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AHaau3 3¢ PeKTUBHOCTH 3JIEKTPOMEMOPAHHON 0YNCTKH
NMPOMbINLJICHHBIX PACTBOPOB OT HOHOB HUKEJISI
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AnnoTtanms. Dnekrpoauanu3 (D]1) npencrapiseT co00i NepCHEKTUBHBI METO/] OYMCTKU CTOYHBIX BOJI FaJIbBAHUYECKUX MIPOU3BOCTB OT HOHOB
TSDKENBIX ~ MeTauioB, B dacTHoctd Hukens (Ni?*). B pmanHol pabote wmccienoBaHa KHHETHKA IpoLecca  AJICKTPOHAn3a
C HCIOJIB30BAaHHEM AHHOHO- U KaTHOHOOOMEHHbIX MeMOpaH (MA-41I1 m MK-40JI) mis ymanenus Ni** U3 pacTBOPOB C HadalbHBIMH
koHueHTpapsimu ot 40 10 160 mr/n. YcraHoBi€HO, uTo 3G PEeKTHBHOCTH OYUCTKH focTuraet 99,3%, 4To moATBEepIKAaeT BHICOKYIO CEIEKTUBHOCTD
merona. KitoueBsiM pakTopoM, BIMSIOIIMM Ha CKOPOCTh U 3 (EKTHBHOCTD MpoLiecca, ABISETCs IIOTHOCTh ToKa. OnrumanbsHoe 3HaueHue 20
A/M? obecrieunBaeT OalaHC MEXKTy BBICOKOH CTENICHBIO OYUCTKU M SHEPro3arpartaMu. Y BEIHYCHHE IUIOTHOCTH TOKA CBBILIE 3TOTO 3HAYCHUS HE
NPUBOAUT K 3HAYMTEIBHOMY pPOCTy 3((EKTHBHOCTH, HO CYIIECTBEHHO IMOBBILIAET PacXo/ dJIEKTpodHeprur. Kpome Toro, nokasaHo, uTo npu
BBICOKOY HauaJIbHO# KoHIeHTparmu Hukess (160 Mr/in) mporecc 3aMeiseTcs u3-3a HACHIILICHUS] MeMOpaH 1 BO3MOKHOTO 00pa30BaHUsI OCA/IKOB.
BakHBIM acrieKTOM HCCIIEIOBAaHMS CTANI aHAIN3 AJIEKTPO () (PY3HOHHON IPOHHUIIAEMOCTH MeMOpaH. Y CTAHOBJICHO, YTO C POCTOM IIOTHOCTH TOKA
K02 OHULMEHT POHNIIAEMOCTHU CHIDKaeTcst Ha 55%, 4TO CBSA3aHO C YBEIMUYEHUEM IPaMeHTa KOHIEHTPALMU U M3MEHEHUEM CBOMCTB MEMOpaHEI
MO/ BO3ACHCTBHEM OJIEKTPUYECKOro Iojsi. Ha OCHOBE OKCIEPUMEHTANBHBIX JAaHHBIX HPEJIOKEHA TEXHONOTUYECKAsh CXeMa OUYMCTKH
MPOMBIIIICHHBIX CTOKOB, BKJIIOUYAIONIAsl ATAlbl HEHTPAIM3alliH, JIEKTPOANAIN3a U YTHIN3aMU KOHIeHTpara. OUHIIeHHas BOJAa MOXKET ObITh
BO3BpAllleHA B MPOM3BOACTBEHHBIN LUKII, 8 HUKEIbCOACPIKALMIT KOHLIIEHTPAT — IepepadoTaH /Uil MOBTOPHOTO MCIOJb30BaHUs. Pe3ybTaTs
paboThl AEMOHCTPUPYIOT BBICOKYIO 3(()EKTHBHOCTD AIEKTPOIHAIN3A ULl OYUCTKU CTOUHBIX BOJ OT HUKENS M MOTYT OBITh MCIIOJIb30BAHBI JUIS
ONTUMH3ALIMH TPOMBIIUICHHBIX POLIECCOB C YYETOM SIKOHOMHUUYECKHX M IKOJIOTHYECKHX TPEOOBAHHIA.

KiioueBsbIe cj10Ba: 3MeKTPOIHAIA3, SMeKTPOoaH(dy3Hs, HUKEIb, TEXHOIOTHYECKask CXeMa, HOHOOOMEHHAst MeMOPaHa, KWHETHIECKHE XapaKTePHCTHKH.
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Abstract. Electrodialysis (ED) is a promising method for purifying wastewater from galvanic industries from heavy metal ions, in particular
nickel (Ni**). In this paper, we study the kinetics of the electrodialysis process using anion- and cation-exchange membranes (MA-41P and
MK-40L) to remove Ni** from solutions with initial concentrations from 40 to 160 mg/l. It was found that the purification efficiency reaches
99.3%, which confirms the high selectivity of the method. The key factor affecting the speed and efficiency of the process is the current density.
The optimal value of 20 A/m? ensures a balance between a high degree of purification and energy consumption. Increasing the current density
above this value does not lead to a significant increase in efficiency, but significantly increases energy consumption. In addition, it is shown
that at a high initial concentration of nickel (160 mg/l), the process slows down due to membrane saturation and possible sedimentation. An
important aspect of the study was the analysis of the electrodiffusion permeability of membranes. It was found that with increasing current
density, the permeability coefficient decreases by 55%, which is due to an increase in the concentration gradient and a change in the membrane
properties under the influence of an electric field. Based on the experimental data, a process flow chart for cleaning industrial wastewater was
proposed, including the stages of neutralization, electrodialysis, and concentrate utilization. Purified water can be returned to the production
cycle, and nickel-containing concentrate can be recycled. The results of the work demonstrate the high efficiency of electrodialysis for cleaning
wastewater from nickel and can be used to optimize industrial processes taking into account economic and environmental requirements..

Keywords: electrodialysis, electrodiffusion, nickel, process flow chart, ion exchange membrane, kinetic characteristics.

