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Abstract

Solvent-driven water extraction (SDWE) has promising applications in hypersaline brine de-
salination, including zero-liquid discharge processing for industrial wastewaters, and resource
recovery, such as the extraction of lithium and rare earth elements from solution mining
leachates. In this study, we develop a computational thermodynamic framework to analyze
the liquid-liquid extraction of water from hypersaline brines using dimethyl ether (DME),
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an aprotic solvent that is partially miscible with water. The high volatility of DME enables
its rapid separation from water–DME mixtures after water absorption, while its low polarity
minimizes the organic-phase solubility of electrolytes, such as sodium chloride (NaCl). We
first build a thermodynamic model based on the LIQUAC excess Gibbs free energy model for
water–DME–NaCl mixtures. Maximum likelihood estimators for water–DME–NaCl interac-
tion parameters are calculated through the nonlinear regression of fluid phase equilibrium
and osmotic coefficient data using metaheuristic global optimization techniques. A multi-
stage counter-current liquid-liquid separator (LLS) model is then developed to explore the
water recovery and brine concentration ratios achievable as a function of feed molality and
DME to feed water flow rate ratio. For a saline feed with a molality of 2.0 mol kg−1 (over
three times the salinity of seawater) our analysis demonstrates that a one-stage LLS can
achieve a water recovery ratio of 0.51 with an initial DME to saline feed molar flow rate
ratio of 4.0, rising to 0.63 with a second equilibrium stage. We conclude by quantifying the
amount of DME required to reach zero-liquid discharge brine salinities and analyzing the
impact of staging and temperature on separation performance. Our thermodynamic model
enables the rapid evaluation of SDWE systems for emerging hypersaline brine desalination
and valorization applications.
Keywords: Hypersaline Desalination, Brine Concentration, Fluid Phase Equilibria,
Dimethyl Ether, Zero-Liquid Discharge

1. Introduction

Desalinating hypersaline brines has the potential to recover valuable minerals from waste
streams while reducing the environmental risks associated with their disposal [1, 2]. High-
salinity waste streams, including mining leachate, produced water from unconventional hydro-
carbon extraction, wastewater from flue gas desulfurization, landfill leachate, and concentrate
from inland desalination, contain a complex mixture of salts, often including critical metals,
and hazardous contaminants [3, 4]. Extracting water from these brines can simultaneously
alleviate water scarcity, by increasing industrial wastewater reuse to augment freshwater sup-
plies, and protect existing freshwater resources, by minimizing the discharge of contaminated
liquid waste streams [5–7]. Furthermore, brine concentration forms an important step in
the valorization of aqueous waste streams, enabling the fractional precipitation of critical
materials, such as lithium, nickel, cobalt, and rare earth elements [8–16]. In addition, vol-
ume reduction through water extraction can lower the economic and environmental costs
associated with transportation and storage of contaminated brines [1, 2].

Extracting water from highly-saline brines, which typically contain > 60 g kg−1 total dis-
solved solids (TDS) or > 1.0 mol kg−1 sodium chloride (NaCl), is inherently challenging given
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their high osmotic pressure, scaling potential, and fouling propensity. Reverse osmosis (RO),
the most energy-efficient desalination process, is typically restricted to retentate salinities of
< 100 g kg−1 (< 1.7 mol kg−1 NaCl) to avoid exceeding the maximum operating pressures
of current membranes. Furthermore, the high concentration of scale-forming ions in many
industrially-relevant brines, combined with the vulnerability of membrane and heat exchanger
surfaces to scaling-induced degradation, limits the use of several membrane-based and ther-
mal desalination processes [17–20]. When treating high-salinity brines, thermal desalination
systems, including multi-effect distillation (MED), multi-stage flash (MSF), and mechanical
vapor compression (MVC), require extensive pretreatment and maintenance combined with
corrosion-resistant materials to mitigate the deleterious impact of scaling [1, 2].

Solvent-driven water extraction (SDWE) has the potential to efficiently desalinate highly-
saline feed streams up to saturation using a partially water-miscible solvent [21–32]. In
SDWE, the saline feed stream is contacted with an extraction solvent, typically an organic
compound, in a liquid-liquid separator (LLS) forming two distinct liquid phases. Water
is extracted from the aqueous phase into the organic phase until liquid-liquid equilibrium
(LLE) is reached (Figure 1). The majority of dissolved electrolytes remain in the aqueous
stream, which forms the concentrated brine. The water-laden organic stream is passed to
a regeneration step, where water and the extraction solvent are separated yielding purified
water and recycled organic solvent. In SDWE, water-electrolyte separation occurs at a non-
stationary liquid-liquid interface. Consequently, scalant precipitation and foulant deposition
occur away from critical membrane or heat exchanger surfaces. Strategic selection of the
extraction solvent can maximize the water recovery and salt rejection, while minimizing
the energy consumption of the solvent regeneration step. Previous experimental studies
have explored a range of extraction solvent chemistries, including liquid polymers [23, 24],
ketones [33], nitriles [33], amines [21, 22, 30, 33, 34], and carboxylic acids [25–28, 28, 35, 36].
Solvent regeneration in each of these systems is driven by a temperature swing that lowers
the water content of the organic phase at LLE.

Dimethyl ether (DME, CH3OCH3) is a polar aprotic organic solvent that is partially
miscible with water. The low polarity of DME, which has a dielectric constant of less than 5.0,
minimizes the solubility of electrolytes in the organic phase at LLE enabling near perfect salt
rejection [37]. DME’s high volatility—a vapor pressure of 5.9 bar at 298 K—enables the rapid
and efficient separation of water–DME mixtures after extraction using energy sources ranging
from electrical power to ultra-low-grade, or “waste”, heat (< 50 °C) [38]. Furthermore, the
low boiling point of DME, 269 K at 1.0 bar, can be leveraged to minimize fugitive solvent
loss in the concentrated brine and desalinated water.

In this study, we build a computational framework to quantify the separation perfor-
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mance of a SDWE system that uses DME to extract water from a highly-saline feed stream
in a multistage LLS (Figure 1). We begin by developing a computational platform based
on the LIQUAC excess Gibbs free energy model for aqueous-organic-electrolyte mixtures,
which combines the UNIQUAC activity coefficient model for short-range interactions with
a Pitzer-like electrolyte solution model for middle- and long-range interactions. Isofugacity
calculations are then performed using the LIQUAC excess Gibbs free energy model combined
with the Peng-Robinson Stryjek-Vera 2 (PRSV2) equation of state, to determine equilibrium
phase compositions for water–DME–NaCl mixtures. LIQUAC interaction parameters are
estimated through the nonlinear regression of fluid phase equilibrium and osmotic coefficient
data using metaheuristic global optimization techniques. Maximum likelihood estimators
for DME–Na+ and DME–Cl− interaction parameters are calculated for the first time using
recently published liquid-liquid equilibrium (LLE) data for water–DME–NaCl mixtures. A
computational model of a multistage counter-current LLS is then developed incorporating
LLE calculations based on the LIQUAC excess Gibbs free energy model with the newly
estimated interaction parameters. Finally, we analyze the impact of feed molality, temper-
ature, and staging on SDWE performance, focusing on water recovery, brine concentration,
and required inlet DME to saline feed flow rate ratios. We conclude by examining the po-
tential for DME-based SDWE to concentrate brines to the near-saturation levels required
for minimal- and zero-liquid discharge applications and analyzing separation performance in
salient limiting cases.
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Figure 1: A schematic diagram of the liquid-liquid extraction system. The saline feed stream flows
into the liquid-liquid separator where it is contacted with dimethyl ether (DME). The resulting
water-dimethyl ether-sodium chloride mixture forms two distinct liquid phases: (1) an aqueous phase
that exits the separator as the concentrated brine; and, (2) a DME-rich organic phase containing
extracted water and negligible amounts of dissolved sodium chloride. The water-laden DME-rich
stream passes to a solvent regeneration step for separation yielding desalinated water and DME,
which is recycled into the separator.

2. Phase Equilibria in Water-Dimethyl Ether-Sodium Chloride Mixtures

In solvent-driven water extraction (SDWE) the saline feed water is mixed with dimethyl
ether (DME) forming two liquid phases. A portion of the water from the saline feed is ex-
tracted into the DME-rich organic phase, while sodium chloride (NaCl) and other dissolved
electrolytes remain in the aqueous phase. Quantifying the water recovery and brine concen-
tration ratios attainable requires a rigorous understanding of the composition of the aqueous
and organic liquid phases at each stage of the liquid-liquid separator (LLS). The composition
of the aqueous (aq) and organic (org) phases at liquid-liquid equilibrium (LLE) at tempera-
ture T can be calculated by solving the isoactivity condition for each chemical species that
is present in both liquid phases

γaq
i

(
T,xaq

)
xaq
i = γorg

i

(
T,xorg

)
xorg
i (1)

where xp
i and γp

i are the mole fraction and activity coefficient of species i in phase p, respec-
tively, and xp is the mole fraction composition vector of phase p. The activity coefficient of
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each species in each phase is calculated as a function of the mixture temperature and phase
composition using an excess Gibbs free energy model (Section 2.1).

The regression of vapor-liquid and vapor-liquid-liquid equilibrium (VLE and VLLE, re-
spectively) data can be used to augment LLE data in the estimation of interaction parameters
for water–DME–NaCl mixtures. The VLE composition of the liquid (L) and vapor (V) phases
at temperature T and pressure P can be calculated by solving the isofugacity condition for
each volatile chemical species

γL
i

(
T,xL

)
xL
i P

sat
i

(
T
)
φL,sat
i

(
T, P

)
= xVi Pφ̄V

i

(
T, P,xV

)
(2)

where φp
i is the fugacity coefficient of species i in phase p and the superscript sat represents

saturation point for the pure component. The vapor-phase fugacity coefficient of water
and DME is calculated as a function of the mixture’s temperature, pressure, and vapor
composition using an equation of state with mixing rules (Section 2.2).

