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Figure 8. The relationship
between the DEHPA
concentration in the upper
phase and the distribution
ratios for iron, lanthanum,
manganese and praseodymium
when the organic phase was a
solution of DEHPA in solvent 70.

Figure 9. A graph of the
distribution ratios of aluminum,
iron, manganese, and the
lanthanides against the initial
sulfuric acid concentration in
the aqueous phase.
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agreement with those obtained by others (Peppard, Mason, Maier, & Driscoll, 1957). In general, an
increase in the DEHPA concentration causes an increase in the metal distribution ratios (Figure 8).

One of the long-term goals is to create a process which uses hydrotreated vegetable oil as a diluent for
the DEHPA extraction, as part of the effort to enable a smooth transition to such a diluent a series of al-
ternative grades of kerosene were tested using a 8:2 mixture of the deep eutectic solvent and water. It
was found that with four different grades of aliphatic kerosene (Solvent 70, Escaid 110, Isopar L and
Escaid 120) similar results were obtained (Table 2). However, when the aliphatic diluent was replaced
with an alkylarene (tert-butylbenzene TBB), the distribution ratios of all the metals were reduced.

It is likely that a mixture of n-alkanes formed by the hydrogenation and hydrodeoxygenation of
vegetable oil (Huber, O’Connor, & Corma, 2007) will be suitable for use as a diluent for the lanthanide
extraction. While the stripping of lanthanides from organic phases containing DEHPA is well estab-
lished, it was shown by shaking a series of solutions of metals in dilute sulfuric acid that such a

Table 2. Distribution ratios obtained by shaking DEHPA (30% v/v) in different diluents with a

solution of metal salts in the deep eutectic solvent

Metal Diluent
TBB Solvent 70 Escaid 110 Escaid 120 Isopar L
Iron 39 206 204 248 232
Lanthanum 4.7 22.9 235 27.5 27.5
Neodymium 7.4 37.5 37.4 45.1 43.9
Praseodymium 7.5 36.3 37.2 43.2 42.6
Manganese 0.034 0.13 0.14 0.15 0.15
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stripping is thermodynamically possible using the organic phase used in the extraction experiments.
However, the iron(III) has such a high affinity for the DEHPA that it is not possible to prevent its ex-
traction into the organic phase with sulfuric acid (1 M) (Figure 9).

3. Conclusions

It was shown that cobalt and some other transition metals can be extracted from the deep eutectic
solvent by an organic phase containing Aliquat 336, an organic phase which is nonflammable could
be formulated. In a series of experiments, it was shown that an industrial process for the extraction
of cobalt and the lanthanides from the deep eutectic of lactic acid and choline chloride is plausible.
The selectivity of the extraction reagents observed in the experiments was similar to that which can
be expected from experiments using more conventional aqueous media. Further experiments will be
required to create and demonstrate the process.

4. Experimental

All reagents were purchased from Aldrich and were used as received unless stated otherwise. All
pipetting was done using the forward pipetting method using piston driven air displacement pi-
pettes made by Gilson. Solvent extraction experiments were performed by pipetting equal volumes
of an organic phase and either an aqueous phase or a deep eutectic solvent phase into a glass vial
(3.5 ml). It was normal to add the aqueous or deep eutectic solvent phase before the addition of the
organic phase to the vial. With the exception of the part of the study in which different diluents are
used for the extractions and the experiment in which the DEHPA concentration was altered the
phase ratio was checked by measuring the mass of the empty shaking vial, then again after the ad-
dition of the first liquid and then finally after the addition of the last liquid layer. Using the densities
of the liquids, the phase ratio was then calculated and used to correct the concentration of the met-
als within the organic layer. When deep eutectic phases, ionic liquids or other viscous liquids were
pipetted; additional care was taken as these fluids require a greater time to flow out of the pipette
tip. Additionally, filter tips were used to reduce the likelihood of the pipette becoming contaminated
with a splash of the liquid. It was found that the moment when the push button of the pipette is
released after the liquid had been ejected from the tip was the time when splashing of liquid upward
was most likely to occur. After the liquids had been dispensed into the vial, it was sealed with a push
on polyethylene cap before being shaken using a IKA Vibrax VXR basic machine equipped with a
thermostated sample holder feed with warm water from a Grant TC120 circulating water bath.
Unless otherwise stated all samples were shaken at 40°C. After shaking the samples were centri-
fuged (Heraeus Labofuge 200) at 4,000 rotations per minute for at least five minutes to ensure good
phase disengagement. Samples (200-500 pl) of the lower phase were taken using a Gilson pipette in
the following manner. A pipette bearing a tip was set to the required volume, the push button de-
pressed to the first stop before the tip was inserted into the lower phase. Through additional pres-
sure on the button one or two bubbles of air were expelled from the nozzle of the tip. The pressure
on the push button was slowly relaxed allowing liquid to enter the tip. The pipette and tip were then
removed from the shaking vial, using tissue paper the outside of the tip was wiped to remove any
trace of the upper phase before the liquid inside the tip was dispensed into a preweighed polyethyl-
ene vial (17 ml). To the polyethylene vials was added dilute (0.1 M) nitric acid containing ruthenium
(1-2 ppm). In early tests, a x20 dilution was used but this was associated with the formation of
carbon on torch components in the ICP machine (axial view), to reduce this problem the dilution was
increased to X50. If the Kistiakowsky-Wilson rules (Akhavan, 1998) or similar rules apply to the con-
ditions in the ICP machine’s plasma then a reduction in the amount of organic matter entering the
torch will result in a reduction in the formation of carbon. The ruthenium was present as an internal
standard in case the operation of the ICPOES machine (Thermo Scientific iCAP6500) was subject to
some variation. Normally the internal standard was not needed, but was present as a contingency
against a pump or nebulizer malfunction.

The metal content of the lower phase before the extraction experiments was measured under the
same conditions using samples feed into the ICP machine which have similar dilution factors to en-
sure that the measurements of the metals were made with the same matrix. The concentration of
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metals within the organic phase was calculated by measurement of the difference between the
lower phase before and after the extraction.

A metal stock was prepared by dissolving the following metal salts, aluminum chloride hexahy-
drate (18.2 g), cadmium nitrate tetrahydrate (5.2 g), cerium chloride heptahydrate (6.4 g), cobalt
chloride hexahydrate (8.1 g), iron(I1I) chloride (8.6 g), lanthanum chloride heptahydrate (5.8 g), neo-
dymium chloride (1.7 g), praseodymium chloride (1.3 g), and zinc chloride (4.0 g) in water, to this
mixture was added acetic acid (2.5 ml) and the mixture diluted to a total volume of 250 ml. This solu-
tion was normally diluted by a factor of 20 with water and the deep eutectic solvent obtained by
combining choline chloride with two equivalents of lactic acid. The resulting mixture was used for
the majority of solvent extraction experiments. When copper, nickel, or manganese was required in
solvent extraction experiments then an aqueous solution containing these metals (16 grams per
liter) as the sulfate, chloride, and chloride were diluted by a factor of 40 by its addition to a combina-
tion of water and the deep eutectic solvent. For those experiments in which lead(II) was required a
deep eutectic solvent bearing the other metals which had been stored for many days in contact with
solid lead(II) chloride was used.

Sunflower oil FAME biodiesel was formed by the reaction of sunflower oil with methanol using
sodium hydroxide as the catalyst. After the reaction the glycerol rich layer was separated and the

product washed with water before use.

Supplementary material
Supplementary material for this article can be accessed
here http://dx.doi.org.10.1080/23312009.2016.1139289.
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