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Kniouesvie cnosa: Annomauyus: Onucano uccnedosanue IPPexmueHOCMU NPpUMeHeHUs MazHe-
OUCNepCUOHHDLLL aHAU3, MUMa U3 MexHoZeHHbIX 0Mx0008 071 OUUCINKU NPOMbIBHBIX CIOUYHBIX 800 OM
pezpeccuoHHvIli aHANU3, UOHO8 MSHENVIX Memannos. Beinonnen ducnepcuonHuviti ananus, 8 xode Komo-
MazHemum, xene3ocooep- D020 6viia nposedeHa OUeHKA 3HAUUMOCTIU BIIUSTHUSL OCHOBHBIX (PAKIMOPOB, 671U-
HAULUTL 0Mx00, UOHbL M- AOUUX HA IPPeKMUBHOCTND OUUCKU 0MXO0008.

HENbIX MEMANTO08, A0COPO-
yust

s quTpoBaHus:

Komnpinosa B.E., Kanaes P.3., Kanaesa C.3., Mapkenosa H.JI., Tennagbesa A.M., ConosbeB M.E. VccnenoBanne
3¢ GeKTUBHOCTY OYMCTKM BOIBI OT IOHOB TSDKEJIBIX METa/IOB C IOMOIIbI0O MAarHETHUTA, OTy4eHHOTO U3 TeXHO-
TeHHBIX OTXOROB // Om xumuu K mexvonozuu wde 3a wazom. 2022. T. 3, Boim. 2. C. 8-16 . URL: http://che-
mintech.ru/index.php/tor/2022tom3no2

BBenenne

B Hacros1ee BpeMs He CYIILECTBYET €ITHOIO METOJA OYMCTKY CTOYHBIX BOJ, ITO BCEM BU-
faM 3arpsAsHeHuA. O4McTKa CTOYHBIX BOJ, BEIETCS CYMMOI Pa3/IMYHbIX METOMOB, T.K. IOABJIA-
IOTCSI HOBbBIE BEILIECTBA, HOBbIE TEXHOIOTMYECKIE IIPOLECCHI, IIPY KOTOPHIX BO3HMUKAIOT HOBbIE
KOMIIO3KIIMK. BEIOOp MeTOfa 3aBUCKT OT COCTaBa CTOYHBIX BOJI, KOHI[EHTPALIMI 3aTrPsI3HEHNIA,
HeoOXOIMIMOCTY ¥ BO3MO>KHOCTY IIOBTOPHOTO MCIIO/Ib30BaHNs OUMIIEHHOI BOJBI, PEXKJMa I10-
CTYIUIEHUA.

['anbBaHMYECKOE NTPOM3BOACTBO CYMTAETCA €[Ba M HE CAMbIM OIIACHBIM MICTOYHMKOM,
HETaTMBHO OTPaXkaIoIMMCA Ha COCTOSIHUM OKpY»Karoleit cpefibl. OCHOBHAs OITaCHOCTD I'PO3UT
pasnuyuHbIM BogoeMaM. [Tpy TakoM Ipon3BocTBe 06pasyeTcst MHOTO CTOYHOIL BOZIBI, KOTOpast
U IpeACTaB/IAeT MAKCUMA/IbHbBI YPOBEHb YTpO3bl. B 3TOil BOJe COmEPKUTCA MHOXKECTBO

© B. E. Konbinosa, P. 9. Kanaes, C. 3. Kanaesa, H. JI. Mapkenosa, A. M. 'ennagbeBa, M. E. Conosbes, 2022
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IpuMecell ¢ TAXKe/IbIMU MeTaj/UIaMy, IPUCYTCTBYeT 1[e/I0YHON COCTaB U IMpO4YMe BbICOKOTOK-
CUYHbIE coenuHenns [1].

B MammMHOCTpOoeHMM HMIMPOKO MPUMEHAETCA TEXHOTIOIMA HAHECEHMS TaTbBaHMYECKMX
nokporTnit [2]. IIpy XuMu4ecKux NOKPLITUAX ¥ HOATOTOBUTE/IbHBIX OIlepalMsAX MOTePY XVMMUI-
KaTOB C IIPOMBIBHBIMM BOJJaMJ1 MHOTTA B JIECATKY pa3 IPEBBIIIAIOT VX PAcXoj Ha 00paboTKy
nosepxHocTH [3]. Pacxoy BoAbI Ha IPOMBIBKY IIOC/IE ITOATOTOBUTENbHBIX ONlepanuii B 3-7 pa3
IpeBBIIIAET PAcXOf BOABI Ha IIPOMBIBKY IIOCTIE€ TaTbBAHNYECKIX TIOKPBITHIL [4].

OcHOBHBIE BelllecTBa, MOAIeXaIe 00e3BpeXMBAHNIO — IIECTUBA/IEHTHBIE COeAVIHEHNS
xpoma, nyanubsl (CN-), MOHBI TsSKeBIX 1 IIBeTHBIX MeTamnoB: Cu*, Ni**, Zn?**, Cd*, Sn**, Pb*".

Ha maHHBII MOMEHT 3BECTHO HECKOIbKO METO/IOB OUMCTKM BOZIbI OT Pa3/IMYHBIX 3arps3-
HEHUII C UCIIO/Ib30BAaHNEM MAarHeT!Ta, BBICTYNAOIEr0 B POIM COpOEHTa, MO0 ABIAIIIETOCT
3JIeMEHTOM, BCTPAaNBAEMBbIM B pasINYHble COPOEHTHI [5]. MarHeTUT IPUMEHSIOT B Ka4eCTBe aK-
TUBHOTO C/I0s1 IPOTOYHBIX GUIBTPOB [6], MO0 B KauecTBe COpOEHTA C JalbHENIINM y/ase-
HIIEM CBA3aHHBIX JaCTHUI] CpefICTBaMJ MarHUTHOI cemapaunu [7].

B coBpeMeHHOM MUpe HOBM3HA METO/IOB IO OUMCTKE Ta/IbBAHNYECKMX CTOKOB ABJIAETCA
CaMbIM ITTaBHBIM KPUTEPMEM, UMEHHO II03TOMY OYMCTKA BOJ, OT IOHOB TsK€J/IbIX METAJIIOB I10-
CJ1e TaJIbBAHMYECKUX 1[€XOB C IIOMOIL[bI0 MarHeTUTa CTAHOBUTCA aKTya/IbHbIM Y IPeJIpUATHIL.
I'7TaBHbII IITFOC B TOM, YTO CaM MAarHETUT MOTYy4eH M3 TEXHOTEHHBIX OTXO/IOB, OTINYAETCA Jie-
IIeBU3HOI, 9KOJIOTMYHOCTBIO ¥ BBICOKOI! CTEIIEHbIO OUMCTKHA.

Llenbio HacTOALIE PabOTHI ABJIAETCA UCCIefoBanMe 3¢ EeKTUBHOCTY IPYMEHEHSI Mar-
HETUTA 13 TEXHOT€HHBIX OTXOZOB /I OUYMCTKY IPOMBIBHBIX CTOYHBIX BOJ, OT IOHOB TSIXKEJIbIX
METaJIIOB.

MarHeTuT 6BIT IOTy4YeH CIIOCOOOM TePMOBOCCTAHOBMTE/IBHON YI/IEPOHOI 06paboTKM
xenesocopepskamero orxoga (JKCO). B kadecTBe yriepofcofepskallero BOCCTAHOBUTEA
IpUMeHEeH OTXOJ] aKTVBMPOBAHHOTO YA 13 PefepanbHOro KIaccupUKalyOHHOTO KaTaora
0TX070B: KOZf 4.42.104.01.49.5 «YTO/Ib aKTUBMPOBAHHBII, OTPAOOTAHHBIN IIPY OCYIIKE BO3TyXa
VI 'a30B, He 3arPsI3HEHHBIN OITAaCHBIMU BelljecTBaMy». OTpabOTaHHBIN aKTVBYPOBAHHBIN YTOJIb
M3MeJIbYasICA, IPOCENBAJICS Y€Pe3 CUTO CO CTOPOHOI AYeNKM 63 MKM 1 BBOoguIcA B macty JKCO
B pacueTe Ha CyXoe BellecTBO Kak 1:2. [l co3fjlaHnA MHEPTHON Cpefibl IPU €TI0 pas3IoKeHUN
IIpY TeMIlepaTypax BOCCTAHOBJIEHNUA J0OaB/IsICs KapboHat HaTpus. Termosas o6paboTka mo-
JTY4E€HHOM CMeCH NPONU3BOAUIACH B TPEX30HHOI BpallaloLIeiicsa IPOKaT0YHOM ITeun: 1-4 30Ha
- Harpes fio Temnepatypsl 900 °C, 2-1 30Ha BbIiep>KKa B TedeHue Yaca mpu Temrneparype 900 °C,
3-1 30Ha — OX/IaXAeHue 1o Temuneparypst 50 °C.

JI14 cTaTMCTMYeCKOro aHa/lIN3a pe3yNnbTaToOB MCIIO/Ib30BAINICh METOMIbI JVICTIEPCYOHHOTO
U peTPecCMOHHOTO aHanm3a [8].

OcHOBHasA 4acTh

O6bexTaMiy MCCIeTOBAHUA CTYXKWIN IPOMBILIICHHbIE (TeXHOTEeHHbIE) OTXO/BI (IIBIIb C
371eKTPOIIBTPOB YeperoBelKoro Metauryprudeckoro 3asoga OAO «CeBepcTanby, ranbba-
HOIIJIAM, OCaJIOK 00e3>Kele3MBaHys IT0/[3eMHOI BOJbI), MarHETHT, IOJTyYeHHBI 3 OTXO/IOB, a
TAK>Ke IIPOMBIBHAA CTOYHAS BOJA Fa/IbBAHUKI.
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OCHOBHbBIE XapaKTEPUCTUKNU 3aTPSI3HAIIINX BeleCTB raIbBAHNYECKOTO IPOU3BOMICTBA
3aJIaHHOTO COCTaBa IpuBefieHsbI B Tabmmie 1 [9]. Pusnuko-xuMmdeckye CBOCTBA >KeIe30Ccoep-

JKaIl[X OTXOZIOB IpuBeJieHbl B Tabmuie 2 [10].

Ta6muna 1. XapakTepucTyuKa 3arpssHs;IIOLIMX BelecTB

IIIK Kiracc VcTounmkm .
BemectBo N BospericTBue Ha Oprann3M
(mr/mm?) OITaCHOCTU HOCTYIIEHNS
. MpyTarenHoe 1 TOKCM4HOe AeiicTBye. OKasbl-
Menb TanpBannyeckuin .
. 0,5 3 BaeT pasjpakalye AeiiCTBIE Ha CIIN3UCThIE
Cu 1ex, MemHeHe .
000/I0YKY BePXHIX [IbIXaTe/IbHbIX IIyTell.
TanpBaHMYeCcKUIt .
YBemryeHye KapaoBacKy/IApHOI 3aboeBae-
IeX, KafiIMIpOBa- . .
. moctu (KB3), moyedHoit, OHKOTIOTMYECKOI 3a-
Kapmmii HIIE, KOPpO3us
, 0,001 2 6onesaemocr, Hapyuerne OMI], Tedenne
Cd* TpyO € rajibBaHu-
6epeMeHHOCTI U POJIOB, MEPTBOPOXK/jae-
YeCKVM IIOKPBHI- .
MOCTb, OBPEX/ieHe KOCTHOV TKaHM.
TUEM
. IToBblurenne BO30YAMMOCTY LIeHTPATbHOI 1
TanpBanMveckmit . .
Huxkens BeTreTaTNBHOI HEPBHON CUCTEMBI, OTEKI JIeT-
- 0,5 3 11eX, HUKEe/IMPOBa-
Ni KJX ¥l MO3Ta, TaXUKapANs, aHeMIs, paK JIer-
HIe
KUX.
Ta6nuna 2. GuUsuKo-XMMUIecKue CBOVICTBA XKeNMe30COepKaIIMX OTXO0B
o OTxop 0
TXO caJiok
" I'l «Boim- I'll Apocnas- OTxop OAO «Ce- 8
HaumeHoBaHume OAO rocre
. e I. ckoro cygoctpon- | OreHerop- | Bep CTamb»
IIOKasarenei «CeBep obesxeres.
Poibuuck | TenpHOro 3aBoja) | ckoro F'OK (mmocre
CTasib» 10/I3. BOJIBI
TpaB/IeHN)
FeO 2,1+0,50 - - 26,7+0,70 47,8+5,60 -
Fe,Os 76,96+0,77 | 51,7+2,60 55,7+2,80 63,4+1,90 1,6+1,00 60,20
CaO 2,15+1,34 2,9+0,40 8,1£1,20 0,60+0,008 0,09+0,05 14,30
Na,O 0,14+0,07 - - 0,06340,001 - -
ZnO 3,17+0,76 | 3,87+1,00 2,60+0,70 - - 12,20
Cosu 0,44+0,05 - - - R -
CuO 0,22+0,01 0,33+0,09 0,10+0,06 - - 0,58
P,Os 0,15+0,01 - - 0,025+0,001 - -
SiO, 1,59+0,35 - - 7,75%£1,10 - 4,10
Crotu, - 1,84+0,87 2,9+1,20 - - .
NiO CTefbl 0,15+0,10 0,41+0,30 - - 0,25
HZSO4CE()6A - - - - 2,9i0,02 -
MgO - - - - - 7,80
IMorepu npu 2,1+0,50 24,8+1,90 21,0+2,10 0,53+0,10 45,8+0,30
MPOKaTMBAHUY
600 °C, %
MaccoBas gona | 10,10+4,60 6,8+0,20 5,53+0,30 - 1,81+0,010
HepacTBOPeH-
ubix B HCI Be-
1ecTB, %
MaccoBas gons 1,2+0,30 7,6+0,50 3,7+£0,90 0,9+0,50 -
PacTBOPUMBIX B
BOJIe BellecTB, %

10
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VccnemoBaHye MarHUTHBIX CBOJICTB ITOJTYYEHHOJ MarHUTHON (as3bl I MarHUTHBIX XKW/ -
KOCTel OBUIO IPOBeeHO Ha BUOpaLOHHOM MarHutoMmeTpe [11], cxema KOTOporo npusejeHa

Ha puc. 1.
3

7

WAl

eHepaTop
4 5 r3-112
1

/|

MUM

CenekTUBHbIN
ycunutens ¥Y2-8

N

X

D) Bnok nutaHunsa
O arekTpomarHuTa

Puc. 1. Cxema BUOPAI[MIOHHOTO MaTHUTOMeETpa: 1 - KIoBeTa ¢ 00pasoM; 2 - CTepKeHb U3 HEMarHUTHOTO MaTepu-
ana; 3 - BUOparop; 4 - 371IeKTPOMArHuUT; 5 - M3MepUTe/IbHbIe KaTYIIKI

O6pasern 1, mpepcraBsiomuii co60¥ KIOBETY C MarHUTHO KMAKOCTBIO [12] wmu ee yc-
nepcHoI (a3oii, MPUKPEIIAICS K KOHILY CTepyKHS 13 HeMarHUTHOTo Matepuana 2. [[pyroit Ko-
Hel| CTeP>KH:A OBII )KeCTKO CBsA3aH ¢ A Hy30poM 91eKTpOMarHUTHOTO Brbparopa 3. [Iutanne
BUOpaTopa OCyLIeCTB/IIOCh OT HU3KOYAaCTOTHOTO reHepaTopa curnanos ['3-112. O6paser no-
MeIIajICS MeXAY HOTI0CaMI S7IEKTPOMAarHuTa 4.

Mexx/ly IOMIOCHBIMY HaKOHEYHMKAMM 3/IeKTPOMArHNUTa YKPEeIULAINICH YeThbIpe OfMHAKO-
Bble MI3MepUTeIbHble KaTYIIKM, BKIIOYEHHbIe IIOIIApPHO HABCTpeuy ApPYyT APYTY 5, B KOTOPBIX
npu Konebanusax obpasua (c yacroroit 81 I'm) HaBogtack I1C MHAYKIMY, TPOIOPIIVIOHAb-
Hasl HAMarHM4eHHOCTY HachIleHusA obpasija. ITOT CUTHAJI IIOfIaBajICs Ha BXOJ| CEJIEKTUBHOTO
ycunurens ¥Y2-8 v perucTpupoBacs.

YcraHOBKa KamnbpoBanach C IMOMOINBI0 00pasIia, B3ATOTO 3a STAJIOH (3/IEKTPOIUTIYe-
CKUJI HMKeIb Maccoil 56 Mr). UyBCTBUTE/IBHOCTh YCTaHOBKM cocTaBjsiia 4-10° A-m*/kr, mo-
TPEIIHOCTb M3MepeHNI He npeBbiiana 3%.

9¢eKTUBHOCTD OUNCTKY IPOMBIBHBIX CTOYHBIX BOJ OCYILIECTB/IAIACD ITyTeM OIpefiere-
HIIS1 KOHLIEHTPALMY TsDKEJIBIX METAJIOB B 00pasiax o 1 MOC/Ie OUMCTKM CTaHJAPTHBIMU Me-
togamu [13-17]. [Tpy 5TOM KOHIIEHTPALIMIO NOHOB TsDKENIbIX META/UIOB OL[eHMBA/I Ha OCHOBA-
HIY TPajyMpOBOYHO 3aBMCMMOCTY KOHI[@HTPAINii CTaHAAPTHBIX pacTBOpoB C OT UX ONTHYe-
CKOJI IIoTHOCTU D, M3MepeHHoIi ¢ ucnonb3oBanmeM ¢orokonopumerpa KOK-2. [lannsie 3a-

BYCYMOCTY aNlIIPOKCUMMPOBA/IN IMHEHBIM YPaBHEHMEM PErpeccumn

C = kD, (1)
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OT XHMHUHU K TEXHOJIOTHH [RIIEAREZNITENIUY TOM 3, BbINMYCK 2, 2022

rie k- K03 dULVEHT TMHETHON Perpeccyit, BEIYMC/IAEMbI METOOM HaIMEeHBIINX KBa[pa-
TOB Ha OCHOBAHNY BLIOOPOK, IIO/Ty4€HHBIX Ha CTAHZAPTHBIX PacTBOpPAX.

KoHIjeHTpanmio mcciefyeMoro pacTBopa OIpefe/isiIN MOACTaHOBKON B ypaBHeHnme (1)
€r0 ONTUYECKOI IJIOTHOCTM.

B xopie nccnenoBanusA METOJOM AUCIIEPCYOHHOTO aHam3a OblTa IPOBejeHa OLleHKa 3Ha-
YYMOCTY B/IVMAHNA OCHOBHBIX (PaKTOPOB, BIMAIOIINX Ha 3PPEKTUBHOCTb OYMCTKI OTXO/IOB.

B Tabmm1ie 3 mpuBeneHs! pe3yabTaThl AUCIIEPCOHHOTO aHA/IN3a 110 OLleHKe 3HAYMMOCTI

BIVSAHMA Ha 9P PEKTUBHOCTD OUMCTKY COOTHOIIEHVSI MarHeTHTa U MOHOB XpoMa (VI).

Ta6muua 3. [IpoBepka 3HAUMMOCTY BIMAHUA COOTHOIIEHNI MarHeTUTa 1 oHOB xpoMa (VI) Ha apdexTuBHOCTH
ourctku (B %)

[MapamnenpHble Coortnomrenne Cr (VI)/marHeTut
U3MepeHUs 1/2 1/4 1/6 1/8 0,1 0
Ot 1 4,546 28,563 66,334 85 86,997 88,032
OmpiT 2 5,01 26,775 68,245 862/3 88,035 89,01
OmpiT 3 4,889 29,64 66 853/7 87,495 87,5
OmpiT 4 5,026 30,005 67,211 86,422 87,3 88,1
Cpepune 4,868 28,746 66,948 85,874 87,457 88,161
Hucnepcun 0,050 2,101 1,009 0,626 0,191 0,393
Iucnepcus daxropa onmbxm 0,728
Hucnepcnsa dakropa 7536,356
OrHommenne gucnepcuit F 10350,579
Kputnueckoe sHaueHue 2,621
BriBOA 0 3HAYMMOCTH 3HAYMMO

[Ipy TakOM pacrONIOXEeHUY OTKIMKOB (CTEleHb OYMCTKM) B TabuIle pacceMBaHNe
MeXJy cTonbramy obycnasnuBaeTcs BausAHNeM ¢akropa (cootHomenne Cr (VI)/marnerur),
paccerBaHue BHYTPY CTONOIOB — BIIVIAHNEM CITyYallHBIX (GaKTOPOB.

HleiicTBre dakTOpa CITy4aitHOCTM NPOABJIAETCSA B PACCEVMBAHUY OTK/IMKOB Ha KaXK[OM

ypoBHe (paKTOpa OTHOCUTE/IBHO CPEJHETO /..

n
, 1
5= v @
=1

OHCHI/ITb (1)aKTOp CHy‘Iﬁf/IHOCTI/I MOJXHO, BbIYMIC/INB OUCIIEPCUN BOCIIPOM3BOANMOCTI HA

Ka)XX/IOM YpoBHe (paKkTopa:

n
: : E ( )2 (3)
Sg = Vii —Y.)".
el n— 1 . ] yl
Jj=1
OO6BIYHO IIpY IPOBEIECHUY JUCIIEPCYOHHOTO aHA/IN3a, CYNTAETCS, YTO TOYHOCTD M3Mepe-
HUS OTK/IMKA He MEHSAeTC B PasHbIX ONbITaX. 1109TOMY JIMCTIEPCUM SZ JIOTDKHBI SIB/ATHCA
OIIEHKOJI OJTHOJI U TOi >Ke TeHepalIbHOI ucnepcun 0. Il poBepUTh 3T0 MOXKHO, CPAaBHUB 3Ha-
YIMOCTb Pas/NyMs MAKCUMA/TbHOI ¥ MIHMMATbHOI 13 iucIiepcnii s 1o kputepuio Ouiiepa.

Pasnmuune 6y;£[eT HE3HAYMMbIM IIpY BBIIIOTHEHNY HEPABEHCTBA:

2
Ssmax

2 SF(n—l,n_LCI); (4)

emin

12
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rne F(n—1,n—1,q)- xBautwib pacupenenenuss Ouinepa st 9ncia CTereHeil CBOOOIbI
CpaBHUBaeMbIX gucnepcuit 1= n - 1, L= - 1 1 BBIOPaHHOTO YPOBHSI 3HAYNMMOCTH .
Ecnu HepaBeHCTBO BBIMOHSIETCS, TO U BCe OCTA/IbHBIE JUCIIEPCU TAK)KE PA3TNIAIOTCS

HE3HAYVIMO I X MOJKHO YCPE€OHNUTD, BbIYNC/INB, TAKNM o6pa30M, ANCIIEPCUIO OIIMOKIA:

K
1
st = EZ s, (5)
=1

Bmmsanne pakTopa MO>KHO OLEHNUTD C IOMOIIBIO AVICIIEPCIUIL:

k
=G -5 (©)
=1

k-1
IHe J - cpefiHee BCeX HAOTIOMEHNUI

H}I}I IIPOBEPKU 3HAUMMOCTU BIMAHUA (baKTopa Ha IUCIIEPCUIO s HeO6XOI[I/IMO CPaBHUTDH

1o kputepuio Ouiepa ¢ Auctepcueit ommbKu s2:
2

S

—<F(n-1n-149). (7)
SS

Ecmu HEPABEHCTBO (7) HE BBIIIOJIHAETCA, TO HY/Ib-TUIIOTE3a O 3HAYMMOCTH pa3/InanAa ounc-

niepcuit s2 u s2 oTBepraercs, u BnuAHMe GaKTOpa CEAyeT MPU3HATD CYIECTBEHHbBIM [8].
Vicxops U3 HAaHHBIX TAOMUIIBI 3 MOXKHO CJe/IaTh BBIBOJ, O TOM, YTO IIPY COOTHOLIEHWUMN
MarHetuTa u noHoB xpoma (VI), paBHom 1/8, 1/10 u 1/15, Habmrofaercss Hanbomee BbICOKAs
CTelleHb OYVCTKIL.
AHaJIOTVYHO TPOBOAW/ICA HAMCIEPCUOHHBIN aHANIM3 3aBUCUMOCTM 3(PQPEKTUBHOCTI
OYVICTKY CTOYHBIX BOJ OT BpEeMeHM IPOKa/TMBaHMsA MarHeTuTa. Pesy/IbTaThl IpefiCTaB/IeHbI B

tabnuie 4.

Ta6mmua 4. [IpoBepka 3HAYMMOCTY BAMAHNUS BpeMeHN pokammBanys MarHernta npu T = 900 °C Ha a¢pdexTus-
HOCTU 04UCTKY (B %)

Bpemsa npokanusanud, 4
[TapannenpHble M3MEPEHUA
1 2 3 4
OmnprT 1 86,974 80,997 2,16 1,05
OmnpIT 2 87,353 81,267 1,97 0,873
OmpiT 3 88,02 83,4 1,993 1,134
OmpiT 4 87,22 81,315 2,018 1,15
Cpennne 87,392 81,745 2,035 1,052
Hucnepcun 0,200 1,237 0,007 0,016
Iucniepcus pakropa ommnbKu 0,365
Hucnepcus dakropa 9212,716
Otrowenne gucnepcnit F 25226,490
Kputnueckoe sHaueHne 3,239
BriBop 0 3HAUMMOCTI SHAYNMMO

V3 Tabmuibl 4 BUHO, YTO P UCIIONIb30BAHMY MarHETUTa, IIPOKaJIeHHOTo 6ortee 2 4 a¢-
(eKTUBHOCTh OYMCTKM IIPOMBIBHBIX CTOYHBIX BOJ| pe3Koe majaet. bonee adpdexkrnBHO U 9KO-

HOMMYHO MCII0/Ib30BaHM€e MaTHETNTa, IPOKa/JI€EHHOTO B TedeHMe 1 4 mpu Temmepatype 900 °C.
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[lanee 6bl1a MCcCIeROBaHA 3aBUCUMOCTD 3G GEKTUBHOCTI OYMCTKY BOABI OT BpeMeHM Iie-
peMelnBaHusA Y BCTPAXMBAHMS C aICOPOEHTOM (MarHeTUTOM).

Kak crepyer 13 pesynbTaToB aHamm3a s¢pdeKTUBHasA CTeIleHb OUMCcTKY 89% obecrednBa-
eTCsl TIpY MCIIOTb30BaHNMM MENIA/IKM U BpeMeH! IepeMemmBanys 15 MuHyT. I1pu BcTpsaxmba-
HUY 3¢ (PEeKTUBHOCTD OYMCTKY BOAIBI COCTABIIAET 85%.

B xozme paboThI OBIIO MICCTIEROBAHO BIVSHIE aKTUBALVM MarHeTuTa Ha 9 eKTMBHOCTD
OYVICTKY CTOYHBIX BOJ. AKTVBALMsI IPOBOAM/IACH B lepeMEHHOM MarHUTHOM IIOJIe.

B kadecTBe mccnegyeMbIX aficOpOEHTOB IPU OUYNMCTKE XPOMCOAEP>KAIUX CTOYHBIX BOJ,
ObUIV JCIIO/Ib30BaHbI AaKTVBMPOBAHHBIE JI HEAKTUBUPOBAHHBI MarHETWUTBI, IIOTyYeHHbIE V3

YKeJIe30COAePIKalINX OTXOJ0B. Pe3ynbpTaThl IpeficTaBIeHbl B TabmIle 5.

Tabnuua 5. [[poBepka 3HAYMMOCTY BIIVSTHVSI aKTUBALIMY MarHeTnTa Ha 9)QEKTUBHOCTI OYMCTKI XPOMCOepIKa-
IIMX CTOYHBIX BOJ (B %)

[TapannenbHsie AxtuBupoBanHsii "Koutyp" | Axtusuposanusiii "CBY-neun"
bes akTuBaun
V3MepEeHN 1, Mmun 2, MUH
Ormmit 1 88,549 97,11 93,041
Omsit 2 89,117 96,142 90, 959
Omsit 3 89,02 98,061 92,431
Ormpit 4 89,23 96,037 92,415
Cpepuue 88,979 96,838 92,736
Hucnepcun 0,090 0,899 0,186
Iucniepcus pakropa ommnbKu 0,391
Iucnepcus paxropa A 46,347
Otrowmenne gucnepcnit F 118,416
Kpurnaeckoe 3HaueHMe 4,459
BriBop 0 3HAUMMOCTHI 3HAYMMO

Kak BuzHO 13 Tabmuipl 5, Hanbonee BbICOKast 9PpPeKTUBHOCTD JOCTUTAETCS IIPU UCIIONb-
30BaHUM COpOEHTa—MarHeTyTa, aKTYBMPOBAHHOTO Ha ycTaHOBKe «KoHTyp» (HampsbkeHue —
75 B, wacrota - 50 I', MaruuTHas napykuus — 0,11 T, Bpemsa — 2 MuH) u coctasnsaeT 96%.

Ba>kHO OTMETUTD, YTO IIOJIHOTA OUYMCTKMU Oosmee 90% mocTuraerca Ha 4acTUIlaX MarHe-
TUTa, MMEIoLIero 000104Ky 13 ruppokcunoB xenesa (I1I). B deppomarauTHoi cycnensum o6-
pasytromuiicsa rugpokcuy xpoma (I11) mpouno ynepsxuBaercs Ha MarHeTute. O00/109Ka COCTONUT
U3 TUIPOKCU/IBHBIX MOHOB M TMAPOKCUTOB Kene3a (II), KOTOpbI, Kak y)Ke 6bUIO CKasaHO, U
criocobcrByeT BoccTaHOBIeHNI0 Cr®* B Cr** . OCHOBHBIE CUIBI B3aMOJEIICTBYS IPY OYVMCTKY
CTOYHBIX BOJ OT MIOHOB TsDKeJIBIX METAJUIOB C MCIIO/Ib30BaHMeM B Ka4eCTBe peareHTa OCayTesIs
MarHeT!Ta ABJIAIOTCA CUJIBL QfiTe3NN 32 CYeT MOHHO-3/IeKTPOCTATIYECKIX, MATHUTHBIX U MOJIe-
KY/IAPHBIX B3aIMOJIEVICTBUIA.

[Tomy4eHHBII MAaTHETUT TAK)XKe MCIIO/Ib30BAJICA /L1 OUVMCTKY HUKETbCOEPIKAIIVIX, MeIb-
cofiep>KalllMX M IVHKCOJEP>KAIUX CTOYHBIX BOZ. D(P(PeKTUBHOCTD OYMCTKYM CTOYHBIX BOJ

IIpeJiCTaBJIeHbl B Tabmuie 6.
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Ta6muna 6. [IpoBepka 3HAYMMOCTH BJIVISIHVS MOHOB TSDKENIbIX META/IOB Ha 9 GEeKTUBHOCTb OUYMCTKM CTOUHBIX
Bop (CB) maraerntom (B %)

[MapanmnenpHble CrouHas BOfIa C MOHAMU TSXKENbIX METa//IOB
U3MepeHUs Huxenbcopepxxamas CB Inuxcopeprxamas CB Mepbcopepsxamas CB
Ormmit 1 40,749 92,36 89,524
Omsit 2 44, 994 95, 84 90,675
OmpiT 3 46,095 96, 092 92,846
OmpiT 4 48,15 96,753 93,22
Cpennune 44,998 94,557 91,566
Hucnepcun 14,596 9,649 3,113
Jucnepcns dakropa ommnbKu 9,119
Iucnepcus dakropa A 2316,794
Otnowmenne pucnepcuit F 254,052
Kpurndeckoe 3HaueHMe 4,459
BriBop 0 3HAUMMOCTH 3HAYNMMO

Huskas 3¢ ekTMBHOCTD OYMCTKM HUKETbCOJEPIKAIINX CTOYHBIX BOJI, BO3SMOXKHO, 00b-
SCHSETCS BIMsTHMEM MeIIaolVX MOHOB IIPY aHa/lM3e OYMIIEHHOI BOABI (aHa/IN3 BOJIBI IIPOBO-
i ¥ pOTOMETPUYECKUM C JUMETUIITIMOKCUMOM Y TeTPUMeTpUYecKuM MeToamu) [18].

BrIBOABI M peKOMeHJAI

1. OpHOI M3 aKTYaIbHBIX IIPO6JIEM IIPOMBILITIEHHBIX NPEANPUATII, UMEIOIUX B CBOEM
TEXHOJIOTMYeCKOM I[MK/Ie TaIbBaHIYeCKIIe IIPOL[eCChl, OCTAeTCA MpobieMa IITyOOKOi OUMCTKI
CTOYHBIX BOJ| OT MIOHOB TSDKEJIBIX MeTa/UI0B. OTpaboTaHHBIe CTOYHBIE BOJbI Fa/IbBAHIYECKOTO
IIPOM3BOACTBA CINTAIOTCA MHOTO3JIEMEHTHBIMIL. BeynMu BelecTBaMy, IpeCcTaB/IAI0IIIMI
YIpO3y ISl OKpY>Kalolliell Cpeibl, CYUUTAIOTCS XPOM, LIHK, Mellb, HUKeNb. B HacTosIIee BpeMs
UL OYMCTKM IPOMBIIIIEHHBIX CTOYHBIX BOJ, 0O/IbIIOe BHUMAaHUE YAE/IACTCS COPOLMOHHBIM
MerofaM. OIHUM U3 aKTya/TbHBIX HAIIPaB/IeHMII CIUTACTCS MOTyYeHe OTHOCUTEIbHO Heflopo-
TUX COPOIVIOHHBIX MaTepuanoB. VIcIonb3oBaHMe MarHeTNTA, IOTYYeHHOTO 13 TeXHOT€HHbBIX
OTXOZOB, MOXeT OBbITh 3¢ (PeKTUBHO J/Is BBIIOTTHEHM 3aja4 OYMCTKY CTOYHBIX BOJ] OT MIOHOB
TSDKEJIBIX METAJIIOB.

2. IlpoBeneHa onjeHKa PU3MKO-XMMIIECKIX CBOJICTB TeXHOTEHHBIX YKeJIe30CO e pIKaIINX
OTXOZIOB, MCIIO/Ib30BAaHHBIX B KaUeCTBe BTOPMYHBIX MaTe€PUAIbHBIX PECYpPCOB /I IIPOU3BOJ-
cTBa MarHeTuTa. IIokasaHo, YTO OTXOBI COAlEP>KAT B CBOEM cocTaBe H6ostee 50% MOHOB Xeye3a
B niepecyere Ha Fe;Os.

3. VlccneoBaHa BO3MOXKHOCTD IIPMMEHEHNA ITOJTyYeHHOTO MarHeTITa B Ka4ecTBe aficop-
OeHTa JI/Is1 OYMCTKY BOABI OT MOHOB TSDKEJIBIX METa/UIOB. [ JTaBHBIM JOCTOMHCTBOM JJAHHOTO afi-
copOeHTa ABJIAETCSA €0 IelIeBU3HA, JOCTYIIHOCTD 1 00Ible pacrionaraeMblie o6beMbl. Kpome
TOTO, MarHeTUT XapaKTePU3YeTCsl CIOCOOHOCTBI0 OCAKIATHCA B MarHUTHOM IIOJIe, YTO YIIPO-
I[aeT BbIJieIEHIIE €TO 3 OUNILEHHOI BOJIBL.

4. [TokasaHa BbICOKasA 3QPEKTUBHOCTb OUMCTKI CTOYHBIX BOJL COTEPIKAIIVIX MOHBI TsXKe-
JIBIX MeTa/UIoB. /11 XpOMCOZiep KallyX, IMHKCOAEPXKALINX, MebCOMIeP KAINX CTOYHBIX BOJ
3¢ddeKTUBHOCTD OYMCTKY cocTaBmIa 90-96%.
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5. HOKa?)aHO, 9TO aKTMBalVIsI MarHETUTA B 3JIEKTPOMArHUTHOM IIOJI€ YBEINYMBACT 3(1)—

(beKTMBHOCTD OUYMCTKY BOABI Ha 5-7%.

10.
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13.
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BBengenue

BsaumopericTBYe KETOHOB Pas3IMYHOTO CTPOEHMA C a3U[OBOJOPOJHOI KVICTIOTON W3-
BECTHO Kak Ieperpynnuposka IlImmpara. [JaHHasA peakuusA IIMPOKO IIpYMEHMMaA B OpTraHude-
CKOM cMHTe3e [1] s monmydeHus pasHooOpasHBIX aMIJIOB, B TOM YJIC/Ie U U30MEPHOTO CTpoe-
HuA (2, 3], a TaKKe aHAJIOTOB HaTypaIbHBIX IPOAYKTOB [4, 5]. OgHaKko B muTepaType He ONM-
CaHO ee IPUMEeHeHNe /s IIePEerPYNIPOBOK KETOHOB, COJEPKAIUX M30MHI0/M-1,3- 11 0HOBBII
i QTaTOHUTPWIbHBINA PparMeHT. VI3 MUTepaTyphl U3BECTHO, YTO pa3/INYHbIe 3aMel[eHHbIe
M30MHAO-1,3-AMOHBI MU (TATUMUABI MOTYT IPUMEHATHCS B Ka4eCTBe JIeKapCTBEHHBIX IIpe-
naparoB (Haubojiee M3BECTHBIM CPelM HUX SABJIAETCA TAIUJOMUL [6]), MHIMOUTOPOB HEKOTO-
PBIX bepMEHTOB, IIPUMEHIEMBIX JIA Tepanuy pasanyHbX Gopm paka [7-9]. Kpome Toro, ns-
BECTHO MCIIO/b30BaHNMe ITUX COeNMHEHNI isl iedeHus 6onesnn Anbureitmepa [10] n pasHo-
o6pasHbIX popm mempeccuit [11], a Tak)Ke IpUMeHeHMe B Ka4eCTBe IPOTHBOBOCIIANTETbHBIX
cpencts [12]. O60061mas BpIIeCKa3aHHOE, MOXKHO 3aK/IIOYNTD, YTO a30TCOAEpPIKAIlyie TeTepo-
IVIK/INYIECKIe CUCTeMbl Pa3/IMYHOrO CTPOEHNA 10 CUX ITOp IPUBJIEKAIOT BHIMaHVE XMMIKOB-
CUHTETUKOB [13-16].

Llenbio JaHHOIT pabOTHI ABJAETCA pa3paboTKa MeTO/a CHHTe3a 3aMelljeHHBIX aMIUI0B, CO-
flepXKalMX M30MHAO0M-1,3-1MOHOBBII (parMeHT, C JCHONb30BAaHMEM II€PErpyNINpPOBKI
[IIMuaTa B OPUCYTCTBUM CEPHONM KMCIOTBL M M3y4eHME CBOJICTB CUHTE3MPOBAaHHBIX
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coefuHeHMil. PaHee Hamy 6bUT pa3pabOTaH METOJ, CMHTe3a HOJOOHBIX aMUJIOB C UCIIOIb30Ba-
HueM nomdocdopuoit kucnorsl (IIPK) [17]. C Touku 3penns skoHomuky, 3amena [1OK cep-
HOJI KMCJIOTOM SIBJISETCS TEXHOJIOTMYECK) OoJee IpUBJIEKaTe/IbHO, TOCKOIBKY IPUBOANUT K
CHIDKEHUIO Ce0eCTOMMOCTH 1je/IeBbIX IIPOJYKTOB.

