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C. I. Xamuuen, C. B. Matseiiuyk, JI. 1O. Toruunckas

Hucmumym ¢usuxo-opeanuuecxou xumuu Hayuonanvroti akademuu nayk berapycu, Munck, Benapyco

BJIMSTHUE COJAEPKAHUA BOJIBI U YCJIOBUM XPAHEHUS HA AKTUBHOCTH
PdCuFe-COAEPKAIIEI'O YIVIEBOJIOKHUCTOI'O KATAJIM3ATOPA
HU3KOTEMIEPATYPHOI'O OKUCJIEHUSA CO

AHHOTanms. MccnenoBaHo BIUSHUE COAEP KaHUS BOJbI U yCIOBUM XpaHEHU s HA AaKTUBHOCTb KaTaJIMTHYECKOH CHCTEMBI
HHU3KOTeMIiepaTypHoro okucierust CO, mojy4eHHOH MPOMUTKON yriieBoJoKHUCTON TKaHu bycoput DXO BogHBIM pacTBO-
poMm coJelt mamnaaus, Menu u xkeneza. C npumeHennem metozioB POA, POOC, COM u I'X n3ydeHsl GU3NKO-XUMHUUECKUE
cBOMcTBa Katanuzaropa. OmpenesieHo ONTHMaIBHOE COIepXKaHNe BOJIBI B KaTaJIn3aTope, IPH KOTOPOM obecrieunBaeTcs -
(hexTHBHAS OYMCTKA BO3yXa Kak mpu Maoii (0,03 06.%), Tak u Bicokoii (0,5 00.%) xonuenTpanuu CO B BO31yXe U BEICOKOH
BII&KHOCTH ra3oBo3nymrHoi cMmecu (70 %). YcTaHOBIIEHO, UTO JIe3aKTUBAIMS KaTaau3aTopa IIPH XpaHEHUH Ha BO3AyXe 00y-
CJIOBJICHA HAKOTUIEHHEM H30BITOYHOTO KOJTMYECTBA BOABI B KATAIM3aTOPE U peopraHu3anneil ak THBHOH (a3bl: yMEHbIICHHEM
cofepKaHKs Najlafus B IPUIOBEPXHOCTHOM CJI0€ KaTaau3aTopa u cerperanueii gpaser arakamura Cu,CI(OH),. Cymka ka-
TajgM3aTropa mnociae xpaneHus ua Bo3ayxe npu 110 °C mpuBoanT K ero moiHOW peakTuBaruu. [Ioka3aHo, 9YTO IIPU repMEeTHY-
HOH yNaKoBKe CBEXENPHUIOTOBJICHHBIX MIIM NMPOCYIICHHBIX nocie onbiTa mpu S0 °C 06pa3loB MCXOqHAS KaTaJIMTHYECKas
AKTHBHOCTB COXPaHIEeTCsS MPH JJIUTEIHHOM XpaHeHuH (0ojee roaa).

KuroueBble ciioBa: xatanus, POA, POOC, COM, I'X, HuzkotemnepaTtypHoe okuciaenue CO

Jast nutupoBanns. Xamuuen, C. I. Biusiaue copepkanust BOJIbl W yCJIOBHH XpaHeHust Ha akTuBHOCTh PdCuFe-
COJIepXKAIEro YIIICBOJOKHUCTOrO KaTanu3aropa Huskotemmeparypaoro okucierus CO / C. I. Xamunen, C. B. MarBeiiuyk,
JI. 1O. Terumnckast / Bec. Ha. akan. HaByk bemapyci. Cep. xiMm. HaByk. — 2023. — T. 59, Ne 1. — C. 7-17. https://doi.org/10.29235/
1561-8331-2023-59-1-7-17

S. G. Khaminets, S. V. Matveichuk, L. Yu. Tychinskaya

Institute of Physical Organic Chemistry of the National Academy of Sciences of Belarus, Minsk, Belarus

EFFECT OF WATER CONTENT AND STORAGE CONDITIONS ON THE ACTIVITY
OF PdCuFe-CONTAINING FIBROUS CARBON CATALYST FOR LOW-TEMPERATURE CO OXIDATION

Abstract. Effect of water content and storage conditions on the activity of carbon fiber supported palladium-copper-iron
containing catalyst was studied. Physical-chemical properties of catalytic system were examined by means of XRD, XPS, SEM
and GCh. The optimal water content in the catalyst, which ensures the most effective air purification both at low (0,03 vol.%)
and high (0,5 vol.%) CO concentrations in the air and high humidity (70 %) of gas mixture, was determined.

Activity loss of the catalytic system after storage under air conditions (1 month) was attributed to the accumulation of the
excess amount of water in the catalyst and reorganization of its the active phase — decrease in the palladium content in the
near-surface layer and segregation of the Cu,CI(OH); atacamite phase. Catalyst drying in air at 110 °C leads to its complete
reactivation. Hermetically sealed freshly as-prepared and dried at 50 °C after experiment samples retain the initial catalytic
activity during long-term (more than a year) storage.

Keywords: catalysis, XRD, XPS, SEM, GCh, low-temperature CO oxidation

For citation. Khaminets S. G., Matveichuk S. V., Tychinskaya L. Yu. Effect of water content and storage conditions on
the activity of PdCuFe-containing fibrous carbon catalyst for low-temperature CO oxidation. Vestsi Natsyyanal 'nai akademii
navuk Belarusi. Seryya khimichnyh navuk = Proceedings of the National Academy of Science of Belarus. Chemical series,
2023, vol. 59, no. 1, pp. 7-17 (in Russian). https:/doi.org/10.29235/1561-8331-2023-59-1-7-17
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Beenenne. Karanutnyeckoe ynaneHrne MOHOOKCHA YITIepoAa MPH HU3KUX TeMIieparypax (15-35 °C)
aKTyaJIbHO BCJIEACTBHE HEOOXOOMMOCTH CO3AaHus FPPEKTUBHBIX CPEICTB MHINBUIYaIbHON 3allUTHI
opranoB asrxanust (CM30/1) ot ogHOro n3 Hanboee omacHBIX TOKCHKAHTOB, KOHIIGHTPAILIH KOTOPOTO
MIpU 4Ype3BbIYAMHBIX CUTyalnusx MoxeT gocturats 0,2—0,5 % U NpeacTaBisTh HEMOCPEICTBEHHYIO
yIrpo3y KU3HU YesoBeKa. M3BeCTHbIE K HACTOALIEMY BPEMEHM KaTaJIU3aTOpPbl HU3KOTEMIIEPATypPHOTO
okucienns CO o0namaroT psIoM HEAOCTATKOB, OIPaHUYNBAIOMINX WX ucnonb3oBanue B CU30/]. T'on-
KaJIUT, MPEACTABISIIONTNN co00 cCMEeCh OKCHIIOB MapraHiia u Menu [1], 1 3010TOHAaHECEHHBIC KaTalll-
3aTOpPBI HA OCHOBE OKCHJIOB MEPEXOIHBIX METAJIOB [2] Me3aKTHBUPYIOTCS mapamu Boasl. [lammammit
Y IIJIaTUHAHAHECEHHBIE KaTaJIN3aTopHl [3, 4] TPOSABIAIOT 3aMETHYIO aKTUBHOCTH B HU3KOTEMIIEPATy PHOM
okuciaeHnu CO TONBKO MPH BBICOKOM COIEPKAHUU OJIaropogHoro Merajia (5—7 mac.%).

OmnucaHHBIE B TUTEPAType HU3KOTEMIIEPATY PHBIE METAJIJIOKOMIUIEKCHBIE KaTaJln3aTOPbl OKUCIICHU S
CO npencTaBisoT co00i JTUO0 TOMOTEHHBIC BOJHBIC CHCTEMBI, COJIEPIKAIIUE XJIOPUIbI METAJIIOB Tijia-
TUHOBOM I'PyIIIBI M COJIM METaJIOB niepeMeHHoi BanenTHocTH (Cu, Fe u ap.) [5—6], nubo Te xe cucre-
Mbl, HAHECEHHbIE HA TBEPAbIA HOCUTENb TUNIA YT [6—12], OKCHAa aTtOMUHUS, CUJIMKAress U T. 1. [13—-16].
JlanHbIE TETEpOreHN3UPOBaHHBIE CHCTEMBI, KaK MPaBHIIO, 00eCTIeYnBaroOT mosHoe ynainerne CO u3 Bo3-
Jlyxa MpHU coAepX)aHUM OIaropomHoro metaiana 1-2 mac.% u cTaOMIIBHBI B YCIOBUSAX DKCILTyaTallnu
CH30/, 1.e. npu BBICOKOW BJIAXKHOCTH, OJJHAKO T'PaHyJIMPOBAaHHBIM HOCUTENb CO3AAET BEICOKOE COIPO-
TUBJICHHE OYHIAEMOMY Ia30BOMY IOTOKY, YTO JIUIMUTHPYET UX UCHOIb30BAHNE B CPEACTBAX 3AIIMUTHI.

YraepogHbie HOCUTETH BCIEACTBHE WX OCOOBIX CBOWMCTB, BBICOKOM XUMHYECKOW M TEPMHUICCKOU
YCTOMYNBOCTH, POCTOTE TIOBEPXHOCTHON MOAM(UKALINY, BEICOKOH yIIEIIBHON MOBEPXHOCTH H DJICKTPO-
HOAOHOPHBIM (BOCCTaHOBHTEIBHBIM) CBOWCTBAM TO3BOJISIOT CTa0MJIN3UPOBATH METAJI B 0COOOM CO-
CTOSIHUH, HEOOXOAMMOM AJIs peaKIMK HU3KoTeMIepaTypHoro okucieHuss CO. OcoOblit HHTEpEC B 3TOM
OTHOIIICHUH TIPE/ICTABIISIIOT BOJIOKHHUCTHIE yTIepoaHble Mateprualsl [17]. OHM UMEIOT psAl MPEUMYIIIECTB
nepes TPaJIuIIMOHHBIMU HEOPraHMYECKUMHU HOCUTEISMHU. JlJIsI BOJIOKHUCTBIX MaTepHalioB BCIEACTBHE
MaJoro AuaMeTpa BojokHa (5—10 MkM) XapakTepHa OoJiee BBICOKAsi CKOPOCTh IIPOLIECCOB aICOPOLIUN—
JecopOIMM M, KaK CJIEACTBHE, BBICOKAsl CKOPOCTh YCTAHOBJICHUS TEPMOAMHAMUYECKOTO PaBHOBECHUS
MPOTEKAIOMINX peakiuii. BoloOKHHUCTasT CTPYKTypa YTIEPOIHBIX MaTepUaJiOB TO3BOISET M3TOTOBHUTH
Tpebyemyto GopMy KaTaIUTHUYECKOrO (PUIBTpa ¢ MaJbIM COMPOTUBIICHUEM MOTOKY OYHIAEMOTO BO3-
nyxa. B nacrosimee Bpems B PecmyOnuke benapycs Ha CBetioropckom 10 « XMMBOIOKHO» ITPOU3BO-
JSTCSL Pa3IMYHbIE BUJIBl aKTUBUPOBAHHBIX YJIEBOJIOKHUCTBIX MAaTE€pPHajioB C Pa3BUTOM yAEIbHOM IO-
BEPXHOCTHIO, JocTUraromei 1500 M%/T, 1 MaJIbIM JHaMETPOM BOJIOKHA (5—10 MKM).

Karanutuueckast cucrema, 3ppexktuBHO yaanstomnas CO B HIMPOKOM JIUANIA30HE €ro KOHIICHTPAIIH
MIpY HU3KHUX TEMIIEpaTy pax, MoJIyuyeHa HAMHU TP NCTIOIb30BaHUH B KAUE€CTBE HOCUTEN I aKTUBUPOBAHHON
YTIEPOTHON BOJIOKHHUCTON TKaHU bycodur [18]. YcTaHOBIEHO, YTO KaTaluTHYECKas CUCTEMa, TIPUTO-
TOBIIEHHAS TIPOMUTKON 3JIEKTPOXMMHUYIECKU 00paboTannoro 6ycodpura pacrsopom coneit PACl,, FeCl,,
CuBr, u Cu(NO;), u aKTUBHPOBaHHAs B ONTHMAJIbHBIX YCJIOBUSX, IIPU HENPEPBIBHOM IOJaYe O4YH-
IIaeMOT0 BO3/lyXa B MPOTO4YHOM pexume (V) — 13000 g 1) 1 ero BeIcOKOIt BrasxkHOCTH (70-85 %) 0be-
cneunBaeT 100 %-nyro konBepcuto CO kak mpu MaioM (0,03 00.%), Tak u npu BeicokoM (0,5 06.%) co-
JepyKaHUY MOHOOKCHIA YTIIEpOAa.

[okazano [18, 19], yTo B npoTOYHOM pekuMe Ha yrieBosiokauctoM PdCuFe-coaepxaiiem karanu-
3aTope peakuus HU3KoTemmneparypHoro okucienust CO mpoTeKaeT TOJIBKO B IPUCYTCTBHH BOBI (JTM00
13 ra30BOr0 MOTOKA, JIMOO W3 KAaTaau3aTopa), YTO B LIEJIOM COIJIACYETCsl ¢ pe3yibraTaMH paHee Ipo-
BEIICHHBIX MCCIICIOBAHUMN JJIs1 METAJJIOKOMIUICKCHBIX HAHECEHHBIX KaTam3aTopos [7, 8, 16].

[Ipu skcruTyaTaniny HaHECEHHOT'O METAJUIOKOMIUIEKCHOTO KaTajlu3aTopa B YCJIOBUSIX BBICOKOM BIIaX-
HOCTHU BO3MOXHO CHH)KEHHUE €r0 aKTUBHOCTHU KaK BCJICACTBHE HAKOIIJICHUSI M30BITOYHOM BOABI B KaTaJIU-
3aTope, TaK M BclencTBrue TpanchopManuu akTuBHON ¢asbl [16]. [loaToMy BakHO 3HATH MPEAEIHI 1O
COJIEPKaHUIO BOABI, IPH KOTOPBIX MOXKET obecriednBaThes ¢ dexkTuBHas padoTa KaTaiguzaropa. UYro
KacaeTcs CBEICHUN O BIUSHHUM COJAEP’KAHUS BOJbI U YCIOBUN XpaHEHHsS] Ha aKTMBHOCTb M COCTOSIHHE
aktuBHOM (a3el PdCuFe-coneprkaiero yrieBoIOKHUCTOrO KaTaau3aTopa HU3KOTEMIIEPaTypPHOTO OKHUC-
nennst CO, TO OHH OTCYTCTBYIOT.

Lenpb HacTOsIIEH pabOThl — YCTAHOBJICHUE BIUSHUS COACPKAHUS BOJIbI B KATAJIN3aTOPE U YCIOBUI
XpaHEHUs Ha aKTUBHOCTH U cocTosiHne akTUBHOU (pa3el PdCuFe-conepikaiero yrieBoOKHUCTOTO Ka-
Tanm3aTropa Hu3koTeMIepatypHoro okucieHus CO.



Becni HatrprstnanpHait akagpmii HaByk bemapyci. Ceppist Ximigabsix HaBYK. 2023. T. 59, Ne 1. C. 7-17 9

JKCcNepUMEHTAJIbHAS YacTh. B KauecTBe HOCUTENS A KaTAJIUTUYECKUX CHCTEM HCIIOIb30BaIH
AKTHBHPOBAaHHYIO YITIEPOIHYIO TKaHb bycoduT, monmy4eHHyI0 Ha OTKPBITOM aKIIMOHEPHOM OOIIECTBE
«Cserioropck XuMBoJIokHO» (benapyck) mocpencTBoM KapOOHHU3AIUN BUCKO3HBIX BOJIOKOH TipHu 650—
700 °C ¢ mocnenyromeii aktuBarueit mapom mpu 750 °C. IIpuMeHsIN IIeKTPOXUMHIECKH 00paboTaH-
He1it bycodut (bycodut 3XO), mpUTOTOBICHHBIHN ITPHU CKOPOCTH TIoaun MaTepuaia 20 M/9 u cuiie Toka
15 A, xak HanOoJIee MOMXOSAIIAN I TPUTOTOBJICHHS KaTaau3aTopa Marepual [18].

Ilepen HaHeceHMEM aKTUBHOT'O KOMIIOHEHTA YTJIEPOIHBII HOCUTEIh OTMbIBAJIN TUCTUILIITNPOBAHHOM
BOJIOM 710 HeWTpanpHOU peakiuu 1 cymuiau npu 120 °C no noctosHcTBa Macehl. KatanuzaTop Ha ocHo-
Be bycodpura DXO roToBUIN MyTeM MPONUTKH yTICBOJIOKHUCTON TKAHU BOIHBIM PACTBOPOM XJIOPHJIOB
namnanus (11) u xenesa (I11), 6pomua u Hutpata meau (11). Beuta ncnoap30BaHa TPOMUTOYHAS CHUCTE-
ma PdCl,, FeCl;, Cu(NO,),, CuBr, ¢ monbabiM cootHOmenneM Cu(NO,),/CuBr,, paBubiv 2,2, onucan-
Has Hamu B pabore [18].

ConepxaHue BOIbl B KaTaJU3aTOPE BapbUPOBAJIM, BBIACP)KHUBASI CBEXEIPUTOTOBJICHHBIN (11Ocie
crajuu aktuBanuu npu 170 °C) obpasell B SKCHKATOpe ¢ HACHIICHHBIM BOJIHBIM PACTBOPOM COJIH:
Mg(NOy), (P/P, = 0,53) umu KCI (P/P, = 0,84) npx KOMHaTHO# TemInepaType 10 JOCTUKEHUsT HE0OXO-
JUMOTro npuBeca. Bpems BbiiepKUBaHUsI TP 9TOM Koliebanock B uHTepBase 0,5—17 4. Mbl nonaraem,
4TO HeOosbIIoe BpeMs BblAep)KUBaHUs (< 17 1) MO3BOMISIO U30EKaTh BO3MOKHOW peopraHu3aluy ak-
TUBHOH (ha3bl KaTaiau3aTropa B M30BITKE BOJABI B OTCYTCTBUE BoccTaHoBUTEN 1. ComepkaHue BOJbI B 00pa3-
1ax, 3arpy’kaeMbIX B PEaKTop, 1 M0cje KaTaIUTHUYECKOrO ONbITa ONPECIIsIN IPaBUMETPHUECKU.

Konnertpanuto CO Ha BXOJie 1 BBIXOJIE U3 peakTopa onpenessiin Ha xpomaTorpade ['azoXpom 3001 Ha
KOJIOHKE JIJTMHOM 2,5 M, 3aI0JIHEHHOM aKTUBUPOBAaHHBIM yrieM Mapku Al-2, mpu pacxone raza-HOCHUTENS
(Bo3myxa) 100 mu/muH. KorBepcnto CO pacCUMTHIBAIM IO PA3HOCTH €TI0 COACP)KAHUS B OAMHAKOBBIX ITO
00BeMy mpobax raza 1o u mocie peaktopa. IlorpentHocTs onpeneneHus KOHBepcruu cocTarisuia £1,0 %o,
noseputenbablit wHTEpBaN 0,95. [Ipn Manom comepxkanmu CO (0,03 06.%) B ouniiiaeMoM BO3IyXE U CTe-
MIEHsIX ero mpeBpaiieHust Boimie 98 % konmenTpanuio CO Ha BRIXOAE OMPEACTSUTH Ha Ta30aHAIM3aTOPE
Tecto 340 («Testo GmbHy, Tepmanus; npenen aetektuposanus mo CO 1,0 - 107 06.%). BraxHocTh Ta30-
BO3JIYIIHON CMECH OIpeeisuid u3MeputeneM Biaxxknoctu Testo 605-H1 («Testo GmbH», ['epmanus).

Pentrenosckue ¢orosnekrponnsie (POI)-cnekTpsl cHumanu Ha crektpomeTrpe Kratos Axis His,
UCIIOJIb3ys MCTOYHHMK PEHTIE€HOBCKMX jayueh AlK, (1486,6 5B) mommuocTeio 169 Bt ¢ ananuszatopom
npoxosieit sueprun 40 5B B MaCcTHTYTE KaTtanu3a nM. I. K. bopeckoBa CO PAH. CriekTps! ObLtH 110-
Jy4eHbl IPU HOPMAJIbHOM 3MUCCUM C IPUMEHEHHEM HeHTpasin3aropa 3apsana. Bee snepruu cBssu xop-
pekTupoBaiu oTHOCHTENbHO MTUHUHU Cls ¢ sHeprueii 284,5 »B. CiekTphI pas3iaraii Ha KOMIIOHEHTHI 110
nporpamme Casa XPS. O6pa3zust aiist XPS ncciaenoBanuil momemanu B aMIyJibl. AMITYJIbI BCKPBIBAJIH
HETOCPE/ICTBEHHO Iepe]l IPOBEACHNEM U3MEPEHUI.

Pentrenogasossrii anamus (PMA) Bemonssan Ha gudpakromerpe HZG 4A («Kapn Leiic Henay,
I'JIP) ¢ CuK -uznydennem (Ni-QuibTp, JIMHA BOJIHEI M3nydeHus 1,5417 A). DM-cHUMKH KaTanu3aTo-
pPOB MOJYYEHBI HA CKaHUpPYIOLEM IeKTpoHHOM MuKpockone LEO 1420. Konuentpanuio namiagns
B NPUTOTOBJICHHBIX PACTBOpPaX KOHTPOJIMPOBAJIN HA aTOMHO-3MHCCHOHHOM CHEKTPOMETpPE C MHIYK-
THBHO-CBsI3aHHOM 1a3moit Vista Pro («Variany, CILIA), a comepikaHue MEIH U JKelie3a — Ha aTOMHO-a/]I-
copOrmonHOM criekTpoMeTpe Spectr AA-200 («Variany).

PesyabsTaThl M UX 00cy:kaenne. Ha puc. 1 mokazana 3aBucumocts kKoHBepcnn CO OT MPpOIOKu-
TEJIBHOCTH ONBITa JJIsl KaTajlu3aTopa C pa3HbIM HAaYaJbHBIM COJEP)KaHHEM BOABI NMPHU MPOIYCKaHUH
razoBo3ayinHoi cmecu ¢ coumepxkanuem CO 0,03 (a) u 0,5 (b) 00.%. IlonyueHHbIe pe3ysIbTaThl CBU-
JETENBCTBYIOT O TOM, YTO B YCJIOBHSX HMCIBITAaHHS OOpa3LoB KaTaiu3aropa (MPOTOYHBIA PeaKTop
C BHYTPEHHUM JMAMETPOM 2 CM) C UCXOIIHBIM cojepxaHueMm Boabl 1,5 u 6,5 mMac.% HadalbHas KOH-
Bepcust CO Kak MpH MaJIoM, TaK U BEICOKOM COIACPKaHUH MOHOOKCHA YTJIEPO/ia B OUUIIAEMOM BO3LYyXE
cocraisieT 100 % u B X0z1€ KaTaJIMTUYECKOrO ONbITA HE MEHsIeTCs (KpuBble / U 2), IPU 3TOM COAEpKa-
HUE BOZBI B 00pa3Iax 1mocie onbiTa He mpeBbimaeT 8,2 mac.% (tadm. 1, obpasust 1 u 2).

Jns obpasua katamusaropa, coxepxkamero 7,9 mac.% H,O, nomnoe npespamenue 0,5 06.% CO
(puc. 1, b, kpuBas 3) Takke HabIIOMAaETCs B TeUeHue Beero omnbita. [Ipu cogeprkanuu B Bo3ayxe 0,03 06.%
HayvaJibHasl KOHBEPCHS JJIsl JaHHOTo o0pa3na coctasisieT 95 % u yxe uepe3 30 MUH JOCTUTAETCS MOJ-
Hoe npespateHue CO.
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Puc. 1. 3aBucumocts kouBepcuu CO 0T BpeMeHH peakunu u copepxanns Boabl 1i1st PdACuFe-conepikaiiero yrieBoJoKHUCTOTO
karanusatopa. Cozepxanne CO B peakunonnoit cmecu: a — 0,03 06.%, b — 0,5 06.%; ¥, — 13000 g, Comepsxanue BOJbI
B Kartanuzarope, mac.%: [ —1,5;2-6,5;3-7,9;4-12,5; 521

Fig. 1. Effect of the reaction time and water content in PdCuFe-containing carbon fibrous catalyst on CO conversion. CO
content in reaction mixture: a — 0,03 vol.%, b — 0,5 vol.%; ¥ — 13000 h~!. Water content in catalyst, wt. %: I — 1,5; 2 — 6,5;
3-79;4-12,5;5-21

Tabnumal. Conepmaﬂue BOAbI B MCXOATHOM KaTaJIU3aTOpPE U MmocJie onbiTa

Table 1. Water content in as-prepared catalyst and after reaction

Conepxanne Bobl (Mac.%) B KaTaJu3aTope MocJie ONbITa MpH coxepxkanun CO
Homep CozepikaHue BOIBI B HCXOIHOM B BO3/lyX€ M BIAJKHOCTH PeakIMOHHOM cpensl 70 %
obpasua KaTaJlu3aTope, Mac.%
0,03 00.% 0,5 00.%

1 L5 7,5 5,5

2 6,5 8,2 6,3

3 7,9 8,5 6,7

4 12,5 9,5 7,9

5 21,0 12,1 9,5

C yBennueHueM CoJepKaHus BOJBI B HCXOIHOM Karaim3arope A0 12,5 mac.% HavaibHas KOHBEp-
CHs1 MOHOOKCH/Ia yTJIepofia CHIKaeTcst U cocTaBisieT 63 u 94 % coorBercTBenHo aust 0,03 u 0,5 06.%
CO B Bo3myxe (kpuBbie 4). [IpomoDKUTETFHOCTh HHAYKIIMOHHOTO TIEPHOAa B 000OMX CIIydasX paBHA
~ 80 mMuH, a comep)kaHue BOIBI Tociie onbiTa 9,5 u 7,9 Mac.% COOTBETCTBEHHO JIS MAJIOTO U BBICOKOTO
conepxanus CO B OYUIIIAEMOM BO3TyXE.

C yBenuyeHHEM COJICPIKaHMS BOJbI B UCXOJJHOM Katanu3aTope 10 21 mac.% HavyaibHasi KOHBEPCUS
CO 3ameTtHo nagaeT u cocTaBiseT 39 u 79 % aasg 0,03 u 0,5 00.% CO cooTBeTCcTBEeHHO. B X01€ KaTanu-
THYECKOT'O OMbITa CTeneHb mpeBpamieHnss CO MOBBIMIASTCS M Yepe3 2 4 OMbITa COCTABISET HE MEHee
98 %, comeprkaHue BOIBI TP ATOM YMeHbIaeTcs U coctaBnseT 12,1 u 9,5 mac.% mis 0,03 u 0,5 06.% CO
COOTBETCTBEHHO (Ta0:. 1, oOpa3zer 5).

Ha ocHOBaHWYW TOMYYEHHBIX PE3YIBTATOB MOXKHO CACNIATh BBIBOM, UYTO B YCIOBHUSIX DKCIIEPUMEHTA
(20 °C, oTrHOCHTENBHAS BIAYKHOCTH Ta30Bo3aynrHoi cmecu CO — 70 %) muist kaTanuzaropa, IpUroToB-
nenHoro nponutkoi 6ycopura 5XO pactBopom coneit PACl,—FeCl,—CuBr,—Cu(NO,), u conepxaiero
(mac.%) 1,87 Pd, 11,7 Cu u 0,7 Fe oT Macchl yII€BOJIOKHUCTOTO HOCUTEIISI, ONITHMAJIBHBIM COACPKAHUEM
BOJIBI, TIPH KOTOPOM O0ECIIEYUBACTCS OYHMCTKA BO3yXa HUXKE TPEICIIBHO JONYCTHMON KOHIICHTPALUH
(ITJK) CO B paboueii 30me (20 Mr/m>, 17,5 ppm, cormacao I'OCT 12.1.005-88) kak mpu Majoii, Tak
1 BBICOKOM KOHIEHTPALMK MOHOOKCHJA yIIEpo/a B BO3AyXe, ABiseTcs nHTepBan 1,5-7,9 mac.%. Ilpu
0oJiee BHICOKOM COJIEpYKaHUW YaCTHYHO WJIH TIOTHOCTBIO TEPEKPBIBAETCS TOCTYT MOHOOKCHIA YTIIEPO-
Jla BCJIEJICTBUE €TO MaJIOM pacTBOPUMOCTH B BOJIe K aKTHBHBIM IIEHTPaM HaHECEHHOW KaTaluTHYECKON
cucTeMsl [16], 9To 0COOEHHO BRIPaXKEHO IMpU HU3KOH KoHIEeHTparuu CO B 0UHUIIaeMOM BO3ITYXE.



Becni HatrprstnanpHait akagpmii HaByk bemapyci. Ceppist Ximigabsix HaBYK. 2023. T. 59, Ne 1. C. 7-17 11

HccnenoBanns akTHBHOCTH pa3pabOTaHHBIX KaTajJU3aTOPOB MOCIE UX XPAHEHHS B PAa3IMUHBIX yC-
JIOBUSIX, PE3yJIbTaThl KOTOPBIX OTPa)XCHbI B Ta0J. 2, CBUAETENBCTBYIOT O 3aMETHOM CHH)KCHHH aKTHB-
HOCTH 00pa3loB MOCIe XpaHEeHUsT Ha BO3/IYXE B YCJIIOBHSIX BBICOKOH BIaKHOCTH.

Karanuzatop, XpaHUBIINWCS HAa BO3JyXe B TCUCHHE Mecsiia, oOecredrBacT HavyallbHYIO (depe3
5 muH onbita) KoHBepcnio CO 25 u 88 % cCOOTBETCTBEHHO MPH COJIEPKAHUU B peaknoHHOH cMecH 0,03
u 0,5 00.% CO (tabm. 2, obpazen 2). OOpaboTKa XpaHMBILIETOCS HA BO3yXe KaTalau3aropa peaKuoH-
HOHM cMechblo ¢ BEICOKUM conepxanueM (0,5 00.%) CO B TeyeHne yaca NpUBOIUT K MPAKTUIECKH TTOJIHO-
MY BOCCTAHOBJICHHUIO €T0 KaTaJIuTHYeCKOH akTUBHOCTH. [Ipn Manom copepkanuu CO B BO3ayxe uepes
1 g crenens npespatienus CO coctauset 78 %.

PesynbraThl, mpencraBieHHbIe B Ta0I. 2 (0Opa3err 3), CBUIETENbCTBYIOT O TOM, YTO aKTHUBHOCTH Ka-
TaJIU3aTOPa [10CIIE XPAHEHHS Ha BO3yXEe MOXKET OBbITh IOBBIIIEHA IOCPEACTBOM JONOIHUTEIBHOMN Tep-
Mu4eckoit 00padoTku. Cymika ganHoro oopasna mpu 110 °C 3a 3 4 mpuBena K MOJTHOMY BOCCTAHOBJICHUIO
MCXOAHOM aKTMBHOCTH KaTaJu3aTopa: B 000MX pPeXUMax Kak IIPH MaJioM, TaK U BEICOKOM COJCPKAHUH
CO ob6ecnieunBaercs 100 %-nast kouBepcuss CO B TeueHHUE ombiTa. TakkKe SKCIEPHUMEHTHI MOKa3aju,
YTO COAEpKaHUE BOJbI B CBEKEMPUTOTOBJIEHHOM 00pa3Ie cocTaBisuio 5,5 mac.%, a mocie ero xpaHe-
HUS Ha BO3AyXe B TeueHue Mecsma — 21 mac.%. Beicokoe comepikanne BOABI B KaTaau3aTope, KaKk yxKe
O0TMEYaJIOCh BBILIE, OHA U3 IPUYKUH CHUKCHHSI €0 aKTUBHOCTH I10CJIE XPAHEHM I HA BO3yXeE.

Tabnuma?2. Bausnue yc/ioBuii XpaHeHUs] KATAJIU3aTOPA HA €ro0 KAaTAJUTHYECKYI0 AKTHBHOCTH

T able 2. Effect of catalyst storage conditions on its activity

Kounsepcus CO (06.%) npu copepkaHuu €ro
B BO3JlyX€ U BJIaXKHOCTH peakLMoHHOIt cpebl 70 %o
Home Copnepxanne H,O S S
06pasupa VenoBus M MPOJAOIIKUTEIBHOCTD XPAaHEHU S KaTalln3aTopa B KaTajn3aTope, 0,03 06.% 0.5 06.%
Mac.% NPONOIKUTENBHOCTD OTBITA, MUH
5 120 5 120
1 CBeXenpuroToBJIeHHBIH 00pas3elr 5,5 100 100 100 100
2 CBEXEePUTOTOBIICHHBIH 00pa3el] XpaHUICS Ha BO3TyXe
pu KoMHaTHOU Temreparype 1 mecsn (7 — 18-23 °C, 21,0 25 88 88 99
BIIAJKHOCTH BO3ayxa — 4555 %)
3 OO0pa3sel 1mocjie XpaHeHUs Ha BO3yXe MPOCYIIEH IPH
pasell P ALyXe pocy p 1,5 100 100 100 100
110 °C B Teuenue 3 u
4 (O0pas3selr 1OCJIe ONBITa XPAHUIICS B TEPMETHYHO 3aKPhI-
paseil P P p 52 98 98 100 100
TOM peakTope | Mecsiy
5 (OO0pa3selr 1ocJIe OIbITa XPaHUJICS B TEPMETUYHO 3aKPhI-
pasell p P p 52 97 97 97 99
TOM peakTope 24 mecsua
6 Oo0pas3ern mocie omnbita npocymieH npu 50 °C B TeueHue
pasett POCyIUeH 1p 2,5 99 100 100 100
1 9 u XpaHWICS B 3aMassHHON amITyJe 12 mecsies
7 CBeXeNnpUroTOBJIEHHBINH 00pa3el XpaHHUIICs B 3amasH-
Cenp pasel xp 5,5 100 100 100 100
HOH ammyie 24 Mecsiia

st BeISICHEHHSI U3MEHEHUH, MPOUCXOIAIINX C KaTalu3aTopoM B IMpoLecce XpaHeHHs, 00pa3iibl
obun uccnenoanbl MetoroM PODC. Pd3d n Cu2p POD-cnekTphl ¢ UX pas3iioKeHHEM Ha KOMIIOHEHTHI
NPUBEICHBI HA pHC. 2, a HAOII0JaeMble 3HAUCHHS SHEPI'UH CBSI3U M UX OTHECEHHE — B TaOII. 3.

Pd3d POD-criexTp cBE)XENpUTOTOBIEHHOTO akTHBHpoBaHHOTO TipH 170 °C 00pasiia xapakTepu3yeTcs
HaJTM4YHMEM TPEX KOMIIOHEHTOB C SHeprusaMu cesasu Pd3ds,, 337,0771 (xomnonenta 1), 337,29563 (kommo-
nenTa II) n 339,0956 5B (komnonenTa I1I) u cooTBeTCTBYrOmMMHU MM dHEprusMu cesasu Pd3d;, 342,2771,
342,4956 n 344,2956 »B.

CornacHo nuTepaTypHBIM JaHHBIM, 3Heprus cwsasu Pd3d,, oxomo 337,3 5B xapaktepusyer Pd
B okucyieHHoM coctosgnuu — Pd (II) — na axkTuBuposannom yrie [21]. 91o moxet 6biTh 1100 PACl,, 1ubo
€ro TUJIPOKCOraloTeHUIHBIN KOMIIJIEKC, KOOPJUHAIMOHHO CBSI3aHHBIE C OCHOBHBIMH YUacTKaMH yTJe-
POAHOr0 HOCHUTENS ¢ 00pa3oBaHuEM T-KoMIUIekcoB ¢ pparmenTamu C=C yrinepoansix cetok [22]. Co-
crosinue Pd c moBbleHHOM 3Heprueit cBszu, paBHoi 339,0956 5B, MOoXHO MAEHTUPHUIMPOBATH KaK
COOTBETCTBYIOLIEE B3aUMOJICHCTBUIO HMOHA [PdCl4]2‘ C 3JIEKTPOHHO-IE(PULUTHBIMH Y4aCTKAMH aKTH-
BHPOBAHHOT'O YTIEPOIHOTO HOcHUTeNs [23].
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Puc. 2. P@3-cnextpst Pd3d n Cu2p ¢ pasznoskeHreM Ha KOMIOHEHTHI 00pa3moB 1, 2 u 3 (Tabu. 2) B KaTaIUTHIECKOH CHCTEME,
HOPUroTOBIEHHOH nponuTkoii 6ycopura IXO pacrsopom PACl,—FeCl,—CuBr,—Cu(NO,),

Fig. 2. XPS spectra with decomposition into components of busophyte ECHO samples 1, 2 and 3 (table 2), impregnated with
PdCl,~FeCl;—CuBr,~Cu(NOsy), solution

CornacHo [24], HEKOTOPOE CMEIICHUE PHEPTUU CBS3H B 00JIACTh MEHBIINX 3HAYeHUHU (0T 337,2956
10 337,0771 »B) moxer cBuneTenbctBoBath 0 Cu—Pd B3aumozelicTeum, T. €. 00 00pa3oBaHUU B XOJI¢ KaTa-
JIMTHYECKOTO OITBITA WITH ITPY aKTHBAIMH ITPH MOBBIILICHHBIX TeMIIepaTypax OMMETaUTMYECKUX COBMECTHBIX
LEHTPOB Ha IOBEPXHOCTH yIiaeponHoro Hocutens. C qpyroi CTOPOHBI, COCTOSIHHE MAJUIAIHs C SHEpruei
ceasu Pd3d;,, 337,0771 5B, puxcupyemoe B aktuBupoBanHoM rpu 170 °C 1 06paboTaHHbIX PEaKMOHHOM
CMeChI0 0Opasuax karanusaropa, 6ausko k cocrosuuto Pd(I) B xommnekce Pd,Cl,—rpadur [25].

Cu PDD-cniekTphl HCCIIEIOBAHHBIX 00pa3IoB KaTaau3aTopa XapaKTepu3yl0TCsl HATMIUEM ITSITH KOM-
HIOHEHTOB C dHepruAMu cBasu Culp, ,, pasubiMu 931,9261, 932,7235, 934,1061, 935,2115 n 937,2385 5B.
Onepruu cBs3u 934,1061 u 935,2115 3B xapakrepusytot meapb B coctosuuu Cu(ll), uTo monreepxaaeT-
Cd HaIu4ueM careluToB ¢ £ . 940,4323 u 943,514 5B nns neppoii komnonenTsl M 941,3517 5B s
BTOPOI KOMIIOHEHTBI. DHeprust cBsa3u okoio 934,1 »B xapakrepusyet yactuisl Cu(ll) B 00beMHOM OK-
cuzie unu ceodonHoM coenunenuu (B Buse CuBr,) [26]. Cornacuo [27], nByxBanentnas Cu2p,,, HaHe-
CeHHas Ha aKTMBHPOBAHHBIN yrob, ¢ s3Hepruei cBsasu 935,2 3B npencrasnser coboii a3y BeicoKoaUC-
nepcaoro Cu,CIl(OH);. Cu2p,,, KOMIOHEHTa ¢ HauBbICIIUM 3HaYeHueM E . (937,2385 5B), BeposTHee
BCETO, CBsS3aHa C MPUCYTCTBHEM B 00pasiiax Meau, 3aKperieHHON 1T0 HOHOOOMEHHOMY MEeXaHU3MY Ha
KapOOKCHUITBHBIX WJIM THIPOKCHIBHBIX TPYyNIax YTJIEPOAHOTO HOCHTEINS, TOJI00HO MOHOOOMEHHOMY
B3aMMOJCHCTBHIO Menu Ha A-Al,O; [28] uinu neomure [29].
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OHeprus cBsi3u okoyio 932,7 5B yka3eiBaeT Ha MpUCYTCTBHE B 0Opasnax mean B coctossanu Cu(l)/
Cu(0) [30, 31]. 3nauenue E_, nig komnonenTsl I B Cu2p,,, POD-cnekrpax pasno 931,9261 5B u 3ameTHO
HIDKe 3Toro nokazarens aist coctostHuss Cu(l)/Cu(0), ato siBnsercs moareepxkaeHuem, uro Cu(l) Haxo-
nuTcs Bo B3anmoneiicteuu ¢ Pd(1) [24].

