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ABSTRACT: Brine desalination is important for minimizing the
environmental impact of contaminated wastewater, yet current
desalination techniques have high energy requirements. Solvent-
based desalination (SBD) method, which is the process of
extracting fresh water using an organic solvent, has existed for
decades, yet has not reached competitive efficiencies. In this work, ...~

10 organic solvents were tested for SBD efficacy via synergetic  solvents

studies using bench-scale extraction experiments and molecular \
dynamics (MD) simulations. The SBD effectiveness was correlated \
to the computationally observed ability of the solvent to form one

of the three morphologies in water: ordered, disordered, or partial Brine
nanoscale. We correlated that solvents that form ordered and

disordered morphologies were not able to clean up the water. Solvents that were able to cause low salinity in water showed
computationally observed partial nanoscale phase separation, where nanometer-scale aggregated solvent phases were able to
effectively reject salt ions while capturing comparatively large amounts of water molecules. The formation of a partial nanoscale
phase is likely driven by the solvent structure with bulky hydrocarbons adjacent to hydrophilic end groups. Our results make a step
toward the rational design of solvents that may allow for efficient SBD and thus a low-cost source of fresh water.

-'Clean

water
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B INTRODUCTION active research with the goal of increasing the efficiency of the
desalination process.

The use of solvents to extract fresh water from saline sources
has recently generated wide attention’””' because this
approach avoids both the osmotic pressure issues that limit
RO and the phase change energy needs of thermal desalination
technologieszz_29 However, as early as 1960, Davison, Hood,
and co-workers identified the prospects of using the variable
solubility of water in organic solvents as a method of

linati f brine.’”’' B he solubility of \
produced water from oil and gas activities, and other industrial S:zagzatf;rze:réneits intriicseilllser(t) Zr:i(;sulziii:z \(z)ol:tilsio ‘;e;l:
activities. Because brines are usually discarded without 5 Y prop v

. . 55 well as by numerous external conditions, the use of solvents in
treatment, they are a growing environmental concern.

: . 20 s
The use of hypersaline brines for further water recovery is aqueous solutions .bec.omes a_ multi-stage process. ~ This
limited by both operational and economic hurdles, which solvent-based desalination (SBD) method (can be observed

. ) in Figure la and with more detail in Figure S1 of the
prevent the use of predominant production-scale methods for Supporting Information), also frequently defined as solvent-
desalination, such as multi-stage flash (MSF) and reverse pporiing ’ quenty

dri ti SDWE Ivent extracti
osmosis (RO). RO technologies are the most energetically riven. aqueous. separation ( ), solventextraction

competitive, consuming less than one-fifth the energy required
by state-of-the-art MSF methods on a per-volume basis.””
However, RO processes require significant operating cost to
extract freshwater from saline sources’ " and is not a viable
technology for hypersaline brines. Hence, next-generation
membranes with nanoscaled features'*™"> as well as non-
membrane desalination methods'®™"® have been a subject of

Brine desalination is important. Clean water supply is among
the greatest and most consequential challenges in the coming
decades." Thus, most current desalination technologies are
focused on seawater and brackish water desalination. However,
another source of water are hypersaline brines, which are water
with very high levels of total dissolved solids (TDS >60,000
ppm). The hypersaline brines result from the concentrated
wastewater after seawater desalination, landfill leachate,
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Figure 1. SBD method and experimental setup details: (a). Lab scale experiment procedure of SBD process. (b). Ten organic solvents and chemical
naming abbreviations used in this study. (c). Graphical representation of simulation setup with representative simulation snapshots of DPA system.
Snapshots and molecular structures colored by element H = white, red = O, gray = C, and blue = N.

