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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-
MaloT MeMOpaHHbIE METOIbI pa3AeiCHuUs, KOTOPhIE
Oyraromapst CBOeit BBICOKOH 3((EKTHBHOCTH, TIPO-
CTOTE€ O3KCIUIyaTallMd WU KOMIIAKTHBIM pa3Mepam
CTaHOBATCS Bce Oojee BocTpeOoBaHHBIMH [1, 2].
K uum oTtHOCAT ynbTpadunbrpanuio, HaHOPHUIb-
Tparuto, 00paTHBIA ocMoc, dekTpoananus (3/]) u
JIpyrue MeHee paclpocTpaHEeHHbIe MeTob! [3, 4].
O/1 ucnionb3yeT NEKTpUYECKOe MoJIe AT IepeMe-
IIEHUST HOHOB Yepe3 MOHOOOMEHHBIE MEMOpaHBI,
YTO TO3BOJISIET U30MPATENBHO yIAIATh HEOOXO0IH-
MbI€ KOMIIOHEHTBI U3 KUJKOCTEHN. JJaHHBIA MeTox
oOnajaeT CyIECTBEHHBIMH IMPEHUMYIECTBAMHU
U IPEBOCXOAUT  aJbTEPHATHBHBIE TEXHOJOTMU
MeMOpaHHOW (UIBTpaIHH:

Bbicokasi CeneKTMBHOCTbH, II03BOJIAIOIIAS
M30MpaTENIbHO YAAISTh HOHBI TSDKEJIBIX METaJUIOB H
Jpyrux 3arpssHuteneid. JlanHoe kadecTBo aenaeT D/
0co0eHHO A(p(HeKTHBHBIM ISl OYHUCTKH CTOYHBIX BOJ,
coJiepKalllixX Crieln(UUecKre 3arpsI3HATENH.

Mrumnmmsaryst o6pasoBanws nama. B 9/1-mpo-
Liecce JIEKTPoIMaiN3a He MPOUCXOANUT HAKOIIIICHUS
TBEPIbIX YACTUL] Ha MEMOpaHaX, 4TO CHIDKAET PUCK
3aCOPEHHS U YIIPOIIACT 0OCITY)KUBAHHE CHCTEMBI.

D¢ PeKTHBHOCTH IPH HU3KUX KOHIIEHTPAIMSIX
nenaer OJ1 moaxomsmuwM st 00pabOTKH CTOYHBIX
BOJI C MaJIBIM CO/IEPYKaHUEM 3arpsA3HUTENEH.

JaHHas TEXHOJOTHS HAXOIUT IIMPOKOE
MPHIMEHEHHUE B TAKUX O0NACTSIX, KaK OYMUCTKA CTOUHBIX
BOJI, OIIPECHEHUE BObI, MUINEBAs M XMMUYECKas
MPOMBIIIICHHOCTh, OYMCTKA CTOYHBIX BOJ Ia/IbBAHO-
npon3BozICcTB. B ounctke crounbix Bon D/1 addektrBHO
yHanseT TSKeJIble MEeTaJUTbL, COM U OpTraHu4eCcKue
3arpA3HUTENH, YTO JENAeT ero MPUBJIEKATEIbHBIM
JUISl MCTIONIb30BAHUSL  HA MPOMBILUICHHBIX —Ipel-
npusITHAx. B mumesoit otpacnu 31 npumensercs
IUIsl YCTPAHEHUS! M3JMIIKOB COJIEH W MOBBILICHHUS
KadecTBa NPOoAyKUuu. B xumMudeckoil MHIyCTpUun
3TOT METOJI UCTIONB3YIOT JJIsl BBIIEIECHUSI YUCTHIX
XHMHYECKHX BEIIeCTB. [5—7].

