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AHHOMAyust

Ienu. Hccnedosamb 603MOIKHOCMbL paszldesneHUsl CMecu 2Uu0poKCcuauemoH—geHon (cocmas-
JAsirouell cmecu npouzeoocmea PeHona KYMONbHbIM MEmMoOOM) 8 cxemax, basupyrouuxcs Ha
UCNONB308AHUU CNEYUAIbHBLIX NPpUemos pexmugurayul: 006aeieHUU pa30esnsiiouUux azeHmos,
No8bLLUUAULUX OMHOCUMENbHYIO lemyuecmsb KOMNOHEHMO8 UCXOOHOU CMeCU, U 8apbUPO8AHUU
oasneHusl 8 KOJIOHHAX.

Memoost. B kauecmee Mmemoda UCCied08aHUSL NPUMEHSIUICS. @blUUCAUMENbHbLU dKcnepu-
MeHm 8 cpede npozpammHozo Komnaekca Aspen Plus®. Mamemamuueckoe mooenuposaHue
pasHogecus. KUOKOCMb—Nnap NpPos8oouUsOCb C UCNOIb308AHUEM MOO0eaU JOKAIbHbIX COCMago8
Non-Random Two Liquid. AdekeamHocmb nociedHezo0 noomeepiKoeHa CpasHeHUuem sKCnepu-
MEHMANBLHBIX U PACUEMHBIX OAHHbBLX 0 hA3080M PABHOBECUU, OGHHbBLX 06 azeomponuu; CpeoHsis
omHocumenvHas owubra He npesbiuiana 3%.

Pesynomamet. B gbluuciumenvHOM sKcnepumeHme onpedeseHd 3a8UCUMOCMb cocmasa U
memnepamypbl KUNEHUs. a3eompona 2udpoKCcUaAUemoH—gpeHos om OasneHus (npu yeenuue-
Huu daeneHust azeompon obozawiaemcst peHOs0M), NOKA3AHA B03MONHOCMb UCNOb308AHUSL
KOMNEKCA KOJIOHH, pabomarouwux nod pasHbiM OasaeHuem, Oas pa30esieHust cmecu (cosue
azeompona cocmagasem nopsioka 9%). HccnedogaHo u3meHeHUue OMHOCUMENbHOU Jsemy-
yecmu napsbl KOMNOHEHMO8 UCXOOHOU CMeCU 8 NPUCYMCMBUU MsoKesno- (OUIMUNeH2IUKOb)

© TI'aranosB U.C., PerroBa E.B., ®poakora A.K., 2023
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u sleekokunsiugezo (auemor) pasdensiowezo azenma. Oba pacmeopumesiss sS18ASIOMCSL ceneK-
MUBHBbIMU G2eHMAMU OJIsl NPOUECCO8 IKCMPAKMUBHOU U PeIKCMpaKmueHol peKxmupurayuu.
IIpednoskeHbl mpu NPUHLUNUAALHBlIE MEeXHOI02UUeCKUe CXembl pasoeneHusl, codeprkaujue oge
peKmMupuUKaAyUOHHbLE KOJIOHHBL.

Buleoodsl. OnpeodesieHbl cmamuueckue napamempsbl pabombsl KOJOHH (WUCO0 Meopemuuecikux
mapenokx, Homepa mapesiok nooaul UCXOOHOU CcMecu U pa30ensiouilezo azeHmd, @presmosoe
YUCI0) U 9HEepeo3ampamsl (CYMMApHbLE HOZPY3KU HO KUNSMUALHUKU KOJIOHH) mpex cxem pasoe-
JleHust, obecneuusarouiue noayueHue npooykmoes 3a0arHHoez0 Kauecmaa (He Huxke 0.99 mon. doneti).
HaumeHbuwiumu saHepeo3ampamamu XapaKmepusyemest cxema ¢ OusmuneH2auKonem. [ns oans-
Heliwell onmuMu3ayuu peKoMeHO08AHbL KOMNAEKCbL IKCMPAKMUBHOU U pPeIKCmMpaKmugHol
pexmugpurayuu. IlocnedHsst nosgossiem 808/1eUb 8 MEexXHON02UUECKUl YUK 8Mopoli npodyKm
KYMOJIbHO20 NPOU3B00CMEA — AUEMOH.

Knroueeste cnoea: gherosl, 2u0POKCUAUEMOH, NApPOIKUOKOCMHOEe pasHo8ecue, IKCMpPaKmueHas.,
PpesKcmpaKmueHast peKmupukayus, KOMNJeKcol ¢ 8apbuposaruem 0asieHuUst 8 KOJOHHAX

Jlna yumuposanusn: Taranos W.C., PertoBa E.B., ®@ponkoBa A.K. Cxembl pa3nerneHusi OMHApHOW CMECH T'HAPOKCHAIICTOH—

(heHON ¢ UCTIONB30BAaHUEM CIICHIHANBHBIX METONOB pekTudukaimu. Toukue xumuueckue mexnonoeuu. 2023;18(5):415-425. https://doi.
org/10.32362/2410-6593-2023-18-5-415-425

RESEARCH ARTICLE

Flowsheets for hydroxyacetone—phenol binary mixture
separation: The use of special distillation methods

Ivan S. Gaganov, Elena V. Rytova™, Alla K. Frolkova

MIREA — Russian Technological University, Moscow, 119454 Russia
*Corresponding author, e-mail: erytova@gmail.com

Abstract

Objectives. To study the possibility of hydroxyacetone—phenol binary mixture (a constituent of a
mixture of phenol production by the cumene method) separation in flowsheets based on the use
of distillation special methods. This is the addition of separating agents to increase the relative
volatility of the components of the original mixture, and the variation of pressure in the columns.
Methods. A computational simulation in Aspen Plus® was used as the research method.
Mathematical modeling of the vapor-liquid equilibrium was carried out using a local compositions
model Non-Random Two Liquid. The viability of the latter was confirmed by comparing experimental
and calculated on phase equilibrium data, and azeotropic data. The average relative error does
not exceed 3%.

Results. The dependence of the composition and boiling point of the hydroxyacetone—phenol
azeotrope on pressure was determined in a computational experiment (as the pressure increases,
the azeotrope is enriched with phenol). The possibility of using a complex of columns operating
under different pressures to separate the mixture was shown (the shift of the azeotrope is
about 9%). The change in the relative volatility of components of the original mixture in the
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presence of a high- (diethylene glycol) and a low-boiling (acetone) separating agent was
investigated. Both solvents are selective agents used in extractive and re-extractive distillation
processes. Three technological separation flowsheets containing two distillation columns were
proposed.

Conclusions. The study established the operation parameters of the columns (number of
theoretical stages, feed stages of the original mixture and separating agent, and reflux ratio) and
energy consumption (total heat supplied to the columns boiler) of three separation flowsheets
ensuring the production of products of a given quality (not less than 0.99 mol fractions). The
flowsheet with diethylene glycol is characterized by the lowest energy consumption. It is
recommended that complexes of extractive and re-extractive distillation be further optimized.
This enables the second product of cumulus production—acetone—to be involved in the
technological cycle.

Keywords: phenol, hydroxyacetone, vapor-liquid equilibrium, extractive distillation, re-extractive
distillation, pressure-swing distillation complexes

For citation: Gaganov 1.S., Rytova E.V., Frolkova A K. Flowsheets for hydroxyacetone—phenol binary mixture separation:
The use of special distillation methods. Toukue xumuueckue texHonoruu. Ionk. Khim. Tekhnol. = Fine Chem. Technol.
2023;18(5):415-425. https://doi.org/10.32362/2410-6593-2023-18-5-415-425

BBEJEHHUE

@DeHoNl — KPYNMHOTOHHAXHBIA MPOAYKT MPOMBIII-
JICHHOTO OpPraHMYEeCKOr0 CHHTE3a, OCHOBHOE KOJH-
YeCTBO KOTOPOTO IOJYYaloT KyMOIJBHBIM CIOCOOOM
[1-4]. Coueranue B MomnieKyie GeHolIa apoMaTHIEeCKOTO
7pa, 00ECIEYMBAIOIIETO JOCTATOYHO BBICOKYIO Tep-
MHUYECKYIO0 YCTOHYMNBOCTh COCTUHEHISI, 1 OKCHIPYIIIIHI,
oOajaroel OBBIIIEHHON TI0 CPaBHEHUIO CO CIHPTO-
BBIM THIPOKCHIIOM MOJISIPHOCTBIO U SIBIISTIOIICHCS] OMHUM
U3 CHJIBHEHIINX opmo-napa-opueHTHPYIOMINX 3aMeCTH-
Tenel, co3maeT ONAarompHSTHBIC YCIOBHS UL Pa3HO-
CTOPOHHET0 UCIOJIb30BaHMs (PeHOIBHBIX TPOIYKTOB [5].

[Mupoxoe mnpumeHenue (eHoma B Pa3TUUYHBIX
orpacisix'?  MOCTOSIHHO — Y)KECTO4aeT — TpeOOBaHUS

' Chemie Mania: MupoBoe norpebienue ¢enona. URL:
http://www.chemiemania.ru/chemies-8878-1.html. [Tata o6pa-
menust 13.04.2023. / Chemie Mania: World consumption of
phenol. URL: http://www.chemiemania.ru/chemies-8878-1.
html. Accessed April 13, 2023.

2 AHQTUTHYECKUH MOPTal XUMHYECKOM IMPOMBIIIIIEH-
HOCTH: MHPOBO# PBIHOK (peHOJa: YCTAHOBJICHHBIC MOIIHO-
cru u nporHo3 cmpoca. URL: https://www.newchemistry.
ru/printletter.php?n_id=4044. lara obpamenus 13.04.2023.
/ Analytical portal of the chemical industry: Global phenol
market: installed capacity and demand forecast. URL: https://
www.newchemistry.ru/printletter.php?n_id=4044. Accessed
April 13, 2023

K YHCTOTE LeNeBOoro mpoxykra’. [To00OYHBIME TPOAYK-
TaMu, OOPa3yIOMIMMHUCS Ha CTaAMU XUMHUYECKHUX Mpe-
BpalllEHUH, SBISIOTCA AUMETHWIOCH3WIOBBIA CHUPT U
arieropeHoH. [ToMUMO 3THUX BBICOKOKHUIISIIIIUX BEILECTB
00pa3yloTcsl B HE3HAYUTEIBHBIX KOJIMYECTBAX U JAPY-
rue KOMIIOHGHTHI, Takue Kak TuapokcuanetoH (I'A),
2-metminoenzodypan (2-Mb®) u me3utunokeua [6—11].
OtpuniarenbHoe BiausHMe [A Ha KadecTBO (heHona
MIPOSIBISICTCST B TOM, YTO B PEKTU(HKAIMOHHBIX KOJOH-
Hax, a TaKkKe Ha CTaAuM KaTaJIUTHYECKOM OYUCTKH
(heHoma-crIpIIa OT IpUMECceH ¢ HCIONb30BaHUEM TETEPO-
TeHHBIX KaTaJMu3aToOpOB IPH BBICOKOH TeMIleparype
IPOUCXOAUT peakuust koHaeHcauuu I'A c deHomom ¢
oOpazoBanuem 2-MB®. DT0 reTepoUUKIMYECKOE CO-
ellMHEeHUEe OECIBETHO, HO NPH XPAaHEHUH JIETKO oOpa-
3yeT OKpAICHHbIE CMOJUCTBIC MPOAYKTHI, YTO YXyA-
maeT IBeTHOCTh (eHoma. VckmounTh 0OpazoBaHuUe
I'A u monmHOCTBIO yHAIUTHL €r0 U3 MPOAYKTOB METO-
JOM OOBIYHON pEeKTH(HKAINM TEXHWYCCKH Hepaspe-
muMas 3ajada M3-3a HaJIW4Ms OrpaHUYEHUl, Hakia-
JIBIBAEMBIX TTApOXKUIKOCTHBIM paBHOBecueM (ITKP) [6].

3 TOCT 23519-93. MeXrocymnapCTBEHHbI CTaHIapT.
DeHOoNM CHHTETHYECKU TeXHUIECKUU. TeXHn4Ieckre yCIoBuHsl.
M.: UTIK UzparensctBo ctangaptos; 1996. [GOST 23519-93.
Interstate Standard. Technical synthetic phenol. Specifications.
Moscow: IPK Izdatelstvo standartov; 1996.]
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Panee ObIT mpemIokeH Croco0 MOMYYCHHS BBICOKO-
KaueCTBEHHOTO (DeHONa 3a CYeT CHIDKCHHUS Ccoaepika-
Hus 2-Mb® nHa craguu KaTaJIUTHYECKOH OYMCTKA
(deHonma W W3MEHEHWsI TEXHOJOTHH pPEKTH(QHUKAIH
pasnenseMpIX TPOAyKTOB. UTOOBI IOCTHYL YCIOBHIA,
VIOBIICTBOPSIONIMX TpPeOOBaHUSAM K (PEHOTy BbICIICH
KaTerOpuyM KayecTBa, MOTPEOOBAIOCh 3HAYUTEIHHO
YCIO)KHUTHh ~TPAIUIMOHHYIO CXeMy peKTH(UKaImu
BBC/ICHHEM JIONIOJIHUTEIBHBIX KOJOHH —a3¢OTPOITHO-
9KCTPAKTUBHON pEKTU(HUKALMU U YCTAaHOBKOH Oonee
3G GEKTUBHBIX TapejoK B psilieé KOJOHH. OTH MeEphI,
XOTSl ¥ HE KapAWHAIBHO, PEUIMIN MPOOIeMy OYHCTKH
or TA u 2-MbB®: ¢enon tpebyemoro KavyectBa Ha
OOJIPIIMHCTBE 3aBONOB MPOW3BOIUTCS, HO CIUIIKOM
JIOpOTO, W JItoObIe COOM B COCTaBE HMCXOTHOW CMECH,
MOCTYMAIONICH Ha pa3ieieHue, IPUBOAAT K CHIDKCHHUIO
KadyecTna [7].

Hecmotpst Ha mpemyaraemMple XHMUKO-TEXHOJIOTH-
YeCKHe PELICHUs], 3a1a4a MMOBBIIICHNs KauecTBa (eHoa
OCTaeTCsl aKTyalbHOW W TPEeOyeT OLICHKH MEPCIICKTUB
U YCIOBHH TNPUMCHEHHUS CIICIHAJIbHBIX HPUCMOB
pasmenieHuss C [EIb0 JOCTHIKEHHsT TpeOyemoil 4Yu-
CTOTBI 1IeNIeBOrO TpoaykTa (peHona). B cBsizu ¢ stum
[ENIBbI0  HACTOSIICH pabOThl SIBISETCS HCCICAOBAHUE
ANBTCPHATHBHBIX ~ BAapHAHTOB  PA3[CiCHHS  CMECH

TI'A—deHon, MO3BOJNSAIOMIMX CHU3HUTH cojepxkanue [A
B IIPOJIyKTax CHHTE3a ()eHOIa KyMOJIbHBIM CIIOCOOOM.

OBBEKTBI U METOAbI UCCJIEJJOBAHMU A

B kawyectBe oObekTa wHccieqoBaHUS BbIOpaHa
OuHapHas COCTAaBIAIONIAs IPOMBIIIIEHHOH CMeCH:
I'A—denon. Hexotopble (QU3MKO-XUMHUECKHUE XapaKTe-
PUCTHKH KOMIIOHEHTOB NHpU aTMOC(EpPHOM JaBICHUU
Ipe/CTaBICHbI B Ta0M. 1.

Jns  OLEHKH BapHaHTOB PEKTU(HUKAINOHHOTO
pa3zeneHusi CMECH KOHKPETHOTO COCTaBa HEOOXOIH-
ma wHopMmanust o [DKP mpu pa3nnyHbIX yCIOBHSX,
B YACTHOCTH, IPH BAapbUPOBAHWU MABICHUS H TIPU
NO0aBJICHUN B CHUCTEMY JIOTIOJHHUTEIBHBIX BEIICCTB.
HAns momydeHwss TpeOyeMbIX HaHHBIX H JAIbHEH-
oiero pacdera Iporecca peKTH()UKAIMKA —HCIONb-
30BaH  METO  MaTeMaTH4ecKoro  MOAEIMPOBaHUS
ITDKP B mporpammeom womiviekce Aspen Plus® V. 10.0
(AspenTéch, CIOAY ¢ WCHONB30BAaHUEM YpPaBHEHHS
Non-Random Two Liquid (NRTL). [TapameTpsr 6unap-
HOrO B3ammopeicTBus ypaBHeHus NRTL (tabm. 2)
3aMMCTBOBaHbI U3 paboThl [7] W HCIOJIB30BAHBI IS
pacueta IDKP npu napnennn 0.2 atm (Tadm. 3).

Taonuna 1. Pusuko-xuMHUeCcKue XapakTepucTuku (heHosa u ruapokcuaierona (I'A) mpu nasinenun 1 at™ [7]
Table 1. Physicochemical characteristics of phenol and hydroxyacetone (HA) at a pressure of 1 atm [7]

Hazganue BpyrTo-popmyiia M, r/moan o °C a2 dx, riem’
Name Gross formula M, g/mol bp? °C D dxX, g/em?
denon
Phenol CHO 94.11 181.8 1.5426 1.063
TA
HA CHO, 74.08 145.5 1.4295 1.082

IIpumeyanue: M — monspHas Macca, r/Monb; T, — Temneparypa kunenus, °C; n,* — mokasaress npenomienus; d,*° — mior-

HOCTb, I/CM>.

Note: M is the molar mass, g/mol; T, o, is the boiling point, °C; n,*° is the refractive index; d,%° is density, g/cm’.

Taoauuna 2. [Tapamerpsr OuHapHOTO B3amMoneiicTBus aist ypaBHeHus NRTL [7]
Table 2. Binary interaction parameters for the NRTL equation [7]

Komnonenr i Kommnonenr j
] . a , b.
Component i Component j i Ji i Ji Uj
TA DeHon
HA Phenol 0.798 0.291 1.341 1.113 0.3

Ipumeuanue: a,a b, b — mapamerpbl, yUUTHIBaIOIINE OMHAPHOE B3aWMOJIEHCTBHE KOMIIOHEHTOB i-/, j-1, ¢, — Hapamerp,

. Ji? i i
YYUTHIBAIOIINIA HEUACATEHOCTD CMECH.
Note: a_, a_,
. i i . . .
into account the non-ideality of the mixture.

®

* Aspen Plus

bij, bji are parameters taking into account the binary interaction of components i-j, j-i; ¢, is the parameter taking

— 9TO MOIITHOE NPOTrpaMMHOC 06GCHC‘16HI/I€, NpeAHa3sHAYCHHOC Ul MOACIIUPOBAHUS IPOLECCOB XI/IMI/I‘ICCI(OI\/'I,

He(TIHOI, PHEPTeTHUECKO 1 MHOTHX JPYTHX OTPAciied MPOMBIIIICHHOCTH. [loydeHHast B pacueTHOH cpejie MOJIeITb IT03BOJISCT
MH)XCHEepaM M HCCIIEI0BATEISIM IPOSKTHPOBATh U ONITUMH3UPOBATH Pa3IMYHbIe XUMHYECKHE MPOIIECCHI U cUcTeMBL. / Aspen Plus®
is a powerful software designed for modeling processes in the chemical, petroleum, energy, and many other industries. The model
obtained in a computational environment allows engineers and researchers to design and optimize various chemical processes and

systems.
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Ta6muna 3. CpaBHeHHe SKCTIepUMEHTATBHBIX [ 7] 1 pacueTHbIX taHHbIX [DKP cuctemsl I'A (1)—henon (2) npu nasnennu 0.2 atm
Table 3. Comparison of experimental [7] and calculated data on the vapor—liquid equilibrium of the HA (1)-phenol (2) system

at a pressure of 0.2 atm

Ypa> MOIL 1. Omn0Kku onucanus y, T.oC Oumnoku onucanust T

X, 0 MOIL 1. Yya» Mol fact. Uncertainty errors y, i Uncertainty errors T

Xy, Mol fract. 3KCII. pacu. a0c., MOJI. 1. OTH., % JKCII. pacu. aoc., °C OTH., %

exp. calc. abs., mol fract. rel., % exp. calc. abs., °C rel., %
0.000 0.000 0.000 0.000 0.00 131.84 131.65 0.19 0.14
0.044 0.044 0.041 0.003 6.82 133.00 131.71 1.29 0.97
0.100 0.119 0.117 0.002 1.59 132.80 131.53 1.27 0.96
0.200 0.290 0.285 0.005 1.69 131.20 130.18 1.02 0.78
0.400 0.700 0.649 0.051 7.26 125.00 123.17 1.83 1.47
0.500 0.818 0.784 0.034 4.18 120.00 118.32 1.68 1.40
0.600 0.890 0.876 0.014 1.61 115.00 113.38 1.62 1.41
0.700 0.937 0.934 0.003 0.33 110.50 108.79 1.71 1.55
0.800 0.970 0.968 0.002 0.19 105.05 104.78 0.27 0.25
0.900 0.989 0.990 —0.001 0.08 101.13 101.44 —0.31 0.31
1.000 1.000 1.000 0.000 0.000 98.45 98.78 -0.33 0.34
Cpenusist 2637 Cpenusist 0.87

Average Average

Ilpumeuanue: x.,, V.,

— KoHILeHTparmu ['A B Kuakoi ¥ mapoBoil (hazaX COOTBETCTBEHHO, MOJ. A.; 1 — Temmeparypa

kureHust cmecu. (1) KoMmoHeHT cMecu ¢ MeHbIIel Temreparypoil kunenus (B gaHHOM ciydae — ['A), (2) KOMIIOHEHT cMmecu

¢ OomblIiei Temnepatypoit kureHus (GeHod).

Note: x,,, Yya

are the HA concentrations in liquid and vapor phases, respectively, mol fract.; 7 is the boiling point

of the mixture. (1) A component of the mixture with a lower boiling point (in this case, HA), (2) A component of the mixture with

a higher boiling point (phenol).

Bb160p NMOHMKEHHOTO JIaBICHUSI O0OYCIIOBICH TEM,
9TO TpU aTMOC(HEPHOM JAaBJICHUHU €CTh OOJbIlas BEpo-
STHOCTh pa3noxeHus ['A mpu Temreparype BbIIIe
145 °C. Tlpu naBnenuu 0.2 aTM Temiieparypa CMecH
He nipesbimaet 135 °C.

Kak cnenyer u3 npuBeNeHHbIX TaHHBIX, ONUCAHHE
IDKP OunapHoit cuctembl ['A—deHon mpu JaBiIeHUH
0.2 arm, B wesnom, ynosierBoputesnbHoe. [loaTomy
napaMeTpbl OMHApHOTO B3aUMOJCHCTBUS ypaBHEHUs
NRTL (Tabn. 2) MOXHO HCIOJIB30BaTh B JajbHEUIIEM
JUIS pacdeTa mpoliecca peKTHu(GUKalny.

PE3YJIBTATBI BBIYUCJIUTEJBHOI'O
IKCIHEPUMEHTA

Cucrema ['A—denHon xapakTepusyercss HaTHIHEM
a3e0TpPoNa C MaKCHMAJIbHOM TeMIIepaTypodl KHIICHUS
(IpH TIOCTOSHHOM JaBJIE€HHWH), YTO CBHIETEIBCTBYET
0 3HAYUTENBHBIX OTPULATENIBHBIX OTKIOHEHUAX CHCTEMBI
OT WJICalIbHOTO MOBEJCHUS M, COOTBETCTBEHHO, O IIpe-
o0nafiaHNy CUJIbHBIX B3aHUMOJECHCTBHI Pa3HOMMEHHBIX
monekyn. IlociaenHee HakmanblBaeT TEpMOAMHAMUYE-
CKHE OTpPAaHUYEHMS Ha MpolecC OOBIYHON peKTH(]UKa-
MM U TpeOyeT NPHMEHEHUS CIEHHUATIbHBIX MPHEMOB

pekTuduKanuy, 0a3UPYIOIUXCS Ha MPUHIMIE Iepe-
pacmpeneneHust mnojied KoHHeHTpauud [12] mexay
o0NacTsIMH pa3zieNeHus ¢ pasHbIMH HabopamMM KOHEU-
HBIX TpoxykToB. lllupoxoe mpuMmeHeHHe I pasaere-
HUAS CMECEW pa3NUYHOM TPHUPOJBI TOIYYHST METO.
IKCTpakTUBHOW pektudukanuu (OP) [13, 14], xoro-
pBIii  3apeKOMEHJIOBall ceOsi Kak dHEProdpeKTHB-
HBI TIpoIlecC pas3leNieHus, B TOM YHCIE CMECEH,
coaepxanux ¢penon [15-17].

Jis  OIEHKM BO3MOXKHOCTH HCIIOJIB30BAHUS U
ycIoBUil  (DYHKIIMOHHPOBAHHUS KOMIUIEKCOB paszese-
HUslT cMecd [A—¢eHon monydeHa JOMONHUTEIbHAS
I/IHq)OpMaIlI/IH II0 BJIMAHHIO JaBJICHHS Ha COCTaB
OMHApHOTO Q3€0TPONa W TMOTCHIMAJIBHBIX pa3Jels-
oux areHToB (PA)  (TSKETOKUIISIETO JUATHIICH-
kol (JIO07) M JISTKOKWTISIIIEro arleToHa) Ha OTHO-
CHTENbHYI0O  JICTy4eCTh  HCXOOHBIX  KOMIIOHEHTOB.
B Tabn. 4 mpencraBieHbl XapaKTEPUCTHKH OMHAPHOTO
a3e0Tpola MPU Pa3HBIX [ABICHHUSAX, KOTOPHIC YKa3bl-
BalOT HA HAJMYUE 3aMETHOTO a3€OTPOITHOTO CIBUTA B
paccMOTPEHHOM JHana30He TaBICHUI.

Ha puc. 1 mpuBemeHa NpHHIMIUANBHAS CXeMa
pasmenenus (), mpencraBisiONas KOMIUIGKC JBYX
KOJIOHH, pabOoTalOMUX MPU Pa3HbIX AABICHUSIX.
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Taoauna 4. PacueTHple XapaKTePUCTHKH a3€0TPOIIOB MIPH PA3HBIX JaBICHUIX
Table 4. Calculated characteristics of azeotropes at different pressures

JlaBieHHe, aTM X,.» MOJL L. T.°C
Pressure, atm a0 Mol fract. ’

0.1 0.990 114.07

0.2 0.959 131.71

1.0 0.902 182.45

IIpumeuanue: x, — xonuentpanus I'A B aze0TponHoi cMecy; T’ — TeMIepaTypa KUIIEHHs a3€0TPOIHON CMECH.
Note: x,, is the concentration of HA in azeotropic mixture; 7'is the azeotropic mixture boiling point.

H}’ 02
—o> %>

L | W
I

Puc. 1. Cxema I paznenenns cmecu ['A (1)—denon (2)
ipu aenennsix 0.1 arv u 1.0 amv B kortoHHaxX / 1 2 COOTBETCTBEHHO.
F, — KOJIM4I€eCTBO HCXOHON CMECH, KMOJIb/;
D —moTok ueTiniaTa, KMOJE/9; /7 — KyOOBBIi IOTOK, KMOJTB/4.
Fig. 1. Flowsheet I of separation of a mixture
of HA (1)-phenol (2)at a pressure of 0.1 atm and 1.0 atm
in columns / and 2, respectively. F|) is the amount of initial
mixture, kmol/h; D is the distillate flow, kmol/h;
W is the bottom flow, kmol/h.

Pacuer mporecca pexTuuKanuu OCYIIECTBISIICS
Ha 100 KMOJIB/d MCXOMHOU cMecH (TUTaHWEe KOJIOHHBI /).
Conepxanne I'A (x.,) B HCXOOHOM CMECH COCTaB-
nsio 0.7 mon. 1. (MozgenbHbIH coctaB). MicxomHast cmech
nojlaBajiach B KOJIOHHY NpH Temreparype 7, Onu3koit
K TEeMIIepaType KUIEeHUs cMecu. TpeOoBaHMs K Kaue-
CTBY IOJIy4aeMbIX MPOAYKTOB: cojepxkanue [A
X, = 0.995 mon. 1., conepxanue penona x, = 0.999 mon. 1.
IIpu pacuere mporecca peKTH(GUKAIMN ONTUMH3ALNS
napaMeTpoB: oO0mei 3((EeKTUBHOCTH KOJOHHBI N
(aucno teopernueckux tapenok, UTT), HomepoB Tape-
JIOK MOJIa4M TIOTOKOB UCXonHOU cmecu (N,) u PA (N,,),
a Take (IerMoBOro uYmciaa R OCYIIECTBISUIACH
C HUCHONBb30BaHUEM Moayist  Sensitivity Analysis.
MonenbHBIH COCTAaB HMCXOAHOW CMeCH BBIOpaH mJis
YCTaHOBJIGHUSI OOIIMX 3aKOHOMEPHOCTEW pa3leneHus
cmecu [A—QeHon koHEYHOro cocraBa (AJIsi UCKIIOUe-
HUS CUTYyalluH pa30aBJIeHHsl CMECH LIETIEBBIM MPOITYKTOM).

B Tabn. 5 mpuBeneHbl MarepuanbHBIN OanmaHc U
napaMeTpbl pabdOThl KOJIOHH CXeMbl I, mpescTapBmsio-
el KOMIUICKC JIByX KOJIOHH, paOoTarolux Moja JaBlie-
nueM 0.1 u 1.0 aTM cOOTBETCTBEHHO.

Taoauna 5. MarepuaabHbIil OaaHC U HapaMeTphl pPadOThl PEKTH(PUKAIIMOHHBIX KOJIOHH IPH Pa3HBIX JaBICHUIX
Table 5. Material balance and operating parameters of distillation columns at different pressures

Juctnanst (D) KyooBbIii motox (W)
Ne KOJL P,atm | N, UTT N R Distillate (D) Bottom flow (W) 0. kBr
Col-No. | P,atm | N,NTS |~ Koa-so / x,, (T, °C) Koa-so / x,, (T, °C) o KW
Flow rate / x,, (T, °C) Flow rate / x,, (T, °C)
1 0.1 60 3 70/0.995 (82.11) 33.41/0.021 (97.77) 3575.6
2 1.0 70 17 2 30/0.001 (165.15) 3.41/0.098 (182.45) 1287.8
CyMMapHbIe DHEPro3aTPaTEI 48633
Total energy consumption

IIpumeuanue: Kon-Bo — KONMYECTBO IIOTOKOB, KMONb/4; X, — KoHLeHTpauus A B motoke, mon. x.; T’ — Temmeparypa
noroka (aucruiuiara/ky0a), COOTBETCTBYET TeMIlEpaType KWIIEHHs NpU JaHHOM cocraBe auctuiuiara/kyba, °C. Hymepauums
TapesoK ¢ BepXa KONMOHHBL ()  — SHEPro3arpaTsl KUIATHILHUKA, KBT.

Note: NTS is the number of theoretical stages. N, is the number of feed stages for the feed mixture streams. Flow rate
is the number of flows, kmol/h; x,, is the concentration of HA in the flow, mol fract.; T is the flow temperature (distillate/still),
corresponds to the boiling temperature at a given composition of the distillate/still, °C. The plates are numbered from the top

of the column. Q, . is the energy consumption of the boiler, kW.
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Xoa NUHUNA TOCTOSTHHOW OTHOCHUTEIBHOM JIeTyue-
cti napel [A—¢penon B mpucyrctBun A3 (puc. 2)
u anerona (puc. 3) mokaseiBaet, uro JIDI' (Tsmkeno-
kursuii PA, T = 244.8 °C) u aneTtoH (JErKOKHIIS-
wwpit PA, T~ = 56.0 °C) yBenu4uBaT JIETy4eCTh
I'A orHOCHTENBEHO (eHONA B CMECSIX C BBICOKHM
comepkanreM (eHoma. Jlns MOAEIBHOTO COCTaBa,
cogepxamero 0.7 mon. n. I'A, B mpucyrctBuu /2T
OTHOCHUTEJbHASL JIETy4ecTh A HECKOJIBKO CHIDKACT-
csl, HO OCTaeTcs J0CTAaTOYHO BBICOKOH JUIsl peann3aiun
9KCTPAKTUBHOTO dPPeKTa.

07 Mendn / Phenol

Puc. 2. Jlnarpamma H30JMHHUA OTHOCHTETBHOMN JTE€TYYeCTH
ounapHoii cucrembl [A—penon B mpucyrcrun 121 (PA)
Tipu iasnieHnn 0.2 aM, oL — OTHOCHUTENIBHAS JIETYHeCTh KOMITOHEHTOB.
Fig. 2. Isoline diagram of the relative volatility of the
HA-phenol binary system in the presence of diethylene
glycol (DEG) (separating agent (SA)) at a pressure of 0.2 atm,
o is the relative volatility of the components.

07 ‘02
—o> >

PA / SA

I e

(2)

Takum o0pazom, B TMEpPBOM Cily4ae MOXKHO
opranm3oBarb nporecc OP [13-14], a Bo BTopom —
MPOIIECC PEIKCTPAKTUBHON pexTudukamnmu (POP) [15].

Ha puc. 4 npuBeneHsr CTPyKTypbl KOMIUIEKCOB DP
(cxema IT) u POP (cxema III).

Cxemsl II u III sBisiroTCcs cXeMaMH-aHTHUIIOAAMU
U Pa3IU4aloTCs OTOOPOM  KOHEYHBIX MPOIYKTOB:
B nepBoM ciyyae (puc. 4a) I'A u deHon orOuparorcs
B BUJIC JMCTHUISTHBIX IOTOKOB; BO BTOpoM (puc. 40) —
B BUJAE KyOOBBIX MOTOKOB. OOs3aTENBHBIM YCIOBHUEM
(DYHKIIMOHMPOBaHMS TIEPBOIl KOJOHHBI O0EHX CXEM

Aneron / Acetone

TA/HA 09 LX) 0.7 0.6 5 LX) 0.3 0.2 ®&torn / Phenol

Puc. 3. JlparpamMma U30IMHUN OTHOCUTENBHOM JIETY4YECTH
OuHapHOI cricteMbl [A—(eron B nprcyTcTBun arieTora (PA)
nipu iaenieHuu 0.2 arm, 0.— OTHOCUTENTbHAS JIETYUeCTb KOMITOHEHTOB.
Fig. 3. Isoline diagram of the relative volatility of the HA—phenol
binary system in the presence of acetone (SA) at a pressure
of 0.2 atm, o is the relative volatility of the components.

. [ ] [ ]
— D, 0,
7 Z

PA / SA
L v L

(©)

Puc. 4. Ctpykrypst kommutekcoB OP — cxema I (a) m POP — cxema III (6). F — TIOTOK NCXOMHOM CMECH, KMOIIB/1;
D — IOTOK TUCTHILIATA, KMOJIB/4; W — KyOOBBII TTOTOK, KMOJIB/4.
Fig. 4. Structures of the extractive distillation (ED) — Flowsheet II (a) and re-extractive distillation (RED) — Flowsheet I1I (b) complexes.
F, is the flow of the initial mixture, kmol/h; D is the distillate flow, kmol/h; W is the bottom flow, kmol/h.
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SIBIISICTCSL  OpraHU3aIys HCXOIHOMN
cmecu (F) u PA.

Pacuer nponecca OP u POP nposoawics ¢ ucnoms-
30BaHHEM MapaMeTpoB OWHAPHOTO B3aUMOICHCTBHUS
ypaBHeHus: NRTL, B3aTeix u3 pabotel [7], 0a3bl
nanHbix NIST® uimi cMOJETUPOBAHHBIX 110 YPABHEHHIO
UNIFAC. Konm4ecTBO M COCTaB HCXOOHOM CMecH,
a Takxke TpeOoBaHMsA K KadecTBy I'A u QeHona orse-
uaror cxeme [; uncrora PA x,, = 0.999 mom. 1.

BaxnpiM mokazatenem mpouneccos OP u POP
aBysieTcst pacxon PA, oOecreumBaromiuii €ro ceniek-
TuBHOE JeiictBue. [loaToMy Ha IIEpBOM ATare ONTUMHU-
3alMM TTapaMeTPOB COOTBETCTBYIOMIMX KOJIOHH cxeM I
u Il ocymiecTBisuics «pydHOi» TOAOOp BEIMYUH pac-
xoma PA w nmaBneHUWs B KOJNOHHE, HEOOXOOMMBIX IS
JIOCTHXKEHHUS 3aJaHHOM YMCTOTHI IMPOAYKTOBBIX IOTO-
KOB, TIPH J3TOM B OOJBIIMHCTBE CIIydacB KauyecTBO
MIPOLYKTOB INPEBOCXONMIO 3ajaHHOe. [lanee wucmosnb-
30Basuch Moaynu Design Specs u Sensitivity Analysis.

Pesynbratel  pacuera mpouneccos OP u  POP
Ipe/ICTaBICHbI B Ta0I. 6.

IIPOTUBOTOKA

OBCYXJAEHUE PE3YJIIBTATOB

JlanHBIEe BBIYMCIMTEIHFHOTO JKCIICPUMEHTA MOKa-
3aqM, YTO BO BCEX TpeX BapHaHTax Tpedyemoe
KaueCTBO MPOIYKTOBBIX IIOTOKOB TOCTUTHYTO. Hamboee
3 (EeKTUBHBIM BapUaHTOM paszeneHusi cmeck ['A—deHon
apisiercst iporiecc OP ¢ Tsoxenokunsaumm PA (J190). Kax
U CIIEJ0BAJ0 OXHIATh, pekuM POP ¢ Jerkoxunsmum
PA (aumetonom) TpebyeT sHeprozarpar MOYTH B JBa
pasza OonpIINX MO cpaBHEHHIO ¢ DP, 4To cBA3aHO, B TOM
qucie, ¥ ¢ 0ombineit kpatHOcThio PA (2.0 mo cpaBHEHHIO
¢ 1.2 B OP), koTOpHBIii HEOOXOJUMO IIBAXKIBI UCTIAPSTH
JUTSL BBIZICTICHHSI alleTOHA B COCTABE JUCTHIUISTOB 00SHX
konoHH komruiekca POP. Cxemsr | u III mo sneprosza-
TpaTaM pas3IHdaroTcsl He3HAUUTEIHHO (8.6%).

CpaBuenne pexumoB OP um POP moxaseiBaer
CYIIECTBCHHOE CHIDKEHHE CYMMAapHBIX DJHEpPro3arpar
B IIEPBOI1 KOJIOHHE KoMIutekca DP, 4To cBsi3aHO ¢ gomoi-
HUTEIBHON JIETKOCTBhIO BbIAeNneHus ['A Kak mpoaykra
C MHUHHMMAJbHOM TeMIeparypod KureHuss B oOia-
CTH JUCTWUISIUH, KOTOPOH MPHHAUICKHUT CMEChH

Taoauna 6. MarepraabHBII OataHC W TapaMeTphl PadOTH PeKTH(PUKAIIMOHHBIX KOTOHH KoMmIuiekcoB OP u POP
Table 6. Material balance and operating parameters of distillation columns of the extractive distillation (ED) and

re-extractive distillation (RED) complexes

HJuctuaiasar (D) Ky6oBbiii notok (W)
Newow. | P,arw | N,UTT | NN, | o Distillate (D) Bottom flow (W) 0, xBr
Col.No. | P,atm | N,NTS | Ny/ Ny, Koa-o/x,, /x, (T,°C) | Koa-so/x,, /x,(T,°C) | Qo KW
Flow rate / x,,, / x, (T,°C) Flow rate / x,, / x, (T, °C)
Kommutexe DP (cootHormenue koiuuects PA/cmeck = 120 : 100)
ED complex (SA/mixture ratio = 120 : 100)
1 0.2 16 9/6 0.67 70/0.996 / 0.004 (98.88) 150/0.002 / 0.198 (172.69) 1602.0
2 0.2 20 6/— 1.45 30/0.001/0.999 (131.69) 120/ 0.000 / 0.008 (190.91) 1111.0
CyMMapHBIC SHEPro3aTpaTsl 2713.0
Total energy consumption ’
Kommuiexe POP (cootHomienue koimuuects PA/cmeck = 200 : 100)
RED complex (PA/mixture ratio = 200 : 100)
1 0.35 60 7/53 0.15 270/0.259/0.000 (34.24) 30/0.001/0.999 (147.44) 3050.0
2 1.0 11 7/- 0.08 200/ 0.002 /0.000 (56.18) 70/0.999 /0.000 (143.61) 2230.0
CyMMapHBIC YHEPro3aTpaTsl 5280.0
Total energy consumption ’

Tpumeuanue: Kon-Bo — KOJIMYECTBO MOTOKOB, KMOJIB/Y; X,

TA

X, — KoHUeHTpatmu A u (heHONa B OTOKE COOTBETCTBEHHO, MOJL. [I.;

T — TeMneparypa MOTOKa (AUCTHIIATa/KyOa), COOTBETCTBYET TEMIICpaType KHICHHs IIPU JaHHOM COCTaBe AUCTHILIaTa/Kyda, °C.
Hymepanus Tapenok — ¢ Bepxa KoJOHHbL O — SHEPro3arparhl KUMATUILHUKA, KBT.

Note: N, and N, are the numbers of feed stages for the feed mixture streams and separating agent. Flow rate is the number
of flows, kmol/h; x,,, and x_ are concentrations of HA and phenol in the flow, respectively, mol fract.; T is the flow temperature
(distillate/still), corresponds to the boiling temperature at a given composition of the distillate/still, °C. The plates are numbered
from the top of the column. Q, . is the energy consumption of the boiler, kW.

3 ba3a nauHbIX nporpammuoro komiuiekca Aspen Plus® V. 10.0. NIST Chemistry WebBook URL: https://webbook.nist.gov/
Mara obpamienus 22.04.2023. / Aspen Plus® V. 10.0 database. NIST Chemistry WebBook URL: https://webbook.nist.gov/. Accessed

April 22, 2023.
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II9T' / DEG

131,71 C

JIoT / DEG

Puc. 5. Xon IUCTHIUIAIMOHHBIX TUHAN B KOHIIGHTPAIIMOHHOM TpeyroibHIKe cucTeMbl [ A—penon—/13I (a)
" pparMeHT TuarpaMmel (6), OTpakaromiii 0COOEHHOCTH PACTIONIOKEHHS CETIaPaTPHICHl B OKPECTHOCTH
ctopons! 191 —penon npu nasnenwnn 0.2 aTm.

Fig. 5. Distillation lines in the concentration triangle of the HA—phenol-DEG system (a)
and a fragment of the diagram (b), reflecting the features of the location of the separatrix in the vicinity
of the DEG—phenol side at a pressure of 0.2 atm.

Opyrro-cocraBa F, + PA. B namnom ciyuae mpu
ONMM3KKUX YPOBHSAX TIOAAYM MCXOJHOW cMecu W PA
MOKHO TOBOPHTH O IpoIiecce OOBIYHOI peKTH]HKa-
muu  TpoiiHoH cMecn [A—¢penon—J/I0I. OcobeHHO-
CTBIO DJTOTO0 PEKHMa SBISICTCS IOJIy4YeHHE B KyOe
KOJIOHHBI COCTaBa, MpUHAAJIeKaIIero cenaparpuce [14],
KOTOpasi 3a CUeT KPUBU3HBI KacaeTcss CTOPOHBI Tpe-
yronpHuKa JI3['—¢eHon B nuana3zoHe KOHIEHTpauui
9T 0.65-1.0 mon. 1. (puc. 5). [locneanee nmpuBOAUT
K CHIDKCHHUIO cojiepkaHus nmpumecel [A B kyOoBOM
IIPOyKTE KOJIOHHBI OP, KOTOpo€ B IPOTUBHOM Cilyuyae
cocrasmio 661 okxomo 1.0-1.5%.

HecMmotps Ha BbICOKHME 2HEpro3arparbl KOMIUIEKCA
POP, ero oCHOBHBIM JOCTOMHCTBOM SIBIISIETCS BOBIIC-
YyeHHe B TEXHOJIOTMYECKMM mpolecc aueroHa —
BTOPOTO IIEJICBOTO MPOAYKTa KyMOIBHOTO crocoda
NPOU3BOACTBA  (heHoNa, HE HaXOAALIero CEerogHs
MOJTHOLEHHOTO CcIpoca. DTO 00CTOATENLCTBO, HECO-
MHEHHO, TMOBBIIIAET MEPCIEKTUBHOCTh JAalbHeHmei
ontuMu3auu npouecca POP u ucnons3oBaHus ero B
MIPOMBIIIIIEHHOCTH.

3AKJ/IIOYEHHUE

C ucnonp30BaHMEM MaTEMAaTUYECKOTO MOJEIUPO-
BaHus [DKP cucrempl [A—deHon npu Tpex JaBICHUIX
¥ B NPUCYTCTBUM ToTeHImanbHbIXx PA (JIOI, ameron)
MoJydeHa HOBas (U3UKO-XMMHUYECKas WH(QOopMaIus
0 (ha3oBOM MOBeIEHUN OMHAPHON M TPOMHBIX CHCTEM,

KOTOpasi Jierjia B OCHOBY Pa3pabOTKH BapHUaHTOB CXEM,
0a3UpYIOIUXCS Ha NPUMEHEHUH CIICIUAIBHBIX TIPH-
€MOB, M OOBSCHEHHS PE3yJIBTATOB Pa3JICICHUs C MO3H-
MU TEPMOJMHAMHKO-TEOMETPUYECKOrO aHaln3a (as3o-
BOM TMarpaMMBbl.

