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JI. C. Emenko', A. I. Cymuu?, A. B. Ajtekceena’

! Benopycckuil 2ocydapcmeennuiii mexnonozuueckutl ynusepcumem, Mumnck, bBenapyco
2Hnemumym obweti u neopeanuveckoi xumuu Hayuonanvroii akademuu nayk Benapycu, Munck, Benapyce

®OPMUPOBAHUE CTPYKTYPbI [ICEBJJOBEMUTA
B CUCTEME Al (An),~NH,OH-H,0

AnHOTanus. ['MapaTupoOBaHHBIN OKCHJ AJTIOMHHUS IIUPOKO HCIOJIB3YETCsl B PA3IMUYHBIX chepax ASSTEIBbHOCTH — OT
MPOM3BOACTBA KaTaJIN3aTOPOB J0 METUIIMHEL. V3BeCTHEI pa3indHble MOAU(UKAINN THAPATHPOBAHHOTO OKCH/A aTIOMHHUS —
rub6cut, OaliepuT, HOpACTpPaHIUT, HceBaoOeMuT, OeMur. ONpeleNeHHBIH HHTEpeC NPECTaBISACT CHOCO0 ITOIyUCHHS
AlO, - nH,O co cTpyKTypoii niceBno6eMuTa, KOTOPhIA OTHOCHTCS K BBICOKOAMCIEPCHOMY THIPOKCH/Y ATIOMHHHS C Pa3BU-
TOW yIeTbHON MOBepXHOCTEIO. MccnenoBano BIUsSHIE KOHIICHTPAIIUH, IPHPOIBI COJIN aIIOMUHHUS, TEMIIEPATypPhl U IPOIOII-
JKUTEIPHOCTH CTapeHUs Ha (a30BBIM COCTaB, CBOWCTBA 00PA3yIOMMXCS OCATKOB TMAPATHPOBAHHOTO OKCHAA ATIOMHHHUS
U €ro CTPYKTYpHO-aJICOPOIIMOHHEIE XapakTepucTUKH. [Tokazano, 4To kK03(hGUIHEHTH! (HIBTPAH OCAAKOB, TOTyUYCHHBIX
B CyJb(GaTHBIX, HUTPATHBIX, XJOPUAHBIX PACTBOPAX MpPH HEHTPAIU3alMUd aMMHUAKOM, HAXOAATCS HAa ypoBHE 6,7 -+ 1075—
7,8 - 1077 m/c. YcTaHOBIEHO, UTO M3 XJIOPH/I- M HUTPATCOAEPKAIIMX PACTBOPOB C KOHIEHTpauel annona 1,8 mous/n pop-
MHUpyeTcs c1ab0 OKPUCTAITH30BAaHHBIN ICeBIOOEMHT, B TO BPeMs KaK U3 CyIb(paTcoAepsKallero pacTBOpa TO jke KOHIIEH-
Tpanuu — peHTreHoaMopQHbIi MaTepuai. [Ipu pazdaBneHuu cynbhaTcomepkameid cucTeMsl 10 KoHueHTpauun 0,9 Monb/n
SO,* mpomcxoaut 06pa3oBaHNe OKPHCTAIIH30BAHHOTO ICEBAOGEMHTA, a 10 KoHIeHTparuu 0,3 Mois/m SO,> — rubbeuTa.
IMonmxkenue Temneparypsl ctaperus ocagkos 10 40 °C npuBoauT K GOPMUPOBAHHIO C1a00 OKPHCTATIIN30BAHHOTO TICEBJIO-
6emuTa. C1abo OKpHCTAUIN30BAHHBIN MCEBJOOEMHUT — MOPOIIKOOOPa3HbI MPOAYKT ¢ YaCTHI[AMU HEMpPaBUIbHOU (OPMBI
pasmepom 20,0-50,0 MKkM. YCTaHOBIICHO, UTO y/I€JIbHAS IIOBEPXHOCTH IICEBI00EMHTA, IOy YEHHOTO U3 CyJb(aTa aJlOMUHHUS,
CPaBHUTEIBHO BBIIIIE, YEM 15 0OPA3II0B, IOJYYEHHBIX M3 PACTBOPOB XJIOPU/IA U HUTPATA aJIOMUHUS, U cocTasisteT 407,41 m2/r.
3T0 00yCIIOBICHO HANWYKEM B HEM IOp JUAMETPOM, paBHBIM 3,826—4,544 HM, uTo B ~1,5 pasza MeHblle, 4eM sl 00pasIioB,
CHUHTE3MPOBAHHBIX M3 XJIOpHUAa U HUTpATa aJIlOMUHUA.

KiroueBble ciioBa: ruipaTHPOBAHHBIA OKCH/]] aJIFOMHHUS, ICEBIOOEMHUT, XUMUYECKOE OCAXKACHHE, CTApSHHE, IOpUCTast
CTPYKTypa

Jns nutuposanus. @opMuposanue cTpykTypsl ncepnodbemura B cucteme Al (An),-NH,OH-H,O / JI. C. Emenxo,
A. U. Cymuu, A. B. Anekceea / Becui HanpisinanpHait akaasMmii HaByk benapyci. Cepbist XiMidHbIX HaByK. — 2026. — T. 62,
Ne 3. — C. 183-192. https://doi.org/10.29235/1561-8331-2026-62-3-183-192

L.S. YESHCHANKO!, A. I. SUMICH?, A. V. Alekseeva !

! Belarusian State Technological University, Minsk, Belarus
’Institute of General and Inorganic Chemistry of the National Academy of Sciences, Minsk, Belarus

FORMATION OF THE PSEUDOBOEHMITE STRUCTURE
IN THE SYSTEM Al (An),-NH,0H-H,0

Abstract. Hydrated aluminum oxide is widely used in various fields — from catalyst production to medicine. Several
modifications of hydrated aluminum oxide are known, including gibbsite, bayerite, nordstrandite, pseudobochmite, and boeh-
mite. Of particular interest is the synthesis of AI:Os - nH-O with a pseudoboehmite structure, which represents a highly dis-
persed aluminum hydroxide with a developed specific surface area. This study investigates the influence of aluminum salt
concentration and type, aging temperature, and duration on the phase composition, properties of the resulting hydrated alumi-
num oxide precipitates, and their structural and adsorption characteristics. It is shown that the precipitates obtained from
sulfate, nitrate, and chloride solutions by ammonia neutralization exhibit poor filterability, with filtration coefficients in the
range of 6.7 - 10° to 7.8 - 107 m/s. It was found that slightly crystallized pseudoboehmite forms from chloride- and ni-
trate-containing solutions with anion concentrations of 1.8 mol/L, whereas X-ray amorphous products form from sulfate-con-
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taining solutions of the same concentration. Dilution of the sulfate system to 0.9 mol/L SO+*" leads to the formation of crystal-
line pseudoboehmite, and further dilution to 0.3 mol/L SO4* results in gibbsite formation. Lowering the aging temperature
of the precipitates to 40 °C leads to the formation of poorly crystallized pseudoboehmite. This product is a powder composed
of non-isometric particles sized 20.0-50.0 um. The specific surface area of pseudoboehmite synthesized from aluminum sul-
fate was found to be higher than that of samples obtained from aluminum nitrate and chloride solutions, reaching 407.41 m?/g.
This is attributed to the presence of pores with diameters of 3.826—4.544 nm — approximately 1.5 times smaller than those in
the nitrate- and chloride-derived samples.

Keywords: hydrated alumina, pseudoboehmite, chemical precipitation, aging, porous structure

For citation. Yeshchanko L. S., Sumich A. 1., Alekseeva A. V. Formation of the pseudoboehmite structure in the system
Al (An),-NH,OH-H,O. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya khimichnyh navuk = Proceedings of the Na-
tional Academy of Sciences of Belarus. Chemical series, 2026, vol. 62, no. 3, pp. 183-192 (in Russian). https://doi.
org/10.29235/1561-8331-2026-62-3-183-192

BBenenue. [IpuMeHerre OKCHIOB alIOMHUHUS BO MHOTHX cepax IesTeIbHOCTH 00YCIOBICHO MX
YHUKaJIbHBIMA XUMHUYECKUMHU CBOWCTBAMM: OHM 00J1aaf0T KaTATUTHICCKUMU TIPU3HAKAMH, HCIIOJIb3Y-
FOTCS B KAYECTBE HOCUTEJICH JUIS KaTaluTH4Yecku akTuBHBIX BetecTB (Co, Pd, Pt), B kauecTBe abpasu-
Ba, KOTOPBIH HAHOCST Ha MOBEPXHOCTh HAXKJIAYHON OyMaru, Tak Kak 00JaJaroT MOBBIIICHHON TBEpIO-
cThI0. IHHOBAIIMOHHBIM SIBJISIETCS MCIOJIB30BAHNE MX TIPU IPOU3BOJICTBE MaTrepuaia sl SHI0MpPOTe-
30B Ta300€IPEHHBIX CYyCTABOB.

IToxazano [1], 9T0O CBOHCTBA OKCUIOB ATFOMUHHUS OMPEACISIIOTCS CBOMCTBAMU THUIPOKCUIOB-TIPEI-
IIECTBEHHUKOB, 3aKOHOMEPHO TPaHC(HOPMUPOBAHHBIMY ITOCPEACTBOM (Pa30BBIX MEPEXOI0B B aJIFOMO-
KHUCIIOPOJTHOW CHUCTEME:

Al(OH), — AIO(OH) — ALO — ALO — a- ALO,.

3 HM3KOTEMII. 3 BBICOKOTEMII.

['mapaTupoBaHHBIM OKCH]] AIFOMUHUSA CyIECTBYET B popmax tpuruapara Al,O, - 3H,O (MoHoKIMH-
HOT'O TPHUKJIMHHOrO ruOOcHTa, OaiiepuTa, HOPACTpAaHAMTA) W MOHOTHJpaTa MEPEMEHHOTO COCTaBa
ALO, - nH,O (ncemobemuta u Gemura). IlceBnobeMutT mpencTaBnseT coOOi BBHICOKO AMCIIEPCHBIH
TUJPOKCU]] AJIFOMUHUS C Pa3BUTOW YJENBHON MOBEPXHOCTHIO, KOTOPBIH OTIUYAETCS OT KPHCTAIIH-
geckoro 6emuta AIOOH HamnaneM B CTPYKTYPE CBEPXCTEXHOMETPHUUICCKOHN BOIBI B (popMe CBOOOTHBIX
monekyn H,O, CBA3aHHBIX B MEXCJIOEBOM IMPOCTPAHCTBE KPUCTAJIIMYECKON PEHIETKU IMPOYHBIMH
BOJIOPOAHBIMH CBA3sIMU [2]. BbL10 mokazaHo, 4To U3-3a 00pa30BaHMs CBSA3EH MEXKY MOJIEKYJIaMH BOJBI
Y MIOHAMU CJIOSI U3MEHSIETCS JIOKAJIbHAS CTPYKTYpa ICeBI00eMUTA.

Cy1mecTByeT ps CIocOOOB MONYUEHHS TceBnooemMuTa [3—5], OCHOBaHHBIX Ha IMOAKHUCICHUHN ajTio-
MHHATa HATpUs, HEUTpalu3aliu COJICH aJFOMHUHHUS, ObBICTPOM TEPMHUYECCKOM pa3JIOKEHUH rubOcHUTa
1 30Jb-Teb Tnpoueccax. IIpuMeHaroT Tak)ke HUTPATHYIO M aJIOMUHATHYIO TEXHOJIOTHIO TOIy4YeHUs
MOHorupaTa okcuaa aaomunus [6—7]. Kak yreepxaaet B. A. JI3uckko [6], mpu HEHTpadu3aluu TU-
POKCHIOM HaTpusi 00pa3yeTcst TPUTHIAPOKCU]] ATIOMUHNS — OaliepuT, a paCTBOPOM aMMHUaKa — TICEBJIO-
6eMnT. B afoMHHATHOI TEXHOJIOTMH PACTBOP aJIFOMUHATA HATPHUS CMEIINBAIOT C KMCIOTOMH, B YaCTHOCTH
A30THOM, TIpH 3TOM pH peakinoHHO# cMecu orperenseT (a3oBblii cocTaB KOHEUHOTo MPOAyKTa. B ciydae
ocaxzaenus npu pH 6onbue 10 npoucxonut popmupoBanue Oaitepura, a npu pH 4—6 — ncesnodemura.

W3BecTHO, 4TO 00pa3oBaHUE OCAKOB IPU XUMHYECKOM OCaXJICHUH U3 PACTBOPOB COJIU aTIOMUHUS
MpoTeKaeT 4yepe3 o0pa3oBaHWE MOHOMEPOB, B3aMMOACHCTBHE KOTOPBIX MPUBOANUT K (POPMHUPOBAHUIO
nuMepoB. OTMeueHo, 4To 00a KaTHOHA aJFOMHUHHUS B COCTaBE JUMEPOB SIBISIOTCS KOOPIUHAIIMOHHO
HEHACBHIIIEHHBIMH, YTO BBICTYTAET ABMXKYLICH CUJION ISl JaJbHEHIIero oObeIMHEHUs IUMEPOB B Oostee
CIIOKHBIE CTPYKTYPbI B BUJE MOJHUTHUIPOKCOKOMILIEKCOB, IMMPEBPAIIAONINXCS B TIEPBUYHBIC YACTHIIBI,
a 3aTeM B arperarsl IepBUYHBIX YaCTHI. TaKue MpoIiecChl MPOTEKAIOT MPH 3apPOXKICHUN TBEPIOH (ha3br
KakK B KHMCJIOM, TaK U B ILEJIOYHON cpejie. B 3aBUCMMOCTH OT yCJIOBUIM OCaXJI€HUS TUIPATUPOBAHHOIO
OKCHJIa AJIOMHHHS 00pa3yrolIuecs MOHOMEPHI OTIMYAIOTCS B3aUMHBIM PACIIOJIIOKEHHEM KaTHOHOB
amomuuus 1 OH-rpyrmn, 4To NpuBOAXT K 0Opa30BaHUIO PA3IMYHBIX 10 CTPOCHUIO MOJIUMEPOB, KOTO-
pBI€ PAa30PHEHTHPOBAHBI B PEAKIIMOHHOM MTPOCTPAHCTBE, U B CBS3H C ATUM K (DOPMHUPOBAHUIO PEHTIe-
HOoamMop(dHOTO OCcamKa.

WmenHO 3Tamnbl pacTBOPEHHUS U OCAXKICHUS ONPEACITAIOT CTENEHb OKPUCTAIN30BAHHOCTH TUPOK-
CHJIa U, CIIeIOBATENIbHO, (Ja30BBI COCTAB, YTO BIUSET B JaJbHEHILIEM HA MOPUCTYIO CTPYKTYPY, BEIH-
YUHY yAEIbHOM IJIOIAAH MOBEPXHOCTHU U TEPMUUYECKYIO YCTOMYUBOCTS [8].
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Psig aBropos [3, 9-12] mpeyaraioT TEpMHUYECKHE CIIOCOOBI MOTYUCHHS MICEBIOOEMHTA, HAPIMEDP
HarpeBaHHeM TH00CHTa B HEPABHOBECHBIX YCIOBHUSX, TPH KOTOPOM ITPOHUCXOIHUT HETIOIHOE Pa3pyIIeHHEe
KPHUCTAJUTMIECKONW pemeTku. M3BecTeH crmocol [3] momydeHus TMceBAOOEMUTA B pe3yJibTaTe TEPMHU-
YEeCKOro pa3jiokeHus pacTBopa HuTpara amoMunns mpu 300—700 °C MeTonoM pacubUIUTEIBFHON CYIIKH,
pereHepany 00pa3yIoUIIXCsi OKCHA0B a30Ta B KOHLIEHTPUPOBAHHYIO a30THYIO KHCIIOTY C €€ BO3BPaToOM
Ha HAYaJIBHYI CTajuio mporecca. CHHTE3 THAPOKCHAA aTIOMUHUS C MCEBIOOEMUTHON CTPYKTYpOM
BKJTIOYAET TIOyUYeHHE MTPOMEKYTOTHOTO ATFOMOOKCHIHOTO MPOAYKTa TMyTeM MPOKAJIKH reKcaruapara
XJIOpHIa aJIFOMUHMS M ero rujparanuio He meHee 12 4 [10]. B padore O. b. IlaBnoBoii-BepeBkuHoii
u 0. E. Porunckoii [13] mokazaHo BIHMSHUE YCIOBHI THAPOTESPMAIIBHON 00pabOTKH 0CaJIKOB IICEBIIO-
OemMuTa Ha CTPYKTYPHO-aJICOPOIIMOHHBIC CBOMCTBA, B YACTHOCTU BEIUYUHY YJCIBHON MOBEPXHOCTH.
HecmoTps Ha 1oCTaTOYHO OOJBIIOE YHCIO padOT MO CHHTE3Y ICEBI00EMUTA, CBEICHNS OTHOCHTEIFHO
€ro MOJYYeHHUS U CTPYKTYPHO-aICOPOIIMOHHBIX CBOMCTB YaCTO MPOTHBOPEYHBHI M OTPAHUYECHBI.

Lenpro manHO pabOTHI ABUIOCH YCTAHOBIICHUE BIMSHUS IPUPO/IBI PEareHTOB, YCIOBHH CHHTE3a Ha
(ha30BBIN COCTAB M CBOMCTBA THAPATHPOBAHHOTO OKCH/IA ATFOMUHUS CO CTPYKTYPO# TceBrobeMuTa.

JKCcrepuMeHTa bHAs YacTh. /715 moydeHus ruApaTUPOBAaHHOTO OKCH /1A A JFOMUHUS UCTIONB30BaN
METOJ XMMUYECKOI0 0CaXAeHHs. FICXONHBIMM peareHTaMu ABUINCE: Xiopua amomunus AlCL, - 6H,0
(Mapxu «4.») (TOCT 3759-75), nutpar amomunus Al(NO,), - 9H,0 (mapku «a.») (TOCT 3757-75),
cyabgar amomunns Al,(SO,), - 18H,0 (mapku «4.») (TOCT 3758-75), aMMuak BOIHBIN (MapKH «4. JI. a.»)
(I'OCT 3760-79). Ilonydernue TruapaTHPOBAHHOTO OKCHA ATIOMHUHUS MPOBOIUIU COTJIACHO CXEME,
npeacTaBlIeHHOM Ha pHc. 1.

Al(An),  NH,0H H,0 H,0
! 5
1 » 2 > 3 > 4 6 7

[IpombIBHBIE BOABI

Puc. 1. Cxema nonyueHHs THAPATHPOBAHHOTO OKCHJIA AJFOMUHUS: X — BeJIMUMHA 3apsiia aHHoOHa An*; 1 — IpUTOTOBJIEHHUE
pacTBOpa COJH aJTIOMUHUS; 2 — XUMHUYECKOE OCaKJeHue; 3 —cTapeHue; 4 — GUIbTpanus ¥ OTMBIBKA; 5 — MHKPOBOJIHOBAS
CyIIKa; 5'— CyIIKa B CyIIMJIBHOM IKady; 6 — u3Melnb4ueHne u kinaccudukanus; 7 — TepMooOpadoTKa

Fig. 1. Scheme for synthesis of hydrated aluminum oxide: X — anion charge An*"; 1 — preparation of aluminum salt solution;
2 — chemical precipitation; 3 — aging; 4 — filtration and washing; 5 — microwave drying; 5' — drying in the oven;
6 — milling and classification; 7 — heat treatment

Konnentpanus pactBopa conu amtomunus coctaBmia 0,3; 0,6; 1 Monb/n, coaepkaHue aMMuaka
B pacTBope — 25,5 Mac.%. Xumnueckoe ocaxaeHue nposoarmn npu 80—85 °C mpu NOCTOSTHHOM Hepe-
MEIIMBaHUHU C HMCIIOJIb30BAHUEM JIA00pAaTOPHON BEPTHUKAIHHONH POTOPHOM MEIIAaKU W HETpPEPHIBHOM
mmepennu pH cpensl. Jlo6asnenne ocanutens npekpamanu npu pH cpeasr 9,0-9,5. [IponykTh ocax-
JIeHus nozBepranu crapenuto npu temneparypax 40 u 100 °C u nponomxkurensHoctu 15-22 4. Ipo-
IYKThl OCaXJEHUs, MOJTYUYCHHbIE IPU HEHTpaau3aluu pacTBOpa cysibdaTa aJIOMHHHS aMMHAKOM,
pas6aBisiig Boxoii 1o KoHuentpanuu SO,* B xuakoit pase 0,3—0,9 mons/1. TBepayto dasy oraensuiun
¢uibTpanueil Ha BakyyM-puibTpe, onpenensis mpu 3ToM KodduiuenT puiabTpanum, 3aTeM ocymie-
CTBJISUTM OTMBIBKY ropsiued nuctuimupoBaHHoi Bomod (80-90 °C) no oTpuuaTtenbHON peakuuyd Ha
XJIOpUA-, HUTpaT- uiin cynbdar-uonsl. [lomydeHHbIH NPOAYKT CYyIINIIN B CYyIINIBHOM KAy IpU TeM-
nepatype 70—75 °C 10 MoCTOSTHHOM MacChI U ITOIBEPraii MUKPOBOJITHOBOH 00pa00TKE B MEKPOBOJTHOBOM
neyu mpu MorrHocTH 70 B, mocie gero ero u3menpuaiy, moaBeprain KiiacCuPpuKamuu U TepMooopada-
THIBAJIM. XUMHUECKHH COCTAaB MPOAYKTOB OMPEACISUIN 110 CTAaHAAPTHBIM METOMKaM, (pa30BbIi COCTAB —
METOIOM PEHTIeHO(A30BOr0 aHajIHM3a ¢ MOMOIIBI0 peHTreHoBckoro audpakromerpa 08 ADVANCE
¢upmsr BRUKER AXS (I'epmanusi), pa3mMep 4acTHIl ONpeNeNsiiii Ha JIA3ePHOM MHUKpPOAHAJIU3aTope
FRITSCH ANALYSETTE 22 (I'epmanusi).
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PesyabTaTsl 1 ux 00cyxaeHne. CoryiacHO 3KCIIEPUMEHTAIBHBIM IJaHHBIM Ha CTaJUU XUMHUYECKOTO
ocaxxieHus rpu pH 1-4 cucrema octaeTcst TOMOT€HHOM, fajpHeee nosbienne pH npuBoauT K 00-
Pa30BaHUIO MHMKPOI'€TEPOr€HHON KOJIJIOMAHO-XMMHMUYECKOH cuctembl. Cienyer OTMETHUTbh, YTO IPHU
OCaXXJICHWW M3 HUTpaTa allloMUHUsT (GOpMHUpYyeTCsl TereoOpa3Hblil 0caoK, a u3 cyibdarta allOMUHUS
U XJIOpHJIa aJIIOMUHUA — 3051e00pa3Hbiid. OO0pa3oBaBmiascs TBepaas (asa, Kak U3BECTHO, IPEICTaBIISCT
co0oif MeTacTabMIIbHOE aMOpP(HOE BEIIECTBO, KOTOPOE B XOAE CTApPEHUs YIUIOTHSETCA, a €ro o0beM
YMEHbIIAETCs U MOSBISIETCA TpaHuna pasaena (as. YCIoBus CTapeHUs IPOAYKTOB OCaKACHUs, OpyT-
TO-COCTaB, (pa30BBI COCTAB BBICYIIEHHBIX OOpa3IOB, UX HACHIITHAS W WUCTHHHASA IJIOTHOCTH Mpe.-
CTaBJICHBI B Ta0II. 1.

W3 ananusa naHHBIX CJIEAYET, YTO OCAJKH, ITOJyUYECHHBIE B CyNb(ATHBIX, HUTPATHBIX, XJIOPUIHBIX
pacTBOpax NpH HEUTpalu3aluu aMMHAKOM, SIBISIOTCS TPYAHODUIBTPYEMbBIMH, OCKOJIBKY K03 duin-
eHTBl (PUIBTpALUU HaxoATCs Ha ypoBHE 6,7 + 10°-7,8 - 107 m/c. Kak BugHO u3 tabn. 1, Ha popmu-
pOBaHHUE KPUCTAJUIMYECKOTO MCEeBJ00EMHUTA OKa3bIBAE€T BINSHUE MPHUPOJIA COITH allfOMUHMS. Tak, mpu
KOHILIEHTpauuu 1,8 MOJIb/1 HUTpAT-, XJIOPUA-aHUOHOB B KHJIKOH daze popmupyercs ciabo okpucrall-
JTM30BAHHBIN TICEBIOOEMHUT, B TO BpeMs Kak B CYIb()aTHON CHCTEME IIPH TaKOi jke KoHueHTparuu SO,2 —
peHTreHoaMopOHBIH.

Tab6nunal YeaoBusi crapeHusi TBepaoii (pasbl H pe3ybTaThl aHAJIU30B

Table 1. Conditions of precipitate aging and results of analysis

VYcnoBus ctapeHHs IPOIyKTOB
OCaXKJIeHHUs B CUCTEMAX Pesynprarsl nuccinenoBanuit
Al (An),-NH,0OH-H,0
Ne
obpasna| Konuentpa- Koo duuuent Inorrocte, r/em’
uus An* T °C IIpogomxu- ¢unpTpanuu BpyTTo-coctaB ®da3zoBsIii cocTaB
B KUJKOH ’ TEJIBHOCTH, 4 | TBEPAOi (a3sl, MpOAYKTa MpoyKTa " H
(baSe, MOJB/T M/C CTUHHasA acChIITHas
An*—-SO,>
1 18 |10 15 340107 | ALO,- 1,63H,0 Awopubiii 230 | 142
MPOAYKT
2 0,9 100 15 6,71 - 10° | ALO,- 1,46H,0 IceBnoGemuT 2,40 1,60
3 03 | 100 15 8,08 10° | ALO,-2,98H,0 | OXpHCTALIIIOBANBL] 232 | 173
ruooCuT
4 03 40 22 360 105 | ALO, - 181H,0 | 1300 OKpHCTANIMSOBARKEI| ) 1) | g
TICEBIOOCMHUT
An*—NO,~
5 1,8 100 15 783107 | ALO,- 1,47H,0 | 1300 OKPHCTALIMSOBARMLI | ) | 45
TCEeBIOOEMUT
6 1,8 40 15 78110 | ALO, - 1,97H,0 | 1800 OKPHCTALIMSOBAHKEI| ) o3| 79
MCEBAOOCMHUT
An*—Cl~
7 1.8 40 15 73-107 | ALO, - 1,81H,0 | 1800 OKPUCTAIISOBAMREL| ) 4o | ) g
TICEBIOOCMHUT

Ipu pas6aBieHUH MPOLYKTOB OCa)ACHUs BOAOW 10 konueHrtpauun 0,9 mons/m SO, yxe mpo-
HCXOIUT 00pa30BaHMe OKPHCTAIIH30BAaHHOTO IICEBIO0EMHTA, a 10 KoHneHTpauuu 0,3 moms/1 SO,> —
rubdocura (puc. 2). [lonnxenne temneparypsl crapenus ocaakos 10 40 °C mpuBoIUT K GOPMHUPOBAHHIO
c1a00 OKPHUCTAIIM30BAHHOTO TIceB00eMuTa (CM. Tao. 1).

Kaxk cnenyet u3 Tabmn. 1, OpyTTO-COCTaB UCCIEAYEMBIX TPOAYKTOB COOTBETCTBYET T'MIPATHPOBAH-
HOMY OKCHJY aJlFOMHUHUS, KOJIMYECTBO MOJIEH BOJIbI B KOTOPOM BapbupyeTcs ot 1,5 1o 2,0, 4to, ckopee
BCEro, CBS3aHO C PA3IMYHON OKPHCTAJIM30BAHHOCTHIO MCEBAOOEMHUTAa. B COOTBETCTBHU CO CTEXHO-
meTpuueckuM coctaBoM ncsenodemura AIOOH na 1 mons AL O, npuxoxutcs 1 MOIb XMMHYECKH
cesazannoii H,O. Takum 06pa3zom, u3bbiTounoe konuuectso Boabl (0,5-1,0 Mob) OTHOCUTCS, KaK OT-
MeueHo aBTopami [ 14, 15], K cBEpXCTEXMOMETPHUUECKOM, IOKATU30BAaHHON B MEXXCIIOEBOM IMMPOCTPAHCTRE.
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Puc. 2. Pertrenorpammel: a — obpasen 1, b — oOpasen 2 u ¢ — obpasen 4 (tadsu. 1)

Fig. 2. X-ray diffractograms of samples 1 —a, 2 — b and 4 — ¢ (table 1)

HaceimmHas m uCTHHHAS MIIOTHOCTH UCCIIEAYEMbIX 00pa3IoB ITOYTH OJIMHAKOBA, YTO MOXKET CBUJIETEIh-
CTBOBATh O OJIM30CTH UX JUCTIEPCHOCTH U TIOPUCTOCTH.

Ha puc. 3 npejacrapiieHa 3aBUCHMOCTh IOTEPH Macchl oOpasiioM 2 (coryacHo Tabm. 1) oT Temiie-
patypsl TepMooOpadboTKu. MTHTEeHCHBHOE BBIJENeHHE BOIbI TpoucxoauT 1o 450 °C. B aTom nnTepsae
ynansercs 1,46 monb Bozbl, 1 Monb xumuuecku ceazannol H,O u 0,46 — u30biTounol 1 0Opasyercs 6e3-
sonubli AL O,. Vianenue 0,46 MOIb (pU3NKO-XMMUYECKOH BOABI B HHTEpBae Temneparyp 100-180 °C
MOJKET CBHICTEIHCTBOBATH O HAIMYHMH MPOUYHBIX BOJAOPOIHBIX CBSI3€H B MEKCIIOEBOM IIPOCTPAHCTBE
peuIeTKH IceBA00EMUTA, IIPU ITOM €T0 CTPYKTypa HE U3MEHSICTCS.
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Puc. 3. 3aBucumocTs norepu Maccsl oopasua 2 (tabdi. 1) oT TemnepaTyps

Fig. 3. Dependence of mass loss of sample 2 (table 1) on temperature

B cooTBeTCTBHH C pe3yibTaTaMy HCCIEAOBAHMS Pa3MEepOB YaCTHUI] Bce 00pa3ipl cnabo oKpucTal-
JIM30BaHHOTO [ICEBA0OEMUTA SBIISFOTCS TIOTUINCIIEPCHBIMU — ITPe00IaJatoInii pa3Mep YacTUIl COCTABIISET
20,0-50,0 mxm. Ha nomto wactun pazmepom 5,0-10,0 mxm npuxonutcs 9—-13 %, a 10,0-20,0 mxm —
18-24 % (puc. 4).

Takum 00pa3oM JHUCTIEPCHOCTH 00pa3IOB OJU3Ka, O YeM CBUJICTEIBCTBYIOT U MUKPOGOTOTrpaduu
(yBenmuenue 1 000 pa3s), mpeacTaBiICHHbIC HA PHC. 5, KOTOPBIE OBLIN MOIYYEHBI ¢ TOMOLIBIO AJIEKTPOH-
HOH Mukpockonuu Ha mnpubope Tescan Mira3 (Yexusi). Ha cHMMKax BHUIHO, YTO JOJSI MEJKHUX
HEM30METPUYHBIX 00pa3oBaHmii ¢ pazmepom a0 10—20 MKM BBIIIE IO CPAaBHEHHIO ¢ 0oJiee KPYITHBIMH,
XapaKkTepHU3yIOUIMMHICS HEPOBHBIMY I'PaHSIMH 00JIOMOYHOTO THIIA C JUTHHON Ha ypOBHE 45—85 MKM.
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Puc. 4. PacripeniesnieHue 4acTHIL IO pazMepaM i 00pasiioB MceBaoOeMHUTa

Fig. 4. Particle size distribution for samples of pseudoboehmite
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Puc. 5. Mukpogortorpadun od6pasuos ncesgodemura (1 000%)

Fig. 5. SEM micrographs of samples of pseudoboehmite (1 000x)
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[pu yBennuenuu no 20 000—-50 000 pa3 Ha CHUMKE BUJHBI KOHTJIOMEPATHI, COCTOSINE U3 HEOOIb-
HIMX POYHO CPOCLIMXCS YACTHIL, 00Pa30BaBILNXCS HA CTAAMN OCAXKJICHHUS, B BUJE 30JIb-, FeJICOOPa3HOro
TUAPATUPOBAHHOTO OKCHJA AJIIOMUHUA. IIpuMedarenbHO, 4TO YacTHULBI IICEBAOOEMUTA, MOTYUYECHHOTO
U3 XJIOpUJIAa U HUTPaTa aJIFOMUHHUS, HIMEIOT OKPYTIIYIO POpMY, UTO, CKOpee BCero, 00yCIOBICHO €ro HH3-
KOH CTENEeHbI0 OKPHUCTAUIM30BaHHOCTH. Ha MukpodoTorpaduun ncesnodemMura, MoayuyeHHOTO B pas-
OaByieHHOH cynbdarcoaepkalield cucTeMe, BUIHbBI YaCTUIBI, MMEIOLIUE OrpaHKy. Bo Bcex ciyuasx Ha
MOBEPXHOCTH YaCTHI] HAOIIONAIOTCsI HEOONbIINE MEJIKIE 00pa30BaHuUsl, KOTOPbIE MOKHO OTHECTH K He-
OTMBITBIM COJISIM aMMOHHSI.

st ycTaHOBJIGHUS BIUSHUS YCIOBUI CHHTE3a MCEBA0OEMUTA Ha €r0 MOPUCTYIO CTPYKTYPY OIpe-
JeNICHbl CTPYKTYPHBIE XapaKTEPHUCTUKH HCCIEAYEMBIX 00pa3loB, a HMEHHO: yJeJbHasl MOBEPXHOCTH,
o0beM u auametp mop. CranzapTHbIE U3MEPEHHs U30TepM aacopoumu-necopoumn asora (N,; 77 K;
0y, = 0,162 HM?) OCYIIECTBIISIN Ha aHAIH3aTOPE IO M [IOBEPXHOCTH 1 IoprctocTd ASAP 2020MP
(Micromeritics, CLLIA). YaenpHY0 TOBEPXHOCTh, 00BEM H AUAMETP TOpP ONPEACsIN aBTOMATHIYECKN
C TIOMOILBIO MTPOrpaMMHOro obecredenus K npubopy. s pacyera ynenbHONW NOBEPXHOCTH HCIHOIb-
3oBasi MeTozibl bOT (BET) u Jlearmiopa (L). YrenpHbIi 00BEM 1Op, CPEIHUM JUAMETP TIOP PACCUHTHI-
Bay MeTomoM bapperta—]xotinep—Xanerasl (BJH). Pe3ynbraTel mccnenoBanuii mpencTaBiIeHbl Ha
puc. 6 1 B a0 2.
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Fig. 6. Isotherms of sorption-desorption of poorly crystallized pseudoboehmite

Ta6nuna 2. CTPYKTYpPHO-aACOPOLHOHHbIE XapaKTEPUCTHKH 00pa310B NceB100eMHuTa

Table 2. Structural and adsorption characteristics of samples of pseudoboehmite

Vaenbias Cpennss mupuna | Cpeanss mupuna | CpenHee 3HadeHne | CpejHee 3HaueHHe
No o6pasia VnensHas HOBCEXHOCTL HOBEpPXHOCTE MOp 10 U30TEPME | TOP MO H30TepMe JaMeTpa rnop JIHaMeTpa mnop
o BT, m?/r 110 JTeHrMIony. M2/T agcopouun necopounn (1o u3orepme (110 u30TEpPME
Py, (mo BOT), um (o BOT), um copOuunm), HM necopOuum), HM
4 293,68 407,41 3,638 3,615 4,544 3,826
6 210,55 293,79 5,549 5,523 6,110 4,361
7 195,40 271,24 5,203 5,178 6,101 4,168

AHalIu3 pe3ysIbTaToOB MOKa3bIBACT, YTO C YBEIMUYCHUEM OTHOCHTCIIBHBIX JIABJICHUN BEJIMYHMHA al-
copOuuu Bo3pacTaetr 10 60—65 cM>/r 11 00pasIoB, MOJTYYEHHBIX U3 XJIOPUIHBIX M HUTPATHBIX pac-
TBOPOB, 1 85,0-90,0 cM*/r — u3 cynbdara amomMunus. B obmactu P/P, = 0,4-0,5 naGnronaercsa pe3Kuii
NoABEM M30TepM aacopbuuu u npu P/P; = 1 copOunonnsiii 00bem nocturaer 160-170 cM?/T B 3aBHUCH-
MOCTH OT ycIlioBHH monydenus. OOparmiaeT Ha ce0s BHUMaHUE U XOI KPUBOU AECOPOIIMU ISl TICEBIIO-
OemuTa, (GOpMHpPOBAHHE CTPYKTYPhI KOTOPOTO IMPOMCXOAMJIO NPH CTAPSHUU B aFOMOCYJb(aTHOM
cucteme ¢ koHuenTpauueit (SO,)* 0,3 mons/1 (cM. Tadm. 1). CornacHo H30TepMe aacopOLUM B HEM
MPHUCYTCTBYET 3HAYUTENbHAS J0JISI Y3KUX MOP (MUKPOIOP), KOTOPBIE 3aMOTHSIIOTCS a30TOM YKe MPH
HU3KHUX OTHOCHUTEIBHBIX HaBiacHUX. Mcxoms u3 Tabm. 2, cpefHss MIMPUHA MOP IS JaHHOTO o0pasia
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cocrasisieT 3,615-3,638 um, 4To B 1,5 pa3a MeHbIIE IHUPHHBI TTIOp B 00pa3nax 6 u 7. AuaMeTp mop aus
rceBa00eMuTa, MOTY4YeHHOTO U3 CyJib(haTa aTlOMUHHUS MTPU 3aJaHHBIX YCIOBUSIX, CPABHUTEIBHO TAKKE
MEHBIIE, YTO B KOHEYHOM CUETE OOBACHSAET €r0 BHICOKYIO YAEIbHYIO MOBEPXHOCTD, paBHY0 407,41 M/
Jist 006pa3ioB, TOMYYEHHBIX U3 HUTPATHBIX U XJIOPHIHBIX PACTBOPOB, 3HAUCHHE Y IEIbHON TTOBEPXHOCTH
3HAYUTENBHO HUKe. OTMEUCHHBIE OTAMUUTENBHBIE 0COOCHHOCTH H30TEPM aJCOPOLUU-IECOPOLIUU MOTYT
OBITH CBSI3aHBI C JUCIIEPCHOCTHIO 00pa3IloB, CTENEHBID MX OKPUCTAJUTM30BAaHHOCTH, HAJIMYHUEM BTO-
PUYHBIX TEPMOJUHAMUYECKH 00Jiee YCTOWYMBBIX arfloMepaToB, 00pa30BaHHBIX MTPH CTAPEHUH OCAIKOB.
Pacnipenenenne oobpema mop 1mo pazMepam ISl UCCIETYEMbIX 00pa3IioB H300pakeHbI Ha puc. 7.

dV/dD, cvm3/(r-Hm)
0,14
0,12
0,1
0,08
0,06
0,04
0,02

0 L -
0 20 40 60 80

Oo6pazen 4 — A, obpaszen 6 — m, obpazen; 7 — @

Puc. 7. TuddepenipaibHbiec KPUBbIC PACIIPE/ICICHHS TTOP [0 pa3Mepam JUIsi 00pasiioB rceBjodbemMuTa

Fig. 7. Differential curves of pore size distribution for samples of pseudoboehmite

KpuBbie pactipenenenns s 00pas3oB MOYTH aHAJIOTHYHBI — HAOMIOaeTCsl y3KUH WHTEpBall Iua-
MeTpa nop B auanazone npumepHo 0,1-10 HM. Mo)kHO monaraTe, 4TO CYIIECTBEHHYIO POJIb B CTPYK-
TYPHBIX XapaKTePUCTHKaX 00pa3loB UTpaeT pa3mMep U GopMa 4acTHUL, IJIOTHOCTh UX YIIaKOBKH.

