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ABSTRACT

Over the past decades, the attention of a large number of scientists has been focused on the new type of
ionic liquids called deep eutectic solvents (DESs). DESs have such attractive properties as simplicity of
synthesis, high chemical and thermal stability, incombustibility, non-volatility, non-toxicity, a wide range of
electrochemical stability; therefore they can be widely used in many areas, for example, in organic synthesis,
synthesis of nanomaterials, oil industry, electrochemical industry (electrodeposition of metals, alloys and
composites, electropolishing, the creation of highly efficient current sources), in machine and rocket
construction, in catalysis, biocatalysis and others.

One of the most common components of DESs is choline chloride, an ecologically safe quaternary
ammonium salt, which can form eutectics with proton donors resulting in very low crystallization temperatures.
The most widespread DESs based on the choline chloride are Ethaline and Reline (the eutectic mixtures of
choline chloride with ethylene glycol or urea in a molar ratio of 1:2, respectively). A big number of research
papers showed different possibilities of using Ethaline and Reline solvents, however, the issue of properties of
these mixtures remains insufficiently studied. A deep understanding of the nature of the Ethaline and Reline
solvents can open the way to industrial use of this new solvent.

The features of corrosion of mild steel in deep eutectic solvents were investigated using a voltammetric
method, which allowed obtaining quantitative characteristics of the rate of corrosion of mild steel. The eutectic
mixtures Ethaline and Reline are characterized by various corrosion activities to mild steel. The eutectic mixture
Ethaline is more corrosive than Reline due to differences in physical and chemical properties. Voltammetric
experiments showed that the process of corrosion of mild steel in Ethaline and Reline occurs with oxygen
depolarization. The differences in rates of corrosion and corrosion potentials of steel samples in Ethaline and
Reline are due to the different concentrations of oxygen in the near-electrode layers. The concentration of
oxygen in the near-electrode layer depends not only on the solubility of oxygen in the solvents, but also on the
rate of its diffusion to the surface of the samples; the diffusion rate is determined by the physical and chemical
properties of the solvents under cosideration.
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BCTYII

Binpmicte pO3YMHHHKIB, SIKI BUKOPHUCTOBYIOTH Y CYYacHill MPOMHUCIOBOCTI, TOKCHYHI Ta
arpecHBHI CepeloBHIIA 1, HE3BAXKAI0UM Ha YCi 3aXoau Oe3IeKH IMia 4ac poOOTH 3 HUMH, HE 3aBXKIH
BIAETHCS YHUKHYTH 3a0pyTHEHHS MOBITPA, IPYHTY, BOIM Ta BHXOAY 3 JIady IPOMHCIOBOTO
obomamnanHs [1]. TloTeHUIHHMM [UITXOM BHpIMICHHS i€l CYTTEBOI MPOOJIEMH MOXKE CTaTH



BHUKOPHUCTaHHSI HU3bKOTEMIIEPATYPHUX €BTEKTHYHUX PO3UMHHUKIB (deep eutectic solvents, DES), siki
Hapasi po3rISIIAIOTh SK TEPCIEKTHBHY albTEPHATHUBY SIK BOMI, TaK 1 “TpaJuIlifHUM” TOKCHYHUM
OpraHiyHUM pO3YMHHUKaM. HOBITHI i0HHI PIAMHU IIUPOKO 3aCTOCOBYIOTH Yy 0araThoxX Trany3sx,
HANpUKIa], B OPraHiYHOMY CHHTE3l, CHHTE31 HaHOMarepiaiiB, Ha(TOBIH Ta eIEKTPOXIMiuHiif
MIPOMUCIIOBOCTI  (€JIEKTPOOCAPKEHHSI METalliB, CIUIaBIB 1 KOMIIO3WIIIHHUX MaTepiaiiB, IS
CNEKTPOIONIPYBAaHHS, CTBOPEHHS BHCOKOS(EKTHBHUX JDKEpel CTpyMy), B  MaIIMHO- Ta
pakeroOynyBaHHi, y Kartamisi, Olokaramizi tomo [1-5]. 3naunmii inTepec nmo DES 3yMoBieHHH X
YUCICHHUMH TIEpEBaraMu, cepe/l SKMX 1X eKOJIOTriuHICTh, TePMIUHA Ta XiMIYHA CTIMKICTh, HOJSIPHICTD,
CIIEKTPOITPOBIIHICTb, MIMPOKE “BIKHO” €JIEKTPOXIMIYHOI CTAOLILHOCTI, BUCOKA PO3YMHHICTD OLIBIIOCTI
coJiel, BapiaTUBHICTh OY/IOBH Ta BIACTUBOCTEH.

