
composition, and to prevent root rot (Rhizoctonia solani) [Adame-Garnica et al., 2026; Razikova et
al., 2026]. The fungi B. bassiana and Trichoderma atroviride have also been found to synthesise 3-
methylbutanol, which is active against insect pests and phytopathogens [Batool et al., 2020;
Razikova et al., 2026].
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Worldwide, the cultivation of agricultural products using large amounts of chemical fertilisers
and pesticides is causing severe environmental damage and serious ecological problems related to
human health [Razikova et al., 2026]. The wide use of biofertilisers in agricultural production is of
great importance not only for producing ecologically clean products but also for controlling the
transfer of heavy metals from soil into the final product [Razikova et al., 2026]. In recent years, the
sharp development of organic agriculture has been driven by the adverse effects on human health of
the quality of products grown by conventional methods, including their chemical composition,
residues of applied chemicals in fruits and produce, and the accumulation of excessively applied
mineral fertilisers in products [Razikova et al., 2026]. This, in turn, calls for the wide use of
biopesticides, including entomopathogenic fungi, and for promoting the production of indigenous
biopesticides for the domestic market and their wide introduction into practice [Razikova et al.,
2026].

2. Materials and Methods

2.1. Microbiological sources. The main objects of the study were mycological isolates
obtained from samples of the beetle Tenebrio molitor (Coleoptera) naturally infected and showing
signs of mycosis, collected in the territory of the Tashkent State Forestry Enterprise (Adolat
mahalla, Tuyabuguz settlement, Urtachirchik district, Tashkent region). The isolates were identified
with a MALDI-TOF MS system (against Metarhizium anisopliae, Metarhizium robertsii, Beauveria
bassiana, Beauveria brongniartii, Trichoderma harzianum, Trichoderma viride and Trichoderma
atroviride).

2.2. Culture media used for the cultivation of fungal isolates

Czapek-Dox medium (g/L): distilled water, 1.0 [L]; sucrose, 30.0; NaNO,, 2.0; K,HPO,,
1.0; MgSO,, 0.5; KCl, 0.5; FeSO,, 0.01; agar, 15.0; pH 7.3 + 0.2. Sterilisation was performed at a
pressure of 1 atm at 121 °C for 20 min.

Sabouraud medium (g/L): distilled water, 1.0 [L]; glucose, 40.0; peptone, 10.0; agar, 18.0;
pH 6.5 + 1. Sterilisation was performed at a pressure of 0.5 atm at 121 °C for 20 min.

Mandels medium: KH,PO,, 2.0 g/L; (NH,),SO,, 1.4 g/L; FeSO,-7H,0, 0.0027 g/L;
MnSO,-H,0, 0.0016 g/L; ZnSO,-H,0, 0.0014 g/L; CoCl,-6H,0, 0.0037 g/L; MgSO,-7H,0, 0.6 g/
L; CaCl,-2H,0, 0.4 g/L; peptone, 0.75 g/L; urea, 0.3 g/L; and glucose, 30 g/L; pH 4.8. Sterilisation
was performed at 121 °C for 20 min.

Potato dextrose agar (PDA): distilled water, 1.0 [L]; starch or sucrose, 10.0-30.0; NaNQO,,
9.2; KCl, 0.5; MgSO,-7H,0, 0.5 g/L; KH,PO,, 1.0; FeSO,, 0.01; agar, 20.0-30.0; pH 4.9-5.2.
Sterilisation was performed at a pressure of 1 atm at 121 °C for 20 min.

