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MNPUMEHEHUE METOJA HU3KOYACTOTHOM WHJIYKTHUBHOM
JANDJIBKOMETPUN (L-AUIJIBKOMETPHUN)
IS KOHTPOJISA KAYECTBA BO/IbI

MeTtomoM HA3KO9aCTOTHOW WHAYKITHOHHON AUAIBKOMETPHH BBICOKOTO pa3pelieHns IPOBEIEHO CPABHEHUE CTEIICHH
YHCTOTHI BOJBI, MOTYIEHHOW METOJAMHU: ITapOBOH MUCTWUISAIMA U OUANCTHUIALNN, OOPATHOTO OCMOCA OTIAEIBHO
1 COBMECTHO C JCHOHM3AIMEH Ha CMOJaX, ¢ HCXOAHOH BononpoBoaHoi Bomor Cankt-IlerepOypra. Ilokasano, 4uro
BCE HCITOJB30BAHHBIE YCTPOHCTBA TSI OYMCTKU BOJBI JOCTATOYHO KAYECTBEHHO OYHIIAIOT BOAY, HO TOIBKO OHMIIH-
CTHJUIALIUS ¥ JEMOHU3AIHS TO3BOJIAIOT IOTYYaTh BOMY, HE HMEIOIIYI0 HOHHBIX IpUMecel Ha YpOBHE 107 M.

K. ca.: Boma, ouncTKa BOJIBI, IUIITEKOMETPHS

BBEJIEHUE

Oo01xee o Boae

Bona — yHukanbHOe BeLecTBO, 3aHUMAIOLIEE HC-
KIIIOUNTEIbHOE IIOJIOKEHHE B Ipupoe Onaromaps
CBOEOOpa3nio CBOMX (PH3UYECKUX ¥ XUMHUYECKHAX
CBOWCTB. Bozma HE TONBKO SIBIAETCS HE3aMEHHMOM
COCTaBJISIIOIIEH BCEro >KMBOIo Ha 3emie, HO OHa —
BEILIECTBO, IOCTOSIHHO MCIOJIb3yEMOE BCEMH JKUBBIMHU
OopraHu3MaMy B Ipouecce ux cyuiecrsoBanus. Oco-
OyI0 poJIb BOJIa UTPAET B XKU3HM YEJIOBEKA, IIOCKOIBKY
[0 Mepe Pa3BUTHUS LUBHIM3ALMU YEIIOBEYECTBO BCE
OoJbIlIe UCIIONIB3YET BOAY HE TOJBKO VIS YAOBJIETBO-
PEHUS CBOMX OMOJIOTMYECKUX MMOTPEOHOCTEH, HO U B OBI-
TOBBIX, TEXHOJIOTUYECKUX W MPOMBIIUICHHBIX LENAX.
B cBs3u ¢ 5TUM H3ydeHHE CBOWCTB BOJIBI, M300MITYIO-
LIMX Pa3IMYHBIMHU aHOMAJIUSIMH, COCTABIISIET OONbIINE
pa3zenbl Kak B XUMHUYECKHX, TaK U B (PU3MUYECKUX
HayKax.

B nacrosmee Bpems BOAY IIMPOKO HCIOIB3YIOT
KaK ChIpb€ B IPOMBILIICHHOCTH, a TAKXKe KaK MHIpe-
IUEHT U PacTBOPUTENb B LIMPOKOM [Hara3oHe Hpo-
MBINUIEHHBIX TexHoioruil. KpaitHe BbicOkme Tpebo-
BaHUS NPENbSBIAIOTCS K YUCTOTE BOXBI IIPU €€ HC-
MOJIb30BAHUH B TEXHOIOTUSAX MUKPO3JIEKTPOHUKH, T1€
OT YHCTOTHI BOJbl BO MHOI'OM 3aBHCHUT IIPOLICHT BbI-
XO/1a KaueCTBEHHON NPOAYKLHUH, U B OHOTEXHOJIOTH-
X, 1 (apMakoJOruu, Tae BoJa BXOIUT KaK KOMIIO-
HEHT B COCTaB JICKAPCTBEHHBIX IIPENapaToB UM SIBIIS-
eTcsl pacTBOPUTENIEM B IIpenapaTax Ajsl HHbEKIUH.

Boxa u MeToabl ee OUHCTKH

Bo Bcex CJIydasix MCITOJIb30BaHHs YCIIOBEKOM BOJbI
€€ UCTOYHUKOM SBJIACTCA NIPUPOAHAsA BOAA, KaYCCTBO
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KOTOpOH MOXET OYeHb CHJBHO pasiuyaTbcs, IIO-
CKOJIbKY BOJa MOXKET IOCTYNAaTh M3 TAaKUX pPa3HBIX
HCTOYHHUKOB, KaK I1O3EMHbIE MU K€ IOBEPXHOCTHBIE
BO/BI 03epa wiu peku. Monekyna Bomslt H,O — mo-
JSpHAs MOJeKyna, oOmamarornas OONBIIMM UTIONh-
HBIM MOMEHTOM. B cBsI3M ¢ 3TMM OHa SBJSIETCSl YHU-
BEPCAIBHBIM  PAacTBOpUTENEM IJisi  aOCOIIOTHOI'O
OONBIIMHCTBA XMMHYECKHX BELIECTB, SBISIOIINXCS
6o ruapopuIEHEIMH, JTHO0 TeTepodYHKIIMOHATh-
HBIMH, a MOTOMY IPUPOIHAsl BOJa B €CTECTBEHHBIX
YCIIOBUSIX BCEraa NpeAcTaBiser co0ol pacTBOPHL, CO-
JeprKallye pa3lndHble HEOPraHWYEeCKUe U OpraHuye-
CKHE COEIMHEHUS, HOHBI 3JIEMEHTOB, MUKPOOPTaHH3-
MBI U BCEBO3MO)KHBIE MEXaHUYECKHE IPUMECH.