3akurouenue. VccienoBaHbl yCiaoBus GOPMUPOBAHUS THAPATUPOBAHHOTO OKCHJIA AIFOMHHHS CO
cTpyKTypoii nceBnobemuta B cucteme Al (An),-NH,OH-H,O, rne An* — SO,*, NO,", CI". Ycra-
HOBJICHO BJIMSIHUE TPUPOJIbI aHHOHA Ha oOpa3oBanue U popmupoBanue AIOOH co cTpykTypoli ncesio-
o6emura. [lokazaHo, 4TO MpH MPOUYMX PABHBIX YCIOBHSIX OCaXkaeHUs (popMupoBaHHUE ci1ab0 OKpHCTa-
JU30BAHHOTO NICEBA0OEMUTA MPOUCXOINUT U3 PACTBOPOB XJIOPH/Ia U HUTPATa aTIOMUHUS, & U3 pacTBOpa
cynb(dara amroMUHUS 00paszyeTcs: peHTreHoaMopdHBIH mpoaykT. OTMedeHbI 0COOCHHOCTH (HOPMHUPO-
BaHMS NICEBI00EMHTA HA CTAIMU CTAPEHUS 0CAIKA, TOJTYYEHHOTO U3 cynbdara anmoMuaus. OnpeneneHs
CTPYKTYPHO-aJICOPOLIMOHHBIE XapaKTEPUCTHKH NIceBAOOEMHTa. YCTaHOBJICHO, YTO MaKCUMAJIbHAS YCTb-
Hasl TIOBEpXHOCTh, paBHast 407,41 m%/r, HabmromaeTcst Uit 00pasiia, MONIYyYCHHOrO U3 Cylb(aTa ao-
MUHUSL, BCIEACTBUE HAJUYUS B €T0 CTPYKType nop auameTpom 3,826—4,544 um.
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MOBEPXHOCTHBIE CBOMCTBA ATTUPATUUYECKHUX, AJJUIUKJINYECKUYECKHX
N APOMATUYECKUX AMUHOB B BOAHBIX U COJIEBBIX PACTBOPAX

AHHoOTanus. M3y4eHbl OBEpXHOCTHbIE CBOWCTBA aMUHOB C PA3JIMUHBIM MOJICKYJISAPHBIM CTpOeHHEM (anupaTndecKui
aMUH — aJIKMJIAMMOHUS XJIOPUJ, aTUIUKIHIECKHIH aMIH — alIKUIMOP(OIIMH, apOMaTHYECKHH aMUH — OEH3ETOHH S XJIOPH/T)
B BoaHbIX U coneBbix (NaCl) pactBopax. OnpeneneHbl KpUTHYECKast KOHIEHTPAIHs MULEIUI000pa30BaHusl, IOBEPXHOCTHAS
AKTHBHOCTb ¥ aJIcOpOIHst Ha Mexk]as3HOil rpaHuIle, MUHIMaJIbHAS TJIOIIA (b, 3aHUMaeMast MOJICKYJI0i amuHa. [Toka3aHo, 4To
KPUTHYECKAss KOHLEHTpALMS MHLEIOOpa30BaHUs CHHIKACTCs, NMOBEPXHOCTHAS AKTHBHOCTb M aJCOPOLMS Ha TpaHuULe
pasnena pactBop [IAB/Bo3ayX yBennuuBaeTcs Mpu nepexose oT aanudaTuyecKoro K alMIMKINYECKOMY H apOMAaTHUYECKOMY
AMHHY U B IPUCYTCTBUH HU3KOMOJICKYJIAPHOT'O SJICKTPOJIMTA.

KiroueBble ci1oBa: MOBepXHOCTHO-aKTHBHBIE BEIIECTBA, aMHHBI, TIOBEPXHOCTHOE HATSIKEHUE, TOBEPXHOCTHAS aKTHB-
HOCTB, KPUTHYECKasl KOHIIEHTPAIUsI MULIEIITI000pa30BaHHUS, IEKTPOIHT

Jast uutupoBanus. [ToBepXHOCTHBIE CBOMCTBA adu(aTHYECKUX, ATHINKIMYSCKHNICCKUX W apOMAaTHYECKUX aMHHOB
B BOJHBIX U cosieBbIX pacTBopax / C. B. byua, E. B. BopoOréBa, B. B. IlleBuyk [u ap.] / Becni Hanpistnanenaii akagsmii HaByK
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SURFACE PROPERTIES OF ALIPHATIC, ALICYCLIC, AND AROMATIC AMINES IN AQUEOUS
AND SALINE SOLUTIONS

Abstract. The surface properties of amines with different molecular structures, including an aliphatic amine (alkylam-
monium chloride), an alicyclic amine (alkylmorpholine), and an aromatic amine (benzethonium chloride), were investigated
in aqueous and sodium chloride solutions. The critical micelle concentration, surface activity, adsorption at the solution/air
interface, and the minimum area occupied by an amine molecule at the interface were determined. It was shown that the critical
micelle concentration decreases, while surface activity and adsorption at the surfactant solution/air interface increase when
transitioning from aliphatic to alicyclic and aromatic amines, and also in the presence of a low-molecular-weight electrolyte.

Keywords: surfactants, amines, surface tension, surface activity, critical micelle concentration, electrolyte

For citation. Bucha S. V., Vorobieva E. V., Shevchuk V. V., Cherednichenko D. V., Luksha O. V., Osipova E. O. Surface
properties of aliphatic, alicyclic, and aromatic amines in aqueous and saline solutions. Vestsi Natsyyanal ‘nai akademii navuk
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Brenenmne. [loBepxHocTHO-akTHBHBIC BeriecTBa ([1AB), KOHIIGHTPHUPYSICh HA MIOBEPXHOCTH pa3Jiena
(a3, BEI3BIBAIOT CHIKEHHE €€ CBOOOIHOM TIOBEPXHOCTHOM SHEPTUU H, CIIEOBATENFHO, TOBEPXHOCTHOTO
HaTspkeHUs1. OCHOBHOM KOJTMUECTBCHHONW XapaKTepucTUKo I11AB sBseTCS MOBEpXHOCTHAST aKTHBHOCTD —
CIOCOOHOCTh BEIeCTBAa CHUYKATh MOBEPXHOCTHOE HATSDKEHHE Ha rpaHule pasziena ¢as. [lpu ompene-
JICHHBIX YCIIOBUSX B pactBopax [IAB o0pa3yroTcsi camMoOpraHW30BaHHBIC HAHOArperaThl (MUIICILIBI),
COCTOSILIIME U3 JIECATKOB U cOTeH MojieKyn uiu uoHoB IIAB [1, 2]. bnarogaps stum cBoiictBam [1IAB
IITUPOKO HCIIONB3YIOT B KAUeCTBE CMauyMBaTelieH, meHo0Opa3oBaTese, CTabUIN3aTopoB IMYJILCHH U TIEH,
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rupohoOH3aTOPOB BO MHOTHX TEXHOJIOIMUYECKHX MpoLeccax B HEPTIHONW, XUMHUECKOW TPOMBIIIIEHHO-
CTH, IIPH MPOU3BOJICTBE CTPOUTENLHBIX MaTepHalioB, OymMaru, TKaHei, 00oraleHnd MUHEPAIbHBIX Py,
B COCTaBE MOIOIINX CPEICTB U T. 1. [3-5].

AMWHBI C pa3TUIHBIM MOJIEKYISIPHO-CTPYKTYPHBIM CTPOCHHUEM OTHOCATCS K KATHOHHBIM MHUIIEIIIO-
oOpasytonum (kosutonHO-pacTBopuMbIM) [IAB. B Monekynax aMuHOB ruipooOHBIE TPYIIITHI OTIpee-
JSFOT TIEPEXOJl MOJIEKYJ M3 IOJSIPHOW Cpeabl B HEMONsIpHYI. ['mapoduiibHBIE TPyNIBI, HA000POT,
yAEPKUBAIOT MOJIEKYJIBI aMUHA B MOJISIPHOM Cpesie UM, €CITU MOJIEKYJIbl HAXOASATCS B YIJIEBOIOPOTHON
XKHUIKOCTH, OTPEACIISIOT UX TIEPEXO/ B OJSIPHYIO cpeny. Takum o0pa3oM, TOBEPXHOCTHASI aKTHBHOCTD
aMUHOB Ha TpaHUIle pazzieina a3 pacTBOP—BO3AYX U MHUIIEIUIO00pAa30BaHUE MOJEKYJ 3aBHCIT OT MO-
JEKYISIPHO-CTPYKTYPHOTO CTPOCHHSI aMHUHOB U COCTaBa CPE/IbI.

[loBepXxHOCTHO-aKTHBHBIE CBOMCTBA aln(aTUYECKNX aMHUHOB C PA3JIMYHOW JTMHOHN YTIIEBOIOPOI-
HOTO paJfiKalia H3y4eHbl OCTATOYHO MOAPOOHO, OCOOEHHO B aCHEeKTe WX UCIIONh30BaHUS B Ka4eCTBE
(oTopeareHToOB B mpoieccax 00orameHus Moje3HbIX HCKOMaeMBbIX [6, 7]. YcTaHOBIIEHA 3aBUCHMOCTD
MEX]y JJUHON YTJIEBOJOPOAHOTO pajMKaia U KPUTHUYECKOW KOHLEHTpaLUUeH MHIEIIO00pa3oBaHus,
a TaKXe aJcopOIIMOHHON clTOCOOHOCTHIO Ha rpanuiie pazzena ¢as. [lokazaHo, 4To yBelTWYCHUE AITUHBI
YTIIEBOJOPOIHOTO (pparMeHTa crocoOCTBYET MOBHIIEHUIO THAPO(YOOHOCTH MOJEKYIIbI M YMEHBIIEHUTO
ITOBEPXHOCTHOTO HATS)KEHUSI PACTBOPOB, YTO 00ycioBiHnBaeT Ooee AapPeKTUBHOE CHIDKEHNE Mex(pas-
Hoil sHepruu [8—11]. OgHako BOIPOCH! BAUSIHUS MOJEKYJISIPHO-CTPYKTYPHOI'O CTPOECHHSI aMUHOB Ha UX
MOBEPXHOCTHBIEC CBOMCTBA, MPOLECCHl MULIEINIO00pa30BaHUsI B 3aBUCIMOCTH OT COCTaBa CPebl, B TOM
YHUCJIEe B IPUCYTCTBUU HU3KOMOJIEKYJIIPHBIX JIEKTPOJIUTOB, OCTAIOTCSA MaJOU3yYEHHBIMH.

HccnenoBanue moBeJeHNsT aMUHOB Pa3IMYHOTIO CTPOCHUS HAa IpaHHIE paszaena a3 B pacTBOpax
HU3KOMOJIEKYJISIPHOTO 3JIEKTPOJIMTA TIO3BOJIUT HE TOIBKO PACHIMPUTH MPEICTABICHUS 0 MEXaHu3Me Gop-
MHUPOBaHUS aJICOPOIIMOHHBIX CIOEB B COJEBOW Cpefie, HO M BBIABUTH BIHMSHWE MOHHOW CHIIBI pPacTBOpa
Ha TIOBEPXHOCTHYIO aKTHBHOCTH JTaHHBIX COEJIMHEHUH. BBelIeHNE AIIEKTPOIUTOB MOXKET CYIIECTBEHHO
H3MEHSTh KOHLIEHTPAIMOHHBIC TIPEICIIbl MULIEIUIO00pa30BaHus, YTO CBA3aHO C SKpaHUPOBAHHEM 3apsiia
MIOJIIPHOM TOJIOBHOM I'pyMIbl M U3MEHEHHEM cTeneHH accoruannu Moiekysl ITAB B pactBope. Ompene-
JIeHWE 3aKOHOMEPHOCTEH TaKOTO BIIMSHUS MO3BOJIUT ONTHUMU3UPOBATH MPOLIECCHl UCTIONB30BAHUS KaTH-
oHHBIX [TAB B pazau4HbIX TEXHOJIOTMYECKHUX MpoIeccax.

B nacrosmiedr paboTe mpuBENeHBI Pe3yJbTaThl UCCIEAOBAHUS MOBEPXHOCTHBIX CBONCTB aMWHOB
C Pa3JIMYHBIM MOJIEKYJISIPHO-CTPYKTYPHBIM CTPOEHUEM (anupaTHIecKue, aluIIUKINIECKre, apoMaTH-
yeckue) B BogHbIX U coneBbIx (NaCl) pactBopax.

JKcnepuMeHTAJIBHAs YacTb. B pabote ncnons3oBanu anudaruueckuii amus (R-NHsClY) — anku-
aMMOHHUS XJopu; anuiukiandeckuii aMmu (R-C4HsON) — ankmiMopdoianH, KOTOPBIH OTIIHYaeTCs 110-
BBIIIIEHHOW PacTBOPUMOCTBIO B BOZIE 33 CUET KHCIOPOJHOTO aToMa B MOP(OINHOBOM KOJIBIIE; apoMa-
trdaeckuii amuH (R-CsHsON) — GeH3eToHUSA XI0pH ¢ AIHHOH yraesogopoaHoro paaukana (R) Co—Ciq.

BonHo-coneBbie pacTBOphl aMHHOB TOTOBHIIH pa30aBIEHUEM MCXOJHOTO PacTBOPa (KOHIICHTPAIUS
0,5 %) pactBopom NaCl (IM). IloBepxHocTHOE HaTsDKeHHE pacTBOpoB IIAB Ha rpanuue paszzena
pacTBOP—BO3AYX OMPEICIISUIN TMOTYCTaTUYECKUM METOAOM OTpPhIBA KOJbIA (paanyc Kombia — 9,544 MM,
panuyc cedenus mpoBosiokd — 0,185 Mm) B m3oTepMuueckux ycaoBusx mpu 20 £ 0,5 °C Ha aBTOMaTHYECKOM
npubope «IIporeccop Tersunomerp K100 MK 2» (KRUSS GmbH, I'epmanus) ¢ HCHONB30BaHHEM TIPO-
rpamMHoro obecnedenus LabDesk™. Tounocts usmepenuii £1 - 107 r. B kauecTBe HHCTpYMEHTA U3Me-
pEeHUs MPUMEHSIIN CTAHAAPTHOE IIJIATHHOBOE KOMbLO [14].

OcHOBOI METO/IA ABJISETCS ONMPEAEICHUE MAKCUMAIILHOM CUIIBL /| TIPU OTPHIBE KOJIbIIA OT IIOBEPX-
HOCTM CMa4MBalOLIEH €ro *KUAKOCTH. BeanunHy NOBEPXHOCTHOIO HATSKEHHUS PACTBOPOB, B KOTOPOM
ucronb3yercs kodhduuenT koppekiun XapkuHca—/[opaana, yYUTHIBAIOIUN BeC KUIAKOCTH, MO
HUMaeMOU KOJIBIIOM, pacCUUThIBaIH 1Mo Gopmye (1):

GZO'*KZ&K 1
21t(R+r)

IJIc G — BEJIMYMHA MOBEPXHOCTHOI'O HATSDKEHUs kuiKocTH, MH/M; 6* — u3MepeHHas BeJIMYUHA I10-
BEPXHOCTHOIO HATSKEHUS KUAKOCTH, MH/M; F|— MakcumanbHas cuna, MH; R — paguyc xonsua, M;
7 — paguyc ce4eHus MPOBOJIOKH, M; K — KO3 pHIeHT Koppeknnn XapkuHca—/[opaaHa.
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[Nomy4eHHbIe SKCTIEpUMEHTAIBHBIE JAHHBIE HCIIOJIB30BAIIN VISl TOCTPOCHHU S H30TEPM IOBEPXHOCTHOTO
HaTskeHusd 6 (InC) u pacuera KOJIIOMTHO-XUMHYECKUX XapaKTEPUCTUK: NpeaenbHoi aacopouuu (I' ),
KPUTHYECKOW KOHIICHTpamuu Mutiestooopazobanust (KKM), cBoOOIHOI SHEpruH MHIIEIII000pa30BaHU
(AD, ), IJIOTHOCTH YNMAKOBKH MOJIEKYJI B IIOBEPXHOCTHOM clioe (S ) Ha TpaHule paszena (a3 pacTBOp—
BO3ayX [13—15].

[IpenenpHyI0 MOBEPXHOCTHYIO aACOPOIMIO HA TPaHMIE pas3jeia pacTBOp—Bo3ayXx I’ ompenensin
no ypasHenuto ['n60ca (2):

I =—(/RT) - (do/dInC), @)

rae I —npenenbHas aacopOuus, MIr/cM?; R — yHHBepcalbHas Fa30Basi IOCTOSHHAS, G — IOBEPXHOCTHOE
narsoxkenue, MH/M; C — xonnentpanus [TAB B pacTBope, MOb/M.

Kpurnueckue KOHIIEHTpAIMH MULIESIII000pa30BaHus ONPEASIISIIN 110 TOUKAM U3JI0Ma Ha H30TepMax
MOBEPXHOCTHOT'O HATsKEeHHS pacTBOpoB [1AB.

[ToBepxHOCTHYIO akTUBHOCTH G OTNIpeeIsii N0 ypaBHEeHUO (3):

G =0,-0,/KKM, 3)

IJI€ G, ¥ G, — HOBEPXHOCTHOE HATSIKEHUE HACBILIEHHOrO pacTBopa conu u pactsopa [IAB npu KKM,
MH/m.

Ilo 3mauenusam I' B COOTBETCTBUM C ypaBHEHHMEM (4) PACCUMTHIBAIM Pa3MEP MOCATOYHOM ILIO-

mwajakyu S, ancopOMpoBaHHOM MOJeKynbl min noHa ITAB, xapakTepusyromuil IIOTHOCTh YHAaKOBKH
MOJIEKYJI Ha IIOBEPXHOCTH:

Sm =1 / (FmaxNA)’ (4)
rae Fmax — OpeacjibHas MOBEPXHOCTHAA az[cop6u1/m Ha rpaHule pas3jciia paCTBOP—BO3AYX; NA — YUCJIIO

ABorazpo.
CBoOomHyI0 SHEPrUI0 MULEII000pa3oBanusa AD pacCYMTHIBAIM 110 YPABHEHHUIO (5):

AD, = RTInKKM, (5)

rae R — yHUBepcaabHas ra3oBast MOCTOsTHHAS, T — aOCONIOTHAS TeMIeparypa, K.

Pe3yasTaThl U ux 00cy:xkaeHue. CriocOOHOCTh aMHUHOB CHHMIKATh IMOBEPXHOCTHOE HATSKEHHE Ha
rpaHuIle pasjieia a3 xapakTepu3yeT MOBEPXHOCTHYIO aKTUBHOCTh BEIIECTBA, KOTOPask MaKCUMAJIBHO
YMEHBIIIACTCS TIPU TOCTHIKCHUN KPUTUUECKON KOHIICHTpAITMU MHUIeuIoo0pa3oBanus. Ha m3orepmax
MOBEpXHOCTHOTO HaTskeHUs 6 (InC) pacTBOPOB aMUHOB MOYKHO BBIJISTUTH YYACTKH ILIATO M O0NACTH
TIOHM)KEHUSI TIOBEPXHOCTHOTO HATsKeHHS (puc. 1), 00yCIOBICHHbBIC B3aUMOCBSI3aHHBIMU SIBJIICHUSIMU:
(dhopMHupOBaHUEM aICOPOITMOHHOTO CJIOSI HAa TPaHWIIC pa3feia pacTBOP—BO3AyX M BO3HHKHOBEHHEM
MUIIEIT B 00beME KUJIKOH (a3bl.

6, MJIx/?
70 4
60 - 2
50 4
40 -
30 -

20 A

]0 T T T T T T T T 1
-18 -16 -14 -12 -10 -8 -6 -4 -2 0

InC (Mosw/i1)

Puc. 1. I30TepMBbI MOBEPXHOCTHOTO HATSIKEHHUST BOAHBIX PACTBOPOB anudarudeckoro (), apomarudeckoro (2)
W aJUuIUKIndeckoro (3) aMMHOB

Fig. 1. Surface tension isotherms of aqueous solutions of aliphatic (), aromatic (2) and alicyclic (3) amines
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Kak BuiHO U3 TaONHIIBI, B KOTOPOM MPHUBEACHBI apaMeTPhl IOBEPXHOCTHOTO CIIOS U MULICIUIIPHOM
(haspl, paccuuTaHHbIE HA OCHOBAHWU JKCIEPUMEHTAJBHBIX JaHHBIX, AaMUHBI XapaKTepPU3yIOTCs IMOJI0-
KUTEIHHON TTOBEPXHOCTHOW aKTUBHOCTHIO. C yBENTMUEHHEM HX COJIEpP)KaHUs B 00BEMe pacTBOpa 3aKO-
HOMEPHO BO3pPACTaeT KOHIEHTPALHS y MOBEPXHOCTH. B afcopOLIMOHHOM CJ10€ MOJISIPHbIE TPYIIBI MO-
nekyn [TAB naxonarcs B BogHO# (ase, a ruApoQOOHbIE pajuKallbl OPUEHTHPOBAHBI B HAIIPABICHUH
HENOJSAPHOH cperbl (Bo3ayX). C pocTOM KOHIEHTPAIMH CTPYKTYpa aJICOPOIIMOHHOTO CJI0S MEHSETCH,
MOCJIEIOBATENIBHO NEPEXOJISI K COCTOSHUIO C IIJIOTHOM YIAaKOBKOM MOJEKYIIL.

[Ipu xoHuenTpanusx amuHoB Bbillie KKM Ha nmoBepxHocTH pasjena ¢a3 GopMUpyeTcs HACHIIICH-
HBI aJIcOPOLMOHHBIN CJI0H, COOTBETCTBYIOINN MAaKCHMaJbHOMY CHHKCHHMIO TIOBEPXHOCTHOTO HATS-
KEHUS PacTBOpa, a Tak)Ke MPOMCXOIUT CaMOIPOM3BOJIbHOE 00pa3oBaHHME MHULEI B pacTBope. Poct
KOHLIEHTPALlMU aMHHa B paCTBOPE MPUBOAUT K YBEIMUYEHHUIO YUCIIa MULEIII U UX CTPYKTYPHBIM H3Me-
HEHHUSM, NP 3TOM KOHIICHTPALUs HEACCOLMMPOBAHHBIX MOJEKYJ, HAXOAAIIMUXCSA B TEPMOJAMHAMUYE-
CKOM PaBHOBECUHU C MHUIEIIAMH, OCTAETCS IIOYTH HEU3MEHHOU. B CBSI3U ¢ 3TUM IOBEPXHOCTHOE HATs-
YKEHHE MULIEJUISIPHOTO pacTBopa Bhille ypoBHs KKM He Mensercs.

B BomHBIX pacTBOpax TEHJAEHIUS K MUIEILIOO0PAa30BAHUIO BO3PACTAET, O Y€M CBHJIETEIHCTBYET
yMmeHnbieHne KKM B psimy aMuHOB: annudaTndecKuil — aTUIUKIHIeCKUH — apOMaTHIESCKUH.

PaccunTanHble KOJIOMJHO-XMMUYECKUE XAPAKTEPUCTUKHU CBUAETEIBCTBYIOT O TOM, YTO B BOJHOM
pacTBope MOBEPXHOCTHAS! aKTUBHOCThH YBEIMYMBACTCS B PSAY aMUHOB: aju(aTHUeCKUi — aTHIMKIN-
YEeCKUI — apOMaTHYECKH MTPH Tiepexojie OT Hanbolee MOBEPXHOCTHO-aKTHBHOTO BEIIECTBA K HAMEHEe
B 8,6 pasa (Tabiwua).

IToBepXHOCTHBIE XapaKTePHCTHKH BOAHBIX U coJieBbIX (NaCl) pacTBopoB aMuHOB

Surface characteristics of aqueous and salt (NaCl) solutions of amines

AMuH
ITapametpsbt Bonnslit pacTBop PactBop NaCl (0,1 %)
CHCTEMBI
Benseronus | Ankunmop- | Ankunammonus | bersetonus | AnkunmMop- | ATKHIaMMOHHS
XJIOpULL donun XJIOpULL XJIOpU donuu XJIOPU

KKM - 103, % 4,15 7,47 32,8 3,63 4,53 15,3
TMoBepxHocTHas akTHBHOCTH G - 107, JIKM/MOJIb 9,39 4,84 1,09 13,6 11,0 3,17
Ipenensras aacopbuus I - 104, Mmosb/m? 9,03 8,27 6,24 19,06 15,32 10,39
CBo6o;1r2a>1 SHEPrusi MUIIEIIO00pa30BaHuUS, 229 216 182 DRy 227 1,99
AD, - 10
Pa3Mep mocag04YHOn HJT(Z)IH.Ia/;[KPI MOJICKYJT 1,84 2,01 2,17 0,87 1,08 1’59
Ha nogepxuHoctu S, - 107, m

B BoHOM pacTBOpe apoMaTHYECKOro aMUHa, C OTHOM cTOpoHbI, yMeHbInaeTcs KKM u 6omnee Boipa-
JKCHA TEHJEHIMS K 00pa30BaHHUIO MUIEIUI, C IPYrOHM CTOPOHBI, BO3PACTAIOT MpeelibHas aacopOums
U TIOBEPXHOCTHAsI aKTUBHOCTH 110 CPABHEHUIO C aln(aTHUCCKUM M aTUIUKINIECKUM aMUHaMH. JTO
MOXET ObITh 00YCIJIOBJICHO acCOLUAeH MOJIEKYJ U (JOPMUPOBAHUEM CTPYKTYP U3 MULIEIT HA I'PAHULIE
paszena ¢as. B ciydae ¢ apomMaTuuecKuM aMHUHOM, BEPOSITHO, IPOSIBIISIOTCS CTEPUUCCKHUE 3aTPyIHCHUS
[IPU YIIaKOBKE B MUIIEIUIBI MOJIEKYII C PaliKallaMH CJIOKHBIX KOHQUTYpAIUii, YTO BEIPA’KAETCS B OTHO-
CHUTEIbHO HU3KMX 3HAYEHHSX S, , XapaKTEPU3YOLUIMX IUIOTHOCTh YIAKOBKHM MOJIEKYJI B IIOBEPXHOCTHOM
cioe (cM. Tabmuma).

W3MeHeHne cocTaBa CHUCTEMBI B CBSI3M C BBEIEHUEM HEOPTaHMYECKOTO DIIEKTPOJINTA IPUBOIHUT
K TIOBBIIIEHUIO TIOBEPXHOCTHOW aKTMBHOCTH aMHUHOB W BEJIMYMHBI NMPEACITHHON aJCOpOIMU Ha MEXK-
(azHoli TpaHuIe, a Takke ymeHnbleHnto KKM (puc. 2, Tabnuua).

B pacrtBopax, comepamux HU3KOMOJIEKYJISPHBIH 2JEKTPOIUT, KaK U B BOJHBIX, TOBEPXHOCTHAs
aKTHBHOCTH ¥ a7icopOIns Ha Mexkda3HoH rpaHuile yBenmanBatorces, a KKM cHmkaeTcs B psily aMUHOB:
anudaTHIeCKuil — aTUIMKINYEeCKH — apoMaTHueckuil. B pacTBope xyopuaa HaTpHsl TOBEPXHOCT-
Hasi aKTUBHOCTH M IpeesibHas aJicopOius B psiy MCCIETOBaHHBIX aMHHOB MOBBIIIAIOTCS B CPEIHEM
B 2,2 u 1,9 pa3a cooTBETCTBEHHO. B cpaBHEHHHU ¢ BOJHBIMU pacTBOpPaMH B pacTBOPE NIEKTPOJIMTA
BBIMTPBILI SHEPTUH IpU mepexone TuapodoOHON nenu u3 o0bemMa B MULEIULSIPHYIO a3y Wid Ha IOo-
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BEPXHOCTH pazzena (a3 Bo3pacTaeT, YTO HHUIUUPYET aCCOLUAIINIO U MULIEJITI000pa30oBaHne HEMOIsp-
HbIX Tpymn moiexyn [TAB [1, 2, 13].

3HavYeHne KPUTHYECKON KOHIIEHTPAIIUN MHUIIEIII0O00pa30BaHUS 3aBUCHT IIPEXKIE BCETO OT CTPOCHUS
Mmonekys ITAB. C yBennueHreM CTeNeHH pa3BEeTBICHU YTIEBOAOPOAHOMN IENU U TP HATUIMHU LIUKITH-
4yeckoro (hparMeHTa B pajuKale IpH Mepexoe OT aTu(aTHiecKoro K aauiukindeckomy amuay KKM
yMeHbImaetcs B 4,4 pasa, K apoMaTudeckoMy — B 7,9 pasa (B BOZHOM pacTBope). B comeBoM pacTBope
B ToM ke psany amuHoB KKM ywmensmaercs B 3,4 u 4,2 pa3za coorBeTcTBEeHHO. lI3MeHeHMe cocTaBa
Cpelbl conpoBOXKaAaeTcd Takxe cHukeHnemM KKM: ajis omHUX M TeX K€ aMHHOB IPU NEPEXOAE OT
BOJIHOM K cosieBol cpeae KKM cauxkaercs B 1,1-2,1 paza.

o,m]K/M2
80
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-18 -16 =14 -12 -10 -8 -6 —4 -2 0

InC, (Monb/m)

Puc. 2. U3otepma noBepxHocTHOr0 HatspkeHus pactBopos (NaCl 0,1 %) anudaruueckoro (1),
apoMaTH4YecKoro (2) n nukindeckoro (3) aMuHOB

Fig. 2. Surface tension isotherms of solutions (NaCl 0,1 %) aliphatic (), aromatic (2) and alicyclic (3) amines

3aksouenue. [loBepxHOCTHAs! aKTUBHOCTH M aJicopOIus Ha MeX(a3HOM I'paHULE YBEIMUINBACTCS,
a KpUTHYeCKas KOHICHTpAIHs MHIEIIOOPa30BaHUsl CHMIKACTCS B Py aMHHOB: alu(aTHYCCKHH
(aTKUTAMMOHMS XJIOPHJ) — alMIUKINYCCKHH (aNKHIMOP(POINH) — apoMaTHuecKuil (OeH3eTOHHUS
XJIOpUI) KaKk B BOAHBIX, TAK U B COJICBBIX (XJIOPU] HATPHUsl) pacTBOpax. BiusHue MOJEKyIsIpHO-CTPYK-
TYPHOTO CTPOEHHUSI aMHUHOB Ha MX MOBEPXHOCTHBIC CBONCTBA BBIPAKCHO B OOJIBLICH CTENEHH, YeM
BIIUSIHUE COCTABA CPEABI.

YcraHoBNeHHAs! B3aUMOCBSI3b MEKAY MOJICKYJISIPHOM CTPYKTYPOH aMHHOB M MX IOBEPXHOCTHBIMHU
CBOWCTBaMHU B BOJTHOW M COJIEBOW cpellaX BasKHO JUIS MPAKTHYECKOTO MPUMEHEHUSI aMUHOB B Ka4eCTBE
CcTaOMIM3aTOPOB dMYJIBCUI U AMCIIEPCHNA, CMadyuBarTesel, meHooopaszoBareneid, ruapododu3aropos Bo
MHOT'MX T€XHOJOI'MYECKHUX IPOLECCaXx.
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A. 1. HoBakoBckuii, B. B. Eropos

benopycckuii 2ocyoapcmeennuiii ynusepcumem, Munck, Benapyce
Hayuno-uccredosamensckuii uHCMumym gu3uKko-XumMu4eckux npooiem
benopyccrozo ecocyoapcmeennozo ynusepcumema, Munck, bearapyce

JANDOPY3NOHHA A MOJEJ b MEK®PA30BOI'O IOTEHIIUAJIA
HNOHOCEJIEKTUBHBIX 3JIEKTPOJOB

AnHoTanus. [IpeacraBnena Moxers Mex(}a30BOro NOTEHI[NAIA HOHOCEIEKTHBHEIX IICKTPOOB, COUSTAIOMIASI TIPOCTOTY
CTAallMOHAPHBIX MOAXO0B C BO3MOXHOCTBIO OMUCAHUS AMHAMHUYECKOTO OTKINKA HOHOCENEKTUBHBIX NEKTPOIOB, XapaKTep-
HOU A1 JUHAMHUYCCKHUX ):ll/l(i)(by?;I/IOHHbIX MOﬂeHeﬁ. HOJ’[y'—leHbI YpaBHEHUA, B ABHOM BHJC ONHMCHLIBAIOIIUE 3aBUCUMOCTH
BEJTMYMHBI MeK(a30BOro MOTEHIIHAJA IIOTCHIIHOMETPHUECKIX CEHCOPOB OT BPEMEHH, HAOIIOJAIONIyI0cs TP paboTe C BBI-
COKOCEJICKTUBHBIMH JIEKTPOIaMH B PACTBOpPaX IOCTOPOHHETO HOHA, a TAKKE B CMELIAHHBIX PACTBOpaX, COAEPIKAIIUX ITOCTO-
POHHHI ¥ OCHOBHOW HOHBI, HAIPEMEP IPH OIpPeNeIeHUH KOAX(PPHUIIMEHTOB CENEKTHBHOCTH pekoMeHnyeMbiMu WIOITAK-
MeTozamMu. JIOCTOMHCTBOM TPENIOKEHHOW MOJENHU SIBISETCS MHUHMMHU3AIUS BPEMEHHU BBIYMCICHHH 10 AOJIEH CEKyHJBI
(B oTiIMuMe OT TPeOYIOLIEro ACCSATKOB MUHYT YHCICHHOTO pelieHus cucTeM AuddepeHnanbHbIX YpaBHEHHI B paMKax H3-
BECTHBIX aHAJIOroB). braronaps nmosy4eHuo ypaBHeHHH B aHAJIMTUYECKOM BHJIE TIPEIJIOKEHHBIH MMOAX0/ HCKIII0YaeT Heoo-
XOJMMOCTH HCIIOJIb30BAaHHS PECYPCOEMKHX CHCTEM KOMITBIOTEpHOH anreOps! (Takux kak Wolfram Mathematica) i mo3Bossiet
OIIEPAaTUBHO NPOTHO3MPOBATH OTKIMK HOHOCEIEKTUBHBIX IEKTPOIOB. BEICOKast mporHocTHYecKast criocoOHOCTh pa3pado-
TAaHHOM MOJENN TOATBEPKICHA COMOCTABICHHEM PE3yIbTAaTOB PACUETOB C HKCIIEPUMEHTATBHBIMY JAAHHBIMHU MO JWHAMHKE
U3MEHEHMsI OTKIIMKA TeTPadyTUIAMMOHHH- U MHUKPAT-CENeKTUBHBIX 3JIEKTPOJOB B PACTBOPAX, COAEPHKALIUX TOCTOPOHHHE
WOHBI, M C pe3YJIbTaTaMH, TIOJyYeHHBIMH B paMKaX dKCTPaKIIHOHHO-00YCIIOBICHHON THMHAMHYECKOI U (y3HOHHOI MOJEITH.

