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B pabore nccirenoBaHa KMHETHKA CMHTE3a HaHOYACTHUIL KpeMHe3eMa (< 50 HM) B YCIIOBUSIX TeTepOTeH-
Horo ruaponm3sa TerpadTokcucmiana (TO0C) ¢ ucnoab3oBaHueM L-apriHiHA B KAYECTBE IIEIIOTHOTO
Karajgu3aropa. OnpeneneHbl CKOPOCTH TIpoliecca 00pa3oBaHMS IUOKCHUIA KPEMHUS B AUAMTA30HE TeM-
neparyp 10—95°C npu KoHIeHTpalusx Kataauzaropa 6—150 MM. [1oka3zaHo, 4TO 3HEPrust aKTUBAIUU
Mpoliecca 3aBUCUT OT KOHIIEHTPAaILIMU KaTajan3aTropa 1 u3MeHseTcs B auamna3zoHe 21.5—13.9 kJIxx/Moib,
JIMHETHO YyMEHBIIIASICh C POCTOM KOHLIEHTpauuu L-apruHuHa B cucteme. [IpoBeneHa olileHKa KpuTepust
COXpaHEeHUs MOHOOUCIIEpCHOCTH yacTull SiO, IpM UX AOpallMBaHWM “Ha 3aTpaBKy” . DKCIIEpUMEH-
TaJbHO YCTAHOBJIEHA 3aBUCUMOCTH TIJIOTHOCTH KPEMHE3EMHBIX YaCTUI] CYOMUKPOHHBIX pa3MepOB OT
TeMmieparypsl oTxura. B nuanazone temnepatyp 200—1000°C mioTHOCTb yacTuil MeHseTcs oT 2.04 no

2.20 t/cM>.

Karouegwie crosa: amopdHbIN AMOKCUI KpEMHMSI, HAHOC(EPDI, TeTePOTreHHbIN THAPOIU3 TETPAITOKCHCUIIAHA,
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BBEAEHUE

HaHo- 1 MukpouyacTtuilbl aMop(pHOro AMokKcuaa
KpeMHUsI HaxomsAT IIpUMeHeHue B KaTanuse [ 1, 2], xpo-
matorpaduum [3], ontuke [4], B KauecTBe MaTepuaia
J71s1 GUHUIITHOM MOJUMPOBKU [5, 6] 1 B Apyrux ob6ia-
CTSIX TeXHUKHA. BO3MOXHOCTh M3MEHEHUS TTOPUCTO-
CTH YacTUIL ¥ (PYHKIIUOHAIM3ALMU UX TIOBEPXHOCTH,
a Takke OMOCOBMECTUMOCTh JUOKCUAA KPEMHMUS OT-
KpBIBaeT IMUPOKHE TIEPCIIEKTUBHI TI0 UX MCITOTb30Ba-
HUIO B Onosoruu u meauiuHe [7—10]. YrnopsimoueH-
HBbIe TpeXMEpHbIe CTPYKTYphI, 0Opa3zoBaHHbIe che-
PUYECKUMU KPEeMHE3eMHBIMU YaCTUIIAMHM, IIHUPOKO
WCITOJIB3YIOTCSI B KaUueCTBE MOIEIbHBIX CUCTEM IS
U3Yy4YEeHUs MOJIEKYIsIpHOU nuddy3un B HaHOMOpax
[11—14], B KauecTBe 11a0JOHOB JIJIs CO3AaHUS YIOPSI-
JOYEHHBIX MHBEPTUPOBAHHBIX MOJIMMEPHBIX [15, 16],
ME30ITOPUCTHIX yriepoaHbiX [17, 18] n anmasHbIxX [19,
20] MaTepuaioB.

B 1956 rony I'epxapn KonGe BriepBble TpoOneMOH-
CTPUPOBAJ ToJiydeHue cheprnyeCKNX YacTuI] JTUOK-
cuaa KpeMHUS ITyTeM THAPOIN3a TETPa3TOKCUCHIaHA

(TB0C) B cnUpTOBOJHOM pPacTBOPE B MPUCYTCTBUU
aMMMaKa B KauyecTBe IIeJI0YHOro KaTtaiauiatopa [21].
IIto6ep, ®unk 1 bon B 1968 romy ycoBepileHCTBO-
BaJikd 3TOT MPOLIECC U MOKa3aJu BO3MOXHOCTb MOIY-
YeHUSI YacTUIl ¢ pa3MepamMu ot 50 HM 10 2 MKM Mpak-
TUYECKM UAeaIbHON cheprueckoii (OpMBI C BBICOKOM
MOHOJIMCIEPCHOCTHIO [22]. B nanpHeiieM ObL1a mo-
Ka3zaHa BO3MOXHOCTh KOHTPOJMPYEMOTO CTyIeHYa-
TOTO MOpaIUBAaHMS YaCTUIl KpeMHe3eMa 10 3apaHee
3aJaHHBIX Pa3MepOB ITyTeM MCIIOJIb30BaHUS UX B Ka-
YeCcTBE 3aTPaBOK U 10OABIEHUSI B CUCTEMY PaCUETHBIX
kommyecTB TOOC [23—25]. Paznuunbie MomuduKanum
Mertona IlIto6Gepa 10 HemaBHETO BpEMEHU OCTaBaJICh
OCHOBHBIM CITOCOOOM CHHTE3a MOHOIMCIIEPCHBIX Ya-
CTHUII KpeMHe3eMa BBUIY €ro MPOCTOTHl U BO3MOXHO-
CTH MOJYYEHHUS YaCTULL C OTHOCUTEJIbHO Y3KUM pac-
TpemeieHeM HX 10 pa3MepaM B IITMPOKOM THAara3oHe
auameTpoB (ot ~100 mo ~3000 um) [23—30].

