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1,3,4-OKCAIVTA3OJIbIl: CTPATEI'MY CMUHTE3A VI IPUMEHEHUE

10. P. Ocudona, A. A. Pupcrosa

I0Omusa PycnanosHa IOcudosa, ctynent; AHactacus AHppeeBHa ®PupcToBa, KaH/l. XMM. HayK, HOLEHT
OI'BOY BO «fpocmaBckmit TOCymapCTBEHHbIN TEXHMYECKMI yHMBepcuTeT», 150023, Poccus, r. fpocnasiy,
MockoBckuii p., 4. 88; yuyusifova@yandex.ru

Kntouesvie cnosa: Annomayus.  1,3,4-okcaduasonvt  npedcmaensiom — 0OWUPHBILL  KaACC
1,3,4-oxcaduasonvl, cunmes,  2emepOUUKIUMECKUX COEOUHEHUT, HAWMEOWUX NPUMeHeHUe 6 pPA3IUYHBIX
Kamanus, meepoogPastoiii obnacmsax HAyKu U mMexHuKu: apmayus, nonumepvl, Hayopogdopui,
cunmes, Oeeudpamupylowjue  onNmodneKmporuka u opyzue. B Hacmosusee epems HAKONAEH 02POMHbL
azenmul, OUONOUHECKU mamepuan no cunmesy 1,3.4-okcaduaszonos, HoO 6ecb OH pA3po3HeH U
akmuseHble Beuiecmea, HecneyugduUeH.

XeMoceHcopbl B 0630pe npedcmasnenvt pasnuurvie nodxodvi Kk cunmesy 1,3,4-okcaduasonos,

ONnucaHHbie 6 numepamype 3a nocnedHue 5-15 nem, a maxie npusedeHvl
npUMepbL NPAKMUUECKO20 NPUMEHEHUST 0AHHO20 KNACCA COeOUHeHUTL.

1A EUTUPOBAHNA:
Ocudosa 10.P., dupcrosa A.A. 1,3,4-Okcafiasonbl: CTpaTerMm CUHTe3a M IpuMeHeHue // OT xumum K
TeXHOMOryM 1ar 3a marom. 2025. T. 6, Beim. 2. C. 8-33. URL: https://chemintech.ru/ru/nauka/issue/6013/view

BBenenne

Oxcafina3oribl B IpUpOJe IIpeICTaB/IeHbI B BIJie YeThIPeX M30MepoB (pic. 1), 13 KOTOPBIX

1,3,4-okcaguason (d) HamboIee McceJOBaH M3-3a JOCTYITHOCTY METOJIOB CMHTEe3a U LIMPOKOTO

HPI/IMeHeHI/IH.
o, 0, o 0
NN NN
[N’ N LN \N/>
a b c d

Puc.1. IIpupopHble n3omepsr: a — 1,2,3-okcapgmasorn, b - 1,2,4-okcagnason, ¢ — 1,2,5-okcaguasorn, d- 1,3,4-okcajjiason.

XMMMYECKNI COCTaB OKCaZia3o/I0B, B 4aCTHOCTU 1,3,4-0Kcafa3o1oB, XapaKTepU3yeTcs
UX YHMKAJIbHON TETEPOLMKINYECKON CTPYKTYypOil, KOTOpasd IpuUAAaeT UM BaXKHble
Ouonormdeckre u GUNKO-XMMIYECKE CBOVICTBA. DTV COeVHEHMS MPUBJICKAIOT BHYMAHIE
nCccIeioBaTeneil  Gnaromapss pasHOOOpasMio METONOB UX CHUHTe3a M IepCHeKTHBaM
IpUMeHeH)s B MEIMIVHCKONM M IONMMepHON Xxumum. B maHHOM o630pe IpencTaBIeHBI
cTparermm cuHTe3a 1,3,4-0KcaguasonpbHOro (¢parMeHTa, a TaKkKe IIPUMEHEHNe ISTUX
reTepPOLMKIIOB.

© 10. P. FOcudosa, A. A. dupcrosa, 2025
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OcHoBHasA YacTh

Huxnuzayus nod deticmeuem decudpamupyrousux azenmos. OCHOBHBIM METOJIOM CUHTe3a
2,5-nu3aMenleHHbIX 1,3,4-0KCcaina3onoB sB/IAeTCs B3aMOJIEICTBYE TUAPA3UIOB KapOOHOBBIX
KIC/IOT C XJIOPAaHTUAPUAAMU C [aibHeNIIeil IUKIN3aluKMell B TOCTATOYHO arpecCUBHBIX
peareHTax, HalpuMep, 10 TPAAULIMOHHOI MeTOIMKe — Xiopokucu pocdopa [1-4]. B cratpe [5]
OIVICaH CIOCO0, B KOTOPOM IIpefiBapUTE/IbHO IOTyYalIy MHTEPMeNaThl — KapOOTUapasuibl —
B3aVIMOJIEIICTBMEM alVI- VIV apWITUAPA3UIOB ¢ KapOOHOBBIMM KUCTIOTaM¥ B IPUCYTCTBUYU
HATU (O-(7-asabensorpuason-1-mwm)-N,N,N’,N’-terpameTunyponnit rekcapropgocdar) u
DCC (N,N'-puumxmorekcunkapooguummuy) 1 Iociaenyolneil TUKIM3anuell B IpUCYTCTBUN
xnopokucu pocdopa (Cxema 1).

o
i N-N
A(leHZ Tl DA
1 "

i: ArCOCl, Py or ArCOOH, HATU, DCGC; ii: POCl3
Cxema 1

Taxke B KauecTBe MCXOIHBIX CyOCTPaTOB BO3MOKHO IPVMEHEHME CIIOXKHBIX 3(1poB
KapOOHOBBIX KUCTOT. B Meroxmuke, ommcanHoit Pebexom m komneramu [6], cooburaercss o
IPUMMEHeHN) B KadyecTBe JVICXOJHOTO peareHTa 3TUIOBOTO a¢dupa 3, ero TUAPONU3YIOT IIOf
peiictBueM LiOH u panee coderaror ¢ N-aumnrugpasugamu 4 nop gerictsuem EDCI/HOBt
(1-a1m1-3-(3- mMe TV ITaMHOIIPOTIVT) KapOommyMuy, / 1-ruapoKcubeH30Tprason) ¢ o6pasoBaHueM
IPOMEXKYTOYHBIX ITPOAYKTOB 5 ¢ XopoInM BbixogoM. leruaparauysa N,N'-quanyirugpasuos 5
¢ ucnonb3osanyeM POCI; faet coefuHeHre 6 ¢ a-COMpaNbHBIM MUMETHYECKUM OKCaIMas3orl-
NVpUa3nH-PeHIIbHBIM KapKacoM ¢ BBIXofoM 45-53% (Cxema 2).

COOEt R,
N™ HNAO
i e im0
o *HNTY -
\R1 4 o [\I]I\
N~
3 o.
R4
5

Ry, Ry = a: Ph, i-Pr; b: Ph, Bn; ¢: i-Pr, i-Pr; d: i-Pr, Bn
i: LIOH, THF/H,O; ii: EDCI, HOBt, DCM,; iii: POCl;, MeCN, reflux, 12 h
Cxema 2

Eme opgauM MeTOmOM mONy4YeHUsA 2,5-AM3aMellleHHbIX-1,3,4-0KCcaina300B ABIIAETCA
peakiyua IVMKIOAETUApATalluy NPV AEVICTBUYM Ha TUAPA3UABl KapOOHOBBIX KUC/IOT TaKUX
areHToB, Kak cepHas kucnora (H,SO,), nomdocdopuas kucnora (I1PK), tpudropykcycHas
kucmora [7-9]. Tak, B pabore [10] ommcaHa peakius MW3aTOEBBIX aHTUJPUAOB 7
C COOTBETCTBYIOUIVIMM TUAPA3UAaMM B YKCYCHOJ KUCIOTe, NMpMBOAAIIAA K 0Opa3oBaHNIO
1-(2-R-amuHO6€H30MT)-2-apON/ITUIPasHOB 8, KOTOpble IOJBEpPraloTcs LMKIU3AIUM B
npucyrctBun  IIOK ¢ obpasoBanueM 2,5-mmapuizaMelieHHbIX 1,3,4-okcagna3onoB 9
¢ BeIxomoM 35-42% (Cxema 3).
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o)
o AcOH CONHNHCOAr N-N
o + I NH, — aed LA
- 2
/& Ar N
N0 H NHR
& , NHR

8
7 9
R= Me, PhCHz, Et; Ar = Ph, 4-MCC6H4, 4-MCOC5H4, 4-N02C6H4
Cxema 3

[TpuMepsl mpuMeHeHUS [erMAPafMpYIOLINX BeIleCTB OmMcaHbl B paborax [11, 12].
Hesamemennsie 1,3,4-0Kcafia3onpl MOMY4YalOT B [IB€ CTafuM: NepBasd CTaguA — KUILAYEHUE
Kapboruzppokap6asuga 10 B M30BITKE  MYpaBbMHON  KUCIOTBI C  IOJNTy4eHVUEM
3-xmop-2-(N-dopmunruapasun)oenso[b]tnopena 11, KOTOpBII Ha BTOPOI  CTafuy
HOABepraeTcss BHYTPUMOJIEKY/LIPHON IMK/IN3ALUN TIOf Bo3[elicTBueM okcupa ¢pocdopa (V) B
kcuorte [12]. Boxon npopykra cocraBui 98%.

of o

cl H o cl
o i N \f ii
— H — o
S H T
\
S’ NHNH, s NN
10 1 12
i: HCOOH, reflux; ii: P,Os
Cxema 4

Cunres 2-amnHo-5-(N-kap6asuimeTnn)-1,3,4-okcauaszona 14 0CHOBaH Ha MCIIONIb30BAHUN
CEpHOI KMCIOThI B Ka4ecTBe IETUAPATUPYIOLIET0 areHTa Ipy KOMHATHON TeMIlepaType, 4TO
IPUBOANT K BBICOKOMY BBIXOAY TpoayKTa 82% [13].

L R
Tk v

13 14

Cxema 5

HIpyrum  cmocoboM — CO3maHMsI  OKCa[Ma30/bHOTO bparmeHTa  sABIsIETCS
UUKIOeTUApaTausi  ceMukap6asugoB. B  KadecTBe TmpuMepa MOXHO IIPUBECTH
OKMC/IUTENbHYI0 LMKIM3ALMI0 OKCAMWIIUPEeHNITIOCeMUKapOasuios 17 B IpPUCYTCTBUU
menoyHoro pacrtsopa I,/KI [14, 15] (Cxema 6).

i Ny .S HNHNWNHNH i NN NN
N 2SS 0 . 7\ ;N\
HNHZNMNHNHZ*'P" ¢ PhHN—Ng g7 —NHPh iii PhHN%OWO%NHPh
n
15 16 17 18
n=0,1,2,34
i: EtOH; ii: EtOH, NaOH/KI; iii: I,
Cxema 6

10
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AHanornysble paboThl IIPOBefieHbl HayYHBIMU rpymnnamu [16, 17], koTopble mokasamm
BO3MOXXHOCTb OKMCIMTENbHOM IUKIN3ALUU aIKWI- W/VWIM apUITMOCeMUKapOasugoB u
THOCeMMKapbasyusja B IIeJIOYHOM pacTBOpe Jofia C IojiydeHueM 1,3,4-0KcaamasonoB ¢
BBIXOJ0M 43—75% 11 ankunTrnoceMmnkap6asumoB u 53—64% it apuaTnoceMnKap0asnoB.

As3ns ¢ xoteramu [18] onmcanu crpaTeruio CuHTe3a MPOU3BOAHBIX 1,3,4-0Kcamasona,
cofiep)KalMx KpaTHyo cBs3b. l-llmHHamown-4-dennncemukap6asuy 21 cuHTe3MpoBamn
peakumest ¢geHmmsonuanara 20 ¢ IMAPAsUAOM KOPMYHONM KMCIOTHI 19 ¢ mocmepyromieit
KJMC/IOTHO-KaTa/IM3UPYEMOI BHYTPUMOJIEKY/IAPHON LUKIM3aLMeNl ¢ CEPHOM KMUCIOTOM, YTO
IPVUBOAWIO K IOTYYeHNIO 2-I[MHHAMOWI-5-aMuHOopeHn 1,3,4-0kcafn3ona 22 ¢ BRIXO#oM 78%
(Cxema 7).

(0]
i H ..
+ . — _N i N-N
Ph/\)J\NHNHz Ph\N,C\\o Ph/\)J\N \[rNHPh Ph | \>—NHPh

H 3 \/Lo

19 20 21 22
i: CHCl;, reflux, 1h; ii: HSO,, stirring
Cxema 7

3aMbIKaHMe KOJIbIIa THOCeMIKap6asnuaa 25 MOXKHO IIPOBOAVTD B IIPYICYTCTBUM aljeTaTa
prytu (Hg(OAc),) B yKCYCHOI KMC/IOTe C BBIXOZOM Ie/IeBBIX NpOAykToB 41-50% [19].
Kak mokasano B crarbe [20], cronp3oBaHye JIe[SHON YKCYCHONM KUC/IOTBI IIPY KUILTYEHUN
yBemmuuBaeT BbIxof, 1,3,4-okcannaszonos jo 83-94% (Cxema 8).

S
(o) o é& H%Ogﬁ)z,
N N c _N
N” NHNH, . No.S_ . N NHN NHR NI N\__NHR
N ’ R/ \C/ N / )\
Me CH Ri
AY 24 Ar 3
23 25 26

Ar= 4-MCC6H4, 4-MCOC5H4, 4-N02C5H4
Cxema 8

B pabore [21] mpexcraBneH crmoco6 LMKIM3AIUKU C UCIONb30BaHMEM B KadecTBe
JeTUIPATUPYIOLIErO COeAVHEHNS — OKCHUAa PTYTH. TakK, TroceMyuKap6asupl 28 momydanm 1mo
peakuyy HyKIeo(pWJIbHOTO IpUCOefuHeHns ruppasupa 1-(4-xnopdennnt)-4-rugpokcn-1H-
npasosn-3-kapOoHOBOM KUCTOTH 27 ¢ QeHmmsornonuaHaroM 16, m pamee mopsepramm
nukmsanyy B 1,3,4-okcagmason 29 myTeM KUILST4eHUA IepBoro (28) ¢ OoKcupoM pTyTu B
abcomoTHOM 3TaHome. CTOUT OTMETUTh, YTO JAHHBIN METOJ MMEET HENOCTATOK — HU3KUI
BBIXOZ IpoAyKTa (31%) (Cxema 9).

~-N

(o] (o} N

HO _ HO E\\ ) HO | >_NHPh
MNHNHz v NS i MNHNH NHPh i NO
N-N N-N N/N
16
cl Cl cl
27 28 29
i: CHCI;, reflux, 1h; ii: HgO, EtOH
Cxema 9
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OT XHMHM K TEXHONOTHH TOM 6, BBINYCK 2, 2025

Eme opgHuM mnpuMepoM NpPUMEHEHMA NETUPATUPYIOIIMX areHTOB ABIAETCA METO[,
KOTOpBIMI BK/IIOYAaeT B3aMMOJENICTBME apWUI3aMEIleHHbIX TULPasuioB C  aJbJAeruiaMu
PasIMYHOTO CTPOEHUA B Cpefie YKCYCHOTO aHTMJPUAA VIM YKCYCHBIN aHTMAPUJ / YKCycHas

o)
Me
' g
HO O o HO O )\ Ho N R
Ac,0 R Ac,0
/k NHNH, . H)LR MNHN 2 2/\'/L
2 > “ h
R, 31

N/
R, 27 30 R, 32

Kuciaora [21, 22].

R, =4-CIC¢Hy4, R, = 2,4-F,C¢H3
Cxema 10
n-Tonyoncynpgoxnopus MoXeT ObITb MCHONb30BaH B peakLuy LUKIN3ALUN
auamrnapasupga B 1,3,4-oxcagmazon  [23-28]. Tmppasup 33 ywyacTByeT B peakuun
HYK/I€O(QWIbHOTO 3aMeleHNs ¢ MeTWIOKCAIVIXIOPUAOM 34 B MPUCYTCTBUU TPUSTUIAMUHA,
00pa3ys IPOMEXYTOYHBIN [AUAlVUITMApasuy 35, KOTOPBI LMKIU3YeTCs IpU JIeICTBUYU
n-romnyoncynbpormmxnopuga (TsCl) B 1,3,4-okcagnason 36 ¢ BeixogoM 75-94% (Cxema 11).

o (0] o
J\ NH )H(OMe i o OMe ii N’N\ e
R™ N2 + CI — )]\ A o )l\ H
H o) R H fo) R (0] o
33 34 35 36
i, ii: TsCl, TEA
Cxema 11

B pabore [29] mokasaH MeTOR CMHTe3a, OCHOBAaHHBIN Ha OOpa3oBaHWUM OCHOBAHWS
[Indda 39 npu B3auMopeiicTBUM apOMaTIYECKUX albAernioB 38 ¢ ruapasugaMu KapOOHOBBIX
KUCnoT 37, KOTOpble B Ha/lbHENIIEM IOABEPINNCh UMKAusauum B 1,3,4-okcapguasonsl 40 B
IPUCYTCTBUY JTof0eH30/1AMaleTaTa ¢ BeIxogoM 70-75% (Cxema 12).

ii

Et
L 4
O/\Ir “NH,
(o]

37 i Et
- P X .
+ —
R °N N (o) o) A
& RURE -
39

i: EtOH; ii: PhI(OAc),
Cxema 12

Ha cxeme 13 mpepcraBieHa BO3MOXKHOCTb IPMMEHEHMUs B KadecTBe LMK/IM3YIOLIETO
arerta TtuoHmwixaopuga [30]: coemuHenme 41 o06pabaThiBanmM STUIOKCATMIXIIOPULOM B

6e3BOTHOM IUPU/VIHE C IIOJIyYeHVEM COeAVHEeHN 42, KOTOpOoe IUK/IM30BaIM B KIC/ION Cpefie

12



OT XHMHM K TEXHONOTHH TOM 6, BBINYCK 2, 2025

C THUOHWIXJIOPUAOM B 3TWI-5-(4-aMuHO-5-6eH30MMN30KCa30/1-3-1)-1,3,4-0Kkcaamason-2-

Kapbokcuat 43 (Bbxoz 68%).

o-Et
o)
NH, o
' _ o g N-N
HN NH, i N ji H | NH,
o P NH, B 07N\ A o)
N 0 0 N-
0  Ph B O Ph
N-o" Pn 43

4
42

i: CICOCOOE; ii: SOCL,
Cxema 13

Huknusayus opyeumu memodamu. ONMCaHbl pa3lIN4Hble CIIOCOOBI HVK/IM3anuu 6es3
VICTIO/Ib30BAHUSA JIETMJPATUPYIOIMX pPEareHToB. OJTM MeTOAbI O00/IaflaloT  CIeAYIoI MU
JIOCTOMHCTBaMM): MeHee TOKCUYHBbIE peaKkTMBBI, Oojiee IMPOCTble YCIOBMS peakumii, 6ojee
BBICOKVIJI BBIXOJ IPOJIYKTA, IIPOCTOTA BbI/Ie/IEHNsI IPORAYKTOB M JIp.

Tak, [lechoprxec [31] ¢ coaBTOpamMy IPeAIOKIN METOJ, IMK/IN3AIUY TUPa3noB 44 B
1,3,4-oxcaguasonsl 45 B IM®A/Et;N npu 0 °C ¢ BBegenueM N,N'-KapOOHMIAMMMNIA30Ia
(CDI) n nmocnepytomum cHATHEM Boc-3ammThl. [JaHHBI METO MO3BOJIAET MOTY4YaTh Lie/IeBble

IPOMYKTBI C IPEBOCXOAHBIM BbIxofoM 88-91% (Cxema 14).

P

o] i

TV, o O

= HN—NH, i Z 0

m OH
45

a: 2-CONHNH_,, b: 3-CONHNH,, c:4- CONHNH,
i CDL, Et;N, DMF, tt, 16h; ii: HCI
Cxema 14
AnbTepHaTMBHBIM METOJIOM CMHTe3a 2,5-6mc(apmn)-1,3,4-okcanna3onos 47 SBIAETCA
TepMuYecKasi HUKIoAeruaparays rugpasuaa 1,4-6uc(4-apun)-ruapasuna 46 B N-IUKITOTeKCUIT-
2-mmppompone (CHP) ¢ Beixomom 70—-88% (Cxema 15) [32].

00 CHP o X
X X — X s

HN-NH N~

4

6 47

Cxema 15

VsBecTteH 3¢ deKTUBHBII, OTHOCTaUITHBIN CUHTe3 2,5-am3aMeIeHHbIX
1,3,4-0kcaga3onoB ¢ BBICOKMM BbIXofloM [32]. ILlenmeBble TPOAYKTHI IOYYaIOT
HEMOCPECTBEHHO U3 anyIruapasuaa 48  apoMaTuyecKux anbaernion 49 ¢ NCnonb3oBaHNeM
1,4-6uc(tpudennndocdonnii)-2-oyrennepokcopucynpgara (BTPBP) B kauecTBe okmcnnrens

B HEBOJIHBIX VI alIPOTOHHBIX pacTBOpUTEILAX (cxema 16).

13



OT XHMHM K TEXHONOTHH TOM 6, BBINYCK 2, 2025

o) o i R_ o
+
Ph)J\H’NHZ RO T ?J/\N/>—Ph
48 49 50
[BTPBP]: Ph3P"_/:\_P‘“Ph3
$,05 %

R= Ph, 4-C1C6H4, 4-MeC6H4, 4-MCOC6H4, 4-N02C6H4, 4-IC6H4, 4-BrC6H4,
3-NO,CsH,, 3-CICsHy, 2,4-ClLCeH;

i: [BTPBP], CHCI;, reflux
Cxema 16

B 2014 rogy Maprenc u komieru [34] paspaboramu cuHTe3 THasonuauH-4-mi-1,3,4-
OKCaZIa3o/IoB 56, KOTOPbBINI BK/IIOYAeT BHYTPMMOJIEKY/IAPHYIO a3a-BUTTUI-LMKIM3aLMIO B
MATKMX YC/IOBYAX, BBIXOJ IIPOAYKTOB OT YAOB/IETBOPUTETBHBIX 0 Xopomux (Cxema 17).

o P*Phy
Ra)l\ OH /,N‘(N Ri._0  HNAZR:
IC' + Y R1>ES>LR2 ii N R
R{ Ry R, Ry R, ™
51 NaSH 52 53 27-92(;,

i: CHCl3, 5 °C to rt; ii: THF, rt, 15h
Cxema 17

OTOT CUHTETMYECKMUII METOJ, BK/IIOYAeT B3aMMOJEiCTBME INPOAYKTOB As3uHrepa 53,
KapOOHOBBIX KUCIOT 54 u (usoumaHommumHo)rpudenmndocpopana 55 (cuHTe3 HaHHOTO
peareHTa omycaH B pabore [35]). DTy peakiyuio OT/IMYAET TO, YTO BMECTO MEPErPYIIIMPOBKA
MyMMa, KoTopas XapaKTepHa I alUIMMMUJATOB, IPOUCXOAUT BHYTPUMOJEKY/IApHas
asa-Burtur-uyknmsanys.

Opuum 3 crioco6os Gpopmmposanms 1,3,4-0Kca/ina3oIbHOTO IVIK/IA ABJISAETCS PeaKLUs
OKVCIUTENbHON IVKIN3ALI apUINAECHIUIPAasUOB TI0], BO3/IEMICTBMEM TaKUX OKVCINUTENIEN,
Kak Br,, HgO, KMnO, [36]. [Ipu B3aumopeiicTBUM apunnpieHrnapasua 57 ¢ 6poMoM B cpefie
YKCYCHOJ KUCTIOTBI B INIPUCYTCTBMM aIleTaTa HAaTpys OBUIM IIOMyYeHbI COefyHeHuA 58 ¢
BBIXOZOM OT 60% (Cxema 18).

iz AcONa, Br,, AcOH, 100 °C, 24h
Cxema 18

Eme opHuMM 13 omMcaHHBIX croco60B monydeHus 1,3,4-0KcagyuasonoB SBJAETCA

JICTIO/Ib30BaHNE Y/IbTPAa3BYKOBOTO OONTydeHMA apOMAaTMYECKNX KapOOHOBBIX KUCIOT 59

14



OT XHMHM K TEXHONOTHH TOM 6, BBINYCK 2, 2025

u  auneHaprenxumHoHa 60  [37]. Peakumsa  mpoBogwnach B HPUCYTCTBUY
(N-usoumanumuuo)tpudenmndochopana ¥ aneTOHUTPUIA B KadyecTBE PaCTBOPUTEIIA.
O61mit BbIxoy, coctaBun 67-85% (Cxema 19). CpaBHeHMe IPOLeAyp C MCIONIb30BaHMeM U 6e3
JICTIONIb30BaHMA Y/IbTPa3ByKa IIOKAa3ajl0 3HAYMTE/NIbHOE COKpallleHMe BpeMeHM: 15 MUWH ¢
JVICTIOJIb30BaHVEM Y/IbTPa3ByKa IO CpaBHEHMIO C 24 4 6e3 VCIONb30BaHMs Y/IbTPa3ByKa.
[Tony4yeHusle coemyHeHMs 61 HIPUMEHSIOTCA B KadeCcTBe JIEKAPCTBEHHBIX IIpelapaToB OT
TPONMYECKVX apasUTUIeCKNX O0JIe3Hell, TAKMX KaK TPUITAHOCOMO3 U JIEVIIIIMaHNO3.

Ar
N=
NS

© I oy Lo
Rl sollPe
- CC
60
61

i: (N-isocyanimino)triphenylphosphorane, CH;CN, ultrasound, 25 °C, 15 min
Cxema 19

I'mppasoHkap6OHOBBIE ~ KMCIOTBI 62  IMOABEPralTCsi  BHYTPUMOJIEKY/IAPHON
UUKIN3ALUUM B IPUCYTCTBUM NUBATOMWIXAOpUAR, i-ProNEt M KaTanmTuueckux KonMmM4yecTB
DABCO ¢ ofpasoBaHumeM psiia 3aMelleHHBIX KOHIEHCUPOBAHHBIX TPUIVIKINIECKUX
2,3-puruppo-1,3,4-okcagnaszonos 63 ¢ BeicokuM BbixonoM (Cxema 20) [38].

OYPh /Zh
N,NH ; (0 JAN

| — N

N
R—'——\ R{- ):0
I _

0~ >CO,H o
R = H; 4-Me; 4-MeO; 4-Cl; 2-Br; 3-Br
i: i-Pr,NEt; DABCO; t-BuCOCl
Cxema 20

Cunmes 1,3,4-okcaduazonos Ha meepdom nonumepHom Hocumerne. TBeprodasHbIil
CMHTe3 IPeACTaB/IAeT COO0I CTIOXHBIN IMTOAXOJ K ITOTYYeHNI0 Pa3HOOOPa3HBIX OpTaHMYeCKIX
COEIVIHEHUII Ha HEPAaCTBOPUMBIX HOcuTerAX. CoelyHeHusA, CMHTE3MPOBaHHbIE Ha TBEPHbIX
HOCHTeJIAX, MOTYT OBITb BBICBOOOXKJIEHBI 6€3 clefla TMHKEepa, KOTOPbIN MCIIONb30BaICA I/
CBA3BIBAHNA IIPOMEXXYTOYHBIX IIPOLYKTOB BO BpeMs CMHTe3a. PagpaboTaHo 60/IbII0e KOMNYeCTBO
CMHTETVYECKUX CTPATEINII /I TOJTyYeHUA IPOYKTOB TBEpAOQa3HbIM CIIOCOOOM Ha HOCHUTEJIE.
[IpeumymiecTBa CMHTE3a Ha TBEPJAOM HOCUTEJIE: JJOCTATOYHO JIETKOE BbIfIETIEHNE, OTCYTCTBIE
HEOOXOAMMOCTY IIPVMEHEHMsS PpacTBOPUTENIeil, BO3MOXXHOCTb IapajUIe/IbHBIX CHHTE30B,
OTCYTCTBUE IPOOJIEM C PaCTBOPMMOCTBIO IIPOMEXYTOYHBIX ¥ KOHEUHBIX IPOAYKTOB [39, 40].
CeropHsa MeTORBI TBepAOPA3HOTO CHHTE3a IIMPOKO VICIIONb3YIOTCA B OPTaHMYECKOM CHHTESe,
0COOEHHO B 00/1aCTV CO3[JaHMsI JIEKAPCTB, Ie 3pPeKTUBHBIE 10 BpeMeH) CHTe3bl OM0/IoTeK
COEIVIHEHUI [I/I1 BBICOKOIIPOM3BOAUTE/IbHBIX CKPMHMHIOB, a TAKXe CIELMani3MpPOBaHHbIE
6M6IMOTeKN I ONITUMM3ALVY COeITHEHU-TIiepa HeoOxonuMel [41-43].
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[Tpumepom nprmeHeHNs TBepAO(}A3HOTO CMHTe3a AB/IAeTCA NomydeHne 1,3,4-0kcaias3onos
Ha AUTHNOKapOa3aTHOM JIMHKepe [44], 9TO M03BOJIAET IO/TYYaTh Iie/IeBble IIPOAYKTHI C BBICOKUM
BpixofoM. CHayasa IIONIy4YaloT TBepAbl HocuTenb (cMorma Meppudmnna) 63, KOTOPBI
npeoOpa3yloT B aIIANTHMOKAap6a3aTel 64 peakuyell C PpasIMYHBIMU TUAPASUAAMU U
nucynppupom yriaepoga (Cxema 21). OTM HpOMeEXYyTOUYHBIE IPORYKTH IOABEPTAIOTCS
HETUPATALIVIOHHON UMKIM3ALH C ITIOYy4EeHEM CBA3aHHbIX C HOCUTeNNeM 1,3,4-0Kcannas3onos
65. [laee IpOBOJAT yjja/ieHNe TBEPAOTO HOCUTENS ¢ 00pasoBaHueM NMPOAYKTa 66. [JaHHBII
METO/I IIO3BOJIAET IIO/y4aThb IieJIeBble TeTEPOLMKIIbI C BBICOKMM BBIXOJOM, WCKIIOYEHNEM
AB/IAETCS IpUMeHeHMe MAMOeH3WIAMMHA, KOTOPbI CTepyYecKy 3aTpymHEH ¥ MeHee
HYKITeopwIeH. ITOT CUHTETUYECKUII IIOAXOJ MO3BOJAET MCIIO/Nb30BaTh BO3MOXKHOCTDb
npeoOpa3oBbIBATL IIPOMEXYTOYHOE COefVHeHNe 64 B pasaMyHble TeTepOLMKIbI, B
3aBUCHMOCTH OT peareHToB [45-49].

H O Rs
N S . RN
cl i >¥N R ii )~0 iii >\
* S e A =N
N™ "R, iv N~ R,
63 64 65 66

R; = Ph, 3-FC¢Hy, 4-FsCCeHy; 4-tret-BuCsHy; RoR3N = piperidinio, morpholino, cyclohexylamino
i: RRCONHNH,, CS,, NaH, NMP, rt, 12h; ii: TsCl, TEA, DCE, 60 °C, 24 h; iii: m-CPBA, 1 N aq NaOH, 1,4-
dioxane, rt, 6 h; iv: R,RsNH, 1,4-dioxane, 100 °C,24 h
Cxema 21

B pabore rpymmer Illsna [50] n 6onee panHux paborax [51] mpencraBneH cuHTe3
BUHWI3aMeIlleHHbIX 1,3,4-0Kkcapgmna3onos 70 ¢ MCIO/NMb30BaHMEM IIOIMMEPHO-CBA3AHHON
QL-CeJIEHOTIPOIMIOHOBO KIC/TOTHI 67. B 9TOM MeTOzie akTMBMPOBaHHAs KapOOKCUIbHASA IPyIIa
pearupoBasia C TUAPAsSUAOM, M AKTUBUPOBAHHBIA aAUUKIMYECKUIT IIpeIIeCTBEHHNUK

nopseprancs uyknmsanun nop geiticrsueM POCL;, ¢ monyuennem neneBbIx IpogyKTos 70.

i ii ,Se—\_<° iii, iv

OH
SeBr 68 —
9 o

67 N _

N R4
v Se 70
d vi, vii
- OH
o
69

R = Ph, i-C;H;, CsHsCH,, 4-CH30CsH,, 4-CICsH,, 4-NO,CsHy
i: NaBH,4, THF/DMF, rt, 10h; CICH,CH,COOQEt, rt, 5h; ii: LiOH, THF, H,O, rt, 24h;
iii: DCC, R,C(NH,)=NOH, dioxane, 50 °C, 15h, then 95 °C, 5 h;
iv: H,O,, THF, 0 °C, 10 min, then rt, 1.5h; v: LiBH,, THF, rt, 1 h, then MeCHBrCOOH, rt, 6 h;
vi: EDC, R,C(NH,)=NOH, DMF,65 °C, then 115 °C, 5 h; vii: H,O,, THF, 0 °C, 30 min, then rt, 20 min.
Cxema 22
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Taxke MOXHO MCIO/Nb30BaTb B KadyecTBE TBEPHOTO HOCUTENA KUCIOTHO
JyBCTBUTENbHYI0 cMoTy Punka [52]. Ha cxeme 23 mpepcraBnen cunres 1,3,4-0Kcafjna3onos,
KOTOPBIJ BK/IIOYaeT IpUCOeIHeH e MOHOMeTHNITepedTanara k cMorne Punka 71 ¢ ynaneHneM
3alIMTBl aMUHOTPYIIIBI B  HpUCYTCTBUM  rekcapropdocdara  6eHzoTpmason-1-u-
oxcurpummppommanaopochpornss (PyBOP) u N,N-gumsonponmmstunammuaa (DIPEA), 4ro
IpUBETIO K 00pa3oBaHUI0 MeTUIOBOTO 3dupa 72.

fo) o~ o O'Na*
Fmoc >/®/< >/®/<
/ i o . O

NH NH jii
NH
" LA
71 72
73
HN-NH ~N
0 R v °§/®/</ A
iv o
0O R
— NH vi HZN
74 75

i: 20 % piperidine in DMF; ii: monomethyl terephthalate, PyBOP, DIPEA, DMF; iii: 2M NaOH, THF;
iv: RCONHNH,, PyBOP, DIPEA, DMF; v: DIC, DMF; 100 °C, 18 h; vi: TFA:DCM (1:1).
Cxema 23

3ateM MeTWIOBBII S¢up 72 TOABEPrajcs OCHOBHOMY TUAPONU3y U 0OpasoBBIBas
KapOOKCM/IATHBINI aHMOH 73, KOTOPBII BCTYIal B peakIMI0 C COOTBETCTBYIOIVMU
anyIrnApasuHaMmu ¢ obpasoBaHmeM 1,2-muanirnipasuHa 74, HarpeBaHue KOTOPOTO B
npucyrctsumu DIC (N,N'-gunsonponmnkapboguumuy) u IM®A u nocneayroliee oTIeIIeHIe
OT TBEpHOro HOCUTeNsd TPUPTOPYKCYCHOV KUCIOTONM B JUXJIOPMeTaHe IPUBOAWIO K
HOTy4eHNIO 2,5-[u3aMeleHHbIX 1,3,4-0Kcaana3onoB 75 ¢ XOpoIuM BbIXogoM (> 60%, oOrmmit
BBIXOI 3a IIECTh CTAMI1) U YUCTOTON (> 71%).

Kamanusupyemas nepexoonvimu memannamu koHoeHcauus. Kyrioppe u xojutern [53]
omycany cnocob nomydennus 1,3,4-okcafnasonpHoro kombia us N,N -alyIrnipasuHoB 76 1mof,
le/ICTBYEM KaTa/IUTUYIeCKUX KommdecTB namtapusa (Cxema 24). Beixon NpofyKTOB COCTaBUI
30-71%.

N-N
- R2 i / \ R
HN Y — L /ko>\ 2
PN !

76 77
R1 = R2 = Ph, Me, Et, 4—CH3C5H4, 4-MCOC6H4, 4-C1C5H4

i: 3 % Pd(PPhs)4, 0.9 equiv PPh; 1.2 equiv (PhCO),0, decalin, 175 °C
Cxema 24

B cratpe [54] mpepmnmoxkeHa cTparerus TPaHCMETA/UIMYECKOTO KaTajayusa MajiagueM
peakuuym MeXAy TUApasUAoM U U3OoLMaHUjaMu. BbIXof Ie/IeBbIX COeAMHEHMII OT
YIOBJIETBOPUTEIbHBIX 10 XOPOIINX IIPY MICIIOIb30BAaHNY O€H30VMITU/IPa3U/OB C alleTH/IbHBIM
¢dbparMeHTOM B Ka4eCTBe YXOJSIell TPYIIIIbL.
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R4 YO i )(J)\ H NC R, o
_N N_ + i
d\§>_ R iRetBy T N R \Mi&>_N:3
\Rz 8 79
80 | izomerization *

R; = Ar, Het, Alk; R, = H, Ac, R; = t-Bu, cyclohexyl
i: PA(OAc),, (5%mol), toluene, 80 °C, O,
Cxema 25

ITepexopubie Metawibl (4d- m 5d-amemeHTHI) fOKasamum cBOKO 3(PQeKTUBHOCTD B
akTyBanuy cBaseit CP°-H, npusopsmeil k QyHKIMOHAIN3NPOBAHHBIM COEIVHEHUAM IIpU
obpaszoBanum cBaseit CP*-C* y CP’-rerepoaroM. OFHUM U3 APKNUX HNPUMEPOB SABJIAIOTCI
peakiuy Ha Ia/UTafiJieBbIX KaTaayusaTropax. s MpOMBIIUIEHHBIX Lieslell pa3paboTKa TaKMX
IPOLIECCOB C y4yacTMeM MeHee JHOpOTMX M 0ojee pacIpOCTPaHEHHBIX MeETA/IOB
ABJISIETCST BBICOKO BOCTPeOOBAaHHON. B 9TOM KOHTeKCTe Mefb IONy4MiIa OCOObII MHTepeC B
HOC/IelHee  IeCATUIeTHe, HEeMOHCTPUPYS CBOIO CIOCOOHOCTb K PpasIMYHbIM —TUIIAM
npeobpazoBaHuii [55-57].

OpHuM W3 [pUMEpPOB IpPUMEHEHNs Me[JHBIX HAaHOKATaIM3aTOPOB  SBJAETCS
JICTIOJIb30BaHVe B CYHTe3€¢ 3aMeleHHBIX OKCa[a30/I0B, KOTOpPble ObIIM IIOYYEeHbI IyTeM
aspobHoit yHKIMoHamm3auyy umyHa CP-H us N-apown-N-apuinpeHrnpasuHoB [58].
MeTtopuka cyHTe3a MO3BOIAET IIOy4YaTh MHAVMBNUAYAIbHbIE IPOAYKTHI C BHICOKVM BBIXOJIOM
(75-90%) mpu ymepenHbIX ycnoBysx Harpesa (80 °C) (Cxema 26). [Toce Tpex KaTamuTI4eCKIX
IIPOTOHOB peaKIVy MeJHble KaTalu3aToOpbl IPOAEMOHCTPUPOBAIM Ty e MOPQOIOrnio
(amamspl COM u TOM) m CcTpyKTypy (HaHHBIE PEHTT€HOBCKON Audpaxuum), 410 u Te,
KOTOpble HaOJIIOfaNNCh IO MCIOIb30BaHVs, HO IOKasaay HeOOJIbIIOe CHIDKEHME BBIXOJA.
[laHHBIe MCCTeOBaHV TIOKA3a/IY BOSMOXKHOCTD IIMK/IYECKOTO IIPUMeHeHus 0ojiee JelIeBbIX
KaTa/lM3aTOPOB (B CPaBHEHMM C MA/UTafINeBbIMM) IJIs CUHTe3a TeTePOLMKINYECKUX CTPYKTYP.

RZ
_N R
i <. N
(o) — N
xR xR
81 82

R1 = allyl, benzyl; R2 = Py, 2,6-F2C5H3, C6F5
i: CuONPS; Cs,CO3; DMSO, air, 80 °C

Cxema 26

B kayecTBe KaTtanmMsaTopa MOXXHO UCIONb30BaTh comu Mean (II), peakuusa xapakrepHa
JUISL TIOTy4YeHMsI AMApWIIPOM3OAHbIX 1,3,4-okcagmazonoB (Cxema 27), CeleKTMBHA M JjaeT
xopoumii Berxof (54-93%) [59, 60]:

N Ar ; N-N
HN/ ~ —'> /& \>\Ar'
o)
AV)§O Ar
83 2

i: 10% Cu(OTf),, air, 1 equiv Cs,CO;
Cxema 27
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Taxoke MOXXHO ITPOBOAMTD peaKIUIO MOMydeHNs 2,5-3aMellleHHbIX 1,3,4-0Kcaina3onoB
Ha MeJHBIX KaTaamsaTopax. Mwmypa ¢ kowieramm [61, 62] coobmwmnu o CcuHTe3e
OVMapWIbHBIX  TI'eTepOLMKIIOB 86, 88  mocpencrBoM TaHJEMHOTO mpolecca
OKCUKYIpaIyy/okuciuTenbHoro coderannsa (Cxema 28). Hanpumep, 2-anknunngenons! 84,
87 pearmpytor ¢ 1,3,4-okcapmasonamu 85 ¢ mcnonb3oanueM 1,10-¢enantpomnua, CuF, u
OCHOBaHM:A IIpM KOMHATHOJ TeMIlepaType, 4TO IO3BO/IAET HOTYyYUTb OUreTepoapuIbHbIE
IPOAYKTBI C XOpOLIMM WIM yMepeHHBIM BbixofioM (Cxema 28). Bputo obHapyxeHO, 4TO
CooTHOIIeHMe 2:1 MefIb/ITaH, MMeeT pelualollee 3HaUeHMe A 3PQPEKTUBHOCTU PeaKIV.
[ly14 mpoBefieHNA JaHHOI peakIuy HeoOXOAMUM KUCTIOPOJ], TIOCKONIBKY peakiusA B aTMocdepe
a30Ta JlaeT IJIOXO0J BBIXOJ, LI€/IEBbIX BELECTB.

_N
Alk N i Nl N Ar
7 + )L?—Ar —
H |
OH Alk
84 85 86

—_—
v

_N
Z Ph+ ”1’}7 ar il N O\P*A’
h- |
OH Ph
87 85 88
i: 2 equiv CuF,, 4equiv 1,10-phenanthroline; ii: 3 equiv KsPO,, air, DMF, rt, 4-48 h; iii: 20% mol equiv CuF, 2

equiv 1,10-phenanthroline 2 equiv MnOy; iv: 3 equiv K;PO,, air, DMF, rt, 8-12 h
Cxema 28

Emte oguH npuMep IpsAMOro nepeKpecTHOro CoyeTaHNsA AJIKMHOB U a30/I0B IIPY KaTa/lnse
xnopupom Mezn (II) B atmocdepe kmcnopopa mpencrasieH B padote [63]. 1,3,4-Oxcaymasonst
90 pearupyroT ¢ TEpMUHAIbHBIMA anKMHaMU 89, UTO IIO3BO/IAET IIOTYYUTh IeTepOCBA3AHHBIN
npopykt 91 ¢ xopoumM BerxofoM (Cxema 29).

N-N
Ry N|/N\>—R . l o\>_Rz
v + H)\O 2 //
R1
89 90 91

R1 = C6H5, 4-t01y1, PhCHzCHz, 4-CF3C6H4, Rz = 4-t01y1, t-Bu, cyclohexenyl
i: 1 equiv CuCl,, 2 equiv Na,CO;, 1 atm O,, DMAc,120 °C
Cxema 29

B 2020 romy Kuoxemp u xotern [64] coobupmmm, 4TO CTpaTerus CHHTe3a METOLOM
IIMHKOBaHMs/KaTalin3 COMAMU MefM MOXKeT ObITb IpuMeHeHa K 1,3,4-oKcapmasonaMm.
1,3,4-Okcapmasonpl 90 MOryT OBITH BBefE€HBI B peaKkLUMI0 C ILMHKOM C 00OpasoBaHueM
COOTBETCTBYIOIIMX JUIE€TEPOAPWILVHKOBBIX IPOM3BOJHBIX, KOTOpbIE flajiee IOJBEPTalTCA
anexTpodmibHOMy amyHupoBaHuio (Cxema 30). ITOT MeTO[ NPOJAEMOHCTPUPOBAT OYEHb
XOpOILIYI0 TOJNIEPAaHTHOCTb K (PYHKIVIOHAIBHBIM TPYIIIAaM, B YaCTHOCTY, CO C/IOXKHBIMIU
a¢upamuy, ranorenngamu v NH-ammmamn.
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-N i N~
N S>—R
\>_ |
)l\ R s R1\ )\0
o ii N
: R
; R,. _OBz 2
1.4 equiv 1 N
90 R 92

R = Pr, Bn; R{R;N = morpholino
i: TMP,Zn-2MgCl,-2LiCl (0.75 equiv), THEF, rt; ii: Cu(OTf),, (15 mol%), THF, rt
Cxema 30
Paspaboran merop momyuyenus 1,3,4-okcaguason/l1,2,3-tuasonpHoro rubpuga 96 [65].
[Ipu B3ammoperictBum  5-atwn-1H-nmpason-3-kapbanppernga 93 ¢ 5-asupo-1,2,3-
TpuMeToKcubenseHoM 94 u uopupom Mmenu (II) B BopHO-cMpTOBOI Cpefie OBUT HOTydYeH
TpUaso 95, KOTOPHI B Ja/lbHENIIEM BCTyIIa/l BO B3aMMOJENICTBYE C ApUIHUTPUIAMHA B Cpefie

TUAPOKCUIAMIHA, YTO IIPUBOJIIO K 00pa30BaHMIO 1ie7IeBOTo IpoayKTa 96 (Cxema 31).

o
H OMe
OMe N3 OMe o
\ i
| N+ s H ii
—
e N OMe oMé NN/
OMe \ _N
N=pN N
93 94 H oM
95 ¢
OMe
OMe 96

i: Cul, EtOH/H,0, 60°C, 6h; ii: CsHsCN, NH,OH-HC], Et:N, +-BuOH, 80°C, 18 h
Cxema 31

OoHopeakmopHbviil cunme3. DITHCBOPT [66] BIiepBble COOOWMI 06 OFHOPEAKTOPHOM
CUHTE3€ IPOM3BOAHDBIX 1,3,4-0KCafina3oios NP B3aMMOJEVICTBUM TUAPAsULOB KUCIOT 97 ¢
opropopmmatamu  98. HepmocTaTkoM [aHHON peakLuy SBISAETCA BBICOKMIT U3OBITOK
opropopMmata ¥ p#AUTeNbHOEe BpeMA IpoBefeHuA. CormacHO IIHCBOPTY, IpoLecc
BK/TI0YaeT KOHAEHCAIVIO TUpasyuia KICIOTEI C OpTO3pMUPOM ¢ 06pa3oBaHueM IPOV3BOLHOTO
1-a/lIKOKCUMeTIeH-2-apyiruapasusia 99, KoTopoe UK/IN3YeTCs Yepe3 eHonbHyo ¢opmy 100
B COOTBETCTBYIOLIee OKCaia3onbHoe Koblio 101 (cxema 32).

o OE o

Et OH

_NH, N-N
ﬁﬂ R1)<0Et /@AN’NYOH Sn- Ny -OEt | >R,
H T, o
R 98 R R1 R R1
97 R
99 100
101
Cxema 32

HepasHo IlommerTuBap ¢ komaeramm [67] cooOupmmm o6 OfHOPeaKTOPHOM CHMHTe3e
Pas/IMYHBIX MIPOU3BOAHBIX 1,3,4-0KCanynas3onoB IO METOAVKe, pa3paboTaHHO DITHCBOPTOM
IIPY MUKPOBOJTHOBOM O0/Ty4eHIM C MCIIO/Ib30BaHEM MTO/IIMEPHBIX MeMOPaHHBIX MaTePIUaIoB
mapknu «Haduon» (Nafion NR50) B kadecTBe KaranmsaTopa, peakuyio NpoBopmmy 6es3
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pactBoputenss (Cxema 33). BsamMopeiicTBMe pas3IMYHBIX 3aMeIEHHBIX TMUAPA3UTOB
0eH30JHBIX KUCTOT 97 ¢ oproadupamu 98, nmposenennsie mpu 80 °C 1mox MUKPOBOTHOBBIM

obrydeHneM, fam oTINYIHbIN BbIxox (80-90%) 1,3,4-okcagmasonos 101 Bcero 3a 10 MuH.

