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Hayuno-texHuueckuil pereHsupyemslii xypHai «ToHkue XuMu-
YeCKHE TeXHOJIOTUH» OCBEIIAET COBPEMEHHBIE IOCTIKCHHS (QyHIa-
MEHTAJbHBIX U NPUKIAJAHBIX HCCIEIOBAHUH B OONIACTH TOHKHX
XUMMUCCKUX TEXHOJIOTHI, BKJIFOYAs TEOPETUYECKUE OCHOBBI XUMU-
YECKOU TEXHOJOTHHU, XUMHIO U TEXHOJIOTHIO JICKAPCTBEHHBIX
TperaparoB 1 OHOJIOrMYECKH aKTUBHBIX COSIMHEHHH, OpraHNYeCKUX
BEILIECTB ¥ HEOPraHUYECKUX MaTEePHAaJIOB, CHHTE3 H IlepepaboT-
Ky HOJIUMEPOB U KOMIIO3UTOB Ha UX OCHOBE, AHAJIMTUYECKHUE U Ma-
TEeMaTHYECKHEe METO/IbI M HH(POPMAIIMOHHBIE CHCTEMBI B XUMUU U
XUMUYECKOH TEXHOJIOTUU.
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HAYYHAS CTATHA

Pa3paborka npouecca MHKANCYJISIHAA TOKCHYHBIX 0TXO0I0B
U OMACHBIX XMMUYECKHUX BEIIECTB B NCEBI00KIKEHHOM CJI0€

IO.A. EaeeB?, 10.C. BorosiBaeHcKasi, E.H. 'ayxaHn, B.®. 'oaoBKkOB, B.B. AdpanacreB

TI'ocyoapcmeeHHblil HAYUHO-UCCe008ameslbCKUL UHCMUMYM Op2aHUUECKOU XUMUU U MeXHO.102Ul,
Mocksa, 111024 Poccust
@Aemop onsa nepenucku, e-mail: 25532 15@gmail.com, dir@gosniiokht.ru

AHHOMaAyus

Ifenu. HccnedosaHue npoyecca UHKANCYJAAUUU 8 YCIOBUSX NCEBO0OIKUNEHHO20 C/LOSL HKUOKUX U
meepoblX MOKCUUHBLX 0MX0008, COOepIKAUUX Xumuueckue sewecmea 1-3 knaccoe onacHocmu.

MemoowuL. /Ins uccnedoeaHull 8 Kauecmee 3ampagouH0z0 MAmepuadla UCNONb308AJICS 2PYHM,
3a2pASHEHHDbLI 2eKcaxopbeH30/0M U 2eKCAXNOPYUUKNI02EKCAHOM. HMHKANCYASIHMOM 8blcmynas
uepesumr, Komopbslii npu memnepamype 135 °C pacnvuisiicss 8 nce8000IKUIEHHbLU Coll uepes
nHeemMamuueckyro popcyHKy. IKcnepumeHmol 0CYUeCmensiiuce Ha MOOUPUUUPOBAHHOT 1abo-
pamopHoti yemarnosrxe GLATT AGT-150. Ilepe0 pacnbiieHuem yepe3uHa 8 2pyHm uepe3 nHeema-
muuecKkue popCYyHKU 8800UNUCH CBS3YIOUWUE — NJIA8 8blCOKOMEMNepamypHo20 KAMeHHOY20/lbHO-
20 nexa u cmouHbsle 800bl, COOEPIAUUE CONU HAMPUSL, MbLUBIKA, A MAKIKE OKCUObL MSIKENbLX
Memannos.

Pesynoemamet. I1oKka3aHo, Umo MexaHu3m epaHy1000pas308aHUSL HOCUM CMEUAHHbLI xapaKkmep.
Ces3bleaHue UCXOOHBIX UACMUY, 302PSA3HEHH020 2PYHMA OCYULecmeisiemcs KaKk neKom, max u 3a
cuem gblcanugaHusl. IIpu smom nosocmu 8 azromepame UACmMUUHO 30NONHSIIOMCSL OMJIOIKEHU-
AMU conell, umo yseauuusaem npouHOCmMsb U Uesl0CMmHOCMb CMpyKmypbl KOHEUH020 npodyKkma.
YemaHoenernsvl duanasoHbl 3HAUEHUN YNPasasiiouux napamempos npouecca, npu Komopsblx 8
c/l0e 0mecymemaeosana HeXKenamesabHast a2/loMepayus, a nolieobpasosarue He npesblidlano 5%.
ITpu omHoweHUU MACCbL CN0SL UACUY, (2PAHYN) K MaAcce NOOAHH020 Uepe3uHa, pagHoM eOuHUUYe,
nosfyueH esaz20ycmotiuugslii colnyuuil NPU20OHbLY 051 MPAHCNOPMUPOBKU U OAUMENbHO20 XPa-
HeHust npodykm 5 knacca onacHocmu. CpedHue ouamempsl UCXOOHbLX Uacmuy, U KAnCyaAupo8aH-
HblX epaHy.sl coomeemcemaeHHo cocmagasitom 0.5 mm u 1.5 mm.

Bbleo0bl. BoinosiHeHHble UCCAe008aHUSL NOKA3AAU NPUHUUNUAIBHYIO 803MOIKHOCMb npogede-
HUSL 8 0OHOM annapame npouecca CYuKU-2paHYNAAYUU-KANCYAUPOBAHUSL MOKCUUHBLX 0MX0008 U
ONACHBLX XUuMUUeckux eewecms 1-3 Knaccog onacHocmu ¢ obpasosaHuem colnyuezo npooykma
5 Knacca onacHocmu, obnadaruezo 81a20Yycmoliuueocmsvlo, 4 MaKKe NPu2o0H020 0711 MPAHC-
nopmuposku u oaumenvHozo xpareHus. IlonyueHHwvle pe3dysremamusl moeym OblMb UCNOJb-
308aHbLL Npu paspabomke NPOMbLUNEHHO20 KPYNHOMOHHAIKHO20 Npoyecca UHKANCYALYUUU
omxodoe 1-3 Knaccoe onacHocmu.
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Development of an encapsulation process for toxic waste and
hazardous chemicals in a fluidized bed

Yuri A. Eleev?, Yulia S. Bogoyavlenskaya, Elena N. Glukhan, Vladimir F. Golovkov,
Vladimir V. Afanasiev

State Research Institute of Organic Chemistry and Technology, Moscow, 111024 Russia
@Corresponding author, e-mail: 25532 15@gmail.com, dir@gosniiokht.ru

Abstract

Objectives. This paper presents research results on the encapsulation of a fluidized bed of liquid
and solid toxic waste containing chemicals with a hazard class of 1-3.

Methods. Soils contaminated with hexachlorobenzene and hexachlorocyclohexane were used as
the seed material. Ceresin was selected as the encapsulant, which was sprayed onto the fluidized
bed through a pneumatic nozzle at a temperature of 135°C. Before the spraying of the ceresin,
binders were introduced into the fluidized bed of the seed material through pneumatic nozzles
in the form of a melt of high-temperature coal-tar pitch and wastewater containing sodium and
arsenic salts as well as heavy metal oxides. The experiments were carried out using a modified
GLATT AGT-150 laboratory unit.

Results. The results demonstrate that the mechanism for granule formation is a mixed mechanism.
The binding of the seed material is carried out by both the pitch and salting out. In this case, the
cavities in the agglomerates are partially filled with salt deposits, which increases the strength
and integrity of the final product’s structure. Ranges for the process parameter values were
established at the point at which there was no unwanted agglomeration in the fluidized bed,
and dust formation did not exceed 5%. When the ratio of the bed mass to the mass of ceresin is
equal to unity, a moisture-resistant free-flowing product of hazard class 5 is obtained, which is
suitable for transportation and long-term storage. The average diameters of the initial particles
and encapsulated granules were 0.5 and 1.5 mm, respectively.

Conclusions. The present study demonstrates a potential process for the granulation—
encapsulation of toxic waste and hazardous substances with a hazard class of 1-3 in a single
fluid-bed apparatus, resulting in the formation of a moisture-resistant hazard class-5 granular
product suitable for transportation and long-term storage. The results obtained can be used in the
development of an industrial large-scale process for encapsulating waste of hazard classes 1-3.

Keywords: persistent organic pollutants, heavy metals, toxic wastes, wastewater, encapsulation,
coal-tar pitch, ceresin
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BBEJIEHHE

B mHacrosimee Bpemsi, TOJNBKO TIO O(UIIHAIBHBIM
JaHHBIM MuHnpuposl, B Poccun HacuutbiBaetcs 6osee
200 0O0BEKTOB HAKOIUIEHHOTO DKOJIOTHYECKOTO yiepoa,
MPEICTABIIOMNX CO00I MecTa XpaHCHHUS/3aX0POHECHUS
TOKCHYHBIX BEILIECTB, B TOM UHClie 1—2 KITacCOB OMacHo-
CTH (B 4aCTHOCTH, CTOMKHE OPraHUYECKUE 3arpsI3HUTEIN
— CO3), cyMMapHBIii 00beM HCUHUCISICTCS MIJUTHOHAMHA
TOHH. Takke U3BECTHO O MHOTOYHMCIICHHBIX HECAHKIIHUO-
HUPOBAHHBIX CBAJIKAX U 3aXOPOHEHHSIX MPOMBIIIUICHHBIX
0oTX0n0B.

st ieneit yHUUTOKEHUS! TOKCUYHBIX BEUIECTB 12
KJIACCOB OINACHOCTH HauOOJBILIYI0O MUPOBYIO HOIYJISIp-
HOCTb CHHCKaJ METOIl TEPMHUYECKOTO BBICOKOTEMIIE-
parypHOoro o0e3BpekuBaHus. HecMoTpsi Ha BBICOKYIO
3¢ (heKTUBHOCTh C€rocoba, ero IIaBHBIM HEIOCTATKOM
SIBJSIETCS] HEOOXOANMOCTE OPTaHH3aIIIH TOPOTOCTOSIICH
CUCTEMBbI ra3004UCTKU. OJJHOBPEMEHHO MTPUXOIUTCS pe-
IIaTh COIMYTCTBYIOIIYIO 3TOMY CIIOCO0Y IpoOiIeMy yTH-
JIM3alliy CTOYHBIX BoA [1, 2].

Ha pernonansHOM ypoBHE, Kak IpaBMIIO, paccMma-
TPUBACMBIMH BapUaHTAMU MPUBENCHUS OTHOCHUTEIHHO
HEOOJBIIIX CBAIOK TOKCHYHBIX BEIIECTB/OTXOIOB B O€3-
OIACHOE COCTOSIHUE SIBJISIOTCS JIMOO OpraHu3aius Io-
JIMTOHA 3aXOPOHEHHUS COOTBETCTBYIOLIEro Kjlacca omac-
HOCTH B HETIOCPEJCTBEHHOH OJIM30CTH OT CBAJIKHU, OO
MepeMeIIeHUE OMACHBIX XUMHUCCKUX BEIIECTB/OTXOIOB
B CMICLHAIM3UPOBAHHYIO OPTaHU3AIUIO IS X JTATbHEH-
el nepepadoTKU, YTHIN3ALUU UITH 3aXOPOHEHHUSL.

OcHOBHOM 3ajaueil, kKak IIpU JJIUTEIBHOM XpaHe-
HUH, TaK U [IPU TPAHCIIOPTUPOBKE TOKCHUHBIX OTXOJIOB,
OIMACHBIX XMMUYECKUX BEIECTB, a TAK)KE CTOUHBIX BOJI,
ABJISIETCSI MUHUMU3ALMs BEPOATHOCTU UX MPOHUKHOBE-
HUS B OKPY)KAIOIIYIO CPELy.

OnHUM U3 MPOMBILUIEHHBIX CIIOCOOOB, MPUMEHS-
eMBIX JIJIS OTUX IIeTieH, SBISETCS] MHKAICYJIMPOBAaHHE B
TBEPAYIO MaTpuUIly. B kauecTBe MHKATICYISITHTOB OOBITHO
WCTIONB3YIOTCS 0eTOHBI U OUTYMBI [3]. O0IIMM HemocTar-
KOM 00€HX MaTpul] ABJISETCS 3HAUUTEIIHOE YBEJTUUECHUE
Beca U 00beMa WHKATICYJTUPOBAHHBIX OTXOJIOB, a TaK¥Ke
HaOJIr0jaeMoe BbIILEIaYlBaHUEe TOKCHYHOTO CONEPIKHU-
MOTO, MPOLEHT KOTOPOrO 3aBUCUT KaK OT COCTAaBOB WH-
KallCyJIMPOBaHHbIX BEIIECTB U MHKAICYJISIHTA, TaK U OT
ycnoBuii xpanenus [4]. Hampumep, BbllenaunBanue
MBIIITbsIKA W3 OCTOHUPOBAHHBIX MBIIIBSIKCOMCPIKAIINX
oTx0710B 32 406 qHEN B yCIIOBUSX MOCTOSIHHOTO BO3JIEH-
ctBUs Bozbl (pu 10%-HOM MakCUMAIbHO JTOCTHKHUMOM
COZIEp’KaHHUHU MBIIIbAKA B OSTOHHOM MaTpHIe) COCTABUIIO

0.34% [5, 6]. DKCIIEpUMEHTHI 110 OUTYMHUPOBAHUIO 30JTBI
OT C)KUI'aHMA TOKCHYHBIX OTXOJOB I10Ka3aJM BbIIE-
JAYMBaHUE TSDKENBIX MeTaioB 3a 90 aHel Ha ypoBHE
0.1-0.3% mpu uX KOHLEHTparuu B 305 5—11 MI/kr u
CoZiepKaHuU 3016l B Outyme 1o 60% macc. [7]. Bore-
Ja4MBaHUE TOJUIMKINYECKIX apOMAaTHYECKHUX YIJIEBO-
JIOPOZIOB HEMOCPEACTBEHHO U3 OUTYyMa MOXKET JJOCTUTATh
1 x 107* mr/n 3a 64 nus [8].

B cBsI31 ¢ U3I10KEHHBIM, MIPEICTABISAETCS HHTEPEC-
HBIM HCIIOJIb30BaHUE B Ka4e€CTBE aJIbTEPHATHBHOTO WMH-
KaIlCyJISIHTa Lepe3HHa, KOTOPbII IIHUPOKO MPUMEHSAETCS
KaK M30JSILMOHHBIN Marepuan B paguo- U JIEKTPOTeX-
Huke. Llepe3sun — TBepaas Ipu HOPMaJbHBIX YCIIOBHSIX,
BOJIOHEpACTBOpHMAsl U MHEPTHAsL K OKpY’KaloLlel cpene
CMECh IIpEleNIbHBIX yIIeBoJoponoB. biaromaps oTHO-
CUTEITLHO HU3KOW TeMIlepaType IIaBICHHUs], TUIOTHOCTH
U BSI3KOCTH IIEPE3UH MOXKET OBITh JTOCTATOYHO JIETKO
pacrblIeH Yepe3 MeXaHHUECKYI0 WM MTHEBMATHUECKYIO
(hOopCyHKY B TICEBIOOKMIKEHHBIA CIIOW TBEPAOTO Mare-
puaia c 00pa3oBaHUEM IICHKH HA €r0 MOBEPXHOCTH.

Jlns cHKeHUs pacxosa Hepe3rHa Ipearnoaraioch
HCCIIEZ0BAaTh BO3MOKHOCTh YBEJIMYEHUS pa3Mepa ICeB-
JIOO’KMKAEMBIX YaCTHUI] 32 CYET IPAHYIISILMHU, YTO, B CBOIO
odepelb, IMO3BOJIUT 3HAYATEIBHO COKPATHTH OOIIYIO
IUTOIIA/Ib MHKAIICYJIUPYEMON MTOBEPXHOCTH. B kauecTe
CBSI3YIOIINX OBUTH BHEIOPAHBI IBE CMECH: BBICOKOTEMITE-
paTypHbli KaMEHHOYTOJIbHBIM IIEK; CTOYHBIE BOJIbI, CO-
JIepKaIue TsHKEITbIe METAIIBl M PACTBOPUMBIC COITM Ha-
Tpust (BKJIFO4Yas apceHuT). Bridop o0ycioBieH teM, 4To
JIAaHHBIE CBS3YIOIIME TAKXKEe MOTYT SIBISTHCS OTXOAaMH,
MOJUICKAIUMH YTHIU3AIUH WIH TIepepadoTKe, U TOITO-
MY HUX HCIIOJIb30BAHUE B KAYECTBE CHIPbSl SKOHOMUYECKU
OIpaBJIaHO.

Taxkum 00pa3oM, 1IeJIbI0 HACTOSAIIETO UCCIIeIOBAHHS
SBJIsUIach pa3paboTka mpoliecca KarcCyJUpOBaHUsS TOK-
CHUYHBIX OTXOAOB M OIACHBIX XUMHMYECKHX BEIIECTB C
HCIOJIb30BAaHUEM B KaueCTBE CBA3YIOLIETO TBEPAbIX yIvIe-
BOJIOPOJIHBIX OTXOJOB M CTOYHBIX BOJ, COIEPMALIUX TA-
JKEJIbIE METAJUIbl U PACTBOPUMBIE COJIU, B IPUTOJHBIHI 1151
TPAHCTIIOPTUPOBKH M JUTUTEITLHOTO XPAHEHHUS MTPOIYKT Oe3
3HAUUTEIIBHOTO YBEIIMYEHHS UCXOTHOTO Beca U 00beMa.

OObekThl uccnenoBanus — 3arpssHeHHblii CO3
TPYyHT 2 Kjacca OMacHOCTH, U3BSTHIA W3 CBAJIOYHOTO
tena nonurona «bonbmue M36umm» (Poccus, Jluner-
Kas 001acTh); peakIMOHHas Macca 3 Kilacca OMacHOCTH,
MOJIy4eHHas J1TaOOPaTOPHBIM IYTEM CO CTaIMU MOKPOH
OYMCTKHM [JBIMOBBIX Ta30B NPH HCCIEJOBAHUU TEPMH-
YEeCKOro O0E3BpPEKMBAHUS IIaMa 2 Kilacca OMAacHOCTH,

! Munnpuponst Poccun: CBexeHusi, conepxainiuecs B TOCYJapCTBCHHOM peecTpe 00bEeKTOB HAKOIUICHHOTO Bpela OKpY-
katomeid cpene (mo cocrosiHuio Ha 13.04.2021) [Ministry of Natural Resources of Russia: The state register of objects
of accumulated environmental damage (accessed April 13, 2021) (in Russ.)]. https://www.mnr.gov.ru/docs/docs/svedeniya
soderzhashchiesya v_gosudarstvennom_reestre_obektov_nakoplennogo vreda okruzhayushchey sr/?special version=Y

2 PocnipupozaHaizop. Pocnipupoasaazop coodiuaeT o He3akoHHbIX cBankax. Poccust, Mocksa; 2019 (nara myGnukamuu 09.07.2019 .,
nara obpamenus 08.10.2020 r.) [Rosprirodnadzor. Rosprirodnadzor reports on illegal landfills. Russia, Moscow; 2019 (published
July 09, 2020, accessed Oct 8, 2020) (in Russ.)]. https://rpn.gov.ru/news/156/

Toukue xumudeckue TexHosoruu = Fine Chemical Technologies. 2021;16(3):199-212

201


https://www.mnr.gov.ru/docs/docs/svedeniya_soderzhashchiesya_v_gosudarstvennom_reestre_obektov_nakop
https://www.mnr.gov.ru/docs/docs/svedeniya_soderzhashchiesya_v_gosudarstvennom_reestre_obektov_nakop
https://rpn.gov.ru/news/156/

PazpaboTka nmpouecca HHKAICYASILIHH TOKCHYHBIX OTXO/OB ...

otobpanHoTO ¢ TeppuTopuu ObiBIIero OAO «CpeHeBOIIK-
ckuii 3aBoj1 xumukaroBy (Poccus, r. YanaeBck).

Kiracc omacHocTH ompenerner MmeToqamu OHOTECTHPO-
BaHHS HA THAPOOUOHTAX B COOTBETCTBHH C P 52.24.566-94%.

MATEPHUAJIBI U METO/bI

Cocrag 3arpsiznenHoro CO3 rpyHTa, U3BATHIN U3 TENa
norona «bomnbime M30uimy», npeacrasieH B Ta0. 1.

Taoauna 1. CocraB 3arpsS3HEHHOTO TpyHTA™®
Table 1. The composition of the contaminated soil*

Taoauma 2. CocTtaB CTOYHBIX BOJ,
Table 2. Wastewater composition

HanmeHoBaHHe KOMIIOHEHTA Mmac. %
Component name mass %
Bona

17.45
Water

VHepTHbIA HanoNHUTENb (TalbK, MTUPOGHUILIUT,
KaOJIMH) 15.37
Inert filler (talc, pyrophyllite, kaolin)

T'excaxiiopOeH30I

Hexachlorobenzene 0.004

I'ekcaxJIOPIUKIIOTeKCaH (CMeCh H30MEPOB,
BKJTIOUAs JIMHAH)**
Hexachlorocyclohexane (mixture of isomers
including lindane)**

0.002

HaumeHoBaHUe KOMIIOHEHTA mac. %
Component name mass %
H,0 77.55
PbO 0.02
ZnO 0.01
Cdo 0.003
CoO 0.001
CuO 0.02
As 0O, 0.02
Na,CO, 0.79
NaCl 20.69
Na SO, 0.50
NaNO, 0.33
Na,AsO, 0.07
Hroro: / Total: 100.00

I'pynT

Soil 67.18

Hroro: / Total: 100.00

* Cpennuii fuamerp yactui] 0.5-0.6 MM.

** JIMHIAaH OTHOCUTCS K | KJIaccy ONMacHOCTH B COOTBETCTBHHU
c¢I'H 2.2.5.3532-18.

* Average particle diameter 0.5-0.6 mm.

** Lindane is classified as hazard class 1.

CocraB CTOYHBIX BOJ| IIPUBE/ICH B Ta0M. 2.

B kadecTBe CBS3yOIIETO, MOACIUPYIOIIETO CBOHCTBA
OTXOJIOB OT IIPOM3BOJICTBA KOKCA W KAMEHHOYTOJBHOTO
MeKa, HCIIONB30BAJICS BBICOKOTEMIICPATYPHBIH KaMEHHO-
YIONBHBIN TIEK ¢ Temreparypoid miasineHus ~116-120 °C
(CAS No 65996-93-2)*. Tlepenm HCIONB30BAaHUEM IMCK
[IpeIBAPUTEIHFHO U3MENIBIANICS B JIAOOPATOPHOH IapoBOi
MeJIbHULIE 10 pazMmepa dyacTul MeHee 200 mxM. MHkancy-
astaT — nepe3ud-75 (mo TOCT 2488-79)°. B kauectBe
TICEBI00XKIDKAIOIIETO arcHTa HCIOIb30BaJICS BO3AYX.
[MpunnmmuaneHas cxeMa J1a0OpaTOpHOH YCTaHOBKH,
pazpaborannoii Ha 6a3e GLATT AGT-150 (Glatt GmbH,
I'epmanus), npeacrasiena Ha puc. 1.

OCHOBHBIE TE€OMETPUUYECKHE TTapaMeTPhl YCTaHOB-
KM CJenylonue: quameTp padoueit kamepbl — 160 MM,

BBICOTA IMJIMHAPHYECKOH yacTh padoueil kamepsl — 450
mm. [Tomans rasopacnpenenmurenbHoi permerke — 0.02 M2,

dopcyHka pacrbuieHus Teka (7) yeTaHOBICHA Ha BbI-
cote 335 MM HaJl ra30pacipeIeUTENIbHON perieTkoi (5), a
MHEeBMaTu4ecKas (JOPCYHKA PACTIbLICHUS CTOUHBIX BOJI U
niepesnHa (6) — Ha BeicoTe 40 MM (HampaBJeHUE COIUIA
BBEPX).

KoncTpykimeit ycTaHOBKH TIpeyCMOTpEHa CEleK-
THUBHAs BBIFPY3Ka MPOIYyKTa B cOOpHUK (4) uepe3 mpo-
ceuBarelnb (3), B KOTOPOM IPH TIOMOIIH PEryJIUPOBAHHS
pacxoia BOCXOJSILEro MoToKa BO3LyXa OCYIIECTBISETCS
cerperanus 4acTHil 1o Becy. [lnomanp meneBoro 3azo-
pa IUTs MOAa4u PaCIbUIAIONIEIO BO3ayXa B (POPCYHKAX —
6.28 x 1076 m2.

YcraHOBKA UMEET MMaHeNb YIPABICHUS TS 3aIaHUs
U KOHTPOJS pabourX IapaMeTpoB: PacXofa «IIPOIec-
CHOTO» BO3/lyXa U €ro TeMIIepaTypbl, 1aBJICHUs BO3/Y-
xa B (hOpCYHKax, pacxona W TEMIIEPaTyphl ITOaBaEMBIX
BEIIECTB, a TaK)Ke AABJICHHS B MPOCEUBATENE TOTOBOTO
TPOIYKTA.

Onpezaensioniue TEXHOJIOTHYECKHE U KOHCTPYKTHB-
HBIC TTapaMeTpHl TAOOPaTOPHOH yCTaHOBKU:

— pacxojl CTOYHbIX BOA U nepesuna (G, u G):
0.6—3.0 Kr/u;

— Ppacxon TmnceBaooXkikatouero areHra (G
40-400 m3/u;

wa)’

3 P 52.24.566-94. PexomeHmanuu. MeToibl TOKCHKOJIIOTHIECKON OLEHKH 3arps3HEHMs MPeCHOBOAHBIX skocucteM. CII6.: ['mapo-
meteouszat; 1994. 136 c. [R 52.24.566-94. Recommendations. Methods for toxicological assessment of pollution of freshwater
ecosystems. St. Petersburg: Gidrometeoizdat; 1994. 136 p.]

* CAS Ne 65996-93-2. Coal-tar pitch, high temperature. Summary risk assessment report (1o cocrosiauto Ha 13.04.2021) [CAS
No. 65996-93-2. Coal-tar pitch, high temperature. Summary risk assessment report (accessed April 13, 2021)]. URL: https://echa.
europa.eu/documents/10162/13630/trd_rar_env_netherlands_pitch_en.pdf

STOCT 2488-79. Lepesun. Texauueckue ycuous. M.: U3n-Bo cranmapros; 1980. 6 c. [GOST 2488-79. Geresin. Specifications.
Moscow: Izd-vo standartov; 1980. 6 p.]
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OtpaGorannslii Bo3ayx / Exhaust air

Bosayx / Air

Puc. 1. [TpunmunuansHas cxema padoTHI JTAOOPAaTOPHOH yCTaHOBKH:
1 — eMKOCTB CO CTOYHBIMH BOJIaMH; 2 — IITHEKOBBIN 03aTOp; 3 — MpoceuBarens; 4 — COOPHHUK MPOAYKTA;
5 — rasopacnpenenuTenbHas pemerka; 6 — GpopcyHka nomayu pacTBopa u nepesnHa; 7 — GopcyHKa IoJauu Meka;
8 — cymmpHas KaMepa ycTaHOBKH; 9 — nukioH; 10 — BerTHIIATOD; 11 — OapabaHHbIA 1UTI03; 12 — XOJIOANITBHUK;
13 — 6yHKep ¢ M3METBFICHHBIM TIeKoM; 14 — HarpeBarenb; 15 — Hacoc; 16 — eMKOCTB C IIaBOM LIEPE3HHa.
Fig. 1. Schematic diagram of the laboratory unit:
(1) tank with wastewater; (2) screw dispenser; (3) sifter; (4) product collector; (5) gas distribution grid;
(6) nozzle for spraying wastewater and ceresin; (7) pitch feed nozzle; (8) drying-encapsulation chamber; (9) cyclone;
(10) fan; (11) drum gateway; (12) refrigerator; (13) bunker with crushed pitch; (14) heater; (15) pump;
(16) vessel with ceresin melt.

— pacxop neka (Gp): 0.5 kr/g;

— TeMIepatypa NceBIooKmKaromero arenra (7,,):
10 260 °C;

— JaBJIEHHE PacCIBULIIIETO BO3AyXa B (HOPCYHKAxX
(P,,): 1.4-3.6 Gap;

— IUAMETpP PACTIBUIMTEIBHOTO COIUTa (OPCYHOK:
0.5 mm.

[IpenycMoTpeH ClleAyIONHA  alrOpUTM  PaOOTHI
yCTaHOBKHU. B cymmibHyio kamepy (8) 3arpyxxaercs 3a-
JAHHOE KOJIMUYECTBO 3arpsi3HEHHOTO rpyHTa. Jlanee mpu
nomoty BeHtwisitopa (10) B cymmnbHyto kamepy (8)
4yepes ra3opacnpeelUTeNIbHY0 pelieTky ammapara (5)
CHHU3Y BBEpX MOJAETCS MCEBJOOKMKAIOLINI areHT (BO3-
IyX) C 3aJaHHOW TEeMIepaTypoi, KOTOPHIH MPUBOAWUT
CIIOH 3arpsi3HCHHOTO TPYHTA/TPAHYJIATa B IICEBIOOKU-
’KEHHOE COCTOSIHHE.

Crounsie Boabl (1), Ipu MOCTOSHHOM IEpeMelln-
BaHHUM, TEPOTOPHBIM HacocoM (15) yepe3 mHeBmaru-
yeckylo (opcyHKy (6) pacmbpUIfIOTCS B CYLIMJIBHYIO
KaMepy YCTaHOBKH (8), Tle MPOMCXOTUT HCIapeHue

BJIATU U OTJIOXKCHUE TBEPIOH (pa3bl Ha MOBEPXHOCTH 3a-
rpsi3HEHHOTO TpyHTa. OgHOBpeMeHHO, u3 OyHkepa (1)
ITHEKOBBIM J103aTOpoM (2) B pabouyro KaMepy ITHEBMa-
THUECKOi (opcyHkH (7) momaeTcs N3METBICHHBIA TeK.
Pabouas kamepa mHeBMaTHUYeCcKO# (hopcyHKH (7) cHAO-
JKEHA AJICKTPUUECKUM HArpeBaTeIbHBIM JIEMEHTOM, T1e-
PEBOSAIINM MOPOIIKOOOpA3HBIA MEK B pacillaBIeHHOE
cocrosiHue (Temmneparypa ~200-210 °C). Jlanee BcTpo-
CHHBIM BHHTOBBIM HAaCOCOM M3 pabodell KaMephl ILIaB
TIeKa MOCTYIAeT B COTUIO (POPCYHKH Ha PACHBUICHHE.

OTpaboTaHHbII BO3IyX BBIXOJUT U3 arrapara B ero
BEpXHEH 4acTh M TIOCTIe JOMOTHUTEIBHOTO MBIICOT IENe-
HUS B LUKJIOHE (9) BBIBOAUTCS B CUCTEMY ITPUTOYHO-BBI-
TSOKHOM BEHTWISIUU. OT/ENIEHHbIE B LUKIOHE MEIKO-
JUCIIEPCHBIE YaCTHUIbI HENPEPBIBHO OTBOIATCS uepe3
SYCHKOBBIN OapabanHbIH 1ITr03 (11) 00paTHO B pabodyro
30HY amnrnapara.

[Tocne HaKoMIEHHUS B CIIOE TPaHyJ 3aJaHHOTO pas-
Mepa TemIeparypa ICEBJOOKMKAIOLIET0 areHTa CHHU-
JKaeTcs JI0 KOMHAaTHOM, M C TIOMOILBIO ITHEBMATHYECKOM
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dopcyHkH (6) OCyIMIECTRIIIETCS Moa4a PacIuIaBICHHOTO
1epe3rHa u3 oborpesaemoit eMkoctu (16) nmpu Temmepa-
type 135 °C u nocrossHHOM niepemernnBannn. [lo mepe
pacmbUICHUS! B TICEBI00KIKEHHBIN CJION pacIIaBIEHHO-
TO Iiepe3rHa 00pa30BaBIINECs paHee IPaHyibl (POPMUpPY-
0T KarCyJbl, HOKPBIThIC HHEPTHON TBEPAOH 000I0UKOMH.

Bpemst paboThl ycTaHOBKM (IIPOBEJCHUS 3KCIEPU-
MmeHTa) — 1 yac. [1o 3aBepIieHnH 3KCIEPUMEHTA OCYILECT-
BJISIETCSI OXJIAXK/IEHHE YCTAaHOBKH J10 KOMHATHOM TeMIlepa-
TYpPBI ¥ BBITPY3Ka MPOAYKTA U3 CYIIIIHLHON KaMepsl (8).

DOKCIepUMEHTHI TPOBOAMINCH B 3 dTama:

Oram 1 — onpenenenne pabodnx MapaMeTpoB CyIl-
KHA-TPaHYISIIHA CTOYHBIX BOJ Ha TIOBEPXHOCTH 3arps3-
HEHHOTO TPYHTa;

Oran 2 — onpeziencHue paboyux MmapameTpoB CyIil-
KU-TpaHyJs iU CTOYHBIX BOJ HAa MMOBCPXHOCTH 3arpss-
HCHHOTO I'pyHTa C OMHOBPEMEHHLIM PACIIBIJICHHUCM TICKa,

Otan 3 — ompeneneHue pabouUX MapaMETPOB HH-
KarcyJsIuy [epe3nHOM IpaHyll, HOJIydeHHbIX Ha JTare 2.

[TomyueHHBIH TPOLYKT NOABEPIajICs CHTOBOMY aHa-
nu3y. Takxe Ha 3Tane 3 0CyIIeCTBISIUCH TECTUPOBAHUE
MPOAYyKTa Ha BIAarOyCTOWYHBOCTD, IIyTEM €r0 IOMeIlle-
HUS B BOAY (00BbeM 2 JT) TPY KOMHATHOW TEMITEpaType Ha
96 4 ¥ XMMHUYECKOTO aHAIN3a BEITSHKKH, U OMOTECTHPO-
BaHME Ha THUAPOOMOHTAX IS OMpEACICHUs ero Kiacca
OTTaCHOCTH.

PE3VJIBTATBI U UX OBCYXKJIEHUE

Pacxon mceBmOOKMIKAIOMIET0 areHTa OICHWBAJICS
pacuetHbIM myTeM 1o metonuke H.A. [laxosoii [9]. Ta-
KUM 00pa3oM, MUHUMAILHBINA PAacXo]] TICEBIOOKIKAIO-
miero arenrta npu temmeparype 100 °C, obecneunBaro-
M TICEBAO0KIKEHNE YaCTHIl B JMANa3oHe pa3MepoB
d = 0.5 MM (m1otHocTs 2165 Kkr/M?), coctaBmi 65 M*/4
(paboyast ckopoctsb w,, = 0.9 M/C).

Hszeectro [10], uTo 3Ha4eHust paboUelt CKOpOCTH W, ,
KOTOpbIE HaxXomATCs B iuanazone 0.8—1.4 m/c, XxapaKTepHBI
CyTy0O LIS CYIIKH B TICEBIOOKIKEHHOM CJIO€, TOTIa KaK
NPU CYIIKe-TPaHYJLIIUH CKOPOCTh TICEBIOOKIDKAOIIETO
areHta o0b1uHO cocraiser 1.0-2.0 m/c. [ToaTomy mipen-
CTaBISUIOCH 1EJIECO00OPa3HBIM TaKKe HCIIONB30BaTh TPH
MIPOBEJICHUH DKCTIEPUMEHTOB 3HaUCHHE PAacXojia IMCeB100-
Kpokarornero arenta 110 M4 (w,, = 1.53 m/c).

