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MOH Vxkpainu, Kuis, 2024.

Hucepramiitna poboTa MPHUCBAYEHA BUPIIMIEHHIO EKOJIOTIYHUX  TpoOseM
3MEHILIEHHS KUIBKOCTI BIAXOAIB, IO YTBOPIOIOTHCS B pE3yJbTaTl BUKOPUCTAHHS
KOMEPIIIHHUX 3BOPOTHOOCMOTHYHHUX MEMOpDaHHUX €JIEMEHTIB, a TaKOX HaJaHHs
(1310JI0T14HOT MOBHOLIHHOCTI MUTHIA BOJI, IO OyJla OoAepKaHa MICisA MPOXOKEHHS
yepes Takl eJIEMEHTH.

Metoro pobOTH € JOCHIDKEHHS TMPOIECIB pereHeparii  BiAMpalbOBaHUX
KOMEPUINHUX 3BOPOTHOOCMOTHYHMX MEMOpPAHHHMX €JIEMEHTIB Ta iX MoAuQIiKaiii s
HAJaHHS 3a7aHOi CEJIEKTUBHOCTI Uil TOJAIBIIOrO BUKOPUCTAaHHS B YCTaHOBKAax
BUPOOHMIITBA O0€3MEYHOI (P1310710TTYHO MOBHOLIHHOT MTUTHOI BOJIH.

B nepmomy po3auii poGOTH pO3IISTHYTO €KOJOT14HI MPOOJeMH, 1110 BUHUKAIOTh
Ipy BUKOPUCTAaHHI METOAY 3BOPOTHOTO OCMOCY, a CaMe€ YTBOPEHHS IJIACTUKOBUX
BIJIXO/[IB Ta OJICp>KAHHSI OYHUIIIEHOT BOJAM, 110 HE BIAMOBIA€ BUMOraM J0 (Pi310J0T14HOI
noBHOIIHHOCTI. [loka3aHo, 1O NIISXOM JO BUPIMIEHHS ITUX TpoOJIeM Moxe OyTu
BUKOPUCTAHHS PETEeHEPOBAHUX Ta XIMIYHO MOJU(DIKOBAaHUX 3BOPOTHOOCMOTHYHHUX
€JIEMEHTIB.

[Ipu awnamizi niTepaTypHUX JPKEpea BCTAHOBJIEHO, IO HA CHOTOJHI TEPMIH
eKCIUTyaTallli KOMepIIMHIX MEMOpaHHUX €JIEMEHTIB cKiiajae 6-12 MicsIiB, MCHs YOTro
BOHH MEPETBOPIOIOTHCS HA IUIACTHUKOBI BIAXOAW Ta HAMPABIAIOTHCS HA CMITTE3BAIUIIA.
Hapeneno indopmariro om0 KiTbKOCTI TaKMX BIAXOAIB Ta TEMIIB ii IOPIYHOIO
3poctanHs. OCHOBHa yBara MpuU/iJieHa MPUYWHAM YTBOPEHHs BIIXOMIB Ta METOJaM

MMOAOBKCHHA JKUTTEBOTO IHUKITY MeM6paHHI/IX €JIEMEHTIB. BCTaHOBHeHO, mo A



BUpIIICHHS JaHOI Npo0JjeMu, OAHUM 3 HaledEeKTUBHIIIMX pIIIeHh € TOBTOPHE
BUKOPHCTAHHS BIJNpPallbOBAaHUX MEMOpAaHHUX E€JEMEHTIB, 110 OyJH BiIpereHepoBaHi
Ta/ab60 MoaM(DiIKOBaHI MIJIAXOM 0OOPOOKHU PO3YNHOM aKTUBHOTO XJIOPY JJIsI 3MEHILICHHS 1X
CEJIEKTUBHOCTI.

[lutHa BoOma, ojepkaHa B peE3yibTaTi BHUKOPUCTAHHS 3BOPOTHOOCMOTHYHOTO
METOJy, € a0COIMIOTHO O€3MeyHOI0, MPOTE HE BIANMOBIIAE BUMOraM Ji0 (Pi3i0J0Ti4HOT
IOBHOLIIHHOCTI, a caMe: CONEeBMIicT Mac Oytm He MeHmmM 3a 100 mr/am>, 3aranbHa
KOPCTKICTH - He MeHme 1 wmmons/mm’. JIOCATHEHHS LUX MOKAa3HUKIB 3a3BUYail
3MIIMHIOETHCS HA OKPEMIN CTaiil MUIIXOM JOMiHepali3allii 3BOPOTHOOCMOTUYHOI BOJU
PI3HMMH METOJIAMH, 1110 MAIOTh MTEBHI HeAOIKH. [lokazaHo, 10 palioHaJTbHUM PIIIEHHSIM
MOXe  OyTM  BUKOPUCTaHHS  OJIHOCTYNIEHEBOi  MeMOpaHHOi  CHUCTEMH 3
3BOPOTHOOCMOTHYHUMHU €JIEMEHTaMH 13 3aJaHOI0 CEJIEKTUBHICTIO MJi1 BUPOOHUIITBA
MATHOI BOJAM, sika O BIJIMOBiajla BCIM HOPMAaTUBHUM BHUMOTaM, SIK 1100 O€3MeKH, TaK 1

111010 (h1310JI0T1YHOT TOBHOILIIHHOCTI.

B npyromy po3aim gucepTariiifiHoi poOOTH HaBeaeHa iH(OpMaIlis 1moa0 00’ €KTIB
JOCTiKeHb, a caMeé HOBHX Ta BIANPallbOBAaHWX 3BOPOTHOOCMOTHYHHUX €JIEMEHTax
KoMepiiiHoTo psay. HaBemeHo MeTOAWKY BH3HAYEHHS CTapTOBUX XapaKTEPUCTHUK
3BOPOTHOOCMOTHYHHMX MeMOpaHHUX eyeMeHTiB. [lpeacrtaBieHo o0OpaHuil pexuM
pereHepaiiii BiANpabOBaHUX 3BOPOTHOOCMOTHYHUX MEMOPAHHUX EJIEMEHTIB ILJISIXOM
MOCJIIJIOBHOT OOpOOKHM JIy’KHUM, KHUCJIOTHUM Ta OKHUCHUM peareHTamu. OmnucaHi
METOJMKHU TPOBEACHHS Tpoiiecy MoAudiKaiii 3BOPOTHOOCMOTHYHUX MEMOpPaHHUX
€JIEMEHTIB Ta BU3HAYEHHS 3MIH iX poOOYMX XapaKTePUCTUK MiJ J1€0 Pi3HUX (HAaKTOPIB, a
came COJIEBMICTY BUX1JHOT BOJIM, TEMIIEpATypH Ta poOOUOTO THCKY.

JIJist OLIHKK 3MIH BJIACTUBOCTEN MOBEPXHI MEMOpPAHHOTO MOJIOTHA B pe3yJbTaTi
Moaudikaiii OyJld BUKOPUCTaHI METOAM 1H(PPaYEepBOHOI CHEKTPOCKOMIi, CKAHYIOUOl
CJIEKTPOHHOT MIKPOCKOITi1, OI[IHKU T1APO(UIBHOCTI MIJITXOM BUMIPIOBAHHS KOHTAKTHOTO
KyTa 3MOYYBaHHS, BUMIPIOBaHHS J3€Ta-NMOTEHIlally Ta BU3HAYEHHS pO3MIpY TOp
MeMOpaHH.

HaBeneHo yMoBHM NpOBEJIEHHS NIJIOTHUX BUIPOOYBaHb MPOLECY OYMILEHHS
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BOJONPOBIAHOT BoAM M. KueBa Ha KOMEpLIMHIA YCTaHOBIII 3BOPOTHOTO OCMOCY 3
BUKOPHCTAaHHSM HOBOTO, PETEHEPOBAHOTO, HOBOTO MOAM(IKOBAHOTO Ta PETCHEPOBAHOTO

MO (DIKOBAHOTO MEMOpPAHHUX €JIEMEHTIB.

B TperpboMy po3aini HaBeAEHI pe3yNbTaTH EKCIEPUMEHTAIBHUX OCIHIHKEHb
IpOLECY pereHepanii BIANPALOBAHUX MEMOpPAHHUX EJIEMEHTIB, a TaKO0X IpOILECy
Mou(DikaIlii HOBUX Ta pEreHEePOBaHUX 3BOPOTHOOCMOTUYHUX MEMOpPAHHUX €JIEMEHTIB.

B poznim 3.1 noBeneHa eEKTUBHICTh 0OpPAHOTO PEXKUMY MPOBEACHHS MPOIECY
perenepaiiii 3a fonomororo gororpadiii, Mikpodororpadiii, [Y-criekTpiB Ta BUSHAUCHHS
XIMIYHOTO CKjJaay (QOyJIiHIY Ha T[OBEpPXHI BIAIPALbOBAHUX Ta PEreHEPOBAHHUX
MeMOpaHHUX eJieMEHTIB. BCTaHOBJIEHI TrpaHWYHI BUMOTH IO CTYIICHIO 3a0pyAHEHHS
BIJIIPAllbOBAHUX 3BOPOTHOOCMOTUYHUX MEMOpaHHUX €JEMEHTIB, 3a SKUX [pHU
MPOBEJICHHI pereHeparii 311MCHUMO BIJHOBJIEHHS iX BJIACTUBOCTEW Yy TMOBHIN Mipi.
Pesynpraty mnioTHUX BUIPOOyBaHb MPOLIECY OYHUIIEHHS BOJONPOBIAHOI BOJAU 3
BUKOPHUCTAHHAM pPETEHEPOBAHOTO Ta HOBOTO MEMOpaHHHX €JIEMEHTIB BUSBHIUCH
MOBHICTIO CIIBIa/Ial0uUMHU.

B po3auti 3.2 HaBeIEHO MOPIBHSAHHSA PI3HUX PEKUMIB Mpolecy Moauikarii
3BOPOTHOOCMOTHYHHMX MEMOpaHHUX €JIEMEHTIB Ta BCTAHOBJIEHO palllOHAJbHI YMOBU
roro mpoBeneHHsa. s onmepkKaHHS ~ €JIEMEHTIB 3  PI3HOIO  CEJIGKTHUBHICTIO
BUKOPHCTOBYBAJIM PEXUMH 3 OJTHAKOBUM HAaCOM €KCITO3HUIIIi Ta P13HOI KOHUEHTPALIE0
aKTUBHOTO XJIOpY. BecTaHoBEHO, 1110 00paHi peKUMU € aKTyalbHUMU SK JIJIs1 HOBHX, TaK
1 JUIS pereHepoBaHUX MEMOpaHHUX €JIeMEHTIB. BcTaHOBJIeHI BHMOTM J0O 3aJIaHOi
CEJICKTUBHOCTI MEMOpAHHUX €JIEMEHTIB JJ1s1 Ofiep>KaHHs (1310JI0TTYHO TOBHOILIIHHOT BOAM
B 3aJIC)KHOCTI BiJ] COJIEBMICTY BUX1AHO1 Boau. Tak, Al KUIBChbKOI BOJONPOBIAHOT BOJIU 3
cepeadiM coneBmictom 300 MT/IM>  CeJIeKTHBHICTh MOIU(DIKOBAaHUX MeMOpaHHUX
€JIEMEHTIB HE MOBUHHA nepeBulyBatu 60 %.

JlocikeHo BITUB OCHOBHHUX pOOOYHMX MapaMeTpiB (CONEBMICTY, TEMIIEpaTypH Ta
TUCKY) Ha XapaKTePUCTUKHU MOIU(DIKOBAaHUX MEMOpPaHHUX eJIeMEHTIB. BcTaHOBIEHO, 1110
31 3pOCTaHHSM COJIEBMICTY BHXIAHOi BOJM 3MEHUIYEThCS CEJIEKTUBHICTH Ta

MPOAYKTUBHICTE  MOJU(IKOBAHUX  MEMOpPaHHUX  €JIEMEHTIB. 31 3MEHIICHHSIM



TeMIEpaTypyu 3pOCTAa€ CEJIICEKTUBHICT MEMOpPAaHHMX €JIEMEHTIB Ta BIJ0YBa€ThCA
3HIDKEHHS X MPOIYKTHUBHOCTI. 31 3pOCTaHHSIM THCKY 3011bIIYETHCS TPOAYKTUBHICTD Ta
CEJICKTUBHICTh MOJIU(IKOBAaHUX MEMOpPaAHHUX €JIEMEHTIB.

Pe3ynpTatn BUBUYEHHS BIUIMBY Mpoliecy Moaudikaiii Ha BIACTUBOCTI MOBEPXHI
MOJIIaMiTHOTO MEMOpPaHHOTO TOJOTHA JTOBEJH, 110 MOBEPXHS CTa€ OUIBII IJIaJKOI0 Ta
TiZipodinbHOIO, @ TAKOK HEMATUBHO 3apAIKEHOI0, po3Mip mop 3poctae 3 4,04 1o 4,50 A.
HoBeneno, mo 3MiHa (I3UKO-XIMIYHUX BJIACTUBOCTEH MOBEPXHI MOAM(IKOBAHOT
MeMOpaHH MPU3BOIUTH J0 3MEHIICHHS YTBOPEHHS (OYIIHTY Ha ii MOBEPXHI B Mpoleci

O4YHUIIICHHA BOJH.

B derBepromy po3nuil MpoaHaNi30BAaHO EKOJIOT1YHI HACHIAKA Ta OILIIHEHO
C€KOHOMIYHY JIOIJIHICTh TMPOBEJEHHS TIPOLIECYy pereHeparlii  BiANparbOBaHUX
KOMEPLINHUX 3BOPOTHOOCMOTUYHUX €JIEMEHTIB.

Po3paxoBaHO 3a METOOMKOIO BHUTpAT MaTepialiB Ha OJUHUIIO0 MPOIYKIII Ta
Koe(DIIiEHTIB IHTEHCUBHOCTI MacH, 110 MPOBEJEHHS MPOLIECY pereHepailii, a BHaCI1J0K
IILOTO TIOJIOBXKECHHS JKUTTEBOTO ITUKIY KOMEPIIMHMX MEMOpPAaHHHX CJIIEMEHTIB, MOXKE
MIPU3BECTH HE JIMIIE JI0 3MEHIIICHHS KIJTbKOCTI IJTACTUKOBUX BIJIXO/IB, a 1 10 3MCHIIICHHS
KUIBKOCTI MaTepialliB, M0 HE BWIyYalOTbCA Ta HE 3a0pyJHIOIOTh HABKOJIMIIIHE
CepeIOBHIIIE.

PospaxoBana  BapTicThb  pereHepoBaHMX  MEMOpaHHMX  €JIEMEHTIB  Ta

MPOJIEMOHCTPOBAHA MOKJIMBICTh 3HAYHOI €KOHOMI1 MPU 1X BUKOPUCTAHHI 3aMICTh HOBHX.

HaykoBa HOBH3Ha poOOTH TOJIATAE B HACTYITHOMY::

- BcraHoBneHi TpaHWYHI BUMOTH IO CTYIEHIO 3a0pyJIHEHHS BiAMpPaIibOBAHUX
3BOPOTHOOCMOTHYHHX MEMOPAHHHUX €JIEMEHTIB KOMEPIIIHHOTO PSAITY, 32 JOTPUMYBaHHS
AKUX TPU TPOBEACHHI pereHepariii 3MIMCHUMO TMPAKTUYHO TOBHE BIIHOBICHHS iX
BJIACTUBOCTEM.

- Bnepuie BcTaHoBieHO (aKT Ta XapakTep 3MIHM CTPYKTYpPHHUX, XIMIYHUX Ta

(b13UKO-XIMIYHUX BJIACTUBOCTEH TOJIIaMiIHOTO MEMOPaHHOTO TOJOTHA Tij] BITMBOM
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MOJU(DIKYIOUUX areHTiB, 0 MPUBOAUTH JI0 3HWIKEHHS CXWIBHOCTI MEMOpaHHHUX
€JIEMEHTIB JI0 YTBOPEHHS (POYIIIHTY B MPOILIECI OUUIIICHHS BOIH.

[IpakTUyHa 3HAYUMICTH pOOOTHU MOJIATAE B TOMY, III0 OTPMMaHI €KCIIEpUMEHTAJbHI
pe3yNnbTaTH JOCHIKeHb MOXYTh OYTH BHUKOPHUCTaHI TpU peamizaiii MpoleciB
perenepariii BiAIpabOBaHUX 3BOPOTHOOCMOTHYHUX €JIEMEHTIB Ta 1X Momudikartii s
BUKOPUCTAHHA B KOMEpLIMHMX YCTaHOBKAaX OTpUMaHHA aOCOJIOTHO Oe3neyHol
(1310J10T14HO TOBHOIIIHHOT BOJH.

Po3po06ieHi MeTOMMKKM BUKOPUCTaHI ISl BIPOBAKEHHS Ja00paTopHOi poOOTH
«Bu3HaueHHs TOKA3HUKIB SKOCTI MEeMOpaHHMX €JIEMEHTIB» 3 JucHUILIiHKu «CydacHi
METOAM BOJAOIMIJTOTOBKM Ta BOJOOYMILEHHS» IJIsl OCBITHBO-NIPOQECIHHOI Mporpamu
Jpyroro (MaricTepchbKoro) piBHSA MpogeciHHOro CIpsAMYBaHHS 3a CHeIlalbHICTIO 161
«XiMIYHI TEXHOJIOT1i Ta I1H)XXEHepisH», M0 MATBEPKEHO aKTOM BIIPOBA/KEHHS B
HaBYaJIbHUM MPOILIEC.

Pesynbrati AOCHIIPKEHb MAalOTh TMEPCIEKTUBU 3aCTOCYBaHHS Yy BUPOOHUYUX
Ipolecax JJis 31IMCHEHHS BX1JTHOTO KOHTPOJIIO SIKOCTI BIAIIPAl[bOBAaHUX, PET€HEPOBAHUX
Ta MOJU(DIKOBAHUX 3BOPOTHOOCMOTHYHUX MEMOpPAHHUX €JIEMEHTIB KOMEPIIIHOTO PsiTy
Ta MPOLECIB iX pereHepaii Ta Moau(iKyBaHHs, 0 NIATBEPIKEHO aKTOM BIPOBAIKEHHS

TOB «HBO «Ekocod».

Knrouoei cnosa: membpanu, pecenepayis, moougikayis, ovuwerHs 600U, Qizuxo-
XIMIYHI 81ACMUBOCMI, BUOANICHHS, OKUCLEHHS, YMULI3AYisl, CeNeKMUBHICMb, BUOAICHHS

3aniza, AKICMb NUMHOI 800U, 360POMHULL OCMOC, nepmeam, NPOOYKMUBHICNY,.

Cnucok nyonixayiti 3000y8aya HACHYNHI.

Cmammi.

Tyvonenko A., Mitchenko T., Vasilyuk S. Environmental problems caused by the
use of reverse osmosis membrane elements, and ways to solve them. Water and water
purification technologies. scientific and technical news. 2022. Vol. 32, no. 1. P. 33-42.
URL: https://doi.org/10.20535/2218-930012022259491. HaykoBe ¢{axoBe BuIaHHS

VYkpainu kateropii b.
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https://doi.org/10.20535/2218-930012022259491
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Production of physiologically complete drinking water using modified reverse
osmosis membrane elements/ A. Tyvonenko et al. Eastern-European journal of
enterprise technologies. 2023. Vol. 2, no. 10 (122). P. 6-13.
URL: https://doi.org/10.15587/1729-4061.2023.277491. Kypnan IUTY€ETHCS

HayKOMeTpHU4HUMU 6a3zamu qaHux Scopus i Web of Science. 3a nanumu SClmago Journal
and Country Rank Ha MoMeHT myOJikailii HaJIeKuTh 0 KBapTuiig Q3.
Recovery of the properties of spent commercial reverse osmosis membrane

elements and ways of their reuse / A. Tyvonenko et al. Journal of ecological engineering.

2024. Vol. 25, no. 6. P. 322-333. URL: https://doi.org/10.12911/22998993/187957 (date

of access: 01.12.2024). )KypHan HuTyeThCSI HAYKOMETPUYHUMH Oa3aMu JaHUX Scopus 1
Web of Science. 3a nanumu SCImago Journal and Country Rank Ha MoMeHnT myOuikariii
HaJICKUTh 10 KBapTwia Q2.

Tes3u oonosioeil.:

Comparison of characteristics of reverse osmosis spiral wound membrane elements
with different types of membrane sheets/ A.Tyvonenko et al. 48th international
conference of the slovak society of chemical engineering SSCHE 2022 and membrane
conference PERMEA 2022 : International Conference, High Tatras, 23 May 2022. High
Tatras, 2022. P. 251-252.

Exonoriynuit aHaniz pUHKY 3BOPOTHOOCMOTHYHHX PYJIOHHUX MEMOpPaHHHUX
enemeHTiB / A. TuBoHenko ta iH. XX Midxcnapoona naykoeo-npakmuuna KoH@pepenyis
“Pecypcu npupooHux 600 Kapnamcvbko2o peciony” Ilpobremu oxopoHu ma
payionanvro2o suxopucmanus : Mixkaap. koud., M. JIbBiB, 26 tpas. 2022 p. JIbBiB, 2022.
C. 193-194.

Tyvonenko A. V., Mitchenko T. Ye., Vasiluk S. L. Obtaining membranes with
specified properties using methods of chemical modification on reverse osmosis
membranes. 21 TH International Scientific-Practical Conference “Resources of natural
waters in Carpathian region” Problems of protection and rational exploitation :
International Conference, Lviv, 25 May 2023. Lviv, 2023. P. 94-95.

Tusonenko A. B., Mituenko T. €., Bacumtok C. JI. Otpumansas moaungikoBaHUX

3BOPOTHOOCMOTHYHHX MEMOpaHHUX €JIEMEHTIB 3 3aJIaHOI0
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CEJICKTUBHICTIO. Midichapoona KoHpepenyia 3 Ximii, XimMiuHOI mexHon02ii ma exonoeaii,
npucesuenin 125-pivuro KIII im. 1. cikopcvrozo : Mixnap. koH®., M. KuiB, 29 Bepec.
2023 p. Kuis, 2023. C. 227-229.

Hmixrep O. L., TuBoHeHko A. B., Kocorina I. B. MonudikyBaHHs
3BOPOTHOOCMOTHYHUX MeMOpaH g OTpuMaHHS  (i3i0JOTIYHO  MOBHOIIHHOI
BoJU. Midicnapoona kongepenyis 3 Ximii, XiMiuHOI mexXHOo02ii ma eKo02ii, npucesyeHii
125-piuyro KIII im. 1. cikopcvkoeo : Mixkuap. koHb., M. Kuis, 29 Bepec. 2023 p. Kuis,
2023. C. 231-232.

Particularity of obtaining the physiologically complete drinking water by using
membrane methods / A. V. Tyvonenko et al. 7th international research and practical
conference «chemical technology: science, economy and productiony : International
Conference, Shostka, 22 November 2023. Cymu, 2023. P. 86—89.

IBanoBa T., TuBoHeHko A. Perenepariss  BIAIpalbOBaHUX  KOMEPLIMHHUX
3BOPOTHOOCMOTHYHHUX MEMOpaHHUX elieMeHTiB. Mamepianu XXII  Mixcuapoonoi
HAayKoB8o-npakmu4noi koughepenyii “Pecypcu npupoonux 600 xapnamcvkoco peliony’”
IIpobnemu oxoponu ma payionanvHoco eukopucmauts : MixHap. KoH®., M. JIbBiB,

23 tpas. 2024 p. Jbsis, 2024. C. 293-297.



ANNOTATION

Tyvonenko A.V. Ecologization of reverse osmosis processes. - Qualifying
scientific work on the rights of manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 161 “Chemical
Technology and Engineering.” - National Technical University of Ukraine “Igor Sikorsky
Kyiv Polytechnic Institute”, Ministry of Education and Science of Ukraine, Kyiv, 2024.

The dissertation is devoted to solving environmental problems of reducing the
amount of waste generated by the use of commercial reverse osmosis membrane
elements, as well as providing physiological completeness to drinking water obtained
after passing through such elements.

The aim of the work is to study the processes of regeneration of end-of-life
commercial reverse osmosis membrane elements and their modification to provide a
given selectivity for further use in plants for the production of safe physiologically

complete drinking water.

The first chapter of the paper discusses the environmental problems that arise when
using the reverse osmosis method, namely the generation of plastic waste and the
production of purified water that does not meet the requirements for physiological
completeness. It is shown that the use of regenerated and chemically modified reverse
osmosis elements can be a way to solve these problems.

The analysis of literature sources has established that today the service life of
commercial membrane elements is 6-12 months, after which they turn into plastic waste
and are sent to landfills. The article provides information on the amount of such waste
and its annual growth rate. The main attention is paid to the causes of waste generation
and methods of extending the life cycle of membrane elements. It has been established
that to solve this problem, one of the most effective solutions is the reuse of end-of-life
membrane elements that have been regenerated and/or modified by treatment with an

active chlorine solution to reduce their selectivity.
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Drinking water obtained by using the reverse osmosis method is absolutely safe,
but does not meet the requirements for physiological completeness, namely: the salt
concentration should be at least 100 mg/dm?, and the total hardness should be at least 1
mmol/dm3. These indicators are usually achieved at a separate stage by additional
mineralization of reverse osmosis water by various methods that have certain
disadvantages. It is shown that a rational solution may be the use of a single-stage
membrane system with reverse osmosis elements with a given selectivity for the
production of drinking water that would meet all regulatory requirements, both in terms

of safety and physiological value.

The second chapter of the dissertation provides information on the objects of
research, namely new and used reverse osmosis elements of the commercial series. The
methodology for determining the initial characteristics of reverse osmosis membrane
elements is presented. The chosen regime of regeneration of spent reverse osmosis
membrane elements by sequential treatment with alkaline, acidic and oxidizing reagents
i1s presented. The methods of modifying the process of reverse osmosis membrane
elements and determining changes in their characteristics under the influence of various
factors, namely the salt content of the input water, temperature, and operating pressure,
are described.

To evaluate changes in the surface properties of the membrane sheet as a result of
the modification, the methods of infrared spectroscopy, scanning electron microscopy,
hydrophilicity assessment by measuring the contact angle of wetting, measuring the zeta
potential, and determining the pore size of the membrane were used.

The conditions for conducting pilot tests of the process of treatment of tap water
in Kyiv at a commercial reverse osmosis plant using new, regenerated, new modified, and

regenerated modified membrane elements are presented.

The third chapter presents the results of experimental studies of the regeneration
process of end-of-life membrane elements, as well as the process of modification of new

and regenerated reverse osmosis membrane elements.
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In Chapter 3.1, the effectiveness of the selected regeneration process regime is
proved by means of photographs, microphotographs, infrared spectra, and determination
of the chemical composition of the fouling on the surface of the end-of-life and
regenerated membrane elements. Limit requirements for the degree of contamination of
used reverse osmosis membrane elements have been established, at which their properties
can be fully restored during regeneration. The results of pilot tests of the tap water
treatment process using regenerated and new membrane elements were completely
identical.

Chapter 3.2 compares different modes of the process of modifying reverse osmosis
membrane elements and establishes the rational conditions for its implementation. To
obtain elements with different selectivities, the modes with the same exposure time and
different concentrations of active chlorine were used. It was found that the selected modes
are relevant for both new and regenerated membrane elements. The requirements for a
given selectivity of membrane elements for obtaining physiologically adequate water,
depending on the salt concentration of the feed water, have been established. Thus, for
Kyiv tap water with an average salt content of 300 mg/dm?, the selectivity of modified
membrane elements should not be more than 60 %.

The influence of the main operating parameters (salt content, temperature, and
pressure) on the characteristics of modified membrane elements was studied. It was found
that with the increase in the salt content of the source water, the selectivity and
productivity of the modified membrane elements decrease. With a decrease in
temperature, the selectivity of membrane elements increases and their productivity
decreases. With increasing pressure, the productivity and selectivity of the modified
membrane elements increase.

The results of studying the effect of the modification process on the surface
properties of the polyamide membrane sheet showed that the surface becomes smoother
and more hydrophilic, as well as negatively charged, the pore size increases from 4.04 to
4.50 A. It was proved that a change in the physicochemical properties of the surface of
the modified membrane leads to a decrease in the formation of fouling on its surface in

the process of water treatment.
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The fourth chapter analyses the environmental consequences and evaluates the
economic feasibility of the regeneration process of end-of-life commercial reverse
osmosis membrane elements.

It is calculated using the methodology of material consumption per unit of
production and mass intensity coefficients that the regeneration process, and as a result,
the life cycle of commercial membrane elements, can lead not only to a reduction in the
amount of plastic waste, but also to a reduction in the amount of materials that are not
removed and do not pollute the environment.

The cost of regenerated membrane elements was calculated and the possibility of

significant savings was demonstrated when using them instead of new ones.

The scientific novelty of the work is as follows:

- The limit requirements for the degree of contamination of end-of-life reverse
osmosis membrane elements of the commercial range have been established, which, if
observed during regeneration, will allow for the full restoration of their properties.

- For the first time, the fact and character of changes in the structural, chemical and
physicochemical properties of polyamide membrane fabric under the influence of
modifying agents have been established, which leads to a decrease in the tendency of
membrane elements to fouling in the process of water treatment.

The practical significance of the work consists in the fact that the obtained
experimental results can be used in the implementation of the processes of regeneration
of end-of-life reverse osmosis elements and their modification for use in commercial
plants for the production of absolutely safe physiologically complete water.

The developed methodologies were used to implement the laboratory work
‘Determination of quality indicators of membrane elements’ in the discipline ‘Modern
methods of water treatment and water purification’ for the educational and professional
programme of the second (master's) level of professional direction in the speciality 161
'Chemical Technology and Engineering', which is confirmed by the act of implementation

in the educational process.
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The research results have prospects for application in production processes for
incoming quality control of used, regenerated and modified commercial reverse osmosis
membrane elements and processes of their regeneration and modification, which is

confirmed by the act of implementation of ECOSOFT SPC LTD.

Keywords:  membranes, regeneration, modification, water treatment,
physicochemical properties, removal, oxidation, utilization, selectivity, iron removal,

drinking water quality, reverse osmosis, permeate, productivity.
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INIEPEJIIK YMOBHHUX CKOPOYEHb TA CUMBOJIIB

30 — 3BOpoTHUI 0CMOC;
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Q — BITHOCHA POAYKTHUBHICTD BiJIIIPAIlbOBAHOTO €IEMEHTY, SIK YacTKa Bij
CTapTOBOI MPOYKTUBHOCTI HOBOTO €JIEMEHTY;

[ - BIIHOCHA MPOIYKTUBHICTh PETEHEPOBAHOTO €IIEMEHTY, SIK YacTKa Bij
CTapTOBOI MPOYKTUBHOCTI HOBOTO €JIEMEHTY;

¥ - BIIHOCHA CEJICKTUBHICTbH BIAMPAI[bOBAHOTO MEMOPAHHOTO E€JIEMEHTY, SIK
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MTBC — Hatpiii MmeTabiCyIbdiT.
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BCTYII

[IBuake 301MbIIEHHS HApPOJOHACETCHHS Ta CTPIMKUN TEXHIYHUH PO3BUTOK Ha
JTAaHUMW Yac MpU3BENU J0 3pOCTaHHA JNe(IIUTy YUCTOI MUTHOI BOJM B YCbOMY CBITI. 3a
MPOTHO3aMU KUIBKICTh JIIOACH, 10 Biguye ACPIUT MUTHOI BOAM JIMILIE 3pOCTATHME.
VYkpaina cTpiMKO HaOIMKAETHCS 0 AShINUTY MATHOI BOIU, 3aiMAIOYH 32 MMOKA3HUKOM
BOJ103a0€3IeUeHHS JIaJieKo He JIIUPYIoUl MO3UINT cepel KpaiH €Bpomu.

OaHOYacCHO TOBCIOAHO CIIOCTEPITA€ThCA TMOTIPIICHHS SIKOCTI MPICHOT BOJM.
30kpema, B VYKpaiHI 4Yepe3 BO€HHI [li 3pocTae 3a0pyAHEHHS HaBKOJIUIIHBOTO
CEepelloBUIlla, B TOMY UYHCIl 1 BOJIHOTO, BIJOYBA€ThCS YCKIATHEHHS pPOOOTH
BOJOINOCTaYaJIbHUX MIJIPUEMCTB, 1 SIK HACTIAOK, MOTIPIIYETHCS SKICTh MUTHOI BOJH, 1110
CIIOYKUBAE HACETICHHS.

OpnuMm 3 Halle()eKTUBHIIMX Ta NEPENOBUX PIIIEHb OTPUMAHHS O€3MEYHOI MUTHOI
BOJAM € BUKOPUCTaHHA METOAY 3BOPOTHOTO oOcMOCy. JlaHuWi MeToa IIMPOKO
3aCTOCOBY€THCA K B POMUCIIOBUX MPOLECaX, TAKUX SIK, ONIPICHEHHS MOPCHKOI BOJH,
BUPOOHUITBAX HAMOIB, (hapMalleBTUYHOI NPOIYKIIil, METaIyprii Ta €HEPreTHlll, TaK 1 B
KOMEPIIHHUX Ta MOOYTOBUX CHCTEMaX OYMILEHHS MUTHOT BOJM.

[TommpenHs: mporecy 3BOPOTHOTO OCMOCY B PI3HHMX Tally3sX BUKIMKAHO PSIOM
Horo cyTTeBUX mnepemar. Jlanuii mpoiiec 103BOJISI€E OUUCTUTH BOAY Ha 99 % Bij pi3HHUX
COJICH, OpraHIYHUX PEYOBUH, OaKTEPiil, BIpyCiB Ta 3p0OUTH ii aOCOIIOTHO OE3MEUHOIO.
ExoHOMiYHa BUTro/la BKJIIOYAE HU3bKI €KCIUTyaTalliiHI BUTPATH 3aBISKH HEBEITUKOMY
CIIOKUBAHHIO EHEprii Ta BIJACYTHOCTI TOTpeOM y JOPOTHUX XIMIYHUX peareHTax.
['HyuKiCTh TaHOTO MPOIIECY JA03BOJISIE AIANITYBATH HOTO Mij Pi3HI TUIIH BUXIAHOI BOJIU
Ta HEOOX1IHY MPOAYKTUBHICTh. CUCTEMHU 3BOPOTHOTO OCMOCY MPOCTI B 00CTYyTOBYBaHHI1
Ta MOXYTh OYyTH OCHAIIIEHHI PI3HUMH CHCTEMaMH aBTOMAaTUYHOTO KOHTPOJIIO.

[IpoTe nana TexHOJIOTI, sika 32 ocTaHH1 50 poKiB 3aBOIOBajIa BECh CBIT, Ma€ MEBHI
ekoJioriyni npoOnemu. Ilo-mepie, BHACHIOK BHUCOKOTO CTYIEHIO 3HECOJCHHS
OYHUIIEHOI 3BOPOTHOOCMOTHYHHUM METOJOM BOJM, BOHA HE BIJAMOBIJA€ BHUMOTraM [0
($1310J10T1YHO TTOBHOILIIHHOT Ta BUMAarae J0JaTkoBOi qoMiHepaizaii. [lo-apyre, icHye

npoOiieMa 3 TmepepoOKor abo yTHII3AIMIEI BiAMPAIbOBAHUX 3BOPOTHOOCMOTHYHHX
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MeMOpaHHUX €JIEMEHTIB, 5Kl SBJISIIOTH COOOO TJIACTUKOBI B1IXO/IH.
3B's130K po00OTH 3 HAYKOBUMH NPOrpaMamMu, IJIaHAMHU, TEMaAMHI

Hany poOoTy OyJi0 BUKOHAHO B paMKax MPOEKTYy (yHIAMEHTAIbHUX HAyKOBUX
JTOCIIJKEHb,  TNPHUKIAJHAX  HAYKOBUX  JIOCIHDKEHh Ta  HAyKOBO-TEXHIYHHX
(excriepuMeHTAIBHUX) PO3POOOK MOJonux BUeHHX «HOBITHI CENEKTHBHI 1HAMKATOPHI
CHUCTEMH JIJIs1 OLIIHKKM CTaHy MOPCBHKOTO JTIOBKIUISA YKpainm» (JlepkaBHuit peectpamiitnuii
Homep 0124U001100) Ta mpoekTy TPUKIAAHUX HAYKOBHX IOCHIIKEHH 32 PaxXyHOK
komTiB JlepkaBHOro Oro/keTy YKpaiHu «XiMiuHO MOAMGIKOBaHI MeMOpaHU Jyis
OTIEPATUBHOTO BUSIBJICHHS y MPUPOJIHUX BOJAaX HITPOTEHBMICHUX CHOJYK SK MapKepiB
BUOYXOBUX peuoBUB» ([epxaBHuil peectpauiiinuii Homep 0124U001095)

Pob6oty Oyi0 BUKOHaHO B paMKax rocil. JoroBipHO1 Temu «KomrmiekcHi ¢izuko-
XIMIYHI Ta aHAJITUYHI JOCIIDKEHHS 3pa3KiB BOJU, COPOLIMHMX 1 MEeMOpaHHUX
MarepiaiB Ta OOJaJHaHHSA JUIs BOJOIMIATOTOBKM» Ha 3aMoOBJIeHHsS [‘pomaachkoi
opranizamii «Bceykpainceke BogHe ToBapuctBo «BOTEPHET»  (IepsxaBHmii
peectpauiiiauii Homep 0123U100413), Tpusanicts 01.01.2023-31.12.2023

Merta i 3aBIaHHSA JOCTIKEHHSA

Meta: AoCHiDKEHHS MPOLECIB pereHepanli BiANPAalbOBAHUX KOMEPLIMHHUX
3BOPOTHOOCMOTHYHUX MEMOpaHHMX €JIEMEHTIB Ta iX MoAuiKaiii Jjisl HaJaHHs 33J1aHOi
CEJICKTUBHOCTI, JJISI IOJATBIIIOT0 BUKOPUCTAHHS B YCTAHOBKAaX BUPOOHUIITBA O€3MeYHOT
(1310J10T19HO TTOBHOI[IHHOI MUTHOI BOJIH.

JJist TOCSTHEHHS TIOCTABJICHOI METH HEOOX1THO BUPIIIUTHA HACTYITHI 3aa4i:

1. JlocniauTy Tpoliec pereHepariii BiANpalbOBaHUX 3BOPOTHOOCMOTHUYHHUX
MeMOpaHHUX €JIEMEHTIB KOMEPIIIHHOr0O psily Ta BCTAHOBUTH palllOHAIbHI YMOBH HOTO
npoBeneHHs. OIIHUTH MOXJIHMBICTh BUKOPUCTAHHS PETEHEPOBAHUX MEMOpPaHHUX
€JIEMEHTIB B YCTaHOBKaxX KOMEPI[IHHOTO MpHU3HAYEHHS JUIsi BUPOOHUITBA O€3MeyHOl
MUTHOI BOJU.

2. Hocnigutn mporec Moaudikaiii 3BOPOTHOOCMOTHYHHX MEMOpaHHUX
€JIEMEHTIB Ta BCTAHOBUTH pAalllOHAIIbHI YMOBU HOIO MPOBEACHHS MJIs OAEp>KaHHS
CJIEMEHTIB 3 3a/JIaHOI0 CEJEKTUBHICTIO. OIIHUTH MOXIUBICTh Ta €(EKTUBHICTH

BUKOPUCTAHHA MOAM(PIKOBAHMX MEMOPAHHHUX E€JIEMEHTIB 3 3aJlaHOI0 CEJIEKTUBHICTIO B
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YCTaHOBKaxX KOMEPIIMHOTO MpU3HAYEHHS JIsi BUPOOHHUIITBA Oe3mMedHOi (Pi310J0TTHHO
[IOBHOIIIHHOI ITMTHOI BOIH.

3. Jocmiautu xapakTep 3MiH BIAaCTUBOCTEH MEMOPaHHOTO MOJIOTHA BHACIIIOK
monu@ikaiii Ta iX BIUIUB Ha EKCIUTyaTaliiiHI XapaKTePUCTUKH MOAN(PIKOBAHUX
CJIEMEHTIB.

4. Po3paxyBatu eko0riuHI Ta €KOHOMIYHI IIepeBary Bij Mpolecy pereHeparti
BIJIIIPAIIbOBAaHUX KOMEPIIHHIX MEMOpPaHHUX €IIEMEHTIB.

MeToau DOCTiKeHHSA

CrapToBi XapaKTepUCTUKU HOBUX, BIJNPAI[bOBAHUX, PETCHEPOBAHUX Ta
MOAM(PIKOBAHMX MEMOPAHHHUX E€JIEMEHTIB Ta 3aJE€XKHICTh IX XApaKTEPUCTUK Bl 3MIHU
COJIEBMICTY, TEMIIEPATypH Ta TUCKY BU3HAYAJIU 3a JIOIIOMOI'OI0 pO3pO0JIEHOT yCTaHOBKU
JUIsl TECTyBaHHSI MeMOpaHHUX eJleMeHTIB. Perenepanito BianpalbOBaHUX MEMOPaHHHUX
€JIEMEHTIB IPOBOJWIM 3a JONOMOroro creuianbHoi ycraHoBku CIP-nnpomuBku TOB
«HBO «Exkocodt» (Ykpaina). @ororpadii moBepxHi MeMOpaH JJisi OIIHKH (OYJIIHTY Ta
e(heKTUBHOCTI Mpoliecy pereHepailli Oyiau oTpumaHi 3 3acToCyBaHHsIM Kamepu Nikon
D70S (Smnownis), mikpodororpadii Oynu oTpumaHi 3 BHUKOPUCTAaHHAM Kamepu Trek
DCMS510 3 kinblieBUM aiogHuM ocBiTioBaueM PJ105-48 Ha ontuunuit mikpockon PZO
(ITonmpura). Xapaktepuzaiisi 3MIHA XiMii MOBEPXHI MOJIaMIJIHUX IIApiB MPOBOJWIIMU 3a
nonomoror [U-ciekrpodoromerpa Shimadzu IRAffinity - 1S (SImonist) 3 nmpucraBkoro 3
anmazHiuM  kpuctaiom  QATRIO  ATR. 3miny  Mopdosorii  MmoBepxHi
nosiedipcyapHOHOBUX Ta MOJIIaMiIHUX IIIapiB MPOBOJIUIIHN 3a IOMIOMOTO0 CKaHYIOUOTO
enektponHoro mikpockona SEM FEI Inspect (CIIIA) 3 monepeaHiM HanmuJICHHIM 5 HM
30710Ta. 3MIHM KOHTAKTHOTO KyTa 3MOYYBAaHOCTI IOBEpPXHI IMOJIaMIJIHUX LIApiB
npoBoaMIM 3a momomoror roniomerpa Biolin Scientific (IlIBemist). 3miny n3era-
NOTEHIlaly  MoJiaMigHUX  [mapiB  MeMmOpaH  BHUMIpIOBaJM 3a  JIOIOMOTOIO
CJICKTPOKIHETUYHOTO aHaji3aTopy Anton Paar Surpass3 (ABctpis). JociikeHHs 3MiHU
po3Mipy Mmop MeMOpaH MPOBOAWIM 3riAHO MeToauku CapOoiyki 3a JTOMOMOTOIO
PpO3p00JIeHOT YCTAaHOBKU JIJIs1 TECTYBaHHS MeMOpaHHUX 1ojioTeH. [1i10THI BUpoOyBaHHS
MeMOpaHHUX €JIEMEHTIB MPOBOIMIINA Ha KUIBCHKIM BOJOTPOBITHIN BO/I1 3 BUKOPUCTAHHSIM

KoMepiiitHoi ycraHoBku Robust 1500, TOB «HBO «Ekocodt» (Ykpaina).
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HaykoBa HOBH3Ha OTPMMaHUX pe3yJIbTATIB

HayxoBa HOBH3HA pOOOTH MOJIATAE B HACTYITHOMY:

- BcraHoBneH! IpaHMyYHI BUMOTH JO CTYIEHIO 3a0pyJIHEHHS BiAMpPallbOBAHUX
3BOPOTHOOCMOTHYHUX MEMOpPAaHHUX €JIEMEHTIB KOMEPLIHHOTO psdy, 32 JOTPUMYBaHHS
AKX TIpH TPOBENEHHI pereHepaiii 3A1IMCHUMO MPAKTUYHO IOBHE BIJHOBIEHHS IX
BJIACTUBOCTEM.

- Bnepmie BcTaHOBiEHO (akT Ta XapakTep 3MIHU CTPYKTYPHHUX, XIMIYHUX Ta
(h13UKO-XIMIYHMX BJIACTUBOCTEH IOJ1aMiTHOTO MEMOpPAHHOT'O TMOJIOTHA ITiJi BIUIMBOM
MOAU(IKYIOUUX areHTiB, IO MPUBOJAUTH JO 3HUKEHHS CXWIBHOCTI MEMOpaHHUX
€JIEMEHTIB JI0 YTBOPEHHS (DOYIIIHTY B IPOLIEC] OUHILIEHHS BOJIH.

IIpakTryHe 3HAaYeHHSI OTPUMAHMX pe3yJIbTaTiB

OTpumaHi eKCIEpUMEHTANIBbHI PE3YIbTATH JOCIIIKEHb MOXYTh OyTH BUKOPUCTaH1
IpU peanizalii MpoleciB pereHeparii BIANPalbOBaHUX 3BOPOTHOOCMOTHYHHUX €JIEMEHTIB
Ta ix Moaudikamii s BHUKOPUCTAHHA B KOMEpPIIMHMX YCTAaHOBKaxX OTPUMAaHHS
a0CcoJII0THO O€31euHOi (Pi310JI0T1UHO TOBHOLIIHHOT BOAM.

CdopmynboBaHi MiJg Yac HAayKOBOi pPOOOTH EKCIEPUMEHTANbHI MiJIX0JU
BIIPOBA/DKEH1 Y BUPOOHUYMHN Mpouec i 3A1MCHEHHS BXIAHOTO KOHTPOJIIO SIKOCTI
BIIIPAllbOBAHMUX, PEreHEpOBaHUX Ta  MOAM(PIKOBAHMX  3BOPOTHOOCMOTHUYHUX
MEeMOpaHHUX €JIEMEHTIB KOMEPIIMHOrO psay Ta TpoleciB iX pereHepaiii Ta
moaudikyBanas TOB«HBO «ExkocodT». AKT BIpOBaIKEHHS 10JAA€THCS.

Po3pobiieni MeToauKu BUKOPHUCTaHI JUIsl BIPOBA/KEHHS JIA0OPAaTOPHOI POOOTH
«Bu3HaueHHS TOKA3HUKIB SKOCTI MEeMOpaHHMX €JIEMEHTIB» 3 JUCHUILIiHU «CydacHi
METOAM BOJAOMIJTOTOBKM Ta BOJOOYMILEHHS» MJIsl OCBITHBO-NPOQECIHHOI Mporpamu
JPyroro (MaricTepchbKoro) piBHsS mpo¢eCciiiHOTO CIPSIMYyBaHHS 3a cCreliaabHIcTIoO 161
«XiMIYHI TEXHOJOTIi Ta I1HXEHepisH», M0 MIATBEPKEHO aKTOM BIIPOBAKCHHS B
HAaBYAJIbHUAM TIPOLIEC.

Y xoml HaykoBoi poOOTHM  pPO3pOOJEHO YCTAaHOBKY [UISl  TECTYBaHHSA
3BOPOTHOOCMOTHYHOTO MEMOpaHHOTO TMOJIOTHA, M0 MOXe OyTH BUKOpHUCTaHA s
BIIPOBAHKCHHS J1a00paToOpHOi poOOTH 110 OCBITHROI KOMIOHEHTH «CydacHi MeTonu

BOJIOMIITOTOBKY Ta BOJOOYHUILEHHS MPOrpamMu APYroro (MaricTepcbkoro) piBHs OCBITH


http://wiki.kpi.ua/index.php/%D0%A1%D1%83%D1%87%D0%B0%D1%81%D0%BD%D1%96%20%D0%BC%D0%B5%D1%82%D0%BE%D0%B4%D0%B8%20%D0%B2%D0%BE%D0%B4%D0%BE%D0%BF%D1%96%D0%B4%D0%B3%D0%BE%D1%82%D0%BE%D0%B2%D0%BA%D0%B8%20%D1%82%D0%B0%20%D0%B2%D0%BE%D0%B4%D0%BE%D0%BE%D1%87%D0%B8%D1%89%D0%B5%D0%BD%D0%BD%D1%8F_(14401440)
http://wiki.kpi.ua/index.php/%D0%A1%D1%83%D1%87%D0%B0%D1%81%D0%BD%D1%96%20%D0%BC%D0%B5%D1%82%D0%BE%D0%B4%D0%B8%20%D0%B2%D0%BE%D0%B4%D0%BE%D0%BF%D1%96%D0%B4%D0%B3%D0%BE%D1%82%D0%BE%D0%B2%D0%BA%D0%B8%20%D1%82%D0%B0%20%D0%B2%D0%BE%D0%B4%D0%BE%D0%BE%D1%87%D0%B8%D1%89%D0%B5%D0%BD%D0%BD%D1%8F_(14401440)
http://wiki.kpi.ua/index.php/%D0%A1%D1%83%D1%87%D0%B0%D1%81%D0%BD%D1%96%20%D0%BC%D0%B5%D1%82%D0%BE%D0%B4%D0%B8%20%D0%B2%D0%BE%D0%B4%D0%BE%D0%BF%D1%96%D0%B4%D0%B3%D0%BE%D1%82%D0%BE%D0%B2%D0%BA%D0%B8%20%D1%82%D0%B0%20%D0%B2%D0%BE%D0%B4%D0%BE%D0%BE%D1%87%D0%B8%D1%89%D0%B5%D0%BD%D0%BD%D1%8F_(14401440)
http://wiki.kpi.ua/index.php/%D0%A1%D1%83%D1%87%D0%B0%D1%81%D0%BD%D1%96%20%D0%BC%D0%B5%D1%82%D0%BE%D0%B4%D0%B8%20%D0%B2%D0%BE%D0%B4%D0%BE%D0%BF%D1%96%D0%B4%D0%B3%D0%BE%D1%82%D0%BE%D0%B2%D0%BA%D0%B8%20%D1%82%D0%B0%20%D0%B2%D0%BE%D0%B4%D0%BE%D0%BE%D1%87%D0%B8%D1%89%D0%B5%D0%BD%D0%BD%D1%8F_(14401440)
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npodeciftHoro  cupsMyBaHHS  «XIMIYHI ~ TEXHOJIOT1i  HEOPraHIYHUX  PEUYOBHH,
BOJIOOUMIIICHHS] Ta 3arajbHOl XIMIYHOI TEXHOJOTii» Ha XiMIKO-TEXHOJOTIYHOMY
dakynpreTi KIII M. 1. Cikopcekoro 3a cnemianbHicTioO 161 «XimiyH1 TeXHOJOTII Ta
TH)KCHEPIsD».