OcHOBHasA 4acTh

Hna neperpynnuposku IlIMuaTa 4acTO MCIONB3YIOT KETOHBI Pa3IM4YHON CTPYKTYpPbI U
asuj, HaTpuA B IPUCYTCTBMM KUCIOT bpeHcrena wmm JIpfonca [18], BBICTYyHAOIUX MHOTA B
KavecTBe pactBopureseit [1, 19] u ABnA0IMXCSA TpoMoTOpaMul. [/ JOCTVOKEeHUS IOCTaB/IeH-
HOJI Lie/IV HaMJ OBIIO IIPefIIO>KEHO MCII0/Ib30BaTh paHee CUHTe3VPOBaHHbIEe 5-HUTPO-4-(deHa-
migTanonntpuisl [20] B peakunu [IMupra. Bsanmopeiictsue cydcrparos 1 (a-c) ¢ ABykpart-
HBIM M30BITKOM a3uja HaTpus B nmpucyrcrsun 80%-Hoit H,SO4 ocymecTsisiiocs npu Temme-
patype 90-100 °C B Teuenne 3.5-5 4. B faHHOM ciTy4ae OTHOBPEMEHHO NIPOTEKa/IN HECEeNEeKTUB-
Has neperpynnuposka llIMuaTa Mo KapOOHMIBHOI IPYIIIIe U TUAPOIN3 ABYX LMAHOTPYIII 5-
HUTPO-4-PeHanndTaTOHNTPUIOB IO COOTBETCTBYIOLIVX M30MH/O0N-1,3-11M0HOB (T.H. one-pot
- peakiys) (CM. CXeMy HIDKe).

o o
N 1] 0 O -
X Ny  NaN, N °
Y N* O
—  » H +  HN
N// H,S0O, [0
0“ R 2 (a, b) HN__R H
\ﬂ/ 3 (a-¢)
1 (a-c) R
/HCI
l SnCl,
o (o)

5
4(a,b) \K

1-4:a- R:CGHS; b - R:4-MCC6H4; C— R:4-MCOC5H4

Hamn 66110 yCTaHOBIIEHO, YTO ITPY VMICIIO/Ib30BAHUY CEPHOT KIIC/IOTBI B Ka4eCTBE pacTBO-
pUTesId, TaK >ke Kak U B cirydae npuMeHeHus [IOK, o6pasoBbIBamach cMech M30MEPHBIX IIPO-
nykroB 2 (a, b) u 3 (a, b). Tonpko muuib B cnydae cydcrpara 1¢ (R=4-MeOCsH,) Habmonanocy
IoMUHUpYyIoLiee obpasoBaHye amuaa 3¢ (6onee 95%). BapbyupoBaHue TeMIepaTypHOTO pe-
XKVIMa peaKIMy He OKa3bIBajIO CYIeCTBEHHOTO BIMAHNUA Ha COOTHOLIEHNE I30MepoB (ompefe-
JISIOCH TI0 XapaKTepPHBIM CUTHA/IAM aMMJHBIX MPOTOHOB B cnekTpax IMP 'H). Kpome Toro,
CreffyeT OTMETUTD, YTO IPY YBEIMYEHUN TeMIlepaTyphl peakuuy Bbime 100 °C mpoucxoput
[IbHEIINI TUPOTN3 U30MH/0M-1,3- AMOHOB, IPUBOASAIINIT K 0Opa30BAHMIO IMKAPOOHOBBIX
KUCTIOT C BBIXOZOM Ji0 15%. PaHee HamMu 6BUIO TTOKa3aHO, YTO IPM JJINTEILHOM HarpeBaHUN
5-HuTpO-4-denanmndramonnTpunos 1 (a-c) B cepHOIT KMUCIOTe IPOTEKAET TUAPOIN3 I[MaHO-
TPYyIII ¢ 00pa3oBaHMeM COOTBETCTBYIOIINX AUKAPOOHOBBIX KICIOT [21].

B obmieM cryqae paccMaTpuBaeMyI0 peakIi0 MO>KHO pasfie/INTh Ha IBe: llepBast — TUJ-
POMM3 LVAHOTPYNI 5-HUTPO-4-PpeHanIdTaIOHUTPUIOB O COOTBETCTBYIOUINX M3OMHIOM-
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1,3-110HOB, BTOpas - neperpynnuposka IlIMmuara 06pasoBaBIIMXCs M30MHAON-1,3-IMOHOB B
ycnoBuaAx peakmyn. ITpu aToM 6bUI0 OTMEYEHO, YTO IMAPOIN3 LIMAHOTPYIN ABJAETCA 6ortee
MeJJICHHONI CTafyiell, I03TOMY /I IPOBeIeHNA one-pot-peakuyy Haybosee IpreMIeMbIMI
OKa3a/I/Ch BbILIEYKa3aHHbIE YCTIOBUA.

Paspenenne cMecu M30MepHBIX aMIUJOB 2 1 3 0Ka3a/lI0Ch JOCTATOUHO CTIOXKHOI 3aiadeil.
HecmoTps Ha 3TO, IIOCTIe BOCCTAHOBJIEHNMA CMeCH YKa3aHHBIX NPOAYKTOB X/IOPMJOM OJIOBa
II0 ONMCAaHHON paHee Meropuke [20] HabOmomanmoch ob6pasoBaHume amuHOB 4 (a, b) u
nuppono|3,4-flunpon-2,5,7(1H,3H,6 H)-tpuona 5. Oka3anoch, 4YTO 3TV COEAVHEHUS MOXKHO
JIETKO Pa3fe/nTh IePeKPUCTAIIN3alMelt U3 CIUPTa, IIOCKOJIBKY CTPYKTYpa 5 B HeM MaJjIo pac-
TBOpuMa. O6pasoBaHye MUPPOTIOMH/OMA 5 TPV BOCCTAHOB/ICHNN aMIOB 3 (a-C), BepOATHO,
00BACHACTCA TEM, YTO B YCTIOBUAX PeaKIMI IPOTeKaeT BHYTPUMOJIEKY/IAPHOe IepeaMITHIPO-
BaHMe C IIOC/IEAYOIM 3/IVIMAHIPOBaHMEM apOMAaTN4YeCKOTO aMIHa.

CTpoeHMe CUHTe3/POBAaHHBIX COeIHEeHN 2, 3 1 4 TOATBep>KAeHO faHHbIMU SIMP-criex-
TPOCKOIIMY VM MacC-CIIEKTPOMETPMEN U COBIIAZIAeT C aHATOTVYHBIMM COeAVHEHMUIMU, CUHTE3M-
POBaHHBIMM 10 MeToAVKe [17], BBIXOJ] yKa3aHHBIX IIPOAYKTOB TaK)Ke He3HAYNTEIbHO OT/INYa-
eTCs OT IIO/TyYeHHBIX paHee.

[Tuppono(3,4-flunmon-2,5,7-TpMoH 5 ImpefCTaB/IsT HAMOONIBIINIT MHTEPeC KaK MOTEHIN-
aIbHBI OMIAMHT-6710T s co3maHusa BAB, mosToMy ObUIM MCCTEOBAaHBI €TO0 XMMUYECKIe
CBOJICTBA Ha NpMMepe aIbJONbHO-KPOTOHOBOJ KOHJEHCAIIMY C apOMAaTHYeCKMMU ajIbJeri-
JlaMI IIpU KUCJTOTHOM KaTtanuse. BsaumopericTBre nuppononupona 5 ¢ coegnHennsamiu 6 (a, b)
IPOBOAM/IN B CHVIPTE B IPUCYTCTBUY KAaTaIUTUIECKNMX KOJMYECTB METAHCY/Ib(OHOBON KIIC-
noTsl pu Temmeparype 60-80 °C teuenne 2.5-3.5 4 (cM. cxeMy HIDKe). B pesynbraTte paccmat-
pUBaeMOll peakIyy B KadeCcTBE OCHOBHBIX IIPOAYKTOB OOpPa3sOBBIBANCH 3-3aMellleHHbIE
1,3-gurupponuppono|3,4-fluagon-2,5,7-rpuonsl 7 (a, b), koropsre, no ganusiM SIMP 'H criek-
TPOCKOIINY, IIPefiCTaBILAMM cob0il cMech E/Z-n3oMepoB B cooTHOLIeHUN 1:2.

o O_ H
H
N CH;SO;H
H o + -
C,H,OH
5 1
6(a, b)

6,7:a - R=Cl; b - R=OMe

CTpyKTypa BCeX CUMHTE3MPOBAHHBIX COEAMHEHMII [I0Ka3aHAa COBOKYIIHOCTBIO JaHHbBIX
SAMP-cnexTpockonuy u Macc-criekrpomerpueit. [Ipu BoccraHoBeHnn coenyHaeHni 3 (a-c) Bo
BCeX C/Iy4asx Hab/ofanoch oOpasoBaHye MUPPOTOMHIONTPUOHA 5 ¢ XapaKTepPHBIMY CUTHA-
namu NH-nporonoB B o6mactu 10.94 m.i. u 11.09 m.n. Tounoe cootHecenue E/Z-u3oMepoB
cTpykTyp 7 (a, b) Tarxke 6wUT0 cenano ¢ ucnonb3oBanueM NOESY-cnekrpa coenyHenus 7a
(puc. 1). Ins oboux wmsomepoB Habmwomaercs Kpocc-muk 1-NH/8-H mporonos, a s
E-v3omepa fomonmHNUTeNIbHO Habmopgaercsa Kpocc-muk 4-H/2’6’-H nporonos. B nmureparype
MIMEIOTCS JAaHHBIE, YTO ITOFOOHbIE peaKIMy YacTO IPOXOAT PETMOCEIeKTVBHO C 0O0pa3oBaHeM
opHOro Z-uzomepa (22, 23] nmm E-usomepa [24].
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Puc. 1. ®parment NOESY-cnekTpa coefyHeHNA 7a

B pesynbraTe mpoBe[jeHHOTO MCCIENOBaHNA paspabOTaH METOJ CUHTe3a 3aMeljeHHbIX
aMIZIOB, COlePIXKAILX M30MH/O0N-1,3-11I0HOBBIT PparMeHT, ¢ UCIIOIb30BAHVEM HIeperPYIIIN-
poBku IIIMuaTa B IpUCYTCTBUM CEPHON KUCIOTDI M M3y4€HbI CBOMICTBA CMHTE3MPOBAHHBIX CO-
eMHEeHU.

IKCIepUMeHTAaIbHAs 9aCTh

VK-cnexTpnl 3anucbiBamm Ha npubope ®Oypbe RX-1 PerkinElmer ¢ mamHOi BomHBI
700-4000 cm™'. AHanmusupyeMble BelleCTBa HAXOAVINCH B BUJie CYCIIEH3UV B Ba3e/ITHOBOM
Macre.

Cnekrpsl IMP perncrpuposann Ha npubope «Bruker DRX-400» nmm «Bruker DRX-500»
nns pactBopoB JMCO-ds mpu 30 °C. B xauecTBe sTajioHa /I OTCYETa XMMWYECKUX C/IBUTOB
JVICTIOJIb30BA/IM CUTHA/IBI OCTATOYHBIX POTOHOB pactBoputensd B IMP 'H (8u 2.50 m.1.) mnn
SIMP BC (8¢ 39.5 M.11.), B KauecTBe MapKepa MCIIO0/Ib30Ba/IN CUTHAN TeTPaMeTU/ICU/IaHa.

Macc-crieKTpbl  perucTpupoBany Ha XxpomarTo-macc-crnekTpomerpe «FINNIGAN
MAT.INCOS 50» 1 Ha Macc-CIieKTpoMeTpe BbICOKOTO paspertenns «KratorMS-30» (England)
IIpY MOHM3AaLMOHHOM HanpsbkeHuy 70 3B u temneparype B kamepe monusauym 100-220 °C
(MMOX PAH r. Mockaa).

OJleMeHTHBINI aHaIu3 INPOBOAWICA B aHamuTU4Yeckoi maboparopum MHOOC PAH
(r. Mocksa) Ha mpubope «PerkinElmer 2400».

Temneparypy maBneHnsa GUKCHMpOBAIM Ha almapare A ONpeNe/IeHNs TOUKY IUIaBie-
Hus U KnuneHus «BlichiM-560».

20



At OT XHMHUHU K TEXHOJIOTUH [ITEARELRITEIIY TOM 3, BbINYCK 2, 2022

Meropuxka cunresa coemuaenuii 2 (a, b) u 3 (a-c)

K pactBopy 1 MMonb 5-Hutpo-4-¢penamyndpranonurpuia 1 (a-c) B 3 mi 80%-noit H,SO,
HOPUMOHHO J06aB/Is 2 MMOJIb NaNs, peakIIIOHHYI0 CMeCh IlepeMelIBaNy B TedeHne 3.5-5 4
npu temueparype 90-100 °C. Kontponb peakuuu ey 1o TCX mo ucye3HOBEeHM NATHA UC-
XO[JHOTO KoMITOHeHTa. [loc/ie 3aBepiieHnsI peaKuny CMeCh OXTKIAIN 0 KOMHATHON TeMIle-
parypsl. PeakuoHHYI0 MacCy BBIIE/IS/IN B Jief, M OTGVIBTPOBBIBAIN 00Pa30BaBLINIICSA OCATOK
cMecy mponyktos 2 (a, b) n 3 (a-c).

Meropuka cunTe3a 1,3-gurugponuppono|3,4-flungon-2,5,7(6H)-tpuona 5

K pacrBopy 3 mmonb SnCl, B 2 M xonuenTpuposannoit HCl u 2 mn EtOH npu6asnsm
cmech 0.5 MMOTIb coeyiHeHUN 2/3, peaKIMOHHYIO CMeCh IIepeMelIBaIN B TedeHue 1-2 4 npu
40-50 °C. BpimaBmmit mpy OX/TaXKAEeHUY 0CafioK OTGIIBTPOBBIBAIN. 3aTeM HarpeBajI B 2-3 MIT
cnupra fo kuneHus. HepacTBopuBImiics MpofyKT oTGUIbTPOBBIBAIN 113 TOPSYETO PACTBOPA
U mony4yamu coepyHeHne 5. Beixon 67%, T.mn. 298-300 °C. MK-cnextp, v/cm™: 3237 (NH),
1770, 1725, 1706 (C=0), 1615 (Ar). Macc-cuextp (Y, 70 3B), m/z (IotH (%)): 202 [M]* (38),
173 (19), 155 (12). Cuextp AMP 'H (IMCO-d6, §, m.z., J/T1): 3.65 (¢, 2H, 3-CH,); 7.08 (c, 1H,
8-H); 7.62 (c, 1H, 4-H); 10.94 (c, 1H, 1-NH); 11.09 (yurc, 1H, 6-NH). Cnextp AMP "“C
(IMCO-d6, 9§, m.n.): 35.95, 102.81, 119.11, 125.37, 132.14, 133.30, 149.19, 168.98, 169.24,
176.08. Haiieno (%): C, 59.18; H, 2.97; N, 13.82. Cio0H¢N,Os. Boruncreno (%): C, 59.41; H, 2.99;
N, 13.86.

Metonnka cuHTesa coeguHennin 7 (a, b)

K pactBopy 1 MMOnb coefyiHeHus 5 B civpre npubasism 1.5 MMob anberuza 6 (a, b)
1 0.1 MMO/Ib MeTaHCY/Ib(OKVCIOTHI, PEAKI[MOHHYI0 CMeCh IlepeMellBaIN TPy TeMIepaType
60-80 °C Teuenme 2.5-3.5 4. BoimaBmmit pyu OXIaXIEeHUN OCAloK coepnHeHuit 7 (a, b) ot-
GUIbTPOBBIBAN.

(E)-3-(4-xnmopbensunmpen)-1,3-gurugponuppono|3,4-flunpnon-2,5,7(6 H)-tprox 7a:
Coextp JAMP 'H (IMCO-d6, 6, m.x., J/Tn): 7.07 (¢, 1H, 8-H), 7.54 (n, 2H, 3’-H, 5’-H, J=8.1),
8.17 (¢, 1H, 4-H), 8.19 (¢, 1H, =CH), 8.43 (n, 2H, 2’-H, 6’-H, J=8.1), 11.08 (y. ¢, 1H, 8-NH),
11.18 (ym. ¢, 1H, 1-NH).

(Z)-3-(4-xmopbensnmpaen)-1,3-gurugponuppono|3,4-flunpon-2,5,7(6 H)-tpuon 7a:
Crextp SIMP 'H (JIMCO-d6, 8, m.1., J/Tw): 7.11 (¢, 1H, 8-H), 7.62 (5, 2H, 3’-H, 5-H, J=8.1),
7.63 (c, 1H, =CH), 7.74 (5, 2H, 2’-H, 6'-H, J=8.1), 7.81 (¢, 1H, 4-H), 11.12 (yw. ¢, 1H, 8-NH),
11.18 (ym. ¢, 1H, 1-NH).

Boixon 83%, T.mn. 387-388 °C. Macc-cuextp (Y, 70 9B), m/z (ot (%)): 326 [M]* (32),
324 [M]* (100), 225 (39), 213 (54), 190 (18), 163 (23), 109 (18), 44 (33).

(E)-3-(4-meTokcubensmmmpen)-1,3-guruaponuppono|(3,4-flunpgon-2,5,7(6 H)-tpuon 7b:
Cnextp AMP 'H (IMCO-d6, §, m.x., J/Tn): 3.88 (¢, 3H, OMe), 7.09 (¢, 1H, H-8), 7.15 (g1, 2H,
3’-H, 5’-H, J=8.5), 7.78 (m, 2H, 2’-H, 6’-H, J=8.5), 7.88 (¢, 1H, =CH), 8.24 (¢, 1H, H-4), 11.10 (c,
1H, 8-NH), 11.18 (c, 1H, 1-NH).

(Z)-3-(4-merokcmbensnmiaeH)- 1,3-nurugponuppono|3,4-fluapon-2,5,7(6 H)-tpuon 7b:
Cnextp AMP 'H (IMCO-d6, §, m.x., J/Tn): 3.87 (¢, 3H, OMe), 7.10 (¢, 1H, H-8), 7.14 (m, 2H,
3_H, 5°-H, J=8.5), 7.16 (¢, 1H, =CH), 7.78 (m, 2H, 2’-H, 6'-H, J=8.5), 7.90 (c, 1H, H-4), 11.18 (c,
1H, 8-NH), 11.20 (c, 1H, 1-NH),
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Boixop 76%, T.mn. 393-394 °C. Macc-cniextp (Y, 70 9B), m/z (Iots (%)): 320 [M]* (100),

289 (15), 213 (48), 107 (18), 44 (33).
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Kniouesvie cnosa: Annomauus: Vccnedosano énusHue UYUHA, 2II0KO3bl, HenamuHa (8 nopouixe u
eNUUUH, 2NII0K03a, 2PAHYIUPOBAHHO20), MYKU MICOKOCIHOLL, 20pOXA U HEKOTNOPbIX OPY2UX pacmumernn-
Pseudomonas HbIX BeU4ECME HA POCM HUCTIEHHOCMU MUKpoopeanusmos Pseudomonas fluorescens
fluorescens, Bacillus AP-33 u Bacillus subtilis 26-D, npumensiousuxcs 6 cocmase 6uonozuqeckux yoobpe-
subtilis, 6uoydobperus nuti. ITokasano, 4mo HeKOMopvle U3 PACHUMENbHBIX BeUsecs, MAKUX KaK 3Uma-

mobxa, Kpoeoxnebka, ueHmenna Asuamckasg, cnocobcmeyom pocmy 6baxmeputi
Pseudomonas fluorescens, a Hekomopovie - Kpanuea 06yOOMHAS, KPYUIUHA, MOTIOK-
HAHKA — y2Hemarm ux pocm. YcmanoeneHo, 4mo Haubonee s dexmusHvimu 006a6-
KaMU U3 USYHEHHLIX, 6AUIOWUMU Ha yeenuuenue uucnenHocmu Pseudomonas
fluorescens AP-33, asnanomcsa xumuueckue (enuyun), pacmumenvHole (Knem4amia
20p0XA) U 6eU4eCtNBa HUBOMHO20 NPOUCXOHOEHUS (MYKA MACOKOCMHAS), YBenuU-
8as pocm wucneHHocmu 6 2,5; 5,0 u 5,8 pas coomsemcmeento. Yucnernocmo Bacillus
subtilis 26-D so3pacmana npu dobasneHuu Knemuamxuy 20poxa é 3,3 paza u myxu
MSACOKOCMHOLL - 8 6,7 pasa.

s quTpoBaHus:

Jeittec E.A., Anenxo E.C,, IletyxoB B.A. Vicnonb3oBaHue XMMMYECKNX, PACTUTEIbHBIX BELECTB U BEIIeCTB JKI-
BOTHOTO IIPOMCXOXKAEHMS 1 paspaboTku 6uoynobpennit // Om xumuu k mexHonoeuu wiae 3a wiazom. 2022. T. 3,
BoIII. 2. C. 24-29. URL: http://chemintech.ru/index.php/tor/2022tom3no2

BBenenmne

C poCTOM YNCTIEHHOCTY Hace/leHNs Bce Oobliiee BHYMaHE Yie/IAeTCs YBeIMYEHNIO KO-
JMYECTBA MPOSYKTOB MUTaHMA. VIcToLenne 3eMeb 1 MopaykeHye pacTeHNI pa3IMYHbIMU 3a-
601eBaHMAMIY IPUBETIO K MICIIO/Ib30BAHNIO XMMIYECKIX CPECTB 3alLIUTHI pacTeHuil. BBeyenne
XMIMUYECKNX CPEJICTB 3alUThl PACTEHUI B CEIbCKOXO3AVICTBEHHYIO IIPAKTUKY ITO3BOINIIO I10-
BBICUTD YPOKallHOCTb U, COOTBETCTBEHHO, YBE/IMYNTD BBIITYCK IPOAYKTOB MUTaHUA. MupoBoe
IIPOM3BOZICTBO IIECTULMIOB Bo3pacTaeT Ha 11% B roj 1 JOCTUIIO opsaKa 5 MaH T [1].

Bmecre ¢ TeM UX TOBCEMECTHOE MCIIONb30BaHMe NIPYUBEIO K 3arpsA3HEHNIO XMMUKAaTaMU
II0YBBI, TPYHTOBBIX BOJ, M BO3[jyXa IIPaKTUYECKM BO BCEX CTPaHaX, YTO MIMEET He TOIbKO 3KO-
JIOTMYeCKUe, HO 9KOHOMUYECKIE U COLMa/IbHbIe ITOC/TIEqCTBUS.

© E. A. Jleitrec, E. C. fuenko, B. A. Ileryxos, 2022
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Hexoropsle mecTUIMABI COREPXKAT B CBOEM COCTaBe TsDKeJIble METa/UIbl: PTYTb, LIMHK,
MeZb. MuHepanbHbIe y0OpeHus, [oObIBaeMble 13 TOPHBIX IOPOJ, COTEP>KaT IPUMeCH TshKe-
nbIX MeTa/w1oB. PochopHble ynobpeHus cofepKaT HauboJIblllee X KOIMYECTBO, HAIIPUMeEP, B
npocToM cynepgdocdare MOTyT IPUCYTCTBOBATD CBUHEL], Ka[IMIIL, Me/ib, LINHK, XPOM, KOOAJIbT,
HUKeJb, BaHammit [2].

B cynepdocdarax, a Taxke B Ka/IMITHBIX YEOOPEHUAX MOTYT IIPUCYTCTBOBATh B Ka4eCTBE
IpuMeceyt ypaH, CTPOHLIUM, pajuil, TOPMIL, KOTOPbIE, ONa/iasd B OPraHM3M Ye/I0BeKA U XKMBOT-
HBIX C PaCTUTE/IbHOI INIIeil, IPUBOAAT K BHYTPEHHEMY 00JTy4eHMIO.

PesynpTaToM BHECeHNUA MUHEPATbHBIX YHOOPEHNIT ABIACTCA IONKUCICHNE TI0YBDI, BbI-
MBIBaHMe 13 Hee KaJIbliVisl, MarHNs, MapraHlia, [VIHKA, Me[yl, YTO MOXXeT CHU3UTb YCTONYM-
BOCTb PACTeHMII K Pa3/IMYHBIM 3a00/IeBaHVIAM.

BaxnermmM ¢GpakTOpoM MOBBIIEHNST IPOSYKTUBHOCTI CEIbCKOXO3SIICTBEHHBIX pacTe-
HUII U YIy4lleHUs NOYBEHHOTO IUIOJOPOAVsA AB/AETCS HAyYHO 0OOCHOBAaHHOE IIPVMMEHEHVe
ymobpennmit [3].

YBenmuueHne KOMMYECTBa BHOCUMBIX MVHEPATbHBIX YHOOPEHWIT C I[e/IbI0 MOBBIILIEHNUSA
YPOXKaiTHOCTY IPMBOAUT K HapyLIEHNIO Oa/laHCa OCHOBHBIX OMOT€HHBIX 3/IEMEHTOB, ITOpaKe-
HIIO (pUTONATOTreHaMV, BOSHKHOBEHIIO Y PACTEHNUII CTPECCOBBIX peakiuii. VI36bITok HUTpa-
TOB IIPY YBe/IMYEHNN J03 a30THBIX YOOpeHMIl IPUBOANT K HAKOIUICHMIO UX B PACTEHMAX U
3epHe [4-6].

B mocegHee BpeMs B IIpaKTHKe CEMTbCKOTO X03AJCTBA BCe OONblIe BHUMAHNA IIPUBJIe-
KalOT 9KOJIOTMYECKIe CIIOCOOBI TOBBILIEHN YPO)KAITHOCT, @ IMEHHO IIpUMeHeHNe 61oyno6-
peHuil. broygobpeHns perymMpyroT NOCTyIUIeH)E 3aTpA3HANINX BEelleCTB 13 OKPY>KaIollei
Cpeqbl, OTPAaHNYMBAIOT POCT (PUTOMATOTEHOB U YBEINYMBAIOT YPOXKaM CE/TbCKOX03AMICTBEHHBIX
pacreHuil. PusocdepHble 6akTepuy, HaxopAmyecs B cMMOMo3e C pacTeHNEM CIOCOOCTBYIOT
ajlanTanyuy pacTeHnit K crpeccy [7-10].

Llenbio maHHOJ PabOTHI ABJIAETCS MCIIOIB30BAHYE XMMIYECKIX, PACTUTEIbHBIX BEIleCTB
¥l BELIeCTB )KVBOTHOTO IIPOVCXOKAEHNA JIsI paspaboTKy 6M0ymo6peHmit.

[leiicTBMe GVOIIpenIapaToB, IPUMEHAEMbIX B CE/IbCKOX03sICTBEHHOI PAKTHKE, ellle He
JIOCKOHA/IBHO M3y4€HO, ITOCKOJIbKY B ITOJIEBLIX YCTIOBUAX B PA3HBIX KIMMATUYECKIX PEIMOHAX
VI IIpY BHECEHUY PA3HBIX [J03 MUHEPATbHBIX yEOOPEHNIT OHY MOTYT IIPOSB/IATD PaslIN4HyIo 9¢-
¢dexTuBHOCTH [7, 8].

Ha ppIHKe 6M07I0rMYeCKMX CPEACTB 3aIUThI PACTEHNIT MOXKHO HAJITH IIperapaThl Ha OC-
HOBe JXMBBIX KY/IbTYP MUKPOOPTaHM3MOB. Pa3paboTKOi HOBBIX IECTUIVIOB 3aHUMAIOTCSA BO
BCEM MUpe, BBINTyCKas 6yoreHHble 0MOQYHIMIMABI, OMOMHCEKTULUABI ¥ POCTOPETYIATOPHL.
ABTopsl [11] IpOrHO3MPYIOT B TeueHMe CeAylomMX 5-10 eT yBenndeHMe MCIOTb30BAHNA
OMOIOTMYeCKIX IIPEIapaToB IJIs 3aMEeHbI/JOIIOTHEHNA CYLIeCTBYIONINX MeCTULIMIOB, a TaKKe
B JIO/ICOCPOYHOIT IIEPCIIEKTUBE — UX IVIOTHOE BHE[IPEHME B CE/IbCKOXO3SI/ICTBEHHYIO IIPAKTHKY.

B murepatype BcTpedaeTca JOCTATOYHOE KOMMYECTBO paboT, IMOCBAIIEHHBIX UCIIOIb30-
BaHUIO Pa3HbIX ITaMMOB Oaktepuit Bacillus subtilis.

Bacillus subtilis MmoxeT pacTBopATb pocdop B HOUBe, ycuIMBaTh GUKCALVIO a30Ta U ITPO-
IyIMPOBaTh CUAePOPOPDI, KOTOPbIE CIIOCOOCTBYIOT €r0 POCTYy ¥ IMOAAB/IAIT POCT IAaTOre-
HOB. Bacillus  subtilis moBbIIaeT  CTPECCOYCTONMYMBOCTD  PACTEHUI-X0351€B, MHAYLMPYS
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9KCIIPECCHUIO T€HOB PeaKlMi Ha CTPecc, GUTOrOPMOHOB U CBA3aHHBIX CO CTPECCOM MeTabom-
ToB [12].

B pa6ore [13] nsyuyanocp Bnusinue 6axrepuit Bacillus subtilis 2, BHOCUMBIX B ITIOYBY Ofi-
HOBPEMEHHO C Pa3/IMYHBIMM [03aMM a30THBIX YOOpeHmit, Ha (HU3MOI0OrnIecKoe COCTOSTHIE
PacTUTEeTbHO-MUKPOOHOIT cricTeMbl. [Ioka3aHO, 4TO IIpM acCCOIMATBHOM CHMMOMO03€e ¢ MUKPO-
OpraHM3MaMMl BO3pacTaeT aflallTallisl pacTeHNII K BBICOKMM JH03aM a30THBIX YHOOpPEHMIL
IIrammer Bacillus subtilis 26/] v Bacillus subtilis 11 BM nposBism ocnabsioniee feficTBMe Ha
TOKCMYHBIe VOHBI KagMyisA. Ka>kaplil IITaMM NPOAB/LAI ce6s1 MHAVBMUIYAIbHO B 3aBYCUMOCTH
oT Buyia pacteHmit [14].

B o630pe [15] paccMOTpeHbI MO/IEKY/IApHbIE MEXaHU3MBI PeTy/IITOPHBIX CUCTEM, UX (u-
3MOJIOTMYECKOe 3HaUeHNe BO B3aMOBBITOJHOM B3aumopeiictBun Bacillus subtilis u pactenmit.

IITam™m Bacillus subtilis 26D ipyuMeHsiIv OC/Ie MOBPeX/eHNsI KapTodesisa KOTOPagcKUM
XyKoM. IIpu aToM oTMeuany 6bICTpOE BOCCTAHOBJIEHNE TEMIIOB POCTa IOOErOB, BIXXHON U
CYXOJI Macchbl KOpHell pacTeHuI! ITocyie IOpaKeHns BpeguTensamu [16].

IItrammer Bacillus subtilis BZR 336¢ u BZR 517, BblfeneHHbIe U3 IPUPOHBIX MCTOYHM-
KOB, IPOSB/IAOIE aHTUQYHIATbHOE [eiiCTBMe B OTHOLIEHUM (PUTONATOTEHHBIX I'pUOOB
Fusarium graminearum, F. culmorum, Microdochium nivale u Pyrenophora tritici-repentis, a
TaK>Ke CIIOCOOCTBYIOI Ve POCTY V1 Pa3BUTHIO PaCTEHWIT, IPUMEHSA/IN /1A 3alMThI 03VIMOJ] IIIIIe-
HULBI OT BPEJOHOCHBIX Oose3Heit [17].

B mocepHee BpeMs MOABIIAIOTCS UCCIENOBAHMS, TOCBALICHHbBIE IIPYIMEHEHNIO 6aKTepuu
Pseudomonas fluorescens st 3alUThI pacTeHMUI.

Pseudomonas fluorescents — o6bIYHAsA TpaMOTpUIaTe/NbHAs IAJIOYKOBUAHAS OakTe-
pus. Pseudomonas fluorescens umeeT IpOCTble MOTPEOHOCTY B IIMTAHMM ¥ XOPOIIO PacTeT B
cpelie C MMHEePAIbHBIMM COJIIMY, JOTIOJTHEHHON JIFOOBIM U3 JOCTATOYHOTO KOMNYeCTBa MCTOY-
HUKOB yriepopa [18].

[TokasaHo, 4YTO HeKOTOpbIe IpescTaBuTenu Pseudomonas fluorescens ABNAIOTCA MOTEH-
IIVIaJIbHBIMY areHTaMy OMOKOHTPOJIsL, KOTOPbIe IIOAB/IAI0T OOMe3HN PAaCTeHMIt, 3aluIas ce-
MeHa U KOpHM OT rpubkoBbIX mHbekumit [19]. VicnonmpsoBanue msonsatoB Pseudomonas
fluorescens 9 u 10 MOXKeT yBeTMYNUTD POCT KOHCKMX 6000B 1 yposkaitHOCTb [20].

ITpemapatsl Ha ocHOBe Pseudomonas fluorescens, HapuMmep, IIAHPU3 U ApPYTHe, paspe-
IIeHBI K IPMMEHEHNI0 TPOTUB 60e3nert Kaprodens (purodpropos u fip.), caxapHOIt CBEKIIBI
(karaTHas THMIb), KAITyCThl (4epHas HOXKA), AIYMEHs SPOBOTO (IeJIbMUHTOCIIOPMO3HASA KOP-
HeBas THMIb) U Apyrux Kynbryp. llltamm AP-33 Pseudomonas fluorescens mposiBnseTr QpyHru-
CTATUYeCKMIT 9P PeKT.

VsyyeHne yClIoOBMII YCKOPEHHOTO POCTa MMKpPOOpraHusMoB Bacillus subtilis n
Pseudomonas fluorescens nipyu [06aB/IeHNY B MUTATENIbHYIO CPefly Pa3/IMYHBIX BellleCTB OyyeT
CII0COOCTBOBATh PACIIMPEHNI0 aCCOPTMMEHTA MUKPOOHBIX OMOIIpenapaToB Ha POCCUIICKOM
PBIHKE 9KOIOTMYEeCKY 0e30IIaCHbIX CPEACTB 3aIUThI PaCTEHUIL.

OcHOBHasA 4acTh

H}IH YAELIEBICHNA 6I/IOIIp€HapaTOB Ba’XHbI MCCIEAOBaHNUA 110 BIIMHUIO PAa3/IM9IHbBIX BE-

I[eCTB Ha POCT YMCIIEHHOCTM MMKPOOPraHusMoB. [l KynbruupoBanus Pseudomonas
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fluorescens MCTIONB3YIOT pa3INIHbIE XMMITYECKIIE BEI[eCTBA: YI/IeBO/IbI, AMIHOKICIOTBI, O€JIKIL,
u T.1. B npencraBieHHoi paboTe #ys IIy6MHHOTO KynbTuBUpoBanus Pseudomonas fluorescens
AP-33 IpuMeHAMN MUTATEbHYIO Cpefly CTIeAYIOLIero cocTaBa: Menacca, pocdat Kamis, Cymb-
dat xenesa (III), aurpar aMmMoHus, cynbdaT Maruus, ropox MIMQOBAHHBIN, PACTUTEIbHBIN
9KCTpPaKT, Boja. PacturenbHoe cyxoe chipbe B KommdecTse 10 r Ha 1 JT KaXKZOTro SKCTpaKTa BHO-
CUIN TIOC/IE CTEPWIM3aLUM B aBTOK/IaBe. 3HadyeHue pH BrIgepxuBanmm B npepenax 7,5-7,6.
Bpems crepunmusanun coctasnano 30 muH. npu gasnenun 1,0 Bar. [locne aBTokmaBupoBaHusa
NITATeIbHYIO CPely OCTY>Ka/Iu O KOMHATHON TeMnepartypsl i ¢punbrpoBam. Kynbtusuposa-
Hle MUKPOOPTaHM3MOB IIPOU3BOANIOCH IIpy TeMIiepaType (28+2) °C c IpMHYAUTE/IBbHO aspa-
Vel cO CKOPOCTBIO BpaljeHns 125 o6/MuH B Imelikepe-nHKybaTope «Innova 44» B TedeHme
20-24 yvacos. ONBITBI BOCIIPOM3BOAVIN TPYDKABL. UMCIEHHOCTD MMKPOOPTraHM3MOB OLI€HU-
Ba/IYl METO/IOM CTaH/IAPTHBIX AE€CATUKPATHBIX pPa3Be/IeHNII C BHICEBOM B CTEPMJIbHBIX YC/TOBUAX
B yamky IleTpy Ha arapu3oBaHHYIO Cpey BbIIIEYKa3aHHOIO COCTaBa. Pe3ynbTaThl mpe/cTaB-

JIeHbl B Tabmune 1.

Tabmuma 1. BiussHue pacTUTeNbHBIX 9KCTPAKTOB Ha YUCIEHHOCTb Pseudomonas fluorescens AP-33 B mpouecce

KY/IbTUBMPOBaHUA
Ne PacrurenbHsIIl IpenapaT KOE/mn -10°®
1 3umanobka Chimdphila umbelldta 60£10
2 KpoBoxe6ka Sanguisorba officinalis 60+10
3 Kpanusa gBynomHuas Urtica didica 40£10
4 Tonoxuauka (mmcr) Arctostdphylos tiva-tirsi 40+10
5 Kpymmaa Frangula dlnus 30£10
6 IlenTenma asumarckas Centella asiatica 60+10
7 Bes fo6aBieHys pacTUTEIbHBIX 9KCTPAKTOB 50«10

/3 tabmumpl 1 BUAHO, YTO HEKOTOpBIE M3 PACTEHMII, TAKMX KaK 3JMMaoOKa, KpOBO-
x/1e0Ka, IIeHTe/Ia a3MaTcKas, CIIOCOOCTBYIOT POCTy OGaKTepmil, a HEKOTOPbIe — TONOKHAHKA,
KpalyBa JByJOMHas, KPYII/HA — yTHETAIOT UX POCT.

[Tonck cTUMYIATOPOB POCTa MUKPOOPIaHM3MOB NPUBEJT K VICIIONb30BAHNIO Pa3/INMYHBIX
XUMMYECKUX, PACTUTETbHBIX BEIECTB U BEIIECTB >KMBOTHOTO IIPOMCXOX/EHNUA, NOOABIIAB-
IINXCA B CPefly WA KynIbTuBUpoBanus Pseudomonas fluorescens AP-33.

g nsydeHnusa BIMAHUA XMMUYECKUX, PACTUTE/IBHBIX BELIECTB M BEIECTB >KMBOTHOTO
IPOMCXOX/IeHN Ha pocT Pseudomonas fluorescens AP-33 IpyMeHSIN INTATe/IbHYIO CPeRy Cre-
IYIOI[eTO cocTaBa: Mesnacca, pocdar kamus, cynbdar xenesa (I1II), Haurpar ammonus, cynbdar
MarHus, I0MyX, XBOIIl, Bofia 7o 1 /1. Bemmectsa (rimiuH, T/10K03a 1 Ip.) Ko06aB/IAIN B KOMMJe-
CTBe 5T Ha 1 /1 Ka)KI0ro SKCTpaKTa 1o CTepUIM3aLMA B aBTOK/IaBe. 3Hadenue pH Boeigep xuBamm
B mpegenax 7,5-7,6. Bpemsa crepumsanun cocrasano 30 muH npu gasnenun 1,0 Bar. ITocme
aBTOK/IAaBMPOBAHMA MUTATETbHYIO CPely OCTY>Ka/IM 10 KOMHATHON TeMIIepaTyphl U GUIbTPO-
Bam. KynbTuBMpOBaHMe MUKPOOPraHN3MOB IIPOU3BOAMIOCH Ipy TeMIiepaTtype (28+2) °C ¢
IPVHYAUTE/IBHO aspanyeil co CKOPOCTbIO BpalleHus 125 o6/MMH B leliKepe-MHKyOaToOpe
«Innova 44» B TedeHne 20-24 vacos. ONBITHI BOCHIPOU3BOAVIIN TPYDKABL. YMCI€HHOCTD MUK-

POOPraHmM3MoOB OLEHVBA/IN METOLOM CTaHOAPTHBIX NECATUKPATHBIX pa3Be,E[eHI/II7[ C BbBICEBOM B
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CTepMIbHBIX YCTIOBMAX B yamky IleTpyu Ha arapu3oBaHHYIO Cpefly BbIIIEYKa3aHHOTO COCTaBa C
COOTBETCTBYIOUMMM J00aBKaMul. Pe3y/bTaThl BAVAHMA XMMUYECKNX, PaCTUTE/IbHbBIX BEIeCTB
U BEIeCTB >KMBOTHOTO IPONMCXOXAEHNs Ha pocT Pseudomonas fluorescens AP-33 npencras-
JIeHbl B Tabmuiie 2.

Hnsa u3ydeHns BIMAHUA XMMMYECKUX, PACTUTE/IbHBIX BELECTB U BEIeCTB >KMBOTHOTO
IpoMCXOXAeHns Ha poctT Bacillus subtilis 26-D npuMeHsAIM MATaTeIbHYIO CPely TOTO Xe CO-
craBa, 4To u i Pseudomonas fluorescens AP-33. BemectBa (I/mMuyH, I/1I0K03a U 1Ip.) K0OaB-
JIAIA B KOMMYECTBe 5 T Ha 1 J1 KaXK/IOTO 9KCTPAKTa 10 CTepUAn3anuy B aBToknase. [Ipumense-
Mast METOZIVKa aHa/IOTVYHa BbILIeONcanHo Iyt Pseudomonas fluorescens AP-33. PesynbTaThl
BIIMAHUSA XUMUYECKUX, PACTUTEIbHBIX BELeCTB U BElLeCTB KMBOTHOTO IPOMCXOX/IeHUA Ha

pocrt Bacillus subtilis 26-D Tax>xe npefcTaB/ieHsl B Tabmuie 2.

Ta6muua 2. BamsiHne XMMMYeCKMX, PaCTUTENbHBIX BELIECTB M BELIECTB SKMBOTHOTO IIPOMCXOXK[EHNS Ha POCT
MMKpoopraunsmoB Pseudomonas fluorescens AP-33 u Bacillus subtilis 26-D

JobaBKa B IATAaTeNbHYIO CPENY KOE/mn-10°¢
Pseudomonas fluorescens AP-33 Bacillus subtilis 26-D

T'munyn 30+5 5+1

I'moxosa 15+1 10£1

Kenarun (moporox) 10+1 10+1

JKenarun (rpaHynmMpoBaHHBII) 5+1 20+1
T'opox (xneTyarka) 70+10 50+10
Myka MACOKOCTHadA 60+5 100+10

KonTtpomns 12+1 15+1

V13 Tabmu1sl 2 BUAHO, 4TO Ha pocT Pseudomonas fluorescens AP-33 0Ka3bIBaIOT IOTOXKM-
TelIbHOE BO3JIeICTBME JOOABKY IMIMIIVMHA, YBEINYNBAs ero B 2,5 pa3a, MyKU MsCOKOCTHOII - B
5,0 pa3 u ropoxa (kierdaTka) - B 5,8 pasa. Ha yBenmuuenue uncnennocru Bacillus subtilis 26-D

B/IMAIOT JOOABKY KJIETYaTKM TOpoxa - B 3,3 pasza ¥ MYKU MsCOKOCTHOII - B 6,7 pasa.

