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The wide spread use of hazardous and expensive solvents for the liquid-liquid extraction (LLE) of critical metals has been a

growing source of waste in the metal refinement industry. We have developed and characterized room temperature liquid

hydrophobic binary mixtures based on common pharmaceutical and food grade compounds as sustainable, cost effective

alternatives to both ionic liquids and conventional solvents. Additionally, we introduce liquid mixtures with Proton

Sponge® (1,8-bis(dimethylamino)naphthalene), one of the strongest known organic bases. These mixtures have been

applied to the LLE of indium(lll) ions from hydrochloric acid solutions, displaying an extraction efficiency greater than 99%

in some systems. A systematic approach to identifying the underlying mechanism of extraction, in particular relating to the

charge, solubility, and complexation of the indium species in the organic phase has been developed.

Introduction

Twenty million metric tons of chemical waste are generated
annually from the use of biohazardous solvents, particularly in
fine chemical and pharmaceutical synthesis.? As a result,
legislation in both the United States (Clean Air Act, 1991) and
Europe (EU Solvents Emission Directive, 1999/13/EC) has been
passed to address the negative environmental impacts of toxic
waste production. Approaches for limiting the amount of toxic
waste include both the reduction of solvent volume?3 and
replacing conventional “green
solvents”.* The criteria for what constitutes a green solvent
have become the subject of debate. Generally, a solvent is
designated as green not only by its intrinsic properties (i.e. low

solvents with sustainable

toxicity, vapor pressure, etc.), but also by a sustainable
method of production, such as biomass conversion.> Cost is
also a significant expensive green
alternatives to conventional low cost solvents will have little

consideration, as

impact on chemical processes in industry.

Two classes of solvents, ionic liquids and eutectic mixtures,
have been established as green alternatives to traditional
solvents. lonic liquids are salts with a melting temperature
bellow 100°C, and generally consist of an organic cation and a
broad range of potential anions.? lonic liquids have been used

in applications ranging from electrolyte solutions in

aCyclotron Institute, Texas A&M University, College Station, TX 77843 USA
bDepartment of Natural Sciences, Saint Martin’s University, Lacey, WA 98503 USA
“Université de Strasbourg, CNRS, IPHC, UMR 7178, F-67000 Strasbourg, France
dDepartment of Chemistry, Texas A&M University, College Station, TX 77843 USA
"E-mail address of the corresponding author: etereshatov@tamu.edu

Electronic Supplementary Information (ESI) available: [details of any
supplementary information available should be included here]. See
DOI: 10.1039/x0xx00000x

electrochemistry® to liquid phase extraction of both organic’
and metal®? species. Eutectic solvents, sometimes considered
to be a new generation of ionic liquids'® are mixtures of at
least two compounds combined in the composition
corresponding the greatest melting point depression. Binary
systems of certain compounds produce a glassy material
where a melting point is not observed. Such systems are
characterized by their glass transition temperature, a second-
order phase transition. In this case, the low transition
temperature mixtures (LTTMs) are discussed.'’12 As opposed
to ionic liquids, which contain discrete cations and anions,
eutectics and LTTMs may be formed from various salts, metals
and neutral organic compounds. Additionally, compounds with
strong intermolecular hydrogen bonding may demonstrate
lower than expected melting temperatures, forming a deep
eutectic solvent (DES).*3* The same individual compounds can
be used to form either ionic liquids or eutectics/LTTMs. The
desired path way depends on the pK, of compounds chosen;
the eutectics/LTTMs will be synthesized if the hydrogen bond
donor is weaker than the acid used to form the hydrogen bond
acceptor.!1> Due to the broad range of starting materials
available to form eutectic mixtures, these solvents have been
tailored to specific applications in organo-catalysis,> metal
processing,'® and biodiesel synthesis.'”

Recently, interest in hydrophobic ionic liquids has been driven
in part by their capacity to extract metal species from aqueous
solutions, in particular relating to the liquid-liquid extraction
(LLE) of indium.1831 The use of indium, predominantly in
electronic applications such as indium-tin oxide (ITO) and
LCD’s, has resulted in massive increase in global demand.3? By
contrast, the natural abundance of indium is low,33 with more
than half of the global supply coming from China according to
both European3* and United States3> reporting agencies. As a


mailto:etereshatov@tamu.edu

Green Chemistry

result, new techniques are needed in both the extraction of
indium from zinc ore, as well as recycling indium from end of
life electronics. A significant limitation to the application of
eutectic mixtures and LTTMs to metal extraction is the
relatively small number of hydrophobic eutectics that have
been characterized in the literature. The majority of these
solvents are used in the extraction of organic species.3¢-40
Currently, to the best of our knowledge only a few studies*-4*
explore the extraction of metals, with just the former exploring
indium extraction specifically. Therefore, much more study is
needed into the applications of hydrophobic mixtures such as
eutectics as cost effective and green alternatives to both
conventional solvents and ionic liquids for the extraction of
metals. To this end, non-ionic hydrophobic eutectics have
been established as a new class of promising tunable solvents
for metal extraction.*®

