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Konecosa 4. C.  MalOBIAXOAHIEKOJOTTYHO  O€3MeYHl  TEXHOJOTIi
OUMUILEHHSICTIYHUX BOJI BiJ 10HIB BaXKKUX MeTamiB. — KBamidikamiiiHa HaykoBa mparis
Ha TIpaBax PyKOMHCY.

Hucepraiiis Ha 3100yTTsI HAYKOBOTO CTyMNeHs JoKTopa (utocodii B ramysi
TEXHIYHMX HayK 3a cremanbHicTio 183 «TexHomorii 3aXucTy HaBKOJMIIHBOTO
cepenopumia» (18 — BupoOHuITBO Ta TexHojorii). — HarioHaapHUI yHIBEpCHUTET
KopabyieOyayBaHHs 1MeH1 anmiparia MaxkapoBa, MukonaiB. — BiHHUIBKUM
HaI[lIOHAJIbHUI TeXHIYHUH yHiBepcuteT, Binnui, 2020.

Hucepramiitna  poboTta  TpHUCBAYEHA  PO3pOOIll Ta  BJOCKOHAJIICHHIO
KOMIUIEKCHUXMAJIOBIIXOAHUX TEXHOJIOTIH OYMIIEHHSACTIYHUX BOJBIJ 10HIB BaXKKHUX
METaJiB 3a JIOTIOMOT'0 10HOOOMIHHUX Ta €JIEKTPOXIMIYHUX METOIIBIJIS TIiABUIIICHHS
€KOJIOT1YHO1 0€3MeKH TEXHOJIOTIYHUX MPOIeCiB BUPOOHMIITBA HA MIAMPUEMCTBAX.

30UTbIIICHHS] TEXHOTEHHOT'O BIUTUBY MPOTATOM OCTAaHHBOTO CTOJITTS MPU3BEIIO
70 CTPIMKOTO 3a0pyJHEHHS HABKOJIMIIHLOTO CEPEJIOBUINA SK OPraHIYHHMH, TaK 1
HEOpraHIYHUMU ModtoTaHTaMu. OTHUMH 3 HEOPTaHIUHUX 3a0pyAHIOBAUIB € CIIOTYKU
Ta 10HM BaXKKUX METaJiB, 1[0 MAalOTh TOKCHYHHMH BIUIMB Ha UB1 OpraHizMu. Tomy
OCTaHHIM 4YacoM 3’SIBJISIETbCS BCE OLTbINE pOOIT, OB’ A3aHUX 3 OYUIICHHSM BOJIHOTO
CepeIOBHINA BiJl KATIOHIB BAXKKHUX METaJIIB.

Y mepmioMy po3aini  pO3MNISIHYTO OCHOBHI JpKepela YTBOPEHHS Ta
HAJXO/DKEHHSI 10HIB BaXXKHX METANliB y HABKOJUIIHE cepenoBuiie. OCHOBHUMH
JDKEpeIaMu  YTBOPEHHS TOKCHYHHUX BIJIXOAIB € MalIdHOOY/IBHA IPOMHUCIIOBICTD,
KOJIbOPOBA METATYPTis, BAPOOHUIITBO aKyMYJISATOPIB Ta TaJlbBaHIYHE BHPOOHHIITBO,
AK€ € OJHMM 13 HalHeOe3meuHimux cepen ycix BupoOHUNTB. CTiuHI BOAM
rajbBaHIYHUX BUPOOHHIITB MAIOTh PI3HOMAHITHHHN XIMIYHUN CKJIaJ] Ta KOHIICHTPAIiO
3a0pyAHIOBAYiB, LI0 3aBXAM 3aJ€XKUTh BiAg TUNY BUpoOHHUITBA. CHOMYyKH 10HIB
BaXXKHUX METalllB, TaKUX SK MiOb, IIMHK, KaaMIM 1 HIKEIb, € OJHHMH 3

PO3IOBCIO/KEHUX 3a0py/IHIOBAYiB y TrajbBaHiYHOMY BUpOOHULTBI. LI Meranmu e



MIKpOEJIEeMEHTaMH, SKI MIIATPUMYIOTh PI3HI HPOLECH KUTTENSUIBHOCTI, ajne MpU
MEPEBUIICHH] KOHLIEHTpAL1i Ta 0ajaHCy B OPraHi3Mi MOXKYTh IPU3BECTH J0 FOCTPUX
Y1 XPOHIYHUX XBOPOO.

JUist ounIIeHHS! CTIYHUX BOJ 3aCTOCOBYIOTH PI3HOMAHITHI METOJAU BUIIYUEHHS
MetaniB. Haituacriiie BUKOPUCTOBYIOTH (DI3UKO-XIMIYHI METOAM OUYMILEHHS. B po6oTi
OyJ0 mpoaHaIi30BaHO MEpPEeBard Ta HeJOMIKM BUOOPY TOro 4M iHmoro Meroay.Cepen
OCHOBHUX TMEPCIEKTUBHUX METOJIB OYHUIIEHHS CTIYHUX BOJ| BIiJ] 10HIB BaXKUX
METaJiB € COPOIIiHI METO/H, /10 IKUX HaJekaTh 10HOOOMIHHE BUITYYCHHS Ta METOIU
eJIeKTPOXIMIYHOI 00poOKu po3uuHiB. [lepeBaramu i10HHOTO OOMIHY € €(pEeKTUBHICTh
Ta €KOHOMIYHICTh BUKOPUCTaHHS MaTepiaiiB MiJ 4ac ovulieHHs. BuOip 1oHITY
3aJIC)KUTh Bl TEXHOJOTIYHOTO MPOIECY Ta BUIY BUJIYUYCHHS XIMIYHHMX CIOJYK Ta
i0HIB.BijoMO, 110 CHHTETHYHI OpraHiyHl 10HITH MOXXHAa BHKOPUCTOBYBATH
0araTopa3oBo, BOHHM MAarOTh BEJIUKY O0’€MHY €MHICTh, € CTIMKUMH 10 KHCJIHX 1
JTY>KHUX CEPE/IOBHUIN, JETKO PEreHEepYIOThCs Ta € celeKTUBHUMH. [Ipore ogHuM i3
TOJIOBHUX HEMOJIKIB 10HOOOMIHHMX CMOJI € YTBOPEHHS KOHIEHTPOBAHHX
pereHepaiiiHux po34yuHiB. ToMy 1OHHMK OOMIH JOLUIBHO KOMOIHYyBaTH 3
EICKTPOXIMIYHUMU METOJIaMH BWJIYYCHHS MeTaliB y uuctoMmy Burisai. Cepen
EICKTPOXIMIYHUX  METOJIB  HaW4YacTillle 3aCTOCOBYIOTH  €JICKTPOKOATYJISIIIIO,
eneKkTpodIoTaIliI0 Ta €IeKTPOiaji3 13 3acTocyBaHHAM MeMOpaH. OcTaHHIM METOJ €
HAWUTIEPCTIEKTUBHIIIMM, OCKUIBKA 3a WOro JOMOMOTOI0 MOXHAa KOHIICHTPYBaTU
KHUCIIOTH, TIOBEPTATH iX JI0 TEXHOJOTIYHOTO MPOIECY 1 BIIIYyYaTH METAId B YUCTOMY
BUIJISIL, O€3 ocaiB.