2.1. Excess Gibbs Free Energy Model for Liquid-Liquid Equilibrium Calculations

The LIQUAC excess Gibbs free energy (Gex) model is used to capture non-ideal behav-
ior in liquid-phase water–DME–NaCl mixtures [39–50]. LIQUAC combines the UNIQUAC
activity coefficient model for short-range interactions with a Pitzer-like electrolyte solution
model for middle- and long-range interactions. The excess Gibbs free energy resulting from
short-range interactions (Gex

SR) is [39, 44, 45, 50]

Gex
SR

RT
=
∑
i

xi ln

(
φi

xi

)
+

z

2

∑
i

qixi ln

(
θi
φi

)
−
∑
i

qixi ln

(∑
j

θjτji

)
(3)

where xi is the mole fraction of species i; ri and qi denote the van der Waals volume and
surface area parameters for species i, respectively; φi = xiri/

∑
j xjrj and θi = xiqi/

∑
j xjqj

denote the volume and area fractions of species i, respectively; z denotes the average coordi-
nation number of a molecule; and τji is the normalized interaction energy parameter between
species i and j. The middle-range contribution to Gex, which encompasses cation-anion,
ion-dipole, and ion-induced dipole interactions, is [40–43, 49, 51]

Gex
MR

RT
=

Nsol∑
i=1

Nion∑
j=1

[
Bij

(
Im
)
ximj

]
+ xsolMsol

Ncation∑
jc=1

Nanion∑
ja=1

[
Bjcja

(
Im
)
mjcmja

]
(4)

where Msol is the molar mass of the uncharged solvent, mi is the molality of species i, Im is
the ionic strength, Bij is the interaction coefficient between uncharged species i and ion j,
and Bjcja is the interaction coefficients between cation jc and anion ja. Nsol, Nion, Ncation,

6

https://doi.org/10.1016/j.cej.2021.134391


Deshmukh et. al. 2022 10.1016/j.cej.2021.134391

and Nanion denote the total number of uncharged or solvent, ionic, cationic, and anionic
species in the mixture, respectively. Ionic strength is defined as: Im = (1/2)

∑Nion

j=1 mjz
2
j ,

where zj is the charge number of ion j. Finally, the long-range contribution to Gex, which
accounts for electrostatic forces between ions in the solvent medium, is given by the extended
Debye-Hückel expression [52, 53]

Gex
LR

RT
= −xsolMsolNAκ

3ε0εsolRT

Nion∑
j=1

mjz
2
j e

2τ (κa) (5)

where κ is the inverse Debye length, a is the distance of closest approach between ions,
and τ is a function of the reduced Debye length (κa). Equation 5 can be approximated
by: [40, 41, 54–56]

Gex
LR

RT
= −4xsolMsolADH

b3DH

[
ln
(
1 + bDH

√
Im

)
− bDH

√
Im +

b2DHIm
2

]
(6)

where ADH and bDH are Debye-Hückel parameters. The Debye-Hückel parameters are a
function of solvent mixture temperature (T ), density (ρsol), and dielectric constant (εsol):
ADH = k

(A)
DH

√
ρsol/(εsolT )3 and bDH = k

(b)
DH

√
ρsol/(εsolT ). The constants k

(A)
DH and k

(b)
DH are

1.3278×105 mol−0.5 m1.5 K1.5 and 6.3597 mol−0.5 m1.5 K0.5, respectively. In this study, volume-
averaged estimates for the solvent density and dielectric constant are used: ρsol =

∑Nsol

i v′iρi

and εsol =
∑Nsol

i v′iεi, respectively, where v′i is the salt-free volume fraction of solvent species
i [57].

The rational activity coefficient (γi) of each species i, which is defined as: RT ln γi =

(∂NGex/∂Ni)T,P,Nj 6=i
, can be expressed in terms of short-, middle-, and long-range contribu-

tions using Equations 3, 4, and 6 ,respectively. The short-range UNIQUAC-based contribu-
tion to γi is

ln γSR
i = ln

(
φi

xi

)
− zqi

2
ln

(
φi

θi

)
+ li−

φi

xi

∑
j

xjlj+qi

[
1− ln

(∑
j

θjτji

)
−
∑
j

(
θjτji∑
j θkτkj

)]
(7)

where the parameter li is defined as: li = [(ri − qi) z/2]−(ri − 1). The normalized interaction
energy parameter τji is given by:

ln τji = −∆uji

RT
≈

a
(0)
ji

T
+ a

(1)
ji (8)

where ∆uji represents the difference in average interaction energy between the j-i and i-i
species pairs, a(0)ji and a

(1)
ji are short-range interaction energy parameters that are determined
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through the regression of experimental data, R denotes the universal gas constant, and T

denotes absolute temperature of the mixture. The middle-range LIQUAC-based contribution
to γi for solvent species is

ln γMR
i =

Nion∑
j=1

[Bij (Im)mj]−
(

Mi

Msol

) Nsol∑
i=1

Nion∑
j=1

{[
Bij

(
Im
)
+ ImB

′
ij

(
Im
)]

x′
imj

}
−Mi

Ncation∑
jc=1

Nanion∑
ja=1

{[
Bjcja

(
Im
)
+ ImB

′
jcja

(
Im
)]

mjcmja

}
(9)

Coefficients for middle-range solvent-ion and cation-anion interactions (Bij and Bjcja , respec-
tively) are given by [40–43, 46, 48, 49, 51]

Bij = bij + cij exp
(
α
(0)
ij

√
Im + α

(1)
ij Im

)
(10)

Bjcja = bjcja + cjcja exp
(
α
(0)
jcja

√
Im + α

(1)
jcja

Im

)
(11)

where bij, cij, bjcja , and cjcja are middle-range interaction parameters that are determined
through the regression of experimental data for each solvent-ion and cation-anion pair. The
parameters α(0)

ij , α(1)
ij , α(0)

jcja
, and α

(1)
jcja

are fixed at −1.2, 0.25, −1.0, and 0.125, respectively [51].
The contribution of solvent-solvent, cation-cation, and anion-anion middle-range interactions
are considered negligible. The long-range extended-Debye-Hückel contribution to γi for sol-
vent species is [50, 53, 58, 59]

ln γLR
i =

2ADHMiρsol
b3DHρi

[
1 + bDH

√
Im − 1

1 + bDH

√
Im

− 2 ln
(
1 + bDH

√
Im

)]
(12)

2.2. Equation of State Model for Vapor-Liquid and Vapor-Liquid-Liquid Equilibrium Calcu-
lations

The Peng-Robinson Stryjek-Vera 2 (PRSV2) cubic equation of state combined with the
van der Waals one-fluid mixing rule is used to model pressure-volume-temperature behavior
of vapor- and liquid-phase water–DME mixtures, giving the vapor pressure (P ) of a mixture
in terms of its absolute temperature (T ) and molar volume (V ) [50, 60–66]

P =
RT

V − bmix

− amix

V 2 + 2bmixV − b2mix

(13)

where R is the universal gas constant, while amix and bmix are the molecular interaction
and volume parameters of the mixture, respectively. Using the van der Waals one-fluid
mixing rule, mixture parameters amix and bmix are defined as: amix =

∑
i

∑
j xixjaij and
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bmix =
∑

i

∑
j xixjbij, respectively. The combining rules for aij and bij are: aij =

√
aiaj(1−

kij), where kij is the binary interaction energy parameter between species i and j, and
bij = (bi + bj)/2, respectively. Using the PRSV2 equation of state, the fugacity coefficient of
species i (φ̄p

i ) in the vapor- or liquid-phase p is given by [50, 60–63, 67]

ln φ̄p
i =

bi
bmix

(Zp
mix − 1)− ln

(
Zp

mix −
bmixP

RT

)

− amix

2
√
2bmixRT

[
2
∑

j(xjaij)

amix

− bi
bmix

]
ln

Zp
mix +

(
1 +

√
2
) bmixP

RT

Zp
mix +

(
1−

√
2
) bmixP

RT

 (14)

where Zp is the compressibility factor of phase p: Zp = PV p/(RT ) (please see Appendix
A). In this study, the PRSV2 parameters a and b for water and DME are taken from Stry-
jek and Vera [63] and kij is set to zero throughout.

3. Estimation of Excess Gibbs Free Energy Model Parameters

Expressions for the short- and middle-range contributions to the excess Gibbs free en-
ergy (Equations 7 and 9, respectively) contain interaction parameters that must be esti-
mated through the regression of experimental data, predicted using group contribution meth-
ods [46, 48, 51, 68–70], or calculated from first-principles simulations [71–79]. In this work, ex-
perimental data from liquid-liquid, vapor-liquid, vapor-liquid-liquid equilibrium (LLE, VLE,
and VLLE, respectively) is combined with osmotic coefficient measurements to determine the
short- (a(0)ji and a

(1)
ji in Equation 7) and middle-range interaction parameters (bij, cij, bjcja ,

and cjcja in Equation 9) in the LIQUAC model.
Regression is performed in three stages: (1) LLE, VLE, and VLLE data [80] is used

to estimate H2O–CH3OCH3 interaction parameters (Section 3.1); (2) osmotic coefficient
data [81–83] is used to estimate H2O–Na+, H2O–Cl−, and Na+–Cl− parameters (Section 3.2);
and, (3) LLE data [84] is used to estimate CH3OCH3–Na+ and CH3OCH3–Cl− parameters
(please see Figure B.7 in Appendix B). In each stage, nonlinear least squares estimators are
calculated using the generalized simulated annealing algorithm with local search for global
optimization followed by the Broyden-Fletcher-Goldfarb-Shanno algorithm for local optimiza-
tion implemented in Python using the SciPy package [44, 45, 85–92]. Previous studies have
shown that fluid phase equilibrium calculations are relatively insensitive to the short-range
interaction energy parameters between solvent-ion and cation-anion pairs [46, 48, 49]. Con-
sequently, to reduce the number of estimated parameters and minimize the risk of overfitting,
short-range interaction energy parameters between solvent-ion and cation-anion pairs are set
to zero following the approach of Yan et al. [46], Kiepe et al. [48], and Zuend et al. [49].
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LLE and VLE phase compositions are determined by solving Equations 1 and 2, respec-
tively, for water and DME at a specified temperature and pressure. VLLE pressures and
phase compositions are calculated by simultaneously solving Equation 1 for LLE between
aqueous and organic liquid phases and Equation 2 for the VLE bubble point pressure be-
tween each liquid phase at its LLE composition and a common vapor phase at a specified
temperature. In both isoactivity and isofugacity calculations, Equations 7, 9, and 12 are used
to calculate water and DME activity coefficients as a function of mixture composition using
estimated interaction parameters. Relative van der Waals surface area and volume parame-
ters are either calculated using the UNIFAC group contribution method for water and DME
molecules [93, 94] or taken from Mohs et al. [51] for sodium and chloride ions (please see
Table B.6 in Appendix B). Vapor-phase fugacity coefficients for water and DME are calcu-
lated using Equation 14 for a specified temperature and pressure [50, 94]. Pure liquid-phase
fugacity coefficients for water and DME at saturation are determined using Equation 14 with
saturation pressures calculated as a function of temperature using the Design Institute for
Physical Properties database [95]. Water and DME pure component acentric factors and
characteristic κ parameters for the Peng-Robinson Stryjek-Vera 2 (PRSV2) equation of state
are taken from Stryjek and Vera [63]. In each case, nonlinear equations are solved numeri-
cally using modified Powell’s method implemented in Python using the SciPy package [85].
Expressions for the UNIQUAC, UNIFAC, and PRSV2 models use computer code from the
Thermo package in Python [94].

3.1. Water-Dimethyl Ether Interaction Parameters

The nonlinear least squares estimators for short-range water–DME (H2O–CH3OCH3)
interaction energy parameters

(
θ1 =

[
a
(0)
12 , a

(0)
21 , a

(1)
12 , a

(1)
21

])
are calculated through the regres-

sion of LLE, VLE, and VLLE data for mixtures containing water and DME from Holl-
dorff and Knapp [96]

θ1 =argmin
θ′
1∈R4


nexp
aq∑

k=1

[
xexp
aq,k − xmod

aq,k

(
θ′
1

)
σaq,k

]2
+

nexp
org∑

k=1

[
xexp
org,k − xmod

org,k

(
θ′
1

)
σorg,k

]2

+

nexp
VLE∑
k=1

[
P exp
VLE,k − Pmod

VLE,k

(
θ′
1

)
σVLE,k

]2
+

nexp
VLLE∑
k=1

[
P exp
VLLE,k − Pmod

VLLE,k

(
θ′
1

)
σVLLE,k

]2 (15)

where σ represents the standard deviation of experimental uncertainties for a given mea-
surement and the superscripts exp and mod denote experimentally-measured and model-
calculated quantities. The standard deviation of experimental uncertainties in water–DME
mixtures is set to 1.0 × 10−4 for aqueous and organic composition measurements (σaq and
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σorg, respectively) and 0.05 kPa for VLE and VLLE pressure measurements (σVLE and σVLLE,
respectively), based on the bias uncertainty of the experimental apparatus used during data
collection [80, 96].