KuroueBble cioBa: MaTeMaTHYeCKOe MOJEIMpPOBAHME, JAUHAMHUYecKHe MU(Qy3HOHHBIE MOIEIH, HOHOCEICKTUBHBIC
ANEKTPOJBL, KOA(PPUIIHEHTH! CETEKTUBHOCTH, MeX()a30BbIH MOTEHITHAI

Juast untupoBanus. Hosakosckuit, A. J1. nddysunonHas Moaens Mex(pa3z0Boro NOTEHIHATA HOHOCETCKTUBHBIX JICK-
tpomoB / A. JI. HoBakosckuii, B. B. Eropos // Becui HaupisinansHaii akagamii HaByk benapyci. Cepblst XiMIYHBIX HaBYK. —
2026. —T. 62, Ne 3. — C. 200-214. https://doi.org/10.29235/1561-8331-2026-62-3-200-214

A. D. Novakovskii, V. V. Egorov

Belarusian State University, Minsk, Belarus
Research Institute for Physical Chemical Problems of the Belarusian State University, Minsk, Belarus

DIFFUSION MODEL OF THE PHASE-BOUNDARY POTENTIAL OF ION-SELECTIVE ELECTRODES

Abstract. A model of the phase-boundary potential of ion-selective electrodes is presented, combining the simplicity
of steady-state approaches with the ability to describe the dynamic response characteristic of dynamic diffusion models.
Within the framework of the proposed model, equations were obtained that explicitly describe the dependence of the
phase-boundary potential of potentiometric sensors on time, observed when working with highly selective electrodes in solu-
tions of foreign ions, as well as in mixed solutions containing foreign and primary ions, in particular, when determining the
selectivity coefficients using the methods recommended by [TUPAC. An advantage of the proposed model is the minimization
of computational time to fractions of a second (in contrast to the numerical solution of systems of differential equations within
known analogs, which requires tens of minutes). By obtaining equations in analytical form, the proposed approach eliminates
the need for resource-intensive computer algebra systems (such as Wolfram Mathematica) and enables the rapid calculation
of the response of ion-selective electrodes. The high predictive ability of the developed model is confirmed by comparing the
calculation results with experimental data on the dynamics of changes in the response of tetrabutylammonium- and picrate-
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selective electrodes in solutions containing foreign ions, and with the results obtained within the framework of the inter-
face-equilibria-triggered dynamic diffusion model.

Keywords: mathematical modeling, dynamic diffusion models, ion-selective electrodes, selectivity coefficients, phase-
boundary potential

For citation. Novakovskii A. D., Egorov V. V. Diffusion model of the phase-boundary potential of ion-selective elec-
trodes. Vestsi Natsyyanal nai akademii navuk Belarusi. Seryya khimichnyh navuk = Proceedings of the National Academy
of Sciences of Belarus. Chemical series, 2026, vol. 62, no. 3, pp. 200-214 (in Russian). https://doi.org/10.29235/1561-8331-
2026-62-3-200-214

Brenenmne. [loTeHIIOMETpHSI ¢ UCTIOIB30BAHUEM HOHOCEIEKTHBHEIX 31eKTponoB (MCD) 6inarogaps
psiLy OYEBHIHBIX JOCTOMHCTB (IIPOCTOTA M HU3KAsl CTOMMOCTh ammaparypHoro opopMIIeHHS, dKCIIpec-
CHOCTb, BO3MOXKHOCTH Pa0OThl B MYTHBIX U OKpAllEHHBIX CpegaX, BOZMOXKHOCTh HEpa3pyLIaroLIero
KOHTPOJISI, MOHUTOPUHTA) HAXOUT IIMPOKOE MPUMEHEHHE B aHAIIN3€ MPOMBIIIICHHBIX, CEITbCKOX035H-
CTBEHHBIX, METUITUTHCKHX U ITPUPOIHBIX O0BEKTOB, a TAKKE B HAYYHBIX HCCIeOBaHMIX. OMHAKO AIIEKTPOIBI
He 00J1aaf0T a0COTIOTHOM CENEKTUBHOCTBIO U, 00JIee TOT0, XOPOIIIO H3BECTHO, YTO METIAIOIIEE BIUSHUC
MOCTOPOHHUX MOHOB JIaJIEKO HE BCET/Ia OMMCHIBAETCS KJIACCHUYECKHMM ypaBHeHHeM Huxosibckoro, mo-
JyYeHHBIM B MPEATION0KEHUU, YTO 3TO BIUSHHE OOYCIIOBJICHO MCKJIFOUUTEIHFHO M3MEHECHHUEM aKTHB-
HOCTH OIIPEJIeIIIeMOr0 HOHA B TIOBEPXHOCTHOM CJI0€ MEMOpPaHBI B pe3yJsibTaTe HOHOOOMEHHOM peakuny [1].
B cBsi3u ¢ aTHM 3HaHUE KOI(D(DUITUEHTOB CEIEKTUBHOCTH, ONPE/ICICHHBIX B CTAHAAPTHBIX YCIOBUSX, HE
BCEr/la MO3BOJISET alpUOPH OLEHUTH MpUMEeHUMOCTh MICO B yCIIOBUAX peajbHOIO aHAJIU3a.

B Hacrosiee Bpems AJisl OLUEHKHU BIMSHHS MOCTOPOHHUX HMOHOB Ha OTKIUK MCD B pa3nuyHbIX
YCIIOBHSIX MIMPOKO HCIIONB3YIOTCS METOIBI MaTeMaTHYECKOT0 MOACITUPOBAaHUS [2—7], YUUTHIBAIOIIHNE
M3MEHEHNE aKTHBHOCTEH MOTEHIMAJIONPEEISIONINX HOHOB KaK B MOBEPXHOCTHOM CIIO€ MEMOpaHBI,
TaK U B IMPUIJICKTPOHOM CJIO€ PACTBOPA U MO3BOJISIONINE MOJIYyYUTh HH(YOPMAIIUIO 00 0COOCHHOCTSIX
noBenerust MICO ropasno ObICTpee U JIEHIeBIe, YeM 3KCIIEPUMEHTAIBHBIM TyTeM [§, 9]. B "acTHOCTH,
WCTIOTh30BAaHUE METOJIOB MaTEMaTHYEeCKOTO MOJCITUPOBAHUS IO3BOINISIET HE TOJBKO OOBSICHHUTH, HO
Y TIPENICKa3aTh BIWSHIE YCIOBHI BBHITIONHEHUS KCIIEPIMEHTA Ha 0COOCHHOCTH THHAMUKHA U3MEHEHUS
MOTEHIIMAJIAa M TAKUX BAXKHEWIINX aHAIUTHYECKNX XapakTepucTuk MCD, kak HUKHUN TIpe/ies oOHapy-
xenust (HI1O) [10—12], naknon snextpoanoit Gpynkuuu [2, 13], peanbHble KOOQPHUIUEHTHI CEIEKTUB-
HOcTH [14—18], 4TO MO3BOJNISET ONTHMHU3MPOBATH YCJIOBHS IPOBENEHHUS M3MepeHui. B urore ObLIo
JMIOCTUTHYTO 3HAYUTEIBHOE YIIYUYIIEHHE COOTBETCTBYIOIIMX aHAIMTHYECKHUX Xapaktepuctuk MCD
U pacmimpenne oonacteld ux npumeHenus [19-21].

Bce mozenu, ucnonb3yemble ISl OMMUCAHUS OTKJIMKA HOHOCEIEKTUBHBIX 3JIEKTPOJIOB, MOXKHO pas-
JIEJIUTDb HA CTAllMOHAPHBIC U AuHaMuueckue [22]. B ctanuonapubsix moaensx [12, 14, 23] koHLeHTpauu
KOMIIOHEHTOB B KaxI0H 13 (ha3 He U3MEHSIOTCS CO BpeMeHeM, ToAToMy OTKIHK MCD Takke He 3aBUCHT
OT BpeMeHHU. B nuHamuueckux monensx [2, 3, 5, 13, 18, 24—27] BBoguTCS MOHSITHE BOTHOTO TH(PyY3H-
OHHOTO CJIOSI, TIPEACTABIISAIONIEr0 COOON MIEHKY HEMOABM)KHOIO BOJHOTO PAacTBOPA, MPUMBIKAIONIYIO
K MOBEPXHOCTH 3JeKTpoaa [28, 29], TonmuHa KOTOPOro ONPEACIsieTCS B OCHOBHOM MHTEHCHBHOCTBIO
TIepeMEeITMBaHUSI UCCIIEAYEMOT0 pacTBOpa MO0 (B CTydae BPAIAIONINXCS 3JIEKTPOIOB) CKOPOCTHIO Bpa-
menus [5, 30]. [Ipu aToM mIpeamnoaraeTes, YTo B pe3yJIbTaTe JOKaTFHOTO PABHOBECH S, YCTaHABIMBAIO-
merocs Ha Mek(a3oBoil rpaHuIle MEMOpaHa—pacTBOP, U3MEHSIOTCS HE TOJIBKO KOHIIEHTPAI[UH MOHOB
B MOBEPXHOCTHOM cJi0€ MeMOpaHbI, HO U KOHLEHTPaLUU B MpudeKTpoaHoM (auddy3noHHOM) croe
pacTBopa IO CpPaBHEHHIO ¢ 00bEMHBIMHM KOHLIEHTPALUSIMH B COOTBETCTBYIOIIMX (azax. Takum oOpa-
30M, B 00enx (azax MOSBISIOTCS T'PaJMEHTHI KOHIICHTPAIW, YTO MPUBOANT K BOZHUKHOBEHUIO TU(-
(y3MOHHBIX TIOTOKOB HOHOB KakK B (a3ze MEMOpaHbl, TaK U B TIpe/ieiax BOAHOTO UG (PY3HOHHOTO CIIOS.
B pe3symnbraTe cCOOTHOIICHNE KOHICHTPAIIMH HOHOB BOJU3U MEK(Pa30BOi TpaHUIIbl U3MEHSIETCS C Teue-
HHEM BPEMEHH, TIO9TOMY BPEMEHHOH (hakTOp OKa3biBaeT BiusiHUE Ha 3HaueHus1 DJIC 1 sKCepuMEeHTaIbHO
ompezaenseMbix xapaktepuctuk UCD (koaddunuentos cenextuBHOCTH, HIIO, HakIIOHA AIIEKTPOIHOM
GbyHKIIAH U Op.).

s mpoBenieHHnsT MPaKTUYECKUX PAacyeTOB TPAJUIIMOHHO HCIIONIB3yeTCs METOJ KOHEYHBIX pa3Ho-
CTEH, OCHOBaHHBIHM Ha YCIOBHOW pa30nBKe MeMOpaHbl U AUQQPYy3UOHHOTO CIIOS PacTBOpa Ha HEKOTOPOE
KOJIMYECTBO JIOCTATOYHO TOHKHUX (TOps/IKa 1 MKM) YCIOBHBIX CIIOEB, ISl KOTOPHIX MTPOMUIN KOHIICH-
Tpanui B peenax ABYX COCEAHUX CIOEB MOTYT ObITh MPUHATHI TIMHEHHBIMU. [lepBoHauaIbHO, HCXOA
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U3 YCIIOBHS JIOKAJIBHOTO 3KCTPAKIIMOHHOIO PABHOBECHS Ha MEXK(a30BOi IpaHHIIe U C YUCTOM YCIOBHH
MaTepHaIBHOIO OanaHca U ANEKTPOHEHTPaIbHOCTH, PACCYUTHIBAIOTCS. KOHLIIEHTPALUN HHTEPECY FOIUX
KOMITOHEHTOB B KOHTaKTHPYIOIIMX CIOSX MEMOpaHbl U PacTBOpa, MOCJIE Yero B COOTBETCTBHH C 3aKO-
HoM muddy3un OuKa MociIeI0BaTeIFHO PACCYNTHIBAETCS U3MEHEHHE KOHIICHTPAIIMHA B Ka)k/I0M YCJIOB-
HOM CJI0€ MEMOpaHBI U PacTBOpa 3a JOCTATOYHO MaJIbIi MTPOMEXYTOK BpeMeHH (mopsiaka 0,1 c). 3arem
BECh IIMKJI PAacCUeTOB MOBTOPSIETCS, YTO MO3BOJSET OTCICAUTHh JUHAMHMKY M3MEHEHHUs Mpoduiel KoH-
LEHTPAMI HHTEPECYIOMINX KOMIIOHEHTOB B MeMOpane u Auddy3uoHHOM cioe pacTBopa.

OTHOCUTENBHBIM HEAOCTATKOM JUHAMHUCCKUX MOZACTCH SBISETCS HEOOXOIUMOCTh HCIIOIb30BAHMSI
COOTBETCTBYIOLIMX KOMMEPUECKUX TIATPOPM JIJIs1 YHCICHHOTO MOACTUPOBAHMS U BPEMS3aTPaTHOCTb,
CBsI3aHHAS C OOJIBIIUM YHCIIOM UTEpaIliii, 0COOCHHO TIPH OIIEHKE 3aBUCUMOCTH oTKimka MCD ot Bpe-
MeHH. B ¢BA3M ¢ 3TUM 11en1bI0 PabOThI SABJIsLIACE Pa3pabOTKa MOJEIH, COUETAIOIIEH IPOrHOCTUYECKY IO
CIOCOOHOCTH TUHAMMUYECKUX AU(P(Py3HOHHBIX MOJEIEH ¢ MPOCTOTON pacueTa CTallMOHAPHBIX MOJEICH.
[IpakTrueckas >pPEKTUBHOCTH MPEATOKESHHONW MOACITH MOATBEPKACHA CPABHEHUEM PE3YJIBTaTOB pac-
4eTOB OTKJIMKA TeTpaldyTuiamMmmonuii-cenektuBHoro (TBA-CD) u nukpat-cenektuBHOro (mukpar-CI)
3JIEKTPOIOB B PacTBOpax, COJEPKAIINX MOCTOPOHHHUE NOHBI, C IAHHBIMHU IKCIIEPUMEHTA, a TAKXKe C pe-
3yJbTaTaMH MaTEMaTHYeCKOTO MOIETTMPOBAHMS B PaMKaX dKCTPAKIIMOHHO-00YCIIOBICHHOW TUHAMUYE-
ckoit tuddysnornoit mogenn (DOAJIM) [18], BeIcOKast MpOrHOCTHYECKAsT CIIOCOOHOCTH KOTOPOH TPO-
JEMOHCTpHUpOBaHa B psiae padot [4, 31-33].

JKcnepuMeHTaNbHasE YacTh. [ npurorosnenuss memOpan TBA-CD mucnonb3oBaiu MONWBHU-
Hunxyopun (IIBX) — cesasyromuii nonumep, Tpuc(2-stunrexkcumin)ocdar — niuactudukarop u TeTpa-
kuc(4-xnopdenumoopar (TXDB) kanus B kadecTBe KaTHOHOOOMEeHHNKa, Bce Mapku Fluka, Selectophore.
Memb6pana ukpat-CD coctosina u3 [1BX, o-HUTpOoPEeHUTOKTHIOBOTO ddupa U TPHUC(IOACTIUT)METHII-
ammonns xjopuna (TIJMACI) B xadecTBe aHnoHOOOMEeHHUKA, Bce Mapku Fluka, Selectophore. Bee
PEaKTUBBI, UCTIONB3YEMbIE [JISl IPUTOTOBJICHUS PACTBOPOB, MMEIHN KBATU(PHUKALMIO HE HUXKE «U. J. a.».
0,1 M pacTBop nuKpara HaTpusl ObUI IPUTOTOBJICH ITYTEM PACTBOPEHMSI MUKPUHOBOM KucaoTH B 0,1 M
pactBope ruapokcuaa HaTpus (Sigma-Aldrich) ¢ moteHmoMerpuyeckum kouTposieM pH.

MemOpaHbl TOTOBWIM TIO0 cTaHAapTHOW Mmertomuke [18]. CoorHomenue miactudukarop : [1BX
B MeMOpaHax cocTaBisiio 2 : 1, koHneHTpanus nonooomernuuka — 0,5 mac.% mis KTXDb u 0,6 % macc.
s THAMACI (B o6oux cirydasx 0,01 M), Tonmmaa MeMOpansl — okoj1o 400 MxMm. [IpuroroBieHHbBIE
MeMOpaHbl MPUKJIEMBAIN K KOPIycaM 3JIeKTPOIoB M BhiMaduBanu B 107 M pacteope TBA Gpomua
B ciydae TBA*-CD u B 0,01 M pactBope nmukpara HaTpus B ciiydae nukpar-CD B TeUCHHE CyTOK.

lanpBanMueckas siueiika cocTosiIa U3 HHAMKATOPHOTO MEMOPAHHOT'O 3JIEKTPO/a U SJIEKTPO/Ia CpaB-
HeHust OBJI-1M3. B kauecTBe BHYTPEHHETO AJIEKTPOAA CPABHEHUS UCIIOJIb30BAN XJIOPHICEPEOPSHBIH
3JIEKTPOJI, IPUBEIEHHBIN B paBHOBeche ¢ 1073 M pactBopom TBA Gpomuma B ciyyae TBAT-CD nubo
MOTPYKEHHBIN B CMEILIAHHBIM PACTBOP XJIOpUJIA U MUKpaTa HATpUs B ciydae nukpar-C3. 3aBUCUMOCTH
OJIC ot BpeMeHU u3Mepsiu ¢ nomouisio pH-MeTpa-uonomepa «3korect-120», COBMEIIEHHOTO ¢ NEp-
COHAJIBHBIM KoMIbioTepoM. IlocTossHHAs ckopocTh nmepememuBanus (500 o0/MuH) moanepKUBajIach
¢ nomouibio Memanku [IKA RST basic. Bce nuamepeHust mpoBOJUIIHCE ¢ TpeMsl TapajlIeIbHO MOIKIIIO-
YEHHBIMH JIEKTPOIAMHU.

Omnpenensin BpeMeHHBIE 3aBUCUMOCTH KOA((UITMEHTOB CEIEKTUBHOCTH, MOTyYaeMbIX TpEMs pe-
komenayembiMu MIOITAK-MeTomamu: METoIOM OTAEIBHBIX PACTBOPOB, METOIOM ABYX PAaCTBOPOB U Me-
TOJAOM (PMKCUPOBAHHOTO BIIMSHUS MOCTOPOHHErO MOHA. B MeTome OTHENbHBIX pacTBOPOB M3MEPSIIH
3nauenue JJIC B pacTBope MUKpaT-uoHa ¢ KoHneHTpanueit 107 M, 3aTeM 0TMBIBAIIH 3JIEKTPOJ] AUCTHUII-
JIMPOBAHHOM BOJOM 1 u3Mepsiin 3HaueHust DJIC B pacTBOpax HUTPAT-UOHA ¢ KoHLeHTpanusmu 1072, 0,1
win 1 M. KoadduiueHT ceneKTHBHOCTH pacCUMTHIBAIN TI0 YPaBHEHUIO:

—Eo1F a

Pot Pic™ NO3 Pic™
g Pic",NO; : +lg =, (1)

s 2,303RT a, .

NO;
rie EPiC_ , E . — dKcrepuMeHTanbHO HaOmrogaembie 3HadeHust O/IC raabBaHHYCCKON sYCHKU IUIst

3

PACTBOPOB MHKPAT- M HUTPAT-HOHOB; dy, —, dy, — AKTHBHOCTH MHKPAT- M HHTPAT-HOHOB; R — yHu-

BepcalibHas ra3oBas ocTosinHasi; 7 — temneparypa, K; /' — koncranta @apajes.
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[Ipu onpeneneHuu K03(h(PUIUECHTOB CEIEKTUBHOCTH METOIOM JBYX PACTBOPOB IOCIEAOBATEIBHO
w3mepstin DJIC B 10°® M pacrBope nukpar-uiona (£ ) U B CMCIIAHHOM PAacTBOpE, COACPIKALIEM
MUKpAT- U HUTPAT-HOHBI (EPic’+NO§ ). lloTeHunoMeTpuueckuii KO3(pHUINEHT CENEKTUBHOCTH PACCUUTHI-
BaJI TI0 yPAaBHEHUIO (2), KOTOPOE YUYNUTHIBAET N3MEHEHHE aKTUBHOCTH TUKPAT-MOHA B CMEIIAHHOM pac-

TBOPE IO CPABHCHUIO C €T0 MHANBUAYAJIbHBIM PaCTBOPOM:

(E pie ~E Pic™+NO3 }F

((,l ) .10 2,303RT —(Cl )

Pot _ Pic™ /1 Pic” /o

KPic’,NO; - a ’ @
NO3

rue (aPiC_ )1 u (aPiC_ )2 — aKTMBHOCTH IHUKPATa-UOHA B UHJMBUAYAIbHOM U CMEIIAHHOM pacTBOpax co-
OTBETCTBEHHO.

B meTone pukcupoBaHHOIO BIMSHMS HOCTOPOHHETO MOHA M3Mepsiian 3HaueHus DJC raapBaHuye-
CKOH SYEHKU JUISL CEPUM PACTBOPOB C NMOCTOSHHOW aKTUBHOCTBHK) HUTPAT-UOHA (aNog) U NEPEMEHHOU
aKTHBHOCTBIO NMHUKpaT-noHa. Jlanee crpomnu 3aBucuMocth DJC oT nmorapudma akKTUBHOCTH MUKPAT-
noHa. Touka nepecedeHus: SKCTPANOINPOBAHHBIX JINHEHHBIX YYaCTKOB TaHHOW 3aBUCIMOCTH COOTBET-
CTBOBAJIA 3HAYCHUIO AKTUBHOCTU NMKPAT-MOHA (@, ), HCIOJB3yeMOMY JUlsl pacyeta KodpuuueHTa
CEJIEKTUBHOCTH IO CIEAYIONIEMY YPaBHEHUIO:

a,
KJ g =20 ©
NO™

@®oHOoBas KOHLEHTpALUs HUTpaTa HaTpus B Xoje u3mepenuii cocrasisiia 0,1 M. 3aBucumocts OJ1C
OT JorapudmMa aKTHBHOCTA OCHOBHOTO MOHA TONYYaJi IBYMS CIIOCOOaMHU: B CEPHH MPHUTOTOBICHHBIX
KaJIMOPOBOYHBIX PACTBOPOB B MOPSIKE yBEIMYEHUS aKTUBHOCTH TuKpar-uoHa (108 M, 5 - 108 M, 107 M,
5-107M,10°M,2-10°M,5-10°M, 10° M, 10* M, 10> M) n1u60 METOAOM ABYKPATHOIO Pas3-
Gasnienust 103 M pacTBopa MuKpaTa HATpUs, NPUTOTOBIEHHOro Ha (oue 0,1 M HuTpara Harpus,
¢onoBBIM pacTBOpoM. [locne kaxkmoro mamepenust DJ[C oTOupany MOJOBHHY pacTBOpa IMMHIIETKON
1 100aBIISUTH PaBHBIN 00HEM (POHOBOTO PacTBOPA.

KoncTanThl HOHHOTO OOMEHa OCHOBHBIX MOHOB Ha TIOCTOPOHHHE, UCIOJIb3YEMBIE B pacueTax, Mpu-
HUMaJIM paBHBIMH HECMEIICHHBIM KO()(UIUECHTAM CEIEKTHBHOCTH, ONMPENEICHHBIMH MOIUPHIIMPO-
BaHHBIM METOJIOM OT/CIBbHBIX PacTBOpPOB [34], 3HaueHust KOTOpbIX cocraBuwin 2,8 -+ 107¢ must mapsr
nukpar—HuTpar 1 3,1 - 10~ — gus mapst TBA™Na®.

Teopus. B paccmarpuBaemMoid MOJIENIU UCIIOJIB30BAIUCh T€ K€ OCHOBHbIE JOIMYIIEHUS, YTO U B U3-
BECTHBIX JU(PQPY3UOHHBIX TUHAMHYECKUX MOjeisX [8, 18], a uMeHHO: ObICTpasi KUHETHKA MeX()a30BOro
nepeHoca, 61arogaps 4eMy B OYEHb TOHKHX KOHTaKTHPYIOLIMX CJIOSX MEMOpaHbl U pacTBOpa KOHIICH-
Tpaluu BCEX KOMIIOHEHTOB YAOBJIETBOPSIOT YCIOBHSIM JIOKAJIHbHOTO PAaBHOBECHS; OTCYTCTBHE MOHHOM
accoruanuy B ¢aze MEMOpPaHBI; paBeHCTBO KodhdummneHToB Auddy3uu OCHOBHOTO W TIOCTOPOHHETO
HMOHOB M MpeHeOpexumMo Masbii Bkiaa auddysuonHoro norennuana B DJIC; paBeHCTBO KO3 duiineH-
TOB aKTHMBHOCTEW BCEX MOHHBIX KOMIIOHEHTOB B MEMOpaHHOI (pa3e, 4To Mo3BOISET 3aMEHUTh aKTHBHO-
CTH KOHIIEHTpAIUsIMH (M3MEHEHHUEM KOHIICHTPAIMi HOHOB B 00beMe pacTBOpa B MPOIECCE BHITIONHE-
HUS I3MEPEHUH MOYKHO TIPEHEOPEUB).

Cy1iecTBEHHBIM OTIUYHEM PAacCMaTPHUBAEMOM MOJIENIN OT W3BECTHBIX JMHAMHUYECKUX TUPPY3HOH-
HBIX MOJIEJICH SIBJISIETCS TO, UTO YTO B HEW MUCIOJIb3YeTCs MPUOIMKEeHHE JIMHEHHBIX POQuIieil KOHIIECH-
Tpanuii HOHOB B MeMOpaHe U U PYy3MOHHOM CII0€ UCCIIEYEMOro PacTBOpa B J1IF000H MOMEHT BPEMEHH,
YTO MO3BOJISET MONYUYNUTh YPaBHEHUSI, B IBHOM BH/I€ OIMCBHIBAIONINE KOHIIEHTPAIINH ITOTEHITHAIOTpeie-
JISIONIMX MOHOB B KOHTAKTHUPYIOLIUX CIOSIX MEMOpaHBl U pacTBOpa Kak (PYHKIIMHA COCTaBa MEMOpaHEI,
HCCIIelyeMOr0 PacTBOpa, KOHCTAHTHI HOHHOTO 0OMeHa, 1] y3HOHHBIX MapaMeTpPOB U BPEMEHH.

[Ipu morpyxennn MCDO, B MeMOpaHe KOTOPOro BeCh HOHOOOMEHHHMK HaXoJUTCs B GopMme onpene-
JIIEMOTO WOHA i, B PacTBOP, COACPIKAIIUN IMOCTOPOHHUN HMOH j, Ha MeX(a30BOW rpaHUIE MPOTEKAECT
peakIrsi HOHHOTO OOMeHa!
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- K/ _
i+je—=i+], )

rae K/ — KOHCTaHTa 0OMEHa OCHOBHOT'O MOHA [ Ha MOCTOPOHHUH j; TOPU3OHTAJIBHON 4epTOi CBEPXY
0003HaYaeTCs MPUHAJISKHOCTh CUMBOJIA K (ha3e MEMOpaHBI.
KoncranTta nonoobMeHHOro paBHoBecus (4) OMUCHIBAE€TCS YpPaBHEHUEM:

c.c alar-q)
—__t S — _
C-C C-C

rac C'nC'— KOHICHTPALIMU MOHOB B ITIOBEPXHOCTHBIX CJIOAX PACTBOpPA U MeM6paHBI COOTBETCTBCHHO,

K’

1

, ®)

C;* — 00as KOHIEHTpalKsi MFOHOOOMEHHHUKA B (pase MeMOPaHBL.

B pesynbraTte HOHOOOMEHHOrO Ipolecca KOHIIEHTPAIKsl OCHOBHOTO HOHA [ B IOBEPXHOCTHOM CJIO€
MeMOpaHbl yMEHBIIACTCS M0 CPAaBHEHHIO C 0OBEMHOH KOHIEHTpalUel, KoTopas paBHa OOIIeH KOH-
LEHTPAIMd HOHOOOMEHHHKA, a KOHICHTPAIHS B MPUIJICKTPOIHOM CIIOE PACTBOpPA yBEIHMYHBACTCS IO
CPaBHEHHUIO C KOHICHTpAlMeil B 00beMe pacTBOpA, TO €CTh BO3HHKAIOT I'PAJAMCHTHI KOHLEHTpPAIMN
B Ka)X70i1 13 (a3, KOTOpbIe B MPUOIMIKEHUH THHEHHOTO MPOMUIIS KOHIEHTPAINI OMICHIBAIOTCS yPaB-
HECHUSIMU:

gradC, = G-G , ©)
o
_ 6Tot _ 5/
gradC, = % , (7

rae C, — KOHIIEHTPalKsl OCHOBHOTO MOHA B 00beMe pacTBopa, 8 u & — TonmuHEbl 1 y3HOHHBIX CIIOCB
B HCCIIETyEeMOM PacTBOPE U MEMOpaHe COOTBETCTBEHHO.

CorjiacHO yCJIOBHIO HepPa3phIBHOCTHU MMOTOKA CKOPOCTh JJOCTABKH MOHA [ U3 00beMa MEMOpPaHbI K €
[MOBEPXHOCTU JIOJKHA COOTBETCTBOBATh CKOPOCTH €r0 OTBOJA M3 MPHUIJICKTPOIHOIO CJIOS B 00BEM
pacTBopa, TO eCTh MIOTHOCTH MU HY3HOHHBIX TOTOKOB B 00euX (hazax JMOIKHbBI ObITh PABHBI:

' __ Tt _ '
DClSCl:DCqua (8)

rae Du D — xkosppuunentsl auddy3un noHOB B Au((Hy3MOHHOM CII0€ HCCIIyEMOro pacTBopa 1 B (ase
MeMOpaHbI COOTBETCTBEHHO.
W3 ypaBaenus (8) ciaemyer:

C,-C =q(C/- i), ©)

rie ¢ — 0000MEeHHbIN U PYy3NOHHBIN TapaMeTp, onuchiBaeMblil ypaBHeHueM (10):

Ol

)
S (10)
Tonmuua BogHOTO NH(DPY3MOHHOTO CIIOSI OMpEAeNIeTCS PEKUMOM IMEPEeMENTNBAHNS U SBISETCA

MOCTOSIHHOW BETMYMHOM B YCIIOBHSIX BBITIOIHSIEMOTO 3KCIIEPUMEHTa, Tora Kak TonmuHa auddy3non-
HOTO CJIos B (paze MeMOpaHbl U3MEHSETCS C TeUCHHEM BpeMeHH coriacHo ypasnenuto (11) [28]:

VDt , (11)

e ¢ — IPOMEKYTOK BpeMEHH ¢ MOMeHTa norpysxkenust UC3 B uccnenyemblii pacTBOP.
CxemaTHuecKoe U300paxxeHne NpeIoKeHHOH MOJeNn PeACTaBIeHo Ha puc. 1.

q:

S

5==
2
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d

ay m

Puc. 1. Cxematndeckoe n300paxeHHe MPETOKSHHON MOAEHN (CTITOIIHBIMHU JTHHUSMH TOKa3aHb!l KOHIICHTPALIMOHHBIC
NpodHIN OCHOBHOTO M TIOCTOPOHHET0 HOHOB JIJIi MOMEHTA BPEMEHH f,; IITPUXITYHKTUPHBIMU — JI/Is1 MOMEHTA BPEMEHH 7,,
TZe f,> t,); KOHIEHTPAIINH Ha BHEITHEH IPaHMIIE BOJHOTO TH(G(dY3HOHHOTO CI0A COOTBETCTBYIOT KOHIICHT PAIlAsIM
B 00’beMe pacTBOpa

Fig. 1. Schematic representation of the proposed model (solid lines show the concentration profiles of the primary
and foreign ions at a time instant #,, dash-dotted lines — at a time instant ¢,, where ¢, > ¢);
the concentrations at the outer boundary of the aqueous diffusion layer correspond to the bulk concentrations

[oacraBnsis ypasuenue (11) B (10), momydaem, uTo 0600mIEHHBIH TUPPY3UOHHBIH MapaMeTp ¢
ABJIICTCS TAKKE QYHKIIMEH BPEMEHH:
q___zx/f§-8

nD\/;

[ImoTHOCTH MTOTOKOB MOCTOPOHHETO MOHA j B PAaCTBOpPE M MeMOpaHe OMUCHIBAIOTCS ypaBHeHHEM (13),
KOTOPOE aHAJIOIMYHO ypaBHEHHUIO (8), 3a MCKIIFOUEHUEM TOro, 4To Muddy3us UJCT B MPOTHUBOIMOJIONK-
HOM HaITpaBJICHUU:

(12)

c-C —C-C
D.ISJZD «/S /’ (13)

rae C; — KOHLUEHTPALKs IOCTOPOHHETO HOHA B 00beMEe MEMOPaHbL.
Jl1s1 TIOBEpPXHOCTHOTO CJIOS MeMOpaHbl YCIOBUE AJICKTPOHEUTPAIBHOCTH OIKMCHIBAETCS YypaBHE-
aueM (14):

C =Ci"-C

i

(14)

IToncraBnss ypaBuenue (14) B (13) u mpuHHMas BO BHUMAHHE, YTO KOHIIEHTPAIIHS TIOCTOPOHHETO
voHa C; B 00bemMe MeMOpaHbl paBHa HyJIIO, [0J1y4aeM ypaBHCHNUE, OMUCHIBAIOLICE KOHIICHTPALHUIO M10-
CTOPOHHETO MOHA B MIPHUAIEKTPOJHOM CJI0€ pacTBOpa:

' ot o~
¢, =C —q(CR —C,.).
(15)

Ioncrarnsig ypasaernue (15) B (5), momydaem:

¢ (ci-c)

K/ = —
' Tot '
clc -a(cim-c)] (16)
Hanee, BbIpaxast KOHIEHTPALKIO ONPEETIAEMOro HOHa B IPUAJIEKTpoaHoM ciioe C; U3 ypaBHEHUS
(9) u moncrasisis B ypaBHenue (16), momydaeM KBaJIpaTHOE YpaBHEHHUE OTHOCUTENBHO KOHIIEHTPALUN
ompexnensieMoro moHa C, B HOBEpXHOCTHOM CIIO€ MEMOpaHbI B IMPOHM3BOJIEHBI MOMEHT BPEMEHH,
pelIeHre KOTOporo Aaer:
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- 1 ot
c =M(A—B—2qc; ~C +[42 +24(C,+2C, - B)+(C, + B) ) (17)

e A=qK/C;* u B=C ].Kl.j , TapaMeTp ¢ PacCUYUTBIBACTCS 10 ypaBHEHHIO (12).
[oncraBnsis ypasaenne (17) B (9), momy4aeM ypaBHEHUE, OMICHIBAIOIIEe KOHIICHTPAIIHIO OTpee-
asiemoro uoHa C; B IPUAIIEKTPOJHOM CIIO€ pacTBOpPa B COOTBETCTBYIOIINN MOMEHT BPEMEHU:

'

1 A
C ZW(A +B-C,+2CK/ _\/A2 +24(C,+2C, - B)+(C, +B) ) (18)

VYpapaernus (17) u (18) mMO3BONAIOT pacCUUTATh 3HAYCHHUS MEK(Pa30BOTO MOTEHITHAIA B JTIOO0H MO-
MEHT BPEMEHH COTJIaCHO ypaBHeHNI0 HepHcTa mist MeMOpaHHBIX 31eKTpoaoB (19):

£ =gy R G| (19)

rae E° BeiOupanu TakuM 06pa3om, 4TOOI paccunTanHbIi oTeHnuan MCD B HCXOIHOM pacTBOpE Ompe-
JENIEMOr0 HOHA COBNAJAI C DKCHEPUMEHTANILHBIM 3HAYCHUEM,; Z, — 3apsAJI0BOE YHUCIIO ONPEAETIEMOrO
HOHA; Y, — KO3()(UIMEHT aKTUBHOCTH, PACCUUTHIBAEMbIH U3 ypaBHeHHs J[e6asd—XI0KKels TPU HOHHBIX
cuwitax menbine 0,01, a mpu noHHBIX criiax Beimie 0,01 B3SITBIA U3 SKCIIEPUMEHTANBHBIX JaHHBIX (JIIs
TBA" u3 [8] u s nmukpata-noHa u3 [18]).

OTKJIOHEHHE TIOTEHITNAIa, PACCUMTAHHOTO MO ypaBHEHUIO (19), OT 3HAYCHUS, pACCIUTAHHOTO TIO
ypaBHEHHIO HUKOIBCKOTO, OCHOBAaHHOTO HA MPEATIONOKEHUN PABEHCTBA aKTUBHOCTEW OCHOBHOTO H T10-
CTOPOHHET'0 MOHOB B MPHUAIIEKTPOJTHOM CJIO€ UX aKTHBHOCTSAM B 00hEME PacTBOpA, OIUCHIBACTCS ypaB-
HEHUEM:

' o~ Tot
A = 0)
Z Ci(CiYi + Ki,j aj)

[Ipu mpoBeaeHNN MaTEMaTHIECKOTO MOJICTTMPOBAHUSI UCTIONB30BAIKCH CICAYOIINE 3HAUCHHS Mapa-
METPOB, COOTBETCTBYIOIINE PEalbHBIM YCIOBHSIM 3KCIICPUMEHTA: TOJIIMHA MeMOpaHbl — 400 MKM;
KOHIIEHTpALUsi MOHOOOMEHHUKA B MeMOpane — 1072 M; 3nauenus xo>pduuuentos qudy3un HOHOB
B (pazax MeMOpaHbI U pacTBOpPa NPUHUMAIUCH paBHbIMK 5 © 10712 M?%/c u 1 - 107° M?/c COOTBETCTBEHHO;
TOJIIIMHA YCIOBHOTO cJI0s B (ha3e MeMOpaHbl — 5 MKM; TOJIIMHA BOAHOTO AH((HY3MOHHOTO CIIOSI TPUHU-
MaJjach paBHOU 25 MKM, 4TO COOTBETCTBYET PEKUMY ObIcTporo nepemeninBanus [18].

Pe3yabraThl u ux o6cy:xaenue. J[nnamuka uzmenenus norennuana TBA™-CD B 0,01 u 0,1 M pac-
TBOpAxX XJIOpU/a HATPUS MPEACTaBIIEHA Ha pUC. 2. 3/1eCh M Ha MOCIEAYIOMINX PUCYHKAaX BEPTUKAJIbHbIC
OTPE3KH XapaKTEepPHU3yIOT JOBEPUTEIbHBIM WMHTEpBaj 3KCIEPHMEHTAJBHO OIpeAeTIeHHBIX 3HAYCHUI.
BuiHO, 4TO mpH MOrpy’KEHUU MEMOpaHbl, B KOTOPOH MOHOOOMEHHHUK NpUcyTcTByeT B hopme TBA™,
B PacTBOp, colep)Kamuii HoHbI Na', MakCHMaJbHOE 3HAaYCHUE MOTEHIIHa a HaOJIIo1aeTcs B epBOHA-
YaJIbHBIF MOMEHT, I10CJIE YETO IPOUCXOAUT €ro MOCTEIEHHOE IaieHHE.

