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XUMUA U TEXHOJTOM'NA OPTAHUYECKUX BELLLECTB
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AHHOTaUus

Hean. Pa3paboTka Hay4YHBIX U HPHKIAJHEIX OCHOB XUMUHU M TEXHOJIOTUH THIPOIEPOKCHIAHOTO CIIOC00a COBMECTHOTO MOITyHIEHHS Me-
THIPTUIKETOHA U (peHona. ViccaenoBaHne 3aKOHOMEPHOCTEH MPOTEKaHUsI OTACTBHBIX CTagui pa3padaThIBAeMOro IMporiecca U moaoop
YCIIOBHH, 00€CTIeINBAIOIINX MAKCUMAJIBHBIN BBIXO MPOMEKYTOUHBIX H IIEIEBBIX IPOTYKTOB.

MeToabl. MeTO0JIOTHIO NCCIIEJOBAHUS COCTABUIIM OCHOBHBIE IOJIOKEHHS 0 CIOCO0aX CHHTE3a IIPOMENYTOUHBIX U LENIEBBIX TPOLYKTOB
KyMOJIbHOH TEXHOJIOTHUH TOTy4YeHHs: ()eHOIa COBMECTHO C alleTOHOM. KauecTBeHHBII U KONMMUYECTBEHHBIH aHAIIN3 MOJIyYeHHbIX ITPpOoMe-
XKYTOUHBIX M LIEJEBBIX MPOIYKTOB OCYLIECTBIISUICSA C MPHUMEHEHHEM COBPEMEHHBIX (DM3MKO-XMMHYECKHX METOIOB aHanu3a. ['a3oxu-
KOCTHasi XxpomaTorpadusi MPOBOAMIACE Ha allapaTHO-MporpaMMHOM Komiutiekce Xpomarak-Kpucramn 5000.2. Undpakpacusie (UK)
CHEKTPBI CHHTE3UPYEMBIX COeNMHEHUH OblH 3anucanbl Ha npudope MK dypre Spectrum RX-1, ananus BemecTs METOIOM CHEKTPOCKO-
MU AepPHOTO MarHuTHOTO pesonanca (IMP) 'H 611 nmposenen ¢ momomibio IMP-criekrpomerpa Bruker DRX 400. KonnuecTenHoe
OlIpe/ieIeHNe COAEPKAHUS THAPOIIEPOKCHA 6mop-0y THIOEH30/1a TIPOBOAMIIOCH € HCIIOIb30BAaHUEM HOJIOMETPUYECKOTO THTPOBAHHUS.

Pesynbrarsl. VcciieoBanbl OCHOBHBIE CTaJUM pa3pabarTbIBAEMOro Crocoda COBMECTHOIO MOIYyHYCHHs METHIITUIIKETOHA M (eHona
Ha OCHOBE THJIPOIIEPOKCUAHOTO OKUCICHUS 6mop-OyTHiIOeH301a. AJIKHINPOBaHHEM OeH301a OyTaHOIOM-1 B IPUCYTCTBUH KOHLIGHTPU-
POBAaHHOI CEPHOIT KHCIIOTHI CHHTE3UPOBAH 6mop-0yTHIIOEH3011 C BBIXOJ0M OKOJIO 82%. JlaHHBIN YIIIeBOIOPO/ MIOBEPrHYT a3pOOHOMY
KUAKO(DA3HOMY OKHMCIICHUIO, KaTalu3upyeMoMy N-THIPOKCU(TAIMMHAOM, 10 COOTBETCTBYIOIIEIO I'MAPOIEPOKCHA C COACPIKAHUEM
ocHoBHoro BemecTa 30-35 mac. % mpu KOHBEPCUH UCXOIHOTO ChIpbst 34—37% ¥ CENeKTHBHOCTH 00pa30BaHMs THAPOIIEPOKCH/IA BhIIIE
95%. VccnenoBanbl 3aKOHOMEPHOCTH TPOTEKAHUSI 3aKITIOUMTENILHONM CTaJUK pa3padaTbiBaeéMOro MeToa — KUCIOTHOTO Pa3jIoKEHHs
TU/IPONIEPOKCHIA JI0 METHIITHIIKeTOHA U (peHosa. OrnpesiesieHbl yCIoBHUs, NO3BOJSIIOIINE TOJYYaTh 1IEIeBble MIPOAYKTI C BEICOKUMHU
BBIXOJIAMH.

BeiBoabl. ['HIponepoKCHIHBIM CIIOCOOOM MOTYyYEHBI METHIIATUIKETOH M (DEHOJ BBICOKOI CTEIEHM YHUCTOTHI C BhIXOAaMHU 72 u 74%
COOTBETCTBEHHO. CTPYKTYphI CHHTE3UPOBAHHBIX BEIIECTB MOATBEpkIeHbI MeToamu K- u TH SIMP-cniekrpockonuu.

KnioueBble cnoBa MocTtynuna: 05.09.2024
METHJIDTHIIKETOH, (PEHOII, 67m0p-Oy TUIGEH30I1, THAPONEPOKCU, ATKUINPOBAHHE, AopaGoTaHa: 27.09.2024
a3poGHOE KUIKODA3HOE OKHCIICHHE, N-THIPOKCHTATHMEL, KHCIOTHOE Pa3lIOKEHHE MpuHsTa B neyats: 19.12.2024
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™ Corresponding author, e-mail: kabanovavs@ystu.ru

Abstract

Objectives. Applying the hydroperoxide method for the co-production of methyl ethyl ketone and phenol, the work studies the kinetic
and other characteristics of the individual stages of the developed process to select the optimal conditions for producing the maximum
yield of intermediate and target products.

Methods. The research relied on the main theoretical and methodological provisions for the synthesis of intermediate and target products
of the cumene technology for the co-production of phenol and acetone. The obtained intermediate and target products were qualitatively
and quantitatively analyzed according to modern physicochemical approaches. Gas—liquid chromatography was performed with
a Chromatec-Crystal 5000.2 hardware and software complex. The infrared (IR) spectra of the synthesized compounds were recorded
with a Spectrum RX-1 IR Fourier spectrometer. 'H nuclear magnetic resonance (NMR) spectroscopy of substances was conducted using
a Bruker DRX 400 NMR spectrometer. A quantitative determination of the content of sec-butylbenzene hydroperoxide was carried out
using iodometric titration.

Results. The main stages of the developed method for the co-production of methyl ethyl ketone and phenol based on the hydroperoxide
oxidation of sec-butylbenzene were investigated. sec-Butylbenzene was synthesized by alkylation of benzene with 1-butanol in the
presence of concentrated sulfuric acid at a yield of about 82%. The hydrocarbon compound was subjected to aerobic liquid-phase
oxidation catalyzed by N-hydroxyphthalimide to the corresponding hydroperoxide with a main substance content of 30-35 wt %,
feedstock conversion of 34-37%, and selectivity of hydroperoxide formation above 95%. The kinetic and other characteristics were
studied for the final stage of the developed method, comprising the acid decomposition of hydroperoxide to methyl ethyl ketone and
phenol. Suitable conditions for obtaining target products with high yields were identified.

Conclusions. Methyl ethyl ketone and phenol of high purity with yields of 72 and 74%, respectively, were obtained by the hydroperoxide

Keywords
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method. The structures of the synthesized substances were confirmed by IR and '"H NMR spectroscopy.
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BBEAEHUE

Metumtunkeron (MOK) — KpymHOTOHHaKHBIA IMPO-
JIyKT OCHOBHOTO OPTaHMYECKOTO CHHTE3a, HCIOIb3ye-
MBI B NPOM3BOACTBE IOJMMEPHBIX U JIAKOKPACOTHBIX
MmarepuanioB [1]. B mpowmbinmennocty MOK mupoxo
U3BECTCH KaK A(QEKTUBHBII PACTBOPUTENh MHOTHX
BEIIECTB U MaTepHaOB, HAIPUMEp, TEUYATHBIX KPAacoK
U 3MOKCUIHBIX cMod [2]. MOK ucnons3yior B mpous-
BOJICTBE KJI€Sl, MATHUTHBIX JICHT, HCKYCCTBEHHON KOXH,
0e3/IBIMHBIX ITOPOXOB U aHTHOKCHIAHTOB PE3UHBI [3—5].
B Tonkom opranuyeckom cuHTeze MOK ucnonb3yror

B Ka4eCTBE MCXOAHOTO CHIPhS Ul TOJNyYCHHUS psiAa Co-
eIMHCHUH, SBILSIONINXCS MOHOMEpaMH JUI OpraHude-
cKkoro crekia [4].

B npomsbinenHocty MOK  monydaroT Heckoib-
KHMH criocobamMu, HaubOosiee pacnpoCTpaHEeHHBIMH
U3 KOTOPBIX SIBIISIIOTCS OKHCJEeHHWe OyTaHona-2, Kara-
IU3UpyeMoe cepeOpoM Ha IEOJIMTHOM Hocutene [6, 7]
U JCTUIPUPOBAHNE OyTHIOBOTO CIHMPTa B MPUCYTCTBUHU
LMHK-MEJIHBIX KaTanu3aTopoB [8, 9]. XapaxTepHble
0COOCHHOCTH yKa3aHHBIX METOJIOB Npou3BoacTBa MOK
3aKITIOYAIOTCsl B TPOBEICHUN IPOILIECCOB TPH TEMIIepa-
Typax nopsaka 500°C B NpUCYTCTBUM JIOPOTOCTOSLINX

8 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2025;20(1):7-17
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Scheme. Hydroperoxide method for the synthesis of methyl ethyl ketone and phenol

U HA3KOCTAOWJIBHBIX KaTalN3aTopoB. M3BecTHHI U CHO-
coObl nonydenuss MOK Ha ocHOBe OyTHUIICHOBBIX (hpax-
U, OHUM M3 NPUMEPOB KOTOPHIX MOXKET CIIYKHUTh
MpsIMO€ OKHCIIeHUE H-OyTriieHoB [4, 10], Tae B kauecTBe
KaTaJln3aTopa BBICTYIAaeT BOJHBIA PAacTBOP KOMILIEKCA
namnaausa(ll) 1 Mo-V-dochopHoit TeTepononmkucio-
o1 (I'TIK) o6miero cocrasa Hy, PV Mo,, O, (ITIK-x,
2<x<6).

B Hacrosimieit pabore B KauecTBe albTEPHATHBHOTO
NPEATIOKEH THUAPONCPOKCHAHBIA CITOCOO COBMECTHO-
ro noyuernss MOK u ¢peHona — BaXHOTO MOHOMEpa
He(TEXUMHUH, TPUMEHSIEMOT0 B IMPOU3BOJCTBE IIACT-
Macc, BOJIOKOH, KpacuTeneH, KOCMETHIECKUX H JieKap-
cTBeHHbIX cpenacTtB [11, 12]. OcHoBy mnpeniaraemoro
METO/Ia COCTABIISICT KyMOJIbHAs TEXHOJIOTHS 10 MPOU3-
BOICTBY (peHONA W AaIleTOHA, IJIaBHBIM HEJOCTaTKOM
KOTOpPOii, HECMOTPsI Ha e¢ XOpOoIIyr 3(h(EKTHBHOCTS,
SBIISICTCSI  TIPOM3BOAMMOE  M30BITOYHOE KOJIUYECTBO
arieToHa, HE WMEIOIIET0 COOTBETCTBYIOIIETO CIIpoca
Ha phIHKE XUMUYeCcKOH mpoaykuuu [13].

PaspaOarbeiBaeMblii MeTO/ BKIIFOUaeT B celdsi CTaauu
CUHTE3a HWCXOIHOTO @mop-Oytuibenzona (6-bb) anku-
aupoBaHueM OeHzona OyTaHoiloM-1 B MPUCYTCTBUU

KOHIICHTPUPOBAHHOM CEPHOM KHCIIOTBI, a9POOHOT0 KUJIKO-
(hazHOTO OKUCIIEHHUS TAHHOTO YIIIEBOAOPO/a JI0 €T0 TUIPO-
nepokcuaa (I'Tl) ¢ npumenennem >3(h(heKTHBHOTO OpTraHu-
4eckoro karanmuzaropa N-ruapokcudramumuna (N-I'ON),
a Tarxke KucinoTtHoro pasznoxkeHus [Tl ¢-bb B nenesble
MPOJYKTHI 110 CXEME.

OCHOBHBIM 3aKOHOMEPHOCTSIM INPOTEKaHUs AAHHBIX
CTaJui U MOCBSILEHA HACTOAIIAs CTaThs.

MATEPUAJIbl U METOAbI

[Ipy BBITONTHEHUM HACTOSIIETO HCCIEAOBAaHHUS ObLTH
HCTIOJIb30BaHbl CJICIYIONIUE PEaKTHBBI: OCH30J (X.d.,
T'OCT 5955-75") u Gyranon-1 (x.u., TOCT 6006-78?%)
¢dupmbr «OKOC-1» (Poccust), cepHas kucnora (X.4.,
T'OCT 4204-7713) dupmoer «Cuema Tex» (Poccus), ru-
napookuch Harpus (u.g.a., TOCT 4328-774) dupmbl
«Komnonenm-Peaxmue» (Poccus), KaabIHid XJITOPUCTHIH
(a.m.a., TOCT 450-77°) npoussozactBa «Mocpeaxmue
(Poccust), kucnopon cxareiid (texd., TOCT 5583-789),
N-rugpoxcudptanumun  Gupmel  «Sisco  Research
Laboratories» (Unnus), ykcycHas Kuciaota (X.4.,
T'OCT 61-757) u kanuii ioguctseiid (x.4., TOCT 4232-748)

I'OCT 5955-75. TocynapctBennsii crangapt Coroza CCP. Peaxtussl. benson. Texnuueckue ycnosns. Mocksa: M3naTrenbcTBO cTaHIapTOB,;
1994. [GOST 5955-75. State Standard of the USSR. Reagents. Benzene. Specifications. Moscow: Izdatelstvo standartov; 1994 (in Russ.).]

T'OCT 6006-78. TocymapctBennsnii cranmapt Coroza CCP. PeaktuBbl. byranon-1. Texumdeckne ycmoBus. Mocksa: MIIK W3matensctBo
crannaproB; 1998. [GOST 6006-78. State Standard of the USSR. Reagents. 1-Butanol. Specifications. Moscow: IPK Izdatelstvo standartov;
1998 (in Russ.).]

I'OCT 4204-77. I'ocynapcrBennslii cranaapt Coro3a CCP. Peakrusbl. Kucnora cepnas. Texuuueckue ycnosust. Mocka: CranaapTuH(opM;
2006. [GOST 4204-77. State Standard of the USSR. Reagents. Sulphuric acid. Specifications. Moscow: Standartinform; 2006 (in Russ.).]

I'OCT 4328-77. MexrocynapcrBeHHblit cranapr. Peaxrusbl. Harpus ruapookucs. Texuuueckue ycnosust. Mocksa: UITK M3narensctBo
crangaproB. 1978. [GOST 4328-77. Interstate Standard. Reagents. Sodium hydroxide. Specifications. Moscow: IPK Izdatelstvo standartov;
1978 (in Russ.).]

T'OCT 450-77.TocynapctBennsiii cranaapt Coroza CCP. Peaxtusl. Kanbimii xopuctsiid. Texamueckue ycnosust. Mocksa: UTIK UznarenscTBo
crangapros; 1997. [GOST 450-77. State Standard of the USSR. Reagents. Calcium chloride. Specifications. Moscow: IPK Izdatelstvo
standartov; 1997 (in Russ.).]

T'OCT 5583-78. MexrocynapcTBeHHbIi cTanaapt. Kucinoposa ra3000pa3Hblil TEXHUUECKHU U METUIIMHCKINA. TexHnueckue yciaoBus. MockBa:
Crangapruadopm; 2005. [GOST 5583-78. Interstate Standard. Technical and medical oxygen gas Specifications. Moscow: Standartinform;
2005 (in Russ.).]

I'OCT 61-75. MexrocyaapcTBeHHbIi cTaHaapT. PeakTuBel. YkcycHas kucnora. TexuHudeckue ycnosusi. Mocksa: Cramaprurdopm; 2006.
[GOST 61-75. Interstate Standard. Reagents. Acetic acid. Specifications. Moscow: Standartinform; 2006 (in Russ.).]

TOCT 4232-74. MexrocynapcTBeHHblil cranaapt. Peakrussl. Kanuit ftonucteiii. Texundueckue ycnosus. Mocksa: Crangaptuadopm; 2006.
[GOST 4232-74. Interstate Standard.Reagents. Potassium iodide. Specifications. Moscow: Standartinform; 2006 (in Russ.).]
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¢bupmer «Cnexkmp Xumy» (Poccnst), runocynb$uT HATPHs
(u.m.a., TOCT 27068-865°) dhupmbl «Yparxumunsecmy»
(Poccus).

KavyecTBeHHBIN M KOIWYECTBEHHBIM aHAIM3 CHHTE-
3UPOBAaHHBIX MPOMEXYTOUHBIX M LEJIEBbIX NPOJYKTOB
OCYILECTBIISUICS C IPUMEHEHHEM COBPEMEHHBIX (PU3UKO-
XMMHYECKUX METOROB aHanm3a. OmpenesneHue couep-
JKaHWSI CUHTE3MPYEMbIX COCIMHEHHH OBLIO IPOBEIECHO
C MPUMEHEHUEM METOJa ra30>KUAKOCTHOM Xpomarorpa-
(M ¢ NCTIOTB30BAHNEM aNMapaTHO-IPOrPAMMHOTO KOM-
mekca Xpomarak-Kpucramn 5000.2 (CKH Xpomamak,
Poccus). WpenTudukanus MONTYHYEHHBIX COCAMHEHUI
Oputa mpoBeaeHa MeTonamu uH¢ppakpacHoit (UK) crek-
TPOCKOIIMM M CIEKTPOCKONHHU SIEPHOIO MArHUTHOTO
pesonanca (IMP) 'H. MK-crexTpbl GbLTH 3aIHCAHBI
Ha npudope UK Dypse Spectrum RX-1 (PerkinElmer,
CIIIA) B obmactu 4000-400 cM™ ' B BHme MHKpoCTOs
MEXKIly CTEKJIaMH, BBIIOJIHEHHBIMH W3 Opomuia Ka-
must. Maremarudeckast o6pabotka MK-criekTpoB BBI-
MIOJTHEHAa C WCIIONB30BaHHEM IIPOTPaMMHOTO obecrie-
wenns Spektrum v. 5.0.1. 'H SIMP-cmexrpockonus
ocyuliecTsieHa ¢ npumeHeHueMm SIMP-cnexrpomerpa
Bruker DRX 400 ¢ gactoToii mpubopa 400.4 MI't. B ka-
4eCcTBE PAaCTBOPUTENS OblIa UCIOIb30BAHA CMECh JAU-
metuicynbpokeun d,—CCl,, B Ka4eCTBE BHYTPEHHETO
cTaHjzapra — TeTPaMETHICUIIAH.

Conepxanue I'TI 6-bb B mponykTax okucienus 6-bb,
a TaKXke B XOAE Mpollecca KHUCIOTHOTO Pa3lIOKCHUS
I'll onpenensnocy METOAOM MOAOMETPHUECKOTO TUTPO-
BaHus [14].

AKCMNEPUMEHTAJIbHAA YACTb

CepHOKHCIIOTHOE alKWIMpOBaHUEe OeH3ona OyTaHo-
JoM-1 TIPOBOJMITH B KPYTIIOJIOHHOM TPEXTOPJION KOIIOe,
CHAOXKCHHOW TEPMOMETPOM H MOTPY>KEHHOU B BOISTHYIO
0aHI0, IPU 33JJaHHOM MOJIBHOM COOTHOIICHHH pearcH-
TOB, TEMITEpaType U MPOIOIKUTEIFHOCTH PEaKIuy Mpr
HENpPEepbIBHOM IE€pPEeMELIMBAHUN PEaKIMOHHOW Mac-
CBhI TI0O METOJIKE, OMUCaHHOH B pabote [15]. LleneBoit
MPOAYKT BBIACISUTH M3 PEAKIIMOHHOW MacChl METOIOM
BaKyyMHOU peKTHU(HKAIMK Mpu Temieparype 85-87°C
1 OCTaTouyHoM JaBieHuu 15-30 MM pT. CT.

AnpobHoe xkuakodaszHoe okuciaenue 6-bb mpo-
BOJWJIM Ha YCTAaHOBKE MPOTOYHO-3aMKHYTOTO THIIA
B CTEKJISTHHOM peakTope Mpu aTMOC(hHEepHOM N1aBJICHHUH,
HETIPepBIBHON TOfaue KUCIOpOona M TIepeMeIlNBaHUU
no meroauke [16]. I[lo okoHYaHMIO peakUH BbINAB-
LM TTOCJIE OXJIAXKICHUS PEaKIIMOHHON CMECH B 0CaJIOK

9

karamuzarop (N-I'OU) oraensiim  GUIBTpOBAHHEM.
Oxcuzar aHaJIM3UPOBAJIM Ha IPEIMET COJEPHKAHUSA B HEM
I'TI 6-bb MeTon0M HOAOMETPUUYECKOTO TUTPOBAHMS.

DKCTpaKIMOHHOE KOHIICHTPUPOBAHUE ITOJyYEHHO-
ro I'Tl ¢-Bb 75%-HbIM pacTBOPOM 3THIIOBOIO CIIMpPTa
MPOBOJWIN B K0J0€ ¢ OOpaTHbIM XOJOAMIBHUKOM MpHU
HETIPEPBIBHOM MHTCHCUBHOM NEPEMCIINBAHUM TIPHU TEM-
neparype 20-23°C B TeueHue | 49, BhIIEpKUBAs CMECh
JI0 TIOJIHOTO PacCIIOCHUs peakIMOHHON Macchl. MeTogom
BaKyyMHOH peKTH(UKaimu npu temmneparype 20-23°C
M OCTaTOYHOM AaBiieHnu 15-30 MM pT. CT. U3 SKCTpaKTa
OTTOHSUIM BOJY U CIHPT, [IOJy4asi IPU 3TOM KOHLEHTPH-
poBannbii ['TI.

Kucinornoe paznoxenne [Tl ¢-bb Obu1o mposeneHo
B TEPMOCTAaTUPYEMOM CTEKJISIHHOM PEaKTOpe 10 METO-
nuke [17]. Ilpouecc npoBoAwIv MpHU 33JJaHHOM TemIie-
parype U HENpepbIBHOM IIEpEeMEIIMBAaHUHU. 3a XOIOM
peakuuu cnenwiu no pacxogosanuto I'Tl 6-bb, or6upas
npoOBl Ui aHaimu3a uepe3 kaxaele 10 MHH OT Hauama
peakmu. MOK ObUT BBIIETICH M3 PEAKIIMOHHOW MacChl
METOZOM BaKyyMHOW peKTU(UKALMHM MPU TeMIepary-
pe 36-40°C u ocrarouynoM aasnenuu 15-20 mm pT. cT;
(enon — skcrpaxuneii 10%-HBIM BOIHBEIM PacTBOPOM
9TaHOJA C MOCIEAYIOLUIMM BbIIIApUBAHUEM BOJbI U CITUP-
Ta U3 TaK HA3bIBAEMOTO CIUPTOBO-(PEHOIBHOTO CI0s1, 00-
pa30BaBILErocs Mpy pa3AeaeHUuH CMECH.

XapaKTepUCTUKU CHUHTE3UPOBAHHBIX MPOMEKYTOU-
HBIX U LECJICBLIX NPOAYKTOB NPEACTABIICHBI HUXKE.

¢-bb. Brixon Ha 3arpyxeHHblil cnupt 82%, conep-
’aHHe OCHOBHOTO BemecTBa 99.3%. MK-crextp, cM '
3083,3063,3028 (v C—HaPOM); 2961, 2875 (v CH,); 2929,
2859 (v CH,); 1603, 1493 (v C:Cap()M); 1451 (6 CH,);
1378 (8 CHy); 758, 697 (MOHO3amMeLIEHHE B apOMAaTH-
geckoM konble). 'H AMP (400 MI'm), 8, m.a.: 0.75 T
(3H, CH;), 1.17 n (3H, CH,), 1.57 m (2H, CH,), 2.55 m
(1H, CH), 7.16 m (3H, CHaPOM), 7.27 m (2H, CHaPOM).

I'l ¢-Bb. Conepxxanue ocHOBHOIo Bemiectsa 95%.
UK-cnekrp, cm ': 3401 (v O-OH); 2973 (v CH,);
2939 (v CH,); 1601, 1496 (apomatnyeckoe KOIbLO);
1447 (3 CH,); 1372 (8 CH,); 758 u 698 (MoHO3amere-
HUE B OCH30JIBHOM KOJIBIIE).

MDK. Brixon Ha 3arpyxensbiii I'Tl 6-Bb 72%.
UK-criektp, oM 't 2980 (v CH,); 2941 (v CH,);
1709 (v C=0); 1365 (6 CH,). SIMP 'H (400 MTI'n), 3,
Mm.a.: 2.43 (xB, 2H), 2.06 (¢, 3H), 0.90 (tp, 3H).

®enos. Beixon Ha 3arpyxenssiii I'TI 6-Bb 74%.
UK-crextp, cM !z 3221 (v O-H); 30503020 (v C—HapOM);
1594, 1473 (v CfCaPOM). 'H SMP (400 MTI'm), 8, m.1.:
9.33 (¢, 1H), 7.15 (T, 2H), 6.80-6.72 (M, 3H).

T'OCT 27068-86. MexrocyaapcTBeHHbIl cTannapT. PeaktuBbl. Hatpuit cepHOBaTHCTOKUCIBIN (THOCY Ib(AT HaTpus) S-BoxHbIi. TexHndyeckne

yenosusi. Mocksa: UITK UznarenbctBo cranaapros. 1987. [GOST 27068-86. Interstate Standard. Reagents. Sodium thiosulphate, 5-aqueous.

Specifications. Moscow: IPK Izdatelstvo standartov; 1998 (in Russ.).]
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PE3VYJIbTATbl U UX OBCYXXAEHUE

W3 Hay4HO-TEXHUYECKOW JMTEpaTypbl H3BECTHO He-
CKOJIBKO CII0CO0OB Mony4eHust 6-bb ¢ npumenennem He-
MIpeIeNbHBIX yTIieBoopoaoB [18, 19], ocHOBHBIM HeO-
CTaTKOM KOTOPBIX SIBIISIETCSI OTHOCHTEIBHO HEBBICOKMIA
BBIXOJI IesieBoro npoaykra (40-60%). B kadectse aib-
TEPHATHBHOTO criocoba cuHTe3a 6-bb MoxeT BrIcTynarsh
€ro NoJy4eHne peakiuei ankuimpoBaHus 6eH3ona Oyra-
HoJsoM- 1. TIpuBiekarenbHOCTh JAHHOTO METOZA 3aKIII0-
4yaeTcs B BO3MOKHOCTHU OCYLECTBIIEHHs 3TOrO Ipolecca
B J1IaOOpaTOPHBIX yCIOBUAX. B CBSA3M ¢ Tem, 4TO B JHTe-
parype NpakTHYECKU-OTCYTCTBYET HH(OPMALIUS O TIPOBE-
JICHUH TOU peaKiny, HaMH OBLT IIPOBEICH PSI/T ICCIIENIO0-
BaHMIA, HANIPaBJICHHBIX HAa U3y4YE€HHUE BIUSHUS HEKOTOPBIX
mapaMeTpoB Ha Tporecc odpaszosanus 6-bb amxummpo-
BaHMEeM OcH3oyia OyTaHolioM-1. B KavyecTBe MCXOMHBIX
ycloBUN OBLIO BBIOPAHO MOJIBHOE COOTHOIIEHHE pea-
reHToB OeH30 : OyraHon-1 : cepHas kucinora = 3 : 1 : 3.
Temmeparypa nporiecca BapbupoBanachk ot 50 go 70°C,

bonbiiero Beixona 6-bb MOXXHO TOCTHYB B XOlI€ peak-
nuu ipu 70°C B Teuenue 4 4. IMeHHO 3TH yCTIOBUS SIB-
Js10TCsl HauOosee OJIaronpUATHBIMA U 00€CIIeYHBaIOT
BbICOKHH BbIX0f 8-bb — okomno 82%. IlpoBenenue pe-
aKIHH 1Ipu 00JIee BRICOKUX TEMIIEPaTypax MIIH OOJIbIIEM
BPEMEHHU MPHUBOAUT K 00pa30BaHUIO MOBBIIIEHHOTO CO-
JIep’KaHusl B PEaKIIMOHHON Macce qu3aMenieHHoro 6-bb,
SIBIISTIONIETOCS B Pa3padaThiBaeMOU TEXHOJIOTHH M000Y-
HBIM [TPOILYKTOM.

[To pe3ynbraram yKpynmHEHHOTO cHTe3a 6-bb B BBIO-
PaHHBIX YCJIOBHSIX COCTAaBIICH MAaTCpPHaJbHBIA OaiaHc,
TIPE/ICTABICHHBIN B Ta0IM. 2.

Taéauua 2. MarepuaibHblii 6anaHc mpouecca aaKHInPOBaHHs
6ensona OyraHonaoM-1. MoJbHOE COOTHOIICHHE

Oen3on : OyraHon-1 : cepHas kuciaota =3 : 1 : 3. Temneparypa
70°C. [TponomxuTeNbHOCTS Mpoliecca 4 4

Table 2. Material balance of alkylation of benzene with
1-butanol. The molar ratio of benzene : 1-butanol : sulfuric acid
is 3 : 1 : 3. The temperature is 70°C. The reaction duration is 4 h

a TPOMOIDKUTEIHHOCTh PEAKIMHM COCTaBisia 2—4 4.
Pesynbrarel M3ydeHHs BIMSHUS JAHHBIX TapaMETPOB WAGIERT | SIS LRy
Mmacca, §
Ha obpaszoBanue 6-bb npencrasnens B Taom. 1. BeiecTso /MOME Loaded Obtained
Substance Molar Mac. % r Mac. %
Tadmuua 1. Biiusnue temneparypsl U IPOAODKUTEIBHOCTH n}ass,l g wt % g wt %
peakiuu Ha npoiecc o6pasoBanus 6-bb ankunupoBaHueM g/mo
Gensona OyraHoIOM-1. MoJIbHOE COOTHOLICHHE Bensoi
Oensou : Oyranoi-1 : cepHas kucnora=3:1:3 Benzene 78.1 1758 | 389 |125.1| 277
Table 1. Effect of temperature and reaction duration Evranon-l
on the formation of sec-butylbenzene (sec-BB) by alkylation YTaHO 74.1 55.6 12.3 5.0 1.1
of benzene with 1-butanol. The benzene : 1-butanol : sulfuric 1-Butanol
acid molar ratio is 3 : 1.: 3 H,S0,* 98.1 |2207| 488 |2308| 5I.1
Beixon 6-bb -
Bpems | . . | Komsepcus 6-bb 134.2 00 | 00 | 83| 182
rpy>KCHHBIH
Temneparypa, | peaxiuH, o Genzona, sec-BB
°C " crmpt, % %
T " Reacti Yield of sec-BB C . IToGourmbie
emperature, eaction on the basis onversion TPOMYKTH _ 00 0.0 6.4 14
°C duration, of benzene,
of loaded alcohol, o Byproducts
h N %
%
[Torepu
2 21.6 7.4 - 0.0 0.0 2.5 0.5
50 Losses
4 30.7 11.1
Bceero
2 48.9 16.5 - 452.1| 100.0 |452.1 | 100.0
60 Total
4 54.7 18.4
2 75.1 2572 * Macca KHCIIOTHOTO CJIOSL, cozepKarmas 06Pq303a3myloca B X0Je
70 peaxun Boxy. / Mass of the acid layer containing the water formed
4 81.7 28.8 during the reaction.

W3 tabn. 1 BHOHO, YTO TOBBIIICHUE TEMIIEPATYPHI
U MPOAOJIKUTEIBHOCTH PEaKIUU CIIOCOOCTBYET yBEIH-
YEHHIO KOHBEpPCHH OCH30JIa M BBIXOJa IEJIEeBOTO 6-bb.
YcTaHOBIIEHO, YTO NPOBEJEHHE PEaKUH alKUIMPOBa-
HUusi OeH3o07a OyTHIIOBBIM CIHUPTOM MPU TeMIeparype
50°C compoBoXKaaeTcsi KpaiiHe HU3KUM BBIXOJIOM IIeJie-
BOrO nponykra (He 6osee 30% Ha 3arpy)KeHHBIH CIHPT).

IleneBoil MPOTYKT BBIAEIEH METOJOM BaKyyMHOMH
PEKTU(HUKALNY, €70 BBIXOJ COCTaBUI OKono 82% Ha 3a-
rpy’KeHHBIH OyTaHOoN-1 TpyU KOHBEpCHH OCH30JIa OKOJIO
29%. XapakTepUCTHKH COEIMHEHHUS MPEICTaBICHbBI
B DKCIIEPUMEHTAIBHON YaCTH HACTOSIIEH paboThI.

KiroueBoii cramueil paspabarbiBaeMOro MeETOJA
coBmectHoro mnomydennss MOK u denona sBusercs

ToHkune xumunyeckue TexHonorum = Fine Chemical Technologies. 2025;20(1):7-17 11



Hydroperoxide method for the co-production
of methyl ethyl ketone and phenol

Viktoriya S. Kabanova,
etal.

OKHCJIeHUE ToiyuyeHHoro ¢-bb 1o ero tpernunoro I'TI:
HWMEHHO 0T 3()(pEeKTUBHOCTH IPOTEKAHUS JAHHOU CTa U
3aBHCUT HKOHOMHKA BCero mpoiiecca. IlepBoHayanbHO
OBLIM TIPOBEJICHBI UCCIICAOBAHMS a3POOHOT0 OKUCIICHUS
6-bb B oTcyTCcTBHE KakuX-JInO0 J00aBOK, TaKk Ha3bIBac-
MBIii Iporecc aBTookuciaenus. Kak mokaszanu pesysbra-
ThI, JIayKe TPU CTOJIb BBICOKOM Temmeparype kak 140°C
3a 60 MMH peaknuu ygaeTcsi HAKOIMUTh JIMIIb 2 Mac. %
I'TI (puc. 2, xpuBas /), 4TO HE SABJISETCA MPUEMIIEMbIM
JUTSL IPOBE/ICHUS TATbHENIIINX HCCIIe0BAHUM.

B pabote [20] mpemioxkeH crmocod COBMECTHOTO
a’poOHOro okucieHus 6-bb u m3onponmibensona, rae
obpasyrommiicss I'Tl  n3omponmnOeH3ona BBICTyHaeT
B Ka4eCTBE MHUIIMATOpPA OKUCIICHUS. YCTAHOBICHO, YTO
CKOpOCTh OKHcIieHus 6-bb B TakoM mporiecce cocTabis-
et okono 1.7 mac. %/4 npu koHBepcuu 6-bb oxono 15%
u cenektuBHOCTH oOpazoBanus ['T1 6-bb ne 6omee 70%.
C TEXHOJIOTMYECKON TOYKU 3pEHHsI TaKhe pe3yIbTaTbl
SIBISTFOTCST MaI03((hEeKTHBHBIMH.

B aT0li cBsA3M OblIa MPEANPUHATA TOMBITKA HHTCH-
cupUKaMu U3ydaemoro mpouecca. s DocTikeHus
9TOM LIEJIM B Ka4eCTBE Karain3aropa OblI UCTIOIh30BaH
N-IT'®U. K npenmymiecTBaM HCTOIB30BAHUS JTAHHOTO
COEIMHEHHUSI MO)KHO OTHECTH €r0 HETOKCHUYHOCTb, OT-
HOCHUTEIIBHO TMPOCTYI0 METOIMKY CHHTE3a Ha OCHOBE
JOCTYITHOTO (hTAJIEBOTO aHTHIPHIA, & TAKXKE BEICOKYIO
s pexkruBHOCTE N-I'OU 110 OTHOIICHHIO K Pa3IUUYHBIM
Ttunam cybcrparoB [21, 22]. Kpome Toro, ycTaHoBIe-
HO, yTo npuMeHeHne N-I'OU mo3BoiseT CyllecTBEH-
HO TIOBBICUTH KOHBEPCHIO MOJIBEPraeMoro OKUCICHHIO
YIJIIEBOAOPO/a, a TaKKe JOCTUYh BBICOKOW CENEKTHB-
HOCTH oOpa3oBaHus cooTBeTcTByromero [Tl (cBbI-
e 90%) [21].
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Puc. 1. 3ak0HOMEPHOCTH a3pOOHOTO KUIKO(DHAZHOTO
okucaenus ¢6-bb mo I'T1.

Conepxxanue N-I'®U, mac. %: (1) 0.0; (2)—(5) 2.0.
Temmneparypa, °C: (1) 140; (2) 120; (3) 130; (4) 140; (5) 150

Fig. 1. Kinetics of aerobic liquid-phase oxidation

of sec-BB to hydroperoxide at N-HPI concentrations

of (/) 0.0 and (2)—(5) 2.0 wt % and temperatures of (/) 140,
(2) 120, (3) 130, (4) 140, and (5) 150°C

B pabore u3ydeHO BIMSHHE TeMIEparypbl U CO-
JIepKaHUsl KaTalu3aTopa Ha Mpolecc OKHUcieHHus 6-bb
1o ero I'TI. IIponecc mpoBoAMIM O METOJUKE, OMUCAH-
HOM B 3KCIIEpUMEHTAIBHONW YacTH, MPH TEMIIeparypax
120-150°C u conepkanuu karanuzaropa 1-4 mac. %
ot 3arpy3ku ¢-bb. Conepxanue I'Tl B mpoayKkTax okuc-
JICHHUS OMPENEeNS HOJOMETPUISCKUM THUTPOBAHHUEM.
[Tonmy4ennsie pe3ynbTaTsl IPEACTaBICHBI Ha puc. | 1 2.

ComnracHO TONYyYEHHBIM pe3yJbraTaM, IMOBBIIICHUE
TemIepaTypsl crocobctByer HakorueHuto I'TI B mpo-
JlyKTax peaknuu. Tak, Hampumep, 3a 40 MUH TIpH TeM-
neparype 130°C ynaercs nonyuuts I'TI 6-Bb ¢ conep-
’KaHMEM OCHOBHOTrO BeliecTBa okoio 17 mac. % mnpu
xoHBepcun 6-bb 18% u celekTMBHOCTH 00pa3oBaHMUS
I'TI 97.2%. Ilpu yBeauueHUH TeMIepaTypbl BCEro JHIIb
Ha 10°C 3a Te xe 40 mun conep:xxanue ['Tl 6-bb yBenu-
guBaeTcs 10 32 mac. %, IpHU 3TOM CENEeKTUBHOCTH €T0
00pa3oBaHus MO-NIPEKHEMY OCTAETCs TOBOJBHO BBICO-
Kot (95.5%). [lanpHelinee MOBBIIICHHE TEMIIEPATYPHI
MIPUBOINT K PE3KOMY CHIDKECHHIO CENICKTHBHOCTH 00pa-
3oBaHud ['1] 6-bb, 3HaueHNEe KOTOPOIl MOXKET CHUXKATh-
csa u 1o 90%. [lpuuuHOl STOMY sIBIIsIeTCS ITpeodiana-
HHUE TIpoIiecca TePMHUIECKOTO pactaga o0pas3yromerocs
B xone peakuuu ['Tl, 4To NpuBOAUT K 0Opa30BaHUIO MO-
OOYHBIX TPOYKTOB OKHUCIICHUSI.

Ha ocHoBaHuM pe3ysbTaToOB UCCIIEIOBaHUS BIUSHUS
CoJiep KaHus KaTalu3aropa Ha mpouecc okucieHus ¢-bb
OBUIO YCTaHOBJICHO, YTO TIOBBINICHHE KOHIEHTPAIUH
KaTaju3aropa NPUBOIUT K YBEIMYEHHUIO COAEP KaHUS
T'TI 6-Bb. HamsigHo 3T0 MOXKHO BUIETH HPU IMOBBIIIE-
HuM KoHleHTpauu N-I'OU ¢ 1.0 no 2.0 mac. % (puc. 2).
Tax, mpu 130°C 3a 40 MuH peaknuu B IPHUCYTCTBUU
1.0% N-I'®N ynaercs naxomuts Tl no 17 mac. %.
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Puc. 2. BiusHue copepikaHust KaTajau3aTopa Ha Mpouecc
aspoOHoro *kuaK0(asHoro okucienus ¢-bb no I'Tl.
Temneparypa 130°C. Conepaanue KaTaau3aropa, Mac. %:
(1) 1.0; (2) 2.0; (3) 3.0; (4) 4.0

Fig. 2. Effect of the catalyst concentration on aerobic
liquid-phase oxidation of sec-BB to hydroperoxide
at a temperature of 130°C and catalyst concentrations

of (1) 1.0, (2) 2.0, (3) 3.0, and (4) 4.0 wt %
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VYBenu4yeHue colepikaHus KaTajau3artopa Ha OIWH IMPO-
LEHT MPHUBOAUT K TOBBIILIEHUIO CKOPOCTH OKHUCIIEHUS
6-bb B 1.3 paza. Hcnonbs3zoBanue karanuzaropa N-I'OU
B KoJmuecTBe 3 Mac. % u Oojee HE ABISIETCS HIKOHOMU-
YEeCKH [IeIeCO00Pa3HBIM, TIOCKOJIBKY B MTPOMYKTAX peak-
UU HaOII0JaeTCs HEe3HAYUTEIbHOE YBETUUYEHUE COfep-
skanust [T1.

Taknm 00pa3oM, MpH MPOBEIECHHUH IIPOIECCa OKUC-
neuus ¢-bb npu temmneparype 130-140°C u xoHueH-
Tpanuu karanuzaropa N-I'®U 2 mac. % 3a 1 4 peakuuun
npeacTaBiseTcss BO3MOKHbIM nonyuuTh ['11 6-Bb ¢ co-
nepskanueM ot 22 110 35 mac. % U CENeKTUBHOCTHIO OKO-
10 94-97%.

st Toro, 9T00BI YIOCTOBEPUTHCS B TOM, YTO B XOIC
OKHCIUTENBHBIX MpeBpalienuii 6-bb nelictButensHo 00-
pazyercst uMeHHO TpetnuHbIii ['T1, Ol mpoBesieH mporecce
ISITUCTYTIEHYaTOM AKCTPaKLMK IOJIYyYEHHOIO OKCHJara
¢ conepxkanrieM B HeM ['T1 6-bb 24 mac. %. B kadectse
JKCTpareHTa ObL1 BBIOpaH 75%-HbIi pacTBOp dTaHONIA, (-
(heKTUBHOCTH KOTOPOTO B TIPOIIECCAaX M3BJICUCHUS U KOH-
uenTpupoBanms [Tl nokasana B [12]. MarepuanbHblii 6a-
JIAHC IAHHOTO TIPOIIEeCcca MPEICTABIICH B Ta0M. 3.