2.3. Identification by MALDI-TOF MS. Pure cultures of the micromycete isolates obtained
in this study were identified to genus and species level using a Microflex LT/SH MALDI-TOF mass
spectrometer (Bruker Daltonics, Germany) equipped with a nitrogen laser [Normand et al., 2017;
Wilkendorf et al., 2020]. Because the thick hydrophobic protein layer of mature spores and the
polysaccharides of solid culture media impair desorption, protein extraction was performed only
from young vegetative mycelial biomass grown in liquid culture. To obtain biomass, actively
growing young vegetative mycelium was taken from the edge of a colony on an agar plate and
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inoculated into 1.0 mL of liquid Sabouraud dextrose broth (SDB; pH 5.6 + 0.2), ensuring that no
agar particles or mature spores were carried into the medium. Samples were incubated statically at
28 °C for 36-72 h, and the absence of conidiogenesis was checked by microscopy. Conserved
ribosomal proteins (m/z 200020000 Da) were extracted using a full ethanol—formic acid extraction
protocol. Mycelial biomass from the liquid culture was pelleted by centrifugation at 14000 rpm
(16000 % g) for 5 min and washed with deionised water (Milli-Q, 18.2 MQ-cm). The mycelial pellet
was homogenised in a mixture of 900 pL absolute ethanol and 300 pL water; the ethanol was then
removed completely by centrifugation, and the pellet was dried at room temperature. Depending on
the biomass volume, 20-50 pL. of 70 % formic acid was added to the dried pellet and mixed by
mechanical grinding. Pure acetonitrile was then added at a 1:1 ratio, and the mixture was
centrifuged at 14000 rpm (4 °C, 5 min). After the cell debris had settled at the bottom of the tube,
the clear supernatant rich in extracted proteins was collected separately. A 1.0 pL aliquot of the
protein supernatant was spotted in triplicate onto a Bruker MSP 96 steel target plate and allowed to
dry. The dried spot was overlaid with 1.0 pL of saturated a-cyano-4-hydroxycinnamic acid (HCCA)
matrix solution to allow co-crystallisation. The instrument was calibrated with the Bacterial Test
Standard (BTS) (mass deviation < 300 ppm). Mass spectra were acquired in linear positive ion
mode (Linear Positive Mode; laser frequency 60 Hz) over the m/z range 2000-20000 Da, summing
at least 240-300 laser shots per spot. The spectral data were processed with MALDI Biotyper
Compass software and compared with a specialised reference database (Bruker Filamentous Fungi
Library). The reliability of identification was assessed using the system’s standard logarithmic score
(Log Score Value): scores > 2.000 confirmed identification at species level, scores of 1.700-1.999
at genus level, and results < 1.700 were considered unreliable, in which case the extraction was
repeated.

2.4. Determination of entomopathogenic activity. Insect mortality and insecticidal activity
were calculated using the conventional Abbott formula [Abbott, 1925]:

.. . . . . . T-N
Insecticidal activity (biological efficacy), \% = ———— X 100
100 - N

where T is the mortality observed in the treatment, %; and N is the natural mortality observed

in the control, %.

3. Results and Discussion

3.1. Screening of Metarhizium entomopathogenic fungi. Entomopathogenic fungi such as
Beauveria bassiana or Metarhizium anisopliae, Isaria fumosorosea (Paecilomyces fumosoroseus),
Lecanicillium lecanii (Verticillium lecanii) and Purpureocillium lilacinum (Paecilomyces lilacinus)
have been regarded as the principal fungal sources for biopesticide production worldwide [Xie et
al., 2019; Park et al., 2012; Sasan et al., 2012].

Another important property of entomopathogenic fungi is their ability to colonise the area
around plant roots and thereby stimulate plant growth and development [Venkatesh et al., 2022;
Yinmei et al., 2022]. The prospects for using fungi in agriculture are evaluated by several factors: in
addition to stimulating plant growth and development [Hossain et al., 2017; 2020; Thambugala et
al., 2020], fungi increase plant tolerance to various stress factors and protect plants against
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phytopathogenic microorganisms and insect pests [Thambugala et al., 2020, 2022; Adedayo et al.,
2023]. Their bioremediation properties in mitigating stress factors under soil and climatic
conditions are also highly valued, including reducing soil mineralisation, degrading heavy metals
and converting salts into forms readily available for plant uptake [Kim et al., 2013; Baron et al.,
2018, 2021].