DTO CBSA3aHO C T€M, YTO B HAYAJIbHBIH MOMEHT BPEMEHH MPOTEKaHNE HOHOOOMEHHOTO Tpolecca Ha
MeK(a30BOl TpaHULIC TPUBOIUT K PE3KOMY YBEIMYCHUIO KOHIIEHTpalnu HoHOB TBA" B mpuanekTpoa-
HOM cJioe pacTBopa. [ainee, mo mepe pacmupenus 1udy3HoHHOro ciiosg B MeMOpaHHOU (a3ze, CKOPOCTb
noctaBku HOHOB TBA" n3 o0beMa MeMOpaHb! K TOBEPXHOCTH 3aMeUISETCS H, KPOME TOTO, IIOCTEIIEHHO
YBEJIMYNBAETCS KOHIIEHTPAIUS MOCTOpoHHero HoHa (Na*) B moBepXHOCTHOM cji0e MeMOpaHsI (puc. 3),
YTO CIOBUTAeT PaBHOBECHE MOHOOOMEHHOW peakuuu BieBo. CienoBaTeiabHO, KOHIEHTpAIUs HOHOB
TBA" B IpHUAIEKTPOIHOM CJIO€ PACTBOPA MOCTEIIEHHO YMEHBUIAETCS, YTO U MPUBOAHMT K CHUIKECHHIO
noteniuana TBAT-CD. U3 puc. 2 BUAHO, YTO PE3yNBTAThl MPSIMBIX pacyeToB 1o ypaBHeHusM (17)—(19)
CHJTBHO OTJIMYAIOTCS OT TMOJYUYEHHBIX M0 yPaBHEHWIO HHUKOIBCKOTO M XOPOIIO COTIACYIOTCS C DKCIIe-
PUMEHTAJILHBIMU TAHHBIMU.
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Puc. 2. DKcriepuMeHTaIBHO MOTYYCHHBIC U paccuuTaHHbIe 110 ypaBHeHusM (17)—(19) 3aBucumoctu norennuaina TBA*-CD
B pPacTBOpPAaX XJOPH/A HATPHUS PA3IHUHON KOHIEHTPALMH OT BPEMEHH

Fig. 2. Experimentally obtained and calculated using equations (17)—(19) dependences of the potential of TBA*-SE
in sodium chloride solutions of different concentrations on time

Ha puc. 3 moka3zaHbl pe3ysibTaThl pacueToB JAMHAMHKH H3MEHCHHsI KOHIIGHTpanuu WoHOB TBA™
B TIPUDJIEKTPOIHOM CJIO€ pacTBOpa ¥ MOHOB Na' B MOBEPXHOCTHOM CIT0O€ MEMOpaHEI, MOJTyUYEHHBIE He-
nocpencTBeHHO U3 ypaBHeHuit (14), (17), (18), ocHOBaHHBIX Ha JOMYLIEHUH JIMHEHHOCTH KOHILIEHTpa-
[UOHHBIX NMPO(UIICH OCHOBHOTO U MOCTOPOHHETO MOHOB B (ha3e MEMOpPaHbBI, U METOJOM YUCIEHHOI'O
MopenupoBaHus B pamkax D0/ JIM, cBoOOIHOI OT yKa3aHHOTO AOMyIIeHUs. BUIHO, 9TO OTy4eHHbIe
PE3YIBTATHI XOPOIIO COTTACYIOTCS IPYT C IPYTOM.
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Puc. 3. PaccunranHoe nu3aMeHeHue KoHueHTpanuu nonos TBA' B mpuasiekTpoaHoM ciioe pactBopa (@)
1 noHOB Na* B IIOBEpXHOCTHOM CJI0€ MeMOpaHsI ()

Fig. 3. Calculated change in the concentration of TBA" ions in the near-electrode layer of the solution (@)
and Na' ions in the surface layer of the membrane (b)

[Iporuoctuueckas ciocoOHOCTH MPEIJIOKEHHOM MOAEIH TaK)Ke IMPOIEMOHCTPUPOBAaHA Ha IPUMEPE
omucaHusI OTKJIMKa TUKpar-CD mpu onpeneacHun Kodh(OUITNSCHTOB CEIICKTUBHOCTH PEKOMEHIYEMBIMHU
NIOITAK-meTomamMu: METOJOM OTAEIBHBIX PAacTBOPOB B BapuMaHTE PaBHBIX aKTUBHOCTEH, METOIOM
JIByX PacTBOPOB, METOJIOM (PMKCHPOBAHHOT'O BIMSHUS TIOCTOPOHHET0 HOoHa [35, 36].

OKcnepuMeHTalbHbIE JaHHbIE N0 JUHAMHKE M3MEHEHHs MoTeHiuana nukpar-CD B pacTBopax
HUTPAT-UOHOB, IOJIyYEHHbIE B IIPOLIECCE OIpenesICHHsI KO3()(DUIIMEHTOB CEJIEKTHBHOCTH METOIOM OTAETb-
HBIX PaCTBOPOB, KOTOPBIE COTIOCTABJIEHBI C PACCUUTAHHBIMHU 10 ypaBHeHUIM (17)—(19), mpruBeneHs! Ha
puc. 4. BusgHo, 4TO aHHBIE PacYeTOB XOPOILIO COMVIACYIOTCS C AKCIEPUMEHTAIbHBIMU, YTO MO3BOJISIET
OCYIIECTBJISITH AlIPUOPHYIO OLICHKY BIMSHUS YCIOBHH ONMpe/AeiIeHus Ha 3HaYeHU s KodPPULIHEeHTOB ce-
nekTUBHOCTH. IlosydeHHbIe pe3ynbTaThl IpUBEIEHBI B Ta0. 1.
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Puc. 4. smenenune norenunana nukpar-CO B pacreopax NaNO, pasinuHol KOHIEHTPAIMU BO BPEMEHU
U onpeesieHnn K0P OUIHUSHTOB CEJICKTUBHOCTH METOIOM OT/ICJIbHBIX PACTBOPOB

Fig. 4. Change in the picrate-SE potential in NaNO; solutions of different concentrations over time
when determining the selectivity coefficients using the separate solution method

Tabnuna 1. CpaBHenne ko3¢ dpuinenTon ceJekTuBHOCTH (g Kll:i‘:t',NOE ), IKCIIEPUMEHTAJIbHO
MOJIy4eHHBIX METO/I0M OTAEeJBHBIX PACTBOPOB, € PACCYUTAHHBIMH 10 ypaBHeHusm (1), (17)—(19)
u B pamkax JO/I/IM B pa3inyuHble MOMEHTbI BpeMEHH

Table 1. Comparison of selectivity coefficients (1g K 1';‘2‘_’N0§ ), experimentally obtained by the method
of separate solutions with those calculated using equations (1), (17)—(19) and within the framework
of EODDM at different instants of time

Cpies M Cyos , M Bpewmst, Mun DKCHEepUMEeHT 201AM VYpasuenus (1), (17)—(19)
0.01 2,3 —3,96 + 0,04 —4,01 —3,98
’ 10,2 —4,11 £ 0,03 —4,15 —4,14
2,3 —4,49 + 0,02 —4,49 —4,53
0,001 01 10,2 —4,64 +0,02 —4,63 —4,69
1 2,3 —4,93 + 0,02 —4,92 —4,93
10,2 —5,05 + 0,04 -5,05 -5,06

W3 Taba. 1 BUAHO, 4TO pe3yabTaThl HEOCPEICTBEHHOHN allpMOPHOI OLIEHKH KO3()(DUIIMEHTOB CEeJeK-
TUBHOCTHU C UCIIOJIB30BAHUEM IIOJIYYEHHBIX YPABHEHUI XOPOIIO COMIACYIOTCS KaK C 3KCIEPUMEHTAlIb-
HBIMU JTaHHBIMH, TaK U C PEe3yJIbTaTaMU YUCICHHOTO MoaenupoBanus B pamkax DO/ JIM, mo3Boss
KOJINYECTBEHHO MPEICKA3bIBaTh AMHAMUKY MU3MEHEHUs MOTEHI[MaIa U SKCIIEPUMEHTAIBHO OIpeessie-
MBIX KO3((PHUIHMEHTOB CEJICKTUBHOCTH OT BPEMEHU M3MEPEHMsI M KOHLIEHTPALUU HUTPAT-UOHOB B pac-
TBOpE.

Ha puc. 5 conocraBieHbl SKCliepUMEHTalIbHBIC JaHHbIC 110 TUHAMUKE U3MEHEHUs [TOTEHI[Aa M-
kpaT-CD B pacTBOpax HHTpaT-MOHA MPU ONpeAeiIeHnr KodpduLneHTa ceneKTUBHOCTH METOIOM JIBYX
pacTBOpoB. BuaHO, 4TO B pacTBOpe MUKpaT-uoHa (MEepBble 3 MUH HKCIIEPUMEHTA) OTEHIIMAI HE 3aBU-
CHUT OT BpeMeHHU. Jlasiee mpu MOTPy’>KEHUH 3JIEKTPOJa B CMEIIAHHBIM PacTBOP, COAEPKAIIUNA BBICOKYIO
KOHIICHTPAIIMIO HUTPAT-UOHA, TIOTEHINAJ PE3KO YMEHBINAETCS, YTO OOYCIOBICHO YBEIMYECHHEM KOH-
[EHTpAIK MHUKPAT-MOHA B MPUAIICKTPOIHOM CJIOE€ PacTBOpa B pe3yibTaTe HOHOOOMEHHOW peaKIlHH,
1ocje 4ero HaOJIOAAeTCs Ta K€ KapTHUHA, YTO U MPH ONpeAeiIeHUH KOI(P(PHUIHEHTOB CEJIEKTHBHOCTH
METOAOM OTACIBHBIX PACTBOPOB: NOTEHIIMAJ HAUMHAET PACTH, YTO BBI3BAHO OTBOAOM HU30BITOYHOM KOH-
LEHTPAUU MUKPAT-HOHOB U3 MPHUAJIEKTPOIHOIO CJI0sl B INIyOMHY 00beMa pacTBOpa M HOCTEIIEHHBIM
YMCEHBIICHUEM WHTEHCUBHOCTH MOHOOOMEHHOTO Ipoliecca B CBSI3H C HAKOIIJICHUEM B TIOBEPXHOCTHOM
ciioe MeMOpaHbl HUTPAT-MOHOB U paciiupenreM audy3HoHHOTo ci10si B MeMOpaHHOH dase.

JanHble, mpruBeeHHbIC B Ta0JM. 2, MITIOCTPUPYIOT BIMSHHUE YCIOBUH BBITIONIHEHUS U3MEPEHUH (Bpe-
MEHH ¢ MOMEHTA MOTPYKEHHUS 3IEKTPOJa B CMELIAHHBIM pacTBOP 10 PETUCTPALUK NOTEHIMaIa U KOH-
LEHTPAIMU IOCTOPOHHETO HOHA B CMELITAHHOM PAacTBOpE) Ha 3HAYCHUS KOI(DPHUIIMEHTOB CEICKTHBHOCTH.
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Puc. 5. Usmenenue norennunana nukpar-CO B pacteopax NaNO, pa3inuHON KOHLEHTPALMH BO BDEMEHH
TIPH ONPEeAeIeHIH KOY((PHUIINCHTOB CEIEKTHBHOCTH METOAOM JIByX PAaCTBOPOB

Fig. 5. Change in the picrate-SE potential in NaNO, solutions of different concentrations over time
when determining the selectivity coefficients using the two-solution method

Ta6nuna 2. CpaBHeHHe 3HaYeHHIT KOI(pPULIEeHTOB cejieKTUBHOCTH (1g K]',’i'f_,NOE ),
IKCHEPUMEHTAJILHO MOJIyYeHHBIX METOA0M IBYX PACTBOPOB, C PACCUYMTAHHBIMH B PAMKAaX NPeIJI0KeHHO MoaeTH
u D0AM B pa3jinuHble MOMEHTHI BpeMeHHU

Table 2. Comparison of experimentally obtained values of selectivity coefficients (1g K ,f;l‘zm; )

by the two-solution method with those calculated within the framework of the proposed model
and EODDM at different instants of time

Cyos , M Bpewmst, Mun DKCIEePUMEHT 201M Vpasuenus (2), (17)—(19)

o1 2,30 —4,69 + 0,04 —4,55 —4,60

’ 10,20 —4,87 +0,05 —4,72 —4,78
025 2,30 —4,82 £ 0,06 —4,71 —4,74
’ 10,20 —4,98 +£0,05 —4,86 —4,90
2,30 —4,89 £ 0,02 —4,82 —4,84

0.5 10,20 —5,03 £ 0,03 —4,96 —4,99

| 2,30 —-5,02 + 0,01 —4,94 —4,95
10,20 —5,15 + 0,01 -5,07 —5,09

W3 tabn. 2 cnemyeT, 4TO pe3ybTaThl pacyeTOB, BBHITIOJHEHHBIX B paMKax MPEAJIOKEHHOW MOJIETH,
aJIeKBaTHO OTPaXarOT OCHOBHBIE 3aKOHOMEPHOCTH BIIMSIHUS YCJIOBUN ONpEAETICHNs Ha 3HAUYSHU S K03(]-
(UIIMEHTOB CEJIEKTUBHOCTH (yMEHbIIIEHHE KOI((UIINEHTOB CEJIEKTUBHOCTH C yBEIMYEHUEM BPEMEHU
M3MEPEHUS U C IOBBIILIEHUEM KOHLIEHTPALUU IOCTOPOHHET 0 HOHA) U XOPOILIO COIVIACYIOTCS KaK € 3KCIe-
PUMEHTAJIbHBIMU JJaHHBIMHU, TaK U C pPe3yJbTaTaMy YHCICHHOI'O MOZICIIMPOBAHMUSI, IOTYYEHHBIMHU B PaM-
kax D01 JIM.

OTHOCUTENBHBIM HEJOCTATKOM MPEJIOKEHHON MOJEIH SIBIISIETCS HEBO3MOXKHOCTD yueTa «3ddexTa
namsatu» MCD, xoraa 3JeKTpoz 10 Hayala KOHKPETHOTO M3MEPEHHS! yKe HaXOAMJICS B PacTBOpax, Co-
JepKalux IMOCTOPOHHUM MOH, B CBSI3M C YeM HOHOOOMEHHHK B MEMOpaHe OKa3bIBAE€TCSl YACTHYHO I1e-
PEeBEICHHBIM B (pOpMY HOCTOPOHHETO MOHA €LIE JI0 MOTPYKEHUsI B OUEPEIHON MCCIIEAYeMbIi PacTBOP.
Takast cuTyalus, B YaCTHOCTH, PEAJIU3YETCs P ONPEACICHUN KOAPPHUIIMEHTOB CENEKTUBHOCTH METO-
JIOM (pUKCHUPOBAHHOTO BJIMSIHUSI IOCTOPOHHETO HOHA, KOTrJa KOHLEHTPALUsl OCHOBHOTO HOHA N3MEHSETCS
CBEpXY BHU3 (B BapHaHTE MOCIEAOBATEIBHOr0 pa3daBieHus (JOHOBBIM PACTBOPOM MTOCTOPOHHETO HOHA
MOCTOSIHHOW KOHLIEHTPALWH) TNO0 CHU3Y BBEpPX (B BapHaHTE CEPUM I'PAaJyHPOBOYHBIX PACTBOPOB OC-
HOBHOT'O MOHA, IPUTOTOBJICHHBIX Ha MIOCTOSIHHOM (DOHE TIOCTOPOHHETO).

Ha puc. 6 u B Tabn. 3 mpeacTaBieHbl COOTBETCTBYIOIIUE IKCIICPUMEHTAJIBHBIC TaHHBIE, KOTOPbIE MO-
Jy4YeHBI IPU ONpeeNeHuH KOd(PPUIIMEHTOB CeICKTUBHOCTH MUKPAT-CD OTHOCHTEIBHO HUTpPATa U CO-
MOCTABJIEHBI C PE3YyJIbTaTaMK PacueToB, BHINOTHEHHBIX B paMkax DO/[/IM u npensnokeHHON MOAEmH.
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Puc. 6. U3menenue norennuana nukpar-CD npu onpeaeieHn KodQPUINEHTOB CEICKTHBHOCTH METOAOM (HKCHPOBAHHOTO
BJIMSIHUSI IOCTOPOHHETO HOHA B CITy4ae JABYKpaTHOro pasbasienus nauanbaoro 1073 M pacteopa nukpara 0,1 M pactsopom
uuTpara (@) U B cepun KanuOpoBounbix pactBopos ot 1078 M no 1073 M nukpara ua ¢poue 0,1 M uurpara (b)

Fig. 6. Change in the picrate-SE potential when determining the selectivity coefficients using the fixed interference method
in the case of double dilution of the initial 10> M picrate solution with a 0,1 M nitrate solution (z) and in a series of
calibration solutions from 107® M to 1073 M picrate against the background of 0,1 M nitrate (b)

W3 puc. 6 cnenyert, 4To B pacTBOpax ¢ HU3KUMM KOHIIEHTPAaLMsIMHU MUKpaTa Kak B BapUaHTE JBY-
KpPaTHOTO pa30aBiIeHHs, TAK U B BAPHAHTE CEPUH TPay UPOBOYHBIX PACTBOPOB HAOIIOIa€TCSI HEKOTOPOE
HECOOTBETCTBHE IKCIIEPUMEHTAIBHBIX JAaHHBIX C pe3ysIbraTaMy pacdeToB 1o ypaHeHusM (17)—(19),
KOTOpBIE JAIOT JIOKHOE CHIDKEHUE TMOTEHI[Ma a B HadyaJbHbIe MOMEHTHI Ka)KJIOTO IUKJIA U €ro TMoce-
nyroni poct. HaGnronaemoe HeCOOTBETCTBHE OOYCIIOBICHO TEM, YTO pacdyeThl Mo ypaBHeHUsM (17),
(18) mpeamnonararoT, 4TO B HAYaJIbHBIH MOMEHT BpeMeHH noHOOOMeHHUK Ha 100 % mepeBenen B popmy
MMAKpaTa, MO3TOMY TpPH KOHTAaKTe C PAcTBOPOM, CONEPKAIIUM BBICOKYIO (DOHOBYIO KOHIICHTPAIIHIO
HUATpAT-NOHA, KOHIEHTPAIMS MUKpaTa B MPUAIIEKTPOTHOM CJIO€ PacTBOpa JOKHA PE3KO BO3pacTaTh
B pe3yJibTare MOHHOTO OOMEHa, 4TO MPHUBEIET K CHIKEHUIO MoTeHnHnana. OIHAKO peaibHO C y4eTOM
MPEIBICTOPHH JIEKTPOJa HOHOOOMEHHHUK B IOBEPXHOCTHOM CJI0O€ MEMOpPaHbI B 3HAYUTEIBHON CTEIICHH
repeBelieH B HUTpaTHYIO (OpMy Ha TPEIbAYIIUX 3TalaxX W3MEpPEeHUH, MOATOMY MpPH TOTPYKEHHUH
AJIEKTPO/Ia B OYEPEHON pacTBOp paBHOBECHE MOHHOTO OOMEHA CABHTAETCS BJIEBO M TaJIeHHUE TIOTEH-
uana He HaOmogaercs. TakuM 00pa3om, B IAHHOM cllydae MpeJIoKEHHbIE YPaBHEHHUS HE TIO3BOJISIOT
OTCIIEINTh TUHAMHUKY MU3MEHEHHUs noTeHiuaita. OQHaKo B peanbHbIX YCIOBHUAX DKCIIEPUMEHTA BpeMs
C MOMEHTA HOTPYKEHHS JIEKTPOJa B PACTBOP A0 PErHCTPalMM MOTEHIMana OOBIYHO COCTaBIsET HE
MeHee 3 MUH, I03TOMY K MOMEHTY CHATHS TMOKa3aHWW MpuOopa OTMEYEHHOE HECOOTBETCTBUE IMOUTH
MTOJTHOCTHIO HUBEIHPYETCS U 3HAYeHUS KOA(PPUIIMEHTOB CEIEKTUBHOCTH, PACCYUTAHHBIE C MCIIOIB30-
BanueMm ypaBHeHuit (3), (17)—(19), xopoiro coriaacyiorcs Kak ¢ SKCIIEPUMEHTAIBHO ONpEAeTICHHBIMU
3HAUYEHUSIMU, TAK U C PaCCUYMTaHHBIMH B pamMkax DOIAJIM (trabdm. 3).

Ta6nuna 3. CpaBHeHHe 3HaYeHHIT KOI()PUIHEHTOB CeJIEKTHBHOCTH (ngll:i?:t',NOI )

IKCHEPUMEHTAIbHO M0JIy4YeHHbIX MeT0A0M (GUKCHPOBAHHOIO BJIMSHHSA OCTOPOHHEI0 HOHA
€ pacCYMTAHHBIMHM B PaMKaXx NpeioxeHHoii moxesn u JO1IM

Table 3. Comparison of experimentally obtained values of selectivity coefficients (1g K ,',’;'_,Nog ) using the fixed

interference method with those calculated within the framework of the proposed model and EODDM

HanmenoBanue merona Bpewmst, Mmun DKCHePUMEHT 201AM Vpasuenus (3), (17)—(19)
MeToxa ABYKpaTHOTO pa30aBiiCHUS 2,30 —4,62 + 0,06 —4,65 —4,53
MeToz rpagyupoBOYHBIX PACTBOPOB 2,30 —4,53 £ 0,01 —4,52 —4,57

3akJiroyenue. [lonydeHHbIE ypaBHEHU B SBHOM BHUJE ONHUCHIBAIOT N3MEHEHUE KOHIIEHTpALUi T10-
TEHITHAJIOTIPEIEIISFOIIET0 HOHA B KOHTAKTUPYIOMINX CIOSX KOHAUITMOHNPOBAHHON HOHOOOMEHHON MEM-
OpaHbl, B KOTOPOI BCe OOMEHHBIE LIEHTPHI IEPBOHAYAIIEHO 3aHSTHI ONPEeNIIEMbIMI HOHAMH, ¥ PaCTBOPA,
COZEPIKAIIEro OIpeaeIIeMblil 1 TOCTOPOHHUI MOHBI, KaK (YHKIIMH KOHCTAaHTBI HOHHOTO 0OMEHA, KOH-
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LHEHTpalM HOHOOOMEHHHMKA B MeMOpaHe, KOHIICHTpalii 000MX HOHOB B pacTBOpE, KOA(PHUIIMEHTOB
muddys3un B obenx ¢aszax u BpeMEeHH. DTO IMO3BOJISIET HAPSIMYIO OLICHUTH OTKJIOHEHHE MOTEHIIMAIA
HCD kak B pacTBOpax MOCTOPOHHETO HOHA, TAK M B CMEIIIAHHBIX PACTBOPAX, COAEPKANIIX MOCTOPOHHUH
WOH Hapsly ¢ TpeAelsieMbIM, OT 3HAUSHH S, PACCYMTAHHOTO 110 YpaBHEHUI0 HuKobckoro, He npuberast
K JIOBOJIBHO CJIOKHOW M BPEMSI3aTPaTHOM POLEAYpe YUCICHHOT0 MoienupoBanus. [IocKonbKy yka3aH-
HBIE OTKJIOHEHUSI MOTYT JOCTHTaTh mopsiaka 50 MB u Goree, nX HEOOXOAMMO YUUTHIBATh IPH OLIEHKE
BO3MOXXHOCTH ITPAKTHYECKOTO IPUMEHEHHN S 3JIEKTPO/Ia B KOHKPETHBIX YCIOBHX. BbIcOoKas mporHocTu-
YyecKas CocoOHOCTH MPsIMOTo pacueTa 1o ypaBHeHHAM (17)—(20) moaTBeprkieHa coriaacueM ¢ IKCIepu-
MEHTaJIbHBIMU JAHHBIMH, YTO, YYUTHIBAsI IPOCTOTY PACCMOTPEHHOTO MOAXO0/Ia TI0 CPABHEHHIO € MPOLIEAY-
PO YHCICHHOTO MOJEIMPOBAHUS, MO3BOJISIET PEKOMEHI0BATH €ro JIJIsl allPMOPHON OLEHKU BIIUSHHUS
YCJIOBHH 3KCIIEPHMEHTA, B TOM YHCJIC BPEMEHH ¢ MOMEHTA MOTPYKEHUS 3JIEKTPO/Ia B paCTBOP JI0 PETH-
CTpAaIlMHY TIOTSHIIMAJA Ha OTKIIUK IPEeIBAPUTEIHLHO KOHAUIIMOHUPoBaHHbIX MCD. B cutyanusx, B KOTO-
PBIX MPOSBISETCS APPEKT MaMATH IEKTPOIA, 00yCIOBICHHBIH YaCTUIHBIM IIEPEBOIOM HOHOOOMEHHHKA
B (hopMYy TIOCTOPOHHETO MOHA Ha MPEIbIAYLINX dTanax padoThl, pACCMOTPEHHBIN MOJX0]] TAK)KE TTO3BO-
JS€T YIOBJICTBOPUTEIIEHO IIPOrHO3UPOBATh 3HAUeHNs noTeHnuana MCO, nocturaeMele yepe3 HeCKOIb-
KO MHUHYT TIOCJIE€ TTOTPY>KE€HHSI 3JIEKTPO/Ia B HCCIEYyEeMBIil PacTBOP, XOTA, B OTIMYUE OT METOJOB JHC-
JICHHOT'O0 MOJICIMPOBAHMS, U HE IMO3BOJSET MPEACKa3aTh JTUHAMHUKY M3MEHEHHsSI OTKJIHMKA 3JIEKTPoJa
B HayaJbHbIE MOMEHTHI BpEMEHHU.
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ANTIVIRAL ACTIVITY OF ADAMANTANE-CONTAINING NITROGEN
HETEROCYCLES AND RESULTS OF QUANTUM CHEMICAL CALCULATIONS

Annotation. The antiviral activity of 17 adamantane containing nitrogenous heterocyclic compounds against the vaccin-
ia virus in Vero cell culture was studied and the data obtained were compared with the results of ab initio quantum chemical
calculations using the DFT method (density functional theory). By analyzing the calculated descriptors of the studied mole-
cules, namely, the energy differences of the frontier molecular orbitals and dipole moments, as well as their antiviral activity
data, a convenient method for pre-screening the least active compounds has been developed, which allows for the optimiza-
tion of the search process for new biologically active substanses.

Keywords: antiviral activity, adamantane-containing nitrogen heterocycles, quantum chemical calculations, density
functional theory, frontier molecular orbitals, Fukui method, selectivity index
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E. A. Iuxycap, E. H. Mapryn, B. U. Ilotkun
Hnemumym ¢usuxo-opeanuuecxou xumuu Hayuonanvroii akademuu nayk berapycu, Munck, Berapyce

HNPOTUBOBUPYCHAS AKTUBHOCTb COAEPKAIIINX AJAMAHTAH
A3OTUCTBIX TETEPOLIUKJIOB U PE3YJIBTATBI KBAHTOBO-XUMHNYECKHUX PACUETOB

AHHOTanus. V3y4yeHa mpoTHBOBUpPYCHAsl aKTUBHOCTH 17 coiepikalinx agaMaHTaH a30THUCTBIX T'€TEPOLMKINYSCKUX
COCJIMHEHHH B OTHOIICHHM BUpPYyCa OCIOBAKIMHBI B KYJIbType KJIETOK Vero M HMPOBEICHO CONOCTABIICHHE IIOJIyYEHHBIX
JAHHBIX C Pe3yJIbTaTaMH KBAaHTOBO-XMMHUYECKHUX pacdeToB ab initio metogoMm DFT (Teopun ¢yHKIIMOHANA IIIOTHOCTH, aHTIL.
density functional theory). MeToIOM aHaIn3a PAaCUCTHBIX JECKPHIITOPOB MCCICAOBAHHBIX MOJICKYJ, @ HMCHHO Pa3HOCTH
SHEPruil TPAHUYHBIX OpOHUTAJICH U TUIOIBHBIX MOMEHTOB, @ TAKXKE JAHHBIX UX MPOTHBOBUPYCHOIH aKTHBHOCTH pa3paboTaH
yIOOHBII crIOCOO NpeaBapUTENILHONW BHIOPAKOBKM HAMMEHEE aKTUBHBIX COCAMHEHHI, 4TO NO3BOJISET ONTUMHU3UPOBATH MPO-
[eCC MIOMCKA HOBBIX OMOJIOTMUYECKH aKTUBHBIX BEILECTB.

KuioueBble cjIoBa: MPOTHBOBUPYCHAsI aKTHBHOCTB, a30THUCTBIE COJACpI)KAIINE aJaMaHTaH TI'€TEPOLHKIIBI, KBAaHTOBO-
XHUMHYECKHE PacueThl, TeOpHs (yHKIMOHAJA TJIOTHOCTH, IPAaHHYHbIC MOJICKYJIsIpHbIE opOuTanu, Mmeton PYKyH, WHICKC
CEJICKTUBHOCTH

Just uutupoBanus. luxycap, E. A. [IpoTuBoBHpycHas aKTHUBHOCTH COAEPIKALIUX aJaMaHTaH a30THCTHIX F€TEPOIMKIIOB
¥ pe3yJbTaThl KBAaHTOBO-xuMuueckux pacueros / E. A. uxycap, E. H. Mapryn, B. 1. Ilotkun / Becui Haupisinanpnaii
akajgpMii HaByK bemapyci. Cepbist XiMigHbIX HaBYK. — 2026. — T. 62, Ne 3. — C. 215-221. https://doi.org/10.29235/1561-8331-
2026-62-3-215-221

Introduction. An important task in pharmaceutical chemistry is the improvement and development
of new, effective antiviral drugs, due to the ability of viruses to undergo structural changes resulting
from various mutations, leading to the development of resistance to the drugs used. One of the most
common ways to search for new drugs is the chemical modification of compounds with known biological
activity, namely the study of ways to “reanimate” the activity of compounds that have lost their antiviral
properties [1-5]. Adamantane fragments, when introduced into the structure of known pharmacophores,
improve the pharmacokinetic properties of modified compounds, often enhancing their biological acti-
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vity [6, 7]. In work [5], a synthesis of a number of aromatic amides based on 1- and 2-aminoadamanatanes
was carried out, most of which showed significant activity against the cowpox virus in combination with
much lower toxicity. The tetrazole derivatives of adamantane obtained in [7] showed high activity
against the influenza virus A/Puerto-Rico/8/34 sensitive to rimantadine. In our previous work, we de-
scribed the condensation of rimantadine with various substituted hydroxybenzaldehydes, esters and
ethers based on them, as well as 1,2-azole-3-carbaldehydes, the production of azomethines based on
them, whose subsequent reduction yielded various adamantane derivatives; further acylation of these
derivatives containing active amino and hydroxyl groups yielded compounds containing two 1,2-azole
fragments in one molecule [8].

Main part. The aim of this work is to search for correlation dependencies between experimentally
obtained data on the antiviral activity of a series of adamantane-containing nitrogen heterocyclic com-
pounds 1-17, described in work [8], and some molecular parameters (descriptors) of these compounds,
calculated using quantum chemical methods. The use of this type of correlation dependence allows for
the selection and elimination of the least promising compounds even at the stage of quantum chemical
modeling, which should lead to significant savings in laboratory materials and culture media and reduce
the labor costs of medical and biological personnel. The determination of the antiviral activity of the
studied compounds 1-17 was carried out at the Federal Budgetary Institution of Science “State Research
Center of Virology and Biotechnology “Vector” of the Federal Service for Surveillance on Consumer
Rights Protection and Human Wellbeing” (Koltsovo village, Novosibirsk region, Russia) and the obtained
data were published in work [9] (Table 1). Quantum-chemical modeling of adamantane-containing ni-
trogen heterocyclic compounds 1-17 by the ab initio DFT method was carried out using the B3LYP1/
MIDI level of theory, the GAMESS software package [10] and the MIDI basis set [11] (Table 2).

By analyzing the difference in energies of the HOMO and LUMO using the method developed by
K. Fukui [12, 13] (formula 1), the values (AF, eV) were calculated (Table 2):

AF = E

| Eyomo ™ Evumo - Q)]

The value (AF) shows that the smaller its value, the less energy is required for the transition of one
electron from the HOMO to the LUMO, and, consequently, the transition of the molecule to an excited
state. The value (AF) in a number of cases agrees well with experimental data obtained for a series of
compounds with similar chemical structures [14, 15]. At the same time, the higher the value of the dipole
moment (D), the more biologically active the given compound is [14, 15]. To illustrate the relationship
between the experimentally obtained data on the antiviral activity of adamantane-containing nitrogen
heterocyclic compounds 1-17 (Table 1) and some calculated parameters of the molecules, the index (I)
was used, calculated using formula 2:

I=AF/D. )

Table 1. Toxicity (CCy), activity (IC,), selectivity index (SI) and index (I)
of nitrogenous heterocyclic compounds 1-17

Ne Structure and name CTD,,, mg/ml (uM) EC,,, mg/ml (uM) SI
N-(3s,5s,7s)-Adamantane-1- > 100 0.891 >112.23
ilisonico-tinamide (>390) (3.476)
1 HN /
/ N\
N-(3s,5s,7s)-Adamantan-1-yl-4,5- 25.905 0.991 25.22
dichloroisothiazole-3-carboxamide | (78.201) (2.992)
(o)
2 HN
—N
Cl N\ \s
Cl
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Continuation of table 1

Ne Structure and name CTD,,, mg/ml (uM) EC,,, mg/ml (uM) SI
1-(Is,3s)-Adamantan-1-yl-N-[5- 78 3.665 21.28
(4-nitrophenyl)isoxazol-3-1] (204.467) (9.607)
methylethan-1-amine
Me
3 NH
[\
O/
0N
N-(3s,5s,7s)-Adamantan-1- 25.823 4.396 5.87
ylnicotin-amide (100.733) (17.148)
0
4
HN
/\
(E)-N-1-(Is,3s)-Adamantan-1- 100 25.714 3.89
ylethyl-1- (28.989) (76.882)
(5-phenylisoxazol-3-yl)methanimine
Me
5 —~N
|\
0/
E)-N-1-(Is,3s)- Adamantan- 30.848 19.083 1.62
1-ylethyl -1-{4-[5- (67.856) 41.977)
(p-Tolyl) isoxazol-3-yl]-methoxy}
Me L.
phenylmethanimine
N
X
6
Me
= o]
/
O/
1-(Is,3s)-Adamantan-1-yl-N-[(5- 5.206 4.724 1.1
phenylisoxazol-3-yl)methyl]ethan- | (15.472) (14.039)
l-amine
Me
7 NH
|\
0/
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Continuation of table 1

Ne Structure and name CTD,,, mg/ml (uM) EC,,, mg/ml (uM) SI
(37,57, 7r)-N-{5-[5-(p-Tolyl) isoxazol-| > 100 Inactively -
3-yl]-1,3,4-thiadiazol-2-yl}adaman- | (237.795)
o tane-1-carboxamide
g N/NYNH
S
[\
o
Me
Me 3-[N-1-(Is,3s)-Adamantan-1-ylethyl- | > 100 Inactively -

5-(p-tolyl)isoxazole-3- (152.486)
carboxamido]-methylphenyl
5-(p-tolyl)isoxazole-3-carboxylate

Me

9
M (E)-N-[1-(3r,51,7r)-Adamantan-1-yl]-| > 100 Inactively -
i ethyl-1-[5-(p-tolyl)isoxaz- (286.952)
ol-3-yl]-methanimine
N
10
[\
0/
Me
N-(3s,5s,7s)-Adamantan-1-yl-2- > 100 Inactively -

phenylquinoline-4-carboxamide | (261.431)

11
Me 4-(E)-[1-(3r,5r,7r)-Adamantan-1-yl]-| > 100 Inactively -

ethyliminomethyl-2-methoxyphenyl | (210.230)

12 (3r,57,7r)-adamantane-1-carboxylate
~=N
Me,
\
0
[o]




Becni HampisinanpHait akagdmii HaByk bemapyci. Cepbis xiMigabx HaByK. 2026. T. 62, Ne 3. C. 215-221

219

End of table 1

Ne Structure and name CTDj,, mg/ml (uM) EC,,, mg/ml (uM) SI
Me 4-(E)-[1-(3r,57,7r)-Adamantan-1-yl]- | 27.537 Inactively -
ethyl-1-[4-(4,5-dichloroisothiazol-3- | (57.433)
N ylmethoxy-3-methoxyphenyl]-
\ methanimine
13
o]
cl O~Me
Cl \N
5
cl N-1-(Is,3s)-Adamantan-1-ylethyl- 14.092 Inactively -
4,5-dichloro-N-[4-(4,5- (21.304)
a~7 ;i dichloroisothiazol-3-yl)-3-
—N methoxybenzyl] isothiazole-3-
carboxamide
14
4-[N-1-(Is,3s)-Adamantan-1- 5.625 Inactively -
ylethyl]-4,5-dichloroisothiazol-3- (8.715)
carboxami-domethylphenyl
4,5-dichloroiso-thiazol-3-
15 carboxylate
Me 1-(3r,5r,7r)-Adamantan-1-yl- N-[S- 5.341 Inactively -
(p-tolyl)isoxazol-3-yl|methylethan- | (15,238)
l-amine
NH
16
0/
Me
Me 1-(3r,57,7r)-Adamantan-1-yl-N-{4- 4.967 Inactively -
[5-(p-tolyl)isoxazol-3yllmethoxy} | (10.878)
benzyl ethan-1-amine
===
o1
17 h—

4
; |
ZT

Me
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The regression model describing the mathematical relationship between the biological parameters
(CTDs, EC,, and SI, Table 1) and the calculated quantum-chemical descriptors (E};0\00 £y ymo> AF> D, 1,
Table 2) [the determination coefficient (R?), Table 3] demonstrates an extremely low degree of relation-
ship between these parameters (from 0 to 0.0289). This does not allow these descriptors to be used for
direct prediction of antiviral activity. Therefore, an empirical method was developed that allows for the
preliminary rejection of obviously inactive samples by comparing a pre-calculated index (I) for a series
of similar compounds. The index (1) value was found to be in the range of 0.54—1.65 for compounds ex-

hibiting a high (compound 1) or moderate (compound 2, 3) selectivity index (SI, Table 1).