Y napyromy po3airi NpeacTaBICHO OCHOBHI XapaKTEPHUCTUKH OO0’ €KTIB Ta
METOMIB JOCTIIHKCHHS, PO3TISHYTO (DI3UKO-XIMIUHI BIIACTUBOCTI 10HOOOMIHHOT
cmommu KVY-2-8 ta wmonomomspHoi memOpanu mapku MA-41. HaBenmeno cxemu
EKCIIEPUMEHTATPHIUX YCTAHOBOK Ta OCHOBHI TIpollecH, SKi BimOyBajucs mpu
BUJyYCHHI KaTiOHIB MeTamiB. TakoX TMpejCTaBiI€HI METOAUW BHUMIPIOBaHHS
KOHIIGHTpAI[il 10HIB BaXXKUX METaliB, JYKHOCTI Ta KucioTHOCTl. [loka3zaHi
oOnaHaHHS Ta MPHWIAH, III0 BUKOPUCTOBYBAJIHNCH, @ TAKOXK METOJUKA MaTEMaTHIHOT

00pOOKU EKCIIEPUMEHTAIIbHUX PE3YyJIbTATIB.
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VY TperboMy pO3ALTI MPENCTABICHO PE3YJIbTaTHU 10HOOOMIHHOTO OYHIIEHHS
10HIB B&XKUX METAJIB 13 MOJEJIBbHUX PO3YMHIB 3a JOMOMOrow KarioHita KY-2-8 y
KHCIIH Ta coiboBii popmax. byno BuBueHO mpouecu copOlii Ta pereHepariii 10HIB
MiJl, KaJMil0, HIKEJI0 1 MUHKY Ta iX CyMilled Mpu KOHUEHTpauisx Big 2,5 ao 25
mMons/mv® (Big 5 go 50 mr-exs/mve). TIOJI€ ioHiTy Mo JaHMX MeTanax cKiajgania
npu6auzuo 1000 mmons/ am3 (2000 mr-exs/am®), mo Bkasye Ha TOCUTH €PEKTUBHY
copOiro. B ycix mpoBeieHHX eKCTIepUMEHTaxX 3 MiABUINCHHSM KOHIICHTpAIlil MeTay
3pocTalia KUCIOTHICTh PO3YHHY, PO UIBTPOBAHOTO Yepe3 10HIT y KUCTIN (hopmi, 110
CBITYUTH TNPO EKBIBaJEHTHUH OOMIH NPOTOHIB Ha KaTIOHM MeTally. 3TiJHO 3
TEOPETUYHUMHU JaHUMU KaTioHIT KVY-2-8 mae CeleKTUBHICTh 3a 10HAMH KaJMiiO
HUXKYY, HDK CEJICKTUBHICTH 3a 10HAMH MiJli, IMHKY a00 HIKeN, Horo copOris Ha
10HIT1 IPOXOIUIIA JOCUTh €()EKTUBHO, SIK MPYU BUKOPUCTAHHI KaTIOHITY B COJIBOBIN Ta
kucnii popmax. CopOrist cyMmimied 10HIB BaXKHMX METaJIiB Ha KaTIOHITI B KHCIIH
dopMi Mmokazana, 110 METaIM MalOTh Mail’ke OJHAKOBY CEJIEKTUBHICTh BHIJIYYCHHS.
[IOJI€ metaniB ckiagana B cepeanbomy 521,5 MMOJIB/ M (1043 MF-GKB/I[M3). Yy
IiJIoMy copOIIisi MeTaIiB BiIOyBasIach TOCUTh €eKTUBHO. Takox Oyio po3paxoBaHO
MaTeMaTHYHY MOJeNIib Tomaca JJig BCIX BUXITHMX KPUBHX COpOIi B JUHAMIYHUX
yMOBax 3a IOCTIMHOI IIBHJKOCTI uYepe3 Iap 10HITY B 10HOOOMIHHIM KOJIOHIII.
TeopeTnyHo oOTpUMaHI KpUBI KOPENIOIOTh 3 EKCHEPUMEHTAIBHO OTPUMAHUMU
KPUBUMH.

BinMiueno, mo GuIibTpyBaHHS PO3YMHIB 3 HU3bKMUMU KOHIIEHTPAIlIIMUA METAIIIB
€ JIOCUTh CKJIAIHUM 1 TPUBAJIUM IMPOIIECOM B EKCIIEPUMEHTANIbHMX ymoBaXx. [Ipu
00’emi ionity 20 cm®, QinsTpyBanbHii mBugkocti 0,9 1m%/rox i KoHUEHTpawii i0HIB
metanis 0,5 mmons/am® (1 mr-exs/mv3) nmotpibHo mpomycTuTu npubmuzHo 100 am3
po3unHy. TomMy, KOpUCTyHOUHCh MOACITI0 Tomaca, Oyno po3paxoBaHO KpHBI copOIii
npu  (IIBTPYBaHHI PO3YMHIB 3 HU3BKUMHU KOHIICHTpaIissMu MetaniB. [Ipockok
MeTaniB BifnOyBascs mpu BuTpati 30-40 am3 po3unHiB, a HOBHE BUYEPHAHHS EMHOCTI
karionity KVY-2-8 BinGysanock npu npomnyckani 80-100 am3. Takoxk Ha OCHOBI
OJIEp’KaHUX PE3YJIbTAaTIB OTPUMAHO 3aJECKHICTH 00’€MYy OUYMIIEHOTO PO3UYHHY

cynb(paTy Midi, LUHKY, KaaMilo Ta Hikemro Ha 1 am® katiomity KV-2-8 y kucmiii



dbopmi BiJl MOYATKOBOI KOHIIEHTpAIlli Ta KOHIEHTpalii npockoky. lle mokasye, mio
OJlepKaHi pe3ylbTaTH MOXKHA 3aCTOCOBYBAaTH JMJIsi TPOEKTYBAaHHS YCTaHOBOK
OUYHMIIEHHS BOJ, 10 3a0pyAHEH1 HOHAMH METAJIIB.