(o)

N’N
OEt . \
NH et i / O%R1
H R~ “OEt g
R R

97 98 101

i: Nafion NR50; MW, 80 °C
Cxema 33
B pabore [68] mpencraBieH OJHOCTAAMITHBIA METOJ CUMHTe3a IPOU3BOAHBIX 2-(1,2,4-

Tpmason-5-un)-1,3,4-okcaguasona 103 peiictBueM Ha ruapasuabl KapOOHOBBIX KMCmoT 102

OpoMIimaHmua:
HN_ N 9 H,N o N2
2 i 2 N
\W \>”4 - \W > \N
N-NH HN-NH; N-NH N~
102 103

i: BrCN
Cxema 34

Ilpumenenue. Ilpomssogubie 1,3,4-0Kcaiua3onoB ABIAITCA BaXXHBIM  KJIaCCOM
OMOaKTUBHBIX reTEPOLMKIIOB c HIMPOKUM CIIEKTPOM (dapmMareBTIIecKon
U OMONIOrMYecKo! aKTMBHOCTYM: aHTMOakTepuanpHOil [69-71], mpormBopakoBoit [72-75],
IPOTUBOTYpOepKynesHoit [76, 77], a TakKe ABIAITCA MHIMOUTOpaMy OOJBIIOTO CIIEKTpa
depmentoB [78, 79]. VIsBecTHBI mpuMepbl KOMMEPUYECKMX JT€KapCTBEHHBIX IPENapaToB C
1,3,4-okcanna3onbHbIM pparMeHTOM: TMo#a303uH [80] u Hecanman [81], KOTOpbIe ABIAOTCSA
AQHTUTUIIEPTEH3UBHBIMM CPe[ICTBAMM, ¥ aHTUOMOTHKY, Takye Kak ¢pypamuson [82], comepxar
AApO OKcagmasona. 2-AMMHO-1,3,4-0Kcaiuasonbl NPOJEMOHCTPUPOBAIM  OMOTOTMYECKYIO
aKTVBHOCTDb B Ka4eCTBe MIOPE/IAKCAHTOB 1 AaHTUMUTOTNYECKNUX cpeficTB [83, 84]. [Tpumeps
CTPYKTYyp M mpuMeHeHms 1,3,4-okcapmaszonoB ¢ ¢apManeBTUYeCKO aKTMBHOCTBIO
IIPEJICTaB/IEHbI HIDKE.

Hayunas rpynna Yaseca [85] cuHTesmpoBama komiutekc 3omorta (I), comepskammii
1,3,4-okcagmason (puc. 2), KOTOPBIil ITOKa3a/I O1arOIPUATHYIO aKTUBHOCTD ITPOTUB MbIIINHO

MeTaHOMBI.
Cl

Au-P
(0] ’
N-N
Puc. 2. J[lejicTByrolee BeeCTBO MPOTHB MBIIIMHO MeTaHOMBI

B [86] mokasan cuHTe3 4-{5-[(mupupun-4-mn)ammuo]-1,3,4-oxcaguason-2-mn}denona,
KOTOPBIIl IPOSIB/ISIET AHANTBIeTUYEeCKYI0 aKTMBHOCTh. [lOKa3aHO, YTO B CpaBHEHMU C
acnupuHOM 3¢ deKT OT mpernapara, IpeCcTaBIeHHOTO Ha PUC. 3, IPEBOCXOUT U3BECTHBIIL.
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HO

o
N\ />/NH
=N

Puc. 3. CtpykrypHas popmyna 4-{5-[(mupupun-4-mn)ammuno]-1,3,4-okcaguason-2-unjpeHona

Oprannyeckue T-CONpPsDKEHHbIE MOJIEKY/IBI C  IOJYIPOBOJHUKOBBIMM  VI/VI/IU
JIIOMVMHECLIEHTHBIMM ~ CBOJICTBaMM MMEIOT IIOTEeHLMA/NbHble IIPYMEHEHNA B KadecTBe
U3Ty4aIOUIVX/IIEPEHOCAIINX 3apsAf C/I0eB B TaKUX YCTPONCTBAX, KaK OpraHMYecKie
ceerogyuonbl  (OLED), opranmueckme mnonesble TpaHsuctopsl (OFET), opranmuyeckne
ToHKOIUTeHO4Hble TpaH3ucropsl (OTFT) u portoanexrpnyueckne snementst [87, 88].

B pabote [89] aBTOpBI MCCenoBamy 44 CUMMETPUYHBIX OKCAIMa30/I0B C TOUYKY 3PEHMUS
IepeHoca 3apsifia, VICIONb3ys METOABl KOMIIBIOTEPHOTO MofenupoBanus. [na asroro
JVICTIOJIb30Ba/IM JJAaHHbIE O CTPYKType MOJIEKY/I B TBEPJIOM COCTOSIHUM, ITOTTyYeHHbIe 13 6a3bl
kpucramnorpadpuyecknx pnaHHpix (CSD). Bputo mpoaHammsupoBaHO [Ba THUIIa MOJIEKYIL:
IUIOCKYE VI HeIUIOCKMe, TIpYYeM CPeiyt HUX BBIJIe/ISUIN Masible U 60/IbIye MoeKysl [90].

Y ManbIX IUIOCKMX MOJIEKY/I HAaOIIOJAIOTCSA BBICOKME SHEPIMM PEeOpraHM3aluy id
IepeHoca KaK JBIPOK, TaK M 9TEKTPOHOB. JTO CBs3aHO C PAaBHOMEPHBIM pacIlpefielieHIeM
9/IEKTPOHHOM IUIOTHOCTM IO BCell MoJeKyne (menokammsanus). VI3-3a IUIOTHOV yIIaKOBKM
TaKJie MOJIEKY/Ibl MMEIOT OO/IbIle 3HAYEeHN A MHTeTpala epeHoca 3apsafa, YTo ClocoOCTByeT
a¢ddexTMBHOMY IIepeHOCY 3apsija.

Y 60BIINX IIOCKMX MOJIEKY/T OKCafiiia30/ia SHepIruyl peopraHusanyy HibKe, Onarogaps
JTyqIIeit Ae/oKaI3alny 31eKTPOHHBIX COCTOSHNIL. BpIcOKas IIIOTHOCTD YIIaKOBKY B TBEPAOM
cocTostHUM obecrieynBaeT OOJIbIINE VHTETPAJIbI IIePeHOCa, CIIOCOOCTBYs OalaHCy B IepeHOCe
3apsapna (puc. 4).

Takne MeTOAVIKY MCCIeOBaHNA IIPUMEHAIOTCA /I pa3pabOTKM HOBBIX KOMIIOHEHTOB
OLED-Matepuanos, yry4mas nx 3¢p¢$eKTMBHOCTb epeHoca 3apsya.

(o) o._Ri_oO
O T
N—N N- =N

X: Ph, -CHj, -C(CHa);, -OCH3, -OC(CHs)s, -NH,, p-tolyl
R, = 4-CsH4, 2-C¢H,, 5,5’-biphenyl, 2,2’- biphenyl, 2-pyridine

Puc. 4. HekoTopble uccnenyembie CTPYKTyPbI

Aptoppl  [91] cuHTe3uMpoBamM U MCCIEfOBaIM [B€ MOJIEKY/Ibl Ha OCHOBE
1,3,4-okcagmasona — FD16 u FDI12 (puc. 5). Oun dopmupyot cronbuatsie Me3odassl B
IIMPOKOM TeMIepaTypHoM pamamasoHe. Coepguaenue FDI12 mpu oxmaxjeHunm obpasyer
IIPO3PavYHyI0 CTEKIOBUHYIO IVIEHKY C COXPaHEHHBIM >KUJKOKPUCTA/UIMYECKUM MOPANKOM U
SPKO-CUHell IIOMMHeCIIeHIVell (KBaHTOBBIN BBIX0J] 26%), UTO Ie/laeT ee MePCHeKTUBHOM I
OLED u pucnieeB. O6e MOJIEKy/IbI 00pasyIoT TIOMIHECLIEHTHBIE Te/I B IeKaHe ¢ KOJIOHYaThIM
pacrono>keHreM MoseKyn. ONTryecKye CBOCTBA Telell 3aBUCAT OT JIVHbI aJIKUIbHOI LeTn:
renb n3 FD12 umeer cuHiom amuccuio, a u3 FD16 — ronybosaro-3enenyto. VI3meHeHme
MOJIEKY/IAPHOV CTPYKTYpbl B/IMSAET Ha MAKPOCKOIMYECKME CBOJCTBA, ME€MOHCTPUPYS
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IIOTEHI A/l OJIA TOYHOI HaCTpOﬁIKVI OIITUYECKUX XAPAKTEPUCTUK B MATKUX OPTaHUMYECKUX

/C>\’\.\<

R Q = Q )

R\O }‘I’N
3

FD12 R=C12H25; FD16 R=C16H33
Puc. 5. Crpyxrypa monekyn FD12 u FD16 na ocnose 1,3,4-0kcafinasona

MaTepuanax.

JI3BecTHO NIpuUMeHeHMe NpPOU3BOAHBIX 1,3,4-0Kcafia3onoB B CO3[AHUM MaTE€pUAJIOB,
U3Ty4Yaromyx IIyooknit cuHui 1Ber [92]. bpumm nomydeHsl o-TuppokcudeHnIsaMelnieHHble
1,3,4-0Kcafyas3onpl, KOTOpble CIOCOOHBI OOpa3oOBBIBATh YCTONYMBBIE MeETA//IOpPTaHMYecKIe
KOMIUIEKCHBIE CO€IMHEHMdA, IpUMEHAeMble B KadeCcTBe OPraHMYECKUX CBETO/MOJIOB.
[Tony4yeHHbIe KOMIUIEKCHBIE COEIVMHEHMs ObUIM M3Y4YEHBI C MOMOLIbI0 Y D-CIeKTPOCKOINN.
VccnemoBaHnA IOKa3ay, YTO ITOJTyYeHHbIE COeVIHEHMS U3Ty4aloT B CHHE-3eIeHOI 00/1acTy ¢
aHOMAaJIbHO BBICOKMM cIBuroM Crokca (6546-14053 cm™).

o
o o OHO 0

(o)
. ~Zn
\V\j fo) n R (o) R (o) d
)j\ NH2 _» “H4<_>: > \ﬂ\ h / H m WW
106

33 105

R= 4-M82NC6H4; 3,4,5-(MCO)3C8H2
iz AcOH; ii: POCIl;, DMF; iii: KOH, Zn(OCOCH;),
Cxema 35

Taxoke OBUIO WM3y4eHO BIMAHME CBOJCTB pPAacCTBOPUTENS U BBEIEHHBIX TPYHI B
3aMellleHHYI0 Mojekyny 1,3,4-okcagmaszona [93]. CrekTpsl TIOMUHECHEHIIMM B TOJIyO/e U
alleTOHUTPWJIE TTOKa3aIy YK B JJIMHHOBOJHOBOJ 00JIACTV C aHOMA/IbHO OOJIBIINM CIBUTOM
Crokca (10471-10799 cM™'), BO3HMKAIOIUII B pe3y/lIbTaTe BHYTPUMOJIEKYISPHOTO IepPEHOCA
npotoHa B Bo36yxxzieHHOM coctosiHuu (ESIPT) oT ¢eHONMbHO M IMAPOKCUIBHOI TPYIIIBI K
OmKaiineMy aToMy a3oTa B reteporykie. OgHako B BeicokononsapHoM [IMCO cnektp nmeer
IOVK B KOPOTKOBOJIHOBOJ 00/acTV ¢ HOpManbHBIM cAaBuroM CTOKCa, YTO IIOKa3bIBaeT
MHTMOMpylollee Bo3eiicTBIe BbIcokononspHoro [IMCO Ha nojydeHHbIe CTPYKTYPBI.

Vicnonb3oBaHue anmpOTOHHBIX PAaCTBOPUTENEN IIO3BOJAET MCIIONb30BATh ITOTy4YE€HHbIE
COeNVMHEeHM B Ka4eCTBe MOMMHOPOPOB B KOPOTKOBOTHOBOI 00/I1aCTH.

@” " . ) @*@

R =H, OH, OCH;
i 2, 6 - (MEO)2C6H3COCI, NEt3
Cxema 36
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Yuensle [94] Taxke M3ydanyu BIVSAHME METOKCUTPYIII Ha TeTePOLMKINYECKOe SpO.
BbI10 paccMOTPEHO HECKONBKO CTPYKTYP: KaK CMMMETPUYHO 3aMeIleHHBIX, TaK U HeT. Bpur
CIlellaH BBIBOZ O TOM, YTO BBeJjeHIEe METOKCUTPYIIIIBI B CUMMETPUYHbIE (peHNI3aMel[eHHbIe
npousBopHble 6u-1,3,4-okcapmaszona MoKeT 3G EKTUBHO TMPUBOAUTD K IOSBICHNUIO
JIIOMMHECI[EHTHBIX CBOJICTB COEJVHEHMs: IIOsBJIeHNe KPacHbIX cABUroB. bomee Toro, Bce
MOHO3aMellleHHble COeNMHEHUs [IeMOHCTPUPYIOT 0ojiee BBICOKJME KBAHTOBBIE BBIXO[BI B
Pas3IMYHBIX PaCTBOPUTE/ISIX, YeM II0/MM3aMellleHHble COoefyiHeHNs. Bce aKcrepuMeHTanbHbIE
[laHHbBIE TOKA3aHbI TEOPETUIECKUMIU KBAHTOBBIMIU pacyeTaMI.

R;3
R

Rj

1. R=R;=R,=R;=H; 2. R;=R;=0CHj;, R=R,=Hj; 3. R;=R,=R;=0CHj3;, R=H
Puc. 6. MeTokcusameleHHble IPOU3BOAiHbIE 1,3,4-0Kcaguasona
Temu ke wuccnemoBaTensiMy ObUIM  PacCMOTPEHBI  CTPYKTYPBI, COfep Kalye
JIOTIONIHUTeNIbHOe OeH30/MbHOe KombLo [95]. Monekynra C mokasbiBaeT yBeIM4YeHNE
(bHYOPCCI_[eHLU/H/I C YBEINMYEHNEM ITOIAPHOCTN PAaCTBOPUTENA. Tax>xe oHa 60)'[66 CHOC06Ha n
yCTOMYMBa K IIEPEHOCY 3apAfa M3-3a TE€OMETPUM MOJIEKY/Ibl, 4YTO IOATBEPKHEHO
TEOPETUIECKUM aHA/IN30M KapThl SHCKTPOHHOﬁ[ IVTIOTHOCTU U 3apAna.

OMe
N-N MeO
(o) N
Meo/©\( [ OMe o ZON
/ o I 0%
N-N \-N
MeO OMe
A
OMe B
MeO MeO
OMe
[‘l,
N ©
MeO N
(o] “°N
| /
\ o
N’N
MeO OMe
C
MeO

Puc. 7. MerokcudeHnnpHble 3aMeleHHble 1,3,4-0kcagnasona

Ydaensimu [96] ObUT CMHTe3MPOBAH PAL U3 MATY JOHOPHO-T-aKIIENTOPHBIX M3TYYaIOIINX
MaTepuanoB, COCTOSIMX U3 aKIenTOopHOro ¢parmeHTa 1,3,4-oKkcapmasona, KOTOPBI ObUI
CHMMETPUYHO I aCYUMMETPUYHO 3aMellleH JEeHAPUTHBIMYU KapOa3oNbHBIMU [OHOPaMu
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(TTAC u terCBz). brito mokasano, 4To Bce MaTepumanbl, copepxkamme noHopsl TTAC,
nemoHcTpupyoT TADF ¢ nsnydeHnem ot romyooro 1o 3e/IeHOTO B TBEPLOM COCTOSIHUML.

B ucrounuke [97] onmceiBaeTcs paspaboTka HOBOTO (HIyopeclieHTHOTO XeMOCEHCOpa Ha
OCHOBeE OKcCafmasoJia: 2-(2-ruppokcudennn)-5-(4-metokcudennn)-1,3,4-okcagmason
(HMOD). CaoiicTBa ¢rryopeciieHIY 6bUIM M3Y4eHbl Y KOMIUIEKCHOTO COeIMHEHN S C ITHKOM
(II) B pactBOpe aTanon : 6ydpep (pH=7.0) = 9:1. Mznyuerne ¢payopecueHIun yCUINIOCh IPK
JUHe BOMHBI A=430 HM moc/ie HoOaBlIeHNs LMHKAa B pacTBOp. PesynbraThl moKaszamm, 4TO
HMOD sBnsieTcsi BBICOKOCETEeKTUBHBIM 1 YyBCTBUTETBHBIM XeMOCEHCOPOM JJIsI OTIpee/IeHIsI
Zn** B NPUCYTCTBUM MOHOB [IPYTMX META/UIOB. DTOT (HIyOPeCIeHTHBIN 30HJ MOXXeT OBITh
JICIIOJIb30BaH B KaueCTBe MIOTEHIIMAJbHOTO KaH/y/iaTa B PAa3INIHbBIX OMOIOTMYECKNX Cpefiax.

TTAC

TTAC terCBz
(0]
O O R
/ / ~N
N-N N\N
a b c
terCBz terCBz
Q. QL.
| )—@-TTAC )—@—terCBz
NN N-N
d e

Puc. 8. [JoHOpHO-TT-aKIeNTOPHBIE M3/Ty4aoLlie MaTepHaIbl, COCTOALLVIE M3 aKL[eNTOPHOTO (pparMenTa 1,3,4-0Kcapiasona

Agropamu [97] 6put1 ncrionb3oBanbl Metopsl ab initio HF u DFT myist icciemoBanmst CBOViCTB
OCHOBHOTO U BO30Y)X/JEHHOTO COCTOSIHUII psifia IPOM3BOJHBIX XMHOUIOB 1,3,4-0Kcafmasona.
[To mepe yBenmueHMs S7EKTPOHONOHOPHON CIIOCOOHOCTYM 3aMEILIeHHBIX TPyHn Oosblie
OTPULIATEIbHBIX 3apAJOB IMEPEHOCUIOCh Ha I[€eHTPUMPOBAHHYIO OKCA[Ma30/IbHYI0 eAMHUILY
BHYTPUMOJIEKY/IAPHBIM IIyTeM, B pesynbTare 4dero 3asop HOMO-LUMO ymenbmaercs, a
UK TIOIJIOIIEHMS M M3JIydeHUsA CMELJAIoTCA B KpacHylo cropoHy. CBoiicTBa: 3Heprus
BO30OY)KIeHNA, OHeprusa U3JIy4eHMs, CMeIeHMe pacTBOPUTeNA U  OTHOCKUTE/IbHas
VHTEHCYBHOCTb IVKOB IIOIVIOLIEHNSI B Pa3IMYHBIX PAaCTBOPUTENAX ObUIM OIpefie/ieHbl
pacueramyt TDDFT, xoTopble 6b111 cOrTacOBaHbI ¢ 9KCIEPUMEHTA/IbHBIMU pe3y/IbTaTaMI.

R
o R
R N\HR
N
AN (o)

Puc. 9. MonekynapHas CTPyKTypa /i1 pacyeTHON MOJien
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B nccnepoBanum [98] 6611 paccMOTpeHBI MOJIEKYJIBI @ U b 1711 IpyiMeHeHMe pa3/IMuHbIX
KBAaHTOBBIX XuMmdecknx pacuetros (puc. 10). IIpumensamu merogsr DFT n TD-DFT. Iocre
BBIITO/IHEHMSI PAacueToB OBUI Cfle/IaH BBIBOZ O TOM, YTO MOJIeKyna b ¢ cuMMeTpudyHBIM
CTpOEHUEeM MMeeT IOTeHIMAI JIA VCIOIb30BAaHNA €ro B KauecTBe M3IydaTesnd IITyOOKOTro
CMHETO I|BETA.

CH,
CH,4

Puc. 10. Monekyrnsl, UCIIONIb3yeMble B MCCIeRoBaHusx [100]

B crarbe [99] omnmuceBanmm CUHTe3 ¥ JIIOMMHECLEHTHBIE CBOJCTBA COENVHEHN,
npepcTaBieHHoro Ha (puc. 11). XeMoceHCOp MOKeT B3aMMOJENCTBOBaTb ¢ Zn** B
cooTHoweHMy 1:1 ¥m [EeMOHCTpMPOBATb BBICOKOCENIEKTMBHYIO M  YYBCTBUTETIbHYIO
(dIyopecIieHTHYI0 peakIyio Ha Zn*' Mo CpaBHEHUIO C MOHAMM APYTUX METAVIOB B BOJHOM
pacTBOpe alleTOHUTPUIA.

Bb110 06HApy>KeHO, YTO MPOolLiece MOBBIIIeHN S (PIyopecIieHIIM B OCHOBHOM 00y C/IOB/IEH
CTaOMIPHON 97eKTPOQUIbHONM aTakoyl MOHa Zn’*Ha (PEHONBHBINI aTOM KUCIOPOJA,
o0JafjarolNii CBOJICTBaMy OOoralieHus 3/71eKTpoHaMy ¥ 3P QPeKTUBHBIM IIpeOTBpalleHIieM
KPYTWIbHBIX [IBVDKEHUII [IByX apWIbHBIX (parMeHToB B 2-IUApoKcu-penmn-1,3,4-
OKCa1a30/IbHOI TPYIINe, COINPOBOX/AIIINX 00pa3oBaHNe HOBOTO KOMIUIEKCA C YKECTKON
IUIOCKOJI CTPYKTYPOJ ¥ 6JIOKMPOBaHMEM He3/TyqdalolMX IePEeX0/i0B.

OC,H;
Puc. 11. XemoceHcop

B wuccnepoBanmax [100] paccMmatpmBaeTca BaMAHME THOQEHOBBIX 3BEHbEB Ha
1,3,4-okcagma3onbHOe KOMBLO 1 ero (ayopecieHTHbIe cBolicTBa. KommuecTBO TMOQEHOBBIX
3BEHDbEB ITOKA3bIBaeT CMeleHIe CIIeKTPOB B TIMTHHOBOTHOBYIO O0/IaCTb.

VccnemoBaHust IOKasamy, 4YTO JaHHble coenvHeHus (puc. 12) obmapaior
¢doTomoMIHeCIIeHITel, M3/Ty4as CBET OT CMHETO 10 3e/1€H0ro B pactBope TT'® ¢ MakcumMymMoMm
U3NydyeHusA B [uanasoHe oT 434 go 537 HM. OTO CBOJICTBA OHM COXPAaHSAKT U B TBEPHOM
arperaTHOM COCTOAHUM, KaK B nporoTunax OLED-ycTpoiicTB «X03AMH-TOCTb», YTO [A€T UM
IIEPCIIEKTUBY B CO3[JaHMM HOBBIX KOMIIOHEHTOB.
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CgH1g

Puc. 12. Tnodensameniennsie 1,3,4-oxcagnasona

Astops! [101] cuHTe3MpoBanmM XUAKOKPUCTAUINMYECKNI [EHAPUMEp, COfep Kaluil B
CBOEJl CTPYKType OKCajiMa3oNbHbIl rerepouukna. CBoiicTBa S>KUAKMX KpUCTA/UIOB B
JeHpUMepPax 3HAYUTEIbHO YIy4lIeHbl 110 CPAaBHEHNIO C ME3OTEHHBIMI IIPEIIeCTBEHHUKAMI.
PenTreHoBCcKMe MCCIenOBaHUA BBIABWIN VHTEpPECHBIE CTPYKTYPHbBIE MeTalM, KacaloUecs
YIIAaKOBKM TUX COeMHEHNI B X Me3o(dasax. Ha ocHOBe pe3yIbTaToB SKCIIEPUMEHTOB ObIIN
IpeIIoKeHbl HEeKOTOpble CYIIPaMOJIeKy/IApHble Mofjenu. B dactHocTM, Habmopaercs
B3aMIMOJIEVICTBIE MEXIY COCEHUMI CTIOAMY MY KOJIOHHAMM, CTEIIEHb KOTOPOTO 3aBUCUT OT
JUIMHBI IIPOMEXKXYTKA U U30Mepa OKCa1a3ona.

H,C |
‘ o
| )—©-O(CH2)nc00H
N-N

Puc. 13. JKupkokpucraminyeckuil feHfapuMep Ha ocHoBe 1,3,4-0kcainasona
BriBonb1

IIpomssopubie 1,3,4-0Kcafia3onoB ABIAITCA IMEPCHEKTUBHBIMU COCAVIHEHUAMM 1A
IOJTy4YeHNsA JIEKAPCTBEHHBIX IpemnaparoB. CoeNVHEHM:A, MMEMIME B CBOEN CTPYKType
OKCaJa3oJbHbII (QparMeHT, NMPUMEHSIOTCA I JIeYeHMs] apTPUTA, aCTMBbl, BOCHAICHUS
KMILIeYHMKA, @ TaKkKe JyIA jledeHus paka u BupycoB. OHM 00/1afaloT IIMPOKNUM CIIEKTPOM
OMOIOTMYeCKOll aKTMBHOCTM, BK/IIOYas aHTMOAaKTepuanbHOe, IPOTUBOCYLOPOXKHOE M
aHajJIbreTU4ecKoe [elCTBME, KpOMe TOIO, SABJ/IAKTCA AHTArOHUCTAMM TMCTAaMMHOBOTO
peuienitopa Hy 1 06/1a1at0T IUTOTOKCUYECKUM [IEVICTBUEM.

Hecmotpss Ha Oosnbloe pasHoOoOpasye NpMMeHSAEMbIX B IPAKTUYECKOVl MeRMIIMHE
JIEKapCTBEHHBIX IIpenaparoB, 3QQPeKTUBHOCTD MX HEVCTBUSA CHYDKAETCS M3-32 IOSBICHUSA
PE3UCTEHTHIX GOPM OITyXOJIeil ¥ MUKPOOPTaHM3MOB, Hamn4ys M0O60YHbIX 3¢ dexToB. 1o aroit
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IpUYNHe CO3JaHVe HOBBIX JIEKAPCTBEHHBIX IIPEIapaToB M aKTUBHBIX (apMalleBTUYEeCKUX
cyOCTaHIIMIT OCTaeTCs aKTYa/IbHOM 3ajadelt sl pasBUTA XuMnn 1,3,4-0Kcajinasosnos.

Kpome Ttoro, 1,3,4-0Kcagua3onpl IPUMEHAIOTCA B IPOU3BOACTBE KpacuTenem u
HOMMMEpOB, (OTOM3NIyJalolell TeXHMKe, B KadecTBe WCXONHBIX COeNVHEHMII Mt
TePMOYCTOMYUBLIX (OTOIVIEHOK, IS VMHIUMOMPOBAaHMSA KOPPO3WM, CO3TAHNA XMPaTbHBIX
KaTa/IM3aTOPOB ¥ METAJITIOCENIEKTYBHBIX XEMOJATUNKOB.

Takoe oOmWMpHOE NpKUMeHEHMEe MPOU3BOAHBIX 1,3,4-0KCaina3ooB JIOKa3bIBaeT
aKTya/JIbHOCTb pa3pabOTOK B MAHHONM OOAaCTM XMMMM M YHUBEPCAIbHOCTb IPMMEHEHV
JaHHBIX COeqUHEHUI.
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Kntouesvie cnosa:
MmoHogpeppum
Kanus, eemamum,
meepoogpastoe
83aumodeticmeue,
nonugeppumut co
cmpyxkmypoti
P-enunozema u

P -enunosema

Annomauyus. Buisicnen mexanusm meepiodazHoeo 83aumooeiicmeus moHopeppuma
kanus ¢ eemamumom. Onpedenena ponv OKCUOA Jene3d KAK MAMPUUpL O CO30aAHUS
danvHeiiwell CMPyKmypul Kamanu3amopa.

B npouecce axcnepumenma 20mosunucy mabnemuposantvie 06pasybl MoHodeppuma
kanus u eemamuma. Tabnemku nOMeUAnUcy 6 CHeyUANbHBIYL 3aXUM U N006ePeaniucy
mepmoobpabomxe. MemoOom UCKyccmeeHHOTi MemKu Obil UCCIE008AH MeXAHUSM
meepdogpastoeo s3aumodeiicmeus 6 cucmeme KFeO,-Fe;Os.

Jns ouenku  coomHouseHus — npoOykmos — meepdodasHozo  83aumooeticmeus
MOHOPEPPUMA KATIUS C 2eMAMUINOM UCNOTL308ATU NAPAMEMPYL g, PACCHUMbLBAEMDbLE HO
Oannvim  permeenozpaduu. Ilpedcmasnena cmonbuamas OuAZpamMma napamempos
ql[p7(0111)], q[p(017)] u q[Fe:05(110)] 6 3asucumocmu om eny6uHvl NPOHUKHOBEHUS
Kanus 6 00vem cemamuma. AHAIU3 CMPYKMYpP eeMAmMuma u nonu@deppumos Kanus
10360/15Tem  NPeONoNONUMb, U0 UOHDL WHETI0UHO20 Memanna OudgdyHoupyrom 6
pewemxky ecemamuma. B ob6pasosasuiemcs nonudeppume O8uixcerue KAmMuoHO8
npooonxcaemcsi mexoy onokamu cocmasa {Fe;;0;7). Monv K* 3sanumarom npasunvHuoie
nosuyuu 6 pewémxe o06pasosasuwiezocs nonugeppuma. Bnume k- epanuue
CONPUKOCHOBEHUS MABNIEMOK pacnondazaemcs cnoti, 6oeamuiii f"-nonudeppumom Kanus.
Ilo mepe yOanenus om 2panuupl KOHMaxma mabnemox o6pa3yomcs nonugdeppumot
Wies104H020 Memanna co cmpykmypamu 3”-enunosema u f-enunozema. ITo mepe yoanenus
OMm  epaHUubl  CONPUKOCHOBeHUS  mabnemox  codepycanue  ["-nonugeppuma
yMeHbuaemcs ¢ so3pacmaruem 0onu [-gasvl. Obpasyrousuecs nonugdeppumot no céoeii
Cymu S8 MCS MeepobiMU INEKMPOAUMAMU, CHOCOOHBIMU 0becneuusamy mpancnopm
UOHO8 W4eNIOUHO20 MEMATITI N0 ONpedesieHHbIM KAHATAM 8 CPYKmype noaugeppuma.
IIpusedena sasucumocmov gaxmopa f(B"), onucvisaroueeo coommouterue - u f"-as 6
npodykmax geppumoo6pazo8anus, om cmeneHu npespauseHus MoHoPeppUmMa Kanus 6
nonugeppumut npu mepmoobpabomee cmeceti KFeO,+2Fe;0s npu memnepamype 1150 K.
IIpu ysenuuenuu cmenenu npespawserust f{3") ymenvwaemes, docmueas onpedenenozo
coomnowenus - u B"-nonugeppumos. Cmabunuzauus 6 smom cny4ae Ovicrpee 6cez0
docmueaemcs 3a cuem dHepeUl KozepeHmHozo cpacmanus - u "-gpas.
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BBengenue

ITpoMOTMpPOBaHHBINI KaTaaM3aToOp, MCIIONb3yeMblil HJIs IIpoliecca HeTU/PUPOBAHVA
TWI0eH30/1a B CTUPOJI, TpefcTaBisieT coboit depputHyo cucremy. OfuH 13 KIOYEBBIX
KOMIIOHEHTOB 3TOro KaTa/msaropa — [-nmomucpeppuT KamusA, KOTOPBII HAXOAUTCA B
IVHAMUYECKOM paBHOBeCHMM C MOHO(MEppUTOM Kamus, a TakKe MarHetutom [1-6].
[Tommdeppur kamusa co crpykrypoit tuma ”-rmmHosema (K-f"-Fe,Os) siBnsercsa KI04eBbIM
KOMIIOHEHTOM IIPOMOTVMPOBAHHOTO >K€/Ie300KCHHOTO KaTamM3aTropa AETUpYPOBAHNA
atTunbeHsona B crupon. OH o6nagaeT CBOVICTBaMM, KOTOpble HENAIOT ero 6a30BBIM
KOMITIOHEHTOM KaTa/JIMTUYECKON cucreMbl [1-3].

Oxcuppl  >Kenmesa, IPOMOTMPOBAHHbIe KajyeM, sBJIOTCA Hayubomee IIMPOKO
VICTIONIb3YEMBIMY KaTa/IM3aTOpaMM /I KaTaIUTUYECKOTO AeTVApPUPOBaHMA STWIOEH30/Ma B
crupon. IloMuMo Kamus, B KaTamusaTop /I PaslIMYHBIX Ileell [00aB/AOT M Jpyrue
BCIIOMOTATe/IbHble BeIeCTBA /A IOBBIIIEHNSA €ro KaTAIUTUYECKMX XapaKTePUCTUK U
crabunbpHOCTH KaranusaTopa. XpoM (Cr) u Banaguit (V) — gBa TPaiUI[MOHHO VCIIOIb3yeMbIX
IIpOMOTOpa. XpOM IHIMPOKO IPUMEHsETCA B KauecTBe CTabuIM3aTopa CTPYKTYPhI, @ BaHAMI
MOYXET IOBBICUTD CETIEKTVBHOCTD II0 CTUPOJTY, HO OTPUIIATe/IbHO BIMAET HA YCTONYINBOCTD U
aKTMBHOCTb KaTaI13aToOpoB. [I0CKO/IbKY BIMsHIE 9TUX ABYX IPOMOTOPOB IIPOTHUBOIIONIOKHO,
ObUIO MI3y4eHO BIVSIHVE 9TUX META/UIOB Ha (ha30BBIil COCTAB IIPOAYKTOB KaTanusaropa [7].

[TpoMblLIEHHBIE KaTaIM3aTOPBI 0OTAAI0T TAaKMMY HEOCTaTKaMy, KaK Jle3aKTVUBaIVIs
U3-3a TOTEepM Ka/mA U OTIOXKEHMS KOKCa, a TakKe TOKCUYHOCTb XpoMma. B pabore 6bl10
JICCNIEJOBAHO ~ BVSIHME MAarHUs Ha CBOJCTBA >KEIE300KCUIHOTO IPOMOTVPOBAHHOTO
KaTamm3aTopa. CoelMHEeHNA MarHNUA BIUAT Ha pa3Mephl KPUCTA/UIOB, KOMNYECTBO He(eKTOB
U BOCCTAaHAaB/IMBAEMOCTb OKCUJOB >kemesa. IOTu 9¢ddexTs! NpuBem K 3HAUYUTETbHBIM
pasINuMAM B aKTMBHOCTY, CEMeKTMBHOCTY M CTaOMIBHOCTY KaTanusaTopoB. Karammsarop c
cooTHomeHneM Mg/Fe = 0.09, coctoAmmit u3 arperaros remarura, MgO m marHmeBoro
¢deppura, TmOKasam BBICOKMII BBIXOJ, M sBIAETCSA Haubonee IEPCIEKTUBHBIM IS
IPOMBIIITIEHHOTO NTpUMeHeHus [8].

B pabore [9] wusywamacp [jeaktuBaums npombinvieHHoro Fe-K-karammsatopa
JETUPUPOBAaHMA STWIOEH30/1a B CTUPON. Pe3ynbraThl IIOKasamy, 9YTO pereHeparysa
0TpabOTaHHOTO KaTa/lIn3aTopa CKUTaHMeM KOKCa MOXKET ITOBBICUTD er0 aKTMBHOCTD, HO ITOCTIe
HEIIPOJIO/DKUTEIbHOM  peakUMy aKTMBHOCTb CHIDKAeTCA [0 YpOBHA OTPabOTaHHOTO
KaTajmmsaTopa. PesynbTaThl aHamMsa IIOKa3amu, 4YTO O0OpasoBaHue KOKCa, CIIeKaHMe
KaTa/JM3aTopa U IOTeps Kaaus He ObUIM IPUYMHON HeakTMBanyy Karamusaropa. OpHako
OCHOBHBIMM  INIpMYMHAMM  JleaKTuBauuy  ObUIM  MUTpanusa U  HEpaBHOMEpPHOE
nepepacipefeneHye Kajaus, a TAKXe BOCCTAHOBJIeHVe IOHOB Fe*.

UccnemoBaremu [10] paccmMaTpuBamy BIMAHME HEOAUMA, JaHTAaHA, ATOMMHUA U
IVIPKOHMS Ha TeKCTYpHBIE ¥ KaTIUTHYeCKye CBOJICTBA TeMaTHUTa, OCHOBHOIO KOMIIOHEHTA
KaTa/lIM3aTopa JEeIUAPMPOBAHNUA STIIOEH30/Ia B CTUPOJL. JIeTupyromiie 3/1eMeHTbI TTOBBIIIA/IN
KaTa/JIMTVYECKYI0 aKTUBHOCTb Ha eVHMILY IUIOLIAIM TeMATHTa, 38 MICK/IIOUeH)eM aTIOMIHNA,
KOTOPBIIL [IeJICTBOBA/I TOJIbKO KaK T€KCTYPHBIN MpoMoTOp. CeleKTUBHOCTh CHUYKATAach U3-3a
IVIPKOHMS ¥ JIaHTaHA, B TO BpeMs Kak Apyrue Jerupyloliye 97TeMeHTbl He BIMSIM Ha 9TOT
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napaMerp. HeopuMmcomepskampyii —KaTaau3aTop IOKa3al  BBICOKYI aKTMBHOCTb U
CeIeKTMBHOCTD 1 OB criocobeH paboraTh npu TeMueparype o 530 °C 6e3 feakTMBaLINN.

CuHTe3MpoBaHbl CMeLIaHHble NOMMQpeppuThl TUA [’-IJIMHO3eMa, COJeprKalye
JIeTUpyoue To0aBKU pefKO3eMe/IbHbIX 3JIeMEHTOB. PacCMOTpeH MeXaHM3M CTabuMIM3aLmuu
I[eJIOYHOTO IIPOMOTOpa IpM JIETMPOBAHMY CMEIIAHHBIX IOMMGEppPUTOB KalmuA-1e3Vsa
OKCHUJIJaMM PefKO3eMeIbHBIX 37eMeHTOB. ChopMynmpoBaHbl TpeOOBaHMA K JIETHPYIOIIEMY
arenry [11].

DeppuTHBIE CHCTEMBI, COfiep)Kalllyie Kajvii, MMEIT pa3HOOOpasHOe IpMMEHeHMe: OHI
AB/IIOTCS  AaKTMBHOM  (asoil  NPOMOTMPOBAHHBIX  JKETIe300KCUHBIX — KaTalu3aTOPOB
IeTYPUPOBAHMA O/Ie(IHOBBIX M aJIKV/IAPOMATIYECKUX YITIEBOJOPOLOB, KOTOPbIe OTHOCATCSA
K MHOTOTOHHBIM IIpoljeccaM HepTeXUMMM, a TaKKe HPUMEHSIOTCA B KauyecTBe TBEPJBIX
anekTpormToB. OfgHako MexaHM3M (OpPMMPOBaHNA NOMMGEPpPUTOB, HAILpaBIeHNE ¥ TUII
nu¢dy3nu KOMIOHEHTOB TPy TBepoda3HOM B3aVMOJEVICTBIM IIPAKTUIECKY He M3YYeH.

Ilenpio paboThl ABJIAETCA BBIACHEH)ME MeXaHM3Ma TBepHOQasHOTO B3aMOEVICTBUA
MOHO(deppuTa Kanusi C FeMaTUTOM.

OcHOBHasA 4acTh

MoHodeppnT KamusA TOTOBWIM IPOKATKON cMecell KapOOHaTa KammA M IeMaTUTa B
MoysIpHOM cooTHomeHn 1:1. Tepmoo6bpaboTky nposopumm B MmydenbHoit neun mpu 700 °C B
TedeHye 4 4. [lomydeHHbII MOHOGEPPUT OXTaXAAMM B SKCUKATOpe, a 3aTeM (OpMOBaIM B
Tab/IeTKY [uaMeTpoM 42 MM 1 BeicoToit 12 MM miof; faBneHueM 80-100 6ap. TabmeTku remaTuta
TOTOBW/IM QAHAJIOTMYHBIM 00pa3oM. ['OpM3OHTa/bHbIE ITOBEPXHOCTM TAONIETOK TeMaTUTa U
MoHO(peppuTa KamisA OTHUIMGOBBIBAIM U TIIATETbHO COBMeNIAMM. JICXOmHYI0 TpaHuUIy
paszena (pUKCUpPOBaIM C MOMOIIBI0 MHEPTHOV METKM, B KadeCTBe KOTOPOJ MCIIO/NIb30Ba/IN
cepeOpsHy0 IpoBONOKY cedeHueM 0,2 MM. TabmeTky IJIOTHO HpYDKMMAIM APYT K APYTy C
IIOMOIIIBIO CIIEIMATbHOTO YCTPOICTBA, KOTOpOe 00eCIeunBaIo IOCTOSHHOE YCUIMe IPYVDKATIS
10 6ap. CrmoxeHHble TableTKM MoABepramy TepMoobpabotke mpu Temuneparype 750 °C B
TeyeHye 6-8 4. IToce oxmaxk[eHus criedeHHble Tab/IeTKM paspesaay IO MCXOLHON TpaHUIIe
KOHTAaKTa Ha OTPe3HOM IIpubope Secotom, KOTOPBII 0becrieunBaeT BHICOKYI0 TOYHOCTD Cpe3a
IO TOJIIVHE. 3aTeM Cpe3bl IIPOM3BOMVIIN IO 00e CTOPOHBI OT MCXOJHON IPaHMUIBI KOHTAKTA.
[my6uHy NpOHMKHOBEHNA Kamis B 00BbEM TIeMaTUTa OLEHMBAIN II0 HAHHBIM ATOMHO-
abcopbyoHHOM crekTpockomuy. a3oBbIl  aHaMM3 IONYYEeHHBIX OOpasllOB  Cpe30B
OIIpefie/IsIM C MOMOIIBI0 PEHTIeHOBCKON audpakTomerpun Ha npubdope [JPOH, ucnonbsys
CoKa msnydenne. VgeHTHMUKALNIO COeAMHEHMI MPOBOAVMIM IIO MHTEHCUBHOCTM IIMKOB,
ucnonb3ys 6as3sl gaHubx PDF2 ICDD.

I'eMaTuT AB/IAETCA OCHOBONM [Ii IPUTOTOBJIEHMA IPOMBINIIEHHBIX KaTa/lN3aTOPOB
[eTUIPUPOBAHNA ONe(UMHOBBIX ¥ AIKIIAPOMATUIECKUX YITeBOJOpomoB. CTPYKTypa OKcuaa
XKeje3a MOXKET pacCMaTpMBAThCA KaK MCKaKeHHas cTpyKrypa NaCl, B KOTOpo¥ KaX[blil 13
MOHOB 3aMeHeH KoMOmHanumen Fe,Os. Kucmopon o6pasyer IIIOTHeNIIyIo [BYXCIOWHYIO
ynakoBKy. Vlonsl Fe*’ sannMaroT 2/3 oKTasgpu4ecKux mycroT.

['pyniel U3 Tpex MOHOB KVUCIOPOAa 0OpasylT OOILIYI0 IVIOCKOCTb M3 TPeX CMEXHBIX
OKTa3JpOB, 1 KaXK/IBIN 3 3TUX OKTA3IPOB CBsI3aH C OHO U TO¥ XKe Mmapoii sxenesa (puc. 1).
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(0001)

Puc. 1. l'ematut a) crerka HaK/IOHHBIN BuUR cO0Ky a-Fe;Os (111), 6) B cBepxXy ABYX pasiMYHbIX MOJCTIOEB
xenesa a-Fe,O; (111).

ITappl 3ace/leHHBIX OKTa3/IPOB, YEPENYACh C OJHUM He3ace/IeHHbIM, CO3AI0T BUHTOBbIE
ocu Bl, xapakrepmsyroumjye TaK Ha3bIBA€Mblli KOPYHJOBbBII MOTUB YIAKOBKM. I'emartut
KPUCTa/IZIM3YeTCA B K/Iacce 3m TPUTOHA/NIbHOM CMHroHuu. IIpocrpancrsennas rpymnma R-3c.
/13-3a 60/IBLIOTO 9/I€KTPOCTATYECKOTO MIPUTDKEHNA MEXIy KaTMOHAMM JKe/le3a ¥ aHMOHAMI
KUCTIOPOZla CTIOM AaTOMOB KNC/IOPOJa HECKO/IbKO COMDKEHBl 10 CpPaBHEHMIO C UX
pacrojoXeHueM B UJEalbHOM Ie€KCarOHaJbHOM IUIOTHENMIIEN YIAKOBKE, a MOHBI JKe/le3a
CMeIleHbl IO OTHOIIeHNI0 K Iriockocty (0001): OHM IOOYepeHO 3aHMMAIOT MecTa
IpUOIM3UTEIPHO HA BHICOTAX, PaBHBIX %5 11 %, II09TOMY M OTHOILIEHME OCeil C/a OT/INYAeTCs OT
upeanpHoro (1,33) u cocrasnser 2,72. [Tapamerp pemeTku 1mo ocu ¢ paseH 0,137 um [12].

Haub6opI1rei II0OTHOCTBIO YIIAaKOBKY 061agaeT mwiockoctsb (0001), B koTopoit moHsr Fe**
1 O ymakoBBIBAIOTCA CI0IA 3a cioeM. B uactHOCTH, oTHOCTD yrakoBky Fe** m O* coctaBmser
cooTBeTCcTBeHHO 9,11 HM™? 1 13,8 HM 2. Hanportus, mioTHOCTh ynakoBky B miockoctu (1010)
JUIS1 MOHOB cocTasAeT 2,89 HM? u 5,78 HM 2. [leTasibHas KpucTammmdeckas cTpykrypa Fe,Os
IIOKa3aHa Ha puc. 2.

(a) . Fe3+

(b)
Sl e
J—
\; _300-600nm  BRSSSSS l}l
K
=P 7

a

Puc. 2. Crpykrypa remaruta: (a) B wiockocru (0001) u cxeMaTmdeckas CTPYKTypa reMaTHUTa, IpOeIpOBaHHAasA
Bronb {0001}, (b) B8 wrockocru (1010) 1 cxemMaTudeckas: CTPyKTypa reMaTuTa, mpoenupyemorit 8goss {1010}, Gaiin
kpucramnorpaduaeckoit nudopmarun Fe,Os (13 6aser ganusix NIST/FIZ FindIt) [13].
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ViccnenoBanme MexaHusma TBeppogasHoro B3ammopeiictsus B cucreMe KFeO,-Fe,Os
MEeTOJIOM MCKYCCTBEHHOJ MeTKM) YKa3bIBaeT Ha OfHOCTOPOHHION AMdy3uio MOHOB Kaaus B
pelIeTKy TreMaTHUTa, COINPOBOXKAAMINYIOCS oOpasoBaHMEeM B C/I0sX, OMMSKUX K TpaHMIle
KOHTaKTa TabeTok, nonugeppuros Kamusa K-(f+f")Fe,Os. Cregyer oTMeTUTD, YTO 1O Mepe
yHQ/IeHNs OT TPaHNUIIbI KOHTAKTa 10 faHHbIM PO A ymeHbIaeTcs cootrHouenne f'- n f-¢as.

1151 OLIeHKV COOTHOLIEHMsI IPOAYKTOB TBepA0(]asHOro B3auMOeicTBIsI MOHOJeppuUTa
KaIMsi C TeMaTUTOM NCIIONb30BAIM IIAPaMeTPbl ¢, PacCUUTbIBaeMble IO JAaHHBIM
peHTreHorpadum B COOTBETCTBUY C YPAaBHEHVSMIL:

I[B"(0111)]
I[B"(0111)]+1[p(017)] + I[Fe,05(110)]

q["(0111)] = (1)

[B(017)] = diC @
a 118" (0111)]+1[p(017)] + I[Fe,05(110)]
alFe,05(110)] = [P OUL) )

I[B"(0111)]+1[p(017)] + I[Fe,05(110)]

Ha puc. 3 mpencrasnena cronbuatas guarpamma napamerpos g[f'(0111)], q[£(017)] n
q[Fe;05(110)] (Bpems tepmoobpabotky 360 muH, T=750 °C) B 3aBMCMMOCTM OT ITyOVHBI
IPOHVMKHOBEHNSA Ka/ys B 00beM reMaTHTA.

CnefyeT OTMeTUTb, YTO IMKOB, OTHOCAIIMXCS K CTPYyKType MoHO(deppura, B
nu¢paKkTorpaMMax Cpe3oB 0OHapyXeHO He ObUI0. Pe3y/ibTaTsl 9KCIIepUMeHTa IOATBEPX/AIOT,
4TO TBepHo¢dasHOe B3aMMOJEICTBIE IIPOVICXOUT 32 CUeT OJHOCTOPOHHEN IudQy3num 1OHOB
I[eJIOYHOTO MeTa/yla B CTPYKTypy remaruta. llo-Bupumomy, muddysmus mporekaer
CIey M 00pa3oM: CHavaIa MOHBI I1e/I0YHOr0 MeTaIa AUPYHAUPYIOT MEXY 06/1acTAMU
KOT€PEHTHOTO paccessHus (110 MeXXOTTOUHBIM I'PaHUI]aM) B CyOCTPYKTYype reMaTnTa.