B BBUUCTUTENBHOM JKCIIEPUMEHTE B CpeAe Mpo-
rpaMMHOro  Komiuiekca Aspen  Plus®  ompezeneHs
YCIIOBHSI ~ MPOBEAEHUS  Mpolecca  pekThdukanuu
W CTaTHMYECKHE TMapaMeTpbl paboThl KOJOHH Tpex
cxeM, O0a3upymoIIMXCsSd Ha BApbUPOBAHHMU JABICHHS
B KOJIOHHaX, ucnonb3oBanuu OP u POP. C ygerom
BO3MOJKHOCTH BOBJICUCHHUS B TEXHOJOTHUYECKHUH 000-
pOT BTOPOTO TPOAYKTa KyMOJIBHOTO TPOM3BOACTBA —
aleToHa — B KadecTBE aJbTEPHATHBHOTO BapHAHTA
pasnenenwus npeanoxkeHa POP.
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Bausinue puzudeckoid 00padoTku HA PU3MKO-XUMHUYECKHE
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AHHOMaAyus

Ienu. H3meHeHusi ceolicme 800bl, Bbl38AHHbLE PA3NIUUHBIMU (GAKMOpaMU, MAKUMU KAK
dasneHue unu memnepamypa, mozym OObSCHAMbCSL MONbKO CMPYKMYPHbIMU UBMEHEHUSIMU
800bl. YueHble uccnedyrom U3BMeEHEeHUsL C8olicma 800bl, NPOUCXO0AWUE UCKIIOUUMENbHO U3-30
paznuuHblx pusuveckux pasopaxumeneil u 6e3 dobasneHuss Kakux-1ubo geuwiecms. Ipumepamu
maxkux pazoparkumesnell s8AAIMes aKycmuueckoe U mennogoe go3oelicmeue, u3MeHeHue
0asneHust, eCmpsxusaHue, UHMeHCU8HAsl 8UOPAyUOHHAsL obpabomKa ¢ nocnedyrouwum pasge-
OeHueM, suxpegoe nepemeuwiusaHue, obpazosaHue nysvipvkos u m.0. Llenvio daHHOz20 0b630pa
ssnsiemest 0606weHUe UMEoULUXCSL OGHHBLX 0 MOM, KAK 8blULeYKA3AHHbLE NPOUECCHL 8AUSIOM HA
gusuro-xumuueckue u buosozuueckue ceoticmaa 800l U 800HbLIX PACMEOPO8.

Pesynemameul. [Tokasaro, umo Hazpes denaem 800y MeHee CokuMaemoli U CHUXKaem pacmeo-
pumocms 8030Yyxa 8 800e, 4 OxXNAsOeHUe nosblulaem ee 8s13Kocmb. AKycmuueckoe gozoeticmaue
npugooum K momy, umo cmpykmypa 800blL CMAHO8UMCSL KPYNHO3EPHUCMOTU, UMO CONposoxroa-
emcesi ygeauueHuem Koauuecmaa KpynHolx kaacmepos, pH u memnepamypsl 8HYmpu Kaguma-
UUOHHO20 nysbipsi. Bblcokoe oOaeneHue cnocobcmeyem YeenuueHUuro maKux ¢Guauueckux
ceolicma 800blL, KAK 8s3K0CMb, camoouggysus u cokumaemocms. [ns 800bl, obpabomaHHOU
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NY3blpbKAMU, NPOUCX00SIM USMEHEHUSL BPEMEH CNUH-CNUHOB0T U CRUH-PeLUemOUHOU penaKcayuu,
obpasyromest akmueHble PopMbl KUciopoda, a markrke Habnrooaemcsi no8blULEHHASL PACMBO0-
pumocmeb 2a308 8 JKUOKOCMSX Hapsidy CO CHUXeHuem esisikocmu. Buxpeeoli mexHonozuue-
cKull npouecc npugooum K YsesiuueHuro 31eKmponpo8ooHOCmuU 800bl U CHUXKEHUIO 8s13KOCMU.
HnmeHcusHas subpayuoHHast obpabomika u npoyeccol pazbasnieHust npueoosm K U3MeHeHU
HeKomopblx xapaKkmepucmuk 800bl, MAKUX KAK 31eKMponpo8o0HOCMb, KOHUEHMPAYUsL pacmaeo-
PEHHO020 2030, CKOPOCMb YAbMmpas8yKoaoli 8onHbl, pH, nogepxHocmHoe HamsikeHue, OuseKmpu-
yeckast NPOHUYAeMOCMmb U CReKmpanbHslii omikauk. B pabome maroke npedcmagieHbl OGHHbLE,
noomeepokoarouiue buosozuueckue sgpgexmosl pasIUUHbIX MUNO8 YNOMSIHYMOU puauueckoil
obpabomru pacmeopos.

Bweoodsl. /[aHHblil 0630p nokassigaem, umo gusuueckas obpabomra 800bL MOIXKEM 8bl3bl8aMmb
UBMEHEeHUSsl KaK PUBUKO-XUMUUECKUX, MAK U 6Uuos02uUeckux ceoticme 800bl U B0OHLLX pACMBEOPO8.

Knroueesle cnoea: gpusuueckast obpabomra, ceoticmaa 800bl, c80TiCMBA 800HBIX PACMEOPO8

Jna yumuposanus: Jlon E.C., CremanoB INO., Tapaco C.A. BiusiHue ¢usnueckoii oOpabOTKH Ha (U3HUKO-XMUMHYCCKHE
U OMOJIOTHYECKHE CBOWMCTBA BOJABI M BOJHBIX PAacTBOPOB. Towukue xumuueckue mexuonocuu. 2023;18(5):426—445. https://doi.
org/10.32362/2410-6593-2023-18-5-426-445

REVIEW ARTICLE
The effects of physical treatment on physicochemical
and biological properties of water and aqueous solutions

Elena S. Don'"*“, German O. Stepanov!, Sergey A. Tarasov'?

Materia Medica Holding, Moscow, 129272 Russia
?Institute of General Pathology and Pathophysiology, Moscow, 125315 Russia
“'Corresponding author, e-mail: physactive@yandex.ru

Abstract

Objectives. Changes to the properties of water caused by factors such as pressure or temperature,
can only be explained by its structural changes. Scientists study changes to the properties of
water due to various physical stimuli only without the addition of any substances. Examples
of stimuli are acoustic exposure, thermal exposure, pressure variation, shaking, intensive
vibration treatment followed by dilutions, vortexing, bubble generation, inter alia. The aim of the
present review article is to summarize the available data on how the above processes affect the
physicochemical and biological properties of water and aqueous solutions.

Results. It has been shown that heating makes water less compressible and decreases air
solubility in water, while cooling enhances its viscosity. Acoustic exposure makes the structure
of water become coarse-grained, followed by an increase the number of large clusters, pH and
temperature inside a cavitation bubble. High pressure enhances the viscosity, self-diffusion,
and compressibility of water. For bubble processed water, there are changes in the spin-spin
and spin-lattice relaxation times. Reactive oxygen species are formed, as well as increased
solubility of gases in liquids and reduced friction. Vortex process technology causes an increase
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Bausinue ¢pu3HIecKoi 06paboTKH Ha (PH3HKO-XMMHIECKHE H OGHOAOTHYECKHE CBOHCTBA BOABI ...

of electrical conductivity of water and reduced viscosity. Intensive vibration treatment and
dilution processes result in changes in electrical conductivity of water, dissolved gas
concentration, ultrasonic wave velocity, pH, surface tension, dielectric constant, and spectral
response. There is also data to support the biological effects of different types of physical

treatment of solutions.

Conclusions. This review shows that physical treatment of water can induce changes both
in physicochemical and biological properties of water and aqueous solutions.

Keywords: water technology, water properties, mechanical treatment, aqueous solution
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BBEJAEHUE

Bonma — 910 yHUKaJIhbHOE XUMHUECKOE COCIMHEHHE,
HE MMEIOIICe aHaJIOTOB B MPHPOJIC, U C TOYKU 3PEHUS
TEOPETUYECKOM HAyKH MHOTHE €€ CBOWCTBAa CYHTa-
IOTCSI aHOMAaJbHBEIMU. Boma B cTammoHapHOM COCTOSI-
HHUM SIBJIAETCS OTKPBITOM HEPAaBHOBECHOM CHCTEMOI,
CIOCOOHOH NIEMOHHMPOBATh JIOIOIHHUTENHFHO CBOOOI-
Hyto sHepruto [1]. K HacTosimemy BpeMeHHU MOKas3aHo,
YTO BHEIIHWE BO3ACHCTBUSA (ONTHYECKOE, MIIa3MEHHOE,
MEXaHMUYECKOE U JIp.) CHOCOOHBI KapIWHAJIBHO H3Me-
HATh MaKPOCKOIIMYECKHE CBOMCTBA JKUAKHX PACTBOPOB
[2—-10]. bpino omyOnMKOBaHO MHOXECTBO PAaOOT, OMUCHI-
BaIOUIMX OTH YHUKaJbHBIE CBOWCTBA U OCOOCHHOCTH
CTPYKTYpbl BOabl [11-16], moaToMy MbI XOTenu ObI
VICNUTh OOJIbIIIe BHUMAHHWS JIAHHBIM, ITOITBEPIKIA-
IOIIMM BO3HHKHOBEHHE HOBBIX CBOMCTB BOJIBI M BO-
THBIX PACTBOPOB IIOCIE MEXaHWIECKOTO BO3ICHCTBHS
Ha HUX. Brmsane Mexanndeckoit 00pabOTKH Ha XIMUIe-
CKHE CBOWCTBA BEIICCTB M3Yy4AIOCh B TCUCHHE JTHTEIb-
HOTO Tepuojia BPEMEHW U B JAHHBIH MOMEHT BBI3bI-
BaeT Bce Oombimmii muTepec [17-20]. Tem He MeHee,
BHHMAaHHE YYEHbIX B OOJACTH MEXaHOXMMHHU COCPEHO-
TOYEHO B OCHOBHOM Ha HU3MEHEHHSAX B CTPYKType

TBEPIBIX XMMHUYECKUX COCAMHEHUH, a HE Ha CTPYKType
BOJIbI, KOTOpas OOBIYHO JIMOO paccMarpuBaeTcs Kak
HOMHWHAJIBHBI PAaCTBOPUTENH, TUOO BOOOIIE HE TpH-
HUMaeTcss BO BHuUMaHWe. OpHAKO TPU BO3JEHCTBUU
OTIPEZICTICHHBIX (PAKTOPOB Ha KHUIKYIO BOAY, TAaKHX
KaK JaBJICHHE WM TEeMIeparypa, M3MEHEHHUS HEeKOTO-
PBIX CBOMCTB BOJBI MOTYT OOBSCHSTHCS TOIBKO M3MEHE-
HUSIMH €€ CTPYKTYyphI [21].

B cimyuae Mexanmdyeckoil 00pabOTKH BOIHBIX
pacTBOpoOB yueHble, B TEpBYIO ouepedb (U3UKHU,
TIIATEIBHO HMCCIENYIOT NPUOOpETEeHHEe BOAOH HO-
BbIX CBOWCTB, KOTOpPbI€ BO3HUKAIOT 0Oe3 J00aBieHUs
KaKUX-TMO0 XMMHUYECKUX BEIIECTB U HMCKIIOYUTEIBHO
W3-32 PA3IUYHBIX MEXaHMYECKUX pa3/ipakuTelieH,
TaKUX KaK aKyCTHYEeCKOe M TEPMHUYECKOE BO3JEHCTBHE,
W3MEHCHHE JIABJIICHUS, BCTPSXMBAHWE, WHTCHCUBHAS
BHUOpaIMoHHas 00paboTKa C TOCIEeIYIONUM pa30as-
JICHWEM, BHXPEBOEC TIEPEMEIINBAHUE, OOpa3oBaHKE
my3bIpbKOB U T.0. llenpfo maHHOTO 0030pa SIBISETCS
HE TONBKO OIMCAHUEC HWMCIONIMXCS NaHHBIX O TOM,
KaK BBIINICYKa3aHHBIC IPOIECCHl BIHSIOT Ha (DU3HKO-
XUMHYECKHUE CBOWCTBA BOIBL, HO M OLEHKA BO3ZCH-
CTBUSI Ha Owuosiornyeckue dS(PGEeKTsl TaKuX BOIHBIX
pacTtBopoB. Takke OONBIIONW MHTEpEC Yy HAac BbI3bIBA-
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IOT TE€MBI, TTOCBSIIIIEHHBIE BO3JICHCTBUIO HA BOAY M BOJI-
HBIC PACTBOPHI JAPYTUX (PHU3NIECKUX pa3ApaskUTENeH,
HalpuMep, DSJIEKTPOMATHUTHBIX TIOJICH; OIHAKO MBI
HaMEpEHHO OIyCKaeM HX B TAHHOM 0030pe, MOCKOIBKY
Ha CETONHSIIHWN JEHb TaKWe BO3ICUCTBHS TOpa3io
Oonee mMpoko u3ydeHsl [22-25].

OCOBEHHOCTHU CTPYKTYPBI BO/JbI

[Ipexxae yem mepexoauTh K 00CYKACHUIO CBOMCTB
BOJIBI, KOTOPBIE M3MEHSAIOTCSA TIOCIE MEXaHWYEeCKOH
00palOTKH, BXKHO IMOITYYHUTh NPEACTABICHHE 00 OCOOBIX
CBOMCTBaX WCXOMHOW HeoOpaboraHHOW BOabL. Jlis
ITOTO CJIEAYET MPOAHAIN3UPOBATE OCOOCHHOCTH ee
cTpykTypbl. DyHIameHTanbHas paborta bepnana [26]
U JajbHeiIee pa3BUTHE TIPENCTABICHHBIX B HEH
UJIeH PUBEIN K CO3MaHUI0 TaK HA3bIBACMOM CTaHIapT-
HOW MOJENu BOAbI, MPEACTABIAIOLIEH €e CTPYKTypy
B BHJIE CETH BOAOPOIHBIX CBs3ei, — CBOOOIHOU, HO MPHU
9TOM IUIOTHOM. DTH aCUMMETPHYHBIE CBOMCTBA ObLIN
BbIsiBIIeHb! bepHanom u ®aynepom mnocie CpaBHEHUs
paauMyca MOJICKYJbl BOJABI C €€ OXXHIaeMOW IIOTHO-
CThIO, KOTOpas oOKa3allaCh 3aMETHO HIKE pacCueTHO-
ro 3uaueHust (1.0 Bmecro 1.8 r/cm®). Dtu pesynbrars
ObUTH TIOATBEP>KIeHB Makiepom, CTroapoM 1 AMabIu
C HCIIOIB30BAaHAEM PEHTTCHOCTPYKTYPHBIX H3MEpPECHUI
BomBI [27-29].

AKTyallbHYI0 Ha CCTONHSINHUHA [CHb MOICIh
BOJIbI MOYKHO OIUCATh CIEAYIOUIMM 00pa3oM:

1. HeoObluHbIe CBOMCTBA BOMBI MOTYT OBITH O0Y-
CJIOBJICHBI TETPAdIPUUYECKON TeoMeTpuel ee MOJIeKYJ
[26]. [lBa aTtoma Bomopoda OOpPa3yIOT BOAOPOJIHBIC
CBSA3M C KHUCJIOPOJIOM, KOTOpBIE JIeKAaT B OCHOBE
YHUKaJbHBIX CBOMCTB BoAbl [30-34]. Tem He meHee,
peainsanusa aHOMaJIbHBIX CBOWCTB BOABI O6’I)HCH$I—
eTcs 00pa3oBaHMEM [BYX OMOJHUTEIBHBIX AaKIIell-
TOPHBIX «BOJOPOIHBEIX» CBsi3el. Kak pesynprar, Boma
o0nalaeT CHIBHBIMUA OpPUEHTAI[OHHBIMU B3aHMOICH-
CTBHSIMH B JOTIONHEeHHE K BaH-nmep-BaanbpcoBbiM mpu-
TSDKECHHSIM H OTTAJIKUBAHUSIM.

2. DTO NPUBOAUT K KIETKOOOPa3HOMY CTPYKTY-
PUPOBAHUIO HE TOJBKO B TBepAbIX (asax (yiem), HO U
B Jkuakoi Boje. XKujakas Bojga mpeacTaBisieT cobOoit
CMeCh JIBYX >KMJIKOCTEH: OHOM C HM3KOW IJIOTHOCTBIO,
BTOpO# — ¢ BbICOKOI [35].

3. XKuzkast Boga mpeacTaBiseT coO0H CMeCh THITOB
CTPYKTypbl. VIMEHHO CTpyKTypa IpuUJaeT BOAE MakKpo-
CKomm4eckue cBorcTra [36—40].

4. Xumkas Boma, Kak IpaBHiIO, OoJice KOTE3WBHA,
4eM JpyTHe MpPOCThIe JKUAKOCTH. biaromapst cBoeit
CTPYKTYPHOH OpTraHU3aIMU, MOJICKYJIBI BOIBI CIIOHTaH-
HO CBSI3BIBAIOTCS APYT € APYrOM B TeTpaMep 3a CueT
BOJIOPOAHBIX CBSI3€H, M, XOTS BOIOPOJIHBIE CBSI3U
HaMHOTO cjiabee KOBAJICHTHBIX (MX SHEPrusi BapbuUpy-
erca B mpenenax 4-13 x/[x/Modb MO CpaBHEHHIO

¢ mnpubmmsurenpHo 418 kJDk/Monb IS yraepon-
BOJIOPOJTHON KOBaJICHTHOM cBsi3M [41]), OHU croco0-
CTBYIOT HAKOIUICHHIO OOINEH MOJICKYISPHON SHEPrUH
32 CcY4eT CBOEro OOJBIIOTO KOJHYECTBA M OBICTPOTO
oOpaszoBanus [42].

[IpuBeneHHas BbIIIE MOJICNb B HACTOSIEE BpeMs
PEeIKO TIOJBEPraeTCsi COMHEHUIO, HO BCE )K€ HEKOTOPHIC
€€ aCIeKThl BBI3BIBAIOT Psijl BOIIPOCOB, U ele OOoJIbIe
BOIIPOCOB BO3HUKAET B CBSI3U C PACTYIIUM YHCIIOM
HOBBIX DKCMIEPUMEHTAIBHO MONy4YeHHBIX (akToB. OquH
U3 OTHX BOIPOCOB Kacaercs CTaOWIBHOCTH TIIJIOT-
HOCTHBIX HEOIHOPOJHOCTEH B BOjE (Tak Ha3bIBAEMBIX
«BOJIHBIX CTPYKTYp», «KIacTepoBy»). MX cymiecTBoBa-
HHME B JKMJIKOH BOJC Ha CETOMHSIIHHI JCHL SIBISCTCS
obnienpu3HaHHbIM (haktoM [43—45]; oAHAKO HEKOTO-
pBIe CHEIMATUCTBl CYUTAIOT, YTO BOIHBIC CTPYKTYPHI
MOTYT OBITH JONTOXKHUBYIIMMHU [14, 43], B To Bpems
KaK JIpyrHe yuYeHbIe I0JararT, YTO BpeMs JKU3HHU
BOJIHBIX CTPYKTYpP OTMpEIENsIeTcsl BpeMEHEM Iepexoja
BOJIOPOHBIX CBSI3EH, KOTOPOE HE MPEBBINIACT HECKOJIb-
KHX THMKOCEKYHJ] MJM OoJiee JUINTENbHBIX TMEePHOI0B
BPEMEHH, HO COIOCTaBMMO CO BpPEMEHEM Iepexoja
BOJIOpoHbIX cBsi3edt [31, 46]. Bpems mepexona Bomo-
POJHBIX CBS3EH W, CIENOBATENBHO, OTICIBHBIX CTPYK-
TYPHBIX 3JIEMEHTOB BOJIIbI JICHCTBHTEIBHO MOXKET
COCTAaBIISTh HECKOJIBKO MUKOCEKYHJI, HO 3aMEHa OJHOTO
CTPYKTYPHOTO DJJIEMEHTa JPYyTUM HE TPUBOIUT K
pPa3pylICHUIO BCEW CTPYKTYpHI, Jelas ee JIHHAMNY-
HOM M JOJNTOXHUBYIIEH omHOBpeMeHHO. B 1998 1. ObL1O
BBIJIBUHYTO TPEIATNONOKEHHE O CYIICCTBOBAHWUHU JIMHA-
MHUYECKOM CaMOBOCIIPOU3BOJSIICHCS CETH MOJICKYII
BOJIBI B JKUJIKOU BoJie [47], a 3aTeM OHO OBLIO MOJITBEPIK-
JIEHO B paMKaX HE3aBHCUMOIO PEHTTCHOCTPYKTYp-
HOTO UCCJICIOBaHUS HaHOKarenb Boabl [48, 49].

Ha ceromusimiauii eHb SKCIIEPUMEHTAIBHO H3Y-
YeHBl W TEOPETHYECKH OIMCaHBbI KJIACTEPhl pPas3iind-
HBIX pa3MepoB: Mallble KiacTepbl (OT JAUMEpOB JIO
JIEKaMepOB) M KIlacTephl, 00pa3oBaHHbIC HECKOJIbKUMHU
necatkamu [45, 50, 51] nnm gake COTHSIMH MOJIEKYIT
Bombl [52]. BBUT0O MOATBEPXKIEHO CYyIIECTBOBAaHWE
OKTaMmepa BOJIbI — 00pa30BaHusl, KOTOPOE paHee CUMTa-
JIOCh TEPMOJAMHAMHYECKH HECTa0WIbHBIM. JlaHHBIC
criekrpockoriu 'H siiepHoro MarautHOro pesonasca (SIMP)
MOKa3aJu, 4YTO AMHAMHUYECKas BOJOPOIHAs CBS3b B Kila-
CTepe ONpPeNeTICHHOro pasMepa (1 = &) sABJsieTcs OAHOM
3 0coOEHHOCTEH TEepMOAMHAMUYECKH METacTaOMIIb-
HOTO BOJIHOTO KJjlacTepa, OOpasyroIlerocsi B THIPO-
(hoOHBIX pacTtBOpuTeNax [53]. OmHako naxe BBICOKO-
OYMINIEHHAsT BOJAa MOXET COIEpKarh MPUMECH WK
HOHBI, KOTOPBIE CIIOCOOHBI 00Pa30BHIBATH BOKPYT CeOs
cTaOWJIbHBIC BOIHBIC CTPYKTYphI [54, 55]. Co3naHHbIC
CTPYKTYPbl MOTYT OBITh TpeoOpa3oBaHbl B (HOPMBI OT
HHU3KOM JI0 BBICOKOH IIOTHOCTH, M3THOas HEKOTOPbhIE
BOJIOPOIHBIC CBSI3W, HO HE TOBpeXjas uX. Pa3zMepsl
TaKUX CTPYKTYP 3aBHCAT OT KOHIICHTPAIMU MPUMECEH,
Temmnepatypsl cpensl, pH u T.1. [56-59].
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®U3NKO-XUMHNYECKHUE CBOMCTBA BO/bI

Moxnenb Bopl, ONMCaHHAs B TPEIBIIYIIEM pasiere,
XapaKTepU3yeTCsl CBOHCTBAMH, KOTOPHIE XOPOIIO H3BE-
CTHBI W3 HaydHOU nureparypsl. OOnamas cBOOOTHOM,
HO IIPH ATOM IDIOTHOH CTPYKTYypOHd, BOJA WMEET OTHO-
CHTEIIbHO BBICOKHE 3HA4YEeHHs ITOBEPXHOCTHOIO HaTs-
JKEHHsI, TEMIIEPaTyphl IUIABJICHUS W TEMIIepaTyphl KHIle-
Hug. Kpome Toro, Boma o00iagaeT INIOTHOCTHBIMH
aHOMAaJusIMH, KOTOpBLIE MOTYT IIPOSBIATLCS pa3ny-
HBIMH cnocoOamu. Tak, Hampumep, Jieq OCTaeTcsl Ha
TIMOBEPXHOCTHU )KI/I}Z[KOﬁ BOJbI, B TO BPCMs KakK B ClIy4dac
OONIBIIMHCTBA JAPYTHX MaTepHajioB TBEPJOEC BEIIECTBO,
OKa3aBIINCh B JKUAKOCTH, OyZeT TOHYTh. JTa IUIOT-
HOCTHasT aHOMAJHs BOIBI CBs3aHA C TEM (PaKTOM, UTO
MOJ TABJICHWEM BOIIAa B TBEPJOM COCTOSHHH TaeT, Ipe-
BPAaIIasch B KUAKOCTB, XOTSI OOJBIITHHCTBO JKUAKOCTEH
MOA BO3/ICHCTBHEM [aBICHHS MEPEXOMUT B TBEPHOE
cocrostaue [60].

[Nonmumoppu3M KpPHCTAUIMYECKUX CTPYKTYp —
XOpouIo u3BecTHhIN (eHoMmeH. Tak, Hampumep, Oonee
5 TakuxX CTPYKTyp MOTYT ObITb OOHapyXeHBI B yTJIe-
poae (anmma3z, rpadur, rpadeH, ¢ymiepeH U T.J.).
BonbIIMHCTBO OOBIYHBIX MaTepuajoB HMCHOT TOJIBKO
OIHY WJIM JABE TBEpAbe (asbl, BOAA B TBEPAOM COCTOS-
HHM, TO €CTh B BHJE JIbJa, oOnamaeT Oojee 4eM IecsT-
koM (a3 [11]. Kpome Toro, Boma — nossipHasi MOJIEKyJIa,
MOATOMY B JKHIIKOM COCTOSIHHH OHA MOXKET PacTBOPSTH
MOJISIPHBIC W MOHHBIC BEIIeCTBa. TepMOITMHAMUYECKUE

XapaKTEPUCTHKHA BOJbI, HEOOXOMUMBIC Ui PacTBOPE-
HUSI HETIOJSIPHBIX MOJIEKYJ, OTIMYAIOTCS OT XapakTe-
PUCTHK OOJIBIIMHCTBA JPYTUX pacTBopHTeneid. YToOb
MIOAYEPKHYTh 3TO Pa3iHyKe, TaHHOMY SBICHUIO OBLIO
MPUCBOCHO COOCTBCHHOE Ha3BaHHE — «THIPOPOOHBIN
a¢ddext». Tem He MeHee, Boaa 00J1a1aeT PsIOM CBOWCTB,
KOTOpbIC HE BBI3BIBAIOT COMHCHHU — HANpHMEp, CIO-
COOHOCTBIO TIEPEXOIUTh B TBEPAYIO (a3y MpU HHU3KHX
temmeparypax. Ilom Bo3deWicTBHEeM —TeIuia  BOja
B TBEPJIOM COCTOSHMM (JIe[]) TaeT W MpeBpallaeTcs
B KHAKOCTh. [lanpHeilllee HarpeBaHue MPUBOJIUT
K KUIEHUIO — (a30BOMY IEPEXOy U3 JKUAKOTO COCTOs-
HUs B Tazoo0pasHoe. CiienoBaresibHO, HA 9TOM YPOBHE
(a3oBasi aMarpaMMa H3MCHEHHS [aBICHHUS W TEMIIC-
parypel (pT) nnst BOmbI, KOTOpash OTpa)kaeT JaHHBIC
O0COOCHHOCTH, aHaJormyHa (ha30BBIM JUArpamMmaM JJist
Ipyrux MatepuaioB. OCHOBHBEIC (DH3UKO-XMMUIECKHE
CBOWCTBa BOJIBI IPE/ICTABIICHEI B TAOIHIIC.

B xone skcriepuMeHTOB OBLIO IMOKAa3aHO, YTO MeXa-
HUYCCKOC BO3JCHCTBUE HA BOLY MOXKCT HU3MCHSAThH
HEKOTOPBIC U3 CBOWCTB, MEPEYUCICHHBIX B TaOJHIIE.
ITockonbKy cBOMCTBA BOABI 00ECHEUUBAIOTCA €€ CTPYK-
Typoil, OOJNBIIMHCTBO BHJOB BO3JACHCTBHSA HAlpas-
JICHBI Ha KJIACTEPU3AIMIO TOH CTPYKTYpHI (0Opa3zoBa-
HUE, pa3pylieHHe ¥ O00beTUHECHUE), U3MCHCHUE MEXK-
MOJIEKYJISIPHOTO PAcCTOSHHS M XapaKTepa BOTOPOIHBIX
CBsI3eH, a Taroke 00pPa30BAHNE U CXJIONBIBAHKE ITy3BIPHKOB,
9TO MOKET U3MECHUTH HEKOTOPHIC CBOWCTBA (HAIIPHMED,
TEIUIOEMKOCTh,  MOJISIDHBIA ~ 00beM, KO3 PUIIMESHT

Taoauna. OcHOBHBIE (PM3NKO-XUMHUUECKHEe cBOCTBa BoAs! (1ipu 25 °C u 101.325 xIla, rae mpruMeHHMO)
Table. The main physicochemical properties of water (at 25 °C and 101.325 kPa, where applicable)

XapakTepucTHKa
Characteristic

3HaueHue
Value

IInoTHOCTH
Density

997.047013 kr-m 3
997.047013 kg'm3

JludrekTprdeckas MpOHUIIAEMOCTh
Dielectric constant

78.375218

MarHuTHasi BOCHPHUMYHBOCTD
Magnetic susceptibility

—1.64-107"" M* Mo ™!
—1.64:10' m*mol™!

DIEeKTPONPOBOTHOCTD
Electric conductivity

0.05501 mxCm-cm™!
0.05501 pS-cm™!

IIpenenbHas HOHHAsI ANEKTPOIPOBOJHOCTD
Limiting ionic conductivity

H+

OH"

349.19 Cm-cm*Moub ™!
349.19 S-cm?*mol™

199.24 Cm-cm?*Moub ™!
199.24 S-cm?*mol™

IloaBHUKHOCTH HOHOB
Ionic mobility

H+

OH~

3.623 A~107m*B ¢!
3.623A~107m>V's!
2.064 A ~107m*B ¢!
2.064 A ~107m>V's!

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(5):426-445

430



E.C. OoH, I'.O. CrenanoB, C.A. TapacoB

Tadoauma. Oxonyanue
Table. Continued

XapaKTepuCcTHKA 3HaueHne
Characteristic Value
TernonpoBoJHOCTh 0.610 Brm "K!
Thermal conductivity 0.610 Wm™ -K!
CkopocTh pacnpocTpaHeHUs 3ByKa 1496.69922 m-c™!
Speed of sound 1496.69922 m-s™!

KoapdurpeHT npenomiieHust
Refractive index

1.33286 (A = 589.26 1m)
1.33286 (A = 589.26 nm)

pH 6.9976
Pk, 13.995
IToBEepXHOCTHOE HATSDKEHHUE 0.07198 H'm™!
Surface tension 0.07198 N'm!

Kunemarnueckas BI3KOCTb
Kinematic viscosity

0.8935-10°¢ m>c™!
0.8935-10 ¢ m*s™!

JlnnamMuueckas BI3KOCTh 0.8909 mlla-c
Dynamic viscosity 0.8909 mPa-s
O0ObeMHast BI3KOCTh 2.47 mlla-c
Bulk viscosity 2.47 mPa-s
Koapdunuent muddysun 0.2299 A%nc™
Diffusion coefficient 0.2299 A2ps™
JuronbHbIA MOMEHT 2.95 1 (mpu 27 °C)

Dipole moment

2.95D (at 27 °C)

AnnabaTtuueckas CKMMaeMOCTh 0.4477 I'lla™!
Adiabatic compressibility 0.4477 GPa™!
M3otepmuyeckas c;xumMaeMoCThb 0.4599 I'la™!
Isothermal compressibility 0.4599 GPa'!
Koasddurment pacumpenus 0.000253 °C™!
Expansion coefficient 0.000253 °C™!
Annabaruueckas yIpyroctb 2.44ITla
Adiabatic elasticity 2.44 GPa
Koaddurmenr J[xoyns—Tomcona 0.214 K-MIIa™
Joule-Thomson coefficient 0.214 K-MPa™!
JlaBneHne napa 3.165 klla
Vapor pressure 3.165 kPa

Kpnockonuueckas KoHCTaHTa
Cryoscopic constant

1.8597 K kr-mompb !
1.8597 K-kg'mol™!

O0yITHOCKOIINYECKask KOHCTaHTa
Ebullioscopic constant

0.5129 K-xr'monp !
0.5129 K-kg-mol™

Ilonspuzyemoctsb
Polarizability

1.636-10% @-m?
1.636:10% F-m?

Ipumeyanue: nannsie npusenensl u3 kaura Chaplin M. Water Structure and Science; 2016. http://www1 .1sbu.ac.uk/water/

(mara obpamenus 29.06.2020 .)

Note: Data collected from Chaplin M. Water Structure and Science; 2016. http://www 1.Isbu.ac.uk/water/ (accessed June 29, 2020).
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TEIUIOBOTO PACIIUPEHUs, KOAPPUIIMEHT H30TEpMUYE-
CKOHl CIKUMaeMOCTH, PacTBOPHMOCTH BO3IyXa B BOJE,
pacimmpeHne BONBI TPU TIOBBIIICHHH TEMIIEPaTypHI,
BSI3KOCTh TIPU TTOHIKEHUN TEMIIEpaTypsl U T.1.). Kak-
OB TUO BO3zmeicTBHSA Oyger NHOXpoOHO OmHcaH B
CIICAYIOIIUX pa3Ieiax.

AKYCTHYECKOE BO3JIEMCTBHUE

Yacrora ynpTpa3ByKOBOTO Jy4a, HCXOISIIETO OT
MEXaHNYeCKnX KojeOaHuii, Bappupyercst or 15 kI
10 10 MI', 94To mpeBbIaeT AUana3oH CIyXOBOTO BOC-
MPUSATHS HOPMaJIFHO CITBIIIAMIETo YenoBeka. [Tockompky
CKOPOCTb 3ByKa B Boje cocTapisier okoyio 1500 m-c!,
COOTBETCTBYIOIINE JIHHBI aKyCTHUCCKUX BOJH HaXO-
nsares B puamnazone ot 10 mo ~0.01 cm, dgro, kak mpa-
BIJIO, 3aMETHO IIPEBBINIACT pa3Mepbl aTroOMOB WU
XUMHUYecKuX cBsizell. Korma ynerpa3BykoBas BoOJIHA
MIPOXOAUT 4Yepe3 JKUAKOCTb, BO3HUKAIOT JIOKAJbHbBIE
KoJieOaHMs 1aBJICHUS, U3MEHSIOIINECS B MIPOCTPAHCTBE
Y BPEMEHHU U BBI3BIBAIOIINE aKyCTUYECKYIO KaBUTALHUIO.
DddexT ynpTpasByKka SBISIOTCS CIEACTBUEM aKyCTH-
YEeCKOM KaBUTAIMM, KOTOpasi CBsA3aHa ¢ 0Opa30OBaHUEM,
POCTOM U CXJIOIIBIBAHWEM ITy3BIPHKOB B JKHAKOCTSIX.
B Xome 3THX mpoIrieccoB HHU3Kas IUIOTHOCTH SHEPTUHU
3ByKOBOTO TIOJSI TIpeoOpasyercss B BBICOKYIO ILIOT-
HOCTB DHEPTHU BHYTPH M CHAPYKH CXJIOIBIBAIOIICTOCS
my3bIpbKa [61].

OHeprusi, HaKOIUICHHAST BO BPEMsI POCTa ITy3bIpbKa
B (haze pacuupeHusi, BHICBOOOXK/IAeTCsl B BUJIE aKyCTH-
YEeCKOro IIIyMa, YAapHBIX BOJIH, XUMUYECKHUX PEaKIUi
WIM U3JIY4YCHHUS CBETa, KOTJA IMY3BIPEK PE3KO CXJIOTbI-
BaeTcs BO Bpems (asbl cxkarus [62]. B padore unenko
MOKA3aHO, YTO YJIBTPa3BYK BBI3BIBAECT PE3KOE TOBBIIIIE-
HUE TEMIepaTypbl BHYTPH Iy3bIpbKa: Kak TOKa3allid
u3Mepenusi, dpdexkruBHas Temmeparypa  H3Iyde-
HUS TIpH KaBUTaM# B Boje coctaBmia 4027 + 73 °C
(4300 £ 200 K) [62]. YasTpa3ByKoBBIE BOJHBI MPOXO-
IUIT dYepe3 pacTBOp Onmaromaps HECKOIBKHM (H3Hde-
CKUM SIBICHHSIM, TaKHM KaK MHKPOTYpOYJICHTHOCTS,
MHUKPOIIOTOKH, MHUKPOCTPYH M 3BYKOBBIE (MJHM yHap-
HBbIC) BOJIHBI, MOCJIE YEro 3a cyeT mpoliecca KaBHUTa-
MU TMPOUCXOJUT YBEIWYECHHE IUIOMAAN KOHTAKTa
u MaccooOMeHa Mexay obeummu cpenamu  [63].
CrnienoBarenbHO, YABTPA3BYKOBOE H3JIYYCHHUE MOXKET
VAYYIIATh Ka4eCTBO OYHMCTKH BOJAbL. Hampumep, ObLIO
00OHapyKEHO, YTO METOIMKA, TIPEATIOJIATAt0IIas HCIIOJb-
30BaHHE YABTPa3ByKa, HMMEET NPEHMYIIECTBA Iepen
BCTPSIXUBAHHEM C TOYKH 3pCHUS dPPEKTHBHOCTH JKC-
Tpakuuu u3 BOAbl Pb?', koropas Obuia yBenuueHa
Ha >2%, a BpeMs IKCTPAKIUU COKpPATWIIOCh B 7.5 pa3
M0 CPAaBHCHHUIO C HMCIIOIH30BAHUEM TEPMOCTATHICCKOTO
ANEKTPUYECKOTO Mieiikepa [64].

B pabore Koasienko ¢ coaBTopamu [65] meTo-
JIOM CBETOpacCesHusl ObLIO MPOAEMOHCTPUPOBAHO, YTO

3BYKOBBIC BOJIHBI BIIMSIIOT Ha CTPYKTYypHBIC CBOMCTBa
Bozapl. IlokazaHo, uTo WH(Pa3ByKOBBIC BOJHBEI OIpe-
neseHHbIX 4actoT (5 w10 ') BBI3BIBAIOT 3HAYUTEIb-
HBIE pa3pylIeHUs KJIACTEPOB pa3MepoM MeHee 1.6 MKM,
TOrAa Kak OOBIYHBIE 3BYKOBBIE H YIBTPa3BYKOBBIC
BOJIHBI CHIDKAIOT KOHIIGHTPAIIMIO CPEIHUX M MAaIbIX
KjactepoB ¢ panuycom Menee 0.9 MKM M crnocoO-
CTBYIOT 00pa3oBaHUIO  CBEPXKPYIHBIX  KIJIACTEPOB
(>3 mkM). Takum oOpa3om, BO3AEHCTBUE aKyCTHYe-
CKUX BOJIH MPUBOIUT K (POPMUPOBAHUIO OOJIee KPYITHO-
3€pPHUCTON CTPYKTYphl BOABI. YBEIWYEHHE HHTEHCHB-
HOCTU BO3JEHCTBYIOIIEH BOJHBI YCHWJIMBAEeT pas3pylla-
10mui 3G QEKT, U, KaK MPeAroaaraloT aBTOPbI, YBEIHU-
YCHNE KOJWYECTBA CBEPXKPYITHBIX KIACTEPOB MOXKET
MIPOMCXOINTh B CBS3M C IIOBHIIMICHHEM BEPOSTHOCTU
TOTO, YTO TMPOCTPAHCTBEHHOE PACIIOJIOKEHHE KIIacTe-
POB pa3NUYHBIX Pa3MEPOB CTAHOBHUTCS ONTHMATBHBIM
C TOYKH 3PEHUs MHOTOKPAaTHOTO BO3HHKHOBEHUS
MEX]ly HUMH BOIIOPOJHBIX CBs3el [65].

Korma Boma moaBepraercs BO3ACHUCTBUIO JJIUH-
HBIX 3BYKOBBIX BOJIH Ha pa0OYMX 4acTOTaxX KaBUTAaTopa,
B OMNpENEICHHBII MOMEHT PacCTOSHUE MEXAY Kiacre-
paMu Bo3pacTaeT OoJbIlIe AOIMYCTHMOTO, MOCIE Yero
CWJIbI B3aMMOJICHCTBHS TIPOMAJAIOT, U KUJIKOCTb «pa3-
pBIBaeTCs». 3aTeM KIacTephl, KOTOPHIC pPa3pyIIMIINCD,
CO3/Aal0TCSl BHOBb, HO YK€ C JIpYTOH CTPYKTYpOH.
CymiecTByeT HECKOIBKO BO3MOKHBIX HCXOIOB 3TOTO
mporecca:

1) kmactep MOXKET pacmanarhCs KaKk Ha HECKOIBKO
(parMeHTOB, TaK W Ha MOJICKYIIEI;

2) MOXKET TPOHM3OUTH NpeoOdpa3oBaHHE HCXOM-
HOTO KJjlacTepa B JIPyroil KilacTep C TOJHBIM H3MEHe-
HHEM CTPYKTYpHI U (OPMBI (TJIOCKONH WJIM HPOCTPAH-
CTBEHHOM);

3) BO3MOXXHO YaCTUYHOE HM3MEHEHHE CTPYKTYpPbI
KJactepa ¢ oOpa3oBaHHMEM JE(PEKTOB B CTPOCHUHU
(HarmpuMep, TOIBKO OT KECTKOU JeOopMaIliy, BhI3BaH-
HOU (POHTOM yIIapHOW BOJIHBI);

4) MOTYT BO3HHKATh COYCTAHUS MOJEKYJI BOZIBI
3a CYeT BOAOPOTHOHM CBSI3M C IPYTUMH MOJCKYJIaMU
OKCHJIHOW TpymIsl ¢ OOpa3oBaHWEM aHAIOTHYHBIC
CTPYKTYp, HO C OPYTUM COCTaBOM, TO €CTh OHH OyayT
COCTOSTh M3 MOJIEKYJ BEIIECTB, 0Opa3yloluxcs B
pesynbTare  pas3pylIaloliero JAeWCTBUS — KaBUTALUU
TBEPBIX T,

5) Takke MOXET IPOM30HTH HATOJHEHHE KJlacTe-
POB BOABI MOJEKYJIaMU WM (parMeHTaMu JpyTux
BEIIECTB, M 3TO MOTYT ObITh OO Oonee pasapoOieH-
Hble, JMOO OoJiee WHTETPUPOBAHHBIC (PPArMEHTHI.
Ilo-BunuMoMy, 1OA BO3JEUCTBUEM 3BYKOBBIX BOJIH
M3MCHEHUs] (OPMBI U TIONOXKCHHUS KIACTEPOB IPUBO-
JIIT K U3BMEHEHUSIM CBOMCTB BOJIBI [66].

Takum oOpa3oMm, ¢ (U3NYECKOH TOYKU 3PEHUS,
00paboTKa YJIBTPA3BYKOM YBEJIUYHMBACT KOJIHYCCTBO
KPYIIHBIX KJIACTEPOB B BOIE M ypoBeHb pH, a wmHTEH-
CUBHOE  BO3JEHCTBHE  YIBTPAa3ByKOM  BBI3bIBACT
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KaBUTallUIO, TMPHUBOASA K 06pa3OBaHI/IIO Pa3JIMIHbIX
CBOOOHBIX PAAWKATIOB U TOBBIMICHUIO TEMIIEPaTy-
PBI BHYTPH KaBHTAIIMOHHOTO ITy3BIPbKA. DTOT 3(PQeKT
MOXET OBITHh WCIIOJB30BaH Ui yHANCHHUS HOHOB
METaJIOB U3 BOJIBL

Bona ¢ m3MeHeHHBIME CBOHCTBAMHI MOYXKET IT0-HOBOMY
BO3IICHCTBOBATh HA OMOJOTMYECKHE CUCTEMBI B CBSI3U
¢ Tpanchopmalell ee NepBOHAYAIBHON CTPYKTYPHI.
Beuto mokazaHo, 4TO TpOpaIlIMBaHUE CEMSH B BOE,
MpoLIe/ANIeH KaBUTAIIMOHHYI0 00pa0OTKy, yBEITUYUBACT
BCXO)KECTh 10 OTHOIICHHIO K 3aMavyMBaHUIO B HeoOpa-
OoranHoii Boje [66]. Tem He MeHee, BO3IEHCTBUE
VABTPa3ByKa HEMOCPEACTBEHHO Ha CaMH OHMOJIOrHYe-
CKHE CHCTEMBI B BOTHOH Cpejie MPHUBOIHUT K pa3pylie-
Huto JIHK, WHrHOMpOBAaHWIO aKTUBHOCTH (PEPMEHTOB,
MOBPEXKICHUIO MEMOpaH U THOeNH KIETOK. DTOT AP PeKT
BBI3BaH 0Opa30BaHUEM CBOOONHBIX PAJUKAIOB, WHIY-
[UPYEMBIX yIbTpa3ByKoM [61].

HATPEBAHUE/OXJTAXKIEHUE

Hanuuue xiactepoB B BOAE TaKKe MOXKHO OOBsC-
HUTh W3MCHEHHMSMHU €€ CBOWCTB, 3aBUCHMBIX OT TEM-
neparypbl. M3BECTHO, 4TO NP MOBBILLIEHUHM TeMIepa-
TYpbl IUCTUJUIMPOBAHHOW BOABI U COJIEBBIX PacTBOPOB
1o 40 °C kmactepsl pazmepom ot 2 1o 40 MKM paspy-
IAIOTCSI, TP OTOM HaONIONAeTCs TOINOMICHUE JHEp-
run [57]. CnemoBarenbHO, CYIIECTBYIOT TeMIIEpaTyp-
HbI€ 3aBHUCUMOCTH XapaKTEPUCTHUK BOIbI, TaKUX Kak
TEIUIOEMKOCTb, MOJISIPHBIA ~ 00BeM,  KOA(DPUIHEHT
TEIUIOBOTO paclIMpeHusi, KOAPPHUIHUEHT H30TepMUYe-
CKOM C)KUMAeMOCTH U T.[I.