Bce TexHONMOrMM OYMCTKH BOIBl MMEIOT LIETBIO
yIaJeHue U3 BOIbI, 10 BO3MOXHOCTH, BCEX MM a0bco-
JIIOTHOTO OOJNBIINHCTBA €€ IMpHUMecel, MPUCYTCTBYIO-
OIMX B BOJIE B KOJUIOMAHOM, PAacCTBOPEHHOM WM
B3BelIeHHOM BHJie. COOTBETCTBEHHO, MPOLIECC OYHCT-
KA BOZABI BKIIOYAE€T MEXAaHHMYECKOE YAaJeHHE KpyI-
HBIX B3Becell (ubTpamu rpy0oil OYHCTKH, a Ooiee
MEIIKHX B3Becell — TOHKOW (MIIbTpaIieid 1 XuMude-
ckuMH KoaryisHTamu. Ilocie mpoBepku KauecTBa
OYHMCTKM BOIBI U IPOBEACHHUS HEKOTOPBIX XHUMHYe-
CKMX MaHUNYJSIUUH (HAampumep, CMSTYeHUs] BOJBI)
IUIsl IPUBEACHUS €€ B COOTBETCTBHE C CAHUTAPHBIMHU
Hopmamu u mpaBwiamu  CanlluH 2.1.4.1074-01
"[lutheBas Bona. [ urnennyeckue TpeOOBaHUS K Kade-
CTBY BOIbl LEHTPAIN30BAHHBIX CHUCTEM IIMTHEBOI'O
BomocHaOxeHns. KoHTpons kadecTBa" Bojga cuuTaer-
cs "Bomoil muThEBOH". JTa MUTHEBAsE BOAA MOXKET CO-
Jep)KaTh B Ka4yecTBe IprMecell B HEOONbIIOM KOJH-
YeCTBE MOHBI HATPUS, MarHus, KajbLus, XJI0pa, HUT-
patoB, OmkapOOHAaTOB, Cymb(PaTOB W HEKOTOPHIX
HOHOB TSDKENbIX METaJIJIOB.
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Jns ucnosnb30BaHUSL B OMOJIOTMYECKHX SKCIEpH-
MEHTaX, OMOTEXHOJOTHAX MM B (DapMaleBTUYECKHX
LeIsIX MHUTBEBYIO BOAY HOJBEPraroT JaJbHEUIIEH
O4unCTKEe (CBEpXOo4HMCTKe). B OonmbIMHCTBE ciydaeB
IUIL 3TOr0  MCIOJB3YIOT MPOLECCHl AMCTHIUIALINH,
WOHHOTO OOMeHa W oOpaTHoro ocMoca. s psma me-
nmeit (I WHBEKIUH, IS KIETOYHBIX TEXHOJOTHA)
TpeOyeTcs yIbTpaouuIlEeHHas: BOJA, COOTBETCTBYIO-
1mast OoJee JKECTKUM TpeOOBaHUSM.

OCHOBHBIMHM METOJIaMH CBEPXOYHCTKH BOABI B Ha-
CTOsIILIee BpeMs SIBISAIOTCS: OUCTHUIULSILMS, JEHMOHM3a-
1y U o0paTHBIH ocMoc. JucTumsius — mporecc
WCIIapeHUs BOJBI C MOCIEAYIOIed KOHAeHcauuei no-
Jy4EeHHOTr O Tapa.

Memoo oucmunnayuy SBIAETCS JOCTATOYHO JTOPO-
TOCTOSIIIUM, OJHAKO IO3BOJSIET YIAlNsATh HMOYTH BCE
OpraHMYecKHe M HEOpraHWYeCKHue NMPUMECH U IOJIY-
4aTh BOAY OYEHb BBICOKOI'o KauyectBa. Kpome Ttoro,
TUCTAJUTANNA sIBIIsAeTCsl Hanbonee 3pGEeKTHBHBIM Me-
TOJOM IPEJOTBPALICHUS 3arpA3HEHHUs] BOOBI MHUKPO-
OpraHu3MaMy M 3HJIOTOKCHHAMH. JMCTHIIHpYyeMYyIO
KHUAKOCTh (OOBIYHO — 3arpyXaeMylo BOJOMPOBOJI-
HYIO BOJY) HarpeBaroT B HCIapuUTeNe 10 KHUIICHUS,
a TOJyYEHHBIN map OTAENSIETCS OT UCXOOHOM >KHMIKO-
CTH B ApOOTHENHUTENE. 3aTEM B KOMIIPECCOPE TEMIIe-
patypa mapoB nocturaer 107 °C u nanee meperpersiit
nap KOHACHCUPYETCS Ha BHELIHEH MOBEPXHOCTH TPYO
UCTIApUTENIS U3 XUMHYECKH CTOMKOI'O CTEKJa, BHYTPH
KOTOPBIX LMPKYJIUPYET HCXOAHAs IUCTHWIIMpYyeMas
BoAa. B aTol mpoueaype U3 BOIBI yAAJSAIOTCA IpaK-
TUYECKH BCE pacTBOpeHHbIE raspl, kpome O, u CHa.
Jnst ynydnieHusl OYMCTKH TakKe HCIONb3YIOT IBYX-
KackagHble aucTuuiATopbl. Ilomydaemass mpu 3ToM
qrcTasi BOA Ha3bIBACTCs! OMANCTHILIAT.

Membpannas gurempayus — ynalleHHe YacTHII
OonbIIero pa3mepa, YeM BeJIMYMHA MOp HepegHe 1o-
BEPXHOCTH TTONUMEPHON MeMOpaHbl. B MUKpohnibT-
panmu UCIoIb3yI0T MEMOpaHbl C MOPaMU AUAMETPOM
0.1-1 MKM, KOTOpBIE 3aJ€pKUBAIOT YACTULBI IbUIH,
AKTUBHPOBAHHOTO YTJIs, NOHUTOB M OOJNBIIYIO YaCTh
MHUKPOOPTaHU3MOB. YIbTpaduibTpalyss — OTAese-
HUE YXe€ M MaKpOMOJIEKYJSIPHBIX KOMIIOHEHTOB
OT PacTBOpa, NMPHYEM HMKHHUHA Npenen OTHeNseMbIX
PAacTBOPEHHBIX BEILIECTB COOTBETCTBYET MOJIEKYJISIpP-
HBIM MaccaM B HECKOJIBKO THICSIY JanbToH. s yibT-
padmIbTpayii UCTIOIB3YIOTCI MEMOpaHBI ¢ pa3Mepa-
mu nop 0.01-0.1 mkm. Ilpu 3TOM U3 pacTBOpa MOIHO-
CTBIO YAAJISIIOTCS BCe OAKTEPUH, YHIOTOKCUHBI U KOJI-
JIOUAHBIE IPUMECH.

