NQ 2 ISSN 2541-9811

(online)

AeKabpb

PoccuiicKasn akaoemust HayK,

®UL, XD PAH



Poccuiickaa akademun nayk

INeKMpOHHbLL HCYPHAT

XUMHNYECKASA BE3OITACHOCTD

Chemical Safety Science

Tom4 Ne2 pexadps 2020

Penien3upyemslii xypHan ocHoBaH B iekadbpe 2016 roga

Boixonur 2 paza B roj

ISSN 2541-9811(online)

Yuapenutens xypHaia OenepaibHOE TOCYAAPCTBEHHOE OI0IKETHOE YIPEKACHHE HAYKH
denepanbHbIN UCCIIEIOBATEILCKHHN IIEHTp XxumMudeckol ¢puzuku um. H.H. CemenoBa
Poccuiickoii akagemMuun Hayk

I JIABHBII PEJJAKTOP

Pommn Anexcanap BukropoBuu

— mpodeccop, TOKTOp TEXHUUECKUX HayK, TOYETHBIN
xuMuK P®, nepBriii 3amectutens qupekropa, UL XD
PAH, Mocksa, Poccus

3AMECTHUTEJIb I'NTABHOI'O PEJAKTOPA

Kymnanenko Unes Bnagumuposuy
PEJJAKIIMOHHBIN COBET
IIpencenaress coBera

Mscoenos bopuc @enopoBud
YieHbl peJaKIIHOHHOIO COBETA

Aunonco-BanTte Hukonac
(Nicolas Alonso-Vante)

banemann /Jletned B.
(Detlef W. Bahnemann)

HNanuensn Kapune CypeHoBHa

KonecnnkoB Brnagumup AnexkcannpoBuy

— TOKTOp (PM3MKO-MaTEeMaTHICCKUX HAYK, TJIABHBIN
HayuHbli coTpyaHuk, UL XD PAH, Mocksa, Poccus

—akanemuk PAH, Cosernuk PAH, [Ipesununym PAH,
MocksBa, Poccus

—mpodeccop, Yauepcurtet Ilyarse, [lyaTse, Opanims

— JIOKTOp XMMHYECKHX HayK, podeccop dakynbrera
€CTECTBO3HAHUA [ aHHOBEPCKOI0 YHUBEPCUTETA UM.
JleitOnuna. I'annosep, ['epmanus

— KaHIUAaT OMOJIOTHYECKUX HAYK, JOKTOP
reorpauyeckux HaykK, mpodeccop, ceKperapb
HanmonaneHOro cosera no ycTroiiunBoMy pa3BUTHIO
nipu [IpaButenscrBe PecriyOnuku Apmenus,
npenaceaarens Accouuanuy Mo yCTOM4nBoMy
yenoBeueckoMy pazButhio, EpeBan, PecriyOnuka
Apmenust

— JIOKTOp TEXHUYECKUX HayK, Mpodeccop, 3aBeAYIOMn
kadenpoii, PXTY um. [I.11. MenneneeBa, Mocksa,
Poccus



Kongparses Bragumup boprucosuu

Kues Kembko (Zeljko Knez)

Kynak Anaronuii Mocudosuy

Mycraduna Bepa Bnanunenosna

[Terpocsan Banepuii CamcoHOBUY

[Teuentok Oner BukropoBuu

Cnepanckas Ousbra AsiekcanIpoBHa

Cropoxenko [laBen ApkanbeBuy

Corunk Cepreii IBanoBuY

Csaxcte Huxonac (Nikolajs Sjakste)

Tuxomuposa Enena llBaHoBHa

Ycun Banepuit Bukroposuu

Yas Kpuctuna (Krystyna Czaja)

PEJAKIIMOHHAS KOJUIET' U

bepnun Anexcanap AneKkcaHIpoBUY

AHnucumMoB Anekcanap BragumupoBud

Jlo6anoB Anton BanepreBuu

Konmakos Koncrantna Muxaninosuy

— JOKTOp TEXHUYECKUX HAYK, T€HEPAIBbHBINA JUPEKTOP,
I'ocHUMOXT, MockBa, Poccus

— IOKTOp TEXHUYECKUX HayK, nmpodeccop paxkynpTeTa
XUMHUHU U XUMUYECKOHN TeXHOonIoruu Mapudbopckoro
YHuBepcurera, uieH AkageMuu Hayk CIIOBEHUH,
Mapub6op, CroBenus

— YJIEH-KOppeCHOHIeHT HannoHanpHOM akaeMun HayK
Benapycu, TOKTOp XMMHYECKHX HayK, mpodeccop,
mupexkrop MOHX HAH benapycu, Munck, Pecrrybnuka
benapych

— nupektop LlenTpa «CoaeiicTBre yCTOMUUBOMY
pasButuro Pecriyonuku Kazaxcrany, Anmarsl,
Pecniy6nuka Kazaxcran

— IOKTOP XMMHUYECKUX HayK, mpodeccop, sxcriept OOH 1o
XUMHUYECKON 0€30MacCHOCTH, 3aBEAYIOLIUI
naboparopueit, MI'Y, Mocksa, Poccus

— JIOKTOp Z1eJI0BOro agMuHucTpupoanus (DBA),
nupexrop HITO «He3aBucumas skosnorudeckas
Dxcneptusay, bumikek, Keipreizcran

— KaHauaat GU3NKO-MaTeMaTUYECKUX HayK,
PykoBomgutens Llentpa «9xo-Cornacuer»
HEKOMMepuecKas 00LIECTBEHHAs OpraHu3alus,
MocksBa, Poccus

—akaneMuk PAH, TOKTOp XMMHUYECKUX HaYK,
reHepanbHbii qupexrop, ' HL[ PO

T'HUUXTS0C, Mocksa, Poccust

— KaHJU1aT MEAULIMHCKUX HayK, JOLEHT, TUPEKTOP
pecIyOIMKaHCKOTO YHUTAPHOTO MPEATPUATHUS
«Hay4yHO-IpakTU4EeCKUI LEHTP TUTUEHBI», MUHCK,
Pecrry6nuka benapychb

— NIEMCTBUTEIBHBIN YWIEH akaJeMuu Hayk JlaTBuu,
npodeccop, JOKTOp Ouonorndeckux Hayk, JlaTBuiickuii
yHuBepcurer, Pura, JIatBus

— JIOKTOp OMOJIOTHYECKUX HayK, 3aBenytoiias kapeapoit
«Qxonorus», CapaToBCKUN TEXHUYECKUN YHUBEPCUTET,
Caparos, Poccus

— IOKTOp TEXHUYECKUX HayK, Mpodeccop, TIaBHBINA
HayuHblil coTpynHuk, UL XD PAH, Mocksa, Poccus
— npodeccop, TOKTOp TEXHUYECKUX HayK, 3aBEAYIOIast
kadenpoii «XumMuueckass TEXHOJIOTHUS M XUMUS
nosimMepoBy, Ononbekuit yausepcuret, Onone, [lomnbia

— akageMuk PAH, Hay4HBIlI pyKOBOJIHUTEID
OUIL XD PAH, Mocksa, Poccust

— IOKTOp XMMHUYECKUX HayK, Ipodeccop, 3aBeAyIOoImunit
kadenpoit xumuyeckoro ¢axynabrera MI'Y, Mockaa,
Poccus

— npodeccop, TOKTOp XMMUYECKUX HayK, MOCKOBCKUI
rOCYJapCTBEHHBIN MEeIarornueckuil yHuBepcurer, Mockaa,
Poccus

— JIOKTOP TEXHUYECKUX HayK,lpodeccop kadenpbl
«Xumusa», 11I'Y, Ilenza, Poccus



Mopo3os Urops Nimmonoposuu

Casunkas Taregua BagumoBHa

CaparoBckux Enena AnarosibeBHa
CrpenbaukoB Bnagumup Hukonaesuu
TepBypt Enena (Elena Tervoort)
Tperep HOpuit AnucumoBuy

[IItamm Enena BaneHtrnHOBHA
PEJAKLUSA

KoBanepa Haranbs FOpreBHa

Paesckas Enena I'ennanbpeBHa
Tuxonos Urops [lerpoBuy
Kpamennnnrnkos Bagum I'ennaabeBry
OnuHateeB Urops [lanuniosuy

Jro6anoB Muxaun Bukropouu

— IOKTOp (hU3MKO-MaTEMAaTHYECKUX HaAYyK, mpodeccop,
3apenyrommii 1aboparopueit, UL XD PAH, Mockaa,
Poccus

— JIOKTOp TEXHUYECKUX HaYK, podeccop Kadeapsl
KOMITbIOTEPHO-UHTETPUPOBAHHBIX CUCTEM B
XHUMHUYECKOU TEXHOJIOTHH,

PXTY um. /I.1. MenneneeBa, MockBa, Poccust

— JIOKTOpP OMOJIOTMYECKUX HAyK, BEAYIIUN HAyYHBIN
corpynuuk, UTIX®D PAH, Yepuoronoska, Poccus

— YJleH-KoppecnoHJeHT Poccuiickoil akaieMuun HayK,
mupektop UTX ¥YpO PAH, [lepms, Poccus

— PhD, lIBeiiiapckas BbICIIas TEXHHYECKAs IIKOJIA
ITropuxa, Iropux, lIBelinapus

— JIOKTOp XMMHUYECKUX HayK, coBeTHUK, HUNIL]
«Cunre3y», Mocksa, Poccus

— nokrtop xumuyeckux Hayk, UL XD PAH, Mockaa,
Poccus

— 3aBeAYIOILAs peAaKlMel, BHITYCKAIOIIMN peaaKkTop,
KaHauaat xumuueckux Hayk, @UL[ XD PAH, Mockaa,
Poccus

— OTBETCTBEHHBIN PEIaKTOP, KAHIUIAT XUMUUECKUX
Hayk, @UL[ XD PAH, Mocksa, Poccus

— KOOpJMHATOP, KAHAUAAT TEXHUYECKUX HAYK,

OUILL XD PAH, Mocksa, Poccus

— penaKkTop, aAMUHUCTPATOP CaiTa U3AaHusA, KaHIUAAT
xumuyeckux Hayk, UL XD PAH, Mocksa, Poccus

— penakTop, kKanauaat Texanueckux Hayk, UL XD PAH,

Mocksa, Poccus
— cekperapsb penakiuu, GUL XD PAH, Mocksa, Poccust

Anpec penakuuu:

119991 Mocksa, yn. Kocsiruna 1. 4, ctp. 5, ten. +7 495 939-71-18;
E-mail: info@chemsafety.ru, caiit: http://chemsafety.ru

MockBa


mailto:info@chemsafety.ru
http://chemsafety.ru/

CONEPKAHUE

Xumnueckasi 6ezonacHocTb. Tom 4, Ne 2, nexadpn 2020

OuneHka 1 MoIeJIMPOBAHUE PUCKA XUMHUYECKOH OMACHOCTH

QSPR AHAJIN3 CITOCOBHOCTU MHANBUJY AJIbHBIX ABEPMEKTHHOB
K BUOKOHILIEHTPUPOBAHWIO
O. B. Tunvkos, B. IO. ' pucopwes, JI. /1. I pucopvesa

SOPEKTHUBHOE UCIIOJIb30OBAHUE bA3 JAHHBIX JULSI
MMPEAYITPEXXKAEHUA XUMHUYECKUX ABAPUU
A. I bxasanu, A. K. ['ynma

MOI{EJIHpOBaHI/le XUMHYECCKHUX U IKOJOI'HYE€CKHUX ITPOLEeCcCoOB

[IPUMEHEHUE METOJA MOHTE-KAPJIO B PELLIEHIH 3AJAY DKOJIOI MUYECKOM
XUMUHN
C. O. Tpasun, A. B. Powun, I'. I. /[yka

HcTouHuKH XUMHYeCKO onacHOCTH. OnacHble XHMHYECKHe BelIECTBA

OLIEHKA PUCKA 3JI0POBBIO OT IIOCTYIIAIOIIMX C IMUIIEN HECTULIMIOB,
HAPYIIAIOIIMX PABOTY DHJIOKPYHHOM CUCTEMBI

P. @. Cupky, I' U. Ljyprany, FO. B. [Tvinzapy, M. H. 3aemonu, H. . Ononony,

A. B. Boausncku, 1. C. Tony, P. H. Ckypmy

BUOMOHUTOPUHI COCTOSHMSA 3AT'PI3HEHHOU JIMOKCUHAMU CPEJIbI
B OKPECTHOCTAX CBAJIKM: K MUHUMUW3ALIUN PUCKA JJIA 3JOPOBbBA
HACEJIEHUA

B. C. Pymak, H. B. Yunosa

MarepuaJibl ¢ HOBBIMH (PyHKIIHOHAJIBHBIMHU CBOHCTBAMH

BUOJIOTUYECKAS AKTUBHOCTH KPAYH-D®UPOB 1 X
METAJIJIOKOMIIJIEKCOB. OB30P
H. IO. Caooeckas, B. H. I'nywxo, JI. U. Broxuna, B. M. Pemueos

TexHOJOruN JUKBHAAINHA HCTOYHUKOB XUMHUYECKOH OIIACHOCTH

I'MBPUJIHBIA ®OTOKATAJIM3ATOP HAHO-JIMOKCUJT TUTAHA/TUATOMUT
JUIS YIAJIEHU S TOKCUYHBIX OPTAHUYECKHWX 3ATPSI3HUTEJIEM U3 BOJIbI C
IMOMOILIBIO SODOEKTUBHBIX OKNCJINTEJIBHBIX ITPOLIECCOB (AOPS)

T. A. Jlayko, B. U. 3enenyos

OOTO-OEHTOH AETPAJALIMA METHUJIOBOI'O OPAHXEBOI'O C
NCTIOJIb3OBAHUEM I'ETEPOI'EHHBIX KATAJIM3ATOPOB HA OCHOBE
[HOJIMOEHNJIOGEPPOCUJIOKCAHA

0. J. Apeghvesa, M. A. Camycw, A. U. [Tucapyesa, C. I'. Kpacuyxas, M. C. Bacunvesa,
H. B. Macnosa

BO3MOXHOCTDB ITPUMEHEHUM I UMMOBUNJIN30BAHHBIX HPO}K}KEﬁ JUIA
BMOCOPBLNU TSIKEJIBIX METAJIJIOB 13 BOOHBIX CPEJL
A. IO. Mypasvesa, A. A. Cmenauésa, B. 11. Monuanos

NCCIEAOBAHUE MEXAHU3MOB AZICOPBLIMN MOHOB Fe(I) u Cu(Il)
BEHTOHUTOM, MOJJUO®UITNPOBAHHbBIM YIJIEPOAHBIMU HAHOTPYBEKAMU
O. B. Amamanosa, E. U. Tuxomuposa, A. C. Iiybokas, A. A. [loookceros

OLEHKA ITPUMEHEHI S COCTABA A-2Y B KAYECTBE KOTEJIBHOI'O TOITJIMBA
K. M. Konmakos, I'. B. Ko3nos, A. 0. MyiizemHek

24

35

55

68

80

101

117

131

147

160




YAAJIEHUE METUJIEHOBOI'O CMHEI'O U MOHOB HUKEJIA(IT) U3 MOAEJIBHBIX
PACTBOPOB U PEAJIbHBIX CTOUYHbIX BOJI C ITIOMOIIIBIO I'PAHVYII
AKTUBHUPOBAHHOI'O VITJIA, ITOJIVUYEHHBIX U3 CEMSH LITSEA GLUTINOSA

M. V. Jlao, A. C. Cupomkun, X. X. Kone, B. T. Jle, X. U. Xoane

I'MAPODPOBU3ALINA COPBEHTA 1JIS1 HEOTU HA OCHOBE XUTHUHA 1
ITEHOIIOJINYPETAHA
Y U ][ Yane, JI. A. 3enumosa

BECXPOMATHA S [TACCHUBAILIMS OITMUHKOBAHHOM CTAJIM B PACTBOPE HA
OCHOBE HUTPATA JIAHTAHA

A. A. Abpawos , H. C. I pucopsn, H. /]. Konopamvesa, E. A. ’Kenyokosa,

B. C. Mupowmnuxos, /[. B. Masyposa

MOIEPHU3ALIUA CUCTEM VJIABJIMBAHUA N ACITUPALIMA
[MPOU3BOACTBA ITbUIALIEI'O TEXHUYECKOI'O YIJIEPOJA
11. C. Bacunves, E. I baknaywesa

Yrunu3zauus u Ouoaerpaganusi 0TXo10B

[TOJIYYEHUE BMOBOJOPO/IA M3 MOJIOYHOM CEIBOPOTKM METOJOM
HEITPEPBIBHOM TEMHOBOI AHADPOBHOM ®EPMEHTAILIMU B ATIITAPATAX
JAIBY X TUITIOB: OTAII 3AITYCKA ITPOLIECCA

3. P. Muxeesa, U. B. Kampaesa, /I. JI. Bopooxcyos

I[TOJIYVUEHUE YTJIEPOACOAEPXAIIIMX COPBEHTOB B KAYUECTBE
AJIBTEPHATUBHOI'O CITIOCOFBA ITEPEPABOTKU JIMI'HUH-COAEPXKAIINX
OTXO0OB

M. U. Munuu, A. A. Cnuysin

AHTUCJIEXXUBATEJIb J1JI1 AMMHWAUYHONM CEJIMTPBI HA OCHOBE
JUCTUIIJIMPOBAHHBIX )XMPHBIX KMCJIOT U OTPABOTAHHOI'O
MOHOS3TAHOJIAMUHA

H. A. Kaowipos, A. A. Kaovipos, X. U. Axbapos, M. A. Duimyxameoos

OKOPEIIEHUME: KOMITIO3UTBI 3 BTOPMYHOI'O ITOJIMITPOITNIIEHA,
MOJUOUITMPOBAHHOI'O TEPMOJJIACTOIVIACTAMU U JUCITTEPCHBIMI
HATIOJIHUTEJISIMUA

B. B. Macoeoosa, A. B. Jlywkosa

XuMuueckasi 0e30I1aCHOCTH MUIIEBOI MPOAYKINH

METOJl BUOTECTUPOBAHUA 1JI1 KOHTPOJIA KAUECTBA MOJIOYHOI'O ChIPbA
I[TPU ITPOMBIIIJIEHHBIX PEXXUMAX TEPMOOBPABOTKU

IO. B. ll]epbakosa, FO. B. Cemenosa, I P. bacaymounosa, K. A. Hacpynuna,

D. 1O. Axmaoynnuna

Penaknuonnasi crarba

COBPEMEHHBIE TEHJIEHLIUM HAYYHBIX UCCJIEJJOBAHUN B OBJIACTHU
OBECIIEYEHIM S XMMUNYECKOU BE3OIIACHOCTHU (OB30P MATEPUAJIOB V-oit
MEXJIYHAPOIHOM KOH®EPEHLIMU ASTICS-2020)

H. IO. Kosanesa, E. I Paesckas, A. B. Powun

180

190

198

212

226

240

250

265

282

293

Mznarens: @enepanibHOE TOCYIAPCTBEHHOE OIOMKETHOE yUpEekACHIE Hayku DenepabHbIH
UCCIIeNI0OBaTeNLCKUM TIeHTp xumuueckont pusuku um. H.H. CemenoBa Poccuiickoii akagemun Hayk

OpI/IFI/IHaH—MaKeT IIOATrOTOBJICH peL[aKuHeﬁ JKypHaJia «Xumuuaeckas 0€30mMacHOCTEY

5



CONTENTS

Chemical Safety Science (Khimicheskaya Bezopasnost’). V. 4, Issue 2, December 2020

Chemical hazard assessment and risk modeling

QSPR ANALYSIS OF BIOCONCENTRATING ABILITY OF INDIVIDUAL
AVERMECTINS
Oleg V. Tinkov, Veniamin Yu. Grigoriev, and Lyudmila D. Grigorieva

EFFECTIVE UTILIZATION OF DATABASES FOR PREVENTING CHEMICAL
ACCIDENTS
A. Geetha Bhavani, and Anil Kumar Gupta

Simulation of chemical and ecological processes

APPLICATION OF MONTE CARLO METHOD IN ENVIRONMENTAL CHEMISTRY
Sergey O. Travin, Alexander V. Roshchin, and Gheorghe G. Duca

Chemical hazard sources. Hazardous chemical substances

HEALTH RISK ASSESSMENT ASSOCIATED WITH EXPOSURE TO ENDOCRINE
DISRUPTING PESTICIDES FROM FOOD

Raisa F. Sircu, Gheorghii I. Turcanu, Iurie V. Pinzaru, Mariana N. Zavtoni,

Nicolae 1. Opopol, Ana V. Volneanschi, Tatiana S. Tonu, and Raisa N. Scurtu

BIOMONITORING OF DIOXINS-CONTAMINATED ENVIRONMENT IN THE
LANDFILL VICINITY: TO MINIMIZE HUMAN HEALTH RISKS
Vladimir S. Roumak, and Nataliya V. Umnova

Materials with new functional properties

BIOLOGICAL ACTIVITY OF CROWN ETHERS AND THEIR METAL COMPLEXES
Natalia Yu. Sadovskaya, Valentina N. Glushko, Lidia I. Blokhina,
and Vasiliy M. Retivov

Technologies for elimination of chemical hazards

HYBRID NANO-TITANIUM DIOXIDE/DIATOMITE PHOTOCATALY ST FOR
ADVANCED OXIDATION PROCESSES (AOPS) MEDIATED REMOVAL OF TOXIC
ORGANIC POLLUTANTS

Tatiana Ya. Datsko, and Vyacheslav 1. Zelentsov

PHOTO-FENTON DEGRADATION OF METHYL ORANGE USING
HETEROGENEOUS CATALYSTS BASED ON POLYPHENYLFERROSILOXANE
Olga D. Arefieva, Maria A. Samus’, Alexandra I. Pisartseva, Svetlana G. Krasitskaya,
Marina S. Vasylieva, and Nina. V. Maslova

FEASIBILITY OF USING IMMOBILIZED YEAST FOR BIOSORPTION OF HEAVY
METALS FROM AQUEOUS MEDIA
Anna Yu. Muravieva, Antonina A. Stepacheva, and Viadimir P. Molchanov

STUDY OF MECHANISM OF Fe(IT) AND Cu(II) IONS ADSORPTION ON
BENTONITE MODIFIED WITH CARBON NANOTUBES

Olga V. Atamanova, Elena I. Tikhomirova, Alexandra S. Glubokaya, and
Artem A. Podoksenov

ASSESSMENT OF USING A-2U EXPLOSIVE COMPOSITION AS A BOILER FUEL
Konstantin M. Kolmakov, Gennadiy V. Kozlov, and Alexander Yu. Muizemnek

24

35

55

68

80

101

117

131

147

160




REMOVAL OF METHYLENE BLUE AND NICKEL(II) IONS IN SIMULATED AND
REAL WASTEWATER USING ACTIVATED CARBON BEADS DERIVED FROM
LITSEA GLUTINOSA SEEDS

My Uyen Dao, Alexander S. Sirotkin, Hong Hanh Cong, Van Thuan Le, and Hien Y Hoang

HYDROPHOBIZATION OF OIL SORBENT BASED ON CHITIN AND
POLYURETHANE FOAM
Tran Y. Doan Trang, and Liubov A. Zenitova

CHROMATE-FREE PASSIVATION OF GALVANIZED STEEL IN SOLUTION
BASED ON LANTHANUM NITRATE

Alexey A. Abrashov, Nelya S. Grigoryan, Natalia D. Kondrat’eva,

Ekaterina A. Zheludkova, Viadimir S. Miroshnikov, and Diana V. Mazurova

MODERNIZATION OF CAPTURE AND ASPIRATION SYSTEMS IN PRODUCTION
OF DUSTY CARBON BLACK
Piotr S. Vasilyev, and Elizaveta G. Baklausheva

Utilization and biodegradation of wastes

BIOHYDROGEN PRODUCTION FROM MILK WHEY BY CONTINUOUS DARK
ANAEROBIC FERMENTATION IN APPARATUS OF TWO TYPES: START-UP STAGE
Elza R. Mikheeva, Inna V. Katraeva, and Dmitriy L. Vorozhtsov

PRODUCTION OF CARBON-BASED SORBENTS AS AN ALTERNATIVE METHOD
FOR UTILIZATION OF LIGNIN CONTAINING WASTE
Maria I. Minich, and Andrey A. Spitsyn

ANTICAKING AGENT FOR AMMONIUM NITRATE PREPARED FROM
DISTILLED FATTY ACIDS AND SPENT MONOETHANOLAMINE

Nodyr A. Kadyrov, Abdusamig A. Kadyrov, Khamdam I. Akbarov, and

Murod A. Eshmukhamedov

ECOSOLUTION: COMPOSITES BASED ON RECYCLED POLYPROPYLENE
MODIFIED BY THERMOPLASTIC ELASTOMERS AND DISPERSED FILLERS
Vera V. Myasoedova, and Anna V. Lushkova

Chemical safety of food products

BIOTESTING APPROACH FOR QUALITY CONTROL OF DAIRY RAW MATERIALS
UNDER INDUSTRIAL HEAT TREATMENT MODES

Yulia V. Shcherbakova, Yulia V. Semenova, Gulnaz R. Bagautdinova,
Kamilla A. Nasrulina, and Farida Yu. Akhmadullina

Editorial

MODERN TRENDS IN SCIENTIFIC RESEARCH IN THE FIELD OF CHEMICAL
SAFETY (FOLLOW-UP OF THE V" INTERNATIONAL CONFERENCE
ASTICS-2020)

Natalia Yu. Kovaleva, Elena G. Raevskaya, and Alexander V. Roshchin

180

190

198

212

226

240

250

265

282

293

Publisher: N.N. Semenov Federal Research Center for Chemical Physics,
Russian Academy of Sciences

The original layout was prepared by the editorial office of the Chemical Safety Science



Ecg
%" XMIMWYECKAS BE3OITACHOCTD / CHEMICAL SAFETY SCIENCE, 2020, 4, (2),8-23

OneHnka 1 MOIeJIMPOBAHME PUCKA XUMHYECKOI ONMACHOCTH

VIK: 544.165:615.917 DOI: 10.25514/CHS.2020.2.18001

QSPR ananu3 cnoco0HOCTH HHAUBUAYAJIbHBIX ABEPMEKTHHOB
K OMOKOHUEHTPUPOBAHUIO

O. B. Tunvkoe"*=, B. IO. I'puzopved’, JI. /. I'puzopvesa®

TocynapcTBenHOE 06pa3oBaTeIbHOE YUpEKIEHHE BBICIIETO MPO(eCCHOHANILHOTO 00pa30BaHuUs
Boennslii nunctutyT MuHuctepcTBa 060poHsl, r. Tupacnons, [Ipuanectposbe, Momnaosa,
e-mail: oleg.tinkov.chem@mail.ru
'ocyaapcTBeHHOE 00pa30BaTeNbHOE yupexkaeHue [IpuaHecTpOBCKHil FOCY1apCTBEHHbIIH
ynusepcuteT uM. T.I'. llleBuenko, r. Tupacnous, [Ipuanectposse, Monnosa
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IMocrynuna B peaakuuto: 01.10.2020 r., mocie mopadotku: 27.10.2020 r., mpunsra B neyats: 10.11.2020

AHHOTanusi — B HacTosmMii MOMEHT pachpoCTpaHEHHE KOpPOHABUpPYcCa MPEACTaBIseT COOOM
MI00ANBHYIO TTpobIeMy aiist yenoBedecTBa. OHUM U3 MEPCIIEKTUBHBIX COSAMHEHUN 1711 OOPHOBI C
kopoHaBupycoM SARS-CoV-2 sgBnsercds HMBEPMEKTHMH — KOMIUIEKC IOJYCHHTETHUYECKUX
MIPOU3BOIHBIX MTPHPOTHBIX AaBEPMEKTHHOB, KOTOPBIE YK€ MHOTO JIET dPPEKTUBHO HCIIOIB3YIOTCS B
MEIUIIMHE, BETEPHUHAPUU U CEIbCKOM XO3SICTBE KaK MPOTHBOMApa3uTapHbIe mpernapaTsl. Takxke
BEAYTCSl  YCHEIIHbIE HWCCIEAOBAaHUS TI0  HCIOJNB30BAaHHIO aBEPMEKTHHOB B  KadyecTBE
MIPOTUBOOIYXOJIEBBIX MpenapatoB. OMHAKO, HECMOTPS Ha PACIPOCTPAHEHHOCTh BO BCEM MHDE,
BBICOKYIO (DM3MONIOTMYECKYI0 3HAYMMOCTh U TEPCIEKTUBHOCTh, JIO CHX IIOp OTCYTCTBYIOT
JIOCTOBEpHbIE JaHHbIe M5 OOJNBIIMHCTBA WHIUBUIYaTbHBIX aBEPMEKTHHOB 10 OCHOBHBIM
HKOTOKCHUKOJIOTHYECKAM  XapaKTepUCTUKaM, 9YTO B  COOTBETCTBUM C  JICHCTBYIOIIMM
3aKOHOJATENbCTBOM  EBpormeiickoro corosza sBisercss 00s3aTeNbHBIM YCIOBHUEM JUIS BEIECTB,
MPOU3BOIMMBIX WJIM MMITIOPTUPYEMBIX B KOJHYECTBE CBBINIC OJHOH TOHHBI B TedeHme roma. C
ucrnons3oBanueM unTepHer-margopmel «OCHEM» (https://ochem.eu) mocTpoeHbl aneKBaTHBIE
moaemu KommuectBennoit Ces3u Ctpyktypa — CBoiictBo (Quantitative Structure — Property
Relationship, QSPR), mo3BosiuBIIME OLIEHUTh BIUSHUE CTPYKTYPBl OPraHUYECKUX COEAMHEHHH Ha
BeMMuuHy OmokoHueHtparumonHoro (¢akropa (BCF). QSPR wMomemn paspaboTanbl ¢
WCIONIb30BAHUEM  PA3NUYHBIX  (parMEHTAPHBIX,  TOMOJOTMYECKUX,  (PU3UKO-XUMUUYECKHX
MOJIEKYJISIPHBIX JIECKPUIITOPOB, a TaK)K€ TAaKUX METOJO0B MAIIMHHOTO 0OydeHus kak CirydaiHbIid
Jlec (Random Forest, RF) u AccomuatuBusie Heliponnbie Cetu (Associative Neural Networks,
ASNN). Jlns KOJIMYECTBEHHOM OILEHKH CHOCOOHOCTHM WHAMBHIYaJIbHBIX aBEPMEKTHHOB K
OMOKOHIIEHTPUPOBaHUIO Oblla pa3paboraHa kKoHceHcycHas QSPR wmopens, Haxopsmasics B
cBOOOMHOM JocTyne B cetm MHTepHeT mo anpecy: https://ochem.eu/model/20673575. Tlpwm
cpaBauTenbHOM QSPR monenupoBaHu#M ObUIM TPUMEHEHBI MOJCKYISPHBIE JECKPUIITOPHI, B TOM
yucie (ppakTanbHbIe, paccuuTaHHble ¢ moMolisio nporpammbl HYBOT. Pazpaborannbie momenu
00JIaZ]al0T COMOCTAaBUMOW TpEACKA3aTeNbHON CHOCOOHOCTBIO M MOTYT OBITh MOJIE3HBI TpPHU
OTpEeIeNIEHUN CTpPATeTUH CHUHTE3a, MCIBITAHUNA HOBBIX JIEKAPCTBEHHBIX CPEJCTB Ha OCHOBE
WHIUBUAYAIbHBIX aBEPMEKTHMHOB, B TOM YHCJIE MpPH CENEeKIUH COECIWHEHUN — JIMAEpOB,
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uHrnbupyomux perukanuio SARS-CoV-2. Ilpu mnpoBeneHHHM CTPYKTYpHOW MHTEpIpETaH
METOZOM MOJIEKYJSIPHBIX Map OIpeJesieHbl HauOollee 4acTo BCTPEYAIOLIUECS MOJIEKYJIIpHbIE
TpaHchopMalKy, TOBBIAIOIINE U TOHWKAIOUIME OMOKOHIICHTPALMOHHBIA (DaKTOp, 4TO MOXKET
ObITb YYTEHO INPHU PALOHAIBLHOM MOJEKYISIPHOM JAM3aiiHe HOBBIX (PM3HOJIOIMYECKH aKTHUBHBIX
COCIUHECHUM.

Kniouesvie cnosa: Makponuabl, aBEpMEKTHUHBI, OMOKOHICHTPAIIMOHHBIN (DaKTOp, MOJEKYISIpHBIE
J€CKPUITOPbI, MAIIMHHOE O0yYEHHUE.
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Abstract — At the moment, the spread of coronavirus infection is a global problem for humanity.
One of the promising compounds for the fight against SARS-CoV-2 coronavirus is ivermectin — a
complex of semi-synthetic derivatives of natural avermectins, which have been effectively used in
medicine, veterinary medicine, and agriculture as antiparasitic agents for many years. There are also
several successful studies on the use of avermectins as antitumor drugs. However, despite the
worldwide recognition, high physiological significance and prospects, there are still no reliable data
for most individual avermectins on their main ecotoxicological characteristics, which in accordance
with the current legislation of the European Union is a prerequisite for substances produced or
imported over one ton per year. Using the OCHEM web-platform (https://ochem.eu) adequate
models of Quantitative Structure — Property Relationship (QSPR) were constructed, which allowed
us to evaluate the influence of the structure of organic compounds on the value of the
bioconcentration factor (BCF). QSPR models were developed using various fragmentary,
topological, physico-chemical molecular descriptors, as well as machine learning methods such as
Random Forest (RF) and Associative Neural Networks (ASNN). To quantify the ability of
individual avermectins to bioconcentrate, a consensus QSPR model has been developed, which is
freely available on the Internet at: https://ochem.eu/model/20673575. In comparative QSPR
modeling, molecular descriptors were used, including fractal ones, calculated using the HYBOT
program. The developed models have a comparable predictive ability and can be useful in
determining the strategy of synthesis, testing of new drugs based on individual avermectins,
including the selection of lead compounds that are potent in inhibition of SARS-CoV-2
replication. When conducting structural interpretation by the method of molecular pairs, the most
common molecular transformations that increase and decrease the bioconcentration factor have
been determined, which can be taken into account in the rational molecular design of new
physiologically active compounds.
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BBE/IEHUE

Ha cerogusitinuii eHb OAHUM M3 HauOoJee MEePCIEeKTUBHBIX HHTUOMTOPOB
kopoHaBupyca SARS-CoV-2 sBisieTcsi MBEPMEKTHUH, KOTOPBIM B XOJ€ UCCIICIOBAHUI
in vitro mo3Boiua cHU3UThH Joat0 BupycHoi PHK na 99,98% B Teuenue 48 u npu
KOHIIEHTparuu 5 MKM, kotopas Oe3omacHa jisi kietok [1]. Panmee mBepmexTuH
TaKkke CHIWkKan pemmukanuio BupycoB BWUY-1 u Jlenre [2]. HHBepMeKTHH
npeacTaBisier coboit komruiekc uBepMekTrHa Bla (=90%) m umBepmektnna Blb
(=10%), KOTOpBIE SBISAIOTCS MOJYCUHTETHYECKUMHU MPOU3BOJAHBIMUA MPUPOIHBIX
ABEPMEKTHHOB.

[IpupogHbple  aBEpMEKTHHBI, MPOAYLUPYEMBIE KYyJIbTYpoul  Streptomyces
avermitilis, a TaKkKe WX MOJYCUHTETHYECKUE IIPOU3BOAHBIC, B TOM YHCIIE
UBEPMEKTHH, 4Ype3BblYaHO d3()(PEKTUBHO MCHOJB3YIOTCS MPOTUB HHIO- U
DKTOIIAPA3UTOB PpACTEHUM, JKUBOTHBIX M 4YesnoBeka [3]. BpICokas BaXXHOCTb
aBEPMEKTHHOB JUIsl 4YejoBeuecTBa Oblia MOATBEpKAeHa BpyueHuem B 2015 roxy
nosoBuHbl HoOeneBckoil npemun no ¢usnonorun u menuuunHe Carocu OMypu u
Yunesaimy KomnOemny 3a MX HOBAaTOPCKHE HCCIENOBaHUS, HaIpaBi€HHbIE Ha
CO3[ITaHHE HOBOI'O KJIacca JIEKapCTB [4]. ABEpPMEKTHHBI TaKK€ MPOAEMOHCTPUPOBAIIH
ITPOTUBOOIYXOJIEBYIO AKTUBHOCTH [5].

[IpupoaHble aBEpPMEKTHHBI, KOTOPbIE MPEACTABISIIOT COOOM KOMIUIEKC U3
yeThlpex OCHOBHBIX (Ala, A2a, Bla, B2a) u yetsipex BTopocTeneHHbiX (Alb, A2b,
Blb, B2b) 16-uneHHBIX MaKpoJUI0B, MNPOAYLHUPYIOTCS KYJIbTYpoul Streptomyces
avermitilis. ~ XUMHYECKHE CTPYKTYpPbl MPUPOJHBIX M  MOJYCUHTETUYECKUX
aBEpPMEKTHHOB Ipe/icTaBJIeHbI B Tabule 1.

Tabauya 1. UnpuBuyaibHbIE aBEPMEKTHHBI
Table 1. Individual avermectins

HazBanue \ Crpykrypa HoMmep CAS

[TpupoHBIE aBEPMEKTHHBI

ABepMmekTHH Ala 65195-51-9
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Haspanue CrpykTypa HoMmep CAS
IIpupoiHbIE aBEPMEKTHHBI

ABepmexTuH Alb 65195-52-0

AepmekTuH Bla 65195-55-3

AsepmektuH Blb 65195-56-4

ABepMeKkTHH A2a 65195-53-1
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Haspanue CrpykTypa HoMmep CAS
IIpupoiHbIE aBEPMEKTHHBI

ABepmekTnH A2b 65195-54-2

ABepmekTuH B2a 65195-57-5

ABepmekTuH B2b 65195-58-6

NBepmekTun Bla 71827-03-7
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Haspanue CtpyKTypa Homep CAS
[losrycuHTETHYECKNE aBEPMEKTHHBI
WBepmextun Blb 70209-81-3
JopamekTH 117704-25-3
CenamexTuH 220119-17-5
3"-O- JlecMeTnnaBepMEKTHH 99965-56-7

Bla
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Haspanue CrpykTypa Homep CAS
[TonycuHTeTHUECKHE AaBEPMEKTHUHBI

4"-(aueTusiaMuHo)-5-0-
nuMeTuiI-4"-TuoKCcH- 172926-97-5
ABepmekTuH Ala
OmamekTuH B1B 121424-52-0
OmamekTuH B1A 121124-29-6
OnpuHoMekTuH Bla 133305-88-1
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Haspanue ‘ CrpykTypa Homep CAS

HOHYCI/IHTGTI/I‘-IGCKI/IC ABCPMCKTHHBI

OnpuHoMekTHH B1b 133305-89-2

JInst  BCECTOpPOHHEH OLEHKH BO3MOXXHOCTH HCIIOJIB30BAaHUSA  OTHENBbHBIX
ABEPMEKTHMHOB B KayeCTBE JICKAPCTBEHHBIX BEUIECTB YPE3BBIYANHO Ba)KHA
uHpopMalusi 00 UX HKOTOKCHKOJOTMYECKHX XapaKTepUCTHKax. B cooTBercTBUU C
EBponeicKrM persaMeHTOM O PEerMCTpalvy, OLUEHKE, Pa3pelleHUH U OrpaHu4eHHUU
xumudeckux BemiectB (REACH) [6], mepen HayaioM MPOW3BOACTBA U TOPTOBIH
Tpedyercs oOsi3aTenpHas IIpeIBapUTEIbHAS OLICHKA Pa3IMYHbBIX
HSKOTOKCHUKOJIOTUYECKUX XapPaKTEPUCTUK XHMMHYECKUX BEIIECTB, BKIIOYAS UX
CIOCOOHOCTh K OMOKOHIIEHTPUPOBAHUIO, KOTOpAsi OLIEHMBAETCA C HCIOIb30BAHUEM
kodddunmenta (dakropa) Oumoxonuentpauun (BioConcentration Factor, BCF),
MPEACTABISIIONIMM COOOM OTHOIIEHHE KOHUEHTpPAlMd XUMHUYECKOIO BEIIECTBA B
OpraHu3Me UM OMOTE K €r0 KOHIIEHTPALlUU B BO/IE.

B 0030pHOi1 myOnukanuu [7] Mo 3KOJIOTHUYECKUM CBOMCTBaM aBEPMEKTHHOB
OTMEYaeTcs, 4YTO, HECMOTPS Ha PaCIpPOCTPAHEHHOCTh 3TUX BEILECTB BO BCEM MUDPE U
X 3¢ (}EeKTUBHOE HCIOIb30BaHHUE, K COXKAJICHUIO, SKCIIEPUMEHTAJIbHBIX JTAHHBIX I10
AKOTOKCHKOJIOTUYECKOM OLIEHKE ATUX COCIANHEHUN KpalHE MaJIo.

Ha ceromHamHuil JOeHb B CBSI3M CO 3HAYUTENBHBIMU (PUHAHCOBBIMH U
BPEMEHHBIMM  3aTpaTaMd [PH  OLEHKE OSKCHEPUMEHTAIBHBIX  IIOKa3aTeleu
XUMUYECKUX BEIIECTB, & TAKXKE C YYETOM 3THYECKOIO0 OTHOILUEHHUS K >KUBOTHBIM,
co3matorca Maremarnueckue wmogenu «KommdectBenHas CBssb CrTpykTypa —
AxTtuBHOCTBE/CBOICTBO» (QSAR/QSPR) [8—10], koTOpBIE TaKkke MOIACPKUBAIOTCS
REACH.

[Ipyunumas Bo BHHMMaHHMe akTyalbHOCTh oneHkn BCF, Obuto mpennoxkeHo
3HAYUTENBHOE KOJUYECTBO YAOBJIETBOPUTENBHBIX Monened QSPR, HekoTopeie u3
KOTOPBIX MHTETPUPOBAHBI B U3BECTHBIE Mporpammel, Hanpumep, T.E.S.T.v.4.2. [11],
CompTox Chemistry Dashboard [12]. Ilpemnaraemsie momenu QSPR ¢ yuetom
obmactu mnpumenumoctu (applicability domain, AD) mO3BOJSIOT HaIEKHO
nporro3upoBath BCF nns 00nbIIOro KOJIMUYECTBA OPraHMYECKUX COETUHEHHI.
OO6nacTh MPUMEHUMOCTH MOJEIH 3TO XHUMHUYECKOE, CTPYKTYpHOE, MOJEKYJSIPHOE
W/WIH CBSI3aHHOE C OMOJIOTMYECKUM MEXaHH3MOM JIEHCTBHUS MPOCTPAHCTBO JAHHBIX,
onuckiBaemMoe Mmozensio [10]. Ecnu HOBbIE MONEKYJIBl W3 TECTOBOM BBIOOPKHU
HaxXOAsATCs 3a TMpeAeNaMd O0JIacTh TPUMEHUMOCTH MOJEIH, TO TMPOTHO3 C
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UCIOJIb30BaHNEM cooTBeTcTByomed wmozenu QSPR  mns Hux Oyner weHee
HajexkHbIM. Onpenenenue AD siBnsieTcss 00s3aTeIbHBIM YCIOBUEM NPU MPOBEACHUU
QSAR/QSPR monenupoBaHusl.

K coxkaneHuro, NpUPOIHBIE U IOJIYCUHTETUYECKHE ABEPMEKTUHBI IIpU
nporHozupoBanun BCF He BxoadaT B 001acTd NPUMEHUMOCTH MOJEJEH,
pEaIM30BaHHBIX B YKA3aHHBIX BBIIIE IPOIPAMMHBIX IPOJAYKTaX, 4YTO, BEPOSATHO,
CBSI3aHO C HE3HAYUTENIbHBIM CTPYKTYpPHBIM pa3HOOOpa3zueM 0O0ydaroIuX BBIOOPOK,
THIIOM UCIOJIb3YyEMbIX JIECKPUITOPOB U METOJAMHU UX 0TOOpA.

HeoOxoaumMocTh pacuiupeHusi CTPYKTYPHOTO pa3HOOOpa3usi 00ydaroniux
BbIOOpOK Tmpu mnporHozupoBanun BCF ormeuena B mnybnukauuu [13], rae
MIPOBOAMTCS MOAPOOHBIN aHanu3 cymiectByomux QSPR moneneit BCF.

YuuTeIBasg OTCYTCTBHE JKCHEpUMEHTaNbHbIX 3HaueHH BCF mia otnembHbIX
aBEPMEKTHHOB, a Takxe mojeneil QSPR, cnmocoOHBIX HaEKHO MPOTHO3UPOBATH 3TY
XapaKTEPUCTHUKY C YYETOM 00JIacTel MPUMEHUMOCTH, LIE€TBI0 JAHHOTO HCCIIEA0BAaHUS
ABJISIETCS KOJIMYECTBEHHAs OLICHKA KO3 pumeHTa OMOKOHLEHTpALUU
UHIAVBUYAJIBHBIX aBEPMEKTHHOB.

OKCHHEPUMEHTAJIBHAS YACTDb

CBOOOMHO IOCTYMHBIA Habop skcnepuMeHTanbHBIX 3Hauenuit BCF (1333
COEIMHEHMs) ObUI SKCHOPTHUPOBAH W3 BBILEYNOMSAHYTOM myOnukanuu [13], B
KOTOpPOW MOAPOOHO OMMCAHbI MPOLEAYPbl MPOBEPKU MCXOIHOM HHPOpMALUU U
pasneneHust oomiel BeIOOpKK Ha oOydaronryto (1129 coenunenuit) u tecroByio (204
COeIMHEHHMsI) BBIOOpKU. OkcnepuMmeHTanbHble 3HaueHuss BCF, mnpuBeneHHble
aBTopamMu wuccienoBanus [13] B J/kr, ObUTM TpeoOpa3oBaHbl B JECATUYHBIN
JorapudM 3TOI BETUYUHBI.

QSPR monenupoBaHue NPOBOAMIOCH C HCIOIB30BAHUEM HMHTEpPHET-pecypca
«OCHEM» [14], KOTOpBI COAEPKUT 3HAYUTEIBHOE KOJMYECTBO JIAHHBIX O
CTPYKTypax XHMHYECKUX COCAMHEHUH W Ppa3IMYHbIX BUJAX OHOJIOIMYECKOU
aKTUBHOCTH, a TAKXKe IMO3BOJIsIET pa3pabarbiBarh, mHTEpnperupoBaTh QSPR/QSAR
MOJIEIM C MCHOJIb30BAaHUEM pa3IMYHbIX METOJOB MalIMHHOrO oOyueHus. B
HacTosIIeH paboTe Mpy MOJETMPOBAHUU C TOMOIIBI0 HHTepHET-pecypca «OCHEM)»
WCIIOJB30BAINCH PA3JIMYHBIE THUIBI JECKPUOTOPOB [15], cpeam KOTOPBIX MOMKHO
BBIICTIUTh  LEJOYHMCICHHbIE  (parMEHTHbIE  CHUMIUIEKCHBIE  JIECKPHUIITOPHI,
TOMNOJIOTUYECKHE HWHAEKCHl. Tak, TOMOJOTHYECKHE JECKPUITOPbl (MHIEKCHI),
paccuuThiBaemMbie ¢ nomoupio BctpoeHHoro B « OCHEM» monyns «Dragon» [15],
CBSA3aHBI C PUMEHEHHUEM TEOpUH rpad)oB MpU ONMUCAHUHU MOJIEKYJSPHON CTPYKTYPHI.
[Ipu pacuere cuMILieKCHBIX AeckpunTopoB (Simplex representation of molecular
structure, SIRMS) ¢ nomomipto Mmoaynst «SIRMSy [16] Monekyna paccMaTpuBaercs
KaK CHCTeMa pa3jMYHbIX CHUMIUIEKCOB — YETHIPEXaTOMHBIX MOJEKYJISAPHBIX
(dparMeHTOB (PMKCUPOBAHHOM CTPYKTYpHI (puc. 1). JleCkpunTopoM B JaHHOM cllydae
ABJISIETCA KOJIMYECTBO CHMIUIEKCOB ompeneneHHoro Buaa. Ha 2D ypoBHE aTtoMmsbl
(BepuHBI cuMILIeKca) nuddepeHIupyOT He TOJBKO MO MPUPOJE «METKE» aToma,
HO U C YYE€TOM pPa3IMYHbIX (PU3UKO-XUMUYECKUX CBOMCTB — YaCTUYHOIO 3apsjia Ha
aToMe, JUNOMUIBHOCTH, pedpakuuu, CHOCOOHOCTH BBICTYNATh JOHOPOM WU
aKLENTOPOM BOJOPO/a Mpu 00pa30BaHUK BOJOPOTHON CBSI3U.
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Oudgpepenupnauna no
3apapam

A<-0.1 3 f/:_F\
E A
-0.1<B<-0.05
-0.05<C<-0.01 3 </3_,:
=3 \
= 0.01<D<0.01 E &
0.05<F<0.1 G=A
G>0.1

Puc. 1. llpumep resepanii CUMILJIEKCHBIX JECKPUIITOPOB /JIs ajlaHuHa Ha 2D ypoBHe npu
UCIOJIb30BaHUU U PepeHnaly aTOMOB 10 UX 3apsijiaM ¢ momouibio Moayiist SIRMS.

Fig. 1. Representative generation of simplex descriptors for alanine at 2D level using differentiation
of atoms by their charges in accordance with SIRMS module.

[Tomumo 3TOTO, TTpM MOenupoBannu ¢ nomouplo «OCHEM» ncnonp3oBanu
BcTpoeHHble Mopayiu «PyDescriptor» [17], «RDKIT» [18], «alvaDesc» [19],
TeHEpUPYIONIUE HAOOpPhl Pa3HOOOPA3HBIX TOMOJOTUYECKUX, (parMeHTapHbIX, a
TakkKe (UIUKO-XUMHYECKUX, (papMakoPOpHBIX JeCKpUnTOpoB. Jljisi mocTpoeHUs
Mojenelt ucrnodib3oBasiich Metoabl Ciyuaiinoro Jleca (Random Forest, RF) [20] u
AccommatuBabix Heliponnsix Ceteit (Associative Neural Networks, ASNN) [21].
[TocTpoeHne KOHCEHCYCHOM MOJIENIN OCYIIECTBIISIIIOCH IIYTEM YCPEIHEHUS IIPOTHO30B
OTIENbHBIX Mojeneil. O0acTh NPUMEHMMOCTH OLIEHMBAJIACh C HCIIOJIb30BAHUEM
KOHIIETIIIMU «PacCTOSIHUE JI0 MOJIeNin», B yacTHOCTH, noaxojaa « CLASS-LAG». s
BHYTPEHHEI MPOBEPKH MCIOJb30BAJIaCh MPOILEAypa NATUKPATHON KpOCC-BaluAALU
(5-folds). [Jns aToro Bce coenuHeHHsi oOydaroliel BHIOOPKU Ciay4yalHbIM 00pazoM
pazienstorcss Ha S5 uacTed. 3aremM Ha 4 4YacTAX JaHHBIX, OOBEAMHEHHBIX B
o0yyJarolnyto BbIOOpPKY, Mpou3BoAUTCS mnocTtpoeHue (oOyuenue) QSPR mopenu, a
OCTAaBIIASICS YACTh JIAaHHBIX MCIIOJIB3YETCS KAK BHYTPEHHSISI TECTOBAsi BRIOOPKA, T.€. Ha
COCIMHEHMSIX ~ 3TOM  TpymHmbl  MPOBEPSETCSs  YCTOMUMBOCTH U YACTUYHO
npeJcKa3aTesibHas CocOOHOCTh Mojenu. JlanHas mpoueaypa moBTopsieTcs S5 pas, B
pe3ynbTaTe 4ero Kaxzaas U3 5 4acTeil JaHHBIX MOCIEIOBATENBHO HUCIIONB3YETCS IS
TECTUPOBAHMS. BaXXHO MOAYEPKHYTh, YTO HCCIEIYEMBIE COEAMHEHUS HHUKOI/A HE
SIBJISIFOTCSL OJTHOBPEMEHHO YacThIO KakK OOydwaroimied, Tak U BHYTPEHHEW TECTOBOM
BbIOOpKU. Bosiee mopoOHOE onKcaHre UCTIONb30BAaHHBIX METOIOB, JECKPUIITOPOB, a
TaK)K€ JIOMOJIHUTENFHBIE CCHUIKM HAa OPUTHHAJIBHBIE PabOTHI JaHBI B PYKOBOJICTBE
nojibzoBatesst «KOCHEM» [14].

OneHKy TOYHOCTH Y MTPOTHOCTHYECKOM CIIOCOOHOCTH MPE/JI0KEHHBIX B padoTe
Mozener n ux cpaBHeHwe ¢ aApyrumu QSPR MopensiMu BBINOJHSUIM Ha OCHOBE
ko> dunmenta gerepmunanuu (Q?) u cpeauexsagpaTnunoi ommoku (RMSE).

VYuuteiBasi, uyto Bbimeynomsinyroe QSPR wmonenupoBanue mnotrpeboBaio
OpUBJICUYCHUST OOJBIIOTO KOJMYECTBA JECKPUNTOPOB (COTHUM UM THICAYM), MJIA
cpaBHEHUsI ObUIM CKOHCTPYHMpOBaHbl C momolnbio Meroaa RF perpeccuonnsbie
MOJIETH, COepKallre HeOObIIOe KOJTUYECTBO MEPEMEHHBIX, BKIIOUASI IECKPUIITOPHI
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HYBOT [22], tononoruyeckue u ¢paxrtaibHble xapakrepuctuku [23]. B ocHose
HYBOT neckpuntopoB nexut onieHka H-gonopuoi#t 1 H-akuentopHoi cnocoOHOCTH
MoJiekysl. B atom ciyuae onenka AD mnpoBoauiach HWHTEPBAIBHBIM METOIOM.
JleckpunTopbl ¢ HU3KOW BapuaOeIbHOCTHIO M BBICOKUM KO3(P(UIIMEHTOB B3aUMHOMN
koppessiiuu (Boite 0,9) OblTM UCKITIOYEHBI TPU MOJICIIMPOBAHUH.

PE3YJIBTATBI U UX OBCYKJIEHHUE
Pesynbratel QSPR monenmupoBanus BenmmunH BCF npuBenensr B Tabnuie 2.
KoncencycHas Mozenb HaxoAUTCs B CBOOOTHOM JIOCTYII€ IO CCHUIKE, YKa3aHHOU B
tabnuue 2. Bce mocTpoeHHbIE MOJIETN UMEIOT YAOBIETBOPUTEIbHBIE CTATUCTUYECKUE
XapaKTePUCTUKHU n JEMOHCTPUPYIOT MpeCKa3aTebHYI0 CIOCOOHOCTH
CONOCTaBUMYIO ¢ cyulecTByromumMu wmoxaemsimu  QSPR, paspaGoTaHHbIMU IS
uccienyemMon Beioopku [13].

Taonuya 2. Cratuctuueckue xapakrepuctuku QSPR moneneit BCF

Table 2. Statistical characteristics of QSPR BCF models

Meron JeckpunTopsl Bri6opka Q? RMSE
4
Dragon oOyuaroras 0,70 0,7
TECTOBas 0,74 0,80
AccolmaTuBHEBIC ‘ 0GygaromAT 0,69 0.76
o PyDescriptor

Heitponnbre CeTn TecTOBas 0,76 0,78
RDKIT 06yqafomaﬂ 0,67 0,78
TECTOBAs 0,74 0,80
oOyyaroras 0,78 0,64

alvaDesc
oOyuaromas 0,80 0,70
oOyuaroras 0,72 0,72

STRMS e
Cotyuaiiniii Jlec TECTOBAas 0,78 0,74
oOyuaroras 0,75 0,68
PyDescriptor "

TECTOBAas 0,79 0,73
oOyyaroras 0,67 0,78
HYBOT TECTOBAas 0,71 0,85
Koncencychnas Mozenb ooyuaromasa | 0,77 0,65
(https://ochem,eu/model/20673575) TecToBas 0,80 0,70

[pumeuanue: Q> — kodpunuent nerepmunanuy; RMSE — cpeiHekBapaTHdHas omuoKa

Jlns mosiydeHHOW KOHCEHCYCHOW MOJeinu Oblla MpOoBEACHa CTPYKTypHas
MHTEPIIPETALNS C TIOMOIIBI0 METOAA MOJIEKYJISIPHBIX IMap, TAKKE PEATU30BAaHHOTO B
«OCHEM» [14]. PesynbraThl UWHTEpOpPETALMM, B YACTHOCTH, MOJIEKYJSAPHbBIC
TpaHchOpMaIMK, KOTOPbIE B HAMOOJbIIEH CTENEHU YBEIUYMBAIOT UM YMEHBIIAIOT
sHaueHuss BCF nna uccnemyembix 1129 coegunenmit oOydaromieid BBIOOPKHU
npuBeneHbl B Tabnuie 3. [1oiHbIN CIMCOK MOJEKYIAPHBIX TpaHC(OpMaLIHii, a TaKxKe
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CTPYKTYpBI CO€IUHEHUI 0Oyuaromieil U TeCTOBOW BBIOOPOK JOCTYIHBI IO CCBHUIKE
U1 KOHCEHCYCHOM MOJIENIN, IPUBEIEHHON B Tabauue 2.

Kak BugHOo w3 Tabmuupl 3, HauOoJbLIEe CHUXXEHHE CIIOCOOHOCTH
OpPraHUYECKUX COEAMHEHNN K OMOKOHLIEHTPUPOBAHUIO HAOIIOJAETCsl IPU 3aMEICHUN
aTOMOB XJIOpa THAPOKCWIBHBIMU U KapOokcuiabHbIMU (parmeHTamu. Taxxe BCF
YMEHBILAETCS MPU 3aMEHEe TUIAPOKCUIBHOU Ipymnmbl Ha cyiabdorpynmy —SOz;H nm
BOJOpOoAa Ha KapOOKCHUIbHYIO rpymnmy. 3aMeHa (ochopHOll Trpynmbl Ha
THopochopHyIO, a TakKe aMHUHOTPYMIBI, BOJOPOAA, HUTPOTPYIIBI HA (hparMeHrT,
cozepxkanmii 2,6-1uxI0pOeH3011, HaNPOTUB, 3HaUNTEILHO yBennunBaeT BCF.

Taénuya 3. Pe3ynbTaThl CTPYKTYPHOW HHTEpHpeTanu KoHceHcycHo QSPR monenw.
Mounekysipabie Tpachopmariuu, MPUBOISAIINE K MOBBIIICHU 0 WK moHmwkennto BCF mist 1129
coeMHEHUI 00yyaroIieil BBIOOpKU

Table 3. Results of structural interpretation of the consensus QSPR model. Molecular
trasformations that lead to an increase or decrease in BCF for 1129 compounds of training set

[Tpumep nap coequHeHuit U3 odyyaromien
BBIOOPKH M UX 3KCIEPUMEHTAIbHbIE 3HAUCHUSI N Amean
BCF, nunodunbHOCTH

MonekynspHas
TpaHchopmanus

MonekynspHsie Tpachopmaiiiy, NpuBoasilre K nonuxeHuo BCF

— = HO
; Cl ~ 4 17+1.2

Cl cl
Cl Cl
1gBCF = 3,04 1gBCF = 0,45
1gP = 4,1 1gP = 2,74
> s
! Cl—=1 W, 9 16+12
1gBCF =2,43 1gBCF =1
IgP =3,43 1gP =2,05
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NH, NH,
N
i _
|
F—0H — —s=o 4 1,3 40,66
i
1gBCF = 1,62 1gBCF = 0,04
IgP = 0,04 1gP =-2.16
Cl
CH Cl Cl
¥ N
} H— 14 1,1+1,1
]
Cl
IgBCF =2,57 S
IgP = 3,53 g5
Mounekysipabie Tpacopmarui, NpuBoAsIIe K noBbimennw BCF
H,C H;C
3, R
o~y ch o~ jCH
g_i \O 3 \.O 3
o]
s %O\"és S o 5 200,71
\ b :i: b
( O—§ \‘/ \O—§ ‘ /)\((:H3 | /)\/CHS
H,C N HyC N
CH, CH;
1gBCF = -1 1gBCF = 1,76
1gP = 1,69 IgP =33
Cl
Cl
cl
E— H— 9 2,1 +0,25
Cl
Cl .
1gBCF =2,57 1gBCF = 4,3
IgP =353 1gP = 5,62
Cl
/O’ o cl cl cl
NG — 8 3,0+0,52
\ B s
\O a “
Cl Cl cl
1gBCF = 3,26 1gBCF = 5,54
1gP = 4,38 1gP = 6,64

20




QSPR AHAJIN3 CITOCOBHOCTU MHAMBUIY AJIBHBIX ABEPMEKTHHOB

Cl Cl
cl

Cl
—NH, 7 | 32404

a (&

Cl Cl !
1gBCF =2,78 1gBCF = 5,54
IgP =41 1gP = 6,64

[Tpumeuanue: N — 4YHUCIO MOJEKYISPHBIX TMap, I KOTOPBIX BBISBICHA MOJIEKYISIpHAS
TpaHchopmanmsi; Amean — CpeAHsisi pasHHUIIA 3HAYCHUH OMOKOHIIEHTPAIIMOHHOTO (akTopa IpH
OCYIIIECTBICHUH MOJICKYJIIpHOU Tpanchopmarmm; IgP — nunodunsHOCTE BenecTs

Pesynbratel  uHTEepnperanmu  QSPR  Mozenum  mOATBEpKIAOT — paHee
MOJIyYCHHBIC JaHHbIe [24], COTJIaCHO KOTOPBIM JHUMO(DUIBHOCTh COCIMHEHUM
OKa3bIBAET CYIIIECTBEHHOE BJIMSHUE HA UX CIOCOOHOCTH K OMOKOHIICHTPHUPOBAHUIO:
MEXKy 3TUMU ABYMS XapaKTEPUCTUKAMU CYILIECTBYET JINHEIHAS 3aBUCUMOCTb.

Hcnonb3ys koHceHcycHyto QSPR monens, Obutn paccuutanbl BennunHbl BCF
JUISl OTJICJIbHBIX aBEPMEKTHHOB, KOTOPhIE MpUBEeHbI B Tabnuile 4. Bece coenunenus
BOLIUTM B 00JacCTh NPUMEHMMOCTH, YTO MOXET VYKa3blBaTh Ha HAJCKHOCTh
MPOTHO3UPYEMBIX 3HAUCHUH.

Taénuya 4. lpenckazanasie QSPR-monensio 3Hauenuss BCF aBepMekTHHOB
Table 4. The QSPR model predicted BCF values of avermectins

Ha3BaHnue nHIUBHIyaJIbHBIX aBEPMEKTHHOB 1gBCF
ABepmekTuH Ala 1,35
ABepmekTuH Alb 1,33
ABepmekTuH Bla 1,32
ABepmekTuH Blb 1,30
ABepmekTuH A2a 1,43
ABepmekTuH A2b 1,43
ABepmekTuH B2a 1,44
ABepmekTuH B2b 1,40
NBepmekTuH Bla 1,41
HBepmektun Blb 1,46
HopamexTuH 1,36
CemaMexTHH 1,50
3"-O-/lecmernnasepmekTun Bla 1,39
4"-(auerunamMuHo)-5-O-gumernn-4"-nuokcu- AsepMmektur Ala 1.20
OmamekTrH B1B 1 :39
OMaMekTuH B1A 1,36
OnpuHoMmekTHH Bla 1,34
OnpuHomekTHH B1lb 1,35
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3AKVIFOYEHHUE

B Xxoxe BBIYMCIUTENBHBIX SKCIEPUMEHTOB C NMPUMEHEHHUEM KOHLENTYaJIbHO
Pa3IMYHBIX JECKPUIITOPOB U METOJOB MAIIMHHOTO OOy4YeHHUs ObLIM pa3pabOoTaHbI
anexBatHbie QSPR monenu BCF. Ucnonb3yembie qeCKpUNITOPHI paciupuiiu 001acTu
npuMeHuMocTu wmogaened QSPR, uyrto mno3Bomwno caenate nporHo3 BCF s
WHJUBUyaJIbHBIX aBEPMEKTUHOB Oojiee HaaekHbIM. llomydennsle 3HaueHus BCF
ABEpMEKTUHOB MOTYT OBbITb MNPHUHSATHI BO BHUMAHHUE IPU KOMILJIEKCHOM OIICHKE
0€30MacHOCTH aBEePMEKTHUHOB JIJISl OKPY>KaIOIIEH CPEeIbl.

Nutepnperanmss  QSPR  Mogmeneil  1mo3Boiuiaa  ONPENCNIUTh — BJIUSIHUE
MOJIEKYJISIDHBIX ~TpaHchoOpMalMii Ha M3MEHEHHWE CHOCOOHOCTH OPraHHMYECKHX
BEIIECTB K OMOKOHIIEHTPUPOBAHUIO, YTO MOXET OBITh MCIIOJIB30BAHO MPHU pa3paboTKe
LEJEBbIX COCAMHEHUN, a WMEHHO IpU MOJEKYJISPHOM Ju3ailHE BEIIECTB C
TpeOyeMbIM YPOBHEM OMOKOHIIEHTPUPOBAHUSI.

CkonctpyupoBannbie QSPR  Mozenu MoryT OBITh HCIOIB30BaHbI IS
BUPTYaJIbHOTO CKPUHUHTAa OPraHMYECKUX COEIMHEHHM C LENbl0 COKpAIEHUS
(UMHAHCOBBIX,  BPEMEHHBIX W  TPYAOBBIX  3arpaT TpU  OLEHKE  HX
DKOTOKCUKOJIOTHYECKUX NTapaMETPOB.

B Oyaymmux wHcciieqoBaHusiX MOTpeOyeTcs aHalu3 M IMPOTHO3 JIPYTUX
HSKOTOKCHUKOJIOTUYECKUX MapaMeTpOB aBEPMEKTHMHOB, HANpUMEpP, CIIOCOOHOCTU K
OnoTpaHchopMali ¥ pa3InyHbIX TUIIOB TOKCUYHOCTH.
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Abstract — The industrial accidents are a matter of major concern to both the public and the
environment and governments aim to minimize them by laying out different regulatory bodies to
keep check on the impacts of chemical releases. However, many incident databases are relied on
qualitative information instead of the quantitative as quantification from some databases is
challenging to be taken into account. Nevertheless, accident/incident database can help decision
support systems to consolidate completely into a single index that can assist in decision making for
providing safety of both public and nature. In accordance to this, accident database taxonomy has
been developed to reduce the severity and occurrence of the chemical accidents. It is proposed to
integrate information from three types of databases (containing data on accidents, equipment
failure, and chemical substances reactivity) which can prove to be a major breakthrough in reducing
accidents.

Keywords: safe process management, decision support system, risk management program, chemical
accident/incident, accident reporting database, emergency notifications.
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AHHoTanusi — [IpombllluieHHbIE aBapHH, OCOOCHHO aBapUHU C Y4YaCTUEM XUMHUYECKUX BEIIECTB,
BBI3BIBAIOT CEPHE3HYI0 03a00YEHHOCTh B OTHOILEHUH MX IOCIEACTBUH, KaK JJIs HACEIEHUs, TaK U
OKpPY’KaIoIlled Cpefbl, U MPABUTENIBCTBA CTPEMSTCS CBECTH MX K MUHHUMYMY, CO3/1aBasi pa3jiuvHbIC
PEryIupyroIIne OpraHbl JUIsi KOHTPOJISA 3a BO3/IEHCTBHEM BBIOPOCOB XMMHUUECKUX BemecTB. OHAKO
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EFFECTIVE UTILIZATION OF DATABASES FOR PREVENTING CHEMICAL ACCIDENTS

MHOrMe 0a3bl JaHHBIX, cojepxaime HHOOpMAIMIO 00 WHIMICHTaX, OCHOBAHBI JIUINb Ha
KayeCTBEHHOW, a HE Ha KOJMYECTBCHHON WH(OPMAIUH, ITOCKOJIBKY KOJUYECTBCHHYIO OIICHKY B
HEKOTOpBIX 0a3ax MaHHBIX CIOKHO y4ecTb. TemM He MeHee, 0a3a JaHHBIX aBapUM/MHIIMICHTOB
MOJKET MIOMOYb CHUCTEMAaM IMOJIICPKKH MPUHSTUS PEIICHUH, TIOJTHOCThIO KOHCOJMINPOBAB JaHHBIC B
€IMHBI HWHJIEKC, KOTOPBI MOXXET CHOCOOCTBOBATH MPHUHATHIO PEIICHUH B IEISIX OOecredeHus
0e30MacHOCTH, Kak oOIIecTBa, TaKk W NPUPOABI. B COOTBETCTBMHM C 3THM Obula pa3paboTaHa
TakCOHOMHUS 0a3bl JaHHBIX 00 aBapwsiX, YTOOBI CHU3HUTH CEPHE3HOCTh M KOJHMYECTBO aBapuil Ha
XUMHAYECKHX mpennpusatusax. [Ipemiaraercs o0benuHUTh HHOOPMAIMIO U3 TPEX TUIOB 0a3 JTaHHBIX
(comepxamux JaHHbBIe 00 aBapusxX, OTKa3e OOOpPYIOBAaHUS W PEAKIMOHHONW CIOCOOHOCTH
XUMAYECKHX COCIMHEHMI), 4YTO MOXKET OKa3aThCsl CEPhE3HBIM TIPOPHIBOM B CHIKCHHH
ABAPUITHOCTH.

Knioueguie cnosa: 6e30macHOe yrnpaBieHHE IPOLIECCaMH, CUCTEMa MOAEPKKU IIPUHATHUS PEILICHNH,
porpaMMa yOpaBJi€HUs PUCKaMM, XUMHUUYECKas aBapus, 0a3za JaHHBIX COOOLIEHWH 00 aBapusx,
aBapuUiHbIC YBEJOMJICHUS.

INTRODUCTION

Databases of accidental records of where, when, and how an accident may have
occurred 1s mandatory to record. The chemical database releases are sometimes
voluntary and mandated in others [1]. Chemical release information is needed to be
reported to governmental authorities, such as environmental protection agency
(EPA), national disaster management, occupational safety and health administration
(OSHA), and chemical weapon conventions (CWC). The risk management plans
(RMP) database, OSHA statistical data, and EPA databases contain information on
most significant toxic chemicals released from industries with 85% of the content
regarding to twelve chemicals known as persistent organic pollutants (POPs) [2]. The
sources, chemical information and release consequences are presented for those
chemical releases.

The objective of this article is to explore the different databases like failure rate
databases accidental databases, reactive chemical databases in order to link each
other to achieve high value of chemical industrial safety. Linking failure rate
databases and reactive chemical databases is needed to interconnect an appropriate
information on chemicals behavior and process equipment through one database to
another for improving the performance of equipment and predicting hazards of
chemicals to make conclusions which help in reducing accidents [3]. The challenges
with present databases include unreliable data and using less variables for report
generations. Also, there is little or no information provided about the specifics of
accidents occurred under wrong variables. But this doesn’t mean that the currently
available databases do not provide information on hazard of chemicals. In fact,
lessons from chemical accidents are learned in terms of implementation of safe
industrial practices and creating awareness programs on public or national safety.

For any research, fast accidents information lessons are reviewed to reduce the
occurrence and severity of upcoming incidents. All the failure data bases can help to
prevent future losses. Therefore, those databases should be analyzed scrupulously and
effectively in terms of industry practices to prevent reoccurrence of similar incidents
[4]. The preciseness and accuracy of databases are required. Incident databases
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should have both accurate facts and analytical statistical tools. Accurate facts hold the

information on incident specific data like type of the chemical, process unit,

equipment type, toxicity, number of employees which need to be considered.

Analytical statistics results are basics for determining incident root causes and, the

learned lessons should be extensively published and their incorporation in practice is

necessary for safer operational conditions. Deeper analysis is imperative to evaluate

the root causes of emergencies, therefore, interlinking accident/incident data and

development of their taxonomy are significant which can be done by performing the

following tasks:

- By listing the statistical data analysis collected from several accidents, which are
triggered by directly or indirectly through chemical elements.

- By analysing the interlinkages of chemical data, which contributed the accidents.

— Understanding the major contributors of the chemical accidents.

- Understanding the time and occurrence due to typical design errors in the facility.

- Expansion of safety focused designs to prevent any accident recurrence.

METHODOLOGY

The incident database procedure for the safety assessment of chemical
processes at facility is accomplished by an interactive online tool. As a part of various
database tools, the process of safety assessment using the appropriate database has
many versions having web-based applications which can be accessed by anyone [5].
In addition, the documents comprising different checklists should be available. To
create a safety awareness capacity building program, it is required safety re-design
based on various parameter and factors [6, 7]. The three main components are
significant for any risk management system as shown in Fig. 1:
Good Engineering Design: Good engineering protocols will provide basic standard
information through database to deal with crucial situations.
Good Process Design: The process needs to meet the requirements on yield, quality
of outputs for updates as per demand. Parameters updating drives the safe control on
process.
Good Basic Data: The basic information on physical and chemical data of raw
materials, reaction parameters, reaction kinetics, side reactions, applied materials
should be accurate and clearly understood.

s MEASURES

|

RISK ANALYSIS

/7 1T N

GOOD ENGINEERING  GOOD PROCESS GOOD BASIC
DESIGN DESIGN DATA

A

HAOLH JZNENERZPE

VAR
Fig. 1. Data components in risk management system.
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Good Engineering Design, Good Process Design, Good Basic Data
components must be routinely maintained to have a better risk management. All the
three components are organised, planned, monitored, reviewed and audited by
database system. After the comprehensive analysis of the input variables, risk
analysis i1s done which yields measures clearly related to various risk levels like
acceptable, improved, or eliminated.

DISCUSSION

Bond [7] developed the software for incident analysis during the process. The
main aim of his database is to assess the risk at the initial level either in raw
materials, process unit operations, equipment, storage etc. Trevor Klez [8] proposed
the integrated database with spell check program with key words highlighted with
information and user-friendly approach. HAZOP [9] is used to analyze process
hazard data with the help of experienced persons and safety information of the
previous history of accidents. Chung [10] has established a fuzzy search and a tool
that integrates the process maintenance, design, operators with CAD and control
system. Anand [11] developed the novel methodologies of data mining on fixed
facility to analyze the data with systematic approach. Hazardous substance
emergency events surveillance provides the information on hazardous compounds
release with publishing fact sheets and audit reports [12, 13]. The official database is
developed as major accidents reporting system, emergency response notification
system [14], known as Accidental Release Information Program (ARIP) database.
The database needs to be integrated with upgraded version so that all the incident
variables information will be accessible to all stakeholders as an analysis and lessons
in a stepwise identification.

Present databases need to be justified by improving the data parameters entry
towards safety of the facilities. Apart from adding data on parameters, few efforts
need to be done to improve risk management program database, in order to have a
better analysis on safety of equipment performance. As equipment letdowns lead to
initiation of the emergency event (industrial accident), so the facilities need to run
through the failure database to get advanced solutions on procedures. Accident can
happen because of both equipment failure and chemical reactivity associated events.
Reactivity data are not available for every chemical to make the proper conclusion for
correlation between the incident data and reactivity data for the reason that mislaid
facts are often entered in reports, but this can be achieved by experiments and
chemical computation [15, 16].

A better understanding can be achieved for plant authorities on consistency of
equipment running with hazardous chemicals through the linkage between three types
of databases which can prove to be a major breakthrough in reducing accidents. Fig.
2 shows various steps to analyze the risk and hazards. To take for risk assessment, at
initial step the identification of the activity which leads to hazards by chemical
process or maintenance problem, or human error, or safety failure, is required.
Assessment is performed to build hazard consequences and frequencies in order not
to repeat those errors. The reports are generated to implement the additional safety as
per requirements for the facility used.
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Fig. 2. Various steps to analyze the risk and hazard of accidents.

Risk assessments through damages are lessons to avoid future risks. The Fig. 3
provides the various steps of risk levels that can be minimized though incorporating
the hazards data information in administrative systems.

Remaining Risk

Organizational strategies:
e.g. training, instructions etc.

7S

Strategies on orientation over safe process by regular training,
work instructions, supervision, maintenance, procedure, etc.

Active engineered:
e.g. devices of safety,
automated controls etc.

Additional planning to control the accidents by active safety
systems: equipment controls, valves, detectors, security alarms

Passive engineered:
e.g. dikes, fire wall etc.

Process Layered Protection &

Inherent safety
e.g. low inventory, small,
simpler etc.

The planning to control the consequences of accident by using
safety equipment

Controlling the hazards on spot through proper safety
measurements using scale i.e. minimize, moderate, extreme,
plant design, substitute compounds, error tolerance etc.

Planning for fine strategy to avoid hazards and control the
Risk Control | releases through all parameters
% 4 ¥ Evaluating hazards depends on outcome based scenarios.
—-;’ Risk Assessment | | Standing methods: Risk methods, Layers protection analysis,
fg: Quantitative risk assessment, Faults and effects analysis etc.

Hazard Identification

Identification of hazards components release i.e. explosion,
toxic, fire. Standing methods: Checklist, Hazard and operability
studies (HAZOP), Preliminary hazard analysis (PHA), Dow
Chemical exposure Index (CEI) etc.

Fig. 3. Various steps in layered system of protection in risk management approach.

The flow chart represents that a hazard possibility may have arisen at any
chemical plant in the form of fire, toxic chemical release, or explosion. These hazards
are to be eliminated by an integrally protective designing a multilayered system
which is divided into inherent safety, passive engineered and active engineered
categories. The default parameters of any passive layer indicate design involved in
processes and operations which can lead to blast. The active engineered system
operates safety controls, alarms, pressure valves, indicators that clearly depend on
chemical plant process. The technical approaches are included in the final layer to
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provide strategy working guidelines and procedures of individual defensive

equipment.

The data on accident related variables of a database can be extended by
comparing its information to that from another database (failure rate, accidental and
reactive chemical databases) [17]. Initially, the understanding of all the hazards of the
process is essential to prioritize, and secondly, the estimation of the risk assessment is
required taking into account chances of accident consequences. Afterwards, the
applicable plans should be developed to minimize the risks by controlling it in every
possible way. Applying only accidental database irrespective of its prominence is
incomplete by reason of:
~ The database is typically based on initial statements prepared instantaneously after

the accident/incident happened so the released details may be inaccurate.

— The facts of the data are not certified. Reports parameters are not advanced.

— The few reports have shortcomings like manipulation, duplicates, and more than
one report related to one release.

~ Transcription miscalculations over calling may cause errors in quality of
insufficient data.

The Major Accident Reporting System (MARS) is a free searchable database
containing more than 400 reports of the major accidents from European Union. The
MARS database is well organized with detailed structured information on safety
understanding performance analysis [18]. Still, every chemical database delivers
insufficient information or conclusion as single chemical has many paths of reactions
which can lead to accidents. The accidental databases help to conduct search for
accidental chemical release, for example, ERNS database covers the release of
various hazardous compounds and oils [19]. ARIP database contains data of
substantial releases [20] and is integrated with ERNS database (Emergency Response
Notification System) for more precise information on facilities which is updated
periodically and the data do not represent geographical dissemination of releases over
a certain period. The decision support system (DSS) is a smart system to provide the
best single decision from numerous combinations of decisions accessible to
screening. The single decision means the DSS makes the decision instead of the user
and the user does not even need to delegate combinations of decisions to DSS [21].
The system provides an option to select the combinations of decisions which are
functionally proceeding through the following steps:

— The user adds the entries with the deviations in his process.

— The system calculates the information like data from chemical reactivity database,
incident database, equipment database and incident decision database from the
known accident databases.

— These calculated data on decision are represented as a mathematical model to aid
with combinations of decisions to screen.

This user manual of DSS demonstrates to be a smart thinking system. The
integration with process control models in this type of system will deliver safe
process with finding irregularities in the system in two steps to enable the decision.
First step is modeling using the database;
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~ The data is chosen for facilitating decision-making. This is the most important
decision criteria.

— Then storage of collected data is determined and is placed in the appropriate table.

— Next, the different data must be integrated in the database model.

There are three main objects describing a chemical incident. These objects are
type of the incident, chemical component involved, and equipment engaged in the
process, basing on their compliances it is necessary to take decision using primary
database [22, 23]. For effective decisions, DSS database is loaded with variables of
information on incident, chemical compounds involved, equipment information,
while decisions on incidents are mandatory to store as tables. To get a good decision
support system, a relational model between these objects and the database model
suggested 1s based on the requirement that the incident must be well investigated and
documented. Second step is decision implementation using information resulted
which will further form a basis for execution. But in spite of the robust functionality
of the system, some issues must be addressed before using the system. It is clear that
any decision that is selected will be one derived directly from analysis of chemical
incident information only. Such analysis will be devoid of a risk assessment or hazard
assessment study for the scenario selected. Future focus on integrated systems is able
to provide better decision support than using chemical incident information solely in
the procedure of risk and hazards assessments and analysis.

Table 1 provides the usage of data analysis on incidents with risk assessment
and management. Data analysis mainly contains date, time, week, location, event,
reasons of the event, sampling details, effect on living organisms, distance from spill
area to population residence, evacuation, and type of released compounds. Chemical
risk assessment factors depend on chemical substance physical and chemical
characteristics like odor, state, flash point, melting & boiling point, relative density,
vapor pressure, auto-ignition temperature, solubility, flammability, surface tension,
oxidizing properties, explosive properties, explosive limits, viscosity, dissociation
constant, etc. The general aim of analysis is (i) to determine physical and chemical
properties of hazardous compounds; (i1) to list out the information and risk aspects on
injuries and facility damage; (ii1) to make conclusions how to mitigate the further
harmful consequences from hazardous compounds [24].

It is important to assess the consequences of worst, moderate, alternate
scenario for probability of release. It is crucial that risk assessment and management
correspond to each other and both can be documented with three technical steps: (1)
risk assessment comprises identification of hazards and assessment of dose response.
The relationship of adverse effects and dose of exposure of the hazardous compound
need to be identified, (ii) exposure assessment comprises identifying the levels of
doses exposed, (iii) the final step is risk characterization and appraising the incident
harshness of hazards. Risk analysis and risk evaluations are categorized into few
elements to have a better understanding. The questionable elements are (i) What went
wrong?, (i1) Is it often?, (ii1) Any consequences occurred?, (iv) So further what? [25].
In nutshells, before any regulatory decision it should be kept in mind that risk
assessment needs to be considered before making any risk decision by both
qualitative and quantitative analysis.
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Table 1. Parameters which need to be considered while database entry

Data Category Data parameters Action Plan
Event reporting Reporting party
information Data and time reported
Facility/Event Facility name
location Facility location
Event location
Event information The incident time and date

The incident transportation

Information on facility

Type of elements involved

Elements Concentration

Mode effects

Final result of the incident
Causes Primary source

Secondary source

Information on equipment
Damage Damage of properties

Major and minor injuries

Evacuation

Deceases

Effect on environment
Action to cleanup Maintenance and controlling

procedures

Announcement / Waring

Repairs / Prevention
Remarks Documental report on entire

assessment

Comparison
Interruptions
Data Analysis
Risk management
Strategies

The quantitative methods for risk assessment can be evaluated quantitatively
by adding the CAS number to database [26]. All the CAS numbered compounds must
have occupational exposure limits ranges with their webpage links, call center
numbers and corresponding emails. At present, the database (MARS) comprises 1341
compounds from 18 organizations. The vast varieties of occupational exposure limits
(OELSs) ranges are reported by many organizations, in fact, the limits can be verified
by integrating the databases. The qualitative methods of risk assessment can be
evaluated qualitatively by precise documentation analysis. All the OELs must be
consistent with standards with the factor of 100. The documents should be linked
with search option to find the critical effects of released points (incident occurred
points). The released point was taken as primary information for key studies [27, 28].
Later, all the cited risk interpretations and evaluations are compared for lessons to
learn for future strategies. The proposed concept of chemical accident/incident risk
management system is shown in Fig. 4.

31



BHAVANI et al.

ommunication
to stakeholders
by integration
of database

Analysis,
Verification

N

Risk Management
(Risk
Characterization)

r Risk Assessment ‘

(Risk analysis,
Risk evaluation)

Fig. 4. General concept of chemical accident/incident risk management system.

CONCLUSION

The web based technical information on chemical accident information
reporting system (CAIRS) is monitoring and providing the updates on failures of
chemical accidents and also shares this information to all the stakeholders. The local
authorities need to evaluate regularly on the chemicals’ stockpiles, safety
management, security and awareness programs for all the stakeholders. The
directives on assurance of compliance are significant from central level to district
coordinator to assist the emergency prevention. The disaster management
coordinators and stakeholders should declare the key persons with their contact
numbers as a handbook to control the information in a more effective way. The
disaster management will address the key issues of 1) Flow of information; ii)
Reporting incident data in a format; ii1) Deficiency in communication; iv) Deficiency
in support and infrastructure; v) Compliances on provision of the directives; vi)
Compliances of transportation of dangerous substances; and vii) Tendency of first
responders to rush into the scene without proper briefing.

The current databases containing unstructured data on emergencies also
provide significant information for analysis of incidents. The integration of such
databases is important for mining the variables to compile and open the lessons to be
learned for public. The errors in equipment operation, knowledge on chemical
properties of materials are needed to be emphasized in databases and training
programs.

The disaster management authority should issue the guidelines for various
disasters including chemical accidents/incidents to set up the emergency response
centers to store the technical database (contact address and emergency numbers) for
evacuation on any mishap. These centers will coordinate with state and local
disaster/crisis group on chemical emergency relief plans through capacity building
programs.
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AHHOTamusi — B crartbe paccMaTpUBAIOTCA BO3MOXKHOCTH HMUTAIMOHHOI'O MOJEIUPOBAHUS C
npuMeHeHnem wetona Mourte-Kapno s 3a1ay  MpOrHO3MpPOBaHUS MOCJEACTBUN  3aJIMOBBIX
BBIOPOCOB 3arpsi3HSIONIUX BEIECTB, UX PACIPOCTPAHEHHUs U JAETpajalliil B OKpYXalollei cpene.
[IpoBeneH 0030p HMCTOPUYECKOTO PAa3BUTHS JAHHOTO KJIacca METOJOB MOJICIUPOBAHMS.
PaccmoTpensl mpenenbHble ciydau pexuMoB Iuddysuu, npeiida M XUMUYECKOW Aerpagaruu
3arpsI3HSIONIETO BEIIECTBA, a TAKKE BCEBO3MOXKHBIE WX KOMOMHAIMU. Pe3yiabTaThl MOJETBHBIX
pacuetoB 1o MonTte-Kapio comocraBieHsl € TMOJYYEHHBIMHA [JJIi HJIEHTUYHBIX YCJIOBHI
pe3yiabTaTaMu YUCICHHOTO HMHTETpUpOoBaHMs AU EpEeHIINATBHOTO YPaBHEHUS PACIPOCTPAHCHUS
3arpsizautTens. [lokazana moJsiHas aJleKBaTHOCTh MMUTALIMOHHOM MOJEIU U NPOAEMOHCTPUPOBAHBI
€€ MPEUMYIIECTBA, CBA3AHHBIE C YCTOWYMBOCTBHIO PEUICHUS U MEHBIIMMH 3aTpaTaMyd MAaIIMHHOTO
BpemeHH. [loka3aHbl OCHOBHBIE MPUEMBI IS HMMIUIEMeHTanmuu moaenu B cpene VBA-Excel.
[IponemMoHCTpUPOBaHBl BO3MOXKHOCTH Pa3padOTaHHOTO MPOTPAMMHOIO HHCTPYMEHTApHsS IS
npuMeHeHust metoga MonTe-Kapio K peleHHio 3aady MpOoCTPAHCTBEHHO-BPEMEHHOM JTUHAMUKHU
MATHA 3arps3HEHUsT B E€CTECTBEHHBIX YycioBusX. [IpoaHanu3upoBaHbl U CHOPMYIUPOBAHBI
3¢ (eKTUBHBIE TPUEMBI MOTYYCHHUS] KUHETHMUECKUX KPHUBBIX MO KOHIICHTPAIMH 3arpsS3HUTENS AT
BBIOPAHHOTO KBaJpaTa Ha MECTHOCTH W TOCTPOCHHS MPOQPMIeH 3arps3HEHHUs I YKa3aHHOTO
MOMeHTa BpeMmeHH. l[IpoBereHa olleHKa HEOOXOJUMBIX MMapamMeTpoB MOJAETH JUIsl TMONydeHUs
Ka4eCTBEHHBIX KHHETHYECKUX KPUBBIX U BbIAHBI PEKOMEH ALK IO UX ONTHUMU3AIUH.

Knrouesvie cnosa: meron Monrte-Kapno, macconepeHoc, 3almoBble BbIOPOCHI, MOJEIUPOBAHHE
OKpY>KaroIel cpesibl, IPOCTPAaHCTBEHHO-BPEMEHHAs TMHAMHKA, BEIYUCIUTENbHAs! () ()EKTUBHOCTb.
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Abstract — The article discusses the possibilities of simulations using the Monte Carlo method for
predicting the effects of salvo emissions of pollutants, their spread and degradation in the
environment. The historical evolution of this class of modeling methods has been reviewed. Limit
cases of diffusion, drift and chemical degradation of the pollutant, as well as all their combinations,
are considered. The results of the Monte Carlo model calculations are compared with the results of
numerical integration of the differential equation for pollutant spreading under identical conditions.
The full adequacy of the simulation model is shown and its advantages associated with the stability
of the solution and less machine time are demonstrated. The basic knacks for implementing the
model in the VBA-Excel environment are described. The possibilities of the developed software
tools for applying the Monte Carlo method to solve problems of spatiotemporal dynamics of
pollution spot in natural conditions have been demonstrated. Effective methods for obtaining kinetic
curves of pollutant concentration for selected square on terrain and constructing contamination
profiles for specified time point have been analyzed and formulated. The required parameters of the
model have been evaluated to obtain qualitative kinetic curves and recommendations for their
optimization are given.

Keywords: Monte Carlo method, mass transfer, instantaneous release, environmental modeling,
spatiotemporal dynamics, computational efficiency.

BBEJIEHUE

3ajaun MpPOrHO3UPOBAHMSI MOCIEICTBHI 3aJIMOBBIX BHIOPOCOB 3arpsA3HSIOIINX
BenlecTB (3B), ux pacnpocTpaHeHus U Jerpajalydyd B OKPYKAIOIIEH cpelae MMEoT
MEPBOCTETICHHYIO BaXKHOCTD JJIsl DKOJIOTHYECKOW xuMun. B nipeapiaymieit padote [1]
MBI TIOKa3aJid, YTO pernieHue ypaBHeHUs nuddy3uun (1) ¢ oaHOBpEMEHHBIM
INOTOKOBBIM ~ MAacCONEPEHOCOM U XUMHUYECKOW TpaHcopMmaliel  BbI3bIBaeT
JOCTATOYHO CEPBE3HBIE BBIYMCIUTEIBHBIE CI0XHOCTH W NPAKTUYECKH HCKIIFOYAET
IPUMEHEHHUE SIBHBIX CXEM, YTO elle O0JbllIe YBETNIMBAET BRIYUCIUTEIBHYIO EMKOCTh
IIPOLIEAYPHI.

d
a_i =D Ac —V(@wc) +w(& t) (1)

BrluncnurenbHas eMKOCTh HessBHOM cxembl O(n’), T1e n — pasMepHOCTh CETKH
UHTErPUPOBAHUSI 1O TPOCTPAHCTBEHHBIM KOOpPAMHATAM (ISl CpaBHEHUS —
BBLIUMCIIUTENbHAS €MKOCTh sBHOU cxembl O(n'), uTo s OOJBIIMHCTBA pealbHBIX
3a/lay 03HA4yaeT MPOUTPHIII MPUMEPHO B ThICSUY pa3 MpH MEPEXoJie OT SIBHOM CXEMBI
K HESIBHOM).

Xopomo 3apekoMmeHnoBan ceds anroput™m Kpsnka-Hukoiicona, B KOTopoMm
YCTOMYMBOCTh CXEMbI CYeTa JOCTUTraeTcsl MpakTUYecku 0e3  yBEeIMYEHHUs
BBIYMCIIUTEIbHON eMKOCTU. M35111eCTBO CXEMBI B TOM, YTO MATPULA JUIsl BBIYUCIICHUS
MPaBBIX YaCTEW IOJY4YaeTCA TPEXAUAroHajdbHOW. B 3TOM cilydae 1isi pelieHus
CUCTEMbl JMHEMHBIX YpaBHEHHH HET HEOOXOAMMOCTH €€ WHBEpPTHpOBaTh, 3ajaua
PEIIAeTCss METOIOM KIIPOTOHKHY», KOTOPBIA MMEET BBIYMCIUTENBHYIO eMKOCTh O(n').

OpHako 3TOT METOJ MPAKTHYECKH HCKIIIOYA€T BO3MOXKHOCTh YHCJIEHHOIO
pemieHuss cucteMbl IuddepeHUaNbHbIX YpaBHEHHM B TeX cly4asxX, Koria
HEO0OXOIUMO MPOCIEUTh CYJIh0Yy BEIIECTBA, KOTOPOE MOXET PaCHpOCTPAHATHCS IO
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HECKOJIbKUM (pa30BO Pa3IUYHBIM CpelaM, HampuMep, MO TOBEPXHOCTH U BHYTpHU
IIOYBBI, 110 BO3AYXy U PACTBOPATHCS U NEPEHOCUTHCS C MOTOKAMH ITOBEPXHOCTHBIX
BOJA. A Belb MMEHHO TaKHUE€ 3aJaud IMPEJCTaBISAIOT HAUOOJBIINM MHTEpPEC C TOUYKHU
3pEHHUs SKOJOTMYECKON XMMHUH U OXPAHBI OKPYXKAIOLIEH CPEIbI.

Cuuraercs [2], W, MO-BUAMMOMY, 3TO MPaBWIbHO, YTO BCE IapaMETPHI,
BBOAMMBIE II0JI30BATEJIEM B MOJIE€Ib, HE MOTYT OBITh TOYHO OIpEAEICHHBIMU
KOHCTaHTaMHU M 00JaJal0T KaK HEONPEIEICHHOCTbIO, TaK U H3MEHYHUBOCTHIO.
@u3n4ecKue CBOWCTBA COCIMHEHUM, TAKHWE KAK TEMIIeparypa IUIABICHUS WIH
jgorapuM KOHCTAHTBI JUCCOLMAIUU, OOBIYHO HMMEIOT CPABHUTEIHHO HEOOIBIIYIO
OIIMOKY B HX OLEHEHHOM WJIM HW3MEPEHHOM 3HauyeHuu. Jlisi BBOJa B MOJEINb
JNOCTATOYHO OAHOTOYEYHOM OLICHKH 3HAYEHHUSI TAKUX ITEPEMEHHBIX.

WHoil ciyyail, Koraa BpEMEHHbIE, IMPOCTPAHCTBEHHBIE WM Pa3HOOOpa3HbIE
JIOKaJbHbIE (PAKTOPHl MOTYT MPUBECTH K IIMPOKOW BapHaOEIbHOCTH U LIEIOMY
JUaIla30Hy 3HAYECHUW JUIA IPYIMX BXOJHBIX IIapaMETPOB, UCIOJIB3YEMBIX B MOJEIIU.
OTO HE BBI3BAHO IOIPEIIHOCTHIO U3MEPEHHUS, a JIIIb OTPAKAECT U3MEHUMBOCTD 3TUX
CBONCTB IIPU PA3IMYHBIX YCIOBUAX OKPYKAIOLIEH CPEBI.

Hanpumep, CKOpOCTh pa3ioXKeHUs] XMMHUYECKOIO BEIECTBA MOXKET ObITh Ha
HOPSAAOK PAa3IMYHOM B 3aBUCUMOCTU OT NPHUCYTCTBUS OHMOJOTMYECKHX KJIETOUHBIX
MHOKYJIATOB WJIA METEOPOJIOTUUECKUX ycioBuH. Ilepuos nosypacmaga necTuuugoB B
II0YBE MOJKET COCTABIATH OT HECKOJIBKUX HEW O HECKOJIbKUX MECALEB WIIU JTAXKE
JIECSATKOB JIET B 3aBUCUMOCTH OT CBOMCTB MOYBBI M XapaKTEPUCTHUK MHUKPOOHOIO
coobmiecTna [3].

Jlumb HemaBHO ObUT MPEIVIOKEH JIBYXYPOBHEBBIM TOJIXOJl K OILICHKE
DKOJIOTMYECKOM CTOMKOCTH XMMHMYECKHMX BEIIECTB, KOTOPHIE HCIIOJIb30BAIH
BEPOSITHOCTHBIE MYJbTUMEIUIHbBIE Mosienu cynbObI [3, 4]. [logxoa BTOpOro ypoBHs
MpeAnojarajl HWCMoib30BaHWE (QPYHKUMH pacupeneseHuss B KauyeCTBE BXOJHBIX
JaHHBIX JJI1 TEePUOJIOB MOdypacmajga JUisl yuyeTa U3MEHUYHMBOCTH U COOOLIEHHsS 00
oOIell CTOMKOCTH B KAdeCTBE paclpeieiieHUs 3HAYCHHM, a HE OLICHKU W3 OJHOU
Touku. OKazajaoch, YTO TaKUe MOJEIU yIOOHO CUMTATh C MCIOJIb30BAHUEM METO/a
Momnte-Kapiio.

[upoxomy pacnpocTpaHeHuto MeronoB MonTte-Kapino cmocobcTBoBaO
OypHOE pa3BUTHE KOMITBIOTEPHBIX TexHOJIOTH. AnroputMbl Monte-Kapmo (kak
npaBwiio, oOiajaronye  HEeOOJBUIOW  CBA3HOCTBIO)  CPABHHUTEIBHO  JIETKO
IPOrpaMMUPYIOTCSI M TIO3BOJIAIOT PACCUMTHIBATH MHOTHE 3aJa4M, HEJOCTYIHBIE IJIS
KJIACCUYECKMX YMCIEHHBIX METOJNOB. Tak Kak coBepumeHcTBoBaHne OBM
IPOJIOJKAETCA M BBIYMCIMTENBHBIE MOIIHOCTHA IMPOTrPECCHPYIOT MO 3aKOHY Mypa,
OBLIIM BCE OCHOBAHUS OXUAATh MOBCEMECTHOIO MpUMeHeHUsI MeTofoB MonTe-Kapio
U JAJIbHEUIIEro paclIupeHns 00JIacTy UCTIOJIb30BAHUS TAKUX MOJIEIICH.