Pacuet Mmaccshl citosg M, npu KOTOpOM 4acTULIBI
d = 0.5 MM HaxonsTCA B 30HE (akena GopCyHOK, a Mak-
cuUMallbHas BBICOTA CJI0s | He mpeBbIIaeT BHICOTHI pado-
yeii kamepsl (0.45 M) B yCIOBHUAX U3MEHEHHS CKOPOCTH
nceBpooxkaroriero areira ot 0.9 mo 1.53 m/c (coot-
BETCTBCHHO, PAaCXOJOB IICEBIOOKMKAIOMIETO arcHTa
ot 65 o 110 m*/4), Takke ObLIT IPOBEAEH MO METOIUKE
[axoBo#i [9, 11]. Pe3ynmbrarsl pacyera Macchl B rpadu-
4ecKor (popme TIpeICTaBICHBI Ha PHC. 2.
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—— MUHHMMAalbHas BbIcOTa ciost, W, = 0.9 mM/c / minimum fluidized bed height, w_, = 0.9 m/s;
- MakcHMaJjibHas BbicoTa ciiost, w,, = 0.9 m/c / maximum fluidized bed height, w_, = 0.9 m/s;

MHHHMMaJbHas BbICOTa cost, W, = 1.53 M/c / minimum fluidized bed height, w_, = 1.53 m/s;

MaKCHMaJIbHas BbIcOTa ciios, wy, = 1.53 m/c / maximum fluidized bed height, w,, = 1.53 m/s;

- BEBICOTA YCTaHOBKH (popcyHKH (puc. 1, mo3. 6) / nozzle installation height (Fig. 1, pos. 6);

—_— BBICOTA yCTaHOBKH (popcyHkH (puc. 1, mo3. 7) / nozzle installation height (Fig. 1, pos. 7);

- BbICOTA paboueil kamepsl / drying-encapsulation chamber height.

Puc. 2. I'paduk pacueTHOit 3aBUCHMOCTH BBICOTBI CJIOSI OT €r0 Macchl (a!p =0.5 Mm).
Fig. 2. Calculated dependence of the fluidized bed height on its mass (a’p = (0.5 mm).
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Ha ocHoBaHuM pe3yJabTaTOB PACUETHBIX JIaHHBIX,
MPEJICTABIICHHBIX HAa PHUC. 2, MBI TPEANONOKHUIN, YTO
KOJIMYECTBO HCHOJIb3YEMOI0 3arpsi3HEHHOI0 I'pyHTa B
Ka4eCTBE 3aTPABKU C a’p = 0.5 MM MOXET HaxoIUThCS B
npenenax M= 0.5-2.4 kr (w,, = 0.9 m/c)u M= 0.4-1.7 kr
(W, = 1.53 m/0).

TemnepaTtypa NCEBIOOKMKAIOIIETO areHTa U pac-
XOJl CTOYHBIX BOJ| SIBIISIOTCS OJHMMH W3 OCHOBHBIX
YHPaBJSIIOIUX [IapaMEeTPOB, KOTOPbIE PErYJIUPYIOT Bila-
rOCOJIepKaHKUe B CJI0€ W BIMAIOT HA XapakTep B3auMo-
JIEHCTBUS YacTHII ApyT ¢ Apyrom [12].

Pacuer 3aBucUMOCTH TeMmIepaTypbl NICEBIO0KH-
XKaromero arenra I, OT pacxoga CTOYHBIX Box G

(B nmmarmazone 0.6—3.0 Kr/4) mpu NOAJEPKAHUH TOCTO-
stHHOU Temmnepatypsl B cnoe 100 °C (HauOombunii Bia-
TOCHEM B NIPOIECCE CYIIKH) M PacXofiax MCEeBTOOKIIKA-
tomiero arenta G, 65 M*/a u 110 M*/u ocyuecTsncs
[0 ypPaBHEHHUIO TEIJIOBOTO OaiaHca, MPHBENACHHOMY B
monorpaguu ILIT Cmura [13]. dns pacuera UCTIONB30-
BAJINCh 3HAUCHNUS BEJINYHH, NIPEACTABICHHBIE B Ta0I. 3.

Pesynbrar pacuera B rpadudeckoit ¢opme mpen-
CTaBJICH HA pUC. 3.

Kax crientyer u3 rpaduka, npu pacxoyie MceBIooKH-
s)karomero aresta 110 M?/d4 moTeHUMAaIbHO BO3MOKHAS
[IPON3BOANTEIBHOCTh YCTAHOBKHM 110 CYIIKE CTOYHBIX
BOZ 3aMeTHO Bbimie. OgHaKO HEOOXOMMMO YUHTHIBATD,

Tabéauma 3. 3HAuEHUS MMOCTOSHHBIX BEIUYHH U pacdeTa TEMIICPATypPbl ICCBAOOKHNIKAIOIICTO
areata I, u OINPEACIICHUS MAaKCUMAJIBHOT'O KOJITMIECTBA y,Z[aJI)IeMOfI BJIaru U3 CTOYHBIX BOJX wa

FA,

Table 3. Values of constants for calculating the temperature of the fluidizing agent 7,
and determining the amount of moisture removed from wastewater G__

HaumenoBanue napamerpa Pasmepnoctn 3HayeHne
Parameter name Dimension Value
TermmoeMkocTh niceBnookmxkaromiero arenta (rmpu 100 °C) kJIx/(kr-K) 101
Heat capacity of the fluidizing agent (at 100 °C) kJ/(kg-K) ’
TeroemkocTb cTouHbIX BoJ (1ipu 20 °C) kJIx/(kr-K) 788
Heat capacity of wastewater (at 20 °C) kJ/(kg-K) ’
Temneparypa 1nojaBaeMbIX CTOUHBIX BOJ o
C 20.0
Wastewater supply temperature
ConecofiepikaHue CTOYHBIX BOJT
. - 0.23
Salinity of wastewater
TeruoBble moTepu N
Heat loss & >0
250
200
e
% 150
~
&
% 100
N
50
0
0 0.5 1.0 1.5 2.0 2.5 3.0 35
G _,xr/a/ G, ,kg/h
—— Pacxon ncepnooxmkaromero arenta G, = 65 m*/4 / Fluidizing agent flow rate G, = 65 m’/h;
- Pacxon ncesnooxmkatomiero arenra G, = 110 m*/u / Fluidizing agent flow rate G, =110 m/h.

Puc. 3. I'padux pacueTHOM 3aBUCHMOCTH TEMIIEPaTyphl IICEBIO0KIKAIOIET0 areHTa OT PACcX0/la CTOYHBIX BOJ
MIpY NOAEPKAaHUH OCTOSHHOM TeMmepaTypsl B cinoe 100 °C.
Fig. 3. Calculated dependence of the fluidizing agent temperature on the wastewater flow rate while maintaining
a constant temperature in the bed 100 °C.
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YTO TPH YBEIWYEHHH CKOPOCTH MCEBIOOKIKAIOIIETO
areHTa BO3pacTacT BEPOSITHOCTh MCTHUPAHUS YaCTHI] W,
KaK CJIE/ICTBHE, TBUIC00pa30BaHMUsI.

Takum 00pa3oM, HA OCHOBAHUH PACUETHBIX JTAHHBIX
HayalbHas TeMIIepaTypa MCEeBIOOKIDKAOIEr0 areHTa B
7abOpaTOPHBIX JKCTEpuMenTax cocrapuna 7, = 118.5 °C.
BnmsHne momaum mexa Ha TEIUIOCOAEpXKaHHE CIIOS He
YUUTHIBAJIOCH, TAK KaK OCHOBHOE BIMSHHUE HA TeMIepa-
Typy MOCIEIHETO OKa3bIBaeT KOJIMYECTBO IOJaBAeMON
(1 ucnapsiemoii) Boabl. B pexxume pacnbuieHns 1epesu-
Ha 000TPEB MCEBIOOKIDKAOIIET0 areHTa OTKITIo9ascs, U
€ro TemIeparypa COOTBETCTBOBAJIa KOMHATHOIL.

Pacuer cpeqHero nuameTpa Kamenb CTOYHBIX BOX
MPOU3BOJIUICS TO HMIUPUUECKOMY COOTHOIICHHIO
K. Macrepca [11, 14]. Pexomengyemoe Mactepcom st
ITHEBMAaTHYECKUX (POPCYHOK COOTHOIIEHHE «PACcXO]] pac-
MBUIAIONIETO areHTa/pacxXojl PacTbIIAEMOM JKHIKOCTH»
Haxonutes B npenenax 0.1-10. Kpome toro, pazmep ka-
nenb d;, KOTOPBIA ONPENENAETCS STUM COOTHOIIEHUEM,
JIOJKEH ObITh MUHUMYM B 10 pa3 MeHblIle JUaMeTpa 4a-
CTHII, HAa TIOBEPXHOCTH KOTOPBIX OCYIIECTBIISIETCS Pac-
neiienne [15-18]. TlockoibKy B mpolrecce CylKH-Ipa-
HYJISIIUH-THKATCYIISINT TPOUCXOINUT MOCTOSIHHBIA POCT
rpaHyn (T0 eCTh pacTeT auamerp d ), MaKCHMalbHOe

180
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[\®}
(e}

—
(3
[}

d, Mxm/d, pm
o0
(e}

(o)
(==}

40
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3HaueHue d, Taxke ObUIO MPUHATO paBHBIM 0.2 MM
(200 mxm). Ha puc. 4 npuBeneH rpaduk, OTpakaromuit
pacyeTHyI0 3aBUCHMOCTH pa3Mepa Kallellb pacIblIsie-
MBIX CTOYHBIX BOJ U II€KA OT JAaBJICHHUS IICEBAOOXKHXKA-
IOIIETO arcHTa.

Takum 0Opa3om, AUaa30H U3MCHEHHS IaBICHUSI Ppac-
MBUISFOIIETo areHTa ObuT pUHAT 1.4—2.4 6ap npu pacxo-
e croublX Box oT 0.6 10 3.0 kr/u u a’p =0.5-2 mm. [Ipu
d =2 MM JUI pacIIbUICHHS [IeKa JOCTATOYHO JIABIICHHS
1.4 Gap, ongako mpu d = 0.5 MM MHHHMAILHOE [aBICHIE
PACIIBUTIONIETO areHTa COCTABIISICT He MeHee 3 Oap.

C y4eToMm TOro, 4To 3HaUCHUs (PU3NIECKUX CBOHCTB
nepe3nHa npu temneparype 135 °C, Bausionmx Ha Xa-
paKkTep pacmbula Kameiab, COIOCTaBUMBI CO CTOYHBIMU
Bogamu [19], B KauecTBE MCXOIHOTO 3HAYCHUS JaBICHUS
JUIS ero pacnbuieHus Obuto mpuHsaTo 1.4 Gap.

Hanee mpuBeneHB! pe3yNbTaThl AKCICPUMEHTAIIb-
HBIX UCCIIEIOBAHUH, T/I€ B KQYECTBE UCXOTHBIX padOvnx
apaMeTpoB IMPOIecca MCIIOIb30BaHbI PE3YIABTATHl pac-
4yeToB (Tab. 4, 5, 6).

B ompiTe 2 oTMeuanoch mBUIEOOpA30OBaHHE, UTO
BBIPAKAJIOCH B BU3YaJIbHO HAOIOaEMOM IBUICYHOCE,
a TaKKe B PACXOKICHUH 3HAYCHUH OXXKHIACMOTO KOJH-
YecTBA BBITPYKEHHOTO TPaHylIaTa OT (PaKTUUECKOTOo

2.5 3.0 3.5 4.0

P,,06ap/P,,,bar

AA?

== Pacxon crounbix Bon G, = 0.6 kr/u / Wastewater flow rate G = 0.6 kg/h;
—-—

Pacxon crounbix Bon G = 3.0 kr/u / Wastewater flow rate G = 3.0 kg/h;
Pacxon neka Gp = 0.5 kr/u / Pitch flow rate Gp =0.5 kg/h.
Puc. 4. I'paduik 3aBUCHMOCTH pa3Mepa Kariellb paciblUIsieMbIX CTOYHBIX BOJ
U TI€Ka OT JIaBJICHHS PACTIBUISIONIETO areHTa.

Fig. 4. Calculated dependence of the droplet size of sprayed wastewater and pitch on the pressure
of the atomizing agent.
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Oomee yem Ha 10%. YBemmueHHe KOMUUECTBA 3aTPaBKU
MO3BOJIIIO U30aBUTHCSL OT HEKEIATEILHOTO MbLIeoOpa-
30BaHUS U JIOOUTHCS TpeOyeMOl MPOU3BOIUTEIHLHOCTH
[0 CTOYHBIM BOJAaM 3a CYET BO3POCIICH MMOBEPXHOCTHU
KOHTAKTAa JKUJKOH U TBepoH (a3 (ombIT 3).

3Ha4YeHHUs TapaMeTPOB MpoIiecca, MPe/ICTABICHHBIC
B Ta0. 4 (onbIT 3), OBLIIM KCIIOH30BAHBI B KAYECTBE HC-

XOJHBIX Ha 3Tare 2 UCCISI0BaHUIA.

B omnbiTe 4 Habmogan0Cch HHTEHCUBHOE 00paso-

BaHUE KPYIHBIX arjioMepaToB B CJO€. YBEIMYEHUE

Taoauna 4. CogHas TabnuIa pe3yabTaToB HKCIEPUMEHTOB TI0 CYIIKe-TPAHY/ISIIMN CTOYHBIX BOJ
Ha TMOBEPXHOCTH 3arpA3HEHHOr0 rpyHTa (3Tam 1)
Table 4. Summary table of the experimental results on the dry granulation
of wastewater on the surface of contaminated soil (Stage 1)

Tloka3zarenn
Ne om. Parameters Tpumeuanue
No.exp. | M, kr | G, m/u o e o ex o P .,0ap | G _,xr/u Notes
M, kg G::, m3/h T °C Tp**°C Tpp™* °C P::, bar G, kgh
1 0.4 64-67 118-188 95-102 75-83 1422 0.6-2.1 4
2 0.4 63-68 187-192 | 90-101 77-82 2224 2.1-3.0 Ibuneobpasosanue
Dust formation
3 0.5 61-67 185-198 88-104 76-84 2224 1.5-3.0 +

* OTCYTCTBYIOT HEXeNaTeNlbHbIe IbUICOOPa30BaHUE U arJIOMepaLusl.
** Temneparypa B cnoe (7,) 1 Temneparypa oTXoAsmux ra3os (7,), COOTBETCTBEHHO.
* No unwanted dust formation and agglomeration.

** Temperature in the bed (7},) and temperature of the exhaust gases (7,,), respectively.

Taéauua 5. CBonHas TabNuIa pe3yIbTaTOB YKCIIEPUMEHTOB 10 CYIIKe-TPaHy/ISALHNA CTOYHBIX BOJ
Ha OBEPXHOCTH 3arPSI3HEHHOTO IPYHTA C OJTHOBPEMEHHBIM PACIIbICHHEM MeKa (dTar 2)
Table 5. Summary table of the experimental results on the dry granulation of wastewater
on the surface of contaminated soil with simultaneous spraying of pitch (Stage 2)

TToka3areaun
Parameters g
2 =
. B o < @
= = (=P} o
s8| | == - S 1 85 | 85 || £5 $3
N = g °. : % P e | EF] 22X =
TH| kx| & & B EE| iR S =
HexenarenpHas
4 05 | 62-70 | 121-192 | 97-106 | 82-93 | 2224 | 3.0-3.1 | 05 | 1.5-1.8 arnomMepatus
Unwanted
agglomeration
HexemnarenpHas
5 05 | 6365 | 117-190 | 95-103 | 8190 | 2428 | 3336 | 05 | 1.5-1.8 aromMepatus
Unwanted
agglomeration
6 0.5 | 107-115 | 118-133 | 92-103 | 71-85 | 2428 | 3336 | 05 | 1518 | [rueoOpasosanue
Dust formation
7 0.6 | 108-112 | 129-135 | 95-100 | 78-81 | 2.0-2.4 | 3336 | 05 | 1.5-2.1 +
8 0.6 | 106-114 | 134-144 | 92-100 | 70-81 | 142.0 | 33-3.6 | 05 | 1.5-2.5| [lemeodpasosatne
Dust formation
9 0.8 | 107-114 | 131-154 | 91-98 | 73-81 | 1420 | 3336 | 05 | 1525 +
10 | 1.0 | 107-113 | 135-153 | 8895 | 74-82 | 1420 | 3336 | 05 | 1.53.0 +
11 1.0 | 106-115 | 143-154 | 9299 | 77-85 | 1.42.0 - 2122 +
12 | 1.0 | 107-113 | 138-145 | 84-93 | 75-78 - 3336 | 05 _ +
* JlaBieHne paCIBLIAIONIEIO areHTa Ha OPCYHKax MOJaun CTOUHbIX Bog (P, ) v neka (P, A(p)> COOTBETCTBEHHO.

** Temneparypa B cioe (7,,) M TeMreparypa OTXOAAIMX ra30B (7}, ), COOTBETCTBEHHO.
* Atomizing agent pressure for wastewater (P, , . ) and pitch (P, A@) spraying, respectively.
** Temperature in the bed (7},) and temperature of the exhaust gases (7}, ), respectively.
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TeMIIEPATYPhI B CJIOC U JIABIICHUS PACTIBUISIONIETO arcH-
Ta HE MPHBEJIO K 3aMETHOMY YJIYYIICHHUIO PE3yJbTaToB
(omeIT 5).

[o-BuuMOMy, OIHOW M3 TpPUYMH OOpa3OBaHUS
arioMeparoB SBJSUIACh HEOCTATOYHAS CKOPOCTH JIBH-
JKCHUST YaCTHUI] OTHOCUTEIIFHO JIPYT IPYTa, TO €CTh CHIIBI
KOT'€3MOHHOTO MEKYACTHYHOTO B3aMMOJCHCTBHS OBLIN
3HAYUTENBHO OOJbIIE CHII JPOOICHUS M M3MEIBUCHUS,
JIEHCTBYIOIINX CO CTOPOHBI TICEBIOOKHKAIOMIETO arcH-
Ta, YTO, BEPOSITHO, B MIEPBYIO OYEPE/Ih CBS3aHO C PACIIbI-
JICHHEM TUTaBa TieKa. B CBSA3M ¢ 3THUM, B MMOCIEIYIONIHX
IKCIIEPUMEHTAX PACXOJl ICEBIOOKIDKAIOIIETO AareHTa
66U yBemueH 10 110 m*/4.

B omnbite Ne 6 B BBITPY)KEHHOM ITPOIYKTE YBEINYHU-
JIOCHh KOJIMYECTBO YacTuil MeHee 0.5 MM 0 CpaBHEHUIO
¢ ombiTaMu Ha dtame 1 ¢ 3.43 mac. % mo 8.58 mac. %.
[Tpu sTOM, ~37% TIBLIEBOH (PpPaKINU COCTABISIIN YACTH-
bl Tieka. [IpeArnonokuTebHO POCT MbUIeBOH (Gpakiuu
OBLT CBsI3aH KaK C BO3POCHICH CKOPOCTBIO TICEBIOOKH-
JKAIOIIETO areHTa, TaK M C COKPAIICHUEM KOJIMYEeCTBA
KOHTaKTOB MEXJy TBEpJBIMH YaCTHUIIAMU B CJIO€ M pac-
MBIISICMBIMH TIEKOM (B BHJIC TUTaBa) B CBS3H C HHTEHCH-
¢dukanueil TerocheMa B HaJICIIOEBOM IMPOCTPAHCTBE.

[MocTeneHHOe yBeNMYCHHE KOIMYECTBA 3arpyskae-
MOTO 3arps3HEHHOTO IpyHTa J0 1 Kr (a, cienoBareib-
HO, U MHUHUMAJIBHOH BBICOTHI CJIOSI) IIPU OJHOBPEMEH-
HOM CHIDKECHUHW JIaBJICHHUS PACIBUISIONIETO arcHTa B

dopcynke (puc. 1, mo3. 6) no 1.4 6ap npu pacxozae
CTOYHBIX BOJ A0 3 KI/4 TIO3BOJUIO JOOUTHCA YCTOM-
YUBOTO Ipollecca CYIKU-TPaHYISIIUu 0e3 00pa3oBa-
HUA arioMepatoB (onsiT 10).

B ipoBenieHB! CpaBHATENBHBIE SKCTICPUMEHTEI TI0
rozia4e B CJIOM TOJBKO CTOYHBIX BOJ (OmbIT 11) M TONBKO
rieka (onbIT 12). B 000omx ciyyasx KolmdecTBa 3arpyKeH-
HOTO 3arpsi3HEHHOTO IPYHTA U MOJAHHOM TBEpAOH (paKIuu
obutit 1 kT 1 0.5 KTy COOTBETCTBEHHO. Pe3yibrarsl CHTOBOTO
aHanM3a MpoyKTa U3 onelToB 11-13 mpusenieHs! B Tad. 6,
a Ha pUC. 5 MPEICTaBIICH BHEIIHUN BHJ rpaHyi. M3o0pa-
JKEHHE TIONy4eHO C MCIOJb30BaHHEM MHKpocKona Leica
DM2500 (Leica Microsystems, I'epmanus).

Ha ocHoBaHuUM pe3ynbTaToB aHalu3a TpaHylIoOMe-
TPHUIECKOTO COCTaBa MPOAYKTa MBI PEITIOTIOKIIIH, YTO
MIPEBAJIMPYIONIUM MEXaHH3MOM POCTA TPaHyIl B OIBITaX
10 1 12 sBnsutack aromepaiys. Tak, Harpumep, B pado-
Te M. Xemaru u nip. [20] yka3siBagoch Ha TO, YTO POCT
TpaHyd B IICEBIOOKIKEHHOM CIIOE€ OCYIIECTBILICTCS 3a
CUET arjioMepallvy, €Clid KOJIUYECTBO TpaHyll ¢ Auame-
TPOM, B 2 pa3a MPEBHIIAIONIEM AUAMETP UCXOIHBIX da-
cTHIl, cocTaBisieT 6osee 15% ot 00I1ero KoIMyecTna ya-
CTHII B CJIO€ TIPH TPOBEACHUH Ipoliecca B TedeHue 1 d.

XOoTs 3HAYCHHUs IMOBEPXHOCTHOTO HATSHKCHUS U
yIlla CMa4YMBaHUs y IJIaBa ITI€Ka COIIOCTaBHUMBI C BO-
Joi [21], KOT€3MOHHO-3aINTE3MOHHOE B3aWMOJICHCTBUE
Y CMa4iBaEMOCTh B OCHOBHOM OTIPEIEIISIOTCS TTOJISIPHO-

TaﬁJmua 6. Pe3yJ'II)TaTI)I CHUTOBOI'O aHaJIM3a MPOAYKTa, MOJYYEHHOI'O IIPpU PACIIbIUICHUU CTOYHBIX BOJ

U IIJ1aBa IICKa B HCGB,Z[OO)KI/I)KCHHHﬁ cIIon 3arpA3HCHHOIO I'pyHTa

Table 6. Results of sieve analysis of the product were obtained by spraying wastewater

and pitch melt into a fluidized bed of contaminated soil

®paxuusi, MM Omneit 10, % Onsit 11, % Omnwit 12, %

Fraction, mm Exp. 10, % Exp. 11, % Exp. 12, %
<0.25 0.17 0.12 2.42
0.25-0.49 1.88 2.54 333
0.50-0.99 70.51 94.29 76.47
1.00-1.99 26.42 2.87 17.41
>2.00 1.02 0.18 0.37

Puc. 5. ®pakius 1.00-1.99 mm: a — cpe3 rpanyis! u3 onsita Ne 10; b — rpanyna n3 onsita Ne 11;
¢ —rpanyna u3 onsita Ne 12. Ha puc. 5a: 1 — 3arpsi3sHeHHBIH TPYHT; 2 — MEK;
3 — OTIIOKEHHMSI COJIEH, COZlep KAINX TSXKEIbIe METalIbI.
Fig. 5. Fraction 1.00-1.99 mm: (a) granule from Experiment 10; (b) granule from Experiment 11;
(c) granule from Experiment 12. At Fig. a: 1 — contaminated soil, 2 — pitch,
3 — deposits of salts containing heavy metals.
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CTbI0 KOHTAKTUPYIOLIMX BELIECTB M JUCIEPCHOHHBIMHU
CWJIaMU, U TTI0O3TOMY MEXaHU3MbI pOCTa TPaHyJ MOTYT 3a-
METHO pasiauuarbed. Kpome Toro, moBepxXHOCTh IPaHyl
IIPU PACIIBUICHUH CTOYHBIX BOA (hopMHUpyeTcs 3a cueT
BbICAJIUBAHMS, M pa3Mep 4YacTHll, OCEAAOLIUX Ha IO-
BEPXHOCTH 3arpsA3HEHHOT0 TPYHTA, HA TIOPSIIOK MEHbIIIE
10 CPAaBHEHHUIO ¢ yacTULaMU neka. Ha puc. Sc HamsagHo
BUJIHBI TIOJIOCTH (KaBEPHBI), TOTJa KaK MOBEPXHOCTHAs
CTPYKTypa TPaHylibl Ha pHC. 5b BEINIAAUT HAMHOTO 0O-
Jiee OJHOPOJHOM.

Ha puc. 5a npezacraBieHo GpoTo rpaHysIbl, MOTyUYeH-
Holi B onbITe 10. Micxozas U3 ee BHyTpEeHHEN CTPYKTYpBI,
MOYKHO TIPE/ICTABHUTH, YTO MEXaHU3M TpaHyI000pa3oBa-
HUSl HOCUT CMEIIaHHBINH XapakTep. CBs3bIBaHUE HCXO[I-
HBIX YacTHUL] 3arpsA3HEHHOI0 IPyHTa OCYILIECTBIAETCS
KakK TIEKOM, TaK M 3a cueT BbicanuBaHus. [Ipu sTOM mo-
JIOCTHU B arJIOMepaTe YaCTUYHO 3aIOIHAIOTCS OTIIOKEHU-
SIMU COJICH, YTO YBEIMYUBAET IPOYHOCTH U LIEJIOCTHOCTh
CTPYKTYpPbl KOHEUHOIO IMPOAYKTa. DTO MOYKHO BHJIETH
KaK 10 yBeJIMYEHUIo konudecTBa rpanyn 1.00-1.99 mm
6onee, uem Ha 10% (ombrTer Ne 10 n 12), Tak  mo cHu-
JKEHHIO TBLIE00pa30BaHHMS.

1.6

1.5

1.4

1 kg)

1.3

1 xr) / dp, mm (M

1.2

1.1

dp, MM (M

1.0

0.9
0 0.2 0.4 0.6

Ha srtane 3 uccnemoBanuil 17151 MHKATICYISAIAA T1€-
pe3uHOM Hcnonb3oBanack (paxuus 1.00-1.24 MM, Ha-
paboTaHHas Ha yCTaHOBKE IPHU 3aJaHHBIX TEXHOJIOTHYE-
ckux napametpax (onsIT 10).

Hamu ObUT TIpOBElieH OPHUEHTHPOBOYHBIN pacyer
MUHHMMAJIBHOTO KOJIMYECTBA LIEPE3HMHA, KOTOpPOE HEeo0-
XOJIMMO II0/1aTh B CJIOH, IIPU CJIEAYIOMIMUX JOMYIIECHHSX:
LEpe3UH PABHOMEPHO paclpeAeieH IO MOBEPXHOCTU
1apooOpa3HBIX YaCTHIT; Macca YacTUI] — | KT; HAaCHITHAS
[UIOTHOCTh 4acThil ~1250 Kr/M>; IIOTHOCTh IEepe3rHa
~900 kr/m?). Pe3ysbrarsl pacdera mpeacTaBiIeHbI Ha Tpa-
¢uxke (cM. puc. 6).

Heo6xommMo OTMETHTB, YTO KOJIMYECTBO Teope-
THYECKH HEOOXOAUMOTO IEpEe3UHA CHJIBHO 3aBUCHUT OT
pasMmepa yactul B cioe. Tak, Hanpumep, AJis HOKPhITHS
YaCTHIL dp = 1 MM 1IeHKOM Liepe3rHa TonMHON B 200 MKM
COOTHOILIEHUE Macca CJIof @ Macca HHKAICy/IsSHTa Co-
crapnser 1.0 : 0.9, a i d = 1.5 mm yxe 1.0 : 0.6.

Pesynbrarsl oTana 3 sKcnepuMeHTaIbHbBIX UCCIIE10-
BaHU npejcTaBiensl B Ta0n. 7. [Ipu pacxone nepesnna
G, 0.6 xr/9 u 0.8 kr/4 (onbiTel 13 u 14) moMy4eHHBIH
IIPOIYKT HE MPOLIEN TECT Ha BOAOYCTOWYUBOCTD, TaK KaK

0.8 1.0 1.2 1.4

G, xr/u/ G, kg/h

——  TOJIIMHA CJIOS MHKANCyIsHTa Ha yactuiax — 100 mxm / encapsulant layer thickness on the particles — 100 pm;

—-=—  TOJIIMHA CJOS MHKANCyIsHTa Ha yacturax — 200 MM / encapsulant layer thickness on the particles — 200 um;

& TOJIIIIMHA CJIOSl MHKATICYAsHTa Ha yactuiax — 300 mxMm / encapsulant layer thickness on the particles — 300 um.

Puc. 6. I'paduk 3aBECUMOCTH HEOOXOIUMOTO pacxo/ia MHKAICYISIHTA (IIepe3uHa) OT UCXOJHOTO pa3Mepa YacTHUIL
B cyoe (Macca ciost 9acTull 1 Kr).
Fig. 6. Calculated dependence of the required encapsulant (ceresin) consumption on the initial particle size
in the fluidized bed (the mass of the bed is 1 kg).
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Taoauuna 7. Pe3yasraTsl S5KCIEPUMEHTOB 10 WHKAMCYIISIIIAN TPAHYIIATA [EPE3HHOM
Table 7. Results of experiments on encapsulation of granulate with ceresin

IMoka3aTean
Ne om. Parameters Mpumeyanue
No.exp. | M, xr | G, /4 T .oC T %oC T %oC P,,, 6ap G, xr/4 Notes
M,kg | G,.,m’h FA? B EA? P, ., bar G, kg/h
TecT Ha BogOyCTOM-
13 1.0 107-114 18-23 18-30 15-24 1.4-2.0 0.6 "MBOCTD HE MPOIICH
Water resistance test
failed
TecT Ha BogOYyCTOM-
14 1.0 105-113 18-23 17-33 16-26 1.4-2.0 0.8 "IMBOCTH HE NPOMIACH
Water resistance test
failed
TecT Ha BOgOyCTOM-
15 1.0 103-115 18-23 17-35 15-29 1.4-2.0 1.0 AMBOCTD MPOHTCH
Water resistance test
passed
* Temneparypa B cioe (7,,) ¥ TeMIeparypa OTX0AsIKX ra3os (7,,), COOTBETCTBEHHO.
* Temperature in the bed (7},) and temperature of the exhaust gases (7}, ), respectively.
B BOJHOI! BBITSKKE OBUIN OOHAPY>KEHBI XJIOPUA-HOHBI, a 3AK/IIOYEHUE

TaK)Ke CJIeOBbIE KOJIMYECTBA OPraHMYECKUX COEInHe-
HUH, BXOJSLIUX B COCTaB MeKa. DTO TOBOPUT O HETIOJIHO-
TE/HEOTHOPOTHOCTH MHKATICYTHPOBAHHSI.

YBennuenue pacxona 10 1 kr/4 (omsIT 15) mo3Bo-
JIMJIO TIOJYYUTh T€PMETHYHBIN, BJIArOyCTOWYMBBIA MPO-
JIYKT, KOTOPBIH 1O pe3yabTaraM OHOTECTHPOBAaHMS Ha
THIPOOMOHTAX OBUT OTHECEH K 5 KJTacCy OMacHOCTH.

Brirpyska ocymiecTBisuiach 4epe3 MpOCEUBaTelNb,
JIABJICHUE B KOTOPOM ObLIO ycTaHoBieHO 1.1 Gap, 4uro
MO3BOJISIJIO OTCEMBATh 4vacTUIbl MeHee 1 mM. Pasnumna
MEXIY OXHIAeMBIM W (PaKTHUECKH BBITPYKEHHBIM KO-
JIMYECTBOM MPOAYKTA cocTaBmia ~5%.

Ha puc. 7 npeacrapieH BHEIIHUN BUJ IOJTYYEHHOTO
npoaykra. M3o0paxeHue MOIy4eHO C UCIOIb30BAaHHEM
Mukpockorna Leica DM2500.

Puc. 7. UnkancynupoBaHHbBIN BOAOYCTOHUUBBINA TPOAYKT
5 kiacca onacHocty (omsIT 15, dppaknus 1.25-1.99 mm).
Fig. 7. Encapsulated waterproof hazard class-5 product
(Experiment 15, fraction 1.25-1.99 mm).

TakuMm 00pa3oM, BBITIOJIHCHHBIC HCCICIOBAHUS TI0-
Ka3aly MPUHIUAITHAIBHYI BO3MOXKHOCTh TIPOBEIICHUS B
OIIHOM arapare IMporecca CyIIKU-TPaHyISIHA-KaIcy-
JTUPOBAHUS TOKCHYHBIX OTXOIIOB M OMACHBIX XHMHYE-
CKHUX BEIIECTB 1—3 KIIacCOB OMACHOCTH C 00pa30BaHUEM
CBIITyYero NpoayKTa 5 Kilacca OMacHOCTH, 00JIaJar0IIEero
BJIarOyCTOMYHBOCTHIO, & TAaKXKe IPUTOTHOTO JJIsl TPaHC-
MOPTHPOBKH U JITUTEIILHOTO XPAHCHHUSI.

JlaHHast TEXHONOTUS HHKATICYJIIIIYA TOKCHYHBIX OT-
XOJIOB ¥ CTOYHBIX BOJI BIIOJIHE MOXKET OBITh pealli30BaHa,
HarpuMep, Ha MPOMBIIIICHHOH YCTaHOBKE CYIIKU-TPaHy-
nsiuu HeripepsiBHOTO nievictust Tunia GLATT GFG 500,
KOTOpasi YCIEUTHO HCIOJB30BaNach IS CYIIKH-TPaHY-
TSI PEaKIMOHHBIX MAcC, MOJYYEHHBIX B pe3ysibTare
menoyHoro ruaponusa mrousurta [11]. [Ipu mpomsprm-
JICHHOH pealin3allii COOTHOIICHWE Macca CIIos : Macca
MHKAICYIISTHTA MPEANOI0KUTEILHO H3MEHUTCSI B CTOPO-
HY YMEHBIIICHHUS KOJTMYECTBA PACTIBUIIEMOTO LIepe3HHa, TaK
Kak 10 orbITy Akciutyatanuu ycranoBkd GLATT GFG 500,
pasMep Moay4aeMbIX U BBITPYKAEMbIX €0 YACTHIL COJICH
mocTturai 5—6 M.

