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The solubility of a range of metal oxides in a eutectic mixture of conductivities, viscosities, and surface tensions. Some of the
urea/choline chloride is quantified, and it is shown that the dissolved hydrogen bond donors used to date are common bulk
metals can be reclaimed from a mixed metal oxide matrix using commodity chemicals such as urea and oxalic acid, which
electrodeposition. are suitable for large-scale processes.

Analogous to high-temperature molten salts, low-temper-
ature chloride eutectics demonstrate high solubilities for a
Metal oxides are insoluble in most molecular solvents and Wide range of solutes including metal oxideBable 1 shows
are generally only soluble in aqueous acid or alkali. The the solubility of a variety of metal oxides in a 2:1 urea/

dissolution of metal oxides is key to a range of important choline chloride eutectic at 6€C. Oxides such as ZnO, PRO
processes such as metal winning, corrosion remediation, and@nd CuO exhibit appreciable solubility, whereas iron oxides
catalyst preparation. In this context, high-temperature molten@nd particularly AJOs are very poorly soluble. In high-
salts have been used extensively for the recovery of refractorytémperature molten salts, it was shown that log metal oxide
metals, such as titanium and aluminum, from their éfes. Solubility is roughly inversely related to the melting point
A limited number of studies have shown that ambient- Of the metal oxide and a similarly poor correlation is
temperature ionic liquids have potential as solvents for metal Observed for the data in Table®1. _
recovery. Whitehead et al. have shown that imidazolium- Direct comparison with high-temperature molten salts is
based ionic liquids can be used to extract gold and silver difficult because of the lack of comparable data. However,
from a mineral matri®. A patent has also been filed for the the solubilities reported in Table 1 for @i, NiO, and ZnO
recovery of uranium and plutonium from spent nuclear fuel. are higher than those reported for the Na&LCl system at
Some work has also been carried out on the electrowinning 700 °C (1216, 2.3, and 27.6 ppm, respectivelypf the

of metals, principally aluminum, from ionic liquids$ oxides investigated, only CaO shows higher solubility in the
However, given the cost and sustainability of many imida- high-temperature molten salt (369 ppm).

zolium-based ionic liquids, cheaper alternatives are likely 1oy 1. solubility of Metal Oxides in a 2:1 Urea/Choline Chioride

to be necessary for large-scale applications. Eutectic at 60°C
We have recently shown t_hat substituted qL_Jat_ernary metal oxide mpICLo solubility/ppn?
ammonium salts such as cholln_e chlor_lde form liquids at AlLOs 2045 1
ambient temperatures when mixed with hydrogen bond CaO 2580 6
donors such as amideand carboxylic acid These liquids Cuo 1326 470
h . imilar to th f ionic liquids. viz.. hiah CwO 1235 8725
ave properties similar to those of ionic liquids, viz., hig Fe,Os 1565 49
Fe0, 1538 40
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n which is reduced via the Cu(l) state. All of the reduction
104 Pb Cu  AE steps are characteristic of metal deposition, and in all cases,
: I the charge for deposition was effectively the same as that
S for stripping, demonstrating that the processes are reversible.
" O / b A Figure 1 also shows that most metal oxides dissolve with
% 0 F A no change in the oxidation state of the metal. The one
= g exception is Pb@ which is found to be present as Pb(ll).
-5 | This was confirmed by the voltammetric response being the
' same as that for Pbgl
10 The potential window of the urea/choline chloride eutectic
mixture is relatively small on a platinum electrodel(.2 to
. : : i . . i . +1.25 V vs Ag). However, metals can be deposited with
126 -1.00 075 050 05 0 025 050 045 1.00 high current efficiencies (see below) because the reduction
_ ‘ E/V ‘ . kinetics of the eutectic are considerably slower on other metal
T meacboion s s o sy )" suraces; e.g., on Zn no signifcant decompositon of the
eutectic occurs above?2 V.

With the exception of NiO, the reduction potentials are
urea, thus increasing their size and interaction with the on the same order as the standard aqueous reduction
solvent. Clearly, such an interaction is not present in the high- potentials. Though not surprisingly, given that the metals
temperature molten salts. Our preliminary investigations to are coordinated by some combination of oxide/hydroxide,
determine the form of the metal complex in the deep eutectic chloride, and urea ligands, the differences between the
solvent are discussed below. reduction potentials are not the same as those between the

Electrospray mass spectrometry (MS) of ZnO dissolved standard aqueous reduction potentials; e.g., in the eutectic
in a 2:1 urea/acetylcholine chloriteeutectic shows a group  mixture, Engt/ag — Ez?*/zn = 1.00 V compared to 1.56 V
of signals atw/z 174, 176, and 178 with an isotope pattern for the aqueous solutions. However, it is interesting that

-15
1

consistent with the formula [ZnClQrea]. No other zinc-  particular pairs or groups of metals demonstrate similar
containing clusters are observed using this technique. MSdifferences between their reduction potentials in the eutectic
experiments were also carried out by dissolving Zri€la mixture and in aqueous solution; e.§ag'ag — Ecu'icu =