BriBonb1

VccnenoBaHo BIMAHME XMMMYECKUX, PACTUTE/NIbHBIX BEIIECTB M BEIIECTB >KMBOTHOTO
IIPOMCXOX/IeHMsI Ha POCT MUKPOOpranuamMoB Pseudomonas fluorescens AP-33 w Bacillus subtilis
26-D u 1oKa3aHo, YTO HEKOTOpbIe U3 PAacTeHUII, TaKMX KaK 3MMalo0ka, KpoBoxIeOKa, IeH-
Te/UIa a3MaTCKasi, CIOCOOCTBYIOT POCTy GaKTepumil, a HEKOTOpble — KpaIluBa JBYOMHas, Kpy-
IIVHA, TOTTOKHAHKA — YTHETAlOT X POCT.

YcraHOB/IeHO, YTO Hanbonee a¢GeKTVBHBIMU HOOaBKaMM 13 M3YYEHHBIX, BAVAIOLIMA
Ha yBe/lM4YeHue YucaeHHoctu Pseudomonas fluorescens AP-33, ABnsATCca XuMmdeckue (-
IIVH), pacTUTeIbHbIe (KIeTJ4aTKa ropoxa) U BellleCTBa )XMBOTHOTO IPOMCXOXIEHU (MyKa Ms-
cokoctHast). Yucnennocts Bacillus subtilis 26-D Bo3pacrana mpu f00aB/IeHUY BEIIECTB PaCTH-
TE/IbHOTO U >KMBOTHOTO IIPOVICXOXKACHMSI — MYKV MSICOKOCTHOJ ¥ KJIETYATKM TOpOXa.

Paboma evinonnena npu gunancosoti noodepxike spanma Anmaitickoeo 2ocyoapcmeen-

Ho20 yHusepcumema, npoexm Ne 16/22 -BI.

28



OT XHMHUHN K TEXHOJIOTHW [RIIZARELNITANUY TOM 3, BbINYCK 2, 2022

CnMcoK UCTOYHIKOB

1. Carvalho F.P. Pesticides, environment, and food safety // Food and Energy Security. 2017. Vol. 6, no. 2. P. 48-60.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

Bernoyc H.M., IllannoBanoB B.®., Monceenko ®.B., [Iparanckasa M.I. BiusiHue pasnu4HbIX cucTeM yrobpe-
HMs Ha HaKOIIJICHMe TsDKEeJTBIX METaJl/IOB B CelbCKOXO03ANCTBEHHOI IpopyKuyn // Becmuux Bpsawcxoii zocyoap-
CMBeHHOT cenbckoxo3aticmeenHotll akademuu. bpsuck, 2006. C. 22-29.

Corues B.I'. [InnaMuka M3MeHeHNs, IIyTH BOCIIPOM3BOACTBA U COBEPIIEHCTBOBAHNE METOJOB OLI€HKY IITIOfI0-
ponus mous EBponeiickoii vactu Poccun: ABroped. guc. ... i-pa c.-x. Hayk. Kypck, 2000. 48 c.

Kynesipos B.H. ITuxr asora B mouse u adgdexTuBHOCTD yrobpenmit. M.: Hayka, 1989. 216 c.

Xutpos H.B., Moruanos 9.H., Hazaposa JI.®. MeTopuueckoe obeciiedeHie MOHUTOPYUHTA 3eMeb CeNbCKO-
X03AJICTBeHHOTO HasHaueHus // Ilousosederue. 2010. Ne 5. C. 634-636.

Baset Mia M.A., Shamsuddin Z.H., Wahab Z., Marziah M. The effect of rhizobacterial inoculation on growth
and nutrient accumulation of tissue-cultured banana plantlets under low N-fertilizer regime // African J. of
Biotechnology. 2009. V. 8 (21). P. 5855-5866.

3aBamuH A.A. bronpenapatsl, ynobpenns u ypoxait. M.: 3g-so BHUNA, 2005. 302 c.

. Koxxemsakos A.Il., Bero6posa C.H., Opnoa A.I'. Co3nanne u aHanu3 6asbl JaHHBIX 10 3P PEeKTVBHOCTI MUK-

POOHBIX IIperapaToB KOMIUIEKCHOTO Aelictus // Cenvckoxossiicmeennas 6uonoeus. 2011. Ne 3. C. 112-115.
Tuxonosud U.A., 3aBanmuu A.A., brarosemenckas I.T'., Koxxemskos A.II. Vcrionp3oBaHue Ouonpenaparos
— HOIOHUTE IbHbII MCTOYHUK 37IEMEHTOB IUTaHuA pacreHuii // IInooopodue. 2011. Ne 3. C. 9-13.

IIpiranoBa E.H., 3sarunues [I.T., JIbicak JI.B., CtemanoB A.A. [leiicTBue 6aKTepragbHO-TYMYCOBOTO IIpe-
HapaTa Ha 610/IOrMYecKylo aKTMBHOCTD 104B // [Tousosedenue. 2013. Ne 7. C. 867-871.

Maxkcumosa H.B., ®exnmucrosa JI.H., JIsicak B.B., I'punea J1.A. bakrepun Ha cTpaxke ypoxxas // Hayka u
unHosayuu. 2019. Ne3 (193). C. 12-16.

Hashem A, Tabassum B, Fathi Abd Allah E. Bacillus subtilis: A plant-growth promoting rhizobacterium that
also impacts biotic stress // Saudi J Biol Sci. 2019. No. 6. P. 1291-1297. DOI: 10.1016/j.sjbs.2019.05.004.
IMImux B.H., Bopo6ses H.J., Moucees K.I'., CBupugosa O.B., Cypun B.I. Biusune 6axrepnit Bacillus
subtilis Ha pusMoOMOrMYECcKOe COCTOSAHME PACTEHMI MIIEHUI[BI I MMKPOOMOIIEHO3 OYBBI ITPU MCIIONb30BAaHUN
Pas/IMYHBIX 103 a30THBIX yRobpenmit // ITousosederue. 2015, Ne 1. C. 87-94.

Kypammmna 3.M., Cmupnosa 10.B., Xaiipymnmnn P.M. Brusaane suno¢uTHIX mTaMMoB 6aktepuit Bacillus
subtilis Ha pocT ceMbCKOX03AMCTBeHHBIX KynbTyp npu Cd-crpecce // Becmuux bawikupckozo yHusepcumema.
2013.T. 18, Ne 1. C. 73-76.

Kazutake Hirooka Transcriptional response machineries of Bacillus subtilis conducive to plant growth pro-
motion, Bioscience //  Bioscience, Biotechnology, and Biochemistry. 2014. Vol. 78, iss. 9.
P. 1471-1484. DOI:10.1080/09168451.2014.943689.

Sorokan A., Veselova S., Benkovskaya G., Maksimov I. Endophytic Strain Bacillus subtilis 26D Increases
Levels of Phytohormones and Repairs Growth of Potato Plants after Colorado Potato Beetle Damage // Plants
(Basel). 2021. Vol. 10 (5). 923. DOI:10.3390/plants10050923

Acaryposa A.M., Cupoposa T.M., TomameBny H.C., JKesnosa H.A., Xomsaxk A.J1., Ko3unsin A.E., [ly6sra
B.M., IlaBmoBa M.J., Cupopos H.M., Anmaxsepgan B.B. JIsydeHme aHTarOHUCTUYECKUX U
poCTCTUMYNMUpPYOLMX cBolicTB mramMMoB Bacillus subtilis, mepcmexTuBHBIX 1A co3manus 3¢ ¢GeKTUBHBIX
6uodyurunynos // Azpapras nayka Eepo-Cesepo-Bocmoxa. 2020. T. 21, Ne 3. C. 263-272.

Palleroni N.J. The Pseudomonas story. Environment microbiology. 2010. Vol. 12(6). P. 1377-1383.

Girija Ganeshan, A. Manoj Kumar. Pseudomonas fluorescens, a potential bacterial antagonist to control
plant diseases // Journal of Plant Interactions. 2005. Vol. 1, iss. 3. P. 123-134.

Fekadu Alemu, Tesfaye Alemu. Pseudomonas fluorescens Isolates Used as a Plant Growth Promoter of Faba
Bean (Vicia faba) in Vitro as Well as in Vivo Study in Ethiopia //American Journal of Life Sciences. 2015.
Vol. 3(2). P. 100-108. DOI: 10.11648/.2jls.20150302.17

ITocmynuna 6 pedaxyuio 09.06.2022
Ooobpena nocne peyersuposanus 17.06.2022
IIpunama k onybnuxosanuio 17.06.2022

29


https://elibrary.ru/contents.asp?id=34527859&selid=29801229
https://elibrary.ru/contents.asp?id=34527859&selid=29801229
https://doi.org/10.1080/09168451.2014.943689
https://www.tandfonline.com/author/Ganeshan,+Girija
https://www.tandfonline.com/author/Manoj+Kumar,+A
https://www.tandfonline.com/author/Manoj+Kumar,+A
https://www.tandfonline.com/journals/tjpi20
https://www.tandfonline.com/toc/tjpi20/1/3

OT XHMHUHW K TEXHOJIOTUH UILARRTRTIEANI TOM 3, BbINYCK 2, 2022

Hayunas cmamos
VIIK 547.525.5
DOI: 10.52957/27821900_2022_02_30

OIOHOPEAKTOPHOE BOCCTAHOB/IEHVME I TATIOTEHNTPOBAHME
N-(2,4-JVMHUTPOOEHVI)IIUIIEPUIVTHA

P. C. beryHos, A. A. Cokonos

Poman Cepreesud BeryHoB, KaHf. XMM. HayK, JOLJeHT

SApocmasckmit rocymapcrBenHblt yHuBepcurer mMm. ILI. Jlemuposa, fApocnmasnb, Poccus, begunov@bio.uni-
yar.ac.ru

Anexcangp AnppeeBrd COKONI0OB, KaH/l. XMM. HAyK, CTApLINII HAyIHbIN COTPYFHMK

SpocnmaBckuii rocymapCTBEHHbBIN TEXHUYECKIIT YHUBEPCUTET, Spocnasnb, Poccus.

Kniouesvie cnosa: Annomayus. Paspaboman one-pot memoo nonmyueHus
N-(2,4-0unumpoperun)nunepudu, x10puo 0n106a OpMO-XTIOPAHUNUHOB,  COOEPHAULUX NUNEPUOUHOBDLI
(1), soccmariosnenue, 2anozeHuposarue, pezuoce- YUK, NPU 80CCIMAHOBTIEHUY OUHUMPOCYOCMPAmos xno-
JIEKMUBHOCMb pudom onosa (II).

s quTpoBaHus:

Berynop P.C, CoxomoB A.A. OpHOpeakTOpHOe BOCCTaHOBIEHMe M rajoreHuposanme N-(2,4-
avHuTpodeHmn)munepusuHa // Om xumuu x mexuonosuu wiae 3a wdeom. 2022. T. 3, Bpim. 2. C. 30-36.
URL: http://chemintech.ru/index.php/tor/2022tom3no2

BBenenne

ATOM XJ10pa SABJIAETCS OJJHOV U3 CAMBIX PaCIPOCTPaHEHHBIX (PYHKIVOHATBHBIX IPYII B
JIeKapCTBEHHBIX CPeJICTBAX, BXOJA B cocTaB 6oree 15% u3 Hux [1]. 3aboneBanus, ajs Tepannumu
KOTOPBIX IPYMEHSAIOT Hanbo/Ibliee KOMMYECTBO XIOPCOIEPIKAIINX IIPeIapaToB, OTHOCATCA K
HepBHOII (18%) u cepedno-cocygucroii cuctemaM (17%) n onkonornyeckum (14%) [2]. ATom
rajloTeHa B 9TUX CPeICTBAX He 00s13aTe/IbHO sAB/IsgeTcs PapMakodOpPHOI YacThio U YacToO VIC-
HIO/Ib3YeTCsl /11 HACTPOVIKM APYIMX IapaMeTpoB, TaKuX Kak mmnodunbHocTh. KpoMe ToTO,
ObUIO TIOKa3aHO, YTO [IsI IPEIapaToB, MECTOM MECTBUSI KOTOPBIX SIBJISIETCS L[€HTpaTbHast
HepBHas CUCTeMa, Ha/l4yie rajloTeHa yIy4IlaeT IPOHUI[aeMOCTb reMaTo9HIIe(anndeckoro 6a-
pbepa [2]. Hanbonee BaxxHOe BIVsIHME Ha OMONTOTMYECKYIO aKTMBHOCTD COeJVIHEHMIT Hepeak-
IIVIOHHOCITOCOOHBIN aTOM X/IOpa OKa3bIBaeT B Ka4eCTBe 3aMeCTUTEs B apOMaTUIeCKOM VIV Te-
TepoapoMariyeckoM ¢parmeHnTte [3]. BBemeHume aTOMOB rajlorTeHOB B pasHble ITOTOXKEHUS
(reT)apeHOB YacTO MCHOIB3YeTCs /I YCTAHOBJIEHNS B3aIMOCBSI3Y CTPYKTYpa-0moornyeckas
aKTUBHOCTH IIpU Pa3paboTKe KaHANUIATOB B HOBbIE IeKAPCTBEHHbBIE Mpenapathl [4].

B cBs13M ¢ 3TMM aKTya/IbHO 3a/jauell sB/ISETCS CO3[jaHle MEeTONOB XIOPMPOBAaHNs Opra-
HIYeCKuX cydcTparoB. Xots razoobpasuslit Cl, mpencrassiet co607 ZOCTYIHBI ¥ HEZOPOTO-
CTOSIIIMII peareHT, IpsIMOe TaJIOTeHNPOBaHNe C JICIIO/Ib30BaHMEM ero M30bITKa OrpaHNYeHO

© P. C. berynos, A. A. Cokomnos, 2022
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HeygmoOcTBamMy Ipu pabote ¢ HuM u obpasoBanueM tokcuynoro HCI [5]. ITosTomy akTuBHO
IIPOBOJATCS MCCIENOBaHM 110 Pa3paboTKe HOBBIX METOJIOB X/IOPMPOBAHUSA C BBICOKMM KOH-
TPOJIEM PernoCeeKTBHOCTH.

Panee B paborax [6,7] npy BOCCTaHOBJIEHUY apOMAaTUYeCKMX AVHUTPOCYOCTPATOB XJI0-
pupoMm onosa (II) 6b1M 06HapY>KeHbI TOOOYHbIE aMUHOIIPOAYKTBHI, comepskaiiye aroM CL [Tpn
3TOM IIPOLIeCC IaJIOTEHNPOBAHMS OT/I/IbHO He M3Y4YasCs, ¥ He ObUIM MCCIeOBAHbl YCIOBUS,
IIO3BOJIAIONIYIE TIO/Ty4aTh XJIOPHUTPOAHVIINHBL, IIPEICTAB/IAIONE MHTEPEC B BUAY MX BBICOKO
6110710TMYECKOI aKTUBHOCTH [8-12], B UCTOM BUIE.

[ToaTomy 1ie/b JaHHOVT pabOTHI 3aK/TI0YAIACh B pa3dpaboTke MeTOa Ce/IeKTBHOTO MOHO-
BOCCTQHOBJICHMSI AVHUTPOOEH30/I0B C OfHOBPEMEHHBIM X/IOPMPOBAHIEM MOJIEKYIIbL.

OcHOBHasA 4acTh

VccnepoBanus o pa3paboTKe KaCKagHOTO CIIocoba CUHTe3a XIOPHUTPOAHUINHOB, CO-
fileprKaImux anudaTaecKnii a3areTepoL K, U3 COOTBETCTBYOIINX AMHUTPOCYOCTPATOB B IIPH-
CYTCTBUM BOCCTQHOBMTeJIS, COCTOSUIV U3 JJBYX 3TAIOB. B Xofie IepBOTro 1McciesoBanoch Bays-
HUe pa3M4YHBbIX (PaKTOPOB Ha OPMEHTAIVI0 MOHOBOCCTAHOBJIEHMs. Bropoit ObU1 mocBsieH
1oA00pY YCIOBUI, CITOCOOCTBYIOIMX IIPOTEKAHMIO PEAKI[MI XIOPUPOBAHMS.

[l MccmeoBaHMsA CENIEKTUBHOCTY IIPOIecca MOHOBOCCTAHOBJIEHN S B Ka4eCTBE BOCCTa-
HaB/IMBAIOLUIMX areHTOB NpuMeHsymch xiaopuabl tmrtaHa (III) m omoma (II). Peakumro
IPOBOJVIIY, ONHOBPEMEHHO BHOCS B PpeaKTOp CIMPTOBOI pPacTBOP AMHUTPOCYyOCTpara
Y pacTBOP BOCCTaHOBUTeEJISI B 8%-HOJI CONAHOI KuCIOTe. B KadecTBe cyOcTpaTa BBICTYIIAIN
N-(2,4-guantpodennn)munepuaus (1a) n N-(2,4-guantpodernn)mopdonns (1b). C menpio
usberaHysi 00pa3oBaHMsl AMAMIHOIPOAYKTa, KOTOPbII Mella Obl MHTePIpeTaluyl pe3yibTa-
TOB peaKINyi MOHOBOCCTaHOBJIEHNSI, BOCCTaHABUTENIb Opacs B pacuere 50% KOHBEPCUU OTHOM
Hutporpymnsl. [Tpu ncnonssosanun TiCls u SnCl, ansa o6oux ncxopubix Bemects mpu 40 °C

Hab/ofanoch obpa3oBaHye HUTPOAaMMHOB 2. IIpoljecc BOCCTaHOB/IEHMS HE COIIPOBOXKAAICH

raJIOTeHNPOBAHMEM.
MeCln,
8%HCI,
/ \ i-PrOH
X N NO,
40°C,
\—/ 0.5h

rge a X=CH, b X=0, Me = Ti (n=3) uanu Sn (n=2)

CTpyKTypa HUTPOAaHWINHOB 2a,b 6pl1a fokasaHa ¢ momoubo 'H IMP-cnekrpockonyn
U MacC-CIeKTpoMeTpunu BbIcokoro paspemenns. IMP 'H cnexrp 5-HuTpo-2-nmnepuans-1-
WIAHWINHA (2a) IpeAcTaBieH Ha puc. 1. B omune ot guHnTpocybcTpara 1a B crieKTpe mosAB-
JIAJICA JOTIOJTHUTEIbHDIN UK B BUJIE IIMPOKOTO CUHIJIETA C MTHTEIPa/JIbHONM MHTEHCUBHOCTBIO 2
npu 5.10 M.JI., COOTBETCTBYIOIIMIT IPOTOHAM aMUHOTPYIIBL. Bce Tpu curuama npoToHOB OeH-
30/IbHOTO KOJIbI]a CMEIIA/INCh B 00/1aCTh HU3KVX YaCTOT 13-3a IIPEBPALeHIA 37IeKTPOHOAKIel-
TopHOII NO,-rpynnsl B poHopHylo NH,-rpynmy. Hambonbiee m3MeHeHMe XMMMUYECKOTO
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caBura Habmoganoch y H® — Ha 1.03 m.j. CoBur curHana napa-pacroyiioskeHHOro K aMIHO-

rpynne H* ymenbinanca Ha 0.83 m.1., a y mema-pacrnonoskenHoro H® — Tonpko Ha 0.45 M.
2266
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Puc. 1. 'H SIMP-cnekrp 5-Hutpo-2-nnnepupus-1-wianmnimsa (2a) (Bruker DRX400, SF=400 MTI'y, pactBopuTensb
U BHyTpeHHMIt cranfapt DMSO-ds)

Ha puc. 2 npusenen 'H SIMP cniextp 5-HuTpo-2-mMmopdonmmu-4-mnanmnmHa (2b). OH co-
Jilep>KaJl MATh CUTHATIOB OT 13 MPOTOHOB, OT/INYASsICh OT 2a TOJMBKO NMUKAMMU OT IeTePOLMKIIA.
CurHazmsl IPOTOHOB MOP(OIMHOBOTO (parMeHTa VIMeIM BUJE MYIbTUIUIETOB IpU
3.21-3.32 m.zn. ot 4 sapep BogoponoB N(CH,), n 3.65-3.82 m.x. oT 4 sanep BogopozroB O(CHa),.
Xummyeckue caBUrK ¥ GpopMa CUTHAJIOB a@pOMATHNYECKIX IIPOTOHOB ObUIV MIEHTUYHBI 2a.

m.n®
. n?
| 1e, i | k
| | |
- i
\ |\ Il | Ul
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& ) AN, N(CH ),
IR BT 21, NIy
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!
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Puc. 2. 'H SIMP-cnexTp 5-Hutpo-2-mopdonuu-4-mianmwmaa (2b) (Bruker DRX400, SF=400 MTI', pactBopuTens
¥ BHyTpeHHMIt cTanfapT DMSO-ds)
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Taxkum 06paszom, OBIIO [TOKA3aHO, YTO 006a JUHUTPOAPEHA C PasHBIMU TeTEPOLMK/INYIe-
CKUMM (pparMeHTaMy BBICOKOCE/IEKTMBHO BOCCTAHABIMBAMICH ¢ 0Opa3oBaHMEM IIPOAYKTOB
BOCCTaHOBJIEHMsI 0pmo-HuTporpynnsl. [Ipu aToM mporjecca X10pupoBaHus He HAaOMIOAAIOCh.
[ToaTomy 6bIIO TPOBENEHO M3yUeHNE BIUSHIS TEMIIEPATYPBI I KOHIIEHTPALUN COISTHOM KIC-
JIOTBHI Ha BOCCTaHOBJIEHNE MOJIeTIbHOTO coefuHeHus 1a. Vicronp3oBaHue B KauecTBe BOCCTAHO-
Butens TiCl; He I03BOMIMITO TONYYUTH IaIOTEHUPOBAHHBII IIPOAYKT HI B OHOM U3 OIIBITOB,
pesynbratsl 1A SnCl, npencrasiens! B Tabmuie 1. Boccranosurens 6panca us pacuera 100%-

HOJ KOHBEPCUM Ha OJJHY HUTPOTPYIIILY.

Ta6bmuna. 1. Bmsaane TeMIepaTypsl M KOHIIEHTPALUY COMLAHOM KMC/IOTHI HAa COOTHOIIEHNe™ 5-HUTPO-2-IINUIepu-

IviH-1-ynanuvHa (2a) U 6-X710p-5-HUTpO-2-munepuant-1-mianunuHa (3) npu Boccranosnenuu la SnCl,

TeC Konuentparusa HCI, %
8 12 18 24 36
40 1 1/0.1 1/0.28 1/0.64 1/2.85
80 1/0.35 1/0.43 1/0.57 1/1.08 1/15.67

*- o gausbeM 'H SIMP criextpockonun

/13 jaHHBIX TaOMVIIBI BUIHO, YTO NP YBEMYEHUY KOHIIEHTPAIVIV COIAHON KIC/IOTBI U
TEMIIEPATYPhl PEAKLMI KOIMYECTBO IIPOAYKTA XJIOPUPOBaHKA 3 yBenm4nBanoch. Ilostomy nia
CMHTe3a 6-XJIOp-5-HUTPO-2-InUnepuanH-1-mnanmmmHa (3) mpoiecc BOCCTaHOBJIEHNS IIPOBO-
MY B CMECU M30TIPONIOBOTO ciupTa 1 36%-Hoii conanoit kucnorsl npu 80 °C.

SnCl,,
36%HCI, |
i-PrOH 4
—_—
80°C,
0.5h

3 2 5 4

N NO,

1 2
HN °Cl

O,N 1a

B AMP 'H cniexTpe nOTy4eHHOTO HUTPOAHWINHA (puc. 3) B OT/INYME OT COeUHEHN 2a
B apOMATIYECKOI 06/1acTM OTMeYaINCh TOJIBKO fiBa IMKa: ABa Ay6snera npu 7.00 u 7.27 M.A. €
J= 8.6 I'y. ITpu saTom Habmopancs «3p@eKT KphIlIN», YTO YKA3bIBA/IO HA 0P110-PACIIONIOKEHNE
Anep BOLOPO/a, HAIOLINMX CUTHAIBL. TakuM 06pa3oM, B MOJIEKy/Ie OTCYTCTBOBAJI IPOTOH MEXXY

NH, u NO, rpynnoii, 4To BO3MOYKHO IIPM €T0 3aMellleH!! Ha aTOM TajIoreHa.
UL
4HN(CHy), 4HH>S
2H,NH !
2 ‘ II

4|
¥ 2HLH
1H,H5 - (

I

;, WYL
S s\ et ST "
7T 1 1] Water  /DASOD
8|5l b ki 13

B S B e A B e e T i I e o i i B e o

15,04

Puc. 3. 'H SIMP-crextp 2-x10p-3-Hutpo-6-(rmmnepunnt-1-mi)anmnmna (3) (Bruker DRX400, SF=400 MTI'n, pac-
TBOPUTETIb ¥ BHYTpeHHMII cTaHgapT DMSO-ds)
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B pe3ynbTaTe IMIPOBEAEHHOTO MCCIE€TOBaHNA ObLIN OTpa6OTaHbI METOOVKHN, BO-IIEPBHIX,
CE€NIEKTMBHOTO MOHOBOCCTAaHOBJ/ICHIA HI/IHI/ITPO6€H30HOB, COfieprKalliiX HaCbllI€HHbIE I'€TEPO-
OUKINYECKNE (bpaFMeHTbI, B HUTpOaMIHbI, BO-BTOPbIX, ITOTY4€HUA IIPOM3BOIHBIX aHUINTHOB,

MMEIINX B opmo-nionoxxennu Kk NH,-rpynne atom xmopa.
IKcnepuMeHTanbHas 9acTh

TemnepaTypsl 11aBnenus onpenensnu Ha npubdope PolyTherm A co ckopocTpio Harpe-
BaHMA 3 °C/MuH u He Koppektuposam. CrekTpsl IMP perncrpuposanu Ha nmpubope «Bruker
DRX-400» gst pactBopoB IMCO-ds mpu 30 °C. B kauecTBe 3TanoHa Jy/ist OTCYETA XMMUIECKIX
CIIBUTOB VICIIO/Ib30BA/IM CUTHAJIBI OCTATOYHBIX IIPOTOHOB pactBopurens B IMP 'H (8§2.50 m.7.)
u SIMP 2C (8 39.5 m.1.). Macc-crieKTpbl BBICOKOTO paspellieHMst 3aliChbIBaM Ha Ipubdope
«Bruker micrOTOF II» (Bruker Daltonics), Mmerop nonusanuu — anekrpopacusutenue (ESI),
[ManasoH cKaHyposaHys Macc (m/z 50) 3000 Da, mmpuiieBoit BBOA BelectBa. PacTBopurenp
MeCN wmm MeOH, ckopoctp noroka pactBopa — 3 Mki/MuH. Temneparypa mHTrepdeiica

180 °C, ra3 pacmpuinTend — a3ot (4.0 1/MuH).

MeTomMKa cuHTE3a coeguMHeHmI1 2a,b

B tpexropiyto Kon0y mpu epeMeInBaHNy OFHOBPEMEHHO BHOCU/INCH IPEIBAPUTETbHO
Harpetsle 1o 40 °C pactBop (0.004 monb) 1a wm 1b B 20 M1 M30IIPONMIOBOTO CIMPTA M pac-
TBOP 2.708 T (0.012 Monb) SnCl-2H,0 B 20 M1 8%-HOTI COMAHOI KMCTOTHI. PeakmoHHas Macca
nepememyBanach npu 40 °C B rederun 0.5 4. 3aTeM peakIMOHHAasA CMeChb OX/IaXKJanach, MOJ-
menauynBanach 1o pH = 7-8 u skcrparnposanace ropsdum xnopodpopmom. Xaopopopm oTro-
Hs1cs. [TomydeHHBIN CyX0il OCTaTOK IepeKPYCTA/UIN30BbIBAJICS B IIETPOIeiHOM adupe.

5-HUTpO-2-nunepuauH-1-nnannmuy (2a). Bexon 87%. 1. . = 78-80 °C. Cmexrp 'H
AMP (IMCO-ds, 8, m.x., ] /T): 1.55 (m, 2H, CH.), 1.70 (M, 4H, (CH,).), 2.85 (M, 4H, N(CH,).),
5.10 (¢, 2H, NHa), 6.95 (z, 1H, H?, ] 8.0 I's), 7.40 (pm, 1H, H*, /8.0 ', J 1.5 '), 7.55 (1, 1H, HS,
J 1.5 I'y). HRMS: m/z Berancneno Ci1HisN3;O, 222.1243 [M+H]*, naitmeno: 222.1231.

5-HUTPO-2-MopdomH-4-wranmmuH (2b). Bexom 93%. 1. . = 153-155 °C. Cnextp 'H
AMP (IMCO-ds, 6, M.p5., ] /T11): 2.95 (M, 4H, N(CH,)>), 3.80 (M, 4H, O(CH>),), 5.20 (¢, 2H, NH.,),
7.00 (m, 1H, H3, J9.0 I'y), 7.45 (gm, 1H, H*, J 8.5 T, J 2.0 I'ry), 7.55 (m, 1H, HS, ] 2.0 I'ry). HRMS:
m/z Beramncineno CioH14N;O5 224.1036 [M+H]*, Haitgeno: 224.1036.

Metoauka cuHTe3a 2-X10p-3-HNTPO-6-(munepuauH-1-wr)anmmHa (3)

K pacrBopy 1.000 r (0.004 monb) N-(2,4-guHuTpodennn)nunepuanta B 20 M1 U30IPo-
munosoro crpra npu 80 °C BHocucs pactsop 2.708 T (0.012 monb) SnCly-2H,O B 20 M1 36%-
HOJ COJIAHOM KucnoThl. Peaknimonnas Macca nepememmsanach npu 40 °C B tedenne 0.5 4. 3a-
TeM peaKLMOHHAasA CMeCh OXJIaK/anach, MoALIeIaunBanach go pH = 7-8 n skcrparuposanach
ropsrunM xnopodopmom. Ximopodopm oTroHsics. I1omydeHHBIN CyX0Jl OCTaTOK IepPeKpUCTal-
NM30BBIBAJICS B IETPOTIENTHOM adupe.

2-x710p-3-HUTpO-6-(munepuanH-1-wr)anwmH (3). Beixop 81%. 1. . = 103-107 °C.
Cnextp 'H AIMP (JIMCO-ds, 8, m.1i., ] /T1): 1.55 (M, 2H, CH,), 1.70 (M, 4H, (CH,),), 2.82 (M,
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4H, N(CH,)»), 5.36 (c, 2H, NH,), 7.00 (n, 1H, H, J 8.6 T1), 7.27 (n, 1H, H*, J 8.6 I'y). “C{'H}
AMP (IMCO-ds, 100 MI'ny): 24.4, 26.4, 52.0,109.0, 114.0, 118.0, 141.2, 144.3, 145.0. HRMS: m/z
Boruuciieno C;1H5CIN;O, 256.0854 [M+H]*, Haitmeno: 256.0854.
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ompabomanHvle MPasUnvHbLE 008 106e7UPHO20 NPOU3BOOCINEA C UCNONIbIOBAHUEM MAZHUEBOL CIPYHKU,
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T nuTHpoOBaHMA:

©Oummmnmosa O.I1., Ceprees E.C. VccnenoBanye BO3MOKHOCTY U3BIEYEHNA METAIOB M3 TPABU/IbHBIX PaCTBOPOB
/I Om xumuu k mexHonoauu wae 3a wazom. 2022. T. 3, Bpm. 2. C. 37-43. URL: http://chemintech.ru/
index.php/tor/2022tom3no2

BBengenue

IOBenmupHoOe menmo — ofyH U3 Hanbolee APeBHNUX BYUJOB XY[L0)XeCTBEHHOTO TBOPYECTBA.
CeropiHs 10BeMpPHOE IPOU3BOACTBO CTPEMUTE/IPHO Pa3BUBAETCS, OJHAKO, KaK 1 M060e Ipo-
M3BOJICTBO, OHO HAHOCUT BpeJ] OKpY>Kalollell cpefie. ITO CBA3AHO ¢ 00513aTeNbHOI IIpefiBapu-
Te/IbHOJI TTOATOTOBKOII IIOBEPXHOCT M3Je/N 1I0f, AeKOPaTMBHOE MOKPBITHE, TAaK KaK MAC/Isi-
HBIJ ¥ OKCUHBII CTIOY M3IeNus IPensATCTBYIOT [y ysun, CHIDKAsA TeM CaMbIM Ka4eCTBO II0-
KPBITHS Ha OBEPXHOCTI U3JE/NA.

OnHMM M3 CaMBIX PaclpOCTPaHEHHBIX CIIOCOOOB IOATOTOBKYM IOBEPXHOCTH SIBJISAETCSA
XUMMYECKUII CIIOC00, BKIIOYAIONMIT 00e3)XVpUBaHMe MOBEPXHOCTM (yHaleHye Mac/IsHOTO
cros1), TpaBjieHue (yaaaeHue OKCUITHOTO C/I0s1) U IPOMBIBKY ITOBEPXHOCTU (yhajeHue TpaBu-
TeJIst Y IPOJIYKTOB TPABJICHN).

IToMMMO ITOATOTOBKM, IIPOLECC TPaB/IEHVIS MICIIO/Ib3YeTCs TAKOKe 1 AJIS TIONTYYeHNS IeKO-
PaTUBHBIX 9/IEMEHTOB. DTO BO3MOKHO 0O/1arofiapsi IpOCTOTE IPOLiecca TPAaBJIeHNs, BO3MOXKHO-
CTY IPOHMKHOBEHMSI XMMIYECKMX PEaKTUBOB B TPYAHOJOCTYIIHbIE MECTA, OTCYTCTBUIO IIBUIN,
myma u mp. [1].

© O.I1. ®unmunmnosa, E. C. Ceprees, 2022

37


http://chemintech.ru/%0bindex.php/tor/2022tom3no2
http://chemintech.ru/%0bindex.php/tor/2022tom3no2

OT XHMHUHU K TEXHOJIOTHH [RITEARELNITEANUY TOM 3, BbINYCK 2, 2022

['maBHas mpo6eMa 3arpsisHEHNUA OKPY>KaIoLIell Cpefibl I0BeTNPHOI IPOMBIIIEHHOCTBIO
3aK/TI0YaeTCsA B 00pa3oBaHMIL, IO Mepe IIOTepU KadecTBa TPaBJIeHN A, OTPAOOTaHHBIX TPABUIIb-
HbIX pactBopoB (OTP), mpencTaB/sAoIMX IJITaBHBIM 00pa3oM PacTBOPHI KUCIOT (Yale BCEro
ceproit) [2, 3]. Ilpn sToM BCeACcTBME BBICOKOV arpecCMBHOCTY TPaBWIbHBIX PacTBOPOB
HaOJII0fa0TCA MoTeps MeTa/ula (KaK caMOro VM3fie/Ns, TaK M HAaHOCUMOTO), a TaKXKe Haludme
BPEIHBIX ITapPOB KIC/IOT B XOJie TeXHOIOTMYECKOTOo Ipoliecca ¥ IpY XpaHEeHU.

Ha ceropnauramit neab OTP 00beANHAIOT ¢ APYTYIMM CTOKAMM ¥ Ha OYMCTHBIX COOPYXKe-
HVSIX NIPEAIPUATUN HeMTPanmnu3yloT OKCUOM KanbLiusA. B pesynbraTe 00pasyoTcs U3BECTKO-
BbIIT 11aM (o 5000 T/rox) u crouHas Bopa (o 12000 m*/rox). DTy cToYHYyI0 BOAY Heper cOpo-
COM B KOJUIEKTOp pas0aB/IsAIOT B COTHM pa3 1M3-3a BBICOKOTO COJleP)KaHUA XJIOPUJA KaJIbIIVs
(mo 100 r/mM?), a M3BeCTKOBbIE LITAMBI He BOCTPeOOBAHBI, M 3a VIX XpaHEHVe NPeNNpUATH
yItaumBaor mrpadsr [4].

OTP copep>XNT B CBOEM COCTaBe CEPHYIO, COMIAHYIO U a30THYIO KVICTIOTBI, @ TAK>Ke VIOHbI
METaJUIOB, TAKMX KaK >Ke/le30 JBYXBAJIEHTHOE, a/IFOMIHMIT, Mellb, HUKE/Ib, XpPOM TPEXBa/IeHT-
HBI ¥ IMHK. Taxke B cocTaBe OTPAOOTAaHHBIX TPaBWIbHBIX PACTBOPOB BO3MOXKHO HajIM4Me
IiparoleHHbIX MeTamIoB. [ToaToMy HeoOxoauM aPyuHaK JparoeHHbIX MeTa/UIoB. AddrHax
(puc. 1) — 9TO pOLIECC OYMCTKY M3BI€YEHHBIX JPAarolleHHbIX META/UIOB OT IIPUMeCeil i COIyT-
CTBYIOLIVX KOMIIOHEHTOB, JIOBEJIeH/e [JPAaroOlleHHbIX META/UIOB 10 KayecTBa, COOTBETCTBYIO-
I[eTO TOCYAAPCTBEHHBIM CTaHAPTaM M TeXHWYECKUM YCIOBVAM, AEICTBYIOIMM Ha TepPUTO-
puu Poccuiickoit @epepanmu, nim MeX/[yHapOJHBIM CTaHAapTaM [5].

Puc. 1. AppunHax AparouLeHHBIX MeTA/UIOB u3 orpaboranHoro Puc. 2. OTpaboTaHHBII TPaBUIbHBII
TPaBWIBHOTO PacTBOpPa pactBop  KocTpomckoro — 1oBenmmpHOTO
3aBOfia

Ilenb paboOTBI — MCCIEOBATh COCTAB U CBOVICTBA OTPAOOTAHHOTO TPAaBMIBHOTO PacTBOpA
Y BO3MOYKHOCTD V3BJICUEHNA M3 HETO Me[V C UCIIO/Ib30BAaHNEM MarHUEBON CTPYXKKM (OTXOf
Pri6uHckoro aBuarnmonHoro 3aBoga «OJJK-Caryph», SIpociaBckas 06/1acts).

O6pextom uccnenposanns sapysiercss OTP Kocrpomckoro roBennpHoro 3aBopa (puc. 2) u
orxop Pei6buHckoro aBnanyonnoro 3asoga [ITAO «OJJK-Catyph».

OcHoBHasA YacTh

[Tpo6nema OTP, kak 1 M060TO OTXO/, 3aK/II0YAETCS B HEIIOCTOSIHCTBE €ro cocrana. [1o-
39TOMY HEOOXOAMM €ro IIOCTOSIHHBIN JIa0OpPaTOPHBI KOHTPO/Ib. XUMMYECKUIT COCTaB
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OTP KocTpoMcKOro 10BeMpHOro 3aBOJa, HOTy4eHHbII Ha OCHOBE TA00PaTOPHBIX MCC/Iej0Ba-
HUJL, IpefiCTaBjIeH B Tabmmie 1.

Taémuna 1. CocraB OTP KocTpoMmckoro 10BepHOro 3aBojia

Hassanne Fe Cu Ni Zn Al
3HaveHne 5,56 85,0 4,892 1,529 0,13
PasmepHocTb r/mm® r/mm® r/pm? r/mm® r/pm?

ITpumeyanne: pH ganHOrO pacTsopa cocrasnsAer 1,98.

Kak BuHO 13 Tabmumier 1, B cocraBe paccmarpuaemoro OTP comep>XuTcst 3SHaUNTENbHOE
KonuecTBo Meay. Comy Meay BecbMa TOKCUYHBI JI/Is 4e/IOBEKA VI BBI3BIBAIOT (PYHKIIMOHAIIb-
Hble PacCTPOIICTBA HEPBHON CUCTeMbl, HapylleHne QYHKUMII OYeK, IeUYeHN, Pa3aparkeHne
KO>KHBIX TIOKPOBOB U CJIM3UCTBIX 000/104eK 1 T. 1. Kpome Toro, Menp siBrisieTcst pepMeHTHBIM
anoM [6]. ITo obycnaBnmBaeT HeOOXOUMOCTD ee Bbienenus n3 OTP.

Boifenienne mMequ npeiaraeTcsi IpOBOJUTH B HECKOJIBKO 3TAIIOB, EPBBIiT U3 KOTOPHIX —
nobaBieHne pacTBopa xmopuaa 6apus K ncxogaomy OTP:

H,S0, + BaCl, - BaS0, | + 2HCl (1)
Ba?* 4+ S0,%” — BaSO, | )

Tsoxenpnit ocaok BaSO4 «yTArmBaer» ¢ coboii MexaHWYeCKye IPUMeCU M3 PacTBOpa.
W3 100 cm?® pactBopa OTP o6pasyercs okorno 30 r ocazka cynbgara 6apus.

