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V3YUYEHUE KMHETUKY OKMC/IEHUS IIEPBUYHBIX CIIMPTOB U
METWUIMHOEATA B MUIIE/UIAX JOOEIIMICYTb®ATA HATPUS

II. B. Jlomagkux, B. A. MautuxH

Jlomrapkun JI.B., Kanj. XuM. HayK, foueHT; Mautun B.A., KaH/I. XMM. HayK, JOLIEHT

MHCTUTYT XMMUY ¥ XMMITIECKOI TeXHOIOT MM, IpOCIaBCKuMit roCylapCTBEHHBI TeXHIIEeCKUI YHUBepCcuTeT, Moc-
KOBCKMit 1Ip., 88, Apocnasnb, Poccuiickasa Penepanus, 150023

e-mail: loshadkindv@ystu.ru

Kntouesvie cnosa: M3yuena xuHemuka OKUC/IEHUS NEPBUUHBIX CNUPINOS U METUTIIU-
3MAHO, OKMAHOT, MEMUITIUHOTIEA, HoZeama 8 Muuennax 000eyuncynvdama Hampus. YcmanosneHo
dodeyuncynodam Hampus, enusnue pH na cxopocmv npouecca. Ilokasamo, umo cmpoerue
2,2"-a306uc(2-memunnponuonamud) Ou-  CHUpma, onpedensas ezo pacnonoxeHue 6 MUUETIAPHOU cuctmenme,
2udpoxnopuUod 6n1Usem Ha xapaxmep npoyecca.

BBengenue

[TepexncHOe OKMCIIEHVE MUIUIOB UIPAeT BaKHYIO PO/b B XKU3HEEATeIbHOCTY Opra-
HJ3Ma, TaK KaK KJIeTOYHbIe TKaHM COCTOAT B OCHOBHOM U3 JIMIMIHBIX MeM6OpaH [1]. OpHako
IpsIMOe M3y4eHe 9THX IIPOLIeCCOB Ha JIMMMAHOI MeMOpaHe sBJIsIeTCs CTI0>KHOI 3afaydeli. B co-
CTaB OMOIOTMYeCKMX MeMOpaH BXOAAT pasHOOOpasHble HEHACBILeHHble coefuiHeHus [2, 3].
Haub6osmee mpocTsiM aHa/moroM nogoOHbIXx coenyHenuin susercss mermminnonear (LH). ITo-
3TOMY BOJIHble MMILIE/UISIPHBIE CUCTEMBbl METVUIMHOJIeATa SBJIAIOTCS MOZENbIO UL U3Y4eHNs
OKVICTIUTE/IbHBIX IIPOIIECCOB B OMOTOTMYECKYX CUCTEMaX, a TaKXKe JIsI TeCTVPOBAHWS IPUPOJ-
HBIX aHTMOKCUJIJAHTOB U UX aHAJIOTOB (4, 5]. VI3BecTHO, uTo pH cpesibl BiusieT Ha CKOPOCTD U
MeXaHU3M 610/I0TMYeCcKyX IpoleccoB. [I0aToMy ndydeHne OKyCIeHNsI METV/IIMHO/eaTa Heoo-
XOJJIMO TIPOBOAUTD P pa3HbIx pH.

Vcrionp3yemble B 9TUX MOJI/ISIX IOBEPXHOCTHO-aKTUBHBIE BeljectBa ([IAB) moryT 6b1TH
VIOHOT€HHBIMM VI HEMOHOT€HHBIMM. [Ipy4éM HEeKOTOpbIe 13 HUX MOTYT ITOABEPTaThCs LIETHOMY
OKVICTIEHUIO TI0 CBOOOIHO-PA/INKaIbHOMY MeXaHU3My [6], TO eCTb He SIBIAITCS MHEPTHBIMU
KOMITOHeHTaMM cucTeMbl. O4eBUHO, YTO OOLVIT MeXaHM3M Ipoljecca OyHeT 3HaYUTeIbHO
cnoxxHee. [I03TOMY B KauecTBe IIOBEPXHOCTHO-aKTMBHOTO BelleCTBa BBIOPaH JOAeLNICyIbdat
Hatpus (SDS), KOTOpBIil IPAaKTHYeCK) He MOJBEPraeTcsl LeITHOMY OKMC/ICHMIO TIPY YCITOBUSIX
9KcIepuMeHTa [7].

OpHoIt 13 IPUYMH OKUCIIIEMOCTY HeMOHOTeHHBIX [TAB saBsieTcs Hammume nepBUYHBIX
CIMPTOBBIX I'PYIII, KOTOPbIe HAXOAATCS B TUIPOPIIIBHON YaCTH MOJIEKY/IBL.

Kpome Toro, cimpthl cioco6HbI BuATh Ha Anddy3MoHHbIE IPOIIeCChl, TPOMCXOASIE
MeX/Ty BOJJHOJI I OpTraHm4ecKoli (pa3oii, B HEKOTOPBIX MOZie/IbHBIX cucTeMax [8]. [ToaTomy 11e-
JIbIO HACTOSIIIeVl pabOTHI SIBM/IOCH M3yYeHe OKUCIEH S IIEPBUYHBIX CIIMPTOB ¥ METVJUINHOJIE-
aTa B MMLIe/UIaX HOAELMICYIbdaTa HaTpys Ipyu pasHbIx pH.
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SKCHCPI/IMCHTa}IbHa}I qacTh

B pab6oTe ucnonb3oBanuch Caenyolye XuMndeckue Beljectsa: MeTwuinHonear (LH),
2,2'-a306uc(2-metunnponnonamuan) gurugpoxnopuy (AAPH), stanon (C;HsOH), okTanon
(CsH150). Knunernka 1memHOro OKMCIEHUA METWUIMHONeaTa B BOJHBIX MUIIE/UIAX M3Y4anach
npy ClIemyoIux ycrnoBusax: temmeparypa (37,0+0,1) °C, pH BogHoro ¢ocdarnoro 6ydepa
7,4+0,02. B xauectBe [IAB ucnonpsoBamm SDS. KuneTuky noriomennsa Kuciopoga uccueso-
Ba/lMl C MOMOIIBI0 KUCIOPOZHOro Oyomnormdyeckoro Monuropa momemu YSI 5300A (Yellow
Spring Instruments Co., USA). []1s1 MHNIIMMPOBaHMS MICIIOIb30BAJICS BOJOPACTBOPUMBIIL MHU-
narop AAPH, pacTBOpBI KOTOpPOTo MMeEIOT c1abokmciyto cpeny. [loaToMy B onbITax ¢ ienOHNU-
supoBaHHoit Bojoil pH cucremst 5,5+0,02. KoMnbioTrepHOe MopenpoBaHye NPOBOAMIOCH C
nomMoupio mporpamMmel Kunernka-2012 [9].

OcHOBHasA 4acTh

TunudHbIe 3aBUCUMOCTM CKOPOCTH IIOITIOMIEHMS Kucnopona oT Bpemenu { W(O,)} mpu
OKIC/IeHMM MEeTW/UIMHO/IeaTa 1 3TaHo/a B Mutie/iax SDS B 6ydepHoM pacTBope IpecTaBIeHbI

Ha puc. 1.
20|
1.0
‘0
s 16 =
. Q L
= - 038
=) /4 E_
- 12} -
. e S 05
d—:-\‘ .
o 038 2 o
= N Qo3
1 3
0,4 . L . . ) ) ) )
0 100 200 300 400 0 100 200 300 400
t, MUH. t, MUH.

Puc. 1. 3aBucumoctb ckopoctu oxucineHus LH  Puc. 2. 3aBucumocrs ckopoctu okucnennsa CHsOH n
nu CHsOH or Bpemenn. [LH] = 5.10° mons/m, LH or Bpemenn. [LH] = 510° wmoms/m,
[CHsOH] = 0,1 wmoms/n, [SDS] = 0,1 wmons/m, [CHsOH]=0,1moms/m, [SDS] = 0,1 ™onp/m,
W;i-10° monb/(n-c): 1 - 2;2-3;3-4;4-6;5-8, tme W;-10° monb/(m-c): 1 -2;2-4;3-6;4-8

Wi - CKOpOCTb MHUIIMMPOBAHMSA

VI3 pucyHKa BUSHO, 4TO Yepe3 ollpefie/IEHHOe BpeMs JOCTUTAETCA MAaKCUMa/IbHOE 3HaJe-
Hue W(0O,), kotopoe 3aBucut ot W;. Xapakrep 3aBUCHMOCTel 'CKOPOCTD IIOT/IOIIeHN KICTIO-
pona — Bpems" npu okucnenuu LH u okraHona B 6ydepHOM pacTBOpe aHA/IOTMYeH MPeACTaB-
JIEHHBIM Ha puc. 1.

Ha puc. 2 npefcrasnena saBucumoctb ckopoctu okucnenns C,HsOH u LH ot Bpemenn
PV OKUCIIEHNN! B [IEMOHN30BaHHON Bofe. B oTmmume oT okucneHusa B O6ydepHOM pacTBope
W(O;) He mocTurina MakcuManbHbIX 3HadeHmit. [Ipu okucnennn LH n okraHONa B leMOHM30-
BaHHOII BoJie HaO/MofjaeTCA TaKas >ke 3aKOHOMEPHOCTb.

V3BectHo, uto W(O,) siBnsiercs pynkumeit W/, rie n — HOPAROK 110 MHULMATOPY [5].
B oTmune oT MULe/UIAPHBIX, B TOMOT€HHBIX CUCTEMAaX CKOPOCTb MOT/IOIIEeHNA KUCIOPOAa Ipu
okucnennu LH mocrosiHHa, memy oOpBIBAlOTCA IO OMMOJIEKY/IApHON peakuyy u n = 0,5.



OT XUMUHU K TEXHOJIOTUN [RIIEARETTIEAUY TOM 2, BbINYCK 4, 2021

B rabn. 1 IIpeACTaBI€HbI 3aBUCUMOCTH IIOPAAKA IO MHUIOMATOPY OT BPEMEHN, paCCINTAaHHbIE

U3 ITONTYyY€HHDBIX SKCIIEPVIMEHTA/IbHBIX JaHHDIX.

Ta6muma 1. 3aBUcHMOCTDb HOPAZKA IT0 MHUIMATOPY OT BPEMeHM PV OKMCTIEHUY MCCTIeyeMbIX crpTos v LH

ITopAnok 1Mo MHULIMATOPy
50 mun 100 mun 200 muH 300 muH 400 Mmnu
Bydepublit pactBOp 0,70 0,57 0,36 0,34 0,34
C,HsOH
IlemoHU30BaHHAS BOMA 1,01 0,98 0,98 1,00 0,93
C.H.O BydepHslit pacTBOp 0,58 0,59 0,61 0,54 0,48
M IlemoHM30BaHHAS BOMIA 1,03 1,01 0,77 0,73 0,72

[LH] = 5-107 mons/n, [C;HsOH] = 0,1 mons/n, [CsH150] = 0,05 momns/1, [SDS] = 0,1 MO/B//I. N paCCUNTHIBAIN TIO
dopmyie In(W(O,) = n-ln(W)).

VI3 mpuBeEHHBIX B Tab/1. 1 JaHHBIX BUJHO, YTO MOPAOK 110 MHUIVATOPY IIPY OKMCIIe-
HIM B OypepHOM pacTBOpe MeHblIle, YeM B IeVOHM30BaHHOI Bofie. B xozne mporecca B 6ydep-
HOM pacTBOpe HaOMIojaeTcsl yMeHbIIeHNE 1.

V3BecTHO, 4TO eciu 1 = 0,5, TO ey OOPBIBAIOTCS 110 OMMOJIEKY/IAPHON peakLy, Ipu
n =1 - 110 MOHOMOJIEKY/IAPHOMN, B MHTepBase oT 0,5 o 1 MexaHu3M CMeLIaHHbII.

CrefryeT OTMETUTD, YTO MOPSAROK 10 MHULIMATOPY PACCUMTAH 110 METOAMKE, pa3paboTaH-
HOI1 I/11 TOMOT€HHBIX CICTeM, HaXOJAIMXCs B KBa3MICTALlIOHAPHOM pexxuMe. VIsMeHeHMe cKo-
POCTY TIOT/IOeHNSI KUCTOPOJia B MULIEUISIPHBIX ccTeMax (cM. puc. 1, 2) MOKHO 00BSICHUTD
HeCTalMOHAPHBIM XapakTepoM mporiecca [10, 11]. [Iyis1 aToro 6610 IpoBeieHO KOMIIBIOTEPHOE
MogenvpoBanue. OOImNiT MeXaHN3M OKMC/IeH)s TIPeCTaBIieH Ha ceayoleit cxeme [12-15]:

(i) AAPH~> r"+ N, ki=10°c!
D r+0;> roy° k=10 1-monpt-c!
(2) rO;* + 10" > O, k,=5-10* 1-momnp ¢!
(3) rO,*+ LH > L* + rOOH ks= 50 n-monp!-c’!
4)L*+0,>L0, ky=10% n-monpt-c!
(5)LO,*+LH > L* + LOOH ks=70 n-monp!-c’!

(6) LO;* + LO,®* > O, + products
[LH] = 0,005 monb/n, [O,] = 2-10~* monb/n

[Tockonbky W(O,) mponopuoHanbHa KOHI[EHTPALUY IEPOKCUPASIUKAIOB, TO OBLI IIPO-
BefI€H pacuéT KuHeTnky HakorteHus LO,*® (puc. 3).

W(O,) = ks:[LO*]-[LH] (1)

1,2 3
s
5 08}
5 2
= 04} 1

0 5 10 15 20
t, MUH.

Puc. 3. MopenupoBanue 3aBucumocty KoHuerrpauyu LO,® ot Bpemenn mpu okucinennu LH. [O,] = 2:10™* M,
[LH] = 0,01 M. W;-10°, M: 1 - 0,4; 2 - 15 3 — 4. MogenupoBaHye IPOBOAWIOCH 110 NIPUBELEHHOI BBIIIE CXEME.

2ks=10* 1-monmpl-c!

10
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I3 puc. 3 BuAHO, 4TO 4eM Bbime Wi, TeM ObICTpee JOCTUTAeTCsA CTAI[IOHAPHAA KOHIIeH-
tpanuA LO,®, 94TO COOTBETCTBYeT MaKCUMa/lbHO cKopocTu mpouecca. Ilocne mocrmkennsa
MmakcumanbHoit W(O,) Habmonanoch eé cHibkeHne (cM. puc. 1). CormacHO MOJePOBaHUIO,
3TO CBA3aHO C PacXOJ0BAHMEM OCHOBHOTO OKMC/IAEMOTO KOMIIOHEHTA — MeTW/IMHoneaTa. I1o
pacderam 3a BpeMsi OIbITa MOXXeT ObITh M3pacxogoBano ot 10 1o 30% LH, B 3aBucumocru ot
Wi. To ecTb MmOpAOK IO MHULMATOPY CAefyeT CYUTAThb IO MAKCUMAIbHBIM CKOPOCTAM
{W(max)}, xorma konuenTpanysa LO,® ocTuria mocTossHHOTO 3HaYeHus. B aTom cyyae nops-
IOK 1o yHunmaropy 6yger 0,5, To ectb W(O,) mpsimo nponopunonanbaa W, IlonydenHas
3aBMCUMOCTD IIpeJICTaB/IeHa Ha pucC. 4.

Tax xax makcuManbHasg W(O,) npsamo nponopunoHanbHa W%, To 3T0 COOTBETCTBYeT
O6VMOJIeKy/IIpHOMY OOPBIBY Iierieli 1o peakiyy (6) B IpuBefieHHON BbIe cxeMe. [Ipu okucie-
HUJ B I€VIOHM30BaHHOJ BOJIe MaKCHMaIbHbIe CKOPOCTY IIOTJIOIIeHMsI KMC/IOPOZia He ObLIN J0-
CTUTHYTBHI B CHJTy MeHbIIel 3¢ (GeKTMBHOCTY MHULIMATOPA B CTAOOKIUCTION Cpefie, YTO COOTBeT-
CTBYeT CHIDKeHMIo Wi

Ha puc. 5 mpepcraBieH rpaduK 3aBUCMMOCTY CKOPOCTY HOTTIOUIEHNA KICTIOPOZia OT Bpe-
menn npu okucnenun C;HsOH u LH B 6ydepHoM pacTBOpe Npu pasnnyHbIX KOHLIEHTPAIVIAX

CImpTa.
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Puc. 4. 3aBucrMOCTb MakCMMaIbHOI CKOpocTH 1mo- Puc. 5.  3aBMCHMOCTD  CKOPOCTM — OKMCIIEHMs
rnowerns kucnopoga or W, [LH] = 5:10 mons/n, C,HsOH u LH or Bpemenn. [LH] = 5-10° monb/1,
[SDS] = 0,1 mons/n, [C;HsOH] = 0,1 mons/n. 3aBucu-  [SDS] = 0,1 mons/n, [C;HsOH], mons/m: 1 - 0; 2 - 0,1;
MOCTb IIOCTPO€HA I10 IAHHBIM puC. 1 3-0,2;4-0,5. W;=4-10° monn/(71-c)

BupHo, 4TO ¢ yBenMueHMeM KOHILIEHTPALMM CIMPTA CKOPOCTb OKMCIEHMSA CHUYKAeTCA.
9TO MOXXHO OOBACHUTD TeM, YTO VHUIVIATOP U STWIOBBIN CIUPT HAXOAATCA B BOLHOI (ase,
noatomy C,Hs;OH crnocoben mepexBaTUTh YacTh pajMKaaoB, OOpasyIOIIMXCS IPY paclafie
yHUIaropa (CM. IPUBEJEHHYIO BbIllle cXxeMy), o peakuuu (rO,* + C;HsOH), yTo npusoaut x
CHIDKEHUIO 0011ell CKOpPOCTM Ipoljecca. AHaTOTMYHBIN 3 eKT HabmogaeTcss U Mpy OKUCTIe-
Hun C;HsOH un LH B genoHmn3oBaHHO BOe.

[Tpn oxmcnenvu CsHisO 1 LH kxak B 6ydepHOM pacTBope, Tak U B IeMOHN30BaHHOII BOZIe
Ipu yBemMdeHuy KoHneHTpanyy cripta W(O,) cHibkaeTcsa. B oTmrdme oT aTaHOMa, OKTaHON
IPeVIMYIIeCTBEHHO pacIpefie/iéH B OPTaHMYecKoll ¢ase CUCTeMbl, TO eCTb B MuIe/Iax. Vs-
BECTHO, YTO MMILIEJUIBI IPEACTAB/IAIT COO0I MUKPOPEaKTOPHI [3], BHYTPM KOTOPHIX HAXOAMUTCA
OpraHmM4ecKuit cyocrpar okucnenus, to ectb LH. IlosToMy yBennueHyue KOHLIEHTpaLuu
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OKTaHOJIa IPUBOAUT K pa3basenuto LH B saxnpe Muiie/inl 11, Kak C/IefiCTBUE, K CHVDKEHMIO CKO-
POCTM OKVICTIEHUA.

Ha puc. 6 npeficraBneHo cpaBHEHNME 3aBUCHMOCTEN CKOPOCTH OKUCTIEHN I MeTU/IIHOIe-
aTa 1 9TaHOJA OT BpeMeHu Ipu nsMeHenuu pH cpepbl.
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Puc. 6. 3aBucumocts ckopoctu okucnenns C;HsOH  Puc. 7. 3aBucuMocTb CKOpOCTY OKUCTIEHS OT BpeMeH!
u LH or Bpemenm: 1 — B [eMOHM30BaHHOI Bofe, B OydepHom pacrBope: [LH] = 5.10° wmoms/r,
2 - B b6ydeprHom pacrBope. [LH] = 510 mons/n, [SDS] = 0,1 moms/n, W; = 4:10° mons/(n-c), 1 -
[SDS] = 0,1 moms/n, [C;HsOH] = 0,1 monvs/n, [CsHi;sOH]=0,05monb/m, 2 - [C,HsOH] = 0,05 Monb/n
Wi = 4.10"° monp/(11-c)

V3 puc. 6 BUHO, 4TO B OydepHOM pacTBOpe OKMCIEHNE C YIacTIeM 9TaHO/IA IPOTEKaeT
ObICcTpee, YeM B BOfie. ITO CBSI3AHO C TEM, YTO MHULIMATOPDI TOJOOHOTO THUIIA B KIC/IBIX CPefiaX
MeHee 3¢ dekTUBHBI [3]. AHamMOrMuHbIT 3P PeKT HAOMofaeTCs U B CTydae OKTAHOIA.

Ha puc. 7 npencraBieHo cpaBHEHME 3aBUCUMOCTEN CKOPOCTY OKMCIEHMS OT BPEMEHH B
MuueapHoit cucreMe SDS - LH B npucyTcTBUM pasHBIX CIUPTOB.

V3 npepcraBneHHBIX PUCYHKOB BUIHO, YTO NPOLECC OKMCIEHNA B IPUCYTCTBUM OKTa-
HOJIa IPOTEKaeT OBICTPee, YeM B IIPUCYTCTBUM 3TaHOJIA. DTO MOXKHO OOBSICHUTD TEM, UTO 3Ta-
HOJI, HAXOZSICh B BOJHOI (ase ¢ MHUIMATOPOM, CIIOCOOEH B3aMMOEICTBOBATh C HAXOZAIIN-
MICSI TaM pafyKaaaMy, o0pasylouyMmcs npu ero pacrnage no peakuyu (rO,* + ROH). B pe-
3y/IbTaTe CHIDKAETCA CKOPOCTh MHULIIMUPOBAHNA, YTO YMEHbIIIaeT CKOPOCTD IIpOLiecca B LIEJIOM.
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B pesynbTare mpoBeNEHHBIX MCCAELOBAaHUI YCTaHOBJIEHO, YTO, BO-IIEPBbIX, MEXaHU3M
OKMC/IEHMA METU/UIMHOJIEATa M MCCIIelyeMbIX CIUPTOB onpenensaercsa pH cpepl, a BO-BTOPbIX,
B BOJHOI VI MULIEULIPHON (pase HaXOAUTCS CIMPT.
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Knrouesvie cnosa: «Cyxum» U «<MOKPbIM» CNOCOOOM MOOUPUUUPOBAHUS NOBEPXHOCU NPO-
IKONIOZUMECKYU YUCBLIL NPOMUBO-  OYKIMO6 NUPONU3A PUCOBOTI ULETYXU NONyHeHbl NPOMUBOKOPPOSUOHHbLE
KOPPO3UOHHDBLIL NUZMEHN, NPo- 9KOI02UHECKU HUCTNble NUeMeHNbL. YCMAH08/IeHA BbICOKASL NPOMUBOKOD-

OyKmMbvl NUPONIU3A PUCOBOU UENYXU — POSUOHHAS AKMUBHOCHL CUHMEIUPOBAHHDBIX NUZMEHINO0B8 8 AKPUN-Ypema-
HOB01L 2PYHIMOBKE.

BBengenue

B Hacrosmee BpeMs 60IbIIMHCTBO IPOTUBOKOPPO3MOHHBIX IUTMEHTOB, MICIIOTb3YeMBbIX
JUIsL IOJTy4eHV s TAKOKPACOYHBIX IIOKPBITHIA, SAB/IAIOTCS 9KOJIOTMYECKN ONTACHBIMY 00BEKTaMI,
COfiep>KaIllMIMI B CBOEM COCTaBe COeNVMHEHMS CBUHIA U JPYTUX TSDKeIbIX MeTawios [1]. Vc-
I0/Ib30BaHMe TAaKUX IIMTMEHTOB B Pa3/MYHbBIX M3JENNAX 3aTPA3HAET OKPYXXAIIIYI0 Cpefy U
HaHOCUT BpeJi 3I0POBBIO YeoBeka [2].

B Hacrosmee BpeMs 3a pyOe>XoM MIMPOKO UCIIONIb3YIOTCA MOHOOOMEHHbIE MMTMEHTHI Ha
OCHOBE JMOKCH/Ia KpeMHIs, KOTOpbIe He VIMEIOT B CBOEM COCTaBe TOKCMYHBIX KOMIIOHEHTOB,
TaKVX KaK XpOM, CBMHeII, CTPOHINII U apyrue [3]. B vacTHOCTH, Takye MOHOOOMEHHBIE IPOTH-
BOKOPPO3MOHHBIe NTUTMeHTHI, Kak Shieldex™, Dowex™ u Activox™, 3aMe/IAI0T CKOPOCTb KOp-
PO3MOHHBIX IIPOIIECCOB B MOKPBITHAX, He HAHOCA YIlepb okpy»Katoweit cpesie [4]. OpHako BbI-
COKasg CTOMMOCTD JAHHBIX IPOAYKTOB M Kypca JOJ/UIapa, CAEP>KMBAIOT MCIONb30BAHME ITUX
IPOTUBOKOPPO3VOHHBIX 9KOJIOTMYECKV 6@30MaCHBIX MMITMEHTOB B OT€YECTBEHHOM IIPOU3BOJI-
CTBe.

[TosToMy mONTy4eHMe OTE€YeCTBEHHBIX 1aOOPaTOPHBIX 00pPA3L[0OB MOHOOOMEHHBIX ITNT-
MEHTOB Ha OCHOBE HETOKCMYHOTO ChIPbsA, OIpefie/ieHNe X (PU3MKO-TeXHIYECKUX Y IIPOTUBO-
KOPPO3VOHHBIX CBOJICTB, OLIEHKAa BO3MO>KHOCTH MCIIO/b30BAaHUA B IMPOTMBOKOPPO3MOHHBIX
JTAKOKPACOYHBIX MaTepyaJax ABJIAETCA aKTYalTbHOI IIPO6/IeMOiT IMITIOPTO3aMeIleHMA.

B Poccun u 3a pybexxom umeercst 60IbIIoe KOMNYECTBO OTXOMIOB IIepepaboTKy puca —
pycoBas Ienyxa, IPOAYKTBl MUPO/IN3a KOTOPOI IPEACTAaB/IAI0T c00011 aMOp(HBI IMOKCUT,
KpeMHusA. Ha ocHOBe JaHHOTO IIPOAyKTa MOXeT OBITh MOTyYeH OTeYeCTBEHHBIN 9KOTOTNIeCKI
6e30IacHBII MPOTUBOKOPPO3VOHHBIN IMUTMEHT C HU3KOI ce6eCTOMMOCTBIO.

B macroseit paboTe NpencTaBlIeH MaTepual IO MOTYYEHUIO SKOTOTMYECKY YVICTBIX
IPOTUBOKOPPO3VOHHBIX MUTMEHTOB, UX (PU3MKO-TEXHMYECKUM CBOIICTBAM M BO3MOXXHOCTU
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JICIIO/Ib30BaHM A B HAIIO/IHEHHBIX JIAKOKPACOYHBIX MaTepyasax C 1e/Ibl0 IIO0Iy4eHNs IPOTUBO-
KOPPO3MOHHBIX IIOKPBITUIL.

SKCHCPI/IMCHTa}IbHa}I qacTh

[Tony4eHye MOHOOOMEHHBIX IUTMEHTOB 3aK/II0YaeTCsl B MEXaHOXVMMIYECKOI 00paboTKe
[5-7] mmokcuza KpeMHUs COeRMHEHMsAMM Kaablys. Vicronb3oBany gBa criocoba MomydeHus
IPOTUBOKOPPO3VOHHOTO MUTMEHTAa IOHOOOMEHHOTO MeXaHM3Ma IefICTBYSL: «MOKPBII» CII0c00
- 06paboTKa MpOAyKTa MUPOIN3a PUCOBOI LIETyX) HACBIIIEHHBIM BOZHBIM PacTBOPOM IJ-
POKCHMAa KanbIysl B TaOOPaTOPHOM JUCOIbBEPE 1 «CYXOI» Cocob — 06paboTKa IpupogHOTO
aMOp(HOTo AMOKCH/A KPeMHMS IMAPOKCUAOM KaIbIuA B BUOPOMeIbHIUIIE.

Vlonpl KanbyA B 4acTULjaX MUTMEHTa MOTYT HaXOAMTHCA KaK B KalWIIApaxX arperatoB
[IMOKCU/Ia KPEMHMA, TaK ¥ Ha €ro MOBEPXHOCTH, IIPeXJie BCero, B Bufie cunmkaTa. CrosxHom
3a/layeil ABIAETCA BBEJIEHNE COeIIHEHUI Ka/lbLMis B COCTaB IUTMEHTA M3-3a HU3KOJ PacTBO-
PUMOCTM TUAPOKCHJA Kanblys B Bofie. Vicnonb3oBanue B KayecTBe MCTOYHMKA KaIbIMA IPY-
TUIX €TO COeIMHEHNI He Ilenecoobpas3Ho, TaK KaK 3TO CBA3aHO ¢ 00pa3oBaHMEM B MAaTOYHOM
pacTBope U B COCTaBe IUIMEHTa 3/IEKTPOJINATA, CHUYKAIOIIETO KOPPO3MOHHYIO CTOMKOCTD I10-
KPbITUA.

[To pesymbTaTaM NOTEHIIVIOMETPUYIECKOTO KICIOTHO-OCHOBHOTO THUTPOBaHNA Oblla
ompezeneHa KOHIEHTPaLVsA IPOKCI/Ia KalblMA B €r0 HAChIEHHOM pacTBope. Ilonyyennoe
sHayeHne 0,018 mosnb/m, coorBercTBytomee 1,338 r//1, XOpOIIO COINACYeTCsA CO CIPABOYHBIM
3HaYeHyeM pacTBOpuMocTH [8].

OKCIlepuMeHTaTbHbIE 00pa3Iibl MOHOOOMEHHBIX IUTMEHTOB ObIIV IIO/Ty4€eHbI, ICXOMA U3
OIIpefie/IEHHOI HaMM MAaKCYMAJIbHON COPOLIMOHHOT éMKOCTY IPUPOJHOTO AMOKCHAA KPEMHIIS
B OTHOLIEHVM VIOHOB Ka/IbIIVIsI IIpU 00paboTKe IOBEPXHOCTH CYOCTpaTa HaChIIIEHHBIM BOJHBIM
pactBopom Ca(OH)..

MexaHoxuMmdeckass 06paboTKa JUOKCH/ja KpeMHIA HAaCBILEHHbIM PAaCTBOPOM THU/IPOK-
CMfa Ka/lblusA IPOBOAWIACD, UCTIONb3Ys Aycconbeep H-302, ocHameHHbIN Ayckodpe3epHON
MEIIATIKOM, B TedeHne 40 MyHyT. CpegHIOI YacTOTy BPALeHNs MEIIANIKN U3MEPSIN IpH I0-
Moy 4acoBoro TaxoMeTpa Mapku TU10-P. [IucneprupoBanne IpoBOAN/IN IIPU YaCTOTE Bpa-
meHnA ¢ppessl 75-83 ¢! (paBHOI MHEITHOM ckopocTu 9,4-10,4 M/c). PerynmupoBaHue cKopocTu
BpaleHns ¢Qpesbl IPOBOAUIOCH C MCIONIb30BAHMEM YaCTOTHOTO PETY/IATOPA BPALIeHUs pPo-
TOpPA 37IEKTPOIBUTATEIA.

ITocne pucrieprupoBaHNsA NUTMEHTHASA MacTa IPOMbBIBA/IACh AMCTVU/UIMPOBAHHON BOJOM
U OTZE/IANACh OT MaTOYHOTO PacTBOpa C MCIIOIb30BaHNeEM IeHTpudyru B TedeHue 10 MUHYT
npy 4acToTe BpaueHus poropa 50 c. ITocne neHTpudyrnpoBaHus MOHOOOMEHHBIN IIUTMEHT
HOJBEPrasCs CyIIKe B CyIIMIbHOM Ikady npu Temneparype 105-110 °C B TedeHue 5 4acos.

«Cyx071» crIoco6 IOTy4eH s SKOTOTMYECKI YMCTOTO IPOTUBOKOPPO3MOHHOTO IINTMEHTA
3aK/TI0YaJICA B 00paboTKe CMeCH ITOPOLIKOB AMOKCUIA KPEMHMA U PEIelITYPHOTO KOMNYeCcTBa
TUAPOKCHAA KambIys B BubpoMenbHulie Vibratory Ball-Mill, mpu yacrore konebaHms KoHTeil-
Hepa 50 I'11, 3a110/THEHHOTO PeaKLMOHHOM MAacCOM M CTa/IbHBIMU MeTIOUMY TernaMut. [0ToBbIN
IPOAYKT OT/eJIA/ICS OT MEeTIOIMX TeJT IIPOCeVBaHMeM depe3 BUOPOCKTO ¢ ceTKoit Ne100.

PesynbraThl MccnenoBaHuA (PU3NKO-TEXHMYECKUX CBOJICTB IIOTYYEHHBIX IUTMEHTOB
npuBeeHbl B Tabmmie 1.

15



OT XUMUHU K TEXHOJIOTUN [RIIEARETRTIEANVY TOM 2, BbINMYCK 4, 2021

Ta6m/ma 1. ®usuKo-TeXHMIECKIE CBOVICTBA ITOTyY€HHBIX 9KOJTOIMYE€CKHN IMCTDIX IINTMEHTOB

Crioco6 momy4eHns MIOHOOOMEHHOTO IIUTMEeHTa «MOKppbIIT» «Cyxoi»
Buemnmnit Bup benbiit mopormiok Benbiit moporok

CpenHuiil pasMep 4acTull, MKM 1,89 12,5

PH BOgHO BBITAXKM 8,19 10,54

ITnorHOCTS, KI/M 1940 2100
MacnoemkocTb, 1/ 100 60,0 25,0

CopeprkaHue BOZOPAacTBOPUMBIX COTIet, % 1,16 -

III0THOCTB TOKa KOPPO3UM, MKA/cM? 82,2 88,2

ITorennuan xopposuu, MB -550,0 -557,7

CreyeT OTMETUTD, YTO «CyXO¥» CIOCO6 00pabOTKM [MOKCHja KPEMHMS TUIPOKCUOM
Ka/IBIIVIS B BUOPOME/IbHMIIE He TI03BOJIAET ITOJTYYUTb BBICOKOAMCIIEPCHBII OPOIIKOOOPa3HbIIA
Mmarepuan. CpefHWIT pa3Mep 4acTHI] IIOTy9aeMoro nurMenTa (12,5 MKM) CylecTBEHHO BBIIIE,
4eM [ 00pasiia, IIOIy4eHHOTO «MOKPBIM» criocoboM. Takxke [y1s 06pasija «Cyxoro» Mogudu-
IVIPOBaHNUA XapaKTepPHO OYeHb BbICOKOe 3HaueHue pH BogHOI BBITsDKKM. [ToaToMy mpoTnBo-
KOPPO3MOHHBIII MIUTMEHT, ITOTyYEeHHBIN «CyX0il» 00pabOTKOI AVOKCHUAA KPeMHUS TUAPOKCHU-
IIOM, B MEHDIIIe}] CTeIIeH) MOXKET JCII0/Ib30BaThCS B HAITOJTHEHHBIX JTAKOKPACOYHBIX MaTepya-
7Max.

Jlna 6onee HAITALHOTO BOCHPUATUA HMOTYyYeHHBIX Pe3y/IbTaTOB B aHTUKOPPO3VIOHHYIO
IBYXKOMIIOHEHTHYI0 OpPraHOpa30aB/IAeMyl0 aKpU/I-YPEeTaHOBYIO CBET/IO-CEPYI TI'PYHTOBKY
BBOJVIOCH 5% NPOTVBOKOPPO3MOHHOTO IMTMEHTA, CUHTE3VPOBAHHOTO «MOKPBIM» WU «CY-
XVM» CIIOCOO0M.

JlakokpacouyHble MaTepyuanbl C BBENEHHBIMU IPOTVBOKOPPO3MOHHBIMYU INMUIMEHTaMMU
HAHOCWIN Ha ITIOJ/IOKKM B [iBa C/I0S1 METOROM ITHeBMOpacnblieHnA. Cynmm MOKpbITUA TIPH
60 °C B Teuenne 30 muHyT. [lepey ncnbITaHWAMM ITOJTyYeHHBIE TOKPBITHA BBIJIEP)XMBA/IN B Te-
geHye 7 CyTOK Ipu Temmeparype (20+2) °C u OTHOCHTE/NIbHOI BIaXKHOCTH (65+5) %. 3aTteM
IUTACTMHBI C MOKPBITUAMY ITOMeIamu B 3%-Hblll pacTBOp X/IOpK/ia HaTpyA U Bbiiep>kKuBamu 10
cyrok npu temrepatype (20+5) °C. Pe3ynbTaTbl UCIIBITAHUA IPUBEEHBI HA puC. 1.

o 6

Puc. 1. Baemnwmit Bup NOKpBITHIL, CPOPMIPOBAHHBIX HA OCHOBE aKpWI-YPETaHOBON I'PYHTOBKIM, IIOC/IE BBI-
Iep>XKH B 3%-HoM pacTBope xmopupa Hatpust 10 cyrok (20 +5) °C: a — nokpsiTue 6e3 [OIOTHUTENBHOTO BBe-
HeHVA CUHTe3VPOBaHHOTO IIPOTMBOKOPPO3MOHHOIO MUTMEHTa; 6 — IOKPBITHE, COfiepKalliee IPOTUBOKOPPO-
3VIOHHBIII IMTMEHT, CHHTE3MPOBAHHBII «MOKPBIM» CIIOCOO0M; 8 — IIOKPBITHE, COfEPIKaLIee IPOTUBOKOPPO3N-

OHHBIIl IINTMEHT, CUHTEe3MPOBAHHBII «CyXMM» CIIOCOO0M
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[ToxppiTHE C MPOTMBOKOPPO3MOHHBIM IUTMEHTOM, CMHTE€3MPOBAaHHBIM «MOKPBIM» CIIO-
co60M, IPOJIEMOHCTPUPOBAIO XOPOIINe IPOTVBOKOPPO3MOHHBIE CBOMCTBA.