OpHMM 13 HAHOLIBII TOIIMPEHUX KOMITOHEHTIB DES € XOJiH XJIOpU — eKOJIOTriuyHO Oe3reuHa
YEeTBEPTHHHA aMOHI€BA Cllb, SKa MOXKE YTBOpPIOBAaTH 3 OaraThMma JIOHOpaMH TPOTOHIB E€BTEKTHYHI
CyMillli 3 HU3bKUMH TeMIlepaTypamMu Kpucramzanii [1, 2, 6, 7]. Halinommpenimumu DES Ha ocHoBi
XOmHy xyopuay € FEthaline 1 Reline (€BTEKTHYHI CyMIllll XOJIHY XJIOPUIY 3 CTHJICHIJIIKOJIEM 1
KapOaMiloM 13 MOJIAPHUM CIIBBIHOIICHHSIM KOMIIOHEHTIB 1:2 BimmoBimHO). 3HAa4YHAa KUIBKICTh
JOCIIKEHb JIEMOHCTPYE PI3HOMAaHITHI MOMKJIMBOCTI BUKOPUCTaHHS PO3YMHHUKIB FEthaline i Reline,
MPOTE BiAUYBAEThCA NMEBHUU Opak iHQOpMAIi m[0J0 KOPO3IMHMX BIACTHUBOCTEH IHMX CBTEKTHUYHUX
cymimer [7]. I'muboke po3yMiHHS TNPUPOAM PO3UYMHHUKIB Ethaline 1 Reline, ix Kopo3iliHUX
BIIACTUBOCTEH MOKE BIAKPUTH LUISX J0 MPOMHUCIOBOTO BUKOPUCTAHHS IIMX HOBITHIX PO3UYMHHHKIB.

EKCIIEPUMEHTAJIbHA YACTHUHA

EBrexTruni cymimn Ethaline 1 Reline oTpuMyBalid NIUISIXOM 3MIIIYBaHHS XOJIHY XJIOPHIY 3
CTUJICHTIIIKONIEM 1 KapOaMifioM y MoIspHOMY criBBigHomeHHi 1:2 3a Ttemmepatypu 75°C no
YTBOpEHHsI TOMOTeHHHX 0e30apBHUX pimnH. Uepes 24 hours ogepkyBani cymimni BiadimbTpoByBan
i1 BaKyyMoM, BUKopucToBytoun ¢pinstp [llorra.

[Monsipu3aniifiHi  3aJeKHOCTI  OTPUMYBAJIM Yy CKISHIM  TPHENEKTPOJHIA  KOMIipli B
MOTEHI[IOCTATHYHOMY PEXKHMi 3 BHKOPHCTaHHSM TIOTeHIiocrara Potentiostat/Galvanostat/ ZRA
Reference 3000 (Gamry Instruments, Inc.) i BimnoBigHoro nporpamMHoro 3adesnedeHss. [Ipu orpuManHi
Bonpramieporpam (BAT') y sikocTi pobouoro enekTpoja BUKOPHCTOBYBAIN 3allPECOBAHUN Y Te(IIOoH
apit Ct3mnc 3 giamerpoMm 2 mm, Ui IMICIAHCHUX BHUMIPIOBaHb — CTaJICBI IUIACTHHU TIET % MapKH
momero 2 cm’. EnekTpos mopiBHAHHSA — cpibHUil APIT, TOMOMiXKHMIA — rpadiTOBHil eTEKTPOJ,.