Ta6numna3. Pacuppoku P®I-cnextpo PdCuFe-conep:kammux kaTajan3aTopoB Ha ocHoBe dycopura IXO
MocJie XpaHeH!sl Ha BO3yXe U CYIIKH

Table 3. Decoding of X-ray spectra of PdCuFe-containing catalysts on the basis of busophyte ECHO
after storage in air and drying

CrHexTp 1 ero OTHeCeHHe

(a) Pd3dy, and (b) Pd3dsy,,

Homep
obpas- Verosus I 1 I
1@ 06paboTKH (BE = 337,0771 (a), (BE = 337,2956 (a), (BE =339,0956 (a),
342,2771 5B (b)); 342,4956 5B (b)); 344,2956 5B (b));
Pd(I) B Pd,Hal, u PdO PdCl, ot Pd(OH)Hal PdC142’
% at.% % at.% % at.%
1 AxTtuanus nipu 170 °C noce cymku,
. HHs ip Y 88,70 0,168 8,70 | 0,017 2,63 0,005
2 | XpaHeHHe Ha BO3AYyXe MPH KOMHATHON
TeMIIepaType NOocjIe aKTHBAIIHH, 84,98 0,059 0 0 15,02 0,011
1 mecsn
3 Cymika Ha Bo3ayxe npu 110 °C nocie
Y Ayxetp 48,70 0,078 | 3746 | 0,061 13,86 0,022
XpaHeHus, 3 4
Cuyps
I v
Cu(I) 11 111 v W3onupo-
B aKTUBHOM Cu(I) u Cu(0) CuO, CuBr,, Cu,CI(OH); BaHHas
nentpe ¢ Pd(I) Cu(II)
% ar% % ar% % ar% % ar% %

1 AxtuBanus npu 170 °C nocine cymku,

4y 2,10 | 0,056 | 5,00 | 0,130 | 35,60 | 0,950 | 38,80 | 1,030 18,50

2 | XpaHeHue Ha BO3AYyXe IPH KOMHATHOU
TeMIlepaType nocjie akTUBALHH, 9,37 0,27 | 3,08 | 0,09 | 46,5 | 1,36 | 31,50 | 0,92 9,60
1 mecsng

3 | Cymka Ha Bo3myxe mpu 110 °C mocne

7,43 0,28 | 536 | 0,20 | 29,2 | 1,10 | 44,34 | 1,67 13,65
XpaHeHus, 3 4

Panee 66110 00HapysxeHOo [9-11], uTO cTanMoOHapHas aKTUBHOCTh KaTanuTuueckoi cucrtembr PACl,—
Cu(NO,),—CuCl,, nanecenno# Ha yronb umu y-Al,O;, B peakuun okucienus CO Koppenupyer ¢ co-
nepxannem asel Cu,Cl(OH);, Hanmnune KoTopol PUKCUPYETCS METOIOM PEHTTEHO(DA30BOr0 aHAIM3A.
B pa6ore [18] ¢ ucnonp3oBanneM mMetofoB POOC 1 PDOA ycTaHOBICHO, YTO aKTHBHOCTH KaTaJdHUTH-
YECKOW CHCTEMBI, IPUTOTOBJICHHOM MPOIUTKOMN 3JICKTPOXUMHUUYECKH 00paboTaHHOTO OycouTa pacTBo-
pamu coneit PdCl,, FeCl;, CuBr, u Cu(NO;), u akTUBMpOBaHHAs IyTeM IPOKAIMBAaHUs HA BO3JYyXe
npu 170 °C, onpenenserca HanuuueM ¢assl ruapokcuxiopuaa meau(ll) Cu,Cl(OH), pomOuueckoii
KPUCTAJUTMYECKON MOU(UKAIINY aTaAKaAMUT.

Pesynbrare POOC uccnenoBanuii, mpencTaBieHHbIC B TA0JI. 4, CBUACTEIBCTBYIOT, YTO B aKTUBHPO-
BaHHOM 11pH 170 °C 00Opa3siie 3HaYuTENbHAS YaCTh HAaHECEHHON MemH (~ 38,8 %) HaxomuTes B Bujie (pa3el
BeicokoaucnepcHoi Cu,CI(OH),. [lns Beisscnenus kpucramnudeckoid mogudpukanuu Cu,CI(OH), Tpe-
OyeTcs nccnenoBanme MeTogoM PDA.

Ha puc. 3 mokazansl nudpakTorpaMMbl yriepoaHoro Hocurens bycodpura 9XO u 006pas3ioB kara-
JM3aTOpa, MPUTOTOBJIIEHHOTO Ha ero ocHose. [llupokoe rano, HabmomaeMoe Ha peHTreHorpamme byco-
¢ura DXO (kpuBas 1) npu 20 = 19°, cBUIETENBCTBYET O €ro aMop(QHOM COCTOSHHUHU. Takue ke rajo
MPHUCYTCTBYIOT Ha PEHTTEHOrpaMMax OCTalbHBIX 00pa3noB. Ha mgudpakrorpamme CBEXENpUTOTOB-
JeHHoro obpasla Karajiu3zaTopa MPUCYTCTBYIOT YETKHE pe(IIeKChl, OTBEYAIOUINE YIiaM pacCEsHHUS
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Tab6nunmna4d. IoBepxHocTHOE conep:kanue najaaagust 1 mean B PdCuFe-coaepixamux kaTaan3aTopax Ha 0CHOBe
Bycopura 3XO nocje xpaHeHus Ha BO31yXe H CYLIKH

T able4. Surface content of palladium and copper in PdCuFe-containing catalysts on the basis
of Busophyte ECHO after storage in air and drying

Conepxanue, at.%

Howmep VYenoBust 06paboTkn
o6pasua Pd3d | Cu2p | Fe2p | Ols Cls Nis | Ci2p | Br3p
1 AxtuBanus npu 170 °C, 4 4 0,19 | 4,23 | 2,51 | 15,36 | 75,01 0 1,44 | 1,26
2 XpaHeHue Ha BO3JlyXe IPU KOMHATHON 0,07 | 4,62 | 2,29 | 16,87 | 73,55 0 2,18 | 0,45
TEMIIEPAType MOCIe aKTHBAINH, | MECSIT
3 Cymka ua Bozayxe rpu 110 °C nocne xpanenus, 34| 0,16 | 5,87 | 2,06 | 18,72 | 67,86 0 4,15 1,18

20 =16,2, 17,7, 31,5, 32.2, 35,6, 39,7, 42,4, 44,2, 50,1, 53,4, 57,3, u 59,2°. OHU CBUJICTEINBCTBYIOT O MPH-
cyrcTBuu B 00pasue ruapoxcuxnopuaa meau(ll) Cu,Cl(OH); pomObudeckoil KpUCTaIIM4IECKOH MOIHU-
(ukammu arakamut [20]. Ha puc. 3 pednexcsl atakamMmuTa 0003HaUEHBI OYKBOH A.

Hannbie POA 1151 XpaHUBLIEr0Cs HA BO3yXE KaTalln3aTopa CBUACTEIbCTBYIOT O PEKPUCTAIIIIN3ALUT
(a3pl Meau. XpaHeHHE Ha BO3YXE CONPOBOXKIAECTCS 3aMETHBIM YBEIMYEHHEM HHTEHCHBHOCTU ped-
nexcoB ruapokcuxaopuaa meau(Il) Cu,Cl(OH); pomOudeckol KpuCTaIIMIeCKOH MOAU(pHUKALMU aTa-
KaMUT, 9TO, BEPOSITHO, CBS3AHO ¢ cerperanueii dhassl (puc. 3, kpusas 3). Pesynsrater POA cormacyroTcst
¢ uroramu COM wuccnenoBaHui, KOTOPbIE MOJTBEP)K/IAI0T OTMEUEHHOE SIBJIEHUE CeTrperali akTHBHON
(ha3el Ipy XpaHEHUHN KaTaIu3aTopa Ha Bo3ayxe. B kartanuzatopax, MOABEPrHyTHIX XPAHEHHIO Ha BO3/IYXE
B TEUCHHE MECSLA, B OTIMYHE OT CBEKEIPUTOTOBICHHBIX 00Pa3LOB, YeTKO 3aMETHBI KPYITHBIE arjoMepa-
Thl. [locie XxpaHneHus: Ha BO31yXe KOIMYECTBO BhIcoKoaucnepcHoi ¢asel Cu,(OH),Cl camxaercs ¢ 38,8
(Tabmn. 3, oopaser 1) mo 31,5 ota.% (Tadm. 3, oOpa3zer 2).

HccnenoBanus o0pa3nos pa3padOTaHHBIX MaIaduiMEabKeIe30COAepKAIINX KaTaIu3aTOPOB Me-
tomoM POOC m aHanm3 MONyYeHHBIX CHEKTPOB (pHC. 2) Takxke mokaszand, yTo B Pd3d POD-cnekTpe
o0pa3iia, XpaHUBILETOCSI Ha BO3yXE B TCUCHUE MeCs-
na, komroneHta lI, xapakrepusytomas Pd B okucnen-
HoM coctostHun — Pd (II) — Ha akTHBHpOBaHHOM yTIIE,
Ay OTCYTCTBYeT, a o0I1ee cofaep)kaHre Majuiafus B MPH-
MOBEPXHOCTHOM CJIO€ KaTallu3aTopa YMEHbIIaeTcCs
Oosnee yeM B 2,5 paza (tabn. 4, o6pazen 2). Coaeprxa-
HUE OKUCIUTENEH (MEIH U XKeJie3a) B IPUIIOBEPXHOCT-
HOM CJIO€ XPaHMBILETOCS Ha BO3AyXe 00pasia m3me-
HseTCAd HE3HAUMTEJIbHO, & COOTBETCTBEHHO aTOMHBIE
ornomenus Fe/Pd u Cu/Pd Bo3pacratot B 2,5 u 3 pasza
10 CPAaBHEHUIO CO CBEXEIMPUTOTOBICHHBIM KaTaJIn3a-
TOPOM.

HNmenHo Bce 3TH mM3MeHeHHs B oOpasie (yMeHb-
LIEHUE COACP)KaHUS NaJlaAusl B IPUIIOBEPXHOCTHOM
ciioe u cerperanus (asbl aTakaMUTa) HApsIAY C TOBBI-
IIEHHBIM cofiepkanreM Bofsl (21 mac.%) oOyciaoBmu-
T S S S S R S e s BalOT HU3KYIO aKTUBHOCTH B okucienun CO karanmza-
10 20 32, 40 50 60 TOpa Mnocye XpaHeHus Ha Bozayxe. Cylka KaTamu3aropa

Srpar npu 110 °C mpUBOAMT K TOBBIIICHHUIO COACPKAHUS

Puc. 3. lndpakrorpammsr Hocutens bycopur OXO (/)  HaJIaaus 10 CPaBHUMOTO CO CBEIKCITPUTOTOBJICHHBIM

¥ 00pa3IoB KaTaTM3aTOPa Ha €ro 0CHoBe (2, 3). o0pasuom ypoBHsi (Tabi. 4, oOpasent 3) U yBEIHUCHHIO

1 —Bycodur 9XO, 2 — cBe)enpUroToBICHHbII 00paserl, KOHLIEHTPALUH (1);1351 aTakamMuTa MeIH B IIpH-
3 — oOpa3ser mocie onbITa XpaHUJICS Ha BO3LyXe

B TeueHIMe MeCAIa MIOBEPXHOCTHOM cJloe Katanuzaropa 1o 44,34 mac.%

Fig. 3. Diffractograms of carbon support Busophyte - ﬂ&)lie BBILIC HCM B HCXOLHOM 06pa3ue, uro ;{BHHeTci{

ECHO (/) and catalysts on its basis (2, 3). / — Busophyte ~OAHOW M3 IIPHYNH (Hapsinly C yZaieHUeM H30bITOYHOM

ECHO, 2 — as-prepared catalyst, 3 — catalyst after BOJBI U3 KaTanmaTopa) pPCaKkTUBAIMM KaTajin3aropa
experiment stored in air for one month (Tabu. 2, obpa3ert 3).

HMureHcuBHOCTL
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[Ipu repMeTHYHON yIaKOBKE CBEXEIPHUTOTOBICHHOIO 00pa3lia aKTMBHOCTH KaTallu3aTopa coxpa-
HSIETCS HA IPOTSIKEHUU JUITMTENIBHOTO Meprosia xpaneHus (2 roaa) (tadi. 2, oopasen 7). O6pasetr, mpo-
cymenHbii mpu 50 °C mocie KaTaauTHYECKOr0 OMbITa H TePMETHYHO YIIAKOBAHHBIH, TaKKe odecreyuu-
Baet noiHoe ynanenue CO nocie xpaneHus (12 MecsineB) B 000MX peKMMax B TEUCHHE OIbITa (Tall. 2,
oOpaser 6).

3akJjrouenue. Pe3ynbpraThl UCCIIEOBAaHUN TOKa3ajdd, YTO BIAXKHOCTH B mpenenax 1,5-7,9 mac.%
ABJISIETCS] ONTUMANBHOH J1st s pexTuBHOTO hyHKInonuposanus PdCuFe-coxeprkarmiero karanuzaropa
Ha OCHOBE YTJIEBOJIOKHHCTOr0 Mareprasia bycodput 9XO B peakiui HU3KOTEMIIEPATYPHOTO OKUCICHHUS
CO. [lezakTuBauus 3TUX KaTajau3aTOPOB IPU XPAaHECHUH Ha BO3JyXe OOYyCJIOBJIEHA YMEHBLICHUEM CO-
JepKaHMsl Majulagus B IPUIIOBEPXHOCTHOM CJIO€ HOCHUTEISI, CETperauueil 1 yMEeHbIICHUEM COepiKa-
nus arakamura Cu,Cl(OH), Ha moOBepXHOCTH KaTaaM3aTopa, a TAKKE HOBBIIIEHUEM OOMIEH BIaKHOCTH
00pa3uoB. Ha ocHOBaHMM 1OJTy4YE€HHBIX PE3YJIBTATOB MOXHO CHIEJIaTh BBIBOJ O HEOOXOIMMOCTHU repMe-
TUYHOHN YIIAaKOBKH KaK CBEKEIPUTOTOBJICHHBIX KaTaJIN3aTOPOB, TaK U 00pa3LOB MOJBEPIrHYTHIX CYIIKE
(mpu 50 °C) mocrne KaTaJIUuTUYECKOTO OIBITA C IEIbI0 COXpaHEeHUsI HCXOHOHM akTuBHOCTH. [locne xpa-
HEeHMsI Ha Bo3yxe Tpebyercs peaktuBanus npu 110 °C Ha Bo3ayxe He MeHee 3 .
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BJIUAHUE NOJMUMEPHBIX U HEOPTAHUYECKUX MOAU®UKATOPOB
HA ITPOIECC ®A300B5PA30BAHUSA
B HACBIINEHHBIX PACTBOPAX CYJIb®ATA KAJIUA

AHHOTanmus. VccnenoBan npounecc KpUCTaJIN3AUK Cylb(daTa Kajlnus U3 BOAHBIX PACTBOPOB B IPUCYTCTBHH OpTaHHU-
YeCKUX MOTH(HUKATOPOB, conaepxaimux hochoHoBEIe, hocdaTHbIe, CYyThPOHOBEIC, CYNb(aTHEIEC 1 KAPOOKCHIBHBIC (YHKITNO-
HaJIbHbIE TpyNIbl. IT0Ka3aHo, 4YTO BBEICHHE OPraHUYECKHX BEIIECTB OKA3bIBaeT HHTHOUpYIOIee AeiicTBHe Ha 00pa3oBaHUe
KpUCTAJIOB cynb(haTta kanus. Hambonpiiee HHrHOUpyromee qeicTBHE 0Ka3bIBAIOT MOAM(DUKATOPEI, COAEPKAIINE CYTb(O-
HOBBIE, Cynb(aTHbIe U (pocoHOBBIE HYHKIIMOHATBHBIC TPYIIEL. D(PHEKTHBHOCTE MOAU(UKATOPOB, COACPKAIIUX KAPOOKCHIIb-
HbIE I'PYIIBI, CYyIECTBEHHO HMKe. OOpa3oBaHHe CTAOMIIBHBIX MEPECHIIICHHBIX PaCTBOPOB Cyib(daTa Kajaus AOCTUTaeTCs
Y BBEJICHUH OpraHnyeckux Moaudukaropos B koauuectse 0,25-0,50 %.

KuroueBble c/10Ba: KpucTauIn3anus, Cyb(aT Kauus, MOAU(GUKATOPBI, 3aPOIBIIIN, KPUTHYECKUH pajuyc, Iepechlie-
HHE, CKOPOCTb 00pPa30BaHUS 3apOJbIILICH

Jns uuTHpoBaHus. BiausiHue noiuMepHBIX M HEOPraHMUeCKHX MOAM(PHKATOPOB Ha nporecc (ha3000pa3oBaHus B HACkI-
MIEHHBIX pacTBOpax cynbdara xamus / JI. B. Uepenumuenxo [u ap.] / Bec. Ham. akan. HaByk Benapyci. Cep. xim. HaByK. —
2023. - T. 59, Ne 1. — C. 18-25. https://doi.org/10.29235/1561-8331-2023-59-1-18-25
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INFLUENCE OF POLYMER AND INORGANIC MODIFIERS ON THE PROCESS
OF PHASE FORMATION IN POTASSIUM SULFATE SATURATED SOLUTIONS

Abstract. The process of potassium sulfate crystallization from aqueous solutions in the presence of organic modifiers
containing phosphonic, phosphate, sulfonic, sulfate and carboxyl functional groups has been studied. It is shown that the in-
troduction of organic substances has an inhibitory effect on the formation of potassium sulfate crystals. Modifiers containing
sulfonic, sulfate and phosphonic functional groups have the greatest inhibitory effect. The effectiveness of modifiers contai-
ning carboxyl groups is significantly lower. The formation of stable supersaturated solutions of potassium sulfate is achieved
by introducing organic modifiers in an amount of 0.25 — 0.50%.

Keywords: Crystallization, potassium sulfate, modifiers, nuclei, critical radius, supersaturation, nucleation rate
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BBenenune. Kpucrammmsanust — mporiecc o0pa3oBaHusT HOBOM TBEpIOH (ha3bl, BRLACISIONICIHCS U3
pacTBopa — pecTaBisieT co0oi (a3oBbIil Mepexo] BEMIECTBA U3 COCTOSTHHS NEPECHIIICHHONH MaTOYHOM
Cpe/Ibl B KPUCTAJITMYECKOE XUMHUUSCKOE COSIMHEHUE C MEHbIIICH cBOOOAHOM sHeprueii. Kpucramimzanus
13 PACTBOPOB SIBJISICTCS OCHOBHBIM MPOIECCOM BO MHOTHX OTPACIAX XUMHUYECKON MPOMBIIIICHHOCTH,
B YaCTHOCTH, ITPH Talyprudeckoil nepepadoTKe KaluitHO-CyIb(aTHBIX COJICH MPUPOTHOTO U TEXHOTCH-
Horo npoucxoxaenus (Pat. US 4342737A; Pat. US 3634041A) [1]. B nanHOM cilyyae UCKITIOUHTEIBHOE
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BJIMSIHUE Ha MPOLIECC TPOM3BOACTBA OKA3bIBACT MEXAaHM3M U KMHETHKA MTPOLIECCOB 00pa30BaHMs M POCTa
KpUCTAJIJIOB cysbdarta kanust. Kpome NpoMBIIUIEHHOTO 3HAYEeHUsI, H3YyUCHHE KPUCTAUIN3alUd UMEET
Hay4YHBIH HHTEPEC, TAK KAK MHOTHE TEOPETHYECKHE BOIIPOCHI (Pa30BBIX IIEPEXOIO0B JI0 CUX IIOP OCTAOTCS
JUCKYCCHOHHBIMU.

Cragus Hykieaunu (BOZHUKHOBEHUE 3apOJIbIILICH KPUCTAIIIOB B IIEPECHIILIEHHOM PacTBOPE) Xapak-
TepU3yeTcs UHIYKIIMOHHBIM NEPHUOIOM, KOTOPBIN YMEHBIIIAETCS TI0 MEpPE POCTa CTENICHH MEPECHIIEHU S
pactBopa. [Ipy HEKOTOPOH KPUTHYECKOW BEIIMYMHE METACTAOMIBHBIA PacTBOp IMpeBpallaeTcs B Jia-
OMJIBHBIN, B KOTOPOM HJET CaMOIPOU3BOJIbHASI KpUcTauin3aius [2, 3]. POCT KpUCTaIIOB MPOUCXOIUT
B pe3ynbrare JudQy3nun 00pa3yomux KPUCTATUIMUECKY IO PEIIETKY YaCTHI] (HOHOB, MOJIEKYJ) U MX ac-
COLIMATOB K IMOBEPXHOCTH PACTYLIECTO KPUCTAJIJIA Yepe3 MPUMBIKAIOIUN K Hell 1uddy3HnoHHBIN ToTpa-
HUYHBIN CJIOH KUJIKOCTH. Yepes 3TOT ke €0 B 00paTHOM HAaNpPaBICHHUU JBUXKYTCS MOJIEKYJIbI BOJBI,
BBICBOOOJMBIINECS MIPH Pa3pyLICHUH THAPATHBIX 000JI0YEK YaCTHULl Y TPAaHMLBI C TBEPIOH MOBEPXHO-
CThI0. B pesyibraTe mpoOMCXOIUT OPUEHTHPOBAHHOE BpPAILIMBAHHE JOCTUTIIMX ITOBEPXHOCTH YaCTHIL
B KPHUCTAJUTHICCKYIO PEIIeTKY [3, 4].

OnHUM U3 CIIOCOOOB peryjnpoBaHus mpoieccos (pa3zo000pa3oBanust (YCKOPEHUE UM HHIHOUPOBa-
HUE KPUCTAJIN3ALNN) SBISETCS] UCIONb30BaHNE MOIU(PUKATOPOB pa3inuuHod npupoasl. s cuctem
Ha OCHOBE COJICH KaJlbI[Usl 1 MAarHHSI JOCTATOYHO MOAPOOHO U3yUEHO BIHMSHUE OPraHUYeCKUX MOAH(DH-
KaTopoB, conepxamux GocoHoBbIE, CYIHPOHOBBIE, KAPOOKCHIIBHBIE TPYIIIBL, Ha Mpolecc o0pa3oBa-
HUS U POCT KpUcTaioB. MccnenoBanue 3¢ HEeKTUBHOCTH HHIHOMPYIOIIETo ASHCTBUS MOAH(UKATOPOB
B TAKMX CHCTEMaxX MMEET Ba)KHOE MPAKTUYECKOE 3HAYECHUE B CBSI3U C HEOOXOJUMOCTBIO MONABICHHUS
COJICOTIIOKEHHUI B BOJOOOOPOTHBIX M KOTENBHBIX cucTemax [5, 6]. [lns cuctem Ha ocHOBe cynbdara
KaJsl TMTepaTypHbIE JaHHBIE OTPAHWYEHbl ONHCAHWEM Pe3yJbTaToB BIMsHUA HoHoB Fe’™ u Cr’' Ha
KPHUCTAJUTH3AIMIO CyNIb(aTa KaJlnus U3 BOMHBIX PACTBOPOB B 3aBUCHMOCTH OT pH [7, 8].

B Hacrosieit paboTe U3y4eHo BIHUSHUE OpraHUYECKUX MOIN(UKATOPOB PAa3IMIHOTO XUMHYECKOTO
cocrasa, copepkamux pochonorle, hochaTHbie, CyTb(HOHOBEIE, CYIb(paTHBIE, KAPOOKCHUIbHBIC (PyHK-
[MOHAIBHBIC TPYIIBI, Ha KPUCTAJIU3AUIO Cylb(ara Kajaus U3 BOAHBIX PacTBOpOB. Pe3ynbraTsl uc-
CJICZIOBAHUM MMEIOT MPAKTUUECKOE 3HAUCHUE JIJIsl OLEHKU U MPOrHO3UPOBaHMS 3PPEKTUBHOCTH MOIU-
¢uKaTOpOB B Ipoleccax peryiuposanus Gpa3zoo0pa3oBaHus B MPOLECCaX TaJlyprudeckoro mojay4eHus
cyibdara Kajaus 1 IPUMEHEHHUS] KUAKUX CyIb(paTHBIX yI0OpeHUll B cucTeMax (pepTUraluy.

JKcnepuMeHTaabHas 4acTh. B pabore ucnonwssosanu cynbdar xamus K,SO, mapknm «x. 4.»
(I'OCT 4145-74), B xauecTBe MOoaU(PUKATOPOB — anKmicynbhoHaTsl HaTpus (ACH) C10 (Merck 8.41036)
u AC C10 (Merck 0O4003), nudTrieHTpriaMuH-nieHTa (MetTriieHdochonoas kuciora) kucinoty (DTPMPA)
(Merck D2565), HaTpreByI0 COIb MOIHAKPUIIOBOW KHCIOTHI, MOAMU(PUIMPOBAHHYIO CYIb(OHOBBIMH
¢yukuuonansueivu rpynnamu (ITIIA-Na MAS, Mr 2500-5000), Tpunonudocdar natpus (TTID Na)
(Merck 238503). MoaudukaTopsl BBOAWIN B pacTBOp Cyabdara kaius B konudectse 0,1-0,75 mac.% ot
maccol K,80,.

[Iponecc kpucramuu3auu cyiabdaTa Kalusl HCCIEAOBAIN C HCIOIb30BAHMEM KPHCTAJIM3aTopa
Syrris Atlas Potassium, 000pyI0oBaHHOTO CHCTEMOM OXJa)kAeHMs. PesxUM oxyaxxaeHus 3a1aBajy ¢ Mo-
moubio [1O peakTopa U KOHTPOJIMPOBAJIN C UCIIOJIB30BAaHUEM TEMIIEPATypHOro Aarynka. CKOpOCTh OX-
TaxaeHus coctarisa 20 rpaa/d, CKopocTs nepemermuBanusg — 50 06/mMuH. Ilocie mocTrkeHus 3aman-
Hoii Temrnieparypsl (20 °C) pacTBOp BBIIACPKUBAIN ITPU MOCTOSTHHOM NEPEMEIINBAHUY B T€UeHUE 72 .
XoJ KpUCTAJTN3AIMH KOHTPOJIMPOBAIIN 1O U3MEHEHHUIO CBETOIOIIIOMIEHU S peaKIIMOHHON CMeCcH, KOTO-
poe onpexaensuin HeeToMeTPUIeCKMM METOJIOM C TIOMOILBIO TaTYhKa MYTHOCTH. /laHHbBIE 3aruchiBa-
JUCh B aBTOMATHUYECKOM PEKHME C UCTIONB30BaHMEM IIpOrpaMMHoOro odecneuenus Atlas 1.4.

st cHATHS HACBHIILICHUS] U PACTBOPEHMSI MUKPO3apOJBILICH CONEBOM PAacTBOP, HACHIIIEHHBINH MPU
40 °C, cornacHo JaHHBIM O pacTBOPUMOCTH cyibdara kanus (Pat. US 4342737A), narpesanu no 60 °C
U BBIJCPKUBAJIM B TeUEHUE 2 4, 3aTeM oxjaxaanu 1o 20 °C.

3a MHAYKIMOHHBIN [I€PUOJ] KPUCTAII000pa30BaHUs IPUHUMAIIH IIPOMEXYTOK BPEMEHH T, IPOILE -
ITMI ¢ MOMEHTa CMEIIEHHUS ABYX PacTBOPOB, COAECPKAIINX 0CaIKO0Opa3yolue HOHBI, 10 Hadana (op-
MUPOBaHUS TBEPAOH (a3bl, KOTOPBIH ONMpPENeIIsii 10 U3MEHEHHIO CBETOIOTIIONICHUST B cucteme. st
MOBBIIICHHSI TOYHOCTH PE3YJBTaTOB CKOPOCTH OXJIAXACHUSI CHCTEMBI IOAOMPATH TaAKMM 00pa3oM, uTo-
OBl MHTyKIIMOHHBIH IEPUOA COCTABIISLI HE MEHEe 5 MUH.
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PesyabraTsl M ux ob6cy:xaenue. Cyiabdar xkaiaus odpa3zyeT KpUCTaUIbl IPEUMYIIECTBEHHO OPTO-
pPOMOMYECKON CHHTOHHH C TIapaMeTpaMu KPHUCTAJTUYecKoi pemeTku a = 5,572 A°, b = 10,072 A°, ¢ =
7,483 A° [9]. I'panm kpucTamia, kak mokazano B padote (Pat. US 4342737A), XapakTepu3yIOTCs pa3and-
HOM 3Hepruei copOruu npumMeceil, 9To 00yCIOBINBAET HEPABHOMEPHBIM POCT KpHUCTAJIIa MO Pa3anud-
HBIM I'PaHAM B 32aBUCHMOCTH OT YCJIOBHH KPUCTAJIITU3ALUH.

Kak u3BecTHO, mporece KpUCTaJNIM3alUuN COTPOBOXKAAETCS YMEHBIICHUEM yIEIbHON MOBEPXHOCT-
HO¥ dHepruu cucteMbl. O0OBESAUHEHNE YaCTHI] B CYOMUKPOKPHUCTAILI (I03apOIBIIIIEBBIA aCCOIHAT) 10~
HUKAeT SHEPTUIO CUCTEMBI, B TO e BPeMs TIOsIBJICHHE HOBOW TIOBEPXHOCTH pa3zeia a3 ec yBeaTndnBa-
eT. Takum 06pa3om, 1Mo Mepe pocTa CyOMUKPOKPUCTAJIa KPUBas, OMUCHIBAIOIIAS 3aTPauuBaeMyIo Ha
ero oOpazoBaHue paboTy, IMEET SKCTPEMaJIbHBIN XapaKTep: CHavYalla pacTeT, a 3aTeM yobiBaeT. CyOmu-
KPOKPHUCTAJLI, JJISI KOTOpOro paboTa 0Opa3oBaHMs MaKCHMaJlbHA, HA3bIBAETCS KPUTUIECKUM 3aPOJIbI-
meM. Accoruarsl ¢ pa3MepaMi 60JIbIle KPUTHYECKOI0 3HaY€HU sl YyCTOMYUBBI U ITPEBPAIAIOTCS B 3apO-
JBIIIN, KOTOPBIE 3aTEM BBIPACTAIOT B KpucTaml. CKOPOCTh 00pa3oBaHMs 3apOJbIIIeH PE3KO BO3pacTacT
1ocjae AOCTHXKEHUS! HEKOTOPOTO KPUTHYECKOro nepechimeHns. CoriacHo (GiuyKTyallMOHHOM TEOpHH
(haszoobpa3oBaHmsl, 3apOIBIII JAET HAYaJI0 POCTY HOBOM (pa3sl B TOM cilydae, €CIIH €ro pa3Mephl CTaHO-
BATCS OOJIBLIIE HEKOTOPOTO0 KPUTUYECKOT0 3HAYCHHUsI IPU JaHHOW CTEeNeHu nepechiiienus cpens [10, 11].
HecmoTps Ha TO 4TO cpeqHsAsl KOHIIEHTpAIUs B TOMOT€HHOM PAcTBOPE OCTAETCS MOCTOAHHOM, JIOKab-
Hble (IyKTyallu¥ KOHLUEHTPALIMH MOT'YT IPUBECTH K (JOPMHUPOBAHUIO 3apOABIILICH KPUCTAIIOB, KOTO-
pBI€ B TaJIbHEHIIIEM MOTYT CHOBA PacmaaThcs Ha OTAEIbHBIE KOMIIOHEHTHI.

W3meHenne cBOOOAHOM SHEPTHH CHCTEMBI B IIpOIIecce 00pa30BaHUs U POCTa HOBOW (a3bl CBS3aHO
¢ ABYMs (paKTOpaMH: ¢ OAHOH CTOPOHBI, B ITPOLIECCE MPUCOSTNHEHNSI YACTHUIIBI K 3apOBIIIY MTPOUCXO-
IUT CHUXKCHUE 3HEPIUM CHUCTEMBI, YTO MOXET OBITh YHMCJIEHHO BBIPAXXEHO KAaK Pa3HHULA XMMHUYECKUX
MTOTEHITNAJIOB YaCTHUIIbI B PACTBOPE U B COCTAaBE KpUCTAJUTHYECKOH (ha3wl. C IpyTroil CTOpOHBI, yBennye-
HHUE pa3Mepa 3apojibliia MPUBOIUT K MOBBIIIEHUIO MOBEPXHOCTHONW SHEPIHH CUCTEMBL. UNCIEHHO H3Me-
HEHHE TIOBEPXHOCTHOH sHepruu (AG) MOKHO BBIPa3UTh YPaBHCHHUEM:

3
4nr " kTInS N 4nr25’ (1)
3 Vi

AG =-

rae V,, — MoneKkynsapHeiii ooveMm (V,, =M /p, - N, ), am’/monk; T — Temneparypa, K; S — npechimenue;
G — TOBEPXHOCTHAs dHeprus, /M2, ¥ — paguyc KPUCTAIIMUECKOTO 3apObIIIa, M (IOMyIIeH e, YTo
3apoabiil uMeeT (Gopmy chepbl B CBSA3M C MaJbIM pazMepoM
3aponpiiei (Pat. US 4342737A)); k — nocrostnHast BonbiiMaHa,
1,38x10723 JIx/K.

W3menenune o01ieid 3HEPrun CUCTEMBI 3aBUCHT OT pa3zmepa
YaCTUI[ 1 HOCUT HEMOHOTOHHBIH XapakTep (puc. 1).

U3 puc. 1 cnenyet, 9T0 cCBOOOIHAS SHEPTHS CUCTEMBI UMEET
MaKCUMYM ITPA HEKOTOPOM (KPUTHUECKOM) pa3Mepe 3apoIbIIna

AG

"\GHDEIEDXH.

Aage (rp)> KOTOPBIi MOKET OBITH pacCUnTaH:
Fep = ——.
kTInS
AG KoJIM4ecTBO BXOJSAMIUX B COCTAB KPUTHYECKOTO 3aPOJIBIIIA
arperaTon (nKp) MOKHO OTIPEICITUTh:
3
ngy = Wi 3)
3V,
r Arperatbl ¢ pa3MepoM MEHbIIIE KPUTHYECKOTO paspylia-

HOTCs, B TO BpEMs KaK arperarsl € OOJIBIINM pa3smMepoM TEpMO-

Puc. 1. I3mMeHeHue 0o01Iel SHEPTUU CHCTEMBI
JUHAMHWYCCKHU CTaOUIBHEBI U IIPOAO0JIKAKOT PAaCTH, IIOCKOJIBKY

B 3aBHCUMOCTH OT Pa3Mepa KPUCTAIINYECKOTO
3apOIBIIIA MPUCOCTUHCHNE HOBBIX YACTHI] K TAKUM arperaram MpHBOIAUT

Fig. 1. The total energy change in the system K YMCHBIICHHIO CBOOOJTHOM YHEPTHH CHCTEMBI.

depending on the size of the crystalline U3 puc. 1 u ypaBHenus (4) cieryer, 4T0 BeIMYMHA OTCH-
nucleus LUAJTBHOTO Oapbepa, MPEensSITCTBYIOMEro 00pa3oBaHUIO HOBOM
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KPUCTAJUTMYECKOH a3kl B pacTBOpPE, KPUTHYECKHI pa3Mep 3apojbliia U KOJIMISCTBO BXOJSIIUX B HETO
YACTHII 3aBUCST OT CBOMCTB KPUCTAJTU3YIOIIETOCS BEIIECTBA U CBOOOTHOW MOBEPXHOCTHON SHEPTHU
3apopinia. [TocneHsss MOXKET H3MEHSTHCS 3a CUET aICOPOIMHU HA MOBEPXHOCTH arperaToB pa3indHOro
poJia mpuMecei U MpechIeHus cucTeMbl. OYeBHIHO, UTO YeM OOJIbIIE BETUIHNHA AGKp, TeM Ooee cTa-
OmIbHA cucTEeMa:
AG = 10T @)
3(kT'InS)?

B pazbaBieHHBIX WM OMM3KUX K HACHIIICHUIO PACTBOPAX MPOIECCHl 00pa30BaHUs U paciajia Kia-
CTEPOB HAXOASTCS B JMHAMUYECKOM PABHOBECHH M CHCTEMa OCTAeTCs FOMOI'CHHOW. B mepechiieHHOM
pacTBOpe HEKOTOPbBIE U3 3apOABINICH MOTYT IOCTUTHYTh KPUTHYIECKOTO pa3Mepa u B JallbHEHIIeM Tpu-
COCIMHCHUE K TaKOMY 3apOJbllly HOBBIX MOHOB CTAHOBUTCA TECPMOJIMHAMUYCCKU Oosee BBIT'OAHBIM,
4710 00yCI0BINBaET (DOPMHUPOBAHUE B CUCTEME HOBOM (ha3bl — KPUCTAJJIOB PACTBOPCHHOTO BEILIECTBA.

3HaueHue MOBEPXHOCTHOM PHEPTUU 3apOABIIICH (C) s BEUICCTB B MHIWBUAYATHLHOM COCTOSHUU
MOJET OBITH OIPENEICHO aHATUTUYECCKHU, HO JIISI CHCTEM, COJCPXKAIIUX JOMOJHUTEIbHBIC MPUMECH,
KOTOpPBIC CIIOCOOHBI MOBJIMATH Ha MPOIECC KPUCTAILIH3AIUH, PACUET IeJIeCO00pa3Hee BBITIOIHSATH C UC-

MOJIb30BAHHUECM AaHAJIMTUYCCKOT'O BBIPAXKCHUSA (5), MOJIYUYCHHOI'0 COIrJIaCHO TCOpUH FH66C&—®OHLMCpa
[12, 13]:

_, Int(RT)* In(S)? )
- b
BV
IJIe T — MHAYKIHOHHBIH TIepHOJ KPHCTAILI000pa30BaHHus, C; G — OBEPXHOCTHAs Heprus, Jx/m>; P —
reometpudeckuii pakrop (B = 16n/3 st 3aponpiteit chepuaeckoit Gopmel); R — yHUBepcalbHas Ta3o0-
Bas nocrosHHas, R = 8,314 J[x/monyK.
Js1 omrpeneieHrst CKOpOCTH 00pa30BaHMS 3apPOBIIICH KPUCTAINITMIECKON (ha3hl HCIIOTH30BAH ClIe-

JIYIOIIYI0 opMyJTy:

D 2lhS Yw
= X n xe KT 6)

B ? 3

rae D — xospduunent nudpdysuun K,SO,, m%/c (D =9,8-1071% m?/c [14]); d — cpemuuil TMaMETpP HOHOB,
ob6pasyromux coeaunenue 2K n SO42’, M (d=3,3-10"1m [15]).

Ha puc. 2 npexncraBieHsl pe3yabTaThl UCCIEIOBAaHUS CBETOIIPOIYCKAHUS PacTBOPOB cyJib(aTa Ka-
7S B MHJIMBUyaJIbHOM COCTOSIHUH U B IPUCYTCTBUU 100aBOK. OTKy/a BUAHO, UTO BBEJCHUE 100aBOK
3aMeIsIeT TIporece 0opa3oBaHus HOBOU (hasbl. TeHICHITNS K MHTHOMPOBAHUIO KPUCTAIIIM3AINN B OOJIBIIICH
CTEICHU BBIPaXKEHA JIJIsi COSAUHEHUH, cofiepkaiiux cyibhatHeie, cyinbhponosbie (ACH u AC) u pocdo-
HOBbIE QyHKIMOHANBHBIE Tpynbl (DTPMPA).

Hcnonb3oBaHme OpraHn4ecKUX COeTUHEHHH,
CoZep)KalINX KapOOKCHIIbHBIE U CYJIb(OHOBBIE
TPYIIBL, IPUBOAUT K YBEITUUCHUIO MHYKIIHOH-
HOT'0 neprosa NpuOIu3nuTeNbHO B 4 pasa. B ciy-
gae TpurnonudocdaTa HATPUs YBEIHUICHUE HH-
JYKITMOHHOTO TIEPHOJIa HECKOJIBKO BBITIIE (pHC. 2),
YeM B MIPUCYTCTBUU TOJIMAKPHIIATA HATPHUS, HO
HIKe 9yeM 1pu ucnonb3oBanu DTPMPA u coe-
JUHEHUH, colepKalluX Cylb()OHOBBIC U CYIib-
(aTHbBIe IPyIIIBL

PactBops! cynbdara kaaus, coaepsKalue J10-
0aBKM alKuiCyiIb(pOHATA, aJTKHICyIb(dara Ha-
tpusi 1 DTPMPA, nocne Hayana kpucTain3a-
LMY B T€YEHUE HEKOTOPOI'O BPEMEHH HaXOASITCS
B HepeCLIHleHHOM COCTOSIHUMH. HaHHaH OCO6GH- Puc. 2. CBSTOHPOHyCKaHI/IC pacTBOpPOB chqu)aTa Kajaus

HOCTb, BEpOSITHO, CBsA3aHa C TEM, UTO I10CJIC Ha- Fig. 2. Light transmission of potassium sulfate solutions

Ceeronponyckaiue

Bpems, ¢
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Yajia KPUCTAJJIM3AalUUd YMEHBILIAETCS CTENECHb IMEPECHILEHUSI PAacTBOpa, YTO 3aMEIJIsieT MPOLECC
KPUCTAJIIIM3ALUHU U MTO3BOJISIET CTAaOMIM3UPOBATh cucTeMy. CHUKEHHE KOHLIEHTpAUH cylbdaTa Kains
B PAacTBOPE MPOUCXOJUT 3a CUET IIOCTEIIEHHOTO pocTa chOpMUPOBABIIMXCS KPUCTAIIIIOB.

B Tabn. 1 npuBeneHb! TEPMOAMHAMHUYECKUE U KUHETHYECKHE XaPAKTEPUCTUKN CUCTEMbl HA OCHOBE
cyibdara Kajaus U CKOPOCTH 00pa30BaHMsI 3apOJbIIIECH KPUCTAIINYECKON (a3bl B IPUCYTCTBUM MOJU-
¢dukaTopos. Kak BusHO, a1copOLIKs MOJIEKYJ pa3IMIHOMN MPUPOJIBI HA TIOBEPXHOCTH (YOPMUPYIOLIHXCS
KPHUCTAJIJIOB BBI3BIBACT YBEIIMYCHNE UX TOBEPXHOCTHOW SHEPTHH U MOBBIIIAET YHEPreTHUECKUT Oaphep,
COOTBETCTBYIOLIMH MEPEX0qy MEePechIIIEHHOI0 TOMOTEHHOI'0 pacTBOpa B CTaOMIIBHOE TeTEPOreHHOE
COCTOSIHUE.