3akimroueHue

ITomyyeHHbIE 5KOTOTMYECKY YMCThIE€ IUTMEHTBI HA OCHOBE IIPOAYKTOB NMMUPOIN3a PUCO-
BOJI LIe/TyXy 00J1afialoT IPOTVBOKOPPO3MOHHBIMY CBOJicTBaMy. Hawy4mmme mpoTuBoxkoppo-
3MOHHBIE CBOJICTBA JEMOHCTPUPOBa/ 0Opasell, MOMTY4YeHHBI «MOKPBIM» CIIOCOO0M MOUdM-
LPOBAaHMA IIOBEPXHOCTY IIPUPOSHOTO IMOKCH/IA KPEMHUA.

ITomyyenHble TPOTMBOKOPPO3MOHHbIE MATMEHTBI MOTYT MICIIONIb30BATHCA B JIAKOKPACOU-
HBIX MaTepHuaiax I/id 3alAThl METAJZIOKOHCTPYKIMIL OT KOPPO3NA
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CKUJ CIIOCOB ITOJTYYEHUS MATHETUTA
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Kniouesvie cnosa:
MazHemum, omxoo0vl pac-
Kpost iucmos (cmpysicxu)
cmanu, MazHUMHAs HUo-
Kocmb, adcopOUUOHHAS
OUUCKA CTMOYHBIX 800

B pesynvmame pacuupaousuxcsa HanpaeneHuil NpUMeHeHUs MASHUMHbBLX HUO-
Kocmeli ecmaem Heo6X00UMOCHb NOTYHeHUS 6 O0nbuioM Konudecmee mazHe-
muma. Haubonee pacnpocmpanenHbimM CHOCOO0M NOTYHEHUSI MAZHEMUMA s16715-
emcst XUMUYeCKAs KOHOEHCAUUS KaK U3 YUCHbIX KOMIOHEHIN08, maK U U3 jiere-
30C00epHAUsUX 0MX0008 MAUUHOCIPOUMENbHBIX NPou3soocms. Maznemum,
nony4ueHHblill U3 0Mx0008 NPOU3BOOCMBA, He ycmynaem no Kauecmsy mazHe-
Mumy, noy4eHHoMy U3 HUcmolx komnonenmos. Kpome mozo, cebecrmoumocmy
MAaKo020 MAZHEMUMa 3HAYUMenvHo Hudxe. B cmamve onucvieaemcs anekmpoxu-
MUHeCKULl cnocob nonyueHus MaeHemuma 07 OHUCMKU CHIOYHBIX 600 2ATb6aAHU-
1eck020 NPoU3B00CMEa U3 0Mxo0008 Packpost ucmos (cmpyxxu) cmanu. B kaue-
cmee a7ieKMponuma 6w 6b10paH Pacmeop xnopuda Hampus. B cmamoe npuse-
OeHbl 0CHOBHbLE CTNAOUL NOTYHEHUS STIEKMPOXUMULECKO20 MAZHEMUINA, Pe3Yib-
mamul UsMepPeHUs HAMALHUYEHHOCU HACbIUWEHUA 00pPA3U06 OUCHEPCHO20 Maz-
Hemuma. V3smepeHus: nposooUnucy npu KOMHAMHOL memnepamype ¢ UCHonb30-
saHuem 6UOPAYUOHHO20 MACHUMOMEMPA 6 MAZHUMHbLX nossax 0o 1 Tn. Ilonyuen
Mmeccbayaposckuil cnekmp o6pasua snexmpoxumuseckozo mazHemuma. Mazre-
MUM, NOYHeHHDLT INEKMPOXUMUHECKUM MEMOOOM, NPUMEHATIC NPU OUUCHKE
NPOMBLBHBIX CHIOHHBIX 600 2a7Ib6AHUYECK020 NPOU3BOOCNBA 6 Karecmee adcop-
benma uoHos medu. B pabome npedcmasnen xumusm npoyecca a0copouuy uUoHos
MeOU MAZHEMUMOM U cxemd mermooda ouucmku. Vccnedosanus adcopOyuoHHot
OUUCKU CTMOYHBLX 800 2a/IbBAHUKU O UOHO6 MedU NOKA3AIU 8bICOKYI0 IPPeK-
musHocmv 92,0-98,4%.

BBengenue

Haubonee pacnpocTpaHeHHBIM CIIOCOOOM IIOTy4eHVsI MarHeTUTa SIB/IAETCA CIOCO0 Xu-

MUYECKON KOHIOEHCAlI N, I/[CHO)Ib?)YIOIJ.U/[f/I B Ka4€CTBE ChIpbsA CMECH cosnen TpeX U ABYXBA/IEHT-

HOTO JKeJle3a, a B KauecTBe 3allle/TayMBalolero peareHTa — ruapokcus ammonus [1-13]. Hepo-

CTaTKaMM 3TOrO Crocoba ABJISIOTCA BBICOKAs CTOMMOCTD MCXOOHBIX p€areHTOB, KaK IIpaBuIa

KnaccuuKanmm «XuMmnaecku nctoiiny (XY) u «auctsiin it anammsa» (YJA).
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PaspaboTka 1 onTMMM3aLMs METOLOB IIO/Ty4eHsI MarHeTUTA C ICIIOJIb30BaHVEM B Kade-
CTBe VICXOJJHOTO CBIPbsI IPOMBIIIJIEHHBIX OTXOJ0B ITO3BOJISIOT PEIIATh KaK 3a/jady HOBBILIEHVS
9KOJIOTMYECKOJ 6€30IIaCHOCTY IIPeAIPUATHUI, TaK U 3a[a4y y/iellleB/IeH s IOTy4eHHOTO MaTe-
puaa - MarHeTUTa, IPUTOSHOTO /IS ICIIONIb30BAHMA B psijie 00/1acTell TEXHUKI U TEXHOJIOTUI.

B pa6oTe MarHeTuT OB NOTy4eH STIEKTPOXMMUIECKIM CIIOCOOOM, KOTOPBINT 3aK/TF0YaICs
B JICIIOJIb30BAHMY 3JIEKTPOXVMIYECKOTO PACTBOPEHNS OTXOMIOB OT PACKPOsI IMCTOB (CTPY>KKM)
Haybosee MPOKO MpuMeHsaeMoit cramy Ct3 Ipy MOCTOSHHOM TOKe B HarpeToll 3/1eKTPOoIpo-
BoJsILelt cpepie. /IS IO/Tyde sl HAHOYACTUL] MarHeTUTA 9/IeKTPOXMMIYECKUM CIIOCOO0M B Ka-
YeCcTBe 9/IeKTPONTA OBbUI BBIOpaH BOJHBIN PacTBOP X/IOpUAA HATPUA IO CIEAYIOLIeMY PARY
IPUYMH: €r0 BBICOKAas 3IEKTPOIIPOBOJHOCTD, Majoe COfepKaHue NpyMeceli, HepacTBOPU-
MOCTb MarHeT!UTa B PacTBOpE 9/IEKTPOJINTA, & TAK)Ke OTHOCUTE/IbHO HEBBICOKAsk CTOMMOCTD U
NOCTYIHOCTb. KpoMe TOro, MOHBI X/IOpa OKa3bIBAIOT aKTUBUpYyIOLlee AeCTBME Ha COCTOSIHIE
IIOBEPXHOCTH 3JIEKTPOJIa, YBeIMUMBasi Iepnof pabotsl no maccupanuu [14-16]. Cyrb ciocoba
3aK/II04YaeTcsl B NPOBENEHNUN 3/eKTponu3a B pacTBope xinopupa Hatpus (NaCl), npegsapu-
Te/IbHO HOZIOTPETOM IO TeMIIepaTyphl, obecreunBarollell IpoBefieHNe mpolecca peppuTusa-
UM, TIPU OJHOBPEMEHHOM OKMCTIEHMM 00Pa3yIolINXCsl MPOMEKYTOUHBIX COeMHeHNIT (TUa-
POKCUIOB) KICIOPO/IOM II0OfIaBaeMOTO BO3/yXa.

Meroauka 3KcnepuMMeHTa

CyHTe3 MarHeTTa COCTOUT 13 CIeAYIOLIVX OCHOBHBIX CTaIL:
1. [Tory4yeHne MarHeTUTa 3NIEKTPOXMMIYECKIM CIIOCOOOM C VICIIOTb30BaHNIEM OTXOJ0B
C13 (cTpyxxu u o6pesku) u pacrsopa xnopupga Harpus (NaCl) B kadecTBe 3/1eKTpOIUTa IPO-
BOJWJ/IOCH IIPY C/IeAYIOIIMX IapaMeTpax: KoHIeHTpanusa p-pa NaCl - 0,5%, HanpsokeHne Ha
37eKTpOJax — 26 B, yfenbHblil pacxon Bo3fyxa — 52 i1/4-11, Temueparypa 60-90 °C.
[Tpu 9TOM IIPOTEKAIOT C/IeAYIOIIe PEeaKIIVIN:
1.1. Huccommamus sogsr: H,O < H* + OH.
1.2. Ha anope:
a) pactBopenne anopa u3 Ct3: Fe® — 2é < Fe™,
6) obpasosanne kucnopopa: 40H > 2H,O + 20, + &;
1.3. ITocnenoBaTenbHOe 00pa3oBaHyue IUPOKCUIOB 2- 1 3-BaIEHTHOTO XKejle3a V1 OKCH-
TUZIPOKCH/A JKele3a Ipu 6apOoTake BO3yxa:

Fe?* + 20H —LCs9x o Fe(OH),

2Fe(OH), + H,0 + 40, —LCs9x y rFe(OH);
ZFC(OH)z + 1%0,> 2FeOOH + H,O

1.4. ®eppurusauns, oOyCclIOBIeHHAs: KUCIOTHBIM XapaKTepOM TUPOKCHAA >Kejle3a
TPEXBa/IeHTHOTO U1 OCHOBHBIM XapaKTepPOM TUAPOKCHJIA JKe/le3a IByXBa/IeHTHOTO:

2Fe(OH); + Fe(OH), — 259" s Fe.Fe,0; + 4H,0

1.5. Ha xatopie upieT o6pasoBaHue BOZOPOJa, KOTOPBIiL IPENATCTBYET OKMCIIEHMIO 2-Ba-
JIEHTHOTO >KeJle3a 10 3-BaJIeHTHOTO:

0
2H+ + 26 t'C,8030yx H2
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1.6. B KaTolHOM IIPOCTPAHCTBE TAK)Ke IPOMCXOAAT PpeaKLMy BOCCTAHOB/IEHN S TUPOK-
cupa >xere3a 3-BaJleHTHOTO U OKCUTUAPOKCHA JKele3a BOLOPOIOM:

3Fe(OH); + H* — LS9 Fe.0, + 5H,0
3FeOO0H + H- — €09 o Fo.0, + 2H,O

2. OTcranBaHMe CyCIIeH3UM MaTHETUTA C IPMMEHEeH)eM ITOCTOSHHbIX MaTHUTOB U yfajie-
HI1€ OTCTOSIBILIETICS BOADL;

3. Cymika npu 100 °C B TeyeHMe TpeX YacoB.

CHUHTe3MpPOBAHHBIN TaKMM 0OpPa3oM MOPOILIOK MPeACTaB/IsT COO0IT, COTTACHO TaHHBIM
PEHTTeHOBCKO AU PaKTOMETPUN, MarHETUT CO CPEIHMM pasMepoM dacTuly ~13 HM.

Pe3ynbprarhl 1 UX 06CyKaeHIEe

B pabore 6bUIM IIpOBeeHbI MI3MepeHNs HaMarHNYeHHOCTY HaChILeHUsA 00pasIioB Jyic-
IIEPCHOTO MarHeTUTa, II0/[y4eHHOTO ONJCAHHBIM BBIIIE CIIOCOO0M. VI3MepeHus MPOBOANIICDH
IIpY KOMHATHOJ TeMIlepaType ¢ MCI0/Ib30BaH)eM BYOPAIIOHHOTO MarHUTOMETpa B MarHNUT-
HbIX o/AX o 1 T Ommbka usmepenuit cocrasisna 4%. Hanbomnpiias HaMarHM4eHHOCTD
HacbieHns I = 282 kA/M 3aperncTpupoBana ajs o6pasna, nonydernnoro rnpu 80 °C. Crepyer
3aMeTUTb, YTO MarHEeTUT, IIOTy9E€HHBI 3TeKTPOXMMUIECKIM CIIOCOO0OM 13 OTXOfI0B PACKPOS
JMCTOB (CTPYXKM) CTamy, ob6/1afiaeT HECKOIBKO 60lee BBICOKOI HaMarHNM4eHHOCTBIO 1 6ortee
lelIeB 110 CPABHEHMIO C IMCIIEPCHBIM MAaTHETUTOM, ITOIyYE€HHBIM Ha OCHOBE ITPOMBILIIEHHbIX
OTXOZOB METOOM XMMIYECKOI KOHfeHcaluu. MeccOayspoBCKuil clieKTp oOpasiia, MoaydeH-
Horo npu temneparype 80 °C, npusesieH Ha puc. 1. ViccnenoBanue npoBoANIOCh IpY KOMHAT-
HOJ TeMIlepaType.

100 —

96 —

94 —

92
\ \ \ \ \

-10 -5 0 5 10

v, mm/c

Puc. 1. Mecc6ayspoBcKuit crieKTp obpasiia S7IeKTPOXMMIYECKOTO MarHeTUTa

O6paboTKa CIEeKTPOB C UCIOIb30BaHMEeM IIPOrpaMMbl «CIIeKTp» IPOBOAMIACD, ICXOMS
13 MX KOHQUTYpanyy, B IPeII0I0>KeHNI IIeCTU ceKCTeToB. [lomydenHble 11 o6pasiia MarHe-
TIUTA IApaMeTPhl 9TUX CEKCTETOB IIPUBEEHBI B TA0I. 1.

3nech Hupp — TIONA Ha AApPaAX XKeje3a; O — M30MEPHBIN CABUT MeccOayIpOBCKON NMHNUM;

€ — KBaJJpyTIO/IbHOE CMellleHNeé KOMIIOHEHT CIIEKTPa; S — IJIOIIa/b MapIaJbHOTO CIIEKTpa.
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Ta6mmua 1. ITapamerpst Mecc6ayapOBCKOTO CIleKTpa 06pasiia 37eKTPOXIMMIIECKOTO MarHeTUTA

HeosksuBa-
H:)I;Z;}g:m Hypa, KO 5, MM/c €, MM/C S, MmM/c
MOHOB XeJjie3a

A, 493,30+0,06 0,3184+0,0006 —0,0029+0,0005 0,643 £0,004
B 456,50 0,18 0,6407£0,0023 —0,0002+0,0016 0,2382+0,0019
A, 458,5+1,1 0,3184+0,0006 —0,054+0,007 0,0477£0,0028
B, 414,7+1.1 0,6407£0,0023 0,001+0,010 0,0357£0,0019
A; 410,0+1,2 0,3184+0,0006 0,046%0,013 0,0293+0,0014
B; 369,8+1,2 0,6407£0,0023 -0,113+0,014 0,0239+0,0013

3ameTuM, 4TO IpOBefieHHAsA 00pabOTKa Jja/a OUYeHb BBICOKOE COBIIAfieHUE «TeopeTiye-
CKOTO» ¥ 3KCIIePMMEHTA/IbHO IOTyYeHHOTO CIIeKTpa 0OpasIia 31eKTPOXMMUYECKOTO MarHe-
tuTa. CyAs 1o 3HadeHnIo 9(pPeKTUBHBIX IO/IeN Ha AApax ejle3a ¥ MHTEHCUBHOCTY COOTBET-
CTBYIOIIVX ITapLIMA/IbHBIX CIEKTPOB, 3¢ deKTUBHBIC MAaTHUTHbIE O/ Ha Afpax > Fe mapuyais-
HBIX CIIEKTPOB A; ¥ B; COOTBETCTBYIOT MOHAM >KeJie3a, OTHOCALIVMCS K BHYTPeHHel 06/1acTu
JaCTUI[BI ¥ HAXOAAMMMCA B A- 11 B-MecTax KpucTa/Ummaeckoii pemeTky MarHetuTa. I[Tapst ag-
(eKTUBHBIX MarHUTHBIX TOMTeN Ay, B, n As, B; oTHOCATCA, O-BUAMMOMY, K MOHaM >Kene3a B
MOBEPXHOCTHOM CJI0€ YacTULIbI MarHeTuta. I1nomanm, cooTBeTCTBYIONME STUM CEKCTETaM CY-
IIIeCTBEHHO HIDKe, 4eM B caydae Ay, Bi.

9ddexTnBHBIE MATHUTHBIE TONA A3 11 B3, COOTBETCTBYIOIIME CeKCTeTaM Ha¥MeHbIIIel MH-
TEHCUBHOCTY OTHOCATCH, 110 BCEJI BEPOATHOCTH, K IOHAM >KeJle3a, HaXO[AMIMMCA Ha CaMoJi I1o-
BepXHOCTY YacTuibl. OHM, CyZs IO COOTBETCTBYIOIINM 3HAYEHMAM €, IO CUMMETPUU JIUTAH] -
HOTO OKPY)XEHNA OT/IMYAITCA OT O/IVDKANIINX MIOHOB >KeJle3a IOBEPXHOCTHOTO c1os. Bupumo
TOJIBKO 0O0JIbIIIOE BPEeMs PEIVCTPALI ONMCHIBAEMBIX CIIEKTPOB, OOeceurBIIee OOJIBIIYIO CTa-
TUCTUKY, IO3BO/INJIO PAa3/IN4YNUTh 3TU [Ba TUIIA IOBEPXHOCTHBIX IOHOB >Kejle3a.

Onenka pasMepoB 4aCTUI} HA OCHOBAHUM COOTHOLIEHN A MHTEHCUBHOCTI «IIOBEPXHOCT-
HBIX» ¥ «BHYTPEHHMX» CEKCTETOB II0 MeToAuKe [17] mokasaa, 4TO 3TH pasMepsl B Tpefenax
HOTPENIHOCTY COTJIACYIOTCA C JAHHBIMM PEHTT€HOBCKON IM(PPAKTOMETPUM U COCTABJIAIOT
(13£2) uMm.

[Tomy4eHHBIN 3/IEKTPOXMMIYECKIM METONOM MArHeTUT ObUI IIpYMEHEH IpU OYMCTKe
IIPOMBIBHBIX CTOYHBIX BOJ Ta/IbBAHMYECKOTO IIPOM3BOJICTBA B KayeCTBe afiCOPOEHTA MOHOB
MeJu.

Yactuupt marHetuta Fe,Os-FeO B BogHOM pacTBOpe 3a c4eT MOHHO-3/lEeKTpOCTaThye-
CKVIX, MaTHUTHBIX U MOJIEKY/IIPHBIX CMJI HAXOAATCA B 000/IOUKe, COCTOALIEI 13 TUPOKCIUIb-
HBIX IOHOB U TUJIPOKCUJIOB XeJle3a, 00pasys CBepXMULIe/UISIPHBIN arperat [18].

XuMusM mporecca aficopOIMOHHON OYNCTKY CTOYHBIX BOJ, TTbBAHNKY OT IOHOB MeJIy
IpeJCTaB/IeH CAENYIOIMI YPaBHEHUAMMN:

Fe(OH), > FeOH* + OH -
Cu(OH), > CuOH" + OH -
2FeOH" + %:0,> 2FeOH*" + O*
FeOH* + 2FeOH?** + O* »> Fe;04 + 3H*
CuO* + 2FeOH*" + O* > CuFe,O, + 2H*
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Cxema MeTofa COpOLMOHHON OYMCTKU 5 -
npegeneHre KOHUEHTRaWHK MOHOB ME4W B CTOUHOM

IIpeJCTaB/IeHa Ha puc. 2. soge (CB)

[l ompepeneHns nmapaMeTpoB afcopo-

-

I.U/IOHHOf/i O4YUMCTKNM IPpOBE/IN IIATH OIIBITOB B
| 3arpy3axa marHetwra kK CB |

TpeX IOBTOPHOCTAX C UCIIO/Ib30BaHNEM II0/TY-

-

YEHHOT'O IJIEKTPOXMMUNIECKNM cr1ocobom mar-

HETUTA IIPU COOTHOLIEHNM IOHOB MEMM K Mar- | Ancopbuna MoHOB Mean MarHeTuTom i3 CB |
HetuTy Kak 1:1; 1:3; 1:6; 1:12; 1:16 coorsert- ’
CTB€HHO. HepeMemnBalee CTOYHOI BOObI N | Otpenenve agcopbeHTa oT OUMLLEHHOMO PacTBOPa |
copbeHTa TpoBOAMIM Ha J1AOOPATOPHOM ’
BCTpAXUBATENE B TEICHNE 5 MMHYT. PeSYHb- OnpepeneHKe COAEPMAHMA MOHOE MEdW B OUMLLIEHHOM
TaThl OIBITOB CBEEHBI B TA0I. 2. pacTeope

Ha ocHoBe Tab1. 2 6bl1a IIOCTpOEHa Y- Puc. 2. Cxema MeTozia aficOpOIIIOHHON OYMCTKU Ha
MarHeTuTe CTOYHBIX BOJ, TaIbBAHUKY OT MIOHOB MU
CTOFpaMMa, KOTOpaH 0Tpa>i<aeT 3aBUCMMOCTD

CTeIleHV OYMCTKY OT MAcChl 3arpy3Ky cOpOeHTa, IpeiCcTaB/IeHHas Ha puc. 3.

Ta6mima 2. OnpeneneHye HauIydLIell MacChl 3arpysku copbeHTa

HauanpHas KOHUIEHTpALusa NOHA 1250
MeIy B CTOYHOM BOje, Mr/mam>

COOTHOIIIEHNSI MIOHOB MeNN
1:1 1:3 1:6 1:12 1:16
K MaTHeTUTY

K
OHI[EHTPALVSI MOH MEMI IT0CTIe 300 950 230 100 100
O4MCTKY, Mr/oMm>

CreneHb OYUCTKY, % 24 36,4 82 92 92

100

90
80
70
60
n,% 50
40
30
2
1
0
1:1 1:3 1:6 1:12 1:16

m

3arp

o o

Puc. 3. I'mcrorpamma «CTeIeHb OUMCTKM CTOKOB OT MacChl 3aTPy3Ky COpOEHTa»

Kak BUIHO N3 pUC. 3, MaKCMajbHasA CTeIIeHb OUYMCTKU Ha6)'[IO,H;aeTC}I IIpun 3arpy3ke cop-
6eHTa K MOHAM Menu B cTokax 1:12. ,Z[am;HeI?[mee IIOBBIIIE€HNE MACChI 3arpy3Kn H6H6H6C006—
Pa3HO, TaK KaK BUAVMMOTIO YBEIMYE€HNA CTEIIEHM OUYNCTKN HE Ha6HIO,I[aeTCH.
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OmnpenenMBLINCH C MAcCOlT 3arpy3Kiu cOpOEHTa, BCTala HEOOXOAMMOCTb HAITH JOCTaTOY-

HOe BpeMs Ipoliecca agcopouyim. [y 3Toro 6bUI poBeeHbl OIBITHI TPV BPEMEHN B3aMO-

IEVICTBUA CTOYHOI BOJIBI C MAarHETUTOM B TedeHue 5, 10, 15 u 25 muHyT. PesynbraThl OIBITOB

CBeJIeHbI B Ta0I. 3.

Ta6nuna 3. OnpepeneHne JOCTaTOYHOTO BpeMEeHM A1 aCOPOLIMOHHOM OYMCTKY

Bpems B3anmopericTBus

copbeHTa U CTOYHOI BOJBI, 5 10 15 25
MUH
K
OHIIEHTpals IOHA Mefy 100 20 g5 93
IIOC/Ie O9MCTKM, MI/am®
CremneHp O9MCTKH, % 92 98,4 93,2 92,6

V3 tabn. 3 BUJHO, YTO JOCTATOYHBIM U OITVMA/IBHBIM BpeMeHeM JIs afcoOpOIVIOHHO

OYMCTKNM Ha MarHE€TUTE CTOYHBIX BOJ Ta/IbBAHNYECKUX ITPOMU3BOACTB OT MIOHOB ME€N ABJIAETCA

10 MuHyT.

Taknum o6pa3oM, MarHeTNUT, CUHTE3MPOBAHHBIN 3T€KTPOXMMUIECKIM CIOCOO0M M3 OT-

XOIOB pacKpoOs JINCTOB (CTPY)KKI/[) CTa/In, MOJXKHO MCIIOJIb30BAaTh KaK a,ucopéeHT 1A O4YMCTKU

IIPOMBIBHBIX CTOYHBIX BOJ| Ta/IbBAaHNYECKOTO IIPOM3BOACTBA OT MOHOB Mefiu C 3PPeKTUBHO-
cTBI0 92-98,4%.
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CPABHUTE/IBLHBIN KBAHTOBO-XVIMUYECKNI AHAJII3
PEAKIIMOHHOM CIIOCOBHOCTM 1-OEHUJIBYT-2-EH-3-TUOHA
W 2-(N-IIMPPOJIIVHWI) ITEHT-2-EH-4-TIOHA B POJIN
TETEPOIIVIEHOB B PEAKIIVN TUIbCA-AJIBIIEPA

K. JI. Opunuuuxkos, I1. [I. Kapnos, M. B. Ctapoctus, A. B. Kono6os

OunuHukoB K.JIL, kaHpm. xumMm. Hayk, goueHt; Kapmos JI.[., marmcrpant; Crapoctmn M.B., Marmcrpasr;
Komo6os A.B., i-p xum. Hayk, mpodeccop

MBCTUTYT XMMUM M XMMUYECKOM TEXHONOIMM, APOCIaBCKMI TOCYlaDCTBEHHBIN TEXHUYECKUII YHUBEPCUTET,
MockoBckuii mp., 88, fApocnasnb, Poccuiickaa ®enepanns, 150023

E-mail: ovchinnikovkl@ystu.ru, pinselsch@gmail.com, misha.starostin@yandex.ru, kolobovav@ystu.ru

Kniouesvie cnosa: IIposedero xeanmoso-xumuueckoe mooenuposarue memooom AMI zeme-

HenpedenvHvle MUOKAPOOHUT- popeaxyuu [Junvca-Anvoepa 1-penunbym-2-eu-3-muona u 2-(N-nupponu-

Hble CoeOuHeHUS, 2emepopeakyus  OUHUML)NEHM-2-eH-4-MUOHA ¢ cummempu4HviMy OueHopunamu. Paccuu-

Hunvca-Anvoepa, curmes muo- manwi anepeuu B3MO ouernos u HCMO ouenopunos, a maxice sHepeuus ax-

NUPAHO8, KBAHMOBO-XUMUYECKOe — MUBAUUU COOMBEMCMEYIOUUX peakyuii. B pesynomame ananusa nonyyen-

modenuposanue, menod AM1 HbIX OAHHBIX NOKA3AHO, YMO OAHHAS Peakyus obnadaem NPAMbIMU I7leK-
MPOHHBIMU MPeBOBAHUAMU, 0003HAUEHA NPUHUUNUATLHAS B03MONHOCHIL
peaxyuu 2-(N-nupponudunun)nenm-2-en-4-muoHa ¢ s71eKmpoHoU3ObImoy-
HbIMU OUeHOPUNAMU, 060CHOBAHO SHAUUMENbHOE PASTIUYIUE 8 PeAKUUOHHOTI
cnocobHocmu OueHoPuUn08 HOPOOPHEHOB020 U UUKTI02eKCEH06020 PAOOS C
o, 3-HenpedenvHuIMU MUOKAPOOHUTIbHBIMU COEOUHEHUAMU.

BBenenne

CoepyiHeHVs TPYIIIBI THOIMPAHA SB/IAIOTCSA MaTOV3YYEHHBIMY OpTaHMYEeCKVMM Bellle-
CTBaMU M IPEJICTAB/ISIIOT MHTEPEC C TOYKY 3PEHNS CUHTETUYECKOIT opranndeckoi xumuu. [1o-
3TOMY aKTya/lbHOIl 3ajadeil sIB/IsAeTCs pa3pabOTKa METOIOB MX CHHTE3a U3 JIETKOJOCTYITHBIX
MICXOMIHBIX COENVIHEHMIA.

OpuuM n3 Hanbosee TOAPOOHO M3yIEHHBIX METOJOB CMHTE3a TUOIIMPAHOB SB/ISIETCS UX
nonmyveHue 1o peakiuu [lunbca- Anbepa u3 o, 3-HelpenenbHbIX THOKAPOOHMIBHBIX COeIUHE-
HUI ¢ pa3nmuyHbiMu JueHodunamu [1-6] (puc. 1):

2 2
R 4 R
R R4
~ R
+|3 > R
1 R 1 3
RS1 R 'S R

Puc. 1. O6wast cxema CMHTe3a TMOIIMPAHOB IT0 peakunu [lumbca- Anbaepa

Taxk, B craThsx [1, 2] onmcansl peakiuu [Jnnbca- Anbaepa o,B-HenpeenbHbIX THOKapOo-

HubHBIX coegyHenuit 1 (R = H; R, R* = Me, Ar). C gaHHBIMM CcyOCcTpaTaMy B peakLMIo
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BCTYHAIOT KaK 97IeKTPOHOU3ObITOUHBIe (HOPOOPHEH, 9HVIKOBBII aHTU/IPIT), TAK U 9JIEKTPOHO-
neduUTHBIE (MaTeMHOBBIN aHTUAPI]], MaJIEVHUMU/IBI) JYIEHODVIIBL.

Opnako s enamnuoTuoketoHoB 1 (R = N(Alk),; RY, R? = H, Me, Ar) onmcaHsl JIUIlb
peakunm ¢ MeKTPOHOReDUIUTHBIMY ArieHOpMIaM, TAKUMY KaK Ma/letHOBBIT aHTUApuS, [4],
MaJIeMHUMUABI (5], KPOTOHOBBIN ¥ KOPUYHBIIT a/Ib/ieTu/bl [7]. YIIOMUHaHMA O ONBITKAaX BBe-
JIeHVsI B JAHHYIO PeaKLMIO 37IeKTPOHOM30BITOUHBIX I1IeHO(UIOB B INTEPATypPe OTCYTCTBYIOT.

B HacrosiieM rccnefoBaHN HaMi OBUTO IIPOBENEHO KBAHTOBO-XMMUYECKOE MOJIEIIPO-
BaHue rerepopeakuuu Innbca-Anbaepa 1-dpenun6yr-2-en-3-tuona (R = H; R' = Me; R? = Ph)
u 2-(N-mpponuanHni)nenT-2-ed-4-tnona (R = N-muppomupuunn; R!, R? = Me) ¢ cummer-
PUYHBIMK eHODUIAMU, MMEIOIIVMI KaK JJOHOPHBIE, TaK I aKIe[ITOPHbIE 3aMeCTUTEI C Iie-
NIbI0  OLIEHKM BO3MOXXHOCTM TpOTeKaHusi peakuuu [unbca-Anbpepa 2-(N-nupponmamn-
HUJT)TIEHT-2-eH-4-TUOHA C 9/IeKTPOHOM30BITOYHBIMU [YIEHODIUTAMIA.

OcHOBHasA 4acTh

[l MofempOBaHIA MOJIEKY/T BCeX COeIMHEHNI U peaKIVIOHHBIX ITyTell HaMu ObUT IIpy-
MeHeH IoTyaMImpudeckuit Mmetog AMI [8, 9], obmamaromuii OCTATOYHO BBICOKOII CTETIEHBIO
TOYHOCTYV ONTVMMU3ALNI T€OMETPUM TPV OTHOCUTETBHO HEBBICOKUX TPeOOBaHNAX K BBIUVIC/IN-
TeJIbHON MOIIHOCTY KoMIibioTepa [10, 11], Bce KBAHTOBO-XMMUYECKIE PACUeThl OBUIN BBITIO-
HeHBI ¢ noMol1nblo nporpammel MOPAC 2016.

B HepmaBHelt pabore [12] 6pu10 mokasaHo, 4To peakuus uiabca-Anbaepa 1,3-mgude-
HIIIIPON-2-eH- 1-TMOHA ¢ HeCMMMeTPUYHBIMU AVeHO(P1IaMn MOXKeT ObITh OXapaKTepr30BaHa
9HepIYAMM I'PaHMYHBIX OpONUTael fueHa u fueHodua. IIockonbKy momydeHHbIe pe3yIbTaThl
XOPOILIO COTJIACYIOTCA € SKCIIEPUMEHTA/IbHBIMI JAHHBIMM, JIS1 OL€HKM BO3MOKHOCTM IIPOTe-
KaHys peakunu [Inabca-Anbaepa 1-¢pernnoyr-2-eH-3-1noHa u 2-(N-IMppONIUANHIII)IeHT-2-
eH-4-TIMOHA C Pa3IMIHBIMMI JUeHOPVIaMI HaMM ObUIV pacCMOTPEHBI /iBe aHAJOTMYHBIE peak-
IIVIOHHBbIE Cepuu i1 0OOUX AVIEHOB U PAacCYMTAHBI SHEPTUM aKTUBALMY KKION peakuuim, a
taxoke pasHocTy sHepruit HCMO puenodmna u B3MO nuena. [TonyuenHble 3HaueHNs IpVBe-
IeHbl B Tabuie 1.

Tabnuna 1. PacyerHble 3sHayeHus sHeprum aktusauyu E, u pasHoctu sHepruit HCMO pguenodwmna u B3MO

mueHa AE
Huven Iuenodun E,, x]I>x/Monb AE, 5B
3 0= O~ 0
22,92 6,928
Ph/\/u\lvle \V\J
S
MeOOC COOMe
\—01/ 56,87 7,949
Ph/\/u\lvle
S
84,68 9,830
Ph/\/u\lvle @
i @
107,1 9,874
Ph/\/u\lvle
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Huven Iuenodun E,, x]I>x/Monb AE, 3B

@)
S OVO 18,40 6,171

Me

Zza

&

MeOOC COOMe
)\/lSJ\ \__/ 58,42 7,192
Me X Me
N S 77,48 9,073
Me)\/U\Me
N S 100,3 9,117

e

Me Me

/13 jaHHBIX TaOMMIIBI BUIHO, YTO HaMOO/IbINNe 3HAUCHI SHEPTUIT aKTUBALUY I pa3HoO-
creit snepruit HCMO nuenoduna n B3MO pyena HabmogaoTcsa B CIy4asx 91eKTPOHON30BI-
TOYHBIX AMeHOPWIOB (HOPOOpHEHa ¥ IMK/IOreKCeHa), B TO BpeMs Kak JyIs 3/IeKTpoHozxedu-
IUTHBIX IMeHOPIIOB (MaJIeHOBOTO aHTUAPUAA U JUMETIIMaNeaTa) CUTyalysa IpOTUBOIO-
noxxHas. Taxxe /1A 06eMX peaKLMOHHBIX Cepyil O4eBUIHA CUMOATHOCTD MEXJY SHepIUAMU
aKTVBAIMM U PAa3HOCTAMI SHEPTUI I'PAaHNYHBIX MOJIEKY/APHBIX opOuTaneir. Takas kapTuHa
yKa3bIBaeT Ha IpsAMbIe 3/IeKTPOHHBIE TPeOOBaHA HaHHON peaKIUIL.

CoracHo 9KCIIepyMeHTaTbHbIM JJAaHHBIM [2] peakuus 1-dernnoOyr-2-eH-3-TrOHa ULET C
5-HOpOOpHeH-2,3-AnKapOOHOBOI KICIOTOM 2, B TO BpeMs KaK € 5-1[MKIOTeKCeHeH-2,3-I1Kap-

OOHOBOII KVICTIOTOT 3 B3aMMOJIEICTBUSA Y>Ke He IPOMUCXOAuT (puc. 2):

COOH Ph
[<:]i 2 COOH
COOH |

Ph > Me” S COOH
- | COOH Ph
[i:I: 3 COOH
Me™ =S COOH |
> Me” S COOH

Puc. 2. Peakunu 1-¢pennnbyr-2-en-3-tuona ¢ 5-HopbopHeH-2,3-AUKapOOHOBOII U 5-IMK/IOTeKCeHeH-2,3-AnKap-
6OHOBOI KMCIOTAMMI

C 3TUM 3KCIIepMMEHTaIbHBIM Pe3y/IbTaTOM XOPOIIO COITIACYIOTCA MOBbIIIEHHbIE 3HAYe-
HIIS1 9HEPIUI aKTVBALMY PeaKLMil TeTEPOAVEHOB C LIMKIOTeKCEHOM, 110 CPAaBHEHUIO C SHEPIH-
AMU I HopOopHeHa. B To ske BpeMsA He3HauNTe/IbHbIE paslindna B Pa3HOCTV SHEpruil rpa-
HIYHBIX OpOMTasIell IS MKIOTeKCeHa ¥ HopOopHeHa ¢ 1-peHnnoyT-2-eH-3-TMOHOM He 00'b-
ACHAIOT 9KCIIepUMEHTATbHbIE JaHHDIE, YTO YKa3bIBaeT HA B/IMAHNE CTEPUIECKOTo aKkTopa, mo-
BBILIAIOLIETO 9HEPIUIO IIEPEXOJHOTO COCTOSHUS J/IL PEAKIIVM C IIMK/IOTeKCEHOM.

Y4uThIBasA 9KCIEPMMEHTA/IbHO NOKa3aHHYK BO3MOXKHOCTDb PeaKIVM 3TeKTpOHOmed-
IVITHBIX AMeHOQWIOB M JiMeHODUIOB HOPOOpHEHOBOro pspma ¢ 1-¢peHmnbyr-2-eH-3-THO-
HOM [2], MO>XXHO CZie/IaTh BBIBOJ, O IIPVMHIVIINMATbHOI BO3SMOXXHOCTY IIPOTEKAHNA aHAIOTTYHBIX
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peakumit u ¢ 2-(N-IMppOIVIHIII) IeHT-2-eH-4-TMOHOM, ITOCKOJIBKY B CTy4asiX 00OMX [UeHOB
JUIsI COOTBETCTBEHHBIX IIAp AMeH-AMeHOIT IOTydeHbl O/IMM3KIe 9HepreTudecKye XapaKkTepu-
CTUKI.