C "\ C .
- 0“)2 0.775 P 0.898
08 | 0.762 . 0.784 0.732
0.6
04
02 0.059 0.2

M 66

o 0_10N

0.3-0.4 -
> T 0.4-0.5 =
0.5-0.7 0.7-(

0 -

0-0.1

0.1-0.2 55 _(3
).9
Bl4(Fe04(110)] 1 qLA017)] M (5 0111)]

Puc. 3. 3aBrcuMocTb cocTaBa cpe3oB (BpeMs TepMoobpabotku 360 MuH, T=750 °C) OT I/Ty6MHBI IPOHMKHOBEHNUA
Ka/muA B 00beM reMaTuTa

OpHako [aHHBI IpollecC He IPUBOAUT K COOCTBEHHO TBepAo¢asHOMY
B3auMogelicTBuIo. 3aTeM 11 Qysns Bce TeX >ke MOHOB IIPOTeKaeT Ha Oojiee IITyOOKOM YpOBHE
B PeIIeTKy reMaTUTa. YUUThIBasi OCOOCHHOCTM KPUCTA/UINYECKOM CTPYKTyphl Fe,Os, MoxHO
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IIPeAIOIOKNUTD, YTO MoH K* BHefpsieTcs B CTPYKTypy remMaTtnta B mnockoctu (1010), B KoTopoit
m1oTHOCTh MoHOB Fe** 1 O cocrasnser 2,89 Hm? u 5,78 HM 2. VIMEHHO 5Ta IJIOCKOCTD ABJISAETCS
HayMeHee IUIOTHO YIIAKOBaHHON. IIpum 3TOM CTpyKTypa remaTura IepecTpauBaeTcsA B
CTpyKTypy nomdeppura kams (puc. 4).

.K @0 &Fe

Puc. 4. CtpykTypa nomudepputa Kanus

OneMeHTapHas s4eiika ["-monmudeppura Comep>KUT TPy IINMHENENOJOOHBIX 6710Ka
cocraBa {Fe;*"Fe¢>* O}, CBA3aHHBIX C IIOMOIIbIO BUHTOBOI OCU TPeThero mopsigka. Kaxsrit
070K 00pa3oBaH YeTHIPbMsA IUIOTHOYIIAKOBAHHBIMU CJIOSMM MOHOB Kycnopoga. Yactp
TETPAdAPUIECKNX U OKTAdAPUUYECKUX IYCTOT B OnoKe 3aHsAThl moHamm Fe’*. Voubr Fe*
pacIoaraloTcsi B OKTA3APUIECKUX IYCTOTAX, IPUMBIKAs HEMOCPEACTBEHHO K IUIOCKOCTSIM,
paspensomnM 610KN.

[TonmueppuTs ieOYHBIX MeTa/UIOB THMA 3”-I/IMHO3eMa KPYCTA/UIU3YIOTCS B CIOMCTBIX
crpykrypax. B f"-momdeppure mnnHenenoxobHbie 6710ku moBepHYTH Ha 120° OTHOCUTETBHO
ApYT Apyra.

[TnockocTy, paspersitoniyie 6I0KY, He SIBISIOTCSA IVIOTHOYIIAKOBAaHHBIMMU ¥ 3aIIO/THEHBI
MOHAMM I[e/IOYHBIX MeTa/UIOB nuiib Ha 70%, MOHaMM Kucmopopa — Ha 82% wm3 4mcia
pocTynHbplx mosuiuii. CTOMb Majioe 3allONHEHMe IUIOCKOCTM M Oojbliasg —INVpUHA
MeXOIOYHOTO IPOCTPAHCTBA SIBIISIOTCS HMPUYMHON YPE3BBIYAHO BBICOKON MOABIDKHOCTHU
JIOHOB II[e/IOYHBIX META/IIOB, KOTOPble MOTYT CBOOOZHO IepeMelljaThCsl B IBYX HAaIIPAB/ICHMAX
B IIpefie/iax MPOBOJALIEI ITIOCKOCTH [14].

AHanu3 CTPyKTyp reMaTuTa U NMOMUQPEPPUTOB Kalmusl IO3BOJIAET NPEAIIONIOXKUTD, YTO
MOHBI I[eI0OYHOTO MeTaia AudQyHAMPYIOT B pelieTKy remMartuta. B oOpasoBaBiieMcst
nomideppuTe IBIDKEHME IPORO/DKaeTcsi Mexnay 6mokamm cocraBa {FeOy7}. Monbr K*
3aHMMAIOT TIPaBUIbHbIE MO3ULNUM B pelleTke obpasoBaBuierocss nonmbeppura. bmwke k
rpaHuIle CONPUKOCHOBEHNMsI TAONETOK pacmoyiaraercss cioi, 6orareii f”-monudeppurom
Kam (puc. 5).
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Puc. 5. ITponykTh! TBepf0ha3sHOTO B3aMMOJIEIICTBYIA TeMaTUTa ¥ MOHOdeppUTa Kays

B mecrax koHTakTa MOHOdeppUTa ¥ reMaTUTA XMMIYECKUI MTOTEHIMA KaIUsl BBICOK,
YTO BBI3BIBAET TEPMMYECKYI0 [MCCOLMAIMIO OKCHUAA >Kele3a, CONPOBOX/AIOLIYIOCA
oOpasoBaHMEeM KJCIOPORHBIX BAaKaHCMII M IIOBBILIIEHMEM KOHIIEHTpauuu MuOHOB Fe?.
VI3BeCTHO, YTO MOHBI Ka/Msi OKa3bIBAIOT MOHM3UPYIOLee BO3JEVICTBME Ha CBA3b >KeIe30-
KUCTIOPOJ,. DHeprusi peuleTKy M3MEHsAeTCS, YTO IPUBOAUT K HAPACTAaHMIO XMMMIYECKOTO
HOTeHIMaa KICIOpOAa B TBepoit dase U, KaK CIefiCTBUE, SMMMIHINPOBAHNIO KUCTOPOZia U3
CTPYKTYPBI OKCUJIA XKeJle3a.

Taxum o6pasoM, B mporecce TBepoPasHOro B3aMMOJENICTBUS B CCTeMe MOHOQEPPUT
Ka/Ius — TeMaTUT 00pasyrTcs NonmupeppuThl, KOTOpPbIe IO CYTH CBOEN SBJIAIOTCS TBEPHBIMU
3JIEKTPOJIUTAMI U CIIOCOOHBI 00eCIiednBaTh TPAHCIIOPT 1Le/IOYHOTO METAII IO OIIpefie/IeHHbIM
KaHa/IlaM B CTPYKType nonudeppura.

OpHako MO Mepe yAaleHNs OT TPaHNIIBI COIPUKOCHOBEHNS TAONIeTOK COfepKaHye
B"-nomdepputa ymeHbIIaeTcs ¢ Bo3pacranue Koau -aspl.

Ha puc. 6 nmpuBeneHa 3aBucuMoctb gakropa f(S'), OnuchIBaoIIero COOTHOLIEHNE - U
F'-da3 B mpopykrax peppuTo0OpasoBaHMs OT CTENIEHN IpeBpalljeHnss MOHOdeppuUTa Kanns B
nomigepputsl npu Tepmoodpaborke cmeceit KFeO,+2Fe,O; npu remneparype 1150 K.

-

038
0,6 4
:E"LU,-I

0.2 1

Puc. 6. 3aBucumocts akropa (") oT cTenenn npeppaiieHns MoHopeppuUTa Kanus mpu Temneparype 1150 K

[Tapamerp f(f') paccuuThIBamM IO JAHHBIM peHTTeHOrpadmu B COOTBETCTBUM C
ypaBHEHMEM:

[["(0111)]
[B"(0111)]+/[p(017)]

fBY =1 )
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Kak BuAHO U3 puc. 6, Ha IePBBIX ITAIAX peaKL[Uy IPU HU3KOJ CTENIeHM IpeBpalleHys
MOHOJeppuTa 06pasyeTcss MUKPOTeTepOreHHass CMeCh HOMMQPEPPUTOB Kamus C BBICOKUM
copep>xanueM f’-daspl. YBenndeHue cTelieHy IpeBpale st IPUBOJUT K IepepaclpeeeHIIo
cooTHOIIeHMss mnonudeppuToB. IIpym 9TOM CIOXXHOCTD TNPOUCXOFALINX CTPYKTYPHO-
sHepreTnyeckux B3ammoperictBuit B cucreme K-(f+[')Fe;O; He mo3BO/IsieT OJHO3HAYHO
MHTepIpeTnpoBath f'-nonndepput Kak MpoOMe>KyTOYHBIN IPOAYKT CHHTe3a [-nonudeppura.
[To-BupumoMy, Ha mnepBbiX ortamax f'-dasa crabwamsupoBaHa B 30HAX JIOKaIbHBIX
TepMOAVHAMIYECKIX PaBHOBECUII M30BITKOM He IPOB3aMIMOJIeICTBOBABIIIET0 MOHOdeppuTa.
ITpn yBemuuenum cremeHu npeBpaiieHus f(f') yMeHbIIaeTcs, JOCTHUIas OIPeHeTeHHOrO
coorHomenus f- u f'-nomdpeppuron. Crabunmmsanyus B 9TOM CiIydae OBICTpee BCEro
JIOCTUTAETCS 32 CYET SHEPIUY KOTEPEHTHOTO cpacTanus f- u ['-das.

BriBoabl

1. TsepmodasHoe B3amMmojeiicTBME B CHUCTeMe MOHOMEpPpUT Kamusg — TeMaTUT
OCYIIECTB/ISIETCSL B pe3y/AbTaTe OfHOCTOPOHHeN Au((y3UM MOHOB KNS B PEIIETKY
reMaTUTA.

2. Tlo Mepe ypaneHus OT MCXOJHON I'PaHMUIBI 00Pa3yTCs MOMUPEPPUTHL CO CTPYKTYPOIX
f'-rinHO3eMa u [-TIMHO3eMa.

3. B mpouecce TBeprodasHOro B3aMMOAENCTBUA B CICTeMe MOHOQEPPUT Kamus — TeMaTUT
obpasyorca mnonupeppuTs, KOTOpble IO CYTM CBOEN ABJAITCA TBEPABIMU
9NIEKTPOIUTAMM ¥ CIIOCOOHBI ObOecredyBaTh TPAHCIOPT IEJIOYHOTO MeTajUla IIo
OIIpefie/IeHHBIM KaHa/IaM B CTPYKType Homdeppura.
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CHMHTE3 HOBBIX TEPBMIINIOB V13 KTTACCA CY/Ib@OHMWIMOYEBIH

A.A. bynaros, C.A. CaBunoBa, C.K. Cepreesa, M.A. CrenaneHko,
H.IIL. I'epacumoBa

AHTOH AnekcaHppoBud bBymaroB, Maructpant; CsBernmana AnekceeBHa CaBMHOBA, MAaruCTpPaHT;
Kcennsa Cepreesna CepreeBa, cryneHT; MapuHa AHatonbeBHa CremaHeHKo, cTyfeHT; Huna IlerpoBHa
I'epacumoBa, 1.x.H., npodeccop xadenpst XTBABulIM

OTBOY BO «pocnaBckuil rocygapcTBEHHBIN TeXHMYeCKMit yHuBepcuter», 150023, Poccus, r. Apocnasnb,
MockoBckuit Ip., fi. 88; gerasimovanp@ystu.ru

Knwouesvie cnosa: Annomauus. Bnepevie cunmesuposanvl npoussooHvle cynbPOHUIMOUEBUHDL,
XC3P, cynvgpoHunmouesunui, skmouarouue pazmenmot 6-memunypavuna u 1,3,4-muaouasona, ¢ 8vix000m
eepbuyuovt, cropCSM, 79-81 %. IIposedervl nonesvie UCHbIMAHUS NOTYUEHHBIX COEOUHEHUI C UeTbIo
6uonozuuecKue UCHbIMAHUS onpedeneHus  ux — 2epOUYUOHOTI  AKMUBHOCMU.  YCMAHOB/IEHO, — 41O

CUHME3UPOBAHHDIE COOUHEHUS NPOABAIOM 2ePOULUOHYI0 AKMUBHOCHD
(53%) 6nuskyio k npumensemomy npenapamy Rubit (61%) u npesvimarousyio
eepbuyuo Mazrym (41%).

T nuTupoBaHMA:

bynaros A.A., CaBunosa C.A., Cepreeba K.C., Cremanenko M.A., T'epacumosa H.I1. CuHTe3 HOBBIX repOULINIOB
u3 Kracca cynboHmwiModeBuH // OT Xummm K TexHoioruy mar 3a marom. 2025. T. 6, o 2. C. 43-49.
URL: https://chemintech.ru/ru/nauka/issue/6013/view

BBenenne

Cpemnn xummueckux cpenctB 3amutel  pacteHuit (XC3P) repobunmppl uUrparoT
muaupyomyo ponb. CopHble pacTeHMs HAHOCAT MHOTOCTOPOHHUII Bpel CEIbCKOMY
X0341cTBy. OHU YCIIEIIHO KOHKYPUPYIOT C Ky/IbTYPHBIMU PACTEHUAMU 3a CBET, 3/1€MEHTBI
nuTaHus, Boay. HekoTopble BUbI COPHON PacTUTEIbHOCTY SIBJISIIOTCS IUTATe/IbHON 623011 s
Bpenurernert. Hampumep, 3makoBble Myxu (IIBeficKasi, TeCCEHCKasA, 03MMasd U [p.), HAaHOCSIINEe
3HAUMTE/IbHBIN yliepd 3epHOBBIM Ky/IbTypaM, >XMBYT Ha pPasHBIX BUJAX IbIpess U APYTUX
COpPHAKAX, KOTOpble CIy)KaT YKpBITMEM ¥ MCTOYHMKOM IuTaHuA. CopHble pacTeHUs
3aTPY[HAIOT IPOBeeHNe HONeBbIX PaboT: 00pabOTKY MOYBBI, YXOf 3a PacTeHUAMU, YOOPKY
ypoxas. K Tomy >xe mpuMech ceMsIH COPHSKOB CHIDKAeT KauecTBO yposkas [1].

Llenpio aHHO pabOTHI ABIAETCS CMHTE3 HOBBIX 3¢ (PeKTUBHBIX TepOULINIOB U3 KTacca
Cynb(OHMUTIMOYEBYH.

© A.A. bynatos, C.A. Casunosa, C.K. Cepreesa, M.A. Crenanenko, H.II. Tepacumosa, 2025
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B 70-x rr. 20 Beka apceHal TIepOUIUIOB

IOIIO/THIJICSI HOBBIM K/IACCOM — CY/IbOHMIMOYEBIHAMM R1\< //0 o Ry

(puc. 1), KoTopble paHee OBUIM M3BECTHBI Kak / //S\ J]\ 7

IPOTUBOAVA0eTIYeCKYIe IeKAPCTBEHHDIE IIPerapaThl. o/ NH 'NH
I[lpousBopHble  CyNIbQOHMIMOYEBUMH — MOTYT Py, 1. O6mas crpykrypHas dopmyra

IPOSIB/IAIOT BBICOKYIO TepOMIMIHYI0 aKTMBHOCTb IIPU  CynbpOHMIMOYEBIHDI

HOpMax pacxojia Ha 1-2 mopsAjKa HV>Ke 110 CPAaBHEHUIO C

TPafINLMOHHO IpUMeHsieMbIMU Tepounyaamu [2]. OHu coCcTaBA0T mpuMepHO 10% MIUPOBOTO
pBIHKa repoummos [3].

x mexaHmsM [elicTBuA odeHb crnenupudeH. OHM OKasbpIBAIOT MHIUOUpYOLIee
BO3fleVicTBMe Ha (epMeHT ameronakraTcuHTady (AJIC), KOTOpbII KaTanusupyeT OMOCHHTE3
He3aMeHIMBIX aMMHOKIC/IOT JIVIIVHA, M30/1eiiiHa 1 BanuHa [4, 5]. Tak xak AJIC otrcyTcTByeT
y TEIUIOKPOBHBIX, TO IIperapaTsl 13 Kaacca CylIb(QOHIIMOYEBNH O0e30IacHbI I/IA >KMBOTHBIX,
pBI6 U UL [6].

OcHoBHasA 4YacTh

Y ucrokos cunTesa XC3P B AI'TY Haxomwica 3aBenyouuii kadegpoil opraHndecKoit
XVIMUU, J-p XUM. HayK, mpogeccop Anos E.M. OH nepBbIM 00HAPY>KI pOCTOCTUMYINPYIOLIYIO
aKTMBHOCTb Y CY/Ib(OHNIAIKAHKAPOOHOBBIX KMC/IOT HA YepeHKaX YailHO-IMOPI/IHO PO3Hl [7].
B TexyIeM rofy psj COeqVHEHMI M3 3TOTO KIacca 3allaTeHTOBAaH B KayecTBe CTUMYIATOPOB
pocTa I pacTeHMiT; ¥ B HACTOsLee BpeMsl IIPOXOJAT IOJIeBble MCIbITaHus 6oree 4eM Ha 10
3€PHOBBIX 1 6000OBBIX Ky/IbTypax [8].

Vicionb3ya KOMIbIOTEPHBINI CKPMHMHI Ha 9Tale IIAHMPOBAaHUA CUHTE3a, MOXXHO
olpefe/INTh Hamboee MePCIeKTVBHbIE COeVIHEHNS, YTO 3HAUMTE/IbHO SKOHOMUT BpeMs U
pecypcel. I OLIEHKM MOTEHIVATbHON OMOIOIMYEeCcKO! aKTMBHOCTU WCIIO/NIb30Ba/IN
nporpammy cropCSM, KoTopas IO3BOJIAET IPeficKa3aTb BEPOATHOCTb AKTMBHOCTM WU
HEaKTUBHOCTU COeIMHEHMs Ha OCHOBe ero CTPYKTypHOUl ¢(opmynbl. Pabora cropCSM
OCHOBaHAa Ha aHa/lM3e CBS3M MEXJY CTPYKTYpOJl M aKTMBHOCTBIO BEIeCTB U3 oOyvaroliei
BBIOOPKY, BK/TIovaroeit 6onee 4000 6110/10TMYeCcKyl aKTUBHBIX COeAVHEHM [9].

B mporpammy BBOAWIach GOpMyIa MHTEPECOBABIIETO HAC COEAVHEHN, MOC/Ie Yero
IIPOVICXOAIMIIO €€ IpeoOpa3oBaHIie, Ha 3allpOrpaMMMpPOBaHHbIN B cropCSM s3bik. BrijaBaemble
Pe3y/IbTaThl IPefICTAB/ISIIN IPOTHO3 O TepOUIINIHOI aKTUBHOCTU ¥ TOKCMYHOCTH. [Iporpamma
cropCSM fiocTyTniHa B OHJ/IANIH-BepCcuM. B kauecTBe WITIOCTpaLMy NIPUBEZieH IpUMep aHa/In3a
O10/TOTMYeCcKOi aKTUBHOCTH (pHuC. 2).

Herbicidal

Activity Environmental Toxicity Human Toxicity
Avian AMES Rat Acute Rat Chronic
Herbicide * Honey Bee Toxicity Minnow Toxicity Toxicity Toxicity
Activity @ Toxicity @ 2] Toxicity @ 2] (LD50) @ (LOAEL) @ SMILES

Yes No No 2.269 No 1515.3 19.0 C1(C(=C(N(C(N1[H])=0)[H])C)[S]
(N([HD)C(=0)N([H])C2=NN=C(S2)C(F)(F)F)
(=0)=0)=0

Puc. 2. cropCSM: nporuosupoBaHme reponIygHO aKTUBHOCTHI
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B panHoiT paboTe y cynbGOHMIMOYEBMHBI B KadyecTBe 3aMecTuTenss R; MCIOnb3oBaH
6-MeTmnypaumi, a B kadecTBe R, — 1,3,4-tmapmason (puc. 1). Takoit BbIOOp 3aMecTuTenei
CBSI3aH C TeM, 4YTO INMPVMMAVMHOBOE OCHOBaHNE IIPOABJIAET BBICOKYIO TepOMIVITHYIO
aKTUBHOCTb, a 1,3,4-TMafia3on WCIONMb3yeTcs B TIepOMIMAaX CIUIOIIHOTO [eVCTBUS —
cynbponuaszon, tnazadiaypon m tebyrmpoH. CoderaHme 3TuX (PparMeHTOB B MOJIEKYIe
II03BOJIAET OXKVJIATh BBICOKYIO OIOOTMYECKYIO aKTUBHOCTD [10].

Cy11ecTBYIOT HECKOIBKO METOJOB IIO/Ty4eHMsI TAKMX 3aMeIlleHHBIX CyTb()OHNIMOYEBIH:
a) Ha OCHOBe Kapb6amaToB; 6) Ha OCHOBe IPOM3BOJHBIX MOYEBMHBI; B) C MCIIOIb30BaHNEM
¢docrena [11-13]. [JaHHOe mccrefoBaHKe MOKA3al0, YTO JIYYIIVM JyIs MOTYYeHMS OKa3ancs
METOJj, B KOTOPOM B KaueCTB€ MCXONHBIX COEQVHEHUI IPUMEHANN 6-MeTUIypalnI-5-
cynbdoxyopyuy U IuaHaT KaausA B IPUCYTCTBUM NMPUAVHA C UCIOIb30BAHNEM B KayeCTBe
PacTBOpUTENIS al[eTOHUTPU/IA, 3aTeM B PEAKLUMOHHYI0 CMeCh [O0aB/s/IM aMUH B BHIE
CBOOOJJHOTO OCHOBAHMs, II0 OKOHYAHMM peaKkIMM COMEepP>KMMOe peakTopa oOpabaTbiBamy
YKCYCHOJI KMCIOTOV U BOZOM, fiajiee BBIAE/ISIIN IielieBol MponyKT (cxema 1) [14]. B mannbIX
YCIOBMAX OBUIM CHHTE3MPOBAaHBI HOBbIE IIPOM3BOJHbBIE CYIb(MOHWIMOYEBUH C XOPOLIVM
BbIxO7IOM 79-81 %.

s R
0 R ki O R I
SO,ClI ~ % \ N 3(a,b n JJ\
HN 2¥1 KNCO, rt. HN | d°N Y N—N 3(@b) S /’QN/N
bt A B —
)\ | N 71\ 20-25°C HN | o NH 'NH
o N @ N )\ 4(ab
H N/ H () N (a! )
1 2 H

3,4aR:CH3,bR:CF3
Cxema 1

CTpoeHue CUHTe3MpPOBAaHHBIX coenyHeHui 4(a, b) moATBepX/IeHO COBOKYIIHOCTHIO

mansHbix VIK-, IMP-cniekTpockonmii.
IKCIepUMEeHTATbHAS 9aCTh

KoHTposb 3a X0OM peakIuy OCyIecTB/IAI METOLOM TOHKOCTIOTHO XpoMaTorpadpun
(TCX) na mractunax Silufol UV 254 B cucremax pacTBoputerneit rekcan-atunaerar (4:1) u
AVXIOpMeTaH- N30 PONAaHO/-YKCyCcHasA Kucnora (20:10:3). [lerextupoBanue pesynbratoB TCX
ocymectBnsamn B Y®-cBeTe M ¢ UCNONb30BaHMEM JOJHON KaMepbl. MerogoM
HOTEHIIOMEeTPUYECKOTO TUTPOBaHMs Ha nabopatopHOM moHOMepe VI-160MU ompenensiim
cofiep>KaHMe OCHOBHOTO BEIleCTBa B IPOAYKTaX. TeMIeparypy IIaBleHNUs ONpefeNann Ha
npubope s onpenenenns Touky miasnaenns Electrothermal 1102D Mel-Temp. VIK-cniektpst
3alChIBaIU B OTpakeHHOM cBeTe Ha VIK-®ypbe ciekrpometpe Spectrum Two PerkinElmer ¢
oM BomHbL 700-4000 cv'. Criextpst AIMP perncrpuposamm Ha npubope Varian UNITY
plus ¢ paboueit yacroroit 400 MI'y gns pactBopos IMCO-ds mpu 30 °C. B xauecTBe sTamoHa
[ OTCYETAa XMMMYECKMX CIBUTOB JCIIO/Nb30BAaIM CHUTHAAbl OCTaTOYHBIX IIPOTOHOB
pactBoputens B SIMP 'H (8H=2.50 Mm.n.), B KauecTBe MapKepa WCIIO/Ib30BalIM CUTHAI
TeTpaMeTU/ICU/IaHA.
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O61ass MeTOAMKA OTyYeHU CYyTb(POHNTIMOYEBIH

6-Merumypaunni-5-cynppoxmopus (2 r, 0.009 MOmb) CMEINMBAIOT C IMAHATOM Ka/usd
(1.12 1, 0.014 monb) u anerorntpuaoM (20 mi). K monydeHHOI cycrieH3Uy IpY MHTEHCUBHOM
nepeMemnBanny fo6asaoT mupuauH (1.53 1, 1.56 M, 0.019 Monp) 1 mepeMeImnBaoT Ipu
temieparype 20-25 °C B Teuyenue 4-5 u (TCX-KOHTpO/Ib), falee K peakIVIOHHON Macce
pobasnsaoT 0.007 monp ammua 2(a,b) (2-ammuo-5-metmi-1,3,4-Tuagmason win 2-aMuUHO-5-
TpudTopMeTn-1,3,4-TMafna3on) 1 MPOLO/KAIOT ITepeMelIrBaHme ele B TedeHne 4-5 4 (TCX-
KOHTpo/b). [To OKOHUaHMY peaKIyy K MOYYeHHOI CMecH 110 KaIULAM f00aByaioT 70%-Hblil
BOJHBINI PAacTBOP YKCycHOU Kucmotel (2.86 1, 0.048 monb) m 20 min Bopbl. Yepes 30 mMuH
IIOTyYeHHYI0 CYCIIeH3UI0 (QUIbTPYIOT, OCafloK Ha (UIbTPe IPOMBIBAIOT BOJOM, CYIIAT Ha
BO3ZIyXe

1-[(6-meTun-2,4-guoxco-1 H-nupumuaun-5-mwi)cynbpounnn]-3-(5-mernn-1,3,4-
THagna3on-2-wi)MmoyesnHa (4a). Beixom 79%. MK cnektp, v/iem™: 1158, 1328 (SO,),
1557 (NH), 1677 (C=0), 3444, 3027 (NH). Cuextp SIMP 'H (400 MTn, §, m.z1.): 2.48 (¢, 3H,
CH.); 2.53(c, 3H, CHs), 6.44(c, 1H, NH); 8.71(c, 1H, SO,NH); 10.67 (ym. ¢, 1H, NH);
10.94 (yur ¢, 1H, NH).

1-[(6-meTnn-2,4-guokco- 1 H-nupumupaun-5-mi)cynbdonm]-3-(5-rpudropmerni-
1,3,4-Tnaguason-2-wi)mouyesuHa (4b). Beixox 81%. VK cnextp, v/iem™: 1132 (CFs), 1131,
1324 (SO»), 1657 (NH), 1717 (C=0), 3444, 3027 (NH). Crnektp IMP 'H (400 MTn, §, m.z.):
2.17 (¢, 3H, CHs), 6.35 (¢, 1H, NH); 8.88 (c, 1H, SO,NH); 10.67 (yu. ¢, 1H, NH); 10.94 (ym. c,
1H, NH).

buonornyeckue MCIbITAHUA

BrorecTpoBaHye HOBBIX IIOT€HIMATbHBIX I€pOMLINTOB IPOBOAMIN IO METOLYECKUM
pexomenpauysm [omybea A.C. [15]. Cxema ombiTa IpeficTaBiseT coboit: 1) KOHTporb (Oe3
00paboTKy - I ompepeneHus Ouonormdeckoit spdextuBHOCTM); 2) dtamoH (Rubit u
Marnym); 3) pacTBOpbl BHOBb CHMHTEe3MpPOBAaHHBIX coenyHeHuil. Kaxmplii BapmaHT ObUI
BBINIO/IHEH B TPEXKPATHO IIOBTOPHOCTH Ha fie/IAHKaX pasMepoM 100x100 cm.

1m

=] 3amMTHAS M0/10CA

30 cu

1M 1 nenanka | 2 nenanxa | 3 nenaHka 4 nemanka § 5 nensuxa || 6 nenamxa

Puc. 3. O6was u y4eTHast IIOLALb E/STHOK

O6paboTka COPHOI PacCTUTENBHOCTY IIPOBOAMIACH B O€3BETPEHHYIO IIOTOY VUM HIPU
cmabom Berpe (xemarenmbHO A0 3 M/c). IlockombKy B 3KCIepUMEHTAIbHON CXeMe
IPeyCMOTPEHBI pa3Hble KOHIIEHTPAIUM OFHOTO o0pasija, M3HAYANIbHO PEKOMEHAYEeTCs
OIIPBICKMBATH JIe/IIHKM, Ha KOTOPBIX OymeT Oojiee HU3Kas HOpMa IPUMMEHEHMs IIpelapara,
IIOCTIe 4Yero [e/ssHKM ¢ Ooree BBICOKOI KOHI[eHTpanueil. OUpbICKMBaHME MIPOBOAMIOCH IIO
MOBTOPHOCTSIM, CIIEpBa BCe MEMSAHKMU 1-07f MOBTOPHOCTH, MOC/IE Y€ro — BCe HeISTHKU 2-01
MOBTOPHOCTH 1 T. [I.
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B omnbitax mo wusydeHmio s¢QeKTMBHOCTM NpUMEHeHMs TIepOMIMIOB HIPOBOMATCS
CTIeYIOLII/Ie YIEThI:

1) mepex 06paboTKOIT (KOMMYeCTBEHHBIN);

2) yepes 7 mHeilt mocie 06paboTKM (KOMMYeCTBEHHBIIN);

3) uepes 14 gHeit nocme 06pabOTKY (KOMMYECTBEHHBII);

4) yepes 21 nHeit moce 06paboTKM (BECOBOIL).

Ha 7 penp mcmbiTanmit 6pumn 3aduKCHPOBaHBI M3MeHEHMsI O0BEKTOB HaOIIOLEHMS,
06pabOTaHHBIX TAJIOHOM ¥ MICCTIEAYEeMbBIM IIPeIapaToM: IOSABUINCH IOXKETTEHNS TUCThEB.

- S I — -

Puc. 4. ororpadun usydaemsIx pacTeHnit o obpaborku (a) — coenyuenue 4b u nocie (6) — coennHenue 4b
mocse 7 CyTOK.

Buonornyeckas a¢p¢eKTMBHOCTD IPUMEHEHNUA repOULINAOB 10 OTHOLIEHVIO K KOHTPOJIIO

K-B
ObTa paccuuTaHa mo Qopmyre: J = ——, rge: 9 - Ouonorndeckas 3dpdexTMBHOCTD

K-100°
repounyia, %; K — KommduecTBO MM Macca COPHSKOB B KOHTpOJe, 9K3./M? Wi r/M%

B - KONMM4eCTBO WM Macca COPHSIKOB B BapMaHTe C repOULMIOM, 9K3./M? min /Mm%
BriBoabl

CyuHTe3VpoBaHbl ~ HOBBIE  IIPOM3BOJHBIE  CYIb(OHWIMOYEBUH,  COfiep)Kallye
reTepouMKIndecKue GparMeHTs! ¢ BEIXooM 79-81%.

B c. Barckoe HekpacoBckoro paitona SpocimaBckoit 06macTu 6bUI 3aI0)KEH OIIBIT Ha
copHoI1 pacTutenbHOCTY. OOpasibl BHOCHINCH B a3y pocTa 1 pasBUTUs pacTeHUll B HOpMe
npumeHeHns 600-800 mr/n. B kadyecTBe 3Ta/I0Ha 1CIONb30BamM repbyunuasl: Rubit 1 Maraym.
CHiKeHMe OOILIEero KOMM4YecTBa COPHBIX pacTeHMil B BapuaHTe C BHeceHMeM 600 Mr/n
repouimza 4b, cocrapsno 47.23% (tabn. 1). YBemuueHnue HOPMbI IPUMEHEHNsT M3y4aeMOTO
npenapara g0 800 Mr/a cnoco6cTBOBaIO NOBBIIIEHNE eT0 3GGEeKTUBHOCTI B cpefHeM Ha 6%.
AddexTuBHOCT BHeceHys 800 mr/m obpasia 4b B pasy pocra u pasBuTHs ObUIa BBICOKA (IO
53.29%) u npeBocxomuia 1o a¢ddexTuBHOCTH 2r/371 3TanmoHa MarHym. O¢¢eKTUBHOCTD
800 mr/n repbunuaa 4b, 6pi1a 61M3ka kK ypoBHIO addextuBHOCcTM 80M1/1071 3TanoHa Rubit.
ViccnenmoBaHms IIOKasaay, 4YTO BHOBb CUHTE3MpPOBAaHHbIe TepOMIUABI  OKa3bIBAIOT
CyILIIeCTBEHHOE BJIMAHNE Ha POCT COPHON pacTuTenbHOCTH. Ilo psAmy mokasaTeseil HOBbIE
repOMIMAbI IPEBOCXOAAT HE TONBKO BOAY, KaK KOHTPOJIb, HO M aHajor Maruym. PesyimbTaTst
IIOJIeBBIX MCIBITaHNII IIPefiCTaB/IeHbl B Tabmuie 1.
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Ta6nuua 1. BrysHne repouiios Ha o61yI0 3aCOPEHHOCTD OYBBI (S pocmaBckas obmactp, 2024 r.)
KonmdecTBo COpHBIX pacTeHMI! Macca copHbIX pacTeHmIt
buonornueckas
KonuenTpanusa Iatsr CHimkeHne, % K CHuxeHne,
Tepburuz ACTEODA Srop k3. « T % K 3¢ deKTUBHOCTD
p P ya OHTPOJIIO b K KOHTPOJTIO rep6ua, %
TloBl IToB2 IToB3 TloBl TloB2 IToB3 IToBl IloB2 IloB3 TloBl IIoB2 | Tlom3
14.07 478 496 473 - - - - - - - - -
22.07 450 476 449 10.18 0 7.61 - - - - - -
800 mr/n 53.29
For 28.07 409 443 441 16.90 6.14 8.13 - - - - - -
H O o /<\S\\R<F 15.08 115 137 100 76.63 70.47 78.99 852 811 734 51.09 50.49 58.11
N o _N
= ) :s(‘NQL " 14.07 505 487 479 - - - - - - - - -
(o]
CHy - - - - - -
600 M/ 22.07 486 469 462 2.99 2.94 11.11 47.23
28.07 458 450 432 6.91 4.66 10.00 - - - - - -
15.08 203 191 164 58.74 58.84 65.54 875 940 893 49.77 42.61 46.13
14.07 493 482 509 - - - - - - - - -
22.07 474 464 489 5.39 2.52 - - - - - - -
800 mr/n 45..2
H 5 28.07 444 440 469 9.76 6.78 291 - - - - - -
O N {0}
N & s/\< 15.08 142 173 184 71.14 62.72 61.34 886 917 993 49.14 44.02 43.32
A 1407 | 516 | 479 | 496 - - - - - - - - -
cHy O 22.07 505 466 479 0 2.10 1.44 - - - - - -
600 mr/n 31,92
28.07 479 444 456 2.64 5.93 5.00 - - - - - -
15.08 280 257 299 43.09 44.61 37.18 1163 1128 1203 33.24 31.14 31.34
14.07 498 481 499 - - - - - - - - -
. 22.07 462 443 466 7.78 6.93 4.12 - - - - - -
Rubit 80m1/1071 60.50
28.07 426 408 429 13.41 13.56 10.63 - - - - - -
15.08 77 62 93 84.35 86.64 80.46 701 668 658 59.76 59.22 62.44
14.07 507 486 491 - - - - - - - - -
22.07 490 470 477 2.20 1.26 1.85 - - - - - -
Marnym 2r/3n 41.00
28.07 463 445 443 5.89 5.72 7.71 - - - - - -
15.08 195 208 190 60.37 55.17 60.08 905 1156 967 48.05 29.43 44.81
14.07 506 479 492 - - - - - - - - -
22.07 501 476 486 - - - - - - - - -
Bopa - -
28.07 492 472 480 - - - - - - - - -
15.08 492 464 476 - - - 1742 1638 1752 - - -
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Knrouesvie cnosa: Annomauus. B cmamve onucan mexanusm o0paso6aHus epanyn mexHu4ecKozo
mexHu1eckuil yenepoo, yenepooa 6 npouecce epaHynupOBAHUSL MOKPLIM CHOCOOOM nymem 000a6neHUS 6
epanynuposarie, NOUIAWUTE MeXHUYecKUll yenepo0 cHeyuanvHol xudkoli céasyouleli 000asKu.
MOKpbLLi cnocob, eparyna, ITocmasnena 3adaua uccnedosanus u 060cHosana e2o akmyanvHocmo. Ilpusedero
MexXaHusm OPMUPOBAHUS,  ONUCAHUE  KOHCHMPYKUUU  1a60pAMOPHOLL  2PAHYNAUUOHHOU  YCMAHOBKU
cmaodutinocmy npoyecca 6epPMUKANLHO20 UNG, COCIMOAWiEl U3 Npusodd, Wmamuea u Kopnyca.

OcHoBHbIM 37IeMEHINOM KOPHYCa A6/IAemcs 647l C YCMAHOBNEHHbIMU HA HeM
nanvyamu. Paspabomana memoouxka Ons  nposedeHUsT  IKCHEPUMEHINA.
IIpedcmasnen epaduk 3a6UCUMOCINU HACOINHOL NAOMHOCIU U MOULHOCU OM
8peMeHU npouecca, HA OCHOBe KOMOPO20 onpedesieHa CMAOULiHOCMb npoyecca
ePAHYNUPOBAHUA:  CMAYUBAHUE — NOIIAWLE20 — MEXHUHYECKO20  yenepood,
2PAHYNAUUOHHDILL NePexo0, CMAOUs UHMEHCUBHDIX 2PAHYTIAUUOHHBIX USMEHEHUT,
CMabUnU3auUs epaHynAUUOHHbIX usmenenutl. Kaxcdas us smux cmaduii 6
NPOMBIUIEHHBIX 2PAHYNAMOPAX pacnpedesiena no OnuHe AnNNApama u umeern
PAa3nuUHbLe MOUSHOCHIHbIE XAPAKMEPUCUKU.
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BBenenue

[panynmupoBaHme sBIAeTCA ORHMM 13 Hambormee SPQPeKTUBHBIX CHOCOOOB
KOMITaKTVPOBAaHNA IIOPOLIKOOOPA3HBIX MAaTepUaoB, KOTOPBI LIMPOKO JCIO/Nb3yeTcs B
TPaHCIOPTHOM, TOPHOM ¥ CTPOUTENIBHOM MAaIIMHOCTpOoeHuu [1, 2]. DTOT mpouecc ABIAETCI
ONHMM U3 Hambo/ee Ba)XKHBIX 9TAallOB B IPOM3BOACTBE TexHudeckoro yriepopa (TY),
HIOCPEeJCTBOM KOTOPOTO IIOy4aloT €ro TOBapHYI (GopMy — IpaHyIbl chepudeckoii GopMbl
nuameTpom 0.5-2.0 mm [3].

TexHMyeckui1 yriaepos — 3To IMOPOLIOK TEMHOTO LiBeTa, 00pa3ylomuiics B ra3oBoil dase
OpY  TEPMOOKMCIUTENBHOM WIM TEPMUYECKOM MUPOIN3e YITIEBOJOPOLHOTO  ChIPB,
COIIPOBOXKAIOIUIICA Pa3/IOXKEHNEM YITIEBOJOPOLOB HA YITIEPOZ ¥ BOOPOX IOX AEVICTBYEM
BBICOKOI1 TeMIepaTypbl. OCHOBHBIM noTpebutenneM TV sBiseTcs MIMHHAS U pe3NHOTEXHIYeCKas
IIPOMBIIIIEHHOCTD, B KOTOPOJ TeXHMYECKUII YIIepoj, IpUMeHAeTCA B KauecTBe aKTHMBHOTO
HAaIlOJIHNUTeE/Is, 0COOCHHO B pe3yIHaX Ha OCHOBE CIHTETUYECKMX KaydyKoB [4-9].

B Hacrosmee BpeMA A NONy4eHNA TIPaHYT B IIPOMBINIIEHHOCTU IIPYIMEHSIOTCA
OBICTPOXOJHBIE I'PAHY/IATOPBI ¢ BPAILAIOMIMMCS ITalTbLEBBIM BaJIOM, peanusyollye MOKpPBI
crioco6 rpanynupoBanus [4, 10-15], mpu koTopoM B nburAmuii TY BBOAUTCA BOSHBII pacTBOP
CBSA3YIOLIEr0 KOMIIOHEHTA.

ITocranoBKa 3amadn MCCIEMOBaAHUS

OpHako, HeCMOTpS Ha IIMPOKOE pacIpOCTpaHeHNe JAHHOTO CIIoco6a IpaHyIMPOBAHMIA
1 000PyHOBaHMA I €ro peanynsaluy, MpobreMa IOBBINIEHNMA KadecTBa ToBapHoro TY
pellleHa He OKOHYaTe/IbHO. JTO OOBACHAETCS TeM, YTO K HACTOSIIEMY BpeMeHM OTCYTCTBYET
JIOCTOBEpPHas Teopus MOKpPOrO TpaHYIMpPOBaHM:A, a TakKKe He BbIABJIEH MeXaHU3M
¢dopmupoBaHua rpaHyl. Bce 3TO He mO03BONAET MOBBICUTH 3PPEKTMBHOCTb PaOOTHI
TPaHYIATOPOB, CHUSUTD PACXOJ, BOZbI ¥ CBA3YIOIIET0 KOMIIOHEHTA, YBEIMYUTD OJHOPOJHOCTD
¥ CTaOM/IBHOCTD Ka4eCTBa [IOTy4aeMOTO0 I'PaHy/IMPOBAHHOTO IIPOAYKTA IT0 TAKVMM ITOKA3aTesM,
KaK: HacbllIHasA IJIOTHOCTD, IIPOYHOCTHBIE XapaKT€PUCTUKM TPAHYNI U TPaHy/IOMETPUYECKIUI
cocTaB. BoraBieHne MexaHmsmMa (OpPMUPOBAHNA TI'PaHY/I IIO3BOJUT PEIINTb IpUBEIEHHBIE
BBIIIIE ITPOOIEMBI U TOBBICUTD Ka4eCTBO TOTOBOI IIPOAYKIIVINL.

Marepuansl 1 MeTOAbI

C wuenmplo BBIABIEHMS MeXaHM3Ma MOKPOrO rpaHynuMpoBauus 1Y u  cosmaHus
IPeJIIOChUIOK I GOPMIUPOBAHMA TEOPUYM MOKpPOTO TpaHymposanua TY Obira paspaborana
OIIBITHAsI YCTAaHOBKA, CXeMa KOTOPOIi n300pakeHa Ha puc. 1.
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1 - mpyBoX; 2 - WTATUB; 3 - TaOOPATOPHBII IPAHY/ATOP; 4 - My(dTa BTY/IOYHO-TIaNIblieBas; 5 - Bas; 6 - HaTPyOOK
IUIA TIOJJa4M CBA3YIOLIErO pacTBOPa; 7 - BEPXHAA KPBIIIKa; 8 - Kopiyc; 9 - manpupl; 10 - 1omacTHas Menranka
Puc. 1. [IpuHumnmanpHas cxema 1a60paTOPHOIT YCTaHOBKYU

B pamKkax skcnepuMeHTa ObUIM IPUHATHI CIeAyolye GUKCUPOBaHHBIE TapaMeTpPHI:
e Mapka TY - N660 B nplAleM BUE;
® COOTHOIIEHNE PacTBOpa CBA3yMIel fobaBky K mburAmeMy TY — 120 mn1/100 T;
® KOHIIEHTpAIVs BOFHOTO pacTBOpa CBA3ymwlei nob6aBku — 0,2% mac.;
® yacToTa BpaljeHuA Memanky — 400 06/MuH;
® 3a30p MeXAy KOPIIyCOM I Ia/IbllaMi pOTOpa — 2 MM.
JIJIs1 ICXO[JHOTO MBUIAIIETO TEeXHUYECKOro yriepopa Mapkyu N660 ObUta onpepeneHa
HACBIITHAs IVIOTHOCTD B COOTBETCTBUY C MeTOMKOI [10], KoTopast cocraBmia 146 kr/m’.

ITopsangok nmpoBeaeHNA IKCIEePpUMEHTa

B kopnyc rpanynaropa sarpyxaercsa 100r mbeuramero TY, portop rpaHynAropa
MIOMeI[AeTCSI BHYTPb KOpITyca M (PUKCUPYETCs 3aKMMaMy Ha BEPXHeN KpBIIIKe, 3a/IMBAETCS
120 M1 pacTBOpa CBsi3ylolell ZOOAaBKM 3aJaHHOJ KOHIIEHTPALMM, BK/IIOYAETCS MeIIanKa U
3aceKaeTcs BpeMs OT Hadaja paboTel Ilo vcTedeHNN 3aJaHHOTO BPEeMEHY 9IeKTPOBUTATE/Tb
BBIK/IIOYAETCS, BBIHMMAETCA POTOP, IOAYYEHHBIN IPOJLYKT BBICHIIIAETCA B META/IMYECKUIA
HOJIOH ¥ HaIpaB/AeTcd Ha CYNIKy B CymIWIbHbIA ImKad mpu Temmeparype 120 °C u
MPOO/DKUTENbHOCTDIO 24 4, TIOC/Ie CYLIKM I IIOAY4EeHHOIO IIPOAYKTa OIIpefiensaercs
HACBIITHas IVIOTHOCTD B COOTBETCTBUM C MeTonuKamu [4, 10-15].

Hapa6orka o6pasuoB TY npoBopmiach ¢ MHTEPBAIOM B 5 € IO NPORO/DKUTEIBHOCTH
Ipoliecca TPaHY/IMPOBaHMA JO MOMEHTA CTaOMIM3aIUV HACBIIHON IUIOTHOCTb IPOAYKTA —
nanee ¢ uHTepBaoM B 10 c. C Iebl0 CTaTUCTUYECKON OOpabOTKM JJAaHHBIX JIsI KaXK[[OTO
BPEMEHHOIO OTpe3Ka OBUIO IOATOTOBIEHO IO 3 o6pasma. 3a pes3ynbTaT OIpele/IeHMN
HACBhIIIHOM IUVIOTHOCTU IIPOJYKTA, COOTBETCTBYIOLIETO OIIPENE/IEHHONM IIPOJODKUTETbHOCTI
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npolecca, IPUHNMAIOCh CpefHee apuMeTHYecKoe W3 pe3y/lIbTaTOB  OIpee/IeHNs
moKasaresiei ijisi 3 06pasIioB.

IKCIIepMMEHT IPOBOAWIICA B BEPTUKAIbHOM IIOI0KE€HUY TPaHyIATOpa. [JaHHbI IOAXOZ
K peann3alyy dKCIepUMEHTa II03BOJIsAeT MOZIe/IMPOBATh MIPOLleCcC B KXK/I0 OT[e/IbHON 30He
TOPM30HTAJIbHOTO amllapaTra, Ipy 3TOM BpeMs INpOTeKaHMUsA IIpoliecca ISl BepTUKATbHOIO
MOJIOKEHNA YCIOBHO COOTBETCTBYET IPOMAEHHOMY IyTM IO [JIMHE TOPU3OHTA/IbHOIO
rpaHynATopa. Takke peanmmsanus Ipoliecca B BEPTUKAJIbHOM IIOTOXKEHUM IIO3BOJISET
n36e>xaTh 00pa30BaHNsA 3aCTOHBIX 30H B IPaHY/IATOpE IIPpY HeOOJIbIINX pa3Mepax aIlapara.

PCSYJIbTaTI)I " nX OGCY)KJICH]/IC

I'padmk, nmpuBemeHHDII Ha PUC. 2, HAILAHO JEMOHCTPUPYET CTaAMITHOCTD IIpoliecca
rpaHynmupoBaHMs. [l KaX[oil CTafuy XapaKTepPHbl MHAVMBUAYA/IbHbIE 3aBUCUMOCTY
HACBIITHOJ IJIOTHOCTY OT PO OJDKUTEIbBHOCT ITPOLiecca, KOTOPbIe MO>KHO OXapaKTepy30BaTh
KaK O/IM3KJe K JIMHEHBIM.

HaI cragym porecca (1o 35 ¢ BK/IIOUNTEIbHO) HAOMIOAeTCS IMHEHBI POCT HACBIITHOM
IUIOTHOCTY MaTepuaja. 3aBMCUMOCTb TOKOBOJ Harpy3Ky Ha MeIlIaJIKy B Havasle JAaHHOV CTa/iuu
TaK>Ke XapaKTepu3yeTCsl IMHENHBIM POCTOM C BBIXO/IOM Ha IUIATO B KOHIIe. [Toc/ie ocTaHOBKYU
poropa B Kaxpjoit Touke | cragum HabmiomaeTcs MHorodasHas cucreMa - IBUISIIUI
TEXHIYECKIUI YITIEPOJ] C TOTEHIIMATbHBIM HaM4/eM «3aPO/IBIIIEBBIX» IPaHy/I MAJIOTO pasMepa,
MexXasHbBI CJI0¥, IpefCcTaB/AmMii co00il IepeyBIaXHEHHbII 1Y, M BOXHBIN pacTBOP
CBs3yIoLIel T0OaBKY, YTO yKa3bIBaeT Ha He3aBePIIEHHOCTh IIpoliecca CMadyBaHMA.

Ha II cragum (¢ 35 pmo 40 ¢ BKIIOYMTENBHO) IIpolecca HabOmoopaercss S¢dexT
«TPaHy/IALMOHHOTO IIepeXofia» - 00pasyollasicss BHYTPY I'PAHY/IATOPa CUCTeMa IOTHOCTBIO
nepexofnT B ogHOo(dasHoe (rpaHy10nofo6HOe) COCTOsIHNME C OONIBIINM KOTMYECTBOM KPYITHBIX
¢parmenTos (puc. 3). Janubnt 3¢ deKT XapakTepusyeT OKOHYAHME MpoLiecca CMAYMBaHMSA —
BOJIHBIII PACTBOP CBsI3YIOILell J06aBKI TIOTHOCTHIO IIePeXOAuUT B CBsizaHHOe ¢ TY cocTosiHue.