Ocapok OTGMIBTPOBBIBAIOT M K MOTYyYMBIIEMYCA PacTBOPY HOOABIAIT MarHUEBYIO
cTpyXKy — orxofi 3aBoja «OJJK-Carypn». CocTaB MarameBoro CIviaBa CAeJYIOIIVIT: MarHuil
89-92%, amromuuuin 7-9%, mapranen 0,1-0,5%, punk 0,2-0,8%. B mponecce xpaneHnsa
CTpYXXKu obpasyercs 0 30% rugpoKcuia Maruys. bpur mpoBefieH 9KCIIepUMEHT CO CTPY>KKOI
pasHBIX pa3MepoB (puc. 3).

Puc. 3. MarameBas CTpyXKKa: d — MeJIKast; 0 — KPyIHas

ITpu mo6asnenuu maruueBoii crpyxku B OTP nmpoucxoaut 6ypHast peakuus, COIPOBOX-
lafoIasacs BBIAJieHNeM ocafika (3) u BeimeneHueM rasa (4). [Ipy aTom nBeT pacTBOpa CHIBHO
M3MEHAETCA — OT M3YMPY/IHO-3€JI€HOTO J10 cuHero. [IponcxopaT cnefyroume peakym:

MeAH + Mg — MgAH + Me |, 3)
rme Me - A, Zn?*, Cr*, Fe?*, Ni*t, Cu*"; AH - SO.*, NOs, Cl..
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B ocapok BbIIAfAIOT Te META/UIbl, KOTOPble HAXOAATCA NpaBee MarHuA B 371eKTPOXNMU-
YECKOM pAMY HallpsKEHMI MeTasuloB. [Iponcxoqut peakyys saMeleHms, IOay4MBIINIICA Oca-
JIOK MIMeeT CepOo-3eJIeHbIll OTTEHOK [7].

Brigenenne Bofopopa (puc. 4) MpONCXOANT 110 BCel TOBEPXHOCTY MarHNEBON CTPYXKKIA,
KOTOpas IOCTEIIEHHO pa3pyllaeTcs, IoMajas B PacCTBOP:

Mg + HAH —> MgAHn + H, T, “4)

rme AH - SO.*, NOy, Cl-.
OKCIepUMEHTAIPHO TOKa3aHO, YTO PeaKi[us IMpoTeKaeT Haubosee MOTHO P Pa30BOM

PacTBOPEHMM CTPYXKKH, YeM IIpU ee TIOPLMOHHOM J0OaB/IeHNM B PacTBOP.

;& 3

Puc. 4. TIponecc Boifenenns Bogopopa mo  Puc. 5. Ocafjok mociie peakium co CTpy>KKO
BCell IIOBEPXHOCTY MarHMeBO CTPY>KKI

IKCIIEpMMEHT MPOBOJAMICA C KPYIIHOM M MEJIKOV CTPY>KKOil. B pesynbraTe BbIABIEHO,
YTO TeMIIepaTypa peaKIyy ¢ MeKoil cTpyxkoit focturaet 110 °C, a c kpynHoit - 95 °C. Peak-
VIS C MEJIKOJI CTPYXKKOJI TaK)Ke IIpOTeKaeT ObIcTpee U 6o/tee OYPHO, YeM ¢ KPYIIHOIL, YTO 00'b-
ACHAETCA 60JIbIIel IVIOMA/IbI0 IOBEPXHOCT B3aVMOJEICTBIA MarHuA ¢ pactBopoM. Komye-
CTBO MarHMeEBOJI CTPY>KKM, PaCTBOPSIOLIENICS B pacTBoOpe, — 1 T cTpyxknu Ha 10 cm® pacTBOpa.

Macca noiy4eHHOTo ocafika Meiu U APYTUX MeTa/uoB cocrasser 40 r Ha 100 cm’ pac-
TBOpa. B mepecuere Ha 1 M® pacTBOpa MOXXHO moy4uuThb 1o 400 T ocazka. B xoze sk3oTepmu-
YEeCKOJ peaKUMy NPOMCXOAUT MICIAPEHME MICXO[JHOTO PacTBOPA, BCIEACTBME YETO IIOCTIE €€
OKOHYaHMA 00pasyeTcs BASKUI TsDKeNbIN 0cafioK (puc. 5).

[Tocne ¢pumpTpanmm ocajika pacTBOp UMeeT CUHUI I1BeT, ero pH = 7,8. []s1 ero ocBeTie-
HIIA K CMHeMY pacTBopy 6bu1 fo6asieH 0,1 H pactBop menoun NaOH B komuectse 1:1. Oca-
oK 6611 oTMNIBbTpOBaH, pH moc/e Bcex 3TanoB cocTaBseT 8,6.

brito mpepnosxeno nposoauTh npouecc Bbienenua megu n3 OTP ¢ nomompro cranb-
Horo crep>xHA. B 30 cm® OTP 6bu1 onyiieH cranbHOM cTep>keHb Maccoit 7,0202 1, Ha IOBepX-
HOCTM KOTOPOTO IIPONCXOAWIA XMMUYeCKas peakuys (JIMTeTbHOCTb peaknuy — OKOJIO
3 mHeir). [Toce OKOHYAHMA peaKLuy CTep>KeHb YaCTMYHO PACTBOPMIICS M €ro Macca CTaja Co-
CTaBIATbH 4,5757 1. Macca o6pasyronerocs ocajjka coctaBuia 2,5859 r, 4To MpaKTU4eCKy paBHO
Macce paCTBOPUBIIENICA YaCTU CTEPXKHA.
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CyTb JaHHOTO CII0c06a B TOM, 4TO IIpY ONyCKaHUy cTanbHoro crep>xus B OTP nponcxo-
nAat peakiyu (5), (6), mogo6HbIe onucanHbIM BblIe (3), (4). OgHaKo XKeres30, cofepikalieecs B
CTa/IM ¥ BCTYMAMIee B PEaKI[MI0 C PACTBOPOM, HAXOAMUTCSI IPaBee MarHusi B 9/IEKTPOXUMITYe-
CKOM PsiJly HaIIpsDKEHMIT MeTa/IOB. B 9TOM cyyae mpoTeKaroT peakumun

MeAH + Fe - FeAH + Me |, (5)

rge Me - Ni**, Cu?', Pb**; A" - SO.*, NOs, CI..

B 0cajiok 13 pacTBOpa BBINIAIAIOT BCE METAJIIbI, CTOAIIVE B Py HAIPSDKEHWIT METAJIIOB
IpaBee JKee3a: HUKeJlb, CBUHEIl, Melb 1 .

Taxoke HaGMIOIAeTCA BbIfIETIEHNE BOJOPOTIA:

Fe + HAH — FeAu + H, T, (6)

roe AH - SO.*, NOy, Cl-.

B xope sTuX peakuuii BeT pacTBOpA IPaKTUYECK! He M3MEHAETCH, BhIIa/laeT KOpUUHe-
BBIiT 0cafiok (puc. 6). Ilpu pacyere OTHOIIEHMS MacChl OCafika K 00beMy pacTBoOpa ObIIV HOJTy-
4yeHbI cienyomye ganueie: B 1 om® OTP o6pasyercs 86,197 r ocanka. B mepecuere Ha 1 gm?
pacTBOpa Macca ocagka coctasyseT 86 r. Ocamok cogepxxut Ni, Sn, Pb, Cu, Ag, Au.

Puc. 6. Ocanox TI0C/I€ p€aKIMM CO CTA/IbHBIM CTEPIXHEM

[l IOfTBep)KieHNsA IIOMTYYeHHBbIX pe3ynbraToB o coctaBe OTP ObUT BBIONTHEH CIIeK-
TPa/IbHO-3MUCCYOHHDI aHanu3 ¢ noMouipio annapata SPECTROMAXX Ha MenHO U CTajb-
HOJ II/TaCTUHAX.

[TpyHIVI paboThI JAHHOTO IPMOOPA 3aKTI0YAETCA B TOM, YTO MaTepuasl IPOOLI McHaps-
eTCsl B pe3y/ibTaTe ICKPOBOTo padpsana. OcBoOOKiaeMble IIPY 9TOM aTOMBI U MIOHBI BO30YX/a-
I0TCA U U3/Ty4aloT CBeT. DTOT CBET HAIIPAB/IAETCA B ONTUYECKME CUCTEMBI U M3MepseTcA C Io-
Motbio TexHUKY CCD - 37IeKTpPOHHOTO CBETOYYBCTBUTE/IBHOTO JIETEKTOPa, KOTOPBIN IIpeod-
pasyeT CBeT B 9/IEKTPUYECKIIT paspsy. B maMaTh ycTpoiicTBa 3apaHee BHECEHBI KamnOpoBOY-
Hble laHHbIe. JI3MepeHHble 3HaUY€HNA CPABHMBAIOTCA C 3TYMM JAHHBIMU U II€PECYNUTHIBAIOTCA
B KOHI[EHTPaIUIL.

[Tory4yennsle fanHble 0 coctaBe OTP mpescrasieHs! B Tabnuie 2.
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Ta6muna 2. Copepsxanne Metaios B OTP Ha MefHOI 1 CTa/IbHO MTaCTMHAX

Metann Ha menmnoit mnactune, % Ha cranpHol tactune, %
Cu - >20.02
Zn 0.8212 >0.036
Pb 0.4825 >0.132
Sn 0.4616 >0.288
Fe 1.4332 -
Ni 2.6275 2.97
Au 0.0619 -
Cr 0.0208 0.018
Ag 0.0473 -
Co 0.1755 0.1067
Al 0.0702 0.059

BrIBOABI M peKOMeHJAN

IKCIlepMMEeHTa/IbHO MOATBEPXKAEeHO, 4To OTP comep>XUT MHO>XXeCTBO 1JeHHBIX MeTa/l/IOB
(Mepb, HUKeb, UMHK U JIP.), 3B/IeKasi KOTOPbIe, MOXXHO PELINTh HEKOTOpble 9KOHOMIYECKIEe
Ipo6JIeMBl, a TaK)Xe MPOOIeMy 3arpsIsHEHU OKPY>KaIoLIell Cpeibl TsKeIbIMI MeTal/IaMI.

Merox oca>kfieHMsT Meii C IOMOII[bI0 MarHMeBON CTPYXXKM (OTXOfIa MEeTa/UTyPriuyecKoro
3aBofia «OJIK-Carypn») MO>KeT IpMMEeHATbCS Ha mpakTuke. OfHAKO PV 5TOM HY>KHO Y4NUTBI-
BaThb, 4YTO BMECTE C Me/IbI0 B OCA/IOK BBINAIAIOT U OCTAJIbHbIE METAJ/UIbI, MHOTME 13 KOTOPBIX,
KaK I Meflb, IPe/ICTABIIAI0T 9KOHOMIYECKYIO LIeHHOCTD, HallpUMep, LIHK, 0JI0BO, HUKEJIb U JIp.
JJaHHBIT MeTOJ| TO3BOJIAET YTUIN3MPOBATD CPA3y TPU OTXO/IA PAa3HbIX IIPONU3BOJICTB, UTO ABJIA-
€TCs1 BBITOJHBIM KaK B 9KOHOMUYECKOM, TaK U B 9KOJIOTMYECKOM OTHOIIIEHN.
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Kniouesvie cnosa: Annomauus: B pabome 060cHo8ana HeoOx00UMOCMb U IKOHOMUUECKAS Yerleco-
MEMANTUIUPOBAHHAS 06pasHocmy nepepabomxyu Memaniu3upoBaHHbIX MKAHel, NomepIBUUX 80U
MKAHD, INEKMPOXUMUHYE- IKCHAYamayuoHHble céoticmed. Buibpanvl Hanpasnenus nepepabomxu, obecne-
CKAST MEXHON02UST, MEOHOe U YUBAULUE MAKCUMATILHO NONIHYI0 YMUNUSAUUI0 MKAHET, CO0ePHAUUX Memar-
cepebpocodeprcauiee Ka- nuveckue U NOAUAMuOHvie HUmu. B xauecmae ocHosHozo HanpaeneHus nepepa-
modHoe noxpuvimue, HUM- 60MKU MeMAnAUecKux Humeti NPeOnoHeHA INEKMPOXUMULECKAS MEXHONOZUS,
puposaniivie NpoOyKmobi 0e-  CBAZAHHAS C KAMOOHBIM Bbl0eieHUeM nepepadarmvLeaeMbLx Memaios 6 6uoe no-
CMPYKUUU NOAUAMUO, Kpoimuil, NPOUHO CUENTEHHBIX C NOBEPXHOCMBIO KAMO00d. IKCNePUMEeHMANIbHO
ONUZOMEPDL, PE3UHOBbIE nooOmeepHoeHo, 4mo 6 pe3ynvmarme noO020MOBUMENLHBIX ONEPAUULL neped drex-
cMecu, aneKmpoxuMuYe- MPONUIOM NPOUCXOOUM 0eCPYKUUS NOTUAMUOHBIX HUMETL U NOCedyIoulee UX
CKasA KUHeMuKa Humposarue 8 asomuoii xuciome. Ipednoxen cnocob ymunusayuu o6pasyio-

WUXCA HUMPUPOBAHHBIX NPOOYKIMO08 0eCPYKUUL HOIUAMUOA, NPedycMampPuea-
WU UCNOTIL30BAHUE UX 8 KAYMECH8e 0/IU2OMEPOB OIS Pe3UHOBbIX cMeceli 0014e20
HasHavenus. Pesynomamut, nonyuennvie 6 x00e 6bIN0NHEHUS pAGOMbL, NOOMEep-
HOAI0M B03MONCHOCIY NOTLYHeHUS OneCmAU,e20 KAMoOH020 cepedpocodepucausezo
0cadKa NPOUHO CUENIEHHO20 ¢ HOBEPXHOCHBIO KAMO0A U3 A30MHOKIUCI020 J7leK-
mponuma. ITonyuennvie Kunemuueckue 3aKOHOMEPHOCU INEKMPOXUMULECKO20
npoyecca KamooHo20 0cai0eHUs nepepadamvléaemMvLx Memanios ykasvléaom Ha
HAnUYUe 3HAYUMENIbHOL NONAPUIAUUL 8 HAUATIDHBLTL MOMEHM BPeMeHU NPU NPo-
meKanuu npoyecca paspaoa KamuoHos cepedpa u meou.

1A EUTUPOBAHNA:

ITaBnos A.B., Cob6onesa E.C. KommiekcHas nepepaboTKka MeTa/UIM3MPOBAHHBIX TKaHell 971eKTpom3oM // Om xu-
Muu Kk mexHonosuu wde 3a wadeom. 2022. T. 3, Bbm. 2. C. 44-55. URL: http://chemintech.ru/in-
dex.php/tor/2022tom3no2

BBenenmne

K METAUIN3NPOBAHHBIM TKaHAM OTHOCATCA IIOJIOTHA, CO3MaHHbIE V3 META/VIN3NPOBAH-
HbIX HI/ITCIU/[, MM METajIn3anns IMOJI0THA OCYHIECTB/IACTCA 3a CHET MOHOIVIA3MEHHOI'O pacCIibl-
JICHUA [1] . MeTa}I}II/ISI/IPOBaHHbIe TKaHU, ITIOTy9€HHbIE 3a CIE€ET MOHOIUIA3MEHHOTI'O paClIbl/ICHN A,
HE MPENCTABIAIOT IIPAKTUYIECKOIO MHTEpECa /1A INIEKTPOXMMUIECKOTO KOM6I/IHI/IPOBaHHOI‘O

© A. B. ITaBnos, E. C. Co6onesa, 2022
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OT XUMWUU K TEXHOJIOTHW ptIE e NIV TOM 3, BbINMYCK 2, 2022

criocob6a ux nepepabOTKY BBUJY HU3KOIL 97IEKTPOIPOBOJHOCTH. TKaHM, IPOU3BeeHHbIE C VIC-
II0/Ib30BaHMEM MeTa/UIM3VPOBAHHBIX Y META/UINYECKMX HUTEl, MOXKHO IlepepabaThIBaTh C VIC-
II0/Ib30BaHMEM J/IeKTPOXMMUYECKUX TexHomoruit [2]. K TakoMy kimaccy mOnOTeH OTHOCATCA
IIapYOBBIe TKAHU VM TKAHY C MUIIYPHOJ METa/UINIeCKOI HUTBIO.

[Tapya 910 TsDKe/Mask TKaHb C Y30paMy, BBIIIOJTHEHHBIMM METa/UINYECKVMI HUTSIMM C 30-
JIOTOM, CepebpOM MM VX CIVIaBaMM C ApyruMu Metautamu [3]. [Tapya mucronbayercs mis mm-
Ths1 LIePKOBHBIX 00/IaueHMil, aKCeIbOAHTOB /1A MapafiHOil GOPMbI BOCHHBIX I /I MSTOTOBJIE-
HIIS1 97IEKTPOIIPOBOJAIETO CHAPsDKEHMs ISt CIOPTUBHOTO (exToBanus. LlepkoBHbIe 061ave-
HIIS M QKCETbOAHTBI CITY>KaT OYeHb JIONITO0, a peXTOBa/IbHOE CHAPsDKEHME BBIXOAUT U3 CTPOS, B
CpefiHeM, Yepe3 rofj SKCIUIyaTal[uy, TaK KaK yAe/lbHOe 3JIEKTPUIeCKOoe COIPOTHUBIIeHIe MaTe-
puaia, 13 KOTOporo cuinto (exToBanbHOE CHapsKeHMe, CTAaHOBUTCS 6onbie 5 OM:-M [4]. Ito
IPOUCXO/INT, B IEPBYIO OUepelib, 3a CIET OKVC/ICHNS MULIYPHBIX MeTa/UINYECKUX HATE 38 CUeT
II0Ta CIIOPTCMEHOB, MHOTOUYNC/IEHHBIX BbIE3/I0B Ha COPeBHOBaHN (Ilepelaji TeMIIepaTyp), Me-
XaHMYECKOTO paspyleHns (4acThlii KOHTAKT C OPY>KMeM IIPOTUBHUKA) [5].

Ha ceropHAIIHMIT IeHb 9TO CHAapsDKeHNe, B JIydIlleM C/Tydae, HaKaIUIMBaeTCs B CIOPTUB-
HBIX YUPEXIEHNAX WIM IIPOCTO YXOANUT B OBITOBBIE OTXO/BI, TAK KaK B IYHKTaX BroprisermeTa
OHO He IPUHMMAeTCs.

OcHoBHasA 4YacTh

ITo panubiM @epepanyu ¢pexroBanus Poccuu [6] exxerogHo B Poccun obpasyercst okono
18 ThICAY KBa[paTHBIX METPOB 3/IEKTPOIIPOBOAIIEN META/IN3VPOBAHHON TKaHU B BUJE CIIOP-
TMBHOTO (PeXTOBA/IbHOTO 3/IEKTPOIIPOBOMSAIIEIO CHAPSKEHM.

Ha puc. 1 npencrapieHa fuarpaMMa rogyHOro o6pasoBanms (B %) OKMC/IEHHOI MeTasl-
NVM3VIPOBAHHON 3IEKTPOIIPOBOJIALIEI CIIOPTUBHOI TKaHM 10 defiepabHbIM OKpyram Poccun.

AHanus JaHHBIX, IPe/ICTAB/IEHHBIX Ha MarpaMMe, TI03BOJIAET CIeNaTh BbIBOJ, YTO IIPAK-
TUYECKU TPETH OKMCIAEHHOV META/ZIM3VMPOBAHHON 3/IEKTPOIPOBOJALLEN CIIOPTUBHOM TKAaHU
obpasyercs B LlenTpanpHoM deprepanbHOM OKpyTe (6 ThIC. M?), YTO aKIIEHTUPYeT aKTyalTbHOCTh
BOIIPOCA, CBA3aHHOIO C KOMIIEKCHBIM M3BJI€YEHEM 1IBETHBIX META/IJIOB U3 METa//IN3/POBaH-
HBIX TKaHell 9/IeKTPOXMMIYECKIM CIIOCOOOM.

lfoanyHoe 06pa3oBaHMe OKUC/IEHHOW MeTall/IM3MPOBaHHOM TKaHU

HOMHbBIA
7%

BO/BHCKUN
20%

Puc. 1. JuarpaMma rogm4HOro o6pasoBaHus (B %) OKMCIIEHHON MeTa/UIM3MPOBAHHON 3/IE€KTPOIPOBOASLIEN
CIIOPTMBHOJI TKaHM 110 (efepambHBIM OKpyraM Poccun
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OcHOBOJI (peXTOBa/IbHON 9/E€KTPOIPOBOJALIEI TKaHV SBIACTCS IIONMMAMUTHAS TeK-
CTW/IbHASI HUTh, Ha KOTOPOJI Pacloio)KeHa MULIypPHAs MeTa/UINYeCKasi HUTb U3 MefV TOJIIIVHBI
0,1 MM ¢ cepeOpsIHBIM MMOKPBITHEM JI0 5 MKM (puc. 2).

Macca 1 M? MeTa/UIM3MPOBAHHON 2 1
TKauu cocrapasger 180-190 r. JKupoe ce- /—
YyeHMe TKaHU cocTaBisieT 84,76%, maorT- /
HOCTb ceTku - 15,24%. Cormacuo [7],

3JIEKTPOIIPOBOJHOCTD TKaHY obecreqnBa-
eTCA HATBIO MUIIYPHOJ C CUHTETUYECKUM

CEPAEIHNKOM. CuHTeTUYeCKU cepped-

. Puc. 2. CrpykTypa MeTa//IM3MPOBAHHON MMITYPHOM
HUK COCTOUT U3 IIOINaMUIHOM HUTU
HUTK: 1 - IOMaMuiHAsA TEKCTUIbHAS HUTh; 2 - MUILYP-

45,4 rekc. MmumypHasa MeTa/UIMYecKas T —
HUTDb U3TOTOBJIEHA U3 MENU U MOIHOCTHIO

HOKPBITA cepedpOM, YTO Npefonpee/sieT JaTbHENIIYI0 TeXHOTOTYIO VI3BIeYeHNIS STUX MeTall-
JIOB M3 META/UIM3VIPOBAaHHO TKaHMU.

B Tabnuie 1 npencraBieH MaTepyaabHBIN ¥ 9KOHOMIUYECKMIT 6aTaHC MeTa/IM3MPOBaH-

HOI MI/IIJ.IypHOf/i HUTYU C IOIMAMUIHBIM CUHTETUYECKUM CEPAEIHNKOM.

Ta6muma 1. MaTepyanbHbI M 9KOHOMUYECKIIT 6aTaHC MeTa/VIM3YPOBAaHHO MUILIYPHOJ HUTH C IOIMaMUHBIM

CEp/IEYHNKOM
HaumeHnoBaHmMe cocTaBniaommx Croumocts 1 r MmeTamia
Ne . . % Mmac.
MeTa/IZIM3VPOBAHHO MUILIYPHOJ HUTK Ha 01.05.22
1 MertannusnpoBaHHas MULIYPHasA HUTh 100 -
2 MepHast MUIITypHAst HUTb 75,3 0,585 py6.
3 CepebpsiHOe TIOKpbITHE 47 52,89 pyo6.
4 IonmamMupgHbIM cepeaHMK 20 -

VI3 maHHBIX, IPe/CTaBJIEHHBIX B Tabnuie 1, ciefyer, 4TO sKOHOMMYecKass 3PpPeKTnB-
HOCTD M3BJIeYeHNs cepebpa Oojiee 4eM B 5 pas BbIlIIe, II0 CPAaBHEHUIO C M3BJIeYeHVIEM MeNIH, II0-
3TOMy Obla BbIOpaHa TEXHOIOTVA, IIpefycMaTpyBalolas N3BjIedeHe 1 cepedpa, I Mefu.

V3BecTHO [8], 4TO cepeOpsiHOE TOKPBITHE He OKUC/AeTCs Ipu HarpeBauuu fo 960 °C.
Cepebpo He B3aMMOJIEIICTBYET C KUCTIOPOIOM, BOJOI, PAaCTBOPAaMI Lie/I04eli, XIOPOBOLIOPOJ-
HOJI U1 pa3baB/IeHHO CepHOII KICTIOTaMI, HO 3TOT MeTa/UI PAaCTBOPSIETCSI B KOHIIEHTPUPOBaH-
HOJ a30THO KUC/IOTE

Ag + 2HNO3(KOHH) = AgNO3 + NOz + HzO

Mepb 71€TKO B3aIMOJIEIICTBYET C a30THOJ KIC/IOTOI JII000J1 KOHIIEHTPaLyn:
- C KOHI[EHTPUPOBAHHO a30THO KMCTOTOM:

Cu+ 4HNO3(K0HH_) = Cu(N03)2 + 2NO, + 2H,0
- ¢ pa3baB/IeHHON a30THON KMCIOTOA:
3Cu + 8HNO;sass) = 3Cu(NOs), + 2NO + 4H,O

[TosToMy BBDKUTaHME OPraHNYeCKOJ OCHOBBI (ITO/IMaMVJHON HUTH) He TIpUBeHeT K 00-
pasoBaHMIO OKCKfA cepebpa U, KaK CIe[iCTBYE, OKCUJOB MeJI.
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Oxcyppl MeM TTO3BOJIAT IPY KOHTAKTe C CEPHOI KIMCIOTOM IepeBecTy noHb! Cu® B pac-
TBOP, I/le TI0 M3BECTHOI TeXHOJIOTUY [9] 3/IeKTPONMN30M MOTYIUTD YNCTYIO MEb.

CuO + H2S04 = CuSO4+ Hy0
Cu?" +2& — Cu°

YuuTbiBas BbIIIENIEPeYNCICHHbIE apIYMEHTBI, IIpeJiIlaraeTcs Clefyollas TeXHOIoT4e-
CKas CXeMa M3BJIeYEHN S META/UIOB 13 META/UIM3VPOBAHHBIX TKaHel 37IeKTPOXMMIYECKUM CIIO-
co60M, KoTopas NpeicTaBIeHa Ha puc. 3.

METE‘I:IIIIHJIPOERIII[HH TEAHE

L 4

PacTropeHine B KOHIEHTpIpoRaAHoit HNO;

H’/‘;\_‘—\

‘ AphO; Hurpuposannil oIuroMep noaHaMia

5 l Minmypaas Melib +
HCKTPOILIS l_
Peznna

BrrcoroTeMmepaTypHOS
Cepetpanoe MOKPLITHE

OEHCICHIE MEIH

1

Pactropernne & H250, ‘

L4

OMERTPOTI:

Mennoe MOKPEITHE

Puc. 3. TexHomornueckasi cxeMa M3BJIeYeHNE META/UIOB U3 META/UIM3VMPOBAHHBIX TKAHEN 3/IEKTPOXMMUYECKIM
criocobom

MeTa/M3MpOBaHHYI0 TKaHb, HE Y[OBIETBOPSIONIYI0 TPeOOBAaHNAM SKCIUTyaTaIlVM II0
YH€/IbHOMY 3/IEKTPUYECKOMY COIPOTMBIIEHNIO, MOTPYKAIOT Ha 5-10 CeKyH/I B KOHLEHTPUPO-
BaHHYIO a30THYIO KIIC/IOTY. 3a 3TOT IepYOJi BpEMeH! IIPOVCXOAUT PacCTBOPEHNUE cepeOpAHOro
HOKPBITUA U NeCTPYKLMA NONMaMUIHON HUTH. [leCTpyKTMpPOBaHHAA MOMMAMUIHAA HUTD CO-
OupaeTcs U yHanAeTcs U3 a30THOI KUCTIOTBI, ITOCIIe YeTO OCYIeCTB/IIeTCSI OTMBIBKA €€ MCTIUI-
JMPOBAHHOJ BOJOI OT KUCTIOTHI 11 IOHOB cepebpa Ag'. [TpoMbIBHBIE BOABI U MPOAYKTHI Jie-
CTPYKIMM COOMPAIOTCS C 1Ie/IbI0 Ta/IbHeliIIell HepepaboTKIL.

[TpoAyKTBI [eCTPYKLUM HONMMAMMIHON HUTU IIPEACTAB/IAIT CO00l HUTPUpPOBAHHBIE
amudaTnyecKre OnMUroMepsl — 6-[(6-aMMHOTEKCUIT)aMIHO ] -6-(HUTPOOKCH)TeKCAHOATBI, YTO
COITIaCyeTCs C JaHHBIMY MHPPAKPACHOT CIIEKTPOCKOIINY ICXO/{HO 11 BeCTPYKTUPOBAHHON MO-
MVaMUJHOV HUTH, IPENCTAaB/IeHHBIX Ha puc. 4. VIK-cnexTppl nmomaMnuja ¥ HUTPUPOBAHHbIX
IPOAYKTOB AEeCTPYKLMM IToMMamuya 66Ut monydensl Ha criektpodoromerpe MIK-®Oypbe RX-1
¢upwms! Perkin Elmer.
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B VIK-cnexrpax nomm- i
aMuja ¥ HUTPUPOBAHHBIX N
pup 5
IPOAYKTOB JEeCTPYKIUU IIO-
mamupa (puc. 4) obnapy- o /\/\/\/NHZ
NH

JKEHBI I107I0CHI NOIJIOLEHNA
3295 1 3327 cM™ 1, xapakTep- o

6-[(6-aMMHOTeKCIT)aMIHO | -6-(HUTPOOKCU )TeKCaHOAT
Hble 4 rpynnsl NH, u no- € ) 1-6-(uurp )

nockl moromienust 2930 u 2937 cm™ L, npucymue CH,. Hammune monocer nornomenns 1708-
1733 cm~ ! Ha o6oux criekTpax ykasbiaeT Ha Hammume rpynmbl C=0. Pasmane B VIK-criekrpax
3aKJII0YA€TCS B TOM, Y HUTPMPOBAHHBIX IPOJYKTOB [JeCTPYKLMM IOMAMIJIa UMEIOTCA IOJI0ChI
nornomenns 1616 cm~ 1, xapakTepHble i acuMMeTpuyHOro Kojebannsa NO,, 1 T0T0CHI 10~
romenus 1277 em™ L, npucymme cummerpuaabiM Konebarnsam NO,.

9.8
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cm-1

Puc. 4. VIK-crexTpsl McXofHOM (HVDKHMIT TpadyK) M eCTPYKTUPOBAHHON IIO/INaMIHON HUTK (BepXHUIT T'pa-

¢duk)
CnexTpsl (puc. 5), HOTy4eHHbIe METO/JOM IIPOTOHHOTO SI/IEPHOTO MarHUTHOTO Pe30HaHCa

(SIMP 'H), nopTBep XIaloT HUTPOBaHMe, CUTHAI Ha 4,5 M.JI. (XMMI4YeCKOTO C/IBUTA) U/IEHTIYEH
BOJIOPOJY, PAaCIIOJIOKEHHOMY PSZOM C HUTPOTPYIIIION.

L283-2528 |
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i "

R R
o

| 1 283.2528

e
n
@
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N

File name: L283-2628 Operator SF: 400.1680 MHz NSC: 0 ‘ PW: 4.00 usec, RG: 34 s 131072

Date: 07 Apr-2022 Solvent; DMSO SW. 8003 Hz TE: 33K | AQ: 4,00 sec, RD: 0.00 sec TH, DMSO

Puc. 5. IMP-cnieKTpocKonus BecTpyKTUPOBaHHOM IOIMAMWUHON HUTU
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JI3BeCcTHO, YTO aHA/OTMYHbIE IPOAYKTHI AECTPYKIMM ITOIVAMIUJHON HUTK (HeilloHa-6)
VICTIO/IB3YIOTCS B OMIOME[IUIIHCKON XM B KadyecTBe pepMeHTa, pas/iararoiiero moooIHbIin
IPOAYKT HellJIOHa-6, 13 KapOOKcHacTepassl ¢ OeTa-makraMasHou ckmagkoi [10-12]. JILA. Tu-
XOMMPOBBIM OBIIO MICCTIEIOBAHO B3aMMOJEIICTBYE IIPOIYKTOB AECTPYKLMM IOMMaMMza-6, mmo-
JIy4eHHBIX B pe3y/IbTaTe TepMIYECKOi 00paboTKy, ¢ OyTafyeH-HUTPUIbHBIM KaydykoM [13]. B
JlaHHOJI paboTe MOTy4eHHble HUTPUPOBaHHbIe amidaTidecKie OIMIoMepsl U3 IPOAYKTOB Jie-
CTPYKIMM ITOIMaMVFHON HUTY OBUIM MICIIOTIb30BAHBI B PEIENITYpaX pe3THOBBIX CMeceiT 001[ero
Ha3Ha4YeHVs 110 MeTOAVKaM, IIPefICTaB/IeHHBIX B [14]. PesnHOBBIe cMecu Ha OCHOBE HaTypasb-
HOTO Kay4yyKa: MCXOfIHas U € ;0OaBKOI HUTPUPOBAHHBIX aMnpaTUIeCKIX OTUTOMEPOB U3 IIPO-
IIYKTOB AeCTPYKLMY HOMMAMUIHOM HUTK ObUIV M3TOTOBJIEHBI Ha IOJOTPeBaTe/IbHBIX BalbliaX
I1]1 320 160/160 ¢ dppukiueit Bankos 1:1,08 B TeueHne 15 MUHYT.

B Tabmuie 2 mpemcTaBlIeHbl CpPaBHUTEIbHbIE CBOICTBA PE3MHOBON CMeCH HAa OCHOBE
HaTypa/JIbHOTO Kay4yyKa: MCXO[Hasl ¥ C JOOABKOJ HUTPUPOBAHHBIX amidaTUecKuX OIUroMe-
POB 13 IIPOAYKTOB JIeCTPYKIVIVI IONMMAMMUTHON HUTH.

Ta6mmua 2. CpaBHNUTeIbHBIE CBOJICTBA PE3HOBOII CMECH Ha OCHOBE HAaTYPa/IbHOTO KaydyKa: ICXOHAs I C JO6aB-
KOJi HUTPMPOBAHHBIX anugaTudeckux oIUroMepoB U3 IPOAYKTOB JeCTPYKIMY ONMaMUEHOM HUTH

Penenitypa 1 HanMeHoBaHMe TIOKa3aTenei Ha 100 mac. gacTeit kaydyka
Hatypanpubii kayayk 100,0 100,00
HurpuposanHble anndarndeckiie OTUTOMepPBI U3 TIPO- - 5,00
IYKTOB JeCTPYKLMY OMAMUTHON HUTK
Cepa 2,00 2,00
MepxkanTo6eH3T1ason 0,65 0,65
TeTpaMeruntuypaManucynbGun 0,30 0,30
Oxcup mHKa 15,00 15,00
CreapyuHOBas KUCIOTa 2,00 2,00
CaoiictBa pe3unsl (151 °C-15muH)
fr> MIIa 19,75 19,02
& % 820 850
0, % 9,6 11,7

YcnoBHble 0603HaYeHMA:

fr - ycIOBHAA IPOYHOCTD IPYU PaCTKEHNY;
&, - OTHOCUTE/IbHOE YIIMHEHNE IIPU Pa3phIBE;
0 - oTHOCUTeNIbHOE OCTATOYHOE YA/IVHEHME.

CpaBHNTe/IbHBIE CBOVICTBA Pe3VHBI, IPEICTAB/ICHHbIE B Tab/mIle 2, CBU/IETE/IbCTBYIOT O
TOM, YTO TPV BBE[IEHMU HUTPUPOBAHHBIX a/MM(paTUIECKNX ONUTOMEPOB U3 IPOAYKTOB Je-
CTPYKLIMM TTOIMAMUJHOV HUTU B PELIENITYPY PE3MHOBBIX CMeCell Ha OCHOBE HAaTypa/lbHOTO Ka-
y4yKa, YIPYyro-IpOYHOCTHBIE CBOJICTBA M3y4aeMBbIX OOpasl[OB pPe3MHBbI IPY PaCTKEHNUN
HaXOMATCA Ha MPAaKTIYeCK) OJVHAKOBOM YPOBHE, UTO /IS IIOTPEOUTETbCKIX CBOVICTB pe3u-
HOBBIX cMeceil 0011ero Ha3Ha4eHVs1 OYeHb BaXKHO.

C 11e/1b10 VICKTIOUEHVS1 06pa30BaHNA O0JIBIIOrO KOMYECTBAa TEMHOTO KPYCTAINYECKOTO
ocajka Ha aHoge [15, 16] 13-3a aHOTHOTO OKVC/IEHNA KICTIOPOZa HACHIIeHIe STIeKTPOJINTA Ce-
peObpOM OCYILIECTBIIANOCH 3a CYeT XMMIYECKOTO PaCTBOPEHNA CepeOPSHOTO MOKPHITHA B KOH-
LIEeHTPYPOBAHHON a30THON KucnoTe. [y mpepgoTBpamieHns o6pa3oBaHNA OKCUOB a30Ta B
3JIEKTPOJIAT BBOAM/IACH TAaKXKe J06aBKa KOHIIEHTPUPOBAHHOI CEPHOI KUCTIOTHIL.
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ITo mpep10>XeHHOI TEXHOIOTUY MICK/II0YAETCS BO3MOXXHOCTb CMEIIMBAaHMA KaTOZHOIO U
AQHOJIHOTO OCA/IKOB, CBOJICTBEHHBIX apPUHAKHOMY CIIOCO0Y MoTydeHus cepebpa, Tak Kak 00-
pasyeTcs KaTOLHBII cepebpocoaepsKaluil 0CafioK, IVIOTHO CLeTIEHHBIN ¢ TIOBEPXHOCTBIO Ka-
TOZA.

[lna BbIOOpa ONTVMMANIBHBIX YC/IOBUII IIONy4eHMS KaTOJHOTO cepebpocoieprKaliero
ocanka ObUIa OTy4YeHa IO/IApPU3alMOHHAsA KpUBas KaTOJXHOTO BbIIe/IeHMs cepebpocopepika-
II[eTO 0CaJIKa Y3 a30THOKJIC/IOTO OIIBITHOTO 3/IEKTPO/NTA (pIC. 6) C ICIIOTb30BaHMeM IVIaTIHO-
BbIX 9/IEKTPOJIOB B FAJIbBAHOCTATUYECKOM PEXKIMeE.

13 110/Ty4eHHBIX [JaHHBIX CIEflyeT, YTO B Ha4Ya/IbHBIII MOMEHT BpeMeHy (1pu i > 0) HabIo0-
MaeTCs CylleCTBEHHaA MoasApusanuA snekrpoga A¢ = 230 mB, BbIsBaHHaA HaM4MeM IPOAYK-
TOB JeCTPYKIMM MOMAMIUHON HUTU U PacTBOPEHMEM BBIIE/IAONIEIOCA KaTOFHOTO cepebpa.
Xop monsApu3aloOHHO KpuBoit npuHuMaet popmy Tadenesckoit 3aBucumoctu (1 = a + blgi)
TOJIBKO IIPM COBMECTHOM KaTOJHOM ocaxkieHnn Ag 1 Ag,SOs, TO €cTb C POCTOM IVIOTHOCTU
TOKa (i). AHa/IM3 MOJIAPU3ALOHHOI KPUBOJI IO3BOJIAET BHIOPATh CIEAYIOLIe YCIOBYS BbIfe-

JIeHUs cepeOpocoepiKallero KaToJHOTO 0CafiKa:

3 90
i, A/am

AgNO;-451/n 80
HNO,; -650r/n 70

60

50

30
20

10

¢, B . o 0

0.8 0.7 0.6 05 0.4 0.3 0.2 0.1 Q

Puc. 6. HO}IHPI/ISaHI/IOHHaﬂ KpyuBasA KaTOJOHOTO BbIIEICHNA cepe6p0co,uep>i<a1_uero OoCagKa M3 a30THOKUC/IOIOo
OIIPITHOI'O JJIEKTPOJINTA

OJIeKTPOBL: IVIATVHOBBIE.

Temnepatypa: T = (40+3) °C.

ITnorHOCTD TOKA: i = 35-90 A/mMm>.

[TepememnBanme: OTCYyTCTBYeT.