The toxicity and biodegradability of eutectic solvents, as well
as ionic liquids, are closely related to the properties of the
starting material.’® For example, it has been shown that other
than a low vapor pressure, the environmental favorability of
ionic liquids is not intrinsic, but rather dependent on
composition.*® Water immiscible compounds such as common
pharmaceuticals and food grade ingredients are ideal potential
candidates for sustainable LLE solvents. Also, systematic
investigation of these solvents will be enhanced if initial
compounds are inexpensive, commercially available and have
a melting point below 100°C. Similar screening criteria have
been applied in several field applications of eutectic solvents.
For example, many liquid-forming combinations of
pharmaceutical compounds have been applied to organic
extractions,*” or to increase drug solubility in water and
therefore enhance delivery.*® However, these applications,
generally dealing with hydrophilic solvents, are not suitable for
LLE. Herein, we emphasize the applications of pharmaceuticals
due the current use of indium as medical isotope (*!In) in
biomedical imaging.

The goal of this paper is to identify and characterize novel
applications of hydrophobic and low viscosity liquid binary
mixtures based on active pharmaceutical and food grade
ingredients with potential to serve as cost effective, green
alternatives to ionic liquids and traditional solvents for indium
liquid-liquid extraction from hydrochloric acid solutions.

Experimental

Chemicals. DL-menthol (hereafter abbreviated as Mnt, >98%,
lot. 10200554) and methyl anthranilate (MA, >99%, lot.
Q25E069) were purchased from Alfa Aesar. Lidocaine (Lid, 2-
(diethylamino)-N-(2,6-dimethylphenyl)acetamide, MKCD6808)
and proton sponge (PS, 1,8-Bis(dimethylamino)naphthalene,
>99%, lot. BCBU7395) were purchased from Sigma Aldrich.
Ibuprofen (lbu, (4-isobutylphenyl)propanoic acid, >98%, lot
BRIPC-BO) was purchased from TCL. All chemicals were used as
ordered from the manufacture without further preparation.
Deionized water was used from an ELGA PURELAB DV25 at

18.2 MQ cm for preparation of all aqueous solutions. Aqueous
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HCI solutions were prepared from concentrated stock (Merk,
32%) and titrated with a Titroline 5000 automatic titrator (S|
Analytics).

Preparation and characterization of Binary Mixtures. Binary
mixtures were prepared in a one pot synthesis by combining
varying mass ratios of each compound in 10% increments. The
mixtures were melted in a water bath at approximately 20°C
higher than the highest melting point, mixed, and then left to
equilibrate overnight before use. Mixtures were water pre-
saturated through addition of 1 mass equivalent of water,
thorough shaking, and left to equilibrate overnight. The water
content of both water pre-saturated and dry solvents was
measures with a Karl Fischer titrator (890 Titrando, Metrohm
USA.) The dynamic viscosity was measured on a Brookfield LVT
SN 16641 viscometer.

1H Quantitative NMR. The solubility of the binary mixtures in
the aqueous phase was measured by NMR (Bruker, 400 MHz).
For all NMR measurements, deuterium chloride (Sigma
Aldrich) and deuterium oxide (Sigma Aldrich) were substituted
for HCl and water, respectively. An internal standard of maleic
acid was added as a reference. Time constant (T1) analysis was
conducted on all 5 compounds and the internal standard, with
the later having the largest T1 of 5.4 + 0.5 seconds. 30 seconds
was used for D1 in all measurements in this report. The peaks
chosen for quantification are outlined in Table S1 of the ESI,

along with the observed T1 relaxation constants.

Table 1 Acidity of selected compounds at room temperature

Com:oun Structure pK, Ref.
Mnt ? - g?\ . -0.81 #
OH,
CH,
MA NH; 2.10 5051
Ibu 5.3 52
Lid N N0 o 7.97 5354

ﬁjﬁj

This journal is © The Royal Society of Chemistry 20xx
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HBC\N Lo O H' e Table 2 Thermochemical properties of compounds used in this work
HsC™ SCHy  H,c” “CHs
Melting Enthalpy of Fusion, Glass Transition
Compound Temperature (°C) Ref. Ahfus (kJ/mol) Ref. Temperature (°C) Ref.
30+1 This work 12 This work
Mnt - 20 10 o S4+1 56
21+1 Thi k
MA o s or 16 This work —68.6+0.5 This work
b 731 This work 24 This work -46.5+0.5 This work
! 77 59 27 60 —45+1 61
. 671 This work 15 This work
Lid c8 - 16 o 602 62
47 +£1 This work 17 This work
PS 48 P 20 o6 Not observed -

DSC Analysis. The mass ratio of compounds corresponding to
the eutectic or LTTM composition for each binary system was
determined with a differential scanning calorimeter (Q20 DSC,
TA Instruments). Approximately 5 to 15 mg of sample was
measured in an aluminum pan, with an empty pan serving as a
reference. A scan speed of 5 ‘C min! was used over a
temperature range of 40 °C to —90 °C, with subsequent heating
back to 40 °C. Analysis was conducted with TA Universal
Analysis software. All reported glass transition and melting
values reflect the onset temperature.