2:1 urea/choline chloride eutectic, and in this case, ZnCl  0.31 V compared to 0.28 V between the standard aqueous
and ZnCls~ were the predominant ions observed analogous reduction potentials andEpzpr — Ezitzn = 0.65 V

to zinc chloride/choline chloride ionic liquid3.Hence, it compared to 0.63 V in aqueous solutions. This suggests that
can be concluded that when the ZnO dissolves in the deepzn and Pb have a similar coordination environment in the
eutectic solvent, the oxygen remains attached to the metaldeep eutectic solvent and removal of the ligands is energeti-
center and urea acts as a ligand. In agreement with this; UV cally similar, while Ag and Cu have a similar ligation to
vis spectroscopy of CuO and Cu@issolved in a 2:1 urea/  each other, but the ligation is significantly different from
choline chloride eutectic mixture showsaxat 613 and 643,  that of Zn and Pb. This may be due to different ligands and/
respectively, suggesting that, as for ZnO, the dissolution of or different geometries for the different groups of metals.
CuO does not result in a homoleptic chlorometalate species. For NiO, the potential for the onset of metal deposition is
Having shown that some metal oxides dissolve in these 0.24 V below the potential for metal stripping. This is
ionic liquids, it is important to demonstrate that they can common for other metals that routinely form octahedral
also be efficiently extracted. Electrochemistry has been complexes, e.g., Fe(lll) and Co(ll) (both not shown), and
studied in some detail in ionic liquids, and the subject has probably indicative of the difficulty in resolvating an
been extensively reviewed in two recent papétéThe urea/  octahedral complex from the electrode surface upon oxida-
ChCl mixtures have conductivities in the rangeI2 mS  tion. Notwithstanding, these differences (results are in Figure
cm™t; hence, it is possible to investigate the ability to 1) demonstrate that a range of metals can be electrowon from
electrowin the metals from solutidrFigure 1 shows a cyclic  the eutectic mixture.
voltammogram of a Pt microelectrode immersed in solutions  The different solubilities and reduction potentials provide
of various metal oxides dissolved in a 2:1 urea/choline a strategy for separating particular metal oxides. To dem-
chloride eutectic mixture. All of the metals show simple onstrate the viability of this approach, a sample of waste,
reduction to the metallic state with the exception of CuO, which is commonly discarded, produced by the steel industry
. . from the electric arc furnace was used. Analysis of the sample
(10 ;’,Ygg;t 56&1‘ Sgt"o':"n”’dgf’o'l‘go; fhem's"y and Physiésth ed;; CRC ghowed an approximate composition of Fe (38 wt %), Zn
(11) Acetylcholine chloride was used in place of choline chloride because (33), Al (12), Mn (4.5), Si (4), Pb (4), Mg (2), V (1), and
the signal for [cholinet+ 2CI]~ would mask the peak for the zinc Cu (<1), with oxides being major constituents. This material

(12) i{’b”gﬁlix;\, P.; Capper, G.; Davies, D. L.; Munro, H. L.; Rasheed, R. Was suspended in a 2:1 urea/choline chloride eutectic at 60

K.; Tambyrajah, V.Chem. Commur2001, 2010. °C for 2 days. After filtration, the solution was found to
13 gB’ulzigg., M. C.; Evans, R. G.; Compton, R.@iemPhysChei2004 contain only Zn and Pb in the ratio 6:1. This shows that
(14) Endres, FChemPhysCher2002 3, 144. ZnO can be effectively separated from,Bg and ALOs.
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25 unlike water there is no electrolysis of the deep eutectic
20 Zn solvent at these potentials. This demonstrates that metals can
be effectively recovered from a mixed metal oxide matrix.
Experimental Procedure.Choline chloride (HOGH;N-
109 fb (CHa)s™ CI, ChCI; Aldrich, 99%) was recrystallized from
51 absolute ethanol, filtered, and dried under vacuum. Urea
(Aldrich, >99%) was dried under vacuum prior to use. The
eutectic mixtures were formed by stirring the two compo-
51 nents together at 100C until a homogeneous, colorless
liquid formed. No trace metal impurities were detectable,
and the water content of the liquids was typically less than
Eiv - . .
Figure 2. Cyclic voltammograms of a mixed metal oxide matrix dissolved =00 ppm. The metal SO|UbI|It)_/ was determined by placing
in a 2:1 urea/choline chloride mixture on a Pt microelectrode a0 an excess of the metal oxide in the solvent for 2 days at 60
°C. The solution was filtered, diluted with 0.1 N HCI, and
Figure 2 shows the cyclic voltammogram of the eutectic analyzed using inductively coupled plasma atomic emission
mixture following the dissolution of the mixed metal oxide spectrometry (ICP-AES). Voltammetry was carried out using
matrix. The deposition characteristics are different from those an Autolab PGSTAT12 potentiostat controlled with GPES
of the pure metal oxides, suggesting that some alloy software. A three-electrode system consisting of a platinum
formation occurs. This is corroborated by the appearance ofmicroelectrode (ares 7.9 x 10°7 cn¥), a platinum counter
a third peak on the anodic sweep (cf. Zn and Pb data in electrode, and a silver wire pseudoreference electrode was
Figure 1), which is presumed to be due to the stripping of used. The working electrode was polished with Q8-
the alloy. The eutectic solution was electrolyzed foh at alumina paste, rinsed, and dried prior to all measurements.
a current density of 10 mA cm. A dull gray metallic deposit  All voltammograms were performed at 8C with a scan
was obtained and was found to contain principally zinc with rate of 20 mV s.
a small amount of lead and traces of chloride by energy-
dispersive X-ray analysis. The current efficiency of the
electrowinning process was extremely high96%), con-
siderably better than that from aqueous solutions becausaCc0505450
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