Ho uyna ©e cnyuunoch. IlombITkM pacmivpeHus o00JIacTH TPHIIOKEHUS
Mozenern MonTe-Kapino npuium K HACBIIEHHUIO, M UX MOTOK IIOCTEIIEHHO COIIEN Ha
Her. llo-Bumumomy, OIHOM M3 CepbEe3HBIX TMPHUYMH CTajda M30BITOYHAs
MIPUBEPKEHHOCTh Pa3pabOTUMKOB MOJIEJEH K YHCTO MaTEMaTHMYeCKOM, TEOPETHKO-
BEPOSITHOCTHOM TPAKTOBKE MOJENEH M JOCTATOYHO OECIUIOAHBIM MOMNBITKAM
IIPUMHPUTH Npenckazanus Monrte-Kapio ¢ mHTepBaIbHBIM MOIXOA0M.
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[IpuMEHHUTENBHO K MPOTHO3UPOBAHUIO MTOBEACHUS 3arpsA3HSAIONIMX BEIIECTB B
HAaTYpHBIX YCIIOBHUSIX [JII ONPENEIICHHS BEPOSITHOCTH MPEBBIINICHUS KPUTHYECKUX
3HAQYEHUN KOHUEHTpPAUUd YacTO MCIOJNb3YETCAd MCCIEAOBAHUE CTOXAaCTHUUYECKUX
Mojenelt mo meroxy Monte-Kapio.

Matematuyecku 3TO TpeOyeT OLEHKH OXHUAAHUS HEKOTOpOl (QyHKIHMH
pElIeHUs] CTOXAaCTUYECKOM MoJeau. ITO MOXHO mnepedopMyIupoBaTh Kak
KOJIMOTOPOBCKYIO MpoOsieMy (PUHAIbHON BEPOSITHOCTH COCTOSIHUM.

VYpasuenus KonmoropoBa nnsi mepexoAHON — (QYHKIMH  MapKOBCKOTO
CIIy4alHOr0 MPOIECCa JAIT BO3MOXKHOCTh HAUTHU BEPOSITHOCTA COCTOSIHUMA CHCTEMBI
B 110001 MOMEHT BPEMEHH, €CITH 33]1aTh HaYaIbHBIC YCIOBHSI M IMPABHJIA TIEPEXoa OT
OJHOTO COCTOSIHUA K APYTOMY.

HcuepnbiBaromed KOJIMYECTBEHHONW XapaKTEPUCTUKOW MapKOBCKOTO IMpolecca
SIBJISICTCSI COBOKYITHOCTh BEPOSITHOCTEH COCTOSTHUH, T.€. BEpOSATHOCTEH pi(t)TOro, 94TOo
B MOMEHT f TIpo1iecc OyJeT HaXOauThes B cocTostHuu S; (I = 1...71).

Ecnu mpounecc, npoTeKarmuil B CHCTEME, JJIUTCS JOCTATOYHO J0JIT0, TO UMEET
CMBIC]I TOBOPHUTH O TpEAEIbHOM IOBEACHHH BeposTHocTeil P;(t) mput — . B
HEKOTOPBIX CJy4asiXx CYHIECTBYIOT (uHajIbHbIe (TIpEleNbHbIE) BEPOSITHOCTU
COCTOSIHUN:

P, = tlim p(t), i=12,..,n,

HE 3aBHCSIIME OT TOr0, B KaKOM COCTOSHMM CHCTEMa HAaXOJWJIAaCh B HayalbHBIA
MOMEHT. ['OBOpAT, YTO B CHCTEME YCTAHABIMBACTCA NPENEIBbHBIA CTAMOHAPHBIN
PEXUM, IPU KOTOPOM OHa MEPEXOAUT U3 COCTOSHHUS B COCTOSIHUE, HO BEPOSITHOCTH
COCTOSIHMMN P; yXe He MeHAITCA BO BpeMeHHU. CHucTtema, Il KOTOPOM CYIIECTBYIOT
(buHaTBHBIE COCTOSTHUS, HA3bIBACTCS IPTOANYECKOM, a COOTBETCTBYIOIIMM CITyIaiiHBIN
IIPOLIECC — DPrOJIUYECKUM.

He BBI3BIBa€T COMHEHUH TO, UYTO «OTPULIATEIBHBIM aTTPAKTOPOM», (PaKTUUECKU
OTTAJIKMBAIOIIMM MHOTMX HCCIEAOBaTeNed OT NPUMEHEHHS MOHTE-KapJIOBCKOTO
NOAX0/Ma K IPUPOAHBIM  SKOJOTMYECKHM  SBJICHHSIM, IIOCIYXWJIa CTaBIIas
3HameHuTou GopmynupoBka Mneu Ilpuroxuna [5]: «/luHamuueckue cucTeMbl HeE
UHTErPUPYEMBI U HE SPTOJUYHBI.

M3BecTHbIN creruanuct B 3Toil obmactu .M. Cobonp [6—8] oTmeuaer, 4TO
cpean MetooB MoHTe-Kapiao MOKHO BBIAEIUTH METONBI, B KOTOPBIX MOJHOCTBHIO
BOCIIPOM3BOJIUTCS MOJEJNIb PACCUMTHIBAEMOrO Mpouecca. Takue MeToAbl HWHOTAA
Ha3bIBAIOT «(PU3HMUECKUMUY, XOTS MpEACTaBIseTcs 0ojiee yJauyHbIM APYTroe Ha3BaHHUe
TUX METOJIOB — HMHTAI[MOHHbIE. 3a4acTyl0, MPU HMHUTAIMU BBIYUCISIETCS BCS
M30bITOYHASE MH(POPMALIMS O TEUEHUH MPOLECCa; OJHAKO B pEeaNIbHBIX 33Jja4aX OHa He
HykHa. MckyccTBo noctpoenus 3 peKTUBHON MOIETH CBOJUTCS KaK pa3 K OTKa3y OT
nH(pOPMaLIUU O HEHY>KHBIX BEIMYHHAX.

Takum 00pazoMm, HBOJIOLUIO CHCTEMBI MOKHO BBIYHUCIUTH YHUCIECHHO JTHOO
MyTeM PEIICHUs JETEPMUHUPOBAHHOTO AUPPEPEHIINATHHOTO YPAaBHEHUS B YACTHBIX
npou3BoHbIX (ypaBHeHHs KoiMoropoa B 0OpaTHOM HampaBi€HHH), JTHOO MyTeM
MOJEIUPOBAHUS 00JBIIOTO yucia TPAECKTOPHUU CTOXAaCTHUYECKOTO
muddepenumansHoro ypaBHeHus. B myOnukamuu [9] oOCyKnaeTcss KOMIO3UTHBIH
Croco0 AUCIEPCUOHHOTO MOJCIUPOBAHUS C YMEHBIIIEHHON BapHaTUBHOCTHI0O MOHTe-
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Kapno. KomnosutHsiii Metog 6omnee 3¢ ¢dekTuBeH, ueM CTaHaapTHbIM MeTon Monte
Carlo unm knaccu4eckui YucIoBON METOJ.

MHorue nmpo6ieMbl SKOJIOrMYECKOT0 MOJAEIUPOBAHUS CBSI3aHbl C PEIICHUEM
CTOXaCTHYECKOTO JU(P(PEepeHIMATBHOTO ypaBHEHUS. TUNMUYHOW 3ajnadel sBisieTcs
ONHCAaHUE DBOJIOLMUHU 3arps3HSIONIMX BEIIECTB BCJIEACTBUE CYJIOBBIX aBapuil B
npuOpeKHBIX BoAax. MHTepnpeTupys XOpoIllo M3BECTHOE ypaBHeHHME Iudy3uu c
MaccorepeHocoM (aaBeKTuBHOM mud¢y3un) kak ypaBHeHue Doxkepa-Ilnanka,
MOKHO BBIBECTH CTOXacThdeckoe nuddepeHaibHoe ypaBHEHHE A MOJIOKEHUS
OJIHOM YaCTHUIIbl 3arpsi3HUTENS] B TOUKE X B MOMEHT BpemeHu T [10]. Junamuka X
MOJIETTUPYETCSI CITy4alHBIMH Oy>KIaHUSIMH, KOTOPBIE, B OOIIIEM, MOTYT OBITh 3a/IaHbI
CTOXaCTHUYECKUM AU PepeHIInaIbHBIM ypaBHEHUEM

dXt == a(t,Xt)dt + O-(t,Xt)th (2)

C HAyYaJbHBIM 3HAYCHUEM KOOpAMHAT Ui Kaxaod dyactuusl. Ilyrem
anIpOKCUMAalMy  BBIIICIPHUBENCHHOIO  YPaBHEHHsS  YUCIEHHO WM IyTEM
MOJICJIMPOBAHUS IOJIOKEHUS MHOTHMX 4YacCTHL], HMCIOJb3ys TIE€HEpaTop CiIydalHbIX
qucell, MOKET ObITh OMHCaH Ipolecc AUPPY3UOHHOTO PACION3aHUs. DTOT BapUAHT
noaxoaa MoaenupoBaHus MonTe-Kapino pgaeT mNojaHyr KapTHHY HpoOJeMbl
pacnpoCTpaHEHUsl 3arpsi3HEHHs] U TpeOyeT O4YeHb OOJIBIIMX 3aTpaT BPEMEHH Ha
BBIYMCIICHHUS.

OpHako Ha MPAKTHKE YacTO HHTEPECYEeT TOJbKO BEPOATHOCTH TOTO, YTO
3arpsiI3HUTENb JOCTUTAET OTHOCUTEIBLHO HEOOJIBIIOTO YUCIa KPUTUYECKUX PETHOHOB.
Ecimu f — unnukaropHast GyHKIMS HEKOTOPOW KPUTHYECKOW 00JIacTH, BEPOSATHOCTD
TOT0, YTO 3arps3HUTENb JOCTUTHET 3TOro peruoHa B Oyaymem BpemeHu T,
o0ecrnieunBaeTcs OIEHKOW MaTeMaTHUECKOTrO OKUIaHUsI

T,X
Ef (X7r7)
HamoMHuM, 4TO MareMaTuyecKkoe 0KUIaHNE HEKOEH CIIy4ailHOW BEJIMYUHEI & B
npouecce u3 N He3aBUCUMBIX pealu3aliil paCCUUTHIBAETCS 110 popMyJIe:

f = (%)i 7 3)

[Tpu >TOM OXMpaeMas ONTMOKa B ONPEACICHUN MaTEMaTHUCCKOTO OXKHIaHUS
Oyner:

D¢
Erry = 0,6745 |- (4)

rae D& = M(&?) — (M(E))Z — JIUCIiepCcus CIy4YalHON BeJIMUUHBEI €.

U3 dopmynsr  (4) BuaHO, YTO BeposTHas omuOka oueHku (3)
nponopruonansHa 1/+v/N. CkopocTs yobIBaHus 3T0i ommOKH ¢ poctoM N HeBelHKa.
[ToaToMy oOueHb BaXHO HAYYHTbCS BBIOMpATh [JIsl pacuyeTra HHTETPAJIOB TaKHe
BBIYHUCIUTENbHBIE CXEMbl WIH, JPYTUMU CIOBAMHU, TaKUE CIydalHbIe BETWYUHBI JJIs
KOTOpBIX aucnepcust DE mo BO3MOKHOCTH Maa.
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B kxadecTBe 001IeTO «JIEKApCTBay AJISl IOHIKEHUS AUCTIEPCUU PEKOMEHIYETCS
YaCTUYHOE aHAIUTUYECKOE WHTETPUPOBAHUE, XOTS B HEKOTOPBIX CIyYasX TaKylO e
POJIb MOKET CHIrPaTh YACTHYHOE YMCIEHHOE MHTErpupoBaHue. Eciaum yacTe 3amaun
MOYKHO PEIIUTh aHAIWTHUYECKH, TO, HCIOJIb3YS 3TO YAaCTHYHOE peIIeHHe, OOBIYHO
yaaeTcs mocTpouTh Metoq MoHTte-Kapio mis pemeHus Bcelt 3a1a4unl ¢ AUcCIiepcuei,
MeHbleH, yeM ucxonHas. IlpaBma, B o0mem ciydae, OCTPOCHHBIE TaKUM ITyTEM
METO/IbI MOTYT OKa3aThCs 0oJiee TPYJJOEMKUMU M, B KOHEUHOM CYETE, HEBBITOTHBIMHU.

W3 nanpHeiimero OyAeT BUIHO, YTO HAIl CIydaid, T.e. pEIICHUE 3aJa4uu
audpdy3un ¢ MaccolepeHOCOM M BO3MOXKHOM XHMMHUYECKOW TpaHcdopMaiuei,
UMEHHO TakuM M siBisieTcs. [loiydaeMbie poQuiii KOHIEHTpAIMA sl 3alaHHOTO
MOMEHTa BpPEMEHH, PaBHO KaK W KHHETHYECKHUE KpPHBBIC, T.€. 3aBUCHMOCTH OT
BPEMEHU JIJIS 33JIaHHBIX KOOPAHMHAT, MOTYT UMETh CTOJIb MPUYYUTUBYIO (GOPMY, UTO
HE OCTaBIIIOT HH MaJIeHIIed HaaeKIbl HAa BO3MOXKHOCTH €€ OIHMCAaHHUS B
aHATUTHYECKOM BUJIC.

HNOCTPOEHUE MOJAEJIN

B kauectBe cpempl ans  pa3paOOTKM W NPUMEHEHUS IPOrPaMMHOIO
oOecrniedyeHus Mo NpuMeHeHuto Metoja MonTte-Kapiao Mbl OCTaHOBUIIM CBOM BBIOOD
Ha VBA — Excel, BBuay TOoro uto stra cpema o0JiajjaeT M3PSIHOM THOKOCTHIO B
OHJIallH HACTpPOWKEe MapaMeTpoOB MOJEIM M CHAa0XXEHa pPa3BUTBIMU CPEICTBAMU
rpaguUecKoro 0TOOpaXKeHUs Pe3yIbTaTOB.

Mpbl OrpaHUYIIIUCH PACCMOTPEHUEM JIBYMEPHBIX JIaHAMIA(PTOB, MOCKOJIBKY
BBEJICHUE TPETbEM Pa3sMEPHOCTH CHIIBHO YXYAIIAET BO3MOYKHOCTH HAaIJISIIHOTO
oTOOpakeHUsI coObITHMH, »d(pPexkroB u sABIeHUd. B mnpuHLMIe, BBelIeHUE
JOTIOJTHUTENBHONW MPOCTPAHCTBEHHON KOOPAMHATHI HE MPEACTABIIIET COOONM HUKAKUX
HOBBIX CIIO)KHOCTEM, ITOCKOJIbKY HWIEOJIOTHUS MOJENIH JOCTATOYHO MpocTa. XOT
OYEBUJHO, YTO YBEJIMYECHHUE YHCIIA DJIEMEHTAPHBIX SYEEK ISl pacueTra HECKOJIBKO
YBEIIMUMBAET BBIYMCIUTEIBHYIO €EMKOCTh MOJEIIH, OJHAKO HE MPOMOPLUHOHAIBHO HX
YUCITy.

B 3amuty nBymepHO MOAENHM MOXKHO TaKkke J00aBUTH cieayromee. Mbl He
cTaBuiIu cebe 3amauu B OTOM paboTe OXBATHTH CIydad «TOJCTOU aTMOChEphD» C
MepeMeNnMBaHueM, pPaBHO Kak W TIyOuHHBIE AP EKThI, TPHUCYIUE OOUTUPHBIM
BOJAOEMaM. MBI OrpaHMYMIUCH MOJEIUPOBAHUEM PACIPOCTPAHEHHUS 3aJIIOBOIO
BbIOpOCa 3arps3HSIONIETO BEIECTBA B IMPOCTPAHCTBE JBYX H3MEPEHH, KOTOpOe
MOXHO XapaKTepu3oBaTh reorpaduyueckor MMPOTOW W JOIATOTOM M KOTOpOE HE
TpeOyeT pacCMOTPEHHUS JOMOJHUTEIBHOTO BEPTUKAIBHOIO BBICOTHO/TITYOMHHOIO
dakropa. [lelicTBUTENbHO, €clM B35Th, K MpPUMEPY, Pa3iuB HePTENpOIyKTa, TO
rilyOMHa €ro MNPOHUKHOBEHHMS B MOYBY peako mpesbimaer 20 cM, Torga Kak
TOPU30HTAIbHAA  MPOTSHKEHHOCTh  MOXKET  XapaKTepU30BaTbCs  JAECATKaAMU
KWIOMETPOB. B ciyyae aHaJOrMYHOrO MHUHWJECHTA HAa TMOBEPXHOCTH BOJOEMA
COOTHOILIEHHE TOPU30HTAIIBHOTO U BEPTUKAIBHOTO Pa3MEPOB IMATHA 3arPA3HEHHUS €I11e
O6onee BmneuaTisiromee. Ilpu 3ToM peanbHble mepenaabl BBICOT JaHAmadTa,
MPUBOJSIINE K II€PEeTOKaM, BbI3BAHHBIM TI'DPABUTALMOHHBIMU CHUJIAMH, COBCEM
HE00s13aTeIbHO MOJEINPOBATh BBEACHUEM TPEThE KOOpAUHATHIL. J[0CTaTOYHO 3a/1aTh
I10JI€ BEKTOPOB CKOPOCTEN B IUNIOCKOU MOJIEIIH.
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[ToBenenue ra3o000pa3HBIX BBIOPOCOB B arMochepe M HMX BEPTUKAIBHOE
NepeMelIMBaHUEe 3aBUCUT OT OTHOCHUTEIbHOM IUIOTHOCTU (TEeMIlepaTypbl) UX
BEILIECTBA — TSKEJEE WIIA JIETYE Ta3 OKpyKarouiero Bosayxa. I[Ipu OoTHOCHTENBHO
JEeTKOM Ta3€ (P < Peosayxa) BBIOPOC MOA AEHCTBHEM CHIIBI TSXKECTH YCTPEMIISETCS
BBEPX; IIPU P > Prosayxa — OMYCKaeTcs K moBepxHocTH 3emun [11]. Tak BeayT cebs
TSDKEJbIE YTJIEBOJIOPOJHBIE Ta3000pa3Hble TOMIMBA UM MHOTME TOKCHUYHBIE Ta3bl
(coenuHeHus xjo0pa, GTopa u APYrux BEIIECTB).

Msl otmaem cebe OT4YeT, YTO B paMKax JI0OOH MaTeMaTH4YeCKOW MOJeNu
BBICOTa BTOPUYHOTO aTMOC(HEpPHOro MCTOYHMKA ((pakTHUecKH BBICOTa BBIOpOCa B
MeCTe MOTePU UM TUHAMUYECKOW UHANBUYAIILHOCTH) SIBJIIETCSI OJTHUM U3 OCHOBHBIX
[apaMeTpoOB, BIMUSIOIIMX Ha pe3yJbTaThl pacuera. OJHAKO 3HAYMTENBHBIA KJacc
3a/1a4y O3BOJISIET OTKA3aThCA OT y4eTa 3TOro (hakropa.

Tak wnam wHaye, Aaxe B PYKOBOASIIEM JOKyMeHTe [l2] pekomeHmyercs
UCIIOJIb30BaTh B KAYECTBE JIOKAJIbHON MOJEIH IayCCOBY MOJIEb, KOTOPAsl MMO3BOJISIET
paccuuThIBaTh pacnpocrpaHeHue 3B Ha paccrosHusax He 6ojsiee 10 KM OT HCTOYHUKA
U JleJaTh OPUEHTHPOBOYHYIO HKCIIPECC-OLIEHKY IepeHoca 3B Ha pacCTOsIHUS He
6onee 30 kM ¢ BbICOTOM BbIOpoca MeHee 150 M. XumuUecKue MpeBpalieHUs WK
paanoaKkTUBHBIN pacnag 3B yuuThiBaeTcs B BUAE peakivii NEpBOro mnopsjaka 0e3
PACCMOTPEHHUSI HOBBIX XUMUYECKUX 00pPa30BaHUM U JOUEPHUX PATUOHYKIIHIOB.

MpbI npuaepKuBaIMCh UMEHHO 3TOM YacTu pekoMeHaanui. bonee moapoOHoe
o0CyX/IeHHE TPOLECCOB BEPTHKAJIBHOTO TE€peHOoca M MX  BJIMSHUSA  HA
pacnpocTpaHEeHUE MSATHA 3arpsI3HEHUS SIBHO BBIXOJIUT 32 PAMKH HACTOSILIEH paOOTHI.

BbIGOP IEPEMEHHbBIX U TIAPAMETPOB MOJEJIN

B kadecTtBe 00OBEKTa JIsi HUMHUTAIMOHHOTO MOJECIUPOBAHUS BBIOUpPANICS
ancamOp u3 N_dots vactui 3arps3auTtens. Kak mpaBuio, HO HE 00s13aTeIbHO, MBI
UCIIOIb30BAIM YHUCJIO YaCTHI[ KpAaTHOE CTEMEHSIM 2 MU OOBIYHO HaxoJsIieecs B
nuanazone ot 1024 no 8192. MeHblllee YUCIIO YacTHUIl JA€T CHJILHO 3allyMJICHHYIO
KapTUHY CTOXAaCTHYECKMX OJIyKZaHWUW, TOorga Kak OoJbIliee  HEOIpaBIaHHO
YBEJIUYUBACT MOTPEOISIEMOe MaITMHHOE BpeMs. Mbl yOeIUIUCh B CIIPaBEIJIMBOCTH
«MHUKPOIPTOANYECKOW THIIOTE3bD»: MHOTOKPATHBIM IPOTOH OJHOTUIIHOM MOJEIHU C
OJIMHAKOBBIMH TTapaMeTpaMU JAaeT Pe3yIbTaThl UJICHTUYHbBIC OJTHOKPATHOMY MPOTOHY
MOJIEJIM C YUCJIOM YacCTHll, paBHOMY 0OIlIeMY, UCTIOJIb30BAHHOMY B X0J1€ HAKOILJICHHUSI
JMaHHBIX MoAean. MHBIMU ci1oBaMU, BOCEMb MMHUTAIMK ¢ aHcaMOyieM B 1024 gacTHUIIBI
U MO 3aTpaTaM MAIIMHHOTO BPEMEHU, M IO KauyeCTBY MOJIy4aeMOro pe3ysbTara
SKBHUBAJICHTHBI OJIHOKPAaTHOMY HCHOJIb30BaHUIO 8192 wactun. Hanmo, omnako,
OTMETUTb, YTO HCIOJB30BAaHWE MEHBINIUX aHcaMmOJieil Oojiee MNPHUBIIEKATEIBHO,
MMOCKOJIBKY TMPAKTHYECKH Cpa3zy MO3BOJSIET YBUIETh HTOTOBYIO KapTHHY B OOIIUX
yepTax U Jajee BeCTU HAKOMUTEIbHBINA BBIYUCIUTENBHBIN KCIIEPUMEHT JI0 T€X MOP,
MOKa IMOJIH30BaTENsI HE YJIOBIETBOPUT BOCIPOU3BOJIUMOCTh U Majasi 3allyMJIE€HHOCTb
MOJIy4aeMoro pe3yJibTaTa.

Jng  kaxmod W3 YacTHIl Ha KaXJAOM Iare MWMUTAIMU OlLICHUBAIHNCH
BEPOSITHOCTH CIICAYIOMINX COOBITHI: CIydailHOe OnyXmaHue 1o X, Ciy4dailHOe
OnyxjgaHue 1o Yy, JApeid B TOJE€ CKOPOCTEH M BO3MOXKHOCTh XHUMHUUYECKOM
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tpanchopmanmr. COOTBETCTBEHHO BEIMYMHA OPOYHOBCKOTO miara (10 X | 0 Y)
3agaercs Kodppuuuenrom auddysun D, qperd 3HAUCHUAMU CKOPOCTEH Uy U V.

[locne 3amaHusi YUCIEHHOCTH aHCaMOJs, TIPeXkAe BCEro, HE0OXOaUMO
0003HAYUTh MPOCTPAHCTBEHHO-BPEMEHHBIE T'PAHULBI MOJEIN, TOYHEE OINPEACIIHUTH
pa3OueHne Mo CEeTKE U 1Iar 1o BpeMeHU. « TeaTp BOCHHBIX AEMCTBUI» Mbl pa30MIM HA
kBajspatel oT —R, 1o R, — 1 (Bxiouas 0, Bcero 2R, 1EIOYUCICHHBIX IIaroB) U OT
—R,, no R, — 1. Kak nokaszanu 4dCJICHHbIE JKCIIEPUMEHTBI C MOJIENIBIO, pasOUeHue
cetku Ha 400 kBaxparos (20 mo ropusonTanu u 20 no Beprukamu) R, = R, = 10, B
OOJBIIMHCTBE CJIy4YaeB JlaeT JOCTATOYHOE TMPOCTPAHCTBEHHOE pa3peuieHue s
MOJIyYEHHUS aICKBATHOW KNHETHYECKON KAPTHUHBI.

3aTeM HEOOXOIUMO OIpEACIUTh BEJIUYMHY IIara 1o BpeMeHH. OIbIT
MOJICTMPOBAHMUS TOKA3bIBAET, YTO CETKa IIIaroB I10 BPEMEHHU JOJHKHA OBITh
CYILIECTBEHHO MEHbIIIEH, YeM pa30UEHUE M0 MPOCTPAHCTBY, YTO HAXOJAUTCS B MTOJHOM

COOTBETCTBHH C M3BECTHEIM COOTHONIGHHEM JUISl CIydYaiHBIX Omyxmanuit: x~vDT.
Tak, npu OJIM3KOM K €IMHULIE 3HAUCHUH nTapameTpa D sl IpOCTPAaHCTBEHHOM CETKH
R, = R, = 10 oka3bIBacTCs YMECTHBIM YHCIIO mIaroB 1o Bpemenu N_step~100 +
400.

Crnenyer oOpaTUTh BHUMaHUE, YTO XOTA napameTp D u oTBeyaeT 3a BeIMYUHY
miara ciydalHbIX OnyXAaHuM, T.e. UMeeT cMbIci Koddduiuenta nudpdysuu, on HE
COBNAJACT YHMCIEHHO C (DU3UYECKH OMNpEAENSIeMbIMH 3HAYEHUSAMH, a JIHIIb
MpOoNoOpIUUOHANIeH  AU(P(GY3UOHHON  MOJABMXKHOCTH  BellecTB. JIeHCTBUTENBHO,
CIIMILIKOM Manble 3HaueHuss D (Hampumep, koddduimeHnT aud@y3un BOIHBIX
pacTBOPOB B 4MCTOM Boje 0ObIYHO mMeeT MacmTad 10° mM%*/cek) morpeGoBanu Gbl
ACTPOHOMHYECKOTO YHUCJIa PACUETHBIX IAroB, 4YTOObl TMOJYYUTh OIIYTHUMBIE
nepementenus. HampotuB, mnpu 3HaueHwsix D > 1 kaxaplii mar mno BpEeMEHHU
MPUBOAMII Obl K MEPEMEUICHUIO YAaCTUIbI Ha LENYI KJIETKY WM JaK€ HECKOJIbKO
KJIETOK, 4TO i Mozenu mnaryOHo. [losTomy npu MOAENMpOBaHWK YMECTHO
WCMOJIb30BaTh 3HaueHua D u3 auanaszona [0,01;0,5], mpu 3TOM mMMes B BUAY, YTO
MPUBSA3KA 3HAYEHUIN K ONpeneeHHOMY, YA0OHOMY JJisi BBIYMCICHUM AMANa30Hy, HE
ABJISIETCS HACUJILCTBEHHBIM MCIPABICHUEM NPHUPOAHBIX CBOWCTB MaTepHalioB, a
OMpeaeNsieTcsl UCKIIOUUTENbHO MaclITaOMpOBaHMEM IIara mo BpemeHu. Bwmecto
WCIIONIb30BaHUsl cTaHAapTHBIX st CHM MeTpoB KBajgpaTHBIX B CEKYHIy, B MOJEIH
HCIIONIB3YIOTCSL  Oe3pa3MepHble €IUHUIBI  JUIMHBI  (AEMCTBUTEIBHOE YHUCIO B
nuama3zone [—R,; R, —1]) m BpemeHum (Ileloe dYHCIO IIaroB B JHAara3oHe
[0; N_step]). 1 nns mpuBsi3kKM K JH000W KOHKPETHOM cHCTeMe HEoO0XOAMMO
MacIITabupoBaHUE, MPU KOTOPOM BbIOMpaeTcs MOAXOASIIMKA Iar Mo BPEMEHH,
«3aroHAIOIIMIN» 3HaYCHUE D B MPUEMIIEMBIN JUANa30H.

MonenupoBanue HAaYMHAETCs C reHEepaLHH IIPOCTPAHCTBEHHOT O
pacmpesiesieHnsl YacTHI] MOCJe 3aJlMOBOro BbIOpoca. B OONBLIIMHCTBE CIIy4aeB MBI
CJIEIOBAJIM PEKOMEHIALMsAM PYKOBOSIIEro JOKyMmMeHTa [12] u Opanu HOpMambHOE
rayccoBO pacipe/elieHue 4acTull 1o 00erM KoopJauHataM x U y. [IpakTudecku 31o
OBLIIO peann3oBaHo cienyoumm odbpazoM. IlltatHeiil BecTpoennsit B Excel reneparop
cinyuyaiHbIx yucen Bbi3biBaeTcs Ppynkuuern CJIYMC() (B aHrIuHCKON TpaHCKPHUIIIIUM
RAND() wmmu B Hekotopwix penm3zax RND()). Jas Toro drobsl wu30exKaTh
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COBEPILIEHHO WJIECHTUYHBIX IOCJIEI0BATEIbHOCTEN MCEBIOCIyYailHbIX YUCEN, NEPEN
KOKIbIM IUKIMYECKUM OOpallleHueM K TeHepaTopy MbI 3alyCKalld OJHOKPaTHOE
BhITIOTHEHHE (yHKIMM Randomize. Randomize MoxkeT wucmoib30BaTh MHapameTp
Number s WHUIMAIM3AIMA TeHepaTtopa ciydaiHbix yucen (yHkinuu RAND,
IIPUCBOMB €MY HOBO€ HAdaJIbHOE 3HA4Y€HUE. MBI MPUMEHSIN IPYTYyI0 BO3MOKHOCTD
Clly4ailHOM HavallbHOM WMHUIIMALMM: €ciM mapameTp Number OCTaBUTH MYCTHIM, B
KauyecTBE HOBOTO HayaJlbHOTO 3HA4Ye€HHUs] OyJeT KCIOJIb30BaThCsl 3HAYCHHE,
BO3BPAILIEHHOE CUCTEMHBIM TalMEPOM.

[Tomyuaempie TakuM 00pa3oM TICEBAOCTyYaillHbIE 4YHCIA HAXONATCA B
OTKpPHITOM ¢ AByX cTtopoH uHTepBaie (0;1) u pacnpeneneHsl MO HWHTEpPBALY
paBHOMEpHO. [l TOoro, 4toObl pacmhpesesieHdss KOOPAWHAT HWMEIH HOPMAIbHYIO
rayccoBy (popMy cieayer MCHoJib30BaTh BCTpoeHHYIO (pyHkiuio Excel Norm Inv()
(wm B pycckoit Tpanckpunuun HOPMOBP()), a uMeHHo:

¢ = WorksheetFunction. Norm_Inv(Rnd(), xx_0, sigma_x) ,

rae Xxo € [—R,; R, — 1] 3agaer neHTp pacupeeieHus,

a sigma X — CPEIHEKBAJAPAaTUYHOE OTKIOHEHHE, [aIOIIUe PACHPEACIICHHE C
IIJIOTHOCTBHO BepOHTHOCTI/II
1 _(x=x)*
f(x) = e 207 (5)

oV2m

AHaNOrM4HbIM 00pa30M MOCTYNAEM U C pacIpeieICHUEM 110 KOOPIUHATE Y.
[TomyueHHOE HayalbHOE pacHpelielieHHe BbIOpoca MPEACTaBICHO Ha
pucyHke 1.

lMpumep 3annosoro ﬁb\G,’]OCG

CrapToBoe pacnpegeneHue
10,0

a) 0)

Puc. 1. TIpumep 3aJm10BOTO BBIOPOCA C HOPMAIBHBIM PacIipe/IelIeHUEM 110 KOOPAMHATAM.

Fig. 1. Example of instantaneous release of contaminant with normal distribution along coordinates.

Ha Bkiazke a) moka3zaHo JBYMEpHOE IPEICTaBIICHUE; CIIpaBa, HA BKJIaAKe O)
TpexMmepHas nuarpamma. [lapamerpsl Mojenu npeacTaBieHsl B Tadaume 1.
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Taénuya 1. Jlanabie, UCTIOB30BaHHBIE JIJIs TEHEPAIIMU aHCaMOJIs Ha puc. |

Table 1. Data used to generate the ensemble in Fig. 1

Rx Ry N _dots N_step sigma x sigmay xx 0 yy 0O D_ Vxx Vy k

10 10 16 384 150 2,00 2,00 0,00 0,00 ~ ~ ~ ~

Jlis MofenupoBaHusl JabHEHIICH SBOTIONUN CUCTEMBI, T.€. IPOTHO3a CYIbOBI
MUTpallid U TpaHChOpMallMU TMATHA 3arpsA3HEHUS NPUMEHSUINCH CIEIyIOIIHNe
MPOLIETYPBHI.

B moment Bpemenu t=0 mMoOJOXKEHHE KAXKIOW /- dYacTULbl aHcamMOIs
(/I=1,2,...,N _dots) 3agaBasioch mapoi koopauHar (Xx;, yi).

Ha kaxxiom mare jno Bpemenu (=1, 2,..., N_step) BbIUUCISIIUCH 05KHUIAEMbIE
nepeMenieHust Kaxaoil uvactunpsl. Tak, B pesynbrare Aud¢y3un TOYKa HE MOTIJa
OCTaBaThCA Ha MECTE M CMEIIANach MO X JIMOO BIPABO C BEPOSATHOCTHIO Y2, TUOO €
TaKoW XK€ BEPOSTHOCTHIO BIEBO Ha BenuuuHy [. Tem cambiM npu Oonbmux 2
YyacTHUIla cOBeplIana KpynHble mard u quddyHaupoBaia ObICTpO, a IpU Maibix [
MeasieHHo; B mpezaene npu D=0 nud¢y3noHHBIX NEpeMelIeHU He ObLJIO BOBCE.
Pemenne o ToM, B KaKyr CTOPOHY OyleT nepeMelnieHa 4acTulla MPUHUMANIoCh Ha
OCHOBaHUM 3HaueHusi cimydaitHoil BemmuuHbl ¢ = RND(). Ilpu ¢ = 0,5 cumranocs,
YTO CMEIIEHNE IPOUCXOIUT B MOJOKHUTEIBHOM HalpaBiIeHUH, Toraa kak mpu ¢ < 0,5
OCYILIECTBIISUICS 1Iar BJIEBO.

HemennenHo Bcien 3a  omnpeneneHueM AUQPQGY3UOHHOTO CMEUIEHUS 110
abciucce, TOYHO Takas K€ CTOXAacTUYecKass Mpoleaypa HNpUMEHsIach s
BBIUMCIICHHUS CMEILEHHS] MO OpAuHarte. Ba)kHO OTMETHTh, YTO HE OBLIO HHUKAKOU
HEOOXOJAMMOCTH MPUBOAUTH pacHpeleieHUe BEIUYMH IIaroB Mo adcuucce Hu
OpIuHATE K HOPMaJIbHOMY TrayccoBoMy. JlocTaTouHO OBLIO HCIOJIb30BATH
paBHOMepHOe pacmpeneneHue RND() u TOT (akT, 9TO CMEMIEHUS B KaXKIOM
HaIpaBJICHUM pPAaBHOBEPOATHBI. HepocraTkom Takoro mnoaxona (OYEBUIHBIM)
ABIIIETCA TO, YTO €IWHCTBEHHO BO3MOXXHBIMH U JlaXe 0O0s3aTeNbHBIMU K
WCIIOJIHEHHUIO OBbUIM CMEILEHUsI Ha OJMH M TOT K€ IIar Mo HampasieHuto moj 45° k
OJIHOM W3 JIEKApTOBBIX OCel KoopAuHAT (Bcero 4 BBIOMpPAEMBIX CIy4ailHO
HarpasieHus). 3aTO HECOMHEHHBIM JIOCTOMHCTBOM OKa3aJiCs OTKa3 OT BPEMSEMKOM
IpoLEIypbl MPUBENCHUS IIara K rayCCOBOMY paclpelesIeHUI0, MIPUYeM B COTHSX
TBHICSIY IOBTOPOB — Ha Ka)KJIOM IlIare M0 BPEMEHHU ISl Ka)KA0W U3 YaCTHL.

OnpIT UCIOJIB30BAaHUS MOJENM TOKa3all, YTO JIUIIb B PEAKUX CIIydasx, Kormaa
napametrp [ mpeBblnaer 3HadueHne ~0,5 w3-3a BBEIOpAaHHOTO YIPOIIECHHOTO
anroput™Ma aud@dy3rMoHHAsS KapTUHA MNpUOOpeTaeT peryspHbld (T.e. 3aBEIOMO
HENpaBWIbHBIN) Xapakrep. [lpuueM 5>TUX peXUMOB JIETKO H30eXaTh IyTeM
yMeHbIIeHUs: D ¥ mpONOpIHHOHAIBHOTO 3TOMY YMEHBIICHHIO YBEIMYEHHS 4YHCIIa
maroB 1o BpeMmeHu. bojee TOro, cHneuuanTbHO MPOBEJACHHBIE YHUCICHHBIC
HKCIIEPUMEHTHI MOKAa3alld, YTO PAaBHOBEPOSTHBIC CIIy4aiHbIe 0Ty AaHUS HEU30€kKHO
INPUBOAAT K HOPMAJIbHOMY pAacHpeleieHUI0 [aXe B cllydae H3HAYaJIbHO HE
rayCCOBOTO PacCIpecIICHUs.

[Tocne Beuucnenuss auGPY3MOHHOTO CMENMICHHWST K HEMy T00aBisieTcs
(ammuTHBHO) apeiid mo x u mo y. DTta mpolenypa He TpeOyeT BEpOSITHOCTHOU
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OLIGHKH, IPOCTO Ha KaXXIOM IIare TEeKyIue KOOPAWHAThl MHKPEMEHTHUPYIOTCS Ha
Uy U V).

Haxoser, npoBoAMTCS OlLIEHKA BEPOSITHOCTU XUMHUYecKoil nerpanamun. [Tocie
BBIUMCICHUS ciydaiiHoi BenuuuHbl ¢ = RND() uzaer ee cpaBHEHHE C MOPOTOBBIM
3nauenneMm. Ecom & > 1—k_ (rme k — mceBmo MOHOMOJEKyINspHAash KOHCTaHTA
CKOPOCTH XHUMHUYECKOW peakluu) KOOpAMHATAM IO X U 1O J HE3aBHCHUMO OT HX
TEKYIIEeTo 3HAaYeHUs MpucBanBaeTcs 3HaueHre Out, BBIBOASIIEE YACTHILY 32 MPEICIIbI
noJie HaOmoeHus. B nanpHemmx onepanusx Takas yacTuia 6ojiee y4acTBOBaTh HE
Oyner.

TECTUPOBAHUE MOJEJIM - IPOCTPAHCTBEHHOE PACIIPEJIEJIEHUE

Pa3paboTanHble = IpOrpaMMHBIE  CPEACTBA  IMO3BOJISIIOT  OTCIIEKUBATH
IIPOCTPAHCTBEHHO-BPEMEHHYIO 3BOJIIOLUIO CTEHEPUPOBAHHOTO aHCaMOJISl YACTHIL.

JInst Hayana CONOCTaBMM pPE3YNbTaThl MMHUTALMOHHOIO MOJEIMPOBAHUSA I10
Momnre-Kapiio ¢ anamormyneiMu pacueramu, cuaenaHHbiMA B [1] mo Kpanky-
Huxoncony. ChHavasia mnpoBeIEM COINOCTABIECHUE JIIEMEHTAPHBIX, HWHTYUTHBHO
0CO3HaBa€MbIX OJIHO(AKTOPHBIX MPEAEIbHBIX CIy4aeB: YUCTHIA Apei( B OTCYTCTBHE
b dy3un 1 XuMUYECKOM TpaHchopMaluy; XuMudeckas Aerpaganus 6e3 nuddysuu
u Jgpeiida; nud@Py3moHHOE pacnoii3aHue B OTCYTCTBHUE BO3JCUCTBUS JPYrHX
(bakTopoB.

Ha pucyHnke 2 npeacTaBieH YnucThIil apeid.

I
lopu3soHTanbHbI gpend 6es audpdysmm n gerpagaumun —_

W"’"

i

/om’

Yucno yactuy 8 "knetke”

0
e
AN

4

Homep KNeTKu No ropusoHTann

Puc. 2. YucneHHOE UHTETPUPOBAHNE MUTPALIMHU TISITHA 3aTPSA3HEHUS JUIS CIydasi OTCYTCTBUS
muddy3un 1 XUuMUYECKOU Jerpaiaiuuu 3arpsa3Hurens. YucTeiil apeiid npyu HeM3MEeHHOM aMILIUTY/Ie
n mupuHe nuka. Ciesa — meroa Monte-Kapio, cnpasa — nuarpammel u3 [ 1]. Ilapamerpst
MozenupoBanus mo Monte-Kapiio mpencraBiieHbl B HIKeIeKaien Tadmure 2.

Fig. 2. Numerical integration of pollution spot migration for the case of absence of diffusion and
chemical degradation of pollutant. Pure drift with constant peak amplitude and width. Left — Monte
Carlo method, right — diagrams from [1]. The Monte Carlo simulation parameters are given in Table
2 below.
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Taonuua 2. Jlanuble, UCNIOIB30BaHHbBIC IS pacyeTa JUHAMUKH Ha puc. 2

Table 2. Data used to calculate the dynamics in Fig. 2

Rx Ry N dots N_step sigma x sigmay xx 0 yy 0O D_ Vxx Vy k.
10 10 16 384 150 2,00 2,00 0,00 0,00 0,00 0,00 0,05 0,00

OOpamaer Ha ce0s1 BHUMAHHUE TO, YTO JAX€E MPU MPUMEHEHUN HESIBHON CXEMBI
YHUCJICHHOTO MHTErpupoBaHus (ycToWumBoi!) Ha OONBIIMX BpeMEHaX HBOJIOIHMU
HOSIBJIAIOTCST OMEHHUs. DBOJIOLMA, MOJydeHHas meroaoM Monrte-Kapno ot storo
nedexra cBoOO HA.

Ha pucynke 3 mnpeacraBieHa xuMmuueckas aerpagauus 6e3 auddysuu u

npeida.

450 Xumunyeckas aerpagauua 6es audodysum n T.0E-02
maccornepeHoca

Yucno yactu, B "KaeTke"

Homep Knetkm

Puc. 3. YUucnennoe HHTCTPUPOBAHUC ACTPpAdallUU IIATHA 3arpsA3HCHUA.

Fig. 3. Numerical integration of pollution spot degradation.

MeTtonpl U mapamMeTpsl — T€ ke, YTO Ha PUCYHKE 2, HO OTCYTCTBYIOT 1udy3us
u apeid, a paboTaeT TOJMBKO XWMHUYECKasl peakius MepBoro mopsaka. dopma
MIPOCTPAHCTBEHHOTO PACTIPE/ICIICHUS] 3arPSI3HUTEINSI U3HAYAJIbHO MPUHSATA rayCCOBOM.
CneBa — wmerong Monre-Kapno, cnpaBa guarpammbel w3 [1].  Tlapamerpsr
MozenupoBanus mo Mounrte-Kapio npeacTaBieHsl B HIbKeIexKaie tTadiuie 3.

Taonuua 3. Jlanuble, UCTIOIB30BAaHHbIE ISl pacyeTa JUHAMUKH Ha pUC. 3

Table 3. Data used to calculate the dynamics in Fig. 3

Rx Ry N dots N_step sigma x sigmay xx 0 yy 0O D_ Vxx Vy k.
10 10 16 384 150 2,00 2,00 0,00 0,00 0,00 0,00 0,00 0,03

Ha puc. 4 mnpencraBieHo aud@y3uoHHOE pacloyi3aHue B OTCYTCTBHUE
BO3JICUCTBUS Jpyrux (akropoB. B 3ToMm ciydae crenuaibHO (MCKYCCTBEHHO!)
W3HAYaJIbHOE  paCHpe/ie/ieHHe  3arpsA3HUTENs  3aJaH0 HE  TayCCOBBIM, a
HPSIMOYTOJIBHBIM.

OoOparaet Ha ce0si BHUMAaHUE TO, YTO U3HAYAIBHO HPSIMOYTOJIBHBIN MPO(QUIIb B
xone auddy3un Hen30eKHO TproOpeTaeT PopMy rayccuaHsbl.
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PacnonsaHue NpAMOYronbHOro nATHa

Oposmond rpoduieii

1111

[

Puc. 4. YucnenHoe uHTerpupoBanne TuQQy3noHHOTO pacloI3aHus IIATHA 3arPSI3HEHUS: CIIEBa —
MeTooM Monte-Kapio, cipaBa —MeTO0M TpUAMAroHaIbHOIO IIPOroHa no cxeme Kpsnka-
Huxkoncona. [Ipefi¢ 1 xumuyeckue mpeBpamieHusi OTCYTCTBYIOT — IUIOIIAAb MOJT KPUBBIMH,
COOTBETCTBYIOLIAs 00ILEMY KOJMYECTBY 3arpsA3HUTENIS, COXPAHIETCs IOCTOSHHOM.

Fig. 4. Numerical integration of diffusion spreading of pollution spot: left — by Monte Carlo
method, right — by tridiagonal run method according to the Crank-Nicolson scheme. There is no
drift or chemical transformation — the area under the curves corresponding to the total amount of
pollutant remains constant.

Ha pucynke 5 npencraBiieHa 3BOJIONUS CUCTEMBI O] AECHCTBUEM BCEX TPEX
dakTopoB: nuddy3uu, apeida u XUMUYECKON JIerpaaaluu.

| |
1600 Opend+anddysua+aerpagaums 0

Yucno 4yacTuy B KneTke
o

20 i 4] 20 40 60 80 100 1¥0

Homep KneTtkn

Puc. 5. VicuesHoBeHMe MATHA 3arpsS3HEHMS] IPU OJJHOBPEMEHHOM BO3JIEHCTBUU TpeX (PaKTOpOB —
muddysuu, nperida n xummuueckoit aerpaaanus. Ciesa — pelieHue, MoJIy4eHHOe 0 MOJIeTH
Moure-Kapio, cipaBa — pucyHok u3 [1], moiay4eHHbIH YUCICHHBIM HHTETPUPOBAHUEM T10
anroputMy Kpsnka-Hukosncona. [lapameTpsl YNCIIEHHOTO MHTETPUPOBAHKE TE )K€, UTO U paHEe.
3HavYeHHs TapaMeTpoB, BXOISIUX B Moaeslb MouTe-Kap:io npuBeneHsl B Tabnuiie 4.

Fig. 5. Disappearance of pollution spot under the simultaneous influence of three factors —
diffusion, drift and chemical degradation. Left — solution obtained using Monte Carlo model, right —
figure from [1], calculated by numerical integration using Crank-Nicolson algorithm. Numerical
integration parameters are the same as before. The values of the parameters included in Monte
Carlo model are given in Table 4.

47



[IPUMEHEHUE METOJIA MOHTE-KAPJIO B PELLIEHUM 3AJAY SKOJIOTMYECKOM XUMHUU

Taobnuya 4. Jlannbie, UCMIONb30BaHHBIE JIs pacueTa JMHAMHUKHU Ha pUC. 5
Table 4. Data used to calculate the dynamics in Fig. 5

Rx Ry N dots N step sigma x sigmay xx 0 yy O D Vxx Vy k.
10 10 16 384 150 1,00 1,00 0,00 -6,00 0,25 0,00 0,10 0,02

ConocTaBiieHHE TaHHBIX PUCYHKaX 2—5 MOKa3bIBAET MOJIHYIO aJIEKBaTHOCTh U
paboTOCIIOCOOHOCTh  MOJICIM, OCHOBAaHHOW HA WMHUTAIlMM  CYIAhOBI  YaCTHII
3arpssuutens. Jg mpuaaHus pUCYHKaM «IapaJHOro BHJIa», COMOCTAaBUMOIO C
0€30roBOPOYHO HE3AUTYMJICHHBIMUA TPOGUISIMH, MoJydaeMbiMH MeTonoM Kpsnka-
Hukoncona, Mbl  HCHOJB30BAIM  YBEJIMYEHHYIO  YHCICHHOCTh  aHCaMOJIA
N_dots = 16384; BpemMs cueTa mpu 3TOM JJisi ABYMEPHOU MPOCTPAHCTBEHHON CETKU
20 x 20 xneTok u uucie maro 1o Bpemenu N_step = 150 coctaBisieT meHee 8 ¢ Ha
HACTOJIbBHOM KOMITBIOTEPE.

Ha camoM pnene, KayecTBO MPOCTPAHCTBEHHBIX TMpoduiel ocraercs
MIPUEMJIEMBIM M MIPU CHUKEHUU 4YUCIEHHOCTH aHcamOusa Huke 1024 Touek. Tak Ha
pucynke 6 BugHO, uto U Juisi N_dots = 256 kaduecTBO mpOCTPaHCTBEHHOM pa3BEepTKU
OCTAETCs MPUEMIIEMBIM.

25 Opend+anddysua+aerpagauma R

15

Yucno yacTuy, B KNeTKe

e
=
e

e e e
10 15

8]
N
[l

Homep Knetkn

Puc. 6. VicuesHoBeHUE MATHA 3arpsA3HEHMsI IPH OJHOBPEMEHHOM BO3JIEHCTBUM TpeX (pakTopoB
(muddy3un, apeiida 1 XUMUUECKOH aerpagaiys) — AIMUTALUS I MaJIOr0 YHCIa YaCTHUI
N_dots = 256. Bpems cuera npu 3Tom cocraniser 0,27 cek.

Fig. 6. Disappearance of pollution spot under simultaneous influence of three factors (diffusion,
drift and chemical degradation) — simulation for small number of particles N_dots = 256. Counting
time is 0.27 sec.
BPEMEHHBIE 3ABUCUMOCTHU - KHHETUKA

[Ipocrenmmii ciaydal, KOTOPBIA JIETKO MPOBEPUTH — 3TO 3BOJIOLUS CHUCTEMBI
Moa JCHCTBMEM TOJBKO XHWMHYECKOW Jerpajanuu, Oe3 BiusSHUS (PaKTOpOB
MaccomnepeHoca. B 3ToM ciiyyae e€cThb BCE OCHOBAHHS 0XHUIATh, YTO MCUE3HOBEHUE
BellecTBa B JI00ON BBIOpAaHHON KJIETKE OyAeT MPOXOAUTh MO 3aKOHY MEPBOTrO
IopsaKa:

N(t) = Nyexp(—k_-t) (6)

48



TPABUH u p.

Ha pucyske 7 mnpeacraBieHbl KUHETHYECKas KpUBas, IIOJIy4YEHHAs
VMUTALMOHHBIM MOJICJIMPOBAHUEM, U TEOPETUYECKAsT KpPUBAas CIIaJla, pacCUYMTaHHAs
no ¢opmysne (6) U MOAOTHAHHAS TOJ] UMUTAIIMIO METOJOM HAMMEHBIIMX KBaJpaTOB
(mOATOHOYHBIEC TapaMeTpbl HadyallbHAsl aMIUIUTYAa U KOHCTaHTa CKOPOCTH IEPBOTO
TIOPSI/IKA).

Knetkal:1 - KMHeTWKa, 16 HaKONEHW;
16384 vacTtuy,

700

600

n(t)
500

400 JKCMOHEeHTa

300

YUcA0 YacTUL, B KAETKe

200

100

0 20 40 60 80 100 120 140 160
Bpema, Wwaros

Puc. 7. ConocTaBieHue KUHETUYECKOW KPUBOM, MOJIy4eHHOM 1o MeToxy MonTte-Kapio, ¢
TEOPETUUECKON KHHETUYECKON KpUBOM. B Mozienb 3a105keHa KOHCTaHTa CKOPOCTH JIeTrpaialiuu
k_=0,0300.

Fig. 7. Comparison of kinetic curve obtained by Monte Carlo method with theoretical kinetic curve.
The model contains the degradation rate constant k = 0.0300.

®utuHr Mo ypaBHeHuto (6) maer 3Hauenue k_ = 0,0303, ornuuaromeecss OT
oxupaemMoro Menee, ueM Ha 1%. CoBnajgeHue KpHUBBIX MPAKTUYECKH HACAIBHOE.
Bpewms cueta Ha HacTOIRHOM KOoMIbIOTEpE cocTtaBmwiio 10,5 c.

Knetkal:1 - KWHeTUKa, 1 HaKONAEeHUH;
1024 vyacTtuy,

35
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25 [Y n(t)
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=
=15 \
Q
©
=2
5 \_\'\_
(=)
= . b

T~
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Bpems, waros
Puc. 8. Ta xe kpuBasi, Kak Ha pucyHKe 7, HO 0e3 HakoruieHus. Bpems cuera 0,07 c.

Fig. 8. The same curve as in Fig. 7 but without accumulation. Counting time 0.07 s.
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Takast TIIaTEIBLHOCTH MOATOHKU IS OOJBIIMHCTBA MPAKTUYECKUX 3a7a4 SBHO
u30biToyHa. Ha crienmyromeM pucyHke 8 mpeacTaBiieHa Ta K€ SBOJIIONMUSA, HO JiA
0oJiee MaJIOYUCIIEHHOT0 aHcaMOJIsl U 6€3 HAaKOIUICHHS CUTHAJIA.

®duTtuHr 10 ypaBHeHUIO (6) maer 3Hauenue k_ = 0,0313, ornuyaromieecss oT
0KHJIaEMOT0 pUMEPHO Ha 4%, 4TO MPEBOCXOJUT TOYHOCTh MPAKTHYECKHU JIFOOOrO
HaTypHOI'O SKCIIEPUMEHTA.

B ciuywae auddy3moHHOTO pacmoi3aHusi ISTHA «XOPOIIET0» ypaBHCHUS
KMHETUYECKOW KPUBOW HE CYIIECTBYET. TeM He MeHee, HEIUIOXYIO aIlllPOKCUMALAI0
JAeT YpaBHEHHUE KPUBOW BTOPOTO MOPSAKA:

No

()

Knetkal:1 - KWHeTUKa, 16 HakonneHuit; 16384

700 HaCTUL,
n(t)

600

B-cnnakH

500 Kpueaa 2-ro nopagka

a00 |\
300
200 Y

100

0 20 40 60 80 100 120 140 160

Puc. 9. Annpokcumanust TMHAMHUKU AP PY3MOHHOTO pacloa3aHus MATHA C TOMOLIBIO
KMHETUYECKOW KPUBOM BTOPOTO MOPSIKA.

Fig. 9. Approximation of dynamics of diffusion spreading of spot using kinetic curve of the second
order.

XoTs (pU3MUECKOTO CMbICIa B AITOM HHUKAaKoro, 3TO CKopee 3a0aBHOE
COBMNAJEHUE, HO KAYECTBA MOATOHA BEChbMa BBICOKOE. 3aMETHM, UYTO CIBUT «IIPOTHB
BETpa» MO KOOPAUHATHOM CETKE NIl TOUKH HAOJIIO/IEHUSI OTHOCUTEIHLHO HauyajJbHOTO
BbIOpOCA MATHA 3arps3HEHUS MOKET J1aTh KHHETUYECKYI0 KPUBYIO, BeCbMa OJU3KYIO
K MPSIMOJIMHEHHOMY CIafy, T.€. (OpMaibHO COOTBETCTBYIOLIYIO PEAKIMH HYJIEBOTO
nopsiaka. Hanmo, mpaBaa, OTMETUTh, UTO ISl MEPUPEPUUECKUX KIIETOK JWHAMHUKA
NpUHUMIUAIBHO Jpyras. OHa eBa M MOXET ObITh allIPOKCUMUPOBAHA CTENEHHOU
kpuBol cnana. Ha pucynke 10 mpeacraBieHa mapa TakuX KPUBBIX JJI Pa3THYHBIX
KJIETOK.
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KneTka2:2 - KMHeTKKa, 16 HakoneHni;
Yactuyy,

16384

Knetka 4:5 - KWHETUKa, 4 HaKONAEHWUA;

10000 1000 4096 vyacTuy,
9000

8000

7000

6 000

3000 n(t)
4000 B-crinaiH
3000

2 000

1000

Puc. 10. Kunetnyeckue KpUBBIC ISl pa3IMYHBIX TOUYEK JIaHAMAPTa MOTYT IPUHUMAThH CaMble
pa3HooOpa3Hble, TOPON NPUUYAIUBBIE (HOPMBI.

Fig. 10. Kinetic curves for different points of the landscape can have a variety of bizarre forms.

OBCYXJIEHUE PE3YJIbTATOB

B cpaBHuTenbHO HenmaBHel pabote [13] wu3M0XKEH HOBBIM TOIXOI K
IpUMEHEHUIO0 MeTo1a MoHTe-Kapio Kk ucciie10BaHNI0 IPOCTPAHCTBEHHO-BPEMEHHOM
JUHAMHMKU XUMHUYECKUX BHIOPOCOB B OKPYKAIOLIYIO CPEay.

ABTOpBI paboThl [13] oTMeHaroT Tpu (PyHIaMEHTAJIBHBIX MCCIEI0BATEIBCKUX
BOMpOCa, KOTOpble MOOYIUIM UX pa3paboTaTh ATOT LENOCTHBIA MOAXOJ K OLIEHKE
MIPOCTPAHCTBEHHO-BPEMEHHON  JMHAMHMKM  YHOPABIAIONIMX  [ApaMeTpoB B
pacnpeneneHHbIX MOACIISIX OKPYKAIOILIEH CPebl:

1. KakoBbl 4yBCTBUTEIbHBIE TAPAMETPHI MOJEIIH B MPOCTPAHCTBE U BPEMEHU B
oOJtactu mojenu?

2. Kak B3auMoAeMCTBHE MapaMETPOB BIUSAET HA MOBEACHUE MOJEIH?

3. Kak pe3ynbTarhl 3aBUCIT OT BEIOOpA IMAMA30HOB MAPAMETPOB?

B Mozenu onieHMBanKCh JaHHbIE 3a nepuos ¢ 22 aBrycra no 04 oxtsaops 2012
rojila ¢ 4aCoBbIM IIarom 1o BpeMeHu (Bcero 1032 Touku). beutn nHTEpHOIMPOBAHBI
JaHHBIE (YacOBBIE OCAJIKH, TEMIIEpaTypa BO3JlyXa M OTHOCUTEJbHAS BIAXHOCTH) C
CeMH METEOPOJOrMYEeCKMX CTaHIMM BOKPYTr HccieayemMoro BojgocOopa ¢
pazpemieHueM ceTkd 1 kM x 1 KM Haja uccieayeMoil 00JacTbio ¢ MCIOJIb30BAaHUEM
KOMOWHUPOBAaHHOTO  OOpaTHOTO  B3BEIIMBAHHWS  PACCTOSHUA U JIMHEHHOM
pPETPECCUOHHOM CETKH.

ABTOpBI HE YKa3bIBAIOT UCIOJIb30BAaHHBIE BBIUMCIUTENbHBIE PECYPCHI, HO, CY/Is
no BceMmy, oHU orpomHbl. M1 nmpumenenue merona Monrte-Kapio B jaHHOM citydae
HaM TMPEACTAaBJISETCS BCEro JHIIb HEOOJBIIMM YKpalleHHeM K OrpOMHOMN
BBIYHMCIIUTEIBHON MPOLEAYPE, UCTIOIB30BAHHOM JIsl MOJIETTUPOBAHMS.

Eme Oonbmme pecypcbl Obutn 3americtBoBanbl juisi Mojenun CHIMERE.
Cornacuo [14], TpomocdepHbie cieabl Ta30BbIX M a’PO30JIbHBIX 3arpsi3HUTENICH
OKa3bIBAIOT HEOJArompusTHOE BO3ACHCTBHE HA 3/I0POBHE YENOBEKA, OKPYKAIOIIYIO
cpeny u knumat. C 3TUM TPYAHO HE COTJACUTHCA. [ KOJMYECTBEHHOM OLIEHKU U
CMSITUEHUS TaKUX MOCJIEICTBUI HEOOXOIUMO PAaCCMOTPETh, MOHAThH U MPEACTABUTH B
YHUCIEHHBIX MOJENSAX IIMPOKUI CHEKTP MPOLECCOB, BEAYIIMX K OOpa30BaHUIO U
IIEPEHOCY 3arps3HUTENEH.
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Xumuko-tpancnoptHas monenbr CHIMERE [15] Obina mpennokeHa eie B
2004 r. Omna cnenuandbHO pa3paboTaHa IS PETHMOHAJIBHBIX  HCCIIEOBAHMM
3arpsisHeHust atMocdepbl. Monens moTpebisier npumepHo 1 1 30 MuUH BpeMeHHU
BbIUMCIICHUH Ha oaHoM AMJI y3ne 64-paspsaHoit 16  mpoueccopHou
BBIYMCIIUTEIBLHON MAIIMHBI I MoJenupoBanus | mecsna ans paiiona [lapmxka c
pazpemieHreM 15 kM, pazmep JoMeHa cocTaBisieT 45 X 48 X 8§ ¢ BpeMEHHBIM IIaroM B
cpeareM 360 c¢ (7200 maroB 1mo BpeMeHH ).

3ameTuM, 4TO HaIIa ropasjo Ooyiee CKpOMHasl MOJENb, 10 KpailHeil mepe, 1o
rapameTpaM CETKH UMEET COMOCTaBUMbIEC WM OJM3KHUE MOKA3aTeNIi: Mbl HCIOJIb3YEM
npocTtpaHcTBeHHYIO ceTKy 20 X 20 x 1 (co3HaTeNbHO OTKA3aBIIMCh HA 3TOM 3Tare OT
BEPTHUKAJILHON KOOPAMHATHI) U OHA MOXKET OBITh JIETKO pacIIMpeHa J0 MoKazaTeyieu
Xumepsl. UTo KacaeTcsi KHHETUYECKUX BBIYMCIIEHUNA, MBI OOBIYHO UCHIOJIb3yeM OT 150
10 250 maroB Mo BpEMEHU U JJIsI MOJYyUYECHUS! KaueCTBEHHBIX KHHETUUECKUX KPUBBIX
3ammyckaem uHoraa 10 128 nporonos (128*250 = 3200).

CHIMERE wucnons3yeTr cxemy pacmpeneieHHON mnamsaTd U OuOIuoTeKy
nepenaun coobmennit MPI (Message Passing Interface Standard). Mogens
nojanepxxuBaetcst st otkpbeitoro MPI (pexomenayercs) u LAM/MPI (Local Area
Multicomputer), HO paOoTaeT, ¢ HE3HAYUTEIbHBIMA HU3MEHEHUSMHU B CKPHUITaX, C
aNbTEPHATUBHBIMU WJIU JIPYTUMHU BBIYUCIUTEIBbHBIMA CETSMH, COBMECTHUMBIMU IS
napajuielibHbIX  BblUMCIeHUW. [lapamienu3sm Momenum SBISIETCA  pe3yJbTaTOM
JIEKapTOBa pa3leleHusl TIJIaBHOW reorpaguueckoil oO0JacTH Ha  HECKOJIBKO
MOAOMEHOB, KaXK/IbIH U3 KOTOPBIX 00OpabaThiBaeTCs pabOYrM MPOIIECCOM.

B kauecTBe pa3yMHOW albTepHATUBBI JIS DJTUX MOJENed, TpeOyroIumx
OTPOMHBIX BBIYMCIIUTENBHBIX PECYPCOB MbI MPEIJIOKUIA NPOCTYI0 U 3HPEKTUBHYIO
CXEMy, JIETKO pealM3yeMyl0 Ha JIF0OOM MEpCOHATBHOM KOMIBIOTEPE U JIAIOIIYIO
OCMBICJICHHBIC PE3YyJIbTaThl B CAUTAHHBIE CEKYH/IbI.

[Ipn 5TOM MOHATHO, YTO JJIsI TOJYYEHHUS MOJHOLEHHOW MPOCTPAHCTBEHHO-
BPEMEHHOM MOJIeNu elle HeoOoxoaumo MaciitabupoBanue. U, koHeuHo, xKenaTelbHa
NPUBSI3Ka «TE€aTpa BOCHHBIX JAEHCTBUI» C IMOJEM BEKTOPOB CKOPOCTEH MepeHoca H
kod(ppunmernToB muddy3un Kk kakon-m6o reonHpopmarmonHon cucteme. Iloka xe
BCE MOJICTN TOTy4aroTcs 0€3 MPUBSI3KH K KOHKPETHOM MECTHOCTH Ha aOCTPaKTHOMU
CETKE.

3AK/IIOYEHUME U BBIBO/IbI

Takum 00pa3oMm, B OTHOCHUTEIBHO KOPOTKHM CpOK pa3pabOTaHbl MOIIHbIE
COBPEMEHHBIE CPEJICTBA MPOrPAMMHOM TMOJICPKKH M MaTeMaTUyecKod o00padoTKu
JAHHBIX [0 JUHAMUKE PACTIPOCTPAHEHUS U TPAHC(OPMALIUU 3arPS3HAIONINX BEIIECTB
B MPUPOJHBIX YCIOBUSIX — pa3paboTaH NPOrpaMMHBIN HHCTPYMEHTapUil s
npuMeHeHus1 Metoia Monre-Kapio k pemeHunro 3a1ad npoCcTpaHCTBEHHO-BPEMEHHON
auHamuku. [IpemnoxenHas mMozaens mpocTta U 3¢(EeKTUBHA, JIETKO peaqu3yeTcsl Ha
J000M MEPCOHATFHOM KOMIIBIOTEPE U 1a€T OCMBICICHHBIE PE3YJIbTAaThl B CYUTAHHBIC
CEKYH]IBI.
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Annorauusi — [lpencraBneHsl pe3yibTaThl OLEHKM pPHCKA JUIsL 3I0POBbS, CBSI3aHHOTO C
BO3JCHCTBUEM TECTUIMIOB, HApyLIAOIUX paboTy SHAOKPUHHOM CHUCTEMbI, IOCTYNAIOIIUX B
OpTraHU3M YeJIOBeKa C OBOIIAMH U (ppykramu. B mpoaHaam3mMpoOBaHHBIX PaCTUTENBHBIX 0Opas3max
OIlpeJIesIeHbl OCTAaTOYHbIE KOJIMYECTBA § NEHCTBYIOIIMX BEIIECTB, BXOJAIIMX B COCTaB NECTULIUIOB
HA3BaHHOW TPYNIBI, CPelr KOTOPHIX (GochopopraHUYecKrue COeITWHEHHS (AMMETOoaT, TUa3HHOH,
ManaTuoH, (QEeHUTPOTHOH), KapbamaTbl  (MeTOMHI),  OeH3MMHIA30Jbl  (KapOeHAa3uMm),
IUKapOOKCHMUIBl  (IPOUMMUIOH) U aAuTHOKapOamaTel (MaHko3e0). CpenHee 3HayeHHE
KOHIIEHTpalluu 0OHapy>KEHHBIX BeLeCTB Bapbupyercs B nuanazone ot 0,0104 (qumeroar B mpobax
nyka) go 0,12 wmr/kr (xapbenmazum B mpoOax KamycThl). JlumeroaT, HalJICHHBIA BO BCEX
UCCIIeIOBaHHBIX 17 TpPOAYKTaxX NUTaHWS PACTUTENBHOTO IMPOMCXOXKACHUs, SBISETCS Hambosee
gacTto ompenenseMbiM nectuiuaoM. CyrodHas o3a MOTpeOJIeHHsS JaHHBIX —IECTHINIOB
omnpeneneHa B npeaenax ot 0,000001 no 0,00020 mr/kr maccsl Tena. HaeKc onacHOCTH BapbUpPYyeT
B nuamnazone ot 0,0004 nmo 0,15, mpu »TOM ero HaWMMEHBIIEE 3HAYCHUE OMPEIEICHO IS
(EeHUTPOTHOHA, MaKCHUMalbHOE — M JAua3uHOHAa. KOMOMHHMpOBAHHBIM HWHAEKC OMACHOCTH
cocrapmsier (0,4286. OCHOBHOM pPHCK  BO3ACHCTBUSA TNPUXOAUTCS HA  TECTHUIUABI C
¢dochopoprannyeckumu u kapbamatHeiMu rpynmnamu (91,3%). O6cyxaaercs 3pHeKT HU3KUX 103 U
ekt «kokreisy. C uenbto odecneueHrs 6€30MacCHOCTH NOTpedUTeNe U CHUKEHHS PUCKOB IS
3JI0pOBbsI HACEJIEHUS NpEIJaraeTcsi MepecMOTPETh HCIOJIb30BAaHUE SHAOKPHHHBIX HapyLIUTEIeH,
TaKWX KakK JWa3WHOH, JTUMETOaT, MaJaTHOH, KapOeHma3uM. PUCKM IS 340pOBBS, CBS3aHHBIC C
«3(h(heKTOM KOKTEHs» B IOBCETHEBHOW JKM3HM YEJIOBEKa, HE BCErJla PEAIbHO OIIEHUBAIOT
KayecTBO M 0€30MacHOCTh MPOAYKTOB IHTAHHS, a, CIEIOBATEIbHO, M (PAKTHUECKUH PHUCK IS
3JI0pOBbsI HACENEHHsI OT JUIUTEIbHOTO KOMOWHUPOBAHHOTO BO3JCHCTBUS XUMHUYECKUX BEIIECTB.

Kniouesvie cnosa: necTuipl, Hapyaoume padoTy 3HJOKPUHHON CUCTEMBI, POYKThI MUTaHUS,
PHUCK JJIs 3I0POBBS.
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Abstract — The results of assessing the health risk associated with exposure to endocrine-disrupting
pesticides (EDPs) entering the human body with vegetables and fruits, are presented. Residual
amounts of § active pesticide substances, related to EDPs have been found in analyzed plant
samples, including organophosphorus compounds (dimethoate, diazinone, malathion, fenitrothion),
carbamates (methomyl), benzimidazoles (carbendazim), dicarboximides (procymidone), and
dithiocarbamate (mancozeb). The average content of the detected substances ranges from 0.0104
(dimethoate in onion samples) to 0.12 mg/kg (carbendazim in cabbage samples). Dimethoate is
found to be the most frequently occurring pesticide as it has been detected in all the 17 food
products tested. The daily intake of these EDPs is determined in the range from 0.000001 to
0.00020 mg/kg of body weight. The hazard index varies in the range from 0.0004 to 0.15, with the
lowest value determined for fenitrothion, and the highest — for diazinone. The combined hazard
index is 0.4286. The main exposure risk is associated with pesticides with organophosphate and
carbamate groups (91.3%). The low dose effects and the cocktail effect are discussed. In order to
ensure food products safety for consumers and to reduce public health risks, it is proposed to revise
the use of endocrine disruptors such as diazinone, dimethoate, malathion, and carbendazim. The
health risks associated with the “cocktail effect” in a person’s daily life do not always realistically
assess the quality and safety of food, and, therefore, the actual risk to public health caused by long-
term combined exposure to chemicals needs to be properly assessed.

Keywords: pesticides, food products, endocrine disruptors, health risk.

BBE/IEHUE

3arps3HeHue MUILEBBIX IPOJIYKTOB XUMHUYECKUMH BEILIECTBAMU,
MPEICTABIAIONIMMHI PUCK JIJIST 37I0POBbS, — ATO OJIHA W3 TJI00AJIbHBIX TPOOJIEM B
o0nacTé  OOIIECTBEHHOTO  3/IPaBOOXPAHEHUS M  XUMHYECKOW O€30MacHOCTH.
[IpucyTcTBHE OCTATOUHBIX KOJMYECTB MECTUIIMAOB B OBOIIAX M (PPYKTaxX SBISETCS
ceppe3Ho mpobsiemoit B PecnyOnuke MoijioBa, B 3KOHOMHKE KOTOPOi
3HAYUTENBHYIO POJIb UTPAET IMTPOU3BOJICTBO CEIBCKOXO3IMCTBEHHON MTPOTYKIIUY.

M3BecTHO, YTO Jaxe MHUHHMMAaJIbHbIE OCTATOYHbIE KOJIMYECTBA IMECTHUIIUIOB,
3arpsi3HSIONIME TPOAYKThl TMUTAHUS, TMPEJCTABISIOT OMNACHOCTb, OCOOEHHO, MpPH
noTpebsieHn TpoyKToB B cBexkeM Bujie [1]. C nenbio obecrieyeHus 0€30mMacHOCTH
NUIIEBBIX MPOAYKTOB OCTATKH MECTUIUIOB KOHTPOJIUPYIOT C YUETOM MaKCUMAalIbHO
nonyctumbix ypoBHer (MJIY) u momyctumbix cytounbix ao03 (ACH). MAY — sto
MaKCUMajbHasi KOHIICHTpanus (BBIPAKCHHAss B MI/KI) OCTaTKOB TIECTUIMIA B
MUILEBOM TPOJIYKTE WJIM Ha €ro IMOBEPXHOCTH, 3aKOHOJATEIBHO IpPU3HAHHAS B
KaueCcTBE MNPHUEMJIEMON MpPU YCIOBUM NPABUIBHOIO MPUMEHEHUS TMECTUIUIOB B
COOTBETCTBUM C NPUHUWIIAMU IIE€PEJOBOM CEIBCKOXO3SIMCTBEHHOW INPAKTUKH.
Hanmonansusie M/1Y Obutn yctanoBnensl B CaHuTapHOM periamente PecmyOnuku
MongoBa [2]. MY Bcerma peraaMeHTUPYETCS HAMHOTO HHUXE YpPOBHEW,
cUMTaronmMxcs 0e3onacHbIMM JJid yenoBeka. [Ipenensl 6€30mMacHOCTH XMMHYECKUX
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COCIMHEHUI OLEHUBAIOTCS B CPaBHEHUM C JoNMycTuMon cytouHou nozou (C/).
HNCJ] — aTo MakcumanbHasi Oe3BpeiHasi CyTOYHAs /1032 TOKCUYECKOTO BEIECTBA IS
YeJI0BEeKa, KOTOpasi HE BBI3BIBAECT KAKUX-JIMOO HEONAronmpusTHBIX BO3IACHCTBUN TpH
€KETHEBHOM TMOCTYIJIEHUU B OPraHU3M Ha MPOTSHKEHUH BCEW MPOJOJKUTEIHHOCTU
KU3HU JAHHOTO YeJIOBEKa U MOCJIEAYIOIUX MoKoJieHuH [1].

B 2019 rony oO1iee KOIU4YECTBO CPECTB 3alIUThl PACTEHUH, UCTIOJIb30BaHHBIX
B CEJIBbCKOXO3SHUCTBEHHOM cekTtope PecnyOnuku MosnmoBa, coctaBuiio 2124 TOHHBI
npenaparoB. M3 oO0miero umcia MPpUMEHEHHBIX CPEACTB ObUIM MCIOJIB30BaHBI 932
(83%) ¢urocanuTapHBIX Tpemapara Ha OCHOBE 190 neHCTBYIOMUX BEIIECTB.
Cpennuii ypoBeHb IPUMEHEHUS MTECTUIIUI0B cocTaBma 1,63 Kr/ra.

Hcnonb3yembie CpeAcTBa 3allldTHl PACTEHUM IO XapakTepy BO3ACHCTBUS
OTHOCSTCA K KaHIEpOT€HaM, MyTareéHaM M BEIleCTBaM, HapyIIalolUM padoTy
SHIOKPUMHHOW cucTeMbl. K mocimenHen rpylne OTHOCATCS XMMHUYECKHE BEIIECTBA,
IPUCYTCTBYIOIINE B MUIIE U BO MHOTUX MPOAYKTaX, UCIOJIb3YEMBIX B TIOBCEHEBHOM
KU3HU, KOTOPBIE BIUSAIOT HA SHAOKPHUHHYK) CHCTEMY OpPraHM3Ma M OKAa3bIBaIOT
BpeAHOE BO3/elcTBUE Ha 370poBke (aHTi. endocrine disrupting chemicals) [3—5].

[lectuumael, Hapymaromue padoTy SHIOKPUHHOM CHCTEMBI, COCTABIISIIOT
OOJIBIITYI0 TPYyNIy KCEHOOMOTHUKOB, AaKTUBHO BO3JEHCTBYIOIIMX Ha 3/I0POBbHE B
HU3BKUX  KOHIIGHTpAIUSAX  TMpU  C©KEIHEBHOM  MOTPEOJCHUUM  HACEICHUEM
KOHTAMUHUPOBAHHOW MHUILIHA. DT XMUMUKATHI BIUSIOT Ha TOPMOHAJIBHYIO CUCTEMY
OpraHu3Ma U MOTYT MPUBECTU K YBEIUYCHUIO BPOKACHHBIX JE(EKTOB, CEKCYaTbHbBIX
HapylIeHUH, penpoayKTUBHON HEIOCTATOYHOCTH M K YBEJIIMUECHHUIO PUCKA Pa3BUTHUS
OHKOJIOTUYECKHUX 3a00JICBaHUM PENPOIYKTUBHBIX OPraHoB [6—9].

MOHUTOPUHT YpPOBHEH OCTATOYHBIX KOJIMYECTB MECTUIIMIOB MOXKET MOMOYb
rapaHTUPOBATh Ka4€CTBO MPOJYKTOB MUTAHUS U OLICHUTh PUCKU JIJISL 3I0POBbSI. DTO
HalpaBJICHUE SIBJIAETCS OJHUM W3 BaXXKHBIX BHUAOB JesaTeabHOCTH HarmonansHOTO
ArentctBa OOIIECTBEHHOTO 37I0pPOBbSl B CEKTOpE 3/ApaBooXpaHeHusi PecryOnmuku
Monosa.

Hacrosimee wuccnenoBanue ObUIO TPOBEIEHO C IENBIO OIEHKM pUCKA IS
3I0POBbsSI HACEJEHUsS, CBSI3AHHOTO C BO3JCHCTBUEM TMECTUILHJIOB, HAPYIIAIOIIUX
paboTy PHIOKPUHHON CHUCTEMBI, MTOCTYMAIOIINX B OPTAaHU3M YeJIOBEKa C OBOIIAMHU U

bpykTamu.

OKCIHHEPUMEHTAJIBHASI YACTDb

W3 pa3nuyuHbIX CeIbCKOXO3IUCTBEHHBIX 30H PecnyOnuku MongoBa B nepuoa
2013-2017 romoB Obuio orobpano 1370 mpo6 w3 17 NOPOAYKTOB MHUTAHUS
PACTUTENHHOTO MPOUCXOKACHUS. DTO TPOOBI JIyKa, TOMATOB, OTYpIIOB, KamyCThI,
CJIAIKOTO TIepIia, TMepiia, IBETHON KaIyCThl, Y€CHOKA, JBIHH, apOy3a, 00K, Tpyll,
BHUHOTPA/a, CJIUB, IEPCUKOB, Aa0PUKOCOB.

Omnpenenenre OCTATOYHBIX KOJMYECTB MECTHIMIOB, HapyIIAIOMIHUX pPadoTy
SHIAOKPUHHOW CHUCTEMBI, IPOBOJMWIM METOJOM Ta30Boil xpomarorpadguu u BOXKX-
MC/MC c¢ npo6onoaroropkoii QuEChERS (anrn.: quick, easy, cheap, effective,
rugged, and safe; ObicTphIif, MpocTOH, AemieBbid, dYPdeKTUBHBIA U O€30macHbIN) U
JOTIOJTHUTEIBHOW OYMCTKOM SKCTPAKTOB METOJIOM JUCIEPCHOHHOM KUIKOCTHO-
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KUIKOCTHOM MHUKPOIKCTPAKIIMH, [MO3BOJSIONIUM IPOBOJIUTh B pPaMKax OIHOTO
aHaJIM3a OJIHOBPEMEHHOE OIpPECICHNE HECKOJIBKIUX KCEHOOUOTHKOB.

OKCTPaKIUI0 OCTATOYHBIX KOJMYECTB MECTUIUIOB OCYIIECTBISUIA IyTEM
no0aBiieHUs aneToHuTpuia K 10 r roMOreHU3MpOBaHHOTO 3aMOPOKEHHOTO 00pasiia.
[locne poGaBneHus cmecu cyibdara MarHus, XJOPUCTOTO HATPUS WU HATPUM
nutpatHoro 6ydepa (pH 5,0-5,5) oOpasern BCTpsIXxuBaid U NEHTPUDYTHPOBATH IS
pazaeneHus ¢a3. AJNMKBOTY opraHudeckod Gaspr (6 MJI) OYMINAIM METOJIOM
aucrnepcuonHoil  tBepaodasznoit  skctpakiuu  (DSPE, dispersive solid phase
extraction) ¢ ucnosb3oBaHueM cyiabdara Maraus (900 Mr). DKCTpakT OUYHIIAIH
amuHocopOentamu (150 mr TICA), 3atem 500 MK 3KCTparupoBaHHON MPOOLI ¢ 25
MKJI MYPaBbHUHOM KHUCJIOTHI AHAJU3UPOBAIA METOAOM Ta30BOM M KUIKOCTHOU
XpoMarorpadun, Macc-CrIeKTPOMETPHH.

Hcnonw3oBanu cienyromiee obopynoBanue: cuctemMbl ['X/MC  Agilent
7890/7000 c tpoitHbiM kBagpymnosieM u Agilent LC/MS 7890 Triple kBaapymnonbHOM
cuctemsl (Agilent Technologies, CIIIA).

[Toy4yeHHbIE pe3yNIbTaThl KOHIIEHTPAIIMA OCTATOYHBIX KOJUYECTB MECTULIUIOB
B IIPOAHAIM3UPOBAHHBIX 00pa3iax cpaBHuBau ¢ M/Y.

Pacuer cyrounoit nosel morpebdsnenus (CII, anrn.: estimated daily intake,
EDI) npoBoawu o popmyie:

CHAII=C xII/M,
rae C — KOHLEHTpaIMs OCTATKOB MECTUIUIOB B MPOAYKTE (MI/KT);
IT — cpeanecyTouHoe nmoTpebieHHE MUY Ha YeJIOBEeKa (KI//IeHb);
M — cpennsisi Macca Tena (M npunsita pasuoit 60 kr) [10].

CpennecytoyHoe notpedieare (pyKTOB U OBOIIEH HA YeIOBEKa OICHUBAIIOCH
M0 MUHUMAaJIbHBIM HOPMAaM IMHUTAHUSI, BKIIOYCHHBIM B MPOJIOBOIBCTBEHHYIO KOP3UHY
MIPOKUTOYHOTO MUHUMYMA [ 11].

Jns omenku pucka paccuutanHas CJIII cpaBauBanace ¢ JICJ| (anrm.
acceptable daily intake, ADI). MHuekchl OmacHOCTH TOJydYald IyTeM JCICHHUS
sHadyeHuss CII1 na 3nauenue JICJI. B Tex ciaydasx, Korjaa HHACKC OMaCHOCTH OOJIbIIe
€IUHUIIBI, ATO YKa3bIBACT HA TO, YTO YPOBEHb MOCTYIUICHUS OCTATOYHBIX KOJIMYECTB
MEeCTUIIMIOB C KOHTAMUHUPOBAHHBIMU TMPOJYKTAMH MUTAHUS HA MPOTSHKCHUM BCEH
KU3HA MOXKET TPEICTaBIIATh OMACHOCTH ISl 370pPOBbs. PHUCK 1isi 3M0pOBBS TeM
OoJpITie, YeM OJIIKE K €IMHUIIC TTPUOIMIKASTCSI 3HAYCHNE WHIEKCA OMTACHOCTH.

Tokcukonorndyeckas uWHQOpMaIUs 1O JOMYCTHUMBIM CYTOYHBIM J03aM
noctymnHa B 6a3e nanabeix EC no necturuaam [12].

PE3YJIBTATHI U UX OBCYXIEHUE
B mnpoananmsupoBanHbix mpobOax 17 BumOB oBomieil u (GPYKTOB OBLIO
OOHapyXeHO & JEeHCTBYIOIIMUX BEIIECTB IMECTUIUAOB: 3TO JAUMETOAT, METOMUI,
KapOeH1a3uM, MaJlaTUOH, MPOIMMHJIOH, AMA3UHOH, MAaHK03€0, (PEHUTPOTHOH. DTU
BEIIIECTBA OTHOCATCS K 5 TpyIIaM XUMHUYECKUX COeINHEHHH — pochopopraHndecKre

BEIIeCTBa, KapOamaThl, OCH3UMHUAA30JbI, IUKAPOOKCHMHUIBI U TUTHOKapOamaThl
(Tabum. 1).
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Tabnuya 1. CTpyKTypa NeCTUIMIOB, OOHAPY>KEHHBIX B IPOAYKTaX MUTAHUSI

Table 1. Structure of pesticides detected in plant food products

Hazpanne ‘ Hazsanune o MIOITAK ‘ MonekynspHas CTpyKTypa ‘ CAS nOMEp
dochopopranndeckue
HaG //S
Jlnveroar 0,0-mumetmn S-[2- O—/P\
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nutrnodocdar NH
0}
H3C CH,
Jnasuon 0O, O-maTr-0-(2-130TIPOTTHIT- j:
(Diazinone) 6-MEeTHII-ITUPUMUTUH-4- N| =N ﬁ CH; 333-41-5
nnytodocdar N
O
s O O._~
ManaTuon Huomin 2- ||:|>
~ ~ -75-
(Malathion) [(mumeToxcudochopoTrOnIT)CY —OC/)/ S 121-75-5
nb(QaHm|OyTaH oAt
0@ o7
o
DEHUTPOTUOH 0,0-Aumernn O-(3-meTnn-4- /Dxp’o r{b 1291425
(Fenitrothion) HUTpodeHmn)pochopoTroat o =g
\
Kapb6amartsr
(E,Z) i
E,Z)-metun N-
MeTtomuin ; H3CL )J\ N S<
(Methomyl) {[(MeTuIaMHHO )KapOOHWUII |OKCH N 07 X CH, 16752-77-5
}3TaHUMHUIOTHOAT H
CH;
beH3nmuiazonsl
H 0
Kap6eHz[a3I/.1M Metun 1H-0eH3umuna3on-2- N OCH3 10605-21-7
(Carbendazim) | unkapbamat />—NH
N
JnkapOOKCUMHTBI
O Cl
3-(3,5-Auxnopodennn)-1,5-
[Iporumunon JIUMETHII-3 -
N -16-
(Procymidone) | azaburukio[3.1.0]rexcan-2,4- 32809-16-8
JIMOH \
] Cl
Jutnoxapbamathl
2 .
Manko3ze0 KomOunanus ¢pyHTHIIIIOB o S s o s
(Mancozeb) Maneb u Zineb Mn s>_ N\H /NH<S o e s>_ N NH.<S

X
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B cmoucke nectunuaoB MexayHaponaHoOW opraHuzauuu Pesticide Action
Network [13] Bce oOHapyXEHHbIE BEUIECTBA, IIEPEUUCICHBl KaK MECTULUIBI,
Hapyaromue padoTy SHIOKPUHHOW CUCTEMBI.

B Tabnune 2 mnpeacraBieHa uHpopMamus O 3arpsA3HEHHH OCTATOYHBIMU
KOJINYECTBAMH TECTUIMIOB Pa3IHMYHBIX BUAOB OBOIICH U (PYKTOB, O KOJINYECTBE
MPOAHAIU3UPOBAHHBIX MPOO KaXJOTO MPOAYKTa, MHHUMAJIbHOM, MAaKCUMAJIbHOM WU
CpeHeM 3HAUYEHUH HailIeHHBIX KOHIICHTPALUH, a TaKKe€ MaKCUMAJIbHO JOMYyCTUMOM
YpOBHE JICUCTBYIOIINX BEUIECTB MECTUIUIOB.

Taonuya 2. KoHIEHTpAIMs OCTAaTOYHBIX KOJIMYECTB MECTUIMI0B, OOHApYKEHHAs B TPoOax OBOILEH
U QPYKTOB, MI/KT

Table 2. Concentration of pesticide residues detected in vegetables and fruits samples, mg/kg

[Ipo6a KOHIII/I;:;TBO Ilectuuun Makcumym | Munumym | Otknonenue | Cpeagnee | MAY
KapTodenb 48 JTMMETOaT 0,020 0,010 0,005 0,0129 0,01
YK 26 JHUMETOAT 0,020 0,004 0,004 0,0104 | 0,01
TOMATLI 71 METOMUII 0,050 0,050 - 0,0500 0,01
JUMETOAT 0,100 0,001 0,021 0,0201 0,01
- 63 kapOengazum | 0,060 0,010 0,0105 0,0700 0,10
JUMETOAT 0,020 0,010 0,005 0,0138 | 0,01
MaJIaTHOH 0,040 0,040 - 0,0400 0,02
Karmycra 68 kapOengazum | 0,180 0,020 0,060 0,1200 0,10
JUMeETOoaT 0,030 0,010 0,008 0,0172 0,01
CHAIKUMN 75 nporumugon | 0,020 0,020 - 0,0200 | 0,01
nepen JAMETOAT 0,020 0,008 0,006 0,0146 | 0,01
nepert 1 IUMETOoaT 0,020 0,020 - 0,0200 0,01
HBeTHas 10 MeToaT 0,040 0,010 0,021 0,0250 | 0,02
KarmycTa
YEeCHOK 17 IUMETOoaT 0,0200 0,010 0,005 0,0171 0,01
JIBIHS 8 JUMETOaT 0,0200 0,020 - 0,0200 0,01
apOy3 16 JUMETOAT 0,0200 0,010 0,006 0,0167 | 0,01
JHA3HMHOH 0,0500 0,002 0,018 0,0167 | 0,01
JTMMETOaT 1,1000 0,001 0,074 0,0207 0,01
SI0JIOKH 678 dbenurpotron | 0,080 0,002 0,024 0,0145 0,01
MaJIaTHOH 0,640 0,004 0,231 0,1186 0,02
MaHK03€0 0,1300 0,020 0,060 0,070 5,00
rpyma 24 JTMMETOaT 0,020 0,008 0,005 0,0126 0,01
S )73 nporumuion | 0,040 0,001 0,015 0,0178 | 0,01
JUMETOAT 0,05 0,002 0,011 0,0150 | 0,01
clIMBa 27 JTMMETOaT 0,02 0,008 0,006 0,0147 0,01
TEPCHUK 6 TMMETOoaT 0,025 0,025 - 0,0250 0,01
abpukoc 5 JUMETOAT 0,0200 0,020 - 0,02 0,01

Kak BUIHO H3 TpeACTaBIEHHBIX JaHHBIX, MaKCUMaJlbHas KOHIICHTPAILIMS
OCTAaTOYHBIX KOJIMYECTB MECTHIHAOB Konebnercs B mpeaenax ot 0,02 mo 1,1 mr/kr
(mumeTtoat B mpobax s070K). MuHUMaIbHAs KOHIICHTPAIIAS OCTATOYHBIX KOJIMYECTB
necTuuaoB kojebnercs B mpenenax oT 0,001 mo 0,05 mr/kr. Cpennuil ypoBEHb
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KOHIIeHTparuu Haxoautces B npenenax ot 0,0104 (aumeroar B mpobax myka) mo 0,12
Mr/kr  (kapOeHmazuM B mpobax  kamyctel). W3 ¢pykTroB  Hambosee
KOHTaMUHHUPOBAaHHBIMHM OKa3aJIUCh MPOOBI SI0JIOK, B KOTOPBIX HAaWJEHBI OCTATOYHbBIC
KOJIMYECTBa 5 NECTUIUIOB, U3 OBOLIEH — KamycTta, B KOTOpPOW OOHapy>KeHbl 3
nectuiuaa. B Tomarax, orypiuax, ciagkoM mepiie, BUHOrpaae ObUIA ONnpeeiaeHbl Mo
2 MeCTUIIMIA B KaXKJIOM MPOIYKTE.

B Tabmuue 3 mnpencrtaBieHa uHpOpMalUS O paclpenesieHUd HalJAeHHBIX
MECTUIIMAOB MO XUMHUUYECKHMM Trpynmnam (5 Tpylmn) U BHUJIaM PACTCHUEBOIYECKOU
npoxykiuu (17 BumoB). OCHOBHYIO TPyHIy COCTaBISIOT (ochOpopraHuIECKue
MEeCTUIUABL, K HEMl OTHOcsATCA 4 BUJa OOHAPYKEHHBIX MECTULUAOB: JTUMETOAT,
TUA3UHOH, MAJIaTHOH M (PeHUTPOTHOH. OTHOCUTETHHO STON TPYIIBl XUMHYECKUX
COCMHEHUN CJIEyeT OTMETUTh, YTO OHH IIMPOKO MPUMEHSIOTCS KaK WHCEKTHUIIU]IbI
JUISL 3alUTBI OT BPEAUTENCH IJIOAOBOOBOIIHBIX KYJIbBTYpP B CEJIBCKOM XO3SHCTBE
Pecniy6uku MongoBa. MOHUTOPUHT OCTaTOYHBIX KOJIHUECTB (hochHopopraHmuecKux
NECTUIIUIOB B OBOIMAX W (PyKTax Ha MPOTHKEHUU psAa JIeT TMOoKa3al HX
IPUCYTCTBUE, KaK MPaBWIO, B KOHUEHTpauusx Ha ypoBHe M/IY u Hmxke, a Takxke
NPEBBIIICHUE MAKCUMAJIBHO JOMYCTHUMBIX YPOBHEH COJIEp)KaHHSI OCTATOYHBIX
KOJIMYECTB ATUX NecTuuuaoB [14, 15].

MeTtomun BXOZUT B Tpynmy KapbamaToB, MaHK03e0 — JIUTHOKapOaMaros,
IPOLMMHUJIOH - JUKAPOMKCUMHJIIOB U KapOEHAa3uM — B TpyIiy OEH3UMHUIA30JI0B.
Jlumeroatr sBisieTcss  HauOojiee 4YacTo  OOHApYKMBAEMbIM  KOHTAMHUHAHTOM,
HalJICHHBIM BO BCEX NPOAHAIM3UPOBAHHBIX OBOIIaxXx U (Pppykrax. [lamee ciemayroT
MaJIaTUOH, TMPOIMMHIAOH M KapOeHIa3uM, KaXIbli W3 HUX OOHApPYKEH B JIBYX
npojaykrax. J[MasuHoH, EHUTPOTUOH U MAaHKO03eO ObUIM HalifieHbl B Mpodax siOJoK,
MeToMms — B ToMmarax. [lo gelictBuio Ha opraHusmbl GochopopraHnueckue
MeCTUIMABl W KapOaMaThl OTHOCSTCS K HWHCEKTUIIMJAM, a JUTHOKapOaMmarhl,
TUKapOOKCUMUIBI M OCH3UMUAA30JIbI - K (PYHTHITUIAM.

3HaYeHUs HAWJICHHBIX KOHIIEHTPAlMid OCTATOYHBIX KOJUYECTB MECTUIUIOB
OBLITM MCIOJIB30BAaHBI JIJIS pacuera cyTouHo# 1036l oTpednenus (CAIl). 3nauenus
CHII 6sun onpenenensl B mpeaenax ot 0,000001 mo 0,00020 mr/kr maccel Tena
(tabnmuna 4). Kak BUAHO M3 MpEACTaBICHHBIX B TaONHIE JAHHBIX, PACCUYUTAHHBIC
3HAYCHUS CYTOUYHOM M103bI MOTPEOJCHUS MEHBIIE 3HAYCHUH TOMYCTUMOW CYTOYHOU
no3bl. UHeke omacHocTH, paccunTanHbii kak oTHomenue CJIIT k JICJI, xonedmercs
B auamnazone ot 0,0004 no 0,15. HaumeHnbliee 3HAYEHUE OMNPEACICHO JJIst
(beHUTpOTHOHA, MAKCUMAJILHOE — JIJISI IMa3WHOHA.

B o06mmit unaexkc onmacHoctu (tadnuna 4), paBHbii 0,402, OCHOBHOM BKIaj

BHECJIM HHJICKCHI, paccuuTaHHbie s aumeroata (0,032) u nmasunona (0,15),
oOHapy>KeHHbIX B s10J10KaxX, a Takxke aumeroara (0,02) B oOpasuax KamycTbl, TOMaTOB
(0,017), nepcuxa (0,014) u meromuna (0,016) B Tomatax (oxomno 62%). Hecmotpst Ha
TO, YTO CYMMAapHBI HWHJEKC OIACHOCTH MPOAHATU3UPOBAHHBIX MECTUIIUIOB HE
MIPEBBINIACT SUHUILY, TIPH PACCMOTPEHUHN PUCKA JJIS 3I0POBbS CIETYET YUUTHIBATH,
YTO JJIMTENBHOE TOCTYIUIEHHME B OpPraHU3M YeJOBEKa JAHHBIX KCEHOOMOTHKOB C
IPOIYKTAaMU MUTAHUS MOKET MPUBECTU K PUCKY PA3BUTHUS PA3IUYHBIX SHJOKPUHHBIX
3a00s1eBaHUM.
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Taéauya 3. PactipenienieHrie HAMICHHBIX TIECTUITUAOB 110 TPYIIIaM U TPOYKTaM IMUTAHUS

Table 3. Distribution of detected pesticides by groups and food products

XuMuueckas rpymnna u [elictBue Ha [Tponyxkt KosmmuecTBo
MECTULIN]IBI OpraHu3MBbl MIPOJIYKTOB
Docghopopeanuyeckue:

Kaprodens, 1y, TOMaThl, OTypIIBL,
Kanycra, CJIaJIKAi nepel, nepetl,
TUMETOaT [[BETHAs KaIlycTa, YeCHOK, JbIHS, 17
apOy3, 1070KH, TpyIIa, BUHOTPAI,
WHCEKTHLM | CIMBA, NEPCUK, A0PUKOC

JTMAa3UHOH s10JI0KHU 1
MaJIaTHOH Karycra, i0JI0K1

(EeHUTPOTHOH sI0JTOKH 1
Kapoamamu::

METOMHII HHCCKTHIHA TOMATEI 1
Jlumuoxapbamamol:

MaHK03€e0 010K 1
Jluxapboxcumuovl: byHTUTIIA

MIPOIIUMUIOH CJAJIKUH TIepel], BUHOTPaJI 2
benzumuoaszonvl:

KapOeH1a3uM OT'ypIIbl, KarycTa 2

OO0mmenpu3HaHHO, YTO JIJIsi OOJIBITMHCTBA XUMHUYECKUX BEIIECTB CYIIECTBYET
MOpPOTOBasi /1032 TOKCHYECKOTO BO3JCHCTBHUSA, HUXKE KOTOPOH HEOJIarompusTHOTO
BIMSHUS HAa OpraHuM3M HeT. B moclienHue Toabl Kilaccudeckas (MOHOTOHHAs)
nmapajaurMa J103a-OTBeT Oblja TIOCTaBlieHAa TI0JI COMHEHHE TaK Ha3bIBaeMOU
«TUIOTE30M O HHU3KOM J03€», OCOOEHHO B CiIy4yae BEUIECTB, HapyLIaloUUuX padoTy
SHIOKpUHHOW cucTteMbl [16—18]. CormacHo 23ToM TUIOTE3E, PAJ XUMHUYECKHX
BEIIIECTB, B YaCTHOCTH, SHJIOKPUHHBIC JIEPETYISATOPhI, MOTYT OKa3bIBaTh «3((PEKTHI
HHU3KOM J103bD», TO €CTh, CYIIIECTBEHHO BJIUATh HA OPTaHU3M YEJIOBEKA B JAUAIA30HE
TUIUYHOTO BO3JICUCTBUS M HE MPOSBIITHCA MPHU 00JIee BBICOKUX J03aX, YTO MOXKET
OPUBOJUTH K HEMOHOTOHHOMY MPOGUIIO 103a-0TBET, Hanpumep, U-oOpazHomy [19,
20]. ITpu HEMOHOTOHHOM CBSI3U MEXIY 1030M M d(P(HEKTOM HEBO3MOXKHO MPOBECTH
MPOCTYI0 MOHOTOHHYKO JKCTPANOJSLHMI0 OT BBICOKMX J0 HU3KHX J103 BO BpeMms
OIICHKM pHCKa OJTHX BemecTB. TakuM o0Opa3oM, O€30MacHBIi YpPOBEHH [O3HI,
ONPENECICHHBIM I10 pPE3yJbTaTaM HCIBITAHUM C BBICOKOW 10301, HE TapaHTUPYET
0e3omacHOCTh TIPU 0oJiee HHU3KUX HEMPOBEPEHHBIX J103aX, KOTOPhIE MOTYT OBITH
OJIKe K peaibHBIM YPOBHSIM BO3/ICHCTBUS Ha YemoBeka [21].