Bnazodaprocmu
Paboma nposodunacs 6 pamkax UHUYUATMUGHBIX UCCTIe00-
sanutl 3a cuem coocmeennvix cpedcms OIVIT «locHUHOXT ».
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HAYYHAS CTATbSA

OnruMasibHbIE Pe;KMMbI 00KOBOIO 0TO0PA B CHCTEMAX IKCTPAKTUBHOM
pekTH(UKALMH € TEINJIOBLIM HACOCOM NPH Pa3ie/IeHUN CMeCH
AJUTMJIOBBIN CIMPT—AJUIMJIALETAT ¢ OYTHJINIPONMOHATOM

I1.C. Kaay3unep®, O.T'. Pynakos, E.A. AHoxuHa, A.B. THMOIIEHKO

MHPSA — Poccutickutl mexHonozuueckuil yHusepcumem (MHcmumym moHKUX XUMUMECKUX MEeXHOI02UL
um. M.B. NomoHocosa), Mockea, 119571 Poccust
@Aemop ons nepenucku, e-mail: klauzner@mirea.ru

AHHOMAyuUs

Ilenu. Hccnedosams enusiHue pesxxumos8 60Ko08020 ombopa HA sHepzemuueckyr sgpgexmus-
HOCMb KOMNJEKCA C UACMUUHO CBSI3AHHBbIMU MENI08bIMU U MAMEPUAbHbIMU NOMOKAMU
(HCTMII) ¢ mennogbim Hacocom (TH) omKkpblimozo muna 8 sKempaKmugHoll peKmugpurkayuu cme-
CU QLIUNO08bLU cnupm—asaiuiayemam ¢ H-6YymuinponuoHamom U eblsieums Ycaoeus, Npu Komo-
pblx coemecmHoe npumeHerue komnaekca ¢ YCTMII coemecmro ¢ TH Haubonee achcpekmugHo.
Memoodesl. Mamemamuueckoe MoOeiUpo8aHUE 8 NPOZPAMMHOM Komnaekce Aspen Plus V10. /na
MOO0ENUPOBAHUSL NAPOIKUOKOCIHO20 PABHO8ECUSL NPUMEHSINU YPABHEeHUE JIOKAIbHbIX COCMAB808
Mmo0esb Non-Random Two Liquid, a dns yuema HeudeanbHocmu naposoiil ¢pasvt — modens Peo-
auxa-KeoHea. IIpu mooenupoeaHuU mpaouyuoHHOU Cxembl IKCMpaKmugHol peKkmugpurayuu u
romnnexca ¢ YCTMII npogodunu napamempuueckyto ONMUMUIAYUIO N0 KPUMeEPU CYMMAPHBLX
9HepezemuUecKux 3ampam 6 KUNSMuUIbHUKAX KOAOHH. 5. 9KOHOMUUECKOU OUCHKU NPUMEHSIIU
uHcmpymermol Aspen Process Economic Analyzer V10.1.

Pesynemamel. /ns skcempakmueHoli pekmugurkayuu cmecu 30 mac. % annunogozo cnupma
u 70 mac. % anaunayemama ¢ H-OymunnponuoHamom 8 Kauecmee pasoensouiezo azeHma no-
KA3aHO, UMo MUHUMYM IHepzo3ampam oocmuzaemcst npu 00UHAKOBOM YpPO8HE U Kosuuecmee
60K08020 ombopa kak 0nst sapuaHma kKomnaexca ¢ YCTMIT ¢ TH, max u 6e3 Hezo. CHUrKeHuUe
9HepezemuUecKux 3ampam OMHOCUMENbHO MPAOUYUOHHOU cxembl 0as kKomnaekca 6ez TH co-
cmasnsiem 20%, a ¢ TH — 38%. Bouia npousgedeHa 5KOHOMUUECKAS. OUeHKA HAUNMYUULUX 8apU-
aHMO8 NO CPABHEHUI C MPAOUYUOHHOU cxemoll sxecmpakmusHol pexmugurkayuu. Ilokasaro,
umo npumereHue komnaerxca ¢ YCTMII ¢ TH umeem npeumyuiecmeao moabko Npu OAUMeEeIbHbLX
CpOKax sKCnayamayuu.
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Buteoost. [lokazaHo, umo 0/t SKCMpPAKmMuUSHOU peKmupuKayuU CMeCU ALAUNL08bLIL CRUPM—ATL-
Aunauemam onmuMaibHble pexxumbl. 60K08020 ombopa Npu COBMECMHOM NPUMEHEeHUU KOM-
naexca ¢ YCTMII ¢ TH omikpsimozo muna u komnaerxca ¢ YCTMIIT 6e3 TH coenadarom.

Knroueevle cnosea: IKCMmpaKmusHast penmuq)unauuﬂ, menJioeoli Hacoc, KomMrnJjiexkc ¢ uacmuvHo
CeA3AHHbIMU MenJjlo8biMU U mMamepuaioHbiMU NOMOKAMU, 9Hepzoc6epemenue

Jna yumuposanus: Knaysuep I1.C., Pynaxos /I.I., Anoxuna E.A., Tumomenko A.B. OnTiumasbHbIC peKUMBI OOKOBOTO OT-

6opa B cuCcTeMax IKCTPAKTHBHOM PEKTH(UKALIMHN C TEIJIOBBIM HACOCOM ITPH PA3/IC/ICHUH CMECH aJUTMIIOBBII CIIUPT—aJUTAIALICTAT C
OytuimnpornuoHaToM. Torkue xumuueckue mexvonoeuu. 2021;16(3):213-224. https://doi.org/10.32362/2410-6593-2021-16-3-213-224
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Optimal modes of side-section flow in heat-pump-assisted extractive
distillation systems for separating allyl alcohol-allyl acetate mixtures
with butyl propionate

Pavel S. Klauzner®, Danila G. Rudakov, Elena A. Anokhina, Andrey V. Timoshenko

MIREA — Russian Technological University (M.V. Lomonosov Institute of Fine Chemical Technologies),
Moscow, 119571 Russia
@Corresponding author, e-mail: klauzner@mirea.ru

Abstract

Objectives. To investigate the influence of side-section flow modes on the energy efficiency of a
partially thermally coupled distillation sequence (PTCDS) with a vapor recompression heat pump
for the extractive distillation of an allyl alcohol-allyl acetate mixture with n-butyl propionate and
identify modes under which the combined use of a PTCDS and heat pump are the most efficient.
Methods. Mathematical modeling in the Aspen Plus V10 software package was used as the main
research method. The local composition equation of the non-random two-liquid model was used
as a model for describing the vapor-liquid equilibrium, while the Redlich—-Kwong model was used
to consider the non-ideal vapor phase. When modeling the conventional extractive distillation
scheme and PTCDS, parametric optimization was carried out according to the criterion of the total
energy costs in the column reboilers. For the economical evaluation, Aspen Process Economic
Analyzer V10.1 tools were used.

Results. For extractive distillation of a mixture of allyl alcohol (30 wt %) and allyl acetate (70 wt %)
with n-butyl propionate as an entrainer, the minimum energy consumption was achieved at the
same side-section flow mode for the variants of a PTCDS with and without a heat pump. The
reduction in energy costs relative to the conventional scheme was 20% for the sequence without
a heat pump and 38% for that with a heat pump. An economic assessment was made of the
best options in comparison with the conventional extractive distillation scheme. The PTCDS with
a heat pump had an advantage over the sequence without a heat pump only for long periods of
operation.

Conclusions. For the extractive distillation of an allyl alcohol-allyl acetate mixture, the optimal
modes for the combined use of a PTCDS with a vapor recompression heat pump coincide with the
optimal modes for a PTCDS without a heat pump.
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BBEJEHMUE'

Anmunosrii ciupt (AC) sSBISIETCS OMHUM U3 KITIO-
YEeBBIX MPOJYKTOB XMMUYECKON TEXHOJIOTMU OCHOBHOTO
OpraHmYecKoro cuHTe3a. OH HCHONB3yeTCs Ul CHHTE3a
DIMIU0MIA, TIUIEPUHA, AJIMIOBBIX, TIUIMAWIOBEIX U
HEKOTOPBIX JAPYTUX 3(UpOB, KOTOPHIE MPHMEHSIOTCS B
MPOU3BOJICTBE BOJOKOH, JIAKOKPACOYHBIX MaTEpPHasoB,
TepPMETHKOB, (DOPMOBAHHBIX H3ICITUH, apMHPOBAHHBIX
CTEKJIOIUIACTUKOB, IMOJIMMEPOB, a TAaKKe MpU MOIyde-
HUH THIIEBBIX MTPOIYKTOB, MEANKaMEHTOB, Mapdromep-
HOW mpoxykuuu u Ap. CyliecTBYeT psifi NPOMBIIUIEH-
HBbIX crioco0oB nomydenusi AC u3 ammunanerara (AA)
— OMBUIeHHE, ruaponu3, ajkoronu3 [1]. Ilpeanoxen
TaKkKe COBMEUICHHBIH PEaKIMOHHO-PEKTH()UKAIIMOH-
HBII nponecc nonyuenus AC [2]. BHe 3aBHCHMOCTH OT
crioco0a TIOyYeHHsT B XONIe MPEABAPUTEIHHOTO pa3jie-
JIeHHUs IPOJYKTOB peakiuu o0pasyercs cmech AC-AA,
UMEIoIIast a3e0TPOI ¢ MUHIMYMOM TEMIIePaTyphl KHIIe-
Hus ¢ cogepxkanueM AC 0.63 mac. a. (0.75 MonbH. 1.).
Jlis paznenenus atoii cMecH B pabore [3] mpeiaraercs
UCTIONB30BaTh HKCTPAKTUBHYIO pektudukaiuio (OP) c
stunenrnukoseM (317) B kauecTBe pasaesifoniero areH-
ta. [lo nanHBIM aBTOpPOB [3] ATOT pa3AeNsIOUIMil areHT
OTIIMYAETCS JTOCTATOYHO BBICOKOH CENEKTHBHOCTHIO, U
B €ro MPUCYTCTBHM HPOHCXOTUT OOpalieHue OTHOCHU-
TeNBHBIX JeTydecTei. B kauecTBe ambTepHATHBHOTO
BapHaHTa HaMM B pabote [4] B kauecTBe pa3zeisiole-
ro areHTta ObII TpemnoxeH x-Oyruimpormonat (BIT).
MaxkcuManbHasi pa3HUIAa TEMIIEPATyp KUICHUS B CIIy-
gae npumeHenus DI cocraBusier 100 °C, a B ciydae
npumenenus BIT — 48 °C.

OP B psize ciryyaeB XapaKTepU3yeTcs CYIIECTBEHHO
MEHBIINM HHEPronoTpeONeHreM, ueM Jpyrue CHelu-
aNbHBIE METONBI pa3fenieHus. HecMmoTps Ha 31O, TO-
UCK CIIOCOOOB CHIDKEHMS HHEPreTHYECKHUX 3aTpaT Ha
€e MPOBEACHUE OCTAETCS AKTYaJIbHOW 3aJa4yel, Tak Kak

! BBenmeHHbIe 0003HAYEHHSI CMOTPHUTE B CITUCKE COKpAIIle-
Huii B KoHIe ctathu / See the list of abbreviations at the end of
the article for the introduced designations.

OHa TIPUMEHSIETCS B MHOTOTOHHAXKHBIX TEXHOJIOTHUAX OC-
HOBHOTO OPTaHUYECKOTO U HEPTEXMMHUYECKOTO CUHTE3a.
TpaIuIMOHHBIMU CITIOCOOAMH CHIDKCHHS JHEpTeTHYe-
CKHUX 3arpar B OP SBISAIOTCS BBIOOP CENEKTHBHBIX pas-
JEJIAIOLMX areHTOB, IapaMeTpuueckas U CTPYKTypHas
ONTHMHU3AIHs cXeMbl. Kak 1 B cirygae OOBIYHON PEKTH-
(uKanuy, Ut COBEPIICHCTBOBAHMS ITporiecca JP MoxkeT
OBITh MCIIOJIb30BaHa TEIUIOUHTErpalus [5—8] u MeTobl,
OCHOBaHHbIE Ha PUOIMKEHUH PEKTU(DUKALMU K TEPMO-
JUHAMHAYeCcKu oOpaTtumon [9], HanpuMmep, KOMILIEKCHI ¢
MOTHOCTHIO [10] Wiy 9aCTUYHO CBS3aHHBIMHU TEILJIOBBI-
MU ¥ MarepuanbHbiMu motokamu (UCTMIT) [11, 12].
Cxemam ¢ UCTMII mocBslieHo O0CTAaTOYHO OO0JbIIOE
KOJMYECTBO PadOT, HCCIICIOBAHO ITPHMEHEHHE TaKHX
KOMIUIEKcOoB B OP paznuunbix cMmeceii [13—15], npeaso-
JKEH SMIIMPUYECKUN KpUTEpUui Uid TNpeABapUTEIbHON
otleHku sHepreTuyeckoi s dextuBHoctn UCTMII B
OP [16] n anropuT™M ONTUMH3AIMHA TAKUX KOMIUIEKCOB
[17]. Apyrum nepcriekTuBHBIM [ 18] MeTO10M COBepIIEH-
CTBOBaHMs TpoiieccoB OP sBisieTcst ucrnoab30BaHUE Te-
m10BbIX HacocoB (TH) pasnmuunbix THIOB. B HacTosee
BpEMsI 9TOI TeMe MOCBSIIEHO OTHOCUTEIHHO HEOOIBIIIOe
gucio pador [19-22]. Tlockonbky npumenenue TH u
kxoMmIuiekcoB ¢ YCTMII ocHOBaHO Ha Pa3IUYHBIX MTPUH-
numnax, To IeJIecooOpa3HO PaccMOTPETh BO3MOXKHOCTh
UX COBMECTHOTO MCIONB30BAHUS U OLIEHUTH 3 (PEKTUB-
HOCTB TaKOTO MOJX0/1A.

Panee, Hamu B pabore [4] ObLTO pacCCMOTPEHO MPH-
menenne TH B OP cmecu AC—-AA azeoTporHoro cocra-
Ba ¢ pazaenstomuM areurom blI, B ToM yucne coBmecT-
HO ¢ KomiekcoM YHCTMII. CHukeHne SHepreTHYeCKUX
3arpar OTHOCUTENBFHO TPAJULIMOHHON CXeMbI KOMILIEKCA
YUCTCII coBmectHo ¢ TH gocrurano 50% mo cpaBHe-
HUIO C TpaJulIMOHHON cxemoil. [lockonbky sHeproad-
(heKTUBHOCTh ¥ JlaK€ CTPYKTypa ONTUMAJIbHOW TeX-
HOJIOTHYECKOM CXEeMbI HM3-32 HEOOpaTHMMOTro Xapakrepa
Tporiecca IBISTIOTCS (PyHKITHEi MCXOTHOTO COCTaBa MTa-
HUSI, TO B HACTOSIIEH paboTe HMCCleJOBaHNE TPOBOANIN
JUTSE UcXoaHOTO coctapa ¢ conepxkanrem AC 30 mac. %,
CYIIECTBEHHO OTIMYAIOUIUMCA OT MCCIEI0BAHHOTO
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panee. V3BecTHO, 9TO 3HAUUTEIHHOE BIUSHUEC Ha DHEP-
retnueckyio s dexktuBHOCTh KoMIiekcoB ¢ YCTMII
OKa3bIBaCT PEIKUM OOKOBOTO 0TOOPA, TO €CTh MOJIOKEHUE
Tapesku 60koBOro ordopa (N,) u KOIM4eCTBO GOKOBOTO
orbopa (V). Llenbto naHHON pabOThI SBJISIETCS UCCIIEO-
BaHWE BIHMSHHSA JTHX MapaMeTPOB Ha SHEPTETUYECKYIO
sapdexTuBHOCTH Komruiekca ¢ YCTMII ¢ TH otkpbeiToro
THIA ¥ BBISIBJICHHE YCIOBHH MX COBMECTHOTO ITPUMEHe-
HUSL.

PACUETHAS YACTb

Bce pacueTsl mpoBOIUIIN B IPOrPaMMHOM KOMILICK-
ce Aspen Plus V10. Kak u B padore [4], s Moaenupo-
BaHMS NMAPOXKUIKOCTHOTO PABHOBECHS B TAHHOM padore
nmpuMeHsu1och ypaBHeHue Non-Random Two Liquid, a
UL y4eTa HeHJCallbHOCTH MapoBOi (ha3bl, BOZHUKAIO-
el mpu c)katum napos, ypaBHenue Pennmuxa—KBonra.

[ Bcex BapHaHTOB CXeM OBLIO PaCCMOTPEHO pas-
JICTICHAE WCXOIHONW CMECH CO CKOPOCTBIO MOAAYHN MUTA-
Hust AC-AA 1000 xr/4, remneparypoit 97 °C, naBieHu-
em 105.0 xI1a [3].

JaBneHne Bepxa KOJIOHH OBLUIO MPHHSTO PaBHBIM
101.3 «Ila [3], paccMmarpuBaich peasbHbIE TAPEIKU C
KITJT 0.65 u nepenanom aasinenus 0.1013 xIla Ha ka-
XKII0W. PacdeTs! BBIOTHINCE B IIPOEKTHO-TTOBEPOYHOM
PEKUME C 3aKPEIUICHHBIM KaueCTBOM IPOIYKTOBBIX IT0-
tokoB. Konnenrpanuio AC u AA B IpOyKTOBBIX TIOTO-
Kax 3a/1aBaJid TIOCTOSIHHOW ¥ paBHOU 99.5 mac. %; KoH-
uentpauuto BII, pasHoit 99.9 mac. %.

Kputepuem onTuMu3anuu SBISIACH MUHUMAIb-
Hasl CyMMapHasl TEIJIOBask Harpy3ka Ha KUMSATHILHIKA
0.+ B 001IEM BHJIE STOT KPUTEPUI MOKET OBITH 3a1H-
caH kak (1):

thal = ZIK:I rieb > (1)

rae K — oOiree 4ucio peKTU(PUKAIMOHHBIX KOJIOHH,
i — HOMep KOJIOHHBI B cxeme, (O, — Harpy3ka Ha KHMIIsi-
TUJILHUK i-TOW KOJIOHHBI.

Texnonornyeckue cxembl ¢ TH cymecTtBeHHO OT-
JIMYA0TCA OT TPAaAWLHMOHHBIX, IOCKOJIBKY B HHUX HPH-
CYTCTBYIOT «TOPSIYME» KOMITPECCOPHI, a TaKXKe IOTIOJI-
HUTENbHOE TemIoo0MeHHoe obopynoBanue. IlpuBoa
KOMIIpECcopa MOXKET OCYIISCTBITHCS C HCIIONB30Ba-
HUEM KakK BOJASHOTO Mapa, Tak U 3JIeKTpodHepruu. s
CpaBHEHUS YHEPTETUICCKUX 3aTPaT B TEXHOJIOTHICCKHIX
CHCTEMaX C Pa3HOPOAHBIM 000PYJIOBAHHEM MOXKHO ITPHU-
MEHHTh KPHTEpUI pacxoia YCIOBHOTO TOIUIMBA HITH
KOHOMHUYECKYIO OICHKY JKCILTyaTal[iOHHBIX 3arpar. B
ciyuae mpuMeHeHuss TH B mporeccax pekrudukanun
aBTOpHI [23] mpemtoxuan npoctyo Gopmyry (2) ans
OIICHKH 3HepreTHdeckor 3(h(EeKTUBHOCTH Yepe3 NpuBe-
JIEHHBIE SHEPreTUYECKue 3aTparsl (O )

Qrcd = Qtotal + 3I/I/;:t)mp 4 (2)

e Q, ..~ CYMMapHbI€ SHEPTETUYECKUE 3aTPAThI B KHUIIs-
TUJIBHUKAX KOJIOHH, KBT, a WComp — notpebisiemMast KoM-
MIPECCOPOM MOIIHOCTh, KBT.

Jis cpaBHEHUs BapUAHTOB OPraHU3aIMHU IIpoliecca,
BKJIFOYAIOIIETO Pa3sHOPOJHOE TEXHOJIOTHUECKoe 00opy-
JIOBaHUE, OOBIYHO UCTIOJIB3YIOT KPUTEPUNA TIOIHBIX TOJI0-
BbIX 3atpar (TAC), Beipaxaronuiics Gopmyoit (3):

rac = oc + €. 3)
oT

rne OT — cpoK dKCIjlyaTallMd YCTAHOBKH B TOJax,
CC — xanmransbie 3arparsl, USD, OC — skcrmyaraiu-
oHHble 3arparsl, USD/rox.

[TockonpKy M3MEHEHHE CPOKOB SKCIUTyaTaIllH Cy-
LIECTBEHHO BiusAeT Ha BenuuuHy TAC, TO pacdeTbl Kpu-
Tepust npoBoawIHCh it 10- 1 20-1eTHEro nepuoios.

Jis BBIYMCIEHHS KalUTAIbHBIX W SKCIUTyaTalH-
OHHBIX 3aTpaT OBUIM WCIONB30BaHBI CPEICTBA Aspen
Process Economic Analyzer V10.1. Llensl Ha 9HEproHO-
CHUTEN!Y IPUBEICHHI B Ta0M. 1.

Taonanuna 1. Lens! Ha sHEpronocurenu B USD
Table 1. Utility costs (USD)

JHeproHocures / Utility Iena, USD / Cost, USD

OnekrpuyecTBo, KBt

Electricity, kW 0.0775
OGopotHast Boja, T

Cooling water, t 0.03
oo fap. Kt 0.017

Steam, kg

MopneaupoBanue U ONTHMH3AIUS
TPaAMIHMOHHON cxeMbl JP

Tpanunuonnas cxema DP (Cxema ) mpeacrasiena
Ha puc. 1. CxemMa COCTOUT U3 ABYX KOJOHH — KOJIOH-
Hbl DOP (OK) U KOJOHHBI pereHepanuu pa3aemsioiero
arenTa (PK).

JUi1 TpaguLMOHHOIO BapuaHTa opraHuzauuu OP
M0 aJTOPUTMY, TIpeIoKeHHOMY B [17], ObutH ompene-
JIeHBI ONTUMalIbHBIe paboune mapamerpsl. B mporecce
ONTUMU3AIUH ONIPEISIISITN 00I1Iee YUCIIO TapesIoK B 00e-
UX KOJIOHHAX, MOJOKEHUE TapesioK MOAa4YM THUTaHUS B
OK u PK, nmonoxenne Tapenku mojauu pas3ielsioniero
are’ta B OK, KOJM4EeCTBO MOTOKA pa3/EsIOIIETO areH-
Ta. JlI1 ONTHMHU3ALMU UCIOJIB30BAIM BCTPOCHHBIE MH-
CTPYMEHTBI IPOTrpaMMHOT0 KoMIuiekca Aspen Plus, pe-
AIM3YIOMIHE TT0CIICIOBATEIBHEIN ITepedop mapaMeTpoB U
ONTUMU3AIIIO TI0 METOY MOCJIEIOBaTeIFHOIO KBajpa-
TUYHOTO TIporpamMmupoBanus (SQP).

Htorosbie paboume mnapameTpbl TPaAUIHOHHOMN
cxembl OP npu 3apanHoMm cocrase (30 mac. % AC) uc-
XOIIHOW CMeCH IMpeCTaBIeHbI B Ta0II. 2.
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~9

OK/EC PK/RC

@,

Puc. 1. Tpaguuuonnas cxema OP cmecu AC-AA
¢ pazaesstitoniuM areHtom BIT:
9K — kononHa OP; PK — konoHHa pereHepaiyu pasaeisoLero
areHTa. 3jech 1 gajuee: 1 — ucxomnas cmecb AC u AA;
2 — paznemnstouuit aredt BIT; 3 — AC; 4 — AA.

Fig. 1. Conventional ED scheme of AAL-AAC mixture
with BP as the entrainer. EC is ED column, RC is entrainer
regeneration column. Hereinafter: (1) feed, (2) entrainer,
(3) AAL, (4) AAC.

Tadmuna 2. Paboure mapameTpsl TpaJulnOHHON

cxeMbl DOP
Table 2. Operating parameters of conventional
ED scheme
PaGoune napameTp Kosionnbi / Columns
Operating parameters 3K / EC PK / RC
L 46 28
N, 35 17
N 12 _
0., KBt/ Q0 kW 299 375
0. ,kBr/O_ kW -275 -357
R 3.7 4.0
T »°C 96.81 104.0
o C 128.4 145.9
P _.xIla/P_ . kPa 101.3 101.3
P ,xlla/P , kPa 105.8 104.0
S, kr/a / S, kg/h 2450 -
T, °C 120.0 -

MopesnpoBaHue U ONITUMHU3ALUS
KoMmILiexkca ¢ YCTMII

Agropamu [16] mpeiokeHO AMIUpPUYECKOE TIpa-
BUJIO, COTVIACHO KOTOPOMY NPUMEHEHHE KOMILJIEKCOB C
YCTMII Henenecoobpa3Ho, Korjaa (GpJaerMoBoe YHCIO B
PK 3naunrtensHo menbinie 1. B paccmarpuBaemom ciy-
vae 3Hadenue R, = 4.0, 4To mpeamnonaraeT J0CTHKEHUE
3HAYUTENBHOTO 3HepreTuyeckoro g dexra. Ha ocHoe
TPaIUIHOHHON cXeMbl DP OBLTO TIPOBEAEHO MOIEIHPO-
Banue cxembl ¢ YCTMII (Cxema II), mpeacraBneHHO# Ha

puc. 2.
3 4
2

BYC/SS

OK /MC
(5

Puc. 2. Kommiexe ¢ YUCTMII: OK — ocHOBHast KOJIOHHA;
BYC — OGokoBast yKpeIIstoIas CeKIHsl.
Fig. 2. PTCDS scheme: MC — main column,
SS — side section.

Cxema Ha puc. 2 mojdydeHa npeoOpazoBaHHEM
TpaJUIMOHHON cxeMbl (puc. 1) mo anroputmam [11,
12, 24]. Ona npexacraBiseT co00i OJHY CIOKHYIO KO-
ToHHY ¢ O00okoBOU ykpemustonieit cexuueit (bYC). Ha
CJEAYIOLIEM dTalle 10 alrOPUTMY, IPEIT0KEHHOMY B
[17] onpenensiiay BeIMYMHBL IOTOKA U YPOBHSI IOAAYU
6oxoBoro orbOopa. Ilo gaHHBIM psaa HccielOBaHUI
OTNITUMAIIbHBIC 3HAYCHUS APYTUX MMEPEMECHHBIX, TAKHEC
Kak HOMEep TapesKd MoJauyu MUTaHUsA, TapesKu IoJa-
YU Pa3CNAIONICTO arcHTa M IOTOKa Pa3AeisIoNn(ero
arenTta B cxemax ¢ YCTMII He oTnuyaroTcs Uiau oT-
TUYAIOTCS HE3HAUYUTEIBHO OT COOTBETCTBYIOIIUX Ta-
paMeTpoB TpaAMIMOHHON cxeMbl [12, 24], mosTomy
ontuMusanus koMiuiekcos ¢ YHCTMII gist cHMKeHUS
pa3sMEpHOCTH 3aJauyd IO 3TUM IapaMeTpaM MOKET
He mpoBoauThcs. JUIst psna Tapenok OOKOBOTO OT-
6opa mpu momomu mHCTpyMeHTa SQP Optimization
OTIPENEIISNIA €T0 BEIWYHUHY, COOTBETCTBYIOIIYIO MH-
HUMAaJbHOU Harpy3ke Ha KunsaTuibHuk Q .. Ilomy-
YEHHBIC Ha ATOM 3Tare JaHHbIC TTPUBECHBI B Ta0I. 3.
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Tadmuna 3. Ontumusanust padounx mapamerpoB koMmruiekca YCTMIL. Pasmeprocts Q — [kBT]
Table 3. Operation parameters optimization of PTCDS. Q units are [kW]

v, pur | g N = 0. e
44 1721 611 —337 4.4 -162 1.4
45 1645 569 —335 4.2 —157 1.4
46 1622 532 -339 3.9 -154 1.4
47 1612 522 —327 3.7 —156 1.2
48 1692 521 -318 3.6 -161 1.3
49 1858 528 =311 3.4 =176 1.5
50 2214 560 -313 34 —-206 1.9
51 2901 608 =305 34 —262 2.8

BuaHO, 94T0 MUHUMAJIBHBIN ITOTOK OOKOBOIO 0TOO-
pa Habnronaetcs npu 3HaueHun N, = 47, a MUHUMAITb-
HBIC DHEPTETUUCCKHE 3aTPaThl B KUISTHIBHUKE — IIPU
N, = 48. Onrumanbubie pabovne napameTpbl KOMILIEK-
ca mpeJcTaBICHbBI B Ta0. 4.

Taoauua 4. OnTuMansHBIe paboyre mapaMeTps
xomriekca YCTMIT
Table 4. Optimal operating parameters of PTCDS

CoBMecTHOe IPMMEHEHUEe KOMILIeKCa
¢ UCTMII u TH

Ha ocnoge xommuiekca ¢ YCTMII, paccmoTpeHHO-
IO BBIIIE, OblJIa CHHTE3UPOBaHA CXeMa COBMECTHOTO HC-
nonb3oBanust komruiekca YCTMIT ¢ TH otkperToro tumna
(Cxema III), mpencraBneHnHas Ha puc. 3.

1]

—

T TS Kononnsi / Columns
Operating parameters OK / MC EVC/SS
N 57 17
N, 35 -
N, 48 -
N 12 -
V,xr/a/ V, kg/h 1692 -
0., kBr/0 kW 521 -
0.0 KBT/0O kW -318 —-161
R 3.6 1.3
Lo C 96.8 104.9
o C 147.0 -
P .xlla/P_ . kPa 101.3 104.0
P xlla/P ,kPa 107.5 -
S, kr/a/ S, kg/h 2450 -
T, °C 120.0 -

BYC/SS

OK/MC

Puc. 3. Kommrexc ¢ YCTMII u TH otkpsiTOro THHA:
OK — ocHoBHast komorHa; BY C — GokoBast yKperomas CeKIusL.

Fig. 3. PTCDS scheme with open type:
MC — main column, SS — side section.

ABTopsl [25] I TpeaBapUTEIBLHON OIEHKH 3(¢-
(exTuBHOCTH npuMeHeHHs TH Ha OCHOBE BBIpaKECHUS
KIIJI TerutoBoit Mamuabl KapHo U ypaBHEHHS JUIsST pac-
YyeTa TEIUIOTHI, TpeOyeMoil ATl pa3aeieHus, MPEIOKI-
i kodppunment sdpdexrusnoctu TH C

T

reb

T,

cond

— QZ?b —

C,= 4)
A

ef

T

(Teo o)

—
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rae O — Harpy3Kka Ha KMISATUIBHUK KOJIOHHBI, 4 — Tep-
MomuHamuyeckas pabora, 7 . wu T — abCOMIOTHbIE
TEMITepaTyphl B KOHICHCATOPE W KUIATHIFHUKE PEKTH-
(UKAIMOHHOW KOJIOHHBI, COOTBETCTBEHHO.

Wcxonst u3 nanfbeix Taom. 4, mis komruiekca ¢ HCTMIT
C .= 8.3. B pabore [25] otmeuaercs, uro npumenenre TH
MOXET OBbITh 11EEC000pasHo npu 3HaueHusx C > 5.

OTMeTHM, 4TO NpH BBIBOAE BbIpakeHUs (4) n3Ha-
Y4arbHO OBUT IIPHHSAT PSII JOMYIICHUH 1, B YACTHOCTH, OH
MpefHa3Havyayics JUisi oueHku npumeHumoctd TH mpum
pa3neneHnu 3e0TPOonHbIX cMmeceid. HecMoTps Ha 310, B
psine paboT KpUTEPHH UCTIONIB3YETCS U B CIIydasix MpH-
menenust komriekcoB ¢ YCTMII ¢ TH npu pa3nenenun
a3e0TPOIHBIX cMecel, B ToM yucie DP [20, 26, 27].

B kauectBe pabdouero tena st TH BeIOpaH mapo-
BOI MOTOK OCHOBHOM KOJOHHBI, TAK KaK €ro TEIlJIOCO-
JepxaHrue OOJbIIe, YeM Y BEPXHETo MapoBOTO ITOTOKA
BYC. Ilpu stom, HeoOxommmast it 3¢ ¢HEKTHBHOTO
oborpesa Ky0a KOJIOHHBI TeMITepaTypa mapoBoro moTo-
Ka 00eCIeunBaeTCsl PU CTEICHU CXKATUS B KOMIIPEC-
cope, paBHOI 5.2. MI3BeCTHO, UTO BBICOKAsi YKOHOMHYE-
ckas a¢dexruBHOCTH OT IpuMeHeHus: TH pocturaercs
TIpU CTEIICHH CKaThs B KoMmrmpeccope menee 3 [28, 29].
Taxum 06pazom, Al KOPPEKTHOTO CpaBHEHHUS paccMma-
TPUBAEMBIX CXeM HE00X0oInMa YKOHOMUYECKast OIICHKa,
KOTOpast IpUBEJICHA Janee.

Jlist psina MONOKEeHUH Tapeiaku O00KOBOTO 0TOOpa
N, 1 COOTBETCTBYIOIIETO0 MM ONTHMAJLHOTO KOJUYE-
cTBa OOKOBOrO 0TOOpa ¥, pACCMOTPEHHOTO MPH OMNTH-
Muzanuu komriekca ¢ YCTMII, momoOpanbl paboune
nmapametpel TH oTkpslToro tuma. PesynpTaTel mpen-
CTaBJIeHBI B TA0M. 5.

B nmannom cmywae Oy, u QM — marpysku Ha
BCIIOMOTATEIbHBI KHISTHIBHUK W KOHIEHCATOp, CO-
OTBETCTBEHHO, W =~ — moTpebisiemas KOMIIPECCopoM
MOIIHOCTB, Q- — NepeaBaeMas B Terooomennnke TH
TEIIoTa, ::(l; — NPUBENEHHBIE DHEPIETUYECKUE 3aTpa-
ThI, ONIPeIeNIeHHbIC TI0 hopmyie (2).

OBCYX/JEHUE PE3YJIbTATOB

[lTonyyeHHBIE Ha OCHOBE pAaCUETHBIX JaHHBIX
(Taby. 3 U 5) UTOTOBBIC 3aBHCUMOCTH Harpy3ok Ha
KUNATUIBHUK KomIuiekca ¢ YCTMII u npuBeneHHbIX
JHepro3arpar npu npumenennu komruiekca ¢ YCTMIT
coBMecTHO ¢ TH oT mosioxxeHuss U KonudecTBa 00KO-

BOro 0TOOpa MoKa3aHbl Ha pUC. 4.
3100 650
2900 600

2700
550

2500

< 500
> S
= 2300 =3
> f 4 450 O

2100 : y /

1900 / 400

1700 — e 350

~ .
1500 300
43 44 45 46 47 48 49 50 51 52
N,

QHP KW

red’

——V, kg/h —— QY kw

reb’
Puc. 4. Dueprozarparsr kommiekca ¢ YHCTMIT (ch\odrii , KBT),
MIPUBEICHHBIC YHEPro3aTparhl KOMILIEKCa
¢ UYCTMII coBmectro ¢ TH (Q::c]l’ , KBT) 1 onTrMansHOE
KOJTMYECTBO OOKOBOTO 0TOOpa (V/, KT/4) B 3aBUCHMOCTH
OT TOJIOYKEHHUS TAPENKH GOKOBOTO 0TOOpa (V).
Fig. 4. PTCDS heat duty (O, , kW), PTCDS with HP
reduced heat duty (Q:CI;) , kW) and V, kg/h dependence
on side-stream stage (V).