Indium Extraction. Carrier-free 111In [half-life 2.80 d, 171.3 keV
(90.2%) and 245.5 keV (94.0%)] medical radioisotope (~15 mCi)
was purchased from Mallinckrodt (St. Louis, Missouri, USA.)
The production method is 112Cd(p,2n)*tn, shipped in 0.05M
HCI. A standard liquid-liquid extraction technique was followed
with as-prepared (dry) or water pre-saturated (wet) binary
systems. Equal volumes (0.5 mL) of each phase were combined
in a test tube, followed by an aliquot (10-30 pL) of 1ln
solution. The system was shaken mechanically (VWR Signature
Digital Vortex Mixer) at 3000 rpm for 5 min and then
centrifuged (Eppendorf model 5702) at 4400 rpm for 1 min. An
aliquot (usually 250 uL) of each phase was measured with a
Nal detector (Hidex AMG Model 425-601 and PerkinElmer
Wizard 2480 automated gamma counters). The distribution
ratio (D) and extraction efficiency (E) values were calculated as

lorg Vaq* Porg

D= Eq.1

lag Morg

D
E=m'100%

Eq. 2
where Iy, log are decay-corrected net count rates of the
measured nuclide per V,q volume of aqueous phases and mg,
and po are masses and densities of organic phases,

respectively.

Results and Discussion

The starting materials for the binary mixtures in this study
have been prescreened to have a low toxicity, a melting point
below 100°C and be commercially available. The melting
temperature, enthalpy of fusion, and glass transition

This journal is © The Royal Society of Chemistry 20xx

temperature of the pure chosen compounds can be found in
Table 2 (thermograms are included in the ESI, Fig. S1). The
measured values display a slight downward deviation from
those in the literature. This deviation is attributed to the
presence of minor impurities that may cause a melting point
depression.

Of the five compounds,
pharmaceuticals. Lidocaine and ibuprofen are used for local
anesthesia®” and anti-inflammatory medicinal purposes,®®
respectively. Menthol is an extractant of peppermint 0il®°
found in cigarettes to reduce throat inflammation,*® as well as
improve drug solubility and therefore promote membrane
transport of both lidocaine®® and ibuprofen.’%’l Methyl
anthranilate is a U.S. Federal Drug Administration (FDA)
approved compound found in both
beverages,’”? earning the common name “grape smel
distinct aroma. Lastly, 1,8-Bis(dimethylamino)naphthalene
belongs to a class of strongly basic ternary diamines called
Proton Sponge®. These diamines have been used as catalysts in
organic synthesis, such as in the conversion of carboxylic acids
to isocyanates.” As one of the strongest known organic bases,
Proton Sponge® forms mixtures of particular interest of this
study. Moreover, it demonstrates a strong coordination ability
to transition metals.”> The structure of each compound and
corresponding pK, values can be found in Table 1.

selected three are common

sunscreen’? and

In

for its

Characterization of Binary Mixtures

Prediction of Homogeneous Liquids. Based on the principle of
ideal solubility,”® the mole fraction (x) of a saturated solution
at temperature T can be predicted by the thermal properties
of the pure com/E)ounds, such that:

Inxideal = %- (Tim - %) — %f;mAcpdT + %f;m%dT Eq. 3
where AR, Acp, and Tom refer to the enthalpy of fusion
(kJ/mol), differential heat capacity (kJ/mol-K), and melting
temperature (K) of the pure compound, respectively. To a first
order approximation, the differential heat capacity can be
assumed to be zero, resulting in simplifying Eq. 3 by
eliminating the last two terms.”® This simplified version has
previously been applied to eutectics to describe the solubility
and phase behavior of binary systems.””

J. Name., 2013, 00, 1-3 | 3
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Furthermore, assuming that the differential heat capacity of
the pure compounds is equal to the molar entropy of fusion at

the triple point, the equation simplifies to

ARLE T,
—®r, ‘T Eq. 4
This adjustments has been shown to better fit experimental
data and as a result is commonly used for pharmaceuticals.”®

ideal _
Inx{*e* =

Using Eg. 4 and the measured enthalpy and melting
temperature of the pure compounds, the ideal phase behavior
for the binary systems in this study has been predicted (Fig. 1).
The predicted solubility curves of the binary systems displays a
depression
formation of a eutectic where this depression is at a maximum
(the lowest temperature).

The analysis of Fig. 1 shows that not every binary system

in melting temperature, which results in the

considered will form a liquid at room temperature mixture. In
particular, Ibu:PS, lbu:Lid, and Lid:PS
predicted to be solid at room temperature. However, only one

ideal mixtures are
of these mixtures (Lid:PS) forms room temperature solids
across the entire mole ratio range. Given that the other two
systems form room temperature liquids, there is a clear
negative deviation in the phase transition temperature from
ideality. Interestingly, Eq. 4 not only predicts Ibu:PS and Ibu:Lid
to be solid, but the predicted eutectic composition is not in the
range of room temperature liquids. Most likely this is the
result of strong hydrogen bonding between the base (Lid and
PS) and ibuprofen, a carboxylic acid. The model does take into
account chemical interactions between the compounds, which
have been shown to influence phase behavior.ll! In the
thermograms of both Ibu:PS and lbu:Lid, the lack of a melting
peak indicated that these are LTTM’s. In the both menthol-
and methyl anthranilate-based systems, the predicted range of
room temperature liquids matches well with the observed
composition of liquids, indicating that Eq. 4 is a suitable model