BrIBOABI M peKOMeHJAN

ITo pesynbpTaTaM aHaMM3a BEIMYMH SHEPTUIT aKTUBauuy 1 pasHoctu sHepruit HCMO pu-
eHo¢wmna 1 B3AMO nnena pis peakyu [Iunbca- Anbiepa CMMMETPUYHBIX AVIeHOPIIIOB ¢ 1-de-
HUIOYT-2-eH-3-TUOHOM U 2-(N-IMPPONMUAVHNAT)IEHT-2-eH-4-TUOHOM, IOTyYeHHBIX METOLOM
AM]1, mokasaHo, YTO JJaHHAs peakuys oOIafiaeT IPSAMBIMYU 3JIEKTPOHHBIMM TPEOOBAHUAMI.
[TonyueHHbIe 3HAUEHM S TOKA3bIBAIOT IPVHINIINAILHYI0 BO3MOXKHOCTD peakuyn 2-(N-nppo-
NVIVIHWI)TIEHT-2-eH-4-THOHAa C 3/1eKTpoHOoAepUUMTHBIMU ueHOGMIaMu ¥ AvieHodpuIamMm
HOPOOPHEHOBOTO psifia. 3HAUMUTEIbHOE Pas3/iMyyie B PeaKIIOHHON CIIOCOOHOCTI I1eHO(UIOB
HOPOOPHEHOBOTO I IIVIKIIOTEKCEHOBOTO PAIOB C &, 3-HeIpeie/IbHBIMI TYOKapOOHVIIbHBIMM CO-
eVIHEHVSIMI, [I0-BUAVMOMY, OOYCTIOB/IEHO BIVISHMEM CTepUIecKoro ¢axkropa.
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Kntouesvie cnosa: Paspaboman Hoewill cnocob nonyueHus 4-apun-6-2an0zeHxXuHaso-
mpancopmayus, 5-zanozen-3-apun-2,1-  1uHos mpamcopmayueii 5-zanoeen-3-apun-2,1-6eH3u30kcasonos
6eH3U30KCA30TbL, YPOMPONUH, 4-apun-6-  Npu 63AUMO0ELCNBUL UX C YPOMPONUHOM 6 cpede nONUPochopHOLL
2a7102eHXUHA30TUHDL KUCTIOMbL.

BBengenue

ITocTosAAHHO BO3pacTalOLINII MHTepec MCCIeoBaTeneil K 2,1-6eH3M30Kca30/1aM CBSA3aH He
TOJIBKO C MX PasHOOOpPa3HOI OMOIOrNYeCcKOl aKTUBHOCTBIO [1, 2], HO U ¢ UX CIIOCOOHOCTBIO
BBICTYIIaTh B Ka4eCTBE MHOTOIUIAHOBBIX CUHTOHOB TOHKOTO OPTaHIYeCKOTO CUHTEe3a, ITOJTyIIPO-
IYKTOB B IIPOM3BOJICTBE MOHOMEPOB 1 OV0aKTUBHBIX BellecTs [3-10].

Xummdeckue npeBpaiieHns 2,1-6eH3130Kca30/10B BKIOYAOT B ce0s MPOIeCChl, IPOTe-
Kalolye KaK ¢ COXpaHeHNeM aHTPAaHMWIOBOTO IMKIa [13, 14], Tak ¥ peakumm C pacKpbITEM
reTepoLMK/Ia, YaCTO CONPOBOKAAIOLINECS aHHE/IVPOBAHUEM C IPYTYIMM F€TePOLVIKINIECKIIMU
¢parmentamu [15, 16]. B cBsi3u ¢ 3TM pa3paboTka HOBBIX METOROB TpaHchopMannmit 2,1-6eH-
3M30KCa30/I0B SAB/IAETCA aKTya/IbHO 3a/iavdeit.

C uenbio M3y4yeHMs peaKIMOHHOI CIIOCOOHOCTY U ImyTelt MoayuduKanym 2,1-6eH3n30Kc-
a307I10B HaMM OBbIIO MCCTIEJOBAHO VX B3aMMOJEIICTBYIE C ypOoTponMHOM. [Ipy aToM Hamu Briep-
BbIe OBUIO YCTAHOBJIEHO, YTO peaKLuy 5-rajoreH-3-deHnsn-2,1-6eH3130Kca30/10B ¢ ypOTPOIN-
HOM B cpefie 10n¢pochOpPHOI KUCTOTHI IPOTEKAIOT ¢ 0OpasoBaHyeM 4-peHn-6-raloreHxn-

Ha30/IMHOB I10 CIIE[YIOLIEN CXEMeE:

N N N
=\ MK N
— o + '\V > ﬁ
X ——N N
LN/ X
1a-c 2a-c

a-X=Cl; b - X=Br; c- X=I

CTpyKTypbl IO/Ty4Y€HHBIX COEJMHEHNII ITO/ITBEP>K/IEHBI KOMIIZIEKCOM METO/JOB aHa/IN3a I
CpPaBHEHMEM IIOTYYE€HHBIX SKCIEPVMEHTAJIbHBIX IapaMEeTPOB C JIUTEPATYPHBIMU JaHHBIMU

[17]. Jlnma Bcex BBIiE/IEHHBIX IPOAYKTOB MAaCC-CIIEKTPBI OTIMYAIOTCA OT MAcC-CIIeKTPOB
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VICXOZIHBIX 2,1-6€H3130KCa30/10B 1 XOPOIIO COI/IACYIOTCA CO CTPYKTypaMu 4-peHn-6-ranoreH-
X1Ha30MMHOB. OCHOBHbBIE CUTHAJBI B MAacC-CIIEKTpaX IIOJyY€HHBIX COEINVHEHMII COOTBET-
CTBYIOT MOJIEKY/IIPHOMY MOHY U parMeHTy ockono4Horo uona [M-Hal]* (m/z 205). B VK-
CIIeKTpax HaOJII0JaI0TCs ITOJI0CHI nornolenus cBsaseit C=N B o6mactu 1664-1670 cm'. B IMP
'H cnexTpax MpUCYTCTBYIOT TONBKO CUTHA/IbI APOMAaTUYECKUX IIPOTOHOB XMHA30IMHOBOTO I
¢dennnbHOro QpparmeHToB B obmactu 7.20-8.30 m.j. VIHTerpanbHble BeIMUMHBI U XapaKTep
CIIVH-CIMHOBOTO B3aMMOJEVICTBIUA CUTHATIOB IMPOTOHOB B crekTpax IMP 'H n xommdectso
CUTHAJIOB aTOMOB yr7iepofia B criekTpax IMP C ns nony4yeHHBIX cOeAMHEHMI OHO3HAYHO
YKa3bIBalOT Ha oOpa3oBaHMe B peakuuy 4-QeHnn-6-raToreHxnHa3onmHoB. [lomydeHHble co-
eVHEHM OTHOCATCS K KJIACCy XMHA30/IMHOB, OM0TOTIYecKas akKTMBHOCTb KOTOPBIX MIMPOKO
usydeHa [18].

XOoTA [leTa/IbHBIM MEXaHM3M PeaKIy He ACEH Ha JJaHHbII MOMEHT, BEPOATHOE IIpeBpa-

meHye 2,1-6eH3130KCa30/10B B XMHA30/IMHBI 3aK/TI09AETCA B CNIEAYIOLIEi IIOCTIeJ0BATeTbHOCTI

CTaiuin:
Ph Ph
H O#

N * |+K> H /\()\Q X H — C+
2 o= T A
AN LN LN AFN(\\//NH =/ X

+“>NH A~ l

~\ NH

N\ OH <NV Ph
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BsanmopeiictBue ¢ yporpormmaoM B [IOK HekoTOpbIX Apyrux mpousBopgHbIX 2.1-6eH-
3M30KCa3071a, TAKUX KakK 5-6poM-3-(4-xmopdennn)-2,1-6en3nsokcason, 5-xmop-3-(3,4-gume-
tTokcudenmn)-2,1-6ensusokcason,  5-[3’(3”denun-2",1”-6ensusokcazon-5"-mmoxkcu)de-
HOKCH]-3-benn-2,1-6eH3nsokcason, 3-bernn-2,1-6eH3n30Kca30/1-5-KapOanbaerny, OKCH-
6uc-3-benn-2,1-6eH3n30Kca30i1, TO-6uc-3-pennn-2,1-6eH3n30Kca3o01, MPOTEKaeT He CTOIb
OJJHO3HAYHO U IPUBOAUT K 00Pa30BaHNIO aTbTePHATUBHBIX IPOAYKTOB, HEPa3/le/IMMBIX CMe-

cell BeIeCTB WM K BBIJE/IEHUI0O MCXOMHBIX coeauHeHnit. Vicmonb3oBaHMe BMeECTO
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nom1¢pochOpHOI KUCIOTEI IPYTUX PACTBOPUTEIIEN MM KUCTIOT TaKKe He IPUBOANT K 06paso-

BaHIIO COOTBETCTBYIOIINX XMHA30/ITHOB.
IKCIepUMeHTAaIbHAs 9aCTh

VK-cnexTpnl 3amuceiBamy Ha npubope mapkm Perkin Elmer Spectrum 65 FT-IR
Spectrometer Ha mpucraBke Universal ATR Sampling Accessory merogom HIIBO. Crektps
SIMP perucrpuposanu Ha npubope «Varian XL-400» s pactBopos B JIMCO-ds pu 25 °C.
B xauecTBe 9Ta/IOHa /IS OTCYETA XMMUIECKMX CABUTOB ObIIY BHIOPAHBI CUTHAIBI OCTATOYHBIX
npotoHoB pactBoputens B SIMP 'H (012,50 m.j.) wu B IMP “C (8¢ 39,5 M.A1.), B KauecTBe
MapKepa UCIIO/Ib30Ba/IM CUTHAJ TeTpaMeTICUIaHa. Macc-CIIeKTphl 3alMChIBaIi Ha XpOMaTO-
Mmacc-cnekTpoMetpe Perkin Elmer Clarus 680 (GC) + Clarus SQ 8T (MC), ¢ ucnonp3zoBaHmeM
KamursapHot Komouky ELITE-5ms 30mx0.25 mmx0.25 um. [Tpo6a pactBopsnace 8 IMOA
U BBOZIW/IACh B XpOMATOrpad B PyYHOM pexxnMe 00beMOoM 1 MKJI, fiefieHVe TI0TOKA COCTABIIATIO
1:30, Tumxeropa = 230-280 °C, ckopocThb rasa-HOCUTeNA 1 MJI/MUH., Fa3-HOCUTENIb — TNl «X.d.».
B xonoHke nogiepKuBanach remneparypa B uarepsaie 200-220 °C. Cuta MOHM3MPYIOLIETo yaapa
coctaBsiia 70 eV. JmeMeHTHBI aHanu3 mpoBoawics Ha npubope Perkin Elmer 2400. Temme-
paTypy IUIaBJIeHNA OIIpefie/LA/IN Ha allapaTe [JiA ONpefie/leHNa TOUYKM IUIaB/IeHNA U KUIIeHVA
Biichi M-560.

O6mmas MeToauKa cuHTe3a coenyHenmit 2 (a-c). K pacrBopy 1 mmonb coepyuenus 1 (a-c)
B 10 r nomidocdopHOiT KMUCIOTHI JOOABIAIM 5 MMO/Ib YPOTPOIIMHA. PeaklMOHHYI0 Maccy
HarpeBaiu npu Temrnepatype 80-100 °C B Teuenue 4-8 4. KOHTpo/Ib 3a IpOTeKaHMEM peaKL
ocymectssim MerofoM TCX Ha mwnactunax Silufol UV-254, amoeHT X10podopM — MeTaHON
10:1. IIposiBnenne xpomaTorpaMm ocyiectssanyu B Y -csere. [1o OKoHYaHMYM peaknu copiep-
XKVIMOe KOJIOBI BBIINBAIM B CTAKaH C JeCATUKPATHBIM M30BITKOM XOJIIOZHON BOJBI CO JIbIOM.
O6pasoBaBmMiicss KPUCTA/UINIECKNIT OCafOK OT(UIbTPOBBIBAIY, NEePEKPUCTA/UIVI30BbIBAIIN

U3 3TUIOBOTO CIIMPTa M CyLINM/IN Ha BO3JyXe.

4-dennn-6-xnopxuHa3onuH (2a)

Cepprit mopoox 190 mr (79%), T.11. 124-127 °C. VIK (Umax, cM™): 1668 (C=N), 1600 (Ar),
1536, MS (EL, 70 eV): m/z (%): 240 [M]* (49), 239 [M-H]* (100), 205 [M-CI]* (97), 177 [M-CI-
N.]* (16), 75 (21). '"H NMR (400 MHz, DMSO-d;) 6 ppm 7.59-7.63 (M, 3 H), 7.75-7.79 (m, 2 H),
7.85-7.87 (m, 1 H), 8.07-8.13 (M, 2 H), 9.38 (¢, 1 H). *C NMR (126 MHz, DMSO-ds) § (ppm):
123.8, 125.9, 128.9, 130.0, 130.5, 130.7, 133.6, 134.8, 136.6, 149.6, 154.9, 167.9. Haipgeno, %:
C, 69.63; H, 3.88; N, 11.61. C1sHyCIN,. Boruncnesno, %: C, 69.86; H, 3.77; N, 11.64.

6-6poM-4-dennnxunasonux (2b)

Kopnunesartsiit nopomrok 193 mr (68%), T.mwn. 129-132 °C. VIK (Vmax, cM™): 1670 (C=N),
1596 (Ar), 1520. MS (EI, 70 eV): m/z (%): 285 [M]* (98), 205 [M-Br]* (100), 177 [M-Br-N,]*
(14), 75 (24). 'H NMR (400 MHz, DMSO-ds) & (ppm): 7.58-7.62 (M, 3H), 7.74-7.79 (m, 2H),
7.96-8.0 (m, 2H), 8.28 (m, 1H, J=1.2 T'n), 9.39 (¢, 1H). *C NMR (126 MHz, DMSO-ds)
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§ (ppm): 121.7, 124.2, 128.9, 129.2, 129.9, 130.5, 130.7, 136.5, 137.3, 149.8, 154.9, 167.6.
Haiineno, %: C 58.88; H 3.28; N 9.86. C1sHoBrN,. Beruncneno, %: C, 58.97; H, 3.18; N, 9.82.

6-11o1-4-pennnxnuazonut (2c)

Kopuunesartsbiit mopomok 203 mr (61%), 1.1 125-128 °C. VIK (Umax, cM™'): 1664 (C=N),
1594 (Ar), 1531. MS (EL 70 eV): m/z (%): 332 [M]* (96), 205 [M-I]* (100), 177 [M-I-N,]* (21),
151 [M-I-N»-C,H,]* (18), 128 (17), 75 (26).'H NMR (400 MHz, DMSO-d6) & (ppm): 7.58-7.63
(M, 3H), 7.75-7.78 (m, 2H), 7.85(n, 1H, J=8.8 1), 8.15 (1, 1H, J=8.8 T, J=2.2 T'rr), 8.49 (1, 1H,
J=2.2Tu),9.39 (c, 1H). *C NMR (126 MHz, DMSO-ds) 8 (ppm): 93.3, 124.8, 129.0, 130.0, 130.5,
130.8, 135.9, 136.7, 142.6, 150.3, 155.1, 167.3. Hanpeno, %: C 50.76; H 2.84; N, 8.49. C;sHsIN,.
Beruncieno, %: C 50.63; H 2.73; N 8.43.
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Paccmompervt ocHoBHbLe npoyecchl, Npomexarujue 6 1a60pamMopHoM peakmope npu
nnasmoxumudeckoil o6pabomxe apcenuoa annusi (GaAs) 6 nnasme xnopa. Ioxasano,
umo npu makoii 06pabomke GaAs ponv XUMU4ecKUXx Npoueccos oxasvieaem cyuije-
CMeeHHOe 6NUAHUE KAK HA NPOUECCbl IMPABIEHUS 91020 NOTYNPOBOOHUKOB020 MAtHe-
puana, max u Ha cmaduu GoPMUPOBAHUT CIMAUUOHAPHOU KOHUEHMPAUUU X0Pa 6
peaxmope, AmomvL KOMOPO20 8bICYNAIOM 8 KAUeCEe OCHOBHOU XUMUYECKU aKMUE-
Hoti wacmuyvt (XAY) npu mpasnenuu GaAs. CosmecmHo ¢ npoyeccamu 06pazosaHus
armomos X710pa 6 peakmope, paccMampusaomcs Gusuueckie nPoueccol ux emepo-
2eHHOTL PeKOMOUHAUUU HA 6HYMPeEHHET N06EPXHOCU CIEKTAHHO20 Peakmopa U HA
obpasuax GaAs. B pabome skchepumeHmanvHo nokasamo, ymo 6e3 yuema crmaout
2emepozenHoll PeKOMOUHAUUY ANOMOB XTI0PA HA NOBEPXHOCHIAX, 02PAHUHUBAIOULUX
30HY NIA3MbI, KOHCMAHMbL CKOPOCMELl NPOUeccos XUmMu4eckozo 63aumooeiicrneus
amomos xnopa ¢ GaAs okasvleamcs 3asviuienHvimu. Tpasnerue apceHuda eanus
BLINOTIHATIOCH 8 NPOMOUHOM PeaKmope NpuU Masblx CKOPOCMAX UCeHeHUsS NLA3MO00-
pasyioujezo 2aza u npu nooOepuarHul 00uLezo 0aneHUs HA NOCMOSHHOM ypoeHe. s
OuazHOCMU4ecKUX uesneti U IKCHePUMEHMAbHO20 OnpedeneHuss KOHCAHM CKopo-
creil uenesblx npoueccos Oviia UCNONL306AHA PeNAKCAUUOHHAL UMNYTbCHAS Memo-
OUKA, NO360NIAIOULAT UCCTIE008ATNb NPOUECCHL XUMUHECKOLL U 2emepozeHHOTE pekomOu-
Hayuu XAY HenocpedcmeeHHo 6 30He NOOHUMENLHO20 CHOIOA Mleluezo paspsaoa
8 x710pe.

BBenenne

B HacToAllee BpeMA XMMIMYECKasA IIPOMbBIIIIJIEHHOCTDb TOCTUTI/Ia BBICOKMX oKasaTenen B

VICIIO/Ib30BaHUY, Moiudukanyum 1 nepepaboTKe caMoro pasHOOOPA3HOTO CHIPbS ¥ MaTepua-

noB. [loObIBatomas 1 mepepabaThIBaOIye OTPACIN 00Pa3yIOT eMHbIEe CYCTEMBI CHa0>KeHVs

IIPpOMBINIIEHHBIX HpeﬂHpI/IHTI/IIU/I CbIpbEM, a JIETKasA IMPOMBIINIIEHHOCTDh JAaBHO OCBOW/IA HINPO-

Janmmn CIIEKTP MaTE€pUaoB OJIA ueneﬁ[ HacCbIII€HNA pbIHKA TOBapaMm [AJIA O6I.LICCTBCHHOI‘O

norpe6ierya. OTHOBpeMEHHO C 9TVM Ha PbIHKe IIPOM3BOJICTBA BCe OOJIBIIYIO OO HAYMHAIOT

3aHMMaTb U3nenys € 3aliporpaMMNPOBaHHbIMU cBoiictBamn. IlosaBnsaoTcs MaTepuaibl, MEHA-

IOIIJIe CBOV XapaKTEePUCTUKM B 3aBUCHMOCTY OT BHEIIHNX IapaMeTpoB. Bce Oomble phIHOK
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3aIIOJTHAIOT 9/7IeKTPOHHBIE YCTPOIICTBA, 00beIUHAIONIVE B cebe He TONbKO pas/InyHble CpelCcTBa
0061IeHNA ¥ KOMMYHUKAIINIL, HO I COBpeMeHHbIe JOCTVDKEHNA B 00/1acTAX MHPOPMAIVIOHHBIX
TEXHOJIOTHI, @ TAK)Ke COBMECTHOE VCIIO/Ib30BaHVe Pa3HOOOPa3HBIX MHPOPMAIVIOHHBIX U CIIe-
IVIaM3MPOBAHHBIX 6a3 JaHHBIX. Bce 9TO cTaHOBUTCA BO3MOXXHBIM TOJIBKO O/1arofiapsi COBMeCT-
HBIM YCWIVAM PaslIMYHbIX HayK: pusuky, MaTeMaTuku, KubepHetuku u xumuu. Kpome Toro,
XMMUA Y XMMIYECKasA TEXHONIOTMA BBICTYIIAIOT B Ka4€CTBE CBA3YIOIETO 3B€HA IPU CO3JaHUN
HOBBIX MaTEPUAJIOB M TEXHOJIOTMII Ha X OCHOBE. [le/ICTBUTENBHO, IIEPEXO0/] Ha TaK Ha3bIBacMble
HAaHOTEXHOJIOIV) HEBO3MOJXKEH 6e3 yyeTa XMMIIECKOTO acleKTa IOIy4eHNA MaTepIanIoB ¢ UC-
NI0/Ib30BaHMEM IIPYHINIIOB CAMOOPTaHU3aIVM U1 COOPKY, pacCMaTpMBaeMbIX KaK OCHOBOIIOIA-

I‘&IOHH/II?I ACIIEKT MHHOBALIlMOHHOTO pa3BUTUS, B TOM 9MCIIE, I XUMUYECKON OoTpacin.
ITocranoBKa 3ajgaumn M OInMmca”Hue 9KCH€PI/IMCHTa}IbHOI7[ YCTaHOBKM

I3BecTHO, uTo GaAs ABJAeTCA NMePCHeKTUBHBIM MaTepuaroM IIpY M3TOTOB/IEHUN M3[ie-
I MUKPO- ¥ HAaHO3/1eKTpOHMKU. [IpudeM 3To He Tonmbko Mukpocxembl CBY-amanasonos Ha
€T0 OCHOBE, HO ¥ Pa3/IMYHbIe IATYMKI VM CEHCOPBI, IpMMEeHAeMble B pas/IN4HbIX 06acTax [1,2].
KagecTBO nx paboThI ¥ BO3MOXKHOCTM OYZYT HANIPSMYIO 3aBMCETh OT TEXHOTOTMYECKUX PEXKU-
MoB 00paboTky GaAs, HanboIee BayKHBIM 113 KOTOPBIX SIB/ISIETCS IIpolLiecc TpaBaeHus. [Ipenn-
3MIOHHOE TpaBJIeHNe KPUCTAINYeCKIX MaTepUaNoB, K KOTOPbIM OTHOCUTCS U apCeHI, Ta/lIns,
Ha IIPOM3BOJCTBE YaCTO OCYLECTB/IAETCS B IVIa3MOXMMMUYECKIX peakTopax. O6paTHOI cTOpO-
HOJI BBICOKOTO Ka4eCTBa U TOYHOCTH Pe3y/IbTaTOB 00pabOTKY SIB/IAETCA OOMbILIOE KOIMYECTBO
IapaMeTpOB Ipolecca. BayKHO NpaBUIbHO YCTAHOBUTD TOK Pa3psA/ia, JaBJIeHUe U PacXOf I1/1a3-
MooOpasyrolero rasa (B HallleM C/Iy4ae XJIopa MJIN €T0 CMeceil C MTHEPTHBIMM VI MOJIEKYJIAp-
HBIMM Ta3aMu), a TaKXKe TeMIlepaTypy obpasiia 1 razoBoit cMecu. ONTMMM3aIA KaX/oro u3
BBILIETIEPEYVIC/ICHHBIX ITapaMeTPOB ABJIACTCA OT/E/IbHON 00/1acThI0 MCCIeoBaHNA. B maHHOI
paboTe MBI YCTAaHOBIM/IM STY ITapaMeTphl ClaeayoIuM obpasom: gaBienue p = 100 [1a, Tok pas-
papa I =11 MA, pacxop masmoobpasymolneit cMecu g = 1,3 cm’/c. Temnieparypa o6pasiia Bapb-
upoBanach B auanasone T = 300-600 K. BoiOpaHHbIe 3HaYeHNS ITapaMeTPOB SABJIAITCA Hanbo-
Jlee YacTO JVCIIO/NIb3yeMbIMIU NPV IPOEKTVPOBAHUY IPOMBIIUICHHBIX YCTAaHOBOK ITOJOOHOTO
tura. Kpome Toro, pukcupoBaHue nx Ha HOCTOSSHHOM YPOBHE IIO3BO/IMIO M3y4aTh KMHETVKY
PEKOMOVHAIMOHHBIX ITPOIecCOB 6e3 y4yeTa OTIO/THUTE/IbHBIX CTeTIeHell CBOOObI CUCTEMBI.

VI3BecTHO, YTO B IIa3Me X/IOPa OCHOBHBIMU TPaBAIMMI YaCTULIAMU ApCEHMA TN
ABJIAIOTCA aTOMBI ¥ MOJIEKY/IbI X/IOpa, B3aMMOJIEIICTBYIOLIE C HUM C OMM3KMMIU BEPOATHO-
cramu [3]. VICTOYHMKOM MOJIEKYII XI0pa ABJIAETCA CaM INTa3MO00Pa3yoInii ra3, IoTyIaeMblil
HeIoCpeiCTBeHHO B BAaKYYMHOI YacT! YCTAaHOBKM Pa3/io>KeHNeM IpeiBapUTe/IbHO ITPOKajIeH-
Hoit comu CuCl,. O6pasoBaHye aTOMOB IIPOVICXOUT B pe3y/IbTaTe psja MPOLeccoB, IIOKa3aH-
HBIX B Ta6I. 1.

B ycnoBusAx ra3oBoro paspsAga IMNOHV)KEHHOTO JaB/IeH!sA KOHILEHTpaLus aTOMOB X/10pa
MOYKeT JOCTUTATh Be/IM4MH nopsanka 10'° cm™ [4]. Takoit ypoBeHb KOHIIEHTPAL[ ATOMOB yCTa-
HaB/IMBaeTCsl B pe3yabTaTe IIPOLECCOB MX obpasoBaHms u rubeny (pekoMOMHann)

(cM. Tabi1. 1), B TOM 4nMcrIe U 3a CYeT XMMMYecKoro B3anmopeiictsus ¢ GaAs. B nannoit pabore
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MBI MCIIOIb30BAIM 00Pasiibl OHOCTOPOHHE IHIIM(OBAHHBIX IIACTUH apCeHN A TA/UTNS C Iie-
JIbI0 OLIEHKM BKJIafia MPOLecCOB 7 1 9 MO CPaBHEHMIO C I[e/IeBBIM IPOLeCcCOM TpaBjeHus 10
(cm. Tabm. 1). ['mbenp aToMoB B o6'beMHee (Iporiecc 9) Mbl He YYIUTBIBA/IV BBUY €TO MaJIoii Be-

POATHOCTU B YC/IOBUAX ITIOHVDKEHHOTO HaBJICHUA.

Ta6mmma 1. ITporeccrr 06pasoBaHyst v IOV AaTOMOB X/IOpa B paspsijie OHIDKEHHOTO NaB/IeH)s B IPUCYTCTBUN

obpasuoB GaAs
IToporosas snep-
Ne ITpomnecc CxeMma nporecca IuA; KOHCTaHTa
CKOPOCTH TIpolecca
ITporeccol 06pasoBaHMs AaTOMOB XJIOpa:
I Huccoumanyst MOIeKy/ XJI0pa B pe3y/b- ClL+eosCleClee 2558
TaTe 3/1IeKTPOHHOTO yAapa
5 JucconyaTuBHOE IPUINIIAHKE 3TIEKTPO- Cl+e—s Cly - Cl+ CI 2558
HOB K MOJIEKY/IaM XJIopa
3 IuccormaTuBHas nonusanus Cl, Clb+e— Cl+CI" + 2e 15.7 3B
4 ]/[onmsuauml MoneKyun XJI0pa c nocne,uuyxo- CL + e —> Cl + 2e 11.50 5B
Ieil IOH-MOHHON peKoMOVHayel
5 VloH-MoHHas peKOMOMHALVIS ClL," + Cl— 3Cl (5-10)-10® cm®/c
6 OTpbIB 3/1eKTPOHA OT OTPUIIATETLHOTO Cl +e— Cl+2¢ 3458
MOHa XJI0pa
ITporeccst rubenrn aTOMOB X/I0pa:
7 I'eTeporeHHas peKOMOMHALMs aTOMOB Ha et 10 ¢!
CTeHKe peaKTopa a — 1/2CL
8 O6pemuas (roMoreHHast) peKOMOMHALIS Cl+ Cl + Cl, =» 2CL, 10312103 cmbc!
9 I'ereporennas peKOGI\;iI/;HaHI/IH Ha obpaslie a GiA)s 1l 10-500 ¢!
10 Xumudeckas peakiysa aroMoB ¢ GaAs Cl + GaAs — xyopupbl rajyms -
11 Xumudeckas peakuusa Monekyn ¢ GaAs Cl; + GaAs — xy0pupbl rajyms -

3ajiada OIEHKY BK/Iabl Pa3/IMYHbBIX IIPOIIECCOB PEKOMOMHAIIVIN aTOMOB X/IOpa CTajla aK-
TyaJibHa B CBeTe NPMOPUTETHBIX TEXHOJIOTMYECKMX IIOAXOM0B 0OpabOTKM MaTepuajioB Ha
aTOMHOM YpOBHe (IIpeIVI3sMIOHHasI IOBEPXHOCTHAsA 00paboTKa), IIpy KOTOPOII y4eT HEKOHTPO-
nupyemoro pacxogoBauys XAY 3a cueT peKOMOMHALIMOHHBIX ITPOLIECCOB CTAHOBUTCS Ba>KHBIM
acriekToM. C Iyroii CTOpOHBI, TOBEPXHOCTHAsA peKoMOMHauys (mpouecc 6e3 mpoTeKaHus Xu-
MIYECKOJI peaKIyi) ClocobHa, COBMECTHO C IOTOKAMI JIOHOB Ha IIOBEPXHOCTD, OTPaHNY}Ba-
IOLIYI0 30HY ITa3MbI, PEeTy/IpOBaTh KOINYIECTBO AKTUBHBIX 1[EHTPOB Ha IIOBEPXHOCTI 06pabda-
THIBAEMOT'O MaTepuaa.

BakyymHas cxeMa 9KCIIepMMEHTa/IbHO YCTAaHOBKY ITOKa3aHa Ha puc. 1.

O6paser; GaAs pacrionaraicsi Ha BHyTpeHHeN CTeHKe peakTopa. [l usMepeHus Temiie-
partypsl 06pasiia MCIoIb30BaJICS YHUBepCcanbHbIl n3MepurtenbHbiil mpubop FLUKE 289, cua6-
JKEHHBIII KaMMOPOBaHHON TepMOIIapoil. VI3MepeHus TeMIlepaTypbl IPOBOJVIINCH C BHEIIHE
CTOPOHBI peakTopa. CaM peakTop MOMeEIA/ICsA B TEPMOCTATUPYIOLee YCTPOICTBO PE3UCTHUB-
Horo tuna. [Ipu n3Mepennu TemmnepaTypsl 06pasoB ObIIO IPUHATO ONYIEHME, YTO TeMIIe-
paTypa BHELIHel CTEHK! peaKTOpa He3HAUNTEe/IbHO OT/INYAETCS OT TeMIIepaTyphl €T0 BHYTPEH-

Helt cTeHKU [5]. PeakTop 6bUT BbIIO/THEH U3 cTeKna MapKu C-49, TO/MMHa CTeHKY COCTaBIIsIa
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0,65 MM. [Iy1s1 M3y4eHMs] peKOMOVHALMOHHBIX IIPOLIECCOB B IIa3Me MCIIOIb30Ba/IaCh pelaKca-
IVIOHHAs uMIyabcHasA Meroauka (PVIM) coBMecTHO ¢ amMmccroHHOI criekTpockomnueit (IC)
(mnst ompeneneHNss KOHCTAHTBI CKOPOCTM IIPOLecca XMMMUYECKOTO B3aMMOJIEVICTBUSA aTOMOB
xnopa ¢ GaAs) u abcopbumonnoi criekrpockonueit (AC) (st onpesie/ieHNsi KOHCTaHTBI CKO-
POCTYM IpoIjecca CTEHOYHOJ peKOMOVHAILMM aTOMOB XJIopa — Ipoueccel 7 u 9, tabin. 1). Mero-
[MYecKyie BOIPOCHI peann3alyy JAaHHO MeTOVIKM IIOPOOHO paccMOTpeHBI B [6]. O6mmast 3a-
Tpy3Ka peaKTopa apCeHUIOM ra/umis He mpesbliiana 20%. [JaHHOe 06CTOATeIbCTBO OBIIO HEOO-
XOAMMO I YCTPAaHEHMsI B/IMSIHUA POAYKTOB B3anuMofeiicTByus GaAs ¢ XJIOpPOM Ha 37IeKTpPO-

(bI/ISI/I‘IeCKI/Ie IMapaMeTphblI IJIa3MBbI.

-, 6
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3
> NV

11

NTo _T_

_\ 19

Puc. 1. Cxema BakyyMHOII YaCTM 3KCIIEPYMEHTAaIbHO YCTaHOBKM: I-11 IByX- ¥ TPEXXOH0BbIe BaKyyMHbIe KPaHBI;
12 - pazbeMHOe (QIaHIleBOe COENVHEHNUe JUIA 3arpy3Kyu oOpaslioB B peakTop; 13 — MaHOMeTpudYecKas jlaMIia
IIMT-2; 14 - 6amwnoH fs miasmoobpasyouero rasa; 15 — popsakyymusiit Hacoc BH-461; 16 — U-o6pasHslit Mac-
JAHBII MaHOMeTp; 17 — U-00pasHblil Mac/LSIHbI PEOMETp /s U3MepeHMs pacxofa rasa; 18 — KanuOpoBaHHBII
KaIlUIApP JiIA KOHTPOJA pacxofa rasa; 19 — meub yiA HarpepanuA ammynsl ¢ CuCl, [ia momydeHns 4mcToro
x710pa; 20 — JATYMK U3MEPEHNS TeMIIEPATYPhI

Ba>kHO OTMETUTD, YTO B IIpoLiecce IKCIEPUMEHTOB, OCOOEHHO TPV HUSKUX TeMIlepaTy-
pax, KOIjja IeTy4ecTb IPOAYKTOB B3auMoeiicTBus GaAs ¢ XJIOpOM OKasbIBaIaCh HOCTATOUYHO
HU3KOJ, TIOBEPXHOCTh OOpasija MOIJIa 3arps3HATHCSA XmopupaMu. JToT GakT HeOoOXOAVMO
OBbIIO YYMTHIBATh IPYU IVIAHMPOBAHMUM IKCIIEPUMEHTOB. I109TOMY BpeMs Ka>KHOTo 3KCIepu-
MeHTa IIPOfIO/KAIOCh He 6oree 10 c. 3a 3TO BpeMs IpM BCeX TeMIlepaTypax 3arpsisHeHue 06-
pasua xjopugaMu 6bUI0 MMHMMAIbHO. TeM He MeHee, KaKfas odepefHas MapTus 9KCIepu-
MEHTOB HauMHa/IaCh C OYMCTKM BHYTPEHHEN CTEHKU peaktopa M 06pas3uos. CTEK/IAHHbIN pe-
aKTOP OYVILJA/IN, IIPOTHUPAs €r0 IIABUKOBOII KUCTIOTOM, 3aTeM AVMCTUUIMPOBAHHON BOROI U B
KOHIJe alleTOHOM, C IIe/IbI0 OCYIIKN. KpuTepyeM 4icTOThI BHyTPEHHEI CTEHKI peaKTopa sABIsA-
JIOCh CTaOMIIbHOE BOCIIPOM3BeIeH)e KOHCTAaHTbI CKOPOCTH IIPOLiecca reTepOreHHOI peKoMOM-
naym (k?) aTomoB x10pa Ha MOMM6IEHOBOM CTeKiTe Ha ypoBHe kY = 10-14 ¢! (BepoATHOCTD
mporecca ;) = 8-10*) mpu KOMHaTHOI1 Temmepatype [7].
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Pe3ynbTaThl M UX 06Cy)KaeHMe

Crnenndnxa mwasmsl X10pa Kak JOCTaTOYHO IIPOCTOI IIa3MOOOpasyIolleil cpefibl 3a-
K/TI0YAeTCA B TOM, YTO B HEll MOXKHO HE3aBIMCHMO J3y4aTh IPOLIECCHI TeTePOTEHHOI peKOMOM-
HaIlMJ aTOMOB X/IOPA ¥ XMMMYECKOTO B3aMIMOJIEVICTBUSA ATOMOB XJIOpa C pas/IMIHBIMI 00pas-
1aMu, B ToM 4ncie 1 GaAs Bo BpeMs Nay3bl MEXXJY UMITy/IbcaMyl TOKa. ATOMBI XJIOpa pacxo-
IYIOTCSI B OCHOBHOM Ha 00pa3oBaHMe IPOAYKTOB B3alMOZENICTBUA (X/IOPUIOB), obecrieunBas
npoliecc TpasieHuA. YeM BbIllle KOHI[EHTPALMA aTOMOB XJIOpa B peakTope, TeM 0oJIblie CKO-
pocTb nponecca 10 u Bbilre 3QpPeKTUBHOCTD ITa3MEHHOI 00pabOTKM MaTepuanoB. 3aMeTuM,
YTO aTOMBI XJIOpa 00pa3yIOTCS BO BpeMs rOpeHus: paspsga (mporeccs! 1-6) 1 JOCTUTAIOT CTa-
LMOHAPHOM KOHLeHTpauuu 3a BpeMs nopsAaka 0.3-0.7 c. Hanporus, npouneccel 7-9 crout
paccMaTpuBaTh KaK Helle/leBble, TaK KaK UX eINHCTBEHHBIM pe3y/IbTaTOM ABJIAETCA YOBUIb (pe-
KOMOWHAIV) aTOMOB X/Iopa ¢ obpasoBaHueM ucxogHoit Mojekynsl Cl,. Takum obpasom, ntas-
MoxummyecKas 06pabotrka GaAs 6yzneT appeKkTuBHA TOIBKO B C/Iydae Majoro BKIaja Ipolec-
coB 7-9.