U3 Tabn. 5 u puc. 4 BUIHO, 4TO ¢ yBenuueHueMm N,
ymenbliaercs 3¢ dexkruBHoCcTh NpuMenenus TH, oqHako
MUHHMaJIbHBIE TIPUBEICHHBIC YHEPTETHUCCKUE 3aTPATHI

O mabmomatorcs IpU TOM ke 3Ha4eHuu N, u V, uto
U MHUHHUMaJIbHBIE 3HEPIreTUYECKHE 3aTpaThl KOMILIEKCA
YUCTMII 6e3 TH. CpaBHeHHE >HEPreTHUECKUX 3aTpar
TPAAUIIMOHHON CXeMbl U HAWIYYIIMX BAaPHUAHTOB KOM-
mwiekca ¢ YCTMII U coBMECTHOTO NPUMEHEHUS KOM-
mwiekca ¢ YCTMIT u TH npeacrasieHo B Tad. 6.

Tabnuua S. 3apucumocTs pabounx napametpos cxeM ¢ TH ot N, u V. Pasmepnocts Q u W — [kBT]
Table 5. Operation parameters’ dependence on N, and V' for HP schemes. QO and W units are [kW]

N, b hafh o o3, R W o 0, o
44 1721 295 —86 4.4 62 331 481
45 1645 273 =81 4.2 60 302 453
46 1622 269 —74 39 54 276 431
47 1612 267 =71 3.7 52 263 423
48 1692 274 —68 3.6 49 248 421
49 1858 287 —66 34 48 240 431
50 2214 335 —66 34 47 230 476
51 2901 409 —65 34 46 224 547
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Kak yxe yka3pIBajaoch, JUIsi KOPPEKTHOTO CpaBHE-
HUSL PACCMOTPEHHBIX PELIeHUI HEeOOXOAMMO MpPOU3Be-
CTH SKOHOMHUYECKYIO OIeHKY. J[ist 3TOro HeoOxomuMo
OIICHUTh HEKOTOpble KOHCTPYKI[MOHHBIE IapameTpbl
PEKTH(HUKAIIMOHHBIX KOJIOHH — JIMAaMETp KOJIOHHBI (D) 1
BBICOTY TapesibuaTo (Hacanounoil) yactu (H), a Takxke
BBIOpaTh THI KOHTAKTHBIX YCTpPOWCTB. Takas OIlcHKa
Oblja MPOM3BEACHA C MCIONB30BAHUEM MPOTPAMMHOTO
KoMmIiekca Aspen Plus, pe3ynbTarhl mpejcTaBICHBI B
Tadm. 7.

OOmue pe3yiabpTaTbl 3KOHOMHUYECKOW — OIICHKH,
npoBeZieHHON cpexnctBamMu Aspen Process Economic

Analyzer, u paccuutanHnbie 1o Gopmye 3 Ha OCHOBaHUU
9THX pe3ynabraroB 3HaucHuss TAC npuBeeHb! B Ta0. 8.

3AK/IIOYEHUE

UccnenoBanue mokasano, 4rto ais mpouecca OP
cmecu AC (30 mac. %) u AA (70 mac. %) ¢ v-OyTrimpo-
nuoHaToM npuMeHeHue komiiekca ¢ YCTMII u rakoro
’Ke KoMmIlIekca coBMecTHo ¢ TH mo3BossieT 3Ha9uTenbHO
CHU3UTBH dHepreTuyeckue sarparel. Ilpu sTom ycra-
HOBJICHO, YTO HM3MCHEHHE OCHOBHBIX IE€PEMEHHBIX
(YpOBeHb TOJ1a41 U BEJIMYMHA TIOTOKA OOKOBOTO 0TOOPA),

Tadauma 6. Duepreruueckue 3arparbl onTuMainbHbIX cxeM ¢ YCTMII (II) n coBMecTHBIM MPUMEHEHHEM
YCTMII u TH (III) B cpaBHeHuHu ¢ TpaguiuonHoi cxemoit P (1)
Table 6. Energy duties of optimal PTCDS (II) and PTCDS with HP (III) schemes in comparison with

conventional ED scheme (I)

DHepreTHYeCKHe 3aTPaThI Cxema / Scheme
Energy duties I - m
Oy KBT/ O, kKW 674 521 274
Wmmp, kBTt / Wcomp, kW 0 0 49
0., KB/ 0 kW 674 521 421
AQ, . 7o 0 22 38

Tabauua 7. KoHCTpyKIMOHHbBIE TapaMeTPbl KOJIOHH
Table 7. Construction parameters of columns

Kosonna / Column DK/ EC PK/RC OK/MC BYC/SS
D,m 0.6 0.75 0.7 0.45
H,m 19 11 23 3

TH KOHTAKTHOTO
ycrpolicTea /

Knanannsie Tapeiku /

Knamanuslie Tapenku /

Knananusie Tapenku /

Komnbiia Parmmra /

T e Valve trays Valve trays Valve trays Raschig rings
Taoauua 8. DxoHoMHYeCcKas olleHKa
Table 8. Economical evaluation
JKOHOMHYECKHE NIapaMeTpbl B i
Economic parameters I n I
OC, USD/rox / OC, USD/year 222420 179493 132675
AOC, % 0 19.3 40.3
CC,USD 502400 368000 1077100
TAC10 272660 216293 240385
TAC20 247540 197893 186530
ATAC10, % 0 20.7 11.8
ATAC20, % 0 20.1 24.7
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BJIMSIFOIAX Ha SHEPreTHYCCKYI 3(P(PEKTHBHOCTh KOM-
wiekcoB ¢ UCTMII, Bnusiet 1 Ha 3¢ HEKTUBHOCTh MPU-
menenuss TH B xommiekce. OgHAKO B pacCMOTPEHHOM
cllydae MUHHMAaJbHBIE JHEPreTHYECKHUEe 3aTpaThl JO-
CTHTAIOTCS] TIPH OTMHAKOBBIX YCIIOBHSX B KOMIUIEKCAX
YCTMII kak ¢ TH, Tak u 6¢3 Hero. CHMKEHHE KOHIICH-
TpAaILUH B UCXOMHOH CMECH KOMIIOHEHTA, BBIICIIEMOTO
B auctuiuisTe DK, IpUBOANUT K CHIKEHHUIO DHEpreTHYe-

Ooo3nauenusn | Abbreviations

A — TepmomHaMuueckas padora / thermodynamic work;
C ,— xospunuent sppexrusnoctu / efficiency factor;
CC — xanuranpHbIe 3aTpaThl / capital costs;

D — nuametp / diameter;

H — BricoTa / height;

N — HoMmep Tapeinku / plate number;

K — ob6miee uncao kononH / total number of columns;
OC — 3KcIuTyaTalliOHHBIE 3aTpathl / operating costs;
OT — cpoK dKCIUTyaTallMy YCTaHOBKH / operating time;
P — abcomoTHOe napnenue / absolute pressure;

O — TeruoBas Harpyska / heat duty;

R — ¢rermoBoe uucio / reflux ratio;

S — pacxon pasnensroniero areHra / flow rate of an entrainer;

T — temmeparypa / temperature;
TAC — nonuble To0BbIe 3aTpaThl / total annual costs;

CKOW M DKOHOMHYECKOW 3(PPEKTUBHOCTH MPUMCHECHHSI
TH. Ilo pe3ynpTaTaM 3KOHOMUYECKON OLIEHKH IO KpHU-
TEPUIO TIONHBIX TOAOBBIX 3aTpar IMPH BPEMEHH (YHK-
LIUOHUPOBaHUs ycTaHOBKU B 10 jer menecoodpasHee
ucnonb3oBarth koMmiuieke ¢ YCTMII 6e3 TH. Oxnako
pu BpeMeHH (pyHkunoHuposanus B 20 net cxema ¢ TH
oOecrieurBaeT CHI)KEHUE IOJIHBIX TOJOBBIX 3aTpaT Ha
24%, a xommiekc YCTMII 6e3 TH — na 20.1%.

TAC10 — nosHBIe TOIOBBIE 3aTpaThl pU cpoke pyHKunoHupoBanus B 10 siet / total annual costs with a 10-year operating life;
TAC20 — nosHBIe TOIOBBIE 3aTpaThl pU cpoke GpyHKunoHupoBanus B 20 siet / total annual costs with a 20-year operating life;

V' — ©oxkoBoii ot6op / side flow;

W — motpebsiemast MOIITHOCTB / power consumption;
AC — aymmnoseiii ciimpt / AAL — allyl alcohol;

AA — ammnanerar / AAC — allyl acetate;

BYC — 6okoBas ykperuisitomas cexuusi / SS — side section;

BII — u-6ytrmimpornuonar / BP — n-butyl propionate;
OK — ocuosnas xostonda / MC — main column;

PK — xonoHHa perenepaiuu dkcTpaktiuBHoro arenra / RC — entrainer regeneration column;

TH — rerutoBoit Hacoc / HP — heat pump;

YCTMII — yacTHYHO CBsI3aHHBIE TEIUIOBbIe M MarepuaiibHble moTokd / PTCDS — partially thermally coupled distillation

sequence;

OK — xononHa skcTpaktuBHOM pextudukanyn / EC — extractive distillation column;
OP — okcrpakruBHas pekrudukanus / ED — extractive distillation.

Hnoexcwot | Indices

comp — KOMIIpeccop / compressor;

cond — xoHzeHcarop / condenser;

i — HOMep KosoHHBI / numbers of the column;
F — nmuranue / feed;

HE — Terunoodmennuxk / heat exchanger;

HP — rerutoBoii Hacoc / heat pump;

min — MHHHMabHOE 3HaueHue / the minimum value;
opt — onTUMalIbHOE 3HayeHue / optimal value;
reb — kunsaTHIbHUK / reboiler;

red — nmpuBenenHslil / reduced;

S — 9KCTpaKTUBHBII areHT / entrainer;

total — cyMMapHBIi.
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AHHOMAyust

ITenu. Paspabomika mMyabmunpaiimMepHoll cucmembl Ha 0CHO8E NOAUMEPA3HOU UenHol peaKyuu
(TILIP), HanpaeieHHOU HA 00HO8PEMEHHOE 8blsi8leHUe ULeCMIU OCHO8HbLX baKmepuaibHblx 8030Y-
Jumesielli NHEBMOHUU UeI08EKA,; 8blIBIEHUE NAPAMEMPO8 U 3AKOHOMEepHOCMel, UMEIOULUX 8AK-
Hoe 3HaueHue 0151 ONMUMUSAUUUL MYJbMUNPAUMEPHOU cucmembl, 8 mom uucae 01t paspabom-
Ku cucmem ITLP 8 ummobunuzo8aHHoll gpase (Ha buosnozuuecikom muKpouune).

Memoowut. /s onpedesieHust ONMUMATbHBLIX NAPAMEMPOE CUCTEMbl UCNOJIb308ANU MemoObl
IIIIP 8 m.H. «<MOHONNEKCHOM» U MYJbMUNIEKCHOM POPMAMAX.

Pesynemamut. CroHcmpyupo8aHsl npaitimepsl, U ONMUMUIUPOSAH MeMNepamypHO-8pemeH-
Holl npoghuns npoeederust I1L[P e obveme oas svissnerus Staphylococcus aureus, Pseudomonas
aeruginosa, Haemophilus influenza, Legionella pneumophila, Klebsiella pneumoniae u
Streptococcus pneumoniae. BolsigneHbl 3aKOHOMEPHOCMU KOHCMPYUPOBAHUSL Npaiimeposg Oss
I[P & ummobuuzoeaHHoU pase.

Buleoousl. H3yueHHble 304KOHOMEPHOCMU 0CObeHHOCMell ONMUMUSAUUU MYJTbMUNDATMEDHBLX
cucmem NO38OAUAU pa3pabomames NPOMOMUN CUCMEMbl, CNOCOOHOU CNeyupuuUHO 8blsieNsimb
wecms KAUHUUECKU 3HAUUMbBLX 8030ydumenielli nHeeMoHUU uenogexka. IIpomomun cucmemovl mo-
aHem bbimb pacuiuper Ot AHAAUIA BUPYCHBLX U 2pUOKO8bLX NAMO2eH08 U NPUMEHSIMBCSL 8 KU~
Huueckoll duazHocmuke. Pesynbmamul usyuerus ocoberHocmeii myaomunaerxcHoti I[P 8 ummo-
6unuU308aHHOU paze npugeau K CO30aHUI0 NPOMOMuUNA cucmembl 0151 8blsI8NEHUS. NAMO2EHHbLX
azeHmo8 Ha 6U002UUECKOM MUKPOUUNE.
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Abstract

Objectives. The objectives of this work are the development of a multi-primer system based
on the polymerase chain reaction (PCR) aimed at the simultaneous detection of six bacterial
pathogens that cause human pneumonia and the determination of the parameters important
for the optimization of this multi-primer system, including solid-phase PCR systems (biological
microarrays).

Methods. To determine the optimal parameters of the system, PCR methods were used in
monoplex and multiplex formats.

Results. Primers for Staphylococcus aureus, Pseudomonas aeruginosa, Haemophilus influenza,
Legionella pneumophila, Klebsiella pneumoniae, and Streptococcus pneumoniae detection were
designed, and the PCR cycling conditions were optimized. The patterns of primer design for solid-
phase PCR were revealed.

Conclusions. The developed prototype of a system specifically identifies six clinically significant
bacterial pathogens. It could be expanded for the analysis of viral and fungal pathogens and used
in clinical diagnostics. A prototype of a system for pathogenic agent detection in the immobilized
phase (biological microarray) was created.

Keywords: infectious pneumonia, multiplex PCR, biochips, COVID-19
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BBEJEHMUE

WHpeknnoHHas THEBMOHHS TPEICTABISET COOOM
CHEKTp pPa3IMYaloOUUXCa 10 3THOJOTMU U IAaTOreHe-
3y 3a00JIeBaHMI OpraHOB JbIXaTeNbHOW cucTembl [1].
TouHOE M CBOEBPEMEHHOE OINpEJeNICHUE BO30OyIUTEs,
BBI3BABIIETO IOPa)XKEHUS,, UMEET Ba)KHOE 3HAu€HHE B
pa3padoTKe yCIENIHbIX CXeM JIeUeHus [2], a TaKkKe KOH-
TPOJIS 3apa’KeHHBIX, YTO SIBISCTCS aKTyaJbHOH mpobie-
Mol B ycnoBusix manaemun COVID-19, xorna nomumo
BHPYCHOTO 3a00JI€BaHMS TIOCTYIAOIIIE B MEANIITHCKIE

YUPEKICHHS MAIIMEHTHI CTATKUBAIOTCS CO BTOPUYHBIMU
BHYTPUOOJILHUYHBIME HHPEKIUAMHU [3].

Jna waentudukanuu Bo3OyauTeNneil MHEBMOHHH,
KOTOPBIMH MOTYT BBICTYIaTh BHPYCHI, OaKTEPHH FITH
pUOKH, MOXKHO HCIIOJIb30BaTh CTAHIAPTHBIC METOIM-
K{ STHOJIOTUYECKON TUAarHOCTHKH, HAIIPUMED, ITOCEBEI,
YTO 3a4aCTyI0 HEyIOOHO M3-3a OrpaHUYEeHUN B paboTe ¢
OHMOIOTHUECKUMH 00pa3aMi ¥ TPOBEICHUS IUTEIb-
HBIX U TPYJAOSMKHX paboT MO KyJIbTHBHPOBAHHIO, BbI-
JENCHUIO U JabHEHIIIeMy OIPENEICHUIO MMAaTOTCHHBIX
arentoB [4, 5]. Ilo 3TuM mpuymMHaAM 4acTo HEoOXoIuMa
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Oosee TouHAs U OBICTpast NACHTH(DUKAIIHS IS IPABUITb-
HOTO JieueHus [6].

Ceronns Bce Oombpliee pacrpoCTpaHCHUE TOTyda-
10T MOJIEKYJIIPHO-T€HEeTUYECKUE METO/Ibl aHAIN3a TUIIA
Pa3IMYHBIX BapualWid MOTUMEPA3HON LEMHOW PeaKiuu
(ITIIP). Ix mpuMeHeHHe BBITOAHO OTIUYAETCS OTHOCH-
TENFHOH JIETKOCTBIO, TOYHOCTBHIO M UyBCTBUTEIEHOCTHIO
pe3yNnbTaToB, a Takke OBICTPOTOH [4], 4TO BayKHO AJIS
JiedeHust 3a00JIEBAaHUI ¢ BHICOKOHW JIMHAMHMKOM pa3BHTHS
MaTOJIOTUYECKOro Mpoliecca.

JlanHas paboTasi MOCBAIICHA pa3pabOTKEe W OITH-
mu3zaiun [P 1y1s onHOBpeMeHHOTO OOHApYKEHUS 111e-
cTH OaKTepHaIbHBIX BO30yIUTENEH MHEBMOHHUH YeEJO-
Beka Staphylococcus aureus, Pseudomonas aeruginosa,
Haemophilus  influenza, Legionella  pneumophila,
Klebsiella pneumoniae, Streptococcus pneumoniae. B
OTIMCAHHOM TIOIXO/I€ aMIUTH()UIIMPOBAIN YIACTKH Map-
KEpHBIX ['€HOB BO30ynuTeIeH B OAHOM 00IEeM oObeMe,
MOJTy9aeMble TPOAYKTHl PA3ICIUTH  dIEKTpodopeTH-
yeckuM MeTonoM. [1o anmuHaM oOHapyKEHHBIX aMILUIU-
(buIMpoBaHHBIX (DparMeHTOB HUACHTUQHUIIMPOBAIN KOH-
KPETHBII BO30YIUTEIb.

Ha mpumepe pa3paboTaHHOH CHUCTEMBI OIHCAHBI
BaKHbIE O0COOEHHOCTH ONTHUMH3AIMU MYJIBTHUIpaiimep-
noit [1IP, B Tom uncne — st mpuMeHeHUs] B UMMOOH-
JM30BaHHOM (haze.

SKCIIEPUMEHTAJIBHAS YACTb

HImammor
B pabore ucnonb3oBaHa IEKOHTAMUHUPOBaHHAS
nonHoreHoMHast JIHK 6akrepranbHBIX IITAMMOB U3 KOJI-
nexuu [ocynapcTBeHHOro HAyYHOTO LIEHTPA MPUKIIaI-
HOW MUKpoOuosoruu u ouorexHojoruu (m. OOONCHCK,
CeprryxoB, MockoBckasi oonacts, Poccust). Beinenenue
JHK u3 knerounsix kynasryp ocymectsisiiin CTAB-me-
Tozom [7].
Ilpaiimepot
MHOX€ECTBEHHOE BbIpaBHUBAHHUE I10CIIE€A0BATEb-
HOCTEH T€HOMHBIX MHILIEHEH MPOBOAMIN C IOMOIIbIO
anroputma ClustalW'. KonctpyupoBanue mpaiiMmepoB
OCYIIECTBIISUIN € TOMOIIIBIO ceTeBOro pecypea Integrated
DNA Technologies?, aHanu3 crienupuaHOCTH TPOBOIH-
7 ¢ omorieio anroputmMa BLAST? (National Institutes
of Health, CIIA). IlocnenoBarenbHOCTH, BHIOCIECIH-
(uvyHOCTH, TeHeTHYEeCKUe MUIIeHH W JyuHa [T1[P-ripo-
JYKTOB ISl BCEX MCIIOJIb30BaHHbBIX Nap npailMepoB mpu-
BE/ICHBI HUKE:

! Clustal: Multiple Sequence Alignment. URL: www.clustal.
org (mara obOpamenus 15.12.2020 [accessed December 15,
20201]).

% Integrated DNA Technologies. URL: www.idtdna.com (nara
obparienns 15.12.2020 [accessed December 17, 2020]).

3 Basic Local Alignment Search Tool. URL: https://blast.ncbi.
nlm.nih.gov/Blast.cgi (nara oopamenust 15.12.2020 [accessed
December 15, 2020])

S. aureus, ren ebpS, mpsamoit ebpS-f
(5-ACTCGACTGAGGATAAAGCGTCT=3’),  obparHsIif
ebpS-r (5-CCTCCAAATATCGCTAATGCACC-3’), iytiHa 1po-
IyKkra — 283 map ocHOBaHHH (11.0.), BIOKEHHbIE OOpaTHbIE
R1 (5’-NH,-CCTCCAAATATCGCTAATGCACC-3’),
R2 (5’-NH,-GGTAACAATACTTTGGCCATGCCACC-3’), Bio-
sernble npsvble F1 (5-CTGCCGCTTCAAAACCACATGCCS3),
F2 (5’-AAAAGGTGGCATGGCCAAAGT-3’),
F3 (5’-AGCAAGTAATAGTGCTTCTGCCG-3").

S. pneumoniae, ren cpsB, npsamoi cpsB-fl

(5’-TTGATGTAGATGACGGTCCCAAG-3’), obpar-
sbiid cpsB-rl (5’-TATATCTCTGCGCCATAAGCAAT-3’),
qunHa [TLP-ipoaykra — 217 11.0., BIOKEHHBIC 00paTHBIE
R3  (5’-NH,-TATATCTCTGCGCCATAAGCAAT-3’),
R4 (5’-NH,-CGAACCTGAAGAAAGTTTTCTG-3’),
RS (5-NH,-GCAATGACTAAATCATCTGCCAC-3’), BIIOKEH-
uere npsvbie F4 (5°-GCGAACCATTGTCTCTACCTCTC-3),
F5 (5’-TCTACCTCTCACCGTCGCAAGGG-3’),
F6 (5’-TGGCAGAATCCTACAGGCAGG-3’).

L. pneumophila, ren sidA, npsamoit sidA-f
(5’-TTCCACTGGTGGGTGGGGTTTTG-3"), obparHBIit
sidA-r (5’-TCATGTTGGAGTTCTATGGCACG-3’), mnu-
Ha [TI{P-nponykra — 369 1.0.

H. influenza, ren fucK, npsamoi
fucK-f (5’-TGCTCACTCAACGCTTAACTGGT-3’), obpar-
uelii fucK-r (5-TTCTGGGCTAATGGTGTACGTAA-3’),
jquna [T P-npoaykra — 193 m.o.

P. aeruginosa, ren oprL, npsaMo#
oprL-f (5’-GCGTGCGATCACCACCTTCTACT-3’), obpar-
He1i oprL-r (5’-TTCTTCAGCTCGACGCGACGGTT-3’),
quna [T P-npoxykra — 321 m.o.

K. pneumoniae, ren rmpA, NpsIMoOi
mpA-f (5°-ATCAATAGCAATTAAGCACAAAA-3’), obpar-
HbIi TmpA-1 (5°-TCATAATCACACCCTTTAGGATA-3’),
quna [T P-npoxykra — 177 m.o.

Mynemunanexcuaa I[P

Peaxnnonnas cmeck (30 mxin) comepskana 1.5 equ-
Hun Taq-monumepassl (Thermo Scientific, CILIA) B
oydepe Toii sxe pupmbl, ANTP B koHueHTparpu 200 MkM
KQXJOTO, MATh Map CHeNU(UUYHBIX NpPaliMepoB H
MMOJIHOTCHOMHYIO OaKTepHalbHy0 Marpuny (Iudo
cmech Oakrepuanbubix JIHK). Peaknuro mpoBogminu
Ha JIHK-ammnudukarope MiniCycler (MJResearch,
CIIA) npu cnenyromux ycnosusax: 95 °C B TeueHue
5 muH (HavanbHas AeHartypanus); 30 nukioB mo 20 ¢
npu 95 °C, 30 ¢ npu 66 °C u 30 c npu 72 °C; 3a-
BepIIarInas HHKyOanus B TedeHue 5 mun npu 72 °C.
I'paguentnyro IIIP u omnpeneneHue 4vyBCTBUTEIb-
HOCTH cuctembl ¢ noMmomsbto [P B pexume peans-
HOTO BPEMCHHU IPOBOAMIM Ha amIutugukarope 1QS5
(Bio-Rad, CUIA). Ipoayxkrer TP pasgensou B 4%
arapo3HoM Telle, OKpalluBaJId OPOMHCTBIM ITHIHEM.
Tun ananuzupyemoii JIHK ompenensnu nmo nnmHam
MPOIYKTOB aMIUTH(UKAIIUU B YIbTpaduoere.
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500 bp |
250 bp 7|

a

b

Puc. 1. Dnexrpodoperpammsl [1LP-nipoxykroB rpaguenthsix [TLP. L — mapkep mimn GeneRuler 50bp

(Thermo Sientific, CIIA). 4% arapo3Hblii rejib, OKpAIIMBAHHEC OPOMUCTHIM STUIUCM.

a—S. aureus. Temneparypa oTxura npaimMepos, JyHka: 1 —65.0 °C, 2 — 65.6 °C, 3 — 66.5 °C, 4 - 67.7 °C, 5 — 69.5 °C,

6—-70.8°C,7-71.7°C, 8-72.0 °C, 9 — oTpuLaTeIbHbIIl KOHTPOIb;
0 — L. pneumophila. Temnepatypa omkura rnpaimMepos, ayHka: 1 —57.0 °C, 2 —58.2 °C, 3 - 60.0 °C, 4 — 62.7 °C,
5-66.5°C,6-69.3°C,7-71.0°C,8—-72.0°C,9 — orpuniareiabHblii KOHTPOJIb.
Fig. 1. Electropherograms of PCR products of gradient PCR. L — GeneRuler 50bp length marker
(Thermo Scientific, USA). 4% agarose gel, coloring with ethidium bromide.

(a) S. aureus. Primers annealing temperatures: Well 1: 65.0 °C, Well 2: 65.6 °C, Well 3: 66.5 °C, Well 4: 67.7 °C, Well
5:69.5 °C, Well 6: 70.8 °C, Well 7: 71.7 °C, Well 8: 72.0 °C, Well 9: negative control;

(b) L. pneumophila. Primers annealing temperatures: Well 1: 57.0 °C, Well 2: 58.2 °C, Well 3: 60.0 °C, Well 4: 62.7 °C,

Well 5: 66.5 °C, Well 6: 69.3 °C, Well 7: 71.0 °C, Well 8: 72.0 °C, Well 9: negative control.

PE3VIIBTATBI U UX OBCYXKIEHUE

i mectu Hauboee BaxHbIX BO30yIUTENEH ITHEB-
MOHUH OBLTH BHIOpaHBI TEHETUUECKNE MHUIICHN U CKOH-
CTPYUPOBAHBI MpaiMepsl IJI OCYIICCTBICHUS MYJIBTH-
miekcHoi ITIIP [8—16].

IIpy  KOHCTpyMpOBaHMHM  MOCIIENOBATEIbHOCTEN
TpaiiMepoB PYKOBOACTBOBAIHCH OOMMMH TpeOOBaHMS-
MH: BHJIOBOH CHENM(UYHOCTHIO ¥ BHYTPUBUIOBOW KOH-
CEpPBATHBHOCTHIO BHIOPAHHBIX YYACTKOB TCHETHYECKUX
MmumeHed. Bpyunyio ObulM BBIOpPAaHBI YYaCTKH IS
OTXKHTa MpaMepoB, YYUTHIBAJIACH TaKke HEO0OXOIH-
MOCTb IOJy4YeHMs pasnuunblx JuinH IIIP-npoxykToB
JUlsl yaoOCTBa MOCIeNyrolel NeTeKIUN BO30yauTesnei
ekTpodopeTHIecKuM paszzesienueM. s kaxmoi
OJIMTOHYKJIEOTHIHON M1OCJI€0BATEIbHOCTH ONPENeIIsIn
(U3UKO-XUMUYECKHE XapaKTePUCTUKHU, TPOBOUIIN MPO-
uenypy BLAST-ananuza m mccrnenoBaid Ha TPEAMET
00pa3oBaHusl TUMEPOB, IIIMUICK U JPYTUX BTOPUYHBIX
CTPYKTYD.

B kadyecTBe nepBOHAYANBHBIX YCIOBUHM aMIIIU(u-
KallMU JUIs IoclieAyolell ONTUMHU3aluu ObUIH BbIOpa-
HBI ClIeNyIole 3HaueHus: fAeHatypauus npu 95 °C u
30 mukroB 1o 20 ¢ ipu 95 °C, 30 ¢ mpu 57 °C u 30 ¢ ipu
72 °C. lns Bo3Oynuteneit S. aureus v L. pneumophila
MIPOBOJWIIN TpajueHTHble «MoHoIIekcHble» IILP, mo
pe3ynbTaraM KOTOPBIX YBEINYHMIIN TeMIEpaTypy OTKUTa
10 66 °C (puc. 1).

B HOBOM TemmnepaTypHO-BpEMEHHOM IIUKJIIE TIPOBO-
JIMIIA «MOHOIUIEKCHBIe» BapuaHThl IILIP 11 ocTanbHbIX
YeThIpeX BO30yauTeNeil, mposepsis paboTy npaitMepoB u
cBepssa niuHbl [IIP-npoayKTOB ¢ TEOPETUUECKUMH,
nocie yero B pexume cmecu JJHK-marpun (puc. 2)

1 2 345 678 9 10

250 bp

Puc. 2. Dnexrpodoperndeckoe pa3ieiacHue
TILP-nipomykroB mMynsTuiuiekcHoi [P co cMeckto mpaiivepos.
1 —mapxep mmH GeneRuler 50bp (Thermo Sientific, CILIA),
2 —S. aureus, 3 — L. pneumophila, 4 — H. influenzae,

5 — P, aeruginosa, 6 — S. pneumoniae,

7 — L. pneumophila + S. pneumoniae,

8 — S. pneumoniae + H. Influenzae + S. aureus.

4% arapo3HBIi reflb, OKPAITHBAHNE OPOMHICTBIM ATUIIEM.
Fig. 2. Electrophoretic separation of PCR products
by multiplex PCR with a mixture of primers.

(1) GeneRuler 50bp length marker (Thermo Sientific, USA),
(2) S. aureus, (3) L. pneumophila, (4) H. influenzae,
(5) P. aeruginosa, (6) S. pneumoniae,

(7) L. pneumophila + S pneumoniae,

(8) S. pneumoniae + H. Influenzae + S. aureus.

The PCR products were separated in 4% agarose gel and
colored with ethidium bromide.

HECKOJIbKUX BO30yIUTENeH MOATBEPKAAIH X Crielupry-
HOCTB H CTIOCOOHOCTH BBISIBIIATH TOJBKO «CBOM» BO30OYIH-
TEJIN, HE JIaBasi JIOKHOMOIOKHUTEIILHBIX PE3YJIbTaTOB.

Pesynprar  muddepeHnuanbHOro  0OHapYKCHHS
JHK Bo30ynutens B oOpasiie METOAOM MYJIBTUILIEKC-
noit [T1[P mokasan nHa puc. 3.
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500 bp—
250 bp—~

500 bp —|

500 bp
250 bp—

Puc. 3. Onpenenenne JIHK Bo3Oynurens snekrpodoperndeckuM pazzaenenue [11P-npoxykros.

L — mapxkep ummn GeneRuler 50bp (Thermo Sientific, CILIA), 1 — S. pneumoniae, 2 — S. aureus, 3 — L. pneumophila,

4 — S. aureus + L. pneumophila, 5 — H. influenzae, 6 — P. aeruginosa, 7 — H. influenzae + P. aeruginosa,

8 — K. pneumoniae. 4% arapo3HbIii renb, OKpalInBaHUE OPOMHCTBIM STH/IHEM.
Fig. 3. Determination of the pathogen DNA by electrophoretic separation of PCR products.

L — GeneRuler 50bp length marker (Thermo Scientific, USA), (1) S. pneumoniae, (2) S. aureus, (3) L. pneumophila,

(4) S. aureus + L. pneumophila, (5) H. influenzae, (6) P. aeruginosa, (7) H. influenzae + P. aeruginosa,

(8) K. pneumoniae. The PCR products were separated in 4% agarose gel and colored with ethidium bromide.

s S. aureus u S. pneumoniae ObITM CKOHCTPYHPOBA-
HBI criel(UYHbBIE TPaiiMephb IS MOCHIeNY oI IMMOOU-
TIM3aIy Ha OMOUHITe ¢ BKITFOUCHHEM (DITyopecIieHTHO-Me-
YEHHBIX HYKJICOTHIOB B UMMOOMIN30BaHHYIO PACTYIIYIO
IeTb, B Pa3padOTKe TaKkKe PyKOBOJCTBOBAINCH BBIIIIC-
ONMHUCAaHHBIMU TIPUHIMIAMHU. BbIicokas dYyBCTBUTEINb-
HOCTh CKOHCTPYMPOBaHHBIX JUISI ~HMMMOOWIIH3aIUU
npaiimepoB Obu1a noaTeepkaeHa I[P B o6beme, mpo-
BOOMMON B YCJIOBUSAX ONTHUMAJILHOIO TeMIIeparyp-
HO-BPEMEHHOTO PO IS, BBISIBIEHHOTO paHee. Pe3ynb-
TaTbl «MOHOIUICKCHBIX» [ILIP B 00beme mis S. aureus u
S. pneumoniae nipenctrapneHsl Ha puc. 4 u 5. 13 dope-
rpamMMm BUAHO, 4yTo miuHbI [ILIP-ipogykxToB, momydae-
MBIX C MPUMEHEHUEM Pa3IMYHBIX KOMOWHAIMN MpalimMe-

POB, XOPOIIIO COOTBETCTBYIOT TEOPETHICCKUM.
1 2 3 4 5 6 7

500 bp —
250 bp—~

Puc. 4. Dnexrpodoperrueckoe paznenenue [IIP-npomxykroB
S. aureus. 1 — mapkep qmH GeneRuler 50bp
(Thermo Sientific, CILIA), 2 — R1+F1 (163 nap ocHoBamwmii (11.0.)),
3 - RI1+F2 (78 n.0.), 4 — R1+F3 (180 m.o.),
5—-R2+F1 (115 m0.), 6 —R2+F2 (30 1.0.), 7— R2+F3 (132 .0.).
Jlutepamu «R» 1 «F» ¢ mudpoBsIM HHISKCOM 0003HAYCHBI
pasiuuHble mpaiiMepbl, B CKOOKax yKa3aHa TeopeTHYecKas
nnuHa cootBercTBytomiero [ILP-mpogykra.

Fig. 4. Electrophoretic separation of S. aureus PCR products.
(1) GeneRuler 50bp length marker (7hermo Sientific, USA),
(2) R1 + F1 (163 base pairs (bp)), (3) R1 + F2 (78 bp),
(4) R1 +F3 (180 bp), (5) R2 + F1 (115 bp),

(6) R2 + F2 (30 bp), (7) R2 + F3 (132 bp).

The letters “R” and “F” indicate the numerical indexes
used to designate various primers. The theoretical length of
the corresponding PCR product is indicated in parentheses.

12 3 456 78910

500 bp —
250 bp

Puc. 5. Dnexrpodoperndeckoe paznenenue [LP-npomykroB
S. pneumoniae. 1 — mapkep umH GeneRuler 50bp
(Thermo Sientific, ClLIA); 2 — R3+F4 (144 1.0.);

3 —R3+F5 (131 m.o.); 4 — R3+F6 (169 m.0.);

5 —R4+F4 (87 n.o.); 6 — R4+F5 (74 m.o.);

7 — R4+F6 (112 m.o.); 8 — R5+F4 (126 m.0.);

9 —R5+F5 (113 m.o.); 10 — R5+F6 (151 m.0.). JIurepamu
«R» 1 «F» ¢ iudpoBbIM HHIEKCOM 0003HAYCHBI PA3IUYHBIC
npaiiMepbl, B CKOOKax yKa3aHa TeOpeTHYeCKas JIHHA
cootsercTBytomiero [T1IP-npoxykra.