B pesynprare BakyyMHOH peKTH(GHKAIMH 00b-
€AMHEHHOT0 OJKCTpakTa, Obul moiydeH 95%-Hblil
mpem-I'Tl 6-bb, cTpykTypa KOTOpPOro IOATBEPXKIE-
Ha merogqom HWK-cmexrpockonuu. IlenHocTs maHHO-
ro mpouecca 3aKIIoYaeTcsi B TOM, YTO BbIJIEJICHHBIN

KOHLEHTpUpoBaHHBIH [Tl MoXeT OBITH HCHONB30BaH
B KauecTBE MHHLIMATOpa IPOLIECCOB IMOJUMEPHU3ALUU
" a3pOOHOTO OKHCIICHHSI.

3aKTIOUNTENBHBIM JTAalloM Hamed padoThI SBIS-
JIOCh M3yYEHHME 3aKOHOMEPHOCTEH MpOoTeKaHus Mpo-
necca kuciotHoro pasnoxeHus [Tl 6-bb 1o MOK
u ¢enona. [IpoBegeHa cepusi IKCIEPUMEHTOB TPH
temneparypax 40-70°C, HauanpHOW KOHIIEHTpa-
nuu [T 6-Bb 10-20 mac. % wu comepkaHuu CepHOU
KHCJIOTBI, HUCIIONB3yEeMOM B KadyecTBE Karaln3aropa,
0.8-1.4 mac. % ot xonuuectBa 3arpyxaemoro ['TI.
KoHnTponp 3a mpoTrexkaHueM peaklUuu OCYLIECTBISIN
no pacxonosanuto I'Tl 6-bb meronom HomomeTrpuye-
CKOTO TUTpoBaHMs. HauanbHble CKOpPOCTH peakLUn
OTpeJeNIeHbl IO TAHT€HCY YIJIa HaKJIOHA KacaTeJIbHOHI
K KMHETMYECKOM KpUBOW B HauyajbHbI MOMEHT Bpe-
meHu [17], TOCKOIBKY MMEHHO B 3TOT TMEpPUOA Bpe-
MEHH KOHIIEHTPAalLMU MPOAYKTOB PEaKLUH UMEIOT Ma-
JbIC YHCIICHHBIE 3HAYEHUS M HE3HAYUTEIHHO BIHSIOT
Ha IpoTeKaHue npoiecca. Pe3ynbrarsl nuccieaoBaHus
3aKOHOMEpPHOCTEH 00CyxkaaeMoro mnpounecca Ipen-
CTaBIICHHI B Ta0. 4.

[TokazaHo, 4TO ¢ MOBBILIEHHEM TEMIIEpaTyphbl 3Ha-
YUTEJIbHO MOBBIIIAETCS HayalbHasi CKOPOCTh PEAKILIUU.
bonee Toro, npu nepexone ot 40 x 70°C B peakunoH-
HOW Macce HaOMIomaeTcsl yBeIHICHNE COAEp KaHus Mo-
OOYHBIX MPOLYKTOB. DTOT (aKkT OOBACHSAET U Pe3Koe

Taéanna 3. MarepuanbHblii Oananc nmpouecca natucTynenyaroii skcrpakuuu I'T1 6-bb u3 npoxykros okucienus ¢-bb

75%-HBIM PacTBOPOM ITAHOJIA

Table 3. Material balance of five-stage extraction of sec-BB HP from sec-BB oxidation products with 75% ethanol solution

3arpy:xeHo IToxygeno
Loaded Obtained
MousipHas Macca,
Komnonent T/MOJb Padunar OObeMHEHHBIH SKCTPAKT
Component Molar mass, r Mac. % Raffinate Combined extract
g/mol 0
g wt % i mac. % r mac. %
g wt % g wt %
6-bb
134.1 78.9 18.7 78.0 99.7 0.0 0.0
sec-BB
I'Tl 6-bb
. 166.1 13.9 3.3 0.2 0.3 13.5 4.0
sec-BB hydroperoxide
OraHon
46.1 260.0 61.5 0.0 0.0 259.0 75.8
Ethanol
Bona
18.0 70.0 16.5 0.0 0.0 69.2 20.2
Water
[Torepu
- 0.0 0.0 2.9
Losses
Bceero
- 422.8 100.0 78.2 100.0 341.7 100.0
Total
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Tadmuua 4. Bimsaue remneparypsl, koHnenTpanuu ['T1 u karannzatopa Ha mporece KUCIOTHO-KaTanuTrudeckoro pasnoxkenus ['T1 6-bb

Table 4. Effect of temperature and concentrations of hydroperoxide and catalyst on the acid-catalytic decomposition

of sec-BB hydroperoxide

Havanbhas Beixon
Konuenrtpauus Hauansnas .
KOHIIEHTPALUS Ha npopearuposasmuii I'TI,
Karajau3aropa CKOpOCTb Kongepcus I'T1,
I'TI 6-bb, Temmeparypa, Mac. %
ac. % H,SO,, oC peakuumu, % ) ;
% Mac. % MOIB/(J1 MHH) S Yield on basis of reacted,
Initial concentration . Temperature, . . wt %
Concentration o Initial conversion,
of sec-BB C .
. of H,SO, catalyst, reaction rate, % DeHON MDK
hydroperoxide, WY J(L-mi
wt % wh mol/(L.-min) Phenol MEK*
40 0.024 98.0 73 71
50 0.054 98.5 74 72
20 0.8
60 0.133 98.3 75 68
70 0.239 99.5 73 66
10 0.034 99.0 36 29
0.8 50
15 0.038 98.7 70 69
1.0 0.067 99.5 78 70
20 1.2 50 0.080 98.5 76 68
1.4 0.110 97.5 75 64

*MEK is methyl ethyl ketone.

CHIDKeHHE BbIXoja IesieBoro MOK Bmiote 10 66%.
[To aroif mpuumHE OBLIO MPHUHITO PEUICHHE O MPOBe-
JICHUH JajJbHEHUIINX HCCIEeOBAaHUN TPHU TEMIIEpaType
50°C. Hapsimy c¢ temmeparypoil K ITOBBIIIEHUIO CKO-
POCTH mpolecca NPUBOAUT U YBEJIWUYCHHE HayalbHOU
koHuentpauuu I'TI. Tak, Hanpumep, ¢ U3MEHEHUEM
koHnentpanuu ['Tl 6-bb ¢ 10 1o 20 mac. % ckopocTs
peakuuu noseimaercs B 1.6 pasza. Ilpu sTom Hambo-
Jiee BBICOKHMI BBIXOJ] IIENEBBIX MPOAYKTOB JJOCTHTAETCS
nMeHHo 1pu paznoxeHuu 20%-noro I'Tl. [ToBeiieHne
HauanbHOM KoHueHTpauuu [Tl cBeime 20 mac. % He-
1eJ1ecoo0pa3Ho MO0 NPUYMHE BBIACIEHUS OOJBIIOTO
KOJIMYecTBa Teruia B mponecce pasnoxenus ['TI, uto
SBISIETCsl HeOe3omacHbIM. UTO KacaeTcsl yBEIWYCHUS
KOHIIGHTpAIlMU KaTallu3aTtopa, TO Jake HeOOoNIblIoe
ee usmenenue (¢ 0.8 1o 1.4 mac. %) B 3HAYUTEIBHOMN
Mepe CHUKAET CEJIEKTMBHOCTh 00pa30oBaHMs LEIEBBIX
MPOAYKTOB.

JlanHble, MosyyeHHbIE B XOJE NPOBEINEHHS CEPHUU
HKCIIEPUMEHTOB 1O BIMSHHUIO PA3IMYHBIX NapaMeTpoB
Ha 00Cy>IaeMBblil Iporece, MO3BOIMIN ONPEACIUTh yC-
JIOBUSI €T0 MPOBEACHUS, 00CCIICUNBATOIINE BRICOKUIT BBI-
xon npoaykroB. [Tpu Temneparype 50°C, KOHIEHTpaLuu
I'TI 20 mac. % u copep»’aHUM KaTajau3aTopa B peaKkIMoH-
Hoii Macce 0.8 mac. % IpOBeAEH YKPYITHEHHbIH ITpoLecc
kucioTHoro pasznoxenus Tl ¢-bb, pe3ynsrarsl KOTOpO-
TO IIPEACTaBICHHI B TA0I. 5.

Beixog MOK u denona cocrasui 72 u 74% cooTBeT-
cTBeHHO 1pu KoHBepcuu I'T1 99.5%.

Taéanua 5. MarepuaiibHblii 6aaHc CepPHOKUCIOTHOTO
katanutuueckoro paznoxenus ['Tl 6-bb. Temneparypa 50°C.
Hauanbnas konuentpauus ['T1 20 mac. %. Konuenrpanus
kartanuzaropa 0.8 mac. %

Table 5. Material balance of sulfuric acid catalytic
decomposition of sec-BB hydroperoxide at a temperature

of 50°C, an initial concentration of hydroperoxide of 20 wt %,
and a catalyst concentration of 0.8 wt %

Morsiprast | 3arpy»eHo [omyueno
MdcCay Loaded Obtained
Bemectro T/MOJTb
Substance Molar r |mac.%| r | mac.%
EERE, wt % wt %
g/mol £ £
6-bb
134.2 664 799 | 664 | 799
sec-BB
I'Tl 6-bb
. 166.1 16.6| 200 | 0.1 0.1
sec-BB hydroperoxide
H,SO, 98.1 0.1 0.1 0.1 0.1
denHon
94.1 0.0 0.0 7.0 84
Phenol
MDK
72.1 0.0 0.0 52 6.3
MEK
TToG
COOHRETPOVIERL |+ _ 00| 00 | 12] 14
Byproducts
[Torepu
- 0.0 0.0 3.1 38
Losses
Bceero
- 83.1| 100.0 | 83.1 | 100.0
Total
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3AKJIIOMEHUE

PazpaOoranbl Hay4yHble W MPUKIATHBIE OCHOBBI XUMHU
M TEXHOJIOTUU THUIPOTIEPOKCHIHOTO CIOco0a MOTyYeHUs
MDBK u ¢eHona. M3ydeHo BiIMsHUE HEKOTOPHIX TapamMe-
TPOB Ha MpOLECcC MPOTEKaHUs] OCHOBHBIX CTaluil paz-
pabarbiBaeMoro meroza. Ilo peaknuu alkuiIupoOBaHUS
OeH30ma OyTaHoJIOM-1 TIPU MOJIBHOM COOTHOIIICHUH OCH-
301 : Oyranon-1: H,SO, = 3:1:3, temneparype 70°C
U IPOJOJDKUTENILHOCTH peakiuu 4 u cuHre3uposaH 6-bb
C BBIX0OJIOM OKOJIO 82% IpH KOHBEPCUU HUCXOTHOIO YIJIe-
BoZIopoa okoso 30%.

HccnenoBaHo BIMSIHUE TaKUX TApaMETPOB, KaK TEM-
nepaTypa, IpOJOKUTENBHOCTh PeaKli U KOHLEHTpa-
U Karajau3aropa Ha IMpolecc XHUIKO(a3HOTO OKHC-
nenust 6-bb 50 ero Tpernunoro I'Tl. Ycranosneno, uto
MIpOBeJIeHUE adpoOHOTO OKKCIeHUs 6-bb B mpucyTcTBUN
N-I'®U noszonger nonmydars I'Tl 6-bb ¢ cenextuBHO-
CTBI0 0K0JI0 95% npu xouBepcuu 6-bb 35-40%.

AmnpodupoBano usBneuenne ['T1 ¢-bb u3 mpomykros
okucienus 6-bb metogom sxcTpakiuu 75%-HbIM pacTBO-
poM staHona. [lomyueH CKOHIEHTPHPOBAHHBIA 10 95%
I'TI, koTopBIii B JabHEUIIIEM MOXKET OBITH HCITOIB30BaH
B Ipoleccax NOJIMMEpPU3alrdd WIM HHULHUUPOBAHHOIO
OKHCJICHUS aJKHJIApOMATHUECKUX YIIIEBOAOPO/IOB.

CepHOKUCIIOTHBIM ~ KaTaJIUTUYECKUM  Pas3JIoKEHUEM
I'TI 6-Bb ¢ conep:xanmem ocHoBHoro Berecta 20 Mac. %
nipu 50°C u koHueHTpauuu karamizaropa 0.8 mac. % mnomy-
yeHpl MOK 1 eHON ¢ BbIxXOmamu 72 1 74% COOTBETCTBEHHO.

PesynbraTsl NpoBeeHHBIX UCCIEIOBAHUNA MOATBEP-
JKIAIOT TEXHOJIOTHUYECKYI0 3((EKTUBHOCTh JaHHOTO
croco0a 1o CpaBHEHHIO C Pa3AeIHHBIMU POU3BOJICTBA-
Mu MOK u ¢eHosna u MOTYT SBIATHCS aJIbTEPHATUBOM
YKE CYIECTBYIOIIUM TEXHOJIOTHUAM MOJTYUCHUS JaHHBIX
coenuHennil. [lpemraraemblii THIPOTIEPOKCHIHBIN Me-
tox cuHre3a MOK u deHona no3ponser aganTUpoBaTh
KYMOJIbBHYIO TCXHOJIOTUIO TIOA IOJYYCHHUE IIHUPOKOTO
CTIEKTpa aNKWI(PEHOIOB U KETOHOB.
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Pa3pa60TKa HOBbIX HAHECEeHHbIX KaTaJin3aToposB
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B.M. Moxos™, JI.H. HeobikoB, A.O. ITanos, A.B. PaspansieBa, C.E. Jlarbimosa, M.A. Bannes
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AHHOTaUUuS

Lemm. Pacimpenne uccinegoBanuii mo pa3padoTKe KaTaJu3aTOpOB HA OCHOBE HUKEIS M ME/H, TTOJy4aeMbIX XMMUYECKAM BOCCTaHOBIIE-
HHUEM aKTUBHOU (I)aSBI, U 110 I/By‘{CHI/HO BJIMSIHUS THUIIA HOCUTEJIEH HA X aKTUBHOCTH B Hpoueccax aJ'H(I/IJ'II/II)OBaHI/ISI AMHUHOB HCpBI/I‘{HLIMI/I
U BTOpI/I‘{HBIMI/I CHI/IpTaMI/I B HpOTO‘{HOM peaKTope C HECIIOABWKHBIM CJIOEM KaTanmaTopa.

MeToapl. [Iporiece ocymecTBIsICS Ha HEMOABIKHOM CIIO€ MCCIIETyeMbIX KaTalnu3aTopoB B MPOTOYHON MHKPOKAaTaTUTHUECKON ycTa-
Hoske 1pu 160-240°C. B kauecTBe HOCUTeNEH ObLIM HCMOIb30BaHbl HeouT Y-Al,O5, NaX, oxeua Maruus. Karanuszatopbl roToBUINCH
METO/IOM MPOMHUTKH aacopOriueil u3 n30bITka pacTBOpa colieil MeTamioB. BoccTaHOBIEGHHE aKTUBHOW METaIUTNYECKOH (a3bl IPOBOH-
JI0Ch BOJHBIM PACTBOPOM TeTparuapuiodopara Harpus. CybcTparaMy BBICTYTANN MEPBUYHbBIE MM BTOPUYHBIE AMHUHBI: |-OyTHnamuH,
1-rexcunamuH, 1-OKTUIAMUH, aHUIUH, MOP(OINH, MHIEPHINH, TeKCAMETUIICHUMUH. AJKUIMPYIOMIUMH areHTaMH SBIISUIUCH 3TaHOT,
npomnanoi-2, 6yraHosn-1, neHranon-1, OeH3UIOBBIN CIUPT, OKTaHOM-1. COCTaB MOMyYeHHBIX MTPOIYKTOB aHATM3UPOBAJICS Ta30)KUAKOCT-
HOI1 Xpomarorpadueii, uX CTPOSHHE MOATBEPHKAAIOCH METOIOM XPOMATO-MACC CIIEKTPOMETPHUH.

Pesyabrarbl. AJKUINPOBaHUE CIIUPTAMK AMMHOB TIPU KaTaln3e YaCTHLAMU METAJIOB (HUKEIIS M ME), HAHCCEHHbIMU Ha LeonuT NaX, OKCHI
Marnust MgO 1 y-Al,O,, B MPOTOYHOM peakTope ¢ HEMOIBIKHBIM cJloeM KaTasiuzatopa npu 160-240°C u armochepHoM JaBieHnH Bofoposia
HPUBOIUT K 00PA30BAHHUIO NPEUMYILECTBEHHO MOHO-N-aJIKMIIMPOBAHHBIX IPOIYKTOB C BbIXOaMU J10 99%.

BbIBOHbI. HaHO‘-IaCTI/ILU)I HUKEJIS (I/IJ'II/I HUKCIII U MGI[I/I), HaHECCHHBIC Ha Pa3jIMYHbIE HOCUTECIIN, SABJISIFOTCA 3(1)(1)CKTI/IBHI>IMI/I Karajanusaro-
paMH CUHTE3a BTOPUYHBIX WIN TPETUYHBIX aMUHOB B IIPOTOYHOM PEAKTOPE C HENMOABUIKHBIM CJIOEM KaTaJimM3aropa.

MNocTtynuna: 03.04.2024
Aopa6oTaHa: 17.10.2024
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Abstract

Objectives. The work set out to develop catalysts based on nickel and copper obtained by active phase chemical reduction and investigate
their activity including the influence of the type of supports on the course of alkylation of amines with primary or secondary alcohols
in a plug-flow reactor with a fixed catalyst bed.

Methods. The reactions were carried out in a continuous mode on a fixed bed of an appropriate catalyst in a plug flow microcatalytic
apparatus at 160-240°C. NaX zeolite, magnesium oxide, and y-Al,O; were used as supports. After preparing the catalysts
by impregnation from an excess solution of metal salts, the active metal phase was reduced with a sodium tetrahydridoborate aqueous
solution. The composition of the resulting products was analyzed by gas—liquid chromatography, while their structure was confirmed
by gas chromatography-mass spectrometry. The alkylating agents were ethanol, 2-propanol, 1-butanol, 1-pentanol, benzyl alcohol, and
1-octanol; alkylated amines were 1-butylamine, 1-hexylamine, 1-octylamine, aniline, morpholine, piperidine, and hexamethyleneimine.

Results. The alkylation of amines with alcohols catalyzed by metal (nickel and copper) nanoparticles supported on NaX zeolite,
magnesium oxide MgO, and y-Al,O5 in a plug-flow reactor with a fixed catalyst bed at atmospheric hydrogen pressure and 160-240°C
leads to the formation of predominantly mono-N-alkylated products with yields up to 99%.

Conclusions. Nickel (or nickel and copper) nanoparticles supported on various supports are effective catalysts for the synthesis

of secondary or tertiary amines in the plug-flow reactor.
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BBEOEHUE

I[I/I— U TpUAJIKWIAMHUHBI HUMCIOT BBICOKYIO IIpaKTHYC-
CKYIO 3HAYMMOCTBH KaK YCKOPHUTENH BYJIKAHH3ALUH TO-
JIYIPOIYKTOB B IIPOU3BOJCTBE MOBEPXHOCTHO-aKTUBHBIX
BC€IICCTB, aHTUOKCHUAAHTOB, IICCTULIUAOB, I/IHFI/I6I/ITOpOB
KOppO3uH, aOCOPOCHTOB, PACTBOPHUTEIICH, SKCTPATCHTOB
u 11p. Taxke MPOMYKTHI ANKHIHMPOBAHKS IO aTOMY a30Ta
HAXOJAT MPUMEHEHUE B KAYECTBE KaTalIU3aTOPOB B CHH-
Te3e TIOMMKOHCHCAIIMOHHBIX IoiuMepoB. Hambomee
MPOMBIIICHHO-IPUMEHUMBIM KPYIHOTOHHAKHBIM
CIIOCOOOM HMX CHHTE3a SIBIAETCS KaTaIuTHYeCKOe
N-aJKUINpOBaHWE aMMHaKa WM TIEPBHYHBIX aMHUHOB
crmpramu. [IpenMymiecTBaMu JaHHOTO CIIOCO0a SIBIISI-
I0TCs IIMPOKasi JIOCTYITHOCTh PEareHToB 1 00pa3oBaHue
BOJIBI B KAYECTBE STUHCTBEHHOTO COITYyTCTBYIOIIETO TIPO-
nykra [1, 2].

B Hacrosiee BpeMsi OCHOBHBIM HallpaBIEHUEM HC-
ClIeZIOBaHUM siBisieTcsi pa3paboTka 3(PEeKTUBHBIX KaTa-
JM3aTOPOB ANl TAaHHOTO Mpolecca. M3BecTHO mpume-
HEHUE B KauecTBE KaTajau3aropoB N-aJKWIMPOBAaHUS
oKkcuJoB [3-5], coneil, koMIuIekcoB [6, 7], a Takxke Ha-
HOYACTHUI METAJJIOB epeMeHHOoM BasieHTHOCTH [8—10].
HaunGonbmuii NmpakTHYECKUH HWHTEpEC MPEICTABIISIOT
HAaHECEHHbIE METAJNIMYECKHE KaTajlu3aTopbl, code-
TAIOIME OCYIIECTBICHUE IIpoliecca AaIKUINPOBAHUS
IIpY YMEPEHHBIX TeMIlepaTrypax U IPOCTOTY OTIAECJICHUS
OT PEaKLMOHHOIN MaccChl.

ABropamu  pabotsl  [11] wu3ydeHa peaxuus
N-anKuaupoBaHWs AaHWINHA OCH3WJIOBBIM CIHPTOM
B npucyrctBun Ru/CeO,. Peakuus 1npoBoamnack Impu
160°C ¢ ncnonbp30BaHUEM 1-KCUIIOJIA B KAUECTBE PacTBO-
puressnionarMocpepoii N, B reuenue 24 4. YCTaHOBIIEHO,
YTO BBIXOJ IPOIYKTA CHIBHO 3aBHCHUT OT MOP(HOIOTHU
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Hocurens. Ru/CeO,~R co crepxneBoii Mopdosorueit
MPOSIBISIET Kak 0oJiee BBICOKYIO aKTUBHOCTH, TaK H Ce-
JNEKTUBHOCTh 00pa3oBaHUs N-OeH3MIaHWINHA (BBIXOJ
88%), yem kyOnueckuii Ru/CeO,~C (52%) n oxrasapu-
ueckuit Ru/CeO,-0 (32%).

MenHblll KaTanu3arop Ha IopuctoM N,P-nerupo-
BaHHOM YIJICPOJTHOM HOCHUTENIE, MOJIyYeHHOM W3 TIIIe-
HUYHOM  COJOMBI, TMOKa3zajdl A(PQPEKTUBHOCTh IPH
N-MOHOAJKWJIMPOBAaHUM apOMAaTHYECKUX aMHHOB apo-
MaTHYECKUMH CHHUpTaMH. Peakiusi OCylIecTBIsIach
B ITUKJIOTCKCAHE B KaUECTBE PACTBOPUTEIS IPH TEMIIC-
parype 140°C nog armocdepoii aprona B TedeHue 12 u.
AHWIHMHBI, coliepKalllie dIEKTPOHOAOHOPHBIE TPYIIIHI,
OBLTH TIPEBPAIICHEI B COOTBETCTBYIOIINE HM BTOPHUHBIC
aMUHEI ¢ BeIxosiamMu 66-91% [12].

Karanuzatop Ha OCHOBe Mayutausi U HUTPHUA YIe-
poma C;N, mokasan BBICOKYIO aKTMBHOCTh B CHHTE3E
N-3aMeleHHOT0 aMUHONIMPUANHA ¢ XOPOIIMMH MTOoKa3a-
TeJSIMH pereHepupyeMocTH. [Ipu nmpoBeneHnn cHHTEe3a
rmpu 110°C B Tomyone B Teuenne 12 9 BBIXOJ IEIEBOTO
mpoxnykTa coctaBui 95% [13].

Apropamu [14] u3ydeHo npuUMeHEHHEe KaTalu3aropa,
Ha OCHOBE WHKAICYTUPOBAHHBIX HAHOYACTHUI] TUIATHHEI
u Oera-neoiuTta B N-aJKIJIMPOBAaHHY aMUHOB apOMaTH-
YeCKUMH crupTaMu. [Ipu npoBeeHNH aJKUINPOBAHUS
aHWIMHA OCH3HWJIOBBIM ciipToM Tipu 160°C B TedeHue
2.5 4 nox armocdepoit N, (1 atm) BbIXO1 NPOIYKTa CO-
craBui 93%.

ANKATIPOBAaHUE AaMHHOB aJKaHOJAMH OOBIIHO
MIPOTEKAET B TEUEHHUE IJUTEIbHOTO BPEMEHM, UTO
00yCJIOBIIGHO MEXaHM3MOM 3TOH CJIOXHOH TpexcTa-
nuiiHON peaknuu. CHavalla POUCXOTUT 0OpaTtuMoe
JNeTUAPUPOBAaHUE allkaHoJa B ajbAerus (KeToH), KO-
TOPBIM Jajiee BCTyMaeT B KOHJEHCAIMIO C aMHHOM,
a TPOMEKYTOYHO OO0pPa3yIOIIMICS albIUMHUH (KETH-
MHUH) MOCJIE €ro TMApPUpOBaHUs 00pa3yeT KOHEUHBII
npoaykT. BcenenctBue storo Gosee pacmpocTpaHeH
MEPUOANYECKIH CIIO0Cc00 OCYIIECTBICHHUS MPOIECCOB
naHHoro tuma. B pabote [15] ucciaempoBaHo mnpume-
HEHHUE HAHOYACTHUIl HUKEJS WIW MEIH, HAaHECEHHBIX
Ha y—AlZO3 MOIH(PUITUPOBAHHBIM METOJIOM COOCaXK-
JCHUS, KaK KaTalu3aTOpPOB ISl PEaKIUU AJIKHIAPO-
BaHUSI aMMHOB ajikaHoJlamMu. HaligeHo, 4To 3TO HO-
3BOJISICT B HETIPEPHIBHOM PEXKHMME IOTydaTh IICJICBHIC
MIPOJIYKTHI C BBICOKMMH BBIXOJIaMH U CEJIEKTUBHOCTHIO
10 100% mpu 180-220°C u arMochepHOM AaBICHUU
BOZIOpOIA.

Lenp Hactosmei paboOTbl — aKKyMYJIHpPOBATh
WCCIIEJIOBAHUS KOJJIEKTUBA aBTOPOB MO M3YyYEHHUIO aK-
TUBHOCTH KaTalM3aTOPOB HAa OCHOBE HAHOYACTHI[ HH-
KeJs ¥ MEIW, HAHECCHHBIX Ha Pa3lUYHBIC IOIIOKKH,
B HEMPEPHIBHOM MPOIIECCE AIKHINPOBAHUS aMHUHOB
AIKaHOJIAMH B IPOTOYHOM PEAKTOpPE C HEMOABIKHBIM
CJIOEM KaTalln3aropa.

MATEPUAJIbI U METObI

B kauectBe HocuTened ObLIM B3ATHI 11e0JHT NaX,
MgO, y-Al,0, (OKPOC, Poccus). Katanuszaropsl roto-
BHJIUCh METOJIOM IMPOMHTKHU ajcopOuueii 6e3 Ucroib-
30BaHUSl COOCAJUTENEH, BOCCTAHOBIIEHHE AaKTHUBHOM
MeTaJuIn4eckoi (ha3bl MPOBOAMIIOCH BOJAHBIM PaCTBO-
pom Tetparuapuapbopara Hatpus (OKPOC, Poccust).
ConeprxaHue METaUIOB B IONYYCHHBIX KaTaln3aTopax
cocrauno (mac. %): Ni/MgO: 23.8; Ni/Al,O5: 5.0;
Ni/NaX: 5.6; NiCu/Al,O5: Ni, 2.4, Cu, 2.3; NiCu/NaX:
Ni, 5, Cu, 5.

CyOcTpaTtaMu BBICTyNaIM TEPBUYHBIC MK BTO-
puYHBIC aMHHBI: 1-OyTHiaMuH, |-TeKcHiIaMuH, 1-OK-
TWIAMHWH, aHWIHH, MOP(OJIHH, MUICPUIUH, TeKCaMe-
tunennMuH  (OKPOC, Poccus). ANKHIUPYIOIIAMHA
areHTaMu SBJLUIMCH OJTaHOJN, TIIpomaHoi-2, OyTa-
HON-1, meHTaHon-1, OEH3WIOBBIM CHOHPT, OKTa-
Hon-1 (OKPOC, Poccus). Ilpomecc ocymiecTBisii-
Cs MPHA NOMOIIM NPOTOYHOM MHUKPOKATATUTHYECKOU
ycTaHoBku (Mema-xpom, Poccus) B HempepbIBHOM
peKMMe Ha HETNOJBMKHOM CJIO€ KaTajau3aTopa IMpHu
160-240°C. MHcnonp3oBajack Iogadya HEOOJIBIIOTO
KOJIMYEeCTBa BOAOPOJA C MOMOIIBIO TeHepaTopa BOJIO-
pona I'B-7 (Mema-xpom, Poccusi), kak paszdaBuTemns
U JUTS HCUCPIBIBAIONIETO THAPUPOBAHUS MTPOMEKYTOU-
HBIX IMHHOB WJIK €HAMHHOB (CM. PUCYHOK).

RZ
H,], I atm, 160-240°C
RIOH + RE-NH-R3 —2k & > R'—N{  + H,0
Ni® (Ni’Cu®) \R3
la—e 2a—K 3a-n
la—f 2a-g 3a-m

R!=Et (1a), i-Pr (16), Bu (1B), C;H,, (1r), CgH;CH, (1n), CgH,, (1e).
R?=H; R3 = Bu (2a), C;H,; (20), CgH,, (2B), C¢H; (2r).

R?-R? = (CH,CH,),0 (21), (CH,)5 (2e), (CH,), (2).

R!=i-Pr,R2=H, R} =C/H; (3a); CgH,, (30);

R!=Bu, RZR3 = (CH,); 38); R! = C;H,;, RZ-R3 = (CH,); (3r);
(CH,CH,),0 (3m); R?=H, R3 = C(H; (3s); R? = H, R? = C(H, (33);
R!'=Et, R?2=H, R¥=CH; (3e); R' = C(H;CH,, R =H, R3 = C H,; (3n);
R3=C¢H,, 3K); Rl =C¢H,,, R2=H, R3=CH; 3n);

R%-R? = (CH,); (3m); R*>-R? = (CH,)¢ (3m)

R! = Et (1a), i-Pr (1b), Bu (1¢), C;H;, (1d), CgHCH, (1e), CgH,, (1f).
R?=H; R3=Bu (2a), C;H,; (2b), CgH,; (2¢), C,Hs (2d).

R2-R? = (CH,CH,),0 (2e), (CH,)s (2f), (CH,), (2g).
R!'=i-Pr,R?=H, R®=C¢H,; (3a), CgH,, 3b);

R!=Bu, R2-R3 = (CH,); (3¢); R? = H, R3 = C(H; (3g);

R!'=CH,;, R%R3 = (CH,)5 (3d); (CH,CH,),0 (3e);

R?=H, R¥=C¢H; (3h); R = Et, R? = H, R3 = C H; (3f);
R!=C(H;CH,, R?=H, R3=CH_; (3i); R* = CgH,, 3j);

R!=CgH,,, R2=H, R?®=C(H, (3k); R>-R> = (CH,), (31);

R2-R3 = (CH,), (3m)

Puc. Cxema peakuuu

Fig. Reaction scheme
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CocTaB Karajn3aTa yCTaHABIMBAJICS METOIOM TIa30-
JKHAKOCTHOW XpoMaTorpayy, CTPOCHHE IENEBBIX IIPO-
JIYKTOB 3a—H MOATBEPXKIAIOCh XPOMATO-Macc CIEKTPO-
MeETpHEN. Xpomaro-mMacc-CreKTpaIbHbII aHaIu3
ObuT BBIMIONIHEH Ha npubope Saturn 2100 T/GC3900
(Varian, CIIA) ¢ TOMOIIBIO HWOHW3AIMK DJIIEKTPOH-
HbIM yaapoMm (DY) c sHepruedd woHmzaiym 70 5B.
Xpomarorpapuueckuii aHaNIW3 BBIOJIHEH HA XPOMATO-
rpade «Kpucramwmoke 4000M» (Mema-xpom, Poccus),
kononka HP-5 (Agilent Technologies, CILIA), Temnepa-
Typa xononku 100°C, Temmneparypa ucnapurens 250°C.
CkaHMpyIO1Lasi IEKTPOHHAS MUKPOCKOIHS BBIITOJIHAIACH
npu nomoru npudopa FEI Versa 3D DualBeam (FEI,
CIIIA), >nemMeHTHBIN aHaJIN3 TIPOBOAMIICS METOIOM HEp-
TOIUCIIEPCUOHHON peHTIeHOBCcKoH criekTpockonuu (EDS)
¢ nomonipto FEI Versa 3D DualBeam (FEI, CLLIA).

PE3VYJIbTATbI U UX OBCYXXAEHUE

Ycranosneno, uto B nHTepBaie temreparyp 180-220°C
U arMoc()epHOM JaBICHHH BOJOpOIA IPH HArpy3Ke
10 XKMAKMM pearentam 1.8-3.6 n/(kr,, -4) KOHBEpCHUS
MCXOJIHBIX aMUHOB 2a-T gocturamna 99%. OmnpeneneHo,
4yTO HaHeceHHbIe Ha MgO nimn A1203 HAHOYaCTUIbI HU-
KeJsl KaTaJu3UpPYIOT CEJICKTHBHO MOHOAIKWIMPOBAHUE
MepBUYHBIX aMUHOB. [1pn 3TOM Hcnonb30BaHme OITM3KUX
K DKBUMOJIbHBIM COOTHOIIEHUH peareHTOB CONPOBOXK/1a-
eTcsi MOOOYHBIM MPOIECCOM TUCTIPOIIOPIUOHUPOBAHMS
HCXOAHBIX NEPBUYHBIX AMHUHOB, YTO I H3y4aeMmoro
TUIA KaTajJu3aropoB onucaHo panee [16]. [Ipu yBenu-
YeHUU M30BITKA aJKAHOJIA JI0 JBYXKPATHOTO CEJIEKTHB-
HOCTh TIO TIEJIEBBIM MPOIYKTaMm TMOBbIIIaeTcst 10 98%.
IIpu ucronp30BaHUM B KauecTBE MOMJIOKKM LEOIHUTa
NaX npoucxoauT CHUKEHHE CEJIEKTUBHOCTU pEaKIUu
MOHOQJIKUJIMPOBAHUS I[EPBUYHBIX aMUHOB, IPU ITOM
oOpasyetcs 10 40% TpeTuuHbIX aMUHOB [17].

Takum 00pa3oM, XUMHUYECKH BOCCTAHOBIICHHAS HU-
KereBast (pa3a Ha Pa3HBIX HOCHTEISIX TIOKa3ajia BBICO-
Kyl KaTaJUTUYeCKyl0 aKTMBHOCTb, NpuueM Ha MgO
u 7-Al,O; HaOmogaeTcst BBICOKas CENEKTUBHOCTH 00-
pa30BaHUs MOHOAJIKUJIMPOBAHHBIX NPOAYKTOB. Kpome
TOTO, B COCTaBE KaTall3ara MOMUMO U30BITKA UCXOTHBIX
AJIKaHOJIOB He ObLTO0 0OHAPYKEHO CJIe/IOB COOTBETCTBYIO-
MUX KapOOHIMIBHBIX COSTUHEHHUH, YTO CBUACTEILCTBYET
0 JIMMUTHPOBAHUU TIpoliecca aJKWIMPOBAHUS MMEHHO
cTajueil AernapupoBanmsl ankaHoiaoB. [lockonbKky Mennb
ABJISICTCSI M3BECTHBIM KaTalM3aTOPOM JAErHIpUpPOBa-
HUSl CIIMPTOB, MPEACTABIAJIOCH WHTEPECHBIM H3YyYUTh
ee MPOMOTHUPYIOIIEE BIUSIHUE HAa PEAKIIMIO aJIKUINPOBa-
HUSI aMUHOB aJIKAHOJIAMH.

JanbHelue ucciaeoBaHus MOKa3ajiHd, 4TO KaTa-
JU3aTOp, TIONYYCHHBIH BOCCTAHOBIEHHEM COBMECT-
HO OC@XIEHHBIX B COOTHOmIEHMH 1 : | HOHOB Hu-
Keinl U Megu Ha neoinure NaX (NiOCuO/NaX) WIH

Ha mnpeccoanHoM okcuae wmarhus (Ni’Cu?%MgO),
okazayics Oosiee A(PPEKTHBHBIM IO CPABHCHHIO C BBI-
[ICOMUCAHBIMA HUKEJICBBIMA. B 4acTHOCTH, IElieBbIC
N-aIKWIaHWIMHBI TI0 PEaKIIUH ATKIIUPOBAHHS aHUITHA
ATAHOJIOM, OyTaHOJIOM- 1 WITH MMEHTAHOJIOM-1 TIpH TemIie-
parype 240°C ua karamizarope Cu’Ni’/NaX nomyuenst
¢ BbIXogaMu 66-85% Ipu CENEKTUBHOCTH IIpolecca
83-89%. Kpome N-stmmanmnuaa (3e) (71.1%) obpa-
syerca u N,N-nudtunanunud (13.5%). s anxaHosioB
¢ Oomplield MOJNEKYISPHOM Maccod HaOIomaeTcs 1o-
BEIIIICHNE CEJICKTUBHOCTH. Hampumep, npu nomrydeHnn
N-1-6ytunannnuna (3:k) KOHBepcusl aHWIMHA (2T) U ce-
JICKTUBHOCTH PEAKIMU MPUHUMAINA MaKCUMAJIbHBIC 3Ha-
yenus (95.1% u 89.5% coorBercrBenHo) [18].
AnxwiupoBanue  MopdonuHa  (2A)  IEHTaHO-
nom-1 (1r) na karammsarope Ni®Cu’’MgO nporekaet
B TemmneparypuoMm unTepBasie 100-200°C, mpu sTOoM
koHBepcust MopdonuHa mnoBwimaerca ¢ 8 po 100%,
BBIXOJ 1-meHTnnMopdonuna (3a) cocraBiaser oT 4 110
92.5%. OnHako aHANOTUYHBIA KaTallnu3aTtop, HE COAep-
KA HUKEIs, TTOJNyYCHHBI BOCCTAHOBJICHHEM XJIO-
puna meau Ha okcupe Maraus (Cu’/MgO), mokasan
HEBBICOKYIO akTHBHOCTH (mipu 200-220°C, xoHBepcus
mopdonuHa cocrapisiia 10-15%, Berxonm 1-meHTwHI-
mopdonura — 4-14%). Konsepcust mopdonuna mnpu
€ro AJKWINPOBAHWM ICHTAHOIOM-1 Ha KaTamm3aTtopax
Ni%MgO wnmm NiO/A1203 npu 180°C He mpeBbilIana
50%, BBIXOJ mpoaykTa coctaBui 36% (Ha NiO/A1203)
u 18% (1a Ni%’MgO). B nocnemnem cirydae o6pasyercs
Takke 15% cooTBETCTBYIOIIEro eHaMHHa. Takum o0pa-
30M, aKTUBHOCTh METAJIIOB B KaTalln3e IaHHOW peakinu
pacnionaraercs B paxy Cu < Ni < Cu—Ni.

OKCNEPUMEHTAJIbHAA YACTb

Karanmuzaropel ObUIM HM3rOTOBJIEHBI B COOTBETCTBUU
C METOJIMKaMH, ONTMCAaHHBIMU B paboTtax [16—18].

MpoBeaeHue peakuumn

HN3onponumi-1-rekcunamun  (3a). Ha xarammsarop
CuONiO/AIZO3 MIOJABAIMCH BOJOPOI C pacxomoMm 1 /4
u cMmech mponanona-2 (16) u 1-rekcunamuba (20)
¢ MosbHBIM cooTHomenrneM 16 : 26 = 10 : 1 ¢ pacxo-
nom 1.8 n/(kr,, -4) mpu 220°C. Komsepcus 1-rexcu-
namuHa — 100%. Cenexrusrnocts — 98%. Byixon uso-
npormi-1-rekcumamnaa — 98%. Macc-ciektp (DY,
70 5B), m/z (1, %): 144.0 (17) [M*™1], 143.1 (23) [M],
72.0 (100), 44.2 (35), 30.3 (60).
HN3onponui-1-oktuinamun (36). Ha xarammzarop
NiO/Ale3 MOJIABAITUCH BOJIOPO/I € pacxoioM 1 JI/9 1 cMech
npornaHona-2 (10) u 1-oxkTunamuHa (2B) ¢ MOJIBHBIM CO-
ornommenuem 16 : 28 =10 : 1 ¢ pacxonom 1.8 1i/(xr, 1)
mpu 180°C. Kousepcuss 1-oxktminamuHa — 99%.
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CenexruBHocth — 97%. Bpixox nzonponui-1-oxruiia-
muHa — 96%. Macc-cniextp (DY, 70 5B), m/z (I, %):
172.2 (5) [M*1], 171.1 (16) [M], 113.2 (100), 55.2 (6),
44.1 (26).

1-byrunnunepuaun  (3B). a) Ha xarammzarop
CuONiO/Ale3 MOJJaBAJIUCh BOJIOPOJ € pacxoioM 1 n/u
u cMech Oyranona-1 (1B) u nunepuanHa (2€) ¢ MOJb-
HBIM cooTHomenneMm 1B : 2e = 2.5 : 1 ¢ pacxogom
1.8 s/(kr,, 1) pu 200°C. Konsepceus murnepuanna —
99%. CenexruBHOCTE — 98%. BrIxon 1-Oytunmumepu-
nuna — 97%. Macc-cniextp (3Y, 70 3B), m/z (I, %):
141.9 (6) [M'1], 140.7 (2) [M], 139.9 (5), 98.9 (6),
98 (100), 70 (10), 42.1 (7).

6) Ha xaramusatop Ni%AlLO, mnoxaBamucs Bo-
nopoa ¢ pacxogoM 1 si/u m cmech Oyranona-1 (1B)
U nunepuauHa (2€) ¢ MOIBHBIM COOTHOIICHHUEM
1B :2e=2.5:1 c pacxonom 1.8 /(kr,, ~9) npu 200°C.
KonBepcus mumnepuguna — 99%. CenekTuBHOCT —
92.4%. Beixop 1-Oytuwimunepuanaa — 91.5%.