4| J. Name., 2012, 00, 1-3

Mole Fraction, Lidocaine

room temperature Lid:PS eutectic.

to describe the phase behavior of these mixtures, even though
no melting peak is observed. Given that the phase behavior of
the Mnt:Lid system has been previously studied, we only
investigated the eutectic composition of 7:3.7 Since the Lid:PS
system forms only solids at room temperature (no deviation
from ideality), this system is not suitable for LLE and won’t be
studied further in this work. All other binaries form liquid
mixtures, however the Lid:lbu system is also inconvenient for
LLE due to very high viscosity observed (Temperature
dependent viscosities are reported in Fig. S4). Physicochemical
properties of selected binary mixtures with the lowest
melting/glass transition temperatures are given in Table 3. It is
important to note that the Ibu:PS liquid mixture unexpectedly
demonstrates complete water miscibility despite that it was
formed by water immiscible compounds. As a result, this
particular low viscosity binary LTTM was also excluded from
LLE experiments. As a primary screening, only mixtures that
form hydrophobic homogenous low viscosity liquids at room
temperature were selected due to their potential for solvent
extraction.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 DSC data for methyl
anthranilate-based binary systems:

(a) Thermograms of the methyl
anthranilate-lidocaine liquid mixtures,
reported as MA:Lid (w:w). The glass
transition has been magnified;

(b) Plot of the glass transition
temperature as a function of mass
composition, according to Egs. 5 (solid
lines) and 7 (dashed lines).
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Intermolecular Hydrogen Bonding. The homogenous mixtures
with liquidous room temperature LTTM were found to have no
melting points, but rather have a glass transition temperature.
For example, the thermograms of the liquidous methyl
anthranilate — lidocaine system (from 100 to 40 wt% methyl
anthranilate) display a glass transition around =70 to —50 °C
(Fig. 2a, other systems reported in Fig. S2). The presence of a
single endotherm (melting peak, glass transition,
recrystallization, etc.) indicates complete thermodynamic
miscibility between the two compounds.®? When no clear
melting  behavior was observed, the composition
corresponding to the LTTM was selected. The variation in glass
temperature in the set of each liquidous binary mixture is
dependent on the mass composition (Fig. 2b and Fig. S3). In
order to study the nature of this dependency, two models
have been adapted. Kwei’? shows (eq. 5) that in polymers, the
glass transition temperature can be given by modifying the
Gordon-Taylor equation to describe the effect of hydrogen
bonding between components in a mixture:

_ xaTg+k(L—x)Tge

9= x+k(l—=xp) +qx1(1 _xl); Eq.5

T
0.5 1.0

Mass Fraction, MA

p1T g
T paTy2

Eqg. 6

where T, x, and p are the glass transition temperature, mass
fraction, and density. The index 1 refers to the lower transition
temperature of the two pure compounds. Kwei suggests that
the fitting parameter g is proportional to the number of
interactions as a result of all hydrogen bonding in the mixture.
In the context of these binary solvents, a negative value of g
indicates that the hydrogen bonding between the components
in the mixture is weaker than the self-associative hydrogen
bonding of the pure compounds. This model can be used to
describe the weak interactions that promote liquid phase
in the organic phase. ibuprofen
contains a carboxylic group, a strong hydrogen bond donor.

behavior For example,
The g-values for ibuprofen-based systems increase (lbu:Mnt <
Ibu:MA < Ibu:Lid) with an increase of the second compound’s
pK, (Table 4). This trend supports the hypothesis that the
degree of hydrogen bonding can be attributed to the acidity of
the pure compounds, and demonstrates the applicability of
the Kwei function to non-polymer based systems.

Under the Kwei model, the deviation in glass transition
temperature from the Gordon-Taylor model is attributed

Table 3 Physicochemical properties of selected water pre-saturated binary mixtures with minimal glass transition or melting temperature

) Dynamic Water Content (wt%) 3
. Weight Temperature? . . Density
Composition N Viscosity at 25.0 Water Pre-
ratio ,°C o Dry (g/mL)
C (cP) Saturated
MA:Lid 9:1 -61.17 10.880 + 0.010 0.31+0.03 1.6+0.4 1.11
MA:lbu 9:1 —63.09 10.85 +0.04 0.272 £ 0.017 1.65 +0.08 1.12
MA:PS 9:1 —-63.21 9.43 £0.04 0.224 £ 0.016 0.98 £ 0.09 1.12
MA:Mnt 9:1 —64.93 8.350 + 0.022 0.402 £0.013 1.50+0.14 1.11
Mnt:Lid 5:5 -54.71 38.68 £ 0.04 0.174 + 0.008 2.60+0.14 0.90
Mnt:lbu 7:3 -52.60 0.147 £ 0.008 1.96 + 0.08 0.94
Mnt:PS 7:3 13.27 (M) 24.963 £ 0.021 0.072 £ 0.002 0.81+0.20 0.88
Lid:lbu 5:5 -26.26 790.8+0.4 - - -
Ibu:PSP 6:4 -27.67 13,790+ 7 - - -
Lid:PS¢ 4:6 30.42 (M) - - -