HccnenoBaHusiMi  TTOKa3aHO, 4YTO HEKOTOPbIE XUMHUYECKHE BEIIECTBA C
TOPMOHOIIOJIOOHOM aKTUBHOCTBIO, HANpUMeEp, HEKOTOpbIE MECTUIUAbI, JTUOKCHHBI,
NOJIMXJIOPUPOBAHHbIE  JU(PEHWIbI, MOIUXJIOPUPOBAHHBIE  AUMOEH30(YypaHbl U
ouchenon A, BbIBBIBAIOT 3PGEKThl HUBKUX J03. XOTS HEKoTopble 3D EKThI, O
KOTOPBIX COOOIIAJIOCH MPU HU3KUX J03aX, MPEAINoiaratoT HalM4yue HEeMOHOTOHHBIX
kpuBbIX 703a-0TBeT (NMDRC), HEMOHOTOHHOCTh HE SBISETCS CHHOHUMOM
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Jrana3oHa uccieayeMbix 103 [16, 17].

Tabauya 4. Cyrounas 103a NoTpeOICHUS U UHIEKC OMTACHOCTH OOHAPY>KEHHBIX OCTaTOUYHBIX
KOJIMYECTB MIECTUINIOB, HAPYIIAIOMINX paObOTy SHIOKPUHHON CHCTEMBI

Table 4. Estimated daily intake and hazard index of endocrine disrupting pesticides residues found

in this work

Homyctumas CyrouHast 103a Nunexc
Tponykr 3 (o —— CyTOYHas noTpeOaeHus, OIIACHOCTH
I103a, MI/KI MacChbl | MI/KI Macchl Teia/
Tea/neHp JIEHD
Kaprodenn IMMETOAaT 0,001 0,000070 0,07
Jlyk JTMMETOoaT 0,001 0,000007 0,007
KapOCH1a3uM 0,02 0,000026 0,001
Orypisl
JUMETOAT 0,001 0,000005 0,005
METOMHUII 0,0025 0,000040 0,016
Tomatsr
JUMETOAT 0,001 0,000017 0,017
JMMETOoaT 0,001 0,00002 0,020
Kanycra KapOeH1a3uM 0,02 0,000013 0,0006
MaJlaTHOH 0,03 0,00004 0,001
Canuii nepen JTMMETOoaT 0,001 0,000004 0,004
MIPOIIMMUIOH 0,0028 0,000005 0,002
[lepen JUMETOaT 0,001 0,000002 0,002
Heernas JHMETOaT 0,001 0,000026 0,003
KarmycTa
YecHok IUMETOaT 0,001 0,000001 0,001
JbpIHS JUMETOaT 0,001 0,000006 0,006
ApOy3 JUMETOaT 0,001 0,000005 0,005
JINa3UHOH 0,0002 0,00003 0,15
JUMETOaT 0,001 0,00003 0,032
SA6noxu (EeHUTPOTHOH 0,05 0,00002 0,0004
MajaTHOH 0,03 0,00020 0,006
MaHK03€e0 0,05 0,00020 0,004
I'pyma JUMETOAT 0,001 0,000007 0,007
Busorpaz MPOLIMMUIOH 0,0028 0,000008 0,003
JUMETOAT 0,001 0,000007 0,007
CauBa JTMMETOoAaT 0,001 0,000008 0,008
ITepcux TMMETOoaT 0,001 0,000014 0,014
AbGpuxoc JTMMETOoAaT 0,001 0,000010 0,01
> =0,402

Jo cux mop He ObUIO JOCTUTHYTO HAYyYHOrO KOHCEHCyca B OTHOIICHUU
JIOCTOBEPHOCTH MCCJIEAOBAHMM, OATBEPKAAIOUIMX THUIIOTE3Y O HU3KOU 103€e. Tem He
MeHee, ObUI OnmyOJIMKOBAaH PsiJi HOBBIX HCCIIEIOBAHUM, KOTOpPhIE MOTYT 00€CIeunTh
JOTIOJTHUTENbHYIO MOJIAEPKKY 3TOM Tunore3bl. OTCI0/la MOHATEH UHTEPEC K TOMY,
KaK THUIOTE3a HU3KOM J03bl MOXET OBbITh MPUHSATA BO BHUMAaHUE MpPHU OICHKE
XUMHUYECKOTO PUCKA M 0€30MaCHOCTH MUIIEBBIX MPOITYKTOB [21].
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B moBcenHeBHOW KU3HU YEJIOBEK OJTHOBPEMEHHO TOJIBEPTacTCsl BO3AEHCTBUIO
Pa3IMYHBIX XUMHYECKHX BemecTB. [Ipu TakoMm BO3IEWCTBUM MOTYT BO3HHUKHYTD
KOMOMHHUPOBaHHBIE d(PGHEKThI, TAK)KE U3BECTHBIE KaK «KOKTEHIbHBIE d(PhEeKTh [22—
25].

B »5TOoM cnydae HENOOLIEHMBAETCS PHUCK JJisi 3J0pPOBbS YEJIOBEKAa OT
KOMOMHUPOBAHHOTO BO3JICHCTBUS XUMUYECKHUX BEILIECTB B peabHOM KU3HU. DPdeKT
KOKTEWJII 03HAYAET, YTO B MPOIIECCE MPUHATUS PETYIUPYIOIIMMHI OpraHaMy peleHus
0 0e30macHBIX YPOBHSX BO3ICHCTBHUS, T. €. «OIICHKH PHUCKA», KOTJIa BO3JICUCTBHEC
OTJIETHHBIX XUMUYECKUX BEIIECTB PACCMATPUBAIOTCS 10 OTIAEIHHOCTH, UTHOPUPYETCS
peaTbHOCTh TOTO, YTO JIIOAW W OJKWBAas TPHUPOAA ITOCTOSIHHO IOJABEPTaIOTCS
BO3/ICIICTBUIO MHOTUX XUMUYECKHUX BEIIECTB OJJHOBPEMEHHO [26—28].

OcTaTouHble KOJMYECTBA IECTUIIMIOB, OOHAPY)KCHHBIC B JaHHOW pabore,
OTHOCSITCS K pa3HbIM XUMHYeCKUM rpymnmam (tabnu. 1, 3). IlombiTka OLEHUTH
KOMOMHUPOBaHHBIN 3 (PEKT MX OMacHOCTH NpejcTaBieH B Tadnuie 5. CoenuHeHus,
KOTOpbIE UMEIOT OOIIMN MEXaHU3M JeHCTBUS (AMMETOAT, TUAa3UHOH, (PEHUTPOTHOH,
MaJaTHOH) TpUHamIexkaT K GochopopraHnueckuM u KapOamaTHbIM (METOMUIN)
rpynnaMm. OO6e Tpynmbel  SBISIOTCS  MHTUOMTOpAMM  AlleTHIIXOJMHACTEPAas3bl.
KyMynsTUBHBIN WHIEKC OINACHOCTH MPH BO3JIECUCTBUM TMECTUIMAOB ATHUX TPYII
coctasisier 0,3914. Ilomydaercs, 4To B 00IIel CymMMe MHIEKCA OMACHOCTH, PaBHOU
0,4286, pucky, cdopmupoBaHHOMYy (ochopopraHudeckuMu U KapOaMaTHBIMU
rpyINIamMu, TPUHALIEKUT Ti1aBHas 10ys — 91,3%.

Tabnuya 5. KoMOMHUPOBAHHBINA HHAEKC ONMTACHOCTH OCTATOYHBIX KOJIMYECTB MECTHIINIOB
Table 5. Combined pesticide residue hazard index

XuMmudeckas rpyrmmna [MecTuiu Cytounas no3a HHnekc omacHoCTH
norpebnenus, CUII,
MI/KT' MaccChl Tena
dochopoprannyeckue Jlumeroat 0,00024 0,218
Jna3uHoH 0,00003 0,15
ManatuoH 0,00024 0,007
DOEHUTPOTUOH 0,00002 0,0004
Kapbamatsr MeTtomuin 0,00004 0,016
_ > =0,3914
> =0,00057 91.3%
ben3sumumazoner KapOennazum 0,000039 0,0016
JnKkapOOKCUMUIbI [TpounmMuoH 0,000013 0,005
0,004
JlutnokapbamaTsl Manko3e0 0,00020 0.0266
2 Y = 0,00082 Y oiuquis = 0,4286
3AK/IIOUEHUE
O0600111as1 TOTyYEHHBIE PE3yJIbTAaThl, CICAYET MOUYEPKHYTh, YTO IHIOKPUHHBIE
HapymieHus: — 3To Qopma TOKCHYHOCTH, TPU KOTOPOM TPYAHO JI0Ka3aTh WJIU

OTKJIOHUTB €€ y4aCTHE B CBSI3U C TEM, YTO BEIIECTBA, BBI3BIBAOIINE 3TH HAPYIICHUS,
BO3JICHCTBYIOT Ha OpPraHM3M B MallbIX [03aX (Ha YpOBHE OWJUIMOHHBIX 4YacTen).
[loaTomy KkpailHe Ba)X€H MOHUTOPUHI TECTHIMIOB, HAPYIIAIOMIUX padboTy
SHJIOKPUHHOU CHCTEMBI. TakOM MOHUTOPHUHT, HapsiAy € MPOTPECCOM AHATUTHYECKHUX
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METOJIOB MX OMpPEIEICHUsI, a TAK)KE OLIEHKOW MOTEHIIMAIIbHOTO PUCKa BO3ICHCTBUS
ATUX KCEHOOMOTHKOB Ha 3/J0pOBbe B OyaylIeM MOTYT CIY)KHTb OCHOBOH IS
BHECEHHUS HEOOXOIMMBIX HM3MEHEHUH B HOPMATHUBHBIC JOKYMEHTHI IO KadeCTBY
MUIIEBHIX MTPOIYKTOB C IENBbI0 MPO(PHIAKTUKA U KOHTPOJII KOHTAMUHAIINH, a TaKKe
MUHUMH3AIUN PUCKOB IS 3I0POBBSI HACCIICHUSI.

[Tpr >TOM BaXXHBIM TOJIXOAOM K HACHTU(UKAIMH OTACHOCTEH, BBI3BAHHBIX
NPUCYTCTBUEM B IHIIE OCTATOYHBIX KOJUYECTB PAa3IMUHBIX TECTHIMIOB, SBIISCTCS
OLICHKa KOMOMHHPOBAHHOTO pPHUCKA. YYUTHIBaI <«3PPEKT KOKTEINIsA», KOraa B
MOBCETHEBHOM JKU3HM OPraHU3M YeJIOBEKa MOJBEPraeTcsl BO3ACHCTBUIO pa3IUYHbIX
OCTAaTOYHBIX KOJHMYECTB MECTUIMAOB U JIPYIMX XUMHUYECKHX BELIECTB, XOTS U B
MajibIX J103aX, HE BCErJa peallbHO MOXKHO OILICHUTh KaueCcTBO U O€30MacHOCTb
MNPOAYKTOB MHTaHUA, a, CJEIOBATENbHO, M (AKTUYECKUH PHUCK IS 3A0POBbS
HaceJICHUsI OT OJHOBPEMEHHOIO JJIMTEILHOIO KOMOMHUpOBaHHOrO 3¢ dekra
xuMuueckux BemecTB. C menpio oOecredeHHus O€30MacHOCTH MOTpeOuTeNned u
CHID)KEHHUS PUCKOB JUISI 3/10POBbsI HACEIEHUS CIEAYET MEPECMOTPETh UCIIOJIb30BAHNE
SHAOKPUHHBIX HApyIIUTENEH, TakuX, Kak JUa3UHOH, JUMETOaT, MaJaTHUOH,
KapOeHIa3UM.
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Annoranus — IlpexncraBnen pe3ynbrar 0OOCHOBAaHUSA W anpoOAMM METOAMYECKOW Oasbl Jis
OCYILIECTBIICHUSI MEPOIPHUATHI, HaNpaBICHHBIX HA MHUHHUMU3ALMIO BPEIHOTO BO3JCHCTBUS Ha
OKpYXKAaIOIIyl0 Cpely ¥ 3I0pOBbE€ HACEJIEHHUS, BBI3BAHHOTO BBIOpOCAMH  JHOKCHHOB,
MIPOU3BOJIMMBIMHA MPUMHUTHBHBIMU CBaJKaMHU OTXOJIOB MPOM3BOACTBA U MoTpedieHus. Ee ocHOBOIA
cTal OMOMOHUTOPHHI  OIOCPEJAOBAHHOTO CPENOM BO3JCHCTBUS JAHOKCHHOB Ha  MEJKHUX
MJIEKOIUTAIOIINX U3 TPUPOAHBIX MONYJSALNM, a TAKKE NEPBOHAYAIIbHBIN MPOTHO3 OKUJAEMOTO ISt
YCJIOBCKA YPOBHA O6HIGI\/JI TOKCUYHOCTU OTHOCHUTCIIbPHO HAKOIIJICHHBIX B TKAHAX MXHUBOTHBIX
KOHreHepoB. CpaBHEHHE pE3yJIbTATOB MCCIEIOBAHUM COJEPKaHUS JUOKCHHOB B OKPYKarOIIeH
cpelle ¥ TKaHsIX ee oOuTarenell Ha TEPPUTOPHIX SKOILKIA BO BbeTHaMe M B OKPECTHOCTSX CBAJIKU
«CarnapbeBo» MMoKa3ano, 4To 00uTaTenn BEIOPaHHBIX AJs 00ClieJOBaHUi TeppuTopuii BO BheTHame
1 B Poccum MOTIM MCHIBITHIBATh JUIUTEIBHOE OTIOCPEIOBAHHOE CPEION XPOHUYECKOE BO3/ICHCTBHE
MaibIX 7103 JUOKCHHOB (BKJIIOYas TeTpaxiopaudenzomuokcubl, TX]IJ]). Cpeanue u mMequaHHbIe
3HaueHHus Tokazarened coxepxkanHuss TXIJ[ u oOmero kojaudyecTBa JAHMOKCHHOB B TKaHIX
00CJIeTOBaHHBIX >KUBOTHBIX W3 OKPECTHOCTEH CBajKW OKa3aluCh JaKe BBIINIE, YeM B TKaHAX
KHUBYHIMX B HACTOAMICEC BpPEMA BbBCTHAMCKHUX KpPECTbHSH. Hpe)maraeTcs[ BBIACIINTE MIUPOKO
pacmpocTpaHeHHbIE BUbI MEJIKUX MIIEKOMUTAIONINX, OOUTAIOMINX HAa MCCIEAYEMBIX TEPPUTOPUSIX,
KaK JOCTYIHYIO MPaKTHKE OHOJIOTHYECKYI0 MOJCNb JJis W3yYeHHs] OOIMUX 3aKOHOMEPHOCTEH
HAaKOIUIEHUS JUOKCHUHOB B YCIIOBHUSIX XPOHUYECKOH SKCHO3UIUU OPraHU3MOB MAaJIbIMU JI03aMHU
3KOTOKCHKAHTOB.

Knroueswie cnosa: AUOKCHUH, OKpYyXKarolasd cpeaa, 6I/IOMOHI/ITOpI/IHF, PHUCK I 3A0POBbS HACCIICHU.
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Abstract — The article presents the results of substantiation and testing a methodological base for
implementation of measures aimed at minimizing the harmful effects on the environment and public
health caused by dioxin emissions produced by primitive landfills of production and consumption
waste. This methodology is based on biomonitoring of environment-mediated effects of dioxins on
small mammals from natural populations, coupled with primary forecast of levels of general
toxicity expected for humans caused by congeners accumulated in the animal tissues. Comparison
of the results of measurements of dioxins levels in the environment and tissues of its inhabitants for
two different testing sites — the ecocide areas in Vietnam and in the vicinity of the Salaryevo landfill
(Novomoskovsky Administrative District, Russia) showed that the inhabitants of the areas selected
for testing in Vietnam and Russia could experience long-term environment-mediated chronic
exposure to low doses of dioxins (including tetrachlorodibenzodioxins, TCDD). The average and
median values of the indicators of the TCDD content and the total amount of dioxins in the tissues
of the examined animals from the vicinity of the landfill are found to be even higher than that in the
tissues of the currently living Vietnamese peasants. It is proposed to turn to account the widespread
species of small mammals inhabiting the studied territories as a practically available biological
model for studying the general patterns of dioxin accumulation under conditions of chronic
exposure of living organisms to low doses of the ecotoxicants.

Keywords: dioxins, environment, biomonitoring, health risk.

BBEJAEHUE

HcTopusi TEXHOJOTMYECKOrO Iporpecca HAaKOMWa HEMalo CBUIETEIbCTB
TOMY, YTO aKTUBHOE BHEAPEHUE HOBIIECTB MOKET MPUHOCUTH HE TOJBKO MOJIb3Yy, HO
u Bped. OQHUM M3 MPUMEPOB CTAJIO MOSBICHUE U IUJIAHETAPHOE PACHPOCTPAHECHHE
CTOMKUX opranmdeckux 3arpsisHuTenei (CO3) u B mepByI0 oYepeib CaMbIX OMACHBIX
cpeau HUX — AUOKCUHOB. II0JI OMacHOCTHIO TOKCHKOJOTH MOHHUMAKOT BEPOATHOCTH
IPOSIBJICHUST XUMHUYECKUM BEIIECTBOM TOKCHYECKHUX CBOMCTB B OINPEIEIECHHBIX
ycnoBusx [1].

['pynny nuoxkcuHOB mipeAcTaBisaioT 210 CTOMKUX, XOpPOIIO pacTBOPUMBIX B
KUpax, HO TPAKTHUYECKHU HE PACTBOPUMBIX B  BOJI€ COCAMHEHUUA  —
MOJIMXJIOPUPOBAHHBIX AMOEH30-napa-auokcuHoB (I1XJ[J]) ¥ MmoauxjaopupOBaHHBIX
nuoenzodypanoB (IIXJID). BpeaubiMu ajis yeaoBeKka CUUTAIOTCS 17 KOHTE€HEPOB U3
sroit rpymnsl (7 TIXIJ w 10 IIXJ D), xoTopbie, B CBSI3U C OTUM TMOJMJIEKAT
uHBeHTapu3anuu [2]. CroenuanbHO€ BHUMAaHWE IMpU 3TOM yuenstor 2,3,7,8-
Tepaxyiopauoenso-napa-quokcuny (TX]IIJ]) — nokazaHHoMy KaHIeporeHy [2, 3],
TOKCUYHOCTbh KOTOPOT'O CpaBHUMA C TAKOBOM 7151 OOEBBIX OTPABJISIOIINX BEIIECTB.

HaxoxneHne MCTOYHUKOB BBHIOPOCOB M COPOCOB THOKCHHOB Ha TEPPUTOPHUIX
CEJIUTEOHBIX 30H CHOCOOCTBYET 3arpsi3HEHUIO CpeAbl OOWTaHWS MaJbIMH J103aMU
(KOHLIEHTpALMSIMU), BKJIIOUEHUIO 3THX BEIIECTB B NUIIEBbIC II€MH, HA BBICHIEH
CTYNEHU KOTOPBIX HAXOAUTCA 4eNloBeK [4—7]. B 3TOM CBSI3U OTMETUM, YTO KIIFOUEBHIM
HMCTOYHUKOM IOCTYIUICHUSI TUOKCUHOB B OPraHU3M KUBOTHBIX U YEJIOBEKA SIBIISIFOTCS
MPOYKThHI MUTAHUSI, & JOMOJHUTEIBHBIMU — BO3yX, MOYBEI U Boja. OcoOeHHOCTH
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MIPOXO’KJICHUS ATHX BEIIECTB Yepe3 OPraHu3M (XeMOOMOKHHETHKA) MIICKOTTUTAIONTNX
CIIOCOOCTBYIOT Iepefadye HAKOIIICHHBIX MX TKaHSIMH KOHIE€HEPOB MOTOMKAM uepes
IUTAlleHTY (TpaHCIUIALlCHTApHO) U BMECTE C TPYAHBIM MOJOKOM (JIaKTalmoHHO). B
NepUoJbl  BHYTPUYTPOOHOTO  pa3BUTHsI U TPYAHOTO  BCKapMIIMBAHUS
YyBCTBUTEIBHOCTh TKAHEH K CTPECCOBBIM (haKTOpam CYIIECTBEHHO BO3pacTaer [8—
10].

OO0111ast TOKCHYHOCTh CMECE JUOKCUHOB, 3arps3HSIONIUX Cpeay, 00yclIoBIeHa
JI03aMH UX MPSIMOTO JACHCTBUS U cBOicTBaMU KOHreHepos [11-13]. [Ipu nnurensHoM
XPOHMYECKOM BO3JICUCTBUM Ha OpPraHu3M MallbIX W CBEpXMallbIX HX A03 (s
KOTOPOTO XapakTepeH 3(P(HEeKT CBEPXKYMYJISAINH) OTMEUCHO TMOSBICHUE PA3THIHBIX
dbopM OTHANEHHBIX TOCIEACTBUN, BKIIOUas MPHUPOCT KAHIIEPOTEHHOTO pHCKA H
HapylIeHUul neTopogHoi (yHKuMH, paHHee ctapenue [8, 11, 14, 15]. HauBbiciiyto
CIIOCOOHOCTh K HAKOIUICHUIO MPOSBIISIIOT BBICOKOTOKCHUYHBIE (DOPMBI, B MEPBYIO
ouepenb, TXIJ [1618]. Tsokenbie u cMmeprTenbHble TokcHdyeckue 3PEHEKThI OT
OCTpPOrO0 BO3JCHCTBUS JUOKCMHOB Ha YEJIOBEKA HE OTMEYEHbI, OMACHOCTh
MPEICTaBIAIOT UMEHHO OTCpoueHHbIe 3P deKThl (0TaaneHHbie nocnenctaus) [9, 11].
NnentudunupoBaTh STHOJOTHYECKYI0 POJIb  JHOKCMHOB B OMOJOTHYECKUX
MexaHu3Max (maToreHese) ux GopMHUPOBAHUS KpalHE CIIOKHO.

st oXpaHbl OKpY’KaloIIew cpeapl U COSPEeKEeHUs] 3/10pPOBbsl HACENECHUs
YCTAHOBJIEHBI HOPMBI JIOMYCTUMOTO MOCTYIUICHHUSI JUOKCHUHOB B OPraHHU3M Y€JIOBEKa
U TUTUCHUYECKUE HOPMATHBBI COJACP)KAHUSI ITHX BEIIECTB B PaA3IMYHBIX Cpelax
(HopMmaTuBbI). Mexay TeM, Ha MEXaHU3Mbl TMOTJIOIMICHUS OPraHU3MOM JTHUOKCHHOB,
3arps3HAIONIMX Cpely, HAKOIUJICHUS UX B TKaHSX U, KaK CIEJCTBUE, JI03bl MPSIMOTO
JNEUCTBUSL BIMSIOT MHOXECTBO TEXHOTEHHBIX M  JKOJIOTHYECKHX (PaKTOPOB.
KintoueBbiMU cpenr HUX OOOCHOBAaHHO CYHTAIOTCS OCOOEHHOCTHM COCTaBa U
KOJINYECTBO MPOU3BOAUMBIX HCTOUHMKAMH BBIOPOCOB; MO3aUYHOCTH BBI3BIBAEMBIX
UMH TIOJIEW 3arpsi3HEHUs]; T€TEPOr€HHOCTh MNPHUPOJHBIX CUCTEM; MEKBHUIOBBIE U
BHYTPUBHUOBBIC  pa3Iu4usl  TOMJIONICHUS  3arps3HUTENed  OOWTaTeNsaMu;
MUTPAIMOHHAs aKTUBHOCTh OPTaHU3MOB; BH/IOBAsi U CE30HHAs crelrduKa MUIIEBbIX
paunoHoB U apyrue [4]. CoBpeMEHHbIE HOPMATUBBI ATH BIIUSIHUSL HE YUHUTHIBAIOT.
[ToaTomy oOocHOBaHHasi pa3paboTka MEpONMpHUATHI (HAmpuUMep, TEXHOJOTHH),
HalpaBJICHHBIX Ha O0OECIEUCHUE IKOJIOTHYECKOM Oe30MacHOCTH HWCTOYHUKOB
BBIOPOCOB JIMOKCHHOB, MPEAyCMaTpUBaeT NPUMEHEHHE Mep, NPUYPOUYEHHBIX K
KOHKPETHOM  SKOTOKCHUKOJIOTMUYECKONW CHUTyallud M  CIIOCOOHBIX  00€CHeUHTh
MUHHMU3AIUIO IPUBHOCUMOTO STHUMHM BEIIECTBAMU PUCKA JIJISI 3I0POBbSI HACEIICHUSI.

Ha Tteppuropun Poccuiickoii ®enepauuu MHUPOKO PpacHPOCTPAHEHHBIMU
HUCTOYHUKAMHU BBIOPOCOB M COpPOCOB JHOKCHMHOB OKa3aJIUCh CBAJIKUA TBEPABIX
KOMMYHJIBHBIX U MpOoMbIIeHHBIX 0TX0A0B (TKO) [6, 19]. HoBbIMU HMCTOYHMKaAMU
MOTYT CTaTh MJIAHUPYEMbIEC K CTPOUTENIbCTBY 3aBOJIbI I UX CKUTraHus. JurenbHoe
npeHeOpexKeHUe 3arps3HEHUEM Cpelbl 3TUMHU BellleCTBaMU ABJSETCS (HaKTOpoM,
CIIOCOOCTBYIOIIMM  TOSIBJIEHUIO  O4YaroB W 30H  MEIHUKO-3KOJIOTUYECKOTO
HeOnaronoayuus [5, 13]. Hamu uccnenosanus [17, 20, 21] noka3anu BO3MOKHOCTh
BBISIBJICHUSI TPAHMI] TAKUX 30H HA HAYaJbHBIX ATanax X (popMUpOBaHUS — MyTEM
BKJIIOUEHHS] OMOMOHUTOPHUHTA B MPAKTUKY KOHTPOJIS U OXPaHbI OKPY>KAIOIEH CPeibl,
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MUHMMHU3ALUU PUCKAa JUIS  370pOBbs HaceneHus. Pa3paboTka MeTonojoruu
OMOMOHHMTOPHHTA U €€ anpoOalus SBIIIKCH IIEJIbI0 HACTOSIIENH padoThI.

JKCIIEPUMEHTAJIBHASA YACTD
Memoouueckan 6a3za HamypHo2o IKCnepuUMenma

JIMOKCHHBI TOKCUYHBI MpHU JIIOOBIX KOHIEHTpauusx [9]. B manbix no3ax oHu
MOTYT OKa3bIBaTh BO3JIEUCTBUE HAa (PEHO- M T€HOTUIl UHAUBUAYYMOB, B OOJBIIUX —
BBI3bIBATh pasziinyHbie (opmbl 3a0oieBaHuii. MHorue QopMbl ATHUX 3a00JIeBaHUMA
JUAarHOCTUPYIOTCA KAaK 3KOJIOT0-3aBUCUMBIE C HESICHOM STHOJOTUEW U TO3TOMY
3a4acTyro He yuuTheiBatores [3, 11, 14, 15, 22].

bonee TOro, HecMOTpss Ha CHHXKEHUE OOIIEr0 YPOBHS JUOKCHHOBOTO
3arps3HEHUs, BO MHOTHX pa3BUTHIX cCTpaHax EBpombl 1 AMepuKH T[OKa3aTeiu
CYTOYHOI'O MOTPEOJSICHUSI ITUX COCAUHEHUM (B TOM YHCIIE C MPOAYKTaMU MUTAHMUS)
BCE €IlI€ JOBOJBHO BENMKH [23]. A 3TO O3HAYaeT, 4TO NOJ XPOHUYECKUX IMPECCOM
ATUX TOPMOHOIOJOOHBIX  CYNEPIKOTOKCUKAHTOB  OKa3bIBAIOTCS  MEXaHHU3MBI,
Y4acTBYIOIIME KaK B OTBETE Ha TOKCHYECKOE JACHCTBHE, TaK U B HOPMAaJIbHBIX
bU3MONIOTHYECKUX peakiusax (mpexkae BCEero — HWMMYHHBIX, aJalTalliOHHBIX,
SHJOKPUHHBIX U MHOKECTBE JApYyrux). O4eBUIHO, YTO BAXKHYIO POJIb MPU 3TOM OYTyT
UTPaTh IMUTCHETUYECKHE MEXAHU3MbI, CIIOCOOHBIE MOJUMPUIIMPOBATh TEYCHHE BCEX
IIPOLIECCOB B OpPraHU3ME M CIOCOOCTBOBAThH IEpeaue BO3HUKIINX OTKIOHEHHH IO
nokojeHusm [9, 24, 25].

HaubGonee TouHble XapaKTEPUCTHUKU OMOCPEIOBAHHOTO CPEIOW BO3/IEHUCTBHUS
MajibIX U CBEPXMAaJbIX 103 TUOKCMHOB HA 3JOPOBBE HACEJICHUS MOIYYatOT METOAOM
SMUJIEMHUOJIOTUYECKUX ~ MCCIEAOBAHUWA TMPUUYMHHO-CIEACTBEHHBIX CBSI3€d  Mep
AKCTO3UILIMU U OTHAAJICHHBIX MEIUKO-OMOIOTUYECKUX MOCIEACTBUNA, MPUYPOUCHHBIX K
KOHKPETHOM HKOTOKCHUKOJOorndeckon cutyauuu [11, 13, 26]. Mexny Ttewm,
MUHUMHU3UPOBATh TaKUM METOJIOM PHUCKH JJISI 3J0pPOBbSl HACEJICHHUS MPaKTHUUYECKU
HEBO3MOXHO, TaK KaK UWMIIEPAaTUBOM BBISBICHHS TaKUX CBSI3ed  sBISIETCSA
perucTpanus yxe BO3HHMKIIEro 3abojeBaHus W/wid Ouonorudyeckoro sddexra.
JIOTOJIHUTENBHBIMU, HO HE MEHEE BAKHBIMU OTPAaHUYCHUSMH CTald BO3MOXXHOCTH
MOSIBJICHUST TIJIOXO YYMTBHIBAEMBIX OTJQJICHHBIX TMOCIEJACTBUM y WHIUBUIYYMOB,
o0NaaronMX TOBBIMIEHHON  YYBCTBUTEIHHOCTHIO/PE3UCTEHTHOCTRIO K  OTUM
BemectBaM [9, 14, 15], a Ttakke mnpucymas JAUOKCMHAM TaK Ha3blBaemas
napajioKcajibHasi TOKCUYHOCTh (KOTZIa B JWala3oHe CBEPXMaJbIX /103 MO MEPE HUX
YBEJIMYCHHS YaCTOTa BCTPEUAEMOCTH TOKCHYECKUX d(PPEKTOB JOCTOBEPHO MAajaeT, a
3aTe€M BHOBb BO3pacCTaeT, JOCTUTasi MaKCUMalbHOU BenuuuHnbl) [3, 14, 27]. Bee 310
moTpeOoBajo0 TMOWCKA WHBIX pernieHui. B dactHOCcTHM, Hayka oOOpaTWIHCh K
OMOMOHUTOPUHTY, TJI€ B KaU€CTBE MOJICTBHBIX OOBEKTOB BBICTYMHAIOT >KUBOTHBIE U3
IPUPOJIHBIX NOMYJISALMI U CENbCKOXO03AMCTBEHHOT0 Ha3Hauenus [ 17, 20, 28, 29].

JI1s1 OMOMOHUTOPUHTA JTUOKCUHOB, 3arpsi3HSIIONIMX CPeay CEIUTEOHBIX 30H B
okpecTHOCTAX cBajku TKO, BbIOpanu HECKOIBKO BUAOB HEMUTPUPYIOLIUX MEJIKUX
miekonutaromux [17, 20]. OHTOreHe3 HECKOJBbKUX ITOKOJIEHMH TaKMX >KHBOTHBIX
OPOXOAUT B  YCJIOBUAX  KOHKPETHOM  SKOTOKCHUKOJIOTMYECKOM  CHUTYallWH,
OTIpENENAIONIe KaK MEXaHW3MbI TIOTJIONIEHUsT KOoHreHepoB u3 cmeceit [1X]J1/D,
3arpsI3HSIIONIUX CPeny, TaK U XEMOOMOKHMHETHKY. BKiioueHune 3THX KOHTEHEpPOB B
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MUIIEBbIE T[EMM W WX OWOHAKOIUICHHE B KOHEYHOM HWTOTE OTPAXKAIOT OOIIHe
MEXaHU3MBbI IPSIMOTO UX JIEUCTBUS HA OPraHU3M, B TOM YUCJIE HA OPTaHU3M YEJIOBEKa
4,8, 11, 17].

Peructpanmisi u  ydyer  OCOOCHHOCTEH  B3aUMOJCUCTBUS  MEJKUX
MJIEKONUTAIOIINX C XUMHUYECKUMHU BEIIECTBAMH, 3arpsi3HSIOMIMMHU CpEdY, YXKE
CIIOCOOCTBOBAJIM YCIEITHOMY COBEPUICHCTBOBAHUIO METOAMYECKOU 0a3bl B 00JacTH
oOecrieueHuss SKOJornyeckon Oe3zonacHocTH. [IpuMepaMu MOTYT CIY>KUTH BBIOOD
WH()OPMATUBHBIX OHMOMApKEpOB JII OWOMOHHUTOPMHTAa TOKCHYHOCTH TIOYB Ha
3arpsA3HEHHBIX MaJLIMU J03aMHU JTUOKCUHOB TEPPUTOPUSX JieCOMIKU B OUHISIHANN
[30]; oueHka BIMSHUS CE30HHBIX pa3IMYMid B NUTAHUM Ha OHOAKKYMYJIALIMIO
terpaokcuga ocmust  (OsOy), 3arpssnHuBmiero teppuropuu [lBenuum  [31];
XapaKTePUCTUKA TOKCUYHOCTU TspKeNnbix MetaoB (Cu, Zn, Cd, Pb) B ycnoBusx
TPAHCIUIALIGHTAPHOW  JKCIO3UIMA  TpPU  3arps3HEHUM  Cpelbl  BbIOpocamMu
MeJIeTUIaBuIbHOTO pou3BoicTBa (Cpeanuit Ypan) [32].

[Tpu ananuse xapaxkrepa pacrpeaesieHust KoHeHTpamuii koureaepon [TX]11/®
B npobax (KpoBb, IUIAIIEHTA, TPYJHOE MOJIOKO), COOpAaHHBIX CpPEAHM MOCIEBOECHHBIX
TIOKOJICHUH BLETHAMCKHMX KPECThSH!, U mpo0ax TKaHeW MX JOMALIHMX >KMBOTHBIX
(roBsiiHA, CBUHMHA) U PHIOBI U3 MECTHOTO PaIlMOHA MUTAHUS MbI BBISIBHIIA BBICOKHI
YPOBEHb pA3NMUUN MEXy HauMeHbIuMU (Min) 1 HauBbiciuMU (Max) 3HaUCHUSIMU
KOHIleHTparii. OTMeueHa YCTOWYMBAsi BCTPEUYAEMOCTh MpPoO, B  KOTOPBIX
KOHIICHTpAIlul JUOKCUHOB (Kak Mephbl 103 MPSMOro JEWCTBUS) y 4YelOBEKa U
KUBOTHBIX ObUTM MPAKTHUYECKU OJIMHAKOBBIMU. YacTOTa BCTPEUAEMOCTH Y KUBOTHBIX
TakuxX Mpo0, a TakKe MPEBBIIIAIOIINX COBIAIAIOIINE 3HAYEHUS OBbLII0O MHOTOKPATHO
Oosbllie TIPOTUB uyesnoBeka [8, 12]. DTu cxoACTBa W pa3iuyus MbI CBSI3QIA C
OOIIHOCTBIO  OMPEACNISIEMBIX DKOTOKCUKOJIOTUYECKOW CHUTyallell 0COOEHHOCTEH
3arps3HEHUS] TUIIEBBIX IEMel JJis YeloBeKa U IKUBOTHBIX. MexXay Tewm,
KOHCEPBATUBHBIN XapaKTep palliOHA MUTAHUS KUBOTHBIX OYEBUHO CIIOCOOCTBOBA
(GOpMHUPOBAHHIO ¥ HUX BO3MOXHO HAaMOOJIE€ KECTKUX YCIOBUHW I DKCIIO3UIIUH.
NMeHHO Takue »KECTKHE YCJIOBHS OOOCHOBAaHBI B KAdye€CTBE KIIOYEBOTO KPUTEPHSI
0€30macHOCTH Ha dTare MpeaBapUTeNbHON (HAa4aIbHOMN) OIICHKH PUCKA IS 3T0POBbSI
HaceneHus [26]. TlosToMy OHOMOHMTOPMHI MO TOKa3aTelsiM OHOAaKKYyMYJISILIUH
koHreHepoB [IX]IJI/® >XUBOTHBIMH, OTHOCSIIMMHUCS K HEMUTPHPYIOIIUM BHUIAM
MJIEKOMTUTAIOMINX, OYJIET CITOCOOCTBOBATH MOMYYEHUIO XapAKTEPUCTUK J103 TPSIMOTO
NEeNUCTBUS, JTOKATBLHO OKUJIAEMBIX B OJIMKaNIIIeH MePCIICKTHBE.

OrpanudyeHueM K OOOCHOBAaHHOMY HCIHOJIb30BAHUIO IOJyYaeMbIX Ha
MOJICIBHBIX BHJIaX JKUBOTHBIX XapaKTEPUCTUK 103 (KOHIECHTPAILMI) MPSIMOTO
NEeNUCTBUST TMOKCUHOB JJIsl SKCTPAIOJISIIIUU B MOKA3aTENN OKUJAEMON TOKCUYHOCTH B
YCJIOBUSIX MPSIMOTO JICHCTBHSI Ha 4YeloBeKa OBIJIO U OCTaeTcs OTCYTCTBHUE
HEOOXOJTUMBIX JJIi 3TOro MeTofoB. OOIENpUHATHIMU TMpUEMaMu, HaIpuMmep,
MIOCTPOCHUEM CJIOKHBIX MPOTHOCTUYECKUX MOJEIEH SKCHO3UIIMU U TEXHOJOTHUSIMU
MOJICKYJIIPHOM  TOKCHKOJIOTMH,  W/WIU  (PU3HOJIOTUYECKH  OOOCHOBAaHHBIM

' MccnenoBanust  BbImONHSIN aBTOpEl paboTel 1m0 mporpammam Poccuiicko-BeetHamckoro HUWuT

Tpomudeckoro meHTpa, MOCBAMICHHBIX HU3YyYEHHUIO OTAAJEHHBIX IKOJOTHYECKHX W MEINKO-OMONIOTHYECKUX
TTOCIIEICTBUM XUMUICCKON BOWHBI (IHOKCHHCOACpXKAITEH perenTypbl «OpamkeBslii areHT») apmuu CIIA Bo
Bretname B 1962-1971 rr. [21].
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TOKCHUKOJIOTUYECKUM MOJIEIUPOBAHUEM, Pa3padaThiBaTh 3TH METO/bl OYE€Hb CJIOKHO.
Mexnay TeM, pa3paboTka WX MOPOTUBOPEUUT CaMOM CYTH  pellaeMbIX
OMOMOHUTOPUHIOM 3a/1ay Ha HA4aJIbHOM 3Tarie padoT MO OLIEHKE PUCKA — BblAGIeHs
803MOJHCHOCMU TIATYOHOTO BIUSIHUS XUMUYECKUX BEIIECTB, 3arpsA3HSIONIMX Cpey, Ha
310pOBbe yesnoBeka [26]. st momydeHus: Takux 1Mo CyTH KaueCTBEHHBIX OLIEHOK MBI
omMpaeMcsi Ha pe3yJbTaThl COMOCTABIICHUS MOKa3zaTeNel coiepKaHus JUOKCHUHOB B
OpraHu3Me >KMBOTHBIX M YEJIOBEKA, CBS3aHHBIE C ATUMHU BEIIECTBAMH IPOSBICHHUS
MaToOJIOTHH. 37eCh pachpeneicHue mnpopuiaei W KOHIEHTPAIMH KOHTE€HEPOB
JTMOKCHUHOB B TKAHSIX >KMBOTHBIX U CBSI3aHHBIC C HUMHU 3(PPEKTHl paccCMaTpUBAIOTCS
KaK WHIUKATOPbl BO3MOXHBIX Mep (XapaKTepHUCTHK) HEraTUBHOTO BIUSHUS 3THUX
BEIIIECTB HA AKCIIOHMPOBAHHBIX JIOJICH MPU COMOCTABUMBIX YCIIOBUSIX 3arpsi3HCHUS
MX TKaHEM.
Pezynvmamul 3xcnepumenma

MonenbHbIMU BHUJIaMU  JIJ7I1 OMOMOHMTOPHHIA JHOKCHHOB, 3arps3HSIONINX
cpeny  cenmuteOHbIX  30H  (mocenenue — KaptmazoBo,  HoBomMockoBCKwHiA
aIMUHUCTPATUBHBIA OKPYT T. MOCKBBI) B OKPECTHOCTSIX JIJTUTEIBHO CYIIECTBYIOIIEH
1 3aKkoHcepBUpoBaHHOU cBasIkU TKO «CanapreBo» (cBajika), Ha EPBOM 3Talle CTajau
MEJIKME MJIEKONuUTaronme (Manas JjecHas Mbib Sylvaemus uralensis, pblxkas
noneBka Clethrionomys glareolus, oObIkHOBEHHas1 0ypo3yOka Sorex araneus), Kapach
Carassius auratus gibelio w xycrapHukoBas ynutka Fruticicola fruticum.
ConepxaHve JIMOKCMHOB B TKaHSAX OTUX JKUBOTHBIX MPOAHATU3UPOBAIM BO
B3aMMOCBSI3M C TIOKa3aTels MU CyAbOBI A3THX BEIIECTB B OKpYXKaIIeH cpese.
KitoueBbiM pe3ynbTaTtoM pabOT CTaIM MOBBLIIMICHHBIE OTHOCUTEIHLHO a0MOTHYECKUX
npo0 3Ha4YeHUsT KOHIEHTpAIMil JMOKCMHOB B OPraHU3ME >KHUBOTHBIX, HECKOJIBKO
MTOKOJICHUM KOTOPBIX OOUTAIOT B YCIOBUSIX JITTUTEIBHOTO XPOHUUECKOTO BO3JICHCTBUS
MasbIX J103. OTMETHUM, YTO MEXBHUOBBIE W BHYTPUBHUIOBBIC PA3IHUUS OOCYKICHBI
paHee B acCIlEeKTe IKOJOTMYECKUX XapakTepucTuk BuuoB [17, 20]. BelpaxeHHOCTH
TaKuX pa3IMuuid OKa3ajgach CYHIECTBEHHO MEHBIIE JIONYIIEHUH, KOTOpHIE
IpEeANoJiaraeT 3Tal CKpUHUHTA. DTO MO3BOJIWIO HaM PACCMATPUBATh MOJYYEHHBIC
3HAYEHUS KOHIIEHTPalUi B Mpo0ax Kak OOUIYI0 COBOKYMHOCTb.

XapakTepUCTUKU COACPKAHUS JTUOKCMHOB B TKaHSIX M pa3BHUBIIEHCS Y
ODKCIIOHUPOBAHHBIX  JIIOJICH  JUOKCHMHOBOM  MATOJOTUM,  BBIOpaHHBIE IS
COTIOCTABJICHUS C AaHAJOTMYHBIMU TIOKa3aTeNssMHM B TKaHAX JKUBOTHBIX U3
oKpecTHOCTel TmoceneHuss KapTMa3zoBo, OBLIM TOMY4YEHBI TIPU  OOCIEIOBaHUU
HaceJleHUsT W oOuTaresied 3arps3HEHHBIX JUOKCHHAMU TEPPUTOPUN  DKOIUIA
BbeTHAMCKUX NpoBuHIMNA Kyanruu u bunbsssionr [3, 8, 12, 14, 15, 17]. Pe3ynbrarsl
CONIOCTABJICHUS TOKa3aTelel coiepKaHUsi JTHUOKCMHOB B H3Y4YaeMbIX MaTpHIlax
MIPEICTABJICHBI B TAO. 1.

W3 Tabmuibl BHUIHO, YTO OOWTATeNM BBIOPAaHHBIX [JIs1 OOCIEIOBaHUMN
TeppuTtopuii  BO BpetHame wu  Poccum  MOrmm  MCHBITBIBATH  JUIMTENBHOE
OTIOCPEJIOBAHHOE CPEAOM XPOHHUYECKOE BO3ACHCTBHE MajbiX /03 JUOKCHHOB
(Bximrowast TXJI/]), koTopoe crocoOCTBOBANO U MpAMOMY HMX jaeicTBuio. CpenHue u
MeJIMaHHbIe 3HAYCHMS TMoKazarene coxaepkanus TXJ/[J[ u oOmero kojuuecTBa
muokcuHoB (WHO-TEQgs) B TkaHsX 00ClIeIOBaHHBIX >KUBOTHBIX W3 OKPECTHOCTEH
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CBAJIKM OKa3aJIMChb [JaXC€ BbIIIC, YCM B TKaAHAX JKHUBYHIUX B HACTOAIICC BpPCMA
BbCTHAMCKHUX KPCCTBAH.

Taénuya 1. Conepxanne TMOKCUHOB B OKPY)KAIOIIEH Cpelie U TKaHIX ee oouTareneid Ha
TEPPUTOPUSIX IKOIMAA BO BheTHAME U B OKpeCTHOCTSIX cBaJIKU «CanapbeBoy

Table 1. Concentrations of dioxins in environmental and animal samples from the ecocide
territories in Vietnam and sites in the vicinity of the landfill “Salariyevo”

OOBbeKTHI HCCIEJOBAHUS U TXJJ1, nr/r WHO-TEQos, ir/r**
KOH4ECTBO IPab X* | Me* | min* | max* | X | Me | min | max
IOYBKI, n = 23 0,5 0,4 0,01 1,25 0,8 1,1 | 0,03 | 2.8
ﬁ(’:‘*‘;"‘e OTTOHCHHA, 02 | 03 | 001 | 1,35 | 1,0 | 1,2 | 0,12 | 2,6
JIOMAlTHUE KUBOTHBIE
Brernam (OyiBOJIBI, CBUHBH), 03 03| 002 | 042 | 04 | 0,5 | 0,03 ]| 0,7
n=_§
pbiba, n = 18 0,1 | 0,14 | 0,01 0,34 0,3 0,2 [0,02] 04
YyeJioBeK, n = 37 0,03 | 0,04 | 0,003 0,1 0,2 0,3 0,1 0,8
moysel, n = 10 0,1 0,1 0,07 0,11 1,1 1,0 0.9 1,3
ﬁ‘fg‘l’le OTTOHCHHA, 01 | 01 | 0,00 | 012 | 1,8 | 2,6 | 026 | 1,3
MEJIKHE
MJIEKOITUTAIOLINE,
Poccns | n = 13 (obbequHeHHbIE 0,2 0,2 0,07 0,3 2,1 1,1 0,4 | 13,0
11po6b1)”
pbI0a (equHUYHAS 0.2 11
1po6a) ’ ’
YIIUTKH (€IUHUYHAs 0.1 71
1po6a) ’ ’

* X — cpennee apupmernueckoe; Me — Meauana; Min — HauMeHbIIee 3HaueHne; Max — HauBBICILEE
3HaYeHHeE (B II/T CyXOro Beca)

** Mokaszaresu MHTErpaJbHOW TOKCMYHOCTH KOHI'€HEPOB B cMecH, ycTaHosleHHbIe BO3 B 2005 r.

* Kaxnas npoGa TkaHel )KMBOTHBIX cojepskana 00beMHEHHBIH MaTepral OT HECKOIbKUX 0coOeit
JUTSI TIONTyYEHUsSI HEOOXOTMMOM JIs aHalTn3a OMOMACCHI.

Ot60p u ananmu3 npo6 ocymecteusui B 2003-2008 rr. (Beetnam) u 2015-2018 rr. (Poccus)

Mexnay TeM, caMble BBICOKME IOKAa3aTEIM KOHILEHTpPAlUW STUX BEUIECTB B
TKaHSIX 4YeJOBEKa He BbIXoAuiu 3a npenenbl koHneHtpauuit TX/ u WHO-TEQs
JUIA SKMBOTHBIX HAa TEPPUTOPHM DKOIUIA. YIKE JOKA3aHO, YTO pacHpeieiiCHUue
OIIOCPEIOBAHHBIX CPEAOM M103 MPSIMOTO JCHCTBHS TOKCMYECKHX BEIIECTB JTAXKE B
OJTHOPOJHBIX BBIOOPKAaX HOCHUT AaCCUMETPHUYHBIM XapakTep, a JojJs ocol0er ¢
HAWBBICIIAM  COACPKAHUEM  3arpsi3HUATENST TPEBBIIACT OO OTHOCHUTEIBHO
MuHuManbHoro  [4]. Takas crenuduka TMO3BOJIAET  BBIACIUTH  IIAPOKO
pacOpOCTPAHEHHBIE BHUJIBI MEJIKHX MJIEKONMUTAOIIMX KaK JOCTYIHYK MPAKTHUKE
OMOJIOTUYECKYI0O MOJIeTh IS HW3Yy4eHHs] OOIMX 3aKOHOMEPHOCTEH HAKOTUICHHUS
TUOKCUHOB B YCJIOBHUAX XPOHUYECKOM SKCIO3UIMA OPTaHU3MOB MAJIBIMU J103aMU
AOKOTOKCUKAHTOB. J[OMOJHUTENBHBIM apryMEHTOM B T0JIb3y TAKOTO BHIOOpA CTau
JIAHHBIE O COINOCTaBUMbBIX YpOBHAX coaepxkanusd TX][/J[ B TkaHiIX JOMalIHHUX
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KUBOTHBIX (OyWBOJBI M CBUHBH) C TEPPUTOPHUIl dKoIMAa BO BreTHame u Menkux
MJIEKOMTUTAIOIIUX M3 MPUPOJHBIX MOMYJISINI B OKPECTHOCTSIX cBaKU «CamapbeBo»
[17].

OTHoNoruYecKass pojib BBIABICHHONO BO BbeTHame 3arpsi3HEHHs TKaHEH
YeJIoBeKa HU3KUMU J03aMU JUOKCHHOB MPOSBUIIACH B BUJIE PA3IUYHBIX (OPM MOTEPH
3I0pOBbs, KOTOpbIE JETallbHO ObUIM paccMoTpeHbl panee [8, 14]. OcoOyio
03a00YEHHOCTh BBI3BIBAIOT TPOSBICHUS JAHUOKCMHOBOM TATOJOTMU Y JEeTed B
COBPEMEHHBIX MOKOJEHUSAX HaceleHus Tepputopuil sxoruaa [12]. Xapakrepuctuka
TaKUX TPOSIBJICHUA B OOCIEIOBAaHHBIX TPYyMMaxX M3 HECKOJIbKUX MPOBUHIIUN
BKJIIOYAJIa W3MEHEHUsl SKOJOr0-T€HETUYECKOIO0 W LUTOT€HETHUYECKOro CTaTyCOB,
MOBBIIICHHBI  YPOBEHb  BCTPEYAEMOCTH  BPOXKACHHBIX  MOP(OreHETHUYECKUX
BAPUAHTOB Pa3BUTHs (B MEPBYIO OYEPENb UYETIOCTHO-IMILEBBIX aHoMmanuii, K.07 mo
MKb-10). DOHIOKpUHHBIE  HapylIEHHWs  MPOSBHINCH  HPUPOCTOM  YaCTOTHI
BCTPEYAEMOCTU >KEHCKOro rumnoroHaausma (8,5% mnpotuB 4,9% B KOHTpoie) U
CABUTaMH BO3pacTa IMOJOBOTO co3peBaHus JeBouyeK (mo 31% ciyyaeB MO3IHETO
MeHapxe MpoTtuB 19% B KOHTpoOJE), MOBBILIEHUEM YAaCTOThl BCTPEUAEMOCTHU
HEPETYJSIPHBIX MeCSYHBIX IUKIOB (10 37% mnpotuB 20% B KoHTposie). Bpauu
3a(UKCUpPOBAIM OYEHb BBICOKMH YpOBEHb BCTpeuaeMocTH peteil (1o 89%) c
paznuyHbiMH  (popMaMu  QYHKIMOHAIBHBIX  W/WIU  MOP(POPYHKIIMOHAIBHBIX
OTKJIOHEHUM, BKJIOYash HECOOTBETCTBUS JIOKAJbHBIM HOpPMaM [apaMeTpoB
KJIMHWUYECKOIr0 aHaJln3a KPOBU, CHUKEHHbIE 3HAYEHUsI MHJIEKCa MACChI TeJa, IPUPOCT
4acTOThl BcTpeyaeMocTH (0osee 2-X pa3 B rojl) U AJIUTEIBHOCTH TeueHus (Oonee S5
CYTOK) OCTPbIX MH(EKIIUOHHBIX 3a00JI€BaHUM (IOMUMO MaJIsIpUN).

BbBIBO/JbI
COBOKYITHOCTh ~ MOJYYEHHBIX JAaHHBIX [O3BOJISIET CJAENaTh CIEIYIOUIUe

BBIBOJIBIL:

1. Dkonoruyeckas CUTyalMsi Ha 3arps3HEHHBIX JIMOKCUHAMH TEPPUTOPUSIX B
OKpeCTHOCTAX cBaJIKU «CanapbeBo» MOXKET CIIOCOOCTBOBATH 3arpsiI3HEHUIO 3TUMHU
BElIECTBAMM TKAaHEW oOuTaTeleil B OMACHBIX JJs 370POBbsl KOJMYECTBAX, UYTO
MO’KET HAaHECTU BPEJl HACEICHUIO PACIOJI0KEHHBIX PSJIOM CETUTEOHBIX 30H.

2. Hecmotpss Ha psini  OrpaHMuYEHUN, CO3/MaHHAs W anpoOWpoOBaHHAS HAMHU
MeToauyeckas 0a3za s 0OcneloBaHUS TEPPUTOPUN B pailoHE JOKaIbHBIX
BBIOPOCOB JMOKCHHOB MOJKET paccMaTpuBaThbCs Kak 3aaen Ui pa3paboTKu
TEXHOJIOTMH OMOMOHUTOPHHIA 332 COCTOSTHHUEM 3arpsi3HEHHOM AMOKCHUHAMU CPEJIb
B peaJibHOM MaciiTade BpemeHu. Takoe HOBIIECTBO OyaeT CHnocoOCTBOBATH
CYLIECTBEHHOMY PpACIIMPEHUI0 apceHala CpeACTB, MNpeIHA3HAUYCHHbIX IS
JIOCTOBEPHON OLIEHKH MPOU3BOJAMMBIX CBAJIKaMU BBIOPOCOB JUOKCHHOB H, B
KOHEYHOM HTOre, (POPMHUPOBAHUIO HAYYHO OOOCHOBAHHBIX PEKOMEHIALMM ISt
YIOPaBICHYECKUX pelIeHUH B 00JacTM MMHMMM3ALMM pUCKA IS 370POBbs
HaCEJICHUS.
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AnHoTauusi — B 0030pHOIi crathe 0000meHa HMHGOpMAIMs O HAYYHBIX HCCIEIOBAHMIX 32
nocienHue 40 jer, B KOTOPHIX W3YYAIUCh pa3IMyHble BUJbI OMOJOIMYECKOW aKTHBHOCTU KpayH-
3(UpOB U UX KOMILIEKCOB C HOHaMU MeTailioB. KpayH-3¢hupsl HIMPOKO NPUMEHSIOTCS B pa3IU4YHbIX
o0JacTsX Hayku U TeXHUKHU. Ha ocHOBe kpayH-3()MpOB CO31aI0TCS MPUHIUITHAIBHO HOBBIE METObI
aHaJIM3a U CEJIEKTUBHOM 3KCTPAKLIMU PA3IMYHBIX HEOPraHMYECKUX HOHOB, Pa3/JelIeHHs H30TOIOB
PallMOAKTUBHBIX 3JEMEHTOB, IOJIyYEHHs CHEelHaTbHBIX MOHOMEPOB, IOJUMEpPOB U MeMOpaH,
CO3/IaHHBIX JUISI OXPaHbl OKPYXKAIOIIEH Cpelbl OT I'yOUTENbHOTO BO3JCHCTBHS PAaIUOAKTHUBHBIX
0TX0JI0B. Bennk motok paboT 1o NpUMEHEHHIO MPOU3BOAHBIX KpayH-3(hUpOB AJs co3aaHus (GoTo- U
XEMOCEHCOPOB, CEJICKTUBHBIX K KaTHOHAM METAJIOB, 11 (POTOMETPHYECKOrO U (PIYyOPECLIEHTHOTO
aHaJM3a MOYB M BOJBL. B TO ke BpeMs KpayH-3(pupbl Bce OoJiblile M3y4aroTCs U UCIONb3YIOTCS B
OTJIMYHBIX OT TPAIAUIMOHHBIX OOJIACTAX HAyKH, HAmpUMep, aKTUBHO BEIYTCS HCCIEIOBaHUS
OMOJIOTHYECKOTO M MEIUIMHCKOrO NOTEHIMajda JaHHBIX COEIMHEHMH U UX KOMIUIEKCOB C
MeTaiamMu. SBnssch MOHOMOpaMH, KpayH-d(QHUpbl CIOCOOHBI MPOSBIATH AHTHOAKTEPUATBbHYIO,
IPOTHUBOIPUOKOBYI0O W NPOTUBOOIYXOJEBYI aKTHBHOCTb. [Ipom3BoaHble  KpayH-3(hUpoB
HCCIIETYIOTCS B KAUECTBE aKTUBHBIX ACHCTBYIOIINX COEIMHEHUN Il XMMHOTEPAIIUU OIyX0JiIeH Min
HOCHUTEJIEH JIEKAPCTBEHHBIX CPEACTB IPOTHB pAKOBBIX KIETOK. AKTHUBHO BEIETCS IIOUCK
MIPOTUBOOITYXOJIEBBIX COECTUHEHUM AJIi XUMHOTEpanuHu Kak Cpedu MPOU3BOAHBIX KpayH-3(UpOB,
TaK M CpPeIMd MX KOMIUIEKCOB ¢ MOHaMU MeTauioB. OTMEUYEHO, YTO AJII MHOTMX HPOM3BOAHBIX
KpayH-2()UpOB YCTaHOBJIEHA aHTHOAKTepHalbHAsl aKTHUBHOCTb, NMPUYEM B OOJBIIMHCTBE CIIyuyacB
MPOTHB I'PAMIIOIOKUTENBHBIX OakTepuil. [IpoTrBOrprOKoBas U MpOTHUBONAPa3UTAPHAs AKTUBHOCTD
KpayH-2(UpOB M3ydeHa KpailHe Maylo, XOTs B JIUTEpaType MPUCYTCTBYIOT JaHHbIE 00 YCHEIIHOM
OIBITE HCCIENOBaHUA KpayH-TMOJOOHBIX CTPYKTYp B KadyecTBE NPOTUBOTPUOKOBBIX BEIIECTB.
CraenaHo 3aKiIrO4eHHUE, 4TO HauOoJiee aKTyalbHBIM HAIPaBICHUEM UCCIIEA0BAaHUS KpayH-3(UpPOB U
UX METaJNIOKOMILIEKCOB SIBJIIETCS BO3MOYKHOCTh UX IIPUMEHEHHUS B KQUE€CTBE IPOTHUBOOITYXO0JIEBBIX
CPEACTB.

Knrouesvie cnosa: KpayH-3Upbl, MaKpOTeTEpOLUKIIBl, METAIJIOKOMILIEKCHI, OHOJOrHYecKas
AKTUBHOCTb.

Materials with new functional properties
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Annotation — The article summarizes information on scientific research, devoted to biological
activity of crown ethers and their complexes with metal ions, over the past 40 years. Crown ethers
are extensively used in multiple fields of science and technology. These compounds are applied for
creating conceptually new methods of analysis and selective extraction of various inorganic ions,
separation of isotopes of radioactive elements, and producing special monomers, polymers, and
membranes designed to protect the environment from the harmful effects of radioactive waste. A
broad scope of research deals with the use of crown ether derivatives for creating photo- and
chemosensors selective to specific metal cations for photometric and fluorescent analysis of soil and
water. Currently, crown ethers are increasingly being studied and used in nontraditional fields of
science, for example, studies are being actively conducted on biological and medical potential of
these compounds and their complexes with metals. Being well-known ionophores, crown ethers are
able to exhibit antibacterial, antifungal, and antitumor activity. Crown ether derivatives are being
investigated as active ingredients for tumor chemotherapy, or as carriers for drug delivery to cancer
cells, or photosensitizers. An active search is underway for candidates of chemotherapeutic agents
both among crown ether derivatives and their complexes with metal ions. Antibacterial activity has
been detected for many crown ether derivatives, in most cases against gram-positive bacteria. The
antifungal and antiparasitic activity of crown ethers has been poorly studied, although there are
known examples of successful experience of applying crown-like structures as antifungal
substances. The conclusion is made that the most relevant trend of crown ether mediated biological
activity research is studying the possibility of their use as antitumor agents.

Keywords: crown ethers, macroheterocycles, metal complexes, biological activity.

BBEJAEHUE

KpayH-3upbl mnpeacTaBiasiOT OTpOMHBIM  HMHTEpec B OOJACTU XHUMMH,
OMOXMMHU M HAayK O Marepuajgax. OTH COCIUHCHHUS IIHPOKO IPUMEHSIOTCS B
KaTajin3e, UCIHOJIB3YIOTCS MJI SKCTPAKIUM, TPAHCIIOPTUPOBKU W KArCyJUPOBAHMUS.
Kpome Toro, Ha uX OCHOBE BO3MOKHO CO3/IJaHUE PA3JIMYHBIX CUHTETUYECKUX CHUCTEM
C 3aJIaHHBIMU CBOWCTBaMHU, pa3zHOOOpa3HBIMU BO3MOXKHOCTSIMU u
IPOrpaMMHUPYEMbIMU (PYHKIIUSIMHU.

Knaccuueckne kpayH-3UpbI TPEACTABIAIOT COOOW MaKPOIMKIHYECKUE
mpocThie MOMMAIPUPHI, coaepxkamme oT 3 g0 20 aTroMOB KHCIOPOJA, KOTOPBIC
OTHENICHBI NPYr OT Apyra JAByMsl W Oojiee aToMaMu yriepoja. DTH COCTUHEHUS
CIIOCOOHBI CEJIEKTUBHO CBS3bIBATH ILIEJbIA psii HOHOB MeTaluioB [1]. B HacTosiee
BpeMs pa3pabdOTaHbl U ONITUMHU3UPOBAHBI METOANKH CHHTE3a KpayH-3(DHUPOB, KOTOPHIE
MO3BOJISIIOT TOJY4YaTh JAHHbIE COEAUHEHHUSI B JIOCTATOYHOM KOJUYECTBE [JISI UX
HIMPOKOTO IpUMEHEHHUs [2—5].
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B nacrosimiee Bpemst kpayH-3(DHpbl aKTUBHO W3Y4alOTCS U UX MHOXKECTBEHHBIE
IPUMEHEHUS BBIXOIAT JIajeKo 3a Mpeaebl TPAAUIIMOHHON XUMHUH 3TUX COCIMHEHUM
[6]. [okazaHO, 4YTO KpayH-COCAMHEHUs TMPOSBIIIOT aHTHOAKTepuaabHyo [7],
IIUTOTOKCHYECKYI0 [8], mporuBomapasutapHyro [9] u mnpotuBoBupycHyio [10]
aKTUBHOCTH [11].

[enwro HacTosmEero 0630pa sBisieTcs: 00001eHNE JaHHBIX B OMyOJIMKOBAHHBIX
HA MOMEHT HalMCaHMUs 0030pa HCCIEIOBAHUSAX, IOCBSIIEHHBIX OHUOJIOTHYECKOM
AKTUBHOCTHU KpayH-2(UPOB, UX IPOU3BOJIHBIX H UX METAJUIOKOMITJICKCOB.

1. AHTHOaKTepUAIbHAS AKTUBHOCTb KPpayH-3¢GuUpoB

Kpayn-3¢dupsl 061a1a10T cCIOCOOHOCTBIO COEAUHATHCS ¢ MOHAMH IIEJIOYHBIX
METAJIOB 32 CYET MOH-IAUIIOJIBHBIX B3aUMOJCUCTBUN. Takue JIMranabl, Ha3bIBACMbIC
TaK)ke MOHO(POpPaMH, B HACTOsIIEe Bpems Xopollo u3ydeHbl. K HUM oTHOcHTCH,
HanpuMep, aHTUOMOTUK BAJIMHOMUIIMH (ITOJIUIIENITUAHOTO TUIIA), MOJIEKYJIa KOTOPOTO
IpEeCTaBIsSIET COOOM MOUTH IIOCKOE KOJbLlo. Ero nuaMerp cOOTBETCTBYET pasmepam
MOHa Kayus. Takue KOMIUIEKChl CIIOCOOHBI MEPEXOJUTh Yepe3 JUIHUAHO-OEIKOBBIE
CJIOM U, CJIEJIOBATEIbHO, BATMHOMULIMH MOXKET 00€CIIeYNTh CIEU(PUUECKUN TEPEHOC
HMOHOB Kalus 4epe3 MeMOpaHbl. DTO UMEET CYLIECTBEHHOE 3HAUEHHE B MEXaHU3ME
JOeCTBUSL aHTUOMOTUKOB. MOHBI Jpyrux IIETOYHBIX METAJUIOB CBS3BIBAIOTCS
BaJIMHOMUIIMHOM B MEHbIIEH cTeneHu. AHTHOMOTUK TPaMULUAUH MOXKET
MEPEHOCUTh M HMOHBI Kallisd, W WOHBI HATPUS. AHAJIOTMYHO CBOMM CTPYKTYpPHBIM
MPEAIIECTBEHHUKAM, KpayH-3(Upbl HEPENKO NPOSABISIIOT aHTUOAKTepUaIbHbIE
CBONCTBA.

KpayH-3¢gupbl kak MOHOQOpHI HapylIalOT MOTOK HMOHOB, HANpPaBJICHHBIA B
KJIETKYy WM U3 Hee, a Oakrepun (OCOOCHHO TPaAMIIOJNOKHUTEIbHBIE) OYEHb
YyBCTBUTENbHBI K ATOMY 3 (]exTy. B moarBepkeHrne 3TOro CBOMCTBA pacCMOTPUM
psa paboT MO MUCCIIETOBAHUIO aHTHOAKTEPHAIBHBIX CBOMCTB KpayH-2(DUpOB.

B pa6otax [12, 13] ObuTO TTOKa3aHO, 4TO 3aMEIICHHBIN 18-kpayH-6 MpOsBIsET
uHTHOUpyronmit 3¢ dekT pocta kuiedHou nanouku (E. coli), n 3T0T 3¢ HEKT 3aBUCHUT
OT MPHUCYTCTBUSI MOHOB KaJlusl U HATPUs B MUTATENIbHOM cpefie. B xoae uccnenoBanus
ObUIM pa3pabdoTaHbl Pa3IMYHBIC MOAXOJbl JJI TNPUTOTOBIIEHUS AHTUMHUKPOOHBIX
areHTOB Ha OCHOBE KpayH-3()MpOB, OINpeAesieHbl MHUHUMAaJbHbIE HHTHOMPYIOIINE
KOHIIEHTPAllMU HECKOJbKUX aJKUI3aMEUICHHBIX JapuaT-3pUpoOB AJs MOJABICHUS
kuieuyHo nanouku (E. coli), cennoit nanouku (B. subtilis) u npoxokeit (puc. 1a).

ABTOpBI MPEAJIOKWIA MEXAaHU3M TOKCHYHOCTH 3TUX COEIMHEHHUM, KOTOPBIN
3aBUCUT OT CIIOCOOHOCTH 3THX CTPYKTYp NEPEHOCUTh HOHBI. BeposdtHee Bcero,
KpayH-3(Upbl BCTPaUBaIOTCS B MEMOpPAHHbBINA OUCIION W MPOBOAAT KaTHOHBI. Ha »TOT
IpOLIECC CYIIECTBEHHOE BIUSHUE OKAa3bIBAlOT TUAPO(OOHOCTh M JAJIMHA OOKOBBIX
nenei. YyBCTBUTEIBHOCTh MPOTECTUPOBAHHBIX OPTraHW3MOB 3aBUCENA OT CTPYKTYPbI
ux MeMOpaH. CeHHas majoyka M JPOACKUA ObLIH 0oJiee UyBCTBUTENBHBI K IEHCTBUIO
areHTOB.

ABTOpEHI cTaTh [7] pa3paboTanu rpyIiy HOBBIX KpayH-3(UPHBIX JTUTAHIOB O
tuny ocHoBanusa Iludda, koToppie TaKKe NPOAEMOHCTPUPOBAIU 3aMETHYIO
AKTUBHOCTh MPOTUB Pa3JIMYHBIX MHKPOOPraHu3sMoB. HekoTopble MHKPOOPTaHHU3MBI
ObuIM OoJiee BOCIPUMMYHMBBI K HOBBIM MAaKpPOIMKIMYECKUM COCIUHEHUSM, YeM K
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CTaHAAPTHBIM aHTHOWOTHKaM (puc. 1b). DTu coemuHeHus obGIamany pa3IUIHON
AKTUBHOCTBIO, @ YYBCTBUTEIBHOCTh MPOTECTUPOBAHHBIX  MHUKPOOPTaHU3MOB
yKa3bIBaIa Ha Pa3IMyusl B CTPOCHUH KJIECTOYHBIX MEMOPAH Y TPaMIIOIOKUTEIBHBIX U
IPaMOTPHUIATEIIBHBIX OaKTEpHii: TEpBbIC 3AIMUIICHBI OJHOCIOWHONW MeMOpaHOM,
TOTJa Kak KJIETOYHAs CTEHKa IIOCICTHUX HMMEET MHOTOCIOHHYI0 CTPYKTYPY;
KJICTOYHAs CTEHKA IPOAOKEN TakKe 00J1aaeT TOBOJIBHO CIOXKHBIM CTPOSHHUEM [7].

a) /—o/_\o —~ Re=nCgHy  R=nCigHa
/ R=n-C,oH,; R=n-C,gHs;
) R=n-C-:H25 R=CO-I‘I-C,~,H-9
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Puc. 1. TIpumeps! pa3ITUYHBIX TTOTEHIMAIBHBIX IIPOTHBOMUKPOOHBIX MTPETapaToB Ha OCHOBE KpayH-
3GUpOB: a) aNKuUI3aMelleHHbIe JapuaT-3¢upsl [ 14]; b) mponsBoaHble KpayH-3()UPOB MO THITY
ocHoBanuit llludda [7]; ¢) ammnzamenienasie 6eH30-18-kpayH-6, muobeH30-18-kpayH-6 u gudeH30-
24-kpayH-8 [15].

Fig. 1. Representative crown ether-based potential antimicrobial drugs: a) alkyl-substituted lariat
ethers [14]; b) derivatives of crown ethers of Schiff base type [7]; ¢) acyl-substituted benzo-18-
crown-6, dibenzo-18-crown-6, and dibenzo-24-crown-8 [15].

Opnako He Bce pabOThl YBEHYAJIMCh YCIEXOM, TaK, Hampumep, aBTopbl [15]
OTHMCAaJIM CUHTE3 U KOMILJIEKCOO0pa3yIolne CBOMCTBA MaIbMUTHII-, CTEAPUII-, OJICHJI-
¥ YHJACTICHOWJI3aMEIIeHHBIX OeH30-18-kpayH-6, nuben3o-18-kpayH-6 u qudeH30-24-
KpayH-8, a Takke MPOTECTHUPOBAIN UX aHTUMHUKPOOHYIO aKTUBHOCTH (puc. 1c). Tem
HE MEHEE, HMKAaKOW aKTHBHOCTH HE HaOJ0/1aJioCh MPOTHUB BOCHMH CTaHAApPTHBIX
OaKTepHaTbHBIX  TPHOKOBBIX IIITAMMOB.

B pa6ote [16] 6111 M3y4eHBI a3aMaKpPOITUKIIBI U UX KOMITJIEKCHI, BBISIBIIEHA UX
aKTUBHOCTH NpoTuB BNY mocpeacTBoM CBS3bIBaHUS C XEMOKHHOBBIM PELENTOPOM
CXCR4, xorTopblii NEUCTBYET Kak KiIrodeBod penentop npu BUY-undexnuu u
MHOXXECTBEHHBIX (hopmax paka. Ha cerogHsumHuil JeHb CYHIECTBYET HECKOJIBKO
npenaparoB, MPOIIECAIINX KIMHUYECKUE WCIBbITAHUS, Ha OCHOBE a3aKkpayH-
coequnenui [17]. HemaBuo [18] Obln1 paspaboran muaruoutop CXCR4 Ha ocHOBe
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KOMIUIEKCA THPUAMHCOIEPKALIEr0 a3akpayH-3pupa ¢ Mn?’, KOTOpbIH MoOKasal
XOpOIITKe MePCIEeKTUBHI IS UCI0JIb30BaHus TpoTuB BUY-undexmuu [11].

B paGote [19] u3yuanuch MakpOLMKIIbI, MPEACTABISAIONINE COOOM OCHOBaHUS
[Mudda, nmeromnue cBOMCTBA CHHTETUUECKUX HYKJIEa3, a Mo3Ke ObLIN pa3padoTaHbl
KOMILIEKCHI a3akpayH-coemunenuii ¢ Cu®’, Zn?' wu naHTaHOMzZamu, CIOCOOHBIE
pacuieruiate JIHK [20, 21]. DTtu areHThl MOTYT OBITh CKOHCTPYMPOBAHbI TaKUM
o0pa3oM, 4yToObI OJIOKMPOBATH TEHCIENU(DUUECKYIO TPAHCKPUIIIUIO JIJISi IPUMEHEHHUS
KaK B Ka4eCTBE aHTUOMOTHKOB, TaK U B XUMHUOTEPAITHH.

ABTOpBI [22] coobmman 00 UCCICNOBAaHUA aHTUMUKPOOHOW aKTUBHOCTH Psizia
KpayH-2¢upoB (puc. 2) MPOTUB TPaMOTpHUIIATEIbHON E. coli M TpaMIIOIOKUTEITBHBIX
B. subtilis, Streptococcus faecalis, Staphylococcus aureus wu Micrococcus
lysodeikticus. VI3 WCHBITAHHBIX COEIWHEHHH NPOU3BOJHBIE ANOEH30-18-KpayH-6
OblTM  HauOosee AaKTUBHBI MNPOTUB TIpaMoTpuuarenbHoi FE. coli, a nu-mpem-
OyTUIANOCH30- W JUIMKIOreKCaHo-18-kpayH-6, TMoOKaszaiu XOpOIIyK aKTUBHOCTb
IIPOTUB YETHIPEX TPAMITOIOKHUTEIBHBIX ITAMMOB U HEOOJBIIYIO aKTUBHOCTh ITPOTHUB
E. coli.
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Puc. 2. CtpykTypbl KpayH-3(h)UpOB, UCCIIeIOBaHHbIE B padoTe [22].

Fig. 2. Structures of crown ethers investigated in [22].

AHanmu3 CTPYKTYp, UCCIICIOBAHHBIX B OMHMCAHHBIX pa0dOTaX, MOKA3bIBAET, YTO
MpUpoOJa 3aMECTUTENICH OKa3blBACT 3HAYWTEIBHOE BIUSHUE HA IMPOSIBICHUE
aHTHOAKTEePUANThHOW AaKTUBHOCTH KpayH-coequHeHnd. CyIeCTBEHHOE BIIUSHHE
OKa3bIBAIOT TUAPO(POOHOCTh M JuIHHA OOKOBBIX Iienel. MexaHu3M TOKCUYHOCTU
OCHOBaH Ha CIOCOOHOCTH AITHX CTPYKTYp IEpPEHOCUTh HOHBEI. BeposiTHee Bcero,
KpayH-32(HUpPbl BCTPAUBAIOTCS B MEMOpPAHHBINA CIIOW U MPOBOIST KaTHOHBI METAJLIOB.
UyBCTBUTENHHOCTh MPOTECTUPOBAHHBIX OPraHU3MOB 3aBHCHT OT CTPYKTYPBI HX
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MeMOpaH, T'PaMIOJIOKUTEIbHbIE OAKTEpUU 3alIUIICHBI OJHOCIOMHON MeMOpaHO,
TOT/Ia KaK KJIETOYHAsl CTEHKAa rPaMOTPHILATENBbHBIX OaKTEepHii UMEET MHOTOCIONHYIO
CTPYKTYpY, MO3TOMY aHTHOAKTEpHaJIbHbIE CBONCTBA KpayH-3()HPOB B OTHOLICHHU
IPaMIIOJI0KHUTEIbHBIX OAKTEPH MPOSBISIIOTCS JOBOJIBHO YacTo.

2. AHTHIIapa3uTAPHAsl AKTUBHOCTh

bbulo mokazaHo, 4TO HEKOTOpble MOHO(OPHI 00JaAAIOT aHTUIAPA3UTAPHON
AKTUBHOCTBIO (HAaIIpUMEp, IPOTUBOMAJIIPUITHON WIIM MPOTUBOKOKIMAAIBHOMN) [9], Ha
OCHOBAaHMM 4Yero ObUIM TMPEANPUHATHI TOMBITKU pa3paboTaTh 3 EeKTHUBHBIC
CTPYKTYpBI KpayH-2(QHUpPOB U HCIOJb30BAHMUS MX B KA4€CTBE AHTUIAPA3UTAPHBIX
npemapatoB. Tak, wHanpumep, bpayn (Brown) u ®@ybucrep (Foubister)
CHHTE3UPOBAJIN KPayH-COEMHEHUA C pasMepoM KoJen ot 14 1o 30 aToMOB, KOTOpbIE
IIPOAEMOHCTPUPOBAJIM IIPOTUBOKOKIIUIAIBHYIO aKTUBHOCTD in Vitro NPOTUB Eimeria
tenella. Ho, K COXalneHUo, 3T COCOUHEHUS HE MPOSBWIN AKTHUBHOCTH B
AKCIIEpUMEHTAaX Ha JXUBOTHBIX (in vivo) [23]. BcmenctBue Majioro KoOJIMYECTBA
nyOnMKanuil MOXKHO 3aKIHOYMTh, YTO KpayH-3(pHUpbl U UX NPOU3BOJAHBIE JHOO HE
o0JafaloT aHTUMAPA3UTAPHOM AKTUBHOCTBIO, JIMOO HEJOCTATOYHO HCCIIEIOBaHbI B
JAHHOM HAaIpaBJICHUU.

3. [IpoTruBOrpudKoOBasi AKTUBHOCTH

HexoTopbie KkpayH-3pupbl MNPOSBISIIOT 3HAYUTEIBHYIO TMPOTUBOTPUOKOBYIO
AKTUBHOCTb TIPOTHB HEKOTOPHIX BHUJOB TPUOKOB, pa3pylIAONIUX JIPEBECUHY
(butomaroreHHble rpuObBI), a TaKKEe HEKOTOPHIX BHUJOB  TPUXO(PUTOHOB
(Trichophyton), BbI3BIBatOIUX JIepMaToMuko3. fAru (Yagi) U COaBTOPHI TMOKAa3ajw,
4TO Ccpeau 26 HCHBITAaHHBIX KpayH-3(DUPOB OTHOCUTEIBHO BBICOKYH) AaKTHBHOCTh
MPOJIEMOHCTPUPOBAT 3,5-nmu-mpem-0yTnden3o-15-kpayHn-5. Hezamemennsie
aHAJIOTU WIH KpayH-3QUPBl C TOJSAPHBIMU 3aMECTUTEISIMA OBbLTM HEAKTUBHBI
oTHocuTeNnbHO Tyromyces palustris, Picnoporous coccineus, Coriolous versicolor,
Pyricularia filamentosa, Fusarium sp., Trichophyton rubrum, Trichophyton sp. [24].

Kpayn-3¢upsl, mpousBoaHble KyMapuHa ObUTM CHHTE3UPOBaHbI B pabote [25]
peakmmsivmu 4',5'-6uc(O6pommeTiin)-6en30-15-kpayH-5(3) ¢ 4-TUAPOKCUKYMApUHOM U
7-ruapokcukymapuoM. CoeTMHEHHS XPOMOH-KpayH-dgupa ObLTH CHHTE3UPOBAHBI
peaknusiMu KoHJeHcanuu 4'-amMmuHo-0eH30-15-kpayH-5 ¢ 3-popmunxpomMoHoM u 6-
METUI-3-GOPMUIIXPOMOHOM B pa3iauyHbIX cpenax. CoeauHEHUs MOPOSBUIN
3HAUUTEIBbHYI0 MPOTUBOIPUOKOBYIO aKTMBHOCTh OTHOcuUTenbHO Candida albicans.
Kpome TOro, Bce 3TM BemiecTBa ObUIM HCCIAEJOBAHBI Ha AaHTUOAKTEPUAIBHYIO
AKTUBHOCTh B OTHOIICHWM IIATOTEHHBIX IWITAaMMOB Listeria monocytogenes,
Staphylococcus aureus, Escherichia coli, Salmonella typhi H, Bacillus cereus,
Micrococcus luteus, Shigella dysenteria type 2, Staphylococcus epidermidis, Proteus
vulgaris, Klebsiella pneumonia sp., Serratia marcescens Sp. W TIOKa3aau
YIOBJIETBOPUTENIbHYIO aHTHOAKTEPHAIbHYIO aKTUBHOCTH (pHC. 3).
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Puc. 3. CuHTe3 HOBBIX KyMapUH-KpayH-3(UPHBIX COeAUHEHUN [25].

Fig. 3. Synthesis of new coumarin based crown ether compounds [25].

[TpousBoaHbIe KpayH-2(dUPOB, COAEPKAIINE 3aMECTUTEIN HAPTOXUHOHA (pHC.
4) B KOJIbIIE, MPOSBIIN MPOTUBOTPUOKOBYIO aKTUBHOCTH B OTHOIIeHUU Candida [26].
B paGotax [27, 28] apyrue cyiab(onpou3BojHbie KpayH-3QupoB (puc. 5) ObuH
OTIpe/ieNieHbl KaK MOTEHIIMAIbHbBIE TPOTUBOTPUOKOBBIC COCTUHEHUSI.

SelsNe gl
BB

Puc. 4. IlpencraButeny THAMAaKPOIMKIIOB, IPOSBIISIOIINE AKTUBHOCTD MIPOTHB OaKTepuil U 'puOKOB
[26].

Fig. 4. Representative thiamacrocycles, which are active against bacteria and fungi [26].
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Puc. 5. Cepoconieprkaiine MaKpOIMKIIbI, 00J1aar0nue TOKCHIHOCTBIO TPOTUB OAKTEPH 1 TPHOOB
[28].

Fig. 5. Sulfur-containing macrocycles exhibiting toxicity against bacteria and fungi [28].
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4. IlpoTuBOOMYyX0/IeBasi AKTUBHOCTH

B cBsi3M ¢ poCTOM OHKOJOTMYECKUX 3a00JieBaHUI, OCOOEHHO BaXXHBIM U
UHTEPECHBIM  HANpaBIICHHMEM  U3Y4YeHHUS  KpayH-3(QUpOB  ABISETCS  OICHKa
BO3MOXXHOCTH MX MIPUMEHEHUS I JIedeHus ormyxoJied. [IponsBoanbie KpayH-2(pUpoB
UCCJIENYIOTCA B KaUeCTBE aKTHBHBIX JCUCTBYIOIIMX COCIMHEHUN ISl XUMUOTEpaIuu
OITyXO0JIel, HOCUTEJIEH JIEKapCTBEHHBIX MPENapaToB K PAKOBBIM KJIETKaM.

Coznmanbl  aMuduibHble  MPOU3BOJHBIE  KpayH-3UPOB,  KOTOpHIE
OCYIIECTBISIIOT KOHTPOJIUPYEMYIO JIOCTaBKY K OIMyXOJd S-(hiayopaiunia, H3BeCTHOTO
MIPOTUBOOITYXOJIEBOr0O coenHeHus [29].

Konstoratel mophupuHOB ¥ KpayH-3(PUPOB MOTYT OBITH HCIIOIH30BAaHBI B
KauecTBe 0OBEKTOB A (POTOAMHAMHUYECKON Tepamnuu paka, KOTopas 3aKII04aeTcs B
TOM, YTO BBOJMMBIA B OpPraHU3M KpayH-COAEpX Al MOPPUPUH CIIOCOOEH
HaKaluIuBaThCsl B OIYXOJIM, IOCJI€ YEero NpH JEWCTBHM JIA3€PHOTO H3ITyYEHHUS
POUCXOJUT pa3pylIeHUE PAKOBbIX KieTok [30-32].

AKTUBHO  BEHETCA  IOWUCK  MPOTUBOONMYXOJEBBIX  COCAMHEHUU  JJIA
XUMHUOTEpAIUd KaK CpeAu MPOU3BOJHBIX KpayH-3¢upoB [33, 34], Tak u cpenu ux
KOMILJIEKCOB ¢ MOHAMHU METaJlJIoB [35].

ABTOpBI [36] wu3yyanu = MNOTEHUMAIBHYIO  aHTUNPOIU(PEPATUBHYIO/
IPOTHUBOOIYXO0JIEBYIO aKTUBHOCTh HE3aMEIICHHBIX KPayH-3(PUPOB U WX MPOU3BOIHBIX
in Vvitro, a TaKXK€ CpPaBHUBAIM TIOJIYYEHHBIE PE3YJbTAaThl C AKTUBHOCTHIO
BaJJMHOMUIIMHA. [[7s1 mpoBeneHus HSKCIEPUMEHTOB ObUIM BBIOpaHBI CIEAYIOLINE
npousBojiHbIe: 18-KkpayH-6, auOeH30-24-kpayH-8 u aAubeH30-30-kpayn-10 wu
HEKOTOpbIE a3zakpayHbl. Bce 3Tu coenuHeHus, kpome KpayH-adupa 9 (puc. 6),
00J1a1at0T MPEUMYIIECTBEHHOW CEJIEKTUBHOCTHIO MO OTHOIICHHIO K KallMio, HO HE
HaTputo. [lomydyeHHbIe pe3ynbTaThl SCHO MOKAa3alld, YTO KpayH-3(QUphl 00Ja1aroT
BBIPA)KEHHOM MHTHOMPYIOIIEH aKTUBHOCTBIO POCTA OMYXOJIEBBIX KJIETOK. CoriacHo
MOJIYYCHHBIM Pe3yJibTaTaM HanOoJee aKTUBHBIMU COCIUHEHUSMH OBbUINA: JTU-Mpem-
OyTUIANIIMKIOTeKcaHo-18-kpayH-6 (coenunenue 3), MUTOTOKCUYHOCTH KOTOPOTO
NpOSBIISIIaCh B CYOMHUKPOMOJISIPHOM JIMana3oHe (TO €CTh AaKTUBHOCTH 3TOTO
COEeIMHEHMs Bce eule Oosee HM3Kas, YeM aKTUBHOCTh BAJIMHOMUIMHA); IHU-mpem-
Oytunanoen3o-18-kpayn-6 (coequnenue S5), 3Hauenue [Cs) KOTOpOro MpuUMEpPHO
COCTaBJIAECT 2 MMOJIb (puc. 7).

OTH SKCHEPUMEHTHl YETKO JAEMOHCTPUPYIOT, UYTO 3aMECTUTEIU OKa3bIBAIOT
3HAUUTEIHHOE BIMSIHUE HA aKTUBHOCTH KpayH-3(DHpPOB, MOCKOJIBKY YBEIMYUBAIOT UX
ruipooOHOCTh, YTO, BEPOSITHO, MOMOTAE€T 3TUM COEIUHEHHUSM BCTPAUBATHCS B
MeMOpanbl. Tem He MeHee, HU JTUNOPUIBHOCTh, HU KOHCTAHTBI CBSI3bIBAHUS MOHOB
K', He JeMOHCTPUPYIOT JMHEHHYIO KOPPENSAIUI0 C aHTHIPOIU(EpaTHBHOM
aKTUBHOCTbBIO, YKa3bIBasi Ha TO, YTO TOJHKO COUYETAHUE PA3NMYHBIX MOJEKYJSIPHBIX
CBOMCTB ONPEIEIAI0T OMOJIOTMUECKYI0 AKTUBHOCTh BCEM XUMUYECKON CTPYKTYPBHI.
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Puc. 6. CtpykTypHbIe (hOPMYJIBI PA3TUUHBIX KpayH—a(prHHx COE/IMHEHUH, IPOTECTUPOBAHHBIX HA
aHTUNposn(epaTUBHYIO aKTUBHOCTh B paboTe MapbsiHOBHY U 1ip. [36].

Fig. 6. Structural formulas of various crown ether compounds tested for antiproliferative activity in
the work of Marjanovic et al. [36].
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Puc. 7. CpaBHeHue HHrH6I/Ipy}omeH AKTHUBHOCTH POCTa OITYXOJIEBBIX KJIETOK, U3MEPEHHON B
sHaueHus1x 1Cso, 111 pa3HbIX KpayH-3¢upoB [36].

Fig. 7. Comparison of tumor cell growth inhibitory activity, measured as ICso values, for different
crown ethers [36].

MupxomkaeB (Mirkhodjaev) w ero kosmiern W3y4yWId  MEXaHU3M
MIPOTUBOOITYXOJIEBOTO JICUCTBUS JAHAICTHII-, JUBAJICPUII- U TUHAHOHOWITUOCH30- 1 8-
KpayH-6 in vivo. OHM TpPUIUIM K BBIBOAY, YTO AHAIECTUIAMOEH30-18-KpayH-6
WHTUOUpPOBa POCT ONYyXOJu, OJIOKUPYsS KaJbI[MEeBblE€ KaHaJbl, TOrJa Kak
nuBanepunauoens3o-18-kpayn-6, Hanpotus, aeiictBoBan kak monodop Ca’" u maxe
CTUMYJIMPOBAJ POCT CAPKOMBI Y KpbIC [37].

[IpousBonnbie 4,13-nuaza-18-kpayH-6 (puc. 8), HMEOIME pa3IUYHbIC
IPOTUBOMOHBI, OBUIM MPOAHATU3UPOBAHBl W MPOSBWIM AHTUIIPOJU(PEPATUBHYIO
AKTUBHOCTH y Mbllei [38].
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Puc. 8. JlenporonupoBanHnble conu 4,13-nua3a-18-kpayH-6, umMeroniye pa3inuHble IPOTHBOUOHBI,

IIpOaHaJIM3UPOBAHHLIC HA I/IMMYHOCYHpCCCI/IBHYIO n aHTI/IHPOJII/I(i)CpaTI/IBHYIO AKTUBHOCTH y MBIIIEN
[38].

Fig. 8. Deprotonated salts of 4,13-diaza-18-crown-6 with different counterions, analyzed for
immunosuppressive and antiproliferative activity in mice [38].

Jlpyrum npuMepoM BBISIBIEHHOW aHTUIPOJIU(EpaTUBHON aKTUBHOCTU KpayH-
3(UpOB ABIAIOTCA HccienoBaHusi, oTpaxkeHHele B nateHte CIIA [39], B koTOopoMm
OMMCaHbl JapuaT-3pupsl Ha OCHOBE 18-KpayH-6 C aJaMaHTUIOBBIMH OOKOBBIMH
3amecTuTtensaMu (puc. 9).
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Puc. 9. Jlapuar->¢upsl Ha ocHOBe 18-kpayH-6 ¢ aJaMaHTHUIOBBIMH OOKOBBIMHU 3aMECTHTEIISIMH,
MIPOSBIISAIONINE AaHTUIIPOIU(EPATUBHYIO AKTUBHOCTh M IMTOTOKCHYHOCTD ISl HECKOJIBKUX JTHHUIN
OTTyXOJIEBBIX KJIETOK [39].

Fig. 9. Lariat ethers based on 18-crown-6 with adamantyl substituted side chains, exhibiting
antiproliferative activity and cytotoxicity for several tumor cell lines [39].

TecTupoBaHue MOKa3aHHBIX COETUHEHUN MPOBOANIOCH Ha KIIETOUHBIX JTUHUSAX
yenoBeka. beum ucnonb3oBanbl auHuu MCF-7 (pak MosiouHoi xkenesbl), SW 620
(pax Toncrori kwmmiku), HCT 116 (pak Tosncroir kumku), MOLT-4 (octpsrit
numdoobnactaeii Jeiko3), H 460 (pak nerkux), Hela (mieiika MaTku KapiuHOMA),
paK MOKENyIoYHOM >Keje3bl. B maTeHTe mnpuBOAUTCA MOAPOOHOE OMHCaHHE
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MpOIeyphl TPOBENCHHSI OWOJIOTHYECKON OreHKu. [IpeacTtaBieHsl TaOIUYHBIC
nanHble 1Cs) OTHOCUTENIPHO YKa3aHHBIX BBIIIEC KJICTOYHBIX JUHUM. AKTUBHOCTD 4,13-
nuasa-18-kpayH-6 Oblia KpailHe HU3KOM, a BBICOKAsl aKTUBHOCTh MPOTUB KIJIETOUHBIX
JMHUM ObLj1a TOJIyYeHa ¢ TTIOMOIIIBIO IBYXIIEIIOYEYHBIX JapuaT-3¢upos [39].

bupon (Biron) ¢ kojuieramMu pa3paboTarid W CO3JANTM  MENTHIHBIC
HAHOCTPYKTYPBI, COAEPIKAIINE HECKOJIbKO MaKPOLMKIMYECKUX KOJell, 00Jaaaroniue
Oouonornyeckoi akTUBHOCTBIO (puc. 10). AHTUMUKPOOHONM AaKTHUBHOCTH MJIsi STUX
MENTUIHBIX HAaHOCTPYKTYp oOHapyxeHo He Obuto. Tem He MeHee, HabIOgaNIach
3HAYUTEIbHAS TUTOTOKCUYHOCTh ATUX KPAYH-TIENTUIOB MPOTUB OMYyXOJEBBIX KIETOK
MOJIOYHOW >KeJIe3bl W JIEMKO3HBIX KJIEeTOK. [Ipyu 3TOM momguyepkuBaeTcsi, 4TO JJIMHA
TaKOW HAHOCTPYKTYPHI OJDKHA OBITh 3—4 HM, 4TOOBI BCTpamBaThCs M A(H(PEKTUBHO
dbopmupoBaTh TMOPHI B KJIETOUYHOM MeMOpaHe, BbI3bIBAsA, TaKUM 0Opa3om,
LIMTOTOKCUYHOCTH [8&].
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Boc N Nl N OMe
\R O \{/ O RR D_ 3

Puc. 10. Hanoctpykrypa kpayH-nientuaa [8].
Fig. 10. Crown peptide nanostructure [8].

B pabote [40] dyHKUMOHATU3UPOBAHHBIE KpayH-3QUpPbI ObUTM pa3padOTaHbI
st B3aumogeinicteus ¢ JJHK, ¢ menpio ankuiaupoBaTh M pacllleNUTh €€, YTOOBI
MHIYLMPOBAaTh MPOTUBOOMYXOJIEBYIO AKTHMBHOCTb. AKIEHT ObLT cleJaH Ha
COBMECTHOE BO3/JICHCTBUE JIBYX PA3JIMYHBIX (PYHKIMOHAIBHBIX YaCTEH: OJIHA U3 HUX
BeimonHsia  JIHK-unTepkanupyromnyro GyHKIHMIO, a Jpyras CBs3bIBaJIa HOHBI
METaJIJIOB. Bl MpoBeIeHBI HCCIEI0BaHUS 110 U3YYEHHUIO CIOCOOHOCTH CBS3bIBAHUS
JHK u mHTepKansiuu pa3iudHbIX KPayH-COSAMHEHUN C BapUAHTHBIMU OOKOBBIMH
nensimu (puc. 11 a, b) [41].

a) (/\O/\l b) ‘ =
o o A
~ Jok .9/\&0 o d om O
L) RN
= /[ W, P o O/\\_/O
o (o

Puc. 11. CTpykTypsl KpayH-2(hUpOB, CHHTE3UpOBaHHbIE 1Jis B3aumoaeicTeus ¢ JIHK, rae
cyObeIMHUIIA: a) aHTPaXWHOH Ui b) akpunus [41, 42].

Fig. 11. Structures of crown ethers synthesized for interaction with DNA with a subunit based on:
a) anthraquinone, or b) acridine [41, 42].

Nurepkanstopsl JJHK, cBs3anHbIe ¢ KpayH-3(DUpPOM, TaKHME KaK MPOU3BOIHbBIE
aKpuIMHA W AaHTPAXWMHOHA, JIEUCTBUTENbHO MPOJEMOHCTPUPOBAIN YCUICHHOE
cesa3piBaHue ¢ JIHK B mpucyTcTBUM ompenerneHHbIX MOHOB METAJUIOB, Osaroaaps
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KOOPJIMHAIIMOHHBIM CBOWCTBAM KpayH-3()UPHBIX (PparMEeHTOB, KOTOPHIE CBS3LIBAIH
9TH KaTUOHBI, CTAOUIIM3UPYS, TAKUM 00pa3oM, KoMmIuieke [41].