Heuonuzayus — MOHOOOMEHHBIN TPOIIECC, OCHO-
BaHHBII HA CIOCOOHOCTH HEKOTOPBIX BUIOB CUHTETH-
YECKUX CMOJ K CEJIEKTUBHOW aAcopOLUHM KaTHOHOB
WIM aHUOHOB. /Iy IEeMOHM3alMK BOIBI MCIIOIB3YIOT
CMONBI JBYX THNOB: KatmoHUTHBle R-H (R —
opraHnyeckuii paaukain) u anuonntasie R—-OH. Nonbt
METaJJIOB CBS3BIBAIOTCS Ha KaTHOHHUTE. OTpHLATEh-
HbI€ HMOHBI KHCIOTHBIX OCTAaTKOB OC&KIAIOTCS

Ha anuonute. O6pazopasiurecs noubl H 1 OH ™ 06b-
eIMHSAIOTCS B MOJIEKYITy Boabl. [Ipn nenonusammu Bo-
JbI OOBIYHO MPOU3BOAAT €€ MPEIBAPHTEIBHYIO OUNCT-
Ky, HalpHMep, C HCIIONb30BaHHWEM Iporecca odpat-
HOTO 0CMOCa.

Obpammuwiti ocmMoc — 3TO TIPOIIECC, B KOTOPOM
BOJHBIH pPacTBOpP MO JABJICHHEM IIPOXOIHUT Uepe3
MeMOpaHy 3 oOmacTu ¢ OOJbIed KOHIIEHTpamuen
B 00J1aCTh MEHee KOHIIEHTPHPOBAHHOTO PAacTBOpa, T.C.
B oOpaTHOM sl ocMoca HampasieHHH. [Ipu 3Tom
MeMOpaHa TIpOITyCKaeT pacTBOPHUTEIb, HO HE MPOITyC-
KaeT HEKOTOPHhIE PACTBOPEHHBIE B HEM BEIECTBA.

HccaenoBanue cBOMCTB BOAbI.
CamMoopranu3anus MoJieKyJ BOIbI

HccnenoBanne CBONCTB BOABI, NMPOBOAMMOE Kak
TEOPETUYECKUMH METOJaMH, TaK M 3KCIIEPUMEHTaIIb-
HO, yX€ JaBHO OJHO3HAYHO I10Ka3ajlo, YTO BOJa He
SIBJISIETCS] YUCTO TOMOT€HHON JKUAKOCTHIO, KaK CUMTa-
JM U B XMMHUM, U B (PU3MKE MHOTUE JECSTUIIETHS,
onupasch Ha Teopuro bepHana — @aynepa o CTPyKTy-
pe BOIBI Kak O "ceTke BOAOPOAHBIX cBszeit” [1, 2].
B Teopermueckoe paccMOTpeHHE CTPYKTYPHI BOIBI
MPOYHO BOIIEN TePMHUH ''caMOOopraHu3aius’, mpruaeM
TUIBI BO3MOXKHOH CaMOOPraHU3allMyd MOJIEKYJ BOJBI
B KPHUCTAJUNIMYECKHE CTPYKTYpPBl B HACTOSIEE BpeMs
JOCTOBEPHO IIPEICTABJICHBI B TEOPETUUECKUX padorax
mkoisl H.A. Bynsenkosa [3, 4]. Ho mockonbky mist
peanbHOi BOINBI, CKOJh OBl XOpOIIO OHAa HU OblIa
OYMIIeHA, Hanboliee BEPOSATHBIM BCErda CUMTAETCS
CTPYKTYPUPOBAaHHE BOIbI HAa OCTATOYHBIX IPHUMECSX
[5], TIOCTOSITHHO TIPOBOIATCS TaKXKe TEOpEeTHIECKHe
WCCIICIOBAHNSA, OTHOCSILMECS K CTPYKTYPUPOBAHHUIO
BOJIbI MOHAMM W OPraHWYECKUMH MOJEKylaMu. Xa-
pakTep TakKoro CTPYKTyPHPOBAaHHS NPUHLUIHAIBHO
pa3iuyeH: HWOHBI 3JEKTPOCTATUYECKU YIUIOTHSIOT
O0BEMHYIO CTPYKTYPY CETKH BOAOPOIHBIX CBS3€H,
co3gaBasi JOCTaTOYHO NMPOTSDKEHHbIE 00JacTH ee H3-
MEHEHUS, a OMOAKTHBHBIE MOJIEKYJbl BBICTPAHBAIOT
Ha CBOMX THAPO(GHUIBHBIX IEHTpaxX IMenu W3 (Qpak-
TaJbHBIX HHEPrOHANPSIKEHHBIX KPUCTAJUIOB M3 MOJIe-
KyJI BOJBI IIPY HU3KUX KOHLEHTPALUAX PACTBOPEHHBIX
BEILECTB, NEPAPXUIECKH HAPAIINBAEMbIX B OObEMHBIE
MHOT'OMOJIEKYJISIPHBIE ACCOLIMATHI.

METOJ U3BMEPEHUS

DKcIepuMeHTaIbHbIE N3MEPEHUsT CTPYKTYp, 00pa-
3yeMbIX BOAOM Ha ee IpuUMecsiX B 00JacTH HU3KHX
KOHLIGHTPALMi pPacTBOPEHHBIX BEIIECTB, A0 HAaCTOS-
LIEr0 BPEMEHH CUHUTAINCh Hepeann3yeMmbIMH. B Ha-
CTOsIILIEE BPEMS MPAKTHYECKH EIUHCTBEHHBIM METO-
JI0M, TIO3BOJISIFOIIMM HaOJI0AaTh NPUCYTCTBHE B pac-
TBOpax NpHMeceld HU3KUX W CBEPXHU3KUX KOHIIECH-
Tpauui, sIBIASETCS. METO HU3KOYACTOTHOM MHIYKTUB-
HOW mudnbkoMerpu (L-musnpkomerpun).