3 Glass transition unless noted as melting (M)
b Hydrophilic
¢ All mixtures are solid at room temperature

This journal is © The Royal Society of Chemistry 20xx
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Table 4 Characterization of hydrogen bonding in binary mixtures

Mixture Q K, K,
MA:Lid 19.5+1.0 -3.0+04 -1.2+0.7
MA:lbu -12.8+1.1 2.1+£0.1 1.8+0.1
MA:Mn

t -19.0+14 2.2+0.1 1.8+0.2
Mnt:Lid -8.3+14 0.3+0.9 -29+23
Mnt:lbu -58.4+1.0 46%0.1 -4.2+0.1
Lid:lbu 106+ 5 -11.5+0.6 -9.1+14

solely to weak interactions, predominantly hydrogen bonding.
More complex models exist that take into account additional
parameters that affect the glass transition behavior. For
example, Cui and Frank®? summarize the power model
adaptation to the Gordon-Taylor equation, taking into account
the roll of conformational entropy in the system:

Tg—Tg2 _

(1 + KD)wi — (K1 + K)wi + Kowi Eq.7

Tg1—Tgy2

The fitting parameter K; relates to the difference in interaction
energies between the pure compounds and the binary
mixtures, whereas K, is related to the conformational entropy
change in the binary phase formation.& The calculated fitting
parameters are summarized for both models in Table 4. As
previously discussed, the phase behavior of these binary
solvents is largely attributed to the formation of weak
interactions between the two compounds. Therefore, the first
order approximation in the Kwei model is suitable to describe
the overall trends in hydrogen bonding in the solvents used in
this study. For both models, the predicted glass transition
temperature behavior of the binary system is dependent on
those of the pure compounds. Proton Sponge® does not have
an observed glass transition temperature, and therefore binary
systems containing this compound could not be fit.

Aqueous Solubility. The solubility of a given organic
compound has been shown to depend heavily both on its pK,
and the equilibrium pH.8182 Therefore, the equilibrium pH of
aqueous phases after thorough mixing with each organic
phase is reported in Fig. 3. We decided to focus on ternary
amine based systems (i.e. Mint:Lid, Mnt:PS, MA:Lid and MA:PS)
as these systems were experimentally determined to be the
most promising for indium extraction (discussed later).

When the observed equilibrium pH value is much lower than
the pK, of an organic compound, that compound can be
assumed to exist predominantly in its neutral form (no
protonation occurs). For example, the lowest observed pH
values for the menthol-lidocaine and menthol-proton sponge
systems are approximately 0.5 and 0.3, respectively. Given

9

Fig. 3 Equilibri pH of the aqueous phase aften thorough
mixing with each organic bindry C n of initial

HCI concue.nfr'ation i ainties are

smaller tﬁansthe symbols. he eye.
%5
I
o —o— Mnt:PS
34 —e— MA:PS
—A— Mnt:Lid
6 | J. Name., 2012, Zu_ yaLia
1.5
01— : :
0.01 0.1 1

[HCI]aq, ints M

that menthol has a pK; of —0.81 (Table 1), its full solubility can
be written as

K
Mnt,,rg<—§Mntaq Reaction 1
with the corresponding solubility product of
[Mnt]eq
sp = [Mnt]org Eq. 8

When the pKa of a compound is near or above (i.e. relatively
basic) the range of equilibrium pH values, the influence of
protonation on solubility must be taken into account. This is
because a charged organic species has a much greater
hydrophilicity than its corresponding neutral form.8%82 Both
lidocaine and proton sponge are basic with high pK, values
(see Table 1),
compound heavily influence their aqueous solubility. The

and therefore the protonation of each

transfer of either base, noted generally here as HBA for
hydrogen bond acceptor, to the aqueous phase is given by
K
HBAyr g« HBAqq
Kpe

HBAqgq+ H™ (>HBA—H*
where the protonation constant K, is related to the K, of the
base by

Reaction 2

Reaction 3

1

Kpt = E Eq. 9
The overall solubility reaction can therefore be given as
HBAyg+H™* aq&;HBA —H*y, Reaction 4
with the corresponding constant of
Ky, [HBA—H*],
net = g, = m Eq. 10

Given that the total mass of the base between the two phases
is constant, the concentration of the base in the organic phase
can be expressed as

[HBA] org,int‘Vorg,int - [HBA] aq, eq'Vaq, eq

Vorg,eq

[HBA]org, eq = Eqg. 11

where V denotes the volume of each phase and the initial
volume and concentration of the organic phase are known.
Based on the observed equilibrium pH values, it can be
assumed that both lidocaine and proton sponge are almost
completely protonated in the aqueous phase.