The production of biological control agents based on fungi has several advantages. In addition
to their entomopathogenic effect on insect pests of plants [Peng et al., 2021; Hyde et al., 2019;
Wang et al., 2024], fungi are distinguished by antifungal and antibacterial activity against a wide
range of phytopathogens [Dara, 2019a; Pérez-Piza et al., 2024; Liao et al., 2025], nematicidal
activity [Berhanu et al., 2024] and bioherbicidal activity against weeds [Htet et al., 2022] [Ayaz et
al., 2023; Chaudhary et al., 2024]. They are described as ecologically sustainable biopesticides that
mitigate and reduce chemical resistance [Rauf, 2024; Wang et al., 2024; Diepenbrock et al., 2024]
and prevent soil and water pollution [Chaudhary et al., 2024; Diepenbrock et al., 2023; Ranadev et
al., 2025; Saminathan et al., 2025].

It has also been established that the use of entomopathogenic fungi in plant protection
increases plant tolerance to chemical pesticides [Bamisile et al., 2021]. Nevertheless, the use of
entomopathogenic fungi in local agricultural practice remains low. Local manufacturers of
insecticidal biopesticides mainly offer a few products based on the entomopathogenic fungus
Beauveria bassiana, and no biopesticides based on Metarhizium entomopathogenic fungi are among
the products offered [Razikova et al., 2026].

The development of biopesticides based on Metarhizium entomopathogenic fungi and their
use in agricultural practice are therefore of considerable scientific and practical importance. The
aim of the present study was to isolate Metarhizium entomopathogenic fungi from insect pests
under local conditions and to screen the isolates for biological activity.

During field surveys conducted under local conditions, isolates were obtained from samples
of the beetle Tenebrio molitor (Coleoptera) naturally infected and showing signs of mycosis in the
territory of the Tashkent State Forestry Enterprise (Adolat mahalla, Tuyabuguz settlement,
Urtachirchik district, Tashkent region). The isolates were preliminarily identified by MALDI-TOF
MS (matrix-assisted laser desorption/ionisation time-of-flight mass spectrometry) by comparison
with the standard spectra available in the Bruker Filamentous Fungi Library database (Metarhizium
anisopliae, Metarhizium robertsii, Beauveria bassiana, Beauveria brongniartii, Trichoderma
harzianum, Trichoderma viride, Trichoderma atroviride) (Table 1).

Preliminary MALDI-TOF MS identification of the fungal isolates obtained from T. molitor
adults showing signs of mycosis revealed that the 32 isolates belonged to the genera Fusarium,
Trichoderma, Alternaria, Metarhizium, Aspergillus and Beauveria (Table 1).

These results showed that the micromycetes isolated from T. molitor adults were
taxonomically heterogeneous and comprised fungi of different genera.

Among the isolates obtained, the genera Fusarium sp. and Trichoderma sp. occurred more
frequently than the other fungal genera, each accounting for 8 isolates, or 25.0 % of all isolates. The
genera Alternaria sp. and Metarhizium sp. were each represented by 6 isolates (18.75 % each),
whereas Aspergillus sp. and Beauveria bassiana occurred relatively rarely in the samples examined,
each being represented by 2 isolates (6.25 %).
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Table 1. Preliminary identification by MALDI-TOF MS of fungal isolates obtained from
Tenebrio molitor adults