TermnoeMKoCTh BOJIBI JIOCTATOYHO BEJIMKA, MOCKOIb-
Ky BOJIa HAKAIUIMBAaeT SHEPTHI0 Kak B CBOMX Ban-gep-
BaanbcoBbiX, Tak M B BOAOPOAHBIX CBS3SIX. Y BOABI
CYIIECTBYeT MUHHMAIBHBII 00BEM IIpH TeMIlepaType
MakcHUMaabHOH ImIoTHOCTH 4 °C, Torma Kak OOBEMBI
Oosiee NPOCTHIX JKUAKOCTEH YBEIMUMBAIOTCS PaBHO-
MmepHo. [Ipu Temneparype ot 0 no 4 °C xonomHas Bona
HUMEET OTPUIATENBHBIH KOI()(MUIMEHT TEIIOBOTO pac-
IIMPEHMs, HarpeBaHue MPHUBOAUT K ee ycaake. llpu
JanpHeinieM HarpeBaHuu A0 46 °C  CKHMMaeMOCTb
BOJIbI YMEHBINIAETCS, a TIpH TemrepaTrypax Bbiiie 46 °C
BOJIa BeJIeT cebsl Kak HOpMaJibHAs KUAKOCTh, B KOTOPOI
10 MEpE HarpeBaHus COKUMAEMOCTh yBeJInuuBaeTcs [67].

[Ipennonaraercs, 4To NpU TMOBBIIICHUN TeMIIEpa-
TYpbl BpeMs CYIIECTBOBAHUS MOJICKYJISIPHBIX Koleha-
HUH TP BO3MYIICHUHU OyJeT COKPAIIaThCsi, MOCKOIBKY
SHEpPIrus U BEPOSTHOCTb B3aUMOAEHCTBUS C JPYyrUMHU
MoJIeKyJIaMu yBenuuuBatoTcs. Hanpumep, Bpems cyiue-
CTBOBAaHUSI BO3MYIICHHBIX BaJieHTHBIX KoneOanmii HCl
B XKHIKOM (popme cokpamaercs ¢ 2.1 He mpu —100 °C
go 1.0 e mpu —25 °C [68]. Bpems cyuiecTBoBaHUS
BO3MYULICHHBIX BaJleHTHbIX Kosiebanuid OH B xuaxoit
Bogie cocraBimser 0.26 mc mpu 25 °C, yBeaM4uHBasCh

mo 0.32 mc npu 85 °C [69]. VBenuueHue BpeMeHU
CYIIECTBOBaHMsI KOJICOAHWW TP TIOBBIIICHUH TEMIIe-
parypbl MOKHO OOBSICHHTH JCHCTBHEM CETH BOIOPOJ-
HBIX cBs3ei. BanenTHple konebanuss OH o0bI4HO ocia-
OEBalOT 3a CYET IepeHoca SHEPruu K 00epToHy nedop-
MarMoHHbIX Kojiebanuiit H-O-H. OmgHako mpu MoBbI-
LIEHUH TEMIIEPaTypbl BOIOPOJHBIE CBA3M BOABI OCIHa-
0€BalOT, YTO MPHUBOAUT K BO3HUKHOBEHHIO BBICOKOUA-
CTOTHBIX BaJCHTHBIX M HU3KOYACTOTHBHIX JedopMariu-
OHHBIX KoJieOaHM. Takoe MOBBIIMIEHHE TEMIEPATYPHI
BBI3BIBAET CMENICHHE 00epTOHa Je(OPMALMOHHBIX KO-
nebaHuil U3 pe30HAHCA C BAJICHTHBIMH KOJICOAHUSMH,
YTO CHUYKAET BEPOSITHOCTh NepeHoca sHepruu [69].

PacTBOpUMOCTS BO3/1yXa B BOJIC YMEHBINIASTCS TIPH
MOBBIIIICHAN TEMITEPATYphl — TPU BBICOKOH TeMIlepa-
Type BOAA COJCPKHUT MEHbIIIee KOJMUECTBO BO3/yXa.
Hanpumep, npu gapnenun 1 0ap W mpu Temreparype
10 °C BomomnpoBoiHast Bojia Oy/ieT CofiepKaTh IPUMEPHO
2.3% Bozayxa mo o0beMy. Ecnu Boga HarpeBaercs 10
91 °C npu TOM >xe mapneHuud 1 Gap, TO OHa CMOXET
yAEPKUBATH TONBKO 0K0J10 0.3% BO3/1yxa 110 00beMYy'.

Korma Boma ObIcTpo HarpeBaercs € MOMOIIBIO
UMITYJILCHOTO MH(PaKpacHOTO j1a3epa 10 TeMIeparyphbl
3HAYUTENILHO HWKE TOYKU KHUIICHUS, 32 IEePBOHAYAIb-
HBIM PACIIUPEHUEM CIIENyeT BUAMMOE CXKaTHe, a 3aTeM
MOBTOpHOE pacmupenHre. Kak ObUIO YCTaHOBJICHO IO
KoJIeOaTeIbHBIM TI0JIOCAM B CIIEKTpax KOMOWHAITMOH-
HOTO paccesHUsl CBeTa, IiepBas (asa pacIIupeHus
MPOUCXOAUT MEJJICHHEEe, ueM TpeOyeTcst 11 00beMHON
PECTPYKTypHU3alui BOIOPOIHBIX CBsi3ed BOIbl. BTopas
(aza pacmpeHus BbI3BaHA THJIPOJMHAMHUYECCKUMU
apdexramu U compoBOXKIACTCS MOP(OIOTHICCKUMU
M3MEHEHHSIMH, KOTOPbIE MPUBOAAT K PACCESHUIO CBETA,
a TaKXe K pacuieruieHuo kanens [70].

[To mepe cHMKEHHUS TeMmIepaTypbl HaOmrOIaeTCs
YBEIIMYCHUE BSA3KOCTH, YTO 0COOEHHO 3aMETHO B Tepe-
oxJaxaeHHo Bone. [lo mepe moOHMKEHUs Temrepa-
TypbI HaOIoMaeTcsi 00beIMHEHHOE 00pa30BaHUE OTKPBI-
TOH CETKM C BOAOPOIHBIMU CBsI3sIMU. PaBHOBecue
BOJIHBIX KJIACTEPOB CMEMIACTCS, B pE3yJbTare dero
CTPYKTypa CTAHOBHUTCS 0OJIee OTKPBITOH MO Mepe CHU-
JKEHHUs TeMIlepaTypbl. JTa CTpyKTypa oOpasyercs 3a
cueT Oosiee CHMIIBHBIX BOJIOPOJHBIX CBS3€H, YTO MPHUBO-
JTUT K 00pa3oBaHUIO OoJiee KPYITHBIX KIIACTEPOB U CHHU-
JKaeT JIETKOCTh TepeMeltieH s (TTOBBIIeHHe BI3KOCTH) [165].

Bnusaue tepmuueckoil 00paboTku Ha Omomormye-
CKHe CBOMCTBA BOJIBI CYIIIECTBECHHO 3aBUCHT OT OOBEKTa,
rmoziBepraemMoro BozaeicTBuio. (MDeHkec U  CcoaBTOPHI
OOHApPY)KWJIM, YTO TEIUIOBOM CIBUT OT TEMIIepaTyphl
akkmmMarmzanun Kk xomoay (8 °C) mo 13 °C cHmkaer
CKOPOCTh  IUTABaHUSl  CIEPMATO30MIOB  JIOCOCEBBIX,
B TO BpeMsl KaK TOBBIIICHUE TEMIIEPATypbl aKTHBAIIUU

! Watreco. VPT — Vortex Process Technology. URL:
https://www.watreco.com/technology.  Jlara  oOpaiueHus
31.08.2021. / Accessed August 31, 2021.
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TaKk)Ke CHIDKAeT [IOJNI0 TOABWIKHBIX KIeToK [71].
ABTOpBI TIPEAIONIATAIOT, YTO Takue IPPEKTHl MOTYT
OBITH BBI3BAHBI H3MCHEHHEM KOJIMYECTBA TEPMOUYB-
CTBHUTEIFHBIX MOHHBIX KaHATIOB. Bo MHOrWX myOmimka-
IISIX COOOIIAeTCsI, YTO 3aMaukBaHIE CEMSH B TOpsUei
Boje mpu Ttemneparype 80-90 °C c mnocienyroumum
BCTPSIXMBaHMEM M 3aT€M MOTPYKEHHEM B OXJIaXJIEH-
HYI0 BOJYy NPUBOAUT K d(h(dekTuBHOMY 00e33apakuBa-
HUIO CEMSIH OT KHUIIIEYHOM MaJIOUKH U cajbMoHeIt [72, 73].

OpHaKo HEKOTOPbIE TATOTeHBI, TakKe Kak Legionella
pneumophila w Mycobacterium avium, BCTpedaroTcs
CKOpee B CHCTEMax Trops4ero BOIOCHAOKEHUS, HEeXKEIU
B X0JomHOU Boje [74]. CymiecTByrOT yOeaUTeIbHBIC
JIOKa3aTeIbCTBA MOBBIIICHHOTO METaboIM3Ma BOIOPOIa
y MHKpOOOB B ropsiueii Bojie. M3-3a Koppo3un merasuia
ropsdasi BOJa B DJICKTPHUYCCKUX BOIOHATPEBATEISIX
MOXET COJepKaTh Ha Tpu mopsaka OGonbme H,, gem
XOJOAHAs TpoToyHasi Boxa [75, 76]. Takod MOBBIIICH-
HbIH ypoBeHb H, cTuMymupyeT pocT Gakrepui, oKuc-
JNSIONIMX  BOAOpON, M MerabomusM Bogopoaa [76].
Bosee Toro, o ctumynupoBaHudM MeTabomu3Ma BOAO-
poda B ropsiuell BOAE CBHUICTEIHLCTBYIOT IOBBIIICH-
HBIC JIOJIM TEHOB THAPOTeHa3bl M OEIKOB-IIATICPOHOB,
HEOOXOMMMBIX U1 3(QEeKTHBHOrO mporecca (oIauHTa
U (YHKIMOHMPOBAaHUS THIpOTeHasbl y Legionella
pneumophila.

MHOBBIINEHUE JABJIEHUSA

ITomoOHO TOMY, Kak MPOUCXOAUT OOpa3OBaHHE
KPUCTAJUIMYECKON (ha3bl BBICOKOW IJIOTHOCTH, MPH
BBICOKOM JIaBJIEHUM C KHUJKON BOJOW TakKKe MPOMCXO-
JIST 3HAYUTEIIbHBIE CTPYKTYPHBIE H3MEHEHUs. Bsi3kocTh,
camomudy3uss W CKUMaEMOCTh BOJbl  YCHJIMBA-
I0TCSL TIpU JIOCTIHOKeHHWH pAasnenHus oxono 200 Mlla.
B ycrnoBusx Gonee BBICOKHX TEMIepaTyp Takhe H3Me-
HEHHUsI MOT'YT IPOMCXOIUTh IPU IOBBIIIEHHBIX 3Haue-
HUsX gapieHus (Hampumep, nipu 127 °C tpelyercs
nmapienne 600 MIla, a pu 177 °C u3meHeHus OyayT
nocturnyTel ipu 1 I'Tla) [77].

BsskocTh sBIsSi€TCS OIHUM U3 CBOWCTB BOJBI,
M3MEHEHHE KOTOPOro OKa3blBaeT OoJjiee BBIPAKEHHOE
BO3/ICUCTBUE HA OMOJOTMYECKUE CUCTEMBI: 3HAUCHUS
CKOpPOCTH JU(PQPY3UN PEareHTOB U MPOLYKTOB CHUIIBHO
3aBHCAT OT BA3KOCTH CPEIbl, KOTOpasi ONpPENeIsieT CKO-
pocTh kunkogasHoi peaknuu. [Ipn HU3KHX Temmepa-
Typax BSI3KOCTh BOJIbI OBICTPO YBEIMUYUBACTCS, HO TIPU
MIOBBIIIEHNUHU JIaBJICHUS HE CHUXKAETCA OT OXKMIAeMOIo
YBEJIIMYEHHUS, KaK ATO MPOUCXOAUT C APYTHMMH HKHJIKO-
cramu. [Ipu temneparype 30 °C u HU3KOM JaBICHUU
Yy BO/IbI OTMEYAETCs aHOMAJIbHOE CBOWCTBO — IPU MO-
BBIILICHUH JABJICHHS B TAKOM Clly4yae, BSI3KOCTb BOJbI
HEOXKUJAHHO CHIDKAETCs, a He TMoBbImaercs [78].
OcnabneHre BOOOPOAHBIX CBsI3€l, BBI3BAHHOE COKpallle-
HUEM MEXMOIIEKYIISIPHOTO PACCTOSIHUS, O0ecreunuBaeT

Oosee CBOOOTHOE TEpEeMEIICHHE MOJCKYT BOIBI.
CHIDKCHHE BSI3KOCTH, IO-BHIMNMOMY, CTAHOBHTCSI MH-
HuMaiasbHeiM Tipu 150 MIla, HO 3arem yBenmmumBaeTcs,
cremys OOmIeH TEHIEHIWH TIPH TOBBINICHUN JIaB-
aenust [79]%. Tlpu [OOCTarOYHO BBICOKOM JIABIICHHU
(Bermre 200 MIla) Bs3KOCTH BOABI 3HAYUTEIHHO BO3-
pacTaer Mo CpaBHEHHUIO C TAKOBOH MpH atMoc(epHOM
JABJIICHUU. YENIbHBI 00bEM W TEIUIOEMKOCTh BOIbI
PaBHOMEPHO YMEHBILAIOTCS BMECTE C JaBlIEHHUEM B
pesynbTare ociallieHus] BOIOPOJHBIX CBSI3€H, KOTOpHIE
SIBIISTIOTCS SHEPTETUYECKUM XPAHUIIHIIEM.

Juanekrpudeckas MPOHUIIAEMOCTh BOJIbI YBEITHYH-
BaeTCs MPH IMOBBIIICHUN JABJICHHS, YTO, B COYCTAHUH
C YBEIHMUYCHUEM IUIOTHOCTH, TIPOSIBIIACTCS KaK YMCHBIIIC-
HHE€ CHIIBI AJIEKTPOCTATHUECKUX B3anmonencTuid [80].
[Tpy MOBBIIEHUH TABIEHUS TUIOTHOCThH YBEITHUUBACTCS
[81], B TO BpeMsi Kak OCHOBHAsl CTPYKTypa TETpadIpH-
YECKHX BOJOPOTHBIX CBS3EeH COXpaHSETCS MPUMEPHO
go 1 I'Tla, 4yro sBIsieTca NpeAesioM CTaOMIBHOCTH
xuakoit Boabl mipu 27 °C [82]. UccnenoBanue miot-
HOCTH BOJIHBIX PAacTBOPOB N-OKCHAa TPUMETHIIAMHUHA,
M3MEpeHHOH Ipy 3HaueHusIx Aasienus ot 0.1 no 100 MlTa,
MOKa3bIBAET, 4YTO KOHIIEHTPAIMOHHAS 3aBHUCHMOCTb
IUIOTHOCTM MHHUMaJlbHa Inpu nasieHuu 75 Mlla u
Beimie. Ecnm Temmeparypa M KOHIEHTPANHUS CIUIIKOM
BBICOKH, IT0 MEPE ITOBBIMICHUS JABICHHS KaXKyIIHHCS
MOJISIpHBI 00beM N-OKCcHIa TPUMETHIAMHUHA B BOJ-
HOM pacTBOpPE YBEIMYHMBACTCSA. YUHTHIBas PaccCMOT-
PCHHBIE TEPMOAMHAMHUYCCKHE KPUTCPHH, MOXHO CIe-
JaTh BBIBOJ O TOM, 4YTO NOAOOHBIE THUAPOPOOHBIE
BEIIECTBA BBHINOJHAIOT B BOAE (YHKIHUIO CTPYKTYpO-
oOpasyrouux areHToB [83].

OObsicHEeHHEM BceX 3TUX 3B PEKTOB, TO-BUIUMOMY,
MOXET CIIY)KUTh YBEJIMUYEHHE B3aHMMOTPOHHKHOBEHUS
CBSI3aHHBIX BOJIOPOZIOM cereid Tipy Aasiennn okono 200 MIla
(mpu 17 °C); B3aMMONPOHMKHOBEHHE KJIACTEPOB, CBS-
3aHHBIX BOZOPOJOM, OoJiee MPEATOYTUTENHHO 10 CPaB-
HEHUIO ¢ Oojiee CHIBHBIM H3THOOM HIIM Pa3pbIBOM
BOAOPOIHBIX CBA3€d. Takas CTpyKTypHas OpraHu3alus
JKUIIKOH BOIBI TIPH BBICOKOM JIABIICHHH COOTBETCTBYET
CTPYKTYpe, OOHAPY)KCHHOU IPU PACCESTHUU HEUTPOHOB
[84], u mpenmonaraet, 4YTO CTPYKTYPHUPOBAHUE >KU-
KOW BOJBI MPHU BBHICOKOM JAaBJICHUHM aHAJIOTMYHO CTPYK-
Type JeasHblX a3, TMONyYeHHBIX IMpPH BBICOKOM
JasieHu [85].

BosnelictBue BBICOKOrO [JaBi€HUST Ha CBOMCTBa
pPacTBOpPOB MMEET Ba)KHOE 3HAYCHHUE ISl TIOHUMAaHHS
(DYHKIIMOHMPOBAHUS ~ MHUKPOOPTAHU3MOB,  KHBYIIHX

2 Revised Release on the IAPS Formulation 1985
for the Viscosity of Ordinary Water Substance. Erlangen,
Germany: The International Association for the Properties
of Water and Steam; 1997. 15 p. https://doc.modelica.org/
Modelica%?204.0.0/Resources/Documentation/Media/Water/
IF97documentation/visc.pdf. [ara o6pamenus 24.05.2023. /
Accecced May 24, 2023.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(5):426-445

434


https://doc.modelica.org/Modelica%204.0.0/Resources/Documentation/Media/Water/IF97documentation/visc.pdf.
https://doc.modelica.org/Modelica%204.0.0/Resources/Documentation/Media/Water/IF97documentation/visc.pdf.
https://doc.modelica.org/Modelica%204.0.0/Resources/Documentation/Media/Water/IF97documentation/visc.pdf.

E.C. OoH, I'.O. CrenanoB, C.A. TapacoB

B okeane npu nasiueHuu o 100 MIla. Takoe nasie-
HHE MOXKET BIIMATh HAa CTPYKTYpPYy U IUIOTHOCTH BOJ-
HBIX PacTBOPOB OCMOJIUTOB, KOTOPBIC BO3JCHCTBYIOT
Ha OCMOTHYECKOC [IaBJIICHHE BHYTPH OpPraHH3MOB H
CTaOMIIBLHOCTH MX (epMeHTOB [81].

OBPA3OBAHUE ITY3bBIPBKOB

B TedeHue mocneqHero AECATUICTHS MHUKPO- H
HaHomy3bIppku  (MHII) ObuiM  mpeagMeToM aKTHB-
HOTO HW3ydYeHHs. Peub HMaeT o dYacTumax rasa pasme-
POM OKOJIO HECKOIBKHX COTEH HAaHOMETPOB U C 00b-
€MHOM KOHIICHTpaIyeld B MHTEpBaJie TNPHOIU3UTEIBHO
or 1 mo 5 (makcumym mo 12) x 10° cm [86]. Xapakrepu-
ctukn MHII BKIIIOUarOT MOBBIIEHHYK) PACTBOPUMOCTH
ra3oB B JKHJAKOCTAX, CHHIKEHUE TPEHUs, OTPHULATENIb-
Hble WM T[OJOXKUTEIbHbIE J[3€Ta-IOTEHLUUAIbl U
oOpa3oBaHue CBOOOAHBIX paaukaioB [8§7-89]. Hekoto-
pble  aBTOPBI YKas3bIBAIOT Ha PE3KOe YBEIWYCHUE
anektporpoBogHocty Boabsl ¢ MHIT [90], B To Bpems
Kak Jpyrue MpHUBOIAT 10KAa3aTeIbCTBA CHIKCHUS DIICK-
TPOIIPOBOJHOCTU 110 CPAaBHEHMIO C OUYMILEHHON BOAOH
[91]. OueBuHO, UTO My3bIPHKU BO3[yXa B BOAE HEJb3d
CUMTaTh HEUTPAJIbHBIMU, U YTO MOHBI TECHO CBA3AHBI
C MEXaHM3MOM 00pa30BaHMUS THX ITy3BIPHKOB H, TAKUM
o0pazoM, BIMSIOT Ha CBOMCTBA pacTBOpa: KPOME TOTO,
B UX CTAaOWIM3aIlMH YYacTBYeT CEJICKTUBHAs ancopo-
LU PacTBOPEHHBIX AaHMOHOB Ha TpaHULE pasziena
Ha”omy3blpbkoB (HIT) [86]. CornacHo HaOmoaeHusM,
3HaueHue pH pactBopa 100 yBenuuuBaercs, OO
YMEHBIIAETCs, YTO TaK)Ke MOATBEP)KAAET JAHHYIO THUIIO-
Te3y [92]. DaexTpuueckue mossi, BOSHUKAIONINE BOKPYT
My3BIPHKOB M3-32 X TOJSIPU3AIUH, OKa3bIBAIOT BIIHUS-
HUe Jpyr Ha apyra. CommacHO JaHHBIM, MOJYYEHHBIM
merogoM SIMP, konmmuectBo HII monokurensHO KOp-
peTupyeT co BpeMEeHEeM penakcanuu Boasl 12. Yeenu-
yenune T2 npu obpazosanum HII ykaspiBaet Ha TO, 4TO
MOJIBIYKHOCTH MOJIEKYI BOJBI Bo3pacTtaer [93].

Bbu1o nokazaHo, YTo yJIbTpaTOHKas BOAA C My3bIpb-
KaMu BooOpozna oOJiafiaeT CBOWCTBAMM, OTIMYHBIMHU
OT CBOMCTB BOCCTaHOBHUTEJIHHON BOIOPOJHON BOIBI U
BOJIOIIPOBOJTHOM BOABI. YUEHbIE noKazanu, yro pH u
OKHUCIIUTENbHO-BOCCTAHOBUTEIIBHBIN MOTEHIIMAT H3Me-
Hsimuch Ha 0.6 u moutu Ha 1000 MB coorBeTcTBEHHO
[0 CpPaBHEHHUIO C BOJONPOBOAHON Bojoi [94]. Takxke
ObUTO0 0OHAPYKEHO, UTO, KaK U B CIydae BCTPSIXUBAHUS,
B Bozme ¢ HII oOpa3syroTcst akTHBHBIE (OPMBI KHCIIO-
pona (ADK). Beuio ycraHOBIEHO, 4TO (IyOpECIeHT-
Hast peakuus Ha ADK coxpansiercst B TeueHue 2 JTHEH,
a xosnndyectBo ADK mMeeT NOoNOKUTENIbHYI0 KOppess-
nuio ¢ umcnoBoi TtwiotHocThio HIT B Bome [95].
IlonoxurenbHble W OTpULATENbHbIE  OHOJIOTHYe-
ckue >¢dexrsr HIT 3aBucAT oT pasmepa opraHusMa u
ero BocnpuumuuBocTH K ADK, pasmepa u Kkomuue-
ctBa HII, Temneparypsl, CKOpOCTH MIOTOKa M XapakTepa

x)uakoctu. M3BectHo, yto HIT oka3pIBalOT HETaTMBHOE
BO3/eiicTBHE HAa OAKTEPHUH U MOJIOKUTEIBHOE — Ha APOXK-
xu [96].

B nmnocnennee Bpems 3HAUMTENbHOE BHUMAaHME
yaensercs: npumeHennto MHIT texHomornun B OMoio-
TMYECKHUX mpoueccax. bbuid mnpencTaBiieHbl JJaHHBIE
0 TOM, 4TO BoAa, coaepxaimas MHII, yckopsier poct
pacTeHUil M MOJUIIOCKOB, a TaKXKe HCIOJIb3YEeTCs MpU
a’poOHOM KYJIBTHBHPOBAHUU Jpoxkkeid [97]. DOuHa
M coaBTOpbI MNokazanu, urto Boja c HII kucimopona
CIOCOOCTBYET POCTY pacTeHHi, pel0 u Mbimei [98].
Kypara u coaBTOpbl IPUMEHSIIA MUKPOITY3bIPHKH KHC-
JOpoia B CHUCTEME KYJIBTUBUPOBAHHS KIIETOK OCTEO-
07acTOB M BBIBIIM 00J€e BBICOKYIO AKTUBHOCTD
menoyHoi (ocaraspl, 4TO OBLIO CBS3aHO C MOBBIIICH-
HOW aKTHMBHOCTBIO KJIETOK octeobnactoB [99]. Ilapk
U COAaBTOPHI OOHAPYXKHIH, YTO TMpPU BBHIPAIIMBAHUU B
OJIMHAKOBBIX YCIIOBHSIX Macca cajara JiaTyka, oOpa-
0OTaHHOTO MHKPOIY3bIpbKaMH, B CHIpOM BHJE Oblia
B 2.1 pasa Oonbime Macchl cajara, 00paOOTaHHOTrO
makpory3sippkamu  [100]. Ymuky6o ¢ coaBTopamu
MOKa3alld, YTO MPH IJIaBaHUU KOJIEONTHIIBHBIX KJIETOK
suMeHsi B Bojie mociie renepanuun MHII kucnopona
CKOPOCTh TIOTOKa ITUTOIUIA3MBI BHYTPH KJIETOK YCKOPS-
nace [101]. Bomee toro, HII moryr oOecrnedynBarh
TPAHCIIOPTHBI ~ MEXaHW3M s JIOCTaBKM  rasa
K MeMOpaHe WM KJIETKE U, TAKUM 00pa3oM, M3MEHSTh
¢yskmmro kimetku [102, 103]. JIro ¥ coaBTOPBI TaKkKe
MIPOJIEMOHCTPUPOBAIIM, UYTO CKOPOCTb IPOpAacTaHUs
CeMSH SYMEHs, 3aMOYEHHBIX B BOJE C COAEP)KaHUEM
MHII, Obia Ha 15-25% BEIIIIE, YeM y CEMSIH, 3aMOYCH-
HBIX B JMCTHIUIMPOBaHHOW Boje. BomonpoBoaHas Bona,
conepxkamas HII, cokpamaer uncio pa3HOBHIHOCTEH
OakTepuii W yMEHbBINAET OTJIOKECHHE MHHEPAITbHBIX
ocankoB [104]. Merogom SMP ObIIO ycTaHOBIEHO,
YTO CKOpPOCTHb TIPOPACTaHUS CEMsIH, ITOTPYKEHHBIX
B Bony, conepxatryto HII, nHa 15-25% Belie u xapak-
Tepu3yeTcs OONBIIMM BpPEMEHEM CITHH-PEIICTOYHOU U
CIIUH-CIIMHOBOM penakcaruu [93].

OBPABOTKA C IOMOLIBIO BUXPEBOI'O
HNEPEMEIHNINBAHUSA, BCTPAXUBAHUSA
U MHTEHCUBHOM BUBPALIMA
C NOCJIEAYIOIUM PASBEAEHUEM

OpnuM U3 Haubojee pacIpoCTPaHEHHBIX MEXaHU-
YECKUX BO3JEHCTBUH Ha BOAY SABISETCS SHEPTUUYHOE
BCTPSAXMBaHHE. JTa TEXHOJOIHs MPEIIONAraeT UCIONb-
30BaHUE BUXPEBOIO CMECHTEJS, MATHUTHOM MELIAJIKU
U JPYTHX MOMOOHBIX YCTPOWCTB, a TaKXke OOBIYHOTO
BCTpsIXMBaHMA. bBbUIO mOKa3aHo, 4TO BOzma, 0Opado-
TaHHas BUXPEBbIM IEpeMELIMBAaHHEM, HMeeT Oonee
BBICOKYIO JIEKTPOIIPOBOAHOCTb, 4eM HeoOpaboTaHHas
Bora (2.8-2.9 nCm/m mpotuB 2.5 nCwm/M), TOHHKEH-
HYIO BA3KOCTh (Ha 3—17% B 3aBHCHUMOCTH OT KauecTBa
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BOJIBI) M TIOBBIIICHHYIO TEIUIOEMKOCTh (Ha 3%)°. Bomubie
pacTBOpbI, TOABEPTHYTHIE MEXaHWYECKOH 00padoTKe,
TaKXe OKa3bIBAIOT Onojorniyeckoe Bosueticraue. Mceeme-
JOBaHWE, B KOTOPOM H3Y4aJOCh BO3ACHCTBHE BOIBI,
00paboTaHHOH BHXPEBBIM IEpeMEIINBaHUEM, Ha pac-
TEHHs TOMATOB, ITOKA3aJi0, YTO Y TAaKUX PACTCHHUH BBI-
coTa W IIMpHUHA CTEONsi ObUIM 3HAUUTENIbHO OOJblle,
HE3aBUCUMO OT UX KynbTyphl. Kak 6osee BbIcOKas dJeK-
TPOIIPOBOJHOCTh, TaK U OoJiee BBICOKAS JOCTYIMHOCTH
MUTaTeNbHBIX BEIIeCTB B BOJE, 00paboTaHHOW BUXpe-
BBIM TIepeMEIlIMBaHUEM, MOTYT OKasbIBaTh Ha pacre-
HUS TOMATOB JICTKUH MONIOKUTEeNbHBIN 3 dekt [105].

Hekortopsle mpocThie OpraHU3Mbl YYBCTBUTEIILHBI
K MeXaHH4YeCcKu oOpaboTaHHOU Boje. JInHODIaremisiTel
YCHJIMBAIOT CBOIO OWOJIOMHWHECIICHIIMIO B OTBET Ha
BO3JIEHCTBUE cpenbl (MOPCKOW BOMBI C COJISIMH), TIOJI-
BEpPrHyTOW BCTpsxuBaHuto. JlaHHBIN 3¢ ekt Hadmo-
maercst yepe3 10 MHH mOcCie MEXaHHMYECKOTO BO3ICH-
ctBust [106]. Bputo mokasaHo, 4TO (PU3HUOIOTMYCCKUI
coneBoii pactBop RNS60, comepsxammit HIT kucio-
poda, TOMYYEHHBIM B pe3yinbTare BO3ICHCTBHS Ha
OOBbIUHBIA  (DU3HONOTUYECKHI  pPacTBOp  TEYCHHUEM
Teitnopa—Kyarra—Ilyaseiins (TKII) npu mnoBsimes-
HOM JIaBJICHWU KHUCIIOPOJa, MHTHOUPYET DKCIPECCHI0
MIPOBOCHAUTEIBHBIX MOJICKYNI B IIHANBHBIX KIICTKAaX
32 CYET OIOCPEAOBaHHOTO (HochaTHIMIMHOZUTON-3-
kuHa30il (PI3K) ycunenwmss IkBo. Takum oOpasowm,
o0pabotka RNS60 cHWXaeT aKTHUBAIMIO aCTPOIMTOB
W MHKPOIIMM ¥ YMEHBINACT AarlonTo3 HEHPOHOB B
TOJIOBHOM MO3re MBbIIIEH € YepemHO-MO3rOBOH Tpas-
Mmoii [107]. PactBop RNS60 Takxe oOnamaeT UMMYyHO-
MoaynupytommM aericteueM [108]. beuto oOHapykeHo,
YTO B JICMOHU3UPOBAHHOW BOJIE€, HACBIIIEHHON aTMo-
c(hepHBIMH Ta3aMHu IOCJIE MEXaHHYECKOTO BCTPSIXHBa-
HUSI, B CHHEH 00JacTH CIEKTpa BO3HUKAET JIOJITOKUBY-
1ast JTFOMHHECIICHITHSL.

3HAYUTENBHO MKPE U3yYEHO BO3/ICHCTBUE HA CBOM-
CTBa PacTBOPOB, OKa3bIBAEMOE HWHTCHCHBHON BHOpa-
IIMOHHOW 00Pa0OTKOW B COYETAHMHU C ATAllaMH IOCIIe-
JOBAaTEIBHOTO pa3BENCHHS. OTa TEXHOIOTHS YacTo
UCTIONB3YeTCS JUIsl IPUTOTOBICHHUS  CBEPXBBICOKHX
wi Beicokux passenenuii (CBP), koTopble oTHOCSATCS
K TMpernaparaM OHOJOTMYECKHM aKTHBHBIX BEILIECTB
C Ype3BBIYAHO HHU3KOH MOISPHOCTHIO, YacTO IPEBbI-
maromied yucino Aporagpo [109]. TlockonbKy 31ech
COYETAIOTCS HECKOJIBKO BHUJOB (DU3UYECKOTO BO3JICH-
cTBUS (TakWe Kak JaBlieHWe, TemIeparypa, oOpa3oBa-
Hue HII w T.1.), TO NaHHYIO TEXHOIIOTHIO CIEIyeT
paccMarpuBaTh KaK CIIOXKHBIA (U3MYECKHH TIporiece,
KOTOpBI W3MEHsieT cBoiicTBa Bomsl [3, 110-112].
Cgoiictea CBP, momy4eHHBIX C HWCHOIB30BAaHUEM
9TOH TEXHOJNIOTHH (HAampuMep, SIICKTPOIPOBOIHOCTS,

3 Watreco. VPT — Vortex Process Technology. URL:
https://www.watreco.com/technology.  Jlara  oOpaiueHus
31.08.2021. / Accessed August 31, 2021.

KOHIIEHTpAIUsI PACTBOPEHHOIO ra3a, CKOPOCTh YIIbTpa-
3BYKOBOW BOJHBL, pH, MOBEpXHOCTHOE HATSKECHHE,
JUBJIEKTpUYecKasl IPOHUIIAEMOCTb U  CIIEKTpasibHas
YYBCTBUTEJIBHOCTb), CYIECTBEHHO OTJIMYAIOTCA OT
CBOMCTB HMCXOIHOIO PAacTBOpa BELIECTBA, a TAKXKE OT
CBOWCTB pacTBOpHTENsl (BOABI) M MOTYT OBITH OOBsC-
HeHbl oOpa3oBaHWeM HaHoaccommatoB [111-119].
Jpyroii mpumep aHOMalbHBIX CBOICTB TaKHMX pasBe-
JeHuid, 510 ToT (akt, uro CBP, momydaembie B xome
TEXHOJIOTHYECKOIl 00paboTKM BelecTBa, MOTYT 007a-
JaTh PSAJIOM aHOMAJbHBIX CBOHCTB — HampuMep, CIO-
COOHOCTBIO TIEpexo/ia MOJICKYN KHCIOpoJa B BOJHOM
pacTBOpe M3 TPHUIUIETHOTO B CHHIVIETHOE COCTOSTHHE,
YTO MOXKET CBHJCTEIBCTBOBATH O CHITHU WM 00XOme
CIIMHOBOTO (KBaHTOBOTO) 3amnperta [3, 120]. Kpome Toro,
JUIsl pasBeneHui, HacwimeHHBIX HII, kotopeie oOpa-
3yIOTCsL B pe3yabrare MepeMElINBaHus B TypOyIIeHT-
HOM HOTOKe, ObLIO MOKa3aHo, 4To KoHueHTpauus H O,
B PAaCTBOpE YBEIMYMBAETCSA C KAKIBIM I1OCIEIYIOLIUM
JTanoM pasBeleHus. JaHHBIA (akT CBUACTEIBCTBYET
0 TOM, 4YTO oO0Opa3oBaHHe CBOOOTHBIX PpaJMKAIIOB
MOXET H3MEHSTHCS, W KOHIEHTpAIHs MEePOKCHAA BO-
JIOpOZia, TOJIYy4aeMOro M3 MOJEKYJ BOJBI M arMocdep-
HOTO KHCJIOpOJa, YBEIMYMBACTCS B Ipolecce dHep-
rugHoro BeTpsixuBaHusi [4]. Bputo oOHapyxeHO, 4TO
ckopocTh oOpasoBanusi ADK Bo3pacTaer SKCIOHEH-
LUAIbHO IPU YBEJIUYEHUM YacTOThl MEXaHUUYECKOI'o
Bo3neicTBUs. OCHOBHBIE CHOCOOBI TCHEPAIH IIEPOK-
CHIIa BOIOPOJA, BEPOSTHO, CBS3aHBI C OOpa3OBaHHEM
CHUHIJIETHOTO KHCIIOpOAa W €ro JallbHEHIIMM BoccTa-
HOBJIEHUEM, a aJIbTEPHATUBHBIM IyTEM SIBIAETCS 00pa-
30BaHME NIEPEKUCH BOAOPOJA B pe3ysibTare peKoMOuHa-
UM TUAPOKCUIIBHBIX panukanoB [121]. Kak mpasuio,
cpa3y IOCJI€ MEXaHM4YeCcKOoro BoznedcTBusi pH Boabl
MOBBITIIACTCS. METOZIOM KamnelbHOro HCTapeHusi ObLIo
MOKa3aHO, YTO BCTPSIXHMBaHUE (PapMalleBTHUECKUX TIpe-
napaToB, MOJYYCHHBIX OMHMCAaHHBIM 00pa3oM (o cpas-
HEHUIO C aKKypaTHBIM IepeMelIMBaHUEM 00pa3IoB),
BBI3BIBAJIO OOpa30BaHUE CTPYKTYp, KOTOpHIE Xapak-
TEpU30BAIHCh Oolice  BBIPAKEHHBIM  OTCYTCTBHEM
YHOPSIIOYEHHOCTH (TapaMeTp 3HTPOIMH), YBEJIWYEH-
HBIMU MPOMEXYTKAMH MEXIY 3JIEMEHTaMH CTPYKTYpbI
(mapameTp IaKyHapHOCTH) W MEHBLIEH CIOKHOCTBIO
(mapametp JOKaTbHOM CBA3aHHOW (paKkTaabHOH pas-
mepHocTH) [122]. CornacHO JAMTEpaTypHBIM JaHHBIM,
J00ABJIICHUE BEUIECTB B CBEPXMAJbIX KOHIICHTpPA-
[USIX TIPUBOJUT K UBMEHEHHIO CTPYKTYPBI BOJIBI, TO €CTh
K W3MEHEHHWIO €€ BOAOPOAHBIX cBsizer [123—125].
bbu10 MpoAEeMOHCTPUPOBAHO, YTO CIEKTPHI PAacCesHUs
BOJIBI B ONIVKHEM YIIBTPa(UOJICTOBOM JIMana3oHe 3Ha-
YUTENEHO M3MEHSIOTCS NOCIe MHTCHCHBHON BHOpAIH-
OHHOU 00pabOTKM B COYETAHHU C ITANOM ITOCIIENOBa-
TEJBHOTO pa3BeleHUs, NpUYeM OTH H3MEHEHHUs CO-
XPaHAIOTCS Ha MPOTSHKEHUH HECKOJIBKUX YacoB IOCIE
BozzeiicTBus [126]. Bbbuto mokazaHo, 4TO MeXaHHYe-
CKHe KoneOaHHs JTO3BYKOBOM YacTOTHl YBEIMYHBAIOT
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OKHUCITUTEIILHO-BOCCTAHOBUTEIIBHBIN TIOTCHIIMAT BOJIBI,
KOTOpBIM TAaKK€ COXPAHSAETCS B TEUCHHE 3HAUUTENIb-
HOTO repuoza Bpemenu [127].

Nwmerorcst marnsie 0 ToM, uto B CBP coxpansrorcst
MOJIEKYIIbI McxofmHoro BemiectBa [4, 118, 128, 129],
B TO BpeMsl Kak OOBIYHOE IHEPrMYHOE BCTPSAXHUBAHUE
(c UCToNB30BaHUEM BHUXPEBOIO CMECHTENsl WM aHaJo-
TMYHBIX YCTPOICTB) yAalIieT My3bIPbKM W3 pacTBOpa,
B TOM 4YHCIE C aJCOpPOMPOBAHHBIMH MPHUMECSIMHU.
MHorokparHble OCIEI0BATENbHbBIE Pa3BENCHUS COXpa-
HSIIOT MOJICKYJIBI MCXOHOTO BEIIECTBA, KOTOPBIE MOTYT
CTaTh IEHTpaMu (POPMHUPOBAHMSI HOBBIX CTaOMIBHBIX
[130-133] HII ctpyktyp, 0Opa3yrommxcs BO BpeMs
MHTEHCHBHOTO MEXaHWYECKOTO Iporecca (Hampumep,
npurotoBiennss CBP), n BhICOKOOpPTaHW30BaHHOM BOBI
BOKpYT HUX [134]. P aBTOpOB 3asBISIIOT O BO3MOXK-
HOCTH COXPaHEHMsI MOJIEKYJI HCXOHOTO BEIIeCTBa JaXKe
B BBICOKHX pPa3BEICHUSIX, YTO MOXKET OBITH 00yCJIOB-
neHo sdexrom drorarmu [2, 4, 10, 118, 129, 135, 136],
OJTHAKO CBOWCTBa BBICOKMX pa3BEACHUN HE ompene-
JSIOTCSL HAJIMYUEM OCTATOYHBIX MOJIEKYT HMCXOJHOTO
BeniecTBa. «Hocutenem» akTUBHOCTH, OTBEYAIOIIECH 3a
ocoOble (hu3MYEeCKue, XUMHUUECKHEe W OHOIOTHYECKUE
CBOMCTBA CBEPXBBICOKMX Pa3BEJEHUI, 10 BCEHl BeposT-
HOCTH, SBISIIOTCS CIIOHTAHHO OOpasylommecs HaHO-
accorartsel [113, 119].

B CBP BemecTB Takke 3KCIIEPHUMEHTAIBHO 00HA-
PYKEHBI JOITOKUBYLLIME HAHO- U MUKPOYACTHLIBI HEU3-
BectHOU npupoxs [118, 134, 137-139]. CrabunbHOCTH
9THX KIACTEPOB MOXKET OBITh IOCTHTHYTa 3a CYET
pUCYTCTBUSA B Bojie aeitrepus [123, 140], octaTouHbIX
KOJIMYECTB McxonHoro Bemectsa [118, 129] unu npu-
Mecel (MOHOB, CUIIMKATOB), BBIACIAIOUIUXCS C TOBEPX-
HOCTEH eMKOCTEH, UCIOIBb3yeMBbIX NSl TOCIIe0BaTelNb-
HBIX pa3BeJCHUIl, B COYCTAaHUN C MHTCHCHUBHOI BHOpa-
IIUOHHOM 00paboTKo [141]. DkcnepuMEHTABHO TTOKa-
3aHO, YTO HAHOKPEMHHH MOXKET CaMOCTOSITETIHHO COOH-
partbcsi B TPUMEpPHBIC CTPYKTYphI [ 142—147]. AncopOuus
HOHOB (W3 CTEKJa WJIM BOJBI) HIU THIPOPOOHBIX
MOJIEKYJ Ha ITOBEpXHOCTH TeTepo(azHBIX DJICMEHTOB
nenaer ux Oosee crabmibHbIMHU. JlomroBeunocts HII
U ee KOppelmsiuus C MarepuajoM HCIOJIb3yeMOro
(hmakoHa MOTryT OBITH CBSI3aHBI C OTPULATEIBHBIM
sapsimom HII. [ToBepXHOCTh cTeKiIa CTAaHOBUTCS OTPH-
[aTeJbHO 3apsDKEHHON M3-3a THUAPOIHM3a KPEMHHUS M
muccormaruu SiOH Ha Si0™ u HY, u mostomy 3apsixkeH-
ueie HII momaepkuBaroT CTaOMIM3HpYIOIIEe 3IEKTPHU-
geckoe B3anmozeiicTaue [ 148, 149].

Cunraercs, 4To OTHEJbHbIE IIOTHOCTHBIE HEOJHO-
POIHOCTH OOBEIUHSIOTCS B THTAHTCKHE TETEPOCTPYKTYPEI,
TOIOJIOTMSI KOTOPBIX 3aBUCUT OT IpaiiMepa, TO ecTb ocTa-
TOYHOTO MCXOMHOTO BemiecTra [140]. DTn HaHOCTPYKTYpBI
MOI'yT MOAJEPKUBAThCA B TPOLECCEe pa3BeleHus Oraro-
Japs WX JBWKEHUIO K TUIpOo(OOHBIM TIOBEPXHOCTAM
(MIacTUKOBBIA HAKOHEUHMK THUIIETKU) WM SIEKTPOCTATH-
YECKUM B3aUMOJCHCTBUSIM, €CIIM MCIONB3YIOTCSl CTEKIISIHHAS

MAIIETKA/IUI MITA EMKOCTh U3 CTEKIIA, KOTOPBIE OKPY>KCHBI
MEKTPUICCKUM TIOJIeM, OOpa3yIoIM HOBBIE KIIACTEPHI
pu KoM passeaexun [ 150].