Therefore, Eq. 11 can be substituted into Eq. 10 to describe
the overall pH-dependent solubility of the hydrogen bond
donor as

[HBA]int'Vurg,im’Knet ) [H * ]aq

[HBA]aq ~ Eq. 12

Vorg + VagKnet ' [H ]
Fig. 4 reports the aqueous solubility of the corresponding
hydrogen bond acceptor as a function of equilibrium pH. The
lines are fit results according to Eq. 12. At low initial acid
concentrations (corresponding to a high equilibrium pH) HBA is
present in both the neutral (organic phase) and protonated
(aqueous) forms (Reaction 4.) As the initial acid concentration
increases (up to about pH 4-6), the solubility equilibrium is
driven to the right and the [HBA],q increases. Once the acid
concentration is sufficient to convert all the base to its salt
form, the compound exists only in the aqueous phase and the
solubility curve plateaus. In the case of methyl anthranilate
based systems, the equilibrium pH is low enough for
protonation of methyl anthranilate above 1 M HCI. As this

This journal is © The Royal Society of Chemistry 20xx
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Mnt:Lid

Fig. 4 pH-dependent aqueous
phase solubility of the hydrogen

-
1

[PS]NMR,aq’ M

[Lid]NMR,aqs M

0.014 0.01 4

bond acceptor for (a) lidocaine-
and (b) proton sponge-based
mixtures into hydrochloric acid.
The subscript NMR indicates the
concentration
neutral

total measured
(protonated
combined).

according to Eq. 12.

and

Lines are fit

T

o 1 2 3 4 5 6 71 8 0o 1
pH

aq, eq
second compound moves to the aqueous phase it increases
the total aqueous volume and dilutes the organic base. As a
result, the measured concentration of the base decreases at a
higher equilibrium pH (pH > 2.1). In the case of menthol based
mixtures, the pK, of menthol is much lower than the
equilibrium pH, resulting in a relatively low aqueous
concentration (< 20 mM) across the whole range of acid
concentrations studied (Fig. S5). Therefore, the migration of
menthol to the aqueous phase does not result in significant
dilution of the HBA salt. By fitting the acid-dependent solubility
data with Eq 12, the solubility constant K, can be calculated. It
has been previously shown that menthol improved the
solubility of lidocaine®® and ibuprofen.’? A similar trend is
observed in this work, where the solubility constant for
lidocaine along with menthol is (1.6 * 0.3)-1073 a5
compared to (2.1  0.5)-10 ~* for lidocaine along with methyl
anthranilate. Analogous behavior is demonstrated in proton
sponge-based mixtures, where dissolving the base and
menthol yields a solubility product of (3.6 +0.4)-107° By
contrast, proton sponge and methyl anthranilate has a product
of (4.1+0.7)-1077. While it is observed that menthol
increases the solubility product of the base by approximately
an order of magnitude in both systems, the concentration of
the neutral acceptor (Lid or PS) in the aqueous phase is much
lower than the protonated form. Therefore, protonation and
conversion of the acceptor to the hydrophilic salt is likely the
main determinant of agqueous solubility.

Indium Behavior

pHaq,eq

Kinetics of Indium Extraction. In order to systematically measure
the behavior of indium in each solvent, a kinetic study must be
carried out. After an initial screening to determine which
binary mixtures demonstrate a capacity to extract indium, the
distribution ratio of indium between each mixture and 0.05
M HCl was measures at various reaction times (Fig. 5). All
systems appear to reach equilibrium conditions within 5
minutes of vigorous mixing. To maintain consistency and
ensure equilibrium has been reached, 5 minute shaking is used
for all reported results. As demonstrated in Fig. 5, the
extraction of indium into menthol-based mixtures is slower
than that of methyl anthranilate-based systems. This is likely
the result of differences in the dynamic viscosity, where
menthol-based mixtures have greater viscosities and therefore
are not as easily mixed with aqueous systems (see Table 3).

Mechanism of Extraction. While ten sets of binary systems can
be prepared from the 5 compounds listed in this work, three
their physical
characteristics. Lid:PS forms only solids at room temperature,

mixtures are not considered based on
Ibu:PS mixtures are hydrophilic, and lbu:Lid forms solvents
with too great of a viscosity to be suitable for solvent
extraction (Table 3). The extraction of indium from 0.05 M HCI
into the remaining 7 systems is reported in Table 5. Of these, 4
systems (MA:Lid, Mnt:Lid, MA:PS and Mnt:PS) demonstrate a
capacity to extract indium with distribution ratios ranging from
2 to nearly 800 in 0.05 M HCI. For context, we have previously
reported*! indium extraction at the same acidity from binary

Table 5 Distribution ratio values for Indium extraction

X 100+ — + —3 from 0.05 M HCI into binary systems. Uncertainties are
‘>;- 804 calculated from the standard deviation of triplicate
S of measurements
S 60 N
£ MA:Lid . Water content dependency
) 3 Weight
c 404 Mnt:PS Mixture . Water pre-
o ratio Dry
B . saturated
S 20 Mnt:Lid .
£ Mnt:Lid 5:5 2.14+0.17 5.1+0.9
& o | Mnt:PS  7:3 41+05 295405
0 a ] 2 16 2 MA:Lid 9:1 28+%5 5.49 £0.33
Time. min MA:PS 9:1 767 + 27 270 =40
Fig. 5 Indium extraction from 0.05 M HCI into hydrophobic MA:lbu 9:1 (1.34+0.14)10°  (1.19+0.06)-10~°
. . .10 .10-4
binary organic mixtures as a function of mixing time. Lines are Mnt:Ibu 7:3 (20+0.7)-10 (1.63+0.14)-10
drawn to guide the eye. MA:Mn Q-1 (Ra+12.105 (2 5 +0Nn 4105

