Open Access Article. Published on 20 November 2024. Downloaded on 4/3/2026 1:19:59 PM.

Journal of

Materials Chemistry A

#® ROYAL SOCIETY
PPN OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: J. Mater. Chem. A, 2025, 13,
275

Received 24th October 2024
Accepted 20th November 2024

DOI: 10.1039/d4ta07575g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

rsc.li/materials-a

(cc)

Performance enhancement of aqueous ionic liquids
with lower critical solution temperature (LCST)
behavior through ternary mixturesy
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Thermally responsive ionic liquids (ILs) exhibit liquid—liquid phase separation when mixed with water and
heated above a lower critical solution temperature (LCST), resulting in a water-rich (WR) and an IL-rich
(ILR) phase. These binary IL—water mixtures can be employed in a variety of thermodynamic processes
such as forward osmosis (FO) desalination, for which two solution properties are desirable: low phase
separation temperature and high osmotic strength (osmolality). However, these two properties are
interlinked, with ILs that exhibit higher osmotic strengths typically requiring higher phase separation
temperatures. This behavior tends to arise from the hydrophilicity of the IL cations, which enhances
osmotic strength while also elevating the phase separation temperature. In this work, we highlight
a pathway to overcome this tradeoff by developing ternary IL mixtures (two ILs with varying cation
hydrophilicity mixed with water), which lowers the phase separation temperature while maintaining and
even enhancing the osmotic strength of the solution. We characterize the mixing behavior (osmolality,
phase separation temperature, WR phase purity, and WR to ILR phase mass ratio) of four ILs as a function
of their concentration in solution. We find that an enhancement of up to 81.6% in the osmolality with
a concomitant reduction of up to 15.4% in the phase separation temperature can be achieved using this
approach. The ternary mixture is also shown to improve the phase separation kinetics by nearly 95%
compared to the binary mixture. Overall, this work highlights a new pathway to improve the
performance of LCST ILs for water and energy applications.
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Introduction

Separation processes are the essence of modern extractive
technologies, with a wide range of applications including crude
oil' and protein extraction,"” uranium"** and lithium recovery
from aqueous mixtures,"*® mining and metallurgy,® carbon
capture,>”® and desalination."*”* Ionic Liquids (ILs) are salts
typically characterized by a melting point below 100 °C and are
comprised of organic and/or inorganic cations and anions in
over thousands of unique compositions.'™"* ILs have garnered
significant attention over the past decade for the aforemen-
tioned applications given their negligible vapor pressure,
chemical and thermal stability, and high ionic
conductivity.**>™* These properties are a consequence of the
inherent chemical structure differences between ILs and typical
molecular liquids such as water or organic solvents - the steric
hindrance arising from electrostatic forces between IL ions is
significantly larger than van der Waals forces and hydrogen
bonding in a molecular liquid, which results in low volatility, as
well as chemical and thermal stability."* Owing to such unique
properties, ILs have been used in the extraction of organic
solvents'”'®* and metals,'>* as well as for carbon capture,® and
freshwater production.**

A subset of ILs is thermally responsive in that they exhibit
a liquid-liquid phase separation with water above a critical
temperature. Ohno and co-workers first developed ILs that
exhibit this phase behavior, referred to as the lower or upper
critical solution temperature (LCST/UCST).'***3*> Fig. 1(a)
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illustrates the binodal phase diagram of ILs that exhibit LCST
behavior. At a temperature T; < T (where T is the critical
temperature), the IL and water are fully miscible and form
a single-phase homogenous solution at all concentrations wyy,
(weight percent of IL in solution). At a temperature T, > T, the
solution separates into a water-rich (WR) and IL-rich phase.
Further heating the solution above T, increases the relative WR
to ILR phase mass ratio (PMR), yielding higher purity WR and
ILR phases. This increase in PMR and WR phase purity at
higher temperatures is directly related to the width of the LCST
phase diagram.

LCST ionic liquids are typically comprised of a cation and
anion with hydrophilic and hydrophobic functional groups that
lead to a temperature-induced phase separation when mixed
with water. Fig. 1(c) illustrates this phase separation at
a molecular level. At temperatures below T, the IL forms
micelles with the hydrophilic heads bound to the water mole-
cules that forms an ordered structure with strong intra-
molecular interactions (i.e., hydrogen bonding). This ordering
in aqueous solutions results in a negative entropy of mixing,
and the enthalpy of mixing tends to be negative due to the
strong cohesive interaction of the IL ions with each other and
with water, resulting in exothermic heat release upon mixing.*
Once the solution is heated above T, the entropy increases as
the micelles break up exposing the hydrophobic tails that repel
water, leading to microscopic aggregates that coalesce to form
macroscopic WR and ILR phases.*® Thermodynamically, the
Gibbs free energy of mixing (AGix = AHmix — TASmix) of the IL-
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Fig. 1 Overview of LCST behavior. (a) Binodal phase diagram showing LCST behavior in IL-water mixtures. (b) Osmolality as a function of IL
concentration in an aqueous solution at a temperature below T¢ (single-phase mixture). (c) Illustration of IL—water micelle formation at
temperatures below T¢, which upon heating causes the micelles to break and expose the hydrophobic tails of the IL, resulting in the formation of

a phase boundary and two phases (WR and ILR).
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water solution becomes positive (i.e., IL mixing with water is
unfavorable) above T at a given wy, as a consequence of the
TASix term becoming more dominant than AH,,;. This tran-
sition of the free energy from negative to positive with a change
in temperature is the thermodynamic driving force underlying
this type of phase separation. The mechanism is also analogous
to surfactants as evidenced by a lower surface tension of the IL
solution relative to pure water at any given wy.***® Above
a critical concentration, the surface tension approaches
a constant value and indicates the formation of micelle aggre-
gates; this critical micelle concentration (CMC) phenomenon is
only exhibited by ILs that are thermally responsive.>*>¢