B pabore [42] ommcaH cuHTe3 (PIIyOpECIEHTHBIX JIMTAHJIOB aKPUIOHO- U
THOAKPHUJIOHO- | 8-KpayH-6 ¢ XMMHUOTEpaNeBTUUECKUM MpUMEHEeHUeM (puc. 12).
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Puc. 12. ®nyopecuieHTHbIE TUTaH/bl aKPUAUHO- U (THO)aKpUIOHO-18-kpayH-6 [42].

Fig. 12. Fluorescent ligands of acridine- and (thio)acridone-18-crown-6 [42].

B pabGorax [43-45] aBTOpEl CMOTJM C€O3/1aTh COCAUMHEHUS, KOTOPHIE
ankuupyroT u pacuersor JJHK, a Takxke ocTaHaBIMBaIOT POCT PAKOBBIX KIIETOK,
UX CTPYKTYpHI IIPUBEICHBI HA pUCYHKE 13.
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Puc. 13. KpayH-3¢upHble coeTuHEHUS, TpeAHa3HAYEHHBIC [T KOBAJIGHTHON MOIU(PUKAIINH
(amxkunupoBanus) u pacmervienns JJHK: a) rerpa(asupununmn)napuatasiii a¢up [43]; b)
ouc(mponaprui)cynbonkpayH-aup [44].

Fig. 13. Crown ether-based compounds designed for covalent modification (alkylation) and DNA
cleavage: a) tetra(aziridinyl) lariat ether [43]; b) bis(propargyl) sulfone crown ether [44].

ABUPHIVHIIPOU3BOAHBIE ~ AJKWIMPYIOIIUE AareHThl SBISIIOTCA  CHJIBHBIMU
IPOTUBOOMYXOJIEBBIMU ~ IIpENapaTaMy, OJHAKO WX JCHUCTBHE COINPSIKEHO C
HEeXeNaTeIbHBIMU MOOOYHBIMU 3P (PEeKTaMH, TAKUMH KaK TOKCUYHOCTb ISl KOCTHOTO
mo3ra. [IoaToMy MHOKECTBO UCCIEI0BaHUI OBLIIO HANPABIEHO HA TO, YTOOBI CBECTU
K MUHMUMYMY 3TOT CYIIECTBEHHBIH HEIOCTATOK MYTEM MPUCOECIUHEHHUS Pa3TMYHBIX
3aMeCTUTENIe C MPOTHUBOOIYXOJIEBBIMU (parMeHTaMu. Pabota [43] mocBsiieHa
pa3paboTKe COEAMHEHUM, COJIEpKAIINUX a3UPUIMHOBBIE TPYIIIbI, CBS3aHHBIE C KPayH-
comepxkammM  1uKIoTpudocdazeHom,  UTO  AOMHKHO  OBUIO  YIYYIIUTH
TeparneBTUYECKUE CBOMCTBA aszupuauHmInukiodochaseHoB. [ns srtoro Obul
CHUHTE3UpPOBaH TeTpa(a3upUAUHUI)IapUaTHeIi 3Qup M ObUIa MPOTECTUPOBAHA €O
IIPOTUBOOIYXO0JIEBAsI AKTUBHOCTD 7 Vitro, a TAKXKE MPOBEICH CKPUHUHT CBA3aHHOU CO
CllMdom numpombl. DTO  COEIWHEHHUE  NPOAEMOHCTPUPOBAIO  BBICOKYIO
LIATOCTAaTHYECKYIO0 aKTUBHOCTH B pe3yibrare B3anmonenctsus ¢ JJHK, mocpencteom
cuHepruueckoro d3@¢exkra B3aUMOJIEUCTBYIOIIET0O C METaIOM IIeHTpa U
ANKWIMPYIOLEH COCOOHOCTU a3upUAMHOBOW Tpymmbl. B pesynbTaTe moBpexaeHUs
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JIHK mnpoucxoaut ocTtaHOBKa mOpoiudepanuud KJIETOK, YTO TIO3BOJSET CUYUTAThH
JAaHHOE COCAMHEHUE IMTOCTAaTHYECKUM TnpernapartoM (puc. 14) [43].

AN\ A
AL

Puc. 14. Terpa(azupuaunui)iapuaTHeiii a¢up [43].
Fig. 14. Tetra(aziridinyl) lariat ether [43].

B paGote [46] cuHTe3upoBaIu W HCCIAEAOBAIA OUOJOTHYECKYI0 aKTUBHOCTH
psAla OSTWIALWIBHBIX  IMPOU3BOJHBIX Ha oOcHOBe 18-kpayn-6 (puc. 15).
AHTUnponudepaTtuBHOE NEUCTBUE In Vifro MNPOJEMOHCTPUPOBATIO 3HAUYUTEIIHHYIO
AKTUBHOCTDL B OTHOIIICHHMH KJIETOUHBIX JTMHUN dejoBeka HBL-100, HelLa, SW1573 u
WiDr. AETHMUKpPOOHas OLEHKA MMOKa3aja, YTO TPU MOJIMAPOMATHUECKUX COEIMHEHHUS

OBLIIM aKTHBHBI IPOTUB 30JI0TUCTOTO cTapuiiokokka (3HaueHus MICyy ot 8,3 MKM 10
50 MKM).
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Puc. 15. CtpoeHue 3TuIalMIbHBIX IPOU3BOAHBIX Ha OCHOBE 18-KkpayH-6 [46].

Fig. 15. Structure of 18-crown-6 ethyl acyl derivatives [46].

OTKpBITHE MPOTUBOOIYXOJEBOW AKTUBHOCTH ILMCIUIATUHA JAJI0 TOJNYOK K
UCCIIEJOBAHUIO IIUTOTOKCUYECKUX CBOMCTB IPOTHUB PAKOBBIX KJIETOK KOMIUIEKCOB
OpraHUYeCKUX COEIUWHEHUW C JpYruMu MeTauiamu. J{oka3aHO, YTO KOMIUIEKCHI
Meau, KoOanbTa, HUKENs, Naulafusi, PYTeHHUS C OPraHuYeCKUMH JIMTaHAaMU
BBI3BIBAIOT AIONTO3 PAKOBBIX KIETOK [47—49]. Cuuraercs, 4To MPOTUBOOITYXOJIEBBIN
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3¢ (deKT coequHEHHH TIaTUHBI 00YCIOBICH PeaKUeil MeX a1y MIaTHHOBBIM LIEHTPOM
u HykieopuapHbiMU yuyacTkamu JIHK. B ciydae mucnnatrHa, HaripuMep, OCHOBHBIC
aIayKThl  TEHEPUPYIOTCS  BHYTPULENOYCUHBIMHU  MOMNEPEYHBIMU  CBSI3SIMH,
COCJIMHSIONIMMH LIUCIJIATUH C JBYMS COCETHUMU ryaHnHamu [50].

Tak, Hanmpumep, W3BECTHBI HEJABHHE Pa3paOOTKH KOMIUICKCOB IUJIaTHHBI Ha
OCHOBE a3akpayH-2(HpOB, aHAJOTOB IMCIUIATHHA. ABTOPHI OTMEUYAIOT MEHBIIIYIO
IATOTOKCUYHOCTh 10 CPABHEHMIO C IIUCIUIATUHOM, OJIHAKO JIy4Ille€ TPOHUKHOBEHUE
u cBszeiBanue ¢ JJHK [35, 51].

CHUHTE3UpOBAaHBI CBSI3BIBAIONIME W AJKWIMPYIOIIME areHThl Ha OCHOBE
IJIATUHBI, COJAEpIXKaIue KpayH-dpupHbIe (parMeHThl, C IEIbI0 TMPOBEPKUA HUX
MOTEHIIUAIBHOW  MPOTUBOOITYXOJEBOM AKTHUBHOCTH. CTpPYKTypbl COEIMHEHHIA
COJIEpKAT CJIOXKHBIE KpayH-d(PuUpbl U OUNUPUANIOBBIE KOMIUIEKCHI C IUIATUHOM, a
TaKke OT 3 10 S5 OTUIICHIJIUKOJBHBIX 3BE€HBEB. OJTH COCIUHEHUS IOKa3aIH
YMEPEHHYIO ITUTOTOKCHUYHOCTh B OTHOIICHUHU JIEWKO3HBIX KJIETOK (puc. 16) [52].
JpyruM mnpuMepoM IMpernapara Ha OCHOBE IUIATHHBI €  [OTEHIHAIbHBIM
IPOTHUBOONYXO0JIEBBIM 3(H(HEKTOM SBIISIETCS KOMIUIEKC 18-KkpayH-6-TeTpakapOoKcH-
ouc-nuamunoratuHei(1l) (puc. 17).
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Puc. 16. buniupuuimiaTHHOBBIN KOMIUIEKC [52].

Fig. 16. Bipyridyl platinum complex [52].
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Puc. 17. Kommnekc 18-kpayH-6-Terpakapbokcuouc-auamunmiatuabi(1l) [53].

Fig. 17. 18-Crown-6-tetracarboxybis-diamineplatinum(Il) complex [53].

[IpoTHBOOITYXOIEBYI0 ~aKTUBHOCTh 3TOI0  KOMILIEKCA IPOBEPHWIM  Ha
Pa3IMYHBIX OIyXOJEBBIX MOJIEIAX. B I€OM, MOJydeHHBIE pPe3ynbTaThl OBLIH
COTIOCTABHMBI C COOTBETCTBYIOIIEH aKTUBHOCTHIO ITUCIIIATHHA. UYBCTBUTEIBHOCTD K
HOBOMY TMpernapary MpOsBUIN JaKe KIETKH, YCTOMYMBBIC K MUCIUIATHUHY. Kpome
TOTO, TOKCHUYHOCTh TIPEJICTABIICHHOTO IUIATHHOBOTO KOMIUIEKCA in Vvivo Oblia
3HAYUTENILHO HUXKE [53].

3AKIIOYEHHUE
HccnenoBanus kpayH-3()UPOB B OTHOIICHUH WX OMOJIOTHYECKON aKTUBHOCTH
MOKA3bIBAIOT BEChbMa HEIUIOXWE PE3ydbTaThbl. AHTHUOAKTepHalbHAsi aKTUBHOCTH
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orpezesieHa Y MHOTUX IPOU3BOAHBIX KPayH-3(HUPOB U ONpPEAEsAeTcs] B OOIBIIMHCTRE
clly4aeB  JJii  TPaMIIOJIOXKUTENbHBIX  Oaktepuii.  [IpotuBorpuOkoBass
POTUBOIIApa3UTapHAsi AKTUBHOCThH KpayH-3(UPOB, CY/is MO JIUTEPATYPHBIM JaHHBIM,
u3ydyeHa KpailHe Mallo, XOTd B JIUTEpaType MPHUCYTCTBYIOT JaHHbIE OO0 YCHEUTHOM
OMbITE HMCCIEIOBAaHUS KPAayH-MOJOOHBIX CTPYKTYp B KadeCTBE MPOTHUBOTPUOKOBBIX
AKTUBHBIX BELIECTB.

CaMbIM aKTyaJIbHbIM HANpaBJICHUEM UCCIEIOBAaHUS KpayH-2>()UPOB U UX
METAJUIOKOMILJIEKCOB  SBJISIETCSI BO3MOXXHOCTb TNPUMEHEHHS 3THUX COEIWHEHHUH B
KAaueCTBE NOTEHIMAJIbHBIX NPOTUBOOIYXOJIEBBIX NpenapaToB. [Ipons3BoaHble KpayH-
3GUpPOB HCCIEAYIOTCA B KaueCTBE KaK AKTUBHBIX JEHCTBYIOIIUX COCIUHEHUH IS
XUMHUOTEPAIINU OIyXO0J€H, TAK 1 HOCUTENIEH JIEKAPCTBEHHBIX MPENapaToB K PAKOBBIM
KJIETKaM.

OcoOblll ycriex JOCTUTHYT B UCCIEIOBAHUHM KOMIUIEKCOB IUIATUHBI U MEAW Ha
OCHOBE a3aKkpayH-3(pUpoB, aHAJOrOB M3BECTHOro LuciiaTuHa. HoBble coennHeHus
UMEIOT BBICOKYI0 IUTOTOKCHYHOCTH M BBICOKYIO cTeneHb cBsa3biBaHus ¢ JIHK
PAKOBBIX KJIETOK.
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Abstract — Photocatalytic activity of the hybrid photocatalyst (diatomite/titanium dioxide, DTD)
based on nano-sized titanium dioxide grafted on the diatomite surface was tested in advanced
oxidation processes (AOPs) by measuring degradation of phenol in model contaminated aqueous
solutions under UV illumination. The hybrid catalytic system was synthesized via a modified
heterogeneous hydrolysis procedure in the presence of diatomite by using titanium tetrachloride as
titania precursor. The photocatalyst showed high activity in photocatalytic decomposition of phenol
in aqueous solution. The degradation degree was up to 90% in 180 min depending on initial phenol
concentration. The experimental results obtained for the photodegradation kinetics of phenol
showed a good agreement with the Langmuir-Hinshelwood model of adsorption with the external
diffusion as the determining step of the process. The prepared DTD composite at a loading of 2 g/L
was able to mineralize phenol under UV irradiation in aqueous solution at initial
phenol concentration of 10 g/l within 54 min of photocatalytic process up to the maximum
allowable concentration level (MAC) for phenol in wastewater (~5 mg/L).

Keywords: titanium dioxide, diatomite, AOPs, photocatalysis, phenol, mineralization, water
treatment.
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HYBRID NANO-TITANIUM DIOXIDE/DIATOMITE PHOTOCATALYST

AHHOTAMA — B cTaThe MpeacTaBIeHBI Pe3yabTaThl U3Y4eHHS (OTOKATATUTHUECKON aKTUBHOCTH
TUOPUAHON KATaJMTUYECKOW CHCTEMbl TUATOMUT/ITUOKCHA THUTAaHA, NPEACTABIAIOIEH CcoOon
KOMITO3UT Ha OCHOBE HAHOPA3MEPHOTO JUOKCHA TUTaHA, IPUBUTOTO HA MOBEPXHOCTh JMATOMUTA,
KoTopasi ObUla NMpUMEHEHa i pa3jioXeHHs (eHoja B BOJHOM pacTBope moj neictBueM YD
U3IY4YeHUs, Kak mnpuMep 3(P(PEKTUBHBIX OKHCIUTENbHBIX mpoueccoB Tunma AOPs (Advanced
Oxidation Processes). KaraimmzaTtop Obul CHHTE3UpOBAaH METOAOM  MOJIU(DHUIIMPOBAHHOTO
TeTepOreHHOr0 TUAPOJIM3a B TMPUCYTCTBHHM TUATOMUTA C HUCIOJIH30BAHHUEM YETHIPEXXJIOPHUCTOTO
TUTaHA B KayecTBe IMpeKypcopa JUOKcuaa TuTaHa. @DOTOKATalIM3aTOp IOKa3ald BBICOKYIO
aKTUBHOCTh B pa3OKeHHH (PEHONa B BOJHOM pacTBOpE: TakK, CTENEHb JAerpananuu (eHola
nocrurana 90% B teuenne 180 MMH mponecca B 3aBUCHMOCTHM OT HMCXOJHOM KOHIIEHTpaluu
3arpsI3HSIONIEro BemecTBa. Kunernka mpomecca (poTopasznokeHus XOPOIIO OMUCHIBACTCS MOJIEIBIO
aacopO1uu Jlenrmopa-XuHienbByaa. [1oydeHHbI KOMITO3UTHBIA KaTaau3aTop MpH 103€ 2 I/1 U
UCXOTHOM cojepxanuu ¢eHona 10 r/n ymamser 3arps3HUTENbh W3 BOJHOTO PacTBOpa, JOCTHUTAS
snauenuit [1JIK no ¢eHomny B cTouHbix Bonax (~5 mr/i) B Teuenue 54 MuH GpoTOKaTanmn3a.

Kniouesvie cnosa: nMOKCHI THTaHa, AWATOMHUT, 3()(EKTHBHBIC OKHMCIHUTEIbHBIC IPOIECCHI,
dbotokaranu3, GeHo, MUHEPAIU3AIIHS, OYUCTKA BOJIBI.

INTRODUCTION

In recent decades, the chemical safety of drinking water contaminated by the
presence of organic pollutants is increasingly becoming one of the major concerns
worldwide. Currently available water treatment technologies, such as adsorption or
coagulation are dealing with simple concentrating contaminants present in water by
transferring them from one phase to another, but eventually the pollutants still remain
intact and are scarcely ‘eliminated’ or ‘destroyed’ completely. Other traditional water
treatment procedures such as sedimentation, filtration, chemical and membrane
technologies are associated with high operating costs and can lead to the formation of
toxic secondary pollutants in the environment.

Alternatively, photochemical technologies are applied which use chemical
oxidants in the presence of a suitable catalyst and/or ultraviolet light to oxidize or
degrade the pollutants involving a wide range of chemical structures and resulting in
their conversion into less toxic substances which are more readily biodegradable.
These technologies, known as advanced oxidation processes (AOPs) [1—4], are being
extensively explored, particularly, for degradation of various types of pollutants of
industrial wastewater [5-7].

AOPs procedures can be especially useful for the treatment of wastewater
containing highly toxic organic compounds and pollutants, which can’t be removed
using biological procedures, except for water treatment from bacteria, since bacteria
are able to be adapted to almost all kinds of toxic environments. AOPs are driven by
the formation of highly reactive species, mainly hydroxyl radicals that are capable of
breaking down pollutants through oxidation reactions. The AOPs-generated hydroxyl
radicals quickly and nonselectively react with organic compounds, which results in
complete mineralization of pollutants to carbon dioxide, water and inorganic salts, or
at least to the formation of non-hazardous organic compounds [8, 9].

One of the most important types of AOPs is heterogeneous photocatalytic
oxidation, commonly known as photocatalysis [10, 11]. With this approach, harmful
organic substances are decomposed in the presence of a catalyst and ultraviolet (UV)
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irradiation without generating secondary harmful pollutants. The photocatalyst is
activated by the absorption of photon and is capable of accelerating chemical reaction
without consuming from another energy source.

In general, photocatalysis proceeds in the following five stages:

1. Supply of the reactants from the bulk solution to the catalyst surface;
2. Adsorption of reactants on the surface;

3. Reaction of adsorbed reactants on the catalyst surface;

4. Desorption of reaction products;

5. Removal of the products from the liquid/solid interface.

In aqueous media, the photocatalytic reaction (stage 3) is mostly the
photocatalytic degradation of organic pollutants in the presence of a semiconductor as
the photocatalyst, more often TiO; [12, 13].

At present, AOP-based technology of UV/TiO, photocatalytic oxidation 1is
gradually receiving greater attention in water treatment studies [14—16]. The recent
huge research interest in using TiO, as a photocatalyst can be attributed to its
excellent ability to completely degrade a wide range of organic pollutants to CO, plus
H,O due to its low cost, chemical stability and high efficiency properties [17, 18].

Laboratory studies on photocatalysis are typically performed using nano-sized
catalyst suspended in the reactor. The catalyst in these experiments is uniformly
dispersed in the solution as it passes through the reactor. The uniform catalyst
distribution provides very high surface area to volume ratios with lower mass transfer
limitations.

However, titania nanoparticles (TNPs) show certain shortcomings in terms of
large-scale practical application and commercial profit, which can result in a low
photocatalytic efficiency and higher cost: strong tendency to aggregate, difficulties
with TNPs recovery from the solution after treatment and low adsorption properties.
To overcome these shortcomings, many researchers have been focused recently on
immobilizing TNPs on supports having high surface area and excellent adsorption
capacity [19-24]. This approach may improve the TNPs distribution in suspension
which facilitates adsorption and concentration of target substances.

Recently, porous non-metal minerals have been proposed as supports of TiO»-
based photocatalysts, such as perlite, zeolite and others due to their low costs.

The support must meet the following requirements: high surface area, sufficient
thermal resistance and mechanical stability, inexpensiveness, conformability to
reactor configuration, and usability for coating process.

In this context, diatomite can be one of the most suitable supports for titania
nanoparticles due to its unique physicochemical properties [25-36]. Diatomite (or
diatomaceous earth) is a mineral deposit of diatomaceous algae, which had been
accumulated starting from the Miocene period. Amorphous silica is the main
ingredient of diatomite, which is usually accompanied by variable quantities of other
materials (metal oxides, clays, salts (mainly carbonates), and organic matter).
Diatomite is abundant in many locations across the globe and exhibits unique
physical characteristics, such as high permeability and porosity (35-65%), small
particle size, low thermal conductivity and density along with high surface area [37—
39].
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Thus, a combination of diatomite and nano-sized titanium dioxide can yield a
photocatalyst with high values of specific surface and photocatalytic activity.

Phenols are important chemical compounds in terms of their widespread use in a
variety of manufacturing processes. For example, phenol is commonly used in the
production of phenolic resins, bisphenol A, caprolactam, and chlorophenols, such as
pentachlorophenol. However, these chemicals pose a serious threat to the
environment, water supply and human health as a result of their inertness, toxicity,
ability to destroy the endocrine system and carcinogenic behavior [40, 41]. The
European Union, United States and Canada included several types of phenols on the
list of priority pollutants [42—44].

The minimum allowable concentration of phenol in wastewater is 5 mg/L, as
prescribed by the World Health Organization (WHO) [45].

Therefore, wastewater contaminated with phenols and similar toxic compounds
requires special treatment prior to its discharge into water bodies.

Phenols can be removed from water by means of physical processes, such as
flocculation, precipitation, adsorption with activated granular carbon, application of
mineral sorbents [46—50] or reverse osmosis [51, 52]. Enzymes and microorganisms
have also been used to eliminate phenols [53-56].

However, the application of these processes is limited due to the high cost of
the catalyst and the short-term catalytic activity [52]. Biological processes have also
been applied to remove phenolic compounds. However, in many cases, phenols
inhibit microorganisms to the minimum levels [52, 57].

Advanced oxidative processes (AOPs) have been successful in removing such
non-easy degradable contaminants as phenol since they can achieve complete
oxidation [58—64].

This work is focused on studying photodegradation of such a toxic substance as
phenol from aqueous solution with the help of preliminarily prepared photocatalyst
based on nanodimensional TiO, deposited on the surface of diatomite (diatomite/titan
dioxide, DTD) under UV illumination. The substantiation of the synthesis method
and a detailed characterization of physicochemical and adsorption and structural
properties of the obtained composite are described in our previous study [65].

The removal efficiency of phenol from aqueous solution has been studied as a
function of catalyst loading, pH of solution, phenol initial concentration using two
types of procedures: 1) under dark conditions (adsorption), and 2) under UV
illumination (photocatalytic degradation).

EXPERIMENTAL
Samples of the synthesized nanocomposite DTD (~20% TiO,) were used as
adsorbents. DTD was obtained via heterogeneous hydrolysis of TiCl, in the presence
of a suspension of diatomite. The diatomite used in the study was supplied from the
deposits of Vyshkautsy village in the Orgeev region in Moldova after an appropriate
purification.
Titanium(IV) chloride (TiCls, 99.9%), ammonia (NH4OH, 25%) were purchased
from Sigma Aldrich.
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Typical DTD preparation procedure: 2.0 g of purified diatomite was dispersed in 50
mL of TiCly solution of required concentration to obtain TiO, content of about 20
wt.% under continuous of stirring for 30 min; next, drop by drop NH4OH solution
was added until the adjustment of the required pH value and left for stirring within 60
min.

After that, the mixture was centrifuged and the precipitate was separated from
the centrifugate, washed with distilled water until the negative reaction for chloride
ions was observed, and then dried for 12 h at ambient temperature followed by 4 h at
110°C for 4 h, and further calcined at 450°C for 2 h. The samples were stored in a
desiccator at room temperature before their further research and processing. The
composition of the starting diatomite and DTD composite are presented in Table 1.

Table 1. Composition of the starting diatomite and DTD catalyst
according to atomic absorption analysis data

Composition, %
. . Loss on
Sample | SiO2 | TiO2 | Al2O3 | Fe:O3 | CaO | MgO | K20 | NaxO Y %, %
1gnition
Din 79.8 | 0.11 | 344 | 082 | 1.46 | 1.30 | 0.55| 0.35 12.01 100.01
DTD 56.0 | 19.20 | 2.59 | 0.53 | 046 | 0.62 | 0.25 | 0.23 10.20 100.14

Material Characterization

Crystal structure, chemical composition and adsorption-structure properties
(specific surface area, adsorption pore volume, effective pore radius) of
nanocomposite and its components were determined with XRD, XPS and EDX
analyses and low temperature adsorption of nitrogen. The specific surface area (Syp),
adsorption pore volume (V) and effective pore radius (ref) have been calculated by
BET method from nitrogen adsorption - desorption isotherms.

The crystallite size of nano TiO, particles (anatase) was estimated by applying
the Debye—Scherer equation. The data are shown in Table 2.

Table 2. The adsorption—structural properties of the DTD composite and its components

Sample | % of TiO> | S, m%g | Vs,ecm’/g | Vma,cm/g | re, A | Tima, D part., M
Din 0 36.449 0.136 1.30 17.40 722 -
DTD 19.2 88.1 0.256 0.879 40.02 200 7.74
TiO2 100 128.447 0.492 0.276 36.58 43 26.02

Detailed characteristics are presented in the work [65]

Phenol (C¢HsOH, 96%), hydrochloric acid (HCI, 35 wt.%) and sodium
hydroxide (NaOH) of analytical grade (for pH adjusting) were purchased from
Aldrich (Germany).

For the preparation of solutions, double distilled water was used. All the
experiments on the adsorption study were carried out under the following conditions:

Into 50.0 mL of aqueous phenol solution with an appropriate initial
concentration 0.1 g of the sorbent sample was added with constant stirring for
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equilibration period of time. The amount of adsorbed phenol, a, mg/g was determined
using the equation:
. :(CO—Ce)-v’
m
where Cp and C,, mg/L — initial and equilibrium phenol concentration in solution,
respectively; v, L — the solution volume; m, g — the sorbent weight.

After adsorption, the solid phase was separated from liquid by centrifugation.
Analysis of all solutions for phenol content was carried out spectrophotometrically
with diazotized para-nitro aniline method according to the known procedure of
determination of optical density at the characteristic wavelength of 540 nm using
two-beam spectrophotometer KFK-2 (PA ZOMZ, Russia) [66], pH of water solutions
were measured using an ionometer 1160-M (LLC Antech, Belarus).

All the experiments were conducted in duplicate to verify the results
reproducibility.

RESULTS AND DISCUSSION

Determination of optimal parameters of phenol adsorption by DTD

Since the adsorption of a target compound plays a great role in photocatalytic
degradation process, a series of experiments was firstly conducted in order to
investigate adsorption of phenol elimination on DTD. The adsorption of phenol was
studied depending on its initial concentration, pH of the suspension; sorbent dose,
and process duration (adsorption kinetics). From experiments carried out in the dark,
in the presence of DTD (data are not shown), the optimal parameters for adsorption
of phenol by DTD were determined as follows: pH of solution 4.5; sorbent dose
2 g/L; the optimum adsorption time at equilibrium — 180 min.

These parameters were taken as the basis for further phenol photodegradation
study.

Photodegradation of phenol using DTD photocatalyst under UV irradiation

The parameters of phenol photodegradation under the action of UV irradiation
with DTD as a photocatalyst were studied as a function of the initial phenol
concentration, pH of the solution, dose of photocatalyst, and duration of exposure to
UV irradiation.

Effect of initial phenol content

The effect of the initial phenol concentration (Cy) on the photocatalytic
degradation of the pollutant was studied within the concentration range of 4—-18 mg/L
at a catalyst loading of 2 g/L. All the experiments were conducted for an irradiation
time of 180 min at ambient temperature at pH = 4.5.

The concentration range was chosen due to practical considerations (such
concentrations are usually detected in environmental and waste waters).

It was found that the efficient phenol degradation could be achieved over the
whole investigated range (Fig. 1).

As expected, the following effect of the initial pollutant concentration on the
degree of photodestruction of the phenol was observed: the higher the initial
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concentration, the lower the degree of phenol removal from the solution (Fig. 1).
Precisely, after 10 min of UV irradiation an elimination yield of 47.9% was obtained
for the initial phenol concentration of 4.96 mg/l compared to 16.9% for the
concentration of 10.74 mg/L and only 8.7% for the initial phenol concentration of
16.8 mg/L. This can be explained by the fact that with the increase in initial pollutant
concentration the number of available sites on DTD surface is reduced due to the
adsorption on the catalyst surface which leads to a slowing down in the light
penetration affecting the hydroxyl radical generation and pollutant oxidation.
Consequently, this results in a decrease in the pollutant removal [67].
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Fig. 1. Effect of initial concentration of phenol on degree of its photocatalytic destruction by
applying DTD under UV irradiation (pH = 4.05; T =20°C, catalyst dose =2 g/L).

Effect of pH of solution on phenol photodegradation on DTD

The effect of pH on phenol photodegradation degree was studied in the pH
range of 3.0-10.0 at phenol initial concentration of 10 mg/L. As can be seen from
Fig. 2 (where the whole studied pH range is not shown), the pH of the solution
greater than 4.2 does not significantly affect the degree of phenol elimination.

The pH value of 4.5 was further applied to all the subsequent experiments on
photodegradation of phenol with photocatalyst DTD to avoid the pH adjustment step.

Photocatalyst dosage is another important parameter which can affect the
pollutant degradation. Therefore, it was necessary to study its effect to optimize the
photodegradation reaction and to avoid overuse of the catalyst. The experiments were
carried out varying the loading of DTD from 0.5 to 4.0 g/L using the following
conditions: pH = 4.5, initial phenol concentration of 10.74 mg /L, and irradiation time
of 180 min. It can be seen from the data presented in Table 3 that the catalyst dosage
plays a specific role in the process studied: photocatalytic degradation of the target
compound is gradually increased with the increase of photocatalyst loading up to 2.0
g/L. Further increase in catalyst loading results in decrease of phenol elimination
degree.
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Fig. 2. Dependence of degree of photodestruction of phenol using DTD under UV irradiation on pH
of solution (initial phenol concentration 10 mg/L; catalyst loading 2 g/L; T =20°C, t = 180 min).

Effect of catalyst loading

Table 3. Effect of DTD photocatalyst loading on phenol degradation degree

Catalyst dose, g/L | 05 1.0 1.5 2.0 2.5 3.0 3.5 40

Phenol removal, % 8.38 29.32 38.64 55.95 53.44 39.48 | 25.74 16.76

Thus, 55.95% of pollutant are removed at the catalyst concentration of 2.0 g/L, but
only 8.38% of elimination efficiency is achieved for catalyst concentration of 0.5 g/L,
and 38.64% for dose of 1.5g/L. The increase in the degradation degree with the
catalyst loading was reported to be associated with an increase in the active surface
sites of photocatalyst [68, 69].

We assume that the observed phenomenon is apparently due to the initial
increase in the number of available photocatalytic sites with the increase of the
catalyst dosage. Further on, the turbidity factor starts to be relevant, and the higher
the DTD mass, the photocatalytic centers become less accessible for the photon
absorption leading to a reduction of OH® radicals available for the photocatalytic
reaction. A similar kind of effect was reported by other researchers studying
photocatalytic degradation of organic compounds [68, 69].

To this end, an optimum photocatalyst concentration of 2 g/I. and was applied
for the rest of experiments.

Kinetic study of phenol photocatalytic degradation
Duration of the process for phenol degradation using the DTD catalyst under
UV irradiation was studied to obtain the equilibration time value.
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Fig. 4 shows the dependence of the degree of phenol decomposition on the UV
irradiation time. It can be seen, the duration of 180 min is enough to reach the
equilibrium. Further increase of time is not accompanied by visible changes in the
degree of phenol removal and is found to be unreasonable.

The mechanism of phenol photodegradation on the DTD hybrid nanocomposite
under UV irradiation was considered using the Langmuir-Hinshelwood model.
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Fig. 3. Kinetics of phenol degradation on DTD photocatalyst under UV irradiation in aqueous
solution (pH =4.5; T = 20°C; catalyst loading 2g /L; Cin = 10 mg/L).

For many organic compounds, the effect of their concentration in water on the
photocatalytic decomposition reaction rate is often found to fit the Langmuir-
Hinshelwood (LH) kinetic model [70, 71].

The L-H model is described by the following equation:
Co=C,xexp(—K,gxt+A),

where C., mg/L, is phenol concentration at equilibrium; C,, mg/L, is the initial
concentration of phenol; Ky is Langmuir-Hinshelwood’s constant; t, min, is reaction
time; A is the coefficient of the equation.

Fig. 4 represents the results of the corresponding nonlinear modeling using
OriginPro 2015 soft.

As can be seen from Fig. 4, the kinetics of phenol photodegradation is well
described by the Langmuir-Hinshelwood model (with a correlation coefficient
R?=0.9191) showing that the reaction belongs to the first order. However, it is
difficult to draw a conclusion about the limiting stage from the available results,
whether the kinetic area or the diffusion of the agents to the surface limits the
reaction; some additional research is needed.
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Fig. 4. Kinetics of phenol photodegradation using DTD nanocomposite; experimental data and data
obtained by nonlinear modeling according to Langmuir-Hinshelwood model (Cin = 10.74, pH = 4.5;
t =120 min; T = 20°C, sorbent dosage 2 g/L).

Efficiency of DTD in removing phenol to maximum allowable concentration (MAC)
level

A series of experiments was performed to investigate the efficiency of
photolytic removal of phenol by UV irradiation. The results (Fig. 5) show rather low
phenol removal efficiency (6%) under UV irradiation in the absence of a catalyst (i.e.
by photolysis).
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Fig. 5. Comparison of efficiencies of photolysis, adsorption and DTD-photodestruction by time
dependences of residual phenol content (Cin = 10.74 mg/L; pH = 4.5; T = 20°C, catalyst loading 2
g/L).
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The results for photolytic phenol destruction were compared with those
obtained for adsorption on DTD in dark and photocatalytic degradation in presence of
photocatalyst DTD under UV irradiation, and a significant decrease in degradation
degree was revealed for photocatalytic data under the same experimental conditions.
These results clearly indicate that the phenol degradation observed in the presence of
the catalyst is only due to the activity of the catalyst. At the initial phenol
concentration of 10.74 mg/L, MAC would have been reached by photocatalytic
degradation in 54 min, while during the same time only ~30% of the contaminant was
removed by simple adsorption, not to mention that phenol is decomposed during
photocatalysis, and upon adsorption, it simply passes into another phase without any
change.

CONCLUSIONS

The photocatalytic activity of a hybrid catalyst based on diatomite and
nanosized titanium dioxide grafted on its surface (DTD), was studied as an example
of AOPs application to phenol photodegradation.

The high efficiency of the DTD photocatalyst was observed in the
decomposition of phenol in aqueous solution under UV irradiation: the degree of
removal of the pollutant reached 90% in 180 min of photocatalysis.

Adsorption in the dark and photolysis under the action of UV radiation without
the presence of a catalyst led to a slight removal of phenol from the aqueous solution.

The photocatalytic removal of phenol was found to be strongly affected by the
initial pollutant concentration, pH and catalyst loading. It was shown that
photocatalysis with DTD under UV radiation made it possible to achieve the degree
of purification of the resulting aqueous solution of phenol, corresponding to the MAC
level for wastewater (5 mg/L) at an initial phenol concentration of 10 mg/L, catalyst
doze of 2 g/L, and pH = 4.5 within 50 min of the process.

The kinetics of photodecomposition of phenol in the presence of DTD is well
described by the Langmuir-Hinshelwood model.

Overall, the presented results indicate that the hybrid photocatalyst derived
from diatomite and nanosized TiO, can be very effective in AOPs mediated
purification of contaminated aqueous solutions from toxic organic pollutants such as
phenol.
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AnHoTanua — UVcciaegoBaHue OTHOCHTCS K aKTyallbHOMY HaNpaBJICHUIO MCIOJb30BaHUS
3G (EeKTUBHBIX OKHUCIUTENBHBIX MPOLECCOB Ui Jerpajallid OpPraHUYECKUX 3arps3HUTeseH
cTouHbIX BoA. CHHTE3MpoBaHBI 00pa3ibl nosirpeHmIheppocuiokcaHa U KOMIIO3UTBI Ha OCHOBE
OMOTeHHOT 0 JTUOKCHIa KpeMHUS, MOJTy4aeMoro u3 pucoBoi HIeNTyXH, u
nonupeHUIPEPPOCHIIOKCaHa C Pa3IMYHBIM COOTHOIIeHneM. Hannune ¢pyHKIMOHAIBHBIX TPYII HA
MOBEPXHOCTH  KOMIIO3UTOB  HccienoBaHo  Mmerogom  UMK-cnektpockonuu.  MccnenoBana
KaTAIUTUYCCKAsA AKTUBHOCTb IIOJTYYCHHBIX 06pa3u0B B pcaknuu Acrpagaiiiu MCETHUJIOBOT'O
opamkeBoro (pH =6,8) B ycnopusix Y®-00mydeHHss ¥ B NPUCYTCTBUU TEPOKCHAA BOJOPOJA.
[TokazaHo, 9TO KOMIO3UT C COOTHOUICHHEM MOIUPEpPPOPEHUICUIOKCAHA K JUOKCHIY KPEMHUS,
paBHOM 1 : 1, oTiM4aeTcs BBICOKOW KATATMUTHYECKOW AaKTUBHOCTBIO M CTAOMIBHOCTHIO PabOTHI B
peakuuu JAerpajalvy METHJIOBOIO OPAaH)KEBOI'O B YCIIOBMAX OJKCIEpPUMEHTA. [[aHHBIM maTepual
MOXET OBITh HMCIIOJB30BaH KaK HEJAOPOTON M AKOJIOTHYHBIM DEHTOH-MOJOOHBIA KaTaau3aTop s
OYHNCTKH CTOYHBIX BOJ OT CTOUKHX OpTaHUYCCKUX 3anH3HHTeHeﬁ.
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Abstract — The study is performed in line with a currently topical trend of using Advanced
Oxidation Processes (AOPs) for degradation of organic pollutants in wastewater. Samples of
polyphenylferrosiloxane and composites on the basis of biogenic silica obtained from rice husk, and
polyphenylferrosiloxane with different component ratios have been synthesized. The presence of
functional groups on the surface of composites is studied by IR spectroscopy. The catalytic activity
of the obtained samples in the degradation reaction of methyl orange (pH =6.8) under UV
irradiation and in the presence of hydrogen peroxide has been studied. It is shown that the
composite with the 1 : 1 ratio of polyphenylferrosiloxane to silicon dioxide is characterized by high
catalytic activity and stable functioning in the degradation reaction of methyl orange under
experimental conditions. The obtained material can be used as an inexpensive and eco-friendly
Fenton-like catalyst for efficient removal of persistent organic pollutants from wastewater.

Keywords: polyphenylferrosiloxane, amorphous silica, rice husk, Fenton-like catalysts.

BBEJEHUE

B nocneanue roapl 115 O4YMCTKU TPOMBIIIUIEHHBIX U OBITOBBIX CTOYHBIX BOJ OT
OpraHUYeCcKUX MOJUTIOTAHTOB HamboJee MEPCIEKTUBHBIMU SIBISAIOTCS 3(P(EKTHUBHBIC
okucnutenbHble Tporecchl (Advanced Oxidation Processes — AOPs), koTopeie
IIPUBOJAT K TMOJHOM WJIM YACTUYHOM MUHEpPAIM3aLUU CTOUKHX OPraHUYECKHUX
COCAMHEHUN. JIeCTPYKTUBHBIM JEMCTBUEM [0 OTHOLIEHHUID K OPTraHUYECKUM
COEIUHEHUSIM 00Ja/aloT TeHepUpyeMble B JTHX IMPOLEcCaX BBICOKOAKTUBHBIC
paJuKaJIbHbIC YaCTHUIIbI, B YaCTHOCTU, TUJIPOKCUIIBLHBIA paauka [1].

Cpenu wusBectHbiXx AOPs Haubosiee U3yYEHHBIM SIBJSETCSI TOMOTEHHBIN
®deHToH-TIpo1iecC, KOTOPbIH 3()(PEKTUBHO peann3yercs TOJIbKO B KHUCIBIX Cpeaax
(pH ~3) u npu BbicOKON KOHUEHTpauuu HOHOB Xxene3a (50-80 mr/m) [2]. Taxoe
HU3Koe 3HaueHue pH sABnseTcs oAHUM M3 HENOCTATKOB JAHHOrO mpouecca. Kpome
ATOTO, TIOCJIE 3aBEpPUIEHUs Ipolecca B CTOYHOM BOAE OCTAETCA BBICOKAs
KOHLIGHTpalusi KaTHOHOB >keje3a. Takue BOJbI HE MOTryT OBbITh COpOIIEHBI B
IIPUPOJIHBIE BOJOEMBI WIIA T'OPOJICKYIO0 KaHAM3AUMOHHYIO ceTh. s pemenus 3Tou
poOJIeMBbl BEJETCS pa3pad0TKa yCTOMUYUBBIX TeTepOreHHbIX DEeHTOH-KaTaIn3aToOPOB,
B KOTOPBIX HOHBI XKEJ€3a 3aKPEIUICHBI HAa IOBEPXHOCTU Pa3JINYHBIX HOCUTEIIEH.

OnHMMH U3 TEPCIEKTUBHBIX MAaTEpUaNIOB, CIIOCOOHBIX MPOYHO YJEP’KHUBATH
HMOHBI Kejie3a, SBIAIOTCA nonmMmeTramuioopradocmiokcanbl  (IIMOC), 1meHHbIe
CBOMCTBA KOTOPBIX ONPEAEISIFOTCS HAINYUEM B COCTAaBE CHJIOKCAHOBOM LM aTOMOB
meramia [3-9]. B pab6orax [10, 11] mpemioxxeHsl METOABI, KOTOPBIC IO3BOJISIOT
CUHTE3MpPOBAaTh COCIMHEHHS C 33JaHHBIM COOTHOLIEHHUEM KPEMHUS K METaJlly.
Bonbiioe yucio paboT MOCBALIEHO MCCIEIOBAHUIO MPAKTUUECKU BaXKHBIX CBOICTB,
HalpuMep, TaKUX, KaK YCTOMYMBOCTh K TEPMOOKHCIHTENBbHOU AecTpykunn [IMOC,
MOJIyYEHHBIX HAa OCHOBE TPU(YHKIHMOHAJIBHBIX COCAMHEHUN KPEMHUS, COJIEpKaHUE
MEeTaJlJIa B KOTOPBIX MEHseTCs B HUpokux npeaenax. [IMOC takxe npuMeEHSIOTCS B
KauyecTBe MOJAM(PHUKATOPOB I TOBBILIEHUS TEPMOCTOMKOCTH  IMOTUMEPHBIX
KOMITO3UIINN [12], YCTOMYHUBOCTH MaTepuaioB K VMCTUPAHUIO [13],
MOPO30CTOHKOCTH/TMPOYHOCTH OETOHOB M YIIYYIIEHHUS XAPAKTEPUCTHK I[EMEHTHBIX
komno3uuud [14], a Takke B KayeCcTBE KOMIIOHEHTOB aHTHKOPPO3UNHBIX U
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npotuBoOuooOpacraomux mnokpeituit [15]. Ecim B ctpykrype ITIMOC Oynyt
COJIepKaThCsl MOHBI JKejie3a, TO OHU MOTYT OBITh UCIIOJIb30BaHbl B KauecTBe DEHTOH-
no00HBIX KaTanu3aTopoB. OAHAKO B JUTEpAType OTCYTCTBYIOT HCCIEIOBAaHMUS,
nocssieHHbie npuMenennto [IMOC kak @eHTOH-NIOJOOHBIX KaTaIH3aTOPOB.

Ha cerogusamuuii aeHb, B KauecTBe @DEHTOH-MOAOOHBIX KaTaJIu3aTOPOB
Mpe/JIaraeTcsl MPUMEHATh PA3HOOOpa3HbIe KOMIIO3UIIMOHHBIE MaTepUalibl, B KOTOPBIX
AKTUBHBIA KOMIIOHEHT MMMOOWIM30BaH Ha uHepTHOW Matpuiie [16-20]. B stom
cllydae HE TOJBKO OTMajaeT mnpobiieMa ymaleHHs PacTBOPEHHOTO JKejie3a B KOHIIC
TEXHOJOTUYECKOTO IMKJIa, HO W 3HAYUTEIBHO MOBBIIIACTCS YJEIbHAas MOBEPXHOCTh
paboTarIIero KaTaiam3aTopa, YBEIMYUBACTCS CPOK €Tr0 CIIYy)XKObI, a B psje ClydacB
MIPOUCXOJUT CTAOUIU3AIMS AaKTUBHOTO KOMIIOHEHTA B OMPENEIECHHON XHUMHYECKOU
dopme. Takue karanuszatopsl noiaydaroT HaHeceHueM kaTuoHoB Fe(Il) nmm Fe(Ill) na
HaHOCHCTeMbl okcuaa rpadena (GO) [16, 17], cmoilly Ha OCHOBE CTHPOJ-
nuBuHUNOeH30ma [18], rpanynupoBaHHbIM akTuBHBIL yroab (GAC) [19],
MHOT'OCJIOWHBIE yriaepoaHble HaHOTPYOku [20]. CuHTE3upOBaHHBIE HAHOKOMITO3UTHI
MPOSIBJIAIIOT  BBICOKYIO 3(P(EKTUBHOCTH B pEAKIUAX JCTpajallui  Pa3TUUIHBIX
OpraHMYeCKuX 3arps3Huteniel — ¢deHona, 2-HUTpodeHosa, PE3OPIMHA, OpPmo-
xjaopdenona, 17B-actpaauona, peaktua Opanx 29 [16-20].

B kadecTBe HOCHUTENS] AKTUBHBIX KOMIIOHEHTOB IIHMPOKO MPUMEHSIOT
aMOp(HBIA JHOKCUJ KPEMHUS, KOTOPBIA XapaKTepU3yeTCs BBICOKOW YIEIbHOU
IMOBEPXHOCTHIO, XUMHUYECKOU CTOUKOCTBIO, BBICOKOW  JUCIIEPTUPYIOIEH
CIIOCOOHOCTBIO TIO OTHOIIEHWIO K HAHECEHHBIM KATAIUTUYECKUM YacTHIAM H
OTCYTCTBUEM TOKCUYHOCTH. MCTOYHMKOM KpemMHe3eMa MOTYT OBITh OTXO/IbI
IPOU3BOJICTBA pUCa — pUCOBas Iieiryxa u coioma. Hampumep, B paborax [21, 22]
ObUTI0 TOKa3aHo, 4To MDEeHTOH-TOJOOHBIE KaTaaUu3aTopbl, MOJYYCHHbIE Ha OCHOBE
KpEeMHe3eMa U3 PpUCOBOM IIENyXH, OOJaJaroT XOpOoIIed  KaTaTuTHYECKOU
AKTUBHOCTBIO B PEAKIMU OKHUCICHUS (PEHOIBHBIX BOJIHBIX pPACTBOPOB B
yabTpaUoOIECTOBOM M BUIUMOM 00JacTIX CHEKTpa B MPUCYTCTBUM TEPOKCHUIIA
BOAOpPOJIA.

B cBBH ¢ 3TUM MBI TOPEANONOKWIN, YTO KOMOWHHUPOBAHHUE
noymdenundpeppocmnokcana (SiO,/[IFedC) ¢ nHepTHOW MaTpuIllel U3 OMOTEHHOTO
KpeMHe3eMa MO3BOJIUT HaM MOIY4YUTh 3P(HEKTUBHBIE U CTAOUJIbHBIE T€TEPOreHHBIC
@DeHTOH-TTOAO0HBIE KaTaau3aTopbl. B 3ToM ciywyae 3arpy3ka KaTaJIUTHUYECKH
aKTUBHOTO MaTepuajga — TOoJUMepa MOXET ObITh 3HAYUTEIHHO CHUXKEHA, YTO C
AKOJIOTUYECKOM TOUKH 3peHHsI 00JIee MprueMIIeMo.

[lenpto HacTOsmEel pabOTHI SBISJIOCH HUCCICAOBAHHE KATATUTUYECKOMN
aktuBHoctu [IFe®C wu xommosutoB SiO,/[IFe®C B peakmmm nerpananuu
METHUJIOBOTO OPAH)KEBOTO B HEUTPATBHBIX PACTBOPAX C JI0OABJICHHEM IMEPOKCHUIA
BOJIOpOJa B yCIOBUAX Y D-001yueHus.

119



OOTO-OEHTOH JAEI'PAJALIMA METUJIOBOI'O OPAHXKEBOI'O

IKCIHEPUMEHTAJIBHASA YACTb
Ilonyuenue Komno3umoeg Ha 0CHoBe OUO2EHHO20 KpemHe3ema u
noaughenungeppocunoxcana
B Hacrosmeit pabore ObUIO TONMY4YeHO MATH 00pasnoB DEHTOH-MOAO0OHBIX
KaTaJIn3aTOPOB, B TOM YKCJIE CAaMOTO TIOJIMMEpa B TMTOPOIITKOBOM (hOpMe ¥ KOMIIO3UTOB
Si0y/I1Fe®dC ¢ pazmuunbim cootHomenueM [TFedC : SiO, (Tabmuma 1).

Taoénauya 1. O6pa3ie Genton-mogo0HBIX SiO,/[TFedC kaTanmzaTopoB
Table 1. Fenton-like samples of SiO,/PFePhSi catalysts

HIudp obpasna Coornomenue [TFe® : SiO, Cxema nonyuenus SiO;
I1 [IFed®C* -
1-Si 1:1 Cxema 2
0,7-Si 0,7:1 Cxema 3
0,5-Si 05:1 Cxewma 2
0,1-Si 0,1:1 Cxema 2

* oOpaszer] moauMepa

[Momudpeppodenmncunokcan (IIFedC) 6b11 monyuen cornacHo [23] B cucreme
JIMCO-6eH3051, TO3BOJISIIONIEH MOTydaTh MOJUMEPHI ¢ cooTHOIeHueM Si: M (M =
METaJlJ1), paBHBIM 33/IaHHOMY, MIPAKTUYECKH OJHOPOIHBIC 10 COCTABY MO CIEAYIOIeH
cXeMe:

(PhSiO 1,5), + nNaOH — (PhSi(O)ONa),; (1)
nFeCly+ (PhSi(0)ONa), — {(PhSiO1,5);Fe01,5}, + 3nNaCl 2)

ConepkaHue KpeMHUS B MOJIUMEPE ONPENEISIIA TPABUMETPUUECKUM METO0M
[24], yrmepoa — METOJOM MOKpPOTro coxokeHus 1mo TepeHTtheBy-JIyckunou [25],
KeJIe30 — POJaHUIHBIM METOI0M [26].

O6pa3upl aMop(HOro JUOKCUIA KPEMHUS MOMy4ald U3 IIEeTyXH puca copra
«Jlomuuneiity, coznanHon B [IpumHUMCX (ITpumopckuii kpaid, . TuMups3eBCKuii),
0 JByM cxeMaM [27]: OKHUCIUTENBHBIM O0KHUTOM C TPEIBapUTEIHLHON 00pabOTKOM
0,1 M pacTBOpOM COJITHOM KHCIIOTHI (cXeMa 2); THAPOIH30M cbipbsi 1 M pacTBOpoM
TUAPOKCUIA HaTpus c MOCJEAYIOIIUM OCaXXJIeHUEM KpeMHe3eMa
KOHIICHTPUPOBAHHBIM PAaCTBOPOM COJITHOU KUCTOTHI 10 pH 5-6 (cxema 3).

Hns  monmyuenuss kommo3utoB [IFe®C pactBopsuim B xJjopodopme.
Konnentparnus [1IFe®C B pacTBOpe Obuta paccuntana B cootHomenusix 1 : 1; 0,7 : 1;
0,5:1 u 0,1:1 nmonumepa Kk AMOKCHAY KpeMHUsA. JJMOKCHUI KpEMHUS MOMENIAIN B
pacTBOp mojuMepa, NepeMelmMBaId 48 4, 3aTeM ynalsyid PacTBOPUTEIb ITyTEM
BbInapuBanus. [lomydeHHsie 00pa3iel cynmim B BakyyMmHoM 1mkady npu t = 50°C o
IIOCTOSIHHOM MACCHI.
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Hucmpymenmanvnvie memoowt
st onpenenenus (yHKIMOHAIBHBIX TPYMI B MUCCIEAYEMbIX 00pasiiax ObLIU
3anucanbl MK criektpsl mornomienus B odaactu 400-4000 cm! B OpoMmIe Kaius Ha
dypbe-cnekrpomerpe Vertex 70 (Bruker, I'epmanus). PentreHodaszoBbiii aHamus
o6pasioB nposoauiu B Cu Ko-uznydenuu Ha nudpakromerpe D8 Advance (Bruker,
['epmanus).

H3yuenue kamanumuueckoit akmusnocmu oopazyoe SiO,/[1Fe®C

Jlis n3ydeHus KaTanuTudeckoi akTuBHOCTH 00pa3noB SiOy/[1FedC (tabnuua
1) wucnonb3oBanu KpacuTelb MeETWIOBBIA opawxkeBbld (MO). [lerpananuro
npooawiu B Y®-obnactu. Konuentpauuss MO B pactBope coctaBmsia 10 mr/m,
nepokcua Bogopoaa — 0,017 mons/1.

®enrton nporecc B Y®P-o01acTu MpOBOAWIM B KBaplLEBOM sUeiike 00BbeMOM
100 mn. Hcrtounukom VY@D-ob0nydenuss Owuia Y®-nmamna 100P/F  (makcumym
M3JIydeHusl ¢ JUIMHOW BOiHBI 365 HM). B kBapreByro sueiiky momermanu 50 mi
pactBopa MO (pH 6,8), nmepokcua Bojgopojia u katanuzarop. PactBop obiyyanu npu
MOCTOSIHHOM NIE€pPEMENIMBAaHUU Ha MarHUTHOW Memanke (625 06/MuH) B TeueHue 3 u.
[Tony4yeHHbIi pacTBOP OTHUIBTPOBAIIH.

OnTryeckyro IJIOTHOCTD pactBopa MO onpeaessiv
¢doTokonopumeTpuueckuMm MetogoM Ha cnekrpodoromerpe UNICO-1201 (United
Products & Instruments Inc., CILIA) npu qymmHe BotHbl 460 HM. CTeneHb aerpaaauu
(0, %) BEIYUCIISIIN IO pOpMYIIE:

_AG-A

Ay
rae Ap 1 A — onTryecKasi INIOTHOCTh UCXOAHOTO pacTBOPA U MOCJE OKUCIUTEIbHOM
JNECTPYKLIHH.

Konnentpammio Fe’* B pactBope mocime gectpykimum MO  onpenensim
POJaHUIHBIM METO0M [26].

o x100% ,

PE3YJIBTATBI U UX OBCYXJIAEHUE

Xapaxkmepucmuxka @enmon-noooonvix SiOy/I1Fe®C kamanuzamopos

[To JaHHBIM 3JIEMEHTHOTO aHaJIU3a COOTHOIIEHUE KpeMHus K xkene3y B [[FedC
COOTBETCTBYIOT 33aJlaHHOMY — cojepxkanue Si cocraBuser 18,3%; Fe — 15,6%; C —
44,2%. B UK-cnekrpe [IFe®C (puc. 1) npucyTCTBYIOT BCE MOJIOCHI MOIIOLIEHUS,
KOTOPBIE XapaKTEPU3YIOT COEIMHEHNE KaK MoJMMeTaImIopeHmIcuiiokcad. B o6nactu
1000-1100 cm’ HaOI0JIaeTCsl CyMMapHas T0JIoca IOIJIONMIEHHUS CHUJIOKCAHOBOM
csi3u. Tarke MpHCYTCTBYeT TpHIuter mpu 3074 ¢M’' M 1OIOCa TOTVIONUICHHS MpH
1431 cm™', xapaxrepHsie s konebanus casisu C-H B denmisHOM pagukaie. [Tonoca
nornomenust npu 496 cm' xapakrepusyer mpucyrcrue cessu O-Fe. Makcumym
norJiomenus B ooimactu 3100-3600 cm CBUJETEIBCTBYIOT O HAJIMYUU OCTATOUYHOTO
KOJINYECTBA TUIPOKCUIIBHBIX TPYIIIL.
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Puc. 1. UK-criexTp nonudeppodeHmICHIIOKCaHA.

Fig. 1. FTIR spectrum of polyferrophenylsiloxane.

[MomudeppodeHnICUIOKCaH HaXOIUTCS B aMOP(HHOM COCTOSIHUH, TaK ke, Kak
u nomupenuncwiokcadn. Kak BugHO W3 puc. 2, Ha PEHITEHOTPAMMeE
nonudeHWICHIOKcaHa HabmonaeTcs 1Ba amopdHbIx rano. IlepBoe, Oonee peskoe u
WHTEHCUBHOE, TMOSBIsETCs NMpu BenuuuHax 26 = 8,4° (d; =11,62649), Bropoe rao,
Obonee cmaboe u mmpokoe, — mpu 20 =19,2° (d,=4,64856). Benuuuna d,
COOTBETCTBYET KaK BHYTPHUIIECITHBIM, TaK U MEKIICITHBIM MEKATOMHBIM PaCCTOSHHSIM.
C BBeleHHEM B MOJIMMEPHYIO II€TIh aTOMOB METaJla TPOUCXOIUT YMEHBIIICHHUE
3HaueHus d, (puc. 2).
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Puc. 2. PentrenorpaMmsl noudeHUICUIOKcaHa (a) 1 monudeppodenmicunokcana (0).

Fig. 2. X-ray diffraction patterns of polyphenylsiloxane (a) and polyferrophenylsiloxane (b).
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CornacHo pesynbratam MK-cnekTpockonuu, cTpoeHre oOpa3ioB aMOp(HOTro
JTUOKCUA KPEMHUS M3 PUCOBOM IIENYyXH, MOJYYEHHBIX MO cxemMaM 2 U 3, CXOJHO
mexay coboit. B UK-cnekTpax mosiockl mOrJomeHust 0TBeYaroT Je(opManuoHHbIM
(469—471 cMm™') U BaneHTHBIM (CHMMETPHYHBIM U ACUMMETPUYHBIM) KOICGAHMIM
(798-807 cm”  u  1096-1104 cm') cuimokcaHoBbix cBsizeit  Si-O-Si.  ITomockl
morJiomieHuss B oobsactu 978—-1000 CM'l, OTBEUAOIIE KOJIeOaHUAM CHJIAHOJIBHBIX
cBsazedt Si—OH, mpucyTcTBYIOT B CHEKTpax o00OpaslioB, MOJYYEHHBIX MO cxeme 3.
Ionoce! mornomenus npu 1617-1649 cm' u mpu 3437-3491 cm”' ykasbiBaroT Ha
Hammuue rpynn  OH. Cormacho P®A ananusy, oO0pas3mbsl HaxomsiTcs B
pEeHTreHoaMOpP(PHOM COCTOSIHUU [28].

Ha pucynkax 3, 4 nokaszansl MK-cnektpsl komno3utoB SiO,/ITFe®C, koTtopbie
XapaKTepU3yITCd UHTEHCUBHBIMU TMOJIOCAMU MOIJIOMIEHUS] CUJIOKCAHOBBIX CBSI3EU B
obomactu ~1100, 800 m 470 CM'I, OTBEYAIOIINE ACUMMETPUYHBIM BaJICHTHBIM,
CUMMETPUYHBIM BaJICHTHBIM U JedOpMAIMOHHBIM KojeOaHusm cBsizeir Si—O B
kpeMHe3eMe. [lomoca ¢ MakcuMymoM 3440-3480 cM' NpPHHAIIEKHUT BAICHTHBIM
konebanusm OH-rpynn. B cnektpe o6pasua 1-Si (puc. 3a) NpucyTCTBYIOT MOJIOCHI,
npuHagiexamue [IFe®C — tpurmter mpu 3074 cM™ 1 monoca moriomenus opu 1431
em . [Ipu ymenbmiennun coxaepxkanus [IFedC ot 0,7:1 mo 0,5 :1 nHabmomaercs
HE3HAYUTEIbHOE YMEHbBIIIEHHE MHTEHCUBHOCTH 3THUX ToJjioc (puc. 3 O, B), a mpu
cootHomiennu 0,1 : 1 — cymecTBeHHOE CHUXKEHUE (puc. 4).

ClielyeT OTMETHTb, 4TO Ioyoca moriouienns ceszu O-Fe mpu 496 cm”' B
CHEKTpax KOMIIO3UTOB TEPEKPHIBACTCS TOJOCOU JePOPMAIMOHHBIX CHIIOKCAHOBBIX
cBsi3eit nuokcuaa kpemuus (470 em) (puc. 3, 4).
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Puc. 3. K-crieKTpbl KOMITO3UTOB ¢ pa3HbIM cooTHomeHueM [1Fed : SiO:a—1:1;6-0,7 : 1;
B—0,5:1.

Fig. 3. FTIR spectra of composites with different PFePhSi : SiO, ratio:a—1:1;6-0,7: 1;
B—-0,5:1.
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Puc. 4. UK-criektp xomno3uTta ¢ cootHomenunem [1Fed : SiO,, pasasm 0,1 : 1.

Fig. 4. FTIR spectrum of composite with PFePhSi : SiO, ratio equal to 0,1 : 1.

Jlezpadayus memunoeozo opanriceso2o ¢ npumenenuem Oenmon-nooooHvIx
SiO/IIFe®C kamanuzamopos

Katanutuyeckyro akTUBHOCTH 00pa3lioB DEeHTOH-NOJAOOHBIX KaTalu3aToOpOB
OIIEHMBAJIM B peakiuu aectpykuuu MO B IpUCYTCTBUM NEPOKCHJA BOJOPOJAA B
ycloBusix oonydenus pactBopoB Y d-cerom. MccienoBanus mokasaiu, 4YTO MPOLECC
paznoxkerrss MO MpoUCXOIUT TOJIBKO B MPUCYTCTBUE KEIE30COAEPIKAIINX 00pa3IIoB,
nepokcuaa Bojopona u Y ®-obinydyeHus (puc. 5). YuuTbiBasi 3TH PE3yabTaThl, a
TaKXe MpUHUMAas BO BHUMaHue pe3ynbTaThl MK-criekTpockonuu, coriacHo KOTOPbIM
Ha TIOBEPXHOCTH 00pa3iioB uMeroTcs cBsizanHbie HoHbl Fe(Ill) u rpynnsl OH, MoxxHO
MIPEOJIOKUTh, UTO 00pa30BaHUE PaJUKaIOB, OTBETCTBEHHBIX 3a Jerpaaamnuio MO,
IpoTeKaeT uepe3 00pa3oBaHHME TUIPONEPOKCHUIHBIX IMMOBEPXHOCTHBIX KOMILJIEKCOB
Si0,/TTFe®C=Fe**(OH)(H,0,), B COOTBETCTBHH ¢ MEXaHU3MOM [29]:

SiOy/TIFe®C=Fe**(OH)(H,0,); + H,0, —> SiO,/[TFe®C=Fe**(OH)(H,0,), (3)
SiO,/[TFe®C =Fe**(OH)(H,0,), + hv— SiOy/[TFe®C =Fe** + *0,H +H,0 (4)
.OQH(—)H++.02_ &)
SiO,/TIFe®C =Fe**(OH)(H,0,), + ‘0,H/"0,” — SiO,/[TFe®C =Fe**(OH) + H,O/OH
+°OH + O, (6)
SiO,/TIFe®C =Fe** + H,0,—> SiOy/[TFe®C =Fe**(OH) + *OH + H,0 (7)

W3 pucyHka 5 BUAHO, 4TO cTeneHb Aerpaganud MO B IpPUCYTCTBHH Kak
camoro mnoiumepa I[IFe®dC (obpazenr II), Tak u kommo3uta SiOy/[IFedC c
cootHomenrem [1Fe® : SiO, =1:1 (oOpazen 1-Si) nocturaer ypoBHs Gonee 90%
nocie 3-x 4 oOmyuenus Y®D-cerom. [lpm stom B mpucyrctBum o6Opaszma 1-Si
IpoLecC MpoTeKaeT 0oyiee YCTOWYMBO, HA YTO YKa3blBaeT HEOOJIBIIOE CTaHIAPTHOE
OTKJIOHEHHE. B TO e BpeMs nmanmpHelIee yBEIMYCHHE O0JU KpEeMHE3eMa B
karanmuzatopax (obpasmsr  0,7-Si, 0,5-Si) nOpUBOAUT K CHIKEHUIO CTEIICHH
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paspymieHusi KpacuTens. OITO MOXKET ObITh O0O0YyCIOBIEHO 0oyiee HU3KUM
coJiepKaHUEM Ha IMOBEPXHOCTH JAaHHBIX 00pa3iioB noHOB Fe(Ill), HEOOXOMUMBIX IS
o0pa3oBaHMs THAPOKCHUIHBIX paaukanoB. CleayeT TakKe OTMETHUTh, YTO IPOIIECC
nectpykuun MO ¢ ucnosb3oBanuem obpasmnos 0,7-Si, 0,5-Si, 0,1-Si mporekaer
HECTaOMIILHO.
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Puc. 5. Crenenp ferpaiaiyy METHIOBOTO OPAHKEBOT0 B MPUCYTCTBUU Pa3IMUHBIX 00pa3IOB.

Fig. 5. Degree of degradation of methyl orange in the presence of different samples.

JIsi OUEHKH YCTOMYMBOCTU C(POPMUPOBAHHBIX KATaIU3aTOPOB B YCIOBUSX
IKCIIEpUMEHTa OblIa M3MepeHa octarodHas koHmneHTpanus noHos Fe(Ill) B pacTtBope
MOCJIE TpoIiecca Aerpaganun Kpacurens (Tabnuma 2).

Taénuya 2. Conepxxanne nonoB Fe(Ill) B pacTBope mocie nerpananuyi METHIOBOTO OPAHKEBOTO

Table 2. Content of Fe(Ill) ions in solution after degradation of methyl orange

[Mudp obpaszmna Conepxanne Fe(Ill), mr/n
IT 2,96
1-Si 2,84
0,7-Si 3,21
0,5-Si 2,96
0,1-Si 2,98

N3 tabnuupl 2 BUIHO, 4TO B Xxoje 3kcnepuMeHTa katuoHsl Fe(IIl) wactuuno
BBIIIECJIAYMBAIOTCS B PEAKIIMOHHBIN pacTBOP, MPU 3TOM UX COJICPKAaHUE HE 3aBUCUT OT
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coctaBa {DEHTOH-TOJAOOHBIX KaTalIM3aTOPOB. B TO ke BpeMs YCTaHOBJICHHOE
coJiepKaHHUE JKejle3a B PacTBOpPE 3HAYMTENILHO HIDKE M3BECTHBIX B JUTepaTrype. B
YaCTHOCTH, TIPM HCIIOJNB30BaHUU Fe-comepykammx oO0pa3loB C OCHOBOW U3
aMOp(HOrO0 JWOKCHIA KPEMHHUS W3 PHUCOBOM IIETyXH, ITOJYYCHHBIX 30JIb-TCIb
TEXHUKOH C MMPUMEHEHUEM HEOPTraHWYCCKUX COJICH JKere3a, KOHIICHTpAIUS Kee3a B
pactBope coctaBmia ot 5,5 1o 21,5 mr/n [22]. Takum o6pazom, aist okucienuss MO B
HeltpanbHoU cpeae (pH 6,8) moxHO ucnosb3oBath kak obOpazer; [IFedC, Tak u
koMno3uT SiO,/ITFe®C ¢ cootHomenuem [1Fe® : Si0, =1 : 1.

SAKVIFOYEHHUE

[Tonyuensl o6pasiel [IFe®dC u KOMIO3UTOB HA OCHOBE OMOTEHHOTO JHOKCHA
kpemHust U [IFe®C c¢ paznuunbiM cooTHouienueM IIFe® : Si0,. Metonom HK-
CHEKTPOCKONIMM  YCTaHOBJIIEHO,  4YTO  OoO0pa3lbl  KOMIIOBUTOB  COJEpKat
dbyukimoHanpHbie Tpynmnbl, npuHamiexkamue I[IFe®dC. IlokazaHa BO3MOXXHOCTH
npumeHenus [[Fe®C u kommnosutoB SiO,/[IFe®C B kadectBe DEHTOH-MOTOOHBIX
KaTaJIu3aTopoB IS IECTPYKIIMU METUIIOBOTO OPAHXKEBOTO B HEUTPAILHOW Cpejie B
Y®-o6nacti B MPUCYTCTBUU TMEPOKCHUIA BOAOPOJA. BBICOKYIO KaTalUTHYECKYIO
akTuBHOCTH nposiBwin [IFe®C u komno3ut ¢ cootHomenuem [1Fed : Si0, =1 : 1 (1-
Si). B kauectBe @DEHTOH-NOJOOHBIX T'€TEPOTrEHHBIX KaTaJu3aTOpoB Oosee
MPEANOYTUTENBHO HCIOIb30BaHUE KOMMO3UTa 1-Si BCIEACTBHE YaCTUYHOM 3aMEHbI
00J1e€e TOPOTOCTOAIIETO M MEHEE SKOJIOTMYHOTO MOJMMepa Ha OMOTeHHBIN aMOpHBIN
IUOKCH]T KPEMHUS, TTOJTyYa€MbIil U3 OTXOJIOB IPOU3BOJICTBA PUCA — PUCOBOU LIEITyXH.

OnHako JJi1  JOJTOCPOYHOM OIEHKH 3(P()EKTUBHOCTH, CTAOMIBHOCTH U
11e71eCO00Pa3HOCTH TMPUMEHEHUSI Pa3IMYHBIX 00pa3ll0B HYXKHBI JIOMOJHUTEIbHBIC
OoJjiee JIUTENIbHBIC UCIIBITAHUS, YTO SBISETCS I1EJIbI0 HalMX JaJdbHEHIIUX
HUCCIIEI0OBaHUM.
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AHHoTanusi — PaccMoTpeHa BO3MOXKHOCTh MCHOJIB30BaHUs OMOCOPOLIMKM MUKPOOPTaHU3MAaMH Kak
OMMH W3 BapHaHTOB pEIICHUS MPOOJEMBI OYUCTKH CTOYHBIX BOJ OT TSDKEIBIX METAJIOB,
MPEJICTABISIONINX CEPhE3HYI0 OMACHOCTh, YYUTHIBAS UX BBICOKYIO TOKCHYHOCTh M CIOCOOHOCTH
HAKaIUIMBAThCS B J)KUBBIX OpraHu3Max. [IpencTaBieHsl pe3yabTaThl UCCIEAOBAHUHI MO U3BICUCHHIO
yeTbipex TUMOB MOHOB Tspkenblx MeTaioB (Co(Il), Cu(Il), Ni(Il), Cr(Ill)) u3 BogHBIX pacTBOPOB
KyJIbTypaMH JPOXOKEH, WMMOOWIM30BAHHBIX HA JHOKCHUAEC KPEMHHUS W aIbTHHATHOM Telle.
[Tokazano, uro Saccharomyces cerevisiae, VWMMOOMIU30BAaHHBIE Ha JTUOKCHAE KPEMHHUS
a7IcOpOLIMOHHBIM METOJIOM B ONTHMAJbHBIX YCIOBHUSIX MO3BOJIAIOT copOupoBath 10 75% HOHOB
mean, 90% noHoB kobanmbTa M HHUKeNns U 60% HOHOB Xpoma, coxpaHss 3((EeKTUBHOCTh CBOEH
paboThl Kak MUHUMYM B TpEX MOCJEIOBATENbHBIX HUKIax. [Ipr 3TOM mpHMEHEeHHEe CIIMBAOIIETO
arenta (TJIyTapoBOTO aibJerujaa) obecrnedynBasio MoBbimieHHE 3(h(eKTUBHOCTH OmocopOIMU Ha
3-5%. Takum oO0Opa3oM, TMOJyYECHHBIE PE3yJIbTAThl MOATBEPKIAIOT, YTO WMMOOWIH3ALUS
MUKPOOPTaHU3MOB  aJCOPOIIMOHHBIM  METOJOM  SIBISIETCS  MEPCHEKTUBHBIM ~ METOJOM IS
MPUMEHEHHS B OMOJIOTUYECKOI OYHMCTKE BOJIBI OT HOHOB TSIKEIIBIX METAJLIOB.

Kniouesvie cnosa: Tsxenple MeTauibl, 0MOCOPOLIUS, TPOXIKU, UMMOOUIIN3ALIHUS.
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Abstract — The paper highlights a feasibility of using microorganisms-mediated biosorption as one

of the options for solving the problem of wastewater treatment from heavy metals, which pose a
serious hazard due to their high toxicity and ability for accumulation in living organisms. The
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BO3MOXHOCTh IPUMEHEHW S UMMOBWJIM30BAHHBIX JPOXOKEN JIJI1 BUOCOPBLINA

results of studies are presented dealing with the extraction of four types of heavy metal ions (Co(II),
Cu(II), Ni(II), Cr(III)) from aqueous solutions by yeast cultures immobilized on silicon dioxide and
alginate gel. It has been shown that Saccharomyces cerevisiae immobilized on silicon dioxide by
the adsorption method can absorb up to 75% of copper(Il) ions, 90% of cobalt(Il) and nickel(II)
ions, and 60% of chromium(IIll) ions under optimal conditions, while maintaining the proper
efficiency in at least three successive cycles. At the same time, the use of a crosslinking agent
(glutaric aldehyde) provides an increase in the efficiency of biosorption by 3—5%. Thus, the results
obtained confirm that the immobilization of the microorganisms by the adsorption method is a
promising approach which can be used in biological water purification from heavy metal ions.

Keywords: heavy metals, biosorption, yeast, immobilization.

BBEJEHUE

B nmocneanue roasl 3arps3HEHUE OKPYXKAlOLEH Cpeibl TSKEIbIMH METaJlIIaMu
paccMaTpuBaeTCs B KaUeCTBE OJHOM U3 HauboJee Cepbe3HbIX MPOOIEM, C KOTOPBIMU
CTAJIKUBAETCs 4YeJloBeueckoe o0mecTBo Bo BceM wmupe [1, 2]. BoxHble cpensl
oOuTaHus1, 0COOEHHO MPECHOBOAHBIE IKOCUCTEMBI, 00JIEE MOJIBEPIKEHBI 3arpsI3HEHUIO
M3-32 UCIOJIb30BAHUS BOJIbI B MPOMBIIIJIEHHBIX MPOIECCaX, a TaKKe cOpoca CTOYHBIX
BOJl TPOMBILIJIEHHBIX MPEANPUITANA U KOMMYHaIbHOTO X03siictBa [3—5]. [lomanas B
BOJIOEM, TSKEJIBIE METAJLIbI CIIOCOOHBI HAKATUIMBATHCS B IOHHBIX OTJIOKEHUSX, a TIPU
NONAaJaHWU B MIOYBY WJIM IPYHTOBBIE BOAbI OHU MOTYT BKJIFOUATHCS B MUIIEBHIE LIETTU
Ha JIT000M ypoBHE. OCOOEHHO Ba)XHO, YTO MHOTHE TSDKEJIbIe METaUIbl OTJIMYAOTCS
BBICOKMM TOKCHUYECKHUM JCUCTBUEM [6, 7].

Tsxenble MeTauibl NOCTYNAIOT B BOJHYIO IKOCUCTEMY, KaK U3 IPUPOJHBIX, TaK
W W3 AHTPONOr€HHBIX HMCTOYHUKOB [8]. BaXHbIMM TPUPOAHBIMU HCTOYHUKAMHU
SIBJISIFOTCSI BYJIKAHUYECKAsi aKTUBHOCTb, BBIBETPUBAHKUE TOPHBIX MOPOJ, APO3US MMOYB
U JiecHble noxapbl. K aHTpONOreHHbIM MCTOYHMKAM OTHOCSTCS: HPOMBIIUICHHBIE,
OBITOBBIC M TOPOJICKHE JIMBHEBBIE CTOKH U JEATEIBHOCTh HEPTAHON, XUMHUYECKON U
JIPYTUX BUIOB MpombinuieHHocTH (Tabnuma 1).

[Ipu onpeneneHHbIX yCIOBUAX OKPYKArOLIEH CPebl 3arpsi3HSIOIINE BEIIECTBA
MOTYT HAKaIUIMBaThCsl 10 TOKCUYHBIX KOHIICHTPAIMA M HAHOCHUTH SKOJIOTMYECKHIA
ymep6. Cormacao 'OCT 17.4.1.0283, As, Cd, Pb, Hg u Zn 5T0 nsiTh 37€MEHTOB,
OTHOCAILIMXCS K IEpBOMY Kjlaccy onacHocTH. CopeprKalue 3TU 3JEMEHThI BEIECTBA
o0nagaroT HanOOIBIIUM TTOTCHIIMAIBHO OMACHBIM BO3JACHCTBUEM CPEIU XUMUYECKHUX
BELIECTB, KOTOpbIE MOMNAAal0T B OKPYXKAalOU[yl0 Cpeay B  TMOBBIIIEHHBIX
KOHIIEHTpAIUSX B pe3yibTaTe JEATebHOCTH YEJOBEKa, OCOOCHHO YYMTBIBAs MX
CIOCOOHOCTh HAKAIUIUBATHCS U OMOJIOTUUECKYHO POJIb [9].

VYCTaHOBIEHO, YTO HMOHBI METAJJIOB B3aMMOJIEUCTBYIOT C KOMIIOHEHTaMU
KJIETOK KUBBIX oOpranusmoB, Takumu kak JIHK wu sgepHbie Oenku, BBI3bIBaAS
noBpexaeHue JJHK u koHpopmalimoHHble U3MEHEHHS, KOTOPhIE MOTYT MPUBECTH K
MOAYJISIMU KJIETOYHOTO IMKJIA, KaHueporenesy uiu amnontosy [10, 13]. Heckonbko
HCCIIEIOBAHUM MOKa3aik, 4TO MbIbsK [14, 15], kagmuii [16], xpom [17], cBuHEn
[18, 19] u pryTh [20], ABNSAACH AKTUBHBIMUA OKUCIUTEISAMHU, IPUBOAAT K YBEJINYEHUIO
KOHIICHTPAIIUU aKTUBHBIX (DOPM KHUCIOPOJIa B KJIETKAX U PA3BUTHUIO OKUCIUTEIHLHOTO
cTpecca. B CBsI3M C BBICOKOW TOKCMYHOCTBIO YKA3aHHBIX 3JIEMEHTOB 3a/aya MX
yAaJeHus U3 BOJHBIX CPeJ SBISETCS OAHON U3 Haubosee MPUOPUTETHBIX.
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Taonuya 1. IloTeHIMANbHBIE aHTPOIIOT€HHBIE UICTOUHUKH 3arPsI3HEHMS BOAHBIX 00BEKTOB
TSDKEIBIMU METAJIJIaMU

Table 1. Potential anthropogenic sources of water bodies pollution with heavy metals

Mertann HUcrtounux

Fe JlakokpacouHasi, MeTa/UTypruueckas, TOIUIMBHAs © TEKCTHJIbHAS
MIPOMBIIIIICHHOCTh

Mn, Zn [IpouzBoacTBO CTeKIIa, MIECTHIUIOB, AIEKTPOXUMHYECKAs,
METaJUTypruueckasi, JIaKOKpacouHas, TOIUIMBHAs W  TEKCTUJIbHAA
MIPOMBIIIIICHHOCTD

Pb [IpousBoacTBo CTEKIIa, MECTUIIN OB, AIEKTPOXUMHUYECKAs,
JIAKOKpAaCcOYHasi, TOILUIMBHASI M TEKCTUJIbHAS TPOMBIIIUICHHOCTD

Cd [IpouzBoacTBo CTEKJIa, IECTULIUOB, AIEKTPOXHUMHUUECKas,
JIAKOKPAaCcOYHasi, TOIUIMBHAS M TEKCTUJIbHAS TPOMBIITICHHOCTD

Ni [Ipon3BOACTBO CTEKJIa, KaTaIM3aTOPOB, MECTULUIOB, JIAKOKpPACOYHasl,
AJICKTPOXUMHUYECKAs, TOIIMBHASI M TEKCTHIJIbHAS MPOMBIIIICHHOCTh

Cu [Ipon3BOACTBO CTEKJa, KaTaIM3aTOPOB, MECTULUIOB, JIAKOKpPACOYHAas,
AJICKTPOXUMHUYECKAs, TOIIMBHASI M TEKCTUJIbHAS TIPOMBIIIICHHOCTh

Cr [IpouzBoacTBo KaTaJlu3aTOpOB, MeTaJuTyprudeckas,
AICKTPOXUMHYECKAS, JIJAKOKPACOYHAS U TEKCTHIIbHAS IPOMBIIIJICHHOCTh

buonorudeckasi o4ncTKa CTOYHBIX BOJ, IPUMEHsIeMast Kak 00s3aTeIbHBIN dTal
Ha CTaHIMIX OYUCTKH BOJIBI, OCHOBAHAa Ha OMOJIOTHYECKHMX IIPOIECCaX C y4acTHEM
MUKpOOpTraHu3MoB [21-23]. Jlns u3BlIeUeHHUs] METAJIOB M3 CTOYHBIX BOJ Hauboiee
4acTO MCMOJIb3yeTCcd UX OHocopOuMs pa3IuyHbIMA MHUKpOOpranusMamu [24].
bakrepun, rpubku, APOXKKHW U BOAOPOCITH MOTYT HM3BJICKATh TSXKEIbIE METAIIbI U
PAaIUOHYKIUILI W3  BOJHBIX PAacTBOPOB B  3HAYUTEIBHBIX  KOJHUYCCTBAX.
Mukpoopranu3msl 00J1a1al0T CIOCOOHOCThIO K OMOCOPOLMU KJIETOYHBIMU CTEHKaMHU
U aKKyMYJISIIMM METa/NIOB BHYTpU KieTKu. [lociae BBIACPKKH B OYHUIIIACMOM
pacTBOpe, MUKPOOPTaHU3MBI HM3BIICKAIOTCSA, @ TOKCHYHBIE METAJIbI ITOJABEPTarOTCs
nezaktuBanuu  [25]. Cpeau Oaktepuil BBICOKUM OMOCOPOIIMOHHBIN MOTEHIUAT
nokaszanu Bacillus subtilis, Pseudomonas aeruginosa, Rhodobacter sphaeroides,
Alcaligenes eutrophus, Staphylococcus saprophyticus u nap. [26-28]. I'puOkoBas
Oonomacca Takxke TposBISeT dPPEKTUBHOCTh B OMocopOImu Oiarogapsi BEICOKOMY
CONICpKAHUIO MaTepuaia KIETOYHOW CTEHKH, KOTOPBIH HMEET OTIMYHYIO
CITIOCOOHOCTh CBSI3BIBaTh MeETalIbl. buomacca Aspergillus niger [29], Penicillium
spinulosum [30, 31], Penicillium chrysogenum [32], Phanerochaete chryosporium
[33] ycnemno npuMersuch i copbrmu nonos Cu®, Cd**, Pb**, Au’", Ag”.

Jpoxoku  SBISIIOTCS ~ MHUKPOOpPTaHU3MaMH,  KOTOPBIE  OTHOCATCS K
OJIHOKJICTOYHBIM  rpubam. Ilpm 3TOM  JOpOXKHM  SABIAIOTCS  JCHICBBIM |
JIETKOJIOCTYITHBIM OMOMAaTepraIoM, KOTOPBIM MOXKET MPUMEHATHCS HE TOJBKO IS
MUIICBBIX, HO W JUIA DKOJOTHYCCKUX Ielield. Vicronb3oBaHue NpoXoKeld B KadyecTBE
OMOCOPOEHTOB OBLIO PACCMOTPEHO PA3IUYHBIMHU HccienoBatessiMu. Haunbombinee
YUCJIO MCCJICIOBAHUMN TOCBSIIEHO HCIOJB30BAaHUIO Saccharomyces cerevisiae s
OouocopOiuu Takux MetamioB, kak Ag, Au, Cd, Co, Cr, Cu, Ni, Pb, U, Th, Zn u3
BOJIHBIX PACTBOPOB B IIUPOKOM JUaIa3oHe KOHLeHTpauu [34—37].

133



BO3MOXHOCTh IPUMEHEHW S UMMOBWJIM30BAHHBIX JPOXOKEN JIJI1 BUOCOPBLINA

CoslonoB M COaBTOPHI COOOIIMIU O BO3MOXHOCTH OMOCOPOLIMK MOHOB MEIH,
Kejne3a W HHUKEIS C  HCIOJb30BAaHMEM KYIbTYpbl Saccharomyces cerevisiae,
MOJAU(PUIIUPOBAHHONW MarHeTuToM. [lomydeHHas wuMH cuctema obOecrieunBaa
85—-100% copbruu 3a 30 MUH TIpU HAYaIbHBIX KOHIEHTpaIusax MetamioB 200, 50 u
60 mr/n, coorBeTcTBEeHHO [38].

AponbOaeB u3zyyan OHMOCOpPOIMIO MeAHW, KaJMUsS W CBUHIA C IOMOIIbIO
Saccharomyces cerevisiae [39, 40] u KIETOUYHBIX CTEHOK APOXKKeU Saccharomyces
cerevisiae, UMMOOWJIN30BaHHBIX Ha ajbruHaTHbie renu [41]. beuio moka3aHo, 4To
MaKCUMajbHasi COPOITMOHHAS €MKOCTh HATHBHBIX KJIETOUYHBIX CTEHOK JPOMOKEH
coctaBmsieT: Cu — 25,60 mr/r; Cd — 34,48 mr/t; Pb — 125,0 mr/r. D¢ dekTnBHOCTD
copOuuu i1 MMMOOWJIM30BAaHHBIX KJIETOYHBIX CT€HOK cocTtaBuia 100% npu
HayaJbHOW KOHILIEHTPALlMU MOHOB TshKeNbIX MeTamios 20,0 r/im.

[Tatrent RU2509734 onuckiBaeT OMOCOPOIIMIO MOHOB IIMHKA, HUKEIS U MEAU
KyJIbTYpout Saccharomyces cerevisiae. I ()EKTUBHOCTb OUUCTKHU cocTaBmiia 98% st
IMHKa U 75% 11 Meu ¥ HUKeNs Tpu HadainbHOW KoHueHTpauuu 20,0—-100,0 mr/n
[42].

[MapanuH wuccienoBan OHOCOPOLMIO ITMHKA, MEIU M HHUKEIS KyJIbTypamMu
NMBOBApPEHHBIX [POXOIKEW. BbUIO HalIeHO, 4YTO >KUBBIE APOXKKU Saccharomyces
cerevisiae CTIOCOOHBI CHIKAaTh KOHIIEHTPAIUIO TSKEJBIX METauioB B 75, 15 u 6 pa3s,
COOTBETCTBEHHO [43].

['opob1iom u ap. ObUT U3yYEH Mpoliecc OMOCOPOIMU UOHOB MEIU APOXIKAMHU
Saccharomyces cerevisiae ¢ UCTIOIb30BAHUEM CTaJbHBIX JIEKTPOJIOB B MOCTOSTHHOM
MarHuTHOM Tiosie. McciaegoBanus mokazanu — yBenudeHue  3(P(HEKTUBHOCTH
OnocopOLMM MOHOB MeOu ¢ HavdanbHOW KoHueHtpauued 50,0 mr/m go 99% mnpu
JNEeWCTBUM MAarHUTHOTO TMOJIE B TPUCYTCTBUM DJIEKTPOAOB, TOI/a KaK YHCTHIC
KYJBbTYphI IPOXKeH u3BieKkanu auuib 37% wnoHoB metamna [44]. Takum oOpazom,
aHaJIM3 WCCJIENOBAaHWNA B JaHHOW OOJACTH TOKa3bIBAET, YTO MCIOJIb30BAHHE
MUKPOOPTaHU3MOB 11 U3BJICYEHUS HOHOB TSKEIBIX METAIUIOB M3 CTOYHBIX
MPOMBIIIJICHHBIX BOJ UMEET IIUPOKUE MEPCIIEKTUBBI.

B mHacrosimee BpeMsi TNpUMEHEHHE WMMOOWMIM30BAHHBIX OMOJIOTHYECKUX
O0OBEKTOB B TMPOMBIIUICHHBIX WU SKOJOTUYECKUX MENAX SBISCTCS aKTyaJIbHOU
3aJladyei MW TEeMOM MHOrMX wuccienoBanuii. HaHeceHne w©  3akperuieHue
OMOJIOTUYECKOTO MaTepuajga TMO3BOJSET HUCIOJIb30BAaTh €r0 CBOWCTBA B TEUCHHUE
HECKOJIBKUX ITUKJIOB 0€3 CYIIECTBEHHOW MOTepHu OUOJIOTUUECKON aKTUBHOCTU. BrIOOD
HOCUTENS I JPOMOKEBBIX KIETOK OOYCIIOBJEH CJICAYIOMUMHU KPUTEPUSIMU:
pa3BUTas MOBEPXHOCTh, MEXaHWYECKasi MPOYHOCTh, JIUTEIbHBIN MEpUO]] TCUCTBUA,
HEPACTBOPUMOCTb B PEAKIIMOHHOMN cpejie, BhICOKask TUAPOPMIHLHOCTh, XUMUYECKAS U
OMoJIOTHYECKasi YCTOWYMBOCTh, BO3MOXKHOCTh K pereHepalud W JOCTYIHOCTh. B
KauecTBE  HOCUTEJIEH IS ~ MUKPOOPTaHU3MOB  HCHOJB3YIOT  TMOPHUCTHIC
HeOopraHnyeckue (yroiyib, KEpaMuKa, CTEKJI0, CUIMKAThI), OpraHu4ecKue (LeJUIrI03a,
KJIETYATKA) U TeIe00pa3yromue ()KeJIaTuH, aIbrMHATHI, TIEKTHH, XUTO3aH) MaTepUaIbI
[45].

[leapt0  MaHHOTO  WCCJIEMAOBAHMS  SBWIOCH CPaBHEHUE  COPOIIMOHHOMN
CIIOCOOHOCTH  TeKapckux  (Saccharomyces  cerevisiae) W  TUBOBAPEHHBIX
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(Saccharomyces carlsbergensis) npoxiKed, HMMOOWIN30BAHHBIX Ha JHOKCH]IEC
KPEMHUS U B aIbIMHATHOM Telie, 1 u3Bnedenus nonos Co?’, Cu?*, Ni*, Cr**,

OKCIIEPUMEHTAJIbBHASA YACTb
Ilpuzomoenenue Kyapmypot OpoHcIHCEBHIX K€M OK

B npanHoil pabGoTe HCHONB30BAIUCH KYJIBTYpbl Jpoxked Saccharomyces
cerevisiae (500-50000 KOE, Supelco, CILIA) u Saccharomyces carlsbergensis (500—
50000 KOE, Supelco, CIIA). KynbTypsl npoxxkeil ObUTM HTPUTOTOBJICHBI
cnenyromuM obpa3oMm. HaBecka apoxokeit ¢ koHieHTpamnueit 5,0 /1 momenianach B
KOHUYECKYI0 KOJOYy C NUTaTeNbHBIM pPAcTBOPOM, COAEpPXKAIIUM caxaposy (X4,
Peaxum, Poccmsi) ¢ xonmentpammein 10,0 r/m, cymbdar ammonms (x4, Peaxum,
Poccusi) ¢ xonuentpaunueit 5,0 r/n. Komba mnomemanack B BOJSHYIO OaHIO U
BbIIIEpKUBANIach npu Temneparype 30°C B Teuenune 24 4.

Hmmoobunuzayusn 0posrcicesvix Kiemokx

B nensx uccnenoBaHus BO3MOKHOCTH MHOTOKPATHOTO MPUMEHEHHS IPOAKEN
JUIsl cOpOLIMM MOHOB METAJUIOB ObljIa MpOBEJAeHA UMMoOOWIu3auus Saccharomyces
cerevisiae u Saccharomyces carlsbergensis Ha TUOKCUIE KPEMHUSA U B AJIbTUHATHOM
rele.

Hmmoobunuzauus oposrcrcegvlx Kiiemok Ha OKcuoe KpemMHus

NMMoOunm3anus KyJbTyp APOAOKEeH HA OKCHJIE KPEMHUS MPOBOIUIIACH B JIBYX
BapuaHTax: BapuaHT 1 - aicOPOIIMOHHBIM METOJIOM; BApUAHT 2 - C JIOMOJHUTEIbHBIM
KOBaJICHTHBIM CBSI3bIBAHHEM. B Bapuanre | MMMOOUITH3AIUS Ha
HEMOJIU(PUIIMPOBAHHOM HOCUTEJIC BBIMOJHSIACH C UCIOJIB30BAHUEM JIETKOKHUIISIIIETO
OpraHuyvecKoro pactBoputess — xjopodopma (ocu, Peaxum, Poccust). s atoro S r
IpOXOKe, ST Hocutelnss — Oe3BOAHOrO JuOoKcuaa KpemHus (ocu, JlenPeakTus,
Poccust) — cmemmBamu ¢ 30 i xsopodopma. CycleH3UI0 BBIAEPKUBAIA TPU
temneparype 20°C B TeueHue 124 u 3aTeM pacTBOPUTENb BbIMApUBAIU IPHU
HarpeBanuu 10 40°C. IlomyuenHnbrii oOpazer cymmiud npu Temneparype 50°C. B
BapuaHTe 2 WMMOOWIM3AIUs TMPOBOAWIACH C TMPEIBAPUTEIHLHON MoauduKanuen
OKCHJIa KPEMHHUS TIIyTapoBbIM anpaerunom (nanee 'A) (99%, Sigma Aldrich, CILIA)
B (ocharaom Oydeprom pactBope (pH = 7,0). Jng ummoOunm3anuu 5 T okcuaa
KPEMHUSI CMEIIUBAIIA B T€YEHHUE | 4 ¢ 5 T KyJIbTYphl JpOoxiker u 2%-HbIM pacTBOPOM
riytapoBoro anpaeruaa (30 mi) B docharnom Oydepe. [locne oTnenenus TBepaas
daza BeicymmuBanach rnpu temmneparype 70°C 10 mocTosSSHHON MacCHhl.

Hmmoobunuzayusa 0poricicesvix Kiemok 6 anipbcUHAMmHoOM 2ene

NmMmmoOunuzanuys KJIETOK APOXOKed B allbTMHATHOM Tejie  MPOBOAWIACH
cieayrmnmM odpasoM: S5 T apoxxked cycnenaupoaiuchk B 20 mi 5%-Horo pactBopa
anbrunara Harpusa (99%, Sigma Aldrich, CIIIA). 3aTtem mnony4yeHHass CyCHEH3US
pacnbUIssIach Ha CTEKJIE COBMECTHO € 1%-HbIM pacTBOpOM XJIOpHJa KaibLMs (X4,
Peaxum, Poccus).

Memoouka ouocopoyuu memannos

Jns uccnenoBanus OWOCOPOLIMM HCTIONB30BAINCH CIEAYIOLIUE PaCTBOPHI
coseit: Cu(NO3),:3H,0 (u, Peaxum, Poccust), Co(NO3),'6H,0O (4, Peaxum, Poccus),
Ni(NOs),6H,O (u, Peaxum, Poccms), Cr(NO;);9H,O (u, Peaxum, Poccus). B
sKcIiepuMenTe 1mo OmocopOuuu 10 M pacTBopa colM C KOHIEHTpAlueldl HMOHOB
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merauia 0,1 MOJB/M  BBIACPKUBAIUCH TPU TIOCTOSHHOM TEPEMENTUBAHUUA  CO
ckopoctbio 100 06/mun npu 30°C ¢ 0,5 r oOpasiia *UMMOOMIIU30BaHHBIX JAPOXIKEH B
teyenue 60 muH. [locie OGuocopOuuu npoda oTduibTpoBbIBaNach. KoHIIEHTpalus
MOHOB METAJUIOB H3MEPSUIACh CHEKTPO(HOTOMETPUUYECKH C UCIOJIb3oBaHUEM Y D-
cnekrpodoromerpa [132800 (Dkpoc, Poccust). U3mepenre npoBoAUIOCs IPH ITTUHAX
BoiH 475, 590, 625 HM B 3aBUCUMOCTH OT THIIa HOHA.

PE3YJDbTATBI U UX OBCYXKXIEHUE
Bnuanue muna nocumensa na 0uocopoyuio Memanoe
B nensx ompeneneHus BIMAHUSA THIA HOCUTENS HAa OMOCOPOLMIO METAJIOB
ObUIM TPOBENEHBI MCCIEN0BaHUS ¢ oOpa3laMu HocUTedsl 0e3 JPOMIKEBBIX KIIETOK.
Pe3ynbpraTel cciieoBaHus IPEACTABICHBI HA PUCYHKE 1.

11 BSi02
09 | B Si02-TA
: O
¥
§ g 07 -
7] Q
S s
2205
a s
I3
L5 03
g =
[}
01
017 cuz+ Co2+ Ni2+ Cr3+

Puc. 1. Biusinue Tuna HOCUTEINS Ha COPOLIMIO HOHOB METAJIIOB.
Fig. 1. Influence of support type on the metal ion sorption.

W3 pucynka 1 BUIHO, YTO AMOKCH KPEMHHUSI BHOCUT ONPENIECTICHHBIN BKJIA] B
copbumio metamioB (mo 1 macc. %). CopOumsi METaIOB MPOUCXOJUT 3a CYET
CBSI3BIBAHMS THJIPATHPOBAHHBIX MOHOB ¢ OH-rpynmaMu Ha MOBEPXHOCTH JTHOKCHIA
KpeMHUs, coryacHo pucyHky 2 [34]. Ilpm a3TomM Oojee BBICOKOW COpOIMOHHOMN
€MKOCTBIO 00J1a/1aeT HOCHUTEINb, MOMU(PUITMPOBaHHBIN ['A, 32 cueT HAIMYUS TIEHTPOB
JOTIOJITHUTEJIBHOTO CBSI3bIBAHMS MOHOB METAJUIOB (Kak MOKa3aHo Ha puc. 20).