MO’KHO clienaTh BBIBOI O TOM, UTO MPOIIECC TOCIIe-
JOBATEIEHOTO PAa3BECHUS B COUYCTAHHN C HMHTEHCHB-
HOUM BHOpalnmMoHHON 00paboTkol sBisieTcss 3hdekTrs-
HBIM METOIOM MOJYYCHHS CTaOUIN3UPOBAHHBIX CTPYK-
Typ B BOAHBIX pacTBopax. OcoOble OuoIoruyeckue
CBOMCTBa BOTHBIX PACTBOPOB, MOABEPTHYTHIX MPOIECCY
MOCJIE0BATEILHOTO PAa3BEACHUS B COUCTAHUH C MHTCH-
CUBHOM BHOpaIMOHHOW 00paOOTKOM, TaKkKe ompene-
JIAKOTCA CHCHI/I(bI/ILIHOCT])I-O HCXOOHOro BEHIeCTBAa U
OTKPBIBAIOT HOBBIE BO3MOXHOCTHU [JIA JICUCHUSA pas-
JTUYHBIX 3a00JIeBaHUW, YTO OBUIO TPOIEMOHCTPHUPO-
BaHO B psange uccnenoBanuit [151-159]. DT1o Takke
MOXET OBITh TIOJIE3HO B TEXHOJOTHH, Tle 00paboTka
MTBE30KEpaMUKH  cooTBeTcTBytomuMu CBP mpu rops-
9eM IPECCOBaHUH IPHBOIUT K W3MCHEHHIO (pH3mde-
CKUX CBOWCTB IOJYYCHHBIX KEPaMHUUCCKUX 00pasloB
[160]. Takum oOpa3om, aktuBHOcTb CBP coxpans-
eTCs, JaKe HECMOTpPsl Ha BBICOKOTEMIICpATypHYIO 00-
pabotky. [locienoBarenbHble pa3BeeHUs] PACTBOPHUTE-
5, HE COJICPIKaIIero MCXOHOTO BelecTBa (KOHTPOJIb),
C TIOCITIENyIoIIel WHTCHCHUBHOW BHOpPAllMOHHOW 00pa-
OOTKOH TakXke TPUBOIAT K OOpa30BaHMUIO HAHOCTPYK-
TYp, OTIIMYHBIX OT HAHOCTPYKTYp B BOJE, HO UX CBOW-
CTBa (aKTUBHOCTH) Oy/TyT JIMIIIEHBI crierupmaaocTH [161].

CenbCKOX03SHCTBEHHBIE MCCICIOBAHUS MTOKA3aJIH,
gro nobasienue CBP BemecTB mpuBOmUT K yBenHde-
HUIO BBIPAOOTKU XJIOpo(dMIIa, 3HAYUTEIFHO H3MEHSET
AMHHOKHCJIOTHBIA TPO(GWIF U BHIPAOOTKY aMHHOKHC-
JOT, a Takke (OTOCHHTE3, CKOPOCTh IMPOPACTAHUS
n merabomusMm. C HCHONB30BaHUEM 3IEKTpodopeTH-
YECKMX M MHKPOCKOITHYECKUX METOIOB ObLIa Mpoe-
MOHCTPHPOBaHa CIIOCOOHOCTh BBICOKOTO Pa3BEACHHUSI
q)OpMaJ'IBI[eFI/UIa BJIMATH Ha CKOPOCTH ACEMETHIIN-
POBaHMSA/PEMETHIINPOBAHNS ~ BEPAaTPHHOBOM  KHCIO-
Tel Oaktepusimu  Rhodococcus —erythropolis  [162].
Kpome Toro, cKOpOCTh MPOpacTaHUs CEMSH IIICHHUIH,
obpaborannpix CBP, 3mHaumrensHO BO3pacTaet, Korma
B TPOILECCE Pa3BEICHUS YBEIUYUBACTCS KOIUUECTBO
BeTpsixuBanuii [163, 164]. Bece atu (M MHOTHE npyrue)
(U3UKO-XMMUYECKUEC PEaKIUK, a TaKXKe BIUSIHHAC Ha
JKHBBIC CHCTEMBI, MOJBEPTHYTHIC BO3ICHCTBUIO BOJIBI
1 BOJHBIX paCTBOPOB, MOJYUYCHHBIX B MPOLUECCE MHTCH-
CHUBHOM BHOpAIOHHOM 00paOOTKM U pa3BeICHUS,
MOAYEPKUBAIOT BaXXHOCTH JAHHOI'O IMOAXOAa BO MHOTHX
JUCLUIJIMHAX.

3AK/IIOYEHHUE

B paMKax JaHHOT'O 0630pa OBLI IIOKa3aHo, 4YTO
(1)I/ISI/I'-I€CKaSI o6pa60TKa BOAblI MOXECT BEI3bIBATH H3MC-
HCHHUA KaK B (I)I/I3I/IKO—XI/IMI/I'-ICCI(I/IX, TaKk U B OMOJIOTHYE-
CKHX CBOMCTBaX BOJABbI U BOJHBIX pacTBOpPOB. Mmuorue
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W3 CBOWCTB, MEPEYNCICHHBIX B TaONHIlE, MOTYT H3Me-
HATBCSL B OTBET Ha OIPENeJIEHHOE BO3IeicTBHE.
ITockosibKy 3a cBOMCTBa BOZbI OTBEUAET €€ CTPYKTYpa,
OONPIIMHCTBO BUAOB BO3ACHCTBUS HalpaBICHBH Ha
KJIACTepU3AIMI0 MOJICKYN BOABI (0Opa3oBaHHe, paspy-
LIeHHe M OObEAMHEHHUE), U3MEHEHHE MEXMOJIEKYIISp-
HOTO PACCTOSHHUSI W XapakTepa BOJOPOAHBIX CBS3EH,
a TaKke 00pa30BaHKUE U CXJIONBIBAHUE ITy3bIPHKOB.

OTU CTPYKTypHBbIE MOAM(DUKALINN MOTYT U3MEHAThH
OCHOBHBIE CBOMCTBa BOJbl, TAKHE KaK TEIIOEMKOCTb,
MOJISIPHBIA  00beM, KOA(P(UIIMEHT TEIUIOBOIO pacIlu-
peHust, KO3QOUIMEHT U30TEPMUIECCKON CKIUMAEMOCTH,
pacTBOPUMOCTh BO31yXa B BOJE, PACHIMPCHHE BOJbI
IIpYU MOBBIIIEHUH TEMIEPATypbl U BA3KOCTH IPU IOHU-
JKEHMH TeMIlepaTypbl. OKCIEPUMEHTAIBHO I10Ka3aHo,
YTO HarpeBaHHe YMEHbINAET CKMMAeMOCTb BOABI U
CHIDKAeT pacTBOPUMOCTH BO3JlyXa B BOJE, a OXJIaxJe-
HUE IOBBIIIAET €€ BA3KOCTb, B TO BpeMs Kak M3MEHe-
HUS MOJIAPHOTO O0BbEMa W CKOPOCTH paclIUpeHUs
HMMEIOT HEPaBHOMEPHBII Xapakrep.

AKyCTHYECKO€ BO3JCUCTBUE TaKkKe MPUBOAUT
K 3HAQYUTEIbHBIM U3MEHEHHUAM. DTOT THUI BO3ACHCTBUS
JIeIaeT CTPYKTYPY BOZABl KPYIMHO3EPHHUCTOW, TO €CTh
YBEJIIMYMBACT KOJIMYECTBO KPYITHBIX KJIACTEPOB, MOBBI-
maer pH u Ttemmneparypy BHYTpU KaBUTAllMOHHOI'O
My3bIpbKa W TPUBOAWT K OOpa30BaHMIO Pa3IUIHBIX
CBOOOJTHBIX PAJIUKATIOB.

Bricokoe paBieHme ycwiamBaeT Takue (uznde-
CKHE CBOWCTBAa BOJBI, KaK BS3KOCTh, caMomuQpQy3us
U CKUMaeMmMocTh. [Ipu BBICOKOM JaBIIE€HUM BA3KOCTh
BOJIbl 3HAYUTEIBHO BoO3pacTaeT. OAHAKO NpU TeMmIepa-
type 30 °C y Boabl HaOmOMaeTcss aHOMAJIbHOE IOBE-
JIEHHE — TMPH MOBBIIICHUN JABICHHUSA BA3KOCTh YMEHb-
IIaeTCsl U MOXET cHIKarbcsa g0 150 MIla, a 3arem
YBEIHUUBATHCS, CIEAYS 001Iel TeHaAeHIINH. Takske ObII0
MOKa3aHO, YTO IMPH TOBBIIICHUM JAaBICHUS YICTbHBIN
00bEM M TEIUIOEMKOCTh BOABI PaBHOMEPHO YMCHBIIIA-
I0TCS, B TO BPeMs KaK AUIIEKTPUUECKas IPOHULIAEMOCTh
U TUIOTHOCTb, KaK NPaBUIIO, YBEJINYUBAIOTCS.

Hexortopsle nccienoBareny yka3blBalOT Ha PE3KOE
YBEJIMYEHHUE DIIEKTPONPOBOJAHOCTH BOJBL, COAEpKa-
e MHIL, B To BpeMsi KaKk Apyrue aBTOpbl COOOILAIOT
O CHIDKEHHH DJIEKTPONPOBOAHOCTH TIO CPABHEHUIO C
ounnieHHoN BojoM. beuto nokazano, uto pH m okuc-
JUTEITbHO-BOCCTAHOBHUTEIBHBIN  MOTEHIMAl H3MEHS-
torcss Ha 0.6 u 1000 MB cooTBeTCTBEHHO 1O CpaBHeE-
HUIO ¢ UCXOmHOM Bonoit. st Bomel, oOpaboranHoi HII,
HaOJTFOIAFOTCSI U3MEHEHHSI BO BPEMEHH CITHH-CITHHOBOM
W CIIUH-peleTyaToll penakcanuu, obpasoBanue ADK,
a TaKKe IOBBIIIEHUE PAaCTBOPUMOCTU I'a30B B JKHUIKO-
CTSIX Y CHUIKEHUE TPEHHUSL.

[IpuMeHeHre TEXHOJOIMM BUXPEBOTO IepeMelIn-
BaHUS MPHUBOAUT K YBEIMYEHHIO AJIEKTPOIPOBOIHOCTH
BOJIbl U CHID)KEHHUIO BS3KOCTU IO MEpe yHIaJeHus Hepa-
CTBOPEHHBIX Ta30B, OJHAKO TMOCIEe Takoh 00pabOTKH
SNIEKTPONPOBOAHOCTL  yBenuuuBaercs  Ha  3%.

WNuTeHcuBHAs BHOpalmoHHash oOpaboTka W mporiecc
pa3BeleHHsT TaKXKE OKA3bIBAIOT BBIPAXEHHOE BO3JCH-
cTBUe Ha Boay. [lpm Takoi 0OpabOTKE H3MEHSIOTCS
TaKHe XapaKTCPHCTHUKH BOIBL, KaK SIEKTPOIPOBOIHOCTD,
KOHIICHTPAIUSI PACTBOPEHHOTO Ta3a, CKOPOCTH YIBTpa-
3BYKOBOH BONIHBI, pH, TOBEPXHOCTHOE HAaTsHKEHHE,
IUDJICKTPUYECKash IMPOHHIACMOCTh M CIIEKTPaib-
HbI OTKJIWK. [IpW yBeNWYEHUM YacTOTHI MEXaHHYe-
CKOTO  BO3ICHCTBHS HHTCHCHHOC IIEPEMCIIUBAHUC
pacTBopa MPUBOAUT K yCKOpeHuto oOpazoBaHust ADK,
MOBBIMICHNIO pH, HM3MEHEHHIO CIEKTPOB pACCEsHUSI
BOZBI B ONMIDKHEM YABTPa(MOIETOBOM JHANa3oHEe |
IOBBIIICHUIO OKHMCIIMTCIIBHO-BOCCTAHOBUTECIIBHOIO ITOTCH-
maa. OJHUM U3 BO3MOXKHBIX 00BSICHEHUH 3TOTO (heHO-
MeHa SBISIETCS (POPMHUPOBAHNE HAHOACCOIIHATOB.

Uro kacaeTcs BIHMSHUS HA JKUBBIE CHCTEMBI, 00pa-
00TKa BOABI PA3THMYHBIMH METOHAMH, TAKHUMH Kak
VABTPa3BYKOBOE BO3ICHCTBIE, 00pa30BaHHUE ITy3bIPHKOB,
WHTEHCUBHAs BHUOpauuMoHHas oOpaOoTKa WJIM MHTEH-
CHBHOC MECPEMCIIMBAHHE, B TOM YHUCIE C I[TOMOIIBIO
mpolecca MOCIEeNOBATENILHOTO Pa3BEJCHUS, HU3MEHSET
Ouosoruyeckre CBOWCTBA BOJABL. MHOTHE aBTOPHI
co00ImaloT 00 YIy4IICHUN POCTa M Pa3BUTHUSI OPTaHU3-
MOB, a TakKXKe PACTEHWH TOCIe 3aMauyuBaHUs CEMSH
B oOpabGotanHo# Bojpe. Boma, mpomreamas oOpaboTky
pa3NUYHBIMH BHIAMH MEXaHHUECKOTO BO3ICHCTBUS,
OKa3bIBaeT OJAroTBOPHBIN 3((heKT Ha CKOPOCTh Mpo-
pacTaHus CEeMSH, MacCy PacTeHUH W IMUPUHY CTEOII,
a TaKke HAa POCT PBIO W MbImed. B mpakruaeckom
OTHOIICHNH Hawmboiee 3HAYMMBIM SIBISICTCS CIOCO0-
HOCTh TEXHOJIOTHYECKH OOpabOTaHHBIX pa3BeNCHUN
OKa3bIBaTh MOAUGUIMPYIONIEEe BO3ACHCTBHE HA HCXOJI-
HOE€ BEIIECTBO, YTO MO3BOJSET UCIOIB30BaTh UX B TEX-
HUKE I YIIYy4IICHU CBOMCTB MaTepuaJoB U B MCIU-
[UHE JUIS Pa3padOTKH JIGKAPCTBEHHBIX CPEICTB, OKa-
3BIBAIONIMX (U3UYecKoe (TpsMOe) BO3ICHCTBUE Ha
MOJIEKyIbI-MUIIeHA. CIeIyeT OTMETHTh, YTO OOJBIITHH-
CTBO JIaHHBIX O Owosormdeckux 3¢¢ekrax oOpado-
TaHHBIX BOIHBIX PAaCTBOPOB OBLTH JKCHEPHUMEHTAIHHO
MTOTYYEHB! JJIsI PacTBOPOB, MMOABEPTHYTHIX IEPEMEIIH-
BAaHHI0O B COYETAHHU C IIOCIICIOBATCIHHBIM pa3Bejie-
HueM. Jlpyrue TecToBble (AaKTOPBI MPAKTUYECKH HE
U3YYCHBI, TIOATOMY JJIsI Pa3BUTHs JaHHOTO HaIpaBlie-
HUsI TPEOYIOTCS TATbHEHIIIE UCCIICIOBAHNS.
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AnHOMmauyus

Ilenu. Onpedenerue QUIUKO-XUMUUECKUX C80Ucm8 (HACLINHOU NJIOMHOCMU, 30J1bHOCMU,
CYMMApHO20 0bbema nop, UCmMupaemocmu, 8AAXHOCMU, COPOUUOHHOU emKkocmu) copbeHma
HA OCHO8€E 30JI0UUNAKO8bIX 0MX0008 MEeNnylooHepeemuKu, NPOKALeHH020 U MOOUPUUUPOBAHHOZ0
KpemHutiopearuueckum eudopogpodbuzamopom Tunpom K.

Memoovl. Dusuro-xumuueckue cgolicmsa MOoOUPUUUPOBAHH020 copbeHma onpedeseHol
IKCNepUMEHMANIbHBIM MEMOOOM NO MEMOOUKAM HOPMAMUBHBLLX OOKYMEHMO8 Ha 060pyoos8aHulL,
nogepeHHOM U AMmmecmo8aHHOM 8 YCMAHO8IEeHHOM nopsioxe.

Pesynomamet. Bos0winak, omobpaHHsllil HA 30n00meane Hoeouepracckoli 'POC, evicyuueH,
npokaneH npu memnepamype 600 °C 8 meuerue 30 MUH U MOOUPUUUPOBAH 2UOPOPObUUPY-
roweti kKpemHulicooeprkawell sxuokocmotro (I'KXK) mapru Cunop. HccnedogsaHvbl cOOMHOUEHUS
Mmoougpurarm/3ona (no macce) 1:20, 1:10, 1:5, 1:3, 1:2. OnmumanibHblM NPUHSMO COOMHOULE-
Hue 1:5 npu copbyUUOHHOU emKocmu no omHouweHu K H-eekcary 0.86 2/e. IIposedera onmu-
Musayus memnepamypsl moougukayuu 8 uHmepsane memnepamyp 110-200 °C. Haubosee
ONMUMAIbHBIM A8aslemest gblcywiugarue obpasyos npu 160 °C 0o nocmosiHHoU maccsl. Ilpu
memnepamype 200 °C nabnrodanocb cnekaHue mamepuand. BulnosiHeH aHaau3 moouguramo-
pose I'KXK no coomHoweHuro yerHa/copbyuoHHsle ceoticmea. B kauecmee I'KIXK paccmompeHol
Mmapru: Cunop, F'KXK-11BCII, T'KXK 136-157M, PROFILUX, Tunpom K, Tunpom Y. BelbpaH onmu-
MmanbHelil moougpuramop mapku Tunpom K. SkcnepumerHmansHo onpedesieHbl (pusuro-xumuue-
cKue ceolicmea MOOUPUUUPOBAHHO20 copbeHmAa, NOAYUeHHO20 npu coomHoweHuu 1:5 (no macce)
u eblcyuwieHHozo npu 160 °C. H3yueHbl e20 cOpbUUOHHbLE C8OTicma8a HA 800HOU nogepxHocmu
N0 OMHOWEHUIO K PA3NUUHBIM HehmenpooyKkmam: masymy, KepocuHy, bensury maprku AH-92,
Heghpacy, HegpmeuLnamy u H-2excary. HaumeHbuias copOyuoHHAsL eMIKOCMb NOAYUEHA NO OMHOULEHUIO
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K H-2ekcaHy, komopas cocmasuna 0.86 2/ 2. B xo0e sxcnepumeHma YcmaHo81eHo, Umo noo8uHA
8e/lUUUHBL COPOUUOHHOTE emMKOCMU 3anosHeHa HeghmenpooyKmom 8 nepsble MUHYmMbl KOHMAaKma.
Bpems nonnoil copbyuu cocmaguno 30-40 MuH Ossk OMHOCUMENbHO JleeKUX Y271e8000p0008
(H-2excaH, 6en3ur AH-92, kepocuH, Hegpac), 40-60 mur ons Hegpmewnnama u 6onee 60 MuH
onst masyma. DKCNepuUMeHmaibHO 8bl8eH0, WMo npoyecc copodyul He 3asucum om Mampuybsl
(conerocmu) 8o0bl. [Ipu 8U3YANLHOU OYeHKe No UHMEHCUBHOCMU OKPACKU OCMAMOUHO020 NSIMHA
Hegpmewinama coenaH 6vbl800 O 3HAUUMENbHOM COOepIKaHUU HegmenpooyKkmog 8 cayuae
copbyuu Hegpmewama Keapyuesobim NecKom HA OCHOB8E OCMAMOUHO20 JKeamoz0 Closi Hegme-
waama. B cayuae copbyuu Hegpmewnama npoKkaieHHbM U MOOUPUUUPOBAHHbIM copbeHmamu
ocmamouHble HeghmenpooyKkmel HesHauumenvHsl. IIpusedeH cpasHumesibHblil AHANU3 OGHHBLX
no agpgpexmusHocmu paspabomaHHo20 copbeHmMa U UMEIOUUXCS 8 HACMOosULee 8pemst AHA10208
Ha OCHO8E WLIAMO8 U WLAAKOS.

BbLeoosl. Onpedesnervl pusuko-xumuueckue ceoticmea copberma, moouduyuposarmozo I'KXK
Tunpom K: HaceinHasi niomHocme 0.621 2/em?, soneHocme 97.1%, cymmapHblil o6vem nop
no eode meHee 0.05 cm’/e, ucmupaemocmo 8.8%, enaxxHocmo meHee 0.5%; copOUUOHHAS
emiKocms, 8 2/ 2: no H-zexcaHy 0.86, no bensury AH-92 0.89, no Hegppacy 0.93, no kepocury 0.99,
no Hegpmewinamy 1.18, no masymy 1.46. SpghexmusHocms ouucmru meepooll nogepxHocmu
om Hegmewiama npokanieHHoim copbenmom cocmasuna 97%, a moouguyupogaHHovim — 95%.
MoouguyuposaHHslii copbeHm obnradaem 8blLCOKOU Nnaasyuecmvio Npu HACbLUEHUU Hegme-
npooyxmamu u CnOCOOHOCMbIO UX OSUMENbHO20 YOCPIAHUSL.

Knroueevle cnoea: copbeHm, 3010ULIAKO8blE OMX00bl, MensodHepeemuKa, HegpmenpooyKmod,
2udpogpodbusupyrowue KpemHulicooeprkauiue RKuoKocmu

Jna  uyumuposanus: Bymymo C.A., KoporkoBa T.I. Dxonormdyecku Oe30macHblii COPOCHT H3  30JOILIAKOBBIX
OTXOJIOB TEIJIOPHEPTeTHKH. Tonkue xumuueckue mexnonocuu. 2023;18(5):446—460. https://doi.org/10.32362/2410-6593-2023-
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Abstract

Objectives. To determine the physical and chemical properties (bulk density, ash content, total
pore volume, abrasion, humidity, sorption capacity) of sorbent based on ash-and-slag waste
from heat power engineering, calcined and modified with a Tiprom K organosilicon water repellent.
Methods. The physicochemical properties of the modified sorbent were determined using
an experimental method according to the methods of regulatory documents on equipment
verified and certified in the prescribed manner.

Results. Ash and slag taken from the ash dump of the Novocherkasskaya GRES power station
were dried, then calcined at a temperature of 600 °C for 30 min and modified with a Silor
hydrophobizing silicon-containing liquid (HSL). The modifier/ash ratios (by weight) were 1:20,
1:10, 1:5, 1:3, and 1:2. The optimal ratio was 1:5 at a sorption capacity with respect to hexane
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of 0.86 g/ g. The modification temperature was optimized in the temperature range of 110-200 °C.
The optimal approach it to dry samples at 160 °C to constant weight. At a temperature of 200 °C,
sintering of the material was observed. The analysis of HSL modifiers was carried out in terms
of the price/ sorption properties ratio. The following were considered as HSL: Silor, HSL-11BSP,
HSL 136-157M, PROFILUX, Tiprom K, Tiprom U. The optimal modifier Tiprom K was selected.
The physicochemical properties of the modified sorbent obtained at a ratio of 1:5 (by weight) and
dried at 160 °C were experimentally determined. The sorption properties were studied on the
water surface with respect to various oil products: fuel oil, kerosene, AI-92 gasoline, nefras, oil
sludge, and n-hexane. The smallest sorption capacity was obtained with respect to n-hexane,
amounting to 0.86 g/g. During the experiment, it was found that half of the sorption capacity
was filled with oil in the first minutes of contact. Complete sorption time was 30-40 min for
relatively light hydrocarbons (n-hexane, AI-92 gasoline, kerosene, nefras), 40-60 min for oil
sludge, and more than 60 min for fuel oil. Experiments established that the sorption process
does not depend on the matrix (salinity) of water. A visual assessment of the color intensity
of the residual spot of oil sludge allowed a conclusion to be made about a significant content
of oil products in the case of sorption of oil sludge by quartz sand based on the residual yellow
layer of oil sludge. In the case of sorption of oil sludge by calcined and modified sorbents, the
residual oil products were insignificant. A comparative analysis of data on the effectiveness
of the developed sorbent and currently available analogues based on sludge and slag is
presented.

Conclusions. The next physicochemical properties of the sorbent modified with HSL Tiprom K
were determined: bulk density was 0.621 g/mL, ash content was 97.1%, total pore volume
by water was less than 0.05 mL/g, attrition was 8.8%, humidity was less than 0.5%; sorption
capacity, in g/ g: for n-hexane, 0.86; for AI-92 gasoline, 0.89; for nefras, 0.93; for kerosene, 0.99;
for oil sludge, 1.18; for fuel oil, 1.46. The efficiency of cleaning a solid surface from oil sludge
with a calcined sorbent was 97%, and with a modified sorbent 95%. The modified sorbent
has high buoyancy when saturated with oil products and the ability to retain them for
a long time.

Keywords: sorbent, ash-and-slag waste, thermal power engineering, oil products, water-
repellent silicon-containing liquids

For citation: Bushumov S.A., Korotkova T.G. Environmentally safe sorbent from ash-and-slag waste of heat
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BEJAEHHUE

3osonuiak  (30IBHBIH  OCTaToK) (popmupyercs
IIyTEM CMEIIEHUS BOABI C YJOBJIEHHOM JeTyudel 305101
¥ TBEPABIMU MIIAKOBBIMH OTXOJIaMH, 00pa3yIONIIMUCS
IIPU CKATAHUH YTIIL B TOMKAX JIEKTPOCTAHIINH, U B BIIIE
MyJIBIIEI HAMPABILIETCS HA CKIATUPOBAHUE 3a IPEIEIIBI
Tepputopun Teruiodnekrpoctaniun (TAC) Ha 307100TBaT,
KOTOPBIH TaKKE€ HA3bIBAIOT THIPO30I00TBAIOM.

B Hacrosimee BpeMs KOIMYECTBO HAKOIJICH-
HBIX 30JI0HUIaKoBbIX 0TX0A0B (3LIO) wucuucnsercs
MIWUIMApJaMd  TOHH, a 3aHUMaeMas TO0A HHUMHU

IUIOIIAJh ThICAYaMH TeKTapaMu 3emiu. [IpocauuBa-
Hue B mouBy u mbuieHne 31O okxa3pIBalOT HEraTUB-
HOE BO3JICHCTBHE Ha OKPYXKAIIILYIO CPEAy U 3I0pOBbE
Jroziell, MPOKUBAIONIMX Ha YpOAaHM3MPOBAaHHBIX Tep-
putopusix BOmm3u TOC, TerosnekrporieHTpaieit (TOI),
rOCyIapCTBEHHBIX palloHHBIX 3MekTpocTaniuii (I'POC)
[1, 2]. Yrmwmmsamus 3110 B Poccum cocraBiseT
He Oomee 8% [1].

JaHHBIA OTXOA SBISETCS JEIIEBbIM, NOCTYIHBIM,
HEB3PBIBOOMACHBIM U HETOPIOYHM.

B 0030pe [2] BBINOMHEH aHAU3 WCCIEIOBAHUHN
yueHbslx 1o BrnusiHUIO 31O Ha OKpyXarollyro cpemdy.
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PesynbpraTsl aHanmM3a CBEAEHBI B TAONHUILY, B KOTOPOI
nmokazano, urto ckmaguposanne 31O mnpuBoguT K
IBIJICHUIO C TOBEPXHOCTH 30JI00TBajla, MMUIPaLUU
3arpsi3HSAOmMX Beniects (3B) mo mpoduiio moYBHI
U OTYYXICHUIO Tepputopuu. [lepBbie mBa (axropa
crnocoOCTBYIOT ocaxaeHuto 3B Ha mnoBepxHOCTH,
3arpsI3HEHHIO0 aTMOC(EPHOTO BO3IyXa, TOBEPXHOCTHBIX,
TPYHTOBBIX U MOJ3EMHBIX BojA. Ha ocHoBe nureparyp-
HBIX JIaHHBIX 10 COJAEP)KaHUI0 M30TONOB B 30iie TOL]
cieNiaH BBIBOJI 00 OMACHOCTH JUIsl 3JIOPOBbSI HACEIICHUs
U Yyrpo3e pPacTUTETbHOMY M JKUBOTHOMY MHPY B
CBS3M C BBIMBIBAHMEM PAJAMOHYKIUIOB M TSIKEIBIX
METAJUIOB B TIOYBY W IOA3EMHBIC BOJBI. B KauecTBe
HanpaBieHUd miepepabotku W yrwmmzamuu 31O
BBIJICJICHBI: MCIIOJIB30BaHUE B CEJIbCKOM XO3HCTBE,
U3BJICUEHUE METAUIOB, PEAKMX M LEHHBIX KOMIIOHEH-
TOB, TyIIEHHE II0XKapoB, MPOU3BOJCTBO TIJIMHO3EMA,
JUIS OYMCTKM CTOYHBIX BOJA M H3OJSLUH Pa3IUYHBIX
OTXOJI0B. BBIMOMHEHHBII aHATN3 XUMHUYECKOT0 COCTaBa
3IIO XabGaposckoir TOL-3 mokazan oTHeceHUE
0TX0Jla K TEXHOTEHHOMY MHUHEPAJIbHOMY CBIPBIO,
HAKaIUIMBAIOILIEMYCSl CO BPEMEHEM.

Hanpasnenusam yrtuwnuszauuun 31O  nocssiieHo
MHOTO pPabOT HCCIEIOBATEIBCKOTO M 0030PHOTO
xapaktepa [3—6]. B [3] m3yuen cocrtaB 3IIO Kazan-
ckoit TOII-2. Cnenan BBIBO/, YTO OCHOBHBIMHU TTEPCTIEK-
TUBHBIMU HamnpasieHusMu ytuinzanuu 3110, nomumo
CTPOUTEIBHOM OTpacid, MOTYT CTaTh H3BJICUEHHE U3
HUX TUTaHA, CUHTE3 LIEOJUTOB M3 aJIOMOCHUIIMKATHBIX
COCTaBISIOMIMX 30JbI M IUTaka. i MakCHMMajbHOIO
NOBbIIIeHUST ypoBHS yTuinuzauuu 3O pexomenao-
BaHO mnepeBecTu cucremy yzaanenus 31O Ha cyxoit
Meton [4]. JInsi CHMIKEHUSI HEraTMBHOTO BO3JICHCTBUS
3110 Ha OKpy’Kalollyl0 Cpeqy W BOBJIEUEHHE HX B
XO3AHCTBEHHBIII 000OpPOT TPEIIOKEHO BEPHYTHCS K
BOTIpoCcy 00 yperyJMpoBaHWW JaHHOM NpoOJIeMbl Ha
3aKOHOJIATEILHOM ypOBHE [6].

3O ot cxkuranust yraeit TOC mpuHATO CUNUTATh
HEOIMaCHBIMU JUIs1 OKPYXKAKoIIeW MpUpoaHOW cpeasl. B
[7] mpuBenen xumuueckuii coctap 31110 XabapoBckoii
TOII-3. Ha ocHOBe pacdyeTHOro MeTojJa W METoJa
(uToTecTUpOBaHUSA OTXOJ OTHECEH K V Kiaccy
OIAaCHOCTH.

[IpoBeneHHble HAaMU KOJWYECTBEHHBIH XHMHYe-
ckuii [8] M TOKCHKOJOTHMYECKHi (OMOTECTHpOBaHHE)
ananu3el 3IIO Hoouepkacckoit I'POC mnoxkazanu,
YTO cyXas 30JI0IUIAKOBAasi CMECh, YIIOBJICHHAS AJIEKTPO-
(WIBTPOM, IHUKIOHOM ¥ PYKaBHBIM  (IIBTPOM,
otHocutcsl K IV kmaccy omacHoctu [9], a 3omommiako-
Bas CMECh, HAKOIUIEHHas Ha 30JI00TBAJE II0 CXEMe
THPO30JIOY/IAJIEH s, OTHOCHUTCSI K V Kitaccy onacHocTH [ 10].

C KkaxapIM ToJIOM BO3pacTaeT 3arps3HeHHe BOJ-
HBIX 00bekTOB HedTenpomykramu (HII) B pesymprare
cOpoca B HUX YaCTHUYHO OYHUIIEHHBIX MM HEOUYHUILIEH-
HBIX CTOKOB, YTO B JaJIbHEHIIEM MOXET HpPUBECTH
K 2KoJoruueckoil katactpode. VccienoBanusi yueHbIX

TIO/ITBEPXKIIAOT ~ HAIMYKME  aJICOPOIIMOHHBIX  CBOWCTB
3I0. B [11] 3LIO »HeproBeipadaTHIBAIOIIETO
npeanpuatust  (Poccust) TMpemyioXeHo HCIIONB30BATh
B KauecTBe copOeHTa ((WIBTPYIONIETO 3arOJHUATEIIS)
IUIL OYHCTKH CTOKa CHCTEMBI JIMBHEOTBOAa. IlpmBe-
JICHBl XapaKTePHCTHKH MPEAIaracMoro 30JI0LIUIAKO-
Boro copbenrta (Poccust). PaszpaGorano yctpoiicTBo
OTBOJA JIMBHEBOTO M TaJlOTO CTOKOB, BKJIIOYAIOLIEE
¢unpTpyrommii - 3anonHuTeNb.  OUUIICHHYIO  BOXY
PEKOMEHJIOBAaHO HCIIONB30BaTh Ha  XO3sHCTBEHHbBIE
HYXbl (TIOJIMB, CTPOUTENIbHBIE MEPOIPHITUS H TIp.)
C LIEJIbIO DKOHOMHUH ITUTHEBOU BOBI.

B pabote [12] aBTOpBI NPUMEHSIIH JIETYYYIO 3011y
(3omy yHOca) yroibHbBIX asiekTpocTannuid (Mumus)
B KauecTBE COpOCHTA U OYHCTKH OBITOBBIX CTOY-
HeIX BoA. CTOYHyI0 BOOY  OUHINAIKM  TIOCIE
MPeIBapUTEIGHOIO OTCTaWBaHWI B TedeHHe 24 U
UL OCaXICHHS TpyOBIX MEXaHHYECKUX IPHMECEH.
[IpoObl MPOMBIBHBIX BOJA IOMEIIATA B  KOJOBI
BMECTUMOCTBIO 250 cM?, 100aBisid HAaBECKY aicop-
OCHTa W BBUICPKMBAIM B TepMOCTaTe CO IIEHKepoM
npu temneparype 25 °C B Teuenue 7 4. Ilpu 3rom
3HAYUTEIBHON ajacopOumMu He HaOmonanock. [lanee
W3y4Yald BIIMSHUE COOTHOIICHHS 30J1a/CTOYHAS BOJA
Ha 3¢ dexkruBHOCTE ynanenus pH, AITAB u B3BemieH-
HBIX BEIIECTB. B pe3ynmbTare MpemioKeHoO MPUMEHATH
COpOCHT M1 OYMCTKH OBITOBBIX CTOYHBIX BOJ B
nosupoBke 40 r copbenra Ha 1 am® ouMIITaeMOi BOJIBI
B TeYeHHeE 6 U.

B [13] uzyden 3omomuiak TaiuKyHCKOM yromib-
voit TOC (TaiiBanb) ¢ TOYKM 3pEHUsS] UCIOIb30BAHUS
€ro B KauecTBe COpOeHTa JJISl OYMCTKA CUHTETHYECKUX
(MOZenpHBIX) CTOYHBIX BOA. [lo  XHMHYECKOMY
notpednenuto kucnopona (XI1K) HaitneHno, 4to Moenb-
HbIC CTOYHBIC BOJBI COJEpXKAT MEIb B KOJHUYCCTBE
or 10 mo 40 mr/om® u rugpodranat Kajaus B KOJHYE-
ctBe ot 250 mo 1000 mr/mv®. Taxxke ObUIM WCIBITAHBI
CTOYHBIC BOIbI ((DMIIBTPAT) IMOJIMTOHA CBajKH TOpoja
TallwkyH C HM3BECTHBIM COAEP)KAHMEM a30Ta aMMo-
HUHHOTO, 00Iero asora, »ene3a, (ocdaroB, MHUHKA
n Mapraana. ONTUMH3HPOBAHBI YCIOBHUSI COPOIHH,
takue kak pH pacTBOpoB, Temmeparypa, IO3HPOBKa
copbeHTa (COOTHOIIEHHE COpOeHT/ouMIaeMas BOJA).
[Ipu mpuMeHeHHH 30JI0IJIaKa B KadecTBe COpOeHTa
s¢dextuBHOCTh OouncTku At XIIK coctaBuma 47.0%,
aMMOHUIHOTO a3oTa — 39.4%, obmiero azora — 31.1%,
muHKa — 82.2%, mapranma — 94.3%, xeneza — 96.5%,
tdhocdaror — 92.9%.

WHauiickuMu y9eHBIMH TIPOBEJCHBI HCCIEI0BA-
HUSl OYMCTKU CTOYHBIX BOJ 30JI0H yHOCa OT (hocdaron
u ¢ropunoB [14], B3BemeHHbIX BeriectB, XIIK u
ouoxuMudeckoro norpedienus kuciopoaa (bITK) [15],
TSDKETIBIX METAJJIOB U OPraHUYeCKHX BelecTs [16].

Crounbie Bogbl 0oO6bemMoM 1.0 am® ¢unbTpoBanu
yepes cioi copOeHTa (AMHaMu4eckas copOLus)
tonmuHoi 10 cm. Ilpu sToM mporecc cBOOOIHOM
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¢unpTpanuu  3aHAT okojo 1.3 u. B pesymerare
CTCTICHh OYHCTKM O0O0pasla CTOYHBIX BOJX MO IOKa3a-
TEII0 B3BEUIEHHBIX BellecTB cocTaBmia 69.02%,
o BITK — 71.48% n mo XIIK — 66.59% [15].

B [16] 30ma yHOCa mpuMeHEHa B KadecTBE COp-
OCHTa Ul OYUCTKH CTOYHBIX BOJ OT DPSa TSDKEIBIX
METaJUIOB: HMKeNs, LIMHKa, CBUHIIA, JKeJe3a, MapraHua
u amoMuHUs. O(QPEeKTUBHOCTH OYMCTKH oOpasua
CTOYHBIX BOJ cocTaBuiia Oonee 80% nisi Bcex MeTan-
J0B, KpoMe MapraHua. Ero 3¢QeKTuBHOCTb OUUCTKU
Haxoauinach B npezaenax 70-80%.

B [17] 3oma yHOoca wucnoib30BaHa B KauyecTBe
copOeHTa Il OYUCTKH BOJBI OT 2.4-nuMeTnin (eHomna.
Nzyuensl coOpOLMOHHBIC CBOMCTBA MaTepuania Ha
MOJIETIFHBIX BOJHBIX PAacTBOpax, cojaepxamux 2,4-mu-
METWI(GEHON, B 3aBHCUMOCTH OT TEMIIepaTyphbl pac-
TBOPOB, O3Bl COpOEHTA, HAYAIBFHOTO COACPKaHMUS
2,4-mumetnnderona.  ABTOpaM  yAalloCch  JTOOWUThCS
CTEeNeHU u3BJeueHus 2,4-nuMmeTuiipeHosa U3 BOAHOTO
pactBopa Ha ypoBHe oxoino 90%. Kpome Toro,
MIPEUIOKEH CIoco0 pereHepanuu copoenta 2% BOIHBIM
pacTBOPOM MEPOKCHIA BOAOPOA.

B [18] 3o0ma yHoca mnpuMeHeHa B KauecTBe
copbenta s ypameHus 2-xnoppenoma (2-XdD) u
2,4-nmuxnopdenona (2,4-1XD) u3 BOIHBIX PacTBOPOB.
Nzyueno Bmmstaue pH pacTtBopoB Ha mporiiecc yzaie-
Hus  (3nayenne pH wwke 3nHavenus pK, 2-XP u
2,4-IX®D). Cobpana 5KCHepUMEHTaJIbHAas YCTAaHOBKA
¢ (QuIBTPOM, HAMOTHEHHBIM II0 CJIOSM C KpaeB
KBapLEBBIM MECKOM M B CpEIHEM CJIoe 30JI0i yHoca.
CopOuusi HoCMIIa MOJABMXKHBIA XapakTep OYMIIAEMOTO
pactBopa (auHamudeckas cop6buus). CopOunonHas
€MKOCTh 30JIbl yHOCa JIOCTUTalla MaKCHMaJIbHOTO
YCTOHYMBOTI'O 3HAYEHUS YXKE IIPU BPEMEHU IIPOILY CKaHUs
oxoJio 60 MuH U coctapisuia nopsinka 2.0 u 1.3 v/t ans
2,4-IIXD u 2-XD coorBeTcTBEeHHO. M3yueHo B3anMHOE
BiustHuE 2,4-J1X®D u 2-X®D Ha nporecc CopOIum.

B nmanHOl paboTte mpuBEICHBI Pe3yJIbTaThl HCCIIe-
JIOBAHUHM  3KOJIOTMUECKH 0Oe30macHoro copOeHTa Ha
ocaoBe 3O TermosHepreTHKH, MPOKATICHHOTO M MOIH-
(bUIUPOBAHHOTO  KPEMHUHOPraHMYECKUM  THUIPOQPOoOH-
3aTopoM Turpom K, obnaznaromiero BbICOKOH I1aBy4eCThIO
npu HaceiieHnd HIT v cmocoOGHOCTBIO UIMTENBHOTO MX
yraepxaHus. MoaupuiMpoBaHHEI COPOEHT HCCIeNo-
BaH Ha MOICJIbHBIX CMECAX, COACPKAIIUX Ma3yT,
kepocuH, 6ensnH AM-92, vedpac, HedTenuaM 1 #-rekcaH
W TMpenHa3HaueH Ui OYUCTKH CTOKOB OT CBOOOJHO
IuTaBaromux u sMynsrupoBanasix HII. B maGopatop-
HBIX YCJIOBUSIX ITPOBeIeHa copOIus Hedrenuiama Ha BOI-
HOIi TTIOBEpXHOCTH. B kadecTBe BOJHOTO 00BEKTA HCCIIe-
JIOBaH peabHBIN 00pa3el; MopcKoit Boasl (UepHOro Mopsi).

METO/bI

DU3NKO-XUMHUYECKHE CBOMCTBA MOL[I/I(I)I/IIII/II)OB&H—
HOTO COp6eHTa OMpCACJICHbI MO0  HOPMATUBHBIM

JokyMeHTaM Poccun: HaceinHas miotHocts o I'OCT
P 51641-2000', 30;mbHOCTS 110 [THJ] @ 16.2.2:2.3:3.32-02%,
cymmapubiii 0oosem mop mo I'OCT 17219-713, mpou-
Hocth Ha uctupanue mo ['OCT P 51641-2000, maccoBas
xoutenrparuss HIT mo TTHI @ 14.1:2:4.5-95%, Bnax-
Hocts o 'OCT 5180-2015%. CopOuuoHHast €MKOCTh
MOJM(UIMPOBAHHOIO copOeHTa 1o oTHoueHuto k HIT
orpeieyieHa OIBITHBIM IYyTEM, ONUCAHHBIM B JaHHOM
cTarbe.

Jus mpokanuBaHus 00pa3IoB IPHUMEHEHA 3JIEKTPO-
neus Jnabopatopnas LM-312.11 (VEB ELEKTRO
BAD FRANKENHAU-ZEN, 1990, I'epmanckas Jlemo-
KpaTtudeckas PecmyOnuka), monaepkuBaromias TeMIIe-
patypubiii peskuM ot +50 mo +1200 °C. Hccnenosanue
cogepkanns HII B mpobax TpoBeneHO C IMOMOIIBIO
koHreaTparomepa KH-3 (IIpouszsoocmeenno-sxonocu-
yeckoe npeonpusmue «CHUBIKOIIPUBFOPy, 2018,
Poccust). lns mpocymmMBaHUS PEAKTUBOB M 00pas-
LI0B, MOATOTOBKH JaOOpaTOpHOM MOCYIAbl HCIOJIB30-
BaH cymmibHbli mkad cepun LOIP LF-60/350-GGl
(Vlabopamoprnoe obopyoosanue u npubopwvr, 2012,
Poccust), momnep:KUBAIOMINI  TEMIEPATypHBINH  PEXUM

'TOCT P 51641-2000. T'ocymapCTBCHHBIH CTaHAApT
Poccuiickoit  ®depeparun.  Matepuansl  QUIBTpYIOLINE
3epHUCTBIe. OOImMe TexHnueckue ycnosus. M.: [occranmapt
Poccum; 2000. [GOST R 51641-2000. State Standard of the
Russian Federation. Filtering granular materials. General
specifications. Moscow: Gosstandart Rossii; 2000.

2 IIHA @ 16.2.2:2.3:3.32-02. MeToaMKa BBITOIHEHUS
U3MEpEeHUl collepKaHMsl CYXOTro M MPOKAaJEHHOTO OCTaTKa B
TBEPABIX M KXHIKUX OTXOJaX IMPOM3BOJICTBA U MOTPEOJICHNS,
ocajkax, [UIaMaxX, AKTUBHOM WJIE, IOHHBIX OTJIOXKEHHSIX
rpaBuMmerpudeckuM MeTogoM. M.: HT® «Xpomocy; 2002
(m3manme 2017). [PND F 16.2.2:2.3:3.32-02. Measurement
procedure of the content of dry and calcined residue in solid
and liquid waste of production and consumption, sediments,
sludge, activated sludge, bottom sediments by gravimetric
method. Moscow: NTF “Khromos”; 2002 (publ. 2017).]

3 TOCT 17219-71. Tocynapctennsiii cranmapt Corosa
CCP. VYrnm axkTuBHBIE. MeTOx oOIpeesieHHsT CyMMapHOTO
obwema rop 1o Boge. M.: Opzena «3Hak [loueray M3narenscTBo
cragzapro; [lepemsmanme okxrsiopp 1987. [GOST 17219-71.
State Standard of the USSR. Active carbons. Method for
determination of summary pore volume by the moisture
capacity test. Moscow: Ordena “Znak Pochyota” Izdatelstvo
stantartov; republication October 1987.]

4 TIH/, @ 14.1:2:4.5-95. Konu4eCcTBEHHbIH XUMUYECKUN
aHanM3 BoJ. MeToarka U3MepeHUi MacCOBOH KOHIIEHTPALIUH
HE(PTENPOAYKTOB B MHUTHEBBIX, MTOBEPXHOCTHBIX M CTOYHBIX
Bonax merogoM WK-cmekrpomerpun. M.: PIAO; 1995
(u3manue 2011). [PND F 14.1:2:4.5-95. Quantitative chemical
analysis of waters. Method of measuring the mass concentration
of petroleum products in drinking, surface and wastewater by
IR spectrometry. Moscow: FTsAO; 1995 (publ. 2011).]