Oco0ucruii BHeCOK 3100yBavya

PesynpTaTn  guceptaniiHoi poOOTH OTpHMMaHI CaMOCTIMHO aBTOPOM Ta
OMmyOJIIKOBAaHO Yy Koomepalii 3 HAyKOBHUM KEpPIBHUKOM Ta HAYKOBISIMH, M0 Oynu
CIIBaBTOpaMH, 3 SIKUMHU IPOBOJUIUCH OOroBOpeHHs pe3yibTaTiB. CriBaBTOpamMu
HAyKOBUX Ipallb BUCTYIAIOTh HAYKOBUW KEPIBHUK Ta 1HIII JOCITITHUKH, K1 B3SJIU Y4acTh
y CIUIBHUX AOCTIKeHHsIX. OOroBOpEeHHs Ta IUIAaHyBaHHSA €KCIEPUMEHTIB, BAZBHAYEHHS
3aBJaHb JIOCHIJDKEHHS Ta (POpMYIIIOBaHHS BHUCHOBKIB OyJM po3po0ieHi y criBIpari 3
HAyKOBUM  KEpPIBHUKOM J.T.H., HpodecopoM Kadeapu HEOPraHiuHoi  XiMmlii,
BOJIOOUHUILIEHHS Ta 3arajibHoi XimiyHO1 TexHousorii Mituenko T.€. be3nocepeaHno
aBTOPOM 3JIHCHEHO: 1) MOIIyK Ta aHaii3 JITepaTypHUX JKEpesl 3a TEMATHUKOIO
JUcepTarlii; 2)BCTaHOBJICHHS pexKUMY perenepariii BIJIITPALlbOBAHUX
3BOPOTHOOCMOTHYHHUX KOMEPIIIMHUX MEMOpaHHUX eJIeMEHTIB; 3) BCTaHOBJICHHS
MIHIMAJBLHOTO 3HAYE€HHS BIJIHOCHOI MPOJYKTHUBHOCTI BiJNPallbOBAaHOTO MEMOPaHHOTO
eqeMeHTa; 4) BCTAaHOBJICHHS palllOHAIBHOTO pEXUMY MPOBEACHHS Moaudikamii
3BOPOTHOOCMOTHYHUX MEMOpAaHHUX €JIEMEHTIB 3 BUKOPUCTAHHSIM PO3YMHY aKTUBHOTO
XJIOpY; S5) BCTAHOBJEHHS 3aJE€KHOCTEH 3MIH XapaKTEpUCTUK MOAM(PIKOBAHUX
MeMOpaHHUX €JIEMEHTIB BiJl 3MIHU COJIEBMICTY, TEMIEpaTypu Ta TUCKY; 6) 3HATTA
1H(QpayepBOHUX CHOEKTPIB i HOBHUX, BIANPAllbOBAHUX, PETCHEPOBAHUX Ta
MOM(DIKOBAaHMX MEMOpaH 3 BIJANOBIAHUX €JIEMEHTIB; 7) aHaji3 OTPUMAHUX 3HIMKIB
CKaHYI04O0i €JIEKTPOHHOI CEKTPOCKOIIii, 3MIHM KyTa 3MOYYBaHOCTI, A3€Ta-MOTEHIIATy Ta
BCTAHOBJICHHSI pajiycy MHop s MOAU(DIKOBAHMX Ta HOBUX MeMOpaH 3 BIJMOBIIHHUX
€JIEMEHTIB; 8) MPOBEACHHS MJIOTHUX BUITPOOYBaHb.

Amnpo0auis pe3yJbTaTiB AUcCepTaIlil

OCHOBH1 TIOJIO)KEHHS 1 HAYKOBI 300yTKH JUCEPTALIMHOTO JOCHIKEHHS
MIPE/ICTABIICHI Ta BUHECEHI HAa OOTOBOPEHHS HAa 6 MIKHAPOJHUX KOH(EPEHIIIsX, cepes

akux 48th International Conference of the Slovak Society of Chemical Engineering
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SSCHE 2022 and Membrane Conference PERMEA 2022 (High Tatras, 2022); XX
MixHaponHa HayKoBO-TlpakTHUyHa KoH(epeHmiss  “Pecypcu  mpupoIHUX  BOA
KapraTchbkoro periony” IIpoGiemu oXopoHH Ta parlioHaabHOTO BHUKOpUcTaHHS (JIbBIB,
2022); 21" International Scientific-Practical Conference “Resourses of natural waters in
Carpathian region” Problems of protection and rational exploitation (Lviv, 2023); 7th
International Research and Practical Conference “Chemical technology: science,
economy and production” (Shostka, Ukraine); Mixxnapogna koH(epeHIiss 3 Ximii,
XIMIYHO1 TeXHOJIOT1i Ta ekoJiorii, mpucBsueHi 125-piyuro KIII im. I. Cikopebkoro (Kuis,
VYkpaina); XXII MixkHaponHa HayKOBO-IIpakTU4YHa KoH(epeHiis “Pecypcu npupoaHux
BOJI KapmnaTcbkoro periony” IIpoGieMu OXOpOHHM Ta palliOHATBHOTO BUKOPUCTAHHS
(JIbBiB, YKpaiHa).

Myoaikanii

3a TeMoto aucepTaitlii omy0sikoBaHo 10 HAyKOBUX Mpalib, 10 BKJIIOYAIOTh: 3 CTATTI
y HayKOBUX ()axOBHUX BHIAHHIX (3 HUX 2 HUTYIOTbCS HAYKOMETPUYHOIO 0a30I0 JTAaHUX
SCOPUS, 1 ctarTst BXOAUTH 10 Niepeniky haxoBUX BUJAHb Y KpaiHu), Ta 7 T€3 JOTOB1aeH
Ha MDKHAPOJIHUX KOH(PEPEeHITISX.

Crpykrypa Ta o0csar auceprauii

Huceprartiitna po6oTta o0csiroM 139 cTOpIHOK MATMHOMUCHOTO TEKCTY BKIIFOYAE
BCTYI, YOTHPU PO3JAUIN, 3arajbHi BUCHOBKH, CIUCOK BUKOPHUCTAaHUX JDKepen Ta 2
nonatku. Podota mictuth 27 Tabnuilh Ta 43 pUCYHKH. Y CIHCKY BUKOPUCTAHUX JIKEPEIT

HaBejieHo 119 HaliMeHyBaHb, 3 askux 102 HamMcaH1 TaTUHUIICIO.
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PO31LT 1
EKOJOTTYHI MPOBJIEMHU 3BOPOTHOI'O OCMOCY

1.1. ®DizioJoriuyno NMOBHOLIHHA BOA

SAxicTh TUTHOI BOAWM Ma€ BIAMOBIIATH BCTAHOBJICHWM BHUMOTaM II€BHOTO
HOPMATHUBHOTO JOKYMEHTY, SIKUM PErymioeTbcs BMICT y Boal 100 1 Ginbliie pedoBHH 3a
CaHITapHO-0AKTEPIOJOTIYHUMH Ta  CaHITAPHO-XIMIYHUMHM  TOKa3HUKaMu. Takux
JIOKYMEHTIB, B CBITI iICHye 0arato, K MDKHapOJHHUX, Tak 1 perioHanbHux [1-4]. B
OUIBIIOCTI 3 HUX OKPIM BHUMOT /10 O€3MEYHOCTI MPHUCYTHI PEKOMEHMAIll J0 CKIaTy
¢13iomoriuno noBHOIIHHOI (DII) Bomu, ska MOBMHHA MATHU 3arajibHU COJIEBMICT HE
menmte 100 mr/nm?® Ta He Gibiue 1000 mr/am? i 3aranbHy JKOPCTKICTh, 3HAYEHHS AKOI Ma€
3HaxoauTHCA B mianasoni 1-7,0 mmons/nm® [1]. Ilpote neminepanizoBaHa BoAa micis
380poTHOrO ocMmocy (30) 3a3Buuail Mae 3HAUEHHS COJNIEBMICTY B Mexax 5-15 mr/oM’, a
BMICT 10OHIB JKOPCTKOCTI He mnepeBuinye 3HaueHds 0,1 mmons/mm®. Taka Boma He
BI/INIOBIJIa€ BUMOTraM 70 (Pi310JIOTIYHO TOBHOIIHHOI, Ta Ma€ IIJIATaTH J10JaTKOBIM
noMiHepamizaiii [5]. s nporo 3a3Buyaii 3aCTOCOBYIOTh HACTYITHI METO/IU:

— IPOITYCKAaHHS JIEMIHEpaJIi30BaHOI BOAM Uepe3 KapTPUIXK 3 MPUPOJTHUMHU
MIHEpajiaMHi MarHiro Ta Kajbliio;

— JI03yBaHHS PO3UYMHEHHX COJICH B TIepMear;

— MAMIITYBaHHS J0 TIepMeaTy BUXIJIHOT BOJH - Oaitnac/

Ilponyckanna nepmeamy uepe3 cymiui NPUPOOHUX MiHepanie, MO MICTITh
CIIOJIyKA MarHiro Ta kaiblito (Hampukian, Corosex Ta Calcite [6, 7]) € omHum 3
HaWPO3MOBCIOKEHIIMX METOIB nominepamisaiii [8]. Ilpore edexkTuBHICTH TaHOTO
METOJIy CYTTEBO 3aJIS)KHUTh BiJl 3HAUCHB TeMITepaTypu Ta pH mepmeary, siki, B CBOIO 4epry,
BU3HAYAIOTHCA CE30HHUMH 3MiHaMH. Yepe3 Takli KOJWUBAHHS 3HAYHO 3MIHIOETHCS
PO3YMHHICTH MIHEpaIiB 1, BIANOBIAHO, pH Ta coneBmicT 00pobienoi Boau [9].

Jlozyeanns po3uunenux coseil (Kanbllil0, MarHito, HaTpito, GTopy Ta 1HIINX) Y
nepMear € A0BOJI €(PEKTHBHUM METOJIOM, 3aBISKH SIKOMY 3 JIETKICTIO MOXHa
3a0e3reunT HeoOXiHuM coneBMicT nmutHoi Bogau [10, 11]. ITpote peanizaiisi 1aHoro

METOay TOTpeOdye T0MaTKOBOTO OOJaJHAHHS — HACOCY-I103aTOpPY, SKHM HEOOX1THO
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peryJsipHO HajalToOBYBaTH Ta KoHTpositoBaTH [10]. Takox iCHye pU3UK MOBTOPHOTO
MIKpOOI0JIOT1YHOTO 3a0pyAHEHHS OYHMIIEHOI BOAM B pa3l BUKOPUCTAHHS COJIbOBOTO
PO3UYHHY HE JJOCTATHbO BUCOKOT sikocTi [11].

Hiomiwyeanns 6uxionoi 6000nposioHoi 600u 00 nepmeamy BUMarae BpaxoByBaTH
CHIBBITHOILIEHHS y BUX1/IHINA BOJ1 pi3HUX KOMITIOHEHTIB, SIKE HE € TOCTIHHUM 1 3aJIC)KUTh
Bi ce30HHUX (akTopiB. Lle mpu3BoAUTE A0 HEOOXITHOCTI MOCTIMHOTO KOHTPOJIIO 3a
CKJIaJIOM BUXIJHOI BOAM Ta KOPUTYBaHHA 1i 00’e€My, SKHI MOCTyIa€ M0 3MIIIaHOTO
noToky. KpiMm Toro BuxijiHa Boja nepe; 3MIlTyBaHHAM NOoTpeOye nmonepeHb0i OYMCTKH,
110 TaKOX YCKJaJIHIO€ mporiec [12].

baratopiunuii JOCBIJ €KcIUTyaTalii ABOCTyNeHeBOi cucremMu 30 31 CTaIl€ro
JIOMIHEpasti3allii BKa3ye Ha CyTTEB1 HEJOIKH I[bOTO METOY: HEMOXIIUBICTh TJOMOTTUCS
CTaO1ILHO1 MiHEpati3allil BOJY, HAITHOTO 3a0e3nedeHHs 11 MiKpoO10JOT1YHOI YHUCTOTH,
a TaKOX HAsSBHICTh TEXHIYHUX CKJIAJHOIINIB B OOCIyroByBaHHI OOiaaHaHHA. ICHye
HaraJibHa motpeda y CTBOPEHHI OJIHOCTYTIEHEBOT MEMOPaHHOI CUCTEMHU JJIsl BUPOOHUIITBA
MUATHOI BOJIH, sika O BIJIMOBiIajia BCIM HOPMATUBHUM BUMOTaM SIK 1100 OE3MEKH, TakK 1
mo0/10 ¢i310J10T19HOT MOBHOIIHHOCTI. OCOOIMBO 1€ CTOCYETHCS KOMEPIIHHUX CHUCTEM
3BOPOTHOTO OCMOCY 1, B MEpIITy 4Yepry, BEHAUHTOBUX aBTOMATIB ISl IUTHOI BOJM, SIKi

XapaKTEPU3yIOThCS BUCOKUM CTYIIEHEM aBTOHOMHOCTI Ta uu@posizauii [10].

1.2. 3BOpPOTHOOCMOTHYHI MeMOpPaHHI eJIeMEHTH
1.2.1. BynoBa 3BOPOTHOOCMOTHYHUX MeMOPAHHUX eJIeMEHTIB

B TexHoiorii 3BOPOTHOTO OcMOCy HalOutbll nomupeHumu (1o 80 % puHKy) €
CHipaJIbHO HAMOTaHI PYJOHHI €JIEMEHTH 3 TOHKOIUIIBKOBUMH KOMITO3UTHUMH
nomamigaumu  mMemOpanamu  [13]. Lli ememMeHTH € 3pydHi y BHUKOPHUCTaHHI,
TpaHCHOpPTYBaHHI Ta 30epiranHi. bynoBa cmipansHOoro pysonHoro 30 enemeHTa

300pakeHa Ha pucyHky 1.1 [14].
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Pucynok 1.1 — ByioBa pyJIOHHOTO 3BOPOTHOOCMOTHYHOTO €J1eMEHTY [14]

be3nocepenHnbo MeMOpaHu CKIIaAatOThCS 3 aKTUBHOTO IIapy MOJiaMiay TOBLUIMHOIO
0,2 MKM, IO MIATPUMYETHCS Ha MIAKIAAUI 3 NOJICYIb(OHY TOBIIMHOKWO 40 MKM, Ta
noJtiepipHOro HETKAHOTO MaTtepiany ToBIKMHOIO 120 MkM (pucyHok 1.2). CeneKTUBHUM
mapoM MeMOpaHu € came nojiaMmigHui map. [lomicynshoHOBUI TPOIIAPOK CIYTYE SIK
HNIATPUMYIOUMM, BHACIIZIOK 4YOro MeMOpaHa MOKE€ BUTPUMYBATH BHCOKI THUCKH 0€3
po3puBy. Marepian 3 nomiedipy 3ade3nedye MIIIHICT, MEMOPAHHOT TUTIBKU B IIIJIOMY TPU

TEXHOJIOT14H1i 00poO1Ii 1 CKIagaHH1 eaeMeHTiB [15-21].

Moaimepunii 6ap'epunii map :
Hanronkuii , < 200 v
3MHATHI apOMATHYHUH TIOTiaMi

la

Pe
noqieyiangouny
~4() MKM \

Pucynox 1.2 — BynoBa mosmamigHOi TOHKOIIIAPOBOT KOMITO3UTHOT MeMOpanu [21]

odiepipHa
TKAHHHA
=120 mkm

TOHKOTUTIBKOBI KOMIIO3WUTHI TOJIIaMi/IHI MEMOpaHW HaW4acTillie BUTOTOBIISIOThH
nuIXoM MbK(}a3zHoi moJiMepu3alii MK M-(eHUIeHIlaMiHOM a0o0 TMinepa3uHoM Ta

TpuMe30iIxjopuioM (pucyHok 1.3). MemOpaHu, BUTOTOBJIEHI TaKUM METO/OM,
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3a0€31euy0Th BUCOKHMM MOTIK MepMeary, XapakTepU3YIThCI MEXAaHIYHOK CTIHKICTIO,

3[aTHI mpaIoBatu 3a Temmneparyp A0 45 °C ta npu 3naynux nepenagax pH (1-11).

f 1) I H
G C=—N N C N N

COQH

csoc co<:| I P cioc cocl
FeKC'H{ co<:| \ f \Q
Boa‘l U J k /

[lirpenysommii map

Pucynok 1.3 — CunTe3 noiiamMiIHOTO Mapy Ha NIATPUMYIOUYOMY LIapi 3 BAUKOPUCTAHHIM
TPUME3OIIXJIOPUTY Ta M-(PEHIIEHIIaMIHOM SIK MOHOMEPIB JIJIsl MIkK(pa3HO1

noimMepu3zarii [21]

OxkpiM MeMOpaHU €JIEMEHTH MICTATh IHIN CKJIaJ0BI YAaCTUHU, BUTOTOBJICHI 3
PI3HUX BU/IB IUIACTUKY [22]:

- IlepdopoBana TpyOka — akpHIOHITPHII-OYTalI€EH CTUPOI;

- Crneiicep KUBJIEHHS — TOJIINPOMLIEH;

- IlepmeatHuii cnieiicep — nomieTusieHTeTpadToar;

- 30BHIIIHS OTOPTKA — CKJIIOBOJIOKHO (J1s MPOMUCIIOBUX MEMOpaH);

- YumuibpHIOBa4i — ryma.

1.2.2. MexaHi3MHU TPAHCTIOPTYBAHHS BOJAHU Ta COJIeH

Jyist po3yMiHHS, SIK caMe BiJI0OYBa€ThCsI TPAHCTIOPT BOM Ta IeIKuX coiierd uepes 30
MeMOpaHHUI eJeMEHT, NpoTAroM octaHHiX 40 pokiB Oyjo 3ampormoHOBaHO Oarato

MOJIesIel Ta MeXaH13M1B, HAlOIBII MOMIKUPEH] 3 IKMX onucadi B Tadui 1.1.
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1.1 — Mogeni TpaHCHOpPTYBaHHS BOAM Ta COJed  uepe3

3BOPOTHOOCMOTHYHI MEMOpaHU

Hasga Omnuc [Tocu-
Mol JaHHS
1 2 3
Mopnens Boga mepemimryerbcss  uepe3  MeMOpaHy — BHACHiAOK | [23,
T1pOIn- I'1IpaBIIYHOIO TUCKY, CTBOPIOIOYM KOHBEKTUBHUH MOTIK, 11O | 24]
HAMIYHOTO | IEPEHOCUTH Pa3oM 3 BOJOI0 YACTHHY cOdi. Y pe3ylbTaTi
ITOTOKY PI3HMIIl KOHIIEHTpalli PO3YMHEHOI PEYOBHMHM MO OOHW/Ba
00k MeMOpaHU, BUHMKA€ OCMOTHYHHI THCK, IO MparHe
BUPIBHATH KOHIEHTPAI[II0O Ta TPOTUIIE KOHBEKTUBHOMY
notoky. IIpouec nudysii BinOyBaeThCcsl 3aBASIKA TPATIEHTY
KOHIIEHTpAIIil Mi’kK JIBOMa CTOPOHaMU MEMOpaHHU.
Mogenb 3yMOBJIeHa HEPIBHOMIPHUM pPO3IOALIIOM 10HIB, BHACTIIOK | [25]
JIOHHAHOBOI | YOTO CTBOPIOETHCSA PI3HULS IMOTEHLIATIB MO 00MABa OOKHU
piBHOBaru mMeMOpanu. Omnucye OanaHC 10HIB 1O o0OujBa OOKH
HaI1BIPOHUKHOT MeMOpaHH 3 ypaxyBaHHAM
€JIEKTPOCTATUYHUX €(PEKTIB.
Mopenb Po3unHeHi peuoBrHU Ta BOJIa MEPIIOUEPTOBO POZUUHSIOTHCS | [26,
PO3YMHEHHS- | B MeMOpaHi, Imciis 9oro JuGyHIYIOTh Yepe3 Hed. 27]
mudy3ii
Monenb 3BOPOTHOOCMOTHYHA  MeMOpaHa  PO3TIISMAEThCA  SK | [28]
nopucToro | mopuctuii  Marepian. OCHOBHI  mapaMmeTpu  MoJemi
MIOTOKY BKJIIOYAIOTh KUIBKICTh TIOP, PO3MIpP Ta iX PO3MOALN.
Posmpena | Ommcye mepeHeceHHs 10HIB Kpi3h MeMOpaHu NUIsTXoM | [29]
MOJIETh BpaxyBaHHS KOHBEKIli, Audy3ii, eIeKTpoMIrpyBaHHS,
HepHcra- KOHIIEHTpallli 10HIB Ta iX pyxumBocTi. udy3is 10HIB uepe3
IImanka MeMOpaHy BiIOyBa€ThCS 3a TPATIEHTOM KOHIICHTpAIii, i
BIUTMBOM €JICKTPUYHOTO TIOJISI 10HU TEPEHOCITHCS KPi3hb
MeMOpaHy 3 MOTOKOM PO3UHHY.
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lIpoooesocenus mabauyi 1.1

1 2 3
Crpubko- Uepes kiHeTUYHI eeKTH BHACIIIOK B3aemojii MmeMOpanu 3 | [30]
MO10HUI BOJIOI0 Ta IHIIMMHU MOJIEKyJaMi a0o uepe3 JOKaJbHI
MeXaHi3M nepeOyoBM TMOJIMEPHUX JIAHIIOTIB MeMOpaHu, BoJa

MPOXOJUTh CTPUOKOMOAIOHO uepe3 Mepexy Oe3nepepBHUX
BOJHEBUX 3B’S3KIB B MeMOpaHi, Ta MEPEMIIIYETbCS MIXK

CYCiI[HiMH HU3bKOCHCPICTUYHUMHA HAHOIIOpAMH.

Tpancnopt | 3apsiKeHi 10HU, B3a€EMOIIOTh 3 MOJIMEPHUMHU JIaHItoramu | [31]
10HIB MeMOpaHM Ta BOJOI0, IO YCKJIAJHIOE a00 TMOJErmye ix
TPaHCHIOPTYBaHHS Kpi3b MEeMOpaHy HUIsIXOM Iudy3ii uepe3
IpaJileHT KOHIEHTpalli. JlJig mpoXomKeHHs Kpi3b MEMOpaHy
10HM TIOBMHHI TOBHICTHO a00 YacTKOBO BTPaTUTHU
riparaniiiny 0OOJIOHKY, HUIIXOM pPYWHYBaHHS BOJHEBUX
3B’SI3KIB, 1[0 BUMAara€ 3HA4YHOI KUIBKOCTI eHeprii. Takox
10HKU MOXYTh MEPECYBATUCh Kpi3b HU3bKOEHEPTreTUYHI
HAHOTIOPH CTPUOKAMH Ta CTUKATHCS 3 €JIEKTPOCTATUYHUMHU

Oap'epamu.

Ha >xanp Ha chOT0/1HI HE ICHY€ 3araibHO MPUUHATOT MOJIEINI, SIKa aJIEKBATHO OTHCYE
MPOLIECH PO3JIICHHS KOMIIOHEHTIB Ha 3BOPOTHOOCMOTHYHHMX MeMmOpanax. lle cyTreBo
YCKJIaJIHIOE€ MO>KJIMBOCT1 OMNTHMI3allll MPOIECIB OYUIIEHHS BOJIU 3BPOTHOOCMOTHYHHUM
METOJIOM, CTBOPEHHSI HOBUX MEMOpPaHHHX €JIEMEHTIB 3 OKPALICHUMH BIACTUBOCTSAMH, a
TaKOX BiTHOBJICHHS XapaKTEPUCTUK BiANpalboBaHuX. [I[poTe po6OTH B IIbOMY HAIIPSMKY
aKTUBHO MPOBOASATHCS B HAWMPECTUKHIIIMX HAYKOBUX LEHTPaX, 1 LIKaBICTh BYEHUX

PI3HHX CHEIIaTbHOCTEH 10 MPOoOJIeMH MPOIOBKYE 3POCTATH.
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1.2.3. Kiacudgikaiisi 3BOpOTHOOCMOTHYHNX MeMOPAHHUX €JIEMEHTIB

Pi3Hi BupoOHMKH BUmyckaioTh 30 MeMOpaHHI €EMEHTH OJIHAKOBUX PO3MIpIB Ta
KJIacu(IKyIOTb CBOI MPOAYKTH 3a JOBKHHOI Ta J1aMETpPOM 1, BIJMOBIIHO, 3a

NPU3HAYEHHSM Ta MPOAYKTUBHICTIO (Tabmur 1.2) [14].

Ta6mus 1.2 — Kimacudikariis MeMOpaHHUX €JIEMEHTIB 3a TUIIOPO3MipaMHU

[Ipu3HaueHHs JloBxuHa, Hiamertp, [IponyxtusHicTs, GPD
oM (MM) JHoNMH (MM) (M*/1106.)
[IpomucnoBa 6000 — 14700
, 40 (1016) 8,0 (201)
BOJIOITIATOTOBKA (22,68 — 55,57)
2000 — 3000
40 (1016) 4,0 (99)
(7,56 — 11,34)
800 — 1200
. 21 (533) 4,0 (99)
Kowmepriitna (3,02 —4,54)
BOJONIJITOTOBKA 350 — 800
14 (356) 4,0 (99)
(1,32 -3,02)
200 - 600
12 (305) 3,0 (76)
(0,76 — 2,27)
50 -250
12 (305) 2,0 (50) 19_0
[ToOyToBI (0,19 —0,95)
CUCTEMU
12 (305) 1,8 (45) 24 =150
OYHIIICHHS BOAU ,
H 8 (0,09 —0,57)

[IlopiuHO B CBITI BUITyCKaeTbcsad Onm3bko 3,8 MuH. pizHux 30 MeMOpaHHHX
€JIEMEHTIB, 3 sikux 380 Tuc. wt — alamerpom 1,8 - 2 mrovimu (modyTtosi), 380 THc. wT. —
eqeMeHTiB giamerpom 4 - 3 mroiimu (komepiriiini), 3,0 MuH. mT. 8- AIORMOBHUX
enemMeHTiB (mpomuciioBi) [32]. Yepe3 mneBHUM Yac poOOTH 3BOPOTHOOCMOTUYHUX
MEMOpaHHUX €JIEMEHTIB CIIOCTEPITaeTbCcs 3HUKEHHS 1XHBOI €(EKTUBHOCTI dYepe3
3a0pyTHEHHS TOBEPXHI MEMOPaH, 1110 BUKJIMKA€ HEOOX1HICTH iX 3aminu. Lle mpu3BoauTh

JI0 YTBOPEHHS 0Jin3bK0 50 THC. TOH TJIACTUKOBUX BIJXO/IIB HA PIK.
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Jlnst  eneMeHTiB, AKi BUKOPUCTOBYIOTbCS B  INIPOMHUCIOBHUX  CHUCTEMax
BOJIOMIATOTOBKH, ICHYIOTh TEXHOJIOTIi pereHeparii, siki J03BOJSIOTH 3a0€3MEUUTH iX
TepMiH CIy>k0u 10 5-8 pokis [33, 34]. Jlis memOpaHHHX €JIEeMEHTIB AlameTpoMm 1,8 —
4 nroiiMu, sIKI BAKOPUCTOBYIOThCSI y TOOYTOBUX Ta KOMEPIIIMHUX CHCTEMaX, TUIIOBUM €

OJTHOPa30B€ BUKOPUCTAHHS 3 TEPMIHOM CITY>KOU OJU3HKO 6-12 MicCSIIiB.

1.3. Mertoau noBOAKeHHS 3 BiANPAllbOBAHUMH 3BOPOTHOOCMOTUYHUMHU

MeMﬁpaHHl/IMH CJIEMECHTaAMH

Ha xinenb 2023 poky 06’ €M pUHKY MEMOPaHHUX 3BOPOTHOOCMOTUYHUX €JIEMEHTIB
ckimanas 3,5 mupa. nomapiB (pucyHok 1.4) [32]. 3a mporHO3aMu OYIKY€THCS, IO TEMIT
Horo pocty B HallOmmkdoMy aecsatupivdi ckimanatume 10 % mropiuno [35]. OctanHe, B
CBOIO Yepry, O3Haya€e MPONOpLINHHE 3pOCTaHHS KIJIbKOCTI BUKOPHUCTAHUX MEMOpaHHUX
€JIEMEHTIB, SIKI MPAaKTUYHO HE YTHIII3YIOThCS 1 IEPETBOPIOIOTHCS HA TUIACTUKOBI BIJIXOH,

110 BIJIIPaBIISIOTHCS Ha cMiTTe3BamIa [17].

I'nobGanennii puHok MemOpan 380poTHOrO ocmocy ( RO ), noxomn, 2017 - 2022 ( mun gox. CIIA )
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Pucynok 1.4 — JluHamika 3pOCTaHHSI pUHKY 3BOPOTHOOCMOTHYHHMX MeMOpaH [32]

[Ipore 3riAHO 3 UITSIMU CTAJIOTO PO3BUTKY MO MOBOKEHHIO 3 BIAXOAaMH 1CHYIOTh

O1BII AOLIIBHI BapiaHTH MOBOXKEHHS 3 BIIXOJaMHU, K1 HaBejieH1 Ha pucyHky 1.5 [18].
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3araJIbHOMPUUHSATO, 1110 BapiaHTH YTHJII3allii BITXO/IIB 1 BUMEPIIAHUX MPOIYKTIB UIAYTh Y
MOPSAAKY TepeBard 3 BEPIIMHU TMEPEeBEPHYTOI MipaMigu: 3amoOiraHHs YTBOPEHHS
BIIXO/IB, TIOBTOPHE BHKOPHUCTaHHs, IepepoOKa, BITHOBJIEHHS e€HEPrii, a IOTIM

yTumi3aiis [36].

\ 3anobiranus yreopenHs Bigxoais /
IloBTOpHE BHKOPHCTAHHS /
[TepepoOka /
\ Binnosiaenns eneprii /

Yruaizamig

HalimeHwwu

Y Gaxauwii
cnocid

Pucynok 1.5 — lepapxis ynpasmiaas Bigxogamu [18]

Ha nanuii yac y cBiTI HaWO1IBII PO3MOBCIOPKEHUMHU METOJaMU TOBOKCHHS 3
B1JIXOJIaM{ 3BOPOTHOOCMOTHYHUX MEMOPaHHUX €JIEMEHTIB € JBa OCTaHHI1 — BITHOBJICHHS
€Heprii Ta yTUJi3alis Ha CMITTE€3BANIMINAX. SIKIIO0 OCTaHHIM METOJ B3araji He OakaHo
BUKOPUCTOBYBATH, TO B SIKOCTI METO/AY BIJIHOBJICHHSI €HEpPrii HailOuIbll e(h)eKTUBHUM €
niposi3. [lopiBHIOIOUM 3 TpaguIIHHUM CHATIOBAHHSAM, MIPOJI3 Ma€ psij MepeBar, Io
BKJIFOYAIOTh MEHIII BUKHIN Y aTMOC(epy Ta OTpUMaHHS MaJTUBHOTO MPOAYKTY 3 BHCOKHM
BMmicToM eHeprii [37]. Ilpore HalOIBII JOMUIBHUMH METOJAAMH SKI HEOOX1THO
pPO3BUBATH Ta BIPOBAKYyBaTU € mepiii Tpu (pucyHok 1.5) — 3amobiraHHs yTBOPEHHIO

BIJIXO/11B, [IOBTOPHE BUKOPHUCTAHHS Ta MepepooKa.

1.3.1. 3ano0iranHsi yTBOPEHHIO BiAX0iB

[Tix gac po6otn 30 MeMOpaHHUX €TIEMEHTIB 3 YaCOM CITOCTEPITAETHCS 3MEHIIIEHHS

MOTOKY IIepMeary Ta 3pOCTaHHS TpPaHCMEMOpPAHHOTO THUCKY, a TaKOoX MaJiHHA
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CEJICKTMBHOCTI BHACJIIJIOK YTBOPEHHsI (OYJIIHTY — MIapy 3a0pyAHEHb, 0 OJIOKYy€E MOpHU
memOpanu [19-20]. TakuM unHOM, 3a0pyJHEHHS MEMOpPAaHHUX E€JIEMEHTIB € OJHIEI0 3
OCHOBHUX MPHYMH, 1[0 BUKJIUKAIOTh HEOOXITHICTh IXHKOI 3aMiHM (pucyHOK 1.6) [38],
TOOTO TPUBOAUTH O YTBOPEHHS BIAXOAIB. [HIIMMU NMpUYMHAMU SBISIOTHCS XiIMIYHE
MOIIKOKEHHsI MEMOpPaHHOTO TIOJIOTHA, HAWYACTIIIe BHACHIOK OKUCICHHS, Ta (pi3udHe

ITOIIKOJ>KCHHA ITOJIOTHA abo CJICMCHTY B HiJ'IOMy.

H Biogoyninr

# Oxucuenns

i Oxcun metamy
10% # Crupasns
M Timma

i Cxeninr

i Yucra

il HeBuznaueHo

Pucynox 1.6 — I[Ipuuunu Buxomy meMOpas 3 janay [39]

3a0pyTHEHHS] MEMOPAHHOTO €JIEMEHTY € CKJIaJIHUM SIBUIIEM, OCKIJTbKM Ha HOTO
dbopMyBaHHs BIUIMBAaE Oarato (pakToOpiB TaKuX sIK: CKJIaJ BOJM, METOIW 1i OUYHIICHHS
nepea MeMOpaHHUM €J1eMEHTOM, poOoUi MapaMeTpu MEMOPAHHOTO MPOLIECY Ta 1HIIE.

Po3pizatore HacTynHi TUNU (HOYJIIHTY: OpPraHiuHUNA, HEOPraHIYHWM (CKEMJIIHT),
KoJjoinHuii Ta Olonoriunmii. Ha pucynky 1.7 HaBemeHO OoTpuMaHi 3a JIOIOMOTOIO
CKaHYIOUOTO €JEKTPOHHOI'O MIKPOCKOIY 300pa)K€HHS PI3HMX THUIIB 3a0pyaHeHsb 30
MeMOpanu [40].

Komnoinni 3a0pyaHIOBayl OXOIUTIOIOTh HEOPTaHIuYHI PEYOBUHM, TaKi K MYJI, TJIMHA,
KAOJIIH, OCaJKEHI KPUCTAIM, KPEMHE3eM, JIaTeKC, OKCUJM METAJIB 1 OpraHiuHI Ta
010JI0T1YH1 PEUOBMHU, BKIIOYAIOUYHM BOJOPOCTI UM 1HII Mikpoopranizmu [41]. Komoigai
PEYOBUHU MOXKYTh BUKIIMKATH OJIOKYBaHHS MOP, SIKIO PO3MIP YACTUHOK MOAIOHUM 10 TX
po3Mipy, L0 MEPELIKOIKA€E TPAHCHIOPTYBAHHIO PO3UMHY uepe3 MeMOpany. OlHaK, SKIIO0

YaCTUHKU TIEPEBHUIIYIOTh PO3MIp MOp MeMOpaHH, BiOyBa€ThCS iXHE HAKOIMMYCHHS,
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Pucynox 1.7 — 300paxenns 3a0pynHenb Ha 30 MeMOpaHax, OTpUMaHi 3a IOIOMOTOI0
CKaHYIOUOTO €JIEKTPOHHOI0 MIKpOCKoIa: a) — 610(oyiHr; 6) — opraHidyHuil (HOYIIHT;

B) — CKEMJIIHT; I') — KoJoigHuil GoymniHr [40]

10 TaKOK IPU3BOAUTH 10 YTBOPEHHS 1Iapy, IKUi 3a0uBae nopu [42].

YTBOpeHHSI CKEWIIHTY Ha MeMOpaHaxX BiIOyBa€ThCs, KOJM KOHIICHTpAIlis
HEOpPraHIYHUX COJIeH Yy NPUKOPJAOHHOMY MEMOpaHHOMY IIapi MEPEBHILYyE MeExXi iX
posuuHHOCTI [43]. I1ix yac mpoiecy 3BOPOTHOIO OCMOCY KOHIIEHTpaIlisi HEOPTraHIYHUX
coJieil y BOAl 30UIBIIYETHCS, 1 B MEBHUN Yac MEPEBUINYE PIBHOBAKHUN JOOYTOK iX
PO3YMHHOCTI, BOJAa CTa€ TEPEHACHUYCHOI, IO TMPHU3BOAWTH OO OCAHKCHHA Ta
KpUCTaTi3allii [IUX COJIeH, TUM CaMUM yYTBOPIOIOYUH IIIap HEOPTaHIYHOTO 3a0pyAHEHHS Ha
MOBEPXHI MEMOpaHHU.

Opraniudi 3a0py/JHEHHS Ha TOBEPXHI MEMOpaHM MOXYTb BUHHUKATH Yepe3
MPUCYTHICTh Y BOJI MPUPOJIHUX OPTaHIYHUX PEUOBHUH, 5Kl € CYMINIIIIO TYMIHOBHX 1
(GyIBBOKHUCIIOT, a TAKOX 1HIII MPUPOJIHI OPTaHiuHI CIOMYKH, 10 TOXOASATh BiJl pO3MaLy
pocCiiMH, BOJopocTell, OakTepiii, 1 BipyciB [44]. OpraHiuHe 3a0pyJHEHHS HEMOMJIHBO
BIIOKpEeMUTH BiJ OionoriyHoro. Opra”iudi pPEYOBHHH CIPHUSIOTH YTBOPEHHIO
0i0oyiHry, KUH, B CBOIO YEpry, CIpUs€ YTBOPEHHIO OpraHIYHKUX 3a0pyJHEHHb. [45].
[IpupoaHi opraHidHi PEUYOBUHHM MOXYTh aacopOyBaThch B Topax abo0 Ha IMOBEPXHI
MeMOpaHH, TAKUM YUHOM OJIOKYIOUM MPOXOAH JJisi BoJu. byso 3po61eHo BUCHOBOK, 1110
opraHiyHe 3a0pyAHEHHS € HaWIIKIIJIUBIIIUM 3a0pYJHEHHSAM, OCKIJIBKH PO3YMHEH1

OpTraHivyHi CIOJYKH, CIIyKaTh TOKUBHUMH PEUOBHHAMU JUIsI MIKpOOpraHi3MiB [46].
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[Iporec 6ios0riYHOTO OOpPOCTaHHS BiI0YBAETHCS 3aBASKH KUBUM OaKTEpIsM, SKI
yTBOpIoloTh  OiorumiBku. Komm  OakTepii  NPUKPIMIIIOIOTBECA, BOHU  POCTYTh,
PO3MHOXYIOTBCS Ta CIPHUSAIOTh YTBOPEHHIO OIOIUIIBKM Ha TIOBEpPXHI MeMOpaHH,
BUKJIMKAIOUN 30UTBIICHHS TIEpermaay TUCKY Ha €JIEMEHTax MeMOpaHu Ta 3HWKCHHS
MPOHUKHOCTI MeMOpaHu. biosnoriune 3a0pyJHEHHS] BBAXKAETHCS «aX1JJIECOBOIO I’ ATOIO»
MeMOpaHHHX MPOIIECIB, OCKUIBKH 11€ Maike He3BOPOTHE 3a0pynHeHHs [47]. HaBiTh npu
99 % BHUIANEHHI MIKPOOPTaHi3MiB, Ti IO 3aJUIIUAIUCSI, MOXYTh POCTH B MPHUCYTHOCTI
PO3YMHEHHUX OpPTaHIYHUX CIOJIYK 1 MPU3BOIUTH 10 61000pocTaHHs MeMOpanu [48].

Takox Ha 1HTEeHCU(IKAIII0 YTBOPEHHS (DOYJIIHTY Ha TIOBEPXHI MEMOpaH BILJIUBAE
SABUIIIE KOHIIEHTpAIIiHOI mnoJsApu3aiii. J[anuii mnpomec € HaCcHiAKOM YTBOPEHHS
MPUKOPJIOHHOTO IIapy Ha IMOBEPXHI MEMOpPAHHOTO TOJIOTHA Yy SIKOMY KOHIEHTpAIlis
PO3YMHEHMX PEUOBMH BUIIA HIX B BUXiAHIA Boji. /laHe siBUIE OCOOJMBO MiABHUIILYE
YTBOPEHHSI KOJIOITHOTO (DOYIIHTY, OCIIaHHS JBOBAJICHTHHUX 10HIB Ta BaXXKOPO3UMHHHX
coJieil Ha TTOBEPXHI MEMOpPaHHOTO MOJIOTHA. 30UTbIIEHHS 11apy (OYJIIHTY Ha MOBEPXHI
MeMOpaHH NPU3BOAMTH JI0 MIJACWICHHS SIBUIIA KOHIIEHTpaLliHoi nomsipusarii [49, 50].

[cHye nBa NPUHIMIIOBO PI3HMX MIAXOAM A0 3anodOiranHs 3a0pyaHeHHs 30
MeMOpaHHUX eneMeHTIB. [lepmmii miaxia cnpsMOBaHM Ha BUJAJIEHHS 3 BOAM IEpen
M0/IaY€I0 HAa 3BOPOTHUN OCMOC JOMIIIOK, 3JaTHUX YTBOPUTHU BiJIKJIAaJIEHHS Ha MeMOpaHi,
HaIpUKIIaJ, 3a JOMMOMOTO0 MEXaHI4HOI (iabTpallii, COpOIIMHINX METOMIB ITOM SIKIITSHHS
BOJIY, BUJIAJICHHS 3ajli3a 1 MapraHifo Ta iH. BoueBu b, 1110 Taka MiJroTOBKa BOJH € XOU 1
eheKTUBHUM, aje BKpail BUTpPaTHUM pillleHHAM mnpobiemu 3abpynnenns 30
MeMOpaHHUX €JIEMEHTIB 1 CYyTTEBO 3HUXKYE SIK €KOHOMIYHI, TaK 1 €KOJOTIYHI MepeBaru
3BOPOTHOOCMOTHYHOT  JeMiHepam3aiii. BhHacmigok 1mporo, s 3a0e3nedeHHs
Oe3mnepebiitHol edekTUBHOI poOOTH MEMOpAaHHUX YCTAaHOBOK — HacaMIlepe]] CUCTEM
3BOPOTHOTO OCMOCY — BCE€ WYAaCTIllE 3aCTOCOBYIOTh IHIIUM CHOCIO 3amo0iraHHs
3a0pyJHEHb — JI03YBaHHS B BOJY, 1[0 TOJAETHCS HA OUMILCHHS, PEareHTiB-1HT101TOPIB
YTBOPEHHS BIAKJIAJCHD, a CAME aHTUCKAIAHTIB [51].

I[li Meromu JO3BOJISIFOTE CYTTEBO TOJOBXKHUTH TEPMIH BUKOPHUCTAHHS

3BOPOTHOOCMOTHYHUX €JIE€MEHTIB, IPOTE MOBHICTIO YHUKHYTH YTBOPEHHS (OYIIHTY Ha
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MOBEPXHI MEMOpaH HEMOXKJIMBO, 110 YHEMOXKJIUBIIIOE 1 MOBHE 3amo0iraHHs yTBOPEHHS

BIIXOJIIB.

1.3.2. IloBTOpPHE BUKOPUCTAHHS

3rigno 3 JlupexktuBoro 2008/98/€C moBTOpHE BUKOPUCTAHHS BIIXOJIB O3HAYAE
OUHWIIICHHS, PEMOHT a0o0 BIJHOBJICHHA MaTepialiB s ix 0aratopa3oBoro
BUKOpHUCTaHHA [36]. BiqHOBIEHHS MPOAYKTUBHOCTI MEMOpPAHHUX €JIEMEHTIB MOXJIHBE
IIPU 3aCTOCYBaHHI MPOILIECIB OUMIlEeHHA. [[aHl mpoiecu 3a3BuYail 3aCTOCOBYIOTHCS IS
IPOMUCIIOBUX MEMOpPAHHUX €JIEMEHTIB, 10 MOJOBXKYE iX KUTTEBUN LIUKII 10 S5-7 POKIB.
IcHye n1Ba OCHOBHI METOM OYMIIEHHS MEMOPAHHUX €JIEMEHTIB - (DI3UYHHI Ta XIMIYHUH.

Memoou ¢hizuunoco ouunyerHs

@di3uYyHEe OYMIIECHHS 3aCTOCOBYETHCS NEPEBAKHO MICISI HE TPUBAJIOTO TEPMIHY
poOotn MeMOpanu. EQEeKTHBHICTh (PI3MUHOIO OYMILEHHS 3a3BUYAil 3HUKYETbCA 31
CTapiHHAM 3a0pyJHIOBAadiB, OCKUIbKU JESIKI 3 HUX HE3BOPOTHHO MPHUKPIILIIOIOTHCS /10
MaTepiaiy MeMOpaHu. JlaHui Iponec OYMILEHHS MOJSrae B 3aCTOCYBaHHI MEXaHIUHUX
CUJI, BUIIMX 3a CUJIM, IO 3B’S3yI0Th 3a0pyaHeHHs 3 30 MeMOpaHOIO, TAKUM YHWHOM
JO3BOJISIIOYM BUJIAJIMTU 1X 3 TOBEpxHI MemOpanu. Haimommpenimn ¢i3udHi METOIU
OUMIIEHHS BKJIIOYAIOTH MpsIME, 3BOPOTHE MPOMUBAHHS Ta 0apOOTyBaHHS MOBITPSM, a
TaKOX HETPAJULIHI METOU, TaKl K yJIbTPa3ByKOBa 00OpOOKa Ta OCMOTHYHE 3BOPOTHE
npoMuBaHHA [52].

[Ting wac mpsMoro mpomMuBaHHS mepMeaT ad0 KMBUJIIbHA BOJA MEPEKAYYETHCS 3
BHUCOKOI IIBHJKICTIO TMEPEXPECHOT0 IOTOKY uepe3 CTOpPOHY Iojadi, Ta uYepes3
BUHUKHEHHSI TypOYJIEHTHOCTI ajcopOOBaHI Ha TOBEpPXHI MeMOpaHU 3a0pyIHEHHS,
BUBIJIBHSIOTBCS Ta CKHJJAIOTBCS HA JIIHII KOHIIEHTpATy, fAK II0OKa3aHO Ha
pucyHok 1.8 (a). [53].

[Ipu 3BopoTHOMY mnpomMuBaHHI (pucyHok 1.8 (0)) mepmear cHodatky
IIPOMUBAETHCS MPOTATOM JIEKUIBKOX CEKYH/1 Y MPSIMOMY HANpPsMKY, MICIIsl YOTO MPOTITOM
KUTBKOX CEKYH]I Y 3BOPOTHOMY HAIpPSIMKY, 11100 3a0pyAHIOI0Y] PEUOBUHN BUBLILHUIACS

3 MOBEPXHI MEMOPAHHOTO MOJIOTHA [53].
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Meton 6apOoTyBaHHS MOBITPSIM — 3a3BUYall BUKOPUCTOBYETHCS IMPU IPIMOMY
NPOMHUBAHHI, MPU YOMY B TOTIK BOJIM BBOAATHCS ApiOHI OymnwpOamku moBiTps [54].
BynbOaniky noBiTpst COPUSIIOTh OUNILIEHHIO, CIPUYUHSIOUH arperamii OKpeMHX YaCTHHOK
3a0pyJHEHHs, JaHUM TMpolec MOpPYIIye KOHIEHTPAIIMHO-MOMApU3aIiHUN Imap
3a0pyaHeHHs [55, 56]. Kpim Toro, mymbcarlii TUCKY, IO € PE3yJIbTaTOM PyXy Oyibp0ariok
MOBITPS MOOJM3Y MOBEPXHI MeMOpaHU, CTBOPIOIOTH MOMIOHUN MyJIbCYIOUHH IOTIK
BCEpeMHI MeMOpaHHUX KaHAJIB JJI1 BUJAICHHS BHYTPIITHHOTO 3a0pyaHeHHS [55].

Bapro 3a3HaunTH, 1m0 3a0pyAHEHHs, SKI NPWIMNAIOTH 0 MOp MeMOpaHu, HE
BUJAJISIOTHCS M1/l Yac MPSMOIo Ta 3BOPOTHOTO MPOMUBAHHS, OJHAK X MOXHA BUAAIUTH
3BOPOTHUM OCMOTHYHUM BIJIMHUBAHHAM a0o0 XiMiuHUM ouuineHHsM [57]. Ilim yac
3BOPOTHOTO OCMOTHYHOTO BIMHBAHHS OYMILIEHA BOJA IOJAETHCS 4Yepe3 IMEpPMEaTHy
TpyOKY Ta 3MHBAETHCS 3 CTOPOHHU MOJa4l BUXIJIHOT BOJX a00 yepe3 BUX1J KOHLIEHTPATY
(pucynok 1.8 (B)), ogHak naHUW METOJ 3a3BMYail HE BUKOPUCTOBYeThCS misa 30
MeMOpaHHUX €JIEMEHTIB, OCKIJIBKH JUISl IIbOTO MOTPIOEH BUCOKHI MPOTHUT1IPaBIIYHUN

TUCK, SIKMI MOKE TOIIKOAUTH MEMOpaHy.