Hzo Hgo HQO HQO H,O H-50 H,O H,0
N S s N A S
H20—Me™ m0%}h07lvie“\ H0 H:O7Me"\: H:0%H:07Me” H.0

\
H26 H,0 C|) ? H, O H»0 C|) ?
CsHio CsHio
/Si02 Cl) (|)
P S | |
? ¢
a) 0) 7,510

Puc. 2. Cxema copOuu HOHOB METAIIOB Ha ToBepXHOCTH (a) Si07; (6) Si0x-T'A.
Fig. 2. Scheme of metal ion sorption on the surface of (a) SiO2; (b) Si02-GA.
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Bbuocopoyus uonoe memannos c ucnonb3oeanuem UMMOOUIUIOBAHHBIX OPOIHCHCell

Pesynbrarthl  ompeneneHuss ~ BO3MOXKHOCTH — HMCHOJB30BaHUS  JPOXKKEH
Saccharomyces cerevisiae u Saccharomyces carlsbergensis, "MMOOMIIM30BaHHBIX Ha
JTUOKCHUIE KPEMHUS, J11 OMOCOPOIIMY HOHOB METAJUIOB MPEACTaBICHBI HA PUCYHKE 3.

m Saccharomyces carlshergensis m Saccharomyces carisbergensis

100 - ® Saccharomyces cerevisiae 100 = Saccharomyces cerevisiae
90 + 90 -
80 - 80 -
70 - 70 1
80 | 60 1
50 50 1
40 40 -
30 30 1
20 | 20 |
10 10 |

CreneHb n3gaevyeHna metanna, macc. %

CreneHb U3BaeYeHUA MeTaNNa, Macc. %

Cu2+ Co2+ Ni2+ Cr3+
Cu2+ Co2+ Ni2+ Cr3+

(a) 6)
Puc. 3. bruocopOuust HOHOB METAJUIOB C UCIIOIB30BAHUEM KYJIBTYD APOXKKEH, MMMOOMIN30BAHHBIX
Ha (a) Si0z; (0) Si0:-T'A.

Fig. 3. Biosorption of metal ions using yeasts immobilized on (a) SiO2; (b) Si02-GA.

W3 pucyHka 3 BHIHO, YTO MMMOOWMJIM3OBaHHbIE Saccharomyces cerevisiae
IPOSABISIOT 00JIEe BBICOKYIO d()PEKTUBHOCTL B OHOCOpOIMU HOHOB MeTamios Cu?”,
Ni?*, Cr*', no cpaBHeHMIO ¢ MMMOOMIIM30BAHHOW KyJIbTYpoOil Saccharomyces
carlsbergensis. CpaBHUTEIBHBIM aHAIIU3 PE3YyJIbTATOB OMOCOPOIIMKM MOHOB METAJUIOB
C MCHOJIb30BAHHEM KYJbTYp ApOoxKend Saccharomyces cerevisiae n Saccharomyces
carlsbergensis, UMMOOMIIN30BAaHHBIX Ha HEMOAU(PUITUPOBAHHOM u
MOAUGUITMPOBAHHOM OKCHE KPEMHHUSI, TTOKa3all, YTO MCIOJIb30BAHUE CIITUBAIOIIETO
areHTa TMpyd  HUMMOOWJIM3AlUU  KYJIBTYp JPOXOKEH  TMO3BOJSET  MOBBICUTH
s dextuBHOCT, OMOcOpOIMHM Ha 3—5%. [lomoOubBIN 3 (dEKT, BEPOATHO, CBA3aH C
HaJIMYUEeM Ha TOBEPXHOCTH oOpaslla HE TOJIbKO MOJIEKYyl OHOCOPOEHTOB, HO U
JOTIOJITHUTEJIBHBIX IIEHTPOB COPOITMU METANIOB — THAPATUPOBAHHBIX TOBEPXHOCTHBIX
rpynn okcuga kpemHus U rpynn ['A. Omgnako 3(¢heKTUBHOCTh HMCIOJIB30BAHUS
MUKPOOPTaHU3MOB, HMMMOOWIM30BaHHBIX Ha TIMOBEPXHOCTH OKCHUJAa KPEMHHS,
a7ICOPOLIMOHHBIM METOJIOM TaKKe JIOCTaTOYHO BbICOKass — Ha 1-3% Hmke 10
CpaBHEHUIO ¢ 00pa3liamMu, MOJYyYEHHBIMU IIPU KOBAJIEHTHON CIIMBKE.

HccnenoBanusi TmoOKa3zaiy, 4YTO HWMMOOWIM3AIUMS MHUKPOOPTaHW3MOB, B
YaCTHOCTH JAPOAKEH, B TENSAX MPUBOJUT K YBEIMUYCHUIO aKTUBHOCTHU KJIETOK [41, 42,
46-49]. Ilpu 5ToM HE MPOWCXOAUT HAPYIICHHUS] UX CHOCOOHOCTH K Pa3MHOKEHHUIO.
OnHuUM M3 OCHOBHBIX MPEUMYIIECTB HUCMOJIb30BAHUS TEJIEBBIX HOCHUTENEH SIBISETCA
BO3MOKHOCTh UX Pa3pylLICHUS JiE KOHTPOJISI COCTOSIHUS M KOHIIEHTPALIMU KIJIETOK
apoxoked. PucyHok 4 moka3bIBaeT pe3yibTaTbl OMOCOPOIMH HOHOB METAJJIOB
oOpa3namu Ipoxokei, UMMOOUIM30BaHHBIX B aIbTMHATHOM Telie.
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m Saccharomyces carlsbergensis

100 - u Saccharomyces cerevisiae

T

Cu2+ Co2+ Ni2+ Cr3+

CTeneHb M3BAEYEHMA MeTanna, macc. %

Puc. 4. buocopOuust HOHOB METAJUIOB C UCIIOIB30BAHUEM JIPOAOKEH, IMMOOMIIN30BAaHHBIX B
aJIbI’MHATHOM TeJIe.

Fig. 4. Biosorption of metal ions using yeasts immobilized on alginate gel.

Kak BUIHO M3 MpeACTaBICHHBIX JaHHBIX, 3()(PEKTUBHOCTH OMOCOPOLIMK MOHOB
METaJUIOB KYJbTYpaMu JPOXOKEH, HMMOOUIU30BAHHBIX B aJIbIMHATHOM TeJle,
cornoctaBuMa ¢ 3(QPEKTUBHOCTBIO OMOCOPOIMH 111 00pa3IoB, UMMOOMIM30BAHHBIX
Ha HEMOJAU(PUIMPOBAHHOM OKcHJe KpeMHus. OgHako ObLJIO OTMEYEHO, YTO caMm
QIBTMHATHBIN TENlb MPAKTUYECKH HE MPOSBISET COPOIMOHHOM aKTUBHOCTH. Takum
oOpazoM, UMMOOWIIM3AIUS APOAOKEH B MaTPUIC AJIbIHHATHOTO TE€Jsi TMOBBIIIACT
AKTUBHOCTh MUKPOOPTaHU3MOB K OMOCOPOIIMY HOHOB METAJLIOB.

Cpasnenue cmaoduibHOCMU OUOCOPOUUU UMMOOUTUZOBAHHBIX OPOIHCIHCE

NMMoOunm3aIs MUKpOOPTaHU3MOB MTPOBOJIUTCS, KaK TPABHIIO, C IETBI0 UX
MTOBTOPHOT'O WCITOJIb30BAHUS M 00JIee JIETKOTO OTHEJEHUS OT PEAKIIMOHHON CpEIbI.
JUiss  Toro  4troObl  U3YYUTh  CTaOWJIBHOCTH  PabOThl  MMMOOMIM30BAaHHBIX
MHKPOOPTaHW3MOB, ObLla TPOBEJACHA CEpUS OMBITOB IO W3BJICUYCHUIO HOHOB
METaJUIOB W3 PacTBOPOB IPH MHOTOKPATHOM HCIIOJIb30BAaHUU OO0PA3IOB JPOXIKEH
Saccharomyces cerevisiae.

[Ipn xaxagoM UK€ O0Opas3bl HWMMOOMIM30BAHHBIX MHUKPOOPTAaHU3MOB
oOpabateiBasiuce 0,01 M pacTBOpOM  yKCYCHOM  KHUCJIOTBHI Al yJaJIeHUs
COpOMPOBAHHBIX MOHOB. Pe3ynbTaThl MHOTOKpAaTHON OHOCOPOIIUM MpEeACTaBICHBI Ha
PUCYHKE 5.

Kak BHIHO u3 puCyHKa 5, yXe€ NpH BTOPOM HCIIOJIB30BAHMM HHTAKTHOMN
KYJBTYPBI APOXKKEH MPOUCXOAUT TNajeHue 3PHEKTUBHOCTH OMOCOPOIMU MOUYTH B 2
paza, uro cBszaHo c: (1) moTepsmMu B Macce KyJbTypbl, U (2) CHUXEHUEM
OMOCOpPOIIMOHHON €MKOCTH KJIETOK Apoxoked. Ha 4—5 nukie mHTakTHas KyJbTypa
MPaKTUUECKU HE MPOSBIIIET OMOCOPOIIMOHHOM 3 (HEKTUBHOCTH.

MHoOrokpatHoe  HCHOJb30BaHHWE  APOXOKEH, HMMOOMIM30BaHHBIX  Ha
MOJAU(PUIIUPOBAHHOM OKCHJE KPEMHHS, MOKa3ajo, 4TO, HAYMHASA C TPEThETO ILMKIIA,
3 PeKTUBHOCTh OMOCOPOIMY CHUXaeTCs, B cpeaHeM, Ha 10% 3a Kaxaplid UK. DTO
MOXET OBITh CBSI3aHO C pa3pylIeHHUEM/BbIMBbIBaHHEM ['A ¢ TOBEPXHOCTH OKCHIA
KpeMHUs mpu 00paboTke o0pa3ia pacTBOPOM YKCYCHOM KUCIOTHI, a, CIeI0BATENIbHO,
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C JAJbHEWIIUM BBIMBIBAaHHEM KIETOK Saccharomyces cerevisiae. ToT xe 3¢ ekt
HaO0JII0/1aJICsl TIPU MHOTOKPATHOM HCIIOJIB30BAHUU JIPOACOKEH, NMMOOWIIM30BaHHBIX B
anbruHaTHoM rene. HykHO oTMeTuTh, uTO mnpu 00paboTKe AaHHOrO oOpasua
pacTBOPOM YKCYCHOM KHCJIOThl BU3yallbHO HaOmoganach JAepopMaiis YacTHIL
aJIbIMHATHOTI'O I'eJlsl, YTO YKa3bIBA€T HA pa3pyLICHUE €r0 CTPYKTYPHI.
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Puc. 5. Muorokparnas 6uocopOrusi HOHOB (a) meaw, (6) kobanbTa, (B) HUKENS, (T) Xpoma ¢
WCTIOJIh30BaHNEM HMMOOMITM30BaHHBIX 00pa3IoB ApoKel Saccharomyces cerevisiae.

Fig. 5. Multiple biosorption of (a) copper, (b) cobalt, (c) nickel, (d) chromium ions using
immobilized Saccharomyces cerevisiae.

O6pazenr apoxxkeid, ”MMOOUIN30BAaHHBIX HAa HEMOAU(PUIIMPOBAHHOM OKCHUJIE
KpEeMHUS, TIOKa3al CTaOWJIBHOCTh CBOEW pabOThl MHUHHUMYM B TpeX TMOBTOPHBIX
[IUKIIaX, a MOCIEAYIolee NBYKPAaTHOE €ro MPUMEHEHHE CHMXKAJIOo 3(PQPEKTUBHOCTH
ouocopOuuu He 6onee, ueM Ha 10%. [To-BuguMOMy, B 3TOM cllydyae HE MPOUCXOAUT
pa3pylIeHus! CTPYKTYPbl HOCUTEINSI U BBIMBIBAHHS JPOXKKEH, T.€. MOKHO 3aKITIOUUTH,
9TO WMMOOWIM3AINAS MHUKPOOPTAHU3MOB aJCOPOIMOHHBIM METOJIOM  SIBIISICTCS
HanOoJiee ONTUMATHHON B MENISIX WX MPUMEHEHHS 1711 OMOJIOTHYECKONW OYMCTKU BOIBI
OT MOHOB TSDKEJIBIX MeTAIOB. KpoMe Toro, mpruMeHEHHBI B JAHHOM HCCJICIOBAHHUH
HOCHUTEJNb SIBIISCTCA JOCTATOYHO NIEMIEBHIM U MPOYHBIM MATEPHAIOM, YTO MO3BOJIUT
CHU3UTH 3aTPAThl HA IPOBEJECHIE OMOCOPOIUH.
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3AK/IIOYEHUE

B TaHHON pabote IoKa3aHa BO3MO>XHOCTh UCIIOJIb30BaHUS
UMMOOUIIM30BaHHBIX KYJIBTYp Jpoxxker Saccharomyces B OuocopOLMU HOHOB
TSDKEJBIX METAJUIOB U3 BOAHBIX pacTBOpoB. [Ipumenenue Saccharomyces cerevisiae,
MMMOOWJIM30BAaHHBIX HA JUOKCHJIE KPEMHHMs, MO3BOJISIET U3BJIEKaTh 10 75% HWOHOB
meau, 90% wuoHoB kKoOambTa M HuUkenss U 60% wuoHOB Xpoma. Mcmonb3oBaHue
CIIMBAIOIIETO areHTa — [IYyTapoOBOr0 albJEruaa - NpU UMMOOWIU3ALMH KYJIBTYP
ApOXOKEH Ha TUOKCUIE KPEMHUS TO3BOJSET MOBBICUTH 3(PPEKTUBHOCTH OHOCOPOIIMU
Ha  3-5%, oaHako A(Q(EKTUBHOCTb  HMCIHOJB30BaHUS  MUKPOOPIAaHU3MOB,
UMMOOMIM30BAaHHBIX HA TIIOBEPXHOCTH JHMOKCUAA KPEMHHUS, aJCOPOLIMOHHBIM
METOJIOM TaK>K€ JJOCTATOYHO BBICOKA.

[TosryueHHble pe3ynbTaThl CBUIETEIBCTBYIOT O TOM, 4TO 3((PEKTUBHOCTH
OMocOopOIIMM HMOHOB METAJUIOB KYJIbTYpaMH JIPOXOKEH, HMMOOWIM30BAaHHBIX B
QJIbTMHATHOM Tejie comocTtaBuMa ¢ 3¢ (EeKTUBHOCTHIO OMOCOpOIMM Uit 00pa3LoB,
MMMOOWJIM30BAaHHBIX HAa HEMOIU(DHUIIMPOBAHHOM JHOKCHIE KpemMHHUs. Takum
o0pa3oM, MOXHO CJeJaTh BbIBOJ, YTO HMMMOOWJIM3ALMS MHUKPOOPTraHU3MOB
aZCOpOILIMOHHBIM METOJIOM fABJISIETCS HauOosee ONTUMAIBHOM B ULEISIX HX
MPUMEHEHUS ISl ONOJIOTMYECKON OYMCTKU BOBI OT HOHOB TSXKENBIX METAJIOB.

Paboma ewinonnena npu @uuancosou noodoepoicke Poccutickoeo ¢onoa
@dynoamenmanvHulx ucciredosanutl, npoexm Nel8-08-00460.
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AnHoTauusi — [lpuBeseHbl pe3ynabTaThl MCCIEAOBAaHUN MexaHH3MOB aacopOumu noHoB Fe(ll) u
Cu(Il) wa OenToHHUTE, MOAU(DUIMPOBAHHOM yriepogHbiMu HaHoTpyOkamu (YHT), mnpu
BbIcOKOTeMIIepaTypHoit (550°C) Tepmuyeckoit o0paboTke. McciemoBanus TpOBENCHBI HAa TPEX
bpakusax MoaudunupoBanHoro OentoHuta Capurroxckoro MectopoxkaeHus (Pecmybnuka
Apmenust): wmenkas (0,001-0,099 mm), cpennsasa  (0,10-0,99 mm) u  xpynnas (1,0-3,5 mm).
OKCIEpUMEHTAIBHO ~ TOJYYeHBl  OCHOBHBIE  aJICOPOIIMOHHBIE  XapaKTEPUCTUKA  OEHTOHHTA,
MoudunmpoBanHoro YHT, npu BeIcOKOTEMIIEpaTYpHOH TEPMUYECKON 00pabOTKe ISl KaXKIIoH W3
Tpex (pakmmii mo otHomeHuo Kk noHam Fe(Il) m Cu(Il) B cratmueckux ycnoBusx. Haumyumime
a/71copOLIMOHHBIE XapaKTEPUCTUKH IOKazaja cpeHss (pakuus MoIu(UIMPOBAHHOTO OEHTOHUTA,
KOTOpbIE COCTaBWJIM ISl MOHOB JKejle3a (MOHOB MeAM): craThueckas oOMeHHass emkocTh 0,502
(0,36) Mr-sxp/r, kodpdurment mexdasnoro pacmpenenenus 0,14 (0,13) mr/am°, cTemensb
u3pnedeHuss 90,1 (87,0)%. IloctpoeHsl nm3oTepmbl aacopOLuU, U MPOBEJIEH aHAIW3 MeXaHU3Ma
anacop6muu noHoB Fe(Il) m Cu(Ill) 6enTonurom, MmogudunupoBanubiMm YHT, B pamkax mopeneit
Jlenrmiopa, @peitnanuxa u bpynayspa-Ommera-Tennepa. YcTaHOBICHO, YTO MpoOIEcC acOPOIUU
nonoB Fe(Il) na ykazanHOM copOeHTe Hambosiee TOYHO OIMCHIBAETCS B pPAMKaxX H30TEPMBI
JIeHrmiopa, 4To CBUAETENIBCTBYET O IPEUMYILIECTBEHHOM 00pa30BaHUKM MOHOMOJIEKYJISIPHBIX CJIOEB
azcopbaTa Ha TOBEPXHOCTH copOrmoHHOoro Marepuana. IIpomecc aacop6muu monoB Cu(Ill) na
o6entonute, moauduuupoBanHoM YHT, Hambonee TOYHO ONMHUCHIBAETCS B paMKax H30TEPMbI
OpelHUIXa, YTO CBUIECTENLCTBYET O MPEUMYIIECTBEHHOM (POPMHUPOBAHUHU CMEIIAHHBIX CIIOEB
«aacopOeHT-aacopoaT».

Kniouesvie cnosa: aacopOuusi, MOAU(UIMPOBAHHBIM OCHTOHHT, YriepoJHble HAHOTPYOKH, MOHBI
xene3a(ll) u megu(1l), u3oTepmsl agcopOIUn.
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Abstract — The results of study of mechanisms of adsorption of Fe(II) and Cu(II) ions on bentonite
modified with carbon nanotubes (CNTs) under high-temperature (550°C) heat treatment are
presented. The study is carried out using three fractions of modified bentonite of the Sarigyukh
deposit (Republic of Armenia): small (0.001-0.099 mm), medium (0.10-0.99 mm), and coarse
(1.0-3.5 mm) fractions. The main adsorption characteristics of bentonite modified with CNTs have
been experimentally obtained during high-temperature heat treatment for each of the three fractions
with respect to Fe(II) and Cu(II) ions under static conditions. The best adsorption characteristics are
achieved with the medium fraction of the modified bentonite, which are amounted to the following
values for the iron (copper) ions, respectively: static exchange capacity 0.502 (0.36) mg-eq/g,
interfacial distribution coefficient 0.14 (0.13) mg/dm?®, and recovery degree 90.1 (87.0)%.
Adsorption isotherms have been plotted, and the mechanism of adsorption of Fe(II) and Cu(II) ions
by CNT-modified bentonite has been analyzed in the framework of the Langmuir, Freundlich, and
Brunauer-Emmett-Teller models. The process of Fe(Il) ions adsorption on this sorbent is found to
be most accurately described in terms of the Langmuir isotherm, which indicates the predominant
formation of monomolecular adsorbate layers on the surface of the sorption material. The
adsorption of Cu(II) ions on bentonite modified with CNTs is most closely described in terms of the
Freundlich isotherm, which indicates the predominant formation of mixed adsorbent-adsorbate
layers.

Keywords: adsorption, modified bentonite, carbon nanotubes, iron(Il) and copper(Il) ions,
adsorption isotherms.

BBEJIEHUE

[Ipobiiema XuMHUYeCKONW O€30MaCHOCTH BOJHBIX CpEll B HACTOSIIEE BpEeMs
SIBJISIETCS OJTHOM W3 CaMbIX aKTYaJbHBIX B OO0JACTH IPOMBIIIICHHOW 3KOJIOTHH.
ITonaBnsroniee OOJBIIMHCTBO MPUPOIHBIX BOJOEMOB HCIBITHIBAIOT 3HAYUTEIBHYIO
AHTPONIOTEHHYKD HAarpy3Ky CO CTOPOHBI MNPOMBIIUICHHBIX MPEANPUITHAN, KUJIBIX
MACCHBOB, SHEPTeTUYECKUX WU PEKPEALMOHHBIX KOMILUIEKCOB, KOTOPHIE HE TOJBKO
NOTPeOJIIOT BOJIHBIE PECYPChl, HO U COpPachIBalOT B MPUPOIHBIE BOJOEMBI CTOYHBIC
BOJIbI, 1aJIEKO HE BCEr/ia OYHUIIEHHBIE IO TPeOyEeMbIX HOPMATHBOB.

Monutopunr  mpupojaHbIX  BojgoemMoB  CapaTtoBckoit — obmactu  [1],
peanuzoBanHbii B 2014-2019 rr., nmokaszas, 4To B OOJBITMHCTBE BOJHBIX OOHEKTOB B
KOHTPOJIBHBIX CTBOpAax, pa3MEIIEHHBIX 3a NyHKTaMH cOpoca CTOYHBIX BOJ
OPEANPUATANA U KWIBIX MAcCUBOB, MMeroTCs npesbimieHus 11K, oprannmdeckux
COCIMHEHUN — MPOM3BOJHBIX OCH30JIa U HEKOTOPBIX TSDKENBIX MeTauioB. Hanbonee
4acTO BCTpeudaroTcsa TnpeBbilieHus B Boae uoHOB kene3a(ll) wu  memu(Il).
Vcranosneno, uro uonsl Fe** u Cu?’ B 3HAUUTENBHBIX KOJIUYECTBAX IIPUCYTCTBYIOT B
CTOYHBIX BOJIaX MHOTHX TMPOU3BOJCTB (MAaIIMHOCTPOUTEIHLHON, XHWMHYECKOM,
JJAKOKPACOYHOM, JIETKOM, (bapmarieBTHUECKOI u D110} 070 oTpacien
MPOMBIIIJIEHHOCTH), OTKYyJa W MOCTYMalOT BMECTE C HEJOCTATOYHO OYMIICHHBIMHU
CTOKaMH B IIPUPOJIHBIE BOJIOEMBI. B 3T0# CBsI3M cieayeTr oOpatuth 0co00€ BHUMAHKE
Ha HEOOXOJUMOCTh MOBBIIICHUS KAa4eCTBa OYMCTKH CTOYHBIX BOJI MPEANPUATHIMA
MIEPEUYNCIICHHBIX BUJOB IIPOU3BOJICTB.
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CoBpeMEHHbIE  OUMCTHBIE  COOPY)KEHHSA, OOECIECUMBAIOIIUNE  OYUCTKY
IPOU3BOJICTBEHHBIX M XO3WCTBEHHO-OBITOBBIX CTOKOB, BKIIFOUAIOT IEJIbIA KOMILJIEKC
CUCTEM M 000pyIIOBaHUS ISl 00eCeUeHUs] MEXaHUYECKOH, (PU3NKO-XUMUYECKON U
OMOJIOTUYECKOM OYUCTKM CTOYHBIX BOJ. OJHAKO peanu30BaTh MOJHOICHHBIN
KOMIUJIEKC OYUCTKH CTOYHBIX BOJI MOKET JIaJIeKO HE KaXJ0€ MPOM3BOJICTBEHHOE
OpEeAnpusTie BBUJY 3HAUUTENBHBIX (DMHAHCOBBIX 3aTpaT Ha MaTepUalbl H
obopynoBanue. I[loaromy mpu BBIOOpPE CXEMBbl OUYMCTHBIX COOPYKEHHH B Ka)IOM
KOHKPETHOM cllydyae HeoOX0auMO OOOCHOBBIBAaTh HE TOJBKO COCTaB Y3JIOB
COOPYKEHHI, HO U IPUMEHSTH Hanbosee 3HPEeKTUBHBIE KOHCTPYKIUH.

OcTtanaBnuBasich 0oyiee MOJIPOOHO Ha (PUBHKO-XUMUYECKHUX METOAAaX OYUCTKHU
CTOYHBIX BOJ, CJIEAYET OTMETUTh, YTO B MOCIEIHEE BpPEMS OCOOYIO MOITYISPHOCTH
3aBOEBAJIA a/ICOPOIMOHHBIE METO/IbI OUMCTKU BOABI [2, 3]. B KauecTBe COPOILIMOHHBIX
MaTepHUaloB B HACTOSIIEE BPEMS UCIIONB3YIOT KaK MPUPOJIHBIC, TAK U CUHTETUYECKUE
marepuaiibl [4]. Oco0Ooli TOMyISIPHOCTBIO CPEAM CYIIECTBYIOIMIUX aJICOPOCHTOB
MOJIL3YIOTCS  OGHTOHUTBI, KOTOpbIE SIBISIIOTCS  JICMIEBBIMU U JIOCTYIHBIMU
matepuanamu [5]. g MOBBIIEHUS aJCOPOIIMOHHON CIOCOOHOCTH OCHTOHUTOB UX
MOJIBEPraroT pa3HbIM crioco0aM MoauduKauu (00KUr, XUMUIecKass MOAU(PUKALINS U
np.). I3BecTHBI crtocoObl MOIUMUIIMPOBAHUS TPUPOTHOTO OCHTOHUTA YIJIEPOAHBIMU
HAHOTPYOKaMH C TOCJEayromel TepMoodpadoTkoit [6, 7]. OnbiT mokaszan [§], 4ro
OHOM M3 Hauboiee TMPOIYKTUBHBIX MOAUPHUKAIMA MPUPOTHOTO OCHTOHHUTA
VIJIEPOAHBIMA HAaHOTPYOKaMHU C TMOCIEAYIOIUM OOXKUTOM SIBJISIETCSl MOAU(UKAIUS,
BBITIOJIHEHHAA npu Temmeparype 550°C.

JlanHO€ WHcCclieqoBaHUE MPOBEACHO [ OOOCHOBaHUA LEIECOO00Pa3HOCTU
UCIIOJIb30BaHUSl ~ COpPOLIMOHHBIX ~ MarepuajioB  Ha  OCHOBE  OEHTOHMTA,
MOIU(DHUITUPOBAHHOTO YITICPOAHBIMA HAHOTPYOKaMH, JJIT OYUCTKH BOJHBIX Cped OT
noHoB Fe* m Cu?’. Ilenpro uccnenoBanus OBUIO ONPENENEHUE XapPaKTEPUCTHK
3¢ PeKTUBHOCTH acOPOIMU YKa3aHHBIX HOHOB B CTATUYECKUX YCIIOBUSIX U U3YUYCHHE
MEXaHU3Ma UX aJcopOIHu Ha MOAU(UIIMPOBAHHOM OCHTOHUTE.

OKCHHEPUMEHTAJIBHAS YACTDb

O0bexkTaMH HCCIEI0BAHUS SIBISUIUCh MOJEJIBHBIE BOJHBIE PacCTBOPHI
coemqunennii CuSO;5H,O u FeSO47H,0, comepxamme uonel Fe** m Cu*™ B
xouuenrpausax 10-800 mr/mm>. J{jist IPUroTOBIEHHS PACTBOPOB IPUMEHSIIUCH MED
ceprnokucinasi(Il), 5-sognas, XY u xene3o cepuokucnoe(Il), 7-sognoe, X4 (OAO
«byiickuii xumuueckuii 3aBon», Poccus). Takxke 0ObEKTOM WCCIEAOBAHUS SBIISIICS
COpOLIMOHHBIA MaTrepuaj, MpeacTaBiIsiomuid coboli OeHTOHUT CapurxcKoro
mectopoxaenust (PecrnyOonuka ApMmeHus), MOAMUPUIIMPOBAHHBIA  YIJIEPOAHBIMU
HaHOTpyOKaMu Tmpu BbicokoTemneparypHoi (550°C) Tepmuueckoil oOpaboTke.
CocraB ucxognoro Capurroxckoro O€HTOHUTA MIpeACTaBIeH B Tabuiie 1.

Taonuya 1. Xumuyeckuii coctaB CapurroXckoro OEHTOHUTA

Table 1. Chemical composition of Sarigyukhsky bentonite

Xumuueckoe | SiOz | ALOs3 | Fe;O3 | FeO | TiO2 | CaO | MgO | MnO | KoO | NaxO
COCIMHECHUE

Hons, % 65,86 | 9,98 7,57 | 0,43 | 0,46 | 091 | 0,49 | 0,04 | 232 | 1,75
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CopOIMOHHBIN MaTepuaa COCTOSN M3 OEHTOHUTA, MOAU(DUIKMPOBAHHOTO
YTIIEPOAHBIMU HAaHOTPyOKaMu (YHT) npu COOTHOLIEHUHU
o6entonut : YHT =100 : 0,02 (YHT coctaBnsier 0,02% 10 OTHOIIEHUIO K OCHTOHUTY
[0 Macce), MpU 3TOM UCXOJIHbIH OEHTOHUT npocymuBaiu B CBU-none MOIHOCTEIO
600 BT B TeueHue 5—7 MHUH, YTO NMPUBOJAUIO K CHUKCHHIO BIAXKHOCTH 10 5% U
U3MEINIbYEHHUI0 cyOcTpaTa 10 pa3Mepa YacTHUll He KpyIlHee 5 MKM, Jajiee IrpaHyibl U3
O0eHTOHUTA (HOPMOBAJIM ITyTEM BHXPEBOM OKATKU (710 TpeOyeMoro pasmepa (Gppakiuu
rpaHysl) B €MKOCTH TpaHyisiTopa-cmecutens tuna OBII npu nocreneHHOM
nobasiennn cmaumBarens 10-20 Mi/MHH, TIOCTEe Yero TrpaHyidbl OEHTOHHTA
MPOXOJWIIM TEPMHUYECKYI0 00paboTKy B TeueHue 2 4 npu Temmneparype 550°C B
WHEpTHON  OeckuciopomgHoir cpeae [9] CmauuBarens A OPUTOTOBICHHS
OCHTOHUTOBBIX TpaHyl uMmen coctaB — Boja : YHT =100: 0,04 (YHT cocraBnser
0,04% ot oOpeMa BOABI), KOTOPBIA TOTOBWJCS B YJIbTPAa3ByKOBOM BaHHE MpHU
MHTEHCUBHOCTH YIILTPAa3BYyKOBOro u3lydeHus 2,5 Br/cM? mnpum mnocreneHHOM
n00aBJIEHUU B TUCTWILIUPOBaHHY0 Boay YHT.

K uccrnenoBanusm ObLIN TPUHATHL TPU GPAKIUN TPaHyT MOAUPUIIUPOBAHHOTO
oentonuta. Pasmep TrpaHyn O€HTOHUTa, MOJAUGUIUPOBAHHOTO YTIEPOTHBIMU
HaHOTpyOKaMu, cocTaBisul: Menkas dpakiusg — 0,001-0,099 mm; cpennsst hpakums —
0,10-0,99 mmMm; kpymniHas dpakius — 1,0-3,5 mm.

B kadyecTBe OCHOBHOTO MeTOJa WCCJeI0BAHMA ObLI HCIOJIB30BAH METO]
doTOMeTpUHN, peanu3oBaHHBIA Tpu mnoMomM crnekrpodoromerpa I[13-6100YD
(m3rotoButens Shanghai Mapada Instruments Co., Ltd, Kuraif), ¢ nmocnenyromieit
CTaTUCTUYECKON 00pabOTKON Pe3yabTaTOB.

Conepxanue kemnesa B mpodax onpenensiau coryiacHo [THI @ 14.1:2.50-96 [9]
u ['OCT 4011-72 [11]. Meron ocHOBaH Ha peakUUM HWOHOB XeJie3a B IIEJIOYHOU
cpeae ¢ Ccyiab(pOCATUIUIOBON KHUCIOTOM ¢ OOpa3oBaHHMEM KOMILJIEKCHOTO
COCIMHEHMSI, OKpPAIIEHHOTO B  KENTHhIH 1BEeT. VIHTEHCHBHOCTH  OKpAaCKH,
IPOIOPIIMOHATIEHYI0 MAaCCOBOM KOHIIEHTpAIUH KeJle3a, U3MEPSUTH TP JUTHHE BOJTHBI
430 HMm.

Cognepkanue WOHOB Menu B TmpoOax ompeaensuia  corjacHo [THJ] @
14.1:2:4.48-96 [12]. IIpu >TOM OCHOBHOI CTaHIAPTHBIA PACTBOP MPUTOTABIMBAIU
nyteM pactBopenus 24,20 r Cu(NOs),-:3H,0, B3Bemennoro ¢ norpemHoctsio 0,02 r,
B 1000 cM® IUCTUIIIMPOBAHHOMN BOJIEL.

Craructuueckass 00pabOTKa pe3yJbTaTOB 3KCIEPUMEHTOB BBIMNOJHEHA C
noMoIIbIo makeTa nporpamm Statistica for Windows 6.0 1o U3BeCTHBIM METOAMKAM C
ydaetoM KputepueB CTerofieHTa u duiiepa.

JlabopaTopHO-aHAIUTUYECKHE HCCIEAOBaHUS MPOBOAWINCH HAa 6aze HayuHo-
obpazoBatenpHOro 1eHTpa «IIpomernuienHas sxonorus» kadenpsl sxonoruun CI'TY

umenu ["arapuna FO.A., a Takke B aKKpeIUTOBAHHOM MCHBITATEIBHOU JabopaToOpun
«9xo00C» CI'TY.

PE3YJBTATBI U UX OBCYXJIEHUE
Onenka mapameTpoB 3(PdeKTHBHOCTH ancopOnuu MPOBOAUIACH ITYyTEM
YCTAHOBJICHHUs DPaBHOBECHBIX KoHueHtpauuii C, monoB Fe?" m Cu?". B kakmom
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AKCIIEPUMEHTE PABHOBECHAs KOHIIEHTpalus OMNpeAessiach MO YCTaHOBUBIIUMCS
3HAUYECHUSM KOHIICHTPAIIMH UCCIIEyEMbIX BEIIECTB BO BPEMEHHU.
Benuuuny ancopOuuu paccUuThIBaIM 1O PopMyIie:

I = (COi _Cpi)'v

i

,mel e, (1)
m

rae Co; — MCX0HAass KOHIIEHTpAIMsd MOHOB MeTaia B pactBope, C, — paBHOBecHas
KOHIIEHTPALMs HOHOB MeTaiia B pacteope (Mr/am®); V — o6bem pactBopa (am?); m —
Macca HaBeCKu OeHTOHHUTA (T).

[To pe3ynbTaTamM 1a00PaTOPHOTO FKCIIEPUMEHTA aJICOPOLIUH N3y9IaeMbIX METAIIOB
Ha MOU(UIMPOBAHHOM OEHTOHUTE OBLIM IIOCTPOEHBI H30TEPMBI ancopOIMHU HOHOB Fe?*
1 Cu?" or ux paBHOBeCHOM KoHueHTpauu C, B pacTBOpE.

[Nomy4yennble dKcriepuMeHTalbHbIe 3HaueHHss C, — paBHOBECHOW KOHIIEHTPAIMU
noHoB Fe?* u Cu?" B pacTBOpe IpH pasHBIX PaBHOBECHBIX KOHLIEHTPALMUSX PacTBOpA
IIPEJICTABJICHBI HA pUCYHKaX | 1 2.

14 - =>
=]
12 -
10 +
[ =
= 8 - === CpeaHan
s dpakuusa
= g == Me/kKas
dpakums
KpynHasa
4 .
dpakumsa
2 .
O 7': T T T T T 1
0 20 40 60 80 100 120
Cp, mr/am3

Puc. 1. Uzotepmbl aacopOiun noHoB Fe’™ B 3aBHCHMOCTH OT MX PaBHOBECHBIX KoHLeHTpamuii Cp
Ha 6eHToHUTE, MOonUpunpoBanHoM YHT, B cTaTHuecKUX yCIOBUSIX.

Fig. 1. Adsorption isotherms for Fe** ions depending on equilibrium concentrations Cp on bentonite
modified with carbon nanotubes under static conditions.

Cratuueckass oOmenHas eMkocTb COE (Mr-skB/r) B COOTBETCTBHHU C
ypaBuennem (1) paBna COE =T, 3necbl’, sBIseTCS MpeAeIbHBIM 3HAYCHUEM

BEJIUYMHBI afcopOIMu u Bblpaxaercss B Mr-3ks/r [13, 14]. COE (mr-skB/r)
paccuuThiBaiv 1o popmyiie (2):
COE:(CO—C,,)-V’ )
m
rie Cp — uCXOAHAs KOHIEHTpAlUsl HOHOB HCCIEAYEMBIX METAJUIOB B BOJHOM
pactBope, C, — paBHOBECHasl KOHLIEHTPALMsi HOHOB METAJIJIOB B PacTBOpE (MIr-3KB/J1),

COOTBCTCTBYIOIIAA COACPKAHHUIO HOHOB UCCICAYEMBIX MCTAJJIOB B BOJHOM paCTBOPE
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0 3aBEpIIeHNUHU Mpoliecca aacopouuu; V — o0bem pactBopa (J1), m — Macca HaBECKH
copOLMOHHOTO MaTepuana (T).

12 ~

—
—a

=== CpeaHas
dpakyma

== Menkas
dpakyma

I, mr/r

KpynHasa
dpakuma

O | T T T T 1
0 20 40 60 80 100

Cp, mr/am3

Puc. 2. Uzotepmbl aacop6uun noHos Cu** B 3aBUCHMOCTH OT PaBHOBECHBIX KOHIEHTpanuii Cp Ha
6entonute, MomudunrpoBanHoM YHT, B cTaTHUECKUX YCIOBHUSX.

Fig. 2. Adsorption isotherms for Cu®* ions depending on equilibrium concentrations Cp on bentonite
modified with carbon nanotubes under static conditions.

Il onpenenenus kodddunuenra mexdasnoro pacnpenencuus Ky (mr/mm’)
nonoB Fe’" u Cu?" mexnay ¢asoli copOLMOHHOrO Marepuana M BOXHON (ha3oii
HCIIOJIb30Baachk hopmyia:

_ COE
=

p

K,

3)

Crenenp ancopOuuonHoro wussiedenus S (%) wmonos Fe?* um Cu** ma

M3y4aeMOM COPOITMOHHOM MaTtepHalie onpenessachk no Gopmyie:

C, -C
S=—"—"7.100%. 4)
0
3unauenus COE, Kqu S s ancopouum nonos Fe** m Cu?" Ha uccnemyemom

COpOIIMOHHOM MaTepHuasie MPUBEICHBI B TabUIIE 2.

AHamu3 MexaHu3MoB azncopbumu uoHOB Fe** m Cu?* Ha wusydaeMbix
COpOLIMOHHBIX MaTepuaax MPOBOJWIM B paMKax mojened Jlenrmiopa, @peitninxa
u bpynayspa-Ommerta-Temnnepa, 4To MO3BOJIWIIO ClieJaTh BBIBOJ O BHUJE MEXaHH3Ma
azcopOLMu NPUMEHUTENBHO K paccMaTpuBaeMoil cucreme. M3yuenue mexaHH3MoB
azcopOuUuu TMPOBOAWIOCH Ha OeHTtoHUTe, MomudunupoBanHom YHT, cpennei
Gpakuu rpaHys, KOTOPbIA Ha MpPEIbIAYIIEeM 3Tare MCCIECIOBaHUS IOKa3ajl
HAaWIy4IlIUN pe3ybTar.
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Taénuya 2. Xapaxrepuctuku >ddexruHoctu aacopouuu Fe?" u Cu*'na
OEHTOHHTE, MOAUDHUIIMPOBAHHOM YIJIEPOAHBIMHE HAHOTPYOKAMH

Table 2. Characteristics of adsorption efficiency of Fe** and Cu** on bentonite modified
with carbon nanotubes

AncopbupoBaHHBIH Dpaxius COE, Ka, S,
COpOITMOHHOTO 3
WOH MT-9KB/T oM/t %
MaTepuaia

MeJIKast 0,496 + 0,016 0,1320 £ 0,0041 86,9 +4,3
Fe?* CPeIHSISI 0,502 + 0,012 0,1400 + 0,0130 90,1 +£4.5
KpyITHAs 0,495 £+ 0,007 0,1307 = 0,0230 86,7 +4,2
MeJIKast 0,354+ 0,011 0,1290 + 0,0190 86,6 + 5,3
Cu? CpenHsis 0,360 + 0,021 0,1311 +0,0020 87,0£5,1
KpyITHas 0,353 + 0,046 0,1270 £ 0,0140 86,4+ 7,2

B ocHOBe mocTpoeHust n30TepMBbI JICHTMIOpa JIeXKaT CIIEIYIONTUE JOMYIICHMS:

a) BO BCEX aKTHUBHBIX ICHTPAX OJHOPOJHON MOBEPXHOCTH aICOpPOCHTAa MMEET
MECTO paBHasi PHEPTHS U PHTAIIBIIUS COPOIINH;

0) ancopOupoBaHHBIE MOJIEKYJIBI, O0Opa3yOIUe MOHOMOJICKYJISIPHBIN CIIOH, HE
B3aMMOJICUCTBYIOT MEXKTy COOOI.

VYpaBHeHue U30TepMBbI ajicopOunu JIeHrMIopa 3anuchbIBaeTCsl B BUJIE:

rer, 5)
+K,C,

rie Ki — xoHcranrta pasaosecus ajacopbuuu Jlenrmropa (am®/mr); C, — paBHOBECHAsI
KOHIIEHTPAIMs KATHOHOB 3aIrPA3HSAIONINX BEIECTB B pacTBope (Mr/mm>).

Takum 00pa3om, BeJIMUMHA COPOITMOHHOM eMKOCTH [ MOXKET OBITh BhIpa)KEHA:

1
r,=— 6
®© b b ( )
Koncranta paBHoBecus ancopbummu Jlenrmioopa Kp omnpenensiercs 1o

3aBUcUMOCTH [15, 16]:

b

KL:;9 (7)

Nsotepmsl agcopoumn nonos Fe** n Cu?' na 6enTonnTe, MOIU(GUINPOBAHHOM
YHT, B iuaeapuzoBanHoii o JIeHrmMiopy ¢hopme mpruBeICHBI Ha pUCYHKax 3 U 4.

B cootBerctBUM ¢ Monenbio amcopbumu DpelHarxa u30TepMy aicopOIuu
MOKHO MPEACTABUTH B CIEAYIOLIEM BU/JIE:

1
lgl“zszHgKF. (8)
Cocrapnstoiye ypaBHeHUs (8) onpeaensieM 1Mo 3aBUCUMOCTSIM:
1
n=—, 9
. ©9)
K, =10", (10)

rae k — yrioBoit koapuIMeHT JIMHEMHOTO ypaBHEHusT; b — opMHaTa JIMHEMHOTO YpaBHEHUSI
(8), xorma C,=0.
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Fe*

1,4 -
1/ =5,1534/Cp + 0,0008

R%=0,999

1,2 -

08 -
0,6 -
0,4 -
0,2 -
0 : : : : : .
0 0,05 0,1 0,15 0,2 0,25 03

1/Cp, am3/mr

1/T, r/mr

Puc. 3. N3orepma ancopOIuu HOHOB Fe?" Ha oceHToHHMTEe, MOmudpunupoBanHom YHT, B
JIMHEAapU30BaHHOM 110 JIeHrMIopy dopme.

Fig. 3. Adsorption isotherm for Fe** ions on bentonite modified with carbon nanotubes, in the form
linearized according to Langmuir.

CU2+
2,5
1/T = 6,3547/Cp + 0,0188
2 R2=0,808 N
% 1,5 -
S
i
0,5 -
O T T T T T T 1
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35
1/Cp, am3/mr

Puc. 4. Wszorepma ancopbuun wnonos Cu’* na GenrTonure, MmomuduumpoanHom YHT, B
TUHeapu30BaHHOM 1o JIeHrmiopy dopme.

Fig. 4. Adsorption isotherm for Cu** ions on bentonite modified with carbon nanotubes, in the form
linearized according to Langmuir.

N3otepmel agcopbuuu noHos Fe?' u Cu?* na GenTonute, MOIU(GUIUPOBAHHOM
YHT, B nuneapu3zoBanHoii no @peiHinxy Gopme npeacraBieHbl Ha puc. S u 6.
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Fe?*

12 | lgl=1,0024-1gCp - 0,7221
R%=0,9837
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Puc. 5. W3otepma ancopOnuyd HOHOB Fe’" Ha oentonure, wmomuduiupoanHom YHT, B
nuHeapu30BaHHOU 1o OpelHnxy dhopme.

Fig. 5. Adsorption isotherm for Fe?" ions on bentonite modified with carbon nanotubes, in the form
linearized according to Freundlich.

Cu2+
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lg I =1,5322-1gCp - 1,278
1T R2 = 0,9005
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O& 1 1,5 2
0,5 +
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Puc. 6. Wzorepma ancopbuuu uonos Cu’’ na Genronmre, MomuduiuposanHom YHT, B
JTUHeapu30BaHHOM o OpeltHanuxy dpopme.

Fig. 6. Adsorption isotherm for Cu" ions on bentonite modified with carbon nanotubes, in the form
linearized according to Freundlich.

[Tocrpoenne wm3orepMm anacopbumu wnonoB Fe** m Cu?" ma Oenronwmre,
moauduumpoBanHoM YHT, nuHeapu3oBaHHBIX B COOTBETCTBHM C MOJIEIBIO
Bpynayspa-Ommera-Temnepa (bBOT) mnokazano HenpueMIEMOCTb HCIOJIb30BaHUs
nannoii momemu (R?=0,12). Ananornusas KapTUHa HaOJIIOAANach IPH U3YYEHUH
MEXaHU3MOB aJICOPOIIMKM apOMATHIYECKUX coeauHeHnu u ¢eHoson [17-19].
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PacueTHbIE JaHHBIE IO MOAENAM ancopbuuu nonos Fe?" u Cu?" na OGenrounwure,
moauduiupoBanioM YHT, B pamkax mozeneit Jlenrmiopa u @peitHanuxa oTpaxeHbl
B Ta0JHIE 3.

Taéauya 3. Jlanabie 110 a1cOPOLIMH HOHOB Fe?' u Cu**
Table 3. Characteristics of the adsorption of Fe?" and Cu?" ions

N3otepMmsl JIeHrMiopa

AncopOupOBaHHbII HOH ypaBHEHHUE K, am’/mr [, MT/T R?
Fe** 1/T =5,1534/Cp + 0,0008 0,0002 1250,00 | 0,9990
Cu® /T =6,3547/Cp + 0,0188 0,0030 53,1915 | 0,8080

N3otepmbr Opeitnainxa
AncopOupoBaHHBINA HOH ABHEHHE K, n R*
Acopoup Yp MF/F)'(HM3/MF)1/H

Fe?* lg ' = 1,0024-1gCp - 0,7221 0,1896 0,9976 | 0,9837
Cu?* lgI'=1,5322-1gCp - 1,2780 0,0527 0,6527 | 0,9005

AHanu3 TIOQyYeHHBIX HM30TEPM ancopbuumu HOHOB Fe?' Ha wusyuaemom
COpOLIMOHHOM MaTepuaje MOoKa3ajl HEKOTOPOE MPEUMYIECTBO BapUaHTa ONMUCAHUS
npoluecca aacopOoUuu B paMKax u3otepmbl JIeHrMIopa. AHanu3 U30TEpM afcopoLuu
noHos Cu?" mHa OGenronmre, MoaumbuuupoBannom YHT, mokasan sBHOE
IPEeUMYILECTBO BapHaHTa OMHUCAHMs Tpolecca aacopOLUuu B pamMKax H30TEPMbI
OpenHmmxa.

SAKJTIOYEHUE

VcraHoBieHHbIe TapaMeTphl d(GPEKTUBHOCTH B3aUMOIEHCTBUS KaTUOHOB Fe' u
Cu®" ¢ OenronuroM, MomudpumposanHbiM YHT, B CTaTMYECKHMX  YCIOBHUSAX
(craTrueckasi OOMEHHass EMKOCTb, KO3(PPUIMEHT Mek(}a3HOTO pa3fesieHUs] U CTEeNEHb
W3BJICYCHUS] HWOHOB) TOKa3ajid, UTO CTaTHUueckas OOMEHHas €MKOCTh JTOM
Momu(UKanuKY OEHTOHMTA 110 OTHOWIEHMIO K MoHaM Fe?" m Cu®' cmmkaercsa B pamy:
Fe**>Cu?". D10, NO-BUAMMOMY, OOBACHAETCS YMEHBIICHMEM CTEPHYECKUX U
SHEPreTUYeCKUX (PaKTOPOB aAKTUBHOCTH  aAJCOPOIIMOHHBIX IIEHTPOB OEHTOHUTA,
MOIU(PUIMPOBAHHOTO YIIEPOAHBIMA HAHOTPYOKAMH, MO OTHOIIEHHIO K HoHaM Fe? u
Cu** B gamHom pagy. Kpome TOro, yCTaHOBIGHO, 4YTO  HAMJIy4YIIMMU
xapakTepuctTukaMu dG(PEKTUBHOCTH aacopOmuu  obnamaer cpefHss (pakius
MoauduimpoBanHoro 6enronuta (pasmepsl yactuil 0,10-0,99 MM) 10 cpaBHEHHIO C
MEJIKON U KPYIMHOU (DpaKiusiMu.

AHanu3 n30TepM ancopOuun MoHoB Fe?* Ha GeHTOHUTE, MOAU(PHUIMPOBAHHOM
VHT, B cTaTM4YecKUX YCIOBUSAX IMOKa3al, 4TO MHPOLECC ancopOuuu noHoB Fe?'
HanboJiee TOYHO ONMHUCHIBACTCS B paMKax H30TepMmbl JIeHTMIopa, 4TO, BEPOSTHO,
CBUJIETEIBCTBYET O MPEUMYIIECTBEHHOM OOPa30BaHUM MOHOMOJIEKYJISPHBIX CJIOEB
azcopbaTa Ha MOBEPXHOCTU COPOLIMOHHOIO Marepuaia B Mpolecce ajacopOoiuu, npu
ATOM BHEPTHUs afCOpPOIMU PABHOMEPHO pacHpeesieTCss M0 MOBEPXHOCTH KOHTAKTa
«ajacopbeHT-aacopoary.

Ananu3 u3orepm agcopOuuu nonoB Cu’’ Ha GeHTOHHUTE, MOAUPUIIMPOBAHHOM
VHT, B cTaTMYeCKHMX YCIOBHMAX MOKa3al, 4ToO Ipouecc anacopouum uonon Cu?’
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HamboJee TOYHO OMHUCHIBAeTCA B paMmkax wuzorepmbl DpeitHammxa. ITO MOXKET
CBUJETEIBCTBOBATh O TOM, UYTO B JAHHOM CJIydae IPEUMYIIECTBEHHO (POPMUPYIOTCS
CMEIIIaHHBIE CIIOU «acopOeHT-aacopoaT.
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AnHoTanusa — OnHa U3 BaXHBIX MPOOJIEM OOeCTeYeHUs] XMMHUYECKON Oe30MacHOCTH CBs3aHA C
HEOOXOIMMOCTBIO JIMKBHJIAIIUN WM YTHIIM3AIHHA OOJBIINX KOJUYECTB BTOPUYHBIX B3PHIBYATHIX
BemiectB (BB), oOpasyrommxcs 0pu pacCHapsDKEHWU Pa3lIMYHBIX  THUIIOB  OOCTPHUIIACOB.
CymrecTByromnias MpakTHKa YTHIN3AIMU B3PBIBYATOIO CHAPSDIKCHHUS OOCTPHUIIACOB, OCHOBAaHHAs Ha
WX OTKPBITOM CKHTaHUU, HE MPeAyCMaTpUBAET MOJE3HOTO HCIoib3oBanus BB u xapakrepusyercs
BBICOKOW B3PBIBOOITACHOCThIO W HETAaTHMBHBIM BIIMSHHEM Ha OKPYKAWINyi0 cpeny. B crarbe
MPOBEJICHA OILIEHKA allbTEPHATUBHOTO CXKUTAHUIO CIIOCO0A — MCIIOJIB30BAaHUE B Ka4eCTBE TBEPIOTO
KOTEJIPHOTO TOIUIMBA B3PBIBYATHIX BEIICCTB, IMOJYYaeMbBIX TPU YTHIIM3AMHA OOCIPUIIACOB.
[TpoBeneHO MOAETUPOBAHKE MTPOIECCA CKUTAHMSI HCXOTHOTO U MOAU(DHUIIMPOBAHHOTO cOcTaBa A-2y
B CTaHJAPTHBIX TEIUIOBBIX KOTJIoarperarax. [lokazaHa BO3MOXKHOCTh 0e30macHOTO U 3(h(HEKTHBHOTO
MPUMEHECHHS YTUIN3UPYEMBIX B3PBIBUATBHIX BEHIECTB B KAa4eCTBE TBEPIBIX KOTEIbHBIX TOIUIHB
HEMOCPEJACTBCHHO Ha TEPPUTOPUHN apCEHATIOB OOCTIPUIIACOB.

Knrouesvie cnosa: coctaB A-2y, TBepible KOTENbHbIE TOIUIMBA, MOJEIMPOBAHHE IMpolecca
CKUTaHMS], yTUIN3UPYEMbIE€ B3pbIBUATHIE BEIIECTRA.
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Abstract — One of the urgent problems of ensuring chemical safety is associated with the necessity
of elimination or disposal of large quantities of secondary explosives generated during the
demilitarization of various types of ammunition. The existing practice of disposing explosives
derived from ammunition is usually based on their open burning, which does not provide for further
useful use of explosives and is characterized by high explosiveness and negative impact on the
environment. The article is focused on evaluation of an alternative method to combustion — the
potential use of explosives obtained during the ammunition disposal, as a solid boiler fuel. The
modeling of the combustion process of the original and modified A-2u secondary explosive
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composition in standard thermal boilers has been carried out. The possibility of safe and effective
use of the utilized explosives as solid boiler fuels directly on the territory of ammunition arsenals is
shown.

Keywords: A-2u composition, solid boiler fuels, combustion process modeling, utilized explosives.

BBEJEHUE

HeoOxoaumMocTh  JMKBUAALUMK WM YTUIM3AaUUMM  OOJIBIIMX  KOJUYECTB
BTOPUYHBIX B3pbIBUaThIX BemiecTB (BB), oOpasyromuxcss npu paccHapspKeHUU
paznnunbix TunoB OoemnpunacoB (BII), oOycmaBmuBaer mMmOMCK U pa3pabOTKy
Croco00B penieHust AToi npodiaemsl. Jlo cUX Mop Ha MOJUTOHAX YacTO MPUMEHSETCS
MpaKTHKa YTHIN3AlUKA B3pPHIBUATOTO CHApSKEHUS OOETpHUIacoB, OCHOBaHHAsl Ha UX
OTKpBITOM Cxkuranuu. OJHaKo TakoH Ccrmoco0 He NpeayCMaTpUBAET IOJIE3HOTO
rcnoiib3oBanus BB u xapakrepusyeTrcs BBICOKOM B3PBIBOOIIACHOCTBIO U HETaTUBHBIM
BIIMSTHUEM HA OKPYXKAIOLILYIO Cpeny.

CyliecTByeT HECKOJbKO CIOCOOOB U3BJICUYEHUSI Pa3pbIBHBIX 3apsiIoB U3
KOPITyCOB OOEMPHUIIACOB, PEAIM30BAHHBIX B IPOMBIIIEHHOM MaciTade, B TOM YHUCIIe
C MOJIyYeHHEM BTOpUUHBIX BB, KOTOpBIE HCMOJIB3YIOTCS B KAUECTBE MPOMBIIIIEHHBIX
B3pPbIBYATHIX COCTABOB B UHUCTOM BH/JIE€ WM NMPYU MUHUMAJILHON UX MOJU(UKAIIY.

HaubGonee wW3BECTHBIMUM U3 HHUX SBISIOTCA TUApoCTpyHbId [1-3] u
TUAPOKABUTAIIMOHHBIN  criocoObl  [4-9]. CmocoOGbl  MOXXKHO TPUMEHSITH IS
paccHapspkeHus: yrrmimsupyembix bII ¢ paspsiBHBIMEM 3apsaamMu n3 cocrtaBa A-IX-2
(MexaHudeckasi cMechb (hJIerMaTu3MpOBAHHOTO I'EKCOTE€HA M aFOMUHUEBOM MYIpBHI),
yTO mo3BojsieT u3BiekaTh U3 BIl nHenmnaBkue BB. J/laHHBIC cOCOOBI JTOBEACHBI JI0
MPOMBIIIJIEHHOTO MPUMEHEHUS U PEaIn30BaHbl, B TOM 4YHCIIE, B BUJE MOOMIIbHBIX
KOMIUIEKCOB.

OpaHako MOKHO OTMETUTh OFPAaHUYEHUS B IPUMEHEHUHU YKa3aHHBIX CIIOCOOOB,
CBSI3aHHBIE C OOJIBIIUM PacXxoJ0M BOJIbI (I€CATKU JIUTPOB B MUHYTY) U CIOXHOCTH C
OYMCTKOM oTpaboTaHHOUW BOJbI. Ho camas ciokHas mpoOsiema 3akiIo4aeTcss B TOM,
YTO MOJIy4a€MbI€ C TOMOIIBIO THAPOAUHAMUYECKUX TEXHOJIOTUN paccHapsukeHus BB
00JaAal0T HU3KOW CTAaOMIIBHOCTBIO, MajbiM CpPOKOM XpaHEHUs U IOBBILIEHHOU
YyBCTBUTEJIBHOCTBIO K MEXaHHUYECKUM BO3JIEUCTBUAM. Tak, B3pbIBUATBIM COCTaB A-
2y, n3BiekaeMbld u3 bl ¢ paspeiBHBIME 3apsaamu A-1X-2, ©IMeET JOIyCTUMBIN CPOK
XpaHeHHs: He Oonee 5 cyT, yTo orpaHmuuBaer ero npumenenue [10-12]. Ilo
MCTEUYCHNU YKa3aHHOTO CpoKa cocTaB A-2y, B COOTBETCTBHUHM C TpPEeOOBAHHSIMH
pa3paboTurKa criocoda yTUIU3aliu, JOJKEH ObITh YHUUTOKEH.

PazpabGortan psig pementyp mnpomblluieHHBIX BB, copepxkammx B cBoeM
COCTaBE BTOPUYHBIN rekcoreH, Hanpumep, OMynbceH-I'A (TY 07511819-149-2003) u
Apcenut-I" (TVY 7276-010-56466532-2002). OpHako HMX HCHOJb30BaHUE HE
paspemieHo DenepanbHON CIIYKOOM IO IKOJOTHUYECKOMY, TEXHOJIOTHYECKOMY U
aToMHOMY Han3opy (PocTexHam3op) B CBS3U ¢ HEYJOBJIETBOPEHHUEM TPEOOBAHUI TIO
YYBCTBUTEIBHOCTH K MEXAHUYECKUM BO3JEHCTBUSAM.

B psine pabor mpeacraBieHbl pe3yibTaTbl UCCIENOBAHUN 0 MOAM(DUKAILMU
cocraBa A-2y, M YJIy4dIIEHHWU €ro SKCIUIyaTalMOHHBIX CBOMCTB. Iloka3aHo, 4TO
crabunmu3anus, (aerMaTtu3anns U T'PaHyJsALUs UCXOJHOTO COCTaBa IOBBIIIAET €ro
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KOJIMAKOB wu ap.

0€30IMMacHOCTb U YBEJIMYUBAET CPOK XpaHeHus 10 1 roga [13, 14].

Tem He MeHee, TMpUMEHEHHE MOAUPUIMPOBAHHOTO cocTaBa A-2y
CHEPKUBACTCS PAIOM MEPEUUCICHHBIX (DaKTOPOB, M BBUIY OSTOTO CKAIUIMBAETCS
00JIBIII0€ KOJMYECTBO HEBOCTpeOOBaHHOTO BB ¢ orpaHrueHHbIM CPOKOM XpaHEHHUS.

BaxHo eme pa3 noA4epKHYTh, YTO MPUMEHSAEMOE O CUX NOpP YHUUYTOKECHHUE
U3BJICYEHHOTO A-2y METOJOM CHXKHUIaHUS HAa OTKPBITBIX IUIOIIAJKax IMpHU
aTMOC(EpHOM JABJICHUU CUMTAETCS SKOJOTMYECKH BpeAHbIM. Tak, B pabore [15]
OTMEYaJIOCh, YTO TMPH OTKPBHITOM CKWTAHUW WM HWHCUHEPALMH IPOUCXOIUT
3arpsi3HEHHE OKPY’KAIOIIEH Cpeabl HECTOPEBIIMMH B3PBIBUATHIMU  [PUMECSIMH,
KOTOpbIE IONA/IA0T B BO3yX, BOAY U IIOYBY.

HccnenoBanuss IMOKa3aJd BBICOKOE TOKCHMYECKOE JEMCTBUME TIEKCOreHa Ha
KUBOTHBIX [16], a Takxke Ha denmoBeka. Y dYacTH pabOYMX, 3aHATHIX CYIIKOW H
POCEMBAaHUEM TeKCoreHa, ObUIM 3a(UKCUPOBAaHbl OTPABJICHHUS, PACCTPOMCTBA
BEreTaTUBHON HEPBHOW CUCTEMBI, paccTpoiicTBa cHa [16].

Bropoii kommoHeHT coctaBa A-2y — QIIOMAHHMM TaKXe MOXET OKa3bIBaTh
BpEIHOE BO3JIEUCTBUE. XOTA B JACHUCTBYIOIIMX HOPMATHUBHBIX JOKyMeHTax [17]
YKa3aH KJIACC OMACHOCTH aJIOMHUHUS, & TAKXKE €r0 OKCUAA — 3, TOKCUYECKOE JIEUCTBUE
MOXET OBITh BBI3BAHO BO3JICHCTBUEM AJIIOMUHUEBOW MbUIM WM a’po3oiisi. Takoe
BO3JICCTBHE B pPE3YyJIbTaT€ BJIIBIXaHHS COJEpKAIIMX ATIOMUHUNA TMBUIM WA JbIMa
MOKET MPUBECTU K MOPAXKEHUIO JIerKuX. [Ipu nmonagaHum yacTul aqOMHHUS B TJia3a
IIPOUCXOASAT OYaroBble OTPABICHUSA, W3MEHSAETCA Kalcyja XpyCTajluka W
IIUTMEHTALUsI POrOBUIIbI, BOZHUKAECT IIOMYTHEHUE CTEKJIOBHJHOTO Tesa. BO3MOXKHO
pa3fpaxeHUe CIU3UCTHIX OOO0JIOUEK TIJja3, HOca, pTa, MOPAKEHHUE KOXKH; MOXKET
BO3HUKHYTh (ubpo3 nerkux («amomuHo3»). [IJIK nns anromMuHus, CIUIaBOB
amoMuHus (B mepecdere Ha Al) coctaBiser 2 Mr/m’. Kiacc omacHOCTH a’po3ois
amomuaus — 2 [18, 19]. To ke xacaeTcss ¥ TOKCUYHOCTH AJIOMMHHSA U €r0 OKCHJIA,
0COOEHHO B BUJIE a3p030J1s Juisl aTMoc(epHoro Bo3ayxa HacesneHHbix MecT — [1JIK no
a’pO30JII0 OKCHA ANIOMHHHS (cpeaHecyrouHas) cocraBmsier 0,03 mr/m’, W Kiace
omacHocti 2. Coo0maioch, YTO QJIIOMUHUH M €ro COeIUWHEHUsS 00J1aJaoT
MYyTareHHbIM JEMCTBUEM M HETAaTUBHBIM BIIUSHHUEM Ha PENPOAYKTHUBHYIO (YHKIIHIO
[20].

KakuMm ObI MasbiM HU Ka3ajcsi BBIOPOC YACTUUYEK T'e€KCOT€HA U aTIOMUHUS MPU
MPOLIECCAaX CHKHUTAaHMs, OHU OCTAHYTCS B OKPYKAIOLIEH CpEle Ha JIECSATUIETHS.
VMEHHO mO3TOMY BOKPYT IUIOIIAAOK Il CHKUIAHMS CO3/1AETCS OTpaBJi€HHAs 30HA.
Ona oueHb XOpOoIIO BeIpaXkeHa B paauyce 10 1,5 kM, a mpu MHOrosieTHel paboTe 3Ta
30Ha MOXeT oxBaTbiBaTh 10 30 kM. B OmkHel 30HE BBINAAAIOT KPYIHBIE
a’pO30JIbHBIE YACTHILIBI, 3 MEJIKHUE MOTYT PACHPOCTPAHATHCSA HA AECATKH KHJIOMETPOB
[21].

B [1aHHOM cTaThe mpenaraeTcs aabTEPHATUBHOE COKUTAHUIO PpELICHUE
npoOsemMbl yTuin3anuu coctaBa A-2. TakuM crmocoOOM MOKET CTaTh NPUMEHEHHUE
u3BieueHHbIX BB B KkauecTBe TOMIMBA B IITATHBIX KOTEIBHBIX arperarax
HETMOCPEICTBEHHO B MECTaX XpaHEHUs M YTWIM3aluu OOoenpumacoB. JTO TaKKe
MO3BOJIUT HCKJIIOYUTh TPAHCIOPTHPOBKY OMACHBIX MPOAYKTOB, 3arps3HEHHE
OKPYXaroUIEd TEPPUTOPUHN U BO3MOKHOCTh HEJIETAILHOIO pacnpocTpanenus BB.

PaccmoTpena BO3MOKHOCTH TIIOJHOM WJIM YAaCTUYHOM 3aMEHBI TBEPIBIX
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KOTEIbHBIX TOIUIMB HAa MOAU(PUIIMPOBAHHOE  alOMHUHHIicomepxkamiee BB,
U3BJICYEHHOE U3 KOpIyca O0OempunacoB METOJOM BBIMBIBAHMSI HA OCHOBE HAYy4YHOIO
NOAXO0JA C YYETOM XapaKTEPUCTUK KOTEJIbHBIX arperaTos.

Takum oOpa3oMm, LENbl0 JaHHON padOThl SIBISETCS OIEHKAa BO3MOKHOCTH
WCIIOJIb30BaHUs B3PbIBUATHIX BEUIECTB, MOJYYaEMBbIX IIPU YTUIU3aUUU cocTaBa A-2y,
B KQYECTBE TBEPAOTO KOTEIBHOTO TOIJIMBA.

1. OHEHKA SQHEPTETHYECKUX XAPAKTEPUCTHUK
MOIUPUIIUPOBAHHOI'O A-2Y

[Ipn pacuerax XxapakTepUCTHK TOpeHHs yTuiausupyemblix BB cocras
onuckIBajcs yciaoBHbIMU hopmynamu B Buae C,H,O.NjMesHa 1 kr cmecu [22-24].

[Tepecuer ko3 dunmrenToB Beaercs no Gopmyse (1):
n 1000 (1)
aA.,= onp OLs o ———

il Ela‘M M

1
rae a; — koaddUIMeHT siemMeHTa B yciIoBHOUM (opmyne mnga 1 kr cMmecu, ap —
KOA(PPULIMEHT dJIeMEeHTa B MOJIEKYJISIpHOHN (popMyJie BeliecTBa (KOMIOHEHTA CMECH),
M; — MonekysipHasi Macca KOMIOHEHTA [T/MOJIb ]|, 0 — MAaccoBasi 10J1s1 KOMITOHEHTA B

CMECH.

VYcnoHbie (QopMynbl II KOMIIOHEHTOB U cocTaBoB (1 kr), a Takke
HEOOXOAMMBIN JIJIST X TIOJTHOTO OKUCIIEHUSI 00beM BO3yXa MPEICTABICHBI B TA0IHIIC

1.

Taénuya 1. Ycnosusie hopmynsl BB u nx kommoneHnToB (Ha 1 kr)

Table 1. Conditional molecular formulas of explosives and its components (per 1 kg)

VYcnosnast popmyna 1 xr CrexuoMeTpuuecKkuii
Bemectso BELIECTBA 00BbeM BO3yXa, M
AmomuHui Als; 5,925
Boxa Hi11,110s5.56 -

I'ekcoren Ci351H27,03027,03N27.03 0,722

Hepe3un C7121H14551 11,503

Na-KMI] C30,89H46,33030,80Nas g6 2,993
A-IX-2 C13,12H26,36020,54N20,54Al7 41 1,68
A-2y (A-IX-2 75% + H,0 25%) Co.84Hy47.578029 3N 1541 Als 56 1,26
MonudunupoBannsiit A-2y (cycnensusi)| Cio17Ha75102031N15,18Als 46Nag oss 1,28
MopaudurupoBanHbiii A-2y (TrpaHyJIbI) Ci2.8:H310225N19.1Als 89Nag og 1,63

[Ipu oleHKe XapakTEpUCTUK TropeHus MoauduirpoBanHoro BB npuHsTh
CJIeIyIOIIME JOMYIECHUS:

— TOpPEHUE TPOUCXOIUT TP U30BITKE BO3AYyXa;

— B pe3yJbTaTe TOPEHHs] O0pa3yrTCs MPOAYKTHI MOJHOTO OKHUCICHHS, a30T
BhIJIEISIETCS] B MoJieKy isipHOM Bujie (N,) (Tabnwuma 2);

— BCE TEIJI0, KOTOPOE BhIEIAETCs Ipu ropennn BB, pacxoayercs Ha pa3orpes
MIPOJTyKTOB TOPEHUS, pacueTHas TeMIlepaTypa TopeHus Oy1eT MaKCUMaJIbHOM.
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Tabauya 2. CoctaB IpOIYKTOB rOpeHusi coctaBa A-2y npu NOJHOM OKHUCIECHUH

Table 2. Composition of A-2u combustion products under complete oxidation

IIponykTt ropenus

CO,

H,O

N,

AlLOs

Na20

KonnuecTBO, MOJB/KT

12,82

15,5

9,55

3,445

0,04

[TockonmbKy COOCTBEHHOTO KHCIOposna B coctaBe BB HemocrarouHo st
MOJTHOTO OKHCJICHUS, IOTOPaHUE MPOTYKTOB Pa3NIOKEHHsI OYJET MPOXOIUTh 3a CUET
Kuciaopoaa Bo3ayxa. HeoOXoauMoe KOJWYECTBO KHUCIOPOJA OMPEAENSIeTCS 0
dbopmye (2):

ng =a+lb+ée+lh—lc’ (2)
274 4 4 2
rae a, b, e, h, ¢ — cogepkanue rpaMm/aTOMOB COOTBETCTBEHHO YTJIEpo/ia, BOJOPOa,
aJIOMHMHUS, HaTPUs U KUCI0opoaa B coctase BB.

[Ipu HOpMaNBHBIX YCIOBHUSX HEOOXOAMMOE KOJIMYECTBO KHUCIOPOJA COCTABUT
n(0,) = 14,51 mosst wim 325 mUTpoB (H.y.) HITH, COOTBETCTBEHHO, 1,6 M° Bo3myXa.

Temora ropeHust sHepreTudeckoro marepuana (OM) Qp ompenenuTcs Mo
Pa3sHOCTH MEXAY TEIUIOTOM, KOTOpas BBLAEIUTCS OpU TOPeHUU (.., U TEILIOTOMH,

H,0
ucn

0,=2.0.-0.:" -0, 3)

[TockonbKy TOpPEHHE TOIUIMBA B KOTCJIBHBIX CHCTEMax IPOUCXOJUT IPH

MOCTOSIHHOM JaBJICHHUH, TO JUIS pacuera TeMIieparypbl ropenus BB ucnoib3oBaHbI

1300apHbIC TEIUIOTHI 00Pa30BaHMs MPOIYKTOB FOPEHUS M U300apHBIC TEIUIOEMKOCTH
[19, 22-24], npencraBneHHbIe B TabmuIie 3.

HEO0OXOMMOM Ha UCTIAPEHUE BOJIBI ZQ Y pa3orpeB a30Ta BO3Ayxa QN2 (3):

Tabnuya 3. TepMoaguHaMUYECKUE XapAKTEPUCTUKH TIPOTYKTOB TOPCHUS

Table 3. Thermodynamic characteristics of combustion products

BGH_ICCTBO COzr HzOr 02 N2 A1203T Naon
Q°o6p, KJIK/MOITB 393 286 0 0 1644 416
Cp, x/monp-°K 56 48 30 30 83 73
Q°uen, KK/ MO 41

Temneparypa ropenuss BB — T, onpepensiercss Kak OTHOLIEHHE TEIUIOTHI
CrOpaHusl K TEIUIOEMKOCTH CUCTEMBI (4):

T-_ & 4)
Y Cumy

IJIe N; — YUCII0 MOJIEH COOTBETCTBYIOIIETO MPOAYKTA TOPEHHUSL.

3HayeHue TemIeparypsl ropenuss BB, ompenenennsle mo 3aBucumoctd (4),
IPECTABIICHBI B TAOIHUIIE 4.

O6beM razo00pa3HbIX MPOAYKTOB TOpPEHHs (BKJIIOYAs MCIAPEHHYIO BOJY U
a30T U3 BO3/lyXa) omnpenensercs mo ¢opmye (5):

V() = Zni-22,4 (5)

i N; — YUCII0 MOJIeH Ta3000pa3HbIX MPOIYKTOB, JI/KT.

O6beM ra3000pa3HbIX MPOITYKTOB FOPEHUSI PACCUUTAHHBIX 110 3aBUCUMOCTH (5)

coctaBut 2190 n/kr. Yacte npoaykToB ropenus (V) oOpa3yeTcs npu MpPOTEKaHUH
BHYTPUMOJIEKYJISIDHBIX ~ OKHCJIMTEIIbHO-BOCCTAHOBUTENIbHBIX ~ PEAKIM 32  Ccyer
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KHCIIOpoaa, cojepxkamerocs B BB (tabmuma 4). Ho BBuay OTpUIIATEIHHOTO
KkuciopogHoro Oanmanca BB s mosnydyeHus NOpPOAYKTOB TMOJHOTO OKHCIICHUS
TpeOyeTcs JOMOTHUTENbHBIA 00bEM BO3/1yXa.

3HaueHHs] MapaMeTPOB CropaHUsi KOMIIOHEHTOB M TE€KCOT€Ha C yYe€TOM €ro
COCTaBa IpeJICTaBIeHBI B Tabnuiie 4 [25, 26].

Taonuya 4. XapakTepucTUKH TOPEHHS cocTaBa A-2y U €r0 KOMIIOHEHTOB
Table 4. Combustion characteristics of A-2u composition and its components

BemmecTBo Qcr, KIK/KT T, K KHCJYJ};E;;;; o

I'excoren 9478 0,908
AnromMuHu 31037 -

Na-KMI[ 17500 -

A-IX-2 15137 3796 0,51
A-2y (A-IX-2 75% + H,0 25%) 11352 3014 0,93
MoaudunupoBanusiii A-2y (CycreH3us) 11747 3179 0,91
MouduumpoBanubiii A-2y (rpanyiisl) 13582 3919 0,56

B Tabmuiie 5 mpencTaBiieHbl 3HAYCHUS YACIBHOM TEIUIOTHI CTOPAHUS
HEKOTOPBIX KOTEIhHBIX TOIUIMB, NPUMEHSIEMBIX B KOTEIBHBIX arperarax s
MIPOM3BOJICTBA TeIJIa U naporenepanuu [27-30].

Taonuua 5. TennoTa cropaHusi KOTEJIbHBIX TOTUIUB
Table 5. Heat of combustion of boiler fuels

Tonnuo Tennora cropanus, M /J[x/kr

Yronb — aHTpaLUT 32-34
VYToJb — MOTyaHTpaluT 26 -32
VYronbs KaMeHHbIN 15-27
Yrons Oypsrii 13-16
Topd 12

HpeBecuna 10-19
[Ipuponnsrii ra3 35-43
Mazyt 40

AHanu3 pacCMOTPEHHBIX JAHHBIX [IOKa3bIBAET, YTO MO TEIUIOTBOPHOU
CIOCOOHOCTH ~ MOAMQPUIUPOBaHHBIE A-2y  COOTBETCTBYET HU3KOKAJIOPUHHBIM
TOIUIMBaM — TOpdy, Oypomy yrito u apeBecuHe. CiegoBaTesibHO, MO TEMJIOTBOPHOI
CIIOCOOHOCTH OTCYTCTBYIOT OIpaHMYEHUsS Ha TNpUMEHEeHHe A-2y B KauecTBe
KOTEJIbHBIX TOTLINB.

2. ONPEJEJIEHUE 3ABUCUMOCTHU CKOPOCTHU I'OPEHUSA
MOJUPUILINPOBAHHOI'O A-2Y OT JABJIEHUSA U TEMIIEPATYPbI

MexaHn3M ropeHusi KOHACHCUPOBaHHBIX BB m3moxeH B Tpymax AHapeeBa
K. K., beaseBa A.®., 3enpnoBuua S.b. [22-25] u B Oonee mMo3QHUX U 0000IIIEHHBIX
pabotax [26]. Ncxonuble ¢uznyueckue MpearnoCchblyIKU U OCHOBHBIC 3aKOHOMEPHOCTH,
YCTAHOBJICHHBIE B TEOPUHM TEIIOBOTO PACTPOCTPAHEHUS TJIAMEHH [JISl Ta30BBIX
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CMECe, SIBISIOTCS OOMIMMH JJisi MPOLIECCOB TOPEHUs BOOOIE M MpeodsiaaroluMU
IIPU PACCMOTPEHHUH IIPOLIECCOB F'OPEHMS KOHACHCUPOBaHHBIX BB.

IIpu ycranoBUBHIEMCS CTALIMOHAPHOM PEXUME I'OPEHUS MACCOBasi CKOPOCTh
TOPEHUsI PaBHIETCSA MAacCOBOM CKOPOCTH HMCHApEHUs KOHJEHCUPOBaHHOW (a3pl. B
paboTtax 3eypJOBHMYA IOKa3aHO, 4YTO TEOPHUsl TOPEHUs Ta30BBIX CMeced C
HEKOTOPBIMH JOIOJHEHUSIMH MOKET OBITh paclpoCTpaHEHA U Ha CiIy4dald ropeHus
koHaeHcupoBaHHblx BB. Ilpu mepexoae or onucaHusi TOpeHUs ra30BOM CMECU K
rOpeHuIo 1apos BB Hy»XHO ydecTp IOTEpHU 3HEPIUHM, 3aTPaYMBAEMbIE HA MCIIAPEHUE
KOHAeHcupoBaHHOM (a3bl. CornmacHo 3ebA0BUYY, IS pacieTa MacCOBOM CKOPOCTH
pacnpocTpaHeHus ropeHus B napax BB npumMenuma 3aBucumocTs (6):

(6)

pu=

2, [RTFZ

n+l1
o EJ (T.-T,) " (m+)IW(T,)’

rae A — K03(QQUIMEHT TeIUIONPOBOAHOCTH Mapa MpU TeMmIeparype ropenus, T, —
TemnepaTypa ropenus, Tp — HauanbHas Temmneparypa, W(T,) — cKOpocTh peakiuu
npu temneparype T,, E — sHeprus aktuBanum, Q, —TeIuioTa peakluu 3a BHIYETOM
TEIUIOTHI UCTIAPEHUS, N — TIOPSIIOK PEeaKLUH.

B ciyyae MOHOMOJIEKYJISIPHON peakuuu ypaBHeHUE (6) MOXKHO MPEACTaBUThH

B Buje (7):
E
pu:RT2 20, pZe KT’ (7)
E | QT,-T)

r7ie p — IVIOTHOCTH Mapa npu tremneparype T;.
N3 ypaBuenusi (7) ciemyer, 4TO 3aBUCHUMOCTh CKOPOCTH TOpPE€HHUS OT
JABJICHHS] UMEET B IAHHOM CJIy4ae TaKOU K€ BUJI, KaK U JIJIs ra30BbIX cMeceil (8):

u=Bp5 (8)

Pe3ynbTaThl SKCIIEPUMEHTAIBHBIX HCCIEAOBAHUM TMOKA3bIBAIOT, YTO TOPEHHUE
OpuzanTHbIX BB B OOJBIIMHCTBE CiIy4yaeB COMNPOBOXKIAETCS pEaKIUsIMH B
KOHJICHCUPOBaHHOU (pa3e, MpU KOTOPBIX BBIACISICTCS 3HAYUTEIbHAS JOJIS TEIUIOTHI
peakiun. Kpome Toro, kak cam XOJ peakiud, TaK M KOHEYHBIC MPOJIYKTHI B
YCJIOBUSX TOPEHHUSI MEHSIOTCS B 3aBUCUMOCTH OT JamieHus. [Ipu atmocdepHom
JaBJICHUM pa3ioxkeHrue BB He siBisieTcss 1OCTaTOYHO TMOJHBIM U IPAKTUYECKU BECh
BHYTPHUMOJICKYJISIPHBINA a30T coenuHeHus BoiaeseTcs B Bujge NO, B TO Bpemsi Kak
Py JaBJICHUSX TIOPSAJKA HECKOJBKUX JIECSITKOB aTtMoc(ep, OKHCIBl a30Ta He
HaOII01ar0TCA.

Jlns TyrormiaBkux W TpyaHoJeTyunx BB mpemoxxeHa mojens ropeHus B
KoHJeHcupoBaHHOU ¢dasze (k-daze) [25, 26]. Korma BB o0namaer BbICOKOIA
PEAKIMOHHON U TETUIOTBOPHON CIIOCOOHOCTHIO B K-(pa3e, BO3HUKAET JOBOJBHO y3Kas
30Ha TEIUIOBBIJICNICHUs, KOTOopas (opMupyercs psaoM C TOBEPXHOCTHIO
razudukanuu. TemaoBBIACICHUS B OTOW 30HE JOCTATOYHO IS TOJJAEPKAHUS
CaMOPACIPOCTPAHSIONICHCS TEIJIOBOM BOJHBI, KOTOpas OyJeT pachpoCTPaHSAThCS
CO CKOPOCThIO HE MEHBIIIEH, YeM OT TEIJIOBBIJCICHHUS B ra3oBou (aze. A majoe
TerioBblaieeHrne (Q*) XUMHMUECKUX peakiui B K-¢asze, OKaKETCs AO0CTaTOUYHBIMU
s HarpeBa ciiosi BB o Temmnieparypsl kuneHus Ty, 3aBUCUMOCTBH TeMIIepaTypbl
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KUIEHUS OT JaBJIEHHs onMcbiBaeTcs 3akoHoM Kianeiipona-Knaysuyca, 4rto
NpUMEHUMO Npu AaBieHuu He Bbiie 10 MlITa.

Jnsa  opramnuecknx BB Temmeparypa IIaBiIeHHMS ONpERENsSeTCs 10
JVHEWHOM annpokcumanuu ypasaenus Knaneiipona-Kiaysunyca (9):

Ton = T + Top, 9)

rme T°, — TeMreparypa IUIaBJICHUS MpU p = 10° Ila, Tp — k03 PuIMeHT, paBHBIN
(200... 300) K/T'T1a.

B coBpemenHoll nuTeparype HE TMpeAcTaBieHa HeoOxoaumas s
WHXXCHEPHBIX pacdyeToB MHGOPMAIUS O KMHETUYECKHUX MapaMeTpax ypaBHEHUH H
COCTaB€ TPOJYKTOB TOPEHHUS B 30HAX XUMHUYECKHX peaknuu. Heobxommmo
YYUTBIBaTh, YTO COCTaB IMPOAYKTOB B 30HAX PEAKUHUH HE SIBISIETCS PABHOBECHBIM.
[Ipennoinaraercs, 4To CKOPOCTh ropeHusi BB onpenensercs TennoBbIAEICHUEM MIPU
temneparype T B npeaenax: Ty, < T, < T,,. [lo3TOMy ypaBHEHHE 3aBHCUMOCTH
ckopoctu ropennsi BB oT naBnenus u remrepaTypbl 0OBIYHO 3aMUCHIBAIOT B (hopme
(10):

u, = Bop'exp(B:To) (10)

riae By, v ¥ BT — KOHCTaHTBI, HE 3aBUCSIIME OT TEMIIEpaTyphl U JaBJICHUS.
st cimydast razodasznoit momenu roperus (3enpaoudy S.b.) (11):

v=n/2, B,=E/2RT",; (11)

rae n =0, 1. 2 — TOpsIIOK peaKiuH.
[Tpu ropenuu B x-daze (12):

V= Ep/2q1/1cr19 BT = (TKI/IH - TT - qrm/CK)-la (12)

TJI€ Quen ¥ oy — YACJBbHAS TEIJIOTA MCTIapeHus U maBieHus BB, coorBercTBenHO; Cy
— TeruioeMkocTh BB B k-(dasze.

Kak mnpaBuio, 3aBUCUMOCTb CKOPOCTU TOPEHHUS OT JABJEHUS ONPEIEISIOT
SKCIIepUMEHTabHO 1pu Temneparype BB (T,), pasroit T, = 298 K (cranmapTHOe
3HadyeHue). Toraa 3aBucumocts (12) npuaumaet Buj (13):

ug = Bp" exp[Br(T; - To )], (13)

rae B = Boexp(BrT,") — sMnupuueckas KOHCTaHTA.
JluneliHas anmmpoKcHMalus KOHCTaHTHI B s rexcoreHa NpUBEICHBI B
Tabauie 6 [23].

Tabnauya 6. KoHCTaHTBI TOPEHUS U TEMIIEPATYPOITPOBOAHOCTH F€KCOTEHA
Table 6. Combustion constants and thermal diffusivity of RDX

BB B m/c/T'Tla Trws K v 107, M/c
Tekcorex 1,44 3325 1,11

B Tabnuie 6 npuBeeHbl 3HAUYEHUS MAKCUMAIBHOU Temnepatypbl TopeHus T,
mpu p ~10° Tla m1s ciaydas, KOrjaa Bce TEIUIO PEAKIMOHHOM 30HBI IIOCTYIAeT
TOJIBKO B HempopearupoBasiiee BB (ammabatmueckoe ropenwme). [lpu ropenun B
CTaHJAPTHBIX YCIOBUAX BETHUMHA P, nMeeT nopsmok 107, Ciiesyer UMeTh B BUIY,
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4TO TEOpHus, B paMKax KoTopoil BwiBeaeHa (opmymna (13), paspabaTsiBasiach
IMIPUMEHUTEIBHO K 33aJadyaM TpPAJAULUOHHOW PAKETHOM U apTUILUIEPUKUCKOU
TEXHUKH, KOT/la TOPEHUE MPOUCXOJUT MPHU BBICOKUX JaBlieHUsAX. Ecnu naBieHue
ropeHus coctapisier aeciateie noau ['Tla, cuutaercs 4TO TEIJIONPOBOAHOCTD ras3a
HE 3aBUCHUT OT JIaBJICHHUS.

Temnodusnyeckue xapakrepuctuk BB 1 pacueTHble 3HaYEHUS! TOCTOSTHHBIX
B ypaBHeHuH (13) npeactaBiensl B Tadbnuie 7 [26].

Bennunna [, mi1s k-dasel B 3aBucumoctu (13) sBusiercss QyHKumMen ot
temneparypsl BB i temnepatypsl temnonocutens (T;). [loatomy B Tabmuue 7
3HaueHHe [, MPEACTaBIEHO IJId cTaHmapTHoH Temmeparypsl T, = T," = 298°K.
3HaueHuss Vv AN Ta30BOM  (Gas3bl  pacCUUTHIBAIOCH U3  IMPEANOJIOKCHUS
OJIHOMOJIEKYJIIPHOCTH PEAKIIMKU TOPEHHUS.

Tabnuya 7. Tennodusnyeckue xapakrepucTuku rekcoreHa CzsHeOegNg
Table 7. Thermophysical characteristics of RDX C3HgOgNg

M, Cs E, G e T | Tam | Trns | Tip B, I'-daza K-¢aza
r/mois | K J[x/Momb T kJx/Mosk [ x/momsk Jx/mony °K | ,°K | °K | ,°K m/c/T'Tla v Br | v Br
222 280 197,3 93,21 108,68 476|613 (3325/490| 1,44 | 0,5 D,0011 1,1 | 0,0041

W3 nanHbIX TaOaumpbl 7 cienyer, 4ro temneparypa kunenus BB (Ty,,) Bbime
kputndeckor Temnepartypbl (T,,) TemmoBoro B3peiBa. CnenoBaTensHO, INIPH
temrniepatype 1100-1400 K, xapakTepHOH [ CIIOEBOrO CHKUIAHHS TBEPAOrO
TOIUIMBa B TONKax KoTioarperatoB [22-25], ropenue BB Oyner mnpoxoauts B
ra3oBoid ¢asze M TOpU TNONAJaHUM B 30HY TropeHus MoauduiupoBaHHblii BB
00s13aTeNIbHO BOCIUIAMEHHUTCS U CropuT. Bpemsi cropanusi OyaeT 3aBUCETh OT
TEMIIEpaTyphl U IABJICHU B TOIIKE, a TAK)KE OT pa3MEPOB IPaHyJl.

Pe3synbpTaThl pacueta ckopocT ropenus MmoauduuuposanHoro BB ug = f(p,T)
IIPEICTABICHbl Ha pUCYHKE 1. B 3aBUCHMOCTH OT yCJIOBHM €r0 CKOPOCTb IOPEHUS
MOJKET cocTaBIsATh oT 2 cM/c mpu T = 600°K u masnenuu p = 10° ITa zo 17 cm/c npu
T = 1500°K u P = 10° Ila. Bpemst cropauus rpany1 MoauduumupoBaHHoro BB
nuaMeTrpoM 6 MM npu  atmochepHoM gaBieHuu U Temmeparype 1000°C,
XapaKTEPHBIX I KOTEJIbHBIX arperatoB CJIOEBOTO C)KHUIaHUS TOIUIMBA, COCTABHUT
nopsiaka 0,1 c.

wMle
- (14

Puc. 1. 3aBUCUMOCTh CKOPOCTH TOPEHHS TEKCOTE€HA OT TEMIIEPATYPHI U AaBJICHHUS.

Fig. 1. Dependence of RDX combustion rate on temperature and pressure.
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IIpoBenenHble  pacueTbl  TMO3BOJMJIMA  ONPEAEIUTh  CKOPOCTb  TOPEHUs
MOJAU(PUIIUPOBAHHOTO A-2y B YCJIOBHUSIX pabOTHl TOMOK KOTJIOArperaToB M BpeMs
CropaHusi TpaHyjl 3TOr0 COCTaBa. DTO IMO3BOJUT OMPEIEIUTh BO3MOXKHBIE O00BHEMBI
CKUTaHUsI A-2y B SHEPTOYCTaHOBKAaX.

3. OBOCHOBAHME BEJINYNHBI MACCOBOI'O PACXOJA A-2Y ITPU C’OKUT'AHUU B
TOIIKE KOTEJIBHOI'O ATPEI'ATA

KortenpHbie arperatbl XapakTEpPHU3YIOTCS pPa3sHOOOpa3weM KOHCTPYKITUI
TOIMOYHBIX YCTPOMCTB (TOmok) [27-31], KOTOpbIE NpEeAHA3HAYEHBI JIA CHKUTAHUS
TOIUIMBA C LEIbIO BBIICJICHUS 3aKJIIOYEHHOTO B HeM Temia. KOHCTpyKIMU TOMOK
pPa3HOO0Opa3Hbl, U KaXJas U3 HUX COOTBETCTBYET OIpPEACIICHHOMY BHY TOILIMBA U
cnoco0y cxkuranus. B coBpeMeHHBIX KOTEIbHBIX YCTAHOBKAX OOBIYHO UCTIOIB3YIOTCS
3 TUMOBBIX CIOCO0a CKUTAHUS TBEPJIOTO TOILJIMBA: CIIOCBOM, (PaKeIbHBIA U BUXPEBOM.

Mecra aucnokanuu oObekTOB xpaHeHust bBII, rae npeamnonaraercs
NPOBEJACHUE MEPOINPHUATHM MO0 HUX YTWIM3AIUHU, XapaKTEPU3YIOTCS  MaJoi
YUCJIEHHOCThIO HACEJICHUs U, KaK CIJIEJCTBHE, NMPUMEHEHHUEM KOTEJIbHBIX Majou u
CpelHEH MOIIMHOCTU C MapONPOU3BOAUTEIBHOCTEIO 2,5-25 T/4. DTU arperatsl
OPUMEHSIIOT JUIsl HPOU3BOJICTBA HACBIIIEHHOTO WJIM MEPErpeToro mnapa, KOTOPBIA
o0OecreunBaeT MPOU3BOJICTBEHHBIE TMOTPEOHOCTH, paboTy cucTeMbl 000TrpeBa
IIOMEIIEHUH U ropsuce BOJOCHAOKEeHHE. B TeIIoBBIX arperatax TaKoW MOIITHOCTH,
TPAAULMOHHO TPUMEHSIOTCSI TONKH CJIOEBOTO CXKUTAHUA TBEPAOTO KYCKOBOTO
TOIJIUBA.

Takum oOpa3om, ycioBus 0€30MacHOTO MPUMEHEHHS A-2y COBMECTHO CO
IITATHBIM KOTEJbHBIM TOIIMBOM II€JI€COO0Pa3HO YCTAHOBUTH MPUMEHUTEIIBHO K
TOIKaM CJIOEBOTO CXKUTAHUS. XapaKTEPUCTUKHU TBEPJIOTOIUIMBHBIX MAPOBBIX KOTJIOB
MaJIOW W CpeAHEd  MOIIHOCTM €  TONKAMU  CJIOEBOr0  CXKHUIaHUA
NapoNpoOU3BOJUTEILHOCTBIO 2,5-25 T/4 nipeacTaBiieHsl B Tabmuue 8 [27-31].

Tomka KOTEJNBHOTO arperara MpeJCTaBlIseT COOOH MPOTOYHYIO CUCTEMY, B
KOTOPYIO HEMPEPHIBHO MOJAIOTCS TOIUIMBO M OKHUCIUTEIh, @ U3 HEE OTBOIATCS
NpPOAYKTHl TOpeHus. TBepaoe TOIIIMBO B TONKY MOJAETCS MEXAHUYECKUMU
3a0pachIBaTesIMM  Ha TOJBIDKHYIO KOJIOCHUKOBYIO PEIIETKY, TO0JI KOTOPYIO
IyTHEBBIM BEHTWJIATOPOM HarHeraercs: Bo3AyX. [IpomyKThl rOopeHus U3 TOMOYHOTO
IIPOCTPAHCTBA YCTPAHSAIOTCS BEHTUIISATOPOM JbIMOyAaneHus1. [I[puMeHenne 1yTheBoro
BEHTUJISITOPA W BEHTWISATOpPA JBIMOYJAJICHUS B COYETAaHHUM C KOHTPOJIBHO-
U3MEpPUTETFHBIMU TMPUOOpaMH W  aBTOMATHUKON OOECreYrBaeT aBTOMAaTH3AIMIO
M0/IaYu TOILJIMBA U BO3/yXa B TONKY, a TaKXKe MOJJIEPKaHUE 33JIaHHOTO Pa3peKEeHUs
B TOIIOYHOM IPOCTPAHCTBE, KOTOpOE€ AOKHO cocTaBiaTh 15-30 Ila [29-32]. ns
NOJAJICPKAaHUST Pa3pekKEHUsi B TOMOYHOM MPOCTPAHCTBE MPOU3BOAUTEIHHOCTh
BEHTUWJISITOpA JIbIMOyJajeHusi obecrneunBaercss Ha 10% Oompie mosiHOro odobema
TOMOYHBIX Ta30B C YYETOM UX TEMIIEPATYPHI.

Cxuranne A-2y He JOJDKHO TPUBOJIUTH K TOBBIIMICHUIO [IaBJICHUS B
TOMOYHOM TMPOCTPAHCTBE, a MNPOU3BOAUTEILHOCTh BEHTHJIATOpPA JAbIMOYAAJICHUS
JOJDKHA C 3allacoM MPEBBINIATh 00bEM MPOIYKTOB COBMECTHOTO CKHUTaHus A-2y U
IITATHOT'O TOIUIMBA.

OueHka TEepMOJMHAMHMYECKUX TApaMETpPOB TOpPEHUS B TONKE KOTJIa
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IIPOBE/ICHA HA OCHOBE MOJIETMPOBAHMS MPOLECCA COBMECTHOTO COKMIAHUS IUTATHOIO
TOIUIMBA WU MOAM(PUIMPOBAHHOTO cocTaBa A-2y TMpU pa3IMYHBIX 3HAYEHUSX
BEJIMYMHBl MAcCCOBOIO Pacxojla C HMCIOJIb30BAHUEM MHOTOIEIEBOM MPOrpaMMHOM
CHUCTEMBI KOHEUHO-3J1eMeHTHOro aHam3a ANSYS [33] npumenurensHo K koTiry KE-

2,5-14C.

Tabdauya 8. XapakTepuCTUKU TBEPIOTOIUIMBHBIX TAPOBBIX KOTJIOB
Table 8. Characteristics of solid fuel steam boilers

XapakTepucruka Tun korna
KE-2,5-14C | KE-4-14C | KE-6,5-14C | KE-10-14C | KE-25-14C
[Taponpon3BOAUTENHEHOCT, 2.5 4,0 6,5 10 25
T/4
Pacxon TommnBa mr, KI/4 292 468 760 1140 2922
Mo1mHOCTb, 1,82 2,91 4,37 7,27 18,2
obecrieunBaemasi pu
CrOpaHUU TOIUINBA, Py,
MBT/4
Tono4Hoe yCTpOMCTBO IITJI-PIIK TJI3M TJI3M TJI3M TUY3M
2-1,8/1,525 1,87/2,4 1,87/3,0 1,87/3,0 2,7/5,6
["abapuThl TONIKH, MM
JnvHa 3085 3600 4550 4550 7190
[Mupunra 2060 2300 2300 2300 3320
BricoTa 2600 3175 3175 3175 3175
Pa3mep kos10CHUKOBOM
pElIeTKH, MM
JnvHa 1860 1870 1870 1870 2700
[Hupuna 1925 2400 3000 3000 5600
AKTHBHaA II0OIAIb 2,7 3,3 4.4 4.4 13,5
3epKajia rOpeHus, M
0261;eM TOIIOYHOM KaMephl, 10,0 9,6 14,4 17,6 39,7
M
MaxkcuMaIbHBIA 0612,eM - 1,15 1,54 1,54 -
TOILIKBA B TOMKE, M
[TuTaTenp TomauBa [1TJI-400 [1TJI-400 I1TJI-400 I1TJI-400 I1TJI-600
BenTunarop Bo3ayxa B/IH- B/IH- B/IH- B/IH- B/IH-
8/1500 9/1000 9/1000 10/1000 12,5/1000
[Ipon3BOaUTENBHOCTH 10460 9930 9930 13620 26600
BEHTHIIATOPA, M/4
Bentunstop JIH-9/1500 | OH-9/1500 | AH-9/1500 JIH- JIH-
JBIMOYAQJICHHSI 10/1500 17/1000
IIpon3BoUTENBHOCTD 14900 14900 14900 20450 74290
BEHTHJIATOPA, M /4
[TonHoe naBnenwue, [1a 2220 2220 2220 2680 3240
JlnanazoH U3MeHEeHUs 25-100
Harpysku, %
Koadduunent n3odbitka He Gonee 1,3-1,5
BO3yXa
OCHOBHOH BH/JI TOIIJIMBA Kamennsrit u OypbIil yriaum
BnaxHocts Tormsa, % 1o 40
30IbHOCTD TOILINBA, %0 o 35
Coneprxkanue Menouu 1o 60
(0—6 Mmm), %
MakcumanbHBIN pa3zmep 40
KYyCKa, MM
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Ha pucynke 2 mnoka3zana nasymepHas Mmozaenb korina KE-2,5-14C. Omna

coaepxut 35535 anemeHTOB U 69896 y3710B.
ANS‘I;%

(B R B O ]
Ty ¥ v

T T L L.