HAVYYHOE ITPUBOPOCTPOEHME, 2022, Tom 32, Ne 2
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Puc. 1. UzmepurenpHas L-sdeiika B BBICOKOYaCTOTHOM KOJIe€0aTEIEHOM KOHTYpE.

1 — mpoGupka ¢ uccieayeMbpIM pacTBOPOM; 2 — KaTyIIKa HHAYKTHBHOCTH (L); 3 — oOpa31oBbIii
KoHzeHcaTop nepeMeHHol emkocTH (C); 4 — cymMMapHOE aKTHBHOE CONPOTHUBIICHUE 3JIEMEHTOB
KoHTypa (R); 5 — TeHepaTop, 3aNalONMii HAIpsHKeHne U = U,cos2z ft B NINPOKOM THAIIa30HE

9acToT [ ; 6 — HETeKTHPYIOIHNH YCUIHTENb

Meron OCHOBaH Ha HOMEIIEHHH HPOOHPKU C HC-
ClIelyeMbIM PacTBOPOM BHYTPb KaTyIIKH C HHAYK-
THBHOCTBHIO L, SBISIOIIEHCS 3JIEMEHTOM KOJe0aTellb-
HOI'0 KOHTYpPa, ¥ U3MEPEHUHU NapaMerpoB pE30HaHCa
9TOT0 KOHTYypa J0 BHECEHHUS PacTBOpPa U C pacCTBOPOM
(puc. 1).

ABTopamu Meroma [6, 7] ObIIO TOKa3aHO, YTO
B 3TOM CcCllydyae Ha OCHOBE HM3MEPEHHH H3MEHEHHUS
NOOpOTHOCTH KOHTYypa () M BENWYMHBI HACTPOECYHOM
eMkocTH C, NPOMCXOASIINX B pe3yibTaTe BHECCHUS
B KOHTYpP TIPOOHPKU € BOIOCOAEpIKAIIeH Mpo0oid, Jer-
KO BBIYMCIAETCS tg 0 — TAHTECHC IUAJIEKTPUYECKHX
norepp A7 NpoObl WM PacTBOpa, HaXOISIIErocs
B MPOOHpPKeE:

125=(0G-00)/(Q0.(G-G)),

rae nobporHoctH (), W BEIMYMHBI HACTPOCUHBIX

emrocteir C|, SBISIOTCS HEMOCPEICTBEHHO H3Me-

psieMBIMU BEJIMYMHAMH, & UHAEKCHI 1 U 2 OTHOCATCS:
NEPBBI — K PE30HAHCY B KOJ€OATEIbHOM KOHTYpE
0e3 TTpo0bl, a BTOPOil — K PE30HAHCY Ha TOM Ke Jac-
TOTE B KOHTYpE ¢ poOoii. TaHTeHC IHAIEKTPUIECKIX
[OTeph HPHU 3TOM YBEIMYHMBAETCS UISI TEX YacToT,
Ha KOTOPBIX UMEET MECTO CTPYKTypa M3 MOJIEKYH BO-
Jbl C SHEpPruen CBs3ell, N3MEHEHHONM IO CPaBHEHUIO
C TOMOT'€HHOH CTPYKTYpOIl BOZIBI.

HAYYHOE I[TPUBOPOCTPOEHME, 2022, Tom 32, Ne 2

JupnbKOMETp, UCHONB3YEMBIA B U3MEPEHUSX, CO-
OpaH Ha OCHOBE BBICOKOTOUHOTO OJ-Merpa Tecma BM-
560 (YexocmoBakusi) U KaTyIIeK C HU3KOH COOCTBEH-
HOt emKocThio [8, 9], obecrmeunBaroONMuX IUAIIA30H
u3MepeHui no yacrore ot 75 kl'n go 100 MI'n. ns
BOJIbI M BOAHBIX PACTBOPOB JIOCTATOYHO IOKAa3aTelb-
HBIMU SIBJISIFOTCSL U3MEPEHUS B HA4aJIbHOM HHU3KOUac-
ToTHOM nnamna3one 75—1000 kI['u. B 3Tux n3mepenusx
JUIA CONe MeTayuioB M sl OWOmonuMepoB OBLIO
HalleHo, YTO, BO-TIEPBBIX, 3aBUCUMOCTb tg J OT yac-
TOTBI AJIS1 BOAHBIX PAacCTBOPOB TaKUX BELIECTB MMEET
CIIEKTPaJbHBI XapakTep, BO-BTOPHIX, IOJIOXKEHUE
MMKOB HA INKaje 4acTOT 3aBHUCHUT OT NMPHPOJbI HOHOB
U, B-TPETbUX, ATO MOJIOKEHNE JOCTOBEPHO BOCIPOU3-
BOJWTCSL BO BCEM QUamNa3oHe UX m3MmepeHuil. [ ka-
THOHOB ¥ aHHWOHOB COJIEW METAJUIOB CIEKTPAJIbHBIN
XapakTep U3MEHEHHs tg J MMeeT MEecTO B MHTEpBaje
koHueHTparmit 10°—10° M, a s 6Guomonekyn —
B MHTEpBaje KOHIeHTparmii Bruioth 10 107'® M. Jlns
BOJIHBIX BBICOKOPa30aBIEHHBIX pAacTBOPOB cojel
3JEKTPOIMUTOB B Auana3zoHe yactoT 75-800 xI'n yna-
JIOCH MIEHTH(UIMPOBATH P/l TMKOB JUIs HOHOB Na',
K" u CI', a Takxke HaleKHO TOATBEPAUTH JIHHEHHOE
YMEHbIIIEHNE UHTEHCUBHOCTEH 3THX NHUKOB C YMEHb-
IIEHWEeM KOHIIEHTPAllMl PacTBOPEHHBIX coneil [9].
UYro ke Kacaercst pacCTBOPOB OMOAKTUBHBIX MOJIEKYJ,
TO T€ K€ AMIIBKOMETPUYECKUE M3MEPEHHs IOKa3bl-
BalOT, 4YTO CTPYKTYpHPOBAaHHE BOABI HEKOTOPHIMH



58 N. P. TAJUJIb, H. A. ECUKOBA, JI. H. 'AJlJIb

U3 TaKUX MOJIEKYJ, BHUIMUMO, COXPaHSIETCs Nake IpH
WX CBEPXHHU3KUX KOHIIGHTpaIusx [8].