OcHOBHBIM orpaHuyeHueM npouecca ILlltobepa
SIBJISIETCS CJIOXKHOCTD TTOJTyY€HUS BLICOKOIT MOHOIMC-
MEPCHOCTHU I YacTull pasMepamu MeHee 100 HM.
B 2006 rony T. Exou c¢ coasrt. [31] u T. M. JIsBuc
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C COaBT. [32] mpennoxXuan MeTom HojydeHUus cde-
pUYECKUX HAHOYACTUIL KpeMHe3eMa IyTeM THAPO-
nu3a TOOC B cnabomenouynbix ycaosusax (pH 9—10)
B OMYJIBCUOHHOI cucTeMe, coaepxaiueit TOOC, Bony
W aMUHOKHUCTIOTY L-mu3uH. [1oxydeHHbIe YaCTULIBI U~
OKcHaa KpeMHU ¢ quaMeTpamu B nuamna3one 10—20 Hm
M0KAa3aJli BEICOKYI0 MOHOIMCIIEPCHOCTD, HETOCTUXKM -
MYIO IpHY BhIpaliuBaHuM yacTtull Metogom IIToGepa.

K.JI. XaptieH ¢ coanT. [33] mokasajiu, 4To, UC-
MOJb3ysl METON reTeporeHHoro ruaposausa THOOC
B IIPUCYTCTBUU aMUHOKUCIOTHI (L-apruHuHa) B Ka-
YeCTBE IIEJIOYHOTO KaTajau3aTopa, pa3Mephbl YaCcTHII
MOXHO MEHSTb MyTeM UX JOpalllMBaHUsI B TOH XKe
cpele ¢ COXpaHEeHUEeM BBICOKOIT MOHOAMCIIEPCHOCTH.
ABTOpPHI TaKXe MOKa3aju, UTO 3TU YaCTUIIBI MOXHO
HCITOT30BaTh B Ka4eCTBE 3aTPaBOK B MPOIIECCaX M0-
paIIMBaHMUS XOPOIIIO N3y4eHHBIM MHOTOCTYTIEHIATBIM
meTonoM IllTobGepa. DTo MO3BOJISIET COUETATh IPEUMY-
1IeCTBa 00eUX METOAMK U MOJIYy4aTh YaCTUIILI B ITUPO-
KOM JMana3oHe pa3MepoB (OT I1eCSITKOB HAaHOMETPOB
JI0 HECKOJILKMX MUKPOH B IMaMeTpe) C BBICOKOM cTe-
MeHbI0 omHOpomHOCTH (< 5%).

HecMmotpst Ha To, 4TO B TOCJIeAyIOIIME TOAbl Oblia
npojenaHa 0oJibliiasi paboTa Mo UCCIeI0BaHUIO (DU3H-
KO-XMUMMYECKHX ITPOILECCOB, COMIPOBOXAAIOIINX IO~
JIydeHHe YaCTUIl JUOKCHAA KPEMHMUS TeTepOTeHHBIM
ruapoanzoM TOOC B mpUCYyTCTBUM aMUHOKMCIOT,
HEKOTOpHIE aCTIEKTHl CHHTE3a TPEOYIOT JOTIOJTHUTENb-
HOTro n3y4yeHwusi. B yacTHOCTH, HEAOCTAaTOUYHO JaHHBIX
0 KMHETHKeE TIpoliecca U MexaHu3Me (DOpMUPOBaAHUS
KOJUIOMIHBIX YaCTUII JUOKCHIAa KpeMHus. B mpeacraB-
JICHHOM CTaThbe MbI COOOIIaeM O pe3yiabTaTax Ucce-
JOBaHUsSI KUHETUKU CUHTE3a KpeMHe3eMa B YCIIOBUSIX
rereporeHHoro ruapoausa TOOC ¢ ucnoab3oBaHUEM
L-apruHuHa B KayecTBE IIEJIOYHOrO KaTajau3aTopa.
Ha ocHoBaHMM MOJIydeHHBIX 3KCIEPUMEHTaTbHBIX
JaHHBIX 10 ONPEACICHNIO CKOPOCTU XMMUYECKOM pe-
akuuu ruaponaniza TOOC u KoHAeHCAIUU €ro IIPo-
JIYKTOB PACCUUTAHBI BEJIMIMHBI SHEPTUU AKTUBALIUHA
npoiecca Mpyu pa3InyHON KOHLIEHTpauuu L-apru-
HuHa B cucreme. IIpeacraBieHbl pe3yabraThl OLIEHKHN
YCJIOBMIA COXpaHEHUSI MOHOAMCIIEPCHOCTH TOpallnBa-
€MbIX YACTHUII ¥ pe3yJIETaThl MCCAECAOBAHNS U3MEHEHUS
IUIOTHOCTU ¥ TIOPUCTOCTH YaCTHII B IIpOLieCCe UX Tep-
MOOOPaOOTKU.

OCIHHEPUMEHTAJIbHAA YACTb

Terpastokcucunan (TDOC) 98% npenBapuTeILHO
ouniIaan pektudukauueii. L-aprunmn 99% (Panreac)
HCIIOJIb30BaIN 03 NOMOJIHUTEIbHOI 04nCTKU. Jleno-
HusupoBaHHas Boaa (~18 MOwm/cM) Oblia moJiyueHa
¢ MOMOIIBIO JenoHn3aropa “AxksuinoH D-3017.