(a) IIpave NpOMHABAHHAS (D) 3B0OpOTHE NPOMHBAHHA
Croponanxiuﬂoi'aozm)))))) ))) (((((((((
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Pucynok 1.8 — Hanpsimku notoky npu: (a) npsiMoMy pOMHUBaHHI, (0) 3BOPOTHOMY

MIPOMHBAHHI Ta (C) 3BOPOTHOMY OCMOTHUYHOMY BiAMHUBaHHI [59]
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VYapTpa3ByKoOB1 XBUJII BUCOKOI 4aCTOTH 3aCTOCOBYIOTHCS Jisi BiOparlii BOJHOTO
CEpeIOBHUIIA Ta PO3IICTUICHHS aJCOPOOBaHNX 3a0pyAHEHB Ha MMOBEPXHI MeMOpanu [58].
[leii meTonm Mae Kimbka IepeBar, 30KpeMa MOKJIHMBICTh OYHINECHHS MEMOpaHHUX

3a0pyHEHb B CaMiii CUCTEMI Ta BIICYTHICTb MOOIYHUX MPOIYKTIB [54].

Memoou ximiunozo ouuwenms

JI71s XIMIYHOTO OYHIIEHHS BaXJIMBHIA BUOIp CKIIay peareHTy BIAIOBIIHO 10 TUITY
3a0pynHeHHs. OKpiM  CIPOMOXKHOCTI 70 e(pEeKTUBHOTrO BUJAJICHHS (DOYIIHTY
O00OB’SI3KOBOI0 BHUMOTOI0 JI0 XIMIYHMX pEareHTiB € Te, I0 BOHM HE TIOBHUHHI
MOIIKOJI)KYBaTH CEJIEKTUBHUN map MeMmOpaHu. BHaciigok 1ii XIMIYHUX pPEareHTiB Ha
3a0py/IHEHHS B1I0yBaIOThCS XIMIYHI peakIilii HampaBlieHI Ha 3MEHIICHHS CUJIM Koresil
MDK 3a0pyJIHMKaMU Ta iX ajres3ii 10 MOBEpXHI MeMOpaHu. BHacmiok muX mporeciB
MOJIETIIYETHCS BUAATCHHS 3a0pyaHeHb [60].

VY SKOCTI XIMIYHUX pPEareHTIB 3a3BUYall BUKOPHUCTOBYIOTHCS OCHOBH, KHUCIIOTH,
XEJIaTOyTBOPIOBAYl Ta MOBEPXHEBO aKTUBHI peuoBUHU. KOHIIEHTpallisi MUIOYOTO 3ac00y
B MUWHOMY PO34MHI 3a3BUYail 3HaxoauThes B Mexax 0,03-2,0 % [50]. Ilicns BuGopy
BIJIOBIJTHOTO XIMIYHOTO areHTa CJIi/i HAJIATYyBaTH Ta KOHTPOJIIOBATH KiJIbKa apaMeTpiB
MiJl Yac omnepalli OYMINCHHS, BKIIOYAIOYU TeMIepaTypy, MBUAKICTh MEPEXPECHOTO
MOTOKY, 4ac oYHIeHHs, pH Ta KOHIIEHTpaliio peareHTy. BUKOpUCTaHHS KOPCTKHX
napaMeTpiB OYMIIEHHS, TaKUX SK BHCOKA TeMIlepaTypa, KOHIEHTpallis Ta pH MoXyTh
CIIPUYMHUTHU «XIMIYHY aTaKy» Ha MEMOpaHU Ta 3HU3UTH 3arajbHy e(EeKTUBHICTh pOOOTH
MemOpaH [61].

Jlns  BupangeHHs O10JIOTIYHOTO OOpPOCTAaHHS Ta OpraHiyHuX 3a0pyAHEHb
BUKOPHCTOBYIOTH JIy>KHI PO3YMHM, HAUTIOMUPEHIIITUM 3 SIKUX € HATPito riapokcua. Taxi
KHUCJIOTH, SIK XJI0puIHa, opTodochopHa, cyabdaTHa Ta IUMOHHA BUKOPUCTOBYIOTHCS JIJIsI
BUJIAJICHHS! HEOPTraHIYHUX 3a0pyJHEeHb (CKeHmiHry) [62]. DdepMeHTH — 1€ HETOKCHUYHI
MaTepiaiu, Kl HEIOaBHO BUKOPHUCTOBYBAJIUCS B MPOIECaX XIMIYHOTO OUYUIICHHS JJIS
BUJIAJICHHS 0103a0pyaHioBauiB 3 MeMmOpaH 30. Takox s BuaaiaeHHsS 010(OyiiHTY
MOXXYTb OyTH €(pEKTUBHI PO3YMHU HATPIIO TIMOXJIOPUTY, 030HY a00 MEPEKUCY BOIHIO

[63,64]. YV sKOCTI XelaTOyTBOPIOIOYOTO PEAreHTy 4acTO BUKOPHCTOBYETHCS PO3UMH
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eTUJIeHiaMIHTeTpaoluToBoi kuciotu [60]. 3araisom, NMpaBWIbHUN BHOIP TEXHOJOTIH
OYHIIICHHS JI03BOJISE TIOJIOBKUTH TEPMiH €KCIUTyaTarlii 3BOPOTHOOCMOTHYHHUX €JIEMEHTIB
IMPOMUCIIOBOTO TpPHU3HAYEHHS JO0 5-8 pOKIB, L0 CHPUAE CYTTEBOMY 3MEHIICHHIO
YTBOPEHHSI BIAXO/IIB.

[Ipote mpu cripoOax OUUIIEHHS aHAJOTIYHUM YUHOM TOOYTOBHUX Ta KOMEPIIHHUX
30 MemMOpaHHHUX €JIEMEHTIB MOE BiIOYyTHCS 3HAayHE TOTIPIICHHS iX CTapTOBHUX
XapaKTEPUCTHK, TOMY TaKWi TPOIEC BBAXKAETHCA HE €()EKTUBHUM 1 HAa ChOTO/IHI HE
BUKOPUCTOBYEThCS. OMHIEID 3 MPUYMH TAaKOTO CTAaHOBMINA € T€, L0 pereHeparlis
CJIEMEHTIB B IPOMHCIOBOCTI B1JIOYBA€ThCS MPH 3HWKEHHI €()EKTUBHOCTI POOOTH
enementy Ha 20-30 %, TOOTO KOJMM 3a0pyIHEHHS MOXYTb OYTH BIJTHOCHO JIETKO
BujasieHi [19]. B Toit ke vyac moOyToOBI Ta KOMEPIIIHHI €JIEMEHTH CIPalbOBYIOTHCS
npaktuyHo Ha 100 %, xonu 3a0pyJHEHHS YK€ YTBOPIOIOTH MIIHUI IIap HA MOBEPXHI
MEMOpaHU Ta IHIIMX CKJIQJ0BUX YaCTHHAX €JIEMEHTY, IO YHEMOKJIHMBIIIOE MOAAJBIIIE
npoIyckaHHs Bojau. BuganenHs 3a0py/IHUKIB B [IbOMY BHUIIAJKY € 3HAYHO CKJIQJHIIIOIO
3a/1auero, JAJisl BUPIIECHHS K01 HEOOX1/IH1 1HIII METOAH.

[TpomuciioBi MeMOpaHHI €IeMEHTH 3a3BUYail BUKOPUCTOBYIOTH JJISI OUMIIEHHS
npicHOI Ta AeMiHepali3alii COJIOHyBaTOi 1 MOPCBKOI BOJAM B YCTAHOBKAaX BHCOKOI
MPOJYKTUBHOCTI. BOHM €KCITyaTyrOThCSI CTPOTO y BIAMOBIIHOCTI JO PEriaMEHTHUX
BUMOT B aBTOMAaTHYHOMY PEXHMI 3 BHCOKHM piBHEM IM(pOBi3allii MmiJi yHIpaBIiHHIM
BHCOKOKBaTI(1KOBaHOTO TmepcoHany. Lle mo3Bosisie e(peKTUBHO MPOBOJUTHU MPOLECU
perenepaiiii MeMOpaHHUX €JIEMEHTIB Ta BAKOPUCTOBYBATH iX OararopasoBo.

EnemenTn KOMepIiiHOTO psy BUKOPUCTOBYIOTH HaW4acTillle B YCTaHOBKax
JIOOYHIIICHHS BOJOMPOBITHOT BOAN KOJIECKTUBHOTO KOPUCTYBAHHS — BEHIMHTOBUX BOJTHHUX
aBTOMaTaxX, MPUCTPOSIX I TPUTOTYBaHHS KaBW, (PUIBTPYyBaIbHUX YCTAHOBKAX IS
3aKJIajiB TPOMAJICHKOTO XapuyBaHHs, K11, MEIUYHUX 3aKJIaIiB, Ja00OpaTopii Ta iHIIE.
OOCIIyroBYIOThCS 111 YCTAaHOBKHM CEPBICHUMHU CITy>)kOaMM 3a MEBHUMHU Trpadikamu, sKi
JTATIEKO HE 3aBXKIIM KOPEIIOITh 3 PeabHOI0 OOCTAaHOBKOK. YMOBHU iX €KCIUTyaTarli
CYTT€EBO BIAPI3HAIOTHCS B/l MPOMHUCIOBUX 3HI)KEHUMH PIBHEM aBTOMATHU3ALl11, KOHTPOJIIO
1 MOXJIMBICTIO KepyBaHHS TmpoiiecoM. [li oOCTaBMHU CIIyTyBalid MEPEUIKOJO00 IS

opraHizaiii TpoIecy pereHeparii BiAIpalbOBAaHUX E€JIEMEHTIB Ta I1X IOBTOPHOTO
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BUKOpHUCTaHHA. [IpoTe B OCTaHHIA 4Yac CYTTEBOro PO3BUTKY Halyna mudpoBizals
MPOIIECiB KOMEPIIMHOI BOJOMIATOTOBKH [65], M0 Mae COPOCTUTH Ta IOJETIIUTH
peaizaliiio npolecy pereHepartii BiAnpanboBaHUX MEeMOpPaHHHUX €JIEMEHTIB.

[ToOyTOBI eneMeHTH BHUKOPHUCTOBYIOTH B CHCTeMax i JOMAalIHbOTO
KOPUCTYBaHHS, JI€¢ CEpBIC 3BOAUTHCSA JIO 3aMiHM €JIEMEHTIB dYepe3 IEeBHHUM CTPOK
eKCIUTyaTallii, He 3aJeXHO BiJl CTYNEHIO iX BiJNpanboBaHOCTI. OUYEBUIAHUM € T€, IO
pereHepailisi €JIEMEHTIB Ma€ MPOBOJUTHUCH IIEHTPATI30BaHO, IO MOB’S3aHO 3 MEBHUMH
OpraHi3alifHIMHU Ta JOTICTUYHUMH TPYTHOIIAMH.

[cHyroui TexHOJOrii, 10 BHUKOPUCTOBYIOTHCA Il pEreHepailii eJIeMEHTIB
IPOMHCIIOBOTO MPHU3HAYEHHS, HE MOXYTb OyTHM CKaJlbKOBaHI JJId pereHeparii
KOMEPIIHHUX Ta MOOYTOBUX €JIEMEHTIB B 3B SI3KY 3 iX KOHCTPYKTUBHUMHU Ta XIMIYHUMHU
BIJIMIHHOCTSIMHM, @ TaKOXX PI3HUMM YMOBaMH ekciutyaTtanii. ToMy po3poOka MeTomiB
BITHOBJICHHSI BIACTMBOCTEH  BIANPAllbOBAHUX 3BOPOTHOOCMOTHYHHUX  €JIEMEHTIB
KOMEPIIHHOTO PU3HAYECHHS € BEJIbMH aKTyaJIbHOIO.

[TimcyMOBYrOUM  PO3TJISHYTI  METOAM  OYHWIIEHHS  3BOPOTHOOCMOTHYHHUX
MeMOpaHHUX €JIEMEHTIB, MOKHA JIINTH BUCHOBKY, IIO JIJIi OYMILEHHSA MOOYTOBHUX Ta
koMepuiiHux 30 eNeMEeHTIB CiliJi BUKOPUCTOBYBATH KOMOIHALIFO (PI3UYHUX Ta XIMIYHUX
MeToaiB. HaifOunbm AouiIbHUM (I3UYHUM METOAOM I TOEAHAHHS 3 XIMIYHUM
OUUIIIEHHSIM € TIPSIME MMPOMHUBAHHA. Taki METO/IU SIK 3BOPOTHE MTPOMHUBAHHS Ta 3BOPOTHE
OCMOTHUYHE BIJIMMBaHHS TEXHIYHO Ba)KKO peali3yBaTH 4epe3 CKIIAIHICTh MO€JHAHHS 3

XIMIYHOIO PEeTreHepaIli€ro Ta OUIbIIly eHEpro3aTpaTHICTb.

1.3.3. [lepepodOka

BignosigHno 1o pamkoBoi JupextuBu €C «mepepoOkay 1ie MpoIiec, il 4ac sIKOro
BIJIXO/IM TEPEPOOISIOThCS y TPOAYKTH 1 MaTepiaid JJIsi OPUTIHATBHUX a00 1HIIHMX
uineit [36]. SAkmo roBopuTH mpo nepepooKy MeMOpaHHUX €JIEMEHTIB TO JaHUM MPOIIEC
MOKHA PO3JITUTH Ha 2 BUIM, a caMe TIpsMY MEpepoOKy 3 30€pEeKEHHSIM CTPYKTYpPH

€JIEMEHTA, Ta HENPSMY.
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1.3.3.1. Ilpama nepepooka

[Tin mpouecom mpsimoro mepepobieHHs BiampanboBanux 30 MemMOpaHHHUX
CJIEMEHTIB MA€ThCsl Ha yBa3l IpoIlleC oJiepKaHHsS (UIBTPYIOUHX €JIEMEHTIB 3 HOBUMU
BJIACTUBOCTSIMA B Ppe3yJIbTaTi 4YacTKOBOi a00 TOBHOI Jerpajaamii akTHUBHOTO IIapy
noJiaMify MiA i€l PI3HUX XIMIYHUX pedoBuH. Lleil mporec MOCUTh TOKIAaTHO
JOCIIIJIKYBABCS Y XO/1 BUBUCHHS SBUIIA CTApIHHS 3BOPOTHOOCMOTHYHHUX MeMOpaH [66]
a0 BIUIMBY Ha IMOJIOTHO PI3HUX OKHCHIOBAaYiB, a caMe€ CHOJYK XJOpy (HaTpiro
TIOXJIOPUTY, JIOKCUTY XJIOPY, XJIOPaMiHIB Ta 1H.), IEPOKCUIY BOJHIO, 030HY Ta Kajilo
nepmanrasary [63, 64, 67-72]. Sk OyJio mokazaHo psiJioM aBTOPIB B OCTAHHBOMY BUIIAJIKY
NOJIAMIIHUM IIap 3MIHIOE CBOIO CTPYKTYpPY, BHACHIIIOK YOIO 3MIHIOETHCS HOTO
CeNIeKTUBHICTD [18, 73, 74]. 3aBasku TakoMy BIUIMBY MOXKHA, JIOTPUMYIOUHCH TIEBHUX
TEXHOJIOTIYHUX HACTAaHOB, MPOBOAMTH MOAM(IKALII TOBEPXHI BIANPALBOBAHUX
NOJIAMIZIHUX ~ MeMOpaH 3  OTPUMaHHAM  HAHO-,  YJbTpaQUIbTpALIMHUX  Ta
3BOPOTHOOCMOTHYHHUX MEeMOpaH 3 3aJJaHOI0 ceJIeKTUBHICTIO [17, 18, 63, 67].

3acmocyeans cnonyk xaopy

3apa3 3arajbHOBHU3HAHO, 110 ceNeKTUBHICTh [IA MemOpaH MoXe 3MEHIyBaTHCh
IIPU BIUTMBI HA HUX TIEBHOI 03U XJIOPY, 10 00YMOBIIEHO YYTIUBICTIO aMiJHOTO a30Ty.

3 MeTow TMOpPIBHAHHS 3IaTHOCTI AaKTHUBHOTO XJOpPY, JMAIOKCHAY XJOpy Ta
MOHOXJIOpaMiHy 3MiHIOBaTH xapakTtepuctuku 30 mojiaMmiiHUX MeMOpaH, OyIo
MIPOBENICHO MOPIBHAHHS JaHUX 3 JIITepaTypHUX pkepen. Ha pucynky 1.9 nokasaHo yac,
HEOOXITHUHN JIsl JOCATHEHHS TaKOTO K 301IBIICHHS TPOXOKEHHS COJ1 32 aHAJIOTTYHUX
yMOB ekcrutyaranii. KoHnenTpanii Beix OKMCHIOBAYiB CTaHOBWIN O01m3bk0 500 Mr/om>.
Pe3ynbTaTu Moka3yoTh, 1110 MOHOXJIOPAMiH Ma€ 3IaTHICTh MEBHOIO MIPOIO 3MEHIIYBATH
CEJICKTUBHICTh TOJIaMiHUX MeMOpaH, ajie Horo BIUIMB MEHII IHTCHCHUBHUH, HIK Yy

BUIBHOTO XJIOPY Ta J10KCUAY Xjopy [75, 76].
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30 ron

16 ron

6 rox

AKTHEHHX X10p  Tiokcn1 x1opy  MoHoX1opaMin

Pucynok 1.9 — Yac, neoOxiaHuii asist 301IbIIeHHS TpoxoxkeHHst coni Ha 100 % mpu

BUKOPHUCTAHHI PI3HUX PO3UHUHIB OKUCHIOBaYa [75]

3acmocysanus nepoxcudy 600HIO

[Ile omHUM MOXJIMBUM OKHCHHKOM IOJIaMITHUX MEeMOpaH € MEPOKCH BOJHIO.
[IpoTte y mopiBHAHHI 3 XJOPBMICHUMH PEUOBUHAMH TaKUMU SIK XJIOPHYBATHCTa KUCIOTA
ab0 MOHOXJIOpaMiH BiH € Habarato clia0KimuM OKMCHUKOM. Hampukiaa, memOpaHa
ESPA2 Gyna TojepaHTHa 10 BIUIMBY SK MiHiMmym 744 000 mr/mm® - rom [63] Ges
30UIBIICHHS] TPOAYKTUBHOCTI a00 3MEHIICHHS CEeJIEKTUBHOCTI. [HI JOCHIAHUKH
MOBITOMJISITH, 1[0 TP BIUIMBI Ha momamigHy memOpany BE nmo3u mepokcumy BOAHIO
31 000 000 mr/gm*-Tox crocTepiranock 301IbIMIEHHS TOTOKY IEPMEATy Ta IPOITyCKAHHS
10H1B HaTpito [77]. B uncTux cucremax mojiamigHi MeMOpaHu JOCUTh TOJICPAHTHI 0 i
nepokcuay BoaHIO. [IpoTe manuii mporiec KaTaai3yeTbCcsi BMICTOM MEPEXiAHUX METaliB
HaAIMpUKJIa] BMICTOM 3ajli3a y Boai abo Ha moBepxHi mMeMOpanu [77]. Ilpote mpu
3aCTOCYBaHHI MEPOKCUY BOIHIO I OTPUMaHHS MEMOpPAaHHUX €JIEMEHTIB 3 3aJaHOI0
3HIDKEHOIO CEJIEKTHBHICTIO, B Oyb SIKOMY BHUIIQJKY, HEOOX1THO 3aCTOCOBYBATH BEJIMKI
KOHIIGHTpAIlii 3 JIOBOJII TPUBAJIMM YacoOM, OCOOJIMBO TMOPIBHIOIOYH JaHWN TMPOIEC 3
MIPOIIECOM 3aCTOCYBAHHS CIIOJYK BIJILHOTO XJIOPY.

3acmocyeannsa nepmanzanamy Kauiro

VY po6orti [67] BUKOPUCTOBYBAJIM PO3YMH MEPMaHTaHATy Kalito JJii OKUCHEHHS
MOJIIAMIIHOTO IIapy Ta nepepoOku memOpaH B MikpoduisTpamiiini. [lpote mnpu

BUKOPUCTAaHHI TaKOTO MeTOAy Mojauikaiiii BaXKO KOHTPOJIOBATH CTYIIHb BIUIUBY
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OKMCHHMKA [UIsl OTPUMaHHS MOJU(IKOBAaHUX MEMOpPAaHHUX €JEMEHTIB 3 3a/aHOl0
CEJIEKTUBHICTIO.

3acmocyeanus o30mny

Pi3Hi pocmimkeHHss OyiaM NPUCBSAYEHI TMOETHAHHIO MPOIECIB O30HYBAHHA Ta
MEMOpaHHUX TEXHOJIOTiH, BKIIOYAI0YM 030HYBAHHS SIK €Tal MONEepeaHboi 0OpOoOKH uu
OUMILICHHS ToJliaMigHoi MeMOpanu [64, 78]. V poboti [64] mpoBOAMIN TOCTIIKEHHS

3 030Hy 3a pisHMX pH HIpOTArOM rogvHM Ta MOPIBHIOBAIHM JAHY

BBy 10 mr/mm
MoJIIaMiIHy MeMOpaHy 3 MOYaTKOBUMH XapakTepuctukamu. Ilicis BIIIMBY O30HY
CIIOCTEPIraioCh YaCTKOBE BUIAIICHHS aKTUBHOTO IIapy MEMOpPaHH, BHACIIIOK OKUCICHHS
NoJliamily Ta MOsIBY NOJICYIb()OHOBOrO TMIAIMIApy Ha MOBEpXHI. BumiproBaHHsS
MPOHUKHOCTI MiJITBEP/HKYIOThH 1€ TBEPUKEHHS, OCKUIBKU CIOCTEPIranocs 30UTbIICHHS
notoky (mpu pH 7 Ha 500 %, a npu pH 3 na 300 %). B minomy, nerpanaiiiss MemOpaH
Oyna aemto Oubioro npu pH 7, Hixk npu pH 3 uepe3 OUIbII MIBUJIKE PO3KIIAJIAHHS O30HY
npu pH 7, 1m0 npu3BOAUTE 10 YTBOPEHHS OUIBINOI KUJIBKOCTI BUIBHUX paguKaiiB [64].
Cxoxuil pe3ynbTaT TaKOX OTpUMANM Yy JOCHIKEH1 [78] me mpoBOAMIA OKUCHEHHS
noJiamigHoi MeMOpaHu 030HOM 3 KoHLeHTpauicro 0,3 mr/avm® nporsarom 90 roa. Bonu
TaKO0 BUSIBUJIH, 1[0 TIOJIIaM1{H1 MEMOpPaHU HAJI3BUYANHO Yy TJIMBI 0 030HY 1 BCTAHOBWIIH
Jerpajainio MeMOpaHu Bxke yepes 15 roj BIUIMBY.

[Ipore BuKOpUCTaHHS O30HY [JIi OKHCJIEHHS TMOJiaMiJHUX MeMOpaH Ta
MoauQiKalii iX MOBEPXHI ISl 3HMKEHHS CEJNEKTHBHOCTI € JIOBOJII €HEpro3aTpaTHUM
npouiecoM. Ille ogHuM HEMONIIKOM 3aCTOCYBaHHS 030HY € HEOOXITHICTH CTBOPEHHS
CHeIiajJbHUX YMOB JUJISl TIPOBEJCHHS MPOIECY OKUCHEHHS, Ta MIATPUMAHHS MOCTIHHOI
HE0OX1THOT KOHIIEHTpallii 030HY. /{15 11boro HEOOX11HAa HUPKYJISILIS PO3UUHY OKMCHUKA,
aJK€ 030H € JIOCUTh HECTIHKOIO CIIOIYKOIO, sIKa IITBUKO BUBUIBHSIETHCS 3 PO3UUHY.

llopieuanus 0ii pizHux cnoayx

VY nocnimkenHi [79] npoBoAUIIN MTOPIBHSIHHS i PI3HUX CIOJIYK 32 OJJHAKOBHUX J103
BIUTUBY, IO MOXYTh MOJHM(IKYBATH MOBEPXHIO 3BOPOTHOOCMOTHYHUX TOJI1aMITHUX
meMOpan, Takux sk NaOCl, KMnOs ta NaOH (pucynku 1.10, 1.11). Pesynbraru

nokazywTh, mo BB NaOCl npuzBoAuTh 10 HAWIMIBUAMIOTO 301TBIICHHS

HPOAYKTHBHOCTI 3i 30ibmieHHssM iHTeHCHBHOCTI BiumBy. KMnO,4 ta 06po6ka NaOH
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npu3BeNa 1O 3HAYHOTO 3MEHIIEHHS BiJTOPTHEHHS COJi, IO BKa3ye Ha IOMITHE
MOIIKOKEHHS MOBEpXHI MeMOpaHu. OIHAK MOTIK 3pOCTaB B 3HAYHO MEHIIIH Mipi Micis

0OpOOKM TaHUMHU CTIOTyKaMu, Hixk micist 00pooku NaOCl.
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E o
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Jlo3a oKHICHHUKA, (MI/OM3)-TO
Pucynox 1.10 — BrumuB pi3HUX OKHCHHKIB, Ha TOTiK MeMOpan BW30 [79]
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Pucynox 1.11 — Bruu pi3HMX OKMCHHKIB Ha ceneKTuBHICTH (3a NaCl)

MemOpanamu BW30 [79]

[TincymMOByrOUYM BUIIICHABEICHI JaHl 3aCTOCYBaHHSI OKHCHUKIB ISl 3HUKCHHS
CEJICKTUBHOCTI TIOJIIaMiTHUX MEMOpaHHUX €JIEMEHTIB, MOXHa 3POOUTH BUCHOBOK, IO
HAWJOIUIBHIIIE JIJIST TPOIIeCY MEePEepOOKH BUKOPUCTOBYBATH CIIOJNYKH aKTUBHOTO XJIOPY.
Januii cnoci6 € HalOIbII €(PEKTUBHUM Ta KOHTPOJIbOBAHUM.

Mexanizm npoyecy moougixayii noniamionux memopar akmusHUM X10pOoM

Opton Tta Kan [68, 80] mocmimKyBajiud MpoOIEC BIUIMBY AKTUBHOTO XJIOPY Ha

MoJTiaMiTHI MeMOpaHH Ta 3alpoNOHYBaIM MEXaHI3M, 110 HaBeIeHO Ha pucyHKy 1.12 [81].
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3Fi,Z[HO 3 IMM MEXaH13MOM MponeC XJI0pyBaHHA MOXKE IIPOXOJUTH p13HI/IMI/I naxamMuy, 1o

3a7eXUTh BiJl pH po3urHy aKTUBHOTO XJIOpY.
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Pucynok 1.12 — Mexani3m araku xjopoM Ha [TA-memOpanu [81]

B xwucnux ymoBax N-xyopyBanHa 3 nepeOyaoBoto OpTOHa € OCHOBHUM
MEeXaHi13MOM norjauHaHHs xjopy. OxkucHioBanbHI peyoBuHu (HOCI) aTakyroTh amigHui
a30T 4epe3 000poTHY peakiiito N-xjopyBaHHsa. CHoOYaTKy XJIOPYIOTHCS KIHIIEBI aMiHHI
IpyId, NOTIM BHYTPIIIHI aMiJHi 3B'A3KH, BHACIIJOK YOTO YTBOPIOETHCS N-XJIOpOBaHUMN
npoaykT. HecrabinmpHa N-xjopoBaHa CIONyKa MiAA€ThCS HE3BOPOTHIN mepedyoBi
Optona (pucyHnok 1.13), yTBOpIOIOYM  KIJBIIEBO-XJIOPDOBaHMM  mpoaykTt  [82].
BHyTpimmHbOMONEKYIsIpHA Tepedy0Ba BKIIIOYae eniMiHaiiio N-3B’S3aHOTO  XJOpY,
ytBOptotoun Cl,, KWl arakye apomMaTH4HE KUIblle, MpWIErie 10 amigy, uepe3
eJIEKTpO(IbHE apOMaTUYHE 3aMILIEHHS, MEPEBAXKHO B MApaANo3ulli apOMATHUYHUX
Kisienb, noB'si3anux 3 NH-rpynamu [81]. Oprono3uliis MEHIIT Bpa3jiuBa 4epe3 CTepUUH1
nepemkoau. Bxomouenus xnopy y map ITA 36inbmrye rigpodoOHicte memOpanu (N-
XJIOPYBaHHS), YCKJIAJHIOIOYH 3MOYYBAaHHS 1 3MEHILYIOYH BOJAOIPOHUKHICTD MPU KUCIIUX
YMOBax Ta HEBEJNHKIiHN 1031 x10py. OHOYACHO 301IbIIYETHCS UIUIBHICTh TOBEPXHEBOTO
3apsiny 1, IK HACJIIOK, BIITOPTHEHHS 3apsHKEHUX YaCTUHOK 3pocTatume [83]. V mykHUX
yMOBaxX XJIOPYBaHHsS apOMaTUYHOTO Kbl ManioiimoBipHe [81]. KinbkicTh BOy10BaHOTO

XJIOPY 3MEHIIY€ThCSA 31 301TbIIeHHsIM pH U1t MOCTIHHOT 3aranbHOI KOHIICHTpPAIIIi XJI0pPYy.
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Pucynok 1.13 — Mexani3m neperpymnyBanHsa OpToHa Ta nNpsMoro xjiopyBanus [1A

KUTBIIS B KUCIIUX YMOBax [81]

[Ipu nyXKHUX YMOBax IEpEBa)ka€ 1HIINMI, KOHKYPEHTHHI MEXaHi3M — T1IpoJi3,
CTUMYJbOBAHUN XJOpYBaHHSAM (pucyHOk 1.12). [Ipu mipomy XJiop mossipusye amigHUNA
BYIJICI[b, TOJIETIIYIOUU TiApoai3 3B'sa3ky C-N Hykneodimom OH™, mo npuzBOAUThH A0
YTBOPEHHSI KapOOHOBUX TPyI, CIPHUSE MOAATBIIOMY IOIIMHAHHIO XJIOPY 1 MOXeE
NPU3BECTH A0 YTBOPEHHS KapOOHOBHX Ta XIiHOHOBHX rpyn [84-86]. Ilpu upomy
MeMOpaHa cTae OUIbILI T1APO(UIBHOI Yepe3 30UIbIICHHS KUTbKOCTI KapOOHOBUX TpyII.
Komu rigpodis, 110 BUKIMKAHUNA XJIOPYBAaHHSIM, € HAATO CyBOPUM (TIPH BHCOKHX J103aX
aKTUBHOTO XJIOPY), MOJIaMITHUN MIap pO3YMHSAETHCA a00 BIIOKPEMIIIOETHCS Bl HOCIS,
[0 TIPU3BOJAUTL JIO0 TOBHOI BTpatH cenekTuBHOCTI [81]. Timpom3 € dyHKIiE
KOHIICHTpAIli XJIOPY Ta 10HIB T1IPOKCUTY.

Takox ciij 10AaTH, 110 MPU 3aHYPEHH1 XJI0pOBaHOI MEMOpaHU B UUCTY BOAY a00
ny>xxauii po3unH NaOH, MokHa mpoBecTH 3BOPOTHIN mporiec 70 N-XJIOpyBaHHS: aMiHI
rpynu N-CI neperBoprototrbest Ha rpynu N-H [87]. Hanuit nporiec He MOXKe MOBHICTIO
BIJIHOBUTU MeMOpaHy, 10 CBIAYUTH MPO HASIBHICTH SIK 00OOPOTHOTO, TaK 1 HEOOOPOTHOIO
xJjopyBaHHs. He3BopoTHE XJI0pyBaHHS JOMIHYE MTPH BUCOKIN KOHIIEHTpaIli xyopy [88].

BruiuB akTUBHOTO XJIOpY PYHHY€E MIKMOJIEKYJISIPHI BOJHEB1 3B’SI3KM Ta CUMETPIIO

oJiiMe 30UIBIIVIOYA BUIBHHU 00'eM, cB0OOOAY o0OepTaHHA Ta THYYKICTh. lLle
Y, y 5
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MPU3BOJAUTL 10 30UIBIICHHS IOTOKY 1 3MEHIIEHHS CEJIEKTUBHOCTI, OCKUIBKH Oyje
JOCTYMHO O1JIbIIE NUISIXIB MOTOKY [87].

Takosx mpu BIJTUBI HEBEIUKOT JO3M aKTUBHOTO XJIOPY Ha MOBEPXHIO MOJIiaMiTHOT
MeMOpaH! MOXE BUHUKATH TaK 3BaHUHN €(PEKT MIATATYBaHHS — JOJATKOBE 3B’ SI3yBaHHS
JaHIoriB nomiamiay. [Ipu npboMy BUTbHI apoMaTHUYHI aMiHOTPYIIM Ha KiHIII MOJTIMEPHUX
JIAHITIOTIB Ta HEMPOpearoBaHi aMiHOMOHOMEPH, [0 YTBOPIOIOTHCS BHACITIIOK TOAaBaHHSI
aMiHy Yy HQIMIIKYy T dac Mbkda3HOi momiMepw3allii, dacTime iJIarThCs
XJIOPYBAHHIO HIXK aMiJId, YTBOPIOIOUH a30CMOIYKH. 3MHUBAHHS [IUX CHOJYK 3 TIOJI1aMiJIOM
reHepye e(QeKT MiATATYBAaHHs, BHACIIJOK YOr0 MOKE 3pOCTaTH CEJIEKTUBHICTH 30
memOpaH [68, 89].

Xapaxktep BruiuBy pH Ta KOHIIEHTpaIlii aKTUBHOTO XJIOPY Ha BIACTUBOCTI MEMOpaH

y3arajibHeHo B Tabnuii 1.3 [90].

Tabmuusg 1.3 — OcHoBuuit BruB pH 1 3aranbHoi KOHIIEHTpAllli aKTUBHOTO XJIOPY

Ha XapaKTepUCTUKH MEMOpaHu

XapakTepucTUKa pO3urHY 3mina xapaktepuctuku memopanu 30
Konnenrpauis . o .
pH ['apodinbHICT CeNeKTUBHICTh
aKTUBHOT'O XJIOPY
Husbkuii Husbka 3MEHIITYEThCA 3pocTae
Hwu3bknii Bucoka 3MEHIYEThCA 3HUKYETHCS
Bucokuii Hwu3bka 3pocTae 3pocTae
Bucokuii Bucoka 3pocTae 3HUKYETHCS

1.3.3.2. Henpama nepepooka

[Ipore mnpsima mnepepoOka 3 3aCTOCYBaHHSIM OKHCHHKIB a00 TOBTOpHE
BUKOPHUCTaHHA MEMOpaHHOTO €JIEMEHTa HE 3aBXKAM € MOXKJIUBUMHU Yepe3 BHCOKE
3a0pyaHeHHs a00 HOro XiMiuHe Y (i3MUHEe TOIKOIKEHHS. ToMy HaCTYITHUM KPOKOM y

lepapxii ympaBiiHHS BIAXOAaMHU € HEMpsMa CTpareria mnepepoOku, 1o mnependavae
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JEKOHCTPYKIliI0 MeMOpaHHoro eneMmeHTa [36]. Jlana crpareris nependayae nepepoOKy
BCHOT'0 00’ EKTY UM OKPEMHX HOTO YaCTHUH Y MTPOMHUCIIOBI MPOAYKTH 1HIIIOTO IPU3HAYCHHS.

Ak BiI3HAyYaloCh paHillle MEMOpaHHI €JIIEMEHTH CKJIaJaloThCcs 3 PIZHHUX
noJiiMepHUX MaTtepianiB. OKpiM camoi MeMOpaHU B HbOMY IIPUCYTHI CHIEHCEepH KUBJICHHS
Ta TIepMeaTy, SKi BUTOTOBJISIOTHCS 3 TIOJIMPOMUICHY Ta MOJieTuiIeHTeTpadTonary.
[TepmeatHi & TpyOKH BUTOTOBIISIOTHCS 3 aKPUIOHITPHI-OyTasieH ctupoiy [91]. Koxen
3 IIUX €JIEMEHTIB MOKJIMBO BIJOKPEMUTH Ta IEPEPOOUTH 3a JOTIOMOTOI0 MEXaHIYHUX 200
XIMIYHHAX METO/IIB.

Hemnpsima nepepoOka MeMOpaHHUX MOJTYJIIB BKJIIOYA€E Pi3H1 METO/IU, BiJl HAWO1IBII
MPAKTUIHUX, TAKUX, SK BUTOTOBJICHHSI HAITOBHIOBAYIB JIJII KOMIIO3UTHUX OCTOHIB a0o
JUI KapKacHUX OyJIBEIbHUX MarepiajiB, 30KpeMa CeHJIBiU-TlaHeeH, 0 e€K30THUHUX
METO/I1B, HAPUKJIAJ Y SIKOCTI AEKOpY A ojsry [37].

Haiibinpim mpocTuM MatepiajioM sl NMepepoOKU € TepMeaTHHMl crmeiicep Ta
nepmeaTHi TpyOKH, OCKUTBKH JIJaHI MaTepiajd KOHTAKTYIOTh IEPEBAXKHO 3 YUCTOIO BOJIOIO,
Ta iX HEe TOTPiIOHO ToIepeaHhO ouuilyBaTH. Hampukiamx momermieHTeTpadToIaT
HIMPOKO TEepepoOIIieTbest B eMHOCTI Juisi HamoiB [91]. ['omoBHOIO % mpoOiieMoro st
nepepoOKH MOINPOIIJICHY € HOTo 3a0pyAHEHHS, SIKE MOMepPeTHbO HEOOX1THO BUIAIUTH.
AJle 11€ HECKJIaIH1 1 B1JIOM1 TE€XHOJIOT11 BTOPUHHOT EPEPOOKH T1acTMac.

Takox BiIoOMi METOAM BUKOPUCTAHHS 4YaCTUH MEMOpaHHUX €JEMEHTIB ¥y
CUIbCBKOMY TrocmnogapcTBl. Hampuknag wmeMOpaHHI JUCTH NEpPEpOOISUIMCH Y
T€OTEeKCTWIb, SIKWA BUKOPUCTOBYBAJIM MiJ IIAPOM TPaBil0 JJIsi 3MEHIICHHS POCTY
Oyp’siHIB Ta 30€peXeHHsS TOJIOKEHHS JeKOpaTMBHUX KameHiB. Chelicepu
BUKOPUCTOBYBAJIMCH Y SIKOCTI CITOK JIJIsl 3aXUCTY ra3ony [91].

[Ipore 1i pieHHs € aKTyaIbHUMU JJISI IPOMHUCIOBUX MEMOpaHHUX €JIEMEHTIB, Ta
HaXkaJlb HE JJII TOOYTOBUX Ta KOMEPIIIHHUX, PO3MIPH CKJIQJIOBUX YAaCTHUH SKHX € 3aHATO

MaJIUMH JIJ1s1 OLTBIIOCTI BUIIE 3a3HAYCHUX IIIJISAX1B HEMPSIMO1 ITepepoOKH.
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BucnoBku po3aiay 1

Ha ocHOBI miTepaTypHOro Orjsily HAayKOBUX MyOJiKaliid pPO3TIISIHYTO HUIAXH
3MEHIIICHHSI BIIXO/IB 3BOPOTHOOCMOTHYHUX MEMOpaHHUX €JIEMEHTIB, Ta METOJu
oTpuMaHHs  (i310JIOTIYHO TOBHOLIHHOI BOAM 3 JeMiHepanizoBaHoi. OmgHUM 3
Halle(peKTUBHIIMNX MUISIXIB YaCTKOBOTO BHPIMICHHS MepuIoi mpoOiieMu, 3TiTHO 3
OCTaHHIMM JIaHUMH, € TTIOBTOPHE BUKOPUCTAHHS BHACIIJIOK BiJHOBJICHHS BJIACTUBOCTEH
IIUIIXOM pereHepariii MeMOpaHHUX €JIEMEHTIB Ta/ab0 mpsiMa repepoOka 3 MoAudIKaIlier0
HUIIXOM 0OpOOKH pO3YMHOM aKTUBHOTI'O XJIOpY, /Ul nepeTBopeHHs Ha 30 elneMeHTH 3
3aJJaHOI0 3MEHIICHOI0 CEJEKTUBHICTIO. JlaHl METOau CHPUATHMYTh 3MEHIIECHHIO
KUIBKOCTI MOTEHIIaIbHUX BIIXOMAIB BIANMpalbOBAHUX MEMOpaHHUX €JIEMEHTIB. Takox
pU BUKOPUCTAaHHI MOJU(DIKOBAHUX 3BOPOTHOOCMOTHYHHMX MEMOpPAHHUX EJIEMEHTIB 3
3aJIaHOI0 CEJIEKTUBHICTIO TEOPETUYHO MOKJIMBO OTPUMYBATH (D1310JI0TTYHO MMOBHOLIHHY
BOJIy B OJIH €Tall, HE 3aCTOCOBYIOYH JI0JIATKOBI CTa/I1i JOMIHEpasi3allli.

[TokazaHO MOUIIIBHICTH Ta AKTYaJIbHICTh MPOBEACHHS JOCIIIKEHb 3 BU3HAUYCHHS
NUISIXIB TOJIOBXKEHHS KUTTEBOTO LUKIY KOMEPUIMHUX MEMOpaHHHMX €JIEMEHTIB, IO
MOB’sI3aH1 3 BCTAHOBJICHHSM PAIIOHAJILHOTO METONy pereHeparii komepiiiaux 30
MeMOpaHHMX €JEMEHTIB, a TaKoX I1X MoAMpIKalii HUIIXOM OOpPOOKH pO3YMHAMH
aKTUBHOTO XJIOPY JJsl BIUIMBY Ha IXHIO CEJCKTHUBHICTH 3 METOI MOAAIBIIOrO

BUKOPHUCTAHHS B MPOIIeC] oJiep>kaHHs (1310JI0T1YHO TOBHOIIIHHOT BOJIH.
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PO3/11 2
OB’CKTHU TA METOJU JOCJIYKEHHS

2.1. O0’exTH HOCaiTKEHD

O06’exTaMu 1OCHIKEHb B JaHii poOOTI BUCTYMAalN HOBI Ta BiAMpalbOBaHi B X011
eKCIUTyaTallii crmipajdbHO HAMOTaHI ToJiaMigHI MeMOpaHHI €JIeMEHTH BHPOOHHUIITBA
TOB «<HBO «Exocodt» (Ykpaina) [92]. OcHOBHI XapaKTEpUCTHUKHA HOBUX €JIEMEHTIB

HaBeaeHi B Ta0ymi 2.1.

Tabmuug 2.1 — XapakTepUCTUKA HOBHX 3BOPOTHOOCMOTUYHUX MEMOpaHHHX

enementiB CSV3012-500 GPD.

MeMOpaHHUi HiamerTp, JloBxxuHa, CraproBa CraproBa
€JIEMEHT TIOUMU JIOUMH MPOTYKTHUBHICTB, CEJICKTUBHICTH, %0
(Mm) (Mm) ame/ron
CSV 3012 500 3 (76) 12 (305) 63,0-94,6 94-96
GPD

BiampanpoBaHi  €IeMEHTH  BUKOPHCTOBYBAIMCH B  BOAHUX  aBTOMAaTax
BEHAUHTY [65] mJia ojep)KaHHS BOJM TUMTHOI SIKOCTI 3 BOJOMPOBIAHOI Mepexi
JTHITTPOBCHKOTO BO103a00py y M. Kuesi (Ykpaina). [lepen nagxomkeHHsIM Ha MeMOpaHH1
CJIEMCHTH, BOJIa TMTOBHICTIO OYMIIyBajIach Bil KaJJAMyTHOCTI Ta CIIOJYK aKTUBHOTO XJIOPY.
VYcepenHeH1 TOKa3HUKH SKOCT1 BOIH, 110 HAJIXO/IUJIa HA MEMOpaHH1 €JIEMEHTH HaBEJICHI

B Ta0um 2.2.

Tabmums 2.2 — VYcepeaHeH! 3HAYEHHS I1HAMKATOPHUX TOKA3HUKIB SIKOCTI

BOJIOTIPOBITHOT BOAM JHIITPOBCHKOTO BO03a00py y M. KuiB 3a 2023 pik [5]

[ToxasHuk VYcepenneni | MakcumaneHe | MiHiManbHe
3HAYCHHS 3HAYCHHS 3HAYCHHS
ConesmicTt, Mr/nm? 297.5 255,0 340,0
XKopcrkicTs, Mr-exs/nm> 4,2 4,6 3.8
3ani3o 3arajabHe, MIr/am> 0,2 0,3 0,1
[lepmanranarHa OKHMCHIOBAHICTb, 5,9 6,1 5,7
MrOs/mm>
3abapBIIeHICTh, TPATyCH 35,0 38,0 32,0
3aransHe MikpobHe uncio, KYO/cm? 3 6 0
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BignparnsoBani MeMOpaHH1 €JIeMEHTH IJi JOCHIKeHb OyJIM HaJlaHl CepBICHOIO
komnanietro TOB «HBO «Exocopt» (Ykpaina), 1mo 0OCIyroBye MEpexXy BOJHUX
BEHJMHTOBUX aBTOMaTiB B M. KueBi. XapaKTepuCTUKH BIAMPAIIbOBAHUX MEeMOpaHHHUX

€JIEMEHTIB HaBeAeH1 B Ta0mI 2.3.

Tabmums 2.3 — XapakTepuCTUKU HaAaHUX I JOCHIDKEHb BiANpPAIlbOBAHUX

3BOPOTHOOCMOTHYHHX MeMOpaHHux enemeHTiB CSV3012-500 GPD

O0'em oxepxaHoro [IpoayKTHUBHICTB, CenexTuBHICTH, %
nepMeary, am’ am>/ron
14248-60979 9,3-49,3 81,2-96,8

BusHnaueHHsT 3MiH XapaKTEpUCTUK HOBUX Ta MOAM(DIKOBAHMX MEMOpPaHHUX

€JIEMEHTIB MPOBOJIMIIN 3 BUKOPUCTAHHIM MOJEIBHUX PO3YHHIB 3 PI3HUM COJIEBMICTOM

(Tabmuns 2.4).

Tabnuis 2.4 — Cxital MOJICIBHUX PO3YMHIB JJIsI BU3HAYEHHSI 3QJIEKHOCTI POOOTH

HOBUX Ta MOAM(IKOBAaHUX MEMOpPAaHHUX €JIEMEHTIB BiJ] COJIEBMICTY BOJH

Mopenwuuii | ConeBmicr, | KopcetkicTts, | Ca, Mr- Mg, Mr-|JIy>KHICTB, | 3a0apBIICHICTD,
po3unH mr/om® | mr-exs/nmm? |exs/ov?|exs/ov} mr-exs/nm3|  rpagycn
1 255 4,1 3.4 0,7 3,5 37
2 500 4,1 3,3 0,8 3,3 37
3 739 4,1 3.4 0,7 3,5 37
4 1020 4,1 3.4 0,7 3,5 37
5 1488 4,3 3,5 0,8 3,5 37
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2.2. MeToam D0Cai’KeHb
2.2.1. CteHa 1OCTIIZKEHHS XaPAKTEPUCTUK MeMOPAHHUX eJIeMEHTIB

Bu3HayeHHS CTApTOBHX XapaKTEPUCTUK HOBUX, BIIMPALbOBAHUX, PETEHEPOBAHIX
Ta MOAM(PIKOBAHUX 3BOPOTHOOCMOTHUYHUX MEMOpPAHHUX €JIEMEHTIB MPOBOJIMIM Ha

CHelialbHIA yCTaHOBII, siKa 300pakeHa Ha pUCYHKY 2.1.

Pucynok 2.1 — IlpuHuunoBa cxema yCTaHOBKH AJI TECTyBaHHS MEMOpaHHUX
eneMeHTIB: 1 — 6ak 3 po3unHOM; 2, 2° — 3BOPOTHHUH KJIamaH; 3 — HacOC BUXPOBUIA;
4 — BeHTWJIb CKUAAHHS; 5 — Hacoc nepekauyBanHs Conlift; 6 — OycrepHuii Hacoc;
7 — natuuk temrneparypu; 8 — puibTpu; 9 — mporouHuit Harpiay; 10 — npoTouHui
30ipHUK po3unHy; 11, 12 — perymnstop Tucky; 13, 14 — peryntoBaJibHHI BEHTHIIb;
15, 16 — manometp; 17, 18 — memOpanoTpumau 1812 ta/abo 3012; 19, 20 — oOmexyBayu

NOTOKY; 21 — peryatoBaibHUNA BEHTUIIb

Po3umn, mo wmictutbest B Oami 1, depe3 3BOpPOTHMM KJlanaH 2 TOJAEThCS Ha

BUXpOBHiI Hacoc 3. [lani po3uuH MOXKe pyXaTUCh TPhOMa KOHTYpaMu:
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o KOHTYP CKHJIaHHS PO3YUHY — IIPH BIAKPUTOMY BEHTUJI CKUJIAaHHSA 4, pO3YNH
3JIMBACTHCS B KaHAJI3aLllIo;

o KOHTYp PEryJIIOBaHHS TEMIIEpaTypu — IPHU BIIKPUTOMY PEryJIOBAILHOMY
BEHTHI 21, pO34MH MPOXOIUTH Yepe3 JaTUYUK TeMIepaTypu 7, MexaHiuHl GpuibTpu 8 Ha
NPOTOYHUI HarpiBad 9 Ta moBepTaeThes 10 0aky 1;

o KOHTYp BUMNPOOYBaHHS — PO3YMH MPOXOJUTH Yepe3 3BOPOTHUM KiamaH 2’,
OycTepHHMii Hacoc 6 Ta yepe3 peryiasaTOpU THCKY Ta peryiroBayibHI BeHTwm 11 — 14
MOJIA€ThCSI Ha MeMOpaHoTpumad HeoOximHoro tumoposMipy (3012), B sxomy
BCTAHOBJIEHO MeMOpaHHu enemeHT. [lepMear Ta KOHIIEHTpaT Micas OOMEXyBadiB
MOTOKY CKUJAETHCS B MPOTOUHUM 301pHUK po3unHy 10 Ta 3a nornomororo Hacoca Conlift 5
NOBEPTAEThCS Ha3aq A0 Oaky 1. BHacnimok boro He 3MIHIOEThCS TEMIIEPATYpPA Ta BMICT
3a0pyIHIOIOYMX PEYOBHH y Oarli 1.