Phase separation typically occurs below 60 °C for the
majority of LCST-based ILs, and the corresponding separation
enthalpy is ~5 J g *.?*¥ Owing to this low separation enthalpy
(orders of magnitude lower than liquid-vapor phase change of
water) and temperature, as well as the ionic nature of aqueous
IL solutions, thermally responsive ILs have been used for
applications such as forward osmosis (FO) desalination,> 23236
air conditioning, and dehumidification.*”~*° For FO desalination
in particular, a hybrid membrane-thermal process for water
treatment, LCST-based ILs are used as a draw solution.>'-2326:3¢
Water spontaneously diffuses into the draw solution from
a saline feed through a semi-permeable membrane until
osmotic equilibrium is attained. The diluted draw solution is
then heated above its critical temperature to induce liquid-
liquid phase separation, after which the WR phase can be post-
treated (nanofiltration) to yield high-purity water and minimize
IL loss.”® The efficacy of the draw solution for water extraction
increases with osmotic strength - this is measured in terms of
osmolality, with osmolality increasing monotonically with wy,
as illustrated in Fig. 1(b). However, these IL-water mixtures do
not behave like dilute mixtures in that they do not follow van't
Hoff solution theory due to the formation of IL aggregates
through ion pairing (i.e., a lower apparent number of free ions
relative to an ideal solution).

The two key properties that dictate the performance of LCST-
based ILs as draw solutions for FO desalination are: (i) a low
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regeneration temperature that depends on the phase diagram,
and (ii) a high osmotic strength that depends on the number of
“free” ions in solution. These properties enable the desalination
of higher salinity feed solutions and/or increase the amount of
water that can be recovered, while requiring low-grade heat to
regenerate the two phases. The challenge, however, is that these
parameters are coupled, with a higher osmotic strength often
corresponding to a higher critical temperature for phase sepa-
ration. This is a consequence of the fact that ILs with LCST
behavior have a delicate balance of hydrophilic and hydro-
phobic ions - it comprises a cation that is nearly as hydrophilic
as the anion is hydrophobic such that if either of the two
moieties dominates, the IL will either be immiscible or fully
miscible in water at all temperatures.* An LCST IL with greater
overall hydrophilicity tends to have a higher osmotic strength
and a higher phase separation temperature.** Saita et al.
investigated the role of varying cation hydrophilicity and anion
hydrophobicity on the phase separation temperature of [Py44]"
[CF;COO]™ and showed a strong proportional dependence of
the phase separation temperature on the total hydrophilicity of
the mixture.** Similar trends have also been reported for LCST
hydrogels*® and polymers.**

Tuning the performance of an LCST IL to attain a lower
phase separation temperature without adversely impacting the
osmotic strength may appear contradictory. In this work, we
demonstrate a pathway to overcome this inherent limitation by
developing ternary mixtures of two different ILs with water,
where one IL has a more hydrophilic cation than the other. This
results in a reduced critical temperature for phase separation
while maintaining and/or even enhancing the osmotic strength
of the solution as illustrated in Fig. 2. We characterize the
mixing behavior of four different ILs with varying cation
hydrophilicity (structure) and report its impact on the osmo-
lality, phase separation temperature, relative WR to ILR phase
mass ratio (PMR), and WR phase purity (properties) compared
to the constituent binary ILs. We also investigate the kinetics of
phase separation of these ternary mixtures, which has not been
reported for any LCST ILs.
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Illustration of the effect of mixing two ILs with dissimilar phase diagrams and osmolality trends. (a) The IL mixture has a phase diagram that

lies in between the two constituent ILs. (b) The osmotic strength of the IL mixture is higher than either of the constituent ILs.
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Experimental
Materials

Four ILs were selected to investigate their mixing behavior as
a function of the different cations and anions and develop
structure-property relationships as shown in Fig. 3. The cations
include tetrabutylammonium ([N,444]") and tetrabutylphos-
phonium ([P4444]"); the anions include salicylate ([Salicyl] "), 2,4-
dimethylbenzene-sulfonate ([DMBS]”), and trifluoroacetate
([CF;CO0] 7). We designate the ILs as follows: [Ny444]" [Salicyl]”
is “NSal”, [Py444]" [CF3COO]™ is “PTFA”, [Pys44]" [Salicyl]™ is
“PSal”, and [P,444]" [DMBS]~ is “PDMBS”. These ILs are solid at
room temperature with a melting point around 60-80 °C. These
ILs can be categorized into two groups - the phosphonium
cation with three different hydrophobic anions, and the salic-
ylate anion with two different hydrophilic cations.