Bce nomyuenssle pe3yiabTaThl ¢ HECOMHEHHOCTBIO
MO3BOJIAIOT HUCIONB30BaTh L-AMANBKOMETpUIO  [UIs
KOHTPOJISl IPUMECE B OUMILIEHHON BOZE, B TOM YHCIIE
IUIsl CPAaBHEHMS PE3YJIbTAaTOB IOIYUYEHUS CBEPXUMCTON
BOJIbI C IPUMEHEHNEM Pa3INIHbIX METOJOB OYHCTKH.

PE3YJbTATHI U3MEPEHMIA

B kauecTBe MepBUYHOTO HCTOYHHUKA BOABI HCIIOMb-
30BaJlach BOJOIIPOBOJHAS BOAA, OYMIIEHHAs MO Per-
nmamMeHTaM O4uCTKH Bomokanama Cankt-llerepOypra.
DTa BoJla HE COJEPKUT B3BECEH M OTBEYAeT TpeOoBa-
HUSM KadecTBa Bojbl, ompenensiembiM CanlluH
2.1.4.1074-01 (I'mruennveckue TpeOOBaHUS K KadecT-
BY NIUTHEBOM BOJIBI) TIO CIEIYIOLUIMM MOKA3aTesIM:

1. Bonopoasslii nokazarens, pH — 69
2. MytHOCTB, MT/IM? — 2.6
3. LIBeTHOCTB, TpagyChl — 20
4. )KecTKOCTh, MI-3KB/JI — 7
5. OKHCHseMOCTh TIepMaHTaHaTHAA, MI/aqM> — 5
6. XKemneszo obiee, Mr/om> — 0.3
7. 3amax, 0ajiabl — 2

BononpoBonHas Bona nanee nmoasepragach OYHUCT-
K€ ¢ IPUMEHEHUEM CIIeNYIOIUX YCTPOICTB M Ha OC-
HOBAaHUHM MHCTPYKUMH MO MX IKCIUTyaTallMu: AUCTHII-
nsaTop crekistHEbN JIC M OMAMCTHIIATOD CTEKIISTH-
et BC, muctummsarop memOpannsii [IM-2b6 ¢ mpu-
MEHEHHEM JIeNOHN3aTopa Ha CMoJIax U 0e3 Hero.

Ha puc. 2 noka3zana yacToTHasi 3aBUCUMOCTh TaH-
reHca TUAIIEKTPUYECKUX MoTeph tg J B Anana3oHe 50—
160 x[' anms OuarcTHIIIATA B CTEKIITHHOW TIpoOupKe,
MOJIYYEHHOI'0 NIl MCXOAHOM BOAbL. Jlns 3Toil BOABI
¢ mpoBouMOCThIO 1.5 MKCM/T, KOTOpYIO MOXKHO pac-
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Puc. 2. 3aBUCHUMOCTb tg J OT YACTOTHI IJIsl OUUCTHII-
JUPOBAHHON BONBI B quana3zone yactoT 50—-160 kI’

CMaTpHBaTh KaK TAIOHHYIO, 3aBUCUMOCTD tg J OT dac-
TOTBI SIBISETCS IJIAZKOH, YTO JEMOHCTPUPYET OTCYT-
CTBHE 3arpsi3HEHUH M COJSIMM METaJUIOB, U aKTHBHBI-
MU OMOMOJIEKYJIaMH.

Ha pwuc. 3 nmpuBeneHs! 3aBUCUMOCTH tg O IS BOIHI,
OYMIIEHHOHN C MPUMEHEHUEM AUCTHILUISITOPOB, UCIIOb-
3yeMBIX B DKCIIEpUMEHTANIbHOW npakThke. CooTBer-
CTBEHHO, Ha OSTOM M HOCIeAyIHuX puc. 4 u 5
MapKupoBaHbl IudpamMu cirydad: nudpa 1 — muc-

TauaTop  MeMmOpanHbli  JIM-2b  cpa3dy  mocne
BKIIOUEHUS, 2 — OH JX¢ B KOHIE IHSI, 3 —
muctaiuiatop creknsHaeid JIC, 4 — mucTtriisTop

AM-2b ¢ npumeHeHHEM AEHOHU3AaTopa Ha CMONax,
5 — Boma mocle OYHCTKH cucreMoit Milli-Q
(Millipore), 6 — BomomnpoBOAHAS BOJA.

Kaxk cnenyer u3 pucyHka, B Bozge, ouunieHHon JIM-
2b  HEmoCpeACTBEHHO cpa3y K€ I[Oocle  €ro
BKJIIOYEHHsI, IIPHCYTCTBYIOT KatmoHbl Na' u K’
B KOHIEHTpaIusax nopsaka 10 M, koropsie 3arem
YMEHBINAIOTCSA, BBIXOAS 3a Ipeneabl YyBCTBH-
TENBHOCTH M3MepeHuil. B muctuiuidre ke, MOYHIIEH-
HOM KHIITYEHHEM, NPUCYTCTBYIOT, BUAUMO, HE UJECH-
TUUIUpYyeMble MOJICKY/ISIpHBIE 3arps3HEHHS
Ha ypoBHe Tex xe 10°° —10°, ormeuaeMbie U B FHC-
XOIHOM BOJONPOBOJHOM BOAE, XOTSI MPOBOJUMOCTH
9TOr0 JUCTHUJUIATA CYIIECTBEHHO CHMXXEHa II0 OT-
HOLIEHHI0 K HCXOIHOM BOAE 3a CYET, BHINMO,
HEJIeTYYUX COEAMHEHWH pa3In4HbIX  METaJUIOB.
JenonuzoBanHast Boga (4, 5) mo BceM mapaMeTrpam:
U 10 IPUMECSIM, U IO IPOBOANMOCTH — 3HAYUTEIBHO
Oonee yncras.