desalination (SED), and temperature swing solvent extraction the solvent is lower which leads to precipitation of pure water
(TSSE), leverages the solvent’s temperature-dependent sol- out of solvent such that it can be recovered. The solvent can
ubility in water to extract pure water from a brine solution. then be reused to avoid chemical waste.
Water and the solvent are first mixed and allowed to settle at According to various studies, this SBD method can be used
an initial temperature (T;). After settling, two phases are not only for the desalination, but also for the removal and
expected to form the following: solvent-rich phase and water- recovering of orthophosphates and their derivatives, as well as
rich phase. The solvent-rich phase contains solvent and an liquidous solutions like wastewater.”” >* These solutions
amount of absorbed water with little-to-no salt, while the typically contain multiple pollutants, and their recovery
water-rich phase contains water and ions and becomes a more requires sophisticated, and often tertiary multi-step ap-
concentrated brine solution that can be discarded or run proaches.” In this case, application of SBD may significantly
through the cycle again. The solvent-rich phase is then elevated advance the development of phosphate-removal approaches.*
to a higher temperature (T,) at which the solubility of water in Particularly, adding solvent solutions as a pre-treatment
401 https://doi.org/10.1021/acsestwater.2c00473
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increases the efficiency of bioinspired phosphate removal.”” >’

Additionally, solvent-based methods can be utilized to recover
phosphorus from other types of waste that may be presented in
both soil and water.*”*" Thus, utilization of solvents opens
new paths to recovery the dangerous wastewater pollutants like
heavy metals, nitrogen, hydrocarbons, and phosphorus.

After the initial work by Davison and Hood,”' concerns over
organic solvent leaching into the recovered water and the limits
of feed water salinity reduced some interest in SBD as a viable
seawater desalination approach.22 More recently, interest has
been renewed in SBD with the use of fatty acids, such as
octanoic and decanoic acids, as the extraction solvent.”*™*’
The use of a benign fatty acid eliminates the concern over
solvent leaching, yet there is an apprehension over the overall
efficiency of the process. The most recent estimates put the
total energy density of a continuous SBD process with octanoic
acid at less than 170 kWh/m® using conservative estimates of
both thermal and electrical energy consumption.”” For
comparison, state-of-the-art thermal evaporator desalination
processes have an energy density greater than 200 kWh/m?,**
suggesting that SBD can provide energy savings for high TDS
brines. However, the energy intensity of SBD is largely
dependent on the extraction solvent or solvent blend.”® An
ideal solvent would absorb a large amount of water while
rejecting ions while also being insoluble in water to minimize
solvent leftover in the fresh water supply. Moreover, if the
temperatures at which water is absorbed (T) and precipitated
(T,) is close to ambient conditions, then the amount of energy
required in the process can be greatly reduced.”” Thus, small
changes in the extraction solvent can have drastic effects on the
overall viability of a SBD process. Yet to date, only a handful of
solvents have been investigated for this application.”*

This work aims to accelerate our understanding of atomic-
scale behavior of the water-solvent-salt system by using a
combination of experimental measurements and MD simu-
lations that are used to quantify the efficacy of various organic
solvents for use in solvent desalination. By taking this
approach, we will improve our ability to assess and identify
solvents that will provide superior desalination performance.
All-atom molecular dynamics (MD) is a potentially powerful
tool to efficiently screen solvent candidates for use in a SBD
process and can reliably predict solvent behavior and
properties.”” MD has been previously used to calculate the
relative solvation free energies of SBD solvents to identify
decanoic and octanoic acid as viable candidates.””**** More
broadly, MD has been applied to describe the nanoscale
behavior of a variety of desalination membrane materials and
ionic interactions. ”'>**=* In this work, a synergetic
combination of all-atom MD simulations and SBD exper-
imental measurements is used to quantify and explain the
efficacy of 10 organic solvents that are mostly branched or with
linear amines, with the exception of dibutyl ether (DBE), for
use in the solvent desalination process (Figure 1b). These
solvents were chosen as representative of a group of
commercially available organic solvents with temperature-
dependent water solubility that make them candidates as SBD
extraction solvents. The eflicacy of solvents at water extraction
was measured both by bench-scale experiments as well as MD
simulations. However, due to size and time scale limitation of
MD simulations, we can only model the “Settle” process within
the SBD cycle (Figure 1c). Thus, in this paper, we examine
what occurs at the “Settle” stage and how it may be used to
explain overall SBD efficiency as a function of solvent
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chemistry. Good agreement was observed between bench-
scale experiments and simulation measurements.