Synthesis of ionic liquids

The PTFA and PDMBS ionic liquids were synthesized following
the methodology reported in our previous work.”® The NSal and
PSal ILs were synthesized using a neutralization reaction.>*?*
Specifically, tetrabutylphosphonium hydroxide (TBPH) or tet-
rabutylammonium hydroxide (TBAH) (TCI America) and sali-
cylic acid (TCI America) were used in an equal 1: 1 molar ratio
with a slight excess of the acid. Salicylic acid, owing to its low
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solubility in water at room temperature® was first diluted in
excess DI water, heated at 80 °C, and stirred for three days until
the salicylic acid was fully dissolved. To this, an equal molar
amount of either TBAH or TBPH was added, turning the solu-
tion to a cloudy turbid color. The resulting solution was left to
stir for two days at 70 °C, or until the solution pH was near 7 and
the solution became clear. Upon completion of the reaction, the
solution was cooled to room temperature and transferred to
a separatory funnel, then extracted with dichloromethane
(DCM) (Sigma Aldrich); this step was repeated three times. The
organic DCM phase was collected and washed with water then
extracted three times and then transferred to a rotary evaporator
to remove DCM. The resulting ionic liquids were transferred to
a oven and dried under vacuum at 90 °C for 48 hours to remove
residual water. Upon removal of the ILs from the vacuum oven
and cooling to room temperature, both ILs rapidly form a solid.

To confirm the synthesis of the NSal and PSal ionic liquids,
the material was transferred to NMR tubes and dissolved in an
NMR solvent for analysis. "H-NMR was performed (DMSO, ¢/
ppm relative to TMS): NSal: 6 = 0.87-0.98 (12H; a), 1.23-1.36
(8H; b), 1.48-1.63 (8H, c), 3.10-3.21 (8H, d), 7.04-7.16 (1H, e),
6.52-6.62 (2H, f), 7.56-7.69 (1H, g); PSal: "H-NMR was per-
formed that confirms the purity of the synthesized IL: (DMSO, ¢/
ppm relative to TMS): 6 = 0.88-0.96 (12H; a), 1.25-1.35 (8H; b),
1.50-1.60 (8H, c), 3.11-3.20 (8H, d), 7.08-7.15 (1H, e), 6.55-6.65
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Fig.3 Chemical structures of the ionic liquids studied in this work and their molar masses (M). (a) NSal (Mysai = 364.11 g mol™). (b) PSal (Mpsa =
396.54 g mol ™). (c) PTFA (Mprea = 372.02 g mol ™). (d) PDMBS (Mppmas = 458.25 g mol ™).
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(2H, f), 7.59-7.70 (1H, g). The spectra are shown in Fig. S4(a) and
(b),T and integration leads to results that are consistent with the
target products for both ionic liquids. We note that the -OH
proton present on the salicylate anion is notably absent in both
spectra, which is consistent with prior reports on similar
salicylate ILs.*” To confirm the presence of the hydroxyl group,
ATR-FTIR was performed, showing a strong hydroxyl stretching
mode near 3300 cm ™' in Fig. S5t for both ionic liquids.

Characterization techniques

For all mixture characterization methods, a 10 g sample of IL in
deionized water was prepared to obtain a range of IL concen-
trations with a maximum error of 0.01 g (0.1 wt% error in
concentration).

Phase diagram. For each IL, the binodal curve was con-
structed by measuring the critical phase separation tempera-
ture at a given concentration using an optical cloud point
measurement technique at a wavelength of 600 nm.* The
measurement procedure is illustrated in Fig. 4(a), where the
critical temperature corresponds to a drop in transmittance of
<1%. Agilent Technologies Cary 5000 UV-Vis was utilized for all
cloud point experiments with a temperature step of 0.5 °C every
two minutes. The maximum error in the phase separation
temperature is +0.5 °C across all IL samples reported in this
work.
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Osmolality. The osmotic strength of the IL solutions at
different concentrations can be assessed by measuring its
osmolality, which is inversely proportional to the water activity
(aw) of the solution: Osm kg™ = —In(a,,)/Vy, where V,, is the
molar volume of pure water. For an IL solution at temperature 7'
< T at a given wy, > 0, a,, < 1, due to vapor pressure of water in
the solution being lower than the saturation pressure of pure
water at that temperature (Pg,). To measure a, a chilled mirror
dew point temperature technique was utilized. The initial vapor
pressure of water in the chamber (P‘{,V,Chambe,) is less than that of
the solution (P‘\'N,S(,Imion), and it increases until it is in equilib-
rium with the solution (Pfy champer) as illustrated in Fig. 4(b). The
AQUALAB 4TE water activity meter was utilized to measure the
osmotic strengths of all the solutions in this work, with an a,
accuracy of +£0.003. For each sample, five measurements were
taken and averaged, with a maximum standard deviation of
16% in osmolality.

Phase purity and separation kinetics. To characterize the
purity of the WR phase of IL-water mixtures (binary and
ternary), the solutions were heated to a separation temperature,
Tsep = 70 °C for 30 minutes to induce phase separation. Given
that the ILR phase is denser, it settles at the bottom while the
WR phase floats on top - the PMR of WR to ILR was calculated
by isolating and weighing each phase. The water activities were
also measured to assess the purity of each phase.

i
Pw, Solution > Pw, Chamber

i
F>W Chamber

Hermetically Sealed | Solution (ay < 1) Thermodynamic

Chamber Equilibrium

_

Pf
B W, Chamber
W Psat

Pf
W, Chamber

=

At e
)

L0l

Illustration of the characterization techniques utilized to measure thermodynamic properties of IL—water mixtures. (a) UV-Vis spec-

troscopy is used to perform transmittance measurements at a wavelength of 600 nm to construct the binodal phase diagram. (b) The osmotic
strength of an IL solution and the purity of each phase are measured in terms of its water activity a,,, at 25 °C. (c) Position-variable transmission
measurements at a wavelength of 470 nm to characterize phase separation kinetics.
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To investigate the kinetics associated with the phase sepa-
ration, experiments were performed by heating the IL (10 mL) to
Tsep = 70 °C for 10-160 minutes by submerging each vial in an
isothermal water bath, both with and without stirring at
500 rpm. Heating was also performed using a hotplate to
provide a comparison to the water bath. To characterize the
time required for complete phase separation, the DataPhysics
MultiScan MS20 instrument was used to measure the position-
variable light transmittance (along the height of the glass vial)
at a wavelength of 470 nm while maintaining the sample at T,
= 70 °C as illustrated in Fig. 4(c). This measurement (averaged
over all positions for the WR phase) approaches a constant
transmittance value which indicates that macroscopic phase
separation is complete. The position-variable light trans-
mittance measurements were performed at a spatial resolution
of 0.055 mm and a temporal resolution of 10 seconds, and the
maximum repeatability error of the 470 nm light source is
£0.05% of the measured transmittance at a given point.