VYBenuueHne SHEPreTHUECKOro 0apbepa B CBOIO OYepelb MPUBOAUT K M3MEHEHUIO KPUTHYECKOTO
pasMepa Kpucrtajuia. B npucyTcTBum 106aBOK pa3Mep 3apoabliieii KpUCTAIIOB YBEIUYUBACTCS B CpEll-
HeM B 1,3 pasza, uTo TpeOyeT OTHOBPEMEHHOTO arperupoBanus 85—90 OTAeTbHBIX YaCTHIl, B TO BpeMs
Kak B cucteMe 0e3 100aBOK 1Isl BOSHUKHOBEHUS CTAaOMIIBHOTO 3apojbliia He0O0Xo[uMa arperauus mo-
psanka 30 gactur (Tabmuma).

TepMolumaMqucmae U KHHETHYECKHE XapPAKTePUCTUKH CUCTEMbBI HA OCHOBE chn,(I)aTa KaJusa

Thermodynamic and kinetic characteristics of potassium sulfate systems

TCpMOJ]I/IHaMI/I‘leCKI/IC XapaKTEePUCTUKHU
H CkopocTb 06pa3zoBaHus
anMeHOBaHUe 100aBKH HOBEPXHOCTHAS . cBOOO/IHAS TOBEPXHOCTHAS 1
KPUTHUYECKUU paguyc YUCIIO0 YaCTHI] 3apogeima, J x10', 1/m-¢
SHEprus, SHeprus 3apoasima, AG, .,
o, x10° T/ 3aPOABIIIA, 7', HM B 3apOJIbILIE, 71, €]1. X10-29 Tl P
be3 mo6aBok (KOHTPOITB) 4,55 0,93 31 1,7 2000,0
ACH 6,39 1,31 87 4,6 1,1
AC 6,46 1,33 90 4,8 0,8
DTPMPA 6,36 1,30 85 4,5 1,4
[1ITA-Na MAS 5,02 1,03 42 2,2 450,0
TII®-Na 5,28 1,08 49 2,6 180,0

CkopocTb 00pa30BaHus 3apOIBIILIECH KPUCTAIOB 3aBUCUT OT KOJIMYECTBA arperupyeMbIX YacTHIL:
yeM OOJIbIlIe YaCTHUIl y4acTBYeT B OOpa30BaHMM KPUCTAIa, TEM BBILIE BEPOSTHOCTb CTaOMIM3aLMH
CUCTEMBI, HAaXOJAIIeHCS B COCTOSTHUY Tiepechitienus [2]. [IpucyTcTBre B cuctemMe uccienyemMbIx 100a-
BOK IO3BOJISIET 3HAYUTEIBHO CHU3UTh CKOPOCTh 00pa30BaHUs 3apOIbIIIEeH U NPUBOAUT K MOBBIIICHHUIO
«I10pOTay NEePeChIICHUS.

+A|C-SO3
- —e—Alc-SO,
% 5 10004 \ —A-DTPMPA
=
& )
=) I~
= -
s 4 — 100 \
o5 i EN
3 J S
3 / T
.~
N - S —
2 ! e *
T T T T 0,1 T T y T T
0,00 0,25 0,50 0,75 0,00 0,26 0,50 0,75
KoHueHTpauHsa 106aBKH, % KoHeHTpauHa 100aBKH, %
a b

Puc. 3. PacueTHbIe 3HaYEHUSI KPUTHYECKOTO 3HAYEHHS IIOTCHIMAIBHOTO Oapbepa (a) U CKOPOCTH 00pa30BaHUs 3apOAbIIIeH
(b) B 3aBUCHMOCTH OT KOHIIEHTPAINH JOOABKH B PacCTBOpE

Fig. 3. Calculated values of the potential barrier (¢) and the rate of nucleation (b) critical values depending on the concentration
of the additive in the solution
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Kaxk BugHO 13 puc. 3, Ha KOTOPOM TMOKa3aHbl pacUe€THBIE 3HAUEHUSI KPUTHUECKOTO 3HAYEHH S TIOTEH-
UaJIBHOrO O0apbepa U CKOPOCTH 00pa30BaHMs 3aPObIIICH IPU Pa3IMYHbBIX KOHIEHTPaLMIX MOAU(pHKa-
TOpOB, B Anamna3one konneHtpanuii 0,25-0,50 % cuctema cTabMIN3UPYETCs, O YEM CBHICTEIHCTBYET
HEe3HAauYMTeNbHOEe U3MEHEHHE TepMoMHaMuueckux napametpos. B cucreme ¢ ACH n AC Hacwilenue
HACTYTAeT MPH MEHbIICH KOHIEHTpauuu, yeM B cimydyae DTPMPA, uto MoxeT ObITH CBsi3aHO ¢ Ooiee
BBICOKOW MonekyisipHoit maccoii DTPMPA. Ha puc. 4 npencraBieHsl MUKpohoTOrpaguu KpucTa-
JUYECKUX OCATKOB CyNIb(ara KaJns, MOJTYYCHHBIX B PA3IMYHBIX YCIOBHSIX.

Puc. 4. MukpodoTorpadun KpuCTaIIIIMISCKOT0 0cajKa Cyab(ara Kajlus, HOITy4eHHOro 6e3 100aBok (a), B IPUCYTCTBUHI
moxupukatopos (0,75 % ot maccrl cynbdata kanus): ACH (b), DTPMPA (c), AC (d)

Fig. 4. Micrographs of potassium sulfate crystalline precipitate obtained without additives () and in the presence of modifiers
(0.75 % by weight of potassium sulfate): ACH (b), DTPMPA (c), AC (d)

Kak BugHo, B cucteme 0e3 100aBOK pa3Mep KpHCTaJUIOB cyibdara kanus coctasisier 0,5-2,0 mm,
(dopMa KpUCTAIIJIOB XapaKTepHa JJIsi 0CAJKOB, KPHUCTAJUTM3YIOIIUXCS B OPTOPOMONYECKON CHHTOHHH.
®dopmMa KpUCTAIIIIOB, TIOJYYCHHBIX B MPUCYTCTBUU MOAU(UKATOPOB, MAJIO 3aBUCHT OT THIA J0OABIICH-
HOTO COCTMHCHHUS M CYIIECTBEHHO OTIIMYAETCS OT (DOPMBI KPUCTAJIIOB B cUcTeMe 6e3 100aBok. Ocanku
MPECTABICHBI KPUCTAJUIAMHU MIACTHHYATON (GOPMBI IOCTATOYHO KPYITHBIX pazmMepoB. [TomoOHas ¢op-
Ma KPUCTAJIJIOB, BEPOSITHO, CBSI3aHA C CEICKTUBHOMN aacopOIiell MOJICKYT OPraHMUYSCKUX COCTUHEHUH
Ha rPaHsX U MOBEPXHOCTSIX KPUCTAILIOB CyJib(ara Kajaus, IMEIOIUX MAaKCUMaJIbHY0 SHEPTHUIO aJIcopO-
UH, U TPEUMYIIECTBEHHBIM OJOKHPOBAHUEM POCTA KPHUCTAJIIOB B HANIPABICHUH COOTBETCTBYIOIIUX
KpUCTAIIIOTpaUIECKUX OCEH.

Pe3ynbTarhl UccneOBaHUN UMEIOT MTPAKTUYECKOE 3HAYCHHE JIJISl OIICHKH M MTPOTHO3UPOBAHUS d(-
(EKTUBHOCTH MOJUPHUKATOPOB B IPOIIEccax pPeryanpoBanus (pazoo0pa3oBaHus B IPOIECCcax rajlypru-
YeCKOro TONy4YeHHU cylibdaTa Kajusl U UCTIONIb30BAaHUS KUAKUX CYIb(aTHBIX yI0OpEHUN B cUCTEMax
¢depruranum.
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3akJurouenue. B pesynbraTe nccie0BaHni yCTaHOBIICHO, YTO BBEJICHHE OPTaHMYECKUX MOAH(HKA-
TOPOB Pa3IMYHOTO XMMHUYECKOTO COCTaBa HHTUOMPYET KPUCTAUTH3AIUIO CyIb(haTa Kalus U3 BOTHBIX
pacTBOpOB. YCTaHOBIIEHA 3aBUCHUMOCTH A(P(GEKTHUBHOCTH MHTHOUPYIOMIETO JCHCTBUS OT MOJICKYIISIP-
HO-CTPYKTYpPHOTO CTpoeHHsi MoaudukaropoB. Hammune cynbdoHOBEIX, cynb]aTHBIX U (ochOHOBBIX
(hyHKIIHOHATBHBIX TPYIIT B MOJIEKYJIe Moau(ruKaTopa 0OeCricunBaeT MaKCUMaJIbHOE WHTHONPYIOIIce
JeliCTBUE, TOTAa Kak MOAH(UKATOPHI, cofepKaniue KapOOKCUIIbHbBIE Py bl MeHee dQPeKTHBHBL. J{I1s
MoJu(HuKaTopa ¢ 00Jee BHICOKOH MOJIEKYJISPHOW MacCO HACBIIIEHHWE HACTYyMaeT MpU OOJIbIIeH KOH-
LIEHTpaIuu 100aBKH.

MexaHu3M HHTHOUPYIOIIETO ASUCTBUS HCCIASTYEMbIX MOAU(PHKATOPOB CBSI3aH, BEPOSTHO, C aJICOP-
Oumeli (yHKIIMOHAIBHBIX TPYIIT COSAMHEHUI HAa TpaHsAX KPUCTAIIOB. [[1s perynupoBaHus mpoiecca
KPUCTAJTU3AIMHA HE0OX0IMMO TTPUMEHEHUE CPABHUTEILHO OOJBIITNX JTO3MPOBOK COSAMHEHHH, 4TO 00-
YCIIOBJIEHO CPAaBHUTEIFHO HU3KUM SHEPreTUYECKUM 0aphepoM CTaOMIN3allid MUKPO3aPOJIbIIIEH 1, KaK
CIIEZICTBHE, BBICOKOW CKOPOCTHIO 00pa30BaHMs 3apOAbIIIeH Ccynb(ara Kajaus B CHCTEME, HE COmepikKa-
et THTrUONTOPOB KPUCTAITH3AIIHH.

OrneHka TEPMOJMHAMUYECKUX MMapaMETPOB CHUCTEMbl Ha OCHOBE Cyiib(aTa Kajus MokKaszaja, 4To
B IIPUCYTCTBUU MOIU(PHUKATOPOB YBEIUYHBACTCS Pa3Mep TEPMOIMHAMUYECKH CTaOWIBHBIX 3apOJbl-
HICI>'I, YTO CHUIKACT BEPOATHOCTD UX O6pa30BaHI/Iﬂ 1 MTO3BOJIACT MMOJTYYUTH CTa6I/IHI)HI)Ie TNEPCChIICHHBIC
pacTBOpEI cyJib(ara Kausl.
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3. . KyBaesa, C. II. Kauepckas, O. C. MacTuukas, E. A. XBasnoBa
Huemumym usuko-opeanuuecxou xumuu Hayuonanvroti akademuu nayx benapycu, Munck, berapyco

PA3BPABOTKA U BAJIMJAIUA METOJA KOJIMYECTBEHHOI'O OIIPEJEJIEHU 51
KOHCEPBAHTOB B CUPOIIE HATPUSI OKCUBYTUPATA

AnHotanus. [IpenioxxeH mpocToi, OBICTPBIN, YyBCTBUTEIBHBIN METOM ONpPENEICHNU KOHCEPBAaHTOB (METHIIIaparui-
poxcubeH3o0ata, MponuianaparuapokcuOeH30aTa) B TOTOBOM JIeKapCTBEHHON (GopMe HATpHs OKCHOyTHpaTa B BUJE CHPOIA,
OCHOBAHHBI Ha OJIHOBPEMEHHOM OIPE/EICHUN KOHCEPBAHTOB C MOMOIIBIO BBICOKOI((EKTUBHON XUAKOCTHOH XpoMaro-
rpadun (BOXX). Beinonuena anugauns BOXKX meronuxu. Kosdduipent xoppensunu TMHEHHOCTH METOJUKH COCTABHII
0,999 B nuanasone npumeHenust 80—120 % ot HopMupyeMoro 3HaueHus1. KanunbpoBouHslii rpaduk inHeeH B oonactu 0,495—
0,990 mr/mn metunnaparuapokcubensoara u 0,165—0,330 Mr/mir — mponuInmaparuIpokCuOeH30aTa. YCTAaHOBICHO, YTO aHa-
JIUTHYECKUE XapaKTePUCTUKN METOAMKH UCTIBITAHNH (M30MPaTeIbHOCTD, IMHEHHOCTD, TIPAaBHIIBHOCTH, HOBTOPSIEMOCTb, BOC-
TIPOM3BOAMMOCTE) YJOBJIETBOPSIIOT BEIOPAHHBIM KPUTEPHSIM IPUEMIIEMOCTH.

Kuarouessie cioBa: BOXKX, koHCepBaHTEI, MEeTHIINIaparuApoKCHOCH30aT, MPONIIIIaparuJpokcuOen3oar, pa3paboTka,
BaJTUAAIUS

Jas uutupoBanus. PazpaboTka u Banuganus KOTHYECBEHHOTO ONPe/IeTIeHNs] KOHCEPBAHTOB B CHPOIE HATPHS OKCHOY-
tuparta / 3. W. KyBaesa [u ap.] / Bec. Ham. akan. HaByk benapyci. Cep. xiMm. HaByk. — 2023. — T. 59, Ne 1. — C. 26-34. https:/
doi.org/10.29235/1561-8331-2023-59-1-26-34

Z. 1. Kuvaeva, S. P. Kacherskaya, O. S. Mastitskaya, E. A. Khvalova
Institute of Physical Organic Chemistry of the National Academy of Sciences of Belarus, Minsk, Belarus

DEVELOPMENT AND VALIDATION OF THE METHOD FOR QUANTITATIVE DETERMINATION
OF PRESERVATIVES IN SODIUM OXYBUTYRATE SYRUP

Abstract. A simple, fast, sensitive method for the determination of preservatives (methyl parahydroxybenzoate, propyl
parahydroxybenzoate) in the finished dosage form of sodium oxybutyrate syrup based on the simultaneous determination
of preservatives using high performance liquid chromatography (HPLC) is proposed. The HPLC method was validated. The
correlation coefficient of the linearity of the technique was 0.999 in the application range of 80—120 % of the normalized va-
lue. The calibration graph is linear in the region of 0.495—0.990 mg/ml of methyl 4-hydroxybenzoate and 0.165—0.330 mg/ml
of propyl 4-hydroxybenzoate. It has been established that the analytical characteristics of the test procedure (selectivity,
linearity, correctness, repeatability, reproducibility) satisfy the selected acceptance criteria.

Keywords: HPLC, preservatives, methyl 4-hydroxybenzoate, propyl 4-hydroxybenzoate, development, validation

For citation. Kuvaeva Z. 1., Kacherskaya S. P., Mastitskaya O. S., Khvalova E. A. Development and validation of the
method for quantitative determination of preservatives in sodium oxybutyrate syrup. Vestsi Natsyyanal nai akademii navuk
Belarusi. Seryya khimichnyh navuk = Proceedings of the National Academy of Science of Belarus. Chemical series, 2023,
vol. 59, no. 1, pp. 2634 (in Russian). https://doi.org/10.29235/1561-8331-2023-59-1-26-34

Brenenue. Harpuii okcuOyTHpar sBJISICTCSI CUIIBHBIM aHTUTHUIIOKCAHTOM, 3aIHINAIOIUM OPraHu3M
OT KHCJIOPOIHOT'O TOJIOaHUs IPU OONBIINX (PU3NYECKUX HATrpy3KaX, IPH TSKEIbIX COCYTUCTHIX 3a00-
JICBAaHUSX U MOPAKCHUIX JIBIXATEIBHOrO armapara. AHTUTUIIOKCUYECKOE JICHCTBUE HATPUS OKCUOY TH-
paTta 00yCIIOBIIEHO €Tr0 CIIOCOOHOCTHIO aKTUBH3UPOBATh OECKUCIOPOHOE OKUCIEHUE YHEPreTUYSCKUX
CcyOCTpaToOB M YMEHbIIATh MOTPEOHOCTH Opranusma B kuciopose [1]. OqHol u3 nekapcTBEHHBIX HOpM
HATpPUsl OKCHOYTHpaTa SIBJISICTCS CHUPOI, COIEPIKAIIUN Hapsy C HATPHEM OKCHOYTHPAaTOM COPOHTOIN
U caxapwH, a Tak)kKe KOHCEPBAHTHI METHIIITAPAruAPOKCHOCH30AaT, TIPOITHIITApATruIPOKCHOCH30aT [2], KO-
JTUYECTBEHHOE COJEPKaHNE KOTOPHIX HEOOXOIUMO KOHTPOIMPOBATH B JICKAPCTBEHHOM CpencTtse [3].
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MeTtunnaparuipokcuOeH30atT 1 IpOMHINaparuAPOKCHOCH30aT IMPOKO IPUMEHSIIOTCS B KAYeCTBE KOH-
CEPBAHTOB, B TOM YHCIIE B JIEKAPCTBAX U KOCMETHYECKHUX cpelcTBax [4]. YkazaHHbIE KOHCEPBAHTHI IPO-
ABJISIFOT MUKPOOMOCTaTUYECKYI0 aKTUBHOCTD IPOTHUB IIMPOKOr'0 CIEKTpa OakTepuid, APOXKKEH U Iuie-
cenn [5].

Henb nannoi paboThl — pazpaboTKa H BaJIUJAIMs METOIUKH KOJIMYECTBEHHOT'O ONpE/IeIeHUs] KOH-
CEpBaHTOB (METHJINAaparuIpoKcuOeH30aTa 1 MponuinaparuipokcuoeH30ara) B CUpONe HaTpUsi OKCH-
OyTupara METOJOM BBICOKOA((EKTUBHOMN KUIKOCTHOW XpoMaTorpapu.

JKcnepuMeHTabHas YacTh. BOXKX ananu3 BEIMOTHAIN HA KUIKOCTHOM Xpomarorpade «Agilent
1100», 060pymOBaHHOM JIera3aToOpoM, YeThIpeXKaHATBHBIM T'PaIUEHTHBIM HACOCOM, TEPMOCTATOM KO-
JIOHOK, aBTOCAMILJIEPOM, TEPMOCTATOM 00PA3I0B, JUOUTHO-MATPHIHBIM JAeTeKTOpoM. OOpaboTKy naH-
HBIX OCYIIECTBIISLIN C TOMOIIBIO TporpaMMHoro obecriedenust ChemStation Rev.B. 04.03.

st mpUroTOBICHHS pacTBOpa CpaBHEHHUS HCIOJIB30Baiu MeTunaparuapokudensoar (Glentham
life sciences, > 99,0 %); nponmnmaparuapokcudensoar (Glentham life sciences, > 99 %), Boxy nns
xpomatorpaduu P [3]. s npuroToBieHns NOABUKHON (a3bl HCTIOIB30BATIN PACTBOP KallUsl JUTHAPO-
pocpara P (KH,PO,) ¢ monapuoii xonuentpanuein 0,05 monw/n B cmecu ¢ Metanonom i BOXX
B 00beMHOM cooTHOIIeHNnH 35 : 65. Bce peakTHBBI COOTBETCTBOBAIN KBAJTU(UKAIINH, PEKOMEHTyeMOH
B paboTe [3].

Ipucomosnenue ucnvimyemoeo pacmeopa: 2,0 Ml cupona HaTpusi OKCHOyTHpaTa (IPOU3BOACTBA
NDOX HAH benapycun) nepeHOCHIN B MEPHYIO KOOy BMECTHMOCTBIO 25 MJI, JOBOAMIIN IO METKH
NOABMIKHOW (pa3oi M mepememnBany. 3areM 1,0 MJI OTy4eHHOrO pacTBOpa MEPEHOCHIIM B MEPHYIO
K0JI0y BMECTUMOCTBIO 10 MJI, TOBOIMIIH IO METKH ITOABIKHOM (pa30it U mmepeMenTnBaIn.

Ilpueomosnenue pacmeopa cpasnenus: 37,5 MT METHIIITaparuipokcuden3oara, 13,0 Mr npomnuimna-
paruapokcudeH30aTa IePEHOCUIIN B MEPHY IO KOJIOY BMECTUMOCTBIO 250 MJI M pacTBOPSJIN B ITOJIBUKHOM
¢aze, TOBOAMIM PAacTBOp 10 METKH M mepeMemuBain. 1,0 M MOTy4eHHOrO pacTBOpa MEPEHOCHIIN
B MEPHYIO KOJIOY BMECTUMOCTBIO 25 MJI, TOBOIMIIU MOABMXKHOM (ha30il 10 METKH MPH NepeMEIINBaHIH.
Bce pactBopsl nepea BBeaeHHEM B xpomarorpad ObutM mpodHIIBTPOBaHBI uyepe3 MeMOPaHHBIM WM
MITPHUIIEBON GUIBTP ¢ pa3MepoM Top He Oonee 0,45 MKM.

Bamuparnio BOXKX-MeTonuku ipoBommm Ha xpoMarorpadudeckoit kononke Zorbax Eclipce XDB-C18
(150 MM, 4,6 MM, 5 MKM), a DIIIOMPOBAHHE B W30KPATHUECKOM PEKUME CO CKOPOCTHIO 1,3 MII/MHH ipH
temmneparype 25 °C. JleTekTupoBaHue KOHCEPBAHTOB OCYILECTBIISIIN IIPH IJIMHE BOIHBI 272 HM.

Pe3yabraThl M uX o0cyxaenne. OIHUM U3 3TANOB BHIIOJHEHUS PaOOTHI ABJISLIICS BEIOOpP XpoMarto-
rpaduyeckoil komoHkH. KonoHka JOKHA YAOBIETBOPSATH OAHOMY M3 NApaMETPOB MPUTOIHOCTH CHC-
TEMBbI, @ UMEHHO yJIOBJICTBOPHUTEIbHOE XpoMaTorpaduieckoe paszaeieHue [3]. Mbl ucronb30Bain Xpo-
MaTorpadudeckie KOJOHKH, 3alOJIHEHHBIE aJcOpOeHTaMH, OJIMHAKOBBIMH MO0 XWMHYECKOH TPHUPOIE,
HO pa3iW4YHbIC 10 PACTIONIOKEHHIO KOHIEBBIX TPy W pazmepam dactull: Zorbax Eclipce XDB-CI18
(150 mmM, 4,6 mMm, 5 MkMm), Zorbax Eclipce Plus C18 (150 mm, 4,6 MM, 5 Mmkm), Zorbax SB C18 (150 mmM,
3 MM, 5 MKM).

Kax BuHO U3 mpHUBEAECHHBIX XPOMAaTOrPaMM HCIIBITYEMOT0 pacTBopa (puc. 1-3), y10BIE€TBOPUTENb-
HOe Xpomarorpaduueckoe paszaeneHue HaOlIogaeTcs Ha XpoMaTorpaMme, MoJdyUeHHOM ¢ UCIIOb30Ba-
Huem konoukn Zorbax Eclipce XDB-C18 (150 MM, 4,6 MM, 5 MkM). B xome paboThl H3ydeHbI yCIOBUS
xpomarorpadupoBaHus CTaHJAPTHBIX PACTBOPOB METHINAparuapokcuOeH3oara W IMpoIuUiapari-
npokcubensoara [6, 7]. Unentudukannio xpomarorpaguueckux MUKOB IPOBOAMIIN IO BPEMEHH YAep-
JKUBAHUS M XapaKTEPHBIM CHEKTpaM JJI KaXKJ0Tro BELICCTBA.

[Ipu Basnuoanuy METOAUKHM KOJMYECTBEHHOTO ONpeIesIeHUs] MEeTHINaparuapokcuoen3oaTa u npo-
HNUINaparuIpoKcuOeH30aTa B CUPOIC ObUIM HOJIYUYEHbI PE3Y/IbTaThl 110 CJIEAYIOUIMM BajIuAalllOHHBIM
XapaKTEePUCTHUKaM: CTIeNN(UIHOCTD, THHEWHOCTD, MIPAaBUIBHOCTD, MPEIIU3NOHHOCTH, BKIII0Yas TIOBTO-
PSIEMOCTh U BHY TPHJIA00PATOPHYIO BOCIIPOU3BOANMOCTS [8§, 9].

Ipucoonocms cucmemvl. VicibiTanusi Ha ONpeAETICHUE MPUTOIHOCTH CHCTEMBl MPOBOAMIIN Ha
pactBope cpaBHeHus. [IpurogHoCTh XpoMaTorpadmuecKoi CHCTEMbI XapaKTePU30BaIACh CIICAY IOLIMMH
napaMETPaMU: YHCJI0 TEOPETUYECKUX Tapenok (N), dpakTop acummeTpunu (4,), BpeMs yaepKHBaHUS,
paspemenue muKos (R, ).
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DAD1T E, Sig=272,16 Ref=360,100 (C10H1203\2021-12-14 1412003-0301.0)
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Puc. 1. Kononka Zorbax Eclipce Plus C18 (150 mm, 4,6 MM, 5 MKM)
Fig. 1. Column Zorbax Eclipce Plus C18 (150 mm, 4.6 mm, 5 pm)
DAD1 E, Sig=272, 16 Ref=360,100 (C10H120312021-12-17 1712 11002-0201.D)
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Puc. 2. Kononka Zorbax SB CI8 (150 mM, 3 MM, 5 MKM)
Fig. 2. Column Zorbax SB C18 (150 mm, 3 mm, 5 pm)
DAD1 E, Sig=272,16 Ref=360,100 (C10H12032021-12-20 2012\002-0202.D)
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Puc. 3. Kononka Zorbax Eclipce XDB-CI18 (150 MM, 4,6 MM, 5 MKM)
Fig. 3. Column Zorbax Eclipce XDB-C18 (150 mm, 4.6 mm, 5 pm)

[IpuBenennsie B Ta0. | 1aHHBIE CBUACTEILCTBYIOT, UTO MOJTYUYECHHBIC PE3yJIbTaThl HAXOASTCS B IIpe-
Jenax, yCTAaHOBJCHHBIX IJIs BaJMJAlMK HOPM. OTHOCHTENBHOE CTAaHAAPTHOE OTKJIOHEHHE IUIOLIAAH
MTMKOB, PACCYMTAHHOE W3 MIECTH TOCIIEAOBATEIBHBIX BBEJICHUI pacTBOpa cpaBHeHMs, cocTtaBiseT 0,23 %
s Metwmimaparuapokcudenszoata u 0,77 % nns npommmaparuapokcuOensoaTta. J(hPeKkTUBHOCTD
XpoMaTtorpaduyeckoil KOJOHKH cocTaBisieT 4893 TEOpeTHUECKUX TapeioK sl IMHKa METHIIIaparu-
npokcuOen3oata u 6968 — s muKa nponuiInaparuapokcuoen3oata. GakTop aCHMMETPUH IS TTHKA
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DAD1 E, Sig=272 16 Ref=3560,100 (C10H1203\2021-12-28 2817002-0204 D)
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Puc. 4. XpomaTorpamMmma IpuroJJHOCTH CUCTEMBIL: / — METHJINAParuIpoOKCHOCH30aT; 2 — MPOMUJINaparuIpoKCuOeH30aT

Fig. 4. System suitability chromatogram: / — methyl parahydroxybenzoate; 2 — propyl parahydroxybenzoate

Ta6nunal. Pe3yrsTaTsl NPUroqHOCTH XpoMaTorpaduyeckoii cucTeMbl /151 MeTHINAPAriAPoKcHéeH30aTa
U NPONUWJINAPATHAPOKCHOCH30aTa

Table l. Chromatographic system suitability results for methyl parahydroxybenzoate
and propyl parahydroxybenzoate

MertunnaparuapokcudeH3oar IIponunnaparunapoxkcubexsoar
HoMep oMtbiTa TJI01AAb A: N BpeMs YIEpXKHU- | IUIOIa]b As N BpeMs Rs
ITUKOB BaHWA, MUH ITUKOB YACpIKUBAHUSA, MUH

1 156,67 1,30 4862 1,927 53,80 1,23 6933 3,539 11,48
2 155,91 1,28 4914 1,926 52,77 1,24 6961 3,535 11,49
3 156,00 1,28 4892 1,926 52,72 1,22 6948 3,532 11,46
4 156,14 1,25 4907 1,927 53,03 1,20 7032 3,534 11,50
5 156,86 1,29 4906 1,928 53,41 1,24 6976 3,535 11,47
6 156,06 1,23 4877 1,928 53,06 1,19 6960 3,536 11,44
Cpennee 156,27 1,27 4893 1,927 53,13 1,22 6968 3,535 11,47
3HaYCHUE
CrannapTHOE 0,36 - - - 0,41 - - - -
OTKJIOHEHUE, %
OTHOCHUTENILHOE 0,23 — — - 0,77 — — — -
CTaHJIapTHOE
OTKJIOHeHUE, %

MeTHITnaparuapokcnoen3oara — 1,27, a s nuka mponwinaparuapokcudenszoara — 1,22. Cpennee Bpe-
M yAep)KUBaHUA MTHKa METHIIIaparuapokcuden3oara — 1,93 MuH, muKa mponumaparuipokcuoeH30a-
Ta — 3,54 mun. CpeaHee pa3pelnieHne MUKOB METHIINAparupoKCHOeH30aTa W MPOMUIIaparuIpoKCy-
Oen3oara cocrasiisiet 11,47.

Cneyuguunocmo. CriequpUIHOCTD JTAaHHOH METOAMKH 3aKJII0YaeTcs B CIIOCOOHOCTH ONpPEACIsTh
KOHCEPBAaHTHI B NPUCYTCTBUU BCEX KOMIIOHEHTOB, BXOJISIIUX B COCTaB JIGKAPCTBEHHOTO CPEACTBA
[10,11]. B kauecTBe pacTBOpa CpaBHEHUS UCIIOJIH30BAIHM PACTBOP ILIaneoo.

Ipuecomosnenue pacmsopa niayebo. 10,0 mr narpus okcuOyrtupara, 2,40 r copourona (Glentham
life sciences, > 97,0 %), 8,90 mr caxapuna Harpus (Glentham life sciences, > 99,0 %) nepenocuH
B MEPHYIO KOJIOY BMECTUMOCTBIO 25 MIT, TOBOAMIIH JI0 METKH MOABIKHOM (pa3oit n nepememmBamm. 1,0 mi
MIOJTY9YEHHOTO PAaCTBOPa MEPEHOCHITH B MEPHYIO KOJIOY BMECTHMOCTBIO 25 MJI, TOBOIMIIH IO METKH IO
BIDKHOM (Da30ii U IepeMennBaIi.

W3 mpuBeaeHHOM XpoMaTorpaMMEI (pHC. 5) BHIHO, YTO PACTBOP IJIAE00 HE MMEET XapaKTEePHBIX
MUKOB B 00JIaCTH TOTJIOIICHHS METUIIaparuApokciuOeH30ata u mponminaparuapokcuoensoara. [Tuk
¢ BpemeHeM yaepxkuBanus 1,182 coorBeTcTByeT caxapuny. COpOMTON M HATPHUsl OKCHOYTHpAT HE ACTEeK-
TUPYIOTCSL.
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DAD1 E, Sig=272,16 Ref=360,100 (C10H1203\2021-12-20 20912\004-0402.D)
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Puc. 5. XpomaTorpamma pactBopa miae6o

Fig. 5. Chromatogram of placebo solution

Ha puc. 6 npuBeneHa xpoMaTorpaMMa UCIIBITYEMOI'0 pacTBopa. BuaHo, 4To MUK caxapuHa, IPUCYT-
CTBYIOIIMH B JICKAPCTBEHHOM CPEICTBE, M MUKH ONPEAeSIeMbIX KOHCEPBAHTOB XOPOILIO Pa3/eiCHBI
MexIy coboi: R > 2.

Jlunetinocmo u ouanazon npumenenus. JIMHEHHOCTh METOIUKY CUNTACTCSI JOKA3aHHOMW, €CIIH B pac-
CMaTpUBaeMOM HMHTEpBaJie KOHLEHTPALUH HAaOII0HaeTCs MPOHOPLUOHATIBHOCTh MEXKAY KOJIUYECTBOM
BELIECTBA B pacTBope M (aKTOPOM OTKJIMKA AeTeKTopa. J(uama3oH JTMHEHHOCTH yCTaHaBIMBAaIM Ha
5 pacTBOpax ¢ pa3HbBIMM KOHLUEHTPALUsIMUA KOHCEPBAHTOB, PACIPEACICHHBIMU PABHOMEPHO B IIPEATIO-
JlaraéMoM Jruana3oHe NpuMEHCHUA MCTOANKH UCIIbITAHUA. I[I/IaHaSOH MMPUMCHCHUA METOJJUKHU YCTAHOB-
nieH B ipeaenax ot 80 ays HrkHero U 10 120 % a1 BepXHero mpejesia KOJIUYeCcTBEHHOT O OMpeieeH s
KOHCEPBAHTOB B JIEKAPCTBEHHOM CpecTBe. KpuTepueMm npuemMiieMOCTH THHEHHOCTH siBIseTcst Koaddu-
IIMEHT KOPpPEJALHUH, BEIMUMHA KOTOPOro J0MKHA ObITh He Huke 0,98 (R?). TlonyueHHbIe pe3ymbTaThl
MpeCcTaBIeHbl Ha puc. 7, 8.

Kak BugHO u3 rpaduxoB (puc. 7, 8) 3aBUCUMOCTD IUIOIIAAHM [THKA OT KOJMYECTBA ONPEAETIIEMOro
BellecTBa B Mpobe B quanaszoHe koHneHTpanuit oT 80 10 120 % oT HOMUHAIBHOTO 3HAYEHHS HOCUT JTU-
HeHbIH xapakrep. PaccuntanHble KO3(UIIMEHTH KOppEIsLuu Ul METHIINAparuapoKcuOeH3oaTa
Y TPOIMHIITIApAruIPOKCHOCH30aTa YJIOBIETBOPSIOT KPUTEPHIO TTPUEMIIEMOCTH.

Ipasunvrhocmy. [IpaBUIBHOCTH METOJJUKH YCTaHABIINBAJIACH 110 pe3yJIbTaTaM aHalln3a JIeKapCTBEH-
HOTO Tnpenapara c cojepkanrem koncepsanTos 80, 100 u 120 % oT HOMHHAJIBHOTO KOJIMYECTBA.

DAD1 E, Sig=272,16 Ref=360,100 (C10H1203\2022-02-25 2502\004-0403.0)
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Puc. 6. XpomaTorpaMma HCIIBITYEMOr0 PacTBOpa: / — METHIINAParuIpOKCHOeH30aT; 2 — IPONUIINAparuJpOKCUOCH30aT

Fig. 6. Chromatogram of the test solution: / — methyl parahydroxybenzoate; 2 — propyl parahydroxybenzoate
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Fig. 7. Peak area of methyl parahydroxybenzoate versus concentration in test solution
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Fig. 8. Peak area of propyl parahydroxybenzoate versus concentration in the test solution

Pacuer crenenn onpenenenus K, nposoxunu mno ¢popmyne: K, =X -100/p. CornacHo nomy4des-
HBIM pe3yJbraTaM (Tadil. 2), OTHOIICHHUS CMELICHHUS PEe3yIbTaTOB U3MEPEHUS KOJTMYECTBEHHOTO COZIep-
%~ )

s )
HE MPEBBIIIAIOT TAONUYHOr0 3HaYeHus koddduuunenra Creiogenta #(0,95; 2) = 4,30 nns meTHInaparu-
npokcuOensoata (3,96) u nponunnaparuapokcudenzoara (1,87), 4To yaoBIETBOPSIET KPUTEPHUIO IPHU-
emieMocTH. i yCTaHOBICHHS MPEABAPUTEIBHOIO HOPMATHBA KOHTPOJISI MPABUIBHOCTH BBIOMpaeM
Hanxyuee 3sHauenne Kz = 93,37 % (nns metnnnaparuapokcnodensoara), K, = 106,30 % (1 nponui-
nmaparuapokcuOeH30ara): A= [100 — K|. Crenenb onmpesie/ieHusi HAXOAUTCA B IPEJIeIax yCTaHOBJICH-
HOM /SIS BaJIWJAIITMOHHBIX NCTIBITaHUH HOPMBI (£ 10 %). OTcrona cienyeT, 9To MpaBUILHOCTD METOIUKH
MOJITBEP K ICHA.

llosmopsaemocms. I10BTOPSIEMOCTh METOAUKHU CUHUTACTCS YIOBJIETBOPUTEIBHOM, €CIU pa3sHOCTh
pe3yJbTaTOB JBYX MapaJUIeNbHBIX OINpeAeieHU MeHblle (akTopa, BblUucieHHoro mo [lupcy
(X, = X,|< L(P, m) S, npu P = 95 %). [loBTOPsAEMOCTH OLIEHUBAJIU OMPEEAL CXOAUMOCTh PE3YJIETaTOB
UCIIBITYEMOI'0 pacTBOpa Iy TeM MOBTOPEHU S aHaIn3a Ha 6 Ipodax.

xanus K abcomoraomy CKO (cpegHekBaapaTHUECKOMY OTKJIOHEHHUIO) CPEIHET0 3HAYCHUsI
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Tabnu ma?2. l'[apaMeTpu NMPAaBUJBHOCTH MO JTAHHBIM KOJIUYECTBCHHOT0 ONPEICJICHUSA COACPKAHUA
AHAJIU3UPYEMBIX KOHCEPBAHTOB

Table?2. Correctness parameters according to the quantitative determination of the content
of the analyzed preservatives

IIpenBapurens-
Hokasareis Cpennee 3quenue Uctunnoe CrangapTHOE ‘7‘ - H‘\/; CreneHb HBIIl HOpMATHB
BBIOOPKH, X , MI/I | 3adyeHue, [, MI/J | OTKJIOHEHHE, S S onpenenenus Ky, % | KoHTpons, A,
%
BOnu3u HUKHETO Ipezena Anana3oHa npuMenenust MU
MeTunnaparugpokcudeH3oat 614,1 600,0 12,5 2,0 102.,4 2.4
[IponunmaparunpokcubeH3oat 212,6 200,0 11,6 1,9 106,3 6,3
BOnm3u cepenuubl fuana3oHa npuMeHeHus MU
MerTuminaparuJpokcudeHzoat 718.8 752,0 14,5 4,0 95,6 4.4
[ponunmaparunpokcubeH3oat 258,1 252,0 8,0 1,3 102,4 2.4
BOxm3u BepxHero npezaena quana3zona npuMeHeHust MU
MeTunnaparuapokcuoeHsoaT 746,9 800,0 12,0 3,7 93,4 6,6
[IponunmaparunpokcubeH3oat 292.5 300,0 14,8 0,9 97,5 2,5

Ta6numna3. IloBropsieMoCTh METOTUKH ONPeAeIeHHsSI MeTHINAParuApoKcuden3oara
M NPONMINAPATHIPOKCHOECH30aTA

T able 3. Repeatability of the procedure for the determination of methyl parahydroxybenzoate
and propyl parahydroxybenzoate

MetuinaparupokcudeH3zoar | IponunanaparuapokcuOeH30aT
Ilepsas epynna pezyromamo HabI0OeHUs

Howmep ombiTa 1 2 3 4 5 6 1 2 3 4 5 6
X1, Mr/n 553 | 553 | 571583587599 | 1,8 | 1,88 1,90 | 1,91 | 2,01 | 2,05
Pa3max R1 0,46 0,19
0,1 | o [o18]0.12]004]0.12] [0,02]002]001] 010 | 004 |
(DD

Rl 0,39 < 0,56 — BeIOOpKA OTHOPOAHA 0,53 < 0,56 — BeIOOpKA OJHOPOAHA
x1 5,74 1,94
S1 0,19 0,08

Bmopas epynna pesynemamos nabarooenus
Howmep oGpasna 1 2 3 4 5 6 1 2 3 4 5 6
X2, Mr/ma 567 | 572 | 574 (583 585|591 | 1,82 1,83 1,86 | 1,90 | 1,93 | 2,06
Pasmax R2 0,24 0,24
0.2 10,050,021 0,09 [ 0,02 ] 0,06 | [ 0,01 ]0,03]004] 003 ] 0,13 |
(©,2) s
T 0,38 < 0,56 — BEIOOpKA OTHOPOTHA 0,54 < 0,56 — BEIOOpKa OTHOPOTHA
x2 5,79 1,90
52 0,09 0,09
[x1-x2] 0,05 0,04
S, 2,15 0,56
[¥1-x2|=0,05 <2,82,15 = 6,02 [¥1-X2| =0,04 <2,80,56 = 1,57
Tlosmopsaemocmv yoosnemseopumenvHas

CornacHO mpeacTaBICHHBIM pe3yibraTaM (Tadu. 3), paspaboTaHHass METOIMKA 00Ja1aeT XOpOoLe
CXOAMMOCTBIO.