No. | Isolate log(score) > log(score) 1.70—- | No. Isolate log(score) > log(score) 1.70-
2.00: species 1.99: genus level 2.00: species 1.99: genus level
level level
1 Meta- - Fusarium sp. 17 Meta- - Alternaria sp.
Uz-01 Uz-17
2 Meta- Beauveria bassi- - 18 Meta- Beauveria bassi- -
Uz-02 ana Uz-18 ana
3 Meta- - Aspergillus sp. 19 Meta- - Fusarium sp.
Uz-03 Uz-19
4 Meta- - Trichoderma sp. 20 Meta- - Aspergillus sp.
Uz-04 Uz-20
5 Meta- - Trichoderma sp. 21 Meta- - Fusarium sp.
Uz-05 Uz-21
6 Meta- - Trichoderma sp. 22 Meta- - Alternaria sp.
Uz-06 Uz-22
7 Meta- - Trichoderma sp. 23 Meta- — Metarhizium sp.
Uz-07 Uz-23
8 Meta- - Alternaria sp. 24 Meta- - Metarhizium sp.
Uz-08 Uz-24
9 Meta- - Fusarium sp. 25 Meta- - Trichoderma sp.
Uz-09 Uz-25
10 Meta- - Metarhizium sp. 26 Meta- - Alternaria sp.
Uz-10 Uz-26
11 Meta- - Fusarium sp. 27 Meta- - Fusarium sp.
Uz-11 Uz-27
12 Meta- - Alternaria sp. 28 Meta- - Metarhizium sp.
Uz-12 Uz-28
13 Meta- - Metarhizium sp. 29 Meta- - Trichoderma sp.
Uz-13 Uz-29
14 Meta- - Trichoderma sp. 30 Meta- - Fusarium sp.
Uz-14 Uz-30
15 Meta- - Metarhizium sp. 31 Meta- — Alternaria sp.
Uz-15 Uz-31
16 Meta- - Trichoderma sp. 32 Meta- - Fusarium sp.
Uz-16 Uz-32

Note: “—=”, no result at the corresponding identification level.

Fungi of the genera Fusarium and Trichoderma accounted for 50.0 % of all isolates obtained

from the samples examined, whereas the combined share of the genera Alternaria and Aspergillus
was 25.0 %. In the MALDI-TOF MS analysis, 2 of the 32 isolates, namely Meta-Uz-02 and Meta-
Uz-18, were identified at species level as Beauveria bassiana. All remaining 30 isolates were

identified at genus level as belonging to Fusarium sp., Trichoderma sp., Alternaria sp.,

Metarhizium sp. and Aspergillus sp. Because 6.25 % of the isolates were identified at species level

and 93.75 % at genus level, it was concluded that the taxonomic position of these isolates needs to

be confirmed by molecular-genetic methods.
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In line with the aim of the study, isolates Meta-Uz-10, Meta-Uz-13, Meta-Uz-15, Meta-Uz-23,
Meta-Uz-24 and Meta-Uz-28 were specifically noted as belonging to the genus Metarhizium. These
6 isolates accounted for 18.75 % of all isolates obtained. As these isolates belong to the
entomopathogenic fungi, it is appropriate to screen them for insecticidal activity.

3.2. Screening of Metarhizium isolates for conidial activity

In line with the aim of the study, isolates Meta-Uz-10, Meta-Uz-13, Meta-Uz-15, Meta-Uz-23,
Meta-Uz-24 and Meta-Uz-28, selected from the 32 isolates as belonging to the genus Metarhizium
on the basis of preliminary identification, were screened by assessing their insecticidal activity
against the greater wax moth (Galleria mellonella Linnaeus, 1758) (Table 2; Figs. 3.1-3.4).

Table 2. Insecticidal activity of conidial suspensions of Metarhizium isolates against greater wax

moth (G. mellonella L.) larvae

No. Isolate Day 3 Day 5 Day 7 Day 10 Day 12 Day 14
1 | Control 0.0 +0.0° 11240459 | 224+0.72¢ | 3.15+0949 | 3.85+1.02¢ | 4.22+1.15°
(0.05%
Tween 80)
2 | Meta-Uz-10 | 4.18 + 1.05"¢ | 18.74 + 2.10" | 38.92 +2.86" | 56.35 + 3.18" | 67.10 + 2.75" | 72.64 + 2.32°
3 | Meta-Uz-13 | 2.10+0.85° | 11.45+ 1.72° | 26.18 + 2.45° | 39.72 + 3.10° | 48.65 + 2.90¢ | 54.30 + 2.64¢
4 | Meta-Uz-23 | 16.34 + 1.822 | 48.15+2.64* | 74.68 +3.11* | 86.52 +2.45* | 91.84 + 1.73? | 94.42 + 1.26°
5 |Meta-Uz-15| 0.0 +0.0° 6.85+ 1.42°0 | 17.40 +2.15° | 28.62 +2.74° | 36.15+2.95¢ | 41.80 + 2.58¢
6 | Meta-Uz-24 | 12.85+1.54* | 41.20 + 2.85* | 68.45 + 3.24% | 81.14 + 2.68 | 87.36 + 2.05* | 90.18 + 1.62?
7 | Meta-Uz-28 | 7.42 +1.20° | 25.60 +2.34> | 49.15 + 3.42" | 64.80 + 2.95" | 73.52 + 2.40" | 78.25 + 2.15"