Ha naniii ycTaHOBIII MOXJIHMBO MIATPUMYBATH 3aJlaHUM TUCK Ta TEMIIEpaTypy
IPOTSATOM TPUBAJIOTO Yacy. TakokK Ha TaHOMY CTEH]II € MOXKIIUBICTh BUKOPUCTOBYBATH
pI3HI MOJENIbHI PO3UYMHU (XapaKTEPUCTHUKA PO3UYMHIB, II0 BUKOPUCTOBYBAJIUCH Y
JTOCITIPKEHH1 HaBeJeHa Yy miapo3auai 2.1), mo mictarbess B Oami 1, ajis BU3HAYEHHS
CTApPTOBUX XaPAKTEPUCTUK MEMOPAHHUX €JIEMEHTIB.

Ha manoMy cTeHJli MOXKJIMBO MIATPUMYBATH TeMIIepaTypy po3uuHy 3 5 mo 35 °C,
3MiHIOBaTH TUCK Bia 0,5 10 7 Oap (BIANOBIAHUM peryiroBaHHAM BeHTWIIB 11-14), a
TaKOK 3MIHIOBATH IMOTIK KOHIIEHTPATy, BAKOPUCTOBYIOUHU Pi3HI 0OMEXKYBayi MOTOKY.

XapakTepucTUKH MEMOpPaHHHUX €JIEMEHTIB BU3HAYaIHUCh Micis 30 XBWIMH poOOTH
MEMOpPaHHOTO €JIEMEHTAa Ha JaH1i yCTaHOBIII.

CraHmapTHi CTapTOBI  XapaKTEPUCTHUKWA BU3HAYAINUCh 3  BUKOPUCTAHHSIM
BOJONIPOBITHOT BOoM M. KHiB, ounIieHOT Bij] KaTaMyTHOCTI Ta CIIOJIYK aKTUBHOTO XJIOPY,
3a remmneparypu 25 °C ta tucky 4,8 6ap [93, 94]. Ycepennenwmii ckiaa BOJU HaBEJICHO B

tabmui 2.2.
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2.2.2. YcTaHOBKA pereHepaiii MeMOpaHHUX eJIeMEHTIB

[Ipomec pereneparlii BiAMPAIOBAHUX 3BOPOTHOOCMOTHYHUX MEMOpPAHHHX

€JIEMEHTIB IPOBOJMBCS HA YCTAHOBII, 1110 HaBEJI€HA HA PUCYHKY 2.2.

fepream

7 Kowyexmpam

6

P!

Pucynok 2.2 — [IpuHiunoBa cxema yCTaHOBKH pereHepariii BiAnpanboBaHUX
3BOPOTHOOCMOTHYHUX MEMOPAHHUX €JIEMEHTIB
1 — 6ak; 2 — HacOC HU3BKOIO TUCKY; 3, 6 — MaHOMETp; 4 — TeMIlepaTypHUN JaTUHK;

5 — mexaHiuHui QuIbTp (peUTUHT GIIBTpaIii 5 MKM); 7 — MEMOpaHOTpUMAY

Perenepatiiiinuii po3unH, 010 MICTUThCS B Oami |1 mogaeTbcs HA HACOC HU3BKOIO
TUCKY 2, TICJS YOr0 PO3YMH MPSMYE 4Yepe3 MaHOMETp 3 (IU1sl KOHTPOJIKO TUCKY Mepes
GbiIpTpOM) Ta TEMMEpaTypHHl naTdyuk 4 Ha MeXaHIYHUN QUIbTp S5, 3 PEeUTHHTOM
¢iapTparii 5 MkM. [lani perenepaliiiiuii po34rH MPOXOAUTH YEPE3 MAHOMETP 6 3a IKUM
1 HAJTAIITOBYETHCSI HEOOX1THHUM THUCK JIJIsl pereHeparrii Ta mpsmMye Ha MeMOpaHoTpuMay 7,
B SIKOMY BCTAHOBJICHUU BiJIPAIlbOBAaHUI 3BOPOTHOOCMOTHYHHN MEMOpPaHHUI €JIEMEHT.
[lepmeaT Ta KOHIIEHTPAT MICJs BIAMPALbOBAHOTO 3BOPOTHOOCMOTHUYHOTO MEMOPAHHOTO

CJIEMEHTY MOBEPTAIOThCA y 0ak 1.
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2.2.3. MeToau pereHepanii MeMOPAHHHUX eJIEMEHTIB

B xon1 npoBezieHHs perenepariii BUKOPUCTOBYBAIIMCH TaKi CTaIii:

o 3aMOYyBaHHS €JIEMEHTY B pEreHepaliifHOMy pO3YHHI MpU TeMIepaTypi
25 °C 6e3 perupKyJiALii 115 po3MouyBaHHs 3a0py/IHEHb HA MOBEPXHI MEMOpaHHU.

o [loBiTbHE NPOMUBAHHA, SIKE€ JI03BOJISIE MPUIIBUAINIUTA Ta TOTIUOUTH
IIPOCOYEHHSI PETEHEPalifHOTO PO3YMHY B MeMOpaHy Ta MOCHIUTH PO3MOYYBaHHS
3a0pynnens. [IpoBoautses npu temmnepatypi 25 °C ta tucky 0,5 6ap.

o Bucokonoroune npomuBaHHS — 3a0e3nedye BUJAICHHSA 3a0pyIHEHb 3
MOBEPXHI MEMOpaHU MICis 3aMOYYBaHHS Ta MOBUILHOIO MPOMHUBAHHS (TUCK — 3 GapH).

[Ipouec perenepariii IpoBOAUBCS B TPY MOCIIIOBHI €TaIU: JIy>KHUN, KUCIIOTHUN Ta
OKHCHHM. XapaKTepUCTHKU PO3UNHIB, BUKOPUCTAHUX HA KO)KHOMY 3 IIUX €TaIiB, MOJaHO
y Ttabmuii 2.5. KonneHrtparnii peareHTiB Oyaud oOpaHi 3rigHO 3 PEKOMEHIAIISIMU
BUpoOHUKa [95-97]. Ilicas KoKHOTO eTamy pereHepariii BU3HA4YaJIUCh XapaKTEPUCTUKU

MeMOpaHHHUX €JIEMEHTIB.

Tabmums 2.5 — Ckmaag po3uywHIB, IO BHKOPHCTOBYBAJIUCH IS pereHepartii

BIJIIIPAlbOBAHMUX 3BOPOTHOOCMOTUYHUX MEMOpPAHHUX €JIE€MEHTIB

Metonun KomrionenTu Ta ymoBu BUDOGHIK
perexeparii P
JIyxHa Ecoclean 211, 2 %
pH 10,5-11,5 Exocodt
Kucnorna | Ecoclean 203, 2 % praYHa’
pH 2-3
OxkucHa Po3unH HaTpitO TNOXJIOPUTY

KouuenTpanis akTuBHOro xinopy 1650 mr/mm?, Minam, Ykpaina
pH 10-11

JIJist mpUTOTYBaHHS PO3YMHY JUISl JIy>KHOI pereHepalili BAKOPUCTOBYBAIM PO3UMH
Ecoclean 211 ta neminepanizoBany Boay 3 coneBmicToM <10 mr/am?. Jlns npuroTyBanus

KHUCJIOTHOTO po3urHy BukopucTtoByBaiu Ecoclean 203 Ta neminepanizoBany Boay. s
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NPUTOTYBaHHSI PO3YMHY AKTUBHOTO XJIOPY 3aJaHOi KOHIEHTpAIll BHUKOPUCTOBYBAJIU
po3unH HaTpito rimoxyoputy (Minam, Ykpaina) Ta aeminepaiizoBaHy Boxay. Jlms
kopekuii pH po3uuny aktuBHOro xiopy BukopuctoByBainu HCI (Honywell, Himeuunna)
a6o NaOH (Merck, Himeuunna).

BapTto 3a3HaunTH 1110 B AaHiif poOOTI BUKOPUCTOBYBAJINCH HUKJIU TOBUILHOTO Ta
BHCOKOIIOTOYHOTO IPOMHUBAHHS. 1 UKII BKIIIOYa€ B ceOe | roj moBLILHOTO IPOMUBAHHS
Ta | rox BUCOKOIIOTOYHOTO.

ExcnepuMeHTalbHO BU3HAYEHUW palllOHATBHUN PEXHUM pereHepari, 1o

BUKOPHUCTOBYBABCS IIPEACTABICHUI HA PUCYHKY 2.3.

JIyxkHa Bucoxonorouna KicnotHa

) N 3aMo9yBaHHA o ) .
pereHepamis » (15 rox) > MIpPOMHBKA —®| pereHeparg

(2 mmxom) (1 rom) (2 mmxomm)

h 4
Ox1cHA BucokomoTodHa MO TVBAHHS
pere}]epa]_[ig s IIpOMHBKA < - (15 rox)
(1 mmxor) (1 rom)

PucyHnok 2.3 — Biok cxeMa panioHaJIbHOTO PeXUMY pereHepallii BiAIpanboBaHUX

KOMEPIIIHHUX MEMOPaHHUX €JIEMEHTIB

2.2.4. BizyaibHa OWiHKA (POYJIIHIY Ta 3HIMKH HA MiKPOCKOII

Jist  Bi3yanbHOi OLIHKM €(QEeKTHUBHOCTI MpOIECY pereHepauii MpoBOAMIACH
aBTOIICISl BIAMPAIlbOBAaHUX Ta pPETreHEPOBAHMX MeMOpaHHUX eneMmeHTiB. dororpadii
MoBepXHI MeMOpaH Oynu oTpumani 3 3acTocyBaHHsIM kamepu Nikon D70S (Amnonis),
MikpodoTorpadii Oyiau oTpumMani 3 BUKOpucTanHsIM Kamepu Trek DCMS510 3 kisibiieBUM

niogauM ocBiTiroBaueM PJI05-48 Ha onrrunmii mikpockor (PZO, Tlonbma).

2.2.5. MeToau BU3HAYEHHA XIMIYHOTO0 CKIany (oyJsaiHry

JJist BUBHAYEHHS XIMIYHOTO CKJIaay (OYIIHTY, MICIsS aBTOIMCIT BIANPAbOBAHUX Ta
pereHepoBaHUX MEMOpAHHUX EJEMEHTIB, BHUpi3ajd CETMEHTH MEMOpaHHHX IOJOTEH

3aJlaHUX PO3MIpPIB, 3 BIAMOBIAHMX MEMOpPaHHUX €JIEMEHTIB, 3aMOUYYBAIH iX OKPEMO Yy
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po3uuHi 5 % NaOH (Merck, Himeuuuna), ta 5 % HCI (Honywell, Himeuunna) Ha 1 100y.
VY 1y>)KHUX pO3YMHAX BHU3HAYAJIM BMICT CHIIIKATIB Ta OPraHIYHUX PEYOBHH, a B KUCIHX
pO34YMHAaX - BMICT 3arajibHOTO 3aji3a Ta 10HIB opcTkocTi [98-100]. 3riqHo oTpuMaHuX
JaHUX PpO3PAaxXOBYBAM BMICT 3a0pyJHEHHS Ha OJMHHIIO IUIONI TIOBEPXHI &

(popmyma 2.8) Ta cTymeHi BUAATICHHS 3a0py THCHD.

2.2.6. Metoau moaudikanii MeMOPAHHOIO eJIEMEHTY

Jns moaudikanii 30 eneMeHTa BUKOPUCTOBYBAJIM PO3YMH HATPIIO TIIOXJIOPHUTY 3
NEBHOIO KOHIIEHTpAIllel0 akTUBHOTO xJjopy Ta pH 10, skuii roTyBalid HUIAXOM
po3seneHHsi ToBapHoro NaClO (Minam, VYkpaiHa) [0 AOCSITHEHHS HEOOXiAHOI
koHieHTparii. Koutponas pH 3ailicuioBaBcs nogaBanusm HCl (Honywell, Himeuunna)
a6o NaOH (Merck, Himeuuunna).

[Iponiec mMomudikaiii MpoBOAMWIM B MACUBHUX a00 aKTMBHUX yMoBax [101] mns
OTpUMaHHs MEMOPAHHOT'O €JIEMEHTY 3a/1aH01 CEJIEKTUBHOCTI.

[Ipouiec akTuBHOT Monu@ikamii mnepeadavae TOCTIMHE TMPOMYCKaHHS dYepes
MeMOpaHHUI eJIEMEHT PO3YMHY aKTUBHOT'O XJIOpY MiJ TUCKOM 1 Oap.

[Ipouiec macuBHOi Momudikamii mnependavyae 3aHypeHHS HAa TEBHUM dYac
MEMOpPaHHOTO €JEMEHTY B T€PMETHYHY €MHICTh 3 PO3UYMHOM aKTUBHOTO XJIOPY, IO
JOCSITHEHHSI MEMOpAaHHHMM €JIEMEHTOM 3a/1aHoi ceJeKTUBHOCTI. llepen 3aHypeHHSIM
€JIEMEHTa y TePMETHUHY €MHICTb 3 PO3YMHOM aKTUBHOT'O XJIOPY, TPOBOAMIIN IPOCOUYECHHS
MEMOpPaHHOTO €JIEMEHTa B aKTUBHOMY PEKHMI MPOTATOM 5 XB, JIJIsl BUAAJICHHS MOBITPS 3
MeMOpaHHOTO €JICMCHTA.

[Ipy akTUBHHUX yMOBax BHKOPHCTOBYBAJIM KOHIICHTPAIIII0 AaKTUBHOTO XJIOPY
1260 mr/nv’. B nacuBHMX yMOBaX IPOBOIW/IM HOPIBHSHHS IBOX PEXUMIB MoaM(iKamii
(3a remneparypu 25 °C):

° MOCTIMHUI Yac KOHTaKTy — 24 roja Ta pi3Ha KOHIEHTpAIlisi aKTHBHOTO
xjopy — 1255 - 2060 mr/mv?;
o IOCTiliHAa KOHIEHTpALlisl aKTUBHOrO XJopy — 1260 mr/am® Ta pisHuii yac

KOHTaKTy — 21 — 38 ron.
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KoHieHTpallis akTUBHOTO XJOpYy Yy po3uMHax sl Mojaudikaiii moCTiHHO
KOHTPOJTIOBANIACh 32 MeToIMKOoI0 [102] Ta KOpUryBaiach Il yTpUMaHHS Ha MOCTITHOMY
PIBHI.

B macuBHHX yMOBax BH3HAYalu BIUIMB TeMIIEpaTypH npoBeaeHHa Moaudikaiii 30
MeMOpaHHUX eJleMeHTIB. JlJis 1bOro BHUKOPHUCTOBYBAJIM TEMIIEPATYypH pPO3UUHY
akTuBHOTO xjopy 14, 18 ta 25 °C.

[Ticns mpoBenenuss momudikaiii MeMOpaHHI €IEeMEHTH BIAMHUBAIN B PO3YHUHY
aKTUBHOTO XJIOPY IUIIXOM MPOIMYCKaHHS 3BOPOTHOOCMOTHYHOI BOAM Yepe3 MeMOpaHHI
€JIEMEHTH NPOTIAroM He MeHie 30 XB, 10 JOCSITHEHHS BIJICYTHOCTI peakiili Ha aKTUBHUN
XJOp y nepmeaTi Ta KoHueHTpari. Ilicis BiIMUBaHHS eleMEHTH OOpOOJIIIUCH
cTabum3aliiHuM ~ po3uyuHOM, 1o  wmictuB 1%  HaTtpito  MeTabicyibdiTy

(CHEMICO GROUP, Kurait) Ta 5 % rmiuepuny (Mipanna-C, Ykpaina) [103].

2.2.7. TectryBanHs MoandikoBaHUX MeMOPAHHUX eJIEMEHTIB

Bu3HaueHHsI CTapTOBHX XapaKTEPUCTHK HOBUX Ta MOJIM(DIKOBAHUX MEMOpPaHHHX
€JIEMEHTIB MPOBOJIUIIOCH 32 METOJUKOIO OMKCAHOI0 B MiApo3ALt 2.2.1, XapakTepUCTUKU
PO3YMHY, JJI1 BU3HAYEHHS CTAPTOBHUX XapaKTEPUCTUK HaBeAeH1 B Tabauui 2.2.

JIJist BU3HAYEHHS 3MIHM XapaKTEPUCTUK HOBHX Ta MOAU(DIKOBAHUX MEMOpPaHHHUX
CJICMEHTIB Ha BOJ 3 PI3HUM COJICBMICTOM BHKOPHCTOBYBAJIW CTEH], III0 HABEJCHO Ha
pUCYHKY 2.1 Ta MOJeNbHI pO3UMHHU, XapaKTEPUCTHKA SIKMX HaBeaeHa B Ta0muui 2.4. Y
SKOCTI OCHOBHOI'O PO3YMHY BHKOPHMCTOBYBAJM BOJOINpPOBIAHY Boay M. KwuiB, s
M1BULLEHHS COJIEBMICTY, BUKOPUCTOBYBaJIM  TaOJIETOBAaHY cuib  NaCl
(TOB «HBO «ExocodT», Ykpaina). JlocnipkeHHS IPOBOIWIIH 32 CTAHIAPTHUX 3HAYCHB
temriepatypu (25 =1 °C) ta tucky (4,8 6ap).

BusHaueHHsT  3aJie)KHOCTEH  CENEeKTUBHOCTI, mpoayktuBHocTi Ta  KKJI
MO (IKOBAHNX MEMOPAHHHX €JIEMEHTIB BiJl TEMIIEPATyPH BUX1THOT BOJH MTPOBOIAIUCH
Ha YCTaHOBII, III0 HaBeJeHa Ha pUCYHKY 2.1. JlocaimkeHHs MPOBOJWIN B Jiama3oHi

temrepatyp 5 — 26 °C, TUCK 3aBXaM MiATpUMYyBaBcs Ha piBHI 4,8 Oap.
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AHaNOriyHO  NPOBOAWIMCH  BU3HAUYEHHA  3aJIE)KHOCTEH  CEJIEKTUBHOCTI,
npoayktuBHocTi Ta KKJ[ MoaudikoBaHux MemMOpaHHMX €JIEMEHTIB BiJ THCKY.
JocnipkeHHss nOpoBOaWiM B jiamazoHi TuckiB 4,0 — 6,5 0Oap, Temieparypa
nigTpuMyBanach B Mexax 25 £ 1 °C. XapakTepuCTUKH pO3YUHY, 1[0 BUKOPHUCTOBYBABCS

HaBeaeHl B Ta0ml 2.2.

2.2.8. XapakTepu3auisi 3MiH OBEePXHi 3BOPOTHOOCMOTHYHMX MeMOPaHHMX

IMOJIOTCH

Xapakrtepu3zallisi 3MiHH X1Mii IOBEPXH1, CTPYKTYPHHUX 3MiH, 3MIHH T1ApO(UILHOCTI
Ta TOBEPXHEBOIO 3apsay MeMOpaHHMX TMOJOTE€H MPOBOJMWINCH 3a JOMOMOIOIO
iH(ppayepBoHoi cnekTpockomii 3 meperBopeHHsM  Dyp’e (FTIR), ckanyiouoro
€JEKTPOHHOTO  Mikpockona (SEM), 3MiHM KyTa KOHTakTy 3 BOJOK Ta
CJIEKTPOKIHETUYHOMY aHaI13aTOPy BiJMIOBITHO.

3pa3ku MEMOpaHHUX MOJIOTEH OyJIM OTPUMAHI MiCIIA aBTOICIT BIAMOBIIHUX HOBHUX,
BIJIIIPAllbOBAHUX Ta MOAM(PIKOBAHUX MEMOpPAHHUX €JIEMEHTIB, MICJISI YOr0 MPOBOANIOCH
iX CyIIIHHS B YMOBax KIMHATHOI TemriepaTypu (25 °C) mpoTsroM JBOX JIHIB.

Cnektp FTIR OyB oTpumaHuii B [lala3oHl CKaHyBaHHS XBUJIbOBOTO YHCIIA
400 — 4000 cm ! 3 BukopucTanHaM crekTpodoromerpa Shimadzu IRAffinity - 1S 3
npucTaBkoro 3 anmazHuM kpuctaaiom QATRI10 ATR . IIpoBoauBcs 36ip 32 ckaHiB JJj1s
KOKHOTO BUMIPIOBaHHS 3 PO3IiIBHOIO 34aTHICTIO 2 cM . KOKHMI 3pa30K BUMIPIOBAJIN
TPHOX PI3HUX MOJIOKEHHSIX, 1100 BpaxyBaTu 3MIHH Y 3pa3Kax, Ta pO3paxOBYBaIU CEPETHE
3HAa4YeHH:I 3a JIOTIOMOTOI0 MTPOrpaMHOT0 3abe3neuenHs SpectraGryph.

AHani3 moBepxHI moiiedipcyIbPOHOBOTO Ta TOJIaMiJHOTO IIapy HOBHUX Ta
MOAM(IKOBAaHMX MEMOpaHHUX TIOJIOTEH, MJisi BHW3HAYEHHS 3MIHHU iX MOPQOIIOTii
MPOBOJIMIIMN 3 BUKOPUCTAHHSIM METOAY CKaHYIOYO1 eJIEKTPOHHOT MIKpOcKoItii. EnekTpoHH1
doTorpadii 3pa3kiB MOKPUTUX HAMWICHHSIM 30J70Ta (5 HM Au) Oymm 3poOJieHi, 3a
nonomoroto npusaxy SEM FEI Inspect (CHIA).

XapakTepucTUKa 3MiHMA KyTa KOHTaKTy MPOBOAMIACH 32 JOTIOMOTOI0 TOHIOMETpa

Biolin Scientific (IIIBewis). O0’em Kpamii BOAM CTAaHOBUB 3 MM® 3 BEJIUYHHOIO
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NoBEpXHEBOro Harary Bomu 72,7 MH-m! 3a kimmarsoi Ttemmneparypu. Koxne
BUMIPIOBaHHS MTOBTOPIOBaIM He MeHIne 10 pa3iB, Ta po3paxoByBaju Cepe/IHI 3HAUCHHH.
BumMiproBaHHsI 13eTa-nOTEHITIAy TOBEPXHI MOJ1aMiTHUX MEMOpaH MPOBOIUIUCH
3a JormoMororo anamizaropa Anton Paar Surpass3 (ABctpis). JlocimimkeHHs MPOBOAMIOCH
3a pi3HHUX 3Ha4eHb pH, sSKWii 3MIHIOBABCS 3a JOMOMOTOI0 aBTOMATHYHOI YCTaHOBKHU

A03yYBaHHA.

2.2.9. Meroauka BH3HAYEHHSI PO3Mipy NOP HOBHMX Ta MOJAU(DIKOBAHHX

MeMﬁpaHHI/IX IHOJIOTCH

BuznauenHss po3mipy Mnop HOBHX Ta MOAM(PIKOBAHMX MEMOpaHHUX IMOJOTEH
npoBojuioch 3a Meroaukoro Capbonyki [104]. 3rigHO 3 JaHUM  CIIOCOOOM,
BUKOPUCTOBYETHCA MOJEJb UIIJIMHHOTO CHUTa, J€ BIATOPTHEHHS (CEJIECKTUBHICTD)
PO34MHEHO] pedyoBUHU Ha 1oHaz 80 %, BUKOPUCTOBYETHCS ISl PO3PAXYHKY CEPEIHBOIO
paaiycy nop. OnHak, OCKUIbKHM TIEBHUMU 3apsiilaMy BOJIOJIE SIK TTOBEPXHSI MEMOpPaHHOTO
MOJIOTHA Ta OUIBLIICTh PO3YMHEHUX PEUYOBUH, MOKYTh IPOXOJHUTH B3aEMOAIT MIXK
PO3UHMHEHOI0 PEUOBMHOIO Ta MOBEPXHEI0 MEMOPAHHOIO MOJIOTHA, 1110 BHECYTh MOXUOKU
y BUMIpPIOBaHHAX. ToMy HEOOXIIHO BHUKOPHUCTOBYBAaTHM IIE€BHI PO3YMHHI Y BOJII
CJIEKTPOHEUTpaJIbHI PEYOBMHM. [l JAHOTO EeKCIEPUMEHTY B SKOCTI TaKHX
CJICKTPOHEUTPATHLHUX BOJOPO3YMHHUX PEYOBUH OyJIO OOpaHO TIIIIEPUH, TIIOKO3Yy Ta

caxapo3y (Tabdnuus 2.6).

Tabnuug 2.6 — 3HaueHHs pajlycy eNeKTPOHEUTPaIbHOI PEYOBHHU

PeuoBuna Paniyc Crokca, A Ilocunanusa
I'minepun 2,6 [105]
I'mroko3a 3,6 [106]
Caxapoza 4,3 [107]

JIJisi BUBHAUEHHS CEPEAHBOTO PajilyCy MOp TMOJOTHA HOBHX Ta MOAM(PIKOBAHUX

MeMOpaHHUX €JIEMEHTIB MPOBOAMIIACH iX aBTOMCIsA. 3 MEMOpaHHUX E€JIEMEHTIB BUPI3aIH
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3pasKy IOJIOTHA 3aJaHUX PO3MipiB, 3 miomer 42 cM? Ta HoMilanM ix y KOMIpKy
nepexpecHoro notoky Sterlitech CF042 (CIIA).

VY xomi po6otu Oyno po3po0JEHO YCTAHOBKY Jisi TECTYBaHHS MEMOpPaHHHX
MOJIOTEH, IO BHKOPUCTOBYBAJach [JIsi BU3HAUCHHS CEPEAHBOTO PaalyCy Iop

MeMOpaHHOT0 MOJIOTHA, Ta HABE/IEHA Ha PUCYHKY 2.4.

p v n un g

o

]I
| 1 7
J Y Y Y

Pucynok 2.4 — [IpuHuuMnoBa cxema yCTaHOBKH JJI TECTyBaHHS MEMOpaHHUX MOJIOTEH

1 — 6ak 3 po3unHOM; 2 — 1oMI1a; 3 — MiJBUIIYIOYA omna; 4, 7, 9 — royaTuii BEHTUIIb;
5 — maHoMeTpH; 6 — KOMIpKa TECTYBaHHS MEMOpPaHHUX MOJIOTEH; 8 — pOTaMeTp;
10 — npoTouHuii HarpiBay; 11 — MPOTOYHMIT OXOJIOAKYBaY 3 JATYMKOM TEMIIEPATYPH;

12, 13 — KynboBHi1 KpaH

Po3unH 3 MeBHOIO PO3YMHEHOIO PEYOBMHOIO 3 Oaky | HampaBisiBCS Ha Hacoc 2
3BIJIKM PO3YMH MOXKE UTH IBOMa KOHTYpaMH:

o KOHTYP KOHTPOJIIO Ta PETYJIIOBAHHS TEMIIEPATypU — PO3UHMH Yepe3 roTdaTuit
BEHTWUJIb TIOJIA€THCA 200 Ha MPOTOUYHMM HarpiBad 10 abo Ha MPOTOYHMIT OX0J0MKyBay 11
3 TaTYUKOM KOHTPOIO TEMIIEpaTypH, 10 3HAXOAUTHCS B Oarli 1 (HarpiB a0 0XO0JIOHKEHHS
perymoerbesa kpanamu 12, 13). Temneparypa 3a IKOi IpOBOAUTHCS TECTYBaHHS, IOBUHHA
OyTtu B miamasoni 25 + 1 °C;

o KOHTYp BUINPOOYBaHb — PO3YMH MOJAETHCSH HA MIABUIIYIOYY ToMIy 3, Ta
yepe3 rofdyaThii BEHTWJIb 4, HAmpaBIIAEThCS HA KOMIPKY TECTyBaHHS MeMOpaHHOTO

nosiotHa Sterlitech CF042 6. Tuck KOHTPOTIOETHCS MAaHOMETPAMHU S5, Ta PETYIIOETHCS
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BeHTUseM 4. Ilicas KOMIpKM KOHUEHTPAT MPOXOAUTh YEPE3 PEeryJiiorduil BEHTWIb 7,
poTaMeTp KOHTPOJIIO MIBUIKOCTI MOTOKY 8§, Ta TOBEPTAETHCS Y OaK.

HeoOxiguuii Tuck juis TectyBaHHs 8 Oap. [lepmeat, 1m0 BUXOIUTH 3 BEPXHBOI
YaCTHHU KOMIPKHU 6 30MpaeThcs Ta aHAMI3YEThCS micis 1 roguHu poOOTH YCTAaHOBKH.

KoHmeHnTpariis  po34ymHEHWX PEUYOBMH BH3Haydanach pePpaKTOMETPUIHUM
MeToaoM, 3a jomnomororo pedpakromerpa ABBE 2WAJ (Optika Srl, Itamis).
Kani6pyBanbhi rpadiku A BU3HAUYEHHS KOHIIGHTpALM PEYOBHH TMPEACTABICHI Ha
pucyHkax 2.5 (a-B). BuxijgHa KoHIIEHTpaIlis pO34YHMHIB IJILIEPHHY, ITFOKO3U Ta caXapo3u
cranoBuiu 5,0 £ 0,5%. Bwu3HaueHHsS BUXIAHOI KOHIICHTpAIlli IPOBOJMIIOCH

0e3nocepeHbo nepe] BiI00OpoM Mpodu nepmeary.
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Pucynox 2.5 — KanibpyBanbHi rpadiku peppakToOMeTpUIHOTO BUSHAUCHHS

KOHIICHTpAIIii: a — TIIEepUHYy; O — TJIFOKO3H; B — caxapo3u

2.2.10. MeToau aHaxi3y BOau

B naniit po60Ti BUKOPUCTOBYBAIM METO/IM aHAJII3y BOJIM Ta PO3YMHIB, 1110 HABEICH1

B Ta0um 2.7.
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[Toka3Huk Po3MipHICTB [Tpunan [Tocunanus

ConesmicT mr/am’ Conemip/ -

Konnykromerp COM-

100 (HM Digital)

pH - pH-metp Ezodo 6011A JACTY 4077-2001
XopcrkicThb MI-€KB/M> - JCTY ISO 6059:2003
JIyHiCTh MI-€KB/ M’ - JCTY 1SO 9963-2:2007
Kampimii MT-eKB/aM> - JCTY ISO 6059:2003
Marmuii MT-eKB/aM> - JCTY ISO 6059:2003
3a0apBieHICTh rpagycu | Cnexktpodoromerp Ulab | JICTVY ISO 7887:2003

101 (Shanghai Metash

Instruments Co., Itd,
Kuraii)
3arajpHe 3aj1i30 Mr/am? - JCTY ISO 6332:2003
ITepmanranaraa | MrOy/om? - JACTY ISO 8467:2021
OKHCHIOBAHICTh
Cumikatu mr/am? - JICTY ISO 8467:2021
2.3. [TutoTHi BUNIPOOYBaHHS
[TimotHi BumpoOyBaHHS BCIX MEMOpaHHHMX €JIEMEHTIB (HOBOTO, HOBOTO

MOAM(IKOBAHOTO, PET€HEPOBAHOTO Ta PEr€HEPOBAHOT0 MOIM(PIKOBAHOTO) TPOBOJUIHCH

3 BHKOPHUCTAHHSIM KOMEPIMHOI CHCTEMH TMIATOTOBKM MHUTHOI Boau Robust 1500

(TOB «HBO «ExocodT»,

VYkpaina)

[108].

BunpoOyBanus

IMPOBOJHIINCH

Ha

BOJONPOBIAHINA Boal M. KueBa, xapakrepuctuku, sikoi B Tabnuui 2.2. IlpunHiumnosa

riipaBiiyHa cCXeMa CUCTeMH 300pakeHa Ha pUCYHKY 2.6.
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Tlepateat

,"'I Konuentpar

Pucynok 2.6 — Cxema cuctemu Robust 1500 6e3 noctdinsTpa
1 — GbiTbTp MEXaHIYHOTO OUHUIIEHHS; 2 — BYTUIbHUHN GUIBTP; 3 — KpaH MPOMHUBKHU
(G1abTpPiB; 4 — MAHOMETP BUXIJIHOTO TUCKY; 5 — pelie HU3bKOIO TUCKY; 6 — BUXITHUN
KJ1amaH; 7 — MmomIa IiJIBUIEHHS THCKY; 8§ — MAHOMETP THCKY Ha MEMOpaHHOMY
eJIeMEHTI; 9 — MmeMOpaHoTpuMay 3 MeMOpaHHUM efieMeHTOM; 10 — oOMexyBayd

notoky 100 G; 11 — 3BopoTHMII KJ1anax; 12 — pene BUCOKOTO TUCKY

BuxinHa BofompoBiHA BO/AA CIIOYATKY MPOXOAUTH CTali0 mpeadinbrparii Bia
3aBUCIIMX PEYOBHMH Ta CIOJIYK aKTUBHOTO XJOpy Ha (inbrpax 1 Ta 2. Jani npoxoasyuu
BUXITHUN KiamaH 6, HampaBiseTbCs Ha TMOMITy MIJBHMILNEHHS TUCKY 7 Ta
MeMOpaHOTpuMay 9 3 BCTAHOBJIEHUM y HbOMY HEOOX1JHUM MeMOpaHHUM eneMeHToM. Ha
MEMOpaHHOMY €JIEMEHTI BOJla PO3AUIAETHCSA Ha MepMear Ta KOHIIEHTPAT, KOHIIEHTPAT
yepe3 oOMexxyBau MOTOKYy 10 ckumaeTbcss 0 KaHamizalii, a mepMmear MNpOXOsuu
3BOpPOTHHUH KijanaH 11 HampaBisieThCs A0 ClioXKUBaya. TUCK HA MEMOPaHHOMY €JIeMEHTI
BU3HAYaeThes 3a MaHoMmeTpoM 8. Ilix yac BUNpoOyBaHb THCK KOJIMBABCSA B 1HTEpBai

5-606ap, a Ttemmeparypa 5-25 °C. TemmepaTypHa HoOpMai3ailis 3HA4eHb
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NPOAYKTHBHOCTI HOBHX Ta PETCHEPOBAHUX 3BOPOTHOOCMOTHYHHMX MEMOpaHHUX
CJIEMCHTIB  TMPOBOAWJIACH 3  BUKOPHUCTAHHAM  CTaHJAPTHUX  TEMIIEpATypHUX
koedimienTiB [95]. HopMmarizaiiis 3Ha4eHb MPOAYKTUBHOCTI HOBUX MOJU(IKOBAHUX Ta
pereHepoBaHuX MOIU(PIKOBAaHUX 3BOPOTHOOCMOTHYHHUX MEMOpPAaHHHX EJIEMEHTIB
MPOBOJMIACH 3 BUKOPHUCTAHHSM BCTAHOBJICHUX IIiJI Yac BHUIPOOYBaHb EMITIPUUHUX

TeMIepaTypHUX Koe]illieHTIB.

2.4. O0po0Oka pe3yabTaTiB J0C/Ii/IKEHD

Po3paxyHnok npoaykruBHocTi, KK/ Ta cenekTuBHOCTI NpoBOAWIN 3a (opMyIamMu

2.1-2.3.

3600-V;
Qn = =——; 2.1)
R = TDSpx=TDSou 100: (2.2)
TDSgy
_ _Qn .
KK/ = - 100; (2.3)

ne, Qr — IPOAYKTUBHICTE MEMOPAHHOTO €IEMEHTA 3a IIEPMEATOM, IM>/TOL;
V. — 00’eM nepmeary, 1m>;
T — 4ac 3a skl HabupaeTbest 00’ eM V., ¢;
3600 — xoedilieHT IEPeBOIY Yacy B FOJIMHU;
R — cenekTuBHICTL MEMOpPAHHOTO eJleMeHTa, %o;
TDS,, — CONEBMICT BUXiJHOI BOAM, MI/IM>;
TDS,, — COJEBMICT OUUIIEHOT BOAU, MI/1M°;
100 — xoeditienT neperoay y %;
KKl — BimHOIIEHHS KUTBKOCTI OTPUMAHOTO TIEPMEATy JI0 3arajbHOi KUIBKOCTI BUXITHOT
Boau, %;
Q¢ — IPOAYKTHBHICTh 332 KOHIIEHTPATOM, IM>/TOJ
Sk kpuTepiii TOpPIBHSHHS 3MIHM TPOJAYKTUBHOCTI BIAMpallbOBaHUX Ta
pEreHEpOBAaHUX €JIEMEHTIB 110 BiJIHOMICHHIO /IO CTAPTOBUX XapaKTEPHCTHK HOBHX

€JIEMEHTIB, BAKOPUCTOBYIOTHCS TTOKA3HHUKH 0L Ta 3, IO pO3PaXOBYIOTHCS 32 EMITIPUIHUMHU
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piBHsHHSIMU 2.4 Ta 2.5. SIK KpuTepii NOPIBHSAHHS 3MIHU CEJIEKTUBHOCTI BIIPAIlbOBAHUX
Ta PEreHEPOBAHMUX EJIEMEHTIB 1O BITHOMICHHIO JO CTAPTOBUX XaPAKTEPUCTUK HOBUX
CJICMCHTIB, HaBEJCHWX B TaOiuIili 2.1, BUKOPUCTOBYETHCS IMOKAa3HUKH Yy Ta &, MIO

PO3PaxOBYIOTHCS 3a EMITIPUYHUMHE PiBHSHHSIMU 2.6 Ta 2.7, BIATOBITHO.

— %
@ =22 100%, (2.4)
B =—2-100%, (2.5)
y =2-100%, (2.6)
5 =22-100%, 2.7)

Jie, @ — BIJHOCHA MPOAYKTHBHICTH BIJMPAI[bOBAHOTO €JIEMEHTY, SIK YacTKa CTapTOBOi
IPOJYKTUBHOCTI HOBOT'O €JIEMEHTY, %o;

f — BiTHOCHAa MPOAYKTUBHICTH PETCHEPOBAHOTO EJIEMEHTYy, SK YacTKa CTapTOBOl
MPOyKTUBHOCTI HOBOTO €JIEMEHTY, %o;

Y — BIJHOCHA CEJICKTUBHICTH BIJNPAIlbOBAHOTO MEMOPAHHOIO E€JIEMEHTY, SIK 4YacTKa
CTapTOBOI CEJIEKTUBHOCTI HOBOTO €JIEMEHTY, %o;

d —BIHOCHA CENEKTHUBHICTh PETeHEPOBAHOTO MEMOPAHHOTO EJIEMEHTYy, SIK 4YacTKa
CTapTOBOI CEJIEKTUBHOCTI HOBOTO €JIEMEHTY, %o;

Q. — IPOLYKTHBHICTh BiANPalbOBAHOI0 MEMOPAHHOTO €JIEMEHTY, IM>/TO;

Qp — IPOJYKTUBHICTH PETEHEPOBAHOIO MEMOPAHHOI'O €JIEMEHTY, nv3/rox;

R, — CEJEeKTUBHICTH BIAMPAIIbOBAHOTO MEMOPAHHOTO €JIEMEHTY, %0;

R, — CENIEKTUBHICTL PEreHEPOBAHOIO MEMOPAHHOTO €JIEMEHTY, Yo.

78,8 — cepemHss cTapTOoBa MPOAYKTUBHICTH HOBOTO MEMOPAHHOTO €JIEMEHTY
CSV3012-500 GPD, am*/rox;

95 — cepemHs cTapTOBa CENEKTUBHICTh HOBOTO MEMOPaHHOTO  €JIEMEHTY

CSV3012-500 GPD, %.

Bwmict 3a0pyIHEHHS Ha OJWHUIIO IUJIONI TOBEPXHI MEeMOpPAHHOrO eJeMEeHTa

po3paxoByBaiu 3a hopmyJioro 2.8.
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; (2.8)

1€, € — BMICT 3a0pyIHIOIOYOT0 KOMIIOHEHTY Ha OJWHMIO ILUIONII ITOBEPXHi, Mr/mM? (Mr-
eKB/M?);

C, — KOHILIEHTpAIlis 3a0pyIHIOI0YOr0 KOMIIOHEHTAa B PO3YMHI JIYI'y YH KHMCJIOTH, MI/aM>
(Mr-exs/nm’);

V, — 06’ eM po3uuHy JIyTy a00 KHCIIOTH, IM°;

S, — IIOIA TOCIIiKyBaHOTO 3pa3ka MeMOPaHHOTO MOJNOTHA, M.

3agaHa CeJIEeKTUBHICTh MEMOPAHHOTO €JIEMEHTA PO3paxoBYy€eThCs 3a (popmysioro 2.9:

TDSz—100
TDSyy

Rioa = *Rgo (2.9

ne, R,,,q4 — 3a/1aHa ceeKTuBHICTh Mo pikoBaHoro 30 MeMOpaHHOTO eJIeMeHTY, %o;
Rpo — cenextuBHIcTh 30 MeMOpaHHOTO €JIEMEHTY, %o;

TDS,, — CONEBMICT BUXiJHOI BOIM, MI/IM>;

100 — comeBMICT mepMeary, IO BiAMOBigae BUMoraMm J0 (hi310JIOT1YHO TMOBHOIIIHHOI

BOJIU, MI/AM".

Jlo3a akTHBHOTO XJIOpY, Jil04a Ha MEMOpaHHUHN €JIEeMEHT, BHU3Hayajaach 3a

dbopmyoro (2.10):
N=Cg T, (2.10)

ne, N — 103a akTUBHOTO XJI0DYy, (MI/aM?)-Tox;
C¢;— KOHIEHTPALlisl aKTUBHOTO XJIOPY, MI/IM>;
T — 4ac KOHTAaKTY, TOJI.
Po3paxyHok cepeHbpOTO pajiycy mop MeMOpaHHOTO MOJIOTHA MTPOBOAMBCS 32

dbopmyioro 2.11.
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o= 100-rg

2.11)

ne, T, — CEpeIHii paaiyc nop MEMOPaHHOTIO MOJIOTHA, A;
Ty — pajiiyc pO34MHEHOT PEUOBUHH, A;
100 — xoediiieHT MepepaxyHKy;

R — QaxTu4He BiATOPrHEHHS PO3UMHEHOI peYOBUHU, Yo.

BucHoBku po3ainy 2

OnmucaHo METOIWKH BHU3HAYCHHS CTAPTOBHX XapaKTEPUCTHK MEMOpaHHUX
enieMeHTiB. HaBeneHo MeTonuKy MpOBEACHHS NPOLECY pereHeparii BiANpalbOBaHUX
3BOPOTHOOCMOTHYHUX MEMOpaHHHUX eleMeHTiB. OMNHCaHO METOAWKH TPOBEACHHS
MoAM(iKaLil MEMOPAaHHUX €JIEMEHTIB 3 BHUKOPHUCTAHHSM PO3YMHIB aKTUBHOTO XJIOPY.
Busnaueni kpurepii 111 HOPIBHSIHHS 3MiH XapaKTePUCTUK MOIU(PIKOBAHUX MEMOPaHHUX
€JIEMEHTIB, a CaMe COJIEBMICT BUXI1JIHOI BOJIM, TEMIIEpATypa Ta pOOOUUA TUCK.

Omnucani METOAM AOCITIIKEHb, 1110 BUKOPUCTOBYBAIKMCH B POOOTI: iH(padepBoHa
CHEKTPOCKOMIS, CKaHyI04Ya €JIEKTPOHHA MIKPOCKOITISl, BAMIPIOBaHHS KOHTAKTHOTO KYyTa 3
BOJIOI0, BUMIPIOBAHHS J13€Ta-MOTEHIIIATy, BUMIPIOBAHHS PO3Mipy mop meMOpaHu. s
METOJIMKH BUMIPIOBAHHS PO3MIPY MOp po3po0sieHa Ta OnrcaHa CrieliajbHa yCTaHOBKA.

OnucaHo NIIOTHI BUIPOOYBaHHA MEMOpPAaHHHMX €JEMEHTIB Ta KOMepIiiHa
yCTaHOBKa Juisi ix mpoBeneHHs. HaBemeni ¢opMmynu Ta Kputepili NMOPIBHSHHS, IO

BUKOPHCTOBYBAJIMCH B POOOTI.
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PO3/11 3
PE3YJILTATU TA OBTOBOPEHHS

3.1. JocaigskeHHs mpoluecy pereHepanii Bianpanb0BaHUX 3BOPOTHOOCMOTHYHHUX

MeMOpPaHHHUX eJIeMEeHTIiB KOMepUiiHOro psigy

3.1.1 BcraHOBJIEHHS 3aJ1€5KHOCTI A1l BiANPanbOBAaHUX MEeMOPAHHUX

eJICMEHTIB

[lepen mpoBeaeHHSIM ITPOLIECY pereHepailii, 0yja0 BCTAHOBJICHO BIIHOCHI 3HAYEHHS
MPOIYKTUBHOCTI (0) Ta CENEKTUBHOCTI (y) BCIX HaJaHMX BifnpamboBaHux 30
MeMOpaHHHX €JIeMEHTIB. BCTaHOBIIEHO 3aJICKHICTh BIUIMBY 00’ €My IiepMmeary, 1o OyB
OTPUMAaHUU T/ 9ac eKCIUTyaTarii eIEMEHTIB Y BEHIMHTOBUX aBTOMATax PO3JIUBY BOIH,

Ha BIIHOCHI MIOKa3HUKH o Ta Y (pUCyHOK 3.1)

R? = 0,9245
100 W ® ®
L ]
90 °
80 ;
70 -
X N
= 60
50 S
m 40 L - |
[ | .\.
30 "
‘-I.!
20 g W -
10 m =
0
0 10000 20000 30000 40000 50000 60000

06'em ogepKaHoro nepmeary, Am3
Pucynok 3.1 — 3anexxHicTh BIUIMBY 00’ €My nepMmeaTy, 1o OyB OTPUMaHUM IiJ] 4ac
eKCIUTyaTarlii eJIeMEeHTIB Y BEHJAMHTOBUX aBTOMATax PO3JIMBY BOJHM, HAa BIAHOCHI
MOKa3HUKHU MPOyKTUBHOCTI (01) Ta CEEKTUBHOCTI () BIAMPALIbOBAHUX MEMOpPaHHUX

eJIEMEHTIB
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Ax BuaHO 3 pucyHka 3.1 npu 30ibI1eH1 00’ €My ofepxkaHoro nepmeary Big 0 10
60000 xM° BigHOCHA NPOAYKTUBHICTH €JIEMEHTY, IO XapaKTEPU3YETHCS MOKA3HUKOM O,
3Ha4HO 3MeHIyeThess — Big 100 mo 15 %, BigmoigHo. Lle BimOyBaeThcsi BHACIIIOK
30UTBIIICHHS Iapy 3a0pyMHEHHS Ha TMOBEPXHI MEMOPAHHOTO IMOJIOTHA, IO BIUTMBAE HA
NajiHHA TPOAYKTHBHOCTI MeMOpaHHOTO eineMeHTa. CeleKTUBHICTh EJIEMEHTIB
(BITHOCHUM MOKA3HUK ) TIPH IIbOMY MaiKe He 3a3Ha€ 3MiH.

Jist  mocmimpkeHHsT 00paHOTO peXUMY pereHepariii 00paHo BiAMpambOBaHi
3BOPOTHOOCMOTHYHI MEMOpaHH1 €J1€MEHTH 3 PI3HUM 3HAYEHHSIM CTaPTOBOI'O BIJIHOCHOTO
MOKa3HUKa MPOAYKTUBHOCTI (Ha pucyHKY 3.1 dYepBOHUM KoOJIbOpOM). JleTanbHi

XapaKTEPUCTUKU 0OpaHUX MEMOpPAaHHUX €JIEMEHTIB HaBeJeH1 B a0 3.1.

Tabmuua 3.1 — XapakrtepucTuku oOpaHMX BignpanboBaHux 30 MeMOpaHHHUX

€JIEMEHTIB
O06'em
. BigHocHa BigHocHa
oaepxkaHoro | [[poTyKTUBHICTB, . CeJIeKTUBHICTb,
No POTYKTUBHICTh CEJICKTUBHICTh
nepMeary, am/ron %
a, % Y, %o
o’
1 17590 36,4 46,1 91,2 95.8
2 23995 33,9 43,1 95,0 100
3 26363 27,27 34,6 90,1 94.9
4 32763 20,9 26,6 95.0 100
5 55561 16,5 20,9 87,6 91

3.1.2. locaigxeHHs mpouecy pereHepanii

Ha pucynky 3.2 ta 3.3 [109] npencraBiieHi 3MiHU BiZHOCHOI MPOAYKTUBHOCTI Ta
CCJICKTHBHOCTI €JIEMEHTIB BIJAMOBIIHO, TICIAS IOCTIJOBHOTO TIPOBEACHHS KOXKHOIO
CTYTICHIO pereHepaiii (JIy’KHOTO, KUCJIIOTHOTO Ta OKUCHOTO) y TIOPIBHSHHI 3 BiTHOCHOIO

MPOIYKTUBHICTIO Ta CEJIEKTUBHICTIO BIAIPALIbOBAHUX €JIEMEHTIB.
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100
90
80

7

6

5

4

3

2

1 I
0

1 2 3 4 5

Ne enemeHTy
Ha BB nicna nyxkHoi pereHepauii M B nicaa KUCNOTHOI pereHepau,ii B nicna okucHoi pereHepal,i

a, B, %
O O O O O o

o

Pucynok 3.2 — 3Mina moka3Huka [ micist KOXKHOTO CTYTIEHIO pereHepariii y mopiBHAHHI

31 3HAYEHHSIMU MTOKa3HUKa 0 BIAMpaIlboBaHUX eeMeHTiB [109]

100
8
6
4
2
1 2 3 4 5

. , . Ne enemeHTy . .
Ny 3abpyaHeHoi M S nicna NyxHoi pereHepauii M 6 nicns KMCNOTHOT pereHepauii M & nicaa oKMCHOI pereHepadi

Y, 8, %
o o o

o

o

Pucynok 3.3 — 3Mina moka3Huka O micisi KOKHOTO CTYTICHIO pereHepariii y nopiBHIHHI

31 3HAYEHHSMHU MTOKA3HUKA Y BIANPAIbOBAHUX €JICMEHTIB

AHani3ylou pUCYHOK 3.2 MOXHa 3pOOMTH BHUCHOBKH, IO HPOAYKTHBHICTb
BIINPAIlbOBAHUX MEMOpAaHHUX €NEMEHTIB 30UIBIIYE€ThCS TICHS  MOCIHIJOBHOTO
IPOBEJCHHS KOKHOTO 31 CTYIIEHIB pereHepalii, mpo M0 CBIAYNUTH 3pOCTaHHS 3HAYCHHSI
noka3Huka f. [Ipouiec perenepaliii BBaKa€eThCsl yCIIIIHUM MTPH AOCATHEH1 3HadeHHs 3 80-
120 % (BimmoBijae 3asBIEHIA CTApTOBIM MPOJYKTUBHOCTI HOBOTO €JIEMEHTa
63-94,6 nv’/ron). SIk MoKHAa NOGAYMTU 3 HABEAEHUX JAHUX, YMOBA YCIIINHOI
perenepaiiii MemOpaHHux enemMeHTIB (B > 80 %) BukonyeThcs ais enemenTiB Ne 1-3, s

AKkuX noka3Huk B ckinangae 90-100 %, a moka3HUK o - mepeBuIlye 3HaYeHHs 26 %.
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3 pucyHky 3.3 Mo)kHa OOAaYUTH, 110 KapAUHAIBHUX 3MIH BIJHOCHOT'O 3HAYEHHS
CEJICKTHBHOCTI O HE B1A0YJIOCH, 1 3HAYEHHS O MICJIA MPOBEACHHS BCIX CTaAii pereneparii
KOJIMBAETHCSA B MEXaxX JICKIJIbKOX BIJCOTKIB B MOPIBHSHHI 31 CTAPTOBUM 3HAUCHHSM Y.
JlaHH1 pe3yabTaTH CBiIYaTh, M0 Mporec MoAudiKarii MeMOPaHHOTO MOJIaMiTHOTO APy
miJ BIUIMBOM AaKTHUBHOTO XJIOPY HE BiAOyBcs. 3OUTBIICHHS MPOTYKTUBHOCTI IMICHS
OKHMCHOT CTaJll CBIIYUTH PO €PEKTUBHICTh BUJATICHHS 3a0pyIHEHDb 3 TOBEpX1 MeMOpaH

(pucyHok 3.2).