Table 2. Data from quantum chemical calculations of compounds 1-17

Ne E,a.u. E\omor €V E | juo €V AF, eV D,D M N | I
1 —801.78547 —6.6070 —0.4898 6.1172 3.71 256.35 39 1.65
2 —2035.81853 —7.0179 —2.2504 4.7675 3.49 331.26 36 1.37
3 —1237.08822 —6.1090 —2.9008 3.2082 5.89 381.48 55 0.54
4 —801.78662 —6.4900 —0.7265 5.7635 1.59 256.35 39 3.62
5 —1032.61084 —6.4464 —0.2204 6.2260 2.44 334.46 51 2.55
6 —1415.22853 —-6.2070 1.7252 7.9322 3.23 454.61 68 2.46
7 —1033.80361 —5.4233 —1.3905 4.0328 3.77 336.48 53 1.07
8 —1649.14191 —6.4764 —1.3987 5.0777 8.92 420.53 54 0.57
9 —2114.92825 —6.3784 —1.5946 47838 3.99 655.80 90 1.20
10 —1071.69287 —6.3675 —1.8014 4.5661 4.64 348.49 54 0.98
11 —1184.24616 —-6.1770 —-0.9306 5.2464 3.33 382.51 55 1.58
12 —1477.76254 —5.9403 —1.1402 4.8001 2.81 475.67 76 1.71
13 —2496.56203 —6.0274 —0.1252 5.9022 3.10 479.46 59 1.90
14 —2497.77083 —5.4668 —2.2722 3.1946 3.38 661.48 69 0.95
15 —4049.85947 —6.9825 —1.3334 5.6491 4.72 645.44 64 1.20
16 -1072.89709 —5.6219 —1.3742 4.2477 3.66 350.51 56 1.16
17 —1416.44196 —5.4124 —1.3497 4.0627 2.88 456.63 70 1.41

Notes: total energies of the system (E/, Hartree atomic units), energies of the highest occupied molecular orbitals
(HOMO, eV) and lowest unoccupied molecular orbitals (LUMO, eV), energy differences between HOMO and LUMO (AF,
eV), dipole moments (D, D), index (I), molecular weight (M, dalton), and the total number of atoms (V). The values (I) for
low-activity compounds are shown in bold and italics.

Table 3. Determination coefficients (R?) of (CTD,,, EC,, and SI) in relation to the calculated descriptors

(Exomos ELumor AF D, 1)
EHUMO ELUMO AF D I
CTD;, 0.0289 0 0.0035 0.0002 0.0002
EC,, 0.000407 0 0.000026 0.000079 0
SI 0.01001 0 0.0008 0 0

Notes: calculations were carried out using the program Microsoft Excel 2010.

Compounds with high index (I) values of 1.71-3.62 (compounds 4—6, 12 and 13) showed either very
weak activity (4—6) or were inactive. In the remaining cases (compounds 7-11 and 14—17), no correla-
tion was found. However, the use of the index (I) allows for the early rejection of such unpromising com-
pounds as (4—6, 12, 13), the number of which in the sample of 17 compounds presented in this article
was 29.4 %.

Conclusions. Using this technique allows for a nearly 30 % reduction in labor costs associated with
the synthesis, purification, and biological testing of unpromising, low-activity chemical compounds.
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Abstract. Complex compounds based on manganese (IT) chloride crystal hydrate MnCl, - 4H,0 with amino acids of dif-
ferent classes, such as aliphatic — glycine and heterocyclic — histidine and tryptophan have been synthesized and identified
with IR spectroscopy, differenti-al thermal analysis, electron microscopy and elemental analysis. Using elemental analysis
and electron microscopy we determined chemical composition of the complex as [NH,CH,COO],Mn - 2H,0. The catalytic
oxidative activity of [NH,CH,COO],Mn - 2H,0O comples has been tested in the model reaction of aerobic oxidation of isopro-
pyl-benzene (cumene). [NH,CH,COO],Mn - 2H,0 complex demostrated high catalytic activity and accelerated the reaction
by 10 times compared to the control sample. The tests for biological activity demonstrate antibacterial, antiviral and psycho-
tropic properties of synthesized complexes.
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9. P. I'yceiinos, J. b. 3eiinaos, C. K. lllapudosa, ®. A. AdaynnaeBa, C. K. bexoyzoBa

Hucmumym xamanuza u Heopeanuuecko xumuu umenu akaoemurxa M. Haeuesa
Munucmepcmea Hayku u 0bpazosanus Asepoaiioscanckou Pecnyonuku

CHHTE3 U BUOJIOTUYECKASI AKTUBHOCTH KOMILJIEKCHBIX COEIUHEHWI MAPTAHIIA (1)
C AMUHOKHUCJIOTAMHU

Annotauusi. CUHTE3MPOBaHbl KOMILIEKCHBIE COEIMHEHH S HA OCHOBE KpUCTaIoruapara xjaopuaa mapraaua (1) MnCl, - 4H,0
C AMHHOKHCJIOTAMHU Pa3JIMYHOTO Kilacca: aln(paTuIecKUMI — TTTHIMHOM U FeTePOIUKINISCCKUMH — THCTUAMHOM M TPHIITO-
(haHOM C COOTBETCTBYIONIMMH BBIXOJaMH. M IeHTHHUKANINIO IOy YeHHBIX COeInHeHnH npoBoauau Metoaamu VK-cnexkrpo-
ckonuu, TudhepeHnaTbHO-TEPMUYECKOTO aHAIN3a, YIEKTPOHHON MUKPOCKOIIMY U 3JIeMeHTHOro aHanu3a. Ha ocHoBe xumMu-
YECKOI0 aHaJIM3a U 3JIEKTPOHHONH MUKPOCKOIIMH YCTAHOBJIEH KOJMYECTBEHHbIH cocTas komruiekca [NH,CH,COO],Mn- 2H,0.
Hccnenosana katanurtudeckas oxuciaurenbHas aktuHocTh [NH,CH,COO],Mn-2H,O, ucnonb30BaHHOrO B KadeCTBE
aKTUBHOH 100aBKM B MOJEIBHOH peakInu a’3poOHOT0 OKHCIICHHS H30IPONIIOEeH30Ma (KyMoJia). YCTaHOBJICHO, YTO COEIH-
HEHHe 00J1a/1aeT BHICOKOH KaTalIUTUYIECKONH aKTHBHOCTBIO M yCKOpsieT peaknnio B 10 pa3 mo CpaBHEHUIO C KOHTPOIBHBIM
00pa3oM. CHHTE3UpOBaHHBIE KOMIIEKCHI ObLIIN anpoOMPOBAaHbI HA OMOJIOTMYECKYI0 aKTHUBHOCTb. BBIsSBIIEHO, UTO OHM 00J1a-
JAaT aHTI/IGaKTepI/IaHbeIMH, AHTUBUPYCHBIMU U IICUXOTPOIIHBIMU CBOICTBaMH.

KuroueBble cioBa: runuH, TpunTodaH, TMCTHINH, KPUCTAIIOTHApPAT Xjaopuaa Mapranna (II), koMmmiekcHsle coenn-
HEHHSI, a3pOOHOE OKHCIICHHE, H30IPOIHIIOEH301 (KyMoJI), OHOIOrHYecKast akTHBHOCTh

Jas nutupoBanus. CHHTE3 1 OHOJIOrHYecKas aKTHBHOCTh KOMIIIEKCHBIX coequHeHuil mapranma (II) ¢ amuHOKHCITO-
tamu / D. P. I'yceitnos, 3. b. 3eitnanos, C. K. lapudosa [u ap.] / Becui Hanprstnansnait akansmii HaByk benapyci. Cepols
XiMi4HBIX HaByK. —2026. — T. 62, Ne 3. — C. 222-228. https://doi.org/10.29235/1561-8331-2026-62-3-222-228

Introduction. In recent decades, the demand for significant amounts of a-amino acids has been
steadily increasing due to their wide use in biochemistry, microbiology and in the study of plant and
animal tissues [1—4]. In addition, proteinogenic amino acids have found wide application as additives to
natural and processed food and nutrition products [1, 5-7].
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Obtaining biologically active metal-containing compounds by the interaction of transition metals
with natural organic compounds in the liquid phase is one of the promising directions in biochemistry [§].
Complexes of metals and amino acids are components of metal-containing enzymes, vitamins, hor-
mones, pigments, and other substances whose biosynthesis occurs with the participation of 3d-metals.
Atoms of these metals being in complexes with amino acids, proteins and other natural compounds, for
example, iron - in the composition of hemoglobin, cytochromes, transferrins, copper — in the composi-
tion of hemocyanin, tyrosinase, lysyl oxidase, manganese — in the composition of carboxylase, arginase,
provide the normal course of biochemical processes and stimulate metabolism [9]. Therefore, the study
of the interaction of 3d-metals with amino acids as the simplest models for the formation of their com-
plexes with proteins will contribute to a more complete understanding of the mechanisms of biochemi-
cal reactions [10—13]. The possibility of such reactions is indicated by the processes of leaching (dissolu-
tion) of some transition metals in the presence of amino acids contained in the metabolic products
of microorganisms such as bacteria and fungi [14—18].

Thus, it should be noted that the study and investigation of the behavior of metal complex com-
pounds with natural proteinogenic amino acids in biochemical processes occurring in living organisms
and plant cells represent a very important, promising and relevant scientific direction of modern bio-
chemical and biomolecular science.

One of the interesting applications of amino acid salts is their potent ability to catalyze the oxidation
processes of organic substances. In this sense, manganese salts of amino acids for the catalysis of hydro-
carbon reactions are of particular interest. The previous practice of using manganese salts of organic
acids has shown that they are quite effective for the processes of interphase aerobic oxidation of hydro-
carbons [19].

The main purpose of the work is to study the role of metals and their compounds in living organisms
and in the environment, to study the reactivity of metal ions and their compounds in relation to biologi-
cal substrates, to synthesize biologically active compounds and to create biomaterials.

Experimental part. The present work presents the synthesis of complex compounds of manga-
nese (II) with a number of aliphatic and heterocyclic amino acids according to the corresponding meth-
ods [20-22]. The reactions of manganese (II) chloride MnCl,- 4H,0 with glycine, histidine and trypto-
phan have been studied.

Synthesis of manganese complex compounds. Manganese glycinate dihydrate [NH,CH,COO],Mn - 2H,0
[I] was synthesized by interaction of aminoacetic acid (glycine) with manganese tetrahydrate MnCl, - 4H,0.

MnCl, - 4H,0 solution in the amount of 9.9 g (0.05 mol) has been dissolved in 50 mL of water (pH 3)
and heated at 4550 °C for 30—40 minutes. To the homogeneous solution 7.5 g (0.1 mol) of glycine were
added in small portions and kept under continuous stirring for 40-45 minutes at a temperature of 45—
50 °C (pH of the reaction solution was 6—6.5). The ratio of initial components in the system was 2 : 1.
Then the reaction mixture was cooled down to 10 °C, the crystalline product was filtered, washed thor-
oughly with ethanol and dried at room temperature. The yield of the target product manganese (1) gly-
cinate dihydrate, [NH,CH,COO],Mn - 2H,0 was 76 % (9.1 g). Manganese glycinate (II) is a powdery
substance of white color with a slight pinkish tint, readily soluble in water, but insoluble in ethanol and
acetone.

The complex Mn?" with histidine was obtained in a water-methanol medium at the ratio of the initial
components equal to 1:2 for 3 hours at a temperature of 35-40 °C with a yield of the target product
of 68 %. Crystals of complex compound of manganese (II) obtained in this process are dark purple in
color. Synthesized complex [C,HN,O,],Mn - 2H,0 [II] is insoluble in alcohols, benzene, toluene and
acetone, but readily soluble in water at room temperature.

Accordingly, the complex of manganese (II) with tryptophan was obtained at the ratio of initial com-
ponents equal to 1:2 for 3 hours with continuous stirring and at a temperature of 37-40 °C. At the end
of the reaction the obtained solution was filtered, washed several times with water followed by recrystal-
lization, evaporated at 40 °C and dried with anhydrous CaCl, for 24 hours. Precipitated crystals of the
complex [C, H; N,O,],Mn - 2H,O [III] are dark purple in color, insoluble in alcohols, aromatic hydro-
carbons, and organic solvents, but readily soluble in water at room temperature. The yield of the reaction
product was 71.0 %. The synthesized complexes are sufficiently stable to light and air.
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Characterization of the synthesized manganese (II) compounds. Methods of IR spectroscopy,
differential thermal analysis, as well as electron microscopy and elemental analysis were used to deter-
mine the composition, structure and stability of the obtained products.

Infrared spectra of the samples were recorded using a Thermo Scientific Nicolet iS10 spectrometer
(USA). During the formation of the manganese (II) glycinate complex, the absorption bands of NH stretch-
ing vibrations of the NH,*-group are observed in two cases: vNH = 3 018.98 cm™ and vNH =3 069 cm™".
According to the IR spectrum of the synthesized complex, the characteristic absorption bands for the
carboxyl group fragments are observed in four cases: 1 629 cm™', 1 570.75 cm™!, 1 408.97 cm™! and
1 343.66 cm™!. The above confirms the formation of manganese (IT) glycinate dihydrate based on the re-
action of aminoacetic acid with MnCl, - 4H,0.

Figure 1 shows the IR spectrum of the synthesized complex compound [NH,CH,COO],Mn - 2H,0.
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Fig. 1. IR spectrum of the synthesized complex [NH,CH,COO],Mn - 2H,0

Differential thermal analysis (DTA) was carried out on a NETZSCH Proteus 449 F3 thermal analy-
zer in heating mode at 10 °C per minute from 25 to 900 °C in nitrogen atmosphere.

Figure 2 shows the TG/DTA curves of the initial tetrahydrate of manganese (II) chloride
MnCl, - 4H,0 (Fig. 2, a) and the synthesized complex compound of manganese (II) glycinate dihydrate,
[NH,CH,COO],Mn - 2H,0 (Fig. 2, b).

As can be seen from Fig. 2, a, the compound MnCl, - 4H,0 is stable only up to 263.7 °C. At this tem-
perature, an endothermic peak is observed on the DTA curve. On the TG curve, this thermal event
marks the beginning of the compound’s decomposition; in other words, the onset of degradation is endo-
thermic. Then, there is a gradual decrease in the mass of the sample up to the almost complete decompo-
sition of the compound at temperatures of 800—900 °C. According to Fig. 2, b, the synthesized com-
pound has a completely different profile from MnCl, - 4H,O in terms of its DTA and TG curves. It
should be noted that the main processes of partial decomposition of the synthesized complex
[NH,CH,COO],Mn - 2H,0, such as the rearrangement or detachment of molecular fragments, are ob-
served in the temperature range of 100200 °C. In this temperature range, two endothermic and two
exothermic events are observed on the DTA curves. Obviously, the processes of heat absorption and re-
lease are not only alternate but also overlap. According to the thermal analysis, stepwise dehydration
occurs at temperatures of 148.1 °C and 200.9 °C, respectively; the amount of evaporated water was cal-
culated from the corresponding peak areas. The TG curve shows a sharp, stepwise mass loss up to
a temperature of 200 °C, after which the structure of the remaining part of the molecule remains stable
up to 500 °C. With a further increase in temperature, there is a gradual drop in the mass of the sample
up to a temperature of 646.4 °C. After this mass loss, there are no further processes of heat absorption
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and release in the system. It should be noted, that at a temperature of 646.4 °C an endothermic peak in-
dicates the beginning of the separation of manganese from chlorine, followed by the decomposition
of the synthesized product at 876.5 °C.

The composition and scanning electron micrographs of the synthesized sample were studied using
a Hitachi S-3400N scanning electron microscope (Japan) equipped with an Oxford Instruments energy-
dispersive X-ray spectrometer. The melting temperature was determined using a Boétius optical micro-
heating stage microscope (Germany). As a result of the studies, it was found that the melting onset tem-
perature of the synthesized complex [NH,CH,COO],Mn - 2H,0 is 230 °C. Figure 3 shows the scanning
electron micrographs of the synthesized sample. It should be noted that crystal hydrates under the influ-
ence of vacuum change their composition, losing some amount of water.

LoD TN P

Fig. 3. Scanning electron micrographs of the synthesized sample [NH,CH,COO],Mn - 2H,0

On the basis of the chemical analysis and electron microscopy, the proposed structure of the synthe-
sized compound consists of the following number of atoms: Mn-1; O-6; C-4; N-2 ; H-12 (Fig. 4).

Full Scale 100 cts Cursor: 0.000 ke

Fig. 4. Atomic spectrum of synthesized manganeseglycinate [NH,CH,COO],Mn - 2H,0

Oxidation of isopropylbenzene. Figure 5 shows the kinetic curves of oxygen uptake during the aerobic
oxidation of isopropylbenzene (cumene) at 100 °C in the presence of [NH,CH,COO],Mn - 2H,0 additive.

The results show that the complex displays high catalytic activity in the system. From the oxygen
uptake kinetics, it is seen that the manganese complex has significant catalytic activity and accelerates
the reaction by a factor of 10 (Fig. 5, 2) compared to the control sample of isopropylbenzene containing
no additives (Fig. 5, 7).

Evaluation of synthesized complexes of Mn?* with glycine, histidine and tryptophan for biolo-
gical activity. Synthesized complex compounds of manganese (II) with the above-mentioned amino
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Fig. 5. Profiles of kinetic curves of oxygen uptake during the aerobic oxidation of cumene in the absence (/)
and presence of glycinate manganese (II) complex [NH,CH,COO],Mn - 2H,O (2). The volume of the reaction mixture
is 10 ml, and the temperature is 100 °C. Amount of additives: / — 0; 2 — [NH,CH,COO],Mn - 2H,0 =2 g/l

acids were evaluated for biological activity. Primary tests showed that the obtained complex compounds
have antibacterial, antimicrobial and antiviral properties, as well as sedative and antidepressant effects
(psychotropic activity).

Results of initial tests of complex compounds of manganese (II) with glycine [I], histidine [II] and tryptophan [III]

Biological activity
Ne
Antiviral Antibacterial Psychotropic
Weak activity against Staphylococcus
(1] Not detected aureus (100 mg/ml) Not detected
1] Weak activity Weak activity against Staphylococcus Sedative sedative effect at a dose
against rotavirus aureus (100 mg/ml) of (15-20 mg/kg)
Activity against Antidepressant, sedative effect
1] rotavirus Not detected (20-25 mg/kg)

Thus, the synthesized complex compounds can be further used as intermediates for the subsequent
production of drugs necessary for human life activity.

Conclusions. Complex compounds based on MnCI, - 4H,0 with glycine, histidine and tryptophan
have been synthesized. The composition and structure of the obtained products were determined on the
basis of IR spectroscopy, differential thermal analysis, electron microscopy, and elemental analysis.

When used as an active additive in the model reaction of aerobic oxidation of isopropyl benzene (cu-
mene), the complex [NH,CH,COO],Mn - 2H,O exhibited high catalytic activity and accelerated the re-
action by a factor of 10.

The synthesized complex compounds were tested for biological activity and found to possess anti-
bacterial, antiviral and psychotropic properties.
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A. . 3axapuyk, B. C. boarosckuii, E. II. lInmakos
Benopyccruii cocyoapecmeennuiii mexnonozuueckuii ynugepcumem, Muwnck, Berapyco

BJIMUSTHUE TAPAMETPOB KMCJIOTHO-IEJIOYHOM OBPABOTKHA
HA KOMIIOHEHTHBIA COCTAB KOPOTKOI'O BOJIOKHA JIBHA-JTOJIT'Y HITA

AnnoTtanus. [IpencTaBieHbl pe3ybTaThl HCCIICIOBAHUH BIMSHUS ABYXCTaAMHHON KHCIOTHO-IIEIOYHOIT 00paboTKH Ha
KOMITOHEHTHBIH COCTaB, CTPYKTYpPY M ITOKa3aTelb OSIN3HBI KOPOTKOTO BOJIOKHA JIbHA-0ATyHIA. [IpenBapuTensuas oopa-
6otka 1,0%-# a30THOH KHCIOTOMH B TeUeHHE | U ¢ MOCIeyIomel MEeNI0THON BapKoi pacTBOPAaMU I'HAPOKCHIA HATPHUS C KOH-
nentpanueit 1,0-5,0 % B Tedenune 1-5 4 mo3BonMIa yCTAHOBUTD, YTO YBENMYEHUE KOHIIEHTPALUH LIET0YN U TTPOIOIKHUTEIb-
HOCTH BapKH CIIOCOOCTBYET CHIKCHHUIO COlepkanus turauna ¢ 5,9 10 0,25 % u 3ompH0CTH ¢ 1,2 10 0,3 %, Ipu 3TOM cozaep-
JkaHMe anbda-nesTono3sl yBennuusaercs ¢ 84,0 1o 95,4 %. AHann3 JaHHBIX MOKA3bIBaeT, YTO ABYXCTaAHlHas oOpaboTka
KOPOTKOT'0 BOJIOKHA JIbHA CYIIECTBEHHO MOBHIMIACT OCIH3HY LEJITI0NO03b], 00ecednBasi MAKCHMaJIbHOE yBEIHUCHHE IT0Ka3a-
Tenst OeMU3HBI MPU UCTONB30BaHUK 5,0%-T0 pacTBOpa MIENOYH B TEUEHHH 5 9 00pabOTKH. DTO CBSI3aHO ¢ MHTEHCHBHBIM
yJlaJdeHHEM OKpPAIIMBAIOIMINX KOMIOHEHTOB — MPEUMYIIECTBEHHO TUTHUHA, TUTMEHTOB U 9KCTPAKTUBHBIX BemecTs. [lomy-
YEeHHBIE PE3yJIbTAaThl CBUCTEILCTBYIOT O TOM, YTO 00pabOTKa a30THOM KHUCIIOTOH oOecrneynBaeT KIIOUeBble TEXHOJIOrHYe-
CKHe IIPEeUMYIIEeCTBA ABYXCTaAMHHOIO Iporecca (MaJiasi IpooJDKUTEIBHOCTH IIPOoLiecca, IPOBEIeHHE BapKy IIpu aTMocdep-
HOM JIaBJICHUU U HEBBICOKOI TEeMIIEpaType) 1 IO3BOJISET ITOBBICUTE AP PEKTHBHOCTH MPOIIECcCa IOy YeHHS IEUTI0I035I BEICO-
KOT'0 KaueCTBA M3 KOPOTKOTO JILHSHOTO BOJIOKHA.

KiroueBble ¢J10Ba: ICH-TONTYHEI], KOPOTKOE BOJIOKHO, TUTHHUH, AETUTHU(PHUKALUS, a30THASI KUCIOTA, THAPOKCU HATPUs,
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THE EFFECT OF ACID-BASE TREATMENT PARAMETERS
ON THE COMPONENT COMPOSITION OF SHORT FLAX FIBER

Abstract. The article presents the results of research on the effect of two-stage acid-base treatment on the component
composition, structure and whiteness index of short flax fiber provided by the Republican Unitary Industrial and Trading En-
terprise “Orsha Flax Processing Plant”. Pretreatment with 1.0 % nitric acid for 1 h followed by alkaline cooking with sodium
hydroxide solutions with a concentration of 1.0-5.0 % for 1-5 h made it possible to establish that an increase in alkali concen-
tration and cooking time contributes to a decrease in lignin content from 5.9 to 0.25 % and ash content from 1.2 to 0.3 %,
while the content of alpha-cellulose increases from 84.0 to 95.4 %. Data analysis shows that the two-stage processing of short
flax fiber significantly increases the whiteness of cellulose, providing a maximum increase in the whiteness index when using
5.0 % alkali solution for 5 h of treatment. This is due to the intensive removal of coloring components, mainly lignin, pig-
ments and extractives. The data obtained indicate that nitric acid treatment provides the key technological advantages of the
two-stage process: short process time, cooking at atmospheric pressure and low temperature. These findings make it possible
to increase the efficiency of the process for obtaining high-quality cellulose from short flax fiber.
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Beenenne. OTHUM M3 KPYIMTHOTOHHAXHBIX M BOCTPEOOBAaHHBIX MPOJYKTOB, MOIy4YaeMbIX U3 PacTU-
TEJBHOTO CHIPbS, SIBIISITCS IIEJUTION03a (TEXHUYECKasl, MUKPOKPHCTAITMYecKasi, HAaHOIIEILTION03a 1 pa3-
HOOOpa3HbIE MPONYKTHI €€ XMMHUYECKOl mepepaboTku). B HacTosmiee BpemMs B Ka4eCTBE CBHIPhS IS
MOy YEeHHU I LIEJUTIOJIO3B] MCTIONB3YETCsI IPEUMYIIIECTBEHHO IPEBECHHA XBOWHBIX U JINCTBEHHBIX MTOPO/I.

Lemrono3y moyiy4aroT B OCHOBHOM cylib(atHbIM [1], cynbduTHbIM [2] MeTOIAMU U UX MOAM(HKA-
nusivu [3]. YBennueHne 00beMOB ITPOM3BOJICTBA IEJUIFOIO3bI U YIKECTOUSHUE IKOJIOTUUYECKUX TPedo-
BaHWU 00OCHOBBIBAIOT HEOOXOIMMOCTB TIOCTETIEHHOTO OTKa3a OT TEXHOJIOTMUECKUX TTPOIECCOB NETUTHHU-
(huKanuu ¢ MPUMEHEHUEM CEepPO- U XJIOPCOACPKAIIUX PEareHTOB. DTO CTUMYJIUPYET pa3paboTky Oomee
9KOJIOTMYHBIX aJIETEPHATHBHBIX CIIOCOOOB NepepabOTKH PACTHTEIBHOTO CHIPHSI.

BcernencTBue HHTEHCHBHO MCTIONB3YIOMIMXCS U COKPALIAIOIIMXCS 3a11aCOB IPEBECHUHBI, BO30OHOBIIE-
HHE KOTOPOW MPOUCXONIUT JUTUTEIFHOE BpEeMsl, Bce OOJbIllee 3HAYCHHE, B TOM YHUCIE ISl TIOITyYeHUS
LIEJUTIOJIO3BI BEICOKOTO Ka4eCcTBa, MPHOOPETAIOT HEIPEBECHBIE PACTUTENbHBIE OTXO/BI CEIHCKOT0 XO03STH-
CTBa, 00pa3yIoIMecs MpH BeIpAIlMBaHNHU, cOOpE U MEPBUYHON NIepepabOTKe TPABSIHUCTHIX, 36PHOBBIX,
MacCIUYHBIX U IJIOJOBBIX KyJbTYp [4—8].

OcoObIif UHTEpEC TS TTOTYYSHH S TeIIITI0II03bI IIPECTABISIOT TyOsHbIE KYIBTY PhI — JICH-JIONTYyHeIl
" KoHOTLTS [9—14].

Konomst B PecriyOmnmke benapychk He KylnbTUBUPYETCs, & OCHOBHOM JIYOSTHOM, TPpaJIUIIMOHHO BO3/Ie-
JIBIBAEMOM KYJIBTYPOH sIBIsETCS JIeH-10ATryHen [15].

JleH — 3TO €XeroHO BO30OHOBIIIEMBIiA, OTEUECTBEHHBIN U 3KOJIOTMYECKH YUCTHIA PECYPC, UTO AeTaeT
€ro MEePCIEeKTHBHBIM CHIPhEM IS MPUMEHEHHS B Pa3IMYHBIX OTPACISIX MPOMBIIUICHHOCTH. B cBs3n
C pacTyIINM MHPOBBIM CIIPOCOM Ha JBHSHOE BOJIOKHO B PecrryOnmke benapych, IBIAIOmENHCS OTHUM U3
KPYMHEHIINX MPOU3BOJUTENEH JIbHA-I0JITYHIA, aKTUBHO MPOBOISITCS MEPONIPUATHS IO yBEIHMYEHUIO
MOCEBHBIX TUIOLIA/ICH M PacIIMPEHHUIO ChIpheBOi 0a3bl. OcoOBIN HHTEpEC A XMMHYECKOH nepepadoT-
KU TIPEJCTAaBISAET KOPOTKOE BOJOKHO JIbHA-IONTYHIA, KOTOPOE SBISIETCS OTXOIOM IIPU TMOTyYECHHUH
JUTMHHOTO BOJIOKHA M B HACTOSIICE BPEMs UCIIONIB3YETCsl HEpaIluoHaIBHO [16]. braromapst ceoemMmy KoM-
MOHEHTHOMY COCTaBY OHO MOXKET MPUMEHATHCS JUISl TIOJTYUEHU S LEJITI0JIO3b] C BEICOKUM COIEp )KaHUEM
ab(a-1ueIoNo3sl, KOTopas BOCTpeOoBaHa B MIPOU3BOJICTBE MAaTEPUAJIOB Pa3IUYHOr0 (HyHKIUOHATIb-
HOT'O Ha3HAYCHUSI.

BaxxapiM 3Tarmom 006paboTKH JHHSHOTO BOJIOKHA IPY TIOYUYEHUH MEJUTIONO3bI SBISIETCS ASTUTHU-
(ukamus — yaajaeHue JUTHIHA — HEYTIIEBOJHOTO OMOMOIMMepa, ITPUIAIOIETO MPOYHOCTh U )KeCTKOCTh
KJICTOYHBIM CTEHKaM PAacTEHHH, a TakyKe 00eCleunBaOIero X 3alIUTY OT BHEIIHUX (aKTOPOB. DTOT
Iporecc HeoOXOUM JIJIs MTOJTYYSHH S BRICOKOKAUECTBEHHOW IEJUTIONIO3bI, IPUTOAHOMN /IS AaIbHEHIIICH
XUMHYECKOW TiepepaboTku. M3yueHue pa3iMdHBIX METOMIOB JETUTHU(PHUKAIIUN PACTUTEIBHOTO ChIPhS
MO3BOJISIET OIEHUTh UX d(Q(HEKTUBHOCTD U BHIOPATh ONTUMAIBHBIA CIOCOO JJISI MOMYYEHUS JIbHSHOM
LEJUTIONO3BI C BEICOKUM COZIEpKaHUEM anb(a-1eJUTI0I0361 © MUHUMAaJIbHBIM — JTUTHHUHA.

W3BecTHBI HccneqoBaHMs, MOCBSIICHHBIE TOTYUYEHHUIO LEJUIFOJIO3bl U3 Pa3IMYHBIX YacTel JIbHA:
BostiokHa [17], kocTpsl [18, 19] 1 comomet [11, 20], KoTOpBIE IBISIOTCS OTXOIaMHU JTbHOTIEpepadaThIBAIOIICH
MIPOMBIIIIEHHOCTH. J{JIst ATUX 1ienel ObUTH MPeJIOKEeHBl XUMHYECKHe (IIeT0YHbIC, KUCIOTHBIE, OKHUC-
auTenpHble U T. 1) [10, 13, 21, 22], 6uonoruueckue (¢ UCIOJIb30BaHUEM IPHOOB, OakTepuii 1 pepmMeHT-
HBIX MPENapaToB, CIIOCOOHBIX K CEJICKTUBHON AeaurHudukanun) [23—26], a Takke KOMOMHUPOBAaHHBIC
(usuko-xumuaeckue [27-31] meTonsr neaurHuuKanuu. HecMoTpsi Ha MOJMIOKUTEITBHBIE PE3YIIBTATHI
71a00paTOPHBIX UCCIEOBAHNHN, HU OIMH U3 MPEIJIOKESHHBIX CIIOCOO0B 0 HACTOSAIIETO BPEMEHH HE T10-
JYYHJI IIHPOKOTO TPOMBIIIJIEHHOTO BHEAPEHHS. DTO CBS3aHO KAaK C TEXHOJOTHYECKOH CIIOAKHOCTHIO
MacIITaOUPOBaHUsI MPOLIECCOB, TAK M C HEIOCTATOYHOH SKOHOMUYECKO 3P PEeKTUBHOCTHIO, a TAKKE OT-
CYTCTBHEM KOMIIJICKCHBIX PCILCHHM, COUCTAIOINX IKOJIOTHYECKYyl0 0€30IacHOCTh, pecypcocOepexe-
HHE W COOTBETCTBHE TPeOOBAaHMSIM COBPEMEHHOTO TPOU3BO/CTBA. TakuMm 00pa3oM, akTyallbHOU 3ajia-
4elt sBisieTes pa3padoTka d3(h(HEKTUBHON U SIKOHOMHUYECKH IIeJIeCO00pa3HON TEXHOJIIOTHH TIepepadboTKu
JIBHSHOTO CBIpbs, OOECNeYMBaIONIell yMEHbIIEHNEe KOJIMYecTBa CTaJui M HCKIIOYEHHE TOKCHYHBIX
cepo- M XJIOPCOoAEpKAIUX ACTUTHUQUIUPYIOMINX areHTOB MPH MOJYyUYEHUH LEITI0NI03HOTO POYyKTa
C BBICOKHM COJIepKaHUEM allb(a-IeITI0I03bI.

OnHUM W3 XUMHYECKHX METO/OB BBIJICICHUS LEJUTIONIO3bI U3 PACTHTEIBHOTO CHIPhS SBISETCA
A30THOKHCIIBIN CIIOCO0, OCHOBAHHBIHM Ha MOCIe0BAaTEIEHOH 00pabOTKe ChIPhsl pa30aBICHHON a30THOM
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KHUCIIOTOH C MOCIEAYOIIEH MIEIOYHOM IKCTPAKITUEH TPOIYKTOB OKUCICHHUS U TPEACTABIISIIONINI COO0i,
0 CYTH, ABYXCTaAUHHBIN a30THO-KHCIOTHO-IIEIOYHON mporiece aenurauduranuu. A30THas KHCIOTa
obecrednBaeT THAPOIH3 TEMUIIEIUIION03 U OKHCIUTEIBHYIO JECTPYKIUIO JIUTHUHA ¢ 00pa3oBaHUEM
HUTPOJIMTHUHA U KapOOKCHIMPOBAHHBIX (YParMeHTOB, KOTOpPbIE BIIOCIEICTBHH JIETKO PACTBOPSIFOTCS
B mienoud. J[aHHBIA MOIX0J MOXET OBITh 0COOECHHO P(PQPEKTHBEH NMPH MepepadoTKe TPAaBIHHCTOTO
CBIPbsI M JIMCTBEHHON JIPEBECHHBI Oarofapsi UX BBICOKOW MPOHUIIAEMOCTH, B TO BPEeMs KaK XBOHHas
JpeBeCcHHA U3-3a IIJIOTHON CTPYKTYPHI IIOXO MOANAETCS TPOIUTKE KHCIOTONH. HecMoTpst Ha BbiieneHue
TOKCHYHBIX Ta3000pa3HBIX MOOOYHBIX NPOAYKTOB (OKcuabl azora, CO, U 1p.), METOX OCTAETCA Hep-
CHEKTHUBHBIM OJlarogapsi BO3SMOKHOCTH MPOBEACHHS BapKH MPpU aTMOC(EpPHOM JIaBIIEHUU M pereHepa-
M PeareHToB. BBUY BBICOKOI CENEKTHBHOCTH W OTHOCUTENHHOM MPOCTOTHI alapaTypHOro opopm-
JICHUS! a30THOKHUCIBIA CIOCO0 paccMaTpHBAEeTCs KaK MOTEHIHAIBHO MPUMEHWUMBIN IS TOJTyYeHUS
IIEJUTION03BI M3 KOPOTKOTO JIBHSHOTO BOJIOKHA M IPYTHX OMHOJICTHUX KyIbTYyp [32-35].

B mporiecce 00paboTkH BOTIOKHA a30THOM KUCIOTOW OCHOBHASI YaCTh JINTHUHA, TIEKTHHA U dKUPOBBIX
BEIIECTB OKHCIAETCS. J[pyrast 4acTh 3THX BEIIeCTB KOHIACHCHPYETCS M OCTAeTCs B CTPYKTYPE BOJIOKHA.
Takoe BOJIOKHO MMEET JKEITHIA I[BET W HETPUTOMHO JIJISI MPOU3BOJACTBA OyMaru W IEIUTIONO3bI IS
XUMHUYECKON repepaboTku. OO6paboTKa OKHCICHHOTO JHHSHOTO BOJOKHA PACTBOPOM THIPOOKHMCH HAT-
pHS TIO3BOJISIET TIEPEBECTH YaCTHYHO OKHCIICHHBIN JINTHHH B BOJOPACTBOPHMOE COCTOsTHUE. Bhicokas
peakIroHHAas CIIOCOOHOCTh a30THON KUCIOTHI [0 OTHOIICHUIO K JINTHUHY ONPE/EIsieT OCHOBHbBIE TEX-
HOJIOTMYECKHE MPEUMYILECTBa Ipolecca — OBICTPOTY, YMEPEHHYIO TEMIIEPaTypy U OTCYTCTBHE MOBbI-
HIeHHOTo faBiieHHs.. CpaBHUTENBHO HU3Kasl TEMIepaTypa BapKd M LIEJIOYHONW AKCTPAKLIMH CIIOCO0-
CTBYET YMEHBIICHHUIO pacxoja Telia, a IPOBEICHUE BapKU MpPHU aTMOC(HEPHOM JaBJICHUU MO3BOJISIET
UCTIOIh30BaTh O0JIee TPOCTOE BapouHoe 00opypoBaHue [36].