YdecTp BKIQJ, KaXJAOTO M3 IEPEYNC/IEHHBIX BBIIIe PEeKOMOVHALMOHHBIX IIPOLIECCOB
MOXKHO IIyTeM O00pabOTKM 3KCIEpUMEHTA/NbHBIX KMHETUYECKUX 3aBMCUMOCTEN (BpeMeHHBIX
3aBJMCUMOCTE}l M3MeHEeHUs KOHIIEHTPAIUIl aTOMOB WM MOJeKyl xopa). OHU IOTydannch
Hamu nipu peamsanuy PVIM, ncnosnp3sys npy 9STOM BO3MOXKHOCTY SMVCCHOHHO 1 abcopouy-
OHHOII criekTpockormu. KommuecTBeHHON OLleHKOM 3P GeKTUBHOCTI IPOLecca MOXKET CIIy-
JKUTh KOHCTaHTa CKOPOCTU. B Hamem ciyyae guarHoctupoBaHue mpouecca 10 mpoucxonmuno
TI0 VI3/Ty9€HII0 aTOMapHOT0 X/Iopa Ha IlepeffHeM PpOHTe UMITy/Ibca TOKa (I/ITHA BOIHBI U3JTy-
wenus 452.6 um, epexon Sp° ps, > 4s° p,,, ). [Ipu 3T0M, 06pabaThiBasi cepiuio IKCEPUMEHTOB

(PMIM n 9C), MBI IONy4any CIeKTpaJbHble KMHETIYeCK/e 3aBUCYMOCTH, OTpaXKalollye Bpe-
MEHHOJI X0 KOHI[eHTPAIlJ aTOMOB XJI0pa B peakTope. Ec/y ObI rereporenHasi pekoMOMHas
aTOMOB XJIOpa Ha ITIOBEPXHOCTSX, OTPAHNYVBAIOLINX 30HY ITa3Mbl, ObIa IpeHeOPeXXMO Maa,
TO KOHCTAHTA4, IIOTy4YeHHas Ipyu 006paboTKe 3TOV KMHETNIEeCKON 3aBUCUMOCTH, COOTBETCTBO-
Basla IyrHamuKe nporecca 10. C uenbio onpenenenus 3pPpeKTMBHOCTY reTepOreHHOI peKOM-
OMHALMM MBI TAaK)Xe 3KVUTAIM Paspsij] B MMITY/IbCHOM pexxume, peanusyst PVIM, Ho coBMecTHO
cAC.

IKCIIepMMEHTa/IbHbIE 3aBYICMMOCTY MHTEHCMBHOCTY M3/Ty4€HNA aTOMapHOTO XJI0pa /K-
HeapM30BAINCh B KOOPAMHATAX:

In(Z,/1) = f(t), (1)

rze Iy u I oTHOCUTeNbHBIE MHTeHCUBHOCTY M3mydeHus Cl (452.6 Hm), t — BpeMsL.
HopMmunpoBaHHas MHTEHCMBHOCTD IPOLIEALIETO [i; Yepe3 PEaKTOp C IIa3MOI U3TyIeHNA
namisl [JJ]C-30 ommchiBamach 3aBUCUMOCTbIO

1

tr

o (2)

b

r7ie k; - KOHCTaHTa CKOPOCTM IIPOIecca reTepOTeHHOI peKOMOMHAINY AaTOMOB B II/Ia3Me X/Iopa.
KoHcraHTa cKOpOCTHM TIpoIiecca, OIMVChIBaeMOTO BeIpakeHueM (1), monmy4yaercsa Kak TaH-
TeHC yT/Ia HaK/I0Ha 3TOJ 9KCIepUMEHTA/IbHOI 3aBUCYMOCTH.
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B obuieM ciydae BepOsATHOCTD NPOLIECCOB TeTEPOTeHHON peKOMOMHALIMY aTOMOB XJI0pa
Ha GaAs 11 Ha CTEK/IIHHOJ CTEHKE PeaKTOPa MOXKET 0Ka3aThCsl pa3/IMYHOMN U reTepOreHHas CTa-
v peKOMOVHAIY aATOMOB XJIOpa Ha MaTepuasaX, OTPaHNYMBAIOLINX 30HY IUIa3MBbl, I0/DKHA
OIMCBIBATBCA ABYMS IpoleccaMy — 7 U 9, COOTBETCTBEHHO (cM. Tabi. 1). B paMkax jaHHON
PabOThI MBI yYTEM BKIaIbl 000MX 9TVX [IBYX IIPOIIECCOB ITyTeM COCTaBJIeHMA 6aTaHCHOTO YpaB-
HEH, 3allMICAHHOTO JIJIs1 30HBI IIOJIOXKITE/IBHOTO CTOJI0A T/ICIOIIEro pa3psifia B XJIOpe B Iayse
MEX/y MMITy/IbCAMM TOKa:

k%S, = k*(GaAs)- S(GaAs) + k% (Gl)- S(GI), 3)

rie k¥ - akcmeprMeHTanbHO PUKCHpPyeMas KOHCTaHTa CKOPOCTH IIPOILfecca reTepOreHHo pe-
KOMOMHAIMJ aTOMOB X/IOpa Ha MaTepuasax, OTPAaHNIMBAIONINX 30HY IUIa3Mbl; Sy — IJIOI[A/b
BHYTPEHHeJI IIOBEPXHOCTU peaKTopa B Ipefie/iaX MOM0XKUTEIbHOTO CTO/I0a T/IEIOLIero paspsisia
(301.44 cm?); k* (GaAs) u k¥ (Gl) - KOHCTAHTBI CKOPOCTEI IPOLIECCOB F€TEPOTEHHOI PEKOM-
OMHAIMY ATOMOB XJIOpa Ha apCeHu Ie Ta/UINsA U CTeKIe cooTBeTcTBeHHO; S(GaAs) u S(Gl) - co-
OTBETCTBEHHO CyMMapHasl IIOLab 00Pa31ioB apCeHN/a /s, IIOMeIaeMbIX B 30HY I10JI0-
JKUTE/IBHOTO CTONM0A paspsja, ¥ IUIOLaAb BHYTPEHHEN IIOBEPXHOCTY peaKTopa, He 3aHATON
obpasiamu GaAs: S(Gl) = Sy - S(GaAs).

13 BoipakeHust (3) monyyaeM pacyeTHOE BBIpaXKeHNe IS OIpefieIeHIsI KOHCTaHTbI CKO-
POCTHM IpoIiecca TreTepOTeHHOM PeKOMOMHAIMY ATOMOB X/I0pa Ha apCeHu Ie TajlIus:

k£S5 — k2 (GD)S(GI)
S(GaAs)

k# (GaAs) = (4)

B pabore momyunnoch Tak, 4TO KOHCTAHTA CKOPOCTH IpoIiecca reTepPOTeHHOI PeKOMOM-
HallMJ aTOMOB X/IOpa Ha CTEK/IIHHOJ CTeHKe PeaKTopa IPAKTUYeCK) He 3aBYCUT OT TeMIIepa-
TYPBI M OCTAeTCsI HEM3MEHHOI B IIMPOKOM MHTepBasie Temueparyp (325-600 K). Takum obpa-
30M, 3aBJMICIMOCTb €€ OT TeMIIepPaTyphl MO>KHO He YYMTBIBATb U CYMUTATDH €€ IOCTOSHHON BO
BCeM JICCTIefOBaHHOM MHTepBae Temueparyp (kf (Gl) = 14 ¢'). HanpoTus, 11 MOHOKpUCTaI-
JIMYECKOTO apCeHMa ra/UINA TaKas 3aBUCHMOCTD HabmofjaeTca. OHa 6blIa IO/Ty4eHa 113 SKCIIe-
pUMeHTanbHbIX JaHHBIX (PYIM u AC) U ¢ MCIIOTIb30BaHMEM pacyeToB IO BbIpakeHuIo (4). Pe-
3y/IbTAaThl IIOKA3aHbI Ha PUC. 2.

Ba>kHO OTMeTUTD, YTO IIOTydeHHbIE HAMI KOHCTAHTbI BO3PACTAIOT BO BCEX MCCIIEOBAH-
HOM VIHTepBaJie TeMIIepaTyp, XOTs B HEKOTOPBIX paboTax HaOMIOaeTCs CIIaj BEPOATHOCTEN XN-
MIYeCKOJI (reTeporeHHON peKOMOMHAIN) aTOMOB (paJiKaloB) C yBe/M4YeHNeM TeMIIepaTyphl
[8-10]. TanHbIiT PaKT 0OBACHAETCS YCIOBUAMY IPOBELEHNS 9KCIIEpUMeHTa. Tak, B O0/IbIINH-
CTBe CTy4aeB METO/VIKA OIpeJie/IeHN A BePOATHOCTEl TeTepOreHHbIX IIPOLIeCCOB IIPeayCcMaTpH-
BaeT IIPOBeJieHNe UCCIeJOBAaHMIT B 30He MOC/IeCBeYeHNs paspsisa. IIpyu Takux ycmoBusx c yBe-
JMYeHVeM TeMIIepaTyphl Ha IIOBEPXHOCTY 00pa3IioB 00pa3ylTcsa IPOAYKTHI B3aXMOAEIICTBILA
(HampuMep, XJIOPUABI B CIy4yae MCIOIb30BaHMS X/IOpa MM XJIOPCOAEPIKaIMX ITa3M0o00pasy-
IOLINX cpef). B Hammx >ke sKcIepyMeHTax oOpasel] pacloarajcsa B 30He II0/I0KUTETbHOTO
cTo76a T/ICIOIIEro paspsa MOHVKEHHOTO IaB/IeHNA 1, COOTBETCTBEHHO, OUMIIIA/ICS TOTOKAMU
JIOHOB, MHTEHCUBHO 60oMbapaupyomuii noBepxHocTb GaAs. Ho u B HalreM skcriepyMeHTe Mbl
¢dukcupoBanm o6pasoBaHye NMPOAYKTOB Ha IOBEPXHOCTY oOpabaTbiBaeMoro obpasma (rery-
4eCcTh XJIOPMIOB TaUIMsl He OAMHAKOBa IIPYM pPa3INyHBIX TeMmIieparypax). C Ije/bio
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IpeOTBPallleHN A BIUAHNA IPOAYKTOB IVIa3MOXVMMIYECKOT0 B3aumoenicTeuAa GaAs ¢ X1opom
06pasipl B KaKIOM MapTHM SKCIEPUMEHTOB IOIBEPra/ich MHOTOCTYIIEHYATON OYNCTKe, 3a-
K/IIOYAIOIENCA B MX IMCIEPCMOHHON OTMbIBKE B IMCTV/IZIMPOBAHHOM BOJiE U ITOCTIE0BATEIb-
HOJT 06paboTKe B OPTOKCIUIIONIE I Al[eTOHE C IIOCTIeAYIoIell CYIIKOI py TeMmIieparype 45-65 °C.

Taxo’i mopxoy; M03BOMNII HAM ONIPEefIe/IATh KOHCTAHThI CKOPOCTEN MPOIIeCCOB HENOCPE] -
CTBEHHO J|/Is YMCTBIX NOoBepXHOCTel GaAs, 4TO, KaK HaM KaXkKeTcs, ABJIsIeTCsI 0ojiee aKTyasb-
HBIM JUIA 1jefieit 06paboTKM MaTepuasa Ha MUKpO- I HAHOYPOBHAX.

500 -

k®(GaAs), ¢’
N
8
1

T T
400 450 500

T 1
550 600
T,K

Puc. 2. TemnepaTypHas 3aBUCHMOCTb KOHCTaHTBI CKOPOCTM IIpOIiecca TeTepOreHHO peKOMOMHAIN aTOMOB

T T
300 350

XJI0pa Ha apCeHnpe Ta/lIs

JJaHHbIE pUC. 2 COOTBETCTBYIOT BE/IMYMHAM KOHCTAaHT CKOPOCTEN IPOLIECCOB reTePOTreH-
HOJI peKOMOVHAIIV aTOMOB X/Iopa Ha GaAs ¢ y4eToM 4acTIYHOI 3aTpy3Ky peaKTopa MCCIenRy-
eMbIMu o6pasnami. Ho eTampHOE paccMOTpeHNe KMHETHYEeCKOI CXeMBI IIPOILecca IMO3BOINIIO
HaM CJe/aTh MIPeAIOJIOKeH e, YTO STY JAHHbIE MOTYT OBITh HECKO/IbKO 3aBBIIIEHHBIMI. [leil-
CTBUTeNbHO, MeToauKa PVIM coBmectHO ¢ AC He y4uTbIBaeT TOT GakT, YTO M3MEHEHMe KOH-
IIeHTpalNy MOJIEKY/I XJIOpa MOXKeT IIPOMCXOAUTD He TOJIbKO 3a CuUeT Ipoleccos 7 n 9 (rerepo-
reHHas peKoMOuHans) 1 3a cyet mporecca 11 (B3aumopeiicteus Cl, ¢ GaAs). Hanpsimyto pas-
JIe/IUTD 9TY MPOLiecchl B paMKax PVIM Henb3s, I03TOMy OBUIO IIPE[/IOXKEHO CIIefyollee pele-
HJ€ JAHHOM 3aiayy. Mbl co3lany Takye yCIOBMA B pa3psAJe, IpU KOTOPhIX BO BpeMs ropeHus
paspsfa MpakTUYeCKU BeChb MOJIEKY/IAPHBIA XJIOpP JUCCOLMIPOBAT ¢ 00pa3oBaHMEM aTOMOB.
Takne ycrmoBusA MOTyT OBITh JOCTUTHYTHI 32 CYET BBEJICHNA B 30HY pas3psAfa Kucnopoaa. Tak, B
[11] 6110 TOKA3aHO, YTO cTemenpb auccormanyuu Cl, B cMecu Xopa ¢ KUCIOPOZOM B PaBHBIX
COOTHOIIEHMAX 32 CYET MI3MEHEHN 3/IeKTPOPU3NIeCKUX TapaMeTPOB IUTa3Mbl BO3PACTaeT 0
95%. Takum 06pas3oM, B IUTa3Me cMecH XJIopa ¢ KUCIOPOioM Iporiecc 11 He 6ymeT BIMATD Ha
HO/Ty4aeMble a0COI0THBIE 3HaUeHMsI KOHCTAHT CKOPOCTel1 TPOLIeCCOB TeTepOreHHO peKoMOu -
HallMl aTOMOB X/IOpa Ha MOBEPXHOCTAX, OTPAaHMYMBAIIINX 30HY IasMbl. Ha puc. 3 npuse-
TICHDI 9T TaHHBIE.
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Puc. 3. TemnepaTypHas 3aBUCHMOCTb KOHCTaHTBI CKOPOCTM IIpOIiecca TeTepOreHHOl peKOMOMHAINI aTOMOB
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XJI0pa Ha apCeHufie TalisA B CMeCU XJ10pa 1 Kucinopopa B cootHomenny 50% Cl, n 50% O, B cocTaBe m1asMo06-
pasyouen cMecu

CpaBHEHMA pe3y/NbTAaTOB, IOKa3aHHBIX HA pUC. 3 1 4, JAaI0T OCHOBaHME YTBEP)KJATh, YTO
TeMIlepaTypHas 3aBMCUMOCTb KOHCTAHTBI CKOPOCTH IIPOIiecca reTepOreHHON peKOMOMHAIN
aTOMOB XJIOpa Ha apCeHNie TA/UTNs B IIa3Me CMeCH XJIopa C KUCTOPOJOM JJA0T 60jiee TOUHbIE
JlaHHBIE B OTHOIIEHNM Tpolecca 9. VIMeHHO 3Ty JaHHbIe ObUIN B3SATHI I ONIpefie/ieHNsT KOH-
CTAHTBI CKOPOCTY XMMUYECKOTO B3anmoperictBust GaAs ¢ aromapHbIM xopoM. Kak 6b110 cka-
3aHO paHee, I 3TUX Lieneil ucnonb3osanach PVIM coBmecTHO ¢ 9C, Tak Kak JJaHHasl pasHo-
BUJJHOCTb VIMITY/IbCHOJ METOAVMKM YyBCTBUTE/IbHA TOJIBKO K MI3MEHEHNIO KOHIIEHTPAalMM aTo-
MapHOTO XJIopa.

OTMeTuM TaKxe, 4YTO /IS IOTyY€HU S CIIeKTPa/IbHbIX KMHETUYECKUX 3aBYCUMOCTEN Mpo-
11eCCOB XMIMIYECKOT O B3aIMO/Ie/ICTBYA aTOMOB Xj10pa ¢ GaAs 1Cnonb30Baca NOAX0, ¢ HAKOII-
JIeHJeM T10/IE3HOTO CUTHAJIA C 1Ie/IbI0 CHVDKEHM S COOTHOUIEHN A CUTHAI/LIyM.
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Puc. 4. TemneparypHas 3aBMCHMOCTb KOHCTAaHTBI CKOPOCTY IIPOII€CCa XMMMIYECKOTO B3aVMOZEICTBIA aTOMOB
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XJ10pa ¢ apCEHNOM TajlyInsA
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3akmoueHue n PE€KOMEHJATTNMN I10 VICIO/Ib30BAHNIO P€3yIbTAaTOB

B pabore KoMMueCTBEHHO OLlEHEHBI IIPOLECCHI, TPOTEKAIIVe B I/Ia3Me XyIopa IIpu 00-
paboTke apceHnpa rayyms. He3aBucyuMo morydeHbl KOHCTaHTBI CKOPOCTeTI IIPOLIeCCOB TeTepo-
TeHHOJI pekoMOuHanuy (rnbenm) aTOMOB X/I0pa Ha HMOBEPXHOCTSX, OTPAaHNYMBAIOIINX 30HY
IUTa3Mbl ¥ XMMUYECKOTO B3aMOJIEICTBMA aTOMapHOro xnopa ¢ GaAs. /laHHbIe IONTy4€eHBI U3
Pe3y/IbTaTOB He3aBUCUMBIX 9KCIIEPMMEHTOB, a oOpabaTbiBaeMble 00paslibl pacIIoIaraanch
HETIOCPEICTBEHHO B 30HE IUIa3Mbl. TaKoil MOAXOH MO3BOMN/ MOTYYUTh 9KCIEpPUMEHTa/IbHbIE
JlaHHbIE JI1 IOBEPXHOCTEN 00pas3IioB, He 3arPsA3HEHHBIX IPOAYKTaMy B3aMIMOJECTBUA apce-
HIJIa T/UINA C XIIOPOM. Pe3ynbTaTel paboThI MOTYT HalITV IPYMEHEHNE TPV COCTAB/IEHNN TeX-
HOJIOTMYECKMX MapIIPYTOB C MICIIO/Ib30BaHMEM IVIa3MOXMIMIUYIECKOI 00paboTKM apceHnpia ras-
VA U IJIA LeJieil COCTaB/IeHUs MaTeMaTNYeCcKuX Mojesiell, KaK IpaBuIo, peBapAIoIINX J0-
porocTosImye SKCIepyMeHTDI ¢ 00pa3liaMil, B COCTaB KOTOPBIX BXOJAT pejKO3eMe/IbHbIE 3Ie-
MEHTBI.
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MCIIO/Ib3OBAHME A3OTCOOEPKAIIVX TETEPOLIVK/IIMYECKUX
O-, U S-HYKJIEO®IJIOB B PEAKIIVAX C 4-HUTPO®TAJIOHUTPU-
JIOM U 4-bPOM-5-HUTPOOTATIOHUTPUIOM

IN.T. A6pamos, B. JI. bBakmarun, E. C. Makaposa, [I. 9. KneitkoBa

A6pamos JLT., g-p xum. Hayk, npodeccop; Makaposa E.C., accucrenr, acupant; bakmarns B.JL., nmkeHep, ac-
nupaHT; Kneitkosa [I.9., cTygent

MBCTUTYT X¥MUM ¥ XMUMIIECKOI TEXHOIOTUH, SIpOCIaBCKumit rocylapCTBEHHBII TEXHMIECKIIT yHUBepcuTeT, Moc-
KOBCKUIL IIp., 88, AApocnasnb, Poccuitckas depepanus, 150023

E-mail: abramovig@ystu.ru

Kntrouesvie cnosa: Ha octose SyAr-peakuyuu mencdy 4-Humpodmanonumpunom, 4-
4-Humpodmanonumpun, 4-6pom-5-num- 6pom-5-Humpopmanonumpunom u genonamu (muonamu), co-
podmanonumpus, akmMueuposarHoe apo- Oeprcanumu pasnuyHvle No c60eil Npupode zemepoyuKaIULecKUe
Mamudeckoe HyKeoPunvHoe 3ameuseHue, cucmembl, pazpaboman Memoo cuHmesa He ONUCAHHDIX 6 TUe-
3amejéHHble 0pMO-OUKAPOOHUMPUTILL, 2e-  PAMYpPe MOHO- U OUSAMEUEHHBIX OPIO-OUKAPOOHUMPUTIOS, CO-
mepoyuxnuueckue PeHosnvl, Oeprauiux 5- u 6-uneHHvle 2emepoyuKaUUecKue PpazmeHmoL.

2emepoyuKnuvecKue muosvl

Peakuymss ~ akTMBMPOBAaHHOTO  apPOMATMYECKOrO  HYKJIeO(MIBHOTO  3aMelleHMUs
(SvAr-peakiusi) SBISETCS OJHOV Y3 CaMBIX PACIPOCTPAaHEHHBIX ¥ XOPOIIO M3yYeHHBIX
xuMyKamu [1]. B Hay4HOIT /muTepaType ONNMCAaHO MHOTO IIPUMMEPOB peaKLMil 3aMelleHVs
aToMa TrajioreHa VI/WIY HUTPOTPYIIIB B aKTMBVMPOBAHHBIX 3JIEKTPOHOAKIEIITOPHBIMU TPYII-
IIaMJ apOMATUYECKUX CUCTEMAX, IPOTEKABIINX II0J] AEVICTBIEM MOHO- ¥ OM(YHKIMOHAIbHBIX
O-, S-, N-nykneodusos [2-6].

CrefiyeT OTMETUTD, 4TO 3aMeLEHHbIE 0P O-IUKaPOOHUTPIIIBL ABJIAIOTCS IIPEKYPCOpaMu
U1 oTy4YeHys1 GTaonMaHnHoB [7-9], rekcaszonykiaHos [10] u psjga fpyrux coeqyHeHu, co-
[lep>KaIMX aHTUAPUIHbIE, UMMTHbBIE, NU30MH/JO/IMHOBbIE I TeTPa30/ibHble (parMeHTbl, HaXO/s1-
VX IIVPOKOe IpYMeHeHNe Py IPOU3BOACTBE KpacuTeney, Homapupummugos, gpapmaiies-
TUYECKUX IPerapaToB U 6MOIOrMYeCcKy aKTUBHBIX coefiuHenui [11-17].

HoBble BO3MOXXHOCTY 9TOII peakIuy, pacCMaTpUBaeMble Ha MPUMepe B3aMOEICTBIUS
4-uurpodranonurpuna (4-HOH) u 4-6pom-5-unrpodranonurpuina (BHPH) ¢ pagom asot-
copieprKaiux rereporukmnyecknx O-, 1 S-Hykneodunios, IPUBOASIIE K ITOTyIeHII0 HEOTIN -
CaHHBIX B JIMNTepaType COefVIHEHWIT, 00CYX/JaloTcsA B JaHHOI pabore. Oba yKasaHHBIX CyO-
cTpara cofiep>kart 00/IbIlIoe KOIMYeCTBO /IeKTPOHOAKI[eNTOPHBIX rpymi. CoracHo obenpu-
HATBIM IpeficTaB/IeHnsAM [ 1], Takas KoHUrypays 3aMmecTnuTesei B 0eH30/IbHOM KOJIbLie CHU-
JKaeT 3/IeKTPOHHYIO IVIOTHOCTb B pacCMaTPUBAEMbIX apOMATHYECKMX CHCTeMax CyOCTpaToB 1
obseryaeT HyK/eopUIbHYIO aTaKy IPOTOHOZOHOPHBIMY HYK/IeopyIaM/ Ha aTOMBI YI/IEpOJa,
CBsI3aHHBIE C HYK/Ieodyramu, 1 IPUBOANT, B CBOIO O4epelb, K 0Opa30BaHMI0 OTHOCUTETHHO
YCTOMYMBBIX MHTEPMEIUATOB.

43


mailto:abramov.orgchem@staff.ystu.yar.ru

OT XUMUHU K TEXHOJIOTUN [RIIEARETTIEAUY TOM 2, BbINYCK 4, 2021

Hamu 6pU1M MCII0/Ib30BaHbI [iBa MOAX0/A K IPOBEeHNI0 YKasaHHbIX peakunit 4-HOH 1
¢ O- n S-nyxneodunamu. [ CUIBHOKUCTBIX PEHOIOB 2a, COEPIKaIINX 3/IEKTPOHOAKIIEIITOP-
Hble 3aMeCTUTe/IN JTy4llyie Pe3y/IbTaThl JOCTUTHYTHI PV IPOBENEHNN peakluy B 6e3BOHOM
IM®A. Ins cnabokucrbix peareHToB 2 (b-d) nmyuiue ncrnonp3oBaTh 6MHAPHBI paCTBOPUTEIIb
IM®A-H,O. B 060ux cnyyasx B KauecTBe JeIIPOTOHVPYIOLIETO areHTa, B IPUCYTCTBUU KOTO-
pOro in sity TeHepUpPOBAJICSA PEaKLMOHHOCIIOCOOHBIN HYK/IeO(V/IbHBIN KOMIUIEKC, UCIIONIb30-
Basicsi K;CO; Kak JJOCTYIHBIN ¥ 06ecrednBaoIuii CPaBHUTEIBHO BBICOKYIO CKOPOCTD IIPO-
necca. Peaknusa 4-HOH ¢ tnodenonamu nporekaer emé nerde [18].
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BH®H 4 no cpaBaenuio ¢ 4-HOH 1 saBnsercs ewé 60see peakliOHHOCIOCOOHBIM Cy0-
cTpatoM B SyAr-peakuyn, 61aroyjapsi BBICOKOJ MOOMIBHOCTM aToMa 6poma [2]. Dto mpepro-
JI0>KeHe ObITIO IOATBEPXK/eHO Ha IIPAKTVKe [P IIPOBEJEHII PeaKINy ¢ IMPUAVH-3-0710M 2a,
XMHOMMH-8-0710M 2b 1 pyrumu pearentamu 2(e-g). Kak u o>xxmaanoce, peakiys 3aMelleHus
aroma 6poma reteporukmndeckumu O-nykneopunamu 2(a, b, e-g) ycrenrno nporekana B 6e3-
BogHOM [IM®A y>ke mpy KOMHATHOJI TeMIlepaType U IPUBOAIA K 00pa30BaHUIO IIPOAYKTOB
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CuHTe3MpoBaHHbIe 4-TeTepUIOKCU-5-HUTpodTanoHUTpuasl 5(a,b, e-g) copmepkar Bcé

MOHoO3aMelleHus 5(a, b, e-g) ¢ XopoimuM BBIXOJOM.

f

elé aKTVBMPOBAHHYI0 HUTPOTPYIIY, CIOCOOHYIO Ipy 6ojiee BBICOKOI TeMIlepaType Takoke
BCTYNATh B peaKIuy HyKIeo(pUIbHOTO 3aMellleHNsA ¢ 00pa3oBaHMeM COOTBETCTBYIOMINX CVM-

METPUYHBIX [JUTUTePWIAMOKCU(TAIOHNTPIIOB, Hanmpumep, 6a wm 10007  Apyroi
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HeCUMMETPUYHOI KOMOVHALIMM 3aMeCTUTeIell B IIPOAyKTe 7. /I JOCTV KeHMs 9TO LI/ J10-
CTATOYHO B KOHIIE PeaKIUN K PeaKI[MOHHO Macce OOaBUTb SKBUMOJLIPHbIE KOTNYIECTBA CO-
OTBeTCTBYIOIIero ¢peHosa 1 KapboHaTa Kamus ¥ MPOJO/DKUTH IlepeMelliBaHue py 6oriee BbI-
COKOIJI TeMIlepaType.

[Tpu mpoBefeHuy peakuyy 3aMeleHus atoma 6poma B BHOH 4 B kauecTBe peareHra,
TeHePUPYIOILETO i1 situ S-HyKIeou, ObIIN VICIIONb30BAHBbI pa3/IMYHbIe 3aMellE€HHbIE TeTepo-
LUKIYecKIe COeAHe N, cofiepKaigue Mepkanrorpymniy 8(h-1). Ycranosneno, uro npnu mpo-
Be[leHNM IaHHbIX SnAr-peakuuii B MojieKysie BHOH 4 B nepByio ouepefpb Takke 3aMell[aeTCs
aToM OpoMma ¢ 00pasoBaHMEM COOTBETCTBYIOLIMX 4-TeTepyI-5-HUTPOTUOQPTATIOHNUTPUIOB
9(h-k). IIpu xomHaTHOI TemnepaType B 6uHapHOM pactBoputene JM®PA-H,O nanHas peak-
LM IPOTEKA/Ia B T€YEHME HECKOIBKUX MUHYT. BBIXOJ 11€/1€BbIX MPOAYKTOB COCTaBuUI 79-93 %.

[Tpn wmcnonb3oBaHuMM B KadecTBe peareHTa 8-meTmn-5H-nupumunpo(5,4-bJunpon-4-
trona 8l, comepskarero gBa peakMOHHBIX S- ¥ N-HYKIeO(PW/IbHBIX LIEHTPA, IOMTYINTDb B Y-
CTOM B IIPOAYKT MOHO3aMelleHNs 91 He yaanoch. 9To 0OBACHACTCS TeM, YTO B MOJIEKYJIe
coepuHenns 8l mocre menmpoToHN3anuy 06a peakuMOHHBIX LEHTpPa (TUOIbHBIN 1 IMIHHBIN) B
BBIOPAaHHBIX YCTIOBMAX ITPOBEIEHNS PeaKuy cioco6HbI BcTynartb B SyAr-peakuyy ¢ BHOH 1
u 3aMenath atoM 6poma. ITo ganubeiM IMP 'H cnieKTpocKommy poOfyKT, BbIIe/IEHHBII TTOCTIe
peakunm, comepskan cMech AByx coemyHenuit 111 n 121 B cootHomennn 1 : 3, 4T0 HarIALHO
HOATBEpP)K/aeT Pa3/IMYHYI0 aKTUBHOCTD S- ¥ N-HYK/Ie0(I/IbHBIX 1[EHTPOB.

Ar - SH Ar - SH

NC NO NC NO
2 8(h-1) 2 8(h-k) NC S\Het-
EE— Het _— Het
€ €
NC Br NC s~ NC s~
1 9(h-) 10

BpIAB/I€HHDIT HEJOCTATOK IOC/IESHEN PEAaKLMI MOXKHO C YCIIEXOM IIPEOJI0/IeTh, €CIU KO-

/

HEYHOM 11e/IbI0 CMHTE3a ABJAETCA MOoAydeHue IPOAYKTa Aus3aMellennsa — 3-MmeTun-8-rtma->5,7-
12b-tpnasabenso|alaneantpunene-10,11-gukapbonnrpuna 131.

B aToMm ciydae mipu mpoBefieHUM peakiuu Ipu 6ojiee BBICOKOJ TeMIlepaType U ABYKpaT-
HOM U30BbITKe KapOOHATa Ka/usl B CAMOM Havasie IPOVCXOVIA JeTPOTOHN3ALNS TUOIBHOI U
uMyHHON rpynn 8l ¢ o6pasoBaHyeM in sitiy COOTBETCTBYIOUINX S- ¥ N-HYKIeO(pU/IbHBIX IIeH-
TpOB. [JlaHHbIe peareHThl Ha IIEPBOJ CTAfV CUHTe3a 1[e7IeBOTO COeAMHEHM A, BCTYTIasl C Pa3HO
CKOPOCTBIO B TeTepo(dasHyl0 peakIio MeXMOIEKYIIPHOTO HYK/IeO(QWJIbHOTO 3aMelleHNs
aroma 6poma B BHOH 4, o6pasoBbiBanmu mpoaykTsl MoHo3amemenus 111 n 121 coorser-
CTBEHHO. B 9TMX, TONIBKO YTO IOTYYMBIIMXCA, COEAUHEHUAX COfiep>Kanach JOCTATOYHO IIO-
[IBVDKHAsI HUTPOTPYIIIIA, KOTOPYI0 BHYTPUMOJIEKY/IAPHO aTaKOBAJI OCTABIINIICA B peareHTe pe-
aKI[VIOHHBIII LIeHTp (BTOpas CTajys), YTO MPUBOAVIO K 3aMBIKaHUIO IIUK/Ia ¥ POPMMPOBAHNIO

TUA3MHOBOJ CUCTeMbl. B BBIOpaHHBIX yc1oBusx Tpanchopmanys coepyaenns 111 8 131 morma
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IIPOTEKATh Y€pe3 BHYTPUMOJIEKY/IAPHYIO aHMOHOTPOIIHYIO IeperpynnupoBKy Cmalinca, aHa-
JIOTMYHYI0 ONMCAaHHOW B pabote [19]. [IpemmyiiecTBOM JaHHOTO CUHTe3a SBJISAETCSA TO, YTO
HE3aBJICMIMO OT TOTO, II0 KAKOMY HAIIPpaBJIEHMIO IIPOTEKAET pacCMaTpuBaeMas peakius, 1ere-
Boe coenyHeHue 13l mmeet ofHO U TO e cTpoeHne. Kpome Toro, o6pasyromuiics B Xofie peak-
1y popyKT 131 6611 Mano pactBopuM B JM®A 1 BbIazian U3 peakMOHHOM CMeCH, YTO He
Tpe60Ba/Io IPOBENEHIA €T0 JOIOTHNUTETbHON OYMCTKIL.

121
Taxum obpasom, ucnionessys 4-HOH, BHOH n pasmrunsle MoHOyHKIMOHAMIBHBIE O-,

S-reTeponuKIMYecKye HYKIeO(pU/Ibl CTAHOBUTCA BO3MOXKHBIM OCYIECTBUTH CHHTE3 IIVPO-
KOTO KpyTa He OIVICAaHHBIX B JINTEPAType 0pmo-AUKapOOHUTPIUIIOB, COflep KAIINX pa3HOOOpas-
HbI€ 110 CBOEI1 IpUpoJe 5- U 6-4IeHHbIe TeTePOLUKINYECKIe CUCTEMBI.

IKCcIepUMeHTaTbHAs 9aCTh

VK-cnexrpsr 3anmuceiBamu Ha VIK-®ypbe ciekrpomerpe «Perkin Elmer RX-1» ¢ pymHOI
BomHbI 700-4000 cM™' (cycrieH31s B Ba3eNMHOBOM Macie).

Cnextpel '"H NMR perucrpuposanmn Ha npubope «Bruker DRX-500» ms 5%-HbIX pac-
TBOPOB 06pasnos B IMCO-d° mpu 30 °C. B kauecTBe 9Ta/OHa /11 OTCYETa XMMUYECKNX C/IBU-
roB VICIIOTTb30Ba/IN CUTHAJIBI OCTAaTOYHBIX IIPOTOHOB pacTBOpUTENLA B
NpOTOHHBIX crekTpax (80u 2.50 m.j.) wmm curHan JMCO-d® B yriepopHbIX cHeKTpax
(88¢ 39.5 m.11.).

OnemeHTHBle aHamu3bl BbmonHeHsl Ha C, H, N-anammsatope «Hewlett-Packard
HP-85B».

4-H®H 1 u BHOH 4 nonyyanu no MeTofuKe, IpeACTaBIeHHOI B paboTe [2].

l'eTepouyxmyeckue QpeHOMbI, THOJIBI, @ TAKOKe [IPYTUe PeareHThl ¥ pacTBOPUTEIN KOM-
MepuecKM JOCTYIIHBIE.

4-(IInpupuu-3-mwiokcu)pramoHutpun 3a. B kondy, cHaOKEHHYI0 MeIIaNKoii, o0paT-
HBIM XOJIOAVIBHIKOM U TepMoMeTpoM 3arpykamm 1.73 r (0.01 momnb) 4-HOH 1, (0.01 mornb)
nupuanH-3-ona 2a, 1.56 r (0.01 monp) K,COs 1 30 e’ IM®PA. PeakunoHHy0 Maccy mepeme-
mmBamy npu 80-95 °C B Teuenue 1.5 4, 3atem oxnaxxgamm o 5-10 °C u BeumBamm B 100 cm’
X0JI0fiHOII Bozibl. OOpa3oBaBIINIICA 0Ca/JOK OTGVIIBTPOBBIBA/IN, IPOMBIBaIN BOZ0 (3x50 cM?)
u cyuvn ipu 70 °C. LeneBoii MpoAyKT MOMyYann ¢ BBIXOJOM 76% OT TEOPUIL.
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4-Terepunoxcudranonurpmnsl  3(b-d), 4-reTepmroKcu-5-HUTPOPTATOHNUTPUIBI
5(a-g), 4-rerepmrrno-5-uurpopranonntpuiabl 9(h-k) (obmas meronnka). B konby, cHabxEH-
HYIO MEIIA/IKO1, 00pPaTHBIM XOJIOAV/IbHIKOM 1 TepMOMeTpoM, 3arpyskamu 0.01 monb 4-HOH 1
(BH®H 4), 0.01 monb denona (tnona) 2(a-g), 8(h-k) n 30 cm®> IMOPA. ITocne pacTBopeHus
peareHTOB NPV MHTEHCHBHOM IIepeMeIlMBaHUY K PeaKIMOHHON CMeCcy IpUOaB/sAIN pacTBOP
1.56 r (0.01 monp) K,COs B 10 c™’ Boppl. [Tpu ucnonpzoBanum 4-HOH peakumoHHyIo Maccy
nepememyBaay npu 60-90 °C B Teuenne 0.5-1.5 4. B cinydae ucnionbsosannsa BHOH peakiuio
npoBoAMIN 6e3 HarpeBaHMsI — PeaKLMIOHHYIO CMeCh IIepeMellBaIi IPY KOMHATHOJ TeMIlepa-
Type 0.5 4. B 060ux cry4asx 10 OKOHYAHWUM PeaKIL[MV COREP>KMMOe KOTIOBI OX/TX/amu IO
5-10 °C. BpImaBumii 0cafiok OTQMIbTPOBBIBAIN, IPOMBIBAIN 2-TIponaHonoM (50 cM?®), Bomoit
(3x50 cm’) ut cymmmy mpnm 70 °C. LenreBbie MpOAYKTHI MOTy4Yasy ¢ BBIXOA0oM 78-93% oT Teopun.