B rampBanmueckoil mpomsbinuieHHOCTH /]
4acTO MCHOJB3YIOT ISl U3BJICUEHUS] LICHHBIX Be-
IIECTB M3 CHJILHO KOHIIEHTPUPOBAHHBIX CTOKOB,
KOTOpbIE 00pa3yoTCs IPY XUMHUECKON U JIEKTPO-
XHUMHUYECKO 00pa0dOTKe CTalli U IIBETHBIX METaJ-
J0B [8, 9]. OnHuM 13 HanboJIee YacTO MPUMEHSIO-
LIMXCSI METAJIOB sBJIsieTCd HHUKeJIb. OH HaxOAWUT
IIMPOKOE MPUMEHEHHE B TAIbBAHUYECKOM TPOH3-
BOJICTBE OJiarojiapsi CBOeH MCKIIOUUTENEHON KOp-
po3uoHHON croiikoctu. IIporiecc HUKenTUpOBaHUSA
0OBIYHO MTPUBOINT K 00Pa30BAHUIO 3HAUNTEITHHBIX
00BEMOB CTOUHBIX BOJI, YACTO COJEPIKAIMX KOHIICH-
Tpamuu KatroHoB NiZ* ot 20 mo 200 mr/n [10, 11].
OTH CTOYHBIE BOJIBI YaIlle BCErO OYMILAIOT C [IOMOIIBIO
XMUMUYECKOT0 OCaKAEHUS, YTO MPUBOIUT K 0Opa-
30BaHUIO0 3HAYHUTEIHHOTO KOJMYECTBA IMIIamMa
C MaccOBOM J10J1ei HuKens B HeM okoio 31,6% [12].
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B uccnenoanusix [13, 14] aBTOpBl C MOMOIIBIO
O/l-pa3neneHuss CMOIVIM  JIOCTUYb  YIaJCHUA
10 95% HUKens U3 CTOYHBIX BOJ, 0Opa30BaHHBIX
Iocie mporiecca HUKeIupoBaHUsA. B pabote [15]
C TIOMOMIBI0 JBYXKaMEPHOT'O ammapara sl 3J1eK-
TPOOCAKICHHS U 3JCKTPOJHAIN3a OJHOBPEMEHHO
BOCCTaHABIIMBAJIN HUKEIIb, COACPKALIMNCS B OTpa-
OOTaHHBIX BaHHAX XMMHUYECKOTO HUKEIUPOBAHUS,
1 6€3 BTOPUYHOIO 3arps3HEHNS YAAISUIA COSIMHEHHS
¢dochopa. PesynpTaThl mOKazaiu, 9YT0 KOJIAIECTBO
BOCCTAaHOBJIEHHOIO HHKeIsd cocTtaBuiao 82,34%.
ABTOpHI B pabote [16] moOWIMCh CHIKEHUS KOH-
uenrpauuu Ni?* B anonute u karoaute no 0,015
n 0,085 ™I/ COOTBETCTBEHHO TIPH W3HAYAIBLHO
HU3KOH HaYaJIbHOW KOHIICHTPAITUH, paBHOM 1 MT/1I,
3a CUET COYETaHMS SIEKTPOANAIN3A U DIIEKTPOOCa-
kaerns. B pabote [17] wmccrmenoBancs mporecc
M3BJICYCHHA HUKEIA U3 TBEPALIX MIJIaMOB C HUC-
nonb3oBanueM 0,1 M cepHoil kucnotsl. IIponecc
BKIIOYan B cebs 0o0paboTKy muiamMa KHCIOTOM,
AIIEKTPOANAIN3ZHOE KOHIICHTPUPOBAHUE U DJICK-
TPOBOCCTAHOBJICHHE UISI HM3BJICUCHUS HUKENA
U3 MOJYYEHHOTO PacTBOpa Ha 3JeKTpoje. Beixon
HUKEJS 10 TOKY Ha Karoje nocturai 96%. Pesymb-
TaTel psga dKcrepuMeHToB [18] moKa3bIBaloOT,
YTO MaKCuUMaJlbHas CTCIICHb U3BJIICUCHHA HMOHOB
HUKENd JOCTUraeTcss Opu HanpsbkeHun 12 B,
a ONTHMAaNbHAsl CKOPOCTH TOAAa4YM pacTBOpa IS
naboparopHoro ammaparta cocrtasiser 0,13 m/c.
Taxxe OBUIO NMPOBEAEHO KOHLIEHTPUPOBAHHE pPac-
TBOpA, MOYYEHHOTO 00ECCONMBAHUEM MPOMBIBHON
BOJIBI, C IIEJIbI0 €r0 MOBTOPHOI'O HCIIOJIB30BaHMS
B TEXHOJIOTHYECKOM IIHKIe. B pe3dynbrare ObLI
MOJYYeH pacTBOp ¢ KOHIeHTparuei 34,1 r/m.

Ha ocHOBe TpOBEACHHOIO JHUTEPATYPHOTO
a”amm3a padot [ 1-18], orieHeHa BaXKHOCTH TIPOOIIEMBI
OYHCTKH 00pa3yIoMXCcsl B IPOLIECCE HUKETUPOBAHMS
CTOYHBIX BOJ ¥ C(hOPMYJIMPOBaHA 1I€JIb PAOOTHI.

Heab padoThl — nccnenoBanve 3P QeKTHBHO-
CTH JIEKTPOMEMOPaHHOW OYMCTKH HPOMBIIIIEHHBIX
PacTBOPOB TaJlbBAHMYECKHX MPOM3BOJICTB OT HOHOB
HHKEJsI ¥ TEXHOJIOTHYECKOe O(OpMIICHHE TIpoIiecca.
1 mocTrKeHus MOCTAaBIEHHOH eI ObUT pelieH
psn 3amay, BKIIOYAsh MCCIEJOBAaHUE KHUHETUKU
3 /1-paznenenus u kodpduimenta anekrpoanddhy-
3MOHHOW NPOHHULIAEMOCTH.

MaTepl/laJ'll)I U METOAbI

Jns mpoBenieHrst SKCOEPUMEHTOB U UCCIEI0-
BaHWS KHWHETHKH OJ[-pazneneHusi HCHOIB30BaIach
crelMaIbHas YCTaHOBKA (PHCYHOK 1), BKITFOUArOIIas
OJl-s4eiiky, a Takke TpU HE3aBUCHUMbIEC JIMHUU
MUPKYJSIITAN  PaCTBOPOB, IMOAKIIOYCHHBIC K HEH.
Kaxnas w3 3THX JWMHUNW TpeaHa3sHayeHa Jyist
MUPKYJISIUN  00€CCONEHHOT0, KOHIEHTPUPOBAH-
HOT'O U MIPHUAJIEKTPOTHOTO (CMENIAHHBIX aHOJIUTA U
KaTOJIUTa) PaCTBOPOB.
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pacrsop pacrsop
Desalinated Concentrate Pre-electrode
solution solution