Results and discussion

For forward osmosis desalination using LCST ILs, the relevant
solution properties that dictate performance are the phase
diagram, osmolality, WR phase purity, and the relative phase
mass ratio (PMR). We first report these thermodynamic prop-
erties for binary mixtures (IL-water) for each of the four selected
materials, namely NSal, PTFA, PDMBS, and PSal. Then, we
present results for ternary mixtures (IL,-IL,-water), which
includes NSal + PTFA, PTFA + PDMBS, and NSal + PSal with the
goal of establishing structure-property relationships and
design rules. Finally, we discuss the kinetics associated with the
phase separation for both binary and ternary LCST mixtures
given its importance for a realistic desalination application.

Binary mixtures of IL-water

Fig. 5(a) shows the experimentally measured phase diagrams
for NSal, PTFA, PDMBS, and PSal. To enable facile phase
separation and regeneration in the FO desalination process,
a lower LCST corresponding to a low-grade heat source is
desirable. Owing to the greater hydrophilicity of the ammonium
cation, NSal has the highest LCST and critical phase separation
temperature at all concentrations compared to the three
phosphonium-based ILs.** For a given cation, the phase
diagrams are ordered inversely with respect to the hydropho-
bicity of the anion - the more hydrophobic the anion, the lower
the phase separation temperature.”® Accordingly for ILs with the
phosphonium cation, since the anion hydrophobicity decreases
as [Salicyl] ™, [TFA]~, [DMBS], the LCSTs increase as PSal, PTFA,
and PDMBS. The phase diagrams reported in Fig. 5(a) are in
agreement with previous reports by Kamio et al. and Haddad
et al.>>*¢

The osmolality of the four ILs is shown in Fig. 5(b). To enable
FO desalination of saline feeds and/or to increase the water flux
(an water recovery), a higher osmolality is desirable. Below
50 wt% IL concentration, NSal, PSal, and PDMBS have compa-
rable osmolalities. On the other hand PTFA, despite having

280 | J Mater. Chem. A, 2025, 13, 275-288
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a less hydrophilic cation than NSal and a more hydrophobic
anion than PDMBS, has a higher osmolality than the other ILs
at concentrations below 50 wt%. This suggests that the osmotic
strength of IL-water mixtures cannot just be tied to the hydro-
phobic-hydrophilic balance in the chemical structure, and it is
also impacted by ion clustering within the solution as illus-
trated in Fig. 1(c).** Specifically, the relatively low and near-
constant osmolality trend at lower IL concentrations has been
attributed to the formation of “microemulsion-like” aggregates
that reduce the number of free ions in the solution and hence
decrease the apparent osmolality of the IL solution.****** These
micelle aggregates however are necessary for temperature-
induced phase separation as illustrated in Fig. 1(c); as such,
the osmolality trend between 20-50 wt% shown in Fig. 5(b)
corresponds to the relatively flat region of the phase diagrams
in Fig. 5(a). Above 50 wt%, the phase diagram increases
monotonically and so does the IL osmolality. This suggests an
increase in the number of free ions in the IL solution at higher
concentrations, which comes at the cost of a higher phase
separation temperature. The osmolality trends reported herein
are consistent with previous reports by Kamio et al. and Haddad
et al. >

Another important property is the WR phase purity after
thermal separation. From an application standpoint, a higher
WR phase purity is desirable as it minimizes the need for post-
treatment steps. This depends primarily on the width of the
phase diagram and is determined by the concentration of
residual IL in the WR phase, wy, wr, at temperatures above Tc.
For the four ILs, the width of the phase diagram decreases from
PDMBS to PSal, NSal, and PTFA. As such, the purity of the WR
phase follows the same order as shown in Fig. 5(c) from the
most pure (lowest osmolality) being PDMBS to the least pure
(highest osmolality) being PTFA and NSal. The WR phase purity
is characterized by heating at Ty, = 70 °C for 30 minutes in
a water bath that provides uniform (volumetric) heating for
phase separation. We note that from a thermodynamic
perspective (at equilibrium), the purity of the WR phase should
be independent of the initial IL concentration in the mixture
and should only vary with the residual IL concentration in the
WR phase. However, kinetic and temporal effects have a non-
negligible effect on the experimentally measured purity of the
WR phase (see ESI Note 47).