Puc. 2. ]IBymepnas mozaens Tonku kotina KE-2,5-14C.
Fig. 2. Two-dimensional model of the boiler furnace KE-2,5-14S.

CHuzy uyepe3 CJOW TOpAIIEro yris B TONKY C IOCTOSHHOM CKOPOCTHIO
MOJA0TCS  NPOAYKThl TopeHuss ¢ temmeparypoi 1400°C. CkopocTh mOTOKA
MPOJIYKTOB TOPEHUS OIpeAenseTcss HX O0BbEMOM IMPU  CTEXHOMETPHUUYECKOM
COOTHOIIIGHUH M KOA(DPUIIMEHTOM H30BbITKA BO37yXa, 3HAYEHHUE KOTOPOTO MPHUHSITO
paBHBIM 1,1, a TaKKe IJIOMIAILI0 3epKajla TOPCHHUS TOMKH. TEIUIOTHI CropaHus U
o0beM BO3ayxa, HEOOXOJIWMBINH JUIsl OKHCJIECHHsS | Kr TOIJIMBA MPEJCTaBICHBI
COOTBETCTBEHHO B Tabiuimax 5 u 9.

Taobnuya 9. O6beM BO3ayXa A1 OKUCICHHS | KT TOTUTHBA

Table 9. Air volume for oxidation of 1 kg of fuel

YcnoBnas popmyna | CTexuoMeTpuUecKu O6sem Bo3yXa
VYrons 3 npu U30BITKE
1 kr BemiecTBa 00beM BO3ayxa, M 1 K
Byps1ii yromp, BIa)KHOCTh C40H54,20027.11N2.29 45 4.9 5.9
20%
Bypriii yroib, BIaXKHOCTh
DRI YT C3s5He1,33030,67N2 39 4,3 5,1
30%
KameHHEBIN yToiih, BIaKHOCTh
12% T Co1,6Hs7,33011,62N1,26 7,9 8,7 10,3
KameHHEBIN yToiih, BIaKHOCTh
16% 4 Css.8Hs984013,61N1 2 7,5 83 9.8

COoky uepe3 MITaTHbIE MHUTATEIM TOIUIMBA MEPIIEHIUKYJISAPHO CTEHKE KOTIa
MOJIaeTCsl CTPYsA IMPOAYKTOB FOPEHHUs C COOTBETCTBYIOIIEH TemrepaTypoul (Taliuia
4) ¥ TOCTOAHHOW BeNWYMHOM pacxoga. CKOpPOCTh ATOTO MOTOKA OMpPEAESIETCs
00BEMOM IPOAYKTOB TOPEHUS IIPU 33JJaHHOM MAacCOBOM pacxXofe U IJIOIIAbI0 OKOH
MMUTATEJIBLHOTO YCTPOMCTBA.

Ha BeIxozae u3 Tonku 3amaercd Temmeparypa razo 900°C, cooTBETCTBYOIIASA
HIWKHEMY NpeNelly ONTUMAaJbHbIX 3HaueHu# [27, 31], u paspekeHue B NpOAyKTax
ropenus 20 Ila. IIpoaykTel TopeHus yrias U A-2y NpeacTaBisiioT cOOON HeanbHbIN
ra3. [Ipouecchl TermooOMeHa B TONKE HE YUUTHIBAIOTCA.
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Hcxonnple maHHBIC IS MOJEIUPOBAHUS mTpeacTaBieHbl B TaOmwmme 10.
Bepxuuii npenen nuamazoHa M3MEHEHHUs BEJIIMYMHBI MAaccOBOro pacxoja A-2y mpu
COBMECTHOM C)KUTAHUU C YIJIEM MPHUHAT HAa OCHOBE JaHHBIX, MPEJCTABICHHBIX B
tabnuie 12 u3 yciaoBus obecnieuenus 75% HoMUHaIBbHOU MolHOCTH KoTiia KE-25-
14C 3a cuer cxxuranus A-2y.

B npouecce MonenupoBaHMs pAacCUMTAHbl pacHpelesieHus JIaBJICHUS,
TEMIIEpaTypbl U CKOPOCTU TNPOAYKTOB TOPEHHUS B TOIMKE, a TaKXKe 3HAYCHUS
MHUHUMAJbHOTO M MaKCUMAJIbHOTO JIaBJICHUSI B Tomke Kotia. Ha mepBoM »sTame
MOJICIUPOBAHUSL PACCUYUTHIBAINCH TApPAMETPhl TOPEHUS MPU CKUTAHUU Oyporo u
KaMEHHOI'0 YIJIel Ha MOJHON Harpy3ke KoTia. Pe3ynbTaThl OIIEHKH MaKCUMalbHOTO
JIABJICHHSI B TOIKE IPU MOJHOM IITATHON HArpy3Ke KOTJIa KAMEHHBIM YIJIEM PUHATHI
3a cTaHjapTHhIC (BapuaHT 1). Pe3ynbpTaThl pacyeToB npecTaBieHbl B Ta0uie 11.

Ha pucynke 3 npeacTtaBieHbl pe3yJbTaThl OLICHKH PacIpeAeiCHUs 1aBICHUS B
TOMKE JIJIs COBMECTHOT'O CoKMraHus Oyporo yrisi 1 BB B Bujie rpanyn npu pa3auyHbIX
3HAQYEHUSAX MaccoBOro pacxoga BB mpu Harpyske komia no yrimwo  25%.
Pacnipenenenuss Temnepatypbl U CKOPOCTU MPOAYKTOB TOPEHHUS B TOIKE MOKa3aHbI
COOTBETCTBEHHO Ha PUCYHKaxX 4 U 5.

Pressurg

Pressure

101304005
H 1.013e-
1.0136
10130
10138
{ 1.013e¢
1013
1.013e
10136
10136
1.0130:
1Pal

L_.. . -

be [E%

a mg=0 Kr/4 §) mg=36 KT/9°M° B mg=126 Kr/a'm’
Puc. 3. Pactipenenenue nasnenus B Tonke koraa KE-2,5-14C: a — 100% nHarpy3ka KoTiia KAMEHHBIM
yriaem Kotia; 6, B — 25% Harpy3ka Kotja OypbIM YIJIEM U TPaHyIMpOBaHHBIM A-2y.

Fig. 3. Distribution of pressure in the furnace of KE-2.5-14S boiler: a — 100% load with boiler coal;
b, ¢ — 25% load with brown coal and granulated A-2u.

Temperature Temperature Temperature Terperature
Cantour 2 Contour 2 Contour2

Coniour 2
4.4656+003 372584003 37254003
FMJ&; Hsma Hanosama
i 3807¢ 3215 321564003

3.807e-

4.455e+003
H 4.136e
34782 295024003 29606-003

31480 270404003
219 244924003
24908 219424003
21608 193904003
18318 166324003
1.502¢ 142824003
1473 117304003

—

|~

2704003
24496003
21946003
193904003
1 66404003
142867003
11734003
0

- L. L- B

a—my=73Kr/a 6 — my =292 kr/4 B —m,=/3 Kr/4 r —my=292 Kr/4

Puc. 4. Pactipenenenue TeMrepaTypbl IpoayKToB ropeHus B Tonke kotia KE-2,5-14C npu
C)KMTaHUM KaMEHHOTO YIJIsl ¢ MUHMMAJIbHONW M MaKCUMaJIbHOM Harpy3koii (my) 1o yriiro COBMECTHO C
A-2y nipu MaccoBOM pacxoje mg=360 Kr/4; a, 6 — rpaHyIupOBaHHBIA A-2y; B, T — CycrieH3ust A-2y.
Fig. 4. Temperature distribution of combustion products in the furnace of KE-2.5-14C boiler with
burning coal with coal minimum and maximum load (my) together with A-2u at mass flow rate m =
360 kg/h; a, b — granulated A-2u; ¢, d — suspension of A-2u.
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a - my=73kr/a 0 - my =292 kr/4 B - my=73 Kr/4 r - my=292 kr/u

Puc. 5. Pactipenenenre cKOpocTu MpoayKToB ropenust B Tonke koriaa KE-2,5-14C npu cxxuranuu
KaMEHHOTO YIVIl C MHUHUMAJIbHOM M MaKCUMalbHOH Harpys3koi (my) IO yIJII0 COBMECTHO C A-2y
IIPU BEJIMYMHE MACCOBOT'0 pacxojia Mgy = 360 Kr/4; a, 6 — rpaHyIMpOBaHHbIN A-2y; B, T — CyCIICH3US
A-2y.
Fig. 5. Distribution of rate of combustion products in the furnace of KE-2.5-14C boiler with
burning coal with coal minimum and maximum load (my) together with A-2u at mass flow rate
m = 360 kg/h; a, b — granulated A-2u; ¢, d — suspension of A-2u.

Taonuya 10 Vicxognple TaHHBIE 1JISI MOICIIMPOBAHUS
Table 10. Input data for modeling

Bapuant

ITapamer
P P 1 2 3 5 5 6 7 8 9 10

Harpyska komna mo yrmo, |00 | 55 | 25 | 25 | 25 | 25 | 25 | 25 | 100 | 25

%
Bun yrns Kam | Byp | byp | byp | byp | Byp | byp | Kam | Kam | Kam
Pacxon yrus, kr/q 292 | 73 73 73 73 73 73 73 292 73

ArperatHoe coctosiuue BB | TB Ts | Ts | Ts | TB TB TB TB TB TB

Pacxox BB Ha koten, kr/u 0 36 | 90 | 180 | 360 | 260 | 3600 | 360 | 360 | 360

3
E:/qul\? BB ma L romat 0 3,6 | 9,0 | 18,0 | 36,0 | 126,0 | 360,0 | 36,0 | 36,0 | 36,0

O6beM npoayKTOB

3 0 22 | 54 | 108 | 216 | 756 | 2160 | 216 | 216 | 324
ropenust BB, m”/4

CKopoCTh ITOTOKA

NpOayKTOB ropenus BB, 0 [046(093| 1,85 |6,47| 18,48 | 18,48 | 1,85 | 1,85 | 1,69
Mm/c

Tpebyemast

IPOM3BOIUTEIILHOCTh 3428 | 402 | 402 | 402 | 402 | 402 | 402 | 699 | 3428 | 699

BEHTHIIATOPA BO3AYXa, M"/4

CKopocCTh IOTOKA BO3/1yXa,

e 0,35 [ 0,04 | 0,04 | 0,04 | 0,04 | 0,04 | 0,04 | 0,35 | 0,07 | 0,07

3anac
IIPOU3BOIUTEIBHOCTH 67 9 | 96 | 96 | 96 96 96 93 67 93
BEHTWJIATOPA BO3AyXa, Yo

[Ipon3BoAUTEIBLHOCTD
BEHTHWJIATOPA 4246 | 489 | 560 | 679 | 917 | 2105 | 5194 | 1244 | 4246 | 2048
JIBIMOYQJICHHS, Mg

3amnac
MPOU3BOTUTEIILHOCTH
BEHTHJISITOPA
JIbIMOyHaneHus:, %o

72 | 97 | 96 | 95 | 94 86 65 92 72 86
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Tabauya 11. Pe3ynpTaThl pacyeToB

Table 11. Calculation results

Tapamerp Bapuant

1 2 3 4 5 6 7 8 9 10
Harpyska kotia 100 | 25 25 25 25 25 | 25 | 25 | 100 | 25
1o yrio, %
Bun yrns Kam. | Byp. | Byp. | byp. | byp. | byp. | byp. | Kam. | Kam. | Kam.
Pacxon yruis, kr/a | 292 73 73 73 73 73 73 | 73 | 292 | 73
ArperatHoe Ts Ts Ts Ts Ts Ts Ts Ts Ts Ts
cocrosuue BB
Pacxon BB na 0 36 90 180 | 360 | 260 | 3600 | 360 | 360 | 360
KOTEJN, KI/4
Pacxox BB na 1
3 3 0 3,6 9,0 | 18,0 | 36,0 | 126,0 |360,0 | 36,0 | 36,0 | 36,0
M~ TOIKH, KI/UIM
MOIIIHOCTB,
obecnewnsacmas |, 3 | 630 | 030 | 030 | 030 | 030 | 030 | 0.51 | 2,03 | 0.51
IpHU CrOpaHUH
yras Py, MBt/4
MOIIIHOCTB,
obecneunBacuas 0 | 014 | 034 | 068 | 136 | 476 | 1361|136 | 1,36 | 1,18
pu cropanuu BB
Py, MBT1/4
CyMMapHs
momsocTh: P=P, | 2,03 | 0,44 | 0,64 | 098 | 1,66 | 507 |[1391 | 1,87 | 3,39 | 1,69
t+ Py , MBT/4
Otnomrenue Py,/P 0 032 | 053 | 0,69 | 0,82 | 0,94 | 098 | 0,73 | 0,40 | 0,70
Ornowenue Pyy/Py | 0 008 | 0,19 | 037 | 0,75 | 2,62 | 7,48 | 0,75 | 0,75 | 0,65
MaxkcumansHoe
nasienne B ronke |101307 (101307101305 101305 101305 | 101313 [101370/10130[101308[101305
KoTia Py, I1a
AP:Pmax Bapi)—
Py H<ap 0 0 2 2 2 2 6 3 -1 1

Tabnuya 12. Pacxon A-2y st odecrieueHus: 75% MOITHOCTH KOTIA

Table 12. Consumption A-2u to provide 75% of boiler power

Koren
XapakTepucTuka
KE-2,5-14C | KE-4-14C | KE-6,5-14C| KE-10-14C | KE-25-14C
[TpousBoIUTENHHOCTH MApa, T/4 2,5 4 6,5 10 25
OGBEM TOTKH, M 10 10 14 18 40
Pacxon TommnBa m,, Kr/4 292 468 760 1140 2922
MortHocTs, o0ecreunBaeMas 1.82 2.91 437 7.07 182
pu cropaHuu yrisi, MBT/4
Tpebyemslit pacxox A-2y s
obecnieuenus 75% MomHOCTH 360 580 870 1140 3600
KOTJIa, KI/4
TpeOyemsrit pacxon A-2y nist
obecneuenus 75% moiHOCTH 36 60 60 65 90
KOTJIa Ha | M° TOIIKH, KI/dM’
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W3 monmydeHHBIX pe3yjbTaTOB CIEMYET, YTO CKUTaHHE MOIUMUIIMPOBAHHOTO
A-2y B BUJIe TpaHyJl WU B BUJIE CYCIIEH3UU COBMECTHO C OypbIM WJIM KaMEHHBIM
yriieM ¢ BEJIMYMHOM pacxoja, ooOecrieunBaromeid 75% HOMHUHAJIBHOW MOIIHOCTH
kotna KE-2,5-14C, He npuUBOIUT K U3MEHEHUIO MAaKCUMAJIbHOTO JaBJICHUSI B TOIKE
10 CPABHEHHIO C PEKMMOM CHKUTaHUs YTJIA MPHU MOJHOM Harpyske kotia. [Ipu stom
o0ecreunBaeTcs 1OCTaTOUYHbIN 3armac NPOU3BOIUTEILHOCTH BEHTUIISITOPOB BO3/lyXa U
JLIMOY/IaJICHUS.

Cxuranve MoAU(PHUIMPOBAHHOTO A-2y COBMECTHO C OypbIM yIjieM B KOTJIE
KE-2,5-14C ¢ BenuuuHOi#i pacxoza 126 kr/d Ha | M TONKH, KOTOpPAs IPEBbILIACT
BennuuHy pacxona koria KE-25-14C na monHo#i Harpyske, 00eCneduT MOBBILICHHUE
naBiaeHuss B Tomke nuink Ha 6 [la (Bapmant 7 Tabmuier 11). Takoe 3HaueHwme
BEJIMYMHBI PAcXojia, BO-NIEPBbIX, HE HMEET MPAKTUYECKOrO MPUMEHEHHUS B CHILY
OTPAHUYECHHS] TIO TEIJIOBOM MOIIHOCTH KOTJA, &, BO-BTOPBIX, TAKOE HW3MEHEHHE
JABJICHUSI BIOJHE MOKET ObITh KOMIEHCHUPOBAHO BEHTHJIATOPOM JBIMOYJAJICHUS.
Kpome, Toro cucrema apIMOyJajieHUs] TBEPJOTOIUIMBHBIX KOTJOB paccuMTaHa Ha
BBICOKYIO 30JIbHOCTh HU3KOKAJIOPUHHBIX TOTUIUB (Oyporo yris uiu topda). [loatomy
MOBBIIIIEHHAS] 30JIBHOCTh, OOpa3yloliascs MpU CXKUTAaHUU A-2y, YKIaJIbIBaeTCsS B
JOMYCTUMbIE HOPMATUBBI U OTBOJAMUTCS IITATHON CUCTEMOM JILIMOY1aJICHHUS.

Takum oOpa3oMm, OOOCHOBaHa BO3MOKHOCTh O€30MaCHOTO COBMECTHOTO
CXKUTaHUs MOJU(PUIMPOBAHHOTO A-2y B BHJE TpPaHyJd WM B BHUJE CYCIECH3UU C
OyphIM WM KaMEHHBIM yrieM B kKomiax cepun KE mapompou3BomuUTETEHOCTBIO OT
2,5 nmo 25 T/4 ¢ MakCUMaJdbHOM BEJIMYMHOW PABHOMEPHOTO pacxoja A-2y
COOTBETCTBEHHO OT 36 10 90 kr/4 Ha | M° Tomku. JIIsi OKOHUYATEIBHOTO 3aKTIOYCHHS
0 IPUMEHUMOCTH cocTaBa A-2y B Kauye€CTBE KOMIOHEHTOB KOTEJIIBHOTO TOIUIMBA B
MecTax xpaHeHus u yruiansauu bl B mITaTHBIX KOTENBHBIX arperarax He0OX0IuMO
MIPOBECTU JIOMOJHUTEIbHBIE UCCIEAOBAHUS MO OLIEHKE 3PO3MOHHOIO BO3JEHCTBUS
OKCHJIa AIIOMUHUS C YYETOM NpOoO0JIeMbl HAKAIUIUBAHUS U XPAHEHUS 30JI0IIJIAKOBBIX
octatkos (3LLO).

Cxuranne mnoirydyaeMoro A-2y B KayeCTBE KOTEIBHOTO TOIUIMBA B
KoTjoarperarax npu Ttemieparypax 1000-1400°C obGecneyuT MOJHOE CropaHue
KOMIIOHEHTOB M MCKIIIOUUT PACCEHBAaHUA UX HA OKPYKAKOWIEH TEPPUTOPUHU. ITO
NO3BOJINT COKPATUTh TOKCHUYHYK) HArpy3Ky M TIOBBICUT YPOBEHb XHUMHUYECKOMN
0e3zonacHocTH cpenbl. llpu CKUraHud B KOTEIBHBIX —aOMHHHICOJEPIKAILETO
cocraBa A-2y mnomydaemoro mnpu ytuaumzamuud 1 T BII Bo3MoxHO mnoiydyeHue
TEeIUIOBO#T SHEpruu B Komuaectse 2 10° I'kar.

BBIBO/IbI

1. IIpoBeneHa OILIEHKa DSHEPIETUYECKUX XAPAKTEPUCTUK MOAUPHUIIMPOBAHHOTO
AIFOMUHMICOIEpKAILEro cocTtaBa A-2y B BUJE IpaHyll M CyclieH3uH. Terora
cropanusi A-2y B BUJIE TPAHyYJ U CYCIIEH3UU COCTABISET, COOTBETCTBEHHO, 13,6 1
11,8 MJx/kr; temmnepatypa ropenus 3919 u 3179°K; ob6beM razoo0Opa3HbIX
MPOAYKTOB CTOPaHMs 3a CYET KUCIOpOJa, coaepxkaiierocs B coctase 0,56 u 0,91
M, a obmmii 00beM Ta3000pasHBIX MPOAYKTOB cropanus — 2,19 m/kr. Dto
00yCJIOBIIUBAET BO3MOXHOCTb MCIIOJIb30BAHUS pa3pabOTaHHOIO
MOAU(PUIIUPOBAHHOTO A-2y B KAYECTBE KOTEIHHOTO TOILJIUBA.
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[IpoBenena oleHKa 3aBUCUMOCTH CKOPOCTU TOPEHHUS FeKCOT€Ha OT JaBJICHUS U
Temmepatypsl. Ilpu Temmeparype 1000°K u naBnennu 10° ITa, xapakTepHBIX s
TOTIOK CJIOEBOTO CIKUTaHUS TOILIMBA, CKOPOCTh TOPEHUS] MOIU(MDUIIMPOBAHHOTO A-
2y cocTtaBisieT 2-3 cM/c.

. [IpoBeaeHO MOJEIMpPOBAHHUE MPOIECCa CHKUTAHUS MOAU(PUUUPOBAHHOTO A-2y B

BUJIC€ TPaHYyJ M BOJHOW CYCIIE€H3UMU COBMECTHO C TBEPJBIM TOIUIMBOM B TOIKE
korenpHOro arperata KE-2,5-14C ¢ npuMmeHeHMEM MpoOrpamMMmbl KOHEYHO-
sanemeHTHoro aHanuza ANSIS.  VYcranoBneHa BO3MOXKHOCTb — COKUTaHUS
MoauuUIUpoBaHHOTO A-2y B BUJE T'PaHyJ WIH B BHJE CYCIIEH3UU COBMECTHO C
OypBIM WJIM KAMEHHBIM yTriieM B KoTiax cepuu KE maponpon3BoAUTETbHOCTHIO OT
2,5 mo 25 T/ ¢ MakCUMaJIbHOW BEJIMYMHON pPaBHOMEPHOTO pacxoja,
COOTBETCTBEHHO, OT 36 110 90 Kr/u Ha 1 M> TonKM 6€3 M3MEHEHHs MAKCHUMAILHOTO
JABJICHUSI B TOIKE MO CPAaBHEHUIO C PEKUMOM CXKHUIAHMS YIJISI MPU TOJTHOU
Harpy3ke KoTia. OKOHYATEIbHBIN BBIBOJ O BO3MOXHOCTH NPUMEHEHHSI COCTaBa
A-2y B KauecTBE€ KOMIIOHEHTOB KOTEIBHOTO TOIUIMBA B INTATHBIX KOTEJIBHBIX
arperaTax HENOCPEICTBEHHO Ha Tepputopuu apceHanoB bII morpeOyer oleHku
HPO3MOHHOTO  BO3JICUCTBHS OKCHJAA AJIOMUHHMS M pEeUleHUus IpoOseMbl
HakanauBaHus U xpanenus 3LIO.
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Abstract — The paper presents results of studying removal of typical industrial pollutants —
methylene blue (MB) dye and Ni(Il) ions from simulated contaminated aqueous solutions and real
waste water samples using activated carbon beads (ACBs) obtained from natural seeds of Litsea
glutinosa and modified by chemical activation with NaHCOs3. The adsorption performance of as-
synthesized adsorbent toward methylene blue and Ni(Il) ions in simulated solutions in different
conditions was evaluated to find out the optimum adsorption conditions. The obtained results
established that the MB adsorption reached the highest efficiency at the temperature of 35°C,
contact time of 10 h, the adsorbent dosage of 6 g/L, and pH = 7; while the Ni(Il) ions removal was
optimized at the adsorbent dosage of 8 g/L, pH = 5, the temperature of 35°C, and contact time of 10
h. Furthermore, ACBs were also applied for treating real textile and plating wastewater samples
with a removal efficiency of more than 80%. The results of the study revealed that ACBs could be
used as a promising adsorbent for the removal of dyes and heavy metal ions from industrial
wastewater.

Keywords: adsorption, activated carbon beads, methylene blue, Ni(Il) ions, Litsea glutinosa.
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AnHotanmsa — IlpencraBneHsl pe3ynbTaThl MPUMEHEHHs] COpPOEHTa B BHJE T'PaHYJIHPOBAHHOTO
aKTUBHUPOBAHHOT'O YIJIsl, MOJYYEHHOTO U3 MPUPOAHBIX CeMsH Litsea glutinosa myTeM XUMHYECKOI
akTuBanuu ¢ nomoibio NaHCO3, 1151 04MCTKY MOAETBHBIX U pealIbHBIX PACTBOPOB CTOYHBIX BOJ
OT JIByX THUIIOB MMPOMBIIIJIEHHBIX 3arps3HUTENEN — Kpacutens MeTuieHoBoro cutero (MC) u moHoB
nukens(Il). s ompeneneHuss ONTHUMANbHBIX YCIOBUH aacOpOIMU OICHEHBI aJACOPOLMOHHBIE
XapaKTEPUCTUKHA aJCOPOCHTa B UCXOAHOM cocTosiHuM 1o oTHomeHuio Kk MC u nonam Ni(Il) B
MOJICTIFHBIX BOJHBIX PAaCTBOPAaX MpPU PA3TUUYHBIX YCIOBUAX. [lomydeHHBIE pe3yabTaThl MOKA3aH,
yto ancopbius MC nmocturaer MakcuManbHOW 3(dexktuBHOCTH Npu Temmneparype 35°C mpu
BpeMeHu koHTakTa 10 4, no3upoBke ancopbenta 6 r/n u pH = 7; B TO Bpemsl Kak yJaJleHUE HOHOB
Ni(Il) Obut0 omTUMaNBHBIM TIPU AO3UpPOBKE azacopOeHTa 8 1/, pH = 5, temneparype 35°C u
BpemeHu KoHTakTa 10 4. Kpome Toro, copOeHT ObUT TakKe MPUMEHEH JUIS OYMCTKU pPeabHbIX
o0pa3loB CTOYHBIX BOJ, TIOJy4aeMbIX B MPOU3BOJCTBE TEKCTWJIBHBIX MaTepHalioB U
rajJbBaHUYECKUX MOKPBITHH, ¢ JOcTIKeHHeM 3¢ dekTuBHOCTH yrnanenus 6oinee 80%. PesynbraTs
UCCIIEIOBaHMs TOKa3bIBAIOT, YTO JAHHBIA COPOIMOHHBIM Marepual MOXKET ObITh MCHOJIb30BaH B
Ka4yecTBE MEPCIEKTUBHOTO aIcOPOCHTA Uil YAAJCHHs KpacuTeseil 1 HOHOB TSDKEJIBIX METAJJIOB M3
MIPOMBIIIJICHHBIX CTOYHBIX BOJ.

Kniouesvie cnoea: ancopOuus, aKTHBUPOBAHHBIC YTJIIEPOAHBIC TPaHYJbI, METHJICHOBBIA CHHHUH,
nonsl Ni(Il), Litsea glutinosa.

INTRODUCTION

Water pollution has increasingly become a serious problem in recent years [1].
The presence of various organic dyes and heavy metal ions in effluents discharged
from plating, textile, galvanic, and battery industries can have a significant
detrimental impact on the environment [2]. These pollutants are not only highly toxic
but also non-biodegradable substances that accumulate in the human body and can
cause many serious diseases such as dermatitis, headache, nausea, anemia, diarrhea,
damage of lungs, and kidney, dysfunction of cardiovascular, and central nervous
systems, etc. [3]. Consequently, wastewater contaminated with dyes and heavy metal
ions must be treated before its release into the environment. Among wastewater
treatment approaches, adsorption is the most commonly used technology for
removing both dyes and heavy metals ions, due to its high efficiency, easiness of
operation, low cost, and availability of various raw resources of natural origin [4, 5].
In general, there are many known adsorbing materials, such as silica gel, alumina,
activated carbon, zeolites, etc. [6—10].

Activated carbon (AC) is characterized by large specific surface area, well-
developed porosity, a possibility of modification with various surface functional
groups, accordingly, it has been widely used to treat wastewater [11]. Nowadays, the
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ACs obtained from biomass, lignocellulosic precursors are continuously being
developed to become alternative material for the expensive commercial AC.
Although AC in powder form has been shown its effectiveness in wastewater
treatment, it is difficult to separate and recycle powdered AC after adsorption, which
results in adsorbent loss and secondary pollution. Meanwhile, use of activated carbon
beads (ACBs) with useful properties, such as easiness of separation from aqueous
solution, high mechanical strength, and excellent durability, makes it possible to
overcome the shortcomings of the known AC powder.

Litsea glutinosa (LG) is an evergreen plant from the laurel family found in
southern China, the Indian subcontinent, Australia, and Southeast Asian countries
[12]. The parts of the tree such as trunks, roots, and leaves are typically used for
producing paper pulp, rope manufacture, and traditional medicine. Moreover, LG
seeds are inedible and have been utilized to make candles and soaps [13]. According
to our previous studies [14, 15], LG seeds, which contained 17.4% cellulose, 27.6%
lignin, and 25.5% hemicellulose, could be used as precursors for preparing ACBs to
remove dyes.

In the present study, the LG seeds were used to prepare AC in bead form via
carbonization. Batch experiments were performed to evaluate the effects of such
parameters as dosage, contact time, solution pH, ionic strength, and temperature, on
the efficiency of adsorption of methylene blue (MB) and nickel(II) ions onto ACBs.
Optimum experimental conditions for adsorption were evaluated with a view to apply
the adsorbent for industrial wastewater treatment.

EXPERIMENTAL

Synthesis of ACBs

The ACBs synthesis was performed in several steps. Firstly, LG seeds (5—8 mm
in diameter) were collected as a raw material in the forests of Central Vietnam. Next,
the collected seeds were washed from dust and dirt, and dried at 50°C for 3 days.
Then, the seeds were impregnated with 5% NaHCO; solution at 50°C for 24 h,
followed by carbonization in a furnace at 450°C for 1 h. Finally, the obtained ACBs
were sequentially washed with 1% HCI and distilled water up to neutral pH value.

The point of zero charge (pH,.) of ACBs was determined by the salt addition
method [16]. In this method, 0.02 g of ACBs were added to 10 mL of 0.01 M
solution of NaCl with its initial pH adjusted to 2-9 by pouring 0.1 M NaOH and
0.1 M HCI. After 48 h, the value of final pH was measured carefully and the point
from plot of ApH (the difference between the final pH and the initial pH) against
initial pH values was taken to be pH,p..

Batch adsorption modeling

The uptake efficiency of MB and Ni(Il) ions from aqueous solution by ACBs
was determined using a batch technique. The model MB and Ni(Il) solutions were
prepared by dissolving calculated amounts of pure C;sH;sCIN3S (CAS number
122965-43-9, 98.5%, Sigma Aldrich, USA) and NiSO4 7H,0 (98%, Sigma Aldrich,
USA) in distilled water. The freshly synthesized adsorbent was added into 50-mL
Erlenmeyer flask with 25 mL of adsorbate solution of pre-defined initial
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concentrations. The mixture was shaken with a shaking speed of 100 rpm for 10 h.
Thereby, the residual concentration of MB was directly measured by UV-Vis
spectrophotometry (Cary 60, Agilent Technologies, USA) at a maximum absorption
wavelength of 665 nm; while the Ni(II) ion concentration was determined by
measuring its content in a solution pre-concentrated with dimethylglyoxime at a
wavelength of 470 nm. The removal efficiency percentage of MB and Ni(Il)
adsorbed on ACBs was calculated by following equation:
Removal efficiency (%) = % X 100% (1)
0

where Cy and C. (mg/L) are initial and equilibrium concentrations of adsorbate
solution, respectively.

Application: To evaluate the application ability of the prepared adsorbent in
practice, ABCs were tested for their adsorption activity in real industrial wastewater
containing MB and Ni(Il) ions. The adsorption experiments were carried out under
the optimized conditions. The wastewater samples were taken from local textile and
plating factor in Hoa Khanh Industry Zone (Danang city, Vietnam).

RESULTS AND DISCUSSION
Effect of contact time
Preliminary experiments were performed in order to investigate the effect of
contact time on the removal performance of MB and Ni(II) onto ACBs, and obtained
results are illustrated in Fig. 1.

100
=X 80
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= 40-
>
g 4
& 20
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0 100 200 300 400 500 600
Time, min
Fig. 1. Effect of contact time on adsorption of MB and Ni(II) ions by ACBs.
Experimental conditions: Co=20 mg/L, T =25°C, t=10 h, pH = 6 for MB, pH = 4 for Ni(Il).

It is noteworthy that the adsorption of Ni(Il) ions and MB took place quickly,
and the uptake rate reached approximately 65% within the first 120 min of reaction
time and then gradually increased with time. This phenomenon can be attributed to
the abundant availability of the adsorption sites, which were progressively saturated
during adsorption time [17]. After 10 h, an equilibrium uptake of MB and Ni(II) was
attained, and the uptake efficiency didn’t show any change as the time increased. An
operating time of 10 h, therefore, was selected for the entire equilibrium test.
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Effect of adsorbent dosage

The influence of different adsorbent dosages on MB and Ni(Il) removal by
ACBEs is described in Fig. 2. It is obvious that in the adsorbent weight range from 4
g/L to 12 g/L, the uptake efficiency of ACBs increased from 85.7 to 92.2% for MB,
and from 74.1 to 93.4% for Ni(II) ions. The results can be explained by the presence
of activated sites on the ACBs surface with improved availability [18]. However, the
MB removal efficiency increased only 1.1 times (from 85.7 to 93.5%) while the
adsorbent dosage was tripled (from 4 to 12 g/L). Similarly, the removal percentage of
Ni(Il) rapidly increased when the ABCs dosage raised to 8 g/L, and then negligibly
reduced with further increasing the adsorbent dosage (Fig. 2). This may be attributed
to fully consumption of the adsorption sites, resulting in a reduction in the total
adsorption surface area available to Ni(II) ions. Thus, the use of 6 g/LL and 8 g/L
adsorbent dosage was considered as the optimal for removing MB and Ni(II) ions,
respectively.

100

—_——————

~—Ni(ll) -e-MB

Removal efficiency, %

50

4 6 8 10 12
Dosage, g/L

Fig. 2. Effect of adsorbent dosage on adsorption of MB and Ni(II) ions by ACBs.
Experimental conditions: Co= 20 mg/L; T = 25°C; t = 10 h; pH = 6 for MB, pH = 4 for Ni(II).

Effect of pH

Besides the above effects, the uptake efficiency of MB and Ni(Il) by ACBs was
also affected by pH solution. Fig. 3 depicts the adsorption performance of ACBs in
removing of MB and Ni(Il) ions at various levels of pH. The study of Ni(Il)
adsorption was not conducted at pH higher than 8 in order to avoid the precipitation
of Ni(OH), [19].

The result from Fig. 3 demonstrated that the adsorption efficiency of MB and
Ni(Il) onto ACBs maximally reached 97% at pH = 8 and 92% at pH = 11,
respectively. The percentage of MB and Ni(Il) removal considerably rose with
increasing the pH up to 5 (for Ni(Il)), and up to 7 (for MB), and then insignificantly
varied with higher value of pH. Therefore, the optimum pH values for MB and Ni(II)
adsorption were selected to be 5 and 7, respectively, for further experimental studies.
These values are close to real wastewater.
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Fig. 3. Effect of pH solution on adsorption of MB and Ni(II) ions by ACBs.
Experimental conditions: Co=20 mg/L; T =25°C; t = 10 h; dosage = 6 g/L for MB; 8 g/L for Ni(Il).

The pH solution effect on adsorption efficiency of ACBs can be also explained
by the point of zero charged, which was defined as 8 (see insert in Fig. 3). When the
pH of solution is below 8, the studied adsorbent is positively charged. Vice-versa,
when pH is above this value, the material is negatively charged, and tends to adsorb
cation better [20]. Thus, increasing the solution pH results to enhance electrostatic
interaction between charges on ACBs surface and MB molecules or Ni(Il) ion. In
addition, under acidic condition, the existence of H" ions can compete with dye
cations adsorbing on the active sites of ACBs, leading to low adsorption uptake. A

similar trend is observed in Yu-Kuang’s research focused on MB removal by AC
[21].

Effect ionic strength

The evaluation of ionic strength effect on MB and Ni(II) adsorption was carried
out by adding an amount of NaCl with concentration varied in the range 0.05 — 1M at
pH = 7 for MB and pH = 5 for Ni(Il). The obtained result is presented in Fig. 4,
indicating that less than 70% of MB removal efficiency was reached with increasing
of NaCl concentration up to 1 M, confirming interaction of the co-existed cations in
ACBs’ adsorption. The reason which leads to the low uptake of MB can be due to
competition between Na* ion and MB molecules on the ACBs surface.

As illustrated in Fig. 4, a similar trend was observed in the case of ion Ni(II)
uptake. With the high concentration of NaCl (> 0.5M), the Ni(Il) removal was
dropped sharply and reached appropriately 40%. Therefore, it can be concluded that
the ionic strength has a stronger negative effect on the Ni(Il) adsorption compared to
MB adsorption. This may be assigned to adsorption mechanism of these adsorbed
substances. Since MB is a heterocyclic aromatic chemical compound, therefore,
during the adsorption process, in addition to the impact of hydrogen bonding and
electrostatic interactions as well as ion exchange, the MB adsorption can be also
enhanced owing to m-m bonding interaction between aromatic ring structure of MB
and ACBs [22]. This mechanism is completely absent during Ni(II) absorption.

185



DAO et al.

—-—Ni(ll) -e~-MB

40 r

Removal efficiency, %

N
o
T

0 0.05 0.1 0.5 1
NaCl concentration, M

Fig. 4. Effect of NaCl concentration on adsorption of MB and Ni(Il) ions by ACBs.
Experimental conditions: Co=20 mg/L; T =25°C; t =10 h; pH = 7 for MB, pH = 5 for Ni(Il).

Effect of temperature

Temperature is considered to be one of the important variables directly affecting
the adsorption process. Thus, the effect of temperature on MB and Ni(II) ion removal
uptake was studied at concentrations of 20 mg/L of adsorbed substances in the range
25 —45°C (see in Fig. 5). It is obvious that the adsorption efficiency of both MB and
Ni(Il) ion increased with increasing temperature. This means that the adsorption
process of MB and Ni(Il) onto ACBs is an endothermic natural process. The high
uptake of MB and Ni(II) ions at higher temperatures can be involved with increasing
the movability of ion, thereby accelerating the migration of MB molecules or Ni(II)
ions towards the internal pores of the ACBs carbon matrix. These obtained results are
consistent with many reports [21, 23].
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Fig. 5. Effect of temperature on adsorption of MB (a) and Ni(II) ions (b) by ACBs.
Experimental conditions: Co=20 mg/L; t= 10 h; pH =7 for MB, pH = 5 for Ni(Il).

Application for wastewater treatment
Herein, industrial wastewater samples taken from textile and plating factories
with the initial concentration of MB and ion Ni(Il) of 85.14 and 48.03 mg/L,

respectively, were used to evaluate the adsorptive capacity of ACBs in practice. As
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described in Fig. 6, a mixture which contained ACBs and 25 mL of the real
wastewater was stirred for 10 h at the established optimum conditions (for textile
wastewater sample: temperature 35°C, pH = 7, adsorbent dosage 6 g/L; for plating
wastewater sample: temperature 35°C, pH = 5, adsorbent dosage 8 g/L).
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\ 6g/L; p;&; l X

35°C; 10h

W o

N adsorption
—

8g/L; pH5;
35°C; 10h

—_——

» 5=
Fig. 6. Application ACBs for treatment of real industrial wastewater samples.

(

According to the obtained result demonstrated in Fig. 7, after 10 h of contact
time, the MB and Ni(II) ion concentrations were determined as 9.43 and 10.45 mg/L,
respectively, which equated to 87.72 and 80.36% removal efficiency. This can
confirm the appliability of as-synthesized adsorbent for wastewater treatment.

%
82:* %ﬂm %

Ni(l1) MB
Fig. 7. Removal efficiency of MB and Ni(II) ion from textile and plating wastewater samples.

CONCLUSIONS

Activated carbon beads were successfully synthesized by carbonization and
applied for removing methylene blue and Ni(Il) ions from aqueous solutions. This
study investigated the dependence of MB and Ni(Il) removal efficiencies on
adsorption factors, and pointed out the optimal conditions for the adsorption. The
optimum condition for the removal of these hazardous substances was found to be
contact time of 10 h, 35°C, pH =5, 8 g/L of dosage, for Ni(Il) ions, and pH = 7, and
6 g/L of dosage for MB. The high removal efficiency of MB and Ni(II) ions from
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textile and plating wastewaters has been shown which indicates that the novel
adsorbent can be a promising material for treating contaminated wastewater.
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Abstract — The rapidly-growing increase in the events of oil spills in the water environment
motivates researchers to the fast development of oil sorbents. The oil pollution removal process
requires a highly hydrophobic sorption material with suitable oil capacity. This study presents the
results of preparing oil sorption material (PPUI0C-SA) with improved hydrophobicity which is
based on polyurethane foam and chitin sorbent (PPU10C) by impregnating it with the stearic acid
(SA) solution. The influence of the impregnation time and concentration of SA on its content in the
resulted sorbent and on its sorption capacity in relation to oil and water is studied. It is shown that
the optimal conditions for obtaining the improved hydrophobized material are as follows: the
concentration of SA —0.01 g/ml and the impregnation time — 60 min. In this case, the oil capacity of
the material reaches 12.54 g/g along with the water capacity of 1.44 g/g. Thus, the hydrophobicity
of the modified sorbent has been increased 4 times in comparison with that of the unmodified
material. The obtained results indicate that the SA-modified PPUI0C-SA oil sorbent can be a
promising sorbent for efficient water purification from spills of oil and oil products.

Keywords: polyurethane foam, chitin, stearic acid, hydrophobicity, oil sorption, oil pollution.
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AHHoOTauMszi — bBBICTpBI pocT ciiyyaeB paznuBOB He(TH M HEPTENPOIYKTOB, BEAYIIUX K
3arpsi3HEHUIO BOJHBIX OOBEKTOB, MOTHBUPYET OBICTPYIO Pa3pabOTKy COpPOITMOHHBIX MaTepHasIOB
JUIE OYMCTKH BOJBI OT He(TAHBIX 3arps3HeHuid. /g s¢ddexkTuBHOrO ynamneHuss HEPTIHBIX
3arpsi3HEHUH HEOOXOIMM BBICOKO THAPOGOOHBINM MaTepual ¢ Xopolieil HehTeeMKOoCThI0. B nanHOM
WCCIICIOBAaHUH TIPEAIPUHSATA MOIBITKA YBEIUUYUTh TUAPOPOOHOCTH COPOLIMOHHOTO MaTepuala Ha
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HYDROPHOBIZATION OF OIL SORBENT BASED ON CHITIN AND POLYURETHANE FOAM

ocHOBe neHononuyperana U xutuHa (PPU10C) nmyreM ero mpomuTku pacTBOPOM CTEapHHOBOMU
kuciotel (CK) ¢ momydenuem ruapodoomsupoBanHoro copdenta (PPU10C-SA). HccnenoBano
BIMsIHUE BpeMeHH 00paboTku u koHIeHTpaunu CK Ha ee cogepkaHne B KOHEUHOM COPOIIMOHHOM
MaTepHualie U Ha ero COpOLMOHHYIO CIIOCOOHOCTh IO OTHOLIEHMIO K HedTu u Boxe. [lokazaHo, uTo
ONITUMAJIbHBIC YCIIOBUS JJIsl OJy4YeHus: ruipooOHoro Marepuana cienyrommue: konueHTpaus CK
— 0,01 r/ma u Bpems o6padotku 60 muH. [Ipu 3TOM HedpTeemkocTs MaTepuaia gocturaet 12,54 r/r,
a BomoeMKocTh coctaBisieT 1,44 1/r. Takum o6pazom, runpodoOHOCTE MOAM(PHUIMPOBAHHOTO
COpOLIMOHHOrO0 MaTepuana yBelIMYeHa B 4 pa3a IO CPaBHEHUIO C HEMOJU(PHIHMPOBAHHBIM
MmatepuaioM. [lomydyeHHbIE pe3ynbTaThl CBHIETEIBCTBYIOT O TOM, YTO COpPOIIMOHHBINA Marepual,
MOJIUGUIMPOBAHHBIA  CTEAPUHOBOM KHMCIOTOW, SBISAETCS NEPCHEKTHBHBIM COPOEHTOM  JUId
3¢ GEKTUBHON OYMCTKH BOJIHBIX CpPeJl OT UX 3arpsi3HeHHs He(PThIO U He(PTEPOyKTaMHU.

Kniouesvie cnosa: meHONMONMYypeTaH, XUTHH, KHCIOTa CTeapuHOBasA, TUApPo(oOHOCTH, copOIus
HeTH, HePTAHOE 3arps3HEHUE.

INTRODUCTION

In recent years, the water pollution caused by oil and its derivatives is increasing
rapidly and has become a global challenge [1]. Meanwhile, the impact of oil pollution in
the aqueous environment is extremely detrimental, since it leads to biological death of
living organisms, changes in entire ecological structure, negatively affects the waterway
traffic, tourism, etc. [2—5]. And what is the most serious thing, oil pollution is considered
as one of the main causes of cancer, allergies, respiratory and digestive diseases in
humans [6]. Therefore, the purification of water environment from oil and oil products is
urgently needed [7].

Currently, various methods have been developed to remove oil pollution from
water environment. In particular, the use of various types of sorbents is considered to
be one of the most potent methods due to its simplicity and effectiveness [8, 9].
Recently, the combined sorbent PPU10C based on the natural polymer — chitin and
polyurethane foam (PPU) has been designed as one of the sorption materials
providing an effective treatment of water environments from oil pollution. It has been
shown that this material has many advantages, such as high oil sorption capacity and
high degree of the adsorbed oil recovery, buoyancy, reusability, applicability to
various water environments, cost-effectiveness, and environmental friendliness [9—
12]. However, this material has a shortcoming such as insufficient hydrophobicity.
When tested in conditions of oil spills in the form of a thin layer on water, the
PPU10C absorbs not only oil but also water in relatively noticeable extent. This
material has a high-water sorption in a saturated state, quickly loses its buoyancy,
gravitates to the bottom, and also contributes to the unwanted desorption of the
adsorbed oil back into the aqueous environment. In this regard, it is necessary to
increase the hydrophobicity of this sorbent.

Currently, the hydrophobicity of the PPU-based sorbent materials has been
improved using a variety of known methods such as sol-gel method [13], grafting the
hydrophobic molecules [14, 15], or immobilization of micro- and nanoparticles on
the surface of the material [16-20]. In particular, the grafting of hydrophobic
molecules on the surface of the material by impregnation method is considered to be
a simpler and more economical approach than other methods [21].
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Stearic acid (SA) is one of the most popular hydrophobic materials which is
widely used in polymer technology. Because of the long hydrocarbon chain in its
molecule, stearic acid is known as the high hydrophobic fatty acid [22]. In many
studies, stearic acid has been used to improve the hydrophobicity of materials by
attaching nanoparticles to the surface of the material [18-20]. However, the cost of
obtaining nanoparticles is quite expensive. Moreover, the process of attaching
nanoparticles to the material surface is not simple. Recently, a surface coating by
stearic acid without nanoparticles has been studied for such materials as cotton [23],
cellulose fibers [24], and stainless steel [25]. The results show that the
hydrophobicity of the modified materials is significantly improved in comparison to
the original materials. In addition, coating the surface of the material with stearic acid
by impregnation is the simplest and cost-effective method [21].

The aim of this work is to increase the hydrophobicity of the oil sorbent
PPU10C (based on chitin and PPU) by the sorbent coating with SA using an
impregnation procedure. The influence of the concentration of the used SA and the
impregnation time on the oil capacity and water capacity of the sorbent is to be
investigated and the optimal parameters of the hydrophobization process with the
impregnation mixture are planned to be studied.

MATERIALS AND METHODS
Materials

The procedure for preparation of the PPU10C sorbent and characterization of
its properties are described in our previous study [10].

Stearic acid (CAS number 54-11-4, purity grade > 98%, Alfa-Service, LLC,
Kazan, Russia) — white solid, density — 0.9408 g/cm’® (20°C), molecular mass —
284.484 g/mol.

Isopropanol (purity >99.7%, Khimprom, Russia) — transparent, molecular
mass — 60.09 g/mol, melting point — 82.4°C, density — 0.7851 g/cm®, dynamic
viscosity — 0.00243 Pa's.

Oil (Nurlat region, Tatarstan, Russia) density — 0.931 g/cm®, dynamic viscosity
— 7.8 mPas.

Synthesis of hydrophobized sorbent PPU10C-SA

Preparation of the starting sorbent PPUIOC. PPUI0C containing the natural
filler — chitin in an amount of 10% mass. was obtained according to the technological
scheme described in [10, 11]. The obtained PPU10C is used in the form of cubes with
the mean size of l cmx 1 cmx 1 cm.

Preparation of hydrophobizing liquid. Hydrophobizing liquid with the
concentration of 0.005; 0.01; 0.025; 0.05 and 0.1 g/ml is prepared by dissolving
stearic acid in isopropanol at the temperature 50-55°C.

Preparation of the hydrophobized sorbent PPUIOC-SA. The fresly prepared
material PPUI0C is immersed in the hydrophobizing liquid so that the liquid covers
the entire volume of cubes. The impregnation time was 5, 15, 30, 60, 90, and 120 min.
Then, the sorbents are removed from the hydropholizing liquid and the sorbent is dried
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at the ambient temperature within 24 h. The dried material is used for the
determination of its sorption capacity.

Sorption capacity determination procedure

The determination of the oil and water sorption capacity of the obtained
materials is carried out by using the mass method [11]. Approximately 0.1-0.2 g of
the adsorbent is added into the beaker containing 30 ml of oil or 30 ml of water. After
the sorption process, materials are removed and weighted.

The amount of the adsorbed oil or absorbed water is determined by the mass
method according to the difference of the mass sorbent before and after sorption. The
sorption capacity is calculated as the ratio between the mass of the adsorbed oil or
water and the mass of the initial sorbent.

RESULTS AND DISSCUSSIONS
Preparation of hydrophobized PPU10C-SA

The mechanism of improving the hydrophobicity PPU10C is apparently based
on the adhesion of SA molecules on capillary walls of the sorption material. The use
of the movable hydrophobizing liquid containing SA allows acid molecules to easily
enter into the capillary pores of the material. During the drying process, the
isopropanol solvent evaporates, and the SA molecules are fixed on the surface of the
material, creating the hydrophobic coating of stearic acid on the surface of the
material (Fig. 1).

The sorbent PPU-chitin
(PPU10C)
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Steanc acid

o 00 09 [e] oo o
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(54) Isopropanol Hydm.pht.)blzmg © = 50— 55 oC
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Fig. 1. Synthetic scheme for preparation of hydrophobized sorbent PPU10C-SA.

Effect of SA concentration on hydrophobicity of PPUI0C-SA sorbent
The data in Table 1 show that increasing concentration of SA in the
hydrophobizing liquid leads to an increase in the SA content in the obtained material.

Table 1. Effect of SA concentration on sorption capacity of obtained sorbent

Concentration of SA, g/ml | Content of SA,% | Oil capacity, g/g | Water capacity, g/g
0 0 13.139 5.66"")
0.005 5.06 12.85 2.92
0.010 6.67 12.54 1.44
0.025 22.11 11.31 1.12
0.050 34.13 9.22 0.81
0.100 35.03 7.83 0.63

) _ results of the previous study [10]
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For oil sorbents, the oil sorption capacity is one of the most important
parameters. The results indicate that when increasing the concentration of SA from
0.005 g/ml to 0.01 g/ml, the oil adsorption capacity of the obtained materials
practically does not change. The increase in the concentration of SA to 0.1 g/ml
decreases the oil capacity of the material, since the SA molecules fill the pores and
reduce their total volume [21]. Therefore, the entering of oil molecules in the
capillary pores of the modified material is becoming limited. Eventually, it leads to a
reduction in the oil sorption capacity. So, the oil sorption capacity of the obtained
sorption material is inversely proportional to the SA content in it (Fig. 2).

To evaluate the hydrophobicity of the modified material, its water sorption
capacity has been studied. The data in Fig. 2 and Table 1 show that the use of low
concentrations of SA leads to incomplete filling of the surface with molecules SA to
create the hydrophobic coating. Consequently, the lower the SA concentration, the
higher the water capacity of the material.

15 & Oil capacity = Water capacity

—
(=2} =] 8]

Sorption capacity, g/g

(8

0 0.005 0.01 0.025 0.05 0.1
Concentration of SA, g/ml

Fig. 2. Effect of SA concentration on oil and water sorption capacity of PPU10C-SA.

The evaluation of the parameters of water capacity and oil capacity shows that
despite the fact that the material when impregnated with SA at 0.005 g/ml has the high
oil capacity, at the same time its water absorption is also quite significant. Meanwhile,
the material when impregnated with SA at 0.01 g/ml has the oil capacity close to the
modified material in the concentration of SA 0.005 g/ml. At the same time, its water
uptake is significantly reduced. So, the optimal concentration of SA in the
hydrophobizing liquid 0.01 g/ml.

Effect of impregnation time on hydrophobicity of PPUI0C-SA sorbent

It is obvious that the longer the impregnation time of the material in the
hydrophobizing liquid, the higher will be the content of SA that covers the sorbent
surface (See Table 2). However, the significant increase in SA content the surface of
the sorbent occurs within the first 60 min of the immersion process. After 60 min of
contact with the hydrophobizing liquid, no significant difference is observed in the
SA content on the material surface.
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The increase in the impregnation time results in an increase in the content of
SA on the material surface. The sorption capacity of the impregnated material with
respect to both oil and water decreases (Fig. 3). It has been found that with an
impregnation time of 60 min, the obtained material has oil sorption values
comparable to those corresponding to the shorter impregnation time, but significantly
higher than that with a longer impregnation time. At the same time, the water
capacity of the material with the impregnation time of 60 min is significantly reduced
and is practically comparable to higher values of the impregnation time.

Table 2. Effect of PPU10C impregnation time on sorption capacity of obtained sorbents

Impregnation time, min | Content of SA,% | Oil capacity, g/g | Water capacity, g/g
0 0 13.130) 5.66"")
5 1.79 13.10 5.06
15 2.19 12.79 3.22
30 593 12.61 2.17
60 6.67 12.54 1.44
90 6.76 10.84 1.30
120 6.83 10.29 1.19

) _ results of the previous study [10]

Thus, the optimal immersion time for obtaining the hydrophobized sorbent is
60 min.

15 WOl capacity, g/g  # Water capacity, g/g
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Fig. 3. Effect of impregnatiom time on oil and water sorption capacity of PPU10C-SA.

At the same time, the oil sorption capacity of the obtained material reaches
12.54 g/g, and the water capacity — 1.44 g/g. Thus, the hydrophobicity of the
modified sorbent has been improved 4 times compared to that of the non-modified
PPU10C material.

CONSLUSIONS
The hydrophobization of the oil sorbent based on chitin and polyurethane foam
(PPUI0C) by modifying it with stearic acid has been studied. The method for
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obtaining hydrophobized oil sorbent (PPU10C-SA) has been developed. The effect of
the concentration of stearic acid in the composition of the hydrophobizing liquid
along with the effect of the impregnation time on the SA content in the obtained
materials and their oil uptake and water uptake are evaluated. The optimal conditions
for obtaining the hydrophobized material are the following: concentration of stearic
acid — 0.01 g/ml and the impregnation time — 60 min. The oil sorption capacity of the
obtained optimized sorbent reaches 12.54 g/g with the simultaneous 4-fold decrease
in its water sorption capacity (1.44 g/g) compared to that of the original material
PPUI10C. Thus, the stearic acid modified sorbent can be considered as a promising
hydrophobic material for use in water purification from spills of oil and oil products.
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AnHoTanusi — Hacrosimas pabora mnocBslieHa pa3pabOTKe TEXHOJOTMHM  OCAXKACHUS
JAHTaHCOJAEpXKAIMX TIOKPBITUH B KadecTBE aJbTEPHATHUBBl TPAJAULIMOHHBIM  IIpOLECCAM
XpOMaTUPOBaHUs, KOTOPBIE B HACTOSALIEE BPEMs HE PEKOMEHIYIOTCA K NPUMEHEHHMIO B CBS3U C
TokcnyHOCcThI0 HOHOB Cr(VI). Pa3paborana nmpoueaypa noay4eHHs JTaHTaHCOAEPKALUX TOKPBITHH
Ha OLMHKOBAHHOM CTalu M3 BOJHBIX PAacTBOPOB Ha OCHOBE HMTpaTa JIaHTaHa M IIEPOKCHUIA
BOJIOPOJIa, U U3yUYEHBI UX CBOMCTBA. Y CTAHOBIIEHO, YTO TOJIIMHA MOJY4YEHHBIX JAaHTAHCOAEPKALIUX
MOKPBITUH cocTaBisieT okosno 135 HMm. OOcyxnaercs MeXaHu3M OOpa30BaHUS IMOKPBITHHA.
OnpeneneHpl ONTHUMAaJbHBIE YCIOBMSI TOJy4EHHUs TMOKpHITUHA. B pe3ynpTaTe mNpOBENECHHBIX
HCCIIeIOBAaHUH MOKa3aHO, YTO pa3paboTaHHBIE JJAHTAHCOJIEpKAIUEe TACCUBUPYIOIINE MOKPBITUS Ha
OLIMHKOBAHHOHM CTaJld MO KOPPO3MOHHON CTOMKOCTH W 3alllUTHOM CIIOCOOHOCTH CONOCTAaBUMBI C
XpPOMaTHBIMU MOKPBITUSIMH U B TO K€ BPEMs INPEBOCXOAAT MX C TOUYKH 3PEHHUS DKOJIOTHYECKON
0€30I1aCHOCTH.

Kniouesvie cnosa: 3ammra oT KOppo3uu, oOpabOTKa MOBEPXHOCTH, KOHBEPCHOHHBIE MOKPBITHS,
OecxpomMaTHasl accUBalys IUHKA, JAHTAHCOAEPKall1e MOKPHITHS.
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Abstract — The present work is focused on the development of both effective and safe technology
for deposition of lanthanum-containing coatings as an alternative in comparison to the traditional
chromating processes, which are currently not recommended for use due to the well-known toxicity
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of Cr(VI) ions. A procedure has been developed for obtaining lanthanum-containing coatings on
galvanized steel from aqueous solutions based on lanthanum nitrate and hydrogen peroxide, and the
properties of the obtained coatings have been studied. The thickness of the resulting lanthanum-
containing coatings is found to be ~135 nm. The mechanism of coating formation is discussed. The
optimal conditions for obtaining coatings are determined. The results of the study indicate that the
developed lanthanum-containing passivating coatings on galvanized steel are comparable to
chromate coatings in terms of corrosion resistance and protective ability and, at the same time,
leave them behind in terms of environmental safety.

Keywords: corrosion protection, surface treatment, conversion coatings, chromate-free zinc
passivation, lanthanum-containing coatings.

BBEJEHUE

HaunbGonee nomynsipHbIM CIOCOOOM TMOBBIIICHHUS] KOPPO3MOHHOM CTOMKOCTH
OUHKOBBIX IOKPBITHH, IIHPOKO MPHUMEHSIEMBIX B IIPOU3BOJACTBE PA3IMYHBIX
METaJUINYECKNX KOHCTPYKIUH, SIBJIAETCS UX ITACCUBUPOBAHKUE B PACTBOPAX HA OCHOBE
COCIMHEHHMI IIECTUBAJIEHTHOIO XpOMa, HECMOTPSI Ha CEPHE3HBI HETOCTATOK 3TOrO
npouecca — BBICOKYKO TOKCHYHOCTh IPUMEHSEMBIX pPacTBOpoB. B ciydae
HECAaHKIIMOHWPOBAHHOI'O IONAJAaHUsl PACTBOPOB XPOMATUPOBAHUS B OKPYKAIOILYIO
cpeny (Hampumep, BCIEACTBUE aBapui, yT€UYeK, TEPAKTOB) MPHUCYTCTBYIOIINE B HUX
XpOMAaT-uOHBI HAHOCST € HeMoMpaBUMBbIN dKoJIorn4eckuit ymepo [1, 2].

['uapokxcoxpomaTsl XpoMa M IUHKA, MPUCYTCTBYIOUIUE B XPOMATHBIX IMJICHKAX,
BEChbMAa TOKCUYHBI W SBIAKOTCS KaHueporeHamu. I[lo pganHsiM [3], B OJHOM
aBTOMOOMJIE 00I11asi MOBEPXHOCTh XPOMATUPOBAHHBIX JieTaliel cocTaBiseT 10 10 kB.
METPOB M COAEPKUT 10 4 T IECTUBAJIEHTHOrO Xpoma. [Ipy MUpOBOM NpPOU3BOACTBE
okoyio 60 MJH aBTOMOOWJIEH B TOJ, KOJIMYECTBO BOAOPACTBOPUMBIX COEIWHEHUN
IIECTUBAJIEHTHOTO XpOMa, pa3HOCHUMBIX aBTOMOOWISAMH IO 3eMJi€ €¥KEroJHo,
ucyucisercs coTHiMu ToHH. Kaxneiii rom B crtpanax EDC oTpaboTtaHHbIC
TPAHCTIOPTHBIE CPEJCTBA 00PaA3yIOT OT 8 10 9 MJIH T OTXO/IOB.

ABTOMOOHMJIECTPOCHUE CTaJO OTPaciblo, B KOTOPOH MpoOiieMa HMCKIIOUEHUs
MIECTUBAJICHTHOTO XpoMma TMpu (PUHUIIHOW 0O0pabOTKE IIMHKOBBIX MOKPBITUN
pemraercss 3akoHoaarenbHO. [IpoOiema 3aMeHBI MPOLIECCOB XPOMATHUPOBAHUS Ha
Oosee Oe3omacHbIe MPOLECCHl CTajla OCOOCHHO AaKTyaJlbHOM TOCJe NpPUHATUS B
2000 r. espomeiickoit {upextuBbl 2000/53/EC «O KOHEYHOM CpOKE IKCILTyaTaluu
TpaHcnopTHoro cpeactBa» («End of Life Vehicle»), orpannuunBaromieit mpucyrcrBue
Cr(VI) B nokpbITusix [4], a TakKe JOMOJHEHUN K YKAa3aHHOW TUPEKTHUBE, MOJTHOCTHIO
sanpematomiux ¢ utoag 2007 r. ucnons3oBanue Cr(VI) B KOHBEPCHOHHBIX
MNOKPBITUAX HA OIIMHKOBAHHBIX MOBEPXHOCTSX MPHU M3rOTOBJIEHWU aBTOMOOMIIEH [5].
HupextuBel RoHS [6] u WEEE [7] 3anpemator npucyrcreue Cr(VI) B
METANIMYECKUX TOKPBITUAX DIEKTPUYECKOTO M OBJIEKTPOHHOTO O00OpYAOBAHMSL.
Ucnons3oBanue Cr(VI) orpannunBatot Takxke perniamenTsl REACH [8] u TP EADC
037/2016 [9]. B cBs3u C U3NOXKEHHBIM, OCTPO CTOMT BOIPOC pa3pabOTKU
OecxXpoMaTHBIX MPOILIECCOB MACCUBALMU IIMHKOBBIX MOKPBHITUH, HE YCTYMAIOUINX IO
XapaKTEPUCTHKAM TPAJAULIMOHHBIM IIPOLIECCaM XPOMATUPOBAHUS.

B pspe ciydaeB mpoueccel XpoOMaTUPOBaHUS IPEUIaraeTcs 3aMEHATh Ha
MPOIIECChl TIaCCUBUPOBaHUS B MoyuOAaTHeIX [10-12], TuTaH-, NUPKOHUIA- WIH
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KpeMmHuiicogepxkammx pactBopax [13—17], wam pacTBopax KpUCTAILIMYECKOTO
dochaTupoBaHusi ¢ TOCIEAYIOUIEH MPOMUTKON TOKPBHITUH HMHTHOMPYIOIUMU
KoMmIo3unusmu [18].

[lo MHEHMIO psiia aBTOPOB, OJHUM K3 HauOOJIee MEPCHEKTUBHBIX MPOIECCOB
OecxpoMaTHOW TMacCUMBAlMK IIMHKA SIBJISIETCS MPOIECC HAHECEHMsS] KOHBEPCHOHHBIX
MOKPBITHI HA OCHOBE PEAKO3EMENIbHBIX METAJIOB [ 19-24].

Hacrosimas paGota mocBsileHa pa3pa0OTKE TEXHOJOTUM HAHECEHMs] Ha
OI[IMHKOBAaHHBIE TOBEPXHOCTU 3AIIUTHBIX KOHBEPCHOHHBIX JIAHTAHCOACPKAIIUX
ITOKPBITUH.

OKCHHEPUMEHTAJIBHASA YACTD

B kadectBe 00paslioB HCMOJIH30BAIM OIMHKOBAHHBIE TajJbBAHUYECKUM
CIIOCOOOM IJIACTUHBI XOJIOTHOKAaTaHO! cTanu Mapku 081ic, MUPOKO UCIOIB3YEMOH B
aBToMoOmiIecTpoeHH. LlMHKOBaHME  CTalbHBIX O0pa3lOB  MPOBOJAWIOCH B
cnabokucaom aekTponure cocraa: ZnCl, 60—120 r/x; NH4Cl 200-220 1/11; H3BOs
20 r/m; IIKH-3 30 mi/n1 (ix = 2,0 A/nm?; t 20°C; pH 4,5-6.,0).

Jlnst  TpUTOTOBIIEHUST PACTBOPOB B paldOTe MPUMEHSUIUCh XUMHUYECKHE
PEAKTUBBI MAPOK «U», «Y. 1. a.» U JUCTUILUIMPOBAHHAS BOJA.

3allUTHYIO CIIOCOOHOCTh MOKPBITUH OIMpPEAEIISIA METOJIOM HAHECEHHS KaIliu
5%-HOTO pacTBOpa YKCyCHOKHMCIOro cBuHIA [25]. CormacHO AaHHOMY METO.Y,
3alllUTHAs CIOCOOHOCTh TIOKPBITUS OLIEHMBAJdach B CEKyHAAaX, KaK BpeMs [0
M3MEHEHUS LIBETa KOHTPOJIBHOIO ydacTKa OT CTaHJAPTHOW OKPACKU MOKPBITHS J0
CILTIOIIHOTO YEPHOTO IATHA MO/ Kaljel pacTBOpa Ha IMHKOBOW OCHOBE.

C uenplo BBIABICHUS BO3MOYKHOCTH JKCIUTyaTallMM TMOKPHITUNA B YCIOBUSIX
BBICOKHX TeMIIepaTyp 00pa3iisl MporpeBaiuck B cymmibHoM mmkady HIC-80-01 CITY
B TeueHue 1 4y npu remnepatype 160°C, 200°C, 250°C u 300°C.

CocTaB TOBEPXHOCTHBIX CJOEB M3y4aJld C TIOMOIIBIO PEHTIE€HOBCKOMN
doTosnexkTponnou criekrpockomnuu (XPS). O6pasipl ¢ moKpeITHEM (GUKCHPOBATUCH B
nepkaTene M NOMENIAINCh B KaMmepy MpPEIBapUTENbHOTO BaKyyMHUPOBAHHS
yctaHoBku OMICRON ESCA+ XPS (I'epmanus). 3atem 00pasiibl NEPEHOCUIIN B
KaMepy aHaIM3aTopa, TIE JABJICHHE MOIICPKUBAIOCH HA ypOoBHE He Bbime 8°1071°
M6ap. Ucnonb3oBanock uznyuenne MgKa (1253,6 3B; momntHocTh-252 BT). DHeprus
NPOXOXKJeHUs aHanmu3atopa coctaBisuia 20 3B. UrtoObl yuecTh 3apsii 00paslos,
nojioxkeHue mNUKOB XPS ObulO cTaHgapTU3UpPOBaHO OTHOcUTeNbHO muka Cls
yIIEBOAOPOIHBIX TIpUMeceil u3 atMocdepsl; 3Heprus csizu Eb nmuka mpuHMManach
paBHoit  285,0 3B. ChekTtpbl ObUTM  pa3fioKeHbl IOCHe BblUMTaHUS  (DOHA,
onpenenenHoro no wmeroay IHupmm [26]. TlonokeHne mHKa OMNPENENIIOCH C
touHocThio  +0,1 3B.  CooTHOmIEHUS  KOMIOHEHTOB  PAacCCUUTHIBAIUCH  C
WCIIOJB30BAaHUEM HWHTETPAJIbHBIX HWHTEHCHUBHOCTEW TOJ THUKAMU C Y4E€TOM
MOTEPEYHBIX CEYCHHUI (POTOMOHU3AIMU G COOTBETCTBYIOIIUX 3JIEKTPOHHBIX 000JI0UEK
[27]. HWcnonb3yssh HMHTErpalibHYl0 HWHTEHCUBHOCTh IIMKOB U  MPOrPAMMHOE
obecneuenrne MultiQuant [28], paccunThIBaiu TOJIIMHY CI0EB, 0OPa30BABIIUXCS HA
MOBEPXHOCTH, C YYETOM CpEAHEro CBOOOAHOro Tmpobera 3JIEKTPOHOB A,
onpenensemoro no dopmyne Kamrncona u COA [29]. [lpu aHanuze moaydeHHBIX
CHEKTPOB CYHUTAIM, YTO AHAIM3UPYIOUIMN JIyd NpoOMBAaeT Marepuan Ha TIyOuHY
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5 HM, T.e. nonay4yeHHble PDD-cekTpbl COOTBETCTBYIOT CIIOK MaTepHasia TOJIIMHON
5 amMm [30].

Koppo3unoHHbIe uCTIBITaHUS TOKPBITUIA MPOBOAWIA B KAMEpPE COISTHOTO TyMaHa
Ascott S450i1P B cooTBercTBUU ¢ MexayHapoJaHbIM cTtaHgaptoM ASTM Bl117 u
I'OCT 9.401-91 [31, 32].

CTOMKOCTh KOHBEPCUOHHBIX TMOKPBITUM K HCTUPAHUIO HCCIEAoBaNIach Ha
MOJICPHU3UPOBAHHOM poTairimoHHoM abpasumerpe Taber Elcometer 5135 (Elcometer
Instruments Ltd., BenukoOpuranus) [17, 23]. Ilnockue oOpasiibl ¢ MOKPBITUSIMU
KPEMUJIUCh K pblYaraM YyCTAaHOBKM W MPHXKUMAINCh K (PETpOBOMY ITUCKY TIpHU
O/IMHAKOBOM BHEINHEH Harpy3ke Ha o0a pblyara, pasHou 3,5 H/cm?. Mcrtupanue
00pa3IoB OCYIIECTBISUIOCh TpU BpalleHuu (ETpPOBOTO JAHCKA CO CKOPOCTHIO
BpaiieHusit 60 00/MuH. CTOMKOCT, 00pa3lOB K MCTUPAHUIO OIEHUBAIACh IO
KOJIMYECTBY IUKJIOB JI0 TOSIBJICHUS TIEPBBIX 3aMETHBIX IJ1a3y MPU3HAKOB UCTUPAHMUSI.
OmuH IUKI COCTABIISLT OJIUH MOJHBIA KPYT (PETPOBOTO AMCKA.

TonmmHa TOKPBITUIA  ONPEACNIIACh  AJUIUIICOMETPUYECKUM  METOJOM  C
nomoipto amuncomerpa Sentech SENreseach (SENTECH Instruments GmbH,
I'epmanus) Ha TBepaoTenbHOM Jazepe LSM-S-111 ¢ 3enensiM cBeToduiabTpom [33,
34].

Onpenenenue colepkaHusg JaHTaHa B PACTBOPE MPOBOAWIA METOAOM
KaJTMOpPOBOYHBIX KPUBBIX Ha peHTreHoduryopeciieHTHOM crnekrpomerpe EDX-7000
(Shimadzu Corporation, SImoHus1), UCMOAB3YS MIACTUKOBBIE KIOBETHI IS )KUIKOCTEH
C MailIapOBOM TIJICHKOM.

OmnpeneneHue cojliepaHusi MEPOKCHAA BOJOPOJIa MPOBOAWIA TUTPOBAHHUEM
MepPMAaHTaHATOMETPUUECKUM METOJIOM.

PE3VJIBTATBI U UX OBCYXKJIEHUE

C y4yeToMm nuTEpaTypHBIX JAaHHBIX B Ka4ecTBE 0a30BOr0 pacTBopa ObLIT BHIOpaH
pacTBOp, COAEpKAIIUN MOHBI JAaHTaHA, KOTOPbIE BBOJMJINCH B PACTBOP B BUJE €TO
azotHokucion conu [La(NOs);-6H,0], u mepokcua Bogopoaa (H,O»).

B Tabmumax 1, 2 npuBeaeHo cpaBHeHue JaHTaH- U xpom(VI)-comepkammx
pacTBOpPOB IO 3KOJIOTMYECKOW OMACHOCTU. AHamu3 MPUBEIACHHBIX JaHHBIX
MOKAa3bIBAET, YTO IO BCEM IMOKA3aTeNsIM JIAaHTAHCOJEpKallhue COCIUHEHHUS] MEHee
omacHbl yem coenuHeHus xpoma(VI), a Tor ¢daxt, uro B 2018 r. B Poccuiickoii
®enepanyu BCTyNMI 3ampeT Ha npuMeHeHns Cr®" B M3IeNMAX JIEKTPOTEXHUKHM M
PAAMORJIEKTPOHUKM JIeTIa€T 3aMEHy TOKCHYHBIX pPAacCTBOPOB XPOMATHPOBAHUS Ha
JAaHTaHCOJIepXkKalue emie 0oJiee akTyalbHOM [9].

Tabnuya 1. Dxonornyeckue nokazarenu La-conepxamux u Cr(VI)-cogepxanmx pacTBOpoB
Table 1. Environmental indicators of La-containing and Cr(VI) -containing solutions

[Tokasarens La* Cr*
T 1K 5031 pasis, Mr/m> (TOCT 12.1.005-88; TH 2.2.5.1313-03) 6 0,01
Knacc omacroctu (TOCT 12.1.005-88; I'H 2.2.5.1313-03) 3 1
TTAK 6. x03, MT/T1 (pBIOOX03HCTBEHHBIN HOPMATHB) 0,05 0,02
T IKson. mur, Mr/im (TH 2.1.5.1315-03) 0,05 0,05
Kanmneporennocts (CanlluH 1.2.2353-08) - +
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3+ 6+
Taonuuya 2. TpenensHo gomyctumMble KoHIIeHTpanuu La u Cr B MUTHEBOU BOjE, MI/I

Table 2. Maximum Allowable Concentrations of La** and Cr®" in drinking water, mg/I

ITokasaren La** Cré
HE
Bcemupnas opranuzanus 3apaBooxpanenus (BO3) HOPMHpYeTCA 0,05
AreHcTBO 10 0xpaHe okpyxkatoieit cpeast CLIA HE HE
(U.S.EPA) HOPMHPYETCS | HOpMHUPYETCS
EBpomnetickuii Coro3 He 0,05
HOPMUPYETCS

VYcTaHoBI€HO, UTO B MHTEpBajie KOHIEHTparuid 9—15 r-uon/n La** u 10-20
MJI/JT TIEpOKCHJAa BOJOpPOJAa B TaKOM pacTBOPE, Ha MOBEPXHOCTH OIIMHKOBAHHBIX
oOpasnoB nipu temrepatype 25°C u pH =3 dopMupyrorcsi 0THOPOHBIE OECIIBETHO-
rojryObie OKpbITUA (Ta0I. 3).

Tabéauya 3. 3aBUCUMOCTb 3AIMTHOM CIIOCOOHOCTH JTAHTAHCOAEPHKALUX TOKPBITUH OT
xonuenrpanuii [La*"] u [H20:] (t=25°C; pH = 3; 1 =45 ¢)

Table 3. Dependence of protective ability of lanthanum-containing coatings on [La**] and [H20:]
concentrations (t =25°C; pH=3;1=45¢)

Jlanran (La’")

I10 MeTaHJIy, F-HOH/H
1 3 6 9 12 15
0 0 0 0 0 0 0
y 5 6 6 29 35 29 48
5[ 10 5 14 50 83 90 63
< | 15 6 9 24 58 30 52
g- 20 7 7 48 72 30 38
30 4 11 30 29 17 30
40 4 3 6 7 7 20

bbuto BbIsIBIIEHO, 4TO (OPMUPOBAHME TMOKPHITUA Mpu Temieparype 25°C u
pH =3 3aBepmmaercs B Teyenune 120 c, a 3anmuTHas COCOOHOCTh MOKPBITUN 3a 3TO
BpeMsl JIOCTUTAeT MAKCUMyMa U J1ajiee IPaKkTUYecKu He u3mensiercs (puc. 1). Tommuna
MOKPBITUMA TIPU 3TOM JOCTUTraeT 135 HM, Y4TO COMOCTAaBUMO C TOJIIMHON XPOMATHBIX
nokpeiTuit (10 1000 HM). CrexyeT OTMETUTD, YTO 3alUTHAS CTOCOOHOCTh XPOMATHBIX
MOKPBITUH 1O MeToAy AKHMMOBa COIMOCTaBMMa C 3allMTHON crocoOHOCThIO La-
coaepxaniux nokpeituii (40-80 c).

UccnenoBanus mokasaiu, 4To JAOMYyCTUMbIEe 3HaUeHUsI pH pacTBOpPOB HaxoAsATCs B
untepBasie  1,5-3,9 en. Jlo goctmxenus 3Hauenuss pH=1,5 ob6pasyrorcs
HEpaBHOMEPHbIE OKPBITUS, a Iipu pH Oonee 3,9 en. nokpeITUsS HE POPMUPYIOTCS, a B
paboueM pacTBOpe BbINaAaeT 0caqok rujipokcua jantana La(OH);.
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Puc. 1. 3aBUCUMOCTH 3aIUTHON CIIOCOOHOCTH MOKPBITHH OT MPOJAOHKUTEIIBHOCTH TIPOIIecca.
Venosus: [La**] = 9 r-non/n, [H202] = 20 m/n H202, t = 25°C, pH = 3.

Fig. 1. Dependence of the protective ability of coatings on the duration of the process
Conditions: [La*"] = 9 r-uon/n, [H20,] = 20 mn/n H20,, t = 25°C, pH = 3.

B stoi1 o6mactu pH mporcxoauT pacTBOPEHHE IUHKOBOM MOAJIOKKHI U IIPOTEKAFOT
CIEYIOLINE PEAKIINN:
7Zn — 7Zn*t + 2e”

0, +2H,0 +4e” — 40H

O6pa3yronecss MOHBI IIMHKA, a Takke HOHBI La’™ mepexomsiT B THAPOKCHIBI
Y )

IIMHKA U JJAHTAHA:
Zn** + 20H" — Zn(OH),

La*" + 30H — La(OH);

[Tpu mocnenyromei Cynke NpOMCXOAUT 00€3BOXKUBAHUE MOTYYaeMbIX MOKPBHITUI
B COOTBETCTBUU C PEAKLUSMHU:

2La(OH); — La,0; + 3H,0
Zn(OH), — ZnO + H,O

[IpuBeneHHbIC peakiuu OMKCHIBAIOT MEXaHU3M dbopmMHpoBaHus
JAHTAHCOIEPKAIIETO MOKPBITUS, KOTOPOE, TO-BUAUMOMY, COCTOUT U3 OKCHAOB LayOs
u ZnO.

OTO  MNpeanoyokKeHWe  MOATBEPXKJIAETCS  pe3ysbTaTaMU  MCCIEAOBAaHUS
XUMHUYECKOTO COCTaBa METOJIOM PEHTTeHO(POTO3IEKTpOHHOM (PDI) cnekTpockonuu.
O0630pHBIE PDD-CrieKTphl MOKPHITUI BBIABWIN HAJIUYUE B MOKPBITUHM COEAMHEHUMN
JAaHTaHa, LHMHKA M Kuciopona. OTAeNbHbIE CHEKTPbl AJIEMEHTOB IO3BOJUIH
YCTaHOBUTh, YTO LIMHK BKJIIOYAETCA B MOKpeITHE B BUae ZnO, a naHTaH (puc. 2)
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IPUCYTCTBYET B TOKpbITUM B Buae okcuaa La(lll), uyro cormacyercs c
JIUTEPATyPHBIMU JAHHBIMU [24].

519.0 f '
3+
La

514.8
5106 |

506.4 t

Intensity / kCounts

502.2

498.0
870 865 860 855 850 845 840 835 830 825 820 815
Binding Energy / eV

Puc. 2. UnguBunyaneusiii POD-cnexTp 1anTaHa.

Fig. 2. XPS spectrum of lanthanum.

HccnenoBanns mokazajid, 4YTO B MHTEpBasie Temmeparyp pactBopa 30—45°C
bopMHUpYIOTCS TOKPBITHS, MaKCHUMajbHasi 3allldTHAs CIOCOOHOCTh KOTOPBIX
coctaBisieT 85-95 c. [Ipu HarpeBanuu pactBopa cBailie 45°C MOKPBITUS CTAHOBITCS
HE CIUIONTHBIMU, TOPUCTBIMH, UX BHEITHUN BUJ YXYAIIACTCS, 3alIUTHAS CTOCOOHOCTD
cHmwkaercs. C yd4eToM HTUX pe3ylbTaTOB B KauecTBe pabouero ObLT BbIOpaH
MHTEPBAI Temneparyp pactsopa 30—45°C.

M3BECTHBIM HEIOCTATKOM pPACTBOPOB, COJEPXKAILMX IEPOKCH]I BOAOPOJA,
ABJISIETCS HEBBICOKAsl CTaOMJIBHOCTb, CBSI3aHHAasg C €ro pasnoxeHueM. B
pa3pabOTaHHOM pacTBOPE COAEPKAaHUE MEPOKCH]Ia BOJIOPOJa B pabodyeM pacTBOpe 3a
30 nmHel xpaHeHMs CcHUXajdoch Ha 4,7 1/1. bbuta wuccnemoBaHa BO3MOXKHOCTH
MOBBINICHUS CTAOMJIBHOCTH PacTBOpPA 3a CUET BBEJCHUS B HErO TaKUX H3BECTHBIX
CTaOMIIN3aTOPOB TEPOKCHUIA BOAOPOJA, Kak caxapuH W mupodocdar kamms [35].
BbII0O  yCTAaHOBIIEHO, YTO HAUMMEHBUIEE pPAa3JIOKEHHE IEPOKCHUIA BOJAOpOAa
HaOrogaeTcs mpu BBeneHuu B pacTBop 20 mr/m mupodocdara kamust. 3a TpUALATH
nHel xpaHeHusi koHueHtpamus H,O, ymensimaercss B sTom ciydae Ha 1,1 /M.
Crnengyer OTMETUTBH, YTO BBEJIEHHE B pabO4YMil pacTBOp cTabuiu3aropa Nepokcuaa
BOJOPOJIa HE OKAa3bIBaJO HETATUBHOIO BIIMAHMS Ha XapaKTEPUCTUKHU Tpolecca U
IIOKPBITHUM.

N3yyeHo BaMsHUE TeMIepaTypbl CYHUIKM Ha 3alUTHYI CIOCOOHOCTD
IIOJIy4aeMBbIX IIOKPBITUM M YCTAHOBJIEHO, YTO CJIOM C MAaKCUMAJIbHOM 3alUTHOU
criocobHocThio (85 ¢) dopmupyrores npu Temmeparype cymka 60-120°C u
npogoipkutenbHocTd 10—15 muu. Cymka npu 0osiee BBICOKMX TeMIIepaTypax
HEOIaronpusiTHO OTPaXKAETCS Ha CBOMCTBAX TTOKPHITUH.

M3BeCTHBIM  HEJOCTATKOM  XPOMATHBIX TMOKPBITHI  SIBISIETCA  HU3Kas
TEPMOCTOMKOCTb: NpPH HarpeBaHuu [0 Temmneparypbl 160°C oHM yTpauuBarOT
3aIUTHYIO CHOCOOHOCTh. DTO MOXET OBbITh KPUTHUHO, HANpPUMEp, IS JAeTajei,
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paboTaronMx B TMOJKAlIOTHOM TMPOCTPAHCTBE WU JPYTHUX «TOPAYUX» TOYKaAX
aBTOMOOMJIS.

Jlnst ompeneneHuss TEPMOCTOMKOCTH pa3pabOTaHHBIX JIAHTAHCOJAEPKAIINX
MOKPBITHIA, 00pa3iibl MporpeBaivch B TeueHue 1 u npu temneparypax 160, 200, 250
u 300°C. bbulO YCTaHOBIIEHO, YTO 3allUTHAs CIOCOOHOCTH JIAHTAHCOJEPKAIUX
MOKPBITUI HE TOJILKO HE CHU3MWIACH Mocie TepMooOpadboTku npu 160°C, HO maxe
Bo3pocia ¢ 84 10 90 ¢ (puc. 3), B TO BpeMs KaK 3alllUTHAsI CIOCOOHOCTh XPOMATHBIX
MOKPBITHIA, KaK U CIEA0BAJIO OKUJIATh, pe3Kko cHu3miach ¢ 40 1o 12 c. [lokazano, 4yto
JAHTAHCOJEPKAIIME TOKPBITUS BbIAEp)KUBaOT Temmneparypbl 10 250°C. Ilpu
HarpeBanuu 10 Temmeparyp 300°C wu Beme paspabaThiBacMbie TOKPBITHS
YTPaYUBAIOT 3aIIUTHYIO CHOCOOHOCTb.

[IpoBeneHHbIE KOPPO3UOHHBIE UCIIBITAHUS B KaMepe COJISTHOro TymaHa (puc. 4)
MOKa3ajd, 4YTO BpeMs [0 TOSBICHUS TIEPBBIX oOyaroB Oeloil Koppo3uw Ha
JIAHTAHCOJIEPKAIIUX TOKPBITUSX COCTABISET 48 4, 4YTO HECKOJbKO HIKE BpemeHu (72
4), perinamentupyemoM cranaapramu [SO 9227:2012 u 'OCT ISO 4042-2015 nns
PaIy’KHBIX XPOMATHBIX TOKPHITHM M TOpa3lo BbIIIE Ui OECIBETHBIX XPOMATHBIX
MOKpbITHIA (24 1). CriemyeT OTMETHUTD, MOCIIe TEPMOOOPAOOTKH 3allIUTHASL CIIOCOOHOCTD
pa3paboTaHHBIX MOKPHITHIA 3aMeTHO BhIie (80 1), yem y aHanora (12—13 u).
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Puc. 3. Pe3ynpTaThl HCTIBITAaHUI 00pa30B ¢ KOHBEPCUOHHBIMU MOKPBHITUSMHU B YCIOBHUSAX BBICOKHX
Temneparyp (TepMOIIIOK).

Fig. 3. Results of testing samples with conversion coatings at high temperatures (thermal shock).
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Puc. 4. Pe3ynbTaThl KOPPO3MOHHBIX UCIIBITAHUI MOKPBITUH B KAMEPE COJISTHOIO TyMaHa:
1 — 1o TepmoIioka, 2 — ocjae TEPMOIIOKA.

Fig. 4. Protective capacity of coatings (time before appearance of first zinc corrosion sites)
according to the results of tests in a salt-spray chamber (ASTM B117 and GOST 9.401-911) before
thermal shock (1) and after the thermal shock (2).

HecmoTpss Ha  MEHBIIYI0 TONIIMHY, JaHTaHCOAEpXKAIIUe TOKPBITUS
MPOJEMOHCTPUPOBAIN OONBIIYI0O H3HOCOCTOHMKOCTH (950 000pOTOB BOMIIOYHOTO
JMCKa J10 MOJTHOTO CheMa MOKPHITHS ), yeM xpomaTHbie (600 000pOTOB HCKA).

N3yyeHa cTaOWIBHOCTH MpeAjiaraéMoro pacTBOpa M IOKa3aHoO, YTO
KoHIeHTpanus La’" u mepokcupa BOJOpPOAA YMEHBIIAETCS 10 MEPE YBEIUYEHHS
00paboTaHHOM MIIONIAIM OLIMHKOBAaHHOM cTanu. Ha mpakTuke pacTBOpPHI Yallle BCEro
TOTOBAT HE W3 OTACIBHBIX KOMIIOHEHTOB, a W3 IKUAKUX KOHIICHTPATOB,
MOCTABJISIEMBIX CIEIUATU3UPOBAHHBIMU MPEAPUATUIMU-U3TOTOBUTEISIMU. B CcBsI3H
C OTUM pacCuMTaH COCTaB KOHIIEHTpaTa, Ha OCHOBE KOTOPOIO MOKET OBITh
MIPUTOTOBJICH Pa3pabOTaHHBIM PACTBOP U KOTOPHIM MOXKHO OBLJIO OBl OCYIIECTBISATH
KOPPEKTUPOBKY PacTBOpa B X0JI€ IKCILTyaTal|H.

[Ipy KOppEeKTHpPOBKE pacTBOpa B XOJE JUIMTEIbHOM SKCIUTyaTallud 3TUM
KOHIIEHTpaTOM 4epe3 Kaxkasle 0,4 M?/1 06paboTaHHOM OBEPXHOCTH OBLIO BHISBJIEHO,
YTO KOHIIGHTpAIHs CI0e00pa3yronX KOMIIOHEHTOB TOJICPKUBACTCS MMOCTOSHHOM.
Crnenyer OTMETUTb, YTO NMPU HAKOIUIEHWU B JaHTaHcojJepkamieMm pactBope 70 r/n
Zn*' Ka4ecTBO MOJy4aeMBIX MOKPLITHH yXyamaeTcs (B pacTBOPE XPOMATUPOBAHUS
npu Hakomnenun 10-15 r/n Zn*') u panbHelmas KOPPEKTHPOBKA CTAHOBUTCS
HEBO3MOKHOM.

3AKVIIOYEHUE
Takum 00pazom, MoJydyeHHBIE Pe3yibTaThl MOKA3bIBAIOT, YTO pa3pabOTaHHBIC
JAaHTAHCOJAEpKAlllUe NACCUBUPYIOUIME TIOKPBITUS HA OLMHKOBAHHBIX CTaJIbHbIX
JETaNAX MO KOPPO3MOHHOM CTOMKOCTH M 3alUTHON CHOCOOHOCTU COIOCTaBUMBI C
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BECXPOMATHAS ITACCUBAILIUS OITMHKOBAHHOM CTAJIM B PACTBOPE

pPagyXKHbBIMU U OCCIIBETHBIMH XpPOMATHBIMH TIOKPBHITUSMH, HO B OTJIMYHE OT
MOCJIETHUX, BBIJEPKUBAIOT TEPMOIIOK 0€3 YXYAIICHHS 3alIUTHBIX XapaKTEePUCTUK U
ABJISIIOTCSL O0Jiee M3HOCOCTOMKUMU. [Ipu 3TOM pa3zpaboTaHHbIE MOKPHITUS CBOOOIHBI
or uoHoB Cr(VI) m mno3ToMy 3HAUYUTENbHO BBIMIPHIBAIOT C TOYKUA 3pPEHUS
AKOJIOTUYECKOM  O€30MacCHOCTH, YTO OTBEYACT COBPEMEHHBIM TPEeOOBAHUSIM,
OPUHATBIM 11 COOTBETCTBYIOLIMX  TOKPBHITUA B aBTOMOOMJIECTPOCHMUH,
ANEKTPOTEXHUKE U PAJAUOIICKTPOHUKE.

Paboma  ewinonnena npu  @uuancosoii  noooepxcxe PXTY — um. J].U.
Menoeneesa. Homep npoexma X-2020-028.
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AHHoTanmusi —  Crarbd  MOCBALEHAa  aKTyaJbHOM  mpoOjeMe  COBEpIICHCTBOBAHUS
IBIJICYJIaBIMBAIOIIEr0 000PYIOBaHUs, UCIOJIb3YEMOTO B IPOLECCE MPOU3BOJCTBA TEXHUUYECKOTO
yraepoaa. Texnuueckuit yriepon (TVY) muUpoKo NpuUMEHSIETCS B PE3MHOTEXHUYECKOW WM JAPYrUX
BUJAX IMPOMBIIUIEHHOCTH, IMPOU3BOAUTCS IyTeM IHPOJIU3a B BHIEC a’po30is, 3(hdeKkTuBHOE
yJIaBJIMBAaHUE KOTOPOTO MPEACTABIIAET CIOKHYIO 3a1ady. PaccMOTpeHbI BOIIPOCH! HECOBEPILIEHCTBA
anmnapaTypHO-TEXHOJOTUYECKOr0 O(GOpPMIIEHUS CYIIECTBYIOIIUX IPOU3BOACTB mbUsdmero TY
anmnapaTaMy LIMKJIOHHOTO THIIa, OTMEUEHbl TEHJAECHLIUN U MEPCIEKTUBBI Pa3BUTHUS aJIbTEPHATUBHBIX
MIPOU3BOJICTBEHHBIX MPOLIECCOB M MbLICYJIABINBAIOIIEro 0b6opynoBanus. C LeNbl0 ONTUMAIBLHOTO
BbIOOpa KOHCTPYKLUHU MbUICYJOBUTENS I CHCTEM YyiaBiuBaHus TY mpencTaBieH BapHaHT
peleHus 3a7a4 ¢ UCMOJIb30BaHUEM aIlllapaTOB CO BCTPEUHBIMH 3aKpyueHHbIMU noTokamu (B3I1).
[IpuBeneHbl OCHOBHBIE pacUeTHbIE 3aBUCUMOCTH JJisl omnpesesieHus 3()(PeKTUBHOCTH ylIaBIUBaHUS
LIUKIOHOB M anmapaToB B3I, BBINOIHEHO CPaBHUTEIBHOE MAaTEMATUYECKOE MOJEIMPOBAHHE HMX
paboThl U MPOAHATU3UPOBAHBI MOJIYYEHHBIE Pe3yabTaThl. Pe3yabTaThl pacueToB MOKa3bIBalOT, UYTO
HCIOJIb30BaHuE B npousBoiacTBe TY rpynmsl u3 aByx ammaparoB B3Il BmecTto nmpumeHnsemoro B
HAcTOAIEE BpeMs amnmapara LHUKJIOHHOTO THIA TO3BOJUT CYIIECTBEHHO IOBBICUTH OOIIYIO
s dexTuBHOCTh ynaBiauBaHus (92% npotus ~64%), cau3uth Ha 20-30% Harpy3ky Ha CHCTEMBI
JIOYJIaBJIMBaHUS M aCNUpalM, YMEHBIINTh METAUIOEMKOCTh M T'MAPABIMYECKOE CONPOTUBIICHUE,
MOBBICUTh JKCIUTyaTAalMOHHYIO HAJEKHOCTb. OTO MPHUBEAET K YBEIMYEHHIO SKOHOMHYHOCTH
MIPOU3BO/ICTBA MPH OJHOBPEMEHHOM IOBBILIEHUHU €r0 0€30MacCHOCTH U HKOJIOTHYHOCTH.

Kniouesvie cnosa: TeXHUUECKUU YIiepoll, MbUICYJIOBUTEb, 3()()EKTUBHOCT YyIaBIMBAaHUS IBUIH,
LMKJIOH, anmnapaTr co BCTPEUHbIMH 3aKPYYEHHBIMU TOTOKaAMHU.
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Abstract — The article deals with addressing an actual problem of improving the dust collection
equipment used in carbon black production. Carbon black (CB), widely used in rubber and other
industries, is produced by pyrolysis in the form of an aerosol, however, its efficient capturing is
considered as a difficult engineering problem. The issues of imperfection of the current equipment
and technological design for capturing dusty CB by cyclone devices are discussed, and trends and
prospects for the development of alternative production processes and dust collection equipment are
reviewed. For the purpose of optimal choice of the design of the dust collector for the systems for
CB capturing, a decision version of the problem is proposed using devices with counter-swirling
flows (CSF). The principal calculated dependencies for determining the efficiency of CB capturing
by cyclones versus CSF apparatuses are presented, a comparative mathematical modeling of their
performance is carried out and the results are analyzed. The results of calculations show that the use
of a group of two CSF devices in the production of CB instead of the currently applied cyclone type
apparatus would result in significant increase in the overall capturing efficiency (92% versus
~64%), decrease in the load on the post-collection and aspiration systems by 20-30%, reduction of
metal consumption and hydraulic resistance, and improvement of operational reliability. This will
lead to an increase in the cost-effectiveness of the CB production with simultaneous improvements
in its safety and environmental friendliness.

Keywords: carbon black, dust collector, dust collection efficiency, cyclone, device with counter
swirling flows.

BBEJAEHUE

TexHUYeCKUil yriiepoJ — BBICOKOJUCIEPCHBIA MPOAYKT (pa3Mep 4YacTHIl
10-150 um, yaenbHas moBEpXHOCTH 5—150 M?/T), KOTOPBIM HIMPOKO MCIOIb3YETCS B
KaueCcTBE  yCWIMBAIOLIEIO  HANOJHUTENS OpPU  INPOU3BOACTBE  PE3UH A
3HAYUTENIbHOTO YJIYYIIEHUSI X (PU3UKO-XUMUYECKUX CBOMICTB, B KAUECTBE YEPHOTO
OUTMEHTa B TMPOU3BOJCTBE THUMOIPaCKUX KPacoK M JIPYIMX JIaKOKPAaCOUHBIX
MaTepuasoB, a TAKXKE B KaUYECTBE HAIIOJIHUTEINS IIacTMace U 000siouek Kaldeseit s
MPUJIAHUS UM CIICHMaTbHBIX CBOMCTB [1-3].