B pesynbTaTe nccieoBaHNA CTPYKTYPBI cepedpocoeprKalero KaToHOTO 0cajKa MeTo-
JIOM PEHTTeHOBCKOII AudpakToMeTpun Ha peHTreHoBcKoM andpakromerpe ARL X'TRA (cm.
puc. 6) O6bIIO0 OOHAPY>KEHO HaMM4ue:

1. IInatunsr (Pt) ¢ xybuueckoit cTpykTypoit (mmkm 1) 1 mapameTpamiu 37eMeHTapHON
sueitkn a = b = ¢ = 3,9237 A, npu yrmax: o = § = y = 905

2. Cepebpa (Ag) ¢ KyOmYecKoil CTPYKTypoll (IIMKM 2) ¥ IapaMeTpamMy 31eMeHTapHO
Adeiiky a = b = ¢ = 4,0855 A, ipu yrmax: « = = y = 90

3. Cynboara cepebpa (Ag.SO4) c opTOpoMOMYeCcKolt CTPYKTYpoit (MK 3) ¥ TapaMeTpamu
a7meMeHTapHoIt Aueitki: a = 10,269 A, b = 12,706 A, c = 5,8181 A ipu yrmax: a = § = y = 90°.
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Sample ID: Ag laver on Pt plate, Sample name: Ag laver on Pt plate, Temp: 25.0°C
Date: 03/25/22 12:00 Step : 0.020° Integration Time: 1.200 asec
Range: 3.000 - 105.000° Step Scan Rate: 1.000 [®/min]

500 [&)]

Vert. Scale Unit: [CPS]
Horz. Scale Unit: [deg]
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Puc. 7. ludpaxTorpaMMbl IOKpHITUA cepeOpa Ha IUIATVHE

B panHOM nokpbiTiy (puc. 7) He 66U OOHAPY>KEHBI IPOAYKTHI BeCTPYKLMU ITOTMAMU-
HOJI HUTY, OJJHAKO B 97IEKTPOJINATE STU HPOAYKTHI IPUCYTCTBOBAMN. [Ipy IpoBOKaIy 97IEKTPO-
JINTA JOIIOJTHUTE/IbHBIM BBefieHreM HacbimeHHOro KCl B ycmoBusAx mapamMeTpoB OCakKaeHus
KaTOJZHOTO IOKPBITUSA

VI3 [aHHBIX, NPEACTaB/ICHHBIX B Tabmmie 3, MOXXHO IIPeAIIONIOXUTh, YTO OCHOBHBIM
IpO-JYKTOM CefeMEHTALUN ABAICA 6-[(6-aMMHOTeKCUIT)aMIHO]-6-(HUTPOOKCH )TeKCAaHOAT
Ka/IVisl ¥l HepacTBOPUMBIe CynbdaThl, 3a MCKII0YeHe Cynb(aToB cepedpa.

[liA onTMMM3aLuy YCIOBUIT MOTYyYeHNA KaTOJHOTO MEJHOTO OCajika ObUIM HOTydeHbI
HOJIIpM3ALIOHHBIE KPUBbIE B TA/IbBAHOCTATIYECKOM PeXKJMe KaTOJHOTO BbIfIe/IeHSI Me[iu 13
CEPHOKIIC/IOTO OIIBITHOTO ¥ CTAHAAPTHOTO 37IeKTponTa (piuc. 8) C CIIO/Ib30BaHMEM B Ka4eCTBe
aHOJIa Me/IHBIX IUIACTUH, KATOAMU CITY)XXVIIU CTaJIbHbIE 3/IEKTPOJBL.

CocCTaB ONBITHOTO 97IEKTPOJINTA ObII IPUTOTOBJIEH U3 OKCULOB MefiU, KOTOpbIe ObUIN II0-
Jy4eHbI B pe3y/bTaTe IpOKanKu npu temneparype 650 °C B Teyenne 120 MMHYT MMUIIYPHbIX
MeJHBIX HITel ¥ paCTBOPEHHBIX B KOHIIEHTPMPOBAHHOI CEPHOII KUCTIOTE.

Konnentpauns noHos mMegyu Cu’' B OIIBITHOM 9/IEKTPOJINTE, ONIpefie/IeHHas JI0TOMeTp-
4ecKMM MeToznoM [17], cocraBuna 68,43 1/11, cepHas KUCIOTA IS pACTBOPEHNS OKCU/IOB MEIN
uMea INIOTHOCTD 1,82 r/cm’.

CocraB cragpapTHOro anexkrponura: Cu** - 70 r/m; SO4* - 70 1/
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Ta6muia 3. D71eMeHTHBI 9HeProAVICIIEPCYOHHBII aHAIN3 aHOTHOTO IPOIYKTa

TOM 3, BbINYCK 2, 2022

11 12 21 2 2

Element| Wit % At % | Wt % At % | Wi % AT | WES At %
CK 133 + 068 24.5( 16.7 £+ 0.67| 2846 134 + 0.79| 24.7 16 + 0.61| 268
OK 293+ 092( 404| 351 + 1.03| 44.94| 27.7 + 0.94| 38.49| 387 + 1.02| 486
Malk 052+ 012 05 048 £+ 014 043 049 + 0.14| 047 14+ 016 1.23
AlK 095+ 014 0.78| 095 + 0.15| 072 0.26 £+ 0.13| 0.21] 042 + 0.12| 0.31
SK 183 + 049 126( 7.67 £ 035 49 248 + 0.60] 1719 648 £+ 0.31] 4.06
ClK 032+ 016 02| 077+ 019 045 024 + 0.17| 015 06+ 017 0.34
KK 373+ 092 21.1| 384 £ 096 201 33.1 + 091 18.79] 364 + 091 18.7
Total 100 100| 100 100| 100 100] 100 100
Element Inte, Error Inte. Errar Inte, Error Inte. Error
CK 2.56 2 3 1.91

OK 1.58 1.47 1.7 1.32

MNak 11.8 14.4 14 5.55

AlK 71.25 2.06 25 14.1

SK 1.34 2.28 1.2 2.41

CIK 246 12.4 36 128

KK 1.23 1.25 14 1.25

[TonspusanyoHHas KpuBas BbIIe/TEHN KaTOJHOI Me[iU 13 CTAaH/JapTHOTO CEPHOKVICIIOT-
HOTO 37IeKTPO/NTa (CM. pUC. 8) MOTHOCTBIO COBIMAfiaeT ¢ rpaduuecKoil MHTepIpeTanneit 00-
LIero ypaBHEHMA MOIAPU3ALVIOHHON KPUBO JI/IA OMHOCTAAUITHON peaKU Uy paspsAia - MOHU-

sanuu (popmynoit Taderns).
1,
Al

0.4

JJIEKTPO/INTOB

IIpn mcnonb3oBaHMM B Ka4eCTBE 3/IEKTPO/INTA KOHLIEHTPMPOBAHHONM CEPHONM KMCIOTbI
IIPY HM3KVUX 3HAYEHMX IVIOTHOCTY TOKa (i) Hab/IogaeTcst MosApusanus KaTOJHOTO Ipoliecca
A¢ = 480 MB, BbI3BaHHasA HM3KOI 3/IEKTPOIIPOBOJHOCTDIO 3/IEKTPO/INTA Y PACTBOPEHNEM BbI-
fenAouielica KaTogHol Menyu. HuBenmnpoBaHme mpoleccoB, CBA3aHHBIX C IOJLAPU3aLMEN,

35

HACTyIIaeT IpY ITIOTHOCTY TOKA BbIlle 5 A/mgm>.
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KnHeTnyeckyue 3aKOHOMEPHOCTY, OOHApy>KeHHbIe NPY M3YYEHUU MHOJSAPU3ALVIOHHON
KPVBOJ1 BbIIE/ICHNS Me/jJ U3 OIIBITHOTO 9/IeKTPOINTA IO3BOJISIOT BBIOPATh CIeAyIOLIye YCIo-
BUS BbIfIEJIEHMs KaTOZHOro ocanka: i = 25-90 A/pm? u T = (20+3) °C.

AHau3a CTPYKTypbl KATOZHOTO MEJHOTO OCafIKa, OCYIIleCTBICHHbIII METO/JOM PEHTTEHOB-
ckoit udpakTomerpun (puc. 9) mokasan Hamudme:

1. Menm (Cu) - kybudueckast cTpyKkTypa (mku 1) u mapameTpamy 3/1eMeHTapHOI STYeVIKI:
a=b=c=3,62465 A npu yrmax a = f = y = 90%

2. ®eppurta (a-Fe) - 06beMHO LieHTpUpOBaHHAsI Kyb1ryeckast CTpyKTypa (mmku 2) v napa-
MeTpaMu 371eMeHTapHOM A4eiiki: a = b = ¢ = 2,8664 A nipu yrnax o = f = y = 90°,

Sample ID: Cu laver on Steel plate, Sample name: Cu laver on Steel plate, Temp: 25.0°C
Date: 03/25/22 14:02 Step : 0.020° Integration Time: 1.100 sec Vert. Scale Unit: [CPS]
Range: 3.000 - 100.000° Step Scan Rate: 1.051 [°/min] Horz. Scale Unit: [deg]
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Puc. 9. ludpakrorpaMMbl HOKPHITUA MeY Ha CTa/IN
BriBOABI M peKOMeHAUM

Takum o6pazom, 060cHOBaHa HEOOXOAVIMOCTD V1 SKOHOMIYECKas 11e1ecO00pasHOCTb I1e-
pPepaboTKV MeTa/IM3VPOBAHHBIX TKaHel, MOTEPABIINX CBOM SKCIUTyaTallIOHHbIE CBOJICTBA.
Bei6paHo u ompo6oBaHO HallpaB/ieHue HepepaboTKy, obeclednBaroliee MaKCUMaIbHO HOJ-
HYI0 YTUIM3ALMIO TKaHEl, COfepKalluX MeTa/UIMYecKue U MoMMaMuiHble HUTU. B KadecTBe
OCHOBHOTO HAaIIPaBJIEHNUA NePepabOTKM MeTa/UINIeCKUX HUTEN Ipefi/IoKeHa 97IeKTPOXMIUYe-
CKas TeXHOJIOTWA, CBA3aHHAA C KATOIHBIM BBIJle/IeHIeM IIepepabaThIBaeMbIX META/IOB B BUJIE
MOKPBITUI, IPOYHO CLEIVIEHHBIX C IOBEPXHOCTBIO KaTOJA. JKCIIEPMMEHTA/JIbHO IOJTBEp-
JKJIEHO, YTO B Pe3y/IbTaTe IOArOTOBUTEIbHBIX OIl€PALII IIEPE] 37IEKTPOIN30M IIPOMCXOJUT fie-
CTPYKLMA NONMAMUIHBIX HUTEN U IOC/IeAYyIolee MX HUTPOBAaHME B a30THOI Kucnore. IIpemo-
JKEeH Croco6 yTmmmsanyy oOpasyolMXcsi HUTPUPOBAHHBIX IPOAYKTOB HECTPYKLVM IIOJIN-
aMufa, IpeJycCMaTpUBAIOIINI MCIIO/Ib30BaHMe UX B KayeCTBe O/IMTOMEPOB JI PE3MHOBbIX
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cMmecent O6Hl€I‘O Ha3HA4YCHNA. Pe3y11bTaTbI, ITIOJTy9€HHbIE B XO/[€ BBIIIO/THCHM A pa6OTI)I, IIOATBEP-

JKIAI0T BO3MOKHOCTb IIONTy4eHUs OJIeCTSINero KaTOZHOTO cepebpocofiepsKallero ocajika

ITPOYHO CLECIZIEHHOTO C IIOBEPXHOCTDBIO KaTO[a 13 a30THOKMCIIOIO 3/IEKTPO/INTA. HOHY‘{CHHI)IQ

KMHETUYIECKNE 3aKOHOMEPHOCTU IIEKTPOXMMMIECKOTO IIPOIIE€CCa KATOOHOTO OCAKIOEHNA IIe-

pepa6aTblBaeMbe METa/I/IOB YKa3bIBalOT Ha Ha/M4ne 3HAYUTEIbHON nojnApmu3dany B Hadajlb-

HBIJI MOMEHT BpeMeHM IIpY IPOTEeKaHNM IIpollecca pa3psfia KaTMOHOB cepebpa 1 Mefiu.
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Kntouesvie cnosa: Annomauus. B pabome u3nosicervl pe3ynomamvi Uccned08aHUs NPOUECCO8 OUUCKU
adcopbuus, sepmMuKy- CTNOUHBIX 800 O HepMenpooyKmos ¢ UCHONb30BAHUEM 8ePMUKYAUMA 00 U Noc/ie 06-
num, Hedmenpo- pabomku 6 nnasme OusneKmpu4eckozo bapvepHozo paspsaoa. B xode axcnepumenma
OykmpoL, 600004UCKa, — OnpedeneHo 8pems O0CUNEHUS PABHOBECUS 6 2emepoPasHoil cucmeme «copberm —
nnasma ousnexmpuue-  800HbLI pacmeop Hedmenpodykmos», komopoe cocmasnsgem 30 mun. Kunemuueckue
CK020 bapvepHoeo pas-  Kpusvle copOyuL 06pabomanvl 6 TUHEHbIX KOOPOUHAMAX NEPB020 U BMOPO20 NOPAO-
pada K06. YcmanosneHo, 4mo KuHemuka copOuuu Hedmenpooykmos epMUKyIUMOM

Haubosee adeK6AMHO ONUCHIBALINCA MOOENbI0 KUHEMUKU 6MOP020 NOPAOKA, IO
yKa3vléaem HA UOHOOOMeHHDLI npoyecc adcopbuyuu. Oxapakmepusosarvl NPoOUECCoL
8HewHe20 U BHYMpPeHHe20 MACCONEePeH0Cca HepmenpoOyKmos 6 NPUCymcmeuu 6epmu-
Kynuma, nonyueHHvlx 8 pasnuuHvix ycnosusx. IIpu o6pabomxe kunemuxu copbuyuu 6
koopounamax Boiida-Adamcona ycmanosneno, npoyecc adcopouuu npomexaem 6o
sHympenHe-OupPysuonmnom pexcume. O6pabomxa copbenma, nocne UCHONLIOBAHUS
8 npoyecce OUUCMKU CHOUHbLX 800, 8 NA3Me OUIIEKMPUHECKO20 6apbepHo20 paspsaoa
npusodUm K He3HAUUMENLHOMY CHUNEHUIO COPOUUOHHDIX XAPAKMEPUCMUK, 00HAKO
npusodum K ezo pezenepayuu. bvina uzyuena MopPonozusi epmMuKyuma, noyueH-
Ho20 6 pasnuunvix ycnosusx. O6pasey npedcmasnsiem coboti MukpozemepoezeHHbiii
mamepuan ¢ pasmepamu uacmuy, 0,4-0,7 mxm. O6uiuii 06vem nop, nonyueHHviti us
JIUHEUHBIX KOOPOUHAM meopuu 005eMHO20 3anoNHeHUs MUKpPonop, cocmasnsem 0,21
cm’/e. Bce Muxpogomozpaduu ompaxarom xapakmepHyo mMopPonoeuto caodsHo2o
nakema eepmuxynuma. Pe3ynvmamot uccnedo8anust copOyUOHHDIX CB0TICE, OUeHeH-
HUIX N0 YOenvHOU NOBEPXHOCINU MemodOM HU3KOmeMnepamypHot adcopbuyuu
UHEPMHO20 2A3a, NO360NIUNIU NOCIMPOUMD U30MePMbL A0COPOULUL/OecopOLUL HUOKO20
asoma Ha noeepxHocmu copbenma, obpabomxa komopuix no memoody BT noxasana,
4mo y0envHAas N08ePXHOCMb copbeHma cocmasnsiem 7 m/e.
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BBengenue

OpHoOIt M3 3KOMOTMYECKUX MPOOIeM COBPEMEHHOCTHU SIBJISIETCS 3arpsi3HEHNE BOJHBIX
00BEKTOB U YXYALIeHNe KadyecTBa BOSHBIX PeCypPCcOB, YTO IPUBOANT K COKpAI[eHNI0 00beMOB
JIOCTYIIHOJI MUTheBOI BOABL K OZHMM M3 IPMOPUTETHBIX 3arpssHUTeNIell IUAPOCcepsl OTHO-
carcsa Hedrenpoaykrel (HII) u ux npousBogHble, ypOBEeHb 3arpsA3HEHUS KOTOPBIMM C KOK/IBIM
TOZIOM BO3pacTaeT U IpuobperaeT I1006aIbHbI XapakTep. Il0aToMy coBepiieHCTBOBaHME Cy-
IeCTBYIOINMX, a TAK>Ke pa3paboTKa HOBBIX TEXHOJIOTUI ya/IeH s TIOKOOHBIX COeAVHEHNI, KO-
TOpBIE JO/DKHBI OTBEYAaTh COBPEMEHHBIM TPeOOBAaHUAM — OBITH MAaKCUMAIbHO JJOCTYIIHBIMI,
YEOOHBIMMY, 9KOTIOTMYECK) 0e30IIaCHBIMM ¥ 9KOHOMMYECKY 11e71eCO00pasHbIMMA, SBJISIETCS aK-
TyaIbHO 3agaveii [1, 2]. OfHUM 13 TOZOOHBIX CIIOCOOOB OYMCTKY CTOYHBIX BOJ| OT OpraHuye-
CKMX COeIVMHEHMI ABJIIeTCS afcCOpOLMOHHBI MeTof, [3, 4]. IlpenmymiecTBamMu MeTona sIBIA-
I0TCS ero BbIcokasdg 3P PekTMBHOCTD (0 95%), BO3SMOXXHOCTb OYVMCTKY MHOTOKOMIIOHEHTHBIX
CTOYHBIX BOJI, @ TAKXKE BO3MOXKHOCTD PeKyIlepaluy aficopOMpoOBaHHbIX BeljecTs [5-7].

TpapuumoHHO I yhoaneHus paslINgHbIX IIO/UTIOTAHTOB U3 BOJBI VICIIONB3YIOTCS MPU-
ponmHbIe COPOEHTBI: 11e0UTHI [8] 1 AraToMuTsl [9], a TaK>Ke MPOMBILIIEHHbIE OTXO/[bI, HATIPM-
Mep, 0TXo/bl 6ypoBbIX paboT [10], BansuipHOTO pousBoycTBa [11] n ommnku [12]. s nmony-
4yeHust 60jIee BBICOKIX XapaKTEPUCTUK COPOEHTHI OABEPTAIOTCS Pa3/IMIHOTO poaa MofnduKa-
i XxuMudeckoit [13], repmudeckoit [14], ynmprpassykosoi [15], MmexaHoakTuBanuu [13, 16-
17] n mp. Taxoke [y TOKOOHBIX Iieell MO>KHO JICIIO/Ib30BATh METO/bI XMMUY BBICOKVX 9HEp-
TMiT, BKTIOYAs pa3/IMYHOrO TUIIA pas3psyel [18].

Taxkum 06pasom, 1ie/IbI0 ZaHHOI pabOTHI ABJIOCH MCCIeTOBaHNe PU3NIECKO-XMIYe-
CKMX 3aKOHOMEPHOCTeJ! Ipoliecca copOiyuy HeTepOAYKTOB 13 BOSHBIX pacTBOPOB Ha Bep-
MUKY/IAT, MOAMQUIVPOBAHHBIN B I/Ia3Me JU3JIeKTpudecKoro bapbepHoro paspsga ([IBP).

MaTepMamﬂ n ME€TOabI

B kauecTBe MOJIENIBHBIX 3arpA3HAILINX BEIIECTB MCIOIb30BAIMCh BOJHbBIE PAaCTBOPHI
HedTenponykToB (MoTopHOE Macio M8-B). Beibop manHOro 06'peKTa [Is1 McCIefoBanms ooy-
CJIOBJIEH €r0 IMPOKUM MCIIOJIb30BAaHKEM B IPOMBINIIEHHOCTH, YTO IPUBOJUT K €r0o IIOBCe-
MECTHOMY PacIIpOCTPAHEHMIO B 00'bEKTaX OKPYKAIOIIIell CPefbl, a TAK)Ke BBICOKOI TOKCHYHO-
CTBIO /1A €CTeCTBEHHBIX 3KocucTeM. HII ABIAIOTCA MepCUCTEHTHBIMU K €CTECTBEHHBIM IIPO-
1eccaM fiecTpyKuuu [19], mo3TOMY OMCK METOJJOB OYMCTKY BOJBI, 3arpsssHeHHo HII, aBis-
€TCA aKTya/IbHbIM.

KonnenTtpanyy HII B BOZHBIX pacTBOpax Mofg0Mpanich Ha OCHOBE HaHHBIX 00 UX cofiep-
JKaHM! B PeaIbHbIX IIPOMBIIIEHHBIX CTOKaX. MoOJeNbHbI pacTBOP HePTEIPOAYKTOB TOTO-
BUTCS CMeIIMBaHNeM HeoOX0AMMoro o6béMa MoTopHOro Macina M-8B ¢ guctummmpoBaHHON
BOJIOJA.

CxeMa 9KCIIepVMEHTA/IbHON YCTAHOBKY JIs1 00pabOTKM afcOpOEHTOB MpeCTaBIeHa Ha
puc. 1, OCHOBHBIM 3/1eMEHTOM KOTOPOII ABJIAICA PEAKTOP AMIIEKTPUIECKOTo 6apbepHOro pas-
pAna. KoHTponb 3HaYeHNIT NEPBUYHOTO HANIPsXKEHNA OCYIECTBIIANICA BOTbTMETPOM MapKu []
5015. BxopgHy0 MOILIHOCTH OIpENE/ANN ITyTeM MHTEIPUPOBaHMA NPOU3BEJEHUA CUTHAIOB
HallpsDKEHMA M TOKa 3a mepuoj. CpefgHee 3HaYeHME HANpPsDKEHMA B 39KCIIEPMMEHTaX
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cocTtaByno 16,5 kB, mpu aToM TOK paspsga 6bu1 paBeH 13,1 MA. HYacToTa IepeMeHHOTO Hampsi-
JKEeHMA, IPUIOKEHHOTO K 3JIEKTpojaM, cocTasyana 800 I'm.

O61BpeMHas MOITHOCTD, BKIafbIBaeMasd B paspan (P, Br/cm?®), cocrasnsana 8.6 Br/cm® u pac-
CUNTBIBA/IACH IO popMyTIe:

w-Ud
V

p

, (1)

rie I - cuma Toka Bo BTOpUYHOI Leny, A; U — HanpsbkeHne, B; V, - 06beM paspsgHOI 30HBI,
CM?, pacCYUTAHHBII 110 popMyIie

Vp = Sceq. ) Lp.3.’ (2)

7€ Scew. — IUIOLIATD CEYEHNUA PA3PATHON 30HBI, CM? Ly5,— I/IMHA Pa3psASHOIL 30HBI, CM.

O61beM paspsHOI 30HBI peakTopa [IBP cocraBmsn 25 cm®. B kayecTBe mmazmoobpasyio-
IIeTO ra3a BO BCeX IKCIEePUMEHTAX MCIIO/Ib30BaJICS TeXHIYECKII KMCIOPO]], PacXof KOTOPOTo
BO BcCeX OmbITax cocTaBisn 500 my/muH (8.33 mi/c).

Puc. 1. CxeMa 3KCIIepyMEHTAIbHON YCTAHOBKM: 1 — BHYTPeHHMII 37IEKTPOJ, 2 — Ta30BbLi 6a/IOH C pacCXOZOMEPOM;
3 - TedmoHOBasA BCTaBKa; 3 — pacxofoMep; 4 — BHYTPEHHUIT 97IeKTPOJ; 5 — cloil 06pabaTbiBaeMoOro copbeHTa; 7 —
pesucrop 100 Om; 8 - nudposoii fByxKaHanbHbI ocuyiorpad GW Instek GDS-2072; 9 - 610K nmuTaHNUA

B pabore mnpoBomwmuch uccnemoBaHMA copbeHTa BepMmukymuta (SiO. (37,2%),
ALOs (6,2%), CaO (15,3%), Fe;05 (19%), MgO (13,1%)). OCHOBHBIMY XapaKTePUCTUKAMU COP-
OeHTa SABJIAIOTCS yHeNbHas IIOBEPXHOCTD, COPOIVIOHHAS €MKOCTD, afcOpOLMOHHBIN K03 du-
IIVeHT b;, Be/IM4MHA TIPeJie/IbHOI afcopOLMil am. [JaHHbIe BeMYMHBI OBUIN OIpele/eHbl 10
CTaHJAPTHOJ METOMKE B JIMHEIHBIX KOOpAMHaTax n3oTepMbl /Isnrmiopa [20]. Kpome Toro,
OblTa OIIpefiesieHa Be/M4IMHA KOHCTAHThI ['eHpu H;, KoTopast 1o ¢puandecKoMy CMbIC/Ty COBIIa-
JlaeT C TePMOAMHAMIYECKMM K03 PUIIMEHTOM pacripefiesieHus ajcopbara mpy HU3KUX KOH-
LIeHTPAIVAX PaCTBOPEHHOTO BelllecTBa. B pamkax ¢popmanbHOI 06pabOTKY IO BeMYMHE IO/
HOJI aficopOLuu a; U TIpefieIbHOI aicopounm a, A copbeHTa OblTa paccuMTaHa MaKCUMallb-
Hasl CTeIleHb 3alI0THEHMSI IOBEPXHOCTH O,

PaBHOBeCHBIe BeJIMYMHBI aficOpPOLMIU OOBIYHO M3MEPSIOT II0 M3MEHEHUsAM KOHILIeHTpa-
LIV OJJHOTO 113 KOMIIOHEHTOB, KOTOPasl yCTaHAB/IMBACTCS IIPY JUINTEIBHOM KOHTaKTe PacTBOpa
¢ aficopbeHTOM. BenmmumHbl afcopOImy pacCIUTHIBAIOT C YY€TOM MeTofa u36bITKoB [166c¢a,
KaK IIOBEPXHOCTHBIE M30BITKY IO pasHMLE COREP)KaHMII KOMIIOHEHTA B HEKOTOPOM oObeMe
BOMM3M IIOBEPXHOCTM ¥ B TAaKOM >Ke OObeMe pacTBOpa BHAMM OT IOBepXHOCTH. Ecmm
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npeHeOpeyb M3MeHeHNeM o0 beMa pacTBopa IIpy afcopbuuy, To BemmunHa ['mb6coBckoit aj-
copbunm a; KOMIIOHEHTA i, BBIpa)KeHHasl, HallpyMep, B MOJIb/T aficOpOeHTa, paBHA

_ Vo '(Co,i _Ci)

m

(3)

i

rie Vo — 06BbeM pacTBOpa, 11; m — Macca agcopbenrta, r; Co; u C; — ero HavyanbHas M KOHEYHast
PpaBHOBECHAasA KOHI[EHTPAIM, MOJIb/JI.
[Tepecyer Ha egMHUIY TOBEPXHOCTY A JjaeT BeTMYMHY U30BITOYHON afcopoumm I

(G-
l m- A '

[y monmy4yeHns1 HeoOXOAMMOTO [{UaITa30Ha 3HAYEHNII paBHOBECHBIX KOHIIEHTPALINIA [/

(4)

HOJTy4eHVS M30TePMBI, ypaBHeHMe (4) IpUBOAMIOCH K BUIY

c _Fi-m-A.

i o0,

(5)
0

V13 ypaBHeHus (5) crmenyer, YTO BapbypyeMbIM IapameTpoM, kpome Cy;, MOXET OBITh U
orHotenne m/Vo. Takum ob6pasom, mocrpoenne nsorepmbl afcopbuym o HII s nccnenye-
MOTO cOpOeHTa BKII0YAJIO B Ce0s1 C/IefyIolIyie STaIIbl:

1) IpUroTOB/IEHNE MOZENIBHOTO BOSJHOTO PACTBOPA, COAEPIKAIIEro MCCIefyeMoe Belle-
CTBO C 33[JaHHOJ KOHI|eHTpaLels;

2) B3BelIVBaHMe ¥ IepeHOC 0bpasiia copOeHTa;

3) mepeMelVBaHNe YCTAaHOBJIEHHOTO 00BEMa MOJIE/IBHOTO pacTBopa ¢ copbertoM. I1a-
paMeTphl epeMenBaHys J/IsI BCeX PO ObUIO ITOCTOSTHHO (9KCIIEPYMEHT 110 copbuyy Hedre-
IIPOJYKTOB U3 BOJHBIX PACTBOPOB IIPOBOAM/IN B CTATUYECKNX YC/IOBUAX, IPY IIepeMellIIBAaHNI
u repmocratuposanuu npu 298 K. Kunernky cop6buum HII nccnepoBamy B ycIOBMSX OTpaHu-
YeHHOTO 00'beMa pacTBoOpa);

4) m3MepeHMe KOHIIEHTPALIUY BEI[eCTBA B PacTBOPE;

5) ompepeneHne COpOLMOHHON EMKOCTM MCCIefyeMoro obpasma copbeHTa (Mr/T)
1o popmyre

q, =——V, (6)

TZie g- — COpOLMOHHAs éMKOCTb copbeHTa, MI/T; Vo — 06B5EM IIpOOBI MOJIETIBHOTO PacTBOPA, J;
Co m C - HavyajIbHAsA ¥ KOHEYHasl KOHIIEHTPALMM BellleCTBAa COOTBETCTBEHHO, MI/JI; 1M — Macca
obpasia copbeHTa, .

[l monydeHuss M30TepMBI aficCOPOIY BapbUPYIOTCS MTapaMeTpbl Haya/JbHOI KOHIIEH-
tpanuu — Co, 00b€Ma pactBopa — Vo 1 Macchl copbeHTa — M.

6) IOCTPOCHUE U30TEPMBI afcopOrmu B koopauHaTax: Oy (paBHOBECHAs KOHIICHTPAIIHS
HCCJIETyeMOT0 BellecTBa, Mr/i) - O, (copO1roHHas EMKOCTh cOpOeHTa, MI/T).

YcnoBusi mpoBefieHMsT 9KCIEPUMEHTA IO OIpefie/IeHNI0 afcOpOIMOHHON EMKOCTI:

Havya/lbHas KOHIEeHTpanusa HepTenpopykTos (Co— 10-2100 Mr/m), 06bém pactBopa HIT (Vo) -
100 mi1, macca copbenta (m) — 2 T.

59



OT XHMHUW K TEXHOJNIOTUKM I\ RerNIITA Y TOM 3, BbINYCK 2, 2022

Bopomnornonenne copbeHTa onpeensisioch OTHOIIEHNEM MACChl TOT/IOUEHHO BOJBI K

Macce copbeHTa, TOTPaueHHOTo Ha COPOINIo:
B= Muozen = mcop6/ Muoens (7)

TZI€ Mlyon — MACCA COPOEHTA C IIOTTIOIEHHOI BOJOIA, T; Meops— MACCA COPOIIVIOHHOTO MaTepuara,
r; B - BofonoroueHue, /.

BraxxHocTh copbenTa onpepensanach mo meroguke [OCT 12597-67 [21] npu BeIcymMBa-
HIY HaBeCKV IPOAYKTA B CYIIMIBHOM IIKa(dy KO IOCTOAHHON MacChl U ONIpeie/IeHNN YMEeHb-
IIeHMA MacChl IPOAYyKTa. MaccoBas 10714 BOZIbI BBIPA)KA€TCA B IPOLIEHTAX.

VccnemoBanua Mop¢oIoruy NOBEPXHOCTI U 3/IEMEHTHOTO COCTaBa BEPMUKYIUTA IIPO-
BOJIVUIVCH TPV IOMOILY CKaHMPYIOLIETro 37IeKTpoHHOTo Mukpockona Tescan VEGA 3 SBH (Ye-
X115), OCHAIIEHHOTO IPUCTABKOI JUIS IIPOBEJEHNA 9HEPTOAVICIIEPCHOHHOTO PEHTIEHOBCKOTO
anamusa Oxford Instruments X-Act [22].

MuxpodoTtorpaduy HoBepXHOCTU OBUIN HOTYyYeHbI IPY C/IEAYIOLINX MapaMeTpax:

e ycKopsAwlee Hanpspkenne: U = 5 kB,

e hokycHOe paccrosiHMe: [ = 15 MM.

e nuaMetp my4ka: D = 80 HMm.

[l onpefienieHNsI 3/IeMEHTHOTO COCTaBa ObUI MICIIONIb30BAH CIIEAYIOIVI DKM PabOThL:

e yckopsmwouee Hanpspkenue: U = 20 kB,

« pokycHOe paccTosinue: [ =7 MM,

e quaMeTp Irydka: D = 120 Hm.

OHeprofMcrepCYOHHbIE CIIEKTPbl PeIUCTPUPOBANINCDH C IJIOIAAY CKaHMpoBaHMA 90x90
MKM [22].

ViccnemoBaHue yenbHON MOBEPXHOCTY IPOBOAMUIOCH METOIOM HU3KOTeMIEepPaTypHOIt
acopOIy MHEPTHOTO Tasa Ha mpubope Sorbi MS, mo3Boss0OIEM TOCTPOUTD U30TEPMBI Afl-
copbuym/pecopOIVIN >KMAKOTO a30Ta Ha IOBEPXHOCTY BEPMUKY/INTA, I OIIPEie/INTD YAETbHYI0
IIOBEPXHOCTb ¥ CYMMapHbIil 00'beM 1op [23].

O6paborka kuHeTryeckux Kpusbix copbumu HII ocymiecTBismace B paMKax Mogpesnei

nepBoro nopszgka (8) u Broporo nopszka (9):

lglg, —q.)=1gq, - k7, (8)
.t T ©)
g, k,q q.’

rfie ki — KOHCTaHTa CKOPOCTY IpoIiecca COPOIMH IO MOJIe/N TePBOTO MOPsAAKA, MUH ; k, - KOH-
CTaHTa CKOPOCTH IIpolLiecca COPOIY IO MOJIe/IM BTOPOTO IOPSIKA, MI-MUH-T'; e — COPOIVIOH-
Hasl eMKOCTb B MOMEHT PaBHOBECH S, MI/T; ¢ — COPOIIVIOHHASA €MKOCTDb B JAHHBIII MOMEHT Bpe-
MeHI.

[l/1g BBIABNIEHNS JIMMUTHPYIOLIEN CTafgyuy COPOLMOHHOTO IIPOIecca JCIOIb30BAINCh
nuddysmonnsie Mopenmu boria-Anamcona. B pamkax mopenu boiia- AfaMcoHa Ipy IMMUTH -
poBaHuy BHeuHei nuddysun KuHeTHIeCKas KpuBas HO/DKHA OBITH IMHEHA B KOOP/MHATAX

-In(1-F) = f(7), rne F - cTenieHb paBHOBECUA B CHCTEMe, BBIYMCIIAEMas 110 YPaBHEHMIO

60



OT XHMHUW K TEXHOJNIOTUKM I\ RerNIITA Y TOM 3, BbINYCK 2, 2022

q.
q,

F=-, (10)
TZie g: Y e — COPOIIVIOHHBIE eMKOCTM B TEKYILMII MOMEHT BPEMEHU U B MOMEHT JOCTVDKEHVIS
aJicOPOIVIOHHOTO PaBHOBECHS COOTBETCTBEHHO, MI/T.

Ecmu mumurupyoert crajyeit mpouecca siBseTcs copouys B pase copbeHTa (BHyTpeH-
HAg 1uddysus), MMHENHOCTb KMHETNYECKNX KPUBBIX JO/DKHA COOMIOAThCA B KOOPAVHATAX
F= f(T”z).

Buytpennsist guddysus no Bebepy-Moppucy onmcsiBaeTcsi ypaBHeHIEM
g, =k, +c, (11)

rze kia - KOHCTaHTa CKOPOCTV BHYTpUIIOPUCTOI audy3nn; ¢ - mapameTp, CBsI3aHHBIN C TOJI-
LIVHOM IIOIPAHMNYHOTO C/I0A.
[ nomy4yeHnst COPOIIOHHBIX XapaKTepUCTUK Ipoliecca n3orepMsl agcop6buym HIT 06-

pabaTbIBaIy B IMHETHBIX KOOpAWHATAX Mozerneit Jlenrmiopa (12), @peitupnnxa (13):
C 1 1
C+

—=—Ct——, 12
A A, AK, =

lnqezanF+l-lnC, (13)
n

riie C u C; — paBHOBecHas U TeKylas KoHueHTpanys HII coOTBeTCTBEHHO, MOMB/TT; G U e —
COpOIVIOHHbIE €MKOCTH B TEKYIIMII MOMEHT BPEMEHU 1 B MOMEHT JJOCTVDKEHMs afiCOPOIIIOH-
HOTO PaBHOBECVA COOTBETCTBEHHO, MI/T; A 1 A, — paBHOBEeCHasl I MaKCHMa/IbHasA COPOIVIOH-
Hasi eMKOCTb, MOJIB/KT; 1/1 — XapaKTepucTudeckast KOHCTaHTa, OLIpeie/Aoliast 0/1aronpusTHO
TedeHue afgcopbuny; K; — KOHIIEHTpaIIOHHAs KOHCTAHTa COPOIIIOHHOTO paBHOBECH S, XapaK-
Tepu3yoIas MHTEHCUMBHOCTb afcopbumm, n/momp; Kr - koHcranta @peitnpinxa,
(mr/T)(/mr)n,

KoHueHTpanus HedTenpoayKTOB ONpefesisiiach GpayopuMeTpudecKM METOJO0M, OCHO-
BaHHOM Ha skcrpakuyy HII u3 mpo6pl MamononsapHbIM pacTBopuTeneM (TeKcaH) U M3Mepe-
HII€M VIHTEHCUBHOCTY (IyOpecCIieHINY SKCTpaKTa Ha pubope «Droopar-02» [24].

OueHka (QpyHKIMOHAMBHBIX IPyHII, BXOAAmmxX B coctaB HII, ocymecTBsiiace ¢ momo-
mpbio nH(ppakpacHoit criekTpockonuu (crekrpodoromerp Nicolet Avatar 360, CIIIA). Tax ms
MOTOpHOTO Macna M8-B 6bUIO yCTaHOBJIEHO, YTO B CIEKTpe (puc. 2) B OCHOBHOM IIPUCYT-
CTBYIOT ITOJIOCBI, XapakTepHble pyHKIoHanbHbIX rpymn CH, CH, u CHs, TMHeHBIX yIIeBO-
JIOpOJIOB — B 00J1acTy BOMHOBBIX 4mcen (2890+10), (2853+10) u (2872+10) cm™! HabmofaroTcs
TP IIOJIOCBI, 00YC/TOBIEHHbIE HA/IMYMEM B YIIeBOZOPOfax cTpykTypHbIx rpymn CHs, CH, u CH

COOTBETCTBEHHO [25].
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Puc. 2. VIndpaxpacHblii criekTp Macia M8-B

Ta1<>1<e, BEPOATHO, YTO B COCTAaBE MacCjla B HE3HAUUTE/IbHBIX KO/INYIECTBAX IIPUCYTCTBYIOT

a¢upuble rpynmnsl (1465 cm'). CregoBarenbHo, M8-B cocTouT B OCHOBHOM 13 Habopa JIMHeii-

HBIX yTJIEBOJOPOJIOB.
[l onpepenenus npuOMVKeHHOI MoseKy/sipHoit Maccel HIT ucrionp3oBanocy aMmm-

pudeckoe cooTHoeHre —popmyna Kpeiira s HepTsaHbIX Ppakunit [26]:

M =4429-p™/(1.03-p>®) (14)

rie p*® - wrotHoCTh Macna (905 xr/m*) mpu 298 K; M - monsapras macca (r/Mo7b).
PacyeT 110 9TOMY COOTHOIIEHMIO JjaeT IpuOMDKeHHYI0 popmyny Macia M8-B — C»Hss u
M = 302 r/mornb.

S¢dexTnBHOCTD 0UNCTKM BOFHBIX pacTBopoB oT HII o (%) ouenmBanack no popmye

a=£-100, (15)
C

roe C,u C - HavajbHas ¥ KOHEYHas KOHIIEHTpals MUCCIETYEMOTO COEAMMHEHNA B BOGHOM pac-

TBOpE (MI/71).
OcHoBHasA YacTh

Mopdonorua BepMMUKY/INTA, IOTYYEHHOTO B PAa3IMYHBIX YCIOBUAX, NPEACTaBIeHa Ha
puc. 3. Obpasel mpencTaBasieT co60il MUKPOTeTepOreHHbII MaTepuan ¢ pasMepaMiy 4acTHI]

0,4-0,7 MmxM. OTHe/IbHBIE YACTUIIBI UMEIOT GOPMY POMOMYIECKOTO HOfIeKadfipa.
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Puc. 3. Muxkpodortorpadpun ob6pasioB BepMuxkyiuTa: a - Maciirabd 1 Mxm; 6 - Macitab 20 MKM; B - MacIuTab
100 mMxM, nocie obpabotku B [IBP

O61uit 06beM MOp, HONTyIeHHbIN U3 TMHENHbIX KoopanHaT TO3M (Teopun o6beMHOTO
3aIl0/THeHMA MUKpo1op), cocrasiseT 0,21 cv?/t. Bce MyukpodoTorpadum oTpaxkaroT Xapakrep-
HYI0 MOP(OJIOTMIO CIIOASHOTO IaKeTa BepMUKYIUTa. [I0BEpXHOCTD MMeeT CIOUCTYIO CTPYK-
Typy B BUJ€ arperaTtoB YeLIyil4aTol U JIeTIeCTKOBOW (OPMBI, IVIOTHO NPUJIETAIONINX APYT K
IPYTY ¥ 00pa3yIoluX eAVHbI KapKac ¢ MHOTOYMC/IEHHBIMY MaKpOIIOpaMM, BBICTYIIAIOIIMMY B
KayeCTBe TPAHCIIOPTHBIX KaHA/IOB NP IPOTEKaHUY TeTePOTeHHBIX IIpolieccoB. I1py yMeHbIie-
HUM MacCIITaOHOJ JIMHBI CKaHMPOBAHV INPOSBJAETCS ITOOYIAPHOE CTPOEHME OTHENIbHBIX
Y4aCTKOB IIOBEPXHOCTM C pparMeHTaMy KpUCTA/INYECKUX BKIIOYeHNIT. BepMIUKyINTY Xapak-
TepHa JOCTATOYHO BBICOKas AVUCIEPCHOCTD, B HEM COJEPKATCs YaCTHUIIbI IPAaBU/IbHOI JIeTIeCT-
KOBOJI ()OPMBI, @ CIIIOJSTHON ITAKeT COOTBETCTBYET OOIIMM JIMTEPATYPHBIM NPEACTABIEHNSAM O
JJAHHOM MIHepaJie.