3.2. Water-Sodium Chloride Interaction Parameters

The osmotic coefficient of solvent species i (φosm
i ) can be calculated from its rational

activity coefficient and the molality (mj) of each ionic species j

φosm
i =

− ln(γixi)

Mi

∑Nion

j=1 mj

(16)

where Mi is the molar mass of species i and Nion is the number of ions in solution.
The nonlinear least squares estimators for middle-range water–Na+, water–Cl−, and

Na+–Cl− interaction parameters (θ2 = [c13, c14, b34, c34]) are calculated through the regres-
sion of osmotic coefficient data for mixtures containing water and NaCl from the Idaho
Database of Solution Thermodynamics [81–83] and Partanen et al. [97, 98]

θ2 = argmin
θ′
2∈R4


nexp
osm∑
k=1

[
φosm,exp
aq,k − φosm,mod

aq,k

(
θ′
2

)
σosm,k

]2 (17)

The standard deviation of experimental uncertainties in water-NaCl mixtures is set to 0.001

for osmotic coefficient measurements (σosm) [81, 97, 98]. The LIQUAC expression for the ex-
cess Gibbs free energy of a single solvent mixture is independent of middle-range bij interac-
tion parameters for solvent-ion pairs. Consequently, the middle-range interaction parameters
b13 and b14, which correspond to water–Na+ and water–Cl− interactions, respectively, cannot
be estimated through the regression of osmotic coefficient data for water-NaCl mixtures.

3.3. Dimethyl Ether-Sodium Chloride Interaction Parameters

The nonlinear least squares estimators for middle-range DME–Na+ and DME–Cl− inter-
action parameters, along with the remaining subset of middle-range water–Na+ and water–Cl−

parameters, (θ3 = [b13, b14, b23, c23, b24, c24]) are calculated through the regression of LLE data
for mixtures containing water, DME, and NaCl from McNally et al. [84]

θ3 = argmin
θ′
3∈R6


nexp
aq∑

k=1

[
xexp
aq,k − xmod

aq,k

(
θ1,θ2,θ

′
3

)
σaq,k

]2 (18)

The standard deviation of experimental data for aqueous composition measurements (σaq) in
water–DME–NaCl mixtures is set to 1.0 × 10−3 based on the experimental uncertainties of
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the reported measurements [84]. Optimal values of previously calculated sets of water–DME,
water–Na+, and water–Cl− interaction parameters (θ1 and θ2) are kept constant during
the estimation of DME–Na+ and DME–Cl− interaction parameters (θ3) using Equation 18.
Experimental measurements demonstrate that the concentration of Na+ and Cl− ions in
the organic phase of a water–DME–NaCl mixture at LLE is negligible as a result of the
low polarity of DME (please see Appendix C). Consequently, LLE phase compositions for
water–DME–NaCl mixtures can be calculated by solving Equation 1 for water and DME at
a specified system temperature and aqueous-phase sodium chloride concentration.

3.4. Modeling Liquid-Liquid Equilibrium in Water-Dimethyl Ether-Sodium Chloride Mixtures
with Estimated Interaction Parameters

Table 1 lists the nonlinear least squares estimates of the short- (a(0)ji and a
(1)
ji in Equa-

tion 7) and middle-range interaction parameters (bij, cij, bjcja , and cjcja in Equation 9) deter-
mined through the regression of electrolyte fluid phase equilibria and osmotic coefficient data
(Equations 15, 17, and 18). The parameters presented in Table 1 are incorporated into the
LIQUAC excess Gibbs free energy model for fluid phase equilibria calculations throughout
the remainder of this study.

Table 1: Short- and middle-range interaction parameters for the LIQUAC model estimated through
the nonlinear regression of liquid-liquid, vapor-liquid, and vapor-liquid-liquid phase equilibrium
(LLE, VLE, and VLLE, respectively) data for water–DME (Equation 15), osmotic coefficient data
for water-NaCl (Equation 17), and LLE data for water–DME–NaCl mixtures (Equation 18).

Chemical Species Short-Range Interaction Parameters
i j a

(0)
ij (K) a

(0)
ji (K) a

(1)
ij a

(1)
ji

H2O CH3OCH3 282.6 −798.6 −1.059 1.149

Chemical Species Middle-Range Interaction Parameters
i j bij cij

H2O Na+ −2.514× 10−2 1.183× 10−1

H2O Cl− −8.798× 10−2 −1.199× 10−1

CH3OCH3 Na+ −2.348× 10−2 1.671× 10−1

CH3OCH3 Cl− 5.662× 10−3 1.197× 10−1

Na+ Cl− 1.699× 10−1 −2.267× 10−1

Figure 2A shows the salt-free water mole fraction (x′
H2O

) in the aqueous (right-hand side)
and organic phases (left-hand side) for a water–DME–NaCl mixture at LLE as a function
of equilibrium temperature (T ) for a range of aqueous-phase NaCl concentrations (xNaCl).
Aqueous- and organic-phase compositions are calculated using the LIQUAC excess Gibbs
free energy model with NaCl mole fractions increasing from 0.00 (black curves) to 0.08

(lightest blue curves). The LIQUAC model, which reduces to UNIQUAC in the absence of
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ionic species, effectively captures experimental LLE composition measurements for water–
DME mixtures (black circles, Holldorff and Knapp [96]) across a temperature range from
250 K to 330 K with a mean absolute error (MAE) between the experimentally-measured
and model-calculated water mole fractions of 5.9 × 10−3. Figure 2B shows the aqueous-
phase salt-free water mole fraction for a water–DME–NaCl mixture at LLE as a function
of aqueous-phase NaCl concentration. Aqueous-phase compositions are calculated using the
LIQUAC excess Gibbs free energy model at temperatures of 283 K (dark green curve),
298 K (green curve), and 313 K (light green curve). Part of the ternary diagram of the
aqueous phase of the water–DME–NaCl mixture at LLE is shown in the Figure 2B Inset.
The LIQUAC model accurately captures experimental LLE composition measurements for
water–DME–NaCl mixtures (black diamonds, McNally et al. [84]) at a temperature of 298 K

with a MAE between the experimental and modeled water mole fractions of 8.9 × 10−4.
Equilibrium calculations are performed treating Na+ and Cl− as separate species.
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Figure 2: (A) Salt-free water mole fraction (x′H2O
) in the aqueous (right hand side) and organic (left

hand side) phases for a water–DME–NaCl mixture at liquid-liquid equilibrium (LLE) as a function
of equilibrium temperature (T ) for different aqueous-phase NaCl concentrations (xNaCl). Water-
DME mixture phase compositions (black curves) were determined using UNIQUAC parameters
estimated from the nonlinear regression of fluid phase equilibria data (Table 1). Water-DME–NaCl
mixture phase compositions (blue curves) were determined using LIQUAC parameters regressed
from electrolyte fluid phase equilibria and osmotic coefficient data (Table 1). (B) Salt-free water
mole fraction (x′H2O

) in the aqueous phase of a water–DME–NaCl mixture at LLE as a function
of aqueous-phase NaCl mole fraction (xaqNaCl) for different equilibrium temperatures (T ). (B, Inset)
Ternary diagram for the aqueous phase of a water–DME–NaCl mixture at LLE. Calculations are
performed treating Na+ and Cl− as separate species.
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The introduction of a salt can drastically alter the phase equilibria of a solvent mixture,
particularly when its constituent ions interact preferentially with one solvent species relative
to another [99]. Salts comprising small ions, such as NaCl, can interact strongly with highly
polar solvents, such as water, enhancing solvent structure and lowering the chemical potential
of more polar solvent species [100–107]. At equilibrium, a salt-driven reduction in the chemi-
cal potential of the more polar solvent species relative to the less polar species often leads to
the enrichment of the more polar solvent in the salt-containing phase and its depletion from
the fluid phase that does not contain salt [99]. Accurately quantifying the impact of ionic
species on fluid phase equilibria in solvent mixtures is essential to calculating the water recov-
ery attainable and the amount of solvent required for effective solvent-driven water extraction
(SDWE) from hypersaline brines. The aqueous- and organic-phase water–DME–NaCl mix-
ture phase compositions highlighted in this section are model calculated values determined
using LIQUAC parameters estimated from fluid phase equilibria and osmotic coefficient data
(Table 1).

Figure 2 highlights the pronounced impact of NaCl on LLE phase compositions in water–
DME–NaCl mixtures. Adding NaCl to the water–DME–NaCl mixture leads to a rapid salting
out of DME from the aqueous phase (Figure 2B). As the aqueous-phase NaCl mole fraction
(xaq

NaCl) is increased from 0.00 to 0.01, corresponding to a mixed-solvent NaCl molality (maq
NaCl)

of 0.47 mol kg−1, the aqueous-phase salt-free mole fraction of DME (x′
DME) decreases from

0.173 to 0.125. Further increasing xaq
NaCl from 0.01 to 0.04 (2.09 mol kg−1) leads to a decrease

in x′
DME to 0.068, while doubling xaq

NaCl from 0.04 to 0.08 (4.57 mol kg−1) halves x′
DME to

0.037.
The salting out of DME from the aqueous phase drives a corresponding reduction in the

organic-phase water mole fraction at LLE with increasing aqueous-phase NaCl mole fraction
(Figure 2A). This decrease in the water content of the organic phase lowers the water recovery
attainable as aqueous-phase salt concentration increases (Section 4). Increasing xaq

NaCl from
0.00 to 0.02 (0.98 mol kg−1) leads to a reduction in x′

H2O
from 0.156 to 0.140 in the organic

phase, which corresponds to a decrease in organic-phase salt-free water mass fraction (w′
H2O

)
from 0.067 to 0.060. Further increasing xaq

NaCl to 0.04 (2.09 mol kg−1) lowers x′
H2O

to 0.125

or w′
H2O

to 0.053, while x′
H2O

and w′
H2O

decrease to 0.090 and 0.037, respectively, as xaq
NaCl is

doubled to 0.08 (4.57 mol kg−1).
Mixture temperature (T ) has a comparatively moderate, though significant, impact on

LLE phase compositions over the 250 K to 330 K range (Figure 2A). Higher solution tem-
peratures drive an increase in the equilibrium water content of both the aqueous and organic
phases. Unlike most binary mixtures that exhibit liquid-liquid phase separation, the aque-
ous and organic phase compositions at LLE of water–DME mixtures do not converge with
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increasing temperature [108]. This anomalous aqueous-phase behavior in the 250 K to 330 K

range may be caused by the directional hydrogen bonding between water and DME [108].
Simultaneously increasing the organic-phase water content and reducing the aqueous-phase
DME content at LLE is highly advantageous in SDWE, maximizing water recovery while
minimizing solvent loss. Increasing mixture temperature from 290 K to 320 K drives a 27%

increase in the organic-phase salt-free water mole fraction from 0.146 to 0.187 in the absence
of NaCl. The impact of temperature is maintained across higher aqueous-phase salt concen-
trations, with x′

H2O
increasing by 28% from 0.039 to 0.050 as T is increased from 290 K to

320 K for a xaq
NaCl value of 0.08.

4. Water Extraction using a Multistage Counter-Current Liquid-Liquid Separa-
tor

Using the LIQUAC excess Gibbs free energy framework (Section 2) with interaction pa-
rameters estimated through the regression of experimental data (Section 3), a liquid-liquid
separator (LLS) model is developed to quantify the performance of solvent-driven water ex-
traction (SDWE). Figure 3A shows a schematic diagram of a counter-current LLS comprising
n equilibrium or theoretical stages for the DME-driven desalination or concentration of high-
salinity brines. The saline feed enters stage 1 forming the aqueous phase flowing from left to
right. The water concentration in the aqueous stream decreases, while its salt concentration
increases, in each stage of the LLS until it exits stage n as the concentrated brine. Similarly,
DME enters stage n as the organic phase flowing from right to left. The water content of the
DME-rich organic stream increases with each stage as water is transferred from the aqueous
to the organic phase. Finally, the organic stream comprising DME and the extracted wa-
ter exits the LLS from stage 1, passing to a solvent regeneration step. The aqueous-phase
concentration of NaCl increases at each stage, though its molar flow rate remains constant
given the negligible solubility of NaCl in the DME-rich organic phase. The aqueous and
organic streams leaving each equilibrium or ideal stage are assumed to be in thermodynamic
equilibrium, with the temperature (T ) and pressure (P ) constant across the LLS. Multistag-
ing the counter-current LLS enables the water-laden organic stream to be contacted with
an aqueous stream that is less saline than the final concentrated brine, enhancing the water
recovery attainable for a given inlet DME to saline feed flow rate ratio [95]. Though detailed
LLS process design calculations are beyond the scope of this study, the number of actual
stages required typically scales with the number of equilibrium stages [95].