4,5-6uc- (IInpupun-3-wrokcn)pranoHnTpui 6a. B kon6y, cHabXXEHHYIO MeIIAIKOIA, 00-
PaTHBIM XOJNIOAVIBHUKOM U TepMoMeTpoM, 3arpyxamu 2,52 t (0.01 mome BHO®H 4, 1,9 r
(0.02 monp) mupuauH-3-oma 2a, 3.12 r (0.01 monb) K,CO; n 30 cm® IM®PA. PeakiyoHHyo
Maccy nepememnsaay npu 90-95 °C B teuenne 1.5 4, 3aTeM oxynaxpanmu go 5-10 °C u Bbun-
Bamm B 100 cM® xomopHOoI Boabl. O6pa3oBaBIIMIICS 0CA/IOK OTQVIBTPOBBIBA/IN, IIPOMbIBAIN
Bogoit (3x50 cv®) n cyummmu npu 70 °C. LleneBoit mpoayKT momry4anu ¢ BeixopoM 78-80 % ot
TEOPUN.

[To aHANMOTMYHON METOAUMKE, VICIIONb3ysl COOTBETCTBYIOIVE (DEHONBI U THUOJBI, MOTYT
OBITD ITOJTy4eHbI CUMMeTpIUYHble coefyHenus 6(b-g) u 10. I monyyeHns HeCUMMETPUYHBIX
IPOAYKTOB peaKLuy 7 ¥ Ap. MOXKHO MCIIO/Ib30BATh 3Ty >Ke MeTOAMKY, Ho BMecTo BHOH Heo6-
XO[IIMO B3ATb 9KBUMOJLIPHbIe KommdecTBa coefuHennit 5(a-g) wm 9(h-k) n coorsercrByIo-

mux ¢penonos 2(a-g) wim tmonos 8(h-k).

3a: Boixost 76%, Tax = 182-185 °C. VIK (Vmas, 0il): 1250 (C-O-C), 2238 (CN). Haitneno, %:
C 70.52; H 3.20; N 18,93. C;sHsNsO,. Paccunrano, %: C 70.58; H 3.19; N 19.00. IMP 'H
(400 MTI'u, IMCO-ds, 6, m.11.): 7,53 (M, 2H), 7,7 (n.m, 1H), 7,91 (», 1H), 8,14 (1, 1H), 8,53 (M,
2H).

3b: Brixoq 89,5%, Tux = 194-196 °C. VK (Vmax, 0il): 1251 (C-O-C), 2237 (CN). Haitgeno,
%: C 75.37; H 3.32; N 15.51. C;;HsN;O. Paccunrano, %: C 75,27; H 3.34; N 15.49. IMP 'H
(500 MTI'u, IMCO-d6, §, m.11.): 7,20 (m, 1H), 7,60 (M, 3H), 7,9 (M, 3H), 8,45 (1, 1H), 8,75 (1, 1H).

3¢: Boixop 93%, Ty = 190-193 °C. VIK (Umay, 0il): 1249 (C-O-C), 2236 (CN). Haitneno, %:
C 75.81; H 3.46; N 16,18. C,H;2N4O. Paccunrano, %: C 75.85; H 3.47; N 16.08. IMP 'H
(500 MTI'u, IMCO-d6, 8, m.11.): 7,3 (», 1H), 7,49 (m, 1H), 7,75 (M, 3H), 8,1 (M, 5H), 8,3 (1, 1H),
9,55 (¢, 1H).

3d: Berxon 90%, T = 202205 °C. VIK (Umas, 0il): 1250 (C-O-C), 2238 (CN). Haitneno, %:
C 70.52; H 3.20; N 18,93. CysHisN,O. Paccunrano, %: C 70.58; H 3.19; N 19.00. AMP 'H
(500 MT', IMCO-d6, 8, m.11.): 7,12 (1, 2H), 7,5 (m, 9H), 7,85 (1, 2H), 8,1 (m, 3H).

6a: Beixog 74%, T = 188-190 °C. VIK (Vmax, 0il): 1253 (C-O-C), 2236 (CN). Haitgeno, %:
C 68.77; H 3.20; N 17,77. CisH10N4O,. Paccuurano, %: C, 68.79; H, 3.21; N, 17.83. AMP 'H
(500 MTI'u, IMCO-d6, 8, m.z.): 7,48 (1, 2H), 7,56 (1, 2H), 7,94 (¢, 2H), 8,39 (¢, 2H), 8,47 (m, 2H)

5b: Borxosr 92%, Tux = 190-192 °C. UK (Umas 0il): 2236 (CN), 1350, 1540 (NO,); 1020,
1250 (C-O-C). Haiimeno, %: C 64.49; H 2.55; N 17.75. C;HyN5Os. Paccunrano, %: C 64.56; H
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2.55; N 17.71. IMP 'H (500 MT1, IMCO-d6, 8, m.1i.): 7,41-7,58 (M, 6H, J=22), 7,95 (c, 1H),
8,84 (c, 1H).

5e: Borxon 72%, Tan = 232-234 °C. VIK (Vmas oil): 2235 (CN), 1350, 1540 (NO,); 1020,
1250 (C-O-C). Haitgeno, %: C 70.52; H 3.20; N 18,93. C;;HsN5Os. Paccunrano, %: C 61.63;
H 2.74; N 21.14. IMP 'H (500 MT'1y, TMCO-d6, §, m.1.): 2,78 (c, 3H), 7,65 (1, 1H), 7,75 (m, 2H),
8,05 (1, 1H), 8,67 (c, 1H), 9,05 (c, 1H).

5f: Boixon 76%, Tuy = 223-224 °C. VIK (Umax 0il): 2238 (CN), 1350, 1540 (NO,); 1020,
1250 (C-O-C). Haitgeno, %: C 65.43; H 3.02; N 16,99. C1sH10N4Os. Paccuanrano, %: C, 65.45; H,
3.05; N, 16.96. AMP 'H (500 MI', IMCO-d6, 8, m.x1.): 6,28 (1, 2H), 7,35 (1, 2H), 7,4 (T, 2H),
7,72 (m, 2H), 7,98 (c, 1H), 8,95 (c, 1H).

5g: Boixop 80%, Tux = 217-219 °C. VIK (Umas 0il): 2238 (CN), 1350, 1540 (NO,); 1020,
1250 (C-O-C). Haitmeno, %: C 65.94; H 2.62; N 14,69. C,;H,0N4O4. Paccunrano, %: C, 65.97;
H, 2.64; N, 14.65. AMP 'H (500 MI'y, IMCO-d6, §, m.z1.): 7,4 (M, 2H), 7,65 (M, 3H), 7,79 (¢, 1H),
7,82 (T, 2H), 8,38 (m, 1H), 8,98 (¢, 1H).

9h: Borxogt 77 %, Tax = 206-208 °C. VIK (Umas, 0il): 2235 (CN), 1350, 1550 (NO,). Haitzeno,
%: C 55.29; H 2.13; N 19,89; S, 11.32. C;3H¢N4O,S. Paccuurano, %: C, 55.32; H, 2.14; N, 19.85;
S, 11.36. IMP 'H (500 MT'm, IMCO-d6, 8, m.i.): 7,5 (1, 1H), 7,73 (m, 1H), 7,95 (1, 1H),
8,18 (c, 1H), 8,6 (1, 1H), 8,98 (c, 1H).

9i: Boixop 81%, Ty = 228-230 °C. VK (Umax, 0il): 2238 (CN), 1350, 1540 (NO,). Haitmeno,
%: C 61.40; H 2.40; N 16,87; S, 9.63. C7HsN.O,S. Paccuurano, %: C, 61.44; H, 2.43; N, 16.86;
S,9.65. IMP 'H (500 MT, TMCO-d6, 8, m.i.): 7,68 (1, 1H), 7,71 (n, 1H), 7,81 (1, 1H),
7,87 (m, 1H), 8,04 (1, 1H), 8,45 (1, 1H), 8,55 (c, 1H), 9,02 (c, 1H).

9j: Beixon 73%, T = 184-187 °C. VIK (Umax, 0il): 2230 (CN), 1350, 1540 (NO.). Haitneno,
%: C 51.75; H 2.55; N 21,35; S, 16.30. C17H10NsO-S,. Paccaurano, %: C, 51.77; H, 2.56; N, 21.31;
S, 16.26. AMP 'H (500 MTI', IMCO-d6, 8, m.n.): 4,65 (m, 1H), 4,80 (m, 2H), 5,15 (m, 1H),
6,00 (M, 1H), 7,25 (T, 1H), 7,60 (1, 1H), 7,85 (1, 1H), 7,90 (c, 2H)

9k: Beixop 93%, Ton = >300 °C. VIK (Vmax, 0il): 2230 (CN), 1350, 1540 (NO,). Haitneno, %:
C55.79; H 2.34; N 25,36; S, 8.26. C1sHoN;O,S. Paccuntano, %: C, 55.81; H, 2.34; N, 25.31; S, 8.28.
AMP 'H (500 MT', IMCO-d6, 8, m.11.): 3,80 (c, 3H), 7,57 (m, 2H), 7,85 (1, 1H), 8,45 (1, 1H),
8,75 (c, 1H), 9,05 (¢, 1H)

131: Borxopt 86%, Ty = >300 °C. VIK (Umas, 0il): 2230 (CN). Haitneno, %: C 67.09; H 2.68;
N 20,58; S 9.47. C1oHyN;S. Paccunrano, %: C 67.24; H, 2.67; N 20.64; S, 9.45. AMP 'H (500 MTw,
IMCO-d6, 8, m.m): 245 (¢, 3H), 7,60 (m, 1H, J=8.1), 8,00 (c, 1H), 8,10 (c, 1H),
8,40 (1, 2H, J=8,3), 8,60 (c, 1H).
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Kntoueswvie cnosa:

307/1b-2esb, OKCUOHOE NoKpwvl-
mue, NPOMUBOKOPPO3ZUOHHOE
nokpuvimue, KOHCMPYKUUOH-
Hasz cmanv, oxcuo antoOMuHuA,
oxcuo KPeMHUA, NOMeHYUo-
Mempus, aneKkmpoxumute-
CKAS UMNEOAHCHAS cnekmpo-
cKonus

Wsyuenvr 603M0MHOCb NOMLyHeHUS U CB0TICINBA MOHKOCTOTHbIX AHMUKOPPO-
3UOHHBIX KepaMUuUecKux HOKpolmuil Ha HU3KOe2UPoB8arHoli cranu 08kn - 08y-
CTIOTIHBIX OKCUOHO-ATIIOMUHUEBBIX, OKCUOHO-KPEMHUEBHIX U 08YXKOMNOHEH M-
Hoix ALO3-SiOz-nokpoumuii. [[ns nomyueHust coomeemcmeyouux noKpoimul
nymem euOpONUMUUEcKOTi NOMUKOHOEHCAUUU U30NPONOKCUOA ATIIOMUHUS U
MempasmoKCUCUIaHa NPU2OMOBUTILL COOMBENCINEEHHO 30/1U/2enu beMuma ¢
PH, pasrom 5 u 9, u eudpamuposarnozo oxcuda kpemnus ¢ pH = 9. [lns nony-
"eHuss 08YXKOMNOHEHMHDBIX NOKPLIMULL Obiiu NPUSOMOBTIEHbL CMECU aTIIOMO-
eens u kpemmueeens (pH = 9) npu coomnowenuu komnonenmos 1:4 u 4:1. Ilpu-
20Mo6neHHble KOMNIOUOHblE CUCTeMbl 0Xapakmepusosanvl memodamu pH-
MempuY, aHanusa pasmepa wacmuy, u 0sema-nomenyuana. Mopgonozus no-
Kpoumuil usydena memooom cKaHupyouieil snexmponHoil muxpockonuu. Io-
KA3aHo, Yo MOAbKO OKCUOHO-ANIOMUHUEBbLE NOKPLIINUS UMEION 00HOPOOHYI0
cmpykmypy, 6 mo epems xak SiO.- u Al,O3-SiO,-noxpumus nocne mepmue-
ckoti o6pabomiu umetom Oepexmut 6 6ude cemiu mukpompeujur. Ouenxa 3a-
WUMHBIX CB0TICME NOKPuiuil Gvina nposedera 6 3.5%-Hom pacmeope xnopuda
Hampus npu memnepamype (2321) C ¢ npumeHeHuem d7eKMPOXUMUHECKUX
Mermodos uccnedosanus. Ha ocHosanuu KOPPOSUOHHBIX OuAzpamm paccqu-
MAHbL NIOMHOCMU MOKA KOPPO3UU U NOKA3AHO, YO MONbKO 00HOKOMNO-
Henmuvie ALOs—nnenku u 08yXKOMNOHEHMHble NAEHKU C BbICOKUM COOepca-
HUeM 0KCUOA AnoMUHUS 001a0arm 3auummuoim sgdexmom. [Jannvie snek-
MPOXUMUHECKOTE UMNEOAHCHOT CNeKMPOCKONULU UCHONb308AHbL 0TI MOOETUPO-
8aMUS 2PAHUUbL Pa30ena Ha3 Memansi-naenKa-aneKmponum ¢ HOMOULLI0 IKBU-
8aneHmHoul snexmpueckoli yenu. Paccuumanvt sHauenus napamempos yenu
U UX usMeHeHue 6 3A8UCUMOCINI OM BPeMeHU IKCNo3uyuU obpasya. /lyuuiue
pesynomamol NOKA3ANU OKCUOHO-ATIIOMUHUEBble NIEHKU, MNONYHeHHble U3
amomozens ¢ pH = 5, u 0syxxomnonenmnuvie Al,O3-SiOr-nnenxu cocmasa 4:1.
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BBengenue

HwuskonernpoBaHHaA CTanb — IMPOKO MCIO/Ib3YEMBIN M JOCTYITHbI KOHCTPYKIMIOHHBIN
MaTepuai, KOTOPBI, OfHAKO, He 06J1afjaeT JOCTaTOYHON KOPPO3MOHHON CTOMKOCTBIO, YTO
OTpaHMYMBAET €Tro INpUMeHeHNe 6e3 CIeluaai3VpPOBaHHOI IMPOTMBOKOPPO3MOHHOI 06pa-
6otku [1]. Takas o6paboTka B OONBIIMHCTBE C/TyYaeB IOApasyMeBaeT HaHeCeHVe TOKPBITHIA,
IPeOTBPAIAIOLIX KOHTAKT METa/l/Ia C KOPPO3MOHHO-aKTUBHO CPeo.

OpHUM 3 NepCIeKTUBHBIX BU/IOB M30MPYIOIUX HOKPBITUIL SBIAIOTCSA OKCUIHBIE (Ke-
paMimrdeckue) MOKpPHITHS, ITOJTy4aeMble ¢ IPMMeHeHIeM 307Ib-Tesb TexHoioruu (2, 3]. B pa6o-
Tax [2-5] OTMe4eHO, YTO 30/1b-Te/Ib TeXHOIOTA VIMeeT CyIleCTBeHHbIE IOCTOMHCTBA, B YaCTHO-
CTU, BO3MOXKHOCTD ITOJTyYeHA TOHKMX OKCHUJHBIX IJICHOK IIPY TeMIepaTypax, O/MM3KIX K KOM-
HATHOJI, B OT/INYNMeE OT TPAAMLIMOHHBIX TEXHOJIOTUI 06pabOTKM KepaMIKI, a TAKKe BO3MOXK-
HOCTD ITyTeM M3MEHEHV I MHOTUX [TAPaMETPOB B/IMATH HA XMMUKO-TEXHOIOTUYECKIE IIPOL[E€CChI
U, TaKUM 00pa3oM, Ha pMHAIbHbIE CBOJICTBA ITOKPHITHUA. [1py 9TOM HOTy4eHHbIe OKCUIHbIE Ma-
Tepuabl MPEACTAB/IAIOT COO0II CTPYKTYPHI B AMaIla30He OT 30JIell B BMJie HAHOYACTUI] [0 He-
IIPEPBIBHBIX MTOIVIMEPHBIX Te/Iell B 3aBMCUMOCTY OT CKOPOCTY Ka)K[0Vi M3 STUX peaKLMIi U I0-
CTIeAYIOLIVIX CTAUI CYIIKY 1 06paboTKy. TakxKe JOCTOMHCTBOM 30/Ib-Te/Ib TEXHOJIOTUY HaHe-
CEHMSA IIOKPBITUI ABJIAETCA €€ 9KONIOIMIecKas YMCToTa.

OpHUM 13 METO/0B ITOTy4eHN A TOHKIX 30/Ib-Te/Ib INIEHOK Ha pa3/IMYHbIX CyOCTpaTax sAB-
JIAETCA METOJ, IIPEIJIO>KEHHBIN I7[0H;[ac0M [6-8] 1 OCHOBaHHBII HA PETYINPYEMOIL TU/IPOIATH -
YEeCKOJ MONMKOH/IEHCALlY OPTaHNYeCKUX COeMHEHMUI META/UIOB MM KPEMHUA C ydacTueM
PEryIATOPOB CKOPOCTM IIpoliecca (KaTami3aTOpPOB/IENTN3aTOPOB) — KUCIOT VWIM IIeIoYerl.
[TpumeHnTENbHO K Ipo6/IeMe HaHeCeHNS KepaMMYeCKUX AMINIeKTPUYECKUX IUIEHOK Ha IIO-
BEPXHOCTD CIUIABOB KeJle3a HaMOOIbIINIT MIHTepeC IPefCTaB/IAT OKCHIbI A/TIOMUHIA U KpeM-
HYs. Takye MOKPBITHA 00/TafJal0T BBICOKOM XMMUKO-TEPMIYECKOI CTOMKOCTBIO, MOTYT 00Opa-
30BBIBaTb QU3NYECKMIl 6apbep M/ MPOHMKHOBEH)sI KOMIIOHEHTOB KOPPO3MOHHOM Cpefbl K
HIOBEPXHOCTY MeTa/Ia M, TaKUM OOpasoM, YIYYIIAaTh €r0 KOPPO3MOHHBIE XapaKTePUCTUKIA.
Tak, B paborax [9-14] mokasaHo, 4TO NMPOTUBOKOPPO3MOHHBIe Al,O3-TIOKPBITUSA Ha CTAIAX
CIIOCOOCTBYIOT CYLIECTBEHHOMY CMEI[eHMIO MTOTeHI[MaIa B II0/I0KUTETbHOM HAIlPaBIeHUN U
CHVDKEHUIO TOKa KOPPO3UM, IIOBBIIIAIOT YCTOMYMBOCTD K MUTTUHIOBONM KOppo3uu. MeHnee or-
TYMMCTVYHBIE Pe3y/IbTaThI TOTy4eHbl 11 SiO; 307Ib-Te/b IOKPBITUI Ha CTa/IN, XOTS HabIoza-
JIOCh y/Iy4llleH)e KOPPO3MOHHBIX XapaKTePYUCTYK 110 CPAaBHEHUIO C He0OpaboTaHHBIMM 00pas-
namu [15-18]. Takne pesynbraTbl aBTOPBI OOBSACHSIOT IIPUMEHEHEM KOJUIOMTHBIX PaCTBOPOB
C HM3KMMM 3Ha4eHuAMM pH, K KOTOPBIM YyBCTBUTE/IbHDI CI/IABbI HA OCHOBE JK€/Ie3a, a TaKXKe
OT)KITOM, TIPUBOAALIVIM K PacTpeCKMBaHNIO POPMUPYEMOro OKCUAHOTO cnoA. OIHaKO ycce-
JIOBaHMS B 9TOM HAIIPABJIEHUNU TPeOYIOT PasBUTHSA C IIe/IbI0 ITOVICKA YCIOBUI MOTyYeHMs MO-
KPBITHIL C 60/Iee BBICOKOJI IIPOTMBOKOPPO3MOHHOI 3aIUTOIL.

B manHOI paboTe MpUBOAATCS pe3y/NbTaThl U3YYeHUS BIVSHIA KUCIOTHO Y IIeTIOYHOM
HENTU3ALMY TUAPONN3AaTOB OPraHNYECKMUX COEJVHEHNIT aTIIOMUHNA U KPEMHISA Ha CBOJCTBA
COOTBETCTBYIOLINX TUIPOTeIel, MomydaeMbIx 1o MeToxy Monjaca, a Takke Ha TPOTUBOKOPPO-

3VMIOHHBIE CBOVICTBA IIOKPBITUI, CPOPMMPOBAHHBIX Ha HU3KOJIETVPOBAaHHO cTany 08KII.
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IKcnepuMeHTaNbHAA YacTh
1. MaTepuanbl ¥ peaKTUBbI

OKcupHbIe TOKPBITHA HAHOCWIM Ha OOpasIibl yITIePOAVCTO KOHCTPYKIMOHHON CTamu
08k (rmonoca, TOCT 1577-93) pasmepom 1x5 cm. Cocras, %: Fe ~98, C 0.05-0.11, Si mo 0.03,
P 10 0.035, As o 0.08, S go 0.04, Mn 0.25-0.5, Ni gmo 0.25, Cr 0.1-0.25. IIpegBapurensHo 06-
pasiibl 6e3 MPU3HAKOB KOPPO3UM 00e3)KMPUBAJIM aleTOHOM, 3aTeM JJOTIOJIHUTETbHO B PAaCTBOpPe
cocraBa NaOH (40 r/n) + Na,COs:10H,O (40 r/n) + Na,HPO,-12H,O (40 r/n) npu Temneparype
75-85 °C B TeueHue 15 MMHYT, IPOMbIBA/I B rOpsideil, 3aTeM B XOJIOJHOI IIPOTOYHOI BOJE,
BBICYIIMBa/IM Ha BO3J[yXe IIPY KOMHATHON TeMIlepaTtype. Kpome Toro, B psijfie cy4aeB IpoBo-
VIV aKTYBALMIO TIOBEPXHOCTY 00pas1ioB myreM o6paboTku B pactBope HNOs (1:1) B Teye-
Hue 15 c.

[lns  mpurotoBneHMs — 307eli/Teneil  I'MAPATUPOBAHHBIX  OKCUIOB  QIIOMMHUSA
M KpeMHus ucrnonb3oBamu  usonpomnokcup  amomyHus  CoHzAlOs  (Al(O-i-Pr)s,
rge -i-Pr = (-CH (CHz3)2, Acros organics, 98%, CAS Ne555-31-7) M TeTpasTOKCUCUIAH
CsH200,4Si (Si(C2Hs0)4, Oxoc-1, oc.u., CAS Ne78-10-4) cOOTBETCTBEHHO U AVICTV/UIMPOBAHHYIO
Bojy. CTpyKTypHbIe POPMYIIBI JAHHBIX COEMIMHEHNII IIpMBEfieHbl Ha puc. 1.

[l menTU3anuy IONTYy4YeHHBIX 30JIeil NPUMEHSUIM YKCYCHYIO KUCIOTY (X.4.), /6o
10%-HbIll pacTBOp aMMuaKa (X.4.).

a 6
H;C
e \
CH,
me o
HSC (|) CH3 CHZ ./ \/CH::,
Al CH H,C 0 N\
0/ R \CH )
| © 3 H C/
CH "N\
H;C~ \CHS CH;

Puc. 1. CtpykTypHbIe GOpMy/IBI U30NPONOKCHAA ATIOMUHYA (4) U TeTpasTOKCcUcuIaHa (6)
2. IIpuroToBiieHNe 301b-TeIb CUCTEM

IIpuzomosenenue 3omeii 6emuma. Amomynus usonponokcup (AVITO) pacTBopsinm B ro-
psgeit (85-90 °C) aucTW/IMpPOBaHHO BOJie IIPY HeIIPepbIBHOM IepeMelnnBaHuy. MospHoe
coortHo1eHne kKoMnoHeHToB AVIIO:H,O = 1:100. B atux ycnosuax AVIIO nopgsepraercs rufi-

ponusy c obpasoBaHyeM OemMmTa:
CoH»1A10; + 2H,O — AIO(OH) + 3C;H,OH

ITocrne 3aBepuienns mporecca obpazosanuss AIO(OH) npu Toii e TeMItepaType IpoBo-
[V TENTHU3ALMIO TUPO30/IsA 6eMuUTa ¢ IpUMeHEeHeM PacTBOPOB YKCYCHOI KUCTIOTBI 1160
amMmuaka. [Tpy KMCIOTHOI eI TH3alNy MOJLIPHOE COOTHOIIEHV e KOMIIOHEHTOB PeaKIVIOHHOM

cmecu AUTIO:H,O:kucnora, B cooTBeTCTBUM ¢ potierypoit Monpaca, cocrasnsno 1:100:0.15,
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IpY 1eJIOYHON HenTu3aluy noagep>xupamu sHadenue pH ~11. B oboux cnyvasx Habmozna-
JIOCh IIPOCBET/IEHNE KOJTIOUJHOTO PaCcTBOPA IOC/IE€ HENPEPHIBHOIO IIEpEMEIIBAHMA IIPU YKa-
3aHHOI TeMIlepaType B T€YEHME ~2 4acoB. B TedeHme CyTOK B KOJUIOUJHOV CHCTEME IIPOMCXO-
[IVJT 3071b-T€/Ib Iepexof. XapaKTepUCTUKa IPUTOTOBIEHHBIX Te/leil C KMCTOTHOM U IIeTI0YHOM
nenTtusalueit COoTBeTcTBeHHO: pH, paBHbIM 5 u 9.5, cpegHuit pasmep dactui 6emurta 300 u
100 aM. KoHIleHTpanyA alTlOMUHNA B IOJTy4YeHHBIX CUCTEMaX cocTaByana 1.25 r-at/m.

IIpuzomosnenue kpemnesons. KpeMHe301b TOTOBUIN ITyTeM TU/IPONIN3a T€TPAITOKCH-
cunana (T9OC) B emecu H,O:C,HsOH (o6beMHOe cooTHOMIEHME 5:1) TPV COOTHOLIEHUY pea-
rupytomyx Bemects TOOC:(H,O/C,HsOH) = 1:100, npu koMHaTHOJ TeMIepaTtype. B atux
ycnoBuax TOOC rupgponusyeTcs Mo peakiumn

SI(OC2H5)4 + 4H,0 > SI(OH)4+ 4C,HsOH

[TapannenpHo ¢ peakyyamu rujponnsda TOOC npoTekaT peakiuy MOIMKOHeHCALN
IpOAyKTOB Tupponusa. IIpomecc monmKoHAeHcaluy KpeMHe30/1d IPOBOANIN KaK B KVUCTION
(pacTBOp YKCYCHOJ KMCIOTBI), TaK U B IIeIOYHO (pacTBOp aMMumaka) cpesie mpu pH cooTsert-
CTBEHHO ~5 u ~9.5. Pasmep 4dacTui, KpeMHe30/Is1 HaXo-
mutcs B fuanasone 10-140 M. KoHLeHTpanusa KpeMHMA

B IIOJIyY€HHBIX CUCTeMaxX cocTaBjAna 1.26 r-at/m.

HHH BCE€X NIPUTOTOBJ/IEHHBIX KOIJIONAOB 30J/Ib-I'€/Ib

~

Hepexo,u COHPOBO)KI[&TICH O6P330BaHI/IeM HOHYHPO?)Pa‘{— —
HOTO TeJIsT (pI/IC. 2). Puc. 2. 3onb (a) u rens (6), nony4dae-

o MbI€ C IIPMMEHEHMEM PACTBOPOB IICII-
IIpuzomosenernue cmewmannvix 2eneti AlO(OH)- P P P

. . . TI/I3aT0p0B

Si(OH),. Jna nayyeHns B3aMMOBIUAHUA Tejlell Ha CBOII-

CTBa ITOJTyYaeMBbIX IIOKPBITUIT 6bUIN puroToieHsl rem cocraba AIO(OH)-Si(OH). (pH = 9)

IIyTEM IPAMOTO CMEMNBAHNA KOMIIOHEHTOB IIPpU UX 00beMHOM cooTHOLIEeHuM 1:4 u 4:1.
3. Hanecenme nmoKppITuA

Il HaHeceHMA MOKPBITUI IPUMEHANN KaK MHAVBIAYa/IbHbIE a/TIOMOTE/Ib ¥ KPEMHETE]ID,
TaK M X CMeCH B YKa3aHHBIX BBl 0O beMHBIX cooTHOIeHnAX. Obpaser cramm 08K ¢ mpes-
BapUTE/IbHO 00€3>KMPEHHOI MTOJTOTOB/IEHHON CYXOil TIOBEPXHOCTBIO MTOTPY)Ka/U B Tejlb, BBI-
lep)XVBa/mi B HEM B Te4eHNe TPeX MMHYT, 3aTeM ObICTpo m3BneKamt. OOpasibl BHICYIINBAIN
Ha BO3JyXe (I/I LIeTOYHBIX Tefieli) b0 B BO3AYLIHO-aMMMA4HOI aTMocdepe (I remeit ¢
pH<7) mpu KOMHaTHOJ TeMIepaTtype, 3aTeM IPOBOAMIN TePMOOOPabOTKY B aTMOC(epe BO3-
nyxa ripu 500 °C B TeyeHue Jaca.

CreyeT OTMETHTD, ITOATOTOBKA IIOBEPXHOCTY 00pa3IioB IIpyM HaHeceHMu reneit ¢ pH>7
BKJIIOYAJIa CTA/VIO0 aKTMUBauy mosepxHocTy B pactBope HNOs (1:1) B Teyenne 15 cexyHp ¢ 10-
CIIeyIoLIell IIPOMBIBKOJ 00pasija XOIO{HOI BOZOIL.

Bropoii c1oit HaHOCK/IV Ha TOJTHOCTBI0 ChOPMIPOBAHHBII NIEPBBIIL C TOJIHBIM COOTIOfe-

HYIeM IIPOIIeAYPBI, 3 VICKIIOYEHNEM CTaiiM aKTUBALMH (11 1eJIOYHBIX KOTIOUIOB).
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4. MeToabl HCCICI0OBAHNSA

Pu3MKO-XMMIYECKNME XapAaKTEPUCTUKY NPUTOTOBIEHHBIX Tejlell ONpeNeNsany C IOMO-
mpio pH-metpa Kellymeter pH-009(I) (Kelly Union Electronics, ['oukonr), ananmusaropa pas-
Mepa yacTull 1 a3era-notenuana Zetasizer Nano (Malvern Instruments Ltd., Benuko6pura-
HUA).

Mopdonoruo nomy4eHHbIX TOKPBITUI N3y4YaI METOZAMU 3/IeKTPOHHON CKaHMPYIOI el
mukpockommy (SEM, ckaHMpyromuit 91eKTpoHHbI MUKpockon Vega 3 SBH, Tescan, Yexms).

[TpoTHMBOKOPPO3MOHHBIE CBOVICTBA MOKPHITHI B 3.5%-HOoM BogHOM pactBope NaCl mpu
(23+1) °C usy4anu ¢ Ip¥MeHeHNeM 3NIeKTPOXMMIYECKNX METOJJOB — TOTEHIIVIOMETPIY, BOJIb-
TaMIlepoMeTpuy (3JIeKTPOJ, CpaBHEHWS — HACBIIEHHbIN XIOPUCePeOpsHbIN, KOHTYPHBIN
anekTpop — Pt; ummynbcHbi noteHnmocrat PI 50-Pro-3 ¢ aBromaTudeckoit perucrpanuent
JIaHHBIX ¥ TporpaMMHBIM obecniedenueM PS Pack2, OO0 «39muHc», Poccus) u anekTpoxmnmm-
YeCKOJ VIMIIEJaHCHOJ CIIeKTPOCKONMM (IIpy MTOTeHIIMajie Pa3OMKHYTOM Liel, IPOTHUBOSTIEK-
Tpop, — Pt/Pt-uepHb, fuamasoH yacToT nepemeHHoro Toka 10'-10° I', ananmsarop uMIesnaHca
U aMIUIMTYAHO-(}a30BbIX xapakTepuctuk Solartron SI 1260A, mporpaMMmHoe obecriedeHiue
ZPlot n ZView2; «Solartron Analytical», Benuko6puranns).

Pe3ynbrarhbl 9KCIEpUMEHTOB M MX 00Cy)XIeHIe
1. Mop¢onorns oKCMgHBIX TOKPBITUIT Ha CTAIN

Pa3muaHBIN XMMUYECKMIT COCTAB TeJieil ¥ YC/IOBUA UX IIOTY4eHNs BIVIAIT Ha MOp¢oIIo-
TUI0 IOTy4YaeMbIX MOKpbITUiL. Ha puc. 3 mpencrasnensr SEM-n3o6paskeHus OBYCTOMHBIX OK-
CUJTHO-TIOMMHMEBBIX I OKCUITHO-KPEeMHIEBBIX IOKPBITUII B CPaBHEHNM C IOBEPXHOCTBIO TeP-
MoobpaboraHHOro obpasija cramum 6e3 mokpbiTus. BupgHo, yto cmon ALO; crinomiHble, He
VIMEIOT TPELIVH ¥ KPYIHBIX 1Op (M. puc. 3 a, 6), Ho UX MOPQOIOTrNst 3aBUCKT OT YCIOBUI HIO-
TydeHus rens 6eMuta. VHave BBINIAANT KPEMHUI-OKCUAHOE TOKpbITHe. OHO 60/1ee OfHOPOS-
HOE II0 CTPYKTYype, OfHAKO Ha HeM IIpM CyLIKe ¥ OTXKUTe POPMUPYIOTCA KPYIHbIE TPEIIVHBI,
fiefas IOBEPXHOCTb IOKPbIBAEMOTO MeTajIa [IOCTYIIHOM MI/I1 KOMIIOHEHTOB KOPPO3MOHHOI
cpenbl. [laske HaHeceHNe BTOPOTO C/IOSI He CIIOCOOCTBYET ITOBBIIIEHNIO CIVIONIHOCTY (CM. puC.
3,8).

Ha puc. 4 nokasansl ogHOC0MHbIe 1 ABycnoiHbIe Al,O3-SiO,-TOKpBITHA, TOTyYeHHbIE
IpY Pa3INYHOM COOTHOLIEHMM ATIOMOrens M KpeMHerend. O4eBUIHO, YTO TaKue IUICHKU
MMEIOT 60JIbIIIOe KOMMYECTBO TPEI[H, HAPYIIAIIX CIVIONIHOCTD ITOKPhITHA. Takue cBOJCTBA
HOKPBITHAM co00IjaeT KOMIOHEHT Tefeit SiO,, 4To cormacyercs ¢ MMTepaTypHBIMY JaHHBIMU
[15, 16], rme oTMevaeTcst 6oybIIast ycafika OKCUJHO-KPEMHMEBBIX IJIEHOK IIPY BBICYLIVBAHNMN

" OTKUTE, COITPOBOXAAOMIAACA PAaCTPECKMMBAHNEM C/IOA.
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Puc. 3. SEM-usobpaskenns 06pas1ioB CTanu ¢ ABYCIOMHBIMY TOKpbITHAMIU: d - ALO; (u3 rensa ¢ pH = 5); 6 - ALO;
(n3 rens ¢ pH = 9.5); 6 - SiO; (u3 rens ¢ pH = 9.5); ¢ - obpaser; 6e3 IOKPHITHSA, OTOXOKEHHBII Tpy 500 °C B aTMO-

cdepe Bo3ayxa

Puc. 4. SEM-usobpaskeHns OFHOCTIONHBIX (4, 6) V1 ABYCIOMHBIX (8, 2) HOKPBITHIL, onydeHHbIX U3 rens Al,O;-SiO;
[IPY COOTHOIIIEHNN KOMITOHEHTOB: 4:1 (a, 8) n 1:4 (6, 2)

2. O].[eHKa KadyecTrBa l'[OKprTI/[ﬁ Ha OCHOB€ KOPPO3MOHHBIX TUArpaMMm

Ha puc. 5 npuBefieHbl KOPPO3MOHHbIE AMarpaMMbl 00pasL[OB CTaay 0e3 MOKPBITYA U C
KepaMM4YeCKUMM MOKPBITUAMY B €CTECTBEHHO adpMPOBAHHOM 3.5%-HOM pacTBOpe X/IOpupa
HaTpysA. BujHo, 4TO 3HaYeHNUA CTAl[MOHAPHBIX MOTeHIMANoB (E.) mccrenyeMbIx 06pasLos ¢
HOKPBITUAMM, IIOTy4eHHBIMI U3 IIe/I0OYHBIX Teftelt (cM. puc. 5, 6 (kpuBasd 1), 6, ¢), 61m3ku 1o
CBOMM 3Ha4eHUAM K E., cramu 6e3 nokpsitus (cM. puc. 5, a). Ha atux obpasuax HoKpeITHs B
TOJI WM MHOM cTernieHn fiedekTHbI. B cnydae obpasna co cmoeM ALOs, TOTy4eHHBIM U3 Tes €
KUCTIOTHOJ NenTu3anyei gucnepcun 6emMuta (cM. puc. 5, 6, Kpusas 2), CABUT CTAI[IOHAPHOTO
noTeHIana obpasua npesbinraeT 0.7 B B mooxuTe1bHOM Harpap/ieHUy (10 CpaBHEHUIO C E
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VICXOZIHOTO obpasia). To XapakrepuayeT copmupoBanHbiii cnoit ALOs kak apdeKTBHBIIN
(6e3medexTHbIT) usMdecKuit 6apbep, IpefOTBPAIAIOINI KOHTAKT MeTa//la ¢ KOPPO3MOH-
HOJI CpefoM.