Fig. 5. Electrophoretic separation of PCR products of
S. pneumoniae. (1) GeneRuler 50bp length marker
(Thermo Sientific, USA); (2) R3 + F4 (144 bp);

(3) R3 +F5 (131 bp); (4) R3 + F6 (169 bp);

(5) R4 + F4 (87 bp); (6) R4 + F5 (74 bp);

(7) R4 + F6 (112 bp); (8) RS + F4 (126 bp);

(9) RS + F5 (113 bp); (10) RS + F6 (151 bp). The letters
“R” and “F” indicate the numerical indexes used to
designate various primers. The theoretical length of the
corresponding PCR product is indicated in parentheses.

[Ipu ananmu3e Goperpamm, mpaMepsl, MPOSBIIS-
FOIIME HEJOCTATOYHYIO YYBCTBUTEIBHOCTh UJIN CHELl-
n(QUIHOCTH, MTOBTOPHO aHAIM3WPOBANN HA HAIWYUE
BTOPUYHBIX CTPYKTYp (Kak BHYTPHUMOJEKYJISPHBIX,
TaK M MEXKMOJEKYIApHbIX). [Ipu HEBO3MOXHOCTH
BHECEHHMSI KOPPEKIMH MMYTEM «CIIBUTa» Ipaiimepa 1o
KOMIUIEMEHTApHOM Ienmu 100 BapbUPOBAHHUS €T0
JUIMHBL WJIM TeMIEepaTypsbl IUIaBICHUS I U3MEHEHUS
00pasyeMBIX CTPYKTYp, IpaiiMep 3aMEeHSIN Ha BHOBD
CKOHCTPYHUPOBAHHBIM.
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OCOOEeHHOCTH ONTHMH3ALUHH MyAbTHIpaiiMepHOii ITIIP nas BEISBAE€HHS BO3OYAHTEAEH ...

3AKJIFOYEHUE

Pazpaborana u ontumusuposana [P s oxHO-
BPEMEHHOTO 00OHAPY)KeHNUS MIECTH KIMHNYECKH BasKHBIX
OaxTepuaNbHBIX BO30yIUTENEH THEBMOHUH YEIOBEKA.

B Hacrosiee BeneTcs KOHCTPyMPOBAHUE IpaiiMe-
POB ATsI MMMOOWIH3AIMU, a TaKKe pa3padaTbiBacTcs
TECT-CHCTEMA Ha OCHOBE OMOUYMIIOB, KOTOpasl B OymylieM
MOKET UMETh PACUIMPEHHBIH CIIEKTP AMATHOCTHPYEMBIX
MAaTOTEHHBIX areHTOB MH(MEKIIMOHHON ITHEBMOHHH 1 TIPH-
MEHSTHCS B YCKOPEHHON KIMHUYECKON IUarHOCTUKE.
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Abstract

Objectives. The amount of patients with diabetes is increasing, and such patients experience
several long-term complications. Therefore, finding a method to treat the disease and its
complications is an urgent issue worldwide. In Vietnam, Phyllanthus amarus Schum. & Thonn.
(PA) and Gymnema sylvestre R. Br. (GS) are common herbs used in traditional therapy including
diabetes treatment. This study aimed to combine PA and GS to extend their bioactivities in
antidiabetes, antioxidant, and anti-inflammatory treatments.

Methods. Here, PA and GS powders were mixed at different ratios for extraction. Ethanolic extract
was used to detect bioactive compounds, bioactivities, and appropriate ratios of the mixtures.
Results. The optimal ratio for the PA and GS combination was 2 : 1 (g/g). The ethanolic extraction
of the 2 : 1 sample at 50°C over two hours with a solid/liquid ratio of 1 : 10 achieved a high
yield of 14.37%. This sample exhibited good a-glucosidase inhibition activity with a half-maximal
inhibitory concentration (IC50) of 9.74 ug/mL, antioxidant activity with an IC50 of 29.87 ug/mL,
and anti-inflammatory activity with an IC15 of 400 ug/ mL.

Conclusions. The study confirmed that combining PA and GS can have high a-glucosidase
inhibition as well as antioxidant and anti-inflammatory effects.
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HAYYHAS CTATbBA

KomOunauusi Phyllanthus amarus Schum. & Thonn.
u Gymnema sylvestre R. Br. 1151 1edenusi nuadera
U €ro J0Jr0CPOYHBIX OCJI0KHECHUM

T.M. Ae'?, Y. JL.II. Hryen'?, A.K. Xal2@

I Xumuro-mexHonozuueckuil gaxynomem, TexHonozuueckuii yHusepcumem XowumuHa,
268 Au TxvloHe Keem ya., 2. Xouwumur, Beemnam

?BoemHamcKkuili HAaUUOHAabHbLU YyHugepcumem, PatioH Txék, 2. XowumuH, BeemHam

@ Aemop ona nepenucku, e-mail: hcanh@hcmut.edu.vn

AnHOMauus

Ienu. Konuuecmeo nayueHmos ¢ ouabemom pacmem, Yy HUX UACMO 803HUKAIOM 00120CPOUHbLE
OCJIOIKHEHUSL, NOIMOMY NOUCK MEeMOO08 SleueHUs 9mMo20 3a601e8aHUSL U KOPPEKYUUU €20 OC/IONHE-
HUTL sie/isiemest 8AXKHbIM OISl 8CE20 MUPOB020 MeOUyUHCKoz0 coobwecmaa. Phyllanthus amarus
Schum. & Thonn. (PA) u Gymnema sylvestre R. Br. (GS) — pacnpocmpaHeHHble 80 BbemHame
JleKapcmeeHHble pacmeHust, UCNoaAb3yemble 8 MpadUUUOHHOU MeOUyUHe, 8KA0UAsl leueHue Ou-
abema. Ilens 0aHHo20 uccnedosaHus — ckombuHuposams PA u GS, umobbl pacuupums ux 6uo-
Jl02UUeCKY0 aKMu8HOCMb U YCUAums anmuouabemuueckuli, aHmMuUoOKCUOaHMHbLU U NPOmMueo-
gocnanumesnbHulil dgpperxm.

Memoowut. TTopowxku nucmvee PA u GS cmewueanu 8 pasiudHblX COOMHOWEHUSIX U IKCmpa-
2uposanu 95% smaronom. IlonyueHHble SMAHONLHBLE IKCMPAKMbL UCNOIB308ANUCE O/t ONpe-
OdeneHust 6UOI02UUECKU AKMUBHBLLX COEOUHEHUT, bUuo02UUecKoli AaKMmU8HOCMU U ONMUMALHO20
COOMHOUWLEHUSL KOMNOHEHMO8 CMeCU.

Pesynomamel. OnmumanvHoe coomHoweHue PA u GS, onpedenerHHoe 8 uccriedogaHuu, pasHo
2 : 1 (2/2). Oxemparxyus 95% samaHosom darHHozo obpasua (2 : 1) npu 50 °C 8 meueHue 08yx
yaco8 Npu coomHouleHuu coipbe/acmpazerm 1 : 10 no3goauUnA NOAYUUMb 8bICOKUTL 8bLX00 IKC-
mpaKmueHblx gewecms, pasHulili 14.37%. Omom obpazey NpooemoHCMPUPO8AL XOPOULYIO AK-
MmueHOCMb UH2UOUPOBAHUSL 0.-2/1H0K03UOA3bL C NOJNOBUHHOU MAKCUMANLHOU UH2UOUpYOULell KOH-
uenmpayueti (IC50) 9.74 mre/mn, anHmuokcudoaHmHyro axmusHocms ¢ IC50 29.87 mre/mn u
npomueogocnaniumenvryto akmugHocme c IC15 400 mrz/ mn.

Buteoout. Heenedosarue nodmaepounio, umo couemarue PA u GS morkem sHAUUMENbHO UH2UOU-
posamu a-2n110K03U0A3y, a makxKe obaradaem aHMUOKCUOGHMHBIM U NPOMUBOBOCNANAUMESIbHBIM
agppexmamu.

Knroueesvte cnoea: armuduabemuueckoe, AHMUOKCUOAHMHOE, NPOMUBOEOCNAAUMENbHOE,
Phyllanthus amarus Schum. & Thonn, Gymnema sylvestre R. Br., unmezpayus
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1. INTRODUCTION

Diabetes mellitus is an endocrine disorder disease
characterized by a hereditary or acquired deficiency
in insulin excretion as well as reduced responsiveness
of organs to the produced insulin [1]. According
to International Diabetes Federation reports, there
were about 463 million adults with diabetes in 2019,
and the number is predicted to rise to 630 million
by 2045 [2, 3]. Patients with diabetes mellitus are
likely to have long-term complications, e.g., impaired
wound healing, retinopathy, atherosclerosis, cataract,
neuropathy, and nephropathy [4]. Inflammation and
oxidation are the most common complications of
diabetes [5]. Therefore, a medicine or drug for treating
diabetes and its complications is being researched
worldwide [1]. In these efforts, the use of natural
compounds with antidiabetic properties has attracted
much attention. However, the major drawback of herb-
based medicine is that the bioactivities of the plants
depend on the extraction conditions. A solution for
this issue can be found in traditional medicine. For
example, in traditional Vietnamese medicine, several
human diseases can be treated using a combination
of various herbs. Certain plants play the main role
in treating the disease, while the others are used for
treating the complications. However, the development
of pharmaceutical preparations has led to lower and less
efficient quantities of herbs being used in medication
for human diseases. The traditional method shows
promise in creating more valuable disease treatments,
especially diabetes.

Phyllanthus amarus Schum. & Thonn (PA) is a
small tropical herb in the Phyllanthus genus of the
Euphorbiaceae family and can be found in Nigeria,
India, China, Vietnam, and Thailand [6]. Its leaves
are commonly used and highly valued in traditional
medicine because of their beneficial properties [7];
several researchers have extracted and isolated bioactive
compounds, such as polyphenols, flavonoids, tannins,
triterpenes, sterols, and alkaloids, from PA leaves [8].
Because of these valuable ingredients, the leaves have
been confirmed to have several potential bioactive
applications, such as antihepatitis [9], antioxidant [10],
anticancer [l1], anti-inflammatory [12], antimalarial
[13], antimicrobial [14], and antidiabetes [15].

Gymnema sylvestre R. Br. (GS), a plant in the
Asclepiadaceae family, is commonly found across
Asia, Africa, and Australia [16]. Its leaves are used in
numerous traditional therapies for patients with diabetes
and various other diseases [17]. The plant reportedly
has potent anti-obesity activities, e.g., it may help lower
weight gain and fat accumulation [18]. Isolated bioactive
compounds of GS indicate the gymnemic acid group is
the main active compound responsible for the plant’s

antidiabetes activity. In addition, GS leaves have been
reported to have diverse antiviral [19], antibiotic [20], and
anticancer [21] bioactivities among others [16]. Similar to
those of PA, most bioactivities of GS do not concurrently
exist under the same extraction conditions. The plant
has also been used in the production of tea brews, tea
bags, and confections as well as in the management of
sugar homeostasis and maintenance of obesity and blood
cholesterol levels in a various foods [22].

Owing to their diverse bioactivities, PA and GS
show potential for use in treating diabetes and its
complications. Therefore, in this study, they are mixed at
different ratios to improve their antidiabetes, antioxidant,
and anti-inflammatory activities. The antidiabetes activity
is measured via o-glucosidase inhibition, whereas the
antioxidant and anti-inflammatory effects are determined
via 1,1-diphenyl-2-picrylhydrazyl (DPPH) free radical
scavenging and albumin denaturation, respectively.
Following traditional medicine, the herbs play the main
role in the mixtures’ antidiabetes activity, as verified via
ethanolic extraction for further research.

2. MATERIALS AND METHODS

2.1. Materials

The PA and GS leaves were harvested from Binh
Chanh District, Ho Chi Minh City, Vietnam, in October
2020. The identification was done at the Department
of Ecology and Evolutionary Biology of the Faculty
of Biology and Biotechnology, Ho Chi Minh City
University of Science, Vietnam National University.
After being harvested, the samples were rinsed with
water, dried at room temperature, ground into a powder
with a particle size of 3—5 mm, and stored in sealed bags.

The following pure-grade chemicals were purchased
from commercial suppliers: ethanol (EtOH), methanol
(MeOH), distilled water, sodium nitrite, sodium carbonate
(Na,CO,), sodium hydroxide, aluminum chloride, and
dimethyl sulfoxide (DMSO). The Folin—Ciocalteu
reagent, quercetin, gallic acid (GA), para-nitrophenyl
a-D-glucopyranoside  (p-NPG),  a-glucosidase,
acarbose, bovine albumin, and DPPH were provided
by Sigma-Aldrich, Singapore.

2.2. Preparation of extracts

A total of 50.00 g of the PA and GS powder mixture
was extracted at different ratios with 500 mL EtOH 95%
over two hours at 50 °C and a solid/liquid ratio of
1: 10 g/mL. Afterward, the extracts were filtered using
filter paper (15-20 pm) under vacuum conditions. The
herbal residue was recycled for subsequent extraction
under the same conditions. The two extractions were
mixed and concentrated via rotary vacuum evaporation
at 55 °C (Buchi R-215 Rotavapor). The moisture content
of the extracts and powders were determined using
Sartorius moisture analyzer MA37.
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All experiments were performed in triplicate. The
extraction yield was determined using Eq. 1:

Extraction yield (%)= Dewact 1 100% , ()
msample
where m is the dry weight of the extract (g) and

extract

m is the dry weight of the sample (g).

sample

2.3. Phytochemical screening

Phytochemical screening of the PA and GS was
conducted to detect the presence of alkaloids, flavonoids,
tannins, saponins, terpenoids, cardiac glycosides, and
polyphenols [23-27]. The reagents, test method, and
results are shown in table.

2.4. Determination of the total polyphenol
excreted (TPE)

The phenolic level was determined by Folin—Ciocalteu
assay, as described by McDonald et al. [28]. A total
of 40 pL of each extract was dissolved in DMSO, and
200 pL of Folin—Ciocalteu reagent was mixed and
homogenized in a sonication bath for five minutes at
room temperature. Afterward, 600 pL of 20% Na,CO,
and 3160 pL of distilled water were added to the mixture.
An extract without reagents was used as a sample. After
incubating all samples at room temperature for 30 min,
their absorbance was measured at 760nm using a
UV-Vis spectrophotometer (Thermometer, USA). The
calibration curve for GA was created to calculate the
phenolic content. The TPE was shown as the milligrams
GA equivalent (GAE) per gram of the extract (dry
weight). The equation of the calibration curve was
y=1.2003x—0.0034, where R°=0.9979.

2.5. In vitro a-glucosidase inhibitory assay

The antidiabetes activity of the extracts in vitro was
measured viathe a-glucosidase inhibition activity because
the a-glucosidase enzyme plays an important catalytic
role in converting polysaccharides to monosaccharides
(glucose). Thus, inhibition of a-glucosidase lowers the
glucose content.

The investigation regarding the a-glucosidase enzyme
inhibitory activity of the extract was conducted following
Liu’s method [29]. The test was performed on 96 well plates.
The extracts were dissolved in DMSO before the test, and
40 and 20 pL of the sample solution and a-glucosidase
enzyme (1 U/mL), respectively, were added to the wells.
Next, 100 pL of phosphate buffer (pH 6.8) was added
to the mixture. The plate was incubated for five minutes
at 37 °C. Then, 40 pL of 0.1 mM p-NPG was added to
the reacting mixture, which was continuously incubated
for 30 min at 37 °C. Subsequently, ~100 puL of 0.1 M
Na,CO, was added to terminate the reaction. The sample
absorbance was measured at 405 nm using the UV-Vis
spectrophotometer. Acarbose was employed as a positive

control. The percent inhibition of the a-glucosidase
reaction was calculated as follows:

1% — A—B

]><100% , 2

where A is the absorbance at 405 nm of the blank
(a-glucosidase and the substrate) and B is the absorbance
at 405 nm of the extract (a-glucosidase, the substrate,
and the sample).

The concentrations of the extracts resulting in the
half-maximal inhibitory concentration (IC,) of the
enzyme activity were determined graphically.

2.6. In vitro antioxidant assay

The oxidation is one of the main complications of
diabetes; thus, finding an agent with antioxidant and
antidiabetes activities is a necessity. The antioxidant
activity of the samples was investigated via DPPH free
radical scavenging assay according to Stagos’ method,
with slight modifications [30]. A total of 120 pL of
sample was added to 180 pL of DPPH dissolved in
80% MeOH. The mixture was incubated for 30 min at
30 °C in the dark. Then, the absorbance was measured
at 517 nm using the UV-Vis spectrophotometer.
Here, MeOH and ascorbic acid were used as the
negative control and positive control, respectively.
The percentage inhibition (/%) was calculated using
Eq. 3:

I%:[ ]><100%, 3)
where A4 is the absorbance at 517 nm of the DPPH
radical of the negative control and B is the absorbance
at 517 nm of the DPPH radical solution mixed with the
sample.

The antioxidant activity was expressed by the IC,
value, representing the sample concentration required to
inhibit 50% of the free radical scavenging activity.

2.7. In vitro anti-inflammatory assay

Inflammation is a complex process associated with
the reaction of body tissues to infection, irritation, or other
injuries. Therefore, it is involved in various diseases,
including diabetes [31]. The in vitro anti-inflammatory
activity of the extracts was evaluated via the extracts’
protective activity against albumin denaturation, as
described in previous studies with slight modifications
[32]. The extracts were serially diluted in DMSO, which
was used as the negative control.

The reaction mixture was prepared by adding 3 mL
of bovine albumin dissolved in phosphate buffer with a
pH of 6.4 into 2mL of tested extract. The mixture was
incubated for Smin at 70 °C. After cooling to room
temperature, the sample absorbance was measured at
660 nm using a UV-Vis spectrophotometer (Jasco, USA).
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The percentage inhibition of the protein denaturation
was calculated using Eq. 4:

A 4
[% = comrol Tsamrle L 100% , 4)

control
where 4, is the absorbance of the negative control

(DMSO) and 4, is the absorbance of the extract.

2.8. Statistical analysis

All analyses were performed in ftriplicate, and
the data were expressed as the mean value+standard
deviation for each measurement.

3. RESULTS AND DISCUSSION

3.1. Phytochemical studies of PA and GS

Ethanol is a polar solvent commonly used in
phytochemical extraction because EtOH has been
suggested to extract the maximum amount of bioactive
compounds from plants [33, 34]. According to the
phytochemical screening results presented in table, all
previously mentioned bioactive compounds were detected
in both PA and GS. Alkaloids and terpenoids were present
in large quantities in both herbs, which indicated that the
plants have potent antidiabetes and antioxidant activities
because of the specific activities of these biocompounds.
In particular, the strong presence of tannins in the PA
extract suggested the probability of such bioactivities.
Tannins have been shown to have antibacterial, antiviral,
antifungal, antidiabetic, and antioxidant activities and
promote tissue recovery in cases of superficial burn
injuries [35]. Furthermore, the existence of flavonoids
in the PA extract suggested the ability to enhance the

current therapy options for type 2 diabetes mellitus
[36]. The GS extract had a more vigorous reaction
with the saponin and cardiac glycoside reagents than
the PA extract. Saponins have been shown to exhibit
hemolytic, antimicrobial, insecticidal, anthelmintic,
analgesic, anti-inflammatory, sedative, and antitumor
bioactivities [37]. The use of cardiac glycoside in
clinical trials for the treatment of heart disease and
atrial arrhythmia has been confirmed [38]. Because of
the robust amount of key biocompounds possessing
antidiabetes activity, the PA extract was predicted to
exhibit better antidiabetes activity than the GS extract.

3.2. Effect of different PA and GS ratios on
extraction yield and TPE

The TPE and extraction yields of the PA and GS
mixtures of various ratios are presented in Fig. 1. The
results showed that the differences in the extraction
yield were insignificant (approximately 1%). The
extraction yield was in the range of 13.77% (GS)
to 15.22% (PA), increasing with the increase in the
PA content in the powder. The GS content increased
when the TPE of the extracts decreased, except in the
2 : 1 sample. In general, the TPE of all samples was
in the range of 65-71 mgGAE/g and the difference
was statistically significant. The TPE reached a
maximum value of 71.06 mgGAE/g at the PA/GS
ratio of 2 : 1, with the highest extraction yield from
the PA. Phenolics are the primary bioactive materials
in nature and have been reported to have multiple
biological effects, including antidiabetes effects [39].
Thus, the high TPE values illustrated the extracts’
potential antidiabetes activity.

Phytochemical screening of PA and GS extracted with EtOH solvents

Extracts
Bioactive compounds Test
PA GS
Dragendroff [24] ++ ++
Alkaloid
Bouchardat [24] ++ ++
Lead acetate 10% [24] + -
Flavonoid
Sulfuric acid 98% [26] + +
Tannin Gelatin 1% [25] ++ +
Foam [23] + ++
Saponin
Liebermann—Burchard [27] + ++
Terpenoid Salkowski [26] ++ ++
Cardiac glycoside Keller—Kiliani [25] - +
Polyphenol Ferric (IIT) chloride [25] ++ ++

— Not detected; + Slightly positive reaction; and ++ Strong positive reaction
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Fig. 1. Extraction yield and TPE in the PA
and GS mixtures of various ratios. Here, 2 : 1 refers
to the PA/GS ratio of 2 : 1, and from right to left,
the PA content gradually decreases.

3.3. The effect of the different ratios of PA and GS
on their bioactivities

Figure 2 displays the bioactivities of the various
extracts at different herbal powder ratios. The PA extracts
showed strong inhibitory effects on a-glucosidase, with
anIC, value 0f4.45 pg/mL lower than that of the positive
control acarbose (6.83 pg/mL). The antioxidant and anti-

250

200 200

IC,, (%)
%
S

§_.;§3
GS Acarbose

inflammatory activities of the PA samples were lower
than those of the GS samples, but the PA’s antioxidant
activity was still higher than that of numerous herbs in
the existing literature [40]. The GS extract exhibited
the most antioxidant activity, with an IC,  value of
22.12pg/mL, as well as anti-inflammatory activity,
with an IC | value of 200 pg/mL. Here, IC ; was used
to evaluate the anti-inflammatory activity because all
extracts’ inflammatory inhibition was lower than 20%.
William et al. reported that extracts with inflammatory
inhibition above 20% following albumin denaturation
can be considered anti-inflammatory agents [41].

The efficiency of the plants’ combination was
determined using the bioactivities of the combined
samples. The results indicated significant biological
activity changes compared with the raw materials.
The PA content was an important factor in the
antidiabetes activity, and a decrease in PA led to a
reduction of the activity in the extract. Mixing the
PA with the GS powder significantly improved the
a-glucosidase inhibition activity of the latter, which
was demonstrated via the increased antidiabetes
activity of samples2:1,1:1,and 1 : 2 compared with
the GS powder alone. The PA/GS ratio of 2 : 1 showed
antidiabetes activity (IC,; 9.47 ug/mL) 21 times higher
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Fig. 2. Bioactivities of the various extracts at different PA/GS ratios: (a) a-glucosidase inhibition activity,
(b) anti-inflammatory activity, and (c) antioxidant activity.
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than that of the GS extract alone. Moreover, the GS
content was responsible for improving the antioxidant
and anti-inflammatory activities of the mixture. The
radical scavenging activity increased as the GS content
increased in the samples at the ratiosof2: 1, 1: 1, and
1:2,withIC, values 0f29.87, 30.24, and 27.71 pg/mL,
respectively. The combination of PA and GS enhanced
the antioxidant activities approximately 1.7-fold
compared with the PA extract alone. Increasing the
GS concentration in the mixture had no discernible
effect on the anti-inflammatory properties. Compared
with the PA extract, the IC , value of samples 2 : 1,
1:1,and 1 : 2 was almost 400 pg/mL, a 1.8-fold
improvement. The enhancement of the bioactivities
verified that the integration of PA and GS led to the
discovery of a novel agent for treating diabetes and its
complications.

The extraction yields and bioactivities of the five
samples are shown in Fig. 3 to determine the optimal
ratio for integration. The results illustrated that the
PA extract exhibited the highest antidiabetes activity
and extraction yield but the lowest antioxidant and
anti-inflammatory activities. However, the GS extract

Extraction

yield
— PA
Anti- —2:1
inflammatory TPE
—1:1
1:2
—GS

0-Glucosidase

Antioxidant inhibition

Fig. 3. Comparison of the samples’ bioactivities,
extraction yields, and TPE.
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exhibited high antioxidant and anti-inflammatory
activities. The samples with a PA/GS ratio of 1 : 2 and
1 : 1 exhibited nearly equivalent activities, but their
antidiabetes activity was lower than that of sample
2 : 1. Therefore, the powder with a PA/GS ratio of 2 : 1
was concluded to be suitable for developing a new agent
with strong antidiabetes activity to treat diabetes and its
complications.

4. CONCLUSIONS

The present study reported the extraction of PA
and GS and the creation of mixtures of different ratios
using EtOH. The combination of PA and GS achieved
high bioactivities, such as antidiabetes, antioxidant, and
anti-inflammatory. In the mixtures, PA played the main
role in the antidiabetes activity, whereas GS yielded high
antioxidant and anti-inflammatory activities. The mixture
with the PA/GS ratio of 2 : 1 was the best sample because
of'its high TPE and antidiabetes and related bioactivities.
The optimization of the bioactivities of this mixture will
be reported in the next phase. In future work, the PA and
GS combining extracts need to be studied in vivo for a
comprehensive assessment for the plants’ integration
before practical application.
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AHHOMAQuus

Ifenu. H3yuumes nogepxHOoCMHble c80UCMEA U MUUENI006pA308aHUE KOMOUHUPOBAHHbBLX cmabu-
JU3AMOPO8, ABNAOULUXCS CMECHHO UOHHBIX U HEUOHBIX NOBEPXHOCMHO aKmueHblx seujecms (IIAB)
unu cmecvro HeuoHHsulx ITAB. YemaHosumb KOPpensiyuo mexk0y cocmagom cmabuiu3iamopos
U KOJTOUOHO-XUMUUECKUMU CBOUICMBAMU NPSMBIX IMYNbCUL, NONYUEHHBLX 8 UX NPUCYMCMEUU.
Memoowut. [TosepxHocmHoe HamsikeHue Ha paHuye pasdena pas 600HbIX pacmaeopos KOMOUHU-
POBAHHBLX CMABUAUSAMOPO8 C B030YXOM U MOAYOSOM USMEPSAU HA UUDPOBOM meH3uomempe.
CedumeHmayuUoHHY YCcmoliuugocms IMYAbCUTL OUeHUBANU NO 06 beMy OMCAOUBULUXCSL BOOHOU
u macisiHoli ¢pas e meuernue 7 OHell. Pazmepobl uacmuy ouchepcHoll ghazbl onpedessiii ¢ UCNOJb-
308aHuem murxpockona Olympus CX3, npeoHasHaueHHbM Ot pabombl 8 c8EMIOM NoJje, CHAb-
JKeHHbIM coeduHeruem onst USB eudeokamepsl. Peonozuueckue ceolicmea IMYyAbCull OueHU8aNU
C NOMOULBIO POMAYUOHHO20 8UCKO3UMEMPA.

Pesynomamel. [1o uzomepmam no8epxHOCMHO20 HAMSHKeHUsL 800HbLX pacmeopos ITAB Ha epa-
HUYe ¢ 8030YXOM U MONAYOJOM NPU memnepamypax npuzomosneHust smyascuil (50 u 65 °C)
ycmaroeneHo, umo 6oavuell NoO8epxXHOCMHOU AKMUBHOCMbIO U MeHblell Kpumuueckoll KOH-
UEeHMmpayuu MUYEeL1006paso8aHust Ha epaHuye ¢ moayosiom obradaem cmecb HeuoHHuix TTAB.
OnmumansHoe Koauuecmeo cmadbunu3zamopos, obecneuusarouux ycmoliuugocms KOMNO3UUUL
6 meueHue 1 mecsua, cocmaeasiem 4 mac. % emecu AITAB u HIIAB u 7 mac. % cmecu HIIAB.
Omysscuu, NonYyueHHble 8 NPUCYMCMBUU CMECU AHUOHHBIX U HeUOHHbLX TTAB, umerom 6osiee 8bL-
coKue 3HaueHUsT KUHemuueckoll ceOuMeHmMayuUoOHHOU ycmoliuueocmu 3a cuem hopMupo8aHUsL 8
cucmeme 3leKmpocmamuueckozo U cmepuueckozo gpaxmopos cmabunuszayuu. PaspabomaHHule
KOMNO3UYUU SABSHOMCS MUKPO2EMEPO2EHHbIMU CUCMEeMAMU, CPeOHUTl duamemp Kaneslb Komo-
pblx usmernsiemest 8 npeoesax 1.0-5.7 mxm. Ilo peonozuneckum ceoticmeam aIMyabCUL OMHOCSM-
Csl K JKUOKOOOPA3HbIM CMPYKMYPUPOBAHHBLM CUCMEMAM C KOARYJSUUOHHBIMU CMPYKmMypamu,
NPOUHOCMb e0UHUUHBbIX KOHMAKMO8 MexK0Y Uacmuyamu OUCNepCcHOU hasbl KOMopblLX COCMAa8st-
em (1.6-27.0) x 1071°H.
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Bbteoodst. CpasHeHUue PU3UKO-XUMUUECKUX XAPAKMEePpUCUK KOMNO3ULUL, NOJYUEHHbIX 8 NPU-
CYmcmeuu OpeaHUUEeCKUX IMYAb2dMOpo8, NOKA3AN0, UMO JAYUULUM KOMNIEKCOM caolicma obna-
darom amynbcuu, cmabuUNUSUPOBAHHbBLE CMECbH UOHHBLIX U HeuoHHbix TTAB, obpasyrouiux cme-
WaHHbLe A0COPOYUOHHDBLE CAOU.

Knroueeste cnoea: HeuoHHvle [TAB, aHuoHHble [TAB, cmecu ITAB, adcopbuus, Kpumuueckas
KOHUEHMpPAayUs MUYeAnLoobpazos8aHusl, IMYyabeuposaHue, pasmep uacmuy, 8s13K0Cmos, KuHe-
muueckast ceOUMEeHMAYUUOHHASL Yycmoliuugocmo
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Abstract

Objectives. This study investigated the surface properties and micelle formation of combined
stabilizers, which are a mixture of ionic and nonionic surfactants or different nonionic surfactants,
to establish a correlation between the composition of stabilizers and the colloidal-chemical
properties of direct emulsions obtained in their presence.

Methods. The surface tension at the interface between the aqueous solutions of the combined
stabilizers with air and toluene was measured using a digital tensiometer. The sedimentation
stability of the emulsions was assessed by the volume of the exfoliated water and oil phases
for seven days. The particle sizes of the dispersed phase were determined using an Olympus
CX3 bright field microscope equipped with a universal serial bus video camera connection. The
rheological properties of the emulsions were evaluated using a rotary viscometer.

Results. According to the isotherms of the surface tension of aqueous surfactant solutions at the
interface with air and toluene at emulsion preparation temperatures of 50 and 65 °C, a mixture of
nonionic surfactants exhibited a higher surface activity and lower critical micelle concentration at
the interface with toluene. The optimal amount of stabilizers providing stability to the compositions
for one month was 4 mass % for a mixture of anionic surfactants and nonionic surfactants and
7 mass % for mixtures of different nonionic surfactants. Emulsions obtained in the presence of
a mixture of anionic and nonionic surfactants exhibited higher kinetic sedimentation stability
values due to the formation of electrostatic and steric stabilization factors in the system. The
developed compositions were microheterogeneous systems, the average droplet diameter of
which varied within the range of 1.0-5.7 um. In terms of rheological properties, emulsions were
classified as liquid-like structured systems with coagulation structures; the strength of single
contacts between particles of the dispersed phase was (1.6-27.0) x 1071 N.
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Conclusions. A comparison of the physicochemical characteristics of the compositions obtained
in the presence of organic emulsifiers showed that emulsions stabilized using a mixture of ionic
and nonionic surfactants, which form mixed adsorption layers, exhibited the best set of properties.

Keywords: nonionic surfactant, anionic surfactant, surfactant mixture, adsorption, critical micelle
concentration, emulsification, particle size, viscosity, kinetic sedimentation stability
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BBEJEHHE

OMyJbCHHU, COCTOSIIUE U3 ABYX HECMEUIMBAIOIIUX-
csl MEXJTy cOOOM KHUIKOCTEH, SBISIOTCS OCHOBHBIM Ma-
TEpUaJIoOM JJIsl POU3BOACTBA MPOAYKIHMU B Pa3TUUHBIX
OTpPACIIAX MPOMBIIICHHOCTH, B YaCTHOCTH, JJISI ITOJTyde-
HUS KOCMETHKO-TUTHEHUYECKUX cpencTB [1], B KoTopbIx
B KauecCTBE CTAaOMIN3aTOPOB HCHONB3YIOT PAa3IHIHBIC
BEIIECTBA KaK IIPUPOJHOTO MPOUCXOKACHUS, TaK U CHUH-
TE3UPOBaHHBIC U3 IPUPOTHOTO CHIPhs [2, 3]. [Ipobnemoit
BCEX OMYJIbCUOHHBIX KOMIO3HULHUHN SBISETCA UX TEPMO-
JUHAMHYCCKAsl U CEIMMEHTAIIMOHHAS HEYyCTOWYNBOCTH
WIH pacciavBaHue, MPUBOJAIIEE K UX pa3pyLIeHHo [4].

Jis obecrieueHus yCTOWIMBOCTH CHCTEMBI B 3MYJTh-
CHUM BBOJAT IOBEPXHOCTHO-aKTUBHBIE BemecTa (ITIAB),
OB KOTOPBIX 3aKIIOYACTCSl B CHIDKCHHH MEX(a3HOTO
HarTsokeHus 10 5 mJDk/M%; crocoGHOCTH OBICTPO aj-
copOHMpOBaThCS Ha KaIUIAX, CO3/aBasi TOHKHH CJIOH, He
M3MEHSIOMIMKCS MPU CTOJIKHOBEHHMU Karejidb U MpPersiT-
CTBYIOIIMI KOAJIECIICHIINN; XOPOIIEH pacTBOPUMOCTH
B JIUCIIEPCHOHHON Cpeze; NPUAAHUU SMYIbCUU OIpe-
JETICHHOTO SJICKTPOKHHETHYECKOTO MOTEHIINANA; BIIHS-
HUM Ha BA3KOCTb AMYJbCUH; HAIWMYUU SMYIBTUPYIOLIHUX
CBOMCTB JIaykKe TIPU MaJIbIX KOHIIEHTpanusix [35, 6].