Pucynok 1. DxcniepiMeHTaTbHAs 2EKTPOANATIN3HAS YCTAHOBKA:
1 — eMKOCTH 1711 00€CCOJICHHOT0, KOHIIEHTPUPOBAHHOTO H
MIPURJIEKTPOIHOTO PACTBOPOB; 2 — THEBMATHIECKHI HACOC;
3 — MacJIHBIH KOMIIpeccop; 4 — KOHTPOJIbHBIN KIlanaH; 5 —
pacxonomep; 6 — MaHOMETp; 7 — ANEKTpOAUAII3HAS sTYelKa;
8 — mabopaTopHBIl UCTOYHUK MHUTAHUSA, 9 — BBIMYCKHOU
KpaH 115 coopa; 10 — BeITyCKHO# KpaH sl 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 srnexTponnanu3Hoi saelike, o0mIas cxema
KOTOpOU TMOKa3aHa Ha PUCYHKE 2, O] BO3ACHCTBUEM
3NEKTPUUECKOTO TIOJISI MOHBI MEPEeMEIIaloTC Yepes
HOHOOOMEHHBIE MEMOPaHbI, YCTAHOBIICHHBIC B Ye-
penymoomemcs TOpAIKe U 00pasyrole KaMmepsl
paznenenus. lllupumHa MexxmeOpaHHOrO KaHajia
coctraBisia 0,001 M, a akTUBHas IUIOLIAJb MEM-
opan — 0,0306 M.

Catholite Desalinated Concentrate Analyte
solution
(ObecconerHbiu  KoHueHmpam
pacmbap
n
:‘ ! 1 T | ! =
§ l ' ! ) V
N I
. | : :
TUNKIA K LA TKTATK AL
| |
L L J
Cnub $ Cnub
KoHUeHmpama McxodHeil pacmbop 0decConerHozo
pacmbopa
Catholyte drain  Concentrate  Initial solution Desalting Analyte
drain solution  drain
drain

Pucynok 2. Cxema 351eKTpoIualIn3HOTO anmapara

Figure 2. Scheme of electrodialysis apparatus
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UccnenoBanne koddduimienTa 3meKTpo-
I PYy3nOHHON TPOHUIIAEMOCTH OBLIO MTPOBEICHO
Ha YCTAaHOBKe, TPEACTaBICHHON Ha pUCYHKE 3.
YcTaHOBKA COCTOSIA U3 PA3ACIUTEIbHON SYEHKH,
7m1abopaTOPHOTO UCTOYHHKA IMHUTAHUS U JIBYX Mar-
HUTHBIX MemaoK. KOHCTpyKLUs pa3ieauTenbHON
SYCHKM BKITIOYAJIa JIBE KBAApaTHbIC KaMepbl U3 Opr-
CTEeKJIa, PKATBIX APYT K APyTy. Mexy KkamepaMu
pasMelnanachk uccieayemas MeMoOpana, 3adukcupo-
BaHHas [UIACTUKOBBIMH pellieTKaMu. BHyTpH Kaxxmoi
Kamepbl HaXOAMIICS MOHOTOJSIPHBIN 3JIEKTPOI, K KOTO-
POMy TOABOIMIICS MOCTOSIHHBIA TOK OT UCTOYHHKA
nuTaHys. Pabounii pacTBOp TIOMEIIAN B 00€ KaMepEl,
T7ie TS TIepeMEIMBaHUS HCTIONB30BAMCH MATHUTHBIE
MEUIATKH C SIKOpsIMU. | epMeTHYHOCTh KOHCTPYKIIMU
obecreunBanach CHIMKOHOBBIM T€PMETHKOM

oo v
0oon A

L [

5 —— —— 5

Pucynok 3. DkcriepuMeHTalbHas 3eKTpoIudy3noHHas
yCTaHOBKa: [ — TMpWKHMHAs IUMATA; 2— 3aKAMHAs
pemieTka; 3 — MemOpaHa; 4 — BJIEKTPOX; 5 — MarHUTHas
MeliaKa; 6 — 1abopaTOPHbIA UCTOYHHUK MTHTAHUS

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

JIst uccnenoBanrii MCTONB30BAIMCH AHHOHO-
1 KaTHOHOOOMeHHBIe MeMOpanst MA-4111 1 MK-40JL.
XapakTeprcTUKN MeMOpaH MpezICTaBIeHbI B TabmuIe 1.
MozenbHbIe BOJHBIE PacTBOPHI CONEPXKATM HUTpAT
aukenst  (Ni(NOs)'6H:0) ¢ pa3nmuuHbIMU  Havaib-
HBIMH KOHIICHTPAIIUSMU, IMUTHPYIOIIUMH PealbHbIC
HPOMBIIIIEHHBIE CTOKH. boree oapoOHO KOMITOHEHT-
HBII COCTaB paCTBOPOB IMPE/ICTaBIICH B TabiuIe 2.