WccnenoBanusl KWHETUKYA 00pa3oBaHUS IMOKCUIA
KpEeMHUS MTPOBOIMIN B 001IeM 00beMe peaKIIMOHHOMK
cmecu 300 mut. B 250 M1 ieMoOHU3MPOBaHHOM BOJIBI J10-
6aBisgnu L-apruauH (ot 6 o 150 MM) 1 TIaTeabHO
rnepeMelInBaId Ipy MOMOIIM MAaTHUTHON MelllajaKu
Ne2 2024
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Heidolph MR MIX-D, coBMelieHHOIi ¢ BOOSHBIM Tep-
mocTtaTtoM Elmi TW-2.02 no pacTBopeHUsI aMUHOKUC-
JIoThl. PacTBOp HarpeBanu 10 3agaHHOI TeMIepaTyphl
u no6asisid 50 Mt rerpastokcucmiada (TOOC), Ha-
TPETOrO J0 TaKOM ke TeMrepaTyphl. Temiiepatypy pac-
TBOpa B MHTepBaJje 3HaueHuii 10—95°C nompaepxuBaiu
MOCTOSTHHOM ¢ TouyHOCThIO T+0.1°C B TeyeHUE BCEro
BpeMeHU cuHTe3a. CKOpOCTh BpallleHUsI MaTHUTHOM
memmanku (50 X 8 MM) BO BceX 9KCIIEpUMEHTAX MOIAEP-
KUBaJIM OMMHAKOBOM 1 paBHOI 600 06./MUH, 9TO 00e-
CTIeYMBAJIO MOJYyYeHUE SIMYIbCUHY TUTIA “MacyIo B BoAe”.
I'eoMeTpus peakIMOHHOIO cOCyla BO BCeX SKCIEPHU-
MEHTax ObLia OIMHAKOBOI. DTO 00€eCIIeuynBaio BOC-
MPOU3BOAMMOCTE pa3mepa “Karesnb” TOOC B BogHOIT
cpelie ¥ OMMHAKOBYIO TJIOIIAAb MIOBEPXHOCTHU paszeiia
“TOOC — BogHBIN pacTBOp L-apruHuHa” B XOOe DKC-
MEepUMEHTOB MPU OJMHAKOBOM Temiieparype. B xome
CHUHTE3a MPOU3BOIUIN OTOOPHI MTPOO KOJJIOUIHOM Cy-
CTIEH3UM ISl OMpeaeIeHUsI MAaCCOBOI KOHILIEHTpaLUU
Si0,-4acThll 1 2JEKTPOHHO-MUKPOCKOIIMYECKUX UC-
ciemoBaHUii. MaccoByIO KOHLIEHTPALMIO KpeMHe3eMa
B BOIHOI YaCTU PEaKLIMOHHON CMECH OTpeaessiu o
OTHOLIEHUIO MaCChl BHICYLIEHHBIX U OTOXKEHHBIX TTPU
600°C gacTull AUOKCHUIA KPEMHUS, COMEPXKAIIUXCS
B IIpoOe, K Macce IpoOwI cycrieH3uun. Pasamepsr 1 Mop-
(hostorvio yacTull Ucciaen0Baau C TIOMOILBIO CKAHUPY-
IOIIIETO 3JeKTPOHHOro Mukpockomna (Zeiss Supra 50
VP). B 3aBUCHMOCTHU OT YCJIOBUIA IPOBEAEHNS CUHTE3a
pa3Mep MoiydaeMbIX YACTULL JUOKCHIA KPEMHUS Ba-
pbUpOBAJICs B Auana3oHe 8—45 HM.

Jns uccnenoBanud miIoTHOCTH yacTul SiO, mpo-
BOIWIU WX BbIpAllIUBAHUE MHOTOCTYIIEHYATHIM CUHTE-
30M B cucteme TOOC — BomHBIi pacTBOp L-apruHuHa
(2 MM). s 3TOro pacyeTHOE KOIUIECTBO 3aTPABOK
SiO, nucneprupoBaiy B BOOHOM pacTBope L-apru-
HMHA C TIOMOIIbI0O MATHUTHOM MeIIaiKu U T00aBIsIn
pacyeTHoe KoaudectBo TOOC. [lopaluBaHue 3aTpa-
BOK Bestu Tipu TeMmepartype 60°C 1 HenmpepbIBHOM Tie-
peMellIuBaHUU CO CKOPOCTBIO BpallleHUsI MarHUTHOM
Memanku 200—300 06./MuH, obecrieunBamplleil He-
Pa3pbIBHOCTH TpaHMLIbI pasaena ¢das. Ilocae nopamiu-
BaHUA KoJUTOMAHBIX yactul SiO, no pazmepa ~300 HM
CYCHEH3UI0 MTOMENIaIu B COCY, Tlle YaCTUILIbl OCaxX-
Jajayd METOIOM €CTeCTBeHHOU cenuMeHTauuu. [Tomy-
YEeHHBIM 0CafoK CYLIWINA 1 OTXUTaIU B TeueHue 24 4
npu temrepatypax B auanaszone 200—1000°C. TTnot-
HOCTb U TIOPUCTOCTb YaCTUILl UCCIIETOBAIN METOAOM
TMIPOCTATUYECKOTO B3BELIMBAHUSI, OTIMCAHHBIM B pa-
oote [34].

PE3VIIBTATBI U OBCYXIEHUE

IIpouecc cuHTE3a TMOKCHUIA KPEMHUS METOIOM T -
apoimsa TOOC BkioyaeT B ce0s1 1BE OCHOBHBIE CTa-
qun: tuaposn3 TOOC no obpa3zoBaHUSI KpEeMHUEBOM
KHCJIOThI Y IOCJIEAYIONIYIO TTOJJMKOHIEHCAIIUIO €€ MO-
HoMepoB. CxemMaTuuecKu IpoLecc MOXHO MpeacTa-
BUTH B BUJIE TPEX OCHOBHBIX PEaKIIVIA.
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Peaxuus nocinenoBaTenbHOTO ruapoiansa TOOC:
(C,H50); =Si — (OC,H5) + H,0 —»
— (C,H50)5 = Si — (OH) + C,H;OH —
— (C,H50), = Si = (OH),... »
— ... (C,H50) - Si = (OH);... >
— ...Si(OH),4,

(1

p€aKkuusda KOHACHCAIIUU C BbIACJICHUEM BOOBI:

= Si — (OH) + (HO) - Si = —

. . (2)
Si -0 -Si =+ H,0,

%

p€aKklygd KOHACHCALINU C BBIACJICHNUEM CITUpPTAa:

= Si — (OC,Hys) + (HO) - Si = —

. . (3)
—-=Si-0=Si=+ C2H50H
CyMMapHyIO peaKkiuIo mpouecca ruapojan3a-KOoH-
JEHCAallMN MOXHO BBIPA3UTh B BUIIC:

Si(C,Hs0), + 2H,0 — SiO,+ 4C,H;OH. (4)

Tuaponus TOOC nmpoucxonuT Ha rpaHULIe pas3aesa
(a3 TOOC — BonHHbIi pacTBOp L-apruHuHa, 1 €T0 CKO-
POCTb, KaK U IPYTUMX FeTEPOTEHHBIX PEaKLIUi, 3aBUCUT
OT TUIOLIAAM TTOBEPXHOCTU paszzaena das. B pesynsrate
rereporeHHoro ruapoym3a TOOC obOpasyeTcs pac-
TBOopuUMasI B Boae (popma KpeMHe3eMa — KpeMHUeBasT
xucnota Si(OH), (1), a peakuust MOJIMKOHAEHCALIUU
(2, 3) MOXeT NPOXOAUTb KaK B TOMOT€HHbIX YCIOBUSIX
B 00BEMe BOTHOTO pacTBOpa (MpY B3aUMOIEHCTBUN MO-
JIEKYJT KPEMHUEBOM KMCIIOTHI MEXIY co00Ii), TaK U IO
reTepOreHHOMY MeXaHM3My Ha IMTOBEPXHOCTH PaCTYIINX
YacTHII 3a CYET TIPUCOCAMHEHUS MOJIEKYJI KpEMHHEBOM
KUCJIOTHI (MOHOMEpaA KpeMHe3ema) 13 pactBopa |35, 36].