Pereneparis ionity 5 %, 8 % ta 10 %-10 cipuaHOI KHCIOTOIO MOKa3ana, 1110
e(eKTUBHICTh JAecopOuii 30UIbLIyeTbCS 3 MIABUUICHHSAM KOHLEHTpAlli KHCIIOTO
po3unny. [Ipu Bukopuctanui 10 %-ro po3uumHy cyibdary HaTpito aecopOuis Miai
BiOyBaeThes Kpamie, HiK s 10 %-i cipyaHOi KMCIOTH, OCKUIBKH CEJIEKTHUBHICTD
KkaTioHiTy Buiia 3a ionamu Na'y mopiBusiauai 3 H'. Perenepartis ionity KY-2-8 y
Cd?*-popmi mpu BukopucTanHi 5 % Ta 8 %-i cipyaHOi KMCIOTH NMPOXOAMIA MEHII
e(eKTHUBHO, HIXK Y BUIMAJKY AecopOuii Mial Ta HUHKY. JlocuTh epeKTUBHO Mpoxoauia
pereHepartiis 10HIB BXXKUX METaNIB 13 KaTIOHITY, KM OyB y 3MillIaHid COJBOBIN
dbopwmi. 3 oTpuMaHUX Pe3yNbTATIB BUIHO, IO MPU BUCOKUX KOHIIEHTPAIIISIX JaHl 10HU
NPaKTUYHO COPOYIOTHCS 1 eCOPOYIOThCS OJHAKOBO €(PEKTUBHO, TOMY BUKOPHCTATH
Il MpolecH s PO3AUICHHS KAaTIOHIB y TaKMX YMOBaX MPAKTHYHO HEMOXIJIHBO.
Crynins gecopOirii metainis csarae 70-100 %.

VY geTBepTOMy po3aiii Oyj0 BUBUEHO IMPOIECH €JIEKTPOSKCTPaKIlil 10HIB Miji,
KaJIMil0, IIMHKY Ta HIKENI0, a TaKOX iX cymimieil. BumydeHHs 10HIB MiJli B OJTHO- Ta
JTBOKAMEPHOMY  €JIGKTPOJIi3epl  TMOKa3ajlo BHCOKY €(EKTHUBHICTh  IPOIIECY,
edexkTuBHICT, BuUimyueHHs gocsaria 100 %. BcraHoBineHo, mo BuXiJ 3a CTPYMOM
3pOCTae 'y JIBOKaAMEpPHOMY €JEKTpojdi3epli B TMOPIBHSAHI 3 OJHOKAMEPHHM.
Enexrponianiz cynbdaTy HUHKY B OJHOKAMEPHOMY €JIEKTPOJi3epi BinOyBa€eThCA
Hee(EKTUBHO, TIPH TMIABUINEHHI KHCIOTHOCTI PO3YMHY TIPOIEC EICKTPOIIi3y
3YNUHAETbCA, y TOM caMUil 4Yac MpoLec BWIYYEHHS LUHKY B JBOKAMEPHOMY
eNeKTpomi3epl BimOyBaeThest 10 KiHIg. [lokasaHo, 1m0 BUITyYeHHS XJIOPUAY IUHKY 3
PO3YMHIB BiIOYBa€ThCA JOCUTh €(PEKTUBHO, alie 3 BEIMKUMH CHEpro3arpaTaMu Ta
BUJIJICHHSIM aKTUBHOTO XJIOpY. BUBYEHO €IEKTpOEKCTpaKIlito CyMimii 10HIB Miai Ta
[IUHKY, MiJl Ta KaJMii0, Mill Ta HIKEII0 B OJHOKaMEpPHOMY eJeKTpoiizepi. B ycix
BUMNAJKaX OCAa/DKEHHA 10HIB MiJal BIAOyBajgoch €(PEKTUBHO, TMpPU HE3MIHHUX
KOHIICHTPAIISIX 1HIIUX 10HIB MeTaliB. TakoK BCTAHOBJICHO, 1110 KUCIOTHICTh PO3UUHY

MaJi0 BIUIMBa€ Ha BWJIY4YEHHs 10HIB MiAl. OTe, €JIEKTPOXIMIYHI IPOLIECH MOXKHA
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BUKOPUCTOBYBAaTH B TEXHOJOIIYHUX CXEMaxX pa3oM 3 10HHUM OOMIHOM. YTBOpPEHY
KHCJIOTY HICHSI €JIEKTPOJII3y MOXKHA BUKOPHCTOBYBAaTH MOBTOPHO Y BUPOOHUITBI 200
Ipy 10HOOOMIHHMX MpOLEecax OYMILEHHS. MeTas, 110 BUAUIMBCS HA KaTOJl MOKHA
BUJIyYaTW y YUCTOMY BHUIJISI/I1 MOBEPTAIOYM B TEXHOJOIIYHI MPOLECU BUPOOHUIITBA
a6o mpomaBatu. B poOoTi Oynu mpenctaBieHl KOMILIEKCHI TEXHOJOTIUHI CXEMH
OUYHMIIEHHS CTOKIB, 110 3a0py/IHEH] BAXKKMMHU METajlaMU, a caMe Mijli, IUHKY, HIKEJII0
Ta KaaMmioo. PO3riasiHyTO Ta mNpeacTaBlieHO CHOcOOM YTWIIi3aIii BiAMpanbOBaHUX
10HITIB. B 3a1€XHOCTI Bij] BJACTUBOCTEH 10HITY MOXKHA BUOMpATH METOJ yTHJII3aIlii.
[oHiTH MO’XHa BUCYIIIYBaTH, 3MEHILYBAaTH 00’ €M, IIEMEHTYBATH a00 CHAIIOBATH.