Note: Larval mortality (%) by day of observation. Mortality in the treatments was calculated using
the Abbott formula with correction for the control and expressed as M + m; n = 5; 30 larvae were
used per replicate. The experiments were conducted on fourth- to fifth-instar (IV-V) larvae, which
were fed dried apples and apricots throughout the study. Suspensions of the isolates at 1.0 x 107
conidia/mL were applied. Means within a column sharing at least one letter do not differ
significantly; values without a common letter differ significantly (ANOVA, Tukey’s HSD, p < 0.05).

Comparative assessment over 14 days of the insecticidal activity of suspensions of the six
Metarhizium isolates at 1.0 x 107 conidia/mL against greater wax moth (G. mellonella L.) larvae
showed that the effect of the isolates increased with time, but their insecticidal activity against the
larvae differed considerably. Isolate Meta-Uz-23 caused larval mortality of 16.34 + 1.82 % as early
as day 3, 48.15 + 2.64 % on day 5, 74.68 + 3.11 % on day 7, 86.52 + 2.45 % on day 10, 91.84 +
1.73 % on day 12 and 94.42 + 1.26 % on day 14, and was rated as the most active isolate.

Isolate Meta-Uz-24 also showed high insecticidal activity: 12.85 + 1.54 % on day 3, 41.20 +
2.85 % on day 5, 68.45 £ 3.24 % on day 7, 81.14 £ 2.68 % on day 10, and 87.36 + 2.05 % and
90.18 + 1.62 % on days 12 and 14, respectively. Compared with Meta-Uz-23, isolate Meta-Uz-24
showed lower insecticidal activity; the values [of Meta-Uz-23] were higher by 3.49 % on day 3,
6.23 % on day 7, 5.38 % on day 10 and 4.24 % on day 14. Nevertheless, these isolates (Meta-Uz-23
and Meta-Uz-24) were rated as statistically equally highly active.
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Isolates Meta-Uz-28 and Meta-Uz-10 showed moderate but steadily increasing insecticidal
activity. Meta-Uz-28 showed insecticidal activity of 7.42 + 1.20 % on day 3, 49.15 + 3.42 % on day
7, 64.80 £ 2.95 % on day 10 and 78.25 + 2.15 % on day 14, whereas the corresponding values for
Meta-Uz-10 were 4.18 + 1.05, 38.92 + 2.86, 56.35 + 3.18 and 72.64 + 2.32 %. Isolate Meta-Uz-13
acted relatively slowly and weakly, showing insecticidal activity of 2.10 + 0.85 % on day 3, 11.45 +
1.72 % on day 5, 26.18 + 2.45 % on day 7, 39.72 + 3.10 % on day 10, 48.65 + 2.90 % on day 12
and 54.30 + 2.64 % on day 14.

This isolate showed lower insecticidal activity than Meta-Uz-28 and Meta-Uz-10; on day 14,
the value for Meta-Uz-13 was 40.12 % lower than that of Meta-Uz-15 [sic; this difference
corresponds to Meta-Uz-23], 35.88 % lower than that of Meta-Uz-24, 23.95 % lower than that of
Meta-Uz-28 and 18.34 % lower than that of Meta-Uz-10. Among the isolates studied, Meta-Uz-15
showed the lowest insecticidal activity: no larval mortality was observed in this treatment on day 3,
while insecticidal activity reached 6.85 + 1.42 % on day 5, 17.40 + 2.15 % on day 7, 28.62 +
2.74 % on day 10, 36.15 + 2.95 % on day 12 and 41.80 + 2.58 % on day 14.