[ cTabmin3aluy SMYJIbCHH pa3iMdyHOrO Ha3Ha-
YEHUS NIMPOKO MPUMEHSIOT komno3unnu [1AB paznoi
WIM OAMHAKOBON HPHUPOIBI, 00MaarolMX MpH OIpe-
JICIIEHHOM COOTHOIICHHHM KOMITOHCHTOB CHHEPTEeTH-
yecKUM 3(P(HEKTOM CHUKEHHsS] KPUTUYECKOW KOHIICH-
Tparuu munemooopasopanus (KKM) u yBenuueHus
MMOBEPXHOCTHOH AKTUBHOCTHU 3a CYeT OOpa3oBaHUs
CMENIaHHBIX MUIEI. AJCOPOIMOHHBIE CIIOM cMecei
ITAB Ha rpanuie Macjao—BoJa BKIIOYAIOT MOJIEKY-
JBI BCEX MOBEPXHOCTHO-AKTUBHBIX KOMIIOHEHTOB, YTO
obecreunBaeT BBICOKYIO YCTOMYMBOCTH AMCIEPCHBIX
cucteMm [7, 8]. B HacTosmiee BpemMs: Ipu MIPOU3BOACTBE
KOCMETHYECKUX OMYJIbCUH HaMeTHJIach TEHICHIIHUS
HCTIONB30BAaHUSI TOTOBBIX KOMIUIEKCHBIX IOIy(hadpu-
KaToB 3MynbratopoB. CBeOeHUS O KOJIJIOMJIHO-XUMHU-
YeCKHUX CBOHCTBaX KOMOMHHMPOBAHHBIX IMYIBIAaTOPOB,

apisomuxca cmecamu [TAB pasznuunoil npuponsl, u
0 (U3MKO-XMMHYECKHX XapaKTepUCTUKaX KOHEYHOMH
HOPOIYKIIMH HCKJIIOYAIOT HEOOXOAMMOCTH B OOJBIIOM
KOJIMUYECTBE SKCIEPUMEHTOB ISl IPOrHO3UPOBAHUS KO-
HEYHBIX PE3yJbTaTOB, TEM CaMbIM 3HAUUTEIBHO YIPO-
mas Mpoueaypy pa3pabOTKH KOMITO3WIMH, OTBEYaro-
KX TOTPEOUTENBCKUM CBOMCTBAM.

MATEPHUAJIBI U METO/IbI

B pabore B kauecTBe CTAOWMIM3aTOPOB IPSMBIX
AMYJIbCUI HMCIOIB30BAIM MPOMBIIIIEHHBIE KOMOWHU-
poBaHHBIe A3Mynbratopel: Blanova Muls Eco 2277,
SIBJISIFOIIIAICSI CMEChI0 aHHMOHHBLIX M HenoHHBIX [IAB
(o6o3Hauaronuxcs kak cmech AITAB u HITAB) dpupmbt
00O «Asenuc Pyc», Poccns, u Remiwax SE, cogepxa-
U KOMIIO3UITUI0 HenOHHBIX [1AB dupmer «Revaday,
Poccus (B nanpHeiimemM 0003HAYAIOMIMXCS KaK CMECh
HITAB).

B Ttabn. 1 npuBeneHbl CBeACHUS O KOMIIOHEHTAX,
BXOJSIIIUX B COCTaB KOMOMHHPOBAHHBIX dMYJIBTaTOPOB.

[ToBepxHOCTHOE M Mex(azHOE HATSKEHHE BO-
IHBIX pacTBOpoB cmeceit [TAB mpum temmeparypax
MPUTOTOBJICHUS SMYJIbCUH HU3MEpSUIM Ha IUPPOBOM
tersuometrpe K9 (Kriiss AG, Tepmanms). Ycroitun-
BOCTb MYJBCUI OIEHUBAIH MO 00BEMY OTCIOUBILUXCS
BOJIHOHM M MaclisiHOH (a3 B Tedyenue 7 muen. Kommowmn-
HYIO CTa0OMJIBHOCTD AMYJIbCHH ONPEEIIsiIN Ha CKOPOCT-
Holl menTpudyre Type 310 b (Mechanika Precyzyna,
[Monbma). Pazmepsl vactun aucnepcHoii (as3sl ompe-
nemsin Ha Mukpockorie Olympus CX31 (Olympus,
SnoHus), npenHa3HAYEHHBIM ISl PaOOTHI B CBETIIOM
moJe, cHaOKeHHBIM coennHeHneM it USB Bumeoka-
Mepbl. Peonoruueckue cBoOHCTBAa dMYIbCUM HM3ydailu
Ha poranroHHOM BuckozumeTpe «I[lommmep PITD-1M»
(340 «Xumnpubop-1», Poccus). [nst mpuroToBICHUS
KOMITO3HIIMIA OBbLT BEIOPAH TaK Ha3bIBACMBIN «TOPSUUi/
TOPSUUID CTAaHJAPTHBIN CIIOCOO MOTyUEHUS SMYIbCHI.
Owmynbcuu rotoBunu nipu temmneparype 50 °C (cmech
HITAB) u 65 °C (cmech AITAB u HITAB) ¢ moMomnipio

Toukue xumudeckue TexHoaoruu = Fine Chemical Technologies. 2021;16(3):241-251

243


https://doi.org/10.32362/2410-6593-2021-16-3-241-251
https://doi.org/10.32362/2410-6593-2021-16-3-241-251

CTaGHAH3aI U KOCMETHIECKHX KOMIIO3HIIMH KOMOHHHPOBaHHEIMH 35MYABraTOPaMH

Taoanna 1. O01ue xapakTepUCTUKA KOMIIOHCHTOB dMYIIEIaTOPOB
Table 1. General characteristics of the emulsifier components

MeskayHapoaHasi HOMEHKJIAaTypa
KOCMETHYEeCKHX HHIPEIHEHTOB TI'uapoduabHo-1MNoGUIbLHbII
Hassanme Perucrpanuonnsiii Homep CAS o6aganc — [UIb M, r/moab,
International Nomenclature of Hydrophilic-lipophilic M, g/mol
Cosmetic Ingredients — INCI balance — HLB
Registry number CAS
Cwmech AITAB u HITAB (Blanova Muls Eco 2277). Monekynsipaas macca ~346 r/mMoib
A mixture of anionic and nonionic surfactants (Blanova Muls Eco 2277).
Molecular weight ~346 g/mol
I'munepun creapar C A(gll}:](fr;yé;t]e;?? 44 3-6 358
CreapuyioBBI CIUPT C ASS fl?lrrzlllblsrlclolg?;} 5 15.5 270
Creapous JakTaT HaTpus gcféugnuiiﬁgé};gggt_}ggﬁ 8.3 450
I'munepui creapar uuTpar C(;lgc;rg;liz?rg (t)eg g 51 Er7agt_eo 34 306
Cwmech HITAB (Remiwax SE PF). Monekynsipaas macca ~600 r/mMoib
Nonionic surfactant mixture (Remiwax SE PF). Molecular weight ~600 g/mol
Glyceryl Stearate
Tmiepit creapar CAS Number: 31566-31-1 23 338
Iereaper-20 Cceettiirfe?ﬁzlg 13.2 1136
Hereaper-12 CAS Number: 68439-49-6 15:5 784
eTunoBslii ciupt C AS%&?& lré61$(7)l6lc2)1-27-0 15.5 242.2
Herun nagsmuTar C ASCISIEﬁl}l:Z?'HSIZa(;?I 0-3 10 480

romorenusatopa Polytron PT 1200 E (Kinematica AG,
[Beiiapust). Cropocts nepemeruBanus — 6000 06/muH,
BpeMsi roMoreHu3anuu — 3 MuH. COOTHOILICHHE MacCIIs-
Hoii 1 BostHOU (ha3bl 1 : 4. KoHIeHTpanuio smynbraropa
BapbupoBaiu ot 0.5 1o 7.0 mac. %.

PE3VIIBTATBI U UX OBCYXKIEHUE

Tun u ycTOMYMBOCTH 3MYJIBCHI 3aBHUCIT OT OT-
HoleHus1 (OanmaHca) ruAPOPMIBHBIX U THIAPO(GOOHBIX
(mn Mno(UIBHBIX) (YHKIMOHAIBHBIX TPYII MoJie-
kyn [TAB. Jlyist momy4eHust mpsMbIX SMYIbCHI «Macio B
BOJIe» HEOOXOJMMO HCII0JIb30BATh AMYJIBIaTOPBI C YUC-
namu I'JIB, paBubimu 8—13 [9]. DxcnepuMeHTaIBHBIM
nyTeM 1o Merony Jl3Buca onpenenensl yucna [JIb cra-
owmmsaropoB. Jlns cmecu HemoHHBIX [IAB oHO paBHO
10.5, u my1s cMecH aHMOHHBIX ¥ HEMOHHBIX [TAB — 13.5.
B kauectBe ITAB ¢ uzsectusiM unciaom I'JIb ucnomnszo-
BaJiy 2QUP MOJUITULEPUIA U KUPHBIX KHCIOT C YHUC-
nom I'JIB, paBabiM 4. Mcxons U3 momy4eHHBIX JaHHBIX,
B KauecTBe HEMOoJIApHOi (ha3bl ObUIO BRIOpAHO Maciio
MOJICOJTHEYHOEe paUHUPOBAHHOE, MMEOIIee OIU3KOe
gucio [JIb [5].

Ha mudporom Terzuomerpe K9 Ob110 m3MepeHo moBepx-
HOCTHOE HaTsDKeHne KOMOMHUPOBAaHHBIX CTAOMIIN3aTOPOB

Ha TpaHulle BOAHBIA pacTBOp—Ta3 U BOAHBIA pacTBOP—
TOITYOJI, KOTOPBIK ObLT BBIOPaH B Ka4eCTBE MOJIEIN He-
nosiApHOM ¢azpl. M30TepMbl MOBEPXHOCTHOTO U MEXK-
(aznoro HarsokeHusi cmeceid HITAB u cmeceit AITAB
u HITAB npu TemnepaTypax OpUrOTOBICHUS SMYJIbCUN
MIpUBEIEHBI Ha puc. 1.

[To mosmydyeHHBIM H30T€pMaM IMOBEPXHOCTHOIO U
MEX()a3HOTO HATSDKEHHS OMpPEICNICHBl 3HAUCHUS II0-
BepXHOCTHOH akTuBHOCTH, KKM n paccumransl napa-
METpbl MOHOCJIOEB cTabunuzatopo [10]. Pesynmbrars
MpeCTaBIEHBI B Ta0II. 2.

W3 npuBeneHHBIX JaHHBIX CIELYET, YTO Ha IpaHU-
e BOJHBIN pacTBOp—BOo3nyx cmech AITAB u HITAB
uMeeT Ooree BBICOKHE 3HAUYCHUS IMOBEPXHOCTHOU ax-
THUBHOCTH W MaKCHUMAaJbHOW aIcopOLUU U HHU3KOE
3Hauenne KKM, dem cMech HEIMCCONMUPYIONINX B
Bose HemoHHbIX [IAB, uyTo cBA3aHO ¢ 0oOpa3zoBaHHEM
B pacTBOpe cMemaHHbx munemn [6]. Ha rpanune Bo-
JHBIA PACTBOP—TOIYOJI AMYJIBFATOPOM C JIUIIUMHU T10-
BEPXHOCTHO-aKTUBHBIMU CBOMCTBaMU SIBJIIETCS CMEChH
HITAB.

Cnenyer OTMETHTB, YTO HU3KHME 3HAYEHUS G .
Ha TpaHMIIEe TOJIYOJa C BOIHBIMH PAacTBOpPaMH CMecei
[TAB criocoOCTBYOT IOJTYUEHHUIO YCTOMUMBBIX TIPSIMBIX
SMYIbCUM.
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Puc. 1. U3otepmsl moBepxHocTHOro HatskeHUs [TAB BogHbIX pacTBOopoB cmeceit HITAB (1);
AITAB u HITAB (2) Ha pa3nuuHbIX IpaHUIax pasjaeia $has: ¢ BO3ayxoM (a) u Toayosom (0).
Fig. 1. Surface tension isotherms of surfactants in aqueous solutions containing mixtures
of different nonionic surfactants (1); anionic and nonionic surfactants (2) at different interfaces, i.e.,
(a) air and (b) toluene.
Ta0nauna 2. BenuunHbl TOBEPXHOCTHON aKTUBHOCTH, KPUTHUECKOH KOHIIEHTpaLUu
MUIIEIUIO00Pa30BaHUS U TAPaMETPHI aICOPOIIMOHHBIX ciioeB cMmeceld [IAB
Table 2. Surface activity values, critical micelle formation concentration,
and the parameters of the adsorption layers of surfactant mixtures
AncopOumoHHbIe XapakTepucTuku cmeceii ITAB
HanmenoBanue Adsorption characteristics of surfactants
cmeceii [TAB
Name of surfactants | 0> A&M/Moan | o < 10° iawm? | I, > 105 moas/m? | S x10°,m* | §x10°,m° | Cy\o 1 MOTB/M?
G, J-m/mol 6 x105,Jm? | I' x10°% mol/m*> | § x10°m* | $x10°,m* | C_.,, mol/m*
I'pannnia BogHBIN pacTBOP—BO3AYX
Aqueous solution—air boundary
Cwmech AITAB u HITAB
A mixture of anionic 4.86 37.0 5.10 3.25 1.76 0.0045
and nonionic surfactants
Cwmecs HITAB
A mixture of nonionic 3.80 40.0 7.80 2.95 2.94 0.0064
surfactants
I'panwuiia BOMHBINA PacTBOP—TOIYOI
Aqueous solution—toluene boundary
Cwmecs AITIAB u HITAB
A mixture of anionic 4.70 17.8 4.60 3.60 1.60 0.0037
and nonionic surfactants
Cwmecs HITAB
A mixture of nonionic 8.80 13.0 6.80 2.44 4.08 0.0025
surfactants

HpuM@anue: G- TOBCPXHOCTHAs aKTUBHOCTbD,
9 n MHUHHUMAJIBHOC MOBEPXHOCTHOC HATSIKCHUC,

mil

r . — BENHYMHA MaKCHMaJIbHOM a/1copOLny;

m:

S0 — IUIONIA/Ib, 3aHUMaeMas MoJieKysoi ITAB B HachIIIIEHHOM MOHOCIIOE;
§ — TonMHa aIcOPOIOHHOTO CIIOS;
C o~ 3HAUYCHHUE KPUTUIECKOH KOHIIEHTPALMU MULIEII000pa30BaHus.

Note: G — surface activity;
c . — minimum surface tension;

i

I"  —maximum adsorption value;
S, — area occupied by a surfactant molecule in a saturated monolayer;
& — the thickness of the adsorption layer;
C\ — the value of the critical concentration of micelle formation.
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Oonem smyabceun, % / Emulsion volume, %
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Jlmst pacyeTa TeMIEpaTypHBIX KO3(P(PHUIIUESHTOB
MMOBEPXHOCTHOTO HATSDKEHUSI KOMOWHHPOBAHHBIX CTa-
OMITH3aTOPOB OBLTH M3MEPEHBI 3HAYCHHUS G JIJISI BOJXHBIX
pactBopoB cMmeceid ITAB onHoli KOHLEHTpauuu IpH
pasHeix Temmeparypax. [Jns cmecu AITAB u HITAB
BenuunHa do/dT cocrasuna —0.044 mMJIx/M2, 11 cmecu
HITAB Benuunna do/dT paBaa —0.037 mJlx/m2. 3Have-
HUS TEMIIepaTypHOro ko3 duiueHTa moBepxXHOCTHOTO
HATSOKCHHS TI03BOIITIOT TIPOTHO3HPOBAThH MOBEICHHE
SMyJIbraTopa MpH Pa3HbIX TEMIEpPaTypax U BBHIOMPATh
YCIIOBHS CMEIIICHUS (as3.

OI1IeHKY CETUMEHTAIIMOHHON YCTOWYHBOCTH MYJTb-
CHH TIPOBOIMIIA TI0 OOBEMY OTCIIOWBIIHXCS BOJHOU U
MacisiHO# ¢a3 B Teuenue 7 gHedt. KomnowmgHyro cra-
OMJILHOCTB dMYJIBCHH OTPENEISUTN MO0 CTAHIAPTHON Me-
TO/IMKe' Ha yIbTPAlCHTPU(YTE MPU YaCTOTE BPAIICHUSI
6000 00/MUH, U3 KOTOPOH CIIEAYET, YTO IMYJIBCHS CUU-
TaeTcs CTaOMIIBHOM, eCiK ocie HeHTPU(YTHPOBAHUS B
poOupKe HaOItoIaeTCsl BhIJICIICHUE HE Ooliee, ueM Ofi-
HOU Karti BofHOH (a3el u/unu He 6onee 0.5 cMm cios
MAacCJsTHOMU.

KoMmo3unuu oTiu4anuch THIIOM 3MYJIbraropa u
ero KoHueHtpamuen. Ilo momydeHHBIM pe3ynbraTaMm
MOCTPOCHBI TMCTOTPAMMBI COOTHOIICHUI ASMYIBCHU U
OTCIOMBIIKXCS (Da3 B 3aBUCHMOCTH OT KOHIIEHTPALIUU
B KOMIO3HIIUAX, CTAOUIH3UPOBAHHBEIX cMechio AITAB
n HITAB u cmecero HITAB (puc. 2 u 3).

[Tpu yBenmu4eHUU KOHIICHTPAIUU BBOJMUMOIO CTa-
Owin3aropa Ui BceX 0OpasloB KOJUYECTBO YCTOM-
YUBOH OSMYyJbCHU Bo3pacTaeT. KOMIO3MIMH HMEIOT
BBICOKYIO CTaOWJILHOCTh TIPH BBeIeHUU OT 3% s
IMyJIbraTopa, KOTOpbIi sBigercs cmecbio AIIAB u
HITIAB u ot 5% nna cmecu HITAB.

1 2 3 4

Conep:xanue crabumsaropa, % / Stabilizer content, %
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HccnenoBano BIusHUE OTPULIATENIBHBIX TEMIIEpa-
Typ Ha YCTOMYMBOCTb 3MYJIbCUH, KOTOPOE IIO3BOJISIET
OTIPENIENUTh CTa0MIBHOCTD SMYIBCHH IIPH HU3KHUX TEM-
neparypax U Inpejckaszarb, Kak moBeneT ceds ToTOBbII
MIPOAYKT TpPHU TPAHCIIOPTHPOBKE B HEOIATOMPHATHBIX
MOTOJIHBIX YCJIOBUSAX. YCTaHOBJIEHO, YTO MpHU Iepemna-
Jax TeMmIieparyp MOTeps YCTOWYMBOCTH COCTaBIsET
1-2%, 4TO He OKa3bIBACT BIUSHUA HA MOTPEOUTEIIbCKI
CBOWCTBA MPOAYKTA.

B pesynbprare npoBeeHHBIX SKCIIEPUMEHTOB OBLIO
YCTaHOBJIEHO:

— HanOoJee ONTUMAILHBIA MPOIEHT BBOJA dMYJIb-
raropa Jiisi IPUTrOTOBIIEHUS KOCMETUYECKONH KOMIIO3U-
nuu cocrasisger 4 mac. % cmecu AITAB u HITAB u
7 mac. % cmecu HITAB. Dmynbcun ¢ TakuMm Kosipye-
CTBOM CTa0MJIM3aTOPa JJOCTATOYHO YCTOWYHUBEI, BbIAEP-
JKUBAIOT MEXaHWYECKYI0 Harpys3ky, HE pa3pyllaroTcs
IIPY BO3JCHCTBUH IEHTPOOEKHOTO TIOJIST M OTPUIIATEIb-
HBIX TEMIIEPaTyp.

— WCIIOJIb30BaHKUE CTAOMIN3aTOpa, KOTOPBIA SIBIIS-
ercs cmecpro HITAB, nosBosser moiyuyuTb KOCMETH-
YCCKUEC MPOAYKTBI pa3HOTO HaA3HAYCHUs: IIPU BBCACHUU
2-3% DSMYIbIUPYIONIEH OCHOBBI TMOJIyYaeTCs KHKas
SMYJbCHUS, KOTOPYIO MOXKHO HCIOJIB30BaTh JJISl MPHUIO-
TOBJIEHHSI KOCMETHYECKOTO MOJIOUKa, JIOCHLOHOB. J{J1s1 1o~
Jy4YeHHUs KpeMa, MacoK IpH MPUTOTOBICHUU dMYIbCUN
IIPOLIEHT BBOJA JIOJDKEH COCTaBIATh OT 5 10 7%.

— BBICOKasl yCTOMYMBOCTD IOJyYEHHBIX IMYJIbCHH
B nipucytcTBum cmeceid AITAB u HITAB o0OycnoBnena
CMETIaHHBIMH (PAaKTOPaMH YCTOHYNBOCTH JAUCICPCHBIX
CHCTEM: HaJu4ne B cucreMe noHHBIX [IAB obecneun-
BaeT JNMEKTPOCTATUYCCKYI0 CTAOMIN3AINI0, a MPHUCYT-
ctBue HenoHHOTO [TAB — cTepuueckyro cTabHIn3aino
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O6bem dmyJabcnn, % / Emulsion volume, %

Puc. 2. Biusinne koHIeHTpalmy crabuim3aropos, cocrosimux u3 cmecu AITAB u HITAB (a)
u cMmecH pasznununbix HITAB (6), Ha yCTOWYHBOCTE SMYIbCHIA B TPABUTAIIMOHHOM TIOJIC.
Fig. 2. Influence of the concentration of stabilizers comprising a mixture of anionic and nonionic surfactants (a)
and a mixture of nonionic surfactants (b) on the stability of emulsions in a gravitational field.

"'TOCT 31460-2012. MexrocynapcTBeHHbINH cTanmapT. Kpe-
MbI KOocMeTHuyeckue. OOIIHe TeXHHYECKUE YCIOBHS. M.:
Cranpapruadopm; 2013, [GOST 31460-2012. Interstate
standard. Cosmetic creams. General specifications. Moscow:
Standartinform; 2013]

(amexTpoctepuyeckyto crabunuzanuto) [S5]. Tlpu wuc-
MOJIb30BAHUH ~ KOMOMHHUPOBAHHOTO  CTa0MIIM3aTopa,
MpeNCTaBIAIoNero coboit cmech HeHoHHBIX [IAB, B
CHCTEME peajM3yeTCsl TOJbKO CTepUUECKHi (akTop
ycroitunBoctu [11, 12].
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Puc. 3. BrusiHIE KOHIICHTPANUU CTa0MIN3aTOPOB,
cocrosmux u3 cmecu ATTAB u HITAB (a)
n cmecu paznunuabix HITAB(6), Ha ycToiunBOCTB
SMYJbCHI B IEHTPOOESKHOM TOJIE.

Fig. 3. Influence of the concentration of stabilizers
comprising a mixture of anionic and nonionic surfactants (a)
and a mixture of nonionic surfactants (b) on the stability of
emulsions in a centrifugal field.

OnHOM U3 OMPENENIIONNX XapaKTePUCTHK dMYJIThb-
CHOHHBIX KOMIIO3UIIUH SIBIISIIOTCS Pa3Mepbl YacTHI]
JHCIICPCHOM (ha3bl, KOTOPHIC OBUTH ONpPEICTICHBI METO-
JIoM cBeToBOM Mukpockonuu. Ha puc. 4 npencrasieHst
muddepeHaabHble  KPUBbIE PACIPEICICHUS YaCTHIL
M0 pa3MepaM 3MYJbCHIA, TMOJIYYEHHBIX B MPUCYTCTBUHU
HITAB. AHanoruyHble JaHHbIE TOJXYYEHBI AJIS1 KOMIIO-
3L, cTadmI3npoBaHHbIX cMechio AITAB u HITAB.

[IpencraBneHHble 1aHHBIE TOKA3bIBAIOT, YTO IOJTY-
YEHHbIE SMYJIbCUU SBIAIOTCA NOJIMIUCIEPCHBIMU MH-
KpPOTeTepPOr€HHbIMU CUCTEMaMU. JluaMeTphl pa3iauyHbIX
(bpaknuii M3MEHSIOTCS B TIpejeniax oT 1 10 5 MKM JiIst
cmecu AITAB u HITAB u ot 3.3 10 16.6 MKM 111 cMecH
HITAB. Crenenp nonuaucrnepcHOCTH, paBHasi OTHOILLE-
HHUIO MaKCUMaJIFHOTO JHaMeTpa K Haubojee BEpOSTHO-
My JUaMeTpy, HaxoquTcs B mpenenax ot 1.75 no 4.25.

Peonoruueckue xapakTepUCTHKU, 00ycCIaBIHBa-
I0IUe MOTPEOUTENBCKUE CBOMCTBA KOCMETHUYECKUX
KOMIO3ULMHI (BIUTHIBAEMOCTh, PACTEKaeMOCTb, YB-
naxHsAmas crnocobnocts) [13, 14] uszmepsiin Ha
poranmoHHoM Bucko3umerpe «llomumep PIID-1My.
KpuBple TedeHHS ODMYNbCHH, CTAOHIN3HPOBAHHBIX

70

d, Mxm / d, pm
—_—— 2 —g—3 —ai 5
—— 0 —_ 7

Puc. 4. Pacnipenenienue no pazmepam Karenb IMYIbCHH,
CTa6HHI/I31/IpOBaHHI)IX Ppa3JIMYHbIMU KOJIMYECTBAMU
cmecu HITAB (2-7 r #a 100 M1 KOMIO3HIIUH).

Fig. 4. Drop-size distribution of emulsions stabilized
with various amounts of a mixture of nonionic surfactants
(2-7 g per 100 mL of the composition).

pa3IM4YHBIMU KOJIMYECTBAMU CMECH HOHHBIX U HEHOH-
vbIX [TAB, 1 3aBUCUMOCTB BSI3KOCTH OT HANPSKEHUS
CIIBUTA MPUBEJEHBI HA pUC. 5 U 6.

W3 nmpencraBneHHbIX rpadUKOB BHIIHO, YTO paspa-
OOTaHHbIE KOMIIO3MIIMU SIBJISIFOTCS JKHUKOOOPa3HBIMH
CTPYKTYPUPOBAaHHBIMU CUCTEMaMH, UMEIOLIUMH TPEIET
TeKy4eCTH. AHAJIOTHYHBbIE 3aBUCHMOCTH HampsHKEHUS
C/BHTa OT CKOPOCTH Jie(hopMaIvy OTyUEHBI IS IMYJIb-
cuil, crabunusupoBaHHbix cMmecbio HITAB. Peosnoru-
YeCcKoe MOBEICHUE MONOOHBIX 3MYJICHI MOKHO OIHCATh
ypaBaenusimu OctBanbia—Beiins, Tepmens—bankmm [15],
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Puc. 5. KpuBbie TedeHIs SMyITbCHIA, CTAOMITN3IPOBAHHBIX
pa3THYHBIME KoJYecTBaMu komOuHarmelr AITAB
n HITAB (1-4 r Ha 100 M1 KOMITO3UIINH ).
Fig. 5. Curves of the flow of emulsions stabilized using
various amounts of a combination of anionic and nonionic
surfactants (1-4 g per 100 mL of composition).
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Puc. 6. Biusinue coneprkanust crabrim3aropa u3 cMecH
AITAB u HITAB na BA3KOCTb 3MYJIbCHH.
Fig. 6. Influence of the stabilizer content from a mixture
of anionic and nonionic surfactants on the viscosity
of emulsions.

BKJIIOYAIONIMMHU B ce0sl 3HAYEHHE MPEICILHOT0 Hampsi-
JKeHus ciBura (P,), BUI KOTOPBIX BBIPAXKAETCs CIIEMYT0-
M 00pa3om:

P:Pr_'_nﬂﬂ.’yn’ (1)

rae P, — mpenen TEKy4ecTH; T —— TUIAaCTHYECKas Bs3-
KOCTh; Y — CKOPOCTh Ae(hopMaIiy; n — KOHCTAaHTa, Xa-
PaKTepU3YIOMAsACs CTENEHbIO OTKIOHEHHS CBOWCTB
KHUIKOCTH OT HBIOTOHOBCKO.
CTpyKTypHO-MEXaHHYECKUE CBOICTBA 3MYJIbCUIM
3aBHCST OT IPOYHOCTH E€AUHUYHOTO KOHTAKTA MEXKIY
YacTHIAMHU JIUCHEPCHOM (ha3bl, 4TO ONpenenseT Xa-
pakTep KOHTakTa ((pa30BbIi MM KOATYIALUOHHBIN).
Hann4yme maHHBIX O HPOYHOCTH EAMHUYHOTO KOH-
TaKTa OIpe/eNseT CIIoCOOHOCTh CHCTEMBI COIPOTHB-
JSATBCSA Pa3pyILICHUIO MOJ AEHCTBUEM BHEIIHUX CHIL
[To mogenun Kyna [16], yuuTeIBaromeit mpemen Te-
KydecTH, JUIsl pa3pabaThIBaeMBIX HaMH KOMITO3HIIUI
Obla OLIEHEHA IPOYHOCTh €AMHUYHOTO KOHTAKTA!

Taéauua 3. CTpyKTypHO-MEXaHUYECKHUE U MOJIEKYISIPHO-KUHETUYECKHUE CBOMCTBA dMYJIBCHIA
Table 3. Structural-mechanical and molecular-kinetic properties of emulsions

DR I e R 1 D Cxopoctb cequmenTanuu U
€IMHUYHBIX KOHTAKTOB F’ "
. M KHHETHYeCKasi CeTMMEHTAIHOHHAS
A Cereast BISKOCT 1], IMYJILCHH yeroituusocts (KCY) amyabcnii
Yield strength P_, single contact q 8 q
Conenkanme g . . Sedimentation rate U and kinetic
2 °P strength ', and plastic emulsion sedimentation stability (KSS) of emulsion
No | CTabmmmsaropa, viscosity 1, € DI ty are OIS
: /100 M
Stabilizer content, = 7 L ® :i = LL o -
g/100 mL = a"e" °w E“E“ L %§ i
= A =5 =& N = 2= - =
ok — — 1= — — R - XX
AR X_ X_ == X_X_ > %_' X X >;Ny)"
o =8 Z 2 S 29
Cwmecs AITAB u HITAB
A mixture of anionic and nonionic surfactants
1 1.0 1.4 1.59 0.90 2.01 491 2.23 4.41
2 2.0 2.0 1.88 1.45 1.66 5.92 1.17 8.73
3 3.0 13.4 3.15 8.00 0.41 2.41 5.20 1.91
4 4.0 18.5 6.27 13.40 0.59 1.60 4.47 2.24
Cwmecs HITAB
A mixture of nonionic surfactants
1 2.0 1.8 4.61 1.31 4.53 2.16 3.74 2.62
2 3.0 2.4 6.53 1.78 4.81 2.04 2.70 3.63
3 4.0 2.7 9.67 1.95 6.33 1.55 2.98 3.28
4 5.0 33 1.30 2.40 6.99 1.40 291 3.37
5 6.0 33 1.24 2.40 6.62 1.48 2.68 3.66
6 7.0 3.6 2.75 2.60 10.80 0.90 4.15 2.36

Ipumeuanue: wHIeKC | OTHOCHTCSI K BEIMYNHAM, PACCIUTAHHBIM C YIETOM BSI3KOCTH JIUCIEPCHOHHOM CPEIbl; HHICKC 2 OTHO-
CHTCSI K BEJIMYMHAM, PACCUUTAHHBIM C YIETOM BS3KOCTH KOMIIO3HIHH.

Note: index 1 refers to values calculated considering the viscosity of the dispersion medium; index 2 refers to the values
calculated considering the viscosity of the compositions.

248

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2021;16(3):241-251



B.B. KopsinaeBa, E.®. BykaHnoBa, E.B. EchkkoBa, B.A. CoxpaHeBa

2
Fo P.3nd ’ ()
! 20

rie F, — IpouHOCTh ennHu4HOro KouTakra (H); ¢ — 00b-
eMHast J10J1s51; d — TuaMeTp Karuid SMYIbCHH (M).
3Ha4YeHUsI TPOYHOCTH SAMHUYHBIX KOHTAKTOB, MPH-
BEJICHHBIC B Ta0JI. 3, TIOKa3BIBAIOT, YTO B AIMYJIBbCHUSIX (hop-
MUPYIOTCSI KOArYJISIIUOHHBIC KOHTAaKThI, 0OecreunBaro-
II1€ BOCCTAHOBIIEHUE CTPYKTYPbI 10CJIE Pa3pyLLIECHHS.

CKOpOCTb JABMKEHHSI WHAMBHYaIbHBIX Karelb MO
JieficTBUEM T'paBUTALMOHHBIX CHJI IPONOPLHOHAIbHA
pasHHUIIE MIIOTHOCTEH TUCTIEPCHOH (Pa3bl U AUCTIEPCHOH-
HOM Cpeibl P, U p,, @ TAKXKE KBAJIpary pajguyca Karejb,
1 00paTHO MPOIOPITMOHATBHA BI3KOCTH JUCIIEPCUOHHOM
cpensl [4]. Kunetnueckasi cequMeHTAIIIOHHAS YCTONYN-
BocTh (KCY) siBnsieTcs BenmuunHOM, 00paTHOW KOHCTaH-
T€ CEeIMMEHTALINH.

Hcnonp3ysi monmyueHHbIE SKCIIEPUMEHTAIBHO 3Ha-
YeHUSI pa3MEpOB YACTHI[ M BSI3KOCTH pa3pabOTaHHBIX
KOMIIO3UIIMK, PACCUUTaHBl CKOPOCTH OOpaTHOM cenu-
MEHTALUU MPSIMBIX 3MYJIbCHN C YUETOM TOJIBKO BA3KOCTH
BOJIBI M C YYETOM BSI3KOCTH PEANBHBIX CHCTEM, a TaKKe
KCY smynbcewuit (Tadm. 3).

[IpoBeneHHbIE pacyeThl MO3BOIMIN KOJMYESCTBEHHO
OLICHUTBH BIIMSIHUE CTa0WIM3aTopa Ha yCTOMYMBOCTH KOMIIO-
suimid. Kak ciemyer w3 mpuBeJCHHBIX B TaOM. 3 JaHHBIX,
CKOPOCTH CEIMMEHTAIIMH AMYIILCHI B IIPUCYTCTBUH CTaOH-
nu3aropa ymensluaercs, a KCY ysemuusaerces B 1000 pas.
Hammane kxoMOHMHHPOBAHHBIX CTAOMIIN3aTOPOB 3HAYUTEITH-
HO TIOBBIIIACT BA3KOCTh SMYJIbCHH, 00ecriednBasi IOTOTHHU-
TENBHBIA THIPOINHAMHYCCKHN (DAKTOp YCTOWYHMBOCTH, W
TMO3BOJISIET TIOJTyYaTh KOMITO3UIINK, CTAOUITbHBIC B TCUCHHE
MPaKTUYECKU HEOTPAaHUUEHHOTO BPEMEHH.

AHaNMM3 PEOIOTUYCCKUX XapAKTEPUCTHK MPSIMbIX
KOHLIEHTPUPOBAHHBIX 3MYJIbCUH IOKa3al, YTO JaHHbIE
KOMIIO3UIIMU SIBIISTIOTCSI TICEBIIOTIIACTUYECKUMH CHCTe-
MaMH, UMEIOIMMH Mpelesl TeKy4ecTH, BeJIMYMHA KO-
TOPOTO 3aBUCHUT OT THIIA M KOJMYECTBA CTa0MIU3aTOpA.
BapeupoBanue copep)kaHusi 3MyJbraropa IMO3BOJISET
MOJYYUTh JTMHUIO KOCMETUYECKUX CPEJCTB OT MOJIOU-
Ka O KPEMOB pa3JIM4YHOIO Ha3HAuYEHUS. OMYIbCHUH,
MOJyYCHHBIE C WCIONB30BAaHUEM CTa0WIIM3aTopa, SB-
nsiromierocst cmechio AITAB u HITAB u oOpa3yromiero
CMeIIaHHbIe aJICOPOLIMOHHBIE CJIOM, KOTOpbIE obecrie-
YHBAIOT AIEKTPOCTATHICCKUN M CTEPHUYCCKHIA (PaKTOPHI
YCTOMYMBOCTH, SIBJISIFOTCSI JyYIIMMH C TOYKH 3PCHUS
CTPYKTYPHO-MEXaHHYECKHX CBOMCTB. PaccunTaHHble Be-
JUYMHBI TPOYHOCTEH SAMHUYHBIX KOHTAKTOB HAXOJSATCS
B npegenax or 1071° mo 107 H, yro moxarBepskmaaeT Ha-
TMYMe KOAryJSIUOHHBIX KOHTAKTOB MEXKIy YacCTHIIAMHU
TCTICPCHOH (hazbl.