3.1.3. Ouinka egeKTUBHOCTI perenepanii

JIist OiTbIT HATJISITHOT OIIHKKA €(PEeKTUBHOCTI TPOIIECY pereHepartii, MpoBEACHO
aBTOIICII0 MeMOpaHHUX eneMeHTiB Ne 2 Ta 4, mo Ta micis pereHepaii (I KOXHOTO
MEMOpPaHHOTO €JIEeMEHTYy OyB aHaJOriYHUM AyOnorouuii 3pa3ok 3a0pyJHEHOTro
enemenTy). @ortorpadii Ta wMikpodororpadii moBepxHi MeMOpaH HaBeACHI Ha
pucynkax 3.4 (a, 6, B), [U-cnexTpu HOBO1, BiampaiiboBaHoi (Ne 2) Ta pereHepoBanux (Ne 2

Ta 4) Ha pucyHkax 3.5 (a, 0, B), a XiMiuHMM cki1a] HOyIiHTY - B Tabnuii 3.2.

Pucynok 3.4 — ®otorpadii ta MiK-p-(;(bOTO-Fpa(l;i'l' MeM6béﬁHoro_non0THa €JIEMEHTIB: a) —
BIJIIIPalbOBaHOTO (o - 26,6 %) Ned; 6) — perenepoBanoro Ne 2 (B - 97,8 %);
B) — perenepoBanoro Ne4 (B - 79,2 %) [109]
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Ha pucynky 3.4 (a), cnoctepiraerbCcsi HasgBHICTh IIUIBHOTO Iapy (OyIiHTY Ha
BIJIIIPAIIbOBAHOMY MEMOpPaHHOMY €JleMeHTI. 3 pucyHky 3.4 (0) BuAHO, 1110 MeMOpaHHEe
MOJIOTHO pEereHepoBaHOro ejemMeHTy Ne 2 BUTIIIAA€ MPAKTUYHO YUCTUM, O€3 O3HAK
3a0pyIHEHHS, IO KOPEIIOE 3 JaHUMH MPO NPAKTUYHO ITOBHE BiJHOBJICHHS MOTO
xapakTepucTrk Ticis peredepairii (B = 98,0 %). B Toit ke yac, HasBHICTh HEBEIMKOTO
niapy 3a0pyAHEHHsI Ha MOBEPXHI MeMOpaHHOTo NoJIoTHa eneMeHTy Nod (pucyHok 3.4 (B))
HOIATBEP/DKY€E T, IO pEreHepaiiss bOr0 eJIEeMEHTYy NpPOMIIIa MEHII YCHIIIHO
(B=179,2 %). lle noriyHO MOB’A3aTH 3 PI3HUIICIO B 3HAYEHHAX MOKA3HUKA O JJIA LUX
eneMeHTiB 26,6 Ta 43,1 %, 10 XapakTepusye CTyMiHb iX BIANPAIbOBAHOCTI.

[npopmamis moao XIMIYHOrO ckjiaay (OyJIHTY Ha IOBEPXHI MEMOpaHHHUX

IIOJIOTCH BiI[l'IpaI_[BOBaHI/IX Ta PCrcHCPOBAHUX €JIEMCHTIB HaBCJICHA B Ta6JII/ILIi 3.2.

Tabmuug Ne3.2 — XiMiuHui ckiag QoymiHTy Ha MOBEPXHI MEMOpPaAHHUX MOJOTEH

BIJIIIPAllbOBAHUX Ta pEreHepoBaHUX eneMeHTIB [109]

Enement No2 Enement Ne4
Binmpa- . Binmnpa- .

. PerenepoBanuii T PerenepoBanuii
3aGpyaio- | HPOBIRLY = 98,0 % w =792 %
ot a=143,1% p=98.0% a=26,6% P=792%
KOMIIOHEHT Cryninb Cryninb

Bwmict Bwmict BHUJAJICHHS Bwmict Bwmict BHUJAJICHHS
3a0pyaHuKa | 3a0pyaHUKa | 3a0pyAHUKa, | 3a0pyaHuKa |3a0pyaHuKa | 3a0pyIHHKA,
% %
Cunikary,
5 2986,4 131,0 95,6 3981,9 235,3 93,6
MI/M
OpraniuHi
pEUYOBHHH, 4432 63,6 85,6 599,5 150 75
Mr/m?
3aiizo
3arajbHe, 919,9 5,2 99,4 1210,4 9,7 99,2
Mr/m?
XKopcrkicTs,
5 51,2 34 93,4 67,8 6,8 90,0
MTI€KB/M

Ak BHAHO 3 HaBeJCHUX JaHWUX B Tabnuii 3.2, Ha MOBEPXHI BiAIPaIrbOBAHOTO

eneMeHTy No4 MICTUTBCS CyTTEBO Ollbllla KUIBKICTh BCIX THUIIB 3a0pyJHEHb HIK Ha
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MOBEPXHI BIANPAI[bOBAHOTO e1eMeHTY Ne2, 1110 OSICHIOEThCS PI3HUM 00’ €MOM MepMeary,
KUl OyB 3 HUX OTPUMAaHHUH IMiJI 9ac ekcruryararii (Tabsmist 3.1) Ta BIAMOBIAHO Pi3HUM
3HAYEHHSAM TOKa3HMKaA 0. BTiM, sIK MOXKHA 1MOOAYUTH, pEereHepallist IporIia 3 BUCOKUM
BIJICOTKOM BHJAJICHHS OCHOBHHX 3a0pyJHIOIOYMX KOMIIOHEHTIB 3 MOBEPXHI MeMOpaH
000X €JIEMEHTIB, IPOTE 3 SIBHOIO TMEepeBaroro it eaeMeHTy No2 1o Bcix 3a0pyIHUKAX.
Jl1s BU3HAYEHHS UMOBIPHUX CTPYKTYPHHX 3MIH ITOBEPXHI MOJIiaMIIHUX MeMOpaH,
a TaKOX OLIHKH SIKOCTI MpOBeAeHHs pereHeparii Oyno 3usaTo [Y-criektp MeMOpaHHUX
MOJIOTEH BUPI3aHUX 3 HOBOI, pereHepoBaHux Ne 2 ta 4, ta 3a0pynHenoi Ne4 meMOpaHHHUX

esieMeHTiB. Pe3ynbTaTi HaBeeH1 Ha pucyHky 3.5 (a, 0, B).

MponyckaHHA, %
S o)) (o)
o o o

N
o

4500 4000 3500 3000 2500 2000 1500 1000 500 0
XBunbose uncnio, cm?!
Hosa BignpaubosaHa Ne 4 PereHeposaHa N22 PereHepoBaHa Ne4
0 120 B 120

=
o
o
=
o
o

X 80 X80
L3 <
I I
E 60 560
[} o
£40 36003200 1640 240
g i 800 400 g 16701640 | oo
=50 1400 1200 =50 .
1610
0 0
4000 3500 3000 2500 2000 1500 1000 500 0 1800 1700 1600 1500 1400
. XBuabose uncno, cm?t XBunbose uncio, cm?
Bianpauposara Ne 4 Hosa PereHepoBaHa No2 PereHepoBaHa No4

Pucynok 3.5 — IY-cnekTpu a) — HOBO1, BianpaiboBaHoi Ne4, pereHepoBanoi Ne 2,
pererepoBanoi Ne4 memOpaHn; 0) — BigmparboBanoi memOpanu Ne 4; B) — HOBOT,

perenepoBanoi Ne 2 Ta Ne4 memMOpaH y XxapakTepHii 30H1 moyiamiay
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Ananmizyroun [Y-crnektp, 1o BUOKpeMIIeHn Ha pucyHKy 3.5 (0), g MoJjioTHA 3
BIJIIIPAIIbOBAHOTO MeMOpaHHOro eneMeHTy Ned MokHa MOOAYUTH OCHOBHI MIKH 3a
xBUIIboBHUX uncel 3200-3600, 1640, 1400, 800-1200, 400-800 cm™!, siK1 BIAIIOBIIAIOTH
NEBHUM 3a0pyAHHUKAM, 10 OCLIH Ha MeMOpaHHoMy mojoTHi [110].

Ob6nactp 3a xBuIboBOTO uncia 3200-3600 cm ! 3a3BUyail BiAMOBIAA€ BaJCHTHUM
koimuBaHHAM O-H rpym, mo MoXe CBIIYUTH MPO HASABHICTH BOJAU a00 TiAPOKCHIBHUX
CHOJYK, K1 MOXYTb OyTH IPUCYTHI Yyepe3 opraHiydi abo HeopraHiuHi 3a0pyIHIOBaYI.

ITix 3a xBmiIbOBOro umciaa 1640 cm ' HailliMOBIpHIIIEe TMOB'S3aHUM KOJHUBAHHSIM
C=0, 110 MOe CBIAYUTU MPO HAABHICTH KapOOKCUIBHUX KUCIOT. [IpuCyTHICTH TaHOTO
MKy MOX€E MIATBEPIKYBAaTH 3a0pyJHEHHS MEMOpPaHHOIO IOJIOTHA OpraHIYHUMHU
CIIOJTyKaMHU.

[Tix 3a xBmwIb0BOTO umncia 1400 cm! BigmoBimae nedopMaiiitHuM konuBaHHsIM C-
H 3B’s13kiB a00 acumeTpudyHuM KonuBaHHAM COQO', 1110 TaKOX CBITYUTH PO YTBOPEHHS
Ha MOBEPXHI MOJIOTHA 3a0PYTHIOIOYMX OPTraHIYHUX CIIOYK.

[lupoxi miku 3a xBuwiboBUX yrcea 800-1200 ta 400-800 cm™!' Moxke BKa3yBaTu Ha
MPUCYTHICTh JEKUIBKOX PEYOBUH, TaKUX SK CHUJIIKaTH, KapOOHATH, OKCHUJ 3aJi3a,
cyibdatu, hocdaTu, TiAPOKCUI ATFOMIHIIO. PO3riisiHEMO J1aHi iKW OUIbII JETaabHO:

o Cunikat — BiIOyBalOThCS ACMMETPUYHI BaJCHTHI KOJMBAHHS 3B'A3KIB
Si-0O-Si 3a xBmipoBux umcea 900-1100 cm!, a Takoxxk B oOmacti 450-500 cm!
nedopmMairiitai koauBaHHs 3B's13KiB Si-O, 110 MOXKE CBIIYUTH PO HASBHICTH CHUITIKATIB.

o Kapbonatu — cumerpuuni BanmeHnTHi kosmBaHHi C-O B oOnacti
1060-1100 cm' Ta pedopmaniiiai koauBaHHA O-C-O 3 MIKOM 3a XBHJIBOBHUX YHCEI
800-880 cM!' cBiguuTHL TpPO MNpPUCYTHICTH KapOOHATIB. A acHMETPUYHI BaJEHTHi
xonuBanHsa C-O (COs>), mo crocrepirarorses B obmacti 1380-1410 cv! miaTBepakyroTs
HasSIBHICTh KapOOHATHUX 10HIB.

° Oxcup 3amiza — miku B o6macti 570-590 cm ! BkazyroTh Ha KonmBaHHS Fe-O.

o Cynbdhatn — acMMeTpu4H1 BaJieHTHI KoJimBaHHS S-O CIOCTEpIraroThCs B
obsacti 1080-1130 cm™!, cumeTpuuHi BasieHTH1 kosmBaHHs S-O B o0aacti 610-680 cm™!

M1TBEPKYIOTh HASIBHICTD CyJIb(aTiB.
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o dochatn — acuMeTpuuHiI BaJieHTHI KoimBaHHS P-O crnocrepiratoTbcs B
obmacti 950-1100 cm™!, a cumeTpuuni BasieHTHI kKoauBanHsa P-O — 900-950 cm .

o ['apokcupa anoMiHIIO — KOJUBaHHA 1MOB’si3aHl 3 rpynamu Al-OH moxHa
croctepiraty B obsacti 1000-1100 cm!, mik B o6macti 500-600 cm™' curHanizye mpo
kommBaHHs Al-O. Takox rigpoKCuiIbHI TpynH, 1o crnoctepiraiotbes mpu 3200-3600 e
HiaTBEePKYIOTh HasiBHICTE AI(OH)s.

[TinOuBmm miacymMKu 300pakeHoro Ha pucyHky 3.5 (0) IY-cmextpy MokHa
OiATBEpIUTH HASBHICTP Ha MEMOpaHHOMY TIOJOTHI OpraHiYHUX 3a0pyAHEHb,
NPUCYTHICTh aJIOMiHIIO Tigpokcuay, 3amiza (III) okxcumy, a Takox kapOOHATiB,
cysb(daris, ¢pocdaTiB Ta CUITIKATIB.

Ha pucynky 3.5 (a), MokHa TOOAYUTH YITKY PI3HHIIO CIEKTPIB MK MEMOPAHOIO 3
BiJIIIpaIiboBaHoro enemeHTa Ne 4 ta perenepoBaHux eneMeHTiB No2 Ta 4, 10 CBITYUTh
PO BUCOKUM CTYIIIHL IPOBEJEHHS pereHepartii st 000X eJIeMEHTIB.

JUist OlapIl  JeTanbHOTO PO3IIIALY, UM HE B1AOynach 3MiHA XapaKTEPUCTHUK
MoJliaMijly Micisi BCIX CTaalil pereHeparii, Ta 44 He MOBUIUIMBAJIA OKHMCHA CTaiis 3
pereHepanicl0 aKTUBHUM XJOPOM Ha MeMOpaHHE MOJIOTHO eneMeHTIB Ne 2 Ta 4,
PO3IIITHEMO PUCYHOK 3.5 (B). Ik MOkHa TOOAYUTH, 3MIH 32 XapaKTepHUX MiKiB amigy |
(cknamaetbest 3 po3raryBaHHs C=N ta gedopmanii C-N-N, aje nepeBaxHO 3
postaryBanaam C=0 3a xBuaboBux uucen 1640-1670 cm!), amimy II (mos’s3anmii i3
sruHanHaM N—H y miomnuni Ta 3ruHom N—H y kapOOHUTBHIM IpyTii 32 XBHJIBOBUX YHCET
1530-1550 cm!') Ta BomueBoro kapbaminamingy (3a xBuiboBoro umcna 1610 cm™') me
B1J1I0YJIOCK, IO CBITYUTH PO T€, IO MPOIIEC BIUIMBY XJIOPY Ha MOJIaMIiAHUN map Mmicis

MIPOBENICHHSI pereHepailii He Bi0yBCsl.

3.1.4. BcTaHOBJICHHSI BUMOT 10 BIANPALbOBAHUX MEMOPAHHUX €JIEMEHTIB

Ha pucynky 3.6 mokaszaHo 3ajeHOCTI MMOKa3HUKIB BIAHOCHOI MPOIYKTUBHOCTI 3
Ta CEJEKTUBHOCTI O MICIS 3aCTOCYBaHHS 3allPONOHOBAHOIO PEXUMY pereHepariii Bij

BIJIHOCHOTO TIOKa3HUKA MPOAYKTUBHOCTI BIIIPAIIbOBAHOTO €JIEMEHTA (.
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Pucynok 3.6 — BruiiB BITHOCHOTO MOKa3HUKA NPOAYKTUBHOCTI BIAIPALIbOBAHOTO
eseMeHTa (o) Ha BITHOCHI MOKa3HUKHU MPOAYKTUBHOCTI () Ta CeNeKTUBHOCTI (0)

pPETeHEPOBAHOTO

3 pucyHky 3.6 BHUJIHO, 1[0 YMOBOIO JIOCTaTHHOTO BIJHOBJICHHSI XapaKTEPUCTHUK
BianpanbsoBaHux 30 enemeHTIB (B >80 %), € He MepeBUIIICHHS 3HAYEHHS MapaMmeTpa o
rpannyHoi BenmuuHu 26 %. [lpu cmiBcraBieHHi naHoi iH(popMalii 3 pucyHkom 3.1,
MOXHA BCTAaHOBHUTH, IO JJi1 BOJOMPOBIAHOI BOJIU JHIMIPOBCHKOTO BOA03a00py Y
M. Kuesi, 3Hauenns o <26 % BiJnoBigac MakcuManbsHoMy 00'eMy niepmeary 32 000 o>,
J1y1st TpoBeACHHS MOAANIBIINX JTOCIIKEHb Oy BUOpaHi pereHepoBani eneMeHT Ne 1-3,

K1 BIAMOBIJAIOTH ITUM YMOBaM.

3.1.5. BctaHOBJICHHSI CTAPTOBHMX XapPAKTEPUCTHK BilIPallbOBAHUX €JIEMEHTIB

y NOPiBHAAHHI 3 HOBUM, MPOBEJACHHS MUIOTHUX T0CTiIKEHb

[TopiBHSIHO 3HAYEHHS BEIMYMH IPOAYKTHUBHOCTI Ta CETIEKTUBHOCTI peTeHEPOBAHUX
MeMOpaHHuX eyieMeHTiB Ne 1-3 1 CTapTOBUX XapaKTEPUCTHUK HOBOTO MEMOpPaHHOTO
enementy CSV3012-500 GPD, ix Oyno [OCHiUKEHO B OJIHAKOBUX YyMOBax Ha
BoJoNpoBiAHINA Boal M. KueBa 3 BukopuctanHsaMm cuctemu Robust 1500. Pesynbratu
BUNPOOYBaHb HABEJICHI HAa PUCYHKY 3.7, a OUTbII IeTanbHa iH(hOpMaIlisi CTOCOBHO SIKOCTI

OYMIIIEHOI BOIU B TAOJMII 3.3.
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Pucynok 3.7 — XapakTepucTUKN HOBOTO Ta PET€HEPOBAHUX MEMOpPAHHUX €JIIEMEHTIB,
oJiepKaH1 IpH 1X TECTYBaHH1 Ha BOJOIMPOBIIHIN BOJII THITPOBCHKOTO BOJI03a00py Y

M. KueBi: a) — mpolyKTUBHICTh; 0) —CENIEKTUBHICTh

SIk  mokazain  pe3yibTaTh  eKCHEpUMEHTY  (pucyHok 3.7), 3Ha4YeHHs
IPOJYKTUBHOCTI Ta CEJIEKTUBHOCTI BCIX PEreHEPOBAHMX MEMOpPAHHUX €JIEMEHTIB OyJu
II€HTUYHI  BIANOBIJIHUM  CTapTOBHMM  XapaKTEPUCTHUKaM  HOBOTO  €JIEMEHTY.
HopmaimizoBana OpOAYKTHBHICTH  eleMeHTiB  ckiamana  104-112 ov’/ron, 3a
TUCKY 5,7 6ap, a CeIeKTUBHICTL 96 — 97 %

B Tabmuui 3.3 HaBeneHu# ckiajx mepMeaTry, OTPUMAHOIO 3 BHUKOPUCTAHHSAM

pereHepoBaHux MeMOpaHHuX eneMeHTiB Ne 1, 2, 3 Ta HOBOro MEMOPAHHOTO €JIEMEHTY.

Tabmuusg 3.3 — Cxiiag nepmearty, 0I€pKaHOTO 3 pereHepOBaHUX MEMOPaHHUX

eneMmeHTiB Ne 24, 25, 26 Ta HOBOTO MEMOPAHHOTO €JIEMEHTY

PerenepoBani enemMeHTu Hosuit
XapakTepucTuka Nel Ne2 Ne3 MeMOpaHHU I
CJIEeMEHT

ConeBMicT, Mr/nm? 9,1 8,0 9,0 7.2
pH 6,16 6,05 6,35 591
YKopcTkicTs, Mr-eks /mm? 0,25 0,25 0,25 0,25
3a0apBieHICTh, TPaj. 0 0 0 0
BMmicT tpuranoren-meranis <5 <5 <5 <5
(TTM), mxr/nm’ B B B B
3arajibHe MiKpOOHE YHUCIIO0

’ 1 0 0 0
KYO/em?
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AHali3 HaBeJieHuX B Ta0muIll 3.3 maHuX Mokasye, 0 CKJIaJl nmepmearty, skui OyB
OJIep)KaHUil 3 BHKOPUCTAHHSIM PETEHEPOBAHMX 1 HOBOTO MEMOpAaHHUX EJIEMEHTIB, €
MPaKTUYHO 1IGHTUYHUM, 1 B YCIX BHUIIaJIKaxX BIAMOBIA€ BUMOTaM J0 O€3MeYHOil, ajie He
¢1310J770T1YHO TOBHOLIIHHOT BOAU. JJIs OCSTHEHHS BCTAHOBJICHHX HOPM HEOOXI1THO
npoBoAUTH a0 JOMiHEpami3allil0o OTPUMAaHOTO IepMmeary, ab0 BHUKOPHUCTOBYBATU
Mou(DiKOBaHI MEMOpaHH1 €JIEMEHTH.

JI7id moAanbInX NiIOTHUX AOCTIIKEHb Ha cuctemi Robust 1500 Ta BomonpoBiaHii
BOJI1 THIIPOBCHKOT0 32a00py M. KuiB Oyio oOpaHo pereHepoBaHuii MeMOpaHHUM €J1EMEHT
Nel Tta nns mopiBHSHHS #oro poOOTH HOBUM MeMOpaHHHM eneMeHT. OTpumani

pe3yabTaTH NUIOTHUX BUIPOOYBaHb HAaBEJIEHI HA pUCYHKax 3.8 Ta 3.9.
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Pucynox 3.8 — Po0Ooui xapakTepuCTHUKHA HOBOTO Ta pEr€HEPOBAHOTO0 MEMOPAHHUX
€JIEMEHTIB IIPU MUIOTHUX BUMPOOYBAHHSIX HA BOJOMPOBIIHIA BOJI AHITPOBCHKOTO
Bo103a00py M. KueBa: a) — HopmasizoBaHa mpoayKTUBHICTE; 0) — KK/I;

B) — CEJIEKTUBHICTh
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Ax MokHa 1mo6aunTu 3 pUcyHKY 3.8 (a Ta 0) pizHuI B mpoaykTuBHOCTI Ta KK]]
HOBOTO Ta PETCHEPOBAHOTO MEMOpaHHUX €JIEMEHTIB He BusABIeHO. [lamiHHS
HOpPMAaJIi30BaHOi HpoayKTHBHOCTI Ha >50 % (3 95 mo 45 nm’/rom) BimOymnocs micis
onepxanns 20000 mv® mepmeary. Tako BIiNOBIAHO A0 MAMiHHSA MPOAYKTHBHOCTI
sumkyBaBcs 1 KKJ[ 3 51 mo 34 %. [laginns mpoaykTtuBHOCTI, a BiamoBigHo 1 KKJI
MOB’S3aHO 3 YTBOPEHHSM Iapy (QOYIIHTY Ha TMOBEPXHI MEMOpPAaHHOTO IOJIOTHA.
CToCOBHO celleKTUBHOCTI (pucyHOK 3.8 (B)), BIAMIHHOCTEH Maixe He OyJI0 TIOMIYeHO.

OO06uBa eIeMEHTH MPAIIOBAIH 1ICHTUYIHO.
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Pucynok 3.9 — 3HaueHHs coIeBMICTY IepMeaTy, KOHIIEHTpaTy Ta BUX1IHOT BOJIU
OTpUMaHUX Ha a) — HoBoMy 30 MeMOpaHHOMY eJieMeHTi; 0) — pereHepoBaHomMy 30
MeMOpaHHOMY €JIeMEHTI, Ta 3Ha4eHHs pH BuXimHOT BoaM Ta nepmeaty B) — HOBOro 30

MEMOPaHHOTO €JIEMEHTAa; T') — perenepoBaHoro 30 MeMOpaHHOTO eJIeMEeHTa
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Ax MokHa 1M0O6a4YUTH 3 pUCYHKY 3.9 (a Ta 0), COJEBMICT y mepMeari Ta BUX1IHIN
BO/1 OyB Maibke 1IEHTUYHUN Ui 000X MEMOpaHHUX €JIEMEHTIB (COJEBMICT mepMeaTy
cknanaB y cepenabomy 11,8 ta 13,0 Mr/om® 1714 HOBOTO Ta pereHepoBaHOr0 MEMOPaHHUX
eJ€MEHTIB, BHXigHa Boxa 283 mr/aM?), BiamoBigHo i Maibke He Oyyo pi3HUI Mix
COJEBMIiCTOM KOHIeHTpariB (405 Ta 412 Mr/aM® 1 HOBOro Ta MOIM(IKOBAHOIO
MeMOpaHHuX eneMeHTiB). CtocoBHO 3MiHu pH (pucyHok 3.9 (B Ta 1)) Ha 000X eeMeHTax
najiHHs BinOyBasoch Ha 3HauYeHHS 1,3 Bix MOKa3aHHSA y BHXIAHIN Boji. BMicT i0HIB
YKOPCTKOCTI Ta 3HA4YCHHS 3a0apBJICHOCTI MepMeaTy IiJl Yac BUMPOOYBaHb 3aBXKIU OYJIO0
onnakoBuM, <0,05 mr-exks/mm® Ta 0 rpamyciB BigmoBigHo s 000X MeMOpaHHHX
€JIEMEHTIB. 3HAUEHHsI 3arajbHOr0 MikpoOHoro uucia (3MY) nepmeaTy KOJMBaJIOCh B

inreppani 0-2 KYO/cM® aust 060X MeEMOPaHHMX €IIEMEHTIB.

BucnoBku miapo3aiay 3.1

HociipkeHo oOpaHuil peskuM pereHepariii BiAnpanboBaHUX 3BOPOTHOOCMOTHYHHX
MeMOpaHHUX €JIEMEHTIB 3 PI3HUMU CTApTOBUMH XapakTrepuctukamu. llinTBepmxeHo
JOIUTBHICTh BUKOPUCTAHHS JIY’KHOT, KHCIIOTHOT Ta OKMCHOI CTaJIli pereHepartii npu skux
3pOCTa€ MOKA3HUK BIAHOCHOI NPOJYKTUBHOCTI ~ PEreHEpOBAaHUX  MEMOpaHHUX
€JIEMEHTIB 3, a 3HAUCHHSI BIIHOCHO1 CEJICKTUBHOCTI Mai)Ke He 3a3Ha€ 3MiH.

JloBeneHo, 1m0 MiJ 4Yac pereHepaiii He BimOyBaeThCs Mporec Moaudikarrii
MOJIiaM1THOTO TI0JIOTHA BHACIIOK il PO3UMHY aKTUBHOTO XJIOPY, IO MiJTBEPIKEHO 32
nonomororo FTIR.

EdexTuBHicTh pereHepauii miaTBep/uUkKeHa 3a  JomnoMororw  (ororpadii,
MikpodoTorpadiii Ta XIMIYHOTO CKIanay (OYIIHTY Ha MOBEPXHI BIAMPAIbOBAHUX Ta
pereHepoBaHUX MEMOpPAHHHUX CJIEMCHTIB.

YMOBOIO  JOCTaTHROTO  BIHOBICHHS  XapaKTEPUCTHUK  BiANpalbOBaHUX
3BOPOTHOOCMOTHYHMX eJieMeHTIB ( >80 %), € He epeBuUIlieHHsI 3HAYCHHSI TTapaMeTpa o
IPaHUYHOT BETMYUHU 26 % , 1110 /U151 BOAOIPOBIHOI BOJIM JTHIMPOBCHKOTO BOI03a00pY Yy

M. Kuesi Bignmosinae 06'emy 32 000 nvm° mepmeary.
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BignparsoBani MmeMOpaHH1 €JIeMEHTH, sIKi OyJIM pereHepoBaHi 13 3aCTOCYBaHHSIM
00paHOTro PEXXUMY Ta BIMOBIAIOTh BCTAHOBJICHHM BUMOT'aM JI0 MiHIMAJIbHOTO 3HAYCHHS
BIJIHOCHOI MPOAYKTUBHOCTI, MalOTh 1ACHTUYHI BIACTUBOCTI 10 HOBHX 30 MeMOpaHHHX
€JIEMEHTIB, IO MATBEPHKYIOTh BUIPOOYBaHHS Ha CTAPTOBI XapaKTEPUCTHKHU Ta MUIOTHI
nociimkenHs. OTpuMaHud TiepMeaT 3 PEreHEepPOBAHUX MEMOpaHHHX €JIEMEHTIB
BI/IMOBIZIa€ BUMOTaM JI0 aOCOJIOTHO O€3MEeYHOI BOAWM MpoTe HE 110 (hi310JIOTTIHO

[IOBHOI[IHHO].

3.2. JocaigkeHHs npouecy Moaugikauii 3B0pOTHOOCMOTHYHUX MEMOPAHHUX

eJIeMEeHTiB Ta BCTAHOBJICHHSA paHiOHaJ'leI/IX YMOB Horo NMpPpOBEACHHA

Just  moaudikanli  BiANPAlbOBAHUX PETEHEPOBAHUX 3BOPOTHOOCMOTUYHHUX
MeMOpaHHUX €JIEMEHTIB, BUPIIICHO JOCIIIUTH Ta BIAMpPAIIOBATH MpoIrec Moaudikaiii
HOBUX 30 MeMOpaHHUX €JIEMEHTIB.

[Ipouiec monudikaiii MEMOpaHHHUX €IEMEHTIB 3 BUKOPUCTAHHIM PI3HUX PEKUMIB

ONMMCAaHUM y Tiapo3au 2.2.6.

3.2.1. locaigkeHHs pisHuUi pe;kuMiB Moaudikauii 3BOpPOTHOOCMOTHYHHUX
€JIEMEHTIB 3 Pi3HOK KOHIEHTPALIE0 AKTUBHOI0 XJIOPY Ta OTHAKOBUM YaCOM

KOHTAKTYy Ta 3 OTHAKOBUM YaCOM Ta piSHOIO KOH[[eHTpaIIiCIO AKTHUBHOI'O XJIOPY

VY nesikux OCHIKEHHAX BKa3y€ThCsl, 110 ICHYE PI3HUIIS TPOBEACHHS MOIUDiKaIi
3BOPOTHOOCMOTHYHHUX MEMOpPAaHHHUX €JIEMEHTIB IPHU 3aCTOCYBAHHI PEXHUMIB BILUIUBY
PO3UMHY aKTHBHOTO XJIOPY 3 PI3HOIO KOHIICHTPAIIIEIO Ta OJTHAKOBUM YacOM Ta HABIIAKH 3
OJIHAaKOBHM YacCOM Ta Pi3HOI0 KOHIIEHTpaIli€ro akTuBHOTO XJopy [111, 112]. To6to mpu
BIUIMBI OJIHAKOBOI JI03M XJIOpY PI3HMMH pexumamMu Ha 30 MeMOpaHHUN €JIEMEHT,
MoAM(IKALS TEOPETUYHO MOXKE MPOXOAUTH 3 HEBEJIMKOIO PI3HUIICIO, BHACIHIIOK YOTO,
CCJICKTUBHICTh Ta TMPOAYKTHBHICTH MEMOpPAaHHHX €JIEMEHTIB Oy/e BiJIpI3HATHUCK.

Pe3ynbTaTu gaHOTO JOCHIIKEHHS 300paxkeH1 Ha pucyHky 3.10 (a, 6).
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Pucynok 3.10 — BruiuB 1031 aKTUBHOTO XJIOpYy MpH MPOBEACHHI MoupiKarii 3
® IIOCTIHHOIO KOHIIEHTPALIE€I0 aKTUBHOTO XJIOPY — PI3HUM YaCOM KOHTAaKTy Ta
MOCTIMHUM YaCOM KOHTAKTYy — PI3HOIO KOHIIEHTPAII€I0 aKTUBHOT'O XJIOPY Ha!
a) — CEJIEKTUBHICTh MEMOPAHHOTO €JIEMEHTY; 0) — MIPOIYKTUBHICTH MEMOPAHHOTO

€JIEMEHTY

AHanizyrouud JaHi mnpejactaBieHi Ha pucyHky 3.10 (a ta 0), MOXHa 3poOUTH
BHCHOBOK, IO PI3HULSI MIXK 3aCTOCYBaHHSIM PEXHMIB 3 IMOCTIHHOIO KOHUEHTpPALIEK
aKTUBHOTO XJOPY — PI3HUM 4YacOM KOHTAKTy Ta MOCTIMHMM YacOM KOHTAKTy — PI3HOIO
KOHIICHTpAIIEI0 aKTUBHOTO XJIOpy Maibke BiacyTHa. Ha cenekTuBHICTH Ta
NPOAYKTUBHICTh BIUIMBA€E JIMIIE J03a AaKTUBHOIO XJOPY, Ta NOpU il 30UIbIIEHI
BiJIOYBAETHCS MAJIHHS CENEKTUBHOCTI Ta 3POCTAHHS MPOTYKTUBHOCTI MOJU(]DIKOBAHUX
MeMOpaHHHX eyeMeHTIB. [li 3MiHM BIIOYBalOTBhCSA 3a PaxyHOK IMPOIECY TiAPOi3y
KaTajgi30BaHOTO XJIOPYBAaHHSM 4Yepe3 BIUIMB AaKTHBHOTO XJIOPY Ha TOJIaMiTHUMA
CEJICKTUBHUI 11ap. BHACTI0K 1[bOTO 30UTBITYETHCS BITLHUN 00’ €M MOIIMEPY Ta PO3MIp
op, 0 € HACJIJIKOM YacTKOBOTO pyHHyBaHHs miapy mnosiamigy [81]. Takox aesiki
aBTOPU TOSICHIOIOTH TaKl 3MIHM MOPYLIEHHS MDKMOJIEKYJISIPHUX BOJHEBUX 3B'SI3KIB 1
cumetpii 1A, 110, B CBOIO uepry, MpU3BOAUTH 10 TpaHChHOpMAIlli KPUCTATIIHUX JUITHOK

B aMopdHuii ctan [101].
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3.2.2. JlocaimkenHs nmpouecy moau@ikamnii 3BOpOTHOOCMOTHYHHUX €JIEMEHTIB

3a pi3HMX TeMIepaTyp

VY xoa1 poboTH Brepiie AOCTIHKEHO 3aJIeKHOCT] BIUTMBY TEMIIEPATYyPH Ha MPOIIEC
poBeneHHs] Moau(iIKaIlli 3a TOMOMOTOI0 PO3YHMHY aKTHBHOTO XJIOPY, 10 300paykeHO Ha

pucyHky 3.11.
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N3z akTMEHOMD xnopy, (mrfom®)-rog No3a akTMBHOTO Xnopy, (mrfom®)-rog
® Mogwdikauia 3a Temnepatypu 14 20 ® Mogwdikauia 3a Temneparyps 14 20
Mogudikauia 3a TemnepaTypd 18 2C Mogudikauwia 3a Temnepatyps 18 2C
Mogudikauia 3a TemnepaTypd 25 2C Mogudikauwia 3a Temnepatyps 25 2C

Pucynox 3.11 — BruuB Temnepartypu npoBeaeHHs: Moaudikaliii akTHBHUM XJIOPOM Ha

3MiHY: @) — CEJIEKTUBHOCTI; 0) — MPOAYKTUBHOCTI

Sk MokHA MOOauuTH 3 JAHUX, 110 HaBeIEHI Ha PUCYHKY 3.11, mpu 3011bIIeHH]
TEMIIepaTypyd NPOBEIECHHA MOAM(IKALIl 1032 AKTHUBHOIO XJOPY, SKY HEOOXI1THO
BUKOPHUCTATHU JJIsl JOCATHEHHSI OJHAKOBOI CEJIEKTUBHOCTI 3MeHUTyeThesl. Hanpuknan s
JIOCSITHEHHSI  CEJIEKTHUBHOCTI  MOJu(piKOBaHOTO MeMOpaHHoro enemeHty 50 % 3a
temneparypu 25, 18 ta 14 °C HeoOxigHO BUKOpUcTaTu 103y XJjopy 47500, 75000 ta
115000 (mr/mm®)-ron  Bignosimno. Taki 3MiHM mNOBA3aHi 13 3MIHOK IIBMIKOCTI
pPO3KJIaZIaHHs HATPitO TIMOXJIOpUTY. K Bigomo 3a 3HaueHHs pH >10 HaTpiii rinoxaoput
icHye y po3uuHi nepeBaxkHo y ¢opmi OCI . [linBuiieHHsS TeMiiepaTypy NpU3BOAUTH 10
30UTBINIEHHST MIBUAKOCTI poO3KiIafgaHHs Hatpiro rimoxjoputy [113]. Ockinbku mporiec
TIAPOI3y MOJIaMITHOTO MIAPYy € €HJOTEPMIUYHUM (JIJIi PO3PUBY MIIHUX KOBAJICHTHHUX
3B'SI3KIB, TakuX K amiaHi 3B'sa3ku (-CONH-), mo yTBOPIOIOTBCS MK apOMaTUYHUMHU

KUIBISIMH, HEOOXIJHO BUTPATUTH 3HAYHY KIJIBKICTh €Heprii), 31 30UIbIICHHSIM
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TeMIepaTypyu IMBHUAKICTh PeakIlii TiIpoJii3y KaTali30BaHOTO XJIOPYBAaHHSM TaKOX
3poctae [114].

JIns moanbivX JAOCIKEHb HAWOUIBII parlioHATBHUM PIIICHHSM € TIPOBEACHHS
monupikarii 3a Temmnepatypu 25 °C. JlaHe pimieHHS CYTT€BO CKOpPOTHUTH Hac, WIO
HeoOXimHuUK anst moaudikamii MeMOpaHHUX €JIEMEHTIB JUIsl JIOCSTHEHHS TEeBHOI

CEJIEKTUBHOCTI.

3.2.3. locaigskeHHs1 pi3HHLI NpoBeAeHHA MOAU(IKALIl 3BOPOTHOOCMOTHYHMX

eJIEMEHTIB aAKTHUBHHM Ta NACHBHUM METOJAMH
[IpoBeneno nmocaimkeHHs: npouecy moaudikarii 30 MeMOpaHHHX €JIEMEHTIB 3

BUKOPHUCTAHHSAM aKTUBHOTO Ta MaCUBHOTO METO/IIB. Pe3ynbratu HaBeeH1 B Tabuuili 3.4.

Tabmuns 3.4 — CrapToBi XapakTepucTuku ctangapTHoro 30 Ta MoaudiKoBaHUX

MGM6paHHI/IX €JIEMCHTIB aKTUBHUM Ta ITaCUBHUM MCTOJaMHU

MeMOpaHHUi1 elleMEeHT 30 Mogn. Mon. Mogn. Mon.
Cnoci6 moaudikarrii - ITacuBna | IlacuBHa | AkTMBHa | AKTUBHA
Jlo3a akTUBHOTO XJIOPY,
0 43560 48120 24800 27900

(v’ /ron) -ron
[TpoAyKTUBHICTE, IM>/TON 75,0 101,0 118,0 93,5 112,1
KK/, % 50 54,4 63,1 55,6 61,2
CenexTuBHICTD, % 97,1 58,0 43,3 59,2 42,8
ConesmicT nepmeary, Mr/am’ 7,1 103 127 100 140
XKopcrkicTs nepmeary,

<0,05 1,84 2,50 1,84 2,54
MT-eKB/IM>
pH 6,4 7,1 7,3 7,2 7,3

AHami3 JaHuX, HaBeJAeHMX B TaOmwmii 3.4, TMOKa3ye, IO TepMeaT Mics

ctanaapTHoro 30 MeMOPaHHOTO €JIEMEHTY 13 CENEKTUBHICTIO 97,1 %, XapakTepu3yeThCs

3aHAATO HU3BKUMHU COJICBMICTOM 1 KOHIIEHTPAIIIEID 10HIB >KOPCTKOCTI Ta 3aBUCOKOIO
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KUCJIOTHICTIO. CeNIeKTUBHICTh JOCTIHKEHUX MO (DIKOBaHMX MEeMOpPaHHHX €JIEMEHTIB HE
nepesunryBaia 60 %. [Ipu mpoMy BapToO 3a3HAYUTH, IO I OJEPKAHHS OJHAKOBOI
CEJICKTUBHOCTI aKTUBHUM Ta IMACUBHUM METOJIOM HEOOXIJTHO 3aCTOCOBYBATHU Pi3HI 103U
aKTUBHOTO XJIOpY. Tak, y1s ofepkaHHs cenekTuBHOCTI 58,6 + 0,6 % ta 43,0 = 0,3 % ms
IIACMBHOI'O METOMY HEOOXiJHO BUKOPHCTATH 103U XJI0py 43560 ta 48120 (mr/mm?)-rox,
a s aktuBHOTO 24800 Ta 27900 (Mr/mm®)-ronx BimnosimHo. Ilpu akTMBHOMY MeETOmI
HEOOXI1JTHO 3aCTOCOBYBAaTH 3HAYHO MEHIIY JI03y AKTUBHOIO XJIOPY, IO TMOB’S3aHO 3
MOCTIMHOIO MUPKYJIALIEI0 PO3UUHY Ta BIICYTHICTIO Mpoliecy audy3ii po34rMHy aKTHBHOT'O
XJIOPY Y CepeMHY MOJ1aMiIHOTO CHipalibHOTO PYJOHHOTO 30 MeMOpPaHHOIO €IEMEHTY,
0 MPOXOJMTH MiJ Yac MAacHUBHOTO 3amouyBaHHs. [Ipore, 3acTocyBaHHS aKTHMBHOTO
METOay NOTpedy€e 3HAYHO OUIBIIMX €HEPrOBUTPAT Ta HASIBHOCTI CHEIIaIbHOTO HACOCY,
IO 3aXWIICHWM BiJl BIUIMBY arpeCUBHUX cepefoBuil. J[aHWili METoa CKOpoYye yac
HeoOX1THUM a1 Moaudikaliii, oJHaK IPH IbOMY 3HAYHO 3/I0pOXKY€ mpoiec. Tomy mms

NOAANBIINX TOCTIPKEHbh BUKOPUCTOBYBAJIHU MPOIIEC MACUBHOI MOAU(IKAILi.

3.2.4. IlopiBusinHsA npouecy Moandikanii HoBux 30 MeMOpaHHHMX eJIEMEHTIB

Ta PErecHepoOBaHUX

Ha nactynHomy ertami poOoTu Oyso mpoBeAeHO MOAu(DIKallil0 pereHepoBaHUX
MeMOpaHHHMX €JIEMEHTIB 3a aHaJOTIYHOI METOJWKOI0, IO BHKOPHCTOBYBAJACh JJIs
HOBUX MEeMOpaHHHMX €JIEMEHTIB, 3 BUKOPUCTAHHIM MAaCUBHOTO MeToAy Moaudikarii, 3a
temriepatypu 25 °C Ta TOCTIHHMM 4acOM KOHTaKTy (24 roj) Ta pi3HOIO KOHIIEHTPAIIIE0
aKTUBHOTO XJIOPY, 3 METOI0 iX BHUKOPHUCTaHHS B TMpPOIECI OTPUMaHHs Oe3MeyHOl
(b1310J10T1YHO TIOBHOIIIHHOI BOJAM. 3aJIeKHICTh 3MIHHM CEJIGKTUBHOCTI HOBHUX Ta
pEreHepoOBaHMX MEMOpaHHUX €JIEMEHTIB BiJl JI03M AaKTUBHOTO XJIOpYy, IO
BUKOPHUCTOBYBAJIACh B X071 X MoaudiKallli, MpoJAeMOHCTPOBAHO HA PUCYHKY 3.12.

AHani3 HaBeJCHUX JaHUX Ha PUCYHKY 3.12, 1M03BOJISIE€ MIPUITYCTUTH, IO PEKUM,
KUl OyB 3aIIPOIIOHOBAHUH JJ1s1 MOM(IKAIlil HOBUX MEMOpPaHHUX €JIEMEHTIB, MOXKe OyTH

BUKOPUCTAHUH 1 1151 MOIU(DIKAIi pereHepOBaHUX.
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Pucynox 3.12 — 3ayiexHiCTh 3MiHU CEJIEKTUBHOCTI * HOBUX Ta ® pEreHEPOBAHUX
MeMOpaHHUX €JIEMEHTIB BiJ 031 aKTUBHOT'O XJIOPY MiJ 4ac IPOBEIECHHS iX

Moudikarii

3.2.5. IlioTHI pochaixkeHHs: po00TH HOBHUX MOAM(IKOBAaHHUX MeMOPAHHMX

eJIeMEeHTIB 3 pereHepoBaHNMHU MOAH(PIKOBAHUMH

[IpoBeneni minoTHI BUNpPOOyBaHHS HOBoro MoxaudikoBanoro (HM) ta
pereHepoBaHoro Moaudikosanoro (PM) MemMOpaHHUX €JIEMEHTIB 3 METOI BU3HAYEHHS
YH ICHY€E PI3HUIS MK 3aJI€KHOCTAMHU 3MIH pOOOYUX XapaKTEPUCTUK 000X MEMOpaHHUX
€JIEMEHTIB MPHU TpUBaJIiii poOOTI B peaibhux ymoBax. Ha pucynky 3.13 (a, 0, B) HaBeieH1
xapakTepu 3MiHu poaykTuBHOCTI, KK/ Ta cenekTuBHOCTI MEMOpaHHUX €JIEMEHTIB.

[Tpu ananizi pucynkiB 3.13 moxHa mobauuTH 1mo 00U IBa MEMOpPaHHI €IeMEHTU
NpalooTh 1AeHTUYHO. 3 puUCYHKY 3.13 (a) crooctepiraeTbesi CTpPIMKE MaaiHHS
HOPMaJIi30BaHOIO 3a TEMIIEPATYPOIO 3HAYEHHS IPOAYKTUBHOCTI 3 137 1o 58 am>/ron no
orpumanns 7000 am°® mepmeary. IIpu oMy, TOJANbIIE MAIiHHSA € 3HAYHO MEHIIMM, a
came 3 58 10 42 am>/rox 1o orpumanoro 20000 av? mepmeaty. 1le MOSACHIOETHCS THM, L0
i yac MoauGiKaIii TEOPETUIHO 3POCTAE PO3MIpP TOP, 1 TaKe MAIIHHS MPOAYKTUBHOCTI
MO’Ke OyTH OB’ s13aHe 3 YTBOPEHHSM HEBEJIUKOTO 1Iapy (POYIIiHTY, 110 3HAYHO 3BYKYE iX
po3Mip, ab0 HaBITh MPU3BOJUTH /10 iX OJI0OKyBaHHA. [1icis MOYaTKOBOrO YTBOPEHHS IApyY

dboyIiHTYy, MBUIKICTh MaJIHHS MPOJAYKTHBHOCTI MEHIN 1HTEHCHMBHA. Taki BIIMIHHOCTI



160
140
120

am*frog
E 5B

: : ja's]
MooayKTMBEHICT HOpMANiloeaHa,

(=]

0 5000 10000 15000 20000
Of'em oAEPHEHOTD NEQMEETY, am
—#— PereHeposaHuil MogHGIKOBaHMH

HoBuid mogudikoBaHMA

89

g 100
90
B0
70
= B0 ’\\‘
o 50 .
= 40 otecessertey - ——
30 ERS D
20
10
0
o 5000 10000 15000 20000

Oa'EM DAEDHIHOND NEPMEGTY, am’
—i#— PereHepoBaHA MogMGIKOBIHMA
HoBMA MogubikoBaHKi

B 100
20
g0

* 7p
A

Geo
@ 50

40

Em
20
10

0

Mo*’*'

5000 10000 15000 20000

O6'sM 0pepHaHorD NEpMEETY, Am®
Hoeni MogudiKoEaHHA
—g— PereHeposaHuil MogubiKoBaHWMA

Pucynok 3.13 — Po6oui XxapakTepuCTUKH HOBOTO MOAU(PIKOBAHOTO Ta PEr€HEPOBAHOTO
MOAU(pIKOBAHOTO MEMOpPAHHUX €JIEMEHTIB MPH MUIOTHUX BUMPOOYBAHHSIX HA
BOJIOTIPOBIIHIHM BOJI1 THIMPOBCHKOTO BO/103a00py M. KueBa: a) — HOpmaiizoBaHa

npoayKTUBHICTB; 0) — KKJI; B) — cenekTuBHICTD

MOSICHIOIOTHCS MOBUIBHIIIMM MPOIECOM HAaKOMMUYEHHsIM 3a0pyaHenHs [115]. Ananoriano
no npoayktuBHocTi 3MeHmyerbest 1 KKJ[ (pucynokx 3.13 (0)), mo mnom’sizane 31
CTaOUIbHUM 3HAYEHHSM MPOAYKTHUBHOCTI 32 KOHIICHTPATOM Ta 3MIHHUM 3HAYCHHSIM 3a
nepmeatoM. CeneKkTUBHICTh MOJAU(BIKOBAaHUX MEMOpaHHHX eJieMEHTIB (pucyHOk 3.13
(B)), 3poctania Ha 8 % ( B cepeaHbomy 3 52 10 60 %), 1110 MOKHA MOSCHUTH YTBOPEHHSIM
mrapy QoyIiHry Ta 6JIOKyBaHHIM MOP.