TaOmnuma 1.
XapakTepuCTHKY aHUOHO- U KATHOHOOOMEHHBIX
MeMOpaH
Table 1.
Characteristics of anion and cation exchange
membranes
XapakTepucTika Mapxka | Mark
Characteristics MEK-40J1 MA-4111
Tommuuna, MM | Thickness, mm 0,3-0,5 0,3-0,5
HWonnas rpyrma | lon group (SO; H) N(CH,)
HonHast hopma — IPOTHBOHOH + .
: . Na Cl
Ionic form - counter ion
HuepTHOE CBsi3yoLee MOJIMATHIICH TOJIMATHIICH
Inert binder polyethylene polyethylene
ApMupyIOILIast TKaHb noym3(GUpHas | TONMaMHIHAS
Reinforcing fabric polyester polyamide
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Tabauna 2.
XapakTepucTHUKN UCXOIHBIX MOJICIBHBIX PACTBOPOB
Table 2.
Characteristics of the initial model solutions
Ucxonnast konueHTpamust Co, MI/i
gﬁﬂggﬁ Initial Co Concentlr)ation, mg/L
Niz* NOs-
Hl1 40,0 84,5
H2 80,0 169,0
H3 120,0 253.5
H4 160,0 338.,0

[lepen HawgamoM cepuy SKCTIEPUMEHTATBHBIX
HCCIIeIOBaHNi OBII MPOBEICH TINATEIGHBINA aHAN3
JTUTEPATYpPHBIX JAHHBIX, B PE3yJbTaTe KOTOPOTO
OBITH BRIOpAHBI ONITUMAIBHBIC 3HAUYEHUS pabounx
MapaMeTpoB IKCHEpUMEHTOB. [IMOTHOCTE TOKa
BapbUpOBasachk B auanasone ot 10 A/m* mo 40 A/m2.
Cpennuit pacxo pazaessieMoro pacTBopa B KaKIIOM
cekiuu ObL1 paBeH 300 y1/4, a UCXOMHBIH 00bEM
pactBOpoB — 5 1. Kaxkaplil OTIeIbHBINA SKCIIEPUMEHT

C/C,
1,04 = 40 mr/n
80 mr/n
A4 120 mr/n
0,84 v 160 mr/n
0,6 1
0,4 1
0,2 1
v
0,0 : J - S
0 15 30 45 60
T, MHH
(a)
C/C,
1,0 % = 40 mr/n
80 mr/n
A4 120 mr/n
0,84 v 160 mr/n
0,6 1
0,4 1
0,2 1
0,0 ‘ 5 T 7
0 15 30 45 60
T, MHH
()

post@uestniR-vsuet.ru

MPOBOAMJICS B TedeHHe 60 MUHYT ¢ 0053aTEIbHBIM
0TOOpPOM 00pa3IIOB PACTBOPOB KaXKIbIC 15 MUHYT.

Pe3yabTaThl H 00Cy:KIeHHE

OnHuM M3 BaXKHBIX 3TAllOB HCCIEAOBaHUSA
ObUTO HAOMIOACHUE 32 BIMSIHUEM HMCXOAHOW KOH-
LEHTPaly HAKEIS U ITIOTHOCTHU BIIEKTPHYECKOTO
TOKa Ha MPOLIECC OYUCTKH. DTa YacTh MCCIIECAOBAHUS
MO3BOJIMJIA HaM IIy0O)Ke MOHSTh, KaK MOBBILICHHUE
KOHIEHTpAIMM HUKEJS B pacTBOpPE W M3MEHEHHE
MJIOTHOCTH TOKA BO3IEHCTBYIOT Ha 3(D(EKTHBHOCTH
JaHHOTO IIpoliecca.

Ha pucynke 4 mpexncTtaBieHbl pe3yabTaThl
CEepHUH IKCIEPUMEHTAIBHBIX HCCIEAOBAHUM, IO-
JyYEHHBIX NPU JJIEKTPOIUATIU3HOM pPa3JelIcHUH
MozenbHbIX pactBopoB H1, H2, H3 u H4. Ilomy-
YeHbl KUHETHYECKHE 3aBUCHUMOCTH KOHLEHTpa-
uuu C nonos Ni**, HOpMUPOBAHHOM K MCXOMHOM
BenuunHe Cop, B mpouecce IDJl-pasgencHust npu
mwioTHocTH Toka 10, 20, 30 u 40 A/M?.