Brympunabopamopnas npeyusuonnocms. BHyTpuiabopaTopHy1o NPeU3MOHHOCTb OLIEHUBAJIH 110
kputepusm @umepa (F) u CteionenTa (f). Paccuntanubie 3Ha4eHHUS STUX KPUTEPUEB HE JOJDKHBI Mpe-
BBIIIATH TAOJMYHBIC 3HAUCHUSI.
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Ta6numna4d. Pe3yabraTsl onpeaeeHus MeTHINAPArHAPOKCHOEH30aTa H MPONMJINAPAaruAPoKcHOeH3o0aTa
B YCJI0BUSIX BHYTPHJIA00PATOPHOIl NPEU3MOHHOCTH

T able4. Results of the determination of methyl parahydroxybenzoate and propyl parahydroxybenzoate
under conditions of intralaboratory precision

MetunnaparugpokcudeHzoar IponunnaparuapokcudeH30aT

aHAIINTHK 1 aHAJINTHK 2 aHAIINTHK 1 | aHAJINTHK 2

CoaepkaHUe B UCTIBITYEMOM PacTBOPE, ), MT

1-ii 1eHb 5,94 5,90 1,99 1,88
2-i TeHb 5,82 5,79 1,91 1,86
3-it neHp 5,95 5,96 1,93 2,00
4-ii neHn 5,94 6,05 1,89 2,12
5-it neHp 5,93 5,67 1,88 1,83
X; , MT 5,92 5,87 1,92 1,94
ch, MI 5,895 1,93

S} 0,05 0,15 0,04 0,12
F= Smaxz/Smin2 3’0 < Ftabl (P’ fl; f2) = 6’39 350 < Ftabl (P’ fl; fZ) = 6’39

P=095/f=4 f,=4 P=095 fi=4,f,=4
BocrnponsBogumMocTs 006enx cepuii Bocnponssoaumocts 06enx cepuii
OJTMHAKOBA OJITHAKOBA

CpenHee cTaHIapTHOE
OTKJIOHEHHE

— S(x)=0,32 S(x)=0,28
§(x) — fiSI + fZSZ
fi+ )
)?L— X, mn, <t
S(x) \m+n, 0,25<2,31 0,11<2,31
t(P,f=n,+n,~2)=231
Pasnnl{ne MEXKAY CPpEAHUMU 3HAYCHUAMU Pa3n1/1q1/1e MEXKAY CPEAHUMU 3HAYCHUAMU
o0enx cepuit He3HAYNMO 00enx ceprii He3HATHMO

CornacHo TIpelcTaBIeHHBIM pe3ynbrataM (Tad. 4), paccunTaHHbIe 3HaYeHHs KputepueB Dumepa
n CThIOZIGHTa MEHBIIIE TAOJUIHBIX, YTO MOITBEPKAAET BOCIIPOU3BOANMOCTS METOAUKH UCTIBITAHHH.

3akiouenue. PazpaboTanHas U BaIUIUPOBAHHAS METOIMKA ONPENEICHNS KOHCEPBAHTOB METHJITIA-
paruapoKcubeH30aTa u MpoMmInaparuipokcuoeH3oata MetonoM BOXKX sBiseTcs TOYHON, CEECKTHB-
Hol (R, = 11,47), BOCIPOM3BOAUMON M MOYKET IIPUMEHSATHLCS TIPH OIPEIEICHUH KOHCEPBAHTOB B TOTOBOM
JICKapCTBEHHOH (opMme. MeTouKa Mmo3BoJIsieT HaJAeKHO JCTCKTUPOBATh METUIITIAPATruIPOKCUOCH30aT,
MPOIUIITIAPATUIPOKCUOCH30aT B CHPOIE HATPUsl OKCHOyTHUpaTa C BBICOKOH JOCTOBEPHOCTBIO W Ipa-
BUJILHOCTBIO 1TpH uX coaepxkanuu 0,495—0,990 u 0,165—0,330 Mr/mi1 COOTBETCTBEHHO.
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CHUHTE3 HOBbBIX UMHUJI0B U UMUJIOAMMU/10B
IUTPAKOHOIIUMAPOBOM KUCJIOTHI

AHnHoTanus. Briepeeie pazpaboTaH METOA CHHTE3a apOMaTHUECKHX UMHUA0B IIUTPAKOHOIMMMAPOBOI KHUCIOTHI B3aUMO-
JeWCTBHEM MEPBUYHBIX apOMAaTHUYSCKUXUX aMHHOB (AHUIIUH, M-TOJTYUIMH) U IIUTPAKOHOIIMMAPOBOI KHUCIOTHI B M-KCHIIOJE
npu kunsueHud. CHHTE3UpOBaHBI HOBbIE anudaTHUSCKHEe MMHUJBI B3aMMOJCHCTBHEM LUTPAKOHOIUMApPOBOW KHCIOTHI
Y NIEPBUYHBIX alU(paTHIECKUX aMHHOB (OKTHII-, OKTaJieliniIaMuH) B pacriase npu 125-150 °C. Briepseie pazpaboTaH CHHTE3
MMUI0AMHUJIOB IIUTPAKOHONMMAPOBOH KHUCIOTHI ITyTeM 00paboTku N-OKTHINMHIA IUTPAKOHONMMAPOBON KHUCIOTHI XJIOPH-
CTBIM THOHHJIOM U TOCIeqyIomel peakiuyu 00pa30BaBIIerocs XJIOPaHTHAPHIA ¢ HEPBUYHBIMU apOMAaTHUSCKUMH aMHHAMHU
(anmnmH, n-6pomanmInH). Pazpaboran MeTox cnHTe3a anudaTHIecKUX HMHUI0B KaHU(OIBHO-ITUTPAKOHOBOTO aATyKTa (B BH/C
TEXHUYECKHUX MPOAYKTOB) €ro B3aMMOJCHCTBHEM C NEPBHYHBIMU aln(paTHIECKUMU aMUHAMH (OKTHII- U OKTaJACIHJIaMIH)
npu 180-200 °C B Teuenune §—12 u.

CosMecTHO ¢ benopycckiM rocy1apcTBEHHBIM TEXHOJIOTHUECKUM YHUBEPCUTETOM HCCIEA0BAHA B3aNMOCBSA3b CTPYKTY-
pbl UMHJIOB KaHU(OIBHO-LIIUTPAKOHOBBIX a/I/IyKTOB B KaueCTBE MOJU(UKATOPOB HEHAIOIHECHHBIX U HANIOJIHCHHBIX IIPOU3-
BOJICTBEHHBIX PE3MHOBBIX CMECEH M yCTAHOBIJIEHO, UYTO MOJYUYEHHbIE JOOABKH YIydIIal0T TEXHOJIOIMUECKHE CBOWCTBA KOM-
MO3UIMI C COXpaHEHHEM, a B PsJie CIydYaeB C yJIydlIeHueM (HU3MKO-MeXaHHYECKUX IoKa3aTelell (IIOBBIILIeHHE CTOWKOCTH
KOMIIO3MIMH K TETJIOBOMY CTapEHHUI0, IPOYHOCTH CBSI3U KOpJIa C PE3MHOM U Ap.).

KuioueBble ¢/10Ba: IUTPAKOHONIUMAPOBask KUCIIOTA, UMUM, UMHJI0AMUJ, aMHH, XJIOPAaHTUIPUL, KaHU(OJIBEHO-IIUTPAKO-
HOBBIH aJJTyKT

Jusi untupoBanus. beit, M. 1. CuHTE3 HOBBIX IMHJIOB U UMUJI0AMHUIOB IIUTPpaKoHOMUMapoBoi kuciaoTel / M. I1. Beii,
A.II. FOBuenko / Bec. Ham. akazn. HaByk bemapyci. Cep. xiM. HaByk. —2023. — T. 59, Ne 1. — C. 35—41. https://doi.org/10.29235/
1561-8331-2023-59-1-35-41

M. P. Bei, A. P. Yuvchenko
Institute of Chemistry of New Materials of the National Academy of Science of Belarus, Minsk, Belarus
SYNTHESIS OF NEW IMIDES AND IMIDOAMIDES OF CITRACONOPIMARIC ACID

Abstracts. For the first time, a method has been developed for the synthesis of aromatic imides of citraconopimaric acid
by the interaction of primary aromatic amines (aniline, p-toluidine) and citraconopimaric acid in p-xylene at reflux. New ali-
phatic imides have been synthesized by the reaction of citraconopimaric acid and primary aliphatic amines (octyl-, octadecyl-
amine) in a melt at 125-150°C. For the first time, the synthesis of citraconopimaric acid imidoamides was developed by
treating citraconopimaric acid N-octylimide with thionyl chloride and subsequent reaction of the resulting acid chloride with
primary aromatic amines (aniline, p-bromoaniline). A method has been developed for the synthesis of aliphatic imides of the
rosin-citraconic adduct (in the form of technical products) by its interaction with primary aliphatic amines (octyl- and octa-
decylamine) at 180-200°C for 8—12 hours.

Together with Belarusian state technological university, the relationship between the structure of imides of rosin-ci-
traconic adducts as modifiers of unfilled and filled industrial rubber compounds was studied, and the obtained additives were
found to improve the technological properties of compositions while maintaining, and in some cases improving physical and
mechanical parameters (increasing the resistance of compositions to thermal aging, bond strength of the cord with rubber, etc.).

Keywords: citraconopimaric acid, imide, imidoamide, amine, acid chloride, rosin-citraconic anhydride adduct
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Brenenue. Panee [1-3] onncanbl METOBI CHHTE3a IUTPAKOHOITMMAPOBOI KHCIOTH — HOBOTO CTPYK-
TYPHOI'O aHaJora MaJIeONMMapoOBOH KHUCIOTHI, BBIACISEMOro U3 aaAyKTa KaHH(OIU U MaJEHHOBOTO
anruzapuzaa. PazpaboTaHHble METOABI CHHTE3a OCHOBAHbI Ha B3aMMOJCHCTBUU MTAKOHOBOM KHCIIOTBHI
(ITPOMBILIIEHHOT'O XMMHYECKOI'0 IIPOAYKTa, M0Jy4aeMoro (hepMeHTaluell yIiaeBoioB) Yepe3 CTaluio
o0pa3oBaHUs in Situ MTATPAKOHOBOTO AHTHUIPHUIA CO CMOJSHBIMH KHUCJIOTaMu Kauudonu [1, 2] wmim
HETOCPE/ICTBEHHO peaKIMed HWHIWBUYalbHOTO IIMTPAKOHOBOTO AaHTHUAPUIA C KaHU(OJIBIO, B TOM
YHUCJe B MPUCYTCTBUU KaTaTUTUUECKUX N00aBoK [3]. B peaknnoHHbIX agaykTax cogepxkutcs a0 70 %
LUTPaKOHOMUMAPOBOH KUCIOTHI B BUJIE IByX U30MEPOB, IIPU 3TOM pa3paboTaHa METOAMKA BBIACICHUS
n3oMepa C15—CH3 B MHAMBHAYalbHOM BHje [1-3]. MeTonom ABYMepHON KOPPEISLMOHHOM CHIEKTpPO-
ckoruu SIMP ycranosneno, uto uzomep CP° -CH; mpexcraBisger co00i NPOAYKT MPUCOETAUHEHUS
LUTPAKOHOBOT'O aHTUJPUJIA U JIEBOIIMMAPOBOW KUCIOTHI, aHTUAPUIHBIA UK HAXOAUTCS B dHJ0-KOH-
(urypanuy, a MeTHIIbHAS TPYIITIA B 0-IIOJIOKEHNH aHTHAPHAHOH rpymmsl y C1 [2].

W3 mpon3BOgHBIX HIUTPAKOHOIIMMAPOBOM KUCIOTHI 1O HAIUX Pad0T ObLIM N3BECTHBI TOJIBKO €€ Me-
TUJIOBBIE YupPH [4, 5]. Panee Obl onrcan psiJ TPOU3BOAHBIX ITUTPAKOHOTMMAPOBOW KUCIIOTHL: aJlJTHIIO-
BBII W IPONapruiioBblid 23gupsl [6], Xxmopanruapua [7] v Ha ero ocHoBe GeHu-, oupenmnamuas (8, 9],
reTepouuKInueckuii amua [7]. Hamu Ob110 ycTaHOBJICHO, UTO PEaKIIHs UTPAKOHOITMMAPOBOM KUCIOTHI
C BTOPUYHBIMH aliudarndyeckuMu amuHaMu npu 135 °C BMeCTO 0KMJaeMbIX MPOAYKTOB PACKPBITUS
AQHTUJPUJIHOTO IIUKJIA JaeT HUKINYecKre N-aJKUIUMHUIbl HUTPAKOHOIIMMApOBOI KHUCIIOTHI; B PE3YJlb-
TaTe JaHHOI'O MPEBPALICHUS MONy4YeHbl N-METHII-, 3TUI-, TPONHUJII-, 2-THIPOKCUAITUIUMHU/IBI IUTPAKO-
HONUMapoBou KUcIoThI [10].

Lenp HacTosIIEH PabOThI — CHHTE3 HOBBIX IPOU3BOAHBIX LIUTPAKOHOIIMMAPOBOH KUCIOTHI: anuda-
THYeCKUX N-OKTHII(OKTaISIIHI)UMHUI0B 3a, 0, apoMaTHICCKUX UMHUA0B — N-heHnIT (MeTHI()ESHIIT)IMHU-
I0B 3B, I, XJIopaHTuapruaa N-OKTHIMMIAA 4 1 HAa €T0 OCHOBE MMHUI0aMHUIOB 6a, 0.

MeTonb! uccaenoBanuii. Anudarnyeckre uMub 3a, 6 ObUTH MOy YCHBI B3aUMOJICHCTBUEM ITUTPA-
KOHOITMMAapOBOM KMCIOTHI M OKTUJI(OKTaACIIMII)aMHHa B pacIljiaBe ¢ BHICOKUMU Beixogamu (87—100 %).

ApomaTudeckue UMH/IBI 3B, I CHHTE3UPOBaHbl KUIISTYEHHEM CMECH IIUTPAKOHOTMMAPOBOM KHUCIIOTHI
1 ¥ nepBUYHOTO apOMAaTUYECKOTO aMUHa 2B, I' B II-Kcuiiofie. ClieyeT OTMETUTh, YTO 00pa3oBaHUE apo-
MaTHYECKUX UMHJIOB IUTPAKOHOIIMMAPOBON KHUCIOTHI IPOTEKACT 3HAYUTEIILHO MEIJICHHEE TI0 CpaBHe-
HUIO C apOMaTHYECKUMH MMHIaMH MaJICOITMMAPOBOM KUCIIOTHI (KUIISTYEHHE B TONIyoJie B TeueHue 6—8 u).
Tak, KUIIsTYEHNE CMECH aHWJIMHA U IUTPAKOHOIIMMAPOBOil KHCIOTHI B II-KCHJIOJNE B TeueHHe 17 4 Bexer
K 00pa30BaHUIO PEaKIMOHHON cMecH, coaeprkatnei 28 % 1eneBoro nMua 3B (10 TAHHBIM CIEKTPOCKOITHH
SIMP IH), YBEJIIMYCHHE TPOJAOIKUTEIBHOCTH peakiinu 10 60 9 qaeT comepkanne UMuIa 3B B peaKkIIHOH-
HOM TipoayKkTe 85 % u TonbKO MpoBeaeHne peakiuu B TedeHne 80 4 BeleT K MPAaKTHYECKH KOJUde-
CTBEHHOMY IpeBpalleHnio KuciaoTsl 1 B apomatuyeckuil umua 3B. Ilo Hamemy MHEHHIO, pa3inydne
B PEaKIIMOHHOHN CMIOCOOHOCTH HUTPAKOHOIMMMAPOBOH U MaJeOMMMapOBOl CBSI3aHO C YACTUYHOH J1e3aK-
THUBAllMEeW aHTMAPUIHOTO IUKIIA [IUTPAKOHONMMMAPOBON KHCIIOTHI BCIEACTBUE CTEPUUECKOTO BIMSHUSA
CIS—CH3 TPYIIIBL.

O
125-150°C, 16-24 u
win kum. 80 9. N-R
N-KCUJIOJ
+ RNH, >
6]
2a-r

TOOH

R = n-CgH;; (2a, 3a) n-CgH;; (26, 30),
C¢Hs (2B, 3B), 4-CH;C¢H, (21, 3r)

O6paboTkoii N-OKTHUIUMHUAA IUTPAKOHOITMMAPOBON KUCIOTHI 32 XJIOPUCTHIM THOHUIIOM TPH TEM-
neparype 18—20 °C ¢ KonM4eCcTBEHHBIM BBIXOZOM TMOJIYUYEH XJOPAaHTUIpHUA 4, ero peakuuel ¢ apoma-
TUYECKUMH aMUHAMU (QHUJINH, 4-OpOMaHUIINH) C BRICOKMMU Bbixogamu (88—100 %) mony4eHbl nMHI0-
aMubl 6a, 0.
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RNH,

SOCl,
2B, S5a

18-20°C, 24 g4
3a >

N—(CH,),CHj N—(CH,);CH;

CONHR 62,6

N

Tocl

R = C4Hs (2B, 62), 4-BrC¢H, (5a, 66)

Wmunet 3a, B, T, *MUI0aMIIbI 62, 6 TIPEICTABIISIOT COOOM ClIerka OKpallleHHbIC KPUCTATHYSCKUE
BellecTBa, UMU 30 U XJIOpaHTUIIPUI 4 — BI3KHUE MACJa, XOPOIIIO PACTBOPUMBIE B OOBIYHBIX OpraHuYe-
ckux pactBoputensax. CTpoeHue UMUI0B 3a—T, XJIOpaHTUAPUAA 4 1 UMUA0aMUIOB 6a, O MOITBEPKICHO
NaHHBIMM 31eMeHTHoro ananusza, MK u AMP cnekrpockonuu u macc-cnektpomeTpuu. Yucrora
MOJIYYEHHBIX COEIUHEHUM 10 1aHHbIM SAMP 'H cocrasaser (98 £+ 2) %.

B UK cnekxtpax uMumoB 3a—T Bcue3aroT MOJOCH mormomeHus cBsisn C=0 aHTHIPUIHON TPYIIIIEI
(1780, 1840 cm™!) 1 mosBIIsTFOTCst TIOMOCHI TorTomenns C=0 uMuIHO# Tpy Nkl B obmacty 1700 u 1770 ey,
XapaKTepHBIE ISl UMUHOTO ITUKJIAa TUTpakoHonmuMapoBoi KucioTsI [10]. B UK crekTpax coenmHeHMi
6a, 6 ucuesaroT mosock nornomenus ceasu C=0 kap6oxcunpHoi rpymmsl (1710 cm™!) u nosBusAIOTCA
nonockl nornomenus ceasy C=C apomarumueckux (parmeHToB B obmactu 1510 cM~'. B cmekrpax
SMP 'H anudarnuecknx umu 108 3a, 6 COXpaHAIOTCS CUTHAIIBI, XapaKTePHBIE 171 [IUTPAKOHOIMMAPOBOi
KHUCJIOTHI [2] U MOSBISIOTCS AOMNOJHUTENBHO CUTHAJIBI MPOTOHOB N-H-aJKWiIbHOro panukana — 0,87—
0,89 m.x. (r, 3H, N(CH,),CH;, J 7,0 I'm), 1,20-1,50 m.x. (m, NCH,(CH,),), 3,30 m.x. (M, 2H, N-CH,),
B ciiekTpax SIMP 'H apomaTnuecknx UMUI0B 3B, T' — CUTHAJIBI IPOTOHOB APOMATHUECKUX (parMeHTOB
B o6mactu 7,02-7,42 m.1. B AMP 13C CIIEKTPaX COCTMHECHUH 3a, B YUCJIO CHTHAJIOB COOTBETCTBYET UHC-
JIy aTOMOB YTJIepOoAa B UMHUJaX ITUTPAKOHOIIMMAPOBON KHUCIOTHL. B Macc-criekTpax moiy4eHHbIX coe-
IvMHeHui 3a—r, 6a, 6 IPUCYTCTBYET MUK MOJIEKYJIsipHOro nona [M+1]".

Metonom nepuBatorpaduu [11] mpou3sBeeHa OICHKA TEPMUYESCKON YCTOWYHUBOCTH IIUTPAKOHOIHU-
MapoBoi KUCJIOTH 1 u N-OKTHUJIMMUJIA [TUTPAKOHOMMMAPOBON KHUCIOTHI 3a. YCTAaHOBJICHO Pa3Invyue
B TEPMUYECKON YCTOHUYMBOCTH HUTPAKOHOIIMMAPOBOM ¥ MaJICONMMAapOBOM KUCIOT. [{uTpakoHonumapo-
Bas KMCJIOTa 1 HAaUMHAET pa3jaraThCs C 3aMETHOW CKOPOCTHIO Impu Temmeparype 250 °C, maneonmma-
poBas kuciora — mpu 285 °C. 3aMeHa aHTUIPUIHON TPYMIBI B ITUTPAKOHOITUMAPOBON KHUCIIOTE Ha
UMHUJHYIO, KaK U B ClIydae MaJleOMMMapoBOM KUCIOTHI [12], MpUBOAUT K MOBBILICHUIO TEPMUUYECKOM
yCTOMUNBOCTH N-OKTHIMMHIA HUTPAKOHOMMMAapoBoi kucioTsl 3a Ha 40 °C (Temmeparypa pas3yioxKeHUs
HayanpHas — 290 °C).

Pa3zpaboran meron cuHTe3a anudaTruyeckux UMHUIOB (B BHJIE TEXHHYECKHX IMPOAYKTOB) KaHU-
¢donpHO-IuTpakoHOBOrO aaaykra (KIIA) Ha oCHOBE OKTHIIaMKHA, OKTAJCIIMIAMUHA B3aUMOICHCTBUEM
KIA n mepBuunbIX anudarndeckux aMrHOB Tpu 180—200 °C B Teuerue 8—12 4. YcTaHOBIICHO, UTO TIPH
ATOM MPOUCXOJUT MOJHOE CBSI3bIBAHUE U30MEPHBIX CIS—CH3 u C16—CH3 LUTPAKOHOIIUMAPOBBIX KUCIIOT,
conepxkamuxcsa B KIIA, 0o aHruapuaHoil rpymmne, 0 4YeM CBUJETEIbCTBYET MCUE3HOBEHUE XapaKTe-
pHCTHYecKHX nonoc nornomenns C=0 CBA3M aHIMAPUIHON TPyTbl B 061acTi 1790 u 1840 cm! B UK
CIIEKTpax MOJNy4eHHBIX MpoaykToB. ITo maHHEIM crektpockormuu IMP 'H Texmuueckue mpomxyKThl
MPEICTaBIAIOT CO00l cMech N-3aMEICHHBIX UMHUJIOB H30MEPHBIX IIUTPAKOHOMMMAaPOBBIX KUCIOT 3a,
0, 7a, 6 (~70 %) 1 He BCTYNMUBILIMX B PEAKIMIO CMOJISIHBIX KHCIOT KaHU(OIH (Aeru1poadueTHHOBOM 8,
nuMapoBoii 9, msonumaposoii 10).

CosmecTHO ¢ BI'TY uccnenoBaHo BIUSTHUE OKTHII- U OKTaACIIHINMHIOB KaHH(DOIBHO-ITUTPAKOHO-
BOTO aJTyKTa (B BUJIe TEXHUYECKUX MTPOAYKTOB) B KAY€CTBE MOAM(PHUKATOPOB HEHATIOIHEHHBIX M HATION-
HEHHBIX MMPOU3BOJICTBEHHBIX PE3MHOBBIX CMECEH M YCTAHOBJICHO, YTO M3yYECHHBIE JOOABKH YIydIIAlOT
TEXHOJIOTMYECKHE CBOMCTBA KOMITO3HUIIUN C COXPAHEHNEM, a B PAJIE CIIydaeB C yly4lIeHneM (U3UKO-
MEXaHMYECKHX rMoka3zaresieli. Haubonee 3pPpekTHBHBIM U MHOTO(YHKITHOHATBHBIM MOAU(PHUKATOPOM
SIBJISICTCS TOOABKA OKTHIIMMHU A KaHu(DonbHO-IIUTpakoHoBoro ajnykTa (OKI[A). [TonyueHb! HamoIHEH-
HBIC PE3MHOBBIE CMECH Ha OCHOBE KOMOWHAIIMU CHHTETHYECKUX Kay4dyKOB — MOJIMHU30IPEHOBOTO H T0-
nubyTtaauenoBoro (CKU-3, CK/l) ¢ wacTuuyHOM 3aMeHOH npoMblIliuieHHOTo TiactudukaTopa Ha OKIIA.
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YcranoneHo, uto BBeaenue Moaudukaropa OKL{A B pe3nHOBbIE cMECH TIO3BOJISIET MOBBICUTDH UX H3HO-
COCTOHKOCTH (COTPOTUBIICHUE K HCTUPAHUIO Ha 14 %) M CTOWKOCTH K TEIIOBOMY CTapeHuto (0ojee yem
Ha 10 %), a Tak)Ke yMEHBIINTh OTHOCHTEIHHYIO OCTATOYHYIO JIepOpMaIiIo CokaTHs OoJiee 4eM B 2,5 pasa
10 CPAaBHEHUIO ¢ UCXOMHBIMHU PE3NHOBBIMH CMECSIMU O€3 TePIICHONTHBIX 100aBoK [13, 14].

JkcnepuMeHTadbHas YyacTh. UK cniekTpsl coequnennii 3anncansl Ha UK-Dypre criekrpoMeTpe
Bruker Tensor 27 B Tabnerkax KBr. Cniextrpsl IMP 'H, 3C cusare Ha cniektpomerpe AVANCE 500
(500 MI'q st "H u 125 MTI' st 13C) JUTSL pacTBOPOB B CDC13, XUMHUYECKUE CIIBUTHU ONPEIEIAIN OT-
HOCHTEJIFHO OCTaTOYHOro CHrHana pactBoputens (7,27 ma B 'H, 77,00 m.a. B BC mns CDCl,).
Macc-cneKkTpbl COeIMHEHUH MoJTy4eHbl Ha Macc-criekTpomeTpe Accela ¢ macc-nerektopom LCQ Fleet
B pexxume xumuueckor nonusanuu (APCI) ¢ neTekTupoBaHueM MOJOKUTEITBHBIX HOHOB. DIIEMEHTHBIH
aHanu3 BbinonHeH Ha npudope VARIO Micro Cube CHNS-ananuzatop. Temneparypbl miiaBieHUs
onpexnensn Ha mpudope OptiMelt Stanford Research Systems MPA 100. YnensHoe Bparenne uaMepsi-
nu Ha ipudope Atago AP-300 B pacTBOpe (AUMETHIICYTB(POKCH).

Tepmudeckue cBOWCTBa CHHTE3NPOBAHHBIX apOMAaTHIECKUX MMHUJI0AMHIOB M3ydall Ha JepUBaTO-
rpadge NETZSCH STA 449 F1 B cpene aproHa ¢ JIMHEHHON CKOPOCTHIO TOAbEMa TEMIIEPATYPhI 5 TpaJi/MUH.
IIpoTexanue peakuuu KoHTpoauposanu metogoM TCX Ha nnactunax ¢ cunukareneM 60 F,g, (Merck
Art. 7734). UcxoqHy1o HUTPAaKOHOIMMAapPOBYI0 KUCIOTY 1 nmonyyanu no meroauke [1].

N-OKTHIMMH/I HUTPAKOHONMMAPOBOH KucJa0ThI (3a). Cmech 1 1 (2,4 MMOJIB) HUTPAKOHOIIMAPO-
Boit kucnotsl 1 1 0,60 M (3,6 MMonb) H-OKTHIaMUHA niepeMernnBany npu 125 °C B Teuenue 16 4. o-
6asnsnu 20 mt CH,Cl,, mpomeisanu 2 pasa no 20 mi 10 %-noro pacteopa HCl, 3 pasza no 30 mn H,0,
cymunn Na,SO,, pacTBOpHUTENb OTTOHSIIN NPU NOHKMKEHHOM AaBjeHuu (10 MM pr. ct.). Beixon 87 %
(1,19 1), 7. mn. 151-153 °C. UK cnektp, v, M, KBr: 2670 (O—H), 1780 [(C=0)N], 1700 (C=0), 1360
(C-N), 1160 [CH(CHj),]. Ciextp SIMP 'H (CDCl,, 3, m..): 0,62 ¢ (3H, C*°H,), 0,87 T (3H, N(CH,),CH,,
J=7Tm), 0,93 n (3H, (CH,),CH, J= 6,5 I'n), 0,96 n 3H, (CH,),CH, J= 6,5 '), 0,98 m (1H), 1,18 ¢ (3H,
C"H;), 1,25 m (10H, (CH,)s), 1,31 ¢ (3H, C*H;), 1,38-1,67m (10H), 1,70-1,84 m (3H), 1,91-1,99 m (1H),
2,15 cekcrer (1H, (CH,),CH, J = 6,5 I'n), 2,29 1 (1H, C'°H, J =3 T'n), 2,33 m (1H, C'H), 2,97 yu. ¢ (1H,
C'?H), 3,30 m (2H, N-CH,), 5.44 ¢ (1H, C'*H). Cnextp SIMP *C (CDCl,, §, m.1.): 14,0, 16,4, 16,5, 17,0,
18,6, 19,7, 20,4, 21,7, 22,6, 26,9, 27,6, 27,8, 29,0, 29,1, 30,4, 31,7, 32,5, 36,5, 36,9, 37,7, 38,4, 38,5, 42,5,
46,9, 47,7, 49,2, 50,8, 54,7, 126,7, 146,6, 178,4, 181,6, 184,4. Macc-cnektp, m/z: 526 [M+1]*. Haiineno, %:
C 75,08; H9,21; N 2,45. C;3H4,NO,. Beruucneno, %: C 75,39; H 9,78; N 2,66.

N-okTagenuJIuMug HUTPAKOHOMUMAPOBOi Kuca0ThI (30). Cmech 1 T (2,4 MMOJTB) IIUTPAKOHOTIH-
MapoBoit kucioTs 1 1 0,65 1 (2,4 MMOJTB) H-OKTaerIaMiHa TiepeMeruBainy mpu 150 °C B Teuenue 24 4.
Berxox 1,61 T (100 %), Baskoe macio. MK crextp, v, em™!, KBr: 2657 (O—H), 1770 [[C=0)N], 1697 (C=0),
1364 (C-N), 1151 [CH(CH,),]. Cunektp SIMP 'H (CDCl,, 8, m.1): 0,62 ¢ 3H, C*°H;), 0,89 T (3H,
N(CH,),,CH,, J =7 I'n), 0,93 1 (3H, (CH;),CH, J = 6,5 I'n), 0,96 1 3H, (CH,),CH, J = 6,5 I'n), 1,00 m
(1H), 1,18 ¢ (3H, C'°H;), 1,25 m (30H, (CH,),s), 1,31 ¢ (3H, C**H,), 1,32-1,67 (11H), 1,69-1,83 m (3H),
2,15 cexcrer (1H, (CH,),CH, J = 6,5 I'n), 2,29 n (1H, C!°H, J = 2,5 T'm), 2,32 m (1H, C"H), 2,97 ym.
¢ (1H, C2H), 3,30 m (2H, N-CH,), 5,44 ¢ (1H, C*H). Macc-cniekrp, m/z: 526 [M+1]*. Haiineno, %:
C 77,20, H 10,99; N 2,52. C;3H; NO,. Beraucneno, %: C 77,54; H 10,75; N 2,10.

ApoMaTHyeckne UMHUIBI MUTPAKOHONMMMAPOBOIi KUCHOTHI (006uwan memoouka). Cmechp 0,5 T
(1,2 MMOITB) TTUTPaKOHOTIMAPOBOW KUCHOTHI 1, 6,0 MMOITb aHMIIMHA (T-TOJTYUIMHA) B 2,5 MJI II-KCHJIOIA
KUIATUIN C OOpaTHBIM XOJIOAUIBHUKOM B TedeHue 80 4. XoI peakimuu KOHTPOJIUPOBATIU METOIOM
TCX B cucteme aneron—rekcat, 1:2. K peakinonHo# cmecu no6asisiin 20 MJ1 TOJIyoJia, IPOMbBIBAJIH
2 pasza no 10 ma 10 %-noro pactsopa HCI, 3 paza no 10 mun Bogsl, cymunu Na,SO,, pacTBopuTenb
yransaiu npa 10 MM pT. cT. OcTaToK BBIAEPKUBAJIN ITpH TemnepaType 125 °C u naBieHuu 2 MM pT. CT.
B TeueHue 1 u.

N-dennaumua nuTpakoHonuMapoBoii kuciaorsl (3B). Berxon 91 % (0,54 1), 1. . 220-222 °C.
UK criektp, v, em™, KBr: 1762 [(C=0)N], 1721 [(C=0)OH], 1685 [(C=0)N], 1495 (C= Capon)s 1455, 1389.
Crextp SIMP 'H (CDC13, 8, m.1): 0,66 ¢ (3H, C*°H,), 0,97 M (lH) 0,99 1 (6H, (CH3)2CH J=17Tn),
1,19 ¢ (3H, CH,), 1,27 yurc (1H), 1,36 m (2H), 1,45 ¢ (3H, C**H,), 1,46-1,88 M (9H), 2,26 cekcrer (1H,
(CH,),CH, J=7Tm), 2,39 m (1H, C7H), 2,50 1 (1H, C'*H, J =3 I'm), 3,08 ¢ (1H, C'?H), 5,59 ¢ (1H, C!*H),
7,14m(2H, ), 7,35 M (1H, ), 7,42 m (1H, ). Criektp SIMP *C (CDCl,, §, m.1.): 16,4, 16,5, 17,0, 18,7,

apoM apoM apom
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20,0, 20,5, 21,7, 27,6, 29,7, 30,3, 32,6, 36,8, 36,9, 37,7, 38,5, 42,8, 46,9, 47,7, 49,1, 51,0, 54,7, 126,3, 126,8,
128,3, 129,0, 132,0, 147,0, 1774, 180,6, 185,1. Macc-cnektp, m/z: 491 [M+1]". Haiineno, %: C 76,23;
H 8,54; N 3,21. C;5,H;39NO,. Boruucneno, %: C 76,04; H 8,03; N 2,86.

N-(4-MeTHA(PEeHNT)MMHUT U TPAKOHOMUMAPOBOIi KucJoThI (3r). Beixon 89 % (0,54 1), T. mur. 145—
147 °C. UK cnektp, v, cM™!, KBr: 1771 [(C=O)N], 1709 (C=0), 1516 (C=C,pon)» 1460, 1387. Crekrp
SIMP 'H (CDCl,, §, m.1): 0,66 ¢ (3H, C*°H,), 0,97 m (1H), 1,00 1 (6H, (CH;),CH, J=7 I'n), 1,19 ¢ (3H,
C"H,), 1,27 yur.c (1H), 1,36 m (2H), 1,44 ¢ (3H, C*H,), 1,45-1,88 m (9H), 2,25 cexcrer (1H, (CH;),CH,
J=17Tu), 2,36 ¢ 3H, CH;Ar), 2,39 M (1H, C"H), 2,49 x (1H, C'°H, J = 3 I'n), 3,08 ¢ (1H, C'°H), 5,58 ¢
(1H, C*H), 7,02 1 @H, > J = 8 T1t), 7,22 1 (2H,,,,, / = 8 T11). Macc-cnietp, m/z: 505 [M+1]". Haiize-
Ho, %: C 76,65; H 8,59; N 3,02. C;,H,;NO,. Beruucneno, %: C 76,31; H 8,21; N 2,78.

Xaopauruapua N-oKTHIMMHUIA HUTPAKOHONMMAPOBO KucJ0ThI (4). PactBop 0,75 r N-okTui-
MMH/JIa IUTPaKOHONMMapoBoi kucaoTsl 3a B 5 Ma SOCI, nepememusanu 8 4 npu 18-20 C u ocTaBmsnm
Ha HOYb npu 5ToM Temnepatype. SOCI, oTronanu npu nonnxkeHHom aasnennu (10 mm pr. c1.). K no-
JY9eHHOMY OCTaTKy J00aBISAIN 2 MJI CyXOT0 JUATHUIOBOTO 3(rpa, pacCTBOPUTENH OTTOH SN TIPHU TIOHU-
erHoM napiernu (10 MM pT. c1.). Beixox 100 % (0,77 1), Baskoe Bemectso. MK crextp, v, cm™', KBr:
1780 [(C=O)N], 1700 [(C=0)Cl], 1190 [CH(CH,),]. Cnektp AMP 'H (CDCly, 8, m.11.): 0,62 ¢ (3H, C20H3),
0,87 T (3H, N(CH,),CH;, J =7 T), 0,92 1 3H, (CH,),CH, J=6,5 I'n), 0,95 1 (3H, (CH;),CH, J = 6,5 I'n),
0,98 m (1H), 1,25 m (10H, (CH,)s), 1,27 ¢ (3H, C"°H3), 1,32 ¢ (3H, C*°H;), 1,38-1,69 m (10H), 1,70-1,85 m
(3H), 1,92-2,00 m (1H), 2,15 cekcret (1H, (CH,),CH, J = 6,5 I'm), 2,30 x (1H, C°H, J=3Tm), 2,33 M
(1H, C'H), 2,98 yu. ¢ (1H, C'?H), 3,31 m (2H, N-CH,), 5,43 ¢ (1H, C*H).

ApomaTudeckue aMu/ibl N-OKTHJIMMU/IA HUTPAKOHONIUMAPOBOI KUCJIOTHI (0011as METOUKA).
K pactBopy 0,35 r (0,66 mmonp) xnopaurunpuaa 4 8 3 mur TI'® npukansrBanu pactsop 2,0 MMOIL aHH-
nuHa (m-0pomanuiuHa) B 5 Mi TT'®. Cmecs nepememnBanu 8§ 4 u octaBisutk Ha 12 1 pu 18-20 °C.
Ocanok oTGuIbTpoBbIBaIN, TpoMbiBanu 15 Ma TI'®. Opranndeckuii pacTBOp yHapHBalH, K OCTaTKY
no6asnsnu 20 min CHCl,. ITonyuennstii pactsop npombiBanu 2 pasa 1o 10 M 10 %-noro pactsopa HCI
u 3 pasza no 10 M Bozsl, cymunu Hajg Na,SO,, pacTBOPUTENb OTTOHAIM IPH NOHUKEHHOM JaBJICHUM
(10 MM pT. cT.).

Annina N-oKTIWINMH/IA METPAKOHOTMMAPOBOii KucaoThI (6a). Beixox 88 % (0,34 1), 1. . 102—
104 °C, [a], —39,2° (¢ = 0,71). UK cnektp, v, em!, KBr: 1766 [(C=0)N], 1694 [(C=0)N], 1598 [(C=O)N],
1501 (C=C,,), 1365 (C-N), 1201 [CH(CH,),]. Criekrp SIMP 'H (CDCl,, 8, m.i1): 0,65 ¢ (3H, C*°Hy),
0,87 T (3H, N(CH,),CH;, J =7 I'm), 0,93 n (3H, (CH;),CH, J =7 I'n), 0,96 n 3H, (CH;),CH, J =7 '),
1,04 m (1H), 1,24 m (10H, (CH,)5), 1,29 ¢ (3H, C'°H,), 1,31 ¢ (3H, C**H;), 1,36-1,65 m (10H), 1,69 m (1H),
1,75-1,84 m (2H), 1,91-1,99 m (1H), 2,15 cexkcrer (1H, (CH,),CH, J= 7 I'n), 2,28 x (1H, C!®H, J =3 I'm),
2,30 m (1H, C"H), 2,97 ym. ¢ (1H, C'?H), 3,38 m (2H, N-CH,), 5,43 ¢ (1H, C*H), 7,13 (1H, oy /= 7,5 T,
735 T (2Hap0M, J=15Tn), 7,47 yu. ¢ (1H, NH), 7,54 n (2Hap0M, J = 8,5 I'm). Macc-cnektp, m/z: 602
[M+1]*. Haiineno, %: C 77,43; H 9,01; N 4,20. C39H54N,O5. Beraucneno, %: C 77,96; H 9,39; N 4,66.

4-bpoMaHNINA OKTHIHMHUIA IUTPAKOHOMUMAPOBO# KucJaoTsl (60). Berxon 100 % (0,44 1),
T. . 81-83 °C, [a],, —34,7° (¢ = 0,70). K cnexTp, v, em!, KBr: 1766 [(C=0)N], 1693 [(C=0)N], 1589
[(C=O)N], 1516 (C=C,,,), 1391 (C-N), 1235 [CH(CH,),]. Crextp JAMP 'H (CDCly, 6, m.z.): 0,64 ¢
(3H, C20H3), 0,87 T (3H, N(CH,),CH;, J=7Tn), 092 n 3H, (CH;),CH, J=7Tn), 0,95 n (3H, (CH,),CH,
J=7Tn), 1,04 m (1H), 1,23 m (10H, (CH,)s), 1,28 ¢ (3H, C19H3), 1,30 ¢ (3H, C25H3), 1,36—1,65 m (10H),
1,68 m (1H), 1,74-1,81 m (2H), 1,89-1,96 m (1H), 2,14 cexcrer (1H, (CH,),CH, J = 7 I'n), 2,28 n (1H,
C'°H, J=3Tn), 2,30 m (1H, C"H), 2,96 yu. ¢ (1H, C'*H), 3,28 m (2H, N-CH,), 5,42 ¢ (1H, C*H), 7,45 m
(4HapOM), 747 yur. ¢ (1H, NH). Macc-cnekrp, m/z: 681 [M+1]". Haiineno, %: C 69,42; H 8,70; N 3,85.
C;yH4sBrN,O;. Berancneno, %: C 68,91; H 8,16; N 4,12.