BBeaenune

B coBpemenHOM MuEpe TipobiemMa 3arps3HeHUS
OKpYKaIoIel Cpeflbl CTAHOBUTCS BCE OOJiee aKTy-
anmpHON. OMHON U3 KITFOYEBBIX YTPO3 LIS SKOCHCTEM
SIBJISIFOTCSL TSXKEJIbIe METAJUIbI, KOTOPBIE MOMAaJal0T
B BOJIy U [I0YBY Y€pe3 MPOMBIILICHHBIE BHIOPOCHI,

CEJIbCKOXO3SMCTBEHHBIE CTOYHBIC BOJABI U APYyrue
HWCTOYHUKHK aHTPOIOT€HHOI0 BO3/eicTBUs. B cBs3u
C 9TUM Ba)XHO TIOCTOSIHHO MPOBOJIUTH Pa3paboOTKy
v BHejipeHre A((EKTUBHBIX TEXHOJOTHH  JUIs
OYHCTKH CTOYHBIX BOJ] OT MOHOB TSKEJIBIX METAJIIIOB.
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Cpemu Takux TEXHOJOTHH 0CO00E MECTO 3aHU-
MaroT MeMOpaHHbIe METO/IBI Pa3IeICHHS, KOTOpPbIE
Onarozapsi CBoel BBICOKOU 3()()EKTUBHOCTH, TPO-
CTOTE OKCIUTyaTalliil W KOMITAKTHBIM pa3Mepam
CTaHOBATCS Bce Oosee BocTpeOoBaHHBIMH [1, 2].
K HUM oTHOCAT ynmbTpaduiabTpaluio, HaHO(HIIb-
Tpalu, 00paTHbIM ocMoc, AnnekTpoauanus (3]1) u
IpyTrHe MeHee paclpoCcTpaHeHHBIe METOH! [3, 4].
3/1 ucrionb3yeT dNEKTPUIecKoe ToJie I IIepeMe-
LICHUS] HOHOB Yepe3 MOHOOOMEHHBIE MEMOpaHBbI,
YTO MO3BOJISET U30MPATENBHO YIAIATh HE0OX0IH-
MbI€ KOMIIOHEHTHI 13 KHUAKOCTEH. JIaHHBIM METOx
oOnajaeT CyIECTBEHHBIMH IMPEHUMYIECTBAMHU
Y IPEBOCXOJHUT  albTCPHATUBHBIC  TEXHOJOTHUHU
MeMOpaHHOM (DHITBTparTHy:

Bricokast CeNeKTHBHOCTH, ITO3BOJISIOIIAS
M30MpaTEeNhbHO YIATSITh HOHBI TSDKEJIBIX METAJUIOB U
JpyTuX 3arpsisHuTeneil. JlanHoe kadecTBo aenaet D/
0c00eHHO A(P(HEeKTUBHBIM /IS OYMCTKH CTOYHBIX BOJ,
coJiepKalllixX Crieln(UUecKre 3arpsi3HATENH.

Mrumnmmsaryst 06pasoBanus nama. B 3/1-mpo-
iecce EKTPOIrAIi3a He IPOUCXOANUT HAKOTIICHUS
TBEPIIBIX YacTHI] Ha MeMOpaHaXx, YTO CHIKAET PHCK
3aCOpEHHs U YIPOIIAeT OOCITy)KMBAHHE CHCTEMBI.

D¢ PeKTHBHOCTH IPH HU3KUX KOHIIEHTPAIUSIX
nenaer OJ1 moaxoAsuwM st 00pabOTKH CTOYHBIX
BOJI C MaJIBIM COJICPYKaHUEM 3ar PS3HUTEIICH.

JlanHass TEXHONOTUS HAXOIWT IIHPOKOE
TIPUMEHEHNE B TAKUX OOJIACTSX, KAK OYHACTKA CTOUHBIX
BOJI, ONPECHEHUE BObI, MUIIEBAs M XUMUYECKas
MPOMBIIIJICHHOCTh, OYMCTKA CTOYHBIX BOJ| Ta/IbBAHO-
npon3BozICcTB. B ounctke crounbix Bon D/1 addektrBHO
yAaJsIeT TSKeIbIe METAILIbI, COJM U OpTraHUYeCKUe
3arps3HUTENH, YTO JENaeT ero MPUBIEKATEIbHBIM
JUTSL ICTIONTb30BaHUS  HAa TPOMBIIIUICHHBIX  TTPe/I-
npusTuax. B numesoit otpacnu O/ npumenseTcs
JUISl YCTPAHEHUS! U3JUIIKOB COJICH W TOBBIIICHUS
KadecTBa NpOoAyKuuu. B xumMudeckoil MHIyCTpuun
3TOT METOJI MCIONB3YIOT JUIS BBIIETICHHUS YHUCTBIX
XUMHMYECKHX BelIecTB. [5—7].