OnHako B M3MEPEHHSIX OBLIO HaiifieHo, YTO OBICTPO
XapaKTepu30BaTh OTJIMYME OT OYHUILEHHOM BOJBI
HEOYHIIIEHHOH (B TaHHOM CITydae — BOJOIIPOBOIHOM)
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Puc. 3. 3aBrcUMOCTH tg J [UIs BOJIBL.

1-5 — Bozxa, OuMIIEHHAs C NPUMEHEHHWEM IHUCTHIUIATO-
POB, HCIIONB3YEMBIX B OSKCIIEPUMEHTAJILHOW NPAaKTHKE;
6 — BOZONPOBOAHAS BOJA
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Puc. 4. 3aBHUCHMOCTh OT 9acTOTHI JOOPOTHOCTH KOHTypa
(O, ¢ BBE/ICHHOH B COJICHOW IMTPOOUPKON C BOAOM.

1-5 — nans BOABI, OYMIIEHHOW PAa3IMYHBIMH METONAMU;
6 — IUI HEOUHIIIEHHON BOIBI

MOXHO HE TOJBKO 110 YaCTOTHOMY CIEKTpY tg J, HO
Jake 10 JaHHBIM 3aBUCHMOCTEHl OT 4YacTOTHI
U3MEpsieMbIX IapaMEeTPOB KOJIeOATENbHOIO KOHTYpa
O, u AC = () — C, npu HAIMYAHA B HEM TPOOUPKH
C BOZIOH M3 Pa3IMYHbIX IPOO BOZBI.

Kak BuUmZHO M3  TPHUBENEHHBIX  PHUCYHKOB,
TOOPOTHOCTh KOHTypa ¢ TIpoboit O, B MPUCYTCTBHH
npuMeceld B Bozie (KpuBasi 6) siBisercs: Oonee HU3KOM
W yMeHbImaercss Oomee OBICTPO, YeM ISl YUCTOM
BOObl, a HW3MEHEHHE BEIWYMHBI IIOACTPOEYHOU
eMkocTd AC U1 HEOYHIIEHHON BOIBI PE3KO, MOYTH
Ha MOPSJIOK MPEBHILAET €€ BEIWYMHY A BOABI,
OYMIIEHHOH BCEMM HCIONb30BAHHBIMH METOJAMH.
DTO TO3BOJISET TPOBEPSTH, ObUTa JM JaHHAS BOAA
MOABEPTrHYTa OYHCTKE, YyX€ TOJIBKO II0 BEIMYUHE
MOACTPOEYHOIN eMKOCTH JIF000r0 AUJIBKOMETpA.

3AKJIIOYEHHUE
AHanM3 WOHHBIX MHKpONpUMeEcCe B  BOJE,
OYMINEHHOH  OAHOKACKAJAHBIMH  JUCTHILISATOPAMH,

[OKa3bIBa€T MPUCYTCTBUE B HEM HOHHBIX NPUMECEH,
BKITFO4ast HOHBI Na+, Ha ypoBHe nopsnka 107 M. Otu
MPUMECH, OIHAKO, YXOIAT 3a IPEAENbl H3MEpEeHUH
B pe3ylbrare ABYXKacKaJHOW OYMCTKM Kak Ouanc-
TWUISIIKMEH, Tak ¥ OOpaTHBIM OCMOCOM C JIeHO-
Hu3anuell Ha cmonax. [IpoBeneHHble paHee H3Me-
perwst [9], omHAKO, TOKA3BIBAIOT, YTO PUMECH HATPHS
Ha ypoBHe 10 ° M u BbIlle BHOBB TOSABIAIOTCS B BOJIE
Ipd €€ XpaHEHWH B CTAaHJAPTHOM XUMHYECKOU
CTEKJISIHHOM I1OCYZE yXKE B TEUEHUE CYTOK.
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Puc. S. 3aBHCUMOCTD OT 4acTOTHI M3MEHEHUS MOICTPOeU-
Hoit emkxoctH KoHTYpa AC = C; — C, nipu BBEACHUH B CO-
JICHOUT IPOOUPKH C BOJOH.

1-5 — nans BOHBI, OYMIICHHOW Pa3IMYHBIMH METONIAMU;
6 — TSI HEOYHIIEHHON BOJIBI
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QUALITY CONTROL OF WATER PURIFICATION
FOR TECHNOLOGICAL AND SCIENTIFIC PURPOSES

I. R. Gall, N. A. Esikova, L. N. Gall

Institute for Analytical Instrumentation of RAS, Saint Petersburg, Russia

The high-resolution low-frequency induction dielcometria method was used to compare the degrees of purity
of the tap water (St. Petersburg, Russia) obtained by various methods currently in use: steam distillation, bidis-
tillation, as well as membrane distillation separately and combined with deionization. It has been determined
that all the above methods of water purification do purify water with sufficient qualit;/, but only bidistillation
and deionization produce water that does not contain ionic impurities in the order of 107" M.

Keywords: water, purification methods, dielcometria method

INTRODUCTION

About water in general

Water is a unique substance that occupies an ex-
ceptional position in nature due to the uniqueness of
its physical and chemical properties. Water is not only
an indispensable component of all life on Earth, but it
is a substance that is constantly used by all living or-
ganisms in the course of their existence. Water plays
a special role in human life, because, as civilization
develops, mankind increasingly uses water not only to
satisfy its biological needs, but also for home, tech-
nological, and industrial purposes. In this regard, the
study of the properties of water, replete with various
anomalies, constitutes large sections in both the chem-
ical and physical sciences.

Water is now widely used as a raw material in in-
dustry and as an ingredient and solvent in a wide
range of industrial technologies. Water purity is held
to extremely high standards in microelectronics,
where the percentage of yield of excellent goods is
substantially determined by water purity, and in bio-
technology and pharmacology, where water is used as
a component in medications or as a drug solvent for
injections.