C/C,
1,04 = 40 mr/a
80 mr/n
A4 120 mr/n
0,84 v 160 mr/n
0,6 1
0,4 1
0,2 1
0,0 T T T ¥
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Pucynok 4. Kunetndeckue 3aBucumoctu koHuenTpanuu C moHos NiZ¥, HOpMUpOBaHHOMN K ucxoaHol Bennunne 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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OKCIEPUMEHTBl  TI0 3JICKTPOJHATH3HOMY
Pa3IeNeHnI0 MOJIETHHBIX BOJHBIX PacTBOPOB, CO-
nepxkamux Ni(NOs)2'6H20, mokazanu BBICOKYHO
s dexTuBHOCTE MeToAa. CTereHb OYHUCTKH pac-
TBOPOB B psiJic CilydaeB OT KaTHOHOB Ni*' cocra-
Buna 98,5-99,3%, 4To IeMOHCTpUPYET MOTSHIIAAT
ANEKTPOINAIIN3A TS IPUMEHEHHS B POMBILLICHHBIX
YCIIOBHSIX. BBITO yCTaHOBIEHO, UTO TIPH YBEITUYCHUN
HAYaJbHOW KOHUEHTPAMK HHUKENS B PacTBOpE
MpoIlecC OYMCTKH 3aMenysuics. Tak, B mporecce
pasnenenus pacteopo H1, H2 u H3 B GonbiimH-
CTBE DKCIIEPUMEHTOB MPH BCEX IUIOTHOCTSIX TOKa
KMHETHYECKHE 3aBUCHUMOCTH OT BPeMEHH HMeENn
CXO0Xyl0 (GopMy U IEMOHCTPHPOBAIN OBICTpOE
CHIDKEHHE KOHIIEHTpAIlMK MOHOB HUKeJs. OHaKO
npu pasleneHun pactBopoB H4 c yBenndyeHHoMH
HCXOJHOM KOHIEHTpanueil nonos Ni*+ mporecc
OYHCTKH MPOXOIII 3HAYUTENHHO MeieHHee [19-22].
OT0 MOXKET OBITH CBSI3aHO OTIPEICIICHHBIME (PAKTO-
pamMu, KOTOpbIE BIUSIOT HA 3()(EKTUBHOCTH TEXHO-
nornu. Hamprmep, BbICOKas KOHIIGHTpAIysi MOHOB
HHKEJISI B PACTBOPE MOYKET MPHUBECTH K MepeHachIIIIe-
HUIO ¥ 3aMeyIeHHto TuQdy3rr HOHOB K MEMOpaHaM.
Taxxke Ha MeMOpaHax MOTYT OOpa3OBHIBATHCS
0CaJIK{, YTO TIPUBOJUT K MX 3arpsI3HEHUIO, 3aTPY/-
HSIET JIBIDKCHHE MOHOB U B KOHEYHOM WTOTE MOXKET
moTpedoBaTh 0ollee YacTON 3aMEHBI WIIH OYHCTKH
MeMOpaH. DTH JJaHHbIE MMOTYEPKUBAIOT BaKHOCTh
ONITUMU3AIMH TTapaMeTPOB Tpoliecca It oOecte-
YCHUS MAKCHUMalIbHOW 3((EKTUBHOCTH OYUCTKU
MIPH BBICOKMX KOHIIEHTPAIIHASX HUKEIS.

HccnenoBana 3¢ ¢peKTUBHOCTh pa3leICHUS
MetosioM D/ B TeUeHHe OTHOTO Yaca IpU pa3iind-
HBIX IUIOTHOCTSX TOKa — oT 10 A/mM?2 mo 40 A/m.
Ha pucyHke 4 mipezcraBiieHbl 3aBUCUIMOCTH KOHIICH-
tpaimu C noHoB Ni’+, HOPMUPOBAHHON K MCXOIHOM
BenuurHe CO, OT IJIOTHOCTH TOKA.

C/C,
0,05 = 40 mr/an
80 mr/n

A 120 mr/a
0.044 v 160 mr/n
0,03 1
0,02 -
0,01 -
0,00 : - .

10 20 30 40

i, A/m?
Pucynok 5. 3aBucumoctu koHuenTpauuu C HOHOB Ni?,

HOPMHPOBAHHOU K UCXOHOM Benmunne Cy, OT MIOTHOCTH
TOKa Mmocite 9acoBoro JJI-mporecca

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 yBeIM4eHUEM IUIOTHOCTH TOKa HOPMUPOBAH-
HbIe KOHIICHTPAIIMH YMEHBINAIOTCS, YTO YKa3bIBACT
Ha 3¢ (eKTUBHOE yAaleHHWE WOHOB W3 PACTBOPA.
UYeM BbIIIIE THIOTHOCT TOKA, TEM OBICTPEE MPOUCKO-
JUT 3TOT Tpolecc. ITO CBA3aHO C TeM, 4To Oomee
BBICOKAasl TUIOTHOCTh TOKa MPUBOJMUT K YCUJICHHIO
ANEKTPOIUTHIECKUX IPOLIECCOB, YTO, B CBOIO Ove-
penp, mo3BosseT Oonee 3(h(HEeKTUBHO M3BICKATH 3a-
TPSI3HSIOLIME BellecTBa. bonee BhICOKHE HaYaIbHbIC
KOHIIGHTPAIMK B OOJBITUHCTBE OKCIEPHUMEHTOB
MPUBOJAT K MEHBIIEMY OTHOCHTEIEHOMY CHIDKE-
HUIO KOHIICHTPAIIMU TIPU TOM K€ TIOTHOCTH TOKA.
DTO MOXET OOBSACHATHCS HACBHIIIEHHEM HOHOO-
MEHHBIX MeMOpaH 00 OTrpaHMYCHHOCTBHIO BO3-
MOYKHOCTEH IMepeHoca MOHOB TPHU MOBBIIIEHHBIX
KoHIeHTpausx. Kak BUJIHO Ha pucyHKe 4, Toce
JIOCTVDKEHUS TUIOTHOCTH TOKa B 20 A/M? manmbHeHIvit
npupocT 3(QPEKTUBHOCTH OYHCTKUA OKa3bIBACTCS
HECYHMICCTBCHHBIM I10 CPABHCHUIO C YBCINYCHUCM
SHEpro3aTpar Ha Ipolece Mpu OOJbIIeH TIOTHOCTH
Toka. C MocienyonyM YBEINYeHUEM TTIOTHOCTH
TOKa 3aTpaThl Ha DJIEKTPOIHEPTHIO PACTYT MPOIIOP-
IIMOHAJILHO, OJHAKO TPH 3TOM MPHUPOCT OYUCTKH
0CTaéTCcs MUHUMAJIILHBIM M CTAHOBHUTCS YKOHOMHU-
YEeCKM HEBBITOJHBIM. Ha OCHOBaHUM yIOMSIHYTBIX
HAOJTFOICHUIT MOYKHO CJIENIATh BHIBOJI, YTO ONTUMAITh-
HBIM 3HAYCHUEM IUIOTHOCTH TOKa JJIsl pacCMaTpHBa-
emoii cuctemsl sipisiercst umeHHo 20 A/m?. Takas
IUIOTHOCTh TOKa oOOecredynBaeT OamaHC MEXIy
BBICOKOH A()(EKTHBHOCTBIO YIAIICHUS IEIEBBIX
BEIICCTB M MPUEMIICMBIMH 3aTPATaAMH  Ha BIICKTPO-
SHEPTHIO, UTO JIETIAET ero HanboJiee 1enecoo0pasHbIM
JUTSL UCTIOJIb30BaHMS Ha MPaKTHUKE.