B rampBanmueckoil mpomsbinuieHHOCTH /]
4acTO WCIOJB3YIOT MJIS U3BJICUCHUS IEHHBIX Be-
IIECTB W3 CWJIBHO KOHIIEHTPUPOBAaHHBIX CTOKOB,
KOTOpBIE 00pa3yroTCs IPU XUMHUUECKON U JIEKTPO-
XUMHYECKON 00pabOTKe CTanM W IIBETHBIX MeTall-
J0B [8, 9]. OnHuM 13 HanboJIee YacTo MPUMEHSIO-
IIMXCSI METAIJIOB SIBIIsieTcS HHUKeIb. OH HAaXOIUT
IIMPOKOE NMPUMEHEHUE B TaJbBAHUYECKOM IPOU3-
BOJICTBE OJiarojiapsi CBOel MCKIIOYUTENFHON KOp-
po3uoHHON croiikoctu. IIporiecc HUKenTUpOBaHUSA
0OBIYHO MTPUBOINT K 00Pa30BAHUIO 3HAUNTEITHHBIX
00BEMOB CTOYHBIX BOJI, YACTO COJIEPIKAIIMX KOHIICH-
Tpamyu KationoB Ni** or 20 go 200 mr/m [10, 11].
OTH CTOYHBIE BOIBI YaIlle BCEro OYMINAIOT C TIOMOIIIBIO
XUMHYECKOTO OCaXJICHHUS, YTO MPUBOJUT K 0Opa-
30BaHMI0 3HAYUTEIHHOTO KOJIMYECTBA IIIaMa
C MaccoBOM Jjonelt HUKens B HeM okoio 31,6% [12].
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B uccnenoanusix [13, 14] aBTOpBl C MOMOIIBIO
O/l-paznmenenuss CMOTNIM  JOCTUYD  yAAJCHHS
1o 95% HuUKeNs w3 CTOYHBIX BOJ, 00pa30BaHHBIX
mociie Tmporiecca Hukenupopanus. B pabote [15]
C TIOMOIIIBIO JTBYXKAMEPHOTO ammapaTa JIsl JJIeK-
TPOOCAKICHHS W JCKTPOJHAIN3a OJHOBPEMEHHO
BOCCTaHABIMBAJIN HUKEIb, COJACPKALIUICS B OTpa-
OOTaHHBIX BaHHAX XMMHYECKOTO HUKEITHPOBAHHUSA,
1 06e3 BTOPHYHOTO 3arpsi3HEHNS YAAISUTH COSTMHEHHS
¢dochopa. PesynpTaThl OKazaiu, 9YT0 KOJIUIECTBO
BOCCTAaHOBJICHHOI'O HHKeIsd cocTtaBuiao 82,34%.
ABTOpHI B padote [16] noOunmchk CHIKEHUS KOH-
nenrpauun NiZ* B anonuTe u Katoaute a0 0,015
1 0,085 MI/1 COOTBETCTBEHHO TIpU HW3HAYAILHO
HU3KOH HaYaJIbHOW KOHIICHTPAITUH, paBHOM 1 MT/1I,
3a CUET COYETaHMS IIEKTPOANAIN3A H DIIEKTPOOCa-
xknenus. B pabote [17] wuccienoBancs mporecc
W3BIICYCHHUS HUKENS M3 TBEPABIX IIIJIAMOB C HC-
nonb3oBanueM 0,1 M cepuoii kucnotsl. [porecc
BKIIOYan B cebs 00paboTKy muiamMa KHCIIOTOM,
ANEKTPOIMANN3HOE KOHICHTPUPOBAHHUE U dJICK-
TPOBOCCTAHOBJICHUC [JIA HU3BJICUCHUA HUKCIIA
W3 TIOIYYEHHOTO pacTBOpa Ha AeKTpone. Brxon
HUKEJS 10 TOKY Ha Katoje focturai 96%. Pesymb-
TaTel psga dKcrepuMeHToB [18] moKka3bIBaloOT,
YTO MaKCHMalbHasl CTENEHb W3BJICUCHUS FOHOB
HUKEJs JOCTUraeTcss Npu Hamnpsokenun 12 B,
a ONTUMAaNIbHAs CKOPOCTh IMOJA4YM pacTBOpa IS
naboparopHoro ammapata cocrtasiser 0,13 m/c.
Taxoke OBUTO TIPOBENEHO KOHIIEHTPHPOBAHHE pac-
TBOpA, TIOyYEHHOTO 00ECCOIMBAHUEM TPOMBIBHOM
BOJIbI, C IENbI0 €ro MOBTOPHOTO HCIIOJIB30BaHMS
B TEXHOJIOTHYECKOM TIIMKIe. B pe3ymprate ObLI
MOJYY€H pacTBOp ¢ KOHIeHTparuei 34,1 r/m.

Ha ocHOoBe TpOBEACHHOTO JHUTEPATYPHOTO
aHaym3a pabot [ 1-18], orieHeHa BaKHOCTD MPOOJIEMBI
OUHCTKY 00pa3yIOIINXCS B TIPOIIECCE HUKEIMPOBAHMS
CTOYHBIX BOJ] ¥ C(hOpPMYIIMPOBaHa IIeNb PabOTHI.

Hens padorbl — uccnenoBanue d3PGHEeKTHBHO-
CTH 3JICKTPOMEMOPAHHOM OYMCTKH MPOMBIIIICHHBIX
PacTBOPOB TATbBAHIMYECKHUX TPOM3BOJICTB OT MOHOB
HHKEJsI ¥ TEXHOJIOTHYECKOe O(OpMIICHHE TIpoIiecca.
Jlst TOCTMKEHMS TTOCTABJICHHO! 11eJTM ObUT PellieH
psAA 3amay, BKJIFOYAsh HWCCIENOBAaHHWE KUHETHKH
O /1-paznenenus u kodxpduuuenrta anekrpoanddy-
3MOHHOW HPOHUIIAEMOCTH.

MaTepl/laJ'll)I U METOAbI

Jls mpoBeNieHus SKCIEPUMEHTOB U UCCIIENIO-
BaHUS KHMHETHKH OJl-pazneneHus HCHONBb30BAIach
creluaIbHas YCTaHOBKA (PHCYHOK 1), BKITFOUArOIIas
O/I-sgeiiky, a Takke TPHU HE3aBHCHUMBIE JMHHUH
LHUPKYJSAIUY PacTBOPOB, MOJKIIOYEHHBIE K HEM.
Kaxngas wu3 >TMX 7nuHMA nOpegHasHaueHa Ul
MUPKYJISIUA  00€CCOJICHHOT0, KOHIICHTPUPOBAH-
HOTO ¥ MIPUAJIEKTPOAHOTrO (CMEIIaHHBIX aHOJIUTA U
KaTOJIMNTa) PacCTBOPOB.
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PrcyHOK 1. DKcrieprMeHTaIbHAS 3IeKTPOIHAIM3HAS YCTAHOBKA:
1 — eMKoCTH JUIs1 00€CCONIEHHOT0, KOHLIEHTPUPOBAHHOTO U
HPUIICKTPOJHOTO PACTBOPOB; 2 — THEBMATHYECKHI HACcOC;
3 — MacIsHBIN KOMIIpeccop; 4 — KOHTPOIBHBIN KJIamaH; 5 —
pacxonomep; 6 — MaHOMeTp; 7 — JNEKTPOUAIM3HAS SYCHKa;
8 — 71abopaTopHBIl UCTOUHHUK MUTAHUS, 9 — BBIMYCKHOMN
KpaH 111 coopa; 10 — BBITYCKHOW KpaH JUIs CIIMBa

Figure 1. Experimental electrodialysis setup: 1 — tanks for
demineralized, concentrated and near-electrode solutions;
2 —pneumatic pump; 3 — oil compressor; 4 — control valve;
5 — flow meter; 6 — pressure gauge; 7 — electrodialysis cell;
8 — laboratory power source; 9 — collection outlet valve;
10 — drainage outlet valve

B srnexTponunanu3Hoi suelike, o0mIas cxema
KOTOpOH TOKa3aHa Ha PUCYHKE 2, TI0]T BO3/ICHCTBHEM
AIIEKTPUUYECKOTO TIOJISI MOHBI TIEPEMEIIAIOTCS depes
MOHOOOMEHHBIE MEMOpaHbI, YCTAHOBJICHHBIC B Ue-
peAyIoeMcs TOPSIKE M 00pa3yroliue KaMepbl
paznenenus. IllupumHa MexxMeOpaHHOTO KaHaa
coctapmsma 0,001 M, a akTUBHAS INIOMIAAb MEM-
opan — 0,0306 M.

