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Introduction

Thermodynamic properties of lower critical
solution temperature (LCST) mixtures for
application in energy—water systemsy

Jordan D. Kocher, (2@ Ahmed Mahfouz,® Jesse G. McDaniel® and
Akanksha K. Menon (2 *@

Mixtures that possess a lower critical solution temperature (LCST) phase behavior are homogeneous at
temperatures below the LCST and separate into two phases above the LCST. These materials have
recently received interest for use in various applications, including refrigeration, dehumidification,
desalination, and atmospheric water harvesting. However, proof-of-concept demonstrations of cycles
employing these materials have shown poor performance, due to the thermodynamic properties of
existing LCST mixtures. This work develops a theoretical framework to evaluate the thermodynamic
properties (chemical potential, partial molar enthalpy, and partial molar entropy) required for a mixture
to exhibit LCST behavior and meet the application-specific property targets. Our analysis reveals that a
hypothetical LCST mixture that would outperform existing ones would need a more negative partial
molar enthalpy (to achieve lower chemical potentials), but it would also need a more negative partial
molar entropy (to preserve LCST behavior). Specifically, LCST refrigeration and dehumidification would
require a partial molar enthalpy and entropy of water that are an order of magnitude greater than
existing LCST mixtures, while LCST-based desalination requires properties 2.5x greater than existing
mixtures. We show that improved LCST mixtures with lower chemical potentials would necessarily need
more heat to induce phase separation, and we derive an expression to predict the enthalpy of
separation using water activity data. Finally, we demonstrate that the addition of a hygroscopic additive
(e.g., LICl) to an LCST mixture does not increase the chemical potential difference between the two
phases. Overall, this work lays out the thermodynamic framework and target properties that new LCST
mixtures must possess and discusses implications for system performance.

water is orders of magnitude larger than the thermodynamic
minimum heat of separation. For example, the minimum heat

Mixture separation is ubiquitous in the modern world for
various energy and water end-uses, such as desalination'™
and absorption refrigeration.”® Some separations are driven
by work, such as reverse osmosis for desalination, while others
are driven by heat, such as the desorption process used for
sorbent regeneration in dehumidifiers® and sorption
refrigerators.® Distillation is a common method of thermal
separation for aqueous solutions, where water is evaporated
from the mixture (e.g., seawater) and then condensed to pro-
duce fresh water.”*° However, the latent heat of vaporization of

“ George W. Woodruff School of Mechanical Engineering, Georgia Institute of
Technology, Atlanta, GA 30332, USA. E-mail: akanksha.menon@me.gatech.edu

b School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta,
GA 30332, USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5cp02285a

15024 | Phys. Chem. Chem. Phys., 2025, 27,15024-15036

of separation of water from a solution with a water activity of
0.98 (i.e., seawater) is 14 kJ kg~ ' when the ambient temperature
is 25 °C and the heat source is at 100 °C, whereas the latent heat
of vaporization of water is 2256 kJ kg™ at 100 °C - this is 161x
higher than the theoretical minimum (i.e., thermodynamically
reversible case). Distillation systems reduce their heat input to
~13x the theoretical minimum®" by recycling the latent heat
across multiple stages with recuperative heat exchangers, but
this improvement in efficiency comes with increased
capital costs.

Liquid mixtures that possess a lower critical solution tem-
perature (LCST) separate into two immiscible phases when
heated above the LCST."*>"® This liquid-liquid thermal separa-
tion can be more efficient than vaporization-based distillation
methods - for example, an LCST mixture is heated to induce
separation, the two immiscible phases (water-rich and water-
scarce) are then separated, after which they can be sent through
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a recuperator to preheat the original mixture. In this manner, the
reversible limit of separation heat is approached using a single
recuperator, instead of the many stages used in distillation. This in
turn could enable highly efficient dehumidification,'®™%%”
refrigeration,'® desalination,'****° or atmospheric water harvesting
systems.' "

In aqueous LCST mixtures, the chemical potentials of the
two phases after separation determine the performance of the
cycle in which the LCST mixture is being used. For example, if
the chemical potential of water in the water-scarce phase is not
low enough, an LCST dehumidifier would not be able to lower
the indoor humidity to sufficiently low levels, an LCST refrig-
erator would not reach sufficiently low temperatures, and an
LCST desalination system would not be able to treat hypersa-
line brines. Performance will also suffer if the chemical
potential of water in the water-rich phase is not high enough -
the LCST dehumidifier would not be able to operate when the
outdoor humidity is high, and an LCST desalination system
would produce very impure permeate, requiring post-treatment
to yield fresh water. Thus, it is important to pinpoint the
underlying thermophysical properties that LCST mixtures must
possess for the aforementioned applications.

However, literature on LCST mixtures leaves a lot to be
desired - most prior reports focused on the discovery and/
or characterization of new LCST mixtures'>*'?**" and
hydrogels,**® while other works discussed new thermody-
namic cycles that utilize LCST materials."*"¢™'%?%3770 There
are only a couple of studies on the properties that produce
LCST behavior in a mixture, but these tend to focus on specific
chemistries - for example, the tradeoff between hydrophobicity
and hydrophilicity has been identified as a cause of LCST
behavior in ionic liquids,'®"® with the hydration state of func-
tional groups in the solute (e.g., carboxylic group in P,u,,Tf
Leu'?) being a key factor. In this work, we address these gaps by
taking a more general thermodynamic approach that comple-
ments prior materials-focused analyses. This theoretical frame-
work (guided by experimental insights from existing LCST
materials) is then applied to establish targets for the thermo-
physical properties that improved LCST mixtures must possess
and discusses its implications for system performance, thus
serving as a guide for designing new materials.