Nmuasl agaykTa KaHU(OJIM U HUTPAKOHOBOI0 aHTMAPUAA (00uias memoouka). CMech aaayKTa
kaHu(OIN 1 muTpakoHoBoro anruapuaa (20,0 T) u nmepBuvHOTO anudarndeckoro aMruHa (4,8 M1 OKTHII-
aMuHa UK 7,8 T OKTaIelnIaMIHa) IOMEIIAIHN B TPeXropayro Kooy Ha 100 My, cHaOKEHHYIO TepMO-
METPOM, MEXaHHMYECKOW MEMIaIKON 1 Hacaakod Bropiia ¢ oOpaTHBIM XOJIOMHIBHIUKOM. PeakimoHHYIO
Maccy IMOCTeNeHHo, n30eras BCIICHUBAHUs, HarpeBan (B TeueHrne 1-2 4) u mepeMeniuBaiy Ipu TeM-
neparype 180200 °C B Teuenue 8—12 4. Ilo okoHuanum peakuuu cmech oxyuaxaanu (no 110-120 °C)
1 NepejinBaid B MCTAJIJIMYCCKYIO EMKOCTb.
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Annykt KIA 1 oktrniiamuna (OKILIA). Temneparypa paszmsaruenus 62—72 °C, KUCIOTHOE YUCIIO
155,2 mrKOH/r. UK cnektp, v, cm !, KBr: 3460, 2672 (O—H), 1779 [(C=O)N], 1700 [(C=0)OH], 1349
(C-N), 1187 [CH(CH,),].

Anaykt KA u okragenuaamuna (OkKLA). Temneparypa pasmsirdenns 35—45 °C, KHUCIOTHOE
gucio 120,7 MrKOH/r. MK crextp, v, em, KBr: 2925, 2655 (O—H), 1777 [(C=0)N], 1696 [(C=0)OH],
1367 (C-N), 1189 [CH(CH,),].
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T. T. Jlaxiu, B. M. Pbineiickas
benapycki 03apaicaynvl meoviyvincki yuisepcimam, Minck, Berapyco

ADPIHHACIHD PBIBAPAKCABARY IN SILICO JA B-KETAAIBIJI[ACP]CIHTA3DI I:
IHOIIYK HOBATA ®PAPMAKA®OPA

Amnaranpia. [lacnenasana in silico akTeIyHacb PeiBapakcabany sk IpajcTayHiKa akcas3aliJ3iHOHAY y NadbIHEHHI Ja
B-xeraansur[ACP]cinrass 1. [Ipsr qamamo3e MeTafay MaseKyJsipHAra JOKiHTY BBI3HAYaHbIS IDHTPHI 3BsI3BaHHs PrIiBapakca-
OaHy 3 mpaTdiHaM. J{ng meHTpa, AKi 3a0sacrnedBae HaitbonpIIyto adinHacps PriBapakcabany 3 mpaTdiHaM, OBLUTI MpaaHamiza-
BaHBI 4 KJIacTapbl, sKisl XapaKTapbhI3yIoNna JikaMm mnpabderay O6ombm 3a 15. Beisynena, mro KaHKpITHAS Ma3ilblg Jirasjaa
¥ Mexax IdTBIX KJacTapay Mo)ka MSHALLA Magdac plaii3anbll MexaHi3My, ki 3a0scneuBae disismariuael Boaryk. [Ipsr
I'3TBIM HA3HAUHBISA 3MEHBI XapPaKTapbICTIK aCSAPOAA35 MOT'Y1lb IPBIBECLI A2 MePaxo/y aj SHEpreThIYHa JaMiHAHTHA Ma3ilbli
(E,, = —10,26 xxan/Monb; 3 epaBakHa TifpapoOHBIM XapaKTapaM y3aeMaa3esHHAY) a iHmai masinel (£,, = 8,88 xKan/Moin)
3 mepaBakHa TiapadibHBIM XapakTapaM Yy3aeman3esHHsY. Taki AbIHAMIUHBI MEPax0] MOXKa CIPBIYBIHSIIE (Di3isgariaHsl
BOJATYK. BBIHIKI 1aciieiaBaHHs 3 BsUTIKAi CTYNEHHIO BEparofHacli ManBsIpIOKaoLb pAai3alblio aJMbICIOBara MeXaHizmy
AQHTBIMIKAa0AKTIPhIsUIbHATA JI3esTHHS PriBapakcabany mpa3s iHridaBaHHE CIHT?3Y MiKOJIABBIX KiCJIOT.

KuarouaBbist cJ0BbI: akca3anig3iHoH, adinnacus, B-keraansul[ACP]cinTasa I, ManekyisipHBI TOKIHT, peIBapakcadaH,
dapmaxadop

Juas ubiTaBanus. Jlaxsiu, T. T. Adinnacup PeiBapakcabany in silico na B-keraansui[ ACP]cinTassl [: momyk HOBara
¢dapmakadopa / T. T. Jlaxsiu, B. M. Perneiickas / Bec. Ham. akaa. HaByk bemapyci. Cep. xim. HaByK. — 2023. — T. 59, No 1. —
C. 42—-48. https://doi.org/10.29235/1561-8331-2023-59-1-42-48

T. T. Lakhvich, V. M. Ryneiskaya
Belarusian State Medical University, Minsk, Belarus

IN SILICO RIVAROXABAN BINDING AFFINITY TO B-KETOACYL[ACP]SYNTHASE I:
SEARCH FOR NEW PHARMACOPHORE

Abstract. The activity of Rivaroxaban as a representative of oxazolidinone series in relation to -ketoacyl[ACP]synthase I
has been studied in silico. Using the molecular docking methods, the binding sites of Rivaroxaban with protein have been
identified. For the site providing the highest affinity of Rivaroxaban with protein (-10.26 kcal/mol), 4 clusters characterized by
anumber of runs greater than 15 have been analyzed. It was found that the specific position of the ligand within these clusters can
be changed via mechanism providing a physiological response. Slight changes in the characteristics of the environment can lead
to a transition from an energetically dominant position (BE =—10.26 kcal/mol) with predominantly hydrophobic interactions to
another position (BE = —8.88 kcal/mol) with predominantly hydrophilic interactions. Dynamic transition discussed may cause
a physiological response. The results of the study with a high degree of probability confirm the implementation of a specific
mechanism of antimycobacterial action of Rivaroxaban through inhibition of the mycolate biosynthesis.

Keywords: affinity, B-ketoacyl[ACP] synthase I, molecular docking, oxazolidinone, pharmacophore, Rivaroxaban

For citation. Lakhvich T. T., Ryneiskaya V. M. In silico Rivaroxaban binding affinity to -ketoacyl[ACP]synthase I: search
for new pharmacophore. Vestsi Natsyyanal 'nai akademii navuk Belarusi. Seryya khimichnyh navuk = Proceedings of the Na-
tional Academy of Science of Belarus. Chemical series, 2023, vol. 59, no. 1, pp. 42—48 (in Russian). https://doi.org/10.29235/
1561-8331-2023-59-1-42-48

YBom3inbl. PocT 3axBopBaHHSAY Ha TyOepKynE3, sIKi PI3ICTIHTHBHI K Ja TPabIIIbIiiHAN Tapatmii Jie-
kaBbIMi cponkami (JIC) meprrara mmpary, Tak i qa JistadHHS pazepBoBbiMi JIC, 3'syiseniia akTyanpHai
npabiemaii axoBbl 31apoyst [1]. [Tararens3 TyOepkyna€3y HaynpocT maBs3aHbl 3 OyJ0Bail MikaOakT?3-
pBIsUTBHAM KJIETKI. Sle acHOBY CKJIaJlae e ThIAarliKaH, ikl KaBaJeHTHA 3J1y4aelliia 3 apadiHarajaKkTaHaM.

© Jlaxsiu T. T., Pernetickas B. M., 2023
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[Ja aminariikany ganydanblis pparMeHThI 10yTanaHyToBbixX (ag 60 na 90 aramay Byriiapoay) o-aiKiji-
B-rimpakcin3zaMenruaHbIX MiKOJaBBIX KIiCIOT. ['3ThI KOMIUIEKC yTBapae YHYTpaHBI JICTOK KJeTauHal
MeMOpaHBbl, a 3HELIH] JICTOK Y aCHOYHBIM CKJIaJaella 3 HeKaBajJeHTHA 3Bs3aHBIX MIKOJaBbIX KiCIOT,
MOHaMiKaJaTy i JpIMiKaiaTy Tparajo3sl [2]. MikomaBbls KicJIOTHI poOsiib KieTKi M. tuberculosis 6ombmr
YCTOMITIBBIMI Aa ¥3M3esTHHS akTapay HaBaKoJIbHATa acspoAa3s, IITO Ja3Balise OaKTIPhISIM pa3BiBaIa
VHYTpB Makpadaray, 3(pekTeIyHa XaBarodbl iX aj] IMyHHAH CICTAIMBI Tacrajgapa, a Takcama 3HIKalolb
3(heKThIYHACI[b MHOTIX aHThIOAKTIPhIsUTbHBIX JIC. TakiM 4biHaM, OiSICIHTI3 MIKOJAaBBIX KICIOT Mae
BbIpalIaibHae 3HaudHHe [t nararenesy M. Tuberculosis, a pepMeHTBHI, sIKisl OSpyLb yA3€1 Y PO3HBIX
CTaBISAX POCTY MiKaJlaTHBIX JAHIYTOY, 3’AVIISIONNA MePCIeKThIYHBIMI (papMakaiariaHbIMi MiIIdHAMI
¥ nmomryky HoBbIxX JIC [3].

[omyxk inribirapay B-keraansui[ACP]cinrassl I (KasA), sikas 6sps yazen y OisaciHTI3e MiKOIaBBIX
KICJIOT — KaMIIaHEHTa MiKaOaKTAPbIsUIbHAN KJIETKaBall CLEHKI, 3’yJIsienia NepCcueKThIYHBIM HaKipyH-
KaM pacmparoyki HOBBIX MpoIiTyOoepkyne3ubx JIC [4]. YV skaciii MaTAHIBISIBHBIX 1HTiOITapay KasA
Ob1T1 macnenaBanbl aHTHIOIETHIKI [Ppynenin [5], [lnaraciMinein [6], ThistakTaMilbIH 1 STO BHITBOPHBIS
[7, 8], BeiTBOpHBIs iHga305cyab(anamina (GSK3011724A i sro BeiTBOpHBIA, Mad. 1) [9, 10].
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Maur. 1. @opmyisl 3Ty I9HHSY, SIKisl BRIBy4YaJIics Ha akThIYHAcCIb 1a KasA

Fig. 1. Compounds studied for KasA activity

Paneit HaMi OBIJIO TIaK3aHA, MITO BBITBOPHBIS T1IPOKCIi3aHINEKATHIHABBIX KICIOT MPAasyIISIONb PO3-
Hy10 adinHacup y naubiHeHHI qa KasA ¥ 3anmexHacmi aj QyHKIBISHAIBHACII 1 TpacTopaBail ma3imsi
3amsmrdanbHikay [11]. TIpsl TOTEIM BBIKaphICTaHHE IS AacienaBaHHs in silico myTtanTHait C171Q (ko
nparaina 2WGF [7]) maka3zana Haiiienmiae cynajg3eHHE 3 BBIHIKaMi JacieqaBaHHsY in vitro. Jlag3enas
MIIIIPHB BBIKAPBICTOYBAJIACS HAMi ¥ HACTYIHBIX JAcJIeIaBAHHSX MTPbI BEIBYUSHHI ahiHHACII allblIoHaMinay
na KasA [12]. TIper ananize kans 50 BRITBOPHBIX asbloHaMifay y sikacui ¢apmakadopy mparnaHaBaHa
CTpyKTypa 3 L-anbrpa- abo D-ritoka-kaHdirypanplisi i rinpadobnaii N-3amernryanail amigHai rpymnau.

KpricTanarpadiunsis gacnenaBanti apo- i halo-popm KasA [7, 9] BbIsBii KaTamiTbIYHA aKTHIYHBI
LPHTP. SIT0 MOXKHA Maa3sulilb HA aCHOYHBI 1 a1IaTKOBBI JaMEHBI. Y MeKax acHOYHara JaMeHa JIsKallb
¢dparmenTs! karaniteraHai Tpeiaabl (Cysl71, His311 i His345) i dachamanTaT9iHABB TyHIIIB, K1 aIKPBI-
BaemIa ¥ BoOiacip 3Bs3BaHHs ManaHimy. Ilacis 3sa3Banus Cysl71 3 amsuibHBIM PparmenTam KasA
IpbIMae aJKPBITYI0 KaH(apMalblio, sAKas Hausrdae 3Bsi3BaHHE MalaHiI-AcpM 3a KOLIT MAIIBIP3HHS
V¥Baxoxy ¥ dachamanTaTIIHABE TYHAIIb 1 TABENIYAHHS TaMepy MecIia 3BsI3BaHHS MaynaHiny. Hactynnas
CTablsl J3KapOaKCiIsaBaHHS 3Bsi3aHara MayaHiI-AcpM axsinistyisenia npsl ganamose His311 1 His345.
Jlst BBIBYUDHHS XapakTapy 3Bs3BaHHs ThIsTIaKTaMilbIHY 3 aKTBIYHBIM IPHTpaM Luckner et al. npassini
3ameny Cysl71 Ha GInl71 nns imitaneli ankpeiTaid (aneuisiBanail) kandapmansl KasA (koasl mpaTainay:
2WGD nns npeiponnara su3iMa, 2WGF nns myrtanta) [7]. [HribaBanHe CiHT?I3y MIKOJABBIX KiCIOT
MoOJKa af0bIBaIlla HAa KOYKHAW CTaJbll MIMATCTyNeHYaTara OisiCiHT33Y, i BEIKapbhICTaHHE aAKpbITaid (op-
MBI, SIKYI0 MaJ3JII0€ MyTaHTHbI IIPaT3iH, Mambipae 0a3y KaHAblgaTay Ul HOIIYKY HOBBIX MPOLUTYOEp-
Kyné3usix JIC.
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Mbraii najzenara naciegaBaHHs 3'yisellla BBIBYUYdHHE in silico Xapakrapy Yy3aeMaa3esHHSY
JiraHzaa 3 mpardiHaM y MeXax aCHOYHBIX KjlacTapay [UIsl BEISIYJICHHS Cynepra3ilsli Jliranaa, aika3sHai 3a
OisTariyHyIo0 aKTBIYHACIH, PhIBapakcabany ¥ KaHTIKCIE sro adinHacmi ma B-ketaamblia[ACP]cinTassl.
I'sTa na3Bomnink BeI3HAYBIE HOBHI (hapmakadop, siki 3a0screuBae IpoiMikadaKTIPhIIIEHY IO aKThIYHACIb.

Marapsisiabl i Metagbl. [Hbapmanbis ad TpoxMepHalh cTpyKTypsl pepmenTa B-keraausui[ACP]
cintassl | (kox mpatainy 2WGF, naanyr A) atpeimana 3 caiita Protein Data Bank (https:/www.rcsb.
org). [l manexkynspHara HOKIHTY in silico BBIKaApBICTOYBAYCs MIdpAr CIEHBIsUTI3aBaHBIX IIparpam:
nparpamusl aket ChemOffice, AutoDock Tools 1.5.7 [13], nparpama OpenBabelGUI, annaiiu-cepBepsl
Protein-Ligand Interaction Profiler (PLIP) (https:/plip-tool.biotec.tu-dresden.de/plip-web/plip/index)
i Protein-Plus (https://proteins.plus).

AutoDock 4 Ob1y BBIKApPBICTAHBI IS MAIPBIXTOYKI JIITaHAAY Jda CTBIKOYKI 3 PAIRITapaM, pasiiky
CEeTKI MaTIHIBIUIAY 1 HAYTIPOCT y3aeMaa3essHHsY JliraHAa—npardid. [Ipbl cTBIKOYIBI 3 MATall anThIMi-
3aupli npauscy ¥ Autodock BeIKapbICTOYBayCs T€HETHIYHBI aITapbITM MOIIYKY riadajbHara MiHIMyMy
Jlamapka (LGA) 3 konbkacitio mparoray 100, mamepam namyssiisii 300 mauist iépaara pampnrapa i THyT-
Kara Jiragja. YzaemMaa3esHHe JIiTaHaa i mpaTdiny alpHbBAIAcs Pl JaraMo3¢e XapaKTaphICTHIK, aTPhI-
MaHBIX y BBIHIKY JIOKIHTY: SHeprii 3Bs3BaHHs (£, ). Y 1a13eHbIM JacieIBaHHI SHEPridil 3BA3BaHHs JT14bLi
HaliMeHIae 3HAUYdHHE 3MEHBbI cBaOoxHai sHeprii [i0ca mpbl mepaxon3e KOMILIEKCY JiraHI—TpaTdiH
3 Hi3Bs3aHara ¥ 3my4asbl ctaH. [Iparpama OpenBabelGUI BbikapbicTOYBanacs ¥ sKacili KaHBepTapa
(hapmaray, siKist IppICTacaBaHbIsA IS IPaBSA3EHHS dKciepbiMenTay y AutoDock 4, PLIP 1 Protein-Plus.
[Nomryk mpHTpay 3BsI3BaHHS, BRIByUIHHE XapaKTapy y3aeMaa3estHHSY JIiranjay 3 paranrapaM mpaBo3i-
Jicg mpbl Janamose annain-cepsepay PLIP i Protein-Plus.

Boiniki i ix abMepkaBanne. PriBapakcaOaH 3'syiseriia BRITBOPHBIM aKca3alli[3iHOHY 1 Ha CEHHSA
IIBIPOKA BRIKAPBICTOYBACIIIA ISl aHTHIKaaryJIsTHTHAK Taparii (Ma. 2).

“ \SI %(0(%” bo

o
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Maun. 2. ®opmyina PriBapakcabany: MajieKyJia Mae TpbI CyBsi3i, BAKOJ SAKiX aa0bIBacIa KpyIsHHE

Fig. 2. Rivaroxaban formula: the molecule has 3 rotatable bonds

Ka0 BbI3HaubIIb, 1 3'yisenia -keraanbui[ACP]cinTasa [ mimauHIO PriBapakcabany, Obly mipaBe-
J3€HBI «CIISIIBD) JOKIHT 3raJlaHbIX BIIINM MpaTiiny i Jiranna (Mai. 3). Beisynens! 7 KildHAY; 13Be 3 iX
XapakTapbl3aBajicsa MiHIMaJIbHBIMI SHEPTisIMi 3BS3BaHHS, IEPCHEKTHIYHBIMI JUIS Aajiei1ara BbIBY Y9H-
HsI OisnariuHail akThIYHACII. Y MeXax aJ3eHbIX A3BIOX KilIDHSY BBI3HAYAHBI 33 BaphISHTHI CTHIKOYKI.

3 yimikaM BsITiKai pO3HIIBI ¥ SHEPTisX 3BsI3BaHHS 15 OKCIIEPBIMEHTA, MTpajicTayieHara ¥ qa13eHbIM
apTBIKyJIe, HaMi aOpaHbl aCHOYHBI aKTHIYHEI IRHTP 1. JIJ1st mTamizamsl XxapakTapbICTHIK 3BI3BAHHS Ji-
rafja ¥ aCHOYHBIM aKTBIYHBIM IIPHTPBI MPaBOA3IYCs TOKIHT y aOMekaBaHBIM CErMEHIIe MpaTdiny (mamei
«abMexaBaHbl JOKIHM = binding site based docking), UHTp siKora OBIY pa3yivaHbl Na BBIHIKAX aTpPbI-
MaHBIX Ja13eHbIx: mamep 40 x 40 x 40 A, kaapasinats mpaTpY 18,183 X 33,451 % 18,084 A.

VY BBIHIKY 3KcHepbIMEHTa ObLIl aTpbIMaHbl MMaKa3ublKi, OJI3Kis Ma 3HAYPHHI Ja XapaKTapbICTBIK
«cIsmoray JAOKIHTY 3 TOHADHUBISAH 1a HA3HAUHATa MaMSHIIPHHA MiHIMalbHai SHeprii 3Bs3BaHHs. Tak,
MiHIMaJIbHae 3HaY3HHE SHEPrii 3Bsi3BaHH: 17151 PhiBapakcabaHy ¥ sKcniepbIMEHIIE «abMexaBaHara» JOKiHTY
cknagae E,, =—10,26 kkan/monb. AOMexkaBaHbl JOKIHT BBIABIY 12 Kllactapay, sKis XapaKTapbI3yoLnua
po3Haii KaH(hapMaIbIsii i ma3imbIstii Tirasaa ¥ JadsiHeHHI /1a Tpardiny. Tonbki 9 3 ix ObLIi manBepaKaHbl
OOJIBIIT YBIM aITHBIM ITpAaroHaM JOKIHTY (Tabiima).

Bouti npaanasizaBanbl 4 KOMILICKCHI Jiirana—tmpatdid (Ne 1, 4, 5, 7) 3 nikam npabery Oousbi 3a 15
y Mexax kiactapa: 16, 17, 23 1 20 agnaBeana (Tadiina, abpaHblis JJIsl aHAJII3y KacTapbl Ma3HAYaHBbI).
Bonbmacup ThINMAY y3aeMaa3essHHSY 3rajJaHblX KOMIUIEKCAy Cylajae 3 BhIHIKAMi «CIATOTay JOKIHTY.
JlanaTkoBbis Y3aeMaI3esiHHI HE MPBIBOJ3AIb JIa 3MEHBI MA3iIbll JIiraH/a ¥ KildHAX 1 JaJIatolb HI3Had-
HBI YKJIaJ y aryJIbHYIO SHEPrito 3Bsi3BaHHS (Mall. 4, 5)
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I — acHOYHBI IPHTP 3BA3BaHHA (min £, =—10,18 kkan/mMoin)
2 — JaaTKOBBI IPHTP 3BA3BaHHA (min £, = —8,92 kxan/mMonb
1 — the main binding site (min BE =-10,18 kcal/mol

2 — the additional binding site (min BE =-8,92 kcal/mol

Mau. 3. IpuaTpsl 3Bsi3BanHst (kiuHi) B-ketaausui ACP]cinrassl I (manuyr A; Protein-Plus)

Fig. 3. Binding sites (pockets) of B-ketoacyl[ACP]synthase I (chain A; Protein-Plus)

IMaka34blki, sikifg XapakTapbI3y0lb KJIacTapbl 10KiHry PeiBapakcadany i f-keraaubla[ACP]cinTassl I 2WGF)
y a0MesKaBaHbIM CerMEHIIe AaCHOYHATa aKThIyHara maurpa 1

Values characterizing the docking clusters of Rivaroxaban and p-ketoacyl|[ACP]synthase I 2WGF)
in a restricted segment of the main active site 1

Hywmap knacrapa Minimanbnas E,, KKan/mMoib Caponnss E,,, Kkajl/MoIb Jlix mpaberay, R ¢
1 -10,26 —9,68 16
2 -9,12 -8,60 4
3 -9,11 -9,11 1
4 —-9,07 —8,74 17
5 —8,96 —8,32 23
6 -8,91 -8,87 2
7 —8,88 —8,52 20
8 -8,23 -8,03 7
9 8,18 -8,02 6
10 —7,92 —7,92 1
11 —7,74 —7,66 2
12 —7,66 —7,66 1

Jns kmacrapay 114 rigpadoOHbIs y3aemMaa3esiHHI aJIbITPhIBAIOIb BRIKJIIIOYHYIO POITIO ¥ hapMaBaHHI
adiHHacli Jliragaa 1a paupnrapa ¥ Mexkax knacrapa. Tak, pparmentst Phe, Ala i Pro nns xinmoni 1 dap-
MYIOIb MPaLATayIo riapagoOHyio MaTpeIlly nays3 SKOi «BeILATBacHa» MajeKysa PriBapakcabany.

st kmacrapa 4 manaeria y3aemaasestaae 3 pparmentami Met, Val i lle. Yrmery rinpadinbHbIX y3aema-
TBESTHHSTY 7S Majn3eHara Kiactapa Mae narnaMoXHbl xapakrap: ¢parmentsl His 1 Thr 3abscreusaromns
crienpI(iuHY0 st a00/IBYX KJlacTapay apbleHTaIlbII0 aKca3allij3iHoHaBara gparmenra. Tak, reaMeTpbIy-
Ha KJjactap 4 agpos3HiBaela aJ kjiactapa | maBapoTam aJHOCHA CYBsI35Y MaMiK aKcas3alli/[31HOHABBIM
i TeIgIpeHaBbIM PpparMeHTami (IPBI TITHIM 3MSHSICIINA aKIPITAP PATOHa TIPBI YTBAPIHHI BalapOoaHAN
cyBs3i 3 pparmentam His), mTo mpeIBOA3IIb A2 BEIT1I0aHHS MajeKybl PriBapakcabany. Y BEIHIKY akca-
3aJ11/131HOHABBI (PparMeHT pa3MsIIvaciiina Hacynpaib This(peHaBara bIKJa, a akCa3iHOHABBI (hParMeHT
«BBI3BANIACa» 3 TiapadoOHara aTausHHS 1 ajgcoyBaeula y Cympanbieribl OOK aJHOCHA Ma3ilbli
¥ xmactapsl 1. Y knmacrapsl 1 rigpadgoOHas MaTpbIla «adropTBae» MajeKyly Jliranaa adaman OeH307b-
Hara KoJlla, ITo, BeparojiHa, CIphise MallHeWIaMy 3BS3BAHHIO BBIIATHYTAH MaJCKyJIbl 3 PALRITApaM
(MaJ1. 6; CyUPIBHBIS JTiHI1 — BaJapOAHbIs CyBsI31, MyHKIIP — riapadoOHbIs Y3aeMaa3esHHI).

[ps1 dpapmaBanui adinHacui kjaactapay 5, 7 maBsuliyBaena pois rigpadiapHbIX y3aeMaa3esHHY
(mMam. 5, 7). Halt0ompIIyro poifo ¥ TATHIX y3aeMaI3esiHHAX afbITphiBae PparMeHT Arg; IPBI TITHIM SITO
BBIIITHYTAs CTPYKTypa 3a0sicrieuBae YyTBapIHHE HEKAIBKiX BaJapOJHBIX CYBI3AY, Y AKiX aMiHaKiciaTa
3’sayisena Sk oHapaM, Tak 1 akipnTapaM Bajgapony. s raTeix kiacrapay Takcama IMaBsiiiuBaciia
poJIs akca3iHOHaBara ()parMeHTa mpbl YTBApIHHI BaJaponHbIX CyBs3sy 3 pparmentami His abo Arg.
Tpa6a aa3HAYBIIE, ITO MIPBI YTBAPIHHI BalapoaHai cyBs3i 3 hparmentam His y sxactii qoHapa mpaToHa
aroInHi 3aliMae MPaKThIYHA POYHAA[IAJICHY IO MMa3ilbIio aJI aTamay JIiranja i aMiHakiciatel. ['3Ta Moxa
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Maut. 4. Teinel y¥3aeMaa3essHHAY JTiranja 3 mpardiHaM y KOMIUIEKCax, sIKisl aJnaBsaionb kiaacrapam 1, 4 srogua Protein-Plus
(Bizyauizaneis 2D)

Fig. 4. Ligand-protein interactions in complexes referred to clusters 1, 4 (Protein-Plus 2D visualization)
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Maut. 5. TeInel ¥3aemMai3essHHSY JTiraHaa 3 mpaTtdiHaM y KOMILIEKcax, sIKis aanaBsaons kiacrtapam 5, 7 srogna Protein-Plus
(Bizyaurizansrst 2D)

Fig. 5. Ligand-protein interactions in complexes referred to clusters 5, 7 (Protein-Plus 2D visualization)

CBEIUBIIL a0 3HAYHBIM YIUIBIBE JIaJ[3CHAra y3aemaj3esiHHs HE TOJIbKI Ha (papMmaBaHHE adiHHACI JTi-
rasja Jia parupnTapa, aje i y MexaHizMe y3HiKHeHHs ¢i3isiarigHara Boaryky. L{ikaBa 3ayBabIilb, IITO
TeIsakTaMilbIH TaKcamMa yTBapae BaaapoaHbIs cyBs3i 3 pparmentam His311 mist mpeipogHait popmer
i pparmentami His311 1 His345 nns myTaHTa, SIKi iMiTye aIKpBITYIO (QI[bUIsIBAaHY0) KaH(apMarisiro [7].
[TamoOHa Ha Toe, mITO TITae y3aeMaa3essHHE XapaKTaphi3ye nmarpadaBanHe na papmakadopa, siki 3a0sc-
neuBae 3QeKThIyHae 3BA3BaHHe aM]idiabHara Jirania ¥ akThIyHBIM HPHTPBIL.

VY kiactapsl 5 nirana maakaM MsHsE CBAIO apbICHTALBII0 aJHOCHA 1HIIBIX KJIacTapay; TaKiM YbIHaM,
MaryeIMaclp SIT0 payHaBa)KHAH JbIHAMIYHAN TpaHchapMaIlbli ¥ 1HIIIS Ta3ilbll Ysyisenna MaiaBepa-
rojHail. ¥ knacrapax 1, 4 1 7 jiranj apbleHTaBaHbI aJiHacTaiiHa. MoXHa MepKaBallb, IITO KAHKPITHASI
nasilels Jirasaa ¥ Mexax rIThIX KllacTapay MoKa MsHSIIA MajJyac plaliizaibli aj3iHara MexaHizmy,
sKi 3a0sicrieuBae (izistariyael BOATYK. [Ipbl T9TBIM HA3HAUHBISA 3MEHBI XapaKTapbICTHIK acspona3s (Ha-
MIPBIKJIAJ], 3MEHa KiCJIIOTHACI, MPBICYTHACIb 10HAY 1 1HII.) MOTYI[b MPBIBECI Ja MEePaxoay aja dHep-
reThlYHa JaMiHaHTHara knacrapa (E,, = —10,26 kkan/monb; 3 nepaBaxkna rigpagoOHbIM XapakTapam
y3aeMaja3esaHHay) na knacrapa 7 (E,, = —8,88 kkan/mMonb; 3 mepaBaxkHa rigpaQiabHbBIM XapaKTapam
y3aeMaa3essHHsY). Taki IbIHAMIgHBI IEPaxo1 MOKa CIIPBIIBIHAID (i3isSIariTHRI BOATYK, & CyTIepIa3ilbisa
JiraHaa, aAmnaBenHas CyKymHacIi kjactapay 1, 4 1 7, 3romHa 3 Aaja3eHbIMI dKCIepbIMeHTa in silico,
3a0scrieuBae OisUIariuHyI0 aKThIYHACIIb.

BobicHoOBBI. BbI3HAUBIHBIS ¥ OKCIIEPBIMEHLIE i1 Silico aKTBIYHBIS IPHTPHI 1 THITIBI y3aeMaa3essHHY
MaKa3Barolb HaOOJbII BeparoJHbIs BApbIsIHTHI OisIaridyHa akTBIYHBIX CTPYKTYp-iapay, ILTo cTBapae
TCPYHT AJIA palblssHaIbHAra qpar-Ibl3aiiHy HOBBIX aHThIMiKa0akTIpbIsiabHbIX JIC mapary akcasanminsi-
HoHy. IIpaBen3eHpiss HaMi BbITIpabaBaHHi in Vitro Takas3ajii aHTHIMIKaOAKTIPBISUIBHYIO aKTHIYHACIh
PriBapakcabany. Tak, pacTBop PriBapakcabany ¥ kanmdHTparsi 200 MKT/MIT TTankaM magayisie poct
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Mau. 6. ApeieHTansli (Bisyamnizaneis 3D) niranna, sikist agnasaarois kiacrapam 1, 4 (PLIP)

Fig. 6. Ligand orientations (3D visualization) referred to clusters 1, 4 (PLIP)

Kuaacrap 5 Kuacrap 7
His311

l1e317

Maun. 7. Apererransri (3D) miranna, sikis aanassigaons kinactapam S, 7 (PLIP)

Fig. 7. Ligand orientations (3D visualization) referred to clusters 5, 7 (PLIP)

Mycobacterium terrae, a § kauupHTpaubli 100 MKr/MJ Ha3ipaenua TapMaXx3HHE POCTY KYJIBTYPbI, LITO
cBenubILb a0 cynmpaubMikaOakTIphIsIbHAN akThIyHacwi. [Ipbl raTeIM PriBapakcabaH He BBISYIISIC aHTbI-
OaKTIPHIIIbHAN aKTHIYHACI ¥ JaubIHEHHI J]a «KIJIACIYHBIX» IPaMMa3iThIYHBIX OakTipsiid [14]. Beraiki
JaciIeaBaHHs 3 BSTIKAM CTYTICHHIO BEPAroIHACIT MAIBSIPIKAIOIb pIai3allblio aMbICIIOBAara MEXaHi3My
aHTBIMiIKaOaKTIPhIsIIbHATA M3esTHHS PriBapakcabany mpa3 iHribaBaHHE CIHTI3Y MIKOJIaBBIX KiCIIOT.
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137Cs, 85Sr AND ®°Co SORPTION FROM MODEL SOLUTIONS OF LOW ACTIVITY
LIQUID RADIOACTIVE WASTE BY MODIFIED OIL SHALE

Abstract. The results of the study of cesium, strontium, cobalt radionuclides sorption from model solutions simulating
liquid radioactive waste on promising sorbents based on thermally modified oil shale are presented. The dependency
of texture parameters obtained from the results of nitrogen adsorption-desorption on the treatment method of oil shale and
their relationship to sorption parameters such as distribution coefficient and removal efficiency was discussed. Understanding
how pore characteristics affect the sorption activity of such complex systems as sorbents is important for the creation
of radionuclide sorption materials with improved characteristics. The efficiency of sorption of cesium, strontium and cobalt
radionuclides was rather high for sorbent samples: the distribution coefficient was about 10°~10* ml/g with a removal efficiency
of more than 66 %. The most effective sorbent was obtained from oil shale with a heating rate of 5 deg/min without subsequent
steam treatment, which is recommended to be used for low-active radioactive waste treatment.

Keywords: sorbent; oil shale; cesium, strontium, cobalt, radionuclides; liquid radioactive waste treatment
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COPBIIM A PAJIMOHYKJHJIOB '¥7Cs, $5Sr M %°Co M3 MOJIEJIBHBIX PACTBOPOB
KUJAKUX PAJJMOAKTUBHBIX OTXOJA0B HU3KOM AKTUBHOCTH
MOJAUD®UIIUPOBAHHBIMU IOPIOUUMU CJAAHIIAMUA

Annotanus. [IpencTaBieHbl pe3ysbTaThl HCCISIOBAHUS COPOIIMH PaJMOHYKIIH/IOB LIE3Usi, CTPOHIUS U KobabTa mep-
CIIEKTHBHBIMH COPOCHTAMH Ha OCHOBE TEPMHUYECKH MOIU(UIIMPOBAHHBIX TOPIOYHX CIIAHIIEB U3 PACTBOPOB, MOJICIHPY IOIIUX
JKUJIKHE PaJMOAKTHBHBIC OTXObl. Ha OCHOBaHMHU pe3ylbTaTOB HU3KOTEMIICPATYpPHOIl aJcopOLUur—1ecopOun a30Ta ycra-
HOBJICHA 3aBHCHMOCTb TEKCTYPHBIX MAPAMETPOB UCCIIEyeMbIX COPOCHTOB OT METO/1a 00pabOTKH TOPIOYEro ClaHla, a TAKKe
OIMCaHa 3aBHCUMOCTb 3((PEKTUBHOCTH copOumu (110 BeIMYMHAM cOpOUMH U Kod(dHUIMeHTa pacnpeeseHus) paJuoHyK-
JHUJIOB OT TEKCTYPHBIX IapaMeTpoB copOeHToB. [IToHnMaHue TOro, KakumM o0pa3oM XapaKTepUCTHKH MOP OKa3bIBAIOT BIINS-
HHE Ha COPOLMOHHYIO aKTHBHOCTh TaKHMX CJIIOXHBIX CHCTEM, KaK COpPOCHTBI, B)KHO JJISI CO3/1aHMs BBICOKOA()(EKTHBHBIX
COPOLIMOHHBIX MaTEPHAJIOB C YCOBEPLICHCTBOBAHHBIMHU XapaKTEPUCTHKAMH. YCTAHOBIICHO, 4TO MaTE€PUaJIbl HA OCHOBE MOJIH-
(UIMPOBAHHOIO OPIOYETrO CJIAHLA COPOUPYIOT PAJHOHYKIMIBI LI€3UsI, CTPOHLIUS, KOOAIbTa ¢ BBICOKOH 3()()eKTHBHOCTBIO:
KO3 UITMEHTHI pacTpeeleHns KakI0T0 paJHoOHyKIHAa cocTaBnsoT 103—10* mu/r npu crenernn n3pneuenns Gomee 66 %.
HanGoxpuryro > peKTHBHOCTE MPOSBISET COPOCHT, MONYIEHHBIH 13 TOPIOYETO CIIAHIIA TP HarpeBe COo CKOPOCTHIO 5 rpaj/
MuUH 0e3 nmocienytomeil 00padboTku napom. [laHHBINH COPOCHT PEKOMEHI0BAH K MPUMEHEHUIO ISl OYMCTKH KUAKUX Pauo-
AKTHBHBIX OTXOJ/I0B HM3KOI aKTHBHOCTH OT PaJMOHYKJIH/IOB I€3Hsl, CTPOHIIHS, KOOaNbTa.

KuroueBble ciioBa: cOpOCHT, TOPIOYHE CIIAHIbI, PAAMOHYKIIUABI E3Usl, CTPOHLUS, KOOAIbTa, OYMCTKA KUIKUX PaJn0-
AKTHBHBIX OTXOJI0B
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Introduction. The significant volumes of radioactive waste are generated as the result of nuclear and
radiation facilities operation. Depending on facility type (e.g. nuclear power plant, research reactor, iso-
tope manufacturing etc.), various technological processes contribute to formation of liquid radioactive
waste (LRW) but the principal are: equipment and premises decontamination, treatment of technological
water with radionuclide impurities, regeneration of ion-exchangers [1].The main radiation hazard of such
waste is determined by long-lived radionuclides, which are either fission products such as '** 137Cs, 2°Sr
or activation products such as °Co [2, 3]. Therefore, the development of novel effective methods and
materials for removal of indicated radionuclides from LRW is a promising challenge.

From the point of view of technological and economic benefits, rather simple implementation and
high efficiency, sorption treatment of LRW is widespread [1]. Depending on activity level and chemical
composition of LRW, various types of sorption materials are used. A group of natural based materials
can be distinguished among them due to additional advantages, such as abundance, local availability
and relatively low cost [4].

Oil shale is a promising raw material in this respect. This is a material that, on the one hand, can be
used as energy source (due to the organic component called kerogen), and on the other hand — as sorbent
(due to the presence of a mineral component) [5]. The modification of oil shale by heating in different
conditions leads to partial or full removal/carbonization of organic component and is essential structural
transformation of mineral base [6]. The inorganic part is 60—80 % of the total mass of the oil shale and
consists mainly of silicon, aluminum, iron, calcium and magnesium oxides. Such composition is close to
natural aluminosilicates (clay minerals) composition, which allows to expect high sorption activity
of modified oil shale toward cesium, strontium and cobalt radionuclides [7].

In Belarus, oil shale deposits are located in the south of the republic (Luban and Turov deposits) [8].
This oil shale is inappropriate to use only as an energy raw material due to its low energy efficiency, so
this material demands complex use [9]. The efficiency can be increased by using oil shale as a sorbent
for LRW treatment as well, which is quite justified due to the effective sorption of radionuclides on mi-
neral part of oil shale [10]. The main advantages of modified oil shale to be used as sorbents are high
radiation, thermal and chemical stability [11]. In addition, low leaching rate of radionuclides, compati-
bility with inorganic matrices for immobilization, alongside with low sorbent cost makes it possible to
dispose it immediately as solid radioactive waste [12].

The objective of this work was to study the possibility of using modified oil shale as sorbents for ce-
sium, strontium and cobalt radionuclides in complex LRW treatment and to determine the effects
of modification conditions on sorption efficiency of material.

Experimental. The sorbents were prepared by thermal destruction of natural oil shale from Turov
deposit, Belarus. At the first stage, oil shale samples with grains of 1-3 mm size were heated at different
rates (2, 5, and 10 deg/min) to 420 °C and kept at this temperature for 40 min. At the second stage, hea-
ting was carried out without or with live steam at 450 °C for 30 min.

The texture and surface properties of the modified oil shale samples were evaluated from the iso-
therms of low-temperature nitrogen adsorption-desorption, measured by the volumetric method on an
ASAP 2020 MP surface area and porosity analyzer (Micromeritics, USA). The error of measuring the
specific surface of the samples was 15%, and of the volume and diameter of the pores was 1 %. The ac-
tivity of each radionuclide in solution before and after sorption was measured by gamma-beta spectro-
meter MKS AT-1315 (Atomtex, Belarus).

Efficiency of sorption of radionuclides by modified oil shale was studied for model solutions which
simulates LRW and contains cesium, strontium and cobalt radionuclides. Model solutions were prepared
on the basis of distilled water by adding '*’Cs, %Sr, and ®°Co with initial specific activity of each radio-
nuclide of ~100 kBq/L. The pH of the solutions was adjusted with 0.1 M NaOH solution to ~7.0.

Sorption of radionuclides on the sorbents was carried out under static conditions by batch sorption in li-
mited volume. The ratio of volume of solution to mass of sorbent was constant for every experiment—1000 ml/g.
Sorption equilibrium was established within 24 h with constant stirring. After the end of sorption, the solution
was separated from the sorbent by filtration through paper filter with 3—10 um pore size.
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The efficiency of the sorbent was estimated by the value of sorption S, % and distribution coefficient
K, ml/g of each radionuclide, which were calculated according to the following equations:

g=t=A

—_—, M
4
A —-A V
Kd OA ';7 (2)

where A4, — is initial activity of radionuclide in solution before sorption, Bq; 4 — equilibrium activity
of radionuclide in solution after sorption, Bq; ' — volume of solution, ml; m — mass of sorbent, g.