TomoreHHas1 peakiiusi KOHAEHCALIMY B BOTHOM Ya-
CTH CUCTEMBI MAET ¢ 00pa3oBaHUEM IUMEPOB, TPU-
MEPOB U 0oJiee KPYITHBIX TTOJMMEPHBIX 00pa3oBaHU
Si0O,, KoTopble MOTYT TOpacTaTh 4O pa3MePOB Hepac-
TBOPUMBIX KPEMHE3eMHBIX YaCTHUII-3apOIbITIeiH. DTH
YaCTHUIIBI MOTYT NMPUCOECIMHUTHCS K paHee 00pa3o-
BaHHBIM paCTYIIMM YacTUllaM WU c(HOPMUPOBATh
HOBEIE 10 arperalumoHHOMY MexaHu3my [23]. Beumy
CJIOXKHOTO XapakTepa mpoilecca TUIPOJIn3a-TIOJIMKOH-
JeHCallui, B KOTOPOM MOTYT IMPOXOAUTh U TeTEPOTreH-
HbIE, U TOMOT€HHBIEC PEAKLIMU, MBI IPOBEJIN OLEHKY
CKOPOCTH CYMMAapHOTO TIpoIiecca CUHTe3a TMOKCHUIA
KpeMmHus (4), ucciaenoBaB 3aBUCUMOCTH CKOPOCTHU €0
00pa3oBaHUs OT KOHLIEHTpALMKU L-apruHUHA U TeM-
TepaTypbl IPOBENEeHUS MpoIiecca CUHTE3a.

OOBIYHO TIO CKOPOCThIO FETEPOTEHHON XUMUYE-
CKOIf peaKIIMy MMoApa3yMeBaloT U3MeHEHUE KOJIMIe-
cTBa (KOHIIEHTpAlU1) pearupyronux BelecTB B eIu-
HUILY BpeMEHU, OTHECEHHOE K eIVHUIIE TIIOIIAAN TT0-
BEpXHOCTH pasaena das. [Ipu 3MyJIbCMOHHOM pexXrUMe

MACAJIOB wu ap.

nepeMellnBaHus XUAKUX (a3 He TpencTaBiIsgeTcs
BO3MOXKHBIM OLIEHUTbH TLJIOIIAAb ITOBEPXHOCTHU pasieia
IByX XUIKuX ¢a3. [ToaToMy MBI OLIEHMBAJIM CKOPOCTh
CYMMAapHOTO TIpoliecca CUHTe3a IyTeM U3MepPEHUsT Mac-
COBOIi KOHILIEHTpalLlMM KpeMHe3eMa B eIMHUIe 00beMa
BOJHOIM YaCTU CUCTEeMbl B elIMHUILY BpemeHu. HaoGmro-
JaeMas CpelHsIs CyMMapHast CKOPOCTb IIpoliecca B Ha-
IIEM CJlyyae paBHa M3MEHEHUWIO KoHUeHTpaunu SiO,
B €IMHULLY BpEMEHU, a UICTUHHAsI CKOPOCTh Mpoliecca —
MPOU3BOIHONM TEKYILIEH MAacCOBOI KOHLIEHTpALIUX Y-
okcuna kpemuus C;o, IO BpeMEHH (T):
e ACsip,  dCsio,
At dt

Ha puc. 1 moka3aHbl 3KCrepUMeHTaJIbHbIE 3aBU-
CAMOCTH M3MEHEHNs KoHUeHTpauun SiO, oT Bpe-
MEHHU B Xoe reTeporeHHoro ruapoiania TOOC B yc-
JIOBUSIX ABYX PEKMMOB IIEpeMEIIMBAHMS peaKIIMOHHOM
CMECHU: C COXpaHEHUEM HePa3pbIBHOCTY TPAHMIILI pa3-
nena ¢az TOOC/Bona (npsimasi 1) U 3MYJIbCUOHHOTO
pexuMa nepemelnBaHus (Kpuas 2). TemnepaTypa
peaknuu coctapisia 60°C, KoHueHTpauus L-apru-
HUHA — 6 MM, 00BbeM BOTHOTO pacTBopa — 250 M,
00beM TOOC — 50 My, 9YTO MpHU CTeeHU KOHBEPCUU
TOOC o = 1 coOOTBETCTBYET MAaKCUMAJIbHOM KOHIIEH-
tpauuu [SiO,] = 0.76 M (ropusoHTaNbHasI MyHKTUP-
Hasl JUHUS, pUC. 1). DMYJIbCUOHHBII peXUM Mepeme-
IIMBAHUS PeaKIIMOHHOMN CMeCH SBJISIeTCS MPEaoUYTH -
TeJTbHBIM BBUY 00Jiee BICOKOI MPOM3BOAUTEILHOCTU
Ipoliecca 1Mo TUOKCHUITY KPEMHMUSI.

M3 rpagukoB Ha puc. 1 BUAHO, YTO HA HAYaJIbHOM
aTare CUHTE3a BIUIOTh A0 cTeneHu KoHBepcun TOOC
~0.5 u3MeHeHNe KOHIEHTpaLlUU TUOKCUIA KPEMHMUS
HOCHUT JIMHEHAHBIA XapaKTep:

CSiOZ = kT,

rae kK — KOHCTaHTa CKOPOCTHU PEaKIIUU.

To ecTh Ha HavYaIbHOM 3Talle CKOPOCTh peaKIuun
MOCTOSIHHA BO BPEMEHM 1 HE 3aBUCUT OT KOHLIEHTpa-
MY pearnupyrolInX BelecTs. JpyrumMu cioBaMu, TeTe-
porennsiii ruapoian3 TOOC ¢ mocaenyiomeil KOHIeH-
calyei MpoayKTOB THAPOJIM3a (CyMMapHOe YpaBHEHHE
(4)) npencrapiisieT cO00Ii MPOLIECC, COOTBETCTBYIOIINIA
XUMMUECKOM peakilnu HyJeBoro nopsaka (mo THOC),
a KHUHETUYeCKOe ypaBHEHUE UMeeT BU:

X
w = kCSiOZ?

e x = 0.