3aBUCHMOCTY TOKOBOJ HAarpy3K) Ha MeIUajKe J HAacBIITHON IVIOTHOCTYM MaTepuasa Ha
[lAHHOM y4aCTKe YKasbIBaIOT Ha Pe3KUiT M KPaTKOBPEMEHHBII XapaKTep JAaHHOTO Iepexofa.
OpuuM 13 Hamboree BEPOATHBIX BapUAHTOB OODBACHeHMA SQQeKTa «TPaHYIALMOHHOTO
nepexofa» SIBIAETCA [OCTIDKEHME B Macce MaTepuana KpPUTUYECKOTO —COJep>KaHMs
«3apOJIBILIEBBIX» I'PAaHy/ MaJOro pasMepa. [IpuMeHeHMe CylLIeCTBYIOIIEro MeETOfa aHaIM3a
TPaHY/IALMOHHOIO COCTaBa He II03BOJIAET OIIPEie/IUTh COfiepKaHue MOJOOHBIX TPaHY/I — CUTa
3abuBalTca 6ompUIMM  KommdecTBOM — mbursimero TY. Jlna  aKcnepuMMeEHTaTbHOTO
HOATBEPXX/eHUA NaHHOTO IIPEAIIONIOXeHNsA HeoOXouMa pa3paboTKa CIIelaNTbHOIO MeTOfa
aHa/IM3a TPAHY/IIMOHHOTO COCTaBa C aKI[eHTOM Ha OIIpefie/ieHNie COfiepyKaHsI TPaHy/I MaJIoTo
pasMepa mpu 60JIBIIOM COfiep>KaHuy mplsiiero TY.
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Puc. 2. 3aBrCrMOCTb HACBIITHOI IVIOTHOCTY 00PA3I[0B M TOKOBOJ HATPY3KH Ha MELIa/IKe OT IPOJO/DKUTETBHOCTI
rpouecca

35¢ 40 ¢

Puc. 3. ViameHeHMe CTPYKTYpbI ¥ GOPMBI TpaHyIMPOBaHHON Macchl Ha II cTagym npomecca

OddeKT «TpaHyIANVOHHOTO Iepexofa» TaKXKe IOATBEPXAAeTCA pPe3KMM pPOCTOM
TOKOBOJI Harpy3Ky Ha MeIIaJIKe, BO3HMKAIOLIVM 32 CYET PE3KOTO YBeINYEHN s COIIPOTUBIEHN
MaTepuaja B IIpoliecce Iepexoa K IpaHy/IMpOBaHHON (opme.

Takxe HEOOXOAMMO OTMETUTD, YTO IIPY [eTAIbBHOM PACCMOTPEHNH TIONTy4eHHOIT Ha 40 ¢
TPaHY/LILMOHHOM MacChl YeTKO BUIHA CTPYKTypa KPYIHBIX (GparMeHTOB, KOTOpbIe
IPeJICTaBIIAIOT COOOI CIIMIIIINECS IPaHy/Ibl MEHBIINX Pa3MepOB.

Ha III cragum (c 40 mo 55 ¢ BK/IIOYMTENIBHO) Ipoljecca HAOIIORAeTCs CHIDKEHUe
VHTEHCUBHOCTY YBE/IMYEHMs HACBIIHONM IUIOTHOCTU. IIpm ycnoBum oxkoH4aHmMA Iponecca
cMauyBaHuA Bo Il craguy m3MeHeHMe JaHHON XapaKTEPUCTUKM COBMECTHO C yBe/lIMYeHUEM
orOrecka Ha IIOBEPXHOCTM TPaHy/l YKasbIBAalOT Ha IIPOTEKaHMUe IPOLECCOB YIUIOTHEHUSA U
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nuinpOBKM TpaHyI, a TakKe IlepepaclpefielieHNss TIPaHyTOMETPUYIECKOTO COCTaBa
IIOCPeiCTBOM paspylieHys 60/iee KPyIHbIX pparMeHTOB U YMEHbLIEHVEM CPeJHETO AuaMeTpa
(puc. 4). Habmoparomuiica pocT TOKOBOJ HAarpysky Ha MelIajKe B JAHHOM BpPeMEHHOM
MHTepBaze IMPEeIONOKUTETBHO OODSCHSAETCS M3MEHEHNEM XapaKTepUCTUK TPaHyIl,
IO/iBepraeMbIX paspylIeHNio, UcTupanmio, mmdoske. [To Mepe ImpoTekaHus mpolecca B
CHCTeMe OCTaeTCsl BCe MeEHbllle HEYIUIOTHEHHBIX XPYNKMX rpaHyl. Ilpum coxpaHeHuu
MHTEHCUBHOCTH TPAaHY/LALMOHHOIO Tlepepacipefie/ieHns BHYTPY CUCTEMbI ICTOUHUKAMMY /IS
HOOOHBIX MSMEHEHMII CTAHOBSATCA BCe O0JIee IPOYHbIe TPAHYIBL, A1 feOpMaIy KOTOPbIX
TpebyeTcs 60JIbIlIe SHEPTUN.

40c 45 ¢ 55¢

Puc. 4. Vi3ameHeHMe CTPYKTYpbl 1 GOpMBI TpaHyIupoBaHHOI Macchl Ha 11T craguu mpouecca

3aBepmaromas [V cTagua He MOAIEXNUT OFHO3HAYHON TpakToBKe. C OJHOI CTOPOHBDI,
3Ha4YeHMe HACBITHON IUIOTHOCTY, COITIACHO ANINpPOKCUMUPYIOLIeH JIMHUM, pacTeT IO Mepe
IpOTeKaHNUsA Mpollecca, ¢ APYToil — IaHHBIM POCT He IpeBbIIIaeT 3HaYeHMe CXOAUMOCTH /A
CTaHIAPTHOTO METOJia OIlpefie/ieHNsI JAaHHOTO IOoKas3aTessd. ToKoBass Harpyska Ha MeIlajike
CHIDKAeTCsA [0 CTabWIMsanMy HAaHHOTO IoKasarend ¢ 95 c¢. OTCyTCTBUMe CYLIeCTBEHHBIX
BU3Ya/IbHBIX M3MEHEHNII MaTepuana (puc. 5), MU3MEeHeHMIT HACBIITHON IUIOTHOCTY ¥ TOKOBO
HAarpyskyl Ha MeIUaJKy VKasblBaeT Ha CTaOWIM3aLMIO CHUCTEMBl BHYTPU TPaHYIATOPA,
VMHTEHCUBHOCTb I'PAaHY/IALVIOHHBIX M3MEHEHNIT 3HAUNTETbHO CHYMKACTCS.

Puc. 5. VIameHeHMe CTPYKTYpbI ¥ GOPMbI TPaHYIMPOBAaHHON Macchl Ha IV cragyu mpouecca
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BbIBOI[bI " peKOMEHTannmn

Takum o6pasoMm, B pesynbTaTe IPOBELEHHBIX JCCIENOBAHUII OBUIO BBIABIEHO, YTO

mporecc (bOpMI/IpOBaHI/IH T'paHy/I IIPOMCXOAUT B YETbIPE CTaINIL:

1. CmaunBanmue meingmero TY.

2. I'panynALMOHHBIN IIEPEXO.

3. Craiya MHT€HCUBHBIX TPaHY/IALVIOHHbBIX M3MEHEHMIA.

4. Crabunmsanys rpaHy/IsIVIOHHBI ISMEHEHUI.

Kaxxsjas 13 npecraB/IeHHbIX CTa/INii B IPOMBIIUIEHHBIX TPAHYIATOPAX paclpeie/ieHa 1o

[J/IVHE allTllapaTa I UMEET pa3/INIHbl€ MOIITHOCTHDIE XapaKTECPUCTUKN.

10.

11.

12.

13.

14.

15.
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Knouesuvie cnosa: Annomauus. V3yueno 6nusHue pasnuuHbix OUCNepeamopos Ha 8pems OUCHEPeUPOBAHUS
nueMeHMHAA nacma, NUeMEHMHOL  NAcMbl  KAMagQopesHoli 2PyHIMOSKU U HA HEKOmMopble C60TiCIea
kamagopesHas cpopmuposartozo noxpuimus. Ilokazaro, 4mo Oucnepeamop Ha 0cHO6e HeUOHOLEHHBIX
2pyHmMO6Ka, cmenenb IIAB (mempamemunoeyurouona) 6 smuneHeaukone no3eosniem Oucnepeuposamo
nepemupa, nueMeHmpl U HANOTHUMENU 6 600HOTI cpede 00 mpebyemoti creneHu OUCNEPCHOCTU
oucnepeamop uacmuy, ~15 mxm (no pundomempy) 3a mumumanvHoe epems. IIpu ucnonvzosamuu

0arnH020 Ouchepearmopa HAOII00AIMC HAUNYHUALE CBOLICNEA NOKPbITNUL.

s quTpoBaHus:

Kombuos W.I., Mnmpbun A.A., Munocnasckas B.B., Xnonotuaun A.Jl. TexHonmormyeckyue u sKCIUIyaTalyOHHbIE
cBoJicTBa KaradopesHoil IpyHTOBKM // Om xumuu x mexHonozuu wiae 3a wazom. 2025. T. 6, Boim. 2. C. 57-64.
URL: https://chemintech.ru/ru/nauka/issue/6013/view

BBenenmne

O6BeM pbIHKA 3/1eKTPOOCAX/aeMbIX MAaTePUaIOB pacTeT B CpefHeM Ha 5% B rof. 9To
IpeXKfie BCeTO OOYCTIOB/IEHO Y)KECTOYEHNEM 3KOMOIMYECKMX HOPM, yBeIMYeHueM 00BbeMOB
aBTOMOOW/IBHOJ IPOMBIIUICHHOCTM, B YacTHOCTM MMPOBOJ TEH[EHLMM Ilepexoja Ha
37IEKTPOMOOW/IM, IPOMBIIIIEHHBIM ¥ KOMMEPYECKUM CTPOUTENbCTBOM, IIPOM3BOACTBOM
6biToBOMT TexHuMKM [1,2]. Marepuainel, 3/leKTpoocakiaeMble Ha KaTofe, 00eCIeYyBaroT
OT/INYHYIO KOPPO3VOHHYIO 3aIUTY META/IMYECKIX V3/Ie/INI1, PABHOMEPHYIO TOJILVIHY ITIEHKI
JlakKe Ha V3Je/VAX C/IOXKHOJ (OpPMBI, BBICOKYIO NPOM3BOJAUTENIBHOCTb OKpalumBaHus [3].
CoBpeMeHHbIe KaTadope3Hble IPYHTOBKY IIPEJICTAB/IIOT COO0JT IBYXKOMIIOHEHTHYIO CUCTEMY,
COCTOSIIYIO U3 JUCHEPCUI OCHOBHOTO CBSI3YIOIIETO ¥ MMTMEHTHOI HacThl. [I1s obecredeHns
IIOCTOSIHCTBA ~ IIAPaMeTPOB  pabodyero pacrBopa B BaHHE ¥  CBOWCTB  IIOKPBITHSA
9/IEKTPOOCAKIAAEMOT0 Ha KaTofe MaTepuaga, OCOOEHHO B  YCIOBUAX MAacCOBOTO

IIPOMBINIIEHHOTO IIPOM3BOJACTBA, H€O6XO,'E[I/IMO, YTOOBI NCIIO/Ib3yeMbI€ KOMIIOHCHTDI O6bUIN

© . T. Konb1ios, A. A. Vnbun, B. B. Munocnaeckas, A. JI. Ximonmotunus, 2025
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CTabWIBPHBIMM B Ipoliecce 3KcIUTyaTanyy [4-6]. Ocobble TpeGOBaHMS IPeNbABAIOTCI K
IUTMEHTHOJ ITacTe, KOTOpasi IpefiCTaB/sieT coO0il CyCIIeH3VI0 MMTMEHTOB Y HAaIlO/THUTETIeN B
CHHTETMYeCKOI cMoJIe ¢ JobaBKaMM Iie/leBOro HasHaueHus. [Ipy mponsBojcTBe MUTMEHTHBIX
IIaCT CaMbIM Ba)KHBIM, CJIOKHBIM U 9HEPro3aTPAaTHBIM 3TAIllOM SABJIAETCA JUCIEPTUpOBaHE
NUTMEHTOB. [Ipy 9TOM HeoOXOAVM NPaBW/IbHBI MOAOOP AMUCIEPIUPYIOIINX HoOaBOK [7,8].
OCHOBHbBIE C/IOKHOCTY BK/IIOYAIOT B ceb [9]:

1. [IpemoTBpaleHne NOBTOPHOI (HIOKY/IANY AMCIEPTMPOBAHHBIX YaCTHUII.

2. Bpicokoe NMOBEPXHOCTHOE HATsDKEHME BOJbBI 3aTPYAHAET CMadMBaHMe ITOBEPXHOCTU
HUTMEHTOB, 00/1a[JaAl0IIMX HI3KOJ TOBEPXHOCTHON 9HEpI1el.

3. Beicokoe coepskaHue NOJISIPHBIX IPYI BOOPa30aBIIsieMOil CMOJIBI.

B pabore [10] paspaboTaHa TeXHO/IOTHA MOTyYeHN I MMTMEHTHON IacThl KaTaope3HO
TPYHTOBKM Ha OCHOBE 3IIOKCMAaMVHHOTO OJIMTOMeEpa.

Ilenr HacroAmeit paboTbl - WU3ydYeHMe BIVMAHNUA PasINYHBIX AUCIEPTaTOpPOB,
VICIIO/Ib3YeMBIX TIPM TIOJIyY€HUY IUTMEHTHBIX IIacT KaTadope3HOM TIPYHTOBKM, Ha
TEXHOJIOTMYECKIE CBOVICTBA MaTepMaa M SKCIUTyaTallIOHHbIE CBOVICTBA OKPBITHS.

OCHOBOJI MUTMEHTHOJ MacThl KaTadOpe3HON IPYHTOBKY SIBJIAICSA BOZOPa36aBIsieMblil
HeJTPa/IM30BaHHbI YKCYCHO KHICIOTOM SMOKCMAMMHHBIN afgfyKT (puc. 1), mMeromuit
CIIeAYIOLIE XapAKTEPUCTUKN: KaXKyIllasAcAd BA3KOCTb 6.24 Ila-c; MaccoBas [o/IA HeNeTy4ux
BelecTB 57.2%; wIoTHOCTD 1.02 r/cM?; TemmnepaTypa Berbimky 58 °C [11-13]. JlaHHBI afjfyKT
ObUI HAIIOJTHEH JVIOKCUIOM TUTaHA, KAOTMHOM, CylIb(aToM Oapuisi, YIIepOoJHOI CaXeil.
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Puc. 1. O6mas cTpykTypHas GpopMya SIIOKCHaMIHHOTO affyKTa HEeTPaIM30BaHHOTO YKCYCHO KMCTOTOI

CreneHb HamnonHeHMs cocraBsina 14.5% o6. IlpeppucneprupoBaHye NUTMEHTHON
IacThl MPOBOAWINM Ha amcconbBepe Dispermat LC-110 (mpomssomctBa VMA-Getzmann) ¢
JICIIOIb30BaHVeM (pe3bl TPV OKPY>KHOI CKOPOCTH ~6 M/C B TedeHMe 15 MUHYT. [JucriepcHOCTD
IIOC/Ie JAHHOM CTajuy OLeHMBamyu 1o TpuHAoMerpy. OKOHYaTe/IbHOE [UCIEeprMpoBaHye
IPOBOAVIOCH Ha IIOTPY)XHOU OmcepHoit MenbHuie Dispermat LC-110 mpu nmHeHOM
cKkopoctu 7.5-7.8 M/C 10 BOCTVDKEHMS CTelleHN nepetnpa 15 Mxm [14,15].

Ina msydeHMsa BIMAHMA TPUPOABI SUCIEPraTOPOB Ha TEXHONIOIMYECKME CBONCTBA
MaTepuaa ¥ 9KCIUTyaTaljiOHHbIe CBOMICTBA IIOKPBITUA MCIIO/Ib30BA/IN CIIEAYIOIINE BEIleCTBA:

1. Iucnepratop Nel — mpo3padHas Mac/IAHUCTAA >KUAKOCTD, IIpeAcTaByaeT coboir 50%

PacTBOp CMeCU ITIOBEPXHOCTHO-aKTUBHDBIX BE€IIECTB (He COEPIKUT CI/UII/IKOH) B 3TUJICHIJINKOJIE,
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PEKOMEHJyeTCsl I/ NPUMEHEHNA B BOJAHBIX CUCTeMaX. JTOT AMCIepraTop obecredmBaer
e pIOKKY/IALVIO INTMEHTOB IIOCPEICTBOM 3/IeKTPOCTEPUIECKON CTaOMIN3aIUIL.

2. Jucnepratop Ne2 - mpo3padyHass >KUAKOCTb C JIETKMM JKEITbIM OTTEHKOM,
npepcraBiAeT coboit 50% pactBop HemoHoreHHoro IIAB (TeTpameTmnmenvHAMON) B
STWIEHI/INKOJIe, PEKOMEH/YeTCsl IS NMpUMeHeHNUs B BOAHBIX cucreMax. OH obecrednBaer
e pIOKKY/IALVIO IUTMEHTOB IIOCPEICTBOM 9/IEKTPOCTEPUIECKOI CTaOMUIM3ALIL.

3. Iucneprarop Ne3 — >KenTO-KOpMYHEBas BBICOKOBA3KAasA XKUIKOCTb, IPECTABIIAET
c060it 50% BOFHBI pacTBOP MOAVIPHUIMPOBAHHOTO AKPYIOBOTO COIIOVIMEPa, PEKOMEH/IYeTCA
JUIA TpUMEHEHMs B BOJHBIX CHUCTeMaxX, oOecrmedrBaeT HeIOKKYIALNIO HUTMEHTOB
IIOCPEJICTBOM CTePMYECKOI CTaOVIM3aL M.

Bpimy M3roToB/IeHBI YeThIpe 00paslja MMIMEHTHOI ITacThl KaTadOpe3HOI IPYHTOBKM CO
CTIeRYIOLIVIM COfiep>KaHyeM (QYHKIMOHAIbHBIX 100aBOK:

1. O6pasen Nel - ¢ 1% macc. gucnepraropa Nel.

2. O6pasen Ne2 - ¢ 1% macc. gucnepraropa Ne2.

3. O6pasen Ne3 — ¢ 1% macc. gucniepratopa Ne3.

4. O6pasen Ne4 — o 0.5% macc. gucnepratopa Ne2 m Ne3.

OCHOBHBIM CBA3YIOIIMM B JIBYXKOMIIOHEHTHOJI KaTaOpe3HON TI'PYHTOBKe ABJIA/IACH
BOJIHAs JVICIIEPCHUS STTOKCUAMMHHOTO afifyKTa C 0JIOKMPOBAaHHBIM TONYWICHANN30IIaHATOM B
pOMM CIIMBAIOIIETO areHTa u [Ao0aBKaMy IIelIeBOTO Ha3HavyeHNUdA. BopmHasa pucnepcus
SMOKCMAMMHHOTO afIifyKTa MIMe/Ia CTIeAYIOLEe XapaKTePUCTUKI: KaKymasacsa BaskocTb 0.25 Ia-c;
MaccoBas JIoNA HeleTydmx BelecTB 37.1%; mmotHocTb 1.05 r/cM’; TemmepaTypa BCIBILIKYI
97 °C; BogopoyHblit Tokasatenb (pH) 5.51 ef.; MMIIMAOKBUBaIEHT KUCIOTHI 35.4 MMOJIB/T.

KaranmsaTopom mporecca OTBEPXKJEHNA CIYKWI OKCUJ, JUOKTUIONOBA B KONMMYECTBE
3.3% macc.

CocraBneHne KaTa)ope3HOV I'PYHTOBKM IPOBOAM/IOCH IIPU COOTHOLIEHUN OCHOBHOE
CBA3yOLIee: MUTMEHTHAA MacTa 5:1 mo mMacce. PacyeTHasa MaccoBas JO/A HENETYy4YMX BEleCTB
cocTaB/IAIa 0Kosio 20%, B KadecTBe pa3baByTe LA MICIIONb30BAIACh IeMIHepaI30BaHHaA Bofia [16].

[l cocraBnenus Karadope3HOV TPYHTOBKY B €MKOCTD C JJleMIHEPaTN30BaHHOI BOZOI
Ipy TepeMeIlVBaHNM JIOTIACTHON MEIIAJIKOM C OKPY>KHOJM CKOpOCTbIO 1.5 M/c BBOAMIOCH
OCHOBHO€ cBAsywlee. IlepeMenmnBannue IOMy4€HHON CMECK OCYIIECTBIANOCh B TEYEHNE
15 MMHYT, a 3aTeM HeOOIbLIMMY HOPUMAMM IIPK NepeMeIlBaHNA HO03MPOBA/IM IUTMEHTHYIO
nacty. Crabummsannio Katadope3HON TPYHTOBKM HPOM3BOAMIN B TedeHMe 24 4acoB IpuU

IIOCTOAHHOM IlepeMellVBaHNY JIOIIACTHON MeILa/IKOI C OKPY>KHOI CKOpOCTbhIo 1 M/c.
IKCcIepUMeHTAaTbHAs 9aCTh

Kaxxymyrocss BA3KOCTb CMOJI ¥ IUTMEHTHBIX IIACT C Pas3/MYHBIMU [UCIEPraTopaMu
ompegersym npu Temneparype (23.0+0.2) °C mo Buckosumerpy bpykdmmpma (tum A,
WIIVHAEb — OUCK N3 [1d gucrnepcun M MUTMEHTHBIX IACT; OUCK Ne4 [iid mucrieprupyronien
cmorbl) mpu 20 06/mMuH [17]. MaccoByro IOMIO HeIeTy4uX BEIIeCTB B CMOJAX, MOTyYeHHBIX

o0pasiax IUTMEHTHBIX ITacT M KaTaope3HbIX I'PYHTOBOK ompepensiyu mno [18], mpu atom

59



OT XUMHUHU K TEXHOJIOTHH [RITEARETNIIUY TOM 6, BbIMYCK 2, 2025

HaBecKa JCIbITyeMoro obpasma cocrasimana 1.0+0.1 r, Bpemsa cymkn npu 180 °C B TeueHne
30 munyT. IImotHOCTH cMON omnpepernsum 1o [19] mpu 20 °C, Temneparypy BCIBIIIKY CMOJ B
3aKpbITOM THITIe onpefersimy 1o [20]. [TokazaTenb KMCTOTHOCTY JUCTIEPCHUI Y IOTyI€HHbBIX
KaTaOpe3HbIX TPYHTOBOK OImpefessiny mpu Temreparype 25 °C mo [21], MWIIMIKBUBaIeHT
KJICJIOTBI BOJZHOJ AVICTIEPCUY OIIpefesIsn 10 [22], yaenbHYy0 3/IeKTPUIeCKYI0 IIPOBOANMOCTD
- 10 [23].

CenyMeHTanyss KaTaOpe3HbIX TPYHTOBOK OILEHUBAIach CAEAYOLUMM 00pasoM: B
CTEK/ISIHHBI cTakaH 1o [24] BMectumocTbio 600 cM’ HanmMBamyu MpoOy TPYHTOBKM Maccoit
500.0+1.0 r Ha Becax ¢ kimaccoM touHoctu II [25]. Jlamee HakpbIBamy CTakaH KPBILIKOV ¥
OCTaBJIA/IM B IIOKOE Ha 72 4 B MeCTe, I7ie OTCYTCTBYET BO3/IEICTBYIE IPAMBIX COTHEYHBIX JTy4en
IpY KOMHATHOI Temmeparype. Ilo mpourectBuio 72 4 6e3 mepeMelINMBaHNs VICIIBITYEeMBIi
obpaser] nepeMeIInBa JTOIMACTHON MELIATKO ¢ OKPY>KHOI CKOPOCTBIO 2.5 M/C, IpU 3TOM
JIONaCTHasA MeNIaJKa paclojarazach Ha paccrosaHumn 1 cMm or gHa crakaHa. OuenuBanm Bpems
no [26], 3a KOTOpoe IOJHOCTBIO BMEUIMBAICSA B pacTBOp KaTadopesHON TI'PYHTOBKYU
00pa3yoIINiics 0CaToK.

BHemrHui1 BUA MOKPBITVSA ONPee/IsUIN 110 [27], TOMIHY OKPBITIA OIIpefersm 1o [28],
IPOYHOCTD IOKPBITHUA IPY PACTHKEHNN 10 DPUKCeHY [29], IPOYHOCTb MOKPBITUIL IPU YAApe
[30] Ha mpubope Y-la (mpsMoit yaap), afresus MeTOOM pelLIeTYaThIX Hazfpe3oB [31], 6meck
[32], CTOMKOCTD K BO3[IEIICTBMIO 5%-HOTO COIAHOTO TyMaHa (paclpocTpaHeH)e KOPpPO3UN OT
Hagpesa) (metop b) [33].

Ilna um3ydeHMs BIMAHMA MCIO/Nb3yeMbIX (PYyHKI[MOHAIbHBIX JOOABOK Ha CBOJICTBA
(dbopMupyeMBIX IOKPBITUII HAa OCHOBe KaTaOpe3HOi I'PYHTOBKM IPOBOAVIIVCH CIERYIOIIVe
UCIIBITAaHNA.

KaragopesHas rpyHTOBKa HAHOCH/IACh HAa CTaTIbHBIE IVTACTUHBI 08IIC C IIpefiBapUTe/IbHO
noy4eHHbIM croeM docdara 1yHKa [34-36]. B kauecTBe MPOTUBO3IEKTPOA MICIIOTIB30BATIACh
IUIaCTMHKa U3 Hepikasetomeir ctamu mMapkyu 08X18H10 [37], cooTHOLIeHMe KaTOXA: aHOJM II0
wromamyu (4:1). B ponyu ucTOYHMKA ITOCTOSTHHOTO HAINpsDKEHMs CIY>KIWI IpeoOpasoBaresib
I1-TPII-15-400, xOTOPBIN BBIAABAI 3HaUeHNA HanpspkeHuA fo 400 B. Temmeparypa pabodero
pacTBOopa KaradopesHOV TI'PYHTOBKM MOfAfepKuBamach B amamasoHe 30.0-30.2 °C. Bpems
HaHECEHN A MTOKPBITHA B BaHHE COCTaBIIANO 150 ¢, mpu moTeHuuocraTnieckoM pexnme 290 B.
ITocne HaHeceHMA MOKPHITHA IPOMBIBATINCH AVCTU/UIMPOBAHHOI BOJION, /lajiee TOMELaINCh B
CYIIM/IbHYIO KaMepy, IZie TPOMCXOAMIO TEPMMYECKOE OTBEP)KIEHME IOKPBITUIl IIpu
Temiepatype 165 °C B TeueHne 20 MUHYT 3a c4eT pa36IOKMPOBAHHBIX M30LMAHATHBIX IPYIII C
TUAPOKCUIbHBIMY Tpymmamu [38,39]. TIokpeITus mepey MCIBITAHNAMY BBITEP>KMBAIICh TIPU

KOMHATHOM TeMIlepaType B TedeHue 1 CyToK.
O6cyxpmeHne pe3yIbTaToB

B mepByto ouepenp B pabore ObIIO M3y4eHO BiysHMe (YHKIMOHATbHBIX JOOABOK Ha

IIpounecc ANCIEPTUPOBAHNSA INMTMEHTHDIX ITACT. PC3YHbTaTbI IIpMBENEHDI Ha PUCYHKE 2.
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Puc. 2. Biusanue BpEMEHU AUCIIEPTVPOBAHNA Ha CTEIIEHD II€PETVIPa MMTMEHTHBIX I1aCT

HeobxoauMmas creneHb IepeTypa MUTMEHTHOI HacThl (15 MKM) mocTuraercsi ObIcTpee
BCETO ITPM MCIIO/Ib30BAHMY JCIIepraTopoB Ne2 1 cmecu aucriepratopoB Ne2 u Ne 3 (o6paser Ne4).
HexoTopble rIoKasarte/y MoTy4eHHBIX I1ACT IpUBe/eHbI B Tabmuie 1.

Ta6muma 1. IToxaszaTtenn kaTadopesHbIX IUTMEHTHBIX IacT
| O6pasen Nel | O6paser Ne2 | O6paser Ne3 | O6paser; Ne4
VlcxomHble IMoKa3aTenn

IToxasaTenp

Kaxxymascs BAsKocTb, [1a-c 2.78 2.05 1.82 1.92

MaccoBas fons He/lleTy4nX BelllecTs, % 55.6 55.1 554 554
CreneHb nepeTnpa, MKM 15 15 15 15

IToxasaTenu mocne BbIEP)KKM B TedeHMe 3 MeCALeB

Kaxymrasacs BaskocTb, [1a-c 5.90 2.89 2.33 2.55
Vsmenenue BA3KoCTH, % 112 41 28 33

MaccoBas oA HeleTY4MX BeIeCTB 55.7 55.2 55.7 55.5
CreneHb epeTnpa, MKM 15 15 15 15

CreyeT OTMETUTD, YTO BCe 00pasIbl MATMEHTHBIX IACT VIMEIOT IIPUOIN3UTETTHBHO OfHY
U Ty YK€ MaCCOBYIO IO/II0 HEJIETY4YMX BELECTB U CTeNeHb nepetupa. IIpudeM, BpeMs BbIIEep>KKI
NUTMEHTHBIX IIaCT B 3aKpbITOJ Tape B TedeHMe 3 MecAlleB 0e3 BO3MEVICTBUA IPSAMbIX
COJTHEYHBIX JIydell IpU KOMHATHOM TeMIIEpaType INPaKTUYeCKM He CKas3bhIBAeTCA Ha ITUX
napaMeTpax. HabmofaeTcsa To/bKo BIMAHNE IPUPOABI PYHKIMOHAIBHON 100aBKY ¥ BpEMEHN
BBIIEP)KK) Ha KXYIIYI0 BASKOCTh macT. O6paser Nel mMeeT caMylo BBICOKYIO Hada/lbHYIO
Ka)XYIIyIOCS BA3KOCTb, KOTOpas HapacTaeT OBICTpee BCero B IIpoljecce XpaHEeHM.
9T0, BEpOATHO, YKa3bIBaeT Ha TO, YTO MCIIO/Ib3yeMble AVICIIepraTopbl (0COOEHHO AMCIIepraTop
Nel) IJIeHKOOOpasylomeit
C TexXHO/NOIMYeCKOJ TOYKM 3peHNdA, B IUTMEHTHOJ IIacTe palMiOHa/lbHENl MCIO/Ib30BaTh

CYIIECTBEHHO BIMAKT Ha CTPYKTypUpOBaHUeE CHUICTEMBI.
pucriepratop Ne3, rmacra ¢ KOTOPbIM MM€EET MUHMMA/IbHYI0 Ha4a/IbHYI0 KaXXYL[YIOCA BA3SKOCTb

" TEMII €€ HapaCTaHNA CO BpEMEHEM.
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HPI/I JCITIO/Ib30OBAaHUN o6pa3u0B IIMTMEHTHDBIX IIaCT C pa3/INYHbIMU AUCIIEPraTOpaMU

OB/ COCTaBJIEHbI KaTa(l)Ope?)HbIe TPYHTOBKI IIO CXEME, OIIMICAHHOW BBIIIIE. PC3YHbTaTbI
NCCIEfOBaHNA IIOTYI€HHDBIX TPYHTOBOK IIPMBENCHBI B Ta6m/[ue 2.

Ta6mima 2. XapakrepyucTuky 06pasioB KaTapOpesHbIX IPYHTOBOK

HaumeHoBaHMe TOKa3aTeNsA Obpasen Obpasen Obpasen Obpasen
Nel Ne2 Ne3 Ne4
pH 5.35 5.40 5.32 5.32
YnenpHas aneKTpudeckas IpoBOANMOCTb, MKCM/cM 1538 1560 1547 1563
MaccoBas fons HelneTy4nx BellecTs, % 19.95 20.01 20.09 19.99
CemuMeHTaLVIA, C 205 172 211 187

YCTaHOBTIeHO, 4TO IIpMpoAa UCIIONb3YEMbBIX OUICIIEPTATOPOB OKA3bIBACT BIIMAHNE TOTBKO

Ha Ce[MMEHTALMIOHHYIO YCTOIYMBOCTh IPYHTOBOK. Ob6pasel] IpyHTOBKM Ne2 IeMOHCTpUpPYeT

JOCTAaTOYHO BBICOKYIO CENMMEHTALMOHHYIO YCTOWYMBOCTD, IPU BbBIEP)KKE TPYHTOBKM B

TeyeHue 72 4acoB 00pasyeTcsi 0CafioK, KOTOPBIil IIOTHOCTIO BMEIIBAeTCs B TedeHue 172 c.

YcranoBneHoO, 4TO NPUPOJia JUCIEpraTopa He B/IMAET Ha SKCIUTyaTallIOHHbIE CBOJICTBA

dbopmupyeMbIx HOKpbITHIL. Bce mpuBepeHHble B Tabmuile 3 mapaMeTpsl MMEIOT OJIM3Ke

YICTI€HHblE 3HAYEHM:, 332 MCK/IIOYEHMEM CTOVMKOCTM IIOKPBITUA K BO3JAEVICTBUIO 5%-HOrO

pacTBOpa COIAHOTO TyMaHa. PacripocTpaHeHne Koppo3nu OT Hafipesa Ajid 00pasiia IPYHTOBKI

Ne2 cniycra 1500 4 HauMeHblIIEe.

Ta6muma 3. CBolicTBa IIOTYYeHHBIX OKPBITHI

HauMeHOBaHIe IOKa3aTeIA O6pasen Nel O6paser Ne2 O6paser; N3 O6paser; Ne4
OnHopopHoe, OpnopopHoe, OpnopopHoe, OnHopopHoe,
. I71afiKoe, 6e3s I71agKoe, 6e3 I71agKoe, 6e3 I71afiKoe, 6es
BremrHuit By
KpaTepoB, IIOp U | KpaTepoB, IIOpP M | KpaTepoB, IIOp U | KpaTepos, IIOP U
MOPIIVH MOPIIVH MOPIIVH MOPILVH
Tonmmaa, MKM 18-20 18-20 18-20 18-20
II
POYHOCTD ITOKPBITYSA NIPU 8.1 83 83 8.2
PacTsDKEHUN 10 DPUKCEHY, MM
II
POYHOCTD ITOKPBITHS IIPK 50 50 50 50
yaape, cM
Anresus, 6ann 0 0 0 0
bneck, eqyani npu yrie 20° 19-22 18-21 19-22 19-22
mpu yriie 60° 66-69 64-67 63-66 65-68
mipu yrie 85° 92-94 91-93 91-93 92-94
CTOMKOCTb K BO3JIEMICTBUIO
1500 1500 1500 1500
5%-HOro COISTHOTO TYMaHa, 4
C paCl‘IPUOCTpaHeHI/IeM 19 15 18 17
KOppo3Mell OT Hajpe3a MM,

BriBonb1

Takum o6pazom, obOpasen; kaTadope3HOM TIPyHTOBKM N°2, NMMUIMeHTHas IacTra [y

KOTOpoil ObUTa TIIONy4eHa C MCIO/Nb30BaHMEM pacTBOpa HeMoHoreHHoro IIAB -

TeTpaMeTWIJeIMHAMOMa, o0ecreynBamlero nedIOKKY/IALMI0 MUIMEHTOB IIOCPefiCTBOM
cTabMIM3anm, MeeT TeXHOJIOTMYECKIe 174

371eKTPOCTePUIECKOI HayIydime

JKCIITyaTalIOHHbIE CBOJICTBA.
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106epPXHOCHO20 0715 4enosexa u OKpyxawouseil cpedvi, a makie OeUUUMHOCMU U BbICOKOU UeHblL
71051, AKMUBHOCHb coeduHeHUli 6aHAOUA mpebyemcs npou3so0ums nepepabomyy 0e3axmusuposaHHbLx

6aHAOUEBDIX KOHMAKMHbIX MAcc. B ceA3u ¢ amum 603Hukdem Heo6X00UMOocmy
onpedenenus NPUUUH 0e3aKMUBALUU CEPHOKUCTIOMHBIX BAHAOUEBVIX KAMANUZAMOPOB
mapxu CBJ] nocne ux sxcnnyamayuu. Bce uccnedosantvie 06pasuvi umerom HU3Kyw0
YOEbHYI0 NOBEPXHOCMb U NOPUCIOCMb, MO YKA3bI6aAem HA Pa3pyuieHue HOCUMEN.
Penmeenocnexmpanvruiil ananus ceudemenvcmsyem o Huskom codepicanuu V;0s.
Omo ceA3aH0 ¢ Hanuuuem npumeceil 6 ouamomume. OKCUObL ANIOMUHUSL U JHere3a
83aUMO0eliCBYIom ¢ NUPOCyTbPo8aAHAOAMOM KANUS, 8 pe3ynvmame Mot peakyuu
006pasylomcs aniomo- U Jese3okanuesvle Keacybl U, Kax cnedcmeue, 6bidesgermcs
kpucmannuueckas @asa V,0s, umo npusooum Kk peskomy USMeHeHUI cocmasd u
CB0UICIE AKMUBHO20 KOMNOHeHMA U 00yCr06nu6dem NOHUNMEHUe aAKMUBHOCTNU.
Pesynvmamur  penmeenozpaguueckux — uccnedo8aHuti  NOKA3vlearOm, Mo  6ce
uccnedyemvie  06pasyvL  codepycam — kpucmannudveckue  Popmvl  ouamomuma
npeumyu4ecmeenHo 6 6Ude 8blCOKOMeMNEPAMypHoLl MOOUPUKaUUU — KpUCmoobanuma.
3HauumenvHoe KOU1ECME0 KPUCMOBAIUmMa npusooum K HapyuweHu MexaHu1eckoti
NPOUHOCHU 2PAHYL U HU3KOTI YOenbHOLl HOBEPXHOCU.

T nuTHpoOBaHMA:

Amxosa I.H., Cvupros H.H., T'pummn N.C., Kyaun A.B., Xanamos A.A. [lesakTuBaius CEpHOKMCIOTHBIX
BaHa/[MEeBbIX KaTa/M3aTopoB Ha Ayaromute // Om xumuu k mexnonozuu waz 3a wiazom. 2025. T. 6, Bbi. 2. C. 65-72.
URL: https://chemintech.ru/ru/nauka/issue/6013/view
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BBengenue

OTnM4YNTENbHON YepTOil COBPEMEHHOTO PasBUTUA XMMMUYECKON IIPOMBIIITIEHHOCTH
ABJIAETCA INMPOKOEe IIPYMEHEHNe KaTaIM3aTOpPOB, KOTOpbIE CIIOCOOCTBYIOT IIOBBIIICHNIO
IMPOM3BOJAUTEIbPHOCTY TPYAQ, YIYYIIAT KadyecTBO IPOAYKLMM, IMO3BOJAIT 3HAYMTENBHO
CHIDKATB ee cebecTonMocTb. OXHAKO, VX MCIIO/Ib30BaHME CONIPSDKEHO C TeM, YTO KaTaIi3aTOPbI
PV 9KCIUTyaTalM Ae3aKTUBUPYIOTCS IO L[eJIOMY Py IpUYNH, O0YCTIOBIEHHBIX YCIOBUAMUI
UX MCIIONb30BaHUA, KAa4eCTBOM IIepepabaTbIBa€MOrO ChIpbA ¥  (PUMKO-XVMUYECKNMU
CBOJICTBaAMM CaMMX KaTaau3aTOPOB.

KaTtanmsaToppl Ha OCHOBE OKCHUJOB BaHaJMs HALUIM IIMPOKOE IIPMMEHEHNE B
IPOM3BOACTBE BAKHBIX IIPOMBIIUIEHHBIX IIPOAYKTOB (CEepHOM KMCIOTHL, (pTameBoro
aHTMAPUJA), @ TAKKE /IS OYVMCTKY TEXHOJIOTMYECKMX Ta30BbIX BBIOPOCOB OT OKCHUJIOB a30Ta.
AHa/nN3 COBPeMEHHBIX MICCIENOBAHMUI TIOKAa3aJl, 4YTO CUCTEMBI Ha OCHOBE OKCMJA BaHA[MA Ha
Pa3IMYHBIX HOCUTE/IAX IIPEACTABIIAIOT O0JIBIION HTEpeC /I IPUTOTOB/ICHM KaTaIN3aTOPOB
B 00/1acTV TepepaboTKM IPYPOJHOTO ra3a U OPTaHMYECKOTO CHMHTe3a. VIX NpUMEeHSAIOT A
CETIeKTMBHOTO OKIC/IEHNSA MeTaHO/MAa M MeTaHa A0 (opManbiernaa, IMOMMMepU3aun
oneHOB, MPAMOTO IpeoOpa3oBaHMA MeTaHA B apoMaTHYecKue coefuHeHms u ap. [1,2].
BanagueBble KaTanmsaToOpbl OKMCAEHMA [AMOKCHU[A CEpbl TNPUMEHAKTCA B XUMUYECKON
IPOMBIIIJIEHHOCTY € Hayajaa TPMUALATBHIX rofoB [3]. Jlo HacTosAImiero BpeMeHM CO3aHO U
9KCIUTyaTHPYeTCs HeCKOIbKO TUIIOB BaHAJMeEBBIX KaTaau3aTopos [4-6]. BakHbIM sTamom B
PasBUTUM CEPHOKMCIOTHOIO KaTalu3a SABWIOCh CO3[aHM€ HACHIIEHHbIX KaTalM3aTOpPOB.
OpHuM 13 IepBBIX KaTamM3aTopoB pmaHHoro tuma cran CBJ] (cynpdoBanamueBblil Ha
puatomute). CBJl mpocT B M3rOTOB/IEHNUM, MOCTQTOYHO IIPOYEH U VMeeT HU3KYI0
ce6ecToMMOCTb Ipy U3roTOBIeHNN. K OCHOBHBIM HEZOCTATKaM MOYKHO OTHECTH 3aBUCHMOCTD
€ro CBOJICTB OT MCIIOJIb3YEMOTO ChIPbs [7].

ITo cpaBHEHMIO C APYTMMM KaTaIM3aTOPaMy, CPOK CITY>KObI BaHaVeBbIX KaTa/lIN3aTOPOB
OTHOCKUTENIbHO 60bInoit. KaTammsaTopbl €XerogHo IpOCeMBalOT, 00A3aTeIbHO CHMMAs
BEPXHMII C/IOJ M OIVH U3 MOCIEAYIOIMX CI0€B 0 o4depenu. IloTepu BOCIOMHAIOT CBEXNUM
KaTam3aTopoM. OOBIYHO pa3 B 5-10 j1eT KaTamM3aTop 3aMeHsI0T MOTHOCThI0. HempaBunbHoe
XpaHeHMe U JICI0/Ib30BaHMe KaTaI3aTopa MOXKeT 3HAUUTETbHO COKPATUTDb CPOK €T0 CIIY>KOBI.
ITpu xpanenuy Hanboee omacHa Biara [7], Tak kak cBo6opHbI SO3 MOXKeT TMAPATUPOBATHCS
¢ obpa3oBaHMEM CepHOII KMCIOTHL. IIpy 3TOM Ha IMOBEPXHOCTM KaTalu3aTopa IOABJIAIOTCA
KpaCHOBATbI€ IIATHA, YTO BEJET K ITOTEpe MPOYHOCTH M Pa3PYIIEHNIO KaTalIN3aTopa.

C yueToM poOCTa IPOM3BOACTBA CEPHON KICIOTHI YBEIMYMBAETCSA M HMOTPEOHOCTD
IIPOMBIIIVIEHHOCTY B BaHAJVMEBbIX KaTannsaTopax. IIpu sTom ciemyer yuuThiBaTh, 4TO TaKOe
Ke KOJIMYeCTBO KaTajM3aTopa HAaKaIUIMBAeTCA Ha IPefIpUATUAX B BUJe oTpaboTaHHOro. B
BUZLy OOJBIION ONMACHOCTM OTPAOOTAHHBIX BaHAMEBBIX KaTa/lIM3aTOPOB A YelOBeKa U
OKpY>Kalollleil Cpefbl, a TakKe MeUIMTHOCTM M BBICOKOW IIEHBI COeNVMHEHWII BaHAIMs,
TpebyeTcs IPOM3BOANUTD IepepabOTKY Ae3aKTVBYPOBAHHBIX BaHA/MeBbIX KOHTAKTHBIX MacC.

Ilenbp paboThl — MCCTIeROBaHME IPUYMH Ie3aKTUBALMY CEPHOKMCIOTHBIX BaHAIMeEBBIX

KaTanmusatopos Mapku CBJI.
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SKCHCPI/IMCHTa}IbHa}I qacTh

CuHTe3 KaTaIMTUYECKMX KOMIIOSMIUI M 3QQeKTNBHOe MX NpPUMEHEHNE B KadecTBe
IPOMBIIIJIEHHBIX KaTalIM3aTOPOB ABJIAETCA Pe3y/IbTaTOM CHelU(IYecKOTO B3auMOMEICTBIIA
MeX/[y HOCHUTe/IeM U aKTVMBHBIM KOMIIOHEHTOM, TpeOyeT IITyOOKMX 3HAHMII B 00/1aCTV XVIMUYI
pPacTBOpOB, XMMMUM TBEpfIOTO Telna M HeopraHmdeckoil xmmum. I[loHmmaHme croco6oB
IIPUTOTOBJIEHMsI KaTaM3aTOPOB C JUIMTENIbHBIM CPOKOM CIY>KOBI TpeOyeT MCCIefOBaHMIT
CTPYKTYpbl aKTMBHOTO KOMIIOHEHTA Ha MOJIEKY/IIPHOM YPOBHE He TOJIbKO Ha CTaJiuyl CUHTE3a,
HO Y B YCTIOBMSAX JIUTE/IBbHOM 9KCIUTyaTanyy [6].

B pabote ucnonb3oBaH OTpabOTaHHBIN BaHaAMeBbI KartanmusaTop Mmapku CBJIl s
CEPHOKVICIIOTHOTO Tpou3BOAcTBa. OOpasipl OTOOpaHBI C Pa3HBIX CI0€B KOHTAKTHOTO
ammapara. AHQJIOTOM /I CpaBHeHMS B3AT Karanmsatop mapkm CBIl ¢upmer BASF CE c
yIenbHOM MoBepXHOCThIo 10-15 M/t n akTuBHOCTBIO IIpU 420 °C He MeHee 40%, pu 485 °C -
He MeHee 90%.

YnenbHyro IOBEPXHOCTb MCCHIEAYEMBIX KaTalM3aTOPOB  OINpPENENAIN  METOOM
HI3KOTeMIIepaTypHOII afcopOLuy 1 fecopOimy napos a3oTa Ha nmpubope Sorbi-MS. ITnomans
HOBEPXHOCTY BBIYMC/ISUIN 10 ypaBHeHMoo bIT [8]. O6muit 06beM mop 06pasijoB onpefeneH
Ha npubope IToposumerp pryrHbIi Quantachrome poremaster 33, pacrpeseneHue IOp IO
pasMepaM pacCIMTHIBAIN C IpUMeHeHreM Mofenu Barrett-Joyner-Halenda (BJH).

C nomouipio pacTpoBoro anekTpoHHoro Mukpockona Vega 3 SBH (TESCAN, Yexws)
ObUIM IIO/MTy4eHB M300paXKeHUs IIOBEPXHOCTM KaTaaM3aTOpPOB, a TakKe MHPOpMALUA O
XUMIYECKOM COCTaBe IIPUIIOBEPXHOCTHBIX C/I0€B 00Pa3I[0B.

CbeMKy peHTIeHOTpaMM IIPOBOAMIN Ha alllapaTHO IPOrpaMMHOM KOMIUIEKCe Ha
OCHOBE  MHOTOQYHKI[MOHQTBHOTO  peHTreHOBcKoro  mudpakromerpa POWDIX-600
(bemapycn). [na mpeHTM(UKALUM pPEeHTTEHOTPAMM NCIIO/Nb30BaHA KpUCTA/UIOrpaddeckas
6a3a gaHHbIX [9,10].

Vicnonb3oBany MeTOJ OIpefie/IeHNs KaTaIuTU4deckoit akTuBHocTy 1o TY 48-0323-6-90
C U3MEHEHUAMMN.