At steady state and in the absence of any chemical reactions, a molar flow rate balance
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can be applied at each equilibrium or ideal stage a, giving

Ṅaq
a−1 + Ṅorg

a+1 = Ṅaq
a + Ṅorg

a (19)

where Ṅp
a is the molar flow rate of the liquid phase p stream leaving stage a, following the

leaving streams labeling convention. Superscripts aq and org denote properties of the aqueous
and organic streams, respectively. Using Equation 1, chemical liquid-liquid equilibrium (LLE)
between the aqueous and organic streams leaving each stage a gives

γaq
a,ix

aq
a,i = γorg

a,i x
org
a,i (20)

where xaq
a,i and γaq

a,i are the mole fraction and activity coefficient, respectively, of species i,
either water or DME, in the liquid phase p stream leaving stage a. For an n-stage counter-
current LLS, the molar flow rate and composition of the aqueous stream entering stage 1

(Ṅaq
0 , xaq

0,H2O
, xaq

0,DME, and xaq
0,NaCl) and the organic stream entering stage n (Ṅorg

n+1, x
org
n+1,H2O

,
and xorg

n+1,DME) are typically predefined. Given that NaCl remains in the aqueous phase, the
NaCl concentration of the aqueous stream leaving each stage a (xaq

a,NaCl) can be expressed
in terms of its initial molar flow rate (Ṅaq

a,NaCl): xaq
a,NaCl = Ṅaq

0,NaClx
aq
0,NaCl

/
Ṅaq

a,NaCl. The molar
flow rates of the aqueous streams leaving each of the n stages, Ṅ aq

=
[
Ṅaq

1 , Ṅaq
2 , . . . , Ṅaq

n

]
,

can be determined by solving the molar flow rate balance for water at each stage:

fH2O



Ṅaq

1

Ṅaq
2
...

Ṅaq
n


 =


Ṅaq

0 xaq
0,H2O

+ Ṅorg
2 xorg

2,H2O
− Ṅaq

1 xaq
1,H2O

− Ṅorg
1 xorg

1,H2O

Ṅaq
1 xaq

1,H2O
+ Ṅorg

3 xorg
3,H2O

− Ṅaq
2 xaq

2,H2O
− Ṅorg

2 xorg
2,H2O...

Ṅaq
n−1x

aq
n−1,H2O

+ Ṅorg
n+1x

org
n+1,H2O

− Ṅaq
n xaq

n,H2O
− Ṅorg

n xorg
n,H2O

 = 0 (21)

where fH2O : Rn → Rn is the stagewise water molar flow rate balance function. Equation 21
is solved numerically for Ṅ

aq using modified Powell’s method implemented in Python using
the SciPy package [85], incorporating the overall molar flow rate balance (Equation 19) and
equilibrium conditions (Equation 20) at each stage. System-level calculations are performed
by numerically solving for the input variable that satisfies a given target metric. For example,
the inlet saline feed to DME molar flow rate ratio (Ṅorg

n+1

/
Ṅaq

0 ) required to achieve a target
organic-free outlet concentrated brine molality (m′ aq,out?

NaCl ) can be determined by solving

fm′ aq,out
NaCl

(
Ṅorg

n+1

Ṅaq
0

)
=

xn,NaCl

xn,H2OMH2O

−m′ aq,out?
NaCl = 0 (22)

where fm′ aq,out
NaCl

: R1 → R1, and MH2O is the molar mass of water.
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Figure 3B shows the normalized molar flow rate of water (blue shading), DME (yellow
shading), and NaCl (green shading) in the aqueous (bottom row) and organic streams (top
row) of a one- (left column), two- (middle column), and three-stage (right column) LLS. In
each case, molar flow rates are normalized by the flow rate of the inlet saline feed stream
(Ṅaq,in

Feed or Ṅaq
0 using the leaving streams labeling notation). The inlet NaCl mole fraction

(xaq,in
NaCl or xaq

0,NaCl) and the inlet DME to feed molar flow rate ratio (Ṅorg,in
DME

/
Ṅaq,in

Feed or Ṅorg
n+1

/
Ṅaq

0 )
are 0.040 (2.3 mol kg−1) and 3.0, respectively. Equilibrium and molar flow rate calculations
are performed treating Na+ and Cl− as separate species throughout this study. For the water–
DME–NaCl mixtures studied, thermodynamic disequilibrium is greatest in the nth or last
stage, in which the organic stream comprising dry DME contacts the aqueous stream. The
water concentration of the recycled DME entering the LLS (xorg,in

H2O
or xorg

n+1,H2O
) is negligible,

and thus a large amount of water is transferred from the aqueous to organic stream in the
nth stage, irrespective of the total number of stages. The organic stream continues to extract
water as it flows from stage n to stage 1, though the amount of water transferred in each
stage steadily decreases. Conversely, DME is rapidly transferred from the organic to aqueous
stream in the first stage, where the saline feed, which has a DME concentration (xaq,in

DME) of
zero, contacts the DME-rich organic stream. For comparatively low- or moderate-salinity feed
streams (xaq,in

NaCl < 0.040 or maq,in
NaCl < 2.3 mol kg−1), a portion of the DME that is transferred

from the organic to aqueous stream in stage 1 is salted out by the increasing aqueous-phase
NaCl concentration in subsequent stages and passes back into the organic stream. For high
feed salinities (xaq,in

NaCl > 0.040) the transfer of DME from the organic to aqueous stream is
strongly limited by the high aqueous-phase NaCl concentration from the first equilibrium
stage (Figure 3B).
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Figure 3: (A) Schematic diagram of a countercurrent multistage liquid-liquid separator. DME ex-
tracts water from the aqueous stream causing the mole fraction of water in the aqueous stream
(xaqa,H2O

) to decrease from stage 1 to stage n, while the mole fraction of water in the organic
stream (xorga,H2O

) increases from stage n to stage 1. (B) Normalized molar flow rate of water (blue
bars), dimethyl ether (DME, yellow bars), and sodium chloride (NaCl, green bars) in the aqueous
(Ṅaq

a,i

/
Ṅaq

0 , bottom row, flowing left to right) and organic streams (Ṅorg
a,i

/
Ṅaq

0 , top row, flowing right
to left) in a one- (left), two- (center), and three-stage (right) countercurrent separator. Shading
represents the change in the normalized molar flow rate of species i across equilibrium stage a. The
initial NaCl concentration (xaq,inNaCl or xaq0,NaCl using the leaving streams labeling notation) and the
inlet DME to saline feed molar flow rate ratio (Ṅorg,in

DME

/
Ṅaq,in

Feed or Ṅorg
n+1

/
Ṅaq

0 ) are 0.40 (2.3 mol kg−1)
and 3.0, respectively. Calculations are performed treating Na+ and Cl− as separate species.

5. Water Recovery and Brine Concentration in Solvent-Driven Water Extraction

The liquid-liquid separator (LLS) model developed in Section 4 allows key performance
metrics for solvent-driven water extraction (SDWE), including the water recovery and brine
concentration ratios, to be quantified and analyzed. Liquid-liquid equilibrium (LLE) cal-
culations are performed using the LIQUAC excess Gibbs free energy model described in
Section 2, incorporating interaction parameters estimated in Section 3 (Table 1). Figure 4
shows the water recovery ratio (RH2O = Ṅorg,out

H2O

/
Ṅaq,in

H2O
, bars, primary axis) and extracted

water to DME molar flow rate ratio (Ṅorg,out
H2O

/
Ṅorg,out

DME = xorg,out
H2O

/(
1 − xorg,out

H2O

)
, diamonds,

secondary axis) as a function of feed molality (maq,in
NaCl) and the inlet DME to saline feed molar

flow rate ratio (Ṅorg,in
DME

/
Ṅaq,in

Feed ) for SDWE with a one-stage LLS (hatched bars and empty
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diamonds). The increase in water recovery ratio attainable using a two-stage counter-current
LLS (solid bars) and the water mole fraction in the organic stream leaving a two-stage LLS
(filled diamonds) are also shown. The water recovery ratio is defined as the molar flow rate of
water extracted by the organic stream (Ṅorg,out

H2O
or Ṅorg

1,H2O
using the leaving streams labeling

notation) divided by the molar flow rate of water entering the LLS in the saline feed (Ṅaq,in
H2O

or Ṅaq
0,H2O

). The inlet DME to saline feed molar flow rate ratio is defined as the molar flow
rate of the organic stream, which contains DME only, entering the LLS in stage n (Ṅorg,in

DME

or Ṅorg
n+1) divided by the molar flow rate of the saline feed, which contains water and NaCl,

entering stage 1 (Ṅaq,in
Feed or Ṅaq

0 ). Feed molality (maq,in
NaCl) increases from 1.0 mol kg−1 (darkest

bars and diamonds) to 2.5 mol kg−1 (lightest bars and diamonds), which corresponds to an
increase in feed sodium chloride mole fraction (xaq,in

NaCl) from 0.0177 to 0.0431.
Figure 4 highlights the potential for DME-based SDWE to achieve high water recovery

ratios from high-salinity brines. For an inlet molality of 1.0 mol kg−1, one-stage SDWE
is able to achieve a water recovery ratio of 0.324 with an inlet DME to saline feed flow
rate ratio of 2.0. Increasing the feed NaCl mole fraction leads to a small but sustained
decrease in water recovery ratio as raising the aqueous-phase NaCl concentration in each stage
drives a reduction in organic-phase water content at LLE (Figure 2A). As maq,in

NaCl increases
to 1.5 mol kg−1 (approximately 2.5 times the molality of seawater), RH2O drops to 0.309

with a Ṅorg,in
DME

/
Ṅaq,in

Feed of 2.0 for a one-stage extraction system. Further increasing maq,in
NaCl to

2.0 mol kg−1 and 2.5 mol kg−1, while keeping Ṅorg,in
DME

/
Ṅaq,in

Feed at 2.0, leads to an approximately
linear reduction in RH2O to 0.293 and 0.278, respectively.