CkopocTb peakum (4) B 9TOM CIydae paBHaA KOH-
CTaHTe CKOPOCTH CYMMAapHOTO MpoIiecca:

w=k.

ITo mepe pacxogoBanus TOOC ero Koam4ecTBO
U pa3dMepbl “Kareyib”, pacnpeaesieHHbIX B BOTHOM
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YaCTU CUCTEMbI, YMEHBIIAIOTCI. YMEHbIIICHUE TIJI0-
111 TIOBEPXHOCTU paszzielia ABYX HeCMEIINBAIOIIUXCS
(ha3 NpUBOAUT K OTKJIOHEHUIO 3aBUCUMOCTH OT MPsI-
MO IMHUH BIUIOTH IO BBIXOIA HA IIOCTOSIHHOE 3HA4Ye-
Hue. OHO COOTBETCTBYET MaKCUMAJIbHOI KOHLIEHTpa-
LMK TMOKCUAA KPEMHHUSI, KOTOpPask MOXET OBITh TTOJTY-
YyeHa UCXOMs 13 UCIIOIb30BaHHBIX B peaKlIMi 00beMOB
Bonbl 1 TOOC (kpuBag 2, puc. 1).

Ha puc. 2 nokazaHbl 9KCIIEPUMEHTAJIBHBIC 3aBUCH -
MOCTHU YBEJIMYEHUS] KOHLIEHTPALIMK AUOKCHUIA KPEMHUS
BO BPEMEHH JUTSl pEaKIIUii, TPOBOAMMBIX IIPU Pas3iny-
HBIX TeMITepaTypax U KOHIIEHTpalKIX L-aprTuHIHA IIpU
MPOYUX PAaBHBIX YCIOBUSIX, BKIII0YAsI UCXOAHbIE O0b-
€MBI PEeareHTOB, TEOMETPUIO PEAKIIMOHHOTO CoCyaa,
pa3Mep MarHUTHOTO SIKOPSI U CKOPOCTh €ro BpallleHHsI.

I nanpHelIiero pacuera cKopocTtell mpoiiecca
o6pasoBaHus SiO, NPUHUMAIA BO BHUMaHNE TOJIBKO
MPSIMOJTMHETHBIE YYaCTKU KUHETUYECKUX KPUBHIX.
CKopocCTh Mmpoliecca YUCJIEHHO paBHA TAaHTeHCaM yIja
X HakJIoHa. Ha puc. 3 moka3aHbI 3KCITOHEHITNATbHEIC
3aBUCHMMOCTU CKOPOCTH Ipoliecca CUHTE3a AUOKCUIA
KpeMHUs OT TeMIiepaTypsl B nuanazoHe 10—95°C mis
pa3HBIX KOHIeHTpanuit L-apruamHa (6—150 MM).

H71s KoHUeHTpauuil L-apruHuHa B peakilMOHHOMN
cMmecu 6, 15, 30, 50 MM uU3MeHeHUe TeMIlepaTyphl OT
20 1o 80°C mpuBOAUT K YBEJIMYEHUIO CKOPOCTHU MPO-
necca oobpazosanus SiO, B ~4 pasa. IIpu 6osee BbI-
COKMX KOHLEHTpauusix KatanauzaTopa (100 u 150 mM)
BJIMSIHUE TeMIlepaTypbl Ha CKOPOCTh Ipoliecca He-
CKOJIBKO CHIDKAETCs, M1 U3MEHEHUE CKOPOCTH IIPO-
1ecca B TOM 3Xe Juaria3oHe TeMrepaTyp COCTaBujo 3
U 2.5 pa3a cOOTBETCTBEHHO (Tab. 1).

B xoopaunarax In k — 1/7 3aBUCMMOCTH KOHCTaHT
CKOpPOCTHM TIpollecca OT TeMIIepaTyphbl XOPOIIIO OTU-
ChIBAIOTCS MPSIMBIMU JJUHUSAMU (puUC. 4), 4YTO MO3BO-
JISIET paccYMTaTh SHEPIUI0 aKTUBALIMU IIpoliecca IIpu
KaXXJIOM 3HAYECHUM KOHLIEHTpaUuu L-apruHuHa, Uc-
MOJIB3ysl ypaBHEeHUE AppeHuyca:

Ink =InA- E,/RT,

rae k — KOHCTaHTa CKOPOCTHY peaKnu, A — KOHCTaHTa,
E, — sHeprud aktuBauuu, R — ra3oBasi IOCTOSIHHas,
T — abcomoTHas TeMIiepaTypa. TaHTeHC yIila HaKJIoHa
Kax 1ol npsiMoii paseH tgo. = —E /R.

Ha puc. 5 nokazaHa 3aBUCUMOCTb BEJIMYUHBI SHEP-
TMW aKTHBAIlUM OT KOHIIEHTpAIlUM KaTalm3aTopa
L-apruHuHa B cucTeMe. BeanynHa sHepruu akTuBa-
LIVH TIpollecca CUHTE3a TMOKCUIA KPEMHUS B Avarna-
30He U3MEHEHWS KOHIIEHTpalny L-apriHUHA OT 6 10
150 MM meHsieTcst oT 3HaueHust 21.5 mo 13.9 kJIx/MoJb
M XOPOIIIO OIMCHIBACTCS YpaBHEHUEM:

E, =21.75 - 54.04[ Arg].

B pabGote [24] aBTOp OLIEHMJI SHEPIrUIO aKTUBa-
LUK TIpoliecca CUHTE3a YaCTUL] TMOKCUIA KPEMHUS

KOJIJIOUIHBIM )KYPHATL  Ttom 86 Ne2 2024

237

0.8

0.7

Bpewms, u

Puc. 1. 3MeHeHne KOHLIEHTPALIMU OMOKCUIA KPEM-
Hus B xoae ruapoiausa TODOC mpu temmeparype 60°,
KOHIIEHTpauu L-apruHuHa 6 MM M pa3IMYHON WH-
TEHCUBHOCTH II€PEMEIINBAHUS PEAKIIMOHHON CMECH:
1 — ckopoctu BpauieHus: Memanku 200 06./MuH, 2 —
600 06./MuH. Ha npaBoii ocy OpIMHAT OTJIOXEHA BEJIU-
YyrHa creneHu KouBepcuu TOOC.