Apart from purity, the amount of the WR phase that can be
regenerated varies both as a function of IL concentration and
the specific IL species as a consequence of the phase diagram
lever rule. From an application standpoint, a higher PMR is
desirable as it maximizes the amount of water produced. The
phase mass ratio of the four IL-water mixtures is shown in
Fig. 5(d), with all mixtures exhibiting a monotonic decrease
with concentration. This trend follows the phase diagram trend:
the more hydrophobic the anion, the lower the PMR. As such,
NSal has the lowest PMR at a given concentration, followed by
PSal, PTFA, and PDMBS, owing to the anions' decreasing
hydrophobicity as [Salicyl] ", [TFA] ™, and [DMBS] . Although the
ammonium-based cation in NSal is more hydrophilic than the
phosphonium-based cation in the PSal, both ILs exhibit a nearly
identical PMR trend. This suggests that the PMR is a strong

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Properties of NSal, PTFA, PDMBS, and PSal binary mixtures with water showing (a) phase diagram, (b) osmolality, (c) WR phase osmolality
(phase purity), and (d) WR to ILR phase mass ratio (PMR). The data in (c) and (d) is based on phase separation at Tse, = 70 °C for 30 minutes in
a water bath. All osmolality measurements shown in (b) and (c) are based on five water activity measurements with a maximum standard deviation
of +£16% in osmolality. The maximum error in the cloud point measurements for Tc shown in (a) is 0.5 °C. The maximum error in the PMR

measurements shown in (d) is 0.1%.

function of the anion hydrophobicity and only weakly corre-
lated with the cation hydrophilicity. This can be connected to
the molecular phase separation mechanism illustrated in
Fig. 1(c), where the hydrophobic anion tail is directly respon-
sible for the phase boundary formation. Accordingly, the higher
PMR with a less hydrophobic anion can be attributed to the
lower electrostatic repulsion force that a water molecule expe-
riences as it migrates into the WR phase.*”*® It is also worth
noting that phase separation at concentrations =70 wt% does
not yield a continuous WR phase, and instead results in
dispersed WR droplets in the ILR phase. This explains why the
PMR for binary IL-water solutions above 60 wt% tends towards
zero in Fig. 5(d).

Overall, as the results in Fig. 5(a) and (b) illustrate, the
osmotic strength and critical phase separation temperature of
binary mixtures are tied to the overall hydrophilicity of the
solution, with higher osmotic strengths coming at the cost of
higher phase separation temperatures. On the other hand, the
purity of the WR phase and the PMR of a binary mixture depend
on the width of the phase diagram and the hydrophobicity of
the anion, respectively, as illustrated in Fig. 5(c) and (d). This
establishes structure-property relationships for binary mixtures

This journal is © The Royal Society of Chemistry 2025

of thermally responsive ILs that are relevant for desalination
applications.

Ternary mixtures of IL,-IL,-water

Ternary mixtures are a pathway to overcome the interlinked
properties of thermally responsive ILs such as NSal, PTFA,
PDMBS, and PSal when mixed with water. The underlying
hypothesis is that a mixture of two ILs (IL; and IL,) with
different cation hydrophilicity can exhibit a synergistic effect —
simultaneous increase in osmolality and decrease in the phase
separation temperature over certain concentrations while
maintaining or improving the purity of the WR phase and the
PMR. In this section, we report this behavior and map out the
ternary mixture compositions where this effect can be lever-
aged. Table 1 shows the different ternary mixture compositions
that were investigated in this work, with the last column rep-
resenting the fraction of IL, (first column) relative to the total IL
WiL, (0/0)

WiL, (0/0) + WiL, (0/0).

Three different IL mixtures were investigated, namely NSal +
PTFA, PTFA + PDMBS, and NSal + PSal. In this section we
present the experimental results for NSal + PTFA as this shows

(third column) within the solution:
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Table 1 Ternary mixture compositions for ILs characterized in this
work

IL; weight IL, weight Total IL weight IL, weight
percent (%) percent (%) percent (%) fraction
20 10 30 0.67

10 20 30 0.33

25 15 40 0.63

15 25 40 0.38

25 25 50 0.50

30 25 55 0.55

25 30 55 0.45

30 30 60 0.50

the most promising performance, while data for PTFA + PDMBS
and NSal + PSal are in ESI Notes 2 and 3, respectively. Fig. 6
shows the thermodynamic properties of the NSal + PTFA ternary
mixtures as a function of the total IL weight% in solution (x-
axis) and the weight fraction of NSal within this (y-axis). This
allows for a direct comparison of a ternary mixture's
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performance relative to its two constituent ILs, NSal, and PTFA
(y = 0 and y = 1 represent binary mixtures of PTFA and NSal
with water, respectively).

The osmolality of the NSal + PTFA ternary mixture is illus-
trated in Fig. 6(a). At a composition of 40 wt% total IL (15 wt%
NSal + 25 wt% PTFA), the osmolality is 831.8 + 27.8 mmol kg,
which is 81.4% higher than that of a 40 wt% NSal binary
mixture and 20.6% higher than a 40 wt% PTFA binary mixture.
Furthermore, the phase separation temperature at this ternary
composition is 39 °C, which is 6 °C lower than 40 wt% NSal, but
8 °C higher than 40 wt% PTFA as shown in Fig. 6(b). The ternary
mixture of NSal with PTFA thus follows the qualitative trend
illustrated in Fig. 2, where the osmolality is higher than both
constituent ILs while the phase separation temperature lies in
between the two ILs. This behavior is found to be generally true
for mixtures of two thermally responsive ILs as shown for NSal +
PSal as well (ESI Note 2f). However, in the particular case of
PTFA + PDMBS mixtures, owing to their similar phase diagrams
(LCSTs of 31 °C ws. 36 °C, respectively)) and common
phosphonium-based cation, the synergistic effect is much less
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Fig. 6 Thermodynamic properties of the NSal + PTFA ternary mixtures in terms of the weight fraction of NSal with respect to the total IL in the
solution (y-axis) and the total IL weight percent (x-axis) at the compositions shown in Table 1. (a) Osmolality, (b) critical phase separation
temperature, (c) WR phase osmolality, and (d) WR to ILR phase mass ratio (PMR). All the data in (c) and (d) is based on a phase separation of Tsep, =
70 °C for 30 minutes in a water bath. All osmolality measurements shown in (a) and (c) are based on five water activity measurements with
a maximum standard deviation of +£16% in osmolality. The maximum error in the cloud point measurements for Tc shown in (b) is 0.5 °C. The
maximum error in the PMR measurements shown in (d) is 0.1%. The marked points correspond to measured data points at the coordinates listed
in Table 1.
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pronounced. The phase separation temperatures of the PTFA +
PDMBS mixtures are 4-6 °C lower than PDMBS at any given total
IL concentration owing to the addition of PTFA with a lower
LCST, but the osmolality of this ternary mixture remains rela-
tively unchanged (ESI Note 37).