This journal is © The Royal Society of Chemistry 20xx
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Distribution ratio

Pure MA

0.01 011 1
[HCI]aq, ints M

Fig. 6 Effect of initial acid concentration on the extraction of
indium into water pre-saturated methyl anthranilate, MA:Lid
and MA:PS. Lines are drawn to guide the eye.

mixtures of alkyl ammonium salts and carboxylic acids. These
systems also demonstrate distribution ratios above 1 at 0.05 M
HCI, though these mixtures have significantly different acid-
dependent indium extraction behaviors due to differences in
extraction mechanisms. Similarly, the extraction of indium
from 0.05 M HCl into Mnt:lbu (this work) and Mnt:Lauric acid*!
is nearly identical with D =~ 2:107%. However, given that indium
extraction into Mnt:lbu, MA:Mnt and MA:lbu is low (D), <
0.01), these systems are not studied further in this work.
Herein, all reported extraction values are measured from
water pre-saturated systems to minimize the influence of
physical effects.

In order to study the mechanism and scope of indium
extraction, the initial HCl concentration is varied from 0.01 M
to 3 M (Fig. 6). The MA:Lid system has been selected for study
due to its relatively low viscosity and convenient indium D
values among ternary amine based systems. To identify the
chemical influence of each organic compound, the extraction
of indium into pure methyl anthranilate and MA:PS was
measured at the same HCl concentrations and added to Fig. 6.
The extraction of indium into MA:Lid appears to be strongly
correlated to the aqueous solubility of the binary system. At
low acidities, lidocaine is present in both phases and acts as
buffer, neutralizing excess HCl and forming the aqueous LidHCI
salt. When a sufficient amount of acid is present to protonate
all of the lidocaine in the system, the equilibrium pH sharply
decreases (Fig. 3). This drop in pH occurs at the same HCI
concentration (~0.4 M) as a drastic decrease in the distribution
ratio of indium (Fig. 6). One possible explanation for this
behavior comes from the speciation of indium. It has been
previously shown?®3 that hydrolysis of indium chloride species
occurs at pH >> 3. With a strong organic base present
(lidocaine), neutral indium hydroxide and hydroxy chloride
species could form and migrate to the organic phase, given by
InCL> =", + (3 —n) - Hy0,,
InCln(OH)3_norg +(3—n)-H* aq Reaction 5
As shown by the expression above, lidocaine plays an indirect
role in indium extraction, consuming aqueous protons and
driving the reaction equilibrium to the right. Such a

8| J. Name., 2012, 00, 1-3

phenomena also explains why MA:PS extracts more indium in
this region, as PS is more basic and therefore consumes more
protons. Furthermore, the extraction of indium into to pure
methyl anthranilate is very low below 0.5 M HCI, suggesting
that lidocaine is predominantly responsible for extraction at
low acidities.
At higher initial acid concentrations, the system is too acidic to
support indium hydrolysis. Therefore, a new mechanism is
likely responsible for extraction in this range. The pure organic
liquid (MA) demonstrates nearly the same extraction behavior
as MA-Lid above 0.5 M HClI, indicating that methyl anthranilate
is responsible for extraction in this acidity region. It has been
previously shown that methyl anthranilate can act as a ligand
for transition metals such as zinc® and copper.’> We
hypothesize that extraction is carried out through the
formation of a metal-organic complex between neutral indium
chloride and methyl anthranilate, given by

a- C8H9N02aq + InClgan(C8H9N02)a1nCl3org Reaction 6
Indium is known to have a coordinating number of 6. With 3
chlorides present in the extracted species, a maximum of 3
molecules could coordinate in the extracted complex. Given
that this complex forms in the aqueous phase, it would be
hydrated with 1 or 2 molecules of water when a is 2 or 1,
respectively.
The mechanism of extraction proposed in reactions 5 and 6
can be wused to mathematically fit the experimental
distribution ratio of indium in order to determine the
contribution of each indium species to the total amount of

indium extracted. The distribution ratio is defined as
Z[ln]org

"= Sl
where the sum of the organic indium species depends on the
mechanism of extraction and the aqueous sum is determined
by known speciation.®3 Based on the proposed mechanism of
extraction, this expression can be expanded as

Eq. 13

Z[ln]org _ Z[lnCln(OH)3—n]arg + [(C8H9NOZ)aInCl3]urg
Slinleg Zlinle Eq.

D= 14
Relation between different aqueous indium species can be
described generally as
3% 4nCl~ +mH,0=2InCL(OH) > "~ ™ +mH*
Reaction 7
The stability constants for m = 0, namely pure indium chloride
species, have been reported by Sato.®® The cumulative stability

constant B is used to describze these species and is defined as
[InCl;;=™

brn= m, 1<n<e6
While 6 coordinating chlorides are possible, the studied range
of HCl concentrations is not high enough to support the
formation of the penta and hexachloride indium anions.83:8% |n
the case of indium hydroxide and mixed hydroxy chloride
species, the stability constants used in this work are reported

by Mesmer.83 Similarly, these stability constants are defined as
[InCL,(0H)2 ~ "~ ™|[H ™

Y., =
e [m3+][ct—1"
0<n<2,1<m<3,n+m<3

Eq. 15

Eq. 16

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Extraction of indium from HCl into MA:Lid (wet) as a
function of equilibrium aqueous pH. The lines are fit according
to eq. 21, with the solid line showing the complete fit and the
dashed lines indicating the contribution of each individual
species, calculated by setting all other extraction constants to
zero. Uncertainties are smaller than the symbol size.