Ha pucynky 3.14 (a, 6) HaBedeH1 CTyIeH1 BUJajeHHs 3a0apBJICHOCTI Ta 10HIB

YKOPCTKOCTI MPH NIJIOTHUX BUMIPoOoBYyBaHHAX HM Ta PM MeMOpaHHUX €E€MEHTIB.
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Pucynok 3.14 — CtyneHi BunaneHHs a) — 3a0apBIE€HOCTI; 0) — )KOPCTKOCTI, MpU
MIJIOTHUX BUNMPOOYBAHHIX HOBOTO MOJIU(PIKOBAHOTO Ta PEr€HEPOBAHOTO
MO (IKOBAHOTO MEMOpPAHHUX €JIEMEHTIB Ha BOJIOIIPOBIAHIM BOJII THITPOBCHKOTO

BoJ103a00py M. KueBa

Cryninp BupaneHHs 3abapBiieHOCTI (pucyHok 3.14 (a)) mig dYac MUIOTHUX
Bunpodysanb HM ta PM memOpannux enemenTiB ckianas 100 %. Lle Mmoxe cBiauuTH,
po Te, 10 B OYHUIIEHIN BO1 OYIyTh BIICYTHI OPraHiYHI pEYOBUHU. 3HAUYCHHS CTYIICHIO
BUJIAJICHHST JKOPCTKOCTI (pucyHok 3.14 (0)) Oynu Mmaixe 1IEHTUYHI JO 3HAYEHb
CEJICKTUBHOCTI MeMOpaHHUX ejnemeHTiB (pucyHok 3.13 (B)). Takuii nmianmazoH
cesniekTuBHOCTI (50-60 %) Ta BIAMOBIAHO CTYIEHIO BHIAJEHHS >KOPCTKOCTI JI03BOJISIE
OTpUMYBATH 30aJlaHCOBaHy Ta a0COTIOTHO O€3MEYHYy MUTHY BOJY.

B Tabmuui 3.5 HaBeaeH1 NOKa3HUKH SKOCTI IepMmeary, oaepxanoro miciss HM ta
PM MeMOpaHHUX €TIEMEHTIB

Pesynbraty HaBeneHi B Tabmuui 3.5, MOKa3aidu MPUHUMUIIOBY MOXJIUBICTh
OTPUMAaHHS TepMeaTy, MOKAa3HUKHU SKOCTI SIKOTO BiJIMOBIAI0Th BUMOTAM JI0 O€3MeYHO1
(b1310JI0TIYHO TOBHOIIIHHOT BOJM, 3a BUKOopucTaHHA sk HM, Ttak 1 PM mMemOpanHux

€JIEMEHTIB.
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Tabmuus 3.5 — Tloka3HMKHM $KOCTI mepmeary, OJEp>KaHOro MpHU MiTOTHHUX
BUMPOOYBAHHSIX HOBOTO MOJM(DIKOBAHOTO Ta PETeHEPOBAHOTO MOIM(IKOBAHOTO

MeMOpaHHHMX €JIEMEHTIB Ha BOJIONIPOBIIHIM BOJI1 THIIPOBCHKOTO BO03a00py M. Kuena

Otpumanuii Cknan nepmeary
30 enemeHT o0'ew Conesmicr, | KopcTkictb, | 3a0apBIEHICTD, 3MY,
nepmMeary,

o MT/am> MT-eKB/IM> rpagycu KYO/eMm?
100 150 2,1 0
Hogwuit 4000 131 1,8 0
MoaudiKoBaHUHT 8000 125 1,7 1
(CEeNeKTUBHICTD 12000 133 1,8 0 2
54 %) 16000 136 1,7 0
20000 139 1,8 1
100 144 2,1 0
PerenepoBanuii 4000 134 1,9 1
MoaudiKoBaHUHT 8000 132 1,8 0
(CEeNeKTUBHICTD 12000 141 1,9 0 2
52 %) 16000 147 1,9 1
20000 145 2 0

Hopmu 1o 6e3neynoi Ta 100-500 1-7 <20 (30) <50
(1310JIOT1YHO MMOBHOLIIHHOT BOJIU

3.2.6. Bumorun a0 3aJaHOI CeJEKTUBHOCTI MOAU(IKOBAHMX MeMOpPaHHHUX

eJIEMEHTIB B 3aJIe5KHOCTI Bi/l COJIEBMiCTY BUXITHOI BOIU

Ha pucynky 3.15 HaBeneHa 3aJIe)KHICTh BUMOT J0 BEJIUYUHU CEJIEKTUBHOCTI
moaudikoBannx 30 eneMeHTIB, NpHU3HAYCHUX JJs OTpUMaHHS  (h1310JIOTIUHO
MOBHOIIIHHOT BOJIM, BiJ] COJICBMICTY BUX1JIHOI BOJIH.

3naveHHs ceneKTUBHOCTI (Ry0;) po3paxoBano 3a popmynoro 2.9.
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Pucynok 3.15 — 3anexuicTs Big coneBmicty Buxinnoi Boau (TDS,, mr/am’) Bumor 10
CEJICKTUBHOCTI MOIM(PIKOBAHUX 3BOPOTHOOCMOTHYHUX €1eMEHTIB (Ryoz, %),
MPU3HAYEHUX JIJIs1 OTPUMaHHA (P1310710TTYHO MOBHOLIHHOT BOM (32 TemriepaTypu 25 °C

Ta CeJIEKTUBHOCTI BUX1THOro MeMOpaHnHoro eneMmerTa (Rro) 96 %)

AHani3 JaHuX, HaBeACHUX Ha PUCYHKY 3.15, mokasye, 10 MJiE OTPUMAHHS
(1310J10T1YHO TTOBHOLIIHHOI BOJM 3 BOJOMPOBIAHOI BOJU JHIMPOBCHKOIO BOA03a00py Y
M. Kuesi, coneBmict skoi ckmamae — 250 — 300 mr/am®, HEOOXiIHO BHKOPHUCTOBYBAaTH

MeMOpaHHUI €JIEMEHT 3 CEJICKTUBHICTIO He Ounbiie 60 % 3a Temmneparypu 25 °C.

BucnoBku miapo3ainay 3.2

3 HaBeACHUX JOCHIPKEHh MOXHA 3pOOMTH BHUCHOBKH, IO HaWIOIILHIIIE
BUKOPUCTOBYBAaTH NACUBHUN Tpoiiec MoAudiKaili depe3 MEHIIl eHepro3arpaTud Ta
BIJICYTHICTh HEOOXIJIHOCTI JIOAATKOBOro oOjagHaHHs. PallioHanpHOI0 TeMmepaTyporo
moaudikarii € 25 °C, 1110 103BOJUTH CKOPOTUTH Yac MoAudikarlii abo BUKOPUCTOBYBATH
MEHIIT KOHIIEHTpaIlli akTUBHOTO xJjopy. [Ipu mopiBHAHHI pexumiB moaudikamii 30
CJIEMCHTIB 3 Pi3HOIO KOHIICHTPAIII€I0 aKTUBHOTO XJIOPY Ta OJTHAKOBHUM YacOM KOHTAKTY
Ta 3 OJIHAKOBUM YaCOM Ta PI3HOIO0 KOHIICHTPAINIEI0 aKTUBHOTO XJIOPY PI3HUIIS BiACYTHS,

10 J1I03BOJISIE IPOBOAUTH MOAU(IKaILI0 Oyab SKUM 3 IIUX pekuMiB. [Ipote Bce xx OUIbII
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JOIIJILHO TPOBOAUTH MoOAM(IKAIIK 31 CTaOUIBHUM 4YacoM, Yepe3 OUIbIIl YiTKe
TJTaHYBaHHS TIPOIECYy BUPOOHUIITBA MOAM(IKOBAHIX MEMOpPaHHUX €JIEMEHTIB.

[TopiBHIOIOYHM pE3yJNbTaTH TIpoliecy Moaudikallii percHepOBaHMX Ta HOBHUX
MeMOpaHHUX €JIEMEHTIB, MOXKHA BBa)KATH, 1110 TIPOIIEC MPOXOAUTH 1ICHTHYHO.

[TimoTHI mocmiKeHHS HOBOI MOAM(IKOBAHOI Ta pereHepoBaHOi MoaAu(]iKOBaHOI
MIITBEPKYIOTh, 10 MoAudiKaIlisg NpOoHIIa 1ICHTUYHO, Ta MeMOpaHHI €JIeMEHTH
MPOJIEMOHCTPYBAJIM ~ aHAJIOTIYHI XapakTepucTuku. [IpogeMoHCTpoBaHO, MO0 TPHU
BUKOPUCTaHHI MOJM(IKOBAaHUX MEMOpPAaHHUX €JIEMEHTIB MOXJIMBO OTPUMYBaTH
a0CoJIFOTHO Oe3reuny Ta (1310J0T1YHO TOBHOIIIHHY ITIUTHY BOJY.

BcTanoBneHi BUMOTH 10 3a/1aHO1 CEJIEKTUBHOCTI MEMOPaHHUX €JIEMEHTIB.

3.3. JlocaigskeHHsl 3MIHM PO00YHX XapaKTepUCTHK MEeMOPAHHMX eJIeMEHTIB 31

3MIiHOK0 POOOYHX MapaMeTpiB
3.3.1. JlocaigkeHHs BILIUBY COJIEBMICTY

JloCciKEeHO BIUIMB COJIEBMICTY BHXIJHOI BOJAM Ha 3MIHY XapaKTEpUCTHUK
Mo (IKOBAaHMX MEMOpPaHHUX €JIEMEHTIB (3 CelIeKTUBHICTIO 68, 54, 44 %) Ta HOBOTO 30
MeMOpaHHOTO €JIEMEHTY (3 CeJIeKTUBHICTIO 97 %). MeTonuka npoBeaeHHs AOCIIIKEHb
omucana B miapo3aum 2.2.7. Ha pucynky 3.16 (a,0) mpencraBiieHI 3MiHU
npoaykTuBHOcTI Ta KKJ[ MeMOpaHHUX €IeMEHTIB.

Ax MoxHa moOavatu 3 pUCyHKY 3.16 (a) 31 30UIBIIIEHHSIM COJICBMICTY Y BUXIJTHIN
BOJ1 3HAYHO 3HUXKYETHCS MPOAYKTHUBHICTh AK MOAM(PIKOBaHMX, Tak 1 HOBOi 30
MeMOpaHHUX €JIEMEHTIB, IPH 4OMY Ha HOBOMY 30 MEMOpaHHOMY €JIEMEHTI BII0YBAETHCS
OUTBbIII CTPIMKE TAIiHHSA TMPOAYKTHUBHOCTI HIX Ha MoaudikoBaHux. I[lagiHHs
MPOIYKTUBHOCTI TIOB’SI3aHE 31 3POCTAaHHSAM OCMOTHYHOTO THCKY TIpH 301IbIICHHI
coJieBMICTy. TakuM YMHOM JUIsl TIATPUMAHHS OJIHAKOBOI MPOJAYKTHBHOCTI HEOOX1THO
3aCTOCOBYBATH OUIBIIMIA pPOOOYMI TUCK JJIsi KOMIICHCAIl 3POCTaHHIOCMOTUYHOTO.
3menmenns nokasHuka KK/ (pucynoxk 3.16 (0)) mnoBsizaHe 31 3HIKEHHSIM
MPOyKTUBHOCTI MEMOPAHHOTO €JIEMEHTA 3a IepMeaToM, MPH YOMY 3a KOHIICHTPATOM

MPOTyKTUBHICTH HE 3MIHIOETHCSI.
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Pucynok 3.16 — 3anexxHicts 3MiHH a) — npoaykTuBHOCTI; 6) — KK/ moaudikoBannx
MeMOpaHHUX €JIEMEHTIB 3 P13HOIO CEJIEKTUBHICTIO Y MOPIBHSAHHI 3 HOBUM 30
MeMOpaHHUM €JIEMEHTOM BiJl 3MiHU COJIEBMICTY y BUXI1/IHIM BOJII (CEIEKTUBHICTh
MOAM(PIKOBAHMX MEMOpPaHHUX €JIEMEHTIB ckiajana -44, «54 ta =68 % 3a Temneparypu

25 °C Ta Tucky 4,8 6ap)

B Tabnuui 3.6 HaBeieH1 3HaYeHHS B1ICOTKOBOT'O 3MEHILIEHHS IPOYKTUBHOCTI BCIX
JOCITIJIKYBAaHUX 3pa3KiB IMpHU 30UIbIIEHHI COJEBMICTY. 3a HYJIHOBY TOYKY OOpaHO

3HAYEHHS 3a cojeBMicTy 250 mr/mv’.

Tabmuus 3.6 — 3HaueHHS BIJICOTKOBOIO 3MEHILIEHHS MPOIYKTUBHOCTI
MOAM(PIKOBAHMX MEMOpPaHHUX EJIEMEHTIB 3 PI3HOIO CEJIEKTUBHICTIO y MOpiBHsHHI 3 30

€JIEMEHTOM IpH 301IbIIEHH] COJIEBMICTY

CeJlIeKTUBHICTD ConeBMicT, Mr/nm?
eJIeMeHTa, % 250 500 750 1000 1500
BianocHa 3MiHa IPOYKTUBHOCTI, %0
97 0 9,2 19,9 29,5 45,5
68 0 1,7 4,9 9,7 21,5
54 0 3,9 11,0 14,5 20,8
44 0 7,3 15,8 17,9 23,7

Jlani B TaOmmii 3.6 cBigyaTh mpo Te, MO0 Ha MOAU(IKOBAaHMX MEMOpaHHHX

eJIeMEHTax MaJiHHS MPOIYKTUBHOCTI BIAOYBAETHCA 3 MEHIIOK 1HTEHCHUBHICTIO, Ha IO
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BKa3y€ 3HAYHO MEHIIIA BIJICOTKOBA 3MiHA MPOAYKTUBHOCTI. Taka BiaMiHHICTh Mk 30 Ta
MOIM(IKOBAaHUMH €JIEMEHTAaMHU BiI0YBAa€ThCA uYepe3 MEHII 3HAYEHHS OCMOTHYHOTO
THUCKY, OCKIJIBKH JEsSKI PO3YMHHI COJIl MPOXOJATh Yepe3 MOBEPXHIO MOAM(PIKOBAHOTO
MEMOpPaHHOTO MOJIOTHA.

3MiHa CENEKTUBHOCTI 3a 3arajJbHUM COJEBMICTOM, a TaKOX 3MiHa CTYIIEHIO
BUJIAJICHHS 10HIB KOPCTKOCTI, JIY’KHOCTI Ta 3a0apBJICHOCT] BOAM 31 3MIHOIO COJIEBMICTY

MIPOJIEMOHCTPOBaHI Ha pucyHky 3.17 (a, 6, B, T).
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Pucynox 3.17 — 3ajie’kHOCTI 3MiHH a) — CEJIEKTUBHOCTI; 0) — CTyIIeHS BUIAJICHHS
KOPCTKOCTI; B) — CTYINEHS BUAAJIICHHS JTy>KHOCTI; T') — CTYTICHS BUAAJICHHS
3a0apBiIeHOCTI MOAU(DIKOBAHUX MEMOpPAHHUX €JIEMEHTIB 3 PI3HOIO CEJIEKTUBHICTIO Y
NOPIBHSAHHI 3 HOBUM 30 MEMOpaHHUM €JIEMEHTOM BiJl 3MIHU COJIEBMICTY y BUXI1/IHIM
BO1 (CENEKTUBHICTh MOAM(PIKOBAHUX MEMOPAHHUX €JIEMEHTIB ckianana -44, «54 ta

68 % 3a Temmnepatypu 25 °C Ta Tucky 4,8 6ap)
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Ax MoxxHa mo6auuTH 3 pUCYHKY 3.17 (a) 31 30UIBIIEHSM COJIEBMICTY,
cenekTuBHICTH K 30, Tak 1 MOAM(IKOBAHUX MEMOPAHHUX €JIEMEHTIB 3MEHIIYEThCS Ha
11-18 % mo BimHOmIEHHIO 10 3Ha4YeHHA 3a coneBMicTy 250 wmr/mm>. Taki 3MiHM
BiIOYBaIOThCSI BHACIIJOK 301IbIIEHHS KOHIICHTPAIIWHOTO TPajl€HTa, KU MiJBHILYE
NOTIK 10HIB y HampAMKY MeHIoi KoHmeHtpamii. Lle moxe Oyt mnoB’si3aHe 3i
30UTBIICHHSIM KOHLIEHTPAIIMHOT TOJsApU3allii, 10 TMPU3BOJAUTH JO 3MEHIICHHS
CENIEKTUBHOCTI. Benukoro BiAMIHHICTIO OTPUMaHUX peE3yJNbTaTiB € Te, U0 TMpH
nociimxeHi 30 MeMOpaHHOrO €JIEMEHTY CIOCTepIrajoch JiiHIMHE 3MEHIIEHHS
CEJICKTUBHOCTI, a TIPU BUKOPUCTaHHI MOJU(]PIKOBaHUX 3a(IKCOBAHO IHIIUN XapakTep
3MmiHu. Taka pi3Huls MoXke OyTH MOB’si3aHA 3 YaCTKOBUM IPOITYCKAHHSIM COJIEH Kpi3b
MeMOpaHy Ha MOJU(DIKOBaHUX e€JIeMEHTaX.

CTOCOBHO BHMJQJICHHS >KOPCTKOCTI Ta JyXHOCTI (pucyHok 3.17 (6, B)), skl y
BUX1/IHIM BOJ1 € KOHCTAHTOO (Tabnuiist 2.4), 31 3pOCTaHHSAM COJIEBMICTY JlaH1 MOKAa3HUKH
Maibke He 3MiHIoWThCA. CTymiHb BHAANeHHS 3abapBieHocTi (pucyHok 3.17 (T)),
3MEHIIYEThCSA Ha JEKUIbKAa BIJICOTKIB MPU AOCHIKEHI MOAM(PIKOBAHMX MEMOpPAHHHUX
€JIEMEHTIB Ta 3pOCTaHHi coneBMicTy Oinbme 500 mr/mm®. Taki 3MiHM MOXKYTh OyTH
NOB’s13aH1 3 30UTBIIEHHSIM KOHUEHTPALIITHOTO Ipajll€EHTa, SIKWUWA MIABUILYE MOTIK 10HIB Y

HaIpPSIMKY MEHILIOI KOHIIEHTPALIii.

3.3.2. JlocaigkeHHs BILIMBY TeMIIePaTypH

JlocniKeHo BIUIMB TEMIIEpaTypu BUXIAHOI BOAM Ha npoaykTtuBHicTh, KKJ[ Ta
CEJICKTUBHICTh MOAM(IKOBAHMX MEMOpPaHHUX €JIEMEHTIB 3 PI3HOI0 CTapTOBOIO
CEJICKTUBHICTIO, 1[0 HaBeJIeHO Ha pucyHKax 3.18 (a, 6, B). Jliana3zon TemmepaTtyp CKIagaB
5 —26 °C, 10 BiANOBIA€ TEMIIEPATypl BOJIOMPOBITHOT BOAM Y M. KHEBI B 3a51€3)KHOCTI BiJl
TIOpH POKY. 3AJIEKHOCTI € TIHIMHUMU 3 BACOKUMH CTyIeHsaMHu goctosipHocti (R?= 0,996).

3 pucynky 3.18 (a) MoxHa M0OAYUTH, IO TPHU 30UIBIIEHHI TEMIIEPATYPU 3POCTAE
MPOIYKTHUBHICTh SIK MOAM(IKOBaHMX, TaKk 1 HOBoro 30 MeMOpaHHUX eneMeHTiB. [Ipu
IbOMY KYTH HaXWiy KpPUBHX I JOCTIIPKYBaHHX €JIEMEHTIB Maike OJIHAKOBI.

BianoinHo 10 3pocTaHHS MPOAYKTHBHOCTI Takox 3poctae W KKJ[ memOpanHux
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Pucynok 3.18 — 3anexHicTb 3MiHM a) — TpoayKTUBHOCTI;, 0) — KK/]I; B) — cenexkTuBHOCTI
Mo (IKOBaHNX MEMOpPaHHUX €JIEMEHTIB Y TIOPIBHIHHI 3 HOBUM Ta 30 MeMOpaHHUM
€JIEMEHTOM IPH 3MiHI TeMIepaTypH (CEIEKTUBHICTh MOJIN(PIKOBAHUX MEMOPAHHUX

eneMeHTIB ckianana «40, «55, <65 ta «75 % 3a remnepatypu 25 °C Ta tucky 4,8 6ap)

enemeHTiB (puc. 3.18 (0)). Anamizyroun pucyHok 3.18 (B) MOMITHO, 110 31 301IbIIIEHHSIM
TeMIepaTypu 3MEHIIYEThCS CEJICKTUBHICTb, TMPOTE TEHJCHISA i1 3MIHM I
MOAM(pIKOBAHMX MEMOpPAHHUX €JIEMEHTIB B MOPIBHIHHI 3 HOBUM 30 €JIeMEHTOM ayXke
PI3HUTBCS. 3MiHA CEJIEKTUBHOCTI Ta MPOAYKTHUBHOCTI MPEJICTABICHUX MEMOpaHHHX
CJIEMEHTIB 31 30UIbIIEHHSAM TEeMIIepaTypHy, MOB’s3aHa 31 3MEHIIECHHSM B’S3KOCTI BOJH
NIJBUILIEHHS KIHETUYHOI €HEeprii MOJIEKYJ, a TakKOoX 31 3MIHOIO IUIACTUYHOCTI Ta

BHACIIIJIOK I[LOTO PO3MIpy TIOP TOJIIAMITHOTO IIapy.
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B tabmumi 3.7 HaBeneHi 3HA4YEHHS BiJICOTKOBOTO 3MIiHU IPOJYKTHUBHOCTI BCiX
JOCTIPKYBAaHUX 3pa3KiB MPU 3MEHIIEHHI TeMIeparypu. 3a HyJIbOBY TOYKY OOpaHO

3Ha4YeHHS 3a Temneparypu 25 °C.

Tabmums 3.7 — 3HaueHHS BIICOTKOBOI 3MIHHU MPOIYKTHBHOCTI MOAM(]DIKOBAHUX
MeMOpaHHUX E€JIEMEHTIB 3 PI3HOI0 CEJIKTUBHICTIO y MOpiBHSAHHI 3 30 €JIeMEHTOM IpHU

3MEHIIIEHHI TeMIIepaTypH

Temneparypa, °C

CenexTuBHICTh 25 20 15 10 5
BiaHocHa 3MiHa IPOIYKTUBHOCTI, %0
96 0 14,0 26,0 37,0 49,0
75 0 12,6 25,3 37,9 50,6
65 0 13,1 26,4 39,2 52,3
55 0 12,7 253 38,0 50,6
40 0 11,6 23,2 34,9 46,5

[Ipu aHamnizi JaHUX HaBEAEHUX B TaOMUII 3.7 MPOCTEKYETHCS, IO MPHU 3MEHILIEHHI
TEMIIEpaTypyd BHUXIJIHOI BOAM, TPOAYKTHUBHICTb BCIX MEMOpPaHHHUX €JIEMEHTIB
3MEHIITY€EThCS MPUOJIM3HO HAa OHAKOBE 3HAYEHHA. 3 IIHOTO BUIUIMBAE IO 3HAYCHHS
CEJIEKTUBHOCTI MEMOPAHHOTO €JIEMEHTA He BIUIMBAE HAa XapaKTep 3MiHHU MPOyKTHBHOCTI
IPU 3MiHI TEMIIEPaTyPH.

Pi3Hu1A 3MIHU TPOJYKTUBHOCTI Ta CEJIEKTUBHOCTI 31 3MIHOIO TEMIIEpaTypu MIix
HoBUM 30 Ta MOau(piIKOBAaHUMHU MEMOpAaHHHMMHU €JIEMEHTaMH O3Hadae€, IO 1CHYHYl
Koe(DiieHTH HOpMaTi3allii MPOIYKTUBHOCTI Ta CEJIEKTUBHOCTI OyayTh pisHuMH s 30
Ta MoaudikoBaHUX eneMeHTIB. JlaHi koedilieHTH HOopMamizaiii s MoaudikoBaHUX
MEMOpaHHUX €JIEMEHTIB MOJKHAa pO3paxyBaTH 3 EKCIEPUMEHTAIbHUX 3HAYCHb 3a

dbopmynamu 3.1 Ta 3.2 BiAMOBIAHO.
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Cp
Ko = 5= 3.1)
R

ne, Ko — remneparypauii koedilieHT HOpMaizamii Ipo yKTHBHOCTI;

K¢ — remnepaTypHuii koedimieHT HopMati3allii CeJIeKTUBHOCTI;

Q, — IPOJYKTHUBHICTH 32 IIEPMEATOM IPHU 33(aHill TeMIepaTypi, IM’/Tox;
Qp2s — MPOAYKTUBHICTH 32 IEPMEATOM 32 Temreparypu 25 °C;

R — CeNeKTUBHICT, MEMOPAHHOIO €IEMEHTA IIPU 3a1aHill TeMIepaTypi, IM>/Toz;

R,5 — CeNEeKTUBHICT, MEMOPAHHOTO eJieMeHTa 3a TeMriepaTypu 25 °C.

3.3.3. JlocaigKeHHsl BILIUBY THCKY

JlocmpKeHO TMpollec BIUIMBY THCKYy Ha 3MiHy mnpoayktuBHocTi, KKJ[ Ta
CEJICKTUBHOCTI MOJM(PIKOBAaHOTO MEMOPAHHOTO €JIEMEHTY 31 CTAPTOBOIO CEJIEKTUBHICTIO

53 %. Jlani 300paxkeni Ha pucyHky 3.19 (a, 0).
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Pucynok 3.19 — 3anexHicTh 3MiHU 3HaU€Hb: a) — NpoAyKTUBHOCTI Ta KK/I;
0) — cenexTuBHOCTI, HOBOTO 30 Ta MoK (PIKOBAHOTO MEMOPAHHUX €JIEMEHTIB MPHU 3MiH1

THUCKY
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Ak MOXHa MOOAYUTH 13 3aJEKHOCTEH, 110 HaBeAeHI Ha pUCYHKY 3.19 (a), mpu
301IbIIEHI THCKY, 3pocTae mpoayktuBHiCTh Ta KKJI sk MoaudikoBanoro, Tax i
3BOPOTHOOCMOTHYHOTO MEMOPAHHOTO eJeMeHTy. Taki 3MiHHM OB’ s3aH1 31 301IbIIICHHSM
PYLIIHOI CHUJIM MPOLeCy 3BOPOTHOIO OCMOCY, TOOTO pI3HMIII MPHUKIAIEHOTO THUCKY 3
OCMOTHYHUM. bBiNbII 1HTEHCHMBHE 3pOCTAaHHS MPOTYKTUBHOCTI AT MOAM(PIKOBAHOTO
MEMOpPaHHOTO €JIEMEHTY MO>KHA MOSICHUTHU 3/IaTHICTIO MIPOITYCKATH JESK1 PO3YMHHI COJIL,
BHACIIIJIOK YOTO, 3HAYCHHS OCMOTHYHOIO THCKY, 10 BHUHHUKAE MK OYMIICHOIO Ta
BUXIJTHOIO BOJIOIO € 3HAYHO MeEHIIe. 3aJeKHICTh HaBeleHa Ha pUCYHKY 3.19 (0),
JIEMOHCTPY€E 3POCTAHHS CEJIIEKTUBHOCTI MOJU(}DIKOBAHOTO MEMOPAHHOIO EJIEMEHTY 31
3pOCTaHHSIM TUCKY, Ta HeBeJMKe 3pocTanHs s 30 eneMmeHTy. Taka 3MiHa BiIOYBA€THCS
yepe3 301IbIIEeHHS IIUIBHOCTI YIaKyBaHHs MOJIMEPHUX JIAHIIOTIB MOJIIaMIIHOTO T1apy,

110 301IbIIYE ii 0ap’€pH1 BIACTUBOCTI.

BucHoBku migposaiay 3.3

JlocnmiKeHo BIUIMB COJIEBMICTY BHUXIJIHOI BOJIM Ha poOOYl XapaKTEPUCTUKU
MoaudikoBanux Ta 30 MeMOpaHHHMX €JeMEHTIB. BcTaHOBIEHO, 10 31 3POCTaHHSIM
COJIEBMICTY BIJIOYBAETHCS 3MEHIIICHHS MPOAYKTUBHOCTI Ta CEJIEKTUBHOCTI sik HOBOTO 30,
TaK 1 MOJU(PIKOBAHUX MEMOpPAHHUX €JIEMEHTIB. TaKi 3MiHU MOB’SA3yIOTHCA 31 3pOCTaHHAM
OCMOTHUYHOT'O THCKY, 301IbIIEHHSIM KOHLEHTPAI[IHHOTO IpajleHTa Ta KOHUEHTpPALlitHO1
MoJIIpU3arlii.

JlocnmipkeHo BIUIMB TEMIIEpaTypd Ha poOodl XapaKTEPUCTUKU MOAM(PIKOBAHMX
MeMOpaHHUX elleMeHTiB y mopiBHsSHHI 31 30 enemenTtoM. BcraHoBieno, mio 3i
3MEHIIICHHSIM TemrepaTypu 3 26 10 5°C CeleKTUBHICTh €JIEMEHTIB 3pOCTae, a
NPOIYKTUBHICTh 3HMKY€EThCs. [Ipu yoMy 11t MoiMikoBaHUX MEMOpPaHHUX €JIEMEHTIB
BIUTUB TEMIIEpAaTypu Ha CEJICKTHUBHICTh Ta MPOAYKTHBHICTh € 3HAYHUM. Taki 3MiHU
MOB’s13aH1 31 3MEHILIEHHAM B’SI3KOCTI BOAM MiABUIICHHSIM KIHETUYHOI €Heprii MOJIEKYJI, a
TaKOX 31 3MIHOIO TJTACTHYHOCTI Ta BHACIIIOK IIHOTO PO3MIPY MOP MOTIaMiTHOTO IIapy.

JlocmimkeHo BIUIMB THCKY Ha po0O0Yl  XapakTEpUCTHUKUA MOAM(IKOBAHUX

MeMOpaHHHMX €JIeMEHTIB y mopiBHsAHHI 31 30 eneMeHTamMu. 31 3pOCTaHHSM THUCKY
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30UIBIIYETHCS  MPOAYKTUBHICTh Ta CEJIEKTHUBHICTh MOJU(]PIKOBAaHUX MEMOpaHHHUX
CJIEMCHTIB, IO HE CYINEPEYHTh 3araJlbHONPUUHATAM MexaHizmam. I[lpore, s
MOJU(DIKOBAHUX E€JEMEHTIB TPOJYKTHBHICTH Ta CEJEKTUBHICTh 3pOCTa€ OUIbII
IHTEHCUBHO, 1110 MOXKe OyTH TOB’sI3aHe 3 MEHIITUMHU 3HAYEHHSIMHA OCMOTHYHOTO THCKY, 32

paxyHOK MPOXOJKEHHS YaCTUHH COJIEH Kp13b MEMOpPaHHUI €JIeMEHT.

3.4. JlocrizKeHHS XapaKTepy 3MiH BJIACTHBOCTel MEMOPAHHOI0 NMOJIOTHA

BHACJIIOK MOoau(ikaIii

JUist mojanblIMX JOCHTIIKEHb BUKOPHUCTOBYBAJIMCh MOAM(PIKOBAHI MEMOpaHHI
eJeMeHTH 13 cenekTuBHICTIO 50 £4 %. Jlnsg uporo micis mMoaudikaiii MeMOpaHHUX

€JIEMEHTIB IIPOBOJIMIIM iX aBTOIICIIO Ta JOCIIKYBaIM 3MIHM MEMOPaHHOTO MOJIOTHA.

3.4.1. locaigkeHHs CTPYKTYPHHMX 3MiH MOBEPXHI MOJTiaMiTHOT0 1Ay

Cnektpockomist FTIR € edekTuBHUM 1HCTPYMEHTOM Uil  BUSIBJICHHS
MoaudiKaiiii/3mMiH, 10 BiAOYIHCS HA MOBEPXHI MEMOpaHU 3 MOMIaMiJHUM aKTUBHUM
mapoM. Cniektpu FTIR, oTpumaHni 11t HOBUX Ta MOAU(BIKOBaHUX MEMOpaHHUX MOJIOTEH,
onuCc SAKWX HaBeAeHWH B Tabmuui 3.8, OTpuMaHi CHEKTpU HABEACHI Ha

pucysky 3.20 (a, 0).

Tabmuug 3.8 — Onuc MmeMOpaHHKUX NoJI0OTeH A poBeneHHst FTIR

[TosnoTHO Onuc MeMOpaHHOTO MOJI0THA

Hosa IlomotHo 3 HOBOTO 30 enemeHTa

_ [TonoTHO 3 MOAM(DIKOBAHOTO €JIEMEHTY CEJIEKTUBHICTIO
Moaudikosana Cl . L
53 %, He oOpoOaeHu cTabUTI3AIlIHHUM PO3YHMHOM

MonugikoBana [Tos1oTHO 3 MOIM(DIKOBAHOTO EIEMEHTY CEJIEKTUBHICTIO
CI+HMTBCAHT 53 %, mo 06pobIIeHo cTabUTI3AlIHUM PO3UMHOM
MonugikoBana [Tos1oTHO 3 MOIM(IKOBAHOTO EIEMEHTY CENEKTUBHICTIO
CI+MTBCAHT 53 %, mo 006pobIeHo cTabII3aIlItHUM PO3YMHOM BiJIMUTO

BIJIMHTA JTEeMIHEPaTi30BaHOIO BOJIOKO
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Pucynox 3.20 — [ndpadepBoHi clieKTpH SISl HOBUX Ta MOJAU(PIKOBAHUX MEMOpPaHHUX
TIOJIOTEH: a) — NOPIBHAHHA y IMpokomy mianaszoni (400 - 4000 cm!); 6) — mopiBHAHHS B

Jiana3oHi XapaKTepUCTUYHUX MTiKiB nomiaminy (1400-1800 cm!)

3 pucynky 3.20 (a), BUAHO, IO MICIs BIAMUBAHHS MOAM(IKOBAHOI AKTUBHUM
XJIOPOM OOpOOJEeHOT PO3YMHOM HATpPil0 MeTabicynp(diTy Ta TIILEepUHy MeMOpaHu
B1JI0YJIOCH MAaJIHHA MiKy CMYTH MOTJIMHAHb IPHU BajeHTHUX konuBaHHsAX O-H rpym 3a

! 1110 MOSICHIOETbCSI BUMHUBAHHSM CTaO1Ii3aLii{HOTO

xBwiboBUX uncen 3200-3600 cm™
PO34YMHY, III0 MICTHB BEIHUKY KiTbKiCTh OH™ rpyT.

[Ipu anaimisi pucyHky 3.20 (0) IpoCTEXY€EThCA 3MIHA XapAKTEPHUX MIKIB/CMYT IS
MOJIIAMITHOTO Mapy Micis Moaudikarii, mpyu XBUIOBUX yuciax [116]:

e 1664 cm ' mik BimmeceHuit 10 cmyru amimy I, mo 0OYMOBIICHUI HEPEBAKHO
posrsaryBanHsiM C=0, a Takox posrsaryBanHsmM C-N Ta BiOpami€ro
nedopmarrii C—-N-N;

e 1609 cm ! mik € mpencraBuUKOM BiOpawii po3taryBanns Kinbus C=C;

e 1542 cm™! mik BimHOCHTBCS 10 cMyrH aminy I moB’s3auuii i3 srunannsmM N — H'y
rIomKHI Ta 3ruHoM N—H y kapOoHIbHIN rpymi.

[Tpu mogansioMy aHamizi mikiB 3 pucyHky 3.20 (6), cocTepira€ThbCes, 1Mo Micst
Moaudikamii mik amigy Il 3mimeHuit Ha HUKYY YacTOTy Ta MEHIN iHTEHCHBHUU. [le

BiIOYBA€ETHCS UEpe3 PO3PUB BOJHEBHX 3B S3KIB, 10 BUKIUKAHUA XJIOPYBaHHSIM Ta
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neperBopeHHIM N—H B N—CI, Ta npu3BoAUTh 10 «IIPUIYIIEHHS» XapaKTEpHOTO IiKY.
3MeHIIeHHsT 1HTEHCUBHOCTI miKy po3TsaryBaHHs C=C BiI0yBa€eThCs, BHACIIJOK
XJIOpYBaHHSI apOMaTHUYHUX KUTelpb 3a MexaHizMoM OpToHA, Tak 1 4epe3 TiApodi3, IO
NPU3BOJIUTH A0 PO3KIAJAaHHS MOJiaMiy Ta YTBOPEHHS KapOOHOBUX Ta XIHOHOBHX TPYII.
Takox MOMIYEHO, 110 IHTEHCUBHICTH CMYTH amiay | 3MeHmmMIach, 13 3MILMIEHHSIM 10
ORI BUCOKOTO XBHIIbOBOTO uncia. Ockibku C=0 po3TarHeHHs 0€H30HHOI KHCIOTH

1

3HaxoauThCs Ha 1680 cM ', MOXHA MPUITYCTUTH, 110 PO3PUB BOAHEBUX 3B’ A3KIB MIXK

rpynamu C=0 1 N—H 1 yTBOpeHHS 10JaTKOBUX KapOOKCHIIBHUX TPYI IIJISXOM T1APOTi3y

CIPUSUIA LIbOMY 3CYBY.

3.4.2. BuzHaueHHd MOPQOJIOTiYHUX 3MIH MOAM(PIKOBAHUX TMOJiaMIIHUX

MeMOpPaHHMX eJIEMEHTIB

[IpoBeneHo mopiBHAHHS 3MiHH MopdoJorii moxiedipcynbPOHOBOTrO Mapy HOBOI
3BOPOTHOOCMOTHYHOI, MOJu(pikoBaHOI Ta MoOAU(]PIKOBaHOI 0OpOOJIEHOT HaTpieEM
MeTalicyb(PITOM Ta TIINEPUHOM MEMOpPaHHUX TMOJIOTEH 3a JOMOMOTOI CKaHYHYOi

€JIEKTPOHHOT MIKPOCKOIIi, OTpUMaH1 3HIMKH SIKHX HaBezleH1 Ha pucyHkax 3.21 (a, 0, B).

Pucynox 3.21 — SEM-306pakenHst momiedipcynb(pOHOBOTO mapy MeMOpaHHUX

noyioTeH: a) — HoBoro 30; 0) — Moau(piKOBaHOTO; B) — MOAM(IKOBAHOTO 0OPOOIEHOTO
HaTpieM MeTabiCyIb(hITOM Ta TIIIEPUHOM (CETEKTUBHICTh MOIU(IKOBAHOTO EIEMEHTY

54 %)
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Posrnsnaroun neranpHine 3HIMKA Toiedipcyab()OHOBOrO Mapy 3 MoJiaMiaHOL
MeMOpaHH, Ha HOBOMY MEMOpaHHOMY TOJIOTI (pucyHOK 3.21 (a)) € HeBenrKi BKparIeHHS,
10 MOXE CBITYUTH IPO MPUCYTHICTh KOHCEpBaHTY. [liciis BIUIMBY pO3YMHY aKTUBHOIO
xyopy (pucynok 3.21 (0)) crpykrypa nomiedipcynbdony crana 6uibm piBHOMIpHOO. [e
MO’K€ CBITYMTH MPO BUMUBAHHS KOHCEPBYIOUOTO PO3YMHY Ta TE, 110 aKTUBHUN XJIOp HE
NOBUIUIMBAB Ha CTPYKTYpy mnouiedipcyibdony, ToOTO MOXKHA 3pOOUTH BUCHOBOK, IO
MEXaH14H1 BIACTUBOCTI MEMOPAHHOTO MOJIOTHA 3aUIIMINCH He3MIHHUMH. [liciis BIuBy
cTabumi3aiiiHoro po3urHy (pucyHok 3.21 (B)) crpykrypa noiiedipcysibOHOBOIO mapy
HE 3MIHWJIACh, MPOTE€ B MOro mopax MOMITHI OuTl TUISIMH, IO MOKE€ CBIIYUTH TIPO
MPUCYTHICTH CyMiIIl HAaTPit0 MeTalbicynb(ITy Ta TIIIIepuHy, AKi 3a00Iral0Th 3UITAHHIO
nop mnoaiedipcyab(POHOBOTO MIapy Ta MEPElIKOKal0Th IOBHOMY BHUCHXaHHIO
MeMOpaHHOTO ToJIoTHAa. HasBHICTH CTaOUTI3aliIHOTO PO3YMHY B TOpax TaKOoX
niarBepukyeThest nanumu FTIR (puc. 3.20), ge cmoctepiraerscsi CyTTeBa KUIBKICTh
T1APOKCUIIBHUX TPYIIL.

Takoxx mocmimkeHo 3MiHy MoOp(oJorii MOBEpXHI MOJIaMiIHOTO IIapy 3a
JIOTIOMOTOI0  CKaHYI04yoi €JeKTpOHHOi Mikpockomii. Pe3ynapTatu mnpenacrtaBieHi Ha

pucynkax 3.22 (a, 0, B).

Pucynox 3.22 — SEM-300pakeHHS MOJ1aMiTHOTO Iapy MEMOPAHHOTO MOJIOTHA!

a) — HoBoro 30; 0) — MoAN(IKOBAHOTO AKTUBHUM XJIOPOM; B) — MOAU(DIKOBAHOTO
00po6iieHor0 HaTpieEM METa0ICyIb(ITOM Ta TIIIEPUHOM (CETIEKTUBHICTh

MOAM(IKOBAHOTO eneMeHTy 54 %)
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[Ipu aHami31 pucyHKy puUCyHKY 3.22 (a) MOXKHa BiA3HAUUTH, 110 MOPGOIIOTis
MOBEPXHI MOJI1aMiHOTO mapy 3 HoBoi 30 MeMOpaHH Ma€ MIOPCTKY CTPYKTYPY «XpeOTiB
Ta JIOJIUH», 110 € TUIIOBHUM JIJIs1 apOMaTUYHUX MOJIiaMiTHUX MeMOpaH. Y Moau(iKoOBaHO1
MeMOpanu (pucyHok 3.22 (0)) moJiaMigHUNA IMap CTaB HAa 0arato TIaAKIIINM, IO
CIOPUYMHEHO TIAPOJII30M KaTalli30BaHUM XJIOPYBaHHSM. 3MEHILIEHHS MIOPCTKOCTI
MOBEPXHI TIJBHIINYE CTIMKICTh AaKTUBHOI'O Iapy MPOTH YTBOPEHHS 3a0pyaHCHD,
OCKITbKA 3a0pyTHUKH MEHIIE OCIMaf0Th Ha OUIBII TIAJKUX MeMOpaHax. bimbim
HIOPCTKA MOBEPXHsI 30UIbIIYE TUIONLY MOBEPXHI MEMOPAHHOrO IMOJOTHA Ta CTBOPIOE
Oulbllle MiCUA JUIsl TPUKPIIUICHHS MIKPOOPTaHi3MiB Ta I1HIIMX 3a0pyIHIOIOUUX
pedoBuH [117]. CnocrepexyBaHi 3MIHU B MOP(OJIOTii TOBEPXHI MeMOpaH, KMOBIPHO,
MO>KHA MOSICHUTH KOH(MOpMaIliiHUMU AedopMallisiMU MOJTiaMiTHUX JaHIoriB. [losBu
noaicysib(pOHOBOTO Imapy, abo mop He Oyno BuspieHo. Ilicias BUKOpUCTaHHS
CTaOTI3alIiHOTO PO3UUHY MeTa0ICynb(ITy Ta TIilepuHy (pucyHok 3.22 (B)) MOMITHE
HEpIBHOMIpPHE YTBOPEHHS KPUCTANIYHUX 3aJMINKIB Ha TIOBEPXHI MEMOpPAHHOTO
nosioTHa. JlaHi KpucTamu YTBOPIOIOTBCS NPH BHUCHUXaHHI PO3YMHY HATPIIO
MeTadicynb(iTy Ta THIIEpUHY, Ta CBII4aTh caMe€ MPO KPHUCTATI3allil0 HATPito
MeTabicynbdiTy. JlaHuil mpoiiec He HAHOCUTH IIKOJW MOJIIaMITHOMY IIapy Ta MICHs
BCTAHOBJICHHSI MEMOPAaHHOTO €JIEMEHTY Ta HOTO 3aMyCKy Y pOOOTY 3MUBA€ETHCS BOAOIO
3 IMOBEPXHI MOJI1aMiTHOTO TOJIOTHA.

Pesynbratu SEM Ta FTIR miarBepauim, o nonpu 3HUKEHHS CEIEeKTUBHOCTI

noBHa nerpaxaaitis [TA mapy He BinOynach.

3. 4.3. BumiproBaHHS IiApo(ijibHOCTI MOBEPXHi MEMOPaAHHUX 0JIOTEH

HocmimkeHo 3MiHy Tigpo@UIBHOCTI TOBEpPXHI mojiamigHoro tmapy 30 Ta
MOU(DIKOBaHMX MEMOpaHHMUX TOJIOTEH, OMUC SKUX HaBejeHuM B Tabmuimi 3.9. Ha
pucyHky 3.23 HaBeleHI Pe3yJbTaTH BHUMIPIOBAHHS TiAPOMUILHOCTI JOCTIIKYBaHHUX

3pasKiB.
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Tabmuig 3.9 — Onuc 1ocaipKyBaHUX 3pa3KiB JJIsi BUBHAYCHHS T1ApodiIbHOCTI Ta

J3€Ta-MOTEHITIaTY.

[TonoTHO Onuc MeMOpaHHOTO MOJIOTHA

Hoga [TonotHo 3 HOBOrO 30 enemMeHTa

Moaudikoana | [lonotHo 3 MogudikoBanoro aktuBHUM XxjopoM (Cl) enementy

Cl CEeJIEKTUBHICTIO 53 %, He 00po0IieHo cTabini3aIliitHUM pO3YHHOM

M : [TosnoTHO 3 MOAM(IKOBAHOTO AKTUBHUM XJIOPOM €JIEMEHTY

Clzaan@momm CEeNEeKTUBHICTIO 53 %, 1110 00p006IeHO CTa0UTI3aIHHUM PO3YNHOM
riinepuny (I') 5%

M : [TosnoTHO 3 MOM(IKOBAHOTO AKTUBHUM XJIOPOM €IIEMEHTY

C]iil//[l"(ll“)]l;((j)BaHa CeNeKTUBHICTIO 53 %, 1110 00p006IeHO CTa0UTI3AIIHHUM PO3UYNHOM
Hatpito MeTabicynbdity (MTBEC) 1%

M : [TonoTHO 3 MOAM(IKOBAHOTO AKTUBHUM XJIOPOM €IIEMEHTY
Cl?rzlil//ll"(llf]l;(((j)iia“Ha celeKTUBHICTIO 53 %, 1110 00p006IeHO CTa0UTI3AIIHHUM PO3UYUHOM, IO
MICTUTh HaTpiit MeTabicynbdit 1% Ta rainepun 5%

M : [TonoTHO 3 MOAM(IKOBAHOTO AKTUBHUM XJIOPOM €IIEMEHTY
Cl?rzlil//ll"(llf]l;(((j)iia“Ha celeKTUBHICTIO 53 %, 1110 00p006IeHO CTa0UTI3AIHHUM PO3YUHOM, IO

, MICTUTh HaTpiit MeTabicynbditT 1% Ta raiuepus 5 %, BiIMUTO
BlAMITa JeMiHepaIi30BaHOK BOJOKO

KyT 3MouyBaHHsA, rpagycu
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Pucynok 3.23 — 3HaueHHs] KOHTaKTHOTO KyTa 3MouyBaHocTi HOBOI 30 Ta

MOAU(PIKOBAHUX MEMOPaHHUX MOJIOTEH
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Jlani BUMIpIOBaHHS KOHTAKTHOTO KyTa, NPEACTaBlIeHI Ha pUCYHKY 3.23,
MOKa3yI0Th HEBEJIMKE, ajle MOMITHE 301IblIeHHs TiapodinbHocTi Ha 14 % B pe3ynbTari
Moaudikaiii MeMOpaHu po3UYMHOM akTUBHOTO XJopy (MoaudikoBana Cl). 3MeHIIeHHS
3HaYeHb KOHTAKTHOTO KyTa 3MOUYyBaHHS MOB'sI3aHE 3 XJIOPYBAHHAM IMOJIaMiIHOTO IIapy
MeMOpaHu, M0 MPHU3BETO A0 OUIBIIOT T1APOQPIILHOCTI MOBEPXHI MEMOpaHU BHACIIOK
30UIBIICHHS KUIBKOCTI KapOoHOBUX Tpymn. KpiM Toro, po3puB BOJHEBHX 3B'S3KIB MIXK
KapOOHITPHUMH Ta aMIHHUMH (YHKUIIOHAIBHUMHU TpyNaMd B TMOJIMEpHIA MaTpulll
MeMOpaHHM BHACIIJIOK il XJOpY TaKOX MPHU3BOJAUTH M0 OLIbII TiApoQ1IbHOI MOBEPXHI
meMOpanu [81]. [Ipu 06po611i MmemOpanu po3zunHoM riinepuny (Moaudikosana CI+T),
Hatpito  Metabicynbdity (MomudikoBana CI+MTBC) Ta komOiHamii  HaATpito
Metabicynbdity 3 rainepuHoMm (MomudikoBana CI+HMTBCHT), rinpodinbHICTh TaKoXK
3pocCTae yepes3 Te, O JaHl 3aIHILKH CTa0lI13allfHOr0 pO3UYUHY CIIPUSIOTh 3MOUYBaHOCTI]
MOBEPXHI MEMOpaHU, OCKUIBKH T1JIPOKCUIIbHI TPYIH TIILEPUHY MOXKYTh YTBOPIOBATH
BOJIHEBI 3B SI3KH 3 BOJIOI0, @ HATPiil MEeTa0ICyIb(PIT € TAPHO POZUMHHOIO CIIOIYKOIO Y BO/II,
0 MOJK€ B3a€EMOJISATH 3 TIApaTalliiHUM IIapOM, SIKMM YTBOPIOETHCS HA IOBEPXHI
MeMOpaHu y BOAHOMY cepefoBuii. [Ipore BruMB CTaOLTI3aAIMHOTO PO3YUHY €
KOPOTKOTPUBAJIUM  Ta TICAS  BIAMUBAaHHA MEMOPaHHOTO  €JIEMEHTYy  BOOI0
(MoaudikoBana CI+MTBCHI" BigMuTa) 3HaUEHHS KOHTAKTHOT'O KyTa MOBEPTAETHCS 10
CTapTOBOTO 3HAaY€HHS MOAM(IKOBAHOTO MEMOPAHHOTO MOJOTHA PO3YMHOM AKTHBHOTO
XJIOpY.