Water and methods of purification

In all cases of human use of water, its source is
natural water, the quality of which can vary greatly,
since water can come from such different sources as
groundwater or surface water basins. The H,O mole-
cule is a polar molecule with a large dipole moment.
In this regard, it is a universal solvent for the vast ma-
jority of chemicals that are either hydrophilic or hete-
rofunctional, and therefore, natural water in natural
conditions is always solutions containing various in-
organic and organic compounds, element ions, micro-
organisms, and all kinds of mechanical impurities.
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All water purification technologies aim to remove
from water, if possible, all or the absolute majority of
the impurities present in water in colloidal, dissolved,
or suspended form. Accordingly, the process of water
purification includes the mechanical removal of large
suspensions by roughing filters, and smaller suspen-
sions by fine filtration and chemical coagulants. After
checking the quality of water treatment and carrying
out some chemical manipulations (for example, water
softening) to bring it into line with sanitary standards
and rules SanPiN 2.1.4.1074-01 "Potable water. Hy-
gienic requirements for the water quality of centra-
lized drinking water supply systems. Quality control"
water is considered as drinking. This drinking water
may contain small amounts of sodium, magnesium,
calcium, chlorine, nitrate, bicarbonate, sulfate, and
some heavy metal ions as impurities. For use in bio-
logical experiments, biotechnologies, or for pharma-
ceutical purposes, drinking water is subjected to fur-
ther purification (super-purification). In most cases,
distillation, ion exchange, and reverse osmosis
processes are used for this. For a number of purposes
(for injections, for cellular technologies) ultra-purified
water is required that meets more stringent require-
ments.

At present, the main methods of ultra-purification
of water are: distillation, deionization, and reverse
osmosis. Distillation is the process of evaporating wa-
ter and then condensing the resulting vapor.

The distillation method is quite expensive, but it al-
lows the removal of almost all organic and inorganic
impurities and obtaining water of very high quality. In
addition, distillation is the most effective method for
preventing water contamination by micro-organisms
and endotoxins. The liquid to be distilled (usually the
tap water to be loaded) is heated in the evaporator to
boiling, and the resulting vapor is separated from the
original liquid in the vapor separator. Then the vapor
temperature in the compressor reaches 107 °C, then
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the superheated vapor condenses on the outer surface
of the evaporator tubes made of chemically resistant
glass, inside which the original distilled water circu-
lates. In this procedure, almost all dissolved gases are
removed from the water, except for O, and CHy4. To
improve purification, two-stage distillers are also
used. The resulting pure water is called bidistillate.

Membrane filtration is the removal of particles
larger than the pore size of the front surface of the
polymer membrane. In microfiltration, membranes
with pores of 0.1-1 pm in diameter are used, which
trap particles of dust, activated carbon, ion exchang-
ers, and most microorganisms. Ultrafiltration is also
the separation of macromolecular components from
the solution. The lower limit of the separated dis-
solved substances corresponds to molecular weights
of several thousand daltons. For ultrafiltration, mem-
branes with pore sizes of 0.01-0.1 pm are used. All
bacteria, endotoxins and colloidal impurities get com-
pletely removed from the solution.

Deionization is an ion exchange process based on
the ability of certain types of synthetic resins to selec-
tively adsorb cations or anions. To deionize water,
two types of resins are used: cationic R—H (R is an
organic radical) and anionic R~OH. Metal ions bind to
the cation exchanger. Negative ions from acidic resi-
dues precipitate on the anion exchanger. The resulting
H" and OH™ ions combine to form a water molecule.
When deionizing water, it is usually pre-treated, for
example, using a reverse 0smosis process.

Reverse osmosis is a process in which an aqueous
solution under pressure passes through a membrane
from an area of higher concentration into the region of
a less concentrated solution, i.e. in the opposite direc-
tion for osmosis. In this case, the membrane passes
the solvent, but does not pass some substances dis-
solved in it.

Study of water properties.
Self-organization of water

The studies of the properties of water, carried out
both theoretically and experimentally, have long une-
quivocally shown that water is not a purely homoge-
neous liquid, as was believed in chemistry and physics
for many decades, based on the Bernal-Fowler theory
of the structure of water as "a network of hydrogen
bonds" [1, 2].

The term "self-organization" has firmly settled in
the theoretical consideration of the structure of water,
and the types of possible self-organization of water
molecules into crystal structures are currently reliably
represented in the theoretical works of the school of
N.A. Bul'enkov [3, 4]. But since for real water, no
matter how well it is purified, the most probable thing
is always the structuring of water by residual impuri-
ties [5]. Theoretical studies are also constantly being

carried out related to the structuring of water by ions
and organic molecules. The nature of such structuring
is fundamentally different: ions electrostatically com-
pact the bulk structure of the hydrogen bond network,
creating fairly extended areas of its change, bioactive
molecules build chains of fractal energy-intensive
crystals of water molecules on the hydrophilic centers,
these chains are hierarchically built up into bulk mul-
timolecular associates at low concentrations of dis-
solved substances.

MEASUREMENT METHOD

Experimental measurements of the structures
formed by water on its impurities in the region of low
concentrations of dissolved substances have been con-
sidered unrealizable until now. At present, practically
the only method that makes it possible to observe the
presence of impurities at low and ultra-low concentra-
tions in solutions is the method of low-frequency in-
ductive dielcometry (L-dielcometry).

The method is based on placing a tube with a test
solution inside a coil with an inductance of L, which is
an element of an oscillatory circuit, and measuring the
resonance parameters of this circuit before introducing
and in the presence of the solution (Fig. 1).

Fig. 1. Measuring L-cell in a high-frequency oscillato-
ry circuit.