B) Ha karanusarop NiO/A1203 MTOJIAaBAJTUCH BOJIOPOJT
¢ pacxozoMm 3 11/4 u cMech Oyranona-1 (1B) u nunepuau-
Ha (2e) ¢ MOJBHBIM coOTHOIIeHHEM 1B : 2e =4 : 1 ¢ pac-
xonom 1.8 n/(kr,, u) mpu 240°C. Komsepcus mmre-
pumHa — 45.5%. CenexruBaocth — 100%. Bwixon
1-6ytunmunepuauaa — 45.5%.

1-MlenTunnunepuaun  (3r). Ha  karammszarop
Cu'Ni%Al,0; mnoxaBanMch BOXOPOL C  PAaCcXofOM
3 n/94 m cmech neHtaHona-1 (Ir) u nunepuauHa (2e)
¢ MOJBHBIM cooTHomerneM 1Ir : 2e = 3 : 1 ¢ pacxogom
1.8 n/(kr,,.-4) npu 200°C. Konsepcusi mumepuavHa —
98.5%. CenexruBHocTh — 100%. BeIxon 1-nenTunnunepu-
nuna — 98.5%. Macc-cniextp (9Y, 70 9B), m/z (I ., %0):
159.1 (2) [M*2], 158.0 (32) [M'1], 156.1 (6) [M],
126.0 (5), 100.0 (100), 98.3 (5), 70.1 (12), 56.1 (2).

1-Ilentuamopdonaun (3x). a) Ha xarammsarop
Cu“Ni%NaX nomasanuch Bomopox ¢ pacxomom 1 n/u
u cMmech nenranoia-1 (1r) u mopdonuna (21) ¢ MOJb-
HbIM cooTHomenneMm 1Ir : 2m = 1 : 1 ¢ pacxogom
3.6 n/(kr, 1) mpu 240°C. Konsepcus mopdomna —
85%. CenextuBHOCT — 97%. Boixon 1-nentunmopdonu-
Ha — 82.5%. Macc-cniextp (Y, 70 9B), m/z (I, %):
158.1 (28) [M*1], 100.1 (100), 99.2 (7), 70.1 (12).

6) Ha xarammsarop Cu’Ni®%MgO (1 : 1) monasa-
JMCh BOAOPOZ C pacxomoM 1 II/9 W cMech TEHTaHO-
na-1 (1r) u mopdonuHa (21) ¢ MOJIBHBIM COOTHOLIIEHUEM
Ir:2p =3 : 1 ¢ pacxogom 1.8 si/(kr,, 1) mpu 160°C.
Konsepcus mophomma — 99.5%. CenekruBHOCTS — 93%.
Brixoz 1-nentunmopdonuna — 92.5%.

B) Ha xaranusarop NiO/A1203 MOJIaBAJIUCH BOJOPOJ
¢ pacxonoM 1 11/4 u cmech ieHTanona-1 (1r) u mopdoinu-
Ha (21) ¢ MOJIbHBIM cooTHOIIeHHeM Ir: 2x=15: 1 ¢ pac-
xonom 1.8 n/(kr,, -4) npu 180°C. Komsepcust mop-
¢ommHa — 50.3%. CenexruBHocth —  98%. Brixon
1-neatunmopdonuna — 49.3%.

r) Ha xarammsarop Cu’/MgO nozmasanuch BoIopon
¢ pacxonoM 1 /4 u cMech nieHranomna-1 (1r) u mopdoiu-
Ha (21) ¢ MOJIBHBIM cooTHOIIeHHeM Ir: 2x =15 : 1 ¢ pac-
xonom 1.8 n/(kr,, -4) npu 220°C. Komsepcus mop-
omra —  25%. CenekruBHOocTh —  98%. BbIX0g
I-nenTunmopdonuna — 24.5%.

[omyuenune coemunennii N-otunanuuH (3e), N-1-Oytun-
anwmH (3:k), N-1-neatunaamivH (33) OCyIIECTBISUIOCH
AQHAJIOTUYHO OMTMCAaHHOMY B pabote [18].

N-Bensun-1-rekcnnamun (3u). Ha karamuzarop
Ni%NaX mnomaBanuce Bonopon ¢ pacxomgom 0.3 1/u
u cMmech OensunoBoro crupra (1p) u 1-rexcunamu-
Ha (20) ¢ MonbHBIM cooTHOIIeHHeM 11 :26=1: 1 ¢ pac-
xonom 3.6 n/(kr,, 1) npu 240°C. Komsepcus 1-rek-
cunamua — 98%. CenektuBHoctb — 70%. Brixon
N-6en3un-1-rexcunamuna — 68.6%, macc-ciextp (DY,
705B), m/z (1, %0): 193.0 (4) [M*2],192.0 (32) [M*1],
190.1 (4), 119.8 (65), 106.0 (15), 92.0 (8), 91.1 (100),
65.0 (9), 41.0 (5). Beixon au-1-rekcunamuna (rmo0ou-
HBIHA TIpoayKT) — 24.2%, macc-cuextp (Y, 70 aB), m/z
(L 20): 187.0 (12) [M*2],186.1 (100) [M*1], 184.3 (2),
114.2 (34), 44.0 (84), 41.0 (7). Beixon N-rekcui-1-
OeH3mmMuHa (TMOOOYHBIA TpomykT) — 5.3%, Mmacc-
cnexrp (BY, 70 aB), m/z (I ., %): 191.0 (5) [M*2],
190.1 (31) [M*1],189.0 (2) [M*], 174.0 (7), 160.0 (100),
146.1 (10), 131.9 (34), 118.0 (54), 104.0 (23), 91.1 (78),
77.1 (11), 65.0 (11), 41.0 (13.5).

N-Bben3ua-1-oktunamun  (3x). Ha  xaranu-
3aTop Ni%NaX momaBanch BOJIOPOJT C pacxo-
moMm 0.3 n/u m cmech OensmioBoro cmupra (1)
u l-oxtunamuHa (2B) C MOJBHBIM COOTHOIICHH-
em 1x : 2B = 1.1 : 1 ¢ pacxomom 1.8 s/(kr,, ‘1)
npu 220°C. Kouepcus 1-oxtunamumna — 98.5%.
CenexktuBHocTh — 53.3%. N-bBensun-1-oxrunamuH,
BBIXOZ 52.5%, macc-cuextp (DY, 70 3B), m/z (I ., %0):
220.1 (51) [M*2], 218.2 (5) [M], 128.0 (8), 121.0 (7),
119.9 (80), 106.0 (13.6), 92.0 (7.4), 91.1 (100),
65.0 (8), 41.0 (7). bensuin-1-okTuaUMUH (MMOOOYHBII
NPOAYKT), BeIXo 6.3%, macc-criextp (DY, 70 3B), m/z
(L %0): 218.1 (97) [M*2],216.2 (7) [M], 174.1 (19),
160.0 (100), 132.1 (26), 118.2 (41), 91.1 (45),
77.2 (5), 65 (7), 51.0 (6), 41.0 (14). du-1-oxTrnamMux
(moGounslit mpoaykt), Bbixon 40.2%, Macc-CHEKTp
(3Y, 70 9B), m/z (I, %): 243.3 (16) M*2],
242.3 (100) [M*1], 142.2 (9.4), 44.0 (44).

N-1-Tekcna-1-oktuanamun  (3a1). Ha xaranu-
3aTop NiO/MgO MOJIaBaJIUCh BOJOPOJ C PACXOIOM
3 1/9 u cmech okraHona-1 (le) u 1-rekcmnamuHa (20)
C MOJBHBIM cooTHouieHueM le : 20 =2 : 1 ¢ pacxonom
1.8 n/(xr,,-4) mpu 220°C. Konsepcus 1-rexcunamu-
Ha — 99%. CenexrtuBHocth — 98%. Brixon N-1-rekcui-
l-oxktunamuaa — 97%. Macc-cniextp (QY, 70 3B),
miz (I, %): 215.1 (14.5) [M*2], 214.2 (83) [M*1],
212.3 (4), 142.0 (21), 114.0 (31), 44.0 (100).
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1-Oxruianunepuann - (3m). Ha  karamuzarop
CuNi%NaX nomaBanuce Bomopox ¢ pacxomom 4 /4
u cMech okTaHoia-1 (le) u nunepuanHa (2e) ¢ MOJb-
HBIM coOoTHoIleHneM le : 2e = 3 1 ¢ pacxomom
1.8 n/(kr,,, 1) npu 180°C. Koneepcus mmnepummna —
93.7%. CenextuBHoctse — 100%. Bwixon 1-oxt-1-mn-
nunepuanHa — 93.7%. Macc-cniektp (3Y, 70 3B), m/z
Ly %0): 199.1 (4) [M*2], 198.2 (25) [M*1], 196.2 (8),
98.2 (100), 70.2 (8).

1-OxTua-1-azanukiorentan (3u). Ha karamusza-
TOp NiO/Ale3 MOJIABAITUCH BOJOPOJ C PacXojoM 2 Ji/4
u cMech okraHoja-1 (le) W rexcameTwieHUMUHA (2K)
C MOJIbHBIM cOoOTHOIIeHHEM le : 2:k = 3 : | ¢ pacxongom
1.8 n/(kr,,,9) npu 240°C. Konsepcus rekcaMeTHIIEH-
nmuHa — 97%. CenextuBHocTh — 100%. Beixon 1-okTuHiI-
1-azanukmnorentana — 97%. Macc-criektp (Y, 70 3B),
m/z (I, %): 211.0 (10) [M], 99 (7), 98.1 (100).

TH’

3AKJIIOMEHUE

HccnenoBanusi MOATBEPAMIM, YTO NPUMEHEHHE reTe-
POTEHHBIX KaTaJM3aTOPOB, COJCPKAIIUX TOIyYCHHBIC
XIMHUYECKAM BOCCTAaHOBICHHEM HAHOYACTHIIEI HUKEIS
(MM HUKeNs U MK ), HAHECEHHBIE Ha Pa3IUuHbIe HOCH-
tenu (neonut NaX, oxenn maraus MgO, y-Al,O;) B pe-
AKISIX aKMIINPOBAHUS aMHHOB CIIMPTAaMH B MHTEpBa-
ne temmeparyp 160-240°C u arMochepHOM JIaBICHUN
MIPOSIBIIIIOT  BBICOKYHO KaTalUTHYECKYH) aKTHBHOCTH
1 TTO3BOJISTIOT TTOTYYaTh IIETICBBIC POIYKTHI C BBIXOAAMHU
10 99% u cenextuBHOCTHIO 53—100% B HEmpepbIBHOM
peXrMe MPOBEJICHUS MTpoIiecca.

BbnarogapHocTtn

HccnenoBanue BBIMOTHEHO TpU  (pUHAHCOBOM TOA-
nepykke MUHHCTEpCTBA HayKH U BBICIIETO 0Opa30BaHMUs
Poccuiickoii ®enepanuu (mpoext Ne FZUS-2023-0007
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Hesn. VI3yunTh BO3MOKHOCTb IOTy4YEHHS BBICOKOA(D(HEKTHBHOTO KOOAIBTOBOTO KaTajau3aropa uisi cuHTe3a duinepa—Tporia npu Hu3-
KOTEMIepaTypHOI aKTHBAIIMU BOCCTAHOBIEHHEM B BOJOPOJIE HETMOCPEACTBEHHO B PEAKTOPE CHHTE3a C LIENbIO MOBBIMIEHNS 001eil 9Ko-
HOMMYECKOH MPHBIEKaTEIbHOCTH MpoIiecca.

MeToapl. BoccTaHoBIeHHE HEOIUTCOACPIKALLETO KaTaIu3aTopa ¢ TeIUIONPOBOSIIEH ccTeMO Ha 6a3e TepMopaciinpeHHoro rpadura
B COCTABE HOCHUTEJISI C AJIIOMOOKCHAHBIM CBS3YIOLIMM M3yueHo /yisi Auanaszona temneparyp 300-400°C. MeTonom TepMOporpaMMupo-
BaHHOT'O BOCCTAHOBJICHHUS, IIPOBOIMMOTIO 110CJIC BOCCTAHOBIICHHS IIPH M3y4aeMOi TeMIieparype, Oonpeaesiiach CTeIeHb BOCCTaHOBIIE-
HHSI TTOPOILIKOOOpa3Horo (st cHATHs U Py3HOHHBIX OrpaHMYeHHI) KaTanu3aTopa. B pabore ucrnonb3oBansl mpudopsl Autosorb-1C
u STA 449 F1 (Netzsch, T'epmanust). HalinieHHbll pe)kuM aKTHBAaLlMKM HCIIBITAH HA OIBITHOW ycTaHOBKe cuHTe3a Puiepa—Tpomia
B 000 «MMH®PA» (Mocksa, Poccus).

PesynbTarsl. [IpeacraBieHbl onpeaeeHHbIC H3 XPOMATOrpa@UyecKoro aHain3a MPOIyKTOB 3HAYCHUSI aKTUBHOCTH M CEJICKTHBHOCTH
B cuHTe3e Dumepa—Tpormiia BocctaHoBieHHOTo mpu 325°C karanusaropa. [lokazano, uto Hu3koTemneparypHoe (325°C) BoccTaHOB-
JeHre 00eCIeunBacT JIy4line KaTaTUTHICCKUE TTApaMEeTPhI 32 CYET Peai3aiii OOJbIIEro KOJHMYeCTBA 3aKPEIUICHHBIX HA THAPATHPO-
BAHHOI! TIOBEPXHOCTH HOCHTEIS BHICOKOHCIIEPCHBIX KOOATBT-OKCHHBIX CTPYKTYP, 00YCIABIHBAIONMX BOBHUKHOBEHHE HieHTpoB Co®"
C TIOBBINIEHHON aKTHBHOCTBIO M CENICKTHBHOCTBIO 00pa30BaHus yrieBonoponos Cs,.

BeiBoabl. [l ncciieoBaHHOU KaTaaUTUYECKOH CHCTEMbI IOKAa3aHa BOSMOXKHOCTD U JKEJIATEIbHOCTh BOCCTAHOBUTEIBHON aKTUBALIUU
B Bogopoze npu 325°C Bmecro crangapTHeIX 400°C. DTO CylEeCTBEHHO MOBBIIIAECT YKOHOMUYECKYIO MPHUBIECKATEIBHOCTD IIpoliecca
B I[EJIOM, OCOOCHHO TSI MAJIOTOHHAYKHBIX YCTaHOBOK M B CBSI3U CO CHIDKCHHEM TPeOOBaHMIT K TEPMOYCTOHYMBOCTH MaTepuasa CTalb-
HOTO peaKkTopa.
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Abstract

Objectives. The work set out to investigate the potential for developing an efficient cobalt catalyst for Fischer—Tropsch synthesis through
low-temperature activation by reduction in hydrogen directly in the synthesis reactor. Such an approach could be used to enhance the
overall economic viability of the process.

Methods. The reduction of a zeolite-containing catalyst with a heat-conducting system based on thermally expanded graphite in an
aluminum oxide binder carrier was investigated within the temperature range of 300—400°C. The degree of reduction of the powdered
catalyst (to remove diffusion restrictions) was determined by conducting temperature-programmed reduction subsequent to the reduction
at the studied temperature. Autosorb-1C and STA 449 F1 (Netzsch, Germany) devices were used in this work. The identified activation
mode was evaluated at a Fischer—Tropsch synthesis pilot plant at /NFFRA (Moscow, Russia).

Results. Activity and selectivity values of the catalyst reduced at 325°C are determined from chromatographic analysis of the products.
Low-temperature (325°C) reduction is shown to provide better catalytic parameters due to the implementation of a larger number
of highly dispersed cobalt-oxide structures fixed on the hydrated surface of the support, resulting in the appearance of Co%" centers with
increased activity and selectivity for the formation of C, hydrocarbons.

Conclusions. The described catalytic system demonstrates the potential advantages in carrying out reductive activation in hydrogen
at 325°C as opposed to the conventional 400°C. This approach markedly enhances the economic viability of the entire process,
particularly for small-scale installations, due to the reduced thermal stability of the steel material reactor.
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B 3aBucuMocCTH OT TPUPOIBI M KOHIICHTPAIINH AKTHUB-
HOTO METaJlJIa ¥ BUJ1a HOCUTEIISI BAPBUPYIOTCS TeMIIepa-

BBEAEHUE

B mHactosimee Bpemsl 3a JECSTUNETHsS HCCIEAOBaHUI
1 TPOMBILUIEHHOW SKCIUTyaTallud KaTajlu3aTopoB s
cunre3a @umepa—Tpomnma (COT) HagekHO ycTaHOBIIE-
HO, YTO UX ITOTPEOUTEILCKUE CBOWCTBA 3aBUCAT OT MHO-
kKecTBa (haKTOPOB, BKITFOUAIOIINX XUMHUUYSCKUN U (a3o-
BbIf cocTaB cucTeM (B TOM YHCJIE M PEealn3yIOILyOCs
MOPUCTYIO CTPYKTYPY) U yCIOBUS ()OPMUPOBAHUS, AKTH-
BallMM U HKCILIyaTallliy B IIpoLEcce.

Kpurryeckn BaxkHOM 1151 3)(HEKTUBHOTO M SKOHOMH-
YECKH [IPUBIIEKATEIBEHOTO IOy YeHHS YIIICBOJOPOIOB Pa3-
JIMYHOT'O HA3HAYEHUS SIBISIETCS IPOLEypa BOCCTAHOBIIE-
HUsl, ICTOPUYECKU TPOBOJMBLIAsICA MO0 Ha OTAEIBHOMN
ammaparype ¢ MocJeAyIomIe 3arpy3Koil padoueii cucre-
MBI B PEaKTOp CHHTE3a, TNO0 HEMIOCPEICTBEHHO B PEaKTO-
pe COT ¢ uHnMBULyaIbHBIM OI0OPOM YCIOBHH.

Typa (250-500°C) n Bpemst BOCCTaHOBICHUS, 00bEMHAs
Y TMHEWHAas: CKOPOCTH Ta3a M €ro cocTaBs (0T YMCTOTO BO-
JI0pojia 110 €ro cMecel ¢ uHeptHbiM rasom, CO,, a Tak-
)K€ aKTUBAIU HEMOCPEACTBEHHO B cuHTe3-rasze) [1-11].
OdeBUAHO, YTO AKTHBAIMS B CHHTE3-Ta3e MOXKET TIO-
TEHIIMAJIbHO CHIKATH (B CIlydae IOCTATOYHO BBICOKOU
KaTaJUTUYICCKOM aKTMBHOCTH) 3aTpaThl Ha IPOILECC
COT. Kak ormeuaercs B pabore [12], BoccTaHOBIIC-
HHUE CHHTE3-Ta30M CIIOCOOCTBYeT OOpa3oBaHHIO Kap-
ounos kobanera (Co C, x = 2, 3), KOTOPBIE YIy4YLIAOT
AKTHBHOCTbH, MPEBPAIIasCh MPH HOPMAIBHBIX yCIOBHU-
SIX JKCIUTyaTallnd W3 KapOUIOB B METaJUTMYCCKHU KO-
0anbT C reKCaroHaJabHOH IIOTHOYMAaKOBaHHOHM (a3oit
kpuctaya (aHr1. — hexagonal close-packed (hep)
crystal phase) nnm, B MHBIX Cily4dasx, HeakTuBHbIA Co C
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MccnepoBaHne BO3MOXHOCTM ONTUMM3aLIMN TEMNEPaTypHOro pexnma

BOCCTaHOBJIEHMS KaTaiM3aTopoB cuHTesa duiepa—-Tpornwa

W.I". CONOMOHUK,
B.3. Mopaxkosuy, A.C. T'opLukoB

OJIOKUpYET aKTUBHBIC IIEHTPBI METAJlIa, TIPUBOJIS K Jie-
3aKTHBAIlMM Karanm3atopa. HaOmromaBmeecs yiyd-
IIEHHE AaKTUBHOCTH B 3HAYUTEIBHOW Mepe CBSI3aHO
C YBEJIMUYEHUEM KOJMYECTBA pabOTaONIUX LIEHTPOB KO-
0anmpTa BCIIEICTBUE BBICOKOH TUCIIEPCHOCTH METajlia,
HO KoHBepcus CO U CeneKTUBHOCTH 10 00pa30BaHMIO
Cs, ocTaroTes CyneCTBEHHO HUKE, YEM B IPUCYTCTBHH
KaTaJi3aropa, BOCCTAHOBIEHHOTO B YHCTOM BOZOPOIIE.
Kak waiineno jis mogensHoro xaramusaropa Co/SiO,
C OTHOCHTEIIBHO CJIa0bIM B3aUMOJICHICTBHEM MeTall-
na u Hocutens [13], cTpyKkTypHBIE mapaMeTphbl paHee
BOCCTaHOBJICHHOTO B BOJOpOJie KoOaIbTa MPaKTHYEeCKU
HE MEHSIOTCS 32 CYeT arperupoBanust Bijioth 10 S00°C.
[Ipu stom mpucyrctBue CO B BOCCTaHaBIMBAIOIIEM
ra3e NpuBOJUT K 00pa30BaHMIO HA OBEPXHOCTH METAJI-
na (mpu 300-500°C) ymiepoaconepkaniux MpoayKTOB
VIUTOTHEHHUSI, YMECHBIIAIONTNX TOCTYITHOCTh PEaKTaHTOB
JUTSL KaTaju3a.

BricOKONIPOU3BOUTENBHBIE — KAaTalU3aTOPbl  JJIS
COT ¢ TerionpoBOASIIUMH JIOOaBKaMH B BHUJC 4Ye-
myidyaroro ajgroMuHus [14], ymiepogHoro BOJIOKHA
WM TepMopacimperHoro rpagura [15—17] moryrt cy-
IIECTBEHHO OTIHUYATHCS JAPYT OT Apyra IO YCIOBUSIM
aKTHUBAaLlMU, KOTOPbIE ClieflyeT pa3padaThiBaTh I KOH-
KPETHBIX CUCTEM.

CunbHOE B3aUMOJICHCTBIE KaTAINTHICCKH aKTHBHO-
ro MeTajula M ero MpeKypcopoB ¢ HOCUTEISIMU Pa3iiny-
HOH TpUpOABI 001a71aeT psaoM 3G PEKTOB, B YaACTHOCTH,
00YCIJIOBJICHHBIX HaJMYUEM HE0OXOIUMOro Jis GpopMu-
POBaHUS T'PaHyJl OKCUIHO-aJIIOMMHUEBOTO CBA3YIOIIETO
(6emuTa W TceBnOOEMHTA) C OTIMYAIOIIUMUCS B CHITY
XIUMHYECKOH CTPYKTYPHI U M3-3a pEaln3aIlii BEIIECTB
pa3IMYHBIMU MPOU3BOAUTENAMHU CBOWcTBamMH. Kak mo-
Ka3aHO Ha MPUMEpPE BOCCTAHOBJICHHUS KaTajlH3aTOpPOB
C TEIUTIOTIPOBOASAIICH CETHI0 M3 METATHYECKOTO allfo-
MuHUsS [18], OMHOBPEMEHHO MPOUCXOIUT BOCCTAHOB-
JICHHE BOJIOPOJIOM OKCHJIOB KOOaibTa ¢ BO3HHUKHOBE-
HHEM METaJUTMUECKOTO KOOaJIbTa W HEYTOPSTOUYCHHBIX
Je(EeKTHBIX HECTEXHOMETPUUYECKUX OKCHAOB KOOasbTa;
yIajieHue U3 MOPUCTOM CHUCTEMBbI PEAKIIMOHHOW BOABI;
OKFHICJIEHUE BOJIOH pa3HOTO TeHE3NCa y’Ke BOCCTAaHOBJICH-
HOTrO KoOanbsra M oOpa3oBaHHE OEMHTA W3 AIIOMHHUS,
a TaKKe 3aBUCSIIUE OT TEeMIepaTyp U YCIOBUH €ro mo-
CIIETYIONINE TPAaHC(OPMAIINHU C TIONTyUYCHHEM B Pa3iiy-
HBIX COOTHOLICHHAX NPOTOLIMHUHEIbHBIX U ILMUHENb-
HBIX KOOAJIBTCOJePKAIIUX CTPYKTYP.

Crenyer OTMETHTB, YTO B 3aBHCHMOCTH OT TeMIIepa-
TYpBI BOCCTAHOBIIEHHSI M TEPMOOOPAOOTOK pean3yoTcs
HE TOJBKO Pa3lM4Hasi JAUCIEPCHOCTb M30BITOYHBIX OT-
HOCHTETIFHO B3aMMOJCHUCTBHS KPHCTAILIUTOB KOOAJIbTa
Ha COOTBETCTBYIOIIEM HOCHUTEJIE, HO M Pa3HbIe KPHCTAI-
norpaduyeckue MoauQHUKaUK cCOOCTBEHHO MeTaJlTnie-
cKoro koOaibTa. B MacCHBHBIX KPUCTAIUIUTAX KOOAIb-
Ta MpH HU3KUX Temreparypax (1o 25°C) mpeBaiupyer

hep daza. lo 500°C oHa cocyIiecTByeT ¢ KyOHM4ecKoi
rpaHerieHTprupoBanHoi (aHn1. — face centered cubic,
fcc) dasoit, xoTopas crabuIU3UpyeTcs MPU CPEAHUX
temmeparypax nopsaaka 200°C. Bemme 500°C hep daza
OTISITh CTAaHOBHUTCS JNoMmuHHpyomen [19]. Onnako st
PeaATU3YIOMINXCST HAHOYACTHIl KOOAIbTa B KaTaln3aTo-
pax Ha CTPYKTYpy M KpHCTAJUIOTpadudeckoe CTPOCHHE
MPOMEXKYTOUHBIX OKcHI0B CoO BIMSIOT Takke W Jie-
(hopMaIOHHbIC HANIPSHKCHUS B KPUCTAIUIMTAX, 3aBHCS-
MHe OT PACIOJOKEHHSI YAaCTHI[ HAa PA3HBIX HOCHTEIAX
U YCIIOBHH TIONYYCHUS, T.€. OT UX AUCICPCHOCTH M XH-
MuH noBepxHoctu [20, 21].

BoccranoBneHne  Karaiam3aTopoB B BOJOPOAE
Ha psfe HOCHUTENeW (Ha OKCHAAaX KPEMHUS, aJTIOMH-
Hust 1 tutana npu 250, 300 u 350°C) [22] nmokazano
3HAYMMOE OTINYHME PEATH3YIOMIMUXCS COCTOSHUI KO-
OasibTa JUIS pa3HBIX Hocurtened. Hampumep, Ha cu-
mukarene ¢aza CoO HabmomaeTcs HpuU TemIiepary-
pax Bbiue 190°C. Ilpu stom, Bmiots g0 380°C 29%
CoO ocraercs B OKCHJIHON (opme, cMenianHas (aza
Co(fce/hep) Bosmmkaer mocie 310°C; pasmep Kpu-
crammtos Col(hcp) cocraBiseT Okono 5 HM M HX
npumepHo 15%, a conepxkanue daszsr Co® (fec) Basoe
OoJjblle, ¥ OHAa JOMUHHUpYIolas. BroTe 10 BoccTa-
HoBiieHUs npu 430°C pasmepbl KPUCTAINIUTOB HE Me-
HSIIOTCSI, 1 OTCYTCTBYET WX crekanue. OTMedaeTcsi, 4To
aktuBupoBaHHas mpu 250°C naHHas cucteMa obiiajaeT
HEOOXOJUMBIMU KaTaJIUTUYECKUMH CBOMCTBAMH, U 3TO
MTO3BOJISIET CYIIECTBEHHO CHU3UTH KaK KamUTalbHBIC,
TaK U dKCIUTyaTalluOHHBIE 3aTPAThl, YTO 0COOCHHO BaXK-
HO /1151 HeOOJIBIINX YCTAHOBOK.

O4eBUIHO, YTO C TEXHOJOTHMYCCKOW TOYKH 3PCHUS
JUId Tpoliecca BOCCTAHOBJICHUS J>KelaTelbHa MHHHU-
MaJbHO HeoOXoanMas TeMIlepaTypa HarpeBa peakTopa,
oOycIToBIMBaroIIas Takyke TpeOOBaHUS K MaTepHAIy €ro
WU3rOTOBJIEHUSA. B 1e70M, BOCCTaHOBIIEHME KaTaJUTH-
YECKOM CUCTEMBI sIBJIAE€TCSA KpUTUYHOHM i Bcero COT
MPOIENYPOH, TpeOyrolield MOHUMaHUs (yHIaMEHTAIb-
HBIX MPOOJIEM M HEOOXOOMMBIX IS HOPMAaJIBHOW JKC-
uryaTanuy ycnosuil. TakuM oOpa3oM, U ¢ MPUKIIaTHOH,
1 C TCOPETHICCKOW TOUKHU 3PCHUSI HHTEPECHO HCCIEO-
BaTh 3Ty MPOOIEMY IUIsI COBPEMEHHOTO IIPOMBIIIICHHO-
ro karanuzaropa COT, Hanpumep, NPONUTOUHOIO Kara-
muzatopa INFRA S2 nHa rpanynmpoBaHHOM HOCHUTEIE
C BBICOKOH TEIUIONPOBOAHOCTHIO, COAEPIKAIIEM TEPMO-
pacmupennstii rpadur (TPI) uny, cuHOHNM, IIEHOTpa-
¢bur [23].

Lenpro JaHHOTO HCCIIEIOBAHUS SIBISUTIOCH OTIPE/eIie-
HHE B 1JaOOPaTOPHBIX YCIOBUSAX 3aBUCHMOCTHU OT TEMIIe-
paTtypsl cTereHn BoccTaHoBieHHs Katanm3aropa COT
C BBICOKOA((PEKTUBHOHN BCIEACTBHE d(PQeKTa MepKoIs-
[IUM TEIUIONPOBO/SIICH CEThIO M UCTIBITAHNE KATaIUTH-
YECKOW CHCTEMBI C HU3KOW TEMIIEPaTypOil BOCCTaHOBIIE-
HUS HA OIBITHOH yCTAaHOBKE.

ToHkne xummyeckme TexHonorum = Fine Chemical Technologies. 2025;20(1):27-36 29
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SKCMNEPUMEHTAJIbHAA YACTb

B pabore uccnenoanbl Hocutenb U 20%-HbI KOOAITb-
TOBBIH KaTaau3aTop (OXHON MapTUH BBITyCcKa) S2 HA ero
ocHOBe, npurotoBieHHbie B OO0 « MHDPA» (Poccus).
HcxomupIiMu MaTepraiaMy JJIsl SKCTPY3UU U IIPH MOTy1e-
HUM KaTanu3aropa seisiauck 6emut DISPERAL P2 (ipo-
u3BonctBa SaSol, T'epmanus); neonur HP Zeolyst™
CP 814C (Zeolyst, CIIA); rpaduT TepMOpacuIMpeHHbII
mapku TPI-50/4 (HIIO «YHUXUMTEK», Poccus);
Co(NO,),6H,0 (I'OCT 4228-78!, mapku oc.4. WM
y.1.a. «0e3 nukens», HII® «Banmuiickas manygpaxmy-
pa», Poccust). PacTBOpBI MOTy4eHbI HA OCHOBE JTUCTHJI-
JINPOBAaHHOM BOJIBI.

Lunueapuyeckue TPaHYIbl HOCHTEIS HCXOIHO-
ro maccoBoro coctaBa (50% DisperalP2 + 30% ne-
omut HP ¢ momymem 38 + 20% TPI') u pasmepom
1.5 x (2—4) MM mOXy4YeHBI SKCTPy3UEH, a 3aTeM Npo-
MUTaHbl PacTBOPOM HUTpara KoOalbTa W TpoKaje-
HBI B COOTBETCTBHHU C CYIICCTBYIOUINM PETIAMEHTOM
Ha Karanutuyeckoil ¢adbpuxe OO0 «HMHDPA». ns
HaxOXJICHUS KOPPEKTHBIX JaHHBIX TIPHU OMpenene-
HUW CTCIICHH BOCCTAHOBICHHS (0e3 OCIOKHSIOIIE-
ro BIUAHUA JAUQPPY3UOHHBIX (HAKTOPOB) T'PAHYIIbI
MOJIBEPraJIiCh MEXaHUYECKOMY pa3Mojy B araroBOi
CTYIIKe; TPU HCCIEIOBAHUHM HCIOIB30BaHa (HPaKIUsL
nopomka 0.2-0.4 mm. Enunas npoba mopomika, na-
Jiee UCMOoNIb3yeMasi BO BCEX MOCJIEAYIONIUX JKCIepHU-
MEHTax, OblIa TepMoBakyymupoBana (350°C, 3 u,
1073 mm. pr. cT.) B k1oBeTe Ha npubope Autosorb-1C
(Quantachrome Instruments, CIIA). Wcxonnslii mo-
POIIKOOOPa3HbBIN KaTamu3aTop S2 MPH 3TOM IMOTEPSIT
9.67% cBoeli Macchbl, YTO COOTBETCTBYET COJEPIKAHUIO
~17 mac. % kobaybTa B M3y4aeMoM 00pasiie U CXOIUT-
s C BEIMYMHOM HAMIGHHOTO CIIEKTPO(POTOMETPHUIECKU
18 mac. % xoOanbpra mpH pacyeTHOW KOHLEHTpaluu
CHHTE3MPOBAHHOTO Ha CBEKEMPOKAJIEHHOM HOCHUTEJE
20%-HOTO KOOATBTOBOTO KaTagu3aTopa. DTH HUQPPHI
o0bscHAIOTCS cinenytomum obpaszom: 100 r pacuer-
HOTO Karanu3aTropa, copepxaniero 20% xobanbra (1o
MPUTOTOBIEHNI0) BKI04aeT 80 T CyXoro HOCHUTENS
u 20 r Co merammuueckoro. Ilocne pasiioxeHus HU-
tpara j0 Co;0, o1u cyxue pacuerHbie 100 r 10mKHBI
BecUTh peasibHo 107.24 T (¢ yueToM Beca OKCHaa KO-
6anpra 27.24 r BMecto 20 r Co”). PeanbHplii BlakHbIi
Karanuzarop norepst 9.67% cBoeill macchl, T.e. Kax-
neie 100 r uzygaemoro oopasma cogepxkar 90.33 r une-
ATM3UPOBAHHOTO CYXOTO KaTalln3atopa ¢ KoOaIbToM
B okcuiHon popme Co;0,. B atux 90.33 r conepxurcs

16.85 r Co MeTammu4eckoro (MCXOAsl U3 MPOMOPIUH
20 r Co na 107.24 r cyxoro xarainusaropa Mo IpHUro-
TOBJIEHHIO). BMecTe ¢ Tem, Bec oOpasna ¢ 16.85 r xo-
Oanpra M3HaYanbHO cocTaBisul 100 1, cliemoBaTeabHO,
KOHIICHTPALNsI METAITHYECKOTO KoOaIhTa B MCCIEay-
eMOM HucxogHoM Karanuzarope 16.85%. Takum oOpa-
30M, peaJibHasi KOHIIEHTpaIusi KoOajbTa B 3arpyxkae-
MBIX B peakTop rpasynax cocrasiser 17-18 mac. %.

ITopomok Kkatanuzaropa aKTUBUPOBAJICS HEIO-
cpeactBeHHO B U-00pa3HoN MPOTOYHOH siuelke mpu-
0opa B YCIOBHSAX KaTaJUTHYECKOTO SKCIECPUMEHTA
(T.e. mpu Temneparype 300-400°C u cOOTBETCTBYIO-
nieM BpeMeHH). BoccraHoBieHHWE TPOBOIWIM BOJIO-
pomom Mapku b 6.0 (oc.u., TY 2118-06-18136415-06,
Mockosckuil eazonepepabamuiearowuii 3a600, Poccusi)
C MOCHEeAyIOIIed 4acTMYHON OTIYBKOM B TEIUU Map-
ku «A» (TY 0271-135-31323949-2005, Mocrosckui
2azonepepabamuvleaiowuii 34600, Poccust) ot copoOupo-
BaHHOM pEaKIMOHHOM BOJBI U OCTATOYHOI'O BOAOPOJA.
[Tocne mepBUYHOTO BOCCTAHOBIICHHS 00pa3ell B KIOBe-
Te MpH BaKyyMHUpoBaHuM oxjaxjaics a0 40°C. B stoit
Ke sdeiike, 0e3 KOHTaKTa ¢ BO3yXOM, IPOBOJMIIN BOC-
CTaHOBIICHHE KaTajm3aropa IMpH OOBEMHOM pacxoje
cyxoro Bozmopoza (30-60) - 103 4! 1o Temmeparypsi
980°C Ha Autosorb-1C ¢ ¢uxcanueil KpuUBBIX TepMO-
MIPOTPaMMHUPOBAHHOTO BOCCTAHOBIICHHS ITOCIIE TIPEIBa-
putensHoro Boccranoienus (TTIB-11B) npu 3aganHoit
TeMIepaType aKTUBalluH.

OTMeTHM, Y9TO UISl TOPOIITKOOOPAa3HOTO KaTaln3aTo-
pa (B omM4He OT IpaHyJIHPOBAHHOIO B pEaKTope) 00e-
CIICUMBACTCSA MAaKCHMAJIbHO BO3MOKHBIN YPOBCHL BOC-
CTAHOBJICHUS TIPU JAHHBIX YCIOBUAX, HE OCIOKHEHHBIX
nuddysue.

C uenpio ¢uKcanmu UMEHHO MOTpeOIeHUsT BOJOPO-
Ja, PErHCTpaIlyisi CHUTHAIA KaTapoMeTpa OCYIIECCTBII-
Jach JJIS OCYLIEHHOTO I'a30BOTO MOTOKA, MPOLIEIIEro
MOCIIe peakiuy Yepe3 Hu3KoTeMIeparypHyo (ot —95 o
—80°C) perenepupyeMyio ICOTUTHYIO JIOBYIIKY. Bec
00pasnoB (UKCHPOBAICS IO M IOCIE IKCIICPUMEHTA.
OkcnepuMeHTanbHble qaHHsle TIIB-IIB  o6paboranbl
B nporpamme Origin Pro8? ¢ Beruuranuem 0a30Boit Jin-
HuM. KolnnyecTBeHHO CTeneHb BOCCTaHOBICHHS OTpeie-
JSIACh U3 COOTHOMICHUS TUIONIAIe CyMMapHBIX (dek-
ToB B nuamazoHe 50-980°C karamuzaropa S2 (mojHOE
BOCCTAHOBJICHUE) U TIOCJE €ro MpeiBapUTEeIbHOTO BOC-
CTaHOBJICHUS B 3aTaHHBIX PEKHUMax.

Jns  wmcchenoBaHMs CHCTEM TaKKE HCIONB30-
BaH NPUOOpP KOMIUICKCHOTO TEPMHYECCKOTO aHallnu3a
STA 449 F1 (Netzsch, I'epmanus).

I'OCT 4228-78. MexrocynapctBenHblid crannapt. Peaktusbl. Harpust rugpookucs. Texuudeckue ycnous. M.: UK W3znarenscTBo cTan-

naptoB; 1978. [GOST 4228-78. Interstate Standard. Reagents. Sodium hydroxide. Specifications. Moscow: IPK Izdatelstvo standartov;

1978 (in Russ.).]

2 nhttps://www.originlab.com/. [lata o6pamenms 23.12.2024. / Accessed December 23, 2024.
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Karanuzatop, akTUBUpPOBaHHBIA IpU TeMIlEpaType
325°C B Teyenue 6 4 ¢ 00beMHBIM pacxogom 3000 gl
Bosloposia B peakrope 0.5 mioiima (12 cm? rpamymu-
pPOBaHHOIO Karajnu3atopa S2, HAChIIHAsg IUIOTHOCTb
0.658 T/cM?), GBI HCTIEITAH B YKCTIEPHMEHTAIBHOM ycTa-
HOBKE I10 OIICaHHOM paHee Metonuke [24]. [TonyueHHble
MPU TECTUPOBAHUM JIAHHBIC COIOCTABICHBI C PE3YJib-
TataMu TpH CTaHAapTHOM pexume aktuBaruu (400°C,
3000 4! H,, 1 1). Cocras cunTe3-rasa u ra3000pasHbIX,
a TaKXKe JKUJKUX MPOAYKTOB aHATM3UPOBAIIM HA XpOMa-
torpade Kpucrami-Jlroke 4000M (Mema-xpom, Poccus).

PE3YJIbTATbl U UX OBCYXAEHUE

Ha puc. 1 mpencraenena cBojka AaHHBIX IO CTETIEHSAM
BOCCTAHOBJICHUS KaTaJIM3aTOPOB IPH Pa3TUYAIOLTIXCS
TeMIepaTypax U BpeMeHH NnpenoOpadoTKH.

KoHTpoibs BOCIPOM3BOAMMOCTH PE3yJbTAaTOB IS
psijia SKCIIEPUMEHTAIBHBIX TOUEK C Pa3HBIMU HaBECKaMHU
oOpasia (rucxomHOro odpasna Karaim3aropa S2 ¢ Hylle-
BOH CTENEeHbI0 BOCCTAHOBJICHUS U BOCCTAHOBJIEHHBIX
no 1 ¥ mpu 350 u 400°C), a Taxxe npu 06paboTKe Kpu-
BbIX TIIB-IIB ¢ n3meHeHneM mapaMeTpoB HYJIEBOW JIH-
HUM TI0Ka3all, 4YTO PacXOXKJIEHUE OT CPEIHEro COCTaBIIs-
70 He 6onee 5%.

[ToTreHnmanbHO BO3MOXKHAS U AaHHOTO METO/a
HE3Ha4YMTeIbHAs HEOIPENeJIeHHOCTh M3MEPEHHbIX Be-
JUYMH CTETIEHU BOCCTAHOBIEHUS (B CBsI3U ¢ TOTpedie-
HUEM BOJIOpOJia MPHU B3aMMOJCUCTBHU CO CBOOOIHOM
MOBEPXHOCTBIO TEPMOPACIIUPEHHOTO TpaduTa B cocra-
B€ KaTallu3aTOPOB) HE SBISIETCS KPUTHYHOM, T.K. COTIO-
CTaBIIIOTCSI OMMHAKOBEIE 00PAa3Ilbl MOCIE UACHTHIHON
obpadotku. Juddysus meramia M0 MOBEPXHOCTH IPU
OTIIMYAIONIMXCS 00pabOTKaX XOTS M MOXKET HECKOJIBKO
MEHSTh a0CONOTHBIC ITU(PHI, HO HE BIMSICT Ha 3aBH-
CALLYI0 OT YCJIOBMI 3KCIIEPUMEHTa TUHAMHKY CTere-
HU BoccTaHoBieHus. CrenyerT Takke HWMETh B BUJY,
9TO TIPSIMOE COTOCTaBICHUE H3MEPSIEMBIX CTENeHEn
BOCCTAHOBJICHHsI JUId TpaHyl JKCTPYAaToB M MOPOLU-
Ka HEKOPPEKTHO BCJEJICTBHE HEOOXOAMMOCTH YyueTa
T dy3MOHHBIX (AKTOPOB M COOTBETCTBYIOIIETO ITe-
pecuera. BmecTe ¢ TeM, UHTEHCUBHOCTb curHaia TIIB
ucxognoro Hocurens S2 nocae 10 4 TepmoBakyyMHOHI
00pabotku npu 300°C 3HAUYUTEIBEHO MEHBIIE, YeM T10-
cie 3 4. DTo yka3bplBaeT Ha OO0JIbIIOE MEPBUYHOE KOJHU-
YEeCTBO BOCCTAHABIIMBAEMBIX MTOBEPXHOCTHBIX IICHTPOB
U HEOOXOIMMOCTD COTIOCTABICHHS CTPOTO MACHTUIHBIX
00pa310B ISl HUBEJTUPOBaHUsI BIUSHUS CBOOOAHOM 1O-
BEPXHOCTH KaTaJu3aTopOB.