Increasing the inlet DME to saline feed flow rate ratio drives a significant increase in
the attainable water recovery ratio. Increasing the molar flow rate of DME relative to the
flow rate of the saline feed increases the equilibrium water-carrying capacity of the organic
stream, enabling higher water recovery ratios. For example, for an maq,in

NaCl of 2.5 mol kg−1,
which is over four times the salinity of seawater, a Ṅorg,in

DME

/
Ṅaq,in

Feed ratio of 4.0 can achieve
a RH2O of 0.481 for one-stage SDWE, 73% higher than the water recovery ratio achieved
with an Ṅorg,in

DME

/
Ṅaq,in

Feed of 2.0. For one-stage SDWE, the increase in RH2O with increasing
Ṅorg,in

DME

/
Ṅaq,in

Feed is accompanied by a decrease in the extracted water to DME molar flow rate
ratio (Ṅorg,out

H2O

/
Ṅorg,out

DME ). An increase in water recovery ratio leads to an increase in the NaCl
mole fraction of the concentrated brine (xaq,out

NaCl ) causing a reduction in the extracted water
mole fraction xorg,out

H2O
at LLE (Figure 2A). A reduction in Ṅorg,out

H2O

/
Ṅorg,out

DME leads to an increase
in the molar amount of organic solvent that must be regenerated and recycled per mole of
water extracted. For an inlet feed molality of 1.0 mol kg−1, doubling Ṅorg,in

DME

/
Ṅaq,in

Feed from
2.0 to 4.0, which yields a 84% increase in RH2O, results in a decrease in Ṅorg,out

H2O

/
Ṅorg,out

DME

from 0.162 to 0.145, increasing the moles of DME that must be recycled per mole of water
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produced by 12%.
Figure 4 illustrates the significant role of staging in simultaneously increasing the water

recovery and extracted water to DME molar flow rate ratios for a given feed molality and
inlet DME to saline feed molar flow rate ratio. The impact of staging is more pronounced
for higher RH2O values as both the aqueous and organic streams undergo a larger change
in equilibrium state as they flow through the LLS. For an maq,in

NaCl of 1.0 mol kg−1 and a
Ṅorg,in

DME

/
Ṅaq,in

Feed of 2.0, a two-stage SDWE system increases the water recovery ratio by only
0.017 from 0.324 to 0.341 compared to a one-stage system. By contrast, when Ṅorg,in

DME

/
Ṅaq,in

Feed

is 4.0, using a two-stage LLS yields a substantial increase in RH2O of 0.094 from 0.597, for
a one-stage system, to 0.691 with an inlet molality of 1.0 mol kg−1. In a LLS comprising a
single equilibrium stage, the outflowing aqueous stream is in thermodynamic equilibrium with
the outflowing organic stream leading to a trade-off between higher water recovery ratios and
lower extracted water to DME molar flow rate ratios (Figure 3B). Staging the LLS largely
decouples the positive impact of increasing Ṅorg,in

DME

/
Ṅaq,in

Feed on RH2O from its negative impact
on Ṅorg,out

H2O

/
Ṅorg,out

DME .
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Figure 4: Water recovery ratio (RH2O = Ṅorg,out
H2O

/
Ṅaq,in

H2O
, bars, primary axis) and extracted water

to DME molar flow rate ratio (Ṅorg,out
H2O

/
Ṅorg,out

DME , diamonds, secondary axis) as a function of feed
molality (maq,in

NaCl) and inlet dimethyl ether (DME) to saline feed molar flow rate ratio (Ṅorg,in
DME

/
Ṅaq,in

Feed )
for a one-stage (hatched bars and empty diamonds) and two-stage (solid bars and filled diamonds)
counter-current liquid-liquid separator. Feed molality (maq,in

NaCl) increases from 1.0 mol kg−1 (darkest
bars and diamonds) to 2.5 mol kg−1 (lightest bars and diamonds), which corresponds to an increase
in feed sodium chloride mole fraction (xaq,inNaCl) from 0.0177 to 0.0431. System temperature (T ) is
fixed at 300 K. Calculations are performed treating Na+ and Cl− as separate species.

DME-based SDWE can concentrate saline feed streams to the near-saturation salinities
that are required by minimal- and zero-liquid discharge (MLD and ZLD, respectively) pro-
cesses. Figure 5 shows the inlet DME to saline feed molar flow rate ratio (Ṅorg,in

DME

/
Ṅaq,in

Feed )
required to reach representative MLD (left panel) and ZLD (right panel) outlet concen-
trated brine molalities (m′ aq,out

NaCl ) of 4.0 mol kg−1 and 5.5 mol kg−1, respectively, calculated
on a organic-free basis, as a function of feed molality (maq,in

NaCl) for a one- (darker purple
curves) and two-stage (lighter orange curves) counter-current LLS. The target m′ aq,out

NaCl value
of 5.5 mol kg−1 for ZLD processing is based on the saturation concentration of NaCl in the
aqueous-phase of a water–DME–NaCl mixture [84]. System temperature is increased from
300 K (solid curves at the top edge of each shaded region) to 320 K (bottom edge). The water
recovery ratio (RH2O, secondary axis) can be expressed as a function of organic-free inlet saline
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feed and outlet concentrated brine molalities: RH2O = 1−
(
maq,in

NaCl/m
′ aq,out
NaCl

)
. The organic-free

molality of the inlet saline feed is equal to its mixed-solvent molality (m′ aq,in
NaCl = maq,in

NaCl) as the
saline feed stream does not contain DME.

Figure 5 demonstrates the potential for SDWE to reach the high brine salinities required
for MLD and ZLD processes across a wide range of feed molalities. Calculating the amount
of DME required to reach MLD and ZLD brine molalities, plays a central role in quantifying
SDWE process performance and determining its feasibility compared to other brine desalina-
tion and concentration processes. In an SDWE system comprising a single equilibrium stage
the outflowing aqueous stream, which forms the concentrated brine, is in thermodynamic
equilibrium with the outflowing organic stream, which comprises DME and extracted water
(Figure 3A). Consequently, the compositions of the aqueous and organic streams leaving a
one-stage LLS are fixed for a given outlet concentrated brine molality (m′ aq,out

NaCl ) and tem-
perature (T ). For an MLD m′ aq,out

NaCl value of 4.0 mol kg−1, the outlet extracted water mole
fraction (xorg,out

H2O
) from a one-stage LLS is 0.109 at 300 K, rising to 0.126 at 320 K, irre-

spective of maq,in
NaCl. Similarly for one-stage SDWE with a ZLD m′ aq,out

NaCl value of 5.5 mol kg−1,
xorg,out
H2O

is fixed at 0.093 for a system temperature of 300 K and 0.108 at 320 K. As a
result in one-stage SDWE, the required inlet DME to saline feed molar flow rate ratio de-
creases approximately linearly with feed molality Ṅorg,in

DME

/
Ṅaq,in

Feed = K1[1− (xaq,in
Na+ /K2)], where

xaq,in
Na+ = maq,in

NaCl/
[
(1/MH2O) + 2maq,in

NaCl

]
(please see Appendix D). The constant K1 decreases

from 8.2 to 6.9 for m′ aq,out
NaCl = 4.0 mol kg−1 and from 9.8 to 8.3 for m′ aq,out

NaCl = 5.5 mol kg−1 as
temperature is increased from 300 K to 320 K.

In a two-stage counter-current LLS, the outflowing aqueous and organic streams no longer
leave the same equilibrium stage (Figure 3A), and, therefore, the outlet extracted water
mole fraction (xorg,out

H2O
) can exceed values attained in a one-stage system. For high feed

molality values (maq,in
NaCl/m

′ aq,out
NaCl > 0.8), the water recovery is low (RH2O < 0.2) and the

required inlet DME to saline feed molar flow rate ratio is similar for a one- and two-stage
LLS as the thermodynamic state of the saline feed does not change significantly during the
SDWE process. As maq,in

NaCl decreases, the required Ṅorg,in
DME

/
Ṅaq,in

Feed for a two-stage LLS increases
more gradually compared to a one-stage LLS. For example, for a maq,in

NaCl of 2.0 mol kg−1,
the Ṅorg,in

DME

/
Ṅaq,in

Feed required for two-stage SDWE operating at 300 K is 3.82 and 4.33 for
MLD and ZLD target m′ aq,out

NaCl values of 4.0 mol kg−1 and 5.5 mol kg−1, respectively. These
Ṅorg,in

DME

/
Ṅaq,in

Feed values represent a 26% and 33% reduction compared to one-stage SDWE for
MLD and ZLD, respectively. Reducing maq,in

NaCl further leads to a plateau in the inlet DME to
saline feed molar flow rate ratio as the impact of increasing the water recovery ratio, which
drives an increase in Ṅorg,in

DME

/
Ṅaq,in

Feed , is balanced by the increase in extracted water mole
fraction, which lowers Ṅorg,in

DME

/
Ṅaq,in

Feed . As maq,in
NaCl is reduced to 0.0 mol kg−1, Ṅorg,in

DME

/
Ṅaq,in

Feed
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approaches: (1/xorg,bin
H2O

) − 1, where xorg,bin
H2O

is the organic-phase water mole fraction in a
binary water–DME mixture at LLE (left-hand side black curve in Figure 2A), corresponding
to 5.29 at 300 K and 4.35 at 320 K. In the maq,in

NaCl → 0.0 mol kg−1 limit, Ṅorg,in
DME

/
Ṅaq,in

Feed is
independent of m′ aq,out

NaCl and the number of stages (n), provided that n > 2, as the majority of
mass transfer occurs in the final stages (Figure 3B) and, thus, the NaCl mole fraction in the
aqueous stream leaving the first stage is negligible (please see Appendix D). Though DME-
based SDWE is able to reach the concentrated brine salinities required for MLD and ZLD,
the process is most effective when treating highly-saline feed streams (maq,out

NaCl > 2.0 mol kg−1,
over three times the salinity of seawater) as the amount of DME required increases rapidly
for less saline feed streams.

Increasing system temperature yields a significant reduction in the required inlet DME to
saline feed molar flow rate ratio across a range of feed molalities for both one- and two-stage
SDWE systems. Raising T leads to an increase in the organic-phase water mole fraction at
LLE (left-hand side curves in Figure 2A), which drives an increase in xorg,out

H2O
and, ultimately,

a monotonic reduction in Ṅorg,in
DME

/
Ṅaq,in

Feed . For example, for maq,in
NaCl = 2.0 mol kg−1 and a target

MLD m′ aq,out
NaCl value of 4.0 mol kg−1, increasing T from 300 K to 320 K yields a 15% reduction

in Ṅorg,in
DME

/
Ṅaq,in

Feed from 5.18 to 4.39 for a one-stage LLS and a 16% reduction in Ṅorg,in
DME

/
Ṅaq,in

Feed

from 3.82 to 3.21 for a two-stage system. For water–DME–NaCl mixtures, increasing T leads
to a reduction, rather than an increase, in the aqueous-phase DME mole fraction at LLE
(Figure 2), reducing the amount of DME lost in outflowing aqueous stream. Consequently,
increasing system temperature has uniformly positive impact on Ṅorg,in

DME

/
Ṅaq,in

Feed .
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Figure 5: Required inlet dimethyl ether (DME) to saline feed molar flow rate ratio (Ṅorg,in
DME

/
Ṅaq,in

Feed )
for a minimum-liquid discharge (MLD, left) and zero-liquid discharge (ZLD, right) process as a
function of feed molality (maq,in

NaCl) for a one-stage (darker purple curves) and two-stage (lighter orange
curves) counter-current liquid-liquid separator. MLD and ZLD processes are defined as having
an outlet concentrated brine molality (m′ aq,out

NaCl ) of 4.0 mol kg−1 and 5.5 mol kg−1, respectively,
calculated on a organic-free basis. System temperature increases from 300 K (solid curve at the
top edge of each shaded region) to 320 K (bottom edge). The values of Ṅorg,in

DME

/
Ṅaq,in

Feed in the limit
as maq,in

NaCl → 0 mol kg−1 are indicated for system temperatures of 300 K and 320 K (black dashed
lines). Calculations are performed treating Na+ and Cl− as separate species.