Ha pucyHke 6 paccMOTpeHO BIUSTHHE ILIOT-
HOCTH TOKa W MCXOJHOW KOHIIEHTPAIIUU pacTBOpa
Ha 2J1eKTpoaAn((Hy3UOHHYIO MPOHUIIAEMOCTh MEM-
opanst MK-40J1 a1 katnonos Ni*+.

P, 10° kr/(A-c)
2,0

o

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

44 p >

0,0+ . . . . :
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Pucynok 6. 3aBucumoctu 3neKTpoIudpPy3HOHHOM

nponunaemMoct MemoOpansl MK-40JI mast kaTHOHOB

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
st KatnoHOB Ni** yMEHBIIAETCS C yBEIMYEHUEM
IUIOTHOCTH TOKA JUISl BCEX KOHLIEHTPAIMI pacTBOpa,
YTO CBUJICTENBCTBYET O CHIKEHUH d(PPEKTUBHOCTH
anexTpoanhhy3nOHHOTO TIepeHoca. 3HaueHHs KO3 (-
¢ummenTa snexTpoandHy3HOHHON MTPOHUIIAEMOCTH
Psx xonebmrores B nuanazo”e ot 0,140x107° no
1,324x10°° kr/(Axc). CHmKeHHEe €ro 3Ha4eHHH
IPH yBEJIMUEHUH IJIOTHOCTH TOKa HaOJ0AaeTCs s
BCEX HAYaJbHBIX KOHLEHTpPaUMUid pPacTBOPOB U
cocTaBisieT B cpeaHeM 55%. DTo sBIeHHE MOXHO
OOBSICHUTh HECKOJIBKMMH NpHIMHAMH. Bo-mepBhIX,
YBEJIMYEHUE IJIOTHOCTU TOKA BENET K YCHJICHMIO
rpafleHTa KOHLEHTpPAaLuU I10 00€MM CTOPOHaM
MeMOpaHBI, 4TO YCIIOXKHSET IPOLIECC MAcCONEPEHOCa.
W3-3a BO3pacTaOLIEero CONPOTUBIICHUS IIEPEHOCY
BeIeCTBa MEKTPoAN( Y3 MOCTETICHHO 3aMeIis-
ercs. Bo-BTOpBIX, BBICOKas IJIOTHOCTb TOKA MOMKET
BBI3BIBATH YBEJMUYCHHE TEMIIEpaTyphl pacTBOpa
B 00J1acTH MEMOpPaHBI, 4TO, B CBOIO OYEpe/ib, MOXKET
MPUBOIUTH K U3MECHEHHIO (U3UKO-XUMHUUECKUX
CBOWCTB camoii MeMOpaHbl. Kpome Toro, cHmkeHHe
anekTpoaupGy3MOHHON TPOHUIIAEMOCTH MOXKET
OBITH CBSI3aHO ¢ OOJIee MHTEHCUBHBIM B3aUMO/IEH-
CTBHEM KaTHOHOB C MaTpHleii MeMOpaHbI, YTO
OrpaHUYMBACT CBOOOAHOE ABMKEHHE HOHOB.

st moaTBepKACHHS TIOJTyYEHHBIX JKCIIECpH-
MEHTAIBHBIX IAHHBIX OBLT POBEJICH TEOPETHUECKHIA
pacuet 3HaueHH KO3 unneHTa sekrpoauddy-
3MOHHOM mpoHuuaemoctu P, Ero mnporogummn
Ha OCHOBe ypaBHeHus [23]:

P, =kCqi" exp(Cog)exp(4/T) ,
rae k— smrnupudeckuit koopdunuent, mY/(A*c);
Co— KOHIEHTpalusl BEUIECTBA B HCXOAHOM
pacTtBope, Kr/M>; i — IJIOTHOCTh TOKa, A/M?; n, m —
Oe3pasMepHbIe AMIUpHUYEcKHe KO3(PPHUIMEHTHL;
g — OMIUPUYECKUH KOdPduLmMeHT, MY/kr; 4 — oM-
nmupudecknii koaduruent, K; 7T — abcomoTHas
TemIeparypa pactsopa, K.