OTXe, BUKOPUCTAaHHS 10HOOOMIHHUX Ta €JEKTPOXIMIYHUX METOAIB € OUIbIII
NEPCIEKTUBHUM B MOPIBHSIHHI 3 THITUMH METOJaMU OYHUIIICHHS CTIYHMX BOJI BlJ] 10HIB
BaXKHUX MeTaniB. JlaHi METOAM JIerko BIIPOBAIKyBaTH Ha BUPOOHUITBI. BoHu €
MaJIOBIJIXOTHUMH Ta €KOJIOT1YHO OE3IECUHUMU.

Kntouosi cnosa: ioHHMM OOMIH, 10HIT, €JIEKTPOJI3, 10HH BaXXKUX METAIIB,

pereHepaniiHuii po3uuH, MeMOpaHa, copOIis.

SUMMARY

Koliehova A. S. Low-waste environmentally-safe technologies for wastewater
treatment from heavy metal ions. — Qualifying scientificwork on the rights of the
manuscript.

Dissertation on competition of a scientific degree of the doctor of philosophy
on a specialty 183 «Environmental protection technology» (18 — Manufacturing and
technology). — Admiral Makarov National University of Shipbuilding, Mykolaiv. —
Vinnytsia National Technical University, Vinnytsia, 2020.

The dissertation is devoted to the development and improvement of the
complex low-waste technology of wastewaterpurification from heavy metal ions by
means of ion-exchange and electrochemical methods to increase the environmental

safety of production technological processes at enterprises.
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The increase in man-made impact in the last century has led to rapid pollution
of the environment, both organic and inorganic pollutants. Some of the inorganic
contaminants are compounds and ions of heavy metals that have a toxic effect on
living organisms. Therefore, in recent years, there are more and more work related to
the purification of the aquatic environment from heavy metal cations.

Chapter 1 considers the main sources of formation and discharge of heavy
metal ions into the environment. The main sources of toxic waste are the machine-
building industry, non-ferrous metallurgy, battery production and galvanic
production, which is one of the most dangerous among all industries. Wastewater
from galvanic production has a different chemical composition and concentration of
pollutants, which always depends on the type of production. Heavy metal ion
compounds such as copper, zinc, cadmium and nickel are among the most common
contaminants in electroplating. These metals are trace elements that support various
vital processes, but in excess amount and concentration in the body they can lead to
acute or chronic diseases.

Various methods of metal removal extraction are used for wastewater
treatment. Physico-chemical cleaning methods are the most commonly used. The
advantages and disadvantages of choosing one or another method were analyzed.
Among the main perspektiv methods of wastewater treatment from heavy metal ions
are sorption methods, which include ion exchanger removal and methods of
electrochemical treatment of solutions. The advantages of ion exchanger are
efficiency and economy use of materials during treatment. The choice of ion
exchanger depends on the technological process and the type of removal of chemical
compounds and ions. It is known that synthetic organicion exchange resins can be
reused, they have a large volume capacity, are resistant to acidic and alkaline
environments, easily regenerated and selective. But one of the main disadvantages of
ion exchanger is the formation of concentrated regeneration solutions. Therefore, ion
exchanger should be combined with electrochemical methods for removal of metals
in pure form. Among the electrochemical methods, electrocoagulation,

electroflotation and electrodialysis using membranes are most often used. The latter
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method is the most promising, because it is possible to concentrate acids and return
them to the process and remove metals in pure form, without sediment.

Chapter 2 presents the main characteristics of objects and research methods,
considers the physicochemical properties of KU-2-8 ion exchange resin and MA-
41monopolar membrane brand.Diagrams of experimental installations and the main
processes that took place during the removal of metal cations are provided.Also,
methods for measuring the heavy metal ion concentrations, alkalinity and acidity are
presented. The equipment and devices used, as well as methods of mathematical
analysis of experimental results are shown.

Chapter 3 shows the results of ion exchanger method for heavy metal ions
removal from model solutions using KU-2-8 cation exchange resin in acid and salt
forms. The processes of sorption and regeneration of copper, cadmium, nickel and
zinc ions and their mixtures concentrations from 2,5 to 25 mmol/dm3(from 5 to 50
meq/dm?®) were studied. The TEDC of the ion exchanger for these metals was
approximately 1000 mmol/dm3(2000 meqg/dm?®), which indicates a very efficient
sorption. In all experiments performed with increasing metal concentration, the
acidity of the solution, filtered through the cation in acid form, was increasing
too,indicating the equivalent exchange of protons for metal cations. According to
theoretical data, KU-2-8 cation exchange resin has a lower selectivity for cadmium
ions than for selectivity for copper, zinc or nickel ions, its sorption on the resin was
quite effective, as when using the cation exchange resin in salt and acid forms.
Sorption of mixtures of heavy metal ions on the cation exchanger in acid form
showed that the metals have almost the same selectivity of removal. TEDC metals
averaged 521,5 mmol/dm3(1043 meqg/dm?). In general, the sorption of metals was
quite efficient. The mathematical Thomas model was also calculated for all initial
sorption curves under dynamic conditions at a constant velocity through the ion
exchange resin layer in the ion exchange column. Theoretically obtained curves
correlate with experimentally obtained curves well.

It is noted that the filtration of solutions with low concentrations of metals is a

rather complex and long process in experimental conditions. At a ion exchanger
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volume of 20 cm?, a filtration rate of 0.9 dm®/h and a metal ion concentration of 0,5
mmol/dm3(1meg/dm?3), approximately 100 dm? of solution must be passed. Therefore,
using the Thomas model, sorption curves were calculated when filtering solutions
with low metal concentrations. The leakage of metals occurred at the consumption of
30-40 dm? of solutions, and the complete depletion of the capacity of the KU-2-8
cation exchange resin occurred at the passage of 80-100 dmd. Also, based on the
obtained results the dependence of the volume of the purified solution of copper,
zinc, cadmium and nickel sulfate per 1 dm?® of theKU-2-8 cation exchange resin in
acid form on the initial concentration and the concentration of leakage was obtained.
This shows that the obtained results can be used for the design of water treatment
plants contaminated with metal ions.

