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Abstract

A low viscosity, hydrophobic eutectic solvent based on trioctylphosphine oxide (TOPO) has been
developed, characterized, and it’s use as an extractant demonstrated for liquid-liquid separation
of uranyl nitrate from aqueous acid. This strategy of liquefying the active extracting agent as
a eutectic liquid, produced liquids that contain an intrinsically concentration of TOPO (ca. 80
wt%, 1.875 moles L~! at Xtopo = 0.50) and render the use of an organic (hydrocarbon) diluent

redundant.

Keywords: Hydrophobic deep eutectic solvents; Separation, Uranyl extraction; Trioctylphos-

phine oxide



Introduction

The term Deep Eutectic Solvent (DES)!' is most commonly used to describe low melting lig-
uids formed by combining organic salts such as choline chloride with urea or other hydrogen-bond
donor components including carboxylic acids and alcohols. DES were initially popularised* as
lower cost and more environmentally benign (greener) variants of non-volatile ionic liquids and
have been used as non-aqueous electrolyte solutions,” and media for nanoparticle and materials
synthesis, % solvents for catalysis'? and as vehicles for delivery of active pharmaceutical ingredi-
ents 12 have been extensively investigated in recent years.

13.14 45 alterna-

One area of interest in the use of DES analogs of hydrophobic ionic liquids
tives to hydrophobic organic solvents for organic/aqueous extractions has been less widely in-
vestigated to-date. Partially because the multiple competing coulombic and hydrogen-bonding

interactions 122!

that underpin the formation of these liquids also tend to promote miscibility with
water.

The first hydrophobic DES, reported by van Osch et al.?? in 2015, combined a carboxylic acid
(to provide H-bond donor functionality) with long chain quaternary ammonium salts to enhance
hydrophobicity over more usual short chain ammonium or cholinium salts. Following this strategy,
other hydrophobic DES incorporating fatty acids and/or alcohols with organic salts have been
described and their use for metal ion?® and natural product?*? extractions demonstrated. However
in common with ionic liquids, the coulombic interactions between the charge centers result in
liquids with relatively high viscosity. This is compounded by the need to introduce large bulky
alkyl substituents to impart hydrophobicity competing with hydrophilic association of typically
good hydrogen bond acceptor anions present with water.

Moving away from ionic DES, which include a salt (or an ionizable amine component??),
Ribeiro et al. >0 have shown that hydrophobic eutectic solvents could be prepared from mixtures of
DL-menthol with a range of carboxylic acids and could be used as extractive solvents for caffeine,

tryptophan, isophthalic acid, and vanillin from water. Compared to the more usual ionic DES,

these liquids have significantly lower viscosity as a result of eliminating the coulombic charge



interactions. The scope for formation of liquid eutectic solvents has subsequently been expanded
to a range of terpenes with monocarboxylic acids?’ and, interestingly, also to make use of mixtures
of carboxylic acids to access eutectic liquid compositions.?3

Building on previous experience using TOPO as a Lewis basic (hydrogen bond-accepting)

ligand to generate liquid coordination complexes?®~!

with tunable Lewis acid properties we were
interested in studying whether trioctylphosphine oxide (TOPO) could be used as a hydrogen-bond
accepting component to produce DES and whether a liquid DES formed in this way could be used
as an extractant phase containing high phosphine oxide concentrations.

Trioctylphosphine oxide (TOPO) has many applications as a capping agent for the produc-

32-36

tion of quantum confined nanomaterials. and as an extractant’’ for metal ions and organic

3841 and phenolic compounds.**~#* However, an issue with TOPO is its relatively low sol-

acids
ubility in hydrocarbon solvents that are the choice for aqueous-organic liquid-liquid extraction
processes. One approach to address this is the use of alternative phosphine oxide formulations,
such as Cyanex 923.44% This is a mixture of trialkylphosphine oxides containing hexyl and octyl

groups that is a liquid (mp -5 to 0 °C) and is completely miscible with common industrial diluents

(such as kerosene) allowing higher concentrations of extractant to be achieved than with TOPO.
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Figure 1: Structure of phenol (left) and TOPO (right).

To our knowledge, TOPO has never been transformed into an ambient temperature DES and
we reasoned that a DES formed from TOPO would contain a high phosphine oxide concentration
overcoming some of the challenges faced by the choices of diluent, viz. limiting solubility in
non-hazardous solvents such as odorless kerosene or high solubility in hazardous solvents such as

dichloromethane or benzene. Here we report the formation of an ambient temperature hydrophobic



eutectic liquid between TOPO and phenol, as a model hydrogen-bond donor, (Figure 1) and the
applicability of the system to metal extraction is demonstrated for the removal of uranyl ([U02]2+)

ions from aqueous nitric acid.