O6cyxaeHne pe3ynbTaToB

Ha HauanpHOM 3Tame IpPOBENEHO MCCIEOBaHME BHEIIHEro BMJa KaTalan3aTOpPOB.
BorasieHo oxono 30% pas3pylleHHBIX I'paHylT Y Kaxjgoro obpasia. ['paHy/bl B KommudecTse
10-20 wTyK, He comeprKalye BUAVMBIX fedeKTOoB, IIMQOoBan, f00MBasACh Mapa/UIeTbHOCTI
TOPLIEBbIX IpaHell. [IoAroToBIeHHbIE TPaHy/Ibl MCIIBITHIBAIN HAa IMAPABINYECKOM IIpecce Py
Harpy>keH!y Ha TOpel] 4O IIOJIHOTO pa3pylueHu:A. PacyeT JaHHBIX BelIy COIVIACHO IIpaBUIAM
00pabOTKY IPYNIIOBLIX PABHOTOYHBIX B COBOKYITHOCTY MI3MEPEHMI IT0 METOAY OBEPUTEIbHBIX
nHTepBanoB. PopMysia i1 BbIYMCIEHNA MEXaHNYECKO IPOYHOCTY IPAHYIL:

DZ

P
Str = 7; MHa,

rje P — maByeHye )XUAKOCTH B IMAAPAaBINYecKOl cucreMe nipecca, MIla; D — puaMerp nopiuns,
MM; d — pa3Mep TabnIeTKM KaTann3aTopa, MM.
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[Tpu usMepeHNy MeXaHNYEeCKOI IPOYHOCTH TPAHY/I METOJOM pasfiaB/lIUBaHMs 10 TOPLY
3Ha4YeHVs] IPOYHOCTM YAOBIETBOpUTelbHble. HinKe mpefcTaBleHa CBOfgHAsA Tabmuma co
3HAYeHUSMU YJe/IbHON MOBEPXHOCTY U IIOPUCTOCTY 00pasuioB (Tab. 1, puc. 1).

Ta6muua 1. 3HayeHNA yeIbHON IIOBEPXHOCTY Y HOPVCTOCTY YICCTIeIyeMBIX KaTalIn3aTOpPOB

H y X
ayMeHOBaHIe TenbHasd HOBCI;XHOCTI) Mopuctocts, % apaKTepHbIe pa3sMephl
obpasia no B3T, m*/r 0P, MKM
VKT-1 2,2+0,6 61,87 03-2
1-4,
VKT-2 30, 57,06
1L3£0.1 250 - 1000
VKT-3 3,3+0,2 59,73 03-3
0,7-5
VKT-4 ,5+0, 61,55
3501 250 - 1000
VKT-5 3,1+0,0 60,12 0,3-4
VKT-6 2,0+£0,0 54,14 0,3-4
16 4
14 A
! 13
A
S 12 Iy \.
) T IR
S 10 4 &
) oy
5’ 8 I
5 i
- | 1 |
3 ° 4
I 1
4+ ' 12
g
2 11
] I
0 . & ’
0,1 100 1000

AuameTp nop, MKM
Puc. 1. Pacipepenenue nop no pasmepam: 1 - VKT-1; 2 - VKT-2; 3 - VKT-3;4 - VKT-4; 5 - VKT-5; 6 - VKT-6

Ha ocHOBaHMM IIONy4eHHBIX JAaHHBIX BCe KaTalM3aTOPbl MMEIOT HMU3KYI YAEIbHYIO
IIOBEPXHOCTb MeHee 3,5 M?/T.

AHanusupys faHHbIe O HOPUCTOCTY U XapaKTepe IOp 00paslioB, HAOIIO#AeTCs HU3Kas
nopucrocts y VKT-2, VKT-6 no cpaBHenuto ¢ gpyrumu (tabn. 1). Xapakrep pacupepeneHns
IOp IO pasMepaM YKasblBaeT Ha 3HAUMTENbHOE paspylieHye Hocutensd y oopasuoB VKT-2,
VKT-4. 9To Tak Ha3bIBaeMasg MeXaHM4YecKas Me3aKTUBAIV.

[ KONMMYeCTBEHHOJ OLIEHKY COCTaBa IIOBEPXHOCTHOTO C/I0s1 ObUI INpUMEHEH
PEHTIeHOCIIeKTPAIbHBIN  (9HEPrOJVICIIEPCUOHHBI) aHamm3. B kadecTBe 3TajoHa ObUIN
paccuMTaHbl M IIOCTPOEHBI TEOpEeTHMYeCK)Me PpEeHTTeHOTPaMMbl, B pe3ylbTaTe Yero
CMHTe3JpOBaHa CyMMapHasA PeHTI€HOTPaMMa, KOTOpas IMPaKTIIECKY ITOTHOCTBIO COBIIAZIAET C
9KCIIepUMEHTAIbHOIL. JJaHHbIe peHTTeHOCIIEKTPaTbHOTO aHa/I3a IPYBeJIeHbl B TabmuIie 2.
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Taﬁimua 2. D7eMeHTHBII COCTaB o6pa3u0B KaTa/IM3aTOPOB B II€EPECIETE Ha OKCUbL

Haunmenosanue CopeprkaHue OKCHpa, Bec % Cymma,
obpasua Na,0O | MgO | ALO; | SiO; | SOs | KO V,0s5 | Fe;O; | Cs;0 | Cr,05 %

TV 48-0323-6-90 | 2,2-3,3 9,5-12 | 7,5-8,5
VKT-1 4,72 - - 60,5 | 20,3 8,9 5,2 0,24 - 0,20 100
VKT-2 3,62 - - 51,5 | 25,9 | 10,2 6,7 0,41 - - 98,52
VKT-3 2,37 - 1,41 | 55,8 | 23,9 9,6 6,3 0,58 - - 100
VKT-4 1,95 - - 58,9 | 21,9 8,9 6,3 0,66 - - 98,62
VKT-5 0,59 - 1,14 | 619 | 17,2 7,1 53 0,32 6,5 - 100
VKT-6 3,57 2,11 0,71 | 44,9 | 31,2 | 104 5,5 1,49 - - 100

ITonyyeHHBIe JaHHBIE CBUMIETE/IBCTBYIOT O HU3KOM cofiepkanun V,0sB obpasuax VKT-1,
VKT-5, VKT-6.

CreyeT OTMETUTD Ha/lM4Me 3arps3sHUTENeN B BUle COeIMHeHMIL:

e MgO n ALOs - B o6pasuax VKT-3, VKT-5, VKT-6;
e Cr,O; - B o6pasie VKT-1;
e Fe,Os - Bo Bcex obpasiax, 0cobeHHO BbicoKa KoHIeHTpauus B VKT-6.

O6paser; VKT-6 Taxxe XapaKTepy3yeTcsi HOBBIIIEHHBIM COJlep)KaHUEeM CepHl.

O6Hapy>xeHHble (aKTbl YKasbIBAIOT Ha CYLIECTBEHHOE CHIDKEHME KaTalIUTUYeCKOi
aKTUBHOCTU IIOJ| JIEJICTBMEM TaKUX 3arps3HUTesIel], KaK, HalpyuMep, OKCUbl alIOMUHUA U
JKeJle3a, KOTOpble OKasbIBAIOT OTpUIIATe/IbHOE BIMAHME HAa aKTMBHOCTD KaTanmsaTtopos. OHM
B3aMIMOJIEJICTBYIOT C IIMPOCYIb(POBAHANATOM Kajliis, B pe3y/IbTaTe 9TOI peakuyy 00pasyroTcs
aJIIOMO- U Ke/le30Ka/MeBble KBACIbl ¥, KaK CIeICTBME, BbIIE/NACTCA KpUcTaymmieckas ¢asa
V205, 94TO IpUBOAUT K Pe3KOMY M3MEHEHMIO COCTaBa U CBOJICTB aKTMBHOTO KOMIIOHEHTa I
00yCIOB/IMBaeT MOHV>KEHMe aKTUBHOCTH (7, 11-13, 14].

PentreHodas3oBplif  aHaMM3 ~ I03BONMAET  KAa4eCTBEHHO U KOMMYECTBEHHO
UIeHTUUIMPOBATh KPUCTAUINYECKYI0 (asy HOCUTENs KaTalusaTopa, IPefCcTaB/AIONIYIO
co00i1, KaKk PaBMUJIO, CMeCh TPUAMMUTA M KpucTobanmuTa. Pe3ynbraTsl peHTreHOrpadmdecKux
VICCTIEJOBAaHMI IIOKa3bIBAIOT, YTO BCe MCC/IefyeMble O0Opaslibl KaTaIM3aTOPOB COJEPIKAT
KpUcTaymmdeckue (GOpMbl JVATOMUTA, IPEVMYIIECTBEHHO B BUJie BBICOKOTEMIIEPATypPHOI
Mo UKLy — KpucTobamuTa, ¢ koM 4,1 A (puc. 2, Tabm. 3).

60000 o — N R VKT5
. /\__A—\_.A—A A A A
g VKT4
- m—ﬁ‘\—/‘—j A A ~ VKT3
5 40000 -
ry
(=
3 r\__A——J
g UAL.J\A A A A - VKT2
[11]
3 20000 -
I
(O]
[
I l
<
04 ,_.A__Jw ROV VKT1
T T T T T T T T
0 10 20 30 40 50 60 70 80
20, rpagyc

Puc. 2. luppaxrorpammsl ucciegyemsix obpasuos. CuK a-nsnydenue
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Ta6muma 3. Pentrenodasosblit aHamm3 Katamsaropos. CoepxaHue KpUCTA/UINYECKOi Gas3bl B AMATOMUTE

ospuen | 2oumpan | dwh | T st
VKT1 21,73 4,086 0,356 8829 79,57 5,05
VKT2 21,61 4,109 0,463 6716 36,63 46,99
VKT3 21,57 4,116 0,673 422 15,69 18,63
VKT4 21,50 4,129 0,605 580 67,94 -
VKT5 - - - - - 55,24
VKT6 21,59 4,112 0,683 356 56,91 11,82

O6pasnsr VKT-1 n VKT-2 xapakrepusytorcss 6ompummm, B 15-20 pas, copepkaHueM
¢dasbl KpucTobamMTa IO CPaBHEHUIO C ApyruMu obpasuamu. CTOUT OTMETUTD, YTO B 00pasiie
VKT-5 xpucrammyeckas ¢asza SiO, Haxoputcs B ¢popme Tpuammura. B obpasmax VKT-1,
VKT-2, VKT-3, VKT-6 HaOmomaeTcss Ipoljecc Iiepexofia CpefHeTeMIepaTypHOIl
MopuuKanyy (TPUANMUT) B BBICOKOTeMIIepaTypHyIo (kpucrobammt) Mopudukammio SiO,, B
o6pasie VKT-4 aToT npouecc 3aBepiieH. 3HAYNTETbHOE KOMNYECTBO KPUCTOOATNTA IPUBONAT
K HeBBICOKOJl MeXaHMYeCKO! IIPOYHOCTM TpaHy/l ¥ HU3KOW Y[eNbHOV IOBEPXHOCTU
KaTa/lIn3aTopa.

CBoiicTBa KpeMHe3eMa JOBO/IBHO ITOJIpOOHO M3y4YeHbI 1 onycaHsl [15,16]. B 3aBucumoctn
OT TeMIepaTypbl, [aBJIeHUA U COCTaBa Cpefbl KpeMHe3eM KpUCTaUIM3YyeTCA B BUIE
KpucTobanuTa, TpuAMMuTa MM KBapua. Kakpmas U3 OCHOBHBIX MOAMQUKAIMIT MOXET
CyLIeCTBOBAaTh B BBICOKOTeMIlepaTypHOIl (a) M HuskoTeMmmeparypHoit (B u y) ¢dopmax.
[Tupocynpdartsl 11e10YHBIX METAIOB, IPUCYTCTBYIOLYE B KaTa13aToOpe, Py IOBBIIIEHHBIX
TeMIIepaTypax B3alMOJIEIICTBYIOT C KpPeMHEe3eMIUCTBIM HOCHUTeNleM. B pesynbraTte 3TOro
B3aMIMOJIEVICTBIS BBINIaflaeT MaJIOAKTVBHAA da3a — IIEHTOOKCH/, BaHAM.

Hanmyane BaHafMeBBIX cO/ell IIEMTOYHBIX META/UIOB B BAaHA[VEBBIX KaTalM3aTopax
BBI3BIBAET TAKOKe MOMMMOpQHbIe IpeBpalljeHNsi KpeMHe3eMa, YTO ABJIIETCS OJHO U3 IPUYNH
CHIDKEHUs  KaTaJIMTMYECKO  aKTMBHOCTM  BaHAlMeBBIX  KaTajmsaTopoB. Hammume
MMHEpa/IN3aTopa He TOJbKO YBEIMYNMBAET CKOPOCTb IIpeBpallieHusA MOAMUKAINIL, HO U
CHIDKAeT TeMIlepaTypy nepexopa. IIpm stom mnomuMopdHBle IIpeBpaljeHMs KBaplja
COIIPOBOXKJAIOTCA M3MEHEHNeM obbeMa. OJTO SABIAETCA OFHON M3 NPUYMH UCTUPAHNA
KaTa/lIM3aTopa U YMeHbIIEHN Yie/IbHO TOBEPXHOCTH, TaK KaK B XOfie IIpoliecca Je3aKTYBaLIN
IPOMCXORAT TOABYDKKM C/IOSI KaTalusaTopa B peaKkTOpax, BbI3BaHHbIE M3MEHEHNEM
MoziMUKAIUY AVOKCUAA KpeMHusA. XMMu4eckas aKTMBHOCTb KpeMHe3eMa BO3pacTaeT OT
KBapIia K KpUCTOOQINTY ¥ TPUAVIMUTY 1, OCOOEHHO, K aMOP(PHOMY AMOKCUIY KPEMHMSL.

KaranmTideckas akTMBHOCTD OIIpefieieHa 110 MeTOAIMKe, TpuBeneHHoi B TY 48-0323-6-90.
B tabmmiie 4 mpepicTaB/IeHbl 3HAYSHUA KaTATUTIIECKOI aKTMBHOCTY OTPabOTaHHBIX 00Pa3I[oB

npu okucnenun SO, B SOs.
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Ta6muna 4. 3HaueHMs] KaTaIUTUYECKON aKTMBHOCTM OTPabOOTaHHBIX BaHA/IMEBBIX KaTalIM3aTOPOB B peakiyu
okucnenns SO, B SO;

Karanurudeckas akTMBHOCTD Crenenp npeppaierns SO, B SOs, %
o TY 48-0323-6-90 CBJI VKT-1 VKT-2 | VKT-3 | VKT-4 | VKT-5 | VKT-6
88 43,99 43 4 45,99 43,99 44,01 46,96
90 435 439 445 433 428 46,84
485°C
88 44,1 43,03 44,1 44,1 43,6 45,94
90 44,1 42,6 44,1 44,1 41,9 44,82
Cp. 3HaueHMe 89 43,92 4323 44,67 43,87 43,08 46,14
40 19,4 26,03 19,4 19,4 34,4 30,94
42 20,6 20,6 20,6 20,6 36,1 34,6
420°C
41 14,7 21,7 14,7 14,7 36 34,07
40 18,3 21,9 18,3 18,3 35,7 34,02
Cp. 3HaYeHMe 40 18,25 22,56 18,25 18,25 35,55 33,4075

AKTVBHOCTD MCCTIelyeMbIX OOpa3lloB HAaXOAUTCSA 3HAUMUTEIBHO HIDKE JOIMYCTMMOTO
npefena.

BriBoabl

[IpoBemeHO McCIemOBaHME NPUYMH [€3aKTMBALMM CEPHOKMCIOTHBIX BaHa[MEBBIX
Karanm3aTopoB. CremeHb Me3aKTMBALMM 3aBMCUT OT THUIIA KaTalM3aTopa, XMMMWYECKOTO
COCTaBa ChIPbs, 00beMa aKTMBHOTO KOMIIOHEHTA, IOPYCTON CTPYKTYPbl HOCUTEINA U JAPYTUX
XapaKTePUCTUK. Y CTAHOBJIEHO, YTO CHVDKEHVE aKTUBHOCT 00YCIOB/ICHO HaMMYMeM IIpuMeceit
U IIpoLieccaMyl pa3pylIeHNsa CTPYKTYpPhl JUATOMUTA, IPUBOAALIMMU K IIOTEPE IIOBEPXHOCTU U
VM3MEHEHNIO IIOPMCTOM CTPYKTYpbl KaTanmusartopa. [IpMumHOM TakKe ABIAETCA IEPEXO],
HI3KOTeMIIePAaTypPHbIX MOAV(UKAINI AUATOMUTA B BBICOKOTEMIIEPATYPHBIE.

Paboma evinontHena 8 pamxax 20cyoapcmeenHozo 3a0anHus Ha évinonHenue HVP (npoexm
Ne FZZW-2024-0004) u ¢ ucnonv3osaHuem pecypcos ueHmpa KONeKIMUeHo20 Noib308aHUs
HayuHvim 060opyoosaruem UTXTY.
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VICCITEMOBAHVIE PABOTDBI CTPYITHOTO AITIITAPATA
C MHBEPCUEN ®A3

B. K. JIeontnes, O. H. Kopa6neBa
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Knioueevte cnosa: Annomauus. Paccmompent mpu pexcuma pabomul cmpylinozo annapama, umeruiezo
cmpyiinviil annapam, — gopcynky u amexmop. IIpednoxeno paccmampueamv npouecc Huokoeasosot
UHMeHCUPUKAUUSL UHMEKUUU KAK NPOUECcC PUnbmpanuu 243a 4epes cr1oil 636eUleHHbIX YACMUL HUOKOCHU
npouecca, uHéepcUs  npu ee onepexcaroulem Osudcenuu. B omom cnyuae npouyecc Oydem ananozuen
das, ypasHenue OsuseHur0 2a3a uepes nces0ooMuNeHHbIl cnoil. Ilepenad OasneHUs MONHO
Speana, onpedensme No U3BECMHOMY YpasHeHuto Ipzana, NPus0OHOMy Onf  ULUPOKO20
nces000HUNEHHDLL ouanasona 3nauenuii kpumepus Peiinonvoca. Ha ocHose meopemuueckux
cnoii uccne008anull Ona pexcuma ¢ uHeepcueil a3 onpedeneHa enyOuHa, HA KOMOPOL

npoucxooum Gopmuposanue 2asonuoKocmnozo cnos. Jns cmpytiozo annapama,
Komopuiti  HAuboO/ee HACMO UCNONb3Yemcs 6 2a30MUOKOCINHBIX IHEeKUUOHHBIX

peaxmopax, 6binonHeH pacuem ONIUHbL IHeKMOPA, HA KOMOPOTi NPOUCXOOU UHBEPCUS

pas.

T nuTHpoBaHMA:
Jleontnes B.K., Kopabnesa O.H. VccnenoBanne paboTsl CTPyiHOrO anmapara ¢ nHsepcueit ¢pas // Om xumuu k

mexHonozuu wiae 3a wiazom. 2025. T. 6, Boim. 2. C. 73-78. URL: https://chemintech.ru/ru/nauka/issue/6013/view
BBengenue

CrpyitHble ammapaTbl HAaXO#AT Bce Oosbliiee IpPYMEHEHMe BO MHOTMX OTpAaC/AX
IPOMBILIIEHHOCT. B XMMIYECKO}l TEXHONOTMM TaKue YCTPOVICTBA MCIIONMb3YIOTCS IS
IPOBEJIeHNS TEIUIO-MAacCOOOMEHHBIX IIPOLIECCOB, B KayeCTBE PeaKTOPOB IPY NPOTEKAHUMU
OBICTPBIX XMMUYECKMX peakunit. OfHIM U3 Hanbolee Hale>)KHbIX ¥ TOYHBIX CIIOCOOOB OLIEHKN
3¢ PEeKTUBHOCTY ra30>KMAKOCTHBIX alllIapaTOB CUNTACTCSA XMMIYECKII METO/], OCHOBAaHHBI Ha
onpepnenennn 3pQeKTUBHON MOBEPXHOCTM KOHTakTa (a3, T.e. Mexx(]asHON MTOBEPXHOCTH,
IeJICTBUTE/IPHO YYacTBYIOLIel B MacCOOOMeHHOM Iponecce [1-3]. DTOT MeToA OCHOBaH Ha
XeMocopOLMy KUCTOpOfa U3 BO3AyXa, KOTOpas IO3BO/AET OIpPENeIUTb CKOPOCTDb
IPOBOJVIMOTO IIPOLiecca I «CyNbUTHOE IMCI0». Masible rabapuThl IO3BOMIAIOT 00eCIIeYNBATh
MeTa/ocOepeXKeHne, BBICOKYIO Y/eTbHYI0 NIPOM3BOAUTENIBHOCTb 03 CHYDKEHMs BpPEeMeHU,
HeoOXOAVIMOTO JI/IA 3aBepLIeHNA IIpoLjecca OKUCTIeHN [4].

© B. K. Jleontnes, O. H. Kopabnesa, 2025
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OcHoBHasA YacTh

CMmecuTenbHOE  YCTPOMCTBO I CUCTEMbI Ta3-XUAKOCTb COREPXUT KOPIIYC,
MHXEKIMOHHYIO KaMepy, PacIblINTe/Nb XUAKOCTH, AUCIePTraTop, CMECUTe/b, BLITIOTHEHHBI B
BIfIe BEPTUKAIbHON TPYOBI pasIMIHOTO MOMEPEYHOTO CeueHN . ANIapaT MOXeT paboTaTh B
IIVPOKOM JValla30HEe M3MEHEHV ITapaMeTpoB pabodMX Cpefi, YTO II03BOJIAET PeryIMpOBaTh
TUAPOAVHAMUKY IIpoljecca. Ba’kHBIM IapaMeTpoM, XapakTepusyoumM 3((eKTUBHOCTb
paboTBl  XKEKTOpa, MOXeT CIyXKuUThb Koapduument mnonesnoro pevicteus (KIII),
oIpefe/iAeMblll KaK OTHOLIEHME SHEPIUM MePEeJaHHOM ITOTOKY rasa K 3aTpayeHHOV SHepIrumu
aKTVBHOTO IOTOKA [5-7]. IIprHIuI paboThI ClIeAYIOMMNIL: XKUAKOCTD IO JaB/IeHIEM ITO/JaeTCs
B (POpCYHKy, paclbUIAeTCs M 3acachlBaeT Tras, IOCTYNAIOUINMIT B 3KEKIVOHHYI KaMepy.
O6pasoBaBIascs Ta30KUAKOCTHAA CMECh IIPOXOAUT Yepe3 KEKTOP-CMeCUTeNb. B axekTope
IPOVICXOAVT KOHTAKT XKVKOCTY Y Ta3a Py PAa3BUTOI IIOBEPXHOCTY PACIIBUIEHHOV XUIKOCTH [8].
B 3aBucuMocT) OT pexxyMa pabOThI 9>KEKTOPa, ero reOMeTPUIECKIX NapaMeTpoB 1 Iepernasia
llaBIeHus Ha POPCYHKe, B 9)KEKTOPe MOKET 00pa3oBBIBATHCS Ia30)KM/JKOCTHBIN ABYX(asHbII
IOTOK C Pa3/IMYHbIM COOTHOIIEHMEM >XVUAKOCTYU U Tras3a. [IByx¢asHBIN TOTOK MOXeT OBITh C
IVICIIEPCHOTI XKUAIKOIL, 160 razoBoii ¢pasoit [9-11].

B 3aBuCMMOCTM OT COOTHOIIEHMS IUIOLIafell CedeHMI COIUIa (OPCYHKM U 9KEKTOpa
IpeIOKeHO KIacCUPUIPOBATh TaKye CTpYyHbIe anmaparsl [2] (puc. 1):

1. Ecru Sc/Sa < 0,0013, TO B TaKMX CTPYIHBIX allllapaTax >Kuakas ¢asa Bcersia CIUIONIHAS
(puc. la).

2. Ecm 0,0013 < Sc/Ss < 0,741, To B TakuxX CTPY/HBIX alllapaTax BO3MOXXHO
CylleCTBOBaHNe CIUIOIIHON 1 ra30Boli 1 >kupaKkoit ¢assl (puc. 16), T.e. HabmOgaeTCst MHBEPCUS
das.

3. Ecrm Sc/Sa > 0,741, To B TaKMX CTPYIHBIX allllapaTax )KMAKasA ¢as3a BCerfa AMCIepcHas
(puc. 1B).
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Puc. 1. Knaccnukauysa cTpyiiHBIX allllapaToB B 3aBYCMMOCTY OT COOTHOIICHNMA IUIOMIJieil cedeHU T CoInIa
dhopcyHKH 1 3xKeKTopa
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Oco0bli1 MHTEpeC MPeACTaB/IseT CTPYIHBIN allapaT, B KOTOPOM IIPOVICXOAUT VHBEPCHS
¢da3 (puc. 16), yro mo3BojsieT 0Oe3 M3MEHEHMII KOHCTPYKLMOHHBIX pasMepoB allapara
MOBBIMATH 3(pPeKTUBHOCTH MacCOOOMEHA B Ta30>KMIAKOCTHBIX CHCTeMaX. ITO IPOVCXOAUT 32
cyéT yBemmueHMs Kod(QQUIVEHTa MacCOOTHAYM IyTeM YCTpaHeHMs OOpaTHOTro
IepeMeIlIVBaHus U CO3JaHNUsA Ha IyTM KOHTAKTUPYoIMX ¢a3 30H 9 PeKTMBHOTO KOHTAKTa
[12-14].

Taxke cymecTByeT MHeHMe, YTO B MOMEHT 0OOpa3oBaHNUA [JBYX(a3HOTO IIOTOKA
(amynbcuy) pu 6apOOTMPOBAHNM U B MOMEHT Pa3pyLIeHUs SMYIbCUM TPOVCXOANT MOTHBIN
100%-Hb1i1 MaccooOMeH Mexny dasamm [15].

Ilenplo maHHON pabOTHI ABAETCS M3ydeHVE TUAPOAVHAMMKY CTPYITHOTO alIapara,
UMeIero (QOpCyHKY M IPOTOYHYI0 9YacTb — 9XKEKTOp, a KOHKPETHO, MeXaHM3Ma
B3aVIMOJIeVICTBMs pabouero (KMAKOTO) M VKEKTUPYeMOro (ra3oBOro) IIOTOKOB B 9>KEKTOpPe
CTPYJITHOTO allapara.

ITpennaraercs paccMaTpuBaTh mpoliecc HKHIAKOCTh
JKUJIKOTA30BOJ MHXXEKIMM KakK Ipoljecc GpuabTpauym

ra3a 4epes CTIO B3BeIlIEHHBIX JacCTUI )KUOKOCTU IIpU €€

olepexamwlleM [BIDKeHMM. B aTtoMm ciydae mpolecc

OymeT  aHa/JOTMYeH  [BIDKEHNIO  Tasa  depes
IICEBIOOXKIDKEHHBIN coii. Ilepenan maBneHnsa MOXXHO
ONpefie/IATh 10 M3BECTHOMY YPaBHEHMIO OpraHa,
IPUTOJHOMY [IA IIMPOKOTO [Malla30Ha 3HA4YeHUN [ yi/g

KpurepuA PeitHonb/ca.

B navanmpHOI YacTu 95keKTopa (puc. 2) BbIEUM
37IEMEHT BBICOTO dz.

mr

B TakoM ammapare MOXXHO BBIJJe/IUTb YeThbIpe
30HBI:

® 30Ha CBOOOIHOTO (aKesa;

® 30Ha CTECHEHHOTO [IBIDKEHNS HIBYX(]asHOro

IIOTOKA C AMCIEPCHOT XXUAKON (as3oit;

o 30Ha POPMUPOBAHIS TASOXKUIKOCTHOM SMy/IbCyys; WS 2+ CXeMa CTpyiiHoro anmapara ¢

dbopcyHKoIt 1 3KeKTOpoM: 1 — popcyHKa;
® 30Ha [OBIVJKEHUA ,[[BYX(I)a?)HOI‘O IIOTOKa C
2 — 9)KEKTOop.
ICIIEPCHOTI Ia30Boit (asoil.
CI/IHa, IIpUBOLAIIAA B ABVDOKEHNE JKUOKNE YaCTULIbI, paBHaA I‘eOMeTPI/I‘-IeCKO]U/I CyMMe€ CIJI,

JIeICTBYIOIMX HA YaCTULBI B BbIJIE/ICHHOM 0ObeMe.
F=G+F,—F, dF = dG + dF,, — dF, (1)
rae dG — cuta TSKeCTH YaCTHIL;
dF,, - cuna Apxumepa;

dF. - cuna cCOnpoTUBIEHNUS.
dG =dm,-g=p,-dV-g,

IZie Py — IVIOTHOCTD KMUIKOM aspl Kr/m?;
dF;lp=dmr'g=pr'dV'g'
rie Py — IIOTHOCTD Ia30BOH (hasbl KI/M>;
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(pxc - pr) dm)l(

dG—dF;lp=(p)K_pr)'dV'g=

Pxg
YpaBHeHME IBVOKEHUA:
dm)KdV _ (pxc B pl‘)dm)K _ dFC,
dt Pxcd
(1 - 8)2 p-r(vx( B vr) (1 - S) pr(vx( - vr)z
dF, = |150 —5— T 175" o Suc * Ay 2)

Ije € — IOPO3HOCTb CPeibl;
W — BA3KOCTb rasa, [la-c;

S:-))K — IIomianb 3KEKTOpa, M2,
(Pyc—Pr) Ay (1-¢)? r(Vie=vr)

K

YnpouaeM ypaBHeHue, IpeHeOperaeM 4ieHaMI:

K.

UX MA/ZIOCTU U m1ojiarad, 4To U, = 0, IIomy4qaeM:

1-c¢
PV - AV = _1'75¥&53)K ’ U)i2< " dy. (3)
e d,
Vie .
Tak kake =1 — 5y TO B yPaBHEHIM (3) MOYKHO TIPOU3BECTY 3aMeHY ITepeMeHHbIX:
S
S 1—¢
S, de
Une = g " Uo m

Torma nepemenHble B ypaBHeHNN (3) JIETKO Pas3/araloTCs, ¥ MOXKHO 3aIVICATh:

Jlns Toro, YTOOBI KMIAKOCTD YCIela 3aTOPMO3UTBCA OT €y JIO Exp, VIMHA 3KEKTOpA

JOJIDKHA ObITH OOJIBIIIE HEKOTOPOTO 3HAYEHN A, OIIPENETAEMOTO 110 YPaBHEHNIO:

l>>95--§£-f€° i
~pr 1,75 e 1T E '

Vuterpan
J-s0 &3 jso &3
stl—s st_S"'l . i

Taxum o6pasom,
Exp —
EO -

P A €3, —€ €& —¢}
lZp_):.l;S[KPS + Kp3 + (ep —€0) +1n

BhInosIHMM pacyeT [y CTPYITHOTO alnapara, KOTOPBIN Haubojiee 4acTo VICIONIb3yeTcs B
ra30>KMIKOCTHBIX 9>KEeKLMOHHBIX PeaKTOpax ¢ AuaMeTpaMy COIUIa 1 adkekropa d, = 12 MM u

d, = 25 MM COOTBETCTBEHHO.
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Tor;c[a Hava/ibHasA IMOPO3HOCTb COCTaBUT:

(1 SC) 1= 2 o7
€n = —_—] = —— =0, .
0 S 252
Kputnyeckas MOposHOCTb OIIpefieiseTcsl B 3aBUCYIMOCTY OT YIAKOBKM Kallelb B 30HE
dbopMupoBaHus Ta30>KUAKOCTHO amynbeun [10]:

1. IS TIZIOTHOM yIaKoBKM € = 0,259;
2. T HETJIOTHOM YIIaKOBKM € = 0,476;
3. JUIA CBITYYMX MaTE€PUAIOB IIPMHMMAETCA CPEHAA IOPO3HOCTD € = 0,4.

HI/IaMeTp Karim dK OIIpENENAECTCA B 3aBUCUMOCTU OT KpUTEpUA Peﬁ[Honb,uca

. d p o
Re = ———=, rzie v, - CKOPOCTb XUIKOCTH, BBITEKAIOIIIEN U3 COIIIa, KOTOPAsi PACCUNUTHIBAETCS

H
U)K=(p6’ Do )

rae . — xoabduument ckopoctu, (@, = 0,95...0,97), p, — maenenme Ha Qopcynxe, Ila;

I10 BBIPpA’KEHUIO:

P — TUIOTHOCTD XUAKOCTY, KI/M”.
de _ 183
d. _ Re0sY

npu Re > 20000 yBenmdeHMe CKOPOCTM MCTEYEHUA UM YMEHBILIEHME BA3SKOCTU >KMUJKOCTU

ITpnm 2280 < Re < 18280 muamMeTp KaIumi MOXKHO ONIPENEIUTD U3 BbIpakeHNA

da
ITPpAKTNYE€CKN HE ITIPUBOJAT K yIYyIIIECHNIO Ka9€CTBa paCIlbl/IMBaHNA, VI OTHOILIEHNE (d_K) B 3TOM

C

CTy4ae MO>KeT OBbITh IPUHATO paBHBIM ~ 0,06 [4].
ITpn maBneHmsax Ha popcyHke 6osnee 0,1 Mna u 3HaYeHUM CKOPOCTH v, 6oree 13 m/c

Re > 150000, m0o3TOMY MCIIONIb3YEM BbIpa>KeHME (%) = 0,06. Torma guamMeTp Karmeab COCTaBUT

dg = 0,00072 m.
C yuyeToMm BenUYMHBI KpUTHUYECKON TTOPO3HOCTH Kamelb 3HaueHHe HHTerpajia Oyaer:

fso e _0259° Z077 025 —077 oo (0,259 - 1) 050

D w1t 3 2 ' ’ No77-1/)= 7%
fso ©_OATE —077 OATE 07T o (0,476 - 1) oy

2) b1t 3 2 ' ’ Woz7-1/)~ 7%
fso £ _0A00° —077 0400 077 oo (0,400 - 1) ~ooun

3) b1t 3 2 ' ’ Wo77-1)~ 7"

JlHa JKEeKTOpa COOTBETCTBEHHO COCTABUT:

1) I, = 0,320,250 = 0,080 m.

2) I, 2 0,320,234 = 0,075 m.

3) l; > 0,320,242 = 0,0774 m.
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Takum 06pa30M, PE€3ynbTaThl pac4€Ta rOBOPAT O TOM, 4YTO, HE3ABUCUMO OT 3HAaYEHU

KPUTUYECKOI ITOPO3HOCTY KalleJib, BO BCEX pacyeTax IIyOMHA 3KEKTOpa, Ha KOTOPOI

IPOVICXOANT MHBepcKA (a3, MpaKTUIeCK! OJVIHAKOBA.
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CBOJICTBA ITIEKOB 113 CMOJI IIOTYKOKCOBAHUA
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Knwouesvie cnosa: Annomauus. B pabome npuseder cpasHumenvHuill aHANU3 NONYHEHHBIX PAHee NeKO6
OUCMUANAUUS, U3 CMOMbL NOMYKOKCOBAHUSA Yeneil cpedHeli cmenenu memamopdusma. IIpusedero
mMonyor, OnucaHue MemoOux 1o 6bl0eNeHUI0 CMO/L NONYKOKCOBAHUS 6 PA3IUMHBIX CPeOax.
aKkcmpazuposarue, ITonyuenvt OanHble no memnepamype nuaeneHust nexos. CpasHUBaOMCs pe3ynvmanot
ppaxyuoHHbLii 3HAYeHUl memMnepamyp naaeneHus nekos 6 3agUCUMOCIY KaK 0m MApKu UCXO0HO020
cocmas, geHonvl Yyend, MaKk U Om MexHOn02UU U3eneveHus cmonvl u3 yeneid. Ilonyuen nex nymem

SKCMPALUPOBAHUS cMOTbL yens mapku JK, nonyuennoii 6 unepmmuoti cpede. IIposedervt
IKCHEPUMEHMBL N0 KAPOOHUBAUUU NeKA U3 CMObL HOJLYKOKCOBAHUA U INeKMPOOH020
nexa kamezopuu b.

1A EUTUPOBAHNA:
Kosanes P.10., Hukurun A.Il. CBolicTBa 1eKOB 13 CMOJbI OTYKOKCOBaHMA // Om xumuu K mexHono2uy waz 3a
waeom. 2025. T. 6, Boim. 2. C. 79-87. URL: https://chemintech.ru/ru/nauka/issue/6013/view

BBenenmne

KaMeHHOYTrO/MbHBIN IIeK TIOMy4YaeTcs pasfe/ieHueM KaMEeHHOYTOTIbHOM CMOJIBI Ha
dpakiym: nerkas ¢paxuus (T < 170 °C); dpenonbhas dpaxuus (T = 170-210 °C); HadramiHOBas
¢paxmua (T = 210-230 °C); mormorurenpHass ¢pakumsa (T = 230-270 °C); aHTpameHoBast
¢dpaxmus (270- 360 °C); kamernnoyronbHbii ek (T < 360 °C). Ocobblil MHTepecC NpecTaBIsieT
nomydeHue neka u3 cMonbl mnonykokcoaHuA (CIIK). YcraHOB/IeHBI IepCIIeKTVBBI
npuMeHeHus nexkos ns CIIK:

1. Marepuasbl B JOPO’)KHOM CTPOUTEIbCTBE [1].

2. CpepgHeTeMIepaTypHble IIeK! KaK CBA3YIOIIee B MOTyYeHNN 3/IEKTPOIHBIX MAaTepHasIoB [2].

3. Cssyroliee /1 aHOJHOI Macchl [3].

4. CBA3y0mNUil HATOJTHUTE/Tb JI MINXThI KOKCOBaHMA [4].

PacmmpeHHble BO3MOXXHOCTM M TIepcreKTuBbl npuMeHeHus nekos u3 CIIK, a raxoke
yCOBepIIeHCTBOBaHE TEXHOIOTUM VX ITOTyYeHNs ONIPee/AI0T aKTYa/IbHOCTD JAHHOI PabOThI.
[Tomyd4eHHBIE SKCIEpMMEHTa/bHblEe HaHHBle MOTYT BHeCTM OOJbBLION BKIak B
yCOBepIIeHCTBOBaHe epepaboTKy I0O0YHOTO POAYKTa IIOTYKOKCOBaHus. B janHoiT pabore
JUIs TONTy4eHHBIX paHee IIEKOB OyneT M3MepeHa TeMIlepaTypa IUIABJICHUs Y CpPaBHEHBI

© P.IO. KoBanes, A.Il. Hukutus, 2025

79


mailto:kovaleviuhm@yandex.ru
https://chemintech.ru/ru/nauka/issue/6013/view

OT XHMHM K TEXHONOTHM TOM 6, BbINYCK 2, 2025

3HaUeHMs M3MEPEHHBIX TeMIlepaTyp IUIaBIeHMs C TeMIepaTypaMyl pasMsardeHus. BriepBble
MEeTOJIOM 9KCTparupoBaHus OyeT MOMTydeH MeK U3 CMOJIbI HU3KOTEeMIIepaTypHOTO MIPOIn3a B
MHEPTHOI cpefe yrisa Mapku JK, ompeneneHa TeMmmepaTypa pasMArdeHust M TeMIlepaTypa
IVIaBJIEHMA, a TaKXKe IIPOBeJeH TeXHWYEeCKUII aHamM3 IeKa. Brepsble OymeT NpoBeneH
CPaBHUTE/IbHBII aHA/IN3 TIEKOB: IIO/I[y4eHHOTO B IAHHOII pab0Te METOIOM 9KCTPArpOBaHMs, U
BBIIE/ICHHOTO paHee MeTOJOM [AUCTWUIALMU. Takke METOLOM HU3KOTeMIIePaTypHOI
kapoonmsauymu (T = 550 °C) meka M3 CMOJBI IIOTYKOKCOBaHMS M IPOMBIIITIEHHOTO
39JIEKTPOJHOTO ITIeKa. Bce BBIIIeNepeunc/ieHHOE SIB/IAETCS YHMKAIbHBIM, 4TO M OIpefesisieT
HOBV3HY JaHHOJI paboThI.

SKCHCPI/IMCHTa}IbHa}I qacTh

1. O630p Meropuk mnomydeHus pasmumuHbix nekoB m3 CIIK. B manHoM paspene
IpUBeJieHbl Pe3y/IbTaThl pabOT MpOUUIbIX j1eT mo monydeHnio nexkoB ux CIIK. IlpuseneHst
pesynbratel pabot no nepepadorke CIIK us pasnmmanoro cbipbs (kaMeHHBIE YI/II, Oypble YT,
crmaHupl, Topd). Taxxke mpuBemeHsl pe3ynbTaThl 1Mo noaydeHno nekos u3 CIIK ¢ momompbio
PasNMYHBIX TEXHOJIOTWI BBIJIEIEHNA.

Paccmorpum texnonorum nonydenus nekos u3 CIIK xamenHbIX yryeit. B pa6ore [5]
MeTofoM IonykokcoBanua npu T = 500-550 °C mosmy4anmM TOMYKOKCHI M B JaHHOM
TemneparypHoM uHrepBane otbupamu CIIK. Otobpannyo CIIK puctmwimmpoBamu 1o
T =320 °C, 6pumn moyrydens! neku ¢ T, = 59 °C n 71 °C, conep>kaH1e BOJOPOAA B ITeKax 7,55-7,44%,
cofiep>KaHMe yIZiepofia yBelInunBanoch or 79,8 mo 82,8% c ysenmuenuem T,, comeprkaHue
Kucropopa ~ 8% [5]. B pabote [6] kamenHoyronpHyro CIIK pasrorsim go 360 °C, Bbrxop rieka — 50%,
cozepxanne ¢eHonoB B meke — 11,3% (B mepecuere Ha CIIK - 5,6%). B pabore [7] mpu
puctynanuy KamenHoyronbHoy CIIK momydanu mek ¢ Beixomom 78,6%. IIpombinieHHy0
CIIK noasepramm puctmwuisinyy B Kyoe fo T = 390 °C, monygamu nek ¢ T, = 56 °C, BbIx0f ITeKa
- 47%, ipu yBenm4eHn KoHevHO Temrepatypsl o T = 405 °C nmomygamm nek ¢ T, = 65 °C [8].
B pa6ore [2] ek ¢ T}, = 75 °C (Bbixop neka 30%) nomydamu n3 CIIK yrmsa mapku J1 metogom
tepmookucnenns (TO) mpu T = 230-348 °C (mmrrenpHOCTD 30 MIH, CKOPOCTD PAcXOfia BO3AyXa
63 n/4), onpepeneH (GpaKIMOHHBI COCTaB MOTyYeHHOTO IIeKa (cofep>kaHye HepacTBOPMMOIL B
Tonyorne ¢ppakuuu a = 20%, cogep>kaHue HepaCTBOPUMOI B XMHOMMHe ¢pakuym o = 1,9%),
KOKCOBBIT 0cTaTOK paBeH 30,2%, 30mpHOCTD 0,04%. B pabore [9] meTomom TO (T = 265-370 °C,
t = 30 muH, pacxon Bo3ayxa 40 n/kr) npomsimnenHoit CIIK momygamn mex ¢ T, = 138 °C.
B pa6ote [4] kamennoyronbuyio CIIK nmogsepriv Bakyymuo guctwuisauym go T = 400-410 °C
npu ocraTouyHoM pmaBieHyy 2-3 klla, 6pu1 momyden mex ¢ T, = 159 °C, Bbixop meka 50%.
/13 pe3ynbTaTOB NMpUBEEHHBIX MCCAEROBAaHUN [2,4,5,8] MOKHO IPUIITH K BLIBOAY, YTO IIPU
puctiwiAnuy KameHHoyronbHo CIIK go 360 °C MOXXHO OMyYnTh MATKME EKU. DNIeKTPOLHbIE
IeK!U, IeKU-CBA3YIOIMe U BBICOKOTEMIIEpPATypHble IeKM MoaydanT MeTtogoM TO wmm
yBemyeHreM Temnepatypsl auctwurinuu CIIK Berme 400 °C. V3 anamusa pabor [2,4,6-8]
MO>KHO CKa3aTb, YTO BbIXOJ ITeKa 13 KameHHoyronbHol CIIK mensanca B unrepsane 30-78%.

Taxke B KadecTBe CbIpbsl M HonydeHus neka mcnonbdyercss CIIK 6yporo yrs
(yronp Mmapkmu bB). B pabore [10] paccmaTpmBaeTcsi IONYKOKCOBaHUe Oyporo yrs
Jlenpunukoro yrnenposisnenus. Beixon CIIK mpu nmomykokcoanun (T = 550 °C) meHnsics B
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uHTepBane 3,4-23% [10]. IIpu muctmmwrsinum CIIK 6yporo yris BBIXOABI IeKa COCTaBII/IN
Be/mmauHbI 13,07%, 18,20% u 37,59% [10]. B pabote [11] CIIK 6yporo yrisa gucTmimpoBanm
o 350 °C, BIxOf mmexa — 45,25%. B pabote [12] ot mepBuaHOIT 6ypOYTOIbHOI CMOJIBI OTTOHSIN
¢dpaxuym go 250 °C, ocraBuryrocs 4actb (70% Bceit cmonbl) mopsepranyu TO B TedeHne 8 4acoB
npu temmeparype T = 200 °C B HpUCYTCTBUM KaTa/lu3aTopa B BUJE >KEJE3HBIX COJIel
opranmyeckoit kucnorsl (0,1% mo Macce Ha MCXOZHYIO CMONy), B MUTOre OBUI IIOTy4eH
BBICOKOTeMITepaTypHbIil nek. B pabore [13] CIIK 6yporo yrns guctmwmmposamu go 350 °C,
HIOJTY4YV/IN TIeK C BBIXOZOM JIETY4YUX BelecTB 83,6%, 30MbHOCTBIO 0,24%, PpaKI[MOHHBIN COCTAB
neka: a = 12,6%, B = 71,3%, y = 16,1%. V3 omicpiBaeMBbIX BbIIIe SKCIEPVMEHTOB MOXHO
ckasarp, 4To MeropoM puctiwanuu CIIK 6ypeix yrreit go 360 °C momydaroT B OCHOBHOM
MATKME TeKM, [JIA IOJyYeHMS BBICOKOTEMIIEPATYpPHOTO IIeKa MCIOb3yeTCs MeTOf
TEePMOOKICTIEHN L.

Oco6b1i1 MHTepeC A1 IPUMEHEeH)sI B Ka4eCTBe ChIPbs B IIO/Ty4eHNM IeKOB NIPEACTaBIseT
cnannesas CIIK. B pabote [3] monyuyamm mekm-cBs3yloljye ¥ 3/IeKTPOJHBIE IEKVU IyTeM
AUCTWULALNA ¢ M30TepMudeckoit Bergepsxkoit mpu 380 °C. B pabore [14] cmannesyro CIIK
nonry4yanu us roprodero cnanna npu T = 560 °C, ganee CIIK guctunnuposanu go 410 °C, BbIX0O[,
nexa 29,3%, sHauenne T, = 55,5 °C, cogepxanne o,-ppaxium ~ 0,61%, BBIXO TeTY4NX Bell[eCTB
83,7%. B pabote [15] metogom puctrmianumu o 360 °C cnannesoit CIIK monyyanm nex, BbIxop
KoTOoporo 59%.

[Mpu puctnmsanuu go 340 °C CIIK Topda, monydenHywo myrem muposnusa npu 600 °C,
HOJTy4Yany HeK C BbIxofoM 18-24%, comepkanueM ¢enonos 6% [16]. B pabore [17] mpu
muctwuanuu topdsHoit CIIK mokaszano: Bbixon nerkoit ¢ppaxuyu o 170 °C - 5,3%; BpIXO[,
¢pakuun npu T = 170-200 °C - 11,2%; Beixon ¢pakmym mpu T = 200-230 °C - 12,1%,
MaKCHMMA/IbHBIN BBIXOJ, Y3KOM ppakunm 26,7% Habmogancs npu T = 230-270 °C, BbIxox meka
24,3%. B pabote [18] ycranosneno, yro npu auctwuranuyu CIIK topda 4,8% denonos
OCTaBa/IOCh B IIEKe.

B ommcanHbIx BbIme paborax nmomydeHue CIIK kak cbIpbs Iy MPOM3BOACTBA IEKOB
IPOMCXOUT B OCHOBHOM B BOCCTaHOBUTENIbHOI cpefie (Ccpefia cOOCTBEHHBIX Ta3oB). OcoObIit
UHTepec IpefcraBidgeT nonydeHue rnekoB 1u3 CIIK kak >XuKoOro NpomyKkTa HUponusa B
MHEPTHON cpefle, a TaKXKe CpaBHEHME XapaKTePUCTUK IIEKOB B 3aBUCUMOCTM OT Cpefbl
HOTyYeHM S UCXOTHOTO ChIPbA.

2. Ilomyuenne neka u3 CIIK Kak >XuaKoro npogykra Immpoinsa yriei B MHEPTHON U
BOCCTAaHOBMTENBbHOII cpefe [19, 20].

B nanHOM paspgene INOKasaHbl YCTaHOBKM, KOTOpble NPUMEHSAINCH I IOTy4eHUA
nonykokcos u CIIK yreit. Taxxe mpezcrasieHa MeTofuKa Bbifesienns neka ns CIIK yreii.
[TpepcraBnennsle MeTomyuky nomydennss CIIK 6pum Hamy oTpabGOTaHBI U anpoOMpPOBaHbI
paHee B paboTax [19-20]. B nanHOI paboTe MpUBOAUTCA UX KPATKOE OIVICAHNE.

2.1 Memoouxu evidenernus CIIK u3 yeneti. Ins oigenenus CIIK u3s yrieit B MHepTHOI
Cpefie UCIONb30Balach yCTaHOBKA, INpefcraBneHHasd Ha puc. 1. [lna seigenenusa CIIK B
BOCCTaHOBUTE/IbHOI CpeJie CII0/Ib30Ba/lach YCTAaHOBKA, NIPeJiCTaB/IeHHasA Ha puC. 2.
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Puc. 1 YcraHoBKa [ TOMYKOKCOBAaHUA B MHEPTHOM
cpeme. 1 — 6awIoH ¢ rasoM; 2 — GJIOK yIpaBIeHNs;
3 — KopIyc anmnapara OIpefe/eHNs CIeKaeMOCTH I10
I'peit-Kunry; 4 - xBapueBas peTopTa; 5 — COOPHUK
cMorsr [19].