For a mixture that exhibits LCST behavior to outperform
existing LCST mixtures, we show that the chemical potential,
partial molar enthalpy, and partial molar entropy of water must
all be more negative. A negative entropy is necessary for the solvent
chemical potential to increase with temperature at higher solute
concentrations, leading to LCST behavior. Since the entropy is
negative, the enthalpy must also be negative for mixing to occur
spontaneously at temperatures below the LCST. Using this frame-
work, we provide estimates for the partial molar enthalpy and
entropy of water values that ideal LCST mixtures must possess for
their application in dehumidification, refrigeration, desalination,
and atmospheric water harvesting. We then show that these
improved LCST mixtures with lower chemical potentials of water
in the water-scarce phase would necessarily require more energy
(heat) for phase separation than existing LCST mixtures. Finally, we

This journal is © the Owner Societies 2025

View Article Online

PCCP

provide experimental results for the addition of a hygroscopic
additive (LiCl) to an LCST mixture, which indicates that this
approach will not yield the target properties necessary for the
aforementioned applications.

Theory
Thermodynamics of mixtures

For a binary mixture consisting of a solvent (subscript w) and
solute (subscript u), eqn (1) is the expression for the Gibbs free
energy of the mixture, where u is the partial molar Gibbs free
energy, also known as chemical potential, and n; is the number
of moles of species 7.*!

G = Nyliy + Nyily (1)

If u* is the chemical potential of a pure (ie., unmixed) sub-
stance, the Gibbs free energy of the mixture can be expressed as
eqn (2), where gp,ix is the molar free energy of mixing.

G= an:V + nuﬂz + (nw + nu)gmix (2)
Taking the partial derivative of eqn (2) with respect to n,

gives eqn (3), the expression for the chemical potential of the
solvent species w within the mixture, uy.

. Ogmi
Iy = Hy + &mix + (nw + ”lu)( gmlx) (3)
Ty T.p
The difference between the chemical potential of the mixed
and pure substance is defined in eqn (4), where a,, is the activity
of the solvent species w.

W — i, = iy = RT In(ay) (4)

u is the portion of chemical potential that arises due to mixing.
However, for brevity, we hereafter refer to p as “chemical
potential”, since the chemical potential of the pure substance,
u*, does not appear in any of our calculations.
The partial derivative @ can be rewritten as M,
Ony, Ox Ony
where x is the solute concentration (mole fraction). The solvent and
solute chemical potentials relative to chemical potentials of pure
species can then be expressed as eqn (5) and (6), respectively.

8g mix
= i - oy 5
Uy = Zmix X < Ox T pa ( )

0, mix
=g+ (1= ) (%52 ©
T.p,ny

Combining eqn (5) and (6) yields eqn (7) as the relationship
between solute and solvent chemical potential.

agmix
= 7
My = by + < o )T‘p‘nu 7)

Additionally, the Gibbs-Duhem relation yields eqn (8)
for the chemical potential of all species in a mixture when
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temperature and pressure are held constant. For a binary
mixture, eqn (8) can be rewritten as eqn (9).

Z nidy; =0 (8)

©)

X
d
xﬂu

d/"W:_l_

Thus, if the chemical potential of one species (solvent or
solute) is known at a particular temperature and pressure, the
chemical potential of the other species can be found by
integrating the expression in eqn (9).

LCST thermodynamics

In a binary LCST mixture, the two species are miscible at all
concentrations when the temperature is below the LCST. Above
the LCST, the mixture will separate into two phases when its
concentration lies within a certain range (the miscibility gap).
This results in a phase diagram shown in Fig. 1a, where the
single- and two-phase regions are separated by the binodal (or
coexistence) curve.

At temperature 7,, which is above the LCST, the two con-
centrations that lie on the binodal curve are x, and x,. These
two phases emerge because the sum of the free energies of the
two phases is less than that of the corresponding single phase.
This is shown in Fig. 1b - the tangent (dashed line) between x,
and x, represents the free energy of two coexisting, immiscible
phases at those concentrations, and it lies below gyix for any
concentration that is greater than x, and less than x,. There-
fore, the free energy of the two immiscible phases is lower than

(a)
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the free energy of a single phase at T,, making it thermodyna-
mically favorable. Thus, x, and x, are the two points on the
binodal curve at T,, and this method of constructing the phase
diagram is known as the “common tangent method”.** Addi-
tional details on the common tangent method are provided in
Note S3 (ESIt).

Because the mixture is miscible in all proportions at tem-
peratures below the LCST, no two points on gmix can have a
common tangent at Ty, which is below the LCST (Fig. 1b). In

a .
other words, Emix

must monotonically increase as a function of

concentration at below the LCST

anmix
Ox?
be seen that p, must monotonically decrease with solute

temperatures

> 0at Tl). By differentiating eqn (5) and (6), it can

concentration, while p, monotonically increases at tempera-
tures below the LCST (Fig. 1c and d).

Above the LCST, the two phases with different concentra-
tions are in equilibrium. For this to be the case, the chemical
potential of the solvent must be equal at both of these con-
centrations (eqn (10) and Fig. 1c), as must the chemical
potential of the solute (eqn (11) and Fig. 1d).

(10)

(11)

,uw[xpyTZ) = :uw(quTZ)
ﬂu(xvaZ) = Hu(quTz)

This equality of chemical potentials at x, and x; at T, is
already satisfied with the common tangent condition. From

. Ogmi
eqn (5), wy — i, is equal to gmix — X ‘gmlx
x

, which is the left
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Fig. 1 Thermodynamics of an representative LCST mixture. (a) Phase diagram and illustration of the LCST mixture at different temperatures. (b) Free
energy of mixing (gmix) of the LCST mixture at a temperature below the LCST (T;) and a temperature above the LCST (T,). (c) Solvent chemical potential

(1tw). (d) Solute chemical potential (uy).
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vertical-axis intercept of the tangent in Fig. 1b, while eqn (6)
reveals that p, — p is the right vertical axis intercept. If the two
points share a tangent at T,, then they have the same inter-
cepts, and therefore those concentrations have the same
chemical potentials at that temperature.