Catholite Desalinated Concentrate Analyte
solution
(becconenHbi  KoHueHmpam

pacmbop
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Chub + Cnub
KoHUeHmpama McxodHeil pacmbop 0decConerHozo
pacmbopa
Catholyte drain  Concentrate  Initial solution Desalting Analyte
drain solution  drain
drain

Pucynoxk 2. Cxema 31eKTpOIUaIM3HOTO arnapara

Figure 2. Scheme of electrodialysis apparatus
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Uccnenopanne xodddummenTa 3yeKTpo-
i Gy3nOHHOHN TIPOHUTIAEMOCTH OBLIIO MPOBEACHO
Ha YCTAaHOBKE, IMPEACTABICHHON Ha pPUCYHKE 3.
YcTaHoBKa COCTOsIIA U3 Pa3ACIUTEIbHON AUCUKH,
71abopaTOPHOTO UCTOYHHKA IMHUTAHUS U JIBYX Mar-
HUTHBIX Memaok. KOHCTPYKIUS pa3aenuTeIbHOM
STIEHKY BKITIOYANIA JIBE KBaJ[paTHbIE Kamephbl U3 Opr-
CTEKJIa, MPKATBIX JAPYT K APYry. Mexy kamepaMu
pasMelnanachk uccieayemas MeMoOpana, 3adukcupo-
BaHHAS [JIACTUKOBBIMU pelieTKaMu. BHyTpy Kaxaoi
KaMmephbl HAXOIMIICS MOHOTIOJISIPHBIN 3JICKTPO]I, K KOTO-
POMY TIOABOIMJIICS TIOCTOSIHHBIA TOK OT HCTOYHHKA
nUTaHys. Pabounii pacTBOp TIOMEIAIN B 00€ KaMepEl,
TJIC VIS TISPEMETITMBAHYS UCTIONIB30BAIMCH MarHUTHBIC
MEIIIKH C SKOPSIMA. | epMEeTHIHOCTh KOHCTPYKITH
obecrieunBanach CHIMKOHOBBIM T€PMETHKOM

g v
oo A

@ -3 G <D

5 — — 5

PucyHnok 3. DkcniepumeHTalibHas 31eKTpoaudpy3noHHas
yCTaHOBKa: [ — TPWKUMHAs IUHTa;, 2 — 3a)KAMHAs
pemierka; 3 — mMeMmOpaHa; 4 — DJIEKTPOX; 5 — MarHUTHas
MeIIaIKa; 6 — 1a00paTOPHBIA HCTOYHUK ITHUTaHUS

Figure 3. Experimental electrodiffusion setup: 1 — pressure
plate; 2 — clamping grid; 3 — membrane; 4 — electrode;
5 — magnetic stirrer; 6 — laboratory power source

J1s vceneroBaHuit MCHIOIB30BAINCH AaHHOHO-
1 KaTHOHOOOMeHHbIe MeMOpaHbl MA-4 11T u MK-40J1.
XapakTeprcTUKN MeMOpaH MpeICTaBIeHbI B Ta0muIe 1.
MozenbHbIe BOJHBIE PacTBOPHI CONEPXKATM HUTpAT
Hukenst  (Ni(NOs)'6H:0) ¢ pasnuuHbIMEH  Hauyalb-
HBIMH KOHIICHTPAIMSIMA, IMHTUPYIOIINMH peaTbHbIe
HPOMBIIUIEHHBIE CTOKH. boree oapoOHO KOMITOHEHT-
HBII COCTaB PacTBOPOB IIPE/ICTaBJIEH B TadHMIeE 2.

TaOmnuma 1.
XapaKkTepUCTHKY aHUOHO- U KATHOHOOOMEHHBIX
MeMOpaH
Table 1.
Characteristics of anion and cation exchange
membranes
XapaKkTepucTHKa Mapka | Mark
Characteristics MK-40J1 MA-41T1
Tonumna, MM | Thickness, mm 0,3-0,5 0,3-0,5
HWownnast rpymma | Ion group (SO; H) N(CH;)
Honnas popma — npOTHBOMOH + .
; . Na Cl
Ionic form - counter ion
HWHepTHOE CBs3yrOIIICee TOJIUOTHIIEH TOJIOTHIIEH
Inert binder polyethylene polyethylene
Apmupyronast TKaHb noym3(GUpHas | TONHaMHIHAS
Reinforcing fabric polyester polyamide
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Tabnuna 2.
XapakTepUCTHKH UCXOIHBIX MOJICIIbHBIX PACTBOPOB
Table 2.

Characteristics of the initial model solutions

Pactsop HcxonHas KOHUCHTpALHs Co, mr/n
Solution Ianlal Co concentration, mg/L
Ni?* NOs-
Hl 40,0 84,5
H2 80,0 169,0
H3 120,0 253,5
H4 160,0 338,0

Iepen HavyasoM cepuM AKCHEPUMEHTATHHBIX
HCCIeZIOBaHMI ObLT TIPOBE/ICH TIIATENBHBIM aHaIN3
JUTEPaTypHBIX IAaHHBIX, B PE3YJIbTaTe KOTOPOTO
ObUIH BBIOPAHBI ONITUMAJIBHEIC 3HAYCHHS PabOUnX
MapaMeTpoB 3KCIEPUMEHTOB. [IMOTHOCTH TOKa
BapbUpoOBasack B auanasone ot 10 A/m? mo 40 A/m2.
Cpennuit pacxoi pa3aensieMoro pacTBopa B KoM
cekiuu Obl1 paBeH 300 /4, a UCXOOHBIH 00BbEM
pactBOpoB — 5 1. Kaxkaplil oTaenbHbIA SKCIIEPUMEHT

C/C,
1,04 " 40 mr/n
80 mr/n
A 120 mr/n
0,8+ v 160 mr/n
0,6
0,4
0,2
v
0,0 : J - S
0 15 30 45 60
T, MHH
(a)
CIC,
1,04 " 40 mr/a
80 mr/n
A 120 mr/n
0,8+ v 160 mr/n
0,6
0,4
0,2
0,0 ‘ 5 T 7
0 15 30 45 60
T, MHH
(©)
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MPOBOAMJICS B TedeHHe 60 MUHYT ¢ 0053aTeIbHBIM
0TOOpPOM 00pa3IIOB PACTBOPOB KaXKIbIC 15 MUHYT.