Brine concentration and volume reduction play an important role in minimizing the costs
associated with brine disposal while promoting efficacious brine valorization. Figure 6 shows
the organic-free saline feed to concentrated brine salt concentration ratio (m′ aq,out

NaCl /maq,in
NaCl,

panel A) and the extracted water to DME molar flow rate ratio (Ṅorg,out
H2O

/
Ṅorg,out

DME , panel B)
as a function of feed molality (maq,in

NaCl) and the inlet DME to saline feed molar flow rate ratio
(Ṅorg,in

DME

/
Ṅaq,in

Feed ) for SDWE with a one-stage LLS. As the solubility of NaCl in the organic
phase is negligible, the extracted water to DME molar flow rate ratio can be expressed in
terms of the extracted water mole fraction (xorg,out

H2O
): Ṅorg,out

H2O

/
Ṅorg,out

DME = xorg,out
H2O

/
(
1− xorg,out

H2O

)
.

The increase in m′ aq,out
NaCl /maq,in

NaCl and Ṅorg,out
H2O

/
Ṅorg,out

DME attainable using two-stage SDWE relative
to a one-stage system is indicated on their respective panels (white contour lines). The feed
sodium chloride mole fraction (secondary axis) is given by: xaq,in

NaCl = maq,in
NaCl

/[(
1/MH2O

)
+
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maq,in
NaCl

]
. System temperature is fixed at 300 K throughout.

Figure 6A illustrates the high saline feed to concentrated brine salt concentration ratios
attainable by SDWE across a wide range of feed molalities. The salt concentration ratio cal-
culated on an organic-free basis (m′ aq,out

NaCl /maq,in
NaCl) is inversely proportional to the water molar

or mass flow rate reduction ratio (Ṅaq,out
H2O

/
Ṅaq,in

H2O
or Ṁaq,out

H2O
/Ṁaq,in

H2O
, respectively) achieved by

an SDWE system. At the lower end of the feed salinity spectrum, a one-stage LLS is able
to achieve a m′ aq,out

NaCl /maq,in
NaCl ratio of 2.5 with maq,in

NaCl = 1.0 mol kg−1 and an inlet DME to
saline feed molar flow rate ratio of 4.0. For a highly-saline feed stream with a feed molal-
ity of 3.0 mol kg−1, one-stage SDWE can achieve a salt concentration ratio of 2.0 with a
Ṅorg,in

DME

/
Ṅaq,in

Feed of 5.0, taking the NaCl concentration in the outflowing aqueous stream close
to saturation. Salt concentration ratios decrease with increasing maq,in

NaCl as the correspond-
ing increase in xaq

NaCl in each stage lowers the water-content of the organic phase at LLE
(Figure 2A). Increasing Ṅorg,in

DME

/
Ṅaq,in

Feed rapidly increases the amount of water extracted as the
aqueous and organic streams equilibrate, driving an increase in m′ aq,out

NaCl /maq,in
NaCl.

Maximizing the extracted water to DME molar flow rate ratio (Ṅorg,out
H2O

/
Ṅorg,out

DME ) or ex-
tracted water mole fraction (xorg,out

H2O
) minimizes the moles of DME that must be regenerated

and recycled for every mole of desalinated water produced. Higher Ṅorg,out
H2O

/
Ṅorg,out

DME lower
both the energy consumption and size of the DME regeneration system that separates the
extracted water from the DME, recycling the latter back into the LLS. Figure 6B shows
that increasing either maq,in

NaCl or Ṅorg,in
DME

/
Ṅaq,in

Feed has a negative impact on Ṅorg,out
H2O

/
Ṅorg,out

DME for
one-stage SDWE. Increasing maq,in

NaCl or Ṅorg,in
DME

/
Ṅaq,in

Feed lead to an increase in the molality of
the outflowing aqueous stream (m′ aq,out

NaCl ), which results in a reduction in the water content
of the outflowing organic stream at LLE. Multistaging the LLS weakens the negative impact
of high m′ aq,out

NaCl values on xorg,out
H2O

. Consequently, using a multistage LLS partially overcomes
the trade-off between high saline feed to concentrated brine salt concentration ratios and
low extracted water to DME molar flow rate ratios. For feed molality values and inlet DME
to saline feed molar ratios higher than 2.0 mol kg−1 and 4.0, respectively, using a two-stage
system can simultaneously increase m′ aq,out

NaCl /maq,in
NaCl by 25% and Ṅorg,out

H2O

/
Ṅorg,out

DME by 20%.
Excessive solvent loss can hamper the effectiveness of SDWE systems, increasing cost and

requiring additional post-treatment steps to remove residual solvent from the concentrated
brine stream. Maximizing the DME recovery ratio ratio (RDME = Ṅorg,out

DME

/
Ṅorg,in

DME ) ensures
that solvent costs are kept to a minimum while minimizing the need for extensive post-
treatment. DME-based SDWE is able to achieve solvent recovery ratios of greater than 0.98

across a wide range of feed molalities (maq,in
NaCl > 1.0 mol kg−1) and inlet DME to saline feed

molar flow rate ratios (Ṅorg,in
DME

/
Ṅaq,in

Feed > 2.5) without additional separations steps (please see
Appendix E). Indeed, increasing maq,in

NaCl and Ṅorg,in
DME

/
Ṅaq,in

Feed drives an increase in RDME as DME
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is salted out from the aqueous phase of a water–DME–NaCl mixture at LLE (Figure E.9).
The equilibrium model developed in this study highlights the potential for DME-based

SDWE to treat hypersaline brines, achieving high water recovery (Figures 4 and 5) and brine
concentration ratios (Figure 6A). The required inlet DME to feed flow rate ratios and the
number of equilibrium stages calculated in this work are important practical design param-
eters for various LLS configurations, including mixer-settlers, packed columns, and spray
columns [95, 109, 110]. Combined with the density difference and interfacial tension be-
tween liquid phases, the parameters calculated in this study are central to the design and
sizing of LLS process equipment [95, 109, 110]. Further work is required to understand the
mass transfer between the aqueous and organic phases and the rate of phase separation in
water–DME–NaCl mixtures. For example, experimental measurements are needed to deter-
mine the interfacial tension between the aqueous and organic phases of a water–DME–NaCl
mixture, which controls the phase separation rate, as a function of temperature and NaCl
concentration. Furthermore, an effective DME regeneration and recycling system must be
conceptualized to estimate the energy efficiency of SDWE.

Coupled with an energy-efficient solvent regeneration system, DME-driven SDWE has
several practical applications ranging from hypersaline brine desalination for the concen-
tration of industrial wastewater to fractional precipitation for the enhanced recovery and
recycling of critical energy materials. At the molecular scale, further research is required
to understand the fluid phase equilibrium behavior of a broader range of aqueous-organic-
electrolyte mixtures, including multi-electrolyte mixtures [70, 111–113]. In particular, a
combined experimental and theoretical approach is needed to study the solvation of highly
concentrated electrolytes in multi-solvent solutions [114]. At the system scale, additional
work is needed to calculate energy consumption, size process equipment, and, ultimately,
estimate the cost and environmental footprint of SDWE systems.
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Figure 6: (A) Salt concentration factor (m′ aq,out
NaCl /maq,in

NaCl) as a function of feed molality (maq,in
NaCl) and

inlet DME to saline feed molar flow rate ratio (Ṅorg,in
DME

/
Ṅaq,in

Feed ) for one-stage solvent-driven water
extraction (SDWE). Concentration factors (m′ aq,out

NaCl /maq,in
NaCl) are calculated on a organic-free basis

and system temperature (T ) is fixed at 300 K. Contour lines (white curves) indicate the increase
in m′ aq,out

NaCl /maq,in
NaCl achieved by increasing the number of equilibrium or theoretical counter-current

liquid-liquid separator stages from one to two. Contour lines are truncated for high xaq,inNaCl and
Ṅorg,in

DME

/
Ṅaq,in

Feed values as sodium chloride saturation is reached in two-stage SDWE. The feed sodium
chloride mole fraction is given by: xaq,inNaCl = maq,in

NaCl

/[(
1/MH2O

)
+maq,in

NaCl

]
.
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Figure 6: [Continued] (B) Extracted water to DME molar flow rate ratio (Ṅorg,out
H2O

/
Ṅorg,out

DME ) as a
function of feed molality (maq,in

NaCl) and inlet DME to saline feed molar flow rate ratio (Ṅorg,in
DME

/
Ṅaq,in

Feed )
for one-stage SDWE. System temperature is fixed at 300 K. Contour lines (white curves) indicate
the increase in Ṅorg,out

H2O

/
Ṅorg,out

DME achieved by increasing the number of equilibrium stages from one
to two. The feed sodium chloride mole fraction is given by: xaq,inNaCl = maq,in

NaCl

/[(
1/MH2O

)
+maq,in

NaCl

]
.

Calculations are performed treating Na+ and Cl− as separate species.

6. Conclusions

Solvent-driven water extraction (SDWE) using dimethyl ether (DME) has the potential
to desalinate or concentrate aqueous feed streams, playing an important role in minimal- or
zero-liquid discharge processing and enhanced resource recovery. Mass transfer in SDWE
occurs at a liquid-liquid interface between an aqueous and organic phase, partially negating
the detrimental impact of scaling and fouling on critical membrane and heat transfer surfaces
in many desalination systems. In the preceding analysis, we develop an equilibrium-based
liquid-liquid separator (LLS) model to explore the potential for hypersaline brine desalination
using SDWE for the first time.

We begin by building a computational platform based on the LIQUAC model, which com-
bines the UNIQUAC model for short-range interactions with a Pitzer-like electrolyte solution
model for middle- and long-range interactions, to calculate the excess Gibbs free energy (Gex)
of water–DME–NaCl mixtures. Nonlinear least squares estimators for LIQUAC interaction
parameters are calculated through the regression of fluid phase equilibrium and osmotic co-
efficient data. DME–Na+ and DME–Cl− interaction parameters are estimated for the first
time using recently published liquid-liquid equilibrium (LLE) data for water–DME–NaCl
mixtures. The LIQUAC Gex model is then incorporated into an equilibrium-based computa-
tional model of a multistage counter-current LLS to calculate the water recovery and brine
concentration ratios attainable by SDWE using DME.