Once the two phases are physically separated and cooled to
Ty, they would re-mix to form a single phase at this lower
temperature. Because of this, the chemical potentials at x, and
x4 are different at 7. As such, the chemical potential of water at
X, must be a stronger or weaker function of temperature than it
is at x,4. This is depicted in Fig. 1c and d, where the chemical
potentials at x, and x, are not equal at Ty, but they change by
different amounts to become equal when the temperature is
increased to Ts.

This example illustrates that both solvent and solute
chemical potentials must change as a function of temperature
for mixtures that possess an LCST, but the magnitude of these
changes could be vastly different. The remainder of this work
focuses on the chemical potential of the solvent (water), since
this is a relevant parameter that determines the performance of
many energy and water systems (e.g., refrigeration, dehumidi-
fication, and desalination) that utilize LCST mixtures.

Enthalpy, entropy, and chemical
potential of water in LCST mixtures

As discussed, the chemical potential of water monotonically
decreases with increasing solute concentration at temperatures
below the LCST. Then, above the LCST, the chemical potential
of water is no longer monotonic, and there exist multiple
concentrations at which the chemical potential is equal. This
is depicted in Fig. 2, with two scenarios in Fig. 2a that give rise

(a)
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to the equality of chemical potential necessary for LCST beha-
vior to emerge.

In the first scenario, the chemical potential of water at x,
(higher concentration) increases with temperature to match
that at x,, which remains relatively unchanged with tempera-
ture. In the second scenario, the chemical potential of water at
x, decreases to match that at x,. For the applications discussed
in this work, the ideal aqueous LCST mixture would be very
close to pure water at x,. In this case, the water activity at x,
would be a weak function of temperature. This resembles
Scenario 1 in Fig. 2a and is consistent with our experimental
data from real LCST mixtures - at x,, the chemical potential of
water is relatively unchanged with increasing temperature
(shown in Note S1, ESIY). For this reason, we focus on LCST
mixtures with properties that correspond to the first scenario
for the remainder of this work.

The change in chemical potential of water with an incre-
mental change in temperature (at constant pressure and
concentration) is equal to the partial molar entropy of water,
Sw, as described by eqn (12) (derived in Note S2, ESIt).

Oty s
or v

(12)

Because Ay, (change in chemical potential of water at
concentration x, upon heating from T; to T,) is positive for
Scenario 1 in Fig. 2a, the inequality in eqn (13) must hold.

g
JEN@MT<O (13)

Ty
If the partial molar entropy of water at x,, 3,,(x,), is constant
with temperature, then the only way for the integral in eqn (13)
to be negative is if 5,(x,;) is negative. This can arise from a
negative entropy of mixing (i.e., a material that becomes more
ordered in the presence of water) at a concentration uxg;

(b)
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Fig. 2 Change in chemical potential of water required to induce phase separation in LCST mixtures. (a) Chemical potential at ambient temperature (T3)
and two possible scenarios that would give rise to phase separation at a temperature above the LCST (T3). (b) The chemical potential of water in the
“base” mixture at Ty (uw(T1), solid blue curve) and T, (uw(T>), dashed light blue curve), as well as an “improved” mixture, which has a lower chemical
potential than the base mixture at Ty (i, (7). solid orange curve) but the same chemical potential at T,. Eqn (5) is used to obtain the water chemical
potential trends of Fig. 2 based on the gmix trends at T; and T, shown in Fig. 1b.
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however, in certain cases, a negative value of 5,(x,) can arise
from an exclusively positive entropy of mixing (see Note S5,
ESIT). If 3,(x,) is not constant with temperature, it must be
negative within at least some portion of the temperature range
T; to T,, such that the integral in eqn (13) is net negative, for
Scenario 1 in Fig. 2a to emerge. This non-linear trend is evident
in the chemical potential of water for an LCST ionic liquid
shown in Fig. S2a (ESIt). Meanwhile, 5,(x,) is small in magni-
tude given that Ay, (change in chemical potential of water at
concentration x, upon heating from T; to T5) is nearly zero for
Scenario 1 in Fig. 2a.

Eqn (13) would appear to suggest that the partial molar
entropy of water is the only parameter necessary to give rise to
LCST behavior. But the behavior of LCST mixtures at tempera-
tures below the LCST reveals that the enthalpy is also impor-
tant. Specifically, the chemical potential of water at
concentration x, and temperature Ty, j(x4,T;), must be nega-
tive for the two species to be miscible. From eqn (14), this
means that the partial molar enthalpy, Bw(xq,Tl), must also be
negative for this to occur.

UalXg,T1) = (x4, T1) — TiSw(xg,T1) < O (14)

If the partial molar entropy varies as a function of tempera-
ture, so too will the partial molar enthalpy of water, $,(x,,T1),
according to eqn (15) (derived in Note S2, ESIt). Notably,
eqn (15) is true for any substance held at constant pressure
and concentration, not just for LCST mixtures.

Ohy,

OSw
v _T
oT

37 (15)

Accordingly, a binary mixture with a partial molar entropy of
water that varies with temperature must also have a partial
molar enthalpy of water that varies with temperature, and vice
versa. At a given concentration (e.g., x;), the enthalpy and
entropy of water are inextricably linked via eqn (15).