PesyabTaThl M 00cy:x1eHne

OpHUM U3 Ba)KHBIX 3TAlOB HCCIEIOBAHUS
OBII0 HAOIIOJIEHHE 3a BIWUSHUEM HMCXOTHOW KOH-
LEHTPALUU HUKENS U MJIOTHOCTH 3JIEKTPUIECKOI0
TOKa Ha MPOIIECC OYUCTKH. JTa YacTh MCCIICAOBAHUS
MO3BOJIMJIA HAM TIy0)Ke MOHSTh, KaK MOBBIIICHHUE
KOHIIGHTPAlMM HHKEJSl B PacTBOPE W M3MCHEHHE
TUIOTHOCTH TOKa BO3IEHCTBYIOT Ha 3(EKTHBHOCTH
JaHHOTO IIpoIiecca.

Ha pucynke 4 mpexncrtaBieHbl pe3yabTaThl
CepHH IKCIIEPUMEHTAIBHBIX HCCIEAOBaHUH, IMO-
JYYEHHBIX TIPU DJIEKTPOIUAIN3HOM Da3ieiICHUN
MozenbHbIX pactBopoB H1, H2, H3 u H4. Ilomy-
YeHbl KUHETHYECKHE 3aBHUCHUMOCTH KOHIICHTpa-
mun C noHoB Ni**, HOPMUPOBAHHOM K MCXOIHON
BennunHe Cop, B mpouecce IDJl-pasgencHust mnpu
wioTHocTH Toka 10, 20, 30 u 40 A/m?.

CIC,
1,04 " 40 mr/n
80 mr/n
A 120 mr/n
0,8+ v 160 mr/n
0,6 1
0,4 -
0,2
0,0 T T T ¥
0 15 30 45 60
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0,2
n
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Pucynok 4. Kunetnueckue 3aBucuMoctd Konnentpaunn C monos Ni*, HopMupoBanHoi k ucxomuoi Bemmanne Co,
ot Bpemenu: (a) — 10 A/m?%; (b) — 20; (c) — 30 A/m%; (d) — 40 A/m?
Figure 4. Kinetic dependences of the concentration C of Ni*+ ions, normalized to the initial value Co, on time:

(a) — 10 A/m?; (b) — 20; (c) — 30 A/m?; (d) — 40 A/m?
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OKCHEPUMEHTBl  TI0 3JICKTPOJHATH3HOMY
Pa3IeNeHnIo MOJIETHFHBIX BOJHBIX PacTBOPOB, CO-
nepxkamux Ni(NOs)2'6H20, mokazanu BBICOKYIO
s dexTuBHOCTE MeToma. CTermeHb OYMUCTKH pac-
TBOPOB B psiJic CilydaeB OT KaTHOHOB Ni*" cocra-
Buna 98,5-99,3%, 4To IeMOHCTpUPYET MOTSHIIAAT
ANEKTPOIHAIIN3A TS IPUMEHEHHS B POMBILLICHHBIX
YCIIOBHSIX. BBITO yCTaHOBIEHO, YUTO TIPH YBEITUYCHUN
HAYaJbHOW KOHUEHTPALMH HHUKENS B PacTBOpE
MpoIlecC OYMCTKH 3aMmenysuics. Tak, B mporiecce
pasnenenus pacteopo H1, H2 u H3 B GonbiimH-
CTBE DKCIIEPUMEHTOB MPH BCEX IUIOTHOCTSIX TOKa
KMHETHYECKHE 3aBUCHUMOCTH OT BPEeMEHH HMeNn
CXO0Xyl0 (GopMy U IEMOHCTPHPOBAIN OBICTpOE
CHIDKCHHE KOHIIEHTpAIlMK MOHOB HUKeNs. OHaKO
MIpH pa3JesieHnu pacTBopoB H4 ¢ yBemm4eHHO
HWCXOJHOM KOHUEHTpalUWeW MOHOB Ni*+ rporecc
OYHCTKH TIPOXOMIT 3HAYUTETEHO MeieHHee [19-22].
3T0 MOXKET OBITh CBA3aHO OTpEACICHHBIMU (aKTO-
pamu, KOTOpbIe BIUSIOT Ha A GEKTHBHOCTH TEXHO-
soruu. Hanpumep, BbICOKasi KOHUEHTpALWS HOHOB
HUKEJS B PACTBOPE MOXKET IPHUBECTH K TIEPEHACKIIIE-
HHIO U 3aMe/IJIeHNIO M dy3nH HOHOB K MeMOpaHaM.
Taxxke Ha MemOpaHax MOTYT 0OOpPa30BBIBATHCS
OCaJKH, YTO IIPUBOJUT K UX 3arPsI3HEHUIO, 3aTPYA-
HSET JBIKCHHE WOHOB W B KOHEYHOM HTOTE MOXKET
MoTpeOOBaTh 0OJIce 4YacTOH 3aMEHBI WM OYHUCTKH
MeMOpaH. OTH JaHHBIE MMOTYEPKUBAIOT BaXKHOCTH
ONITUMH3ALIMH TTapaMeTPOB Tpoliecca ajist odecte-
YeHUSI MaKCUMaIbHOW 3()()EKTHBHOCTH OYHCTKH
IIpU BBICOKUX KOHLCHTPAIUAX HUKECIIA.

UccnenoBana > peKTUBHOCTh pa3leeHus
MeTtosioM D/ B TedeHHne 0HOTO yaca Ipy pa3inny-
HBIX IUIOTHOCTAX Toka — oT 10 A/mM? mo 40 A/m.
Ha pucynke 4 nipencraBieHpl 3aBUCHMOCTHA KOHIICH-
tpaiuu C noHoB Ni*+, HOPMHUPOBAHHON K MCXOIHOM
eirunHe CO, OT IJIOTHOCTH TOKa.