Using the LLS model we demonstrate that DME-based SDWE has the potential to desali-
nate high-salinity brines achieving high water recoveries. For example, with a feed molality
of 2.5 mol kg−1 (over four times the salinity of seawater), we show that a one-stage LLS
yields a water recovery ratio (RH2O) of 0.48 with an inlet DME to saline feed molar flow rate
ratio of 4.0 at 300 K, with RH2O increasing to 0.59 for two-stage SDWE. Our analysis illus-
trates that SDWE is able to reach the high concentrated brine salinities required for minimal-
or zero-liquid discharge for feed molalities ranging from 0.0 mol kg−1 to 5.0 mol kg−1 and
quantifies the amount of DME required. Finally, we highlight the importance of staging
in overcoming the trade-off between increasing water recovery ratio and reducing extracted
water mole fraction. The computational framework developed in this work enables the separa-
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tion performance of DME-based SDWE to be quantified for the first time. The methodology
formulated and the key limiting cases identified provide a platform for the analysis of other
solvents and electrolytes. The promising water recovery and brine concentration ratios at-
tainable using SDWE motivate future work examining mass transfer between liquid phases in
aqueous-organic-electrolyte mixtures and developing efficient solvent regeneration systems.
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Nomenclature

Roman Letters:
a
(0)
ij (K) UNIQUAC short-range interaction energy parameter between

species i and j

a
(1)
ij First-order expansion of UNIQUAC short-range interaction en-

ergy parameter between species i and j in temperature
amix (J kmol−1) Peng-Robinson mixture molecular interaction parameter
ADH (mol−0.5 kg0.5) Debye-Hückel parameter
bij LIQUAC middle-range interaction parameter between uncharged

species i and ion j

bjcja LIQUAC middle-range interaction parameter between cation jc

and anion ja

bDH (mol−0.5 kg0.5) Debye-Hückel parameter
bmix (m3 kmol−1) Peng-Robinson mixture volume parameter
Bij (kg kmol−1) LIQUAC interaction coefficient between uncharged species i and

ion j

Bjcja (kg kmol−1) LIQUAC interaction coefficient between cation jc and anion ja

cij LIQUAC middle-range interaction parameter between uncharged
species i and ion j

cjcja LIQUAC middle-range interaction parameter between cation jc

and anion ja

Gex (K) Excess molar Gibbs free energy of a mixture
Im (mol kg−1) Ionic strength of a mixture on a molal basis
mi (mol kg−1) Molality of solute species i

m′
i (mol kg−1) Molality of solute species i calculated on an organic-free basis

Mi (kg kmol−1) Molar mass of species i

Ṁi (kg s−1) Mass flow rate of species i

n Number of equilibrium stages
nexp
i Number of experimental measurements for property type i

Nanion Total number of anionic species
Ncation Total number of cationic species
Ni (kmol) Number of moles of species i

Nion Total number of ionic species
Nsol Total number of uncharged or solvent species
Ṅ j

i (kmol s−1) molar flow rate of species i in stream j
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NA (kmol−1) Avogadro constant
P (Pa) Pressure
qi Relative van der Waals surface area parameter for species i

ri Relative van der Waals volume parameter for species i

R (J kmol−1 K−1) universal gas constant
Ri Recovery ratio of species i

T (K) Temperature
vi Volume fraction of species i

v′i Volume fraction of species i calculated on an salt-free basis
V (m3 kmol−1) Molar volume of a mixture
wi Mass fraction of species i

w′
i Mass fraction of species i calculated on an salt-free basis

xi Mole fraction of species i

x′
i Mole fraction of species i calculated on an salt-free basis

xj mole fraction composition vector for phase or stream j

z Average coordination number of a molecule in the UNIQUAC
excess Gibbs free energy model (fixed value of 10)

zi Charge number of species i

Z Compressibility factor

Greek Letters:
γi Liquid-phase activity coefficient of species i

ε0 (F m−1) Vacuum permittivity
εi Dielectric constant of species i

θi van der Waals surface area fraction of species i

κi (m−1) Inverse Debye length
θi LIQUAC interaction parameter vector for nonlinear regression

step i

ρi (kg m−3) Mass density of species i

φi van der Waals volume fraction of species i

φosm
i osmotic coefficient of solvent species i

φ̄j
i Fugacity coefficient of species i in phase j

Superscripts and Subscripts:
aq Aqueous phase or aqueous stream
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bin Binary water-dimethyl ether mixture
DH Debye-Hückel parameter
ex Excess
exp Value determined through experimental measurement
in Liquid-liquid separator stream inlet
LR Long-range
mix Mixture properties
mod Value determined through modeling calculations
MR Middle-range
org Organic phase or organic stream
osm Osmotic coefficient
out Liquid-liquid separator stream outlet
sol Solvent mixture properties
SR Short-range

Abbreviations:
DME Dimethyl ether
ICP-OES Inductively coupled plasma optical emission spectrometry
LLE Liquid-liquid equilibrium
LLS Liquid-liquid separator
MAE Mean absolute error
MLD Minimal-liquid discharge
PRSV PengRobinson Stryjek-Vera
SDWE Solvent-driven water extraction
VLE Vapor-liquid equilibrium
VLLE Vapor-liquid-liquid equilibrium
ZLD Zero-liquid discharge
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Appendix A. Fugacity Coefficient in the Peng-Robinson Stryjek-Vera 2 Equa-
tion of State Model

The mixture parameters amix and bmix are defined in terms of the mole fractions of each
species (xi) using the van der Waals one-fluid mixing rule: amix =

∑
i

∑
j(xixjaij) and

bmix =
∑

i

∑
j(xixjbij), respectively. The averaged molecular interaction parameter aij is

typically expressed in terms of a binary interaction energy (kij) between species i and j:
aij =

√
aiaj(1 − kij), while the averaged molecular volume parameter bij is given by: bij =

(bi + bj)/2. The fugacity coefficient for species i (φ̄i) is given by [50]

ln φ̄i =
1

RT

∫ V=ZRT/P

V→∞

[
RT

V
−N

(
∂P

∂Ni

)
T,V ,Nj 6=i

]
dV − lnZ (A.1)

Integrating Equation A.1 using the Peng-Robinson Stryjek-Vera 2 (PRSV2) equation of state
(Equation 13) yields Equation 14 [50].

Appendix B. Estimating LIQUAC Excess Gibbs Free Energy Model Parameters

Figure B.7 illustrates the three steps of nonlinear regression used to calculate maximum
likelihood estimators for the interaction parameters required in the LIQUAC excess Gibbs
free energy model for water–DME–NaCl mixtures. In the Step 1 (purple shading), water–
DME LLE, VLE, and VLLE data [80] is used to estimate H2O–DME interaction parameters
(a(0)H2O–DME, a(0)DME–H2O

, a(1)H2O–DME, and a
(1)
DME–H2O

). In the Step 2 (green shading), water-NaCl
osmotic coefficient data [81, 83] is used to estimate H2O–Na+, H2O–Cl−, and Na+–Cl− param-
eters (cH2O–Na+ , cH2O–Cl− , bNa+–Cl− , and cNa+–Cl−). Finally, in the Step 3, water–DME–NaCl
LLE data [84] is used to estimate DME–Na+ and DME–Cl− parameters (bH2O–Na+ , bH2O–Cl− ,
bDME–Na+ , and cDME–Cl−). In the LIQUAC model, the excess Gibbs free energy of a mixture
containing a single solvent species is independent of the bij parameters for solvent-ion interac-
tions [46]. Consequently, the LIQUAC interaction parameters bH2O–Na+ and bH2O–Cl− cannot
be estimated from single-solvent water-NaCl osmotic coefficient data in Step 2. In this work,
bH2O–Na+ and bH2O–Cl− are instead estimated using mixed-solvent water–DME–NaCl LLE
data. The middle-range LIQUAC excess Gibbs free energy term accounts for include ion-
induced dipole, ion-dipole, and cation-anion interactions. Consequently, the middle-range
LIQUAC interaction parameters between uncharged solvent species are zero (bH2O–DME = 0

and cH2O–DME = 0). Middle-range LIQUAC interaction parameters are symmetric (bji = bij

and cji = cij).
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Figure B.7: Schematic diagram illustrating how the nonlinear regression of experimental fluid phase
equilibrium and osmotic coefficient data is used to estimate short- (a(0)ij and a

(1)
ij ) and middle-

range (bij and cij) interaction parameters for the LIQUAC model. Liquid-liquid, vapor-liquid,
and vapor-liquid-liquid phase equilibrium (LLE, VLE, and VLLE, respectively) data for water–
DME mixtures is used to estimate a

(0)
H2O–DME, a(0)DME–H2O

, a(1)H2O–DME, and a
(1)
DME–H2O

(Equation 15).
Osmotic coefficient data for water-NaCl mixtures is used to estimate cH2O–Na+ , cH2O–Cl− , bNa+–Cl− ,
and cNa+–Cl− (Equation 17). LLE data for water–DME–NaCl mixtures is used to estimate bH2O–Na+ ,
bH2O–Cl− , bDME–Na+ , and cDME–Cl− (Equation 18). Middle-range LIQUAC interaction parameters
are symmetric (bji = bij and cji = cij). Short-range interaction energy parameters between solvent-
ion and cation-anion pairs are set to zero to reduce overfitting [46, 48, 49].

Table B.6 shows the relative van der Waals surface area and volume parameters (ri and
qi, respectively) used in Equation 3. For water and DME molecules, ri and qi are calculated
using the UNIFAC group contribution method [93, 94]. For sodium and chloride ions, ri and
qi values are taken from Mohs et al. [51].
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Table B.6: Relative van der Waals surface area and volume parameters used for the combinatorial
component of the UNIQUAC short-range contribution to the LIQUAC excess Gibbs free energy
model (Equation 3) [51, 93, 94].

Chemical Relative van der Waals Relative van der Waals
Species Surface Area Parameter, qi Volume Parameter, ri

Water H2O 0.9200 1.4000
DME CH3OCH3 2.0461 1.9360

Sodium Na+ 0.1518 0.2849
Chloride Cl− 0.9699 0.9809

Appendix C. Solubility of Sodium Chloride in the Organic Phase for Water-
Dimethyl Ether-Sodium Chloride Mixtures

The solubility of NaCl in the organic phase of a water–DME-electrolyte mixture at liquid-
liquid equilibrium (LLE) is negligible as a result of the very low polarity of DME, which has
a dielectric constant of 5.34 at 304 K and 6.3 MPa [37]. The concentration of NaCl in water
extracted using SDWE with DME (cExtractedNaCl ) was experimentally measured for feed NaCl
concentration (cFeedNaCl) values of approximately 70 g kg−1 (moderate salinity, 1.19 mol kg−1)
and 200 g kg−1 (high salinity, 3.42 mol kg−1). Table C.7 shows the concentration of NaCl in
the feed water, prior to mixing with DME, and in the extracted water, which is sampled from
the organic phase of the water–DME–NaCl mixture at LLE. The NaCl concentration in the
extracted water is measured after gradually degassing the DME-rich, organic-phase liquid
sample to remove most of the DME. In each case, the concentration of NaCl in the extracted
water was approximately three orders of magnitude smaller than the concentration of NaCl
in the feed water: cExtractedNaCl /cFeedNaCl ∼ O(10−3). At LLE, the organic phase is largely DME
(xorg

DME ≈ 0.90, Figure 2A). Consequently, the measured extracted water to feed water salt
concentration ratio (cExtractedNaCl /cFeedNaCl) represents a significant overestimate of the equilibrium
organic- to aqueous-phase NaCl molality ratio (morg

NaCl/m
aq
NaCl). The experimental apparatus

and procedure used are described in Appendix C.1 and Appendix C.2, respectively, and
shown schematically in Figure C.8.

Appendix C.1. Experimental Apparatus

A single-walled glass vessel (50 mm outer diameter, 5 mm glass wall thickness, 560 mm

length) with threaded ends to accommodate Teflon endcaps was used in the experiments.
Endcaps were integrated with stainless-steel fittings (Swagelok) and 3.18 mm (0.125 inch)
Teflon tubing to recirculate and mix the water–DME–NaCl system. Recirculation and mixing
were carried out using a gear pump (Cole Parmer 115V 60 Hz console drive, EW 35215-30,
equipped with a Cole Parmer micro pump head, EW-07001-40). Liquid DME was introduced
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Table C.7: Sodium chloride concentration in (1) the feed water prior to contact with dimethyl ether
(DME) in the solvent-driven water extraction (SDWE) test cell and (2) extracted water sampled
from the organic phase at liquid-liquid equilibrium in the SDWE test cell, after the removal of DME
by degassing.