Thus, eqn (13) and (14) reveal the necessary properties of
LCST mixtures that follow Scenario 1 in Fig. 2a: (i) the partial
molar entropy must be negative for the chemical potential of
water to increase with temperature, which is the case for
existing LCST mixtures (experimental data is shown in Note
S1, ESIt), and (ii) the partial molar enthalpy of water must also
be negative. A more negative enthalpy than what has been
observed in existing LCST mixtures would result in a lower
chemical potential at ambient temperature (therefore improv-
ing performance as we discuss in the next section). However,
since the chemical potential of water at ambient temperature,
1y (x4, T1), would then be more negative, the new change in
chemical potential upon heating, Au;, must be greater (than
Aug) for the mixture to still phase separate at the same
temperature T,. Thus, the partial molar entropy in this new
and improved LCST mixture must also be more negative. These
changes are illustrated in Fig. 2b.

While LCST separation could theoretically arise from Sce-
nario 2, this behavior has not been observed in the aqueous
LCST mixtures reported in literature. It is worth noting that

15028 | Phys. Chem. Chem. Phys., 2025, 27, 15024-15036
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both Scenario 1 and Scenario 2 require endothermic separa-
tion; that is, heat is absorbed by the mixture as it phase
separates at temperatures above the LCST. In Note S6 (ESIT),
we show that this behavior applies to all LCST mixtures.

Given the intricate nature of these mixtures, some simplifications
must be made to obtain analytical expressions for approximating
target properties of LCST mixtures for different energy and water
applications properties. First, we assume that the chemical potential
of water in the mixture at the water-rich concentration, pi,(x,), does
not vary strongly with temperature (Scenario 1 in Fig. 2a). Then,
because pw(x,,T5) = fw(X4,T>) as shown in Fig. 2a, it holds that
bwlXgTs) = pafX,,T1)- In this case, Ay, which is the change in
chemical potential of water at x, from T; to T, is equal to the water
chemical potential difference between x, and x, at Ty, which we refer
to as Ay, — this is illustrated in Fig. 2b. Next, we assume that the
partial molar entropy of water at any concentration is constant with
temperature, in which case the integration of eqn (12) yields
eqn (16). The validity of this assumption is supported by experi-
mental data for the chemical potential of water in both phases,
which is approximately linear with temperature for an LCST deep
eutectic solvent as shown in Fig. S2b and c (ESIt). Since the chemical
potential and partial molar entropy of water are related by eqn (12), if
L, varies approximately linearly with temperature, it follows that 5,
is nearly constant or invariant with temperature. When the partial
molar entropy of water changes as a function of temperature,
eqn (16) represents the average value from T; to T».

_ Ap
Sw (Xq) = _T2 7WT1

(16)

In some cases, the chemical potential of water exhibits a
non-linear trend with temperature as shown in Fig. S2a (ESIY)
for an LCST ionic liquid. To calculate the exact partial molar
entropy of water, numerical differentiation of eqn (12) must be
performed at either x, or x, depending on which of the two
scenarios illustrated in Fig. 2 holds true for that particular
LCST mixture. Our final assumption is that the mixture at the
water-rich concentration, x,, has properties approximate to
those of pure water. This has been observed for many existing
LCST mixtures,>'® and it is a desired trait of an ideal LCST
mixture for the applications described in this work. As such, we
treat the chemical potential, partial molar enthalpy, and partial
molar entropy of water at x, as being negligible based on
eqn (4), Le., pw(x,) ~ 0, hy(x,) ~ 0, and 5,(x,) ~ 0. From this
approximation, eqn (17) results for the partial molar entropy of
water in the water-scarce phase of an LCST mixture. Meanwhile,
combining eqn (14) and (17) yields eqn (18), which provides an
approximation for the partial molar enthalpy of water in the
water-scarce phase of the LCST mixture.

Sw(xg) ~ GHCALD

Sw A (17)
7. Auw X >T
hy (xq) ~ Tz% (18)

In summary, the partial molar properties at x,, are approxi-
mated as zero, while the partial molar enthalpy and entropy of
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water at x, can be expressed entirely in terms T;, T,, and
:uw(quTl)-

Application-specific property targets for LCST materials

The thermodynamic framework established thus far can be
used to estimate the properties that an ideal LCST mixture
must possess for the four applications depicted in Fig. 3. By
defining the necessary water activity of the water-scarce phase,
we can calculate the corresponding chemical potential,
(x4, T1), using eqn (4). Desalination'™>'*?®*>%* requires a
water activity as low as 0.75 in the water-scarce phase, as this
value corresponds to the activity of saturated brine (26 wt%
NaCl). On the other hand, atmospheric water harvest-
ing®®*3%546 in arid regions requires an activity as low as 0.10,
as this corresponds to the relative humidity of ambient air. Air
conditioning®'®'73%%748 requires a water activity around
0.40,"” which corresponds to a comfortable indoor relative
humidity of 40%," and it is also the value needed to produce
a temperature drop of ~10 °C via evaporative cooling (deter-
mined from a psychrometric chart).

An example calculation of the chemical potential of water in
the water-scarce phase for the refrigeration application is as
follows: if the ambient temperature is 7; = 300 K, a water
activity of 0.40 equates to a chemical potential of i,(x,,T;) =
—2285.5 ] mol™' (from eqn (4)). If T, = 343 K, then
Sw(xy) & —53.2 J mol ' K™ (from eqn (17)) and hy(x,) =~
—18231 ] mol™ " (from eqn (18)). Table 1 summarizes these
values (water activity, chemical potential, and partial molar
properties) required for LCST refrigeration, along with the
values needed for the desalination and atmospheric water
harvesting applications.