Kak cremyer W3 TepMOrpaBUMETPHUCCKUX J1aH-
HBIX, Y KaTalu3aTOpOB B TOKE TeNHs s AHama3oHa
700-900°C nabnrofaroTcst pe3Kue MoTepH Macchl, He Xa-
paKTepHbIC ST KOMIIOHEHTOB HOCHTENS (B TOM YHC-
ne TPI'). B cnmydae rpanyn karaimusaropa JuaMeTpOM

1.5 MM B juanasonHe Ttemmneparyp 723-862°C atu
MOTEpPU COCTABIISIIOT nopsaka 9.2 mac. %, a s rpa-
HyJd JuamMeTpoM 2.5 MM B JHama3oHe TeMIeparyp
800-885°C — oxomno 8.1 mac. %. Ecnu npuHATh, 4TO
BCE OHHU 00YCIIOBIICHBI 00pa30BaHUEM B XOZIEC TEPMOJIH3a
CO umn CO, 32 cueT aBTOTEPMUIECKOTO BOCCTAHOBIIE-
HUSl OKCHJIOB KOoOanmbpTa yriepomoM [25], To B pacueTe
na npespamtenus Co;0, (taxke u s Co,0,) 910 naer
npu Bo3HUKHOBeHUH CO, MOJHYIO KOHBEPCHIO OKCUJIOB
metanna B Col. Takum 06pa3zom, NpaKTUYECKH BECh Ha-
HECCHHBIN OKHCJICHHBIH KOOANBT BOCCTAHABIMBACTCS
YIJIEPOAOM B 3TOM JHara30He TeMIeparyp. ITO 3HAUUT,
YTO B MCXOAHOM KaTaln3aToOpe OKHUCICHHBIH METasll
(B TOM Umcie B BHIC CTPYKTYp BHEIPCHHUS M IIPOTO-
LINUHETbHBIX 00pa30BaHUN) HAXOJUTCS HA MOBEPXHO-
ctu TPI' B Bujie monucinoeB, 3aKperjieHHbIX Ha IAaHHOM
KOMIIOHEHTE HOCHTEINS WM B JOCTaTOYHOH OMM30CTH
OT HEro, 4YTo JOMYCKAaeT BO3MOXHOCTb BBICOKOTEMIIE-
parypHoro muddy3HOHHO-TEPMUYIECKOTO B3aHMMOJICH-
CTBHUS C YIJIEPOJOM U O0yCIOBIMBACT 3PPEKTUBHOCTD
teroorBona B COT. CooTBETCTBEHHO, NMPU HUKHUX
TEeMIIEpaTypax BCIICACTBHE CHIIBHOTO B3aMMOJICHCTBUS
C HOCHUTEJIEM UX BOCCTaHOBJICHUE 3aTPYIHECHO, XOTS KO-
JMYECTBEHHAs IMOTEePsl CTETIEHN BOCCTAHOBIICHUS! MOXKET
YaCTUYHO KOMIIEHCUPOBaThes i kKatanuszaropa B COT
MTOBBIIICHHOH aKTHBHOCTHIO BBICOKOIHMCIIEPCHOTO KO-
OasbTa, PacHOJOKEHHOTO Ha OKHCIEHHOM MeTale.
CornacHo jaHHBIM paboT [17, 25] Ans KpUCTaJUIUTOB
OoKcHJia KoOanbTa Ha yrueponHoi moBepxHoctH (TPT,
HaHOTPYOKHM) XapakTepeH OJIM3KUKA K ONTUMalbHOMY
B COT mo cenextuBHoctu Cy, pasmep 4acTHUIl MEHEE
20 am. [Ipu 3TOM, 3apUKCHPOBAHHOE METOIOM KapTHPO-
BaHUs YHEPTOJUCIIEPCUOHHON PEHTTEHOBCKOM CIIEKTPO-
CKOIIMM U CKaHUPYIOUM SJICKTPOHHBIM MUKPOCKOIIOM
B pabote [17] Konm4ecTBO KOOaIbTa, HEMOCPEIACTBEH-
HO KOHTAKTHPYIOILIEro C YIIEPOAOM HEBEIUKO, U OH
(kax HaWIEHO AN MOAETBHOTO KaTaln3aTopa TOJIBKO
Ha TPI'), B 0oCHOBHOM, pacroyiaraercs Ha TOpIax yrie-
POIHBIX MJIACTHH.

CreneHb BOCCTaHOBIICHHS cllabo MeHsieTcs mocie 1 4
o0pabotku B nuanazone 300—350°C u Bo3pacTaet JIIIb
ipu 380—400°C (puc. 1 u 2). IIpx TOM KOIUYECTBO BOC-
CTaHaBJIMBaeMbIX B auanazone temmneparyp 500-800°C
3aKpEIJICHHBIX Ha MOBEPXHOCTH HEYHOPSIOUYECHHBIX
[IMMAHEIBHBIX W MPOTOIIIHHEIBHBIX KOOaIBTCOmepkKa-
mux (a3 [18] mensercs HezHaunTenbHO. [Ipu Boccra-
HOBJICHMH Tipu Temmeparype a0 350°C Hmu3koTemmepa-
TypHbIE MHUKH OT IMOBEPXHOCTHBIX T'MIPATUPOBAHHBIX
CIPYKTYp IPAKTUYECKU IIOCTOSHHBI, & [IPU BOCCTAHOB-
nenun nipu 380°C, BciencTBhe JYUIIETO JIETHAPATH-
pOBaHHUs MOBEPXHOCTH 00paszyercs TBEpIbId pacTBOP
CoO B C0;0,, KOTOPBIH (PUKCUPYETCS 10 XapAKTEPHOMY
JUIL KPYITHBIX YacTHI[ OKCHIOB KOOAIbTa MaKCHMyMy
TIIB-IIB oxono 400°C.
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Puc. 1. CreneHp BoCCTaHOBIICHHS KaranuzaTopa S2

¢ ppakmueii 0.2—-0.4 MM TP pa3HBIX TEMIEpaTypax

n BpeMeHu. OOpasIpl IpeIBapUTEIHHO TEPMOBAKYYMUPOBAHEL
mpu 350°C, 1 4, a 3aTeM BOCCTaHOBJICHBI | 4 (YepHBIC U OEIbIii
Kkpyxkn) win 4 9 (kBagpat). OOpasern, 0003HaAYCHHBIN OeTBIM
KPY’KKOM, TOMIOTHUTEIBHO TepMoobpadoTan 400°C

B TOKE reius 5 4

Fig. 1. Degree of reduction of S2 catalyst (fraction

of 0.2-0.4 mm) at different temperatures and reduction
times. The samples were pre-annealed in vacuum at 350°C
for 1 h, then reduced during 1 h (black and white circles)
or 4 h (square). A white-circle sample was additionally
pre-heated at 400°C in He flow for 5 h

Kak cnenyer n3 ananusa puc. 1 u 3, ypenuueHue Bpe-
MEHH BOCCTAHOBJICHUS Ipu HU3KoN Temreparype (300°C)
HE BJIMAET Ha pealu3yeMylo CTeleHb BOCCTaHOBIIE-
HUS (depHBIC KPYKKH M KBajapar, puc. 1), a mpenoO-
paboTka B TE€UeHHE 5 4 B TOKE MHEPTHOTO Tra3a Ipu
400°C 6onee yem B ABa pasza cHUkKaeT (Oelblil KPyKOK,
puc. 1) crenenp BoccTaHoBieHudA. llocneanee o0y-
CIIOBJICHO YTITyOJIEHHEM B3aUMOACHUCTBUS C HOCUTEIIEM

&0 |
E 2000 b )
—1

0 4 -~ 2

T T T T T T
0 200 400 600 800 1000
T,°C
Puc. 3. Kpussie TIIB ucxoxnoro xarammusaropa S2 (/) u mocie

TIpe/IBAPUTEIILHOTO BOCCTAHOBICHNS Kartanm3aropa rpu 300°C
449 (2)m300°C 14(3)

Fig. 3. TPR curves of the initial S2 catalyst (/) and after
preliminary reduction of the catalyst at 300°C for 4 h (2)
and 300°C for 1 h (3)
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Puc. 2. Kpussie TIIB nocie BoccTaHOBICHUS
Karanu3aropa S2 B TedeHue | 4 mpu pasHbIX Temiieparypax, °C:
1 —300; 2 —325; 3 —350; 4 — 380; 5 — 400

Fig. 2. Curves of thermoprogrammed reduction (TPR) after
reduction of S2 catalyst for 1 h at different temperatures, °C:
1—300; 2—325; 3 —350; 4 — 380; 5 — 400

U BO3HUKHOBCHHMEM HEBOCCTAHABJIMBACMbBIX B OSTHUX
YCIIOBUSAX KOOQIBTCOJEPKAIIMX CTPYKTYP IITHHEIHHO-
ro tuna (puc. 3 u 4).

IIpu 5TOM BenMYMHA MaKCMMyMa BOCCTAaHOBJICHHUS
OCTaTOYHBIX (ha3 Co3O4 no CoO Taxxe cHIKaeTrcs
(nmepBBIE MAKCHMYM) C POCTOM TeMIieparypsl (puc. 2).
Opnaxo, Kak BUAHO U3 puc. 3 U 4, B ciyyae JJIUTENbHO-
IO BOCCTaHOBJICHUS WJIM TEPMOJIU3a €r0 OTHOCHUTEIIbHAS
WHTEHCUBHOCThH BO3pPACTaeT. DTO YKa3bIBae€T HA MX aK-
TUBHOE 00pa30BaHME BCIEICTBUE TTOBEPXHOCTHOU au-
(hy3um Kak MpH TepMOJIN3e, TaK U IMPH BOCCTAHOBJICHHUH,
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4000 +
3000 A
2000 +
1000 A
0 -
—1000 -
—2000 +
3000 +

mV/g

0 200 400 600 800 1000
T,°C

Puc. 4. Kpussie TIIB ucxonunoro karanuzatopa S2 (/) u mocie
IIpeABAapUTENILHOIO TepMoin3a Karanuzaropa mpu 400°C 5 u
¢ BocctanosneHueM npu 400°C 1 u (2) unu 6e3 Tepmonusa (3).

Fig. 4. TPR curves of the initial S2 catalyst (/) and after
preliminary thermolysis of the catalyst at 400°C for 5 h
with reduction at 400°C for 1 h (2) or without thermolysis (3)
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Tabaumna. CpaBHeHI/Ie KaTaJIMTUYCCKHUX TTOKA3aTeIe KaTaJin3aTopoB, BOCCTAHOBJICHHBIX ITPU PAa3HbIX TEMIIEpATypax

Table. Comparison of catalytic performance of catalysts reduced at different temperatures

O0beMHast CKOPOCTh Konsepcus CO, CeneKTUBHOCTh [Ipon3BoANTETHHOCTD
YenoBus aKTHBALIMH IO/IauM Ta3a, u_ | % obpazopanus Cqt, % o Cs, r/(;14)
T,°C . . .

Adivaien Conchiiomns Gas hourly space CO conversion, Selectivity of Cs, Productivity,

velocity, h™! % formation, % Cs., g/(L'h)
325°C, 3000 h™'H,, 6 h 242 56.4 63.7 207.4

3000
400°C, 3000 h ' H,, 2 h 243 539 54.9 173.3
a 3aTeM OKHCIIEHUH, 3a CUeT (PYHKIMOHAIHHBIX TIO- BOCCTAQHOBJIEHUSA HA KaTaJUTUYECKUE IapamMeTphl

BEPXHOCTHBIX TPYNI KOOATBTCOMCPKAIINX CTPYKTYP.
OueBUIHO, YTO BOCCTAHOBICHHE HEOCYIICHHBIM BOJO-
POJIOM C BBICOKOW BIQKHOCTBIO OyIET BECTH K OTHOCH-
TEJILHOMY YMEHBIIICHUIO HAOIIOIAeMO#i CTETIEH! BOCCTA-
HOBJICHUSL.

Karamutuueckoe TtecTHpoBaHHME Kartamusaropa S2
(cunres-raz H, : CO = 2 : 1), BOCCTAHOBJIEHHOTO TPH
BEIOPAHHBIX yCIOBHAX akThBarm (325°C, 3000 u ! H,,
6 dY) B OTHOCEKIIMOHHOM TpyOuaTOM peakTope
000 «MH®PA» tuna «tpyba B TpyOe», comocTaiie-
HO C pe3yJbTaraMu Uit cTaHaapTHBIX ycioBuid (400°C,
3000 4! H,, 1 1) ipx paBHO¥ HACHITHOH MIOTHOCTH Ka-
tamusaropa (0.66 r/cM’ ) (Tabm. 1).

JlaHHBIE TIOTyYEeHBI B CTAIIMOHAPHBIX YCIOBHAX II0-
CJIe TIOCTENICHHOTO YBEIUYCHHS TEMIIEpaTyphl H Pacxo-
JIOB CHHTE3-Ta3a. DTO OOYCIIOBICHO HEOOXOIMMOCTHIO
pa3paboTKu KaTaim3aropa C IPEIOTBpAIICHUEM Mepe-
IPEBOB, BBI3BIBAIOIINX JIC3aKTHBAIUIO KaK 32 CYET arlio-
MCPpUPOBAHUA YaCTHUILL KO6aJH>Ta, TaK U YCUJICHUS B3au-
MOIENUCTBUS C HOCUTEIIEM.

Kak BumHO 13 TaONuUIBl, caMble CYIIECTBEHHBIC OT-
TUYKs HaOIIONAIOTCS B CENIEKTUBHOCTH 00pa3oBaHUs
yreBooponos Cg,, KOTOpasi MAKCUMaIbHa NP HU3KO-
TEMITepPaTypPHOM BOCCTAHOBICHUU aOCONIOTHO UICHTHY-
HBbIX HWCXOJHBIX KaTaJIUu3aTOpPOB IpPU O,Z[HHaKOBOﬁ ras3o-
¥ THIPOTUHAMHKE B PEAKTOpE.

OTO XOpomIo coriacyercs ¢ OOHApYKCHHBIM ISt
KaTaju3aropa S2 yBEJIMYEHHMEM IIpU HU3KOH Temiepa-
Type BOCCTAHOBICHHS WIH TpPHU IIUTEIHHOM TEPMO-
JHU3€ CONCpPKAHUSI OKHCICHHBIX COCTOSIHUH KoOajbTa
(creitHepuTHBIE (Da3bl) 3a cYeT B3aMMOJCHCTBUS C TO-
BEPXHOCTHBIMH THAPOKCHIAMHU. AHAIOTUIHBIC TIPOIIEC-
CBI HAOIIOMAIOTCS U UL CHCTEM C TEILIOPOBOISIICH
CEThI0 M3 METaJUIMYECKOrO0 AaJIOMUHUS, a TaKXKe s
KaTaJu3aTopoB 03 TEeIUIONPOBOIIIIETO KOMITOHEHTA
Ha HOCHTENAX pa3IHYHON mpupoxbl. OYeBUIHO, UTO
Opy TEPBUYHOM HU3KOTEMIIEPATYPHOM BOCCTAHOBIIC-
HUH peannsyeTcs 60JIbIIoe KommdaecTBo cTpykryp Cod™,
Ha KOTOPBIX CEICKTHBHO OOpa3yIOTCS YITIEBOIOPOIBI
Cs, [26].

IIpn paccMOTpeHHH JWHAMHUKH BIUSHHUS TEM-
mepaTypbl W BEJIWYHHBI [EPBOHAYANBHOW CTEIECHU

CJICAYCT UMCTb B BUAY, YTO IIOJIYYaCMBbIC PCJIICBAHT-
Hble TUQPBI ONMpeAeNeHbl IS JaHHBIX CHCTEM I10-
cie 6—7 CcyTOk pa3pabOTKH KaTaau3aropa. ITO MOXKET
CONPOBOXKAATHCS KaK JOTOJHUTEIBbHON aKTHUBaIUeH
cucTeM (MPU BOCCTAHOBICHUH B CHHTE3-Ta3e MPHEM-
JemMasi KOHBEPCHs JIOCTUTaeTcs 4yepe3 Heleiro paspa-
0otku [8]), Tak ¥ UX JIe3aKTUBAIUCH.

Takum 00pazom, KaTajau3aTop ¢ OOJBIICH TEepBO-
Ha4yaJlbHOM CTENEeHbI0 BOCCTAHOBJIEHHS U IOCTATOYHO
KPYMHBIMH arfioMeparamu KoOanbTa 4acTHYHO Je3aK-
tuupyetrca B Teuenrne CDOT 3a cuer OTIOKEHUSI CHH-
TE3UPYEMbIX BBICOKOMOJIEKYJISIPHBIX YIJIEBOJOPOIOB
W KOAJECISHIIMN MeTaula ¢ 00pa3oBaHHUEM elie 0OJb-
IIUX arperaroB, 00IaIaloNUX MEHbBIIEH aKTHBHOCTBIO.
JJis MasbIX KPUCTAJUIUTOB, 00Pa3yIONIMXCs B KaTaJH-
3arope S2 Impu HU3KOHU TeMIlepaType BOCCTaHOBIIEHUS,
MpUCYyIIa MEHBIIAsl TOJBHUKHOCTh M3-3a CBSI3U C II0-
BEPXHOCTBIO U JIydlliasi aKTHBHOCTD KaK 33 CUET peain-
3YIOIIEHCS CTPYKTYPHI, TaK U Onarogapsi ux OONbIIOMY
konmndecTBy (puc. 3 u 4). BMmecre ¢ Tem, /Ui OTHO3HAY-
HOCTH BBIBOJIOB HEOOXOIHMMO ONpe/esIeHHe peajbHbIX
CTEIeHEW BOCCTAHOBIIEHUS] CUCTEM IOCIIE JJTUTEIbHON
JKCIUTyaTallii ¥ M3BJICUCHHUS KaTalu3aTOPOB M3 peak-
Topa.

SAKJTIOYEHUE

LleonuTcoaepkamue KoOaIbTOBBIE  KaTaTH3aTOPHI
st COT ¢ BbIcOKOA(D(DEKTUBHON TETUIONPOBOJISAIIECH
ceTpio Ha 0Oaze rpadura mapku TP uccienoBaHbl
metogoM TIIB mocne mnpenBapuTENbHOrO BOCCTa-
HoBiieHus: BomopoaoM mpu 300-400°C. IlokazaHno,
YTO BOCCTAHOBJICHHbIE MPHU HU3ZKUX TEMIIepaTypax
(325°C) karanu3aToOpsl, HECMOTPS HA MATYIO CTCTICHD
BOCCTAHOBJICHHSA, OOJIAMAIOT JyYIIMMH KaTaluTH-
YEeCKUMHU NapaMmeTpamMu. DTO NPOAEMOHCTPUPOBAHO
B IIpOLIECCE IKCILTyaTalluy OonbITHOW ycranoBku COT
000 « MHDPA».

VrnydimeHne ~KaTaJUTHYECKUX —IapaMeTpoB  CH-
CTeM BbI3BaHO Oosiee dGGEKTUBHON peanuzanueit
3aKpeIICHHBIX HA THUAPaTUPOBAHHOH TOBEPXHOCTH
BBICOKOJMICIICPCHBIX ~ KOOQJIBT-OKCUIHBIX  CTPYKTYP,
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00yCIIaBIUBAIOIINX BO3HUKHOBEHHE B XOJ€ pEaKIUU
nentpoB Co®" ¢ MOBEHIIIEHHOH AKTHBHOCTBIO M CeleK-
TUBHOCTBIO 00pasoBanus yriesonoponos Cs, .

HonyquHHe JaHHBIC OTKPBIBAIOT BO3MOXXHOCTH
IUTS pa3pabOTKH ONTHMHU3HPOBAHHON TEXHOJIOTHH BOC-
craHoBiieHus KaranuzatopoB COT ¢ npumeHeHUEM
Ooree HU3KUX TEMIeEpaTyp U ¢ MOHMKEHHBIMU Tpebo-
BAaHUSAMHU K TEPMUUYECKON CTOMKOCTH MPUMEHSEMBIX
MaTepHuaios.
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Abstract

Objectives. Elastomeric materials based on styrene—butadiene—styrene (SBS) triblock copolymers occupy approximately three-quarters
of the global thermoplastic elastomer market; in the Russian elastomer market, their share exceeds 80%. Their primary applications
include the production of shoe sole materials, anticorrosion coatings, waterproofing, and roofing mastics. The predominant form of
degradation of such rubber products, which occurs in the presence of heat and oxygen, is known as thermal-oxidative aging. However,
the creation of new functional materials based on modified styrene—butadiene block copolymers will enable the development of materials
with enhanced resistance to thermal-oxidative degradation. Chlorinated paraffins, comprising a constituent mixture of polychlorinated
n-alkanes, can be applied as halogen-containing modifiers for thermoplastic elastomers to enhance their strength and thermal properties.
The aim of the present study is to create climate-resistant elastomeric composite materials based on modified SBS triblock copolymers
and investigate the influence of a low molecular weight polychlorinated n-alkane modifier (chlorinated paraffin) on their thermal-
oxidative stability.

Methods. Composite materials based on the SBS triblock copolymers with various amounts of chlorinated paraffin were prepared using
the solution blending method. Fourier-transform infrared spectroscopy (FTIR) was used to analyze the impact of the amount of added
modifier on the kinetics of thermal-oxidative degradation. The molecular mobility of the elastomers following thermal-oxidation was
studied using the paramagnetic probe method to determine the correlation time that characterizes the rotational mobility of the probe in
the elastomer matrix. The strength characteristics of the modified elastomer were investigated using a universal testing machine. The
kinetics of the thermal-oxidative process were studied using the manometric solid-phase oxidation method.

Results. The results show that oxidation of SBS thermoplastic elastomers occurs mainly in the butadiene blocks. The degradation of
unmodified elastomers is caused by chemical bond breakage reactions in the macromolecules. However, due to the sensitivity of double
bonds in the polybutadiene segment of SBS, this thermoplastic elastomer is susceptible to light, ozone, and heat.

Conclusions. The multifunctional effect of the halogen-containing modifier on the elastomer leads to increased thermal-oxidative
stability of the SBS triblock copolymer thermoplastic elastomer.
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polychlorinated n-alkanes (chlorinated paraffin), solid-phase oxidation,
electron paramagnetic resonance, FTIR spectroscopy
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AHHOTaUUuS

Hesn. DmacroMepHBIe MaTepUallbl HA OCHOBE TPHOJIOK-CONONUMEPOB cTupona—OyraaneHa—ctupona (CBC) 3aHIMArOT MpUMEpHO TpU
YEeTBEPTH MHPOBOTO PHIHKA TEPMOIITACTUIHBIX AITACTOMEPOB, a UX oM mpeBbimaeT 80% Ha poccuiickoM peIHKe dmactoMepos. K che-
paM UX IPUMEHEHHSI OTHOCSTCS IIPOM3BOJICTBA OOYBHBIX MOJIOIIB, aHTHKOPPO3HOHHBIX MOKPBITHH, IHAPON30ISIIHOHHBIX ¥ KPOBEIbHBIX
MAacTUK. Pe3nHOBBIC W3/1eIIHs TOIBEPIKEHBI B PA3HOi CTENCHHU MOBPEKICHHIO B PE3yIbTaTe HarpeBa u Bo3aeicTus kuciaopona. Crape-
HHE 3JaCTOMEPHBIX M3/ICJIMH B MPUCYTCTBUM TEILIa H KHCIOPO/A H3BECTHOE KaK TEPMOOKHCIIHTEIBHOE CTapEeHHe, SBIsieTcs mpeobia-
JIAIOIIMM METOZIOM CTapeHHMsi JaHHbIX MarepuaioB. Co3aHne HOBBIX (DYHKIMOHAIBHBIX MaTepUajoB Ha OCHOBE MOAU(UIIMPOBAHHBIX
OJI0K-COIOIMMEPOB CTHPOJIA U OyTaJHeHa T03BOJIUT Pa3padoTaTh MaTepHAIIBI C MOBBIIICHHON yCTOWYHBOCTBIO K TEPMOOKHCIIHTEIbHOMH
JeCTPYKIUH. XJIOpPHPOBaHHbIE MTapadUHbI MPEICTABIAIOT CO00H CIOKHYIO CMECh MOIMXIOPUPOBAHHBIX H-aJKAaHOB H MOTYT OBITh IPH-
MEHEHBI B Ka4eCTBE TaJOTeHCOACPKAIINX MOAN(PHUKATOPOB TEPMOILTIACTUYHBIX JIACTOMEPOB JUTSl TIOBBIIICHHUS UX IPOYHOCTHBIX U TEp-
MHYECKHX CBOWCTB. Llenp paboThl — cO3/1aTh KIMMATHYECKH CTOMKHE 3IaCTOMEPHbIC KOMITO3HIIMOHHbBIE Marepualibl Ha OCHOBE MO-
IpHUINPOBaHHBIX TpHOIOK-conomuMepoB CbC u uccnenoBars BIMsSHUE MOAN(DUKATOPA HAZKOMOJIECKYISIPHOTO TONUXIOPUPOBAHHOTO
H-aJKaHa (XJoprapaduHa) Ha TEPMOOKUCIUTENBHYIO CTA0MIBHOCTD TpHuOIoK-comonumepa CBC.

Mertoabl. MeTOZOM PACTBOPHOTO CMELICHHS MOJNYYEHbI KOMIIO3UIIMOHHBIE MaTepHalibl Ha 0CHOBE TpubIok-conoiumepa CBC ¢ pas-
JIMYHBIM KOJIMYECTBOM XJsopnapaduua. MHdpakpacHas crnekrpockonus ¢ npeodpasoBanneM Pypbe Obula HUCIIONB30BaHA IS aHATHM3a
BIIMSIHHSL KOJIMYECTBA JI00aBICHHOI0 MOAN(UKATOPA HA KMHETHKY TEPMOOKHCIUTEIBHOI AeCTPYKIMH. MOJIEKYIAPHYIO TOABHKHOCTD
9JIACTOMEPOB 10CJIC TEPMOOKHCIICHHS M3y4alld METOJIOM IapaMarHUTHOTO 30H[a, ONPEENss BpeMsi KOPPEIILIU, XapaKkTepusyoliee
BpAIaTeNIbHYIO MOJIBKHOCTh 30H/1a B MaTpHULIE iacTomepa. [IpouHOCTHBIC XapaKTepUCTHKN MOAU(MHUIIMPOBAHHOTO 3IacTOMEpa Hecie-
JIOBAJI HAa YHUBEPCAJILHOM HCIbITATEIbHON MaliHe. KHHETHKY TepMOOKUCIUTENBHOTO POLecca U3YYalld METOIOM MaHOMETPHYECKO-
r0 TBepA0(ha3HOrO OKHCICHUS.

Pe3yabTarhl. Pe3ynbTaThl MOKa3bIBatoOT, YTO OKHCICHUE TEPMOIUIACTUYHBIX 3nactoMepoB CBC MpoucxXoanT mpeuMyIecTBeHHO B Oy-
TaJIMEHOBBIX ONoKax. JlecTpyKims HEMOAM(PUIIMPOBAHHBIX IACTOMEPOB BbI3BaHA PEAKIMSAMH Pa3pbiBa XUMHUYECKHX CBS3eH B MakKpo-
MoJieKkyaax. M3-3a 4yBCTBUTENBHOCTH JABOMHBIX CBsi3el B monnOyTaaneHoBoM cermenTe CBC naHHbINA TepMONIacTUYHBIN d1MacToMep
4yBCTBHUTEJIEH K BO3JEHCTBUIO CBETA, 030HA U TEILIA.

BoiBoabl. [anorercouepxaiinii MogupUKaTop 0Ka3biBaeT MHOIO(YHKIIMOHAILHOE BO3IEHCTBHE HA DIIACTOMED, TTOBBILIAs TEPMOOKHUC-
JIMTENBHYO CTA0MIIBHOCTD TPUOIOK-COMOIMMEpa TepMoILTacTuaHoro anacromepa CBC.

KniouyeBble cnoea Noctynuna: 05.06.2024

TEPMHYECKOE OKHCIICHUE, CTHPOJI—0yTaIMeH—CTUPOJIBHBII TPUOJIOK-COTIOINMED, [opaGoTana: 28.10.2024
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INTRODUCTION

Significant expanded areas of application for elastomeric
composite materials and products based on styrene—
butadiene—styrene (SBS) indicates increased attention
to this type of material. Thermoplastic elastomers are
of great interest due to the possibility of purposeful
combination of the physicochemical properties of the
original elastomers. SBS triblock copolymer, which
shares many characteristics with styrene—butadiene
rubber, is the most widely used thermoplastic
elastomer worldwide. However, SBS exhibits weak
thermal oxidation stability, restricting its processing
to temperatures up to 80°C [1, 2]. The unsaturation
of the polymer indicates the presence of a double
carbon—carbon bond —C=C- in its main chain, making
it vulnerable to oxygen in the surrounding environment.
The aging of composite elastomeric products as a result
of oxidative degradation, leads to a deterioration in their
physical and mechanical properties, including fatigue
characteristics, which directly affects the lifespan of
such products. The production of SBS is continuously
expanding and has become an important part of the
petrochemical industry. Similar to butadiene rubbers, the
double bonds in the polybutadiene segment of SBS are
sensitive to light, heat, and oxidation. This susceptibility
leads to yellowing, crosslinking, and hardening, which
can adversely affect its performance [3]. Elastomers are
significantly influenced by environmental factors such
as temperature, radiation, oxygen, ozone, ultraviolet
radiation, humidity, etc. [4]. Thermal oxidation due to
exposure of the material to heat in the presence of air,
which has a substantial impact on the lifespan of such
products, involves the combined effects of thermal
energy and atmospheric oxygen on the elastomer.

While butadiene polymers and copolymers experience
both scission and crosslinking during thermal oxidation,
scission slightly predominates. Although research on
their degradation remains limited, degradation processes
in SBS triblock copolymers are known to occur in both the
polystyrene and elastomer phases. The elastomer phase is
more susceptible to degradation due to its low triglyceride
level, which enhances oxygen permeability [5]. Research
into the impact of thermo-oxidative aging on SBS
structure reveals thermo-oxidative aging to be a critical
factor leading to structural damage and performance
deterioration in SBS [6-8]. Understanding the type and
quantity of oxygen-containing groups in aged SBS under
various conditions is essential for reconstructing the
SBS molecule. While several studies have qualitatively
analyzed the structure and properties of aged SBS,
quantitative results are rarely reported. Wang et al.
used Fourier-transform infrared spectroscopy (FTIR) to
study SBS thermal oxidation involving the emergence

of polar hydroxyl and carbonyl groups to reveal that the
1,4-polybutadiene portion degrades more easily than the
1,2-polybutadiene portion [9]. Munteanu ef a/. examined
the thermo-oxidative behavior of SBS with different
structures and detected hydroxyl and carboxyl groups on
the molecular chain through FTIR [10]. Singh ef al., who
used dynamic contact angle, FTIR spectrometry, and
scanning electron microscopy to investigate changes in
SBS following ultraviolet irradiation, propose a photo-
oxidation aging mechanism [11]. Prasad et al. analyzed
SBS aging after dissolution in various solvents using
13C nuclear magnetic resonance to identify epoxides
and alcohols as photoproducts [12]. The effects of
aging on rubber materials can manifest as increased
hardness [13], reduced surface energy, and decreased
surface roughness [14].

Over the past 50 years, significant elaborations
have been made to increase the oxidative resistance of
elastomers by studying the causes and consequences of
their degradation when exposed to oxygen and ozone in
the air. Resistance to thermo-oxidative degradation is
a critical criterion for rubber products used in outdoor
applications. The degradation of rubber is well known
to result from its reaction with molecular oxygen. This
reaction can be mitigated by reducing the number of
double bonds or by introducing functional groups that
can deactivate these bonds. A described method for
modifying SBS with maleic anhydride (MAH) involves
an increase in the induction temperature and oxidation
time of SBS-g-MAH compared to pure SBS due to the
reduction of double bonds and a—H in the polybutadiene
segment. This suggests that the thermo-oxidative
stability of SBS-g-MAH is superior to that of SBS in
polymer-modified asphalt applications.

Previously, the enhancement of flame resistance
in highly flammable SBS was investigated through
chemical modification with phosphorus-containing
substances [15]. It was found that phosphorus-modified
SBS undergoes charring, which correlates with the
reduced flammability of the modified elastomer. The
resistance of polymer composites to ultraviolet radiation
is typically improved by introducing antioxidants [16]
and ultraviolet absorber/ultraviolet stabilizers into the
polymer matrix [17]. However, due to the tendency of
such additives to migrate to the polymer surface, only
short-term protection is provided. Currently, chemical
modification of elastomers with organic halogen-
containing (primarily chlorine-containing) compounds is
widely researched and implemented. Chlorinated rubbers
are used to produce elastomeric materials offering a wide
range of desirable properties, including heat-, flame-,
gasoline-, oil-, and ozone resistance, as well as resistance
to aggressive environments, nonflammability, high
strength, and gas impermeability [18]. The introduction
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of polar groups can also be used to enhance resistance to
oil, ozone, flame, and solvents [19]. In order to increase
the physical properties of rubbers to satisfy the growing
demand for materials offering specific properties for
extreme conditions, chemical modification of polymers
becomes a crucial factor [20]. The halogenation of
thermoplastic elastomers represents a convenient means
to increase their compatibility with polar polymers,
providing versatile curing possibilities that enhance
adhesion, resistance to aging, and chemical resistance.

MATERIALS AND METHODS

A radial SBS (SBS R 3000A grade) triblock copolymer
supplied by Sibur, Russia, having a styrene/butadiene
ratio of 30 : 70 and melt mass-flow rate <1 g/10 min
(200°C, 5 kg), was used as the polymer matrix.
SBS R 3000A is widely used for modifying bitumen,
plastics, rubber products, and protective coatings.

Industrial chlorinated paraffins (CPs) are constituent
mixtures of polychlorinated n-alkanes that vary in chain
length and degree of chlorination. Technical CP mixtures
(CP-66T) obtained from Kaustik, Volgograd, Russia,
which contain 69.5 + 0.1 wt % chlorine, appear as
a yellow-tinged, partly clotted powder. CPs produced by
chlorinating alkane mixtures are used in complex products
having thousands of homologs and congeners. CP-66T,
which typically has one chlorine that can be changed to
almost every carbon atom, is classified as a long-chain
chlorinated paraffin. The mean carbon formula of CP
(C4oH;4Cl,,) reveals the approximate average number
of chlorine and hydrogen atoms per carbon atom;
accordingly, 1 g of CP contains 0.695 g of chlorine.

SBS/CP composites were prepared by incorporating
various amounts (2, 5, 10, 15, and 20 g per 100 g
of resin (phr)) of chlorinated paraffin using the
solution blending compounding method according
to the formulation in the table. After casting
the SBS/CP solutions into glass Petri dishes, the solvent
was evaporated at room temperature of 22 + 2°C until
a constant weight was obtained.

A sample of 0.5 g dried SBS/CP was dissolved in
a beaker including 50 mL of toluene at room temperature
22 + 2°C over a period of 3 days. The solution
concentration was adjusted to contain 1% solution (w/v).
The sample for measurement of the Fourier-transform
infrared spectroscopy (FTIR) spectroscopy was
prepared as follows. A transparent thin film of raw SBS
and SBS/CP was made on a transparent KBr window
with dimension of 20 x 20 x 3 mm (width x length x
thickness) by coating from 1% solution. The solution
(0.2 mL) was dropped and coated thinly on a KBr
window using a glass capillary. A sample coating on
a KBr window was maintained to evaporate toluene in

Table. Formulation of chlorinated paraffin and thermoplastic
elastomer solutions, mass parts per 100 mass parts of SBS (phr)
and wt %

Copolymer SBS CI® Toluene Total
SBS-0, phr 100 0 695 795
wt % 12.58 0 87.42 100

SBS-2, phr 100 2 695 797
wt % 12.55 0.25 87.20 100

SBS-5, phr 100 5 695 800
wt % 12.50 0.62 86.88 100
SBS-10, phr 100 10 695 805
wt % 12.42 1.24 86.34 100
SBS-15, phr 100 15 695 810
wt % 12.35 1.85 85.80 100
SBS-20, phr 100 20 695 815
wt % 12.27 2.45 85.28 100

a dark at room temperature for 5 days. Thermal oxidation
was performed on transparent thin films of the original
SBS and modified SBS samples, applied to a KBr optical
window, and then thermostated for 120 h at a temperature
of 70°C.

The chemical composition of the samples was analyzed
using FTIR with a Lumos FTIR microscope (Bruker,
Germany). Spectra were recorded at a temperature of
22 + 2°C in the wavenumber range of 4600-650 cm™!.
The spectra were processed using Bruker OPUS software.
Transmission FTIR can be used to study rubber oxidation
due to its high sensitivity to carbonyl groups.

Electron paramagnetic resonance (ESR) spectra
were obtained using a EMX spectrometer (Bruker,
Germany) with 100 kHz magnetic field modulation.
The experiment was conducted at 22°C at a modulation
amplitude of <0.5 G, microwave power of 2.1 mW,
sweep width of 100 G, and 1,024 recorded points.
2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO) chosen
as a spin probe had a radical concentration not exceeding
1 - 1073 mol-dm™3. TEMPO introduced into the sample
at 30°C was initially in the vapor phase. ESR spectral
data were obtained without saturation, verified by the
signal intensity dependence on the microwave field
power. The probe rotation correlation time t, was
determined using the equation involving the width of the
low-field spectral component (A ) and intensities of
high/low-field components (7, ,):

T, = AH, | > [(1/1)% 1] % 6.65 x 10710 (s).
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Data were mathematically processed using WINESR
and SIMFONIA (Bruker, Germany) software.

The influence of the amount of chlorinated paraffin
introduced into the SBS thermoplastic elastomer matrix on
the kinetics of thermo-oxidation of the samples was studied
using the manometric solid-phase oxidation method for
determining the resistance of elastomers to the impact
of oxygen at elevated temperatures. Since the oxidation
reaction is always accompanied by the absorption of oxygen
from the surrounding medium of the oxidizing substance,
the oxidation process can be recorded by measuring the
amount of oxygen absorbed by the elastomer. In this case,
the oxidation rate was determined by the amount of captured
oxygen using a manometric device. Rubber oxidation was
conducted in the temperature range of 120°C + 2°C and
p(O,) = 500 torr. Solid KOH was used to absorb volatile
oxidation products. The experiment was carried out for
400 min. The sample weight was 0.1 = 0.001 g.

The tests for determining the -elastic-strength
properties were conducted on a Tinius Olsen universal
testing machine (USA) designed for axial tensile testing in
accordance with GOST 270-75'. Samples were prepared
in the form of rectangular blades with dimensions of
100 x 10 mm; the length of the working section was
60 mm. The blade breakage speed was 50 mm/min. Each
data point was confirmed by five measurements.

RESULTS AND DISCUSSION

Figure 1 present the FTIR spectra of the received SBS
(SBS-0) and SBS/CP blends with different chlorinated
paraffin amount (SBS-2, SBS-5, SBS-10, SBS-15, SBS-20).

The FTIR spectra of SBS triblock copolymers with
different chlorinated paraffin contents clearly show the
following absorption bands: 699 cm™! (styrene block
vibrations), 730 cm™! (cis-1,4-polybutadiene vibrations),
910 cm™! (vinyl bonds vibrations), and 965 cm™! (trans-
1,4-polybutadiene vibrations). The absorption intensity
at 699 cm™!, which remained constant during sample
oxidation, was used as an internal standard for quantitative
calculations of the degree of oxidation. The kinetics of
carbonyl group accumulation, represented as the ratio of the
optical absorption bands at 1731 cm™! and 699 cm ™! over
the thermostation time, is indicated in Fig. 2.

Transmission FTIR was successfully used to study
the oxidation of rubber due to the high sensitivity of
the carbonyl groups. The kinetics of oxidation of the
original SBS sample and SBS with various amounts
of chlorinated paraffin were studied using FTIR
spectroscopy (transmission mode) (Fig. 3).

Thermal oxidation of unsaturated elastomers follows
an autocatalytic free radical chain reaction. Consequently,
the progression of oxidation can be tracked by the
enhance in oxygen-containing functional groups, such as
carbonyls (C=0). Here, the absorption intensity of the
carbonyl stretching vibration at 1731 cm ™! is used as an
indicator of the degree of oxidation [21].

The ESR spectra of radical probes in SBS-0, SBS-2,
and SBS-20 samples before and after 120 h of thermo-
oxidation are indicated in Fig. 4, while the correlation
time dependencies for the samples over the oxidation
period are exposed in Fig. 5.

According to molecular dynamics data, the
introduction of more than 10% chlorinated paraffin
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Fig. 1. FTIR spectra of SBS-0, SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20: (a) in the wavelength range 3200—2600 cm™!,

(b) in the wavelength range 2000-600 cm™

1
standartov; 1978 (in Russ.).