5 TOCT 5180-2015. MexrocymapcTBEHHBINH CTaHIAPT.
I'pynter. MeTonmsl J1ab0opaToOpHOrO OmNpeseleHus (pu3nye-
ckux xapakrtepuctuk. M.: Cranmaptundopm; 2015. [GOST
5180-2015. Interstate Standard. Soils. Methods of laboratory
determination of physical characteristics. Moscow:
Standartinform; 2015.]
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C.A. Bymrymog, T.I'. KopoTkoBa

or +50 mo +350 °C. Hdns B3BemmBaHHWsA 00pasLoB
HCTIONIB30BAHBl  BECHl JIAOOPATOPHBIC DIICKTPOHHBIC
Adventurer mogudukammu AR214 (OHAUS Europe,
2004, llBeiinapus). DKCTpakIysi pacTBOPOB IMpOBe-
JeHa Ha DJKCTPaKIHOHHOH BpalIaTeNbHOH yCTaHOBKE
ES-8000 (Oxoxum, 2015, Poccust), akcTpakmusi TBep-
IbIX 00pa3sloB — Ha YHHUBEPCAIbHOM J1abOpaTOPHOM
BerpsaxuBatene tuna WU-4 (PREMED, 1985, Tonbia).
HcnpiTaHusT HUCTHUPAEMOCTH MaTEpUaANoOB MPOBEISHBI
¢ nomomeio Habopa cut KII-131 (Mepuoduan, 2015,
Poccust) ¢ xpelmkodd u mojmoHOM. Bee cpenctBa
M3MepeHuil BHECEHbl B [ ocymapcTBEHHBIN peecTp
CpEICTB U3MEpeHHi® W MOBEPEHBI B yCTAHOBJICHHOM
3aKoHOaTeNbcTBOM Poccuiickoit denepannu mopsake.
[Ipu  mpoBeneHMH  1aOOPATOPHBIX — HCCIICJOBaHUI
UCIIONIb30BaHA MEpHas IMOCyJa: HWIHHIPEL, OIOPETKH,
MepHBbIe KoytObl, muretku mo 'OCT 29228-917.

PE3VJIBTATBI U UX OBCYXKJIEHUE

OOBEKTOM HCCIIEIOBaHUS SIBIISETCS  30JIOILIAK,
oroOpaHHBIid ¢ 3-i cekuuu 30mooTBana HoBodepkac-
ckoit 'POC (r. HoBouepkacck, PocToBckass obnacts),
MPEJICTABISAIONIMA  COOON  KHIKO-TBEPAYIO  Maccy.
Hagecka 3070mn1aka Obl1a TOMOT€HH3MPOBaHa U ITOMe-
IIeHAa B CYIIWIBHBINA mKad, rie Beyiepxkana npu 110 °C
B TeueHre 30 MHH C IIeJbI0 yAaIeHHs1 CBOOOIHON BIary.
[NoncyreHHpIA 3070MUTaK MMeT KOMKOOOPazHYIO (opMmy.
B pesynbrare mpokanuBaHUs B My(eNbHOU TEYH MpU
600 °C u BbLAEp)KHMBaHUS TpPU ITOH TeMIepaType B
TeueHre 30 MUH MMOJTyueH PBIXJIbIA, pacCHITYATHIA MaTe-
pHaj, Ha3BaHHBINA NMPOKAJIECHHBIM COPOEHTOM, (PU3UKO-
XHUMHUYECKHE CBOICTBa KOTOPOTO OIpENeeHbl HaMH B
[19] u cocraBunm: HackinHas IIOTHOCTL — 0.666 T/cM?,
3056HOCTD — 99.5%, cymmapHbiii oosem miop — 0.506 cm’/i
uctupaemocts — 8.5%, BiaxHOoCcTh — MeHee 1%.
Ilo pesynbratam rpanynoMeTpudeckoro anammsza 95.2%
MacChl TIPOKAJEHHOTO COpOEHTa TPHXOOWTCS Ha
¢dpakrwro ot 0.25 mo 0.5 mMM.

C menpio MpUAAaHUS TUIABYYECTH IPH HACBHIIICHUH
HII u cmocobHOCTM HMX JIMTENBHOTO YAEp KaHus
Ha BOJHOW TMOBEPXHOCTH MPOKAIEHHBIH COpPOEHT
MOJU(UIPOBAH KPEMHUHOPraHU4eCKUM TIuapodoou-
3atopoM (ruapodoOu3MpyIoNIel  KpeMHHICOAepkKa-
meit xuakocteio, 'KXK) u HaszBan MomuduiuposaH-
HBIM COpPOEHTOM.

¢ https:/fgis.gost.ru/fundmetrology/registry. Jlara obpartieHust
03.10.2022. / Accessed October 03, 2022.

7TOCT 29228-91. TocymapcTBEHHBIH  CTaHIapT
CCCP. Tlocyna mnabopaTopHasi CTekissHHas. [lunerku
rpagyupoBantbie. Yacts 2. [lumerku rpagydupoBaHHBIE 0e€3
YCTaHOBIICHHOTO BpeMeHH oxxunanus. M.: Ctanmaptuadopm;
1991. [GOST 29228-91. State Standard of the USSR. Laboratory
glassware. Graduated pipettes. Part 2. Graduated pipettes
without a set waiting time. Moscow: Standartinform; 1991.]

Ha mepBom aTame wucclempoBaHWid oOmnpesesieHo
ontuMaibHoe cooTtHourenne Macc [ KK wum moxaro-
TOBJICHHOTO TPOKaJIEHHOTO copOeHTa. beuto mpwuro-
TOBJIeHO 5 00pa3noB Ha ocHoBe ['KOXK Cuitop/3omonmnak
B cooTHomeHHsx Mmacc 1:20, 1:10, 1:5, 1:3 u 1:2.
OOpa3upl OCTaBISIM Ha CYTKH B OTKPBITOM BHIE
npu KoMHaTHOM Temmeparype (20 °C) mo mnosiHoro
BEICyIIU-BaHusl. Jlanee 00pa3ibl IepeTHPad B araToBOM
CTyNKe A7 pa30MBaHUS KOMKOB, OOpa30BaBIIMXCS
B mponecce cMmauuBanusi ['KXK 3omomniaka, U mpoBo-
JIAIIA MICCTIEIOBaHMs COPOIIMOHHBIX CBOWMCTB TOIYYEH-
HBIX 00pa3IOB [0 OTHOIICHHUIO K H-TEKCaHy.

B OTKpBITYIO IIMIIMHAPUYECKYIO CTEKIISTHHYIO EMKOCTh
BMECTUMOCTBIO 0KOJIO 3 v° moMewmai 1.0 ov® nuetu-
JIUPOBAaHHOM BOJbl. B 3Ty ke €MKOCTh MOMEIIAIHA C
MTOMOIIBI0 MHKpOmo3aTopa amukBoTel 2.00 cM® u B
otaenpHOM 3kcrepuMente 4.00 cM® XMMHYECKH YHC-
toro (uucrora 99.9 %) wu-rexcana (IUIOTHOCTH NpHU
20 °C cocramser 0.6548 r/cM*), 4TO COOTBETCTBYET
1308 mr u 2617 Mr B mepecueTe Ha YHCTOE BELIECCTBO.
n-I'ekcaH momemianyM Ha TIOBEPXHOCTH BOJBI B 00JNACTh
TEOMETPUYECKOTO IIEHTpa TaKuM 00pa3oM, dYTOOBI
«MATHO» H-TEKCaHa HE Kacallochb CTEHOK EMKOCTH.
Janee orOupanu TOYHYH HAaBECKY IMOJTOTOBICHHOTO
o0pasia Moau(UITUPOBAHHOTO COPOSHTA MacCOi OKOJIO
1.0 r (3HaueHWe MAacCChl 3alMCBIBAJIOCH C TOYHOCTBHIO
0.0001 T m WCMONB30BAIOCH B MANBHEHIINX pacue-
TaX) W PacCHIATN PaBHOMEPHBIM TOHKHAM CJIOEM Ha
MMOBEPXHOCTH «IIITHa» H-rekcaHa. OOpas3lbl B TakoM
Buge ocrapimsuid Ha 30 muH. Ilocnme atoro cobupanu
copOeHT 00e330JeHHO  (MIBTPOBaNbHON Oymaroi
«CHHSISL JIGHTa», ToMemanu obpasel] ¢ (QHUIbTPOBaIIb-
HoU Oymaroii B yamky IleTpu U BBICYIIMBANU B OTKPHI-
TOM BHJI€ Ha BO3JyXe B TEUYCHHE OKOJO CYTOK JJIsi
UCTIApEHUsI BOJBI U OCTaTKOB H-TeKCaHa. Bo3myliHo
cyxoi oOpaszery BMecTe C (WIBTPOBAIBHON Oymaroii
MOMEIATNA B KOJOY KOHMYECKYIO C TIPUTEPTOM MPOOKOH
BMectumocThio 100 cm?, mpunuBamu 10 cM® deThIpex-
XJIOPUCTOTO YIIIEpoaa, 3aKPBIBANK KOJOY KPBIIKOH
Y MHTCHCHUBHO BCTPSIXUBAIHU MPOOy HA YHUBEPCAITEHOM
7Tab0paToOpHOM BCTpsixuBarese B TedeHume 1 4. [lomy-
YCHHBIA SKCTPaKT (WIBTpOBaIHM 4depe3 (GUIbTp 00e3-
30JICHHBIA «CHHSISI JICHTa», YCTAaHOBJICHHEBIA B CTEKJISH-
HYI0 BOPOHKY, B KOJOy C MpHUTEpTOl MpoOKoil BMe-
ctumMocThio 50 cm>. DkcTpakuuio obpasma ¢ mocie-
OyIOIKM (UIBTPOBAaHHEM IOBTOPSUIM emie 2 pasa
C HOBBIMH TMOPIUSAMH YETBHIPEXXJIOPHUCTOTO YIepoja
mo 10 cm® B kaxmoit. Bce aKCTpakThl 0OBEAMHIN B
TOW ke Kojbe ¢ MpUTepToil MpOOKOH BMECTHMOCTHIO
50 cM?, B KOTOPYO COOpAITH IIEPBYIO MOPIIUIO IKCTPAKTA,
U TEpEeMCIINBAIN CONEPKUMOE KOJOBI BparaTeib-
HBIMU JIBIDKCHHSIMH.

[NomyuyenHblii 0OBEIUMHEHHBIH 3KCTPAKT IMPOITYCKaIN
yepe3 NpeABapUTeNbHO MOATOTOBICHHYIO CTEKISIHHYIO
XPOMATOrPaUUecKyt0 KOJOHKY BMECTUMOCTBIO 25 CM’,
B HIWKHIOIO YacTh KOJOHKHM MOMEIald HeOONbIIoi
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KyCOYEK CTEKJIOBAaThI, MPEIBAPUTEIILHO BBIJIEPKAHHON
B pacTBope cepHOM KuciotThl 1:1 B Teuenue 12 4, mpo-
MBITOH JUCTHJUTHPOBAHHOH BOJOH U, TIOCIIE BBICHIXaHNS,
MPOMBITON YETHIPEXXJIOPUCTHIM YIIICPOIOM H BHICYIIICH-
HOW Ha BO3AyXe. 3areM B KOJOHKY 3achmiamd 6 T
OKCHZa aJIOMHHUS, AKTUBHPOBAHHOTO IyTEM IIpOKa-
nuBaHUs B My(enpHOH medn npu temmeparype 600 °C
B TeueHue 4 4 ¢ moclenyoIuM 100aBJIeHueM IUCTHII-
JMPOBAHHOM BOmBI OObeMOM 15 cm® u3 pacuera Ha
500 r mpoKaleHHOro OKCHa AJIOMHUHMS C JajbHEH-
MM TEepPEeMEIIMBAHUEM U BBIJICPKKOW B TEUYCHHUE
CyTOK B 3KcHKaTope. BepxHuii cioit okcuja alTroMUHUS
TakkKe (PUKCHPOBAIH B KOJIOHKE HEOOJBIINM KycO4-
KOM CTEKJIOBaThl. 3aTe€M B KOJIOHKY 3ajMBaid 8 CM
YEeTHIPEXXJIOPUCTOTO yriaepoaa st cmadnBanus. [locie
BITUTHIBAHUS TIOPIIH YETHIPEXXJIOPUCTOTO YTIIepona
KpaH KOJOHKH OTKpPHIBAJH W COOMpAN MpOIIEIIINi
gepe3 KOJIOHKY AMII0aT B HWIMHAP MEpHBIH 00beMOM
10 cM®. Kak TOJBKO BEpXHsS TPaHMIA MPOITYCKAEMOTO
yepe3 XpoMarorpauueckyrd KOJOHKY YeTBIPEXXJO-
pHUCTOro yrjiepoja AOCTUTaja BEPXHEro cIlos CTEKIIO-
BaThl, KpaH KOJIOHKM 3aKpbIBaJH U B KOJIOHKY BHOCH-
JIM TIEPBYIO TOPLHUIO 3KCTPAKTa MPOOBI 0OBEMOM OKOJIO
10 cM®, mocie Yero KpaH KOJIOHKH OTKPBIBAIM H TIPO-
JOJDKaId coOMpaTh dIII0aT B IWJIMHAP MEPHBIH BMe-
ctumocthio 10 cm®. Kak ToOmpKO B IMIMHIPE KOJH-
YEeCTBO JIF0ara JOCTUTaN0 8 cM’, KpaH KOJOHKH
MEepeKphIBaIE M OTOpachBall COOpPAHHBIA JIOAT,
3aTeM KpaH KOJIOHKH OTKpPHIBAIH M IPOJOJDKAIN
coOHMparh HM0aT B KOJIOE KOHHYECKOH C IMPUTEPTOH
npobkoit BMecTuMocThio 50 cm®. Takum oOpasom mpo-
MyCKalli BeCh O0bEM OHKCTpakTa NpoObl uepe3 copOd-
LIUOHHYIO KOJOHKY M, KaK TOJIbKO BEPXHMH CJI0Hi
9KCTpaKTa Kacalicsi BEPXHEro CJIOsl CTEKIIOBAThI, KOJIOHKY
3aKphIBAIM M BHOCHIH 5 CM® YeTBIPEXXJIOPHUCTOrO

[OKa JKUIKOCTh B KOJIOHKE HE OIycKajgach IO YPOBHS
BEPXHETO CJOsA CTekioBarel. [lomydyeHHBIN 3mioaT
o6bemMoM 30 cM® TIIATEIBHO MEPEMEIIUBAIN B KOJIOE
ITyTeM BCTPSAXUBAHUS, IOCIEAOBATENBHO pa30aBiIsuIn
amroar B 1000 pa3, 3ammBanu pa30aBIICHHBIN JITI0AT B
U3MEPHUTENBHYI0 KIOBETY U M3Mepsuti conepkanme HIT
HA TPCABAPUTEIHHO MOJATOTOBICHHOM B COOTBETCTBUU
C DJKCIUTyaTallMOHHOM TOKYMEHTAalueH KOHIICHTPAaTO-
mepe KH-3. Cogepxanune HII B mpobax X, r/r, pac-
CUYUTBIBAJIN IO BBIPAKCHUTIO

y_Cu B K 0
M 1000

rne C, — nsmepennoe konmdectso HII B skcTpakre,
mr/mm’; B — obbem smoarta, am® (paBen 0.03 mm?);
K — xoadpduuuent pazdasnenus siroara (paseH 1000);
M — macca HaBeckH MPOOHI, T.

[Tony4yennsle 3HaueHuss coxepxxkanus HII B
o0Opa3nax BBIpaKEHbl B T/T W SBISIOTCS 3HAYCHUSMHU
COpOIIMOHHOM EeMKOCTH 00pa3loB MOIU(PHUIIMPOBAH-
HOro copOeHTa. Pe3ynbTarhl nmpuBeieHsl B Ta0. 1 u 2
n Ha puc. 1.

Ha ocHoBe aHanmm3a TIOJYYCHHBIX JAHHBIX
cleTlaH BBIBOJ, YTO COPOITMOHHAS E€MKOCTh 00pa3IoB
HE 3aBHCHT OT KOJMYECTBA M30BITKA H-TE€KCaHa.
B kauecTBe pe3yibTara MPHUHATO HAWOOJbIIEE 3HAYEC-
HUE COPOIIMOHHOW EMKOCTH WCCIIEAOBaHHBIX 00pa3-
moB. OnrumanpHoe MaccoBoe cootHomeHne KK k
30JI0IJIAKY COCTaBMIIO 1:5, mpu 3TOM cOpOLMOHHAs
€MKOCTb 10 OTHOIICHWIO K H-TEKCaHy JOCTUIJIa
makcumyma 0.86 1/T.

Ha BropoM osrTame wuccinenoBaHWid OMpeACIIsIIH

yriepoja, Mociie 4ero OTPhIBAIM KpaH MU MPOJOIDKAIH
coOupaTh dII0AT B KOHUYECKYIO KOJOY J0 TeX Iop,

Maccel

OIITUMAJIbHBIC
00pa3ios

YCIIOBUSA

BBICYIIMBAaHUS ~ 00Opas3IoB.

MOJBEPrajli  MPUHYAUTEIBHOMY

Tabanna 1. CopOuMoHHAs eMKOCTh 110 OTHOLIEHUIO K H#-rekcaHy oOpasnos ['KXK mapku Cuitop — npokaeHHbIH cCOpOEHT 110
n3MepeHHsIM conepykanusm HII B oOpasnax mpu Bzaumopeiictsuu ¢ 1308 mr #-rexcana
Table 1. Sorption capacity in relation to n-hexane of hydrophobizing silicon-containing liquid (HSL) samples of the Silor brand —
calcined sorbent according to the measured content of oil products (OPs) in the samples when interacting with 1308 mg of n-hexane

CooTHolleHHe Hsmenenmoe coxepmanme HIT Koapdunnent CopOuuonnas
MOAU(PUKAHT/30J1a Macca HaBeCKH P nep pa3daBiieHus €MKOCTb 110 OTHOLIEHHIO
B 9KCTpPaKTe, MIr/am>
(mo macce) odpa3ua, r Measure(ll) con t,en ¢ ol} OPs 3JII0aTa K H-T€KCaHy, I/t
Modifier/ash ratio | Sample weight, g in the extract. mo/L Eluate dilution | Sorption capacity in relation
(by weight) » Mg factor to n-hexane, g/g
1:20 1.0008 20.7 1000 0.62
1:10 1.0016 23.7 1000 0.71
1:5 0.9999 28.3 1000 0.85
1:3 0.9968 28.2 1000 0.85
1:2 0.9972 28.3 1000 0.85
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Tadanna 2. CopOLyoHHasi EeMKOCTh 110 OTHOIICHHIO K H-rekcany oopasnoB ['KOXK mapku Cuinop — npokajieHHbIH cOpOeHT
Mo u3MepeHHbIM copepkanusm HIT B oOpasiax npu B3aumozaecTBum ¢ 2617 Mr #-rekcaHa
Table 2. Sorption capacity in relation to n-hexane of HSL samples of the Silor brand — calcined sorbent according
to the measured content of OPs in the samples when interacting with 2617 mg of n-hexane

CooTHoleHne Koadpuuuent CopoOuuonnas
HMsmepennoe conepxanne HII
monudukant/301a | Macca HaBeCKH 3 pa30aBieHust €MKOCTb 110 OTHOLIIEHUIO
B IKCTPAKTe, MI/IM
(mo macce) o0pa3ua, r Measured content of OPs 3J10aTa K H-TeKCaHy, r/t
Modifier/ash ratio | Sample weight, g in the extract, mg/L Eluate dilution Sorption capacity in relation
(by weight) > factor to n-hexane, g/g
1:20 0.9972 21.3 1000 0.64
1:10 0.9976 23.9 1000 0.72
1:5 1.0022 28.7 1000 0.86
1:3 0.9981 28.6 1000 0.86
1:2 0.9974 28.6 1000 0.86
09 l BBICYIIMBAHUIO B CYIIWJIBHOM IIKady mpu Temiepa-
_ Q typax 110200 °C go mnocrossHHOM Maccel. Ilpu
L 2 temmepatypax cBeime 180 °C  wHaOmiomanmoch
gébg 0.8 HEOJTHOPOJHOE BBICYIIMBaHUE O0paslia, CIUIAHUE |
ggs2
3 E §§ YKPYIIHEHHE 3€pEH, YTO B CBOIO OYEPENb IMPUBOIUIIO
g : § § K CHIDKCHHIO TOPUCTOCTH M YXYIIICHHIO COPOIMOH-
§ Eéé 0.7 HbIX cBoucTB. IIpm Temmeparype 200 °C Habiroma-
= =
g ERR JIOCh CIieKaHue Marepuaia. Hambosiee onTUMallbHBIM
2]
O£ e MPUHATO BBICYyMUBaHWe oOpasno npu 160 °C. s
= 0.6 00pa3roB Maccoil mo 1 © mpolecc CyIMKHA 3aHHMal
1:20 1:10 1:5 1:3 1:2

CooTHouieHre MOU(BHUKAHT : 30512
Modifier : ash ratio
1308 mr H-rexcana 2617 Mr H-rekcaHa
1308 mg of n-hexane 2617 mg of n-hexane

Puc. 1. 3naucHue cOpOIMOHHON EMKOCTH B 3aBUCUMOCTH.
OT COOTHOIIICHUs MO UKaHT/301a (110 Macce).
Fig. 1. Dependence of sorption capacity
on the modifier/ash ratio (by weight).

Tadauna 3. OnTumusaiys TeMieparypbl MoAU(UKAIUH
Table 3. Modification temperature optimization

He Oomee 10 wmwmH. OnTUMH3aNUsA —TEMIEPATyPHI
Moau(pUKaluy NpuBeaeHa B Ta0I. 3.

Ha Tperbem sTame uccienoBanuii Obu1 monoOpaH
ontuManbHelii Mogudukatop I'KXK mo coorHomenuto
neHa/copOimonHeie  cBoiictBa. B kauectBe I['KK
paccmotpensl: Cumop, I'KXK-11BCII, TKXK 136-157M,
PROFILUX, Tumpom K, Tumpom VY. HawnbGombrmeit
HEe()TEEMKOCTBIO 00JIaZat0T COPOCHTHI, IOyYeHHbBIE
Ha ocHoBe ['KIK 136-157M u Tunpom K, omnako

Temneparypa, °C CopOuuoHHAsI €eMKOCTH 110 OTHOIIEHHUIO K H-Te€KCaHY, I/T
Temperature, °C Sorption capacity in relation to n-hexane, g/g

110 0.72

120 0.75

130 0.78

140 0.81

150 0.85

160 0.86

170 0.84

180 0.78

200 0.60
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HavMEHBIIEH CTOMMOCTBIO obOmamaer Tumpom K,
B CBSI3M C 4YeM BBHIOpAaH B KayeCTBE ONTHMAIIBFHOTO
Monudukatopa. Ha puc. 2 npuBeieHbl 3HaYeHUsT COpO-
IIMOHHOW €MKOCTH (He(TeeMKOCTH), B T/T, TI0O OTHO-
IIEHUIO K H-TeKcaHy ¢ ykazanmeMm cromMoctd ['KOK
B py0./kr. CToMMOCTh ToKa3zaHa nudpamu okono KK
B 1eHax 2021 .

0.88 1200
. 086 930 1000
= o N
5w 084 800 g &
S 208 o e
£3 670 600 £=
& & 0380 S
© o 489 420 440 z.2
o= 400 =
£ S 078 S ~
0.76 179 200 ©
0.74 Lo
= = o = 4 > D
8'2 (SR E E o) = X ]
53 88 was 3 ZE ZE
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Puc. 2. CopbunonHas eMKOCTh (He)TeeMKOCTh)
10 OTHOIIEHHIO K H-TekcaHy u ctoumocTs ['KOK.
Fig. 2. Sorption capacity (oil capacity)
in relation to n-hexane and price of HSL.

OntumansasiM TipuaIT KK Mapku Tumpom K,
ero crouMmocth coctaBmia 420 py0. 3a 1 kr, a copO-
[IUOHHAST €MKOCTH TOJIYYEHHOTO MOIH(PUIIPOBAHHOTO
copbenra 0.86 1/r.

Ha yerBepTOoM 5Tame wu3ydeHbl (PUIUKO-XHUMHYE-
ckue cBoicTBa MoauduuupoBanHoro copdenta ['KOK
Tunpom K: HachInHas IIIOTHOCTB, 30JIbLHOCTb, CyMMAapHBII
00beM TIOp, HCTUPAEMOCThb, BIAKHOCTb, COpPOIMIOHHAs

e€MKOCTh, KOTOpblE TpHBEJCHBI B Tabn. 4. Meromabl
OTIpeIeTICHNS] TaHHBIX T0Ka3aTeIel IOAPOOHO OMHCaHEI
HaMu B pabore [19] mpu uCCIenOBaHWU CBOKCTB
MIPOKAJICHHOTO COpOCHTA.

Ha marom orame w3y4eHBl COpOLMOHHEBIE
CBOHCTBa  MOIMU(HUIHUPOBAHHOIO  COpOEHTa  TII0
oTHOWIeHNIO K pasnuunbiM HII, Takum kak: Masyr,
kepocuH, Oenzun AMU-92, nedpac, Hedremmam u
n-rekcad. OOpasupl HII HaHOCMIHMCH, Ha TOBEpX-
HOCTb JUCTWIIMPOBAHHOM Boabl u3 pacuera 2.00 r
Ha | aM° BOJBI, TMOCJE Yero TOHKHM CJIOEM PaBHO-
MmepHO paccbmanu 1.00 r copbeHTa Ha BCIO IUIOIIAIb
natHa HII. ®ukcupoBanu Bpems B3aUMOAEHCTBUS
copbenta ¢ HII. Ilo ucredeHHto OmMpeneseHHOTO Bpe-
MeHU 00pa3npl cobupanu (QUIBTPOBATBLHONW Oymaroi
«CHUHAA JIeHTa», BBICYIIMBaJW B yvamikax Iletpu Ha
OTKpPBITOM BO3JyX€ B TEUYEHHUE CYTOK, a B Clyyae C
Ma3yToOM H He(PTENUIaMOM JOMOIHHUTENHFHO IpoMa-
kuBann  w3nmumiku  HIT - ¢unbrpoBampHO#t  Oymaroit
U U3MEpSANM  COPOLIMOHHYK0 €MKOCTh  00pasloB.
HaubGonbmyo HedreemMrocTs HaOMOAamu B Cllydae
copOIuy Ma3yTa, HAUMEHBIIYIO — C H-TeKcaHOM. [1oBBI-
IICHHE HEe(PTEEeMKOCTH MOXKHO OOBSICHUTH YBEIHue-
HHUEM IUIOTHOCTH U MoJjieKyJisipHod Maccsl HII. Onru-
MHU3HUPOBAHO BpeMst copOrmu (Tadr. 5).

Hns  orHOcuTenmbHO Jerkmx HII omTmmansHOE
BpeMs copOmmu coctaBuiio He MeHee 30—40 MuH, mis
TsoKenblx — He MeHee 60 MuH. B Xozme skcnepumenra
YCTaHOBJIEHO, YTO IOJIOBUHA BEJIMYMHBI COPOILIMOHHON
emkoctu 3anonHeHa HII B mepBble MUHYTHI KOHTAaKTa.
YcnoBHO nostHOM copOmeit MoxkHO cuntaTth 30—40 Mun
JUIS OTHOCHUTENBHO JIETKUX YIJIEBOJOPOAOB (H-T€KCaH,
6ensun AU-92, xepocun, Hedpac), 40-60 mMun amst
HedTenniama u 6onee 60 MuH I Ma3yTa (puc. 3).

Tab6amnmna 4. OU3NKO-XUMUYECKUE CBOHCTBA MOUPHUIIMPOBAHHOTO COpOCHTA

Table 4. Physical and chemical properties modified sorbent

Iloxa3zaresn Enunnna usmepenus Moau¢uuupoBaHHbIii cOPOEHT

Indicators Units of measurement Modified sorbent
Haceinnast mimoTHOCTB r/em? 0621
Bulk density g/mL '
30/1bHOCTD o 971
Ash content ° ’
CymMMapHBIi 00beM op cM/r Memnee 0.050%*
Total pore volume mL/g Less than 0.050%*
Uctupaemocts o
Abrasion & 8.8
Bnaxnocts o Mesee 0.5
Humidity ’ Less than 0.5

*CyMMapHblil 00beM TOp ONpEeeH M0 BOJE; MONYYEHHBIH ruapodoOn3upoBaHHbIl copOeHT obnazaeT rugpodoOHbIMU
cpoiictBamu. / The total pore volume is determined by water; the resulting hydrophobized sorbent has hydrophobic properties.
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Tabéauma 5. OnTuMu3sanysi BpeMEHU COPOIIH
Table 5. Optimization of sorption time

Mazyrt Kepocun Benzun AU-92 Hedgpac Hedremaam n-T'ekcan
Fuel oil Kerosene AI-92 gasoline Nefras Oil sludge n-Hexane
Bpemsi copOumnu, MuH
IO s, il Cop0OuuoHHasi eMKOCTh (He)TEEMKOCTD), I/T
Sorption capacity (oil capacity) g/g

10 0.68 0.58 0.59 0.52 0.61 0.56
20 1.03 0.79 0.72 0.68 0.84 0.73
30 1.20 0.92 0.85 0.81 0.99 0.84
40 1.32 0.97 0.88 0.89 1.09 0.86
60 1.45 0.99 0.89 0.92 1.17 0.86
90 1.46 0.99 0.89 0.93 1.18 0.85

1.6
1.4 /J?——_O
. y /)/
=812 —]
§ 2
E ‘-:; 1.0 >
g5 —
T35 08
an)
0.6
0.4
0 20 40 60 80 100
Bpewmsi, mun
Time, min
Masyt Kepocun bensun AN-92
Fuel oil Kerosene AI-92 gasoline
Hedpac Hedrenuam nlexcan
Nefras Oil sludge n-Hexane

Puc. 3. 3aBucumocts Hepreemrxoct HIT
OT BPEMEHU COPOIIHH.
Fig. 3. Dependence of the oil capacity of OPs

on the time of sorption.

[IpoBeneno nabopaTtopHOE HCCIEIOBaHUE COPO-
Uy He(TelniaMa Ha BOJHOM mMoBepXHOCTH (puc. 4).
B xadecTBe BOAHOTO OOBEKTa HCCICIOBAH PEalbHBIN
o0pazern; Mopckoit Boabl (UepHOTO MODS).

Ha moBepxHocTh BOABI 0OBbeMOM 1 amM> MHKpO-
no3aropoM HaHocwin 1.00 T Hedrenniama. 3areM Ha
nsatHO HIT manocmim 1.00 T copbenta. Crycrs 30 MuH
yIasiM  COpOEHT ¢ HedTenuIlaMoOM | TPOBOIHIIN
aHamu3 Bonbl Ha comepxkanue HII  metomom
HH(PaKPACHOH CHEKTPOMETPHH.

OOpasenr MOpPCKOW BOIBI TIEPEHOCWIA B JCNH-
TEIBHYI0O BOPOHKY BMECTHMOCTBhIO 2 nam°. B memu-
TENILHYI0 BOPOHKY C HCCIEIYyEeMbIM 00pa3loM BOJIBI
BHocu 20 cMm® pactBopa cepHO# kucmothl 1:9 u

y

(0)
Puc. 4. CopOiust HedTenuIaMa Ha BOJHON MTOBEPXHOCTH:
(a) HaHECEHHE MHKPOI03aTOPOM HedTeliama
Ha BOJIHYIO MIOBEPXHOCTH; (0) copOims HedTenuama
MOJU(UIIMPOBAHHBIM COPOCHTOM.
Fig. 4. Sorption of oil sludge on the water surface:
(a) applying oil sludge to the water surface with
a microdoser; (b) sorption of oil sludge
by a modified sorbent.

nepemerimBany. Jlanee B BOpoHKy BHOCWH 20 oM’
YETBIPEXXJIOPUCTOrO yrjiepoja M MPOBOAMIM IKC-
Tpakuuro  HII  4eThIpeXXJIOpUCTBIM  YTIIEPOJOM
MyTeM HHTEHCUBHOIO TEPEMELIMBAHUS COICPKHUMOTO
BOPOHKH C TIOMOIIBIO SKCTPAKIIMOHHON BpalaTeIbHON
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YCTaHOBKHM B TedueHue 5 muH. [locie mpoBeneHus: sKc-
TPaKIUH OCTaBISLIM BOPOHKY C Mpo0Ooif B MOKOEe Ha
10 mun ans paccrmoenus ¢as. [locne paccmoenust das
CIIMBAIM HWKHIOIO OpraHWYeckyio (asy B CTakaH
BMecTUMOCThIO 50 cm®. B meiauTensHyi0 BOPOHKY C
npo6oit BHOBb BHOCHIU 10 CM® YeTBIPEXXJIOPHUCTOrO
yriaepona U MPOBOAMIM MOBTOPHYIO 3kcTpakuuto HIT
BBIIICONUCAHHBIM CHOCOOOM, a HIKHHM OpraHuye-
CKUH CJION CIUBaJIM B TOT € CTaKaH BMECTHUMOCTHIO
50 cm?, uto comepxan B cebe MEPBYIO MOPIMIO IKC-
TpakTa, OOBEOWHSSI TakUM O0pa3oM MOIy4YeHHbIE
9KCTpakThl. [lamee B cTakaH C SKCTPAKTOM BHOCHIIH
5 1 cynpdara HATpHs, NPEABAPUTEIBHO BBICYIICH-
HOro B cymmiibHOM mkady npu 110 °C B Teyenue 3 u,
TIIATEFHO TEPEMEIINBANIN COICPKUMOE CTEKISTHHOU
HaJIOYKOll M ocraBisii Ha 30 MHH JUISL  IIOJHOTO
ocymieHus: s3kcrpakTa. Ilocie ocylIeHHs 3KCTpakT
MpONYyCKadl Yepe3 NpeABapUTeNIbHO IMOATOTOBJIEH-
HYIO0 XpOMAaTOrpapuyecKyIo KOJIOHKY, KaK 9TO OIHCAaHO
B JKCIIEPUMEHTE M0 H3YYEHHUIO COPOLMOHHOH €MKO-
CTM IO OTHOIICHHMI0 K H-TeKcaHy oOpasunoB I'KXK
Mmapku Cusop.

Tonyuennsnii amoar oobemom 30 cm® (0.03 )
TIIATEIBHO IIEPEMEIINBAIA B KOJIOE IyTeM BCTpS-
XUBaHMs, paz0aBisii amoar B 10 pa3, 3amuBain
pa30aBIEHHBI JKCTPAaKT B H3MEPUTEIHHYIO KIOBETY
n mmMepsiu coxepkanne HII Ha KoHIEHTpaTomepe

KH-3. Cogaepxanune HII B mpobGe mMopckod Bombl X,
MI/IM?, PACCUUTHIBAIIU 10 BHIPAKSHUIO

x=Co DR, @
14

rae C  — usmepennoe konmuectso HII B skcTpakre,
mr/am’; B — oOwvem amroara, am® (pasen 0.03 amd);
K — xoadduiuent pazbasieHus smoarta; V — o0beM
npo0bl, B35TOM Ha aHamus, aM° (paBeH 1 am).

B Tabn. 6 npuBencHBI M3MEPEHHBIC COICpPXKAHUS
HII B skcrpaktax c¢ mepecuetroMm Ha cojaepskanue HIT
B 3arps3HEHHOW HedTeliaMoM MOPCKOH Boje Imociie
B3aUMOJCHCTBHA C COpPOEHTOM, a TaKXKe aHHEIE,
HEOOXOMUMBIE JJIsI  ycTaHOBIeHHA 3(deKkTHBHOCTH
copbuuu noBepxHocTHbIX HIT.

Takum o6pa3om, cogepxanue octarounbix HII
cocraBuio 12.0 mr/am®, uto coorBercTBYeT 3bdeK-
TUBHOCTH copbuuu nosepxHocTHbIX HII Gonee 95%.
B xonme skcneprMeHTa BBISICHWIM, YTO IIPOIECC cOpO-
IIUM HE 3aBUCUT OT MaTPHUIIBI (COJICHOCTH) BOJIBL.

Ha 3axmiounTensHOM 3Tame NPOBEAEH CpaBHU-
TENBHBII OKCIIEPUMEHT JIMKBUAAINK He(dTepasinBa
C TIOMOIIBIO KBapIEBOTO IIECKa, MPOKAJCHHOTO U
MOJUDHUITUPOBAHHOTO COPOSHTOB (pHC. 5).

Tadauua 6. DpexTrnBHOCTE copOIH MoBepxHOCTHRIX HII B 06pasiie MOpcKol BOIBI ITO M3MEPEHHBIM U PAaCCUNTAHHBIM

OCTaTOYHBIM cojiepxkanusm HIT

Table 6. Efficiency of sorption of surface OPs in a sea water sample based on measured and calculated residual

oil product contents

Hsmepennoe
Macca Hl;[, BHECEHHas! conepanue HIT Kosdumuent Konuentpanus HII . Sddercrunno
B 1 1M° BoaIbI, MI' 3 nocJjie copoMu, MIr/AmM a
B IKCTPAKTe, MI/AM pa3daBieHus 3110aTa X copouun, %
Mass of OPs added B Concentration of OPs ] . o
i 1 1L Measured content of | Eluate dilution factor i T, Tl Sorption efficiency, %
i OPs in the extract, mg/L >
1000 40.0 12.0 98.8

Puc. 5. CopOmust HeTenuiamMa Ha TBEpIOH MOBEPXHOCTH: ClIeBa HampaBo: oopaszer HII, kBaprieBslit mecoxk,
MIPOKAJICHHBIA COPOCHT, MOAUDUITMPOBAHHBINA COPOCHT.
Fig. 5. Oil sludge sorption on a hard surface: from left to right: oil product sample, quartz sand,
calcined sorbent, and modified sorbent.
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Ha moBepXHOCTh 4acoBOro CTEKJa TOHKOW IJICH-
koi Harocuu 1o 1.00 T Hedrenmama. J{anee HaHOCHIN
mo 1.00 r mpokaneHHoOro copOeHTa, MOTUPHUIIMPOBAH-
HOro copOeHTa ¥ KBapreBoro rmecka. Yepez 30 wmuH
cMech coOmpany mmareieM. [Ipy BU3yalnbHOH OILICHKE
[0 MHTCHCUBHOCTH OKPAacKU OCTaTOYHOTO ISATHA He(Te-
1uiama czieJlaH BbIBOJ O 3HaUuTelIbHOM coaepskannu HIT
B cllyyae copOuuu HedTeliaMa KBapLEBbIM IECKOM,
BUJEH OCTATOYHBIA JKENThIM Cioi  HedTemiama.
B cnydae copOuum HedTenuiamMa MNPOKAJCHHBIM U
MOJUGUIIMPOBAHHBIM copOeHTaMu octaTouyHble HIIT

HE3HAYMTENbHBI. MHCTpyMEHTaJIbHBIN aHamu3 o0pas-
OB OTPabOTaHHOTO MOJU(MUIIMPOBAHHOTO U  TPOKa-
JIeHHOro copOeHToB Tmokasan Hammuuwe HIT B 1.00 T
copboenta, paBHoe 0.97 T wm 095 r coorBer-
ctBeHHO. TakuM o0pazoM 3()(PEeKTHBHOCTH OYHUCTKH
TBEPJOH MOBEPXHOCTH OT HedTenuiaMa MpOKaTICHHBIM
copbenToM coctaBmia 97%, a MomuUIPOBaHHBIM — 95%.

CpaBHUTENBHBIA aHaNM3 JaHHBIX 1O 3(dexTus-
HOCTH pa3paboOTaHHOro copOeHTa M MMEIOUIUXCS B
HACTOSIIIEe BpEMsl aHAJIOTOB HAa OCHOBE IUIAMOB U
[JIAKOB TIpUBEJICH B TaOl. 7. AHamu3 cOpOIMOHHOMN

Tabéauua 7. XapakTepucTuka cOpOEHTOB Ha OCHOBE IIUIAMOB U IIJTAKOB (OTXO0/I0B MMPOM3BOICTBA)
Table 7. Characteristics of sorbents based on sludge and slag (production waste)

MeToa ucciiel0BaHus
CopOuHoHHAs1 eMKOCTh "
Copoent COpOLMOHHOI
Sorbent 1o 0enzuny AU-92, r/r eMKOCTH Hcrounnk
Sorption capacity ShTp GO Can ety Source
for AI-92 gasoline, g/g research method
VYronb akTuBUpoBaHHbIH Al'-3
Activated carbon AG-3 0.48 - [20]
I'panynupoBaHHBII COPOEHT HAa OCHOBE IIUIaMa
xuMBoJoourcTkr Kazanckoit TOLI-1:
Granular sorbent based on chemical water treatment sludge BecoBoii MmeTos myTem
at Kazanskaya TETS-1: NorpyKeHus: oopaszua
copOeHTa B 00paszert
nponutanHbii 3%-HbIM BoaHbIM pacTtBopoM 'KOK-11H 0.62 p‘lI/ICTOFO H%
impregnated with a 3% aqueous solution of HSL-11N ' Gravity method by
rponuTaHHblii 5%-HbIM BoHBIM pacTBopoM 'KIK-94H 068 Immersing a sorbent [20]
impregnated with a 5% aqueous solution of HSL-94N : sample in a Soafr:]p]e of
pure
TIPOIUTaHHBINA 5%-HbIM BoaHBIM pacTBopoM [ KOK-94H + Cuop 0648 21]
impregnated with a 5% aqueous solution of HSL-94N + Silor ’
CopOeHT Ha OCHOBE IITaMa CO/I0BOTO Mpon3BoicTBa AO
«bepe3HrKOBCKUI cOOBBIH 3aBOI» (CHOPMHUPOBAHHBII Ha
rpaHHIIe 3epKajia BOJIbI, MEJIKOIUCIICPCHBIN, MTACTOOOPA3HBIH,
Oemnoro 1Bera):
Sorbent based on soda production sludge of Bereznikovsky OTHOILIEHHE MaCChI
Sodovy Zavod (formed at the boundary of the water surface, norsiomeHHoro HIT
finely dispersed, pasty, white): K U3BECTHOI Macce
. cyxoro copoeHra
MCXOMHBIN 0.95 Ratio of the absorbed
original OP mass to the known 22]
obpabotarnmiit TKK-1111 L13 mass of dry sorbent
processed with HSL-11P )
00paboTaHHBIN PacCTBOPOM «AKBacHiIa» 12 [23]
treated with Akvasila solution ’
W3mepenne maccoBoro
conepskanus HIT
B COpOEHTE METOJIOM
Cop6ent Ha ocHoBe 30mo1uTaka HoBouepkacckoii [POC nHppaKpacHOM Mannast
(MomuduimpoBannbiit ['KIK mapku Turpom K) 089 CIICKTPOMETPUH CTaThs
Sorbent based on ash and slag from Novocherkasskaya GRES ' Measurement of the Current
power station (modified HSL brand Tiprom K) mass content of OPs article
in the sorbent using
infrared spectrometric
methods
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eMKocTH 1o OeHsmHy AM-92 mokassiBaeT, 4TO MOAH-
¢unrpoBaHrue MUIAMOB W NUIAKOB paznmdHbiMu ['KOK
MO3BOJISICT TIOBBICUTH WX COPOIMOHHBIC CBOMCTBA.
CopOIoHHasi eMKOCTh TaKHUX COpPOCHTOB KOJIeONeTCs
Ha ypoBHe 1 1/T.

IIpencrasnennsie B [20], [21], [22] u [23] meToab
UCCIIEJIOBaHUsI COPOLMOHHON eMKOCTH COpOEHTOB
OCHOBaHbl HAa HU3MEPEHUU MacChl aicOpOUPOBAHHBIX
copoentom HII npu ycnoBuM HX BBIAECPKUBAHUS
B Tonwe HII npu noiaHom morpyxeHuu, 4yTo IOKa3bl-
BAaCT 3HAYCHUC TIOJHOW BO3MOXKHOM COpPOLMOHHON
eMKocTH. B maHHOWN craThe SKCIEpUMEHTAIBHO H3Y-
yeHa 3 deKkTuBHOCTE copOIm pabodyero oobeMa cop-
OcHTa TpH JIMKBHJAIMK HedTepasBa pa3mmdabix HIT
Ha BOJAHBIX U TBEPABIX IOBEPXHOCTAX. MeToauKa ucciie-
JIOBaHMI COPOIIMOHHON €MKOCTH COZIEPIKUT 3TAll BBICY-
mmBaHus 0Opasna copbenra ¢ agcopbupoBanHsiME HIT
Ha OTKPBITOM BO3/yX€ B TEUYEHHE OKOJIO CYTOK JJis
yJAaJeHusl BOJbl U HeaacopoupoBaHHbIX copOenToM HII,
YTO IOKAa3bIBAET CIOCOOHOCTh COPOCHTA YyAEpKHUBATh
asficopbuposannsie HII B TeueHHe AMUTEIBHOTO BPEMEHHU.

Ilo pe3ynbratam wuccienoBaHU pa3pabOTAHHBII
moguduimposannsii KK Tumpom K copbent Ha
ocHose 31O Hosouepkacckoit 'POC pexomenayercs
K TPUMCHEHHUIO JUIS JIHUKBHIAIWK HedTepasInBoB
pasimuunbix HIT Ha mMOBepXHOCTSIX JIFOOOTO THIA BOJ, B
TOM YHUCJIE MOPCKOM.

3AKIIOYEHUE

Pazpabotan sxonornuecku Oe3omnacHbIi MoUbU-
uupoBaHHbI copOeHT Ha ocHoBe 31O Temnosnepre-
THUKH, HAKOIUIEHHBIX Ha 30JI00TBalax, OOIaIarolIni
BBICOKOH IIaByyecTblo Ipu HacwimeHuu HII u cno-
COOHOCTBIO UX JITUTEILHOTO YICPIKAHHS.