BonbpramnepomMeTpryiHi BUMIpIOBaHHS! BAKOHYBAJIM B YMOBaX MPUPOIHOI aeparlii pO3UMHHHUKIB,
Jiana3oH BUKOPUCTOBYBaHUX TemriepaTyp 25-+80°C, miama3zoH MIBHUIKOCTEH CKaHYBaHHS MOTEHITIATY
20500 mV-sec™. ITicis KOKHOTO BUMipIOBAaHHS IIOBEPXHIO €IEKTPO/Ia OHOBJIIOBANIN LTiyBaHHsM. Bei
BUMIpH 3/iICHIOBAJIH, BUKOPHCTOBYIOUH aBToMaTH4HY IR KomIieHcariro.

PE3YJIbTATHU TA OBI'OBOPEHHA

OcoOnuBOCTI KOpO3ii HH3BKOBYIJICIIEBOI CTajdi y HOBOMY THUNI 10HHHX piIIMH —
HU3bKOTEMIIEPATYPHUX EBTEKTUYHUX PO3YMHHUKAX JIOCITiJKYBAIIH, 3aCTOCOBYIOUH
BOJIBTAMIIEPOMETPUYHUN METOJI, MO JTAJI0 3MOT'Y OTPUMATH KUTBKICHI MTOKA3HUKH IIBUAKOCTI KOPO3il
HU3BKOBYTJIEIIEBOT CTAII.

BonbraMmeporpaMu CTaJieBOro eleKTpoja y po3urHHHMKaX Ethaline 1 Reline, orpumani 3a
PI3HUX MIBUIKOCTEH CKaHyBaHHS MOTEHIlIANy, HaBe/eHi Ha puc. 1.

PosropTky moteHmiany enekTpona mnpu oTpuMaHHi BAID i3 pi3HUMH IIBHAKOCTSMH
3MIMCHIOBAJIM BiJl CTAaIliOHAPHOTO MOTEHIiay Y HaNpsAMKY KaTOTHOI JUISHKH, a TOTIM — B aHOJHHH
0ik. Ha xaromniéi minsaii BAID crocrepiraiu HEBENMUYKHI TPaHUYHUA CTPYM EIEKTPOBIIHOBIICHHS
PO3YMHEHOI'0 y EBTEKTUYHUX CyMillaXx KHUCHIO (MOro MPHCYTHICTh 3yMOBJIEHA BHUKOHAHHIM
EKCIEPUMEHTY B YMOBaX IPUPOIHOI aepallii pO3YMHHHKIB); MPH MOTEHITIaIax, Bix eMHImuX 3a -1,2 V,
CIOCTEpirayii pisKuid PicT CTPyMy BHIIUICHHS BOJHIO 3 HASIBHUX y IOHHUX PiJJMHAX JOHOPIB MIPOTOHY.

Ha anonnux minsakax BAID (mpu notenmiani > -0,2 V) criocrepiraiu mik cTpyMy po3dnHEHHS
craneBoro enekrpona. Ilopanpia po3ropTka MOTEHIIATY B aHOAHHN OIK JEMOHCTpyBasla 3HWKEHHS
CTpyMY PO3YHMHEHHS, 1110, HMOBIpHO, MOB’s3aHO 3 MMACHBAIIIEI0 TOBEPXHI CTAJICBOro 3pa3ka. Pi3kwuii
piCT aHOAHOrO CTPyMy TMpW MOTeHIianax ~1,8-2V, 1mBuame 3a BCe, BUKIUKAHUN
CNEKTPOOKUCHEHHSIM ~ KOMIIOHEHTIB ~ PO3YMHHWKA. 3ayBaXMMO, M0 CTPYMH  PO3YMHEHHS



HU3bKOBYTJICIIEBOI CTalli 32 YCIX TOCTIHKYBAHUX MIBUIKOCTEH CKaHYBAaHHSI MOTEHINATY Y POZYHHHUKY
Ethaline 6inbiii, HX Ti, IO CIIOCTEPIraIUCh JJIs PO3UMHHUKA Reline.
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Puc. 1. BAT cranesoro enexkrpoaa y posuuHHukax Ethaline (a) 1 Reline (b), oTpuMaHi 3a pi3HUX HMIBUAKOCTEH
CKaHyBaHHA moTeHiiany, MB/c: 1 —20; 2—50; 3 —100; 4 —200; 5 — 500 (t = 25 °C).
Fig. 1. Voltammograms of the mild steel electrode in the Ethaline (a) and Reline (b) solvents with different scan
rate, mV s : 1 —20; 2 —50; 3—100; 4 —200; 5 — 500 (t=25°C).