Sodium Chloride Concentration, cNaCl Salt Concentration
Feed Water Extracted Water Ratio, cExtractedNaCl /cFeedNaCl

Moderate Salinity 66.3 g kg−1 0.509 g kg−1 7.7× 10−3

(7 wt.%) 0.458 g kg−1 6.9× 10−3

0.236 g kg−1 3.6× 10−3

High Salinity 201.3 g kg−1 0.237 g kg−1 1.2× 10−3

(20 wt.%) 0.317 g kg−1 1.6× 10−3

to the chamber via a gas cylinder with a siphon (Matheson, 99.5% purity, size 1A). Samples
of the DME-rich organic phase, including the water, DME, and NaCl contained therein, were
obtained using a stainless-steel sampling tube connected to a 3.18 mm (0.125 inch) ball valve
(Swagelok). The opening of the sampling tube is situated at an elevated position in the vessel
that is within the organic phase.

Appendix C.2. Experimental Procedure

A concentrated NaCl solution (≈ 100 mL) was prepared (Nanopure H2O, 18.2 MΩ cm,
Elga PURELAB flex, reagent grade NaCl, > 99% purity, Sigma Aldrich) and introduced to
the reaction vessel using the gear pump. Prior to use, NaCl was stored in a vacuum oven to
ensure it remaining in an anhydrous state. NaCl solutions were sonicated for approximately
30 minutes to ensure all of the NaCl had dissolved. The chamber was then purged with
DME five times to remove residual atmospheric gases. Liquid DME (≈ 400 mL) was then
added and mixed at approximately 6 bar. Mixing was accomplished by at least 15 minutes
of vapor recirculation through the liquid phases via the gear pump. Samples of the organic
phase were obtained via flow control at the ball valve installed in the lower endcap, capturing
organic-phase water, DME, and NaCl.

Liquid samples containing the extracted water, DME, and any NaCl dissolved in the or-
ganic phase were then gradually degassed for approximately 8 hours at atmospheric pressure
by loosening the caps on the collection vials. The extracted water, comprising the water
that remained in the collection vials after the majority of DME had been removed by de-
gassing, was then analyzed with inductively coupled plasma optical emission spectrometry
(ICP-OES). The instrument used in analysis was an iCAP Series 6000 (Thermo Scientific),
calibrated from stock solutions (1000 ppm) using a five-point calibration (0, 1, 2, 5, 10 and
20 ppm, TraceCert, Sigma Aldrich). A laboratory control standard (LCS, or sample spike)
was analyzed to ensure analytical accuracy and precision. An internal standard for the ICP-
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OES analysis (scandium, 4.0 mg kg−1) was conducted to correct for any matrix artifacts.

DME
Tank

Sampling
Port

Aqueous 
Phase

Organic 
Phase

Circulation
Pump

Vapor 
Phase

Figure C.8: Schematic diagram of the solvent-driven water extraction (SDWE) test cell used to
measure the equilibrium sodium chloride (NaCl) concentration in extracted water. Saline feed water
is pumped into the test chamber using a gear pump. Liquid dimethyl ether (DME) is introduced
into the chamber from a gas cylinder with a siphon. A circulation pump is used to recirculate DME
through the test chamber and ensure mixing. After equilibration, the organic phase, comprising
extracted water, DME, and NaCl, is sampled through a sampling port using a tube that extends
into the upper fluid layer.

Appendix D. Inlet Dimethyl Ether to Saline Feed Molar Flow Rate Ratio for
Minimal- and Zero-Liquid Discharge Processes

Performing a mole balance on dimethyl ether (DME) entering and exiting an n-stage
liquid-liquid separator (LLS, Figure 3A) gives

Ṅorg
n+1 = Ṅaq

n xaq
n,DME + Ṅorg

1 xorg
1,DME (D.1)

where organic stream entering stage n is pure DME (xorg
n+1,DME = 1). The solubility of sodium

chloride (NaCl) in the organic stream is assumed to be negligible and therefore the molar
flow rate of sodium and chloride ions in the aqueous stream remains constant across the LLS:
Ṅaq

0 xaq
0,Na+ = Ṅaq

n xaq
n,Na+ or Ṅaq

0 xaq
0,Cl− = Ṅaq

n xaq
n,Cl− , and the organic stream contains water and

DME only: xorg
a,H2O

+ xorg
a,DME = 1. Electroneutrality in the aqueous phase leaving each stage

a gives: xaq
a,Na+ = xaq

a,Cl− and xaq
a,H2O

+ xaq
a,DME + 2xaq

a,Na+ = 1. Furthermore, in the absence of
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any chemical reactions the molar flow rate of the organic stream leaving stage 1 is given by:
Ṅorg

1 = Ṅaq
0 + Ṅorg

n+1 − Ṅaq
n . The mole fraction of water and DME in aqueous and organic

streams at liquid-liquid equilibrium (LLE) leaving stage a can be expressed as a function of
the system temperature (T ) and the sodium mole fraction (xaq

a,Na+) in the aqueous stream
leaving stage a

xaq
a,H2O

= fLLE,aq
H2O

(
T, xaq

a,Na+

)
xaq
a,DME = fLLE,aq

DME

(
T, xaq

a,Na+

)
(D.2)

xorg
a,H2O

= fLLE,org
H2O

(
T, xaq

a,Na+

)
xorg
a,DME = fLLE,org

DME

(
T, xaq

a,Na+

)
(D.3)

Rearranging Equation D.1 gives

Ṅorg
n+1

Ṅaq
0

=

(
Ṅaq

n

Ṅaq
0

)
xaq
n,DME +

(
1 +

Ṅorg
n+1

Ṅaq
0

− Ṅaq
n

Ṅaq
0

)
xorg
1,DME (D.4)

Ṅorg
n+1

Ṅaq
0

=
1

xorg
1,H2O

− 1−

(
xorg
1,DME − xaq

n,DME

xorg
1,H2O

)(
xaq
0,Na+

xaq
n,Na+

)
(D.5)

In the limiting case as xaq
0,Na+/x

aq
n,Na+ → 1

Ṅorg
n+1

Ṅaq
0

→
xaq
1,DME

xorg
1,H2O

(D.6)

The aqueous-phase DME mole fraction at LLE ranges from approximately 0.03 to 0.16 at
300 K (Figure 2B), while the organic-phase water mole fraction at LLE ranges from approx-
imately 0.09 to 0.16 (Figure 2A) at the same temperature.

In the limiting case as Ṅorg
n+1/Ṅ

aq
0 → 0

xaq
0,Na+

xaq
n,Na+

→ 1

1−
xaq
1,DME

xorg
1,DME

(D.7)

The organic-phase DME mole fraction at LLE ranges from approximately 0.84 to 0.91 at
300 K (Figure 2B).
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Appendix D.1. Dimethyl Ether Required for a One-Stage Liquid-Liquid Separator

For a one-stage LLS, the inlet DME to saline feed molar flow rate ratio (Ṅorg
2

/
Ṅaq

0 in the
leaving streams labeling notation) is given by:

Ṅorg
2

Ṅaq
0

=
1

xorg
1,H2O

− 1−

(
xorg
1,DME − xaq

1,DME

xorg
1,H2O

)(
xaq
0,Na+

xaq
1,Na+

)
(D.8)

For a specified organic-free concentrated brine molality (m′ aq,out
NaCl ) and system temperature

(T ), the outlet sodium mole fraction (xaq
1,Na+) is fixed. Consequently, the equilibrium values

xorg
1,H2O

= fLLE,org
H2O

(
T, xaq

1,Na+

)
, xaq

1,DME = fLLE,aq
DME

(
T, xaq

1,Na+

)
, and xorg

1,DME = fLLE,org
DME

(
T, xaq

1,Na+

)
are fixed and Ṅorg

2

/
Ṅaq

0 decreases linearly with xaq
0,Na+ . The inlet DME to saline feed molar

flow rate ratio can be written as

Ṅorg
2

Ṅaq
0

= K1

(
1−

xaq,in
Na+

K2

)
(D.9)

where K1 and K2 are constants at a specified m′ aq,out
NaCl and T . The constant K2 is slightly

larger than the outlet sodium mole fraction: K2 = xaq
1,Na+/[1− (xaq

1,DME/x
org
1,DME)].

The saline feed stream contains water and NaCl only, and thus the inlet sodium mole
fraction (xaq

0,Na+) can be expressed in terms of inlet saline feed molality (maq
0,NaCl)

xaq
0,Na+ =

maq
0,NaCl

1

MH2O

+ 2maq
0,NaCl

(D.10)

Appendix D.2. Dimethyl Ether Required for a Multistage Liquid-Liquid Separator

For a multistage LLS (n > 2), the inlet DME to saline feed molar flow rate ratio
(Ṅorg

n+1

/
Ṅaq

0 in the leaving streams labeling notation) is given by

Ṅorg
n+1

Ṅaq
0

=
1

xorg
1,H2O

− 1−

(
xorg
1,DME − xaq

n,DME

xorg
1,H2O

)(
xaq
0,Na+

xaq
n,Na+

)
(D.11)

In the limiting case as (xaq
0,Na+ → 0):

Ṅorg
n+1

Ṅaq
0

→ 1

xorg
1,H2O

− 1 (D.12)

The water mole fraction in the outflowing organic stream is a function of system temper-
ature and the sodium mole fraction in the aqeuoys stream leaving the first stage xorg

1,H2O
=
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fLLE,org
H2O

(
T, xaq

1,Na+

)
. In an n-stage LLS, the majority of the water transfer occurs in the nth

or last stage (Figure 3B) and thus xaq
1,Na+ → 0 as xaq

0,Na+ → 0. As xaq
0,Na+ is reduced to the inlet

DME to saline feed molar flow rate ratio approaches the binary water–DME mixture limit

lim
xaq

1,Na+
→0

(
Ṅorg

n+1

Ṅaq
0

)
=

1

xorg,bin
H2O

(T )
− 1 (D.13)

where xorg,bin
H2O

(T ) = xorg
H2O

(
T, xaq

Na+ = 0
)

is the organic-phase water mole fraction at LLE in a
binary water–DME mixture as a function of temperature (left-hand side xaq

NaCl = 0 curve in
Figure 2A). In this scenario, the limiting value of Ṅorg

n+1/Ṅ
aq
0 is independent of n and xaq

n,Na+

and, therefore, independent of m′ aq,out
0,NaCl (two-stage curves in Figure 5).

Appendix E. Dimethyl Ether Recovery Ratio

Figure E.9 shows the DME recovery ratio ratio (RDME = Ṅorg,out
DME

/
Ṅorg,in

DME ) as a function of
feed molality (maq,in

NaCl) and the inlet DME to saline feed molar flow rate ratio (Ṅorg,in
DME

/
Ṅaq,in

Feed )
for SDWE with a one-stage LLS without any additional solvent recovery steps. System
temperature is fixed at 300 K throughout. Contour lines indicating RDME values of 0.95,
0.96, 0.97, 0.98, and 0.99 are shown. The rapid salting out of DME from the aqueous
phase at LLE (Figure 2B) yields high DME recovery ratios, particularly when the outlet
concentrated brine molality is high (Figure 6A).
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Figure E.9: Dimethyl ether (DME) recovery ratio (RDME = Ṅorg,out
DME

/
Ṅorg,in

DME ) as a function of
feed molality (maq,in

NaCl) and inlet DME to saline feed molar flow rate ratio (Ṅorg,in
DME

/
Ṅaq,in

Feed ) for one-
stage solvent-driven water extraction (SDWE). The feed sodium chloride mole fraction is given
by: xaq,inNaCl = maq,in

NaCl

/[(
1/MH2O

)
+ maq,in

NaCl

]
. System temperature is fixed at 300 K throughout.

Calculations are performed treating Na+ and Cl− as separate species.
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