Experimental Section

Trioctylphosphine oxide (TOPO) was kindly provided by Solvay with a purity >97 %, phenol
(99.5 %) was purchased from Acros Organics. TOPO:phenol mixtures were prepared by com-
bining appropriate mole fractions of each component in a minimum quantity of methanol, which
was then stirred (500 rpm) until a homogenous, colorless liquid was formed. Methanol was then
removed by evaporation in vacuo (3 days, 50 °C, 10 ~2 bar) and then allowed to cool to ambient
temperature yielding colorless solids (Xtopo > 0.6) or liquids (Xtopo < 0.6). Materials were
stored under an inert atmosphere until used. Composition and purity of the resulting mixtures was
confirmed using NMR (Bruker 400 MHz) and FT-IR (PerkinElmer Spectrum 100) spectroscopy.

3P NMR spectra were recorded on a Bruker Avance DPX 400 MHz spectrometer at 162 MHz
using neat liquid samples. A DMSO-filled, sealed capillary was used as an external lock and
stability between measurements was confirmed from the invariance of the chemical shift from trace
impurities at —0.72 + 0.13 ppm. Further phosphorous-containing impurities were observed in the
supplied TOPO sample, observed as singlet signals at 48.48, 48.78, 51.9, 53.44 ppm compared to
the main TOPO signal at 49.1 ppm for the X 1qpq = 0.60 liquid. The 3P signals for each of these
trace contaminants varied with ¥ 1opq along with the signal from TOPO as described in the Results
and Discussion section.

Densities were measured using a Mettler Toledo DM40 density meter over the temperature
range 25-90 °C. Viscosity was determined using a Bohlin Gemini cone and plate rheometer
(TOPO:phenol, xtopo = 0.33) between 20-90 °C, and using an Anton Paar AMVn rolling ball
viscometer (TOPO:phenol, xtopo = 0.50) at 20, 25, 40, 50, and 60 °C. Water content was mea-

sured using a Mettler Toledo C30S coulometric KF titrator, in each case, the initial water content



was below the limit of quantification the titrator, and characteristic signals attributable to water

were not observed in the 'H NMR or FT-IR spectra of the neat Xtopo = 0.50 liquid.

TOPO/Phenol solid-liquid phase diagram.

Upper limits for thermal stability of the liquids were measured in the dynamic heating regime
using a TA Instruments Q5000 TGA instrument under nitrogen atmosphere. The phase diagram
was determined both by visual inspection and by differential scanning calorimetry (DSC). DSC
measurements were performed using a TA instruments DSC Q2000 fitted with RCS 90 cooling
system. Samples were loaded into Tzero aluminum pans and the accurate mass recorded (=
0.0002 g) in a glovebox under an argon dry atmosphere and then sealed using Tzero hermetic
lids before removal and transfer to the DSC. Measurements were taken over three heating/cooling
cycles across the temperature range —90 to +70 °C, with a cooling rate of 5 °C min~! and a heating
rate of 1 °C min~!. Between heating and cooling runs, samples were held isothermally for 15 min.

Visual determination of the solid-liquid equilibrium phase behaviour was made as a function
of temperature using samples sealed in a thermostated Pyrex glass solid—liquid equilibrium cell
containing a magnetic stir bar. The cell was then inserted in a thermostated ethanol bath and
stirred (400 rpm) and cooled to around —50 °C by addition of liquid nitrogen. After holding at
this temperature for 15 min samples were then allowed to warm to —10 °C at a rate of approx.
1-2 °C min~'. Samples with XT1opo between 0.2-0.4 exhibited melting of the quenched glasses
around -35 °C, whereas the remainder of the samples (high and low Y opg) remained as solids
over this temperature range. Above ca. —10 °C, temperature was controlled by a circulating Julabo
R32, and samples were held for 20 min.at each set-point to ensure equilibrium.

Temperatures were measured using an insulated wire miniature type K thermocouple model
5SC coupled with a HH802U thermocouple thermometer, with an expected measurement uncer-
tainty of pm 1.5 °C. The measurement uncertainty resulting from the visual observation of the
phase transitions is expected to be greater than the instrumental error. The melting points were

recorded as the temperature at which a colorless homogenous liquid was formed in the cell. Glass



transitions for the non-crystalline mixtures (¥topo between 0.2-0.4) were defined from the pour
points, the lowest temperature at which motion of the stir-bar was possible in the increasingly vis-
cous liquids on cooling. No T, transitions were observed in the DSC for these samples on cooling

to -90 °C. All measurements were carried out in duplicate, with reproducibility to within 1 °C.

Phenol and TOPO leaching to aqueous in I/l mixtures.

Leaching of phenol into aqueous hydrochloric acid from the ¥ 1opg = 0.50 TOPO:phenol eutectic
liquid was determined at room temperature by combining equal amounts (w/w) of the TOPO:phenol
sample and aqueous acid (0.00-3.00 M HCI) in a vial which was shaken on a Stuart scientific
flask shaker SF1 for 30 min and the left for 18 h to allow complete equilibration and separation
of the two layers. The phenol content of the aqueous phase was then analyzed using UV/Vis
spectroscopy (Agilent Technologies Cary 60 UV-Vis Spectrophotometer) with the concentration
of leached phenol determined by comparison of the absorbance at A, = 270 nm to a standard

calibration response determined for aqueous phenol.