Lenbto nanHO#M paboThl SBISETC U3yUCHHE 3aKOHOMEPHOCTEH U3MEHEHHUSI COJICPKAHMSI OCHOBHBIX
KOMITIOHEHTOB B KOPOTKOM BOJIOKHE JIbHA-A0JITYHIIAa TIOCJIE KUCIOTHO-LIEIOYHOH 00pabOTKH.

MeToauka 3KcIepuMEHTa 1 MeTO/IbI HecJIeIoBaHus. B kauecTBe 00bekTa HCCIIEIOBAHMS UCTION b-
30Bajii 00pa3lbl KOPOTKOTO JILHSHOTO BOJIOKHA, IpenoctasieHHble PYIITII «Opmanckuii T5HOKOM-
OMHAT» C UCXOMIHBIM cojiepkanueM ajb(a-eitonossl 84,0 %, murauna 5,9 % u 30is1 1,2 %.

OO0pa3iibl MoBEPraiv IByXCTaIMHHON XMMUYEeCKOi 00paboTke. Ha mepBoii craguu ux oopadarThi-
Banu 1,0%-M BOJHBIM pacCTBOPOM a30THOM KMCIIOTHI B TeUeHHE | 4 MpH TeMIieparype KUIEeHNs pacTBO-
pa (maHHBIC TApaMeTPhl, KAK HaMH ObLIO YCTAHOBJICHO paHee [37], 00ecneunBaOT YaCTHIHOE yIaJIeHNe
JUTHHHA TIPU MHHUMaIILHOHM ECTPYKIIUU allb(}a-1eIUTI0I03bl), Ha BTOPOH — OCYIIECTBIISIIN IEIOYHY IO
00paboTKy pacTBOpaMH THAPOKCHIA HATPUS B nuama3zoHe koHneHTpamuit 1,0-5,0 % B Teuenne 1-5 g
MIpH TeMIepaType KHUIEHUs pacTBOpa IS AalbHEUINeH AeTUTHU(PUKAINA U OYUCTKH IEIIITI0I03HON
¢pakuun. BuszyanabHO OlleHMBAlW W3MEHEHHE BHENTHETO BH/Ia BOJIOKHA M OMPEENSUIH CONEp)KaHWe
JUTHUHA, aTb(a-1eJITI0IO3bI, 30JII TT0 CTAHIAPTHBIM METOIUKAM, IPUHITHIM B XUMHUH ¥ XUMHYECKOH
TEXHOJIOTHH PacTUTEIbHOrO ChIpbs [38], u crenmenb 6enusnasl [[[OCT 30437-96]. OTHOCHTEIBHAS T10-
TPEIIHOCTH ONPEIEICHNS COIEPKAaHNSI KOMIIOHEHTOB cocTaBmia £2 %.

Pe3yasTaThl 1 X 00cyKAeHUE. B Mporecce KMCIOTHO-IIIEI0YHON 00pa00TKH BOJIOKHA TPOUCXOIUAT
pacTBOpeHHE MPOIYKTOB OKUCIIEHUS W ITEpeXo] WX B pacTBOp. B TBepIoM ocraTke HaKalIMBaeTCs
EJUTFOII03a.

W3menenune conmepkanus anb(]a-IeIuTono3sl B BOJOKHE JIbHA TIOCTE JBYXCTaIUHHOW 00paboTKH
B 3aBHCHMOCTHU OT KOHIIGHTPAI[MU PAcTBOPA IIEJIIOYU U MPOJIOJKUTEILHOCTH BO3ACUCTBHUSI MPEICTAB-
neno Ha puc. 1. Kak BugHO u3 rpaduka, conepxxanue anb(a-1esuIrono3sl B KOPOTKOM JIBHSHOM BOJIOKHE
nocJe KUCIOTHO-1eI0uHoi 006padoTku 1,0%-ii a30THOI KuciaoTol B TeueHue 1 4 u pactBopamu NaOH
¢ xonuentpauueir 1,0-3,0 % B TeueHue mepBbIX 3 U yBEJIMUYMBAETCS: Tak mpu obpadoTke 1,0%-m
pPacTBOPOM WIENIOUHU €€ conepkanue Bo3pactaeT 10 954 %; 2,0%-m — mo 95,1 %; 3,0%-m — no 93,2 %.
MaxkcumyM pocturaercs nocie 3 4 Bapku. [lpu nocnenyromieir 00paboTke BOJOKHA coepKaHne albga-
LEJITION03bl HAYMHAET HE3HAYUTEIbHO CHUKATHCS.

IIpn yBennueHuH KOHIIEHTpauuu pactBopa menoun 1o 4,0-5,0 % makcumanbHOE Colep)KaHHe
anbga-uemnono3sl — 10 91,9 % nocruraeTcs yxe yepes 2 4 Bapku npu oopadotke 4,0%-M pacTBopom
1 92,2 % — 5,0 %-M, a mocne S 1 Bapku ee coaep:xkanue nagaet 10 89,3 % (mpu 4,0%-m pactBope) u 89,1 %
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(ipu 5,0%-M pactBope). Takas TuHAMIKA CBUICTEIBCTBYET O 0OJIce HHTCHCUBHOM H YKECTKOM BO3/ICH-
CTBUU WIICJIIOYHOW CPEJIbl, IPUBOJSAIIEM HE TOJBKO K 3(()EKTHBHOMY YIaJICHUIO JIMTHUHA, HO U K 4Ya-
CTUYHOU JIerpaJialluy EJUTFOJIO3bI IPU JTUTEIbHON 00padoTke. Haubonee cuiibHOE pa3pylieHue mei-
JI0JI03BI MMPOUCXOUT B KOHIIE BAPKH, KOT/Ia B BOJIOKHE OCTAE€TCS MaJo JUTHUHA.
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Puc. 1. I3MeHeHue conepxkanus aib(a-1e/IroI03bl B BOJIOKHE JbHA, IPEBAPUTEIBHO 00pab0TaHHOM PacTBOPOM a30THOI
KHCIIOTBI, B 3aBUCHMOCTH OT IIPOAOJKUTEILHOCTH BO3JIEHCTBUS PacTBOPA FMIPOKCUIA HATPH S Pa3THYHON KOHIIEHTPALIUH:
1-1,0%;2-2,0%;3-3,0%;4—-4,0%;5-50%

Fig. 1. Changes in alpha-cellulose content in flax fiber, pre-treated with a solution of nitric acid, depending on the duration
of treatment with sodium hydroxide solutions of different concentrations: 7 — 1.0 %; 2 —2.0 %; 3 — 3.0 %; 4—4.0 %; 5—5.0 %
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Puc. 2. M3meHeHne cofepkaHusl TUTHUHA B BOJIOKHE JIBHA, IIPEJIBAPUTEIIEHO 00pab0TaHHOM PAaCTBOPOM a30THOM KUCIIOTHI,
B 3aBUCUMOCTH OT IIPOJOJIKUTECIIBHOCTH BO3ACHCTBUS pacTBOPA T’MIPOKCUA HATPUS PAa3IMYHON KOHLICHTPALIUH:
A—-1,0%;B—-2,0%; C—-3,0%; D-4,0%;E—-5,0%

Fig. 2. Changes in lignin content in flax fiber, pre-treated with a solution of nitric acid, depending on treatment duration
with sodium hydroxide solutions of different concentrations: A — 1.0 %; B —2.0 %; C — 3.0 %; D — 4.0 %; E— 5.0 %
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W3meHeHue conepkaHus JINTHUHA B BOJIOKHE JIbHA TOCJIE JIBYXCTAJIUWHON 0OpaOOTKH B 3aBHCH-
MOCTH OT MPOJOKUTEIBHOCTH BO3JEHCTBUS M KOHIEHTPAIMK PAcTBOpA IIEIOYH IPEACTaBICHO Ha
puc. 2. Ilpn MOBBIIIEHNHN KOHIIEHTPAIMU IIEJOYN W YBEIWYEHUH MPOJOKUTEIBHOCTH 00paboTKH
MIPOUCXOJIUT CHM)KEHHE COAEp)KaHHS JIMTHUHA MO CPaBHEHMIO C MCXOAHBIM obOpasnom (5,9 %). [lpu
ucnons3zoBanuu 1,0%-ro pacrBopa NaOH conepxanue nurauHa cHuxaetcs 10 0,9 % 3a 5 4, 2,0%-ro —
1o 0,7 %, 3,0%-ro — mo 0,6 %, 4,0%-ro — 1o 0,5 %, 5,0%-ro — 0,25 % (MUHEMaILHOE 3HAYCHUE).

IIpenBaputenpHast 00padOTKa a30THOM KHCIOTOH CYIIECTBEHHO YITydIIaeT AOCTYI MIETOYH K JINT-
HHUHY 32 CUYET €r0 YaCTUIHOTO pa3pylIeHus, odecreduBas 6ojee MOTHYI0 eTUTrHu(PHKAIII0. ITO CBU-
JIETEIBCTBYET O BHICOKOH A(PEKTUBHOCTH JBYXCTaIUHHON 00paObOTKH B YAAJICHUH JIUTHUHA.

B pesynbrare AByXCTaAMITHOH XUMHUUYECKOW 00paOOTKN KOPOTKOTO JILHSHOTO BOJIOKHA, BKJITIOYA0-
el KUCIOTHYIO CTaJIUI0 C TIOCTEAYIONIeH MeIoYHOH 00padoTKoN, HaOII0MaeTCcs 3HAYNTEIIFHOE CHU-
YKCHHE COICp)KaHUsI MHUHEPATBHBIX MpruMeceit (301pHOCTH). Ha mepBoil KUCIOTHOI cTaguu 0O6paboTKu
1,0%-# a30THON KUCIIOTON B TeueHUE | U HAOJIFOIaJI0Ch UHTCHCUBHOE BBIMBIBAHHE BOJOPACTBOPHUMBIX
MUHEPaIbHBIX BEUICCTB W Pa3pyIlICHUE MUHEPAJIM30BAHHBIX CTPYKTYpP, YTO OOECIEUUIIO OCHOBHOE
CHHKCHHE 30JIbHOCTH. B KOHEUHBIX 00pasiax couepikaHue 30516l CTa0MIN3MPOBAIOCH B Y3KOM JUara-
3one 0,1-0,3 % (£0,1 %), 9TO CBHAECTENBCTBYET O BBHICOKOW BOCHPOM3BOAMMOCTH Iporiecca u dpdhek-
TUBHOCTHU YJaJIeHUsI MHHEPaJIBbHBIX TpuMeceid. TakuM 00pa3om, 30JIBHOCTh B MPOAYKTE CHHU3MJIACH
B 4—6 pa3 Mo CpaBHEHHIO C UCXOAHBIM 3HaueHueM (1,2 %).

B Tabnune npencraBieH BBIXO IEIITIOIO3HOTO MPOAYKTA MOCIE By XCTaIuHHON 00pabOTKH B 3a-
BHCUMOCTH OT MPOJOKUTEITHHOCTH BO3ICHCTBUS TUAPOKCUIA HATPHS PAa3TMIHON KOHIICHTPAIIHH.

HN3meHeHHe BBIX0/AA LEJJIIOJIO3HOTO MNPOAYKTA B 3aBUCUMOCTH
OT NPOAOJIZKUTEJIbHOCTH BO3JIeliCTBUS THAPOKCHAA HATPUSA pasnuqnoffl KOHIECHTPaUuu

Change in the yield of the cellulose product depending
on the duration of exposure to sodium hydroxide of different concentrations

KOHIGHTpAIHS PACTBOPS Beixoz npoaykra, % OT a. ¢. B., IPH IPOAOIKHTEIBHOCTH, U
TUAPOKCHU 1A HATPU S, % 1 2 3 4 5
1,0 65,97 64,61 62,68 60,76 59,64
2,0 65,00 62,56 60,87 60,60 58,66
3.0 63,14 60,11 59,12 58,42 56,98
4,0 61,44 59,11 57,69 57,31 56,85
5,0 59,89 58,29 56,74 56,50 55,91

[lpn nByxcranuitHoH 00pabOTKe HaAOIIONACTCS MOCTENEHHOE CHUKCHHE BBIXOJA IEIITIOJIO3HOTO
IPOAYKTa (colepKaHue B HEM alib(ha-LeTI0I03bl U JINTHUHA IPUBEACHO Ha pHC. 1 U 2) ¢ pOCTOM Kak
KOHLIEHTPALMU T'MAPOKCU A HATPUsL, TAK U IIPOLOJKUTEIbHOCTH 111esI0uHOM Bapku. [Ipu ucnonszoBanuu
1,0%-ro pactBopa NaOH BeIXOI TBEpHOTr0 OcTaTKa cHIkaeTcs ¢ 66,0 % (1 1) o 59,6 % (5 9), mpu 3TOM
cozepkanue anb(a-uemnono3sl coctapisieT 96,4 u 93,3 % coorBercTBeHHO. [Ipn KOHUEHTpanuu
pactBopa mienoun 5,0 % BBIXOJ TBEpAOro ocTarka cHuxaercs ¢ 59,9 mo 55,9 % 3a To ke Bpewms,
a cozieprkanne anbda-1nemrrono3sl coctaBisieT 91,2 u 89,1 % cooTBEeTCTBEHHO. DTO CBUAETEIBCTBYET 00
yIaJCHUU JUTHHHA, TEeMHULEIUTION03 U YaCTHYHON JECTPYKIMH IEJUIFONIO3bI TI0J JeicTBUeM Oolee
arpecCUBHBIX yCIOBUI.

[onyueHHast MeNTOYHBIMU METOIAMH LEJITI0JI03a O0Jiee OHOPOAHA U UMEET BBICOKOE COJCpIKaHUe
anb(ha-TIeIITI0II036], YTO MOATBEPIK/IaeTCI UMEIOIIIMHUCS JTaHHBIMU [36].

I'emutienrono3sl B X0Jie MCCIeTOBAaHUN HE OMPEAEISINCE, TIOCKOIBKY TIOA JeHCTBHEM PacTBOPOB
MUHEPATBHBIX KUCIOT U IIEJIOYEH MPH ONpeIeICHHBIX TapamMmeTpax 00pabOoTKU OHU TOUYTH TIOJTHOCTBIO
TUJPOIU3YIOTCA U yIANAIOTCS M3 JUTHOLEIIIOI03HOro chipbsi [40], BCIEACTBUE UEro UX OCTaTOYHOE
coZiep)KaHue B KOHEYHOM IPOAYKTE HE3HAYUTEIBHO U He TPeOyeT KOIMMUYECTBEHHOT'O ONPEIeIICHUSI.

B mpaxkTuke OLEHKM LEJIIONO3HBIX MaTepuasloB HauOosiee IIUPOKO IPHUMEHSIETCS I0Ka3aTeib
oenuznbl [SO (Brightness), onpenensemblii kak koddhdunuent auddy3HOro orpakeHus] H3ITYyUYCHUS
C JUTMHOW BONHBI 457 HM, KOTOPBIH OTpa)kaeT CTENeHb MPUOIKEeHUsT 00pa3ia K ujaealbHOMy OeIoMy
LBETY 3a CUET BBICOKOH SIPKOCTH, CIOCOOHOCTH 3P (PEKTUBHO pacCenBaTh CBET U OTCYTCTBUS 3aMETHOTO
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IIBETOBOTO OTTEHKa. [l m3aMepeHus: OCTU3HBI [EJUTIONIO3bI MPUMEHSIN (HOTOMETPHISCKHUH MPUOOP
dhorometp «KOJINPy, oTkannOpOBaHHBIN pabOYNMH IIPOBEPOUHBIMH IUIACTHHAMH, HCTOYHHK OCBEIIIC-
HUA — A.

W3menenune Genu3HbI LEIITION036I MTOCIE IBYXCTaANITHON 00pabO0TKH B 3aBUCUMOCTH OT IPOJIOJIKHU-
TEJIBHOCTHU BO3/IEHCTBUA pacTBOpa F'MAPOKCUIA HATPUS pa3InUyHON KOHIIEHTPAI[MU OTPakeHO Ha pucC. 3.

AHanM3 NaHHBIX TMOKAa3bIBAaeT, YTO JBYXCTaAHitHas 00pabOTKa KOPOTKOTO BOJOKHA JIbHA CYIIE-
CTBEHHO TOBBIMIAET OETU3HY TEIITI0N036!. 3a TIepBbIe 2 9 MIeN0YHON 00pabOTKH MPOUCXOINUT yBEIHUYe-
HUE TaHHOTO MTOKA3aTelsd, JOCTUTas MaKCUMaIbHBIX 3HAU€HUH IpU uctonb3oBanuu 5,0%-ro pactBopa.
OTO CBSI3aHO C MHTEHCUBHBIM YAAJIEHUEM OKPAIIUBAIOLUIUX KOMIIOHEHTOB — IIPEUMYILECTBEHHO JTUTHU-
Ha, IUTMEHTOB U SKCTPAKTUBHBIX BELIECTB.
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Puc. 3. I3MeHeHue GeNTM3HBI LEIUTION03bI B 3aBHCUMOCTH OT IPOJIOJIKUTEIIEHOCTH BO3/ICHCTBUS pACTBOPA TUIPOKCHIA
HaTpus pa3InyHOM KOoHUEHTpauuu: A — ucxonnoe BojokHo; B — 1,0 %; C —2,0 %; D — 3,0 %; E—4,0 %; F - 5,0 %

Fig. 3. Change in cellulose brightness depending on the duration of treatment with sodium hydroxide solutions of different
concentrations: A — untreated fiber; B — 1.0 %; C —2.0 %; D-3.0%; E—4.0%; F - 5.0 %

OnHaKo MpU YBEITWYCHUH MPOAOKUTEIIBHOCTH BaPKU CBBINIE 2 9 TTPOUCXOIUT MOCTEIIEHHOE CHU-
JKeHHe OeNM3HbBI, 0COOEHHO ITPH MOBHIIIEHNH KOHIIeHTparuu menoun (4,0-5,0 %): mocne 3 4 —Ha 8,1 %
(B 1,0%-m pactBope); 8,5 % (B 2,0%-M pacTtBope); 7,51 % (B 3,0%-M pacTBope); 8,1 % (B 4,0%-M pacTBO-
pe); 11,7 % (B 5%-M pactBOpE). ITO 00YCIOBICHO HAIMYNEM OCTATOUHBIX TPOIYKTOB MECTPYKITUH JIHT-
HUHA, KOTOPbIe 00pa3yloTcs B Pe3yiIbTaTe OKHCIUTEIBHBIX MPOIECCOB, MPOTEKAIOIINX B IMICIOYHOM
cpelie TPy JUTUTEIIPHOM BO3JICHCTBUU. B pe3ynbrare mpoBeneHus OOMIMPHBIX UCCIETOBAaHUN OBIJIO BhI-
SIBJICHO, YTO 00pa30BaBIINECS B IPOIECCE ACTUTHU(DUKAIIMY JTUTHUHOTCHHBIE (DEHOJIbHBIC COCTUHCHUS
[PH JajJbHEHIIEM OKHCICHUH MEPEXOAT B XMHOHBI, KOTOPBIC MPHUIAIOT LIEJUIFOJI03¢ YCTOWUNBBIN KO-
puuHeBbIH 1BET [39].

Ha puc. 4 npencraBieH BHEIIHHWA BHJ JIBHIHOTO BOJIOKHA MCXOJHOTO W TIOCJIE JBYXCTaIUNHHON
KHUCJIOTHO-TIEIOYHON 00paboTKH.

HabnromaeTcst 3HaYMTEIBHOE OTIMUME BHEIIHETO BHJIA MEXKIY HCXOIHBIM 00pa3lioM JIbHSHOTO
BOJIOKHA (pHC. 4, @) 1 00pa3IoM, MPOIISAIIUM JIBYXCTaIUIHYI0 00padboTKy (puc. 4, b). UcxoaHoe ko-
POTKOE BOJIOKHO JIbHA-JIOITYHIIA UMEET TEMHBIH KOPUYHEBO-CEPBIH I[BET, YTO COTIACYETCS C paHee Io-
JTy4YeHHBIMU JJaHHBIMU: cofiepkaHueM JurauHa (5,9 %) u Hu3kuM 3HadeHueM Oenu3Hsbl (13,6 %).

Bce 00pasiipl, mporienime AByXCTaANHHYI0 KUCIOTHO-IIEIOUYHYI0 00paboTKy, XapaKTepru3yIoTCs
CBETJIO-CEPBIM OTTCHKOM, IIPU 3TOM Pa3Inyus MEXAY HUMH I10 IBETY HE3HAYUTEIIbHBI, HO TIPU yBEIH-
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a

Puc. 4. BHenrauii BUJT HCXOXHOTO KOPOTKOTO BOJIOKHA JIFHA-ONTYHIIA (@) ¥ JIGHSHOTO BOJIOKHA TIOCIIE ABYXCTaANHHOMN
KHUCIOTHO-IIEIOYHON 00paboTkH (b)

Fig. 4. Appearance of the untreated short fiber of long-stem flax (a), and flax fiber after two-stage acid-base treatment ()

YEHHUH KOHILIEHTPAIUH IEJI0OYU U MPOIOJKUTEILHOCTH BapKy IPUoOpeTatoT 6ojiee TEMHO-CEPHIH IIBET,
YTO HOATBEPKAACTCS SKCIIEPUMEHTAIBLHBIMHU JAHHBIMH O CHU)KEHWH OCJTM3HBI IIPU JUTUTENTBHON 00paboTKe
(manpumep, ¢ 43,0 % npu Bapke B 5,0%-M pacTBope menoun 2 4 10 35,6 % npu Toil ke KOHLIEHTpauu
pacTtBopa 3a 5 4 (cHwxkeHue Ha 7,4 %)).

3akJrouenue. [IpoBeneHHbIe HCCIEIOBaHMS TMOKA3adHd, YTO JABYXCTaAMIHAS KUCIOTHO-IIEIOYHAS
00paboTKa KOPOTKOT'O JIGHSIHOTO BOJIOKHA oOecrieurBaeT d(PPEKTUBHYIO NEIUTHUPHUKAIIUIO: OCTaTOY-
HOE€ COJIEpyKaHUe JIUTHUHA CHIDKaeTes ¢ 5,9 10 0,25 %. DTo conpoBOXKAAETCS CYIIECTBEHHBIM MOBBI-
mieHueM OenusHbl (10 43,0 %) U HHTEHCUBHBIM yaJICHHEM MUHEPaJIbHBIX NPpUMecel (30JIbHOCTh CHU-
xkaetcs o 0,1-0,3 %).

B 10 3xe Bpems ycTaHOBIICHO, 4TO yBennueHne koumerTpanuu NaOH (4,0-5,0 %) u mpomoKuTehb-
HOCTH BapKH CBBILIE 2—3 4 IPUBOAUT K YACTUUHOM JAECTPYKIIMH 10036, YTO MPOSBIISIETCS B CHU-
JKEHWH BBIXOJIa MIPOAYKTA, YMEHBIICHUH COACP)KaHUS anb(a-LeuTIoNo3bl U MaJeHUH OeITNU3HBI BCIICI-
CTBHE 00pa30BaHMs OKPAIIEHHBIX MTPOAYKTOB OKHCIICHUS TUTHUHA U IECTPYKITUHU YTIIEBOIOB.

Takum 00pa3zoM, ABYXCTaJUiHHAS KUCIOTHO-IIENOYHAsI 00paboTKa KOPOTKOTO JIBHSIHOTO BOJIOKHA
SBJISIETCS IEPCIEKTUBHOM aJIbTEPHATUBON CYIIECTBYIOIUM CIIOCO0aM MOy YeHHU I LIETUTIOII036I, o0ecrie-
YUBas BBICOKYIO CTENEHb OYMCTKH OT JIUTHUHA U MUHEPAJIbHBIX IPUMeECce, 3HAYUTEIbHOE MOBBIIICHUE
OeJM3HBI U TMOTydeHHUe TPOYyKTa C BBICOKUM COZIEpKaHUEM alib(a-TIeNITI0I036I.
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S1. B. Kazakos!, /1. I. Uyxuun', M. M. SImosa', B. JI. ®ueiimep?

!Cegepuviii (Apxmuuecxuii) pedepanvuviii ynusepcumem umenu M. B. Jlomonocosa, Apxanzenvck, Poccus
’Benopycckuii 2ocyoapcmeenblil mexnono2uyeckuii ynusepcumem, Munck, Berapyco

INPUMEHEHMUE UK-HIIBO-CIHEKTPOCKOIINHA
JJIs OHEHKHW KOMITIOHEHTHOI'O COCTABA BYMATI'N

AnHoTanus. [IpesoxeHa 1 onrcaHa TEXHOIOTHs ONPEASNICHHsI cOcTaBa OyMaru 1o BojokHy ¢ npumMenenuem NK-HITBO-
CIIEKTPOCKOIHUH, TIO3BOJISIOIIAS TOBBICUTH CKOPOCTh M PEHPE3EHTATHBHOCTH N3MepeHHsl. TeXHOIOrus BKIII0OYaeT HAeHTHDH-
KalHI0 MHKPOCKOITNYECKAM METOJIOM BOJIOKOH OIIPE/ICJICHHOIO BHJIa B KOMIIO3HIIMU OyMaru M OIpeJelIeHHe MPOIEHTHOro
COZIEpKaHMS BOJIOKOH, OTJIMYHBEIX OT BOJIOKOH JHCTBEHHOH M XBOWHOH CyNb(aTHON IEIUTION03bI, UCHONB3YS IOTyUCHHEIE
KanuOpOBOYHBIE 3aBUCHMOCTH. [IprMeHsIN cTaHAapTHBIE 1a00paTOPHBIE OTIMBKH ABYX BHJOB C PA3IMYHBIM COCTaBOM IO
BOJIOKHY: M3 XBOITHOH M JINCTBEHHOI1 GenieHoit ToBapHOii cysbdaTHOI 1entrono3sl (B cootrHouenuu S50 : 50 %) ¢ nobaBieHneM
OelIeHOI XMMHUKO-TEPMOMEXaHMYECKONW MACChl B3aMEH JIMCTBCHHOW M XBOWHOM B KoynuecTBe OT 5 10 40 % u u3 HeOeneHOH
cynbdaTHOi XxBolHOH (21 ex. kanma) u TUCcTBeHHOIT (16 1. Karma) [eJUTI0I03kl, B KOMITO3HIINIO KOTOPOH BBOMIIN HEOSIICHY 10
nestronosy u3 6amoyxa (17 exn. kanmna) B konudectse ot 10 1o 50 %. C ucnons3oBanuem MK-HITBO-cnekTpockonuu ycra-
HOBJICHO, 4TO yBEIWYEHHE IO OeleHOil XMMHKO-TepMOMEXaHMIECKOH MacChl MM 0aMOyKOBOH IENITIONO3BI MPUBOIHUT
K CHCTEMaTHYECKHUM H3MEHEHMSAM CIEKTPaJIbHBIX XapaKTEPUCTHK OyMaru, 0OyCIOBIEHHBIM Pa3NUYHSIMH B COACPKAHUH
1 COCTABC JIM'HWHA, TEMULCIIJIIOJIO3 U OKCTPAKTUBHBIX BEIIECCTB KOMIIOHEHTOB 6yMar1/1. ﬂﬂﬂ KOJINYECTBEHHOM OIICHKH U3ME-
HEHUH B CIEKTpax BHIOpAaHBI COOTHOLICHUS] MHTCHCHBHOCTEH aHAJUTHUYECKHX IOJIOC, HE 3aBHCSIINE OT YCIOBUIl ChHEMKH
crextpa: 1 500, 1400, 1 110 cm™! ans Genenoii xumuko-TepMoMexannyeckoil Maccel u 1 070, 667, 1 736, 1 580 cm™! nis 6amOy-
KOBOI1 I1e/Trono36l. Ha oCHOBE yCTaHOBICHHBIX KaJIMOPOBOYHBIX 3aBUCHMOCTEH IOJIy4eHBI YPABHEHHS PErpecCHH, MO3BO-
JAIOUINE OMPEACTATh CoAepKaHNe OeIEHOH XMMHUKO-TEPMOMEXaHIMYECKOW MacChl MuIH 0aMOyKOBOI IETI0N036I B 00pa3nax
OyMaru 1o COOTHOIIECHUIO MHTEHCUBHOCTEH aHanuTHdeckux nosnoc B MK-cnexrpax. [IpennokeHHbIH METOA CYLIECTBEHHO
HNPEBOCXOIUT TPAAUIMOHHBIE XMMUYECKHE U MUKPOCKOIMYECKHE MOJXOABI M0 CKOPOCTH, BOCIPOU3BOAMMOCTH U TPYJIO-
3aTparaM U MOXEeT OBITH IT0JIE3eH Ha IIEJUII0I03HO-0yMaXKHBIX IPEANPUSITHSIX ISl ONIEPATHBHOI'O KOHTPOJISI KOMITO3UIIHH.

Kurouessble cioBa: IK-HITBO-cniekTpockonusi, KOMHOHEHTHBIN cOocTaB, Oymara, IeJIIio03a, TUTHAH, Hepa3pyIIaomuit
aHaH3, OesieHass XUMUKO-TepMOMeEXaHnYecKas Macca, 6aMOyKoBasi LEIUTION03a

Jas nutupoBanus. [Ipumenenne MK-HITBO-cnekTpockonuu uist OHEHKH KOMIIOHEHTHOTo cocTaBa Oymaru / 51. B. Ka-
3akoB, JI. I. Uyxuun, M. M. SImoBa, B. JI. ®neiitiep // Becui HaupisHansHait akagsmii HaByk bemapyci. Cepbis XiMiuHBIX
HaByk. — 2026. — T. 62, Ne 3. — C. 240-251. https://doi.org/10.29235/1561-8331-2026-62-3-240-251
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!Northern (Arctic) Federal University named after M.V. Lomonosov
’Belarusian State Technological University, Minsk, Belarus

APPLICATION OF IR-ATR SPECTROSCOPY TO ASSESS THE COMPONENT
COMPOSITION OF PAPER

Abstract. A technology for determining the fiber composition of paper using IR-ATR spectroscopy is proposed and de-
scribed, allowing for increased rapidity and representativeness of the measurements. The technology includes microscopic
identification of a certain type of fiber in the paper composition; and determination of the percentage content of fibers other
than hardwood and softwood kraft pulp, using the obtained calibration dependencies. The experiment involved standard labo-
ratory handmade sheets of two types with different fiber compositions: from softwood and hardwood bleached commercial
kraft pulp (in a 50 : 50 ratio) with the addition of bleached chemical-thermomechanical pulp instead of hardwood and soft-
wood in an amount of 5 to 40%; and from unbleached kraft softwood (kappa number 21) and hardwood (kappa number 16)
pulp, into the composition of which unbleached bamboo pulp (kappa number 17) was introduced in an amount of 10 to 50 %.
Using IR-ATR spectroscopy, it was found that an increase in the proportion of bleached chemical-thermomechanical pulp or
bamboo pulp leads to systematic changes in the spectral characteristics of the paper, due to differences in the content and
composition of lignin, hemicelluloses and extractive substances of the paper components. To quantitatively assess the changes
in the spectra, the intensity ratios of the analytical bands were selected that are independent of the spectrum recording condi-
tions: 1 500, 1 400, 1 110 cm™ for bleached chemical-thermomechanical pulp and 1 070, 667, 1 736, 1 580 cm™ for bamboo
pulp. Based on the established calibration relationships, regression equations were derived for determining the bleached
chemical-thermomechanical pulp or bamboo pulp content in paper samples based on the intensity ratio of analytical bands in
IR spectra. The proposed method significantly outperforms traditional chemical and microscopic approaches in terms of speed,
reproducibility, and labor costs and can be useful in pulp and paper mills for the rapid monitoring of compositions.
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BBenenue. bymara npeacrasisieT coOO0H JTHCTOBOM BOJOKHHUCTBIM MaTepuai, CTPYKTypa KOTOPOTO
chopMupoBaHa IMyTEeM IMEPEIUIETEHNS U CBA3€00Pa30BaHUsI PACTUTENIBHBIX BOJOKOH OECIOpSI0YHBIM
oOpasom. {1 mpon3BOACTBA LEIITIOI03HO-0yMaXKHBIX MaT€pPHAIOB HCIOIb3YIOTCSI BOJIOKHUCTBIC MaTe-
pHabl MPEUMYIIECTBEHHO OPraHUYECKOTr0 MPOUCX0XKACHUS B BUJE IPEBECHBIX U HEJPEBECHBIX BOJIO-
KOH. {7151 TOoro utoObl puaTh Oymare crieluprUecKue CBOMCTBA, IIPUMEHSIOT pa3InIHbIe HEBOJIOK-
HHUCTBIE 100aBKH, TAKHE KaK OTOEIMBATEIH, KPACUTENH, IPOKJICHBAIOIINE BEIECTBA ¥ HATTOTHUTENH [1].

CoBpeMeHHasl LEJTI0N03HO-0yMakHasl MPOMBIIIIIEHHOCTh MPOU3BOJUT IUPOKHN CHEKTP OyMaru
M KapTOHA PAa3NINYHOTO Ha3zHa4deHUA. [[oTpeOuTenhCKUe W IKCILTyaTallHOHHBIE CBOWCTBA W BHEIIHHI
BUJ OyMa>KHOW MPOAYKIMH BapbUPYIOTCSl B OYCHb IIMPOKUX MPEAEIax AJIsl COOTBETCTBUS CBOEMY Ha-
3HaueHHI0. Pa3znuuHble cBOMCTBA OyMare MpHUIAIOT, KaK MPaBHIIO, TyTeM MoAOOpa NCXOAHBIX Moydad-
PUKaTOB, M3MEHEHHS MTapaMETPOB MPOILECCOB MPOM3BOACTBA OyMaru, BBEACHUS B OyMaKHYIO Maccy
Pa3INYHbBIX BCIOMOIaTEIbHBIX BEIIECTB, OTICIIKHM U IIOBEPXHOCTHOM 00padoTku Oymar [2].

OnHuM U3 OOMICTPHHSTHIX CIIOCOOOB TOCTHXKEHHSI HEOOXOAUMBIX CBOHCTB SIBJISIETCS] HCIIOJIB30Ba-
HUE B KOMITO3HIIMH OyMaru Ui KapTOHA HECKOJIBKUX OTIIMYHBIX MO CBOMCTBAM BOJIOKHHUCTHIX Moy hao-
pukaToB. TpaiULHOHHO B KOMIIO3ULIMIO OyMaru BKJIIOYAIOT JINCTBEHHYIO U XBOHHYIO LEJIII0NI03Y, Me-
XaHUYECKHE MACChI, B HEKOTOPBIX CIy4dasiX — LIEJUTI0JIO3Y U3 HEAPEBECHOTO ChIphA [3].

TexHuueckas, 0COOCHHO OelieHast, EeJITI0N03a, — 3TO JIOCTATOYHO JOPOTOCTOSIIIIUN MaTepHall, TexX-
HOJIOTHSI TPOU3BOACTBA KOTOPOTO BBI3BIBAET ONPEIEICHHBIE HApEKaHUs C SKOJIOTMYECKOW TOUKH 3pe-
HUSI, TIOOTOMY MPOM3BOIUTENN OyMaru MbITalOTCS 3aMEHHUTH LIEJUIION03y B KOMIO3ULIKK Oe3 yuiepoa
kauecTBy Oymaru [4]. Hampumep, BBeeHNE B KOMIIO3HUIINIO OyMaru OEIeHON XHMMUKO-MEXaHWUYECKOM
JIPEBECHON MacChl TIO3BOJIET CHU3UTH Ce0ECTOMMOCTh IPOAYKLIMHU U IIOUTH I10 IIyTH pecypcocoeperxe-
Hus. Tak, pu TPOU3BOJICTBE XUMUKO-TepMoMexaHnyeckoi Maccsl (XTMM) npoayKT nMeeT BEICOKHH
BBIXOJI M3 IPEBECUHBI [S]; HCKITFOUEHBI XJIOPCOIEPIKAIIIIE PeareHThl TPH 0TOENKe; OTCYTCTBYIOT Ay PHO-
NaxHyLIMe cepocoepKaline ra3oBble BEIOPOCH B armochepy.

JpyruM pemieHreM MOXKET CTaTh MCIOJb30BAHME IIEJITION03bI U3 HEAPEBECHOTO CHIPhS, SHEPro-
M PECypCOEMKOCTh MOJyYEeHHsI KOTOPOW TIOHMKeHa. B ycrnoBusax MHTEHCH(PUKAIIMN PA3BUTHUS COTPYI-
HuuectBa co ctpaHaMu BPUKC u ATOC nHTEpeCHbIM pEeLICHUEM SIBISICTCS UCIIOJIb30BAHUE LIEILITIOIIO-
361 3 0aMOyKa [6].

Taxum 00pa3oM, TPEACTABIAETCS MEPCIEKTUBHBIM U MPAKTUYECKH UCTIONB3yeTCA YaCTHIHAS 3aMe-
Ha JIOPOTOCTOAIIEH LEIITI0N03bI HA MEXaHHUYECKHE MAacChl WM HEAPEBECHYIO LIEJUTIOJIO3Y B KOMITO3H-
MU HEKOTOPBIX BUA0B OyMaru u kapToHa. OHAKO U B TOM, ¥ B IPyTOM ciydae MPOU3BOAUTENH OyMa-
TH TPUMEHSIOT TEXHOJIOTHYECKHEe PEelIeHNs, KOMIEHCUPYIOIINE CHIKEHNE MEXaHWYEeCKHX TOoKa3aTe-
Jiel TPOLYKLIMH, MOBBIIICHUE ITyXJIOCTH M BIIUTHIBAIOILEH CHOCOOHOCTH.