It is known from the literature that, in selecting insecticidally active strains, the main focus is
on strains that show at least 85 % insecticidal activity on day 10 of observation. The analysis
therefore focused mainly on the insecticidal activity of the isolates on day 10. On day 10, isolate
Meta-Uz-23 caused 86.52 + 2.45 % mortality of G. mellonella larvae, while isolate Meta-Uz-24
also showed relatively high activity, with 81.14 + 2.68 % insecticidal activity.

For isolates Meta-Uz-28, Meta-Uz-10, Meta-Uz-13 and Meta-Uz-15, mortality at this time
point was 64.80 + 2.95, 56.35 + 3.18, 39.72 + 3.10 and 28.62 + 2.74 %, respectively; as their
insecticidal activity was well below the selection criterion, they were excluded from further study.
Comparative analysis of the results thus showed that the insecticidal activity of Meta-Uz-23
increased to 91.84 + 1.73 % on day 12 and 94.42 + 1.26 % on day 14, confirming the high
insecticidal activity of this isolate. Accordingly, on the basis of the criterion of > 85 % insecticidal
activity on day 10 of observation, isolate Meta-Uz-23 was selected for the next stage of the study.

Because no active Metarhizium strains were available in our laboratory for biological
comparison in subsequent experiments, isolate Meta-Uz-24 was adopted as the control [reference]
culture: although its insecticidal activity did not reach 85 % over 10 days of observation, it showed
the closest insecticidal activity (81.14 + 2.68 %).

3.3. Screening of Metarhizium isolates for blastospore activity

In subsequent studies, assessment of the insecticidal activity of blastospore suspensions of the
Metarhizium isolates against greater wax moth larvae revealed considerable differences among the
isolates in the level of effect and the speed with which it developed (Table 3; Figs. 3.1-3.4). Larval
mortality increased consistently over time with all isolates. At the same time, the ranking of the
isolates by activity was maintained throughout the observation period, with the highest values
recorded for Meta-Uz-23 and Meta-Uz-24 and relatively low values for Meta-Uz-13 and Meta-
Uz-15.
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Table 3. Insecticidal activity of blastospore suspensions of Metarhizium isolates against greater
wax moth (Galleria mellonella L.) larvae

No. Isolate Day 3 Day 5 Day 7 Day 10 Day 12 Day 14
1 Control 0.67 £ 0.42¢ | 1.33 +£0.54¢ | 2.00 + 0.61¢ | 2.67 +0.749 | 3.33 £ 0.819 | 3.78 + 0.88°
(0.05% Tween
80)
2 Meta-Uz-10 11.84 + 38.42 + 62.75 + 74.30 + 81.15 + 84.60 +
2,15 3.68¢ 4.12¢ 3.45P 2.80P 2.18P
3 Meta-Uz-13 5.40 + 19.85 + 34.60 + 46.15 + 54.80 + 61.80 +
1.42de 2.844 3.404 3.25¢ 2.90° 2.45¢
4 Meta-Uz-23 29.40 + 69.15 + 89.64 + 93.80 + 95,75 + 96.65 +
3.122 3.852 2.902 2.102 1.542 1.182
5 Meta-Uz-15 3.85+ 17.40 + 28.15 + 38.90 + 46.20 + 51.40 +
1.18d 2.604 3.104 3.35¢ 3.15¢ 2.704
6 Meta-Uz-24 23.15 + 59.70 + 81.25 + 88.40 + 91.60 + 93.10 +
2.802b 3.70% 3.452 2.752 2.15% 1.65%
7 Meta-Uz-28 16.70 + 46.85 + 71.40 + 81.15 + 86.25 + 88.90 +
2.42b¢ 3.54b¢ 3.92b¢ 3.18® 2.65% 2.122

Note: Larval mortality (%) by day of observation. Results were calculated using the Abbott formula
and expressed as M + m; n = 5, 30 larvae per replicate. Blastospore concentration, 1.0 x 107
blastospores/mL. Means within a column sharing at least one letter do not differ significantly
(ANOVA, Tukey’s HSD, p < 0.05).