C/C,
0,054 = 40 mr/a
80 mr/n

A4 120 mr/n
0.04 4 v 160 mr/a
0,03
0,02 -
0,01
0,00 : - .

10 20 30 40

i, Am?

Pucynok 5. 3aBucumoctu koHuenTpauuu C HOHOB Ni?,
HOPMHUPOBAaHHOHU K HcxofHoU BenuuuHe Cp, OT INIOTHOCTH
TOKa nocsie yacoBoro D/J-mpouecca

Figure 5. Dependences of the concentration of Ni?* ions
C, normalized to the initial value Cp, on the current
density after an hour-long ED process
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C yBen4eHNeM IIOTHOCTH TOKAa HOPMUPOBAH-
HbIC KOHIICHTPALMH YMEHBIIAIOTCS, YTO YKA3bIBACT
Ha >QQeKTUBHOE yIaleHne HOHOB M3 PacTBOpA.
YeM BbIIIE TIIOTHOCTH TOKA, TeM OBICTpEe IPONUCXO-
AT ATOT TIpoIiecc. DTO CBA3aHO C TEM, 4To Ooiee
BBICOKAs TUIOTHOCTh TOKa MPUBOAMT K YCHIICHUIO
HIIEKTPOJIMTHIECKUX IIPOIECCOB, YTO, B CBOIO OUe-
penp, mo3BosseT Oonee 3(h(HEeKTUBHO M3BICKATH 3a-
TPSI3HSIOLIME BellecTBa. bonee BRICOKHE HaYaIbHbIC
KOHIIGHTPAlMH B OOJIBIIMHCTBE OKCIEPHUMEHTOB
MPUBOJAT K MEHBILIEMY OTHOCHTEIEHOMY CHIKE-
HUIO KOHLIEHTPAIUU MIPU TOH K€ IUIOTHOCTH TOKA.
3TO MOXKET OOBACHATHCSA HACHIIICHUEM HOHOO-
MEHHBIX MeMOpaH JIMOO0 OTrpaHUYEHHOCTHIO BO3-
MOKHOCTEH IepeHOCca MOHOB IPU MOBBIIIEHHBIX
KOHIeHTpamsax. Kak BumHO Ha pucyHke 4, mocie
JOCTIKEHUSI IVIOTHOCTHU ToKa B 20 A/M? nanpHeHImiz
nmpupocT 3((HEKTUBHOCTH OYHCTKHA OKa3bIBACTCA
HECYIIECTBEHHBIM 10 CPAaBHEHHUIO C yBEIHYCHHEM
HHEPro3aTpar Ha MpOIecC MPH OOJIBIICH IIOTHOCTH
Toka. C IMoCIeayIomuM YBeIHYCHUEM TUIOTHOCTH
TOKa 3aTpaThl Ha AJIEKTPOIHEPTHIO PACTYT MPOIIOP-
UOHAIILHO, OJHAKO TPU 3TOM MPHUPOCT OYUCTKU
0CTaéTCcsd MUHUMAJIILHBIM M CTAHOBHUTCS YKOHOMHU-
YECKHN HEBBII'OAHBIM. Ha ocHoBanuu YHOOMAHYTBIX
HAOJIFOIEHUI MOKHO CIETIAaTh BBIBOJ, YTO OIITHMAITE-
HBIM 3HAYCHUEM IUIOTHOCTHU TOKaA IJIA pacCMaTpruBa-
eMoii cuctembl siBisiercss umeHHo 20 A/m? Takas
TUIOTHOCTh TOKa oOOecreurMBaeT OanaHc MEXIY
BBICOKOH A()(EeKTHBHOCTBIO YIAICHUS IEIEBBIX
BEIIECTB M NPHEMJIEMBIMI 3aTpaTaMy Ha JIEKTPO-
SHEPTHIO, YTO JIENIaeT ero Hanboee 1enecooopasHbIM
JUISL HCTIOJIB30BAaHMS Ha TIPAKTHKE.

Ha pucyHke 6 pacCMOTpEHO BIMSHHE TUIOT-
HOCTH TOKa M MCXOJHOHW KOHIIGHTpAIMU PacTBOpa
Ha AEKTPOAN(PPY3NOHHYIO TPOHUIIAEMOCTh MEM-
Opanst MK-40J1 a1 katnonos Ni*+.

P, 10° kr/(A-c)

b

o

40 mr/a (p)
40 mr/n (3)
80 mr/a (p)
80 mr/a (9)
120 mr/a (p)
120 mr/a (3)
160 mr/a (p)
160 mr/m (3)

44 > >

0,0+ . . . . .

10 15 20 25 30 35 40
i, A/m?
Pucynok 6. 3aBucumoctd 3neKTpoaudHy3noHHON
nponunaemoctn MemOpanst MK-40JI nis xaTnoHOB
Ni*+ OT NJIOTHOCTH TOKa NPU PasHOH HCXOJHOM
koHneHTpanuu Co
Figure 6. Dependences of the electrodiffusion perme-
ability of the MK-40L membrane for Ni?+ cations on the
current density at different initial concentrations of Cy
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U3 manHBIX BUAHO, 4TO 3neKkTpoauddys3u-
OHHasi TpoHunaeMocts MemOpansl MK-40J1
i KaTioHoB Ni** yMeHbIIaeTCst ¢ yBEIMUYEHHEM
IUIOTHOCTH TOKa JUISl BCEX KOHIIEHTPAIMi pacTBOpa,
YTO CBHUACTENBCTBYET O CHIKEHUH 3()(HEeKTUBHOCTH
anekTpoarPy3UOHHOTO IepeHoca. 3HaYeHHUsT KOd(-
¢urenta snekTpoardhy3MOHHON MPOHULIAEMOCTH
P> kone6mrorest B auanazone ot 0,140x107° go
1,324x10° kr/(Axc). CHmKeHHE €ro 3HauYeHUM
TP YBEJIMUECHUH TIOTHOCTH TOKa HAOOAaeTCs s
BCEX HaYaJbHBIX KOHIEHTpAMHd pPacTBOPOB U
COCTaBIISIET B cpenHeM 55%. DTo sBlIeHHE MOXKHO
OOBSICHUTH HECKOJIBKMMH TpHYMHaMH. Bo-TepBbIX,
YBEJIMYEHUE IJIOTHOCTU TOKA BEAET K YCHJICHMIO
rpafleHTa KOHLEHTPAaLUU I10 00€MM CTOPOHaM
MeMOpaHBI, 4TO YCIIOXKHSET IIPOLIECC MACCOTIEPEHOCa.
W3-3a BO3pacTaOLIEro CONPOTUBIICHUS IIEPEHOCY
BeIeCTBa 3MEKTPoAn( Y3 MOCTETIECHHO 3aMeis-
ercs. Bo-BTOpBIX, BBICOKas IJIOTHOCTb TOKA MOXKET
BBI3BIBATh YBEIMUYCHHE TEMIIEpPaTyphl pacTBOpa
B 00MacTi MeMOpaHBbI, 9TO, B CBOIO OYepe/ib, MOXKET
MPUBOIUTH K U3MEHEHHIO (U3UKO-XUMHUUECKUX
CBOICTB camoit MeMOpaHbl. Kpome Toro, CHIbKeHe
anekTpoanGy3nOHHON TPOHUIIAEMOCTH MOXKET
OBITH CBSI3aHO ¢ 0OJIee NHTEHCUBHBIM B3aUMOJEH-
CTBHEM KaTHOHOB C MaTpuLeil MeMOpaHbl, YTO
OTpaHUYUBACT CBOOOAHOE ABMKECHUE HOHOB.