Regeneration of ion exchanger with 5 %, 8 % and 10% sulfuric acid showed
that the desorption efficiency increases with increasing concentration of acidic
solution. When using the 10 % solution of sodium sulfate, the desorption of copper is
moreefficient than for 10 % sulfuric acid, as the selectivity of the cation exchange
resin is higher for Na* ions compared to H*. Regeneration of KU-2-8exchange resin
in Cd?* form using 5 % and 8% sulfuric acid was less efficient than in the case of
desorption of copper and zinc. The regeneration of heavy metal ions from cation
exchange resin, which was in mixed salt form, was quite effective. The obtained
results show that at high concentrations these ions are practically sorbed and
desorbed equally efficiently, so it is almost impossible to use these processes for the
separation of cations in these conditions. The degree of desorption of metals reached
70-100 %.

In the chapter 4 the processes of electroextraction of copper, cadmium, zinc
and nickel ions, as well as their mixtures were studied. Extraction of copper ions in a
one- and two-chamber electrolyzer showed high efficiency of the process, the
extraction efficiency reached 100 %. It is established that the current output increases
in the two-chamber electrolyzer in comparison with the one-chamber one.
Electrodialysis of zinc sulfate in the one-chamber electrolyzer is inefficient, with

increasing acidity of the solution, the electrolysis process stops. At the same time, the



10

process of extracting zinc in the two-chamber electrolyzer is completed. It is shown
that the extraction of zinc chloride from solutions is quite efficient, but followed with
high energy consumption and release of active chlorine. The electroextraction of the
mixture of ions of copper and zinc, copper and cadmium, copper and nickel in a one-
chamber electrolyzer was studied. In all cases, the extraction of copper ions occurred
efficiently, at constant concentrations of other metal ions. Also, it was found that the
acidity of the solution has little effect on the extraction of copper ions. Therefore,
electrochemical processes can be used in technological process diagrams together
with ion exchangeprocesses. The acid formed after electrolysis can be reused in
production or in ion exchange processes. The complex technological scheme of
galvanic sewage treatment was presented in the work.The metal released at the
cathode can be removed in its pure form by returning to the production processes or
sold. The work presented complex technological process diagrams for wastewater
treatment contaminated with heavy metals, namely copper, zinc, nickel and cadmium.
Methods of utilization of spent ion exchangers are considered and presented.
Depending on the properties of the exchange resin, the method of disposal can be
chosen. The exchange resin can be dried, reduced in volume, cemented or burned.

Therefore, the use of ion exchange and electrochemical methods is more
promising compared to other methods of heavy metal ions removal from wastewater.
These methods are easy to implement in production. They are low-waste and
environmentally friendly.

Key words: ion exchange, ion exchange resins,electrolysis, heavy metal ions,

regeneration solution, membrane, sorption.
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BCTYII

OOrpynTyBaHHsI BUOOPY TeMHU J0OCJIiXKeHHsI. 32 OCTaHHI MiBCTOMITTS PiBEHb
3a0pyIHEHHS METaJlaMHd IIBHIKO 3pic dYepe3 iXHE IHTCHCHUBHE BHKOPHUCTAHHS Y
MIPOMHUCIIOBOCTI. 3 KOKHUM POKOMBCE OUIbIlIe BUJIOOYTUX KOPUCHUX KOMAJINH CTalOTh
KOMITOHEHTaMU BIJXO/1IB BUPOOHUIITBA, CTIYHUX BOJ, aTMOC(EpHUX 3a0py HIOBAUIB.
3a MaHUMU BUEHHMX, 3alaciB Mijl BUCTaA4UTh puoOiu3Ho 1ie Ha 30 pokiB, a 3aiiza —
Ha 250 pokiB. SIKIIO JIFOJACTBO HE 3MEHIIUThH TEMITM BUKOPUCTAHHS CUPOBUHU a00 HE
BIIPOBA/INTHh PECYpPCOOIAIHI TeXHOJOTIi, To Bxke depe3 50-100 pokiB 3iTKHETBHCS 3
npooOsiemoro nedinuty. [oHM Ta CHONYKH Ba)XKKUX METAJIiB € OJJHUMH 3 HEOC3ICUHHUX
MOJIFOTAHTIB, 10 3a0pyAHIOIOTH HABKOJIUIITHE CEPEIOBUILE, OCOOIMBO BOIHI 00’ €KTH.
Hangxonsun y BOAOWMH, BaXKi METald MOXYTh KOHIICHTPYBATHCS B JKHBHUX
OpraHi3Max, YTBOPIOIOYM TOKCHYHI CIIOJIYKH, Ta MITpyBaTd B €KOCUCTEMI 3a
JAHIIOraMu KuBIIeHHA. OZHUMU 3 OCHOBHUX JIPKEpEJ MOTPAIISTHHS METAIIIB € CTIYH1
BOJAM MAaNIMHOOYAYBAaHHS, TaJbBAaHIYHUX BUPOOHUITB, KOJBOPOBOi Ta YOPHOI
METayprii, TIpHUYIOI MPOMHUCIOBOCTI TOIIO. ['0JIOBHOIO MPOOJIEMOIO 3aUIIAETHCS
HEJOCTAaTHE 3HE3APAKEHHS TaKWX BOJ, pO30aBIEHHS iX 0 TPAHUYHO JOMYCTUMHX
KOHIICHTpAIlI Ta CKHUJ Yy KaHai3allifo, IO JAOKOPIHHO HE BHPINIye MpoOIeMy
HAKOIMYCHHS 10HIB BAXKKUX METaJIIB Y HABKOJUITHBOMY CEPEIOBHIILL.

AKTyaTbHUM MUTAHHAM 3aJUIIAETHCS HE TUTHKW OYMINCHHS Ta 3HE3apa’KeHHS
BOJI BiJl PI3HOMaHITHUX TOJIOTAHTIB, @ i BUIyUYEHHS I[IHHUX KOMIIOHEHTIB y YUCTOMY
BUTJsA1. OCKUTBKY TabBaHIUHI CTIYHI BOJAU € OCHOBHUMM JIXKEpEIaMu KOHIICHTpaIlii
10HIB B&KKUX METAIIIB, JIOILIGHO MPOBOJUTH OYMIICHHS Ta BHJIYYCHHS IIUX METAiB.
IcHye GaraTto METOMIB OUYMINCHHS BiJ 10HIB METajiB, ajlie¢ I[I METOAW MAalOTh P
HEJIOJIKIB, a caMe — YTBOPEHHS OCaJiB, K1 CKJIaJHO a00 HEMOXJIMBO MTEPEPOOUTH.