Performance of existing LCST mixtures

Having established these targets for “ideal” mixtures, we can
now compare them to existing LCST mixtures. For this, we
performed activity measurements on two LCST mixtures based
on a deep eutectic solvent and ionic liquid mixed with water
(Note S1, ESIt). Oleic acid/lidocaine (OA/LD), a deep eutectic
solvent with LCST phase behavior,"” after separation at
T, = 343 K, has a water-scarce phase with a chemical potential

(a) (b)

Indoor Air
aseyd SM

Brine
8seyd SM

Brine Desalination Dehumidification
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Table 1 Chemical potential of water in the water-scarce (WS) phase
required for different applications, along with the corresponding partial
molar enthalpy and entropy of water. Experimental water activity and
chemical potential values are also shown for the WS phase of two existing
LCST materials, namely OA/LD and PTFA. An ambient temperature (T;) of
300 K and a phase separation temperature (T,) of 343 K are assumed.
Activity is application-specific, while chemical potential, partial molar
enthalpy, and partial molar entropy of water are calculated from eqn (4),
(18), and (17), respectively, for the target applications. The partial molar
enthalpy and entropy of water in OA/LD and PTFA were not measured

Chemical Partial Partial
potential  molar molar
of water enthalpy  entropy
Water at 300 K of water of water
Application activity (mol™") (Jmol™") (Jmol 'K
Brine desalination 0.750 —717.58 —5724 —16.7
Refrigeration or 0.400 —2285.5 —18231 —53.2
dehumidification
Atmospheric water 0.100 —5743.5 —45814 —133.6
harvesting
OA/LD 0.890 —288.1 — —
PTFA 0.976 —60.6 — —

of pw(xg,T1) ~ —290.7 J mol ' at an ambient temperature of
T = 300 K. Meanwhile, tetrabutylphosphonium trifluoroacetate
(PTFA),">'* an ionic liquid with LCST phase behavior, has
chemical potential of p,(x;,T:) & —60.6 ] mol™" after being
separated at 343 K. Comparing the chemical potentials of these
existing LCST mixtures with the application-specific targets in
Table 1 reveals that the chemical potential of an ideal aqueous
LCST mixture is approximately 8x that of OA/LD and 38x that
of PTFA at the water-scarce concentration x,. We note that some
assumptions were made to obtain these values as previously
discussed, and this is valid for an LCST mixture that separates
into a water-rich phase that is nearly pure water, as is the case
with OA/LD (based on experimental measurements shown in
Note S1, ESIT).

Notably, Table 1 reveals that it is more realistic for an LCST
mixture to possess the properties required for desalination
compared to atmospheric water harvesting or refrigeration
and dehumidification. The water harvesting case would require

(c)

s

e
®

(d)

WR Phase
aseyd SM
Dry Outdoor
Air
aseyd SM

Refrigeration Water Harvesting

Fig. 3 Applications of LCST mixtures. (a) Brine desalination, which requires the water-scarce (WS) phase to have a water activity less than 0.75 to draw
water. (b) Dehumidification, which requires indoor relative humidities of ~40%, meaning the WS water activity must be less than 0.40. (c) Refrigeration,
which induces a temperature drop as water evaporates from the water-rich (WR) phase and is absorbed by the WS phase. A lower WS water activity
produces a lower WR temperature; 0.40 is approximately the ideal WS water activity for the temperatures desired in air conditioning. (d) Atmospheric
water harvesting, where the WS water activity may need to be as low as 0.10 to absorb moisture from arid (10% relative humidity) air in a desert.
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a particularly hygroscopic material (water activity ~0.10; e.g., LiCl)
at ambient temperature, which then becomes very hydrophobic
(water activity ~1) when the temperature is raised by tens of
degrees - it is unrealistic for a single material to possess these
properties. Even for desalination application, the values in Table 1
indicate that the properties of current LCST mixtures based on
ionic liquids are much smaller than the target properties. This
motivates the need to explore different chemistries and design new
materials to achieve the target behavior — OA/LD shows promise,
but desalination based on this mixture is yet to be demonstrated.

Heat of separation

Another critical parameter for LCST mixtures is the heat
required for phase separation. Some studies in the litera-
ture have proposed using LCST hydrogels for dehumidifica-
tion and atmospheric water harvesting with little energy
input.>”?%375%31 gome of these works have erroneously
neglected the heat of separation/demixing and only considered
sensible heating in their energy analyses.?””*" This is because
existing LCST hydrogels and liquid mixtures require a small
amount of heat (10-40 ] g~ * for LCST liquids™* and hydrogels*®)
to induce phase separation. However, as we showed in the
previous section, an LCST mixture with a more negative water-
scarce chemical potential (lower water activity) is necessary for
applications, but this will be accompanied by a more negative
water partial molar enthalpy and entropy (eqn (13) and (14)). An
improved LCST mixture would thus require more heat for
separation.

(a)

Temperature

A

X, Solute Concentration Xq
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To evaluate whether the “improved” mixture requires more
heat to separate than the “base’” mixture in Fig. 2b, we consider
the cycle in Fig. 4, in which an LCST mixture, initially at
ambient temperature (73), is heated to T; (above the LCST) to
induce phase separation. Q; is the heat required to raise the
initial mixture temperature, Ty, to the LCST, which is an
entirely sensible heat (i.e., no heat of separation). Meanwhile,
Q, is the combination of the heat required to induce phase
separation (Qscp) and the sensible heat required to raise the
temperature of the mixture from the LCST to T;.