B YCJIOBUSIX ToMOreHHoro ruapoiusa TOOC B cniup-
TOBOIHOM PacTBOpPE B IMTPUCYTCTBUM MOHOB aMMOHHS,
Kotopad coctasuia £, = 27 k/Ix/mons. B padote [37]
aBTOPHI UCCIIENOBAI KUHETUKY TUAPOJIN3a-KOHIEH-
cauuu TOOC B yCaoBHUSIX TOMOT€HHOI'O THAPOJIM3a
THOOC B cnupTOBOAHOM PacTBOPE B IIPUCYTCTBUM MO~
HOB aMMOHUS M YCTaHOBWJIM, YTO DHEPIUs aKTUBa-
LUST peaklMu TUAPoan3a cocTaBisieT 25.2 KX/MoJb,
a koHaeHcauuu — 33.2 kIx/Mosb. [TonydyeHHbIE HAMU
3HAYEHUST dHEPTUY aKTUBAIIUM CUHTE3a TUOKCHUIA
KpeMHUS B xolie TeTeporeHHoro ruaponansa TOOC npu
KOHIIEHTpAIMAX L-apTMHWHA, UCITOIb3YEeMBIX IIJIST TT0-
JY4eHUSI MOHOAMCIIEPCHBIX HaHoYacTul Si0, (7.5 MM
[33]), okazanuch 6aus3kumu (~ 21kIK/MOIb).

Ha puc. 6a npencrabneHo COM-u3obpaxeHne Ha-
HOYACTUIL KpeMHe3eMa, ITOJTy4eHHBIX ITyTeM IeTepOreH-
Horo ruapoau3a TOOC B npucyTcTBuM L-aprMHUHA
B KauecTBe KaTaju3aropa. KoHneHnrpauus L-apruauHa
B BOIHOM pacTBOpe cocTabiisiia 7.5 MM, 00beM BOIbI
n TOOC cocraBns 500 u 110 MJI COOTBETCTBEHHO,
TeMIlepaTypa CHUHTe3a MoAlepKuBajach PaBHOM
90°C, BpallgH1Ue MarHUTHOI MeIllaJKu CO CKOPOCTHIO
500 06./MUH 00ecneYnBaIO SMYJIbCUOHHBIN PEXUM
nepeMelInBaHUsI IByXKOMIIOHEHTHOM cucTeMBbl. I1po-
JIOJKUTETLHOCTb CMHTE3a cocTaBuia 5 4. [TomyuyeHHbIe
YaCTUIIBI JUOKCHUIA KpeMHUS nuaMeTpoM 42.9 &+ 2.5 um
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Puc. 2. Kunetnueckvie IIPAMBIC IpoLECCa TETEPOTCHHOIO r’MaApoJIn3a-KOHACHCAallun TB0C IIpU pa3jIMYHBIX TEMIIEpATypax
1 KOHLEHTpaluuAax L—apFI/IHI/IHa.
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Taomna 1. 3HaueHUsT CKOpOCTeii Ipoliecca 00pa3oBaHMS
JIVOKCcUaa KpeMHust w (MM/c) TIpu pa3iuyHbBIX KOHIIEH-
Tpanusx L-aprununa Cy,, v Temreparypax T’

_— Cprey MM
6 15 30 50 100 150
10 1.59 | 345 | 6.79 | 13.11
20 1.8 | 466 | 797 | 1545 | 26.52 | 37.6
40 | 2.88 | 7.8 | 14.16 | 23.92 | 36.52 | 47.14
60 49 | 11.71 | 23.27 | 35.05 | 54.61 | 69.6
80 | 7.75 | 18.18 | 36.44 | 61.27 | 80.04 | 97.47
95 11.4 12998 | 56.2 | 87

(puc. 6a) OB MCIIONB30BaHBI B KAYECTBE 3aTPABOK
JUTSL TajibHeMIero ux aopamuBaHus. s 3Toro yacthb
KOJIJIOUAHOM CyCTIeH3Uu Obljla AUCTIEprMpoOBaHa B BOMI-
HOM pacTBope L-apruHuHa (2 MM), a nopallluBaHUe
B YCJIOBUSIX reTeporeHHoro ruaposuza TOOC npoBonu-
JIOCh B 00Jice MITKUX YCIIOBUSX: TEMIIepaTypa peakIiu
coctasisuia 60°C, pexXuM mepeMelIBaHus IIPY Bpallle-
Huu Mewasku ~200 06/MUH COOTBETCTBOBAJ YCJIOBUIO
“coxpaHeHUs IeIOCTHOCTY TPAHMIIBI pa3mena KUIKIX
das3”. Ha puc. 66 mokazano COM-usobpaxeHue ya-
ctuy Si0,, nocturmmx guamerpa 132.7 = 2.1 am. Kak
BUIHO M3 PUCYHKA, YACTHUIIBI XapaKTepHU3yIOTCS XOPO-
et MOHOAMCIIEPCHOCTHIO. [TOBEPXHOCTH MOTydaeMbIX
TaKMM METOIOM YaCTHUI] OOBIYHO “IepoxoBaTast” (CM.
BpE3KY Ha puc. 60) B OIMYME OT “IIagKoii” moBepx-
HOCTHU TPaAUIIMOHHBIX IITOOEPOBCKUX YACTUIL. DTO
OTJIMYME CBSI3aHO C TeM, YTO P TETepOTeHHOM Topa-
IIMBAaHUU KOHIICHTPAIIUS PAaCTBOPEHHOTO KpeMHe3eMa
(Si(OH),) coxpaHsieTcst Ha MPOTSKEHNUU BCETO CUHTE3A,
a B CJIy9ae TOMOTEHHOTO CTYIIEHYaTOTO JOPAIIMBAHUS
yacTul, MonuduupoBaHHEIMU MeTogamu IlIToGepa
KOHIIEHTpalMsl pACTBOPEHHOI'O KpeMHe3eMa B KOHIIE
CTYNEHM POCTa IMaJaeT A0 3HAYeHU, Korma pocT Mpo-
HUCXOAUT MPEUMYIIECTBEHHO 3a CUeT MPUCOSTUHEHUS
K pacTyIeil ToBepXHOCTH HU3KOPA3MEPHBIX YaCTHII
Si0, u MoHoMepoB Si(OH),.