CregyeTr TakKe OTMETHTD, YTO KOPpO3uA cTamn 6e3 IMOKPHITUA IIPOTEKAeT ¢ KaTOLHBIM
KOHTpPOJIEM CKOPOCTY IIpoIlecca — IMMUTUPYETCA CKOPOCTHIO MTOJBOMA PACTBOPEHHOTO KUCTIO-
poza (KaTogHOro HemosIpusaTopa) K KOPPOAMPYIOIell ITOBEpXHOCTH MeTavia. I1oKphITHs,
KaK BUJIHO, MSMEHSAIOT XapaKTep aHOLHOI M KaTOJZHOI BeTBeil KOPPO3MOHHO AMarpaMMBbl, U
KOPPO3MOHHBIII IIPOLIECC MOKET IPOTeKaTb KaK ¢ KaTOJHBIM, TaK M C aHOJHBIM KOHTPOJIEM
ckopoctu. Pacuer mnoTHOoCTH TOKa KOppo3un (log jop) IOKa3aJI, 4TO B paMKax aHHOTO JICCTIe-
JIOBAaHNA TOJIBKO OTHOKOMIIOHEeHTHbIe IIeHKN Al,Os U IBYXKOMIIOHEHTHbIE IVIEHKM C BBICO-
KUM COZiepKaHMeM OKCUJia alIOMMHUA 00MafialoT 60/iee WM MeHee XOPOIIO BbIPa>KeHHBIMU
3aIMTHBIMU CBOJICTBAMM IIO OTHOIIEHUIO K OCHOBE. jxop MMEIOT 3HaYeHMs, HA/cM%: 35.5 (6e3
nokpoitus), 11.2 (AL,Os, menounoii rens), 0.11 (ALOs, kucblit renb) u 28.2 (ALO;-Si0,, 4:1).

5 a 6
4 — 44
"E 31 logj kop § :— I°9]Kop1 1 2
Q | ' -
% z / ..... ; = A
= 1] —
pp—y 8’ 0- |
S 0 L R S
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Puc. 5. KopposuoHHble fuarpaMmMbl 06pas3nos ctamu 08KI: a — B ucxogHoM coctossunu (E.,= -335 MB) u ¢ gBy-
CIOVMHBIMI TOKPBITVAMU: 6 — C OKCUAHO-QIIOMUHMEBBIM, IIOTYYeHHBIM W3 Teleil CO IenovHoil (kpusas 1,
E: =-350 MB) u kucnotHoit (kpuBas 2, E.; = 410 MB) nenrtusarueit; 6 — ¢ OKCUHO-KPEMHUEBBIM IIOKPBITHEM,
IONy4eHHBIM U3 Telst co meno4Hoit mentusaumein (E, = -280 MB); ¢ - ¢ OBYXKOMIIOHEHTHBIM
Al,03-Si0,-1I0KpbITHEM, IIOMTYYEeHHBIM U3 CMECH Teflell CO IeJIOYHOI MeNnTH3anuell Ipy COOTHOLIEHNY KOMIIO-
HeHTOB 1:4 (kpuBad 1, E.; = -295 MB) u 4:1 (kpmBas 2, E. = -215 MB). CkopocTb pasBepTKM IoTeHIana 1 mB/c.

Temmepatypa (23£1) °C

3. OHCHKa KadecrBa HOKPhITI/Iﬁ Ha OCHOB€ JTaHHBIX SHCKTPOXMMI/I‘leCKOﬁ MMII€ETAHC-
HO CIIEKTPOCKOIINN

KnHeTnky koppo3uy 06pas1joB cTam 6e3 MOKPBITHA U C HOKPBITYAMMY M3y4dali METOJ0M
3/IeKTPOXMMIYECKOI MMITelaHCHOM criekTpocKommy (DVIC) B 1OCTATOUHO KECTKUX YCTOBUAX
— B €CTECTBEHHO a3pMPOBAHHOM 3.5%-HOM PacTBOpe X/I0pU/Aa HATPUA NPU MOTEHIMA/Ie Pa3o-

MKHYyTOI ter. Ha puc. 6 mokasaubl guarpammsl bope (Mogyis nmnenanca |Z| n ¢hasoBsiit yron
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0 xak QyHKIMA YaCTOTHI IEPEMEHHOTO TOKA) i/IsI 00Pa3IioB C ABYC/IOMHBIMYU IOKPBITUAMIA, II0-
Ka3aBIIVMMIY 3Ha4eHMsI IVIOTHOCTY TOKAa KOPPO3UU MeHee BBICOKME, 4eM Yy KOHTPOIbHOTO 00-
pasia. VI3 pucyHka BMHO, Y4TO HawIydliie mapamerpbl (Hambonbiuue sHavenus |Z| u 0)
MIMEIOT 00pasIbl C OKCU/IHO-ATIOMHVMEBBIM ITOKPBITHEM, OTy4eHHBIM U3 KIC/IOTO rens (Kpu-

Bble 2) U iBYXKOMIIOHeHTHble Al,O3-SiO,-mokpsITH.

1 801
5 ]
] a 60
o~ 4‘ ]
E 1 3:40.
53- 2 ]
==_2j D 201
= 2] ]
= 01
0 . K ———
2 4 6 205 0 2 4 6
log f (Ty) log f (I'y)

Puc. 6. 3aBucumoctu Mopysst nmieganca (a) u ¢pasoBoro yria (6) OT 4aCTOTHI IEPEMEHHOTO TOKA [l 00pasIoB
cramm: 1 - 6e3 mokpoitusi; 2 — ¢ gBycnoitabeiM AL Os-nokpeitnem (u3 remst ¢ pH =5); 3 - ¢ AByC/IOIHBIM
AL Os-nmoxpeituem (u3 rens ¢ pH = 9), 4 — ¢ ABYCIOMHBIM ABYXKOMIIOHEHTHBIM Al,O3-Si0,-1oKpeITIIEM (COOTHO-
meHre KoMIoHeHTOB 4:1). Ilapamerpsl uMmenanca usMepeHsl mocie 0.5 4 morpyxennsa o6pasios B 3.5%-Hblit
NaCl, Temneparypa (23£1) °C

MopennpoBaHue CUCTeMbl MeTa/I-OKCU/JI-PacTBOp IIPOBOAVIN IPY IOMOIIM 5KBMBA-
JIEHTHOI anekTpudeckoi uenu (I31]), mokasannoi Ha puc. 7. B gannon 931 R, — conporns-
JIeHU€ 37IEKTPONINTA MEXKIY UCC/IefyeMbIM U BCIIOMOTaTe/IbHbIM 37IeKTpofiaMu; R, — pe3sucTus-
HBIVT KOMIIOHEHT TOKPbITHs; CPE — a7eMeHT moCcTOssHHOV aspl (T0Ka3aTesb HeuieaTbHOCTI
eMKOCTY IOKPBITHUSA), VIMienanc Zcps MOXKeT OBITD IIpefiCTaB/IeH BoIpaXkeHmeM [12, 19]

1
Zppy = ——
ooy

rzie Q - xoHcraHTa snementa CPE (F cmc"™); @ — kpyro-
Ral CPE

Bas 4acToTa, w = 27f (pag c'); j=—1 u n - mokasaresb
crenenn snementa CPE (0Ka3bIBaeT yroJ ielpeccui, Ko- EP :
TOPBII XapaKkTepusyer gedopMariiio eMKOCTHOI IIeT/IN Ha

. Puc. 7. 9311 pna wmHTepmperauyn
nuarpamme HarikBucra). CPE MO>KHO OIIpeieNIUTh KaK eM-

JaHHbIX QHCKTPOXI/IMI/I‘ICCKOVI nmIie-
KOCTb, KOTrpma n = 1, xak COIIPpOTUBJIEHNUE, KOTA 1 = 0, n Kak JAHCHOM CIEKTPOCKONNMM MeTala C
conporuseHne BapOypra, korga n = 0,5. TOKPBITHAMI 6aPbePHOTO THITA
bbb paccunrtanbl 3HaYeHNA napameTpoB III mid

CTa/I C IOKPBITVAMM B 3aBUCHMOCTM OT BpEMEHN KOHTAaKTa 0OpasIjoB ¢ KOPPO3MOHHOII Cpe-
JIOJ1, pe3y/IbTaThl pacyeTa MpefcTaBaeHbl B Tabmuie. Kak BUHO, /IS BCeX MOKPBITUI Xapak-
TEPHO yBe/lM4eHMe 3HadeHn 1 napamerpa Q. Takoe nosefieHe CBA3aHO C BO3pACTaHMEM €MKO-
CTU TIOKPBITVSI, O0YC/IOBJIEHHBIM IIPOHMKHOBEHVEM PAacTBOpa B IOPBI U YBeIMYEHUEM ILIO-
Il KOHTAKTa OKCUHOTO CI0s C PACTBOPOM, YTO COIIPOBOXKAETCA TaK)Ke CHVDKEHIIEM BEIN-

4yH R, n n.
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Heob6xopyuMo oTMeTnTD, 4TO HavanbHble 3HaYeHns napamerpa CPE (Q u n) cnoes AL Os,

nonydeHHoro us rend ¢ pH = 5, u gByxkommnoHenTHOTO ALLO3-SiO, MMeI0T con3MepuMbIe 3HA-

gyeHys. [Ipy 9TOM CKOPOCTb CHYDKEHVS BEIMYMHBI 11 B 000MX Cny4asx cocrasisfeT 0.026 g

(R*=-0.99), HO CKOPOCTb yBenM4eHMs napamerpa Q u CHIDKeHUA R, OMHOKOMIIOHEHTHOTO I10-

KPBITVSA IIOYTH B [{Ba pasa BbIIIe, 4eM JBYKOMIIOHEHTHOTO (puc. 8). JlocTaTOYHO BBICOKIIE 3HA-

JeHA [IapaMeTpa 1 CBUJETe/IbCTBYET 00 yIOBIETBOPUTEIBHOM KadecTBe C(pOpMUPOBAHHOTO

CJ10A, HO OOHAKO MX HEMb3A OTHECTU K YMCTO €EMKOCTHBIM BCIENCTBUE HA/IMINA IIOP, IIOCTE-

IIEHHO BOBJ/IEKA€MbBIX B KOHTAKT C 3JIEKTPO/INTOM.

[Moxpertne Al,Os, momydenHoe 13 rens ¢ pH = 9, KOPpPO3MOHHBIX UCIBITAHNIT He BBIIEP-

XKVIBaeT BC/IE[ICTBIIE CYILIIeCTBEHHO 00Iee BBICOKOII 1epeKTHOCTY U IIPOHUIIAEMOCTY IIOKPBITHS,

9TO COI/TacyeTcs € fJaHHbIMMU, IIOTYIE€HHBIMU OPYTVIMU METOOAMMU.

Ta6mmma. 3HaueHns mapamerpos 311 11 06pasIoB ¢ HOKPBITHAMY B YCTOBUAX KOHTAKTa C 3.5%-HBIM pacTBO-

poM xyIopupa HaTpus

[MTapamerprr 331
IToxperTne Bpems, 4 CPE )
- Ry, OM e
Q, uF cm2c 0 n
0.5 132.6 0.84 6.57
1.0 149.3 0.84 4.76
1.5 174.9 0.82 3.86
ALOs - monydeHo us rens 20 2114 0.81 333
Hes . . . .
cp 2.5 253.3 0.79 2.71
3.0 274.3 0.78 2.55
3.5 299.1 0.77 2.43
0.5 197.8 1.85
0.59
1.0 297.6 1.71
0.55
1.5 381.5 1.68
ALOs - monydeHo us rens 20 566.2 0.53 153
H=9 ' ' 0.49 )
cp 3.0 Peskoe Peskoe
4.0 BO3pacTaHue CHIDKeHMEe
0.5 119.7 0.86 4.02
1.0 129.5 0.85 3.49
1.5 134.8 0.85 3.15
ALQ; - SiO, 2.0 144.7 0.83 2.78
3.0 193.2 0.80 1.83
4.0 242.4 0.77 1.61
600, L2 a 7 6
£ 500, / o 6
g / = 5
& 400 / 2
5 / O 4
/ 1 .
© 3001 / a
w S/ r 3 1
= 200{ - 3 2] 3
e ]2
1003 1 2 3 4 0o 1 2 3 4
Bpems, yac Bpems, Jac

Puc. 8. ITapamerpst 931 Q (a) u R, (6) B 3aBUCHMOCTM OT BpeMeH! KOHTaKTa ¢ 3.5%-HbIM pactBopoM NaCl mpnu

temneparype (23t1) °C cramu: 1 - ¢ gBycnoitabiM ALOs—mokpsiTiieM (13 renst ¢ pH = 5); 2 — ¢ ABYC/IOMHBIM

ALOs-moxpeituem (u3 remst ¢ pH = 9); 3 — ¢ fBycn0OHBIM ABYXKOMIIOHEHTHBIM Al O3-SiO;-1oKpsITIEM (COOTHO-

IIIeH1ie KOMITOHEHTOB 4:1)
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BriBonb1

B panHoit paboTe usydeHo BnusHMe pH Ha XapaKTepUCTUKM aTIOMUHUII- ¥ KPEMHUI-
CoJlep>KaIlNX 30/Ib-Te/Ib CHCTEM, a TAKXKe Ha CBOJICTBA OKCYUHBIX IOKPBITHIT, COpMIpPOBaH-
HBIX Ha HU3KOJErnpOBaHHOM cTamy 08KII 13 9TUX KO/IOUJIOB.

I'enu, nomyyeHHble ¢ IpUMEHEHMEM NIENITU3ATOPA — YKCYCHOM KUCIOTbI, IPOABIIAIOT BbI-
COKYI0 KOPPO3MOHHYIO aKTBHOCTbD, KOTOpasi B HaMOO/IbIIIell CTeIIeHN IIPOSAB/IAETCS IIPY BBICY-
IIVMBAHUY C/IOA Tesid Ha MeTayute. [IpyMeHnTeIbHO K aTIOMOTeTIo 9Ta pobieMa Oblta pelreHa
HaMM paHee ITyTeM BLICYIIMBAHNA C/I0 B ITapax aMMuaxa [13, 14], mpuMeHNTe/IbHO K KpeMHe-
TeJIio 9TOT IpueM OKasancsa HeapdekTnseH. [IprmeHeHne reeit ¢ mentusamye YacTuly Tuf-
PaTMpPOBAHHBIX OKCHJOB C IIOMOIIBIO pacTBopa aMMuaka (pH = 9-11) mosBosseT npegoTBpa-
TUTb pa3BUTIE KOPPO3UU CTA/IN B IIpOLiecce HAHECEeHM U CYLIKY IOKpbITUA. BMecTe ¢ TeM, Ipu
I[e/IOYHOI IenTu3anyy GopMmUpynTca 6ojee KpyIHble YaCTUIIBI ITMAPATVPOBAHHBIX OKCUIOB
AIIOMMHUA U KPEMHMA.

[ToxppiTys 66U CPOPMUPOBAHBI M3 KVC/IBIX ¥ IE/IOYHBIX aTFOMOTe/Ieil 1 I[eJIOYHOTO
KpeMHeTeJId, a TAK)Ke CMeCH Ie/IOYHbIX aTI0MO- ¥ KpeMHeTeJIeil ITpY pasINnIHOM COOTHOIIEHNN
KOMIIOHEHTOB. Y CTAHOBJIEHO, YTO OJJHOKOMIIOHEeHTHOE SiO,-mokpbiTHe u npucyrcreue SiO, B
JIByXKOMITOHEHTHBIX HNOKPBITVAX IPUBOANT K 00pa30oBaHMI0 MMKPOTPEIINH, YTO HETaTVBHO
CKa3bIBaeTcs Ha IPOTUBOKOPPO3MOHHBIX CBOJICTBAX I/IEHOK.

C npuMeHeHMeM BOJIbTAMIIEPOMETPUM U TEKTPOXMMIYECKON MMIIeIAaHCHON CIIEKTPO-
CKOIIMM M3Y4eHBbI 3alVITHbIE CBOJICTBA MOKPBITHUIL B 3.5%-HOM pacTBOpe XJIOpUfa HaTpUs Ipu
temrepatype (23+1) °C. Ha ocHOBaHUM KOPPO3MOHHBIX [UArPaMM PAaCCYMTAHBI IVIOTHOCTYU
TOKa KOPPO3UM U IIOKa3aHO, YTO TONbKO OfHOKOMITOHeHTHble Al,Os-TIIeHKM U [JByXKOMIIO-
HEHTHBbIE IVICHKM C BBICOKUM COZiepKaHMeM OKCUIA aTIOMMHNUA 00/1afiatoT 3aluTHBIM 3¢ dek-
TOM. JJaHHBIE 3/7IeKTPOXMMIYECKON UMIIEJAaHCHON CHeKTPOCKOINY UCIOIb30BaHBI J/Is1 MOJie-
NMPOBAaHMSA IPaHMIBI pasfiena a3 MeTa/UI-IVIEHKA-3/IEKTPOIUT ¢ MOMOIIbI0 9KBMBAJIEHTHOI
37IeKTpUYecKoll Ijemn. PaccunTaHbl 3HaYeHM I TapaMeTPOB IIeNN U MX M3MeHeHNe B 3aBYICUMO-
CTU OT BpeMeHM 3KCIo3MI My 06pasiia B KOPpPO3MOHHOI cpefie. Jlydinye pe3ybTaThl HOKa3a/In
OKCUIHO-aIIOMIHIEBbIe IVIEHK, TI0/Ty4eHHbIe U3 amoMorens ¢ pH = 5, 1 ByXKOMIIOHEHTHbIe
AlLO5-Si0,-1nenkn cocraBa 4:1.

Paboma evinonuena npu gunancosoii noddepxke Poccuiickozo ¢onoa pynoamenmano-
Hoblx uccnedosanuti u Aomunucmpayuu Veanosckoii obnacmu 6 pamxkax HAy4HO20 NpoeKma
Ne 18-43-370030_p_a.
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methylpropionamide) dihydrochloride ture of the alcohol, determining its location in the micellar system,

affects the process.

Introduction

Lipid peroxidation plays an important role in the vital functions of the organism, as cel-
lular tissues are composed mainly of lipid membranes [1]. However, study of these processes
directly at the lipid membrane is not simple. Biological membranes contain a variety of unsatu-
rated compounds [2, 3]. The simplest analogue of such compounds is methylinooleate (LH).
Therefore, aqueous micellar methylinoleate systems are models for studying oxidative processes
in biological systems as well as for testing natural antioxidants and their analogues [4, 5]. The
environment pH affects on the speed and mechanism of biological processes. Therefore, the
oxidation of methylinooleate requires different pH's to be studied.

The surfactants (SAA) used in these models are ionogenic or non-ionogenic. Some of
them undergo chain oxidation through the free-radical mechanism [6], i.e., they are not inert
components of the system. Obviously, the total mechanism of the process will be much more
complicated. Therefore, sodium dodecyl sulphate (SDS) was chosen as the surfactant, which is
practically not subject to chain oxidation under experimental conditions [7].

One of the reasons for the oxidisability of non-ionic surfactants is the presence of primary
alcoholic groups in the hydrophilic part of the molecule.

In addition, alcohols can influence the diffusion processes taking place between the aque-
ous and organic phase in some model systems [8]. Therefore, the aim of this work was to study
the oxidation of primary alcohols and methylinooleate in sodium dodecyl sulphate micelles at
different pH values.

Experimental part

We use methylinooleate (LH), 2,2'-azobis(2-methylpropionamidine)dihydrochloride
(AAPH), ethanol (C;HsOH) and octanol (CsHs0). We study the kinetics of the chain oxidation
of methylinooleate in aqueous micelles under the following conditions: temperature
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(37.0%0.1) °C, pH of aqueous phosphate buffer 7.4+0.02. The surfactant used was SDS. Oxygen
absorption kinetics was studied by YSI 5300A oxygen biological monitor (Yellow Spring In-
struments Co., USA). For initiating we used a water-soluble AAPH initiator. Its solutions have
a slightly acidic medium. Therefore, in experiments with deionised water the pH of the system
was 5.5+0.02. Computer simulation was carried out using software Kinetica-2012 [9].

Results and Discussion

Fig. 1 shows typical time dependences of the oxygen absorption rate {W(O,)} during ox-
idation of methylinooleate and ethanol in SDS micelles in buffer solution.

2,0
U') 16
=
-
(=]
-
Y
o
o 100 200 300 400
t, min

t, min

Fig. 1. Time dependence of the oxidation Fig. 2. Time dependence of the oxidation
rate of LH and CHsOH. [LH] = 5-10-®> mol/l, rate of C,HsOH and LH. [LH] = 5-10° mol/l,
[CCHsOH] =0.1mol/I, [SDS] = 01 mol/l, [CHsOH]=0.1mol/l, [SDS] = 0.1 mol/l,
Wi10°mol/(l's): 1 -2;2-3;3-4;4-6;5-8, where W,  W;:10° mol/(l's): 1-2;2-4;3-6;4-8

is an initiation rate

The figure shows that after a certain time the maximum value of W(0O,) is reached, which
depends on W.. The nature of the "oxygen absorption rate - time" relationships during oxidation
of LH and octanol in buffer solution is similar to that shown in Fig. 1.

Fig. 2 shows the time dependence of the oxidation rate of C;HsOH and LH when oxidised
in deionised water. In contrast to oxidation in buffer solution, W(0O,) did not reach maximum.
The same is for LH and octanol oxidising in deionised water.

W(O,) is a function of W/, n — per initiator [5]. In contrast to micellar, in homogeneous
systems the oxygen absorption rate during LH oxidation is constant, the chains are broken by
a bimolecular reaction and »n = 0.5.

Table 1 shows the time-order dependencies of the initiator order calculated from the ex-
perimental data obtained.

Table 1. Dependence of initiator order on time during oxidation of the studied alcohols and LH

Initiator order
. . 200 . .
50 minutes | 100 minutes . 300 minutes | 400 minutes
minutes

Buffer solution 0.70 0.57 0.36 0.34 0.34
C,HsOH —

Deionised water 1.01 0.98 0.98 1.00 0.93

Buffer solution 0.58 0.59 0.61 0.54 0.48
C3H1so ; ;

Deionised water 1.03 1.01 0.77 0.73 0.72

[LH] = 5-10° mol/L, [C;HsOH] = 0.1 mol/L, [CsH;50] = 0.05 mol/L, [SDS] = 0.1 mol/L. n was calculated using the
formula In(W(O,) = n-In(W)).
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By Table 1, the initiator order during oxidation in buffer solution is less than in deionised
water. During the process, a decrease of n is observed in the buffer solution.

If n = 0.5, the chains are broken in a bimolecular reaction; if n = 1, the chains are broken
in a monomolecular reaction; in the range from 0.5 to 1, the mechanism is mixed.

The initiator is calculated using the methodology developed for homogeneous systems in
a quasi-stationary regime. The change in oxygen absorption rate in micellar systems (see
Fig. 1, 2) can be explained by the non-stationary nature of the process [10, 11]. A computer
simulation was carried out for this purpose. The diagram [12-15] shows the general oxidation

mechanism:
(i) AAPH->r" + N, ki=10°s!
(D r*+0;>r0;° ki=10%1- mol s
(2) 1Oy + 10" > O, k>=5-10*1-mol s
(3) rO,*+LH > L* + rOOH k3= 501-mol s
(4)L*+0,>LO:" kys=10%1-mol '-s!
(5)LO,*+LH > L*+ LOOH ks=701-mol s

(6) LO,* + LO,* > O, + products
[LH] = 0,005 mol/l, [O,] = 2:10* mol/l

As W(0O,) is proportional to the peroxyradical concentration, the kinetics of LO,* accu-
mulation was calculated (Fig. 3).

W(0,) = ks-[LO,*]-[LH] (1)

10 15 20

t, min ,

Fig. 3. Modelling of LO, concentration versus time for LH oxidation. [O,] = 2-10* M, [LH] = 0.01 M. W;-10°, M:
1 -0,4;2 - 1; 3 — 4. The modelling was carried out according to the above scheme. 2ks= 10*1-mol *-s

By Fig. 3, the higher Wj, the quicker stationary concentration of LO, is reached®. It is cor-
responding to the maximum rate of the process. After reaching the maximum W(0O,), a decrease
was observed (see Fig. 1). The modelling suggests it is due to the consumption of the main
oxidising component, methylinooleate. Depending on W;, 10-30% of LH can be consumed dur-
ing the experiment. Thus the initiator order should be calculated at the maximum rates
{W{(max)} when the concentration of LO,*® has reached a constant value. The initiator order will
be 0.5, i.e. W(O,) is directly proportional to W>. Fig. 4. The resulting dependence.
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W(max) -10”, M« s

0’9 1 1 1 1 1 1 1 1 1
0,6 0,8 1,0 1,2 1.4 0 100 200 300 400

W2 10, M°* s°° t, min
Fig. 4. Dependence of maximum oxygen absorption
rate on W [LH] = 5-10° mol/l, [SDS] = 0.1 mol/l,
[C:H50H] = 0.1 mol/l. The dependence is based on the
data of Fig. 1.

Fig. 5. Time dependence of the oxidation
rate of C,HsOH and LH. [LH] = 5-10° mol/l,
[SDS] = 0.1 mol/l, [C;HsOH], mol/l: 1 - 0; 2 - 0.1;
3-0.2;4-0.5. W;=4-10° mol/(l-s)

As the maximum W(O,) is directly proportional to W3, It corresponds to bimolecular
chain breaking by reaction (6) in the scheme above. During oxidation in deionised water, max-
imum oxygen absorption rates were not achieved due to the lower efficiency of the initiator in
a weakly acidic environment, which corresponds to a reduction in Wi

Fig. 5. There is a graph of the time dependence of the oxygen absorption rate during oxi-
dation of C;HsOH and LH in buffer solution at different concentrations of alcohol.

The oxidation rate decreases with increasing alcohol concentration. It can be explained
by the presence of initiator and ethyl alcohol in the aqueous phase, so C;Hs;OH is able to inter-
cept part of the radicals formed during the breakdown of the initiator (see diagram above) in
the reaction (rO; + *C,HsOH), which leads to a decrease in the overall rate of the process. The
similar effect is during the oxidation of C;HsOH and LH in deionised water.

The oxidation of CsHisO and LH in both buffer solution and deionised water decreases
with increasing alcohol concentration W(O,). In contrast to ethanol, octanol is predominantly
distributed in the organic phase of the system, i.e. in micelles. Micelles are microreactors [3]
with an organic oxidation substrate, i.e. LH, inside them. Increasing the octanol concentration
dilutes the LH in the micelle core and consequently reduces the oxidation rate. Fig. 6. The com-
parison of the oxidation rates of methylinooleate and ethanol versus time as the pH of the me-
dium changes.

- 15} 18-
7 17 AA
= » , =

- ./ .
':e 1’0 > ‘\.\.\. 2 r:e 1,5 |
=05l 1 S 1

1 1 1 1 0,9 1 1 1 1
0 100 200 300 400 0 100 200 300 400
t, min 1, min

Fig. 6 Time dependence of C;HsOH and LH oxidation
rate: 1 - in deionized water, 2 - in buffer solution. [LH]
= 5.107 mol/L, [SDS] = 0.1 mol/L, [C;HsOH] = 0.1
mol/L, W; = 4-10° mol/(l-s)

Fig. 7. Time dependence of the oxidation rate in buffer
solution: [LH] = 5-10° mol/l, [SDS] = 0.1 mol/l, W; =
4-10° mol/(l's), 1 - [CsH;sOH] = 0.05 mol/l, 2 -
[C,HsOH] = 0.05 mol/l
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By Figure, the oxidation involving ethanol proceeds faster in buffer solution than in water.
The reason is the initiators of this type are less effective in acidic environments [3]. The similar
effect is for octanol. Fig. 7. The comparison of the time dependence of the oxidation rate in a
micellar SDS - LH system in the presence of different alcohols.

According to the figures, oxidation process is faster in the presence of octanol than in the
presence of ethanol. This can be explained by the fact that ethanol, being in the aqueous phase
with the initiator, is able to interact with the radicals formed there during its decomposition by
the reaction (rO,* + ROH). As a result, the initiation speed is decreases, reducing the speed of
the overall process.

Conclusions

Thus, the oxidation mechanism of methylinooleate and the alcohols examined is deter-
mined by the pH of the medium. Also there is alcohol in the aqueous or micellar phases.
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rosion pigment, pyrolysis products  ucts of rice hulls. The article considers the high corrosion protection activity
of rice hulls of the synthesised pigments in the acrylic urethane primer.

Introduction

Nowadays, most corrosion protection pigments used in coatings are environmentally
hazardous and contain lead and other heavy metal compounds [1]. The use of such pigments
in various products pollutes the environment and is harmful for human health [2].

Today, ion exchange pigments based on silicon dioxide are widely used abroad. They have
no toxic components such as chromium, lead, strontium and others in their composition [3].
In particular, ion exchange anti-corrosion pigments such as Shieldex™, Dowex™ and Activox™
slow down the rate of corrosion processes in coatings without harming the environment [4].
However, the high cost of these products and the exchange rate of the dollar are holding back
the use of these anti-corrosion, environmentally friendly pigments in domestic production.

Therefore, obtaining domestic laboratory samples of ion-exchange pigments based on
non-toxic raw materials, determination of their physical-technical and anticorrosive properties,
evaluation of the possibility of using them in anticorrosive paintwork materials is an urgent
problem of import substitution.

There is a large amount of rice processing waste in Russia and abroad - rice hulls, pyrolysis
products of which are amorphous silicon dioxide. This product can be used to produce a do-
mestic environmentally friendly, low-cost corrosion protection pigment.

This study presents material on the production of environmentally friendly anti-corro-
sion pigments, their physical and technical properties and the possibility of using them in filled
paintwork materials in order to obtain anti-corrosion coatings.

Experimental part

The production of ion-exchange pigments consists of the mechanochemical treatment
[5-7] of silicon dioxide with calcium compounds. There were used two ways of production of
anticorrosive pigment of ion-exchange mechanism of action: "wet" method consisting in
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treatment of pyrolysis product of rice husk with saturated aqueous solution of calcium hydrox-
ide in a laboratory disolver and "dry" method including treatment of natural amorphous silicon
dioxide with calcium hydroxide in a vibrating mill.

The calcium ions in the pigment particles can occur both in the capillaries of the silica
aggregates and on their surface, primarily in the form of silicate. To incorporate calcium com-
pounds into the pigment is not easy because of the low solubility of calcium hydroxide in water.
The use of other calcium compounds as a source is not advisable. It is associated with the for-
mation of electrolyte in the mother solution and in the pigment composition, which reduces
the corrosion resistance of the coating.

The concentration of calcium hydroxide in its saturated solution was determined by po-
tentiometric acid-base titration. The resulting value of 0.018 mol/l, corresponding to 1.338 g/l,
agrees well with the reference solubility value [8].

Experimental samples of ion-exchange pigments were obtained from the maximum sorp-
tion capacity of natural silica to calcium ions when treating the substrate surface with a satu-
rated aqueous solution of Ca(OH)..

The mechanochemical treatment of silica with saturated calcium hydroxide solution was
carried out for 40 minutes by H-302 dissolver equipped with a disc agitator. The average speed
of the agitator was measured by PM10-R tachometer. Dispersing was carried out at a cutter
speed of 75-83 s! (equal to a linear speed of 9.4-10.4 m/s). Cutter speed control was carried out
by a frequency-controlled motor rotor controller.

After dispersion we washed the pigment paste with distilled water and separated from the
mother solution for 10 minutes by centrifuge at 50 s-* rotor speed. After centrifugation, we dried
the ion-exchange pigment in a desiccator at 105-110 °C for 5 hours.

The "dry" method of producing an environmentally friendly anti-corrosion pigment con-
sisting in processing a mixture of silicon dioxide powders and a formulated amount of calcium
hydroxide in a Vibratory Ball-Mill, with the container filled with the reaction mass and steel
grinding media at a vibration frequency of 50 Hz. The resulting product was separated from the
grinding media by sieving through a vibrating screen with mesh No. 100.

Table 1 shows the results of the study of the physical and technical properties of the pig-
ments.

Table 1. Physical and technical properties of the resulting environmentally friendly pigments

"Wet" method of producing ion | "Dry" method of producing ion
Appearance exchange pigment exchange pigment
White powder White powder
Average particle size, um 1.89 12.5
pH of the aqueous extract 8.19 10.54
Density, kg/m’ 1940 2100
Oil capacity, g/100 g 60.0 25.0
Water-soluble salt content, % 1.16 -

Corrosion current density, pA/cm? 82.2 88.2

Corrosion potential, mV -550.0 -557.7

The "dry" method of treating silica with calcium hydroxide in a vibrating mill is not effec-
tive to produce a highly dispersed powdery material. The average particle size of the produced
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pigment (12.5 um) is significantly higher than the same for the "wet" one. The "dry" modifica-
tion sample is also characterised by a very high pH value in the aqueous extract. The anti-cor-
rosive pigment obtained by "dry" treatment of silicon dioxide with hydroxide can be used in
filled paintwork materials.

During the experiment, a 5% "wet" or "dry" synthesised anti-corrosion pigment was added
to the two-component organically-dilutable acrylic-urethane light grey primer.

Paintwork materials with anti-corrosion pigments were applied to the plates in two coats
by air spraying. The coatings were dried at 60 °C for 30 minutes. Before testing the coatings
were cured for 7 days at (20+2) °C and a relative humidity of (65+5)%. The coated plates were
then placed in a 3% sodium chloride solution and kept for 10 days at (20£5) °C.

b c

Fig. 1. Appearance of coatings formed of acrylic-urethane primer after curing in 3% sodium chloride solution
for 10 days (20+£5) °C: a - coating without the synthesised anti-corrosion pigment; b - coating with "wet" syn-
thesised anti-corrosion pigment; ¢ - coating with "dry" synthesised anti-corrosion pigment

The coatings with "wet" synthesised corrosion protection pigment show good anti-corro-
sion properties.

Conclusion

The environmentally friendly pigments derived from pyrolysis products of rice hulls have
anti-corrosive properties. The sample obtained by "wet" modification of the surface of natural
silicon dioxide shows the best anti-corrosion properties.

The resulting corrosion protection pigments can be used for coatings to protect steel
structures against corrosion
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Keywords: As a result of the expanding directions of application of magnetic liquids, it be-
magnetite, waste from cut-  comes necessary to obtain a large amount of magnetite. The most common method
ting steel sheets(chips), mag-  of obtaining magnetite is its chemical condensation, both from pure components
netic liquid, adsorption and from iron-containing waste of machine-building industries. Magnetite ob-
wastewater treatment tained from waste is as high as magnetite obtained from pure components. In ad-

dition, the cost of such magnetite is much lower. The article describes an electro-
chemical method for obtaining magnetite for wastewater treatment of electroplat-
ing production from the waste of cutting sheets of steel. A solution of sodium chlo-
ride was chosen as the electrolyte. The article presents the main stages of obtaining
electrochemical magnetite, the results of measuring the saturation magnetization
of samples of dispersed magnetite. The measurements were carried out at room
temperature using a vibrating magnetometer in magnetic fields up to 1 Tl. We ob-
tained the Mossbauer spectrum of an electrochemical magnetite sample. Magnet-
ite, obtained by the electrochemical method, was used for the treatment of electro-
plating production washing wastewater as an adsorbent of copper ions. The paper
presents the process of magnetite adsorption of copper ions and the scheme of the
purification method. Studies of adsorption treatment of electroplating wastewater
from copper ions show the high efficiency process level up 92.0-98.4%.

Introduction

The most common method of producing magnetite is chemical condensation. It uses a
mixture of trivalent and divalent iron salts as raw material and ammonium hydroxide as an
alkalising reagent [1-13]. The disadvantages of this method are the high cost of the starting
reagents by the classification rules "chemically pure" (CP) and "pure for analysis" (PA).

The development and optimisation of methods for obtaining magnetite using industrial
waste as a feedstock solves both the problem of improving the environmental safety of enter-
prises and decreasing the costs of the produced material - magnetite, suitable for use in a num-
ber of engineering and technological fields.

In our work we obtained magnetite by electrochemical dissolution of waste material from
cutting sheets of the most widely used steel St3 under direct current in a heated, electrically
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conductive medium. For the production of magnetite nanoparticles by electrochemical method,
an aqueous sodium chloride solution was chosen as the electrolyte. The reasons were its high
electrical conductivity, low impurity content, insolubility of magnetite in the electrolyte solu-
tion, as well as relatively low cost and availability. In addition, chlorine ions activate the state of
the electrode surface, increasing the period of operation before passivation [14-16]. The method
includes an electrolysis in a sodium chloride (NaCl) solution preheated to a temperature
providing the ferritisation process, while oxidising the resulting intermediate compounds (hy-
droxides) with supplied air oxygen.

Methodology

The synthesis of magnetite main stages:

1. The obtaining of magnetite by electrochemical method using waste St3 (shavings and
trimming) and sodium chloride solution (NaCl) as an electrolyte was carried out with the fol-
lowing parameters: NaCl solution concentration - 0.5%, electrode voltage - 26 V, specific air
flow rate - 52 1/h-], temperature 60-90 °C.