st moaTBep)KACHNS TOJTyIEHHBIX SKCIIEPH-
MEHTAIBHBIX JAHHBIX ObUT POBEJICH TEOPETHUECKHIIA
pacder 3HaueHu# koddduimenTa nexkTpoauddy-
3MOHHOM mpoHuuaemoctu P,,. Ero mnporogummn
Ha OCHOBe ypaBHeHus [23]:

P, =kCji" exp(Cyg)exp(A4/T),
rae k— smrnupudeckuii koopdunuent, mY/(A*c);
Co— KOHIEHTpalusl BEUIECTBA B HCXOAHOM
pacTtBope, Kr/M?; i — IJIOTHOCTh TOKa, A/M?; n, m —
Oe3pa3zMepHbIe AMIUpHUYEcKhe KO3(PPHUIMEHTHL;
g — OMIMPUYECKUH KOdPduLHenHT, MY/kr; 4 — oM-
nmupudecknii koad¢uruent, K; 7T — abcomoTHas
TemIeparypa pactsopa, K.

OKCIIEpUMEHTANIBHBIE Y paCYETHBIE 3HAYCHUS
MPOU3BOJUTEIBHOCTU OJIM3KH IPYT K APYTY, YTO
CBHUJIETENLCTBYET O XOPOILEH KOPPENSLUHA MEXKIY
TEOPETUUECKUMH  TPEAIONIOKECHUIMH U peallb-
HBIMU pe3yibTaTaMy H3MepeHuil. Tem He MeHee
HAOMIOJAIOTCSI HE3HAYMUTENbHBIE OTKIJIOHEHUS,
0COOCHHO BBIPAKCHHBIE NPU BBICOKMX KOHIICH-
TpauXsAX U HU3KUX HANPSDKEHUSAX, KOTOPbIE MOTYT
OBITH BBI3BaHBI OLTMOKaMU U3MEPEHHI 1 PacyeTOB.
B nenom pasnuna Mexay 3KCIepUMEHTAIbHBIMU
U TEOPETUYECKH PACCUNTAHHBIMH 3HAYCHUSAMH
He npesbimana 10%.

IIpakTHYeckoe NMpUMeHeHne

Pazpabotka u BHeapeHune 3((HEeKTUBHBIX
TEXHOJIOTUYECKUX CXEM — 3aJI0r YCIEITHOW paOoThI
MEMOpPaHHBIX CUCTEM OYHCTKH, CIIOCOOCTBYIOIIHIA
KaK SKOHOMHUHU PECYPCOB, TaK U OXpaHE OKPYKar0-
mer cpeabl. OQGEKTUBHBIE CXEMBI IO3BOJITIOT
JIOCTHTaTh 0O0Jee BBICOKOTO YpPOBHS YyAalieHUS
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3arpsI3HSIOIIUX BEIIECTB, YTO o0ecreynBacT 0e3-
OTACHOCTh W MPUTOHOCTH BOJBI IS Pa3IMYHBIX
HYXK]I, & IPaBUIBHOE MPOSKTUPOBAHUE YMCHBIIACT
notpebJieHre PHEPTUH U PECYPCOB, UYTO CHHXKAET
o0rmire pacxo sl Ha SKCITyaTalnio CUCTEMBI.
TexHomormyeckasi cxema Mporecca 3JIeKTpo-
JINAJTM3HONW OYMCTKM CTOYHBIX BOJ, TIpeiaracMas
JUTS TaJIbBAHUYECKOTO MTPOU3BOACTBA, N300paKeHa
Ha pucyHke 7. Cxema mpeaHa3HadeHa s dJIeK-
TPOTUAIN3HON OYUCTKHA KHCIBIX MPOMBIIUIEHHBIX
pacTBOpOB, COAEpKAIIMX MOHBI HuKens. Kucibie
MPOMBIIIJICHHBIE PAacTBOPHI CHavaja COOMPAarOTCs
B HAKOIUTEIHHONU €MKOCTH /, TTOCTIE YeTO HACOCOM
2 OHM TOHAIOTCS B ammapaT AJS HEeHTpaln3aluu
pactBOpoB 3. 3aTeM, HEUTPATHM30BaHHBIA PaCTBOP
MOCTYMAeT B AIIEKTPOIUAIN3ATOP 4 IS OUUCTKH
OT NOHOB HUKeJss. OUUIIICHHBIN PacTBOP (JIMITIOAT)
HAIpaBJsIeTC B pe3epByap J Uil XpaHEHWS OYH-
LIEHHOW BOJIbL, KOTOPBIH MPEAIOaracTcsi IOBTOPHO
UCIIONB30BaTh B MPOLIECCE TATBBAHUUECKOTO TPOU3-
BojacTBa. KoHIEHTpar, coaepxamuii OobInoe
KOJIMYCCTBO HUKCIIA, OTHPABIACTCA B CMKOCTDH 6
JUIS. TIOCTIEAYIOMIEr0 KOHIEHTPUPOBAHUS WU
WCIIOJIB30BAHUS B CTPOUTEIHHOM MTPOU3BOJICTBE.