Liquid-liquid extraction of uranyl ([U02]2+) ions from aqueous acid with TOPO:phenol eu-

tectic liquids.

All aqueous solutions were prepared with deionized water, purified with a Barnsted deionization
system and polished to 18.3 MQ cm~'. Agqueous solutions of HNO; were prepared as molar
concentrations between 0.01-3.00 M by transferring a known amount of material to a volumetric
flask and diluting to the specified volume with deionized water. Uranyl solutions in water and in
nitric acid were prepared by addition of uranyl nitrate hexahydrate to the standard acidic stock
solutions to 250 ppm (6.34 x 10~* M) and, in one case, with 2350 ppm (5.96 x 10~3 M) [UO,]**
in 1 M HNOj(aq) to examine the effects of uranyl concentration on extraction efficiency.

For uranyl extraction measurements, performed at ambient temperature (ca. 20-25 °C), 1 cm?,
samples of TOPO:phenol (¥1opo = 0.5) pre-equilibrated against the appropriate concentration

aqueous nitric acid solution, were contacted with 1 cm? of an acidic 250 ppm uranyl nitrate solution



in a 10 cm? screw top glass vial and mixed for 10 min using a wrist-action shaker (Burrell, model
75). After mixing, the samples were centrifuged (2000 G, 2 min) and the aqueous raffinate phase
separated from the DES. The residual uranium concentration in the raffinate (aqueous phase) was
determined by UV/Vis spectroscopy (Agilent Technologies Cary 60 UV-Vis Spectrophotometer)
after addition of 2-(5-bromo-2-pyridylazo)-5-(diethylamino)phenol (Br-PADAP) to the sample as
a spectroscopic probe.*® All measurements were performed in duplicate and gave reproducible
results.

Distribution ratios (D) were calculated by difference between the initial and final uranyl con-

centrations in the aqueous raffinate phase using the equation:

D = ([UO,* " Jinit — [UO5* finar) /[UO,* ina (D

where [U022+] and [UOZQ“L]ﬁm11 are the initial and final concentrations (mol dm~2) uranyl

init

concentration in the acidic aqueous phase.

Results and Discussion

Eutectic mixtures composed of TOPO and phenol in different molar ratios were prepared by mixing
the two components with a small quantity of methanol, followed by evaporation of the solvent. It
was also possible to form the liquids by grinding the two components together. Room temperature
liquids were obtained over the composition range X topo = 0.1-0.6 (Figure 2) and were colorless,

free-flowing and were found to be hydrophobic, forming biphases when mixed with water.

Phenol was selected for initial examination based on its mild Brgnsted acidity (and corre-
sponding hydrogen-bond donor ability), the use of TOPO-impregnated membranes for solventless

extraction and stripping of phenols from water, >3

and the ability of phenol to form of biphasic
systems with water at moderate concentrations and temperatures.*’ Similarly, there was a synergis-
tic interest in potentially forming hydrophobic eutectics with phenol to complement the application

of phenol/tetraalkylammonium chloride DES for recovery of phenols from hydrocarbon oils.*3

8
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Figure 2: The appearance of TOPO:phenol mixtures of different compositions at ambient temper-
ature (left to right, ¥ 1opg = 0.1-0.9).

The effectiveness of eutectic formation as a strategy to obtain liquefied TOPO with high phos-
phine oxide concentration for use in separations and extractions was then tested for liquid-liquid

extraction of [U02]2+ from aqueous acid solution.

Thermal stability

TOPO:phenol mixtures retained a constant composition through heating at 50 °C to remove methanol,
as confirmed by integrating and comparing '"H NMR signals from phenol and TOPO components
of the mixtures after drying, and were thermally stable up to ca. 90 °C. Compared to the rapid
mass from pure phenol, the TOPO:phenol liquid mixtures show increased stability, with two dis-
tinct mass loss events observable by TGA under dynamic heating (Figure 3). The first of these,
loss of phenol through evaporation or sublimation starts around 100 °C and is complete by 200 °C,
on contrast to pure phenol where mass loss started at 50 °C and was complete by 130 °C. In the
TOPO:phenol mixtures, this is then followed by loss of TOPO above ca. 250 °C. Thus the stability
limit for the TOPO:phenol liquids, defined by loss of phenol from the liquids, is around 90-100 °C,
which is comparable with that of the archetypal choline chloride/urea DES® where decomposition

of urea is initiated from around 70 °C.
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Figure 3: Mass loss profiles under dynamic TGA conditions for phenol (red), TOPO (blue) and
TOPO:phenol (x1topo = 0.50, green) heating at 5 °C min~!, showing the increased thermal stabil-
ity (reduced loss of phenol) in the DES compared to neat phenol.

Melting point and phase composition

A detailed investigation of the solid-liquid phase behavior of the TOPO:phenol system was made
using both visual observation from samples in a solid-liquid cell and by DSC (Figure 4).