In Fig. 4, the two phases have the same chemical potential of
water at T3, but when they are physically separated and cooled
to ambient temperature, they have different chemical poten-
tials. Because they have different chemical potentials, they can
produce work in the process of returning to equilibrium. If a
membrane permeable only to water were used to produce this
work, then the maximum (i.e., reversible) increment of work
that could be produced for a differential amount of water
transferred between the two phases, dn,, is given in eqn (19).
xwr is the concentration of the water-rich phase (initially at x,),
and xws is the concentration of the water-scarce phase (initially
at x,); integrating eqn (19) from state 4 to 1 would yield the total
amount of work produced.

oW = [,uw(xWR;Tl) - llw(xw&Tﬂ]d”w

(19)

Assuming that the specific heat is constant across the
separation process, a second law analysis of the entire cycle

6Qsep
T

. If we define

reveals that both ASg, = Qu/Ty and ASye, = |

(b)

Temperature

Entropy

Fig. 4 An LCST heat engine cycle represented on (a) a phase diagram and (b) a T-S diagram. The mixture is first sensibly heated (1-2) to bring it to the
LCST. Itis then further heated to induce separation (2-3); this heat has both a sensible portion and a portion that contributes to the phase separation. The
two phases are then physically separated (the system remains at state 3 since the physically separated phases are thermodynamically equivalent to the
two immiscible phases in physical contact). Next, the two phases are cooled to T; (3—4). At this point, the two phases have different chemical potentials,
so they can be used to produce work (4-1). Eventually the two phases reach equilibrium, at which point they have the same concentration, and the cycle
can begin again.
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. . _ Qsep
an effective temperature of separation T, = 50y’ then we
sep
=7

can write ASgep, = Qsep/Tsep Where Ty, is essentially the thermo-
dynamic average temperature of separation that will always be
between the LCST and T;. Meanwhile, a first law analysis of the
cycle reveals that W = Qgep, — Q4, which can be rewritten in the
form expressed in eqn (20).

T )

Tsep

Combining eqn (19) and (20) yields eqn (21) for the enthalpy
of separation, where A, is the average chemical potential of
water difference between the two phases from state 4 to 1 in
Fig. 4b, and x; is the initial mixture concentration before
separation. Afi, is a material property that can be evaluated
using eqn (22), which only requires that the chemical potential
of water be known for the mixture between the concentrations
xwr and xws at ambient temperature. In eqn (22), w is a
dimensionless quantity that represents the transfer of water
from the WR phase to the WS phase during process 4 to 1 in
Fig. 4b. The units of separation enthalpy in eqn (21) are energy
per mol of total mixture before separation. Notably, even
though the expression in eqn (21) was derived from the
hypothetical cycle in Fig. 4, the enthalpy of separation is a
state function, so the expression in eqn (21) is process inde-
pendent and can be used to calculate the heat of separation for
any LCST mixture. The detailed derivations of eqn (21) and (22)
are provided in Note S7 (ESIt).

W = Qsep (1 - (20)

X X B
Al WS + WR
N _— Xws — X;  X; — XWR
5P 1- Tamb/Tsep

(21)

XWR

-1
+
)J Xws — Xi Xj — XWR U

0

XWR

W

~ X
Auw=< =y

Xws — Xi X — XWR

In eqn (21), Tsp, is the effective separation temperature and
must take a value between T, and T3 in Fig. 4b. Thus, for
regeneration at a given T3, and with knowledge of the binodal
curve temperature at the initial mixture concentration (75), a
reasonable estimate can be obtained for the effective separation
temperature. Alternatively, A, can be evaluated for the entire
possible range of Tgep, which spans [T5,T5].

Using experimental data of the chemical potential of water
reported in the literature, the average chemical potential Aj, is
tabulated for various LCST mixtures in Table 2. For each
mixture, the initial mixture concentration (state 1, before phase
separation) is 50 wt% water and 50 wt% ionic liquid or deep
eutectic solvent (OA/LD). From this, the enthalpy of separation
is estimated, using an approximation for the effective separa-

T, + T

TS’ where T, is the binodal curve

temperature at 50 wt% (determined from literature data) and T;

tion temperature: T, =
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Table 2 Average chemical potential of water difference, water trans-
ported between the WR and WS phases, effective separation temperature,
and enthalpy associated with the phase separation of various LCST
mixtures at initial concentrations of 50 wt% water

AII]VV Aw Tsep Ahsep
Species (J mol™) (molyy, /MOl (K) g™
OA/LD 15.86 0.89 312.15 9.31
P, TFA 15.68 0.51 317.65 3.78
NaassSal 36.05 0.52 332.65 5.31
PaauSal 16.86 0.52 311.65 5.87
P,14.DMBS 23.31 0.77 323.65 6.57

is the regeneration temperature, which was taken to be the
highest temperature at which the binodal curve data was
reported for each mixture (since minimal further phase separa-
tion occurs beyond this temperature). The quantity Aw is the
number of moles of water transported (per mole of initial
mixture) between the WR and WS phase in the hypothetical
process 4 to 1 from Fig. 4b. Notably, the calculated values for
P4444TFA and P,,,,DMBS are in excellent agreement with the
range of values measured by Haddad et al.’® ~5 ] g~ * using
differential scanning calorimetry (DSC). This approach of deter-
mining the enthalpy of separation is preferable to a DSC
measurement, since the enthalpy of separation of existing LCST
mixtures is much smaller than the typical latent heat values
used to calibrate the instrument (~5 J g~ for LCST mixtures
compared to the latent heat of melting ice of 334 J ¢~ ), which
could lead to inaccurate measurements.

We can now answer our original question regarding whether an

LCST mixture with a greater chemical potential difference (A,u;)

will require more heat input to separate than one with a smaller
chemical potential difference (Ay,). Clearly, a more negative value
of ty(xws,T;) would result in greater work output (per eqn (19)).
But, as is the case in any reversible heat engine operating between

XWR XwWs
XWS — XWR'’ 1 Hw XWS — XWR'’ 1 ( )
- l+w—""-"""—
Xws — X; Xi — XWR

thermal reservoirs at fixed temperatures, more work output
requires more heat input to separate (per eqn (20)) - there is “no
free lunch”. This increase in separation heat that accompanies
greater chemical potential differences can be circumvented to
some extent by finding an LCST mixture that phase separates at
higher temperatures. Most aqueous LCST mixtures that have been
reported in literature separate at temperatures ~ 10 °C higher than
ambient, with a few exceptions that have LCST values around 60 °C
(N4444CF5COO and P,44,ToS"). Mixtures that separate in the range
of 70-90 °C would avoid boiling while still taking advantage of
lower heats of separation, making these suitable from an applica-
tion standpoint.