OmHuM 13 MEepPCNEeKTUBHUX HAMPSMKIB BHPIMIEHHS TpoOiieMu 3a0pymTHEHHS
BOJTHOTO CEpe/IOBUIIA Ta 0E€3MEYHOr0 BUIYYEHHS LIHHUX KOMIIOHEHTIB € CTBOPEHHS
Ta BJIOCKOHAJICHHS ICHYIOUMX KOMIICKCHHX MAJIOBIIXOJHUX TEXHOJOTIA OYHUIICHHS

CTIYHHX BOJI BIJI 10HIB Ba)KKHUX METAJIB.
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3B’A30K po0OTH 3 HAYKOBUMH NporpaMmamMu (IJIaHAMH, TEMaMH).

HNucepraniiina  poboTa  BUKOHYBaJlach Ha  Kadeapli  eKkoyorii  Ta
MPUPOAOOXOPOHHUX TeXHoJorii HailoHanbHOro yHIBepcUTETy KOpabdseOynyBaHHS
iMeH1 aamipaia MakapoBa B paMKaxX HACTYMHUX HayKOBO-IIOCIIAHUX MpOTpam:
3aransHoAepkaBHO1 mporpamu «llutHa Boma VYkpainm Ha 2006-2020 poxu»,
PerionansHoi nporpamu «Po3BUTOK BOJHOIO rocrojapcTBa MukoiaiBcbkoi 001acTi
Ha nepion 20132021 pokiBy; «3arajibHOJEp’KaBHA IUIbOBA IMporpama pPO3BUTKY
BOJIHOT'O T'OCIOJApCTBA Ta €KOJOTTYHOTO O3J0pOBJIEHHsS OaceiiHy piuku [lHimpa Ha
nepioa 10 2021 poxy»; «Po3poOka 3axoiiB Ta TEXHOJIOT1A 3aXUCTy TOBKLLIS Bij
3a0pyarenb» (Ne pepxpeectparii0120U100038); «InHOBamiliHI Moaei 1 MeXaHI3MHU
YIIPaBIiHHS TPOEKTAMU PEKOHCTPYKII Ta PO3BUTKY MYHIIUINAIBHUX CHCTEM
Bogomnoctadanas» (Ne nepxpeectparii 01170U000349).

Meta i 3aBaaHHs JocJdigkeHHsi. MeTowo poOOTH € MIABUIICHHS PIBHS
€KOJIOTTYHOT O€3IMeKH MPOMHUCIOBUX MIAMPUEMCTB HUISIXOM CTBOPEHHS KOMITJIEKCHHUX
MaJIOBIIXOJIHUX TEXHOJIOTIH 3axHcTy Tiapochepu Bimx 3a0pyIHEHHS CIIOJTyKaMu
METAIB.

JIns1 TOCATHEHHS METH 1 BUPILISHHS PAIY €KOJIOTIYHUX MPoOsieM 3a0pyTHCHHS
BOJHOTO Cepe0oBUIIA OYyJIM MOCTABIICH1 HACTYITHI 3aBJaHHS :

1)  BHMBYMTH IpOIECH COpOMii 10HIB Ba)XKUX METaiB Ta iX CyMilIcii Ha
CHIILHOKHUCIIOTHOMY KaTioHiTi KVY-2-8 y kucnmiii Ta cosboBiii ¢dopmax. Bupuutu
MPOLIeCH pereHepallii 10HIB BAXKKHUX METAIIB 3 KaTIOHITY Ta OIIHUTU €(DEKTUBHICTHY
3aJIeKHOCTI BT KOHIICHTpAIIIT 1 BATPATH CIpYaHOI KHCIIOTH Ta CylIb(}aTy HATPiIo;

2)  CTBOPHTH TCOPETHYHI MoOjeI copOIlii MeTaaiB Ha IOHITaX Ta
anpokcWMarlii  JaHUX MOJIEIIOBAaHHS HAa EKCIEPUMEHTAIbHI pe3ynbTaTH 3
BUKOpHUCTaHHSAM 10HITY KVY-2-8;

3)  pospaxyBaTH 00’€MH OYHINECHUX PO3YHHIB JIJII BUPOOHUYMX MacIITadiB
na 1 am3 kaTioHiTy Ha OCHOBI OTPUMAHUX Pe3yJILTATIB COPOLIi eKCIIEPUMEHTATLHIM
Ta TEOPETUYHUM CIIOCOOaMU;

4)  TPOBECTH OIIHKY €(PEKTUBHOCTI EJICKTPOXIMIYHOTO BWJIYYCHHS 10OHIB

MiJl, KajaMmilo, IMMHKY Ta HIKEI0 B OJHO- Ta JIBOKAMEPHOMY €JIEKTpojidepax 13
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3aCTOCYBaHHSIM aHIOHHOI MeMOpaHU Ta IPOBECTU OLIHKY €(PEKTUBHOCTI MPOIIECIB
€KCTpakuii 1 OTpUMaTH YUCTI METaJH,;

5)  po3poOUTH TEXHOJIOTIYHI CXEeMH BUIYYCHHS 10HIB METAJIIB i3 MPOMUBHUX
Ta pereHepariiHux BoJ rajibBaHIYHUX BUPOOHUIITB.

O0’extr  npociaigmxeHHs1.JoHOOOMIHHI  Ta  €JIEKTPOXIMIYHI ~ IpOUECH B
MaJIOBIIXOTHUX TEXHOJOTIAX OYHUIIEHHS MPOMMCIOBUX CTIYHMX BOJI, IO MICTATH
10HU BaXKKUX METAIIB.

Ipeamer nocaimxenHs.BruiiB KOHIEHTpalii 10HIB BaXKKMX MeETaliB Ta
KHACJIOTHOCTI PO3YMHIB Ha TMPOLECH 10HHOTO OOMIHY Ta eJIeKTPOXIMIYHOTO
BUJTYyUYCHHS.