30UTbIIIEHHST T1IPOQUIHLHOCTI 3HAYHO BIUIMBAE HA 3aTPUMaHHA Ha TOBEPXHI
MeMOpaHu pi3HUX 3a0pyAHHKIB Ta yTBOpeHHs (oymiHry. Tak, opraHiyHl pe4yOBUHU
yacTine aacopOyroThesl Ha MOBEPXHI OUIbII T1ApohoOHMX MeMOpaH. 3a3Buyail aaresis
OpraHiyHuX 3a0py/HIOBaYiB 4YacTo 0a3yeTbhcsi Ha TiAPOGOOHMX B3AEMOJIAX MIXK
rigpodoOHOI0 TOBepxHEW Ta TiApodoOHUMHM 3abpynaHioBavamu. Ha riapodiibHUX
MOBEPXHAX 11 B3a€MOJIIi 3HAYHO cjabmI abo B3araji BIJACYyTHI. AHAJIOTIYHUM YHHOM
MOKHA TOSICHUTH 1 3MEHIICHHS YTBOPEHHS O10(OyIiHTy Ha TMOBEpPXHI OUIBII
riipodinsHO1 MoaudikoBaHOT MeMOpanu. Takox TiapodiaIbHI TOBEPXHI YCKIAAHIOIOTh
YTBOPEHHSI O10TTIBOK, [0 TIPUKPITUISIIOTHCS JI0 TIOBEPXOHb MeMOpaH [59]. Taki moBepxHi

MOXXYTb JE€MOHCTPYBAaTH €(EeKT CaMOOYHUILIEHHS, NPU SKOMY BOJA JIETKO CTIKaE,
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3MUBaIOYM 3a0pYyAHUKH, TEPEHIKOPKAIOYN iXHBOMY MPUKPIIUIEHHIO. TakuM 4YWHOM
OuThII T1IpO(isibHA MOBEPXHS MOXKE MOJOBKUTH CTPOK EKCIUTyaTarlii MoandiKoBaHUX
MeMOpaHHHX €JIEMEHTIB.

Taxosx 36inbIeHHS T1IpodiTEHOCTI MeMOpaH MOIM(IKOBAHUX €JIEMEHTIB MOXKE

YAaCTKOBO IMOACHUTH 3PpOCTAHHSA HpOI[YKTI/IBHOCTi 34 IICpMCaTOM.

3.4.4. locaigskeHHsI 3MiHUA MOBEPXHEBOI0 3apsiAy MOJIaMiIHOTO APy

Bmuus npouecy moaudikarii 3 00poOKoro cTadlIi3aliitHIM PO3UUHOM Ta OKPEMO
HOro KOMIIOHEHTIB Ha 3MIHY IOBEPXHEBOTO 3apsily MEMOpaHU JOCHIKYBaJId 3a
JIOTIOMOTOI0 BUMIPIOBaHHS J[3€Ta-MOTEHIlIAy, 10 HaBEAEHO Ha pUCYHKY 3.24. Omwmc
3pazkiB 30 Ta MoOIM(]IKOBaHMX MEMOpPAHHHUX MOJIOTEH, IO BUKOPUCTOBYBAIUCH Yy

JIOCIIHKEH] HaBeaeHnii B Ta0ium 3.9.
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Pucynox 3.24 — 3nauenns mp3eta-noreHmiany Hooi 30 Ta MmoaudikoBaHUX

MeMOpaHHUX MOJIOTEH 3a PI3HUX 3HaueHb pH
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3 pucynky 3.24 BuaHO, 10 micias Moaudikaiii MeMOpaHH, IUISIXOM BILUIUBY
pPO3YMHY AaKTUBHOTO XJIOPY, MPHU3BENO 10 OUIBII HETaTHBHOTO 3apsay TMOBEPXHI
meMOpanu (Moaudikoana Cl). Hoa 30 mnomiamigHa MemOpaHa Ma€ 130€JIEKTPUUHY
TouKy 3a 3HaueHHs pH 7,6. [Ipu pH HM*X4e 130€TeKTpUIHOT TOUKH MEMOpaHa TO3UTUBHO
3apsPKeHa 4epe3 MPOTOHYBAHHA aMiHHOI (PYHKIIOHaidbHOI rpynu. HaBmaku, OiibIm
HEraTUBHUN  J3€Ta-MOTEHIIa]l TMpu Oulbll BUCOKMX pH MoOXHA TOSCHUTH
JENPOTOHYBAaHHSAM KapOOHOBOI KHCIOTH Ta (pyHKUHiOHaNbHUX Tpynm memOpan [118].
[Ticns nmpoBeaeHHsT Moaudikarii NUIIXOM 0OpOOKH MEMOpPAHHOTO €JIeMEHTa PO3UMHOM
aKTHUBHOTO XJIOPY, J3eTa-MoTeHIian 3Ha4Ho 3HU3MBCA (MomudikoBana Cl). Ilig giero
xsopy aminorpyna N-H nepetBoproersest Ha rpyny N-Cl1, 1110 He Ma€e BOJTHEBOIO 3B'SI3KY.
3MeHIIeHHS KUTbKOCTI (YHKIIOHAJIBHUX TPYN aMiHy MPU3BOAUTH 10 3HUKCHHS
130€JIEKTPUYHOI TOYKHU. 3 THIIOr0 OOKY, PO3MIETUICHHS TI0J1aMI1IHOTO JIAHIIOTa il €10
XJIOpY TMPU3BOAUTH 10 30UIBLICHHS KIIBKOCTI BUIBHMX KapOOHOBUX TpyI, 4Yepe3 IIo
J3€Ta-MOTEeHITiaN cTae OUTbII HETATUBHUM. 3HUKEHHS 3HAYCHHS 13€Ta MOTEHIIATY MOXKE
MOCUJIUTU €JIEKTPOCTATUYHY B3a€MOJII0 MK MEMOpPaHOIO Ta HEraTUBHO 3apsi>KCHUMU
PO3YMHEHUMH pPEUOBMHAMU 1, TAaKUM YWHOM, TPU3BECTH JO 3OUIBIIEHHS iX
BIJIIIITOBXYBAHHS BiJl MTOBEPXHI MOJOTHA. Tak, HETaTUBHO 3apsKeHa MOBEpPXHs OyJia
BHU3HAHA MEHII CXWUJIBHOIO N0 01000pOCTaHHS, HIXK MO3UTHBHO 3aps/I)KEHa MOBEPXHS,
OCK1JIbKM OaraTo O6akTepiil y po3urHax 3a3BUYail HECYTh HETATUBHI €JICKTPHUUHI 3apsiIy.
KpiMm Toro, 3MeHIIIEHHS €JIEeKTPUYHOrO 3apsiay MPU3BOJUTH J10  OUIBIIOTO
BIJIITOBXYBAHHS OPraHIYHUX PEUOBUH, 10 BOJIOJIIOTh HEraTUBHUM 3apsiioM [S59]. Ilpu
o0poO11i sSIK CcTabUTI3alIMHUM PO3YMHOM HATpili MeTalicyiabhiToOM Ta TIIIEPUHOM
(MoaudikoBana CHMTBCHT), TaK 1 OKpEMHUX PO3YMHIB
rininepuny (Moaudikoana CI+T) Ta HaTpi MeTadicyIb(iTy
(MoaudikoBana CI+MTBC) a3era-noTeHIiai 3pocTae uepe3 YTBOPEHHS MEBHOTO I1apy,
[0 HIBEJIIOE 3MEHIICHHS J3€Ta-MOTEHIIaly, MPOTe MICIsS BiIMUBAHHS BIJl JaHUX
samumikiB e edext 3Hukae (MomudikoBana CI+HMTBCAHI" BigmuTa). Biamosimao
1bOT0, ISl MOJIU(IKOBAHOT BIAMUTOI MEMOpaHU 130€JICKTPUYHA TOYKA 3MICTUIIACH 0

3HaueHHs pH 3.4.
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3.4.5. JocaigkeHHs cCepeAHbOr0 paaiycy mop MeMOpPaHHUX MOJOTEH

Jlnst mosicHeHHs 301TBINICHHS TPOXODKCHHS COJiel uepe3 MeMOpaHy Oyiio
JOCITIKEHO Cepe/iHIM pajaiyc mop MoaudikoBaHUX MEMOpaHHUX TOJOTEH Ta MOPIBHIHO
roro 3 pamiycom mop 30 MeMOpaHHOTO IIOJOTHA, MO OTPUMAaHI 3 BIIMOBITHUX
MEeMOpaHHUX €JIEMEHTIB. BU3HaUeHHS MPOBOAWIOCH 3a MeToaukor CapOomyki, 110

ornucaHo B po3aiii 2.2.9. PesynpTaTu npeacrapieni B Tadumili 3.10.

Tabmuus 3.10 — Pesympratm Bu3Ha4eHHS cepeaHboro paaiycy mop 30 Ta

MOAM(PIKOBAHOTO MEMOPAHHOT'O TIOJIOTHA

Tun Paniyc Crokca _
CeneKTuBHICTD, | _
MeMOpanHoro | Po3uun €JEKTPOHEUTPAJIbHOI o Ty, A
0
IIOJIOTHA peuoBuHH, A
Bononposinna
- 97,2 -
BOJA
30 ["minepun 2,6 41,7 -
I'mroxo3a 3,6 89,2 4,04
Caxapo3sa 4,3 99,2 -
BononpogigHa
- 54 -
BOJIA
MonudikoBane | ['nmiuepun 2,6 39 -
I'mroko3a 3,6 80,0 4,5
Caxapo3sa 4,3 96,3 -

3 naHux HaBeneHWX B Tabmuii 3.10 BuHO, IO JJIi BU3HAYEHHS CEPEIHBOTO
pagiycy mop sk HoBoro 30, Tak 1 Moau]ikOBaHOTO MEMOPAHHOTO TMOJIOTHA
BUKOPHCTOBYBAJIM PO3YHMH TJIIOKO3W. BU3HAYEHHS CEpeIHBOTO pajiycy TMop IIo
BIJIHOIICHHIO JI0 TJIIEPUHY 3a JTAHOIO METOJWKOI0 BUSBWIOCH HE MOXIIMBHUM, 4epe3
3HauYeHHA CeJIeKTUBHOCTI <80 %, a 1Mo BITHOIICHHIO JI0 caXxapo3u Yyepe3 Maike MOBHE 11

BIITOPrHEHHS. 3T1IHO 3 OTPUMAHUX JaHUX CEPEeIHINA paalyc Mop MEMOPaAHHOTO MOJIOTHA,
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[0 OTpUMaHUK 3 MeMOpaHHMX eJleMeHTIB 30umbmuBcsa 3 4,04 mns HOBoro 30
MeMOpaHHOTO TonoTHa 10 4,5 A, mia MoamdikoBaHOrO MeMOPAHHOTO TMONOTHA, 3
CCICKTHBHICTIO 54 %. JlaHi 3HAYE€HHS MOSICHIOIOTH 3MCHIICHHS CEJICKTUBHOCTI Ta
3pocTaHHsl TpoayKTuBHOCTI 30 MeMOpaHHUX TIOJIOTEH. BogHOYac MOsSCHIOIOTH

HE3MIHHICTb BIITOPTHEHHS OPTaHIYHUX PEYOBHH Ta CIIOIYK 3aJli3a.

BucnoBku nmiapo3ainy 3.4

[Ticnsa mposenenns FTIR, noBeneHo npouec MoauQikaiii HOBEpXHI MOIIAMIIHOTO
MEMOpaHHOTO TMOJIOTHA, IO 3a3Ha€ 3MeHmIeHHs mikiB amigy [, amigy II Tta miky
postaryBanHs C=C. Taki 3MiHM BIJOYBalOTbCA BHACHIIJIOK TPOBEIACHHS BIUIUBY
aKTUBHOTO XJIOPY Ha MOJIAMIIHUM 1Iap.

[Ticns momudikamii MeMOpaHHUX €JIEMEHTIB, TMOJIIaMiIHUM IIap TOJIOTHA CTae
OUTBII TJIAJAKUM, MPU IOMY 3MIHH NOJePipcyab()OHOBOr0 mapy He MOMIYEHO, IO
niaTBepokeHo 3HIMKamu  SEM. JloBeneHo 3a JIOMOMOTOI0 BHUMIPIOBaHHS KyTa
3MOYYBAaHOCTI Ta JA3€Ta-NMOTEHIaly, M0 TMOoJiaMIJHUN 1map MoJau(]iKOBaHOTO
MeMOpPaHHOTO MOJOTHA CTa€ OUIBII TAPOPUILHUM, Ta HETATUBHO 3apPs/IKEHUM.

HocmmkeHo, 1o wMoaudikaiis NPU3BOAUTE 10 30UIBIICHHS PO3MIpYy IIOp

MeMOpaHHOro 1onoTHa 3 4,04 10 4,5 A y nopisusuHi 3 HoBUM 30.

3.5. llopiBHsSIHHA MaTepiaJbHUX 0AJAHCIB 32 OCHOBHMMHU 3a0pyAHIOBAYaMH NPH

NLJIOTHUX BUNMPOOYBAHHAX HOBOT'0 Ta MOAU(IKOBAHOT0 MeMOPAHHUX €JIEMEHTIB

VY xoal MINOTHMX BUMPOOYBaHb JOJATKOBO MpoBoauiu mnopiBHAHHS 30 Ta
MOU(DIKOBaHNX MeMOpaHHUX efleMeHTIB. [[110THI JOCIIPKeHHs onucaHi y po3aim 2.3.
3 KOXKHOro eneMeHty Oyino orpumano 10000 g’ oummieHoi BOAM, Ta 3BOIMIN
MaTtepialbHU OajaHC IO OCHOBHUM 3a0pylHIOBayaM (CyXOoMy 3allUIIKy, 10HaM
YKOPCTKOCTI, KaJIbI[i10, MarHir0, KapOoHaTaM, 3a0apBICHOCTI, CUJIIKaTaM Ta 3aJ1i3y), TOOTO
K1 PEYOBUHH IIPOXOIUTH B MIEPMeaT, CKUAAETHCSA Pa30M 3 KOHIIEHTPATOM Ta PEYOBHHH,
0 TEOPETUYHO 3aJMIIAIOTHCA Ha MOBEPXHI MEMOpAHHHMX €JIeMEHTIB. Pe3ynbpTaru

OCIIHKEHHS HaBeaeHl B Ta0mumr 3.11.
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Tabmung 3.11 — Po3nojaiieHHs AOMIIIOK MK IepMeaToM, KOHIIEHTPaTOM Ta
MOBEPXHEI MEMOpPAHHOrO MOJNOTHAa micas orpumands 10000 am® mepmeary 3

BoJIonpoBiAHOT BoAu M. KuiB st 30 Ta MoaudiKOBaHOTO MEMOPAHHOTO €JIEMEHTY

Jomimku 30 eneMeHT MoaudikoBaHU# €IEMEHT
(cenextuBHICTH 97 %) (cenextuBHIcTh 51%)
Ilepmear | Konunenrpar | ®oyminr | Ilepmear | Konuenrpar | ®oyminr

Cyxwuit

1.4 90,9 7,7 32,9 66,9 0,2
3aJAIIoK, %
XKopcrkictb, % 0,5 97,0 2,5 29,7 70,3 0,1
Kanpuiit, % 0,4 97,2 24 28,4 71,5 0,1
Marsiii, % 0,9 96,6 2,5 35,1 64,7 0,3
Kap6onatu, % 1,4 91,9 6,7 33,0 66,2 0,8
Opraniuni

0 85,0 15,0 0,6 88,2 11,2
pedoBuHH, %o
Cunikatu, % 23 90,2 7,5 447 52,9 2,4
3arizo, % 0 73 27 0 86,1 13,9

3 nmaHux HaBeAeHuX B Tabmumi 3.11 BUAHO 4YITKY PIZHUIIO MIDX JIBOMa
MeMOpaHHUMU eleMeHTamMu. Tak, Ha MOIU(IKOBAaHOMY €JIEMEHTI 3HaYHa YacTKa CyXOTo
3QJIMIIKY, YXOPCTKOCTI, 10HIB KaJIbI[il0 Ta MarHilo, KapOOHAaTiB, a TaKOX CHUJIIKATIB
IPOXOJATh Yepe3 MEeMOpaHHHUN eIeMEHT B OYMILEHY BOJY, BHACIIJOK YOrO BOJA CTa€
OLTBII MiHEpaJIbHO 30aJTaHCOBAaHOIO, Ha BiIMIHY Bix 30 MemOpanHoro enementy. [lonpu
1€ OpraHiyH1 PEUOBUHH, K1 BU3HAYAIMCH 3a 3a0apBIICHICTIO BOAM Maike HE MPOXOISATh
sk uepes 30, Tak 1 uepe3 moaudikoBaHuit MEMOpaHHi eJ1eMeHTH. BHaCTi 10K 301bIIICHHS
MPOXOJKEHHS Ccojiell uepe3 MoaudikoBaHUN MeMOpaHHUN €JIEeMEHT iX KUIbKICTh Y
KOHLIEHTPaTl 3MEHIIY€EThCA Ha BIAMIHY BiJl JaHUX oTpuMaHux Ha 30 enemeHTI. 3HayHa
pizauns Mk 30 Ta mMomudikoBaHMM MEMOpaHHUM €JIIEMEHTOM CIOCTEPITAEThCS Y

KUIBKOCT1 3aJIMIIKIB Ha MeMmOpani. Tak, 3riiHO OTPUMAHUX PO3PAXYHKOBHUX JIAHUX
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3QJIMIIKIB PEYOBUH Ha MOAM(IKOBAHOMY MEMOPAaHHOMY €JIE€MEHTi, TEOPETHUYHO OCiJIa€e
3HAYHO MEHIIA KIJTBKICTh COJICH, SIK1 BIAMOBIIAIOTh 32 CyXHH 3aJIUIIOK, IO BKIIFOYAIOThH
COJI YKOPCTKOCTI, KaJIbI[i0, MarHiro, CHJIIKAaTH, 3aJli30, KapOOHAaTH Ta OPraHIYHHX
pedoBHH. MeHIa KUTBKICTh 3a0pyOHUKIB, IO OcCiae Ha MOAU(BIKOBAaHOMY
MEMOpPaHHOMY TOJIOTHI TIOSICHIOETHCS OLTBIII TI1aIKOI0 MIOBEPXHEIO MOJIIaMiIHOTO Iapy,
O11BIIOI0 T1POQIIBHICTIO, @ TaKOXK O1IbII HETaTUBHUM J3€Ta-MOTCHIIAIOM TOBEPXHI
MOIM(PIKOBAaHOTO MEMOPAHHOTO TMOJIOTHA. 3HAYHO MEHIIY KUIBKICTh COJIEH KaJbIlIO Ta
MarHiro, 110 OCiJIaf0Th Ha MOJIU(IKOBAHOMY ITOJIOTHI MOKHA TOSICHUTH 3HAYHO MEHIIIUM
3HAYEHHSAM KOHLIEHTPAIIHHOT Mospu3allii, aJ’ke 4acTHHA COJIeH MPOXOJAUTh B IepMeaT
Ta HE CKOHIEHTPOBYETHCS HA MPUKOPIOHHOMY TOI1aMITHOMY IIapi BHACIIIOK YOTO 1 HE

ocigae Ha TOBEPXHI MEMOPAHHOTO MOJIOTHA.
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PO3/ILI 4
EKOJIOTTYHA TA EKOHOMIYHA JOLIJIBHICT MMPOBEJAEHHS
MPOLIECY PETEHEPALII BIJIIIPALIbOBAHUX MEMBPAHHUX
EJJEMEHTIB

4.1 EkoJoriyHi po3paxyHKu

Ha januii yac momynsipHUM Yy Trajidy3l BOJOOYHMIIEHHS CTaB TEpMiH
«eKOe(DEeKTHBHICTH», 10 O3HA4Ya€ MIJBUIIEHHS  €KOJOTrIYHOI  e€(EeKTUBHOCTI
TEXHOJIOTIYHOTO MPOIIECY 3a PaXyHOK BHUKOPUCTAHHS MEHIIOI KUIBKOCTI MaTepiaiiB Ta
pecypciB 'y CYKYHHOCTI 13 3MEHIIEHHSIM OOCATY BIIXOJMIB. Y BHIAIKy IMPOIECY
3BOPOTHOTO OCMOCY II€ MOXE O3HayaTH 3MEHINCHHS 3a0pyIHCHHS HABKOJAITHBOTO
CEpellOBUIA  IUIIXOM MOBTOPHOTO  BHUKOPUCTAHHS Ta  NpsMOi  MepepoOKu
BIJIIIPAllbOBAHUX MEMOPaHHUX €JIEMEHTIB. 3a paXyHOK POBEJEHHS MPOIIECY pereHepariii
Ta TOJOBXCHHS JKUTTEBOTO IHMKIY MEMOpaHHHMX €JIEMCHTIB MOXKJIMBO HE JIHIIE
3MEHIITUTH KIJIBKICTh BIJIXOIB, a 1 3HU3UTH HABAaHTAKCHHS Ha MPUPOIHI PECypcH 3a
paxyHOK 3MEHIIICHHS BUKOPUCTaHHS CUPOBUHU 3 SKO1 BUTOTOBJISIETHCS HOBHH MPOTYKT.
Tomy mpu po3paxyHKax €KOJOTIYHUX IepeBar Mpollecy pereHeparlii Ta mojoBXKEeHHS
KUTTEBOTO IHMKIY MEMOpAaHHHMX €JIEMEHTIB CIIiJI BPAaXOBYBaTH HE JIHIIE IITKOMY
HABKOJIMIITHEOMY CEpPEJIOBUIIY BiJl BUKHU/IIB BIAIPAIbOBAHUX €JIEMEHTIB, a 1 CLIO’KMBAHHS
pecypcCiB Ta BIJIUB Ha HaBKOJUIITHE CEPEOBUIIE MPU BUPOOHHUIITBI HOBUX E€JIEMEHTIB.
3MEHIIIEHHS] KUTBKOCTI BIAXOMIB Ta BUKOPHUCTAHHS PECYpPCIB 3a PaXyHOK TIPOIIECY
perexepaiiii, 3HIKY€ TUCK Ha HABKOJIMIITHE CEPEIOBUIIIE, SIKHI CTBOPIOE HOBHM MPOIYKT.

3a JaHUMU OIOPIYHO JIHIIE B YKpaiHi MPOJAETHCS Ta BUKOPUCTOBYETHCS OJIM3BKO
2000 3BopoTHOOCMOTHYHUX KoMepIiiHuX 500 GPD meMOpanHux eneMeHTiB. 3TiJIHO 3
XapaKTEPUCTHK JAaHUX MEMOpPaHHUX €JIEMEHTIB, X TEPMIH BUKOPUCTAHHS CTAHOBUTH BiJT
6 1o 12 micsiB, a6o K 0yJI0 eKCIEPUMEHTAILHO BCTAHOBJICHO JI0 MaJIIHHS 3aJIUIIKOBOT
IPOAYKTUBHOCTI 110 piBHs 30 %, m1o Bixnosigac orpumannio 32000 am* nepmeary. Ilics
3aBEpIICHHS 3a3HAYEHOI'0 EKCIUTyaTaliiHOTo UKy, AaHl MeMOpaHH BUKUIAIOTHCS Ha

CMITTE3BAJIMINA, 10 YTBOPIOE OJM3BKO 2 TOH TBEPAMX BIIXOJIB MOJIMEPHOIO
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noXo/pkeHHs. Yepe3 TpuBaiIuil mepioa po3KIaJaHHs, L0 MEPEBUIIYE KUIbKa COTEHb
POKIB, II€ CTBOPIOE 3arpo3y JJIsi HABKOJIHMIITHBOTO CEPEIOBUIIIA.

BianosigHo 110 giTepaTypHHX JKepes, BIIOMO, 1o julie 01u3bko 70 % [39] nanux
MEMOpaHHUX €JIEMEHTIB € 3a0pyAHEHI TUM YH 1HIIUM BUAOM (POYIIIHTY, 1HIII 3K 3a3HAIOTh
OKHCIIEHHSI a00 (I3MYHOT0 MOUIKOKEHHS TMOJIaMiTHOTO Iapy, 1 He MiJIsraiTh
perenepariii. BiamoBigHO 10 HaBEICHUX JaHUX, HA PIK B YKpaiHI MOXKJIMBO ITi/IJIaBaTH
perenepanii Omm3pko 1400 wmemOpanHmx enemeHTiB. KoxHuii pereHepoBaHUit
MeMOpaHHHI €JIeMEHT, 03Hauya€ MEHIIY KUIbKICTh BIJIXO/I1B, III0 MOTJIM O MOTPAILIsATH Ha
CMITTE3BAIUIIE, BUKIMKAIOUYU €KOJIOTIYHI MpoOsieMu 3a0pyHEHHSI IPYHTIB Ta BOJHUX
pecypciB, 10 MOKYTh BUBUIBHITUCH 3 MOJIMEPHUX MaTepiaiB.

Bmuus nporiecy perenepaiiii BimpanboBaHUX 3BOPOTHOOCMOTUYHUX MEMOPaHHUX
€JIEMEHTIB KOMEpUIMHOTO psiAy Ha HABKOJUIIHE CEPEJOBHUIIE PO3PAXOBAHO 32
METOJMKOI0 BUTPAT MaTepialiiB HA OJMHMIO MPOAYKIIT Ta KOEPII€HTIB IHTEHCUBHOCTI
Macu [73], mo BucBiTieHi Bymmepranbcbkum iHCTHTYTOM y 2014 p [119]. Mnsa
PO3paxyHKy BpPaxOBYIOTbCS BCl PECypCH, 10 BUKOPUCTOBYIOTHCA MPU BUPOOHUIITBI
MeMOpaHHUX €JIEMEHTIB, cepell sIKUX abloTUYHI pecypcH, Boja Ta MoBiTps. AGioTHYHA
CUPOBHMHA BKJIIOYA€ BCl BUKOIIHI MaTepiajid, y TOMY YMCII 1 MajJuBO, BWIyYEH1 IS
BUPOOHMIITBA NPOAYKTY. KaTteropist Boau BpaxoBy€ BUKOPUCTAHHS BCiX MOTOKIB BOJH, Y
TOMY YHCJII HaBITh BOJAY [IJIi OXOJIOJDKEHHS B MPOMHCIOBOCTI. Kateropis moBitps
BpPaxoOBy€ BCE€ MOBITPsA, IO XIMIYHO ab0 (I3UYHO NepepodsieHe Ta MOB’sA3aHa 3
BukuamMu CO».

st po3paxyHKy €KOJIOTIYHOI e(EeKTHUBHOCTI SIK OJIMHHUIS PO3TJIAABCS OIUH
meMOpannuii enement CSV 3012 500 GPD, macoro 1 xr. Macu ckiiagoBux MartepiaiiB
MEMOpaHHOTO eJIeMeHTa HaBeJeHO B Tabmwill 4.1, a KoedillleHTH IHTEHCUBHOCTI Macu
3TiAHO JaHWX BymeprambCKOTro iHCTUTYTY, MUl CKIAJOBUX MEMOPAHHOTO elIeMEHTa,

HaBeJieHi B Tabumi 4.2 [119].
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Tabmumss 4.1 — Macu ckiIaoBUX MaTepiajaiB  MeMOpaHHOTO eJeMEHTa

CSV 3012 500 GPD

KoMroneHT meMOpaHHOro Cknanosi Maca ckiiagoBux, r
eJIeMeHTa

Buxigauii crieticep [TominpomnineH 90,0
Kieit [Toniypetan 110,0

MemOpaHHE MOJIOTHO ApoMaTUYHHM MOJIIaMij 5,1
(TOHKOIIAPOBHUM KOMIO3UT) | MIKpOOPUCTHIA TIOJICYIb)OH 114,5
[Tomedipcynbhon 343,7

30BHIIIIHS 000JI0OHKA [Tomectep 13,3
[IepmeatHui crieiicep [Tomietunen Terpadronat 141,5
[TepmeaTtna TpyOKa AKpUITOHITpUI OyTaieH 165,2

CTHPOJI

['yMOBi yHIIUTBHIOIOUT KUTBIIS ['yma 16,7

3arajom 1000
Tabmuua 4.2 —  KoedimieHTH  IHTEHCHMBHOCTI ~ MacH  MarepiajiB

3BOPOTHOOCMOTHYHUX MEMOpaHHUX eJIeMeHTIB [119]

CkiagoBi KoedimieHTH i1HTEHCUBHOCTI MacH Ha KaTEropiro
AGioTnuHa Bonna [ToBiTpsina
AKpUITOHITpUIT OYTaII€H CTUPOI 3,97 206,89 3,75
[Tomiectep 1,84 296,25 2,01
ITomamin 5,51 921,03 4,61
[Tomietunen Terpadronat 6 205 3,5
[Tomedipcynbhon 4,32 166,96 2,43
[Tonimpominen 2,09 35,8 1,48
[Toniyperan 7,52 532,39 3,42
SBR —ryma 5,7 146 1,65
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[ToxnOko0 B pO3paxyHKax € Te, II0 HE BPAXOBYIOTHCS E€KOJOTIYHI NEepeBaru
nepepoOku modicyiabpoHy, ockinbku [HcTUTYyTOM Bymnmeprans ve Oyno omyOiaikoBaHO
Koe(]illieHTH 1HTEHCHMBHOCTI Macu. ToMy JaHMil po3paxyHOK € HaOJWKeHuM, Oe3
BpaxyBaHHS €KOe(eKTUBHOCTI BiJ mepepoOku moiicyiabpoHy. OmHak 1el (akT He
BIUIMBA€E HA OILIHKY 1HIINX €KOJIOT1YHUX 3100y TKIB.

[Ipu po3paxyHkKax €KOJIOTIYHMX IIepeBar BPaxOBaHO HETraTUBHUN BJIMB BiJl
pereHepariii yepe3 3acTOCyBaHHSA MHIOYHX 3aco0iB. OUYEBHIHO IO 3aCTOCYBaHHS
MHUIOUHX 3aC00IB Ma€ HETraTUBHUU BIMB Ha HABKOJMIIHE cepenoBuile. OCKIIbKHA IS
pereHepaiiii B JaHOMY JOCIIKEHI BUKOPUCTOBYBaiIuch po3unnu Ecoclean 203 ta 211,
JUIs. TIPOBEJICHHS HAONMKEHUX PO3pPaxyHKIB OyJM 3aCTOCOBaHi BIJMOBIAHI 3HAYCHHS
koedirienTiB iHTeHcUBHOCTI Macu Jyuist pedoBrH NaOH ta HCL. Takox BpaxoBaHO BIUTHB
OKHCHOTO pEXUMY pereHeparii 13 3aCTOCYBaHHSM Hatpito rinoxjoputy. Koediuientn
IHTEHCUBHOCTI MAacH XIMIYHMX pPEYOBUH, II0 BUKOPUCTOBYBAJIM I pereHeparii

MeMOpaHHHX €JIEMEHTIB HaBejeH1 B Tabmui 4.3 [119].

Tabmuusa 4.3 — KoedimieHTH IHTEHCHUBHOCTI MacH XIMIYHHUX MPOIYKTIB, IO

BUKOPUCTOBYBAJIM JJIsl perenepanii MeMOpaHHuX efeMeHTiB [119]

KoeditieHTH iIHTEHCUBHOCTI Macu Ha KaTEropiro
Bigxommn
AbioTHyHa Bopana [ToBiTpsiHa
NaOH 2,76 90,31 106
HCl 3,03 40,66 0,38
Bona 0,01 1,3 0
NaClO* 3,12 93,84 1,07

*3rigHo 3 [73].

Jist  po3paxyHKy BUTpaT MarepialiB  Ha OAWHUINI0 TPOIYKI  Ciif

BUKOPUCTOBYBaTU popmyy 4.1.
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6 =m - KIM,s + m - KIM,, + m - KIM,,, 4.1)

ne, 0 — BUTpaTa MarepiaiiB Ha OJMHUITIO MPOIYKIIii, KT
m — Maca mMarepiany, Kr;
KIM,4, KIMy,,, KIM};o; — KO€QiLi€HTH IHTEHCUBHOCTI MAaCcH Ul KOXKHOI KaTeropii
(abloTHYHOT, BOJTHOT Ta MOBITPSHOI BIAIOBITHO).
VY tabnuui 4.4 npencrasiieHi po3paxoBaHi 3a Gopmynow (4.1) exonoriyHi

nepeBaru BiJ pereHepali 0JJHoro MEMOPaHHOTO €JIEMEHTY

Tabmuust 4.4 — ExosoriyHl mnepeBard BHACHIAOK MEPEepoOKH OIHOTO

3BOPOTHOOCMOTHYHOTO MeMOpaHHoro eixemeHTy CSV 3012 500 GPD

Burpara
KoedimieHTn iHTEHCUBHOCTI ..
. MarepiaiB
| IepepoGrenuii MacH Ha KaTeropito a
Binxomn )
Marepiai, KT OJIMHHITIO
AobiotnuHa | Bogna | [ToBiTpsina IPOIYKIIiT
(xr)
AKPUIIOHITPHIT
_ 0,1652 0,7 34,2 0,6 35,5
OyTa/i€eH CTUPOI
[Tomypuran 0,11 0,8 58,6 0,4 59,8
[Tomiectep 0,0133 0,02 4,0 0,03 4,0
[Tomawmin 0,0051 0,03 4,7 0,02 4,7
[TomieTunex
0,1415 0,8 29,0 0,5 30,3
terpadToaar
[Tomiedipcynbdon 0,3437 1,5 57,4 0,8 59,7
[ToninmpomnineH 0,09 0,18 3,2 0,1 3.5
[Tonicynshon 0,1145 - - - 0
SBR —ryma 0,0167 0,1 2,4 0,03 2,6
Cyma 1 4,2 193.,4 2,5 200,1
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Po3paxyHku 3a 1aHOIO METOJIUKOIO 13 3aCTOCYBaHHAM KOE(IIli€HTIB IHTEHCUBHOCTI
MacH CB1I4YaTh, 10 IPU NIEPepoOIll OJHOTO MEMOPAHHOTO €IEMEHTA MOXKIIMBO YHUKHYTH
BUPOOHUIITBA 4,2 KT a010TMYHUX MaTepiamiB, 3a0pyaHeHHs 2,5 Kr noBiTpsa Ta 193,4 kr
Boau. [lincymoByroun HaBeneni 3HaueHHs oTpumyeMo 200,1 kr matepiamy, 1Mo He
BUJIYYA€ETHCS 3 HABKOJIMIIHBOTO CEPEOBHUINA Ta HE 3a0pyAHIOE WOTro mpu mepepoOii
OJIHOTO MEMOPAHHOTO €JIEMEHTY.

BpaxoBaHo HeCTIpUATIMBUNA BIUIUB, 110 CIPUYMHEHUN MPOIECOM pereHeparii ta

3aCTOCYBaHHSAM MHUIOUHX 3aC001B, pO3paxXyHKH SKOTO HaBeIeH1 B Tabiuii 4.5.

Tabmuug 4.5 — BpaxoBaHO HECIPUATIMBUN BIUIUB, IO COPUYMHEHUN MPOLIECOM

perenepariii ogaoro Mmemopansoro exementa CSV 3012 500 GPD

KoedirieHTH iHTEHCUBHOCTI Butpara
MacH Ha KaTeropiro MarepiaiiB
. Bukopucrannit Ha
Bixomu Marepiai, KT OJIMHHUIIIO
’ AGiotnuna | Bonna | [loBiTpsiHa
IPOIYKIIT
(kr)
NaOH 0,11 0,3 9,9 11,7 21,9
HCI 0,19 0,6 7,7 0,1 8,4
Bona 49,05 0,5 63,8 0 64,3
NaClO 0,15 0,5 14,1 0,2 14,7
Cyma 49,5 1,8 95,5 11,9 109,2

IIpu perenepailii 0JHOTO MEMOpPAHHOTO €JIEMEHTAa HECHPUSTIMBUNA BIUIMB Ha
HaBKOJIMIITHE cepeOBHIIE OIIHIEThCS B 109,2 kr. 3rigHO po3paxoBaHUX JaHWX MOYKHA
BU3HAYUTU TIpEBary Uil HABKOJUIIHBOTO CEpeloBUINA, 10 CTaHOBUTH 90,9 kr Ha
MeMOpanHuit enemedT. To6To mpu 3amini 1400 HoBHX 30 MeMOpaHHUX €JIEMEHTIB Ha
pereHepoBaHi, MokHa nependauntu 127 260 Kr pedoBHH, MO HE BHIYYAIOTHCA Ta HE
3a0pyAHIOIOTh HABKOJIMIIIHE cepeAoBuIIe. Takoxk CIIiJl BpaxyBaTH KIJIbKICTh MaTepiany,
0 HE BIAMPABISETHCA HA CMITTE3BAIMINEG IIOPIYHO, 10 cTaHOBUTH 1400 Kr/pik B

MacimTabax YkpaiHu.
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4.2 BuzHa4yeHHS1 eKOHOMIYHOI e(DeKTUBHOCTI

Po3paxoBaHo exkoHOMIUuHY €(EKTHBHICTh BiJl 3aCTOCYBaHHS pPETE€HEPOBAHUX
MeMOpaHHHX €JEMEHTIB Yy TOpIBHSHHI 3 HOBUMH. J[JI1 IIbOTO BpaxOBaHO BapTICTh

BUTPATHUX MaTepiajiB, 1[0 3aCTOCOBYBAIIUCH IIPH pereHepairii (Tadmaurs 4.6).

Tabmuis 4.6 — KinbKicTh, pUHKOBI 1IIHU Ta BapTICTh BUTPATHUX MaTepialiB, 110

BHKOPHUCTOBYIOTBHCA JIA pereHepaui'l' OAHOI'O0 CIICMCHTA

Burparu KinpkicTb, Kr [ina, rpa/Kr BapricTs, rpH
(xBT) (rpa/xBT)

Ecoclean 211 0,4 427,5 188,1
Ecoclean 203 0,4 427,5 188,1
Bona 49,05 0,03 1,47
NaClO 0,15 150 22,5
Enepris, kBt 4,12 4,32 17,82
3arajgom 417,99

3 1aHMX HaBeJAEHUX B Tabuuul 4.6 BUAHO, IO AJIs pEreHepallii 0JHOro eJIeMeHTa
cma Butpatutd 417,99 rpH. [lomaTKoBO BpaxoBaHl KamiTalbHI Ta EKCIUTyaTaliiHi

BUTpPATH, 1110 HaBeJeH1 B Tabiui 4.7.

Tabnuus 4.7 — KanitanbHi Ta eKcIulyaTaliiHl BUTpaTH

Butparu Onuc Iina, rpu [lina rpH/enemMeHT
EZII;?:][I::;Hi O6nagHaHHS 79200 -
AMopTH3alis - 11,31
Excrmyararmiitai Bopa 1 ximikaTtu - 417,99
[Tpans - 500,0
3aranpH1 eKCIuTyaTaliiH1 - 929,3

KanitanbHi BUTpaTH OOTPYHTOBYIOTHCSI 3aCTOCYBAaHHSAM CHUCTEMH pereHeparii ta
ctaHoBATh 79200 rpH.  3aranbHi  eKCIUTyaTalliifHi BUTPAaTH, 10 BPaxOBYIOTh
amMopTH3allilo, BOAY Ta XIMIKaTh JUIsl pereHepaiii, orary mpami Ta TeXHIYHe

oOciayroByBaHHs ckianaiTh 929,3 rpa/enement. [lpumyieHo, mo 3 ypaxyBaHHSM
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TPAaHCIOPTHUX BHUTpAT, IO CTAHOBIATH noaatkoBi 12 % [73], BapTicTb OAHOIO
pereHepoBaHoro MmemOpaHHoro eixementa ctanoputume 1040,8 rpH.

PunkoBa BapTicTh ojHOro HOBOro 30 MeMOpaHHOIO e€JeMEHTa CKJaaae
6300 rpu [92]. IIpu nepepodii ogHOTO BimmparoBaHoro 30 MEMOPAaHHOTO eleMeHTa
BuTpatu ckianawts 1040,8 rpH. 3riAHO 0 UBOTO MPH BUKOPUCTAHHI PETEHEPOBAHUX
MeMOpaHHUX €JIEMEHTIB MOXXHa YHMKHYTH BapTocTi 5259,2 TpH 3a OJMH €JIEMEHT Yy
MOpIBHAHHI 3 BHUKOPUCTAHHSIM HOBUX, TOOTO eKxoHoMia ckiaxae 83,5 %. Ilpu
onHopaszoBiii 3amiHi 1400 Takux MeMOpaHHUX €JIEMEHTIB EKOHOMIYHHUM e]eKT
ckiagatume 7 362 880rpH.

Mo>xJIMBICTh 0araTOKpAaTHOIO MPOBEIEHHS MPOLECY pereHepallii KOMepLiitHuX
3BOPOTHOOCMOTHYHUX €JIEMEHTIB Ta iX 0araropa3oBOro BHUKOPHUCTaHHS Y Ipolecax
OYHIIEHHA BOAHM B paMKax JaHOl poOOTHM HE BUBYAJIACH, 1 € MPEIMETOM IMOAAIBIINX

JTOCJIIIKEHD.

BucHoBku po3ainy 4

HaBeneni pe3ynbTaTi MiATBEPIKYIOTbh, 10 MPOLIEC pereHepanii BiAnpanboBaHUX
30 MeMOpaHHHMX €JIEMEHTIB 3alPONOHOBAHWM METOJIOM, BUIIPABIAHUI 3 TOYKH 30Dy
exoe(eKTUBHOCTI. Tak, eKOJIOTIYHI IMepeBaru Bij] MPOIECY 3aCTOCYBaHHS pereHeparlii B
macmTadbi 1400 MeMOpaHHMX €JIeMEHTIB CTaHOBIATH 127 260 xr marepiaii, 1O HE
BUJTyYalOThCS Ta HE 3a0pYyJHIOIOTh HABKOJIMIIHE cepeaoBuile, Ta 1400 kr, mo He
BUKMJIAIOTHCS HA CMITTE3BANIMLIA.

BukopucTaHHs pereHepoOBaHUX KOMEpPIIHHUX MEMOpPAaHHUX €JIEMEHTIB €
E€KOHOMIYHO JOIUTbHUM. Po3paxoBano, mo mpu 3amiHi 1400 HOBUX MeMOpaHHUX

CJIEMEHTIB Ha pereHepoBaHi BAACTHCS 3eKOHOMUTH 7 362 852 rpH.
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BUCHOBKHA

1. BcranoBneHno, mo eQeKTUBHICTh pereHeparii 3ajeXuTh BiJ CTYICHIO
BIIMPAIIbOBAHOCTI KOMEPIIIMHUX €JIEMEHTIB, sIka OOMEXKY€EThCS 3HAUEHHSM BIJIHOCHOI
MPOIYKTUBHOCTI BIAMPAIlbOBAHOTO €JIEMEHTy He MeHIne 26 %. Pe3ynpTaTé MiJOTHHX
JOCITIJKEHb TIPOIIECY OYHINCHHS KHIBCHKOI BOJOIPOBIAHOI BOJAM TIOKA3alH, IO
XapaKTEPUCTUKU PEreHEPOBAHMX €JIEMEHTIB HE BIJIPI3HSIOTHCA BIJI HOBHX, a iX
BUKOPHCTAHHS JO3BOJISIE OJICP)KATH MIUTHY BOAY, SKA BIJIIOBIIa€ BUMOTAM JI0 O€3MEeYHO1,
asie He (Pi310JI0TTYHO TOBHOIIIHHOA.

2. HocnimxeHo nporec Moaudikaiii KOMEpHUIMHUX HOBUX Ta PEreHEPOBAHUX
3BOPOTHOOCMOTHYHHX MEMOpaHHUX €JIEMEHTIB Ta BCTAHOBJIEHO palllOHaJbHI YMOBH
Horo mpoBejieHHS. BcTaHOBIEHI 703U XJIOPY Ta 4Yac €KCIO3HUIlii, 10 HEOOXIAH1 JyIs
OJICp’KaHHS MEMOpAaHHMX €JEMEHTIB 13 3aJaHol0 celeKTuBHICTIO. [lokaszano, 110
BJIACTUBOCTI HOBHX MOJM(IKOBAHMX Ta PEr€HEPOBAHUX MOAU(PIKOBAHUX EJIEMEHTIB
MPaKTUYHO CMiBNaAaroTh. [IpoBeneHi MiJIOTHI BUNPOOYBAaHHS MPOIECY OYHIICHHS
KHIBCBKOI ~ BOJOIPOBIAHOI  BOAM, pE3yJbTaTH SKUX JOBOJATH €(PEKTUBHICTh
BUKOPUCTAaHHSA MOJM(DIKOBAaHUX MEMOpaHHUX EJIEMEHTIB 13 3aJIaHOI0 CEJIEKTUBHICTIO B
YCTaHOBKaxX KOMEPLIMHOTO MPpU3HAYEHHS JJIs1 BUPOOHUIITBA O€3MedHOi Ta (p1310JI0TT4HO
[MOBHOIIHHOT MUTHOI BOJH.

3. JocmimxeHo  xapakTep 3MIH  BJIACTHBOCTEM  MOJIaMITHOTO  IIapy
MeMOpaHHOTO MOJOTHA B pe3yJIbTaTi Moaupikallii Ta mokazaHo 30UIbIIEHHS TIaJKOCTI,
riapodinsHoCcTi (Ha 14 %), po3mipy mop (Ha 10 %) Ta 3HUKEHHS JA3€Ta-TMOTEHIIATY.
Bkazani 3MiHU MPUBOJATH J0 3MEHIIEHHS YTBOpPEHHs (OYJIHTY Ha MOJIU(]PIKOBAHOMY
MeMOpaHHOMY €J€MEHTI Y MOPIBHSAHHI 3 HOBUM.

4. Po3paxoBani ekoJI0Ti4HI TIepeBary BiJl MPOIIECY 3aCTOCYBaHHS pereHepaitii,
10 U1l YKpaiHu Ha ChOTOAHI CTaHOBUTH 127 260 Kr maTepiaiis, 1110 HE BUIYyYarOThCS 3
HABKOJIMIITHLOTO CEPEeIOBUIIA Ta HE 3a0pyIHIOIOTH oro, Ta 1400 Kr, 1110 HE BUKUIAIOThCS
Ha CMITTe3BaiMIa, 3a ymoBu pereHepaiii 1400 emementiB. Po3paxoBano, mo mpu
BUKOPHUCTaHHI TAKO1 KIJIBKOCT1 PEr€HEPOBAaHUX €JIEMEHTIB 3aMICTh HOBUX, EKOHOMISI Oy /1€

ckiaaatu 7 362 880 rpH.



123

CIIMCOK BUKOPUCTAHUX JIKEPEJI

1. IIpo 3arBepmxenHs [lep:kaBHUX CaHITApHUX HOPM Ta mpaBui "['irieHiuyH1 BUMOTH
JI0 BOJM MHUTHOI, MpU3HaYeHo1 A criokuBanHs goauHor" (ACanlliH 2.2.4-171-10) :
Hakaz MO3 Vkpaimm Big 12.05.2010 Ne 400: cramom Ha 22 6epe3. 2022 p.
URL: https://zakon.rada.gov.ua/laws/show/z0452-10#Text (nara 3BEPHEHHS:
15.05.2022).

2. Directive - 2020/2184 - EN - eur-lex. EUR-Lex — Access to European Union law —

choose your language. URL: https://eur-lex.europa.eu/eli/dir/2020/2184/0j (date of
access: 17.03.2022).

3. National primary drinking water regulations. US EPA.

URL: https://www.epa.gov/ground-water-and-drinking-water/national-primary-

drinking-water-regulations (date of access: 01.02.2022).

4. Guidelines for drinking-water quality, 4th edition, incorporating the Ist
addendum. World Health Organization (WHO,).
URL: https://www.who.int/publications/i/item/9789241549950 (date of access:
24.12.2021).