LCST behavior with a positive entropy of mixing

In the literature, a negative enthalpy and entropy of mixing are
listed as prerequisites for LCST phase behavior (conversely, a
positive enthalpy and entropy of mixing are stated as
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prerequisites for UCST behavior)."****>** Our finding that
LCST phase separation is necessarily endothermic supports
these statements. However, we now demonstrate that a negative
entropy of mixing is not a strict requirement and that LCST
phase behavior can indeed emerge in a mixture that possesses
an entropy of mixing that is positive at all concentrations.

In Fig. 5, we plot two different hypothetical entropies of
mixing (one exclusively negative, one exclusively positive), while
also plotting the Gibbs free energy (using the enthalpy of
mixing curve provided in Note S5) to reveal that both would
possess LCST phase behavior. From Fig. 5b, there is no com-
mon tangent at the lower temperature of 300 K (indicating that
the mixture is miscible in all proportions), but at 350 K, there is

View Article Online

Paper

a common tangent (indicating the presence of a miscibility
gap). Thus, this mixture possesses LCST phase behavior (phase
separation upon heating). Meanwhile, in Fig. 5c, the entropy of
mixing is positive at all concentrations. Importantly, the
entropy of mixing is lower at the intermediate concentrations.
From this entropy of mixing, along with the enthalpy of mixing
in Fig. S5b (ESIt), the Gibbs free energy in Fig. 5d is obtained,
which again shows no common tangent (i.e., miscibility in all
proportions) at 300 K and the presence of a common tangent
(i.e., a miscibility gap) at 350 K. Thus, a positive entropy of
mixing can indeed lead to LCST phase behavior, provided that
the entropy of mixing is lower in the region of the miscibility
gap. Furthermore, even though the entropy of mixing is
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Fig. 5 Entropy and phase diagram for two different hypothetical mixtures. (a) Entropy of mixing that is exclusively negative. (b) The LCST phase diagram
that results from the entropy of mixing in (a), along with the enthalpy of mixing in Fig. S4b (ESIT). (c) Entropy of mixing that is exclusively positive. (d) The
LCST phase diagram that results from the entropy of mixing in (c), along with the enthalpy of mixing in Fig. S5b (ESIt). The phase diagrams in (b) and (d)
were obtained using the common tangent method, which was applied to the Gibbs free energy at temperatures between 300 and 400 K. The Gibbs free
energy is plotted for each of these hypothetical mixtures in Note S5 (ESIt); the presence of a miscibility gap at higher temperatures is evident for both
mixtures, proving that LCST phase behavior can occur with an exclusively positive entropy of mixing.
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exclusively positive, the partial molar entropies are still nega-
tive at certain points (see Note S5, ESIT), because it is depen-
dent not only on the magnitude of the entropy of mixing at a
certain point, but also the slope at that point. Thus, the
conclusions drawn earlier in this work regarding the partial
molar entropy of water being negative at the WS concentration
of an LCST mixture are still valid to this hypothetical mixture
with a positive entropy of mixing.

Given that literature has tied LCST phase behavior to the
requirement that the entropy of mixing must be negative, the
findings herein could lead to the discovery of new LCST
mixtures. This in turn could yield new LCST mixtures that meet
the target properties outlined in this work, since the discovery
of mixtures with highly negative entropies of mixing is difficult
(because the ‘““ideal” contribution to the entropy of mixing is
always positive). Furthermore, the insight that LCST phase
behavior can emerge in systems with exclusively positive entro-
pies of mixing could also explain the presence of LCST behavior
ionic liquid/acetone mixtures®® and ionic liquid mixtures with
small perhalogenated hydrocarbons.>® Although the entropy of
mixing was not quantified for these mixtures, it is possible that
they have a positive entropy of mixing due to the lack of
structured/directional hydrogen bonding interactions that con-
tribute to the negative entropy of mixing in aqueous LCST
mixtures.

Furthermore, it is important to note that even though the
sign of the entropy of mixing is different for the two mixtures
explored in Fig. 5, both mixtures would have endothermic
phase separation (ie., they would both absorb heat upon
separating). In Note S6 (ESIT), we show that exothermic phase
separation is non-physical for an LCST mixture, and any LCST
mixture (whether the entropy of mixing is positive or negative)
would possess both a positive enthalpy and entropy of separa-
tion. This is because the enthalpy and entropy of separation are
not simply the inverse of the enthalpy and entropy of mixing;
rather, they are determined by the change in enthalpy and
entropy of mixing when going from a single-phase state to a
biphasic state.

Effect of salt additives on LCST mixtures

Finally, we discuss the effect of adding a hygroscopic salt to an
existing LCST mixture as a means to increase Ay, Previous
work has shown that hygroscopic additives impact the sorption
behavior of LCST hydrogels in atmospheric water harvesting
and dehumidification applications®>’**® by allowing them to
absorb moisture from lower humidities than the pure LCST
hydrogel. However, the water chemical potential difference
between the dry hydrogel and expelled liquid water after heat-
ing was not quantified. In this section, we experimentally
measure the chemical potential of water in oleic acid/lidocaine
with and without a hygroscopic salt to observe if this improves
Apg.