Differences between the isolates were already clearly apparent at the start of the experiment,
on day 3. The highest mortality, 29.40 + 3.12 %, was recorded for Meta-Uz-23. The corresponding
values were 23.15 + 2.80 % for Meta-Uz-24, 16.70 + 2.42 % for Meta-Uz-28 and 11.84 + 2.15 %
for Meta-Uz-10. In the Meta-Uz-13 and Meta-Uz-15 treatments, the initial effect was relatively
weak, at 5.40 + 1.42 and 3.85 + 1.18 %, respectively. The mortality of 0.67 + 0.42 % recorded in the
control indicates that the results observed in the treatments were attributable mainly to the
blastospore suspensions applied. By day 5, the differences between the isolates had become even
more pronounced. Larval mortality reached 69.15 + 3.85 % with Meta-Uz-23 and 59.70 + 3.70 %
with Meta-Uz-24. For Meta-Uz-28 and Meta-Uz-10, this value was 46.85 + 3.54 and 38.42 =+
3.68 %, respectively, whereas mortality with Meta-Uz-13 and Meta-Uz-15 remained at 19.85 + 2.84
and 17.40 + 2.60 %. Thus, during the first five days, the effect of Meta-Uz-23 and Meta-Uz-24
developed faster than that of the other treatments.

On day 7, mortality in the Meta-Uz-23 treatment reached 89.64 + 2.90 %; that is, almost 90 %
of the larvae died within one week. The corresponding values were 81.25 + 3.45 % for Meta-Uz-24,
71.40 + 3.92 % for Meta-Uz-28 and 62.75 + 4.12 % for Meta-Uz-10. During this period, the effect
of Meta-Uz-13 and Meta-Uz-15 was considerably lower, at 34.60 + 3.40 and 28.15 + 3.10 %,
respectively. These results indicate that the high insecticidal activity of Meta-Uz-23 and Meta-
Uz-24 develops not only at the final stage but already at a relatively early phase of the infection
process.

Day 10 of observation was particularly important for the selection of isolates. Mortality
reached 93.80 + 2.10 % with Meta-Uz-23 and 88.40 + 2.75 % with Meta-Uz-24. Thus, only these
two isolates caused mortality above 85 % by day 10. Values of 81.15 + 3.18 % and 74.30 + 3.45 %
were recorded for Meta-Uz-28 and Meta-Uz-10, respectively, whereas mortality in the Meta-Uz-13
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and Meta-Uz-15 treatments was 46.15 + 3.25 and 38.90 + 3.35 %, respectively. These results
provide an experimental basis for distinguishing Meta-Uz-23 and Meta-Uz-24 as highly active
isolates.

By day 12, mortality was 95.75 + 1.54 % with Meta-Uz-23 and 91.60 * 2.15 % with Meta-
Uz-24. For Meta-Uz-28 and Meta-Uz-10, the values increased to 86.25 + 2.65 % and 81.15 +
2.80 %, respectively, while mortality of 54.80 + 2.90 and 46.20 + 3.15 % was recorded for Meta-
Uz-13 and Meta-Uz-15, respectively. At this stage, the high activity of Meta-Uz-23 and Meta-Uz-24
was maintained, and Meta-Uz-28 also exceeded 85 %. However, the fact that Meta-Uz-28 reached
this level only on day 12 indicates that its effect developed more slowly than that of Meta-Uz-23
and Meta-Uz-24.