Sk BUIHO 3 HaBEIECHUX Ha PUC. 2 JaHUX, 30UIBIICHHS TEMIIEPATypPH IOCIIAYy MPU3BOIUTH JI0
30LIBIICHHS CTPYMIB IIKIB PO3UYMHEHHS CTalli B 000X PO3UMHHHUKAX 1, BIAMOBIIHO, 10 HPUIIBUANICHHS
mporiecy KOpo3iiHoI JecTpyKIlii 3pa3KiB.
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Puc. 2. BAT craneBoro enektpoaa y posuuHHukax Ethaline (a) i Reline (b), oTpumani npu TeMiiepatypax, °C:
1-25;2-30;3-40;4—-50; 5—60; 6—70; 7—80 (v=50 mB/c).
Fig 2. Voltammograms of the mild steel electrode in the Ethaline (a) and Reline (b) solvents at different
temperatures, °C: 1 — 25; 2 —30; 3—40; 4—50; 5—60; 6 —70; 7—80 (v=50 mV s'l).

OO6pobky orpumanux BAI' BuUKOHYBanM y HamiBJIOrapupMIYHHUX KOOPAWMHATAX PIBHIHHS
Tadens. KinbkicHi mapamerpu Kopo3ii, OTpuMaHi 3a3Ha4eHUM METO/IOM, HaBE/IeH1 y TaOHIIL.

I3 HaBemeHUX pe3ysbTATIB BUIHO, IO KOPO3iHHI MOTEHIlAJd CTAJCBOr0 €JIeKTpPoJa 3a yCix
JOCITIDKSHUX TEMITepaTyp Y pO3YMHHUKY Ethaline OUIbII BiJ’ €MHI IOPIBHSHO 3 MOTEHIlIAIAMH TOT'O K
enekTpona y Reline, mo cBimYMTh MPO OUIBIIY KOPO3iMHY aKTHBHICTH cyMiun Ethaline cTOCOBHO
HU3BKOBYTJICIICBOI cTami. BigMmiTuMo Toi (hakT, MmO 3HAYECHHSA KOPO3IMHMX IOTEHIadiB 3i
30UTBIIEHHSIM TEMIIEPATypH AOCIiAY 30JMKYIOThCS. TakuM YHMHOM, 32 BiJTHOCHO BHCOKHX TEMITEPaTyp
(70...80°C) BunpobyBaHb KOPO3iiiHi aKTHBHOCTI JOCTIAHMX CyMIIlIEl CTalOTh MPAKTHYHO OJHAKOBI. 3a
TemrepaTyp HmwKk4nX, Hix 70...80°C, mBUAKICTS KOpO3ii cTami y cyminr Ethaline Ginbina mopiBHSIHO 3
Reline.

BonbraMriepoMeTpuyHi  JOCHIKEHHST TIOKa3ajid, IO KOpO3is HU3BKOBYIIIEIEBOI CTaii y
po3unHHuKax Ethaline 1 Reline BinOyBaeThCs 3 KUCHEBOIO JIENOIsApU3alii€ro. Pi3HI MIBUIAKOCTI KOPO3ii
Ta KOPO3ifHI TOTEHI[iaAIn CTajeBuX 3pa3kiB y Ethaline 1 Reline, o4eBUIHO, 3YMOBJICHI PI3HOIO
KOHIICHTPAIII€I0 KUCHIO Y MPHEICKTPOAHOMY mapi. KoHIeHTpallisi KUCHIO Y TIPUENEeKTPOTHOMY HIapi
3aJIOKUTh HE TUIBKHU BiJl PO3UYMHHOCTI KHCHIO Y JOCIIIHMX PO3YMHHHUKAX, a IIe i BiJ MIBHUAKOCTI HOro
nrdy3ii 10 TOBEpXHI KOPOAYIOYHMX 3pa3KiB (IIBHIKICTh Au]y3ii BU3HAYAETHCS (HIZUKO-XIMIYHHMH
BIIACTUBOCTSIMU PO3UNHHHUKIB).