GOST 270-75. Interstate Standard. Rubber. Method of the determination elastic and tensile stress-strain properties. Moscow: IPK Izdatelstvo
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Fig. 2. FTIR spectra of SBS-0, SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20 after 120 h of thermo-oxidation (70°C)
in the wavelength range 4000-600 cm™!

into the SBS matrix increases the correlation time
of the radical probe, thereby reducing the segmental
mobility of the elastomer chains. This indicates
that chlorinated paraffins do not act as plasticizers
in the mixture, since plasticizers typically increase
the molecular mobility of elastomers. The unified
approach presented in the literature suggests that
lower molecular mobility in elastomers due to reduced
intermolecular interactions results in higher thermal
and thermo-oxidative stability. This approach is
valid only for SBS-2 and SBS-5 samples, where the
initial correlation time of the radical probe increases
compared to the original SBS; according to FTIR
spectroscopy, this indicates reduced molecular
mobility and enhanced thermo-oxidative stability.
L L L L L L L The introduction of more than 5% chlorinated paraffin

0 20 40 60 80 100 120 significantly increases the initial correlation time,

Oxidation time, h . . . . .

including an extreme rise after 96 h of oxidation,

Fig. 3. Dependence of ratio between integrated absorbance which indicates further reduced molecular mobility
values of bands at 1731 cm™! and 699 cm™! during active oxidation. SBS-0, SBS-2, and SBS-5
on the oxidation time samples do not exhibit a sharp increase in correlation

Optical density ratio A1731 cm™' / A699 ¢cm™!
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Fig. 4. ESR spectra of the spin probe incorporated in SBS-0, SBS-2, and SBS-20 before and after 120 h of thermal oxidation
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1.5f
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Fig. 5. Dependence of the rotational correlation times
of TEMPO spin probe in SBS-0, SBS-2, SBS-5, SBS-10,
SBS-15, and SBS-20 on the oxidation time

time after 96 h of thermo-oxidation. Correlation time
is defined as the time required for a molecule to rotate
by one radian. The EPR spectrum of the nitroxide
radical provides information about the nature of its
microenvironment. Introducing nitroxide radicals into
the studied systems allows the aggregation parameters
and dynamics of these processes to be examined
using ESR. Kinetic curves of oxygen absorption by
the original SBS thermoplastic elastomer and SBS
samples with different chlorinated paraffin contents at
120°C are shown in Fig. 6.

According to analysis of the oxygen absorption
time dependence for modified SBS samples with
different amounts of the modifier and the received SBS

100

80 [

60

40

0, absorption, mol/kg

20

0 100 200 300 400
Oxidation time, min

Fig. 6. Oxygen absorption kinetic curves for as-received SBS
(SBS-0) and SBS with different chlorinated paraffins amounts
(SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20) at temperature
120°C and oxygen pressure 500 torr

sample, all samples exhibit high hermos-oxidative
stability during the initial oxidation stage (up to
200 min) at a low initial oxidation rate. The induction
time for oxidation is the same for all samples. A sharp
acceleration in the oxidation process observed in
samples with 10, 15, and 20 wt % chlorinated paraffin
after 200 min is due to a rapid increase in oxygen
absorption by the elastomers. During this oxidation
stage, the oxygen absorption rate can be reduced by
introducing 2 wt % of chlorinated paraffin to enhance
hermos-oxidative stability. Various studies suggest
that low-molecular-weight additives that transfer free
valence during co-oxidation with the elastomer can be
used to inhibit oxidation.
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In SBS samples with 10, 15, and 20% chlorinated
paraffin, a heterogeneous system forms in which
modifier molecule aggregates act as inclusion phases
to offer a more developed surface than tightly packed
polymer chains. Aggregation of modifier molecules at
concentrations above 5 wt % is due to the accumulation
of unreacted modifier to form clusters. The consequent
creation of micropores offering a more developed
surface allows higher oxygen diffusion compared to
a homogeneous system based on SBS and SBS with low
modifier concentrations. The observed reduction in the
autocatalytic oxidation stage rate in SBS-2 and SBS-5
samples may result from decreased conformational
mobility of thermoplastic elastomer chains in the
presence of low-chlorinated paraffin additives and the
absence of aggregate formation. The introduction of
2 wt % chlorinated paraffin reduces the initial oxidation
and autocatalysis rates, serving to inhibit oxidation and
increase the activation energy of autocatalysis in the
elastomer mixture.

The dependence of physicomechanical properties on
the amount of modifier introduced is shown in Fig. 7.

40 r

Tensile strenght, MPa

SBS-0 SBS-2

SBS-5 SBS-10 SBS-15 SBS-20

Fig. 7. Mechanical properties of the initial samples SBS-0,
SBS-2, SBS-5, SBS-10, SBS-15, and SBS-20

Analysis of the strength characteristics of the
original SBS-0 and samples with different modifier
amounts revealed the following trend: the introduction
of up to 5 wt % chlorinated paraffin into SBS maintains
the strength characteristics at the level of the original
SBS-0. Small amounts of low-molecular-weight
halogen-containing modifiers do not significantly affect

the elastomer strength properties. SBS-10, SBS-15,
and SBS-20 form a distinct group with higher strength
characteristics compared to SBS-0, SBS-2, and SBS-5
samples. This trend aligns with ESR spectroscopy data,
indicating that reduced polymer molecule flexibility,
or molecular mobility, results in a stiffer polymer
with higher modulus of elasticity and strength.

CONCLUSIONS

According to FTIR spectroscopy data, the introduction
of 2 and 5 wt % chlorinated paraffin results in uniform
distribution of modifier molecules within the elastomer
phase, which interact with elastomer macromolecules
during swelling. However, higher chlorinated paraffin
concentrations hinder uniform distribution due to
the aggregation of chlorinated paraffin molecules as
reflected in increased radical probe correlation time
in samples with over 5% paraffin. The mechanical
characteristics are significantly improved in samples
with 10 to 20 wt % paraffin. As unreacted chlorinated
paraffin accumulates, its particles aggregate due to
thermodynamic affinity to form polar-polar interactions
within the nonpolar polymer matrix. Consequently, the
introduction of more than 5 wt % chlorinated paraffin
creates a heterogeneous system with an unstable
inclusion phase based on chlorinated paraffin aggregates,
which is more diffusively accessible to oxygen during
oxidation processes.
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Abstract

Objectives. The work set out to synthesize Schiff base ligands containing a hydrazone moiety of (Z)-2-((£)-1-hydroxyethylidene)-
hydrazineylidene)-2-phenylacetic acid, as well as their praseodymium, samarium, europium, and gadolinium complexes, and to study
their structure.

Methods. The structure of ligands was identified by infrared (IR), ultraviolet (UV), and nuclear magnetic resonance (NMR) spectroscopy.
The structure of the complexes was confirmed by elemental analysis, IR and UV spectroscopy, and thermogravimetric analysis.

Results. The Schiff base ligands containing a hydrazone moiety of (2)-2-((E)-1-hydroxyethylidene)hydrazineylidene)-2-phenylacetic
acid, as well as their praseodymium, samarium, europium, and gadolinium complexes, were synthesized using the authors’ procedure.

Conclusions. NMR and IR spectroscopic data confirm that the Schiff base ligand is in the keto form. There are three absorption bands
in the wavelength range of 205-306 nm in the UV spectrum of the ligand. A bathochromic shift is observed in the spectrum of all
complexes. The molar ratio of ligand and metal in the complexes was 3 : 1.
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HAYYHAA CTATbA

CuHTe3 n xapakrepmncTtuka KOMnjiaekcoB
METaJIJIOB peiKO3eMeJibHbIX 3JIEMEHTOB
Ha HOBOM ocHoBaHuu Lndpoda

IT. AG6acoBa®, A.A. MemxunoB, P.X. Ucmanios, A.M. Iamaxkanos, IT.A. dary/1aeBa

Munucmepcmeo nayku u obpasosanus Azepbanioicanckoi pecnyonuxu, Mncmumym xamaniuza u Heopeanuieckol Xumuu
umenu akaoemuxa M. Haeueea, Baxy, AZ 1143 Azepbaiioscan

™ demop ons nepenucku, e-mail: veliyeva_g23@yahoo.com

AHHOTaUuS

Lean. Cunresuposars auranasl ocHoBanus lIndda, conepxarmue ruapa3oHoByIo acTh (Z)-2-((£)-1-ruapoKCHITIIINICH ) THIPA3HHHI-
JHJICH)-2-(EHIITYKCYyCHOM KHCIIOTHI, M UX KOMILIEKCHI IIPa3eonMa, caMapys, eBPOIHS U TaJoJHHUs, a TaKXKe HCCIEN0BaTh UX CTPYK-
Typy.

Metoasl. CTpyKTypa IuranaoB OblIa naeHTH(UIMpoBaHa ¢ nomonibio nadpakpacuoit (MK) u ynerpaduonerosoit (YO) criekrpocko-
ITUH ¥ CHEKTPOCKOIHH SIAEPHOTO MarHUTHOTO pe3onanca (IMP). CTpykTypa KOMIIIEKCOB ObLIa TTOATBEPIK/ICHA C TIOMOIIBIO YJIEMEHTHO-
ro anann3a, UK- u YO-crekTpockonuu u TepMOTpaBUMETPHIECKOTO aHAN3a.

Pesyabrarel. Jlurangsr ocHoBanms Iludda, comepkamme ruapazoHoByr0 4acTh (£)-2-((E)-1-THAPOKCHATHINICH ))IUAPA3UHIIH-
JieH)-2-(eHUITYKCYCHOM KHCIJIOTBI, U MX KOMIUIEKCHI C MPAa3CoqHMOM, CaMapyueM, EBPOIIUEM M TaJOJIMHUEM ObUIM CHHTE3HPOBAHBI 110
METOJIUKE aBTOPOB.

BoiBoabl. [lanusie IMP- n MK-criekTpockonuu NOATBEPKIAIOT, 4To Jurana Ha ocHoBe [llndda naxoqurces B kero-popme. B YD-criek-
Tpe JUraHjaa UMEIOTCS TPH MOJOCH MOMIOMIEHHs B Iuana3zone AauH BoiaH 205-306 HM. B cmekTpe Bcex KOMIUIEKCOB HabmiomaeTcs

KnioueBblie cnoea

OJICMCHTHI, KOMHJIQKCOOﬁpaSOBaHI/Ie

Anga yuuTMpoBaHuUa

TUAPA30HbI, q)eHI/IJ'II‘J'II/IOKCI/IJ'IOBaH KHcCJ10Ta, OCHOBaHHEC LHI/I(b(ba, PEAKO3EMEIIbHBIC

0aToXpOoMHBIN cABUT. MONsIpHOE COOTHOIIEHHE JIMTaHAa U MeTaJlla B KOMIUIEKCax cocTaBmio 3 : 1.

MocTtynuna: 30.05.2024
Oopab6oTaHa: 14.10.2024
MpuHara B nevyatb: 24.12.2024

Abbasova G.G., Medjidov A.A., Ismayilov R.H., Pashajanov A.M., Fatullayeva P.A. Synthesis and characterization of rare earth metal
complexes with novel Schiff base. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2025;20(1):47-54. https://doi.org/10.32362/2410-6593-2025-

20-1-47-54

INTRODUCTION

With the existence of an azomethine bond affecting
biological activity [1-3], Schiff bases are a special
type of ligands with a variety of donor atoms that
exhibit remarkable ways of coordinating to transition
metals [4—6]. The salen-type Schiff bases obtained by
the condensation of salicylaldehyde (sal) and primary
ethylenediamine (en) are thought to be workable ligands
for coordination chemistry, due to the possibility of
arranging their steric and electronic features by the
primary amine and aldehyde. Due to the inclusion of
donor centers for metal ions in their composition, which
allow for the design of different geometries with other
ligands, a significant number of metal complexes have
been synthesized using salen-type Schiff bases [7].
Schiff bases, containing imine or azomethine groups,

and their metal complexes are used in encapsulation and
separation processes, in industry, and in supramolecular
chemistry as catalysts, corrosion inhibitors, pigments,
and dyes [8—14]. Over the past few decades, numerous
studies have been carried out on the use of this class
of compounds, especially in medicine, due to the
presence of diverse biological and pharmacological
properties, including antimicrobial, anti-inflammatory,
analgesic, antifungal, anti-tuberculosis, antiviral,
anticancer, antiplatelet, antimalarial, anticonvulsant,
cardioprotective, anthelminthic, antiprotozoal,
antitrypanosomal, and antischistosomal [15-30].
Versatile applications of Schiff bases and their
metal complexes stimulate interest in developing their
synthesis methods. Hence the development of new
effective, easy, and selective synthesis methods is still
relevant for chemists. The aim of the work is to synthesize
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Schiff base ligands, containing a hydrazone moiety of
(2)-2-((E)-1-hydroxyethylidene)hydrazineylidene)-
2-phenylacetic acid, along with their praseodymium,
samarium, europium, and gadolinium complexes.

EXPERIMENTAL

Materials and methods

All chemicals and solvents were purchased from
commercial suppliers and were reagent grade. Salts
were obtained from Merck, Germany, while solvents
were procured from Qualikems, India. Phenyl glyoxylic
acid and acetyl chloride purchased from Sigma-Aldrich
(USA) were used without further purification.

Electronic absorption spectra were recorded
on an Evolution 60S ultraviolet-visible (UV-VIS)
spectrophotometer (Thermo Fisher Scientific, USA)
in ethanol. Infrared (IR) spectra (KBr pellets) were
recorded on a spectrophotometer Nicolet IS10 (Thermo
Fisher Scientific, USA) in the range 5004000 cm ™.

'H and '3C nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker (300 MHz)
spectrometer (Bruker, Germany) in CD,O at room
temperature (19-20°C). Thermogravimetric analysis was
performed using a NETZSCH STA 449F3 derivatograph
(NETZSCH, Germany). The elemental analyses were
performed at the Tubitak analytical laboratory, in Ankara,
Turkey, using a CHNS-932 analyzer (Leco, Germany).

Synthesis
of (Z)-2-(2-acetylhydrazineylidene)-
2-phenylacetic acid (LH,)

The starting hydrazide was synthesized according to the
following procedure.

The mixture of 4 mL of triethylamine and 10 mL
of anhydrous hydrazine was stirred with a magnetic
stirrer. To this mixture, 14.4 mL of acetyl chloride was
added with the rate of 1 drop in every 5 s. The reaction
mixture was cooled with ice to avoid overheating. The
resulting white slurry was separated and recrystallized
from ethanol to give pure needle acetylhydrazine, having
a melting temperature 7 mp. — 10+ 3°C.

To obtain the target (£)-2-(2-acetylhydrazineylidene)-
2-phenylacetic acid (LH,), phenylglyoxylic acid and

1

acetylhydrazine was taken in a molar ratio of 1 : 1. After
dissolving 450 mg (5 mmol) of phenylglyoxylic acid in
5 mL of ethanol, 222 mg (5 mmol) of the acetylhydrazine
solution in 5 mL water was added with stirring and heating to
70°C. From the resulting yellowish homogenous solution,
bright yellow thin needle-like crystals precipitated within
one day. The obtained crystals were filtered, recrystallized
from ethanol, and dried over CaCl, in a desiccator.
T mp.’ 157 £ 2°C. Yield was 525 mg (85%). Calculated
for C,,H,,N,05: C 58.25; H 4.85; N 13.59%. Found:
C 58.35; H 4.98; N 12.95%. '"H NMR (300 MHz, CD,0):
6 7.91-7.48 (4d, t, SH at benzene ring); 2.10 (s, 3H CH,).

Preparation of metal complexes with LH,

To obtain metal complexes with LH,, solutions of the
corresponding metal salts in methanol and the ligand in
ethanol were used. For this purpose, solutions of Pr(NO;),,
Sm(NO,);, Eu(NO,);-6H,0, and Gd(ClO,),6H,0 salts
in molar ratio of 1 : 3 to the ligand were used. Solutions of
metal salts and the ligand were stirred upon mild heating.
Following filtration, the obtained light yellow and yellowish-
orange precipitates were washed with distilled water, and
then with alcohol. The obtained complexes were dried over
CaCl, in a desiccator until constant weight was reached.
The melting points of praseodymium, samarium, europium,
and gadolinium complexes were 200°C, over 260°C,
230°C and over 250°C. Yields were 172, 179, 197, and
173 mg, for 75, 72, 79, and 69%, respectively. Calculated
for Me(C, HgN,0;)5: C47.65; H 3.59; N 11.11%; C 47.06;
H 3.56; N 10.98%; C 46.96; H 3.55; N 10.95%; C 46.64;
H 3.52; N 10.88%. Found: C 47.59; H 3.65; N 11.35%;
C 46.95; H 3.65; N 11.05%; C 46.91; H 3.68; N 11.02%;
C46.72; H3.59; N 11.01%, respectively, for praseodymium,
samarium, europium, and gadolinium complexes.

RESULTS AND DISCUSSION

(2)-2-(2-acetylhydrazineylidene)-2-phenylacetic
acid is a potential tridentate dianionic ligand. Such
a two-charged ligand can be realized at the expense of
carboxylic and enolized acetyl groups (compound 3)
as presented in Scheme 1. However, NMR and IR
spectroscopy data point to the presence of the keto form
in ligand (compound 2).

0 OH

g -
N N
OH 0 | oH CH, | o CHj
+H2N—HN4< — —
© CH; 0 - m
2 3

Scheme 1. Synthesis of the ligand and its tautomeric forms. 1. Phenylglyoxylic acid. 2. Keto form. 3. Enol form
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Electronic spectra

Electronic absorption spectra of compounds were recorded
in ethanol in the UV region at room temperature (Fig. 1).
There are three absorption bands in the wavelength range
0f 205-306 nm in the spectrum of the ligand.

2.7
2.5
2.3
2.1
1.9
1.7
1.5
1.3
1.1
0.9
0.7
0.5
0.3
0.1
0.1

Absorbance, a.u.

200 220 240 260 280 300 320 340 360 380 400

Wavelength, nm

‘ Fig. 1. UV-spectra of LH, and complexes

The band appearing at 306 nm and corresponding
to low energy side is considered to be n—r" transition
of conjugation between the lone pair of electrons of
nitrogen atom in azomethine group and a conjugated
7 bond of benzene ring.

Other peaks appearing at higher energy sides of 205 and
223 nm are associated with " and n—nt" transitions of
carbonyl moiety and aromatic ring [28, 31]. Complexation
of ligand with metal ions results in a bathochromic shift
in the spectra of all complexes. Thus, in the spectra of all
complexes, a broad peak is observed in the wavelength
range of 250-260 nm due to the coordination and the
formation of chelate rings in the complexes [32].

IR spectroscopy

The IR spectra of ligand and its complexes are studied.
It is known from the literature that the band of stretching
vibrations of the non-ionized and non-coordinated

Table. Absorption bands of the ligand and its complexes

COO™ group lies in the range of 1750-1700 cm™!, while
the ionized and coordinated COO™ group lies in the
range of 16501590 cm™! [33]. No ligand absorption
band at 1745 cm™! corresponding to the non-coordinated
carboxyl group is observed in the spectra of complexes.
On the contrary, peaks corresponding to the coordinated
carboxyl group are observed in the spectra of all
complexes at 1570, 1589, 1571 and 1507 cm™!, for Pr,
Sm, Eu, and Gd, respectively. These bands are observed
because the hydroxyl group of the ligand is ionized to
form a bond with the central ion.

As described in [33], bands of stretching vibrations
of the C=N group appear at 1590-1604 cm!. Bands
resulting from CN stretching vibration are observed in
the spectra of complexes as shifted peaks (1603, 1608,
1604, 1575 cm™!, respectively, for Pr, Sm, Eu, and Gd
complexes) comparatively with the ligand (1605 cm™!)
due to involvement of the iminic nitrogen atom in
coordination [34]. Bands corresponding to the peptide
bond (16551630 cm™!) [35] are slightly shifted (1676,
1669, 1629, and 1594 cm™!, respectively, for Pr, Sm, Eu,
and Gd) as compared with the bands in the spectrum of
the ligand (1685 cm™!) due to S(NH)+v(CN) coupled
vibrations. This indicates that oxygen atom in the
amide group is involved in coordination. The spectra of
both the ligand and the complexes have some medium
peaks that may be attributed to stretching vibration of
v(NH) 3000-3200 cm™'. It shows that NH group was
not coordinated with metal. This band also proves that
the coordination form of the ligand is the keto form. All
bands characterizing the ligand and complexes are given
in the Table.

NMR spectroscopic studies

The NMR spectrum of the obtained ligand is consistent
with literature data. The 'H NMR spectrum of the ligand
exhibits some peaks in the range of 7.91-2.10 ppm
(Fig. 2). Peaks in the range of 7.91-7.48 ppm are accepted
as benzene ring protons. One s upfield peak observed at
2.10 ppm is suitable for representing the hydrogen atoms
in the methyl group.

Substance I\i:?t;zz(;(g?j:l;d Cacrﬁgjgiln ;(e)ip C=N stretching vibration S(NH)+v(CN)
Ligand 1745 - 1605 1685
Praseodymium - 1570 1603 1676
Samarium - 1589 1608 1669
Europium - 1571 1604 1629
Gadolinium - 1507 1575 1594
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Fig. 2. (a) "H NMR spectrum of LH, in CD,0;
(b) 13C NMR spectrum of LH, in CD,0

Thermogravimetric analysis

The thermal decomposition of the obtained complexes
was studied in the temperature range 25-995°C with
a heating rate of 40.0°C/min, according to the data of

Peak = 136.94°C

thermogravimetric analysis. Figures 3 and 4 depict
thermogravimetry and differential thermal analysis
curves for the samarium and europium complexes,
respectively.

Thermogravimetric analysis data show that the
decomposition proceeds in four stages. For the europium
complex at the first stage (25-198°C), a weight loss
of 6.861-23.652% occurs due to the removal of
crystallization water. The second stage, which is observed
with the weight loss of 16.381% in the temperature
range of 198-322°C, occurs due to the elimination of
carbonyl group and coordination bond between nitrogen
and metal. At the next stage, decomposition starts at
the temperature of 322°C, and lasts until 448°C; the
corresponding weight loss (16.321%) is accompanied by
breaking the bond of the carboxyl group to the metal.
The last stage observed in the temperature range of
447-980°C, which involves a weight loss of 14.322%,
corresponds to the complete destruction of the organic
part. The remaining mass (~22.5%) corresponded to the
europium content (19.8% theoret.) in the sample.

In the case of samarium complex (Fig. 4), the first
stage is accompanied by a weight loss of 6.467%
at a temperature of 25-137°C. The second stage
of decomposition occurs in a temperature range of
137-198°C with a weight loss of 28.656%, while the
third stage is observed in the temperature range of
198-398°C. The significant weight loss observed during
decomposition, which mainly occurs in stages 2 and 3, is
due to the elimination of carbonyl group and coordination
bond between nitrogen and metal. The last stage, which

23810 9297 Area =-1235.386 mJ 104.4
0 W Delta H =-159.9667 J/g 100
Delta 6.467%\137.12°C
50
= 567.53°C 90
-5 O 6 235.69°C ~3.408%/min
w “4244%/min
0 100
= -0
S E 4 351.84°C 20 |
< g Delta Y = 28.456%._198.61°C ~11.363%/min
B % L
o 3 60
o
5 2 100 B
= 201 2 =
g 00
g = 5
E 3 150 =
54 -25 T
A Delta Y = 27.479%._,398.68 40
_ 200
30 20
Delta Y = 18.819%
35 250 164.45°C 20
—35.856%/min SUM Delta ¥ = 81.421%
37861 2718 14.45
2488 100 200 300 400 500 600 700 800 900  979.4

Temperature, °C

Fig. 3. Derivatogram of the complex of Sm with Schiff base

ToHkune xumunyeckune TexHonorum = Fine Chemical Technologies. 2025;20(1):47-54 51



Synthesis and characterization

Gulu G. Abbasova,

of rare earth metal complexes with novel Schiff base etal.
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2.594 8137 Area =-1231.752 mJ 104.3
Delta H = —142.8695 J/g
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0
288.81°C
7 10 . ~7.581%/min 100 |
g
2 s i 50 198.6°Ch Delta ¥ =23.652% . 20 |
2 E ~13.305%/min .
5 3 2
3 -20 2 0 60 5
z = Delta ¥ = 16.381% 322.72 2
> =}
g 251 % 30
> <
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-30 Delta Y = 16.3 144778
I
35 200 Delta ¥ = 14.322% 30
166.34°C SUM Delta Y = 77.538%
—38.908%/min
-40.97 247.5 13.55
2473 100 200 300 400 500 600 700 800 900 980.3
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‘ Fig. 4. Derivatogram of the complex of Eu with Schiff base
is observed in the temperature range of 398-980°C and
involves a weight loss of 18.819%, corresponds to the
fragmentation and complete destruction of the organic
ligand. The remaining mass ~18.6% (19.6% theoret.)
. . . . 2)
following heating up to 980°C is predicted to be c 1? XN
Sm,0;. In all cases, metal percentages calculated from H 3 |
thermogravimetric curves are suitable for the results of Il\I o 0 N\H
elemental analyses. N \ /\\
. . . \
Based on the results of physicochemical studies and || //Me =0 (C)H3
the spectral data of the literature [28-35], the following © o o
proposed structure of the metal complexes is assumed )\\
(6] yZ ~
(Scheme 2). H;C H/N\N ) \

CONCLUSIONS

A new Schiff base ligand was synthesized together
with its complexes with rare earth elements. The
ligand and complexes were characterized by
various physicochemical methods. Metal to ligand
stoichiometry in the composition of complexes was
found as 1 : 3.

‘ Scheme 2. Proposed structure of the metal complexes
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AHHOTaUus

Heau. lanorernast tamwms, B yactHoctd, KPC-5 (TIBr-TII), sBnsttoTcst oqHUME U3 HanOosee MePCIIeKTUBHBIX ONTUYECKUX KPUCTAIIOB
CpeIHeTo U JanbHero nHdpakpacHoro auanazoHa. OIHAKO BBICOKHE TPEOOBAHUS K KaUECTBY MaTeprasa MPUBOAAT K CyIIECTBEHHBIM CIIOXK-
HOCTSIM ITPON3BOJICTBA JAHHBIX MOHOKPHCTAIIIOB, T.K. TIPX HECOOMIOACHUHN TOYHBIX YCIOBHH POCTa 00pa3Iibl MOIYJAOTCS MONTUKPHCTAIIIH-
YECKHMH, HEIPUTOAHBIMH JUTs1 KOMMEPUYECKOTO HCTIONB30BaHMs. JIJIst onpeieIeHnst ONTHMAbHBIX YCIOBHI pOCTa HEOOXOAUMO IPOBEICHUE
JIECATKOB JOPOTOCTOSIINX SKCIEPUMEHTOB. B TakoM citydae anbTepHATHBHBIM PEIICHUEM SIBISIETCS] KOMIIBIOTEPHOE MOZiepoBanue. B 3a-
BHCHMOCTH OT TPeOOBAHHI MOXKHO aHATM3HUPOBATh KIIOUEBBIE MAPAMETPHI IO OTACTEHOCTH, HE YCIOXKHSISI MOIENh MHOKECTBOM HEH3BECT-
HBIX OTHOBPEMEHHO. L{enbro JaHHOM PaboTHI SBISIETCA ONpeeieHue yciaoBuid pocta kpucTtaiia KPC-5 BRIUHCIUTETBHBIMU METOIAMH JUTS
YCTaHOBIICHHS IPUYHH MOJUKPUCTAILINYHOCTH 00Pa3IoB M HAXOXKCHHS ONTUMAIBHBIX ITaPaMETPOB OTyYEHHSI MOHOKPHCTAIIOB.

Mertoapl. /lns1 pelieHns NOCTaBISHHOMN 3aJa4l HCIIOIb30BaIH METO/l KOHEUHBIX IEMEHTOB, C MTOMOIIBIO KOTOPOTO MOKHO BBITMOTHUTD
pacyeTbl TEMIIEPATYPHOTO PAaCcIpe/ieIeHNs, MEXaHNUeCKUX HAaNPSKEHUIT, KOHBEKTHBHBIX 3()(EKTOB, CKOPOCTH PaclpoCTpaHeHUst GpPOH-
Ta KPUCTAJUIU3ALMH, AedOpMaLNi U3-3a TEIIOBOTO PACHIMPEHHS M IPYTHX SBICHUH, BOSHUKAIOIIUX B MPOLECCe KPUCTAII000pa3oBa-
Hus. 14 mocTpoeHust Mozieny aMIyisl uenons3oBaics nakeT MATLAB ¢ Moxynem st perieHus ypaBHEeHUIH B YaCTHBIX TIPOU3BOIHBIX.
3amaua 0 TEMIEpaTypHOM IpaJHeHTe PENIagach B 0CECHMMETPUUYHOM MPHOIMKEHNH.

Pe3yabrarsl. C TOMOIIBIO KOMIBIOTEPHOTO MOZIEIMPOBAHUS PACCUMTAHO PACIpe/ieNleHne TEMIIEpaTyp B MaTepHale B POLECCE POCTa,
Ha OCHOBE YE€ro OIPeJIe]ICHO NoJokeHHe 1 Gpopma GppoHTa KpucTaiumzanuu. CaenaH BbIBOJ, YTO MOIMKPUCTAIIMYHbIE 00pa3Lbl PacTyT
B pe3yJIbTaTe NPOXOKIeHUs (PPOHTA KPUCTAIIIM3ALMH II0CKoH (Gopmbl. OmnperiesieHa onTUMabHas TeMIepaTypa B Ieuu, HeoOXoaumast
Jutst popMUpOBaHKS BRITYKJIOTO GpoHTa KprcTauu3anuy. [IpogeMoHcTprupoBaH BbipanieHHbli MoHokprcTamt KPC-5.

BeiBoabl. PacueTsl Mo3BOIHIN OBICTPO ONMPEASIUTH NIPHUYMHY HOJUKPUCTAUINYHOCTH 00Pa3LoB, TOIYYNTh ONTHMAJIbHBIE TTapaMeTphI

pocTa MOHOKPHCTAJIOB U Ha OCHOBE MX MpoBecTH 3kcriepumeHT pocta KPC-5. B momydyeHHOM o0Opasiie He HaOmonanach OnoyHas
CTPYKTypa, ¥ KPUCTAJLT YCIEIIHO MOIBEPraliCsl MEXaHW4YeCKol 00padoTKe.

KnioueBble cnoBa MocTtynuna: 20.09.2024
METO/l KOHEUHBIX JJIEMEHTOB, PACUET IPaJIUEHTa TEMIIEPATypP, ONTHYECCKUE KPUCTAILIbI, Aopa6GoTaHa: 30.10.2024
ranorenu tamus, KPC-5 MpuHata B nedatb: 24.12.2024

Anga uMTnpoBaHusa

Epoxun C.B., 3apamenckux K.C., Kyszmemo M.C., IMmmomxo C.M. Ontummsamus mnpomecca pocta MoHokpucTtamia KPC-5
C TIOMOIIBIO pacueTa TPaJueHTa TeMIEepaTyphl METOJOM KOHEUHBIX 3JIeMEHTOB. Townkue xumuueckue mexronozuu. 2025;20(1):55-62.
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Abstract

Objectives. Thallium halides, in particular KRS-5 (TIBr—TII), represent one of the most promising classes of optical crystals for
applications in the mid- and far-infrared ranges. Nevertheless, the high-quality standards applied to materials used for such applications
present considerable challenges in the manufacture of single thallium halide crystals. In particular, when failing to adhere to exacting
growth conditions, the samples exhibit polycrystalline characteristics, rendering them unsuitable for utilization. Given the high cost of
experiments carried out to ascertain the optimal conditions for growth, computer modeling may present a viable alternative. When taking
such an approach to satisfy the specific requirements, it becomes possible to analyze key effects as standalone entities, thus avoiding
unnecessary complications resulting from the introduction of a high number of simultaneous unknown variables. Thus, the aim of the
present work is to simulate the growth conditions of KRS-5 crystal to ascertain the causes of polycrystallinity in the samples and identify
the optimal parameters for obtaining single crystals.

Methods. In order to solve the problem, the finite element method was used. This method is employed for the calculation of temperature
distribution, mechanical stresses, convective effects, the rate of spreading of the crystallization front, deformations due to thermal
expansion, and other phenomena that arise during the process of crystal formation. The MATLAB package, which includes a module for
solving partial differential equations, was used to simulate the crystal growth ampoule. The problem of temperature gradient was solved
in axisymmetric approximation.

Results. A computer simulation was employed to calculate the temperature distribution within the material during the growth process.
This was used to determine the position and shape of the crystallization front. It is established that polycrystalline samples develop as
a consequence of the crystallization front assuming a flat configuration. The optimum temperature in the furnace was determined. The
work demonstrated the successful growth of a KRS-5 crystal under the calculated conditions.

Conclusions. The calculations used to identify the underlying cause of polycrystallinity in the samples enabled a determination of the
optimal parameters for single crystal growth. On the basis of the calculations, a growth experiment was conducted on the KRS-5 sample.
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BBEAEHUE

lasoreHn bl TayuIHs 00JIIA0T PABHOMEPHOM MPO3pavyHO-
CTBIO B OYEHH IIMPOKOM JWAINa30He [UTHH BOJH, OXBATHI-
BAFOIIEM BUIMMYIO M CPEIHIOI MH(paKpacHyro 00IacTu
cnekrpa ot 0.35 1o 50 mxm. [Ipomyckanue cocTaBisieT 10
70% mipu Koadpdurmente orpaskerus 30%, MOIOCH MOIO-
IICHNS B TUANIA30HE TPOITY CKAHHsI OTCYTCTBYIOT. B 3aBrcH-
MOCTH OT COCTaBa raJIOr€HU/Ibl TAJUIUs HAXOOAT IPUMCHE-
HHE B Pa3NHYHBIX 00macTax. Cpemy raloreHnI0B TauIns
kpucramuisl KPC-5 (mem. Kristalle aus dem Schmelzfluss,

42.5% TIBr, 57.5% TII) sBusoTcss Hambomee IepcIiek-
TUBHBIMH JIJI IPUMEHEHHUS] B KOCMUUYECKON acTpodu3uKe,
TEIUIOBUJICHUH U criekTpodoToMeTpun. KpucTamisr obma-
JIAFOT MEXaHMIECKOM, XUMHYECKOH 1 BHOPAITMOHHOW TPOY-
HOCTBIO U BIIATOCTOMKOCTBIO, Onaromapsi 4eMy IPHTOIHEI
JUIsl paboThI B aTMOC(EPHBIX YCIOBHAX 0€3 CrielraabHON
3anmTel. Coueranue xapakrepucTuk kpucramioB KPC-5
MOXKET II03BOJIUTH YIIYYIIUTh CBOMCTBa O0OOpPYIOBaHHUS
B Jnara3oHe 70 10 MKM U MOCITyHUTh OCHOBOM CO3JaHUs
HE UMEIOIUX AHAJIOTOB HOBBIX YCTPOHMCTB, paOOTAIOIINX
B jmariazone ot 10 mo 50 mxwm [1, 2].
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OnTummzaums npouecca pocta moHokpuctanna KPC-5

C.B. EpoxuH

C NMOMOLLbIO pacyeTa rpaaneHTa TeMnepaTypbl METOAO0M KOHEYHbIX 31EMEHTOB nap.

Bpomun Tanmus — TOJIYNpPOBOAHUK C 3alpelieH-
HOM 30HOH 2.68 3B — Taxxke nepcnexTuBeH. biaromaps
OonpM aToMHBIM HOMepaM (81 u 35) u BbICOKOI TITOT-
Hoct (7.56 r/cm?) oH 06nazaeT IPeBOCXOIHOM OCTaHaB-
JIMBAOIIECH CITIOCOOHOCTBIO raMMa-u3nydeHus [3, 4], 9To
JIeTIaeT ero UACANBHBIM JIJIsi OOHAPYKEHHS PaIHAIlIH [IPU
KOMHATHOW Temrieparype. Takxke OpoMua Taumus sBIsi-
eTCs TIePCIEKTUBHBIM MaTepHajoM ISl MO3UTPOHHO-
SMHUCCHOHHO TOMOTpaduu, MOCKOJIBKY OH 00ecrieuuBaeT
OYEHb XOPOIIIee SHEPTeTUICCKOE pa3pelIeHUE H BO3MOXK-
HoCTh 3D-cermenTanuu, a Takxke 3pPEKTHBHOCTh OOHA-
PY’KEHUsI, IPEBOCXOSIIYIO TAKOBYIO y IIMPOKO UCIIONb-
3yeMbIX CUMHTHIIISATOPOB [5, 6]. HecmoTpst Ha xoporiee
paspenieHue AeTeKTopoB Ha ocHoBe T1Br, Bee e Halmo-
JlaeTcsl HecTaOMIbHOCTD UX paboThl. [laHHyi0 mpobiemy
MIBITAIOTCST PEINTh JI00aBICHUEM B COCTaB KpHCTasia
aromoB #ona | wim xsopa Cl [7], a Takke JTerupoBaHueM
KOMITEHCAITMOHHBIMH MpUMecsMH [8, 9].

BrlpammBanue  KpUCTAUIOB — TaJIOTEHHJIOB  Ta-
TS MOKET OBITH BBEITIONHEHO METOAoM bpmmkMeHa—
Crokbaprepa, KOTOPBIA MOAXOMUT AJIS MOTYYCHHS MO-
HOKpHUCTaJIoB JaHHoro coctaBa [10]. Tem He menee
NPUCYTCTBYET PsI MPOOIeM B MPOM3BOICTBE TaHHBIX
KPHUCTAJUIOB, 0COOEHHO C auameTrpamu cBbime 50 MM.
KiroueBsIMH  CBOMCTBAMM JaHHBIX MAaTrcpuaioB sBJIA-
IOTCSI YHCTOTa W CTPYKTYPHOE COBEPIICHCTBO, OIHAKO
METOJbl JAOCTIDKCHHUSI YHCTOTHI MaTrepHana C ypOBHEM
cozepkanus mpumMeceit He Gomee 107> mac. % Heno-
CTaTOYHO OTpaboTaHbl, a 0e31e(PEKTHOCTh KPHCTAIIIOB
4acToO OKa3bIBaeTCs Jajieka OT cosepiueHcTBa [11-13].
KpOMe TOT0, MaTeprall sABJISACTCSA TOKCUYHBIM, YTO TaK-
JKE YCIOKHSIET TEXHOJOTWIECKHUH TIPOIeCcC MOIydeHHUs
ero MOHOKpHucTa/uioB. CreneHb OJIOYHOCTH KpUCTala
KPC-5 cymiecTBeHHO 3aBUCUT OT IapaMeTpoB pocTa
B MYJBTH30HHOW Ieun. Tarkke HM3HOC 000pYyIOBaHUS
MOXET IPUBOJIUTH K TOMY, YTO paHee OTpadoTaHHbIE pe-
JKHMBI He OyyT 1aBaTh MOHOKPUCTAJUIBI HEOOXOAMMOTO
KauecTBa, a MOWCK HOBBLIX YCIOBHH POCTa IyTeM TPoO0
1 oIMOOK MOKET NOBJIeYb 3a COOOH HenpuemseMble 3a-
TpaThl KaKk JOPOTOCTOSIIETO MaTeprania, TaK ¥ BPEMEHH.

B TakoMm ciygae pemieHHEM MOXKET IIOCITYKHTh
MIPOBE/ICHUE KOMIIBIOTEPHOrOo MozaenupoBanus [14].
UYucreHHbIE METO/IbI JJABHO 3aPEKOMEHI0BaJM ce0sl, KaK
3 PEKTUBHBIN CIIOCOO PEHICHHUS TEXHOJIOTUYECKUX 3a-
nad. B 3aBucuMocTH OT TpeOOBaHUN MOKHO pacCMaTpH-
BaTh KIIFOYEBBIE YPPEKTHI MO OTIEITBHOCTH, HE YCIOKHSIS
MOZIETh YIETOM MHOXECTBA HEN3BECTHBIX OJHOBPEMEH-
HO. Hampumep, pacueTsl pacrpenencHus TeMIleparyp,
MEXaHUYECKUX HAMpPsHKEHUH, 3(p(EKTOB KOHBEKIINH,
CKOPOCTH pacrpoCTpaHeHus! (HpoHTa KPUCTAJUTU3AINY,

nedopmanuii B pesynbraTre TEIIOBOTO paCHIMPEHUS
U JIpyTUX SBICHHH, BOSHUKAIOMNX B IIPOIECCE pPOCTa
KPHUCTAJJIOB, JOCTYIHBI B pAMKaX YUCJIEHHBIX METOJOB.
B nmannoii paboTe JeMOHCTPUPYETCS IPUMEpP PELICHUS
YIPOIIEHHOH 3a7auyl MOUCKa pacIpe/ieNieHus] TeMIepa-
TYp, KOTOpast TI03BOJISIET ONPEIENIUTh MapaMeTphl pocTa
Ka4eCTBEHHBIX 00pa3I0B KPHCTAILIOB.

MATEPUAJIbI U METOAbI

Bce pacuersl Obutn BhINONHEHBI B makete MATLAB!
C HUCIIONIB30BaHHEM MOIYJS Ul PELICHUS YpaBHEHUI
B yacTHBIX mpom3BofHbix Partial Differential Equation
Toolbox (PDEs?). 3amaua pacmpeneicHusi TeMIeparyp
pelanach B 0CECHMMETPHYHOM MpuOImKeHun. Beicora
Mojienu ammyibl coctasisiia 0.35 m, paguyc 0.04 M, yron
npu BepmuHe koHyca 45°C. Mojesnb aMmyibl pa3ouBa-
Jach Ha CETKY C TPEYTOJNBHBIMH JIEMCHTaMH Pa3MepoM
He 6ombine 0.005 M ¢ KBagpaTH4IHBIM pa30NCHNUEM y3II0B
CETKH, CO CKOPOCTHIO M3MEHEHHS CeTKH 1.5.

Bbutn  B3ATBHI  CNIEAYIOIIME CBOWMCTBA  KpPUCTA-
na KPC-5: temmoemkxocth C = 151 Br-c/(xr-°C), te-
mionpoBogHocth k = 0.544 B1/(M°C) W IUIOTHOCTH
p = 7.37 t/eM? [15]. PocT kpucTamia OCyIIECTBISICS
B AO ['upeomem (Poccus) U3 MUXTHI COSAMHEHUS JIBYX
coneil moauaa u opomuaa Taust (I upeomem, Poccus)
B neun EDG11-D4 Sunfire (MELLEN, CILIA).

PE3YJIbTATbl U UX OBCYXAEHUE

Poct MOHOKpHCTaIIOB BEPTUKAIBHO HAIpPaBICHHON
KPHCTAJUTA3AIIMN MOXKET OBITh PEAN30BaH B MYJIBTH30H-
HOU 11euu 6e3 UCIIONIh30BaHU MEMOPaHbI, pa3AeiIsSionei
XOJIOJHYIO U ropsA4ylo 30Hy. B 3TOM ciydae BMecTo nepe-
MEIIEHHUS aMITyJIbl C paclljlaBOM MOYKHO MEHSTH TeMIIe-
parypy HarpeBaTelbHbIX JIEMEHTOB U TEM CAMBIM CIBH-
raTh MOJIOKEHNE U30TePMBI KpucTaiutn3auu (puc. 1).