1 — test tube with test solution; 2 — inductor (L);
3 — exemplary variable capacitor (C); 4 — total ac-
tive resistance of the circuit elements (R); 5 — genera-
tor that sets the voltage U = U, cos2z f¢ in a wide

frequency range; 6 — detecting amplifier

The authors of the method [6, 7] showed that on
the basis of measuring the change in the quality factor
of the circuit O and the value of the tuning capacit-
ance C, which occurs as a result of introducing a test
tube with a water-containing sample into the circuit, it
is easy to calculate tg 6 — the dielectric loss tangent
for the sample or solution in the test tube :

1€5=(0G-0C)/(08(C-C))

where the quality factors (), , and tuning capacitances

C,, are directly measurable values, and indices 1 and

2 refer: the first — to resonance in an oscillatory cir-
cuit without a sample, and the second — to a reson-
ance at the same frequency in a circuit with a sample.
The dielectric loss tangent increases for the frequen-
cies at which there is a structure of water molecules
with a bond energy that is changed compared to the
homogeneous structure of water.
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The dielcometer used in the measurements was as-
sembled on the basis of a high-precision Tesla VM-
560 O-meter (Czechoslovakia) and coils with a low
self-capacitance [8, 9], providing a frequency mea-
surement range from 75 kHz to 100 MHz. For water
and aqueous solutions, measurements in the initial
low-frequency range of 75—-1000 kHz are quite indica-
tive. In these measurements for metal salts and for
biopolymers, it was found that, firstly, the dependence
of tg 0 on frequency for aqueous solutions of such
substances has a spectral character, secondly, the posi-
tion of the peaks on the frequency scale depends on
the nature of the ions and, thirdly, this position is reli-
ably reproduced in the entire range of their measure-
ments. For cations and anions of metal salts, the spec-
tral character of the change in tg 0 takes place in the
concentration range of 10" 210 M, and for blOIIlO—
lecules, in the concentration range of up to 10~ 16
For hlghly dilute aqueous solutions of electrolyte salts
in the frequency range of 75-800 kHz it was poss1ble
to identify a number of peaks for Na", K" u CI ions,
as well as to reliably confirm a hnear decrease in the
intensities of these peaks with a decrease in the con-
centration of dissolved salts [9]. As for the solutions
of bioactive molecules, the same dielcometric mea-
surements show that the structuring of water by some
of these molecules, apparently, is retained even at
their ultralow concentrations [8].

All the obtained results undoubtedly allow the use
of L-dielcometry to control impurities in purified wa-
ter, including comparing the results of obtaining ultra-
pure water using various purification methods.

MEASUREMENT RESULTS

As the primary source of water, tap water was
used, purified according to the purification regulations
of Vodokanal of St. Petersburg (Russia). This water is
free of suspended matter and complies with SanPiN
2.1.4.1074-01 "Hygienic criteria for the quality of
drinking water" in terms of the following indicators:

1. Potential of hydrogen, pH — 6-9
2. Turbidity, mg/dm* — 2.6
3. Color, degrees — 20
4. Hardness, mg-eq /L — 7
5. Permanganate oxidation, mg/dm?* — 5
6. Total iron, mg/dm* — 0.3
7. Smell, points — 2

Tap water was further purified using the following
devices and on the basis of instructions for their use:
glass distiller DS and glass bidistiller BS, membrane
distiller DM-2B with and without a resin deionizer.

Fig. 2 shows the frequency dependence of the di-
electric loss tangent tg o in the range of 50-160 kHz
for bidistillate in a glass tube obtained for source wa-
ter. For this water with a conductivity of 1.5 pS/L,
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which can be considered as a reference, the frequency
dependence of tg J is smooth, which proves the lack
of contamination by both metal salts and active bio-
molecules.

Fig. 2. Frequency dependence of tg ¢ for bidistilled
water in the frequency range 50-160 kHz

Fig. 3. Dependences tg o for water.
1-5 — water purified using distillers used in experi-
mental practice; 6 — tap water

Fig. 3 depicts the dependences tg ¢ for water puri-
fied applying distillers used in experimental practice.
Accordingly, on this and subsequent Figs. 4 and 5
cases are marked with numbers: 1 — membrane dis-
tiller /IM-2b immediately after switching on, 2 —
membrane distiller JIM-2b at the end of the day, 3 —
glass distiller /IC, 4 — distiller /IM-2b with a resin
deionizer, 5 — water after cleaning with the Milli-Q
system (Millipore), 6 — tap water.

As follows from the figure, in water purlﬁed with
AM-2b immediately after its inclusion, Na' and K*
catlons are present in concentrations of the order of
10°° M, which then decrease, going beyond the limits
of measurement sensitivity. In the distillate, purified
by boiling, there are, apparently, no 1dent1ﬁable mole—
cular contaminants at the level of the same 10 °~107,
noted in the original tap water, although the conduc—
tivity of this distillate is significantly reduced in rela-
tion to the source water due, probably, to non-volatile
compounds of various metals. Deionized water (4, 5)
in all respects —impurities and conductivity — is
much purer.

Fig. 4. Frequency dependence of the quality factor of
the O, circuit with a test tube with water introduced
into the solenoid.

1-5 — for water purified by various methods; 6 —
for raw water

Fig. 5. Frequency dependence of change of the tun-
ing capacitance of the circuit AC = C; — C, when a
test tube with water is introduced into the solenoid.
1-5 — for water purified by various methods; 6 —
for raw water

However, it was found in measurements that it is
possible to quickly characterize the difference be-
tween purified water and untreated one (in this case,
tap water) not only by the frequency spectrum tg o,
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but even by the frequency dependences of the meas-
ured parameters of the oscillatory circuit O, and AC =
= () — C, when it contains test tubes with water from
various water samples.

As can be seen from the figures, the quality factor
of the circuit with a O, sample in the presence of im-
purities in water (curve 6) is lower and decreases
more rapidly than that of pure water, and the change
in the value of the tuning capacitance AC for untreated
water is almost by an order of magnitude higher than
that of water purified by all methods used. This allows
water to be checked for purification, even by only the
value of the tuning capacity of any dielcometer.

CONCLUSION

Analysis of ionic microimpurities in water purified
by single-stage distillers reveals the presence of ionic
impurities in it, including Na+ ions, in the order of
10° M. These impurities, however, go beyond the
measurement limits as a result of two-stage purifica-
tion by both bidistillation and reverse osmosis with
resin deionization. Previous measurements [9], how-
ever, showed that sodium impurities in the order of
10° M and above reappear in water if it is stored in
standard chemical glassware for a day.
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