The following reactions occur:

1.1. Water dissociation: H,O <> H* + OH..
1.2. On the anode
a) anode dissolving of St3: Fe° - 2é <> Fe*,
b) oxygen formation: 40OH" - 2H,0 + 20, + &;
1.3. Gradual formation of 2- and 3-valent iron hydroxides and iron oxyhydroxide dur-
ing bubble aeration:

Fe** + 20H —£C4" 5 Fe(OH),
2Fe(OH), + H,0 + %0, —2S4 5 2Fe(OH);
2Fe(OH), + %40, 2FeO0H + H,0

1.4. Ferritization by the acidic character of trivalent iron hydroxide and the basic char-
acter of divalent iron hydroxide:
2Fe(OH); + Fe(OH),—"““" FeO-Fe;0; + 4H,0
1.5. Hydrogen is generated on the cathode, which prevents the oxidation of 2-valent iron
to 3-valent iron:

tOC,air

2H* + 26 ————— H:
1.6. On the cathode, the reduction reactions of 3-valent iron hydroxide and iron oxyhy-
droxide with hydrogen also take place:
3Fe(OH); + H' —"%" 5 Fe;0, + 5H,0
3FeOOH + H—"%“" Fe;0, + 2H,0

2. Sedimentation of the magnetite suspension using permanent magnets and removal of
the sedimented water;
3. Drying at 100 °C for three hours.
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According to X-ray diffractometry, this way synthesised powder is magnetite with an av-
erage particle size of ~13 nm.

Results and discussion

We measure the saturation of magnetisation the samples of dispersed magnetite obtained
by the method described above. Measurements were taken at room temperature using a vibrat-
ing magnetometer in magnetic fields up to 1 Tesla. The measurement uncertainty was 4%. The
highest saturation magnetisation I, = 282 kA/m was recorded for the sample obtained at 80 °C.
The magnetite obtained electrochemically from waste cut sheets (shavings) of steel has a slightly
higher magnetisation and is cheaper than dispersed magnetite obtained from industrial waste
by chemical condensation method. The Mdssbauer spectrum of the sample obtained at 80 °C
shown in the Fig. 1. The study was conducted at room temperature.

N, %
100 —

98 —

96 —

94 —

92
\ \ \ \ \

v, mm/c
Fig. 1. Mossbauer spectrum of an electrochemical magnetite sample

The spectra were processed using the Spectrum software, based on their configuration,
assuming six sextets. The parameters of the magnetite sample are shown in Table 1.

Neir — is the fields at the iron nuclei; 8 — is the isomeric shift of the Mdssbauer line; € — is
the quadrupole shift of the spectrum components; S - is the area of the partial spectrum.

Table 1. Mdssbauer spectrum of an electrochemical magnetite sample parametres

Non-equivalent
positions of iron Ner, KE 8, mm/sec €, mm/sec S, mm/sec
ions

A 493,300,006 0,3184+0,0006 —0,0029+0,0005 0,643 0,004
B, 456,50+ 0,18 0,6407%0,0023 —0,0002+0,0016 0,2382%0,0019
Ay 458,5%1,1 0,3184+0,0006 —0,054%0,007 0,0477£0,0028
B, 414,7£1.1 0,6407+0,0023 0,001+0,010 0,0357£0,0019
As 410,0£1,2 0,3184+0,0006 0,046%0,013 0,0293%+0,0014
Bs 369,8+1,2 0,6407+0,0023 -0,113+0,014 0,0239+0,0013
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The treatment results are strongly agree with theoretical and experimentally obtained
spectrum of the electrochemical magnetite sample. By the values of the effective fields at the
iron nuclei and the intensity of the corresponding partial spectra, the effective magnetic fields
at the ’Fe nuclei of A; and B, partial spectra correspond to the iron ions belonging to the inner
region of the particle and located in the A- and B- places of the magnetite lattice. The pairs of
effective magnetic fields A, B, and As, B; appear to be related to iron ions in the surface layer
of the magnetite particle. The areas corresponding to these sextets are significantly lower for
Ay, Bu.

The effective magnetic fields A; and B; corresponding to the lowest intensity sextets prob-
ably refer to iron ions on the particle surface itself. They differ from the nearest surface iron
ions in the symmetry of the ligand environmente by the corresponding values. Apparently only
the long recording time of the described spectra, which provided large statistics, allowed these
two types of surface iron ions to be distinguished.

An assessment of the particle sizes based on the ratio of "surface” to "inner" sextet inten-
sities according to the method [17] showed that these sizes are within the margin of error in
agreement with X-ray diffractometry data and are (13£2) nm.

Magnetite produced by the electrochemical method was used as an adsorbent for copper
ions in the galvanic industry treatment of wastewater.

Particles of Fe,O;-FeO magnetite in aqueous solution due to ionic-electrostatic, magnetic
and molecular forces are in a shell consisting of hydroxyl ions and iron hydroxides, forming a
supermicellular aggregate [18].

The process of adsorption treatment of galvanic wastewater from copper ions is repre-
sented by the equations:

Fe(OH), > FeOH* + OH -
Cu(OH), > CuOH" + OH -
2FeOH"* + %20,> 2FeOH?* + O*
FeOH* + 2FeOH?** + O* »> Fe;04 + 3H*
CuO* + 2FeOH*" + O* > CuFe,O, + 2H*

The scheme of the sorption purification

Identification the concentration of copper ions in

method is shown in Fig. 2. wastewater

-

To determine adsorption purification pa-

rameters, five experiments were carried out in ‘ ... Loading of magnetite to wastewater ‘

7

three replications using electrochemically pro-

duced magnetite at a ratio Of copper ions to mag- ‘ : Adsorption of copper ions by magnetite from astewater | ‘
netite of 1:1; 1:3; 1:6; 1:12; 1:16 respectively. The
wastewater and sorbent were stirred on a labora-

¢

‘ { Separation of the adsorbent from the purified solution : ‘

¢

tory shaker for 5 minutes. The results of the ex-

Identification of copper ions

periments are summarized in Table 2. in purified solution -
Based on the Table 2 a histogram was con- Fig. 2. Diagram of a magnetite-based adsorption
structed that reflects the dependence of the de- e of galvanic wastewater from copper

gree of purification on the mass of the sorbent

ions
loading, shown in Fig. 3.
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Table 2. Determining the best sorbent loading weight
Initial concentration of copper ion 1250
in waste water, mg/dm’
Ratio of copper ions to magnetite 1:1 1:3 1:6 1:12 1:16
Copper ion concentration after
800 950 220 100 100
treatment, mg/dm’
Degree of purification, % 24 36.4 82 92 92

100

90
80
70
60
1, % 50
40
30
20
10 I
0
1:1 1:3 1:6 1:12 1:16

Fig. 3. Histogram "Degree of wastewater treatment as a function of sorbent load weight"

By Fig. 3, maximum degree of purification is achieved at a copper ion load of 1:12. A fur-
ther increase in the charge weight is not reasonable as there is no visible increase of purification
degree.

As the sorbent load mass has been determined, it is necessary to find sufficient time for
the adsorption process. To achieve this, experiments were carried out with wastewater interact-
ing with magnetite for 5, 10, 15 and 25 minutes. The results of the experiments are summarized
in Table 3.

Table 3. Determination of sufficient time for adsorption purification

Time of interaction
. 5 10 15 25
sorbent and wastewater, min
Copper ion concentration af-
5 100 20 85 93
ter treatment, mg/dm
Degree of purification, % 92 98.4 93.2 92.6

By Table 3, sufficient and optimum time for adsorption treatment of galvanic wastewater
from copper ions on magnetite is 10 minutes.

Thus, magnetite synthesised by electrochemical method from steel sheet cutting waste
can be used as an adsorbent for treatment of electroplating wastewater from copper ions with
an efficiency of 92-98,4%.
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Keywords: We performed quantum-chemical AM1 modelling of the Diels-Alder hetero-
unsaturated thiocarbonyl com- reaction of 1-phenylbut-2-ene-3-thione and 2-(N-pyrrolidinyl)pent-2-ene-4-
pounds, the Diels-Alder hetero- thione with symmetrical dienophiles. We calculated the HOMO/LUMO en-
reaction, thiopyranes synthesis, ergies of dienes and dienophiles as well as the activation energies of the corre-
quantum-chemical modelling, sponding reactions. The reaction has direct electron requirements. The prin-
AM1 method cipal possibility of the reaction of 2-(N-pyrrolidinyl)pent-2-ene-4-thione with

electron-excessive dienophiles was outlined. Also we proved the significant
difference in the reactivity of norbornene and cyclohexene dienophiles with
o, B-unsaturated thiocarbonyl compounds.

Introduction

Compounds of the thiopyran group are insufficiently studied organic substances and are
of interest in terms of synthetic organic chemistry. The development of the synthesis methods
from available starting compounds is very important.

One of the most extensively studied methods for the synthesis of thiopyranes is their pro-
duction by the Diels-Alder reaction from «, -unsaturated thiocarbonyl compounds with vari-
ous dienophiles [1-6] (Fig. 1):

2 2
R R
R4 R4
Z R [
1 + | R3 1J|\/ILI 3
R S 1 R S R

Fig. 1. Basic scheme for the synthesis of thiopyranes by the Diels-Alder reaction

The articles [1, 2] describe the Diels-Alder reactions of a, p-unsaturated thiocarbonyl
compounds 1 (R = H; R}, R* = Me, Ar). Both electron-abundant (norbornene, endic anhydride)
and electron-deficient (maleic anhydride, maleimides) dienophiles react with these substrates.

However, for enaminothioketones 11 (R = N(Alk);; R}, R* = H, Me, Ar) only reactions
with electron-deficient dienophiles such as maleic anhydride [4], maleimides [5], croton and
cinnamic aldehydes [7] are described. There are no references about attempts to introduce elec-
tron-abundant dienophiles into this reaction.
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We performed quantum-chemical simulations of the Diels-Alder heteroreaction of 1-
phenylbut-2-ene-3-thione (R = H; R'= Me; R* = Ph) and 2-(N-pyrrolidinyl)pent-2-ene-4-thi-
one (R = N-pyrrolidinyl; R', R* = Me) with symmetrical dienophiles having both donor and
acceptor substituents in order to evaluate the possibility of a Diels-Alder reaction of 2-(N-pyr-
rolidinyl)pent--2-ene-4-thione with electron-depleted dienophiles.

Results and Discussion

We applied the semiempirical AM1 method [8, 9] to model the molecules of all com-
pounds and reaction pathways. This method has a sufficiently high degree of accuracy in ge-
ometry optimization with relatively low computer processing power requirements [10, 11]. The
quantum chemical calculations were performed by the MOPAC 2016 software.

By the paper [12], the Diels-Alder reaction of 1,3-diphenylprop-2-ene-1-thione with un-
symmetrical dienophiles are characterized by the energies of the boundary orbitals of the diene
and dienophile. The results agree with the experimental data. In order to evaluate the possibility
of the Diels-Alder reaction of 1-phenylbut-2-ene-3-thione and 2-(N-pyrrolidinyl)pent-2-ene-
4-thione with different dienophiles we considered two similar reaction series for both dienes
and calculated activation energies of each reaction as well as differences of LUMO dienophile
and HOMO diene energies. The values obtained are shown in Table 1.

Table 1. Calculated activation energy E, and energy difference between LUMO dienophile and HOMO diene AE

Diene Dienophile E,, kJ/mol AE, eV
S 000
22.92 6.928
Ph/\/U\Me U
S
MeOOC COOMe
\___/ 56.87 7.949
Ph/\/u\lvle
S
84.68 9.830
Ph/\/u\lvle @
S
107.1 9.874
Ph/\/u\lvle @
[) O
O O
N~ S \V\j 18.40 6.171
Me)\/U\Me
N S MeOOC o COOMe 58.4 7192
Me)\/U\Me
N~ S @ 77.48 9.073
Me)\/U\Me
N~ S @ 100.3 9.117
Me)\/u\ Me

78



FROM CHEMISTRY TOWARDS TECHNOLOGY EII3:ie] 14 VOL. 2, ISSUE 4, 2021

By Table 1, the highest values of activation energies and differences of energies of LUMO
dienophile and HOMO diene are observed in the cases of electron-deficient dienophiles (nor-
bornene and cyclohexene), whereas for electron-deficient dienophiles (maleic anhydride and
dimethyl maleate) the situation is the opposite. Also for both reaction series a symbiosis be-
tween activation energies and differences in the energies of the molecular boundary orbitals is
evident. This indicates the electronic nature of the reaction.

According to the experimental data [2] the reaction of 1-phenylbut-2-ene-3-thione pro-
ceeds with 5-norbornen-2,3-dicarboxylic acid 2, whereas no interaction occurs with 5-cyclo-
hexene-2,3-dicarboxylic acid 3 (Fig. 2):

COOH Ph
[<:I: 2 COOH
COOH |
Ph > Me” S COOH
L O
Me S

COOH
Fig. 2. Reactions of 1-phenylbut-2-ene-3-thione with 5-norbornen-2,3-dicarboxylic acid and 5-cyclohexen-2,3-

Ph
3 COOH
COOH |
> Me” S COOH
dicarboxylic acid

The increased activation energies of the reactions of heterodienes with cyclohexene, as
compared to those for norbornene, agree well with the experimental result. The slight disparity
in the boundary orbital energy differences for cyclohexene and norbornene with 1-phenylbut-
2-ene-3-thione do not explain the experimental data. It indicates on the influence of a steric
factor which increases the transition state energy for the reaction with cyclohexene.

By the experimentally proved possibility of reactions of electron-deficient dienophiles
and norbornene dienophiles with 1-phenylbut-2-ene-3-thione [2], we consider the theoretical
possibility of analogous reactions with 2-(N-pyrrolidinyl)pent-ene-4-thione. We obtain similar
energy characteristics of both dienes for corresponding diene-dienophile pairs.

Conclusions

The LUMO dienophile and HOMO diene activation energies and energy differences of
the Diels-Alder reaction of symmetrical dienophiles with 1-phenylbut-2-ene-3-thione and 2-
(N-pyrrolidinyl)pent-2-ene-4-thione obtained by AM1are electronic in nature. The obtained
values show the theoretical possibility of reaction 2-(N-pyrrolidinyl)pent-2-ene-4-thione with
electron-deficient dienophiles and dienophiles of the norbornene series. A significant difference
in the reactivity of the dienophiles of the norbornene and cyclohexene series with «,f-
unsaturated thiocarbonyl compounds seems to be due to the influence of the steric factor.
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Introduction

Increasing interest of researchers to 2,1-benzisoxazoles is connected not only with their
diverse biological activity [1, 2], but also with ability to act as versatile synthetics in fine organic
synthesis, intermediates in production of monomers and bioactive substances [3-10].

The chemical transformations of 2,1-benzisoxazoles include both processes involving the
preservation of the anthranilic cycle [13, 14] and reactions involving the opening of the heter-
ocycle ring, often accompanied by annelation with other heterocyclic fragments [15, 16]. Thus
the development of new methods for the transformation of 2,1-benzizoxazoles is very actual.

In order to study the reactivity and modification ways of 2,1-benzizoxazoles we investi-
gated their interaction with urotropine. We discover the following scheme of 5-halogen-3-phe-
nyl-2,1-benzizoxazoles reactions with urotropine in polyphosphoric acid medium leading to
the formation of 4-phenyl-6-halogenquinazolines:

N N N
e+ g = 00
X NN X &

Ph Ph
1a-c 2a-c

a-X=Cl;b-X=Br;c-X=I

The structures of the obtained compounds were confirmed by analysis methods and re-
sults of the previous experiments [17]. All the isolated products mass spectra differ from the
mass spectra of the original 2,1-benzisoxazoles and agree with the structures of the 4-phenyl-6-
halogenquinazolines. The main signals in the obtained compounds mass spectra correspond to
the molecular ion and fragment of the [M-Hal]* fragment ion (m/z 205). We observed the ab-
sorption bands of C=N bonds in the region of 1664-1670 cm™ in IR spectra. By "H NMR spectra
only the signals of aromatic protons of quinazoline and phenyl fragments are present in the
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region of 7.20-8.30 ppm. The integral values and nature of spin-spin interaction of proton sig-
nals in '"H NMR spectra and the number of carbon atom signals in *C NMR spectra for the
compounds obtained clearly indicate the formation of 4-phenyl-6-halogenquinazolines in the
reaction. The resulting compounds belong to the class of quinazolines and their biological ac-
tivity is widely studied [18].

The detailed mechanism of the reaction is not clear yet. But the probable conversion of
2,1-benzisoxazoles into quinazolines consists of the following sequence of steps:

Ph o Ph
H
N . |+x> H ’/\q%/x H w/ C+
(A== Ch— b == e
AN N LN - ~/ X
INT/ ~/ AN\/N
N
~N—NH PN l
N\\\_ oH TNN/_NNH OH HO\C*Ph
(N Ph SN/ !
N § v O
X X AN\\//N
AN SN
TNN\/ANHD TN\\_Q COH; Ne Ph
S S — N~—pn . 0
« Ph { N
N N X

Interaction with urotropine in PPA of some other derivatives of 2. 1-benzisoxazole, such
as 5-bromo-3-(4-chlorophenyl)-2,1-benzisoxazole, 5-chloro-3-(3,4-dimethoxyphenyl)-2,1-
benzisoxazole, 5-[3'(3'-phenyl-2',1'-benzisoxazole-5'-iloxy)phenoxy]-3-phenyl-2,1-benzisoxa-
zole, 3-phenyl-2,1-benzisoxazole-5-carbaldehyde, oxy-bis-3-phenyl-2,1-benzizoxazole, thio-
bis-3-phenyl-2,1-benzizoxazole, proceeds not so definitely and leads to formation of alternative
products, non-separable mixtures of substances or to separation of the starting compounds.
The use of other solvents or acids instead of polyphosphoric acid also does not lead to the for-
mation of the corresponding quinazolines.

Experimental part

We recorded IR spectra by apparatus Perkin Elmer Spectrum 65 FT-IR Spectrometer on
a Universal ATR Sampling Accessory using Attenuation Total Reflection method (ATRM).
NMR spectra were recorded on the apparatus Varian XL-400 for solutions in DMSO-ds at
25 °C. Solvent residual proton signals in 1H NMR (8x 2.50 m.d.) or in 13C NMR (8¢ 39.5 m.d.)
were the reference for the chemical shift readout, tetramethylsilane signal was used as the
marker. Mass spectra were recorded on a Perkin Elmer Clarus 680 (GC) + Clarus SQ 8T (MS)
chromatography mass spectrometer, using an ELITE-5ms 30 mx0.25 mmx0.25 um capillary
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column. The sample was dissolved in DMF and injected into a 1 pl manual chromatograph,
flow division 1:30, Tijector= 230-280 °C, carrier gas speed 1 ml/min, carrier gas helium (cp). The
column was kept at a temperature between 200 and 220 °C. The strength of the ionising shock
was 70 eV. Elemental analysis was carried out on a Perkin Elmer 2400. The melting point was
determined by Biichi M-560 melting point and boiling point apparatus.

The methodology of the compounds 2 (a-c) synthesis. We add 5 mmol of urotropine to a
solution of 1 mmol of compound 1 (a-c) in 10 g polyphosphoric acid. We heated the reaction
mixture at 80-100 °C for 4-8 h. The reaction was monitored by TLC on Silufol UV-254 plates,
eluent chloroform-methanol 10:1. The chromatograms were screened under UV light. At the
end of the reaction, the flask contents were poured into a beaker with ten times the excess of
iced water. The resulting crystalline precipitate was filtered off, recrystallised from ethyl alcohol
and dried in air.

4-phenyl-6-chloroquinazoline (2a)

Grey powder 190 mg (79%), m.p. 124-127 °C. IR (Umax, sm™): 1668 (C=N), 1600 (Ar), 1536,
MS (EL 70 eV): m/z (%): 240 [M]* (49), 239 [M-H]* (100), 205 [M-CIJ* (97), 177 [M-CI-N.]*
(16), 75 (21). '"H NMR (400 MHz, DMSO-d¢) § ppm 7.59-7.63 (m, 3 H), 7.75-7.79 (m, 2H),
7.85-7.87 (m, 1 H), 8.07-8.13 (m, 2 H), 9.38 (¢, 1 H). “C NMR (126 MHz, DMSO-d;) § (ppm):
123.8,125.9,128.9,130.0, 130.5, 130.7, 133.6, 134.8, 136.6, 149.6, 154.9, 167.9. Total, %: C, 69.63;
H, 3.88; N, 11.61. CsHsCIN,. Calculated, %: C, 69.86; H, 3.77; N, 11.64.

6-bromo-4-phenylquinazoline (2b)

Brownish powder 193 mg (68%), m.p. 129-132 °C. IR (Umax, sm™): 1670 (C=N), 1596 (Ar),
1520. MS (EL 70 eV): m/z (%): 285 [M]* (98), 205 [M-Br]* (100), 177 [M-Br-N.]* (14), 75 (24).
'H NMR (400 MHz, DMSO-ds) 6 (ppm): 7.58-7.62 (m, 3H), 7.74-7.79 (m, 2H), 7.96-8.0
(m, 2H), 8.28 (d, 1H, J=1.2 Hz), 9.39 (s, 1H). *C NMR (126 MHz, DMSO-ds) § (ppm):
121.7,124.2,128.9,129.2,129.9, 130.5, 130.7, 136.5, 137.3, 149.8, 154.9, 167.6. Total, %: C 58.88;
H 3.28; N 9.86. C,sHoBrN,. Calculated, %: C, 58.97; H, 3.18; N, 9.82.

6-iodo-4-phenylquinazoline (2c)

Brownish powder 203 mg (61%), m.p. 125-128 °C. IR (Umax, sm™): 1664 (C=N), 1594 (Ar),
1531. MS (EL 70 eV): m/z (%): 332 [M]* (96), 205 [M-I]* (100), 177 [M-I-N,]* (21), 151 [M-I-
N,-C.H,]* (18), 128 (17), 75 (26).'H NMR (400 MHz, DMSO-d6) & (ppm): 7.58-7.63 (m, 3H),
7.75-7.78 (m, 2H), 7.85(d, 1H, J=8.8 Hz), 8.15 (dd, 1H, J=8.8 Hz, J=2.2 Hz), 8.49 (d, 1H,
J=2.2 Hz),9.39 (s, 1H). *C NMR (126 MHz, DMSO-ds) & (ppm): 93.3, 124.8, 129.0, 130.0, 130.5,
130.8, 135.9, 136.7, 142.6, 150.3, 155.1, 167.3. Total, %: C 50.76; H 2.84; N, 8.49. C,,HsIN,. Cal-
culated, %: C 50.63; H 2.73; N 8.43.
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Keywords: process, The article considers the basic processes occurring in a laboratory reactor during
stages, etching, concen-  plasmachemical treatment of gallium arsenide (GaAs) in chlorine plasma. The treat-
tration, particles, re- ment of GaAs has a significant influence both on etching processes of semiconductor
combination, plasma material and on the formation of the stationary concentration of chlorine in the reactor.

The chlorine atoms act as the main chemically active particle (CAP) in etching GaAs.
Along with the processes of chlorine atom formation we deal with the physical processes
of their heterogeneous recombination on the inner surface of the glass reactor and on
GaAs samples. The work demonstrates experimentally the exaggeration of the rate con-
stants of interaction of chlorine atoms with GaAs without taking into account the stages
of heterogeneous recombination of chlorine atoms on the surfaces bounding the plasma
zone. We carry out gallium arsenide etching in a flow reactor at low plasma gas flow
rates and the constant total pressure. In order to study the diagnostic purposes and ex-
perimental determination of rate constants of target processes of chemical and hetero-
geneous CAP recombination directly in the zone of the positive column of the glow dis-
charge in chlorine we use a relaxation pulse technique.

Introduction

The chemical industry reached the high levels in use, modification and processing of a
wide variety of raw materials. Materials industries form a raw materials supply system, while
the textile industry provided the market with goods for public consumption. Moreover, pre-
programmed products are gaining the market share. There emerging the materials changing
their characteristics in response to external parameters. Electronic devices combining various
means of communication and modern technologies are appearing. It is possible through the
combined efforts of different sciences: physics, mathematics, cybernetics and chemistry. And
chemistry and chemical technology are the general items for creation of new materials and tech-
nologies. The nanotechnologies are impossible without the chemical aspect of materials pro-
duction using the principles of self-organization and assembly as a fundamental aspect of inno-
vative development.
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Problem statement and description of the experimental plant

GaAs is a prospective material for micro- and nanoelectronics products. It uses not only
for microwave chips based on it but also for various sensors and transducers in various fields
[1, 2]. The properties of these devices are directly depending on GaAs processing regimes. The
etching process is the most important one. The precision etching of crystalline materials such
as gallium arsenide is often carried out in plasma-chemical reactors. It is a process of high qual-
ity and accuracy because of the large number of process parameters. It is important to set the
discharge current, pressure and flow of the plasma gas (in our case chlorine or its mixtures with
inert or molecular gases) and the temperature of the sample and gas mixture correctly. Optimi-
zation of each of the parameters is a special research. We set the parameters as follows: pressure
p =100 Pa, discharge current I = 11 mA, flow rate of plasma-forming mixture g = 1.3 cm?/s.
The sample temperature varied in the range T = 300-600 K. The selected parameter values are
the most commonly used for plants of this type. Moreover, fixing the parametres at a constant
level made possible to study the kinetics of recombination processes without taking into ac-
count the additional degrees of freedom of the system.

In chlorine plasma the main etching particles of gallium arsenide are chlorine atoms and
molecules [3]. The source of the chlorine molecules is the plasma gas itself. It is produced di-
rectly in the vacuum section of the plant by the decomposition of the calcined CuCl, salt. Ta-
ble 1. Processes influenced on the formation of atoms.

Table 1. Processes of formation and death of chlorine atoms in a reduced pressure discharge in the presence of

GaAs samples
Threshold
Ne Process Process scheme energy; process
rate constant
Processes of the chlorine atom formation:
Dissociation of chlorine molecules by
1 . Ch+e—>Cl+Cl+e 2.5eV
electron impact
) Dissociative e.lectron attachment to CL+e—sCly - Cl+ Cl 25 eV
chlorine molecules

3 Dissociative ionization of Cl, Ch+e—>Cl+Cl"+2e 15.7 eV

Ionization of chlorine molecules fol-
4 on or e on cre CL +e—> CL" +2e 11.50 eV

lowed by ion-ion recombination
5 Ion-ion recombination Cl, + Cl— 3Cl (5-10)-10% cm®/s
Electron detachment from th ti
p ectron detac me.n Fom e negative Cl+ e Cl+2e 346V
chlorine ion
Chlorine atom death processes:
; Heterogeneous recombination of atoms cr. 105!
~10s
on the reactor wall Cl — 1/2ChL
Volumetric (homogeneous) recombina-
8 ; Cl+Cl+Cl, > 2ClL, 10*-10%* cm®s™
tion

Heterogeneous recombination on a GaAs a
? GaAs sample a — 1/2ChL 10-300s
10 Atomic chemical reaction with GaAs Cl + GaAs— gallium chlorides -
11 Molecular chemical reaction with GaAs | Cl, + GaAs —gallium chlorides -
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Under low-pressure gas discharge conditions, the concentration of chlorine atoms can
reach 10'° cm™ [4]. This level of atom concentration is a result of the processes of their formation
and death (recombination) (see Table 1), including chemical interaction with GaAs. In order to
assess the contribution of processes 7 and 9 compared to the target etch process 10 (see Table 1)
we used samples of unilaterally ground gallium arsenide plates. We do not consider the death
of atoms in the bulk (process 9) because of its low probability under reduced pressure condi-
tions.

The assessment of the various chlorine atom recombination processes is relevant due to
the priority technological approaches to atomic level material processing (precision surface fin-
ishing). The uncontrolled consumption of CAP becomes an important aspect of recombination.
The surface recombination (a process without a chemical reaction) in conjunction with ion
fluxes to the surface confining the plasma zone can regulate the number of active centres on the
surface of the treated material. Fig. 1. A vacuum diagram of the experimental plant.

_ﬂﬁ R
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> 0/
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Fig. 1. Diagram of the vacuum part of the experimental plant: 1-11 two- and three-way vacuum cocks; 12 - split
flange connection for loading samples into the reactor; 13 - gauge lamp PMT-2; 14 - cylinder for plasma gas;
15 - forevacuum pump VN-461; 16 - U-shaped oil pressure gauge; 17 - U-shaped oil rheometer for measuring gas
flow rate; 18 - calibrated capillary for monitoring gas flow rate; 19 - heater for heating an ampoule with CuCl, to
produce pure chlorine; 20 - temperature measuring sensor

We placed the GaAs sample on the inner wall of the reactor. A FLUKE 289 universal
temperature meter, fitted with a calibrated thermocouple uses to measure the temperature of
the sample. We measure the temperature on the outside of the reactor. The reactor placed in a
resistance-type thermostat. In measuring the temperature of the samples, we assumed the tem-
perature of the outer wall of the reactor is not significantly different from that of the inner
wall [5]. The reactor was made of P-49 glass. The wall thickness is 0.65 mm. In order to study
recombination processes in plasma we used relaxation pulse method (RPM) along with emis-
sion spectroscopy (ES) (to determine the rate constant of chemical interaction of chlorine atoms
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with GaAs) and absorption spectroscopy (AS) (to determine the rate constant of wall recombi-
nation of chlorine atoms - processes 7 and 9, Table 1). Discussion of the methodological issues
of implementing this methodology [6]. The total reactor load with gallium arsenide did not
exceed 20%. It was necessary to eliminate the influence of the interaction products of GaAs with
chlorine on the electrophysical parameters of the plasma.

During the experiments, especially at low temperatures when the volatility of the prod-
ucts of interaction between GaAs and chlorine was quite low, the surface of the sample could
become contaminated with chlorides. This fact had to be taken into account in planning the
experiments. Therefore, the time of each experiment lasted no longer than 10 sec. During this
time at all temperatures the chloride contamination of the sample was minimal. Nevertheless,
each batch of experiments started with the cleaning of the inner wall of the reactor and the
samples. In order to dry the glass reactor we cleaned it with hydrofluoric acid, then with distilled
water and finally with acetone. The criterion for the reactor inner wall cleanliness was the stable
reproduction of the rate constant for the process of heterogeneous recombination (k?) of chlo-
rine atoms on molybdenum glass at a level k; = 10-14 s-' (process probability y,” = 8-10*) at
room temperature [7].

Results and discussion

The chlorine plasma as a rather simple plasma-forming medium. It allows us to study the
processes of heterogeneous recombination of chlorine atoms and chemical interaction of chlo-
rine atoms with different samples, including GaAs during the pause between current pulses.
Chlorine atoms expended in the formation of interaction products (chlorides), providing the
etching process. The higher the concentration of chlorine atoms in the reactor, the higher both
the process speed 10 and the efficiency of the plasma treatment of materials. The chlorine atoms
produced during discharge combustion (processes 1-6) and reached stationary concentration
during 0.3-0.7 sec. On the contrary, processes 7-9 are non-target ones, as their only result is loss
(recombination) of chlorine atoms with formation of initial Cl, molecule. Thus, plasma chem-
ical treatment of GaAs will only be effective if the contribution of processes 7-9 is small.

The contribution of each of the above recombination processes considered by the pro-
cessing experimental kinetic dependences (time dependences of changes in the concentration
of chlorine atoms or molecules). We obtained them during the implementation of RPM, using
emission and absorption spectroscopy. The rate constant is a quantitative measure of process
efficiency. In our work process 10 diagnosed by the emission of atomic chlorine at the leading
edge of the current pulse (emission wavelength 452.6 nm, transition 5p°p},>4s’p,,,). We
obtained spectral kinetic relationships reflecting the time course of the chlorine atom concen-
tration in the reactor by processing a series of experiments (RPM and ES). If the heterogeneous
recombination of chlorine atoms on the surfaces confining the plasma zone were negligible, the
constant obtained by treating this kinetic relationship corresponded to the dynamics of the pro-
cess 10. In order to identify the efficiency of heterogeneous recombination, we also ignited the
discharge in pulsed mode, realizing RPM, but together with AC.

The experimental dependencies of the radiation intensity of atomic chlorine were linear-
ized in coordinates:
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o
In(1,/1)= f(¢), (1)

where Ip and I are the relative intensities of Cl (452.6 nm), t is time.
The dependence described the normalized intensity of the I, radiation passed through the
plasma reactor by the DDS-30 lamp.

I, =1-e*", )
where k. is the rate constant of the process of heterogeneous recombination of atoms in a chlo-
rine plasma.

The rate constant of the process described by equation (1) is the tangent of the slope of
this experimental relationship.

The probability of processes of heterogeneous recombination of chlorine atoms on GaAs
and on the glass wall of the reactor is different. Two processes, 7 and 9, respectively (see Table 1)
described the heterogeneous stage of recombination of chlorine atoms on the materials limiting
the plasma zone. We consider both these two processes by means of a balance equation written
for the positive column zone of the glow discharge in chlorine in the pause between current
pulses:

k&Ss = k%(GaAs)-S(GaAs) + k% (Gl)- S(Gl), (3)

where k£ - is experimentally fixed rate constant of process of heterogeneous recombination of
chlorine atoms on materials, limiting plasma zone; Sy - is area of internal surface of reactor
within positive column of glow discharge (301.44 cm? £* (GaAs) and kf (Gl) - are rate con-
stants of processes of heterogeneous recombination of chlorine atoms on gallium arsenide and
glass respectively; S(GaAs) and S(Gl) - are accordingly total areas of gallium arsenide samples,
placed in the zone of positive column of discharge, and internal surface area of reactor not oc-
cupied by GaAs samples: S(GI) = Sy - S(GaAs).

We obtain the calculated data from equation (3) for the rate constant of heterogeneous
recombination of chlorine atoms on gallium arsenide:
kS, — k2 (G1)S(GI) (4)

S(GaAs) '
According to the work, the rate constant of the process of heterogeneous recombination

k#(GaAs) =

of chlorine atoms on the glass wall of the reactor is practically independent of temperature and
remains constant over a wide temperature range (325-600 K). Thus, we can neglect by its tem-
perature dependence and considered constant over the entire temperature range investigated
(k2 (Gl) = 14 s). In contrast, we can observe this dependence for monocrystalline gallium ar-
senide. We obtained it from experimental data (PIM and AC) and using calculations of equation
(4). Fig. 2 shows the results.

The constants we obtained increase over the whole temperature range investigated, alt-
hough in some works there is a decrease in the probabilities of chemical (heterogeneous recom-
bination) of atoms (radicals) with increasing temperature [8-10]. This fact is explained by the
conditions of the experiment. Thus, the methodology for identifying the probabilities of heter-
ogeneous processes involves investigations in the afterglow zone of the discharge. Under these
conditions, interaction products (e.g. chlorides in the case of chlorine or chlorine-containing
plasma-forming media) form on the surface of the samples as the temperature increases. In our
experiments, we placed the sample in the zone of the positive column of the low-pressure glow

89



FROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 2, ISSUE 4, 2021

discharge. It purified by ion streams intensely bombarding the GaAs surface. We recorded the
formation of products on the surface of the sample to be treated (the volatility of gallium chlo-
ride is not the same at different temperatures). In order to prevent the influence of products of
plasma chemical interaction between GaAs and chlorine, at each batch of experiments we sub-
jected the samples to multistage cleaning consisting of their dispersion washing in distilled wa-
ter and sequential treatment in orthoxylene and acetone followed by drying at a temperature of
not 45-65 °C.

It allows us to determine process rate constants directly for pure GaAs surfaces. In our

opinion, it is more relevant for the purposes of material processing at the micro- and nanoscale.
500 -

400 -

k* (GaAs), s

300 -
200 +
100 -
0
T T T T T T T T T T T T 1
300 350 400 450 500 550 600
T,K

Fig. 2. Temperature dependence of the rate constant for heterogeneous recombination of chlorine atoms on gal-
lium arsenide

By Fig. 2, the data correspond to the values of rate constants of processes of heterogeneous
recombination of chlorine atoms on GaAs taking into account the partial loading of the reactor
with the investigated samples. But a detailed examination of the kinetic scheme of the process
has led us to suggest that these data may be exaggerated. The RPM methodology together with
AC does not take into account the change of concentration of chlorine molecules. It can occur
not only due to processes 7 and 9 (heterogeneous recombination) and due to process 11 (inter-
action of Cl, with GaAs). It impossible to separate these processes directly within RPM, so we
proposed the following solution to this problem. We created such conditions in the discharge.
So, during the discharge combustion, practically all the molecular chlorine dissociated to form
atoms. We can achieve these conditions by introducing oxygen into the discharge zone. For
example, [11] shows the degree of dissociation of Cl,in a mixture of chlorine and oxygen in
equal ratios by changing the electrophysical parameters of the plasma increases up to 95%.
Thus, in chlorine-oxygen plasma the process 11 will not affect the obtained absolute values of
rate constants of processes of heterogeneous recombination of chlorine atoms on the surfaces
bounding the plasma zone. Fig. 3 correlates with these data.
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3(l)O 3150 460 4150 5(I)O 5£l'>0 6(l)O 6150
T,K
Fig. 3. Temperature dependence of rate constant for heterogeneous recombination of chlorine atoms on gallium
arsenide in a chlorine-oxygen mixture in the ratio 50% Cl, to 50% O; in the plasma-forming mixture

Comparison of the results shown in Fig. 3 and 4 suggest the temperature dependence of
the rate constant for the process of heterogeneous recombination of chlorine atoms on gallium
arsenide in a plasma chlorine-oxygen mixture gives more accurate data with respect to pro-
cess 9. These data allows us to define the rate constant of the chemical interaction of GaAs with
atomic chlorine. For this purpose we use RPM in conjunction with ES as the variation of the
pulse technique. It is sensitive only to changes in the concentration of atomic chlorine.

In order to obtain spectral kinetic dependences of chemical interaction processes of chlo-
rine atoms with GaAs we use the approach with useful signal accumulation for decreasing the
signal/noise ratio.