Across the intermediate composition range ()X topo = 0.20-0.40), free-flowing liquids were ob-
tained that became progressively more viscous on cooling, eventually forming glasses that could
not be poured below around ca. —34 °C. The cooling and heating profiles in the DSC measure-
ments at these compositions were essentially featureless, no crystallization of glass transition
events were observable, either around the solidification points observed visually or scanning to
-80 °C.

In contrast, at ¥ popo = 0.10 and from ¥1qpgy = 0.50-1.00, solid samples were obtained from
which melting was observable both visually and from first order transitions in the DSC which were
observed at comparable temperatures in the two experiments. TOPO:phenol with Y +5po = 0.10
extensively super-cools in the DSC, undergoing cold crystallization on heating at ca. =50 °C and

is then followed by a melting transition at 27.5 °C. This pattern was repeated over three thermal

10



cycles, and shows a small depression in melting of the ¥1opo = 0.10 mixture compared to pure
phenol (Xtopo = 0.00, mp 41 °C).

At Xtopo = 0.50, in the DSC, the samples super-cooled and then, on heating, undergo cold-
crystallization with an extremely broad (ca. 20 °C) endothermic transition centered at —29 °C.
This is followed by a sharp exotherm at —11 °C (Ay = 11.7 kJ mol~1), and a much weaker broad
exotherm between —10 and 6 °C. In the solid-liquid cell, on heating slowly from -40 °C, 1:1
TOPO:phenol solid was observed to melt to a slurry between from ca. -10 °C, and to form a
single homogeneous clear liquid phase at 6 °C.

Above Y1opo = 0.50, reversible melting and freezing transitions are more readily observed
in the TOPO:phenol mixtures, with all samples solidifying at temperatures above 0 °C in both
the solid-liquid cell and DSC. Both the crystallization point on cooling and subsequent melting
point on heating of the mixtures with systematically reduced by the introduction of phenol, and the
melting transition in the DSC becomes increasingly broad, with a long trailing edge indicative of
pre-melting disordering of the alkyl-chain regions as is often seen in plastic crystals, particularly

from ionic liquid materials. **-!

The melting temperature (and corresponding enthalpy) of the range of TOPO:phenol compo-
sitions are shown in Table 1 and the mole fraction TOPO:phenol temperature—composition phase
diagram generated from this data is shown in Figure 5. In common with many many ionic liquids
and cholinium-based DES, the TOPO:phenol mixtures proved inherently difficult to crystallize °
forming glassy amorphous solids on cooling. The reduced melting points of the mixtures, coming
from either high TOPO or high phenol composition can be extrapolated to a deep eutectic point in
the region of ¥1gpg = 0.33 (1:2 TOPO:phenol) illustrating the extensive liquid region formed by
the depression in solidification point of the TOPO:phenol mixtures to ca. =34 °C between X1opo
=0.2-0.5, compared to the melting points of the two pure starting components, TOPO (mp 52 °C)

and phenol (mp 42 °C).
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Table 1: Thermal data from DSC and observation. Temperatures were measured from the peak
positions of the first order transitions in the DSC second heating cycle, and the enthalpy of melting

determined from integration of the peak.

Xtopo Im(obs) T,(DSC)/°C E, /kJ mol~!
0.00 41.1 41.0

0.10 242 27.5 1.8
020  -33.0¢ -

030  -33.5¢ -

033  -33.0° -

040  -36.5¢ -

0.50  -11* 5.9 11.7
0.60 303 34.6 3.3
0.67 364 38.1 6.3
070 387 36.7 6.9
0.80 428 46.2 16.6
0.90 503 48.8 23.9
1.00 51.8 51.9

@ Solidification temperatures for Y topo = 0.2-0.4 were made by visual observation of the limit in pour
point of the liquids: no thermal transitions were observed by DSC. ? Exothermic transition observed by
DSC at -11 °C is followed by a weak, broad event between -10 and 6 °C.

Table 2: 3'P NMR chemical shifts (8 *'P /ppm) for TOPO:phenol liquids as a function of compo-

sition (Xtopo)-

XToPo & *'P /ppm
0.10 60.0
0.20 58.2
0.30 55.5
0.40 53.0
0.50 50.1
0.60 49.1

12



—0.9
— — 0.8
— Tl —C — 0.7
e
S C\ T
= ! —0.6
= )
2 I o
L I —0.5 ©
% =
E — 104
©
o | (U
LT | — j— 0.3
- —0.2
- 7—0.1
| | | | | | | 0
-100 -50 0 50

Temperature (°C)

Figure 4: DSC second cooling and heating profiles for TOPO:phenol mixtures off-set from the
base line by their corresponding composition () topg)-

3P NMR spectra taken from neat liquid mixtures (at 25 °C) at different compositions across
the phase diagram are shown in Figure 6 with the chemical shifts tabulated in Table 2. The phos-
phorus signal from TOPO becomes increasingly deshielded, moving downfield as the concentra-
tion of phenol in the mixtures is increased (a reduction in Y tqp) reflecting the increasing addition
of the acidic hydrogen-bond component in the liquids.