Kasxap1ii BUA HENITI0I03HOTO BOJIOKHA 001a/1aeT HAOOpOM CBOWCTB M BBITIONHSIET CBOIO POJIb B (hop-
MUPOBAaHUHU CTPYKTYpPHl M KadecTBa OyMaru, MO3TOMY B IIEJIOM HWACHTU(HKAIUs OyMard, aHallu3
U OLIEHKA €€ COCTaBa U CTPYKTYPBI — TO 3a/1a4a, IOCTOSHHO BO3HUKAIOLIAs IPU U3yUYEHUU BO3MOMKHO-
CTeH MPUMEHEHHUSI ONPENIEIEHHOT0 BU1a OyMaru JiJIsi CrielMaln3uPOBaHHOTO UCIIOIb30BAHHMSL.

TexHuKa TpoBeAEHNs Ka4eCTBEHHOTO M KOJMYECTBEHHOTO aHAjW3a COCTaBa OymMaru MO BOJIOKHY
CTaHJAPTHO onpexensercs MuKkpockonnyeckuM meroaoM o I'OCT 7500-85, B 0cHOBE KOTOPOIO JIEKUT
pas3nuyHasi OKpacka BOJIOKOH Pa3HOr0 BUJA, MOP(OIOTHH, TPOUCXOKACHHUS U CIIOCO0a BBIACICHHS, IPH
BBEICHUHU B MUKPOIIpETapaT CrennaJbHbIX PEaKTHBOB U KpacuTeneil. B TaHHOM citydae onpeaesnsoT BU
BOJIOKOH M MX NPOLEHTHOE cozepkanue. KauecTBeHHBIN aHanu3 coctaBa OyMaru MpoBOJST IyTEM pac-
CMOTpPEHHSI O MUKPOCKOIIOM MPENapaToB, OKPAILIEHHBIX KPACUTEIeM, HallPUMEp XJIOp-LIUHK-HOZ0M.

Ha puc. 1 npencraBnensl MukpodoTorpaduu, NoNTyYeHHbIE Ha HCCIIEIOBATEIIHCKOM MHKPOCKOIIE
BBICOKOTO pazpermeHus ImagerM2m Carl Zeiss ipu 100-kpaTHOM yBennyeHHH. XOPOIIO BUTHBI BU3Y-
aJbHBIE OTJIMYUSL B MOP(OJIOTUH JHCTBEHHBIX, XBOHHBIX, 0aMOYyKOBBIX BOJIOKOH M BOJIOKOH XTMM,
a TI0 IIBETY OKPACKH XOPOIIIO pa3TudaroTcs OeneHas menrono3a u X TMM.
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Puc. 1. MukpodoTtorpadun HeTI0I03HBIX BOJIOKOH, COCTABISIONIUX KOMITO3UIMIO OyMaru:
a, ¢, e — benast 6ymara; b, d, f— HebGeneHas LIETI0N03a; ¢ — CMECh JINCTBEHHBIX M XBOWHBIX BOIOKOH 50 : 50 %;
b — nucTBEHHAs LEITI0N03a; ¢ — niucTBeHHass BXTMM; d — XBoliHas 1EeJII0J103a; ¢ — CMECh JJUCTBEHHOI,
xBoiHOI 1 BXTMM; f— BonokHa HeOeneHo# 1e/uTron03kl U3 6amOyka

Fig. 1. Microphotographs of cellulose fibers comprising the paper composition: a, ¢, e — white paper; b, d, f— unbleached
pulp; @ — mixture of hardwood and softwood fibers 50 : 50 %; b — hardwood pulp; ¢ — hardwood BCTMM,; d — softwood
pulp; e — mixture of hardwood, softwood, and BCTMP; f— fibers of unbleached pulp from bamboo

KonnvecTBeHHOE orpe/ienieHue BOJOKHUCTBIX M0Ty(}haOdpHKaToB, BXOJSIIMNX B COCTAaB OyMaru, Mo-
JKET OBITh BBITMOJIHEHO MyTEM MO/CYeTa BOJIOKOH. J[aHHBIM METO 10CTaTOYHO TPYAOEMKHUH, Bpemsi3a-
TpaTHbI U He 3(dexkTrBeH npu aHanKu3e OOJBIIOro KoaudecTBa 00pas3noB Oymaru. s momydeHus
HaJEXKHOI'0 pe3yJbTaTa ero JOJKEH BBIINOIHATH BEICOKOKBATN(HUIIMPOBAHHBIN IEPCOHAIL.

B cBs3u ¢ 3TUM cymiecTByeT 00beKTHBHAS MOTPEOHOCTh B pa3pabOTKe MPOCTHIX M AKCIPECCHBIX
CrIIOCO0OB OTpeNieNieHus] COACPIKaHUsI ATUX KOMIIOHEHTOB, cpeau KoTopeix MK-cnekTpockonus mpen-
CTaBJIAETCS NOAXOAAIIUM U MPUBJIEKATEIbHBIM METOIOM.

B MupoBoif HayuHOH HMpaKTHKE NPU MU3YyUCHHH CBOMCTB, CTPOCHUSI U XMMHYECKOI'0 COCTaBa pas-
JIMYHBIX MaTepPHAJIOB IIUPOKO Hcnoib3yeTcs MK-cnexkrpockonus, 1 1eioa030coaepKaliie MaTepuabl
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PacTUTEIBHOTO MPOUCXOKICHUS HE SIBISAIOTCS MCKIroUYeHueM. M3BecTHo, uto mpumenenue MK-crek-
TPOCKOMUU JIJIsI ONPENENIEHUsI COCTaBa JIPEBECHHBI HAYaJIOCh €Ill€ BO BTOPOM mojioBuHEe XX B. MOA
pyxoBonctBoM b. H. Kapkimas [7, 8]. B Hacrosmee Bpems o6nacts npumenenust K-crekrpockonnn
OXBaTBHIBAET MHOT'HE ACIIEKTHI TEXHOJIOTHUH LEITI0N03HO-0yMakHOTO MPOU3BO/ICTBA, & CaM METOJ I103-
BOJISIET BBITMOJIHUTH aHAJU3 CBOMCTB PAaCTUTENBHOTO CHIPhS, XUMHUYECKHUX BCIIOMOTATEIBHBIX BEIIECTB,
cocTaBa OyMaru W HATIOJTHUTEIS,, MOHUTOPUHTA U3MEHEHUsI CBOMCTB Oymaru Bo BpemeHu [9]. Tak kak
OyMmara sIBIIsIeTCS MHOTOKOMIIOHEHTHBIM MaTepHalioM, TO ee HHPpaKpPaCHbIH CIIEKTpP MPEACTAaBISIET CO-
00l CyMMY CIIEKTPOB OTAEIbHBIX KOMIIOHEHTOB. [Ip1 3TOM Ba)kHO HalTH CIOCOO KOPPEKTHOT'O BhI/IETE-
HUS CIIEKTPOB WHIWBH/IYAJbHBIX KOMIIOHEHTOB U3 OOIIET0 SKCIIEPUMEHTAIBFHOTO CIIEKTPa.

W3zBecten onbIT ucnons3oBanus VK-crnexTpockonuu, Hanpumep, AJIsi KOHTPOJIS mporecca Cylb-
¢utHOI Bapku. HekoTopsie yuensle [10] B Xxoe BapKu ONpeesisiiii OCTATOYHOE CO/IEpKaHUe JTMTHIHA
B BapOYHOM pacTBOPE M BEIYUCIILIH drcio Karmma Ha pa3nmuyHbIX dTamax TEXHOJIOTHYECKOT0 TIpoIiecca.
Ilo pe3ynbraTaM UMHU NMPENJIONKEH MEXaHU3M MTPOTHO3MPOBAHUS BapOUHOr0 MpOoIiecca Ha OCHOBE MOJIe-
nn yucna Kanma.

Ects npumeps! npumenenns: UK-cekTpockonmuy 1isi OIIEHKH CBOMCTB pa3lMYHbIX BUIOB Oymaru
Y KauecTBa OTTHUCKA MPH ME€YATH, I7Ie 00BEKTAMH aHAIM3a BHICTYNAIOT OyMara 13 LeJUTI0JIO3HBIX BOJIO-
KOH, HCTIOJIb3yeMast ISl TIEPETUIeTOB, TICYaTH dTUKETOK, M MenoBaHHBINA KapToH [11]. [lomyuenne K-
CIEKTPOB B Pa3HBIX TOYKAX IMOBEPXHOCTH W U3YUYCHHE TMOJIOC MOTIIOMEHUsT 00pa3ioB OyMaru Jaiu BO3-
MOXHOCTB MPOTHO3UPOBAHUS KaUeCTBA OTTUCKA MTPH MIEYATH.

MK-cnexkTpockonust TakKe YCIENIHO HMCIONb3YyeTCsl Ui OLEHKH COAep)KaHUs JINTHUHA B PacTH-
TEIBHBIX BOJIOKHAX, COCTABIISIONINX KOMIIO3HITHIO Oymaru [12].

[Ipu nmpou3BoACTBE BOJOKHUCTHIX MONy(hadpuKaToB HAOIIOAAIOTCS KOJICOaHU s IOPOIHOTO COCTaBa,
YTO HANPSAMYIO BIHSIET Ha (PU3NKO-MEXaHUYEeCKHe CBOMCTBA TeXHHUECKOH memntono3sl. E. O. Okynosa,
A. B. T'ypseB, M. A. XonMoBa HccieIoBai BOZMOKHOCTh OBICTPOTO OTPEeNIeHU s TTIOPOTHOTO COCTaBa
JUCTBEHHBIX BOJOKHHUCTHIX MOJy(GaOpUKaTOB U3 OCHHBI U Oepe3bl C MOMOLIBI0 METOa HapyIIEHHOTO
nosHoro BHyTpeHHero orpaxkenus (HIIBO) UK-Dypre-cnekTpockonuu Mpu MOTYYEHUH JKCIpecc-
JTAHHBIX O JOJISX OCHHBI M Oepe3bl B 00pasiie mpsiMO C TOBEPXHOCTH IEIIITIOI03HBIX OTIMBOK O€3 I0TT0I-
HUTEIHHON MOATOTOBKH 1po6 [13].

Takum obpazom, MK-cniekTpockonus sSBIsSETCA MIMPOKO PACIPOCTPAHEHHBIM METOJIOM ISl OLIEHKH
COCTaBa M CBOMCTB IIEJUTIOJIO3HO-0YMaKHBIX MaTePHAIOB PACTUTEIBLHOTO TPOUCXOXKICHU [14]. DTOT Me-
TOZ tocTaToyHo 3(pdexTuBeH, A aHaIu3a TpedyeTcst HeOOobIIoe KOJMYECTBO MaTepuaa, a cama Impo-
HeAypa He 3aHMMaeT MHOTO BpeMeHH. Mcronb3oBanue ee Monudukarmuy B HIIBO-TexHOMOrMU pacmupsiet
BO3MO)KHOCTH JIJIS1 MICCIIEIOBAaHUST BOJOKHHUCTHIX IEJITIONO3HBIX MaTepuasoB [15], omHako uisi aHamm3a
KOMITO3UIIMH OyMaru Kak MHOTOKOMITOHEHTHOM CHCTEMbI Ha OCHOBE PACTHTENIBHBIX BOJIOKOH PAa3IMYHOrO
MIPOUCXOXKICHHSI, CTIOCO0A BBIJICTICHUSI 1 00paO0TKH CBEJICHUH B JIUTEPATYpE MIPUBOJUTCS HEIOCTATOUHO.
IIpocToTa MPOOONOATOTOBKH, JOCTYITHOCTD anmaparypbl U dkcripeccHocTh aenaet MK-HITBO-cektpo-
CKOIHUIO MOJIE3HBIM WHCTPYMEHTOM JJISl HCCIISA0BAaHMS! LIEJUTIOJI03HO-0yMaKHBIX MaTepHAJIOB, C TOMOILBIO
KOTOPOT'0 MOYKHO OBICTPO MOTYYUTH KaUeCTBEHHBIE U KOJINYECTBEHHBIE TaHHBIE.

Ilenbro HacTOSIIIEH pabOTHI SIBIISIETCS OlEHKA BO3MOKHOCTH puMeHeHust MK-HITBO-cnekTpocko-
MUU JUTs1 KOTMYECTBEHHON OLIGHKH KOMIIOHEHTHOT'O COCTaBa OyMard ¢ M3BECTHBIM KAaueCTBEHHBIM CO-
CTaBOM T10 BOJIOKHY.

Martepuajbsl U MeToAbl. B KadecTBe 0OBEKTOB HCCIIEOBAHUS HCIOIH30BAJIN HM3TOTOBIICHHBIC
CTaHAapTHBIC Ta0OpaTOPHBIC OTIUBKH C Pa3IMUYHBIM KOMIIOHEHTHBIM COCTaBOM I10 BOJIOKHY. bbl1o m3-
TOTOBJICHO JIBA BH/JIa 1a00OPaTOPHBIX 00pa3IoB: U3 OENeHOW XBOHHOH U TMCTBEHHOW TOBAapHOH CcynbhaT-
HOM 11esuTt0510361 (B cooTHomeHnn 50 : 50 %) ¢ nobasinernem bXTMM B3aMeH TUCTBEHHOU M XBOWHOM;
u3 HeOeJIeHo! cyb(haTHON XBOMHOM (21 en. kamma) u nucTBeHHOH (16 €. xamnma) nemirono3sl. [lomon-
HUTEJIBHO B KOMITO3UIIMIO BBOJAUIIM HEOCIICHYIO 1IeJLTI0J103y U3 OamOyka (17 en. kamnma) [6].

KOMIO3HIIMS COCTABISAIACH 10 Pa3MOIia. Pa3MoI BIOMHSIICA COBMECTHBII Ha MeIbHuIE MoKpo 10
crenenu nomosa 40 °IIP, cymmapHas HaBecka 16 T 1o a. c. B. COCTaBJIAJIach U3 BO3JYLIHO-CYXHX
nonypabdprkaroB. CocTaBlIieHHBIE CMECH TTOJIBEPTaICh COBMECTHOMY POCIYCKY B T'HJpopazOuBarese
TpH KoHIeHTpanuu 1,5 % u 3areM 00e3BOKUBAIINCH HA BOPOHKE broxHepa ¢ TpAnMuIHBIM GUIBTPOM J10
koHueHTpauuu 6 %. [lapannensHo AN cpaBHEHUS BBITIOIHSUTH Pa3MOJl KaKJI0T0 U3 MCIOIb30BaHHBIX
noxxy¢pabpukaToB, To ecTh npu ux 100%-Mm conepxanuu B OyMa>kHON Macce.
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UK-cniexTps! peructpuposanu Ha @ypbe-criekrpomerpe Vertex 70 (Bruker, ['epmanusi), npuctaska
HIIBO GladiATR (Pike Tech., CILIA), matepuan kpuctanna HIIBO — uckyccTBeHHBIH anma3. Ycio-
BUsL: cTporas nojispusanus UK-usinyuenus, nuanaszon sanucu cnektpos — 4 000—400 cm™!, paspene-
HEE — 4 cM ™!, KOJTMYeCTBO MapaliebHbIX CKAHUPOBaHuii obpasia — 128. J[ist 00paboTKH CIEKTPOB HC-
MOJIb30BaJIM MPOTpaMMHOE obecriedyeHre, MO3BOJISIONIEe MPOAHAIU3UPOBATh U3MEHEHHUS B CIIEKTpe
U TOCTPOUTH 3aBHUCUMOCTH OTHOLICHUS MHTEHCUBHOCTH IOIVIOLICHMS IOJIOC PA3JIMYHBIX (PYHKIIHO-
HaJIBHBIX TPYII OT YCIOBUH MPOBEAECHUS aHanu3a [16].

Jns moATBepiKJIeHUsT HalW4us BOJOKOH PA3JIMYHOTO BHJA B COCTaBe OyMaru IpeaBapHTENbHO
MIPOBOIMIICS MUKPOCKOITMYECKUN aHaln3 ¢ IMpuMeHeHneM ItndpoBoro mukpockomna Carl Zeiss Axio
Imager M2m, ['epmanus [17] (cm. puc. 1). Ha cHuMKax OTYETIMBO MPOCIEKMUBACTCS HANUYUE Pa3iny-
HBIX BOJIOKOH — XBOWHBIX, TUCTBeHHBIX U BXTMM (cm. puc. 1, €) nst Genoii Oymaru u 6aMOyKOBBIX
(puc. 1, /) B HeOeneHolt Oymare, OHAKO KOJWYECTBEHHYIO OIEHKY coepxanue bXTMM unu 6amOy-
KOBOM LIEJUTIONIO3BI C MOMOIIBI0 MUKPOCKOITMYECKOT'0 METO/IAa OCYIECTBUTD JOCTATOUHO CI0KHO.

Pe3ysnbTaThl 1 HX 00cyxkaeHue. Qyenka KoMnoHenmuoz2o cocmaga oenou oymazu ¢ BXTMM 6 kom-
nosuyuu ¢ npumerenuem HUK-HIIBO-cnexmpockonuu. I1ockonbKy OCHOBHasi 00JIaCTh NMPUMEHEHUS
HK-cnekTpockonuu — 3TO ONpeeIeHNe XUMHUECKOr0 COCTaBa Pa3jIMYHBIX BEILECTB, TO M3MEHEHHUE
XUMHUYECKOro cocTaBa Oymaru 3a cyet BBelneHHs] B Hee bXTMM N0oKHO TPUBECTH K M3MEHEHHSIM
B CIIeKTpe OyMmarm.

BXTMM mnpencraBisier co00il EepCIEKTUBHBIN BUA JIPEBECHBIX BOJIOKHHUCTBIX MOJy()aOpUKaToB
(BII®) ¢ BBICOKMM BBIXOAOM MPOAYKIIMH, MpeBbIIIAIOMNUM 85 %. DTOT MaTepual MoJy4yaloT MyTeM
KOMOMHALMKM XUMHYECKON, TEPMUUIECKON U MEXaHUYECKOH 00pabOTKH APEBECUHBI, YTO MIO3BOJISIET CO-
XpaHATh 3HAYUTEIbHYIO YacTh MCXOIHOTO CHIPhSl U 00ecreuynBaTh SKOHOMUYECKYIO 3(PPEKTHBHOCTD
npousBozacTBa. B HacTosmee Bpems bBXTMM akrtuBHo npousBoautcs B Kutae, rie Ha 34 npeanpustu-
SIX TeITI0N03H0-0yMaxxHoH mpombiieHHocTH (L[BII) dynkmumonupyet Oonee 50 TeXHOIOTHYECKUX
nuHui. O0MIas MPOU3BOAUTEIBHOCTE ATUX JIMHUH gocturaeT 10,73 maH T B roa. Ha 25 u3 yka3aHHBIX
JTUHUH monyaOpuKaT MoyvaroT U3 JPEeBECHHBI TOMOJS HIIM CMECH TOTIOJNS U 3BKAJIMIITA, YTO MO 4ep-
KHMBaeT aJallTUBHOCTb TEXHOJOI'MH K JOCTYITHBIM BUaM ChIpbs [18].

Tpaguumonno BXTMM npumMenseTcs A5t U3rOTOBJICHUS ra3eTHOM Oymart, OesbIX cOpToB Oymaru Juist
TMIeYaTH, a TAaK’KEe B COCTaBE KOMIO3HUIINH JIsI TAPOYIAKOBOYHOTO KapToHa. OHAKO B YCIIOBUSIX CHUKEHHUS
CIIpoca Ha MeYaTHbIE BUbl OyMaru 1 OMHOBPEMEHHOI0 pOCTa MUPOBOTO Npon3BozacTBa BIID BbIcOKOro BbI-
xoza (mperuMy1ecTBeHHO B Kutae) Bo3HHKaeT HeOOXOAMMOCTD B CCIIEIOBaHIH HOBBIX 00J1acTel MpUMeHe-
HUS 3TOro marepuaia. J[onoaHuTenbHo nepernekTusbl pa3ssuThs bXTMM cBsi3aHbl ¢ €€ HCIOJIB30BAHUEM
B DKOJIOTMYECKH OpPUEHTHPOBAHHBIX IPOM3BOIACTBAX. biaromapst BBICOKOMY BBIXOLY M BO3MOXKHOCTH
orOenrBaHus 0e3 3HAYUTENBHBIX TOTeph BOIOKOH BXTMM MoxeT ObITh HHTEIPHPOBaHa B IIPOM3BOJCTBO
OuopasnaraeMbIX YIakKOBOUHBIX MaTepPUAaOB, KOMIIO3UTHBIX TTAHENEH JJIsl CTPOUTENBCTBA M JIAXKe B TEKCTHIIb-
HYIO IPOMBIIIEHHOCTD JUIsl CO3JaHUS BOJIOKHUCTBIX apMUPYIOLIUX 100aBOK. Takue HOBbIe 00J1acTH MpH-
MEHEHHSI TIO3BOJISIT HE TOJNBKO JUBEPCU(PUIIMPOBATH PBIHKU COBITA, HO U OyAyT CIIOCOOCTBOBATH YCTOWYH-
BOMY Pa3BUTHIO OTPACIIH, MUHUMHU3UPYsI OTXO/bI U ONTHMU3UPYsI pecypconoTpednenue [18].

B Tabn. 1 npuBeneHs! IUTEpaTypHBIC JAHHBIE 110 KOMIIOHEHTHOMY COCTaBY BOJIOKHHCTBIX 1OIy(hadpu-
KaTOB, MCIOJIB30BAHHBIX B X07€ 3KcriepuMenTa [19-22]. Llenmrono3nsle Matepuaibl — OeneHast cynbharHast
LeJUTION03a (XBOMHas, ucTBeHHast) 1 bXTMM — oTiruaroTcs ri1aBHBIM 00pa3oM CofepKaHUEM OCTaTOYHO-
'O JINTHUHA, 4 OINYHS B COCTABE TEMHULEIUIION03 M SKCTPAKTUBHBIX BEILIECTB MEHEE CYILIECTBEHHBI.

Ta6nuna 1. KomnoHeHTHBII cocTaB GesieHbIX M01yhadpuKaToB

Table 1. Component composition of bleached pulp samples

KommoneHnT JlucTBeHHas OeneHas LeluTono3a XBoitHas OeneHas 1eTI0I03a JIucrBennas (ocunoas) BXTMM
Lenmnronosa, % 75,0-76,0 80,0-82,0 58-62
Jluruaun, % 0,5-1,0 0,5-1,0 20-22
I'emunennionossl, %: 21,9-22.3 14,0-14,5 18-20
TeKCO3aHBI 0,2-0,3 7,0-7,1 4-5
MEHTO3aHbI 21,7-22.0 7,0-7,5 14-16
DKCTpaKTUBHBIEC BELIECTBA, Y% 10 0,5 10 0,5 1,0-1,5
3oma, % 10 0,3 10 0,3 10 0,5
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W3MeHeHne KOMIO3UIUMU OTJIMBOK OyMaru 1o BOJIOKHY 3a cueT yBenuueHus 1oiaun bBXTMM npu-
BEJIO K MOSIBJIICHUIO U3MeHeHuH B momyueHHbIX M K-criektpax (puc. 2).

HK-criekTp OyMaru sSBJISETCS CIOXKHOMW CYTIEPIIO3UITHEH TTOJIOC TTOTJIOMICHUSI MHOYKECTBA XUMUUe-
ckux pyHKnnoHanpHBIX Ipynm. Kpome Toro, konnyectsennbiit ananu3 MK-HITIBO-cnekTpa 3aTpynHen
TEM, YTO HHTEHCUBHOCTH MOTJIOMIEHHS 3aBUCHT OT CTPYKTYPBI HOBEPXHOCTH M CHIIBI IPUXKaTUs 00pas3-
11a K aIMa3HOMY OKHY, IO3TOMY JJIsI KOJTUYECTBEHHOTO aHAIN3a BO3MOXKHO HUCIIOIb30BaHUE TOIBKO H3-
MEpPEHHS OTHOIIEHNH HHTEHCUBHOCTEW TOJIOC MPH PAa3HBIX JINHAX BOJH, KOTOPBIE 3aBUCAT TOIBKO OT
XUMHYECKOTO cocTaBa Oymaru. BeIIeIUTh y4acTOK CIIEKTpa, HOCSIINIICS K OJTHOM T'PYyIINe U He Tepece-
KaIOUUICS C APYroM, KpailHE CIIOXKHO.

10 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 15; 1550 1600 1650 170

Puc. 2. ®parmenT criekTpoB Oymaru u3 6eieHoi cynbdaTHol nemnonossl ¢ goieit BXTMM ot 0 no 100 %
(eimenenst o6mactu 1 500, 1400 u 1 110 em ™)

Fig. 2. Fragment of spectra of paper made from bleached kraft pulp with a BCTMP fraction from 0 to 100 %
(highlighting the regions at 1 500, 1 400 and 1 110 cm™)

YacTo 0Ka3bIBAETCs, YTO TAKOH y4acTOK HAXOAUTCS HE HA MAKCUMYyMe IIMKa, a Ha €ro cKjoHe. Jlis
00HapyXCHHSI TaKUX YYacTKOB pa3paboTaHa mporpamma [16]. B Hee 3arpyxkaercs cepusl CIIEKTPOB
Y HEKOTOpast BEJIMYNHA, KOPPEISIHOHHYIO CBSI3b C KOTOPOH TpedyeTcs HaiTh. [IpoBepke moaBepraroT-
cs1 Bce 001acTH CIIEKTpa, B HAIIEM CIydae — MPOLEHTHBIM COCTaB KOMITO3UIIMK OyMaru ¢ COOTBETCTBY-
IOIIMMH CIIeKTpaMu. B pe3ynprare pacueta BOSMOXXHO 00OHApY’KEHHE YUaCTKOB CIIEKTPA, 3aBUCALIUX OT
MPOLIEHTHOT'O COCTaBa KOMIIO3HUIIMHM M HEKOTOPOTo 0a30BOTO y4acTKa, OTHOCHTEIBHO KOTOPOTO MOXKHO
MPOU3BOAUTH pacyer.

s aHanu3a OPUHSTH TOJIOCH! MOMJIOMEHHUS, COOTBETCTBYIOLIUE OCHOBHBIM CTPYKTYpaM KOMIIO-
HEHTOB BOJIOKHHUCTBIX monydabpukaros. [Tonoca mormomenust 1 500 cM~' OTHOCHTCS K BaJEHTHBIM
apoMaTHYECKUM CKeJleTHBIM KonebanusiM C—C-cBsi3el, KOTOpble XapaKTepHBI JJIsI TUTHHUHA, 00JI1acTh
1400 cm! — x nedpopmanmonubiM Kosebanusim C—H-cBsi3eid, B GOJIbLIEi CTENEHH CTPYKTYP YTIIEBOIAHBIX
noaumepoB. O6macts 1 110 em! coorBercTByeT C—O-KOJIEGaHUSIM IUPAHO3HOTO KOJIbIA, YTO XapaK-
tepHo ais yrneBonos [17, 20]. IIpu yBenuuenun noau BXTMM wu3meHsEeTCS COOTHOLIEHUE YTIJie-
BOJBI / JINTHUH M TIPOMCXOAMT U3MEHEHUE OTHOWEHUH D, 5)0/Dy00 B Dy500/Dyygp> TAE D — onTHYeCKas
MI0THOCTB). OOpaboTKa cepuil CIIEKTPOB ¢ MPUMEHEHHEM MTPOrpaMMHOro obecriedeHus [23] mokasaio
HaJIMYUe TPSIMON KOPPESIIMOHHON 3aBUCUMOCTH MeKay conepxanrneM bXTMM B Oymare u cOOTHO-
IIEHUEM MHTEHCUBHOCTEH mosoc nornomenus Dy, u D, a Taxxe D5y, 1 D, (Tabm. 2).

3aBUCUMOCTH, NPEACTABICHHbBIE HAa pHC. 3, CBUAETEIBCTBYIOT O CYLIECTBOBAHHUHM TECHBIX KOppe-
JISIMOHHBIX 3aBUCHMOCTEH, YTO MOATBEPIKIAETCS BETUUMHOMN JOCTOBEPHOCTH ANMpOKCHMaIK R, KO-
topas npessimaer 0,99 nns coornomenus D, y,/D,,q,, ¥ noutu gocruraer 0,98 nns cooTHOIIEHUS

D.,,/D

1500/ 1110°
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Ta6uuna 2. Bausaue 1oau BXTMM B KoMno3unuu GyMaru Ha OTHOIIEHHSI HHTEHCHBHOCTEI 1MoJ10¢
noriomenus UK-cnexkrpos

Table 2. The influence of the proportion of BCTMP in the paper composition on the intensity ratios
of the absorption bands of the IR spectra

OTtHomeHnus nHTeHcuBHocTel nosoc MK-criekTpos
Jlonst BXTMM B o6pasie, %
Dy500/Draoo Dy500/Diioo
0 0,08428 0,36371
0 0,09148 0,37833
5 0,10029 0,42244
5 0,09913 0,40340
10 0,10571 0,42269
10 0,10346 0,41568
15 0,10110 0,41777
15 0,09925 0,41526
20 0,11091 0,45597
20 0,10587 0,43991
30 0,11370 0,48574
30 0,11416 0,48606
40 0,12101 0,53097
40 0,12186 0,52769
100 0,18287 0,76874
100 0,18091 0,75120
100 100
y=17931x- 105,6 yE O I08 080
80 R2=0,991 80 o
c\e =
T 60 | S 60
=2 =
=
o =
@ 40 = 40
B B
S Se
20 20
0 1 1 1 J 0 1 L 1 1 J
0,3 0,4 0,5 0,6 0,7 0,8 0,08 0,10 0,12 0,14 0,16 0,18 0,20
D) 500/D1a00 D1500/D1110

Puc. 3. KanuGpoBouHsble 3aBUCHMOCTH JUIsl oLleHKH conepkanust BXTMM B Oymare

Fig. 3. Calibration curves for assessing the BCTMP content in paper

Ha ocHoBanuu kaauOpOBOYHBIX IPa(UKOB MOTyUEHbl YPaBHEHUS PErPECCHH, TIO3BOJISIOLINE 10 CO-
OTHOILIEHWIO MHTEHCUBHOCTH aHajuTudeckux nosioc Ha MK-criekTpax onpenenuts coaepxxkanne bXTMM
B 06pasie 6ymMarn: %pyrvv = 1793 * Disoonaoo — 103,65 R2 = 0,991; Yopyrvm = 1 094.2 * Dys01100 — 98515
R?>=10,978.

[lonyuyeHHble KanuOPOBOYHBIE MOJEIH OTKPBHIBAIOT BO3MOXHOCTH HEAECTPYKTHBHOI'O 3KCIpECC-
aHanusa cocraBa Oymaru. Beicokue 3navenus R? (0,991 u 0,978) nmoATBepKAAKOT JIMHEHHOCTH 3aBHCH-
MOCTH M€Ky CIEKTPAIbHBIMU XapakTepucTukaMu U posied BXTMM B minpokom auana3oHe KOHILIEH-
tpanuit (0—100 %). D10 no3BonseT ncnoiab3oBaTh MK-criekTpockonuio Kak aJlbTepHATUBY TPYI0EMKUM
METOAaM, CYHIECTBEHHO COKpallas BpeMs aHaJIn3a U UCKITI04asi HEOOXOIMMOCTh MOATOTOBKH MPOO.

Oyenka KOMNOHEHMHO20 COCMABa HebeNleHol YNAKOBOUHOU bymasu ¢ O6amMOYKO8OU Yennon030u
6 xkomnosuyuu c npumenernuem HUK-HIIBO-cnexmpockonuu. ns otedectBennoit LIBIl pacmmpenme
CBIPHEBOIT 0a3bl BOZMOKHO 32 CYET UCIIOJIb30BAHUSI IKOHOMHYECKH BBITOAHBIX BOJIOKHUCTHIX MOy (Hao-
PHKATOB U3 OBICTPOpAaCTyIMX pacTeHuid, oontatomux B crpaHax bPUKC u ATOC.
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Tak, HHTEpEeCHBIM HA0OPOM CTPYKTYPHO-pa3MEpHBIX CBOWCTB 00iafaeT LeuIono3a u3 damoOyka [24].
HccnenoBanust HeOeneHOW meIITioNo3bl U3 OamOyka Bambusa blumeana (BpeTHam) mokaszaim, 4To ee
CTPYKTYPHO-MOP(OJIOrMYECKHE CBONMCTBA OTIMYHBI OT CBOMCTB CEBEPHBIX JIMCTBEHHBIX M XBOWHBIX
nesutono3. [1o cpaBHEHHUIO ¢ TMCTBEHHOM MEIUTION0301 BOIOKHA OamOyka Oonee mumHHBIE (1,8 MM mpoTHB
1,0 Mmm) 1 MeHee mupokue (17 MkM poTuB 26 MKM), Oonee n3ornyTeie (paktop hopmer 87,5 mpotus 92,5)
1 umeroT 6ombine u3oMoB (0,42 mpotus 0,29). BonokHa 6amOyka Kopode XBOWHOM 1eliroo3sl (1,8 mpoTus
2,5 mM), ¢ menbIel mupuHoi (17 mpotus 30 MKM), 9yTh Oosiee n3orHyThIe (hakTop hopMbl 87,5 TpoTus 86)
u umeroT OoJibiie uzoMoB (0,42 mporus 0,35 Ha 1 mMm) [6]. Takum oOpa3om, 1e/Ir0I03a U3 OamMOyKa
oOnagaeT ATUHHBIMHA, TOHKUMH U U30THYTBIMH BOJIOKHAMH, KOTOPBIE CAMOCTOSITEIEHO (POPMUPYIOT
MYXJIYIO CTPYKTYDPY, 00JIaIatoIy10 BEICOKUM CONPOTUBIICHUEM Pa3IUPAHHIO U XOPOIIEH pacTsSHKUMOCTBIO.

B Tabn. 3 mpuBeneHsl JIUTEpAaTypHbIE JaHHBIE 10 KOMIOHEHTHOMY COCTaBY HEOENICHBIX BOJIOKHHU-
CTHIX MONy(haOprKaToOB, UCTIONB30BAaHHBIX B AKciepuMenTe [19-22, 25]: neGenenas cynbhaTHas XBO-
Has (21 en. xamnma) u aucTBeHHas (16 €. Kanma) 1nemToa03a, K KOTOpoi BBOJUIN HEOSIEHYIO HEJITION0-
3y u3 OamoOyka (17 en. xamnma) [24].

Tabnuna 3. KoMmoHeHTHBII cocTaB HeGeleHBIX BOJOKHUCTHIX NMOIy(hadpHKaToB

Table 3. Component composition of unbleached fiber pulp samples

KommoneHnt JlucrTBenHast HeOeneHas LEII0I03a XBoitHas HebeneHas nennronoza | bamOykoBas HeGenenas
Hemnronosa, % 74-75 79—81 76—82
Jluraun, % 2-3 3—4 3,5-4,5
Temunennronossl, % 21-22 10-11 12-14
DKCTpaKTUBHBIC BELIECTBA, % 0,5 2-5 1-3
3oma, % 0,5-1,0 0,5-2,0 1,0-2,5

T T T T T T T T T
550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250
a

1450 1500 1550 1600 1650 1700 1750 1800 1850
b

Puc. 4. ®parmenTsl criekTpoB OyMaru u3 HeOeseHoi Cynb(aTHOH I3k C 1oJiel 6aMOyKOBOH LEJITI0NIO3b
ot 0 10 100 %, BbIeneHbI o0nacTH: a — 66711070 cm ;b —1580u 1 736 cm!

Fig. 4. Fragments of spectra of paper made from unbleached sulfate pulp with a bamboo pulp fraction
from 0 to 100 %, highlighting the regions: @ — 667 and 1 070 cm™!; »— 1 580 and 1 736 cm™!
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[Ipu BBemeHMM B KOMHNO3ULMIO Oymarn HEOENeHOW HeIroso3sl U3 0amMOyka B HEW MOSBIISIOTCS
KOMIIOHEHTBI, XapaKTepHbIE JIJI HEJPEBECHOM LIEJLTFOJIO3bI, UTO TPUBEJIO0 K M3MEHEHHUSIM B TIOJyYE€HHBIX
UK-cnexrtpax (puc. 4). Jlng aHanuza NpUHATHI MTOJIOCH! MOTJIOMIEHUS, COOTBETCTBYIONINE OCHOBHBIM
CTPYKTypaM KOMIIOHEHTOB HEOEIEeHBIX BOJIOKHUCTHIX Mony(padpukaroB. [10CKOIbKY HCIIONB30BaHBI
LIEJUTIOJIO3BI C TPUMEPHO OJMHAKOBBIMU BBIXOJIOM U COZIEp)KaHMEM JIMTHUHA, TO U3MEHEHHUS B CIIEKTpax
MOTYT OBITH CBSI3aHBI C APYTON MPHUPOI0i 0aMOyKa, KOTOPBIH OTHOCHUTCSI K HEJPEBECHOMY PaCTHUTEIb-
HoMy chIpbio. TTomoca 1 070 cm™' coorBeTcTByeT C—O-CKENETHBIM KONEOAHUSAM TIIIOKOIMPAHO3HOTO
Kojbla yriueBogoB. O6macte 667 cM™' orHocurcs K aedopManuoHHBIM Kosebanusm C—H-casseit
(BuertockoctHbie O—H-cBsi3n), 1 736 cMm™! — k BanentHbIM KoneOanussM C=0-cBsizell B KapOOHHIILHBIX
U KapOOKCHITBHBIX rpymmax, 1 580 cm ! — k ckeneTHbIM KoneGaHuUsIM OEH30IBHOTO KOJIbIIA OCTATOYHOTO
JUTHUHA.