Metoau fociigxeHHs. Y TpoIeci TMPOBENCHHS EKCIEPUMEHTAIBHUX
TOCTIKEHB Oymno BUKOPHCTaHO METOJIH TUTPUMETPUYHOTO,
CIIeKTpO(OTOMETPUYHOTO Ta (hI3UKO-XIMIYHOTO aHamizy. JlJsg BUIyYeHHs 10HIB
MeTajiB OyJl0 BHKOPHUCTAHO 10HOOOMIHHI Ta E€JIEKTPOXIMIUHI METOIU OYHUIICHHS
po3uuHiB. J[OCTOBIpHICTH pe3ydbTaTiB OyJ0 MIATBEPIKEHO MaTEeMAaTUYHUMHU
METOJlaMH OOpOOKM JaHUX, MAaTeMaTUYHOTO MOJIETIOBAHHSI Ta CTATUCTUYHOTO
aHamizy.

HaykoBa HOBH3HA OTPMMAaHUX Pe3yJbTaTiB.

Bnepuwe:

— BCTAHOBJICHO 3aKOHOMIPHICTh €KCTPAKIIii 10HIB Mifl, IIMHKY, KaJIMi01 HIKEITIO
Ta iX Cymimield Ha CHWJIBHOKHCIOTHOMY KaTIOHITI B KHCIIM Ta CONbOBIH (popmax y
nianazoHi koHueHrtpauii 2,5-25 mmons/am® (5-50 mr-exs/mv°), Mo B HOANBIIOMY
cupusie X e(QEeKTHBHOMY BWJIYYCHHIO 31 CTIYHMX BOJ| Ta IIJIBUIICHHIO PIBHA
€KOJIOTIYHOT O€3MEeKH TPOMHUCTIOBUX ITIIMTPUEMCTB;

— BCTAHOBJICHO YMOBH €JIEKTPOXIMIYHOT €KCTPaKIlii KaTIOHIB BAKKHX METAJIIB B
OJTHO- Ta IBOKAMEPHOMY EJIEKTPOJI3epi 3 3aCTOCYBaHHSAM aHIOHHOT MeMOpaHu MA -
41 Ta BIUTMB KHUCJIOTHOCTI HAa BUJYyYEHHS METalliB, a TAaKOX IMepedir mpoIeciB
BIJIHOBJICHHSI HIKEJIIO Ta IMHKY, 10 [JO03BOJII€ 3HU3UTU EHEPro3aTpaTHICTb
PO3p00IEHOT TEXHOJIOT1i BOJIOOYHIIICHHS;

VOOCKOHAJIEHO "
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— monens Tomaca Juisl BUXITHUX KPUBUX COpOLIi BaXKMX METallB Ha 10HITI
KV-2-8 y kucniit Ta conboBiii popmax 1 koHcTaHTH K 111€T MOJenl 11 KaTIOHITY B
H*- ta Na*-dpopmax Ta mais i0oHIB Mii, IHHKY, KaAMiO 1 HIKEIIO, a TAKOX 00’ €MH
OUYMINEHUX PO3YMHIB I BUPOOHMUMX MacmuTabiB Ha 1 am® kaTioHiTY Ha OCHOBI
MOPIBHSJIBHOTO aHAJI3y pe3yJbTAaTiB EKCIEPUMEHTY Ta MOJEIIOBaHHS MPOIIECIB
copOrii, 10 Jaa0 MOXJIWBICTh 3MEHILIECHHS Yacy IPOTHO3YBaHHS TMPOIECY Y
BUPOOHUYUX YMOBAX JIJIsl JUHAMIYHOTO MPOIECY 10HOOOMIHY;

— MpoIleC PO3AUICHHS 10HIB BaXXKUX METANIB 3 pereHepauiiHuX pO3YMHIB
EJIEKTPOEKCTPAKIIIEI0 B OJHOKAMEPHOMY €JIEKTpOdi3epl Ta OTpUMaHHS METajiB Y
YUCTOMY BUIJISI/, B Pe3yJbTaTi YOr0 BCTAHOBJICHO, IO MPHU EJICKTPOIi3i CyMilIeH
KaTiOHIB MeTaliB (Mifb 1 IMHK, MiJb 1 HIKEJIb) BIIHOBJICHHS 10HIB MiJll BiIOYBA€THCS
OuTbII €(heKTUBHO MPHU CTAOUIbHIN KOHIIEHTPAIII] 1HIIUX METaIB;

HAOY10 NOOAILULO2O PO3BUMKY -

— TIPOIIECH PO3JUICHHS CYMIIIeH MeTajaiB B OJJHOKAMEpPHOMY €JIEKTPOJIi3epi, B
pe3yabTaTi Yoro BCTAHOBJIEHO, IO Pa30M 3 €KCTPAKIIE Mii BiIOYBA€ThCS TaKOX
HEeBeJIMKa KUIbKICTh BUILIEHHS KaJMil0, KA YCKIATHIOE TIPOIIeC PO3IICHHS METaiB,
3a BIAMOBITHUX (Hi3UKO-XIMIYHMX YMOB 3 YYacCTIO MiJli Ta KaJaMII0.

IIpakTuyHe 3HAYEeHHSI OTPUMAHMX pe3yJbTaTiB. Po3pobiieHa komriekcHa
MaJIOBIIXOAHA TEXHOJIOTIS OYMIIEHHS BOIUA BlJ 10HIB BaKKUX METAJIIB J03BOJISLE
KOHIICHTPYBAaTH 10HM METajiB Ta iX CyMIlli 3a JOIMOMOTOI 10HHOTO OOMIHY W
OTPUMYBAaTH 1l METaJd B YHCTOMY BHIJISAL EJIEKTPOXIMIYHOIO 00pOOKOIO
pereHepariiHuX po34nHIB.

Po3paxoBana Ta 3actocoBaHa MaTeMaTWyHa MOJENb Tomaca OMHCY€E MPOIECH
copOIii Ha KaTIOHITI 3 3aJaHUMHU TapamMeTpaMu. Buxonmsuum 3 OTpUMaHHX HaHUX,
PO3paxoBaHO 3aJEKHICTh 00 €My OYHMIICHHX PO3YMHIB Cyiabhary Mifdi, IUHKY,
KaaMiro Ta Hikemo Ha 1 am° ioHiTy B Kucaii GopMi Bif MOYaTKOBOT KOHIIEHTpAIlii Ta
KOHIIEHTpAIlii TPOCKOKY, IO MOYKJIMBO 3aCTOCOBYBATH Y BUPOOHWYNX MacmTabax.