PesynbTaThl McceRoBaHMsA COPOLVIOHHBIX CBOJICTB BEPMUKY/IUTA, OLleHEHHBIX I10 Y/e/b-
HOJI TTIOBEPXHOCTY METOJOM HU3KOTeMIIEpPAaTYPHOI aficOpOIy MHEPTHOTO rasa, MO3BOIMIN
HOCTPOUTH M30TEPMBI afiCOPOLINI/fecOpOIVIN XKUIKOTO a30Ta Ha IIOBEPXHOCTY BEPMUKY/IUTA
(puc. 4), ob6paborka KOTOpbIX 110 MeToAy BIT mokasaina, 4To yae/nbHas IOBEPXHOCTh COpOEHTa
cocraBysieT 7 M?/T, 4TO SIB/IAETCS JOCTATOYHO HU3KMM 3Ha4eHMeM, 110 CPAaBHEHMIO C aKTUBUPO-
BaHHBIMU yT/sIMu (540-580 m?/1) [27].

124
10+
z
> 61
44
2

0,2 04 06 0,8 1,0
P/Po
Puc. 4. VIsotepMbl ancopOIy SKMAKOTO a30Ta Ha BEPMUKYIAT
BepMuKymuT nMeeT 60JIBILIYIO 4aCTh OP, OTHOCAIIMXCS K Me3otopaM (puc. 5). OgHako
6o0s1ee KPyIHbIe CTIOsIHbIE TAKEThI IMEIOT OYeHb TOHKJE€ MaKpPOIIOPBI.
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Puc. 5. Pacnpeneneﬂme IIOp OTHOCUTEIPHO X 06IJ.ICI‘O oObeMa Ha MNCXOAHOM BEPMUKYINTE

OCHOBHBIM 3TaIrlOM pabOTHI ABJLIIOCH OllpefeneHre 3PPeKTUBHOCTI NPUMEHEeHUs 00-
PasIioB Me30IOPUCTOTO BepMUKyInTa B rpoueccax copbuyumu HII. ITo nsmeHeHMo 3HaYeHMIT
COpOLIMIOHHOII eMKOCTM BO BpeMeHU (pucC. 6) YCTaHOBJIEHO, YTO PaBHOBECHE B CUCTEME «Bep-
Mukymmt — HIT» gjis Bcex Tpex 06pa31ioB JOCTUTAETCS TPV BpeMeHY KOHTAKTa C paCTBOPOM B
nHTepBane 30-100 MuH.

3.5

ONTUMAJIbHOE BpEMA

\

3.0 4

2,5

2,0

CopOLMOHHAS €MKOCTb, MI/T

0,0 T T T T 1
20 40 60 80 100

Bpewmst ancop6uyn, MuH.
Puc. 6. Kunernyuecknue xpusbie copbuyyu HIT Ha Bepmukynute

O6paboTka KMHeTMYeCKNX faHHbIX copbuuy HII Ha BepMMKYIUT IpoBOAMIACh B KO-
OpJAMHATaX IIEPBOTO U BTOPOTO NMOPSAAKOB. Bce KuHeTHYecK e ImapaMeTpsl olpefieieHbl rpadu-
vyecku (puc. 7, 8) u 0600611eHbI B Tab/M1Ie 1.

30
0,5

25

20

/g,

21,0 4

20 40 60 80 100

T, MUH T, MUH

Puc. 7. O6paborka kuHetuku cop6bumu HIT
B KOOPJMHATAX IIepBOTO IOPs/Ka

Puc. 8. O6paborka kuHetuku cop6bumm HIT
B KOOp/MHATaX BTOPOTO IOPsifiKa
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Ta6muma 1. KOHCTaHTBI CKOPOCTU U T€OpeTHYeCKIe PAaBHOBECHBIE afiCOPOLIMOHHbIE eMKOCTH, OIIpefie/IeHHbIE B

KOOp/MHATaX II€PBOTO ¥ BTOPOTO MOPAAKA

Gv MI/T ITepBolit mOpAKOK Bropoit nopsagok
Ge> MI/T ki, My R? Ge> MI/T kz, r/Mr-MuH R’
3,04 3,04 0,047 0,85 3,034 6,145 0,99

KoadduumeHTsl Koppensunu B IMHEHBIX KOOPAVHATAX IEPBOTO U BTOPOTO IOPS/IKOB
pasubl 0,85 n 0,99 coorBercTBeHHO. To ecThb amcopbuysa HII Ha moBepXHOCTY BEPMUKYIUTA
JTydllle BCETO ONMCBIBAETCA yPaBHEHMEM BTOPOTO HOpPsAAKA. 3HaYeHVe PaBHOBECHON COpOIy-
OHHOJ €EMKOCTHU (., PACCYUTAHHOE B KOOPAMHATAX BTOPOrO NMopsAfKa cocrapAer 3,034 Mr/t u
ABIIAETCS ONIM3KMM K 9KCIIepMMeHTalIbHOMY 3HadeHuIo (3,04 mr/r). Koncranra ckopoctu npo-
necca agcopbuyy HII, momydeHHass 13 JMHEHBIX KOOPAMHAT BTOPOTO IIOPS/KA, paBHA
6,145 r/Mr-MyH. TakuM 06pasoM, 3TaroM, oIpeeAoIIUM CKOpoCTb mporecca copouum HII,
ABJIAETCA 00pa3oBaHye KOBAJICHTHBIX CBsA3ell 3a C4eT 0OMeHa 3JIeKTPOHAMM MEXTY aficopbeH-
TOM M aficCOpOaTOM.

CTpyKTypa IOPKCTOTO Tejla B 3HAUUTEIbHOI CTEIIEHU MOXKET BIVMATb Ha KMHETUKY afi-
cop6buyu. [Ipu afcop6buym Ha MOPYCTHIX Te/IaX MOAB/IAETCA CTA/VA IePeHOCa BEIl[eCTBa BHYTPU
HIOp, I/Is1 KOTOPOJT XapaKTepeH, I/TaBHbIM 00pa3oM, 1 y3noHHbI MexaHN3M. Yacro ara cra-
Vs OTIpefierisieT BpeMs YCTAaHOBJIeHU aficOpOLIOHHOTrO paBHOBecHs [28].

ITpouecc puddysnn HII n3 06vemHoII aspl pacTBOpa B 06beM COpOEHTa M3yda B paM-
Kax Mogereit boiina-Anamcona. Ecnm nmuHeitHOCTD peanu3ayercs B koopayuHaTax —In(1-F) = f(1),
TO CTa[jsl BHEIIHETO MAcCOIIePeHOCa ABJIACTCA IMMUTUPYIOLEi, a TPy COOMIOeHNI THel -
HocTy B KoopauHarax F = f(1"2), nepernoc HII c moBepxHOCTYU copOeHTa B ero 00beMHYI0 (hasy
ABJIAETCS MMMUTHPYIOLIet cTajueit. Vcxons 13 mpeficTaB/IeHHBIX 3aBUcUMoCTell (puc. 9), cra-
nuA BHyTpeHHel nuddysnn ABIAeTCA OJHO3HAYHO JMMUTUPYIOIEH Ha MPOTSHKEHUN BCEro
Ipoliecca afgcopOIuy, YTo, BEPOATHO, CBA3aHO C IIOCTOAHHBIM B 00'beMe pacIpefie/ieHieM IIop
o paguycam. Takum o6pasom HabmoaeTcs b Py3MOHHO-KOHTPOIMPYEMbIIT MaCCOTIEPEHOC.

3,04 10 4

2,54

2,0 4

“In(1-F)

0,5 m,

0,0 T T T T T T T T T T 1
10 20 30 40 50 60 20 40 60 80 100

/
T, MUH "2, mun'?

Puc. 9. Kunernka cop6unn HII, npencrasienHas B koopauHatax guddysnonnoit Mogennu boiina-Agamcona

[Tony4ennas agcopbumonHas kpusas copbunnu HII (puc. 10) sBnsercs kpusoii I Tna,
U XapaKTepHa IJIA Ipoliecca afcopOIuy, IPOTeKAoIero Ha TBePAbIX TelaX ¢ OTHOCUTETBHO
MaJIoJl JoJieli BHELIHe !l TOBEePXHOCTH. [IocKkombKy pyu 06paboTKe afcopOIIOHHBIX KPUBBIX B
JVHENHBIX KOOPAMHATAX M30TepM JIeHrMIopa, 3HaueHMe KoappuimenTa gerepmuHannn (R?)
BapbMpoBaoch B auamnasone 0,07~0,5, To Bce HalbHelIIne pacyeTbl COPOIVIOHHBIX XapaKTe-
PUCTUK IIpOIlecca IMPOBOAWINCDH B IMHENHBIX KoopanHaTax mogemy Ppeitapnmmxa (puc. 10).

65



OT XHMHUW K TEXHOJNIOTUKM I\ RerNIITA Y TOM 3, BbINYCK 2, 2022

0,15 5

0,12 4

o

[=}

©
1

A, MMOJIB/T

0,06

0,03

0,00

C,, MMOITB/TT

Puc. 10. Afcop61yioHHast EMKOCTb BEpMMKYIUTA I10 HePTENPOAYKTaM U IMHeapusanusa usorepM agcopbunu HIT
B KOOp/iMHaTax n3otepMbl Opeitnnmxa

Jle/iCTBUTEIbHO, U3MEpPEHME YeNbHONM IMMOBEPXHOCTY METOJOM HM3KOTEMIIEPATYPHON
afcopOLMy >KUIKOTO a30Ta Ha IOBEPXHOCTY BEPMUKY/IUTA, A TAK)Ke aHA/IN3 IIOBEPXHOCTY 00-
PasLoB IpM MOMOLY CKAaHMPYIOIIEro 37€KTPOHHOTO MUKPOCKOIIA, MOATBEPXK/JAeT IaHHBIN
¢axr.

Ba)xHbIM 3TarioM paboThI ABJIATIOCH OIIpefieneHye BIusHys 00paboTky B rwiasme [IBP Ha
IIOBEPXHOCTHBIE CBOJICTBA aficOpOEHTa BepMMUKYINUTA. TaK 110 M3MEPEHUIO YAe/IbHOI OBepX-
HOCTM METOJJOM HM3KOTeMIIepaTypPHOIL afcopOLVIN )KMAKOTO a30Ta ObIIO ONIpeieieHo, YTO IpU
obpaboTke B m1asme [IBP, ynenbHas MOBEpXHOCTh KaTalu3aTOpa CHYDKAETCSA O BETMYVHBI
0,9 M*/t, 4TO B 6 pa3 HIDKe, 4eM Y ucxogHoro. OfHAKO, pacyeT IpefebHOl afcopOIIOHHON
€MKOCTI, a TaK)Ke MaKCUMa/IbHOI CTeleHn 3amnoiHeHus (Ttabs. 2) mokasa, 4To JaHHbIE BEJIu-
YIHBI, XOTb VI CHIDKAIOTCS, HO MeHee 3HauNTe/IbHO. [loTepu mpenebHO COPOIIOHHON eMKO-
cTy 1oce 06paboTKM cocTaByAT He 6omee 30% ot ucxomuoi (puc. 11). Kak u B crydae ¢ uc-
XOJJTHBIM BEPMMKY/IUTOM, 00pabOTaHHBIN BEPMUKYIUT YOB/IeTBOpUTENbHO (R? = 0,96) ommchI-
BaeTcs B paMkax mopienu Opeitapnxa (puc. 11).

0,16 4

A, MMOJIB/T

C(), MMOIIB/TT

Puc. 11. AncopbunoHHas EMKOCTb BEPMUKY/INTA IT0 HeTeNPOAyKTaM 1ocie obpaborku B [IbPy muHeapusanys
usorepm agcopbunn HII B koopanuarax n3otepmsr OpeitHanmxa
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Ta6mmua 2. KoncranTsl mporecca agcopbuynu HeTenpofyKToB A/t MOBU(UIIMPOBAHHBIX 00pa3IOB

A Koadpuuuent Jlenrmiop OpertHAINX
Ne / pacmpezienesns 6 o, %
MMOTIB/T Ky 1/t R 1/n | K (Mr/r)/(n/mr)" | R
Mcxomuablit
0,132 0,03 0,43 0,44 3,54 2,484 0,96 | 79,5
BEPMUKY/INUT
Bepmuky-
T, 06pa- 0,094 0,027 0,54 0,41 3,65 2,612 0,90 | 67,4
6otka B JIBP

Takum o6pasom, kak npu o6padoTke B [IBP, Tak 1 y MCX0gHOTO cOpOeHTa, IMHeapu3ariys
9KCIIepPUMEHTAIbHBIX JAHHBIX 110 afcopOuuy HeTePOAYKTOB JOCTUTACTCA B JIMHEIHBIX KO-
opanHatax usorepmbl Opertammuxa (R* = 0,91~0,97), 4T0 HOATBEPXKIAET IPOTEKAHME AICOPO-
1uu B 00beMe SHepreTNIecKyl HeOJHOPOJHOTO TOPUCTOTO afcopOeHTa.

VI3 nmuHeiHBIX KoopAMHAT n3oTepMbl DpeiiHImxa, KOTOpas ONMCBIBAET IPOLECC afl-
copOIMY Ha SHEPreTNYeCK) HEOTHOPOAHBIX TOBEPXHOCTX, ITOJTyY€Hbl 3HAUEHNA XapaKTep-
CTUYecKuX KOHCTAaHT Kry 1/n. B yacTHOCTH, MMHEHBI MeTOJ, Ha¥MEeHbIINX KBAIpaTOB U /M-
HeJTHO IIpeoOpa3oBaHHbIe YPaBHEH MIVPOKO IIPUMEHSAIOTCA J/IA KOppe/IALNA JaHHBIX cOpO-
v, Iie 1/n - mapaMeTp HeOGHOPOSHOCTY, IIpMYeM 4eM MeHbllle 1/71, TeM 6oblie o>XumaeMas
HEOTHOPOJHOCTb. ITO BBIpAKEHNME CBOJUTCS K JIMHENHOIT n30TepMe afcopbiu mpu 1/n = 1.
Ecmi n mexxuT MeXXmy eHNILIel U JeCATHIO, 3TO YKas3bIBaeT Ha O/IaroNpYATHBII IIpoljecc copo-
iy [29]. VI3 maHHBIX Tab11.2 ClefyeT, 4ToO 3Ha4eHue 1/n B cpeffHeM cocTaBiseT 3,5 ~ 3,65, Kak
JUTIS1 BEpMUKY/INATA VICXOZHOTO, TaK 1 st obpaboranHoro B JIBP, a 3HaunT, afgcopOius mpore-
KaeT O/1aronpusTHO.

PesynbpTaThl 06pabOTKM IIOTy4eHHO M30TE€PMBI aficOPOLIVM, IPECTaBlIeHHbIE B TA0L. 2,
TaKOKe CBUJETEIbCTBYIOT O TOM, 4TO KoadduimeHT pacupenenenus (K, 71/T), HalijleHHBIN, KaK
otHomeHne Ck A; s BepMukynura cocrasyser 0,03, a ga obpaboranHoro — 0,027, 4T0 AB-
JAeTCA HOCTaTOYHO HM3KVMM 3HAUYeHUAMY, U TaKXKe CBUAETENbCTBYET O IPOTeKaHNMM aficopo-
LM [0 KOHKYPEHTHOMY MEXaHMU3MY.

AHanorn4Hasg 3aKOHOMEPHOCTb ITPOCIEXMBAETCA NPYU aHAIM3€ MAKCYMA/IbHOI CTeNeHN
3aII0THEHNA TIOBEPXHOCTY: IIOBEPXHOCTD 3aII0/IHAETCA IpUMeEPHO Ha 43-54%. Cnepgyer oTMe-
TUTD, YTO IJIs1 00Pa3LioB OIpefeleHHble 3HaUYeHMsA O; COINIACYIOTCS C JONYLIeHMEeM O MOHO-
CTIOITHOM XapaKTepe afcopOIuiL.

Bemunna npenenbHoit afcopbunn, cocrapisier 0,132 Mmmonb/r copbenta. [lonyuennoe
3HaYEeHMe COITIACYeTCs C IKCIIEPUMEHTAIbHBIMYU JJAHHBIMU 110 COPOLIMOHHOI €eMKOCTY BepMI-
KY/IUTa, TIpY afcopOIyy HeTeIPOAYKTOB U3 SMY/IbCUU B IMHAMIYECKNX YCTIOBUAX, HalIJleH-
Hble B [30].

MaxkcuManbHas CTelleHb V3BIedeHNs He(TelIPOAYKTOB M3 pacTBOpa cocTaByaeT 79,5%
PV ONTVMA/IbHBIX YCIOBUAX MPOBEIEHNA IKCIIEPUMMEHTA, ¥ COM3MEPUMA C JaHHBIMM, TIOTY-
yeHHBIMM) B cTaTbe [31]. OgHaKO pe3y/nbTaThl, IIOMy4YeHHbIE [PV IMHeapU3alyy N30TepM afi-
copbuy HedTempoAyKTOB Ha MOAMQUINPOBAHHBIX OOpasliax B KOOPAMHATAX M30TEPMbI
DpeliHAIIXa, 2 TAKXKe PACCUNTAHHBIE BEIMYMHBI KO3PPUIVEHTOB paclpe/ie/IeHN M CTeIIeHN
3aII0JTHEHNA TIOBEPXHOCTH YKa3bIBAIOT HAa TOT (PAaKT, 4TO afmcopOLMs MpOTeKaeT 0 KOHKYPEHT-
HOMY MeXaHu3My. [l yIyqiieHns CBOMCTB 00paboTaHHBIX 00pa3I[0B BEepMUKY/INTA TPeOyeTCcs
JIOTIOTHUTENIbHO TUIpodoOM3NpOBaTh IIOBEPXHOCTD, HAIIpUMepP, OpraHocyIokcaHamu [31].
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BrIBOABI M peKOMeHJAN

V3ydena afgcop6uysi HeTeIPOAYKTOB U3 pacTBOpPa COPOSHTOM BEPMUKYIUTOM (KaK JC-
XOJJHBIM, TaK ¥ MOAM(UINMPOBAHHBIM B IIa3Me JU3NIEKTPUIECKOTO OapbepHOro paspsina) B
CTaTMYECKVX YCIOBUSX. B XOfle KMHETNYeCKOro 9KCIIepUMEHTa OIpefie/IeHO BpeMsl JOCTIKe-
HIIS1 paBHOBeCHsI B reTepodasHoii cucreMe «copbeHT — BofgHbIl pactBop HII», KoTopoe cocTas-
nster 30 MuH. KuHetnueckue KpyBble copOIyy 00pabOTaHbl B IMHENHBIX KOOPAVHATAX TIep-
BOTO JI BTOPOTO IOPSAZIKOB. Y CTAaHOBJIEHO, YTO KMHeTNKa copbuym HII nccregyembim copbeH-
TOM BEPMMUKYIUTOM Hanbosee agekBaTHO (koadduiyeHnt koppenanuu 0,99) onucbiBaeTcst Mo-
Jie/IbI0 KMHETUKI BTOPOTO IOPSKA, YTO YKa3blBaeT Ha IOHOOOMEHHBIII IPOIecc aficopOIm.
OxapakTepu30BaHbI IPOLIECCH BHEIIHETO 1 BHYTpeHHero MacconepeHoca HII B mpucyrcTBun
BEPMIUKY/IUTA, HOTyYeHHBIX B Pa3/INUHbIX yenoBusX. I1pu o6paboTke kunervky copouym HIT
B KoopanHaTax boiiga-AZaMcOHa YCTaHOBIIEHO, IPOIlecCc afcopOLuy IpOTeKaeT BO BHYT-
penHe-uddy3nonHOM pexxyme. IlonydeHHbIe KPUBbIe 3aBUCYMOCTY COPOLIVIOHHON eMKOCTH
copbeHTa OT Ha4a/IbHOI KOHI[EHTPAL[UN AB/IAITCA KpUBBIMM | THIIA, M XapaKTepHBI [/ IIpO-
1ecca aficopbuny, IpoTeKaolero Ha MUKPOIIOPUCTBIX TBEPHBIX TelaX C OTHOCUTEIBHO MajIOi
JioJIeli BHEIIHell ToBepXHOCTH. [IockonbKy mpy 06paboTke agcopOLVOHHBIX KPUBBIX B JIHEI-
HBIX KOOpAVHAaTax nsorepM Jlenrmiopa R* = 0,44, Bce JajbpHeiiIINe pacyeThl COPOLIMOHHBIX Xa-
PaKTepUCTUK IIpoliecca IIPOBOVIINCDH B IMHEIHBIX KoopAnHaTax Mopenu OpeitHpnmxa. Bem-
YJHA NpeJieNbHON afjcopbuyy BepMuKynnuta cocraBmia 0,132 mmonb/t copbenta n 0,094 s
obpaborannoro B JIBP. IlonyyeHHOE 3HaYeHMe COTNIACYeTCA C SKCIEPUMEHTATbHBIMY JaH-
HBIMI 10 COPOLIMIOHHOM eMKOCTM BEpMUKY/INTA, IPU afcopOLuy HeTEIPOJYKTOB U3 SMYIIb-
CUM B OMHAMMYECKVX YCTOBMAX. MaKcUMalbHas CTelleHb M3B/IeYeHUA HeTeIPOIYKTOB W3
pacTBOpa BEPMMKYIUTOM COCTaBIAET 75,5%. Pe3ynbraThl, MOTy4YeHHbIE NIPY JIMHEAPU3ALUN
M30TepMBI aficopb1Vy HepTEPOAYKTOB B KOOPAMHATAX 130TepMbl PpeitH/INXa, a TAKKe pac-
CYMTaHHbIE Be/IMUMHBI K09 UIMeHTa pacipe/ie/IeHVsI Y CTeTIeH) 3alI0/THEeHNsI IIOBEPXHOCTH
YKa3bIBalOT Ha TOT (PaKT, 4TO a/ICOPOLNA MPOTEKALT 10 KOHKYPEHTHOMY MeXaHu3My. [l ymyd-
IIEH CBOVICTB 00pabOTaHHBIX 00pasI[0B BEPMUKY/INTA TpeOyeTcs JOIOMTHUTETbHO TUAPOdO-
6131pOBaTh HOBEPXHOCTb.

Paboma no onpedenenuto céoticme adcopbenma 8vinonHeHa 8 PaAMKAX 20CY0apCcmeeHH020
3a0anus Ha evinonxerue HUP (Tema Ne FZZW-2020-0010).

Paboma no o6pabomxe nosepxnocmu aocopbenma 6 nnasme OudneKMpu1eckozo bapvep-
HO020 paspsoa evinonHena 6 pamkax epanma Ipesudenma Poccutickoti @edepayuu 015 2ocyoap-
CMBeHHOTi NO00ePHKU MONOObIX POCCUTICKUX YueHbLX - KaHouoamos Hayk (MK-3784.2022.1.3).

Hccnedosarue nposedeHo ¢ ucnonvsosaruem pecypcos Llenmpa konnexmuerozo nonv3o-
sanus HayuHovim 06opydosaruem UITXTY (npu noodepuxe Munobprayxku Poccuu, coenawerue
Ne 075-15-2021-671).
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Introduction

At present, there is no single method for treating wastewater for all types of pollution.
Wastewater treatment is conducted by a combination of different methods, as new substances,
new technological processes. Also new compositions are developed. The choice of method de-
pends on the composition of the wastewater, the concentration of pollutants, the requirement
and possibility of reuse of the treated water, and the inflow regime.

Galvanic production is the one of the most environmentally damaging one. The main
danger occurs in various bodies of water. Such production releases a lot of wastewaters, which
poses the maximum level of threat. This water contains many impurities with heavy metals,
alkaline composition and other highly toxic compounds [1].

Mechanical engineering widely uses electroplating technology [2]. Chemical coatings and
pre-treatment operations, chemical wastage with washings is sometimes tens of times greater
than surface treatment [3]. Washing water consumption after preparatory operations is
3-7 times higher than the same for plating [4].

© B. E. Kopylova, R. E. Kalaev, S. Z. Kalaeva, N. L. Markelova, A. M. Gennadyeva, M. E. Solovyov, 2022
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The main substances to be neutralized are hexavalent chromium compounds, cyanides
(CN"), ions of heavy and non-ferrous metals: Cu®*, Ni**, Zn*, Cd*, Sn**, Pb**.

Nowadays there are several known methods of treating water from various contaminants
using magnetite as a sorbent or as an integrated element into various sorbents [5]. Magnetite is
used as an active layer in streamline filters [6] or as a sorbent with further removal of bound
particles by magnetic separation means [7].

Today the innovation of methods for the treatment of galvanic wastewater is very im-
portant. And the treatment of water from heavy metal ions after galvanic workshops with mag-
netite is a very relevant issue for most of the companies. The main advantage of the magnetite
is its utility, the simplicity of obtaining from technogenic waste, environmentally sustainability
and high purity.

The study dwells on the effectiveness of application of magnetite from technogenic waste
for treatment of wastewater from heavy metal ions.

Magnetite was produced by the thermal carbon treatment of iron-containing waste
(ICW). Waste activated carbon from the Federal Waste Catalogue: code 4.42.104.01.49.5 "Acti-
vated coal, used in drying air and gases and not contaminated with hazardous substances" was
used as a reducing agent. The exhausted activated carbon was crushed, sieved through a 63 um
sieve and injected into the ICW paste at a dry matter ratio of 1:2. Sodium carbonate was added
to create an inert environment for its decomposition at recovery temperatures. Heat treatment
of the mixture was conducted in a trizonal cylindrical roaster: 1st zone - heating to 900 °C, 2-
nd zone - holding at 900 °C for one hour, 3-rd zone - cooling to 50 °C.

For statistical analysis of the results, we use methods of variance and regression analy-
sis [8].

Main body

The objects of research were industrial (technogenic) wastes (dust from electrostatic pre-
cipitators of "Severstal" Cherepovets metallurgical plant, galvanic sludge, sludge from deironing
of groundwater), magnetite from wastes, and wastewater from electroplating plant.

Table 1 shows the main characteristics of plating pollutants of a given composition [9].
The physico-chemical properties of iron-containing waste are given in Table 2 [10].

Table 1. Characteristics of pollutants

Class
MPC
Substance s of haz- Sources Health effect
(mg/dm>)
ard
Mutagenic or toxic effect It has an irritant ef-
Copper (Cu) Galvanizing plant, 5 )
0.5 3 i fect on the mucous coats of the upper air pas-
Cu®* coppering
sages.
o Increasing of cardiovascular diseases (CVD),
) Galvanizing plant, S o
Cadmium ] ) nephritic and cancer incidence, problems
cadmium coating, ) )
(Cd) 0.001 2 . ) with ovarian menstrual cycle (OMC), wrong
galvanized pipes . . .
Cd** ] gestation course, mortinatality, osseous le-
corrosion ]
sion.
Disorders of central and autonomic nervous
Nickel (Ni) Galvanizing plant,
i 0.5 3 ) ) system, pulmonary and cerebral edema, tach-
Ni?* nickeling ] . )
ycardia, anemia, carcinoma of lung.
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magnetic material 2. The other end of the
rod was rigidly fixed to the diffuser of elec-
tromagnetic vibrator 3. The vibrator was
powered by a GZ-112 low-frequency sig-
nal generator. The sample was placed be-
tween the poles of electromagnet 4.

Four identical measuring coils were
placed between the pole terminals of the

[

U2-8 selective
amplifier

FROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 3, ISSUE 2, 2022
®
Table 2. The physico-chemical properties of iron-containing waste
Waste of Waste of
Waste of Galvanic Galvanic "Olenegorsk | "Severstal",
"Severstal”, sludge, sludge, Yaro- | Mining and Cherepo- | Deposit af-
Cherepo- | "Vympel’, slavl Ship- Processing vets, Vo- ter the de-
Name of . a1 " ot
Parametre vets, Vo- Rybinsk, building Plant", Ole- l.ogda re- ferrization
logda re- Yaroslavl | Plant, Yaro- negorsk, gion, Rus- | of ground-
gion, Rus- region, slavl region, | Murmansk sia water
sia Russia Russia region, Rus- (after
sia etching)
FeO 2,1+0,50 - - 26,7+0,70 47,8+5,60 -
Fe;O; 76,96+0,77 | 51,7£2,60 55,7+2,80 63,4+1,90 1,6+1,00 60.20
CaO 2,15+1,34 2,9+0,40 8,1£1,20 0,60+0,008 0,09+0,05 14.30
Na,O 0,14+0,07 - - 0,063+0,001 - -
ZnO 3,17+0,76 | 3,87%1,00 2,60+0,70 - - 12.20
Ceneral 0,44+0,05 - - j _ _
CuO 0,22+0,01 0,33+0,09 0,10+0,06 - - 0.58
P,0Os 0,15+0,01 - - 0,025+0,001 - -
Sio; 1,59+0,35 - - 7,75+1,10 - 4.10
Crgeneral - 1,84+0,87 2,9+1,20 - - .
NiO traces 0,15+0,10 0,41+0,30 - - 0.25
H>804 free - - - - 2,9+0,02 -
MgO - - - - - 7.80
Loss by roasting 2,1+0,50 24,8+1,90 21,0+2,10 0,53+0,10 45,8+0,30
600 °C, %
Mass content of 10,10+4,60 | 6,8+0,20 5,53+0,30 - 1,81+0,010
substances non-dis-
solved in HCI, %
Mass content of 1,2+0,30 7,6+0,50 3,7+0,90 0,9+0,50 -
substances dis-
solved in H,O, %
The study of the magnetic properties Ve
of the resulting magnetic phase and mag-
netic fluids was conducted by a vibrating 2 GZ112 low frequency
magnetometer [11]. The scheme is shown - el generator
in Fig. 1. :
Sample 1, which is a cuvette with X
magnetic fluid [12] or its dispersed phase,
was attached to the end of a rod of non- VIS, vV,

Electromagnet power
supply unit

Fig.1. Scheme of the vibration magnetometer: 1 - sample

cuvette; 2 - rod of non-magnetic material; 3 - vibrator;

4 - electromagnet; 5 - measuring coils
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electromagnet and switched in pairs towards each other 5 in which an EMF of induction pro-
portional to the saturation magnetization of the sample was induced when the sample oscillated
(with a frequency of 81 Hz). This signal was input to the U2-8 selective amplifier and was rec-
orded.

The unit was calibrated with a reference sample (electrolytic nickel, 56 mg). The sensitiv-
ity of the system was 4-10~°-m?*/kg and the measurement error did not exceed 3%.

The efficacy of wastewater treatment was conducted by determining the concentration of
heavy metals in the samples before and after treatment using standard methods [13-17]. The
concentration of heavy metal ions was assessed on the basis of the graduation dependence of
the concentration of standard solutions C on their optical density D, measured using a KFK-2
photocolorimeter. These dependencies were approximated by a linear regression equation

C =kD, (1)

where k is a linear regression coefficient calculated by the method of least squares on the basis
of samples obtained from standard solutions.

The concentration of the test solution was determined by substituting its optical density
into equation (1).

The significance of the influence of the main factors affecting the efficiency of waste treat-
ment was assessed by means of analysis of variance.

Table 3 shows the results of the analysis of variance to assess the significance of the effect
on the cleaning efficiency of the ratio of magnetite to chromium (VI) ions.

Table 3. Test of the relevance of the effect of the ratio of magnetite to chromium (VI) ions on efficiency of purifi-

cation, %
Parallel Cr (VI)/magnetite ratio
measurements 1/2 1/4 1/6 1/8 0.1 0
Test 1 4.546 28.563 66.334 85 86.997 88.032
Test 2 5.01 26.775 68.245 86 2/3 88.035 89.01
Test 3 4.889 29.64 66 85 3/7 87.495 87.5
Test 4 5.026 30.005 67.211 86.422 87.3 88.1
Average 4.868 28.746 66.948 85.874 87.457 88.161
Dispersions 0.050 2.101 1.009 0.626 0.191 0.393
Error factor variance 0.728
Factor variance 7536.356
Dispersion ratio F 10350.579
Critical value 2.621
Conclusion on the relevance Relevant

This arrangement of the responses (degree of purification) in the table, the dispersion
between columns is due to the influence of a factor (Cr (VI)/magnetite ratio), the dispersion
within columns is due to the influence of random factors.

The effect of the randomness factor is evident in the dispersion of responses at each level
of the factor relative to the average y.:

N 1
Vi =~ X1 Yjie ()

The randomness factor can be assessed by calculating the variance of reproducibility at
each level of the factor:
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s ==X — 9% (3)

Generally, when performing analysis of variance, it is assumed that the accuracy of the

response measurement does not vary between experiments. The variances sZ should therefore

be assessed by the same general variance gZ. This can be verified by comparing the significance

of the difference between the maximum and minimum of the variance sZ by Fisher's test. The
difference will be insignificant if the inequality is met:

?’T:SF(n—l,n—l,q), 4)
where F(n — 1,n — 1, q) is quantile of the Fisher distribution for the number of degrees of
freedom of the variances compared ;= - 1, L=n - 1 and the selected relevance level g.

If the inequality is met, all other variances also differ insignificantly and can be averaged,
thus calculating the variance of the error:

1ok
53 = ;21:1 Sszl' 5)

The influence of a factor can be assessed using variance:
n «g A \
sS=—Xi=1(n —)*, (6)
where y - the average of all observations.
To check the relevance of the effect of a factor on the variance s* must be compared by

Fisher's test with the variance of the error s?:

2

%)

<F(n—-1n-1,q). (7)

N

mN

If inequality (7) is not fulfilled, then the null hypothesis of the variance difference is re-
jected s? and sZ the influence of the factor should be considered as the relevant one [8].

By Table 3, the highest degree of purification is observed when the ratio of magnetite to
chromium (VI) ions is 1/8, 1/10 and 1/15.

Similarly, a variance analysis was conducted on the dependence of wastewater treatment
efficiency on magnetite calcination time. Results are shown in Table 4.

Table 4. Test of the relevance of the effect of magnetite calcination time at T'= 900 °C on purification efficiency, %

Calcination time, hours
Parallel measurements
1 2 3 4
Test 1 86.974 80.997 2.16 1.05
Test 2 87.353 81.267 1.97 0.873
Test 3 88.02 83.4 1.993 1.134
Test 4 87.22 81.315 2.018 1.15
Average 87.392 81.745 2.035 1.052
Dispersions 0.200 1.237 0.007 0.016
Error factor variance 0.365
Factor variance 9212.716
Dispersion ratio F 25226.490
Critical value 3.239
Conclusion on the relevance Relevant
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Table 4 shows that when magnetite calcinated for more than 2 hours is used, the efficacy
of the wastewater treatment decreased rapidly. The use of magnetite calcinated for 1 h at 900 °C
is more efficient and economical.

The dependence of water purification efficiency on mixing and shaking time with the
adsorbent (magnetite) was further investigated.

As the analysis shows, an effective purification rate of 89% is achieved with an agitator
and a mixing time of 15 minutes. When shaking, the water purification efficiency is 85%.

The effect of magnetite activation on the efficacy of wastewater treatment was investi-
gated. The activation was conducted in a variable magnetic field.

Activated and inactivated magnetite, obtained from iron-containing waste, were used as
adsorbents in the treatment of chrome-containing wastewater. Results are shown in Table 5.

Table 5. Checking the relevance of the effect of magnetite activation on the treatment efficiency of chrome-con-
taining wastewater, %

Parallel
measurements No activation | Activated "Contour" 1, min | Activated "Microwave oven" 2, min
Test 1 88.549 97.11 93.041
Test 2 89.117 96.142 90, 959
Test 3 89.02 98.061 92.431
Test 4 89.23 96.037 92,415
Average 88.979 96.838 92.736
Dispersions 0.090 0.899 0.186
Error factor variance 0.391
Factor variance A 46.347
Dispersion ratio F 118.416
Critical value 4.459
Conclusion on the relevance Relevant

By Table 5, the highest efficiency is achieved using magnetite sorbent activated on "Con-
tour” unit (voltage - 75 V, frequency - 50 Hz, magnetic induction - 0.11 Tesla, time - 2 min) is
96%.

It is important to note that a purification efficiency of over 90% is achieved on magnetite
particles having the iron (II) hydroxide shell. In a ferromagnetic suspension, the resulting chro-
mium (III) hydroxide is stayed on the magnetite. The shell consists of hydroxyl ions and iron
(II) hydroxides, contributing the deoxidization of Cr®* to Cr**. The adhesion forces are the main
interaction forces in the treatment of wastewater from heavy metal ions using magnetite as a
precipitant due to ionic-electrostatic, magnetic and molecular interactions.

The obtained magnetite was also used for the treatment of nickel-containing, copper-
containing and zinc-containing wastewater. The efficiencies of the wastewater treatment are
shown in Table 6.
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Table 6. Test of the relevance of the influence of heavy metal ions on the efficiency of wastewater treatment (WWT)
with magnetite (in %)

Parallel Wastewater with heavy metal ions
measurements Wastewater with Niions | Wastewater with Zn ions Wastewater with Cu ions
Test 1 40.749 92.36 89.524
Test 2 44, 994 95, 84 90.675
Test 3 46.095 96, 092 92.846
Test 4 48.15 96.753 93.22
Average 44.998 94.557 91.566
Dispersions 14.596 9.649 3.113
Error factor variance 9.119
Factor variance A 2316.794
Dispersion ratio F 254.052
Critical value 4.459
Conclusion on the relevance Relevant

Probably, the influence of interfering ions in the analysis of the treated water (water anal-
ysis was conducted both by photometric with dimethylglyoxime and titrimetric methods) pro-
vides the low treatment efficiency of nickel-containing wastewater [18].

Conclusions

1. One of the actual problems of industrial enterprises, having in their technological cycle
galvanic processes, remains the problem of deep wastewater treatment from heavy metal ions.
The wastewater from the plating industry is considered to be multi-element. Chromium, zinc,
copper and nickel are considered to be the main substances of concern to the environment.
Nowadays, a great attention is paid to sorption methods for the treatment of industrial
wastewater. One of the current trends is the production of relatively inexpensive sorption ma-
terials. The use of magnetite obtained from technogenic waste can be effective for the treatment
of wastewater from heavy metal ions.

2. We assessed the physico-chemical properties of technogenic iron-containing wastes
used as secondary material resources for magnetite production. By the tests, the waste contains
more than 50% iron ions in terms of Fe,O:s.

3. We study the possibility of using the produced magnetite as an adsorbent for water
purification from heavy metal ions. The main advantages of magnetite are its low cost and large
available amounts. Moreover, magnetite is characterized by its ability to precipitate in a mag-
netic field, making it easier to separate from purified water.

4. We experimentally show the high efficiency of wastewater treatment containing heavy
metal ions. For chrome-containing, zinc-containing, copper-containing wastewater the treat-
ment efficiency is 90-96%.

5. Magnetite activation in an electromagnetic field increases water purification efficiency
by 5-7%.
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Introduction

The interaction of ketones of various structures with hydrogen acids is known as
Schmidt's rearrangement. This reaction is widely used in organic synthesis [1] to produce a
variety of amides, including isomers [2, 3], as well as analogues of natural products [4, 5]. How-
ever, its application to the rearrangement of ketones containing an isoindole-1,3-dione or
phthalonitrile fragment is not described in the scientific literature. It is known that various sub-
stituted isoindole-1,3-diones or phthalimides can be used as drugs (thalidomide being the best
known among them [6]), inhibitors of certain enzymes used for the treatment of various forms
of cancer [7-9]. In addition, the use of these compounds to treat Alzheimer's disease [10] and
various forms of depression [11] and the use as anti-inflammatory agents [12] are also known.
In order to summarize the above, it can be concluded that nitrogen-containing heterocyclic
systems of different structures still attract the attention of chemists [13-16].

The purpose of the study is development of the method for the synthesis of substituted
amides containing the isoindole-1,3-dione fragment using Schmidt rearrangement in the pres-
ence of sulfuric acid and study the properties of the synthesized compounds. Earlier, we devel-
oped a method for the synthesis of similar amides using polyphosphoric acid (PPA) [17]. In
terms of economics, replacing PPA with sulfuric acid is technologically more attractive as it
reduces the cost of the target products.