TOM 6, BbINYCK 2, 2025

0000 Q0O

Puc. 2 YcraHoBKka [N TOAYKOKCOBaHMA B
BOCCTaHOBUTEJIbHOI cpefie (BUA cOOKy). 1 — ocHOBaHue
Imeyum CO  BCTPOEHHONM  CUCTEMONM  yIIPAB/IECHUS;
2 — ;aBepua neun; 3 — TEIMIOM3ONUPYIOIINIA MaTepUa;

4 - xopmyc MydenbHON Teuy; 5 — ra3so0TBOAAIAL

Tpyba Ieum; 6 — sJIeKTPOHArpeBaTelbHas CHUCTeMa
neuy; 7 — AIMK 11 KOKCOBaHMA C YITIEM 3aKPbITHIN
KDBIIIKOM C KPYIJIBIM OTBepCTMEM; 8 — TpakT A

TPaHCIOPTUPOBKNI TIapora3oBbIX IIPOZIyKTOB;

9 — c60pHUK CMOJIBL B Bufe Kon6bI [20].

Ycranoska gna nmonydenns CIIK (puc. 1) B MHepTHOI cpefie COCTOSIA U3 Ta30BOTO
6ammoHa (1) m ammapara omnpepenenus cnekaemoctu mo I'peit-Kunry. IIporecc nmmponusa
IPOXOAM/ B alllapaTe CIEKaeMOCTH, a MHEPTHaA Cpella CO3/laBajach IIyTeM IOJayuM a3oTa B
ammapaT BO BpeMsA Iuponusa. [a3oBbli Oa/UIOH C IIOMOINBIO CIJIMKOHOBOTO IITAHTA
IPUCOeVHSA/ICA K KBapLIeBOJl peTOpTe C IIOMEIeHHBIM B Hee yryieM (4). biok ynpasnenns 6bu1
COeIHEH C 9JIEKTPOHATpeBaTe/IbHOI CUCTEMOI, BCTPOEHHOV B Kopmyc ammapara (3).
3ajaBanach TeMmieparypa mmpommsa T = 650 °C, xmupkue NPOAYKTbl IOTYKOKCOBAHUS
Y/IaBIMBa/IUCh C IIOMOIIBIO COOPHUKA B BUJie CTEK/IAHHON pooupku (5).

YcranoBka A nonydenua CIIK (puc. 2) B BOCCTAaHOBUTENIBHOI Cpefie COCTOMUT U3
mydenbroit meuy DITIK-2 pisa nmonmykokcoBanus yris (4) u cucremsl or6opa CIIK, cocrosmeit
3 Ta300TBOJAIIEN TPYOBI, BCTPOEHHOI B My(ebHYyI0 Ieub (5), TpaKTa B BUJe CUTMKOHOBOTO
IIVIAHTa I TPAHCIOPTMPOBKM IPOAYKTOB 13 rasoBoil ¢aspl (8) m cOoOpHMKA B BuAe
CTeK/ISTHHOM KOJIOBI (9) [UIs )KUKMX IPOJYKTOB.

2.2 Memoouxa évidenernust neka u3 CIIK. []s1 BbigeneHNs leKa B OCHOBHOM IIPYMEHIACh
IpYHIMINA/IbHASA CXeMa Bblfle/IeHNA TIeKa MeTO[JOM JUCTWULALIY CMOJIBL, IIpeficTaB/IeHHas Ha
puc. 3.

BoifenieHne mexa IPOMCXOANT ITyTeM HarpeBaHNA CMOJBI C OTAeNeHueM e€ Gppakiuit B
BIfIe Ta30B, OX/IX/EHIEM UX B XO/MTOAWIbHUKE (4) [0 )KMIKOTO COCTOSHIS I Y/IaB/IMBaHUEM B
coopHuke (5) [21].

B paborax [19, 21-22] Boigenenne neka u3 CIIK myrem pasmenenus ee Ha ¢pakiymn
OCYyIIeCTB/ANIOCh HaMy Ha ammapate APH-J1a6-03 (puc. 4). YcraHOBKa IO BBIJIETIEHNIO ITeKa U3
CIIK cocrosina u3 6710Ka yIpaBjIeH)s], BKIIOYAIOLIEro KHOIKY PeryIMpOBKM HarpeBa U py4Ky
PeryimpoBaHys MOI0XKeHMsI KOJIOBI, BCTPOEHHOT0 KonboHarpesaters (3) u xonogunbHuka (7),
B KOTOPBIII IIOCTyIIajIa BOZIa Yepe3 BCTPOEHHYIO TPYOy.
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Puc. 3. IlpmHnummanbHas cxema BbifgeneHuss Puc. 4. Cxema ycranoBkm mo pasronke CIIK nHa
IleKa MeTOROM JUCTWIALMY cMortbl [20]. 1 — mtatmB;  ¢pakyuu ¢ momoupio annapata APH-JIAB 03 (Bup
2 - TepMoMeTp; 3 — Ko/mba co cMOTIOlE; 4 — XOmoayIbHIK;  c60Ky) [20]. 1 — mpmémHuK; 2 — 610K yIpaBIeHNs;
5 — COOpHUK JUCTUIIISATOB; 6 — KONOOHATrpeBaTeNb. 3 - BCTpOeHHBIIT KonboHarpeBaTenb; 4 - Koiba
Bropua; 5 — TepmoMeTp ¢ uKCHUpYIOLeil TPOOKOIL;
6 — KpaH J1/1s1 BBIBOJIa AUCTUIUIATOB; 7 — XOTIOV/IBHUK.

B tabmmue 1 mpepcraBiensl pesynbrarhl 10 paspenennio CIIK, monyuyeHHbIX B MHEPTHO
cpene us yrinert mapok JK u I'K, Ha ¢ppaxmum [19,21].

Ta6nuna 1. Berxoper dppaxiuit CIIK yrneit mapok JK u 0K [19,21]

T,°C Brrxop dpakmit cmonsr yrs JK, % Brixop dpakmmit cmoner yra I0K, %
30-99 31,0 13,1
99 -130 24,4 51,0
130 - 360 33,3 16,2
> 360 11,3 19,7
IToTepu + raspr — 1,1

Ona CIIK yrneit mapok IJK n JK nossnenne nepsoit karmm Hacrynano npu T = 86 °C.
V3 Tabnuipl 1 BUAHO, yTO HaubobImil Beixof neka Habmopancs mist CIIK yrmsa mapku K.
V13 Tabnuiisl 1 MOXKHO ClieaTh CIefyIolye 3aKTI0YeHNs:

1. Hanbonpmmii Beixoxn ¢paxuuit (60-70%) [ ZaHHBIX CMOJI COOTBETCTBYET JIETKOI
¢dbpaxiyy KaMeHHOYTO/IbHOI cMOIbI [19,21].

2. Ina cmonbl yrna mapku JK ycTaHoBIeHO, 4To 31% ee cofeprKaHuA BBIXOAUI [O
Temiepatypst 99 °C [19,21].

[laHHBIE PaKTHI ONIPENEIIOT ePCIeKTUBEI BbIfeneHns mekoB 13 ganHbix CIIK metomom
9KCTparMpoBaHus C IOMOIIbI0 pactBoputeneir. Hampumep, B pabore [23] ompenmeneHst
nepcrnekTuBbl Boifenenua nexka u3 CIIK meTonoM skcrparmpoBaHMsA C IOMOIIBIO TONYOJIA.
B Hameit pabote [20] mporecc 3KCTparMmpoBaHUs IE€KOB IPOXOAWI TAaKXKe C ITOMOIIBIO
ycTaHOBKM Ha 6ase ammapata APH JIa6 03 (puc. 4), rae B xonby Bropua samuBanace CIIK
BMeCTe C TOJTYOJIOM, U TPOIiecC BbIXO/ia JUCTWIIATOB MIPOMCXOANT JO TeMIlepaTyphbl KUIEeHNA
tonyona (110 °C).

B tabnuiie 2 npencTaBeHsl pe3y/IbTaThl 11O BBIIE/ICHUIO paHee B paboTe [20] mexoB u3
CIIK, nomy4eHHBIX B BOCCTAHOBUTE/IbHOI cpefie 13 yrieit Mapok IJK u K.
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Ta6muma 2. Berxop rnexos, BbifeneHHbIx u3 CIIK MeTogoM sKcTparnpoBaHmuiu ¢ IOMOLIBIO TOIyorna [20]

Ne Hassanue Brixop nmeka ns CIIK, %
CIIK I'’)X + Tonyon (40/80) 20,2
CIIK I'’)X + Tonyon (40/100) 12,0
CIIK K + tonyon (40/12) 5,0

M3 tabmmubr 2 BupHo, uro i CIIK IDK npm yBenmuenuym ob6bpema pacTBOPUTENS
yMeHbIIaJICs BhIXOR HeKa, a Ayia CIIK K Beixop meka coctasyan 5% [20].

B pmanHOI paboTe NpuBeIEHBI Pe3y/lbTaThl OIpefe/IeHNsI BPEMEHM 9KCTParvpoOBaHNs
NeKoB (M3 CMOJ, IONTYyYeHHBIX B BOCCTAHOBUTENbHON cpefie B pabore [20]). B Tabmume 3
IpeficTaB/ieHa BemmunHa pmmTenbHocT HarpeBa CIIK oT KOMHATHOM TeMIIEpaTypbl IO
noHoro Bbixofa ¢ppakunii (t) mpu 110 °C ¥ yIMTeNbHOCTY T OT IOSBJICHNS IIePBO KaIlIu 0
nonHoro Beixosia (ppakuuit mpu 110 °C, u At - Benmn4mHa IporpeBaHNs CMOJIBL JO IIpoliecca

aKcTparupoBaHus (At =t — 7).

Ta6muua 3. ImrenprocTy Harpesa CIIK 1 axcTparnpoBanms.

Ne Hassanue t, MUH T, MUH At, MuH
CIIK I'’X + Tomyon (40/80) 180 90 90
2 CIIK I'’)X + Tomyon (40/100) 170 90 80
CIIK K + tonyon (40/12) 165 80 85

/3 a6yt 3 BupHO, uTo 11pu mobom cootHomenny CIIK/Tomryon BpeMs nmporpeBanus
cMonbl (At) mo mosiBlIeHUs MepBO¥ Karm MeHsoch 80-90 MuH, npyu yBenmdeHuu obbema
tonyona ana CIIK 'K snagenne At ymenbmanocs ¢ 90 go 80 muH, gia CIIK K - cocrasnsano
85 MyH. [IINTeIbHOCTD SKCTPAarupoOBaHus T He MEHATIOCH (T = 90 MUH) ¢ yBenM4eHueM obbeMa

tonyona ansa CITK I'7K.

3. XapakTepucTukn nexkos, BbigeneHnbix us CIIK. B nannom paspene npezcrasieHbl
JlaHHbIE ¥ XapaKTePUCTUKI ITOJTy4eHHBbIX Hamy paHee nekoB u3 CIIK. B mannOI paboTe mmsa
IIEKOB OIpefie/IANM TemnepaTypy mnasneHua Tn. Ilponecc ompepmenenusa T, mpomcxopun
CIeRYIOLIIM 00pa3oM: C pasHbIX YYaCTKOB IIOBEPXHOCTY OTYy4eHHOTO ITeKa OT/Ie/ISIN YIaCTKI
neKoB. OT/ie/IeHHbIe Y9aCTKM HarpeBajiy, IPOLeCC IVIABIEHNA KOHTPOIMPOBA/IN C IIOMOUIBIO
MUKpOCKONa. TeMmeparypa Hayaja IUIaBlIe€HNs OIpefe/slach BTOPUYHBIM IIPUOOPOM,
CBsI3aHHBIM C HarpeBaTe/IbHbIM 3/IEMEHTOM T€PMONapoli. 3a IIaB/IeHNe IPYHUMAICA MTEPexof
IeKa B XXupkoe cocrossHme. Taxoke ms rorosoro neka us CIIK I'K (cmona + Tomyon (40/80))
IIPOBOJVIICS 9KCIIEPUMEHT 10 HU3KOTEeMIIepaTypHOIT KapboHu3aluy mmyreM Harpesa o 550 °C
U BbIJiepXXKe B TedeHMe 1 yaca. Kapbonusanus npoBoauaack B MydenbHOI Ieuy, 06pasiibl
[IEKOB TIOMEIalM B KepaMM4YecKNue YallKy M 3aKpbhIBaay META/ZIMYECKON KPBIIIKOM.
Omnpepnensamu BbIxof, Kap6oHmsara Kss) kak IpOIleHTHOe OTHOIIEHME MacChl IIeKa K Macce
IIO/Iy4eHHOTO KapOoHusara. ]yt KapOoHM3aTa OLpene/sUIM BBIXOA eTy4unx BertecTs V) mmo
I'OCT P 55660-2013.

3.1 Cocmas u ceoiicmea nexos us CIIK nonyuenHvix 6 unepmmotii cpede. B Tabmune 4

npeJicTaB/ieHbl XapakTepuctuky nexa ns CITK JK.

84



OT XHMHM K TEXHONOTHM TOM 6, BINYCK 2, 2025

Tabnuna 4. XapaktepucTuku neka, nonydexsoro us CITK K [19].
Haspanue T, °C Y, % B, % a, % az, % a, % X, % 30/1bHOCTB, %
ITex (CIIK JX) 51 30,4 65,5 4,1 3,6 0,5 57,5 0,17

Temmneparypa nnasnenus Ty, TPy KOTOPOJ IEK MEPEXOAUT B XXUIKOe COCTOAHME, I
neka n3 CIIK JK cocrasnsana Bemmunny 55 °C. IIna nexa us CIIK I'JK nHavano nmaBnenus s
Pa3IMYHBIX YYACTKOB IeKOB MPOoncXoauIo npu T, = 68 °Cu Ty, = 210 °C, uTO MOXKET TOBOPUTD
0 HEOJHOPOJHOCTY IO/Ty4aeMOro MPOgyKTa.

B pmannoit pabore Meromom akcTparmpoBanHusa u3 CIIK JK ¢ momompio TOmyonma
(mpu cooTHOWIeHNM Tek/Tomyon = 1/1, go TemmnepaTypsl Kunenns tonyona 110 °C) momyden
nek ¢ T, = 56 °C, BbIxof neka — 10%, BbIXof, eTyuux BeulecTB 79,4%, 3ompHOCTD — 0,98%.
HIna pannoro neka Ty, 1A pa3HbIX y4acTKOB MeH:AMach oT 62 mo 81 °C.

3.2 Cocmas u ceoticmea nexos u3 CIIK, nonyueHHbix 8 60CCIMAH08UMeNbHOL cpede.
B Tabmuie 5 mpencTaBiaeH QpaKIVIOHHBIN COCTaB SKCTparupoBaHHBIX mekoB u3 CIIK,
HO/Ty4eHHBIX B BOCCTaHOBUTeNIbHOM cpefe 13 yreit [JK u K B pabore [20].

Ta6nuna 5. OpakMOHHBI cOCTaB [1eKOB, BbigeneHHbIx 13 CITK mapox yrneit [DK u K [20].

Ne HasBanue T, °C P> % B, % o, % o, % | X, % 3071bHOCTD, %
1 ITek (CIIK T'K) 36 33,8 44,7 11,5 0,5 72,6 0,04
2 ITek (CIIK K) 46 - - 13,4 0,3 67,5 0,07

V3 Tabmmupr 5 BupHO, yto neky n3 CIIK, nonydyeHHble B BOCCTAHOBUTENIBHOI Cpefie, II0
cpoeit T, — markme. Taxxke meku mo cBoeMy (PaKkIVOHHOMY COCTaBy MMeEIOT HU3KOE
cofiep)KaHue & U & -PpaKIUuil IO CPAaBHEHNIO C IIPOMBIIUIEHHBIMY II€KaMI COIMacHo [20].
s mexa (CITK I'K) Ty, = 49 °C, a mna neka (CIIK K) T, = 48 °C.

3.3 HuskomemnepamypHas kapOoHu3auus nexoé. B [aHHOM pasfienie IpoBeleH
9KCIIEPUMEHT II0 HU3KOTeMIIepaTypHON kapOoHM3anuy meka, momydeHHoro mu3 CIIK IDK
(maHHBIe TleKa INpeAcTaBlIeHHble B Tabmuije 4), ¥ NPOMBIIUIEHHOTO 3/MEeKTPOJZHOTO IeKa
kateropuu b (« = 25,8%, a1 = 4,5%). Ommcanne XapakKTepyUCTHK JaHHOTO IIeKa IPOV3BeNEHO B
pabore [20]. Kapbonmsaumss mpoBopmiaach IyTeM HarpeBa co CKOpocTbo 7,5 °C/MUH n
BBIJIEP>KKOJ1 B TedeHMe 1 yaca. [laHHbIe KapOOHM3ATOB Ipe/CTaB/IeHbl B TabnuIe 6.

Tabnuuna 6. Berxoy meKoBbIX KAPOOHM3ATOB U JaHHbIE TEXHUYECKOTO aHAIN3A.

Ne HasBanune Ksso, % V@D, 9%
1 K(CIIK) 34,4 50,0
2 K(b) 59,1 10,0

V3 Tabmuiel 6 BupHO, yto Bbixof K(CIIK) mmke, yem s K(B). Takxxe BbIXOZ meTydnx
BewjectB Kapbonusra K(CIIK) nmen snauenne 50%.

O6cyxaeHne 1 3aKII0YeHIe

ITex, monyuyennsiit myrem puctunaAauuy CIIK xak »XKMAKOro mpopykra INMpOIn3a yris
Mapku JK B MHepTHOII cpefie, MMen TeMIepaTypy pasmardenns Tp = 51 °C, 4To Bblllle 3HaYeHUIt
i1 IIEKOB, TIOMy4eHHbIX TyTeM 3KcTparnpoBanns n3 CIIK xak npopykra nuponmsa yraei 17K
u K B BoccraHoBUTeNbHOM cpefie. I1ek, monydennsnit nyrem guctwmnauym CIIK kak nmpopykra
nuponusa yrasa mapku [DK B MHepTHOI cpefe, MMeNl HOBOIBHO OONbluMe pPasnuyus B
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TeMIlepaType IIaB/IeHUA [/l Pa3HbIX YYaCTKOB, YTO XapaKTepU3yeT AAaHHBIN MPOAYKT Kak
HEOHOPOAHBIN. JlaHHBIN (aKT MOXeT OBITh CBSI3aH C TeM, YTO Ui NAaHHOW CMOJIBI,
IPeJIII0/I0KUTETbHO, TPe60BAIOCH CHIDKEHVEe KOHEUHO TeMIIepaTyphl AUCTIUIALNN. Tak mpu
T > 300 °C nmpomo/mKancs BBIXOf, OMCTUIATOB, X BMeCTe C JUCTWUIATAMU MOT IIPOU3O0NTU
BBIXOJ] JIETKUX IIPOAYKTOB Iieka (y u f-dpakumii), 4TO M IPUBOAWIO K IIOTY4EHUIO
HEOJTHOPOJHOTO MPOJYKTa.

Brixop kapbonusata Ksso 13 anexrpogHoro neka b Obi1 Bblllle, 4eM y 11€Ka, ITOTy4€HHOTO
u3 CIIK. [TaHHbBIT aKT MOXKeT OBITh CBSI3aH C TeM, YTO B IeKe b comeprkanme «; 010 BbIlIe,
yeM B neke u3 CIIK. Copeprkanne a;-¢ppakiuyy B IeKe CIIOCOOCTBYET YBe/IMYEHNIO BBIXOJA
KapOOHNM3aTa, KaK OBUIO IIOKa3aHO B paboTax [25-26]. Takxe nekn, nonydennsie u3 CIIK myrem
ee MUCTWUIALMY, MMeNM HM3KME 3HAUYeHMS & U o -Ppakumil IO CPaBHEHMIO C IeKaMI,
HOJTyYeHHBIMM ITyTeM AVICTVUUISALIVY IIPOMBIIIEHHON KaMeHHOYTOIbHO CMOJIBI B pabore [26].

OKCTparMpoBaHHBI ¥ MOTYyYEHHBIN MyTeM AMCTWULALVUM B JaHHON paboTe IeKM 13
CIIK X (cMornma monydyeHa B MHEpPTHOM cpefie) ObUIM MATKMMU. Y SKCTParMpoOBaHHOIO II€Ka
BBIXOJ, JIETY4YMX BellecTB X ObII 60JIbIle, YeM I I1eKa, IIOJTyYeHHOTO ITyTeM AVMCTVIULALVINL
Taxke 307bHOCTH ObUTA BBILIE I 9KCTPar¥pOBaHHOTO II€Ka IO CPaBHEHMUIO C IIEKOM,
HOTy4eHHBIM IyTeM gucTiuAnuu. 3Hadenud Tr, 6bum 60mbire sHa4eHN T T, /11 BceX MeKoB.
Taxoxe meku, mnomydeHHble 3KcrparmpoBanumeM u3 CIIK kak >KMAKOro IPOAYKTa
nonykokcoBannsa yrieit [DK m K B BoccTaHOBMTENBHOI cpefie, ObUIM BbILIE IO 3HAYEHNIO
a-(ppaKuMit ¥ HYKe TI0 30/IbHOCTY IO CPAaBHEHMIO C TIEKOM, TIOTy4eHHBIM ITyTeM AV CTVULALIN
n3 CIIK kak XMIKOro npopyKra IIOTyKOKCOBaHMA I/ JK B MHEPTHO cpefe.

Paboma evimonnena 6 pamxax eocyoapcmeennoeo 3adanus PIGHY «Dedepanvhuoiii
uccnedosamenvckuti ueHmp yens u yenexumuu Cubupckozo omoenernus Poccuiickoti akademuu
Hayk» npoexm Ne 121031500512-7.
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Keywords: Abstract. 1,3,4-oxadiazoles are an extensive class of heterocyclic compounds. They

1,3,4-oxadiazoles, synthesis, have found applications in various fields of science and technology: pharmacy,

catalysis, solid-phase polymers, fluorophores, optoelectronics, etc. Nowadays, there are many scientific

synthesis, dehydration papers on the synthesis of 1,3.4-oxadiazoles. However, the information in terms of

agents, biologically active 1,3.4-oxadiazoles is fragmentary and nonspecific. This review presents various

substances, chemosensors approaches to the synthesis of 1,3,4-oxadiazoles described in the literature over the
last 5-15 years, as well as examples of practical applications of this class of
compounds.
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Introduction

Oxadiazoles are present in nature as four isomers (Fig. 1); among them 1,3,4-oxadiazole (d)
is the most investigated due to the availability of synthesis methods and wide application.
o, (o} -0 o
NN N
[ N N— LN \N/>
a b c d

Fig. 1. Natural isomers: a - 1,2,3-oxadiazole, b - 1,2,4-oxadiazole, ¢ - 1,2,5-oxadiazole, d - 1,3,4-oxadiazole.

The chemical composition of oxadiazoles, in particular 1,3,4-oxadiazoles, is characterised
by their unique heterocyclic structure. It provides them with important biological and
physicochemical properties. These compounds attract the attention of researchers due to the
variety of methods for their synthesis and the prospects for their application in medical and
polymer chemistry. This review presents the strategies for the synthesis of the 1,3,4-oxadiazole
moiety as well as applications of these heterocycles.

Main body

Cyclisation by dehydrating agents. The main method for the synthesis of 2,5-disubstituted
1,3,4-oxadiazoles is the interaction of carboxylic acid hydrazides with chlorohydrides with
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further cyclisation in rather aggressive reagents, for example, by the traditional method -
phosphorus chlorooxide [1-4]. A paper [5] describes a method in which intermediates -
carbohydrazides — were previously obtained by the interaction of acyl- or arylhydrazides with
carboxylic acids in the presence of HATU (O-(7-azabenzotriazol-1-yl)-N, N,N,N'-
tetramethyluronium hexafluorophosphate) and DCC (N,N™-dicyclohexylcarbodi-imide)
followed by cyclisation in the presence of phosphorus chlorooxide (Scheme 1).
i i N-N
AKHMPHZ_E_*' L D~Ar
Arr O
1 2
i: ArCOCl, Py or ArCOOH, HATU, DCGC; ii: POCl3
Scheme 1
Carboxylic acid esters can also be used as initial substrates. Rebeck et al. [6] consider the
use of ethyl ether 3 as a precursor reagent. It is hydrolysed under the action of LiOH and further
combined with N-acylhydrazides 4 under the action of EDCI/HOBt (1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide / 1-hydroxybenzotriazole) to form intermediates 5 in good
yield. Dehydration of N,N'-diacylhydrazides 5 using POCI 3 gives compound 6 with an a-helical
mimetic oxadiazole-pyridazine-phenyl framework with a yield of 45-53% (Scheme 2).

COOEt R,
N~ HNAO
N~ N. R, | HN._O
(o] * HZN/ \H/ ’ ii
\R1 4 o 'ﬂ X
N __~
3 o.
R4
5

Ry, R, = a: Ph, i-Pr; b: Ph, Bn; ¢: i-Pr, i-Pr; d: i-Pr, Bn
i: LIOH, THF/H,O; ii: EDCI, HOBt, DCM,; iii: POCl;, MeCN, reflux, 12 h
Scheme 2

Another method for the obtaining of 2,5-disubstituted-1,3,4-oxadiazoles is the
cyclodehydration reaction by the action of sulfuric acid (H,SO.), polyphosphoric acid (PPA),
and trifluoroacetic acid on carboxylic acid hydrazides [7-9]. Hence, [10] describes the reaction
of isatoic anhydrides 7 with the corresponding hydrazides in acetic acid forming 1-(2-R-
aminobenzoyl)-2-aroylhydrazines 8. The latter undergo cyclisation in the presence of PFC to
form 2,5-diaryl-substituted 1,3,4-oxadiazoles 9 with a yield of 35-42% (Scheme 3).

o)
o ACOH CONHNHCOAr N-N
o + J_ NH - = ’0>‘Ar
- 2
/g Ar N
N0 H NHR
NHR
R 2
9

8
7
R= Me, PhCHz, Et, Ar = Ph, 4-MCC6H4, 4-MeOC6H4, 4-N02C6H4

Scheme 3
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Examples of the use of dehydrating agents are described in [11, 12]. Unsubstituted
1,3,4-oxadiazoles are obtained in two stages: the first stage is boiling of carbohydrocarbazide 10
in excess formic acid to obtain 3-chloro-2-(N-formylhydrazide)benzo[b]thiophene 11. At the
second stage it is exposed to intramolecular cyclisation under the impact of phosphorus (V)
oxide in xylene (Scheme 4) [12]. The product yield was 98%.

c o
cl N__O cl
o i N~ \l// ii

- H LN o]
s H !

\
S NHNH, S n-N

10 1

i: HCOOH, reflux; ii: P,Os
Scheme 4

The synthesis of 2-amino-5-(N-carbazylmethyl)-1,3,4-oxadiazole 14 is based on the use
of sulfuric acid as a dehydrating agent at the room temperature (Scheme 5). This leads to a high
product yield of 82% [13].

h H,S0, O NH,
N NH, - N—<\Z](
T ¥

13 14

Scheme 5

Another way to create an oxadiazole moiety is by cyclodehydration of semicarbazides.
An example is the oxidative cyclisation of oxalyldiphenylthiosemicarbazides 17 in the presence
of an alkaline I,/KI solution [14, 15] (Scheme 6).

0 % s ?kﬁﬁ ii N-N N-N
NS i HNHN" ) "NHNH 7\ 7N
HNHZNJLM;U\NHNHZ"'P" c PhHN—Ng g7 —NHPh iii PhHN%OWO%NHPh
n
15 16 17 18
n=0,1,2,34
i: EtOH; ii: EtOH, NaOH/KI; iii: I,
Scheme 6

Similar works were conducted by scientific groups [16, 17]. They showed the possibility
of oxidative cyclisation of alkyl- and/or arylthiosemicarbazides and thiosemicarbazide in
alkaline iodine solution to obtain 1,3,4-oxadiazoles in 43-75% yield for alkylthiosemicarbazides
and 53-64% for arylthiosemicarbazides.

Aziz et al. [18] described a strategy for the synthesis of 1,3,4-oxadiazole derivatives
containing a multiple bond. 1-Cinnamoyl-4-phenylsemicarbazide 21 was synthesised by reaction
of phenylisocyanate 20 with cinnamic acid hydrazide 19 followed by acid-catalysed intramolecular
cyclisation with sulphuric acid. This led to the synthesis of 2-cinnamoyl-5-aminophenyl
1,3,4-oxadisole 22 with a yield of 78% (Scheme 7).
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(o) . o

i H .
~-N
+ Ph_. .C. —> AN N NHPh L» N
Ph/\)J\NHNHZ N o Ph/\)J\N \”/ PI‘\\\/“\ \>_N|.|ph
H 4 ~ o
19 20 21 22

i: CHCl, reflux, 1h; ii: H,SOy, stirring
Scheme 7
Ring-locking of thiosemicarbazide 25 can be performed in the presence of mercury
acetate (Hg(OAc),) in acetic acid with a yield of 41-50% of the target products [19]. As shown
in [20], the use of glacial acetic acid on boiling increases the yield of 1,3,4-oxadiazoles to 83-94%

(Scheme 8).
S
o o é& Hg(O(I)\c)z,
AcOH _N
N”N NHNH, + _N__S_  _ N/,N NHNA ~NHR N| \__NHR
.l RSC N P
M CH Ri
Y e 24 / 3
A A
23 25 26

Ar = 4-MeCgH,, 4-MeOCsH,, 4-NO,CsHy
Scheme 8

In [21], a cyclisation method considers the use of mercuric oxide as a dehydrating
compound. Hence, thiosemicarbazides 28 were obtained by nucleophilic addition reaction of
hydrazide  1-(4-chlorophenyl)-4-hydroxy-1H-pyrazole-3-carboxylic ~ acid 27  with
phenylisothiocyanate 16. It was further cyclised to 1,3,4-oxadiazole 29 by boiling it (28) with
mercuric oxide in absolute ethanol. However, this method has a disadvantage - low yield of the
product (31%) (Scheme 9).

-N
(o} (o} N
HO ' HO k ) HO | \>—NHPh
I NHPh 1 (o)
MNHNHZ b ppNse?S —= MNHNH Y
N-N N-N N/N
f 16 f
cl Cl cl
27 28 29
i: CHCl, reflux, 1h; ii: HgO, EtOH
Scheme 9

Another example of the use of dehydrating agents is the method of interaction of
aryl-substituted hydrazides with aldehydes of various structures in acetic anhydride or acetic
anhydride/acetic acid medium (Scheme 10) [21, 22].

Me
H
HO O 0 Ho O )\ Ho  N° 87R
) NHINH, L A ) NHNZ R, AcO N
I . — A
R, 27 30 K, 31 R, 32

1

R1 = 4-C1C5H4, Rz = 2,4-F2C5H3
Scheme 10
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p-Toluene sulfochloride can be used in the cyclisation reaction of diacylhydrazide to
1,3,4-oxadiazole [23-28]. Hydrazide 33 participates in the nucleophilic substitution reaction
with methyloxalyl chloride 34 in the presence of triethylamine. It forms intermediate
diacylhydrazide 35, which is cyclised by the action of p-toluenesulfonyl chloride (TsCl) to
1,3,4-oxadiazole 36 with a yield of 75-94% (Scheme 11).

o (0] (0] N M
OMe o M ii N- e
RJ\N’N"I2 * C')J\ff —| A PR >
H ) R HNH o RO O
33 34 35 36
i, ii: TsCl, TEA
Scheme 11

In [29], the authors showed a synthesis method based on the formation of Schiff base 39
by the interaction of aromatic aldehydes 38 with hydrazides of carboxylic acids 37. They were
further cyclised into 1,3,4-oxadiazoles 40 in the presence of iodobenzene diacetate with a yield
of 70-75% (Scheme 12).

Et
CC &
O N,
(o]

37 i Et Y i Et
R+ /\H/N\N/ SN /\(O —'/R
b oI
P e N\
=
39 40
0~ H
38

i: EtOH; ii: PhI(OAc),
Scheme 12
Scheme 13 shows the possibility of using thionyl chloride as a cyclising agent [30]:
compound 41 was treated with ethyloxalyl chloride in anhydrous pyridine to obtain compound
42. It was cyclised in acidic medium with thionyl chloride to ethyl-5-(4-amino-5-
benzoylisoxazol-3-yl)-1,3,4-oxadiazol-2-carboxylate 43 (68% yield).

o-Et
NH, 0 o
' . o 3 N-N
HN - NH, ! _NH . H | NH2
o 0 > HN NH, — EtO o N o)
D o 0 N
N-g"  Pn B 0 Ph
N- 43
“ O Ph
42

i: CICOCOOEL; ii: SOCl,
Scheme 13
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Cyclisation by other methods. A number of different methods of cyclisation without the
use of dehydration reagents are described. These methods have the following advantages: less
toxic reagents, simpler reaction conditions, higher product yields, ease of product isolation, etc.

For example, Desforges et al. [31] proposed a method for the cyclisation of hydrazides 44
to 1,3,4-oxadiazoles 45 in DMFA/EtN at 0 °C with the introduction of
N,N'-carbonyldiimidazole (CDI) and subsequent removal of Boc-protection. This method
provides the target products with yields of 88-91% (Scheme 14).

Pt
o] i
G, O

Z HN—NH, i Z 0

44 45 OH

a: 2-CONHNH,, b: 3-CONHNH,, c:4- CONHNH,
i: CDL Et;N, DMF, rt, 16h; ii: HCI
Scheme 14
An alternative method for the synthesis of 2,5-bis(aryl)-1,3,4-oxadiazoles 47 is the
thermal cyclodehydration of 1,4-bis(4-aryl)-hydrazide 46 in N-cyclohexyl-2-pyrrolidone
(CHP) with a yield of 70-88% (Scheme 15) [32].

0 Q CHP o X
X X — X |
HN—NH N-N
4

6 47
Scheme 15

An efficient, one-step synthesis of 2,5-disubstituted-1,3,4-oxadiazoles with high yield is
known [32]. Target products are obtained directly from acylhydrazide and aromatic aldehydes
using 1,4-bis(triphenylphosphonium)-2-butenoperoxodisulfate (BTPBP) as an oxidant in
non-aqueous and aprotonic solvents (Scheme 16).

0 0 i R_ o
+
Ph/ﬂ\u/NH2 RO T \Miﬂ>—‘Ph
48 49 50
[BTPBP]: Ph‘,,P‘”_/:\_P"Ph3
$,05 %

R= Ph, 4-C1C6H4, 4-MeC6H4, 4-MCOC6H4, 4-N02C6H4, 4-IC6H4,
4-BrCsHy, 3-NO,C¢Hy, 3-CICsHy, 2,4-CL,CsH;

i: [BTPBP], CHCI;, reflux
Scheme 16

In 2014, Martens et al. [34] developed the synthesis of thiazolidin-4-yl-1,3,4-oxadiazoles
56. It involves intramolecular aza-Wittig-cyclisation under mild conditions; the yield is from
satisfactory to good (Scheme 17).
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o _P*Phy
)J\ +/N R HRZR
Ry” "OH N 30 Nﬁ/ 2
NH3 _N_ R, 54 C° 55 o,
H_O O R i R >LR N-N S
Yo+ b g i R
R1 R1 Rz R1 R1 1

27-95%

i: CHCl3, 5 °C to rt; ii: THF, rt, 15h
Scheme 17

This synthetic method involves the interaction of Azinger products 53, carboxylic acids 54
and (isocyanoimino)triphenylphosphorane 55 (the synthesis of this reagent is described in [35]).

This reaction is distinguished by the occurrence of intramolecular aza-Wittig-cyclisation
instead of Mumm rearrangement, which is typical for acylimidates.

One of the ways to form 1,3,4-oxadiazole cycle is the oxidative cyclisation reaction of
arylidene hydrazides under the impact of such oxidants as Br,, HgO, KMnO, [36].
The interaction of arylidene hydrazide 57 with bromine in acetic acid medium in the presence
of sodium acetate gave compounds 58 in 60% yield (Scheme 18).

o

i: AcONa, Br,, AcOH, 100 °C, 24h
Scheme 18

Another method described for the preparation of 1,3,4-oxadiazoles is the use of ultrasonic
irradiation of aromatic carboxylic acids 59 and acenaphthenquinone 60 [37]. The reaction was
performed in the presence of (N-isocyanimino)triphenylphosphorane and acetonitrile as
solvent. The yield was 67-85% (Scheme 19). Comparison of procedures with and without
ultrasound showed a significant reduction in time: 15 min with ultrasound compared to 24 h
without ultrasound. The compounds 61 obtained are used as drugs for the treatment of tropical
parasitic diseases such as trypanosomiasis and leishmaniasis.

N\(Ar

0 o o i N\ (o]
A . > 0 OH
oo &
& I

i: (N-isocyanimino)triphenylphosphorane, CH;CN, ultrasound, 25 °C, 15 min
Scheme 19
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Hydrazonecarboxylic acids 62 are subjected to intramolecular cyclisation in the presence
of pyvaloyl chloride, i-Pr.NEt and catalytic amounts of DABCO to form a series of substituted
condensed tricyclic 2,3-dihydro-1,3,4-oxadiazoles 63 with high yields (Scheme 20) [38].

OYPh Ph
N-NH _ o/\kN
] /
| — N
AN
LA~ Z
0~ "CO,H o

R = H; 4-Me; 4-MeO; 4-Cl; 2-Br; 3-Br
i: i-Pr,NEt; DABCO; t-BuCOCl
Scheme 20

Synthesis of 1,3,4-oxadiazoles on a solid polymer carrier. Solid-phase synthesis is a
challenging approach to produce a variety of organic compounds on insoluble carriers.
Compounds synthesised on solid carriers can be released without a trace of the linker used to
bind the intermediates during the synthesis. A large number of synthetic strategies have been
developed for the obtaining of products by solid-phase on a carrier. The advantages of
solid-state synthesis are as follows: rather easy isolation, absence of the solvents, possibility of
parallel syntheses, no solubility issues of intermediate and final products [39, 40]. Today,
solid-phase synthesis methods are widely used in organic synthesis, especially in the field of
drug discovery, where time-efficient syntheses of compound libraries for high-throughput
screening as well as specialised libraries for optimising the lead compound are essential [41-43].

An example of solid-phase synthesis is the obtaining of 1,3,4-oxadiazoles on a
dithiocarbazate linker [44]. This allows obtaining the target products with high yields. First, a
solid carrier (Merrifield resin) 63 is obtained. It is modified into acyldithiocarbazates 64 by
reaction with various hydrazides and carbon disulfide (Scheme 21). These intermediates
undergo dehydration cyclisation to give carrier-bound 1,3,4-oxadiazoles 65. Next, a solid
carrier removal is conducted to form the product 66. This method provides the target
heterocycles in high yield. The exception is being the use of dibenzylamine, which is sterically
hindered and less nucleophilic. This synthetic approach allows ones to convert the intermediate
64 into different heterocycles, depending on the reagents [45-49].

R
S H O S N3
N Ro~N
i Py < Oﬁ Yo iii )
O/\CI s H R4 N I N, ©
, d\ N" R, e \N//kR1
63 64 65 66

R, = Ph, 3-FC¢Hy, 4-F;:CCeHy; 4-tret-BuCsHy; RoR3N = piperidinio, morpholino, cyclohexylamino
i: RICONHNH,, CS,, NaH, NMP, rt, 12h; ii: TsCl, TEA, DCE, 60 °C, 24 h; iii: m-CPBA, 1 N aq NaOH,
1,4-dioxane, rt, 6 h; iv: R,R;NH, 1,4-dioxane, 100 °C, 24 h
Scheme 21
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Sheng et al. [50], [51] presented the synthesis of vinyl substituted 1,3,4-oxadiazoles 70
using polymer-bound a-selenopropionic acid 67. In this method, the activated carboxyl group
reacted with hydrazide. The activated acyclic precursor was cyclised under the action of POCl;
to give the target products 70 (Scheme 22).

It is also possible to use acid-sensitive Rink's resin as a solid carrier [52]. Scheme 23 shows
the synthesis of 1,3,4-oxadiazoles, which involves the addition of monomethyl terephthalate to
Rink's resin 71 with removal of the amino group protection in the presence of hexafluorophosphate
benzotriazol-1-yl-oxytripyrrolidinophosphonium (PyBOP) and N,N-diisopropyl ethylamine
(DIPEA). This led to the formation of the methyl ester 72.

i, ii . /Se—\_<° iii, iv

OH
SeBr 68 -
Q Yo

67 N

N R4
v Se 70
. d vi, vii
OH
o
69

R = Ph, i-C;H;, CsHsCHa,, 4-CH;0C¢H, 4-CICsHy, 4-NO,CeH,
i: NaBH,4, THF/DMF, rt, 10h; CICH,CH,COOQEt, rt, 5h; ii: LiOH, THF, H,O, rt, 24h;
iii: DCC, R;C(NH,)=NOH, dioxane, 50 °C, 15h, then 95 °C, 5 h;
iv: H,O,, THF, 0 °C, 10 min, then rt, 1.5h; v: LiBH,, THF, rt, 1 h, then MeCHBrCOOH, rt, 6 h;
vi: EDC, R,C(NH,)=NOH, DMF,65 °C, then 115 °C, 5 h; vii: H,0,, THF, 0 °C, 30 min, then rt, 20 min.
Scheme 22

The methyl ether 72 was then exposed to basic hydrolysis and formed carboxylate anion
73. The latter reacted with the corresponding acylhydrazines to form 1,2-diacylhydrazine 74.
Its heating in the presence of DIC (N,N'-diisopropylcarbodiimide) and DMFA and subsequent
cleavage from the solid carrier with trifluoroacetic acid in dichloromethane gave
2,5-disubstituted 1,3,4-oxadiazoles 75 with good yield (> 60%, total yield in six steps) and
purity (> 71%) (Scheme 23).

o o— o O'Na*
Fmoc >/®’<O @
o

NH ! NH iii NH
0" T & "
71 72
73
HN-NH -N
YOt o O
v (o] R
oo ;
- NH vi HN
74 75

i: 20 % piperidine in DMF; ii: monomethyl terephthalate, PyBOP, DIPEA, DMF; iii: 2M NaOH, THF;
iv: RCONHNH,, PyBOP, DIPEA, DMF; v: DIC, DMF; 100 °C, 18 h; vi: TFA:DCM (1:1).
Scheme 23
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Transition-metal catalysed condensation. Couturier et al. [53] described a method for the
obtaining of 1,3,4-oxadiazole ring from N,N'-acylhydrazines 76 by the action of catalytic
amounts of palladium (Scheme 24). The yield of the products was 30-71%.

H N-N
N__R, i N
Be T — R/ko%Rz

R ~O
76 77

R1 = Rz = Ph, Me, Et, 4-CH3C6H4, 4-MCOC6H4, 4'C1C6H4
i: 3 % Pd(PPhs)4, 0.9 equiv PPh; 1.2 equiv (PhCO),0, decalin, 175 °C
Scheme 24

In [54], they proposed a strategy for transmetallic catalysis by palladium of the reaction
between hydrazide and isocyanides. The yields of the target compounds are satisfactory to good
using benzoylhydrazides with acetyl moiety as leaving group (Scheme 25).

(o)
R1WO>=N <—i R)J\N’H‘R Ry C i R1YO
N R~ ifR=tBu ' H 2 ° N~ N]';'S
80
’ izomerization

R; = Ar, Het, Alk; R, = H, Ac, R; = t-Bu, cyclohexyl
i: PA(OAc),, (5%mol), toluene, 80 °C, O,
Scheme 25

Transition metals (4d- and 5d-elements) have proven to be effective in activating C**-H
bonds. This resulted in functionalized compounds in the formation of C¥2-C¥®* and
C2-heteroatom bonds. The prominent examples are reactions on palladium catalysts. The
development of such processes involving less expensive and more common metals is in high
demand for manufacturing. In this context, copper has gained particular interest in the last
decade, demonstrating its ability to undergo different types of transformations [55-57].

The synthesis of substituted oxadiazoles is one of the examples of copper nanocatalysts.
They were obtained by aerobic functionalisation of the imine C¥*-H from N-aroyl-N-
arylidenehydrazines [58]. The synthesis technique allows ones to obtain isolated products with
high yields (75-90%) under moderate heating conditions (80°C) (Scheme 26).

R
N<_R 2
HN X2 o/\<
i <. N
@° H @
_.R
X 1 X,R1

81 82

R1 = allyl, benzyl; R2 = Py, 2,6-F2C5H3, C6F5
i: CuONPS; Cs,CO3; DMSO, air, 80 °C
Scheme 26
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After three catalytic reaction runs, the copper catalysts showed the same morphology
(SEM and TEM analyses) and structure (X-ray diffraction data) as those observed before use,
but showed a slight decrease in yield. These studies have shown the possibility of cyclic
application of cheaper catalysts (compared to palladium catalysts) for the synthesis of
heterocyclic structures.

Copper (II) salts can be used as a catalyst. The reaction is characteristic for the preparation

of diarylproizodnye 1,3,4-oxadiazoles (Scheme 27), is selective and gives good yield (54-93%)

[59, 60]:
N Ar : N-N
HN™ Y _r, | S—ar
PN Ar/ko
Ar o
83 2

i: 10% Cu(OTY),, air, 1 equiv Cs,CO;
Scheme 27
The reaction for the obtaining of 2,5-substituted 1,3,4-oxadiazoles can also be performed
on copper catalysts. Miura et al. [61, 62] reported the synthesis of biaryl heterocycles 86, 89 via
a tandem oxycoupling/oxidative coupling process. For example, 2-alkynylphenols 84, 87 react
with 1,3,4-oxadiazole 85 using 1,10-phenanthroline, CuF, and base at room temperature.
This provides obtaining of diheteroaryl products in good to moderate yields (Scheme 28).
The 2:1 copper/ligand ratio was found to be crucial for the efficiency of the reaction. Oxygen is
required for this reaction because the reaction in a nitrogen atmosphere gives poor yields of the

-N
. N
=7 Alk+ N|/N\>—Ar —>l | 0\>—AI’
H)\o 1] |
OH (0]

target substances.

Alk
84 85 86
-N
Ph B N
i el
H™ O iv |
OH 0" Npp,
87 85 88

i: 2 equiv CuF,, 4equiv 1,10-phenanthroline; ii: 3 equiv KsPOy,, air, DMF, rt, 4-48 h; iii: 20% mol equiv CuF, 2
equiv 1,10-phenanthroline 2 equiv MnO,; iv: 3 equiv KsPO,, air, DMF, rt, 8-12 h
Scheme 28
Another example of direct cross-coupling of alkynes and azoles under catalysis by copper
(I) chloride in oxygen atmosphere is presented in [63]. 1,3,4-Oxadiazoles 90 react with
terminal alkynes 89. This allows ones to obtain the hetero-bonded product 91 with good yield
(Scheme 29).
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R, = C¢Hs, 4-tolyl, PhCH,CHj,, 4-CF3CsH,, R; = 4-tolyl, t-Bu, cyclohexenyl
i: 1 equiv CuCl,, 2 equiv Na,COs, 1 atm O,, DMAc,120 °C
Scheme 29

In 2020, according to Knochel et al. [64], the synthesis strategy by zincation/catalysis with
copper salts can be applied to 1,3,4-oxadiazoles. The 1,3,4-Oxadiazoles 90 can be introduced
into the reaction with zinc to form the corresponding diheteroarylzinc derivatives. They are
further subjected to electrophilic amination (Scheme 30). This method showed very good
tolerance to functional groups, in particular with esters, halides, and NH-amides.

N i NN
N~ \ R
A\ I
L R R~ )\0>_
(o] ii N
H R
R4. .OB 2
1.4 equiv 1 N z
90 R, 92

R = Pr, Bn; R{R;N = morpholino
i: TMP,Zn-2MgCl,-2LiCl (0.75 equiv), THEF, rt; ii: Cu(OTf),, (15 mol%), THF, rt
Scheme 30

A method for the preparation of 1,3,4-oxadiazole/1,2,3-thiazole hybrid 96 has been
developed [65]. By interaction of 5-ethyl-1H-pyrazol-3-carbaldehyde 93 with 5-azido-1,2,3-
trimethoxybenzene 94 and copper (II) iodide in water-alcohol medium, triazole 95 was
obtained. It was further interacted with aryl nitriles in hydroxylamine medium. This resulted in
the formation of the target product 96 (Scheme 31).