Kucrsle Bosbpam bodsi

7 npomsibiee bod 3 8 npomeuwsesrsi quka & 4 6
o

2 ——

===
% LAumoam

Pucynok 7. Texnomorudeckas cxema paseleHHs INPOMBILI-
JICHHBIX PACTBOPOB C MPUMEHEHHEM  DJIEKTPOIHATH3HON
OYHCTKH: | — eMKOCTh cOOpa KHCIBIX IIPOMBIBHEIX BOJ;
2 — Hacoc; 3 — ammapar HeTpamm3alié pacTBOpPOB; 4 —
9IeKTPOIHATIN3aTOP; 5 — EMKOCTh COOpa OUHMIIEHHOH BOIBI,
6 — eMKOCTb cOOpa pacTBOPOB, MOJJIEKAIINX yTHIN3AIUH

Koryermpam
H Ymuau3ague

L=

Figure 7. Technological scheme of separation of industrial
solutions using electrodialysis purification: 1 — tank for
collecting acidic wash water; 2 — pump; 3 — solution
neutralization apparatus; 4 — electrodialyzer; 5 — tank for
collecting purified water; 6 — tank for collecting solutions
subject to disposal

TexHonormyeckasi cxema 00JafaeT BBICOKOH
CTETEHbIO aJaTUBHOCTH, ITO3BOJISISI ONEPATUBHO
pearupoBaTh Ha MU3MEHSIOIIMECS MPOU3BOJCTBEH-
HBIE YCIIOBUS WIIM POTHO3UPYEMBIH POCT 00bEMOB
00paboTKH. DTO JOCTHraeTcs 3a CYeT MOAYJILHON
CTPYKTYpBI, THOKOH KOH(QHIYpaluu MapamMeTpoB
Y BO3MOKHOCTW MHTErPAllMM HOBBIX KOMITOHEHTOB.
Taxast THOKOCTD TO3BOJISIET CYLIECTBEHHO YBEJIH-
YHBaTh TPOHM3BOJAMTENHLHOCTh CHCTEMBI, H30eras
MIPY 3TOM 3HAUYHUTENILHBIX KalUTaJIbHbIX BIOKCHUN
B HOBOE 000OPY/IOBaHUE WM KapJMHAIBHYIO TIepe-
CTpOWKY Bcero mporecca. ONTHUMU3AIMS OTAENb-
HBIX Y3JI0B, NE€PEHACTPOHKa aJrOpUTMOB M Mac-
MTAa0MPOBAaHUE  BBIYUCIUTENBHBIX  PECYypCOB
TO3BOJSTIOT 3P(EKTUBHO CHPABIATHCS C PaCTyLIMMU
NOTPeOHOCTSIMUA M IOJJIEPKHUBATH KOHKYPEHTO-
CIOCOOHOCTH MPENTPHUATHS.
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3akiaouenue

IIpoBeneHHOE HCCIEJOBAaHUE IO3BOJIAET
C/IeNaTh CIeIyIONIe BEIBOABL:

1. Meron anekTpoauanm3a SBISETCS BBICO-
KO3 QEKTUBHBIM JIJIsl OUMCTKH BOJTHBIX PACTBOPOB
OT MOHOB HHKEJS, JAOCTUras CTENEHH OYHCTKU
6o11ee 99%, pH 3TOM CKOPOCTh YAAJICHHST HATPSIMYIO
3aBUCHT OT IUIOTHOCTH TOKa. DTO IMOJTBEPXKIAcT
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LIEJEBBIX BELICCTB M IIPHEMJICMBIMU 3aTpaTaMH
Ha JICKTPORHEPTUI0 U JIETaeT TPOIECC Pa3IC/iCHUs
HapOoJree Ieeco00pa3HbIM JIS UCITOIB30BAHUS
Ha IPaKTHKE.

3. IpemnaraeTcs TEXHOJOTMYECKas cxema
OYMCTKU PacTBOPOB OT HUKEIS C MPUMCHEHHUEM
O]1, e 00ecCoNeHHBI PAaCTBOP MOYKHO ITOBTOPHO
WCIIOJh30BaTh B MPOIIECCE MTPOU3BOJICTBA, 3 KOHIICH-

BO3MOXXHOCTb FHICTIONTB30BAHUS  3JIEKTPOANATIH3HOTO
METOJIa ISl IPOMBINIIEHHON OYHCTKHA PacTBOPOB
OT TSDKEIIBIX METAJIOB. BBIIO yCcTaHOBIEHO, YTO
CKOpoCcTh W A((DEKTUBHOCTh OYUCTKH 3ABUCHT
OT HAYaJIHbHOW KOHIIEHTPAIIMN HUKEJS B PACTBOPE.
[Ipu yBenMyeHNH HaYaIbHOM KOHLEHTPALMY POLIECC
3NEKTPOAUAIN3HON OYMCTKU 3aMEJIJISCTCS.

2. JInst TOCTHKEHUS MaKCHUMAaTbHOW MPOH3-
BOAMTEIHHOCTH PACCMaTPHBAEMOIl CHCTEMBI PEKO-
MEH/YeTCs UCTIONB30BAaTh ONTHMAaIbHOE 3HAUCHHE
IIOTHOCTU ToKa 20 A/M?, KoTopoe obecrieuynBaeT
OaaHC MEXy BBICOKOH 3(h(hEKTHBHOCTHIO Y/IaTICHHUS

TpaT HUCIOJIb30BaTh JII BOCCTAHOBJICHUEC HCHHBIX
KOMITOHEHTOB WUJIW YTUIIU3alluH.

baarogapuoctu

Pabora BhIMONIHEHA TIPU (DUHAHCOBOW TOJICPIKKE
MuHHCTEpCTBa HAYKH U BBICIIIEro 00pa3zoBanusi PO B pamkax
npoekTa «TeopeTHyeckue U IKCIEePUMEHTAIBHBIC UCCIIe-
JIOBAHUS ICKTPOKUHCTHICCKUX M CTPYKTYPHBIX XapaKTepH-
CTHK TOJIMMEPHBIX MEMOpaH MOCPEICTBOM MPUMEHCHUS
HCKYCCTBEHHBIX HEMPOHHBIX CETEH B MmpoIreccax 3JeK-
TPOMEMOPAHHOM OYHUCTKU MPOMBIIIICHHBIX PACTBOPOB,
coneprkantunx noHel metamuioB» (FEMU-2024-0011).
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