© Zh. V. Chirkova, S. I. Filimonov, E. S. Makarova, M. V. Kabanova, 2022
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®
Main body

For Schmidt rearrangement, ketones of different structures and sodium azide are often
used in the presence of Bransted or Lewis acids [18], which sometimes act as solvents [1, 19]
and promoters. In order to achieve our purpose, we proposed to use the previously synthesized
5-nitro-4-phenacylphthalonitriles [20] in the Schmidt reaction. The interaction of substrate
1 (a-c) with twice the excess sodium azide in the presence of 80% H,SO, was conducted at
90-100 °C for 3.5-5 hours. The non-selective Schmidt rearrangement of the carbonyl group and
hydrolysis of two cyanogroups of 5-nitro-4-phenacylphthalonitriles to the corresponding iso-
indole-1,3-dions were proceeded simultaneously (so called one-pot reaction) (see Scheme be-

low).
o )
N 1" o (0}
X N NaN, Nt o
(0] : ~0 N+ o
—  » H 4 HN
N// H,50,4 (0]
0 R 2a,b) TR NH
3 (a-¢)
1 (a-c) R
/HCl
l SnCl, l
) o
NH, H
HN + H [0}
H R 5
4(a,b) \E

1-4:a- R:CGHS; b - R:4-MCC6H4; C— R:4-MCOC5H4

We found that when sulfuric acid was used as solvent, as in the reaction with PPA, a mix-
ture of isomeric products 2 (a, b) and 3 (a, b) was formed. For substrate 1c (R=4-MeOCsH.,)
the dominant formation of amide 3¢ (over 95%) was observed. Varying the reaction tempera-
ture had no significant effect on the isomer ratio (determined from the characteristic signals of
the amide protons in the '"H NMR spectra). In addition, it should be noted that further hydrol-
ysis of the isoindole-1,3-diones occurs when the reaction temperature rises above 100 °C, lead-
ing to the formation of dicarboxylic acids in yields up to 15%. Earlier we showed, that upon
prolonged heating of 5-nitro-4-phenacylphthalonitrile 1 (a-c) in sulfuric acid hydrolysis of cy-
anogroups proceeds with formation of corresponding dicarboxylic acids [21].

In general, the reaction considered can be divided into two: the first one is the hydrolysis
of the cyanogroups of 5-nitro-4-phenacylphthalonitriles to the corresponding isoindole-1,3-di-
ons; the second one is the Schmidt rearrangement of the resulting isoindole-1,3-dions under
reaction conditions. It was found that the hydrolysis of cyanogroups is a slower step, so the
above conditions were the most appropriate for the one-pot reaction.

The separation of the mixture of isomeric amides 2 and 3 was quite difficult. Nevertheless,
after reduction of the above products by tin chloride according to the previously described pro-
cedure [20] the formation of amines 4 (a, b) and pyrrolo[3,4-flindole-2,5,7(1H,3H,6H)-trion 5
was observed. Thus, these compounds could be readily separated by recrystallization from al-
cohol, as structure 5 was slightly soluble in it. The formation of pyrroloindole 5 during the re-
duction of amides 3 (a-c) can probably be explained by the fact that the reaction involves intra-
molecular transamination followed by the elimination of the aromatic amine.

80



A&ROM CHEMISTRY TOWARDS TECHNOLOGY ge1Ia::160] 145 VOL. 3, ISSUE 2, 2022

The structure of synthesized compounds 2, 3 and 4 was confirmed by NMR spectroscopy
and mass spectrometry data and agreed with similar compounds synthesized by the
method [17], the yields of these products also slightly differ from those obtained earlier.

Pyrrolo[3,4-flindole-2,5,7-trion 5 was of most interest as a potential building-block for
the creation of BAS, so its chemical properties were investigated using aldol-croton condensa-
tion with aromatic aldehydes under acid catalysis. The interaction of pyrroloindole 5 with com-
pounds 6 (a, b) was conducted in alcohol in the presence of catalytic amounts of methanesul-
fonic acid at 60-80 °C for 2.5-3.5 hours (see Scheme below). The reaction under study resulted
by the formation of 3-substituted 1,3-dihydropyrrolo[3,4-flindole-2,5,7-trions 7 (a, b) as major
products which, according to IH NMR spectroscopy, represented a mixture of */Z isomers in
the ratio 1:2.

o O_ H
H
N CH,;SO,;H
HN 0o + >
C,H,OH
5 1
6 (a, b)

6,7:a - R=Cl; b - R=OMe

The structure of all the synthesized compounds was confirmed by combined NMR and
mass spectrometry data. During the reduction of compounds 3 (a-c), the formation of pyr-
roloindoltrion 5 was observed in all cases with characteristic NH-proton signals in the region
of 10.94 ppm and 11.09 ppm. Precise correlation of E/Z isomers of structures 7 (a, b) was also
made using the NOESY spectrum of compound 7a (Fig. 1). For both isomers a cross-peak of
1-NH/8-H protons is observed, and for the E-isomer an additional cross-peak of 4-H/2'6'-H
protons is observed. By literature review, such reactions often proceeded regioselectively to
form a single Z-isomer [22, 23] or an E-isomer [24].
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Fig. 1. Fragment of the NOESY spectrum of compound 7a
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As a result of the study a method for the synthesis of substituted amides containing the
isoindole-1,3-dione fragment using Schmidt rearrangement in the presence of sulfuric acid was
developed and the properties of the synthesized compounds were studied.

Experimental part

IR spectra were recorded on a PerkinElmer Fourier RX-1 with a wavelength of
700-4000 cm™. The substances under analysis were in the form of a suspension in petrolatum
liquidum.

NMR spectra were registered on the apparatus Bruker DRX-400 or Bruker DRX-500 for
solutions in DMSO-ds at 30 °C. Solvent residual proton signals in '"H NMR (8x= 2.50 ppm) or
in *C (8¢ 39.5 ppm) were the reference for the chemical shift readout, tetramethylsilane signal
was used as the marker.

Mass spectra were recorded using a FINNIGAN MAT.INCOS 50 chromato-mass spec-
trometer and a KratorMS-30 high-resolution mass spectrometer (England) at 70 eV ionization
voltage and 100-220 °C temperature in the ionization chamber (N. D. Zelinsky Institute of Or-
ganic Chemistry Russian Academy of Sciences, Moscow).

Elemental analysis was conducted in the analytical laboratory of INEOS RAS
(A.N. Nesmeyanov Institute of Organoelement Compounds of Russian Academy of Sciences,
Moscow) on a PerkinElmer 2400.

The melting point was determined by Biichi M-560 melting point and boiling point ap-
paratus.

Methodology for the synthesis of compounds 2 (a, b) and 3 (a-c)

To the solution of 1 mmol of 5-nitro-4-phenacylphthalonitrile 1 (a-c) in 3 ml of 80%
H,SO, was added 2 mmol NaNj in portions, the reaction mixture was stirred for 3.5-5 h at
90-100 °C. The reaction was monitored by Thin-Layer Chromatography (TLC) until the disap-
pearing of stain of the starting component. After the reaction was completed, the mixture was
cooled down to room temperature. The reaction mixture was separated into ice and the precip-
itate of product mixture 2 (a, b) and 3 (a-c) was filtered off.

Methodology for the synthesis of 1,3-dihydropyrrolo[3,4-flindole-2,5,7(6 H)-trion 5

To the solution of 3 mmol SnCl, in 2 ml of concentrated HCI and 2 ml EtOH was added
a mixture of 0.5 mmol of compounds 2/3, the reaction mixture was stirred for 1-2 hours at
40-50 °C. The precipitate was filtered off on cooling. Then it was heated in 2-3 ml of alcohol
until the boiling. The undissolved product was filtered off from the hot solution and compound
5 was obtained. Yield 67%, Tm 298-300 °C. Mass-spectrum, v/sm™: 3237 (NH), 1770, 1725,
1706 (C=0), 1615 (Ar). Mass-spectrum (electron-impact (EI), 70 eV), m/z (Iratio (%)): 202
[M]" (38), 173 (19), 155 (12). NMR Spectrum 'H (DMSO-d6, 8, ppm, J/Hz): 3.65 (s, 2H, 3-CH.);
7.08 (s, 1H, 8-H); 7.62 (s, 1H, 4-H); 10.94 (s, 1H, 1-NH); 11.09 (br. s, 1H, 6-NH). NMR Spec-
trum *C (DMSO-d6, §, ppm): 35.95, 102.81, 119.11, 125.37, 132.14, 133.30, 149.19, 168.98,
169.24, 176.08. Found (%): C, 59.18; H, 2.97; N, 13.82. C1;H¢N,Os. Calculated, (%): C, 59.41; H,
2.99; N, 13.86.
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Methodology for the synthesis of compounds 7 (a, b)

To the solution of 1 mmol of compound 5 in alcohol was added 1.5 mmol of aldehyde
6 (a, b) and 0.1 mmol of methanesulfonic acid, the reaction mixture was stirred at 60-80 °C for
2.5-3.5 hours. The precipitate of the compounds 7 (a, b) was filtered off on cooling.

(E)-3-(4-chlorobenzylidene)-1,3-[dihydropyrrolo]  3,4-flindole -2,5,7(6H)-trion 7a:
NMR 'H (DMSO-d6, 8, ppm, J/Hz): 7.07 (s, 1H, 8-H), 7.54 (d, 2H, 3"-H, 5"-H, J=8.1), 8.17 (s,
1H, 4-H), 8.19 (s, 1H, =CH), 8.43 (d, 2H, 2’-H, 6-H, J=8.1), 11.08 (br. s, 1H, 8-NH), 11.18 (br.
s, 1H, 1-NH).

(Z)-3-(4-)chlorobenzylidene-1,3-[dihydropyrrolo] 3,4-flindole - 2,5,7(6H)- trion 7a:
NMR 'H (DMSO-d6, §, ppm, J/Hz): 7.11 (s, 1H, 8-H), 7.62 (d, 2H, 3’-H, 5’-H, J=8.1), 7.63 (s,
1H, =CH), 7.74 (d, 2H, 2’-H, 6'-H, J=8.1), 7.81 (s, 1H, 4-H), 11.12 (br. s, 1H, 8-NH), 11.18 (br.
s, 1H, 1-NH).

Yield 83%, melting temperature (Tm) 387-388 °C. Mass-spectrum (EI, 70 eV), m/z (Iratio
(%)): 326 [M]*(32), 324 [M]* (100), 225 (39), 213 (54), 190 (18), 163 (23), 109 (18), 44 (33).

(E)-3-(4-methoxybenzylidene)-1,3-dihydropyrrolo[3,4-flindole-2,5,7(6 H)-trion  7b:
NMR 'H (DMSO-d6, 8, ppm, J/Hz): 3.88 (s, 3H, OMe), 7.09 (s, 1H, H-8), 7.15 (d, 2H, 3"-H, 5'-
H, J=8.5), 7.78 (d, 2H, 2’-H, 6'-H, J=8.5), 7.88 (s, 1H, =CH), 8.24 (cs 1H, H-4), 11.10 (s, 1H, 8-
NH), 11.18 (s, 1H, 1-NH).

(Z)-3-(4-methoxybenzylidene)-1,3-dihydropyrrolo[3,4-flindole-2,5,7(6 H)-trion 7b:
NMR 'H (DMSO-d6, §, ppm, J/Hz): 3.87 (s, 3H, OMe), 7.10 (s, 1H, H-8), 7.14 (d, 2H, 3’-H, 5’-
H, J=8.5), 7.16 (s, 1H, =CH), 7.78 (d, 2H, 2’-H, 6’-H, J=8.5), 7.90 (s, 1H, H-4), 11.18 (s, 1H, 8-
NH), 11.20 (s, 1H, 1-NH),

Yeild 76%, Tm 393-394 °C. Mass-spectrum (EI, 70 eV), m/z (Iratio (%)): 320 [M]* (100),
289 (15), 213 (48), 107 (18), 44 (33).
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Introduction

As the population grows, more attention is focused on increasing the amount of food.
Land depletion and plant diseases have led to the use of chemical pesticides. The introduction
of chemical pesticides into agricultural practices has consequently increased crop and food pro-
duction. The global production of pesticides is increasing by 11% per year and has reached
about 5 million tonnes [1].

However, pesticides widespread use has led to chemical pollution of soil, groundwater
and air in almost all countries, with not only environmental but also economic and social con-
sequences.

Some pesticides contain heavy metals: mercury, zinc, copper. Mineral fertilizers extracted
from rocks contain heavy metal impurities. Phosphate fertilizers contain the highest amounts
of these substances, e.g. superphosphate may contain lead, cadmium, copper, zinc, chromium,
cobalt, nickel, vanadium [2].

Superphosphates, as well as potash fertilizers, can contain uranium, strontium, radium,
thorium as impurities, when ingested by humans and animals with plant food can cause internal
irradiation.
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The use of mineral fertilizers causes acidification of the soil, dissolution of calcium, mag-
nesium, manganese, zinc and copper, which can reduce the plant disease resistance.

The most important factor for increasing crop productivity and improving soil fertility is
the scientifically proven use of fertilisers [3].

The increasing amount of mineral fertilizers applied in order to improve the soil fertility
causes a disbalance of the main biogenic elements, affection by phyto-pathogens, the occur-
rence of plants stress response. Reductancy of nitrates along with increasing doses of nitrogen
fertilizers causes their accumulation in plants and grain [4-6].

Recently, the agricultural practice of the bionomic ways of increasing crop productivity,
namely the use of bio-fertilisers, have attracted more and more attention. Bio-fertilizers regulate
the pollutants from the environment, limit the growth of phytopathogens and increase the crop
productivity of agricultural plants. Rhizosphere bacteria in symbiosis with the plant contribute
the adaptation of plants to stress [7-10].

The aim of this work is to use chemicals, plant matter and animal sources to develop bio-
fertilisers.

The effects of biopreparations used in agricultural practice have not yet been thoroughly
studied. In field conditions in different climatic regions and at different doses of mineral ferti-
lisers they may exibit different efficiency [7, 8].

The market for biological crop protection products offers products based on live micro-
bial cultures. New pesticides are being developed all over the world, producing biogenic bio-
fungicides, bioinsecticides and growth regulators. The authors [11] predict an increase in the
use of biologicals to replace/supplement existing pesticides over the next 5-10 years, and in the
long term, their dense adoption in agricultural practices.

The literature is replete with papers on the use of different strains of Bacillus subtilis bac-
teria.

Bacillus subtilis can dissolve phosphorus in the soil, enhance nitrogen fixation and pro-
duce siderophores, which promote its growth and inhibit the growth of pathogens. Bacillus sub-
tilis increases host plant stress tolerance by inducing the expression of stress response genes,
phytohormones and stress-related metabolites [12].

The work dwells on the [13] the effect of the bacteria Bacillus subtilis 2, applied to the soil
along with different doses of nitrogen fertilizers, on the physiological status of the plant-mi-
crobe system. The study shows the increasing of plant adaptation to high doses of nitrogen fer-
tilizer in associative symbiosis with micro-organisms. Bacillus subtilis 26D and Bacillus subtilis
11 BM strains exhibited an attenuating effect on toxic cadmium ions. Each strain behaved indi-
vidually depending on the plant species [14].

A review [15] examined the molecular mechanisms of regulatory systems and their phys-
iological significance in the mutually beneficial interactions between Bacillus subtilis and plants.

Bacillus subtilis 26D strain was applied after damage by the Colorado potato beetle. A
rapid recovery of shoot growth, wet and dry plant root mass after pest damage was noted [16].

Bacillus subtilis BZR 336g and BZR 517 strains, selected from natural sources, showing
antifungal effect against phytopathogenic fungi Fusarium graminearum, F. culmorum, Micro-
dochium nivale and Pyrenophora tritici-repentis, and also promoting growth and development
of plants were used to protect winter wheat against harmful diseases [17].
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Recently, studies have been appearing on the use of the bacterium Pseudomonas fluo-
rescens for plant protection.

Pseudomonas fluorescents is a common gram-negative bacillus.Pseudomonas fluorescens
has simple nutritional requirements and grows well in a medium with mineral salts supple-
mented with any of a sufficient number of carbon sources [18].

Some species of Pseudomonas fluorescens have been shown to be potential biocontrol
agents inhibiting plant diseases by protecting seeds and roots from fungal infections [19]. The
use of Pseudomonas fluorescens 9 and 10 isolates can increase horse bean (Viciafaba) growth
and crop productivity [20].

Pseudomonas fluorescens-based preparations, such as Planriz and others, are approved for
use against diseases of potatoes (phytophthora, etc.), sugarbeet (cauliflower rot), cabbage
(blackleg), spring barley (helminthosporiosis root rot) and other crops. Pseudomonas fluo-
rescens strain AP-33 exhibits a fungistatic effect.

Studying the conditions of accelerated growth of microorganisms Bacillus subtilis and
Pseudomonas fluorescens when different substances are added to the nutrient medium will con-
tribute to expanding the range of microbial biopreparations in the Russian market of environ-
mentally safe plant protection products.

Experimental part

In order to make biopreparations cheaper, research on the effects of different substances
on the growth of microbial populations is relevant one.

Various chemicals are used to cultivate Pseudomonas fluorescens: carbohydrates, amino
acids, proteins, etc. In this research, Pseudomonas fluorescens AP-33 was made submerged cul-
tivation in nutrient media containing molasses, potassium phosphate, iron (III) sulphate, am-
monium nitrate, magnesium sulphate, ground peas, plant extract and water. Plant dry raw ma-
terials in amount of 10 g per 1 litre of each extract were added into autoclave after sterilization.
The pH value was kept between 7.5 and 7.6. The sterilization time was 30 min at 1.0 Bar. After
autoclaving, the nutrient medium was cooled down to room temperature and filtered. We cul-
tivated the microorganisms at (28+2) °C with forced aeration at speed of 125 rpm in an "Innova
44" shaker incubator for 20-24 hours. We repeated the experiments for three times. The bacteria
count was assessed by standard dilutions of ten times and sown in sterile conditions into Petri
dishes on agarised medium of the above composition. The results are presented in Table 1.

Table 1. Effect of plant extracts on the count of Pseudomonas fluorescens AP-33 during cultivation

Ne Plant preparation CFU/ml -10°®
1 Wintergreen (pipsissewa) Chimdphila umbelldta 60+10
2 Burnet Sanguisorba officinalis 60+10
3 Great nettle Urtica dibica 40+10
4 Bearberry (leaf) Arctostdphylos tiva-tirsi 40+10
5 Buckthorn Frdngula dlnus 30+10
6 Gotu Kola Centella asiatica 60£10
7 Without added plant extracts 50+10
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Table 1 shows that some of the plants, such as wintergreen, burnet and Centella asiatica,
promote bacterial growth, while others, such as bearberry, common nettle and buckthorn, in-
hibit bacterial growth.

The search for microbial growth stimulants led to the use of various chemical, plant and
animal substances added plating medium of Pseudomonas fluorescens AP-33.

In order to study the effect of chemical, plant and animal substances on the growth of
Pseudomonas fluorescens AP-33, we used nutrient media of the following composition: molas-
ses, potassium phosphate, iron (III) sulfate, ammonium nitrate, magnesium sulfate, burdock,
horsetail and water to 1 litre. We added substances (glycine, glucose, etc.) in an amount of 5 g
per 1 litre of each extract into autoclave before sterilization. The pH value was kept between 7.5
and 7.6. The sterilization time was 30 min at 1.0 Bar. After autoclaving, the nutrient medium
was cooled down to room temperature and filtered. We cultivated the microorganisms at
(28+2) °C with forced aeration at a speed of 125 rpm in an "Innova 44" shaker incubator for 20-
24 hours. We repeated the experiments three times. The count of micro-organisms was assessed
by standard dilutions of ten times and sown in sterile conditions into Petri dishes on agarised
medium of the above composition. The results of the effect of chemical, plant and animal sub-
stances on the growth of Pseudomonas fluorescens AP-33 can be seen in Table 2.

In order to study the effect of chemical, plant and animal substances on the growth of
Bacillus subtilis 26-D we used nutrient media of the same composition as for Pseudomonas flu-
orescens AP-33. We added substances (glycine, glucose, etc.) in an amount of 5 g per 1 litre of
each extract into autoclave before sterilization. The methodology used is similar to described
above for Pseudomonas fluorescens AP-33. The results of the effect of chemical, plant and animal
substances on the growth of Pseudomonas fluorescens 26-D can be seen in Table 2.

Table 2. Effect of chemical, plant and animal substances on the growth of Pseudomonas fluorescens AP-33 and
Bacillus subtilis 26-D

Addition to the nutrient medium CFU/ml 10
Pseudomonas fluorescens AP-33 Bacillus subtilis 26-D
Glycine 3045 5+1
Glucose 15+1 10£1
Gelatin (powder) 10+1 10+1
Gelatin (granulated) 5+1 20+1
Peas (fibre) 70+10 50+10
Meat and bone meal 60+5 10010
Monitoring 12+1 15+1

Table 2 shows the positive growth of Pseudomonas fluorescens AP-33 influenced by the
addition of glycine, increasing it 2.5 times, meat and bone meal 5.0 times and peas (fibre)
5.8 times. Bacillus subtilis 26-D count increased 3.3 times with the addition of pea fibre and
6.7 times with the addition of meat and bone meal.

Results and Discussion

We have studied the effect of chemicals, plant matter and animal source on the growth of

Pseudomonas fluorescens AP-33 and Bacillus subtilis 26-D microorganisms. By the results of the
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experiments, some of the plants, such as wintergreen, burnet, Asian centella, promote bacterial

growth, while others, such as common nettle, buckthorn and bearberry, inhibit their growth.

Chemicals (glycine), plant matter (pea fibre) and animal source (meat and bone meal)

were the most effective additives studied in increasing the population of Pseudomonas fluo-

rescens AP-33. The Bacillus subtilis 26-D count increased with the addition of plant matter and

animal source, such as meat and bone meal and pea fibre.

This work was financially supported by a grant from Altai State University, Project No.

16/22 -VG.
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Introduction

The chlorine atom is one of the most common functional groups in medicinal products,
forming the composition more than 15% of them [1]. The greatest number of chlorine-contain-
ing drugs are used for treatment the deseases of the nervous system (18%), the cardiovascular
system (17%) and cancer (14%) [2]. The halogen atom in these remedies is not the necessary
pharmacophore part and is often used to adjust other parameters such as lipophilicity. In addi-
tion, the presence of halogen improves the permeability of the blood-brain barrier for drugs
targeting the central nervous system (2). The most important influence on the biological activity
of compounds has the non-reactive chlorine atom as a substituent of the aromatic or heteroar-
omatic fragment [3]. The introduction of halogen atoms into different positions of the
(het)arenes is often used to establish structure-biological activity relationships in the develop-
ment of new drugs [4].

The development of methods for the chlorination of organic substrates is therefore an
urgent task. Although Cl, gas is an available and inexpensive reagent, direct halogenation with
its excess is limited by the inconvenience of handling it and the formation of toxic HCI [5].
Therefore, research is actively being undertaken to develop new chlorination methods with high
regioselectivity control.

© R. S. Begunov, A. A. Sokolov, 2022
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Earlier in [6, 7] the reduction of aromatic dinitrosubstrates with tin(II) chloride discov-
ered amino by-products containing Cl atom. However, the halogenation process has not been
studied separately, nor have the conditions been investigated to produce the chloronitroanilines
of interest due to their high biological activity [8-12] in the pure form.

The aim of this work is to develop a method for the selective mono-reduction of dinitro-
benzene with simultaneous chlorination of the molecule.

Main body

Studies on the development of a cascade method for the synthesis of chloronitroanilines
containing an aliphatic azaheterocycle from the corresponding dinitrosubstrates in the pres-
ence of a reducing agent consisted of two stages. At the first stage, we investigated the influence
of various factors on the orientation of the mono-reduction. The second stage we devoted to
the selection of conditions of the proceeding of the chlorination reaction.

Titanium (III) and tin (II) chlorides were used as reducing agents to investigate the selec-
tivity of the mono-reduction process. We conducted the reaction by simultaneously introduc-
ing an alcohol solution of dinitrosubstrate and a solution of the reducing agent in 8% hydro-
chloric acid into the reactor. N-(2,4-dinitrophenyl)piperidine (la) and N-(2,4-dinitro-
phenyl)morpholine (1b) were used as substrates. In order to avoid the formation of a diamine
product which would interfere with the interpretation of the mono-reduction reaction results,
we took the reducing agent at a rate of 50% conversion of one nitro group. Using TiCl; and
SnCl, for both starting substances at 40 °C we observed the formation of nitroamines 2. The
reduction process was not accompanied by halogenation.

MeClin,
8%HCI,
/ \ i-PrOH
X N NO,
40°C,
\—/ 0.5h
OZN 1a,b

where a X=CH, b X=0, Me = Ti (n=3) or Sn (n=2)

The structure of the nitroanilines 2a,b was proved by '"H NMR spectroscopy and high-
resolution mass spectrometry. The '"H NMR spectrum of 5-nitro-2-piperidine-1-ylaniline (2a)
is shown in Fig. 1. In contrast to dinitrosubstrate 1a, an additional peak appeared in the spec-
trum as a broad singlet with an integral intensity of 2 at 5.10 ppm corresponding to the protons
of the amino group. All three proton signals of the benzene ring shifted to the low frequency
range due to the conversion of the electron acceptor NO, group to the donor NH, group. The
largest change of the chemical shift was observed for H®, by 1.03 ppm. The signal shift of the
para-located to the amino group H*decreased by 0.83 ppm and that of the meta-located H’ only
by 0.45 ppm.
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Fig. 1. '"H NMR spectrum of 5-nitro-2-piperidine-1-ylaniline (2a) (Bruker DRX400, SF=400 MHz, solvent and
internal standard DMSO-dg)

Fig. 2 shows the 'H NMR spectrum of 5-nitro-2-morpholine-4-ylaniline (2b). It had five
signals from 13 protons, differing from 2a only in the peaks from the heterocycle. The proton
signals of the morpholine fragment were in the form of multiplets at 3.21-3.32 ppm from 4
hydrogen nuclei of N(CH,), and 3.65-3.82 ppm from 4 hydrogen nuclei of O(CH.),. The chem-
ical shifts and the shape of the aromatic proton signals were identical 2a.
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Fig. 2. '"H NMR spectrum of 5-nitro-2-morpholine-4-ilaniline (2b) (Bruker DRX 400, SF=400 MHz, solvent and
internal standard DMSO-dg)
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Thus, it was shown that both dinitroarenes with different heterocyclic fragments were
highly selectively reduced to form ortho-nitro group reduction products. No chlorination was
observed. Therefore we studied the effect of temperature and hydrochloric acid concentration
on the reduction of model compound 1a. The use of TiCl; as reducing agent did not allow to
obtain a halogenated product during the experiments, the results for SnCl, are presented in
Table 1. We took the reducing agent at the rate of 100% conversion per nitro group.

Table 1. The effect of temperature and hydrochloric acid concentration on the ratio of* 5-nitro-2-piperidine-1yl
aniline (2a) and 6-chloro-5-nitro-2-piperidine-1-ilaniline (3) during the reduction of 1a SnCl,

T,°C HCI concentration, %
8 12 18 24 36
40 1 1/0.1 1/0.28 1/0.64 1/2.85
80 1/0.35 1/0.43 1/0.57 1/1.08 1/15.67

*- According to '"H NMR spectroscopy

The data in the table show that with increasing of the hydrochloric acid concentration
and the reaction temperature the amount of the chlorination product 3 increased. Therefore for
the synthesis of 6-chloro-5-nitro-2-piperidin-1-ylaniline (3) we used the reduction process in a
mixture of isopropyl alcohol and 36% hydrochloric acid at 80 °C.

snCl,,
36%HCI,

i-PrOH
N NO, 800G c

0.5h
O,N

1a

In the '"H NMR spectrum of the nitroaniline obtained (Fig. 3) as opposed to compound
2a, only two peaks were observed in the aromatic area: two doublets at 7.00 and 7.27 ppm with
J = 8.6 Hz. In the process, we observed a "roof effect", which indicated the ortho-location of the
hydrogen nuclei giving the signals. Thus, there was a proton missing between the NH, and NO,
groups in the molecule, which is possible when it is replaced by a halogen atom.

SHNCHy), 4>

; |
11,04
1H,HS

N ‘Y
I A1 0 \
|a||=| |a|

|
B A T B B e e e T e e e

L L] e 1] S0

Fig. 3. '"H NMR spectrum of 2-chloro-3-nitro-6-(piperidine-1-yl)aniline (3) (Bruker DRX 400, SF=400 MHz, sol-
vent and internal standard DMSO-ds)

As a result of our study we have developed the method of selective mono-reduction of
dinitrobenzene containing saturated heterocyclic fragments into nitroamines and the method
of preparation of derivatives of anilines having chlorine atom in ortho-position to NH,-group.
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Experimental part

We determined the melting points on a PolyTherm A device at a heating rate of 3 °C/min
without the correction. We recorded the NMR spectra on a "Bruker DRX-400" instrument for
DMSO-ds solutions at 30 °C. As reference for the chemical shifts we used the signals of the
residual solvent protons in 'H NMR (8 2.50 ppm) and “C NMR (8 39.5 ppm). We recorded
high resolution mass spectra on a "Bruker micrOTOF II" (Bruker Daltonics), electrospray ion-
isation (ESI), mass scanning range (m/z 50) 3000 Da, syringe injection. We used MeCN or
MeOH as solvent and the solution flow rate was 3 pl/min. The interface temperature was 180°C,
the spraying gas was nitrogen (4.0 /min).

Methodology for the synthesis of compounds 2a, b

In a three-necked flask while stirring simultaneously we added a solution (0.004 mole) of
1a or 1b preheated to 40 °C in 20 ml isopropyl alcohol and a solution of 2.708 g (0.012 mole) of
SnCL-2H,0 in 20 ml of 8% hydrochloric acid. The reaction mixture was stirred at 40 °C for
0.5 h. The reaction mixture was then cooled down, alkalized to pH = 7-8 and extracted with hot
chloroform. Chloroform was distilled off. The resulting dry residue was recrystallized in petro-
leum ether.

5-Nitro-2-piperidine-1-ylaniline (2a). Yield 87%. Tm = 78-80 °C. Spectrum 'H NMR
(DMSO-ds, 8, ppm, J /Hz): 1.55 (m, 2H, CH.), 1.70 (m, 4H, (CH.,),), 2.85 (m, 4H, N(CH,),),
5.10 (s, 2H, NH,), 6.95 (d, 1H, H’, J 8.0 Hz), 7.40 (dd, 1H, H*, ] 8.0 Hz, ] 1.5 Hz), 7.55 (d, 1H,
H¢, J 1.5 Hz). HRMS: m/z calculated C,1H6N3O, 222.1243 [M+H]", found: 222.1231.

5-nitro-2-morpholine-4-ylaniline (2b). Yield 93%. Tm = 153-155 °C. Spectrum '"H NMR
(DMSO-ds, 8, ppm, ] /Hz): 2.95 (m, 4H, N(CH.),), 3.80 (m, 4H, O(CH,),), 5.20 (s, 2H, NH,),
7.00 (d, 1H, H?, J 9.0 Hz), 7.45 (dd, 1H, H*, J 8.5 Hz, J 2.0 Hz), 7.55 (d, 1H, H¢, ] 2.0 Hz). HRMS:
m/z calculated C,0H14N;0;3 224.1036 [M+H]*, found: 224.1036.

Methods for the synthesis of 2-chloro-3-nitro-6-(piperidin-1-yl)aniline (3)

To a solution of 1.000 g (0.004 mole) N-(2,4-dinitrophenyl)piperidine in 20 ml isopropyl
alcohol at 80 °C a solution of 2.708 g (0.012 mole) SnCL-2H,O in 20 ml of 36% hydrochloric
acid was added. The reaction mixture was stirred at 40 °C for 0.5 h. The reaction mixture was
then cooled down, alkalized to pH = 7-8 and extracted with hot chloroform. Chloroform was
distilled off. The resulting dry residue was recrystallized in petroleum ether.

2-chloro-3-nitro-6-(piperidin-1-yl)aniline (3) Yield 81%, Tm = 103-107°C. 'H NMR
spectrum (DMSO-ds, §, ppm, ] /Hz): 1.55 (m, 2H, CH>), 1.70 (m, 4H, (CH,),), 2.82 (m, 4H,
N(CHs)2), 5.36 (s, 2H, NH>), 7.00 (d, 1H, H>, ] 8.6 Hz), 7.27 (d, 1H, H*, ] 8.6 Hz). *C{'H} NMR
(DMSO-ds, 100 MHz): 24.4, 26.4, 52.0, 109.0, 114.0, 118.0, 141.2, 144.3, 145.0. HRMS: m/z cal-
culated C;;H;sCIN;O, 256.0854 [M+H]*, found: 256.0854.

This work was carried out with the financial support of grant No MK-3459.2022.1.3 from
the President of the Russian Federation for state support of young Russian scientists - candidates

of science.
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Introduction

Jewellery is one of the oldest forms of art. Today, jewellery production is growing rapidly,
but, like any production, it is also harmful to the environment. Mainly, this is due to the man-
datory preparation of the product surface for the decorative coating, as the oily and oxidic layers
of the product prevent diffusion, so reducing the quality of the coating on the surface of the
product.

One of the most common surface preparation methods is the chemical one, which in-
cludes surface degreasing (removal of the oily layer), pickling (removal of the oxide layer) and
surface washing (removal of the pickle and pickling products).

In addition to preparation, the pickling process is also used to produce decorative ele-
ments. This is possible as the pickling process is simple, chemical reagents can penetrate into
inaccessible areas, and there is no dust, noise, etc. [1].

The main environmental pollution problem of the jewellery industry is the emergence of
pickling liquors (PL), mainly acid solutions (most commonly sulphuric acid) [2, 3] as the de-
clining of quality of the pickling. The high aggressiveness of the pickling liquors results in loss
of metal (both the product itself and the applied one), as well as the presence of harmful acid
vapours during their manufacturing and storage.

© O. P. Filippova, E. S. Sergeev, 2022
98



FROM CHEMISTRY TOWARDS TECHNOLOGY EeIIa: e |43 VOL. 3, ISSUE 2, 2022

Today, PL are combined with other wastewater and neutralised by calcium oxide in the
wastewater treatment plants. This produces lime mud (up to 5,000 t/year) and waste water
(up to 12,000 m*/year). This wastewater is diluted hundreds of times before being discharged
into the collector because of its high calcium chloride content (up to 100 g/dm ®). In turn, lime
mud is not demanded and companies have to pay fines for storing it [4].

PL contain sulphuric acid, hydrochloric acid and nitric acid as well as metal ions such as
ferrous iron, aluminium, copper, nickel, trivalent chromium and zinc, etc. Precious metals may
also occur in pickling liquors. Therefore precious metal refining is needed. Refining (Fig. 1) is
the process of purifying extracted precious metals from impurities and associated components,
improving precious metals to meeting of state quality standards and specifications both the
Russian and international standards [5].

Fig. 1. Refining of precious metals from pickling liquors

ling liquor

The aim of our work is to investigate the composition and properties of the pickling liq-
uors and the possibility of copper extraction by using magnesium turnings (waste of the Ry-
binsk aircraft plant "ODK-Saturn", Rybynsk, the Yaroslavl region, Russia).

The object of the study are pickling liquors of the Kostroma jewellery plant (Kostroma,
Russia) on Fig. 2 and the waste of the Rybinsk aircraft plant "ODK-Saturn"(Rybynsk, the Yaro-
slavl region, Russia).

Main body

The problem with PL, as with any waste, is the volatility of their composition. Therefore,
its constant laboratory monitoring is necessary. The chemical composition of the PL by the
Kostroma jewellery factory, obtained in a laboratory study, is shown in Table 1.

Table 1. Composition of the Kostroma jewellery factory PL

Name Fe Cu Ni Zn Al
Value 5.56 85.0 4.892 1.529 0.13
Size g/dm’ g/dm’ g/dm’ g/dm’ g/dm’

Note: The pH of this solution is 1.98.

By Table 1, the PL under study contains significant quantity of copper. Copper salts are
very toxic to humans and cause functional disorders of the nervous system, kidney and liver
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disorders, skin and mucous membrane irritation, etc. Copper is also an enzyme poison [6]. This
requires its extraction from the PL.

The separation of copper is recommended to be conducted in several stages, the first one
is the addition of barium chloride solution to the initial PL:

H,S0, + BaCl, —» BaSO, | + 2HCL (1)
Ba?* + 50,°” - BaS0, | ()

The heavier BaSO, precipitate removes the mechanical impurities from the solution.
About 30 g of barium sulphate precipitate is obtained from 100 cm® of the PL solution.

The precipitate is filtered off and magnesium turnings, which are the ODK-Saturn plant
waste product, are added to the resulting solution. The composition of the magnesium alloy is
89-92% magnesium, 7-9% aluminum, 0.1-0.5% manganese and 0.2-0.8% zinc. Up to 30% mag-
nesium hydroxide is formed during the storage of the turnings. An experiment was conducted
with turnings of different sizes (Fig. 3).

Fig. 3. Magnesium turnings: a — wool; b — heavy

When magnesium turnings are added to the PL, a violent reaction takes place, followed
by precipitation (3) and release of gas (4). The colour of the solution changes significantly, from
emerald green to blue one. The following reactions proceed:

MeAHn + Mg — MgAH + Me |, (3)

where Me - AP, Zn*, Cr**, Fe**, Ni*, Cu**; AH - SO4*, NOs, CI.
The precipitating metals are on the right of magnesium in the electrochemical series of
the metals. A substitution reaction takes place and the resulting precipitate is grey-green [7].
Hydrogen release (Fig. 4) occurs throughout the surface of the magnesium turnings,
which are gradually decomposed entering the solution:

Mg + HAH —» MgAu + H, T, (4)

where An - SO4*, NOs, CI.
Experiments show, the reaction proceeds more readily if the turnings have been already
dissolved in the solution than if they are added to the solution in series.
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Fig. 4. Hydrogen release process across the  Fig. 5. Precipitate after reaction with turning
entire surface of the magnesium turning

The experiment was conducted with wool and heavy turning. Experiments show, the re-
action temperature reaches 110 °C with wool turning and 95 °C with heavy one. The reaction
with wool turning proceeds faster and more violent than with heavy one, which is due to the
larger surface area of the interaction between the magnesium and the solution. The amount of
magnesium turning dissolved in the solution is 1 g of turning per 10 cm’ of solution.

The mass of copper and other metal precipitate obtained is 40 g per 100 cm® of solution.
Up to 400 g of precipitation can be obtained per 1 dm’ of solution. During the exothermic re-
action, the initial solution evaporates and a viscous, heavy precipitate forms (Fig. 5).

After filtration of the precipitate, the solution is blue and its pH = 7.8. In order to light it,
a 0.1 H solution of NaOH alkali was added to the blue solution in ratio 1:1. The precipitate was
filtered off and the pH is 8.6.

There was a hypothesis of using the steel road during the process of separating copper
from PL. A steel rod with the mass of 7.0202 g put into 30 cm’ of PL and a chemical reaction
took place on its surface (reaction time of about 3 days). When the reaction over, the rod partly
dissolved and its mass became 4.5757 g. The mass of the precipitate obtained was 2.5859 g,
which is almost equal to the mass of the dissolved part of the rod.

The idea of this method is that as the steel rod is put into the PL, reactions (5), (6) such as
those described above (3), (4) take place. However, the iron in the steel, which reacts with the
solution, is to the right of magnesium in the electrochemical series of metals. In this case, the
reactions are

MeAH + Fe — FeAH + Me |, (5)
where Me - Ni**, Cu®*, Pb*; An - SO4*, NOs, Cl..
All the metals in the electrochemical series of metals to the right of iron precipitate in the
solution: nickel, lead, copper, etc.
The release of hydrogen is also observed:

Fe + HAH —» FeAn + H, T, (6)
where Au - SO.,*, NOs, Cl-.
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During these reactions the colour of the solution is stable, a brown precipitate is deposited
(Fig. 6). When calculating the mass ratio of the precipitate to the volume of the solution the
following data were obtained: in 1 dm’ of PL 86.197 g of precipitate is formed. The weight of
the precipitate per 1 dm? of solution is 86 g. The precipitate contains Ni, Sn, Pb, Cu, Ag, Au.

Fig. 6. Precipitate after reaction with steel rod

In order to validate the results obtained on the composition of the PL, spectral emission
analysis on copper and steel plates was performed using the SPECTROMAXXx apparatus .

The operating principle of this device is evaporating of the sample material as a result of
a spark tracking. The atoms and ions released are excited and emit light. This light is routed
into optical systems and measured by using an electronic light-sensitive detector (CCD) con-
verting the light into an electrical discharge. The calibration data is stored in the device's
memory in advance. The measured values are compared with that and converted to concentra-
tions.

The obtained data on the composition of the PL are presented in Table 2.

Table 2. Metal content of PL on copper and steel plates

Metal On the copper plate, % On the steel plate, %
Cu - >20.02
Zn 0.8212 >0.036
Pb 0.4825 >0.132
Sn 0.4616 >0.288
Fe 1.4332 -
Ni 2.6275 2.97
Au 0.0619 -
Cr 0.0208 0.018
Ag 0.0473 -
Co 0.1755 0.1067
Al 0.0702 0.059

Conclusions

By the experiments, PL contains many precious metals (copper, nickel, zinc, etc.); their
extraction can solve some economic problems, as well as the problem of heavy metal pollution
of the environment.