Results and Discussion. Figures 1-6 (left) show the isotherms of low-temperature nitrogen adsorp-
tion-desorption on investigated oil shale samples. All isotherms are irreversible and have hysteresis
loops. This fact indicates the presence of mesopores (2—50 nm) in the samples [13], in which, along with
multilayer adsorption, capillary condensation of nitrogen occurs [14]. The isothermal curves of nitrogen
adsorption-desorption by oil shale belong to Type IV according to the IUPAC classification [13]. The
shape of the hysteresis loop is close to the Type H3, which is inherent to sorbents having disordered,
lamellar pore structure, slit- and wedge-shaped pores [15]. The gentle slope of the adsorption curve
within the p/p, range of ~ 0.05-0.30 indicates an appreciable overlap of monolayer and multilayer ad-
sorption, when the precise interpretation of the specific monolayer capacity is questionable [13].

It should be noted that neither the heating rate of oil shale, nor their steam treatment affect the shape
of low-temperature nitrogen adsorption-desorption isotherms.

Fig. 1-6 (right) show pore size distribution (PSD-plots) for all the samples of modified oil shale stu-
died in the current work.
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Fig. 1. Isotherm of low-temperature nitrogen adsorption-desorption (left) and PSD-plots (right) for a sample of oil shale heated
at a rate of 2 deg/min at the first stage without subsequent steam treatment at the second stage
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Fig. 2. Isotherm of low-temperature nitrogen adsorption-desorption (left) and PSD-plots (right) for a sample of oil shale heated
at a rate of 5 deg/min at the first stage without subsequent steam treatment at the second stage
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Fig. 3. Isotherm of low-temperature nitrogen adsorption-desorption (left) and PSD-plots (right) for a sample of oil shale heated
at a rate of 10 deg/min at the first stage without subsequent steam treatment at the second stage
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Fig. 6. Isotherm of low-temperature nitrogen adsorption-desorption (left) and PSD-plots (right) for a sample of oil shale heated
at a rate of 10 deg/min at the first stage with the subsequent steam treatment at the second stage

Fig. 1-6 show that most of the pores of modified oil shale have sizes corresponding to mesopores.
The treatment of sorbents with steam does not significantly affect the shape of the PSD-curves, although
it does affect the total pore volume and, consequently, the intensity of the mentioned curves.

It should also be noted that heating the oil shale at a rate of 10 deg/min leads to a decrease in the total
pore volume in comparison with the samples heated at rates of 2 and 5 deg/min. Such changes are pro-
bably associated with the partial destruction of oil shale particles at a higher heating rate. In addition, for
samples with a heating rate of 10 deg/s, there is an increase in the number of pores with an average pore
size of 20-30 nm comparing with pores of other size, which is due to the more intense carbonization
of the organic component of the oil shale and its removal from the pores.

The values of the surface area and pore parameters of modified oil shale sorbents before and after
steam treatment are presented in Table 1. The data are obtained on the basis of experiments on low tem-
perature nitrogen adsorption-desorption by modified oil shale samples.

T able 1. Values of specific surface area and pore parameters of the modified oil shale samples

Specific surface area, m%/g Pore volume, cm?/g Average pore size, nm
Hedaet;r;;gnriite, without steam treatment | steam treatment | without steam treatment steam treatment without steam treatment | steam treatment
Asp ABET Asp ABET Vsp.ads Vsp.des Vsp.ads Vsp.des Dads Ddes Dads Ddes
2 15 18 33 35 0.053 0.048 0.058 | 0.063 14 13 7 8
5 15 18 35 37 0.049 0.059 0.055 | 0.061 13 16 6 7
10 15 17 26 28 0.045 0.072 0.053 | 0.082 12 19 8 12

The largest specific surface area corresponds to sorbents which are heated at a rate of 2 (33-35 m?/g)
and 5 deg/min with the subsequent steaming (35-37 m?/g). For the other studied samples, the specific
surface area is about 15-28 m?/g. The specific surface area increases by ~ 2 after steam treatment.

The real volume and average pore size of the sorbents, due to the presence of hysteresis on the nitro-
gen adsorption-desorption isotherms, is recommended to be estimated by the values obtained from de-
sorption curve. The reason is that desorption conditions (due to the lower pressure of the saturated vapor
above the meniscus of the liquid in the pore) are closer to equilibrium than adsorption conditions [16].
Among samples without steaming, the largest pore volume corresponds to the samples which are heated
at a rate of 5 and 10 deg/min (0.059 and 0.072 cm?>/g respectively). Among the oil shale treated with live
steam, a sample with a heating rate of 10 deg/min at the first stage has the largest pore volume
(0.082 cm?/g). It can be seen that higher heating rate of oil shale, as well as its treatment with live steam,
increases the total pore volume of the sorbent.
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According to Table 1, the steam treatment of oil shale leads to a decrease in pore diameter of the
sorbent by a factor of ~2. This is due to appearance of a large number of new small pores, which is asso-
ciated with the removal of shale organic component. Presumably, the size and shape of existing pores
increases in length, although the pores’ diameter does not change. This assumption also explains the in-
crease in total pore volume of oil shale after steam treatment. The heating rate of oil shale at the first
stage affects the average pore diameter insignificantly, although when the oil shale is heated at a rate
of 10 deg/min, there is a slight increase in the average pore size, the reason for which is explained above.

The general regularities of the influence of different processing regimes on the parameters of pores
and surface area of oil shale are as follows: steam treatment increases the surface area of the samples,
reduces the average pore size and increases the total pore volume significantly. At the same time, the
heating rate of oil shale at the first stage of treatment has an insignificant effect on the values of pore size
and surface area. The values of sorption and distribution coefficient for each radionuclide by all the stu-
died samples of oil shale are presented in Table 2.

Table?2. Sorption and distribution coefficients of cesium, strontium and cobalt radionuclides on the samples
of modified oil shale

I37Cs SSSr GOCO
Hf::eiflg Wittrhe(;lgnsetrejm steam treatment Wi:g:i:nseti?m steam treatment Wi::le(;::]fetifm steam treatment
deg/min s o | K0% | oo | R0 | gy | R0 | o, | R0 | g, K072 o, K107,
e ml/g e ml/g e ml/g e ml/g e ml/g e ml/g
2 762 | 3.2+0.3 | 82+ | 47404 | 69+ | 2802 | 794 | 3702 | 32 37105 88+l 7208
5 91+l | 10.4+0.5 | 8241 | 4.5+0.2 | 7241 | 2.6+£0.1 | 75+1 | 3.0+0.1 | 94+1 15634 | 9482 | 16648
10 81t 4.5+03 80+l | 42403 | 66+ | 20401 | 69+£ | 2401 | A 30+03 812 | 4304

All the sorbent samples studied in this work show high efficiency in sorption of '3’Cs, ®Sr,
and ®°Co from solutions simulating LRW: the values of sorption and distribution coefficient were 76-91 %
and (3.2-10.4)10° ml/g, 66—75 % and (2.0-3.7)-10° ml/g, 73-94 % and (3.0—16.6)-10° ml/g, respectively.

The most effective sorbent for complex purification of model LRW solution via sorption is modified
oil shale obtained by heating rate of 5°C/min at the first stage and without steam treatment at the second
stage. The values of the distribution coefficient for 1¥’Cs, 83Sr, and °Co were 4.4-103, 3.0-103, 16.6:10° ml/g
for this sorbent, respectively.

Although the increase is insignificant, it should be noted that, in general, the steam treatment of oil
shale increases the efficiency of sorption of radionuclides on sorbents. Among all the samples of oil shale
sorbents, the greatest increase in efficiency of radionuclide sorption is noticed for the sample with a hea-
ting rate of 2 deg/min. After the live steam treatment, the distribution coefficients of radionuclides on
the sorbent increase as follows: by 1.5 times (from 3.2:10° to 4.7-10° ml/g) for '*’Cs, by 1.7 times (from
2.2:10° to 3.7-10° ml/g) for 83Sr and by 2.7 times (from 2.6:10% to 7.1-10° ml/g) for ®°Co.

Obviously, an increase in the efficiency of sorption of radionuclides on steam-treated oil shale occurs
due to an increase of the available surface area of the sorbent, as well as an increase of the total pore volume.

Conclusions. Modified oil shale is a promising sorbent for treatment of LRW containing '3’Cs, 8°Sr,
and ®°Co. The distribution coefficients of these radionuclides on the indicated sorbents are ~10°-10* ml/g
and sorption values are above 66 %. Due to its low cost, chemical, thermal and radiation resistance, low
rate of leaching of radionuclides from contaminated sorbents, as well as the possibility of disposal spent
sorbents with minimal conditioning, oil shale is a very attractive material for LRW treatment.

Undoubtedly, understanding and testing the effects of the pore system contributes to a better control
of the adsorption activity of complex systems, so that radionuclide adsorbents with improved designs could
become accessible. The live steam treatment of oil shale increases its efficiency as a sorbent only slightly.
To obtain the most effective sorbents for the sorption of '3’Cs, #Sr, and ®*Co from LRW, it is recom-
mended to process oil shale with the method indicated in the work at a heating rate of 5 deg/min without
or with subsequent steam treatment. Steaming intensifies the removal of the organic component of oil
shale, which leads to the increase of available surface area of the sorbent, as well as total volume
of its pores.
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XAPAKTEPUCTHUKMU NMOJBIX CTEKJISAHHBIX MUKPOC®DEP
N NMPOEKTUPOBAHMUE JIEIT'KUX NIOJIUMMEPHBIX KOMIIO3UIIMOHHBIX
MATEPHAJIOB PA3JIMYHOI'O COCTABA M JIUCIIEPCHOM CTPYKTYPBI

AHHOTanus. B HacTosmee BpeMs A MONyYeHHUS JITKUX TTOJMMEPHBIX KOMITO3UIIMOHHBIX MaTepranoB (KM) ¢ Beico-
KHMH IPOYHOCTHBIMH XapaKTEPUCTUKAMHU B KaUeCTBE HANOTHUTEIECH HCIONB3YIOT HONbIEe MUKPOC(EPH! pa3THIHON TPUPO-
IbI (CTEKII0, KBApIL, MONUMED U T. 1.). MccnenoBanu ynakoBKH MOIBIX CTEKJISHHBIX MUKPOC(EP Pa3HbIX MapoK (IIPON3BOJACTBA
AO «HIIO CrexnomnacTuk») pa3andHbIMA METOJaMH, OIUCAHA JUCTIEPCHASI CTPYKTYpa ¢ MOMOIIBI0 MOJen 0000IIeHHbIX
nmapamMmeTpoB, MIPOU3BEACHA KHaCCI/l(l)I/IKaL[I/Iﬂ JIETKUX TUCIIEPCHO-HAIIOJHEHHBIX TTOJIUMEPHBIX KOMIIO3UIITMOHHBIX MaTE€pHaJiOB
(AHITIKM) 1o CTpyKTypHOMY IPUHIIHITY, pACCYHUTAaHBI 000OIICHHBIC U TPUBEACHHBIC TapaMETPBhl, CIPOSKTHPOBAHBI CTPYK-
TypBI, cocTaBbl Jlerkux KM Ha nmoimMepHBIX MaTpuLax pasindHON IPUPOIBL.

KuroueBnle c10Ba: 0000IICHHBIC U TPUBECHHBIE TAapaMETPhl, MAKCHMAJIBHOE COJIepKaHNe HAITOITHUTEIS, MOJIbIe CTEK-
JISTHHBIE MHKpPOC(Ephl, KPUBBIE YINIOTHEHUS, MACIOEMKOCTb, OJINTOMEPOEMKOCTD, JUCIEPCHO-HATIOJIHEHHEIE TIOJINMEPHBIE
KOMITO3UIIHOHHBIC MaTePHAIIbI
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Abstract. Currently, to obtain light polymer composite materials with high strength characteristics, hollow microspheres
of various nature (glass, quartz, polymer, etc.) are used as fillers. Hollow glass microspheres of different grades (manufac-
tured by JSC «SIO Stekloplastik») were studied by various methods, the disperse structure was described using the genera-
lized parameters model, the light dispersion-filled polymer composite materials (DFPCM) were classified according to the
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Beenenmne. Jlerkue BoICOKOMOAYIBHBIE TOTUMEPHBIE KOMITO3UI[HOHHBIE MaTEPHUAJIBI TOJTYUAIOT IIPH
BBC/ICHUHU B NOJUMEPHBIC MaTPULBI MOJBIX cHEPUUECKUX HAMOTHUTENCH pa3sHOW MPUPOXbI (METas,
KepaMuKa, TMoJuMep). bonbIIoil MapodHBIil aCCOPTUMEHT TOJIBIX CTEeKISTHHBIX MukKpochep (IICMC)
BbimyckaeT AO «HIIO CreksoriacTuk», OCHOBHBIE XapaKTEPUCTUKU KOTOPBIX MPUBEICHBI B paboTax
[1-5]. ITo cBomM xapakTepuctukam [ICMC mpeBocxoasat 3apyoekHbie aHajmord. CBOHCTBA MOJIBIX CTCK-
JSTHHBIX cdep, UX MIOTHOCTh, MPOYHOCTH, MOAYJIh YIIPYTOCTH B OCHOBHOM 3aBHCSIT OT COCTaBa CTEKJIA,
JUaMeTpa YacTHII, TOIIUHBI 000JOYKH U TPaHyJIOMETPUN HATTOTHUTEIISL.

Bonbiioe pacnpocTpaHeHne Noble MUKpOC(epbl MOTYUUIH MPH CO3IaHUH JETKUX JUCIEPCHO-HA-
MOJTHEHHBIX MMOJTUMEPHBIX KOMIIO3UIIMOHHBIX MaTepualioB (JJHIIKM) Ha ocHOBE OIMTOMEpPOB pas3iiny-
HOH npupoabl. Ha ocHOBe SMOKCHIHBIX OIMTOMEPOB M MOJIBIX CTEKISTHHBIX MUKpOC(hEp cO34aH HOBBIH
BUJ| HAIIOJTHEHHBIX MaTepuasnoB « CHHIIENH», KOTOpPBIE TI0 IPOYHOCTH, MOYJIIO YIPYTOCTH IPHU CHKATHH,
INPOYHOCTH U MOIYJIIO YIPYIOCTH IIPH cABUTE B 2—2,5 pa3a MPEBOCXOASAT MEHOIUIACTHI IPU PaBHOM
mnoTHocTH (400 kr/M) [6]. Hamn Takske npumenerne JJHITKM ¢ monsIMu cTEKITHHBIMUA MUKpocde-
pamMu Ha OCHOBE TEPMOIIACTUYHBIX MOJMMEPHBIX MaTpuIl [7, 8]. OnHako mpencTaBiIeHHbIE PaOOTHI 1O
UCCIIEIOBAHUIO CBOMCTB MOJUMEPHBIX KOMITO3MIIMOHHBIX MaTEPUAJIOB C TIOJIBIMU CEPUUECKUMHU Ha-
MOJTHUTEIISMU HE MO3BOJIAIOT Ha KOJTMYECTBEHHOM YPOBHE IIPOEKTHPOBATH U OMUCHIBATH UX CTPYKTYPHI
1 COCTaBBbI, a TAK)KE€ HAXOJIUTh CBA3b THUIIA U apaMeTPOB JIUCIEPCHON CTPYKTYpPHI co cBoiicTBamu. [Ipu
BBeJIeHUU AucnepcHoro HanosHutend B JJHIIKM Henb3st orpaHUYMBaTECS TOJIBKO €0 COAEpKaHUEM,
Kak JiefiaeT OOIBLUIMHCTBO UCCIEA0BATENICH, HEOOXOAMMO YUUTHIBATh (hopMy, pa3Mep, YIIaKOBKY U pacipe-
JIeJICHUE YacTHI] 110 pa3Mepam.

B paborax mo cTpykTypooOpa3oBaHWIO B TUCHEPCHBIX cucTemax [9—11] mokasaHo, 94TO co3maHue
JHIIKM HaunHaETCS C MPOSKTUPOBAHUS UX JUCTIEPCHON CTPYKTYPHI C UCIIOJIB30BAHUEM 000O0IICHHON
MOJIeNA U KJaccH(UKAIUU M0 THITY CTPYKTYpHL. B 3TOM ciyuae gaucrepcHasi CUCTeMa ONMUCHIBAETCS
B 0000IIIEHHBIX U TIPUBEJICHHBIX MTapaMeTpax, KOTOPhIE BKIIIOYAIOT pACCMOTPEHHE OCHOBHBIX MapameT-
poB nucriepcHoii Gassl (hopma, pa3Mep, yIakoBKa, IPaHyJIOMETPHS, COIEPKaHHE), CO3IAIONIYI0 reTepo-
reanocTs B JIHIIKM u nonumepnyio Matpuny (¢,) B BUA€ TpeX (QyHKIMOHATBHBIX 3JIEMEHTOB CTPYK-
TYpbl — 00001IEHHBIE TTapaMeTphl ©, Bu M (9, =@ +B+M; ¢, + ¢, =1 nm (@ + B+ M)+ ¢, = 1).

B pabote [12] mpeanoxena o0oOImIeHHAsT MOIENb CTPYKTYpPhl B OOOOILICHHBIX M HPUBEACHHBIX
napametpax u knaccupukanys JHIIKM o cTpykTypHOMY MpHHIUITY (0000IIeHHBIH mapameTp ®, 00. 1.):
pazbasiennsie (PC), amskonanonaenasle (HHC), cpennenanmonmnennsie (CHC-1 1 CHC-2) u BBICOKO-
narotHerHbIe (BHC). Knaccudukarus JJHIIKM mo3BosseT Ha KOJIHYIECTBEHHOM YPOBHE 110 00001IIeH-
HOMY Tapametpy ® (®, 00. 1. — 10 NOJIMMEPHOW MaTpUIbl At GOPMUPOBAHUS MPOCIOCK MEKIY
gactuniamu B JJHIIKM) npoektupoBaTh 111 KOHKPETHOI'O HATOJIHUTENS THI CTPYKTYPbI M paccyu-
TBIBATh COIEPKAHUE NUCIIEPCHON (askl (P,) IPU U3BECTHOM MIIOTHOCTH YNAKOBKU (kyn) U MaKCUMAaJIb-
HOM COJIEP’KaHUM IUCIIEPCHOH (a3kl (mapaMerTp @,,,).

Lenpb HacTosimiel paboThI — UCCIIEJOBAHNE YIIAKOBKH TOJIBIX CTEKIISIHHBIX MUKpocdep pa3HbIX Ma-
pok (AO «HIIO CreknoniacTuk») pa3iudHbIMA METOJAMH, ONUCAHHUE JAUCIIEPCHOH CTPYKTYpHI € TO-
MoIIEI0 00001IeHHOM Mofen, kinaccudukanus Jerkux JHITKM mo cTpykTypHOMY NPUHITUITY, pacdeT
0000I1IEHHBIX U IPUBEICHHBIX IAPAMETPOB U IPOEKTUPOBAHHE CTPYKTYPhl, COCTABOB JIETKMX KOMIIO3H-
LMOHHBIX MaTEPUajoB Ha IOJIMMEPHBIX MaTPULAX PA3HOU IPUPOABIL.

MartepuaJjbl 1 MeTOAbI HccieoBaHuA. B kauecTBe 00BEKTOB MCCIIEIOBAHNS HCTIOIB30BAJH TI0JIbIE
crexisiaabie MUKpocdepsl (IICMC) pa3nuyHbIX MapoK ¢ pa3HOU IIIOTHOCTHIO, TOJIIMHONW CTEHKH, pac-
MpesielIeHneM 4acTHI] IO pa3Mepam, KoTopble BelmyckatoTes no TY 6-48-91-92 na AO «HIIO Crekio-
miactuk». B tabn. 1 mpencraiensl ganHble o kKoMiuiekcy cBoiicTB [ICMC cornacHo HOMEHKJIAType
AO «HIIO CreknonnacTuk».

Jnst pacueTa 0000LICHHBIX U IPUBEACHHBIX APAMETPOB IUCIIEPCHOM CTPYKTYPHI U KJaccupUKauu
JUCTIEPCHBIX CUCTEM HEOOXOIMMBI JaHHBIC 10 YIIAKOBKE M MAaKCUMAJIBHOMY COAEP)KaHUIO AUCIEPCHOTO
nanonuutens B JIHIIKM (mapametp ¢,) [10]. B rexauueckoi noxymentanun Ha [ICMC sTi xapakre-
PUCTHUKHU OTCYTCTBYIOT, UTO HE IO3BOJISIET NPOBOAUTH PACUETHI U NMPOEKTHpOoBaTh cocTaBbl JJHITKM
C 33/IaHHBIM THIIOM CTPYKTYPBI M CBOWCTBaMU. T€OpeTHUECKHU ISl HJICATBHBIX CPEPUICCKUX YACTHIL
OJIHOTO pasMepa MapameTp @,, MOXKHO CBs3aTh ¢ KOOPOUIMEHTOM yIakoBKH B 00beme (k, ~ 0,637-
0,68) u Tunom pemetku [12]. YuuTsiBas pacupeaeacHue MoIbIX CTEKISHHBIX MUKpOCQep Mo pazmMepam,
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Tabnuma l. XapaKkTepUCTHKH MOJBIX CTEKJISTHHBIX MHKpoOcdep

Table 1. Characteristics of hollow glass microspheres

CTeKJIsSIHHBIE MOJIbIe CTEKI0C(hepsl (MapKu)

XapaKTCpHCTl/lKl/l CTCKJISTHHBIX ITOJIBIX

MHKpochep MC-BII- MC-BII-A9 MC-BII- MC-BII- MC-BII-
MC-B-Lx A9(1m) (21) MC-B-2x A9(3) A9(4) A9(5)
UcTuHHAs I0THOCTD, 10° kr/m?
(FOCT 18995.1-73) 0,2 0,233 0,244 0,25 0,287 0,3 0,42
3 3
Haceinnas miorHocTs, 10° Kr/m 0.13 0.13 0.15 0.12 0.17 0.22 023

(TOCT 11035.1-93)

McrunHas miI0THOCTH
CTEKJISTHHON 000JI0YKH 2.4 2.4 2.4 2.4 2,4 2.4 2.4
mukpocdep,10® kr/m’

Mopma wacTHIr Cdepu- Coepu- Cdepu- Coepu- Coepu- Cdepu- Coepu-

yeckast yeckas yeckast yeckas yeckas yecKast yeckas
Kosdpunuent popmel yacTu, k, 2,5 2.5 2,5 2.5 2,5 2,5 2.5
CpenHuii AuamMeTp 4acTHUll, MKM 50 50 50 50 45 40 40
Mapaverp g,,, 00. 2. 0,63 0,6 0,62 0,62 0,62 0,63 0,62

10 KPUBOMW YIJIOTHEHU S

IIpouHOCTH MONBIX MUKpOChHEp
(10 % ypoBeHb pa3pylLICHUS), HE - 2,943 4,903 - 7,845 11,278 14,71
menee, MITa I'OCT P 57963-2017

Conepskanue Biaru, He 6osee, %
(F'OCT P 57964-2017)

— 0,5 0,3 - 0,3 0,3 0,3

UX IJIOTHOCTB, TOIIIUHY CTEHKH, COCTOSHHUE MOBEPXHOCTH YaCTHIl M T.1., IAPAMETP @, IS PEATbHBIX
JUCTIEPCHBIX HAIIOJHUTENICH MOXHO ONPEAEIUTH ¢ OOJBIION JOCTOBEPHOCTHIO 3KCIEPUMEHTAIBHO I10
W3BECTHBIM METOAUKAM: TI0 HACKITTHON TNIOTHOCTH, KPUBOH yIutoTHeHusI, mopuctoct JJHIIKM (MeTox
TpeX KOHIIEHTPALNi), @ TAKKE MaCIOEMKOCTH B oJinroMepoeMkoctH [13, 14].

B pabotax [1-5] mpuBeneHbl JaHHBIE O pa3Mepax, a TakKe KPUBBIE PAaCHpeAeNICHUs TOJIbIX CTe-
KJISTHHBIX MHKpOcdep Mo pasMepaM JUisl Bcex Mapok, BeimyckaeMbix B AO «HIIO CrekionnacTuky.
Jist gacTUL HATIOMHUTENS ¢ mapoodpa3Hoi GopMoit ¢ quameTpoM yactui Oonee ~ 50 MKM, KOTOpbIE
IPAKTUYECKU HE arJIOMEPUPYIOT, IAPAMETP @, JOCTATOYHO IIPOCTO OIPEACIUTD 110 JaHHBIM HACHITHOM
U UCTHHHOM MJIOTHOCTH (p,,.) ¢ ucnonb3oBanuem 'OCT 11035.1-93:

(Pm = pHaC /pl/ICT ’ (1)

L€ P, ., — UICTUHHAS IJIOTHOCTH HAIIOJIHUTEJIS.

OnHako cieayeT OTMETHTh, YTO JIETKHE MOJble CTEKISHHBIE Chepbl B ONPEICICHHON CTENCHH
CKJIOHHBI K arjioMepalyy 1 3T0 HEOOXOAUMO YUYHTBIBATh IIPY HAXO0KJICHUH IIapaMeTpa @,, 10 JaHHBIM
HACBITHOM IIIOTHOCTH. 3Hayenue napamerpa ¢, [ICMC pasHBIX MApOK MOKHO OLEHHMTH II0 MX YIIOT-
HEHHIO 07 AaBJICHHMEM B 00J1acTH pa3pyILleHHs apOYHBIX CTPYKTYp M Hayania pa3pyuieHus: 000J04eK
[15]. ITo KpuUBBIM YIJIOTHEHHS MOXHO ONpPENEIMTh MAaKCHMalbHYIO0 yHakoBky (¢,) wactuu IICMC
1 3HaUYEHUE KPUTHUYECKOTO JABJICHUS (PKp), MpH KOTOPOM OHM HAYMHAIOT pa3pymarbed. Ha puc. 1 u 2
npueneHbl Kpubble ymoTHeHUs IICMC ¢ pa3HOM MIIOTHOCTBIO O] AABJICHUEM.

3nauenune mapamerpa @, i [ICMC pasHbIX Mapok (GMKCHPYETCS MPU KPUTHYECKOM JIaBICHHU
P, (rabm. 2). JJmst Bcex mapok I[ICMC (c pa3HO# MIOTHOCTHIO) XapaKTepHA JIMHEWHAs 3aBHCHMOCTH
M3MEHEHUS KaXYIICHCS TUIOTHOCTU U YIIAKOBKU YacCTHUII OT fAaBieHus. Ha kpuoit ymmotHeHus [ICMC
MO/l TaBJICHUEM YETKO IMPOSBISETCS MEePerud 1o JaBICHUIO (Pyp), IPH KOTOPOM IOJIBIC CTCKIISHHBIC
MUKpOCc(epsl HauuHaIOT paspymartses. C MOBbILIEHHEM 3HAaueHUs UCTHMHHON muoTtHoctH IICMC P
JUHEWHO Bo3pacTtaert (puc. 2, b).

B 1abn. 2 mpuBeaeHb! XapaKTEPUCTUKH MOJIBIX CTEKIISTHHBIX MUKpOC(hep pa3HbIX MapOK U MJIOTHOCTH,
[OJIyYEHHBIE 110 TaHHBIM UX YIUJIOTHEHUS MO JaBICHHEM.

p
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Fig. 1. Compaction curves of hollow glass microspheres of grade MS-B-11 with a density of 0.215 g/em? (a)
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Puc. 2. KpuBas yIUIOTHEHHS MONBIX CTEKISHHBIX MEKpochep Mapku MC-BJI-A9 ¢ mmoTtHOCTHI0 0,39 T/eM? (a)
U 3aBUCUMOCTh PKp OT MJIOTHOCTH TIOJIBIX CTEKIISTHHBIX MUKpocdep ()

Fig. 2. Compaction curve of hollow glass microspheres of MS-VL-A9 grade with a density of 0.39 g/cm? (a)
and the dependence of P_ on the density of hollow glass microspheres (b)
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Ta6nunma?2. XapakTepuCTHKH MOJBIX CTEKJISTHHBIX MUKPocdep pa3HBIX MapoOK
10 IAHHBIM YILIOTHEHHS 110/ JaBJICHHEM

T able?2. Characteristics of hollow glass microspheres of different grades according to pressure sealing data

Mapaniove || Sremipeen | e e | lameen 1OMC |t | e
MC-B-1x 50 0,215 0,60 0,63 0,90
MC-BII-A9 1n 50 0,233 0,57 0,60 1,0
MC-BII-A9 2n 50 0,244 0,60 0,62 1,5
MC-B-2n 50 0,25 0,61 0,62 1,6
MC-BII-A9 (3 rpymnma) 45 0,287 0,60 0,62 2,1
MC-BII-A9 (4 rpymnmna) 40 0,3 0,57 0,63 3,2
MC-BII-A9 (5 rpynmna) 40 0,36 0,58 0,63 2,15
CpenHee 3HaYCHHE 0,62

B pacuerax npu npoektupoBanuu coctaBoB JJHIIKM MOXHO mpUHATH JJIs1 OJBIX CTEKISHHBIX
MuKkpocgep Bcex Mapok napamerp @, = 0,62 06. 1. (ot 0,60 10 0,63 06. 1.) ¥ Bee MCCeNyeMble YaCTHIIbI
[ICMC M0OHO OTHECTH K pa3psay KpynHbIX yacTHUIl. [Ipu noiaydeHnu JakoB U Kpacok JJIs O peesIeHus
rapaMeTpoB MOPOIIKOBEIX HanonHUTeNeH [13] npennokeHa HOBass METOAMKA ONPEesIEHU s MaKCUMaIb-
HOT'O COAEPKaHMs JUCIEPCHOTO HAMOIHUTENS @, 110 MacaoeMKocTH. B otiuune ot 'OCT 21119.8-75
B Ka4eCTBE KPUTEPHS IO MACIIOEMKOCTH PEKOMEHIOBAHO UCTIOIh30BaTh MUHUMAIbHBIA 00BEM JIEHSHO-
ro mMaciia HeoOXOIUMBIN U TIOCTATOYHBIN T (POPMHUPOBAHUS MOHOJIUTHOTO IIapa M3 TUCTIEPCHBIX Ya-
CTHUI] HAIOJTHUTEI .

Hns cozmanusa JJTHIIKM c I[ICMC B kauecTBe KOMIIOHEHTA CBSI3YIOMIETO YaCTO HCIIONB3YIOTCS KU /I-
KM€ HU3KOBS3KHE OJIUTOMEPHI, KOTOPHIE ObLIN MPEAIOKEHBI ISl 3aMEHBI JIFHSHOTO Maciia IPpH Olpee-
JICHMH MAacClIOEMKOCTH U mapameTpa ¢, [16]. 3amena JIbHAHOro Macia Ha )KHIKUH HU3KOBA3KHMH OJIUTO-
Mep (OTMTrOMEPOEMKOCTbD) MO3BOIMII MPHOIU3UTE (HOPMUPYEMYIO AUCIEPCHYIO CUCTEMY K PeallbHbIM
yenousiM nonydenus JJHITKM u Takum 00pa3om MOBBICUTH HAJISKHOCTD pe3ynbTaToB [13].

ITo naHHBIM OJTMTOMEPOEMKOCTH (Y) MOXKHO paccYMTaTh 3HAYEHUE NapaMETPa @, JJIs JUCHEPCHBIX
HanotHUTeNeH (IICMC):

100p,,
B 00BEMHBIX JOJIAX — @, = ————— [00. 1], 2
¢ Yo +100p.. [ ] )
acc 0 100 [mac. a.] 3
B MAaCCOBBIX JOISIX — @, = ——— [Mac. 1.].
A " =Y 100 A

AHANOTMYHO PaCCUMTAHbI 3HAYEHUS NapaMeTpa ¢,, o MaciaoeMkocTy (X) nus uccnexyembix [ICMC
pasHeIX Mapok. Merox onpenenenus napamerpa ¢, 111 [ICMC no nopucroctu JJHIIKM npu Tpex
KOHIIEHTPALIUAX, KOTOPBIN HCIIONb3yeTCsl B OCHOBHOM IIPU CO3/IaHUM KOMIIO3UIIMOHHBIX MaTepHasioB Ha
TEPMOIJIACTHYHON MaTpulle, B JaHHON paboTe He UCMONB30BaIH, TaK KaK BO3MOXKHO pa3pylIeHHUE T0-
JBIX YacTHII B Mpolecce cMenieHus. B tabi. 3 mpeacTaBieHbl CBOAHBIC JaHHbBIC [0 3HAYCHHSIM Mapa-
metpa @, aias [ICMC ¢ pa3HO# IIIOTHOCTEIO, ONIPEAEIEHHBIE [0 YETHIPEM Pa3HBIM METOIUKAM.

AHanu3 JaHHBIX Ta0J1. 3 OKa3aJl, YTo AJIsSL KPYIHBIX HOJIBIX CTEKIISIHHBIX cdep ¢ ruaMmeTpoM Ooee
50 MKM, JUIsl ONpENeNIeHHs 3HAYEHHs MapamMeTpa @, MOXHO HCIOJIb30BaTh METOIUKY IO HACBHITHOM
IJIOTHOCTH W YIJIOTHEHWE NOX AaBieHHeM. HaneskHble pe3yibTaThl yAaeTcsd MONydaTh I YaCTHIL
Pa3HBIX pa3MepoB, BKIIIOYAss M HAHOYACTHIIBI, METOJAMU MAacCJO- U OJHUTOMEPOEMKOCTH, KOTOPhIE He
TpeOyIOT OOIBIINX MAaTEPUATBHBIX M BPEMEHHBIX 3aTpaT.

Takum 00pazom, 1o mpeaIaraeMbIM METOJUKAM MOYKHO TIOJTy4aTh HaJIeKHbIC TaHHBIC 110 3HAUYCHHIO
MaKCHMalbHOro conepxkanus (napametp ¢, ) ans [ICMC pasnbix mapok B JIHIIKM ¢ MuUHMMAaIbHBIMH
3aTpaTaMy BPEMEHH U PECYPCOB METOJaMH, KOTOPBIE MPAKTUYECKH JOCTYIHBI Ha JIIOOOM MTPOMBIILIJICH-
HOM npeanpusaTun. Caeayer OTMETUTD, YTO 3HAYEHHE ITapaMeTpa @, , Oy IEHHOE B PE3YIILTATE IKCIIE-
PUMEHTA JJIS1 peaJIbHOT0 HAMIOJTHUTEIIS YUUTHIBAeT (OPMY, pa3Mep, yIaKOBKY, COCTOSIHUE IOBEPXHOCTH
YaCTHII, pacipeiesieHUe YacTHI] [0 pa3MepaM U UX MaKCUMaJIbHOE cojiepykanre B MOHOIUTHBIX JTHITKM.
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Ta6nuua3. 3navenus napamerpa @, 1jsi [ICMC pa3HbIx Mapok
Table3. Values of ¢,, for different grades of HGMS

IMnotHoCTS, /oM’ 3HaueHus mapameTpa @,,, 00. 1. Ul TOJIBIX CTEKIAHHBIX MUKPOChEp pasHbIX
CpCI[HI/[ﬁ MapoK, MOJYYCHHBIC 10 PA3JINYHBIM METOAMKAM
MapKa eMme AuaMeTp, MKM o
0 KpPUBOI 0 MacJyo- 10 OJTUTOMEPO- cpenHee 3HaUYCHHE
Prer Prac YIIOTHEHHS €MKOCTH eMKOCTH ¢, 06. 1.
MC-B-11 50 0,215 0,13 0,63 0,63 0,63 0,63
MC-BII-A9 1x* 50 0,233 0,13 0,60 0,60 0,58 0,59
MC-BII-A9 21* 50 0,244 | 0,15 0,62 0,63 0,63 0,63
MC-B 2n 50 0,25 0,15 0,62 0,62 0,60 0,61
MC-BII-A9(3)* 45 0,287 | 0,17 0,62 0,60 0,60 0,61
MC-BII-A9 4 rpymnmna * 40 0,3 0,22 0,63 0,63 0,64 0,63
MC-BII-A9 5 rpynma* 40 0,36 0,20 0,63 0,62 0,62 0,62
Cpennee 3Ha4eHHeE apamMeTpa ¢,,, 00. 1. 0,62 0,62 0,61 0,62

I[Tpumeuanune *Muxpochepbl aHpeTHPOBAHBI Y-aMHUHOIIPOITMITPHUITOKCHUIIAHOM.

IIpoextupoBanme coctaBos Jerkux JHIIKM ¢ pa3asim Tamom aucnepcHoi ctpyktypsl (PC, HHC,
CHC-1, CHC-2 u BHC) ¢ ncnionp30BaHHEM SKCIIEPUMEHTAIIBHBIX JAHHBIX 110 IAPAMETPY @, TPUBOAUTCS
HUXKeE.

Ilo 3nauenuto napamerpa ¢, A1 [IICMC moxHO paccuuTath 0600mensele (O, B u M) u npusenes-
HbIE (acp/d, O/B u O/S,) napameTpsl qucnepcHoi cTpyktypsl JHIIKM, nposecTu ux kiaaccuuKanuio
W CBS3aTh CBOIMCTBA MaTepHasa ¢ TUIIOM M OOOOIECHHBIMH, U IPUBEICHHBIMH MapaMETPAMU CTPYKTY PBI
[9—-12]. ITo n3BecTHOM popMyiie MOKHO paccuuTarh 0000meHHbIH napameTp ® ans JHIIKM c nonsimu
CTEKJISTHHBIMU MUKpOCc(hepaMu:

©=(,~9,)/9,,00. 1. @)

3anasas conepxanue [ICMC B unTepsane ot ¢, , .. J10 @,, MOXKHO NPOBECTH KIaCCU(DUKALIUIO
Bcex JTHITKM c [ICMC (na mro0bIx MaTpHUIax — NOJTHUMEPHBIX, METAINTNYECKUX, KEePAMUYECKHUX H T.JI.)
10 CTPYKTYPHOMY NPUHIUITY:

pasbasiiennbie cuctemsl (PC) 1,0>0<0,90, 00. 1.
HHU3KOoHanoaHeHHbIe cucTemMbl (HHC) 0,90 > ® < 0,75, 00. #.
cpenneHanonHeHHble cucteMbl (CHC) 0,75> 0 <0,20, 00. 1.
CHC-1 (mo mpenena TeKy4ecTH) 0,75 > ® < 0,45, 00. 1.
CHC-2 (c mpenenomM TeKyJeCTH) 0,45 > ®<0,20, 06. 1.
BBICOKOHaMOTHeHHBIe cucTembl (BHC) 0,20> 0 < 0,0 00. 1.

CBEPXBBICOKOHANONHEHHBIE cucTeMbl (CBHC) ¢, >0,
IIpoekTupoBanue u pacuet cocraBa JJHITKM c 3alaHHBIM THIIOM CTPYKTYPbI IPOBOIMIIU 1O (POp-
MyJie
¢0,=(1-0)¢,, 00. 1 )

Ha puc. 3 npusenena 3aBucumocts coaepxkanus [ICMC B JIHITKM ¢ pa3HbIM THIIOM THCHIEPCHOM
CTPYKTYpbl OT 0000LIEHHOr0 MapaMeTpa ® mpu ycloBHH, YTO mapameTp @, Mg Beex mapok IICMC
MPUHUMAETCS PaBHBIM cpefaHeMy 3HaueHuto ~0,62 00. 1.

B Tabn. 4 nmpuBeneHBI pacueTHBIC TaHHBIE TIPAKTUYECKH IS BCeX BO3MOXKHBIX cocTaBoB J{HIIKM
C 3aJaHHBIM THUIIOM AMCIEPCHOM CTPYKTYPBl M HCIIOJIb30BAHHEM IIOJIBIX CTEKJISHHBIX MHUKpochep
pasHol miuoTHocTH. [Ipuyem mapameTp @, JUIS TOJNBIX CTEKIAHHBIX MUKPOC(EP BBIOpaH B OOJIBIIOM
uHTepBane 3HadeHuid ot 0,50 (BcTpewaercs Ha mpaktuke) 1o 0,64 u 0,74 00. 1., 4TO COOTBETCTBYET
TEOPETUYECKOW KyOMUYECKOH M TeKCaroHaJbHOW yIakoBKE MIapOOOpa3HBIX YaCTHUI[ COOTBETCTBEHHO
1 OXBaThIBaeT BECh KJIACC JAHHBIX KOMITIO3UIIMOHHBIX MaT€pHAIOB.

Jns JHIIKM c pasusim tunom aucnepcHoit ctpyktypsl (PC, HHC, CHC-1, CHC-2 u BHC), 3Has
IIIOTHOCTH nonumepHoi marpuuel (p) u IICMC (p,), a Takxke conepxanue (@) HanonHuTens (Tadn. 4),
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Puc. 3. 3aBucumocts cogepxkanus [ICMC (¢,)
B JIHIIKM c pa3HbIMH TUITAMH JUCHIEPCHOMN
CTPYKTYPHI 0T 00001IeHHOT0 TapameTpa ® 1iis
KpynHbIX yacTul ¢ d = 50 Mmkm u ¢, = 0,62 00. 1.

Fig. 3. Dependence of the HGMS content (¢,) in
DFPCM with different types of disperse structure
on the generalized parameter ® for largeparticles

with d =50 pm and ¢m =~ 0.62 volume ratio.

MOYKHO pacCuMTaTh 3HAUEHUE IJIOTHOCTH MOJUMEPHBIX
KOMIIO3UTOB JJI51 BCEX TPOCKTUPYEMBIX COCTABOB U CTPYK-
Typ 1O U3BECTHOMY ypPaBHEHHMIO: P, = ¢, p, + (1 —¢,) p,.
MuHuManpHOE 3HAUYEHUE IUIOTHOCTH s JIETKUX
JHIIKM c I[ICMC nocturaetcst Ipu MaKCHMaJIbHOM CO-
JEp)KaHUM HAINOJHUTENS (apaMeTp ¢,) Ui BBICOKOHA-
TIOJTHEHHOT'0 THUTIA [uctiepcHo cTpyKTypsl (BHC).