The WR phase purity of the NSal + PTFA mixtures does not
exhibit an improvement over its precursor ILs as illustrated in
Fig. 6(c) given their similar phase diagram widths. Specifically,
at 40 wt% total IL, the WR phase purity of this mixture is 444.0
+ 51 mmol kg™, which is 29.3% and 12.8% higher than
a 40 wt% NSal or PTFA alone, respectively. However, in the case
of PTFA + PDMBS and NSal + PSal, the WR phase is improved
compared to the constituent IL with the narrower phase
diagram. This is attributed to the wider phase diagrams of
PDMBS and PSal relative to NSal and PTFA (see ESI Notes 2 and
3t1). The PMR of the NSal + PTFA mixtures exhibits a small
improvement as evidenced by the nearly parallel contours
shown in Fig. 6(d). The contours are slightly skewed to the right
as the NSal concentration is reduced and y = 0 is approached
(i.e., pure PTFA). The 15 wt% NSal + 25 wt% PTFA mixture
exhibits a PMR of 0.83, corresponding to a 24% increase over
a 40 wt% NSal solution.

To better understand the mixing behavior of NSal and PTFA,
Wnsal (%)
WPTFA (%)
total IL weight percents from 10-70 wt%. Four different mixing
ratios are investigated: 0.6, 1.0, 1.67, and 2.0. Fig. 7 shows the
phase diagrams and the osmolality trends of the mixtures relative
to the two binary NSal-water and PTFA-water mixtures at the same
total IL weight percentages. The ternary mixtures always exhibit
a higher osmolality than either precursor IL across all weight
concentrations below 70 wt%, as illustrated in Fig. 7(b). This
higher osmolality is also accompanied with a phase separation
temperature that falls in between the two precursor ILs, as shown
in Fig. 7(a). As such, the mixing ratio of the two ILs does not
impact the observed synergistic effect for these ternary mixtures.

These results validate the hypothesized behavior illustrated
in Fig. 2, where mixing two ILs with different LCSTs results in

the two ILs are mixed at different ratios, r = to yield
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a ternary mixture that possesses a higher osmotic strength than
either IL while maintaining an intermediate phase separation
temperature. This synergistic interaction arises when there is
a difference in the LCST and osmolality between the ILs in the
ternary mixture. Owing to the greater LCST difference between
NSal and PTFA (14 °C) relative to PTFA and PDMBS (5 °C), the
osmolality peaks at a composition of 15 wt% NSal + 25 wt%
PTFA, whereas the osmolality of the 15 wt% PTFA + 25 wt%
PDMBS mixture exhibits no improvement over its precursor ILs
(see ESI Note 3, Fig. S2(a)T) at the same total IL concentration of
40 wt%. The purity of the WR phase and PMR on the other hand
are directly proportional to the width of the phase diagram. As
such, mixing two ILs with different phase diagram widths
results in an improved WR phase purity. Accordingly, owing to
the dissimilar widths of PTFA relative to PDMBS and NSal
relative to PSal, the WR phases of the 15 wt% PTFA + 25 wt%
PDMBS (see ESI Note 3, Fig. S2(c)t) and 25 wt% NSal + 15 wt%
PSal (see ESI Note 2, Fig. S1(c)t) mixtures are purer than their
precursor IL at the same total IL concentration of 40 wt%. These
observations form the basis of design rules for ternary mixtures
of thermally responsive ILs, as discussed later.

Mechanism for performance enhancement using ternary
mixtures

To understand what leads to the superior performance of
ternary mixtures, we first evaluate if they adhere to (i) ideal
thermodynamic mixing laws, or to (ii) a weighted average model
(on both a mass and molar basis) of the binary mixture ILs. If
the mixtures adhered to an ideal entropy of mixing model (i.e.,
positive entropy of mixing), the chemical potential of water (and
therefore the water activity and osmolality) in a ternary mixture
at a given total IL concentration would be equal to that of
a binary mixture at that same total IL concertation (see ESI Note
61 for a detailed derivation). This however is contrary to the
observed behavior of all ternary mixtures, particularly NSal +
PTFA shown in Fig. 7(b), which has a higher osmolality than its
constituent binary ILs. Additionally, ternary mixtures cannot be
described as simple physical mixtures that obey a weighted
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Fig.7 Properties of NSal + PTFA ternary mixtures as a function of different weight ratios, r. (a) Phase diagrams of the mixtures as well as pure NSal
and PTFA. (b) Osmolality of the ternary mixtures as well as pure NSal and PTFA. All osmolality measurements shown in (b) are based on five water
activity measurements with a maximum standard deviation of £16% in osmolality. The maximum error in the cloud point measurements for T¢

shown in (a) is 0.5 °C.
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average model of the two constituent ILs. This is because
a weighted average of the properties of two binary mixtures (IL;
+ water) and (IL, + water) on a mass or molar basis fails to
reproduce the phase diagrams and the osmolality trends for any
of the three ternary systems (IL; + IL, + water) reported in this
work (see ESI Note 71 for a detailed derivation). These obser-
vations suggest that there are strong non-ideal interactions at
the molecular level between the two ILs within a ternary
mixture, in addition to the non-ideal interaction of each IL with
water.