E>xerogHo B MUpe MPOU3BOAUTCS OKOJIO 13 MIIH T TEXHHYECKOIO yriepoja, a
€ro pPbIHOK CTAOWUJIBHO COXpaHSAET MHOrOJIETHHE TeMIbl pocta a0 3—4% B rop,
Oylaroapsi yBEJTMYEHHUIO MHPOBOTO CIpOCca, OCOOEHHO B IIMHHOW WHIYCTpPUH,
CTPOMUTENBHOM M IPOMBILIJIEHHOM CEKTOpaXx [4].

bonee 96% npoM3BOAMMOro0 TEXHHYECKOTO YriepoAa IMOJYy4YarOT NEYHBIM
CIoCO0OM MyTEeM MUPOJIN3a KUIKOTO YTIEBOAOPOIHOIO ChIpbs. LleneBoil mpoaykT u3
00pa3oBaBIIETrOCs B pe3yjbTaTe a’dpo30Jii TEXHUYECKOTO YIJIepoja, KaK MpPaBHIIO,
yJIaBJIMBAIOT JIMOO C MOMOIIbIO (UIBTPOB, JUMOO C TOMOUIBIO LEHTPOOEKHBIX
IIBUICYJIOBUTEIIEH, B POJIM KOTOPBIX YAaCTO BBICTYNAIOT anmnaparsl HUKJIOHHOTO THUIIA,
HaIpUMep, XOpOILO 3apEeKOMEHIOBABIINN ceOsd B TEUYEHHE JIMTEIBHOIO BPEMEHU
uukinoH-koHueHTparop CK-1{H-34 konctpykuun AO «HUHNOI'A3» (Poccus) [1, 2].

AHaNOruuHble eMy LEHTPOOEKHbIE MbUICYJIOBUTEIN B STAJIOHHBIX YCIOBHSIX
pabotbl oOecrieunBalOT 3P dekTuBHOCTh yiaBiauBaHus 10 80-90%. OmnHako 5TH
3HAYEHUs] TMOJAEPKUBAIOTCS TOJBKO MPH KOJIEOAHHUSIX MPOU3BOAUTEIHLHOCTU IIO
3ambUIEHHOMY ra3y B mpenenax 0,9—1,1 or ceoero HoMuHaiabHOrO 3HavYeHus. Kpome
TOTO, TaKUE aIlapaTbl O4YEHb YYBCTBUTEIBHBI K IIOACOCAM Ia30B — IIPU IOJCOCE
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yepe3 mbUIeBON OyHkep Bcero 15% Ta30B OT WX MOCTYHAIOMIETO KOJIMYECTBA
3¢ (PEKTUBHOCTD yJIABIMBAHUS CBOJAUTCS K HYJIIO.

B peanpHBIX yclioBUAX pabOThl MPOU3BOJUTEIBHOCTh MO 3alblICHHOMY a3y
MOXeT KoJiebaThcsi B mipeaenax 0,5-1,5 oT cBoero HomMuHanbHOro 3HaueHus. Kpome
TOTO, JJI HWCKIIIOUYEHMS] HAJIMIAHUS TEXHUYECKOro YTIiepojia Ha METaJUIMuecKHe
MOBEPXHOCTH TEXHOJOTHYECKUX amnnapaTroB, WX KOpiyca 00O0rpeBaioT IbIMOBBIMU
ra3aMi, 4TO NMPUBOJUT K TMOSBICHUIO TEMIEPATypHbIX nedopmalruii B 31eMeHTax
KOHCTPYKIIUN TBUICYJIOBUTENIEH M, COOTBETCTBEHHO, BO3HUKHOBEHUIO HEIJIOTHOCTHU
WX COCAMHEHUH C TEXHOJOTHYECKUMHU TPyOOINpPOBOJaMH M TOACOCaM Ta3oB. B
pesyabTare 3Toro 3(HEKTUBHOCThH YJIABIUBAHUSA LEHTPOOECKHBIX MbUICYJIOBUTENEH
coctaBiisieT B cpeaHeM 60—75%, 4To TOBOPUT 00 UX HEBBICOKOW AKCIUTYaTAlIMOHHOM
HaJAEKHOCTH [2, 3].

JlaHHO€ 00CTOSITENHCTBO OOYCIABIMBACT HAJUYME HA 3aBOJaX TEXHUYECKOTO
yraepoga (3TY) ahdexTUBHBIX M BBICOKOHATPYKEHHBIX CUCTEM JIOYJABIUBAHUS U
acrupaii, BechbMa JOpOTMX B OOCHTY)KMBAHMM M 3aHUMAIONIMX 3HAYUTEIbHBIC
POU3BOJICTBEHHBIE IUToMaAu. [Ipu 3TOM HEKOTOpBIE 3aBOJIBI B CHCTEMAX OCHOBHOTO
yJIaBJIUBaHUSI BOOOIIE HE HCIOJB3YIOT IEHTPOOEKHBIC MbUICYJIOBUTENN, OT/aBast
npeanoyreHue Oosnee rpomMo3nkuM ¢uiabTpaMm, Hanpumep ApocnaBckuit 3TY, a
Takke psaj 3apyoexusix 3TY [2].

B mocnennue roapl Bce Oouiblliee pacnpoCTpaHEHUE MPHOOpETaeT MHUPOIIHU3
YIJIEBOJIOPOJHOTO ChIPhS B M30TEPMUUECKUX YCIOBUSAX B CPeJie MHEPTHOTO ras3a, uTo
HCKJIIOYAeT BIUSHUE Ha O0pa30BaHUE M POCT CaXEBBIX 3apOJIbIINIEH BTOPUYHBIX
MPOIECCOB, TaKUX Kak OKWCIeHHEe W rasuduxanus. M3oTepMuyeckuil muposu3
CIOCOOCTBYET 00pa3oBaHUIO 00Jiee TUCIEPCHBIX YACTHUI] TEXHUUYECKOTO YIJIepojia C
Y3KUM pacrpezeieHueM o pasmepam, OJU3KUM K MOHOJIUCTIEPCHOMY, 00JIaaroIInX
JY4YIIAMH YCWIMBAIOIKMMU CBOMCTBaMH [2, 5].

B TO xe Bpems cleayeT OTMETUTh, YTO TEXHUYECKHM YTJIEPOJl OTHOCUTCA K
BemecTBaM 3-ro kiacca omacHoctd no I'OCT 12.1.005-88 [6]. Takxe uMeroTCs
JAHHBIE O KAHLIEPOT€HHBIX CBOMCTBAX TEXHUYECKOIO YIEPO/ia IPU €ro BO3IECUCTBUU
Ha oprasbl Japixanud. [1o onenkam MexayHapoIHOTO areHTCTBA MO M3YyYEHHUIO paka
(MAUP) texHuueckuil yriaepoji, BO3MOXKHO, SIBIISIETCSI KaHIIEPOT€HHBIM BEIIECTBOM
JUTSL 4eJloBeKa W TI0 ATOW MpUYMHE OTHECeH K rpymme 2B mo kmaccudukanum
KaHIIEpOTeHHBIX BEIIeCTB [7, 8].

VYkazaHHbI€ BBIIIE OOCTOSITENBCTBA MOJITBEPKIAIOT AKTYaJIbHOCTh MPOOJIEMBI
MOJIEPHU3AIMU CHUCTEM YJIaBJIMBAHUS TEXHUYECKOTO YTJepojaa, MOUCK pPEIICHUs
KOTOpPOM M TIPEACTaBISIET 1eJdb HacTosAled paboTel. Bpibop onTumaibHOM
KOHCTPYKIIMM TIBUICYJIOBUTENA OyAET CIOCOOCTBOBATh CHUKEHUIO HArpy3Kd Ha
CHUCTEMBl aclupalliy, TOBBIIIAsS TEM caMbIM 0€30macHOCTh U 3(P(HEKTUBHOCTH
MIPOU3BO/ICTBA TEXHUYECKOTO YIIIepo/a.

OBOCHOBAHMUE BbIBOPA AIIITAPATOB CO BCTPEYHBIMHU 3AKPYYEHHBIMU
ITIOTOKAMUA

OmHMM U3 TPOTPECCUBHBIX a3POAMHAMHUYECKUX CIIOCOOOB MHTEHCHU(PHUKAIIUU
MPOLIECCOB yJABIMBAHUS BBICOKOJMCIIEPCHOM MbUIM U TMOBBIMICHUS 3PPEKTUBHOCTH
paboThl MBUICYIOBUTENEH SBISETCS MPUMEHEHUE 3aKPYUYCHHBIX T'a30BBIX MOTOKOB B
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BHUXPEBBIX anmnaparax, MPOMBIIUIEHHOE HCIOJIb30BAHHE KOTOPBIX Hadajloch B 50-€
rojsl npouutoro Beka [9, 10].

B 1953 r. E. lllyadnep u X. lleHHek 3amaTeHTOBaIM BUXPEBYIO Kamepy IS
OTJEJICHUS TBEPBIX U )KUAKHUX a3PO30JIbHBIX YACTHUI] C TOMOIIBI) BCIOMOTaTEIbHOTO
3aKpydmBawoIiero moroka raza. B 1963 r. X. KneitHom ObuM 0myOJHKOBaHBI
pe3ynbTaThl KCCIAEIOBAaHUN OMBITHOTO 00paslla BUXPEBOIO IMbUICYJIaBIMBAIOIIETO
anmapara, umeroniero auamerp 200 mm. IIpu 3TOM aBTOpOM B KauyecTBE MCXOTHOM
onma mpunsTa moaensb E. llyadnepa [11].

OcoOpIif KJacc BUXPEBBIX MBUICYJIOBUTENEH NPEACTABICH alapaTaMu Cco
BCTPEUYHBIMH 3aKpydeHHbIMH NoToKamu (B3Il), monmyuuBmmMu B HacTosmiee BpeMs
3HaunuTenpHOE pacnpocrpaHenue. B Poccum anmapatel B3II ¢ 70-X rogoB mpouuioro
BEKa BEChbMa MMPOKO npuMensitores [11-13]:

1) nna ynaBnvBaHUsI MBUTM (B TOM YHKCIIE BOJIOKHUCTOM M CIIUMAIONICHCS) B
CUCTEMax ITHEBMOTPAHCIOPTAa M AacCHUpalMd B XUMHUYECKOM M CMEXHBIX C HEH
OTpacCisAX MPOMBIIIJIEHHOCTH;

2) s OYMCTKM JIBIMOBBIX T'a30B OT 30JIbl U YJIABJIIMBAHUS BBICOKOAMCIIEPCHON
IbUIA B DHEPT€TUYECKUX YCTAaHOBKAX;

3) /U1 IPOBEEHUS TEIJIOMACCOOOMEHHBIX MPOILIECCOB (CYIIKH, TPAHYIISILIMMA 1
Ip.) B Pa3JIMYHBIX OTPACIISIX IPOMBIIUIEHHOCTH, B TOM YHCJIE B KPUOTEHHON TEXHHKE.

['maBHOE npenmytiecTBo annaparoB B3II coctout B Beicoko 3¢ppexTuBHOCTH
YJIaBIWMBAHUS BBICOKOJUCIIEPCHON MbLIK. 110 3TOM mpuymHe, HECMOTPS Ha CII0KHYIO
KOHCTpyKuuto annaparoB B3I, ux npumMeHeHue onpaBaaHo IpH yJIABJIMBAHUY MbUIA
¢ OOJIBIIIUM COJIepKaHUEM TOHKOM (pakiuu [12].

OnTuManbHbBli BBIOOP KOHCTPYKUMHU TBUICYJIOBUTENS CHUCTEM OCHOBHOIO
VJIaBIMBAHUS TEXHUYECKOTO YIJEpoJla BO3MOXKEH TOJbKO IMPU H3BECTHOM
JUCIEPCHOM COCTaBE €ro aj’po30Jisi, MOCTYMAIIero Ha O4HucTKy. M3 peakropa
OUPOJM3a a’po30Jib BHayaje NPOXOJUT Yepe3 BO3AYXONOJOIpeBaTellb U
ra300XJaJNnTelb, UCIOIb3YEMBIE I PEKYIIEPAaTUBHOIO HArpeBa TEXHOJIOIMYECKUX
areHTOB, B PE3YJIbTATE YEr0 €ro JUCIIEPCHBIN COCTaB 3HAUMTEILHO MeHseTcs [ 1, 2].

Ha puc. 1 npuBeneH ycpeJHEHHbIA HA OCHOBAaHUU JIUTEPATYpPHBIX JAaHHBIX [1,
9] mucnepcHbI COCTaB a’p030Jisi TEXHUUECKOTO yriepoga Mapku N550, corimacHo
crangapty ASTM D1765, nepen HUKIOHOM-KOHIIEHTPATOPOM, MEAUAHHBINA THAMETP
YaCTUIl 3TON MapKH paBeH d, = 9 MKM.

AHanu3 pucyHka 1 mokasbIBaeT, 4yTo JIydllleld albTepHATUBOM IIUKJIOHAM MOTYT
ctath annapatel B3I1, pa3nenurenbHas cnocoOHOCTh KOTOPBIX gocturaer 0,4 MM, a
3¢ (PEeKTUBHOCTD yIaBIMBAHUS YaCTUIl pa3MepoM Ooubliie 5 MkM cocTtasisier 100%,
YTO IO3BOJISIET JOCTHYb MX OKYyHaeMOCTH 3a 3—6 mecdAueB 3kcriuryatauuu. Kpome
TOT0, UX MPUMEHEHUE 3HAYNUTEIILHO YMEHBIIIAET MOTEPHU LIEJEBOro MpoaykTa [14].
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Puc. 1. IlndpdepenunanbHas KpuBasi pacpeeIeHUs 10 pa3MepaM YacTHI] a3P030Jisi TEXHUYECKOTO
yriepoa Mapku N550 nepen IuKIOHOM-KOHIIEHTPATOPOM (€ — INIOTHOCTH PaCIpEeIICHHs] YaCTHI
(oTHOCHUTENBHAS MaccOoBasi KOHIIEHTPAIHs)), TOCTPOCHHAS 0 1aHHbIM [ 1, 9].

Fig. 1. Differential particle size distribution curve for N550 grade carbon black aerosol before
cyclone concentrator (¢ — particle distribution density (relative mass concentration)) plotted
according to [1, 9].

Ha pucynke 2 npuBeaeHa npuHUMIIHaIbHas cxeMa anmapara B3I1 [15].
b 5

(&

Puc. 2. ITpunuunuansHas cxema annapata B3I1 [15]:
1 — xopmyc; 2 — npUIeBOI OyHKeEp; 3 — 3aBUXPUTENh IIEPBUYHOTO MOTOKA; 4 — BXOJHOM MaTpyOok
MIEPBUYHOTO TTOTOKA; 5 — 3aBUXPUTEIh BTOPUYHOTO TTOTOKA; 6 — BEIXOHOM MaTpyOoK.

Fig. 2.Schematic diagram of CSF device [15]:

1 — housing; 2 — dust hopper; 3 — primary flow swirler; 4 — primary flow inlet; 5 — secondary flow
swirler; 6 — outlet branch pipe.
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[lepen BXxoAOM B ammapaT 3albUICHHBIA ra3 pasJeisercs Ha NEpPBUYHBIA U
BTOPUYHBIN MNOTOKHU. [IepBHYHBI NMOTOK MOAAETCA B HIDKHIOK YacTh ammapara,
3aKpy4YMBACTCS 3aBUXPUTEIEM U, JBHUIasCh BBEPX, IOJBEPracTcsl BO3JIECHCTBUIO
BTOPUYHOTO IOTOKA. BTOpPWUYHBIN Tra3oBBI MOTOK MOJAETCS B BEPXHIOID YaCTh
amrapara M TakKe 3aKpydyMBaeTcsl 3aBUXpUTENIEM B TOM ke mpaieHud. [lop
JEUCTBUEM IEHTPOOEKHBIX CHJI B3BEIICHHbIE B TMEPBHUYHOM IIOTOKE YaCTHUIIBI
orOpaceIBaloTCd K Tnepudepur, a OTTyla — BO BTOPUYHBIA BHUXPEBOH TMOTOK,
HaIPaBJISMIOMMX WX BHHU3 B KOJBIIEBOE MEXTPYOHOE IMPOCTPAHCTBO, CHAOXKEHHOE
oTOOIHOM mIaiiboii, oOecnieunBaromel 0e3BO3BpaTHBIN CIyCcK MbUIH B OyHkep. [lpu
STOM BTOPHUYHBIA Ta30BbIA IMOTOK B XOJI€ OOTEKAaHHsS MEPBUYHOIO IMOCTENEHHO
MOJIHOCTBIO MTPOHUKAET B HETO, MOBBIIIAS TEM CaMbIM 3(P(PEKTUBHOCTD yIaBIMBaHUS.
OuuleHHbIN Ta3 yaaisieTcs U3 anmnapara yepe3 KoOaKCUallbHbIA naTpy0ok [9].

bosnee moapoOHO ¢ CymeCcTBYIOIMMU KOHCTpyKIMsMU anmapatoB B3I moxHO
o3HakoMmuThes B [10—13].

[To cpaBHEHMIO C NMPOTUBOTOYHBIMU IMKJIOHaMmu annapatel B3Il oGnanaror
pAoM 10CTOMHCTB [12—-15]:

1) 6onpiieit 3(PEKTUBHOCTHIO YIIABIMBAHUSA BBICOKOJUCIEPCHBIX MbUIEH —
92-98% (mpotuB 80-90%), 4TO CpPaBHUMO C TKAHEBBIMU (PHIBTPAMU M MOKPBHIMU
IBLUICYJIOBUTEIISIMY;

2) MEHbIIEH ~ YYBCTBUTEIBHOCTBIO  3(P(PEKTUBHOCTH  YJaBIMBaHUS K
KOJIeOaHUSIM MTPOU3BOAMTENILHOCTH 1O 3albuleHHOMY Ta3y B npeaenax 0,50-1,15 ot
CBOEr0 HOMUHAJIBHOTO 3HAYEHUS U MOJICOCY ra30B, YTO OOBSICHAETCS ONpPEAesIOIIUM
BIUSIHUEM Ha 3(QQPEKTHUBHOCTH YJIABIMBAHUS MapaMeTPOB BTOPUYHOTO Ta30BOIO
MOTOKAa, MPU COXPAHEHUWU KOTOPBIX OCTAETCSd HEU3MEHHOM OKpY>KHasi CKOpPOCTb
3aKpPYYMBAHMS IOTOKA 3aMbIJIEHHOTO T'a3a;

3) MEHbIIEH  YYBCTBUTEIBHOCTbIO  3(PPEKTUBHOCTH  YyJNABIMBAHHUS K
KOJIeOaHUAM KOHIEHTPALUK TIbUIA B OYMINAEMOM rase B npeaenax 1-500 r/m;

4) MEHPIIMM  TUAPABIMYECKMM  COIPOTHUBIICHHEM  IIPU  OJUHAKOBOM
3¢ (HEeKTUBHOCTH YJIaBIUBaHMUS;

5) BO3MOKHOCTBIO PETYJIMPOBAHUS MIPOLECCA YIABIMBAHUS 32 CUET U3MEHEHUS
COOTHOIIIEHUS PaCX0/I0B IEPBUYHOIO U BTOPUYHOI'O I'a30BbIX MIOTOKOB;

6) BO3BMOXHOCTBIO KOMIIOHOBAaTh TPYMIbl W3 MapaliebHO paboTaromux
anmnapaTtoB NpU OTCYTCTBUM HEOOXOAMMOCTH PABHOMEPHOTO pacHpelesieHus
Harpy3Ku MeXa1y HUMU;

7) MUHUMAaJIbHBIM U3HOCOM BHYTPEHHEW MOBEPXHOCTH KOpIlyca anmnapara, 4ro
CBSA3aHO C OCOOCHHOCTSIMU JIBUYKEHUS Fa30BbIX MOTOKOB;

8) KOMITAKTHOCTbIO — 3HAYUTEIBHO MEHBIIMMU TabApUTHBIMU pa3Mepamu U
YAECIBHOW MacCOU IPU PaBHOU IPOU3BOJUTEIILHOCTH I10 3aIIBIIICHHOMY Ta3y;

9) He TpeOyIOT crielMalIbHON KBAM(PUKALUKA 00CITY>KMBAIOILETO MepcoHaa.

Taxkum oGpazom, anmaparsl B3Il sBisioTcs Ha CErOgHSANIHUN JACHH CaMbIMU
COBEPILEHHBIMU C TEXHOJIOTMYECKOW TOYKH 3PEHHSI BUXPEBBIMU IbUICYJIOBUTEIISIMU
JUIA LEJeBOTO YIJIAaBIMBAaHUSA TEXHUYECKOTO YIJIEpoJa, OO0JIaJaronIMMH  BBICOKOM
JKCIUTYyaTallMOHHOU HaJEKHOCTBIO.

Jlis moaTBepKaeHUsT KOPPEKTHOCTH BbiOOpa ammapatoB B3Il ans pernenus
MTOCTaBJIEHHOW 337]a4 BOCIOJIb3YyEMCSI METOIAMH MAaTEMaTUYECKOTO MOJAETUPOBAHUS
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h IPOBCACM CpaBHI/ITeJ'IbHHﬁ pacdcT mnpcaiaracMoro ariamapara u TpaJulruOHHO
HCIIOJIB3YCMOI'O allllapaTa HUKJIOHHOI'O THUIIA.

METO/bI PACUYETA

B kauecTBe 00BEKTa cpaBHEHHUS ObUT BBHIOpAH IIMPOKO HCHOIB3YEMBIA MIJis
1IEJIEBOTO YJIABIMBAHUS TEXHUUECKOTO yriiepoa IukioH-koHIieHTpaTop CK-11H-34 ¢
IPOU3BOAUTENLHOCTBIO 10 3ambUIEHHOMY Trasy (asposomo) 60000 M’/ 1o
CJIEIYIOIUM HMCXOJIHBIM JaHHBIM:

Temmneparypa rasa t = 255°C;

IJIOTHOCTH Ta3a p = 0,84 kr/m’;

BS3KOCTB rasza i = 26,3-10° Ia-c;

IJIOTHOCTh YACTHII MBLIU p,, = 1800 KI/M;

JTUCIIEPCHBIN COCTAB IBLIN — COIVIACHO PUCYHKY 1;

HavalbHas KOHLEHTPALWs IbUIK B ra3e (Ha BXoe B mbuieynosurens) C, = 500 /v,
TpeOyemas crerneHb oUucTKy 7 >90%.

Pacuer ammapara B3Il mpoBoamics mo yCOBEPIIEHCTBOBAHHOM aBTOPAMH
Hactosme pabotel Metoauke O.D. Illypramsckoro m H.B. [lanunenko [9].
Pa3paGoTanHass HamMu  METOJOUKA  JOMOJHUTENBHO  TO3BOJISIET, BO-IIEPBBIX,
AHAJIMTUYECKU pAacCUMTHIBATH rpynny amnmaparoB B3Il, a, BO-BTOpBIX, YMCIEHHO
onpenensaTh PpakUOHHYIO0 (JIOKaIbHYI0) 3(()EKTUBHOCTh YIABIMBAHUS IIEPBUYHOIO
M BTOPUYHOI'O Ta30BbIX MOTOKOB HAa OCHOBAaHMU HCXOIHOM AuddepeHuunaIbHOMn
KPUBOM pacmlpeniesieHus] 4acTHull 1o pa3mepam (pucyHok 1). Obmas >3 hekTuBHOCTD
yJIaBJIUBaHUSI OMNpPEENsiaCh B 3aBUCUMOCTH OT 3(h(HEKTUBHOCTEH yIaBIUBaHUS
NEPBUYHOTO U BTOPUYHOI'O ra30BbIX IIOTOKOB:

() 0,
=100-| =L .5, + o 1
n [Qn Q’]J (1)

riae Q — pacxoJl 3anbIICHHOTO ra3a;

Q1 — pacxo MEePBUYHOTO T'a30BOTO MOTOKA;

Q> — pacxoa BTOPUYHOTO ra30BOT0O TOTOKA;

71 — 3G }EKTUBHOCTD yJIaBIMBAHUS MEPBUYHOTO ra30BOr0 MOTOKA PACCUMUTHIBAIACH
CJIeIYIONUM 00pazoM:

ZC ( ru)

2
R12 - rgbmz ’ ( )

rje ¢; — TeKylas KoopauHara Tud@epeHnanibHOl KpUBOW paclpeesieHus] YacTHI
o pasmepam (pUCYHOK 1);

n —9ucio ¢ppakuuii (KOJIMYEeCTBY TOUEK Ha KPUBOM pucyHKa 1);

R; — panuyc BXOHOTO naTpyOKa MepBUYHOIO Ia30BOI0 MOTOKA;

Yewm — PAANYC BBITECHUTENS (KOHCTPYKTUBHBIN 3JIEMEHT 3aBUXPUTENS);

ri;i — TEKYIIUHA pagnyc KOJBLEBOIO ydacTKa IJIOIIAAY BBOJAA NEPBUYHOIO ra30BOI0
MIOTOKA, COOTBETCTBYIOLIMI AUAMETPY YJIABIMBAEMbBIX YACTHULL IbUIH d;:

752-R -k |p-Qy-n|(Ry/r,) -(1+a)] K
Q-R, pm-H-]n(1+a) l o/r1, J

m =

,._.

3)

i =

rae R — paauyc anmnapara;
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k — 4ucio anmnapaToB B IPYMIIE;
2}

2

R, = (1 -0,19- J-R — paaunyc pa3zieJICHUs ra30BbIX IIOTOKOB;

H — BbICcOTa paboyel 30HbI anmapara;

0. — OTHOILIEHUE TMPOXOJHOTO CEUEHHUs MaTpyOKa BTOPUYHOIO Ta30BOr0 MOTOKA K
MIPOXOTHOMY CEUEHHIO MaTpyOKa MepBUYHOTO ra30BOT0 MOTOKA,

K, = f(%;R; Ro;rh} — TeKyllee 3HAYCHHE IONPaBOYHOIO KOXPQPHUIMEHTa s
2

MIEPBUYHOTO ra30BOIr0 MOTOKa [9];
72 — 3(PEKTUBHOCTD yIaBIWBAHUS BTOPUYHOI'O Ta30BOTO IMOTOKA PacCUMUTHIBAIIACH
CJIeIyIOUM 00pa3oM:

anci '(Rz _rzzi)
=l

n, =

., )
BbIX

TJIC Ve — PAANYC BBIXOJHOTO MATPyOKa;

r2; — TEKYIIMA pagdyC KOJIBIIEBOTO y4YacTKa IUIOLIAJM BBOJA BTOPUYHOIO Ta30BOIO

ITIOTOKA, COOTBGTCTBYIOIHI/Iﬁ AUaMCTPY YJIaBJIIMBACMBbIX YaCTHUII IIbLIN dzil

d. = 495 R’ -k .\/:“'Qz '{Ro 'ln[(R_Rm)/(R_rzi)]_l’ls'(R_Ro)}'Kzi (5)
2’ 0 po-H-\R ~R;)- Ry -[(R-R,)(R-r,)] ~
rae R, =0925-R — paanyc oTOONHOM 11aii0bI;
K, =f [%, R;R,; rz'} — TeKyllee 3HAaYeHUE IONPABOYHOrO0 KOIPPULMEHTa IS
2

BTOPUYHOTO Tra30BOT0 MOTOKA [9].

HomuHnanbHblii  auamMerp rapaHTupoBaHHO (¢ BeposTHOcTbiO  100%)
yJoBIeHHBIX B anmapate B3I1 gacTuiy onpeaensics caeayomum 00pa3om:

d, =max{d, ; dy | (6)
MIPU TOJICTAHOBKE 7'1; = Feum B YpaBHEHUE (3) U 12; = T'gpux — B ypaBHEHUE (5).

Pacuer nukiona nmpoBoawiIcs o ctangapTHou meroauke [9]. [Ipu sTom ob1ras
3¢ (PEeKTUBHOCTh  yJaBIMBaHUS  ONpeleNsiach Kak HWHTerpaibHas  (QyHKIHS
HOPMAJILHOTO pactpeeneHus @(x), Tak KaK YacTULbI a’po30Ji1 TEXHUUYECKOIrO
yriaepoja paclpeiesieHbl IO pa3MepaM B COOTBETCTBUU C JIOTapU(PMUUYECKU
HOPMAaJIbHBIM 3aKOHOM (pUCYHOK 1):

77:50'[1i®(x)]5 (7)
r7ie X — mapaMeTp UHTErpaJbHON (PyHKIHUN HOPMAIBHOTO paclpeieeHUs:
lg(d,/d, +)

x:1/1g20'+1g20' ’ ®)
7

rne dy-spo — AWaMeTp 4YacTUI[ MbUIM, YJIaBIuBaeMbIX C 3(dexTuBHOCTHIO 50%,
MPUBEICHHBIN K pab0YNM YCIOBHUAM;
0 — CTaHJAPTHOE OTKJIOHEHUE COCTABA IbLIU (OMPEAEISIIOCH IO PUCYHKY 1);
0, — CTaHJAPTHOE OTKJIOHEHHE CTENIEHN OYMCTKH.

HomuHnanpHblii  auaMerp rapaHTupoBaHHO (¢ BeposTHOcTho  100%)
YJIOBJICHHBIX B IMKJIOHE YaCTUIL ONPEAEIISAIICS YUCIEHHO, UICXO/ U3 PAaBEHCTBA!
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772205'77[9 (9)

rze #; — ppakiuoHHas (JlokanabHast) 3((HEKTUBHOCTD YJIaBIUBAHMUSL.

3HaueHus] ONTHUMAJBHBIX CKOPOCTEW 3albUICHHOTO ra3a B paboumx 30HaX
anmnapaToB BBIOMpATINCh Kak pekoMeHayemsbie: 1 uukioHa CK-IIH-34 — 1,7 w/c;
st anmmaparta B3IT — 10 m/c [9].

PE3YJBTATBI U UX OBCYXJIEHUE
PaccMoTpuM pe3ynbTarbl MPOBEACHHBIX MOJENBHBIX PAacyeTOB IS JIBYX
BAPMAHTOB CHCTEM NbUIEYJIAaBIMBAHKMSA C IPOM3BOAUTENLHOCTE 60000 M/4 1m0
a’pO30JII0 TEXHUUECKOTO yrieposa Mapku N550: 1) rpynnsl U3 AByX mapajuieIbHO
paboTaromux amnmaparoB B3I1; 2) annapaTa UKJIOHHOTO THUIIA.

I'pynna u3 0yx annapamoe B3Il
['pynna u3 nByx napamienbHo padboratomux annapato B3I1-1000%2 ¢ oOmm
IBUIEBBIM OYHKEpOM, JIEMCTBHUTENIbHAs CKOPOCTh raza B paloueil 30HE KOTOPBIX
cocraBmwia 10,62 ™/c (4r0 yKIaAbIBaeTCs B PEKOMEHAYEMBIH JHara3oH
5-12 m/c [9]).
HNuddepenunansias KpuBas paclpeleleHuss IO pa3MepaM  YIOBICHHBIX
YacTHIl a3p030J1s MPUBEJICHA HA PUCYHKE 3.

0.05 A

dy= 7.3 MKM
0.00 - T

0 10 20 30 40 d,MEM
Puc. 3. TuddepennmanbHble KpUBbIE paclpeesieH s 10 pa3MepaM YacTHIl a3pO30JIst
TEXHUUYECKOro yriepoja Mapku N550 ucxoaHoro (4epHble TOUKH) M KOHEYHOTO (KpacHbIE€ TOUKH)
COCTaBOB, YJIOBJIEHHBIX B rpynime u3 AByx anmnapatos B3I1-1000%2 (¢ — mI0THOCTH pacnpeieneHus
4acTHI] (OTHOCUTEIbHAS MACCOBasi KOHIICHTPAIIHS)).

Fig. 3. Differential particle size distribution curves for N550 grade carbon black aerosol of initial
(black dots) and final (red dots) compositions caught in assembly of two devices CSF-1000%2 (¢ —
particle distribution density (relative mass concentration)).

OO6nacTb Ha pUCyHKe 3, 3aKirodeHHas Mexay AuddepeHurarbHON KpUBOM

MCXOJHOTO COCTaBa YacTHI] a3p030Jis (0003HaUEHA YEPHBIMU TOUYKAMHU) U KPUBOM €ro
KOHEYHOT'0 COCTaBa Ha BbIXoJle U3 rpymnmbl annapatoB B3Il (o6o3HaueHa KkpacHBIMU
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TOYKaMH), COOTBETCTBYET COBCEM HEOOJBIION J0J€ YacTUll, KOTOpPbIE HE YAaJoCh
yIOBUTH B mbUIeynoBuTenae. O0nacTh MoA KPUBOM KOHEUHOIO COCTaBa YACTHII
a’po30Jisi, OrpaHUYEHHAs CIpaBa MO OCH alCIUCC 3HAYEHUEM HOMHHAIBHOIO
nuameTpa (IyHKTHpHas JIMHUS ), COOTBETCTBYET JI0JI€ YAaCTHUIl, YACTUYHO YJIOBJICHHBIX
B rpynne anmnapatoB B3Il ¢ ompeneneHHONW BEpOSTHOCTHIO (€€ 3HAUEHHE MOMKHO
ONPEJEIUTh KaK OTHOIIIEHHE OPJIMHAT KPUBBIX KOHEYHOT'O COCTaBa K UCXOJHOMY).

O6mast 3pPeKTUBHOCTD yJIaBIMBAHUS TEXHUUYECKOro yriepona mMapku N550,
paccuutanHas 1o ypaBHeHuto (1), cocraBuna 92,0%. KoHeuHas KOHIEHTparus
YaCTUIl NBUIM B adpo30ie (Ha BBIXOAE U3 mbuleynoButens) pasHa C, = 40 /v’
HomunanbHbiii 1uameTp rapaHTupoBaHHO (¢ BeposTHOCTBIO 100%) yIIOBIEHHBIX
YJaCTHII, ONIPeACIICHHbIN 0 opmyrte (6), cocTaBui dy = 7,3 MKM.

3HaueHUE THAPABIMYECKOTO COMPOTUBJICHHS TPYMIBI U3 JBYX MapajuieIbHO
paboraromux amnmnapatoB B3I1-1000%2, ¢ yyeTom AeHCTBUTEIBHOM CKOPOCTH rasa B
ux paboueit 30He, paBHo 2,2 klla.

Macca rpynmnel ux ayx anmnapatoB B3I1-1000x2 BMecTe ¢ 00MUM MBIJIEBBIM
OyHkepoM paBHa 3,6 T (ogHOTrO anmnapara 6e3 Oynkepa 1,2 1) [16].

Annapam yuxknonHo2o muna

Huxnon CK-11H-34-3600, neiicTBUTEIbHAs CKOPOCTh Ta3za B paboueill 30HE
KoToporo pasHa 1,64 m/c (4TO, U3-3a OKPYIJICHHUS] PACUETHOIO 3HAYEHUS AUAMETpa
LIMKJIIOHA, paBHOTO 3534 MM, 10 cTaHIapTHOTO TUNopasmepa — 3600 MM, oTiiM4aeTcs
OT peKoMeHayeMoro 3HaueHus 1,7 M/c Ha 4% npu AOMYCTUMOM OTKIJIOHEHUU B 15%
[9D.

Juddepennpanbaas KpuBas pacnpeiesieHusl Mo pa3MepaM YacTHI] a’po30Jis,
YJIOBJICHHBIX B YKa3aHHOM arrapare, IpuBeieHa Ha pUCYHKE 4.

0.10

0.05

0.00
0 10 20 30 40 d.MKM
Puc. 4. lupdepeHnnanpHas KpuBasi pacpeIeICHHs 10 pa3MepaM YacTHI] a3P030Jisi TEXHUIECKOTO
yriepoa Mapku N550 ucxoaHOTo (4epHbIe TOYKH) U KOHEYHOTO (KpaCHBIE TOUYKH) COCTABOB,
ynoBneHHbIX B iukiaoHe CK-1{H-34-3600 (¢ — miaoTHOCTh pacnpeneneHus 4acTull (OTHOCUTEIbHAs
MaccoBasi KOHIICHTPAIIHS)).

Fig. 4. Differential particle size distribution curves for N550 grade carbon black aerosol of initial
(black dots) and final (red dots) compositions caught in the cyclone SC-CN-34-3600 (¢ — particle
distribution density (relative mass concentration)).
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O6mast 3pPeKTUBHOCTD yJIABIMBAHUS TEXHUUYECKOro yriepona mapku N550,
paccunTaHHas 1o ypaBHeHuto (7), cocraBuina 63,6%. KoHeuHass KOHUEHTparus
YacTHI[ IBUIM B a’po3oie (Ha BBIXOJE U3 IbuieyloBuTens) pasHa C, = 182 r/m’.
Homunanbupiii quamerp rapanTupoBaHHO (¢ BepossTHOCThIO 100%) yJIOBIEHHBIX
YacTHll, onpeaesieHHbIN o Gopmysie (9), coctaBuit dy = 13 MKM.

3HaueHWe TuApaBiInyueckoro compoTtuBiieHus uukioHa CK-IIH-34-3600, c
Y4E€TOM JEHCTBUTEIBLHON CKOPOCTH Ta3a B €ro padoueii 30ue, pasHo 1,2 kIla.

Macca nuknona CK-ITH-34-3600 Bmecte ¢ mbuieBbIM OyHKepoM paBHa 10,1 T
(6e3 6ynkepa 8,9 1) [17].

Pe3ynbTaThl pacuera MOKA3bIBAIOT, YTO NPU MPOYUX PAaBHBIX YCIOBUSIX
3(PEKTUBHOCTD YJABIMBAHUSA YACTHUI[ a’3pO30Jisl TEXHUYECKOrO yriiepoia MapKu
N550 B rpynne u3 asyx amnmaparoB B3I1-1000%2 na 28,4% BeIie 3pekTuBHOCTH
ynaBiuBanusi B uukione CK-11H-34-3600. Ilpu stom rpynma anmapatoB B3II
00€ecCreurBalOT TrapaHTUPOBAHHOE YJIaBIMBAHUE YACTHI] ad9PO30JIs pa3MepoM 7,3 MKM,
B TO BpeMs KakK ITUKJIOH CIOCOOEH rapaHTUPOBAHHO 33JICP>KUBATh TOJIBKO YaCTHIIBI
pazmepom 13 MKM.

BaxxHo, 4TO MeTaI0EMKOCTh rpynnbl U3 AByx anmaparoB B3I1-1000x2 B 2,8
paza wmeHbiie MetamtoeMkocTu ImkioHa CK-11H-34-3600, yrto roBopuT 00
HKOHOMUYECKOH 3PHEKTUBHOCTH MEPBOM B HACTH KANTUTAIBHBIX 3aTparT.

Heo6xonumo Takke OTMETUTh, YTO THAPABIMYECKOE COMPOTUBICHUE TPYIIIIbI
n3 gAByx anmaparoB B3II-1000x2 B 1,8 paza Oousbllie TrUAPaBIMYECKOTO
conpotuBieHus: 1ukiona CK-IIH-34-3600. JlanHoe 0OCTOSITETHLCTBO TOBOPUT O
HEOOXOJIMMOCTH  JIOTIOJIHUTEIbHOM YCTAHOBKM BO3JIYXOAYBKM Tiepel] TpYyMIou
anmaparoB B3Il s oOecrnieyeHuss €€ HOPMaJIbHOW pabOThl, YTO HECKOJBKO
YBEJIMYMBAET IKCIUTyaTallMOHHbBIC 3aTPaThl MPU MPSIMOM CPABHEHUH MbLICYJIOBUTEICH
apyr ¢ apyrom. OHAKO MpU 3TOM HEOOXOAMMO MMETh B BHUAY, YTO B CPAaBHEHUU C
IIMKJIOHOM JICHCTBUTEIbHASI CKOPOCTH raza B padodeit 3oHe anmapatoB B3I B 6,5 pas
OoJblLe.

[Tpu sTOM, roBOps 00 SIKOHOMUYECKOH dPPEKTUBHOCTU, HEOOXOIUMO UMETH B
BUY cieayroliee BaxkHoe o0crosTenbeTBo. [loBbimenue Ha 28,4% 3¢ ¢deKkTuBHOCTH
yJIaBIMBaHUs B Tpynne u3 aByx annaparos B3I1-1000%2 no cpaBHEHHIO ¢ IUKJIOHOM
CK-11H-34-3600 6yneTt cmocoOCTBOBaTh CHIDKCHHUIO IPUMEPHO Ha 3TY K€ BEITUYHHY
Harpy3Kd Ha CUCTEMBbI JIOyJIaBIUBaHUS U 0COOCHHO acnuparuu. [loaTomy, HECMOTps
Ha MOYTHU BJIBOE OOJIBIINE IKCILTyaTallMOHHBIE 3aTpaThl JJIs rpynmbl annapaToB B311,
obmast skoHOMHUYECKass dA(P(GEKTUBHOCTh BCEro MPOU3BOJACTBA TEXHUYECKOTO
yriaepoja B LEJIOM OAHO3HAYHO OYJET BBIIIE MO CPABHEHUIO C MCIOJIb30BAHUEM B
KauyeCTBE OCHOBHOIO MbLJICYJIOBUTENS IUKIIOHA.

B kaudectBe cpaBHeHUs Ha pPHUCYHKE S mpuBefeH rpaduk 3aBUCUMOCTH
3¢ ()EKTUBHOCTH YIAaBIUBAHUS OT MPOU3BOIUTEIHLHOCTH O a3PO30JI0 TEXHHUECKOTO
yraepona Mapku NS550 mius  OByX THIOB — pacCMaTPUBAEMBIX  KOHCTPYKIIMIA
IIBUIEYJIOBUTEIIECH.
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Puc. 5. CpaBHeHue 3aBucuMocTeil 3()(h)eKTUBHOCTH yJIaBIMBAHUS OT IPOU3BOIUTEILHOCTH 110
a’p030JI10 TEXHUUECKOTro yriiepoja Mmapku N550 kak pynkuus 7 = f(Q) 1uis anmnaparoB ABYX TUIIOB:
1 — B3I1-1000%2; 2 — CK-LH-34-3600.

Fig. 5. Comparison of efficiency dependence on capacity of capturing of N550 grade carbon black
aerosol by devices of two types as a function # = f{Q): 1 — CSF-1000x2; 2 — SC-CN-34-3600.

PucyHnok 5 HarmsigHo neMoHCTpupyeT, uto anmnapatsl B3I1 o6nanaroT 6omibIieit
YCTOWYMBOCTHIO K KOJIEOAHUSIM TIPOU3BOAUTEIHLHOCTH MO CPABHEHHUIO C ITUKJIOHAMH,
YTO TIO3BOJISIET MM TOJJIEPKUBATh BBICOKYIO 3()PEKTUBHOCTH YIIaBIMBaHUS
BBICOKOJIUCTIEPCHBIX YACTHUI[ a’PO30Jisi TeXHUYECKoro yrieponaa (6osee 88-92%) B
IIMPOKOM JUANa30He M0 MPOU3BOAUTEIHLHOCTH.

SAKJIIOYEHHUE

[lomydyeHHble pe3ynabTaThl MO3BOJSIOT  CIENaTh BBIBOJ O TOM, YTO
MOJCPHU3AIMI0 CUCTEM YJABIMBAHMS M aCHHUpPAlUMU TEXHUYECKOTo yriepoja
1e1€cCO00pa3HO MPOBOJAUTH ITYyTEM 3aMEHBI OCHOBHOT'O MBLICYJIOBUTENS, IIUKIOHA WU
¢unbTpa, Ha anmapar (rpynmy annaparoB) B3II, oOecneunBaromuii CyiiecTBEeHHO
0oJiee BBICOKYIO A(P(EKTUBHOCTH YJIABJIMBAHUS BBICOKOJUCIIEPCHBIX YacTull. Tak,
JUISL UICXOJHOTO AMCIEPCHOIO COCTaBa YacTHUI[ a3p030Ji1 TEXHUYECKOIO yIiepoja
Mapku N550 (d, = 9 MkM) npumenenue nukioHa-konueHtparopa CK-1{H-34-3600
obecrieunBaeT 3GHEeKTUBHOCTh ynaBimuBaHus 63,6% (dp = 13 MKM), a IpUMEHEHHE
rpynnsl U3 AByx anmnaparoB B3I1-1000%2 —92% (dp = 7,3 Mkm).

OT0 mno3BoJUT, BO-NEpPBbIX, Ha 20-30% CHU3WTH HArpy3Ky Ha CHCTEMBI
JOYJIaBIMBAHUSA U OCOOCHHO aCMHUPAIINH, BO-BTOPBIX, YMEHBIIUTH METAJUIOEMKOCTD H
DHEPreTUYeCKHe 3aTpaTbl Ha MPOU3BOJICTBO, T.€. CHU3HUTH KalUTaJbHbBIE U
AKCIUTyaTallMOHHbIE 3aTPaThl, TOBBICUB YKOHOMUYHOCTb NMPOU3BOJICTBA, a, B-TPEThUX,
MOBBICUTH €0 0€30MACHOCTh U HKOJIOTUYHOCTb.

B ornuune ot npyrux mneuieynoButenei amnmapatel B3Il obmamaroT psgom
BaYKHBIX JIOCTOMHCTB — HU3KOM YyBCTBUTEIHLHOCTHIO 3P(EKTUBHOCTH YJIABIUBAHUS K
KOJI€O0aHUSIM TPOU3BOJIUTEILHOCTH, KOHIIEHTPALMK TBUIM M TOJCOCAM Ta30oB, YTO
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CBUJIETEIBCTBYET 00 WX BBICOKOHM JKCIUTyaTAl[AOHHOW HAAEKHOCTH B MPOIeccax
LEJIEBOTO YJIaBIMBAHUS TEXHUUYECKOr0 YyIiaepoaa.

Takum o00pazoM, pe3yJabTaThl MAaTEMaTUYECKOIO0 MOJEIUPOBAHUS PabOThI
anmaparoB B3I1 B cpaBHeHUM C anmapaTaMH LUKIOHHOTO THUIIA MOJATBEPKIAIOT, YTO
BHIOOD B UX TOJNB3Y SBIAETCS HAay4yHO OOOCHOBAaHHBIM U ONTUMAJIBHBIM C
TEXHOJIOTUYECKOW TOUKH 3PEHUS.

Paboma svinonnena npu ¢punarncosoti noooepoicke Omck Kapoon I pynn.
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Annorauusi — IIpomsBoactBo OmoBomopoma (Hz) m3 B0O300OHOBISIEMBIX HMCTOYHHKOB SHEPIHU
(OTXOI0B MPOU3BOJICTBA U TMOTPEOICHMsI) SBISETCS MEPCHEKTUBHBIM HAIPaBICHUEM pPa3BUTHUA
SHEPreTUYECKON OTpaciad MNpOMBIINUIEHHOCTU. H> cuMTaercss yHUKaIbHBIM 3HEPrOHOCHUTEIEM C
BBICOKUM BbIXOZIoM »Hepruu (122 xJx/r). IlpencraBneHHas paboTa MOCBsIIEHA H3YYEHUIO
mporecca 3alycka HEMpephIBHOM aHa’poOHOM  (epMeHTaluu MOJIOYHOW CBHIBOPOTKH B
Me30(HIIBHBIX YCIOBHUX C MOJIYYEHHUEM BOJIOPOJI COJEpKAIEro OUoras B peakTopax JAByX THUIIOB: C
HENOJIBWKHOM 3arpy3koil (3aTomieHHbIH OuopuiabTp — anaerobic filter, AF) u mnoaBumxHOM
3arpy3koi (ammapar ¢ kursimuM cioem 3arpy3ku — fluidized bed loading, AFB). NnakTuBanuto
METaHOTEHOB MPOBOIWIH TepMudeckuM MetoaoM (30 muH, 90°C). Ha HauanpHOI cTaguu mpoiiecca
ONTUMAJIHHBIM SIBJISIETCS PEXKUM C THAPABIWYECKUM BpemeHeM ynepskuBanus (hydraulic retention
time, HRT) 12-14 cyr, Harpy3koii no oprannueckomy BerecTBy (organic loading rate, OLR) 1,88—
2,25 xr XIIK/(M3-cyT). JlaHHBIH pexuM I03BOISET HauaTh paboTy cO cTaOMIIBHON TreHepaluei
Ouorasa c coaepkanueM Bogopoaa B HeM 15,9% (ans AF) u 11,4% (nns AFB) u noanepkanvueM
pH cpenst 5,72. B peaktope AF-Tuna obiee koan4decTBO oOpazoBaBIierocs 3a 17 cyT TeMHOBOH
aHadpoOHOH (epMeHTanmu Ouoraza Obuio Ooibine, yeM B peaktope ¢ AFB-tuma. Conepxanue
MAacCJISTHOM KHUCJIOTHI MPEBBIIIANO COAEPKAHUE YKCYCHOM KHCIOTHI B 000UX peakTopax.

Knrouesvie cnosa: 6MOBOAOPOJ, MOJIOUHAs CHIBOPOTKA, TEMHOBas aHa’poOHas QepMeHTanus,
MHAKTHBAILlUS METAHOT€HOB, MMMOOUIIM3AIM OMOMACCHI.
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Abstract — Production of biohydrogen (H2) from renewable energy sources (production and
consumption waste) is an upcoming trend in energy industry. H> is considered as a unique energy
carrier with a high energy yield (122 kJ/g). The paper presents the results of investigating the start-
up stage of the process of continuous dark fermentation of milk whey under mesophilic conditions
with the production of hydrogen-containing biogas in two types of reactors: with a fixed feed
(flooded biofilter — anaerobic filter, AF) and with a movable load (apparatus with fluidized bed
loading — AFB). Methanogens are inactivated by the thermal method (90°C, 30 min). At the initial
stage of the process, the optimal regime is achieved with hydraulic retention time of 12—-14 days,
and organic loading rate of 1.88-2.25 kg COD/(m?-day). This mode makes it possible to run the
process with a stable biogas generation with hydrogen content of 15.9% (for AF) and 11.4% (for
AFB) and maintaining the pH of the medium at 5.72. The total amount of biogas formed over 17
days of dark anaerobic fermentation processing in the AF-type reactor was greater than in the AFB-
type reactor. The butyric acid content exceeded the acetic acid content in both types of reactors.

Keywords: biohydrogen, milk whey, dark anaerobic fermentation, inactivation of methanogens,
immobilization of biomass.

BBEJIEHUE

TexHonmorus  TPOU3BOJACTBA  OHMOBOAOPOJAa — OTO  HOBBIM  CIOCOO
YCOBEPIIIEHCTBOBAHUS TIEPEPa0OTKU OTXOJI0B ¢ KOTeHepaluei sueprun. Kpome toro,
BOJIOpOJT 00J1ajlaeT BBICOKOM 3HEpreThdeckoil 1meHHocthio (122 x/[x/T), sBiasercs
BO300OHOBIISIEMBIM HMCTOYHHKOM SHEPTHHM B OTJIMUHE OT JAPYTHX HM3BECTHBIX BHJIOB
TOTUTMBA Ha YTJIEPOIHOW OCHOBE, 0€3 BPETHOTO BO3JACHCTBUS HA OKPYKAIOIIYIO
cpemy, TOCKOJBKY BO BpEMs CropaHUsl B KauyeCcTBE IMOOOYHBIX IPOIYKTOB OH
BBIJICTISIET TOJBKO BOASHON map. TeXHOJOrHM MpOM3BOJICTBA OMOBOAOPOAA MOMKHO
MOICP)KUBATh JBYMS OCHOBHBIMH TyTsSMH: (@) CBETO3aBHCHMAas PEaKIIHs
(6uodotonusz u Porodepmentaius) u (0) cBeTOHE3aBUCUMAs peaKiusi (TEMHOBas
depmenTanss W dneKTporuaporeHe3).  CBeTo3aBHCHMas — PEakius  MOXKET
KaTaJIM3UPOBATHCS  (POTOCHHTE3UPYIONUMU OaKTepUsMHU, TOTJa KaK TEMHOBas
aHa’poOHas pepmentanus (TAD) karanuzupyercs rerepoTpodHoil OaKTepruaIbLHOMN
rpynmnou ¢pakyIbTaTUBHBIX U 0OJMTaTHBIX aHA’POOOB. bronorudeckoe mpon3BoOICTBO
Bosiopoaa myreM TA®D MoXKeT cuuTaThCsA IKOJOTUUECKH OE30MacHBIM, MOCKOJIBKY B
MPOIIECCE HCIOJIb3YIOTCS OPraHWYeCKHE OTXOJbl U OPraHMYECKHE BEIIeCcTBa U3
CTOYHBIX BOJ U HE IPUMEHSIIOTCSI ICKOIIaeMble BUAbI TOIIUBA [1].

Momnounas CBIBOPOTKA MCO) MPEICTABIISIET co0oit
BBICOKOKOHIICHTPUPOBAHHBIN  KUJAKWNA  OTXOJ, oOpasywomuiics B  Mpolecce
IIPOM3BOJICTBA TBOpOTra, Kerwpa W HEKOTOPHIX BHIOB CBHIPOB M3 MoJjioka. MC
XapaKTEpU3yeTCsl BHICOKUM COJEpP>KaHUEM OPTraHMYECKHUX BEIIECTB, COCTABIISIONIMM
ot 25 no 80 r XIIK/a (XIIK — xumuyeckoe notpebiieHne kuciopoaa). Exxeroanoe
Ipou3BOACTBO MoJioka B Poccun coctasmsier 6osiee 30 MIH T, MPU 3TOM YJEIbHOE
obpazoBanne MC onenuBaercs B 0,8—0,9 1 Ha nutp nmepepadboTaHHOrO MOJOKa [2].
brnaromapsi BeICOKOMY coaepskaHuio B Hel akTo3wl (45-50 r/m), 6enkoB (6—8 /1),
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Tunuao0B (4—5 1/11), @ TaK)Ke BXOASIIMX B COCTaB MOJIOKA MaKpO- U MHUKPOIJIEMEHTOB,
BOJO- M KUPOPACTBOPUMBIX BUTAaMUHOB, MC MOXHO HCMOJb30BaThb B KaueCTBE
HEJOPOroro ChIpbS JUIsl MPOU3BOJCTBA OMOTOIIMBA, B YacCTHOCTH, OMOBOJOpOAA
nyteM ee nepepabotku metogoM TAD [1-3]. Teoperuuecku, U3 1 MoJsa JTAKTO3BI
MOKHO MOJYYUTh 8 MOJIb BojopoAa. ONHAKO peajbHbIM BBIXOJ 3aBUCUT OT MHOTHX
dbakTOopoB U peako npesbiiaet 4 Mok Hy/Moub 1akTo3sl [4].

Pexxum TA® wu xoHdurypanus OuopeakTopa SBISIOTCA 3HAYUMBIMU
(dakTopaMu B MPOU3BOACTBE BOAOPO/IA, BIUSAIOIIMMHU Ha MPOLIECCHl B3aUMOICHCTBHS
MEXIy OpPraHMYECKHMMH OTXOAaMU M MPOU3BOAUTEISIMH BOJOpPOAA, HA CKOPOCTH
paz0aBiyieHus1 OMOMAacChl, YCIOBHS MEPEMENIMBaHUs U MaccooOMeHa. B 3aBucumoctu
OT pEeXMMa TMOJa4yd, NIPOU3BOJACTBO OHWOBOAOPOJA MOXKET OCYIIECTBIATHCS B
MEPUOJINYECKOM, TIOIYHENPEPHIBHOM UM HENpPEpPhIBHOM pexkumax. Haumbombiiee
KOJIMYECTBO PaldOT OBLIO MPOBEAECHO B PEXUME MEPUOIUYECKON (PepMEeHTALNH,
MOCKOJIbKY 3TOT PEXHM OTHOCHTEIBHO IMPOCT B alMapaTypHOM HUCIOIHEHUUA U B
ynpasienuu [5]. B mojyHenpepbslBHOM pexuMe paboThl pPeakTopa OpraHUYECKUN
cyOcTpaT oOpabaThIBaeTCs MOCIEIOBATENIbHO, BKIIIOYAs CTAIuU MOJA4yH, PEaKIIUH,
ocaxkJeHus U ynaneHus [6]. [lonyHenpepbIBHBIA PEXXUM PEKOMEHIYETCS JJISI BI3KUX
cyOCTpaTOB M TBEPJON OpraHUYECKOl OMOMACChl, TAKOM KaK MUIIEBbIE OTXOAbl U
JUTHOLICJUTIONIO3HAsT OuomMacca, rie (PU3MYECKUil KOHTAKT MEXAy cyOcTpaToM H
MUKpPOOpPraHU3MaMH OTPAaHUYECH, U TaKOW peXUM padOThl peakTopa oOecreynuBaeT
JY4YUIyI0 CKOPOCTh TUAPOJU3a, NpeNoTBpallas 3acopeHue TpyO, M COXpaHseT
3¢ (PEeKTUBHYIO KOHUEHTpalUlo OrnoMacchl. B HENmpepbIBHOM peKMMe MPOU3BOAUTCS
MOCTOSIHHAST ~ MMOJaya  NUTaTeNIbHBIX  BEIIECTB W YJaJeHUE  MPOAYKTOB
dbepMenTaru/nepepadoTKu. Jiis KoMMepUueCcKuX U MPOMBIIIIEHHBIX 1ejiel paboTa B
HETIPEPBIBHOM PEXUME SIBISAETCA NMPEANIOYTUTENbHEE [7].

Hamu OblTu mpoOBeZIEHbI HCCIIEIOBAHUSL B PEAKTOPAX HEMPEPHIBHOTO JECUCTBUS
JIByX THIIOB: C HETMOABUXHOW 3arpy3koil (3aTOTUICHHBIH OMOGUIBTP — anaerobic
filter) — nmanee mo Tekcty «peaktop AF» W C MOABMXKHOM 3arpy3koi (ammapar ¢
kursiimumM cioeM 3arpy3ku — fluidized bed loading) — manee «peaxtop AFBy». Jlns
OCYIIECTBJICHUSI OaKTEpUATbHOW MMMOOWIM3AIIMN UCIOJIb3YIOTCSl PAa3JIMYHbIE THUIIBI
BCIIOMOTATENFHBIX MATEpUaiOB: AKTHUBUPOBAHHBIA YTOJb, QJIbTMHATHBIN TEllb,
nomd(PUpPHOE BOJIOKHO, TOPHUCTHIC CTEKJISHHBIC IIApPUKH, CKOpJyNa SUIl |
JUTHOLICJUTIOJIO3HBIE OTXOJMbI, TakWe Kak crebenh OaMOyka, CKOpiyIa apaxuca,
KOKocoBasi koipa u ap. [8—11]. B kauectBe OnopUIbTpa/MMMOOMIU3YIONIETO
MaTepuaia B NPEICTABICHHON CTAaThe HCIOJb30BAJIUCh KYCOUKH IMOJIMYPETAHOBOM
NEHbI pa3MepoM 9 X 9 x 9 mm.

enpto paboThl OBUIO CPaBHUTh XapPAKTEPUCTHUKHM 3alycka Ipolecca
HenpepbiBHO TA® MC B me3odpunbHbix ycnoBusix (37 + 1°C) B peaktopax IBYX
tunoB: AF u AFB.

MATEPHUAJIBI U METO/IbI

Cybocmpamul u uHOKy1:1mbl
B kadectBe cyOcTpata Obula HCIONB30BaHA MOJIOYHAS  CHIBOPOTKA,
obOpazyromasicst mpu npousBojcTse TBopora (XIIK mcxoaHoil MOJIOYHOU CHIBOPOTKH

(XTTK,uex) = 30,0 r/m; pH=3,77; comepxanme cyxux BemectB (CB) 3,77%;
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MuHepaibHas yactb 12,71% CB; conepxaHne OpraHn4ecKOd 4acTH CyXUX BEIIECTB
(oCB) cocraBuino 87,29% CB; cooTHollieHHue cojaepxaHusi oOILIero yriepojaa K
obmemMy a30Ty (Ciot/Niot) cocTaBmiio 31,8.

[Tockonmbky pH uCXOmHONW MOJIOYHOM CBHIBOPOTKH OBUI HH3KHUM, TO IIepes
nogauet B peakrop pH poBomwim BpyuHyro no 7,0 pactBopom 1 M NaOH.
[ToAroTOBIEHHYIO CHIBOPOTKY (CYyTOYHOE KOJIMYECTBO) 3aIMBAIN B IIPEIBAPUTEIHHBIC
€MKOCTH, U3 KOTOPBIX OCYHIECTBIIACH €€ IM0Jaya B PEaKTOPbl B aBTOMAaTUYECKOM
pEeXUMeE uepe3 YCTAaHOBJIICHHBIC MPOMEKYTKH BPEMEHH.

MonouHyt0 CBIBOPOTKY XpaHuiu B xojoawibHuke npu 4°C. Ilepen mopaueil B
pEaKTop CHIBOPOTKY HE CTEPUIIM30BAIM, MOCKOJBKY OBLIO MOKA3aHO, YTO MJis
CTaOMJIBHOTO 00pa30BaHUs BOAOPO/IA JOCTATOYHO O0ECIEYUTh XPAHEHHE CHIBOPOTKU
nipu 4°C [12].

HononuutensHo B MC nogaBaiu pacTBOP MUHEPAIbHBIX 3JeMEHTOB (1 mui/n):
KH2P04 (3 F/JI), KzHPO4 (7 F/JI), MgSO4 (1 F/J'I), (NH4)2SO4 (1 F/JI).

B kadecTBe MCTOYHMKA aHA’POOHON KYJIBTYpPhl HCHOJIB30BAIA ME30(PMIbHBIN
aHa’pOOHBIM Wi, B3ATHIM U3 mpombinuieHHOro UASB peaktopa, odMInaromiero
CTOYHBIC BOABI MUBOBapeHHOTro 3aBojaa (CB = 10,96%, oCB = 88,3% CB) — nanee no
TEKCTY «HUHOKYJAT». NHOKYIAT mpenBapUTENbHO KyJlbTUBHpOBaiU npu 37 £ 1°C B
TeYeHUE HeAenu U GUIbTPOBAIM Yepe3 cUTo ¢ pazMepom mop 0,2 mm. B peaktopsl
3arpy>kaiu Kuakyto ¢paxiuio menee 0,2 Mmm. 3aTeM JIsl MHAKTUBAIIUU METaHOT€HOB
MHOKYJIAT BbliepxkuBaiu 30 muH nipu 90°C.

Cpean pa3IMyHBIX TEXHOJOTMH MpPEIBAPUTEIBLHOM 00pabOTKHM  METOJ
TEMIIEPATYpHOTO IIOKA MOJIYYWJ IIMPOKOE MPU3HAHHME B KAuyeCTBE MOJAXOJSIIETO
cnoco0a MOATOTOBKA HMHOKYJISITA, MPOU3BOASIIETO BOJOPOJA, HM3-32 OTHOCUTEIBHO
npoctoro M 3((EeKTUBHOrO MeToJla MOJABIEHUS TNOTpeOUTeNeld BOAOPOJA H
CEJIEKTUBHOIO oOoraieHus WHOKYJISITa CHOPYJIUPYIOLIUMU BOJOPO/I-
npoayuupytonumMu 6akrepusimu [ 13—15].

Ilocmanoeka sxcnepumenma

N3yuenne ana’poOHoro mporecca TAD MC npoBoauan B Me30(DHIBHBIX
yenoBusix mpu (37 £ 1)°C. JlaGopaTopHas ycTaHOBKAa BKJIOYaiga B ceOs JBa
UICHTUYHBIX ammapaTa U3 MOJMIPONUIEHA, KaXIbli M3 KOTOPBIX UMeN pabounii
oowem 0,8 1.

Hns co3manus Me30QWIBHBIX YCIOBHH ammapartbl OBUTH TOMEIICHBI B
CYXOBO3IyIIHbIN 1IKad ¢ mpuHyauTeabHo kouekuuend FD 53 (Binder, ['epmanus),
000py/IOBaHHBIM B BEpPXHEH YacTW ILIO30M JUIs BBIBOJIa IIIJITAHTOB W KaOesei.
[Tomaya cybcTpaTa U OTKavka COPOKEHHONW MAacChl OCYIIECTBIISIIACH aBTOMATHYECKH
B COOTBETCTBUU C 33JIaHHBIM BpeMeHeM. Hacochl penupKymsinm, 00ecreunBaromme
TpeOyeMyI0 CKOPOCTh BOCXOJSINIETO MOTOKA JKUIAKOCTH, paboTaly KPyrioCyTOYHO B
3aJJaHHOM pekuMe. B peakTopax ObUIM yCTaHOBJIEHBI CETKH JUIsSl YACpKAHHUS Ha HUX
3arpy304HOr0 MaTepuaa.

JlaGopaTopHbIl CTEHI TMO3BOJSUI  BapbUpPOBATh THUAPABINYECKOE BpeMs
ynepxkuBanust (HRT — hydraulic retention time), Harpy3ky MO OpraHH4E€CKOMY
BemecTBy (OLR — organic loading rate), CKOpOCTh BOCXOSIIETO MOTOKA KUAKOCTH,
4acTOTy IMoJayud cyOcTpaTa H  OTKA4KM COpPOKEHHOM MacChl, H3MEHSThH
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TEMIIEPATypHBII PEXUM, MPOU3BOAUTH 3aMEHYy 3arpy304HOro Marepuana U Jp.
TexHonornyeckue M KOHCTPYKTHBHBIE OCOOCHHOCTHU JIaDOpAaTOPHOM YCTaHOBKH,
cxema KOTOpOH Mpe/CTaBlieHa Ha PUCYHKE 1, MO3BOJISIOT MPOBOAUTH HCCIIEOBAHUS
MO0 TMOBBIIIEHUIO AS(OPEKTUBHOCTH U ONTHUMH3ALMU IPOIECCOB AHAIPOOHOIO
cOpaKMBaHMs, B YaCTHOCTH, poriecca TAD.

Bnok
R e e e o e ynpaenenus [~

B cBopHuk o7 '+ B cbopHuk
uoraza  8-1 / ¢ 1 6uoraza

9-1/

y 102 o

3-1 32

Puc. 1. Cxema n1abopaTopHON yCTaHOBKU. A — ammapaT ¢ KUISIuM cioeM 3arpysku (AFB): 1-1
anmapart; 2-1 3arpy3ouHslii MaTepuai; 3-1 eMKOCTb C UCXOJHBIM cyOcTpaToM; 4-1 Hacoc mojaauu
cyoctpata; 5-1 mpobooTbopHUK; 6-1 Hacoc pemupkyisuuu; 7-1 Hacoc OTKaYKu COPOKEHHOTO
cyoctpara; 8-1 cuerunk Ouorasa; 9-1 rungpozatBop; 10-1 eMKOCTh A cOpokeHHOTrO cyOcTpara;
11-1 npobooTOopHuK Guoraza. B — anaspoOusiit Ouopunstp (AF): 1-2 annapar; 2-2 3arpy304Hbliit
MaTtepuai; 3-2 eMKOCTh C HCXOAHBIM cyOcTparoMm; 4-2 Hacoc mojadd cyobcrpara; 5-2
poOOOTOOPHUK; 6-2 HAcOC PEUMPKYISALMM; 7-2 HAcOC OTKAYKU cOpoKeHHOro cyocrtpara; §-2
cueTunk Owuorasza; 9-2 rumgposatBop; 10-2 emkocts ans  cOpokeHHoro cyoctpara; 11-2
poO0OTOOPHUK OHorasa.

Fig. 1. Diagram of laboratory setup. A — apparatus with fluidized bed loading (AFB): 1-1 apparatus;
2-1 loading material; 3-1 container with starting substrate; 4-1 pump of substrate supply; 5-1
sampler; 6-1 recirculation pump; 7-1 pump for unloading fermented substrate; 8-1 biogas counter;
9-1 water seal; 10-1 container for fermented substrate; 11-1 biogas sampler. B — anaerobic biofilter
(AF): 1-2 apparatus; 2-2 loading material; 3-2 container with starting substrate; 4-2 substrate supply
pump; 5-2 sampler; 6-2 recirculation pump; 7-2 pump for unloading fermented substrate; 8-2 biogas
counter; 9-2 water seal; 10-2 capacity for fermented substrate; 11-2 biogas sampler.

B o06oux peaktopax npouecc TAD ocymIeCTBISICS B PEXKUME IMOCTOSHHON
PELUPKYJISAINU CO CKOPOCTHbIO BOCXOJIAIIECTO MOTOKa kuakoctu 11,2 m/u nis AFB u
3,0 m/a mna AF. BwiOpannas ckopocts st AFB oOecneumBana O0XMKEHHE
3arpy3ouHoro marepuana, mis AF — pocrarounplii MaccooOMEH U OTIEICHHE
ouorasa.

HccnenoBanus 3amycka mnpouecca TA® B AByX peakTopax C IMOJTYyYEHUEM
O0MoBOIOpPOZAa TMPOBOAWINCH B Te4ueHWe 17 CyT, mpu 3TOM HU3MEHSJINCH [IBa
[IapaMeTpa: Harpy3ka II0 OpPraHMYEeCKOMY BELIECTBY M THIAPABIMYECKOE BpEMS
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yaepxxuBaaus. s ummooOmmsaruu 6uomaccel B AF u AFB Obutn ricmonb30BaHbl
KyCOUYKM TIeHomnoiuyperana pasmepom 0,9x0,9x0,9 cMm, cymmapHsii o00bem
KOTOpBIX cocTaBui 260 Mj, 00beM MHOKYJSTA, KOTOPBIM OBbUT 3aJUT B KaXKAbIH U3
peakTopoB, coctaBui 800 mu.

W3MmeHeHusT TUAPABIMYECKOTO BPEMEHH  YyIEPKUBAHUSA, HArpy3Kd IO
opraHu4eckomMy BeliecTBy U pH B Xolie mpoBeneHMs] SKCIEpPUMEHTa MO 3alyCKy
HEMPEPBIBHOTO Ipoliecca noiyueHust 6uosogopoaa nyreM Td B peaktopax AF wu
AFB npeacraBieHbl Ha pUCYHKE 2.
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Puc. 2. Bpemennsie npodunu: (a) HRT, (b) pH B 3aBucumoctu ot OLR.
Fig. 2. Time profiles for: (a) HRT, (b) pH versus OLR.

Ananumuueckue memoowvt
Jnis u3mepenuss oObema oOpa3yrolmerocs Ouoraza HCIOJIB30BaM Ta30BbIM
cuetynk MilliGascounter (RITTER, I'epmanusi). CocraB Ouoraza omnpenessiiia c
ucroiab3oBaHueM raszoBoro xpomartorpadpa GC-2010 Plus (Shimadzu, SAnonus).
Conepxanue oo6Omero yriaepoaa (Ciw) M 00mero azora (Ni) ONpenesii Ha
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sanemeHTHOM aHanm3atope Vario EL cube (Elementar, 'epmanus). KomuuectBo u
coctaB JieTyuux >kupHbIX kucnot (JIDKK), oOpazyromuxcst B mpoiiecce aHadpoOHOM
dbepMmeHTaMuU, Onpenensau Ha Xpomaro-macc-cnekrpomerpe GCMSQP2010 Ultra
(Shimadzu, USA), ycnoBust u pexxum pabOThl KOTOPOTO ONMKMCAaH Hamu paHee [16].
Conepsxanue cyxoro Bemectsa (CB) omnpeaensiiv nocsie BhICYIIUBaHUS 00pa3IoB 10
nocTtosstHHOM Maccbl npu 105°C. 301bHBIM OCTAaTOK ONPEACISUIM MPU CHKUTAHUU
cyxoro obOpasua B MydensHol mneun npu 600°C. Xumuueckoe mnoTpediieHue
kuciopoga (XIIK) onpenensiim OuxpomMaTHBIM METOJI0M, pH u3Mepsiin ¢ MOMOIIbIO
nopratuBHoro pH-merpa WTW pH 3110 SET(WTW, TI'epmanus). U3mepenus
MPOBOAMWIIM B ABYX MOBTOPHOCTSX.

PE3VYJIBTATBI U UX OBCYXJAEHUE

N3BecTHO, uTO Temneparypa copaxkuBanusi, pH, ORL u HRT wurpator Baxxuyro
poisib B miporiecce Td ¢ momyuenuem OmoBomoposna [17]. HRT sBnsercs ognum u3
KJIFOUEBBIX MApaMETPOB YIPaBJICHUS MPOLECCOM COpakMBaHUS, BIUSIOIIUM Ha
HeNpepbIBHOE NPOU3BOACTBO Bogopoaa. C momompto HRT M0XHO OCymiecTBisTH
KOHTPOJIb MHKPOOMOJIOTMYECKUX MPOLECCOB, PEryJIUPOBaTh META0OIMYECKHI MYTh
MUKpPOOPTaHU3MOB, OJaronpusaTHBIA 1151 3P(GEKTUBHOTO MPOU3BOJICTBA BOJAOPOAA.
Jimnrensnoe HRT ciocoG¢cTBYeT pocTy notpeduTeneil Bo1opo/a, IIIaBHbIM 00pa3oMm,
apxei. Torma kak caumkoMm kopoTtkoe HRT mpuBOIWT K BBIMBIBAaHWIO AKTHBHOU
OuoMacchl M YXYILIEHUIO XapakTepucTHK peakTopa. Ontumumsaimss HRT umeer
NEPBOCTENICHHOE 3HAa4YeHWe JJIsi MacIiTaOHOro, JOJITOCPOYHOTO M YCTOMUMBOTO
IPOU3BOJICTBA BOJIOPOJA.

[lepBbie aBoe cytok peakTopbl padotamu mpu HRT 12,1 + 14,5 cyt u
spagennsx OLR 1,88 + 2,25 kr XIIK/(M*-cyT), HaGmogany HeOOBIIOE BHIIEICHUE
ouoraza. Ha tpersu cyrkm OLR yBemmummu go 6,2 xr XIIK/(m*-cyr) (HRT =44
CyT), Tipu 3ToM oOpazoBbiBanoch 177 mu/cyt (mist AF) u 188 mu/cyt (mis AFB)
ouorasa c conepxkanuem Bogopoaa 1,6 00.% (mns AF) u 1,2 06.% (ans AFB), metan
B Tra3e OTCYTCTBOBaJl B OOOMX pEaKkTopax, 4YTO CBHUJAETEIbCTBOBAIO 00
(¢ (PEKTUBHOCTU TMpPEABAPUTEIIBHON TEPMUYECKONM WHAKTHBAMM METAaHOTEHOB.
JlanbHeilliee NpoaoKeHHEe pabdoThl NPH  YKAa3aHHBIX Harpy3kax IMpHUBENO K
obictpomy cHuxeHuto pH no 3,42 nns oOoux peakTOpoB Ha WIECThIE CYTKHU
AKCIIEpUMEHTA, BbIIeJIEHHE OMorasa npu 3TOM MPEKPaTUIIOCh.

[Tocne yBenuuenus 3HaueHus HRT mo 24,2 cyt BeijgeneHue Ouorasa BHOBB
BO300HOBWJIOCH, a 3HaueHue pH miaBHo mogHsock 1o 5,72 (AF) u 5,02 (AFB). pu
HRT 14,5 cyt Habmonanu ctabuibHyl0 paboTy peakTopoB ¢ ypoBHeM pH =572 u
BbIXOJI0M Bojopona 15,9% (AF) u 11,4% (AFB), Beixog Oumoraza 3HaYUTEIHHO
yBennumiicad. [loBropHoe ymenblieHne 3HaueHuss HRT nmo 9 cyr Ha 13 cyrkm
AKCIIEPUMEHTa BHOBB MPUBEJIO K NOHWKEHNIO pH, CHMKEHUIO KoJinyecTBa Onorasa u
CHIDKEHHIO cojep:kaHusi Bojgoposa B Hem 10 2,5% (AF) u 8,6% (AFB). Meran B
Ouorase OTCYyTCTBOBaJI, YIIIEKUCIBIN ra3 COCTaBIIsI OCTAIbHYIO YacTh OMOrasa.

Takum oOpa3zoM, ObLIIO BBISBICHO, UTO MpHu 3amycke peaktopoB AF u AFB npu
OLR =1,13-2,25 xr XIIK/M*:cyr m HRT 12-14 cyr mnpounecc BbIIEICHUS
BOJOpOJIcOAep Kaliero Ouorasza mnpu aHa’dpoOHOM cOpaxkuBaHuu MC mnpoTekan
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HauOosee crabunbHO U dddexTtuBHO, pH cuctemsl coxpansiics Beime 5,0; MeTaH B
Ouorasze He OOHAPYKUBAJICS.

Ha mavanpHOM JTame WCCIICOBaHWA HAONIOMAT HE3HAYUTEIBHBIA BBIHOC
omomaccel 3 AFB peaktopa mpu oTkauke COpOXKEHHOH >KHIKOCTH. B pesyribrare
TEMHOBOW aHa’poOHO# (epmeHTanuu B peaktope AF Bwigenuiaock Oosbie Onorasa
(54,68 mu/r XIIK), yem B peaktope AFB (52,04 mn/r XIIK). YnaenbHas cKoOpocTb
obOpa3oBaHus OMorasza ObLla MPAKTHYECKU OJIMHAKOBOM B 000OMX peakTopax (PUCYHOK
3).
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Puc. 3. Y nenpHast CKOpOCTh 00pa3oBaHus OMoOrasa B peakTopax.

Fig. 3. Specific rate of biogas formation in reactors.

Wen-Hsing Chen u coaBt. [17] mokaszaim, 4TO YeM BBIIIC KOHIICHTpAIUs
00€3>KHUPEHHOT0 CyXOT0 MOJIOKa, TeM BbIle Bbixo1 Bogoposa (119 ma/r XIIK). Onu
BBISIBWIM, YTO TpU KOHILEHTpauuu cyoctpara Oonee 64 r XIIK/nm mpoucxoaut
oOpaTHBII MpoLEecC U KOJIMYECTBO BOJOpOAa B Ouoraze cHuxaercs. [IpuunHol 3T0r0
ABJISIOCH pe3koe cHmkeHue pH nuxe 4,0.

Takum 00pa3zom, ObUIO YCTAHOBJIEHO, YTO AJiA 000uUX peakTopoB Tuna AF u
AFB, nMemux pas3ndyHyl0 CKOPOCTh BOCXOJMSIIETO IMOTOKA JKUAKOCTH, IPU HX
3anmycke ontuMmainbHble 3HaueHuss ORL m HRT onunakoBel. Ognako B AF anmapare
HaOmoanM o0pazoBaHue OOJbILIEr0 KOJMYeCTBA OMoraza U BOJOpoAa.

Omnpenenenue KonudecTBa MpoaykroB dhepmentanuu, Takux kak JIDKK, Baxxuno
JUIS OLEHKU HUX POJIM B KaYECTBE PETYJSATOPA NEPEKIIOUECHUS METa00IMUECKUX MyTen
aHa’poOHBIX OakTepuil, MNPOAYLUUPYIOLIIUX BOJOPOJ, auujoreHe3a (MOJIy4eHHUs
0MOBOIOPO/Ia) B COJIbBEHTOreHE3 (MPOM3BOACTBO alleTOHA, 3TAHOJIA, MPOIAHOoJA U
oyranona). Coobmanock, 4yto HekoTopbie JIJKK TOKCHYHBI, WM HMHTHOUPYIOT
JeSATEeILHOCTh BOJOPOA mpou3Bojsnmx Oakrtepuit. [lo muennto Van Ginkel S. u
coaBT. [18], MacnsHas kuciaora Oojee TOKCMYHA, YEM YKCyCHasi KHUCJIOTa MpuU
IPOU3BOJICTBE BOAOPOAA, OJHAKO AO CHX IOpP HEU3BECTHBI MOPOTOBBIE 3HAYECHUS
KOHIIEHTpAIMi ATUX KUCJIOT, NEPEKITI0YAIONUX META00IMYeCKue MyTH aluaoreHe3a
B COJIbBEHTOTr€He3. OpUEHTHPOBOYHO, aBTOPbI YIIOMUHAIOT 3HaYeHus oT 2 1o 30 MM
HEJAMCCOLIMUPOBAHHBIX (OPM KHUCIOT. JpyruM Ba)kHbIM (PaKTOPOM, PETYIUPYIOIIUM
npolecc MeTaboJIMYEcKOoro nepekitoueHus, spisercs pH. OnrtumaibHOe 3HaUYeHUE
pH nis conbBenTarenesa sisnserca pH 4,5, Torna kak miis auunorenesa — pH 5,5 wim
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Beime. . Davila-Vazquez u coaBt. [6] cumTaroT, 9TO BBICOKOE MAPIIUATILHOE
nasineHue Bojaopona (pHz) B peakuuoHHOHN cpene — oOaHA W3 MPUYUH HHU3KOIO
IIPOM3BOJICTBA BOJIOPOJIa, TOCKOILKY Tipu pH, 6osbiie 0,0001 atM. MeTaboandeckue
NyTH, TPUBOASAIINE K 00OpPa30BaHUIO YKCYCHOM KHCIOTHI, MEPEKIIOYAIOTCS Ha MyTH
POU3BOJICTBA JAPYTUX MPOAYKTOB, TAKUX KakK, Hampumep, OyraHoBas kuciota. [lpu
ananu3e cocraa JOKK B peakunoHHON cpene HaMu ObUIO BBISBICHO, YTO MPOIECC
dbepmeHTaMU UAET MO MyTH OOpa30BaHMsI MACISIHOW KHUCJIOTHI, COJEp>KaHUE
YKCYCHOUM KHCTIOTBHI B 000HMX peakTopax Owputo He 6omee 1670 mr/m (27,81 MM) npu
pH OGomee 5,0. AnamormunbiM obpazom, G. Davila-Vazquez u coast. [6] mpu
HCCIIEIOBAaHUM Tpoliecca aHa’poOHOro cOpaxkuBanus mpu 37°C  BBICYIIEHHOM
CBIDHOW CBIBOPOTKHM HAOJNIO/ATM CHUKCHHE COJEP)KAHUS YKCYCHOM KHCIOTBHI 0
30 MM, O6yranoBo# kuciotsl 10 40 MM npu Harpyske 15 r/1 u pH 6,0. Hanbonbimmii
BBIXO/l BOJOPO/Ia aBTOPBI HAOMIOANM MpU Harpyske 25 1 ceiBopotku/i, pH 7,5 npu
KOHIIEHTpAIIM YKCYCHOM KuCIOThl U OyTtaHoBoul kuciotel 60 MM (1 :1). Ilpu
COpa)KMBaHUM CBHIPHON CHIBOPOTKH aBTOPHI MPU M3MEHEHUU HArpy3KH HaOIIOJaIH
konebanne pH B aumanazone 4,3—6,1, 4TO0 aHAIOTWYHO pe3yJbTaTaM, MOJIYYCHHBIM
HaMH B IpeJicTaBlIeHHON pabore. Cieayer OTMETUTh U HEOOXOAUMOCTh MPOBEACHUS
nporecca NpeaBapuTeIbHON TEPMUYECKON MHAKTUBALMY METAHOITEHOB B CMELIaHHOM
uHOKysTe. Hecmorps Ha Huskue 3HaueHuss pH, maGopaTopHble HCCIEAOBaHUS
nokazanu, yto cHmxenue pH Hmxke 5,5 mnruOupyer meranoreHe3. CHmxenue pH
MIPUMEPHO 110 3,5 NpHUBEAET K IOJHOMY IIOJABJICHUIO NPOMU3BOJCTBA MeTaHa. B
MOJIEBBIX MCCIIEIOBAHUIX OBLUIO MOKa3aHo, uTo mojkucieHnue no pH 4,8 mpuseno k
HETMOJIHOMY HWHTMOMPOBAHUIO METAaHOTEHE3a, YTO CHU3HWIO CKOPOCTh MPOAYKIIHH
MeTtaHa npumepHo 10 50% ot xkoHTpoasHo# [19]. B To ke Bpemst Kim ¢ coast. [20]
MOKa3aJIi, YTO MPHU KyJIbTUBUPOBAHUU ME30(UIBLHOTO METAHOT€HHOI'O COO0IIECTBA B
MOJYHENPEPHIBHOM peXuMe (pepMeHTepa ¢ TJIIOKO30M B KauyecTBe cyOcTpara u
BpEMEHEM TUIPABINUECKOTO yAepKaHus B TedeHue 9 cyT Huzkoe 3Hauenue pH (4,5)
HE OKAa3blBAJI0 MHIUOMPYIOIIErOo BIUSHUS Ha TMpoLecC T'HAPOreHOTPO(PHOro
MeTaHoreHesa. lcmnonb3oBaHle HaMH B peakTopax MOPUCTOTO MMMOOMIN3YIOIIETO
MmaTepuaia (IEHOMOJNYpeTaHa) MO3BOJSET cleiaTh MPEANONI0KEHHE, YTO BHYTPHU
MOp CYHICECTBYIOT HHUIIM C HeWTpaabHbIM pH — cBoeoOpa3Hbie IIEHTPHI
VHULMHUPOBAHUs METaHoreHe3a. Hanmnuue paznnunil B 3HaueHusX pH, BilaxxHOCTH U
konnentparuu JIOKK B pasHbIX 30Hax peakTopa CIOCOOCTBYIOT TMPOSBICHUIO
METAaHOT€HHOM aKTUBHOCTH U mpu HU3KuxX pH. K ToMy ke M3BeCTHO, YTO KaK TOJBKO
pH nocturaer HeWTpalbHBIX 3HAUEHHI, aKTUBHOCTh METAHOT'€HE3a YBEIMYMUBACTCS B
HeckoJibko pa3 [21]. Iloaromy moxkaszatenu pH 5,5 He SBASAIOTCS MCUYEPHBIBAIOIIAM
apryMEHTOM, TO3BOJISIIOIIMM CHAENaTh BBIBOJ 00 HWHTUOMPOBAaHUM aKTUBHOCTHU
MeTaHoreHoB 3a cuer pH. CnenoBaTenbHO, B peakTopax ¢ MMMOOWIU3YIOIIUMU
areHTamMu JUisi TOJIydeHHs: OMOBOAOpOJa SIBISIETCS HEOOXOIUMBIM  IPOIIECC
npenoOpaboTKU U MpeBAPUTEIHLHON HHAKTUBALIMYA METAHOTCHOB.

W3BecTHO, yTO MHrHOMpPOBAaHUE Mpolecca 00pa30BaHUsA BOAOPOJA BO3MOXKHO
oyranoBoit kucioroit (pK, =4,81) npu pH 4,8, koTopas cnocob6CTByeT yBEIMUECHHUIO
KOHIEHTPAllMU HEIUCCOLMUPOBAHHON (OPMBI KHUCIOTHlL B PEAKIIMOHHON cpeje.
[TosTomy mnomnepkanme pH B oOnactu Oojee BBICOKMX 3HAYCHUNU MO3BOJUT
MPeoAoJeTh UHTMOUPOBaHKE Ipoliecca 00pa3oBaHMs BOJopona. B cooTBeTcTBUM €
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MOJIy4YeHHBIMH HaMU pe3yJibTataMu, npu pH 6,32 conepxanue MaciIssHOW KUCIOTHI B
peakumonHo# cpene AFB peakropa Obuto 2,86 1/1, Torna kak rnpu yMmenblenun pH
no 5,3 comepxaHue OyTaHOBOM KHUCJIOTHI yBenuuwioch B 1,76 pasza, a ykcycHOM
KHCJIOTHI YBEIMYWIOCHh B 2,28 pa3a. AHAJOrM4YHO M JJis peaktopa AF waGmromamu
yBEJIMUCHHUE COJAEpKaHUS MACISIHOM KUCTIOTHl B 1,22 pasa, Torna Kak cojliep KaHue
YKCYCHOM KHCJIOTBI YMEHbBIIIIOCH B 1,91 pa3 (pucyHok 4).

B Anerar BEIIponuonat Bbytupar XpH

8000 - -7
= 7000 - X 6
s
E,6000 . s
= 5000 - .,
[+
£ 4000 - i 3pH
5 3000 -
] 2
Z 2000 -
= 1000 - -1

0 - )

11 cytku 13 cytku 11 cytku 13 cyTku
AF AFB

Puc. 4. Conepxanune JOKK B cOpoxxenHoi xunkoctu ais annaparos AF u AFB.

Fig. 4. Content of volatile fatty acids in fermented liquid for AF and AFB reactors.

G. DavilaVazquez u coaBt. [6] BeisiBUIM, uTo nipu pH 8,12 u 7,5 obGpa3zyercs
oonpioe konmyecTBO JIKK, koTopsie pesko camxkaroT pH. C npyroii ctoponst, JDKK
SIBJISIFOTCS OCHOBHBIMM CyOCTpaTaMu JJIsl METAaHOBOTO COpaKMBaHUS U OOJBIIOE UX
KOJIMYECTBO Ha TEPBOM CTaAUM COPaKUBAHUSI CHIBOPOTKH TMO3BOJIUT YBEJIUYUTH
KOJIMYECTBO JIETKO JOCTYIHOTO CcyOcTpaTa [Jisi BTOPOW CTYIEHH aHa’poOHOTO
cOpakMBaHUsI — METAaHOTCHE3a.

3AKJIFOYEHUE

Takum o0Opa3zom, B pe3yibTare MPOBEACHHOTO JKCIEPUMEHTa IO 3aIlyCKy
mporecca TEMHOBOM  aHa’poOHOW  ¢depMEHTAIlMu  MOJIOYHON  CBIBOPOTKH  C
noiayyeHrem OuoBosopona B ammaparax Tuna AF u AFB ObUTo BBISIBIIEHO, YTO Ha
Ha4yaJIbHOW CTaJWM IpOIecca ONTUMAIBHBIM SIBIISCTCS PEKHM C THAPABINYECKAM
BpEMEHEM yJlepkuBaHusa 12—14 cyT W Harpy3kol IO OpPraHMYECKOMY BELIECTBY
1,88 +225 kr XIIK/(M*-cyr).JlaHHBI peXHUM MO3BOJISET HayaTh paboTy CoO
cTaOMIIbHOW TeHepaluel Omorasza c cojepkaHueM Bojopoaa B Hem 15,9% (AF) u
11,4% (AFB) u nognep>xanuem pH cpenspt 5,72.

Ha wnauvanbHOM »3Tame paboOThl anmapaToB B PEAKTOpPE C HEMOJBMKHOU
3arpy3koi (0nopuasTp) o0Iee KOJIUIECTBO 00pa30BaBIIerocs Onoraza ObLIO BHIIIIE,
YeM B PEaKTOpe ¢ MOABMXHOM 3arpy3Koil (ammapaT ¢ KUISIIUM CI0EM); IPU PE3KOM
YBEJIMUYEHUH OOBEMHOM Harpy3ku MO OPraHUYeCcKOMY BEIECTBY BbIlIe 2,25 Kr
XTIK/(M*-cyT) HabmomaeTcs pe3Koe 3aKHMCIIEHHE PEAKIMOHHOM CPEelbl U CHUKEHHUE
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BbIpa0OTKH OHorasa: cojiepaHHe MAacCISIHOM KHCIOTHl B PEaKIMOHHON cpene
IPEBBIIANIO COAECPKAHUE YKCYCHON KUCIIOTHI.

Paboma evinonnena npu ¢unancosou noooepowcke epanma PDODU Ne [8-29-
25042.

Aemopbl  gwipadicarom  Onazodaprocmv  L[KII  «Hoevie mamepuanvl  u
pecypcocbepezarowue  mexuonoeuuy  Huowcecopoockoeo  2ocyoapcmeennozo
yrusepcumema um. H-U. Jlobauesckozo 3a npedocmasnennoe 06opyoosatue.
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AHHoTanusi — B pabote mpemyioxkeHa METOAMKA MOTyYeHUs! YTIEPOJHBIX COPOCHTOB W3 JIMTHUH-
CoJiepKallluX OTXOJOB IIyTeéM KapOOHU3alMU JIMTHUH-COJEPIKAIIErO ChIpbs C MOCIEAYIOLIEeH
napoBoit aktuBanued. Cragusi KapOOHM3AaIMU BBIMONHANAch npu Temieparype 700°C Ha
CTEHJIOBOM yCTaHOBKE MHUPOJIN3a. AKTUBALUS MOTYYEHHOIO YIJIEPOJHOrO0 MaTepraia IpoBOAUIACH
BOJSHBIM TlapoM npu Temiepatype 970°C mnpu pa3nuyHOM MNPOAOTHKUTENBHOCTH, MPUYEM
ONTUMAIBHBIM OBLJIO BpeMsi akTHUBaluu — 60 MHH, KOTOpOE 00ECIEeUnII0O BBICOKYIO COPOIIMOHHYIO
aKTUBHOCTh TNpOAYKTa. Pe3ynbTarhl uccleqoBaHW COPOLMOHHONW aKTUBHOCTH TIO HOAY
MOJTYYEHHBIX COPOEHTOB IMOKa3ajd, YTO MPUTOTOBJICHHBIE OOpa3Ilbl UMENH BBICOKHE TOKa3aTesln
(MakcuManbHass COpOIMOHHAs AaKTUBHOCTh MO Hoay ~82%), He ycTymas H3BECTHBIM
MIPOMBIIIIJICHHBIM aHAJIOTaM, MOJTYyYaeMbIM U3 JIPEBECHOTO CHIPbsi. TakuM 00pa3oM, MpeiasiaraeMblil
METOJl TPEACTaBIseT COOO albTepHATHUBY CHKUTAHUIO M SBJSETCS TMEPCIEKTUBHBIM CIIOCOOOM
YTHWIM3alUU JIMTHUH-COJIEPKAIUX OTXOJOB C OJHOBPEMEHHBIM TMOIy4eHHEM 3((PEKTUBHBIX
COpPOEHTOB, KOTOPBIE MOTYT IPUMEHSTHCS JUISI OYMCTKH KUIKUX CPEM OT 3arpsi3HUTENECH.

Kniouesvie cnoea: NUTHUH-cONEpXKAIUE OTXOJbI, KapOOHHM3alMs, MUPOJIN3, MApoBas aKTUBALUA,
YTIEPOAHBIN COPOEHT, COPOLIMOHHAS AKTUBHOCTD, OUMCTKA KUJIKUX CPe/l.
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Abstract — The paper proposes a method for obtaining carbon sorbents from lignin-containing
waste by carbonization of lignin-containing raw materials followed by vapor activation. The
carbonization step is carried out at a temperature of 700°C using a bench pyrolysis unit. The
obtained carbon material is activated with water vapor at a temperature of 970°C for various
durations, and the optimal activation time is found to be 60 min, which provides a high sorption
activity of the product. The results of studying sorption activity with respect to iodine of the
obtained sorbents have shown that the samples are characterized by high values of sorption activity
(maximum sorption activity with respect to iodine is ~82%), which is competitive with the known
industrial analogs obtained from wood raw materials. Thus, the proposed procedure can be
considered as an alternative to the waste incineration and has proved to be a promising way for
disposal of lignin-containing waste with simultaneous production of effective sorbents that can be
further used for treatment of contaminated liquid media from pollutants.

Keywords: lignin containing waste, carbonization, pyrolysis, vapor activation, carbon sorbent,
sorption activity, treatment of liquid media

BBEJEHUE

B HacTosiiiee Bpemsi OHOM M3 BaKHEUIIMX MpoOJieM MHPOBOro maciitadba
ABIISIETCSl  YyTWIM3alUs JIMTHUH-COAEPKAIIMX OTXOJOB, KOTOpbIE B OOJIBIIOM
KOJMYECTBE OOpa3yloTcsi Ha MPEANPUITHSX JIECOXMMUYECKOTO KOMIUIEKCa B
pesynbTate nepepadbotku apeBecunsl [1, 2]. Tak, B Poccun Ha ieconpoMbIIIeHHBIX
KOMIUJIEKCaX U JepeBoriepepadaThIBalOMIUX KOMOMHATaX €XKEroJHo obpasyercs
cebinte 200 MiIH M 0TX0/10B ApeBecuHsI [3].

Knaccuueckumu cmocobamu yTUIN3aluK TBEPIbIX OTXOA0B SIBISIFOTCA [4]:

— 3aXOPOHEHUE;

— TepMHuYeckas 00paboTKa (CKUraHuE U TUIa3MeHHas 00padoTKa);
—  KOMIIOCTUPOBAHHUE;

— OpHKeTupOBaHHUE.

Haubonee 49acTo mHpUMEHSEMBIM  CHOCOOOM  YTWIM3allMU  OTXOJOB
KPYIHOTOHHAXXHBIX MPOU3BOJCTB SBIISIETCSl CKUTAHUE, OJHAKO 3TO CIOCOO HMMEET
CYILLIECTBEHHBI HENOCTAaTOK — OOJBIIONW BBIOPOC BPEIHBIX BEIIECTB, HEraTHUBHO
BIIMSIIOIIMM HA COCTOSIHHE OKPYKAIOWIEHW CpeNbl U 3J0POBbBE 4YEIOBEKA. B naHHOM
CTaTh€ PACCMOTPEH albTEPHATUBHBIA CHOCOO yTWIHM3AllMd — HE TOJBKO Oosee
0e30MacHbIf, HO W BEIyIIMH K MOJYyYEHHUIO TMPOJIYKTOB C BBICOKOW 00aBOUHOM
CTOMMOCTBIO [5], TO €CTh COPOIMOHHBIX MAaTEPHAJIOB.

HccnenoBanusi  THAPOJM3HOIO  JIUTHUHA  —  OTXOJAa  THUIPOJIA3HOM
MPOMBIIIUICHHOCTH, KOTOPBIA TPENCTaBIseT COOOM pa3BETBICHHBIA TPEXMEPHBIN
MOJIUMEp, COJAepX amuii  (EeHUINPONAaHOBbIE CTPYKTYphl, a TakKe OCTaTKu
MOJINCAXapHuIOB — MOKa3ajdu MOTEHIMATIbHYIO BO3MOXHOCTh €r0 HMCIOJIb30BaHUS B
paznuuHbIX cdepax [6, 7].

JIurHUH, B TOM 4YMCJI€ THAPOJIU3HBIA MOXKET HCIOJIB30BATHCS ISl MTOTYUYCHUS
KUJKOTO TOIIMBa, OMOBOJOPOJIA, apOMATHYECKUX MOHOMEpPOB [8, 9], duoyrus [9],
poayKTOB 6uotexHoaoruu [10].

[lokazaHa BO3MOMKHOCTb  WCIIOJB30BaHUsA THAPOJM3HOIO JINTHHMHA B
CTPOUTENLHON MPOMBIIUIEHHOCTH B IPOU3BOCTBE OJI0KOB st cTeH [11], B kauecTBe
MoauduKaropa s TIOJYYCHHS KOMIIO3UIIMOHHBIX CBS3YIOIIMX B JOPOXHOM
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cTpouTenscTBe [12], akKTUBMpPOBAHHBIA THUIPOJIU3HBIA JUTHUH OBUT IMPUMEHEH B
Ka4yeCcTBE KaTOJHOTO MaTepuaa Jjisl JINTUEBOTO UCTOYHMKA ToKa [13].

Haubonee kpynHomacmiTabHOE HampaBiICHUE MCIONIb30BAHUS TEXHUYECKUX
JUTHUHOB — 3TO CHUHTE3 YIJIEPOJHBIX copOeHToB [14, 15]. Tak, Hanpumep, U3BECTHO
UCIOJb30BAaHUE TUAPOJIMU3HOIO JIMTHUHA B KA4yeCTBE ChIpbi JUIsl IPOU3BOJICTBA
COpOEHTOB: W3 TUAPOJM3HOIO JUTHMHA noiydyarT npenapatr [lomudenan (PO),
KOTOPBIN SBJIAETCSA MPUPOAHBIM dHTEpOocopOeHTOM [16]. Taxke noaydaroT cOpOEHTHI
Ha OCHOBE AaKTMBHPOBAHHOIO yrisl W JHUrHUHA [17], JUTHUH W UEUIONUTHUH
HCIIONIb3YIOT IS MTOTYYEHUs TPaHyIMPOBAHHbBIX AKTUBHBIX yrien [18, 19].