200

—r - 1 1 T 1 "~ 1 1T 1T "~ 1T "~ 1T T
380 400 420 440 460 480 500 520 540 560 580
T.K
Fig. 4. Temperature dependence of the rate constant of the chemical interaction of chlorine atoms with gallium
arsenide
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Conclusion and recommendations

The work quantifies the processes occurring in chlorine plasma during the treatment of

gallium arsenide. We obtained independently the rate constants of processes of heterogeneous

recombination (death) of chlorine atoms on surfaces limiting plasma zone and chemical inter-

action of atomic chlorine with GaAs. The data derived from independent experiments. The

samples to be treated were placed directly in the plasma zone. It allows us to obtain the experi-

mental data for sample surfaces not contaminated by products of gallium arsenide interaction

with chlorine. The results of the work can be applied for the formulation of process routes using

plasma chemical treatment of gallium arsenide and for purposes of mathematical modelling,

usually preceding expensive experiments with samples containing rare-earth elements.

10.

11.
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The activated aromatic nucleophilic substitution reaction (SyAr reaction) is one of the
most widespread and well studied by chemists [1]. Many examples of halogen atom and/or nitro
group substitution reactions in electron acceptor group-activated aromatic systems under the
action of mono- and bifunctional O-, S-, N-nucleophiles have been described in the scientific
literature [2-6].

The substituted ortho-dicarbonitriles are precursors for phthalocyanines [7-9], hexazocy-
clanes [10] and some other compounds containing anhydride, imide, isoindoline and tetrazole
fragments, which are widely used in production of dyes, polyetherimides, pharmaceuticals and
biologically active compounds [11-17].

This work shows the new possibilities of this reaction, exemplified by the interaction of
4-nitrophthalonitrile and 4-bromo-5-nitrophthalonitrile with a number of nitrogen-bearing
heterocyclic O-, and S-nucleophiles. The resulting compounds are new and have never been
referenced before. Both of these substrates contain a large number of electron acceptor groups.
According to many papers [1], such configuration of substituents in the benzene ring reduces
the electron density in the considered aromatic substrate systems and facilitates the nucleophilic
attack by proton-donor nucleophiles on the carbon atoms connected with nucleofugal groups
and results to the formation of relatively stable intermediates.

We have used two approaches to carry out the reactions of 4-nitrophthalonitrile 1 with
O- and S-nucleophiles. We obtained the best results by the reaction in anhydrous DMF for
strongly acidic phenols 2a containing electron acceptor substituents. For weak acidic reagents
2 (b-d) it is better to use the binary solvent DMF-H,O. In both cases, K,COs was used as the
deprotonating agent in the presence of which the reactive nucleophilic complex was generated
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in situ, as it is available and provides a comparatively high speed of the process. The reaction of
4-nitrophthalonitrile with thiophenols is proceeding easier [18].

Ar - OH NG

NC NO, 2 (a-d)
—_—
NC NC O

1 3 (a-d)

- O0 OOy ol

4-bromo-5-nitrophthalonitrile is more reactive than 4-nitrophthalonitrile 1 in the SyAr
reaction due to the high mobility of the bromine atom. It was confirmed by the reaction with
pyridine-3-ol 2a, quinoline-8-ol 2band other 2(e-g). The bromine substitution reaction with
heterocyclic O-nucleophiles 2(a, b, e-g) proceeded successfully in anhydrous DMF at room
temperature and gave good yield of monosubstitution products 5(a, b, e-g).

NC (0]
“Ar
Ar - OH _Ar
2a NC (6]
Ar - OH \ O, /

NC NO c
2 2(a,b,e-g) 6a
—_—
_Ar Ar' - OH

NC Br NC o) \ NG o
SAr
4 5 (a,b,e-g) Ar

NC 0

U@@I@@G&Q

The synthesized 4-heteryloxy-5-nitrophthalonitriles 5(a, b, e-g) contain the activated ni-
tro group, which at higher temperature can also enter into nucleophilic substitution reactions
to form the corresponding symmetrical dihydyldioxyphthalonitriles, e.g. 6a or any other asym-
metrical combination of substituents in product 7. In order to achieve this, it is sufficient to add
equimolar quantities of the respective phenol and potassium carbonate to the reaction mixture
at the end of the reaction and continue stirring at a higher temperature.

We use various substituted heterocyclic compounds containing the mercapto group
8(h-1) as a reagent generating in situ S-nucleophile for the bromine atom substitution reaction
in 4-bromo-5-nitrophthalonitrile. During SyAr-reactions in the 4-bromo-5-nitrophthaloni-
trile the bromine atom is substituted first to form the corresponding 4-heteryl-5-nitrothioptha-
lonitriles 9(h-k). This reaction proceeded within a few minute in the binary solvent DMF-H,O
at room temperature. The yield of the target products was 79-93%.
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We could not obtain a pure monosubstitution product 91 using as a reagent 8-methyl-5H-
pyrimido[5,4-b] indole-4-thiol 81, containing two reactive S- and N-nucleophilic centres. It de-
pends on the molecule of compound 8l after deprotonation both reaction centres (thiol and
imine) under selected reaction conditions are able to react with 4-bromo-5-nitrophthaloni-
trile 1 by SyAr and substitute the bromine atom. According to '"H NMR spectroscopy, the prod-
uct isolated after the reaction contained a mixture of two compounds 111 and 121 in the ratio
1 : 3 clearly confirms the different activity of the S- and N-nucleophilic centres.

Ar- SH Ar-SH
NC NO. NC NO
2 gh-l) 2 k) \C St
Het Het
e
NC Br NC s” NC s~
1 9 (h-l) 10

N—N >\N N
= B /« \ N\ N \\\N
Het - “ ‘ _ N 7 =
N N 5 /[ HC-N HN
h i H i ‘ |
CH, CH,

The disadvantage of this reaction can be successfully overcome if the final
product of the synthesis is to obtain the product of the disassembly - 3-methyl-8-thia-5,7-12b-
triazabenzo[a]aceantrilene-10,11-dicarbonitrile 131.

When the reaction was carried out at a higher temperature and with twice the potassium
carbonate redundancy, the deprotonation of the thiol and imine groups 8l took place at the very
beginning to form the corresponding S- and N-nucleophilic centres in situ. At the first stage of
synthesis these reagents acting with different rates into heterophase intermolecular nucleophilic
substitution reaction of bromine atom in 4-bromo-5-nitrophthalonitrile formed monosubsti-
tution products 111 and 121 respectively. These newly obtained compounds contained a suffi-
ciently mobile nitro group, which was intramolecularly attacked by the reaction centre remain-
ing in the reagent (second stage), leading to the closure of the cycle and the formation of the
thiazine system. Under the chosen conditions, the transformation of compound 111 to 131 could
proceed via an intramolecular anionotropic Smiles’ rearrangement similar to described in [19].
The advantage of this synthesis is the target compound 131 has the same structure no matter of
direction of the reaction. The product 131 formed during the reaction was slightly soluble in
DMF and precipitated out of the reaction mixture, which did not require additional purifica-

tion.
O,N
2 S /N\\\
N
K,CO;, NC HN K,CO,
/ CN \
S
NG NO, =N o CH Ne N
- ° N
Ny 111 NC N
NC Br

81 N
! e )
223 ~_N K,CO,4

NC N

Iz

NO,

CH
121
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Thus, using 4-nitrophthalonitrile, 4-bromo-5-nitrophthalonitrile, 4-bromo-5-nitroph-
thalonitrile and various monofunctional O-, S-heterocyclic nucleophiles it becomes possible to
synthesise a wide range of ortho-dicarbonitriles containing versatile 5- and 6-membered heter-
ocyclic systems, not referenced before.

Experimental part

IR spectra were recorded on a Perkin Elmer RX-1 FT-IR spectrometer at 700-4000 cm™
(suspended in Vaseline oil).

'"H NMR spectra were recorded on Bruker DRX-500 for 5% solutions of samples in
DMSO-d?® at 30 °C. The signals of residual solvent protons in proton spectra (661 2.50 ppm) or
DMSO-d¢signal in carbon spectra (68¢ 39.5 ppm) were used as references for chemical shifts.

Elemental analyses were carried out on a Hewlett-Packard HP-85B C, H, N-analyser.

We prepare 4-nitrophthalonitrile 1 and 4-bromo-5-nitrophthalonitrile according to
this procedure [2].

Heterocyclic phenols, thiols as well as other reagents and solvents are commercially avail-
able.

4-(Pyridine-3-yloxy)phthalonitrile 3a. A flask equipped with stirrer, reflux condenser
and thermometer was filled with 1.73 g (0.01 mol) of 4-nitrophthalonitrile 1, (0.01 mol) pyri-
dine-3-ol 2a, 1.56 g (0.01 mol) K;COs and 30 cm’ DMF. The reaction mixture was stirred at
80-95 °C for 1.5 h, then cooled to 5-10°C and poured into 100 cm® of cold water. The resulting
precipitate was filtered off, washed with water (3x50 cm?®) and dried at 70 °C. The yield of target
product was 76% of the theory.

4-Hetheryloxyphthalonitriles 3(b-d), 4-heteryloxy-5-nitrophthalonitriles 5(a-g),
4-heterylthio-5-nitrophthalonitriles 9(h-k) (general methodology). We put 0.01 mole of 4-ni-
trophthalonitrile 1 (bromo-5-nitrophthalonitrile 4), 0.01 mole of phenol (thiol) 2(a-g), 8(h-k)
and 30 cm’of DMF into a flask equipped with stirrer, reflux condenser and thermometer. After
dissolving the reagents under vigorous stirring of reaction mixture, we add a solution of 1.56 g
(0.01 mol) K»COs in 10 cm’ of water. In presence of 4-nitrophthalonitrile we stir the mixture at
60-90 °C for 0.5-1.5 h. Using of bromo-5-nitrophthalonitrile allows the reaction proceeding
without heating. The reaction mixture was only stirred at room temperature for 0.5 h. At the
end of the reaction the both contents of the flask were cooled down to 5-10 °C. The precipitate
was filtered off, washed with 2-propanol (50 cm?), water (3x50 cm®) and dried at 70 °C. The
yield of the target products was 78-939%.

4,5-bis- (pyridine-3-yloxy)phthalonitrile 6a. A flask equipped with stirrer, reflux con-
denser and thermometer was filled with 2.52 g (0.01 mol) of bromo-5-nitrophthalonitrile 4,
1.9 g (0.02 mol) pyridine-3-ol 2a, 3.12 g (0.01 mol) K,COs; and 30 cm’ DMF. The reaction mix-
ture was stirred at 90-95 °C for 1.5 h, then cooled to 5-10 °C and poured into 100 cm® of cold
water. The resulting precipitate was filtered off, washed with water (3x50 cm?) and dried at
70 °C. The yield of the target products was 78-80%.

The symmetrical compounds 6(b-g) and 10 can be prepared by a similar procedure using
the corresponding phenols and thiols. In order to obtain the asymmetric products of reactions
7 etc., the same procedure can be used. But instead of bromo-5-nitrophthalonitrile equimolar
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amounts of compounds 5(a-g) or 9(h-k) and the corresponding phenols 2(a-g) or thiols 8(h-k)
should be taken.

3a: Yield 76%, melting temperature (Tm) = 182-185 °C. IR (Umax 0il): 1250 (C-O-C),
2238 (CN). Found, %: C 70.52; H 3.20; N 18.93. C;sHsNsO,. Calculated, %: C 70.58; H 3.19;
N 19.00. 'H NMR (400 MHz, DMSO-ds, 8, ppm): 7.53 (m, 2H), 7.7 (d, 1H), 7.91 (d, 1H),
8.14 (d, 1H), 8.53 (m, 2H).

3b: Yield 89.5 %, Tm = 194-196 °C. IR (Uma, 0il): 1251 (C-O-C), 2237 (CN). Found, %:
C75.37; H 3.32; N 15.51. C;;HsN;O. Calculated, %: C 75.27; H 3.34; N 15.49. '"H NMR
(500 MHz, DMSO-d6, 8, ppm): 7.20 (d, 1H), 7.60 (m, 3H), 7.9 (m, 3H), 8.45 (d, 1H),
8.75 (d, 1H).

3c¢: Yield 93 %, Tm = 190-193 °C. IR (Umax, 0il): 1249 (C-O-C), 2236 (CN). Found, %:
C 75.81; H 3.46; N 16.18. C»H;2N,O. Calculated, %: C 75.85; H 3.47; N 16.08. '"H NMR
(500 MHz, DMSO-d6, §, ppm): 7.3 (d, 1H), 7.49 (d, 1H), 7.75 (m, 3H), 8.1 (m, 5H), 8.3 (d, 1H),
9.55 (s, 1H).

3d: Yield 90%, Tm = 202-205 °C. IR (Umay 0il): 1250 (C-O-C), 2238 (CN). Found, %:
C70.52; H 3.20; N 18.93. C;sHsN,O. Calculated, %: C 70.58; H 3.19; N 19.00. 'H NMR
(500 MHz, DMSO-d6, §, ppm): 7.12 (d, 2H), 7.5 (m, 9H), 7.85 (d, 2H), 8.1 (m, 3H).

6a: Yield 74%, Tm = 188-190 °C. IR (Umas 0il): 1253 (C-O-C), 2236 (CN). Found, %:
C68.77; H 3.20; N 17.77. CisH0N4O,. Calculated, %: C, 68.79; H, 3.21; N, 17.83. 'H NMR
(500 MHz, DMSO-d6, §, ppm): 7.48 (t, 2H), 7.56 (d, 2H), 7.94 (s, 2H), 8.39 (s, 2H), 8.47 (d, 2H)

5b: Yield 92%, Tm = 190-192 °C. IR (Umas 0il): 2236 (CN), 1350, 1540 (NO,); 1020,
1250 (C-O-C). Found, %: C 64.49; H 2.55; N 17.75. C;;HoN;Os. Calculated, %: C 64.56; H 2.55;
N 17.71. '"H NMR (500 MHz, DMSO-d6, §, ppm): 7.41-7.58 (m, 6H, ]J=22), 7.95 (s, 1H),
8.84 (s, 1H).

5e: Yield 72%, Tm = 232-234 °C. IR (Umas 0il): 2235 (CN), 1350, 1540 (NO,); 1020,
1250 (C-O-C). Found, %: C 70.52; H 3.20; N 18.93. C;7HoN;Os. Calculated, %: C 61.63; H 2.74;
N 21.14. 'H NMR (500 MHz, DMSO-d6, 8, ppm): 2.78 (s, 3H), 7.65 (d, 1H), 7.75 (m, 2H),
8.05 (d, 1H), 8.67 (s, 1H), 9.05 (s, 1H).

5f: Yield 76%, Tm = 223-224 °C. IR (Umas 0il): 2238 (CN), 1350, 1540 (NO,); 1020,
1250 (C-O-C). Found, %: C 65.43; H 3.02; N 16.99. C;sH;,N,O;. Calculated, %: C, 65.45; H, 3.05;
N, 16.96. 'H NMR (500 MHz, DMSO-d6, 6, ppm): 6.28 (d, 2H), 7.35 (d, 2H), 7.4 (t, 2H),
7.72 (d, 2H), 7.98 (s, 1H), 8.95 (s, 1H).

5g: Yield 80%, Tm = 217-219 °C. IR (Vo 0il): 2238 (CN), 1350, 1540 (NO,); 1020,
1250 (C-O-C). Found, %: C 65.94; H 2.62; N 14.69. C,;H;,N,O.. Calculated, %: C, 65.97; H, 2.64;
N, 14.65. 'H NMR (500 MHz, DMSO-d6, 8, ppm):7.4 (m, 2H), 7.65 (m, 3H), 7.79 (s, 1H),
7.82 (t,2H), 8.38 (d, 1H), 8.98 (s, 1H).

9h: Yield 77%, Tm = 206-208 °C. VUK (Umax, 0il): 2235 (CN), 1350, 1550 (NO). Found, %:
C 55.29; H 2.13; N 19.89; S, 11.32. C;3HeN,O,S. Calculated, %: C, 55.32; H, 2.14; N, 19.85;
S,11.36. '"H NMR (500 MHz, DMSO-d6, §, ppm):7.5 (t, 1H), 7.73 (d, 1H), 7.95 (t, 1H),
8.18 (s, 1H), 8.6 (d, 1H), 8.98 (s, 1H).

9i: Yield 81%, Tm = 228-230 °C. IR (Umas, 0il): 2238 (CN), 1350, 1540 (NO,). Found, %:
C 61.40; H 2.40; N 16.87; S, 9.63. C17HsN,O,S. Calculated, %: C, 61.44; H, 2.43; N, 16.86; S, 9.65.

97



FROM CHEMISTRY TOWARDS TECHNOLOGY [EId:ie 143 VOL. 2, ISSUE 4, 2021

'"H NMR (500 MHz, DMSO-d6, §, ppm): 7.68 (t, 1H), 7.71 (d, 1H), 7.81 (t, 1H), 7.87 (d, 1H),
8.04 (d, 1H), 8.45 (d, 1H), 8.55 (s, 1H), 9.02 (s, 1H).

9j: Yield 73%, Tm = 184-187 °C. IR (Umas, 0il): 2230 (CN), 1350, 1540 (NO). Found, %:
C51.75; H 2.55; N 21.35; S, 16.30. C7;H10N6O,S,. Calculated, %: C, 51.77; H, 2.56; N, 21.31;
S, 16.26. '"H NMR (500 MHz, DMSO-d6, 8, ppm): 4.65 (d, 1H), 4.80 (d, 2H), 5.15 (d, 1H),
6.00 (m, 1H), 7.25 (t, 1H), 7.60 (d, 1H), 7.85 (d, 1H), 7.90 (s, 2H)

9k: Yield 93%, Tm = >300 °C. IR (Umax, 0il): 2230 (CN), 1350, 1540 (NO,). Found, %:
C 55.79; H 2.34; N 25.36; S, 8.26. C1sHoN;O,S. Calculated, %: C, 55.81; H, 2.34; N, 25.31; S, 8.28.
'"H NMR (500 MHz, DMSO-d6, 6, ppm): 3.80 (s, 3H), 7.57 (m, 2H), 7.85 (d, 1H), 8.45 (d, 1H),
8.75 (s, 1H), 9.05 (s, 1H)

131: Yield 86%, Tm = >300 °C. IR (Umas 0il): 2230 (CN). Found, %: C 67.09; H 2.68;
N 20.58; S 9.47. C19sHoN;S. Calculated, %: C 67.24; H, 2.67; N 20.64; S, 9.45. 'H NMR (500 MHz,
DMSO-d6, 8, ppm): 2.45 (s, 3H), 7.60 (d, 1H, J=8.1), 8.00 (s, 1H), 8.10 (s, 1H), 8.40 (d, 2H,
J=8,3), 8.60 (s, 1H).
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Keywords: The article concerns with the possibility and properties of thin-layer anticorro-
sol-gel, oxide coating, corro- sive ceramic coatings on low-alloyed 08kp steel - two-layer oxide-aluminium,
sion protection coating, struc-  oxide-silicon and two-component Al,O3-SiO,-coatings. In order to obtain the
tural steel, aluminium oxide,  coatings by hydrolytic polycondensation of aluminium isopropoxide and tetra-
silicon oxide, potentiometry, ethoxysilane we prepared boehmite sols/gels with pH = 5 and 9 and hydrated
electrochemical impedance silicon oxide with pH = 9 respectively. We made the mixtures of alumina gel and
spectroscopy siliceous gel (pH = 9) in 1:4 and 4:1 ratios to obtain bicomponent coatings. These

colloidal systems are characterised by pH-metry, particle size analysis and zeta-
potential analysis. The morphology of the coatings includes the scanning electron
microscopy. The results show that only the oxide-aluminium coatings have a ho-
mogeneous structure, while the SiO,- and Al,O3-SiO,-coatings after heat treat-
ment have defects in the form of micro-crack meshes. The assessment of protec-
tive properties of the coatings was in a 3.5% sodium chloride solution at
(23£1) °C using electrochemical methods. Study contains the corrosion current
densities calculations based on corrosion diagrams. Only single-component
ALOs-films and two-component films with high aluminium oxide content have
a protective effect. Electrochemical impedance spectroscopy data modeled the
metal-film-electrolyte interface using an equivalent electrical circuit. The work
contains the calculations of the values of the circuit parameters and their varia-
tion as a function of sample exposure time. The oxide-aluminium films made
from aluminogel with pH = 5 and two-component AL,O3-SiO, films of 4:1 com-
position show the best resulls.

Introduction

Low-alloy steel is a widely used and readily available construction material, but it does
not have sufficient corrosion resistance, which limits its use without specialised corrosion treat-
ment [1]. This treatment generally involves the application of coatings to prevent contact of
metals with corrosive environments.

The one of the promising type of insulating coating are oxide (ceramic) coatings produced
by sol-gel technology [2, 3]. The sol-gel technology has significant advantages [2-5]. It includes
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the possibility of obtaining thin oxide films at temperatures close to room temperature, in con-
trast to traditional ceramic processing technologies, as well as the possibility to influence the
chemical and technological processes and the final coating properties. The resulting oxide ma-
terials are structures ranging from sols in the form of nanoparticles to continuous polymer gels,
depending on the rate of each of these reactions and the subsequent drying and processing
stages. Also an advantage of the sol-gel coating technology is its eco-friendly nature.

Yoldas’ [6-8] method of producing thin sol-gel films on various substrates is based on the
controlled hydrolytic polycondensation of organic metal or silicon compounds with the partic-
ipation of acid or alkali process speed regulators (catalysts/peptisators). The problem of ceramic
dielectric films on the surface of iron alloys, aluminium and silicon oxides is the most relevant
one. These coatings are highly chemically and thermally resistant and can form a physical bar-
rier to the penetration of corrosive components to the metal surface. Thus they can improve
metals corrosion characteristics. The anticorrosive Al,Os-coatings on steels contribute to a sig-
nificant shift of potential to the positive direction and a decrease of corrosion current, increase
resistance to pitting corrosion [9-14]. Using of SiO, sol-gel coatings on steel was not very effec-
tive, although an improvement in corrosion performance was observed compared to untreated
samples [15-18]. These results can be explained by the use of colloidal solutions with low pH
values, to which iron-based alloys are sensitive, as well as to annealing, leading to cracking of
the formed oxide layer. However, research in this area needs to be developed in order to find
conditions for obtaining coatings with higher corrosion protection.

This paper presents the results of a study of the effect of acid and alkaline peptization of
hydrolysates of organic compounds of aluminium and silicon on the properties of the corre-
sponding hydrogels obtained by the Yoldas’ method as well as on the anticorrosion properties
of coatings formed on low-alloyed 08kp steel.

Experimental part
1. Materials and reagents

Oxide coatings were applied to 1x5 cm samples of 08kp carbon construction steel (strip,
GOST 1577-93). Composition, %: Fe ~98, C 0.05-0.11, Si to 0.03, P to 0.035, As to 0.08, S to
0.04, Mn 0.25-0.5, Nito 0.25, Cr 0.1-0.25. Samples without corrosion were previously degreased
with acetone, then further in a solution of Na,COs-10H,O (40 g/1) + Na,HPO,-12H,O (40 g/1)
at 75-85 °C for 15 minutes, washed in hot, then in cold water, air dried at room temperature.
The surface of the samples was activated by HNO; solution (1:1) treatment for 15 seconds.

Aluminum isopropoxide CoH,1AlO;5 (Al(O-i-Pr)s, where -i-Pr = (-CH (CHs),, produced
by Acros organics, 98%, CAS Ne555-31-7), distilled water and tetraethoxysilane CsH»004Si
(Si(C,Hs0)s, produced by ECOS - 1, h.p. were used to prepare hydrated aluminum and silicon
oxide sols/gels respectively. Fig. 1. The structural formulae of compounds.

Peptization of the resulting sols provided by acetic acid (ch.p.) or by 10% ammonia (ch.p).
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Fig. 1. Structural formulae of aluminium isopropoxide (a) and tetraethoxysilane (b)
2. Preparation of sol-gel systems

Preparation of boehmite sols. Aluminium isopropoxide (AIPO) was dissolved in hot
(85-90 °C) distilled water under continuous stirring. Molar ratio AIPO:H,O = 1:100. Under
these conditions, AIPO undergoes hydrolysis to form boehmite:

C9H21AIO3 + 2H20 —> AIO(OH) + 3C3H7OH

After completion of the formation of AIO(OH) at the same temperature, the boehmite
hydrosol was peptised using acetic acid or ammonia solutions. During acidic peptization the
molar ratio of the components of the reaction mixture AIPO:H,0O:acid, according to the Yoldas’
procedure, was 1:100:0.15; during alkaline peptization the pH value was maintained at ~11. In
both reactions we observed a lucidity of the colloidal solution after continuous stirring at the
indicated temperature for ~2 hours. For 24 hours sol-gel transition occurred in the colloidal
system. Characteristics of the prepared gels with acidic and alkaline peptidation are: pH equal
to 5 and 9.5, average particle size of bemite 300 and 100 nm respectively. The aluminium con-
centration in the obtained systems was 1.25 ga/l.

Siliceous gel preparation. Siliceous gel was prepared by hydrolysis of tetraethoxysilane
(TEOS) in a mixture of H,O:C,HsON (volume ratio 5:1) at a reactant ratio of
TEOS:(H.O/C,H50N) = 1:100, at room temperature. Under these conditions, TEOS is hydro-
lysed by the reaction

Si(OC2H5)4 + 4H,0 —» Si(OH)4+ 4C,H;OH

Polycondensation reactions of the hydrolysis products take place along with the hydrolysis
products take place along with the hydrolysis reactions of TEOS. The polycondensation process
of siliceous gel was carried out in both acidic (acetic acid solution) and alkaline (ammonia so-
lution) media at pH ~5 and ~9.5 respectively. The particle )
size of the siliceous gel is in the range 10-140 nm. The sil-

icon concentration in the obtained systems was 1.25 g/1.

For all the colloids prepared, the sol-gel transition

(Fig. 2). Fig. 2. Sol (a) and gel (b) produced us-

~

was accompanied by the formation of a translucent gel

ing peptiser solutions

Preparation of mixed AIO(OH)-Si(OH), gels. In
order to study the mutual influence of the gels on the properties of the coatings obtained, gels
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of the composition AIO(OH)-Si(OH), (pH = 9) were prepared by direct mixing the components
at their volume ratio of 1:4 and 4:1.

3. Coating application

We use both individual alumina gel and siliceous gel as well as their mixtures in the above
mentioned volume ratios. A sample of 08kp steel with a pre-greased prepared dry surface was
dipped into the gel, incubated for three minutes and then quickly removed. The samples were
air dried (for alkaline gels) or dried in an air-ammonia atmosphere (for gels with pH <7) at
room temperature, then heat treated in an air atmosphere at 500 °C for one hour.

The surface preparation of gels with pH>7 included a surface activation stage in HNO;
solution (1:1) for 15 seconds followed by rinsing the sample with cold water.

We applied the second layer on top of the fully formed first layer in full compliance with
the procedure, except for the activation stage (for alkaline colloids).

4. Research methodology

We determine the physico-chemical characteristics of the prepared gels by Kellymeter
pH-009(I) (Kelly Union Electronics, Hong Kong), Zetasizer Nano particle size and zeta-poten-
tial analyser (Malvern Instruments Ltd., UK).

The morphology of the coatings was studied by scanning electron microscopy (SEM,
Vega 3 SBH scanning electron microscope, Tescan, Czech Republic).

Anticorrosive properties of coatings in 3.5% aqueous solution of NaCl at (23£1) °C were
studied by electrochemical methods of potentiometry—, voltammetry (reference electrode - sat-
urated silver chloride, the loop electrode - Pt; PI 50-Pro-3 pulse potentiometer with automatic
datalogging and PS Pack2 software, Elins, Russia) and electrochemical impedance spectroscopy
(at open circuit potential, counter electrode - Pt/Pt- black, AC frequency range 10'-10° Hz,
Solartron SI 1260A impedance and amplitude-phase analyzer, ZPlot and ZView?2 software; "So-
lartron Analytical", UK).

Results and discussion
1. Morphology of oxide coatings on steel

The chemical composition of the gels and the conditions of their production affect on the
morphology of the resulting coatings. By Fig. 3, SEM images of bilayer aluminium-oxide and
silicon-oxide coatings compared to the surface of an uncoated heat-treated steel sample. By
Fig. 3, AL,Os layers are continuous, without cracks and large pores (see Fig. 3 a, b), but their
morphology depends on the conditions under which the beohmite gel is obtained. The silicon
oxide coating differs. It is homogeneous in structure, but large cracks form on it during drying
and annealing, making the surface of the coated metal accessible to components of the corrosive
environment. Even the application of a second coat does not help to improve cohesion (see
Fig. 3, ¢).
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There are single and bilayer Al,O;-SiO, coatings obtained with different ratios of alumina
gel to siliceous gel at Fig. 4. Obviously, such films have a large number of cracks that compro-
mise the continuity of the coating. SiO, gel component gives these to the coatings. It is agree
with the references [15, 16]. There is a large shrinkage of silicon oxide films during drying and
annealing, accompanied by layer cracking.

Fig. 3. SEM images of bi-coated steel samples: a - Al,O; (gel with pH = 5); b - ALOs (gel with pH = 9.5); ¢ - SiO;
(gel with pH = 9.5); d - uncoated sample annealed at 500 °C in air

Fig. 4. SEM images of single layer (g, b) and double layer (c, d) coatings obtained from ALO;-SiO, gel at component
ratios: 4:1 (a, ¢) and 1:4 (b, d)
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2. Assessment of coating quality based on corrosion diagrams

There are corrosion diagrams of uncoated and coated steel samples in a naturally aerated
3.5% sodium chloride solution at Fig. 5. The values of steady-state potentials (Es) of the inves-
tigated samples with coatings obtained from alkaline gels (see Fig. 5, b (curve 1), ¢, d), are close
in their values to the Ey of uncoated steel (see Fig. 5, a). The coatings are defective to varying
degrees on these samples. The sample with an ALO; layer obtained from a gel with acid pepti-
zation of the beohmite dispersion (see Fig. 5, b, curve 2), the shift of the stationary potential of
the sample exceeds 0.7 V in the positive direction (compared to Eq: of the original sample). This
characterises the formed ALOs; layer as an effective (defect-free) physical barrier preventing
metal contact with the corrosive environment.

The corrosion of uncoated steel occurs at a cathodically controlled rate - limited by the
rate of dissolved oxygen (cathodic depolariser) supplied to the corroding metal surface. The
coatings change the nature of the anodic and cathodic branches of the corrosion diagram, and
the corrosion process can proceed with both cathodic and anodic rate control. The calculation
of the corrosion current density (log j.r) showed the only single-component ALLOs films and
two-component films with high aluminium oxide content have more or less well expressed pro-
tective properties towards the base. The j «r values pA/cm? 35.5 (uncoated), 11.2 (ALOs, alka-
line gel), 0.11 (ALOs, acidic gel) and 28.2 (ALOs-SiO,, 4:1).
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Fig. 5. Corrosion diagrams of 08kn steel samples: a - in the initial state (Es = -335 mV) and with bilayer coatings:
b - with oxide-aluminium coating obtained from gels with alkaline (curve 1, Ei = -350 mV) and acid (curve 2,
E¢=410 mV) peptization; ¢ - with oxide-silicon coating obtained from gel with alkaline peptization
(Eq=-280 mV); d - with two-component Al,O;-SiO, coating obtained from mixture of gels with alkaline peptiza-
tion at component ratio 1: 4 (curve 1, Eq = -295 mV) and 4:1 (curve 2, E; = -215 mV). Potential sweep speed
1 mV/s. Temperature (23+1) °C

3. Assessment of coating quality based on electrochemical impedance spectroscopy data

We study the corrosion kinetics of uncoated and coated steel samples by electrochemical
impedance spectroscopy (EIS) in a naturally aerated 3.5% sodium chloride solution at an open
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circuit potential. Fig. 6 shows the Bode diagrams (impedance modulus |Z| and phase angle Oas
a function of alternating current frequency) for the bilayer-coated samples, showing less corro-
sion current density in compare with the control sample. The best parameters (highest |Z| and
0) show the oxide-aluminium-coated samples from the acidic gel (curves 2) and the two-com-
ponent Al,Os-SiO,-coatings.
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Fig. 6. Dependences of impedance modulus (a) and phase angle (b) on alternating current frequency for steel
samples: 1 - uncoated; 2 - with bilayer Al,O; coating (from gel with pH = 5); 3 - with bilayer AL,O; coating (from
gel with pH = 9); 4 - with bilayer two-component Al,O;-SiO, coating (4:1 component ratio). Impedance parame-
ters measured after 0.5 h of sample immersion in 3.5% NaCl, temperature (23+1) °C

The metal-oxide-solution system was modelled by electric circuit analogy (ECA) (see
Fig. 7). For this ECA R.; is the electrolyte resistance between the electrode under investigation
and the auxiliary electrode; R, is the resistive component of the coating; CPE is the constant
phase element (non-ideal coating capacitance index), Zcpr impedance can be represented by the
expression [12, 19]

L
0(jo)"

Z CPE

where Q is the constant of the CPE element (F cm-?-s"""); @ - circular frequency, w = 27f
(rad s1); j* = -1 and n is the degree ratio of the CPE element (indicates the angle of depression,
which characterises the deformation of the capacitive loop in the Nyquist diagram). CPE can be
defined as capacitance when n = 1 at resistance n = 0 and as Warburg resistance at n = 0.5.

Ral CPE
— N >
Rp

Fig. 7. ECA for the interpretation of electrochemical impedance spectroscopy data of barrier-coated metal

We calculated the ECA values for coated steel depending on the contact time of the sam-
ples with the corrosive medium (see Table 1). The increase of Q values is characterised for all
the coatings. It depends on the increase of coating capacity due to the penetration of the solution
into the pores and along with the increase of oxide layer area contact with the solution. It also
leads to the decrease of R, and n values.

The initial values of CPE parameter (Q and n) of ALOs layers obtained from gel with
pH =5 and the two-component AL,O;-SiO; have comparable values. The rate of decrease of n
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in both cases is 0.026 h (R* = -0.99). But the rate of increase of parameter Q and decrease of R,
of one-component coating is almost two times higher than the two-component one (Fig. 8).
Sufficiently high values of the parameter # indicate satisfactory quality of the formed layer. But
they cannot be classified as purely capacitive due to the presence of pores gradually brought
into contact with the electrolyte.

The ALOs coating obtained from a gel with pH = 9 fails the corrosion test due to the
significantly higher defectiveness and permeability of the coating. It correlates with the data
obtained by other methods.

Table 1. ECA values for coated samples in contact with 3.5% sodium chloride solution

ECA parameters
Coating Time, hours CPE Ry, OM cm™
Q, uF cm™2 ¢t n
0.5 132.6 0.84 6.57
1.0 149.3 0.84 4.76
1.5 174.9 0.82 3.86
AlLO; - obtained from gel
2.0 211.4 0.81 3.33
pH=5
2.5 2533 0.79 2.71
3.0 274.3 0.78 2.55
3.5 299.1 0.77 2.43
0.5 197.8 1.85
0.59
1.0 297.6 1.71
1.5 381.5 055 1.68
ALO; - obtained from gel ’ ' 0.53 ’
Heo 2.0 566.2 0.49 1.53
P = 3.0 Sharp ' Sharp
4.0 increase decrease
0.5 119.7 0.86 4.02
1.0 129.5 0.85 3.49
1.5 134.8 0.85 3.15
ALO; - Si0, 2.0 144.7 0.83 2.78
3.0 193.2 0.80 1.83
4.0 242.4 0.77 1.61
600 q
r2 a 7
= 500 / « 61
:.’ ” u 5-
N‘” 400+ E
£ . o 4
© 3001 o
TR ) r 31
= 200 3 2.
© 1
100
0 1 2 3 4 0 1 2 3 4
Time, hours Time, hours

Fig. 8. ECA parameters Q (a) and R, () as a function of contact time with 3.5% NaCl solution at temperature
(23£1) °C of steel: 1 - with bilayer ALLO; coating (gel with pH = 5); 2 - with bilayer ALO; coating (gel with pH =
9); 3 - with bilayer two-component Al,Os-SiO; coating (4:1 component ratio)
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Conclusions

This paper devoted to the effect of pH on the characteristics of aluminium- and silicon-
containing sol-gel systems as well as on the properties of oxide coatings formed on low-alloyed
08kp steel from these colloids.

The gels obtained with acetic acid as a peptisator exhibit high corrosion activity then the
gel layer is dried on the metal. For aluminogel we solved this problem earlier by drying the layer
in ammonia vapour [13, 14]. But for siliceous gel this method is proved ineffective. The use of
gels with peptisation of hydrated oxide particles using ammonia solution (pH = 9-11) prevents
the development of corrosion on steel during coating application and drying. Meanwhile, alka-
line peptisation produces larger particles of hydrated aluminium and silicon oxides.

The coatings formed from acidic and alkaline aluminogels, alkaline siliceous gel and their
mixtures at various component ratios. Thus, the one-component SiO,-coating and the presence
of SiO; in two-component coatings leads to the formation of micro-cracks, which negatively
effect on the anti-corrosion properties of the films.

Voltammetry and electrochemical impedance spectroscopy help to study the protective
properties of coatings in 3.5% sodium chloride solution at (23£1) °C. We calculated corrosion
current densities by corrosion diagrams and only single-component Al,Os-films and two-com-
ponent films with high aluminium oxide content have protective effect. Electrochemical im-
pedance spectroscopy data modeled the metal-film-electrolyte interface using an equivalent
electrical circuit. The work contains the calculations of the values of the circuit parameters and
their variation as a function of sample exposure time. The oxide-aluminium films made from
aluminogel with pH = 5 and two-component AL,Os-SiO, films of 4:1 composition show the best
results.

The study was under financial support of the Russian Foundation for Basic Research and
the Ivanovo Region Administration as part of Scientific Project No. 18-43-370030_r_a.
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