Onpenenensl  (U3HKO-XMUMUYECKHE  CBOWMCTBA
copbenra, mommpunuposanHoro ['KXK Tunpom K:
HaCBITTHAs IOTHOCTE — 0.621 1/cMm?, 30mpH0CTE — 97.1%,
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CyMMapHbIi 00beM mop 1o Boge — menee 0.05 cmi/r,
uctupaemocts — 8.8%, BrnaxHocth — Mmenee 0.5%,
COpOIIMOHHAs €MKOCTh, B TI/T: mo H-rekcany 0.86;
mo Oensuny AM-92 0.89; mo wHedppacy 0.93;
o kepocuny 0.99; no Heprenuiamy 1.18; mo masyty 1.46.

HccnenoBanue copOuum HedrTenriamMa Ha BOTHOM
MOBEPXHOCTU IMOKa3ano 3¢ ¢peKTuBHOCTL Oonee 95%.
O¢ddexTuBHOCTh OYHCTKH TBEPAOH MOBEPXHOCTU OT
HedTenuiaMa MNPOKAJICHHBIM COPOEHTOM COCTaBMJIa
97%, a MomUpUIIMPOBaHHBIM — 95%.

INomy4ennsrit MoguQUIIPOBAHHBIA COPOCHT peKo-
MEH/IOBaH Ui JTukBujanuu pa3nuoB HII u nHedre-
COJIEpIKAIUX OTXOJ0B HA MPOU3BOJICTBEHHBIX IIJIOMIAT-
Kax ¥ mmoysax. [IpuMeHeHne Moau(UIIMPOBAHHOTO COP-
OcHTa T03BOJHT () (HEKTUBHO OYHINATH CTOYHBIC BOJIBI
nepen cOpocoM HX B BOIOEM 0 JOMYCTHMBIX HOpMa-
THBOB KadyeCTBa C MHHUMAJIbHBIMA 3KOHOMHUYECKIMU
3arpaTamu.
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AHHOMAyus

Ienu. HccnedogaHue 803MOHHOCMU NPedoM8pPAUEHUsT HAB000OPAIKUBAHUS (PYHKYUUOHANLHBLX
KOHCMPYKYUUOHHBIX MAMEPUATO8 MEMOPAHHO-91eKMPOOHLIX 6/10K08 2eHepayul. 8000poda HA
OCHO8Ee NOPUCMO20 HUKENsl, CAXKU U 80CCMAHOBAEHH020 OKCUOA epagheHa, MoOUPUUUPOBAHHBLX
HAHOUACMUYAMU NAAMUHA-HUKEAb U NAANA0UT-HUKEb.

Memoowut. /[ oyeHKU cmeneHu HAB00OPUIKUBAHUS. MAMEPUANLOE MEMOPAHHO-INEKMPOOHBLX
61008 ULeSIOUHBLX 2NeKMPONU3EPO8 Oblld UCNOb308AHA YCMAHOBKA INEKMPONUIEPA C BOZMOI-
HOCMBI0 KOHMPOJISL memnepamypbsl, CKOpOCMu NO0AUU peazeHmo8 U COOePIAHUSL 20.308.
Pesynomameot. O60cHO8aAHA HEOOXOOUMOCMb NPUMEHEHUSL. B0CCMAHOBIEHH020 OKCUOA 2pagheHa
C Ue1bH0 CHUIXKEHUSL HAB000PAXKUBAHUSL U 0e2padaiui MeMOPAHHO-31eKmpooHbLX 6710K08 2eHepa-
yuu 8000pooa.

Bbleo0dbl. Pesysibmambsl pecypCHbLX UCNBLUMAHUL U pabouue XapaKxmepucmuKi CKOHCMpYupo-
B8AHHBLX 8APUAHMO8 MAKEMO8 MEMOPAHHO-IIeKMPOOHBLX 610K08 C HAHOCMPYKMYPUPOSAHHLLMU
aneKxmpooami. Ha 0CHO8e 80CCMAHOBAEHHO20 OKCUOA 2pacheHa, HUsenupyrouue HAago00parskKu-
8aHue U Oezpadayuro PYHKUUOHAIbHBIX MAMEPUAIO8, OEMOHCMPUPYIOM NepcneKmugHOCmb
KOHCMPYUPOBAHUSL 2eHEPAMOPO8 8000POOA C 8blCOKOUL IHEP20I(hPeKMUBHOCMDBIO.
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Reduction of hydrogen absorption into materials
of membrane electrode assemblies in hydrogen generators
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Abstract

Objectives. To investigate the possibility of preventing hydrogen absorption into the functional
structural materials of hydrogen-generating membrane electrode assemblies based on porous
nickel, carbon black, and reduced graphene oxide with platinum—-nickel and palladium—nickel
nanoparticles.

Methods. The hydrogen absorption into materials of membrane electrode assemblies of alkaline
electrolyzers was evaluated using an electrolyzer with variable temperature, reagent feed rate,
and gas content.

Results. The study established the need to use reduced graphene oxide, in order to reduce
hydrogen absorption and degradation of hydrogen-generating membrane electrode assemblies.
Conclusions. The service life test results and performance of the designed variants of prototypes
of membrane electrode assemblies with nanostructured electrodes based on reduced graphene
oxide, preventing hydrogen absorption into functional materials and their degradation,
demonstrated the creation of hydrogen generators with high energy efficiency shows potential.

Keywords: hydrogen generation, hydrogen absorption into metals, membrane electrode
assemblies, nanocomposite electrodes, reduced graphene oxide, energy efficiency
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BBEJEHHE

Pa3paboTka HOBBIX A(PQPEKTHUBHBIX HSHEPreTHYEC-
CKHX CHCTEM C WCIIOJBh30BAaHHEM ITOCICIHUX IOCTHU-
JKCHHH HAHO- M XMMHYCCKUX TEXHOJOTHH, a TakKe
BOJIOPOTHOM JHEPIreTHKH SIBISACTCS aKTyalbHOU 3aja-
uelt sHeprocoepexenust [1-5]. Hambosee mnepcriek-
TUBHBIM HAIPaBJICHUEM KOHCTPYHPOBAHHS aBTOHOM-
HbIX HCTOYHHUKOB BHEPTUHU SABJSICTCA CO3JaHUE KOM-
OMHUPOBAHHBIX JHEPreTUYECKUX KOMIUIEKCOB 3JICK-
TPOJM3HBIX SUEEK C XMMHUYECKHMH IpeodpaszoBare-
nsmu dHeprum [3—6]. B mporecce ¢GyHKIMOHHpOBa-
HUSl SJICKTPOJIM3HOM SYCHKU BOJOPOJ 0oOpasyercs Ha
KaToJIe, a KHCIIOPOA — Ha aHOJIC:

Karognas peakuusi: 2H,0+ 2¢ —» H,+ 20H (1)

Anomnas peakuusi: 20H — 2¢ — 1/20,+H,0 (2)

Oo6mas peakuus: H,O0 — H, + 1/20, 3)

Ans mpeBpamieHuss XAMHYECKOH DHEPTHH TOII-
JMBa B JJIEKTPOIHEPIHIO B aBTOHOMHBIX HCTOYHHKAX
TOKa HEOOXOAMMO HCIOJIb30BaTh BOJOPOJ BBICOKON
crenieHd 4ucTOThl (Oonee 99.95%), KOTOpBIA MOXKHO
MOJYYUTh B YCTAHOBKAX IIEJIOYHOTO 3JIEKTPOJIH3a
Boasl (LDB) [2, 7-11]. C 1enpi0 TOBBIIICHUS
SHEProXapakTePUCTUK MEMOPaHHO-3JIEKTPOIHBIX OJIOKOB
(MDB), xoTOpbIe SBISIOTCS KIIFOYEBBIM KOMIIOHEHTOM
2B, ncnonp3yrTcs HAHOCTPYKTYPUPOBaHHBIC (DYHK-
IMOHANBHEIE MaTepuansl [4-6, 12-17]. B ocHOBY
KOHCTpYKIIMA MDOB BXOmAT Merammdeckue ra3omud-
(y3HOHHBIC DIICKTPOJIBI, aHOJHBIC M KaTONHBIC Karta-
JUTUYECKUE CIIOU, PAa3lCIICHHBIC ITOJIMMEPHON MeM-
Opanoii (muadparmoid). IIpoMbllIEHHBIE YCTaHOBKH
3JIEKTPOIIN3a XapaKTePU3YIOTCS TOBBIIMICHHBIMU JHEP-
rosarparaMmy, YTO MPOUCXOJUT M3-3a2 BBICOKUX IEpe-
HaIpsDKEHUH peakiuu BbIIEICHUs] Bojopoaa. JlaHHbIN
(bakTOp CIIOCOOCTBYET MHTEHCUBHOM JIeTpajialiiy MeTal-
JUYECKUX DJIEKTPOJIOB M AJNEKTpoKaTamu3aTtopoB [1-3].
UroObl o0ecreuuTh TOBBIMIEHHBIA pecypc padoThI
AIIEKTPOIM3EPOB HEOOXOIMMO pa3padaThBaTh METOIBI
cTabmmu3anuy  (pyHKIHOHANBGHBIX KOHCTPYKIIHOHHBIX
MmetauioB MOb [4, 18-22].

OnmHOWl W3 OCHOBHBIX IIPUYUH, BBI3BIBAIOMICH
JIETpalaliiio KOHCTPYKIIMOHHBIX METAJUIOB B KOHTaKTe
C BOAOPOJAOM B TMPOMBIIUICHHBIX YCTaHOBKAaX, ABJISA-
IOTCs CJIOXKHBIC MHOFOCTa,Z[HﬁHLIe MpOoneCChl pacTBO-
peHHs BOJOpo/aa B Merayuiax. M3BecTHO, 4TO HaBOJO-
paKMBaHWE METAJUIOB MOJKET OBITh MPUYMHON TaKUX
SIBJIEHUM KakK BOJOPOAHOE OXPYHNUYUBAHUE CTalei,
BOJIOPOIHBIA HAKIEN, BOJOPOJHOE pa3pyIIeHHE IpU
Tpenuu [2, 3, 8, 23].

[Iporiecc HaBOMOpaXKMBAHUS METAIUIOB SIBISCTCS
MHTETPAIBHBIM PE3yJIbTATOM NEHCTBHSI MHOTHX (hak-
TOpPOB. MeXaHU3M 3THX IIPOIECCOB OIPEICNIeTCs, B
OCHOBHOM, CKOpOCThiO Judy3nu u mnepeHoca BoOjO-
pooa B MeTauie, JIOKamu3amuedl W KOHIEHTpaluen
€ro B OTHCNBHBIX O00JACTSIX, CIIOCOOHOCTHIO MeETall-
JIOB B3aMMOJICHCTBOBATH C BOAOPOZOM B MECTax €ro
JIOKaMM3alMk ¥ XapaKTepoM M3MEHEHHUsS MapaMeTpoB
KadecTBa oObema Mertaysia (B OoJblledl  cTeneHH
TIOBEPXHOCTHOT'O CII0ST), OMPEAEIISFOIIMX CIIOCOOHOCTh a/arl-
TaIMM MAaTEPUANIOB K NaJIbHEUIIINM BO3ACHCTBUSM [23].

OKCIICpUMCHTAIBHBIC HCCIEOBAHHS IIPOIECCOB
TG dy3uH, TTPOHUIIAEMOCTH U PACTBOPUMOCTH BOJIO-
pola B MeTauiax IOATBEPAMIN BO3MOKHOCTh ITPOHHK-
HOBeHUS U nu(QyHIUPOBaHHS BOJOPOIa BrIIyOb MaTe-
puasia yepe3 KpHUCTaNIM4ecKylo pewmerky. Oobnanas
BBICOKOH SHEprueil, aromMbl BOJOpPOJa MOTYT aacop-
OMpoBaThCA Ha TMOBEPXHOCTH pazaena (a3, HemeTan-
JMYECKUX BKJIIOUEHHH, MUKPOITYCTOT U JAPYTrUX KOJIIEK-
TopoB. IIpu 3TOM ckopocTh muddy3un cpaBHHMA CO
CKOPOCTBIO Pa3BUTHSI TPEIIHH.

HccnenoBanne MEXaHW3MOB HaBOJOPaKHUBAHUS,
a TaKKe CTENEHW BIMSHUS BOJOPOIHOTO OXPYITIH-
BaHUSI U TPAHCIIOPTa BOJOPOJA Ha pa3pylICHUE KPHC-
TAUTMIECKOH PEIIeTKH MAaTephuaioB W HM3MEHCHHE
(PU3UKO-XUMHUYECKHX CBOWMCTB OCYIICCTBIISICTCS C HC-
MOJIb30BAaHUEM  pa3iUyHbIX AU(PPY3HOHHBIX MoOje-
neil. B naHHOM cityyae Iuiomiaib KOHTAKTHOW MOBEpX-
HOCTH MAaTEepHAIOB MOXKET PacCMaTpUBATBhCS — Kak
MOBEPXHOCTh METAJUIMYECKOTO KaTajiu3aTropa, Croco0-
HOTO O0pa3oBBIBATH THAPHUJIBI C OJHOW CTOPOHBI, H,
C JIpyrol CTOPOHBI, Karaju3aropa, KOTOPBIA BBI3bI-
BaeT JECTPYKIMIO BEIMIECTB. AHAJIHM3 MaHHBIX IIPOIeC-
COB 0COOCHHO HEOOXOJWM TPU TMOCTPOSHUH MOJEIeH
nerpagamu MODB reHepatopoB BoIOpoma W IOWCKA
9 PEKTUBHBIX METOJIOB MOBBIICHHUS CPOKA HX CITYKOBI.

B nmannoii pabore B kaduectBe Hocutenst B MOb
ucnojb3oBaics nopucteiil Hukens (ITH), chopmuposan-
HBIi HAHOTEMIUJIATHBIM METOJIOM Ha allOMUHHEBON
MaTpHIle, a B Ka4YeCTBE AEKTPOKATAIN3ATOPOB — OMeTall-
JTMYECKUe HAHOYACTHUIIBI TUTATHHA-HUKEIb (aHOMI) U Tall-
nanui-Hukenb (katox). KoHTponb MOTOKOB Ta3oB (BO-
JIOpOZia W KHUCIIOpOJa) SIBISICTCS OJHUM W3 Haubolee
Ba)KHBIX TEXHOIOTHUECKUX ITATOB dKCILTyaTanun MOb.
B npOoMBIIIIIEHHBIX 2IEKTPOH3epax MPH BEICOKUX IIOT-
HOCTSIX TOKa mpuMmeHeHne mmenHo [1H, obmamaromiero
OONBLION TIOMIAJbI0 AKTUBHOW MOBEPXHOCTH, obecrie-
yuBaeT npouecc 3(h(HEeKTUBHOTO yAaleHUs] My3bIPHKOB
ra3oB C IE€NbI0 MPEJOTBPALICHUS HABOJIOPAKUBAHUS
MeTaioB U obecredeHust 3(PGEKTUBHOW pabOTHI
Karaiuzartopos [ 13, 18-22, 24-26].

Jlns noBbllIeHUs AErpajallMOHHON YCTONYHMBOCTH
METAJUIMIECKUX JIIEKTPOJOB TPU BO3ICHCTBUH BOJO-
polla WCIONB3YIOT pa3iudHble METOmuKu [23-29].
B dacTHOCTH, yCHIIEHHIO CTOMKOCTH MeTajula K IIpo-
eccaM HaBOIOPOXKHBAHUS, MPEIBITCTBUIO 00pa30BaHUS
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aKTHBHBIX (OpPM BOIOpOIA HA TOBEPXHOCTH MeETall-
JIOB ¥ TOPMOXXCHHIO KOPPO3HOHHBIX TIPOIIECCOB 32
cdyeT 00pa3oBaHUS OKCHIHO-THIPOKCHJIHBIX IUIEHOK
MOXET CIIOCOOCTBOBaTh MOJM(PHKAINS MHKPOKOJIH-
YeCTBaMHU ITUTATMHOBBIX METAJUIOB, a TaKXKe JISTHpOBa-
HHE METAIOB ME/bl0, AQTIOMUHHUEM U  KaJbIHEM.
K omHOMY W3 MEpCIEKTUBHBIX HAINPaBICHHMA, MPEIIST-
CTBYIOIIUX MHTCHCHMBHOMY HAaBOJOPa)KMBAHHIO METAall-
JIMYECKUX KOHCprKHHﬁ, CJIeaAyeT OTHECTU BO3MOXK-
HOCTB UCIIOJIb30BaHMsI rpad)eHa, 00J1a1atoIiero BBICOKOH
00BEMHOM TIIOTHOCTBIO COZIepIKaHus Bogopona [28, 29].
[enb wmccie0BaHUs 3aKIIOYAETCS B OIICHKE BO3-
MOKHOCTH TIPEJIOTBPAIICHHUS HABOJOpaXKMBaHUs (QyHK-
IIUOHAIBHBIX KOHCTPYKIIMOHHBIX METAJIOB HAHOCTPYK-
TypupoBaHHBIX MDB TeHepanuu BOJOPOA, BCIEI-
CTBUEC TIPUMEHEHHUS SJICKTPOKATATMTUYCCKHX MAaTPHI]
Ha OCHOBE BOCCTaHOBJICHHOTO okcupa rpadena (BOI).
ba3oBbIMH KpUTEpHSIMH TIPOIECCa HABOJOPaKUBAHUS
METAJJIOB CIIY’KHJIM TIOKa3aTelnu 3HeprodpQeKTuBHO-
CTH U CTaOMJIBHOCTH TIpOIlecca reHepaIiy BOAOPO/Ia.

MATEPHUAJIBI U METO/IbI
s cosmanus  anektpomoB  [IIDB  Obuim
chopMUpOBaHbl OMMETANTHYECKHE HAHOKOMITO3UTHI

wiatuHa-Hukeab (Pt—-Ni) u namnaauii-aukens (Pd—Ni).
[MpexypcopamMu mjsi CHHTE3a HAHOYACTHI[ CITY>KUIU
soanbie  pacteopel K PtCl, PdCl, wu NiCl,
(Sigma-Aldrich, CIIA). ITH TommuuHONW 2 MM U cpel-
HUM JauameTpoM mop MmeHee 50 MKM HCHOJIB30BAJCs
Kak OCHOBHOW HocutTenb [22]. MompHOE COOTHOIIIE-
HUE OMMeEeTa/UIMYECKUX YacTull cocrtasisuio 1:1 ¢ mac-
COBOM 3arpy3koi MaJuiaJusl Ha KaToJe m, = 0.5 mr/em?,
u tuiatuael Ha anoxe 0.8 mr/cm?. Pasmepsr Oumeran-
JMMYECKUX HAHOYACTHI[ MaUIaTui-HUKEeIh W IUIaTHHA-
HUKEIb COCTABISLIN OT 4 110 9 HM.

[ OUEHKH CTEleHH [erpajalddl dJIeKTPOIOB
MoJT BO3JIEHCTBHEM BOJOpOJa B paboTe OBLIM HCClie-
JIOBAaHbI B KaUeCTBE HOCHUTENEH yriepoaHas caxa XC-72
(Cabot, CIIA), a Taxxe BOI, momyueHHBIH 110 METO-
JIIKe, TIPEJICTaBlIeHHOH B padoTe [6].

OrnieHka SHEProdGeKTMBHOCTH U CTAOWIBHOCTH TeHe-
paryy BOIOpOAA TPOBOIIIIACE Ha ASKCICPUMCEHTATHHON
ycraHoBke 3iektpormsepa 600 Electrolyzer Test System
(600 ETS) (Scribner Associates Inc., CIIIA), xoTopas
BKIIFOYaeT KOHTPOJUIEP C TOTCHIIMOCTATOM, HMCTOYHHUK
MUTaHMsI, CHCTEMbI IMOJa4d Ta30BBIX PEarcHTOB, Jat-
YUKH TEMIICPATYpPBl, Pacxola W CONCPXKaHUS BOIOPOAA
u kucnopona. IlomkmroueHue KoOHTpoiepa K ycra-
HOBKE 3JIEKTPOJIM3a MPOBOJIMIOCH MPHU MOMOLIN Kabe-
Jel UL 3JIEKTPOIOJIOKUTEILHOTO U DIIEKTPOOTPHIIA-
TenpHOTO TOKOB (I+, I-), cumoBeIX Kabenell Hampsoke-
Huil (V+, V—), a Takke BCIOMOTATENILHBIX MPOBOJIOB
(B+, B-) (puc. 1). ®ukcanus BOJIbTAMIIEPOTPAMM H
TECTHl CTaOMIBHOCTH padoTel MObB mpoBommimmch Ha
JIBYX3JIEKTPOIHOM cxeme (puc. 1).

CK

PC I n
B_
e _

B+
A+

Puc. 1. JIByxayieKTpoiHasl CXeMa MOJKIIOUEHUS TUSHKU
(«+» — MONOKUTENBHBIN ANEKTPO (aHON),
«—» — OTPHIIATESIILHBIN JICKTPOJI (KaTom),

B — BcrmomorarenbHbii anekTpon, CK — cumoBoit kadenb).
Fig. 1. Two-electrode cell connection diagram:
(+), positive electrode (anode);
(), negative electrode (cathode); A, auxiliary electrode;
and PC, power cable.

MDbB sBnseTcs KIIOYEBOW YAaCTBIO BJIEKTPOIU3-
HOU sueiiku. MOB coctout w3 razonnddy3noHHBIX
OMMeTaJTHUECKIX 3JeKTpoaoB Ha ocHoBe [IH pa3sme-
poM 7%x7 cM C BO3MOXHOCTBIO KOHTPOJISI TEMIIepa-
Typsl npouecca ot 25 g0 80 °C, a Taxxe U3 KOMMepUe-
CKOWl aHMOHOOOMEHHOM MemOpanbl Sustainion® X37-50
(Fuel Cell Store, CIIIA), moMemieHHON MeXIy Mmare-
puanoMm anoxa u katoja [14]. CraOuibHOCTH pado-
Tel MDb B mporiecce aieKTpoin3a BOAbI MPOBEPsIIACh
npu wioTHOCTAX Toka ot 0.05 mo 0.6 A/cm? B TeyeHue
180 4. PaGovee HampspKEHHE BapbUPOBAIOCH B JHAIla-
3o0He ot 1.3 1o 3 B.

Ans pa3paboTKH  DIEKTPOIH3EPOB  MPEIYCMO-
TPeHBI I1Ba BapHaHTa KOHCTpyKuuun MDOb — cranmapt-
HBIH M C «HyJeBbIM 3a3opom» [19, 21]. K munycam
Broporo Tuna MDDB oTHocuTcs HEOOXOIUMOCTD
yHaJeHus BOAOpPOJA M KHCIOpOJa OT 3IEKTPOJOB.
B Hacrosme#t pabGore ObIT BBIOpaH CTaHAAPTHBIN
BapuaHT (puc.2) KOHCTPYKIHMH W3-3a TPOCTOTHI
cOOpKHM M MaJIOl Jlerpajanuu s1ekTponuTa. brnaromaps
ANEKTPOAHBIM MaTpumaMm Ha ocHoBe [IH ¢ pasBuroit
CHCTEMOI TOp M YIJIEPOTHBIM MaTepHalaM B COCTaBe
ra3ou(py3uOHHOTO CII0sI 00SCIICUHBAIICS Ta300TBO/I
IPOIYKTOB PEAKIIUH.
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Jaexrpoaut + H, Anexrpoaut + O,
Electrolyte + H, Electrolyte + O,
3
DJIeKTPOJIUT DAeKTPOJIUT
Electrolyte Electrolyte

Puc. 2. Cxema MmemOparHO-211eKTpOIHOTO O10Ka (MOB):
1 — arroHOOOMEHHAst MEMOpaHa, 2 — ra3oQdy3UOHHBIE CIIOH,
3 — amekTpozs! Ha ocHOBE mopuctoro Hukens (ITH),

4 — GUIIONSIPHBIE TUTACTHHBI.

Fig. 2. Scheme of membrane electrode assembly (MEA):
(1) anion exchange membrane, (2) gas diffusion layers,
(3) electrodes based on porous nickel (PN),
and (4) bipolar plates.

PE3VJIBTATBI U UX OBCYXJIEHUE

B pabote npoBeneHO UCCleNOBaHUE BIUSHUS JIO-
KaJu3alMy SIIEKTPOKATaIu3aTOpOB Ha IPOLECC HaBO-
JIOPKHUBAaHUSI KOHCTPYKIMOHHBIX (DYHKLIMOHAJb-HBIX
Mmarepuanos MODB npu resmepauuu Bomopopa. Pac-
CMOTpeHO Tpu Bapuanta MObB nokanuzamum Oume-
TaJUIMYECKUX  HAHOKATAIM3aTOPOB MPH  KaTOTHOM
BbIIEJIEHUN Bojopoda. Tpu BapuaHTa OTIMYAOTCS
TUIIOM MaTpPULBI-IOUIOKKHM, Ha KOTOPOM pacrosnara-
IOTCSI DIICKTPOKATANM3aToOPEl, T.€. (pHUKcaluel mecra
BBIJICJICHUSI BOJOPOAA U MECTOM KOHTAKTa C KOHCTPYK-
LUOHHBIM  MaTrepuajioM. B KkadecTBe  MaTpul-
nojyioxkex cayxunu: [IH (marepuan 31exkTpoaos),
ca)ka — CTaHJApTHBI KOMIIOHEHT ra3oanddy3noH-HO-
ro cnos, BOI' — BmepBele mnpeniaracéMblii KOMIIO-
HEHT Ta3011((Hy3MOHHOTO CIIO0S TS U3YUICHUS MPO-Tiec-
ca HaBOAOPAKUBAHNS.

Bapuanr 1: marpuna-nognoxka — ITH, Oumerar-
naecknii HaHokaraiu3arop Pd—Ni ¢ MaccoBoit 3arpys-
Ko MeTasioB m = 0.5 Mr/cm’.

Bapuant 2: marpuna-nomnoxka — caxa XC-72,
OouMeTayumueckuii HaHokaranm3arop Pd-Ni ¢ wmac-
coBoif 3arpysKoit Metannos m = 0.5 Mr/cm>.

Bapuant 3: marpuna-noanoxka — BOI, 6umeran-
mrueckuid HaHokaraiu3arop Pd—Ni ¢ maccoBoi 3arpys-
Ko# MeTasnoB m = 0.5 Mr/cm’.

[Tokazarenem sddexkruBHOl padorel MDOb sBs-
eTCs BEJNIMYMHA YACNHGHOTO JHEPronoTpedieHus IMpo-
uecca OB (W, xBru/m® H)), xotopas ompenens-
€TCsl OTHOILEHUEM MOIIHOCTU IpoLecca 3JIEKTPOIn3a
(P, xBT) x equHUIE 00bEMa TEHEPUPYEMOTO BOJIOPOIa

P=IxU, 4)

me [ — cuma Toka B MDb, A, U - Benmuunna
HOMMHAJIBHOTO HaNPsDKEHUs Ipoliecca AeKTpon3a, B.

[Ipu mnpoxoxnenun uepes MODB anexTpuue-
CKOTO TOKa MOTEHIMAJ HEPrornoTpedIeHust 3MeKTpo-
JIOB CIIBUTAETCS BCIIEICTBHUE JOMOJIHUTEILHOTO MOTPe0-
JICHUS] SHEPruu, KOTOPOE MPOUCXOAUT B pe3yJbTare
KOMIIEHCAIlUM 3aMEJIEHHOro TIepeHoca 3JeKTpuye-
CKHMX 3apsifIoB U pa3pylIEHUS] KOHCTPYKIIMOHHBIX Me-
TaJUIOB B Tpolecce TeHepanuu Bogopona. C  yBe-
JMYEHUEM IUIOTHOCTH TOKa HAalpsDKEHUE pacTeT U
JHepro3arpaTbl JIEKTpPojIM3a yBeluuuBaroTcs. M3me-
HEHHUE IOTeHLHala 3MIEKTPOAa, BbI3BAaHHOE NPOTEKa-
HUEM 4epe3 CHCTEMY OJIEKTPHUUECKOro TOKa, OTHOCH-
TEJbHO €ro BEJIMYUHBI B OTCYTCTBHUE TOKA OIpENelisi-
€TCsl IEpPEeHAIPSHKEHUEM:

T]:Uj_U, (%)

rie U, — HampspKeHHe NP HPOTEKAHWH SJIeKTpHYe-
CKOro Toka, U, — HalpsKeHUe B OTCYTCTBHMH 3JIEKTPH-
yeckoro Toka. Ilepenampspkenue (v))  BBLACIEHUS
BOJIOpOJIa MOXKHO PacCUUTATh 10 ypaBHEHUIO Taders:

n=>b-(gj—1gj,), (6)

rzie j — paboyas IIOTHOCTL TOKA, A/CM?; j, — IIIOTHOCTh
TOKa oOMeHa, A/cM?, b — KOHCTAaHTa, 3aBUCAIIAS OT
TemuepaTypsl, B.

Puc. 3 nemoHCTpHUpyeT SKCTIEpUMEHTAIBHBIE 3aBU-
CUMOCTH BEJIMYMHBI IEPEHANpPsIKEHUsT BOAOPOAa OT
IJIOTHOCTH TOKa Tpex BapuaHToB MOb ¢ pazmuyHon
JIOKaJM3aluel BbIAENEHUsT BOIOPOJA Ul DJIEKTPOIOB
Ha ocHoBe BOI 1o cpaBHeHHIO ¢ 0Opa3aMu Ha OCHOBE
caxu u ITH npu temmneparype ¢ = 80 °C; 37eKTpOIUT
7M KOH. Pe3ynbTaThl, JE€MOHCTPUPYIOIIUE YMCHbB-
[IeHUE BEJIWYMH MEPECHANPIKEHUST KaTOJHOTO BBIjIe-
JeHHUS BOJOPOJAa, OOBIYHO NPHUHSATO TPAKTOBATh Kak
YBEJIMYEHHUE TUIIOTHOCTH TOKOB 0OMeHa j, (6).

Jlis OLeHKHM CTAaOMITBHOCTH TCHEPALMH BOJOPOIA
MIPOBOJAMJIMCH  MCIIBITAHUS  BBILIENEPEUHUCICHHBIX
Tpex BapuantoB MOb B Teuenue 180 u mpu Temmepa-
typax 60 u 80 °C u moTHOCTSIX ToKa 10 600 MA/cM?.
Ha puc.4 npencraBieHbl 3aBUCMMOCTH  pabodero
HanpsDKeHUs1 TpexX BapuaHToB MDDB oT BpemeHu npu
temmeparype 80 °C u mnotHocTH Toka 600 MA/cM?.

Ha nepBoil craguu pecypcHBIX HUCIBITAaHUN
(mo 15-20 u) 3HaueHuWsi HampspkeHUS BO Bcex MOB
OTBEYAIM OJMHAKOBOMY COJACPKAHMIO 3IIEKTPOKAaTa-
mu3atopa Pd—Ni m ornmyanuce He3HauutenbHO. On-
HaKo Ha cleayrollell cTagud TIeHepalud BOJopoJa
HanpspkeHre Ha MODB ¢ MaTpuien-moJIoKKOH Ha
ocHoBe I[IH (Bapmant /) CymIeCTBEHHO BO3paciio
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Puc. 3. [TonspuzanuoHHbIe KPUBBIC KATOMHOTO BBIICICHHS
BOZIOpOAa i Tpex BapuantoB MOb:
1 —TIH; 2 — caxxa XC-72; 3 — BOI.
Fig. 3. Polarization curves of cathodic hydrogen evolution
for three variants of MEA: (/) PN, (2) XC-72 carbon black,
and (3) reduced graphene oxide (rGO).

OTHOCHTEJIBHO YIJIEPOJHBIX BapuaHToB (2 ® 3)
MaTpHI-TIOUIOKEeK. B To ke Bpems, mocie 15 u
UCTIBITAaHUH MUHHMAIIFHOE HAINpsDKCHHE HaOI0Ianoch
ns Bapuanta 3 MOB ¢ Marpunei-mojuiokKoi Ha
ocHoBe BOI'. TlogoOHas TeHAEHIMS COXpaHsIach B
TEUYECHHUE BCEro MepHo/ia PECypPCHBIX UCIBITAHHMA.

K oCHOBHBIM HeJOCTaTKaM MPOMBIIUICHHBIX TeHEe-
paTopoB BOJIOPOAA CIIEAYET OTHECTH: BO-IICPBBIX, BBICO-
Koe yjaenpHOe sHepromorpebnenue (Oonee 4 kBTu
Ha renepanuio 1 M° H) npu npopomkurensHoM pecypee
paboOTBl M TOBBIIICHHBIX TEMIIEPATyPax); BO-BTOPHIX,
MOBBLIIIICHHOE ~ COACP)KAaHHE IUIATHHOBBIX METAJLIOB
(6onee 1-2 mr/cm?). B Tabim. 1 mpejacTaBieHbI BeH-
YUHBI YAEJIBHOIO SHEPronoTpedaeHus AN TpexX Bapu-
AQHTOB HAHOKOMIIO3UTHBIX MOb reHepaiuu BoJaopoaa
npu mwioTHocTsIX Toka 500 u 600 MA/cM? U Temmepa-
Typax 60 u 80 °C.

B Tabnune mnpenacTaBieHbl JaHHBIC YICIBLHOTO
SHEPronoTpeOIeHUsT Ui TPeX BapUAHTOB HAHOKOM-
no3utHeIX MOb npu miotHOCTSIX Toka 500 1 600 MA/cM?,

180 1y, B/ U,V o
*
1.75 - L 2 * *
*
170 - * - = [ u
] “ N

1.65 - ‘
1.60 - P ¢/ W2 3
1.55 T T T

0 50 100 150

Bpems, u/ Time, h

Puc. 4. 3aBucumocTs HanpspkeHus: BapuantoB MOb
OT BPEMEHH pabOTHI METOYHOTO HIeKTpoin3a Boas! (ILIOB)
npu turoTHOCTH Toka 600 MA/cm? (Temmieparypa 80 °C):
1 —1IH; 2 — caxxa XC-72; 3 — BOI.

Fig. 4. Dependence of the voltage in three variants of MEA
on the operating time of the alkaline water electrolyzer
(AWE) at a current density of 600 mA/cm?
and a temperature of 80 °C: (/) PN, (2) XC-72 carbon black,
and (3) rGO.

temneparypax 60 u 80 °C u pecypce padots! 10 180 u.
OTH pe3yabTaThl COOTBETCTBYIOT IPOIECCy T€HEepauu
BOJIOPOAA BBICOKOH CTENCHHM YUCTOTHI C MAaKCHMAIlb-
HOW MPOU3BOAMUTEIBHOCTBIO TIO BOJOPOAY Ooee
14-1073 M*/u. TIpu NOBBIIICHUH TEMIIEPATYPHI IIpoLIEcca
reHepanuu Bopopoaa Oomee 90 °C u yBeNWYECHUH
mIoTHOCTH Toka Bbimie 700 MA/cM? Habmomaercs
WHTCHCUBHAs ariioMepanvs OWUMeTaNIMYeCKUX HaHO-
gactui, Pt-Ni u Pd-Ni B mepeie 30-40 u pecyp-
CHBIX HCTBITaHUU. [lomydeHHBIE pe3ynabTaTHl dHEPTO-
a¢dexktnBHOCTH MDOB TeHepanuu BoAOpoaa C yrie-
POOHBIMH HAaHOKOMITO3UTHBIMH DIIEKTPOJAMHU IPEBO-
CXOISIT XapaKTCPHCTUKH KOMMEPUCCKHX 3JICKTPOJIHU-
3epOB IeHepald BOAOPOJa M HAxOISITCd Ha YpOBHE
MEPCIIEKTUBHBIX COBPEMEHHBIX ONBITHO-KOHCTPYKTOP-
CKHX YCTaHOBOK [4, 6, 12, 13].

Bapuautr MODB, CKOHCTpyHpOBaHHBIM Ha OCHOBE
BOI, npoaeMoHCTpupoBall HaWIydllUe pPe3yJbTaTbl
9HEprod(HEeKTUBHOCTH W CTAOWIILHOCTH TEHEpaluu
BOJIOpo/ia, ocoOeHHO 1o cpaBHeHuto ¢ ITH. Omnako

Tabumna. Y aenpHoe SHEpPronoTpedaeHne SMeKTPOIM3HEIX fs4eek B pacuete Ha 1 m® H, (maBnenne 1 Gap) mpu pasiuHbIX

IJIOTHOCTAX TOKa

Table. Specific energy consumption of electrolysis cells per 1 m* of H, (pressure 1 bar) at different current densities

VYaeabHoe dHepronorpedieHue B pacyere
Ha 1 »® H,, kBr-a/m* H,
Specific energy consumption per 1 m* of H,, kW-h/m’ of H,
t,°C
Jj =500 MmA/cm? Jj =600 mA/cm?
Jj =500 mA/cm? Jj =600 mA/cm?
1 2 3 1 2 3

80 4.01 4.05 4.10 4.06 4.08 4.13
60 3.98 4.18 4.24 4.14 4.21 4.28
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BO3HHMKACT BONPOC O MpPHYMHAX Takoro 3ddQexra u
BIMSIHUA CTPYKTYPbl MAaTpPHUIBI-NIOUIOKKM Ha IOBbI-
IIIEHHE CKOPOCTH 00pa30BaHHs BOIOPOIa B PEAKIUU
KaTOJHOTrO BblJesIeHUs. JlaHHas peakuus MpeacTaBseT
co0Oii CJIOKHBI MHOTOCTaJMHHBIA Mpolecc, HeoOXo-
JUMBIHA U peleHus npobieM sHeprocoepekeHus u
CO3/IaHUSl AHTUKOPPO3MOHHBIX MOKPHITUH. s ocHOB-
HOI 4acTH METAJUIOB CKOPOCTb PEAKIUH 00pa30BAHUS
BOJIOPOAA 00yCIaBINBAETCSI CKOPOCTBIO pa3psia NOHOB
BOJIOPOZA, a YAAJICHUE aACOPOMPOBAHHOTO BOAOPOJA
IIPOUCXOIUT 10 peakiuuu ['edpOBCKOro — MEXaHU3MY
ANIEKTPOXUMHYECKON gecopormu (7, 8):

H,0, +¢é —H,  +OH" (7

H, +H,O, +é = H,+ OH" ()

Y4uThIBas 3aBUCUMOCTh DHEPIHH CBSI3U  aJCOP-
OMPOBAaHHOTO BOAOPOJA C IOBEPXHOCTHIO METaJlIa,
OT TIEpCHATIPSHKCHUS Ha AIIEKTPOJIE, KaTOJHOE BEIIEIe-
HHE BOIOPOAAa MOXET TNpPOTEeKaTb W TII0 JPYTUM
Mexanm3mam (9, 10):

H,0, .+ ¢é = H, +OH" )

2H,, —H, (10)

COOTBETCTBEHHO, pEAKIUS JIEKTPOXUMUUIECKON
JECOPOIIMM  TaK JKEe MOXKET TPEACTaBIATh COOOH
JUMHUTHPYIOIIYIO CTAJIUIO TIpoIiecca.

Ha nmiaTWHOBBIX KaTaqu3aTopax IIpH HH3KHX
MIepeHANPsHKEHUSX JIMMUTHPYIONICH cTaguel mporecca
SBJISICTCS.  PEKOMOMHAIMSI  aTOMOB  Bojopoja [27].
B cBs3u co 3HAUMTENBHONW HEOJHOPOJHOCTHIO MOBEPX-
HOCTH OJIGKTPOJIa, pEaKIus MOXKET TPOTEeKaTh II0
paSHI/I‘lHLIM MEXaHU3MaM, 4YTO OKa3bIBACT 3HAYUTCIIb-
HOE BIMSHHME Ha (HOPMY MONSIPH3ALUOHHBIX KPHBBIX.
DTO MOATBEP)KAAET HAMYME HM3OBITOYHOH MOBEPXHO-
CTHOM KOHILEHTpPAllUd BOAOPOJA HA MONSPU3ALMOHHOU

CTOpOHE, BBI3BAHHOM JIMMUTHPYIOIIEH CcTagueil yna-
JICHUST BOJOPOJAa M TPOHUKHOBEHHS BOJIOPOIa dUepe3
MeTal.

[Ipr aHanu3e NpUYMH YMEHBUIEHUS IOKa3aTenei
9HEeprodh(HEKTHBHOCTH H CTaOMIBHOCTH TEHEepalnuu
BOZOPOAa HEOOXOAMMO YYHUTHIBATH HACBIIIEHHE BOJO-
pOJIOM KOHCTPYKIIMOHHBIX MatepuanioB MOB. Hackl-
LIeHHEe METAJUIOB BOJOPOJOM IPOUCXOAUT 3a CHEeT
mpolecca JUCCOIMAIIMKA Ha TOBEPXHOCTH HOCHUTEIS.
B aHamormyHBIX choy4yasxX HACBINIEHHE METauIOB
BBI3BAHO TMPOHWKHOBEHHEM B HHUX aTOMOB BOJIOpPOJa
B pe3ymbTaTe KOPPO3MOHHBIX pEaKIuid, 00 mpu
KaTOMHON moJsipm3amuu. MeTamisl  TepslioT  CBOM
(U3UKO-XUMHYECKHE  CBOMCTBA, 4YTO  BBI3BIBACT
Jerpafganiio  (QyHKIMOHAJIRHBIX MarepuanoB MOB.
HeoOxoquMer Mephl, TpemoTBpamiamnme o0pa3oBa-
HUE aKTUBHBIX (opM Bogopona H oOecCHeyMBAIOIINE
3¢ (deKTUBHBIA Tra300TBOJ T€HEPHUPYEMOTO BOJOPOJA
OT BJeKTpoKaTanu3aTopoB. B Hacrosmeir pabo-
TE€ B KauecTBE MaTepualla, HUBEIHUPYIOUIEro YKa3aH-
HBIE JlerpajjallMoHHbIe Mporiecchl, npepioxked BOI.
Mopnens  CTPYKTYpbl HEBOCCTAaHOBJICHHOTO — OKCHJA
rpadeHa, nmpencrapiieHa Ha puc. 5. Ha puc. 6 npeicras-
nera MukpodoTorpadus marpuibl-nmoaioxka BOIT ¢
"anouactunamu Pd—Ni.

[lpu reHepamuu BomoOponda MPOMCXOAHUT BOCCTA-
HOBJIGHHME MCXOJHOro okcuzpa rpadena no BOI,
HUBENIMpYIolee 00pa3oBaHHE AKTUBHBIX (OPM BOJO-
poja (aTOMOB, paJMKaloB), NMPEAOTBpaIIarollee HaBO-
JOpaXXMBAaHUE AKTUBHOI MOBEpXHOCTH MeTauioB (7).
O¢ddexkTuBHOCTE 0TBOJA T'€HEPUPYEMOTO BOJOPOJA
OT DJICKTPOKATAITU3aTOPOB M HHKEJIEBBIX JJIEKTPOJIOB
obecrieunBaeTcsl Kak 3a CYET BBICOKOW OOBEMHOI
IUTOTHOCTH COJEpKaHUS BOAOPOAA B  IOCIOMHON
crpykrype BOI (puc. 6), Tak U B MOPUCTOH CTPYKTYype
WHIWBUIYaTbHEIX ciioeB Tpadena. Kpome toro, momy-
YeHHe BOJOpOJa B MPOLECCE IMIETOYHOTO 3JIEKTPOJIU3a
BOJHBIX PACTBOPOB OCYILIECTBISETCS MpPHU IOBBIIICH-
HeIX Temmepatypax (60-80°C), uTo mHPUBOAUT K
JecopOuuu  Bomopoja 3a cueT TepMO(IyKTyallluoH-
HBIX KOJICOAHWH W THIPOJMHAMHUYECKOH aedopmaruu
cinoeB Tpadena [28, 29]. HurteHcubukanus ynane-
HUSI MOJICKYJIIPHOTO BOJOPOZIA M3 30HBI 3JEKTPOKaTa-
JUTUYECKOTO  TIpoIecca  YBEIHMYUBAECT  CKOPOCTH

Puc. 5. Monens okcraa rpadena.
Fig. 5. Model of graphene oxide.
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Puc. 6. Muxpodotrorpadus marpunpl-noanoxkn BOT'
¢ HaHouactunamu Pd—Ni.
Fig. 6. Micrograph of the rGO support matrix
with Pd—Ni nanoparticles.

JUMUTHPYIOIIEH CTaguM pPEKOMOMHALMM Ha MeTal-
Jax TUIATMHOBOM Ipymiibl (TJIATHHA, MAJUTAUN) afcop-
OMpOBAHHBIX aTOMOB BOJIOpPOJa [27] U CHMXKAeT HaBO-
JIOpa)KUBAaHUE  METAUIMYECKUX  KOHCTPYKLIMOHHBIX
MaTepuaioB MOb akTuBHBEIME (hopMaMu BOJOPOIA.