Between Xtopo = 0.60 and 0.50, the change in 3IP chemical shift is only small. Both XTOPO
=0.50 and 0.60 liquids gave >'P signals between 49—50 ppm, comparable to the value reported>?
for TOPO dissolved in CDCl, (8 *'P = 48.48 ppm), and higher than that in C¢Dg (8 *'P = 43.93
ppm). These data points are shown in Figure 6 for comparison. This suggests that above X1opo

= 0.50 (1:1 TOPO:phenol), the liquids have a phosphine oxide environment that resembles that of

13
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Figure 5: Phase diagram for TOPO:phenol mixture, constructed from observational solidification

points (solid-liquid cell, solid red squares), and DSC results (solid blue squares) and solid-liquid
cell glass transitions (open red squares).

TOPO dissolved in chloroform, and that all the phenol molecules present are involved in hydrogen-
bonding to single P=0 sites.

In contrast, on increasing the phenol (acid) content of the liquids (i.e. moving to lower ¥ 1opg)s
the change in 3'P chemical shift, with the signals moving progressively downfield, reports that
the phosphine oxide group is experiencing an increasingly acidic environment. However AS 3'P
remains approximately constant suggesting that as additional phenol is added, over the range
Xtopo = 0.5-0.2, it contributes directly to changes to the local TOPO environment. In the solid

state, trialkylphosphine oxides tend to form two hydrogen-bonds in co-crystals>3 and it is likely
that the observed eutectic minimum around X1opo = 0.33 (2:1 phenol:TOPO stoicheometry) re-
flects this maximum number of hydrogen-bonding interactions in the liquid mixtures. however,
unlike static hydrogen-bonding enabling solid-state co-crystal formation, the dynamic nature of

hydrogen-bonds here probably lead to disruptively competition with lattice packing forces to in-
duce the liquid formation.

14
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Figure 6: 3'P NMR spectra of TOPO:phenol liquids (left) and the corresponding chemical shift
plotted as a function of liquid composition (right). Chemical shifts>> for TOPO in CDCl; (43.66
ppm) and in C,Dg (48.48 ppm) are shown at ¥1qopg = 1 (blue squares) for comparison.

It is worth noting that these changes in chemical shift (A8 3'P = 10-11) are much smaller than
have been observed for interactions of TOPO with Lewis acid metal salts forming, for example,

9

liquid coordination complexes?® or when TOPO coordinates to hydrated protons,>* where the 3!P

chemical shifts have been reported to change by up to nearly 40 ppm.

Density and viscosity

Densities and viscosity of the Xtopg = 0.33 (eutectic) and 0.50 (equimolar) liquids were mea-
sured between 20-90 °C to explore the eutectic composition with the largest liquid range and to
characterize a liquid composition with a higher TOPO content that could be used for liquid-liquid
extraction studies. Density and viscosity results are shown in table 3 and Figure 7 and 8.

The densities of both compositions (0.935 g cm ™3 for Xtopo =0.33at20 °C,and 0.910 g cm ™3
for X topo = 0.50) are less than that of water and decrease monotonically with increasing tempera-
ture. The density also decreases with increasing TOPO content, consistent with the differences in
density of phenol and TOPO (1.07 and 0.88 g cm ™ respectively). The volume expansion coeffi-

cient of ca. 6.75 x 10~ cm?® K~! is consistent with fluid expansion from liquids containing a large

15



hydrocarbon component, in this case the octyl-groups on TOPO.
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Figure 7: Density of TOPO:phenol liquids at ¥1qopo = 0.33 (blue circle) and 0.50 (red square)
showing the linear change in density with temperature, fitted as a function of temperature to y =
1.1342 — 0.00068067x (X topo = 0.33) and y = 1.1075 — 0.00067319x (X topo = 0.50). Density of
the TOPO:phenol mixtures decreases with increasing TOPO content.

The viscosity of both the dry ¥ 1opg = 0.33 and 0.50 TOPO:phenol liquids are much lower than
those of conventional DES containing organic salt components>> and are over an order of magni-
tude lower than that of the [Ngggq|Br-decanoic acid DES(X o 8r = 0.33),%% which was reported
as 636.36 mPa S at 25 °C. For the eutectic TOPO:DES composition (¥ topo = 0.33) the viscosity
was 12.4 mPa S at 25 °C, similar to that of emerging non-ionic fatty acid eutectic liquid mixtures
described by Florindo et al.?® and ethylene glycol (16.1 mPa S at 25 °C). Viscosity decreases with
increasing temperature and was fitted with the Vogel-Fulcher-Tammann (VFT) model>® for glass
forming liquids. An extrapolated glass transition temperature (7p) of 209 K was obtained.