(o)
H OMe
OMe N3 oMe o
RIS
. H
ne? N OMe oMme NN |
OMe N< NN
93 94 N H
95 OMe
OMe
OMe 96
i: Cul, EtOH/H,0, 60°C, 6h; ii: CsHsCN, NH,OH-HC], Et:N, +-BuOH, 80°C, 18 h
Scheme 31

One-pot synthesis. Ainsworth [66] studied the one-pot synthesis of 1,3,4-oxadiazole
derivatives by the interaction of acid hydrazides 97 with orthoformates 98. The disadvantage of
this reaction is the high excess of orthoformate and the long time. According to Ainsworth, the
process involves condensation of the acid hydrazide with an orthoester to form a
1-alkoxymethylene-2-aryl hydrazide derivative 99. This is cyclised via the enolic form 100 to
the corresponding oxadiazole ring 104 (Scheme 32).
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Recently, Polshettivar et al. [67] presented a one-pot synthesis of various 1,3,4-oxadiazole
derivatives by a method developed by Ainsworth under microwave irradiation using Nafion
polymeric membrane materials (Nafion NR50) as a catalyst. The reaction was conducted
without solvent (Scheme 33). Interactions of various substituted benzoic acid hydrazides 97
with orthoesters 98, conducted at 80 °C under microwave irradiation, gave excellent yields
(80-90%) of 1,3,4-oxadiazoles 101 in only 10 min (Scheme 33).

o OEt N-N
. \
e, T i / o%m
H R{ “OEt
R R
97 98 101

i: Nafion NR50; MW, 80 °C
Scheme 33

A one-step method for the synthesis of 2-(1,2,4-triazol-5-yl)-1,3,4-oxadiazole derivatives 103
by action on carboxylic acid hydrazides 102 bromocyanide was presented in [68] (Scheme 34).

NH,
HoN N 0 i H,N_ N o
N~NH HN-NH; N-NH N~
i: BrCN
Scheme 34

Application. Derivatives of 1,3,4-oxadiazoles are an important class of bioactive
heterocycles with a wide range of pharmaceutical and biological activities: antibacterial [69-71],
anticancer [72-75], antituberculosis [76, 77], and are also inhibitors of a large spectrum of
enzymes [78, 79]. Known examples of commercial drugs with a 1,3,4-oxadiazole moiety are
thiodazosin [80] and nesapidil [81], which are antihypertensive agents; antibiotics such as
furamisole [82], which contain an oxadiazole core. 2-Amino-1,3,4-oxadiazoles have
demonstrated biological activity as myorelaxants and antimitotic agents [83, 84]. The examples
of structures and applications of 1,3,4-oxadiazoles with pharmaceutical activity are presented
below.

Chavez et al. [85] synthesised a gold (I) complex containing 1,3,4-oxadiazole (Fig. 2).
It showed favourable activity against murine melanoma.
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Fig. 2. The active ingredient against murine melanoma

The synthesis of 4-{5-[(pyridin-4-yl)amino]-1,3,4-oxadiazol-2-yl}phenol, which shows
analgesic activity, was reported in [86]. It is shown that in comparison with aspirin, the effect
of the preparation presented in Fig. 3, is superior to the known one.

HO
o
©\W -

N-
N / N\
=N
Fig. 3. Structural formula of 4-{5-[(pyridin-4-yl)amino]-1,3,4-oxadiazol-2-yl}phenol

Organic m-conjugated molecules with semiconducting and/or luminescent properties
have potential applications as emitting/charge transfer layers in devices such as organic
light-emitting diodes (OLEDs), organic field-effect transistors (OFETSs), organic thin-film
transistors (OTFTs), and photovoltaic cells [87, 88].

In [89], the authors investigated 44 symmetrical oxadiazoles from the charge transfer
point of view using computer modelling techniques. Therefore, we used data on the structure
of molecules in the solid state obtained from the Crystallographic Structure Database (CSD).
Two types of molecules were analysed: planar and non-planar; among them small and large
molecules were distinguished [90].

Small planar molecules show high reorganisation energies for both hole and electron
transfer. This is due to the uniform distribution of electron density throughout the molecule
(delocalisation). Due to the dense packing, such molecules have large values of the charge
transfer integral. This contributes to efficient charge transfer.

Large planar oxadiazole molecules have lower reorganisation energies due to better
delocalisation of electronic states. The high packing density in the solid state provides large
transfer integrals, promoting balance in charge transport (Fig. 4).

Such research techniques are used to develop new components of OLED materials,
improving their charge transfer efficiency.

o o._Ri_oO
L WA e
N—N N- =N

X: Ph, -CHj, -C(CHa);, -OCHs, -OC(CHs)s, -NHo,, p-tolyl
R, = 4-CsH4, 2-C¢H,, 5,5’-biphenyl, 2,2’- biphenyl, 2-pyridine
Fig. 4. Some structures under study
The authors [91] synthesised and investigated two molecules based on 1,3,4-oxadiazole:
FD16 and FD12 (Fig. 5). They form columnar mesophases over a wide temperature range.
Compound FD12 when cooled forms a transparent vitreous film with preserved liquid crystal
order and bright blue luminescence (quantum yield 26%). It makes it a perspective for LEDs
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and OLEDs. Both molecules form luminescent gels in the decane with a columnar arrangement
of molecules. The optical properties of the gels depend on the length of the alkyl chain: the gel
of FD12 has a blue emission and that of FD16 has a bluish green emission. The change in
molecular structure affects macroscopic properties, demonstrating the potential for fine-tuning
optical properties in soft organic materials.

/o Q —

=0

R\o \ N
3

N—

FD12 R=C12H25; FD16 R=C16H33
Fig. 5. Structure of 1,3,4-oxadiazole-based FD12 and FD16 molecules

The usage of derivatives of 1,3,4-oxadiazoles in the creation of materials emitting deep
blue colour is well known [92]. O-hydroxyphenyl substituted 1,3,4-oxadiazoles were obtained.
They are able to form stable organometallic complex compounds used as organic light-emitting
diodes. The complex compounds obtained were studied by UV-visible spectroscopy. The
studies showed that the obtained compounds emit in the blue-green region with an
anomalously high Stokes shift (6546-14053 cm™).

o

fo} ° ° OHO .. P (O
— ii R Zn

RN — @ “,N“/<:):° — \WO /" “ow i, R_o VR
i NH / \r

H i N-N N
33 R 104 105 N
106

R= 4-M62NC5H4; 3,4,5—(MeO)3C8H2
i: AcOH; ii: POCls;, DMF,; iii: KOH, Zn(OCOCH;),
Scheme 35

The impact of solvent properties and introduced groups in the substituted 1,3,4-oxadiazole
molecule has also been studied [93]. The luminescence spectra in toluene and acetonitrile
showed a peak in the long wavelength region with an anomalously large Stokes shift
(10471-10799 cm™). It occurs as a result of intramolecular excited-state proton transfer (ESIPT)
from the phenolic and hydroxyl groups to the nearest nitrogen atom in the heterocycle.
However, in highly polar DMSO the spectrum has a peak in the short-wavelength region with
normal Stokes shift. This shows the inhibitory effect of highly polar DMSO on the obtained

structures.

R o OMe MeO
e T RO H\N/© R th\}\Q
oL O

H 0 ome OMe

107 108 109

R =H, OH, OCH;
i 2, 6 - (MCO)2C6H3COCI, NEt3
Scheme 36
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The use of aprotonic solvents allows the obtained compounds to be used as phosphors in
the short-wave region.

The researchers [94] also studied the effect of methoxy groups on the heterocyclic core:
both symmetrically substituted and non-symmetrically substituted. Hence, the introduction of
a methoxy group into symmetrical phenyl substituted derivatives of bi-1,3,4-oxadiazole can
effectively cause the occurrence of luminescent properties (red shifts) of the compound (Fig. 6).
Moreover, all monosubstituted compounds show higher quantum yields in different solvents
than the polysubstituted ones. All experimental data are proved by theoretical quantum

calculations.
R3
Rz
N-
(o) N R
() ! R

R N- N>/<0 1

R,

Rs
1. R:R1:R2:R3:H; 2. R1:R3:OCH3, R:RzzH; 3. R1:R2:R3:OCH3, R:H
Fig. 6. Methoxy-substituted derivatives of 1,3,4-oxadiazole
The same researchers considered structures containing an additional benzene
ring (Fig. 7) [95]. Molecule C shows an increase in fluorescence with increasing solvent polarity.
It is also more capable and stable to charge transfer due to the geometry of the molecule. This
is confirmed by theoretical analysis of the electron density and charge map.
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MeO OMe
C
MeO

Fig. 7. Methoxyphenyl substituted 1,3,4-oxadiazoles

Researchers [96] synthesised a series of five donor-m-acceptor emitting materials
consisting of an acceptor fragment of 1,3,4-oxadiazole (Fig. 8), which was symmetrically or
asymmetrically substituted with dendritic carbazole donors (TTAC and terCBz). All materials
containing TTAC donors have been shown to demonstrate TADF with blue to green emission
in the solid state.
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Fig. 8. Donor-mn-acceptor emitting materials consisting of an acceptor fragment of 1,3,4-oxadiazole

The paper [97] describes the development of a novel oxadiazole-based fluorescent
chemosensor: 2-(2-hydroxyphenyl)-5-(4-methoxyphenyl)-1,3,4-oxadiazole (HMOD). The
fluorescence properties were studied at the complex compound with zinc (II) in a solution of
ethanol: buffer (pH=7.0) = 9:1. The emission of fluorescence intensified at wavelength
A=430 nm after the addition of zinc to the solution. According to the results, HMOD is a highly
selective and sensitive chemosensor for the determination of Zn?* in the presence of other metal
ions. This fluorescent probe can be used as a potential candidate in various biological
environments.

The authors [97] used ab initio HF and DFT methods to investigate the ground and
excited state properties of a series of quinoid derivatives of 1,3,4-oxadiazole (Fig. 9). More
negative charges were transferred to the centred oxadiazole unit intramolecularly as the
electron-donating ability of the substituted groups increased. As a result, the HOMO-LUMO
gap decreased and the absorption and emission peaks shifted toward red. Properties such as
excitation energy, emission energy, solvent shift, and relative intensity of absorption peaks in
different solvents were determined by TDDFT calculations, which were in agreement with

Fig. 9. Molecular structure for the calculation model

experimental results.

In the study [98], molecules a and b were considered for the application of various
quantum chemical calculations (Fig. 10). DFT and TD-DFT methods were used. After performing
the calculations, molecule b with a symmetrical structure has the potential to be used as a deep
blue colour emitter.
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CH,
CH,4

Fig. 10. Molecules used in the studies [100]

The authors [99] described the synthesis and luminescent properties of the compound
shown on Fig. 11. The chemosensor can interact with Zn>* at a 1:1 ratio and shows a highly
selective and sensitive fluorescence response to Zn** compared to other metal ions in aqueous
acetonitrile solution.

The fluorescence enhancement process was
mainly due to the stable electrophilic attack of Zn?* ion
on the phenolic oxygen atom. The oxygen atom has the
properties of electron enrichment and effective

prevention of torsional motions of two aryl fragments in
the 2-hydroxy-phenyl-1,3,4-oxadiazole group. They Fig. 11. Chemosensor

accompany the formation of a new complex with a rigid planar structure and blocking of
non-radiative transitions.

Studies [100] discuss the effect of thiophene links on the 1,3,4-oxadiazole ring and its
fluorescence properties. The number of thiophene bonds shows a shift of the spectra towards
the long wavelength region.

However, these compounds (Fig. 12) possess photoluminescence, emitting blue to green
light in THF solution with emission maximum in the range of 434 to 537 nm. They also keep
these properties in the solid state, as in the prototypes of ‘host-guest’” OLED devices. This

provides them with a perspective in the creation of new components.

CoH1g

Fig. 12. Thiophene substituted 1,3,4-oxadiazoles
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The authors [101] synthesised a liquid crystal dendrimer containing an oxadiazole
heterocycle (Fig. 13). The properties of liquid crystals in dendrimers are significantly improved
compared to mesogenic precursors. X-ray studies have revealed interesting structural details
concerning the packing of these compounds in their mesophases. Based on the experimental
results, some supramolecular models have been proposed. In particular, interactions between
neighbouring layers or columns are observed. The degree of interaction depends on the length
of the gap and the oxadiazole isomer.

QO
| )—Q-O(CHz)nCOOH
N-N

Fig. 13. Liquid crystalline dendrimer based on 1,3,4-oxadiazole

H,C

Conclusions

Derivatives of 1,3,4-oxadiazoles are promising compounds for drug preparation.
Compounds that have an oxadiazole moiety in their structure are used to treat arthritis, asthma,
intestinal inflammation, as well as cancer and viruses. They have a wide range of biological
activities, including antibacterial, anticonvulsant, and analgesic effects. They are also
antagonists of the histamine Hj4 receptor and have cytotoxic effects.

Despite the great variety of drugs used in practical medicine, their effectiveness is reduced
due to the emergence of resistant forms of tumours and microorganisms, the presence of side
effects. Therefore, the development of new drugs and active pharmaceutical substances is an
urgent task for studying the chemistry of 1,3,4-oxadiazoles.

Moreover, 1,3,4-oxadiazoles are used in the production of dyes and polymers,
photo-emitting technology, as starting compounds for heat-resistant photographic films, for
corrosion inhibition, creation of chiral catalysts and metal-selective chemosensors.

Therefore, this extensive use of 1,3,4-oxadiazole derivatives proves the relevance of these
compounds universal application.
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Abstract. The paper considers the mechanism of solid-phase interaction of
potassium monoferrite with hematite. The authors assigned the role of iron oxide
as a matrix for the creation of further structure of the catalyst.

For the experiment the authors prepared pill samples of potassium monoferrite and
haematite. The pills were placed in a special clamp and heat-treated. We investigate
the mechanism of solid-phase interaction in the KFeO,-Fe;O; system by the
artificial mark method.

We used the q parameters calculated from XRD data to assess the ratio of products
of the solid-phase interaction between potassium monoferrite and haematite.
The article presents a bar chart of the parameters q[7(0111)], q[f(017)] and
q[Fe:05(110)] as a function of the depth of potassium penetration into the
haematite volume. Analysis of the structures of haematite and potassium
polyferrites suggests that alkali metal ions diffuse into the haematite lattice. In the
polyferrite formed, the movement of cations continues between blocks of
composition {Fe;;O1;}. K* ions occupy the correct positions in the lattice of the
formed polyferrite. A layer rich in potassium B"-polyferrite is located closer to the
pill contacts boundary. During the removing of the pills from the contact boundary,
there is a formation of alkali metal polyferrites with f”-alumina and f-alumina
structures. The distance from the contact boundary of the pills increases with
decreasing of the content of §"-polyferrite following by increasing of the proportion
of B-phase. The polyferrites formed are essentially solid electrolytes capable to
ensure the transportation of alkali metal ions through specific channels in the
polyferrite structure.

The paper presents the dependence of the factor f(3") on the degree of
transformation of potassium monoferrite into polyferrites during heat treatment of
KFeO,+2Fe;05 mixtures at 1150 K. It also describes the ratio of - and B"-phases in
the products of ferrite formation. As the degree of transformation is increasing, the
f(B") decreases, reaching a certain ratio of B- to f"-polyferrites. In this case the
energy of coherent coupling of the - and 5"-phases ensures rapid stabilisation.
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Introduction

The promoted catalyst used for the process of dehydrogenation of ethylbenzene to styrene
is a ferrite system. Potassium f"-polyferrite is one of the key components of this catalyst. It is
in dynamic equilibrium with potassium monoferrite as well as magnetite [1-6]. Potassium
polyferrite with a ”-alumina type structure (K-f"-Fe,Os) is a key component of the promoted
iron-oxide catalyst for the dehydrogenation of ethylbenzene to styrene. Its properties make it a
basic component of a catalytic system [1-3].

Potassium-promoted iron oxides are the most widely used catalysts for the catalytic
dehydrogenation of ethylbenzene to styrene. In addition to potassium, other additives are also
added to the catalyst for various purposes to enhance its catalytic properties and the stability of
the catalyst. Chromium (Cr) and vanadium (V) are two traditionally used promoters.
Chromium is widely used as a structure stabiliser. However, vanadium can increase the
selectivity for styrene, but negatively affects the stability and activity of the catalysts. Since the
effects of these two promoters are opposite, we studied the effect of these metals on the phase
composition of the catalyst products [7].

Industrial catalysts have disadvantages such as chromium toxicity, deactivation due to
potassium loss and coke deposition. In this study, the authors investigated the effect of
magnesium on the properties of iron-oxide promoted catalyst. Magnesium compounds affect
the crystal size, number of defects, and recoverability of iron oxides. These effects caused
significant differences in the activity, selectivity, and stability of the catalysts. The catalyst with
Mg/Fe = 0.09 ratio, consisting of hematite, MgO, and magnesium ferrite aggregates, showed
high yield and is the most promising for industrial application [8].

The deactivation of an industrial Fe-K catalyst for the dehydrogenation of ethylbenzene
to styrene was studied in [9]. The results showed that regeneration of the used catalyst by coke
combustion can increase its activity. Nevertheless, after a short reaction time, the activity
decreases to the level of the used catalyst. The analysis results showed that coke formation,
catalyst sintering, and potassium loss were not the cause of catalyst deactivation. However, the
main causes of deactivation were migration and uneven redistribution of potassium, as well as
reduction of Fe** ions.

Researchers [10] examined the effect of neodymium, lanthanum, aluminium, and
zirconium on the textural and catalytic properties of hematite — the main component of the
catalyst for the dehydrogenation of ethylbenzene to styrene. The alloying elements increased
the catalytic activity per unit area of hematite, except for aluminium, which acted only as a
textural promoter. The selectivity was decreased by zirconium and lanthanum, while other
alloying elements did not affect this parameter. The neodymium-containing catalyst showed
high activity and selectivity and was able to operate up to 530 °C without deactivation.

The authors synthesised mixed polyferrites of the 3"-alumina type containing dopants of
rare earth elements. The authors examined the mechanism of alkaline promoter stabilisation
upon doping of mixed potassium-cesium polyferrites with rare earth element oxides. The
requirements for the alloying agent have been formulated [11].

Potassium-containing ferritic systems have a variety of applications. They are the active
phase of promoted iron-oxide catalysts for the dehydrogenation of olefinic and alkylaromatic
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hydrocarbons, which are related to multiton petrochemical processes, and are also used as solid
electrolytes. However, the mechanism of polyferrite formation, the direction and type of
diffusion of components during solid-phase interaction are practically not studied.

The purpose of this study is to determine the mechanism of solid-phase interaction of
potassium monoferrite with hematite.

Main body

Potassium monoferrite was prepared by calcination of mixtures of potassium carbonate
and hematite in a molar ratio of 1:1. We conducted the heat treatment in a muffle furnace at
700 °C for 4 h. We cooled the obtained monoferrite in the desiccator and then moulded it into
tablets of 42 mm diameter and 12 mm height under 80-100 bar pressure. Haematite tablets were
prepared in a similar manner. The horizontal surfaces of the hematite and potassium
monoferrite tablets were polished and carefully aligned. The initial interface was fixed with an
inert marker using a 0.2 mm silver wire. The tablets were pressed tightly together using a special
device that provided a constant pressing force of 10 bar. The folded tablets were heat-treated at
750 °C for 6-8 h. After cooling, the sintered tablets were cut along the original contact boundary
on a Secotom cutting device, which provides a high precision cut in thickness. Then, cuts were
made on either side of the original contact boundary. The depth of potassium penetration into
the haematite volume was estimated by atomic absorption spectroscopy. The phase analysis of
the obtained slice samples was determined by X-ray diffractometry on a DRON instrument
using CoCa radiation. The compounds were identified by peak intensities using PDF2 ICDD
databases.

Hematite is the basis for the preparation of industrial catalysts for the dehydrogenation
of olefinic and alkylaromatic hydrocarbons. The structure of iron oxide can be seen as a
distorted NaCl structure; the each of the ions is replaced by a combination of Fe,Os. Oxygen
forms the densest two-layer packing; Fe** ions occupy 2/3 of octahedral cavities.

The groups of three oxygen ions form a common surface of three adjacent octahedra, and
each of these octahedra is bonded to the same iron couple (Fig. 1).

Fig. 1. Hematite a) slightly angled side view of a-Fe,Os (111), b) top view of two different sublayers of iron a-Fe,Os
(111).

The pairs of occupied octahedrons, interchanging with unoccupied one, create helical
axes B1, characterising the so-called corundum packing moiety. Haematite crystallises in the
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3m class of trigonal syngony. Their spatial group is R-3c. The layers of oxygen atoms are slightly

closer due to the large electrostatic attraction between iron cations and oxygen anions
compared to their arrangement in the ideal hexagonal densest packing. At the same time, iron
ions are displaced towards the (0001) plane: they alternately occupy places approximately at
heights equal to % and %. Therefore, the ratio of c/a axes differs from the ideal one (1.33) and
makes 2.72. The lattice parameter along the c-axis is 0.137 nm [12].

The plane (0001) has the highest packing density, where Fe’* and O* ions are packed layer
by layer. In particular, the packing density of Fe** and O* is 9.11 nm? and 13.8 nm?
respectively. The packing density in the (1010) plane for ions, on the contrary, is 2.89 nm? and
5.78 nm™. Figure 2 shows the detailed crystal structure of Fe,Os.

Fig. 2. Structure of hematite: (a) in plane (0001) and schematic structure of hematite projected along {0001},
(b) in plane (1010) and schematic structure of hematite projected along {1010}. Fe,Os crystallographic information
file (by the NIST/FIZ FindIt database) [13].

The study of the mechanism of solid-phase interaction in the KFeO,-Fe,Os system by the
artificial labelling method indicates unilateral diffusion of potassium ions into the hematite
lattice. It is coupled with the formation of potassium polyferrites K-(/+/")Fe,O:; in the layers
close to the contact boundary of the tablets. Indeed, the ratio of - and f-phases decreases with
distance from the contact boundary according to XRF data.

We used the g parameters calculated from XRD data to assess the ratio of products of the
solid-phase interaction between potassium monoferrite and haematite according to the
equations:

I[3"(0111)]
I[B"(0111)]+1[p(017)] + I[Fe,05(110)]

q["(0111)] = (1)

[[8(017)]

q[B(017)] = I[B"(0111)]+I[B(017)] + I[Fe,05(110)] ¥

[[B"(0111)]

I[B"(0111)]+I[B(017)] + I[Fe,05(110)] 3)

q[Fe,05(110)] =
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Fig. 3 shows the bar diagram of parameters g[£’(0111)], g[£(017)] and q[Fe,O5(110)]
(heat treatment time 360 min, T=750 °C) as a function of the depth of potassium penetration
into the haematite volume.

Moreover, no peaks related to the structure of monoferrite were detected in the
diffractograms of the cuts. The experimental results confirm that the solid-phase interaction
occurs due to one-way diffusion of alkali metal ions into the haematite structure. The diffusion
seems to proceed as follows. First, alkali metal ions diffuse between coherent scattering regions
(along interblock boundaries) in the hematite substructure.

1 4 0932 0.946
' i s 0,732

0.898
0.8

0.6

0.4

0.2

Blg(Fe.05(110)] 1q1(017)] M (5 (0111)]
Fig. 3. Dependence of the cuttings composition (heat treatment time 360 min, T=750 °C) on the depth of
potassium penetration into the haematite volume

However, this process does not lead to a solid-phase interaction proper. The diffusion of
the same ions then proceeds at a deeper level into the hematite lattice. Considering the
peculiarities of the Fe,Os crystal structure, it can be assumed that the K* ion is introduced into
the haematite structure in the (1010) plane. The density of Fe** and O* ions in it is 2.89 nm™
and 5.78 nm™. It is the particular plane that is the least densely packed. The structure of
haematite is rearranged into the structure of potassium polyferrite (Fig. 4).

.K @0 &Fe

Fig. 4. Structure of potassium polyferrite
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The unit cell of p"-polyferrite contains three spinel-like blocks of composition
{Fe:**Fe1¢®*O1s} connected by a third-order helical axis. Each block is formed by four densely
packed layers of oxygen ions. Some of the tetrahedral and octahedral voids in the block are
occupied by Fe** ions. Fe?* ions are located in octahedral voids adjacent directly to the planes
separating the blocks.

Alkali metal polyferrites of the S”-alumina type crystallise in layered structures.
The spinel-like blocks in f”-polyferrite are rotated 120° relative to each other.

The planes separating the blocks are not densely packed. They are only 70% filled with
alkali metal ions and 82% filled with oxygen ions from the available positions. Such a low filling
of the plane and a large width of the interblock space are the reason for the extremely high
mobility of alkali metal ions. They can move freely in two directions within the conducting
plane [14].

The analysis of the structures of haematite and potassium polyferrites suggests that alkali
metal ions diffuse into the haematite lattice. In the polyferrite formed, the movement continues
between blocks of composition {Fei1O17}. K* ions occupy the correct positions in the lattice of
the formed polyferrite. A layer rich in potassium S"-polyferrite is located closer to the pill
contacts boundary (Fig. 5).

Fig. 5. Products of solid-phase interaction between hematite and potassium monoferrite

The chemical potential of potassium is high in the places of contact between monoferrite
and haematite. It causes thermal dissociation of iron oxide. It is coupled with the formation of
oxygen vacancies and an increase in the concentration of Fe** ions. Moreover, potassium ions
have an ionising effect on the iron-oxygen bond. The lattice energy changes causing an increase
in the chemical potential of oxygen in the solid phase. As a consequence, it causes the
elimination of oxygen from the structure of iron oxide.

Polyferrites are formed in the process of solid-phase interaction in the potassium
monoferrite-haematite system. They are essentially solid electrolytes and are able to provide
transport of alkali metal through certain channels in the structure of polyferrite.

With increasing of the distance from the contact boundary of the pills, the content of
B"-polyferrite decreases. It also increases the proportion of S-phase.

Fig. 6 shows the dependence of the factor f{") on the degree of transformation of
potassium monoferrite into polyferrites during heat treatment of KFeO,+2Fe,O; mixtures at
1150 K. It describes the ratio of - and £’-phases in the products of ferrite formation,

117



FROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 6, ISSUE 2, 2025

Fig. 6. Dependence of the factor f{") on the degree of transformation of potassium monoferrite at temperature
1150 K

The parameter f(") was calculated from the X-ray data according to Eq:

I[B"(0111)]
B (0TI +[B(017)]

According to Fig. 6, at the first stages of the reaction at low degree of monoferrite

B =1 )

transformation a microheterogeneous mixture of potassium polyferrites with a high content of
['-phase is formed. An increase in the degree of transformation leads to a redistribution of the
polyferrite ratio. At the same time, the complexity of the occurring structural-energetic
interactions in the K-(/+f")Fe,Os system does not allow us to unambiguously interpret
['-polyferrite as an intermediate product of S-polyferrite synthesis. Obviously, at the first stages
['-phase is stabilised in the zones of local thermodynamic equilibria by an excess of
non-interacting monoferrite. As the degree of transformation increases, f(f#") decreases,
reaching a certain ratio of - to f’-polyferrites. In this case. the stabilisation is most rapidly
achieved by the energy of the coherent coupling of the - u ’-phases.

Conclusions

1. Solid-phase interaction in the system potassium monoferrite - haematite is performed
as a result of one-way diffusion of potassium ions into the haematite lattice.

2. Polyferrites with the structure of B-alumina and S-alumina are formed as they distance
from the initial boundary, respectively.

3. Polyferrites are formed in the process of solid-phase interaction in the potassium
monoferrite-haematite system. They are essentially solid electrolytes and are able to ensure the
transportation of alkali metal through certain channels in the structure of polyferrite.
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Introduction

Among chemical plant protection products (CPCPs), herbicides have a leading role.
Weeds cause multifaceted harm to agriculture. They successfully compete with cultivated plants
for light, nutrients, and water. Some types of weedy vegetation are a breeding ground for pests.
For example, cereal flies (Swedish, Hessian, winter, etc.), which cause significant damage to cereal
crops. Moreover, they occur on various species of wheatgrass and other weeds, which provide
them with shelter and a source of food. Weeds make it difficult to do field work: tillage, plant
care, harvesting. Furthermore, the admixture of weed seeds reduces the quality of the crop [1].

The purpose of this work is to synthesise new effective herbicides from the class of
sulfonylureas (Fig. 1).

,\// JL/

Fig. 1. General structural formula of sulfonylurea
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In the 1970s of the 20th century, a new class of herbicides was obtained - sulfonylureas.
They were previously known as anti-diabetic drugs.

Sulfonylurea derivatives demonstrate high herbicidal activity at rates 1-2 orders of
magnitude lower compared to traditionally used herbicides [2]. They make up approximately
10% of the global herbicide market [3].

Their mechanism of action is very particular. They have an inhibitory effect on the
enzyme acetolactate synthase (ALS). Indeed, the enzyme catalyses the biosynthesis of essential
amino acids - leucine, isoleucine, and valine [4, 5]. Since there is no ALS in warm-blooded
animals, drugs from the sulfonylurea class are safe for animals, fish, and birds [6].

Main body

The head of the Department of Organic Chemistry, Doctor of Chemical Sciences,
Professor E.M. Alov was at the origin of synthesis of CPCPs at Yaroslavl State Technical
University, Yaroslavl, Russia. He was the first to discover the growth-stimulating activity of
sulfonylalkylcarboxylic acids on cuttings of tea-hybrid rose [7]. Several compounds belonging
to this class have been patented this year as growth stimulators for plants. Nowadays, field tests
are being conducted on more than 10 cereals and legumes [8].

By using computer screening in the synthesis planning stage, the most promising
compounds can be identified, saving considerable time and resources. To assess the potential
biological activity, cropCSM programme was used. It allows us to predict the probability of
activity or inactivity of a compound based on its structural formula. The work of cropCSM is
based on analysing the relationship between structure and activity of substances from a training
sample of more than 4000 biologically active compounds [9].

We input the formula of the compound under study into the programme. Then it was
converted into the language programmed in cropCSM. The outputs presented predictions
about herbicidal activity and toxicity. The cropCSM programme is available in an online
version. A biological activity sample assay is provided as an illustration (Fig. 2).

Herbicidal

Activity Environmental Toxicity Human Toxicity
Avian AMES Rat Acute Rat Chronic
Herbicide *  Honey Bee Toxicity Minnow Toxicity Toxicity Toxicity
Activity @ Toxicity @ (2] Toxicity @ (2] (LD50) ©@ (LOAEL) ©@ SMILES
Yes No No 2.269 No 15153 19.0 C1(C(=C(N(C(N1[H])=0)[H])C)[S]
(N(IH)C(=0)N([H]) C2=NN=C(S2)C(F)(F)F)
(=0)=0)=0

Fig. 2. cropCSM: prediction of herbicide activity

In this work, sulfonylurea has 6-methyluracil as the substituent R1and 1,3,4-thiadiazole
as R2 (Figure 1). This choice of substituents is due to high herbicidal activity of the pyrimidine
base, and 1,3,4-thiadiazole is used in the continuous-acting herbicides sulfodiazole,
thiazafluron, and tebuterone. The combination of these fragments in the molecule allows us to
expect high biological activity [10].

There are several methods for the preparation of such substituted sulfonylureas: a) based
on carbamates; b) based on urea derivatives; c) using phosgene [11-13]. This study showed that
the best method for the obtaining was the one in which we used 6-methyluracil-5-sulfochloride
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and potassium cyanate as starting compounds in the presence of pyridine using acetonitrile as
solvent (Scheme 1). We then added amine as free base to the reaction mixture. After completion
of the reaction, we treated the contents of the reactor with acetic acid and water. Then we
isolated the target product (Scheme 1) [14]. Under these conditions, new sulfonylurea
derivatives were synthesised in good yields of 79 - 81 %.

S R
o) 0 ‘S? c HzN\( W/R o o 0 5/<
| ~E X __N 3(ab n
HN)isozc KNCO, r.t. H W N o N—N 3(@5) s J\ /KN/N
0 >N

N
(o) R —— o\
_—
N 71\ | 20-25°C HN 0 NH "NH
S it
H e H 0> N 4(a,b)
2 H

3,4aR:CH3,bR:CF3
Scheme 1

The structure of the synthesised compounds 4(a, b) was confirmed by a combination of
IR, NMR spectroscopy data.

Experimental part

We monitored the progress of the reaction by thin layer chromatography (TLC) on Silufol
UV 254 plates in hexane-ethyl acetate (4:1) and dichloromethane-isopropanol-acetic acid
(20:10:3) solvent systems. Detection of the TLC results was performed under UV light and using
an iodine chamber. We determined the content of the main substance in the products by the
potentiometric titration method on a laboratory ionometer I-160MI. We measured the melting
point on an Electrothermal 1102D Mel-Temp melting point tester. We recorded IR spectra in
reflected light on a Spectrum Two PerkinElmer spectrometer at 700-4000 cm™. We recorded
NMR spectra on a Varian UNITY plus instrument with an operating frequency of 400 MHz for
DMSO-ds solutions at 30 °C. We used the signals of residual solvent protons in 'H NMR
(0H=2.50 m.d.) as a reference for the chemical shifts. We used the signal of tetramethylsilane
as a marker.

General methodology for the obtaining of sulfonylureas

6-Methyluracil-5-sulfochloride (2 g, 0.009 mol) is mixed with potassium cyanate (1.12 g,
0.014 mol) and acetonitrile (20 mL). Pyridine (1.53 g, 1.56 mL, 0.019 mol) is added to the
obtained suspension under vigorous stirring and stirred at 20-25 °C for 4-5 h (TLC control).
Then 0.007 mol of amine 2(a,b) (2-amino-5-methyl-1,3,4-thiadiazole or 2-amino-5-
trifluoromethyl-1,3,4-thiadiazole) is added to the reaction mixture and stirring is continued for
another 4-5 h (TLC control). After completion of the reaction, a 70% aqueous solution of acetic
acid (2.86 g, 0.048 mol) and 20 mL of water are added dropwise to the resulting mixture. The
obtained suspension is filtered after 30 min, the precipitate on the filter is washed with water,
dried in air.

1-[(6-methyl-2,4-dioxo-1H-pyrimidine-5-yl)sulfonyl]-3-(5-methyl-1,3,4-thiadiazol-
2-Yl)urea (4b). Yield is 79%. IR-spectrum, v/cm™: 1158, 1328 (SO-), 1557 (NH), 1677 (C=0),
3444, 3027 (NH). NMR spectrum 'H (400 MHz, §, ppm): 2.48 (s, 3H, CHs); 2.53(s, 3H, CHs),
6.44(s, 1H, NH); 8.71(s, 1H, SO,NH); 10.67 (br. s, 1H, NH); 10.94 (br. s, 1H, NH).
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1-[(6-methyl-2,4-dioxo-1H-pyrimidine-5-yl)sulfonyl]-3-(5-trifluoromethyl-1,3,4-
thiadiazol-2-Yl)urea (4b). Yield is 81%. IR-spectrum, v/cm™: 1132 (CF;), 1131, 1324 (SO,),
1657 (NH), 1717 (C=0), 3444, 3027 (NH). NMR spectrum 'H (400 MHz, §, ppm): 2.17 (s, 3H,
CHs), 6.35 (s, 1H, NH); 8.88 (s, 1H, SO,NH); 10.67 (br. s, 1H, NH); 10.94 (br. s, 1H, NH).

Biological tests

We conducted biotesting of new potential herbicides according to the methodological
recommendations by A.S. Golubev [15]. The scheme of the experiment is as follows: 1) control
(no treatment - to determine biological efficacy); 2) reference (Rubit and Magnum); 3)
solutions of newly synthesised compounds. We performed each variant in triplicate on 100x100
cm plots.

Im Shelter belt

—

- 30 cm

I'm 1t plot § 2 plot | 3 plo{ 4 plot § 5 plot § 6™ plot

Fig. 3. Total and counted area of plots

We treated weeds in windless weather or in light winds (preferably up to 3 m/s). Since the
experimental design involves different concentrations of the same sample, it is initially
recommended to spray the plots with the lower application rate first, followed by the plots with
the higher concentration. The spraying we conducted by replicates - first all plots of the 1st
replicate, then all plots of the 2nd replicate, and so on.

The following evaluations are performed in herbicide efficacy trials:

1) Pre-treatment (quantitative analysis);

2) 7 days after treatment (quantitative analysis);

3) 14 days after treatment (quantitative analysis);

4) 21 days after treatment (weight analysis).

On the 7th day of testing, we recorded changes in the observation objects treated with the
Standard and the studied drug: yellowing of the leaves appeared (Table 1).

—

Fig. 4. Photos of the studied plants before the treatment with (a) compound 4b and after the treatment (b)
compound 4b after 7 days.
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Table 1. Impact of herbicides on total soil weediness (Yaroslavl Oblast, 2024)

VOL. 6, ISSUE 2, 2025

Solution q Number of weed plants Weight of weed plants Biological
Herbicide concentratio R;::;rs Items Decrease, % of control g Decrease, % of control | efficiency of
n Repeat 1|Repeat 2 |Repeat 3| Repeat 1 |Repeat 2| Repeat 3 |Repeat 1|Repeat 2 | Repeat 3 | Repeat 1|Repeat 2 | Repeat 3 | herbicide, %
14.07 478 496 473 - - - - - - - - -
800 mg/l 22.07 450 476 449 10.18 0 7.61 - - - - - - 53.29
Fod 28.07 409 443 441 16.90 6.14 8.13 - - - - - -
LS /{fﬁ 15.08 115 137 100 76.63 70.47 78.99 852 811 734 51.09 50.49 58.11
= ;/ﬁ;s(‘N%L o 14.07 | 505 487 479 - - - - - - - - -
o 600 mg/l 22.07 486 469 462 2.99 2.94 11.11 - - - - - - 4723
28.07 458 450 432 6.91 4.66 10.00 - - - - - -
15.08 203 191 164 58.74 58.84 65.54 875 940 893 49.77 42.61 46.13
14.07 493 482 509 - - - - - - - - -
800 mg/1 22.07 474 464 489 5.39 2.52 - - - - - - - 45.2
" 28.07 444 440 469 9.76 6.78 291 - - - - - -
OYN /OO S4CH 15.08 142 173 184 71.14 62.72 61.34 886 917 993 49.14 44.02 43.32
”“Y/E/s(wlk L 1407 | 516 479 496 - - - - - - - - -
CHy
600 mg/l 22.07 505 466 479 0 2.10 1.44 - - - - - - 31.92
28.07 479 444 456 2.64 5.93 5.00 - - - - - -
15.08 280 257 299 43.09 44.61 37.18 1163 1128 1203 33.24 31.14 31.34
14.07 498 481 499 - - - - - - - - -
. 22.07 462 443 466 7.78 6.93 4.12 - - - - - -
Rubit S0mlIOL =807 [ 426 | 408 | 429 | 1341 | 1356 | 1063 | - - - - - - 6050
15.08 77 62 93 84.35 86.64 80.46 701 668 658 59.76 59.22 62.44
14.07 507 486 491 - - - - - - - - -
Magnum 2g/31 22.07 490 470 477 2.20 1.26 1.85 - - - - - - 41.00
28.07 463 445 443 5.89 5.72 7.71 - - - - - -
15.08 195 208 190 60.37 55.17 60.08 905 1156 967 48.05 29.43 44.81
14.07 506 479 492 - - - - - - - - -
22.07 501 476 486 - - - - - - - - -
Water - -
28.07 492 472 480 - - - - - - - - -
15.08 492 464 476 - - - 1742 1638 1752 - - -
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We calculated the biological effectiveness of herbicides in relation to control using the
formula: E = %, where: E is the biological effectiveness of the herbicide, %; K is the number

or mass of weeds in the control, examples/m? or g/m? B is the number or mass of weeds in the
herbicide variant, examples /m* or g/m>.

Conclusions

The authors synthesised new sulfonylurea derivatives containing heterocyclic fragments
with a yield of 79-81%.

An experiment was conducted on weeds in the village Vyatskoye, Nekrasovsky district,
Yaroslavl region, Russia. We introduced samples into the growth and development phase of
plants at a rate of 600-800 mg/l. We used the following herbicides as standards: Rubit and
Magnum. The reduction in the total number of weeds in the variant with the addition of
600 mg/l of herbicide 4b was 47.23% (Table 1). An increase in the rate of use of the studied drug
to 800 mg / 1 contributed to an increase in its effectiveness by an average of 6%. The efficiency
of applying 800 mg/l of sample 4b to the growth and development phase was high (up to
53.29%) and exceeded the efficiency of 2g/3] of the Magnum standard. The effectiveness of
800 mg/1 of herbicide 4b was close to the effectiveness level of 80 ml/10 1 of the Rubit standard.
Studies have shown that newly synthesised herbicides have a significant effect on the growth of
weeds. According to a number of indicators, the new herbicides are superior not only to water
as a control, but also to the Magnum analogue. Table 1 summarises the results of the field tests.
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Introduction

Granulation is one of the most effective ways of compacting powdered materials. It is
widely used in transport, mining, and construction engineering [1, 2]. This process is one of the
most important stages in the production of carbon black (CB). Due to it CB commercial form
is obtained - spherical granules with a diameter of 0.5-2.0 mm [3].
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Carbon black is a dark-colored powder formed in the gas phase during thermooxidation
or thermal pyrolysis of hydrocarbon raw materials. It accompanied by the decomposition of
hydrocarbons into carbon and hydrogen under the high temperature. The main consumer of CB
is the tire and rubber industries; CB is used as an active filler, especially in synthetic rubbers [4-9].

Currently, high-speed granulators with a rotating finger shaft are used in industry to
produce granules by wet granulation method [4, 10-15]. It concerns with the introduction of
binder component aqueous solution into the dusting CB.

Research problem statement

However, the widespread use of the granulation method does not provide improving the
quality of commercial technical specifications. Moreover, there is no appropriate theory of wet
granulation, and the mechanism of granule formation. Therefore, it is almost impossible to
improve the efficiency of granulators, reduce the consumption of water and the binder
component, increase the uniformity and quality stability of the resulting granular product in
terms of bulk density, strength characteristics of granules, and granulometric composition.
Identifying the mechanism of granule formation will address the problems mentioned above
and improve the quality of finished products.

Materials and methods

To identify the mechanism of CB wet granulation and provide the formation of CB wet
granulation theory, a pilot unit was developed. The scheme is shown in Fig. 1.

_ 1

Si—
2
3
Qap P w1 QA0
& a5
QP QBO
R s

1 -drive; 2 -tripod; 3 -laboratory granulator; 4 -pin flexible coupling; 5 -shaft; 6 -pipe for feeding the binder
solution; 7 -top cover; 8 -frame; 9 -fingers; 10 -paddle agitator
Fig. 1. Scheme of the laboratory unit

The following fixed parameters were adopted:

¢ CB - N660 in dusty form;

e the ratio of the binder additive solution to the dusting CB is 120 ml/100 g;
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e the concentration of the aqueous solution of the binder additive is 0.2% by weight;

e the rotation speed of the mixer is 400 rpm;

e the gap between the frame and the rotor fingers is 2 mm.

For the initial dusting CB of the N660 grade, the bulk density was determined in
accordance with the method [10] and was 146 kg/m’.

Experimental Part

We loaded 100 g of dusting CB into the granulator; the granulator rotor is placed inside
the frame and fixed with clips on the top lid; 120 ml of a binder additive solution of a given
concentration is poured into the frame; the agitator is turned on and the time from the start of
operation is set. After the set time the motor is switched off; the rotor is taken out; the obtained
product is poured into a metal tray and sent for drying in a drying chamber at a temperature of
120 °C for 24 h. After drying for the obtained product, a bulk density in accordance with the
methods is determined [4, 10-15].

CB samples were run at 5-second intervals for the duration of the granulation process up
to the moment of stabilisation of the product bulk density - further at 10-second intervals.
For the purpose of statistical data processing, 3 samples were prepared for each time interval.
The arithmetic average of the results of determining product bulk density corresponding to a
certain duration of the process was taken as the result of measuring the parameters for 3
samples.

The experiment was conducted in the vertical position of the granulator. This approach
to the implementation of the experiment simulates the process in each individual zone of the
horizontal apparatus. Indeed, the process time for the vertical position conditionally
corresponds to the length of the horizontal granulator. Moreover, the implementation of the
process in a vertical position avoids the formation of stagnant zones in the granulator.

Results and Discussion

The graph in Fig. 2 clearly demonstrates the stages of the granulation process. Each stage
is characterised by individual dependences of bulk density on process duration. They can be
described as close to linear ones.

At the first stage of the process (up to 35 s inclusive), there is a linear increase in the bulk
density of the material. The dependence of the current load on the agitator at the beginning of
this stage is also characterised by a linear increase with reaching a plateau at the end. After the
rotor stops, a multiphase system is observed at each point of the first stage — dusty CB with the
potential presence of small-sized "germ" granules, an interphase layer consisting of waterlogged
CB, and an aqueous solution of a binder additive, indicating the further proceeding of the
wetting process.

At the second stage (from 35 to 40 s) of the process, the effect of a "granulation transition"
is observed - the system inside the granulator completely transits into a single-phase
(granule-like) state with an increased number of large fragments (Fig. 3). This effect shows the
end of the wetting process — the aqueous solution of the binder additive completely passes into
the associated state.
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The dependences of the current load on the agitator and the bulk density of the material
in this area indicate the abrupt and short-term nature of this transition. One of the explanations
for the "granulation transition” is the achievement of a critical content of small-sized "germ"
granules in the mass of the material. The use of the existing method of analysing the granulation
composition does not allow us to determine the content of such granules - sieves are clogged
with a large amount of dusty CB. Therefore, it is necessary to develop a special method for
analysing the granulation composition with an emphasis on determining the content of small
granules with a high content of dusty CB.
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Fig. 2. The dependence of the bulk density of the samples and the current load on the agitator on process duration

35s 40 s

Fig. 3. Changing the structure and shape of the granular mass at the second stage of the process

The effect of the "granulation transition" is also confirmed by a sharp increase in the
current load on the agitator, resulting from a sharp increase in the resistance of the material
during the transition to a granular form.
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However, detailed examination of the granulation mass obtained at 40 ¢ shows the
structure of large fragments as the clumped granules of smaller sizes.

At the third stage (from 40 to 55 s) of the process, there is a decrease in the intensity of
bulk density increase. Provided the wetting process is completed in stage II, the change of this
characteristic together with the increase of lustre on the granule surface indicate the processes
of granule compaction and grinding, redistribution of granulometric composition through the
destruction of larger fragments, and reduction of the average diameter (Fig. 4). The observed
increase in the current load on the agitator in this time interval is due to a change in the
characteristics of granules subjected to fracture, abrasion, and grinding. As the process
proceeds, progressively less uncompacted brittle granules remain in the system. The sources for
such changes are increasingly stronger granules, requiring more energy to deform if the
intensity of granulation redistribution within the system is maintained.

40s 45 s 55s

Fig. 4. Changing the structure and shape of the granular mass at the second stage of the process

The final stage IV is not definitively interpreted. On the one hand, the value of the bulk
density, according to the approximating line, increases as the process proceeds. On the other
hand, this increase does not exceed the convergence value for the standard method for
determining this indicator. The current load on the agitator is reduced to the stabilisation of
this indicator from 95 C. The absence of significant visual changes in the material (Fig. 5),
changes in bulk density and current load on the agitator indicates stabilisation of the system
inside the granulator. Therefore, the intensity of granulation changes is significantly reduced.

Fig. 5. Changing the structure and shape of the granular mass at the IV stage of the process
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Conclusions and Recommendations

As a result of the conducted research, the process of granule formation occurs in four

stages as follows:

1. Wetting of the dusty CB.

2. Granulation transition.

3. The stage of intense granulation changes.

4. Stabilisation of granulation changes.

In industrial granulators every stage has a distribution in accordance to the apparatus

length. All these stages have different power characteristics.
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Keywords: Abstract. The paper considers the impact of various dispersants on the dispersion
pigment paste, cathodic time of pigment paste for cathodic electrodeposition primer and on some properties
electrodeposition primer, of the formed coating. The authors demonstrate that a dispersant based on nonionic
grinding fineness, surfactants (tetramethyldecynediol) in ethylene glycol enables dispersion of
dispersant pigments and fillers in aqueous medium to the required particle fineness of ~15 um

(by grindometer) in minimal time. When using this dispersant, the best coating
properties are observed.

For citation:

Koltsov L.G., Ilyin A.A., Miloslavskaya V.V., Khlopotinin A.D. Technological and operational properties of
cathodic electrodeposition primer // From Chemistry Towards Technology Step-by-Step. 2025. Vol. 6, Iss. 2.
P. 133-139. URL: https://chemintech.ru/en/nauka/issue/6013/view

Introduction

The market volume of electrodeposition materials is growing by an average of 5%
annually. This is primarily due to tightening environmental regulations, growth in the
automotive industry (particularly the global trend toward electric vehicles), and
industrial/commercial construction and appliance manufacturing [1,2]. Cathodically
electrodeposited materials provide excellent corrosion protection for metal products, uniform
film thickness even on complex-shaped parts, and high painting efficiency [3]. Modern cathodic
electrodeposition primers represent a two-component system consisting of a main binder
dispersion and pigment paste. To maintain consistent bath parameters and coating properties
in cathodic electrodeposition - especially in mass industrial production - the components must
demonstrate long-term stability during operation [4-6]. Special requirements apply to the
pigment paste, which is a suspension of pigments and fillers in synthetic resin with functional
additives. In pigment paste production, the most critical, complex and energy-intensive stage is
pigment dispersion, requiring proper selection of dispersing additives [7, 8]. The main
challenges include [9]:

1. Preventing reflocculation of dispersed particles.

2. High water surface tension complicating wetting of low-surface-energy pigments.

© I.G. Koltsov, A.A. Ilyin, V.V. Miloslavskaya, A.D. Khlopotinin, 2025
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3. High content of polar groups in water-dilutable resin.