The total indium concentration in the aqueous phase is given
by

2n]aq

Eq. 17
of organic species will be
determined by the proposed mechanism of extraction. In the
case of high pH extraction predicted by Reaction 5, the
concentration of the extracted species is given by rearranging
the expression for the equilibrium constant to yield

Kexe [InCln3_n]aq
InCln(OH)3—norg=W Eq. 18

The stability constant of indium chloride can be substituted
into this expression, giving

INCLy(OH)3 _ ngpy =

The concentration indium

Kext* B [IW**]-[C17]"
T Eq. 19
At higher acid concentrations, a similar prediction made for
the proposed metal organic complex (Reaction 6)
(CgHoNO2)aInCl3,,y = K'ext * B3+ [CsHoN O3] o - [In*] -
[cr—1° Eq. 20
Combining terms for both the aqueous and organic indium
concentrations, the expression for the total distribution ratio
becomes

S[norg
m= X[In]aq -
— —(3- 9 —43
SKext, B [CL 1"+ [H*17C= 4 Ko - B - [CoHoNO31ag [CL ]
" Eqg. 21
4 n+m<3 [ct—1
1+3,_ Balct]" +Zm 1 +]m+2mn 1 y"m[H+]m

Importantly, the concentration of bare indium [In3*] cancels
out, yielding an expression for the distribution ratio of indium
that depends only on the known set of stability constants
and Y, the equilibrium chloride and proton concentrations,
and the constants of extraction Ke: and K’'e. These extraction
constants can be calculated through applying equation 21 to
the pH-dependent data of indium extraction into MA-Lid (Fig.
7). Through fitting this data set, 3 neutral OH-based indium
complexes are predicted to be extracted as described in
reaction 5. The calculated equilibrium constants (Key) are (2.04
+0.02) - 10712, (1.28 £ 0.03) - 107°, and (1.53 + 0.05) - 10~ for

This journal is © The Royal Society of Chemistry 20xx
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In(OH)3, INCI(OH),, and InCl,OH, respectively. In the lower pH
range, a single complex consisting of 2 molecules of methyl
anthranilate and InCl; is proposed as the predominant
extracted species (Reaction 6, a = 2), with a constant of
extraction (K’e) of (8 £ 1) - 102.
To determine the contribution of each extracted species to the
total distribution ratio of In (solid line in Fig. 7), the calculated
constants of extraction were substituted individually into eq.
21 with the other 3 constants fixed at zero. These substitutions
yield four theoretical models corresponding to the four
extracted species (dashed lines in Fig. 7). An analysis of Fig. 7
reveals that between pH 2.5 and 5.5, an increase in the
number of OH- ions coordinating to indium leads to higher
overall extraction. This behavior can be rationalized by the
high aqueous solubility of indium chloride®” (1.95 g/mL) and
near complete insolubility of indium hydroxide in water. As a
result, a higher number of ligating hydroxides could produce a
more hydrophobic (and therefore more extractable)
complexes. To summarize, the mathematical model developed
in this work predicts the extraction of neutral indium species
of the form InCl,(OH);_, when pHeq > 2. The inclusion of a basic
hydrogen bgpﬁ dqnor such as lidocaine or Proton Sponge®
" oror 3a>’t,g,§extrqetren indirectly by consuming aqueous protons,
thus altermg the speciation of indium. When pHe, < 2, MA is
proposed to play a direct role in extraction by forming a bulky
neutral species [MA],InCl; that migrates to the organic phase.
Thus we establish a method for describing the role of
speciation and solubility in indium extraction from HCI into
hydrophobic binary mixtures.

Conclusions

The applications of hydrophobic binary mixtures of menthol,
lidocaine, proton sponge®, ibuprofen, and methyl anthranilate
for indium extraction have been investigated. The composition
of homogeneous room temperature liquids was found to be
well predicted by classical principles of ideal solubility,
establishing an effective screening technique for the
development of similar solvents. Additionally, composition
dependent glass transition temperature of these binary
systems is demonstrated to be a useful indication of the extent
of hydrogen bonding networks that form on each binary
system. We show that lidocaine and proton sponge® display
remarkable extracting properties when coupled with a suitable
hydrogen bond donor. Lastly, a mathematical model is
developed based on the mechanism of extraction to
determine the contribution of each indium species to the total
extraction of indium into the binary mixture. Based on the
results reported in this work, neutral indium hydroxide and

hydroxy chloride molecules are identified as the
predominantly extracted species at low initial HCI
concentrations. We also report on the role of methyl

anthranilate in indium extraction when the concentration of
HCl exceeds 0.5 M. These findings provide a framework for

J. Name., 2013, 00, 1-3 | 9
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studying  sustainable, cost effective alternatives to

conventional solvents and ionic liquids for metal extraction.
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