As more TOPO is added, viscosity (and the solidification temperature) increase, but still remain
low. At Xtopo = 0.50, the viscosity at 25 °C is 42 £0.5 mPa S (Figure 8). Interestingly, this

345

composition has characteristics that are remarkably similar to those of Cyanex 92 which has a

reported viscosity of 40 mPa S at 25 °C and 13.7 mPa S at 50 °C, and a freezing point of -5 to 0 °C.

16
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Figure 8: Viscosity of the TOPO:phenol liquids at Xtopo = 0.33 (blue) and 0.50 (red) plotted as
a function of temperature. Data at Y 1qpo = 0.33 was fitted to the Vogel-Fulcher-Tammann (VFT)
equation, v = AxeB/T=T0) where v is viscosity (mPa S), T is temperature (K) and T is the ideal
glass transition temperature (K) with parameters of In(A) = -5.234, B = 435 and Ty = 209 K (1* =
0.994568).

Miscibility of TOPO:phenol (X popo = 0.50) with water

The ability to readily liquefy TOPO, forming mixtures with relatively wide liquid ranges and visi-
bly low viscosity are encouraging features. Furthermore, the ambient temperature liquid TOPO:phenol
mixtures all formed liquid-liquid biphases when contacted with water, suggesting that they could
be used as a hydrophobic phase in liquid-liquid extraction. The stability of these liquids to aque-
ous acid was examined. No TOPO was detected in aqueous hydrochloric acid solutions, this is

consistent with the very low TOPO solubility in water of 0.15 mg L~!.57-38

In contrast phenol was detected in the aqueous phases after contacting the 0.50 mole fraction
TOPO:phenol eutectic with aqueous acid across a range of concentrations (0.04—3.00 M HCI) and
the results are shown in table 4. The aqueous phenol concentration after contact is low in all cases
(1.10-1.34 g L~ 1) compared to the high solubility of phenol in water (82 g L~1)>° and shows that

phenol is preferentially concentrated in the liquid eutectic TOPO phase, with distribution ratios of
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Table 3: Density and Viscosity of TOPO:phenol mixtures at Ytqpo = 0.33 and 0.50.

Xtopo = 0-33 Xropo = 0-50
Temperature  Density  Viscosity  Density  Viscosity
/°C /gem™  /mPas /gem™  /mPas
20 0.935 16.47 0.910 54.00
25 0.933 12.38 43.00
30 0.927 9.52 0.904
40 0.923 6.18 22.00
50 0.912 4.35 0.890 15.02
60 0.905 3.24 0.883 10.76
70 0.902 2.53 0.877
80 0.895 2.04 0.870
90 0.888 1.73 0.863

Table 4: Concentration of phenol leached to aqueous acid after contacting with an equal volume
of the TOPO:phenol eutectic (X topo = 0.5) at 25 °C. Phenol solubility in water is 82 g L1

Aqueous phase [phenol],, after contact
/M HCI1 /gLt /mol L~!

0 (H,0) 1.34 0.0142
0.0375 1.28 0.0136
0.0800 1.10 0.0117
1.5000 1.10 0.0117
3.0000 1.14 0.0121
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phenol to the TOPO eutectic in the order of D =75.
This indicates that the liquefied TOPO could be used as an extractant for phenol from aqueous
media, consistent with the reported applications of solvent-less extraction using TOPO-impregnated

membranes +%43

which is likely to be facilitated by the formation of a supported eutectic liquid.
This also, intriguingly, raises the possibility to form hydrophobic eutectic liquids with other acidic
hydrogen-bond donors such as the carboxylic acids that have been targeted for extraction from

38-41,60

fermentation broths using TOPO and also for parallel formation for hydrophobic eutectic

llqllldS 22,23,26-28

Liquid-liquid extraction studies

The utility of these hydrophobic TOPO:phenol mixtures for liquid-liquid separations was tested
using extraction of U(VI) from model acidic aqueous uranyl nitrate solutions as an example.

TOPO has been used as an effective extractant for many metals, and phosphine oxides are ubig-
uitous components in many extraction processes for both primary processing of nuclear materials
and radioactive waste treatment®! including the commercial TRUEX and TRPO processes.%? Usu-
ally TOPO is used in a hydrocarbon diluent such as kerosene®? although the solubility limit of pure
TOPO in kerosene of around 0.1-0.2 mol dm~> restricts the extractant concentrations that can be
achieved.** Recently the use of ionic liquid solvents for phosphine oxide-assisted partitioning of
U(VI) has also been reported,®*%> building on earlier studies using hydrophobic ionic liquids as
solvents for actinides and lanthanides. %66

A significant difference between TOPO dissolved in kerosene (with relatively low solubility
limit) and the TOPO:phenol () 1opo = 0.50) examined here as an extracting phase is the high TOPO
content of ca. 80 wt% (1.875 mol L~!). With this high concentration of TOPO, we would anticipate

a high extraction ratio comparable to that reported for TRPO process using mixed trialkylphosphine

oxides (equivalent to Cyanex 923) at 30 wt% in kerosene.