MeTtoauBUIydeHHS 10HIB BaXKKUX METaJlIB CTIYHUX BOJI OyJiM BOPOBAIKEH1 HA
TAB «MuxkomaiBcekuid mmHOpeMOHTHUM 3aBoa»yTta TOB «KOHYC-BIJIEO».

OTpumaHi pe3ynbTaTh AUCEPTALIMHOIO JOCIHIKEHHS BIPOBAIKEHI Y HaBUYaJIbHUM
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npouec  aucuuiuiiH - «Bupobnuui  TexHonorii»,  «TexHomorii  yTmmizauii
B1IXOA1B»,« T€XHOOT11 OUUILIEHHS TIOBITPSI Ta BOJW.

Oco0uctunii BHecok 3100yBaya. ABTOPOM JucepTaliiiHoi poOOTH 0COOUCTO
MPOBEJICHUN aHalli3 JITepaTypHd, BHKOHAHI BCl EKCIEPUMEHTH, DPO3PAaxXyHKH Ta
00pobOka pesynbrariB. OCHOBHI Pe3yJbTaTU JOCTIIKEHb, 10 HaBeJEHI B poOOTI,
npeacTaBieHi B HaykoBux mparsx [1]-[19]. 3 uux 5 crareii y HaykoBux (haxoBHX
Buganaax Ykpainu[1]-[3], [5], [6] Ta 2 cTaTTi B HAYKOBHMX NEPIOAUYHUX BHIAHHIX
iHmux aepxas [4], [18], ski BXOASTH 0 MDKHAPOJHMX HAayKOMETpHU4YHHMX 0a3, 1
CTAaTTA B IHIIMX HayKoBUX BuaaHHsX [19] Ta 11 Te3 momoBimel Ha MDKHAPOIHHUX i
BCCYKpATHCHKMX HaYKOBUX KOH(pepeHiisx [ 7]-[17].

Anpodauisi matepiaaiB Aucepranii. OCHOBHI MOJOKEHHS, €KCIIEPUMEHTAIIbH1
Ta TEOPETUYH1 JOCIIKCHHS, IOB’S3aHl 3 TEMOK JUcCepTallii, JOMOBIIAINCH Ta
00roBOPIOBAIMCH HA HAYKOBUX KOH(EpEeHIlisiX, KoHrpecax, a came: XII MikuapoaHii
HayKOBO-TeXHIUHIM KoHpepeHiii «I[Ipobiemu exonorii Tta eHepro30OepekeHHS B
cynHoOyayBanHi» (Muxkonais, 2017); VIII MixHapoaHii HayKOBO-TEXHIYHIM
koH(pepenrii «[HHoBaIii B cyaHOOYIyBaHHI Ta okeaHoTexHimi» (Mukonaig, 2017); V
MixHapoaHii HayKOBO-TIpakTU4YHIA KoHpepeHIii «Yucrta Boma. dyHIaMeHTaIbHI,
npukiaagHi Ta npomucioBi acnektny (Kwuis, 2017); I BceykpaiHChKili HayKOBO-
IpPaKTUYHIA KOH(EpEeHIli CTYIEHTIB, acIipaHTIB Ta MOJOAUX HAYKOBIIB 3
MDKHApPOJHOIO YYacTIO «AKTyallbHI mpobiieMu cydacHoi ximii» (Mukonais, 2018);
Conference Proceedings «The development of technical sciences: problems and
solutions» (Brno, 2018); V Mixuaponnomy koHrpeci «CTaiauii po3BUTOK: 3aXUCT
HaBKOJIMIITHBOTO cepeaoBuIIA. EneproomiaaHicTs. 30anaHcoBaHe
npupoaokopuctyBanus» (JIsBiB, 2018); III BceykpaiHcbkiii HayKOBO-IPaKTHYHIN
KoH(pepeHIlii CTyJeHTIB, aCIIPaHTIB Ta MOJIOANX HAYKOBIIIB 3 MIKHAPOIHOIO YYaCTIO
«AxTyanpHi mpobnemu cydacHoi Xximi» (Mwukomais, 2019); XIII MixHapogHii
HAayKOBO-TeXHIYHIA KoH(pepeHmii «IIpobmemMu exosorii Ta eHepro30epeKeHHS»
(Muxkomnais, 2019); VI MixHapoJHiii HaykoBO-TIpakTH4HIN KoHpepeHiii «YHucra

Boja. DyHnameHTanbHI, NOpUKIaAHI Ta mnpomMucioBi acnektu» (Kuis, 2019);
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[HIMiKHapoaHI ~ HAyKOBO-NPAaKTHYHIM  KOHQepeHlii «BopomoctauaHHs  Ta
BOJIOB1/IBEICHHS: IPOEKTYBaHHs, Oy/10Ba, eKkciulyaTallisi, MoHiTopuHI» (JIbBiB, 2019).

Hyoaikanii. OCHOBHI pe3yibTaTH AOCIIIKEHb OINMyOJIKOBaHO B19 HaykoBUX
npaisx, y TOMy 4ucii 5 crateid y ¢paxoBux Ta 2 CTaTTl Y MDKHApOJHHUX HAYKOBHUX
KypHanax, skl BXOJATh 10 MDKHAPOJAHMX HayKoMeTpuuyHUX 06a3 Scopus ta WoS, 1
CTaTTs B IHIIMX HAYKOBUX BHUAAHHSAX YKpainu Tall Te3 nmomomigeil y 30ipHUKAX
MarepiajiB KoH(pEpeHIIii.

Crpykrypa Ta 00car auceprauii. /[ucepraiiiiHa poboTa ckiagaeTbecs 3i
BCTYyMy, 4-X pO3JiJiB, BUCHOBKIB, CIUCKY BHMKOPHUCTAHHUX JIKEpesl Ta JOJIaTKiB.
3aranpHuil 00csr ckianae 224 cropiHok. OOCSAT OCHOBHOTO TEKCTY CTaHOBUTH 120
cTOpiHOK. Ycboro B auceprauii 18 tabmuupb, 74 pucynku, obcsr Oi0miorpadii

cknanae 202 mxepen a4 1ogaTKU.
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