J11s TeXHOJIOrOB M KOHCTPYKTOPOB MHHOBAIIMOHHBIX
MOJIMMEPHBIX KOMIIO3UIIMOHHBIX MaTepuasoB Ha IpUMepe
KOMIIO3UTOB C MOJIBIMU CTEKJISTHHBIMA MUKpOC(epamMu pea-
CTaBJIeHA 00IIas JJorucTuyeckas cxema cozganus JHITKM
C Pa3HBIMHU THUIIAMH JHUCTIEPCHON CTPYKTYPHI (TPOCKTHUPO-
BaHHe cocTaBoB) (puc. 4). Heo0X0quMo OTMETHTB, YTO TIPH
cozganun JIHIIKM ¢ mosbsIMM CTEKJISIHHBIMM MHUKPO-
chepaMu MOXKET TIPOUCXOJUTH Pa3pylIeHUEe UX 000IOUKH
B TEXHOJIOTHYECKUX IPOLIECCAaX CMEIIEHUs Ha Pa3IuIHOM
TEXHOJIOTHYECKOM 000pYyIOBaHWU. DTO MPUBOIUT K yBe-
nuenuto mwotocty JJHITKM n o6pa3oBanuio pa3inyHbIX
ne(eKToB, CHIKAIOMNX (PU3HKO-MEXaHUYECKUE U APYTHE
xapakTepucTukd. OJHUM U3 BOBMOXKHBIX IyTEH pelIeHUs
JMaHHOW TPOOJIIEMBI MOXKET CIY)KHTh HCIIOIIb30BAHHUE KO-
POTKMX CTEKJSHHBIX BOJOKOH, CIMOCOOHBIX TIOBBICHUTH
MPOYHOCTHBIE XapaKTEPUCTUKU TOTUMEPHONH MaTPHUIIBI

[10]. Ontumuzanus tuna ctpykryp JHIIKM ¢ IICMC u cocTaBOB ¢ TEXHOJIOTHYECKON TOUKHU 3PCHUS
TpeOyeT JajdbHeHINX UcCaeI0BaHUH.

Ta6nunad. Tun crpyktypsl u cogepxanue [ICMC B JITHIIKM ¢ pa3HbIM THIIOM JHCHEPCHOI CTPYKTYPBI
H yHaKOBKOMH 4acTuu (¢, 00. 1.)

Table4. Structure type and HGMS content in DFPCM with different types of disperse structure
and particle packing (¢,,, vol. ratio)

Tun crpyKryphi ?lggggee:;{gﬁ Conepsxanne I[ICMC (,, 06. 1.) ¢ pa3HbIM 3HAYEHHEM TTapaMeTpa ¢, 00. 1.
AHITKM 6.4 0,52 0.55 0.60 0.62 0.64 0.68 0.74
PC 0,99-0,90 {0,005-0,052|0,0055-0,055|0,006—-0,06|0,006—0,062|0,0064—0,064|0,0068—0,068 | 0,007—0,074
HHC 0,90-0,75 | 0,05-0,125 | 0,055-0,137 | 0,06-0,15 |0,062-0,155| 0,064-0,16 | 0,068—0,17 | 0,074—0,185
CHC-1 0,75-0,45 (0,125-0,275| 0,137-0,302 | 0,15-0,33 | 0,155-0,34 | 0,16-0,35 0,17-0,375 | 0,185-0,41
CHC-2 0,45-0,20 | 0,275-0,40 | 0,302-0,44 | 0,33-0,48 | 0,34-0,496 | 0,35-0,51 | 0,375-0,544 | 0,41-0,59
BHC 0,20-0,0 | 0,40-0,52 | 0,44-0,55 | 0,48—0,60 | 0,496—-0,62 | 0,51-0,64 0,544-0,68 | 0,59-0,74

ITpuwmeuanue. Pacuersl BoinonHensl A1 IICMC ¢ pasHbIM 3Ha4€HHEM ApaMETPa @,, .

AJaroputM npoekTupoBaHus coctaBos Jjerkux JHIIKM ¢ IICMC
U Pa3HBIMHU TUNAMHU CTPYKTYP

1. O6ocHOBaTh BEIOOp MOTUMEPHOH MaTpullsl s co3nanus JJHIIKM u uccrnenoBaTs HEOOXOMH-
MBI U 10CTaTOYHBIA KOMIIJIEKC TEXHOJIOTMYECKUX U SKCIUTYaTallMOHHBIX XapaKTEPUCTHK.

2. O06ocHOBaTh BBIOOP OUCIIEPCHOI'O HAMOJHUTENS M ONPEACIUTb OCHOBHBIC XapaKTEPHUCTUKHU
IICMC (cpemauit TuaMeTp YacTHIl, KpUBas paclpeacsieHus YacCTHII 110 pa3Mepam, TIIOTHOCTb 000JI04-
KU, TNIOTHOCTH Cep, HACBIITHYIO U HICTUHHYIO TUIOTHOCTB).

3. OmpenenuTh 3HAYEHHE IIOTHOCTH YMAKOBKHU (kyn) U MakcuMasbHOro cozepxanus [ICMC
B JIHIIKM (mapametp ¢,,) 10 IIpeaIaraeMbIM METOJUKAM.

4. Paccuntarp o0o0menusie (O, B, M) u npuBeIcHHbIC (acp/d, Q/B, ©/S,) napamMeTpbl CTPYyKTYpbl
JHIIKM c IICMC wu pasusiMu Tuniamu pucnepcnoit crpykrypst (PC, HHC, CHC-1, CHC-2 u BHC)
10 U3BECTHBIM (opmynam [11].
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5. IlpoBectu knaccudpukanuio JHIIKM c noasiMu cTekJITHHBIMU MUKpOc(epamMu, ONpeaeauTh na-
pameTpsl 1uist pa3HeIX THIOB aucnepcHoit ctpykrypsl (PC, HHC, CHC-1, CHC-2 u BHC) na ocHose
MIPAKTHYECKH 000U OTUMEPHON MaTpHIlst [11].

6. Paccuurars comepxanue (¢, 06. 1.) IICMC pasubix mapok B JJHITKM nns xaxaoro tuna auc-
niepcuoit ctpykTypsl (PC, HHC, CHC-1, CHC-2 u BHC) no dopmyme

0, =(1-0)¢,. ®)

7. Onpenennts coctaB JJHIIKM ¢ IICMC (¢, 1 ¢,) 115 xax aoro tuna ctpykrypel (PC, HHC, CHC-
1, CHC-2 u BHC) kak: ¢, + ¢, = 1,0 00. x.
8. PaccunraTh HaBecku s pa3Hbix coctaBoB JIHITKM B MaccoBbIX eIMHUIAX, COTIIACHO (JOpMYIIe

Prac 1= Pos ! [Pos.w (1 =Py / Py T Py / Py)s Mac. 1. uiu mac.%. 6)

B pabotax [9-13] moka3aHo, 4TO THII IUCIEPCHOM CTPYKTYPhI U €€ MmapaMeTpsl OMPEaeIsIIOT KOM-
IIJIEKC TEXHOJIOTHYECKUX U IKCIUTyaTallMOHHBIX cBoiicTB JJHITKM.

3akoouenue. BriepBble AM TONBIX CTEKISHHBIX MHKPOC(Ep C HCIOIB30BAaHHEM HECKOJIBKUX
METOMK OIPEIENEHO 3HAYECHNE X MakcuMaibHoro cogepxanus B JJHIIKM (mapametp ¢,,), 4To no-
3BOJISIET paccuuTaTh 0OOOIICHHBIC W NMPHUBEACHHBIC MapaMeTpbl CTPYKTYpPbI, IPOBECTH Kiaccupuka-
nuro o crpykrypaomy npunnuny (PC, HHC, CHC-1, CHC-2 u BHC) u paccunTeIBaTh COCTaBHI JIeT-
KUX KOMIIO3UTOB C 3aJaHHOM INIOTHOCTBIO M JPYTHMH CBOWCTBAMH. PacCUMTaHBI MPAaKTUYECKU BCE
Bo3MoxHBIe cocTaBel JJHIIKM ¢ IICMC u pa3asiM TanoM aucnepcHoit ctpyktypsl (PC, HHC, CHC-I,
CHC-2 u BHC).

Breperie npuBenena nosiHas cxema coznanust JJHITKM Ha mro6oit maTpuiie (oiauMep, MeTasll,
KepaMuKa) ¢ 3aJJaHHbIM TUIIOM JTUCIIEPCHON CTPYKTYpPhI U cBOMCTBaMH. IIpeacTaBiieH alropuTM mpoex-
tupoBanus coctaBoB Jerkux JJHITKM ¢ IICMC u pazHbIMu TUIIAMU CTPYKTYpP U CBOMCTBaMHU.
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IT'naPOPOBN3ALINA U YITPOYHEHUE NEJJIIOJO3HBIX MATEPUAJIOB
N3 BTOPUYHBIX PECYPCOB

AHHoTanus. VccnenoBaHo BIMSHNE TPOKICHBAIONIETO BEIECTBA M HAMOTHUTENS Ha (PH3MKO-MEXaHUIECKUE U MTOBEPX-
HOCTHBIE CBOIcTBa OyMaru U3 LEeJTI0I03HON MacChl BHYTPEHHET 0 CJI0s1 KOPBI BETOK TyTOBOTO JiepeBa. [1o craHaapTHEIM Me-
TOJMKAM H3y4YEeHbl MEeXaHHUeCKas IIPOYHOCTH U BHUTHIBAIOIIAS CIIOCOOHOCTH. [IOBEpXHOCTHYIO BIIUTHIBAEMOCTh IIPU OJHO-
CTOPOHHEM CMaYHBAHWHU ONpeaensiin 1o Metoay Kob0 s, myTem onpeaeneHis MacCel BOBI, MOTIOMECHHON MOBEPXHOCTEIO
OyMaru mpu CMauMBaHUHU OJHOW CTOPOHBI MCIBITYEMOro oOpasia. BeisiBiaeHo, 4ToO 1enecoodpa3Ho no0aBiIeHNUE TMPOKIICH-
BAIOIIETO BellecTBa B npesenax ot 1 10 1,5 r va 100 T cyXoro IeIi0I03HOTO ChIPBS, TaKk Kak yBeJIH4eHHe J0OaBKH 10 2 T
CII0COOCTBYET YMEHBIICHNIO MEKBOJIOKOHHBIX CHIT cBs3M Ha 21 %. /lobaBieHue kaonnHa B KOJIMUYeCTBE 6 T BIHMSET Ha pac-
CTOSTHHE MEXK/y BOJIOKHAMHU, YTO YMCHBIIAET MEXaHNIECKHE CUIIBI CeTuieHns Ha 12,5 %. B xoze aHamm3a moBepXHOCTHBIX
CBOHMCTB 00pa3moB Oymaru ompezaeneHa 3pGeKTUBHOCTh Mpokaelku ot 22,5 1o 30 % ¢ yBenndeHHEeM MPOKIEHBAIOIIETO
BEILIECTBA, YTO MOKHO OOBSICHUTh YIUIOTHEHHEM CTPYKTYPbI, KOTOPask NPEMSITCTBYET IPOHUKHOBEHHIO BOAHBIX PaCTBOPOB.
JlobGaBiienne kaouHa OT 2 10 6 T TAKIKE MOBBIIIAET CTOUKOCTH K Bojie OT 17,5 10 25 %. C nmoMoIIbpio MaTeMaTHYECKON MOJICITH
MOKa3aHbl pPAIl[OHAJIBHBIC 3HAYEHHUS BIUTHIBAIONICH CIIOCOOHOCTH NpH cocTaBe OyMaskHON Macchl 92 % IIpH MpOKJICHBATO-
meM BemecTse 1,5 r u konudecTBe HanmoTHUTeNs 4 T. [lomyueHHas MaTeMaTHIeCKast MOJENb MOXKET ObITh TTOJI0KEHa B OCHOBY
YIpPaBJICHHUs MOBEPXHOCTHBIX XapaKTEPUCTHK OyMaru B poIecce ee MPOr3BOICTRA.

KuroueBsbie ciioBa: Oymara, IIeJITI0OJIO3HAs] Macca, BHYTPEHHHUHN CIIOH KOpPBI BETOK, IIPOKJISHKa B Macce, KaHH(OIbHBII
KJIeH, MeXaHUYeCcKas TPOYHOCTH, BIUTHIBAIONIAS CIIOCOOHOCTH

Just nutupoBanus. ['mapodoOuzanus u ynpouyHeHHE EJUTION03HBIX MaTepHaIioB U3 BTOPHUHBIX pecypcoB / X. A. ba-
6axanoBa [u np.] / Bec. Hau. akan. nmaByk Bemapyci. Cep. xim. HaByk. — 2022. — T. 58, Ne 4. — C. 67-77. https://doi.
org/10.29235/1561-8331-2022-58-4-67-77
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HYDROPHOBIZATION AND STRENGTHENING OF CELLULOSE MATERIALS
FROM SECONDARY RESOURCES

Abstract. The influence of the sizing agent and filler on the physical-mechanical and surface properties of paper from the
cellulose mass of the inner layer of the bark of mulberry tree branches has been studied. According to standard methods, the
mechanical strength and absorbency were studied. Surface absorbency for one-side wetting was determined by the method
of Cobb (), by determining the mass of water absorbed by the paper surface when wetting one side of the test sample. It was
found that it is advisable to add a sizing agent in the range from 1 to 1.5 g per 100 g of dry cellulose raw materials, since an
increase in the additive to 2 g helps to reduce the interfiber bonding forces by 21 %. The addition of 6 g of kaolin affects the
distance between the fibers, which reduces the mechanical adhesive forces by 12.5 %. During the analysis of the surface
properties of paper samples, the sizing efficiency was found to be from 22.5 to 30 % with an increase in the addition of sizing
glue, which can be explained by densification of the structure, which prevents the penetration of aqueous solutions. The
addition of 2 to 6 g of kaolin also increases water resistance from 17.5 to 25 %. With the help of a mathematical model,
rational values of absorbency were revealed with a composition of 92 %, with a sizing agent of 1.5 g and an amount of filler
of 4 g. The resulting mathematical model can be used as the basis for controlling the surface characteristics of paper during its
production.

Keywords: paper, pulp, inner bark of branches, sizing in the mass, rosin glue, mechanical strength, absorbency
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Beenenue. Bo Bcex cTpaHax MHpa OJHHMM M3 aKTyallbHBIX HaIllpaBJICHUH sBIeTCS pazpaboTka
U Pa3BUTHE PecypcocOeperaonux TEXHOJIOIHH M0 UCTIONb30BaHUIO B KAUECTBE CHIPhSI OTXO0B MPOH3-
BOJICTBA, UMEIOIINXCS B OTPOMHBIX KOJMYECTBAX U HE HALIEIINX TPOMBIIIIIIEHHOr0 IpUMeHeHns [1-6].

OxoHoMmuka PecyOiinku Y30eKucTaH sIBJISETCS OIHOW M3 CaMbIX KPYNHBIX B LIEHTPaJbHO-a3HaT-
CKOM peruoHe. B mocnenHue rogsl OHa AMHAMUYHO M CTAOMJIBHO pa3BUBAEeTCs U pacTeT. JlocTarouHo
OTMETHUTH, YTO PecIyOiiMKa 3aHUMAaeT TPEThE MECTO IO M3TOTOBJICHHUIO IIENKa B Mupe mnocie Kuras
u Unaun. CornacHo noctanosienuto [Ipesunenta Peciyonuku Y30ekuctan ot 31.07.2019 . Ne [111-4411
B CTpaHe peasin3yeTcsi KOMILJIEKC Mep Mo AaJbHEHIIeMY pa3BUTHIO IIEIKOBON OTPaciy, pacIMPEHUIO
BHJIOB ITPOM3BOAMMON MPOIYKINH, @ TAKKE BCECTOPOHHEHN MONIEPKKE SKCTIOPTHON M HHBECTUI[MOHHON
JOEATEIBbHOCTH MPEeNNPHUITHH MIETKOBOM OTpaciu, ISl YeTrO BBLACISIOTCS JOMOJTHUTENBHO Oornee 12 Thic.
ra 3eMeJIbHOM TUTOIIA/I Ha CO3/1aHUE TYTOBBIX IUIAHTALNHN JIJIs HIETKOBOAYECKUX KIacTepoB [7].

VYenemHoe NpOMBIIIIIEHHOE Pa3BUTHE IIEIKOBONW MPOMBINUIEHHOCTH HAPSAY C MO3UTHBHBIMH pe-
3yJBTaTaAMU TIOPOJKIAECT CEPhE3HBIE 3KOJIOTMUECKHE MPOOJIEMBI 32 CUET YBEJIUYEHUsI 00beMa OTXOOB,
a UMEHHO BETOK TYTOBOTO jaepeBa. [loaToMy BO3HHMKaeT BayKHAs HAyYHO-TEXHUYECKas 3a/1ada, 3aKITio-
Yaromasicst B pa3paboTKe TEXHOIOIHYECKUX TPOIIECCOB € UCIOIb30BAHHEM BETOK TYyTOBOTO JiepeBa I10-
clle yJaJeHUs JIUCTHEB, SIBIAIONIMXCS HCTOYHUKOM NMUTAHUS JINUYMHOK IIENKOMPsiAa, KyKoJIKa KOTOPOTro
Heo0XoIMMa JJIsl TPOU3BOACTBA Iieika. B TallkeHTCKOM HHCTUTYTE TEKCTUIBLHON U JIGTKOM MTPOMBIIII-
JICHHOCTU BEIyTCsl Hay4yHbIe pabOThl MO MOJNYYEHHIO OyMaru M3 LEJUIIOJIO3HOW MacChl BHYTpPEHHEH
KOPBI BETOK TYTOBOT'O JIEPEBA U KOMIJIEKCHOMY M3y4EHHUIO X CBOMCTB [8—11].

[leyaTHO-TEXHUYECKHE CBOMCTBA, @ UMEHHO KPAaCKOBOCIIPHATHE OyMaru, B cOCTaBe KOTOPOH Lel-
JI0JI03HAs Macca U3 BETOK TYTOBOTO JIEPEBA, OIPEIEIICHBI ITO PE3YJIbTaTaM MUKPOCKOITUYECKOTO U JIEH-
CUTOMETPUYECKOr0 aHAIN30B. BhIsIBICHO, 4TO AaHHbBIE 00pa31bl OyMaru MO>KHO HCIIOJIb30BaTh IIPH CO-
BpeMeHHOH Ink-jet TeXHOIOTHH, HO TPH STOM KEJIaTEIHHO HCIIONb30BATh MUTMEHTHBIE YepHUTIA, MEHEe
TpeboBaTeIbHbIE K BIUTHIBAIONIEH CITOCOOHOCTH OyMaru HJIM MPH Ccroco0ax Mevyary, He MCIOIb3yIo-
[TUX MaJOBSI3KHUE MeUaTHbIC Kpacku [12].

Juist Toro yToObl Oymara Oblla TPUTOAHA JJISI TIeYaTH YSPHUIIAMH JI000H BSI3KOCTH, IPUMEHSIIOT
ruapododu3upyoLMe TpokienBaronue Bemectsa [13, 14]. B xkauecTBe Takux MaTepuanoB Haubosee
3¢ GeKTUBHBIM sBIIsIeTCS 0ObIYHAsI KaHU(DOJIb U3 COCHOBOHM JKMBHIIBI, UTO SIBJSCTCS ACHULUTOM AJIS
PecniyOuinku Y30ekucrtaH. B ¢Bsi3u ¢ 3TUM MOKMCK aJbTEPHATUBHOIO CHIPbS ISl [TOJTyYEHUS KJles Ha Ka-
HU(OIBHON OCHOBE SIBIISIETCS aKTyalbHbIM. [I03TOMY Liesib paGoOThl — MOBBILIEHUE MIOKa3aTeIel Kaue-
cTBa OyMaru M3 LEJUIIOJIO3HONW MacChl BETOK TYTOBOI'O JIEPEBa IIyTeM IIPOKJICHKN B Macce KaHU(OIb-
HBIM KJI€eM, MTOJTyYeHHBIM U3 )KHUBHUIIBI YEPEITHEBOTO JepPeBa.

JKcNepuMeHTAJdbHAs YacTh. [[i151 obecnieueHus ruapoPoOHOCTH OyMaru U3 IeJUTFOJI03HOH MacChl
BETOK TYTOBOTO JIepeBa MCIOIb30BaIN KaHU(POIBHBIN K€l 13 )KUBULBI YepelIHeBoro aepesa. s ago-
CTH)KEHUS LM PELIaIUCh CIEAYIOUINe 3aauu: NoIydanr o0pas3ibl OyMaru U3 IeJUTF0JI03HOH MacChl
BETOK TYTOBOTO JiepeBa MPH MPOKJICiKe B Macce KaHU(OIBHBIM KJIEEM M3 KUBHUIIBI YEPELTHEBOTO Jiepe-
Ba; MCCIIEJOBAJIN CTENEHb BIMSHUS MPOKJIEUBAIOLIETO BEIIECTBA M HAIMOJHUTENS HAa MEXaHUYECKHUE
1 TIOBEPXHOCTHBIE CBOWCTBA OyMaru; JUIsl BHISIBJICHUSI PALIMOHAIBHBIX 3HAUEHU I KOMIIO3ULIHOHHOI'O CO-
CTaBa, KOJIMYECTBA ITPOKJICUBAOIIETO BEIIECTBA U HAIIOJHUTENS BBIUECIISIIIM MATEMaTHYECKH; U3y YN
CBOMCTBa OyMaru 1 NpeAokKWIN PEKOMEHIALNHU 110 UX IIPUMEHEHHUIO.

O0beKTHI U MeTObI HccaeT0BaHUA. B KauecTBe 00BEKTOB MCCIIEOBAHUS NCTIOIH30BaIN 00pas-
(bl OyMaru M3 IEJUIIOJI03HONH MacChl BHYTPEHHEW KOPbI BETOK TYTOBOIO JIEpEBa, CBOMCTBA KOTOPOM
n3y4eHsl aBTopaMu panee [8—10].

Hccnemyemblii Kiael moaydaian U3 CIPOH CMOJIBI ((KHBHIIBI) YEPEIIHEBOTO AepeBa. 3aTeM MPH TeM-
neparype 85-95 °C BelmapuBanu i OYUCTKH OT CKMIHUAApa M JPYTUX JIETYYUX BELIECTB, KOTOPBIX
B cbIpo# cModie 25 %. B momydeHHOM 0€3 HCIOIb30BaHMSI XUMUUECKUX CPEICTB HATYPaJIbHOM MPOAYK-
Te conepkaHue Boawl He Ooree 0,5 % mpu octaTouHOI KUCIOTHOCTH Tocnenneii He 6onee 0,3 %. IIpo-
KJIeKy OyMaXHOM Macchl TPOBOIUIIN B HEUTpallbHOH cpene mipu pH 6,5-7,2. B xadecTBe koaryiasaTa
HCTIOJb30BAJIM CEPHOKUCIIBIA aJIFOMUHUM.

Ha mucroornuaoM anmapare Rapid-Ketten (upma ErnstHaage, I'epmanus) o crangapTHOH Me-
TO/IMKE MONyYeHbl OyMakHble oOpasipl Maccoil 80+2 T/M?, B KauecTBe HAMONHUTENS HCHONb30BAIH
kaoiuH (pacxox — 2, 4, 6 T o otHomeHuto K 100 T CyXoro HeJUIoI03HOr0 Chipbs). Jlist mpokieiiku
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B MAacCe HCIOJIb30BaJIM KaHU(DOIBHBIN KIICH U3 )KUBUIIBI YSPEITHEBOT'O JIepEBa U KJIeH U3 COCHOBOW XK U-
BUIIBI, B3STHIN JIJISI CDAaBHEHMUSI.

CaoiicTBa Oymaru uccinenoBaiu rmo ctanaapTHeM Metonukam: ['OCT P MCO 536-2013 onpenernsiim
Mmaccy, 'OCT 27015-86 — Tommuny 1 uioTHOCTE. CBOMcTBa 00pa3IoB OyMaru nmpuBeeHb! B Ta0M. 1.

Tab6numnal CaolicTBa NPOKJIEeHHOI GyMaru U3 neJJII0J03HONH Macchl BHYTPeHHEl KOPbI BETOK TYTOBOI'O iepeBa

Table 1. Properties of sized paper from the pulp of the inner bark of mulberry branches

Jlo6asnenue B 100 1 cyXoro 1eJI0J03HOTO ChIPbs, I
Howmep . Macca, r/m?> | Tommmna, MM | IlnoTHOCTS, T/eM®
obpasua %I;EE];]Z:)KFEB;;‘:M KJICH M3 JKUBHIIBI COCHBI KAOJIMH
1 1,0 — 2 80 2,980 0,653
2 1,0 — 4 80 3,033 0,660
3 1,0 — 6 78 3,017 0,664
4 1,5 — 2 78 3,020 0,668
5 1,5 - 4 30 2,933 0,668
6 1,5 — 6 81 3,000 0,668
7 2,0 — 2 82 2,980 0,684
8 2,0 — 4 81 3,080 0,680
9 2,0 — 6 81 3,157 0,674
10 — 1,0 2 80 2,930 0,654
11 — 1,0 4 81 3,090 0,670
12 — 1,0 6 79 2,890 0,666
13 — 1,5 2 78 3,080 0,657
14 — 1,5 4 81 3,113 0,660
15 — 1,5 6 81 3,040 0,667
16 — 2,0 2 80 3,047 0,678
17 - 2,0 4 81 3,110 0,670
18 — 2,0 6 80 3,100 0,684

Pesyabrarsl uccenoBanus u ux odcyxxaenne. Onpenensuin 'OCT 13525.1-79 npouHoCTh Ha pa3phiB
IIPU PACTSIKEHUH Ha BEPTUKaAJIBHOH pa3pbiBHON MamuHe Tuma Testometric V 350-5 CT. Cornacno naH-
HOTO MeTozia o0pasel 3aKperIsulM B 3aKMMax pa3pblBHOW MAIlMHBI, HE Kacasich €ro HCHBITYeMOH
4acTH, ¢ cuiioi HatspkeHus He Oonee 0,3 H (0,03 krc) u onmpenensin ycuire, BpI3bIBAIOIee pa3pyieHne
o0pasia u ero yJyIMHEHUE 0 MOMEHTA pa3phiBa.

Pa3peiBHYI0 17IMHY L B METpax BBIYUCIISIIN TI0 CIIEAYIOMIEH hopMyIie:

_loF
m 2

L

rae I — paspymatomiee ycunue, H; /[, — HOMHHanbHOE pacCTOSHME MEXKAY 3aKMMaMHU, MM; M — Macca
oOpasia, T.
[Ipenen npounoctu nipu pactsixkennn, ¢ Mlla (krc/mMm), paccunuThIBaIu o GopmyJie
F
c=—,
bn
rie b — mupuHa, MM; /i — TONIIIHA 00pa3ia, MM.

OTHOCHTENbHAs TTOTPEITHOCTH ONPEIETIeHHs TTpeiesia MPOYHOCTH MPH PACTSIKEHUH HE MPEBhIIIaeT
+10 % mpu noBepuTenbHOM BeposiTHOocTH 0,95. Mexanndeckue cBOHCTBA 00pa3IioB OyMaru MpUBeIEHBI
B Ta0m. 2.

B xoyie aHanu3a MexaHUYECKUX CBOMCTB 00pa3iioB Oymaru (Tadii. 2) BBISBIICHO, UTO LIEI€CO00pa3HO
Jo0aBIICHUE MPOKJICHBAIOIIETO BellecTBa B mpeaesiax ot 1 g0 1,5 r Ha 100 r cyXoro mesTroio3HOro
CBIPbSI, TaK KaK yBeJIMYeHHUE 00aBKU JIO 2 T CHOCOOCTBYET YMCHBIICHUIO MEKBOJOKOHHBIX CHII
cBsi3biBanus Ha 21 %. JloOaBieHUe KaojduHA B KOJIMYECTBE O T' BIMSICT HAa PACCTOSHUE MEXK]Y BOJIOK-
HaMHM, YTO YMEHbILIAET MEXaHUUECKUE CUIIbI CLEIIeHUs Ha 12,5 %.
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Ta6numna?2. Mexanudeckne cBoiicTBa SymMaru u3 IeJJII0JI03HOI Macchbl BHYTpeHHeil KOPBI BeTOK TYTOBOIO iepeBa

T able2. Mechanical properties of pulp paper from the inner bark of mulberry branches

Macca BBoAMMOTO cBsizyomero Ha 100 r cyXoro 1enIoI03Ho-
TO CBIPBSI, T Tpenen
Homep Kl Paspymaromee PaspriBHas IIpounocTs npourocty,
obpasma yennue, H JUIMHA, M Ha U3rH6
W3 JKMBULBI YEPELITHEBOT O M3 JKUBUIBI KaonnH MIla
nepesa COCHBI

1 1,0 — 2 69 5600 1395 55,667
2 1,0 — 4 64 5200 1192 51,433
3 1,0 — 6 61 4900 1162 48,900
4 1,5 — 2 65 5300 1203 52,200
5 1,5 — 4 62 5000 1045 49,533
6 1,5 — 6 61 4900 1006 48,600
7 2,0 — 2 55 4400 1180 44,300
8 2,0 — 4 51 4100 970 40,767
9 2,0 — 6 50 4000 862 40,300
10 — 1,0 2 69 5600 1394 56,033
11 — 1,0 4 64 5200 1181 51,633
12 — 1,0 6 61 4900 1152 48,733
13 — 1,5 2 65 5300 1205 51,833
14 — 1,5 4 62 5000 1045 49,467
15 — 1,5 6 61 4900 991 48,667
16 — 2,0 2 55 4400 1164 43,833
17 — 2,0 4 51 4100 960 40,633
18 — 2,0 6 50 4000 854 40,167

J171s1 BRISIBJICHU S CTCIICHU BIIMSIHUS TIPOKJICHBAIOIIETO BEIIECTBA U KAOJIMHA HA THAPOPOOHOCTH OY-
Maru ONpeAeIsIN MMOBEPXHOCTHYIO BIUTHIBAEMOCTH IpH ogHOocTopoHHeM cMauuBanuu (I'OCT 12605-97
(ISO535-91)) no metony K066(30), IyTEM ONpPEEIICHNUS MacChl BOMBI (T), TIOTJIOMICHHON MOBEPXHOCTHIO
OyMaru mpv CMauyMBaHHUH OJTHOW CTOPOHBI UCTIBITYEMOTO 00pa3iia, 1Mo cienyrmei Gopmysie:

K066,30, = 100 (my-m,),

rae m, —macca o6pa3ua OCJIC UCIIbITAHMA, I'; 111y — Macca 06pa3ua J0 UCIIbITAaHUAA, T.
PC3YJ'IBT3TI>I I/ICCJ'IG,I[OBB,HI/Iﬁ 3aBUCHMOCTH CBOMCTB 6yMaFI/I OT BUJa MPOKJICUBAIOLICTO BCHICCTBA
" COACPKaHM s HATTOJTHUTEIIS IIPUBEICHBI B Tab. 3.

Tab6numa 3. 3aBUCHMOCTD CBOWCTB GyMaru OT BU/AA U COAEP:KAHUS MPOKJIENBAININX BelIeCTB H HATIOJTHUTEJIsI

Table 3. Dependence of paper properties on the type and content of sizing agents and fillers

Jlo6asnenne B 100 r cyXoro LesarI03HOTO ChIPbS, T
Homep N TloBepxHOCTHAs Brasrocts. %
obpasua qer;J;ZlHZi ())l;:lz;;l:m S — [ BIUTEIBAEMOCTD, I/M> ’
1 1,0 — 2 40 9,3
2 1,0 - 4 33 9,1
3 1,0 — 6 30 9,0
4 1,5 - 2 31 8,8
5 1,5 — 4 29 8,7
6 1,5 - 6 25 8,6
7 2,0 - 2 28 8,2
8 2,0 — 4 23 7.8
9 2,0 - 6 21 7,7
10 - 1,0 2 41 9,2
11 - 1,0 4 37 9,1
12 - 1,0 6 28 9,0
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Oxonuanue maon. 3

Jlo6asnenue B 100 T cyXoro LeJuUIi0N03HOTO ChIPbs, I
Homep IosepxHOCTHAs
M 5 BrnaxHocTs, %
obpasua KJIGH U3 AKUBUIIBI . BIMTBIBAEMOCTb, I/M
deperHeBoro siepena KJICH U3 JKMBUIIBI COCHBI KAOJHH
13 - 1,5 2 30 8,8
14 — 1,5 4 28 8,7
15 ~ 1,5 6 23 8,5
16 ~ 2,0 2 25 8,1
17 ~ 2,0 4 21 77
18 - 2,0 6 19 7.6

B xozne aHanm3a MOBepXHOCTHBIX CBOMCTB 00pa3ioB Oymaru (Tabi. 3) BeisBieHa d()h(HEeKTUBHOCTH
npokierku oT 22,5 o 30 % c yBennueHueM A00aBICHUS MPOKJIEHBAIONIETO KJIed, 9TO MOXXHO 00BsC-
HUTDH YIIOTHEHHEM CTPYKTYPBI, KOTOpas MPEensTCTBYeT MPOHUKHOBEHUIO BOAHBIX pacTBOpoB. J[06aB-
JICHHE KaoJIrHa OT 2 10 6 T TaK)Ke YBEJIMUHUBAET CTOMKOCTH K Bozie oT 17,5 10 25 %.

Ha CJICAYyOUICM 3Tare AJisl BbBIABJICHUA PpAallMOHAJIBHBIX MapaMETpOB C MOMOIIBIO ME€TOJa MaTcMa-
TUYECKOTO MOJICIIMPOBAHUS TIOJTyYeHA MaTeMaTU4ecKash MOJIEb, aJICKBATHO OMUCHIBAIOIIAsT CTCIICHb
3aBUCHMOCTH TIOBEPXHOCTHBIX CBOMCTB OT KOJMYECTBA MPOKJICHBAIONINX BEIISCTB W HAMOTHUTEIS.
[MpuMmensist MHOrO(GaKTOPHOE TJIAHUPOBAHUE, BBIJICIICHBI CICTYIOIINE BApbUPyEMbIe (aKTOPHI: COCTAB
OyMaKHOW Macchl, %; MPOKJIENBAIOIIEe BEIIECTBO, T; HATIOTHUTEND, T. OOBEKTOM HCCIeOBaHUS CITy-
Kua OyMara u3 IeJUTFOJIO3HOW MacCchl BHYTPEHHEH KOPhI BETOK TyTOBOTO JIepeBa, a KPUTEPHEM OITH-
MU3AIUA ); — TIOBEPXHOCTHBIE CBOMCTBA OyMaru, a MMEHHO BIUTBIBAOIIAS CIOCOOHOCTb. YPOBHHU
Y MHTEPBAJIBl BAPHUPOBAHHUSI TUX (DAKTOPOB MPEJCTABICHBI B Ta0I. 4.

Tab6nuua4. OcHoBHBbIEe (paKTOPHI U YPOBHH BAPHUPOBAHUS

T able4. Main factors and levels of variation

OGo3HadeH s VpoBHH BapbUPOBAHHsI
VHTepBa BAPbUPOBAHHS
HaumenoBanue dakropa » . . . .
HaTypajibHbli | HOpManbHbIH | HUKHUH (=) X, . | BepxHuit (+) x| ocHoBHOI (0) X, (axropa A
CocTaB OymakHOU Macchl, % C X 92 96 94 2,0
IIpoksenBatoriee BEmECTBO, T 11 X, 1,0 2,0 1,5 0,5
Hanonuurens, r H X3 2,0 6,0 4,0 2,0

Pabouas maTpuia MHOTO(AKTOPHOTO IKCIIEPUMEHTA 2-TO TIOPSAKA ISl TPeX(aKTOPHOTO Iporecca
MpencTaBlieHa B Ta0l. 5.

Ta6numas Marpuna nJiaHuPOBaHUS

T ableS. Planning matrix

Habnronaemble Gpusndeckue BenUIHHbB
3HAYEHUS PU3NYECKUX BETUYUH (OTKIMKH)
Matpuua njiaHupoBaHus ” ”
I;?z:ap gyui s ;(yui —fu)z 5,
Yu =7 s S =7_1, S:uZ::lsu
x| X, X, Vi Cpennee Vi Ss Yu Ry(%)
1 + + + 40 40,5 1,0 39,625 2,14
41
39
2 - + + 32 35,0 5,25 34,123 2,57
31
36
3 + - + 28 29,0 0,75 31,309 1,37
30
32
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Oxonuanue maon. 5

HaGuroaeMble pU3MUECKHE BETHUHHBI
3HaueHUs PM3MUECKUX BENUYUH (OTKIHMKH)
ManHHa TUIAHWUPOBaHU S m m
?ﬁﬁfﬁ gyuf . I_Z](ym' -7’ 5
.Vu:7’ Si = e S:llz::lsu
x X, X3 Vi Cpentee Vi Y Yu Ry(%)
4 - + 31 31,0 0,25 33,311 -6,94
33
32
5 + + - 29 28,5 0,25 29,061 -1,93
28
30
6 + — 25 24,0 3,25 24,559 -2,28
23
27
7 + - - 28 26,5 4,0 25,935 2,18
30
26
8 - - 22 22,0 0,75 21,433 2,64
23
24

B cootBeTcTBUU C MaTpHIeH MJIaHUPOBAHUS MPOBENEHO § OMBITOB B TPEXKPATHOW MOBTOPHOCTH.
Brimonnena craructuueckast 00padoTka pe3ynbraToB. CHadama onpenesisiii OMMOKH MOBTOPHBIX (Ta-
panienbHbIX) onbITOB. CpeTHeKBaIPATHYHOE OTKJIIOHEHHUE HAXOIUIH 110 (POPMYJIE:

n 2
S_2 _ 2 (yu _yu)
[ b
n—1
rre )_’i — cpenHee apu(MeTHUYECKOe 3HAUYEHHUE IMapaMeTpa ONTHMHU3AINHA TPEXKPATHOTO OIbITa (3HAYe-
HUS TPUBEACHBI B Ta0. 5). J[aHHBIE pacueTOB MpECTaBICHEI B Ta0II. 6.

Tab6nuuna 6. Pe3yrbraThl cTATHCTHYECKOH 00PA0OTKH IKCIIEPUMEHTA

T able 6. Results of statistical processing of the experiment

Homep 1 2 3 4 5 6 7 8
OIlbITa

S} 1,0 525 | 0,75 | 0,25 | 0,25 |3,25| 4,0 | 0,75
s, 1,0 [229] 087 | 0,5 | 0,50 [1,80] 2,0 |0,87

[Ipumep npoBepKH OHOPOIHOCTH psijia AUCIIEPCUM BO BCEX BapHaHTaX dKCIIEPUMEHTA € TOMOIIBIO
G-kputepus Koxpena:

Smax 5,25

>'S; 15,5

=0,34,

G=034<0,516 = G s

Cpasuenue ¢ TabmuabiM G o5 {fy=N =38, f, = m—1 =3-1 = 2} = 0,516 nokaszao, 470 pacyeTHOE
3HaueHne kputepus KoxpeHa MeHbIIe TaOINYHONW BEJMYHHBI, TOATOMY JMCIIEPCUSI CUUTAETCS OIHO-
POJIHOM, a MPOIIECC BOCIIPOM3BOANMBIM.

VYpaBHeHHEe MaTEMAaTUYECKON MOJICSIH C YUYE€TOM MapHbIX B3aUMOACHCTBUN UMEET BUI:

)’} = bo + b1x1 + bzXz +b3X3 + b]le)CZ + b13X1X3 + bz3)€2)€3 + b]z3X1X2X3.
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Koaddunuents perpeccun npu mosHoM (HakTOPHOM 3KCIepuMenTe (Tabi. 7) paccyUTaHbl O Clie-
JOYIOUHUM (OpMyIIaMm:
N~
b = 21
0— >
N
N A
b — 21 XjuX juy
N
N A
X0 XX juX kY
TN

e u — MOPSAKOBBIE HOMEPa BapUaHTOB; i — NOPSIKOBBIE HOMepa GpakTopoB; (iu), (ju), (ki) — ycnoBHbIE
0003HAYECHUS CYMM.

b

Tab6numna7 Paccuntannble K03 PUIHEHTHI perpeccuu

T able?7. Calculated regression coefficients

b() bl bZ b'& b12 b13 b123 b23

29,56 1,56 2,44 4,31 0,94 -0,69 0,94 1,44

IIpumeuanmue. by,—cBoboauslit unen; by, b,, by — nuueiinbie KOOPOUUUEHTEL; by, D)3, byy — KOIDOUIMEHTE! TBOM-
HOTO B3aUMOJEHCTBHSA (aKTOPOB; b, ,s.. ... — KOOQPUIHEHTHI TPOHHOTrO B3aUMOEHCTBHS (aKTOPOB.

TenepL YpaBHCHUC MaTeMaTHYeCKOU MOJCIIN UMECT CJ'IGZ[YIOH_II/Iﬁ BU:

)7 = 29,56 + 1,56x1 + 2,44x2 + 4,31)63 + 0,94X1XZ —0, 69X1X3 + 1,44XQX3 + 0,94)61)62)63.