Uranyl extraction from acidic aqueous uranyl nitrate solutions was examined, contacting 1 cm?
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Table 5: Performance of TOPO:phenol () 1opo = 0.50) as a liquid extractant for uranyl nitrate from
nitric acid at at different acid and uranyl concentration in the aqueous feed.

Feed acidity [U022+] init [U022+]ﬁnal
(M) /ppm /ppm

0.01 250 <0.50

1.00 250 <0.50

3.00 250 <0.50

1.00 2350 <0.50

1 cm? TOPO:phenol (Y ropo = 0.50) was pre-equilibrated with nitric acid solution, and then contacted with
1 cm? of a uranyl-containing feed (shaken, 10 min, ambient temperature) and separated by centrifuging.
of TOPO:phenol () 1opo = 0.50, pre-equilibrated against the corresponding aqueous nitric acid so-
lutions) with 1 cm® of uranyl-containing feeds (shaken, 10 min, ambient temperature) with uranyl
nitrate concentrations of 250 and 2350 ppm in nitric acid (0.01-3.00 M). The final concentrations
of U(VI) in the aqueous acid after extraction was determed by UV-Vis spectroscopic analysis after
addition of 2-(5-bromo-2-pyridylazo)-5-(diethylamino)phenol (Br-PADAP) as the spectroscopic

probe. 46

UV-Vis spectra of 5-50 ppm standards and the 250 ppm acidic uranyl nitrate stock solution be-
fore and after contact with the TOPO:phenol extractant are shown in Figure 9) along with a picture
showing the appearance of each sample. Analysis was based on the absorbance maxima at 545 and
578 nm in the UV-Vis spectra of uranyl-containing samples spiked with Br-PADAP indicator (Fig-
ure 9) and the detection limit for U(VI) estimated to be 0.50 ppm. The distinctive deep purple of
the U(VI)-complexed Br-PADAP indicator at 250 ppm uranyl concentration, corresponding to the
intense maxima in the UV-Vis spectrum at 578 nm, decreases markedly as the uranyl concentration
in the solution decreases.

Single contact mixing of uranyl solutions (250 ppm) in 0.01, 1.00 and 3.00 M nitric acid with
the TOPO:phenol (¥1opg = 0.50) liquid extractant resulted in reduction in uranyl concentrations
in the raffinate phase from 250 ppm to the detection limit for the measurements in the experiments
(Table 5). The color and UV-vis spectra of raffinate solutions (spiked with Br-PADAP) after contact
with TOPO:phenol was comparable to that of the blank acidic Br-PADAP solution.

When the uranyl concentration was increased ten-fold to 2350 ppm in 1.00 M HNOj; (the acid-
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Figure 9: Transmission spectra (top) from the uranyl feed solution (250 ppm [U02]2+) contain-
ing Br-PADAP indicator (blue) and the raffinate after contact with TOPO:phenol (red). Standard
solutions containing 5-50 ppm uranyl in nitric acid are shown as dashed lines for comparison.

ity at which TOPO has maximum efficiency) complete extraction of uranyl species was also ob-
served suggesting that the distribution ratio could be an order of magnitude higher and demonstrat-
ing the excellent extraction potential of the TOPO:phenol system in comparison to conventional
TOPO-based extraction systems. 7072

Distribution ratios could be estimated from the initial and final [U02]2+ concentrations in the
aqueous phase, however because the final values are all around the limit of detection the results
are unreliable. D was estimated to be at least 500 from the 250 ppm uranyl solutions, and from
the 2350 ppm solution the corresponding value is ca. 5000). This efficient extraction and the
estimated distribution ratios are similar to values of 1 x 103 reported for uranium partitioning in

the TRPO extraction process %% from high salt and nitric acid solutions using a complex mixture of

trialkylphosphine oxides in kerosene at 30 wt%. In the TRPO process and here, in this work, the
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origin of the high uranyl extraction efficiencies is the high concentration of phosphine oxide in the
extracting phase (30 wt% for TRPO and ca. 80 wt% in the TOPO:phenol (¥ 1gpo = 0.50) system
here, which is between 10-20 times greater than that usually used in kerosene.?’

The presence of phenol does not appear to have a role in the uranyl complexation and extrac-
tion, other than as in initially generating the eutectic liquid compositions. The UV-Vis absorption
spectra of uranyl nitrate (0.05 M) dissolved in TOPO:phenol () topo = 0.50) and cyclohexane con-
taining 0.30 M TOPO are shown in Figure 10. The two spectra are remarkably similar suggesting
that the uranyl environments are identical in both solutions. These spectra are also comparable
with previous studies from Babecki et al.”> who identified the presence of two equatorial TOPO

molecules and two axial oxygens forming the extracted uranyl unit from nitric acid solution.

Absorbance (au)

00 : ' : L :
350 400 450 500

Wavelength (nm)

Figure 10: UV-Vis spectra for 0.05 M uranyl nitrate solutions in 0.30 M TOPO/cyclohexane (black)
and X opo = 0.5 TOPO:phenol (red).