102



FROM CHEMISTRY TOWARDS TECHNOLOGY EeIIa: e |43 VOL. 3, ISSUE 2, 2022

The method of copper precipitation with magnesium turning (a waste product of the

ODK-Saturn metallurgical plant) can be applied practically. However, along with copper, other

metals also precipitate; many of them are valued commercially, e.g. zinc, tin, nickel etc. This

method makes it possible to utilise three different waste products at once, which is economically

and ecologically attractive.
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Keywords: Abstract: The paper provides the need and economic efficiency of recycling metal-
metallised fabric, electro- lised fabrics lost their functional properties. We selected the recycling options to
chemical technology, copper  ensure the total recovery of the fabrics containing metallic and polyamide yarns.
and silver cathodic coating, ~ We proposed the electrochemical technology involving cathodic separation of recy-
nitrided polyamide degra- clable metals in the form of coatings firmly adhered to the surface of the cathode as
dation products, oligomers,  the main method of metal threads recycling. By the experiments, there is a degra-
rubber compounds, electro-  dation of polyamide yarns and subsequently nitration in nitric acid as a result of
chemical kinetics preliminary operations before the electrolysis. Also we proposed a method for the
utilisation of the resulting nitrated polyamide degradation products, providing
them as oligomers for general purpose rubber compounds. The results agree with
the possibility of obtaining a brilliant silver cathode precipitate strongly adherent
to the surface of the cathode made of the nitroxide electrolyte. Obtained kinetic
rules of electrochemical process of cathodic deposition of recycled metals indicate
the presence of significant polarization at the initial moment of time during the
discharge process of silver and copper cations.
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Introduction

Metallised fabrics include fabrics made of metallised threads, or the metallisation of the
fabric is achieved by ion-plasma atomisation [1]. Metallised fabrics obtained by ion-plasma at-
omisation are not of practical interest for electrochemical combined processing due to their low
electrical conductivity. Fabrics produced using metallic and metallic threads can be recycled
using electrochemical technologies [2]. This class of fabrics includes brocade fabrics and fabrics
with a metallic laminette yarn.

Brocade is a heavy fabric with patterns made with laminette yarns of gold, silver or their
alloys [3]. Brocade is used for sewing church vestments, shoulder knots for military dress uni-
forms and for making electrically conductive equipment for sports fencing. Church vestments
and shoulder knots have long operating life, while fencing equipment fails after in general a year

© A. V. Pavlov, E. S. Soboleva, 2022
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of use because the specific electrical resistance of the material fencing gear made of becomes
more than 5 Ohm-m [4]. Mainly, it is due to oxidation of the metallic brocade threads through
the athletes' activity, competitions (temperature fluctuations) and mechanical damage (fre-
quent contact with the opponent's weapon) [5].

Today, the substandard fencing gear is piling up in sport institutions or acts like house-
hold garbage, as it is not accepted for recycling.

Main body

According to the Russian Fencing Federation [6], about 18 thousand square metres of
electrically conductive metallised fabric is produced annually in the form of electrically conduc-
tive sports fencing gear.

Fig. 1 shows a diagram of the annual formation (in %) of oxidised electrically conductive
metallised sportswear from Federal Districts of Russia.

Analysis of the data presented in the diagram allows to conclude that practically one third
of oxidised electrically conductive metallised sports fabrics is from the Central Federal District
(6,000 m?), which emphasises the relevance of the issue related to complex extraction of non-
ferrous metals from metallised fabrics by electrochemical method.

Annual formation of oxidised metalised fabric

South 7 %

Northwest
16%

Central
34%

Fig. 1. Diagram of the annual formation (in %) of oxidised electrically conductive metallised sportswear from
Federal Districts of Russia

The base of the electrically conduc-
tive fencing fabric is a polyamide yarn with

0.1 mm copper laminette yarn coated with
a silver coating up to 5 um (Fig. 2).

The weight of 1 m? of metallised fab-
ric is 180-190 g. The cross-section of fabric
is 84.76% and the cross-link density is
15.24%. According to [7], the electrical
conductivity of the fabric is provided by a

Fig. 2. Structure of the metallic laminette yarn: 1 - poly-

amide textile yarn; 2 - metallic yarn
metallic laminette yarn with a synthetic core. The synthetic core consists of 45.4 tex polyamide
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yarn. The metallic laminette yarn is made of copper and entirely coated with silver, which pre-
determines the further technology of extracting these metals from the metallized fabric.

Table 1 shows the financial and economic balance of a metallic laminette yarn with a
polyamide synthetic core.

Table 1. The financial and economic balance of a metallic laminette yarn with a polyamide synthetic core

Ne Composition of metallic brocade thread % wt. 1 g metal price
on 1 May 2022

1 Metallic laminette yarn 100 -

2 Copper laminette yarn 75.3 0,585 RUB

3 Silver coating 4.7 52,89 RUB

4 Polyamide yarn 20 -

By Table 1, the cost-effectiveness of silver recovery is more than 5 times higher compared
to copper one, so the technology was chosen to recover both silver and copper.

It is known [8] that silver coating does not oxidize when heated up to 960 °C. Silver does
not react with oxygen, water, alkaline solutions, hydrochloric and diluted sulphuric acids, but

dissolves in concentrated nitric acid.
Ag + 2HNOs(concentrated) = AgNO; + NO, + H,O

Copper reacts readily with nitric acid of any concentration:
- with concentrated nitric acid:

Cu + 4HNO3(concentrated) = CH(NO3)2 + 2N02 + 2H20
- with diluted nitric acid:
3Cu + 8HNO3(di1uted) = 3CU(NO3)2 + 2NO + 4H20

Therefore, burning out the organic substrate (polyamide yarn) will not produce silver and
copper oxides.
Copper oxides in contact with sulphuric acid transfer Cu** ions into solution, in order [9]

to obtain pure copper by electrolysis.

CuO + H3SO4= CuSO4 + H,O
Cu**+ 28 — Cu°

Fig. 3 shows the following technological scheme for the electrochemical extraction of met-
als from metallised fabrics.

Metallised fabric that does not meet the electrical resistivity requirements of the applica-
tion is placed in concentrated nitric acid for 5-10 seconds. During this period, the silver coating
dissolves and the polyamide yarn is degraded. The destructed polyamide yarn is collected and
removed from the nitric acid and then washed with water distilled from the acid and silver ions
Ag*. Wash water and degradation products are collected for further processing.
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Metallised fabric

Dissolving in concentrated HNO;

..-——"'-ff—\\\

‘ AgNO, [ Nitrated polvamide olizomer 1

l }

Copper laminette vaim ] L
| Electrolysis I
- Eubber

High temperature
oxidation of copper

Silver coating

Diissolution in HsS0y

Electrolvsis

:

Copper coating

Fig. 3. Technological scheme for the electrochemical extraction of metals from metallised fabrics

The polyamide yarn degradation products are nitrated aliphatic oligomers —6-[(6-ami-
nohexyl) amino]-6-(nitroxy)hexanoates, which is consistent with the infrared spectroscopy
data of the original and degraded polyamide yarn shown in Fig. 4. IR spectra of polyamide and

nitrated polyamide degradation products were obtained on a Perkin Elmer RX-1 FT-IR spec-
trophotometer

o

o
6-[(6-aminohexyl) amino]-6-(nitroxy)hexanoate

In the infrared spectra of polyamide and nitrated polyamide degradation products (Fig. 4)
an absorption band of 3295 and 3327 cm~ ! characteristic of NH group and an absorption band
of 2930 and 2937 cm™?! characteristic of CH, were found. The presence of absorption bands
1708-1733 cm~ ! in both spectra indicates the presence of the C=0 group. The difference in the
IR spectra is that the nitrated polyamide degradation products have absorption bands
1616 cm~! characteristic of asymmetric NO, vibrations and absorption bands 1277 cm™? char-
acteristic of symmetric NO, vibrations.
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Fig. 4. IR spectra of the polyamide (lower graph) and the degraded polyamide yarns (upper graph)

The spectra (Fig. 5) obtained by proton nuclear magnetic resonance (NMR H1) confirm
the nitration, the signal at 4.5 ppm (chemical shift) is identical to the hydrogen next to the nitro

group.
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Fig. 5. NMR spectroscopy of a degraded polyamide yarn

Similar degradation products of polyamide yarn (nylon 6) are known to be used in bio-
medical chemistry as an enzyme degrading the by-product of nylon-6 of carboxyesterase with
a beta-lactamase fold [10-12]. L.A. Tikhomirov studied the interaction of degradation products
of nylon-6 resulting from heat treatment with butadiene-nitrile rubber [13]. In this work, the
obtained nitrated aliphatic oligomers from polyamide yarn degradation products were used in
the formulations of general purpose rubber compounds according to the methods presented in
[14]. Rubber mixtures based on natural rubber: original and with the addition of nitrided ali-
phatic oligomers from the degradation products of polyamide yarn were made on heating roll-
ers PD 320 160/160 with roller friction 1:1,08 for 15 minutes.

Table 2 shows the comparative properties of a rubber compound based on natural rubber:
original and with the addition of nitrated aliphatic oligomers from polyamide yarn degradation
products.
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Table 2. The comparative properties of a rubber compound based on natural rubber: original and with the addition
of nitrated aliphatic oligomers from polyamide yarn degradation products.

Formula and indicator names Per 100 wt. parts of rubber
Natural rubber 100.0 100.00

Nitrated aliphatic oligomers from polyamide yarn degradation products - 5.00

Sulphur 2.00 2.00

Mercaptobenzthiazole 0.65 0.65

Tetramethylthiuramdisulphide 0.30 0.30
Zinc oxide 15.00 15.00

Stearic acid 2.00 2.00

Rubber properties (151 °C-15 min)

f,, MPa 19.75 19.02

& % 820 850

0, % 9.6 11.7

Symbols:

fr - conditional tensile strength;

&, - breaking elongation

0 - conditional persistent elongation

Comparative properties of rubber, presented in Table 2, show that with the introduction
of nitrated aliphatic oligomers from degradation products of polyamide yarn into the formula-
tion of rubber compounds based on natural rubber, the elastic strength properties of the studied
rubber samples under tension are almost the same, which is very important for the consumer
properties of general purpose rubber compounds.

In order to avoid formation of a large amount of dark crystalline precipitate on the anode
[15, 16] due to anodic oxidation of oxygen the saturation of the electrolyte with silver was con-
ducted by chemical dissolution of the silver coating in concentrated nitric acid. Concentrated
sulphuric acid was also added to the electrolyte to prevent the formation of nitrogen oxides.

The proposed technology avoids the opportunity of mixing of cathodic and anodic pre-
cipitation inherent to the refining process, as a cathodic silver-bearing precipitate is formed,
which is tightly bound to the surface of the cathode.

In order to select optimum conditions for silver cathode precipitation the polarisation
curve of silver cathode precipitation from nitric acid test electrolyte was obtained (Fig. 6) using
platinum electrodes in galvanostatic mode.

By data obtained, the initial moment of time (at i > 0) there is a significant polarisation
of the electrode Ag = 230 mV, caused by the presence of polyamide yarn degradation products
and dissolution of the released silver cathode. The course of the polarisation curve takes the
form of the Taffel dependence ( = a + blgi) only with co-deposition of Ag u Ag,SO,, cathodi-
cally, i.e. with increasing current density (i). The analysis of the polarisation curve allows the
selection of the following conditions for the silver-bearing cathode precipitation:
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Fig. 6. Polarisation curve of the cathodic precipitation of a silver-bearing precipitate from a nitroxide test electrolyte

Electrodes: platinum.

Temperature: T = (40£3) °C.

Current density: i = 35-90 A/dm>

Stirring: none.

The structure of the silver-containing cathode precipitate was investigated by X-ray dif-
fractometry on an ARL X'TRA X-ray diffractometer (see Fig. 6):

1. Platinum (Pt) with cubic structure (peaks 1) and unit cell parameters a = b = ¢ = 3.9237
A, at angles: a = B =y = 90%

2. Silver (Ag) with cubic structure (peaks 2) and unit cell parameters a = b = ¢ = 4.0855 A,
atangles: « = f =y = 90%

3. Silver sulphate (Ag,SO.) with orthorhombic structure (peaks 3) and unit cell parame-
ters: a = 10.269 A, b = 12.706 A, c = 5.8181 A at angles: & = = y = 90°.

Sample ID: Ag laver on Pt plate, Sample name: Ag laver on Pt plate, Temp: 25.0°C
Date: 03/25/22 12:00 Step 0.020" Integration Time: 1.200 sec Vert. Scale Unit: [CPS]
Range: 3.000 - 105.000° Step Scan Rate: 1.000 [®/min] Horz. Scale Unit: [deg]
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Fig. 7. Diffractograms of silver coating on platinum
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In this coating (Fig. 7) no degradation products of the polyamide yarn were detected, but
these products were present in the electrolyte. When challenging the electrolyte with the addi-
tional introduction of saturated KCl under conditions of cathodic coating deposition parame-
ters

According to Table 3, the main product of the sedimentation was 6-[(6-aminohexyl)
amino]-6-(nitroxy)hexanoate potassium and insoluble sulphates, with the exception of silver
sulphate.

In order to optimize conditions of cathode copper precipitation polarization curves were
obtained in galvanostatic mode of cathode copper extraction from sulphuric acid experimental
and standard electrolyte (Fig. 8) using copper plates as anode, steel electrodes served as cath-
odes.

The composition of the experimental electrolyte was prepared from copper oxides, which
were obtained by calcining at 650 °C for 120 minutes of copper laminette yarns and dissolved
in concentrated sulphuric acid.

The concentration of Cu** ions in the experimental electrolyte determined by iodometric
method [17] was 68.43 g/l, the sulphuric acid for dissolving copper oxides had a density of
1.82 g/cm’.

Composition of standard electrolyte: Cu** - 70 g/l; SO4*- 70 g/1.

Table 3. Elemental energy dispersive analysis of the anode product

11 and 2.1 2 2
Element] Wt % At % | WE % At % | Wi At % | W% At %
CK 13.3 + 0.68| 24.5| 167 + 0.67) 28.46| 134 + 0.79| 247 16+ 0.61| 268
0K 29.3 + 0.92( 40.4( 351 + 1.03| 44.94| 27.7 + 0.94| 38.49| 387 + 1.02| 486

Nalk 052+ 012 05 048+ 0.14) 043 049+ 0.14| 047 14+ 0.16) 1.23
AlK 095+ 014) 078 095 £ 015 0.72] 0.26 = 0.13] 0.21) 042+ 012 0.31

5K 183 £ 049 126 767 £ 0.35 49 248 ¢ 060 17.19] 648 + 031 4.06
CIK 032+ 016 02| 077+ 0.19| 045 024 + 0.17| 015 06+ 017 0.34
KK 373+ 092 211 384 £ 096| 201 33.1+ 091 18.79| 364 £ 091] 187
Total 100 100| 100 100] 100 100 100 100
Element Inte, Error Inte. Error Inte, Error Inte. Error
CK 2.56 2 3 191

OK 1.58 1.47 1.7 1.32

MNak 118 14.4 14 5.55

AlK 7.25 2.06 25 14.1

5K 1.24 2,18 1.2 241

CIK 24.6 12.4 36 138

KK 1.23 1.25 1.4 1.25

The polarisation curve of cathodic copper release from standard sulphuric acid electrolyte
(see Fig. 8) fully coincides with the graphical interpretation of the general equation of polarisa-
tion curve for one-step discharge-ionization reaction (Tafel’s formula).
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Fig. 8. Polarisation curves of cathodic separation of copper from sulphuric acid test and standard electrolytes

When concentrated sulphuric acid is used as the electrolyte at low values of current den-
sity (i) a polarisation of the cathodic process Ap = 480 mV is observed, caused by the low elec-
trolyte conductivity and dissolution of the released cathode copper. Leveling of polarisation-
related processes occurs at current densities above 5 A/dm?.

Kinetic relations revealed by the study of polarization curve of copper recovery from the
experimental electrolyte allow to choose the following conditions of cathode precipitate recov-
ery: i =25-90 A/dm? and T = (20£3) °C.

Analysis of the structure of the cathode copper precipitate performed by X-ray diffrac-
tometry (Fig. 9) showed the presence of:

1. Copper (Cu) - cubic structure (peaks 1) and unit cell parameters: a = b = ¢ = 3.62465 A
atangles o = =y =90%

2. Ferrite (a-Fe) - volumetrically centred cubic structure (peaks 2) and unit cell parame-
ters:a = b = c = 2.8664 A at angles a = 8 = y = 90°.

Sample ID: Cu laver on Steel plate. Sample name: Cu laver on Steel plate, Temp: 25.0°C
Date: 03/25/22 14:02 Step : 0.020° Integration Time: 1.100 sec Vert. Scale Unit: [CPS]
Range: 3.000 - 100.000° Step Scan Rate: 1.051 [*/min] Horz. Scale Unit: [deg)

@™

1600

1200

Fig. 9. Diffractograms of copper coating on steel
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Conclusions

Thus we provide the need and economic efficiency of recycling metallised fabrics lost
their functional properties. We selected the recycling options to ensure the total recovery of the
fabrics containing metallic and polyamide yarns. We proposed the electrochemical technology
involving cathodic separation of recyclable metals in the form of coatings firmly adhered to the
surface of the cathode as the main method of metal threads recycling . By the experiments, there
is a degradation of polyamide yarns and subsequently nitration in nitric acid as a result of pre-
liminary operations before the electrolysis. Also we proposed a method for the utilisation of the
resulting nitrated polyamide degradation products, providing them as oligomers for general
purpose rubber compounds. The results agree with the possibility of obtaining a brilliant silver
cathode precipitate strongly adherent to the surface of the cathode made of the nitroxide elec-
trolyte. Obtained kinetic rules of electrochemical process of cathodic deposition of recycled
metals indicate the presence of significant polarization at the initial moment of time during the
discharge process of silver and copper cations.
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Keywords: Abstract. The paper presents the results of studies of wastewater treatment pro-
adsorption, vermiculite, petro-  cesses from petroleum products using vermiculite before and after treatment in
leum products, water treat- dielectric barrier discharge plasma. During the experiment we determined the
ment, dielectric barrier dis- time of reaching equilibrium in the heterophase system "sorbent - aqueous so-
charge plasma lution of petroleum products”, is 30 min. The kinetic sorption curves are pro-

cessed in first- and second-order linear coordinates. We found that the kinetics
of petroleum product sorption by vermiculite is most adequately described by a
second-order kinetics model, indicating an ion-exchange adsorption process.
The article describes the processes of external and internal mass transfer of pe-
troleum products in the presence of vermiculite obtained under different con-
ditions. When treating the sorption kinetics in Boyd-Adamson coordinates we
found that the adsorption process proceeds in an inward diffusion regime.
Treatment of the sorbent, after use in the wastewater treatment process, in di-
electric barrier discharge plasma leads to a slight decrease of sorption charac-
teristics, but results in its regeneration. We studied the morphology of vermic-
ulite obtained under different conditions. The sample is a micro-heterogeneous
material with a particle size of 0.4-0.7 um. The total pore volume obtained from
the linear coordinates of the micropore volumetric filling theory is 0.21 cm’/g.
All microphotographs reflect the characteristic morphology of the vermiculite
mica packet. The results of the study of the sorption properties evaluated by the
method of low-temperature inert gas adsorption made it possible to construct
isotherms of adsorption/desorption of liquid nitrogen on the sorbent surface,
the BET treatment of which showed that the specific surface area of the sorbent
is 7 m’/g.
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Introduction

One of environmental problems today is the pollution of water bodies and the deteriora-
tion of the quality of water resources, which leads to a reduction of the amount of available
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drinking water. One of the priority pollutants of the hydrosphere is petroleum products (PPs)
and their derivatives. The pollution level is increasing every year and becoming global. There-
fore, improving existing as well as developing new technologies for the removal of such com-
pounds, which should meet the modern requirements of being as accessible, convenient, envi-
ronmentally friendly and economically viable as possible, is a priority [1, 2]. The adsorption
method is one of such methods of treating wastewater from organic compounds [3, 4]. The
advantages of the method are the high efficiency (up to 95%), the possibility to treat multi-
component wastewater, and the possibility to recover adsorbed substances [5-7].

Traditionally, natural sorbents such as zeolites [8] and diatomites [9] as well as industrial
wastes such as drilling waste [10], felt production waste [11] and sawdust [12] are used to re-
move various pollutants from water. In order to obtain higher characteristics, the sorbents are
subjected to various kinds of modification: chemical [13], thermal [14], ultrasonic [15], me-
chanical activation [13, 16-17], etc. High-energy chemistry techniques, including various types
of discharges, can also be used for these purposes [18].

Thus, the purpose of this work is to study physical and chemical regularities of the process
of sorption of petroleum products from aqueous solutions onto vermiculite modified in dielec-
tric barrier discharge (DBD) plasma.

Materials and methods

We used aqueous solutions of petroleum products (M8-B motor oil) as model pollutants.
The choice of this object for research is due to its widespread use in industry, resulting in its
ubiquitous occurrence in environmental media, as well as its high toxicity for natural ecosys-
tems. Petroleum products are persistent to natural degradation processes [19], therefore the
search for methods to treat NP-contaminated water is urgent.

The concentrations of petroleum products in aqueous solutions were selected on the basis
of data on their content in real industrial effluents. The model petroleum product solution is
prepared by mixing the required volume of M-8B engine oil with distilled water.

A schematic view of the experimental unit for the treatment of adsorbents is shown in
Fig. 1, the main element of which was the dielectric barrier discharge reactor. The primary volt-
age was monitored with a D 5015 voltmeter. We determined the input power by integrating the
product of the voltage and current signals over a period. The average voltage value in the ex-
periments was 16.5 kV, with a discharge current of 13.1 mA. The frequency of the AC voltage
applied to the electrodes was 800 Hz.

The volumetric power invested in the discharge (P, W/cm?®) was 8.6 W/cm® and was cal-
culated using the formula:

U-1

W=—-, (1)
V

V4
where I is the current strength of the secondary circuit, A; U is voltage, V; V, is discharge zone

volume, cm’, calculated according to the formula

V, =8 Ly, (2)

p.3.

where S... is the cross-sectional area of the discharge zone, cm? Lq. is the length of the discharge
zone, cm.
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The volume of the discharge zone of the DBD reactor was 25 cm®. In all experiments we
used technical oxygen as plasma-forming gas, with a flow rate of 500 ml/min (8.33 ml/s).

Fig. 1. Schematic view of experimental setup: 1 - inside electrode 2 - gas bottle with flow meter; 3 - teflon insert;
3 - flow meter; 4 - inside electrode; 5 - treated sorbent layer; 7 - 100 Ohm resistor; 8 - GW Instek GDS-2072 digital
dual channel oscilloscope; 9 - power supply unit

In our work we study the vermiculite sorbent (SiO, (37.2%), ALO;(6.2%), CaO (15.3%),
Fe,O5 (19%), MgO (13.1%)). The main characteristics of the sorbent are the specific surface
area, the sorption capacity, the adsorption coefficient b; and the adsorption limit value an. We
determined these values using the standard method in linear Langmuir isotherm [20]. In addi-
tion, we have determined the value of Henry's constant H;, which in its physical sense coincides
with the thermodynamic distribution coefficient of adsorbate at low concentrations of solute.
As part of the formal treatment, we calculated the maximum surface coveraged; for the sorbent
from the value of the total adsorption a; and the limiting adsorption a.

The equilibrium values of adsorption are usually measured by changes in concentration
of one of the components, which is established by prolonged contact of the solution with the
adsorbent. Adsorption values are calculated with the Gibbs excess method, as surface excesses
from the difference in contents of a component in a volume near the surface and in the same
volume of solution away from the surface. If we neglect the change in volume of the solution
during adsorption, the Gibbs adsorption value a; of component i, expressed, for example, in
mol/g of adsorbent, is

LAY, )

m

where V; is the volume of the solution, 1; m is the mass of the adsorbent, g; Cy; and C; are its
initial and final equilibrium concentrations, mol/l.
Conversion per surface unit A results in an excess adsorption value G

_ Y, '(Co,i_ci)
m- A '

r

i

(4)

In order to obtain the necessary range of equilibrium concentration values to obtain the
isotherm, we have reduced equation (4) to the form

I''-m-A
. .

0

C =C

i 0,i

(5)
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From equation (5), it follows that in addition to Cy,, the m/V, ratio can be the varying
parameter. Thus, the modelling of the petroleum product adsorption isotherm for the sorbent
under study involved the following stages:

1) preparation of a model aqueous solution containing the test substance at a given con-
centration;

2) weighing and transferring the sorbent sample;

3) mixing the set volume of the model solution with the sorbent. Stirring parameters for
all samples were constant (we conducted the experiment on the sorption of petroleum products
from aqueous solutions under static conditions, stirring and thermostatting at 298 K. The ki-
netics of petroleum product sorption were investigated in a limited volume solution);

4) measuring the concentration of a substance in a solution;

5) determination of the sorption capacity of the tested sorbent sample (mg/g)
according to the formula

=V, (6)

where ¢: is the sorption capacity of the sorbent, mg/g; Vj is the sample volume of the model
solution, I; Cy and C are the initial and final concentrations of the substance, respectively, mg/l;
m is the mass of the sorbent sample, g.

In order to obtain an adsorption isotherm, the initial concentration - Co, the volume of
solution - V, and the mass of the sorbent - m are varied.

6) Drawing an adsorption isotherm in the coordinates: O (equilibrium concentration of
the test substance, mg/l) - O, (sorption capacity of the sorbent, mg/g).

Conditions for the experiment to determine the adsorption capacity are: initial concen-
tration of petroleum products (Co, - 10-2100 mg/l), volume of petroleum product solution
(Vo) - 100 ml, mass of sorbent (m) - 2 g.

We defined the water absorption of the sorbent as the ratio of the mass of water absorbed
to the mass of sorbent spent on sorption:

Wa = maas. - Msor./ Mads, (7)

where my, is the mass of the sorbent with absorbed water, g; m..n is the mass of the sorbent
material, g; Wa is the water absorption, g/g.

We determined the moisture content of the sorbent according to the method of
GOST 12597-67 [21] by drying a product sample in a desiccator to a constant mass and defined
the product weight reduction. The mass fraction of water is expressed as a percentage.

We studied the surface morphology and elemental composition of vermiculite using a
Tescan VEGA 3 SBH scanning electron microscope (Czech Republic) equipped with an Oxford
Instruments X-Act energy dispersive X-ray analysis [22].

We obtained surface microphotographs at the following parameters:

» accelerating voltage: U =5 kV,

» focal distance: [ = 15 mm.

e beam diameter: D = 80 nm.

We used the following mode of operation to determine the elemental composition:
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« accelerating voltage: U =20 kV,
o focal distance: I = 7 mm,
e beam diameter: D = 120 nm.
Energy-dispersive spectra were recorded from a scanning area of 90x90 pm [22].
We studied the specific surface area by low-temperature noble gas adsorption on a Sorbi
MS instrument, which makes it possible to plot isotherms of adsorption/desorption of liquid
nitrogen on the vermiculite surface and determine the specific surface area and total pore vol-
ume [23].
We processed the kinetic curves of petroleum product sorption with first-order mod-
els (8) and second-order models (9):
lg(q,—q,)=18q, — k7, (8)
o7 9)
9. k-4, q.
where k; is the rate constant of the sorption process by the first order model, min’; k; is

the rate constant of the sorption process by the second order model, mg-min-g; g. is the sorp-
tion capacity at equilibrium, mg/g; g- is the sorption capacity at a given time.

We used Boyd-Adamson diffusion models to identify the limiting stage of the sorption
process. Within the Boyd-Adamson model, when external diffusion is limited, the kinetic curve
must be linear in the coordinates -In(1-F) = f(7), where F is the degree of equilibrium in the
system, calculated using the equation

F=1 (10)
q,

where ¢: and g. are the sorption capacities at the present time and at the time of reaching ad-
sorption equilibrium, respectively, mg/g.

If the limiting process stage is sorption in the sorbent phase (internal diffusion), the line-
arity of the kinetic curves must be observed in the coordinates F = f (t'2).

Weber-Morris internal diffusion is described by the equation

g, =k, -t +c, (11)
where kiq is the rate constant of intra-porous diffusion; c is a parameter related to the thickness
of the boundary layer.

To obtain the sorption characteristics of the process we treated the adsorption isotherms
of petroleum products in the linear coordinates of the Langmuir (12), Freundlich (13) models:
Co Lo, 1

4 A, A K,

(12)

lnqezanF+l-lnC, (13)
n

where C and C; equilibrium and current petroleum product concentration, respectively, mol/l;
g- and g. are the sorption capacities at the present time and at the time of reaching adsorption
equilibrium, respectively, mg/g; A and A, are equilibrium and maximum sorption capacity,
mol/kg; 1/n is the characteristic constant that determines the favourable process of adsorption;
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®

K. is the concentration constant of sorption equilibrium which describes the intensity of ad-
sorption, I/mol; Kr is Freundlich constant, (mg/g)(l/mg)*".

We determined the concentration of petroleum products by the method based on extrac-
tion of petroleum products from the sample with a low-polarity solvent (hexane) and measur-
ing the fluorescence intensity of the extract on a "Fluorat-02" device [24].

We assessed the functional groups in the petroleum products by infrared spectroscopy
(Nicolet Avatar 360 spectrophotometer, USA). Thus, for motor oil M8-B we found that in the
spectrum (Fig. 2) there are mainly bands characteristic of functional groups of CH, CH, and
CHj, linear hydrocarbons - in the area of wave numbers (2890+10), (2853+10) and (2872+10)
cm™ there are three bands due to the presence of structural groups of CHs, CH; and CH in
hydrocarbons respectively [25].
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Fig. 2. Infrared spectrum of M8-B oil

It is also possible that essential groups (1465 cm™) are present in small quantities in the
oil composition. Therefore, M8-B consists mainly of a set of linear hydrocarbons.

In order to determine the approximate molecular weight of petroleum products, we used
an empirical relationship - Craig's formula for petroleum fractions [26]:

M =44.29-p/(1.03-p™*), (14)

where p**is oil density (905 kg/m?) at 298 K; M is the molar mass (g/mol).

Calculation by this ratio gives an approximate formula for M8-B oil - C;Hss n
M =302 g/mol.

We estimated the cleaning efficiency « (%) of aqueous solutions from petroleum products

using the formula

c,-C

a= -100, (15)

where C;, and C are the initial and final concentration of the test compound in the aqueous

solution (mg/1).
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Main body

The morphology of the vermiculite we obtained under different conditions is shown in
Fig. 3. The sample is a micro-heterogeneous material with a particle size of 0.4-0.7 pm. The
individual particles are shaped like a rhombic dodecahedron.

Fig. 3. Microphotographs of vermiculite samples: a - scale of 1 um; b - scale of 20 um; ¢ - scale of 100 pm, after
treatment in DBD

The total pore volume obtained from the linear coordinates of the micropore volumetric
filling theory is 0.21 cm?/g. All microphotographs reflect the characteristic morphology of the
vermiculite mica packet. The surface has a layered structure in the form of flake and lobed ag-
gregates tightly adhering to one another and forming a single framework with numerous
macropores acting as transport channels during heterogeneous processes. As the scanning
length decreases, the globular structure of individual surface areas with fragments of crystalline
inclusions becomes apparent. Vermiculite is characterised by a fairly high dispersibility, it con-
tains particles of regular lobe shape and the mica pack is consistent with understanding of this
mineral given in the general literature.

Results of the study of sorption properties of vermiculite estimated by the specific surface
area by low-temperature inert gas adsorption method made it possible to construct adsorp-
tion/desorption isotherms of liquid nitrogen on vermiculite surface (Fig. 4); BET processing
showed that specific surface area of the sorbent is 7 m*/g, which is quite a low value as compared
to activated carbons (540-580 m?/g) [27].

12
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Fig. 4. Adsorption isotherms of liquid nitrogen on vermiculite

Vermiculite has a large number of pores belonging to the mesopores (Fig. 5). However,
the larger mica packages have very thin macropores.
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Fig. 5. Distribution of pores in relation to their total volume on the initial vermiculite

The main stage of the work determines the effectiveness of mesoporous vermiculite sam-
ples in petroleum product sorption processes. The change in values of sorption capacity at dif-
ferent times (Fig. 6) shows the reaching of the equilibrium in the system "vermiculite - petro-
leum product” for all three samples at the contact time with a solution in the range of

30-100 min.
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Fig. 6. Kinetic curves of petroleum product sorption on vermiculite
We processed the kinetic data of the sorption of petroleum products onto vermiculite

in first- and second-order coordinates. All kinetic parameters are determined graphically
(Fig. 7, 8) and summarized in Table 1.
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Fig. 7. Processing the kinetics of petroleum product Fig. 8. Processing the kinetics of petroleum product
sorption in first-order coordinates sorption in second-order coordinates
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Table 1. Rate constants and theoretical equilibrium adsorption capacities determined in first- and second-order

coordinates
g mg/g First order Second order
qe Mg/g ki, min™ R? qe> Mg/g k>, g/mg-min R’
3.04 3.04 0.047 0.85 3.034 6.145 0.99

The correlation coefficients in first- and second-order linear coordinates are 0.85 and
0.99, respectively. Thus, the adsorption of the petroleum product on the vermiculite surface is
best described by a second-order equation. The value of the equilibrium sorption capacity g.
calculated in second order coordinates is 3.034 mg/g and is close to the experimental value
(3.04 mg/g). The rate constant of the petroleum product adsorption process, derived from sec-
ond-order linear coordinates, is 6.145 g/mg-min. Thus, the stage determining the speed of the
petroleum product sorption process is the formation of covalent bonds through electron ex-
change between the adsorbent and the adsorbate.

The structure of the porous body can greatly influence the adsorption kinetics. When ad-
sorbing on porous bodies, a stage of intra-pore transfer occurs, which is mainly characterised
by the diffusion mechanism. This stage often determines the time of establishment of adsorp-
tion equilibrium [28].

The process of diffusion of petroleum products from the bulk phase of the solution into
the volume of the sorbent was studied in the framework of Boyd-Adamson models. If linearity
is realised in coordinates -In(I-F) = f(1), then the external mass transfer stage is limiting, and if
linearity in coordinates F = f(77) is observed, the transfer of petroleum product from the
sorbent surface to its bulk phase is limiting. From the dependencies shown (Fig. 9) the internal
diffusion stage is uniquely limiting throughout the adsorption process, which is probably due
to a constant pore radius distribution in the volume. Thus we observe diffusion-controlled mass

transfer.
3,04 10 4
| |
2,5 4
. [ ] 8-
2,0
—
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= 1,51 6
z
=
:
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.
0,5
00 F— ; ; ; , ; . . . . )
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7, min R 7%, min"?

Fig. 9. Petroleum product sorption kinetics represented in Boyd-Adamson diffusion model coordinates

The resulting adsorption curve for the sorption of petroleum products (Fig. 10) is a type
I curve, and is characteristic of the adsorption process occurring on solids with a relatively small
proportion of the outer surface. Therefore, when processing the adsorption curves in linear
Langmuir isotherm coordinates, the value of the coefficient of determination (R?) varied in the
range 0.07~0.5, all further calculations of the sorption characteristics of the process were per-
formed in the linear coordinates of the Freundlich model (Fig. 10).
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0,15

mmol/l

C, mmol/g
Fig. 10. Adsorption capacity of vermiculite for petroleum products and linearisation of petroleum product ad-
sorption isotherms in Freundlich isotherm coordinates

Actually, measurement of the specific surface area by low-temperature adsorption of lig-
uid nitrogen on the surface of vermiculite, as well as surface analysis of the samples using a
scanning electron microscope, confirm this fact.

An important stage of the work was to determine the effect of treatment in DBD plasma
on the surface properties of the vermiculite adsorbent. The specific surface of the catalyst was
measured by the method of low-temperature adsorption of liquid nitrogen and it was deter-
mined that the treatment in DBD plasma reduced the specific surface area of the catalyst to
0.9 m*/g, which is 6 times lower than that of the initial catalyst. However, the calculation of the
ultimate adsorption capacity as well as the maximum fill level (Table 2) showed that these val-
ues, although decreasing, were less significant. The loss of ultimate sorption capacity after treat-
ment is no more than 30% of the initial capacity (Fig. 11). As in the case of the initial vermiculite,
the treated vermiculite is described satisfactorily (R* = 0.96) within the Freundlich model (see

Fig. 11).
0,16 -

0,12 H
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Fig. 11. Adsorption capacity of vermiculite for petroleum products and linearisation of petroleum product ad-

sorption isotherms in Freundlich isotherm coordinates
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Table 2. Petroleum product adsorption process constants for modified samples

No Am, Distribution (] Langmuir Freundlich a,
mmol/g | coefficient K4, 1/g R? I/n | Ky, (mg/g)/(1/mg)"™ R? %
Initial ver-
L 0.132 0.03 0.43 0.44 3.54 2.484 0.96 | 79.5
miculite
Vermiculite,
DBD treat- 0.094 0.027 0.54 0.41 3.65 2.612 090 | 67.4
ment

Thus, both while the DBD treatment and in the initial sorbent, the linearization of the
experimental data on adsorption of petroleum products is achieved in linear coordinates of the
Freundlich isotherm (R* = 0.91~0.97), which confirms the course of adsorption in the volume
of an energetically heterogeneous porous adsorbent.

From the linear coordinates of the Freundlich isotherm, describing the adsorption pro-
cess on energetically heterogeneous surfaces, we obtain the values of the characteristic constants
Krand 1/n. In particular, linear least squares and linearly transformed equations are widely used
to correlate sorption data, where 1/ is the heterogeneity parameter, whereby the smaller 1/n is,
the greater the expected heterogeneity. This expression reduces to a linear adsorption isotherm
at 1/n = 1.1f nis between one and ten, this indicates a favourable sorption process [29]. It follows
from the data in Table 2. By Table 2, the average value of 1/n is 3.5 ~ 3.65 for both the initial
vermiculite and the vermiculite treated in DBD, which means that adsorption proceeds suc-
cessfully.

The results of processing the obtained adsorption isotherm presented in Table 2 also show
that the distribution coefficient (K, 1/g), found as a ratio of C to A, for vermiculite is 0.03 and
for the treated - 0.027, which are quite low values, and also indicates the course of adsorption
by the competitive mechanism.

We observe a similar pattern when analyzing the maximum surface filling: the surface is
filled to around 43-54%. It should be noted that for the samples the determined values of ©; are
consistent with the assumption of monolayer adsorption.

The value of the adsorption limit is 0.132 mmol/g sorbent. The value obtained corre-
sponds with the experimental data on the sorption capacity of vermiculite, when adsorbing pe-
troleum products from emulsion under dynamic conditions, found in [30].

The maximum recovery of petroleum products from the solution is 79.5% under opti-
mum experimental conditions, and is commensurate with the data obtained in [31]. However,
the results obtained by linearising the adsorption isotherms of petroleum products on the mod-
ified samples in Freundlich isotherm coordinates, as well as the calculated values of the distri-
bution coefficients and the degree of surface filling indicate the competitive mechanism of ad-
sorption proceeding. In order to improve the properties of the treated vermiculite samples, ad-
ditional surface hydrophobation, e.g. with organosiloxanes, is required [31].

Conclusions and recommendations

We studied the adsorption of petroleum products from solution by vermiculite sorbent
(both initial and modified in dielectric barrier discharge plasma) under static conditions. Dur-
ing the experiment we determined the time of reaching equilibrium in the heterophase system
"sorbent - aqueous solution of petroleum products”, which is 30 min. The kinetic sorption
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curves are processed in first- and second-order linear coordinates. We found that the kinetics
of petroleum product sorption by vermiculite is most adequately described by a second-order
kinetics model (correlation coefficient 0.99), indicating an ion-exchange adsorption process.
The article describes the processes of external and internal mass transfer of petroleum products
in the presence of vermiculite obtained under different conditions. When treating the sorption
kinetics in Boyd-Adamson coordinates we found the proceeding of adsorption process at in-
ward diffusion regime. The obtained curves of dependence of the sorption capacity of the
sorbent on the initial concentration are type I curves and are characteristic for the adsorption
process proceeding on microporous solids with a relatively small fraction of the outer surface.
Since in the treatment of the adsorption curves in linear Langmuir isotherms R* = 0.44, we per-
formed all further calculations of the sorption characteristics of the process in the linear coor-
dinates of the Freundlich model. The ultimate adsorption value for vermiculite was
0.132 mmol/g sorbent and 0.094 for DBD treated. The value obtained corresponds with the
experimental data on the sorption capacity of vermiculite, when adsorbing petroleum products
from emulsion under dynamic conditions. The maximum degree of recovery of petroleum
products from the solution by vermiculite is 75.5%. The results obtained by linearising the ad-
sorption isotherms of petroleum products on the modified samples in Freundlich isotherm co-
ordinates, as well as the calculated values of the distribution coefficients and the degree of sur-
face filling indicate the fact that adsorption proceeds by a competitive mechanism. In order to
improve the properties of the treated vermiculite samples, additional surface hydrophobation,
e.g. with organosiloxanes, is required.

The work to determine the properties of the adsorbent was performed within the framework
of the state research assignment (Theme No. FZZW-2020-0010).

This work on adsorbent surface treatment in dielectric barrier discharge plasma was per-
formed within the framework of the RF President's Grant for Governmental Support of Young
Russian Scientists - Candidate of Sciences (MK-3784.2022.1.3).

The research was performed using the resources of the ISUCT Centre for the Collective Use
of Scientific Equipment (supported by the Russian Ministry of Education and Science, Agreement
No. 075-15-2021-671).
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