B ammyny u3 TepMOCTOMKOIO CTEKJIa MOMENIAETCS
muxrta cocraBa KPC-5, nocine yero amyina rnojiBemu-
BaeTcs BHYTpH nieun (puc. 1b). 3atem Temmeparypa
BHYTpPH BCell paboueil 30HBI MOBHIIIACTCS IO TEMIIE-
paTyp BbIlIE TeMIEparypbl IUIaBICHUS, U MaTepHall
[IepEXOJUT B PACILIaBIEHHOE COCTOsHUE. [lanee TeM-
reparypa HarpeBaTelIbHbIX 3JIEMEHTOB II0CJEN0Ba-
TEJBHO OIyCKaeTcs 10 3HAaYCHUM HMKE TeMIeparypbl
kpuctamnuizauuu KPC-5, HaunHas ¢ pacroaoKEHHBIX
HUKE aMIIyjbl ¢ MaTepHUaJoM 3JE€MEHTOB, II0CIIE YEro
BHYTPH aMITyJIbl (POPMHUPYETCS KpUCTALTHIECKas (a3a.
Opnaxo obuield nHGopMauK O mapamMeTpax pocTa He-
JOCTATOYHO JUIS TTONYYICHHUsI KAYeCTBECHHBIX 00pa3IoB.

I MATLAB. version 9.14.0 (R2023a). Natick, Massachusetts: The MathWorks Inc.; 2023.
2 Partial Differential Equation Toolbox. version 9.14 (R2023a). Natick, Massachusetts: The MathWorks Inc.; 2023.
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Puc. 1. (a) CxemarnuHoe n300paxkeHne MyJIbTU30HHOHN TeUH: 0 ] T3 0.10 Harpesarenn
1 — u3onsTop; 2 — pabodast 30Ha; 3 — ammyna ¢ KPC-5; S Heat elements
4 — HarpeBartesbHbIe AEMEHTHL. Temneparypa Ha KaKI0oM g ™ 0.05 _ _ Uenrp ammyssl
HarpeBaTelIbHOM JJIEMEHTE KOHTPOJIMPYETCS OTAEIBHO, ] Ampoule center
1 32 CYeT 3TOTO B aMITyJle OTHOBPEMEHHO COCYIIECTBYIOT
KpucTannuueckas (asa u paciuias (MMOKa3aHO MyHKTUPHBIMU 0.00 . . ,
300 350 400 450

JTUHUASAMH ¥ BoJHaMH). (b) @OTO MyNBTH30HHOI MeYH U aMITyJIbI
C IIMXTOMH, KOTOpasi MOJBEIINBAETCS B HATPEBATEIbHOMN 30HE.
(c) Kpucramn KPC-5, BoipanieHHsiii B iedd (Gpoto BBEpXy).
[Tpu HempaBUIEHOM TEMIIEPATYPHOM PEXMUME KPHCTAIIT
pasBanuBaercsi npu 00padotke (Goto BHUZY).

Fig. 1. (a) Schematic representation of a multizone furnace:
(1) insulator; (2) working zone; (3) ampoule with KRS-5;

(4) heating elements. The temperature of each heating element
is regulated independently, allowing for the coexistence

of the crystal phase and the melt within the ampoule
(illustrated by dotted lines and waves). (b) Photo

of a multizone furnace and an ampoule with powder that is
suspended within the heating zone. (c) KRS-5 crystal grown
in the furnace (photo above). If the temperature regime is not
correct, the crystal falls apart during processing (photo below)

Hanpuwmep, Ha puc. 1¢c mokazan oOpaser] MoJTUKpHCTaI-
nuyeckoro KPC-5, monydeHHBIH NpU NOAAEpKAHUU
rpaguenTa Temneparypsl 1o 10°C/cm u ckopoctu po-
cra kpucTamia He 6onee 1.5 mm/4. [TockoOIBKY OJHUM
u3 kimoueBblx npumeHeHuit KPC-5 saBnsercs onrtuka,
TO IOJyYEHHBIE OOpPAa3Ibl MOABEPraloTCS MEXaHUYe-
ckoit oopadoTke. [lomukpucramimueckue oOpasibl He
BBIICPIKMABAIOT TaKOW 0OpabOTKM W MOTOMY HEIpH-
roaubl. IIpuyuH g pocTa NOJUKPUCTAIIIOB MOMKET
OBITH HECKONbKO: (opma (poHTa KpHUCTAUIH3AINH,
HANPSDKCHHUS HA TPaAHHIC KOHTAaKTa aMIlyiia/MaTepu-
ajl, MEXaHHU3Mbl KOHBCKIIUHU, MHOKXCCTBCHHBLIC IICHTPHI
KpUCTAITH3AMN U T.A. Vckarh pemenne moadopom
napaMeTpoB KpaiiHe 3aTpaTHO U TPYLOEMKO, IO 3TOH
IpUYUHE ObUIO PELICHO HCHOIB30BAaTh YHCIEHHOE MO-
JeNApOBaHNE.

B pamkax maHHOH pa®oThl OBLIO pEIIeHO, YTO MJIs
MPOBEPKH (HOPMBI (PPOHTA KPUCTATUIU3AIMHU TOCTATOUHO
c(hOKyCHPOBATHCS Ha pacdeTe U30TePM BHYTPH aMITyJIbI
0e3 yuera KOHBEKIMH WJIM MEXaHUYECKUX HalpsHKeHUi
Ha rpaHulie KOHTaKTa MaTepurana c ammyioi. [locnennue
3¢ deKTH MOTYT OBITh JOOABICHBI B YCIOXKHEHHYIO MO-
JIeNTb TIPH HEOOXOAUMOCTH.

Temmneparypa, °C
Temperature, °C

(2) (b)

Puc. 2. (a) Mozenb ammyisl U3 TEPMOCTOHKOTO CTEKIIA.
Ji1st pacdyeToB MPOCTPAHCTBO Pa3OMBaIOCh CETKON
TPEYTOJIbHBIX 3JIEMEHTOB, KOTOPLIM 3a/1aBaJINCh

cBoiictBa Matepuana KPC-5. Orpesku 7'1-78 ormedaroT
HOJIOKEHHE HarpeBaTenbHbIX a1eMenToB. (b) Temneparypa
Ha HarpeBaTeNbHbIX MEMEHTaX (CIJIOMIHAS JIUHUA)

U COOTBETCTBYIOIIAA TEMIIEPATYpPAa B LIEHTPE aMITYJIbI
(IyHKTHpHAsl JUHUA) B 1BA MOMEHTa BpeMeHH. CTpesKoil
yKa3aHo, Kya BO BpeMEHH CMEIIAI0TCs 3aBUCHMOCTH.

Fig. 2. (a) Model of the ampoule made of heat-resistant
glass. The blue color shows the mesh. Each element has

the properties of the KRS-5 material. The positions

of the heating elements are indicated by 71-78.

(b) The temperature of the heating elements (solid line)

and the corresponding temperature at the center of the flask
(dashed line) at two points in time are illustrated. The arrow
indicates where the dependencies shift over time

st mpoBeeHNsT MOICIIMPOBAHUSI METOIOM KOHEY-
HBIX 27eMeHTOB B nakere MATLAB Oblna co3gaHa oce-
cuMMeTpHuuHas 2D-Mozens aMIysibl ¢ MareprajioM, CM.
puc. 2a. B pamkax 3a1aun pemanoch CTaHJapTHOE ypaB-
HEHUE TETUIONPOBOTHOCTH:

o, Loy (kvr),

Ot

rae 7 — TeMmeparypa, { — BpeMs. JJIEeMEHTaM 3aja-
BAJINCh XAPAKTEPUCTHKHA TETIOEMKOCTH (Cp), TETIOo-
npoBoAHOCTH (k) U MIOTHOCTU (P), COOTBETCTBYIOIINE
kpucrairy KPC-5. B 3agaue He yuuThIBanach TEILIOTa
KPUCTAJUIM3AIMY, TTOCKOJIBKY TPH JIOCTATOYHO MEIJICH-
HOM TIPOLIECCE POCTa KPUCTAUIA CHCTEMA YCIICBACT TIPHIi-
TH B TEIUIOBOE PAaBHOBECHE. YUET HAarpeBaTEIbHBIX 3Je-
MEHTOB 3aJlaBajics (PUKCHPOBAHHOW TeMIIEpaTypoil Ha
Kpasix MomeiH. Pa3Mepsl y4acTKOB ¢ KOHTPOIUPYEMOU
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C NMOMOLLbIO pacyeTa rpaaneHTa TeMnepaTypbl METOAO0M KOHEYHbIX 31EMEHTOB nap.

TEMIIepaTypoH, Kak U pa3Mep MOJEIU COOTBETCTBOBA-
JIN 3KCHEpPUMEHTaJbHOM ycTaHOBKe. Jlanee mpenmona-
rajioch, YTO MOJOKEHUE (PPOHTA KPUCTAJUIM3ALUU CO-
OTBCTCTBYCT IOJIOKCHUIO HU30TCPMbI KpUCTAJIIIM3alIUN
(TKp =414°C).

TemmnepaTypa HarpeBaTeabHbIX 3JIEMEHTOB MEHAJIACh
BO BPEMEHHU I10 CJIEAYIOLIEMY aJITOPUTMY: CHauajla TeM-
meparypa BceX HarpeBareliell OblTa paBHa MaKCHMAallb-
HOHU Temmeparype: Il = 12 = ... = 18 = T . 3arem
TeMIepaTypa IIEpBOro HarpeBarelis MEHsUIach 110 COOT-
HOLLIEHUIO

T1=T L7h
o 11000+(7,

)
ax T min )
IJIe {; — BpEMs Hauasia oxJax/eHus snemenra 7'l (Mun),
t — Bpemst pacueta (MuH). [locne oxnmaxxaeHust 31eMeH-
Tall noT iny @HATIOTHYHBIM 00pa3oM MEHSIaCh TEM-
neparypa Ha snemenre 72. Temneparypwt 7. u T .
BapbUPOBAJIMCh B Pa3IMYHBIX pacyeTax B JAMANa3zoHax
330-360°C u 430—460°C. [Ipodpwmis Temreparyp u Ha-
rpeBaTenieil B 3aBUCUMOCTH OT BBICOTBHI NPHUBEIEH Ha
puc. 2b. Ilpn yka3zaHHBIX MapaMeTpax H30TepMa KpH-
craum3aruu 3a 1000 muH cMemraeTcs Ha 2.5 ¢M, 49TO
COOTBETCTBYET CKOPOCTH pocTa Kpuctauia 1.5 mm/4.
Ha puc. 3 npeacrasnens 3D noBepXHOCTH YaCTH MO-
JIeJIU ¢ TEMIIEPaTypOil HIKE TeMIIepaTypbl KpUCTaIIN3a-
1un 414°C u BUIHO U3MeHeHre (PopMBbl H30TEPM IpH I1e-
PEKIIIOYCHUH TeMIIepaTyphl HarpeBareiel Kak B 00macTu

t = 7600 min

(b)

TEMIIEPaTyPHOTO pexxuma (a).

KOHycCa, TaK M B IWJIMHAPHUYECKol obmactu ammynbsl. Ha
puc. 3a u 3b okazaHO CpaBHEHHE JIBYX TEMIIEPaTyPHBIX
PEKUMOB, B KOTOPBIX IIPU OHOU U TOM k€ pasHUIE MaK-
CUMaJIbHOH ¥ MUHHUMAJIbHOW TemIeparyp HaOromaeTcs
MPUHIAIHAIEHO pa3Hast popMa H30TEPMBI KPUCTAILITH3a-
nuu. B ciyuae, ecnu AuanasoH CIBUHYT Tak, 4TO MAKCH-
MaJlbHasi TeMIepaTypa OiamM3Ka K TeMIepaType KpHcTall-
mzamyu T p? (hopma M30TEpPMBI TTOIYYAETCS BBITYKIOH
(puc. 3a). B mpoTHUBOIONOKHOM Cilyyae, €CJId MHHH-
MajlbHasi TeMmeparypa ommska x 7, p? (opma M30TEpPMBI
KPHUCTAJUIN3ALUH [IOTy4aeTCsl BOTHYTOM.

B KBa3uCTallMOHAPHOM PEXUME, KOIIa CKOPOCTh PO-
CTa CyLIECTBEHHO MEJUIEHHEE, UEM CKOPOCTh YCTaHOBJIE-
HUS TEMIIEPATYPHOTO PAaBHOBECHS, IPEATNOJIAraeTcs, YTo
HOJOKEHHE (DPOHTA KPUCTAJUIM3ALUU COOTBETCTBYET
u3orepme Kpuctamumsanun. Popma GpoHTa KprcTaLIN-
3alMU OKa3bIBaeT CYILIECTBEHHOE BIMSHME Ha KaueCTBO
pactymiero kpuctamuia. Hanpumep, cormacHo uccie-
JIOBaHMsIM, TIpoBeZieHHbIM ele B XX Beke [16], BbImy-
KJIasi TpaHnma (PpoOHTAa KPUCTAJUIN3AINH TPETATCTBYET
MOSIBIIGHUIO HOBBIX LIEHTPOB 3apOAbIIICO0pa30BaHUS
Ha MyTH JaJbHEHIIEro pocTa IMaBHOTO KpHCTAIA, TaK
Kak HawmOoJjee TMPOABUHYBIIAACS B PAcIUIaB YacTh KpH-
CTaJula Janblle BCEro yjaueHa oT CTEHOK, Iyie Hauboinee
BEPOATHO (hOPMUPOBAHUE HOBBIX 3apofsimieii. Taxke
Ba)KHO OTMETUTh, YTO KOHYC aMITYyJIbl SBJISETCS MECTOM
¢ HamOOJbIIEH BEPOSATHOCTBIO POCTA TaKHX JE(EKTOB.
UeMm Oomnbllie yron mpH BEpPLIIMHE KOHYyca, TEM OONbIIe

460 °C
440
420
400

380

360

(©)

340

Puc. 3. (a), (b) 3D mozmenu KpUCTATNIM30BAaHHON YacTH MaTepraia BHYTPU aMITyJIbl B CIIy4ae ABYX TEMIIEPAaTypHBIX PEKUMOB:
(a) 330-430°C; (b) 360—460°C. I'pagrieHTOM IBETa TIOKa3aHO pacIpeAeICHUe TeMIIEPaTyphl BHYTPU MaTepHuaia. YepHbIMU JIHHHSAMHI
oTrMeueHsl Tpu u3oTepmbl 410, 414 u 418°C. (¢) Obpaborannslii oOpazen kpuctamia KPC-5, momydeHHbIN IPH NCTIONB30BaHUH

Fig. 3. (a), (b) 3D models of the crystallized part of the material inside the ampoule in the case of two temperature regimes:
(a) 330—430°C; (b) 360—460°C. The color gradient shows the temperature distribution within the material. Three isotherms, for 410,
414, and 418°C, are marked with black lines. (c) Processed sample of KRS-5 crystal obtained using the temperature regime (a)
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BCPOATHOCTD NMOJUKPUCTATUNIMIHOCTH, U 11O 3TOM npu4in-
He (opMa aMITyJIbl UMeeT OONBIIOE 3HAUCHHE.

Kpome TOrO, CTemneHp OJIOYHOCTH KpUCTaIa MO-
KET 3aBUCETh OT (OPMBI (PpPOHTA KPUCTAIUTU3AINU.
[TockosibKy OJI0YHOCTB YacTo (OPMHUPYETCS B pe3yJIbTa-
T€ CKOIUICHHS TUCIOKAIMHA, a MUCIOKAIIMU MepeMeria-
IOTCSl NIPEUMYIIECTBEHHO MEPIEHAUKYIAPHO TpaHULE
pocTa, TO TPH BBITYKJIOM (PPOHTE AMCIOKAUH MOTYT
“BBITAJIKUBATHCS W3 KPHCTAJUIA, HE CO3aBasi BHICOKOMN
wI0THOCTH JiedextoB [17]. Takum oOpaszom, s momiy-
YCHHS BBICOKOKAYECTBEHHBIX 00Pa3IoB HEOOXOAMMO
UCIIONIB30BaTh PEKUM, TPEICTABICHHBIN Ha puc. 3a. U3
pacyeToB TAKXKE MOXKHO ONPENEIUTh BEIIMYMUHY I'paiu-
eHTa B 30He (hpoHTa KpucTammm3anuu. [1o n3orepmam Ha
puc. 3a u 3b ObLJIO MOJTYYEHO, YTO JUIA [IEPBOTO PEKUMa
TpajiueHT B IIEHTpe aMIyisl coctasiser 11°C/em, a ans
BTOporo 14°C/cm.

CormiacHO pacCUUTaHHOMY PEXHMY, OBUI BBIPAILICH
HoBbIH Kpructaiu KPC-5 B mynernzonnoi neun. O6pasery
npencTaBieH Ha puc. 3c¢. KonTponp kagecTBa KpucTai-
JIOB TIPOBOAWJICS BH3YaJbHO, 0€3 WCIIOJIB30BAaHHS MH-
KPOCKOIIa WIN APYTUX ONTUYCCKUX CPEIACTB IPHU SAPKOM
ocsemnieHun. HabmroneHune mpoBOAMIOCH TOA OCTPBIMHU
yIJIaMH K TIOBEPXHOCTH 00pa3ioB. [Ipu Takux ycaoBusx
OCMOTpAa BBISIBIISIIOTCS OJI0KH, 00yCIIOBIICHHBIE HECOBEP-
IIEHCTBOM CTPYKTYpPbI KpHCTaia. B momydenHOM 00-
pasiie He HaOmonaNacy OIOYHAS CTPYKTYpa, U KPUCTAILT
YCIICIIHO MO/ABEPTaJiCsl MEXaHU4IECKON 00padoTke.

SAKJTIOMEHME

C moMomipi0 METoZa KOHEYHBIX DJIEMEHTOB, pea-
nu3oBanHoro B makete MATLAB, Obino momyue-
HO pachpelesieHHe TeMIeparyp B MYJIbTH30HHOMN
neyu. OCHOBBIBAsICh Ha TPEANONOKEHUU, UYTO MPHU
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CtpykTtypa v ceomncTBa Li peppura,
CUHTEe3MpOBaHHOro u3 nopowkos Fe,0,-Li,CO;-Sm,0,
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Hayuonanvuoiii uccnedosamenvcxkuit Tomckuu nonumexnuueckuil ynusepcumem, Tomck, 634050 Poccus

™ Aemop onsa nepenucku, e-mail: lysenkoen@tpu.ru

AHHOTaUuS

Hesm. VcenenoBanue CTPYKTYpPbl M CBOHCTB JIMTHEBBIX ()EPPUTOB, MOJIYUYCHHBIX MyTEM MPEABAPUTEILHOTO TBEpAO(A3HOrO CHHTE3a
00pa3sIoB Ha OCHOBE MOPOMIKOBHIX cMeced Fe,0,—Li,CO;~Sm,0; ¢ pasnuunO# KoHIeHTpanuel okcua camapus (0, 4.7, 14.7 mac. %)
nipu 900°C 1 moCIIeyIoNeTo UX BEICOKOTeMITepaTypHoTo criekanus mpu 1150°C.

Metoapl. CTpykTypHBIE B MOP(OTOTHUECKHUE XapAKTEPHCTHKN CHHTE3UPOBAHHBIX M CIICYEHHBIX 00OPA3I[OB MCCIIENIOBAHBI METOAAMHU
peHTreHo(ha30BOro M TePMOTPABUMETPHUIECKOTO aHAIH30B, AU(depeHIaTbHO-CKaHUPYIOMEH KaJOpUMETPHH U CKaHUPYIOIIEH 3MIeK-
TPOHHON MUKPOCKOIIUH.

PesyabTarsl. B pesynbrare npeaBapuTeIbHOrO CHHTE3a MPOUCXOAUT 00pa3oBaHHE ABYX(Aa3HOW KOMIIO3HIIMOHHOM CTPYKTYpBI, COmep-
Kallel HesaMelenubId muTueBbld heppur Lij sFe, O, co cTpykTypoii mmunenyu u nepopckurononodnyio hasy SmFeO,. Yeennuenue
coneprkanus Sm,0; ¢ 4.7 10 14.7 mac. % B ucxoaHoit cmecu Fe,04~Li,CO;~Sm, O, IPUBOANT K yBEIUYIEHUIO BO BPEMs CHHTE3a KOJIMYe-
cTBa BTOpH4HOH (hasbl SmFeO, ¢ 4.9 1o 18.2 mac. % B 00pasuax. Bricokue 3nauenns temneparypbl Kiopu, pasubie 631-632°C, a Taxoke
TOJTyYEHHbIE 3HAUYESHHS SHTAIBITMH (ha30BbIX IEPEXOI0B 0i— 3 B JIUTHEBOM (eppHUTE CBUACTEICTBYIOT 00 OCHOBHOM 00pa30BaHHUH YIIOpS-
nodenHoi o-haser Lij, sFe, s0, Bo Becex cunTe3snpoBaHHbIx 00pasiax. [locnenyromiee criekaHue Mpy HOBBIIIEHHOH TeMIepaType MPUBOIHT
K yMEHbIICHHIO cofiepkanus (aszbl SmFeO, u yenuuenuto dasbl mutuesoro deppura. Ilpu 3ToM 0bpasel, He MOTM(HUIMPOBAHHBIH ca-
MapHeM, COJIEPKUT 3HAYMTEIbHOE KOJMYECTBO pasynopsaoueHHoi B-daser Lij sFe, sO,, 4To ObL10 MOATBEPKIEHO 3aHMKEHHBIMU 3HAYE-
HUSME Temnepatypbl Kiopu 1 suTansmmum dasosoro nepexona. [LoTHOCTH Takoro obpasia 4.4 r/cm>. BeeieHre HOHOB caMapusi PHBOIUT
K COXPaHEHHIO BO BPeMsI CIIEKaHHUs yHOpsIoueHHO#H a-(asbl Li, sFe, sO,. ITpn 3TOM MIOTHOCTH CriedeHHBIX 00pa3soB yMEHbIIMIACh J10 4.3
n 4.1 r/eM’ ¢ yBemueHneM KOHIIEHTPALIMH BBOJMMOTO HA TATle CHHTE3a OKCHIIA CAMAPHS COOTBETCTBEHHO j10 4.7 u 14.7 mac. %.

BoiBoabl. BeeneHne Manbix KOHICHTpaIMii okcuaa camapust (o 4.7 mac. %) npu cuHTe3e GeppuTta NPUBOAUT K (HOPMUPOBAHUIO BO
BpeMsI ClIeKaHust ABYX(pa3HOW KOMIIO3ULMOHHON CTPYKTYPBI, XapaKTepPU3YIOIIEHCsl OCHOBHBIM COJIep)KaHHEM HEe3aMELICHHOW JINTHEBOM
(beppuroBoii (assl ¢ Gosiee NPaBUILHBIME MHOIOTPAHHBIMH 3€pHAMH M HEOOJIBIINM COJCP)KAaHUEM BTOPHYHOM MEPOBCKUTONONO00HOM
¢a3pl. DopmupoBaHHe BTOPUYHOM (a3bl, KOTOpasi KMEET OTJAMYHBIE OT (peppuTa CBOIMCTBA, a TAK)KE IOJYUYCHHBIC XapaKTEePUCTUKHU JUIS
Takux 00pa3IoB, BKIIOYAIOIINE HE3HAYNTEILHOE YMEHBILICHUE UX INIOTHOCTH C COXpaHEHHEM BBICOKOTO 3HauYeHHUs TeMuepatypsl Kiopu,
COOTBETCTBYIOIICH OCHOBHOI MarHUTHOM (ase, nenarT GeppuTbl, MOTU(UIMPOBAHHBIC HU3KUMH KOHIICHTPALMAMH PEAKO3EMETbHBIX
3JIEMEHTOB, IEPCHEKTUBHBIMU IS JAJIbHEHIIIEr0 U3yUeHUS UX JIEKTPOMArHUTHBIX CBOWCTB B CBEPXBBICOKOYACTOTHOM JMaIa30He.

KnioueBble cnosa Moctynuna: 10.09.2024
JUTHEBBII (epPHT, OKCHJ CaMapHsl, IEPOBCKUT, MUKPOCTPYKTYPa, Aopa6oTaHa: 09.11.2024
TBEPAODA3HBI CHHTES, CIICKAHNE Mpunara B neyatb: 25.12.2024
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Abstract

Objectives. To study the structure and properties of lithium ferrites obtained by preliminary solid-phase synthesis of samples based
on Fe,0;-Li,CO;—Sm, 0, powder mixtures having various concentrations of samarium oxide (0, 4.7, and 14.7 wt %) at 900°C and their
subsequent high-temperature sintering at 1150°C.

Methods. The structural and morphological characteristics of the synthesized and sintered samples were studied by X-ray powder
diffraction analysis, scanning electron microscopy, thermogravimetric analysis, and differential scanning calorimetry.

Results. The preliminary synthesis gives a two-phase composite structure containing unsubstituted lithium ferrite Lij sFe, O, having
a spinel structure and a perovskite-like SmFeO, phase. An increase in the Sm,0; content from 4.7 to 14.7 wt % in the initial
Fe,0,-Li,CO;—Sm,0; mixture leads to an increase in the amount of the secondary SmFeO, phase in the synthesized samples from 4.9 to
18.2 wt %. The high Curie temperature values (631-632°C) and obtained values of the enthalpy of the o—f3 phase transitions in lithium
ferrite indicate that the main product in all synthesized samples is the ordered a-Lij sFe, O, phase. Subsequent sintering at elevated
temperatures leads to a decrease in the SmFeO; phase content to 3.8 and 16.5 wt % and to an increase in the content of the lithium ferrite
phase. The sample not modified with samarium contains a significant amount of the disordered B-Li sFe, sO, phase, as confirmed by the
reduced values of the Curie temperature and phase transition enthalpy. The density of such a sample is 4.4 g/cm>. The introduction
of samarium ions leads to the preservation of the ordered a-Li, sFe, sO, phase during sintering. The density of the sintered samples
decreases to 4.3 and 4.1 g/cm? with an increase in the concentration of samarium oxide introduced at the synthesis stage to 4.7 and
14.7 wt %, respectively.

Conclusions. The introduction of samarium oxide to low concentrations (up to 4.7 wt %) during ferrite synthesis leads to the formation
of a two-phase composite structure during sintering, which mainly consists of an unsubstituted lithium ferrite phase having more regular
polyhedral grains and a low content of the secondary perovskite-like phase. The formation of the secondary phase, whose properties
differ from those of ferrite, along with the characteristics obtained for such samples, which include a slight decrease in density while
maintaining a high Curie temperature corresponding to the main magnetic phase, make ferrites modified with low concentrations of rare
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earth elements promising for further study of their electromagnetic properties in the microwave range.
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BBEAEHUE

DeppuThl CO CTPYKTYPOH IIIMUHENIM HIMPOKO UCIOJb-
3yIOTCA B MHUKPOBOJIHOBBIX YCTPOWCTBax, Halpumep,
U30JIATOpax, LUPKYyIATOpax, (a3oBpamareisx, Io-
motutensx [1-5], a Takke mpu co3qaHUNM MarHUTO-
yIpaBlsieMbIX (oToKaranu3atopoB [6]. YkecToueHue
YCIIOBUM OKCIUTyaTalldd YCTPOMCTB Ha HX OCHOBE
OmpenensieT AaKTyaJlbHOCTh HCCIEIOBAHUN IO CO3-
JIAHUIO0 HOBBIX (PEPPUTOBBIX MaTepuajoB ¢ Tpelye-
MBIM KOMILICKCOM CBOWCTB, a TaKkKe IO pa3padoTKe

U YCOBEPIICHCTBOBAHMIO TEXHOJIOTHH WX IPOU3BOI-
CTBA.

Hesamemennsiit mutuessiii peppur Lij, sFe, O, (nmm
LiFe;Oy), obmanaromuii BeicoKo# Temneparypoi Kropu
¥ HaMarHWYeHHOCTBIO HACBIIICHHS, YCHEIIHO INpHMe-
HsETCsl Ha NpaKTHKe, HAalpHMep, B KayecTBe (eppuTo-
BBIX CEPACYHHUKOB B 3aIIOMHHAIOIINX YCTPOWCTBAX, IS
IpeoOpa3oBaHus MOIIHOCTH B IEKTPOHUKE, B aHTEH-
HaX M BBICOKOCKOPOCTHBIX LHU(POBBIX JIeHTax [7, 8].
Hcnonp3oBaHue TUTHEBBIX (DEPPUTOB B MUKPOBOITHOBOM
TEXHHKE OTPAaHWYCHO HX YPE3MEPHBIMH MAarHUTHBIMU
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CMHTE31POBaHHOI0 13 Nopowkos Fe,05-Li,CO;~Sm,0,4

E.H. JlbiceHko
n op.

U JUDJICKTPUYCCKUMU MOTCPAMU. HOSTOMy qacTo JIU-
TUHCoAepKanye (eppuThl HUMEIOT 00Jee CIIOKHBIC
coctaBbl [9—-12], MO3BONAIOLIME YMEHBIIUTH TOTEPH,
AHU3O0TPOIINIO, KOOPUUTHUBHYIO CUITY, YBCJIUYUTL ILIOT-
HOCTb ! T.1I.

B nocnennee BpeMst HabIroaeTCA aKTUBHOCT I10 UC-
CJIEJIOBAaHUIO CBOUCTB (DeppUTOB C pelKo3eMeTbHBIMHU
anemertamu (P3D). MHorue ydveHble HM3ydaiad BIIUS-
Hue paznuunbix P39 Ha cBoticTa Li- [13], Ni- [14-16],
Co- [17, 18], Li-Ni- [19-21], Ni-Zn- [22], Ni-Mn- [23],
Co—Mn- [24], Cu—Co-deppuros [25]. [Tpu 3ToM B pado-
tax [14, 16,20, 22, 24, 25] noka3aHo, 4TO CBOMCTBA (ep-
PHUTOB MOTYT OBITH MOTU(HUIINPOBAHBI ITyTEM 3aMEIICHUS
P33 noHoB B cTpykType dhepputa. st aTOr0 MpUMeHs-
IOT Pa3MYHble XUMHUYECKHE METOMAbl CHHTE3a, TaKue
Kak 3oib—Tenb [14, 22, 25], mutparHslii [16], co-ocax-
nenue [ 18], MukpoamynscnonHbil [20], rTuAPOTEpMAITH-
Hbll [24] u op. B apyrux paborax [13, 15, 17, 21, 23]
IpU TONTy4eHUH (DEPPUTOB PA3NUYHBIMU CIIOCOOaMH,
BKIIFOYas MIMPOKO PaCIpPOCTPAHCHHBIM TBepaodha3HbIi
METOJl CHHTe3a, ObIIO MOKa3aHO, YTO B pe3ysibTare J0-
6asienus P30 oqHOBpEMEHHO ¢ 3aMEIICHHBIMU (heppu-
TOBBIMH (hazaMHu TPOUCXOIUT 00pa3oBaHHE HEOOJNBIIO-
ro KOJIMYECTBa BTOPUYHBIX IEPOBCKUTONMONOOHBIX (a3
Ha ocHOBe P3D. Takue (ha3br 0Ka3bIBAIOT CyIIECTBEHHOE
BJIMSIHAE Ha CBOMCTBAa CHHTE3UpPYeMbIX (epputoB. IIpu
9TOM HEJOCTAaTOYHO JaHHBIX MO MOJYYEHHIO JTUTHEBBIX
(dhepputoB ¢ P33 ¢ momolpio npenBapuTebHOTO CHHTE-
3a (heppHUTOB TBEpAOPA3HBIM CIIOCOOOM H MOCIIETYIOIIe-
TO BBICOKOTEMIIEPATYPHOT'O CIIEKAHUS.

[lo pesynmpratam paHee NPOBEJICHHBIX HAMH HC-
CJIeJIOBaHUi OBUIO MOKazaio [26], 4TO mpH TBEpaO-
(dazHOM cHHTE3€¢ JIMTHUEBBIX (EPPUTOB U3 CcMecel
Fe,0,-Li,CO;—Sm,0;, HE3aBUCHMO OT PEKUMOB Me-
XaHUYECKOH aKTHBAIIH HCXOTHBIX TOPOIIKOB, TPOHCXO-
IUT 00pa3oBaHue NBYX(a3HOTO MPOIYKTa, COCTOSIIETO
U3 HE3aMEUIEHHOro auTheBoro deppura Lij sFe, O, u
SmFeO3. JlanHass paboTa MOCBSIICHA HCCIICIOBAHHUIM
CTPYKTYPbI U CBOWMCTB JIMTHEBOTO (heppuTa, U3rOTOBIJICH-
HOTO C TOMOIIBIO JBYXCTaJUWHON TEXHOJOTHUH, OCHO-
BAaHHOW Ha MpPEABAPHUTEIHFHOM TBEpAO(ha3HOM CHHTE3E
(eppura ¢ nobasnenuem P35 (Sm,O,) pasHoll KoH-
HEHTPAMK ¥ TIOCTEIYIOIIEr0 BBICOKOTEMIIEPATYPHOTO
CTEKaHUs C IENBI0 NONyUeHHsT (PepPUTOBON KEPaMHUKH.
Taxoke moApOOHO PacCMOTPEHBI TEXHOJIOTHYECKUE pe-
JKUMBI CHHTE3a U CIIEKaHUs TaHHOW TPYIIBI (hepPUTOB.

MATEPUAJIbl U METOAbI

TexHOMOrN4ecKNe CXeMbl U3TOTOBIECHHUS HCCIIELyeMbIX
(depputoB (puc. 1) OCHOBaHBI HAa MEXaHHYECKOM CMEIIIH-
BaHMHU TOPOIIKOB OKUCIIOB M KapOoHaToB. PaccmoTpum
Oonmee MOAPOOHO TEXHOJIOTHUECKHE OTalbl CHHTE3a
U CIIEKaHHs HCCIleyeMoro (eppuTa.

[Iponecc mpenBapurensHOro cuHTE3a ((heppuTH3a-
[IUH) JINTHEBOTO (peppUTa BKIIOYAI CISTYIONIHE ITaIIbI
(puc. 1a). Ilepen mporemypoli cCHHTE3a MOPOIIKH HC-
xonHbIx pearentoB Li,CO; (oc.u. 20-2, 340 «Bexmony,
Poceust), Fe,O; (u.nma., 340 «Bexmon», Poccus)
u Sm,0; (99.99%, MOS International Co., Kuraii)
MPOCYIINBAIHN B Ja0OPaTOPHOH MEUM NPH TeMIeparype
200°C B Teuenue 180 MuH M 3aTeM B3BELIMBAIM UX Ha
Becax AUW-D (Shimadzu, SInonus) s noaydeHus Be-
COBBIX HpOHOpHI/Iﬁ B COOTBETCTBUM C MpEATIOJIaracMbl-
MU HOpMyTIaMHu:

Li,CO4+ 5Fe, 05 — (1)
— 4Li sFe, O, + CO, (o6paszen NO),

Li,CO, + 4.88Fe, 05+ 0.12Sm,05 — 2)
— 4Li, sSm, ocFe, 4,0, + CO, (o6pazen N1),

Li,CO, + 4.6Fe,0; + 0.4Sm,0, — A3)
— 4Li, sSm, ,Fe, ;0,+ CO, (o6pazen N2).

3arem HCXOAHBIC PEArCHThI NEPEMEIINBAIN JIs 110~
JydeHus mopomkoBoi cmecn Fe,0;-Li,CO;—Sm,0,
¢ BecoBbIM cooTHomenuem 91.5/8.5/0 (obpazen NO),
87.1/8.2/4.7 (obpazen N1) u 77.5/7.8/14.7 (obpazen; N2)
B /1Ba dTama. Ha mepBoM 3Tame MeTomoM IOCTENeHHOTO
CMEILMBaHMs IPOBOAMIIN NEPETUPAHUE TOPOLIKOB Yepe3
MEJIKME CTajbHble cuTa ¢ pasmepoM sAueiiku 100 mMkm.
Ha Bropowm aTarme, ams 6onee TOIaTeIbHOTO MTEPEMEIIH-
BaHMUS U JIJIS MMOJTyYeHUsI 0oJiee OTHOPOAHOM MO 00beMy
CME€CH, MOPOIKU MCXaHUYCCKU U3MECJIbYaJId B IIJIaHC-
TapHoU 1mapoBoi MenbHUIE pu 300 00/MUH B TeUueHHE
15 MUH cO CTaTbHBIMU MEIIOMIMMHU CTaKaHAMHU U Ila-
pamu.

Janee mpoBOIIIIH KOMITAKTHPOBAHIE 00PA3IIOB B Ta-
OneTku 1uameTpoM 15 MM M TONIMHON 3 MM U1 yayd-
IICHUSI KOHTAKTa MEXIYy 4YacTHLAMHU W 0OoJiee TOIHOTO
7 KaueCTBCHHOTO MPOTEKAHMS PEAKIUU NPU CHHTE3E.
CuHTe3 00pa3loB MPOBOIAMIN B JaOOPATOPHOW MEUYH
Ha Bo3ayxe npu temneparype 900°C u BpeMeHM BbI-
nepsxkn 240 mun. [Tocre oneparuym cuHTE3a IPOU3BOIH-
7 KOHTPOJb (Pa30BOro cocraBa u Temmeparypsl Kiopu
MOJTY4EHHBIX 00pa3IIOB.

[Iporecc BBICOKOTEMITEPATypHOTO CIIEKAHMS JIUTHE-
BOro (eppuTa BKIIOYAT CICAYIOIINE TEXHOIOTUICCKUC
atamnsl (puc. 1b). s Hayana cuHTE3MpOBaHHBIE 00pa3-
61 OBUTH TTOJIBEPTHYTHl BTOPUIHOMY ITOMOITY H TIepeMe-
muBaHuo. Jlajgee mpOBOMMIIM TIOBTOPHOE KOMITAKTHPO-
BaHME 00pa3I0B B TAOJIETKH BBIIICYKa3aHHON (POPMBIL.

Kak mpaBmio, mns yiaydmeHust GopMyeMOCTH TIO-
POIIKOB B HUX BBOMAT Pa3lUYHBIC CBSI3KU (IIACTU(U-
KaTopbl), CHOCOOCTBYIOLINE B3aUMHOMY CIETUICHUIO
OT/IENBHBIX YACTHI], C TIOCICAYIONINM TepeTHPaHNU-
eM Macchl B crynke. OCHOBHOE TpeOOBaHME UIS BCEX
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IToAroToBKa MOPOIIKOBBIX PEAreHTOB, BKIIOYAIOMINX CYIIKY B CYLIMILHOM IIKady
npu remrneparype 200°C B TeyeHue 3 4, B3BELIMBAHUE B ONPE/EICHHbIX MTPONOPLHUSIX,
COOTBETCTBYIOIINX XUMHUYECKO (hopmyiie eppuTa, nepeMeninBaHme

Preparing powder reagents, including drying in an oven at 200°C for 3 h, weighing in certain
proportions in accordance with the chemical formula of ferrite, mixing

!

Pazmou TabneTok B MOPOIIOK
u nobasienue 10% BOIHOTO pacTBOpa
MOJUBUHUIIOBOTO CIIHPTA

Grinding tablets into powder and adding
a 10% aqueous solution of polyvinyl
alcohol

IlepemelBaHue CMECH PEareHTOB B CyXOM BH/JIC B TUIAHETAPHOH MEJIBHHULE C IPUMEHEHUEM
CTaJIbHBIX [IApOB U cTakaHoB nmpu 300 06/MuH B TeyeHue 15 MuH

Dry mixing the reagent mixture in a planetary mill using steel balls and jars at 300 rpm for 15 min

!

KommakripoBanue 06pas1oB ¢ HOMOIIBIO
TUAPABINYECKOTO TIpecca Ul IPUAaHUs

!

MM HeO0OXOIUMOH (hOopMBI

Compacting samples using a hydraulic

HEoOX0AUMOH (HOpMBI

KOMHaKTPIpOBaHHe 06pa3u013 C IIOMOUIBIO THAPABIMYCCKOTO Ipecca Ui NpUuaaHusa UM

Compacting samples using a hydraulic press to give them the required shape

press to give them the required shape

!

Cnexanue GpeppUTOBOIl KepaMHUKHI

!

B J1a0OPaTOPHOI IeUH IIPU TeMIIepaType

npu temneparype 900°C B teuenue 4 4

CuHTe3 (heppHTOBBIX MOPOIIKOB MyTEM HAarpeBa CMECH PEarcHTOB B 1a00PAaTOPHON Meun

1150°C B Teuenue 2 4

Sintering ferrite ceramics
in a laboratory furnace at 1150°C for 2 h

!

Synthesis of ferrite powders by heating a mixture of reagents in a laboratory oven at 900°C for 4 h ¢

Control of properties of synthesized powders

KOHTpOJ'IB CBOKCTB CUHTE3MPOBAHHBIX ITOPOIIKOB

KoHTposb cBOWCTB (heppUTOBOIA
KepaMUuKu

Control of ferrite ceramic properties

(2)

CBSI3YIOIIUX BEIIECTB — BO3MOXKHOCTh HX IIOJIHOTO
yaajeHus u3 cOpPMOBAaHHBIX JeTallel pH HarpeBaHUN
1o 600°C. B pabore B KauecTBe CBA3YIOIIETO ObLT HC-
1101b630BaH 10%-Hblii BOAHBII PacTBOP OJUBUHUIOBOIO
crpra.

IIpeccoBanre 00pa3lOB NMPOM3BOIMIN Ha THAPAB-
JMYECKOM IIpecce C HCIHONb30BaHUEM Tpecc-GopM
u3 cranu. M3BecTHO, 4TO JaBiieHHE IPECCOBAHUS 3aBU-
CHT OT pazMepa TalbJIeTKH W KOHCTPYKIHUH Ipecc-(hop-
MBL. B paboTe onbITHBIM IMyTeM ObUT MOROOpaH PeXuM
KOMITAKTHPOBAaHMST 00pa3IOB: JaBICHHE IPECCOBAHUE
200 Mlla, Bpems npeccoBaHusi 3 MHUH. YCTaHOBJIEHHOE
nasieHne 06110 Ha 20% HIDKE MaKCUMAJIBHOTO, TIPH KO-
TOPOM eIIIe He TIPONUCXOIUT PACCIOCHUE 00pasia.

OtopmoBaHHBIC 00pa3IBI CHIEKAIN MTPU TEMIIepary-
pe 1150°C B Teuenue 120 muH. BricokoTemneparypHoe
CIIEKaHWe B MI€YH COCTOSIIO U3 3 CTa/Mii: HArpeB ¢ Ompe-
JICIICHHOM CKOPOCTBIO JIO TEMIEPATyphbl CIIEKaHUS, U30-
TepMHUECKasl BBIACPIKKA MPU 3TOI TeMmeparype U OX-
naxxaeHue. B pabore cKopocTh HarpeBa M OXJAXKICHUS
cocraBmsuia 5°C/MuH.