OKClIepUMEHTAIbHbIE M pacueTHbIE 3HAUCHHS
MPOU3BOIUTEIFHOCTH OJNM3KU JIPYT K JIPYTY, YTO
CBHJICTEIILCTBYET O XOPOIIEH KOPPEISIUN MEKILY
TEOPETHYECKUMU  TPEANONOKCHUSIMH U peajb-
HBIMH pe3yJbTaTaMH H3MepeHuil. TeM He MeHee
HAOJNIONAIOTCS  HE3HAYMTENbHBIE OTKJIOHEHHS,
0COOCHHO BBIPaKCHHBIE NPH BBICOKHX KOHIICH-
TPALUSIX U HU3KHUX HANPSDKEHUSAX, KOTOPBIE MOTYT
OBITH BBI3BaHBI OLTMOKaMU U3MEPEHHUI 1 pacyeTOB.
B nenom pasauna Mexay 3KCIepUMEHTaIbHBIMU
W TEOPETUYECKH PACCUMUTAHHBIMH 3HAYCHUSIMU
He npesbimana 10%.

HpaKaneCKoe NPpUMEHECHUE

Pazpabotka u BHeapeHune 3((HEeKTUBHBIX
TEXHOJIOTUYECKUX CXEM — 3aJI0r YCIEITHOW paOoThI
MEMOpPaHHBIX CUCTEM OYHCTKH, CIIOCOOCTBYIOIIHIA
KaK SKOHOMHHU PECYPCOB, TaK U OXpaHE OKPYKar0-
mer cpeapl. OQGEKTUBHBIE CXEMBI IO3BOJITIOT
JIOCTHTaTh 0O0Jee BBICOKOTO YPOBHS YyaalieHUS
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3arps3HSIOIIUX BEIIECTB, YTO o0ecreynBacT 0e3-
OTACHOCTh W MPUTOHOCTH BOJBI IS PA3IMYHBIX
HYK]I, 8 IPaBWIBHOE MPOEKTHPOBAHNE YMEHBIIIAET
MOTpebIeHNe YHEPTHH U PECypCOB, UTO CHIDKAET
o01rre pacxo/Ibl Ha IKCILTYaTaluio0 CUCTEMEI.
Texaomormyeckasi cxema Tporiecca 3JIeKTpo-
JTMAJTM3HONW OYMCTKM CTOYHBIX BOJ, TIpeiaracMasi
JUTSI TAJIbBAHUYECKOTO TTPOU3BOJICTBA, H300paXKeHa
Ha pucynke 7. Cxema mpegHa3HadeHa [Tl JIEK-
TPOJUAIN3HON OYHCTKUA KUCIBIX MPOMBIIUICHHBIX
PacTBOPOB, COJEpKAIMUX MOHBI HHKeNss. Kucible
MIPOMBINIUICHHBIE PACTBOPHI CHadaja COOMpPArOTCS
B HAKOIHUTEIHHON €MKOCTH /, TIOCIIE YeTO HAaCOCOM
2 OHHM TIOMAIOTCS B almapar I HeUTpaTu3arun
pactBopoB 3. 3aTeM, HEUTPATM30BaHHBIA PAaCTBOP
MOCTYNaeT B AICKTPOIUAIN3ATOP 4 I OUUCTKH
OT WOHOB HUKeA. OUNIIEHHBIA PacTBOP (AMITIOAT)
HAIpaBJIsIeTCS B pe3epByap J Ui XpaHCHWS OYH-
LIEHHOW BOJIbL, KOTOPBIM MPEAIOIaracTcsi IOBTOPHO
WCTIONH30BaTh B MPOIIECCE TATbBAHUYECKOTO TTPOU3-
BoncTBa. KoHueHTpar, coaepamuii 0ojbInoe
KOJTMYECTBO HHKENs, OTIPABISAETCS B EMKOCTh O
IUIS. TIOCTIEAYIOMIEro KOHIEHTPUPOBAHUS WU
HCII0JIL30BaHUA B CTPOUTECILHOM IIPOU3BOACTBE.

Kucrsie Bosbpam bodsi

1 npomsibree bod 3 8 npomeuwsesnsi yuka - b 4 6
——]
2 !
Kowyermpam

é Aoy . HA Ymunu3ayue
@O+ [l

Pucynok 7. TexHomormdeckast cxema pasfelieHHs] TPOMBIII-
JICHHBIX PAacTBOPOB C NMPHMEHEHHEM  DJIEKTPOIUATIN3HON
OYHCTKHU: | — €MKOCTh c6opa KUCJIBIX TIPOMBIBHBIX BOJ;
2 — Hacoc; 3 — ammapar HeWTpaJu3ald pacTBOPOB; 4 —
3IIEKTPOIUATIN3ATOP; 5 — eMKOCTh COOpa OUHIIEHHON BOIPbI,
6 — eMKOCTb c00pa PacTBOPOB, MOUICIKAIIUX YTUIN3ALUH