3AK/IIOYEHUE

Paccunrtanbl mapaMeTpbl aacOpOLIMOHHBIX CIIOEB CMe-
ceit [TAB paznuuHoii npupossl. Benmndanaa MakcumanbHON

aicopOIiy Ha TPaHUIIE C TOIYOJIOM W TOJIIWHA HACHI-
IeHHOTO ajicopOimonHoro ciosi cmecu HITAB Ha mex-
(ha3HOI TOBEPXHOCTH BO3PACTACT MO CPAaBHEHHUIO C aHa-
JIOTUYHOW BEJIMYMHON HA TPAaHUIIE PACTBOP—BO3IYX, YTO
CBHUICTEIHCTBYET 00 YBEIMUCHUN THUIPATHOTO CIIOST BO-
KpyT Karemnb Macia. BeaumunHa Mex(a3zHoro HaTsHKEHUS
cHIKaeTcs 10 15 MH/M, 94TO crmocoOCTBYET MOBBIMICHHIO
CTaOUIBHOCTH SMYIbCUH.

VYCTaHOBIIEHO ONTUMAIIBHOE COAEPIKaHUE IMYIIbraTo-
pa, KoTopoe cocTtapisier 4% A CMeCH HOHHBIX 1 HEHOH-
ueIxX [TAB n 7% st emecn HITAB. B npucytcTBrm crabu-
mu3atopos 3HadeHnst KCY nossimatores B 1000 pas.

Komrmo3unun, cTabWim3npoBaHHBIE KOMOWHAIMEH
AITAB u HITAB, sBisAI0TCA MUKPOI€TEPOI€HHBIMU CH-
CTEMaMU CO CpeTHUM AraMeTpoM Karmens 1.0-5.0 Mxm B
3aBHCUMOCTH OT conepxanus [TAB, nns cmecu HITAB —
ot 4.0 1o 8.0 MKM ¢ HEOOIBIINM BKITFOUCHUEM (DpakIuit
¢ pasmepamu ot 10.0 1o 16.5 MxM.

Komnosunuu — ABIAIOTCS  [ICEBIOMIACTHYECKUMHU
KUJIKOCTSIMH, UMEIOIIUMHU TIpefieNl TeKydecTd. Paccum-
TaHHAs IPOYHOCThH €JMHUYHBIX KOHTAKTOB MEX/y YaCTH-
LAMH JTUCTIEPCHOM (a3bl CBHIECTENBCTBYET O HAIMYUU B
JMCIIEPCHBIX CUCTEMAaX KOAryJIsILIHOHHBIX KOHTAKTOB.

CpaBHeHHE (DHU3HKO-XUMHUUECKUX XapaKTEPHCTHK
KOMIO3UIMHA, TOJYYEHHbIX B HPUCYTCTBUHM IPOMBILI-
JICHHBIX OPTaHUYECKUX HMYJIBraTopoB, IOKa3ajo, YTO
JyHIIAM KOMIDIEKCOM CBOMCTB 00JI1aaloT SIMYIbCHH, CTa-
OMIM3UPOBAHHBIE CMECHI0O MOHHBIX W HEHOHHBIX [1AB,
00€eCITeUNBAOIITNA YCTOHYHUBOCTD 32 CUET AJEKTPOCTATH-
YEeCKOTO M CTePUYECKOro (PaKTOPOB YCTOMYHBOCTH.
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HAYYHAS CTATbSA

YupasjieHHe Ka4eCTBOM XUMHKO-TEXHOJOTHYECKOIr0 mpouecca
HENpPEePHLIBHOIO CUHTE3a AKTUBHOU (papManeBTHYECKOMN
CYOCTAHIIUHU JIEKAPCTBEHHbIX COCJUHEHUU B MIPOTOYHbBIX
MHUKPOPEaKToOpax
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AHHOMAyus

IMenu. BHeOpeHue uugposblx UHCMPYMEHMOo8 8 paspabomkry JeKapCmeeHHbLX Npenapamos,
UHMEeANEeKMYANbHbIX CUCMeM YNpaeieHus U KOHMpPOJs Kauecmsa 00YClo8/NeHO He MOJAbKO
cospemeHHbIMU MpPebO8aHUAMU K XUMUKO-(hAPpMAYe8MuUUecKoli ompacau, HO U CMpo2uMU pe-
2NIAMEHMUPOBAHHbIMU MmpebosaHUsAMU K 8blinyckaemoll npooykyuu. Ilpu smom nosvliuieHue
agppexmusHocmu paspabomrKu U npou3so0cmaa LeKapCcmeeHHblX cpedcmea HA 8cex amanax ux
IKUBHEHHO020 YUKIA ONUpaemest Ha cucmemHoe npumeHerue npuHyuna Quality-by-Design (QbD)
— «Kauecmaeo, 3anIaHUpo8aHHoe npu paspabomrer. 9mo cucmemHblii no0xod K paspabomrke se-
KapcmeeHHblLX npenapamos, Komopbulili HAUUHAEMCS. C UemKo onpedesleHHblLX yesell U OKaHuUusa-
emest NoNYUeHUeM IeKapcmeeHH020 npenapama, ¢ Yyuemom NOHUMAHUSL e20 Npoyecca U320mos-
JIeHUsl U cmpamezull KOHMpOoJisi, OCHO8bLEASICb HA HAOEIKHbIX HAYUHBbIX OAHHBLX U OUEeHKe PUCKO8,
C8SI3AHHbBIX ¢ Kauecmeom. [IpumeHeHUue 9mo20 NPUHYUNG NO38O/SIEM 2APAHMUPO8AMb 8blNYCK
KauecmeeHHo20 NPoOYKmMa MpasUIbHO C Nepeozo pasar. Omo docmuzaemcst nNpumeHeHuem Ha
8cex cmaoduslx HO8bLX MeXHOI02UlL Yugposu3ayuu ecex cucmem coopa, obpabomrxu U XpaHeHUs
uHgopmayuu. Llenvro pabomul sienssemest paspabomrKa UHPOPMAYUOHHOU NOOOepIKKU UHME-
JNleKmyanbHoOU cucmembl YnpasaeHUuss Kauecmaom NoAYUeHUsT AKMUBHBIX (hapMaLUesmuueckux
cybemaryuii (ADC) nekapcmeeHHblIX cpedcme ¢ NOMOULbH NPUHYUUNUAIBHO HOB0U MexXHO02UU
HenpepuleHO20 CUHMe3a HA MUKPOPeaKmopax npomouHozo muna. HMcnoav3zosaHue smux MuKpo-
peaxmopog umeem psi0 CEPbe3HbIX NPeuMyulecme no CPasHeHur ¢ mpaduyUoOHHbILMU Nepuo-
Juueckumu npoyeccamu. Cpedu HUX 803MONIHOCMb NOOKAOUSHUS. AHAAUMUYECK020 060pydosa-
HUSL 8 NPOMOUHOM perkume, Umo nosgossiem obecneuums 8blCOKUL YpOBEHb KOMNbIOMEPUIAUUU
ynpasaerus cunHmesom. [ns paspabomru Heobxooumozo UHGOPMAYUOHHO20 obecneueHus bbiii
paspabomarblL coomeememayrouiue cucmemHble, UHGPOPMAYUOHHbLE U MamemamuuecKue mooe-
AU, anzopummbl online ynpaeieHust IKCNepuUMeHmMoMm, MEMOOUKU U ANl20PUMMbL OUEHKU Kaue-
cmea npooyKma HA 0CHO8E 0PUUUANBHBLX PE2NAMEHMHBLX O0OKYMEHMOS.
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MemoowuL. /[ peuwieHUst NOCMABIEHHbLX 3a0au bblIU UCNONIL308AHbL MEMOObL CUCTNEMHO20 AHA-
AU3A, MemoObl UHPOPMAYUOHHO20 U MAMEMAMUULECKO20 MOOEAUPOBAHUSL C NOCMPOEHUeM MHO-
200MKAUKOBLIX pe2PEeCCUOHHbLX mooenell u online onmumusayuu no anzopummy Xyrka-Ixusca,
Memoo 9KCNnepmHo20 OUeHUBAHUSL HA OCHO8e Ko3ghguyueHma KoHKopoayuu. [IpusedeHHoe aneo-
pummuueckoe obecneueHue peaiu3o08aHO C NOMOULLI NPOZPAMMHOU cpedbt Scilab.
Pesynomamel. /15 ynpasieHust Kauecmeom npoyecca HenpepwoleHozo curnmesa APC Ha npo-
MOUHOM MUKPOPEeaKmope nocCmpoeHbl meopemuKo-MHOIKECmeeHHble cucmemHble Mooenu, Cay-
Jkauiue 0t NOCMpPOeHUs. YUPPOB8OTL UHGPOPMAUUOHHOT cpedbl NPoyecca IKCnepuMeHmanibHblx
uccniedosaHuil. Paspabomarsl anzopummbl Mamemamuueckozo Mo0enuposaHuss U onmumu3a-
Yuu npoyecca ynpasieHus Ha 0CHO8e MHO200MKJIUKO8bLX pe2pecCuUoOHHbLX modesell u online an-
20pumma ONMUMU3AYUU, NO3BONSIOWUE OCYULeCMENIMb NOULA2080€e YnpasieHUe NPoyeccom C
yuemom oepaHuueHuil. Paspabomar anzopumm sKCnepmHo20 OUeHUBAHUSL KaAUuecmaa npoyecca
cuHme3a Ha OCHO8e aHANU3A 3hheKmusHOCMU U PUCKA pa3pabambleaemozo JeKapcmeeHHo20
cpedcmea. IIpogedeHbl. mecmosble UCNbIMAHUSL CUCMeMbl YnpasieHuss Ha MUKPOPeaKmopHOU
cucmeme Qmix Ha npumepe noayueHuss ADPC ougeHzuopamuHa npu npumMeHeHUU 8 Kauecmaee
UCXOOHbLX 8eujecma xnopougeHuimemaHa u bpomougeHunmemana. IlokazaHo, umo cmeneHs
KOHEepcuu 8blule 8 peaKyuu, 20e yuacmayem bpomougeHunimeman. B amom cryuae 8 nonayueH-
HOUl peaKyuoHHOU macce He ocmaemcst npumecell UCXOOHbLX peazeHmos.

Buleoodwst. Ha ocHoge memodoe mamemamuueckozo Mooesiupo8aHus. paspabomaHsbl anzopummbl
YnpaeneHusl Kauecmeom npoyecca HenpepuleHozo curnmesa ADC ¢ ucnonws3osaHuem NpuHyunu-
QNIbHO HOB0U MUKPOPEeaKmopHoil cucmeme Qmix. SKcnepumeHmanbHbiMU UCCTIe008AHUAMU OO-
KazaHa pabomocnocobHoCcmb NpPedioKeHHbIX Memo008 U GJI20PUMmMO8 8 npou3goocmae JeKap-
cmeeHH020 cpedcmaa Oumedpoia U3 UCXOOHbLX seujecma xaopbeH3zo2uoposia u 6pombeH30eudpoaa,
NoKasaHa cmamucmuueckast a0eK8amHoOCmMsb U COCMOSIMelbHOCMb NOCMPOEHHbLX Mmooenell.

Knroueevle cnoea: Henpepol8Hblll CUHME3 HA NPOMOUHbLX MUKPOpeaKmopax, axmueHas gpap-
MmayesmuuecKkas cybcmaHyus, cucmemHble meopemuKo-mHoIKeCmeeHHble Mo0eauU, MHO200M-
KAUKO8ble pezpecCuoHHble modeau, online onmumusayus memoodom Xyka-/lkueca, sxcnepm-
HOe oyeHusaHuUe, KO3 PUUUEHM KOHIKOPOAUUU, leKapCmeeHHOe cpedcmeo Oumeopos

Jna yumupoesanusa: Kopuromxo B.®., Hukonaesa O.M., ITanos A.B., burnos PP, Ky3unenos A.C. Ynpasnenue kauecTBOM XUMU-
KO-TEXHOJIOTMYECKOI0 POLIEcca HEPEPBIBHOTO CHHTE3a aKTHBHOW (hapMalleBTHUECKOH CYOCTAHIINH JICKAPCTBEHHBIX COCIMHEHHIA B IIPO-
TOYHBIX MUKpOpEeaKTopax. Tonkue xumuueckue mexuonozuu. 2021;16(3):252-266. https://doi.org/10.32362/2410-6593-2021-16-3-252-266
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Abstract

Objectives. The introduction of digital tools for the development of medicines, intelligent
management systems, and quality control is stipulated not only by modern requirements for the
chemical and pharmaceutical industry but also by strict regulatory requirements for manufactured
products. This principle ensures the release of a quality product on the first attempt. The aim of
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anaBAel-me Ka4YeCTBOM XHMHKO-T€XHOAOI'HYECKOr'O IIPolleCcCa HENMPEePhIBHOI'O CHHTE3Aa ...

this study is to develop information support for the intelligent quality management system for the
production of active pharmaceutical substances (APSs) for medicines using a fundamentally new
technology: continuous synthesis in flow microreactors. To develop the necessary information
support, we developed appropriate systemic, informational, and mathematical models; algorithms
for the online management of the experiment; and techniques and algorithms to qualitatively
assess whether the product meets official regulatory documents.

Methods. System analysis techniques, information and mathematical modeling techniques with
multireference regression models, and online optimization using the Hook-Jeevs algorithm (a
method of expert evaluation based on the concordance factor) were used to solve the problems
formulated.

Results. To manage the quality of the process of continuous APS synthesis in the flow microreactor,
we developed theoretic multiple system models that were designed to build the digital information
environment for the process of experimental research. We developed algorithms for mathematical
modeling and optimization of the control process based on multiresponse regression models and
an online optimization algorithm that allows the process to be managed step by step, taking into
account the limitations. Our results show that the degree of conversion is higher in reactions that
contain bromodiphenylmethan.

Conclusions. Based on mathematical modeling method algorithms for the quality control of the
process of continuous APS synthesis on a fundamentally new microreactor system, Qmix were
developed. The applicability of the proposed methods and algorithms in the production of the
drug diphenhydramine from chlorobenzohydrol and bromobenzohydrol as initial substances was
proven by an experimental study. The built models were statistically adequate and valid.

Keywords: continuous synthesis in flow microreactors, active pharmaceutical substance,
theoretic multiple system models, multicell regression models, online optimization, Hook-Jeeves

method, expert evaluation, concordance factor, diphenhydramine drug

For citation: Kornyushko V.F., Nikolaeva O.M., Panov A.V., Biglov R.R., Kuznetsov A.S. Quality management of the chemical-
technological process for continuous synthesis of pharmaceutical substances of medicinal compounds in flow microreactors. Tonk.
Khim. Tekhnol. = Fine Chem. Technol. 2021;16(3):252-266 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2021-16-3-252-266

BBEJEHHE

CranpapTHas MeTOIMKa Pa3pabOTKU M MPOU3BOJ-
cTBa HOBOTO JiekapcTBeHHOTo cpezctBa (JIC) oObrvHO
3anumaet 11-12 net (puc. 1) [1]. OueBuaHO, YTO OHUM
W3 METOJIOB TIOBBIMIEHUSI Y(PPEKTHBHOCTH Pa3pabOTKH
JIC, siBnsieTcss CHUO)KEHUE AJUTEIbHOCTH TOJIHOTO JKU3-
HEHHOTO IIMKJIa OT 3a/IaHMs Ha pa3paboTKy 0 MPOMBIII-
JIEHHOTO BbINycka 3toro JIC.

O¢ddexrnBrocth JIC u MUHMMH3ANHNS TOOOYHBIX
3¢ deKTOB pU ero NPUMEHEHUH 3aKJIa/[bIBaeTCs Ha CTa-
UM Pa3pabOTKH, a IPOBEPSETCS Ha CTaIUSIX JOKINHH-
YeCKHX U KIMHUYCCKUX HCIBbITaHUHA. MOXKHO BechbMa
YCIIOBHO Pa30UTh BeCh )KNU3HEHHBIN ITMKII TIPON3BOCTBA
JIC na 4 Onoka:

— HaHOYPOBEHb WM KOMIBIOTEPHOE MOJEIHpPOBa-
HHUE U CKPHHUHT MOJICKYIT;

— MHKPOYPOBEHB — 3TO CO3/IaHIE KOMITO3HIIUH (pe-
LEeNTypbl) — dTan (hapMaleBTUYECKON pa3paboTKH;

— TOKJIMHUYECKHE U KINHUYECKIE UCCICOBAHNS U
peructpauus JIC [2].

e KnuHudeckue nccnenosaqns
2 ; -
x & GE; 2 Clinical studies S
239> |85 = s s
0G3 |gZ32|| Pasa1 || daza2 || Pasa3 $8opo
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SIc $ o0 2a§
g gz.; 2| = %g Konuuectso Ao6poBonbLEs "E-’ = “:’ =
ONEES ?, St Number of volunteers geey
32D = ° 3
sSg2 (L 5 9
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Puc. 1. Pazpabotka u ucciieoBaHus JIEKAPCTBEHHOTO
mpernapara BO BpEMCHH.
Fig. 1. Development and research of the drug over time.

OueBHHO, YTO 3HAYUTEIBHBIX PE3YJIBTATOB B
CHIDKCHHUHU TIOJIHOTO BPEMEHH MPOU3BOJCTBA MOXKHO
JIOOUThCS, MPEXKIEC BCEro, CHUKAS BPEeMs JOKIMHHYE-
CKUX U KIMHHUYECKHX HcciefoBanuid. OHAKO CleqyeT
OTMETHUTh, YTO HUKAKHE T'€HHAJbHBIC PEIICHHS IO CO-
KPAILCHUIO BPEMEHH JOKIMHUYCCKUX M KIMHUYCCKHX
HCIIBITAHWN HE IOMOTYT, €CJIM dTam pa3paboTku Oy-
JIET TPOBEJCH C OIMIMOKOM, KOTOpasi BBIBUIACH TOJIBKO
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Ha CTaJMM KIMHUYECKUX HCIbITaHUA. B 3TOoM ciydae
MPUIETCS] BHOBb BO3BpAIATHCS K CTaauu (apManeBTU-
YecKol pa3paboTku (MHKPOYPOBEHB), TaK KaK WMEHHO
TaM MPOU3BOAUTCS OKOHYATENILHBIN OTOOP HAMICHHOTO
Ha HAHOYPOBHE JIMJICPHOTO BEIECTBA, Pa3pabaThiBacTCs
TEXHOJIOTUYECKas Tardopma JUis MOTy4EHHs] TOTOBOU
nekapcTBeHHOH (opmbl (IJID), monbupaercs HeoOXo-
JIUMOE O0OpPYIOBaHHE M KOHTPOJIBHO-H3MEPUTEIbHAS
ammmaparypa! [3].

METO/IbI

B ocHOBe JaHHOH CTaThbu JICKUT CPABHUTEIBHO
HOBBIM MOJXO0J, OMUPAIOIINICS Ha IHUPOKOE MpUMe-
HeHue Ha ctaaun paspadorku JIC npunnuna Quality-
by-Design (QbD), To ecTh «kauecTBO, 3amIaHUPO-
BaHHOE IpH pazpadborke» [4, 5]. [I[pumeHenune 3Toro
MPUHLHKIA TO03BOJSET rapaHTUPOBATh BBIIIYCK Kade-
CTBEHHOTO NPOAYKTa «IIPAaBUIBHO C MEPBOTO pazay.
OTO mOoCTUTACTCsl MPUMEHEHHEM CHCTEMHOTO MOIXO0-
Ia K pa3paboTke CHCTEM YIpaBICHHUS KadeCTBOM Ha
Ka)XIOM dTare >KH3HeHHOro mukia momydenus JIC.
OtmeTtnM, 4TO IO onpeneneHuo lemmunra [6], mpo-
eKTHpyeMas CUCTeMa yIPAaBICHUS KaueCTBOM BBIITY-
CKaeMOU MpOoAYKIMU OyleT ONTUMAalIbHA C CHCTEMHOM
TOYKHU 3PCHHS, €CIIU ONTUMAIbHBI COCTABIISIIONIUE €€
3BEHbS. B JaHHOM KOHKPETHOM Cllydae — 3TO JTallbl
JKU3HEHHOTO IuKIa npoussojctea JIC. Ha cerogusmi-
HUU JIeHb BCE ATAIbl )KU3HEHHOTO LIMKJIA CepTU(HIIH-
POBaHbl U MUMEIOT CHUCTEMBI YIPAaBICHHUS KaueCTBOM,
Kpome 3Tana ¢papmManeBTHUeCKoi pa3paboTKu.

Otan  (hapManeBTUUECKOW Pa3pabOTKH COCTOHT H3
JIBYX TIOJITAIIOB, KOTOPEIE SIBILFOTCS JOCTATOYHO ABTOHOM-
HBIMH, TO €CTh 00BIYHO Pa3padarhIBAIOTCS Pa3HBIMU HayY-
HBIMH KOJIGKTUBAMH, 3a4aCTYIO B Pa3HBIX OpraHM3aIlisX.

CucTeMHBIH TOAX0 K dTamy (apmareBTHIeCKOn
pa3paborku HoBoro JIC BKiIFOUaeT B cebst [7-10]:

— [IpuMeHeHne HOBBIX MHHOBAITMOHHBIX TEXHOJIOTHIA
JUTSL TIOJTyYeHHsI Ka4eCTBEHHOU MPOYKIIMHU B BUJIEC aKTHB-
HBIX (papmaneBTuueckux cyocranuuii (ADC) u [J10D.

— Coznanue udpoBOd Cpelbl ISl UCCIICIOBAHMIA,
BKJIIOYasl aHAJIN3 WH(POPMALIMOHHBIX TIOTOKOB HA CTaUU
(hapmaneBTHYeCKOH pa3zpaboTku. C NO3ULKN CUCTEMHOM
MHTETPALUU — BBISBICHHUE CBSI3¢H MEXKIY OCHOBHBIMHU
MOHSTHAMH U TEPMHUHAMH.

—INocTpoeHne CUCTEMHBIX U (YHKIIHOHAIBHBIX MO-
Jiesielt 17151 MOKCKa peleHnid B mH(popMamoHHOU cpejie,

' 06 yrBepkmennu IlpaBWia opraHu3aly IMPOM3BOACTBA

M KOHTPOJS KadecTBa JIEKAPCTBEHHBIX CPEICTB: TIPHKa3
Munmnpomtopra Poccum ot 14.06.2013 Ne 916 (3apeructpu-
poBano B Muntocte Poccun 10.09.2013 Ne 29938). [On the
approval of the Rules for the organization of production and
quality control of medicines: Order of the Ministry of Industry
and Trade of Russia of June 14, 2013, No. 916 (Registered at
the Russian Ministry of Justice on September 10, 2013, No.
29938).]

nudpoBusanuo cbopa, oOpabOTKH M XpaHCHHS WH-
dbopmanuu, paspaboTky 0a3 maHHBIX W 0a3 3HAHUM,
CO3aHNE WHTEUICKTYaTbHBIX HH(POPMAIIOHHEIX CH-
CTEM.

— Maremarnyeckoe MOJEIHpPOBaHUE U pa3padboT-
Ky HpPOrpaMMHOr0 oOecredeHus sl TUIaHUPOBaHUS
U yIpaBIEHUS UCCICAOBAHUSIMH, OIEHKY CBs3€i KOH-
TPOJUPYEMBIX MapaMeTPOB U KauecTBa MPOU3BOIU-
MBIX IIPOJYKTOB.

— AnHanu3z pa3paboTku MHPOPMAIMOHHOTO o0e-
CIIEYEHUS JUISl BTOPOTO MojdTana — pa3padorku [JIdD
— JIOCTAaTOYHO MOJHO OCBAILIEH B juTeparype [11].
[TosTomy HUXKe OyAeT pacCMOTPEH CHUCTEMHBIA TOJI-
XOJ K TIOCTPOEHUIO CUCTEMBI YIIPABICHUS Kaue€CTBOM
s moadTana cuaTe3a APC, Tak Kak UMEHHO 3/1eCh
Ha CErOAHSIIHUN AeHb ObLIN HaliieHBl HHHOBAIIMOH-
vele pemeHust B cuare3ze ADQC. B kauecTBe cucrtem-
HBIX MOJieJIei BbIOpaHa MHOTOCTYIIEHUATasl CXeMa Te-
OpPETHUKO-MHOXECTBEHHBIX MOJCIICH, OMUCEIBACMBIX B
BHJIe KOpTexkel (puc. 2).

AHaJOTHYHO CTPOATCS KOPTEKH TPETHETO U
OCTaJbHBIX YPOBHEH.

Cpenn  OCHOBHBIX MpoONEeM, ITO3BOJSIONINX
yCHEIIHO MpUMeHsATh nmoaxox QbD Ha Bcex sramax
pa3paborku u npousBojacTia JIC, sBnsercs nmpobiema
(hopMUpOBaHUS CTPATETUU KOHTPOJIS KaueCTBA BBIITY-
CKaeMoTo MPOAYKTa.

OCHOBHBIM NpUHIUNOM KoHIenuuu QbD sBis-
eTCsl KOHIIEHTpAIUsl OCHOBHOU IIeNH pa3paboTku Ha
TOTOBOM IPOJYKTE M €ro moTpedutene (MalUeHTE).
OTO0 CBS3aHO TPEXKAC BCETO C OIEHKOW PHUCKOB IPH-
MEHEHHUs HOBOH pa3paboTku s notpeduteneii. [lpu
3TOM TOJBKO B 00PATHOM IMOPSJIKE 10 X0y pa3pador-
KM YCTPaHSIOTCS BCE BO3MOXKHBIEC TPOU3BOICTBCHHBIC
OTIACHOCTH, CBSI3aHHBIEC C TPUMEHSEMBIM CHIPHEM H
TexHoisioruel npouecca. Ifoaromy, ¢ 0OfHON CTOPOHBI,
KagecTBO pa3zpadboranHoro JIC okOHUATENBHO OIpene-
JSIeTCS Ha dTare MPOU3BOJCTBA, a C APYroil CTOPOHHI,
OIIEHKA KaueCTBa [IPOU3BOAMTCS Ha KaXJOM dTare’.

B camom oOmieM Buae (pOpMUPOBAHHE KPUTEPHS
OCHOBBIBACTCSl Ha CIEYIONIMX MocTynarax. Kaskmbrit
BapHaHT pelIeHUs X MO YIPaBICHUIO OI[CHUBACTCS CO-
BOKYITHOCTBIO KpuTepueB K, XapaKTepHU3yIOMUX Kade-
CTBO HaiifienHoro pemenus: K = {ki}, tnei=1, ..., n,
IIe n — KOIMYeCTBO KPHUTEpHEB. [J00anbHYyIO Melb
IIPOBEJCHUST UCCIICOBAHUM OMUCHIBAET MHTETPANbHBIN
KpuTepuil G, XapakTepU3YIONUH I XUMHKO-(hapma-
neBTHueckoit paspaborku JIC kauecTBO MOTydaeMoro
JICKapCTBCHHOTO IIperapara, PUCK €ro MpPHMEHEHUS U
KOMMEpPUECKYI0 3()(heKTHBHOCTS.

2 006 obparteHnn JEKAPCTBEHHBIX CPEICTB C JOTIOTHEHUSIMHI
u m3menenusmu 2015 roga: Genepanpabii 3akon Poccuiickoit
Deneparuu ot 12.04.2010 Ne 61-@3. [On the circulation of
medicines with additions and changes of 2015: Federal Law of
the Russian Federation of 12.04.2010, No. 61-®3.]
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CrtyneHb 1/ Step 1

»3Y = {APC,T3,H,CxC,MkoH,NMK,NNY}
FTD = {APS,TA,N,ScS,Mcon,Qi,|ICS}

A®C = {C,MK,CT3,00XC}; T3 ={ ... }; H = {M,Xum,Tp};

APS = {C,Qi,CTA,BPCP}; TA={ ... }; N ={I,Chm,Co};

CryneHb 2 / Step 2

CxC = {TM,KUC,KCM,MM}; MkoH = {X,B,T};

ScS = {TP,CF,CSP,IP}; Mcon = {Ch,B,T};

nuny = {6A,Cnypr,NCO3U,KTCBM}
ICS = {DB,SPMD,SFCPED,MTCCEE}

Puc. 2. CtpyKTypa TeOpEeTHKO-MHOKECTBEHHON MOJIeTH (DOPMUPOBAHUSI 3a1aHUsI
Ha pa3pabOTKy CUCTEMBI yrpaBieHus cuate3om JIC.
Fig. 2. The structure of the set-theoretic model used to form a task
for the development of a system for medication synthesis control.

Cokpawenus | Abbreviations:
®3Y — hopmupoBaHue 3a1aHUs Ha pa3paboTKy cucreMsl ynpasiaeHus cuntezoM JIC / FTD — forming a task to develop

a system for medication synthesis control;

A®C — axruBHas apmareBTHueckas cycrensus / APS — active pharmaceutical suspension;

C —cocras / C — composition;

IIK — noka3arenu kauecTBa 10 HOPMaTUBHBIM JokyMeHTaM / Qi — quality indicators according to regulatory documents;
T3 — rexunyeckoe 3aanue Ha pazpadorky ADC JIC / TA —technical assignment for the development of an APS of'a medication;

CT3 — coorsercrBue T3 / CTA — compliance with TA;

ODXC - ocnouble (puzuko-xummuyeckue coiicta / BPCP — basic physical and chemical properties;

H — nanmenoanue JIC / N — name of the medication;
M — mexaynaponHoe / I — international;

Xum — xumudeckoe / Chm — chemical;

Tp — Toprosoe / Co — commercial;

CxC — cxema cuntesa / SeS — scheme of synthesis;

TII — rexnonoruyeckuii nponecc / TP — technological process;

KHC — xouTpons ucxonnoro csipbst / CF — control of the feedstock;

KCII - kpurnueckue craauu npouecca / CSP — critical stages of the process;
I — npomesxytounas npoxykuus / IP — intermediate products;

MxoH — MmeToasl KoHTpouist / Meon — control methods;
X — xumuueckuii / Ch — chemical;

b — 6uorexnonoruueckuii / B — biotechnological;

T — rexnonoruueckuit / T — technological;

WY — unremnexryanbusle cucteMsl yrpasienus / ICS — intellectual control systems;

BJI — 6a3bl nanubix / DB — databases;

CIIYP — cucrema noIroToBKY ynpasieHueckux peuenuii / SPMD — system for preparing management decisions;
IICOD2M — noacucrema cbopa u 06paboTKH 3KcrepuMeHTanbHbIX JaHHbIX / SFCPED — subsystem for collecting

and processing experimental data;

KTCBM - cpencrsa TenekoMMyHuKaruu 1o ceszu ¢ BHeurHel cpenoil / MTCCEE — means of telecommunication

for communication with the external environment.

Cdhopmynupyem B 00IIeM BHIEC KPUTEPUI KaueCcTBa
paspabareiBacmoro JIC:

OptimG — G{Q; R;C}, (1)
rae O, R, C—noka3arenu 3QHEeKTHBHOCTH, PUCKA U KOM-

MepyecKoil oueHku paspadarsiBaemoro JIC, coorBer-
CTBEHHO.

IMox onTMyMOM 1I100ATBHOTO KPUTEPHS MBI OyieM
HOHMMAaTh ONITUMAJIbHYIO OIIEHKY SKCIIEPTHBIM COO00IIIe-
CTBOM HauOobmieH 3PPEKTUBHOCTH, HAMMEHBIICTO
pHUCKa M KOMMEpUECKOH COCTaBISIONIEH pa3pabaThiBa-
emoro JIC B ycIOBHSAX HEKOTOPOH HEONpEIeICHHOCTH
BHEIIHUX ycnoBui. ITpu sTom mokazatenu >ddexTus-
HoctH npumeHeHns JIC n komMMmepueckas OIieHKa nMe-
0T KOJIMYECTBEHHYIO OLICHKY, & KPUTSPHl prCKa HMeeT
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Ka4yeCTBEHHBIN XapaKTep, TO €CTh YCIOBUS HENpHUMe-
HHUMOCTH JleKapcTBa (ajiepruyeckas peakuus, Ta-
KM€ COCTOSIHUS MAallMeHTa, Kak MpOCTyna, aBlIeHUE
U T.J.), T000uYHBIE 3()P(PEKTEl OT €ro MpUMEHEHHUS U
T.4. HeonpeneneHHOCTh BHEIIHUX YCIOBUH COCTOUT
B TOM, YTO Ha CTaJAHM KIMHHUYECKUX uchbITanuit JIC
0e3yCI0BHO HE yAaeTCs BBISIBUTH BCE MATOJIOTHH, TIPH
KOTOPBIX €ro NPUMEHATh HE pekoMeHayeTcs. Tolabko
Ha OCHOBE JUIMTEJIHHOTO ONBbITa IPUMEHEHHS yJaeTcs
0osnee TOUYHO OIEHUTH 3(PPEKTUBHOCTH NPUMCHCHHUS
JIC npu pa3iauvHbIX COCTOSHUIX YeJIOBEKa.

OxonuarenbHO kputepuit (1) dopmupyercs skc-
MepTaMu TMOCJe KIMHUYECKUX HCIBITAHUM U OMBIT-
HOT'O MPOMBIIIJIEHHOr0 mpousBoacTBa. OnHako Ha
Ka)KJIOM 3Tare >KU3HEHHOIro [UKIJIa pa3paboTKu 3aia-
eTCsl CIEKTpP YCJIOBUH, MPU KOTOPHIX MPEACTOUT BHI-
MOJIHATH HcclieloBaHus. [I[puMeHUTENbHO K KaXKI0My
U3 HUX KayecTBO (DyHKIMOHUPOBAHUSA OLIEHUBAETCS
HEKOTOPBIM JIOKATbHBIM KPUTEPUEM, KOTOPHIH OlICHU-
BAaE€TCs CBOEU TPYMHIION HKCIIEPTOB.