Ilens onmepanuu criekaHUs — TONydeHUEe (GeppuTo-
BBIX M3JIETUI C OMpe/eJICeHHBIM KOMITJIEKCOM CBOMCTB.
H3BecTHO, 4TO BO BpeMsI CIIEKaHHS IPOTEKAIOT IIPOLECChI

(b)

Puc. 1. Texnonoruueckue cxeMsl cuHTe3a (a) u criekanus (b) peppuro

Fig. 1. Process flow diagrams for the (a) synthesis and (b) sintering of ferrites

PEKPUCTAIUTH3AINY, 3aKIIOYAIOMIAEcs B 00pa3oBaHUU
U MHTpAIM{ MEX3CPEHHBIX TpaHHI. OTO (HOpMHpPYET
MHUKPOCTPYKTYpY, KOTOpasi B 3HaUUTEIbHONH Mepe ompe-
JIensieT CBOMcTBa MosyyaeMbIx (hepputoB. Takum obpa-
30M, IIeJb MPOIecca BEICOKOTEMIIEPATYPHOTO CIICKaHMUS
B JIaHHOH paboTe — o0pa3oBaHUE JIMTHEBOTO (eppHura
KyOHUYECKOH CTPYKTYpBI, 00JIaJaI0IIET0 OMPEACICHHBIM
pa3MepoM 3epHa, OIPEAEICHHON ITOPUCTOCTHI0 U MUHH-
MAaJIbHBIMH BHYTPEHHUMH HAIPSDKCHUSAME B KPHUCTAIUIN-
TaxX MpH 3aJaHHOM XUMHUYECKOM COCTAaBE.

CrieueHHBIe 00pa3bl OTMPABISUIA HA HCCIEIOBA-
HHE UX (a30BOTO COCTaBa, MUKPOCTPYKTYPBI M TeMIIe-
parypsl Kiopu. Pentrenodasonsiii ananus (PDPA) 06-
Pa3IoB MPOBOIMIN Ha PSHTTCHOBCKOM JH(PPAKTOMETPE
ARL X’TRA (Thermo Fisher Scientific, llIBeiinapus).
Wnentndukanus (a3 ocCyIecTBIsUIaCh C MOMOIIBIO
0a3pl JaHHBIX TopomkoB PDF-4+ MexyHapomHOTO
LIEHTpa IU(PPaKINOHHBIX JTaHHBIX (ICDDV).
CkaHupyromuid 31eKTpoHHbIM Mukpockon TM-3000
(Hitachi, Slnonus) ObUI HMCIOJIB30BAaH IS HCCIENO-
BaHUS MUKPOCTPYKTYpbl 00pasuoB. Ilo pesynbraTam
CKaHUPYIOLIEH dIeKTpoHHOW Mukpockonuu (COM)
paccuuThIBaIM CpeaHui pasMep 3epHa. [l1oTHOCTH
00pa3LoB OmpeneIsuli METOAOM THAPOCTATHYECKOTO

' URL: http://www.icdd.com. [Tara o6pamenus 03.10.2023 . / Accessed October 3, 2023.
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B3BemmBaHuA. Temmeparypa Kiopu muTneBex ¢ep-
pPUTOB U (pa3oBBIC TEPEXOABl B HUX HCCIEHOBAINCH
COOTBETCTBEHHO MeTonoM Ttepmorpasumerpun (TT)
C TMPWJIOKCHUEM BHEIIHETO MarHUTHOTO TOJIs (TepMo-
MarHuToMeTpun) U nuddepeHnuanbHO-CKaHUPYIOMIeH
kanopumerpun (JCK) Ha TepMuueckoM aHamm3aTope
STA 449C Jupiter (Netzsch, I'epmanusi).

PE3VJIbTATbI U UX OBCYXXAEHUE

[To pesynsratam peHTreHO(})a30BOro aHanmuza (puc. 2)
YCTAHOBJIEHO, YTO B IIPOLECCE IMPEIBAPUTEIBHOTO
CHHTE3a2 M BBICOKOTEMIICPATypHOTO CIIEKaHHsS 00pas-
o 6e3 P3D (obOpazenr NO) mpoucxomut ¢GpopMuposa-
HHE [IIHHEIFHON MarHUTHOU (ha3bl. PeHTreHorpaMmbl
obOpasnia NO COOTBETCTBYIOT YIOPSJOYCHHON (asze
a-Li, sFe, sO, (PDF Ne 04-015-5965) n neynopsmo4en-
HOH (ase B-Li, sFe, ;O (PDF Ne 00-017-0114) ¢ xy6u-
YEeCKUMH NTPOCTPAHCTBCHHBIMU Ipynmnamu (Fd3m).

B cirydae ¢ obpasmamu N1 m N2 Hapsyty co mimm-
HenbHOI (ha3oif ImpoHcXoAUT 00pa3oBaHUE BTOPUU-
HON KpHCTaIMYeckor (a3pl, naeHTHUIPYEeMOil KaKk
SmFeO; (PDF Ne 00-039-1490). SmFeO; — 10 0pTO-
(deppUT C TEPOBCKUTONORZOOHOH KPHCTAITHYECKON
CTPYKTYpPOIl, UMEIOIMH OPTOPOMONUECKYIO0 HMPOCTPAH-
CTBEHHYIO Tpymity (Pnma).

(6]
400 0 — LigsFe,50, N0
X — SmFeO,
2001 i 0 ©
o (¢]
] .
0 J ; ll AJLQAI A 9 J. : 9& . A
§ 20 0 40 60 80
% 5 4004 N1
5 <
5 g 200+ o o 0
2® 0 "‘o P o2] JL
o
= o b 617 L?Jé‘?lll 0P .
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200+
0_
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(a)

Takum oOpa3zoM ucxomsble peakiuu (2) u (3) ans
obpasnoB N1 u N2 Oynyt umerh WHOU BHUI. B ciydae
obpasosanus a3 Lij sFe, O, n SmFeO; B mpoxykrax
peakiuu OyZeT MPOUCXOJUTDH BbIICICHNE M30BITOYHOTO
JUTUS, I3HAYAITBGHO 3aJI0KEHHOTO Ha 3TaIle CMEIIUBAHUS
ucxoAHbIX pearentoB. CormacHo pabote [27] 4acTh OK-
CHJIa TUTHS, 00Pa30BaBIICTOCS B TPOLIECCE PA3IIOKCHHUS
KapOoHara JIMTHS BO BPEMsl CHHTE3a JINTHEBBIX (eppHu-
TOB, BO3roHsieTcs pu Temreparype Boie 900°C u yne-
TY4YHMBAeTCS COBMECTHO ¢ KucioponoM. [loatomy peak-
MY B3aUMOJEUCTBUSA B CUCTEME Ft2:203—Li2CO3—Sm203
MOTYT IpoTeKath st 00pa3noB N1 u N2 cooTBeTCTBEH-
HO TIO CJICYIOIUM YPaBHEHUSIM:

Li,CO, + 4.88F¢,0, + 0.12Sm,0, — @)
— 3.808Li, sFe, 0, + 0.24SmFeO; + 0.048Li,0 + CO,,

Li,CO, + 4.6Fe,0; + 0.4Sm,0, — 5)
—3.36Li, sFe, -0, + 0.4SmFeO; + 0.16Li,0 + CO,.

Ha puc. 3 mpuBemeHbl KpPUCTAJUIMYECKUE pe-
MICTKH WACHTU(UIMPOBAHHBIX (a3, B3STHIX U3 TPO-
rpaMMbl  00pabOTKH JUPPAKTOMETPUICCKUX ITaHHBIX
PowderCell 2.42. Konu4ecTBEHHOE COICPIKAHUE CHH-
TE3UpOBaHHBIX (a3, ykazaHHOe B TaOnm. 1, 3aBHCHUT
OT KOHIICHTPAIIMHU BBEJIECHHOTO Sm203. VBennuenue

400 1 o 0— LigsFe,;0, N0
X — SmFeO,
200 4
o 6 ©
0o 0O 2 OL L 00
Oduab 0 X2 Joolo | o) ) 00 @ o
‘ 20 o 40 60 80
[
= 5 4004 N1
5 <
S XA
T B
£ 'Z 200 N o ¥
2 2 h
&= o 04 Joxo 9 o
= olat o AL RBENO L x0 | A, o% 9
20 40 60 80
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N2
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Xx|O 0
o
oo 1 Hu oxs) o |} L 09 x 9
20 40 60 80
20, rpam.

Puc. 2. POA cuHTe3MpoBaHHEIX (a) U crieueHHBIX (b) GpeppuroB NO, N1 u N2

Fig. 2. X-ray powder diffraction analysis of (a) synthesized and (b) sintered ferrites NO, N1, and N2

2 Kraus W., Nolze G. POWDERCELL — a program for representation and manipulation of crystal structures and calculations of the resulting

X-ray powder patterns. J. Appl. Cryst. 1996:29;301-303.
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Puc. 3. Kpucrannnueckue pemerku SmFeO; (a) u Lij sFe, s0, (b)

Fig. 3. Crystal lattices of (a) SmFeO, and (b) Li, sFe, O,

Taéauua 1. ®a30Bblii cOCTaB U CBOWCTBA CHHTE3UPOBAHHBIX (hEPPUTOB

Table 1. Phase composition and properties of synthesized ferrites

Oopa3zen ®Da30BbIi cOCTaB [Tapamerp penierku, A C, mac. % T. o
Sample Phase composition Lattice parameter, A C, wt% €
NO Lij sFe, 50, a=b=c=28329 (+0.002) 100.0 632.4
Li, sFe, 5O, a=b=c=28.330(%0.002) 95.1
N a=5.592 (+0.002); 632.5
SmFeO, b=17.706 (£0.003); 4.9
¢=15.400 (+0.003)
Lij sFe, 5O, a=b=c=28331(+0.002) 81.8
N2 a=5.594 (+0.002); 631.9
SmFeO, b="7.705 (+0.003); 18.2
¢ =15.400 (+0.003)

Ilpumeuanue: C — xouuentpanus, T — Temmneparypa Kiopu.

Note: C'is the concentration; 7. is the Curie temperature.

comepxanns Sm,0; ¢ 4.7 (o6pazen N1) no 14.7 mac. %
(obpasen N2) B cmecu Fe,0,-Li,CO;~Sm,O; npuso-
IUT K yBenmueHHro konndectBa (C) BTOpUYHOUN (a3bl
SmFeO3 ¢ 4.9 no 18.2 mac. % B CHHTE3UPOBaHHBIX 00-
pasnax. COOTBETCTBEHHO, COJIEpIKaHNE JINTHEBOTO (ep-
puTa npH 3ToM yobIBaeT (Tadm. 1).

Bo Bpems crekanusi (puc. 2b, Tabm. 2) mpowucxo-
IUT HEOONBIIOE YBEIMYCHUE KOHIEHTpAIMU (a3bl
Li, sFe, O, u yMmeHblIeHHe KOMMYECTBA BTOPHYHOM
¢aser SmFeO; 1m0 cpaBHEHHIO C Omepamued CHHTE-
3a. [lapaMeTpsl pemeTky, MoIydYeHHBIE B 3TOH padore,

VIAOBICTBOPUTEIFHO COINIACYIOTCSI C JINTEPaTypPHBIMU
JaHHbIMU [27].

Cremyer OTMETUTb, YTO KOJMMYECTBEHHBIM aHATHM3 CO-
nepxanus (as mByx momubukammii Lij sFe, sO, (a u B)
73 TIONYYCHHBIX B JaHHOM HCCICOBAaHUU ITU(PPAKTO-
rpaMM 3aTpyAHEH BCIEJICTBHE YIVIOBBIX COBIAJCHUN
3THX pedIIeKCOB (MMEIOT ONM3KUE MapaMeTpbl KPHCTAI-
JMYECKUX  pemeTok). Momnpukamms o-Lij sFe, sO,,
B OTJIMYHE OT [, UMEET CBEPXCTPYKTYPHBIE Pe(IEKChI TPH
20 = 15° (110), 23.9° (210) u 26.2° (211). IIpucyrcTBue
BBICOKOMHTCHCHBHBIX ~ CBEPXCTPYKTYPHBIX —OTpPa)KCHHI
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CMHTE31POBaHHOI0 13 Nopowkos Fe,05-Li,CO;~Sm,0,4 nap.
Taomuua 2. ®a3oBbIif cocTaB U CBOICTBA CIICYCHHBIX (DEPPHUTOB
Table 2. Phase composition and properties of sintered ferrites
O6pasen ®a3z0BbIii cocTaB IMapametp penretku, A C, mac. % D, MKkM p, T/em? o
Sample Phase composition Lattice parameter, A C, wt % D, pm p, g/cem? ©
NO Lij sFe, sO, a=b=c=8.332(+0.002) 100.0 7.9 44 622.6
Li, sFe, O, a=b=c=28.327(+0.002) 96.2
N1 a=15.594 (+0.002); 2.9 43 628.5
SmFeO, b=17.706 (£0.003); 3.8
¢=5.401 (£0.003)
Lij sFe, sO, a=>b=c=8.329 (+0.002) 83.5
N2 a=15.592 (+0.002); 1.7 4.1 630.0
SmFeO, b="17.707 (+0.003); 16.5
¢=5.400 (+0.003)

Ipumeuarue: C — KOHUEHTpaMs, D — CPENHUI pasMep 3epHa, p — IUIOTHOCTH, 7 — Temmeparypa Kropu.

Note: C'is the concentration, D is the average grain size, p is the density, and 7. is the Curie temperature.

B IU(paKTOrpaMMax CBHUACTEILCTBYIOT 00 ymopsiiode-
HUH CTPYKTYpBI JINTHEBOU INmmHENH. BemencTsue BHI-
IICHAa3BaHHOM IPUYUHBI, HaMH ObLIa 1aHa OIICeHKa U 00b-
SICHCHHUE TIOJyYCHHBIX PE3ylbTaTOB Ha OCHOBE aHAIN3a
W3MEHEHUH HMHTCHCHBHOCTEH CBEPXCTPYKTYPHBIX ped-
nekcoB (110), (210) u (211) (tabn. 3). ComiacHO >THM
JAHHBIM TIPU IIPEABAPUTEILHOM CHHTE3e y 00pa3ioB NO,
N1 HHTEHCHBHOCTH CBEPXCTPYKTYPHBIX PE(IICKCOB BEHI-
COKHMe, U MX CyMMa Ooblie, 4yeM y oOpasua N2. Dto
TOBOPUT O GonbIoM KonuuecTse 0-Lij sFe, sO, B oTHX
o0pasrmax, Toraa Kak Majoe 3HaueHHe WHTCHCHBHOCTEH
y N2 o00pa3uoB 00ycCJIOBIEHO, MO-BUANMOMY, YBEJIUYE-
HHEM KOJIMYECTBa MEPOBCKUTOBOM (hasbl.

VIHTEHCHBHOCTH  CBEPXCTPYKTYPHBIX  pediekcoB
y crnedenHoro obOpasua NO HEBBICOKHE, H UX CyMMa
MeHblIe, yeM y obOpasnoB N1 u N2. D70 ykasbiBaeT
Ha Hanu4ue Oonbimoro konmuaectsa dasel B-Lij sFe, sO,,
KOTOpasi MOIJIa 00pa30BaThCs BO BPEMsI BBICOKOTEMITEPa-
TYPHOTO CHEKaHHs BCJICACTBUC HAPYUICHUS CTCXHUOMEC-
TPHUYIECKOTO COCTaBa MO KHCIOPOLY B Mpeienax OJHO-
(hazHoro cocrana [28].

HL x5.0k 20 um

(@

Puc. 4. COM cneuyennsix o6pasuos: (a) NO, (b) N1 u (c) N2

Ta6nuna 3. THTEHCHBHOCTH MaKCHMYMOB CBEPXCTPYKTYPHBIX
pednexcos (110), (210) u (211) na a-Lij sFe, sO,

Table 3. Intensities of the maxima of superstructural reflections
(110), (210), and (211) for a-Li, sFe, O,

Cunres CnekaHue

O6pa-
3ell Synthesis Sintering
(110) | (210) | (211) | >

NO 51 79 66 | 196 | 30 35 29 94

Sample | (110 [ 210)| 211)| T

N1 54 83 58 | 195 | 50 73 53 | 176

N2 27 36 30 93 29 45 37 | 111

Pesynsratel COM, nipeacraBieHHbIe Ha puc. 4, yka-
3BIBAIOT Ha Pa3IMdHyI0 MOPQOIOTHIO YACTHI[ B HCCIe-
JIyeMbIx oOpasiax. CTpyKTypa ¢ BBICOKOW TUIOTHOCTHIO
(p = 4.4 T/cM>, Tab1. 2), Manoil TIOPUCTOCTHIO U KPYTI-
HBIM pa3MepoM 3epHa HEMPaBHILHOHN (OpMBI (cpeaHuit
pasmep 3epHa D = 7.9 MKM, Tabi. 2) XapaKTepHa JiIs JTH-
THeBorO (epputa 6e3 modasnenus P30.

Fig. 4. Scanning electron microscopy of sintered samples: (a) NO, (b) N1, and (c) N2
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COM anamu3 ans o6pasuoB N1 u N2 moareepxuaet
CJIeIaHHbIe paHee BBIBOJIBI 0 (GOPMUPOBAHUH JBYX(a3HOTO
MIPOAYKTa MPU TOIyYeHUH (pepputa U3 MOPOIIKOBOK cMe-
cu Fe,0,-Li,CO;-Sm,0;. Ha nanHbix CHUMKax MOXKHO
OTYCTJIMBO Pa3JIUYUTh J[BA I[BETOBBIX OTTCHKA, MPHHA]I-
JISKAIMX OCHOBHOHM IIMTMHEIBHON QepputoBoii (ase
(cepplii OTTEHOK) M BropuuHOH (ase SmFeO; (Gembrii
oTTeHOK). [Ipuyem npucyTcTBre BTOPUIHON (has3bl MPUBO-
JIUT K YMEHBIICHHIO IJIOTHOCTH 00pa3loB NP CIeKaHUN
(Tabm. 2), 0coOeHHO NPH OOJBIIMX KOHIIEHTPALIUSIX BBOIU-
Moro Sm, 05, a TAKIKE K YMEHBIICHUIO CPEIIHETO pazMepa
3epHa. [Ipu aTom oOpazen N1 ¢ masnoii nodaskoit P30 nme-
et ¢eppuTOBEIC 3epHA B opMme Ooree MpaBUIIbHBIX MHO-
TOTPaHHHUKOB, XapaKTEPHBIX JINTHEBOMY (DEPPHUTY.

3adukcupoBannbie nmuku Ha KpuBbix JICK (puc. 5),
cBs3anHble ¢ (aszoBbiM nepexonom o—f B Lij sFe, sO,,
MIOJTBEP K0T 00pa3oBaHWe BO BPEMs CHHTE3a W CIie-
KaHUsl ONPEAEJICHHOIO KOJIWYEeCTBA YIOPSAAOUEHHON

JICK, MmB1/mMr
DSC, mW/mg
TI, % ATT, %/mun
; o 112 JIx/ ;
TG, % No 624C T2 DTG, %ymin
101.0 i s
100.8 f p 04 s
: I SHIIO0 i 0.2
100.6| ek / psc o endo¥YY 00 (1O
100.4 X 754.9°C [0-2 105
100.2| JITT / DTG " 0.4
100.0{ == =~~~———> SN TTA s =rN06 (0.0
99.8 | IL/TG F 08| 05
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100811k / DSC H 0s
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Temneparypa, °C
Temperature, °C

@

a-~aser muTreBoro Geppura. BeanmunHbI momaaei gaH-
HBIX ITUKOB 3aBUCST OT KOJIMUECTBA JINTHEBOTO (peppHTa.
W3BecTHO, UTO SHTAIBINS 00— f3 TIepexoaa MpH BEICOKOM
conmepxanuu o-Lij ;Fe, O, cocrapnser 1213 Jlx/r [29].
[Ipn mpenBapuTenbHOM CHHTE3€¢ (DEPPUTOB ILIOMIAAN
nmuka JICK mpuMepHO COOTBETCTBYIOT NAHHOMY JHama-
30HY SHTAJIBIUH 1715 BceX 00pa3noB (puc. Sa). Jlnanason
temmeparyp Kiopu ~630-632°C, momydeHHBI TIO fe-
puBatuBHbIM TT'-kpuBbIM, cormacHo padoram [30-32],
COOTBETCTBYIOT HE3aMEIICHHOMY JIUTHEBOMY (GeppuTy
C XUMHYECKOH popmyioii a-Lij, sFe, sO,.

B pesynbrare BBICOKOTEMIIEPATYpPHOTO CIICKAHHS
B TIIaTOMETpe 00pasioB 6e3 nodasienus P33 mpoucxo-
JIAT YBEJIMYEHHUE BECOBOTO cKauka npu TI-u3mepeHusx,
YTO CBSI3aHO C BBICOKOH HAMAarHUYEHHOCTHIO IIOIY-
4eHHBIX 00pasnoB (puc. 5b). Ilpm sTOM 3HaucHHE
temrieparypsl Kiopu 3anmkeno (622°C), 4To MOXKET
OBITH CJEJCTBUEM HAPYIICHUS CTEXHOMETPUIECKOTO

JICK, MmB1/™Mr
DSC, mW/mg
T, % NO —2 JTx/r ITT, %/Mun
TG, % 622.6°C  2J/g DTG, %/min
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(b)

Puc. 5. Tepmomarantomerpudecknid 1 JICK ananm3zer o6pasios NO, N1 u N2, nonydeHHBIX P IpeIBapUTEILHOM CHHTE3€ (a)

u nocie criekanus (b)

Fig. 5. Thermomagnetometric and differential scanning calorimetric analyzes of samples NO, N1, and N2

obtained by (a) preliminary synthesis and (b) sintering
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cocTaBa OOpasllOB 3a CUET BBIJCJICHUS JTUTHA W KHC-
Jopoaa ¢ 0Opa3oBaHHWEM pa3yrnopsI0deHHON [B-(a3bl
Li, sFe, sO,. Cumkom uuskas temneparypa Kropu st
B-Li, sFe, sO, nonTepkaeHa IUTEPaTypHBIMH JaHHBI-
mu [33]. Mauas mmomass nuka JICK ans o6pasmos NO,
paBHast 2 JIK/T, TakKe yKa3bIBaeT Ha BBICOKOE COAEpKa-
HHE Pa3ynopsiA0ueHHON 3 (a3sl.

[Tnomraas ko JICK mist o6pasmos N1 u N2 (puc. 5)
cocrasisier 12.2 u 11.6 JIx/1, u 3Th 3HaYeHUsST OIIM3KHU
K SHTAJIBINHU 0— [ IPEeBpalIeHns B IUTHEBOM (heppHre.
B crieuerHOM 00pasiie N2, KOTOPBIi COACPKUT OOJIBIIIOE
konumyecTBO P30, HaOmogaeTcs yMEHBIIICHHE BECOBOM
crynenn npu TI-u3mepeHusix, 4ro CBA3aHO CO CHU-
JKCHHEM KOHIICHTPAIMM MAarHUTHOH (as3bl JIMTHEBOTO
(hepputa. B nccnenyembix o0pasnax peHTreHO(pa30BbIi
W TEPMUYECKUI aHAJIM3BI HE BBISIBWIIM O0pa30BaHMS 3a-
MEIIeHHBIX (ha3 JTUTHEBOTO (eppuTa HH TIPH MPEIBApH-
TEJIBHOM CHHTE3€, HU NP BBICOKOTEMIIEPATypHOM CIIe-
KaHUU.

SAKJTIOMEHMUE

B nannoit pabote ¢ ucnonszoBanuem PDA, TI, JICK
u COM aHanu30B NPOBENEHbl UCCIEOBAHUS CTPYKTY-
PBI M CBOMCTB JIUTHEBOTO (heppuTa, MOITyUYCHHOTO ITyTEM
IPeIBapUTEIHHOTO TBEPAO(A3HOTO CHHTE3a W TOCIe-
JYIOLIEr0 BBICOKOTEMIIEPATypHOTO CIEKaHUs U3 UCXOJ-
Hpix pearentos Fe,0,-Li,CO;~Sm,0,. VcranosneHo,
9TO B3aUMOJCHCTBHE MEXKIY HCXOIHBIMH pearcHTa-
MU OPUBOJWIO K 0Opa3oBaHUIO MPOILYKTa, COCTOsILE-
ro B OCHOBHOM 3 jutueBoro (eppura Lij Fe, O,
(o1 p MommdUKaIUil) co CTPYKTYpOU IIMMHHETH U (Hha3bl
SmFeO; ¢ nepoBckumonono6Hoi cTpyKkTypoid. [lpu
9TOM MPOUCXOIUIIO MOBBIIICHUE KOTMYECTBA MOCIIETHEH
C yBeNIMYCHUEM Sm203 B ICXOIHOM cMecH. Beicokue 3Ha-
yeHus TeMiepatypbl Kiopy, a Takke noTy4eHHbIe 3Ha4e-
HUS SHTAJIbIINU (I)aSOBI)IX IEepexoa0B (},—>B B JIUTUCBOM
(heppuTe CBUACTENBCTBYIOT 00 OCHOBHOM 00pa3oBaHUU
ynopsnouennon o-daser Li, sFe, O, Bo Becex cumre-
3UpOBaHHBIX 0Opa3mnax. CrexkaHwe MpH TOBBIIIEHHON
TeMIIepaType MPUBOIMIO K HE3HAYUTCIHPHOMY YMCHbB-
mennto  conepkanus (asel SmFeO; n yBenudeHuro
(azer utueBoro ¢eppura. [Ipu sTomM obpasen, He MO-
TU(GUITIPOBAHHBIN caMapHeM, COIepsKal 3HAYUTEIFHOS
KOJIMYECTBO pasynopsnodeHHoi B-daser Lij sFe, sO,,
qTo 6I)I.HO TMOATBCPIKACHO 3aHMKCHHBIMU 3HAYCHUSAMU
Temrepatypsl Kiopu u sHTamsmmu (Ga3oBOro mepexona.
BBenenune nOHOB camapusi Ha dTare CUHTE3a MPUBOAU-
JI0 K COXPAHEHHIO BO BpEMsI CIIEKaHUS YIOPSAOUEeHHON
a-¢paser Lij sFe, sO,, Mopdomorust kotopoi 3aBHCHT

OT KOHLIEHTpauu BTopu4Hoi dasel SmFeO;. Ilpu BBe-
nenun Sm,O; Manoil KonueHtpauuu (10 4.7 mac. %)
CTPYKTypa 0O0pasloB XapaKTepU30Balach HaJIN4YUEM
Oosiee MPABHIBHBIX MHOTOTPaHHBIX 3epeH. Ilpm stom
MIPOMCXOAMIIO HE3HAYUTENFHOE YMEHBIICHHUE IUIOTHO-
CTU 00pAa3LOB C COXPAHEHUEM BBICOKOTO 3HAYEHUS TEM-
nepatypsl KiopH, cOOTBETCTBYIOIIEH HE3aMEICHHOMY
mutueBoMy Qepputy. [lomydeHHBIE pe3yabTaTbl MOTYT
MIOCITY>KUTH ITOBOJIOM IS IaJIbHEUIIHNX THIATEIbHBIX HC-
CJIEZIOBAaHUM 3JIEKTPOMAarHUTHBIX CBOMCTB B CBEPXBBICO-
KOYaCTOTHOM JIMANa30He JIUTHEBBIX (epPUTOB, MOAHDHU-
LUPOBAaHHBIX MAJIBIMH KOHLEHTparusamu P30.
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MoaenupoBaHue npouecca
MeMOpaHHOro pasaesieHUusd XXUaKkom cmecu
B cpene Aspen HYSYS
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AHHOTaUus

esn. Pa3pabotka u nocieayonas BepupHKais Ha OCHOBE SKCIIEPUMEHTAIBHBIX JaHHBIX PACYETHOTO OJI0KA IPoLiecca MacCOMepeHo-
ca B ITepBaNoOPaIHOHHOM MEMGPAHHOM MOMYJTe Ha OCHOBE KepaMudeckoit Mem6panst HybSi®.

MeTtoasl. 3a1aua pemanack Ipu MOMOIINM MaTeMaTHYeCKOTO MOZICIUPOBaHUs B pukiagHoM nakete Aspen HYSY'S, npennaznaueHom
JUIS MOJAETHPOBAHHS XUMHKO-TEXHOJIOTHUECKHX Ipoueccos. Juddepenimanbaple ypaBHeHNS MaTeMaTHIECKOX MOJeNnH ObLTH Ipes-
CTaBJICHBI B BHJE CHCTEMBI Pa3HOCTHBIX yPaBHEHHUH, KOTOpas pemIanach YUCICHHBIM CIIOCOOOM C aalTHUBHBIM IIAroM IO IUIOMIAIN.
MemOpaHHBIi IepBaoOpanuOHHBINH MOIYIb IUIOMIAABI0 S B XOZIE €r0 MOJAETHPOBAHHS Pa30MBAcTCs HAa /1 HHTEPBAJIOB, HCXOA U3 obecre-
YeHUS BHYTpPH i-TO HHTEPBaJa YCIOBHS, YTOOB H3MeHeHHEe TemrepaTypsl AT 0buto MeHbIne 1°C. PaboTocnocoOHOCTh MPOrpaMMHOTO
MOJTyJIsl IPOBEPsUIach Ha OCHOBE CPABHEHMS PE3yIIbTAaTOB PacyeTa C MMEIOIINMHUCS SKCIIEPUMEHTATbHBIMI JAHHBIMH 110 00€3BOKUBAHHIO
9TaHONIA M M30IIPONaHoaa. MozaenupoBanue paboThl pa3paboTaHHOTO MEMOPAHHOTO MOYISI IPOBOJMIOCH B H30TEPMUUECKHUX H ana-
0aTHYECKUX PeKUMaX.

Pesynbrarsl. Mcnonb3yemas B pa3pabOTaHHOM Pac4e€THOM MEPBANOPALMOHHOM MEMOPaHHOM MOJIyJIe MaTeMaTH4eCcKas MOZIeIIb IpoLec-
ca MepBaropaIiy yUuTHBACT H3MEHEHHe KOHIIEHTPAIINH H TEMITEpaTyphl TIOTOKA CHIPbA B0 TIOBepXHOCTH MeMOpansl HybSi®. IToka-
3aHO Xopolee coracoBanue A1 Tpex nzorepm (60, 70 u 80°C) u AByX BapHaHTOB JaBICHUS CO CTOPOHBI epmeara (5 u 20 MM pT. CT.).
MonennpoBanie MeEMOPAHHOTO MOLYJIS ITOMAABIo | M2 B aanabaTHIeCkoM PeKUMe PaboThI TTOKA3aio, 4To TIPOIECCHl 00e3BOKHBAHKS
crupToB Ha Mem6panax HybSi® compoBokaaroTest 3HAYMTETbHBIMHI TETTOBBIMH 3 (hEKTaMHu, CBI3AHHBIMU C PACXOJIOM TETIa Ha HCTa-
peHue uepe3 MeMOpaHy BBHIY OOJIBIINX TPaHCMEMOPaHHBIX TIOTOKOB [UIs IaHHOH MEeMOpaHBI.

BuiBosbl. CpaBHATENbHbIH aHATN3 PE3yNbTATOB MOJIEIUPOBaHUs MeMOpanHoro Moy HybSi® B uzorepmuueckoM 1 aanabarnyeckom
pexxuMax paboThl OKa3aj, YTO pacueT MeMOpaHHOTrO MOy Oe3 yueTa TemIoBbIX A(P(EKTOB MPUBOAUT K CYLIECTBEHHBIM OLIMOKAM:
B OIIpe/ieJIeHnH pacxona nepmeara — 10 50%, B onpezeraeHny KOHLEHTpauuu Bojsl B petante 10 1.3—1.8 pa3. [loatomy BelnonHeHue
IPOEKTHBIX PacyeToB Oe3 yuera TerioBbiX 3G(eKToB OyaeT NPUBOANUTD K CYLIECTBEHHOMY 3aHHKEHHIO TPeOyeMOil MOBEPXHOCTH MEM-
OpPaHHOTO MOJTYJISL.

KnioueBble cnosa Moctynuna: 26.08.2024
MOJIeHpoBaHue, Tieppanopaius, Mem6opana HybSi®, Aspen HYSY'S, Aopa6oTaHa: 06.11.2024
00€3BOKMBaHHE CIIUPTA MpuHsaTa B neyats: 25.12.2024
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™ Corresponding author, e-mail: MalyginAV@corp.knrtu.ru

Abstract

Objectives. To develop and subsequently verify the calculation block of the mass transfer process in the pervaporation membrane
module based on a HybSi® ceramic membrane using experimental data as a basis for the verification process.

Methods. The task was implemented using a mathematical simulation within the Aspen HYSY'S application package, which is designed
for modeling chemical engineering processes. The differential equations of the mathematical model were represented as a system of
difference equations, which were then solved numerically with an adaptive area step. The membrane pervaporation module of area S
during its modeling is divided into # intervals, based on ensuring within the ith interval the condition that the temperature change AT is
less than 1°C. A model was constructed to simulate the performance of the membrane module under isothermal and adiabatic operating
conditions.

Results. The mathematical model of the pervaporation process employed in the developed computational membrane pervaporation
module considers variations in the concentration and temperature of the feedstock flux along the surface of the HybSi® membrane. The
performance of the software module was evaluated by comparing the calculated results with the available experimental data for the
dehydration of ethanol and isopropanol. The results demonstrated a high degree of agreement for three isotherms (60, 70, and 80°C) and
two variations of pressure on the permeate side (5 and 20 mm Hg). Modeling of the operation of the membrane module with the area of
1 m? in adiabatic mode showed that the processes of alcohol dehydration on HybSi® membranes are accompanied by significant thermal
effects associated with heat consumption to provide evaporation through the membrane due to large transmembrane fluxes.

Conclusions. The comparative analysis of the results of modeling the HybSi® membrane module in isothermal and adiabatic modes
of operation demonstrated that the calculation of the membrane module without consideration of thermal effects results in significant
errors. These include an overestimation of the permeate flow rate by up to 50% and an underestimation of the water concentration in the
retentate by up to 1.3—1.8 times. It can be reasonably deduced that the omission of thermal effects in design calculations will result in a
considerable underestimation of the requisite membrane module surface area.
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B IIpoLiecce paszaenenus [2, 3]. B atoum cityuae ansrepHa-
THBOW JTaHHBIM MPOIIECCAaM MOXKET BBICTYMATh pa3Jierne-
HHE KUAKHX CMECe METOJ0M MepBanopaluu, KOTopoe

BBEAEHUE

HeornemizeMO#l 4acThl0 XMMHYECKOM TEXHOJIOTHUH SIB-

JSIOTCSL MPOLIECCHI PA3/IeNIeHNnsT MHOTOKOMITOHEHTHBIX
KHUIKUX cMmeceld. Hanbomnee sHEproeMKUMHU M3 HHUX SB-
JISTIOTCST TIPOIIECCHI pa3fIelIeHUsT a3€0TPOIHBIX CMECEeH,
K YUCITy KOTOPBIX OTHOCSITCS 9KCTPAKTUBHAS U a3€0TPOII-
Hasi peKTU(UKALUS, SKCTpakius v rip. [1]. B pamkax mo-
BBIIIEHUS 3((HEKTUBHOCTH pa3ieicHHs KXUAKUX cMecei
HCCIIEAYIOTCS pa3IMyHble MEPOIIPHUSITHS KaK MO TeTIIONH-
TETpaly MOTOKOB TEXHOJIOTHUYECKHX CXEM IPOIIECCOB,
TaK ¥ 10 U3MEHEHHUI0 pabovMX areHTOB, YYaCTBYIOIIUX

OTHOCHUTCS K MEPCIICKTHBHOMY HAIIPABICHUIO PA3BUTHUS
MeMOpaHHBIX TEXHOJOTHHA. M3HayanpHO mepBamoparus
paccMarpuBalach KaK TEXHOJOTHS IS 00C3BOKUBAHMUS
cruptoB. IlepBasi IPOMBIIIICHHAs] YCTAaHOBKA MEPBaIio-
panuu ObuIa MpeIHa3HaYeHA JIJTsl 00€3BOKUBAHHMSI ATAHO-
Jla Ha IeJUTION03HO-0OyMakHo! (adbpuke B [epmanmm [4].
B nacrosimiee BpeMs, B 3aBUCUMOCTH OT NMPUMEHIEMON
MeMOpaHbl, TepBanopamnus MOXET OBITh YCIENIHOH
ANBTePHATHBOM Ul PEIICHUS] CIOKHBIX IPOIECCOB
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pasjieNieHus: JIETUpaTalud OPTaHUYECKUX PaCTBOPH-
Tenei [5—7], u3BiedeHnss OpraHMIeCKuX COSTMHEHNN U3
BOJHBIX PacTBOPOB [8], pa3aesieHus: OpraHuYeCKux cMe-
cett [9, 10], ynanenusi cepHUCTBIX KOMIOHEHTOB [11],
onpecHenus Boabl [12]. B mporeccax mepBanopanuu
MCTIONB3YIOTCS MEMOpaHbI U3 OpraHUYecKuX (IoIuMep-
HBIX), HEOPraHMYECKUX (KePaMUYECKUX, IICOJIUTHBIX) U
THOPUAHBIX (KOMOMHHPOBAHHBIX OPTaHUYECKUX M HEOP-
raHn4yeckux) mMarepuaios [13].

Bomnpocy pa3paboTku, IpOSKTUPOBAaHUS U BHEIPESHUS
MEMOpPaHHBIX TEXHOJIOTHHA B IPOU3BOACTBO YACISIETCS
B [IOCJIEZIHEE BpeMs Bce Oofblee BHUMaHue. OIHUM U3
OCHOBHBIX HHCTPYMEHTOB JJIsl HCCIIEI0OBAHUS, IPOCKTH-
POBaHUS M ONTHMHU3AIIH MTPOMBIIIJICHHBIX TPOIECCOB
ABIIIETCA MaTeMaTuyeckoe mojenupoanue. Ha mpak-
THKE JIJISl PEIICHUS dTUX 3a7a4 UCTIOIb3YIOTCS YHUBEP-
canbHbBIe MoJenupytomue nporpammel (Y MIT) matema-
TUYECKOTO MOJECIUPOBAHUS XMMHUKO-TEXHOIOTHYECKHUX
MPOIIECCOB U cucTeM. st MomenupoBaHust MeMOpaH-
HBIX TIPOIIECCOB pa3leNeHus Hambolee IMHPOKO HC-
MOJIB3YIOTCS IPOAYKTHI KoMIauuii Aspen Technologies,
Chemstations, Invensys Systems [14]. K coxayenuto,
B OMONMMOTEKax pacyeTHBIX Moayiei YMII, B Tom guc-
ne u B Aspen HYSYS (4spen Technologies, CILIA), xo-
TOPBIA MCIIONB30BAJICA B JJAaHHOW paboTe, OTCYTCTBYET
MOZYITb JJIS1 MOZICITMPOBAHUS IIPOIIecca TIepBAIOPALINH.
IIpeumymectBom Aspen HYSYS sBnsiercst oTkpbiTas
aApXUTEKTypa, KOTOpas JaeT BO3MOXKHOCTH CO3/1aBaTh
MIOJTH30BATENIECKAE TEPMOJMHAMUYECKIEC W KHHETHU-
YECKHE MOJEIH, a TaKKe MOJEIN eIUHUL] 000pyaoBa-
HUSL C MOMOIIBI0 BCTPOCHHOTO s3bIKA MPOTPaAMMHUPO-
BaHU. Takas BO3MOKHOCTH ITO3BOJIIIA pa3zpaboraTh
B Aspen HYSYS pacuerHslii MOJyib Tpoiiecca mep-
Baropanuu. BKIOYeHHe pacdyeTHOTO MOAYJNs IepBa-
nopauuy B YMII naet BO3MOXHOCTB IOJB30BaTENSIM
MPOCKTHUPOBATh KaK CaMH OTICNIbHbIE MEMOpaHHBIC
YCTAHOBKH, TaK U TEXHOJIOTHYECKUE CHUCTEMBI, BKIIO-
YaroIune B CBOM COCTaB JaHHBIC yCTaHOBKH.

[Tpu MopenMpOBaHUU MPOLIECCOB PA3ACICHUS KU~
KHX CMeCei METOIOM IepBaIiopaliy ¢ UCIOJIh30BAHUEM
YMII B 0OCHOBHOM paccMaTpUBAaIOTCSI BOIPOCH 00€3BO-
JKUBaHMS PAacTBOPHUTEJICH: 3TaHOJa NPHU MOJaye UCXOJ-
HOIi cMecH B skuAKoM Bujie [15—17] (Ha mpoMbIIIIeHHOH
membOpane PERVAP 2210 u memOpaHe Ha OCHOBE JINOK-
CU/1a KPeMHHUS) U TP M0Jla4e UCXOAHOM cMecH B mapo-
(haznom cocrosinu [ 18] (MemOpaHa ¢ CeIeKTUBHOM CJIO-
eM W3 TIOIMBHHIITPUMETHIICHIIaHA); U30TIPOoNanosa (Ha
npoMeinuieHHON MeMOpane PERVAP 2210) [19]; u300y-
TaHoJa (Ha IpoMBbIIIIeHHBIX MeMOpanax PERVAP 4060
u 1510) [17, 20]; ykcycHOI KUCIOTHI (Ha MeMOpaHe Ha
OCHOBE JIMOKcHa KpeMHus) [16].

B uccnenoBanusix 0osblie BCEro MPeNCTaBICHBI MMO-
JTMMEpHbIC KOMIO3UIMOHHBIE MeMOpanbl PERVAP, mo-
CKOJIbKY OHU OBLIM OJHHMH K3 TIEPBBIX TOCTYITHBIMH IS

KoMMepuecKoro npuMeHenus. [Ipu onmcanun mporecca
MepBaNopaii Ha MONMMEPHBIX MEMOpaHaX HCIIONb3Y-
eTcd MOJENb «PacTBOpeHUs—IupPy3un», MpeIoKeH-
Hasi n3HadanbHO P. PaiirenOaxom [21]. B manpHeiimem
OoHa ObUna ymydinmeHa [22], T.K. uMesia mpoOieMbl MpH
OIMCAHWU TIpoLlecca MEepBaNoOPallid BOJHO-CIIUPTOBBIX
cMecel ¢ BBICOKHM COJICPYKaHUEM BOJIbI B HCXOIHOW CMe-
cu. JlaHHAs MOJIENh XOPOIIO 3apEKOMEHIIOBAa ceOs IpH
pacyere OpraHO(QUIBHBIX M THIPOPHIBHBIX MPOLIECCOB
TiepBanopalyy Ha MOJTMMEPHBIX KOMIO3UITMOHHBIX MEM-
Opanax [20, 23]. Pa3nenurenbHbIe CBOWCTBA MOJMMEPHBIX
MeMOpaH CHIIBHO 3aBUCAT OT UX KOHCTPYKLIMOHHBIX MaTe-
pHAalioB M MPUMEHSIEMbIX METOIOB M3TOTOBJICHUS, TAKKe
CYIIECTBEHHOE BIMSHIE OKa3bIBAIOT TONIINHA MEMOpPaHEI
U YCIIOBUS DKCIUTyaTallud, TaKUe KakK IMepenajbl TeMIie-
parypbl ¥ MapluualbHOTO JaBlIeHUs HaJl MEMOpaHoil. JTo
MIPUBOJUT K TOMY, YTO IapaMeTpbl MOJEIM TPAHCMEM-
OpaHHOTO MOTOKA JJIS KaXK10i MeMOpaHbI IOJKHBI OIpe-
JICJIATHCS 110 3KCIIEPUMEHTAIbHBIM JaHHBIM [24].