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

TexHonornyeckas cxema 00J1aJaeT BBICOKOM
CTCIICHBIO alalITUBHOCTHU, ITO3BOJIAA OIICPATUBHO
pearupoBatb Ha U3MCHAIOMIMUECA NPONU3BOACTBCH-
HbIC YCIIOBHUS HJIH IPOTHO3UPYEMBIi pOCT 00bEMOB
00paboTKH. DTO JOCTHUTAETCs 3a CYET MOJYJIBHOM
CTPYKTYpbI, THOKO# KOH(UrYypaluu mapamMeTpoB
Y BO3SMO)KHOCTH HMHTETPAIMA HOBBIX KOMITIOHEHTOB.
Takast THOKOCTb TI03BOJISIET CYIIECTBEHHO YBEJH-
YHUBaTh MPOM3BOJIUTEIHFHOCTE CHCTEMBI, M30eras
IIpU 3TOM 3HAYUTCJIbHBIX KallUTAJIbHBIX BJIO)KEHUH
B HOBOE 000pY/I0BaHKE WK KapJHHAIBHYIO TIepe-
CTpOMKY Bcero mporecca. OnTuMu3anus OTAeINb-
HBIX Y3JI0B, MEPEHACTPOIKA aJrOPHUTMOB H Mac-
mTaOupoBaHHE  BBIYUCIHMTEIBHBIX  PECYpCOB
HO3BOJISIFOT A(P(EKTUBHO CHPABIATHCS C PACTYILIMMU
HOTp66HOCT$IMI/I " IoAACPKNBAaTb KOHKYPEHTO-
CHOCOOHOCTD MPEATPHUSTHSI.
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3akiouenue

[IpoBeneHHoe wucciaeqOBaHUE —TO3BOJISIET
CZIeJaTh CIELYIONIIe BEIBOABL:

1. Metoa anekTpoaunaiusa SBISIETCS BbICO-
KO3(PEKTUBHBIM 7151 OUUCTKH BOJIHBIX PACTBOPOB
OT MIOHOB HMKEJSl, AOCTHUras CTENEHH OYHCTKU
6omee 99%, Tpu ITOM CKOPOCTh YIAJICHHUS HATIPSIMYEO
3aBHUCHUT OT IUIOTHOCTH TOKa. DTO MOATBEP)KIAET
BO3MOJKHOCTb HCIIONB30BAHUS  DJIEKTPOIUAIM3HOTO
METOAa JJIsl IPOMBIIIJICHHOW OYHCTKH PacTBOPOB
OT TSDKEJIBIX METaJuioB. BbuIo ycTaHOBiEHO, 4YTO
CKOpPOCTh U 3()(HEKTUBHOCTD OYHCTKU 3aBHCAT
OT HayaJIbHOW KOHIIGHTPALMK HUKENIS B PaCTBOPE.
IIpu yBenMyeHN HaYaIBHOM KOHLICHTPALMU IIPOLIECC
3NEKTPOAUAIN3ZHON OYMCTKU 3aMEJIISCTCS.

2. JInst TOCTHKEHUS MaKCHUMAaTbHOW MPOH3-
BOJUTENBFHOCTH PACCMAaTPUBAEMOI CUCTEMBI PEKO-
MEHJIyeTCs UCII0Ib30BaTh ONTUMAIbHOE 3HAUCHHE
mioTHOCTH Toka 20 A/M?, KOTOpoe o0ecrieuuBaeT
OanaHc MeXITy BBICOKOH 3(P(EKTHBHOCTBIO YIIANCHHS
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LIEJEBBIX BELICCTB M IIPHEMJICMBIMU 3aTpaTaMH
Ha 9JICKTPO3HEPTHIO U JIEJaeT IPOLECC Pa3ICIICHUS
HauOoJee IerIecoo0pa3HbIM IS UCIIOIb30BAHMS
Ha IPaKTHKE.

3. IlpemnaraeTcs TEXHOJOTHYECKas cxema
OYHCTKH PacTBOPOB OT HUKENS C MPUMCHEHHEM
31, rae obecconeHHbI pacTBOP MOKHO TIOBTOPHO
HCIIOJIb30BaTh B IMPOLIECCE ITPOM3BOICTBA, 4 KOHIICH-
TpaT HCIOJIL30BaTh JUIS BOCCTAHOBJICHUE IICHHBIX
KOMITOHEHTOB MJIM YTHIIH3AI[HH.

baarogapuoctu

Pabora BrIMONHEHA TIPH (HYMHAHCOBOW TIOIEPIKKE
MuHmcTepCcTBa HayKH 1 BBICIIIEro 00pa3zoBaHust PO B paMkax
npoekTta «TeopeTndeckie M 3KCIEepPUMEHTAIBHBIE HCCIIe-
JIOBaHMSI NIEKTPOKMHETHIECKUX M CTPYKTYPHBIX XapaKTepH-
CTHK MOJIMMEPHBIX MEMOpaH MOCPEICTBOM IPUMEHEHUS
MCKYCCTBEHHBIX HEHPOHHBIX CETeH B IpoIreccax dJeK-
TPOMEMOPaHHOH OYHCTKU IMPOMBIIUIEHHBIX PAaCTBOPOB,
cozeprkantux noHsl MetamioB» (FEMU-2024-0011).
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