On day 14 of the experiment, isolate Meta-Uz-23 caused the highest mortality, 96.65 +
1.18 %. Values of 93.10 + 1.65 %, 88.90 + 2.12 % and 84.60 + 2.18 % were recorded for Meta-
Uz-24, Meta-Uz-28 and Meta-Uz-10, respectively. Final mortality in the Meta-Uz-13 and Meta-
Uz-15 treatments was 61.80 + 2.45 and 51.40 + 2.70 %, respectively, whereas mortality in the
control at the end of the entire observation period was only 3.78 + 0.88 %. The ranking Meta-Uz-23
> Meta-Uz-24 > Meta-Uz-28 > Meta-Uz-10 > Meta-Uz-13 > Meta-Uz-15 was therefore also
maintained for the final efficacy of the isolates. Analysis of the data in terms of time dynamics
showed that between days 3 and 14 mortality increased from 29.40 % to 96.65 % with Meta-Uz-23,
from 23.15 % to 93.10 % with Meta-Uz-24, from 16.70 % to 88.90 % with Meta-Uz-28 and from
11.84 % to 84.60 % with Meta-Uz-10.

Mortality with Meta-Uz-13 and Meta-Uz-15 also increased steadily over time, but their final
values did not reach the level of the highly active isolates. Thus, the main difference between the
isolates lay not only in the final result on day 14 but also in how quickly the effect developed.

In particular, mortality of 29.40 % as early as day 3, 69.15 % on day 5 and 89.64 % on day 7
with Meta-Uz-23 indicates that its effect developed early and rapidly. Meta-Uz-24 showed similar
dynamics, giving 81.25 % on day 7, 88.40 % on day 10 and 93.10 % on day 14. Although Meta-
Uz-28 achieved high activity at the final stage, its values of 71.40 % on day 7 and 81.15 % on day
10 indicate that its effect developed more slowly than that of the first two isolates. Isolates should
therefore be evaluated not only on final mortality but also on the speed with which a high
insecticidal effect is achieved.

Statistical grouping also confirms these differences between the isolates. However, letters
such as a, ab and bc cannot be interpreted as an independent scale of activity: values sharing at least
one letter do not differ statistically on the given day. The statistical letters were therefore evaluated
together with the biological dynamics. Overall, the experimental results distinguished Meta-Uz-23
and Meta-Uz-24 not only by their final mortality but also by the early onset of their effect and the
stable maintenance of high activity throughout the observation period.

Testing of suspensions of the six Metarhizium isolates at 1.0 x 107 blastospores/mL on fourth-
to fifth-instar G. mellonella larvae showed that their insecticidal activity depended on the isolate
and on the duration of exposure. Although mortality increased over time with all isolates, Meta-
Uz-23 and Meta-Uz-24 showed the highest activity throughout the experiment. Larval mortality
caused by these isolates was 93.80 + 2.10 and 88.40 + 2.75 %, respectively, on day 10 and 96.65 +
1.18 and 93.10 + 1.65 % on day 14. Although Meta-Uz-28 gave a high final result (88.90 + 2.12 %),
its effect developed more slowly than that of Meta-Uz-23 and Meta-Uz-24. Meta-Uz-10 was
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characterised by moderately high insecticidal activity, and Meta-Uz-13 and Meta-Uz-15 by
relatively low insecticidal activity. On the basis of these results, isolates Meta-Uz-23 and Meta-
Uz-24 were selected as promising isolates for the next stage of the study, namely the investigation
of the concentration—response relationship of their blastospores and the determination of LC., and
LC,, values.

Figure 3.1. Tenebrio molitor adults from which the Metarhizium isolates were obtained

Figure 3.2. Mature individual colonies of Metarhizium isolates Meta-Uz-23 (A) and Meta-Uz-24
(B)
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A B
Figure 3.3. Conidia of Metarhizium isolates Meta-Uz-23 (A) and Meta-Uz-24 (B)

A B

Figure 3.4. Cultivation of Metarhizium isolates in liquid (A) and on solid (B) culture media
under laboratory conditions

Conclusion

The insecticidal activity of six isolates of the genus Metarhizium was evaluated, and Meta-
Uz-23 and Meta-Uz-24 were selected as the most active isolates. On day 14, the insecticidal activity
of isolate Meta-Uz-23 was 94.42 % in conidial form and 96.65 % in blastospore form. Blastospores
acted faster and had a quantitatively greater effect than conidia during the first days. These results
indicate the potential of isolates Meta-Uz-23 and Meta-Uz-24 for further research on the
development of effective bioinsecticide products.
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