B nHacrosieii pabote paccMarprBaliach KepaMHUeCcKast
neppanopanuonHas Mem6pana HybSi® [25-27], xoro-
past ToKe SIBISICTCS KOMMEPYECKH JIOCTYITHOM M Ipe/IHa-
3Ha4YeHA IUIS PEUICHWs 33/1ad OOC3BOKMBAHUS CITHPTOB.
Mem6pana HybSi® sBiseTcs TpexcloifHOH KOMITO3H-
IIMOHHOM MEeMOpaHO, B KOTOPOH CEJIEKTUBHBIM CIION M3
OpraHO-HEOPraHWIECKOr0 THOPHIHOTO MaTeprasa ¢ Heop-
TaHUYECKOM OCHOBOW M3 JHOKCHAA KPEMHHUSI HAaHECEH Ha
TIO/IJICP’KUBAIOIIHI CIIOM M3 aMOp(HOTO JIMOKCHIIA KPEeM-
HUS, PACHOJIOKEHHBIN B CBOIO OUEPEIb HA BHYTPEHHEH I10-
BEPXHOCTH KEPAMUYECKHUX MOPUCTHIX TPYOOK U3 0-Al,O;.

MaTemaTuyeckasa mogesnb MemMOpaHHOro
nepBanopauuoHHOro Mmoayns

Jnst cozmanust Moaen MeMOPaHHOTO MOZIYIIS 32 OCHO-
By Obljia B3siTa TpexmapaMeTpuieckas MaTeMaTHyecKas
MOZIeNb CTAI[MOHAPHOTO TIPOIecca MEepBAOPALUOHHO-
TO paszelicHus] BOJHO-CIIMPTOBOW OWHAPHOW CMECH Ha
mem6pane HybSi® [27]:

B _ P
CE R R AU
m
_ P
B(xE — 5 )+ j(1-x4) = gnM @)
m
xﬁ _ B(xg —x§)+jx§ ’ 3)

J
7€ j — OO MONBHBIN TIOTOK IBYX KOMIIOHEHTOB Ye-
pe3 MeMmOpaHy, MoIb/(M>-c); x 4> Xg — MOJIbHAs JI0JIst
KOMITOHEHTa 4 (Boia) u B (CUPT); BEpXHUE UHACKCHI F,
B, P COOTBETCTBYIOT KOHIICHTPAIUSM KOMITOHEHTOB
B HCXOJHOW CMECH, Ha TpaHUIEC C MEMOpaHHOU U
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B [IEPMEATE COOTBETCTBEHHO; | — TOJIIMHA CENEKTUBHO-
ro cos Marepuana HybSi®, 9., =200 nm; B — ko> puim-
EHT MAcCOOTIA4H, MOJIB/(M2-C); pg " pf; — MapUUAIIb-
HOE JIaBJIICHHE KOMIIOHEHTa A Ha TpaHHIEe C MeMOpa-
HOM B pPAacTBOpe M B IEpMeaTe COOTBETCTBEHHO, Ila;
Pt u P — xoodpuImeHT NpOHUIAHHUS ISl KOMITOHEH-
Ta A n B coOTBETCTBEHHO, MOnb/(Mm-c-Tla); €, — mons
AKTHBHBIX ITOP CEJIEKTUBHOTO CIIOS MEMOPAHBI:

1

£y =————, 4
b 1+ Cxghy @)

e C — MOJbHAS TUIOTHOCTh CMECH, MOJIB/MS; kB —
0e3pa3MepHbIi KO PHUINCHT:

5446.374
kp =8.078-107° exp(—— )
T

Koaddunments: nponnuanus PJ' u Pg' s komrio-

HEHTOB OIPEAEIUTUCH TI0 CICIYIONIEMY BBIPAXKCHUIO:
. =(C]T+C2)8m )

V b
M(p¥ - p)

rae I’ — temneparypa, °C, M — MoinexynspHas mMacca
KOMITOHEHTa; p’ — JaBJIeHHEe HACBHIIIEHHBIX TTAPOB KOM-
noHeHra, [1a; p — naBieHue co cTopoHsI epmeara, [a;
C | 1 C2 — k03¢ GUIMEHTHI IMHEHHOHN anmpoKCUMAaIH
MTOTOKA YKCTOrO KOMIIOHEHTA Yepe3 MeMOpaHy (cM. Tab-

TULLY).

Taomua. KoaddurreHTs! THHEHHOM anmpoKCHMAIN
U1 TIOTOKa BerecTna [27]

Table. Linear approximation coefficients for the flow
of matter [27]

Bemectro
¢ G
Substance
Boga
0.2775 —10.2183
Water
DTaHon
0.004 —0.16
Ethanol
M3onponanon
0.000915 —0.05315
Isopropanol

Hapunanbﬁoe JAAaBJICHUC KOMIIOHCHTAa CO CTOPOHBI

UCXOAHOM cMecH ompenensuioch 1o  dopmyine
pf = pZyﬁxﬁ , TIe p}f — JlaBJICHUE HACBILIEHHbIX
MapoB KOMIIOHEHTa A, Yﬁ — KO2(QUIMCHT aKTHBHO-

cTh KoMIoHeHTa A B xuakod ¢aze. B pacuerax wuc-
nonb3oBanack Moxaenb Non-Random Two Liquid.
[MapuuanbHOE TaBICHHE B IIEPMEATe ONMPEIEISIOCH 110
bopmyne pfj =p-x§.

OCo0eHHOCTBIO TIpOIiecca TIePBANlOpPaIiU SIBISCTCS
Ham4re (a3oBOro Nepexona KOMIIOHEHTOB H3 KHIIKOTO

COCTOSIHUSI B MapooOpasHoe, A OCYLIECTBICHUS KO-
TOPOTO HEOOXOIMMa SHEPTHsl — TEIUIOTa Mapoodpaszo-
BaHus. B paborte [27] B xoae 3KCepuMeHTOB olecrie-
YUBAJICA M30TEPMUYCCKUN PEKUM TEpBaIrlOpaliuu s
OTIpEICNICHHST XapaKTEPUCTHK MEMOpaHbl MpPH TOCTO-
STHHOW JBMXKYIIEH cuile mporecca. Ha mpakTtuke xe,
BHYTPU MEMOpaHHOTO MOAYJs MPOIECC WIET B alua-
0aTWYeCKUX YCIIOBUSAX, M SHEPrus Ui 0Opa3oBaHUS
rnepMeara OTOMPAETCs U3 CHIPHEBOIO TOTOKA, CJIEJ0Ba-
TEJIHO BO BPEMsI 3TOTO MpoIecca TeMIIepaTypa peTanTa
Oyzner moHmKaTbesl. COIIaCHO MOJENN «PacTBOPCHHS—
nuddysum» [28], mageHue TemnepaTypbl MOXKET BIUAThH
Ha CKOPOCTB copOuuy nmepMearta Ha MemMOpane, nuddy-
3MOHHYIO CIIOCOOHOCTH TiepMeaTa BHYTPH MeMOpaHbl
U JBIKYIIYI0 cuily mnepsamoparun. ClernoBaTenbHO,
o01m1asi CeNeKTUBHOCTD | MOTOK MepMeara OyayT 3HauH-
TENBEHO U3MEHATHCS C MaJCHHEM TeMIIEPaTyphl, 9YTO MO-
JKET He HAOMIONaThCs B IPYTUX MEMOPAHHBIX MpOIlec-
cax, mporekarommx 0e3 Qazoporo nepexona. [losromy
pUMeHseMas IUIOMaah MEMOpPaHBl B MOIYJIE TOJDKHA
OBITh OTpaHUYEHA pPa3MepoM, 0OCCHCYMBAIOUINM IpPU-
emyleMblil nepemnaj Temneparypsl. Eciu temmneparypa
omyckaetcst Hiwke 50°C, nmporiecc rnepBarnopanuy o0brd-
HO npekpamatot [17].

B GonpmmHCTBE CiTydaeB B X07i€ IIpoLecca nepuarno-
pAaIiH TETUI0 UCTIAPEHUS TIOABOANUTCS TOIBKO OT UCXO-
HOW CMECH, MMO3TOMY TPaTUCHT TEMIIepaTyphl pa3Bu-
BaeTCs B OCHOBHOM B HaNpaBICHUH MOTOKA UCXOIHOM
cMmecH. B atom cirydae TeruioBoit 6anaHc s MeMOpaH-
HOTO MOAYJIS 3aIHIIETCS CIASTYIOMUM oopasom [29]:

FCJAT =~PAH, (6)
rme FF m P — MONBHBIM pacxoj HCXOJHOW cMmecu
" TIepMeara; le — TEIIOEMKOCTh MCXOJIHOU CMECH;

AH — Ttemora napooOpa3oBanus nepmeara; AT — mna-
JICHHE TeMIepaTypbl MEK/y BXOIHBIM U BBIXOJHBIM TO-
ToKamMu Moxayisi. M3 ypaBHeHUs (6) MOXKHO OIPEIEIIUTh
najieHue TeMIepaTypbl B MEMOpaHHOM MOJYJIe:

PAH

AT=-""" )
FCh

Mg onMcaHus CTPYKTYypbl IOTOKOB BHYTPU MEM-
OpaHHOTO MOIYJIS Hbei®, COCTOSIILIETO W3 IHJINH-
JPUYECKUX TPYOOK, BHYTPH KOTOPBIX CHIPHEBOW MOTOK
JIOJDKEH JIBUraTbCsl C JIMHEHHOM CKOPOCTbIO HE MEHee
2 m/c [26, 27], B paboTe UCTONB30BAIACh MOJCIH HJIe-
aJIbHOTO BBEITECHEHMS:

dF i(T)dS

d_=_J( ) , ®)
4 dz

dT i(TYAH dS

_=_L_ )

dz FC]f dz’
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Cucrema ypaBaenuii (8) u (9), ¢ yaeTom Moaemnu re-
peHoca BemecTBa uepe3 mMemOpany (1)—(3), mos3posser
MIPOBECTH pacyeT Mpolecca rneppanopaniy B MeMOpaH-
HOM MOJyJI€ TUIOIIA/IbIO0 S.

B HYSYS orcyrctByror BCTpOEHHBIE Maremarnye-
CKUe (PYHKLHUH, MOITOMY cucTeMa AudepeHIrnaIbHbIX
ypaBaenwii (8) u (9) Obu1a MpeACTaBiIcHa B BU/IE CUCTEMbI
Pa3HOCTHBIX ypaBHEHHH, KOTOpasi pelranach YUCICHHBIM
CHOCOOOM C aJIaTUBHBIM IIaroM IO IUIOMIAAU. YCIOBUS
MPOTEKAHUSI TIPOIIecca TOIKHBI ObITh OJM3KH K H30TEPMU-
yeckuM AT < 1°C, noaToMy Ha Ka’K0M Liare IpoBepsiach
BEJIMUMHA U3MEHEHHs TeMIIeparypbl. B cilyyae HeBbITION-
HEHUS JAHHOTO YCJIOBHS, IIAT MO TJIOMIAAN YMEHBIIAJICS
10 TEX IO, TIOKa MPOIIECC HE CTAHOBHIICS H30TCPMUIHBIM.
B 3agaue ObUIO MPUHSATO JOMYyIIEHHE O MOCTOSHCTBE CO-
CTaBa M TEMIIEPATyphl ChIPhsi HA KAXKIOM Imare. Takum
00pazoM, MEMOpaHHBIH MTepBAIIOPAIIMOHHBIA MOTYITb TIJIO-
a0 S pa3ouBaics Ha n uHTepBaOB. Ha puc. 1 npen-
CTaBJICHA CXeMa MOJICIIMPOBAHUS MEMOPAHHOTO MOIYJISL.

KonmuectBo mepmeara, mporieaniero aepes MmeMopa-
HY Ha i-M IIare, OIpeIesisUIOCh CISAYIOMNM 00pa3oM:

P =(ZLJI)ASI., (10)

rae AS; — mwar no niomwanm, J; — MOTOK /-ro KoMmro-
HEHTa, k — KOJIMYECTBO KOMIIOHEHTOB, MPOXOJISIINX
uepe3 MeMOpany. ChIpbeBOH TOTOK £, ONpEETeHHbIH
Ha MOCIIE/IHEM Iare, Oy/IeT SIBISTHCS PETaHTOM R, BBIXO-
JISTIAM U3 MEMOPaHHOTO MOTYJIS.

Co3naHue Nosib30BaTesIbCKOro
MeMOpaHHOro nepeanopaLlnoHHOro
moayna B Aspen HYSYS

VYpaBHenus: Mmatemarndeckoir mozenu (8) u (9) u coot-
BETCTBYIOIIME UM METOJIbI PEHICHUs ISl [Tporecca nep-
Baroparyy ObUTH TOPaOOTaHBI ISl HEIIOCPEICTBEHHOTO
ucnonb3oBanus B HYSYS 6e3 HeoOXxoauMocTu BHEIIHE-

[IporpaMMHBIH KOJ MEMOpPaHHOTO MOAYIS peau-
3yeTcsi C WCIOJIh30BAaHHEM BCTPOCHHOTO perakTopa
«MacroLanguageEditor» u BKJIIO4aeT TpU OCHOBHBIE
IIOAIIPOIPAMMBI:

1) Initialize(), onpeaensonIyo BUI OKHa TEXHOIOTHYE-
CKOT0o 00BEKTa;

2) Execute(), BKJIIOYAIOUIYI0 YpaBHEHHS MareMaTH-
YECKOW MOJEIHN U BBI30B METOJIOB pacyeTa CBOMCTB
CMECH KOMIIOHEHTOB;

3) StatusQuery(), popMHUPYIOLIYIO COOOIICHHS O CTaTy-
CC UCTIOTHEHMS IIPOTPAMMHOTO KOJIa.
PazpaboranHblif MOLyITb IpoIIecca epBaopaLuy yHH-

BepcasieH K BXOIHOI CMecH KOMITIOHEHTOB. Bb1Oop Kitrode-

BBIX KOMIIOHEHTOB TIepMeara M PeTaHTa OCYIIeCTBIICTCS

oJIb30BaTeseM Ha ocHOBe UX ID B crimcke KOMIOHEHTOB

cMecH. PacdeT mapoXXMIKOCTHOTO PaBHOBECHS, (DU3HKO-

XUMHYECKUX W TEPMOJMHAMUYECKHX CBOWCTB CMECEH

BEIIECTB MPOM3BOIUTCSA B PEKUME PEabHOTO BPEMEHH

Ha OCHOBE BBIOPAHHOTO IIOJIb30BaTENieM IMAKeTa CBOMCTB

B HYSYS. Monyns nepBamoparm nmeer B HYSYS yuu-

KaJIBHBIA HMICHTH(HUKATOP, IO3BOJLIIOLUIMN 0OpaIlaThest

K HEMY U3 CTOPOHHUX IPUJIOKEHUH. YKPYITHEHHbIH ajro-

PHTM pacueTa IepBaropaioHHOTO MO, OOBEKTHI X UX

OCHOBHBIE CBOWCTBA MPECTaBICHbI Ha PUC. 2.

Konreitnep .Feeds1 onpenenser 06beKT BXOAHOTO T0-
Toka Moy (Item(1)), ero cBoicTBa M METOABI TOCTYTIA.
Konteiinep .Products] cogep>XuT cOBOKYITHOCTb BBIXOJI-
HBIX MOTOKOB Tiepmeara u peranta (.Item(0), .Item(1)).
Vcxonnple maHHBIE TpoIlecca ONPENCISIOTCS B BUJIE
TIOJTE30BATENILCKUX TIEPEMEHHBIX IMOCPEACTBOM Tpadide-
ckoro uHTep(eiica, TeKylue 3HaUCHUsT BHYTPEHHHX I1e-
PEMEHHBIX OTOOPAKAOTCS B BHJIC MICKTPOHHOMN TAOHIIBI
.SpreadsheetOp ¢ ncrnons3oBanreM o0bekTa .Operations.

ObpamieHue K mapamMeTrpaM KOMIIOHEHTOB, COCTaB-
JUSTFOIIIIX CMECh, BBIMTOTHSIETCS 10 MMEHH KOMIIOHEHTA
«CompName» B BHUE:

ActiveCase.Flowsheet.FluidPackage.Components.

TO CHEUATBHOTO IPOrPAMMHUPOBAHHUS. Item(«CompName»).
T, =T = const T, = const T, , = const T, = const
x4, =xh'= const xF| = const x| = const xf = const
Hcxonnas cmech Perant
Feed F -1 r, - F, n-1 - F, n — Retentate
Fxb T 1 | 2 | n—1 | n | F,, xR TR
v v v v
P P P P
Py,xy Py, x4, P Xy P, xy

Iepmear
Permeate
P,xf

Puc. 1. Cxema MOJIeTpOBaHust MEMOPaHHOTO MOYJIS

Fig. 1. Schematic of membrane module modeling
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Hauaio
Start Hcxonnas cmech
¢ Feed
[ BBOJ1 HCXOHBIX JaHHBIX MEMOPAHHOTO MOIYJISL ( )
: " ActiveObject.Feeds1.Item(0).Kinetic Viscosity Value
OIIpEJIeIICHNE KITFOUEBBIX KOMIIOHCHTOB [IepMeaTa i peTaHTa
Input of initial data of the membrane module, ActiveObject.Feeds1.Item(0).MassDensity Value
determination of key components of permeate and retentate ActiveObject.Feeds1.Item(0). Actual VolumeFlow Value
< - ActiveObject.Feeds1.Item(0). Temperature
p ¢ \ ActiveObject.Feeds1.Item(0).Pressure
R <c napaveTpos BXO/HOEGESE. P R ActiveObject.Feeds1.Item(0).MolarEnthalpy
| RS nput stream PATSEE. , ActiveCase.Flowsheet.FluidPackage.Components
T<
+‘ Item(indexA).MolarVolume Value
i YHCIIEHHOE PEILIEHHE CHCTEMbI YPaBHEHUH MOJIEIH D ActiveCase.Flowsheet.FluidPackage.Components
nepBanopaniu JItem(indexB).MolarVolumeValue
Numerical solution of the system of equations:
of the pervaporation model
A 4 N J
p ¢ - BupryanbHblii 10TOK
OmnpezeneHne Ha OCHOBE YpaBHEHHUH OalaHCOB Virtual Stream
MIOTOKOB IIepMeaTa U peTaHTa
Determination based on the equations of balances <«-|--»| SimulationCase Flowsheet
of permeate and retentate flows ) ) )
\ y MaterialStreams(“‘streamname”)DuplicateFluid
Ha/ Yes Pemenne nonyyeno?
Got a solution?
IToToxku nepmeara u peTanra
Permeate and retentate flows
Her / No
e ™
TpupalieHye 1o IIoMma/i MeMOPaHBI ActiveObject.Products1.Item(0).MolarFlow
Increase in membrane area ActiveObject.Products].Item(1).MolarFlow
ctiveObject.Products1.Item(0). Temperature
ActiveObject.Products1.Item(0). Temp
¢ ActiveObject.Products1.Item(1). Temperature
BIBOZ 10Ty CHHBIX PE3Y/TBTATOR ActiveObject.Products].Item(0).MolarEnthalpy
B BEIXOJJHBIC TOTOKH MEMOPaHHOTO MOYJIst ActiveObject.Products1.Item(1).MolarEnthalpy
Output of the obtained results to the output streams |~~~ ActiveObject.Products1.Item(0)
of the membrane module .ComponentMolarFlowValue
¢ ActiveObject.Products1.Item(1)
- .ComponentMolarFlow Value
[ End ]
N J

Puc. 2. YkpyTHeHHBIH aNropuT™M pacyera MEMOPaHHOTO MO

Fig. 2. Enlarged algorithm for calculating the membrane module

OOparieHne K mapaMeTrpaM BBIOPAHHOTO TEPMOIH-
HAMHYECKOrO MaKeTa MPOU3BOMUTCS Yepe3 CBOKCTBO
.PropertyPackage o6nexra FluidPackage:

ActiveCase.Flowsheet.FluidPackage.PropertyPackage.

JobGaBnsemblil monbp3oBaresieM B MPOEKTe MeMOpaH-
HBII MOJTYJIb HACTPAUBACTCS HA yCIIOBHS IPOBEJCHUS TPO-
Liecca IepBanopauyd U OCyLIeCTBIsIeTcsl pacuer. B pe-
3yIbTaTe PEIICHUsI U3 pa3pabOTaHHOTO MOAYISL B CPEIy
HYSYS nepenarorcst motoku nepmeara u peraHTa B Tpe-
oyemom opmare nakera HYSYS, kotopbie MOTyT OBITh
HaIpaBJIeHbl JAJIbILE 10 CXeME MPOoLecca Pa3AeIeHHs.

CpaBHeHue pe3ynbTaToB pacyeTa
B Aspen HYSYS ¢ akcnepymMeHTaNbHbIMU
AaHHbIMM

IIpoBepky aJeKBaTHOCTH CO3JAHHOIO MOZYJS Mpo-
BOJUIM [ OMHAPHBIX BOJHO-CHUPTOBBIX CMeceil.
Ha puc. 3 u 4 npuBeaeHo cpaBHEHHE pe3yJbTa-
TOB pacyeTa Ipolecca IepBalopanuu Uis cMmecei
STAHOI-BOJA M H30MIPONAHOI-BOAA MPHU AABICHUU
co cTopoHbl nepmeara 5 U 20 MM PT. CT. ¢ DKCIEPU-
MEHTAJIbHBIMU JaHHBIMH, INPEICTaBJIE€HHBIMU B pa-
6ore [27].
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MopenvpoBaHve npoLecca MeMOPaHHOIO Pa3aeNeHNs XUAKOM CMecu
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A.B. Manbirnu
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Kaxk BUAHO M3 MNPEACTABJICHHBIX PE3YJIbTATOB MO-
JISIAPOBaHUST pabOThl MEMOPAHHOTO MOIYJIsl B H30-
TEPMHUYCCKOM PEKUME, MOIYYCHHBIC TaHHBIC XOPOIIO
COMIACYIOTCA C OJKCICPUMECHTAJIbHBIMU HJAaHHBIMU JUIA

3-X M30TEpPM IIPU Pa3HBIX JABIEHUSAX CO CTOPOHBI IEp-
Meara, 4TO SIBJSICTCS MPOBEPKOW pPabOTOCIOCOOHOCTH

MOJYJISI U MPABUIBHOCTU MCIHONB30BAHUS B HEM CTPYK-
Typsl gaHHbIX HYSYS.

X.

101 O  60°C, exp.
%  70°C, exp.
A 80°C, exp.
8 60°C
&
£
B
k™
'\A
&
£
on
kv
vﬁ“
(b)
&
E
)
k>
'\A

f

w2

mas. fr.

Puc. 3. CymmapHbiii motok nepmeara J uepes mem6pany HybSi® B 3aBHCHMOCTH OT KOHIIEHTpAIIMK BOJIbI B HCXOIHOM CMecH x};:
(a) aTaHON-BOAA, 5 MM PT. cT.; (b) aTaHON—BOAA, 20 MM PT. CT.; (C) N30mponanoiI—Boaa, 20 MM pt. cT. [eomerpuueckue purypsr —

9KCIIepUMEHTAJbHbIE JaHHbIe [27]

Fig. 3. Total permeate flow J through the HybSi® membrane depending on the concentration of water in the feed xvai
(a) ethanol-water, 5 mm Hg; (b) ethanol-water, 20 mm Hg; (c) isopropanol-water, 20 mm Hg. Geometric shapes are experimental data [27]
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of liquid mixture in Aspen HYSYS etal.
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Puc. 4. TIOTOK WHAMBUIYATBLHBIX KOMIOHEHTOB Yepes MeMOpany HybSi® B 3aBMCHMOCTH OT KOHIIEHTPALIMHU BOMIBI B HCXOAHOM

cMecu x‘i,. Ha neBbIX rpaukax mpeacTaBieH MOTOK BOABI J, , Ha MPaBbIX MOTOK CIUpPTa J,: (&) 5TaHON-BOAA, 5 MM PT. CT.;
(b) sTanon—Boxa, 20 MM pT. cT.; (¢) n3omponanon—Boaa, 20 MM pt. cT. [eomeTpuueckue GUTypsl — SKCIIEPUMEHTAIbHBIC TaHHbIE [27]

Fig. 4. Flow of individual components through the HybSi® membrane depending on the concentration of water in the feed x&,.
The left graphs show the flow of water J, the right graphs show the flow of alcohol J : (a) ethanol-water, 5 mm Hg;
(b) ethanol-water, 20 mm Hg; (c) isopropanol-water, 20 mm Hg. Geometric shapes are experimental data [27]
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PE3VYJIbTATbl MOAEJINPOBAHUSA
N X OBCY>XXAEHUE

CrenyromuM 3TalloM HCCIIeOBaHMA OBLIIO TIpoBele-
HHE PacueToB MEMOPaHHOTO MOy B annabaTHIeckoM
pexxume pabotsl. Ha puc. 5 nmpuBeneH cpaBHUTEIbHBIN
aHaJIM3 MpoIecca ACTHIPATAIIMAN dTaHOJIa U U30TIPOoIia-
HoJa. B mepBoMm ciryuae (puc. 5a) mpeicTaBICHbI Pe3yJib-
TaTbl MOAEIUPOBAHUSA B 3aBHUCUMOCTU OT COAEPIKaHUS
BOJIbI B MCXOJTHOH CMeCH Ha MEeMOpPaHHOM MOJYJe II0-
mansio 1 M2 Bo Bropom ciyuae (puc. 5b), npeacras-
JIEHBI PEe3yJIbTaThl MOJAEIMPOBAHUS PA3/EICHUS CMECU
CIUPTOB C HauyajJbHBIM COAEp>KaHUEM Boabl 15 mac. %
B 3aBHCHMOCTH OT IDIOMAAX MEMOPAHHOTO MOIYIIS.
B o0oux ciywasx MonenupoBaHHE NPOBOAMIOCH MPU
JIaBJICHUU Ha CTOpoHe nepmeara 20 MM pT. CT. U [IPOU3-
BOJIMTEIILHOCTBIO 110 UCX0HOH cmecu 100 Kr/y.

Eciv npuHATH BeNMYMHY Nepernaga TeMIepaTypbl
MEXKJly BXOJIOM W BBIXOJIOM U3 MEMOpPaHHOTO MOIYJIs
paBHBIM 5°C, TO MOXKHO CUHTATh, YTO COXPAHSIETCS MPH-
MEpPHO ONHU3KUI K H30TCPMHUYCCKOMY PEKHUM DPaOOTHI.
Torna, xkak BUJHO U3 pHC. Sa, MpH 00€3BOKUBAHUH HU30-
MPOTTaHOJIa HAa MOYJE PaBHOW IUTOMIanu 00JacTh H30-
TEPMHUUYECKOTO PeXKUMa PAOOThI 110 KOHLIEHTPALIUN BOIBI
B UCXOAHOH cMecu Oyner MeHbine. IIpu temmeparype
noroka Ha Bxozge 60°C 310 OyayT cMecH HU30TpOTaHo-
Jla ¥ 3TaHoJa C Ha4aJIbHBIM COAEpKaHUEM BOABI He 00-
nee 4.75 u 10.4 mac. % cOOTBETCTBEHHO. AHAJIOTUYHO,

—8— 60°C, 20 mmHg, Et-W
80 —3¢— 70°C, 20 mmHg, Et-W
—a&— 80°C, 20 mmHg, Et-W
- - W- - 60°C, 20 mmHg, Ip-W
\ --%-- 70°C, 20 mmHg, Ip-W
- - A-- 80°C, 20 mmHg, Ip-W

f
Xy, Mas. fT.

(2)

coziep>kanue BoAbl B 3THX cMecsx npu 70°C cocraBuT
2.95 u 5.23 mac. %, npu 80°C — 2.1 u 3.3 mac. %.
Kpome Toro, Uit M30mponaHoia U3MEHCHHUE TeMIIepa-
Typhl Ha BBIXOJIE M3 MOAYIs Xapakrtepusyercs Ooiee
PE3KHUM TaJICHUEM I10 CPAaBHEHHIO ¢ dTaHOJIOM. J[aHHOe
MTOBEJICHUE MTOTHOCTHIO KOPPEIUPYET C BETHUYUHAMU 00-
[IMX TTOTOKOB JUISl 3TUX CIUPTOB (CM. pHcC. 3): A cMe-
CHl M30TIPOIIaHOIa CYMMAapPHEIH MOTOK, IPX MPOYHX paB-
HBIX YCJIOBHUSX, OKa3bIBaeTCs OONBIINE, YeM ISl CMECH
JTaHoMA.

Kak BumHO M3 puc. 5b, mpu 00e3BOKMBAHUU HU30-
MIPOITaHoNa ¢ coaepkaHueM 15 mac. % BOIBI B HCXOJ-
HOM CBIpbE, pa3Mepbl MOAYIS, B KOTOPOM COXPaHSIOTCS
yCIIOBUS, OMU3KNE K M30TEPMUIECKOMY PEXKUMY, OyIyT
MEHBIIIE [0 CPABHEHUIO C 3TaHOJOM. J{JIs 3TaHONa TpU
80°C Tpebyercs B ~1.6 pasza Gonblnas 1iomagb MeM-
OpaHbl, YeM Ui u3ompomnanona. [Ipu moHmkeHn:n TeM-
nieparypbl aiist 60°C pazHuUIIa TUIONIA/ICH YBEITMUNBACTCS
Jo ~1.8 paza. C 310l TOUKU 3peHuUs, IIPU MOAEIUPOBA-
HUU pabOTHI MIEPBANIOPAIIMOHHOTO MOIYJISl HA MeMOpaHe
HybSi® nenecoobpasHo pykoBOICTBOBAaThCS HE OIHO-
TUITHBIMU pa3MepaMn MEMOpaHHBIX MOJIYJCH, a MocTo-
SIHHOM TEeMITepaTypoil peTaHTa Ha BBIXOAE U3 MOAYJS,
4TO0, KaK OBLIO MOKAa3aHO HA MPUMEPE KOMMEPUYECKHX I10-
JUMEpPHBIX MeMOpaH, siBiseTcst Ooiee BhIroAHBIM [30].
B sToM ciydae mocie KajkmOTO MOIYNS HEOOXOIUMO
K [TOTOKY PETaHTa MOABOIUTD JONOIHUTEIBHOE KOIHYe-
CTBO TEIUIA [Tl TTOBBIMICHHS IBHIKYIIEH CHITBI Tpoliecca.

8517

—F— 60°C, Et=W
—>¢— 70°C, Et-W
—a4a— 80°C, Et-W
- - M- - 60°C, Ip-W
75 1 - = %x-- 70°C, Ip-W
- —4A-- 80°C, Ip-W

80

70

65 1

60

55+
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45 -

40

T T T
0o 02 04 06 08 1.0 12 14 16 18 20

S, m2

(b)

Puc. 5. Temneparypa peranta T Ha BhIxoae 13 MeMOpanHOro mMoxyist HybSi® mms cmecn stanon—sona (Et—W)

f

u n3onponanon-soza (Ip-W) B 3aBucumoctH ot cocraBa X, U miomaau S: (a) S =1 mZ%; (b) cMech ¢ conepskaHueM Boibl 15 Mac. %

Fig. 5. Retentate temperature 7 at the outlet of the HybSi® membrane module for a mixture of ethanol-water (Et~W)

and isopropanol-water (Ip—W) depending on the composition xva and area S: (a) S = 1 m?; (b) mixture with a water content of 15 wt %
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Ha puc. 6 npezacraBiensl pe3ynbTraTbl MOAEIHUPOBA-
HUSI TIpoOllecca IIepBAaNOPAIHOHHOTO 00E3BOKHUBAHUS
9TaHOJAa WM H30IPOIIAHONIA MPU HAYaIBHOM COICpIKa-
HUM BOJABI B UCXOIHOW cMecu 15 mac. % Ha meMOpaH-
HBIX MOIYJISIX C Pa3IMYHON TUIOMIAIBI0 TIOBEPXHOCTH.
MopnenupoBanue paboThl MEMOPAHHOTO MOIYISL IPO-
BOJIWJIOCH B aguabaTHYecKoM pexume u 0e3 ydera Te-
TUIOBBIX 3(P(EKTOB (B M30TEPMHUUECKOM PEKHUME), MPU
JIaBJICHUU Ha cTopoHe nepmeara 20 MM pt. cT. Ha puc. 6
MOKa3aHbl 3HAYCHUS CYMMApHOTO MOTOKA repMmeara U

8 -
Ethanol-water R
74 —8— 60°C, adiab. e
——<— 70°C, adiab. Rl
64 T 80°C, adiab. ,x/
- -m-- 60°C, isot. e
- - -- 70°C, isot. L7
59 --4-- 80°C,isot. . x

J, ke/h

T T T T T T T T
0 02 04 06 08 1.0 12 14 1.6

1.8 2.0
S, m2
10
Isopropanol-water a
94 ——8— 60°C, adiab. L’ -
——<— 70°C, adiab. L7
84 —=— 80°C, adiab. /,‘
- -m- - 60°C, isot. L7
74 --»-- 70°C,isot. P X
- - & - - 80°C, isot. < e
6 -
<
ERER
r\"
4
3 -
2 -
1 -
0

T T T T T T T T T 1
0 02 04 06 08 10 12 14 16 18 20

S, m?

(@

(b)

KOHICHTpAauX BOJAbI B PECTAHTC Ha BBIXOAC U3 CAUHUY-
HOTO MEMOPaHHOTO MOIYJIS B 3aBHCHMOCTH OT €ro IO-
BEPXHOCTHU.

Kak BunHO 13 puc. 6, pacxox1eHue CyMMapHOIO I10-
TOKa TiepMearta JUisl ATaHOJIa B M30TEPMHYCCKOM U aua-
OaTtuveckoM pexuMax padoThl, Ui MOAYIIS TUIOLIAAbIO
1 M2, coctasut 20.9% npu 60°C u 30.1% npu 80°C. st
Moxyneit Gonbimeii mmomanu (2 M) pacxoxkIeHHE yKe
cocraBut npu 34.7 u 44.3% s 60 u 80°C coorBer-
cTBeHHO. J]Isl H30MPONaHoIa MPH MIOIIAIM MOIyIs 1 M2

0.16 -
0.14
=
’
g 0.12
u—% N
. Ethanol-water “a R
~ x
—H— 60°C, adiab. S
0.10 ——<— 70°C, adiab. TN
Y —=— 80°C, adiab. A
- -m- - 60°C, isot. R
- -~ - 70°C, isot. RS
- - a- - 80°C, isot. *
0‘08 T T T T T T T T T 1
0 02 04 06 08 1.0 12 14 16 1.8 20
S, m?
0.16 -
0.14 -
0.12 1
5]
g
g 0.10 |
Isopropanol-water So T x
0.08 4 5 60°C, adiab. .
——¢— 70°C, adiab. N
—=—— 80°C, adiab. AN
0.06 1 - -m-- 60°C, isot. T
- —% - - 70°C, isot.
- - a-- 80°C, isot.
0'04 T T T T T T T T T 1
0 02 04 06 08 1.0 12 14 16 1.8 20

S, m2

Puc. 6. CymMmMapHbIii OTOK nepMmeara J ¥ KOHIEHTPAIHS BOJbI B PETAHTE Xy, B M30TEPMUUYECKOM H aIHabaTHYECKOM PEKUMAaX PaGoThI:
(a) aTanHon—Boza (comeprxkanue Bojbl 15 Mac. %); (b) u3onponanon—sona (conepkanue Bomsl 15 mac. %)

Fig. 6. Total permeate flow J and water concentration in the retentate X}, in isothermal and adiabatic modes of operation:
(a) ethanol-water, the water content is 15 wt %; (b) isopropanol-water, the water content is 15 wt %
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pacxoXxaeHne cyMMapHoTro notoka coctasut 30.6% mnpu
60°C u 38.0% npu 80°C, a npu mromamm Moays 2 M2
pacxoxxaenue yxxe coctaBuT 46.8 u 51.8% mpu 60 u 80°C
COOTBETCTBECHHO. AHAJIOTHYHAS KapThHa HaGJHOI[aeTCH n
JUTSL KOHIIEHTPAIMX BOABI B PETaHTE: B U30TCPMHICCKOM
pPeKUME OHA CYHNICCTBEHHO CHIDKACTCS, PACXOXKICHHE
MEXIy KOHIICHTPAILIUSIMH, I10 CPABHEHUIO ¢ anuabarnye-
CKHM pEeXUMOM, MOXeT nocturars 1.3—1.8 pasa.

Kak BuTHO 13 TIpe/ICTaBIICHHBIX PE3YJIBTaroB (prc. 5 u 6),
nporiecchl  00e3BOXKMBAHUS CIIUPTOB HA MeMOpaHax
HybSi® conpoBoskiaroTcsi 3HAYMTETBHBIMU TETLIOBBIMH
a¢ddexramu. [lannbie >3QPeKTsl HEOOXOIUMO YUHUTHIBATH
IpH pa3paboTKe U NPOSKTUPOBAHUN MEMOPAHHBIX MOLTY-
JIeid, 9TOOBI N30eKaTh OMMOOK B ONIPEICIICHIH TpeOyeMoi
MOBEPXHOCTH MeMOpaHHbIX Moayieil. [lpryem ommoOka
B OIPE/ICJICHNH TPeOyeMOoil MOBEPXHOCTH MEMOPAaHHOTO
MOIYNsl HE SIBISIETCS MOCTOSHHOM, OHAa YBEIHMUYHBACTCS
C MOBBIIIIEHHEM TEMIIEPATYPHI TOJIABAEMOTO CHIPBSI.

Ecnu mpoBoauTh CpaBHEHHME IOKA3aTeeH MMOTOKA
gepe3 MemOpanbsl HybSi® ¢ mommMepHsIME KOoMMep-
yeckumu MemOpanamu PERVAP 2210 [31], To motok
repMeara fnpu coiep>XaHuu BoJbl 5 Mac. % B MCXOIHOM
CMECH B pa3bl OOJIBIIIE JJIs KepaMUYECKHX MEMOpaH Mpu
PaBHBIX YCJIOBHSX MpOIecca. ITO TOBOPUT O TOM, UTO
JUIL TIPOBENEHHS Tpoliecca OOC3BOKUBAHUS CIUPTOB
noTpedyeTcsl MEHbIIas CyMMapHasi IOBEPXHOCTh MEM-
6pannbIx Monyseit HybSi®.

SAKJTIOMEHME

B pabore pazpaboran anroput™ M CO3aH MPOTrpaMMHBIN
momyre B YMII Aspen HYSYS mnst pacuera mpomecca
TiepBanopanuy Ha Kepamuueckoii MmemOpane HybSi®. 3a
OCHOBY TIpH pa3paboTKe MOIyIIs OblIa B3ATa Tpexmnapame-
TpUYECKasi MaTeMaTHIEeCKasi MOIENb TIePBATOPAIIOHHOTO
pasnenenust (1)~(3). Jlannas mozxens ObLia JOMOTHEHA
ypaBHEHHEM TeIIoBoro OajnaHca (6) i omnpeneneHus
M3MEHEHHST TEMITePaTyphl CHIPhEBOTO ToToKa (7), Mpoxo-
IUIIIETo Yepe3 MOIyIb. [IpoBeieHHOE cpaBHEHHE Pe3yiib-
TaTOB MOACIMPOBAHUS C OKCTICPUMCHTAJIbHBIMU JTAHHBIMU
JUTs1 00€3BOXKMBAHUSI ATAHOIIA M M30IPOTIaHOIIA IIPH Pa3HBIX
TeMIIepaTypax CHIPHEBOTO IMOTOKA U IABJICHHUSIX CO CTOPO-
HBI TiepMeara MOATBEPIUIIO JOCTOBEPHOCTh pa3padoTaH-
HOTO MEMOPAHHOTO MOYJISI TiepBariopaiiu (puc. 3 u 4).
Pesynbratsl HecieIOBaHUH MTOKA3aIH, YTO IPOIECCHI
00e3B0KMBaHKS CIMPTOB Ha Mem6panax HybSi® conpo-
BOX/IAIOTCS 3HAYUTCIBFHBIMHU TEIIOBBIMH A PeKTaMu
(puc. 5) BBUAY OONBIIMX TpaHCMEMOPAaHHBIX MOTOKOB
(puc. 3). Pacder Momyns B HM30TEPMHUYECKOM DPEKUME
0e3 yueTa TeIIoBbIX 3(PHEKTOB MOXKET PUBOTUTH K CYy-
[IECTBCHHBIM OIIMOKAM: B OIPEICICHUU pacxoja Iep-
Mmeara — 110 50%, B onpeneneHnu KOHIEHTPAIH BOJIbI
B peranTe 10 1.3—1.8 pa3a, mpruem 3TH OMMOKH yBeIHU-
YHBAIOTCSI C MOBBIIICHHEM TEMIIEPaTyphl TI0aBAEMOTO

cBIpbs (puc. 6). [Ipu BRIMONMHEHNN POEKTHBIX PAaCUCTOB
9T0 OyleT NPUBOAUTH K CYHICCTBEHHOMY 3aHIKCHHUIO
TpeOyeMoii TOBEPXHOCTU MEMOPAHHOTO MOJYJIS.

PazpaboTannsiii B paboTe pacueTHBIH MOMYIb IPO-
lecca IepBanopalud MOXKHO HCIonb30BaTh B YMII
Aspen HYSYS npu MonenupoBaHuM MPOLECCOB 00€3-
BOXXKMBAaHMS CIHMPTOB KaK B BUJAE OTJICIBHOTO MOIYJIS,
TaK 1, HAIIpUMeEp, IPU MOACTHPOBAHHUHU PA3TUIHBIX CXEM
MPOIIECCOB 00E€3BOKMUBAHUS.
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