Study [10] developed a production technology for cathodic electrodeposition primer
pigment paste based on epoxy-amine oligomer.

The purpose of this work is to study the impact of various dispersants used in the
production of pigment pastes for cathodic electrodeposition primer on the technological
properties of the material and the operational properties of the coating.

The basis of the pigment paste for cathodic electrodeposition primer was a
water-dilutable, acetic acid-neutralized epoxy-amine adduct (Fig. 1) with the following
characteristics: apparent viscosity 6.24 Pa-s; mass fraction of non-volatile substances 57.2%;
density 1.02 g/cm’; flash point 58 °C [11-13]. This adduct was filled with titanium dioxide,
kaolin, barium sulfate, and carbon black.

OH
A o I o ?\_C’H
H H
* o o \)\/o Q o o H

O OO L OO
o o
H3cJ\o' HacJ\o'

Fig. 1. General structural formula of the acetic acid-neutralized epoxy-amine adduct

The filling degree was 14.5 vol.%. We performed pre-dispersion of the pigment paste
using a Dispermat LC-110 dissolver (manufactured by VMA-Getzmann) with a sawtooth disk
at a peripheral speed of ~6 m/s for 15 minutes. We evaluated the dispersion fineness after this
stage using a grindometer. Final dispersion was conducted in a Dispermat LC-110 immersion
bead mill at a linear speed of 7.5-7.8 m/s until achieving a grinding fineness of 15 pm [14, 15].

To study the impact of dispersant type on the technological properties of the material and
operational properties of the coating, we used the following substances:

1. Dispersant No. 1 is a transparent oily liquid, consisting of a 50% solution of a surfactant
mixture (silicone-free) in ethylene glycol, recommended for aqueous systems. This dispersant
provides pigment deflocculation through electrosteric stabilization.

2. Dispersant No. 2 is a transparent liquid with a slight yellow tint, consisting of a 50%
solution of a nonionic surfactant (tetramethyldecynediol) in ethylene glycol, recommended for
aqueous systems. It provides pigment deflocculation through electrosteric stabilization.

3. Dispersant No. 3 is a yellow-brown high-viscosity liquid, consisting of a 50% aqueous
solution of a modified acrylic copolymer, recommended for aqueous systems, providing
pigment deflocculation through steric stabilization.

We prepared four samples of cathodic electrodeposition primer pigment paste with the
following functional additive contents:

1. Sample No. 1 - with 1 wt.% of dispersant No. 1.

2. Sample No. 2 - with 1 wt.% of dispersant No. 2.

3. Sample No. 3 - with 1 wt.% of dispersant No. 3.

4. Sample No. 4 - with 0,5 wt.% of dispersants No. 2 and No. 3.

The main binder in the two-component cathodic electrodeposition primer was an
aqueous dispersion of an epoxy-amine adduct with blocked toluene diisocyanate as the
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crosslinking agent and functional additives. The aqueous dispersion of the epoxy-amine
adducts had the following characteristics: apparent viscosity 0.25 Pa-s; mass fraction of
non-volatile substances 37.1%; density 1.05 g/cm’; flash point 97 °C; hydrogen index (pH) 5.51
units; acid milliequivalent 35.4 mmol/g.

The curing process catalyst was dioctyltin oxide in an amount of 3.3 wt.%.

The cathodic electrodeposition primer was prepared at a main binder to pigment paste
ratio of 5:1 by weight. The calculated mass fraction of non-volatile substances was about 20%,
with demineralized water used as the diluent [16].

To prepare the cathodic electrodeposition primer, we added the main binder to a
container with demineralized water while stirring with a paddle mixer at a peripheral speed of
1.5 m/s. We mixed the resulting blend for 15 minutes, then gradually added the pigment paste
in small portions while stirring. We stabilized the cathodic electrodeposition primer for
24 hours with constant stirring using a paddle mixer at a peripheral speed of 1 m/s.

Experimental part

The apparent viscosity of resins and pigment pastes with different dispersants was determined
at (23.0%0.2) °C using a Brookfield viscometer (type A, spindle - disk No. 3 for dispersions and
pigment pastes; disk No. 4 for dispersing resin) at 20 rpm [17]. The mass fraction of non-volatile
substances in resins, obtained pigment paste samples and cathodic electrodeposition primers
was determined according to [18], with a test sample weight of 1.0+0.1 g and drying time at
180 °C for 30 minutes. The density of resins was determined according to [19] at 20 °C, the flash
point of resins in a closed cup was determined according to [20]. The acidity index of
dispersions and obtained cathodic electrodeposition primers was determined at 25 °C according
to [21], the acid milliequivalent of aqueous dispersion was determined according to [22], and
specific electrical conductivity was determined according to [23].

Sedimentation of cathodic electrodeposition primers was evaluated as follows: a
500.0£1.0 g primer sample was poured into a 600 cm’ glass beaker compliant with [24] using a
class II precision balance [25]. The beaker was then covered and left undisturbed for 72 hours
in a location without direct sunlight exposure at room temperature. After 72 hours without
stirring, the test sample was stirred with a paddle mixer at a peripheral speed of 2.5 m/s, with
the paddle mixer positioned 1 cm from the beaker bottom. The time required for complete
redispersion of the settled sediment into the cathodic electrodeposition primer solution was
evaluated according to [26].

Coating appearance was determined according to [27], coating thickness according to [28],
coating tensile strength by Erichsen test [29], coating impact strength [30] using a U-1a tester
(direct impact), adhesion by lattice cut method [31], gloss [32], resistance to 5% salt spray
exposure (corrosion creep from scribe) (method B) [33].

To study the influence of functional additives on properties of coatings formed from
cathodic electrodeposition primer, the following tests were conducted.

The cathodic electrodeposition primer was applied to 08ps steel plates with a pre-applied
zinc phosphate layer [34-36]. A 08Kh18N10 stainless steel plate [37] served as the counter
electrode, with a cathode:anode area ratio of 4:1. A P-TRP-15-400 converter serving as DC
power source provided voltages up to 400 V. The working solution temperature of cathodic
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electrodeposition primer was maintained at 30.0-30.2 °C. Coating deposition time in bath was
150 s at potentiostatic mode of 290 V. After deposition, coatings were rinsed with distilled
water, then placed in a drying chamber where thermal curing occurred at 165 °C for 20 minutes
through reaction of unblocked isocyanate groups with hydroxyl groups [38, 39]. Coatings were
conditioned at room temperature for 24 hours prior to testing.

Discussion of the results of the study

First, the study examined the influence of functional additives on the pigment paste
dispersion process. Fig. 2 presents the results.
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Fig. 2. Effect of dispersion time on grinding fineness of pigment pastes

The required grinding fineness of the pigment paste (15 pm) is achieved most quickly
when using Dispersant No. 2 and a mixture of Dispersants No. 2 and No. 3 (Sample No. 4).
Table 1 shows some parameters of the obtained pastes.

Table 1. Parameters of cathodic electrodeposition pigment pastes
Indicator Sample No. 1 Sample No.2 | Sample No.3 | Sample No. 4
Initial indicators
Apparent viscosity, Pa-s 2.78 2.05 1.82 1.92
Mass fraction of non-volatile
55.6 55.1 55.4 55.4
substances, %
Grinding level, um 15 15 15 15
Parameters after 3-month aging
Apparent viscosity, Pa-s 5.90 2.89 2.33 2.55
Viscosity change, % 112 41 28 33
Mass fraction of volatile substances, % 55.7 55.2 55.7 55.5
Grinding level, um 15 15 15 15

It should be noted that all pigment paste samples have approximately the same mass
fraction of non-volatile substances and grinding fineness. Moreover, storing the pigment pastes
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in closed containers for 3 months without exposure to direct sunlight at room temperature has
practically no effect on these parameters. Only the impact of the functional additive type and
storage duration on the apparent viscosity of the pastes is observed. Sample No. 1 has the highest
initial apparent viscosity, which increases most rapidly during storage. This likely indicates that
the dispersants used (especially Dispersant No. 1) significantly affect the structuring of the
film-forming system. From a technological standpoint, it is more practical to use Dispersant
No. 3 in the pigment paste, as pastes containing it show the lowest initial apparent viscosity and
the slowest rate of viscosity increase over time.

Using samples of pigment pastes with different dispersants, cathodic electrodeposition
primers were prepared according to the scheme described above. Table 2 presents the research
results for the obtained primers.

Table 2. Characteristics of cataphoretic primers

Name of parameter Sample No.1 | Sample No.2 | Sample No.3 | Sample No. 4
pH 5.35 5.40 5.32 5.32
Specific electrical conductivity, uS/cm 1538 1560 1547 1563
Mass fraction of non-volatile substances, % 19.95 20.01 20.09 19.99
Sedimentation, s 205 172 211 187

It has been established that the nature of the dispersants used affects only the
sedimentation stability of the primers. Primer sample No. 2 demonstrates sufficiently high
sedimentation stability; when the primer is aged for 72 hours, a sediment forms which
completely redisperses within 172 s.

It has been determined that the nature of the dispersant does not affect the operational
properties of the formed coatings. All parameters presented in Table 3 have similar numerical
values, except for the coating resistance to 5% salt spray exposure. The corrosion creep from
the scribe for primer sample No. 2 after 1500 hours is the smallest.

Table 3. Properties of the obtained coatings

Name of parameter Sample No. 1 Sample No. 2 Sample No. 3 Sample No. 4
Uniform, smooth, | Uniform, smooth, | Uniform, smooth, | Uniform, smooth,
Appearance free from craters, | freefrom craters, | freefrom craters, | free from craters,
pores and wrinkles | pores and wrinkles | pores and wrinkles | pores and wrinkles
Thickness, um 18-20 18-20 18-20 18-20
Coating tensile
strength (Erichsen 8.1 83 8.3 8.2
test), mm
I i f
mpact r.e51stance o 50 50 50 50
coating, cm
Adhesion grade 0 0 0 0
Gloss, units at 20°
19-22 18-21 19-22 19-22
angle
at 60° angle 66-69 64-67 63-66 65-68
at 85° angle 92-94 91-93 91-93 92-94
Resi % sal
esistance to 5% salt 1500 1500 1500 1500
spray exposure, h
ith .
wit corro§1on creep L9 L5 L8 L7
from scribe, mm
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Conclusions

Hence, sample No. 2 of the cathodic electrodeposition primer, whose pigment paste was

obtained using a solution of nonionic surfactant - tetramethyldecynediol (providing pigment

deflocculation through electrosteric stabilization), demonstrates optimal technological and

operational properties.
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Abstract. The vanadium oxide-based systems on various carriers are of great interest for
the obtaining of catalysts for natural gas processing and organic synthesis. An important
stage in the development of sulfuric acid catalysis was obtaining of sulfovanadium
catalysts based on diatomite. The catalyst is easy to manufacture, sufficiently durable,
and has a relatively long service life. It is necessary to process deactivated vanadium
contact masses due to the high hazard of spent vanadium catalysts to humans and the
environment, as well as the scarcity and high cost of vanadium compounds. In this
regard, there is a need to determine the causes of deactivation of sulfuric acid vanadium
catalysts of the SVD brand after their operation. All studied samples have low specific
surface area and porosity, indicating the destruction of the support. X-ray spectral
analysis indicates a low content of V,O0s. This is due to the presence of impurities in the
diatomite. Aluminum and iron oxides interact with potassium pyrosulfovanadate. As a
result of this reaction, there is a formation of aluminum-potassium and iron-potassium
alums. Consequently, is causes the release of V,Os crystalline phase. This leads to a sharp
change in the composition and properties of the active component and decreasing of
activity. The results of X-ray diffraction studies show that all studied samples contain
crystalline forms of diatomite, predominantly in its high-temperature modification -
cristobalite. A significant amount of cristobalite leads to a disruption in the mechanical
strength of the granules and a low specific surface area.
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Introduction

A distinctive feature of the modern development of the chemical industry is the

widespread use of catalysts. They increase labor productivity, improve product quality, and
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significantly reduce production costs. However, their use is accompanied by catalysts
deactivation during the reaction. This is due to operating conditions, the quality of the raw
materials, and the physicochemical properties of the catalysts themselves.

Vanadium oxide-based catalysts are widely used in the production of important industrial
products (sulfuric acid, phthalic anhydride) and for the purification of industrial gas emissions
from nitrogen oxides. Analysis of modern research has shown that vanadium oxide-based
systems on various supports are of great interest for preparing catalysts for natural gas
processing and organic synthesis. They are used for the selective oxidation of methanol and
methane to formaldehyde, olefin polymerization, direct conversion of methane into aromatic
compounds, etc. [1, 2]. Vanadium catalysts for sulfur dioxide oxidation have been used in the
chemical industry since the early 1930s [3]. Nowadays, the several types of vanadium catalysts
have been developed and implemented [4-6]. An important stage in the development of sulfuric
acid catalysis was the creation of saturated catalysts. One of the first catalysts of this type was
SVD (sulfovanadium on diatomite). SVD is easy to manufacture, sufficiently durable, and has
low production costs. The main disadvantages include the dependence of its properties on the
raw materials used [7].

Compared to other catalysts, vanadium catalysts have a relatively long service life.
The catalysts are sieved annually, with the top layer and one of the subsequent layers removed
in turn. Losses are replenished with fresh catalyst. Typically, every 5-10 years, the catalyst is
completely replaced. Improper storage and use of the catalyst can significantly reduce its service
life. During storage, moisture is the most hazardous [7], as free SOs can be hydrated to form
sulfuric acid. This leads to reddish spots on the catalyst surface, resulting in loss of strength and
catalyst degradation.

The increasing production of sulfuric acid is followed by the growing of industry's
demand for vanadium catalysts. At the same time, an equivalent amount of spent catalyst
accumulates at industrial plants. It is necessary to process deactivated vanadium contact masses
due to the high hazard of spent vanadium catalysts to humans and the environment, as well as
the scarcity and high cost of vanadium compounds.

The purpose of this work is to investigate the causes of deactivation of sulfuric acid
vanadium catalysts of the SVD brand.

Experimental part

The synthesis of catalytic compositions and their effective application as industrial
catalysts results from the specific interaction between the support and the active component
and requires in-depth knowledge of solution chemistry, solid-state chemistry, and inorganic
chemistry. The understanding of methods for preparing long-lasting catalysts demands
research into the active component’s structure at the molecular level, not only during synthesis
but also under prolonged operating conditions [6].

The authors used a spent vanadium catalyst of the SVD brand from sulfuric acid
production. Samples were collected from different layers of the contact apparatus. We selected
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a catalyst of the SVD brand from BASF CE as a reference for comparison, with a specific surface
area of 10-15 m?*/g and an activity of at least 40% at 420 °C and at least 90% at 485 °C.

We determined the specific surface area of the studied catalysts using the
low-temperature nitrogen adsorption-desorption method on a Sorbi-MS instrument.
We calculated the surface area using the BET equation [8]. We measured the total pore volume
of the samples on a Quantachrome Poremaster 33 mercury porosimeter. We calculated the pore
size distribution using the Barrett-Joyner-Halenda (BJH) model.

We obtained images of the catalyst surfaces and information about the chemical
composition of the near-surface layers using a Vega 3 SBH scanning electron microscope
(TESCAN, Czech Republic).

We performed X-ray diffraction analysis on a hardware-software complex based on the
POWDIX-600 multifunctional X-ray diffractometer (Belarus). The authors used
crystallographic databases [9, 10] to identify the diffraction patterns.

We employed the catalytic activity determination method according to TU 48-0323-6-90
with modifications.

Discussion of the results of the study

The initial stage involved studying the catalysts' appearance. The analysis revealed
approximately 30% of damaged granules in each sample. We polished 10-20 defect-free
granules to achieve parallel end faces. The prepared granules were tested on a hydraulic press
by applying axial load until complete destruction. We calculated the data according to the rules
for handling equally precise group measurements using the confidence interval method.
The formula for calculating granule mechanical strength is:

P - D?
Str = a7 ; MPa,
where P is the hydraulic system fluid pressure (MPa); D is the piston diameter (mm); d is the
catalyst pellet size (mm).

The measurements of granule mechanical strength by axial crushing showed satisfactory
strength values. Table 1 and Figure 1 present the summary data of specific surface area and
porosity of the samples.

Table 1. Specific surface area and porosity values of the investigated catalysts

Name of sample BET surface area (m*/g) Porosity, % Characteristic pore sizes, um
VKT-1 22+0.6 61.87 03-2
1-4.
VKT-2 1.3+0.1 57.06
250 - 1000
VKT-3 33+0.2 59.73 03-3
0.7-5
VKT-4 S5+0.1 61.55
320 250 - 1000
VKT-5 3.1+0.0 60.12 03-4
VKT-6 2.0£0.0 54.14 03-4

142



FROM CHEMISTRY TOWARDS TECHNOLOGY I3 e8]

16

-dV/d(log d), [cc/g]

14 -

10

100

Pore diameter, pm

VOL. 6, ISSUE 2, 2025

1000

Fig. 1. Pore diameter distribution: 1 - VKT-1; 2 - VKT-2; 3 - VKT-3; 4 - VKT-4; 5 - VKT-5; 6 - VKT-6

The obtained data indicate that all catalysts have a low specific surface area of less than

3.5 m?/g.

Analysis of porosity and pore characteristics reveals lower porosity in VKT-2 and VKT-6

compared to other samples (Table 1). The pore diameter distribution suggests significant

support degradation in VKT-2 and VKT-4 samples, indicative of mechanical deactivation.

For quantitative assessment of the surface layer composition, X-ray spectral

(energy-dispersive) analysis was implemented. Theoretical diffraction patterns were calculated

and modeled as references, resulting in a synthesized composite pattern. It shows high

agreement with experimental data. Table 2 presents the X-ray spectral analysis results in terms

of the elemental composition of catalyst samples (recalculated as oxides)

Table 2. The elemental composition of catalyst samples recalculated as oxides

Sample Oxide content, wt% Amount,
Na,O | MgO | ALO; | SiO; | SO; | K;O | V205 | Fe;05 | Cs;0 | Cr,0; %

TU 48- 2.2- 9.5- 7.5-

0323-6-90 3.3 12 8.5
VKT-1 4.72 - - 60.5 | 20.3 | 89 5.2 0.24 - 0.20 100
VKT-2 3.62 - - 51.5 | 25.9 | 10.2 6.7 0.41 - - 98.52
VKT-3 2.37 - 141 | 55.8 | 239 | 9.6 6.3 0.58 - - 100
VKT-4 1.95 - - 589 | 21.9 | 89 6.3 0.66 - - 98.62
VKT-5 0.59 - 1.14 | 619 | 172 | 7.1 53 0.32 6.5 - 100
VKT-6 3.57 2.11 0.71 | 449 | 312 | 104 5.5 1.49 - - 100

Analysis results demonstrate decreased vanadium pentoxide (V,Os) concentrations in
samples VKT-1, VKT-5, and VKT-6.
The analysis revealed the presence of contaminant compounds including:

e MgO n ALOs - in samples VKT-3, VKT-5, VKT-6;

¢ Cr;0; - in the sample VKT-1;

o Fe,0; was found in all samples; particularly high concentrations was in VKT-6.
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The VKT-6 sample also shows the increased sulfur content.

The findings indicate significant reduction in catalytic activity due to contaminants such
as aluminum and iron oxides, which negatively affect catalyst performance. These impurities
react with potassium pyrosulfovanadate, forming aluminum-potassium and iron-potassium
alums. This process subsequently releases crystalline V,Os phase, drastically altering the active
component's composition, and properties, ultimately decreasing activity [7, 11-13, 14].

X-ray phase analysis enables qualitative and quantitative identification of the catalyst
support's crystalline phase, typically a tridymite-cristobalite mixture. X-ray diffraction results
demonstrate that all studied catalyst samples contain diatomite crystalline forms,
predominantly as high-temperature cristobalite modification - with a 4.1 A peak (Fig. 2, Table 3).

~he e A e VKT6
60000 e KA VKT5
wl
— o VKT4
2 SIS N D — VKT3
S 40000 -
2
= At Atrn ~ VKT2
2
E 20000 —
£
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Fig. 2. X-ray diffraction patterns of the studied samples CuK a-radiation

Table 3. X-ray phase analysis of catalysts. Crystalline phase content in diatomite

Sample 20, du A FWHM, Sutpe Cristobalite phase Tridymite phase
grade grade content, % content, %

VKT1 21.73 4.086 0.356 8829 79.57 5.05
VKT2 21.61 4.109 0.463 6716 36.63 46.99
VKT3 21.57 4.116 0.673 422 15.69 18.63
VKT4 21.50 4.129 0.605 580 67.94 -

VKT5 - - - - - 55.24
VKT6 21.59 4.112 0.683 356 56.91 11.82

The VKT-1 and VKT-2 samples demonstrate 15-20 times higher cristobalite phase
content compared to other samples. The VKT-5 sample contains crystalline SiO, exclusively in
tridymite form. The VKT-1, VKT-2, VKT-3, and VKT-6 samples show ongoing transition from
medium-temperature (tridymite) to high-temperature (cristobalite) SiO, modification, while
this process is complete in VKT-4. The significant cristobalite content reduces granule
mechanical strength and catalyst specific surface area.
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Silica properties are well studied [15, 16]. The crystallization of silica yields in cristobalite,
tridymite, or quartz depending on temperature, pressure, and environment. Each polymorph
exists in high-temperature (a) and low-temperature (B/y) forms. Alkali metal pyrosulfates
present in the catalyst react with the silica support at higher temperatures, forming low-activity
vanadium pentoxide phase.

Alkali metal vanadates in vanadium catalysts also induce silica polymorphic
transformations, contributing to catalytic activity loss. Mineralizers accelerate phase transitions
and decrease their temperature thresholds. These polymorphic transitions cause quartz volume
changes, leading to catalyst attrition and surface area reduction due to bed movement in
reactors during SiO2 modification shifts. The chemical reactivity of silica increases from quartz
to cristobalite, then to tridymite, and finally to amorphous silica (most reactive).

Catalytic activity was determined per TU 48-0323-6-90. Table 4 presents SO,-to-SOs
oxidation activity data for spent catalysts.

Table 4. Catalytic activity of spent vanadium catalysts in SO, to SO; oxidation

Catalytic activity Degree of SO, oxidation to SO, %
according TU 48-0323-6-90 SVD VKT-1 | VKT-2 | VKT-3 | VKT-4 | VKT-5 | VKT-6
88 43.99 43 .4 45.99 43.99 4401 46.96
90 435 439 445 433 428 46.84
485 °C
88 441 43.03 441 441 436 45.94
90 441 42.6 44.1 44.1 41.9 44.82
av. value 89 43.92 43.23 44.67 43.87 43.08 46.14
40 19.4 26.03 19.4 19.4 34.4 30.94
42 20.6 20.6 20.6 20.6 36.1 34.6
420 °C
41 14.7 21.7 14.7 14.7 36 34.07
40 18.3 21.9 18.3 18.3 35.7 34.02
av. value 40 18.25 22.56 18.25 18.25 35.55 33.4075

The activity of the studied samples is significantly below the permissible limit.

Conclusions

A study was conducted to determine the causes of sulfuric acid vanadium catalysts
deactivation. The degree of deactivation depends on the catalyst type, chemical composition of
the raw material, volume of the active component, porous structure of the support, etc.
According to the research, the activity reduction is caused by the presence of impurities and
processes of diatomite structure destruction, leading to surface loss and changes in the catalyst's
porous structure. The reason is also the transition of low-temperature modifications of

diatomite to high-temperature ones.

The research was performed within the framework of the state assignment for R&D (project
No. FZZW-2024-0004) and using the resources of the centre for collective use of scientific
equipment of ISUCT.
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equation, fluidized identify the depth of gas-liquid layer formation during phase inversion based on
bed theoretical studies. For the jet apparatus most frequently used in gas-liquid ejector

reactors. The authors calculated the ejector length at which phase inversion occurs.
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Introduction

Jet apparatuses are finding increasing application in many industries. In chemical
technology, such devices are used for heat and mass transfer processes, and as reactors for fast
chemical reactions. One of the most reliable and accurate methods for evaluating the efficiency
of gas-liquid apparatuses is the chemical method. It is based on determining the effective
interfacial contact area, i.e., the phase interface actually involved in the mass transfer process
[1-3]. This method is based on the chemisorption of oxygen from air. It allows determining the
process rate and the ‘sulfite number’. Compact dimensions enable metal savings and high
specific productivity without reducing the time required to complete the oxidation process [4].

Main body

The gas-liquid mixing device comprises a housing, an injection chamber, a liquid spray
nozzle, a disperser, and a mixer made as a vertical pipe with varying cross-sections.
The apparatus can operate over a wide range of working medium parameters, allowing
regulation of the process hydrodynamics. An important parameter characterizing the ejector's
efficiency is the efficiency coefficient (), defined as the ratio of energy transferred to the gas
flow to the energy expended by the motive flow [5-7]. The operating principle is as follows: the
liquid under pressure is fed into the nozzle, atomized, and entrains gas entering the injection

© V. K. Leontiev, O. N. Korableva, 2025
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chamber. The resulting gas-liquid mixture passes through the ejector-mixer. In the ejector,
contact between liquid and gas occurs with a developed surface of atomized liquid [8].
Depending on the ejector's operating mode, its geometric parameters, and the pressure
differential across the nozzle, the ejector can produce a gas-liquid two-phase flow with different
liquid-to-gas ratios. The two-phase flow may have either a dispersed liquid phase or a dispersed
gas phase [9-11].

Based on the ratio of the nozzle throat area to the ejector throat area, such jet apparatuses
are proposed to be classified as follows [2] (Fig. 1):

1. If S;,/S¢< 0.0013, the liquid phase is always continuous in such jet apparatuses (Fig. 1a).

2.1£0.0013 < Sp/Sej < 0.741, such jet apparatuses may have either continuous gas or liquid
phase (Fig. 1b), i.e., phase inversion occurs.

3. If Sp/Se > 0.741, the liquid phase is always dispersed in such jet apparatuses (Fig. 1¢).
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Fig. 1. Classification of jet apparatuses based on the ratio of nozzle throat area to ejector throat area

Of particular interest is the jet apparatus demonstrating phase inversion (Fig. 1b).
It enhances mass transfer efficiency in gas-liquid systems without modifying the apparatus
dimensions. This improvement results from increased mass transfer coefficients through
elimination of backmixing and creation of effective contact zones between phases [12-14].

Some researchers suggest that complete (100%) mass transfer between phases occurs
during both emulsion formation (during bubbling) and emulsion breakdown [15].

This work investigates the hydrodynamics of a jet apparatus comprising a nozzle and flow
channel (ejector), specifically examining the interaction mechanism between the motive
(liquid) and entrained (gas) streams within the ejector.

The study suggests modeling gas-liquid injection as gas permeation through a suspension
of liquid droplets in forward flow. In this case, the process will be analogous to gas flow through
a fluidized bed. The pressure drop can be determined using the well-known Ergun equation,
which is applicable over a wide range of Reynolds numbers.

In the ejector's initial section (Fig. 2), we isolate a dz-height element.
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Fig. 2. Scheme of the jet apparatus with nozzle and ejector: 1 — nozzle; 2 - ejector.

The apparatus has four distinct zones:
e freejet zone;
constrained moving zone of two-phase flow with dispersed liquid phase;

e gas-liquid emulsion formation zone;
e two-phase flow zone with dispersed gas phase.
The force driving liquid particles equals the vector sum of forces acting on particles within

the specified volume.
F=G+FE,—-F dF =dG + dF,, — dF, (1)
where dG - is particle gravity force;

dF,, - is Archimedes force;

dF, - is drag force.
dG =dm;-g=p;-dV g,
where p; - is liquid phase density, kg/m?
dE, =dmg-g =pg4-dV g,

where p; - is gas phase density, kg/m’

(b — pg)dm
dG — dE,, = (pl—pg)-dV-g=—g.
P19
Equation of motion:
dm,dv  (p; — pg)dm
= — dE,,
dt P9 ,
(1—¢)* pg(vi—v,) (1—¢)pg(vi —vy)
dF, = |150 = PP + 1,75 = . Sej - dg, 2)

where € is medium porosity;
Mg is gas viscosity, Pa's;
Sej is ejector cross-sectional area, m”.
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(p1—pg)dmy and 150 (1 s) ug(vl—vg)

We simplify the equation by neglecting the terms: ” 7
L d

due to their small magnitude, and assuming v, = 0, we obtain:

(1-¢) Pg
5 —=Sej Vi dy. 3)

prl ' dVl —1 75

Sincee =1 — , variable substitution can be performed in equation (3):

ej'Vl
v, =5_n_ Vio ,
Sej 1—¢
Sn de
S, b1_¢

v =
ej

The variables in equation (3) can then be easily separated, allowing us to write:

For the liquid to decelerate sufficiently from &, to &, the ejector length must exceed a
certain value determined by the equation:

€o 3
P da [ e
pg 1,75 eor 1—¢

Integral ~ [° Ll =[5

. " EKp 1 —& EKp €+1 s s 3 " 22 3 2
€ € € € Eor—¢€ Eor—1
D+ ———er—In(e, -1 = %0+%°+ (ecr — €0) +lnscor—_1.
Thus,
3 3 2 2
P1 dd &r — & &r — & Ecr — 1
l>—- + + (e — &) +In .
Py 1,75[ 3 3 (Br =€) g0 — 1]

We will perform calculations for the jet apparatus most commonly used in gas-liquid
ejector reactors with nozzle and ejector diameters of d,, = 12 mmand d,; = 25 mm, respectively.
The initial porosity will then be:

=(1 Sn 1 12 =0,77
o= \t7s,) T\ T2s)) T

The critical porosity is determined based on droplet packing in the gas-liquid emulsion
formation zone [10]:
1. for dense packing: € = 0.259;
2. for loose packing: € = 0.476;
3. for granular materials, the average porosity is taken as € = 0.4.
vidn P

The droplet diameter d; is determined depending on the Reynolds number Re = S
l

where v, is the liquid velocity at the nozzle exit, calculated by:

z'pn
pr

U = Qq
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where @, is the velocity coefficient (¢, = 0.95...0.97), p,, is the nozzle pressure (Pa); p; is the
liquid density (kg/m?).
For 2280 < Re < 18280, the droplet diameter can be determined from

da _ 183 _ po 20000,

dn ~ Re059’

increasing flow velocity and decreasing liquid viscosity practically don't improve spray quality,

and the ratio (%) can be taken as ~0.06 [4].

At nozzle pressures are above 0.1 MPa and velocities v; > 13 m/s, Re > 150000, so we use

(Z—d) = 0,06. Thus, the droplet diameter becomes d; = 0,00072 m.

Considering the critical porosity value of droplets, the integral value will be:

2 g3 02593 —0,77% 0,259% — 0,77
j = + + (0,259 — 0,77)
H . 1—¢ 3 2
+ (0’259 — 1) = 0,250
"o77-1/)~ 7"
2 g3 04763 —0,77 0,476% — 0,772
j _ + + (0,476 — 0,77)
2 . 1—¢ 3 2
+ (0’476 — 1) = 0,234
o77-1/)~ 7%
2 g3 0,400% — 0,77 0,400% — 0,77
j _ + + (0,400 — 0,77)
3) . 1—¢ 3 2
(0,400 — 1) — 0242
"o77-1/)~ 7™~
The length of the ejector will accordingly be:
1) I, > 0,320,250 = 0,080 m.
2) I, = 0,320,234 = 0,075 m.
3) I; > 0,320,242 = 0,0774 m.

According to the calculation results, regardless of the values of critical droplet porosity,
the depth of the ejector at which phase inversion occurs is practically the same in all
calculations.

Conclusions

The obtained results can be applied to heat and mass transfer calculations both in jet
apparatuses and in gas-liquid reactors where such types of jet apparatuses are used.
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Introduction

Coal tar pitch (CP) is a residue of coal tar separation into fractions: light fraction
(T<170°C); phenolic fraction (T = 170-210 °C); naphthalene fraction (T = 210-230 °C);
absorption fraction (T = 230-270 °C); anthracene fraction (270-360 °C); coal tar pitch (T < 360 °C).
The production of pitch from semi-coking tar (SCT) is of particular scientific interest.
The following promising applications for SCT-derived pitches have been identified:

1. Materials for road construction [1].

2. Medium-temperature pitches as binders in electrode material production [2].

3. Binders for anode mass [3].

4. Binding fillers for coking charge blends [4].

The expanded potential and prospects for SCT pitch applications, the advancements in
production technology ensure the relevance of this work. The experimental data obtained could
significantly contribute to improving the processing of semi-coking byproducts. In this study,
the melting point of previously obtained pitches will be measured and compared with their
softening points. For the first time, pitch will be extracted from low-temperature pyrolysis tar
of Zh-grade coal in an inert atmosphere, with its softening point, melting point, and technical
analysis determination. A novel comparative analysis was conducted between pitches obtained
via extraction (this work) and those previously isolated by distillation. Additionally,
low-temperature carbonization (T = 550 °C) will be performed on both SCT-derived pitch and
commercial electrode pitch. The uniqueness of these investigations defines the novelty of this
work.

© R.Yu. Kovalev, A.P. Nikitin, 2025
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Experimental part

1. Review of methods for producing various pitches from SCT. This section presents
the results of previous studies on the production of pitches from SCT. Moreover, the results of
processing SCT from various raw materials (bituminous coals, lignites, oil shales, peat) are
shown. Also, the paper provides the results of obtaining pitches from SCT using various
extraction technologies.

The authors consider the technologies for producing pitches from bituminous coal SCT.
In study [5], semi-cokes were obtained by semi-coking at T = 500-550 °C, and SCT was
collected in this temperature range. The collected SCT was distilled up to T = 320 °C, resulting
in pitches with T = 59 °C and 71 °C. The hydrogen content in the pitches was 7.55-7.44%; the
carbon content increased from 79.8% to 82.8% with increasing T's; the oxygen content was ~8%
[5]. In study [6], bituminous coal SCT was distilled up to 360 °C; yielding 50% pitch; phenol
content in the pitch of 11.3% (equivalent to 5.6% relative to the original SCT). In study [7],
the distillation of bituminous coal SCT was obtained with the yield 78.6% pitch. Industrial SCT
was subjected to batch distillation up to T = 390 °C, producing pitch with T, = 56 °C and a 47%
yield. Increasing the final temperature to T = 405 °C the authors obtained pitch with T, = 65 °C
[8]. In study [2], pitch with T = 75 °C (30% yield) was obtained from grade D coal SCT by
thermal oxidation (TO) at T = 230-348 °C (duration 30 min, air flow rate 63 L/h). The fractional
composition of the obtained pitch was determined as toluene-insoluble fraction (a) = 20%;
quinoline-insoluble fraction (o) = 1.9%; coke residue = 30.2%; ash content = 0.04%. In study
[9], pitch with T, = 138 °C was obtained from industrial SCT by TO (T = 265-370 °C, 30 min,
air flow 40 L/kg). In study [4], bituminous coal SCT was subjected to vacuum distillation up to
T = 400-410 °C at a residual pressure of 2-3 kPa, yielding pitch with T, = 159 °C and a 50%
yield. According to [2, 4, 5, 8], soft pitches can be obtained by distilling bituminous coal SCT
up to 360 °C. Electrode pitches, binder pitches, and high-temperature pitches are produced by
TO or by increasing the distillation temperature of SCT above 400 °C. Analysis of studies [2, 4,
6-8] shows that the yield of pitch from bituminous coal SCT varied in the range of 30-78%.

Also, lignite SCT (coal grade B) is used as raw material for pitch production. In [10],
semi-coking of lignite from the Lelchitsy deposit, the Gomel region, the Republic of Belarus was
examined. The SCR yield during semi-coking (T = 550 °C) varied in the range of 3.4-23% [10].
During distillation of lignite SCT, pitch yields were 13.07%, 18.20%, and 37.59% [10]. In study
[11], lignite SCT was distilled up to 350 °C, yielding 45.25% pitch. In study [12], fractions up to
250 °C were distilled from primary lignite tar, and the remaining portion (70% of total tar)
underwent TO for 8 hours at T = 200 °C in the presence of a catalyst in the form of iron salts of
organic acid (0.1% by weight of initial tar), ultimately producing high-temperature pitch. In
[13], lignite SCT was distilled up to 350 °C, producing pitch with volatile matter content of
83.6%, ash content of 0.24%, and fractional composition: a = 12.6%, p = 71.3%, y = 16.1%.
On the experiments described above, distillation of lignite SCT at 360 °C mainly produces soft
pitches, while the thermal oxidation method is used to obtain high-temperature pitch.

Shale SCR is of particular interest as a raw material for pitch production. In [3], binder
pitches and electrode pitches were obtained by distillation with isothermal holding at 380 °C.
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In [14], shale SCR was produced from combustible shale at T = 560 °C, then distilled up to
410 °C, yielding 29.3% pitch with T, = 55.5 °C, a,-fraction content is ~0.61%, and volatile matter
yield is 83.7%. In [15], shale SCT distillation up to 360 °C produced pitch with 59% yield.

When distilling peat SCT (obtained by pyrolysis at 600 °C) up to 340 °C, pitch with yields
18-24% were obtained with phenol content of 6% [16]. In [17] on peat SCT distillation was
shown: light fraction yield (up to 170 °C) is 5.3%; fraction yield at T = 170-200 °C is 11.2%;
fraction yield at T = 200-230 °C is 12.1%, with maximum narrow fraction yield of 26.7%
observed at T = 230-270 °C, and pitch yield is 24.3%. Study [18] established that 4.8% phenols
remained in the pitch during peat SCT distillation.

Indeed, SCT production as raw material for pitches mainly occurs in a reducing
environment (native gas atmosphere). Of particular interest is the production of pitches from
SCT as a liquid pyrolysis product in an inert atmosphere. Also noteworthy is the comparison
of pitch characteristics depending on the production environment of the source material.

2. Production of pitch from SCT (semi-coking tar) as a liquid product of coal pyrolysis
in inert and reducing atmospheres [19, 20].

This section describes the experimental equipment for producing semicokes and SCT
from coals. The methodology for pitch extraction from SCT is also presented. The described
SCT production techniques were previously developed and validated by our research team in
19-20]. This paper provides their brief overview.

2.1 Methods of SCT extraction from coals. Fig. 1 shows the unit for SCT extraction from
coals in an inert atmosphere. Fig. 2 shows the unit for SCT production in a reducing
atmosphere.

" N 650°C .

—

Fig. 1 Apparatus for semi-coking in an inert Fig.2 Apparatus for semi-coking in a reducing atmosphere

atmosphere: (side view):

1 - gas cylinder; 2 - control unit; 3 - Gray-King 1 - furnace base with integrated control system; 2 - furnace

assay apparatus body; 4 — quartz retort; 5 — tar door; 3 - thermal insulation material; 4 - muffle furnace

collector [19]. body; 5 - furnace gas outlet pipe; 6 — electric heating system
of the furnace; 7 - coking box with coal, covered by a lid
with a round opening; 8 - pipeline for transporting vapor-
gas products; 9 - tar collector (flask-type) [20].
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The apparatus for SCT production (Fig. 1) in an inert atmosphere consisted of a gas
cylinder (1) and a Gray-King assay apparatus. The pyrolysis was conducted in the assay
apparatus under a nitrogen atmosphere. The gas cylinder was connected via silicone tubing to
a quartz retort containing the coal sample (4). The control unit regulated the electric heating
system was integrated into the apparatus housing (3). Pyrolysis was performed at 650 °C, with
semi-coking liquid products (SCT) collected in a glass test tube (5).

The SCT production apparatus (Fig. 2) for reducing conditions comprised: an EPLK-2
muffle furnace for coal carbonization (4); an SCT collection system consisting of: built-in
exhaust gas piping (5); silicone transfer lines for vapor-phase products (8); glass flask
condensers (9) for liquid product recovery.

2.2 Methodology for pitch extraction from SCT. The primary approach for pitch extraction
was implemented for fundamental distillation scheme of tar processing. It is shown in Fig. 3.

Fig. 3. Schematic diagram of pitch extraction by tar Fig. 4. Schematic of the SCT fractional distillation

distillation [20]: apparatus using ARN-LAB 03 device (side view)
1 - stand; 2 - thermometer; 3 - flask containing tar; 4 - [20]:
condenser; 5 - distillate collector; 6 — flask heater. 1 - receiver flask; 2 — control unit; 3 — built-in flask

heater; 4 - Wurtz flask; 5 - thermometer with
fixation stopper; 6 — distillate outlet valve;
7 — condenser.

Pitch extraction is achieved by heating the tar to separate its fractions into gaseous
components. They are then cooled in the condenser (4) to liquid state and collected in the
receiver (5) [21].

In our previous studies [19, 21-22], pitch extraction from SCT through fractional
distillation was performed using the ARN-Lab-03 apparatus (Fig. 4). The apparatus for
SCT-derived pitch isolation consisted of: a control unit with heating adjustment buttons and a
flask positioning knob, a built-in flask heater (3), a condenser (7) supplied with cooling water
via an integrated tubing system.

Table 1 presents the fractional distillation results of SCT obtained from Zh and GZh coal
grades in an inert atmosphere [19, 21].
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Table 1. Yields of fractions of coal grades Zh and GZh [19, 21]

T,°C Yield of coal grade Zh tar fractions, % Yield of coal grade GZh tar fractions, %
30-99 31.0 13.1
99 - 130 24.4 51.0
130 - 360 33.3 16.2
> 360 11.3 19.7
Losses + gases — 1.1

The first distillate droplet appeared at T = 86 °C for SCT derived from GZh and Zh coal
grades. Table 1 demonstrates that the highest pitch yield was observed for GZh coal SCT. Key
conclusions from Table 1 include:

1. The maximum fraction yield (60-70%) for these tars corresponds to the light fraction
of coal tar [19, 21].

2. For Zh coal tar was found, that 31% of its content distilled below 99 °C [19, 21].

These findings highlight the potential for solvent-based pitch extraction from such SCTs.
For instance, reference [23] discusses toluene-assisted pitch extraction from SCT. In our study
[20], the extraction process was conducted using a modified ARN-Lab-03 apparatus (Fig. 4),
where the Wurtz flask was charged with SCT and toluene. Distillation continued up to toluene's
boiling point (110 °C).

Table 2 presents previously published data [20] on pitch extraction from SCT obtained
under reducing atmosphere from GZh and K coal grades.

Table 2. Yield of pitches extracted from SCT by toluene-assisted extraction [20]

Ne Name SCT-derived pitch yield, %
1 SCT GZh + toluene (40/80) 20.2
2 SCT GZh + toluene (40/100) 12.0
3 SCT GZh + toluene (40/12) 5.0

Table 2 shows, that the pitch yield decreased for GZh SCTwith increasing solvent volume,
while for K SCT the pitch yield was 5% [20].

This work presents the results of determining the extraction time of pitches from tars
obtained in a reducing atmosphere in reference [20]. Table 3 shows the duration of heating SCT
from room temperature to complete recovery of fractions (t) at 110 °C and the duration t from
the appearance of the first droplet to complete recovery of fractions at 110 °C. At is the
preheating duration of the tar before the extraction process (At = t — 7).

Table 3. Heating time of SCT and extraction period.

Ne Name t, min T, min At, min
1 SCT GZh + toluene (40/80) 180 90 90
2 SCT GZh + toluene (40/100) 170 90 80
3 SCT GZh + toluene (40/12) 165 80 85

According to Table 3, the tar preheating duration (At) at all SCT/toluene ratios until first
droplet appearance ranged between 80-90 minutes. With increasing toluene volume At
decreased for GZh SCT from 90 to 80 minutes. For K SCT At remained constant at 85 minutes.

The extraction duration t showed no variation (1 = 90 minutes) with increasing toluene volume
for GZh SCT.
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3. Characteristics of pitches extracted from SCT. This section presents the data and
characteristics of the pitches we previously obtained from SCT. In this work, we determined the
softening temperature (Tma:) of the pitches. The Tma: determination process proceeded as
follows: portions of pitch were separated from different surface areas of the obtained pitch.
The separated portions were heated, and the melting process was monitored using a
microscope. The initial melting temperature was determined by a secondary instrument
connected to the heating element with a thermocouple. The transition of pitch to liquid state
was considered as melting. Additionally, for the finished pitch from GZh SCT (tar + toluene
(40/80)), we conducted a low-temperature carbonization experiment by heating to 550°C and
holding for 1 hour. The carbonization was conducted in a muffle furnace, where pitch samples
were placed in ceramic cups and covered with a metal lid. We determined the carbonizate yield
Ksso as the percentage ratio of pitch mass to the obtained carbonizate mass. For the carbonizate,
we determined the volatile matter yield V9 according to GOST R 55660-2013.

3.1 Composition and properties of pitches from SCT obtained in an inert atmosphere.
Table 4 presents the characteristics of pitch derived from Zh-grade SCT.

Table 4. Characteristics of pitch obtained from Zh-grade coal SCT [19].

Name T, °C | v, % B.% | o, % a, % ar, % X, % Ash content, %
Pitch (Zh-grade
51 304 65.5 4.1 3.6 0.5 57.5 0.17
coal SCT)

The melting temperature Tre: at which the pitch transitioned to liquid state was 55 °C for
pitch from Zh SCT. For pitch from GZh SCT, the melting onset occurred at Tna: = 68 °C and
Tmee = 210 °C for different pitch samples, indicating potential heterogeneity of the product.

In this study, extraction from Zh SCT using toluene (at a pitch/toluene ratio of 1/1, up to
toluene's boiling point of 110 °C) produced pitch with melting point Ts = 56 °C; pitch
yield = 10%; volatile matter content = 79.4%, and ash content = 0.98%. For this pitch, T varied
between 62-81 °C across different sample areas.

3.2 Composition and properties of pitches from SCT obtained in reducing atmosphere.

Table 5 shows the fractional composition of extracted pitches from SCT produced under
reducing conditions from GZh and K coals reducing atmosphere [20].

Table 5. Fractional composition of pitches derived from SCT of GZh and K coal grades [20].

Ne Name Ts, °C P, % B% | % | a,% | X,% Ash content, %

1 Pitch (GZh-grade coal 36 338 | 447 | 115 | 05 | 72.6 0.04
SCT)

2 Pitch (K-grade coal SCT) 46 - - 13.4 0.3 67.5 0.07

According to Table 5, the pitches from SCT produced in a reducing atmosphere are soft
based on their T, values. The pitches also have low content of « and a;-fractions compared to
commercial pitches according to [20]. For the pitch (GZh SCT), Tuar is about 49 °C, while for
the pitch (K SCT), Thar = 48 °C.

3.3 Low-temperature carbonization of pitches. This section presents an experiment on
low-temperature carbonization of pitch obtained from GZh SCT (pitch data shown in Table 4)
and commercial electrode pitch grade B (« = 25.8%, a1 = 4.5%). The characteristics of this pitch
are described in [20]. The carbonization was performed by heating at a rate of 7.5 °C/min with
a 1-hour holding time. Table 6 presents the carbonizate data.
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Table 6. Yield of pitch carbonizates and technical analysis data.

Ne Name Kiss0, % V(daf), %
1 K-grade coal (SCT) 34.4 50.0
2 K(B) 59.1 10.0

Table 6 shows that the K(SCT) yield is lower compared to K(B). Also, the volatile matter
yield of carbonizate K(SCT) was 50%.

Discussion and conclusion

The pitch obtained by distillation of SCT (as a liquid pyrolysis product of Zh-grade coal
in an inert atmosphere) showed a softening temperature T, = 51 °C. It was higher than those of
pitches produced by extraction from SCT (as pyrolysis products of GZh and K coals in a
reducing atmosphere). The pitch produced by distillation of SCT (as a pyrolysis product of
GZh-grade coal in an inert atmosphere) exhibited significant variations in melting temperature
across different sample regions, indicating product heterogeneity. This phenomenon might be
a result of the need for lowering the final distillation temperature for this particular tar.
At temperatures exceeding 300 °C, the distillation process continued, potentially causing
simultaneous evaporation of light pitch fractions (y- and S-fractions) with the distillates,
ultimately leading to non-uniform product composition.

The carbonizate yield Kss, was higher for grade B electrode pitch than for pitch from SCT.
This difference might be a result of the higher ai-content in grade B pitch compared to
SCT-based pitch. The a;-fraction content in pitch contributes to increased carbonizate yield, as
demonstrated in [25-26]. Furthermore, pitches obtained from SCT through distillation showed
lower a- and a;-fraction contents compared to pitches produced by distillation of industrial
coal tar in [26].

The extracted and distilled pitches from SPK Zh (the tar was obtained in an inert
environment) in this work were soft. The extracted pitch showed higher volatile matter content
(X) compared to pitch obtained by distillation. The ash content was also higher for the extracted
pitch relative to the distilled pitch. The melting temperatures Tme: exceeded the temperatures
T, for all pitch samples. Furthermore, pitches obtained by extraction from SCT (as liquid
semi-coking products of GZh and K coals in reducing atmosphere) demonstrated higher
a-fraction content and lower ash content, when compared to pitch produced by distillation
from SCT (as liquid semi-coking product of Zh coal in inert atmosphere).

The work was performed within the framework of the state assignment of ‘Federal Research
Centre of Coal and Coal Chemistry of the Siberian Branch of the Russian Academy of Sciences’
project No. 121031500512-7.
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