3AK/IIOYEHUE

IIpoBeneHo uccnaenoBaHNE BO3MOXHOCTU MPEIOTBPA-
IICHUSI HABOAOPAKUBAHUS (DYHKIIMOHAIIBHBIX KOHCTPYK-
LMOHHBIX METAJUIOB HAHOCTPYKTYpHpOBaHHBIX MOb
reHepaimy  Bofopora. KpurepusiMu mporiecca HaBOO-
POKUBAHMST METAUIOB CIYXXWJIM TOKA3aTeld SHEProdd-
(EKTMBHOCTH W CTaOWJIBHOCTH TIpollecca TeHEepaluH
BOZIOpoZia. BriepBble pe3ynsraThl pecypCHBIX HCIIBITa-
HHI C WCIONB30BaHUEM 3JIeKTPOKATAINTHYECKNX MaTpHI]
Ha ocHoBe BOI' mpomeMoHCTpHpoOBamM CTaOWIBHOCTD U
BBICOKYIO DJIEKTPOKATAINTHYECKYI0 aKTHBHOCTH (DYHKIIH-
OHAJILHBIX HAaHOKOMITO3UTHBIX JIEKTPOIOB MPH MOBBIILIECH-
HbIX Temreparypax (1o 80 °C) u mnoTHocTsX Toka (boree
600 MA/cM?). BernunHBI YAETbHOTO SHEPronoTpedneHus
1 paboume XapaKTepUCTHKH Pa3pabOTaHHBIX MPOTOTHIIOB
ycraHoBok 11[OB ¢ HaHOKOMIO3UTHBIMH 3JIEKTpOHaMU
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Abstract

Objectives. To establish expected emergent (unexpected) properties of magnetic materials
when obtained in aqueous micellar solutions of surfactants (aqueous quantum materials), and
their use in fine technologies.

Methods. Chemical synthesis of magnetic nanoparticles in aqueous micellar solutions of
surfactants of various nature. Characterization of magnetic solutions and nanoparticles by
magnetic measurements, spectroscopy, diffractometry, small-angle X-ray diffraction, scanning
probe microscopy, and others.

Results. The term “water quantum material” refers to materials (micellar solutions) whose
properties are mainly determined by the nuclear quantum effect on macroscopic scales (emergent
property). Micellar solutions exhibit phenomena and functionality not always consistent with
the classical theory of micellization. The article presents in detail the experimental results
that suggest the manifestation of the emergent properties of magnetic materials obtained
in aqueous micellar solutions of surfactants. In particular, Gd*" ions in an aqueous micellar
solution of sodium dodecyl sulfate exhibit paramagnetic properties, possibly indicating their
random arrangement in solution contrary to the classical theory of micellization with an ordered
adsorption layer on micelles. Hybrid Pt-Gd nanoparticles are formed in a quantum material

' This is the revised and translated from Russian into English language variant of the original article published in
Izvestiva Yugo-Zapadnogo gosudarstvennogo universiteta. Seriya: Tekhnika i tekhnologii = Proceedings of the Southwest
State University. Series: Engineering and Technology. Russian Text © The Authors, 2022. For citation: Mirgorod Yu.A.,
Borsch N.A., Storozhenko A.M., Ageeva L.A. Emergent Properties of Magnetic Ions and Nanoparticles in Micellar
Solutions of Surfactants. Ivestiya Yugo-Zapadnogo — gosudarstvennogo — universiteta. — Seriya:  Tekhnika i tekhnologii =
Proceedings of the Southwest State University. Series: Engineering and Technology. 2022;12(4):222-238
(in Russ.).
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with cetylpyridinium chloride as a matrix, although Gd®' ions must be repelled by CP* ions on
micelles. Nanosized powders of cobalt ferrite and nickel ferrite obtained in a micellar solution
of sodium dodecyl sulfate have superparamagnetic properties, although the presence of their
precursor ions in the adsorption layer in classical micelles should lead to ferromagnetic properties.
Conclusions. The synthesis of nanoparticles in a quantum material opens up the possibility
of reducing ions of different signs in one stage during the processing of metallurgy waste,
in order to obtain nanoparticles of various metals and their composites. Magnetic nanoparticles
obtained in a quantum surfactant material self-assemble on various substrates, enabling
the creation of materials whose residual magnetization and coercive field can be controlled
at room temperatures.

Keywords: magnetic nanoparticles, nuclear quantum effects, water quantum materials, emergent
properties, metallurgy waste processing
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HAYYHASA CTATbSA

IMepaKEeHTHbIE CBOMCTBA MATHUTHBIX HOHOB U HAHOYACTHIL
B MULIJUIAPHBIX pacTtBopax I1AB:
HUcnoan3oBanue 1J51 TOHKUX TeXHOJOTHUl

10.A. Mupropoxn™, H.A. Bopui, A.M. CtopoxkeHko, A.C. AreeBa

FOz0-3anaodnwslii 2ocydapcmeeHtslil yHusepcumem, Kypck, 305040 Poccus
“ Aemop ons nepenucku, e-mail: yu_mirgorod@mail.ru

AHHOMAyus

IIenu. Buisisumb npednosazaemvle ImeporeHmHble (HeosKUudaHHble) ceolicmea MAaZHUMHBLX
MAMEPUANO8 NPU UX NOAYUEHUU 8 S00HbLX MUUESISIPHBLX PACMBOPAX NOBEPXHOCMHO-AKMUBHBLX
sewiecms (I[IAB) (800HbIX K8AHMOBBLIX MAMEPUANLAX), KOMOpPble MONKHO UCNOAb308AMb OJIS
MOHKUX MeXHON02UTL.

Memoosl. Xumuueckuil cuHmes MAZHUMHbBLX HAHOUACTNUY 8 800HbIX MUUEIISIPHBIX PACMEOPAX
ITAB paznuuHolli npupoobl; xapaKkmepusayus MAZHUMHbIX pACmeopo8 U HAHOUACMUY, Memo-
damu MAzHUMHBLX U3MEpeHUT, cneKkmpocKonuu, ougppaKmomempuul, MAI0Y210801 peHmeeHos-
cKoll OugparKyuu, cKaHupyroueil 30H00801 MUKPOCKONUU U OpY2UMU.

Pesynomameut. TepmMuH «800HbBLU KEAHMOBLLI MAMEPUAT» OMHOCUMCSL K MAMEPUANAM (MUUET-
JSIPHBIM pacmaopam), ceolicmaa KOmopblxX 8 OCHOBHOM ONpPeoensitomcst ssl0epHbiM K8AHMO8bIM
agppekmom 8 MmaKpockonuueckux macuumabax (amepoxceHmHoe cgolicmeo). Muuennsproie
pacmeopbl 0eMOHCMpUPYIOM sieeHUsl U (PYHKYUUOHAIbHbLE B803MOIHOCMU, He 8cez0a CoOm-
HOCUuMble C Kaaccuueckoll meopuell muyennobpasosarus. B cmamwe nodpobro npedcmas-
JleHbl 9KCNepUMEHMAbHbLE Pe3ylbmnambl, KOmopble No380JsIom NPeonoloxRums nposieneHue
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IMEPOIKEeHMHBIX C80UCME MAZHUMHBIX MAMEPUATLO8, NOAYUAEMbLX 8 B00HBIX MUUETNAPHBIX
pacmeopax IIAB. B uacmHocmu, uoHbl 2adonurusi Gd®* e 800HO-MUUEANIPHOM pacmeope
dodeyuncysibchama HAmMpust NPOSIEASIOM NapamMazHUMHbLE Cc80licMmea, Umo, 803MOIKHO, YKa3bl-
eaem Ha ux becnopsidouHOe pacnoiosKeHue 8 pacmaope 80NpeKu KaacCuueckoll meopul Muyeno-
0bpazosaHust ¢ AOCOPOUUOHHBIM YNOPSLIOOUEHHOM C0e HA muyeanax. I'ubpudHsle HaHOUacmMuybl
Gd-Pt obpaszyromcsi 8 KEAHMOBOM mamepuase ¢ XA0PUOOM UemunnupuduHus 8 Kauecmee
mampuuyst, xomsi uoHsvl Gd®" dosKHbL ommanKusamvcst UOHaMuU yemunnupuouxus LIT" Ha
Mmuyennax. HaHopasmepHsle nopowoku heppuma kobanema u ¢peppuma HUKes, noayuaemole
8 MUUEe/UIIPHOM pacmaope ododeyuncyagpama Hampus, obradarom cynepnapamazHUmMHsMU
ceoticmsamu, xomsi npucymemaue ux NPeKYpcopHsblX UOHO8 8 A0COPOUOHHOM C/loe 8 Kaaccuue-
CKUX MUYENNaX 00JIKHO O6blio 6bL npugecmu K peppomazHUMHbBIM ce8olicmaa.

Buleoodst. CuHmes HAHOUACMUY 68 KE8AHIMO8OM Mamepudie OmKpbleaem 803MOIKHOCMb 80C-
CMAHOB8IeHUSL UOHO8 PA3HbLX 3HAKO08 3a 00HY cmaoduro npu nepepabomike omxo0oe mMemaninyp-
2UUL C Uesblo NOAYUeHUS. HAHOUACMUY, PA3IUUHBbIX MEemasio8 U ux Komnosumos. MazHumHoble
HaHOUACMUYbL, Nolyuaemsle 8 KeaHmogom mamepuane ITAB, camoopeaHu3ytomest Ha pasiuy-
HbLX NOOJIOXKKAX, UMO N0380Jslem co30a8amb Mamepudsibl, 0CMAmMouHas HAMAZHUUEHHOCMb
U KOIpUUMUBHOE NOJle KOMOPbLX MONKHO PeYyauposams NpuU KOMHAMHBbIX MeMnepamypax.
Taxum ob6pasom, NOKA3AHO, KAKUM 00pA30M aMepOreHMHble Ceolicmea K8AHMO8blLX mamepua-
J108 MOXNHO NPUMEHAMb 0151 MOHKUX MEeXHOA02UL.

Knroueesle cnoea: mazHUMHblE HAHOUACMUYLL, SO0epHbLI K8aHmMOo8bLil s¢hghexm, 800HblEe KEAH-
mosble mamepuanel, ImeporkeHmHsule ceolicmaa, nepepabomiKa omxo008 memaiiypauu

For citation: Mirgorod Yu.A., Borsch N.A., Storozhenko A.M., Ageeva L.S. Emergent properties of magnetic ions and
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INTRODUCTION

Ionic surfactants are often used to obtain
magnetic nanoparticles. They play the role of matrices
for the localization of d-block element ions [1-4].
According to classical theory, direct surfactant
micelles in water have the structure of a hydrocarbon
core with a double electric layer of ions [5]. The
electrical double layer consists of an adsorption
and a diffuse layer. The ions of the adsorption layer
are densely packed and organized. The degree of
ionization of micelles and the energy of Gibbs
micelle formation can thus be established. The ions
of the diffuse layer, on the contrary, are washed
out by thermal energy. Based on such an organization
of magnetic ions in the adsorption layer, a strong
exchange interaction between them can be expected

with the manifestation of ferromagnetic properties.
However, this is not observed [6]. Another emergent
property is associated with the synthesis of metal
nanoparticles from positive ions in micelles of
cetylpyridinium  chloride ~ C H,,CHNCI [7-9].
Gadolinium ions Gd** should not penetrate into
the hydrocarbon core of a classical micelle, since
they are repelled by the positive C H,,CHN" ions
of the micelle. Therefore, the matrix or protective
properties of micelles should not appear. However,
these properties are used very successfully.

For more purposeful application, these and other
contradictions ~or emergent properties require
a more detailed study. This is especially important for
in vivo use, where synergism and antagonism of
drugs or magnetic probes with the quantum
properties of a biological cell is possible [10-12].

Toukue xumudyeckue TexHosoruu = Fine Chemical Technologies. 2023;18(5):471-481
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We previously conducted similar studies with the
same goal, but the mystery of the nature of this
phenomenon did not allow us to explain the
contradictions we observed. The time has come now
to return to the causes of the magnetic properties
of ions and nanoparticles obtained in the matrices
of quantum materials.

Let us briefly dwell on the probable mechanism
of this phenomenon. Solid quantum materials
operate at low temperatures where quantum fluctuations
are more pronounced. Solid quantum materials
reveal completely new phenomena and functions in
the Mott transition, high-temperature superconductivity,
topological superconductivity, colossal magnetoresistance,
and giant magnetoelectric effect [13].

The quantum properties of water have been the
focus of intensive study, in order to understand the
role of quantum phenomena in the properties of water.
However, these studies are based on calculations of
various water models and depend on the choice
of parameters proposed by the researchers themselves.
Therefore, the results are very inconsistent. Water
does not have the properties of a quantum material.
The quantum fluctuations in it need to be “woken up”.

The unravelling of the mystery of quantum
phenomena in aqueous solutions was made possible
by the fact that for the first time the presence
of accompanying phenomena was shown. This
consisted namely of an extended phase transition
in an ensemble of small aqueous systems and
micellization [14—17]. The micelle formation process
and the accompanying liquid-liquid phase transition
are two sides of the same coin. Strong fluctuations
of the extensive properties of water (thermal
fluctuations) appear in the area of formation of
spherical micelles, due to the smallness of the
ensemble of water (614 molecules), corresponding
to the size of surfactant molecules. They, in turn,
stimulate the manifestation of quantum fluctuations
of water molecules and charges. Organized chaos
or correlation of thermal and quantum fluctuations
arises. Quantum fluctuations at a size of 0.2-0.3 nm
with the duration of a picosecond form thermal
fluctuations (cavities) for micelles with the capture
of water molecules at a size of 4—6 nm with diffusion
coefficients of the order of 4:10° cm-s™' [17].

Magnetic ions and nanoparticles in micellar
aqueous solutions are assumed to be present
inside a quantum micelle or an organized chaos
of water and surfactants. When attempting to measure
electrical conductivity or electromotive force, the
electromagnetic field of the device destroys quantum
fluctuations and the micelle shows classical
behavior. The reducing agent hydrazine hydrate
does not affect the nuclear quantum effect. Such a
theoretical explanation of the manifestation of

emergent properties is still debatable. Nevertheless,
these properties can already be used for practical
purposes.

In this article, as part of the discussion, we
consider only the supposed emergent properties
of magnetic materials when they are obtained in
micellar surfactant solutions. The first part of the
article discusses the magnetic properties of ions, then
we will consider the features of self-organization
and behavior of magnetic nanoparticles. In conclusion,
we will show how a micellar surfactant solution
can be wused in a hybrid waste processing
technology to obtain metal nanoparticles, metal
oxides, and to create self-assemblies of magnetic
nanoparticles.

MATERIALS AND METHODS

The main reagents used were cetylpyridinium
chloride C, H,,C.HNCI (CPC) (99%, Sigma-Aldrich,
USA), sodium dodecyl sulfate (SDS) (99%, Shostka
Chemical  Plant, Russia), gadolinium acetate
Gd(CH,CO0),'3H,0 (chemically pure, Vekton, Russia),
platinum hydrochloric acid H,[PtCI]-6H,O (99%,
SilverSalt, Russia), hydrazine hydrate N,H,-HO
(100%, Clearsynth, India), FeSO,7H,0 (chemically
pure, Russian Vitriol Company, Russia), CoCl,-6H,0
(chemically pure, Fairsky Industrial Co., China) and
NiCl-6H,0 (chemically pure, Fairsky Industrial Co.,
China) were used to obtain CoFe,O, and NiFe,O,
nanoparticles. A mixture of toluene and isoamyl
alcohol in a volume ratio of 4:1 (purified grade
reagents from Fluka, Switzerland) was used as the
organic phase in the process of flotation extraction.

For the synthesis of nanoparticles, an ultrasonic
disperser UZDN-2 (Techcenter, Russia) was used.
The diffraction patterns of the nanopowders were
recorded on a DRON 3M X-ray diffractometer
(Burevestnik, Russia) with a copper emitter. The size
and shape of nanoparticles were determined using
a JEOL JEM-1011 transmission electron microscope
(TEM) (JEOL, Japan) at an accelerating voltage
of 100 kV. The content of platinum in the Pt-Gd
nanopowder was determined using a Kvant-Z atomic
absorption spectrometer (Kortek, Russia) with an
electrothermal atomizer (graphite furnace). Magnetic
studies were carried out on magnetic balances
by the ponderomotive method, as well as on the
universal “Cryogenic high field measurement system”
(CFMS, Cryogenic, United Kingdom). In addition
to the usual measurements of the magnetic moment
as a function of the magnetic field and temperature,
we used the technique of measuring the magnetic
susceptibility after cooling in zero (zero field
cooling, ZFC) and low (field cooling, FC) magnetic
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fields. The characteristic maximum on the ZFC
branch at the blocking temperature was used
to estimate the sizes, as well as the size distribution
of nanoparticles. Topographic and elemental analyzes
were performed on a Philips SEMS 515 scanning
electron microscope (Philips, Netherlands) with an
EDAX ECON IV microanalyzer. The photographs
of the obtained powder particles were taken with

an Olympus GX71 metallographic microscope
(Olympus, Japan).
RESULTS AND DISCUSSION

Magnetic properties of Gd** obtained
in a quantum material with sodium
dodecylsulfate (SDS)

We tested the magnetic ordering of Gd** ions
by adding gadolinium acetate (CH,COO"),Gd*" (GA)
to SDS in the ratio (1:1, mol) [6]. Solutions of
0.05 M GA at 298 K had a magnetic susceptibility
equal to 1.8-107 m*kg™, i.e., they were diamagnetic.
When GA was added to a solution of SDS (1:1),
no precipitation was observed. The micellar solution
of gadolinium dodecyl sulfate obtained in this way
became paramagnetic with a magnetic susceptibility
equal to 2.0-107 m*kg!' (Table). If we assume that
gadolinium dodecyl sulfate at such a concentration
is soluble in an aqueous solution of GA, then
without the action of a magnetic field, the Gd* ions,
and, consequently, Na® ions in solutions with
spherical micelles, are completely randomly oriented.
They do not have the structure of the adsorption
layer of a classical micelle. The paramagnetic
properties of such solutions are preserved in the
temperature range of 275-315 K.

On the other hand, if the Gd*" ions are built
into an order characteristic of a lamellar micelle
(liquid crystal) (Fig. 1), as in the GA—water—undecane
system, the Gd** ion has ferromagnetic properties.

When the aqueous solution of GA is saturated
with n-undecane, the temperature dependencies

o Gd3+

__~ n-undecane

O coo” | cH;

Fig. 1. Lamellar micelle (liquid crystal)
in the GA—water—n-undecane system.

of the specific inverse magnetic susceptibility
v '(T) indicate the appearance of magnetic ordering
of another type. The projection of the function y (7)
on the abscissa axis is positive. This indicates that the
ferromagnetic order is typical for metallic gadolinium.
Figure 2 shows the temperature dependence of the
specific inverse magnetic susceptibility for liquid
crystals of the GA (0.1 M)—water-n-undecane system. In
this case, the approximate linear function is:

v (T)=2.5-10°T — 2.5-10".

When comparing the magnetic properties
of Gd* ions in a quantum material and with
organized ions of liquid crystal, we can conclude
that they are different. Using the classical theory
of the formation micelles in water, they possess
the structure of a hydrocarbon core with a double
electric layer of ions. The double electrical layer
consists of an adsorption layer and a diffuse layer.
The ions of the adsorption layer are dense and
organized. Based on such an organization of
magnetic ions in the adsorption layer, we can
rightly expect a strong exchange interaction between
them with the manifestation of ferromagnetic
properties. However, we observed the paramagnetic
properties of gadolinium ions with random motion
in solution.

Table. Specific magnetic susceptibility of GA aqueous solutions without micelles and with SDS spherical micelles at 298 K

Aqueous solutions GA concentration, [M] %107, [m¥/kg]
GA 0.0005 -6.0
GA 0.005 —4.0
GA 0.05 -1.8
GA + SDS (1:1) 0.0005 —4.0
GA+SDS (1:1) 0.005 2.1
GA+SDS (1:1) 0.05 2.0
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Fig. 2. Inverse magnetic susceptibility vs temperature
for the lamellar micelle of the
GA (0.1 M)—water-n-undecane system.

Magnetic properties of Pt—-Gd nanoparticles
obtained in a quantum material
with cetylpyridinium chloride (CPC)

For the synthesis of hybrid nanoparticles, we
chose H,[PtCl]] and Gd(CH,COO), with CPC
concentration of 0.0293 M. This is greater than
critical micelle concentration (CMC) = 0.002 M
[18]. We passed nitrogen through the mixture of
dissolved substances, in order to remove dissolved
oxygen, followed by stirring. A yellow solution was
obtained, the color of which is due to the interaction
of the cetylpyridinium® ion with [PtCl]*". The ions
in micellar solution and alkaline medium were
reduced with hydrazine hydrate. After reduction,
a dispersion with dark brown nanoparticles was
obtained, represented by the TEM image in the
middle (Fig. 3a) and along the edges of the dried
suspension (Fig. 3b).

8

» Ch
el (T e M S

(a)

The content of Pt in the washed dry nanoparticles
corresponded to the complete reduction of ions,
24 wt % Pt. The 82% content of Gd instead
of 97.6% indicates the presence of organic impurities
in the nanoparticles. These can be assumed
to be CPC molecules. As can be seen from Fig. 3,
the nanoparticles are 5-10 nm in size. The nanoparticles
are self-organized in the quantum material (Fig. 3a)
and this organization is visible in the dried
material on the carbon substrate (TEM). The granular
equidistant structure of the hybrid nanoparticles
is also clearly visible. After the redox reaction and
preparation for TEM, nitrogen and water disappeared
from the reaction mixture, thus it can be assumed

that the hybrid nanoparticles are distributed
between CPC molecules.
In order to wunderstand and compare this

with our magnetic nanoparticles, we have presented
the mechanism of photoreduction of Au and Pt ions
in a micellar solution of SDS without the addition
of a chemical reducing agent. Such a research
method avoids pollution of the production of
nanoparticles by reaction products and makes the
study of the reaction mechanism purer. Micelles and
nanoparticles have been investigated using small-
angle X-ray scattering, extended X-ray absorption
fine structure, and TEM [19]. The authors have
provided evidence that SDS micelles are preserved
with the inclusion of nanoparticles of the “nanoparticle
core—surfactant shell” type. Au and Pt metal
nanoparticles were formed photochemically in the
cores of micelles, and had no significant effect
on the micelle morphology. Before reduction,
the ions were randomly distributed in solution,
and after reduction, their reduced forms ended up
inside micelles.

Our studies [8] have also proved the formation
of condensation centers and magnetic nanoparticles

(b)

Fig. 3. TEM images of hybrid Pt—Gd nanoparticles obtained in a quantum material
and dried on a graphite substrate.
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of manganese and cobalt in micelles. This behavior
of ions indicates their participation in the quantum
nuclear effect, as confirmed by our and other studies.

Let us compare the magnetic properties of
crystalline Gd and powder Pt-Gd. According to
reference data, the specific magnetization of bulk
crystals Gd in a magnetic field 0.5-1.7 T in a nitrogen
atmosphere is 240 A-m%’kg and bulk crystals has
a Curie point of about 293 K. Specific magnetization
of the synthesized powder Pt-Gd in a magnetic
field 0.86 T is two orders of magnitude lower
than those of Gd crystals and has the value
1.92 A-m%kg. The Curie point of the studied Pt-Gd
nanopowder is equal to ~270 K, which is ~23 K
below the Curie point of the bulk sample. There is no
blocking temperature on the ZFC curve which
is typical for superparamagnetic nanoparticles.

Thus, taking into account the results obtained
in the study of magnetic properties, it can be assumed
that using such a synthesis method and without
thorough  purification of  nanoparticles  from
surfactants, the Pt—Gd powder has an atypical
magnetic behavior.

Magnetic properties of cobalt ferrite
nanoparticles obtained in a quantum material
with SDS

Cobalt ferrite nanoparticles were obtained by
ion flotation extraction, in order to demonstrate
the production of nanoparticles from waste using our
integrated technology [20]. SDS were dissolved in a
1.5-liter solution, 0.0002 M CoCl, and 0.0004 M FeSO,
and 0.0008 M. A micellar solution (quantum material)
of a mixture of salts of cobalt, iron, sodium, and
pink-colored SDS due to the presence of hydrated

(a)

cobalt ion is formed. After 10 min of ionic flotation
extraction, the pink color of the aqueous solution
disappeared: the mixture of toluene extractant with
isoamyl alcohol turned pink. The extraction was
stopped. After flotation, the extractant with iron cobalt
salts and SDS was separated. The extractant was
removed by distillation, the salt precipitate was
dried under vacuum and over paraffin powder.
Then the mixture of salts was treated with
sodium  hydroxide  solution until  complete
precipitation of iron and cobalt hydroxides. This
was washed with water and dried in air to obtain
possible CoFe,O,. We deliberately did not shape the
crystal lattice of CoFe O, by heating to thermally
decompose SDS.

In order to obtain X-ray diffraction (XRD)
and TEM images, the composite was preliminarily
dispersed in ethyl alcohol using ultrasound. Received
the dispersion was applied to a copper substrate
coated with carbon. The diffraction pattern showed
that the formation of the CoFe,O, crystal lattice was
either incomplete (i.e., the dense packing of the
spinel structure was not formed) or a strongly
defective structure was formed. This is indicated
by slightly higher interplanar spacing and broadened
diffraction peaks. Moreover, X-ray reflections are
shifted towards larger angles, i.e., for a crystal cell
with smaller parameters. Nanoparticles self-organize
into a periodic colloidal structure on a carbon
substrate (Fig. 4a) and have a maximum size
distribution in the range of 4 to 6 nm (Fig. 4b).

Thus, the following conclusions can be drawn
about the structure and magnetic properties of the
formed nanoparticles. Surfactants adsorbed and
included in the powder system interfere with
the creation of an “ideal” crystal lattice of CoFe,O,.

V. %

20 4

0 1 2 3 4 5 6 7 8 9 10 11 12
D, nm

(b)

Fig. 4. TEM image of self-organization into a periodic colloidal structure of cobalt ferrite powder
nanoparticles obtained in a quantum material and dried on a graphite substrate (a)
and size distribution of nanoparticles (b); V' is the relative frequency, %; D is the nanopaticle size, nm.
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The particles consist of two components: a well-
formed CoFe,O, phase and its amorphous counter-
part. Nanoparticles have a maximum size distribution
in the range from 4 to 6 nm and self-organize into
a periodic colloidal structure on a carbon substrate.
As established from the ZFC-FC magnetization
curves, the nanosized powder possesses a blocking
temperature of 45 K with a magnetic moment
of 0.85-0.9 p? at a temperature of ~0 K, and
the Néel temperature lies in the range of 110-250 K.

Magnetic properties of nickel ferrite
nanoparticles obtained in a quantum material
with SDS

The results of experimental elemental analysis
of the synthesized powder of the expected
nickel ferrite showed an increased content of
iron and oxygen relative to stoichiometric nickel
ferrite  (NiFe,O,) [21]. The composition of the
powder corresponds to NiFe, O ,.. The method
described above for obtaining cobalt ferrite in
the case of nickel leads to the formation of self-
organizing nanoparticles of nonstoichiometric nickel
ferrite (Fig. 5). This is because the synthesis process
with the addition of alkali was accompanied by
the partial removal of amphoteric nickel hydroxide.
In addition, the resulting powder, in addition to iron and
nickel hydroxides, possibly contained (C,,H,SO,),Fe,
(C,,H,,SO,),Fe(OH), and (C,H,.SO,)Fe(OH),. They
were difficult to isolate at the stage of filtering the
precipitate after the addition of alkali. The 3% carbon
content confirms such assumptions.

The XRD pattern of the synthesized powder
had no sharp peaks; something which does not
prove that ideal crystals were obtained. Elemental

Fig. 5. TEM image of self-organization into a periodic
colloidal structure of nickel ferrite powder nanoparticles
obtained in a quantum material and dried
on a graphite substrate.

? 1, is the Bohr magneton.

analysis and XRD data of the powder convincingly
prove that it consisted of X-ray amorphous non-
stoichiometric ferrite and SDS. Furthermore, heat
treatment at 600 °C caused the appearance of
diffraction peaks of crystalline nickel ferrite.

The magnetic susceptibility of the material
after ZFC or FC was measured [21, 22], in addition
to standard magnetization versus magnetic field.
In the ZFC procedure, the sample was cooled to
4K without applying a magnetic field and
measurements were made in a static magnetic field.
Then the temperature was slowly raised and the
magnetization was recorded. The FC procedure
differed from the ZFC measurements only in that
the sample was cooled in a non-zero magnetic
field. FC and ZFC curves of magnetically
inhomogeneous magnetic materials typically coincide
at high temperatures while differing below their
blocking temperature 7,. Their ZFC curves have a
maximum at 7,, whereas their FC curves usually
rise monotonically down to very low temperatures.
At temperatures above 7, = 25 K, the synthesized
nickel ferrite nanoparticles possess superparamagnetic
properties (Fig. 6), characteristic of magnetic
nanomaterials.

M,
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Fig. 6. Temperature dependence of the specific
magnetization of nickel ferrite powder in magnetic
field of 300 Oe: 1 - ZFC, 2 — FC.

Another important characteristic of a magnetic
nanomaterial is its specific saturation magnetization.
That of the synthesized ferrite nanoparticles is
15.0 A'm¥kg at 5 K which is slightly below
the saturation magnetization of bulk NiFeO,
(17.6 A-m%*kg).

From the experiment of synthesis of nanoparticles
in a quantum material, the following conclusions
can be drawn. It is possible to reduce metal ions
of different signs of complex and simple [PtCI ]
and Gd** ions in a quantum material in a single
step. This is very important when processing
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waste to obtain nanoparticles of different metals
[23, 24]. There are no differences in the recovery
of supposedly “organized” ions of the adsorption
layer and the diffuse layer of an ionic surfactant
micelle. All ions are randomly distributed in
the water quantum material.

The listed methods for the synthesis of
nanoparticles were created in order to illustrate
the production of nanoparticles from waste. This
technology consists of three stages: firstly, aqueous
solutions of simple or complex metal ions are
obtained from waste; secondly, they are extracted
by the method of ion flotation; at the third stage,
ions are reduced to nanoparticles in an aqueous
micellar solution.

Magnetic nanoparticles in a quantum material
are necessary for their organization into long-range
and dynamic assemblies on various substrates.
Experiments show that nanoparticles in a quantum
material self-organize well when dried on substrates
in the second minimum of the dependence of
their potential energy on distance. This technology
will open up possibilities for a wide range of
applications. In particular, materials can be created
for which the remanent magnetization and coercive
field are controlled at room temperature. For this,
liquid crystals containing ions can also be used [25].

Self-organized structures are well-formed from
dispersions of nanoparticles in a quantum material
on any substrate. Further annealing on the substrate
preserves this organization and allows the formation
of a different mesoscopic order with emergent
properties: an increase in the blocking temperature
and the behavior of superspin glass [26, 27].

In terms of further potential, other emergent
properties of quantum materials that can be used
for the synthesis and application of magnetic
materials found by other researchers may be a focus
in the future.

Thus, there is an increase in the optical rotation
of SDS solutions in the concentration range from
0.002 mol/L to CMC, followed by a decrease
after CMC to a constant value at 0.015 mol/L and

REFERENCES

1. Hatakeyama W., Sanchez T.J., Rowe M.D., et al.
Synthesis of Gadolinium Nanoscale Metal-Organic
Framework with Hydrotropes: Manipulation of Particle Size
and Magnetic Resonance Imaging Capability. ACS Appl. Mater.
Interfaces. 2011;3(5):1502—1510.  https://doi.org/10.1021/
am200075q

higher [28]. The existence of a strong anisotropic
structure around the CMC of ionic surfactants is
confirmed [29]. Sonication increases the viscosity
and solubilization in micellar solutions [30]. Interaction
of quantum fluctuations of water with excitons
of quantum dots with intense luminescence was
established [30-32]. Films and foams obtained from
surfactant solutions near CMC exhibit extreme
properties [33].

CONCLUSIONS

Nano magnetic materials synthesized in aqueous
micellar solutions of surfactants (aqueous quantum
materials) exhibit emergent properties. This opens
up the possibility of reducing ions of different
signs in a single stage during the processing of
metallurgy waste, in order to obtain nanoparticles
of various metals and their composites. Magnetic
nanoparticles obtained in a quantum surfactant
material self-assemble on various substrates, enabling
the creation of materials whose  residual
magnetization and coercive field can be controlled at
room temperatures.

Acknowledgments
The study was financially supported by the Ministry
of Education and Science of the Russian Federation (state
assignment 2020, No. 0851-2020-0035). The study was carried
out as part of the Priority 2030 strategic academic leadership
program (Agreement No. 075-15-2021-1213).

Authors’ contributions

Yu.A. Mirgorod — analysis and generalization of the
results of studying the behavior of magnetic nanoparticles
obtained in micellar solutions of surfactants.

N.A. Borsch - planning an experiment on the synthesis
of magnetic nanoparticles in micellar solutions of surfactants.

A.M. Storozhenko — characterization of magnetic
nanoparticles.

L.S. Ageeva — synthesis of magnetic nanoparticles in
micellar solutions of surfactants.

The authors declare no conflicts of interest.

2. Lu A.H., Salabas E.L., Schiith F. Magnetic
nanoparticles: synthesis, protection, functionalization and
application. Angew. Chem. 2007;46(8):1222—1244. https://doi.
org/10.1002/anie.200602866

3. Leem G., Sarangi S., Zhang S., et al. Surfactant-
Controlled Size and Shape Evolution of Magnetic
Nanoparticles. Crystal. Growth Des. 2009;9(1):32-34. https://
doi.org/10.1021/cg8009833

Toukue xumudyeckue TexHosoruu = Fine Chemical Technologies. 2023;18(5):471-481

479


https://doi.org/10.1021/am200075q
https://doi.org/10.1021/am200075q
https://doi.org/10.1002/anie.200602866
https://doi.org/10.1002/anie.200602866
https://doi.org/10.1021/cg8009833
https://doi.org/10.1021/cg8009833

Emergent properties of magnetic ions and nanoparticles in micellar solutions of surfactants: ...

4. Shamim N., Hong L., Hidajat K., et al. Thermosensitive
polymer (N-isopropylacrylamide) coated nanomagnetic
particles: Preparation and characterization. Colloids Surf. B:
Biointerfaces. 2007;55(1):51-58.  http://doi.org/10.1016/j.
colsurfb.2006.11.007

5. Holmberg K., Jonsson B., Kronberg B., et al
Surfactants and Polymers in Aqueous Solutions. UK: Wiley;
2003. 568 p. ISBN 978-0-470-85642-0

6. Mirgorod Yu.A., Chekadanov A.S., Yanushkevich A.M.,
et al. Magnetic properties of Gd (III) in aqueous micellar
systems.  Magnetohydrodynamics.  2018;54(3):299-308.
https://doi.org/10.22364/mhd.54.3.9

7. Mirgorod Yu.A., Borshch N.A. Method of Producing
nanoparticles of metal or hybrides of nanoparticles of metals:
RF Pat. 2369466 RU. Publ. 10.10.2009 (in Russ.).

8. Mirgorod Yu.A., Borshch N.A., Borodina V.G.,
Yurkov G.Yu. Production and characterization of cotton
fabric modified with copper nanoparticles. Khimicheskaya
promyshlennost’ = Chemical Industry. 2012;89(6):310-316
(in Russ.).

9. Vorobiova I.G., Borshch N.A., Mirgorod Yu.A. The
structure of Mn and Co nanoparticles obtained in direct
surfactant micelles. Journal of Nano- and Electronic Physics.
2017;9(5):05036-1-05036-4. http://doi.org/10.21272/
jnep.9(5).05036

10. Geesink H.JH., Jerman 1., Meijer D.K.F.
Water, the Cradle of Life via its Coherent Quantum
Frequencies. Water. 2020;(11):78—108. http://doi.org/10.14294/
WATER.2020.1

11. Krause W. Contrast Agents I: Magnetic Resonance
Imaging: Pt. 1. Berlin, Heidelberg: Springer; 2002. 249 p.

12. Salt C., Lennox A.J., Takagaki M. Boron and
gadolinium neutron capture therapy. Rus. Chem. Bull
2004;53(9):1871-1888.  https://doi.org/10.1007/s11172-005-
0045-6

13. Tokura Y., Kawasaki M., Nagaosa N. Emergent functions
of quantum materials. Nature Phys. 2017;13:1056-1068.
https://doi.org/10.1038/nphys4274

14. Mirgorod Yu.A., Emelyanov S.G., Pugachesky M.A.
Method for Measuring the Parameters of Liquid-Liquid Phase
Transition and Micellization: RF Pat. 2730433 RU. Publ.
08.21.2020 (in Russ.).

15. Mirgorod Yu.A. Method for Measuring the Parameters
of the Liquid-Liquid Phase Transition: RF Pat. 2720399 RU.
Publ. 04.29.2020 (in Russ.).

16. Mirgorod Yu.A. Quantum nuclear effect in aqueous
ionic surfactant and polyelectrolytes solutions. In: Proc.
Bio-Inspired Nanomaterials — Nature Conferences (Nov. 14-15,
2021). Seoul, South Korea. http://doi.org/10.13140/
RG.2.2.32364.08325

17. Mirgorod Yu.A. Strongly correlated electronic
states in aqueous micellar surfactant systems. Preprint. 2021.
https://doi.org/10.21203/rs.3.rs-660013/v1

18. Mirgorod Yu.A., Borshch N.A., Reutov A.A,
Yurkov G.Yu., Fedosyuk V.M. Synthesis of gadolinium-
based nanoparticles in a system of direct surfactant micelles
and study of their magnetic properties. Russ. J. Appl
Chem. 2009;82(8):1357-1363. http://doi.org/10.1134/
S1070427209080072

19. Harada M., Saijo K., Sakamotoet N., et al. Small-
angle X-ray scattering study of metal nanoparticles prepared
by photoreduction in aqueous solutions of sodium dodecyl
sulfate. Colloids and Surfaces A: Physicochem. Eng.
aspects.  2009;345(1-3):41-50.  http://doi.org/10.1016/].
colsurfa.2009.04.015

20. Mirgorod Yu.A., Borsch N.A., Fedosyuk V.M.,
Yurkov G.Yu. The structure and magnetic properties of
cobalt ferrite nanoparticles synthesized in a system of
direct micelles of amphiphiles by means of ion flotoextraction.
Russ. J. Phys. Chem. A. 2012;86(3):418-423. https://doi.
org/10.1134/S0036024412030211

21. Mirgorod Yu.A., Borsch N.A., Fedosyuk V.M.,
Yurkov G.Yu. Magnetic properties of nickel ferrite
nanoparticles prepared using flotation extraction. Inorg.
Mater. 2013;49(1):109-114. https://doi.org/10.1134/
S0020168512110064

22. Hansen ML.F., Morup S.J. Estimation of blocking
temperatures from ZFC/FC curves. J. Magn. Magn.
Mater. 1999;203:214-216. https://doi.org/10.1016/s0304-
8853(99)00238-3

23. Mirgorod Yu.A., Borsch N.A., Yurkov G.Yu.
Preparation of nanomaterials from aqueous solutions
imitating the hydrometallurgy waste. Russ. J  Appl
Chem. 2011;84(8):1314-1318. http://doi.org/10.1134/
S1070427211080039

24. Mirgorod Yu.A., Emelyanov S.G. Integrated
technology for production of nanomaterials from poor
ore and waste. J. Min. Sci. 2015;51(1):164—173. http://doi.
org/10.1134/S1062739115010226

25. Matt B., Pondman K.M., Asshoff S.J., et al.
Soft Magnets from the Self-Organization of Magnetic
Nanoparticles in Twisted Liquid Crystals. Angew. Chem.
Int. Ed. 2014;53(46):12446-12450. https://doi.org/10.1002/
anie.201404312

26. Lisiecki I. From the Co Nanocrystals to Their
Self-Organizations: Towards Ferromagnetism at Room
Temperature. Acta Phys. Polonica. A. 2012;121(2):426—433.
URL: http://przyrbwn.icm.edu.pl/APP/PDF/121/a12122p58.pdf

27. Darling S.B., Yufa N.A., Cisse A.L., et al. Self-
Organization of FePt Nanoparticles on Photochemically
Modified Diblock Copolymer Templates. Adv. Mater.
2005;17(20):2446-2450.https://doi.org/10.1002/adma.200500960

28. Rusanov A.I., Nekrasov A.G. One more extreme near
the critical micelle concentration: optical activity. Langmuir.
2010;26(17):13767-13769. https://doi.org/10.1021/1a102514a

29. Farinato R.S., Rowell R.L. Transient light scattering
in aqueous surfactant systems. J. Colloid and Interface
Sci. 1978;66(3):483-491.  http://doi.org/10.1016/0021-
9797(78)90069-3

30. Yusof N.S.M. The effect of sonication on the
ion exchange constant, K.® of CTABr/chlorobenzoates
micellar systems. Ultrason. Sonochem. 2021;71:105360.
https://doi.org/10.1016/j.ultsonch.2020.105360

31. Maestro L.M., Marqués M.I., Camarillo E., et al.
On the Existence of Two States in Liquid Water: Impact
on Biological and Nanoscopic Systems. Int. J. Nanotech.
2016;13(8-9):667—677. http://doi.org/10.1504/1INT.2016.079670

32. Fan H., Leve E.-W., Scullin C., et al. Surfactant-
Assisted Synthesis of Water-Soluble and Biocompatible
Semiconductor Quantum Dot Micelles. Nano Lett.
2005;5(4):645-648. https://doi.org/10.1021/n10500171

33. Rusanov A.lL., Krotov V.V,, Nekrasov A.G. Extremes
of some foam properties and elasticity of thin foam films
near the critical micelle concentration. Langmuir.
2004;20(4):1511-1516. https://doi.org/10.1021/1a0358623

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(5):471-481

480


http://doi.org/10.1016/j.colsurfb.2006.11.007
http://doi.org/10.1016/j.colsurfb.2006.11.007
https://doi.org/10.22364/mhd.54.3.9
http://doi.org/10.21272/jnep.9(5).05036
http://doi.org/10.21272/jnep.9(5).05036
http://doi.org/10.14294/WATER.2020.1
http://doi.org/10.14294/WATER.2020.1
https://doi.org/10.1007/s11172-005-0045-6
https://doi.org/10.1007/s11172-005-0045-6
https://doi.org/10.1038/nphys4274
http://doi.org/10.13140/RG.2.2.32364.08325
http://doi.org/10.13140/RG.2.2.32364.08325
https://doi.org/10.21203/rs.3.rs-660013/v1
https://www.elibrary.ru/contents.asp?id=33604136
https://www.elibrary.ru/contents.asp?id=33604136
http://doi.org/10.1134/S1070427209080072
http://doi.org/10.1134/S1070427209080072
http://doi.org/10.1016/j.colsurfa.2009.04.015
http://doi.org/10.1016/j.colsurfa.2009.04.015
https://doi.org/10.1134/S0036024412030211
https://doi.org/10.1134/S0036024412030211
https://doi.org/10.1134/S0020168512110064
https://doi.org/10.1134/S0020168512110064
https://doi.org/10.1016/s0304-8853(99)00238-3
https://doi.org/10.1016/s0304-8853(99)00238-3
http://doi.org/10.1134/S1070427211080039
http://doi.org/10.1134/S1070427211080039
http://doi.org/10.1134/S1062739115010226
http://doi.org/10.1134/S1062739115010226
https://doi.org/10.1002/anie.201404312
https://doi.org/10.1002/anie.201404312
http://przyrbwn.icm.edu.pl/APP/PDF/121/a121z2p58.pdf
https://doi.org/10.1002/adma.200500960
https://doi.org/10.1021/la102514a
http://doi.org/10.1016/0021-9797(78)90069-3
http://doi.org/10.1016/0021-9797(78)90069-3
https://doi.org/10.1016/j.ultsonch.2020.105360
http://doi.org/10.1504/IJNT.2016.079670
https://doi.org/10.1021/nl050017l

Yuri A. Mirgorod, Nikolay A. Borsch, Anastasia M. Storozhenko, Liliya S. Ageeva

About the authors:

Yuri A. Mirgorod, Dr. Sci. (Chem.), Leading Researcher, Regional Center for Nanotechnology, Southwest State
University (94, 50 Let Oktyabrya ul., Kursk, 305040, Russia). E-mail: yu_mirgorod@mail.ru. Scopus Author ID 87243112000,
ResearcherID P-7243-2015, RSCI SPIN-code 7494-3982, https://orcid.org/0000-0003-0370-2465

Nikolay A. Borsch, Cand. Sci. (Chem.), Senior Researcher, Regional Center of Nanotechnology, Southwest State
University (94, 50 Let Oktyabrya ul., Kursk, 305040, Russia). E-mail: nborsch@mail.ru. Scopus Author ID 55975582000, RSCI
SPIN-code 6136-8418, https://orcid.org/0000-0002-8156-593X

Anastasia M. Storozhenko, Cand. Sci. (Phys.-Math.), Senior Researcher, Regional Center of Nanotechnology,
Southwest State University (94, 50 Let Oktyabrya ul., Kursk, 305040, Russia). E-mail: storogenko_s@mail.ru. Scopus Author ID
36440356800, ResearcherID D-6103-2013, RSCI SPIN-code 9559-8284, https://orcid.org/0000-0002-4995-7407

Liliya S. Ageeva, Cand. Sci. (Chem.), Researcher, Regional Center of Nanotechnology, Southwest State University
(94, 50 Let Oktyabrya ul., Kursk, 305040, Russia). E-mail: millfi@yandex.ru. Scopus Author ID 57016621700, RSCI SPIN-code
8986-8930, https://orcid.org/0000-0002-5644-3367

06 aemopax:

Mupaopood FOpuii Anexcanopoeuu, 1.X.H., BELYIIUI HAYYHBII COTPYAHUK PErMoHaNsHOrO IEHTpa HAHOTEXHOJIOTHIA,
OI'BOY BO «lOro-3anaansiii rocynapctBeHsblii yausepeuter (305040, Poccust, . Kypck, yi. 50 snet OktsiOps, 1. 94). E-mail:
yu_mirgorod@mail.ru. Scopus Author ID 87243112000, ResearcherID P-7243-2015, SPIN-kon PUHIL 7494-3982, https://orcid.
org/0000-0003-0370-2465

Bopw, Huxonaii Anexceeeuu, K.X.H., CTapIIMi HAayYHBIA COTPYAHHK PErHOHAIBHOrO LEHTPA HAHOTEXHOJIOTHH,
OI'bOY BO «lOro-3anaansiii rocynapcrBensslii yausepeurer» (305040, Poccust, r. Kypck, yi. 50 net OxtsiOps, 1. 94). E-mail:
nborsch@mail.ru. Scopus Author ID 55975582000, SPIN-xox PUHIT 6136-8418, https://orcid.org/0000-0002-8156-593X

Cmoposxkenko Anacmacust MuxaiinoeHa, x.p.-M.H., CTapiiuii HAy4HbIH COTPYIHMK PerMOHaJIBHOrO LEHTPA
HaHoTtexHosoruit, DI'bOY BO «FOro-3ananuslii rocyaapcrseHsslil yausepcuret» (305040, Poccus, 1. Kypck, yii. 50 net OkTa6ps,
1. 94). E-mail: storogenko s@mail.ru. Scopus Author ID 36440356800, ResearcherID D-6103-2013, SPIN-kox PUHIL 9559-8284,
https://orcid.org/0000-0002-4995-7407

Azeeea Aunuss CepzeeeHa, KX.H., HaydHBIIl COTPyIHHK PernoHampHOro IIEHTPa HAHOTEXHOJIOTHIA,

OI'bOY BO «lOro-3anaansiii rocynapcrBeHssiii yausepeurer» (305040, Poceus, . Kypck, yin. 50 ner Oxts10ps, 1. 94). E-mail:
millfi@yandex.ru. Scopus Author ID 57016621700, SPIN-xox PUHI 8986-8930, https://orcid.org/0000-0002-5644-3367

Hocmynuna: 13.12.2022; nonyuena nocie dopadvomku: 25.05.2023; npunama x onyonuxosanuro: 06.10.2023.
The article was submitted: December 13, 2022; approved afier reviewing: May 25, 2023; accepted for publication: October 06, 2023.