MoOHOIVCIEPCHOCTh YaCTHIL TMOKCUIa KPEMHHS,
TTOJTy4aeMbIX METOIOM TOPAIMBAHMS 3aTPAaBOYHBIX Ya-
CTHU1I, B OOJIBILION CTEEHU 3aBUCUT OT COOTHOIIICHMSI
CYMMapHOI TUIOIIAIN TTOBEPXHOCTH 3aTPaBOK M CKO-
poCTH 00pa3oBaHMUsI TMOKCUIA KPEMHUSI B CUCTEME.
[To-BuoMOMYy, TIPX arperalliOHHOM MeXaHU3Me pocTa
3aTPABOYHBIX YACTHUL CKOPOCTh FeTepPOreHHOI KOHICH-
callMy TMAPOKCUIOB Ha MX TIOBEPXHOCTU U TIOBEPXHO-
CTU (POPMUPYIOIITNXCS TTEPBUIHBIX YACTHI] OTpaHICHA.
B ciyuae mpeBbIllIeHUS] BO3MOXHOCTEH yTUIA3aLUU
00pa30BaBIIMXCSI TIEPBUYHBIX YAaCTHUL MMEIoLIeics
MOBEPXHOCTHIO 3aTPaBOK HAUMHAETCS BTOPUYHOE 3a-
pOXAEHUE HOBBIX PACTYIIUX YACTUIL, YTO IIPUBOIUT
K HapylLIEHUIO OMHOPOAHOCTHU YacTUIL TI0 pa3mepy. Js
OLIEHKN KPUTEPUSI COXPAHEHUSI MOHOAUCIEPCHOCTHU
Ne2 2024
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Puc. 3. 3aBucuMOCTU CKOPOCTH Mpoliecca 00pa3oBaHUs
SiO, ot Temnepatypsl Uil pa3aIMuHbIX KOHLIEHTpaLWii
L-apruHuHa.

HaMM OB MPOAETIaHbI CICAYIOIINE SKCIIEPUMEHTHI.
B xauecTBe 3aTpaBOYHBIX YACTUII ObUTH B3SIThI MOHOIUC-
TepCHBIC YaCTUIIBI THOKCHIA KpeMHUST muameTpoM ~200
HM. PazHoe KOHTpoMpyeMoe X KOJIUYECTBO ObLIO C-
MEeprupoBaHO B BOTHOM pacTBope L-apruHuHa (2 MM).
HopanimBaHue 3THX 3aTPaBOYHbIX YaCTHII IPOBOAWIOCH
B YCJIOBHSIX KOHTPOJISI CKOPOCTH 00pa30BaHMS IMOKCHIA
KpeMHUs B cructeMe. KoHTpos1ib MOHOMMCTIEpCHOCTH pa-
CTYIIMX YACTULL OCYILLIECTBIISUICS TTPY MOMOILU CKaHUPY-
JoIlIei MUKPOCKOMNUHU. B KauecTBe YMCIEHHOIO KpUTe-
pust K [1/(4-cm?)| OBLIO B3SITO OTHOLIEHUE CKOPOCTH
o0pa3oBaHUs AUOKCHIA KPEMHUS w (T/4) K TUTOLIAan
MMOBEPXHOCTH 3aTPABOYHBIX YacTull S (cM?): K = w/S.
Ha puc. 7 npencraBineHsl COM-u3o0paxkeHUST YaCTUILL
IUOKCHIA KPeMHMSI, TIOJyYeHHBIX TIyTeM TOpalInBa-
HUS 3aTpaBoK Mpu 3HaueHusx K = 2.13-107° o/(4-cm?)
(puc. 7a) u K = 2.11-108 o/(u-cm?) (puc. 76). Uccne-
JIOBaHUS MOKa3aju, 4To 1151 obecriedeHrsi MOHOIVC-
MEePCHOCTY YaCTUI] TUOKCHIA KPEMHMUS, TTOTyIaeMBbIX
Ha 3aTpaBKy, HYy>KHO TTOICpXXUBATh YCIOBUSI CHTE3a,
MpU KOTOPbIX 3HaYeHUs1 K He TIPeBbIIIAIOT BETUYMHBI
~3.5-10"% (4~ cm?).

[110THOCTH U MOPUCTOCTD BBHIPAIIEHHBIX YaCTHI]
IVOKCHUIA KPEMHUSI UCCIIEIOBAIIM METOIOM THAPOCTA-
THYEeCKOTO B3BelmmBaHUsA. Ha puc. 8§ mpencraBieHa
3aBUCUMOCTD TUIOTHOCTH yacTtul SiO, nuaMmeTpom
300 HM OT TeMIiepaTyphl UX TEPMOOOPAOOTKHU B Tede-
Hue 24 4 B nuana3oHe temiiepatyp 200—1000°C.

Kak BugHO 13 rpaduka, INIOTHOCTh YaCTUIl Me-
Hserca ot 2.04 go 2.20 r/cm?. HayanbHas IIOTHOCTD
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Puc. 4. TemneparypHble 3aBUCUMOCTH KOHCTAHTBI CKO- Puc. 5. 3aBucMOCTb BETMUMHBI SHEPTUU AKTUBALIUU
poCTH mpoliecca Mpu PasIMYHbIX KOHLIEHTPALUSIX KaTa- rpoiiecca OT KOHUEHTpaluu L-apruHuHa.

Jm3aropa L-apruHuHa.

Puc. 6. YacTuupl 1mokcuaa KpeMHUSI, OJydeHHbIE reTeporeHHbIM ruaposn3omM TOOC B mpucyrctBuu L-aprunvnHa. Ya-
CTUILIBI TUokcuaa kpemMHus D = 132.7 + 2.1 um (6), moaydeHHble JopalllMBaHUEM YacTull nuameTpom D =42.9 + 2.5 um (a).
Ha BcTaBkax moka3aHbl HOPMaJIbHBIE PACIIPeNeNIeHUs YACTUI] TI0 pa3Mepam.