One potential mechanism that explains the observed
enhancement in osmolality and the concomitant reduction in
Tc in these ternary mixtures is the formation of ion cluster
networks, as illustrated in Fig. 8. It has been shown in the
literature that when multiple ions are mixed in an aqueous
solution, favorable interaction between some ion pairs may lead
to the formation of branched cluster networks.*” We hypothe-
size that this is the underlying structure-property relationship
in ternary mixtures: when two ILs are mixed with water, one of
the anionic and/or cationic pairs forms an ordered structure,
which in turn lowers the entropy of mixing (more negative) and
the resulting Tc. The favorability for the formation of such
networks increases when ILs with dissimilar cation and anion
pairs are combined, since the electrostatic repulsion is lower.
This is why NSal + PTFA that has dissimilar cation/anion pairs
exhibits a reduction in T, compared to PTFA + PDMBS or NSal +
PSal that have common anions. This is also consistent with the
fact that ion association is directly related to hydrophobicity® -
given that the hydrophobicity of the anions decreases as: [Sal] ",
[TFA]™, and [DMBS] ", the NSal + PTFA ternary system exhibits
the greatest synergy.

Ion clustering (non-ideal interaction) can also explain how
lower T¢ values and higher osmolalities can simultaneously

(@) (b)
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exist in ternary mixtures. Specifically, if ion cluster networks did
not form, an increase in osmolality would require an increase in
the number of free ions, which would translate to an increase in
the entropy of mixing (higher T¢) and vice versa. One way that
this seemingly contradictory behavior can be resolved is if the
number of free water molecules is lower in a ternary mixture
due to water entrapment and solvation within the ion cluster
networks. In effect, this lowers both the entropy of mixing and
water activity, resulting in a lower T and higher osmolality.

This interaction between the two ILs and with water enables
ternary mixtures to overcome the inherent phenomenological
tradeoff that is typical of binary ILs, where a higher osmotic
strength is tied to a higher T¢. Ternary mixtures thus provide
a unique pathway for enhancing the physical properties of
known LCST materials given that the discovery of new thermally
responsive ionic liquids is extremely challenging. The hypoth-
esized ion clustering framework provides a first step towards
understanding the structure-property relationships in ternary
LCST mixtures. Future studies using molecular dynamics (MD)
simulations are necessary to validate this hypothesis by quan-
tifying which ion pairs form cluster networks, as well as the size
and number of such networks. However, this area of computa-
tional research requires significant development even for binary
IL-water mixtures that are thermally responsive, with recent
reports on the use of MD to investigate water diffusion into
PDMBS* and to describe the non-ideal osmotic behavior of
PTFA and PDMBS.?*?+%2

Phase separation kinetics

Finally, the phase separation kinetics of ternary mixtures are
investigated and compared to binary IL-water mixtures to
provide insight into how stirring and heating mode impact the
purity of the WR phase. This is important from an application
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Fig. 8

Illustration of the hypothesized ion association interaction mechanism between two IL species in a ternary mixture that promotes

a decrease in T¢ coupled with an increase in osmolality. (a) Binary IL mixtures. (b) Ternary IL mixtures. The decrease in the number of free water
molecules through solvation within the ion clusters results in an increase in osmolality, while further decreasing the entropy of mixing due to

increased molecular ordering, effectively lowering Tc.
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Fig.9 Phase separation kinetics of 40 wt% NSal, 40 wt% PTFA, and 15 wt% NSal + 25 wt% PTFA at Tse, = 70 °C. (a) Position-variable transmission
averaged over all positions along the WR phase at 470 nm; inset shows 40 wt% NSal and 40 wt% PTFA data during the first three hours. (b) Phase
separation as a function of time for 40 wt% PTFA and 40 wt% NSal based on the points labeled on the inset shown in (a). Position-variable light
transmittance measurements were performed at a spatial resolution of 0.055 mm and a temporal resolution of 10 seconds, and the maximum
repeatability error of the light source is £0.05% of the measured transmittance at a given point.

standpoint as it dictates the time required for the two macro-
scopic phases to form to yield the WR and ILR components that
represent the clean water product and the recycled draw solution.
A phase separation temperature of 70 °C was used for all ILs
(NSal, PTFA, PDMBS, and PSal) at 40 wt% for binary mixtures as
well as for the ternary IL mixtures at the optimal composition
identified previously (15 wt% NSal + 25 wt% PTFA, 15 wt% PTFA +
25 wt% PDMBS, and 25 wt% NSal + 15 wt% PSal). The WR phase
purity results are shown in ESI Note 4 (see Fig. S31) and suggest
that the purity of the WR phase is adversely impacted with stir-
ring. This is a consequence of the scattering and intermixing of
the WR and ILR layers with stirring, which disrupts the phase
separation process by prolonging coalescence. As a result, the
formation of two macroscopic phases is prevented until the
stirring is switched off. Additionally, phase separation must be
induced using uniform isothermal heating from all sides (e.g:, in
a water bath instead of with a hot plate) for the duration needed
to achieve full phase equilibration. The exact time varies
depending on the particular IL species as illustrated in Fig. 9.
Such findings enable the optimization of system-level designs
employing LCST ILs as draw solvents.