Certain salts, such as LiCl, are very hygroscopic and are
often used as desiccants.’®>” As such, we investigated the
addition of LiCl to an aqueous mixture of OA/LD, finding that
the addition of LiCl does not increase the water chemical
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Fig. 6 Chemical potential of water in an LCST mixture, consistingofal:1
ratio by mass of oleic acid (OA) and lidocaine (LD), with different con-
centrations of a non-LCST salt additive. (a) Three mixtures were prepared
with 25 wt% OA, 25 wt% LD, and 50 wt% water. The plot shows the
chemical potential of water in the two phases after separation at 70 °C. (b)
Chemical potential as a function of OA/LD mass fraction. Chemical
potential was calculated from water activity measurements taken at 25 °C.

potential difference between the two phases as shown in
Fig. 6a. Instead, the entire chemical potential curve is shifted
down, as depicted in Fig. 6b, such that Ay, is about the same
with or without salt. Therefore, while these results warrant
further investigation, they indicate that the water chemical
potential difference between the two phases is determined by
the LCST species within the mixture and adding hygroscopic
salts is not a viable method to increase this. Hygroscopic
additives will thus not improve existing LCST mixtures to
achieve the targets necessary for the applications shown in
Table 1. However, adding chloride salts to an LCST mixture can
be used to tune the chemical potentials of the two phases at a
fixed difference (Au,). This in turn could be leveraged to shift
the chemical potentials of a given LCST mixture around the
water activities needed for a particular operation. It could also
be used in a multi-stage or cascade configuration to obtain an
overall Ay, that is greater than that of a single stage.

We also note that while the focus of this thermodynamic
analysis was on aqueous LCST mixtures, the findings can be
extended to LCST mixtures with other solvents. In particular,
the finding that negative entropy of mixing is not a strict
requirement for LCST behavior (as illustrated in Note S5, ESIT)
may help rationalize empirical observations of LCST behavior
among more general classes of ionic liquid mixtures that do not
exhibit structured/directional hydrogen bonding interactions,
such as ionic liquid/acetone mixtures® or ionic liquid mixtures
with small perhalogenated hydrocarbons.>

Looking ahead, modern computational methods such as
molecular dynamics (MD) simulations and machine learning
techniques may substantially aid the design and utilization of
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novel LCST mixtures for target applications. In this regard, MD
simulations provide an atomistic description of the intermole-
cular interactions and microscopic liquid structure that dictate
the molecular thermodynamic properties (e.g:, tiw(Xws,T1))con-
trolling the phase behavior and application performance
(Table 1). From simulations, structure-property relationships
can be developed to provide insight into and to predict the
complex dependence of thermodynamic parameters on mole-
cular structure, properties, and interactions of the constituent
species (e.g., ionic liquids, deep eutectic solvents) in LCST
mixtures. Furthermore, MD simulations can be used to develop
“bottom-up” molecular thermodynamics models of LCST
phase behavior in which the requisite parameters such as
molar entropy and enthalpy are computed in a “first-
principles” manner directly from the simulations, rather than
being empirically parameterized. Because the simulations are
“information-rich”, a powerful approach is to take advantage of
modern machine learning tools to synthesize the high dimen-
sional, atomistic data into meaningful collective variables or
fingerprints that encode quantitative structure-property rela-
tionships;*® an approach that has shown promise in predicting
LCST phase behavior of complex systems.>® The stringent
property requirements for various applications (Table 1) will
necessitate a close collaboration of experimental and computa-
tional approaches to discover and design new LCST mixtures
that meet the outlined criteria.

Conclusion

In this work, we derive the thermodynamic relations relevant to
mixtures that possess LCST behavior, which are useful both for
designing new materials and for analyzing thermodynamic
cycles that utilize these materials. We then use this framework
to demonstrate (i) the need for more negative partial molar
enthalpies and entropies, (ii) the challenge with utilizing LCST
mixtures for applications such as atmospheric water harvest-
ing, (iii) the importance of including the heat of separation in
analyses of thermodynamic cycles that utilize LCST mixtures,
(iv) that LCST phase behavior can emerge even when the
entropy of mixing is positive at all concentrations, and (v) that
phase separation of LCST mixtures is always endothermic.

For emerging applications of LCST mixtures (air condition-
ing, desalination, and atmospheric water harvesting), the
necessary thermophysical properties are summarized as
follows:

e Improved aqueous LCST mixtures must have a lower
chemical potential of water at ambient temperature and
concentration x, (concentration of the water-scarce phase).

e This lower chemical potential will be caused by a more
negative partial molar enthalpy of water. However, to preserve
LCST behavior, the partial molar entropy of water must also
become more negative.

The chemical potential changes required for LCST mixtures
to perform in certain applications (e.g., atmospheric water
harvesting) will be harder to achieve than other applications
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(e.g., desalination). To design materials that achieve the target
properties for these applications, it will be important to identify
the chemistries that yield more negative partial molar enthal-
pies of water (i.e., stronger bonding upon the addition of water)
and more negative partial molar entropies of water (i.e., more
ordering upon the addition of water).

However, there is no “free lunch’’; while these ideal LCST
mixtures — with lower chemical potentials in the water-scarce
phase — would perform better than existing ones (e.g., achieve
lower temperatures when used in a refrigeration cycle, absorb
moisture from lower humidities, etc.), they would necessarily
require more heat for regeneration. This is true not only for
liquid LCST mixtures based on ionic liquids and deep eutectic
solvents, but also for LCST hydrogels.

Furthermore, adding a salt (LiCl) to existing LCST mixtures
lowers the water chemical potential of both the water-rich and
water-scarce phases, such that the chemical potential differ-
ence between the phases is unchanged. While this behavior can
be exploited in certain ways (i.e., multi-stage or cascaded
operation), it indicates that hygroscopic additives will not
improve the performance of existing LCST materials and new
mixtures must be discovered.
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