Furthermore, the extraction of uranyl ions to cyclohexane containing containing TOPO, or
TOPO and phenol, was comparable whereas uranyl was not extracted from 1 M HNO; into cy-
clohexane containing only 0-2 M phenol ([UO,?*]. .. = 173 ppm, after contact [UO,>*]; | =
172 £3.2). These results support the proposition that phenol has a negligible contribution to the

uranium coordination environment, and acts solely as the liquefaction component enabling forma-

tion of the TOPO-rich eutectic.
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Sustainability

The results here are the first examples from a family of new hydrophobic eutectic liquids based on
TOPO using phenol here as a hydrogen-bond donor. TOPO:phenol mixtures with TOPO contents
between Y ropo = 0.15-0.55 form liquids at room temperature which have a large melting point
suppression and a tend to form glasses that prevents definitive identification of the eutectic point
which appears, by extrapolation, to be around ¥ 1gpo = 0.33 (1:2 TOPO:phenol). These liquids are
hydrophobic and have low viscosity (in the range 10—-50 mPa s) allowing their use as an ‘organic’
extraction phase for aqueous liquid-liquid extraction.

TOPO has has many applications ranging from metal ion extraction, organic acid extraction
and preparation of metal chalogenide nanoparticles for use in, among many applications, biomed-
ical imaging.” The reported LDs (rat, oral) for TOPO is >2000 mg kg~!,7> which is ten-times
greater (less toxic) than that of Aliquat 336 (methyltrioctylammonium chloride, LDy, oral (rat)
223 mg kg~!) previously used to form hydrophobic DES.?>?* In addition, the low solubility of
TOPO in water (0.15 mg L~")>7-8 limits bio-availability. As such, TOPO appears to be an inter-
esting candidate to explore further to development of new hydrophobic solvents for extractions.

In comparison to the use of conventional hydrophobic organic solvents, when TOPO is required
as an extractant or as a reagent (for example as a capping agent in nanocrystal synthesis), forming
a DES could could lead to significant advantages through the reduction in the volumes of solvents
needed as the TOPO concentrations are much greater which can aid in process intensification. For
example, in the extraction of U(VI) ions from aqueous acid described here, the intrinsically high
content of TOPO in the liquids, 80 wt% (1.875 mol L) in the Xtopo = 0.50 system results in
liquid extractants that exhibit with high extraction efficiency with uranyl removed from the aqueous
acid phase to the limit of detection and the extraction ratio was estimated to be at least 5 x 1073,
comparable to that reported for optimized commercial TRPO process.%? This is achieved because
the DES contains ca. 2 M (>80 wt%) of TOPO, compared to the maximum solubility below 0.5 M
in kerosene. Comparably high phosphine oxide concentrations can only be achieved by changes

in the formulation (mixed phosphine oxides in Cyanex 923% and in the TRPO process®* with
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associated greater water solubility) or by use of solvents such as dichloromethane or benzene.

However, for use in metal extraction and recovery applications, the DES described here with
phenol as the hydrogen bond donor component is sub-optimal due to potential problems with
corrosivity and toxicity ’® and specifically of relevance to nuclear waste processing, > the potential
to undergo nitration by concentrated nitric acid commonly used as a digestion medium. In order
to address these concerns, more chemical and environmentally compatible hydrogen-bond donor
components should be used, and we are exploring a range of examples including vanillin and
menthol (to be reported in due course) that show comparable liquid eutectic materials. In this
context, it is worth noting that menthol, considered as non-toxic, also has a reported LD50 (rat,
oral) of 3,300 mg/kg, of comparable magnitude to that of TOPO.

Moreover, the generation of hydrophobic liquids on addition of phenol to solid TOPO suggests
that liquefaction may have a significant réle in the mechanism of extraction of phenol and organic
carboxylic acids that can be applied to access lignin-derived phenolic platform chemicals from
bio-oils 7’ and for the treatment of aqueous effluents from e.g. coal liquefaction, coal gasification,

38-41,44,60

bio-refineries and petrochemical production using TOPO-based materials, particularly

with solventless solid-supported TOPO.4>43

Conclusions

We describe the first example of a low viscosity, hydrophobic DES based on trioctylphosphine and
it’s application to metal extraction from aqueous acid. The high concentration of TOPO as an active
extractant available in the DES enabled exceptional extraction efficiency for [U02]2+ from aqueous
acid media. Modulation of aqueous solubility of phenol through preferential DES formation was
also observed which reveals the possibility for application in extraction of small organic hydrogen-
bond donating organic molecules (phenols, alcohols, and carboxylic acids) from aqueous media
through DES formation without requiring addition organic solvents. Further work in our group is

focused on advancing the development of deep eutectic liquid extractants by developing analogous
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systems with hydrogen bond donors characterized by: (i) increased hydrophobicity, (ii) higher

thermal stability, and (iii) synergistic extraction capabilities.
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Synopsis

Advanced hydrophobic, solvent-free liquid extractants can be prepared by combination of tri-

octylphosphine oxide with suitable hydrogen-bond donors.
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