3HayeHHe KaxJ0ro U3 JIOKAIBHBIX KPUTEPUEB
K. ., OLIEHMBAKOIIMX KAa4e€CTBO NMPOJAYKTa Ha KaXI0M
dTare XKU3HEHHOTO ITUKIA Pa3padOTKU U MIPOU3BOICTBA
JIC, oueHuBaeTcs rpynmnou 3KCIEepPTOB IO METOIUKE,
YTBEpXJIEeHHOM MUHHCTEpPCTBOM 3/IpaBoOOXpaHe-
Hus PO3. TToMuMoO 3TOro, Ha KaXXIOM dTare UMEETCs
CBOM COOCTBEHHBIN YaCTHBIN (TEXHOJIOTUYECKHUNA

3 lpunoxenre Ne 3 k mpukasy MHUHHCTEpCTBA 3IpaBOOXpa-
Henus PO ot 24 arycra 2017 . Ne 558 «O0 yTBepkIeHUH
IIpaBun mpoBeneHHsT SKCIIEPTH3BI JICKAPCTBEHHBIX CPEICTB
JUTSL MEJUIIUTHCKOTO MTPUMEHEHHUSI U 0COOEHHOCTH IKCIIEPTU3BI
OT/IEJIFHBIX BHIOB JICKaPCTBEHHBIX MTPENapaToB UL MEIUIINH-
CKOTO TpuMeHeHHs (peepeHTHBIX JISKAPCTBEHHBIX Ipernapa-
TOB, BOCIPOM3BEICHHBIX JIEKAPCTBEHHBIX IpenaparoB, OHO-
JIOTHYECKUX JIEKapCTBEHHBIX IMPEnapaToB, OHOaHAIOTOBBIX
(OnomoI00HBIX) JICKAPCTBEHHBIX MpenapaToB (0HOaHAIOTORB),
TOMEOTIAaTHYECKHUX JIEKAPCTBEHHBIX MPENapaToB, JIEKapCTBEH-
HBIX PaCTUTEIBHBIX ITPENapaToB, KOMOMHAINH JIEKAPCTBEHHBIX
mpenaparoB), (OpM 3aKJIFOUCHHI KOMHUCCHU SKCTepToBy» (3a-
KITFOU€HHE KOMHCCHHU JKCIIEPTOB TI0 PE3yNIbTaTaM dKCIIEPTU3BI
MPEIUIOKEHHBIX METOJJOB KOHTPOJISI KaueCcTBa JIEKapCTBEHHOTO
CpeIICTBA M KaueCTBa MPeCTaBICHHBIX 00pa3IloB JeKapCTBEH-
HOTO CPEJICTBA C UCIIOIBb30BAHMEM dTHX METOIOB, IKCIIEPTU3BI
OTHOIIICHUS OKUIaeMOii 1oJ1b3bI /popma/). [Appendix No. 3 to
the Order of the Ministry of Health of the Russian Federation
of August 24, 2017, No. 5581 “On the approval of the Rules
for the examination of medicines for medical use and the
special aspects of the expertize of certain types of medicines
for medical use (reference medicines, generic medicines,
biological medicines, bioanalog (biosimilar) medicinal
products (bioanalogs), homeopathic medicinal products, herbal
medicinal products, combinations of medicinal products),
forms of expert committee findings” (Conclusion of the expert
commission on the results of the examination of the proposed
methods for controlling the quality of the medicinal product
and the quality of the submitted samples of the medicinal
product using these methods, examination of the ratio of the
expected benefit /form/).]

WA DKOJIOTO-TEXHOJIOTHUECKUN) KPUTEPHUI Dj’", cly-
JKAIUK 74 BBIOOpa ONTHUMANIBHBIX [apamMeTpoB B
TEXHOJIOTUH Ipoliecca.

Takum oOpa3zoM, cxema KpUTEPUAJIBHOIO MOJIXO0-
Jla K OLIEHKe KadecTBa Ha 3tane cuateza ADC umeer
cienyromuit Bux (2):

DcKcG, (2)

e G{(R;0;C),; 8. .; W, UDC} — miobanbHeIi Kpute-
puii ouerku paspabarsisaemoro JIC; (R;0;C)  — cocras-
JISTFOTITHE TYI00aTbHOTO KPUTEPHSL, KOTOPHIE OIICHUBAIOTCS
JKCIIepTaMH Ha OCHOBE KOJIMYECTBEHHBIX U KaueCTBEH-
HBIX MoKa3arenei paszpabarsiBaemoro JIC, 3amno-
JKEHHBIX B TEXHHMYECKOM 3aJlaHUM Ha pa3paboTKy;
R — puck, Q — xauectBo (3¢ pekTuBHOCTB); C — KOM-
MepuecKas cocTapidomas. §  — JOKalbHbIH KpHU-
tepuil onenku kadectBa ADC Ha srame j )KU3HEH-
HOro nukia pazpadotku JIC mo n1aHHBIM KCIIEPTOB,
W — xo3(hduUIMeHT KOHKOPIAIMH, OICHUBAKOIINN CTe-
MeHb COIIACOBAaHHOCTH 3kcnepToB. UDOC — uHTEIeK-
TyalbHasl OSKCIIEPTHAsl CHCTEMa OIIEHKH pHCKa, 3(-
(DeKTMBHOCTH W KOMMEPYECKOW IIeJIeCO00pa3HOCTH,
3aJI0keHHBIX B T3 1 omnpesenseMpIx KCTepTaMu B Ipo-
necce pa3paboTKH U KJIMHUYECKUX UCCIIETOBAHMNA:

Kt W, D} C S 3)

B Boipaxkenun (3) K/ — JOKaIbHBIA KpUTEpHi
OLIGHKU KayecTBa Ha j-OM JdTarie, OnpeaensieMblii MHEHU-
€M KaXJI0ro i-ro ’Kcrepra O U 3aBUCAIIUNA OT YACTHOTO
D — texHonmoruveckoro kputepusi; D(Y,X,7Z) — yacTHBIN
TEXHOJIOTUYECKUN KPHUTEPUN, OILICHUBAIOIINI 3aBU-
CUMOCTbH IIeNIeBOM (YHKIMH Tpolecca CuHTe3a Y oT
BEKTOpa YIPaBISAIOIIMX IMapaMeTpoB X M BEKTOpa
orpaHuYeHuH Z.

B o0miem ciydae yacTHbIE KPUTEPHUH BKIIOYAIOT
9KOHOMHUYECKHUE, SKOJIOTUYECKUE U TEXHOJIOTHUEeCKUE
KpUTEpHUH, HalpuMep, Ha moadTane cuHtesa ADPC B
KayecTBE TAKOI0 TEXHOJOTHMYECKOTO KPUTEpHUs HC-
MOJIb3YETCS MaKCHMaJlbHas BEJIIMYMHA CTENEHU KOH-
BEpCHUM NOJIydyaeMoOi cMecHu Y IpH ynpasisOLuX Ha-
pamMeTpax X U OTpaHUYEHHSAX HA COCTaB Z.

CnenyeTr OTMETHUTh, YTO METOJ HKCIIEPTHOIO OLle-
HUBaHUS NIPUMEHSETCS KaK JUIsl OLEHKHU Pe3yJbTaToB
nonHoi onenku nosyuyenus JIC 3a Bpems BCEro Kus3-
HCHHOTI'O IIMKJIa, TaK 1 OCHUBAHU Ka4€CTBa MPOAYK-
IOUH Ha OTACJIBHBIX DTalax.

@parMeHT nokaszaresen sl 3KCIEPTHOTO OI[EHHU-
Banus dtana cuate3a ADC JIC npuBenex B Tadnuie.

Ha puc. 3 npusesen anroput™m (HOpMHUpPOBAHUS
YaCTHOTO KPUTEPUS MOTYyUEHHSI [0 METOIMKE SKCIIEPTHOTO
OIICHUBAHUS JICKAPCTBEHHOTO COCIUHECHUS COTIIACHO
SKCIIEPTHBIM 33JaHUSM, IPEICTABICHHBIM B TabuIe?.
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Ta6auua. DKcrepTHast OIEHKA U BBIBOJIBI 110 MPEICTABICHHBIM Ha OKCIIEPTH3Y KaueCTBa TIOKa3aTelsM
JIEKApCTBEHHOTO CPEICTBA

Table. Expert assessment and conclusions on the indicators of the medication submitted

for the quality examination

Ne onenkn
coriiacHo [lpuxa3a Munszgpasa PO
Assessment number according
to the Order of the Ministry
of Health of the Russian
Federation

O06o3HaueHHe B AJITOpUTMe
Designation in the
algorithm

Conep:xanue noxka3sareJist
Index content

OreHKa XUMUYECKON CXEMBI CHHTE3a, OTMCAHUSI TEXHOJIO-
THYECKOTO TIpoliecca MPOU3BOACTBA (hapMalleBTHIECKO
CyOCTaHIMU | er0 pa3paboTKH, BKIIOYAsi KOHTPOJIb HCXO/I-
HOTO CBIPbS, KPUTHIECKUX CTaJHii POU3BOJACTBA U TIPO-
MEKYTOUHOM MPOIYKIIUH M OLEHKY BaJIHIALUK IPOIIECCOB
TIPOU3BOJICTBA.

1 Assessment of the chemical scheme of synthesis, of the
description of the technological process for the production
of a pharmaceutical substance and its development
including the control of raw materials, critical stages of
production and intermediate products and the assessment
of the production processes validation.

4.1.1.2. C

O1ieHKa METOIOB, TIPEIOKEHHBIX 3asIBUTENEM IS 00BsIC-
HEHUSI XUMHUKO-(hapMaIleBTHISCKUX CBOHCTB (hapMarieBTu-
YeCKOH CyOCTaHIIHU.

2 Evaluation of the methods proposed by the applicant to
explain the chemical and pharmaceutical properties of a
pharmaceutical substance.

4.1.1.3. C

Ornenka BbIOOpa MOKasaTesnell KauecTBa (apMmaiieBTHYC-
CKOM CyOCTaHIIUH U HOPM.

3 Evaluation of the choice of quality indicators of a
pharmaceutical substance and standards.

4.1.14. C

Ouenka npoduieii npumecei GpapmareBTHIecKkoi cyocTaH-
11 (OpraHU4eCcKHX, HEOPraHNUECKUX, ONOTOTHIECKHX).

4 Evaluation of profiles of a pharmaceutical substance
impurities (organic, inorganic, biological).

4.1.1.5. C

OrmeHka BbIOOpa CTaHAAPTHBIX 00Pa3LOB.

4.1.L6. ¢ Assessment of the standard samples selection.

OreHKa MPEUIOKCHHBIX 3asBUTEICM METOIOB KOHTPOJIS
KauecTBa (hapMalleBTHYECKOI CyOCTaHIIHH.

6 Assessment of the methods of quality control of
pharmaceutical substances proposed by the applicant.

4.1.1.7. C

OueHKa MPEICTABICHHBIX 3asBUTEIEM MATEPHAJIOB [0
BaIMIALMN aHATMTHICCKUX METOJOB KOHTPOJSI KauyecTBa
(hapMalieBTHUECKON CyOCTaHIHH.

7 Evaluation of the materials submitted by the applicant for
the validation of analytical methods for quality control of a
pharmaceutical substance.

4.1.1.8. C
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Taoauma. OkoHYaHHE
Table. Continued

Conep:xaHue noxkasareJist
Index content

Hanuune uiam OTCYTCTBHE COOTBETCTBHS MEKIY PE3yIib-
TaraMd J1abOpaTOpPHOIO aHAIN3a IPEJCTABICHHBIX 3as-
BUTEJIEM Ha OJKCIEPTH3Y 00pasloB (apManeBTHYeCKON
CyOCTaHIMU M TIOKa3aTesIMH Ka4eCTBa, BKIOYCHHBIMH B
HOPMAaTHBHYIO JOKYMEHTALIHIO.

The presence or absence of correspondence between the
results of laboratory analysis submitted by the applicant
for examination of samples of a pharmaceutical substance
and the quality indicators included in the regulatory
documentation.

Ne onenku
coracno IMpukasa MI/]]-BIlpaBi.l P® O0o03Ha4YeHNE B AITOPUTME
Assessment number according Designation in the
to the Order of the Ministry fl orithm
of Health of the Russian g

Federation
4.1.1.9. C,
4.1.1.10. C,

OueHKa MaHHBIX, MPEICTABICHHBIX 3asBHTEICM, O CTa-
OuITbHOCTH (hapMaIleBTHUECKOM CyOCTaHIIMH BO BCEX 3asiB-
JSIEMBIX BHJAX MIEPBHYHOMN YIAKOBKH JAHHBIX [0 yCTAHOB-
JICHHIO 3asIBUTEJIEM CPOKOB TOIHOCTH (DapMarieBTHYCCKOM
CyOCTaHIMK BO BCEX 3asBIICMBIX BHIAX IIEPBHYHON yIia-
KOBKH, OLICHKa OOOCHOBaHHMs 3asIBUTCIICM yCTaHABJIHBAC-
MBIX YCIIOBHII XpaHEeHHs (papMalleBTHYCCKO# CyOCTaHIMH.
Evaluation of the data provided by the applicant on the
stability of the pharmaceutical substance in all declared
types of primary packaging of data according to the
pharmaceutical substance shelf life establishment by the
applicant for all the declared types of primary packaging,
assessment of the justification of the pharmaceutical
substance storage conditions established by the applicant.

PE3VJIBTATBI U UX OBCYXKJIEHUE

Pemenne mpoOGiiembr ymparienusi cuaTe3oMm ADC
paccMOTpeHO Ha mpumepe koHkpetHoro JIC mudenrn-
JIpaMuHa (JUMEIpoJia), KOTOPOE XOPOIIO HM3BECTHO B
(hapManuy, M €To CHHTE3 SBISICTCS MPUMEPOM IIPH pas-
pabotke anroputmoB yrpasienus [12]. B Hacrosee
BpeMs B Poccun, kak Bo BceM Mupe, cunte3 ADC JIC
MIPOUCXOJIUT B €MKOCTHBIX pektopax [13]. Jlumb B mo-
CIICIHUEC HECKOJBKO JICT IOSBHJIMCH WHHOBAIIMOHHBIC
YCTaHOBKU HempepbiBHOro cuHre3a. Ha puc. 4 mpen-
CTaBJICH OOV BUJI MUKPOPEAKTOPHON cUcTeMbl Qmix
(Wingflow AG, lllBefiniapus), a Ha puc. 5 anmaparypHas
cxema cuHTe3a Iu(eHTuapaMuHa Ha 3TOI yCTaHOBKE.

XapakTepucTuka CHUCTeMbl Qmix: OJIOK THTaHHS
MpEeICTaBIsCT CO00M ouH 0a30BBIH MOIYTL Qmix Base
MotHocThi0 600 BT. YeraHoBKa BKITIOUAET YeThIpE Mpe-
IIM3UOHHBIX IIMPUIEBBIX HACOCHBIX MOIYIS CPEIHETO
nasinenuss neMESYS MPM st reHepupoBaHUs JIBYX

4 TIpuka3 MunuctepcTBa 31paBooxpancHus PD or 24 aBry-
cra 2017 . Ne 558H. [Order of the Ministry of Health of the
Russian Federation of August 24, 2017 No. 558H.]

HETIPEPBIBHBIX MIOTOKOB, TIPH 3TOM CO3/1aeTCs JABJICHHUE JI0
200 6ap; onuH MUKpOpeakTopHbIi Momyinb Qmix Q+2MR
C IByMSI pa3IebHBIMH TEPMOCTATHPYEMBIMH 30HAMH TS
JIByX MHKpPOPEAKTOPOB (JMarna3oH Temmeparyp ot +20 1o
+250 °C, naBnenue 110 20 Gap); OMH MOJTYITb KOHTPOJIS JIaB-
nernust Qmix P s 1Byx xananos (nmaenenue 10 200 6ap);
MuKpounrisl X-Factory 35 % 35 x 3.3 mm; mmpunst 2, 5, 10
n 50 M1 (cnenmanbHas ctans) U 1, 10 u 50 M1 (6opcuim-
KaTHOE CTEKJI0). Matepuai KanuuIsipoB — CHelraabHast
ctasb 3.175 MmM. Habop xanuiisipoB cOCTOUT U3 (HuUT-
TuHTOB 6.35 MM — 28UNF, deppyinos 6.35 mm — 28UNF
u TpoiiHuKOB 6.35 MM — 28UNF. B pabore ucronb3yercs
nporpammHoe obecrneuenre Qmix Elements.

Texunonoruss cuHTe3a IUEHTUApaMUHA TMOIPOO-
HO onmcaHa B [13], HmKe JaeTcs ee KpaTKoe ONKCaHue.
Xnopnudenumnmeran (2.0 M) u 9UCTHIH JUMETHII-
AMUHOATAHOJ MOJAIOTCS B MUKPOXKUIKOCTHOH peakTop
0o0beMoM 19.5 MKJI IpU MOMOILM IIIPULEBBIX HACOCOB.
CMemuBaHue MPOMCXOINUT B TEPBOM CEKIIMH PEaKTopa.
Cekiuu peakTopa co31arT TypOyIeHTHBIN MTOTOK Cpasy
MoCIie CMEIIMBaHMS JIByX PEareHTOB sl 00ecreueHHs
ObIcTporo u 3(ppeKTUBHOrO NepeMeIBaHusl.
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Hauano
Start

Y

®opMupoBaHUe rpynbl IKcnepros 1,2, ..., N
Formation of a group of experts 1, 2, ..., N

'

Pamlmposaﬂue nokaszareJieit
B COOTBETCTBHM C PAaHI'OM

Ranking indicators according to rank
SORT(Ci,min < ... < Ci,r..., < Ci,max)

!

CyMMHpOBaHHe PAHTOB KAK/I0I0 NOKa3aTes
Summing up the ranks of each indicator
Ri=%r

A4

ITocTpoenne 06001IeHHOTO PAHKHPOBAHHOIO Psiga
Building a generalized ranked series
Crmin,i < Crmint+1, <7 ...< Crmax, iRRmin+1,..., Rmax

,

Ja/Yes

Wpacll. < Wuun.

Wcalc. < Wadm.

Her / No

DopMupoOBaHHE IKCIIEPTHOTO 0TYETA N0 OlleHKe kayecTBa cuHTe3a ADC JIC
Formation of an expert report on the assessment of a drug APS synthesis quality

Y

3ak/r0ueHre KOMHCCHH SKCIEPTOB 110 pe3y/ibTaTaM
IKCNEepPTH3BI OLIEHKH KauecTBa Npolecca CHHTe3a

Conclusion of the expert commission on the results of
the expert evaluation of the quality of the synthesis

Konen
The end

Puc. 3. brnok-cxema anropurma GopMHUPOBAHHS YaCTHOTO KPUTEPHSL.
Fig. 3. Block diagram of the algorithm for forming a particular criterion.

Puc. 4. Buennuii Bux MUKpOpeakTOpHOH cucteMbl Qmix.

Fig. 4. Appearance of the Qmix microreactor system.

[Tepen BTOpOIi ceknmel MPOBOMUTCS pa3daBleHUE
AIETOHUTPHUIIOM.

Uepes BBIXOIHOE OTBEPCTHUE PEAKTOpPa, IMOIKIIO-
YEHHOE K 2-X JTUTPOBOMY BIPBHICKHBAIOIIEMY KIIAlaHy,
CMECH M0JIaeTCsl B AATUMK JABJICHUS U peryasTop oOpar-
HOTO JIaBJICHUsI, KOTOPOE UCTIOIB3YETCSI JUIsl TIPOBEICHHS
peaknuii mpy JaBieHusX B auanaszone ot 10 o 20 Gap.

BeimyckHoe oTBepcTHe OBUIO TIOaHO B KJIallaH, CIo-
COOHBIN Pa3IeIsITh MOTOK MEXKAY COOpOM, OTXOIaMU U
KPUCTAJITU3aTOPOM TTOTOKA C BO3YITHBIM Pa3/IeIeHUEM.

[Tockonpky Marepual, BBIXOJSLIMM U3 peakTopa,
UMeeT KOHIIeHTpanuio npubiausutensHo 1.0 M, o mpo-
M3BOAUTCS pa30aBICHUE allCTOHUTPIIIOM B ITOTOKE. J1Iist
OBICTPOI TOCTABKH Karellb U3 PEakTopa B MaCC-CIIEKTPO-
METp C UCIIOJIb30BAaHUEM JIEKTPOHHOI'O PEryasTopa 1aB-
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Syringe pump
LnpuueBou Hacoc

ACETONITRILE
ALETOHUTPUN

ACETONITRILE
ALUETOHUTPUN

1

| Pressure sensor
HO-N~ [OaTyuk gasneHus
2 Back pressure regulator
v PerynaTtop o6paTHoro
\V4 KpaHn > <> AaBrneHus
T Tap T v
MHoroxoaoBon [gl \/ D@ﬂ
Y Y K aﬂ A‘ )
ji. ? . P T-cmecutenb HPLC
Multi-way valve T-mixer
I | Heat exchanger Crystallizer
Tennoo6MeHHUK KpucTtannusatop
() ) 4’%\
MukpopeakTop
Microreactor = |
ﬂl o~ Vacuum pump
BakyyMHbIi
HarpeBatenn Bupaeo O O Hacoc
Heater MUKpoOCKon 3
Video microscope
Pacxopomep
Flowmeter
STUNALETAT PunsTpauunn
ETHYL ACETATE Filtration

N,

Puc. 5. AnmmaparypHast cxema cuHTe3a AU(EHTHIpaMUHa.
Fig. 5. Apparatus scheme for the synthesis of diphenhydramine.

JIEHUS! TIOJTy4€HBI CETMEHTHPOBAHHBIE KAt N, (g), 4To
TI03BOJTUIIO TIOBBICHTE CKOPOCTH cOOpa JaHHBIX H YMCHbB-
AT KOJMYECTBO MaTepuaa, pacxomyeMoro npu cobope
JAHHBIX Macc-CIIeKTpoMeTpa. B cucteMy KOHTPOIIS BXO-
JAT (OTOTPAH3UCTOP M BUICOMHUKPOCKOI BMECTE C ONTH-
YECKAM JaTYAKOM. Macc-CIieKTPOMETPUYCSCKHI aHAIN3
MPOBOMIICS C KCIIOJIB30BAaHNEM HCTOYHHKA HHTYKTHUBHOM
anexrpocnpei-nonmamu (IESI-MS) [14-17].

Wndopmanmonnas Mofens Ipoliecca CHHTE3a B
MPOTOYHOM MHUKpPOpeaKTope OblIa pacCMOTpeHa B pado-
Tax [7-9].

[Ipn ommcanuu KPUTEPUEB OLCHKH Ka4eCTBa IIPO-
Ijecca CHHTE3a YKa3bIBaeTCS, YTO B CTPYKTYpy dHacT-
HOTO KpPHUTEPHsS BXOOHUT TEXHOJIOTHYCCKUH KPHTEpUI
D(Y,X,Z), olleHUBArOIINI 3aBUCUMOCTH IIeJIeBON (DyHK-
IIIH TIpoIiecca CHHTEe3a ¥ OT BEKTOpa YIPABJISIONIHX I1a-
pameTpoB X U BEKTOpa OrpaHUUYEHUH Z.

3amaga GpopMyIupyeTcs CIenyonmM o0pa3oM: He-
00XOIMIMO MOCTPOUTH MOIIATOBBII ATTOPUTM ONTHMHU3a-
IIUH TIPOIiecca CHHTEe3a TUQEHTHApaMHUHA Ha IIPOTOYHOM
peakTope MyTeM MOHMCKAa MaKCHMyMa CTEICHH KOHBEp-
CHH [IEJIEBOTO IPOAYKTA IIPH BAPbUPOBAHNH CIICITYFOLITHX
YHPABJIAIOIIKMX MEPEMEHHBIX: X, — Temmeparypa ¢ (°C),
X, — BpeMst (MHH) U X, — 3aMECTHTENM B MHIPEIMEHTAX
Br wnu Cl npu orpaHudeHu# Ha JOMYCTHMBIA COCTaB.
O0o03Ha4eHNsI TOMYCTHMBIX 3HAUYCHUH COCTaBISIOLINX
cocrasa: z, — Oensrunpon (Cl), z, — Gensruapon (Br),
z, — madenunvernnossii (Cl), z, — Ouc-mudenunvern-
noBebIit (Br).

Jlis mccnenoBaHMS 3aBUCUMOCTH MaKCHMaJIbHOM
CTENEHN KOHBEPCHH Y(X ,X,,X,) OT YIPABISIOIMX Napa-
METPOB, TO €CTh X , X, U X, B KAYECTBE MOJIENH ObLiIa BbI-
OpaHa TpocTeimasi JHHEHHAsS perpecCHoHHast MOIEIb
3aBUCUMOCTH KpuTepus Y(x ,x,,X,) OT yIpaBiIseMBbIX Ma-
PaMETPOB X , X, U X,, IPUBEIICHHAs B YPABHEHUH (4).

Y(x,%,,%)=b xx, +b,xx,, + b, xx,(i=1,2,3...,n)

i

“4)

Jlnst pelieHUs: ¢ TIOMOIIBIO ATOW MOJENH 3a/1auu
ONTUMU3AIMK  HE0OXoauMO ObLIO0  cHOPMYITHPOBATH
YpaBHEHUA T OI‘paHH‘IeHHﬁ, B Ka4€CTBE€ KOTOPBIX BbI-
CTYMAOT 3HAYCHUSI COCTaBa, M3MEPSIEMBIC C MMOMOIIBIO
xpomatorpada [18].

Jlyis1 aTOrO OBLIA UCTIONB30BAHA CHCTEMA JIMHCHHBIX
PErpecCUOHHBIX MHOTOOTKIIMKOBBIX YPaBHEHUH, CBS3bI-
BAIOIMX YIPABIISIOIIME TIEPEMEHHBIC X, X,, X, C TIOKa3a-
TENSIMH COCTaBa Z.

Z (x,

il

xi2’xi3) SZ,HOHA (5)
O,

I X, X,, X, — Temneparypa ¢ (°C), Bpemst (MuH) U 3ame-
crutens B MHrpeauenTax Br nmmm Cl, cooTBeTcTBEHHO, a
Z, oy — AOTYCTHMBIC 3HAYCHHS COCTABIIAIONINX COCTABA:
Z,,2,,Z, A2,

COOTBETCTBEHHO, PETPECCHOHHBIC ypaBHEHHS (5)
IUTSL OLIEHKH CTETIEHH KOHBEPCHH U OIIMCAHHS OTpaHIde-

HUH B MAaTpUIHOM BUAC UMCIOT BU!
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A=(XxX')Y"'x(X'xY) (6)

B=(XxX")"x(X'xZ) (7)

B ypaBuenusix (6) u (7) A — BekTop-cTonben pe-
IPECCUOHHBIX K03 duimeHToB pasmMepHocThio (1:N); X
— Marpula yrnpaslseMbIX NapaMeTpoB X,, X,, X, Pa3sMep-
HOCTBIO (N:3); Y — BekTop cTonOer 3HaYeHUH I1eIeBOH
¢byHkuuu pazmepHocTbio (NV:1); N — KOIMuecTBO JKclie-
pUMEHTOB; Z (z,,2,,2,,Z,) — Marpullia 3Ha4€HUH COCTaB-
JSIFOIUX COCTaBa, pasMepHocThio (N:4); B — marpuna
PErpecCHOHHBIX KO3()(HUIIMEHTOB pa3MepHOCTEIO (3:4).

IMocTpoeHHbIE Ha MEPBOM 3TAle METOAOM Iac-
CHUBHOI'O 3KCHEPUMEHTA PErpecCHOHHbIE yPABHEHUS
JaJli BO3MOXHOCTb pellaTh HAa BTOPOM JTarle 3ajady
ONTUMU3ALUU C yUeTOM orpaHuueHuil. llenbro 3Toro
JTana sBJISETCs MOCTPOEHUE alropurMa online om-
THUMM3aLUY, KOTJa Ha KaXXJIOM IIare j ompeaenseTcs
TAaKOW IJIAaH U3MEHEHMs YNPABISIEMBIX NEPEMEHHBIX
X|,X,,X,, IPH KOTOPOM 3HaueHus D(x ,x,,x,) (1) B mpo-
Hecce CHHTE3a PacTyT, a OrPaHUYEHUs B ypaBHe-
HUM (5) HE BBIXOIAT 3a MPENENbl JOMYCTUMBIX
Zj(xlj’xzj’x3j) = Zjﬂon'

B xauecTBe anropuTMa ONTUMHU3AIMK ObLIA BEIOpa-
Ha OfHa U3 MOIU(PHUKAINI ITOKOOPAMHATHOTO MOUCKA

Hauano

Start

Bgopx nannbix / Data input

Xily Xi2y Xi35 Y15 V25

eees VN3 Tily Zi2y Ti3s Zids

Borunciaenne k03(ppuineHTOB perpeccCHOHHOr0 ypaBHeHUsI
Calculating the regression equation coefficients
A=XxXY'x(X'x V)

Boruncienne ko3¢ pUIHEHTOB PerpecCHOHHOr0 ypaBHEHHUsI
Calculating the regression equation coefficients
B=XxXY'x(X'x2)

IMomaroselii nonck Y(x1,x2,x3) MeTonom Xyka-/lxusca
Hook—Jeeves step-by-step Y(x1,x2,x3) search

Ja/Yes

Her/No

Her / No

Zr(xrl,xrlyxﬂ,xﬂ) <Zon"
Z"(Xr1,Xr2,X13,Xr4) < Zaam

BbIBO/ 3HAYEHUI X1, X2, X3, Y’y Z" MCCIIEI0BATEIIO /ISt IPUHATHS PelleHU i
Output of x,1, X2, X;3, Y', Z" values to the researcher for decision-making

Konen
The end

Puc. 6. biok-cxema anroputMa ONTHUMHU3AINH YIIPABICHHUS HEIPEPHIBHBIM CHHTE30M IH(EHTHAPaMHUHA
Ha MUKPOPEAKTOPHOH cucteme Qmix.
Fig. 6. Block diagram for optimizing the algorithm of control over the continuous synthesis of
diphenhydramine in a Qmix microreactor system.
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ontuMyMa — anroput™m Xyka—J/[xusca [19]. Baxno ot-
METHUTb, YTO HOBBIE 3HAUEHUs IIeNeBOW (PYyHKIMM s
HOBOM TOYKH J, Y(xlj,xzj,x3j), HE ONPEIETSAIOTCS JKCIe-
PUMEHTAJIbHO, a HAXOAATCSA KaK MPOTHO3HpYEMbIE 3HA-
yenust 1o mMozesn (1). Ilocie OTBICKaHUS MO AJITrOPHT-
My Xyka—/[»kuBca MaKCHUMaJIbHOTO 3HAa4€HHUs IIEJIEBOM
(hyHKIIHH Y/,(xl,x2,x3) Ha ATOM IIIare, PacCYUTHIBAIOTCSI 110
MojieiH (2) 3HaYCHHUS Zj(xlj,ij,x3j) U TIepearTcsl ucciie-
JIOBATEIIIO JJIs IPUATHSI OKOHYATENBHOTO PELICHUS.

Ha puc. 6 mpuBenena Olok-cxema ajropuTMa
ONTHUMHU3ALUU YIPABIEHUS HENPEPBHIBHBIM CUHTE30M
nudeHruapaMmHa Ha MHUKPOPEAKTOPHOW cHCTeMe
Qmix ¢ nmpuMeHeHHueM online aJiropuT™Ma ONTHMH3A-
MU U PETPECCHOHHBIX MOJIEIIEH.

Ha puc. 7 npuBeneHbl HEKOTOPBIE PE3YJIBTATH UC-
CJIeI0OBaHMs, MPOBEIEHHOTO C MOMOIMIBIO MPEJIOKEH-
HBIX QJITOPUTMOB HAa MUKPOPEAKTOPHOH crcTeMe Qmix.

eV
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xR 1/ <X
o 70 - 160 S -
s 39
S ¢ 6017 (50 g @
QT c
Q S 50 + r 40 é_%
c
58 40| 3058
20 30 r20 25
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C

Buc(audennnmeTtunossiii) acup (Br) /

B xadecTBe HCXOMHBIX KOMITIOHEHTOB HCTIOIB30BATIHCE XJIOP-
6ensoruapon u 6pomoensoruapon npu 7' = 100-180 °C u
BpemeHH peakiuu { = 2—20 muH. CocTaB MOTydYeHHOU
CMECH M3MEpSUICS C MOMOIIBI0 METojia BBICOKOd(dek-
THUBHOM >KHJIKOCTHOW XpoMarorpagpuu.

Ha nannom rpaduke BUAHO, YTO CTENEHb KOHBEP-
CHIH BBIIIC B PEAKIUH, IJI¢ YIaCTByeT OpoMan(eHMIMeE-
TaH. B 3TOM cily4ae B OIy4eHHON peaKLIUOHHOM Macce
HE OCTaeTcs MpUMecedl B KauecTBE MCXOMHBIX pearcH-
ToB. TakuM 00pazoM, MpHU BHIOOpPE M3 JBYX HCXOMHBIX
BemectB /i1 cuHTe3a ADC auMenpona nmpeamnouyTeHue
Ha JIaHHOM 3Tarle Hy>KHO OTJaTh OpOMIU(EHUTIMETaHYy.

3AKIIOYEHHUE

1. B paboTe npoBe/ieH CUCTEMHBIH aHAJIN3 CHCTEMBI
yIpaBJIeHUsI KauecTBOM sl moadTamna cuHre3a ADC,
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CocTaB ucxoaHoun cMmecu
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d

Puc. 7. I'paduk m3MeHEHHUS CTENCHN KOHBepcHu mpu cuHTe3e ADC nuMenporna: 3aBHCHMOCTh KOHBEPCHH OT
TEeMIIePaTypbl PEaKIMU U BPEMEHH 00paboTKH (a); CEIEKTUBHOCTH MpoIecca OT BpeMeHH 00paboTKH pH OpoM-
OeH30THIPOIIE U XIOPOSH30TUAPOIIEC, COOTBETCTBEHHO (b); BBIXO MPOAYKTA OT BPEMEHH 00paboTKH (C); CTEMeHb

NPEBPAIICHUS U CEIEKTUBHOCTH MPOIIECCa OT COCTaBa HCXOMHOM cMecH (d).

Fig. 7. Graph of the change in the degree of conversion during the synthesis of diphenhydramine APS: (a)
dependence of conversion on the reaction temperature and treatment time; (b) selectivity of the process vs. the
time of treatment with bromobenzohydrol and chlorobenzohydrol, respectively; (c) product yield vs. processing
time; (d) degree of conversion and selectivity of the process vs. the initial mixture composition.
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TaKk KaK MMEHHO 3/1eCh Ha CETOAHAIIHUI IEeHb OBLIN
HalJleHbl MHHOBAIlMOHHBIE pelieHus B cuHTese ADC.
B kadecTBe CHCTEMHBIX MoJeiell BbIOpaHa MHOTOCTY-
IIeHYaTasl CXeMa TEOPETUKO-MHOKECTBEHHBIX MOJEIIEH,
OIMCBHIBAEMBIX B BUJI€ KOPTEKEH.

2. CdopmynupoBaHbl 3a7a4d KPUTEPUAIBEHOTO
TOAX0/a JUIsl OIICHKH KadecTBa paspadarriBaemoro JIC.
[TpennoxeHbl METOAMKA M aITOPUTM pacdeTa r1odalb-
HOTO U JIOKaJIbHBIX KPUTEPUEB OLIEHKH KauecTBa Ha OC-
HOBE HOPMATHUBHBIX JOKYMEHTOB MUHHCTEpPCTBa 3/pa-
BooxpaHeHus PO.

3. IlpuBeneHO ONKMCaHUE HHHOBALMOHHOIO IIPOLIEC-
ca cuare3za ADC JIC Ha MpOTOYHOW MUKPOPEAKTOPHOMN
cucrtemMe Qmix, 3HAUUTEIBHO MOBBIIAIOIICH 3 PeKTuB-
HOCTb IIpOLIecca CUHTE3A.

4. IlpoBeneHO MaTeMaTHUECKOE MOEIHPOBAHUE
IIpoLecca HEMPEPhIBHOTO CUHTE3a B IPOTOYHOM MHUKPO-
peaKkTope Ha OCHOBE PErPECCUOHHOIO aHAJIN3A.
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