Tab6munsg. Kopo3iiiai noteHmianu (E,,,,) i CTpyMHu Kopo3ii (i) cranesoro enekrpoaa y Ethaline i Reline
Table. Corrosion potentials (E.,,) and corrosion currents (i) of mild steel electrode in Ethaline and Reline

t oC Ecorra mV | icorr'10_3a A/m2 Ecorra mV | icorr'10_3a A/m2
’ Ethaline Reline

25 -459 11,8 -445 8,7

30 -463 13,7 -453 9,6

40 -469 14,1 -462 10,2

50 -476 14,5 -466 10,4

60 -483 16,2 -470 11,4

70 -490 16,3 -484 15,1

80 -498 17,8 -496 17,2

Sk BimOMO, PO3YMHHHUK Reline XapaKTepU3yeThCsl 3HAYHO OUIBIIONI0 JAWHAMIYHOIO B’S3KICTIO
npotu Ethaline, a 1ie, 0e3yMOBHO, MOKE O3HAYaTH MEHINY IIBUAKICTh AUQY3il Aemonspusaropa 10
MOBEPXHI KOPOJYIOUHX CTalleBHX 3pa3kiB. TakuM YMHOM, MOKHa 3pOOMTH BHCHOBOK, IO OiibIIa
MIBHJIKICTh KOpO3ii cTayi y po3unHHUKY Ethaline 3yMOBJIeHa MEHIIOI HOTO B’S3KIiCTIO 1 OUIBIION
MIBHJIKICTIO U(DY3il Y HhOMY PO3YHHEHOTO KHUCHIO. 30UIBIICHHS TEMIIepaTypy BUKIIMKAE 3MEHIICHHS
B’S3KOCTI PO3YMHHKKIB, 3a BHCOKuX Temmeparyp (70...80°C) B’S3KOCTI PO3UYHHHHUKIB CTAIOTh
MPAKTUYHO OJTHAKOBI, 1 IIBUJIKOCTI KOPO3ii CTaMi y JOCTITHIX PO3UMHHHUKAX TAKOXK 30JIMKYIOTHCS.

BUCHOBKHU

EBrektuuni cymimi Ethaline 1 Reline XapakTepusylOTbCs PI3HHUMH —KOPO3iHHUMH
AKTHBHOCTSAMH CTOCOBHO HH3bKOBYIJICIIEBOI cTam. EBTektnuna cymimn FEthaline € KOpO3iiiHO
arpecUBHIIIOID TOPIBHSIHO 3 Reline, 1O TOSCHIOETBCS BIAMIHHOCTAMH Y (I3HKO-XIMIYHHX
BJIACTMBOCTSIX JIOCHITHMX PO3YMHHHKIB: B’SI3KICTh PO3YMHHUKA FEthaline MeHIA, IIBUIKICTD
TPaHCIOPTYBaHHS JICTIONSIPU3aTopa 0 MOBEPXHI MeTally Oinbiia, i TOMy, IBUAKICTh KOPO3ii OibIIa.
[Ipore Bim3HAUMMO, 110 30LTBIICHHS TEMIIEPATYPH MPU3BOJAUTH 10 30JIMKEHHS MapaMeTpiB B’ I3KOCT1
PO3YMHHUKIB 1, BIAMOBIIHO, IIBUIKOCTI KOpO3ii HU3bKOBYTIeneBoi cram y Ethaline i Reline 3a
BHCOKUX TEMIIEPATyp CTaIOTh TAKOXK MPAKTHYHO OJIHAKOBUMH.
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