The text was submitted by the authors in English
Edited for English language and spelling by Dr. David Mossop

Toukue xumudyeckue TexHosoruu = Fine Chemical Technologies. 2023;18(5):471-481
481


mailto:yu_mirgorod@mail.ru
https://www.elibrary.ru/author_info.asp?isold=1
https://orcid.org/0000-0003-0370-2465
mailto:nborsch@mail.ru
https://orcid.org/0000-0002-8156-593X
mailto:storogenko_s@mail.ru
https://orcid.org/0000-0002-4995-7407
mailto:millfi@yandex.ru
https://orcid.org/0000-0002-5644-3367
mailto:yu_mirgorod@mail.ru
https://www.elibrary.ru/author_info.asp?isold=1
https://orcid.org/0000-0003-0370-2465
https://orcid.org/0000-0003-0370-2465
mailto:nborsch@mail.ru
https://orcid.org/0000-0002-8156-593Х
mailto:storogenko_s@mail.ru
https://orcid.org/0000-0002-4995-7407
mailto:millfi@yandex.ru
https://orcid.org/0000-0002-5644-3367

Toukue xuMmudeckue Texaosoruu = Fine Chemical Technologies. 2023;18(5):482-497

MATEMATHYECKHE METOAbI H HHPOPMAIIHOHHBIE CHCTEMBI
B XUHMHYECKOH TEXHOAOI'HH

MATHEMATICAL METHODS AND INFORMATION SYSTEMS
IN CHEMICAL TECHNOLOGY

ISSN 2410-6593 (Print), ISSN 2686-7575 (Online)
https://doi.org/ 10.32362/2410-6593-2023-18-5-482-497 [@)ey |
YK 661.71+51-74

RESEARCH ARTICLE

Principles of creating a digital twin prototype for the process
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Abstract

Objectives. To identify the principles of creating digital twins of an operating technological
unit along the example of the process of liquid-phase alkylation of benzene with propylene,
and to establish the sequence of stages of formation of a digital twin, which can be applied
to optimize oil and gas chemical production.

Methods. The chemical and technological system consisting of reactor, mixer, heat exchangers,
separator, rectification columns, and pump is considered as a complex high-level system.
Data was acquired in order to describe the functioning of the isopropylbenzene production
unit. The main parameters of the process were calculated by simulation modeling using UniSim®
Design software. A neural network model was developed and trained. The influence of various
factors of the reaction process of alkylation, separation of reaction products, and evaluation
of economic factors providing market interest of the industrial process was also considered.
The adequacy of calculations was determined by statistics methods. A microcontroller prototype
of the process was created.

Results. A predictive neural network model and its creation algorithm for the process of
benzene alkylation was developed. This model can be loaded into a microcontroller to allow
for real-time determination of the economic efficiency of plant operation and automated
optimization depending on the following factors: composition of incoming raw materials;
the technological mode of the plant; the temperature mode of the process; and the pressure
in the reactor.
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Conclusions. The model of a complex chemicotechnological system of cumene production,
created and calibrated on the basis of long-term industrial data and the results of calculations
of the output parameters, enables the parameters of the technological process of alkylation to be
calculated (yield of reaction products, energy costs, conditional profit at the output of finished
products). During the development of a hardware-software prototype, adapted to the operation
of the real plant, the principles and stages of creating a digital twin of the operating systems of
chemical technology industries were identified and formulated.

Keywords: digital twin, cumene, industrial plant, neural networks, machine learning, ESP8266
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HAYYHAS CTATbS

IpuHOUNBI CO3MAHUA MPOTOTUIIA HHM(POBOIO JBOMHUKA IPOIIECCA
AJKIWJIMPOBaHMsI O€H30/1a MPOIMJIEHOM HA OCHOBE HEMPOHHOM CeTH

K.T'. KuuaToB™, T.P. [Ipocouruna, H.C. BopoO6rseBa
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AHHOMAuus

IMenu. BbvlsieneHue NPUHYUNOE CO30AHUSL UYUPPOo8blX 080UHUKO8 peanbHo Oelicmgyrouiel
MEexXHON02UUEeCKOU YCMAHO8KU HA Npumepe Npouecca sKUOKOPasHo20 aNKUAUPO8aHUS 6eH30a
NPONUNEHOM U YCMAHOBAEHUE NOCNe008AMENbHOCMU 9MAN08 GOPMUPOSAHUSL UUPDPO8020
0goliHuKa, Komopast moxem 6bimb NpUMeHUMA 0. ONMUMU3AUUU pabomblL Heghmeaaszoxumu-
YecKozo0 NPouU3s00CmMad.

MemooOust. PaccmompeHa 8 yesiom XUMUKO-MEeXHO02UUEeCKasl CUCMeMd, COCMOsSULAs U3 peak-
mopa, cmecumens, Mmenio0OMeHHUKO8, Cenapamopa, peKmupuikayuUoHHbIX KOJOHH U Hacoca,
KAK cucmema 6blcoK020 Ypo8Hsl. BuinosHeH c60p OGHHBLX, ONUCLIEAIOULUX PYHKUUOHUPOBAHUE
YCMaHO8KU NONYUEeHUST U30NPONUNOEH30A ANKUAUPOBAHUEM OEH301a NPONUNEHOM nymem
pacuema OCHOBHbLX NAPAMEmpPo8 NPouecca ¢ NOMOULbIO UMUMAUUOHHO20 MOOEAUPOSAHUSL
C NPUMEHEHUEM CNeyUaIU3UPOBAHHO20 NpozpammHozo obecneuerHust UniSim® Design. Paspa-
6omana u obyueHa Helipocemegast MOOesb, YUUMBLEAIOUWAS SAUSHUE PA3JUUHBbIX PaAKmopos8
DPEAKUUOHHO020 NPOUECcCa ANKUNUPOBAHUS, pasldeseHust NPooYyKmo8 peaKyul U OUeHKU IKOHO-
MUUECKUX paKmopos, 0b6ecneuusarouiux PblHOUHYIO NPUBIeKamesbHOCMb pacemampueae-
M020 NPOMblUNEHHO020 npouecca. OnpedeseHa adeKeamHOCMb pe3ylbmamo8 pacuemos8
ONMUMANLHBLIX NAPAMEempo8 Nnpouecca MmemooamMu MAMEeMaAmuUeckoli. CcmamucmuKu.
Coz0ar npomomun Yugpogozo 080UHUKA NPOUECCA, Pealiu308aHHOU HO MUKPOKOHMpPOEepe.
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Principles of creating a digital twin prototype for the process of alkylation of benzene ...

Pesynemamut. Cozdara npozHocmuueckast Helipocemesgast MOOeslb U A20OPpUMM ee noCmpo-
eHust O/l npouecca AAKUNUPOBAHUSL OeH30/10 NPONUNIEHOM, NO38OASLIOWASL NPU 3az2py3Ke
ee 8 MUKPOKOHMpolep obecneuums 8 pesKume pealbH020 8pemeHU onpedeneHue 9KOHOMU-
yeckoll agpgpexmusHocmu pabomsl YCMAHOBKU U A8MOMAMUUECKYI0 ONMUMU3AUUID pabombl
YCMaHOBKU 8 3A8UCUMOCMU OM COCMA8ad NOCMYNAULE20 CblPbsl MEXHO02UUECK020 Peuma
cucmemol, memnepamypHozo pexKuma npogedeHuUs. npoyecca U 0asleHUst 8 peaKmope.

Bbteoodst. Co30aHHAsL MOO€sb CAOIKHOU XUMUKO-MEXHOI02UUECKOl CUCmeMbl Npou3go0cmea
KYMOA, OMKAAUOPOBAHHAS. HA OCHOBAHUU NPOMBLUNEHHBIX OAHHbIX OAumesibHo20 npobeza
MEexXHON02UUEeCKOll YCMAHOBKU U pe3ylbmamo8 pPAcuemo8 6blX0OHbIX Napamempos8 npouecca
npu NoMowu HeUpoHHOU cemu, pPeanus0eaHHOU HA MUKPOKOHMpOJepe, Nno380/silem pac-
cuumames napamempsbl. MexHON02UUECK020 NPouecca OaNKUAUPOBAHUS (8blx00 NpooyKmoa
peaxkyuu, sHepzemuueckue 3ampamaol, Yclo8HY npubblib Npu eblnycke 20mogoll NPOOYKUUU,).
B npouecce paspabomiku npomomuna npoZpamMmHO-GNNApamHoz0 KOMNIEKCA YnpaeieHust
YCMaHo8KOU QNKUNUPOBAHUSL BEeH30/1a NPONUNEHOM HA OCHO8e OAHHBbLX, AOANMUPOBAHHBLLX
K pabome peanvHOl YcmaHo8KU, ObLIU 8blsi8leHblL U CHOPMYAUPOBAHBL NPUHUUNDBL U 9MANbL
CO30aHUSL YUGPO8020 0BOUHUKA NPOU3SBOOCMBEHHBIX CUCMEM OMPACEll XUMUUECKOU MeXHOI02ULL.

Knroueeste cnoea: yugpposoii 080UHUK, KYMOJ, NPOMBILULEHHASL YCMAHOBKA, HEUpPOHHble cemu,
MmawuHHoe obyueHue, ESP8266
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INTRODUCTION process. Existing approaches to the selection of
the current operating parameters are based primarily
petrochemical industry is one of the on the experience of operators and process

largest sectors of the world economy. The main trends
in the development of modern petrochemistry are
aimed at increasing the capacity of petrochemical
plants and the selectivity of chemical reactions,
reducing the energy intensity of chemical technological
processes, processing of new types of raw materials,
and environmental safety of production. The key
results of these processes will be to increase the
efficiency of petrochemical productions.

The modernization and technical re-equipping
of operating plants are carried out, as a rule, on the
basis of experimental data without the appropriate
scientific study. The methods of chemical technological
processes optimization applied do not allow us
to cover comprehensively the whole range of
characteristics and factors affecting the production

engineers, thus limiting the possibility of eliminating
shortcomings associated with the human factor [1].

Currently, digital processes using artificial
intelligence technologies are being increasingly
introduced, in order to resolve urgent production
problems and improve the efficiency of industrial
enterprises. One of the most effective ways of
solving this problem today is mathematical modeling
using neural network technologies using modern
hardware and software systems.

The use of neural networks based on Big Data
provides a unique opportunity to establish the
hidden relationships of the qualitative and
quantitative characteristics of feed streams, fuel,
cooling water, and electricity consumed by cumene
with  production efficiency indicators. In the
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conditions of existing production, this enables the
potential for increasing energy saving in a short
time to be identified and the number of measures
needed to  optimize industrial  technological
processes to be significantly reduced: redistribution
of feed streams, fuel, water, and electricity [2].

At the same time, the application of intelligent
systems in the industrial sector is often implemented
with the use of cloud data storage and distributed
computing. The use of external cloud systems poses
certain difficulties and risks:

— high cost of ownership of cloud services
infrastructure;

— the possibility of unauthorized access by the
provider’s personnel due to insufficient data protection;

— temporary loss of access to information may
occur as a result of network equipment failures'.

Industrial companies are concerned about the
uninterrupted operation of all plant facilities and
services. The risks associated with the transfer
of data and calculations for the management of
existing production to external cloud resources are
a potential threat to the safety of operation of
existing fire and explosion hazardous facilities. In
this regard, embedded solutions based on industrial
controllers and supervisory control and data
acquisition (SCADA) systems are currently a fault-
tolerant alternative to external cloud services.

The basic unit of a digital intelligent system
at an industrial petrochemical enterprise is a digital
twin (DT). This is a digital (virtual) model of
industrial facilities, systems and processes of an
enterprise ~ which  accurately  reproduces  the
characteristics and actions of the original and is
synchronized with it. The DT is used to simulate
events which occur with the original under certain
conditions, significantly reducing the time and
material costs for testing complex and expensive
equipment, thus preventing possible emergencies
and ensuring the safety of existing production?.

Classification of DTs by levels of integration
with a real production facility**:

I “We risk losing data and breaking the law” — why
companies are afraid of the clouds. VC.ru. 2021. Available
from URL: https://vc.ru/promo/246963-riskuem-poteryat-
dannye-i-narushit-zakon-pochemu-kompanii-opasayutsya-
oblakov. Accessed January 5, 2022.

2 Zuykova A. What are digital twins and where are they used.
RBC. 2021. Available from URL: https:/trends.rbe.ru/trends/
industry/6107e5339a79478125166eeb. Accessed January 5, 2022.

 Prokhorov A. Digital twins. The concept is evolving.
C-News. 2018. Available from URL: https://data.cnews.ru/
articles/2018-04-18_tsifrovye_dvojniki_kontseptsiya razvi-
vaetsya. Accessed January 5, 2022.

* Digital twin technology. Future2Day. 2019. Available
from URL: https://future2day.ru/texnologiya-cifrovyx-
dvojnikov/. Accessed January 5, 2022.

— DT prototype is a virtual analogue of the
facility, including all the data for reproducing the
original object;

— DT instance is a database of all characteristics,
operational properties, and information about the
operation of a physical facility, including its three-
dimensional model and functioning in parallel
with the original;

— DT aggregate is a collected intelligent cyber
physical system including DTs and real facilities,
controlled from a single center and exchange data
with each other online.

The development of new digital technologies
has marked the arrival of the fourth industrial
revolution (Industry 4.0) [3] and the trend towards
the re-profiling of all sectors of industrial production.
Using supply chain management-marketing systems
as an example, [4] enabling technologies that
enable the transition to Industry 4.0 were identified:
advanced manufacturing, additive manufacturing,
augmented reality, simulation, cloud computing,
industrial Internet of Things (IoT), cyber security,
and Big Data analytics and customer profiling.
Among these, the most used digital technologies
are mobile and cloud computing, IoT, big data
analytics, and blockchain [5].

Digital transformation is profoundly changing
our way of living, rendering obsolete not only
products or services, but also the way in which
firms organize their business processes along with
how they create and capture value. Thereby, reinventing
a business model is mandatory for incumbents
in their attempt to survive in the changing digital
world [6].

At the same time, [7] notes that information
on available assistive technologies and trends
is scarce and limits the ability to make appropriate
decisions.

The concept of Digital Transformation itself
is multifaceted [8]. In [9], the different types
of digital transformation impacts on innovation
processes are classified, and barriers to integrating
digital competencies into traditional companies are
described. It should be noted that research on the
relationship of digital transformation to innovation
processes and innovation management is at an
embryonic stage. The concept of DT is analyzed
in [10]. It was shown that DTs of technological
processes may be used for monitoring.

The effectiveness of digitalization is clear: it
enables industry processes to be automated, a variety
of information to be stored and data analyzed. It can
also predict future incidents and system states [11].
2021 has been a year of growth in the active
involvement of global oil and gas companies in
business transformation from upstream to downstream,
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with the re-engineering of production strategies
and operating models taking the lead. Ceipek et al.
[12] conducted an analysis of a 10-year US panel
dataset showing that underperforming firms are
more willing to engage in the emerging digital
transformation, while a superior level of prior
performance make firms less inclined to engage in
such digital technologies. As a rule, the management
of large successful companies is not willing to
change and upgrade resources to include digital
technologies, because they are inert and inflexible,
and the volume of production is high. Such
companies lack incentives to adopt advanced digital
technologies [13]. Therefore, company boards of
directors are often the inhibitor of digital change
in this case. Managers also need to actively combat
myopia, inertia, or rigidities that ensue from an
established product and business logic to ensure
the exploration of cutting-edge solutions for future
product development [12]. This inertia is partly
explained by the fact that according to estimates
made by [14], 66% to 84% of digital transformation
projects fail, 13% of which is a sizable share
considering the costs, both monetary and otherwise,
of putting these projects in place.Nevertheless,
more and more business leaders have recently

begun to understand the importance of using
digital data and analytics to improve business
performance®.

Digital transformation can lead to notable

advantages for firms, such as helping to create
products and services that are more efficient and
consistent with customer needs, thus providing a
shorter innovation process and time to market, and
creating related digital ecosystems [15].

In 2002, Michael Greaves gave a lecture in
which he formulated the world’s first concept
of DTs [16].

Digital twinning in industry was first applied
in the aerospace industry [17], but the oil industry
has long wused only traditional modeling and
optimization techniques. Nowadays, in oil and gas
chemistry, the use of DTs is becoming increasingly
important [18, 19].

The classification of data from the literature
on the use of DTs of production systems has shown
that three options for their use are possible:

1) modeling the reliability of systems, the
ability to plan their maintenance by monitoring
anomalies, deformations, fatigue cracks, diagnosis
of the state of the existing physical object;

> Booth A., Patel N., Smith M. Digital transformation
in energy: Achieving escape velocity. 2020. Available from
URL: https://www.mckinsey.com/industries/oil-and-gas/
our-insights/digital-transformation-in-energy-achieving-
escape-velocity#. Accessed January 5, 2022.

2) study of system behavior at each stage of
life cycle and prediction of its characteristics by
digital simulation of physical object and control
of'its life cycle using the IoT concept;

3) optimizing the behavior of the system at
the design stage prior to the creation of the
physical object, or optimizing and predicting the
characteristics of the product life cycle based on
its past and present states [17].

In [20], information on various factors enabling
the application of DTs in industry and -creating
barriers to their implementation is systematized.
Currently, there are two approaches to describing
DTs [21]:

— a full equivalent of a cyber-physical system;

— only one, key and fundamental, component
of a cyber-physical system out of several possible
ones [22]. This also stresses the opinion that
a true DT provides an automatic bidirectional
data transfer between the digital and the physical
counterparts [23]. This distinguishes DTs from
digital models with manual information transfer
and from digital shadows, in which the collection
of information from the physical object to the
digital analogue is automatic and the reverse data
transfer is done manually [24].

The authors [25] provide information on existing
methods for designing DTs, based on data from
a real object’, or from a real physical system [26],
or a combination of these approaches, resulting
in the greatest added wvalue and functionality
of the twin.

Although Industry 4.0 proposes the use of DTs
in industry for predictive maintenance and aftermarket
analysis, there are few applications in this area.
This is due to imperfect methodology for developing
real-time DT models, limited synchronization
capabilities between the digital and physical
object [27], problems with Big Data collection and
processing, a lack of highly accurate models for
multilevel object representation, and difficulties in
implementing them in production, including due
to companies’ resistance to change. New generation
information technology [28], which provides a
continuous exchange of information between DT
and production facilities [29], can help to resolve
this problem.

There are successful examples of application
of DTs for solving problems of optimization of
industrial plants. These include the optimization of
the reactor unit of styrene production in the Tabriz
petrochemical complex using an artificial neural

¢ Steve Miller. Predictive Maintenance Using a
Digital Twin. 2019. Available from URL: https://www.
mathworks.com/company/newsletters/articles/predictive-main-
tenance-using-a-digital-twin.html. Accessed January 5, 2022.
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network and an adaptive neuro-fuzzy inference
system [30], improving the energy efficiency of
furnace equipment using a DT integrated into the
SCADA system [31] and coke formation prediction
at a catalytic cracking unit [32].

In this regard, it is thus pertinent to identify
the principles of creating a DT of the process
of liquid-phase alkylation of benzene with
propylene, a prototype of an intelligent industrial
process control system.

MATERIALS AND METHODS

Chemical process description

The method of coproduction of phenol and
acetone by oxidation of cumene obtained by gas-
phase alkylation of benzene with propylene over
AICI, catalyst, was first developed and introduced
into industrial production in the Soviet Union by
a group of chemists (P.G. Sergeev, R.Yu. Udris,
and B.D. Kruzhalov). At present in global industry,
cumene is mainly produced on zeolite catalysts
(licensors of the modern alkylation process are
such companies as BADGER’, UOP%, LUMMUS?, and
IFP'%) [33, 34]. Processes for the production of
cumene, phenol, and acetone from cumene are
constantly being improved. Various methods for
intensifying the process have been proposed, for
example by optimizing the recycle flows in the
alkylation process or introducing ozone as an
initiator in the cumene oxidation process [35].

Works are known in which the optimization
of the alkylation process was carried out by means
of traditional technological methods (carrying out
the process using a reactive distillation column
[36], the introduction of additional separation
columns [37]). Other authors have proposed ways
of intensification based on the results of
mathematical modeling using conventional approaches.
Thus, the authors of [38] applied a computer
model written in Borland Delphi and defined the
optimal parameters of the alkylation process to
increase product yield and decrease catalyst
consumption. In previous studies [39], we proposed
a model of the reactor block in Aspen® HYSYS
(Aspen Technology, Inc., USA)'", which enables the

7 Badger Licensing LLC. 2021. Available from URL:
https://www.badgerlicensing.com/. Accessed January 5, 2022.

§ UOP. 2022. Available from URL: https://uop.honey-
well.com/. Accessed January 5, 2022.

° Lummus Technology. 2022. Available from URL: https://
www.lummustechnology.com/. Accessed January 5, 2022.

10 TFP Energies nouvelles (IFPEN). 2022. Available from URL:
https://www.ifpenergiesnouvelles.com/. Accessed January 5, 2022.

' Aspen Technology, Inc. 2022. Available from URL:
https://www.aspentech.com/en. Accessed January 5, 2022.

cumene yield in the alkylator to be calculated with
sufficient accuracy and optimal parameters of the
process conditions to be selected depending on the
required productivity. At the same time, the results of
such modeling are “idealized”, since it is not possible
to take into account all the factors of real
production.  Therefore, the optimal operating
parameters calculated on the basis of such models
cannot be directly applied in real faculties and
require additional clarification. The regulation of
technological mode parameters is performed by
means of the SCADA, based on the laws of
proportional—integral-derivative regulation. However,
the main responsibility for making decisions on the
choice of operating parameters lies with operators.
This can lead to errors due to human factor,
including suboptimal process management and loss
of profit share.

Application of DTs based on neural network
modeling technologies not only allows all the
factors affecting the equipment (including hidden
ones) to be taken into account, but also plant
operation to be reproduced as accurately as possible
and continuously synchronized. As a result, it is
possible to regulate process mode parameters by
applying a new type of controllers integrated into
intelligent cyberphysical systems and automatically
to optimize plant operation online without operator
intervention. This approach is currently the first
step towards the creation of smart manufacturing,
or more correctly called intelligent manufacturing.

In [40], for the liquid-phase alkylation process,
modeling was performed using two-layer neural
networks. The optimum values were calculated
for temperature and pressure in the reactor, as well
as its length, allowing the maximum yield of
cumene to be obtained. The authors [41], simulated
the yield and selectivity of benzene alkylation
reaction products formation with propylene using
two-layer neural networks and compared the
calculated data with the experimental results with
an average relative error ranging from 3.7% to 7.7%.

However, there is no information in the
literature regarding the creation of DTs of the
process of liquid-phase alkylation of benzene with
propylene based on neural networks, in which
the output parameter is the profit of the process unit.

Creating a database of raw data

The creation of a DT of the cumene production
process implies the development of a virtual model
which enables not only the process conditions
to be reliably repoduced, but also, as a result of
continuous analysis of stream data, to regulate
the process faster than the operator can react
to the event.
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In order to develop such a virtual model of
a chemical technological process, the operation
of a complex multiparameter system must be
reproduced.

The first step in creating a DT is simulation
using data, obtained from the factory set. In order
to show the possibility of developing a model
of a DT of the process, despite the lack of data
from a real process unit, we created our own
initial database by simulating the process unit in
the Honeywell UniSim® Design'? software .

The reactor was modeled according to the
method described in [39]. In order to form a detailed
model of the alkylation reactor, 13 chemical
reactions (1 main and 12 side) were used, the
kinetic parameters of which are given in Table 1.
As part of the creation of a DT model, it was
assumed that the kinetic parameters of the
reactions were constant in the range of the selected
values of temperature and pressure.

In a continuation of studies of the alkylation
process, the reactor model was supplemented with
a separation system using commercial-grade cumene
production.

The design scheme includes three blocks:
raw materials preparation, reaction block, and
a separation system. The process equipment consisted
of a reactor for alkylation and transalkylation
reactions, two columns—atmospheric column for
extracting benzene from the reaction mass and a
vacuum column for separating a mixture of cumene
and diisopropylbenzenes, a separator for separating
off-gases, six heat exchangers, a mixer, and a pump.

Figure 1 shows a simplified scheme for the
production of cumene.

In the feed preparation wunit, the initial
benzene and propylene are mixed with recycled
diisopropylbenzenes (Dcumene) in the mixer M-I,
then heated to 60 °C. This mixture is fed to the
reaction unit, modeled on the Dbasis of the
equilibrium reactor R-1 and the separator SK-1.
From here unreacted off-gases (propane, ethane) are
released. This reactor is characterized by complete
conversion of propylene into reaction products.
The selectivity for cumene is about 99%.

The separation system is a system of columns
RC-1 and RC-2. Column RC-1 is designed to extract
benzene from the reaction mass which returns

Table 1. Kinetic parameters of the reactions of the alkylation of benzene with propylene at a temperature of 122 °C and

a pressure of 1.6 bar

Reaction Ay, ! E_, kJ/mol k, ¢!
1 2 3 4
CH,+ C,H,— i~C,H.CH(CH),), 1.58:10° 150.94 3.74:10 12
C,H,CH(CH,), + C,;H,— C,H,(CH(CH,))), 2.26:10° 128.81 1.47-10°
C,H,(CH(CH,),), + C,H,— C,H,(CH(CH,) ), 1.80-10* 140.64 5.81:10°12
CH,+CH,—n—CHCH 1.28:10° 130.41 5.53-10710
2CH,—CH, 1.97-10° 116.20 6.68:10°12
2C,H,— CH,=CH-C H, 1.65-10° 166.98 7.64:10°10
2 C,H,— CH,~CH=CH—CH, 2.92:10°¢ 141.47 2.00-10°
2C,H,— CH,=C(CH,), 3.9510° 138.86 3.13-10°%
C,H,+ CH,=CH-C,H, - C,H.CHCH,C H, 5.45-100 159.90 13310
C,H,+ CH,=C(CH,),— C,H,C(CH,), 5.65:10° 158.23 2111072
CH,+ CH=CH-C,H, - C,H,C,H, 1.42:10° 147.95 7.18:10°!
CH,+CH,—CHCH, 7.16:10° 37.40 5.15:1071°
CH,C,H,+ C,H,— CH,(CH), 2.9010¢ 129.58 1.55-10710

Note: A, is the pre-exponential factor or Arrhenius equation, £ is the activation energy for the reaction, £ is the rate constant.

12 Honeywell International Inc. 2022. Available from URL: https://honeywell.com. Accessed January 5, 2022.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2023;18(5):482-497

488


https://en.wikipedia.org/wiki/Activation_energy
https://honeywell.com

Konstantin G. Kichatov, Tatyana R. Prosochkina, Irina S. Vorobyova

?ropylene
T.

05

Off-gases

B S e

106

benzene

M-1
Polyajkylbenzenes

108

107
HE-2 )

RC-1

Fig. 1. Simplified scheme for the production of cumene:
M-1 — mixer; HE-1, HE-2 — heat exchangers; R-1 — reactor; SK-1 — separator; RC-1, RC-2 — distillation columns.

to the feed preparation unit (not shown in the diagram).
The column has 56 valve trays, the top and bottom
temperatures are 108.5 and 186.0 °C, respectively.
A mixture of cumene and Dcumene is fed into
the RC-2 vacuum separation column, where they are
separated at a column top pressure of 200 mm Hg.
Column RC-2 consists of 23 valve trays, top and
bottom temperatures are 134.0 and 189.0 °C,
respectively. From above, commercial-grade cumene
is obtained, and Dcumenes are removed from the
cube, which are sent for mixing with the initial
benzene and propylene.

The temperature (from 128 to 147 °C) and pressure
(0.15 to 0.24 MPa) of the process in the reactor,
the ratio of benzene to propylene (from 3:1 to 4:1),
corresponding to the operating ranges of the
installation under consideration were selected as
input parameters of the neural network. The output
parameter, in contrast to the works of other authors,
is the principle profit from the process.

The values of the principal profit from the
sale of cumene PP, RUR/h, were calculated
by Eq. (1), taking into account the income from
the sale of cumene and the cost of energy resources
of the installation.

PP=C-i-P-a-P,—b-P,—c-P, (1)

where C is the cumene concentration in a commercial
product, i is the amount of cumene produced, kg/h,
a is the water vapor consumption, kg/h, b is the
circulating water consumption, kg/h, ¢ is the electricity
consumption, kW/h, is the calculated data obtained
from the model. Constant values: P, is the price of
commercial cumene, accepted at 4.7825 RUR/kg,
P is the price of water vapor, accepted at 1.19 RUR/kg,
P, is the price of circulating water, accepted at
7.11 RUR/kg, P_is the price of electric power,
accepted at 2.50 RUR/kW.

The energy requirements are determined using
the UniSim® Design cumene production plant
model. Steam is used as a heat carrier in reboilers of
columns RC-1 and RC-2, heat exchangers of propylene
fraction and benzene (HE-1, HE-2), and a feed
preheater in front of the reactor. Recycled water is
used in the condensers of the columns RC-1, RC-2,
in order to reduce the temperature in the reactor
and cool the bi-Dcumenes after the column RC-2.
The P-1 pump consumes electric power.

Selection of the topology and learning algorithm
for the neural network

The data obtained as a result of modeling the
technological unit in the UniSim® Design software
was used to create a predictive neural network model
of the process. Based on the structural approach,
this enables the principal profit of the unit to be
established depending on the feedstock composition,
the temperature of the process, and the pressure in the
reactor.

We used a two-layer direct communication
network with sigmoidal transfer functions (2) of
neurons in the hidden layer:

1
1+e*

5(x) 2)

and linear transfer functions in the output layer
of neurons (Fig. 3). The choice was due to the fact
that such a neural network configuration takes
into account the non-linear effects of the original
process model. However, at the same time, the
computational complexity of the sigmoid function
allows it to be used in devices with limited
performance (embedded solutions, microcontrollers,
etc.). The two-layer network was chosen because
in the paper [41], when solving a similar problem,
reliable results were obtained.
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Fig. 3. Model of the used neural network.
b,...b, are bias terms of each perceptron, w,...w,
are weight vectors of each perceptron, » is the index,
N is the number of perceptions in model.

All data was divided into 3 groups: learning
curve (70%), training sample (15%), and data for
testing the network (15%).

The learning curve is used to train the neural
network, after which the neural network is trained
in one iteration. Then the learning curves and training
samples are mixed and the process is repeated
until the minimum value of the standard deviation
of the training sample is found. Subsequently the
neural network is tested with the calculated values
of weights and biases on the data for validation.

We used the Levenberg—Marquardt algorithm
(backpropagation algorhythm), Bayesian regularization
algorhythm and scaled conjugate gradient algorhythm in
the MATLAB® software package'® (MathWorks, USA).
The choice of the neural network training algorithm
was made by comparing the regression coefficient R.

CALCULATION OF TRANSFER FUNCTIONS
COEFFICIENTS

When creating a DT based on a neural network
model, the process of continuous receipt at the
input of the neural network model of the initial
process parameters needs to be organized (in this
case, temperature, pressure, reagent ratio) along with
their transformation into the output data of the model
(in this case, principal profit). In order to produce
the model in the form of a computational module
of the DT of the process, calculation of transfer

13 MATLAB. 2022. Available from URL: https://www.
mathworks.com/products/matlab.html Accessed January 5,
2022.

functions coefficients is required. This was performed
using a program written in Python programming
language using the NumPy!'* and Pandas'’ libraries.
When calculating the coefficients, the network
topology and the learning algorithm selected
in the previous stage in MATLAB® software were used.

RESULTS AND DISCUSSION

After modeling, we obtained a database for
creating a DT. Database includes 2100 values by
varying the input parameters (temperature, pressure
in the reactor and the benzene/propylene ratio)

in the operating ranges of the plant under
consideration. At each step, UniSim® Design

performed calculation of the entire model, the costs of
commercial-grade cumene and energy resources
were determined, and then the principal profit was
calculated.

The model created in UniSim® Design is three-
parameter. The assessment of the reliability of the
data obtained was carried out by comparing one-
factor calculations and known theoretical laws.

With a benzene/propylene ratio equal to 3:1
(Fig. 2a), an increase in the principal profit is
observed with an increase in pressure from 0.15 to
0.24 MPa and an increase in temperature from
128 to 140 °C. Fluctuations of the principal profit
values are explained by the multifactorial influence
of energy consumption in the columns of the separation
system. Increasing the temperature in the reactor
increases the process rate, but is thermodynamically
disadvantageous due to the exothermicity of the
process. Despite the increase of energy consumption
in the reactor and a decrease in the selectivity of
the target reaction, with an increase in the process
temperature, costs are compensated by reducing the
consumption of steam in the separation columns and
growth of the principal profit.

An increase in pressure leads to an increase
in the principle profit by increasing the product yield
from the reactor, reducing steam and cooling water
consumption, even though the circulating pump’s
power consumption increases.

Carrying out the process with a benzene ratio
of 4:1 (Fig. 2b) is economically unprofitable for any
combinations of temperature and pressure (negative
principal profit), since, although feeding more
benzene into the reactor leads to greater process
selectivity, the cost of benzene separation in the
K-1 column exceeds the effect of higher cumene yield.

4 NumPy. 2022. Available from URL: https://numpy.
org/. Accessed January 5, 2022.

15 Pandas. 2022. Available from URL: https://pandas.
pydata.org/. Accessed January 5, 2022.
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Fig. 2. Dependence of the principal profit on the parameters of the technological process at fixed values:
The benzene/propylene ratio = 3:1 (a), 4:1 (b), temperature in the reactor 128 °C (c), 140 °C (d),
pressure in the reactor 0.15 MPa (e), 0.24 MPa (f).

At a fixed temperature of 128 and 140 °C (Figs. 2¢
and 2d), the pressure increase does not lead to a
significant increase in the principal profit. At the
same time, increasing the amount of fed benzene
in relation to propylene significantly reduces the
principle profit due to the growth of costs of
benzene separation in the column RC-1.

At a minimum fixed pressure of 0.15 MPa (Figs. 2e
and 2f), the increase in temperature does not
significantly affect the principal profit, while at
a pressure of 0.24 MPa, a slight increase in the
principal profit is observed.

Thus, the maximum principal profit is achieved
with a minimum benzene/propylene ratio of 3:1
and temperatures and pressures of 140 °C and 0.25 MPa,
respectively. This corresponds to the known
theoretical laws.

Nevertheless, in a real process unit, the process
is not carried out at the maximum parameter limit
(due to triggering of interlocks, the need to ensure
the safety of the technological process). Within the
ranges, the influence of process parameters on the
principal profit is non-linear, therefore, the selection
of regression equations describing the process
accurately enough is extremely difficult in this case,
Optimization requires methods to be used which
describe non-periodic series with a trend other than
linear, such as neural networks.

The choice of neural network training algorithms
(Levenberg—Marquardt algorithm  (backpropagation
algorhythm), Bayesian regularization algorhythm
and scaled conjugate gradient algorhythm) was
made by comparing the regression coefficient R.
The smallest standard deviation corresponds to the
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back-propagation algorithm with 12 neurons in the
first hidden layer. In this case, the neural network
is trained for 54 epochs (Table 2, Fig. 4).

The program allows for the continuous refinement
of the transfer functions coefficients, while taking
into account the possible arrival of new initial data
from production plants (Table 3).

Development of the DT prototype

We chose the ESP8266 microcontroller developed
by Espressif Systems (Chine) as a prototype of an
industrial ACS (automatic control system) controller
with an implemented DT: one of the leaders in the
development of hardware solutions for the IoT.

The advantages of ESP8266 as a model tool
in comparison with other microcontrollers are:
prevalence, low price, standard programming
language “C”, open-source program code, libraries,
availability of sensor expansion boards, input-
output devices, availability of standard input-output
ports (with 12C, SPI, UART, GPIO interfaces), an
analog-to-digital converter, which allows for data
acquisition and demonstration platform processing,

Table 2. Results of neural network modeling

as well as easy integration with industrial
controllers. Also, the microcontroller has sufficient
computing and communication capabilities for it
to be used in solutions for the IoT (single-core 32-bit
LX6 microprocessor, up to 160 MHz, program
memory 4 MB, ROM 24 MB, RAM 32 KB,
WiFi module) [43], [44].

This device is programable using specialized
software: compiler, linker, and programmer. We used
the PlatformIO integrated development environment
to create a program [45] to calculate the principal
profit of the production unit based on technological
parameters. The program was loaded into a
microcontroller which will independently receive the
initial data from the sensors and produce the result.

Thus, we were able to create a prototype of
a DT based on a microcontroller, allowing for the
operation of a cumene production unit to be simulated
and the process mode optimized. When training
a neural network based on data from a real operating
plant, the neural network can automatically take into
account the specific features of the technological
process.

Algorithm
Backpropagation Bayesian regularization Scalable conjugate gradients
Number
of neurons " 7 = - 7 = - 7 =
in the hidden | 5 < T = S 5= T = S 5 = T = S
2 8 & = 2 o = g Cl= 2 o = 8 = 2 o
layer Es | B8 g = E 2 T R E 2 ] R
2w | 28 B =r= g3 G == 23 S
Zo » = §> Zc @ T §> Zc P T §>
2] D D
= = =
1 24 1.37 0.9905 48 0.92 0.9926 57 0.76 0.9934
2 94 0.18 0.9986 50 0.12 0.9991 63 0.72 0.9935
3 71 0.23 0.9982 170 0.18 0.9985 200 0.23 0.9982
4 18 0.20 0.9985 72 0.31 0.9976 112 0.55 0.9958
5 45 0.18 0.9986 240 0.11 0.9991 79 0.10 0.9991
6 22 0.36 0.9972 126 0.20 0.9985 66 0.15 0.9989
7 50 0.43 0.9969 258 0.19 0.9986 84 0.36 0.9972
8 17 0.09 0.9993 538 0.31 0.9975 140 0.38 0.9970
9 27 0.37 0.9972 684 0.29 0.9976 62 0.73 0.9940
10 20 0.07 0.9995 673 0.18 0.9985 191 0.42 0.9969
11 43 0.29 0.9977 323 0.08 0.9994 48 1.70 0.9886
12 54 0.03 0.9998 353 0.17 0.9986 235 0.17 0.9986
13 80 0.06 0.9995 1000 0.48 0.9963 211 0.21 0.9982
14 48 0.31 0.9975 1000 0.35 0.9973 222 0.76 0.9940
15 13 0.05 0.9997 803 0.17 0.9985 240 0.27 0.9980

Note: MSE is a mean squared error.
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Fig. 4. The results of the selection of the neural network configuration:
(a) on the learning curve (70% of the data), (b) on the test set (15% of the data), (c) on the control sample
(15% of the data), (d) on all the data (100% of the data). Target is the target value of the principal profit,
Data is the calculated points, Fit is the result of the neural network, Y = T (Output = Target) is the perfect match line.

Table 3. Coefficients of the transfer function of the neural network

First hidden layer Second hidden layer
Coefficients Coefficients
Neuron number Neuron number

b w, w, w, b w
1 2.388 —1.982 —1.258 0.410 —0.020
2 —2.198 1.085 —-1.129 -2.321 0.027
3 —1.643 0.623 —0.400 0.549 —1.196
4 2.214 —2.470 0.227 —0.473 —-0.027
5 0.186 —0.254 0.028 —1.003 0.223
6 0.168 0.531 0.207 -0.315 0.547

1 —-0.381

7 0.338 1.550 -1.577 —1.462 0.023
8 —1.475 -0.512 —0.040 —0.480 0.905
9 1.997 0.659 -2.912 0.074 —0.009
10 1.417 0.409 —0.742 —0.903 0.186
11 —1.433 —1.565 —2.107 1.744 —-0.010
12 —2.498 —1.126 —-0.720 1.040 —0.145

Note: bis the bias term of each perceptron, w,, w,, w,, w are weight vectors of each perceptron.
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Based on the prototype, it is planned to create
simulators for training production personnel, as well
as integrated solutions for optimizing the operation
of process units.

The production of cumene is large-scale, so the
implementation of the results of this work in terms
of the use of new digital technologies may be
associated with certain difficulties due to lack of
motivation, inertia and lack of obvious need to
change the technological base.

Also the promotion of DTs in industry is
strongly influenced by the shortage of integrated
circuits and financial crises, during which the
management seeks to maintain production, while
avoiding risks associated with the introduction of
innovative technologies and approaches in production.
An important factor when creating DTs based
on big data from manufacturing, is that the data
generated must be professionally and efficiently
processed and filtered for subsequent analysis;
otherwise the results will be unreliable. There may
also be uncertainties associated with errors in
the operation of instrumentation, controllers, and
actuators of the control system. A partial solution
of this problem may be the involvement of a group
of qualified specialists, consisting of programmers,
technologists, and  scientists  for  screening,
classifying and filtering the meaningful data from
the database.

A DT obtained using big data, based on
a simulation model, cannot in principle take into
account all the factors which impact a real plant.
Therefore, the DT obtained in this way must be
adapted to each specific industrial plant, training it
further on data from a real plant.

Our proposed DT prototype can be used in
the future to create simulators, useful for training
personnel of cumene production.

Further research will be directed towards the
creation of an aggregated cumene production twin.
This is a cyberphysical system and is characterized
by a continuous two-way data exchange with real
plants [44]. Data exchange within a cyberphysical
system can be organized using a blockchain platform
which can serve as a data management tool within
the company. With the ever-increasing need for
connectedness and security, especially in the
petrochemical industry, blockchain may provide the
backbone of the manufacturing future [45].

DT creation principles

Based on our research, using the example of
the process of liquid-phase alkylation of benzene
with propylene, we established the following stages
in creating a DT, also applicable for any petrochemical
process:

1. The formation of database of information
about the functioning of a technological object,
which can be performed in two ways:

— collection of process parameters by processing
mode sheets of production operators, or collecting
data directly from SCADA of a technological facility;

— calculation of the basis process parameters
(pressure, temperature, reaction time, reflux ratio,
energy consumption, etc.) by modeling the process
using specialized software.

2. Defining the preferred algorithm for training
a neural network model and calculation of its basic
parameters (number of neurons and layers, types of
transfer functions, etc.).

3. Assessment of the adequacy of the chosen
neural network model using statistical methods criteria.

4. Calculation of the parameters of transfer
functions required to predict the optimal parameters
of technological modes of production facilities.

5. Selection of an intelligent system (IC) for
industrial process control: a prototype of a DT,
taking into account the scope and parameters of the
application.

6. Programming of an intelligent industrial
process control system, testing, pilot tests at an
industrial plant.

7. Performing stages 1-6 for all technological
objects and production processes.

8. Creation of an aggregated production twinon,
including the developed DTs of related technological
objects and their continuous data exchange with
real installations, in order to clarify the functioning
parameters.

Aggregated production twin
(cyberphysical system)

Fig. 5. Cyberphysical system creation algorithm.

CONCLUSIONS

The process of liquid-phase alkylation of
benzene with propylene is one of the main large-
scale petrochemical processes. At the same time,
there is a need to create a cyber-physical system
to control and continuously optimize production.
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In this article we demonstrated an algorithm aimed
at developing a digital production twin as the first
step in creating a cyber-physical system. Using the
results of the UniSim® Design simulation of the real
plant a set of technological data was created and
a neural network was built. This allows the
economically optimal technological mode of the
plant to be defined in online mode. In the process of
forming the neural network. the principles of creating
a digital duplicate of the process were established,
and a prototype of the intelligent process control
system was developed.

Given the importance of digital transformation,
including the application of DTs and cyber-physical
systems in industrial enterprises, the methodology
developed to create a DT for the production of
cumene by alkylation of benzene with propylene
is also significant. The paper systematizes the
principles of creating a DT production, as a
comprehensive expert system of predictive analysis
of production processes.

The practical application of the results of our
study is to create a prototype of a DT based on
a microcontroller for cumene production unit.
A microcontroller control program based on neural
network technology was created to enable online
optimization of technological mode parameters to be
carried out under continuous conditions.
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