KOJJIOUJHBIM XKYPHAT tom86 Ne2 2024



KUHETUYECKHWUE 3AKOHOMEPHOCTHU CMHTE3A HAHOYACTUL] 241

Puc. 7. COM-u3obpaxenus yactul SiO,, OJYYEHHbIX JOpallMBaHUEM 3aTPaBoK: (a) OMMonalbHOE paclpenenieHne ya-
CTHII 10 pa3Mepam; (6) MOHOIMCTIEPCHBIC YaCTHIIBI.

YaCTHIl TMOKCHUIA KPEeMHUS, TMOJTYIYeHHBIX TeTepo-
TeHHBIM CUHTE30M B IIPUCYTCTBUM L-aprUHUHA, TIpe-
BBIIIAET TJIOTHOCTD YACTUII, TTOJTyYaeMbIX TpaIUIIv-
oHHBIM MeTonoM Ilto6Gepa (1.6—1.8 r/cm?) [23, 26,
38]. Mopuctocts (IT) yacTUll MOXHO paccUMTaTh IO
dopmyne IT =1 — p,/pgio,, T€ P, — TIOTHOCTH Ya-
CTHULl, Pgip, — MIOTHOCTb aMOpPGHOro KpeMHe3emMa
(2.22 l“/CMg). ITopucTocTh MCXOMHBIX YACTULL COCTAB-
nsteT ~10% 06. OctaToyHast HOPUCTOCTD IMOCJIEe OTKUTa
1000°C cocrasuna ~1.2% 00.

SAKJIIIOYEHUE

B pabore nccieqoBaHa KMHETHMKA CUHTE3a KOJIIO-
WIHBIX HAHOYACTUI] KpeMHe3eMa B YCIOBUSX TeTepo-
reHHoro ruapoim3a rerpadTokcucuiiana (TO0C) ¢ uc-
MOJIb30BaHMEM L-apTMHWHA B Ka4eCTBE IEJTOYHOTO
KaTtajmzaTopa. BriepBhIe ompeneneHbl CKOPOCTH TIPO-
1iecca 006pa3oBaHusI AMOKCHUIA KPEMHUS B JUana3oHe
temrieparyp 10—95°C nipu KOHLIEHTpaLMsIX KaTaan3a-
Topa 6—150 MM. YcTaHOBJIEHA 3aBUCMMOCTb DHEPTUK
aKTUBAILIMM CUHTE3a IUOKCUIA KPEMHHMS OT KOHIICH-
Tpaumu KaTanu3aropa. [lokazaHo, 94To Heprus akKTH-
BallMU Tpoliecca u3MeHsieTcs B nuamna3oHe 21.5—13.9
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Puc. 8. 3aBUCUMOCTb TUIOTHOCTU YaCTHIl TMOKCHUIA
KpeMHMsT tuaMeTpoM ~300 HM, TOJTyYeHHBIX B YCIIOBUSIX
rereporeHHoro ruaponnsa TOOC B nipucyrcTBuu L-ap-
TMHWHA, OT TeMIlepaTypsl oTXura. [1pomoKUTeTbHOCTh
OTXWTOB COCTaBJIsIIa 24 4.
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KJIX/MOJb, TMHEITHO YMEHBIIASICh C POCTOM KOHIIEH-
Tpaluu L-apruHuHa B cucteMme. BriepBble mpoBeneHa
OLIEHKA KPUTEPUSI COXpAHEHUSI MOHOIVCIIEPCHOCTH Ya-
ctuy SiO, Mpy UX AOpalIMBaHUM “Ha 3aTpaBKy’ . s
obecrnieyeHUsI MOHOAUCIIEPCHOCTU YaCTUIL HEOOXOIUMO
MOAIEPXKUBATh YCJIOBUS CUHTE3a, IIPU KOTOPBIX 3HauUe-
Hus K He TIpeBbIIIAIOT BenuuHbl ~3.5- 1078 o/(4- cm?).
DKCINepUMEHTAIbHO YCTAHOBJICHA 3aBUCUMOCTD TIOT-
HOCTH KPEMHE3EMHbIX YaCTUL CYOMUKPOHHBIX pa3Me-
POB, MOJYYEHHBIX B YCJIOBUSIX TETEPOreHHOTO TUAPO-
mm3a TOOC ¢ ucnonap3oBaHneM L-apruHiHA B KAYECTBE
Karajausartopa, OT TeMIlepaTyphbl oTkura. B nuamazoHe
temriepaTtyp 200—1000°C mIO0THOCTh YaCTHULl MEHSIETCS
ot 2.04 10 2.20 r/cm?. TTonHas MOPUCTOCTD YACTULL TIPU
atoM ymeHbmaeTcs ¢ 10 mo 1.2% 06. [TomyyeHHbIE TaH-
HBIE TT0 KUHETUKE 00pa30BaHUs IMOKCUIA KPEMHUS
B xozie reTeporeHHoro ruaponu3a TOOC U IoJIMKOH-
JeHCAllM KPEMHUEBOM KUCIOTHI B IPUCYTCTBUU L-ap-
TMHUHA BHOCSIT BKJIaJ B UCC/IeAOBAHMS (PHBUKO-XUMU-
YeCKHUX OCHOB CMHTe3a U MeXxaHu3Ma (popMUPOBaAHMUS
HAHO- U CYOMUKPOHHBIX MOHOAUCIIEPCHBIX YaCTHII
KpeMHe3eMa. Takue yacTUlIbl OyIyT BOCTpeOOBaHbI IPU
MOJIyYEHUU BBICOKOYITOPSIIOUEHHBIX TTEPUOINIECKUX
CTPYKTYp IUISI CO31aHMsI HA UX OCHOBE (POTOHHBIX KPU-
CTaJIJIOB Y TIOPUCTBIX MATPULI AJIsI IPUMEHEHUI B KaTa-
Jm3e, XxpoMarorpadun, OMoOMeIUIINHE.

OUHAHCHUPOBAHUE PAGOTLI

PabGora BbIloTHEHA NpU (PUHAHCOBOM TOIIEPKKE
PH® (rpanTt 21-12-00403).

COBJIIIOAEHUE 5TUYECKUX CTAHIAPTOB

B naHHOI1 paboTe OTCYTCTBYIOT MCCJIEIOBaHUS YeJlO-
BeKa WU KUBOTHBIX.

KOH®JIMUKT UHTEPECOB

ABTOpEHI 3aSIBIISIIOT, YTO Y HUX HET KOH(IUKTAa UHTE-
pecos.
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