BeruncisieM TeopeTHUSCKHe 3HAYCHHU S [TapaMeTpa ONTUMU3ALUN Y, BEIUYHHY OIIUOKH Ay =Y — P,
pe3yJbTaThl IpeACcTaBIeHEI B Ta0. 8.

Ta6nuna 8. Pe3yrbTaTsl cTAaTHCTHYECKOIH 00pPadOTKH IKCIIEPHMEHTA

T able 8. Results of statistical processing of the experiment

Homep 1 2 3 4 5 6 7 8
OIIbITa
Vi 40,500 35,000 29,000 31,00 28,50 24,0 26,50 22,0
) 39,625 34,123 31,309 33,311 29,061 24,559 | 25,935 | 21,433
Ay 0,850 0,877 -2,309 -2,311 -0,561 -0,559 | 0,565 | 0,567
A 0722 | 0769 | 5331 | 5341 | 03140 | 0312 | 0319 | 0,321
R, 2,140 2,570 -7,370 -6,940 -1,930 -2,280 | 2,180 | 2,640

Hanee mo ¢popmyne onpenenum Cleayomue OTHOCUTENBHBIE BETHIMHBI R pacX0kKIACHUA (aKTH-
YECKMX ), U pacueTHBIX HaHHbBIX (%) 1o ciepyrouei popmye:

Ro =2=2100.
y
Paccunrtaem JUCTICPCUIO aACKBATHOCTHU
g2 It Ay}
ad = . >
S

rae f= N—(k+1) — aucio cTeneneit cBOOOIBI.
JIiist TpOBEPKH aIeKBAaTHOCTH JIMHEHHONW MOJIeNId 10 KpuTepuio duiliepa HaXOAUM JTHCIEPCHIO He-
aJIEKBaTHOCTH HJIH OCTATOYHYIO TUCIICPCHIO, caM KpuTepuit duriepa:
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2
F _ Sad
pacu = 5
SZ
y

rae S yz — HUCTIEpCHs BOCITPOU3BOAMMOCTH, HailIeHHas 1o (popmyrie

_ 2
) uzl N(m 1)1,21,321(“” =

Hpu yposre sHaunmoctu B = 0,05 kpurepuit dumepa F, 5 (IUCIO CTEIICHEH CBOOOIB! AUCTICPCHH
HeaJleKBaTHOCTHU f, = N—k—1=8-3—-1=4 u uucna creneHeil cBOOO/bI fy = N(m—1)) o TaOIMYHBIM
naHHBIM paBeH 64. [Tockonbky F pacu =0,216<6,4 = F, 45, T0 ¢ 95 Y%-HOM OBEPHTEIBLHON BEPOSTHOCTHIO
MOKHO YTBEPKJaTh, UTO MOJYUYEHHOE YPAaBHEHUE PETPECCUHU SIBISAETCS MAaTEMaTHUUECKOW MOJIEIbIO UC-
cienyeMoro o0bekTa. [ oueHKH 3HAYMMOCTH KO3((UIIUEHTOB PErPECCHOHHOTO YPAaBHEHHSI BBIUUC-
JIMM JJOBEPUTEIbHBIC HHTEPBAJIBI IO GOpMYIIE:

S
y
Ab =1ty N(m-1) ﬁ,
371€Ch to N(m-1) — KpuTepuil CTBIOJCHTA, YUCIIOBbIC 3HAYCHH ST KOTOPOTO BBIYHCISIOTCS 110 (hopMmyJIe:
15,5

t005{fy}——2 09——=—=+1,03.
JN V8
CpaBHuBast 3HaYeHUS KOA()(OUIIMEHTOB PErPEeCCUU ¢ IPaHHUIIAMU JTOBEPUTEIbHBIX HUHTEPBAJIOB BH-
AuM, 4TO KO3()dULUEHTEI b,,, b5, b ,; HE3HAUUMBI.

y=29,56+1,56x, +2,44x,+4,31x;+ 1,44x,x5.

I[lepexons 0T KOAMPOBAHHBIX X, X,, X3 3HAYEHUH (PAKTOPOB K HATYPAIbHBIM, Oy YMM 3aBUCHMOCTb
HOBEPXHOCTHBIX CBOMCTB, @ HUMEHHO BIIUTHIBAIOLIEH CIOCOOHOCTH V|  OyMaru OT NPUBEAEHHBIX (aK-
TopoB. KonnpoBanHbie 3HaueHNs PAKTOPOB CBSA3aHBI C HATYPAJIBbHBIMU CICAYIOLIMMH 3aBUCUMOCTSIMU:

C-Cyp C-9%4 Im-11, II-L5 H-Hy, H-4
-0

Xj=———=—7—; X = = ; x3=
€1 2 %) 0,5 €3 2

rae C, [Ty, Hy — ocHOBHBIE ypOBHM (DaKTOPOB B HATYPAJIbHBIX BRIDAKEHHUSX; € &, €3 — HHTEPBANIBI Ba-
peupoBaHUS HaKTOPOB.
IToncraBuB BbIpakeHUsI B ypaBHEHUE, IOy YUM

Vemoc. :29,56—1,56C_294 +2,44H_1’5 +4,31H_

b

L5 H-4
0,5 2

4+1,44(2,44H_ -4,31

1 mocyie mpeo0pa3oBaHUi MPEACTAaBUM B OKOHYATEITHHOM BHJIE

V. .=30,97+0,78C—55,5611-20,52H—15,1111TH.

CI1oC

OT0 ypaBHEHHE MOXXHO HCIIOJIB30BaTh KaK MHTEPIOISIUOHHYIO (POPMYIY JJIsi BHIYMCICHUS BITHTHI-
Baromiel cnocoonoctu V.. Takum oOpaszom, Opu MCCIENOBAHMU MOBEPXHOCTHBIX CBOMCTB OyMmaru
[OJIYYCHHOE yPAaBHEHUE MOXKHO NMPUMEHHTH JUIs YCTAHOBJICHHS PAIMOHATBHBIX 3HAYCHHH COCTaBa
OyMarKHOW MAaCChl, KOJIMYECTBA MPOKJICHBAIOIIECTO BEIISCTBA U HAMOIHUTEN S (Ta0I. 9).

Hcnonb3ys noiayueHHOe ypaBHeHHE DYHKIIMU OTKIUKA, B porpamMme Mapple 17151 OLIEHKH BIHSTHUS
coctaBa OymakHoit maccel (C), konmnuecTBa npokienBaromiero Bemectsa (1), nanmomuurens (H) na mo-
BEPXHOCTHBIC XapaKTEPUCTUKH IMOCTPOCHBI TIOBEPXHOCTH OTKIIMKA B TPEXMEPHOH CHCTEME KOOpIUHAT
(pucyHOK).

HarmsiiHoe mpencTaBieHue o BIUSHUE cocTaBa OyMakHOM Macchl C Ha OTKITUK TIOKa3aHa Ha PHCYH-
ke, a. Kak BUIHO, C pOCTOM 3HAUCHHH KOJTUYECTBA MPOKJICHBAIOIIETO BEIISCTBA M HATIOIHUTEIN S HAOII0-
JTACTCSl YMEHBIIICHUE BIUTHIBAIOIICH CIOCOOHOCTH, a 3aTEM YBEINUYCHHUE.
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Tab6nunna 9. M3MeHenne BIUTHIBAIONIEH CIIOCOGHOCTH GyMaru oT cocTaBa yMaKHON Macchl, KOJUIeCTBA
NPOKJICHBAIONIEr0 BELECTBA U HAIOJTHHUTEJIsI

Table 9. Change in absorbency of paper depending on the paper pulp composition, amount of sizing agent and filler

C 11 H Veoe C 11 H Venoe
92 1,0 2,0 36,35 96 1,0 2,0 39,47
1,5 4,0 27,97 1,5 4,0 31,09
2,0 6,0 49,81 2,0 6,0 52,93
1,0 92 2,0 36,35 2,0 92 2,0 11,01
94 4,0 27,09 94 4,0 31,97
96 6,0 17,83 96 6,0 52,93
2 92 1,0 36,35 6 92 1,0 14,71
94 1,5 2524 94 1,5 33,82
96 2,0 14,13 96 2,0 52,93

VvCl'IOC
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3aBHCHUMOCTD BIUTHIBAIOIICH CITOCOOHOCTH OT TEXHOJIOTHUECKHX napaMeTpoB OTJIUBA ITPU (bI/IKCI/IpoBaHHLIX 3HAUYCHUAX:
a — cocTaBa 6yMa)KHOﬁ Macchl, b — xonuuecTBa IIPOKJICUBAIOMIETO BEMIECTBA, ¢ — KOJIMYCCTBA HAIIOJHUTEIISA

Dependence of absorbency on technological parameters of casting: a — at fixed values of the composition of the paper pulp,
b — at fixed values of the amount of sizing agent, ¢ — at fixed values of the amount of filler



76 Proceedings of the National Academy of Sciences of Belarus, Chemical series, 2023. T. 59, Ne 1. C. 67-77

Just paccMoTpeHust BAUsHUSL (aKTOpoB cocTaBa OyMaxkHOM maccel C m Hamomuutens H m ux
B3aMMOJICHCTBHSI TOCTPOCHA MOBEPXHOCTH OTKJIMKA TPU (PUKCUPOBAHHBIX 3HAYCHU X MTPOKJICHBAIOIIETO
BemiecTBa I1. Uem Gonbiie 3nauenus pakropoB C u H, TeM MeHbIlle 3HAYCHUS BIIUTHIBAIONIEH CIIOCO0-
Hoct V. Ho mpu Gonblinx 3Ha4€HMAX MPOKIEHBaromero semecrsa [ BiusHue xak cocrapa, Tak
1 KOJIMYECTBA HATIOJTHUTEISI HA BIUTHIBAIONIYIO CIIOCOOHOCTH BO3PACTAET.

I'paduk Ha pucyHKe, ¢ JaeT BO3MOXKHOCTh ITPOAaHATIM3UPOBaTh B3auMojeiicteue dakropoB C u I1.
BrisiBiCHO, UTO MPU YBETUYECHUHU 3THX 3HAUCHHWH YCHUIIMBACTCS BIMAHHME HamonHutens H Ha BOUTHI-
BaIOIIYO CIIOCOOHOCTb.

AHanu3 NOTy4YeHHBIX PEe3yJIbTaTOB MO3BOJISIET CEIAaTh BBIBOJ, YTO pAllMOHAJIbHbIE 3HAYEHUS BIIHU-
TBHIBAIOIIEH CIOCOOHOCTH MPH cocTaBe OyMakHOH Macchl 92 % 00ecreynBaroTCs MPH MPOKIICHBAIOIIEM
BemecTBe 1,5 © M KOTWYeCTBE HATIOHATEIIA 4 T.

3akJroyeHne. DKCIIEPUMEHTAIBHO BBISIBICHO, UTO 11e1eco00pa3HO J0OaBICHHE IMPOKIIEHBAIOIIETO
BemiecTsa B rpenesax ot 1 g0 1,5 r va 100 r cyxoro LesuTioia03HOro ChIphs, TaK Kak yBeJIMYeHHE 100aB-
KH JI0 2 T CHOCOOCTBYET YMEHBLICHUIO MEKBOJIOKOHHBIX CHII cBsi3biBaHus Ha 21 %. JloGaBieHue kaonu-
Ha B KOJIMYECTBE O T BIUSET HA PACCTOSHNE MEXAY BOJOKHAMHM, YTO YMEHBIIAET MEXaHUUECKHUE CUIIBI
crueruieHus Ha 12,5 %. B xone aHanm3a MoBepXHOCTHBIX CBOMCTB 00pa3iioB OyMaru BhIsSIBIICHA P QeK-
THBHOCTB MPOKJIEHKH 0T 22,5 1o 30 % c yBennueHueM 100aBIEHUS TPOKJICHBAIOMIETO KJIes, YTO MOX-
HO OOBSCHUTH YINIOTHEHHEM CTPYKTYPBI, TPETSITCTBYIOIIMNM TPOHUKHOBEHHIO BOIHBIX pacTBOpOB. Jlo-
OaBJIeHHE KaOJIMHA OT 2 70 6 T TaK)Ke YBETUYUBACT CTOWKOCTH K Bojie oT 17,5 mo 25 %. C momorrsio
MaTeMaTH4YeCKOW MOJEIH BBISBICHBI PAallMOHATbHBIC 3HAYEHUS] BOUTBIBAIOLICH CIIOCOOHOCTH MPH CO-
cTaBe OyMaXkHO# Macchl 92 %, Ipu MPOKJICHBAIOIIEM BEIIECTBE 1,5 T' M KOJUYECTBE HATIOJHUTENS 4 T.
[lomy4yennast MaTeMaTH4yecKasi MOJIETb MOXKET OBITh MOJIOKEHA B OCHOBY YITPaBJICHHS MOBEPXHOCTHBIX
XapaKTepUCTUK OyMaru B IpoIecce ee MPOu3BOJICTBA.
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HEATING VALUE OF AGRICULTURAL BIOMASS:
THE BASIC VALUE AND INTERVALS FOR CERTAIN TYPES

Abstract. Higher heating value (HHV) on a dry and ash free basis (daf) is a convenient platform for comparing the energy
content in various types of agricultural biomass. HHV and ash content for 90 samples of straw, seed, husk, meal, its waste, etc.
were experimentally determined. HHV,; for 80 samples from different regions were calculated by the literature data. The basic
value of HHV, agricultural biomass at 19.6 MJ kg! was recommended for verifying data on solid biofuels. The intervals
of variation of HHV , for sugar beet pulp, straw, meal, flax shives and sunflower husk are established. The deviations from the
base value of HHV,; and from intervals of variation of HHV,, for certain types of agricultural biomass are discussed.
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For citation. Maksimuk Yu. V., Kursevich V. N., Korsakova A. S., Antonava M. V., Krouk V. S. Heating value of agricul-
tural biomass: the basic value and intervals for certain types. Vestsi Natsyyanal 'nai akademii navuk Belarusi. Seryya khimi-
chnyh navuk = Proceedings of the National Academy of Science of Belarus. Chemical series, 2023, vol. 59, no. 1, pp. 78—88
(in Russian). https://doi.org/10.29235/1561-8331-2023-59-1-78-88

10. B. Makcumyk, B. H. KypceBnu, A. C. Kopcakosa, M. B. Autonosa, B. C. Kpyk

Hayuno-uccnedosamenvexuti uncmumym guszuxo-xumuueckux npooiem bI'Y, Munck, beaapyco

TEILIOTA CTOPAHU S CEJIBCKOXO3SIICTBEHHOM BUOMACCHI:
BA30OBOE 3HAYEHUE U UHTEPBAJIBI JIJIS1 OTAEJIbHbIX BUJIOB

Annotauus. Breiciias Terora cropanus (BTC) B mepecuere Ha cyxoe u 00e33051bpH0e coctostHue (daf) siBisiercst ynoOHOM
iaropMol Uit CpPaBHEHUSI SHEPrOCMKOCTH DA3JIMYHBIX BHJIOB CEIIbCKOXO3SMCTBEHHOH OHOMAcChl. DKCIEPUMEHTAIBHO
onpenenersl BTC u 30iabpHOCTD 17151 90 00pa3IioB COOMBI, CEMSH, JIy3rd, IpoTa U T.1. Ha OCHOBaHMM JHTEpaTypHBIX JAHHBIX
paccuutanbl 3HaueHus BTC,,, nns 80 oOpasuos us pasHbix peruoHos. Ilpennoxeno 6asosoe snauenne BTC,,, cenbckoxo-
3siicTBeHHOI GroMacch! paHoe 19,6 M kr™!' st BepuguKauu TaHHBIX 10 TBEPIOMY GHOTOIIHMBY. YCTAHOBJICHB! HHTEPBAIbL
BapbupoBanus BTC, ; 11s CBEKIOBMYHOTO 5KOMa, CONIOMBI, IPOTA, JIBHOKOCTPHI U JTy3rd MojconHedHnKa. OOCykaeHb 0TKIIO-
nenust BTC ;- 0T 6a30B0ro 3HaY€HUs U HHTEPBAJIOB BapbHPOBAHHS JUISl OTAETBHBIX BUJIOB CEIbCKOXO3AHCTBEHHOMH O1OMAacChL.

KuaroueBble cj10Ba: BbICIIAs TEIIOTA CrOPAaHHs, CEIbCKOXO3IHCTBEHHAs OMOMacca, COJIOMa, )KOM CaXapHOH CBEKJIBI,
JIBHOKOCTPA, Jy3Tra MOACOTHEYHHKA

Jns nurupoBanus. Terora cropanus celbCKOX03sHCTBEHHON OroMacchl: 6a30Boe 3HAYCHHE W HHTEPBAJIBI JJIST OT/EIb-
HeIx BuoB / FO. B. Makcumyk [u 1p.] / Bec. Ham. akaxa. maByk Bemapyci. Cep. xim. HaByk. — 2023. — T. 59, Ne 1. — C. 78-88.
https://doi.org/10.29235/1561-8331-2023-59-1-78-88

Introduction. The use of agricultural residues as solid biofuel is one of the trends to curb climate
change, as well as the final stage of comprehensive waste recycling. Heating value is the main consumer
characteristic of fuel, which is necessary to assess the efficiency of boilers, mutual calculations for sup-
plies, etc. At the same time, higher heating value (HHV) is a fundamental characteristic of organic matter,
which reflects the amount of internal energy. Its value is determined by the bonding energies of the
structural components that make up the substance. Water is an integral, but non-combustible component,
so the HHV for biomass is most often presented on a dry basis (HHV,). For 1000 samples of plant biomass
[1], HHV, values are in the range 5.7 (14.8 to 20.5) MJ kg™!, and equal, on average, to 18.1 = 1.4 MJ kg™
Conversion of HHV, to dry and ash free basis (daf) taking into account ash content on a dry basis (A;)
[1] results in HHV_; values, which are in the narrower interval 3.3 (17.9 to 21.2) MJ kg™!, and equal, on
average, to 19.9 + 0.7 MJ kg™'. The 1.7-fold narrowing of the interval HHV,,; compared to HHV, indi-
cates a tendency for HHV,,; values to be constant across biomass species. It is logical to assume that the
interval HHV_; will be even narrower for the same biomass species.

The external trigger for this study was the work [2], which compiled HHV values for wheat straw
from Mexico, Canada, and Turkey in the interval 5.4 (14.9 to 20.3) MJ kg'. Such a wide interval creates
a false impression of a significant difference in HHV for the same biomass species in different regions.
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In fact, this is explained by the fact that the values of HHV refer to different bases. Analysis of references
shows that the value (in MJ kg™') 14.86 is obtained on a wet basis (w) [2], the value 17.00 on a dry basis
(d) [3], the value 18.55 on an extractive free, dry and ash-free basis (ef, daf) [4]; and the value 20.3 is an
error [5].

Literature HHV data is given for different parts of plants belonging to different crops and grown in
different regions: Canada [5], Greece [6], Spain [7], Cuba [8], Portugal [9], China [10] and others. In
many papers [6—8, 11-13], HHV values are presented without a basis, which is a problem when comparing
data and creates a risk of their erroneous interpretation. For example, in [7] for 100 samples HHV values are
given probably as HHV,. This is confirmed by the very low value of HHV = 15.16 MJ kg™ for wood chips,
which, taking into account moisture content (W) of 25.6 %, gives the typical wood HHV value = 20.38 MJ kg™
However, is this true for all samples? For example, the similarly calculated HHV, value equals to
20.04 MJ kg™! for oats bran no longer looks “typical”. The source of uncertainties may be the authors’
use of different experimental and/or data presentation techniques. For example, in [10] for 784 crop
straw samples the HHV values “on a dry basis” obtained by drying at 45 °C according to ASTM E 1757
and W values “on a dry basis” obtained by drying at 103 °C according to ASTM E 871 are presented.
For comparison, we present two data sets for samples from [10]. Based on the literature values of W, A ;,
HHV, or HHV, using ISO 16993, the HHV, ; values were calculated and represented in Table 1. Their
values vary in the following intervals (in MJ kg™'): 2.1 (18.16 to 20.28) for wheat straw; 2.7 (16.85 to
19.55) for straw rice; 2.7 (17.81 to 20.51) for straw rye, rape, barley, mustard, flax. Such wide intervals
and, accordingly, high error (5.5-14.8 %) of average HHV ,; values for the same type of biomass (in this
case, straw) cannot be considered acceptable.

Table 1. Calculated higher heating values on dry and ash free basis (HHV,,, MJ kg™)
for the literature agricultural biomass

Sample Origin W, % Ay % HHV,, HHV, Ref. HHV ¢
Wheat straw South Asian region 8.45 4.99 17.25 [14] 18.16
Turkey 8.0 16.80 [15] 18.26

mainland China 9.24 16.65 [10] 18.35

5.36 9.78 16.65 17.59 19.50

n.d. 7.70 17.355 [16] 18.80

6.40 18.905 20.20

8.87 6.90 17.988 [17] 19.32

Baja California, Mexico 5.58 17.04 14.86 15.74 [2] 18.97

India 6.40 12.59 (16.63) [11] 19.03

California, USA 8.90 17.51 [181, [19] 19.22

USA 6 18.44 [20] 19.73

7.02 17.94 [21] 19.29

Denmark 7.9 5.8 18.4 [22] 19.4
Dnipro region, Ukraine 10.06 7.1 [23] 19.568
10.83 32 19.968

Tomsk region, Russia 6.35 18.50 [24] 19.75

8.55 18.55 [25] 20.28

Spain 7.7 5.3 (17.344) 18.79 [71 19.84

Rye straw 8.7 32 (17.113) 18.74 19.36
Spelt straw n.d. 7.1 18.7 [1] 19.79
Rice straw South Asian region 6.96 20.02 13.48 [14] 16.85
Mainland China 12.21 15.50 [10] 17.65

4.04 12.72 15.50 16.15 18.62

n.d. 8.10 20.38 14.85 [17] 18.65

California, USA 13.42 16.28 [18] 18.80

24.36 14.56 19.25

USA 18.67 15.09 [21] 18.55

Japan 9.41 14.21 16.30 [26] 19.00
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The end of the table 1

Sample Origin W, % Ay, % HHV,, HHV, Ref. HHV ¢
Cambodia 16.11 16.40 [27] 19.55

corn straw South Asian region 8.78 5.95 17.08 [14] 18.16
Novosibirsk region, Russia 8.52 16.65 [25] 18.20

7.18 18.14 [24] 19.54

mainland China 4.22 7.00 17.00 [10] 18.28

7.31 17.00 17.75 19.15

n.d. 7.44 7.65 17.68 [28] 19.14

barley straw Canada 6.9 10.52 (15.7) 16.86 [5] 18.85
California, USA 10.30 17.31 [18] 19.30

Novosibirsk region, Russia 8.85 17.87 [24] 19.61

Spain 9.8 6.1 (17.369) 19.26 [7] 20.51

rape stalk mainland China 6.64 16.63 [10] 17.81
4.61 6.96 16.63 17.43 18.74

mustard straw India 6.86 14.98 (16.12) [11] 18.96
rape straw n.d. 8.68 4.65 18.34 [28] 19.23
rapeseed straw 6.7 18.4 [1] 19.72
Czech Republic 9.37 4.98 16.71 18.44 [29] 19.61

rape straw pellets 8.03 4.57 17.36 18.88 19.93
oat straw Poland 12.5 9.2) (17.6) [30] 19.38
Novosibirsk region, Russia 10.21 17.87 [24] 19.90

flax straw Canada 7.9 3.26 17.00 18.46 [5] 19.08
n.d. 3.5 19.1 [1] 19.79

wheat husk India 5.98 12.1 (16.42) [11] 18.68
wheat bran Spain 9 3.5 (17.370) 19.09 [7] 19.78
rice husk/hulls South Asian region 7.88 14.02 15.45 [14] 18.27
India 4.65 9.29 16.93 [11] 18.66

n.d. 8.47 21.24 14.693 [17] 18.66

8.48 18.64 15.29 18.79

Brasil 6.89 13.43 16.50 16.50 [31] 19.06

Krasnodar Region, Russia 21.91 15.33 [25] 19.63

17.82 16.20 [24] 19.71

USA 17.86 16.14 [18] 19.65

20.26 15.84 [21] 19.86

Spain 7.27 13.7 (15.899) 17.15 [7] 19.87

buckwheat husk Novosibirsk region, Russia 2.05 19.87 [24] 20.29
sunflower husk Zaporizhzhya region, .45 33 [23] 21169

Ukraine

Krasnodar Region, Russia 2.92 25.73 [24] 26.50

corncobs Turkey 1.00 17.00 [15], [16] 17.17
n.d. 1.10 18.795 [16] 19.00

California 1.36 18.77 [16], [18] 19.03

Novosibirsk region, Russia 4.86 18.10 [24] 19.03

Spain 7 2.4 (17.692) 19.02 [7] 19.49

South Asian region 11.74 10.67 18.36 [14] 20.55

rye cereals Spain 10.76 1.8 (16.141) 18.09 [7] 18.42
wheat grain 10.3 2.8 (16.325) 18.20 18.72
barley grain 9.9 3 (16.519) 18.33 18.90
oat grain Poland 10.7 (2.5) (19.4) [30] 19.90
flax shive Novosibirsk region, Russia 3.01 19.75 [24] 20.36
6.84 19.65 [25] 21.09

olive stone Spain 11 1.4 (17.884) 20.09 [7] 20.38
Andalusia, Spain 0.77 20.46 [32] 20.62

olea wastes northern Portugal 4.0 (21.09) [9] 21.97
olive pits California, USA 3.16 21.39 [18] 22.09
beetroot pellets Spain 12.5 9 (15.095) 17.25 [7] 18.96

In parentheses are the values for which Ref. is not given the basis; n.d. no date.
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The aim of this work is to establish the basic value and intervals of HHV,,, for agricultural biomass,
which can be used to verify data on solid biofuels. The use of such an approach for agricultural biomass
seems most appropriate, since it is characterized by high values of 4, and, accordingly, a wide interval
of variation of HHVj,. It is reasonable to estimate the basic value on the basis of a critical review of the
literature and experimental studies for certain types of agricultural biomass.

Another important indicator of the quality of solid biofuel is the ash content (A), which, in contrast
to HHV, depends on the experimental conditions. Thus, A is determined for solid biofuel according to
ISO 18122 at (550 + 10) °C, for biomass according to ASTM E 1755 at (575 £ 25) °C, for wood according
to ASTM D 1102 from 580 to 600 °C. Therefore, a related task of the work was to determine A for agri-
cultural biomass at different temperatures and evaluate its effect on the HHV ,; value.

Materials and methods. Initial samples were taken from industrial batches of agricultural biomass
from Belarus, Ukraine and Russia, mainly used as solid biofuel. Laboratory experiments were carried
out for general analysis samples with the particle sizes of no more than 1.0 mm prepared according to
ISO 14780. The measurements of HHV , and 4, were carried out in parallel with the measurements
of W according to ISO 18122. W was determined by drying 1-2 g of the sample at (105 + 2) °C in the
aluminum cylindrical container of 70 cm? to a constant weight for at least 3 h (ISO 18134-3). A, was
determined by baking of ~1 g of preliminarily carbonized sample at 550 °C for 120 min in porcelain
crucibles (ISO 18122). The hot crucibles were kept in the air for 5 minutes after being removed from the
oven, then placed in the desiccator and weighed after 15 min. In W determining the drying oven SNOL
24/200 (AB UMEGA, Lithuania) was used, in the case A the muffle furnace MIMP-3P (LLC MIUS,
Russia) was applied. The accuracy of temperature maintenance in the test chambers was no worse than
+2 °C. Three parallel determinations were made during the measurements, with the maximum diffe-
rence between the determinations not exceeding 0.2 %. HHV , was determined according to ISO 18125
using the bomb isoperibolic calorimeter BIC 100 (CJSC BMC, Belarus) with the water jacket [33]. Cali-
bration of the calorimeter was carried out with benzoic acid K-3 (certified reference material from
VNIIM, St. Petersburg) which has a certified value of the specific energy of combustion equal to
26.454+0.005 MJ kg, when weighing in the air [34]. General analysis samples weighing of 1.0-1.2 g
were obtained with an accuracy of 0.1 mg with a DV215CD balance (Ohaus, USA) and burned as air-
pressed pellets in heat-resistant stainless steel crucible. Copper wire of 0.5 mm diameter was used as a
fuse. The initial pressure of oxygen in the calorimeter bomb was 3 MPa. The repeatability of the mea-
surement results averaged 0.05, with a maximum discrepancy not exceeding 0.10 MJ kg™

Results and Discussion. Experimental values of HHV, A, have been recalculated to HHV, 4 and
HHV,,; according to ISO 16993 (Table 2). The literature and experimental HHV,, ; values for selected
groups of agricultural biomass are combined in Fig. 1, except for the minimum value for straw rice. The
results of the ash content determination tests are presented in Table 3. The values of 4 obtained at 600 °C
are lower than those at 550 °C, but the difference between them does not exceed the ISO 18122 repeata-
bility limit.

Prerequisites for the existence of the basic value of HHV for plants. The plant is an organomineral
nanocomposite, the main organic part of which is a lignin-carbohydrate matrix. This matrix is consi-
dered from the standpoint of physical chemistry as a quasi-equilibrium, thermodynamically limited or-
dered system of biopolymers: cellulose, hemicelluloses and lignin [35], which are “soaked” with ex-
tractives. The composition, structure, and ratio of matrix components and extractives in plants vary
depending on the species, habitat, environmental conditions, and stage of development. However,
a comparative analysis of the HHV and biomass composition diagrams [1, 10] indicates that the variability
of plant HHV is much lower than the diversity and variability of its constituents. Plant growth and develop-
ment processes are characterized by a dynamic equilibrium in which the content of some components
changes at the expense of others, while HHV remains almost constant. That is, a plant substance is con-
sidered “as a thermodynamically self-organizing nanobiocomposite system” [35], in which the main
changing parameter is entropy. The existence of such a system allows us to propose a unified value
of HHV,,, for the plant kingdom. The variation of this value is £10 %, and for certain types of biomass,
for example, for hardwood or softwood, £5 % [36]. The constancy of HHV,,; means that variation in
plant components has an energy limit, which is probably regulated during evolution. On the other hand,
the lability of HHV, is the energetic basis of the biodiversity generation mechanism to ensure survival
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Fig. 1. Higher heating value on dry and ash free basis. Experimental data (@), (M) pellets/ briquettes, (1) with additives.
Literature data (@), (M) pellets

Table3. Ash content on dry basis (4,, %)

Sample 550°C,4h 600 °C,4h Difference Repeatability limit ISO 18122
Flax shives 5.88 (0.11) 532 (0.20) ~0.56 0.56
3.44 (0.03) 3.34 (0.03) ~0.10 0.34
Rape straw 7.38 (0.09) 6.82 (0.12) —-0.56 0.71
Wheat straw 9.56 (0.09) 9.29 (0.01) —0.27 0.94
Sugar beet pulp 3.81 (0.07) 3.52(0.17) —-0.29 0.37

In parentheses are the repeatability values.

and/or adaptation in changing environmental conditions. The highest variability of HHV, is observed
for individual plant parts: bark, leaves, fruits (seeds, shells), through which communication with the
environment is translated. The smallest variation in HHV,c accounts for the largest part of the plant, i.e.
the trunk or stem.

The values of HHV ; for agricultural biomass, short rotation forestry, hardwood and softwood, cal-
culated according to [37] are (19.46 £ 1.12), (20.13 + 0.80), (20.16 = 0.56) and (20.53 + 0.80) MJ kg ™!, re-
spectively. It can be seen that in the series agricultural biomass — short rotation forestry — hardwood the
value of HHV,,; increased by 0.7 MJ kg!, which is due to the accumulation of carbon during the life
of the plant. The high variability of the average value (20.1 + 1.7) MJ kg™! confirms that it is impossible
to establish the basic value of HHV,,, for all types of biomass with an error of less than £8 %.

Galhano dos Santos et al. [38] proposed a hierarchical cluster analysis based on the ultimate
data (C, H, O, N, S), which then used to estimate the HHV of a sample according to its position
within the cluster. The samples are grouped in clusters in terms of their “similarity”. In the pre-
sent work, we will take as the basis the HHV ., the value of which for agricultural biomass will
be estimated in different ways.

The basic value of HH Y daf. Jfor agricultural biomass. The HHV ;. value = (19.46 = 1.12) MJ kg™! for
23 agricultural biomass calculated from [37] data correlates with the similar value (19.7 + 2.0) MJ kg™
for 128 agricultural wastes of northern Portugal calculated from [9].

The HHV 4 ; value is a free term in the equations from Table 4. For different types of biomass,
HHV_,; values vary between 2.1 (18.96 to 21.04) MJ kg™!, which is, on average, (19.88 = 0.60) MJ kg .

The aim of the work was to calculate HHV,,; as the sum of HHV - of the main components of biomass,
taking into account their percentage content. For this purpose there were used HHV,; (in MJ kg™ for cellu-
lose (17.36), hemicelluloses (17.54) and lignin (25.0) [43] taking into account their content, normalized to 100 %
[44]. Thus, for 115 samples of 53 species of herbaceous and agricultural biomass containing (in %) 46.1 of cel-
lulose, 30.2 of hemicelluloses and 23.7 of lignin [44], the calculated average HHV, ., value was 19.23 MJ kg™
The calculated HHV, 4, values for straw of most crops are the same (in MJ kg ": barley straw (19.08), oat
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Table 4. Equations for higher heating value calculation on dry basis (HHV,;, MJ kg

HHV,=HHV,,—ad, R? Sample Ref.
HHV, = 18.960 — 0.22 5274 0.88 Rice straw and wheat straw [39]
HHV,; =19.24 - 0.224, 0.58 Biomass [40]
HHV, =19.246 — 0.1964 0.89 Field crops (straws) [18]
HHV,; =19.914 - 0.23244, 0.63 Biomass [41]
HHV, =20.067 - 0.2344 0.73 All biomass [18]
HHV,=20.086 —0.2614, 0.91 Greenhouse crop [42]
HHV, =21.042 - 0.2824 0.71 Food and fibre processing wastes [18]

straw (19.10), rape straw (19.09), rye straw (18.99), triticale straw (19.00), wheat straw (19.13), corn stovers
(19.13) coincide with the experimental value (19.03) for rape straw [43]. The lowest (18.57) and the highest
(20.13) HHV,; 4. values were obtained for rice straw and legume straw, respectively. This is due to the lowest
(14.9 %) and ﬁighest (35.3 %) lignin content, on the one hand, and the highest A and lowest extractives con-
tent, on the other hand, respectively. Most importantly, the average value of HHV,; ;. . for straw of 19.19 MJ kg™
is the same as the average value for herbaceous and agricultural biomass of 1923 MJ kg™'. Adding to which
the contribution of extractives 0.38 MJ kg ™! taken from [43] gives HHV,,.= 19.6 MJ kg!.

The average value of HHV,  for agricultural biomass samples from Fig. 1, except for samples with
additives, is (19.58 + 0.91) MJ kg™'. The frequency histogram HHV,,; for the same samples indicates that 11%
of them are between 18.15 and 18.65 MJ kg ™!, and 82 % are between 18.65 and 20.61 MJ kg™! (Fig. 2, above).
This asymmetry in the probability density of the distribution is especially noticeable for straw samples (Fig. 2,
below), which is related to the prevalence of “underestimated” values of HHV,  in the literature and
“overestimated” values of HHV . for pellets.

This analysis allows us to take the basic value HHV, , for agricultural biomass equal to (19.6 + 0.6)
MJ kg!. The maximum error of the experimental deter-
mination of HHV,;is £0.3 MJ kg!. It is calculated based
on the reproducibility limit from ISO 18125 for HHV,, 30
equal to 0.4 MJ kg™ and the reproducibility limit from
ISO 18122 for A4, equal to 2.0 at 4; = 10 %.

The basic value is the average HHV,,; value for all 5,
agricultural biomass species or the plant as a whole. At
the same time, individual species of agricultural biomass
or plant parts have HHV,, . that differ from the basic value
and are conveniently represented as intervals of varia- 10
tion of HHV,. Differences are due to a change in the ra-
tio of components in the lignin-carbohydrate matrix or in
the extract during crop processing. Thus, HHV; is re-
duced by the mono-, di and polysaccharides such as fruc- 177 186 19.6 206 21.6
tose, sucrose, glucose, cellulose, starch, pectin, but is in- p —
creased by lignin, proteins, oils, resin acid, terpens and
et al. For example, from the flax straw with HHV . = 12
19.8 MJ kg™! [1], the flax fiber (richer in cellulose) with
HHV,,, = 17.8 MJ kg! is separated and the flax shive

n

(richer in lignin) with HHVy,, = 20.5 MJ kg is re- 4

mained. —r— | | _l
HHV,, variation for certain types of agricultural 172 181 189 197 _120‘5

biomass. In practice, the value of HHV, is a benchmark HHV,, [MJkg]

for .1dent1fy1ng and verifying data on solid blpfue}s from Fig. 2. Higher heating value on dry and ash-free
agricultural biomass. For a more accurate estimation, the s, Histogram for samples (1 = 112) of agricultural
HHV,,, intervals for certain types of agro-residues should  biomass (higher) and for samples (1 = 60) of straw
be established. (below)
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The literature values of HHVdaf for straw vary in the wide range 3.7 (16.85 to 20.55) MJ kg™! (Table 1)
and average (19.13 £ 0.72) MJ kg™'. Experimental values for straw rape, wheat, rye, corn, triticale from
Belarus vary in the narrow range 0.7 (19.21 to 19.90) MJ kg™! (Table 2) and average (19.47 £ 0.35) MJ kg™
The proposed range of HHV,, variation for straw is from 19 to 20 MJ kg!. The HHV_, values for straw
(rape, wheat, triticale) pellets are 0.13—0.20 MJ kg™! higher than for straw (rape, wheat, triticale), respec-
tively (Table 2). A similar difference (0.19 MJ kg™') can be traced from the literature data for rapeseed
straw and rape straw pellets (Table 1). The higher values of HHV, for pellets are due to “light” carbo-
nization (carbon content increased by 0.2—0.5 %) of raw materials in the process of pelletizing. The
HHV,,; values for the 12 straw rape pellets (Table 2) vary within a narrow range of 19.5 to 20.0 MJ kg™l
Going beyond the upper limit of the HHV,; interval for 5 similar samples 20.4-21.3 MJ kg ! indicates
that they contain rapeseed oil cake with HHV,, .= 31.4 MJ kg .

The HHV .= 18.40 MJ kg! for sugar beet pulp pellets derived from waste sugar production is lower
than the basic value due to the high content (up to 50 %) of pectins having a low HHV,; = 13.73 MJ kg!
[20] or HHV ;= 14.9-16.3 MJ kg™! [46]. Rye seed (18.76) and small barley seed (19.12), as well as grains
of other cereals, have HHV ,; values at the lower limit of the basic value range, which is associated with
high (over 50 %) content in the endosperm of seeds of starch with HHV .= 17.1-17.3 MJ kg! [46]. The
values of HHV ;- (in MJ kg™") for grain hulling waste (19.12), oat husk (19.63) and mail polishing waste
(19.66), rice husk pellets (19.84) correspond to the basic value. The slight increase in HHV,,; for buck-
wheat husk pellets (20.02) and soybean pellets (20.12) is explained by pelletizing of husks with higher
lignin content (buckwheat) with HHV, = 25.0 MJ kg™! [43] or proteins (soybean) with HHV, =24.1 M]
kg! [46], respectively. The overestimated HHV,,; values for malt sprouts (20.41 MJ kg™ are explained
by the high (over 30 %) protein content. Even higher HHV,; values of 21.0-22.0 MJ kg ! are observed
for meals (rape, soybean, sunflower), which, with a similar protein content, contain significantly less
mono- and disaccharides compared to sprouts. Abnormally high HHV,; values for rapeseed spring
(29.53) and rapeseed winter (30.51) are directly proportional to their oil content of 41.64 and 48.32 %,
respectively, having HHV, .= 39.59 MJ kg™ [45].

Flax shives are the residue after separation of low-energy cellulose fibers, which has an increased

lignin content and corresponding values of HHV, .= 20.0-21.1 MJ kg ! (Tables 1, 2) exceeding the up-
per limit of the basic value. Adding 50% sunflower husk to flax shives increases the HHV, ¢ value to 21.5
MIJ kg™'. Values above 22.0 MJ kg™ for industrial flax shive spinning waste indicate the ingress of oiling
agents used in the spinning machines into the flax shives.
o6 The sunflower husk is characterized by abnormally
N\ high HHV,,, values from 21.2 to 21.9 MJ kg™, which is
explained by the presence of wax. A further increase in
HHV,,t022.9 MJ kg is explained by the residual content
of sunflower oil in the husk. And the value of HHV,=
26.5 MJ kg! [24] from Table 1 means that it is not sunflower
husk but sunflower cake.

Conclusions. The concept of a unified value of HHV,,
for plants was proposed. It is substantiated to take the ave-
rage value HHV, .= 19.6 MJ kg™! for agricultural biomass
as a baseline for identifying or verifying data on solid bio-
fuel. The intervals of HHV,,, variation (in MJ kg™!) from
18 to 19 for sugar beet pulp, from 19 to 20 for straw (wheat,
Fig. 3. Higher heating value on dry and ash-free ~ I'Y€, COrn, barley, rape, oat, flax), from 20 to 21 for meal
basis. The basic value and intervals for certain (rape, soybean, sunflower) and flax shives, from 21 to 22 for

sugar beet pump
meal, flax shive

straw

16 17 18 19 20 21 22 23 Mlkg

types sunflower husk, were established (Fig. 3).
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