5. Hpikep 0. Kapra sikocTi Boau: 3MiHHM B yMOBax BIMHHU. Booa i 60000uucHi

mexnonoeii. 2023. T. 105-106, Ne 1-2. C. 48-57.
6. OinpTpyrounit matepian Calcite 15,6 1. & @inempu ona 6oou * Kynumu ginemp

ona ouucmxku e6oou ECOSOFT. URL: https://ecosoft.ua/ua/filtruyushchiy-material-

calcite/ (nata 3BepHeHHs: 26.11.2022).
7. OinpTpyrounii matepian Corosex 18,7 1. & @inempu 011 6oou * Kynumu ginomp

ona owucmxku eoou ECOSOFT. URL: https://ecosoft.ua/ua/filtruyushchiy-material-

corosex/ (nata 3BepHeHHs: 26.11.2022).

8. Application of magnesium oxide media for remineralization and removal of
divalent metals in drinking water treatment: a review / L. Szymoniak et al. Water. 2022.
Vol. 14, no.4. P.633. URL: https://doi.org/10.3390/w14040633 (date of access:
23.12.2022).



https://zakon.rada.gov.ua/laws/show/z0452-10#Text
https://eur-lex.europa.eu/eli/dir/2020/2184/oj
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.epa.gov/ground-water-and-drinking-water/national-primary-drinking-water-regulations
https://www.who.int/publications/i/item/9789241549950
https://ecosoft.ua/ua/filtruyushchiy-material-calcite/
https://ecosoft.ua/ua/filtruyushchiy-material-calcite/
https://ecosoft.ua/ua/filtruyushchiy-material-corosex/
https://ecosoft.ua/ua/filtruyushchiy-material-corosex/
https://doi.org/10.3390/w14040633

124

0. HaBunok A. O. TexHosoris aoMmiHepamizamii BOAW i1 MOOYTOBOi CHCTEMHU
3BOPOTHBOTO OocMocy : Maricrepebka nucepramis. Kuis, 2017. 91 c.

10. Bcepenuni aKBabOKCy YUCTOT Boau. BWT Aqua.

URL.: https://bwtaqua.com.ua/inside-bwt/ (nara 3Bepaerns: 21.01.2023).

11. Cepis Buganb CBIT Cy4acHOI BOJOIMOATOTOBKU. TEXHOJOTTYHI PIICHHS: M1 PE/I.
Mituenko T.€. — K.: BYBT WATERNET, 2021 — 80 ¢. — ISBN 978-966-97940-3—
1

12. Lesimple A., Ahmed F. E., Hilal N. Remineralization of desalinated water:
methods and environmental impact. Desalination. 2020. Vol. 496. P. 114692.
URL.: https://doi.org/10.1016/].desal.2020.114692 (date of access: 11.03.2023).

13. Al-Naama A.-R. A., Simcock A. United Nations report. Chapter 28. Desalinization.
United Nations. 2016. URL.:
https://www.un.org/depts/los/global reporting/ WOA RPROC/Chapter 28.pdf  (mara
3BepHeHHs: 28.03.2023).

14.  Clinical autopsy of a reverse osmosis membrane module / G. Gonzalez-Gil et

al. Frontiers in chemical engineering. 2021. Vol. 3.

URL: https://doi.org/10.3389/fceng.2021.683379 (date of access: 29.12.2021).

15. Reverse osmosis membrane fabrication and modification technologies and future
trends: a review / R. H. Hailemariam et al. Advances in colloid and interface science.
2020. Vol.276. P.102100. URL: https://doi.org/10.1016/1.c1s.2019.102100 (date of
access: 27.08.2023).

16.  Controlled chlorination of polyamide reverse osmosis membranes at real scale for
enhanced desalination performance / R. Verbeke et al. Journal of membrane science.
2020. Vol. 611. P. 118400. URL: https://doi.org/10.1016/j.memsci.2020.118400 (date of
access: 08.05.2022).

17. Recycled reverse osmosis membranes for forward osmosis technology /
J. Contreras-Martinez et al. Desalination. 2021. Vol. 519. P. 115312.
URL: https://doi.org/10.1016/j.desal.2021.115312 (date of access: 29.03.2024).



https://bwtaqua.com.ua/inside-bwt/
https://doi.org/10.1016/j.desal.2020.114692
https://www.un.org/depts/los/global_reporting/WOA_RPROC/Chapter_28.pdf
https://doi.org/10.3389/fceng.2021.683379
https://doi.org/10.1016/j.cis.2019.102100
https://doi.org/10.1016/j.memsci.2020.118400
https://doi.org/10.1016/j.desal.2021.115312

125

18. Towards new opportunities for reuse, recycling and disposal of used reverse
osmosis membranes/ W. Lawler et al. Desalination. 2012. Vol. 299. P.103-112.
URL.: https://doi.org/10.1016/j.desal.2012.05.030 (date of access: 29.03.2024).

19. Characterization of fouling for a full-scale seawater reverse osmosis plant on the
Mediterranean sea: membrane autopsy and chemical cleaning efficiency / M. Adel et
al. Groundwater  for  sustainable  development. 2022. Vol.16. P.100704.
URL: https://doi.org/10.1016/1.gsd.2021.100704 (date of access: 21.11.2024).

20. Reverse osmosis desalination: a state-of-the-art review/ M. Qasim et
al. Desalination. 2019. Vol. 459. P. 59-104.
URL: https://doi.org/10.1016/j.desal.2019.02.008 (date of access: 11.06.2022).

21. Asadollahi M., Bastani D., Musavi S. A. Enhancement of surface properties and
performance of reverse osmosis membranes after surface modification: a
review. Desalination. 2017. Vol. 420. P. 330-383.
URL: https://doi.org/10.1016/j.desal.2017.05.027 (date of access: 20.09.2024).

22. 4.14 End-of-Life Membranes: Challenges and Opportunities / R. Garcia-Pacheco

et al. Comprehensive Membrane Science and Engineering. 2017. P.293-310.
URL: https://doi.org/10.1016/b978-0-12-409547-2.12254-1 (date of access:
24.01.2022).

23. Kedem O., Katchalsky A. Thermodynamic analysis of the permeability of
biological membranes to non-electrolytes. Biochimica et biophysica acta. 1958. Vol. 27.
P.229-246. URL: https://doi.org/10.1016/0006-3002(58)90330-5 (date of access:
14.07.2024).

24. Spiegler K. S., Kedem O. Thermodynamics of hyperfiltration (reverse osmosis):
criteria for efficient membranes. Desalination. 1966. Vol. 1, no.4. P.311-326.

URL: https://doi.org/10.1016/s0011-9164(00)80018-1 (date of access: 15.07.2024).

25. Waniewski J. Osmotic and Gibbs—Donnan equilibrium for ions and neutral
solutes. Scientific reports. 2023. Vol. 13, no. 1. URL: https://doi.org/10.1038/s41598-
023-47592-w (date of access: 15.07.2024).



https://doi.org/10.1016/j.desal.2012.05.030
https://doi.org/10.1016/j.gsd.2021.100704
https://doi.org/10.1016/j.desal.2019.02.008
https://doi.org/10.1016/j.desal.2017.05.027
https://doi.org/10.1016/b978-0-12-409547-2.12254-1
https://doi.org/10.1016/0006-3002(58)90330-5
https://doi.org/10.1016/s0011-9164(00)80018-1
https://doi.org/10.1038/s41598-023-47592-w
https://doi.org/10.1038/s41598-023-47592-w

126

26. A critical review of transport through osmotic membranes / J. Wang et al. Journal
of membrane science. 2014. Vol. 454. P. 516-537.
URL.: https://doi.org/10.1016/;.memsci.2013.12.034 (date of access: 14.07.2024).

27. Mechanisms and models for water transport in reverse osmosis membranes:
history, critical assessment, and recent developments / M. Heiranian et al. Chemical
society reviews. 2023. URL: https://doi.org/10.1039/d3cs00395¢g (date of access:
30.06.2024).

28. Hernandez A. Pore size distributions in microporous membranes. A critical
analysis of the bubble point extended method. Journal of membrane science. 1996.
Vol. 112, no. 1. P. 1-12. URL: https://doi.org/10.1016/0376-7388(95)00025-9 (date of
access: 14.09.2023).

29. Nernst-Planck analysis of reverse-electrodialysis with the thin-composite pore-
filling membranes and its upscaling potential / H. Kim et al. Water research. 2019.
Vol. 165. P. 114970. URL: https://doi.org/10.1016/j.watres.2019.114970 (date of access:
18.07.2024).

30. Kotelyanskii M. J., Wagner N. J., Paulaitis M. E. Molecular dynamics simulation
study of the mechanisms of water diffusion in a hydrated, amorphous
polyamide. Computational and theoretical polymer science. 1999. Vol. 9, no. 3-4.
P.301-306. URL: https://doi.org/10.1016/s1089-3156(99)00020-3 (date of access:
21.06.2024).

31. Ridgway H. F., Orbell J., Gray S. Molecular simulations of polyamide membrane
materials used in desalination and water reuse applications: recent developments and
future prospects. Journal of membrane science. 2017. Vol.524. P.436-448.
URL: https://doi.org/10.1016/j.memsci.2016.11.061 (date of access: 28.06.2024).

32.  Reverse osmosis (RO) membrane market size global report, 2022 - 2030. Polaris.

URL: https://www.polarismarketresearch.com/industry-analysis/reverse-osmosis-

membrane-market (date of access: 28.01.2023).

33. YangJ.-Y.,LiY.-S., Huang B. Research on refurbishing of the used RO membrane

through chemical cleaning and repairing with a new system. Desalination. 2013.


https://doi.org/10.1016/j.memsci.2013.12.034
https://doi.org/10.1039/d3cs00395g
https://doi.org/10.1016/0376-7388(95)00025-9
https://doi.org/10.1016/j.watres.2019.114970
https://doi.org/10.1016/s1089-3156(99)00020-3
https://doi.org/10.1016/j.memsci.2016.11.061
https://www.polarismarketresearch.com/industry-analysis/reverse-osmosis-membrane-market
https://www.polarismarketresearch.com/industry-analysis/reverse-osmosis-membrane-market

127

Vol. 320. P. 49-55. URL: https://doi.org/10.1016/j.desal.2013.04.008 (date of access:
17.08.2024).

34. Efficacies and mechanisms of different cleaning strategies for NF and RO
membranes in a full-scale zero liquid discharge system / H. Wang et al. Journal of water
process engineering. 2023. Vol. 56. P. 104308.
URL.: https://doi.org/10.1016/].jwpe.2023.104308 (date of access: 13.12.2023).

35. Grossi L. B., Lange L. C., Amaral M. C. S. Transition pathway towards more
sustainable waste management practices for end-of-life reverse osmosis membranes:
Challenges and opportunities in Brazil. Journal of cleaner production. 2024. P. 140571.
URL: https://doi.org/10.1016/j.jclepro.2024.140571 (date of access: 24.10.2024).

36. Directive - 2008/98 - EN - Waste framework directive - EUR-Lex. EUR-Lex —

Access to European Union law — choose your language. URL: https://eur-
lex.europa.cu/legal-content/EN/TXT/?uri=celex:320081.0098 (date of access:
21.12.2021).

37. Al-Salem S. M., Lettieri P., Baeyens J. Recycling and recovery routes of plastic
solid waste (PSW): a review. Waste management. 2009. Vol. 29, no. 10. P. 2625-2643.
URL: https://doi.org/10.1016/j.wasman.2009.06.004 (date of access: 28.08.2023).

38. Membrane fouling in desalination and its mitigation strategies / P. S. Goh et
al. Desalination. 2018. Vol. 425. P. 130-155.
URL.: https://doi.org/10.1016/j.desal.2017.10.018 (date of access: 01.06.2022).

39. GohilJ. M., Suresh A. K. Chlorine attack on reverse osmosis membranes:
Mechanisms and mitigation strategies. Journal of Membrane Science. 2017. Vol. 541.
P. 108-126. URL: https://doi.org/10.1016/j.memsci.2017.06.092 (date of access:
29.01.2023).

40. Jiang S., L1 Y., Ladewig B. P. A review of reverse osmosis membrane fouling and
control strategies. Science of the total environment. 2017. Vol. 595. P.567-583.
URL.: https://doi.org/10.1016/].scitotenv.2017.03.235 (date of access: 14.06.2022).

41. JuY., Hong S. Nano-colloidal fouling mechanisms in seawater reverse osmosis

process evaluated by cake resistance simulator-modified fouling index


https://doi.org/10.1016/j.desal.2013.04.008
https://doi.org/10.1016/j.jwpe.2023.104308
https://doi.org/10.1016/j.jclepro.2024.140571
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32008L0098
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=celex:32008L0098
https://doi.org/10.1016/j.wasman.2009.06.004
https://doi.org/10.1016/j.desal.2017.10.018
https://doi.org/10.1016/j.memsci.2017.06.092
https://doi.org/10.1016/j.scitotenv.2017.03.235

128

nanofiltration. Desalination. 2014. Vol. 343. P. 88-96.
URL.: https://doi.org/10.1016/j.desal.2014.03.012 (date of access: 15.06.2022).

42. Hwang K.-J., Hsueh C.-L. Dynamic analysis of cake properties in microfiltration
of soft colloids. Journal of membrane science. 2003. Vol. 214, no. 2. P.259-273.
URL.: https://doi.org/10.1016/s0376-7388(02)00556-2 (date of access: 21.06.2022).

43. Al-Amoudi A., Lovitt R. W. Fouling strategies and the cleaning system of NF

membranes and factors affecting cleaning efficiency. Journal of membrane science.
2007. Vol. 303, no. 1-2. P. 4-28.
URL.: https://doi.org/10.1016/;.memsci.2007.06.002 (date of access: 16.06.2022).

44. Hong S., Elimelech M. Chemical and physical aspects of natural organic matter
(NOM) fouling of nanofiltration membranes. Journal of membrane science. 1997.
Vol. 132, no. 2. P. 159-181. URL: https://doi.org/10.1016/s0376-7388(97)00060-4 (date
of access: 17.06.2022).

45. Hybrid electrocoagulation/electroflotation/electrodisinfection process as a
pretreatment for seawater desalination / J. N. Hakizimana et al. Chemical engineering
science. 2017. Vol. 170. P. 530-541.
URL: https://doi.org/10.1016/j.ces.2017.04.029 (date of access: 18.06.2022).

46. Huang S., Voutchkov N., Jiang S. C. Investigation of environmental influences on
membrane biofouling in a Southern California desalination pilot plant. Desalination.
2013. Vol.319. P.1-9. URL: https://doi.org/10.1016/j.desal.2013.03.016 (date of
access: 26.11.2024).

47. Kwan S. E., Bar-Zeev E., Elimelech M. Biofouling in forward osmosis and reverse
osmosis: measurements and mechanisms. Journal of membrane science. 2015. Vol. 493.
P.703-708. URL: https://doi.org/10.1016/;.memsci.2015.07.027 (date of access:
19.06.2022).

48. Biofouling—the Achilles heel of membrane processes/ H.C.Flemming et
al. Desalination. 1997. Vol. 113, no. 2-3. P. 215-225.
URL.: https://doi.org/10.1016/s0011-9164(97)00132-x (date of access: 20.06.2022).

49. Sutzkover I., Hasson D., Semiat R. Simple technique for measuring the

concentration polarization level in a reverse osmosis system. Desalination. 2000.


https://doi.org/10.1016/j.desal.2014.03.012
https://doi.org/10.1016/s0376-7388(02)00556-2
https://doi.org/10.1016/j.memsci.2007.06.002
https://doi.org/10.1016/s0376-7388(97)00060-4
https://doi.org/10.1016/j.ces.2017.04.029
https://doi.org/10.1016/j.desal.2013.03.016
https://doi.org/10.1016/j.memsci.2015.07.027
https://doi.org/10.1016/s0011-9164(97)00132-x

129

Vol. 131, no. 1-3. P.117-127. URL: https://doi.org/10.1016/s0011-9164(00)90012-
2 (date of access: 26.10.2024).

50. Reverse osmosis desalination: water sources, technology, and today's challenges /
L. F. Greenlee et al. Water research. 2009. Vol.43, no.9. P.2317-2348.
URL.: https://doi.org/10.1016/j.watres.2009.03.010 (date of access: 08.12.2021).

51.  Mirtuenko T.€., [TonomaproB B.JI., Cetneitima O.M., Makapora H.B., Opecros
€.0., Manenpkuii 3.B., Bacumok C.JI., Myapuk P.4., Cyce M.O., I'ynum H.B., Kynpunit
C.C. Cepis Bumanb. CBIT cyyacHOi Bojaomiarotoku. Meroau 1 marepianu / K: BYBT
WaterNet, 2019. — 132 ¢. — ISBN 978-966-97940-2—4.

52.  Sagiv A., Semiat R. Backwash of RO spiral wound membranes. Desalination.
2005. Vol. 179, no. 1-3. P. 1-9. URL: https://doi.org/10.1016/j.desal.2004.11.050 (date
of access: 30.04.2023).

53. Fouling prevention, preparing for re-use and membrane recycling. Towards
circular economy in RO desalination / J. Landaburu-Aguirre et al. Desalination. 2016.
Vol. 393. P. 16-30. URL: https://doi.org/10.1016/1.desal.2016.04.002 (date of access:
08.12.2024).

54. Qrenawi L. 1., Abuhabib A. A. A review on sources, types, mechanisms,
characteristics, impacts and control strategies of fouling in RO membrane
systems. Desalination  and  water  treatment.  2020.  Vol.208. P.43-69.
URL: https://doi.org/10.5004/dwt.2020.26448 (date of access: 14.08.2024).

55. Unsteady-state shear strategies to enhance mass-transfer for the implementation of
ultrapermeable membranes in reverse osmosis: a review / F. Zamani et al. Desalination.
2015. Vol. 356. P. 328-348. URL: https://doi.org/10.1016/j.desal.2014.10.021 (date of
access: 15.07.2024).

56. Handbook of Membrane Separations / ed. by A. K. Pabby, S. S. H. Rizvi, A. M.
S. Requena. CRC Press, 2008. URL: https://doi.org/10.1201/9781420009484 (date of
access: 14.07.2024).

57. PengH., Tremblay A.Y., Veinot D. E. The use of backflushed coalescing

microfiltration as a pretreatment for the ultrafiltration of bilge water. Desalination. 2005.


https://doi.org/10.1016/s0011-9164(00)90012-2
https://doi.org/10.1016/s0011-9164(00)90012-2
https://doi.org/10.1016/j.watres.2009.03.010
https://doi.org/10.1016/j.desal.2004.11.050
https://doi.org/10.1016/j.desal.2016.04.002
https://doi.org/10.5004/dwt.2020.26448
https://doi.org/10.1016/j.desal.2014.10.021
https://doi.org/10.1201/9781420009484

130

Vol. 181, no. 1-3. P. 109—-120. URL: https://doi.org/10.1016/j.desal.2004.12.040 (date of
access: 21.06.2024).

58. Ultrasound irradiation combined with hydraulic cleaning on fouled
polyethersulfone and polyvinylidene fluoride membranes/ M.-W.Wan et
al. Environmental technology. 2013. Vol. 34, no. 21. P. 2929-2937.
URL.: https://doi.org/10.1080/09593330.2012.701235 (date of access: 22.06.2024).

59. Fouling control and modeling in reverse osmosis for seawater desalination: a
review / N. Najid et al. Computers & chemical engineering. 2022. Vol. 162. P. 107794.
URL.: https://doi.org/10.1016/j.compchemeng.2022.107794 (date of access: 08.10.2024).
60. Varin K. J., Lin N. H., Cohen Y. Biofouling and cleaning effectiveness of surface
nanostructured reverse osmosis membranes. Journal of membrane science. 2013.
Vol. 446. P.472-481. URL: https://doi.org/10.1016/].memsci.2013.06.064 (date of
access: 25.05.2022).

61. Miguel J., Garcia-Fayos B., Sancho M. Membrane cleaning. Expanding issues in
desalination. 2011. URL: https://doi.org/10.5772/19760 (date of access: 26.05.2022).

62. Agnihotri B., Sharma A., Gupta A. B. Characterization and analysis of inorganic
foulants in RO membranes for groundwater treatment. Desalination. 2020. Vol. 491.
P. 114567.  URL: https://doi.org/10.1016/j.desal.2020.114567 (date =~ of  access:
27.05.2022).

63. The tolerance of a thin-film composite polyamide reverse osmosis membrane to
hydrogen peroxide exposure/ R.Ling et al. Journal of membrane science. 2017.
Vol. 524. P.529-536. URL: https://doi.org/10.1016/j.memsci.2016.11.041 (date of
access: 18.03.2023).

64. Ozone compatibility with polymer nanofiltration membranes/ S. Ouali et
al. Journal of membrane science. 2021. Vol. 618. P. 118656.
URL: https://doi.org/10.1016/j.memsc1.2020.118656 (date of access: 27.05.2022).

65. Mudryk R., Mitchenko T. Shared automatic drinking water treatment and
dispensing systems and methods of their optimization. Water and water purification
technologies. scientific and technical news. 2023. Vol.35, no.1. P.9-25.
URL.: https://doi.org/10.20535/2218-930012023281111 (date of access: 27.01.2024).


https://doi.org/10.1016/j.desal.2004.12.040
https://doi.org/10.1080/09593330.2012.701235
https://doi.org/10.1016/j.compchemeng.2022.107794
https://doi.org/10.1016/j.memsci.2013.06.064
https://doi.org/10.5772/19760
https://doi.org/10.1016/j.desal.2020.114567
https://doi.org/10.1016/j.memsci.2016.11.041
https://doi.org/10.1016/j.memsci.2020.118656
https://doi.org/10.20535/2218-930012023281111

131

66. Effect of pH on the ageing of reverse osmosis membranes upon exposure to
hypochlorite/ B. C. Donose et al. Desalination. 2013. Vol.309. P.97-105.
URL: https://doi.org/10.1016/j.desal.2012.09.027 (date of access: 17.06.2022).

67. Recycling of spent reverse osmosis membranes for second use in the clarification
of wet-process phosphoric acid / K. Khaless et al. Minerals. 2021. Vol. 11, no. 6. P. 637.
URL.: https://doi.org/10.3390/min11060637 (date of access: 25.02.2023).

68. Study on hypochlorite degradation of aromatic polyamide reverse osmosis
membrane / G.-D. Kang et al. Journal of membrane science. 2007. Vol. 300, no. 1-2.
P. 165-171. URL: https://doi.org/10.1016/j.memsci.2007.05.025 (date of access:
27.07.2022).

69. End-of-life RO membranes recycling: Reuse as NF membranes by polyelectrolyte
layer-by-layer deposition/ M. R. Moradi et al. Journal of membrane science. 2019.
Vol. 584. P.300-308. URL: https://doi.org/10.1016/j.memsci.2019.04.060 (date of
access: 18.04.2023).

70. Cran M. J., Bigger S. W., Gray S. R. Degradation of polyamide reverse osmosis
membranes in the presence of chloramine. Desalination. 2011. Vol. 283. P. 58-63.
URL: https://doi.org/10.1016/j.desal.2011.04.050 (date of access: 03.03.2023).

71.  TIron catalyzed degradation of an aromatic polyamide reverse osmosis membrane
by free chlorine / R. Ling et al. Journal of membrane science. 2019. Vol. 577. P. 205—
211. URL: https://doi.org/10.1016/;.memsci.2019.02.010 (date of access: 04.03.2023).
72. Quantitative assessment of the iron-catalyzed degradation of a polyamide
nanofiltration membrane by hydrogen peroxide/ L. Yu et al. Journal of membrane
science. 2019. Vol. 588. P. 117154.
URL.: https://doi.org/10.1016/j.memsci.2019.05.078 (date of access: 03.03.2023).

73. Coutinho de Paula E., Santos Amaral M. C. Environmental and economic
evaluation of end-of-life reverse osmosis membranes recycling by means of chemical
conversion. Journal  of  cleaner  production. 2018. Vol. 194. P.85-93.
URL: https://doi.org/10.1016/j.jclepro.2018.05.099 (date of access: 06.06.2023).

74. Recycling and energy recovery solutions of end-of-life reverse osmosis (RO)

membrane materials: a sustainable approach/ M. Pontié et al. Desalination. 2017.


https://doi.org/10.1016/j.desal.2012.09.027
https://doi.org/10.3390/min11060637
https://doi.org/10.1016/j.memsci.2007.05.025
https://doi.org/10.1016/j.memsci.2019.04.060
https://doi.org/10.1016/j.desal.2011.04.050
https://doi.org/10.1016/j.memsci.2019.02.010
https://doi.org/10.1016/j.memsci.2019.05.078
https://doi.org/10.1016/j.jclepro.2018.05.099

132

Vol. 423. P.30-40. URL: https://doi.org/10.1016/j.desal.2017.09.012 (date of access:
07.06.2023).

75. Dasilva M., Tessarol., Wada K. Investigation of oxidative degradation of
polyamide reverse osmosis membranes by monochloramine solutions. Journal of
membrane science. 2006. Vol. 282, no. 1-2. P. 375-382.
URL.: https://doi.org/10.1016/;.memsci.2006.05.043 (date of access: 07.03.2022).

76. Tessaro I. C., da SilvaJ. B. A., Wada K. Investigation of some aspects related to
the degradation of polyamide membranes: aqueous chlorine oxidation catalyzed by
aluminum and sodium laurel sulfate oxidation during cleaning. Desalination. 2005.
Vol. 181, no. 1-3. P. 275-282. URL: https://doi.org/10.1016/j.desal.2005.04.008 (date of
access: 08.03.2022).

77.  Catalytic effect of iron on the tolerance of thin-film composite polyamide reverse
osmosis membranes to hydrogen peroxide / R. Ling et al. Journal of membrane science.
2018. Vol. 548. P. 91-98. URL: https://doi.org/10.1016/;.memsci.2017.11.009 (date of
access: 07.03.2022).

78. Reverse osmosis membrane sensitivity to ozone and halogen disinfectants /
J. Glater et al. Desalination. 1983. Vol. 48, no. 1. P. 1-16.
URL: https://doi.org/10.1016/0011-9164(83)80001-0 (date of access: 08.12.2024).

79. Comparative life cycle assessment of end-of-life options for reverse osmosis
membranes/  W. Lawler et al. Desalination. 2015. Vol.357. P.45-54.
URL: https://doi.org/10.1016/j.desal.2014.10.013 (date of access: 24.05.2023).

80. Orton K. J. P., Soper F. G., Williams G. CXXXII.-The chlorination of anilides.
Part III. N-chlorination and C-chlorination as simultaneous side reactions. J. chem.
soc. 1928. P.998-1005. URL: https://doi.org/10.1039/;r9280000998 (date of access:
27.07.2024).

81. Verbeke R., Gomez V., Vankelecom I. F. J. Chlorine-resistance of reverse osmosis
(RO) polyamide membranes. Progress in polymer science. 2017. Vol. 72. P. 1-15.
URL: https://doi.org/10.1016/j.progpolymsci.2017.05.003 (date of access: 24.11.2022).


https://doi.org/10.1016/j.desal.2017.09.012
https://doi.org/10.1016/j.memsci.2006.05.043
https://doi.org/10.1016/j.desal.2005.04.008
https://doi.org/10.1016/j.memsci.2017.11.009
https://doi.org/10.1016/0011-9164(83)80001-0
https://doi.org/10.1016/j.desal.2014.10.013
https://doi.org/10.1039/jr9280000998
https://doi.org/10.1016/j.progpolymsci.2017.05.003

133

82. Barassi G., Borrmann T. N-chlorination and orton rearrangement of aromatic
polyamides, revisited. Journal of membrane science & technology.2012. Vol. 02, no. 02.
URL: https://doi.org/10.4172/2155-9589.1000115 (date of access: 28.07.2024).

83. Permeability and chemical analysis of aromatic polyamide based membranes
exposed to sodium hypochlorite / A. Ettori et al. Journal of membrane science. 2011.
Vol. 375, no. 1-2. P. 220-230. URL.: https://doi.org/10.1016/;.memsci.2011.03.044 (date
of access: 07.12.2024).

84. Shin D. H., Kim N., Lee Y. T. Modification to the polyamide TFC RO membranes

for improvement of chlorine-resistance. Journal of membrane science. 2011. Vol. 376,
no. 1-2. P. 302-311. URL: https://doi.org/10.1016/j.memsc1.2011.04.045 (date of access:
28.05.2023).

85. Powell J., Luh J., Coronell O. Amide link scission in the polyamide active layers
of thin-film composite membranes upon exposure to free chlorine: kinetics and
mechanisms. Environmental science & technology. 2015. Vol. 49, no. 20. P. 12136—
12144. URL: https://doi.org/10.1021/acs.est.5b02110 (date of access: 09.08.2024).

86. Powell J., Luh J., Coronell O. Bulk chlorine uptake by polyamide active layers of
thin-film composite membranes upon exposure to free chlorine—kinetics, mechanisms,
and modeling. Environmental science & technology.2014. Vol. 48, no. 5. P. 2741-2749.
URL: https://doi.org/10.1021/es4047632 (date of access: 08.09.2024).

87. The chlorination process of crosslinked aromatic polyamide reverse osmosis
membrane: new insights from the study of self-made membrane/ J. Xu et
al. Desalination. 2013. Vol. 313. P. 145-155.
URL: https://doi.org/10.1016/j.desal.2012.12.020 (date of access: 27.03.2024).

88. The chlorination and chlorine resistance modification of composite polyamide
membrane / H. Li et al. Journal of applied polymer science. 2014. Vol. 132, no. 10.
P. n/a. URL: https://doi.org/10.1002/app.41584 (date of access: 24.12.2022).

89. Oxidative degradation of polyamide reverse osmosis membranes: studies of
molecular model compounds and selected membranes / N. P. Soice et al. Journal of
applied polymer science. 2003. Vol. 90, no. 5. P. 1173-1184.
URL: https://doi.org/10.1002/app.12774 (date of access: 14.11.2022).


https://doi.org/10.4172/2155-9589.1000115
https://doi.org/10.1016/j.memsci.2011.03.044
https://doi.org/10.1016/j.memsci.2011.04.045
https://doi.org/10.1021/acs.est.5b02110
https://doi.org/10.1021/es4047632
https://doi.org/10.1016/j.desal.2012.12.020
https://doi.org/10.1002/app.41584
https://doi.org/10.1002/app.12774

134

90. Effects of chlorine exposure conditions on physiochemical properties and
performance of a polyamide membrane—mechanisms and implications/ V. T. Do et
al. Environmental science & technology. 2012. Vol. 46, no.24. P.13184-13192.
URL: https://doi.org/10.1021/es302867f (date of access: 07.12.2024).

91. Recycling of spent RO membranes: review of research status and progress / D. Dai
et al. Chemical industry and engineering progress. 2021. Vol. 40, no. 4. P. 2290-2297.
URL: https://doi.org/10.16085/j.1ssn.1000-6613.2020-0906 (date of access: 16.02.2023).

92. B @Dinempu ons eoou * Kynumu @inemp ons ouucmku 6oou ECOSOFT.

URL: https://ecosoft.ua/upload/iblock/089/tds membranes-ecosoft.pdf (mara
3BepHeHHs: 27.10.2024).

93. NSF/ANSI 58. Reverse Osmosis Drinking Water Treatment Systems. Replaces
2019. Official edition. 2019.

94.  ASTM 4194-03R14. Standard Test Methods for Operating Characteristics of
Reverse Osmosis and Nanofiltration Devices. Effective from 2014. Official edition. 2014.
95. Reverse 0Smosis membranes technical manual. FilmTec™,
URL: https://www.dupont.com/content/dam/dupont/amer/us/en/water-
solutions/public/documents/en/RO-NF-FilmTec-Manual-45-D01504-en.pdf (date of
access: 18.02.2024).

96. Ecoclean 211. Cucmemu ouucmxu u ginompu 0na 600u 6i0 xomnauii Aquadar.
URL.: https://aquadar.com.ua/instructions/tds_shchelochnoy reagent ecoclean 211.pdf
?srsltid=AfmB0Oo0oqOm70Kq7dblquflyD-

vvVeoA30WncEHJdqAETSNCye8j8Q81¢E (date of access: 27.08.2023).

97. Ecosoft EcoClean 203 KucnotHmii peareHT sl NpoMUBKH MemOpaH 10 xr
ECOCL20310. Inmepnem Ma2a3un Qinompis ol 600U Akvo.
URL.: https://akvo.com.ua/ua/2490-ecosoft-ecoclean-203-promyivochnyiy-kislotnyiy-
reagent-10-kg#tab-description (nata 3Bepaenns: 27.08.2023).

98. JCTY ISO 6059:2003. SxicTh Bogu. BuzHaueHHsI CyMapHOT0 BMICTY KaJbIIIO Ta
MarHito. TUTpuMeTpuYHMII METOJ 3 3aCTOCYBAaHHSM ETHJICHAIaMiHTETPAOITOBOT

kuciotu. Yunnuii Big 2004-07-01. Bua. odim. 2003.


https://doi.org/10.1021/es302867f
https://doi.org/10.16085/j.issn.1000-6613.2020-0906
https://ecosoft.ua/upload/iblock/089/tds_membranes-ecosoft.pdf
https://www.dupont.com/content/dam/dupont/amer/us/en/water-solutions/public/documents/en/RO-NF-FilmTec-Manual-45-D01504-en.pdf
https://www.dupont.com/content/dam/dupont/amer/us/en/water-solutions/public/documents/en/RO-NF-FilmTec-Manual-45-D01504-en.pdf
https://aquadar.com.ua/instructions/tds_shchelochnoy_reagent_ecoclean_211.pdf?srsltid=AfmBOoqOm70Kq7dbIquflyD-vvVeoA3oWncEHJdqAETSNCye8j8Q81eE
https://aquadar.com.ua/instructions/tds_shchelochnoy_reagent_ecoclean_211.pdf?srsltid=AfmBOoqOm70Kq7dbIquflyD-vvVeoA3oWncEHJdqAETSNCye8j8Q81eE
https://aquadar.com.ua/instructions/tds_shchelochnoy_reagent_ecoclean_211.pdf?srsltid=AfmBOoqOm70Kq7dbIquflyD-vvVeoA3oWncEHJdqAETSNCye8j8Q81eE
https://akvo.com.ua/ua/2490-ecosoft-ecoclean-203-promyivochnyiy-kislotnyiy-reagent-10-kg#tab-description
https://akvo.com.ua/ua/2490-ecosoft-ecoclean-203-promyivochnyiy-kislotnyiy-reagent-10-kg#tab-description

135

99. JICTY 1ISO 8467:2021. Sxictb Boau. Bu3HaueHHs TmepMaHraHATHOI
okucHtoBaHocTi. YnaaM Big 2021-07-13. Bua. odi. 2021.

100. ACTY ISO 6332:2003. fkicte Boau. Busznauenns 3amiza. CeKTpoMeTpUYHUN
MeTo] 13 BukopucTanusMm 1,10-penantponiny. Yunnuii Big 2004-07-01. Bun. odim.
2004.

101. Assessing the oxidative degradation of polyamide reverse osmosis membrane—
Accelerated ageing with hypochlorite exposure / A. Antony et al. Journal of membrane
science. 2010. Vol. 347, no. 1-2. P. 159-164.
URL: https://doi.org/10.1016/j.memsc1.2009.10.018 (date of access: 27.11.2022).

102. JCTY ISO 7393-3:2004. Sxicts Boau. Bu3zHauaHHS HE3B S3aHOTO Ta 3arajJbHOTO
xJyiopy. Yactuna 3. MeTtos HOAOMETPUYHOTO TUTPYBAaHHS JIJIsi BU3HAYAHHS 3arajibHOTO
xjaopy. Yunnwii Big 2007-07-01. Buz. odiu. 2007.

103. Maeda Y. Roles of sulfites in reverse osmosis (RO) plants and adverse effects in
RO operation. Membranes. 2022. Vol. 12, no. 2. P. 170.
URL: https://doi.org/10.3390/membranes12020170 (date of access: 09.01.2023).

104. Sutariya B., Karan S. A realistic approach for determining the pore size distribution
of nanofiltration membranes. Separation and purification technology. 2022. Vol. 293.
P. 121096.  URL: https://doi.org/10.1016/j.seppur.2022.121096 (date =~ of  access:
27.01.2023).

105. Schultz S. G., Solomon A. K. Determination of the effective hydrodynamic radii
of small molecules by viscometry. Journal of general physiology. 1961. Vol. 44, no. 6.
P. 1189-1199. URL: https://doi.org/10.1085/jgp.44.6.1189 (date of access: 01.11.2022).
106. Polyamide nanofiltration membrane with highly uniform sub-nanometre pores for
sub-1 A precision separation / Y. Liang et al. Nature communications. 2020. Vol. 11,
no. 1. URL: https://doi.org/10.1038/s41467-020-15771-2 (date of access: 27.08.2024).
107. Wang K., Chung T. Fabrication of polybenzimidazole (PBI) nanofiltration hollow
fiber membranes for removal of chromate. Journal of membrane science. 2006. Vol. 281,
no. 1-2. P. 307-315. URL: https://doi.org/10.1016/j.memsci1.2006.03.045 (date of access:
29.01.2024).


https://doi.org/10.1016/j.memsci.2009.10.018
https://doi.org/10.3390/membranes12020170
https://doi.org/10.1016/j.seppur.2022.121096
https://doi.org/10.1085/jgp.44.6.1189
https://doi.org/10.1038/s41467-020-15771-2
https://doi.org/10.1016/j.memsci.2006.03.045

136

108. @inbtp 3BOpoTHOrO ocmocy Ecosoft RObust 1500ECO. & @inempu ons 6oou *
Kynumu ¢inemp ona ouucmxku eoou ECOSOFT. URL: https://ecosoft.ua/ua/filtr-
obratnogo-osmosa-ecosoft-robust-

1500eco/?utm_source=google&amp;utm medium=cpc&amp;utm_campaign=IW|Searc
h|B2C|bpenn|Mogens_cepisi_aptukyiMaxConv|Kyiv|04.10.2024&amp;utm_content=7
15797624900&amp;utm_term=ecosoft%20robust?%201500&amp;gclid=Cj0KCQiAo5u
6BhDJARIsAAVoDWvuaga9YJeNlu-
nellsQXUg7))12mm7LgUWsKpKLWIXji1QHXZLBfNOaAmtOEALw_ wcB (nara
3BepHeHHs: 28.01.2024).

109. Recovery of the properties of spent commercial reverse osmosis membrane
elements and ways of their reuse / A. Tyvonenko et al. Journal of ecological engineering.
2024. Vol. 25, no. 6. P. 322-333. URL: https://doi.org/10.12911/22998993/187957 (date
of access: 27.10.2024).

110. Interpreting infrared spectra. Specac Ltd. URL: https://specac.com/theory-
articles/interpreting-infra-red-spectroscopy/ (date of access: 28.08.2024).

111. Production of physiologically complete drinking water using modified reverse
osmosis membrane elements/ A. Tyvonenko et al. Eastern-European journal of
enterprise technologies. 2023. Vol. 2, no. 10 (122). P. 6-13.
URL: https://doi.org/10.15587/1729-4061.2023.277491 (date of access: 26.08.2024).
112. Tuonenko A. B., Mituenko T. €., Bacumoxk C. JI. OtpumanHs MoaudikoBaHUX
3BOPOTHOOCMOTHUYHUX MeMOpaHHUX CJIEMEHTIB 3 3a1aHOI0
CENIEKTUBHICTIO. MidichapoOHa KoHpepenyia 3 Ximii, XiMIUHOI MexXHOoN02li ma eKoo2il,
npucesueniti 125-piuyro KIII im. icops cikopcvroeco : Mixknap. koHd., m. Kuis, 29 Bepec.
2023 p. Kuis, 2023. C. 227-229.

113. Adam L. C., Gordon G. Hypochlorite ion decomposition: effects of temperature,
ionic strength, and chloride ion. Inorganic chemistry. 1999. Vol. 38, no. 6. P. 1299-1304.
URL: https://doi.org/10.1021/ic980020q (date of access: 26.04.2023).


https://ecosoft.ua/ua/filtr-obratnogo-osmosa-ecosoft-robust-1500eco/?utm_source=google&amp;utm_medium=cpc&amp;utm_campaign=IW|Search|B2%D0%A1|%D0%91%D1%80%D0%B5%D0%BD%D0%B4|%D0%9C%D0%BE%D0%B4%D0%B5%D0%BB%D1%8C_%D1%81%D0%B5%D1%80%D1%96%D1%8F_%D0%B0%D1%80%D1%82%D0%B8%D0%BA%D1%83%D0%BB|MaxConv|Kyiv|04.10.2024&amp;utm_content=715797624900&amp;utm_term=ecosoft%20robust%201500&amp;gclid=Cj0KCQiAo5u6BhDJARIsAAVoDWvuaga9YJeNlu-ne1IsQXUg7JJ2mm7LgUWsKpKLW9Xji1QHXZLBfN0aAmt0EALw_wcB
https://ecosoft.ua/ua/filtr-obratnogo-osmosa-ecosoft-robust-1500eco/?utm_source=google&amp;utm_medium=cpc&amp;utm_campaign=IW|Search|B2%D0%A1|%D0%91%D1%80%D0%B5%D0%BD%D0%B4|%D0%9C%D0%BE%D0%B4%D0%B5%D0%BB%D1%8C_%D1%81%D0%B5%D1%80%D1%96%D1%8F_%D0%B0%D1%80%D1%82%D0%B8%D0%BA%D1%83%D0%BB|MaxConv|Kyiv|04.10.2024&amp;utm_content=715797624900&amp;utm_term=ecosoft%20robust%201500&amp;gclid=Cj0KCQiAo5u6BhDJARIsAAVoDWvuaga9YJeNlu-ne1IsQXUg7JJ2mm7LgUWsKpKLW9Xji1QHXZLBfN0aAmt0EALw_wcB
https://ecosoft.ua/ua/filtr-obratnogo-osmosa-ecosoft-robust-1500eco/?utm_source=google&amp;utm_medium=cpc&amp;utm_campaign=IW|Search|B2%D0%A1|%D0%91%D1%80%D0%B5%D0%BD%D0%B4|%D0%9C%D0%BE%D0%B4%D0%B5%D0%BB%D1%8C_%D1%81%D0%B5%D1%80%D1%96%D1%8F_%D0%B0%D1%80%D1%82%D0%B8%D0%BA%D1%83%D0%BB|MaxConv|Kyiv|04.10.2024&amp;utm_content=715797624900&amp;utm_term=ecosoft%20robust%201500&amp;gclid=Cj0KCQiAo5u6BhDJARIsAAVoDWvuaga9YJeNlu-ne1IsQXUg7JJ2mm7LgUWsKpKLW9Xji1QHXZLBfN0aAmt0EALw_wcB
https://ecosoft.ua/ua/filtr-obratnogo-osmosa-ecosoft-robust-1500eco/?utm_source=google&amp;utm_medium=cpc&amp;utm_campaign=IW|Search|B2%D0%A1|%D0%91%D1%80%D0%B5%D0%BD%D0%B4|%D0%9C%D0%BE%D0%B4%D0%B5%D0%BB%D1%8C_%D1%81%D0%B5%D1%80%D1%96%D1%8F_%D0%B0%D1%80%D1%82%D0%B8%D0%BA%D1%83%D0%BB|MaxConv|Kyiv|04.10.2024&amp;utm_content=715797624900&amp;utm_term=ecosoft%20robust%201500&amp;gclid=Cj0KCQiAo5u6BhDJARIsAAVoDWvuaga9YJeNlu-ne1IsQXUg7JJ2mm7LgUWsKpKLW9Xji1QHXZLBfN0aAmt0EALw_wcB
https://ecosoft.ua/ua/filtr-obratnogo-osmosa-ecosoft-robust-1500eco/?utm_source=google&amp;utm_medium=cpc&amp;utm_campaign=IW|Search|B2%D0%A1|%D0%91%D1%80%D0%B5%D0%BD%D0%B4|%D0%9C%D0%BE%D0%B4%D0%B5%D0%BB%D1%8C_%D1%81%D0%B5%D1%80%D1%96%D1%8F_%D0%B0%D1%80%D1%82%D0%B8%D0%BA%D1%83%D0%BB|MaxConv|Kyiv|04.10.2024&amp;utm_content=715797624900&amp;utm_term=ecosoft%20robust%201500&amp;gclid=Cj0KCQiAo5u6BhDJARIsAAVoDWvuaga9YJeNlu-ne1IsQXUg7JJ2mm7LgUWsKpKLW9Xji1QHXZLBfN0aAmt0EALw_wcB
https://ecosoft.ua/ua/filtr-obratnogo-osmosa-ecosoft-robust-1500eco/?utm_source=google&amp;utm_medium=cpc&amp;utm_campaign=IW|Search|B2%D0%A1|%D0%91%D1%80%D0%B5%D0%BD%D0%B4|%D0%9C%D0%BE%D0%B4%D0%B5%D0%BB%D1%8C_%D1%81%D0%B5%D1%80%D1%96%D1%8F_%D0%B0%D1%80%D1%82%D0%B8%D0%BA%D1%83%D0%BB|MaxConv|Kyiv|04.10.2024&amp;utm_content=715797624900&amp;utm_term=ecosoft%20robust%201500&amp;gclid=Cj0KCQiAo5u6BhDJARIsAAVoDWvuaga9YJeNlu-ne1IsQXUg7JJ2mm7LgUWsKpKLW9Xji1QHXZLBfN0aAmt0EALw_wcB
https://ecosoft.ua/ua/filtr-obratnogo-osmosa-ecosoft-robust-1500eco/?utm_source=google&amp;utm_medium=cpc&amp;utm_campaign=IW|Search|B2%D0%A1|%D0%91%D1%80%D0%B5%D0%BD%D0%B4|%D0%9C%D0%BE%D0%B4%D0%B5%D0%BB%D1%8C_%D1%81%D0%B5%D1%80%D1%96%D1%8F_%D0%B0%D1%80%D1%82%D0%B8%D0%BA%D1%83%D0%BB|MaxConv|Kyiv|04.10.2024&amp;utm_content=715797624900&amp;utm_term=ecosoft%20robust%201500&amp;gclid=Cj0KCQiAo5u6BhDJARIsAAVoDWvuaga9YJeNlu-ne1IsQXUg7JJ2mm7LgUWsKpKLW9Xji1QHXZLBfN0aAmt0EALw_wcB
https://doi.org/10.12911/22998993/187957
https://specac.com/theory-articles/interpreting-infra-red-spectroscopy/
https://specac.com/theory-articles/interpreting-infra-red-spectroscopy/
https://doi.org/10.15587/1729-4061.2023.277491
https://doi.org/10.1021/ic980020q

137

114. Pure hydrolysis of polyamides: a comparative study/ M. M. Brette et
al. Chemistry. 2023. Vol. 6, no. 1. P. 13-50.
URL.: https://doi.org/10.3390/chemistry6010002 (date of access: 05.06.2024).

115. A comprehensive review on membrane fouling: mathematical modelling,
prediction, diagnosis, and mitigation / N. AlSawaftah et al. Water. 2021. Vol. 13, no. 9.
P. 1327. URL: https://doi.org/10.3390/w13091327 (date of access: 07.05.2024).

116. Free chlorine exposure dose (ppm-h) and its impact on RO membranes ageing and
recycling potential / R. Garcia-Pacheco et al. Desalination. 2019. Vol. 457. P. 133—-143.
URL: https://doi.org/10.1016/j.desal.2019.01.030 (date of access: 27.09.2024).

117. Hobbs C., Taylor J., Hong S. Effect of surface roughness on fouling of RO and NF
membranes during filtration of a high organic surficial groundwater. Journal of water
supply: research and technology-aqua. 2006. Vol.55, no.7-8. P.559-570.
URL: https://doi.org/10.2166/aqua.2006.038 (date of access: 24.08.2024).

118. Effects of membrane degradation on the removal of pharmaceutically active
compounds (PhACs) by NF/RO filtration processes/ A. Simon et al. Journal of
membrane science. 2009. Vol. 340, no. 1-2. P. 16-25.
URL: https://doi.org/10.1016/j.memsc1.2009.05.005 (date of access: 26.09.2024).

119. Material intensity of materials, fuels, transport services, food. Home - Wuppertal
Institut fiir Klima, Umwelt, Energie.
URL: https://wupperinst.org/uploads/tx wupperinst/MIT 2014.pdf (date of access:
01.10.2024).


https://doi.org/10.3390/chemistry6010002
https://doi.org/10.3390/w13091327
https://doi.org/10.1016/j.desal.2019.01.030
https://doi.org/10.2166/aqua.2006.038
https://doi.org/10.1016/j.memsci.2009.05.005
https://wupperinst.org/uploads/tx_wupperinst/MIT_2014.pdf

JIOJATOK 1

AKT BIPOBA/’KEHHS1 Y IPOMHUCJIOBICTh

ecosoft mum., EmaEs

gL

Bux. Ne #~ fa‘?’:ﬂfﬁ'

vin_A87 4 w22

AKT BIIPOBALKEHHS

Manmit akT cknaneHnii B TOMY, IO ofepanl Opn o BMEOHBHHD  MaricTepeLkol
mwcepranifinel  pobfomn  [eaporol  Tersmn  Bomomgumupiens wa Tesy  «Biinoanenns
RIACTHEOCTEH T2 npaMa nepepolka BIANPALLOBIHMXY ABOPOTHOOCMOTHYHHN MEMBPAFHHIN
eneMeHTiE KoMepHifinoro prays T gueepranil spodyveada sumo! ocBiTh piepa «PhDs
Tueonensga Apresa Bikropossda Ha Tesy «Exonorizagia Opolecis 3gopoTHOTO OCMOCY
peavasTATH Ta poapoliedi B pasxax poSiT Texnonoriudi pimenns Gyam zacrocosani
[OB «HBO «Exocodrr ana saiflcuenns BxiIHONO KONTPOMG SEOCTI  BLANPALEOBAMNIX,
perenepomamy 1@ MogRdikoBANNY  IBOPOTHOOCMOTHHHHY  MeMOPAHHMX  CIEMEHTIR

kosepuiiioro paay T BOpOBATEEHHI NPOLecik X perenepantii Ta momndixy saxma,

Texuisanil aupeTop

TOB «HBO «Exocodrs Beenonoa [TOJIHEOB

138



TOJATOK 2

AKT BIIPOBA/IZKEHHS 10 J1a00PaTOPHUX POOIT