To quantify the phase separation rate, light transmittance at
470 nm is averaged over the thickness (height) of the WR phase
for 12 hours for 40 wt% PTFA (blue line), 40 wt% NSal (red line),
and 15 wt% NSal + 25 wt% PTFA (dark grey line). As shown in
Fig. 9(a), the spatially averaged transmittance of the WR phase
for this ternary mixture and the PTFA binary mixture increased
at a rate of 39% h™" compared to 20% h™" for the 40 wt% NSal
binary mixture - this is approximately a 2 x improvement in the
time taken. The difference is illustrated in Fig. 9(b) for 40 wt%
PTFA and NSal solutions at specified time intervals corre-
sponding to the inset of Fig. 9(a). The difference in phase
separation rates can be seen at the 160 minute mark (point E) in
Fig. 9(b), where both phases of PTFA are transparent, whereas
the bottom (ILR) phase of NSal is noticeably cloudy, indicating
incomplete macroscopic phase separation. This is captured by

This journal is © The Royal Society of Chemistry 2025

the change in transmittance of the WR phase for 40 wt% NSal
even after 160 minutes (point E) as shown in Fig. 9(a).

We note that the separation times reported in Fig. 9(a) are not
only a function of the IL species but also depend on the geometry
of the container used. The phase separation times reported herein
correspond to a sample volume of 10 mL and a height of 5 cm.
Iwasawa et al. experimentally demonstrated that the ILR phase
forms a discontinuous phase within a continuous WR phase upon
heating above T¢.*” As such, Stokes law dictates the settling time
of the ILR phase based on the vertical distance traveled to reach
the phase boundary. For a given sample volume, the container
geometry thus impacts the settling distance traversed by the ILR
phase, in effect, varying the phase separation time.

Conclusion

For binary LCST IL-water mixtures, the solution properties are
predominantly dependent on the hydrophilic and hydrophobic
moieties of the IL, with greater osmotic strength being accom-
panied by higher phase separation temperatures. This funda-
mental barrier for binary mixtures can be overcome through
ternary mixtures of two ILs with water, where one IL is of greater
overall hydrophilicity than the other, in effect lowering the
phase separation temperature while maintaining or enhancing
the osmotic strength of the mixture over its constituents. A
purer WR phase can be attained using ILs that exhibit wider
phase diagrams, while a higher PMR at a given IL concentration
and separation temperature can be regenerated using ILs with
less hydrophobic anions. Mixing two ILs with dissimilar phase
diagram widths in a ternary mixture will enhance the purity of
the WR phase over the IL with the narrower phase diagram,
while the ternary mixture's PMR will exhibit an intermediate
trend relative to either IL. In summary, this work establishes the
following empirical design rules for ternary IL mixtures that
demonstrate enhanced performance compared to binary
mixtures for FO desalination:
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e To improve the phase separation behavior, i.e., to lower the
LCST for facile thermal separation, two ILs that have a large
difference in their LCST values, should be mixed. For example,
the 15 wt% NSal + 25 wt% PTFA (40 wt% total IL) ternary system
achieves a T¢ of 39 °C compared to a 40 wt% NSal (T¢ of 45 °C)
and 40 wt% PTFA (T¢ of 31 °C) binary systems.

e To improve the osmotic strength, i.e., to raise the osmo-
lality for higher water flux ro recovery, two ILs that have a large
difference in their water activity should be mixed. For example,
the 15 wt% NSal + 25 wt% PTFA (40 wt% total IL) ternary system
achieves an osmolality of 831.8 mmol kg ', which is ~82%
higher than the 40 wt% NSal and ~21% higher than the 40 wt%
PTFA binary systems.

e To improve the WR phase purity and PMR, ie., to obtain
high-purity clean water, two ILs with dissimilar phase diagram
widths should be mixed. For example, the 25 wt% NSal + 25 wt%
PSal (50 wt% total IL) ternary system exhibits a higher WR phase
purity (2x lower osmolality) than its constituent binary ILs and
a higher PMR. A similar effect is also observed for the 25 wt%
PTFA + 25 wt% PDMBS (50 wt% total IL) ternary system.

Phase separation kinetics can also be enhanced through
ternary IL mixtures, nearly doubling the rate in the case of
15 wt% NSal + 25 wt% PTFA relative to 40 wt% NSal. These
enhancements in performance can be leveraged for FO desali-
nation applications—ternary IL mixtures as draw solutions can
harness low-grade heat for phase separation owing to their
lower critical temperatures, while simultaneously enhancing
water flux (or desalinate a more saline source) owing to their
higher osmotic strength. Specifically, the ~2x osmolality
enhancement of the ternary mixture (15 wt% NSal + 25 wt%
PTFA) demonstrated herein compared to a binary mixture with
the same total IL concentration (40 wt% NSal) translates to the
desalination of a 24 g L " salinity feed compared to 13 g L™,
while undergoing phase separation at a temperature that is 6 °C
lower than the binary mixture. Overall, this work lays the
foundation for a pathway to tune the performance of LCST ILs
for various applications that require different temperature and
osmotic strength constraints. Future efforts should focus on
providing mechanistic insight into the underlying molecular
interactions (such as the hypothesized ion cluster networks)
that improve performance using computational approaches
(e.g., using MD), as well as experimental tools to characterize
the structural dynamics (e.g., using X-ray scattering). This will
be important to understand these thermally responsive
mixtures, given that weighted average or ideal entropy of mixing
models fail to capture the behavior of ternary IL-water mixtures.
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