3aBUCHMOCTH, TIPEJCTABICHHBIE HAa PUC. 5, CBUACTEIBCTBYIOT O CYIIECTBOBAHUN KOPPEISIITUOHHBIX
3aBUCUMOCTEHN, TECHOTA KOTOPBIX HECKOJIBKO MEHBIIIE, 4yeM B citydae cMeceil ¢ BXTMM, uto oTpaxaer-
Cs B BEJIMYMHE JIOCTOBEPHOCTH ammpokcumanuu R2, kortopas mpessimaet 0,97 s COOTHOLICHHS
D, 7o/ pe7 B ALt cooTHOMEHUS D15 /D) 540

Ta6auna 4. Baussaue 1011 6aMOyKOBO¥ 1eJIJ10/103bI B KOMIIO3UIMH OyMArd HA OTHOIIECHUS
HHTEHCUBHOCTeH noJsoc nornomenus UK-cnekrpos

Table 4. The influence of the proportion of bamboo cellulose in the paper composition
on the intensity ratios of the absorption bands of the IR spectra

. OtHomeHnss HHTEHCHBHOCTH 1uKoB MK-cnekTpos
Jlomnst 6GamOyKkoBO#
HEILTIONO3EL, % D1070/D667 D1736/D]580
0 1,04506 0,55579
0 1,03519 0,56032
10 1,02366 0,57532
10 1,02233 0,58908
30 1,06368 0,62221
30 1,06120 0,61808
40 1,10250 0,64607
40 1,09502 0,64982
50 1,11069 0,65167
50 1,10867 0,65565
100 1,17531 0,67816
100 1,18470 0,67970
o O 50 ¢ o4
o y= 42%;4156‘9';4327’390 2 =1490,985x - 274,680
g 40 o 2 40 R2=0975
g e
5 e
g 30 | =
)g g 30
5 20 ’§
L =}
= ©
< =
© <
= 10 e 10
= 5
=
0 1 1 1 J 0 y
1,00 1,03 1,06 1,09 LL 0,55 0,58 0,61 0,64 0,67
D1070/D667 D1736/D1580

Puc. 5. KanuOGpoBouHbIe 3aBUCMOCTH JIJIsl OLICHKH COJIepiKaHis 6aMOyKOBOI 11eJUTI0I03b1 B Oymare

Fig. 5. Calibration curves for assessing the bamboo pulp content in paper



Becrii HansisnansHait akaapmii HaByk bemapyci. Cepsist ximigabsix HaByK. 2026. T. 62, Ne 3. C. 240-251 249

Ha ocHoBaHWM KalnOpOBOYHBIX I'pauKOB (CM. pUC. 5) MONYyYESHBI YPAaBHEHUS PErPECCHH, MO3BO-
JAIOUIME 1O COOTHOLICHHWIO MHTEHCHUBHOCTH aHAJIUTH4YECKUX mojoc Ha MK-cmekTpax omnpenenuThb
conieprkanue 6aMOyKOBOH LeLTI0N03bl B 06pasue Oymaru: %op, o = 428,4 - Dy, — 427,4; R*= 0,973;
Yopansyc — 4910 Dyg361550— 2747, R?>=0,975.

BeiBoabl. [lokazana npumenumocts UK-HIIBO-cnekTpockonuu Aisi OICHKH KOMIIOHEHTHOT'O CO-
cTtaBa Oymard. YCTaHOBIICHBI KaJTHMOPOBOYHBIE 3aBHCHMOCTH, ITO3BOJISIONINE OMPENENISATh B KOMITO3U-
¥ OyMaru JIOJIF0 KOMIIOHEHTOB, OTIIMYHBIX OT XBOWHOM M TUCTBEHHOH 11eJTI0NI0361: BXTMM B 6ermoit
OyMare ¥ LIEJUIF0JIO3bI U3 OaMOyKa B HeOeieHOH Oymare.

[Ipennoskena TeXHOIOTHS ONpeesieHHs cocTaBa Oymaru no BosiokHy ¢ npumenennem MK-HITBO-
CIIEKTPOCKOIUHU, MTO3BOJISIONIAS IOBBICUTH SKCIPECCHOCTh U PEPE3CHTATUBHOCTH U3MEPEHHUSL.

TexHOMOTHS BKJIIOYAET UICHTU(DUKAINIO MUKPOCKOITMYECKIM METOZOM BOJIOKOH OMPEIEeIIEHHOTO
BHJIa B KOMIIO3UIINH OyMaru; ompenesicHue MPOICHTHOTO COACPIKAHMS BOJIOKOH, OTIIMYHBIX BOJOKOH
JIUCTBEHHOW M XBOMHOM CYJIb(aTHOM IEIUTFOI03bI, UCTIONB3YS MOJTYUYCHHBIC KATUOPOBOUHBIC 3aBUCMOCTH.
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BRASSINOSTEROIDS AS BORON-BINDING PLANT STEROIDS

Abstract. Brassinosteroids (BRs) constitute a unique class of polyhydroxylated steroidal phytohormones that regulate
plant growth, development, and stress responses. A defining and conserved structural feature of all biologically active BRs is
in the presence of vicinal 1,2-diol motifs, most prominently at the 20,3a-positions of the A ring and at the 22,23-positions
of the side chain. These cis-diol functionalities impart chemical properties that distinguish brassinosteroids from all other
major phytohormone classes and enable reversible coordination with boron species. This review summarizes analytical,
chemical, and physiological evidence supporting the concept of 1,2-diol brassinosteroids as boron-responsive phytohormones,
highlights parallels between boronate derivatization chemistry and in vivo boron complexation, and proposes boron coordina-
tion as a previously underappreciated regulatory layer in brassinosteroid biology. Integrating inorganic chemistry with plant
hormone signaling allows improving our understanding of brassinosteroid evolution, transport, and function, and positions
1,2-diol BRs as a model system for mineral-hormone co-regulation in plants.
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BPACCUHOCTEPOU/IbI B KAYECTBE BOP-CBA3BIBAIOIIMX CTEPOU 0B PACTEHU I

Annoramus. Bpaccunocteponssr (BC) npeacTaBisioT codol yHUKAIBHBIN KIIACC TMOIUTUAPOKCHINPOBAHHEIX CTEPOHI-
HBIX (PUTOrOPMOHOB, PETYJINPYIOMNX POCT, Pa3BUTHE U PEaKIIMH HA CTPecc y pacTeHui. Ompenensroneil 1 KOHCePBaTHBHON
CTPYKTYPHOH 0COOEHHOCTBIO BCeX OMONornyecku akTuBHEIX bC sBisieTcs HaaM4ne BUUHAIBHBIX 1,2-AHOIBHBIX MOTHBOB,
HaunboJee BRIPAXKEHHBIX B 20.,30-TOJIOKEHUAX A-Koubla U B 22,23-T0JI0KEHUAX OOKOBOH enu. DTH yuc-AUOIbHbIe QyHK-
[MOHAJIBHBIE IPYIIIBI IIPUAAIOT XUMUYECKUE CBOWCTBA, KOTOPBIE OTIINYAI0T OPAaCCHHOCTEPOUIBI OT BCEX JIPYT'MX OCHOBHBIX
KJIACCOB (PHTOTOPMOHOB M JIENAIOT BO3MOKHOW OOpaTHMYIO0 KOOPIHHAIUIO C coenuHeHnsMu Gopa. O6GobmaroTes aHaIn-
TUYECKHe, XUMIUECKHUE 1 (PU3HOJIOTHUECKHE JaHHbIe, TOATBepxk Aatomue konnennuio 1,2-muonsHerx bC xak GpuToropmoHoB,
YyBCTBUTENIBHBIX K 00y, IPOBOIATCS MapalIeIn MEK Iy XUMHEil 00pa3oBaHUs OOPOHATHBIX MPOU3BOAHBIX iN Vitro N KOM-
nekcoo0pa3oBaHueM ¢ OGOPOM in Vivo, a TakXkKe MpeanaraeTcs paccMaTpUBaTh KOOPAMHALMIO ¢ OOPOM B KayecTBE paHee
HEJIOOLIEHEHHOT'0 PEryJISITOPHOTO YPOBHS B OMOJIOrnU OpacCHHOCTEpOH10B. VIHTErpupyst HEOPraHHYECKYI0 XUMUIO C CHUTHa-
nU3anyell pacTUTEIbHBIX TOPMOHOB, JaHHAsI KOHIIEIIUs yIIIyOJsieT Halle MOHMMAaHUe SBOJIOINH, TPAHCIIOPTa U (QyHKIIUN
OpaccHHOCTEpOUIOB U MO3UIMOHHPYeT 1,2-nuonbHble BC B KauecTBe MOJEIBHOW CHCTEMBI JUISI M3YyUCHHS KOPETYIISIIHH
MUHEPAIOB U TOPMOHOB Y PaCTEHHH.

KuioueBble cjioBa: OpacCHHOCTEPOU/IbI, BALIMHAIBHBIC THOJIbI, OOPATHBIE KOMILIEKCHI, PyHKINs

Jloisi maTupoBaHus. BpacCHHOCTEPOUIBI B KauecTBE OOP-CBSI3BIBAIOIINX CTEPOMI0B pacTeHuit / B. M. JlemOukmii,
A. O. Tepentbes, C. B. bapanun, B. H. Kabunckuii / Becri HanpisinanpHaii akagsmii HaByk bemapyci. Cepbis XiMiUHBIX
HaByK. — 2026. — T. 62, Ne 3. — C. 252-264. https://doi.org/10.29235/1561-8331-2026-62-3-252-264

Introduction. Brassinosteroids (BRs) constitute a distinct class of polyhydroxylated steroidal
phytohormones that play a central role in plant growth and development. Since their discovery, BRs
have been recognized as key regulators of fundamental physiological processes, including cell elongation
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and division, rhizogenesis, seed germination, vascular differentiation, flowering, senescence, and repro-
ductive development. In addition to their growth-promoting activity, brassinosteroids significantly
enhance plant tolerance to abiotic stresses, such as salinity, drought, temperature extremes, and nutrient
imbalance, highlighting their importance in plant adaptation and resilience [1, 2].

The structural identity of brassinosteroids was first elucidated through X-ray crystallographic
analysis of a biologically active steroid isolated from Brassica napus pollen. This compound, later
named brassinolide, was shown to be a highly oxygenated steroid closely resembling animal steroid
hormones. Its systematic name — (22R,23R,24S5)-2a,30,22,23-tetrahydroxy-24-methyl-B-homo-7-oxa-
Sa-cholestan-6-one — reflects the defining feature of the BR family: the presence of vicinal hydroxyl
groups at positions C-2 and C-3, often accompanied by additional hydroxylation in the side chain [1].
This 1,2-diol motif is of particular chemical significance, as it provides a canonical binding site for
boron coordination. To date, approximately 70 naturally occurring brassinosteroids have been isolated
from a wide range of plant species and organs, including pollen, anthers, seeds, leaves, stems, and roots

(Fig. 1) [3].

o 24-Epicastasterone Dolichosterone
Brassinolide 28-Homobrassinolide

Fig. 1. Structures of some typical natural brassinosteroids. The most representative BRs share conserved oxygenation
patterns, notably A-ring hydroxylation (often including a 2,3-diol) and, in many C27—C29 BRs, a side-chain 22,23-diol.
These vicinal diol motifs provide potential boron-binding “handles”, enabling reversible cyclic boronate formation with boric
acid/borate under physiological pH conditions and thereby offering a plausible route for boron-dependent modulation of BR
mobility and local bioavailability

Boron is known as one of the essential micronutrients for plant growth and development [4]. The
influence of boron on plant development is mediated through its structural function in the cell wall, the
regulation of hormonal signaling, and its metabolic integration with other elements. Recently, a number
of studies have been published examining the combined effects of brassinosteroids and boron on plant
growth and development. It was shown that boron at toxic concentrations stimulates BR biosynthesis in
plants while simultaneously suppressing its inactivation, leading to sustained BR activity throughout
seedling development [5]. Under boron deficiency conditions, exogenous 24-epibrassinolide reversed the
inhibition of root growth [6]. The synergistic effect of foliar application of boron and 24-epibrassinolide
on Camelina sativa alleviated water deficit stress, increased oil content, and improved oil quality [7].
Foliar treatment of grapevines with epibrassinolide combined with boric acid had a positive effect on
chemical and reproductive characteristics, as well as on the percentage of fruit set [8]. Combined
treatment with brassinolide and boric acid led to a significant improvement in the growth and flowering
characteristics of aster plants [9]. The vegetative growth and flowering characteristics, as well as the
quality of corms, were enhanced after gladiolus plants were treated with boron and brassinolide [10].

This review synthesizes analytical, chemical, and physiological data to support the concept that 1,2-
diol brassinosteroids function as boron-responsive phytohormones, drawing clear connections between
boronate derivatization reactions and biologically relevant boron complexation. Framing brassinosteroid
action through the lens of inorganic coordination chemistry deepens insight into BR evolution, transport,
and signaling, and identifies 1,2-diol brassinosteroids as a valuable model for studying mineral-hormone
integration in plants.

The ability of boron to form complexes with steroids. Structural identification of BRs requires
highly sensitive analytical techniques, as these phytohormones occur in plant tissues at extremely low
concentrations. Boronic acids have been employed to form boron complexes with brassinosteroids,



254 Proceedings of the National Academy of Sciences of Belarus. Chemical series, 2026, vol. 62, no. 3, pp. 252-264

creating derivatives suitable for detection in plants and biological samples (Fig. 2). This approach is
effective because BRs contain a pair of diol groups — the precise structural motif that organoboronic
acids exploit to form stable, cyclic boronate esters. To date, several dozen alkyl/aryl boronic acids have
been proposed for the synthesis of such esters (Table 1). These well-defined esters are ideal for analytical
quantification. In contrast, the use of boric acid or borax typically fails to yield a single, clean, and
instrument-friendly derivative for routine analysis.

Among the most widely applied microanalytical methods are gas chromatography—mass spectrome-
try (GC-MS) and GC-MS with selected ion monitoring (GC—MS-SIM), which provide both sensitivity
and structural specificity. For GC-based analysis, brassinosteroids must first be converted into volatile
derivatives [11]. Brassinosteroids containing two sets of vicinal diol functions—such as brassinolide and
castasterone — readily form bismethylboronate (BMB) derivatives upon reaction with methylboronic
acid in the presence of pyridine. In contrast, 2-deoxybrassinosteroids, including typhasterol and teaster-
one, are typically derivatized through selective methylboronation of the side chain, followed by trimeth-
ylsilylation of the 3-hydroxyl group to yield methylboronate—trimethylsilyl (MB-TMS) derivatives.
HPLC of boronate ester derivatives offers a robust alternative to GC-MS for BR analysis.

X = a-Me, B-Me, a-Et, =CH, =CH-CHj

Fig. 2. The reaction of brassinosteroids with boric/boronic acids. In anhydrous media, the reaction can proceed with the
formation of bis-boronate derivatives. The boronate fragment in the A ring undergoes hydrolysis even under conditions
of silica gel chromatography, whereas the 22,23-boronates 3 and 6 are very stable

Table 1. Structure of boric (boronic) acids used for the synthesis of complexes with brassinosteroids

Name Structure References Name Structure References
boric acid HO. ;-OH [12]  |methylboronic acid HO\B,OH [13-15]
OH I
naphthalene-boronic HO\B,OH [16] 9-phenanthrene- HO\B/OH [17]
acid boronic acid
1-cyanoisoindole- HO.__OH [18]  |(dansylamino)- HO._.OH [19, 20]
. B . . B
2-m-phenylboronic phenylboronic acid
acid NC /@ O 0.0 /@
8L
N N
& Sk
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End of table 1
Name Structure References Name Structure References
2-bromopyridine- — OH [21,22] |6-methoxy-3-pyr- — OH [22]
5-boronic acid B"Q’B\ idinylboronic acid PN )8
N OH N OH
3-pyridylboronic acid @ OH [22, 23] |m-amino B/OH [23-25]
\ B, henylboronic acid g > \
N / OH P Y OH
H,N
4-mercaptophenyl- OH [26,27] [4-(N,N- \ OH [28-30]
boronic acid HSOB\ dimethyamino)- N‘@’B\
OH T / OH
phenylboronic acid
3-(N,N- OH [23] |2-(4-boronobenzyl) ¢ [31]
dimethyamino)- QB\ isoquinolin-2-ium (:Q /\©\ OH
. . OH B~
phenylboronic acid 7
—N OH
\
4-phenylamino- HN [32] |2-methyl-4-phenyl- HN [33-35]
methyl-benzeneboric /\©\ _OH aminomethylphenyl- /\©\/ _OH
acid B boronic acid B
OH OH
rhodamine B-boronic HN/\O\ [36] |boronate-functional- Ho-g" 5-OH [22,37]
acid _OH ized magnetic
O B nanoparticles H"\; O O B?”
HO,C o i O O o
00 Messaer
Nl B B
(o) T* HO O O OH
HO-B, ,B—OH
OH HO
4-borono-N,N,N- N OH [38] ferroceneboronic @ [39]
trimethylbenzen- 7N+OB\ acid Fe OH
aminium iodide OH ' B
(e “OH

Electron impact (EI) mass spectra of both BMB brassinosteroids and MB-TMS derivatives provide
rich structural information. In addition to the presence of a diagnostic molecular ion, these spectra
display characteristic fragment ions that enable reliable determination of side-chain composition as well
as the core steroidal framework. Fragmentation of brassinosteroids under EI conditions is dominated by
side-chain cleavages, producing complementary ions that reflect both the nature of the side chain and the
underlying steroid skeleton [11, 40].

Why is boric acid or borax not used to make “BR derivatives” for analysis? Even though boric
acid/borate can interact with diols, the obtained derivatives are usually poor choices as analytical
derivatization reagents compared with organoboronic acids (methyl-, phenyl-, naphthyl-, dansyl-
aminophenyl-boronic acids, etc.).

They do not add a detection “tag.” Derivatization in HPLC/LC-MS is often done to add a UV/
fluorescence handle or to improve MS response. Boric acid/borax do not introduce a strong chromophore/
fluorophore (unlike arylboronic reagents used explicitly for BR derivatization workflows). Product
stability/speciation is messy in aqueous samples. Boric acid is a weak Lewis acid and borate—diol
complexation is highly pH- and water-activity-dependent, often giving equilibrating mixtures (mono-/
diesters, borate complexes) rather than one clean, isolable derivative — exactly what analysts try to avoid
for quantitation and reproducibility [41, 42].

Poor compatibility with GC and MS hardware. Boric acid and borax are inorganic, highly polar, and
nonvolatile - they are not suitable for GC derivatization (since neutral, volatile derivatives are required).
Borax introduces alkali metal salts (e.g., sodium) that can cause ion suppression in ESI-MS and can
contaminate sources/columns.

Organoboronic acids give predictable cyclic boronate esters and better chromatography. Aryl/alkyl
boronic acids are designed to form neutral cyclic boronate esters with vicinal diols under controlled
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conditions, improving extraction into organic solvents, chromatographic retention/separation, and
(often) MS response. That is why protocols explicitly choose such reagents for BR derivatization prior to
UPLC-MS/MS.

Boron chemistry makes complexation with plant metabolites inevitable. In water, boron is
present mainly as boric acid, B(OH),, which behaves as a Lewis acid and readily forms tetrahedral
borate diesters with vicinal (cis) diols and related dianionic O-donor motifs (e.g., sugar diols, polyols,
and a-hydroxy-carboxylates). This is the same fundamental chemistry exploited in boronate derivati-
zation for analytical methods [43—45].

A centerpiece of “hard evidence” is the borate—diol ester cross-linking of rhamnogalacturonan II
(RG-II) in primary cell walls. RG-II exists predominantly as a borate-crosslinked dimer, where boron
forms a 1:2 borate—diol diester bridge between RG-II chains. This has been demonstrated experimentally
(and is widely accepted as a key biochemical function of boron in higher plants) [46, 47].

Boron is not just present—it is covalently and reversibly incorporated into wall architecture via
borate ester chemistry, and the monomer<>dimer behavior is pH-dependent, consistent with borate ester
formation/hydrolysis [43—45].

Boron is famously poorly phloem-mobile in many species, but becomes more mobile in plants that
produce polyols (e.g., sorbitol, mannitol), because boron can form stable boron—polyol complexes. This
is a well-documented explanation for species differences in boron transport and partitioning [46, 48].

From these points, it is reasonable to hypothesize that any plant metabolite with an appropriate diol
geometry could form borate esters under the right pH (microenvironment) and concentration conditions.
However, for brassinosteroids specifically, the arguments are currently chemical plausibility by analogy
(diol-containing scaffolds can form borate esters), whereas direct in-plant evidence would require
targeted experiments (e. g., ''B NMR in extracts, LC-MS detection of boronated adducts under near-
physiological conditions, and isotope tracing). The RG-II and polyol cases show that plants do form
boron complexes naturally; they do not, however, automatically prove which small-molecule hormones
do so [45, 46].

Because boron in plants is present largely as boric acid/borate and is well known to form reversible
tetrahedral borate esters with vicinal diols, it is plausible that a subset of brassinosteroids (BRs) could
transiently engage boron through their 1,2- and/or 1,3-diol motifs (where present), generating short-lived
BR-borate adducts in boron-rich microenvironments. Such complexation, if it occurs, could act as a condi-
tional “masking/solubilizing” handle that modulates local mobility, compartmentalization, or protection
from nonspecific interactions, with release favored upon acidification or shifts in local polarity/ionic
strength (conditions that generally destabilize borate—diol ester equilibria). Importantly, this should be
framed as a working model, because BR action is often described as largely local rather than long-
distance in plants, implying that any boron-assisted “carrier” role would most likely operate at the tissue/
microdomain scale rather than as a general systemic transport mechanism.

If BR-borate adducts form in vivo, they could in principle influence apparent distribution via
aqueous phases (including sap), but any such “delivery” function should be considered speculative and
likely dependent on local pH and diol availability rather than a universal long-range transport mechanism
[45—48].

Vicinal 1,2-diols (cis-diols) are known to form reversible covalent boron complexes with boric
acid or boronic acids, typically yielding five-membered cyclic boronate esters. This interaction
occurs readily under mildly acidic to neutral conditions, where boric acid predominates, and is strongly
favored by rigid molecular scaffolds that enforce an optimal diol geometry. The steroidal backbone
of brassinosteroids provides such rigidity, locking the diol system into a favorable spatial orientation and
promoting selective, transient boron binding [43—45, 49].

Importantly, this chemical feature distinguishes brassinosteroids from other major classes of plant
hormones. Auxins (such as indole-3-acetic acid) and gibberellins generally lack stable cis-vicinal diol
motifs and therefore do not form comparable boron complexes. While these hormones may interact with
boron indirectly through signaling crosstalk or downstream metabolic effects, they do not possess an
intrinsic structural capability for direct boron coordination. In contrast, brassinosteroids are uniquely
equipped among phytohormones to engage in direct boron—ligand chemistry, placing them at a critical
intersection between hormone signaling and boron nutrition.
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The reversibility of boron—brassinosteroid complexation suggests a dynamic regulatory mechanism
rather than permanent modification. In plant tissues — particularly within the apoplast and phloem sap —
boric acid may transiently associate with the 2,3-diol system of brassinosteroids, modulating their
solubility, transport, and local availability. Such interactions may help explain observed links between
boron status and brassinosteroid-dependent growth responses, including alterations in cell elongation,
vascular development, and stress tolerance.

Taken together, the conserved A-ring vicinal diol motif of brassinosteroids provides a clear structural
and chemical basis for their classification as potential boron-coordinating phytohormones. This feature
links analytical boronate chemistry with in vivo physiological function and supports the emerging
concept of bioactive plant boronosteroids, in which boron acts as a reversible, structure-directing
modulator of steroid hormone behavior.

When the environment shifts toward alkaline pH, boric acid is converted into its tetrahedral borate
anion [B(OH), ], which exhibits enhanced affinity for vicinal 1,2-diols. Under these conditions, boron
acts as a Lewis acid, coordinating with the lone pairs of the two adjacent hydroxyl oxygen atoms to form
a five-membered cyclic boronate ester. This coordination involves reversible covalent B—O bonds and is
favored by rigid molecular frameworks that preorganize the diol groups in a cis configuration.

For most simple 1,2-diols — such as those present in sugars, sugar alcohols, and polyhydroxylated
steroids — boron complex formation is thermodynamically favored at higher (alkaline) pH (Table 1).
Alkalinity increases the nucleophilicity of the hydroxyl groups and promotes the formation of the
reactive borate species, a behavior that has been extensively characterized using "B NMR, 'H NMR,
and mass spectrometry. These studies consistently show increased stability and lifetime of boronate
esters under mildly to moderately alkaline conditions.

Taken together, these observations emphasize that boron—diol complexation is highly sensitive to pH,
molecular architecture, and the local chemical environment. In biological systems, where pH gradients
exist between compartments such as the apoplast, cytosol, and phloem sap, this dynamic chemistry
provides a plausible mechanism for reversible boron coordination, enabling boron to act as a transient
modulator of polyol- and steroid-containing biomolecules rather than a static structural element [45, 50, 51].

Boron—brassinosteroid complexation and transport in alkaline phloem sap. Most naturally
occurring brassinosteroids (BRs), including C,., C,, and C,, members, share a conserved structural
feature: vicinal hydroxyl groups in the side chain at positions C-22 and C-23, in addition to the
characteristic 2,3-diol motif in ring A. These cis-diol arrangements provide ideal coordination sites for
boron and place brassinosteroids among the small subset of phytohormones capable of forming stable
yet reversible boron complexes.

In plant physiology, this chemistry becomes particularly relevant in the context of phloem transport.
Phloem sap is mildly alkaline (typically pH 7.5-8.5) and enriched in soluble boron species, predominantly
as borate [B(OH), ] complexed with sugars and polyols. Under these alkaline conditions, borate readily
coordinates with 1,2-diols, forming cyclic boronate esters that increase the solubility, stability, and long-
distance mobility of organic ligands [52, 53].

For brassinosteroids, boron complexation at the C-22/C-23 side-chain diol provides a plausible
chemical mechanism for enhanced phloem mobility. Formation of BR—boron complexes would (i)
increase aqueous solubility of otherwise highly lipophilic steroids, (ii) protect labile hydroxyl groups
from metabolic modification, and (iii) facilitate reversible binding—release cycles during long-distance
transport. This behavior closely parallels the well-established role of boron in mediating the phloem
mobility of sugar alcohols such as sorbitol and mannitol [43—45].

Importantly, the same boronate chemistry exploited analytically in GC-MS derivatization (e. g.,
bismethylboronates of brassinolide and castasterone) mirrors the coordination modes expected in vivo.
Thus, what is traditionally viewed as an analytical artifact may, in fact, reflect a physiologically relevant
coordination motif, linking boron chemistry directly to brassinosteroid distribution and signaling [11, 40].

Upon arrival in target tissues — where local pH, ionic strength, or competing diols differ — these
boron complexes would dissociate, releasing free brassinosteroids capable of binding their membrane-
localized receptor complexes (BRI1I-BAKI1) and activating downstream signaling cascades. In this way,
boron acts not as a hormone itself, but as a transient molecular chaperone, modulating brassinosteroid
transport and bioavailability.
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Table 2. Boron coordination with brassinosteroids under acidic vs alkaline conditions

Feature Acidic Conditions (pH < 7) Alkaline Conditions (pH > 7)
Dominant boron species | Boric acid, B(OH), Borate anion, B(OH),~
Coordination mode Neutral cyclic borate ester Anionic cyclic boronate ester
Preferred diol sites in BRs | C-22/C-23 (side chain), C-2/C-3 (ring A) | Same sites, stronger binding
Ring type formed Five-membered tetrahedral boron ring | Five-membered boronate ring
Bond character Reversible covalent (B—0) Reversible covalent + electrostatic
Stability Moderate High
Biological implication Local stabilization, transient binding Enhanced solubility and long-distance phloem
transport
Relevance Apoplast, acidic compartments Phloem sap, long-distance signaling

Boron as a phytohormone modulator. Although boron has traditionally been classified as a struc-
tural micronutrient essential for plant cell wall integrity — primarily through its role in cross-linking
rhamnogalacturonan II — accumulating evidence indicates that boron also exerts regulatory effects on
phytohormone biology. Rather than functioning as a classical signaling molecule, boron acts as a che-
mical modulator, influencing hormone stability, mobility, and availability through reversible coordination
with cis-diol—containing metabolites [54, 55].

This mode of action is particularly relevant for brassinosteroids (BRs), which possess conserved
vicinal diol motifs in both the A ring (C-2/C-3) and the side chain (C-22/C-23). These structural features
distinguish BRs from most other phytohormones and render them uniquely competent to form boron
complexes under physiological conditions. In this context, boron may be viewed as a non-covalent
regulator that fine-tunes hormone behavior without altering receptor binding or gene expression directly.

Boron-mediated control of hormone mobility. One of the most compelling roles for boron in
phytohormone regulation lies in its influence on long-distance transport. Phloem sap is mildly alkaline
and enriched in soluble borate species, creating an environment favorable for cyclic boronate ester
formation with 1,2-diols [56, 57]. For brassinosteroids, boron coordination at the side-chain diol is
expected to: (i) increase aqueous solubility of otherwise highly lipophilic steroid hormones; (ii) protect
reactive hydroxyl groups from premature metabolic inactivation; (iii) enable reversible binding that
supports transport without permanent sequestration.

This mechanism parallels the well-established role of boron in facilitating the phloem mobility
of sugar alcohols such as sorbitol and mannitol. By analogy, boron—brassinosteroid complexes may
represent a mobile hormone pool, capable of translocation from biosynthetic sites (e.g., young tissues) to
distal targets where BR signaling is required [56—58].

Modulation of hormone availability and signaling competence. Importantly, boron coordination
is reversible and environment-sensitive, responding dynamically to local pH, competing diols, and ionic
conditions. Upon arrival in target tissues — where apoplastic pH, membrane composition, or boron
availability differ — boronate complexes can dissociate, releasing free brassinosteroids capable of enga-
ging the BRI1-BAKI receptor complex.

In this way, boron does not interfere with receptor recognition or downstream transcriptional res-
ponses but instead modulates the spatiotemporal availability of the hormone. Such a mechanism provides
a chemical explanation for the well-documented interactions between boron nutrition and brassinosteroid-
dependent developmental processes, including cell elongation, vascular differentiation, and stress tolerance.

Specificity among phytohormones. The concept of boron as a phytohormone modulator is inhe-
rently structure-dependent. Brassinosteroids are particularly well suited to this interaction due to their
stable cis-diol motifs. In contrast, major phytohormone classes such as auxins (e. g., indole-3-acetic
acid), gibberellins, and abscisic acid lack appropriately positioned vicinal diols and therefore do not form
stable boron complexes under physiological conditions. Cytokinins and certain nucleoside-based
regulators may exhibit weak boron binding via ribosyl diols, but these interactions are generally less
stable and more transient than expected for BRs [59, 60].

This structural selectivity provides a compelling chemical rationale for why boron deficiency
disproportionately affects growth processes associated with brassinosteroid signaling, while leaving
other hormonal pathways comparatively less disrupted.
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Integration with boron stress responses. Boron deficiency and toxicity are known to alter plant
growth patterns, vascular development, and stress resilience — phenotypes that overlap significantly with
brassinosteroid-regulated processes. The boron—brassinosteroid modulation model offers a unifying
explanation: under boron deficiency, reduced formation of BR—boron complexes may impair hormone
mobility and availability, leading to attenuated BR signaling even when hormone biosynthesis remains
intact [61-63]. Conversely, adequate boron supply may optimize BR distribution and amplify growth-
promoting and stress-protective responses.

Conceptual implications. Taken together, these observations support a revised view of boron in
plant biology — not merely as a static micronutrient but as a dynamic chemical co-factor that modulates
phytohormone behavior through reversible coordination chemistry. In this framework, boron acts as
a molecular “facilitator,” integrating mineral nutrition with hormone-regulated development and
environmental adaptation [64—66].

This concept of boron-mediated hormone modulation bridges analytical chemistry, plant physiology,
and signaling biology, and it opens new perspectives on how micronutrients can shape complex
regulatory networks without classical receptor-mediated signaling.

Why are brassinosteroids unique among phytohormones? Among the diverse classes of plant
hormones, brassinosteroids (BRs) occupy a unique chemical and physiological niche. While auxins,
gibberellins, cytokinins, abscisic acid, and jasmonates primarily rely on specialized transport proteins
or conjugation—deconjugation cycles for their distribution, brassinosteroids possess intrinsic structural
features that directly facilitate their transport, stabilization, and regulation through coordination
chemistry. Central to this uniqueness is the presence of vicinal 1,2-diol motifs, a hallmark absent from
most other phytohormones.

Structural design for boron-mediated transport. Most biologically active brassinosteroids share
a conserved A-ring 2a,3a- and side-chain 22,23-diols. These cis-diols are ideally configured to form
reversible cyclic boronate esters with boric acid or borate ions. Under the mildly alkaline conditions
characteristic of xylem and phloem sap, these interactions are favored, allowing brassinosteroids to exist
as transient boron complexes during transport.

As mentioned above, cyclic esters of boric acid with 2a,3a-diols are unstable in an aqueous environ-
ment; therefore, in plants, one can expect the formation of only 22,23-derivatives. It is known from the
literature that esters of boric acid with vicinal diols in an alkaline medium exist as a rather complex
equilibrium mixture [67, 68]. Although such studies have not been conducted for brassinosteroids to
date, by analogy with other esters, the transformation scheme shown in Fig. 3 can be proposed for
22,23-diols. The cis-diol monoborate ester 8, which is stable in an acidic medium, will form complexes
9 and 10 in an alkaline medium.

pH = 8-14

X = a-Me, B-Me, a-Et, =CH, =CH-CH3

Fig. 3. Plausible scheme of boron complexation with brassinosteroids

This structural feature provides a plausible chemical explanation for why plants synthesize poly-
hydroxylated steroids rather than simpler hydrophobic analogues: 1,2-diol brassinosteroids are intrin-
sically adapted for mobility in aqueous sap, where reversible boron coordination enhances solubility,
protects hydroxyl groups from premature metabolism, and enables controlled release at target tissues.
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In contrast, phytohormones such as auxins (indole-3-acetic acid), gibberellins, and abscisic acid lack
stable cis-diols and therefore cannot exploit boron-mediated transport mechanisms. Their movement
instead depends on active transporters, diffusion gradients, or chemical conjugation, making their
distribution fundamentally different from that of BRs [59, 60].

Chemical protection and stability in the vascular system. Beyond transport, boron complexation
may also confer chemical protection to brassinosteroids during circulation. The formation of cyclic
boronate esters can temporarily mask reactive hydroxyl groups, reducing susceptibility to oxidation,
hydrolysis, or enzymatic modification. This reversible “chemical shielding” ensures that BRs can tra-
verse long distances without loss of biological activity.

Such protection is particularly relevant in the vascular system, where hormones encounter fluctuating
pH, redox-active metabolites, and microbial challenges. By forming boron complexes, brassinosteroids
may persist longer in sap and maintain a bioavailable pool that can be rapidly mobilized when deve-
lopmental or stress signals arise.

Integration with boron-based plant defense. Plants also employ boron chemistry as part of their
innate defense strategies. Boron-containing complexes — particularly those formed with polyols, phe-
nolics, and sugars — exhibit antimicrobial properties and contribute to resistance against bacterial and
fungal pathogens. In this broader context, brassinosteroid—boron complexes may serve a dual function:
facilitating hormone transport while simultaneously participating in chemical defense.

This duality is noteworthy. Unlike classical phytoalexins, which are synthesized de novo in response
to infection, boron—-BR complexes could represent constitutive, mobile defense-associated metabolites,
linking growth regulation with antimicrobial preparedness. Such integration reflects an efficient
evolutionary strategy in which hormonal signaling and defense chemistry share common molecular
tools [69, 70].

Evolutionary and functional implications. The biosynthesis of 1,2-diol-containing brassinosteroids
is unlikely to be accidental. From an evolutionary perspective, these structures appear optimized for: (i)
reversible complexation with boron, a widely available micronutrient; (ii) efficient long-distance tran-
sport in aqueous plant sap; (iii) chemical protection during circulation; (iv) compatibility with defense-
related boron chemistry.

No other major class of phytohormones combines these features. Brassinosteroids therefore represent
a chemically pre-adapted hormone class, whose molecular architecture enables direct interaction with
inorganic elements to regulate distribution and function [1, 43—45].

Summary perspective. Brassinosteroids are unique among phytohormones because their 1,2-diol-
rich steroidal framework is inherently compatible with boron coordination chemistry. This compatibility
provides a chemically elegant solution to two fundamental plant challenges: long-distance hormone
transport and chemical defense. By synthesizing 1,2-diol brassinosteroids and exploiting boron-mediated
complexation, plants integrate mineral nutrition, hormonal regulation, and antimicrobial protection into
a unified physiological strategy.

Conclusion. Brassinosteroids are unique among plant hormones not only for their strong biological
activity but also for their conserved 1,2-diol structure, which enables reversible coordination with boron.
This chemical feature distinguishes them from all other major phytohormone classes and provides
a unifying explanation for aspects of their transport, stability, and distribution in plants.

Although brassinosteroids readily form borate complexes, boric acid itself is not used for their
analytical determination because complexation is weak, pH-dependent, reversible, and non-selective
under typical analytical conditions. These properties limit its usefulness for quantitative detection or
stable derivatization, especially compared with chromatographic or mass-spectrometric methods. Thus,
the absence of boric acid in analytical protocols reflects practical limitations, not a lack of underlying
chemical affinity.

In vivo, however, the situation is different. In mildly alkaline, boron-containing plant fluids, the
formation of cyclic boronate esters is chemically favored and may enhance brassinosteroid solubility,
protect vicinal diols from premature metabolism, and facilitate long-distance transport through the
xylem and phloem. Boron coordination may therefore act as a physiological modulator of hormone
availability and signaling, linking micronutrient status to growth regulation and stress responses.
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Overall, these observations support a revised view of brassinosteroids as boron-responsive phy-
tohormones, whose molecular architecture intrinsically couples hormonal function to mineral chemistry.
Recognizing boron complexation as a functional, context-dependent interaction opens new perspectives
on hormone transport, nutrient—signal integration, and the chemical logic underlying plant hormone
evolution
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