[lenpto JaHHOTO HCCIEAOBAaHHUS SBISIETCS pa3paboTKa METOJa IMOJIyYeHHUs
YTIEpOICOAEpKAIMX COPOCHTOB W3 JIMTHUH-COJIEPKAIIUX OTXOJOB IMPOHU3BOACTBA
MUKPOKPUCTAJUTMYECKON LEIUTFOI03BI.

IKCIHEPUMEHTAJIBHAS YACTb
Mamepuanw

HNcxoaHbIM CHIpEEM SIBIISUIUCH OTXOJbl MOJYYEHUSI MHUKPOKPHUCTAIMUYECKOMN
LEJUTION03bl Ha JJa0OpaTOPHON yCTaHOBKE, XOTA MpeJjiaracMblii MeTo ] iepepaboTKu
OTXOJIOB SIBJISIETCSI YHUBEPCAIBHBIM M TOAXOAUT ISl JIIOOOTO JTUTHUH-COAEPKAIIETO
CBIPbSI.

CpenHsst BIaXHOCTb UCIIOIb3YEeMOro B paboTe 00pasiia JIUTHUH-COAEPKaIero
ceIpbs coctaBmia 9,93%, cpeansia 301bH0CTH — 0,3%.

Huponu3 nuznun-codeprcauyux omxo0oe

[Tuponu3 mpoBOAMIICA HAa CTEHIOBOMW YCTAHOBKE MEPUOIUYECKOTO JICHMCTBUS,
COCTOSAIIEH U3: peakTopa ¢ OTBOJOM MaporazoB, MaTpyoKkaMu 3aMepa TeMIeparyp 1o
IEHTPY OOBEeMa pETOPThl W BBIXOJA MApOra3oB, KOHACHCAIIMOHHOW CHCTEMBI,
rpagydpOBAaHHOTO  IMPUEMHHMKA  JKHAKUX  MPOAYKTOB,  CHUCTEMBI  OYHUCTKHU
HEKOHJIEHCUPYEMBbIX Ia30B, HArPEBATEIBHOIO 3JIEMEHTA.

VYcraHoBka  cHa0XeHa  aBTOMATU3UPOBAHHOM  CHCTEMOW  yIpaBJICHMS,
HaOmroAeHUsT U cOOpa JaHHBIX. YTPABJICHHE HArpeBOM IMPOU3BOIUTCS C MOMOUIBIO
TEPMOKOHTpoJIepa. PerynupoBanue mojaun OXJaxaarouieil BoJbl B KOHAEHCATOP-
XOJIOIUIBHUK ¥ KOHTPOJIb pa0OThI IOKUTATENS] TPOBOJAUIINCH B PYUHOM PEKUME.

Cucrema TO3BOJSIET MPOU3BOAUTH H3MEPEHHE TEMIEpaTyp B peEaKkTope
NaporpoBo/ie, KOHACHCAIIMOHHOMW CHCTEME, JOKHUraTeie, ONpeAeNsiTb pPacXon
XJaJlareHTa W BBIXOJ KUJAKUX MPOAYKTOB. JlaHHBIE OT MOKa3bIBAIOIINUX
npeoOpazoBareneit mocrynatoT Ha cepBep SCADA «OpenScada», paboratomuii Ha
[19BM nox ynpasnenuem OC GNU/Linux Debian 8.

OO6mast cxeMa CTEHJI0BOM YCTaHOBKHU MUPOJIM3a MPECTaBICHA HA PUCYHOK 1.

HcxogHoe CchIpbe 3arpykajlloch B peakTop. Bblmensitomiasics B mpoliecce
MMpOJIM3a Mapora3oBas CMECh OTBOAMWIACH YEPE3 MapoNpoBOJ B KOHAEHCATOP-
XoJIoguiabHUK. OcCThIBIIAs Mapora3oBas CMECh C TPYAHO KOHJIEHCUPYEMBIMU
KUJKUMU MPOAYKTaMH, B BUAE B3BECH HU3KOBSI3KMX YaCTHUIl 3aT€M MOCTynajua Ha
JNOOXJIAXKAEHUE B XOJOIMIIbHUK-KOHIEHCATOP.
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Puc. 1. Cxema CTEHIOBOM YCTaHOBKH JUIsl IPOBEIECHUS TUPOJIN3a JIMTHUH-COIEPIKALUX OTXOI0B:
1 — peakTop; 2 — KOHJACHCATOP-XOJIOIUIBHUK; 3 — HAacOC; 4 — TOMOYHAs KaMepa; S5 — mprueMHast
€MKOCTb; 6 — IIporpaMMupyemMsblil TepmokoHTposuiep; TT — usmepurens remneparypst; JT —
n3Mepuresb MomHocth; WT — natuuk Beca; FT — u3mepurens pacxoia moToka.

Fig. 1. Scheme of bench unit for pyrolysis of lignin-containing waste: 1 — reactor; 2 — condenser; 3
— pump; 4 — furnace chamber; 5 — receiving tank; 6 — programmable thermocontroller; TT —
temperature meter; JT — power meter; WT — weight sensor; FT — flow meter.

Ilocne mooxmakaeHus OYMILEHHAs I1apora3oBas CMECh I10JAaBAJIaCh Ha Y3ell
M3MEpPEHNs pacxoja IO YCIOBHOMY rasy W Jajiee Ha JOXKurarenb. BblieneHHas
KUIKas Qpakius OTBOAMIACH B COOpHUK KOHAeHcaTa. O cTagusx Mmpolecca MOXKHO
CyIWTh IO 3Ha4YEHUsAM TMoKa3arenen, perucrpupyeMbix SCADA, um ropenuro
HEKOHJICHCUPYEMOU 1apOora3oBON CMECH.

Jnarpamma mporecca nupoJm3a JMTHUH-COAEpKAaIMX OTXOJ0B MOKa3aHa Ha
pucyHok 2. HWuTeHcuduKkaims BbIXOJa MaporazoB MUPOJM3a COBHAAAECT C
YBEJIMYEHNEM CKOPOCTH PAa3JIOKEHUs OPraHMYECKOro ChIpbsi. HekoHAeHCHUpyembie
ra3bl MUPOJIM3a YCTOWYHUBO TOPAT MPU TEMIIEpaType BHYTpU peTopTsl Beime 300°C.
Boixon yraepoaucroro ocratka coctaBuil 30% 0T aOCOJIIOTHO CYXOTO ChIPbSL.

Jlanee moy4eHHBIN yTIEpPOIUCTHIN OCTATOK MOJBEPrajics OPUKETUPOBAHUIO C
LEJIBI0 YBEJIMYEHUS NPOYHOCTH M IUIOTHOCTH CBHIPbA Ul AaKTUBALUUU W,
COOTBETCTBEHHO, ITOJyYEHUS CAMHUX aKTUBHBIX YIJIEH, IO CIEAYIOIEN METOAUKE:

1) bpuketupoBaHHe TBEpPABIX MPOJYKTOB IHPOJU3a C HCIOIb30BAHUEM
JIECOXMMUYECKOT0 CBA3YIOLIEr0 B BHUAEC MHUPOT€HHOM CMOJIBI, IIOJIYy4aeMOW B
IIPUEMHOU EMKOCTH IIPOLIECCA TUPOIIN3A;

2) Pasmoun 6pukeToB 1 0TO0p ppakiuu;
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3) AKTHBAIUS TTOJYICHHBIX TIOCTIE OPUKETUPOBAHUSI TPAHYJI.
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Puc. 2. I[I/Ial"paMMa npounecca MMUpojn3a JUTHUH-COACPKAINX OTXOJ0B.

Fig. 2. Diagram of pyrolysis process of lignin containing waste.

bpukernpoBanue MpoBOAWIOCH Ha JIAOOPATOPHOM TMAPABIMYECKOM IIpECCE —
[IJIT'20. bpuketnpoBaHHble O00pa3Ubl OBUIM MOABEPTHYTHI H3MENBUYCHHIO HA
pyoOunsHoil MammHe PM-120, u otobpana ¢pakuus 0,5-2,0 Mmm ayig nanbHenmen
aKTUBALUU.

IHaposaa akmueayus noayueHHbIX COpOEHM OB

AKTHBanusa o0pa3ioB MPOBOJAUIACH HA CTEHJIOBOM YCTAaHOBKE IO aKTHBAIUH,
CXeMa KOTOpOU MpeicTaBieHa Ha puc. 3.

HcxogHoe ChIpbe 3arpyKajloCcb B PEakTOp, KOTOPbIA 3aTEM IMOMEIAJICS B
npenBaputensHo Harpetyro a0 970°C tpyOuartyro meub. Yepe3 mapompoBoj U3
naporeHeparopa IojaBajcsi TMap, BpeMsl [OoJaud Tapa peryJupoBajoch B
COOTBETCTBHHM CO CXEMOM JKCHepuMeHTa. Bplnesnstomasics B Mpolecce aKTUBAIIUU
CMeCh abra3zoB OTBOJMJIACH HA CKUTAHUE.

B kadecTtBe MpOAYKTOB IMOJy4Yajdd AaKTUBHBIC YIJIM TIPU Pa3HOM BpPEMEHHU
aKTUBallMM. YCJOBUSI TOJYYCHUS W OCHOBHBIC XapaKTEPUCTHKU TOJTYYEHHBIX
00pa3loB MpeACTaBIeHbI B Ta0muIe 1.

Onpeodenenue copoUUOHHOU AKMUBHOCMU Y2/1EPOOHBIX COPOEHM 08

Omnpenenenue acopOIMOHHON aKTHBHOCTH OOpPAa3I[0B aKTUBUPOBAHHOTO YIS
10 MHAMKATOpY Moay npoBoauiock B coorseTcTBuu ¢ I'OCT 6217-74 [20].

[TpoOy yrns BeicymmBaoT npu 110-115°C B cymmnbHOM mKady wim mof
uH(ppaKpacHON JaMmod 0 MOCTOSIHHOM Macchl. Okojio 1 T BBICYHIEHHOTO YIS
B3BELIMBAIOT (pEe3yJbTaT B3BELUIMBAHMS 3alHMCBHIBAIOT C TOYHOCTBIO JO TPETHErO
JIECATUYHOTO 3HAKa), MOMEINAIOT B KOHUYECKYIO KOJIOY BMECTUMOCTBIO 250 cm?,
noGasnsior 100 cM® pactsopa #ioga B HOAMCTOM KallMH, 3aKPBIBAIOT MPOOKOM M
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BPYUYHYIO KaXXIyI0 MUHYTY B30aiThIBalOT B TeueHue 30 MUH. 3aTeM pacTBOpY JAIOT
OTCTOATHCS U U3 KOJOBI MUMETKOW OCTOPOXKHO, YTOOBI HE IMOMANN YaCTUYKHU YTJIs,
ot6uparoT 10 cM® pacTBOpa, MOMENIAIOT B KOHMYECKYIO KOJIOY BMECTUMOCTBIO 50 cMm?
¥ TUTPYIOT PaCcTBOPOM THOCYJIb(hata HaTpus. B KoHIe THTpOBaHus n06aBisior 1 cm?
pacTBopa Kpaxmaiia ¥ TUTPYIOT IO UCUE3HOBEHHSI CUHEH OKPACKH.

P sfl=="

&
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Puc. 3. CxeMa yCTaHOBKH 10 aKTUBALIMU YIJIEPOJHOr0 copbeHra: 1 — naponposon; 2 —
naporeHepaTop; 3 — peakTop; 4 — TepMOperynsTop; 5 — Tpyddaras neus; 6 — pexykrop; 7 —
BBITSDKHOM KOHYC; 8 — roperka.

Fig. 3. Activation setup scheme: 1 — steam pipeline; 2 — steam generator; 3 — reactor; 4 —
thermoregulator; 5 — tube furnace; 6 — reducer; 7 — extraction cone; 8 — burner.

OAHOBPEMEHHO MPOBOJST OIPEIECICHUE HAYAJIBHOTO COAEpXKaHUA HoJa B
pactBope, [ 3Toro oréuparor 10 cM® pacTBopa #oa B HOAMCTOM KaJlui M TUTPYIOT
pacTBOpPOM TUOCYJb(aTa HaTpusl, J00ABUB B KOHIIE TUTPOBAHUS PAaCTBOP Kpaxmaia.

PE3YJIBTATBI U UX OBCYKJAEHUE
AKTHBaLMsa 00pa3LoB MOJIYYEHHOTO U U3MEIBLYEHHOTO YIJIsl TPOUCXOAUIIA MPU
cineayrommx ycioBusx [ 18, 21]: akTHBHpYIOIIMI areHT — BOASIHOM Iap, TeEMIleparypa
aktuBanuu — 970°C, npoaoKUTENbHOCTh AKTUBAIIMU TIPU 33IaHHOM TEMIIEpaType —
20, 60 u 80 MHUH (B COOTBETCTBMHU C PA3JIMYHBIM BPEMEHEM aKTHUBAIMU OOpa3iibl
MOJIYYEHHBIX aKTUBUPOBAHHBIX YIJIEPOAHBIX COPOECHTOB MOJYUYMIN 0003HaUeHUusI AY
1, AY 2 u AV 3). IlonyueHHble pe3yabTaThl NpeaCcTaBiIeHbI B TA0IUIE 1.

Tabnuya 1. JlanHble O aKTUBALIMU YTIIEPOJICOIEPIKAIUX COPOCHTOB

Table 1. Summary of activation data for carbon-based sorbents

HaunmenoBanue | Macca yris 1o | Macca yriis nocie Bpews Brixon CreneHb
aKTUBALUU, | AaKTHUBHOTO o
obpasma aKTHBAIlMH, T aKTHBalLUU, T o obrapa,%
MUH yrist, %
AY 1 11,604 9,526 20 82,1 17,9
AY 2 6,873 5,797 60 84,4 45,7
AY 3 11,252 5,633 80 50,1 49,9
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BpIxo1 akTMBHOTO YTJIsSI paccyuTaH 1o popmyre:
m,
X,=—1-100%
m,
Crernenp oOrapa paccunTana mo GopMmyiie:
(my—m, |

)= 100%

m
2
rac mp — Macca yrijd 1ocCjic akTuBaluu, I, m; — Macca yril 10 akTuBallvu, I'.

Kak BuaHO u3 TaOmuIpl, MakcMMalbHas CTENeHb oOrapa (IoJjs yIiid,
BBITOPEBILLIETO IpH akTuBauuu) cocrtaBuwia 49,9%. BbIxon akTUBHOTO yrias ¢
YBEJIIMYEHUEM CTEIIEHU 00rapa yMEHbIIaeTCs.

Pesynbratel ompeneneHus COpOLUMOHHON AaKTHUBHOCTM 1O HOLy IS
MOJIy4eHHBIX 00pa3loB cOpOEHTOB mpenacTaBiieHbl B Tabmuue 2. Kak ciemyer u3
MOJTy4YEHHBIX JAHHBIX, MAKCUMaJIbHYIO COPOIMOHHYIO aKTUBHOCTH 1O MOy MOKa3all
obpazerr AY 2 (81,92%), noatomy ycioBus ero aktuBanuu (970°C, 60 muHn) cienyer
CUHUTATh ONTUMATIHHBIMHU.

Tabnuya 2. Pe3ynbratsl COpOLIMOHHON aKTUBHOCTH T10 HOAY

Table 2. Summary of adsorption activity for iodine of activated carbon samples

TpeGopamms HaunmenoBaunue o0Opasina
TMokasatenn o TOCT 6217-74 [20] pastl
BAV-A BAY-M® AV 1 AV 2 AV 3
AICOPOUNORHAs AKTHBHOCTE | o\ opoe 60 | memenee 70 | 40,64 | 81,92 74,86
1o ony,%

BaxxHo oTMeTuTh, 4TO mojy4yeHHble oOpa3zubl AY 2 u AY 3 mno cBoeit
COpOLIMOHHOM €MKOCTHU HE TOJIBKO HE YCTYIaIOT, HO, BO3MOXHO, JTaXe MPEBOCXOIST
COOTBETCTBYIOIIME TMOKa3aTeaud oOpa3lioB H3BECTHBIX MPOMBIIUIEHHBIX MapoK
AKTUBUPOBAHHBIX YTIJIEW, MOJYYEHHBIX M3 JIPEeBECHOTO Cbipbi BAY-A u BAY-MO®
(75-81% mpotus 60—70% B COOTBETCTBUU C HOPMATUBHBIM JOKyMeHTOM [20]).

Takum o0pa3om, TpeasiaraeMblii METOJ| TMOJY4YEHHUs YTIAEPOIHBIX COPOSHTOB
MOXET CTaTh MEPCIEKTUBHBIM CIIOCOOOM, 0OECTIEYMBAIONINM HE TOJIBKO YTHUIU3AIINIO
JUTHUH-COJEPKAINX OTXOJOB, HO U OJHOBPEMEHHOE MOJIy4YeHHE COpPOEHTOB C
MOJIE3HBIMUA CBOMCTBAMH.

3AKJTIOYEHHE

[IpennoxkeHHbI CIOCO0 MEepepadOTKH JTUTHUH-COJIEPHKAIIUX OTXOJI0OB MyTEeM
WX MOUPOJIM3Aa C TMOCIEAYIOUIEH IapOBOM AKTUBALMEW ITOJYYEHHBIX YTIJIEPOIHBIX
COpOEHTOB SBJISIETCSI TIEPCIEKTUBHBIM abTEPHATUBHBIM CIIOCOOOM  yTHIIM3AIUN
JaHHOTO BUJAa O0TX0J0B. Croco0 Takke SBISETCS YHUBEPCATBHBIM U MOAXOIAUT JJIS
J1F000T0 BHA JIUTHOLIEIIOI03HBIX OTXOI0B.

[Toy4eHHBIE TT0 OMHMCAHHOW B CTaThe METOIWKE YIJIEPOJHBIE COPOCHTHI HE
yCTymaloT 1O  CBOMM  COPOIIMOHHBIM  XapaKTEPUCTUKAM  aHAJIOTHYHBIM
IIPOMBINIJIEHHBIM 00pa3liaM aKTUBUPOBAHHBIX YIJICH, MOJYYEHHBIX W3 JIPEBECHOTO
CBIPBAL.
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CopOeHTbl, NONyYEHHBIE W3 JIMTHUH-COACPIKAIIETO ChIpbi LEJIecOo00pa3Ho

HCIIOJIB30BATh AJIA OUMCTKH KHAKUX CPCO OT HCOPIraHUYCCKUX COGHHHGHHﬁ.
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AHHoTanuss — B crarbe mpencTaBieHbl pe3yilbTaThl MCCIEAOBAHUN IO pa3paboTke MeToja
MOJIy4eHUS! U W3YUYEHHUIO CBOMCTB AHTHUCIEKHUBAIOILIETO areHTa JUIsl LIIMPOKO IPUMEHSEMOTO B
CEeJIbCKOM XO3SHMCTBE a30THOIO YyIOOpEeHHs — aMMHA4YHON CcenuTpbl. AMMMAayHas CeIuTpa,
o0jazas MOBBILIEHHOW TMI'POCKONMMYHOCTBIO, a TAK)KE XOpOIIEH pacTBOPUMOCTHIO B BOJE, MpHU
JUIUTEIbHOM XPaHEHUM M TPAaHCHOPTHUPOBKE CKIOHHA K CIIEKMBAHUIO U OTBEpxKAeHUIO. [l
YCTpaHEHUs ITOT0 HEJOCTaTKa pa3paboTaHa TEXHOJIOTUsl CHHTE3a rUApPO(GOOHBIX MOBEPXHOCTHO-
akTuBHbIX BemecTB (IIAB) Ha oOCHOBE BTOPMYHBIX MPOJYKTOB MECTHON XMMHUYECKOM
MPOMBIIUIEHHOCTH — AMCTHJIJIMPOBAHHBIX JKUPHBIX KHUCJIOT M OYMIIEHHOIO OT OKCHAA Cepbl
oTpaboTaHHOrO MOHOATaHONaMmuHa. Ilomyuyennas xommosuuus [TAB coctout u3 crnemyrommx
MATH KOMIIOHEHTOB: BTOPUYHOTO MPOJYKTa — KyOOBOTO OCTaTKa IUCTUIUISIMM KUPHBIX KUCIOT
XJIOIIKOBOTO Macia; OTpabOTaHHOTO MOHO3TaHOJAaMHUHA, MOJIyYEHHOTO IOcie aAcopOLMOHHON
OUMCTKM Ha OEHTOHHUTOBBIX TJIMHAX; MHUHEPAJbHOrO Macja, CcTaOuiau3aTropa U OTBEPAUTEIIS.
Pa3paboranbl onTuMainbHble YycinoBus cuHTe3a [IAB: Temmneparypa, naBineHue, Bpewms,
COOTHOIIIEHHE OCHOBHBIX KOMIIOHEHTOB. [IpenBapuTenbHblE HCNBITAaHUS MOKa3ajid, YTO HOBBII
I[TAB oGnanaer ruapodoOM3UpYIOIIMMU CBOMCTBAMM, a TaK)Ke MPEJOTBPAIIAET OTBEPIKIECHUE
aMMUAYHOM CENUTPHI NIPU €€ XPaHEHUHU Ha CKJIAJe.

Knrouesvie crosa: AHTUCIIC)KNBATCIIb, IMOBEPXHOCTHO-AaKTUBHOC BEIICCTBO, AWCTUIIIIMPOBAHHBLIC
JKUPHBIC KUCJIOTHI, OTpa60TaHHBII‘;I MOHO2TAaHOJIaMHH, y'I[06pCHI/Ie, aMMUa4vYHas CCJIUuTpa.
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Abstract — The article presents the results of research devoted to the development of a method
for obtaining an anti-caking agent for nitrogen fertilizer widely used in agriculture — ammonium
nitrate, and studying the agent’s properties. Ammonium nitrate is characterized by increased
hygroscopicity and good solubility in water, and is prone to caking and hardening during long-
term storage and transportation. To eliminate this drawback, a technology has been developed for
the synthesis of hydrophobic surfactant based on secondary products of the local chemical
industry — distilled fatty acids and spent monoethanolamine purified from sulfur oxide. The
resulting surfactant composition consists of the following five ingredients: secondary product —
residue of distillation of fatty acids of cottonseed oil; waste monoethanolamine obtained after
adsorption treatment on bentonite clays; mineral oil; stabilizer, and hardener. The optimal
conditions for the synthesis of surfactant have been developed: temperature, pressure, time, ratio
of the main components. Preliminary tests have shown that the new surfactant has
hydrophobizing properties and also prevents the fertilizer from caking during storage in a
warehouse.

Keywords: anti-caking agent, surfactant, distilled fatty acids, spent monoethanolamine, fertilizer,
ammonium nitrate

BBEJAEHUE

B cenabckoM XO35HCTBE HIMPOKO BOCTPEOOBAHHBIMU SIBIISIIOTCS A30THBIE
yaoOpenus. Cpean HUX HauOoJiee pacnpoCcTpaHEHA aMMHUAyHas CeNuTpa (HUTPAT
amMmoHust, NH4sNO3), koTopas cuuTaercs YHUBEPCAIbHBIM U BBICOKO3(D(EKTUBHBIM
MUHEpPAJIbHBIM ynoOpeHueM u 3anumaer Oonee 70% Bcero MHUPOBOIO pPbIHKA
ynoopenutii [1].

MupoBbele MOIIHOCTH 0O MPOU3BOJACTBY aMMHAYHOM CEJIUTPBI PACTYT C
KaxaeIM ToioM U B 2019 rony coctaBmmm 6onee 30 miH T [2], mpuuem PecriyOiuka
VY30eKkucTan SIBASETCS OJHUM M3 KPYMHEWUIIUX MPOU3BOJIUTENICH HUTPATa aMMOHHUS
B mupe [3, 4]. IIpou3BoACTBO aMMUAYHOUN CETUTPHI B Y30EKHUCTaHE 3a MOCIEIHUE
roJbl 3aMETHO YBEJIMYWJIOCHh M B HACTosIee Bpems coctaBiseT 1,52 muH. T/TOf,
MOJIHOCThIO o0ecrieunBas MOTPEOHOCTH CEIbCKOTO XO3sIMCTBA CBOEW CTpPAaHBI.
KomOuHaThl rocy1apcTBEHHON aKIIMOHEPHOW KOMIAHUU «Y3KUMECAHOAT» YCIEIIHO
AKCHOPTUPYIOT 3Ty MPOAYKIHUIO B coceqHue 3apyOexxHbie crpanbl: Wpan, Kuraii,
Brernam, Monromauro, ITakucran, Kazaxcras.

Hapsigy ¢ yBenaumdeHweM NpOM3BOJICTBA AMMHAYHOW CEJIUTPHI OJIHOBPEMEHHO
NOBBICHJIUCh M TpeOoBaHUs K ee KadecTBy. OmHOW M3 MpoOJIeM HCIOIb30BaHUSA
aMMHUAYHOU CEJIUTPHI B CEJIbCKOM XO3SIMCTBE SIBISIETCS €€ CKIIOHHOCTh K CIEKUBAHUIO
B [IPOLIECCE XPAHEHUS U TPAHCIIOPTUPOBKH [5].

[Tockonpky MHUHEpaidbHbIE YIOOpPEHHS SIBISIIOTCS MpenaparaMd CE30HHOTO
npuMeHeHus (00paboTka Mosel BeleTcs B OCHOBHOM BECHOW BO BpeMsi Hayaia
MOCEBHOM KOMIIAaHWH), a XHMHYECKHE KOMOHMHATHI paboTaroT KPYyribld TO1, TO
MPUXOAUTCS XPAHUTh MPOIYKLHIO B TEUEHHE 5—6 MeCsILIEB.

[Ipy TakoM [UIMTETBHOM XpaHEHUHM TOHKO-JUCIEPCHBIE MUHEPAIbHbBIE
yIOOpEeHHs CIEKUBAIOTCS, YTO SIBISETCA WX OJHUM M3 OCHOBHBIX HEIOCTATKOB,
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KAJIBIPOB u np.

BIUSIONIMX HAa HMX KA4eCTBO M TpaKTH4YecKoe npuMmeHeHue. (OcoOEHHO ATOT
HEJ0CTaTOK OTPUIIATENIbHO BIHUSET HAa OO0BEMBbI IKCIOpTa YI00peHUN 3apyOekKHBIM
CTpaHam.

B cBs3u ¢ 3TUM pelieHre mpoOiIeMbl CIEKUBAEMOCTU a30THBIX, KAIUWHBIX U
dochopHbIX yTOOpeHUl SBISETCS HA CErOJMHAIIHUN JIeHb aKTyaJIbHOW 3ajaveit aJis
PecnyOnuku Y30ekuctaH.

Y  MuHepalbHbIX yAOOpPEHHI pa3NuYaroT TMOHATHE pacchimyarocTu. O
CBIIIYYECTH CYHAST MO CIEKAIOCTH, KOTOpask M3MEPSETCS Pa3pylIAlONUM YCUIIUEM,
NPUXOASIIMMCA Ha eIuHMIly Momaaun ooOpasna (MIla) unu mo KoauyecTBy
yAOOpeHHs, TMPOCHIMAIIICTOCS dYepe3 eAUHUILy IUIOMAA TOPU30HTAIBLHOTO
OTBEPCTHS B KI/CM?.

OCHOBHBIMM MPUYHMHAMH CJICKMBAEMOCTH aMMHUAYHOW CEJIUTPHI SIBISIOTCS €€
BBICOKAasi TUTPOCKONUYHOCTb, XOpOIIas pPacTBOPUMOCTb B BOJIE U HaJU4Ue
noJIMMOPGHBIX TIpeBpatieHuii [1].

AHaM3 JUTEPATypbl MOKA3bIBAET, YTO JUISi CHUXKEHHUS CIICKUBAEMOCTHU
IPUMEHSIIOTCST pa3InyHbIe CIOCOObl 00pabOTKH MOBEPXHOCTH TPaHYJ aMMHUAYHOU
CEJUTPBl. DTO MOTYT OBITH CIIOCOOBI MEXaHMUYECKOW o0paboTKu [6], a Takxke
00pabOTKH TpaHyJl pa3IMYHBIMU XUMHUYECKUMH BEIECTBAMHU, HAIIPUMED, COsIMU [ 7],
OKCHJaMH METAJUIOB [8], KpeMHUMCOAEp)KAIIUMU cCOeIMHEHUAMU [9]. [l CHU>KEHUS
CJIe)KMBAEMOCTH TaKK€ HCIOIB3YIOT ONYJPUBAHUE TPaHYJ] MOPOIIKOOOPA3HBIMU
TOHKOAMCIIEPCHBIMU BELIECTBAMHU, Harlpumep, 0eHToHuToM [ 10].

M3BecTHBI Takke TakWe CHocoObl, Kak oOpaboTKa rpaHysl MOBEPXHOCTHO-
akTuBHbIMU BeniecTBamu (IIAB), cnocooHbIMU 00pa30BbIBaTh THAPOPOOHBIE TIIICHKU
[11], nanpumep, ITAB Ha ocHOBe cynab(OKUCIOT HadTaaMHA C BOJHBIM PacTBOPOM
dopmanbaeruaa [12].

['uapogoOusmupyromiee AecTBUE Ha TIpaHyJMpPOBAaHHbIE MUHEPAJIbHbBIE
yI00peHHs OKa3bIBAIOT TaK)Ke aMUHOCOAepKalue coenuaeHus [13].

[lokazaHo, 4Yro aMMmuadHas celauTpa, oOpaboTaHHas anudaTuuecKUMu
aMUHamMu ¢ 4uciaoM yriepoaHbix atoMoB C7-Cyy  coxpansier  100%-nHYyro
pacchITYaTOCTh B TEUEHUH TPEX U IIECTU Mecsles [ 12].

HaunGornee mepcrneKTHBHBIMYU U3BECTHBIMUA AHTHUCIICKUBAIOIIIMMH areHTaMu JIJIs
aMMHa4YHOU cenuTpsl aBisitorcs [TAB Ha ocHOBe cMeceil aMUHOB C MUHEPAJIbHBIMU
Maciamu [14]. IlpuMepoM Takoro areHTa SBISIETCS KOMMEPUYECKUN Mpenapar
«Novoflow» romnanackoi kommaauu Holland Novochem Gmbh [15].

BaxkxHbiM 00CTOSITEILCTBOM TNpH  pa3pabOTKe TMpernapaTa-aHTHUCICKUBATESA
(11 ero MpUMEHEHUs B MPOM3BOJICTBE W MPHU JUIUTEIBHOM XPaHEHWU aMMHUAYHOMN
CEJIUTPBI) SABJISETCS TAKKE BONPOC CHIKEHUSI CE0€CTOMMOCTHA KOHEYHOTO MTPOAYKTa U
MOBBIIIEHUS €r0 KOHKYPEHTOCIIOCOOHOCTH IyTeM 3aMeHbl UMMOpTHhIX [TAB-
ruapododuzaTopoB Ha [TAB 13 MECTHOTO XMMHUYECKOTO CHIPHSI.

B Hacrosiee BpeMsi aMMHUadHasi CeIUTPa MPOU3BOJUTCS HA TPEX XUMHUUYECKUX
KOMOHMHAaTax pecyOInKu: AO «Maxkcam-Hupuuk», AO «HaBou-Azor»,
AO «®eprana-Azor», B obmem oOveme Oonee 1 muH T1/rox. Ilpu stom s
MIPEIOTBPAICHUST CICKUBAEMOCTH aMMHUAYHOW CETUTPHI 3aKyMmaeTrcs B Toj Oojee
1000 T antucnexxusarens rosanackoil kommanuu Holland Novochem Gmbh mo
1eHe 4 eBpo/Kr, TO €CTh B CYMM€ Ha 4 MIJTH €BpO/TO/I.
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B cBs3u ¢ 3TUM HEOOXOIMM TMOMCK HOBBIX MAaTE€PHAIOB U KOMIIOHEHTOB CPEIU
OpPTaHMYECKOTO CHIPbS XWUMHUYECKOW H TepepadaThIBArONICH MPOMBIIUICHHOCTEH
pecmyOJIKH, a Takke pa3padOTKa HOBBIX TEXHOJOTHYECKHX MPUEMOB IMOYUCHUS
ITAB B npoMBITIZIECHHOM MaciiTade.

[lepen yueHBIMU-XMMHKaMH ObllIa TIOCTABIICHA 3a/1a4a:

— paspaboTka cmocoba W B TOCISAYIONEM MPOMBINIJICHHON TEXHOJOTHH
MIPOM3BOJICTBA AHTUCIIC)KUBATEIST U3 MECTHOTO OPTAaHHYECKOTO CHIPHS;

— 3aMEHa UMIIOPTHOTO peareHTa rojuranackoi kommanuu Holland Novochem Gmbh
Ha MecTHBIN 1TAB;

— pacHMpeHue acCOPTUMEHTA MPOAYKIUU B CUCTEME KOMITAHUU « Y 3KUMECAHOATY;

— obecrieueHNe CHIKEHUS ce0eCTOMMOCTH aMMHAYHOM CETTUTPHI.

Takum 00pa3zom, IeNb HACTOSIIETO HCCIEAOBAHUS COCTOSIa B pa3paboOTKe
TEXHOJIOTHH, TOA0OpPE COCTaBa M PEIENTypbl KOMIIOHEHTOB W YCTAHOBJICHUH
ONTUMAJIHHBIX YCJIOBHHA CHHTE3a AHTHCISKHBATENS IS aMMHAYHOW CEIUTPHl Ha
OCHOBE MECTHOTI'O BTOPUYHOTO CHIPbS.

OKCHHEPUMEHTAJIBHAS YACTDb

[IpoBeneHHbIE TpPEABAPUTENBHBIE HCCIECIOBAHMS TOKa3aldd, YTO B COCTaB
UMITOPTHOTO MpernapaTta BXoasaT nuoHorennoe [1AB, munepansHoe Macno u nmapaduH.
C uenpio moadopa HEOOXOAUMBIX KOMIIOHEHTOB JJIS TOJYYCHHUS] aHTHCIICKUBATEIS
JUISl aMMHUA4YHOM CEIUTPbl Mbl OCYIIECTBWJIM U3YYEHHE MECTHOIO OpPraHUYECKOro
CBIPhSl XMMHUYECKHUX M MAacCIIOKHUPOBBIX 3aBOJOB [16—18] m oToOpanm B KauyecTBe
CBIpbSl JIJIS CUHTE3a KYyOOBBIM OCTaTOK IUCTHILIALMHM KUPHBIX KuciaoT (KO JIKK)
XJIONKOBBIX ~ COANCTOKOB, MPOAYKThl HepTenepepadOTKH, aMUHOCOEIWHEHUS,
BTOpHUYHBIE MPOAYKTHI pon3BoacTBa aueruieHa. KO JIDKK — ato kyOoBbIi ocTaTok
npolecca TUCTUIUISIIUKN KUPHBIX KUCIOT XJOMKOBBIX COANICTOKOB, B CBOEM COCTaBe
COJICP)KUT TIpeC/ibHbIE U HEMpeACbHBIC XUPHBIE KHUCIOTBI, a TaKXe MPOTYKThI
MpEeBpAICHUS roccuriosia — TMICEBJIONOJIMMEPBI (nepewenime u3
HU3KOMOJIEKYJISIPHOTO B BBICOKOMOJIEKYJIIipHOE coenuHenue [19-22]) (tabm. 1).

B kauwectBe KOMIIOHEHTa ¢ aMHHOTpyNmHaMud ObUI  HCIOJIB30BaH
OTpaOOTaHHBI MOHOATAHOJIAMHUH, JETajJd €ero TOJY4YeHUS ONHCAHBI B
CJIEIYIOILEM pa3JEe.

B kauecTBe MUHEpPAIBHOTO Maciia UCMOJIb30BAIA WH]YCTPUAIBLHOE MacCIo
(Depranckuii HII3, VY306ekucran). B kadectBe crabunmszaTopa TPUMEHSIN
HAaTPUEBYIO COJIb MAJIbMUTHUHOBOW KHUCIOTHI, MIPUTOTOBICHHYIO M3 THUIAPOKCHIA
HaTpusi M TaJIbMUTHHOBOM KHCJIOTBI MECTHOTO Mpou3BojcTBa (YpreHueckui
MacI0XXUPOKOMOMHAT, Y30€KHCTaH), B KayeCTBE OTBEPIAUTENS HCIOJIb30BaIH
Hepe3un (depranckuit HII3, Y36ekucran).

IToBepxHOCTHOE HATSKEHUE pacTBopa ITAB OIpEIEISAIN
CTaJarMOMETPUYECKHM METOJIOM cueTa Kanenb rnpu 25°C, ycioBHyo Bs3KocTh [TAB
onpenensua npu 40°C ¢ moMoIbio CTaHAAPTHOTO TosIeBoro Bucko3umetpa (CIIB-5)
110 BPEMEHU HUCTEUYEHUS KUJKOCTH B CEK.
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Taonuuya 1. Guszuko-xumuueckue cpoiicta u coctaB KO JIDKK

Table 1. Physic-chemical properties of waste distilled fatty acid

IToka3zarenn IlepBb1it BUI Bropoii Bua
Buemnunii Bung OnHopoaHas Macca Bsizkorekyuast
[Ber OT TeMHO-KOPUYHEBOTO o yepHoro
Kucnornoe uucio, Mmr KOH 70-100 50-70
Coneprxanue 301161, %o 1,0 1,2
ConeprkaHue BJIary U JIETYYUX BEIIECTB, %o 4,0 4,0
PactBopuMocTh B anierone, % 80 70
VnenpHas Macca, r/cm’ 0,98-0,99
Yucno omburenus, mr KOH ot 80 10 130

[TpumepHBIif cOCTaB rOCCUIIOIOBOM CMOJIBL, %o
’KupHble 1 OKCHXKHPHBIE KUCTOTHI 56 52
[TpoayKThI TMPEBpAIIECHHS TOCCHUITOA 32 36
A3oTcoaepKalue CoeaMHEHHsI 12 12

Temnepatypy 1maBieHus KomnoHeHTOB [IAB  ompenmensmu  Metonom
¢ukcupoBanua Ttemreparypbl IuiaBieHuss IIAB mo crekanuio ero kamim u3
paCHIMPEHHON KalWJUSIPHOM TPYOOUYKH B Y3KYI0 4YacTh. lemmeparypy BCHBIIIKA
ONPENEIISUIA TEPMOMETPOM B OTKPBITOM THUIJIE, ITIOTHOCTH ONPEAEIISIIIA apEOMETPOM,
TeMrneparypy 3acteiBanus onpenensiau no 'OCT 4255-75. Hedrenpoayktel. MeTon
ONIPENEIICHUS TEMIIEPATYPHI IUTaBICHUS 110 JKyKOBY.

PE3YJIBTATBI
Jlns cuHTe3a aHTuciaexkuBareas tuna [IAB B kauecTBe KOMIOHEHTaA C
aMHHOTPYIIIIAMU OBLI MCIIOJB30BaH OTPAOOTAaHHBIM MOHOATAHOJAMHH, KOTOPBIH
BBIpa0ATHIBACTCS HA TOM K€ CaMOM TPEANPUITHH, T/IC TPOU3BOAATCS aMMHUAYHAs
cenuTpa Ha ocHoBe amMmuaka (AO «Makcam-Uupuunky, Y30ekucTan).
[IpOMBINIUIEHHBIA CUHTE3 aMMHAKa IPOBOAUTCS IO CICAYIOIMIEH PEaKIuu,
KOTOpasi IPOTEKAET C BBIJCIICHUEM TEILIA:

N2 + 3H> =2NHs + Q

B kpynmHOTOHHa)XHOM TIPOM3BOJICTBE aMMHAKa a30T, HEOOXOAUMBIN IS
A30THO-BOJIOPOJTHOM CMECH, TMOJMy4aroT (U3NYECKUM pa3IesieHheM BO3/ayxa, a
BOJIOPOJ, — KOHBEPCHUEM METaHa IPUPOJHOrO rasza ¢ MOCIEAYIOIIEHW KOHBEPCHUEU
okcuaa yriepoza. [Ipomecc KOHBepcHM METaHa ¢ BOASHBIM MapOM ITPOTEKAET TAKKE
C BBIJICJICHUEM TEILIA:

CH4 + 2H20 = CO:2 + 4H: + 165 k/Ix

Ounctky Bosoposia oT CO, 0OBIYHO MPOBOJAT IMyTEM OOpPabOTKH PacTBOPOM
MoHoaTanojamuHa (MDA). ITpu B3aumoneiicteuss MDA u CO,, TOMUMO OCHOBHOM
peakiuu, TMpoTeKaeT psa MOOOYHBIX, KOTOpble BeayT K 00pa30BaHUIO
HEXeJaTeIbHbIX HEPEreHEPUPYEMBIX M KOPPO3HMOHHO-AKTUBHBIX COEAUHEHUN
(MypaBbuHas KucnoTa, hGopmamMu, u ap.). IlocteneHHOe HaKOTUIEHUE ITUX BEUIECTB
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B pabouem pactBope MDA BbI3BIBAET KOPPO3UI0 OOOPYIAOBaHUS U TIOTEPH
abcopOenTa. [Ipn HapacTaHUM KOPPO3MOHHON aKTUBHOCTU pabouuil pactBop MDA
MEHSET CBOM I[BET OT OECLBETHOI'O J]O YEPHOTO.

[Ipn mNOBBILIEHHBIX TeMIepaTypax Ipu pereHepaunun MDA oOpasyercs
OKCa30JIUJI0H-2:

HOCH;CH,NH; + CO; — CH;— CH, + H,0
(M3A) : | l

C 1enpl0 CHUXKEHUSI CKOPOCTH OOpa3oBaHMs OKCa30JuI0HA-2 B padoumii
pactBop MDA n00aBIsIIOT KayCTHYECKYIO COMy, moBbImaromyro pH pactBopa.
OO6pa3oBaBIIMiiCS OKCA30JIUJIOH-2 pearupyeT co BTOpoi MoJiekysno MDA ¢
oOpazoBaHueM 1-(2-0KCUATHIT)-UMHUIA30TUI0HA-2

(lsug— lcu: + HOCH;CH;NH; — ICH;— (lzuz + H;0
O NH NH N—CH;CH,OH
' O
C é
[ I
0 0

Hanee 1-(2-0KCUATHIT)-UMHUAA30IUI0H-2 MOJIBEPraeTcsa TUAPOIN3Y ¢ 00pa3oBaHUEM
N-(2-0KCHATHN)-3TUIICHANAMUHA U BBIJIEJIEHUEM YTJIIEKHUCIIOrO ra3a o peakluu:

CH,— CH; + H,0 — HOCH,CH,NHCH,CH,;NH; + CO;
[ | (093/1A)

NH N—CH,CH,OH

Xisw,

]
0
B  pesynprare, pabouuii pactBOp abcopOeHTa ¢  HAKOIUICHHBIMH
HEpEreHEePUPYEMbIMH KOMIIOHEHTAMH W KOPPO3UOHHO-aKTUBHBIMH COCJIMHEHUSMHU
MPUXOJIUTCS TIEPUOIUUECKH BHIBOJAUTD U3 TIPOIIECCa U 3aMEHSITh CBEKHUM.
OtpaboTanHblii KyOOBBIH OCTaTOK MOHOJTAaHOJAMWHA CKIAIUPYIOT W
MEPUOANYECKUA YTUIUZUPYIOT, CKuras B medax. [Ipu 3TOM NPOAYKTHI CTOpaHUs
(cmoxHast CcMeCh TOKCHYHBIX OKCHJOB a30Ta) B BHJIE «IHUCHETO XBOCTa» C
XapaKTePHBIM JKEJITO-KOPUYHEBBIM IIBETOM PpACIPOCTPAHSAIOTCA B arMmocdepe,
co3aBasi HeOJIaromoayyHyI0 YKOJIOTHIECKYIO CUTYAIIHIO.
JlabopaTopHbIe HCCIAEAOBaHMS TOKa3aldd, 4YTO B oTpaboraHHOM MDA
colepkatcsl TIEpBUYHBIC, BTOPUYHBIE M TpPEeTHYHBbIE aMUHBL l[locnme mpoBeaeHwHs

pAaaa peaKuHﬁ C OCJIbIO YBCIINYCHUA COACPIKAHUS IICPBUIHLIX aMHUHOB, HOHy‘ICHHHﬁ
IMPpOAYKT OBL1 UCIIBITAaH B KAYECTBE KOMIIOHCHTA JJIA IIOJIYYCHUSA ITAB B BUAC aMHaa
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KAPHOU KUCIIOTHI.

C umenbto pereHepanuu MDA co3mana jabopaTopHass yCTaHOBKA IO
azcopOIUU CMOJIMCTBIX BEIIECTB M3 oTpaboTaHHOro MOA. Ha 3TOoli ycTaHOBKE B
CTAallHOHAPHOM PEKHUME MPOBEACHBI OMBITHl MO aJCOPOIMU CMOJMCTBHIX BEIIECTB
MecTHbIMU TiuHamu Kenecckoro mectopoxkiaenus. B pesynbrare ObLI MOJTy4YeH
MDA 97%-Hol KOHIIEHTpaIluK, KOTOPBIN OBLI Jlajiee UCIoIb30BaH B cuHTe3e [1AB.

Ha cnenyromem srtame Obul OCYHIECTBIEH MOAOOpP COCTaBa U PELENTYPbI
AHTUCIICKUBATENISI HAa OCHOBE MecTHOro BTopu4yHOro ceipbs: KO JIKK wu
0TpabOTaHHOTO MOHOATaHOJAMHHA.

B cocraB kommnozuiuu [IAB Obuti BKIIOUEHBI CIEAYIOMINE MSTh KOMIOHEHTOB,
Ha OCHOBE MECTHOIO CbIpb XUMHUYECKOH MPOMBILIJIEHHOCTH pPEeCIyOIuKH:
JUCTUJUTMPOBAHHBIE KUPHBIE KHUCIOTBI W3 XJIONKOBBIX COANCTOKOB (OTXOA
MacJ0KHUpPOBOT0 KOMOMHATa), OTpabOTaHHBIM KyOOBBII OCTaTOK MOHO3TaHOJIAMHHA
(KO MDA), MunepanbHO€ Maciio, OTBEpAUTEINb U cTabmimmu3atop [23—-28].

[IpucyrcTBUE nOpYyruX KOMIIOHEHTOB B KOMIIO3MIMM TAaKXE WIPAET OYEHb
BOXHYK pOJib. Tak, peakmuio IMOJy4YEeHUs aMHHOCOEIMHEHHMS NPOBOJAT B
npucyTtcTBuM crtabunuzatopa [IAB, mpencrasmsitomero co0oil HaTpuUEBYIO COJIb
npeaenbHONM KapOOHOBOW (MaJbMUTHHOBOM) KHUCIOTHL. BBeneHue crabuimsaropa
IOMOTaeT CTAOUIM3UPOBATh U TOMOTE€HU3UpoBaTh Kommnosuuuio [TAB, ymeHbmuTh
DHEPreTUYECKHE 3aTpaTbl HA MEPEMEIIMBAHME W YCKOPHUTHh IPOLECC MOJYyYEHHUS
npoaykra  [29].  [omosHWUTENbHBIM  BBOJ  crabuiuzaTopa  oOecreuyuBaeT
B3aMMOJICUCTBHE JKUPHBIX KHUCJIOT C MOHOATAaHOJAMHHOM C 0OOpa3oBaHUEM
ankwionamMuaa. MUHEpAIIBHOE MAacjao B KOMITO3WIMM CIYKHUT JAUCIEPCHOM Cpenou
st [IAB u cnocobctByer pacnpocTpanenuto rmiueHku I[IAB, yBennuuBas oxsar
MJIOIIAIM U 00BEMA aMMUAYHOM CEITUTPBI.

[Tpumenenue otBepauTens (LIEpe3ruH) B pa3paO0TaHHON pelenType yaydllaeT
ruapodobu3zaimo, odecrneynBaeT TePMOCTOUKOCTh oOpasyromielics tuieHku [TAB.
Kpome toro, orBepauresnp npenoTBpamaeT cMbiBanue IieHku [IAB npu BeicOkux
TEMIEpaTypax, a TAKKe MOMOraeT 00pa30BaHUIO CKOJIB3AIIEH TBepoi ruAPOPOOHOIM
MJICHKH.

Cytp pazpaboranHoro cmocoba momyueHusi [IAB 3akmouaercs B
cineayromieM. B peakrop nomemaror KK u narpesator go temnepatypst 70—75°C.
K pacmiaBnenHoil Mmacce npu nepeMeninBaHuy, MOCTENeHHO, B TeueHue 25—-30 MuH,
OPWINBAIOT KyOOBBIM OCTaTOK (TIOJyYEHHBIM TOciie aOCOPOUMOHHOW OYUCTKU
OTXOJSIIMUX Ta30B) MOHOATAHOJIAMUHA B PACYETHOM COOTHOLIEHUHU. OTOMPaIOT Mpoody
nonyyenHoro IIAB s omnpegeneHuss cTeneHM TOTOBHOCTH (MO OCHOBHBIM
nokazarensaMm). Jlanee mosbimaroT temmnepatrypy a0 100—110°C npu MHTEHCHBHOM
NEepEeMENIMBAaHNNA peakiMOHHOW Maccel. Yepe3 30 MuH B peakTop MOAAIOT
otBepauTenb u cradbwmsarop. I[locme 10-15 mun mnepememuBanus I[IAB s
KOJUIOMJHOT'O pacTBOPa aHTUCIIEKUBATEIIS TOTOB.

B3aumMopencTBre KUPHBIX KHUCIOT C AMUHOCIUPTAMH PA3JIUYHOW CTEIEHU
3aMEeIEHHOCTH (MOHO-, JAM-, TPU-3TAHOJAMHHBI) MPOUCXOAUT C OOpa30BaHHEM
KOMILJIEKCHBIX COJIEH B COOTBETCTBUM C PEAKLIUSAMMU:

R-COOH + NH:C:H4OH-RCOONH:C:H4sOH
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R-COOH + NH(C:H4OH) -RCOONH:(C2H40OH)2
R-COOH + N(C:H4OH)3-RCOONC:H4OH3

CB0OOSHBIE >KUPHBIE KHCIOTBI, TmpucyTcTByromue B coctaBe JIXKK,
B3aUMOJICHCTBYIOT ¢ MDA, HaxomsmemMcs B KyOOBOM OCTaTKe, 4YTO BEIET K
00pa3oBaHUIO KOMILICKCHOMN COJIM )KUPHOW KUCIIOTHI IO PEAKIINH:

R-COOH + NH2(C;H4OH) — RCOONH(C;Hy)

B pesynprare momywaror komnosunuio I[IAB Ha ocnoBe JIJKK m MDA c
nobaBKaMu MHIYCTPUAJIBHOTO Maciia, mapaduHa, Iepe3nHa, Kotopas Ipyu HaHECEHUHU
MyTEM paclbUICHUS Ha TpaHyJdbl aMMHAYHOM CeIuTphl 00pa3yeT TOHKYIO,
ruApohoOU3UPYIOIILYIO IJIEHKY, CIOCOOCTBYIOLIYIO aHTUCIIEKUBAHUIO.

OnTuManbHOE COOTHOIIEHHE UCXOJHBIX KOMIMOHEHTOB [TAB mogbupanu mo
3HAQYEHUSIM MOBEPXHOCTHOTO HATSKEHUS MOJTYYEeHHOTO KOHEUHOTO MPOYKTA.

Ha pucynkax 1 m 2 mnpuBeAeHbl 3HAUYECHUS MOBEPXHOCTHOTO HATIKEHUS
nonydeHHoro [IAB B 3aBUCMMOCTH OT COJIEpKaHUS B KOHEYHOW KOMITO3UIUU
TUCTUJUTUPOBAHHBIX KUPHBIX KUCIOT U MOHO3TAHOJIAMUHA — B YUCTOM BuUJE (puc. 1)
U B BHJIC KyOOBOTro ocTtaTka (puc. 2).

[ToBepxHOCTHOE HaTsDKEeHHUE, JK/M?

100 A

80 A
60,64

60
42,34

40

20 - 13,24

O 1 1 1 1 1
0 20 40 60 80 100 %

Puc. 1. 3aBucumoctb nosepxHoctHoro HaTspkeHus [IAB ot coneprkanus B komnozunuu JOKK (1) n
guctoro MDA (2).

Fig. 1. Dependence of surface tension of surfactant on content of distilled fatty acids (1) and pure
monoethanolamine (2).

Kak BugHo u3 pucynka 1, npu coorHomenun JIDKK:M3A=90:10
NOBEPXHOCTHasi akTUBHOCTh HOBOro ITAB Bo3pacrtaer mpakTtuuecku B 10 pa3 mo
CpPaBHEHHUIO ¢ YUCTBIM MDA, YBennueHue KoHueHTpauu MOA B CUHTE3MPOBAHHBIX
Hamu [IAB cHMXaeT v MOBEpXHOCTHYIO aKTUBHOCTb.
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[ToBepxXHOCTHASI aKTUBHOCTb, HM?/ KT
120 ~
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Puc. 2. 3aBucumoctb noBepxHocTHoro HaTsbkeHus [TIAB ot coneprkanus B kommnozuimu JOKK (1) u
otpabotanHoro MDA (2).

Fig. 2. Dependence of surface tension of surfactant on content of distilled fatty acids (1) and stillage
residue of monoethanolamine (2).

Kpome Ttoro, cpaBHeHne pHUCYHKOB 1 M 2 CBHAETENBCTBYET O TOM, 4YTO
MOJyYEHHBIE PE3YyJIbTaThl TOBEPXHOCTHOTO HaTshKEHUsT KoHeuHoro I[IAB mnpu
MCIIOJIL30BAHUM YHCTOTO M oTpadoranHoro MDA 6mmsku (109,0 m 102,5 x/m?).
Otcroga MOXHO cliefiaTh BBIBOJ O TOM, uTO mnpu cuHTe3e [TAB BMecTO XMMUYECKH
yuctoro MOA BHoJiHE MOXKHO UcTonb30BaTh KO MOA.

OBCYXJIEHUE PE3YJIbTATOB

N3MeHenne CBOWCTB JHCHEpPCHBIX cucTeM B mnpucyrctBuu [IAB, kax
OpaBUJIO, OOYCJIOBJIEHO aJCOPOLIMOHHBIM 3aKPEMJICHUEM MOJIEKYJ BBOIAMMOIO
BEIIECTBAa Ha TIOBEPXHOCTH AUCTIEPCHON (Pa3bl. ITO SIBICHUE, TO-BUIUMOMY, 3aBUCHUT
HE TOJIbBKO OT COCTOSIHHS MOJIEKYJl J00aBKM B PAacTBOpE, OIpPeaesieMoro
ruApopoOHO-TUIOPUIBHBIM ~ 0anaHcOM H  TUAPO(POOHBIMH  B3aUMOJEHCTBUIMHU
YTJIEBOAOPOIHON yacTh MoJiekysbl [TAB ¢ nucnepcHoil cpemoi, HO U SIBIISIETCA
(GyHKUIMEH KOHIIEHTPAallUd BBOJMMOTO BEILECTBA, a TaKXke ero (GU3HKO-XUMUYECKHX
CBOWCTB.

[Tony4yeHHbIe AKCIIEPUMEHTATBHBIE PE3YJIbTAThI MO3BOJISIOT CAENATh BBIBOJ O
TOM, YTO C yBeludeHuem koiamyectBa MDA B cocraBe HoBoro IIAB paGota
afcopOLUMU  YMEHBLIAETCS] U, COOTBETCTBEHHO, YMEHBIIAETCSI IOBEPXHOCTHAsS
aktuBHOCTh [IAB. Ilpu ontumanbHOM COOTHOILIEHMHM WCXOJHBIX pPEareHTOB
MOBEPXHOCTHOE HaTsbKkeHue pactBopa [IAB yBenmnuuBaercs 6onee uem B 10 pa3 mo
cpaBHeHHIO ¢ yncThiIM MDA. OGpazoBanue munemn B pactBope [IAB naunnaercs
npu  KoHuentparuu 0,1 Kr/M® Tocie  JIOCTHIXKEHHS NPENENTbHOTO  HACBHIIEHUS
a7ICOPOITMOHHOTO CJIOS.
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Kak wu3BecTHO JByxXMepHOe JaBieHHE aacopOupoBaHHbIX cnoeB [IAB
KOPpETUpyeT ¢ MOBEPXHOCTHON aKTUBHOCTHIO, UEM BBIIIIE AKTUBHOCTb, TEM OOJIbIIIE
MaKCUMaJIbHAs BEJIMYMHA JABJICHHS B JBYXMEPHOM IIPOCTPAHCTBE.

B nanHom cimydae munemisl [TAB M0XHO paccMaTpuBaTh Kak KOJUIOMIHBIE
oOpa3oBaHMsT — MHULEIUISIPHBIE PACTBOPbI, TEPMOAMHAMUYECKHA YCTONYHMBBIC
KOJUIOUJIHBIE  pacTBOpPbI, B KOTOPBIX YyCTAaHABIMBAETCA pPABHOBECHE MEKIY
aacoponmonnsiMu ciosimu [IAB Ha moBepxHocTu pactBopa u munemiamu [IAB B
o0bemMe pacTBopa. B nMHaMUYECKOM PaBHOBECHMM C HUMHU HaXOJATCS OJUHOYHBIC
mouiekynbl [IAB, cmocoOHpie oOMeHMBaThCcsl MecTamu ¢ Mojekyinamu [IAB Ha
MTOBEPXHOCTHU pacTBOpa U B 00beMe MHULICILI.

B Tabmume 2 mnpuBeneHBl OCHOBHBIE (U3UKO-XUMHUYECKHE IapamMeTphl
pa3paboTaHHOrO HaMH THAPO(YOOHOrO0 TMOBEPXHOCTHO AaKTHUBHOTO BEIIECTBA —
AHTHUCIIC)KUBATEST aMMHA4HOM cenuTpbl. B KauecTBE ONTUMAIBHOIO MPUHSITO
CIICIYIOIIEE COOTHOIIICHUE KOMIIOHEHTOB JUKK : MDA : MuHepanbHOE
Macyio : oTBepAuTeNb : ctabmmuzarop = 9,0 : 1,0 : 66,0 : 18,0 : 1,4 (macc. 4.).

Tabauua 2. Gusznko-xumMuyeckue cBoictsa HoBoro IT1AB

Table 2. Physico-chemical characteristics of new SAS

HaumenoBanue nmoka3zareJiei XapakTepucTuka
Buemnuii By BockoobOpa3Has mmacra ¢ XxapakTepHbIM
3a1axoM

IIpu remneparype Bbiie 50°C — myTHast
IIBer XKHUAKOCTb OT CBETJIO-XKEJITOrO 10 CBETIIO-
KOPHYHEBOTI'O I[BETa

Temnepatypa Bcobiku, C, He

240
MeHee
MaccoBas 107151 apoMaTHIEeCKUX
. 5,0
coenuHeHU, He Oonee, %

[notrocts (1ipu 20°C) r/cm? 0,90-0,95
Bsizkocts (mpu 40°C) clI3 He meHee 40-60
Mexannyeckue nmpuMecH, He ooree,

o 0,5
%o
TemmepaTypa 3acThIBaHUS TIO 110 4555
['OCT 4255-75 (°C)
Copep:xanue BOjbI, He Oonee % 0,3

[lepen ucnonb3zoBanueM koMmmnosuiuio [TAB HeoOXoauMO pacmiiaBiATh MyTeM
Harpesa 10 50-60°C.

Ha onbITHO-NPOMBIIIIIEHHOW YCTaHOBKE ObLIa MPOU3BEIECHA MepBasi OINbITHAS
naptus paspadorannoro [TAB (250 xr) u mpuMeHeHa ajisi oOpabOTKH aMMHUAYHOMN
cenutpsl Ha komOmHate AO «Makcam-Uupuuk» MetogoM omnpeickuBaHus 10 T
rOTOBOTO yIOOpEHUSI Ha TPAHCIIOPTUPYEMOI JIEHTE Tepe]] OTHPaBKOW yaoOpeHus: Ha
cknag, ucxonas uz pacuera 500 r [TAB Ha | ToHHY HUTpaTa aMMOHMUS.

3atemM C MHTEpBAJIOM 15 NMHEH B TEUEHUHU 2-X MECSUEB HCIBITAIH 3 IPYrUX
OTBITHBIX 00pa3ia, KOTOpble OCTAaBMIIM Ha KOHTPOJIbHOE XpaHeHue. Yepes 6 mecsies
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XpaHEHUs W3 KOHTPOJIbHBIX MapTHM ObUIM B3ATHI TPOOBI, KOTOpHIE MOKa3aiu
3¢ (HEeKTUBHOCT, HOBOI'O AHTHUCIIEKUBATENs, T.€. OOpa3lbl HE CIEKAIUCh U ObUIM
pacChITYaThl.

3AKVIFOYEHHUE

Takum oOpa3zoM, pa3paboTaHa TEXHOJOTHSI CHHTE3a U OIpPEACNIeH COCTaB
komnosuuun [IAB, mnpegHa3zHaueHHOTO [ MPENOTBPAILEHUS CIEKUBAEMOCTH
aMMUayHOU cenuTpshl. [[1sl CMHTE3a MCIOJIb30BAHO MECTHOE ChIphe — OTpabOTaHHBIE
OTXOJbl XHMMHUYECKOTO TIPOM3BOJICTBA — KYOOBBIM OCTaTOK JUCTHUJIMPOBAHHBIX
XKUPHBIX KHUCJOT XJIOMKOBBIX COANCTOKOB M OTPaOOTaHHBIH MOHOATAaHOJAMUH, a
TaKXke CTaOMIN3aTOP, MUHEPAIBHOE MACIIO U OTBEPAUTEND, B3SITHIC B OMPEICICHHBIX
COOTHOUICHHUSIX.

B 3aBUCHMMOCTH OT BEJIMYMHBI ITOBEPXHOCTHOIO HATSKEHUS pacTBOpa
nonyyeHHoro ITAB mopoOpaHbl ONTHMalbHBIE YCIIOBHUSI CHUHTE3a: BpPEMS pPEaKIIMH,
TEMIIEpaTypa, COOTHOIICHWE KOMIIOHEHTOB M MOPSAOK MX BBEICHUS B IMPOLECC, a
TaK)X€ COOTHOIIIEHUE KOMIIOHEHTOB. OntumanbHoe cooTHomeHnue JDKK 1 KO MDA
obOecrieunBaer 10-KpaTHOE TMOBBIIICHUE IMOBEPXHOCTHOTO HATSHKEHUS KOHEYHOTO
ITAB. Tloka3zaHo, 4ToO HCHOJB30BaHHE KyOOBOro ocratka MDA naer Takue xe
3HAYEHUsI TMMOBEPXHOCTHOTO HaTskeHUs IIAB, kak mpW HCHOJIB30BAHMHM YHUCTOTO
MDA, uro moO3BOJISIET cHaenaTh BBIBOA 00 wuCHoib3oBaHMUM B cuHTe3e I[IAB
BTOPUYHOI'0 aMHUHOCOJAEPKAIEr0 KOMIIOHEHTA.

IIpoBeneHHbIE UCTIBITAHUS TTOATBEPAMIIM, YTO MMOJYYEHHBIN ITPU ONTUMAIBHOM
COOTHOILIEHUHY KOMIIOHEHTOB aHTHUCIICKUBATENb TPU 00pabOTKE aMMHAYHOU CEJIUTPHI
METOJIOM OIPBICKMBAHUS OOECIIEYMBAET COXPAHEHHE TPEOYyeMOUl pacChImYaTOCTH
IPaHyJIMPOBAHHBIX POpPM yA00peHus (Mpu BpeMeHu HaOmoaeHus 6 mecsues). O0bem
HMMEIOIIEroCcs BTOPUYHOTO CBHIPhSI U OCTaJbHBIX KOMIIOHEHTOB pa3pad0TaHHOI
KOMITO3UIIUH TOCTATOYEH JJIsl OpraHU3alMy MPOMBIILIEHHOTO npou3BoicTBa [IAB.

Peanuzanus mnpeasiaraeMoil TEXHOJOTUU MOJMYyYEHUs TUAPOGHOOU3UPYIOIIETO
ITAB akryanpHa, MOCKOJBKY IO3BOJISIET HE TOJBKO MOJYYUTh HOBBIN IOJIE3HBIH
OPOAYKT W PpEHIUuTh MpOoOJEMYy CIEKHUBAEMOCTH AaMMHUAYHOW CEIUTPhl, HO U
YTWIM3UPOBaTh uMeronuecs B PecrmyOnmke Y30eKHCTaH OTXOJbI, COJAEpIKAIIUe
LIEHHBIE KOMITOHEHTBI JIJI MOJIYYEHHS 3TOrO MPOIYKTa.
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AHHoTanusi — Pemenue npoOsieM yCTOMYMBOIO pa3BUTHS, XHMHUYECKOM O€30IaCHOCTH H
LIUKINYECKOW DSKOHOMHUKM OCHOBaHO, B 3HAYUTEIBHOM Mepe, Ha akTyaJlbHOM B Hay4HO-
[IPAaKTUYECKOM IUIaHE IepepadOTKe COPTUPOBAHHBIX BTOPUYHBIX MoyinMepoB. [IpencraBieHs
pe3yJIbTaThl BIEPBBIE MPOBEACHHBIX MCCIECJOBAHUM IOJUMEPHBIX CMECEH Ha OCHOBE MaTepUaJIOB
OTEYECTBEHHOI'O TPOM3BOJCTBA, a HMEHHO BTOopu4HOro mnosumnponuieHa (BtIIIl) wu3
COPTUPOBAHHBIX MPOMBIIUIEHHBIX TBEPJBIX OTXO/0B ¢ TepMoaiacromiactamu (TIII) nByx BUIOB:
nonronedunoBoro u cruposibHoro tuma (5-10% ot maccer BTIIII), a Takke kommo3uimii Ha
OCHOBE J3THX CMECEd M BBICOKOJMUCIEPCHBIX HAIIOJHUTENEH B BUAE AKTHUBHOIO JAMCIIEPCHO-
JIEeBYJIKaHU3UPOBAHHOTO MOPOIIKA PE3UHBI M3HOMIEHHBIX IIMH U PE3MHOBOM KPOIIKH MPOTUBOra3oB
(2% ot wmaccet BTIIII). OOpa3usl cmeceld ObTM  TOJXYYEHBl METOJIOM 3KCTPY3UH U
tepmonpeccoBanusi. O6HapyxeHa xopornasi coBMectumoctb BTIIIT u TOII B uzyuennoit obnactu
COCTaBOB IpHU MepepadoTKe cMeceil MOJMMEpPOB B YCIOBUAX CABUIOBOM JepopMaluy METOJ0M
skcTpy3un. CBOWCTBAa IMOJIYYEHHBIX CMeC€ll HM3y4eHbl COBOKYMHOCTHIO (PHU3UKO-XHUMUYECKUX
MmetonoB (Dypbe-UK-cniekrpockonuu, auddepeHnnanbHoil CKaHUPYIOUIeH KalOpUMETpHUH U
TEPMOIPaBUMETPHUUECKOIO aHAIN3a), ONpeAesieHbl 3aBUCUMOCTH HaNpsKEHUSI OT OTHOCUTEIBHOTO
YIJIMHEHMS NIpU paspeiBe. [IposBieHNIT XMMHUYECKOTO B3aMMOJECHCTBUS MEXKIY KOMIIOHEHTaMHU B
M3Y4YEHHBIX MOJUMEPHBIX CMECsAX He BbIsBIeHO. [lokazaHo, 4To mpennokeHHble s Moau(UKau
BTIIIl  comomumepbl  STHIEH-OKTEHA W CTUPOJI-3THICH-OYTHIIEH-CTUpOJIAa  OOYCIOBWIN
wiactuduxanuio BTIIII BcnencTBue ymeHbIIeHNs CTENEHN KPUCTAJUIMYHOCTH, @ TAK)KE BBITOJHUIN
(GYHKIMIO KOMIATHOMJIM3aTOPOB TpU MOJYyYEHHMH KOMIIO3MTOB NyTEM BBEACHUS B CMECHU
BBICOKOJUCIIEPCHBIX  HAMOJHUTENEH  TUMa  TOPOIIKOB  PE3UHbl  MPOTHUBOra3oB U
JEBYJKaHU3UPOBAaHHOW PE3UHBI LIMH.

Kniouesvie cnosa: 9KOPCHICHUC, BTOpPI‘-IHLIﬁ TOJIMIIPONUIICH, TEPMO3JIACTOIIIIACTBI, 3KCTPY3U:,
TEPMOIIPECCOBAHUE, BBICOKOAUCIICPCHBIC HAITOJIHUTEIIN, ITIOJIUMEPHBIC CMECH, KOMITO3UTHI.

Utilization and biodegradation of wastes
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Ecosolution: composites based on recycled polypropylene modified by
thermoplastic elastomers and dispersed fillers
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Abstract — A comprehensive solution to the problems of sustainable development, chemical safety
and circular economy can be found, to a large extent, in the processing of sorted recycled polymers
which is relevant in scientific and practical terms. The article presents the results of the first study
of polymer mixtures based on domestically produced materials, namely, recycled polypropylene
(recPP) obtained from sorted industrial solid waste, with thermoplastic elastomers (TPE) of two
types: polyolefin and styrene based copolymers (5-10% wt of recPP) as well as compositions
prepared from these mixtures and highly dispersed filler in the form of an active dispersed-
devulcanized rubber powder of worn-out tires and rubber crumb of gas masks (2% wt of recPP).
The studied samples of mixtures have been obtained by extrusion and heat pressing. Good
compatibility of recPP and TPE is observed in the studied range of compositions during processing
of polymer mixtures under shear deformation by extrusion. The properties of the resulting mixtures
have been studied using a combination of physicochemical analysis methods (Fourier-IR
spectroscopy, differential scanning calorimetry, and thermogravimetric analysis), and the stress-
elongation dependences have been determined. No evidence of chemical interaction between the
components of the studied polymer mixtures is revealed. It has been shown that the copolymers of
ethylene-octene and styrene-ethylene-butylene-styrene proposed for modification of recPP caused
the plasticization of the recPP due to a decrease in the degree of crystallinity, while TEPs perform
the function of compatibilizers in the preparation of composites after introducing into the mixture a
highly dispersed filler such as rubber powder derived from used gas masks and devulcanized tire
rubber.

Keywords: ecosolution, recycled polypropylene, thermoplastic elastomers, extrusion,
thermopressing, dispersed fillers, polymer blends, composites.

BBE/IEHHUE

B mnocnemHue rompl BO BCeM MHUpE HaOMIOAACTCS WHTEHCHUBHBIA POCT
MOTpeOJICHUST TOMMEPHON Taphl M YMAKOBKH, a TaKXKe YBEIWYCHUE KOJIUYECTBA
TBEPJIbIX KOMMYHaJIbHBIX OTX0A0B (TKO) M 0TX0/10B aBTOKOMIOHEHTOB, MO3TOMY
Bce OoJibIlle BHUMAHMS YJIENAECTCS BOMPOCAM, CBSI3aHHBIM C HMX YTHUIM3AIMEH U
MOJTy4Y€HUEM HOBOW MPOAYKLIMHU C UCHOJIb30BaHUEM OTX0J0B [1, 2]. IlyTn pemenus
3TON TpoOJIeMbl PACKPHIBAIOT HOBBIE CETMEHTHI JJIs IIEJIOT0 HAyYHOIro KJjacTepa,
KOTOPBIM, B YACTHOCTH, BKJIIOUAET B ce0s MPOBEICHUE Pa3paOOTOK, HAMPaBICHHBIX
Ha MU3BICKAaHHE CIIOCOOOB COBMECTHOM MEpepadOTKH HCIOIb30BAHHOM MOJIMMEPHOM
npoaykiuu, TKO 1 0TXOA0B aBTOKOMIIOHEHTOB M CO3J]JaHHWE HAa WX OCHOBE HOBBIX
KOMITO3UIIMN C TI0JIE3HBIMU CBOMCTBaMH |3, 4].

B cBs3u ¢ 3TUM Takue pa3paOOTKH SIBISIFOTCS aKTyaJIbHBIMH KaK B HAy9HOM,
TaK W B IMpaKkTUYeCKOM IuiaHe. HayuHas axkTyanuzaiusi cBsi3aHa C TEM, 4YTO
MOSIBJISIIOTCSI  BOBMOKHOCTH ~ CO3/IJaHUSI KOMIIO3UIMKA C  IIUPOKUM  CIIEKTPOM
(GYHKIIMOHATBHBIX CBOMCTB B PE3yJIbTaTe COBMECTHOW MepepabOTKH BTOPUYHBIX
MOJTMOJIE(PUHOB, TEPMOIITACTOILIIACTOB 5], BRBICOKOIUCIIEPCHBIX HATIOJIHUTEIIEH TyTeM
non0opa M HAXOXKIACHUS ONTUMAJBHBIX PELENTYp, a TakKe KOHIIEHTPaIMOHHO-
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TEMIEPATypHbIX PpEXUMOB Tmepepabotku [6—8]. B  mpaktuueckom IjiaHe
aKTyaJbHOCTh OOYyCIIOBJIEHA TEM, 4YTO MpPUMEHEHUE pa3paboTaHHBIX CIOCOOOB
COBMECTHOM mepepabOTKH TBEPIBIX MOJIUMEPHBIX TMPOMBIIIICHHBIX U OBITOBBIX
OTXOJIOB Ha OCHOBE IMOJHOJE(UHOB W HAMOJHUTEIEH OUCIIEpCHOTO THUMa Oynaer
CHUKATh DKOJIOTMUECKYIO HAarpy3Kky B cTpase. [Ipu 3ToM ocoboe BHUMaHuE, Ha HaIl
B3IJIS1], clieyeT oOpaTUTh Ha MCIOJIb30BAHUE B KAUE€CTBE HAIOJHUTEINS BTOPUYHOTO
Marepuaga U3 U3MEJIbUYCHHBIX HM3HOLICHHBIX I[IMH W JAPYIHMX HCIOJIb30BaHHBIX
pesuHoBbIX wu3aenuid [9-11]. Kpome Ttoro, mid mnnacTuuKaiuu, I[TOBBIIIEHUS
COBMECTUMOCTH M YIIYYIICHHUS YCIOBHUI COBMECTHOM mepepabOTKH BTOPUUHBIX
MaTepuaioB, BBEIACHUS BBICOKOJMCIEPCHBIX HANOJHUTENEH M YJIy4dIEHUsS CBOWCTB
KOHEYHOM NPOAYKIMHU LeJIeco00pa3HO BBECTHM B IPOLECC HOBBIE OTEYECTBEHHBIE
MIPOMBILIUIEHHO BBIITYCKA€Mble KOMIATUOMIN3ATOPBI TEPMOIIACTOILNIACTUYHOTO TUIIA,
YTO MO3BOJIAT CO3/1aTh Ha MX OCHOBE YAOOHBIE, HOBBIE MAaTEPHAJIBI C HIMPOKUM
HabOPOM CBOMCTB, IPUTOAHBIX JUISI IPAKTUYECKOTO UCIOJIb30BAHUS.

Takum  00pa3oM, 1edb  HACTOSIIETO  MCCIEAOBAHHUA —  W3YYEHHE
3aKOHOMEPHOCTEN BIMSHHS COCTaBa KOMIIO3HMIMI W3 BTOPUYHOTO IOJIMIIPONUIICHA
(BTIIII), TepmOA31acTOMIACTUYHBIX  KOMIIATUOMIIM3AaTOPOB M JIUCHEPCHBIX
HAIlOJIHUTENEH, a TaKkKe KOHLEHTPALMOHHO-TEMIEPATYPHBIX  YCIOBHM  MX
nepepaboTKU SKCTPY3MOHHO-IAMUHATOPHBIM METOJIOM B YCJIOBHUSIX CJIBUTOBOMU
nepopMaui U TEPMONPECCOBAHUEM Ha MOBBIILIEHHNE COBMECTHUMOCTH KOMIIOHEHTOB
M OCOOECHHOCTH (UBMKO-XMMHYECKMX M MEXaHUYECKHX CBOWCTB CMecei.
[Tonmy4yeHHbIE KOMITO3UTHI U U3/I€NUSI HA UX OCHOBE MPEJIOIAraeTcsi UCHOJIb30BaTh B
JIETKO#, aBTOMOOMJIBHOW U CTPOUTETBHOM OTpaciisiX MPOMBIIUIEHHOCTH.

B HacTosieM HcclieqoBaHUMM Ha IEPBOM 3Tane padoThl Oblla MOCTaBlEHA
3aj71a4a moA0Opa KOMIIOHEHTOB M HaXOXJeHus obisacteit coctaBoB cmeceit BTIIII ¢
MOJIUMEPaMH, C OJHOW CTOPOHBI, OO0JANAIOMIMMH XOPOIIEH COBMECTUMOCTBIO C
BrIlll, a, ¢ apyroii CTOpPOHBI, MPUTOJHBIMU JJIA TEpepaboTKu B (POpMOBaHHBIC
U3JeNMd Ha TOM e OOOpyIOBaHUHU, KOTOPOE IMPUMEHSETCS W A1 TepMoIliacTa
BTIIIT (3xcTpynepsl, TEPMOIUIACTABTOMATHI, TEPMOIIPECCHI). BHIOOP TPOMBIIIIIEHHBIX
tepmosnactomiactoB (TIII) ctuponpHOro M monanoieUHOBOTO THUMA OBLT HaMU
cleNaH, HCXOAsS U3 HEOOXOIMMBIX JUIsi TepepaboTKH TMOJIMMEPHOW CMecH
MapaMeTpoB: 3HAUYCHUS MHAEKCAa ToKazaTenss Tekydectu pacmnaa (IITP) vy
COTIOTUMEPOB JTUJICH-OKTEHAa M CTUPOJ-ITHICH-OyTwieH-ctupona (5 1/10 wmwuH)
omusku k IITP Tepmomnacta - BropuuHoro nohumnponuieHa (6 r/10 muH). OT0
00yCJIOBHJIO BO3MOYKHOCTh MCIIOJIb30BaHUS T€X K€ BUAOB 000pYJOBaHUS, METO/AA U
yCIIOBUW TepepadOTKH, Kak M JUIsl MOJHoiaepuHOBOTrO TepMmoruiacta. [lpu stom s
ajanTauy K crocoOy nepepabOTKH M €ro TeMIEPATypPHBIM pPEKMMaM U C ILEJIbIO
JOCTHXKEHUSI HEOOXOJIMMBIX MOP(}OJIOTHYECKUX MPU3HAKOB MOJMMEPHBIX CMeceu
(Takux, Kak pa3Mepbl YacTHIl, COOTHOLIEHHWE aMOP(PHOW U KPUCTAIIMYECKOU
oOnactell, oOpa3oBaHHE CO-HEMpPEpbHIBHOM a3pl C HUX XUMHUYECKUMH U
MOP(}OTOTHUECKUMH  XapaKTEPUCTUKAMH, OINPEACISIOMIMMU  JKCIUTyaTal[MOHHbIE
XapaKTePUCTHKH), OKa3aJloCh  HEOOXOOUMBIM M  TOJE3HBIM  J00aBJeHUE
«BTOPOCTENEHHOT0»  KOMIIOHEHTa, KOTOpBIA, oOnagas MiIacTU(PUIMPYIOMIUM
JeCTBUEM, KaK BBIACHUJIOCh, WIPAeT OMNPEICISIIONIYI0 pOJb B (U3UYECKOM
moaudukamuu BTIIII.
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Crnenyet otMetutb, uto noaoouo I1I1, Bropuunsiit 111 numMeer coBMecTUMOCTD
C BECbMa OTPAHUYCHHBIM YHUCJIOM MOJUMEPOB. JOMONHUTEIBHBIM APTYMEHTOM B
noibdy BbiOOpa TOIl kak pe3uMHONOJOOHBIX  MAaTepuajoB  SBUWJIOCh  TO
00CTOSITEBCTBO, YTO B OTJIMYME OT OOBIYHBIX BYJIKAHU3WPOBAHHBIX KAyYyKOB, OHU
MOTYT OBITh TepepaboTaHbl W PEHUKIMPOBAHBI MOAOOHO TEPMOILJIACTUYHBIM
MarepuaiiaMm, K KOoTopsiM oTHocsitcss BTIIIIL. Ilpomecc miaBieHus U OTBEPKICHUS
BrIIIT u TOII cTuponabHOro M MOJMOJIE(PUHOBOTO TUIMA SBISETCS OOpPaTHUMBIM, B
CBS3W C 4Y€M, KaK OTXOJbI IOJMMEPHOI'O NPOU3BOACTBA, TaK M HCIIOJIb30BAHHBIC
U3JIeHsI IPUTOIHBI JJIs TIOBTOPHOI mepepaboTku. Crienyer eimie pa3 MOJYepKHYTD,
YTO CYLIECTBEHHBIM OOCTOSATEIIbCTBOM MpPHU  BBIOOPE  BBIIIEIEPEUNCICHHBIX
AMacTH(UKATOPOB B Ka4ECTBE KOMIIOHEHTOB B cMecsax ¢ BTIIII sBuics Tot dakT, 4ro
MX MOYKHO NlepepadaThiBaTh TEMU K€ METOAMH (3KCTPY3UU, JIUThS MO TABICHUEM H
JIp.) U Ha TOM K€ BbIOpaHHOM 000pyAoBaHuu [6, 12], uto u Tepmoruiact BTIIIL.

OKCHHEPUMEHTAJIBHAS YACTDb
Hcxoonvie mamepuanni
st ucclienoBaHUM HUCIOJIB30BAIMCH MAaTepHalibl, MPEACTaBIsAIoNMe coOoi
IpaHyJibl U BBICOKOJUCHEPCHBIE IMOPOIIKH, & UMEHHO: BTOPUYHBINA MOJIUMPONUIIEH
(BtIIll), momy4yenuwslit w3 JOTKOB W Beaep  (mpousBoactBa OO0
«IkoTexnoMenemxment», . Koctpoma, Poccus). @Potro rpanyn  BrlIII
MPEACTABIICHO HAa PUCYHKE 1: pa3mep rpaHyi BapbupyeTcs OT 3 10 S MM.

Puc. 1. ®oto rpaHys BTOPUYHOTO MOJUIPONHIEHA, TOTYYEHHOTO U3 JIOTKOB U BEEp,
npou3BojicTBa OO0 «JxoTexnoMenemxmenT», r. Koctpoma, Poccusi.

Fig. 1. Photo of recycled polypropylene granules obtained from trays and buckets, produced by
company EcoTechnologies, Kostroma, Russia.

B kadectBe MOIM(UKATOPOB HCIOJIB30BAIM KOMIATHOMUIM3ATOPHI Kiacca
tepmodsiactoruiactoB nonuonepuHoBoro (POE SOLUMER 875L) u ctuponasHOTo
(MASFLEX 60112BLK9010U) tumnos. Kommarubunuzarop POE SOLUMER 875L
(mpouszBoactBa OO0 «Pycmnact», Poccusi) — 3TO 3TUIIEH-OKTEHOBBIA COIMOIUMED
CBEPXHHU3KOW IUIOTHOCTH, MOXy4YeHHbIN no TexHosnoruu Nexlene 6penna SK Global.
OTnuyuTeNnbHOM OCOOCHHOCTBIO 3TOTO MaTepuaja SBISETCS IMPEBOCXOJHAs
YAapOMPOYHOCTh B coueTaHuu ¢ Apyrumu moiaumepamu [13]. KommatubummsaTop
MASFLEX (mapxku MASFLEX 60112BLK9010U, OOO «Pycmnnact», Poccus) —
COMOJUMEDP Ha OCHOBE CTUPOJI-3TUIIeH-OyTHIieH-cTupotia (COBC). BeiOpannas Mapka
peicTaBisgeT coO0M KOMIO3UIIMOHHBIA MaTepuai, Colepk aliuii B cocTaBe 100aBOK
K CONOJIMMEPY MHHEpPAJIbHbIE Macjia U TEePMOCTAOUIIU3ATOPBI ISl MPOLECCUHTA,
NPUJAIONIME TOBBIIIEHHYI0 CBETOCTOMKOCTH M CTOMKOCTh K OTpHUIATEIbHBIM
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TeMIlepaTypaM, maTepuan oOnamaer TBepaocTeio 90 en. m mioTHOocThIO 1,15-1,22
r/cm [14].

B kadecTBe AMCHEPCHBIX  HAIMOJIHUTEIEH MPHUMEHSIIM  HAMOJIHUTEIN
OTEYECTBEHHOIO MPOW3BOACTBA — AKTHUBHBIA MOPOLIOK JEBYJIKAHU3HUPOBAHHOM
pe3unsl ucnoiab3oBaHHbIX mUH (AITI/IPIII) u mopoiiok 13 pe3uHbl MPOTHBOra30B,
MOJIYYCHHBIE H3MEJIIbYCHUEM Ha TMPOMBIIUICHHOM OOOpYJAOBAHMM - POTOPHOM
JTUCIIEpraTope, KOHCTPYKILHS KOTOporo paspaborana k.x.H. B.B. Hukonbckum, u
MpeoCTaBlIE€HHbIE  cOoTpyAHuKamu  jaboparopun  OI'BYH  OUI[ XD
um. H.H. CemenoBa PAH [15, 16].

Ilonyuenue nonumepuvix cmeceil U KOMROZUUUIL HA UX OCHOGe

[IpyHrMass BO BHUMAHHE HCIOJIb30BAHHE [JIS1 YJIYYIIEHUS COBMECTHUMOCTH
NEPEUUCICHHBIX KOMMATUOWIN3aTOPOB, M YUUTHIBasS BO3MOKHOCTh BTOPUYHOM
nepepadoTKH, a TakxKe MOP(OJOTUYECKUE U TPAHYJIOMETPUUECKUE XaPAKTEPUCTUKH
MaTepuanoB, HamMu ObUT BBIOpaH cHoco0 mnepepaboTKU CMeced IMEepeYUCICHHBIX
MOJIUMEPOB M JIUCIIEPCHBIX  HAIOJHUTENEH  METOJAOM  AKCTPY3MOHHOIO
JaMUHUPOBaHUA [17] m TepMOIpeccoBaHUSA C LENBI0 MOCIEAYIOIIETO BO3MOMXKHOTO
MIPUMEHEHUS JAaHHOW TEXHOJIOTUH B JIETKOW MPOMBIIICHHOCTH.

[lepen 3KcTpy3ueil NPOBOAMIIA SKCIEPUMEHTAIBHOE ONPEIEICHUE TaKOTo
napamMmeTpa, kak npenen tekydectu pacruiasa (IITP) [18, 19] BTIIIl. Onpenenenue
IITP wuenecoobpazno, Tak kak BenuunHa [ITP  sBiseTcss mapameTpowm,
ompeeNsonuM BeIOOp criocoba mepepabotku tepmoruiacta BTIIIT u ero cmeceit.
CpaBuuB nony4deHnsbiit pesynbtat: [ITP npu 190°C, paBusiii 6 r/10 MuH (TJIOTHOCTH
0,96-0,99 r/cm?), ¢ JaHHBIMM MHIEKCA MOKA3aTeNs TEKy4eCTH PACILIaBa EPBHYHOIO
MOJIMTIPOTIMIICHA, Mbl YOETWINCh B BO3MOXHOCTH TEepepadOTKHM BbIOpAHHBIX
obpasnoB BTIIII meTomamMu sKCTpy3un M TEPMOINPECCOBAHUSA, a TAKXKE JUThS TOJ
nasinenueM. llomyuennesie u3 BrIIII Meromamu skCTpy3uM W TEpMONPECCOBAHUS
nabopatopHble  00pa3ibl  OlEeHUBAIM  (U3UKO-XUMHUYECKUMH Metomamu MK-
criektpockonuu, auddeperuanbHoit ckanupyromeit  kanmopumerpun (ICK) wu
TepMorpaBuMerpuueckoro ananuza (TT'A), moaBepraaum UCCIEAOBAaHUIO Ha
IPOYHOCTHBIE U IePOPMALIMOHHBIE XapaKTEPUCTUKU, KaK OMUCAHO Jajee.

[lockonbKy ~ HEKOTOpblE M3  HUCCJIEJIOBAHHBIX  HAMNOJHUTENEH |
KOMITAaTUOMJIM3AaTOPOB SIBJISFOTCS IO CBOEH XMMUYECKOU MpUpOoe TUAPODUIBHBIMU, a
UMEHHO conojuMep sTuieH-okreHa Mmapku POE SOLUMER 875L [13], Obuia
BBINIOJTHEHA ~ MpEJBapUTENIbHAs  NPEA-MOJrOTOBKA  HMCXOJHBIX  MOJUMEPHBIX
KOMIIOHEHTOB M KOMIIO3UIIMA HAa MX OCHOBE IMyTEM MOJCYIIMBAHUS B BAaKyyMHOM
cymiasHOM TKady (Mapka LLICB-65/5,0 ¢ Tpemsi cheMHBIME TIOJIKaMH, TEMIIEpaTypa
HarpeBa 50°C, co3naBaembiii BakyyM 0,05 MM pT. CT.) u1st TOTO, 4TOOBI B MpOIIECCEe
MOJTYYCHHSI OTBITHBIX OOpPAa3IoB, HE3HAUNUTEIHLHOE COJIEP)KAHKE BJIaru B CTPYKTYpE
Marepuanga He OKa3blBaJO BIIMSHHE HA TEXHOJOIMYECKUH MPOLECC IKCTPY3UU H
IPECCOBAHMS U HE YXYIIIAIO0 Obl KAU€CTBO MOIyYaeMbIX U3JIETUH.

Panee @ HamMm  ObUIM  TPOBEACHBI  MCCIENOBAHUS  COBMECTUMOCTH
nzotaktuyeckoro Il mapku «Kammen TY 221-015-00203521-99» (MockoBckuit
HII3, Poccus) ¢ tepmosnacrominactamu mnpousBojactBa RAVATEK (PlasticComp,
Typums) [20, 21]. JlaGopaTtopHble 00pa3lbl cMeceld MOoJydaau SKCTPY3HOHHBIM
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METOJIOM TMpH BapbupoBanuu kommuectBa TOII, mobasnsemoro k I, B quamazone
or 5 no 30% ot Maccel IIII. beuio moka3zaHo, YTO HAWJIy4IIWE PE3YJIbTAThl IO
(U3BUKO-MEXaHUYECKUM TapamMeTpaM IUICHOYHBIX H3ACIUA U3  TMOJMMEPHBIX
KOMITO3UIIMNA OBLIU MOJTYy4YeHBI Mpu cooTHoleHnn komrnoHentoB [IIT/SEBS SL-161-
60A B nuama3zone 10—15% macc. ot maccel 1111, cooTBeTCTBEHHO.

[Ipu BbIOOpEe cmocoba TOJY4YEHUS  KOMIIO3UTOB U3  KOMIIOHEHTOB
npurotaBiuBaemMoi noiaumepHodr cmecu (BTIIII, mnpencraBnsioniero  coboit
TEPMOIUIACT, COIMOJHMMEPOB CTHPOJA, SBISAIOIIKUXCA TEPMOAIACTOIIACTaMU U
KOMITATHOMIIN3aTOPAMK) U TUCIIEPCHBIX HAIMIOJHUTENEH THUIA U3MEIbUYEHHONW PE3UHBI
WCIOJB30BaHHBIX MmKH [16], OBUIO TPHUHATO pEIICHHE BOCIOIb30BATHCS
7a00paTOPHBIM JBYXITHEKOBBIM JKCTPYACPOM MPH TEMIEPAaTypHOM pPEXKUME B
nuamnaszone 175-195°C, ¢ ucnonp3oBanueM mHekKoB D =20 mMm, mimumHa L =25D ¢
BpalleHuEeM HaBcTpeuy. W3roromieHue 0Opa3loB OCYIIECTBISIM B JIaDOpaTOpHUH
HTIL{ MOCKOBCKOr0O OJUTEXHUYECKOTO YHUBEPCUTETA M0 PYKOBOJACTBOM OJIHOIO U3
aBTOPOB JAHHOW CTaThbH, B Mpollecce MepepaboTKu MoAOUpaiu TeMIlepaTypHO-
KOHIICHTPAIlMOHHBIE PEKUMBI, IMOTy4asi KOMIO3UIIMKU B BUJIE CTPEHT C MOCIEAYIOLIEN
TEXHOJIOTUYECKON omepanuei JpoOJeHuss B TpaHyIupyrolmeM OyHKepe i
MOJIyYeHUS TPaHyJl Ui UX MOCieayIollel nepepaboTKoil B MJIEHKHU B BUJE JieHT. Ha
BBIXOJIE M3 JIBYXIIHEKOBOIO JKCTpyJepa NOJy4aJd OAHOPOIHBIE IO CTPYKTYpE,
TaKTUJIBHOCTU Y BU3yaJlbHBIM XapakTepucTukam ctpeHru. Ilocie Toro, kKak CTpeHru
OBLTM TIEeperpaHyJIMpOBaHbl, TPaHyJbl HCCIEIYEMBbIX KOMIIO3MIMN 3aChINAINCh B
OYHKEp OJHOIIHEKOBOIO JKCTpyJepa ¢ OapbepHbIM IIHEKOM H IUIOCKOUIEIEBOM
AKCTPY3MOHHOM rojoBKkOW. Ha BeIXOnE pacriaB MmogaBajii Ha BaJKOBOE IPUEMHOE
YCTPOMCTBO JUIsl M3TOTOBJIEHHUS OOpa3lLoB B BUAE IUICHOYHBIX JIGHT W3
IpaHyJIMPOBAHHBIX KOMNIO3UIMHI Ha ocHOBe cMmeceil BTIIII ¢ no6aBkamu 5—10% macc.
ATUJIEH-OKTEHOBOTO M CTUPOJIBHOTO COMOJMMEPOB U 2% Macc. BBICOKOIUCIEPCHBIX
HAIOJIHUTEIICH.

UsrotoBnenne o0pa3ioB Ha Tepmoripecce B jabopatopuu OUI[ XD PAH
npousBoawin npu Temmeparype 175-180°C. @doto moNydeHHBIX O0Opa3IoB
MPEJCTABIICHBI HA PUYHKE 2.

a 0
Puc. 2. JlaboparopHblie 006pa3ubl miieHok Ha ocHoBe cMecu BTIIIT u POE SOLUMER 875L (10%
Macc. ), oJly4eHHbIE METOIOM IKCTpY3HH (a) 1 komro3uTa Ha ocHoBe BTIIII/MASFLEX (10%
macc.) u AITJJIPII (2% macc.), moy4eHHOro METoI0M TepMoripeccoBanus (0) B macmrade 1 : 1.

Fig. 2. Experimental samples of films of mixture of recycled PP/POE SOLUMER 875L (10%)
obtained by extrusion (a), and samples of composites of recycled PP/MASFLEX (10%)/filler (2%)
obtained by thermal compression (b) on 1 : 1 scale.
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MSICOEJIOBA u 1p.

HaunydymyimMmu 1o OAHOPOAHOCTH  ObUIM  IUIGHOYHBIE  0Opa3libl,
MPUTOTOBJICHHBIE W3 KOMIIO3UIMHU, cojiepKameii B cBoeMm coctaBe 10% wmacc.
KOMITAaTUOMJIM3aTOPOB — COMOJHUMEPOB IOJIHOJICPUHOBOIO U CTHUPOJBLHOIO THUIIA, a
Takxke 2% macc. TMCIepCHbIX HanoJiHuTenen ot maccel BTIIIT [21, 22].

Ooopyoosanue u memoouxa uzmepenusn IITP

[lepen mpUroToBIEHHEM CMECEN MPOBOAWIIN ONPEAEIICHUE Npeiesia TEKYUYECTH
pactiaBa (IITP) TepmoracToB Ha mpuOope omnmpeneneHuss HU3MEpUTENs HHAEKCa
pacmiaBa  tepmoruiactoB  tuna  MWPT-aBromar  naGoparopum  MCHBITaHUN
nonmuMepHbIX TwieHOK HTL[ MOCKOBCKOrO MOJUTEXHUYECKOTO YHUBEPCHUTETA.
N3mepenns npoBogunuck cormacHo ['OCT 11645-73 [18, 19]. Bropuunsii I1I1
OXapaKTEepPU30BaH 3HAYCHUEM MHJIEKca Ipeiesia TeKyuecTu paciuiaBa 6 /10 Mus mpu
190°/2,16 k.

Obopyoosanue u memoouka usmepeHus PuzuKo-mexaHuuecKuil ceoicme

Ucnpitanus npoBoauinu B cooTBeTcTBUM ¢ ['OCT 14236-81 [23] «IInenku
noJMMepHbIe. MeTOo bl UCIIBITAaHUSL HA pacTskKeHue». sl UCIbITaHUN TPUMEHSIINCH
oOpasibl B BUJE JICHT, BBIPE3aHHBIX M3 IJICHOK, a TaKXKe CTPEHI. Y OTOOpaHHBIX
00pa3ioB KaKuX-TMO0O BUIUMBIX JEPEKTOB HE HAOIIOJANI0Ch, Kpasi 00pas3IoB ObLIN
POBHBIMHU U TIIaJKUMH.

HcnbiTanust 1Mo OMpEAENICHUI0 Pa3phIBHOTO yCWIHUSA U JehOpMAIlMOHHBIX
CBOWCTB MPOBOJWIM Ha pa3pbiBHOM MammHe PM-50 ¢ maroBbIM ABUTATEIEM C
MaKCUMalbHOW Harpy3kodl B 50 Kr, OCHAIlEeHHOW KOMIIBIOTEPHBIM HHTEp(EncoM.
[Ipenen momyckaemMoro 3HaUY€HHS MOTPEITHOCTH U3MEPEHUs] HArpy3KU MpPU MPSIMOM
xoze He npesbiman +1% n3mepseMon Harpy3ku. 3aKMMbI UCITBITATEIbHON MAIIWHBI
o0OecreunBaii HAJEKHOE KpeIvieHne oO0pa3loB, COBMAJCHHE MPOJOJBHOU OCH
oOpa31ia ¢ HarpaBJieHHeM 00pasiia U He BbI3bIBAIM pa3pylleHus oOpasiia.

Metonuka wusmepenuss TI'A/JICK u HK-cnekrpockonuu mnpeAcTaBieHbl B
onmmcanun ctatbu [24]. Jaunnele cuaxponHoro TI'A/JICK ananmm3a mojgydeHsl Ha
o6opynoBanuu NETZSCH Jupiter (NETZSCH Erich Netzsch GmbH & Co. Holding
KG, I'epmanust) co ckopocthto HarpeBa 10°C/muH B aTM