B METHODS

SBD Experiments. A solution of 0.5M NaCl was used as
the synthetic brine for the bench scale experiments. Because
the water solubility in the test solvent tends to decrease with
the increase in temperature, the brine was mixed with the
solvent at ambient temperature for water absorption and then
the water was desorbed from the solvent by increasing the
temperature .°’ The step-by-step experimental procedure is
presented in Figure la. Here, (i) the known amount (20 mL)
of brine is added to the solvent (20mL), (i) the solvent and
brine are mixed for 2 min by handshaking, (iii) the solvent-rich
phase is separated from water-rich phase by gravity separation
in 1 min, (iv) the solvent-rich phase liquid is heated at 80 °C
for 2 h, and (v) water is desorbed from the solvent-rich phase
liquid in 5 min and forms a layer at the bottom of the solvent-
rich phase liquid. When the specific gravity of the solvent is
larger than that of a brine, the solvent-rich phase locates under
the water rich phase (iii) and the water layer forms on the
surface of the solvent-rich phase. The fresh water was taken
from the solvent-rich phase liquid and the volume is measured
to determine percentage of recovery. Water quality parameters
such as chemical oxygen demand (COD), pH, and Na and Cl
concentrations are also measured.

The water recovery was calculated from dividing the product
water volume by the feed water volume. The salt removal
efficiency was calculated based on the concentration difference
of the CI” ion between the feed water and product water. The
pH was measured using litmus paper in small volume tests, and
with a Hach pH electrode (Hach, HQ40D meter with
PHC301 probe) for larger test volumes. The COD was
measured using Hach TNT 822 kit with a spectrophotometer
(Hach, DR6000), and the result is used to estimate the residual
solvent in the product water. The concentration of Na and Cl
in the brine and the product water was measured using ion
chromatography (Thermo-Dionex, ICS3000). The Karl
Fischer titrator (Mettler Toledo, V20 Volumetric KF Titrator)
was used to analyze the water content in the solvent-rich phase
liquid solution.

Computational Methods. MD simulations were per-
formed to investigate the mixing and settling stage of the SBD
process (see Figure 1). The simulation setup, along with
representative visualizations is shown in Figure 1lc. All
simulations were performed with the AMBER 16 molecular
dynamics package.”" All solvent molecules underwent the same
parameterization, equilibration, and simulation steps inde-
pendently. The solvent structures were first drawn and energy
minimized in Discovery Studio Visualizer.”> Atomic partial
charges were then calculated using the restrained electrostatic
potential (RESP) method from ab initio calculations
performed using the RE.D. Server, Development.”® All other
force field parameters for the solvent were assigned using the
general AMBER force field (GAFF), which is shown to be
effective for room-temperature organic solvents.”*>> Single
molecules were then energy-minimized in AMBER using the
steepest-descent method.

After the single molecule structure was energy minimized,
1000 solvent molecules were randomly placed in a box using
the PACKMOL package.”® The box volume was determined as
twice the room-temperature volume of 1000 molecules of the
solvent given that solvent’s density, corresponding to

https://doi.org/10.1021/acsestwater.2c00473
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Table 1. Results from Bench-Top SBD Experiments”

solvent water recovery (%)
1-heptylamine (7A) 29
octylamine (8A) 25
2-amino-6-methylheptane (AMH) 21
N-(sec-butyl)-N-propylamine (BPA) 2.5
dibutylamine (DBA) 4
dibutylether (DBE) 0
dipropylamine (DPA) 10
2-ethylhexylamine (EHA) 10
N-hexylmethylamine (HMA) 18
propylbutylamine (PBA) 5

Na rejection (%) Cl rejection (%) COD (mg/L)
-36" -37° 6,414
-32° —30” 2,520
11 26 10,199
99 29 43,000
100 9 14,100
N/A N/A N/A
95 94 46,500
86 58 9,400
55 46 24,200
99 98 53,550

“For DBE, there was no product water in the experiment, so either Cl or Na rejection was not measurable. The negative values for 7 and 8 A mean
the salt concentration in the product water was higher than that in the raw brine.
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Figure 2. Correlation between MD simulation results (x-axis) and experiments (y-axis). Here, dashed line illustrates linear fit weighted for a round
of experimental tests, and for averaged results of last 40 ns of MD simulations. The error bars indicate standard deviation of measurements taken in
the last 40 ns of simulations. Symbols denote type of phase separation observed in simulation, discussed in more detail below. (a) Mean solvated
water from MD simulations (x-axis) compared to experimentally measured water recovery (y-axis). (b) Mean solvated Na' ions from MD
simulations (x-axis) compared to experimentally measured Na* rejection (y-axis).

approximately 80 A X 80 A x 80 A in most cases. This box was
then solvated with water with a 0.5 M (29,220 ppm) NaCl
concentration using the AMBER tleap program. The TIP3P
water model’” and Li-Merz monovalent ion potentials® for
Cl™ and Na* were chosen based on their compatibility with
GAFF. This box containing salt water and solvent was then
energy minimized and equilibrated for 500 ps with solvent
molecules harmonically constrained under constant-temper-
ature, constant-pressure (NPT) conditions at 300 K and 1 atm.
This equilibration allows the salt water to reach a uniform
temperature, while the solvent is harmonically constrained to
disallow any phase separation. In this equilibration and all
other non-vacuum simulations, periodic boundary conditions
were applied to simulate an infinite volume with long range
electrostatic interactions calculated via the particle mesh Ewald
(PME) method. Temperature and pressure were maintained
with the Langevin thermostat and the Berendsen barostat,
respectively. Following this equilibration, the harmonic
restraints are turned off and the system is run under NPT
conditions at 300 K and 1 atm for 100 ns. Subsequent analysis
of water and salt absorption, as well as solvent leftover, solvent
order, and radial distribution functions were performed using a
combination of CPPTRAJ,>” the MDAnalysis Python pack-
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age,éo and in-house analysis scripts as described in previous
publications®"®* and the Results section below. Simulation
snapshots are visualized with VMD.**

B RESULTS AND DISCUSSION

Experimental results from the bench-scale SBD experiments
are summarized in Table 1 below. There are four primary
figures of merit: water recovery, Na rejection, Cl rejection, and
COD in the recovered water, which quantifies the amount of
solvent that has entered the water phase and remains present
in the fresh water after recovery. We note that some solvents,
such as AMH, EHA, and HMA, exhibited very different
rejection efficiencies of Na+ versus Cl-ions. This can be
explained by the difference of solvation free energies between
Na+ and Cl-in water and solvent.”> For example, the solvation
free energies of Na+ in decanoic acid and in water were
—72.44 and —90.10 kcal/mol, respectively, while those of CI-
were —64.70 and —75.40 kcal/mol, respectively. This indicates
that an uneven rejection of Na+ and Cl- may occur due to their
differences in solvation free energies in solvents and water.
In experiments, the solvent leftover (as quantified by COD
in Table 1) is an important characteristic. For any SBD cycle, it
is critical that the directional solvent is not present in the

https://doi.org/10.1021/acsestwater.2c00473
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a

Figure 3. Visualizations of phase separation in water-solvent-ion systems at the end of the 100 ns production run. (a—j) Only water (light blue) and
ions (Cl~ = red spheres and Na* = blue spheres) shown for clarity (solvent not shown). (k—t) Only solvent (licorice representation; H = white, C
= gray, N = blue, and O = red) and ions (Cl™ = red spheres and Na* = blue spheres) shown for clarity (water depicted as a transparent surface).
Solvents in alphabetical order: (a,k) 7A, (b)l) 84, (c;m) AMH, (d,n) BPA, (e,0) DBA, (fp) DBE, (g,q) DPA, (hr) EHA, (i,s) HMA, and (j,t) PBA.

recovered water above harmful levels. The allowable limit of
solvent in the recovered water is very diverse, depending on
the toxicity of the extraction solvent. Nonetheless, it should be
noted that most of the directional solvents investigated in this
study are potentially hazardous and thus it would be necessary
to ensure that little to no directional solvent remains in the
recovered water. Although the remaining solvent in the
recovered water may be estimated by the amount of hydrated
solvent (as measured from simulation), the limited number of
solvent molecules simulated results in only one or two solvent
molecules escaping to the water-rich phase (see Supporting
Information, Figure S2b). Consequently, there is a large
amount of statistical noise in the hydrated solvent simulation
data. The resulting limited statistical significance does not
allow for effective comparison of solvent leftover between
solvents and is thus omitted in the discussion of the simulation
results.

Hence, the primary indicators of solvent efficacy from the
simulations are the amount of water and ionic species that have
entered the solvent phase. These values correspond to the
water recovery and the inverse of salt rejection, respectively, as
measured from bench-scale experiments. To calculate this, the
frames of the 100ns trajectories were analyzed using a script to
calculate the fraction of (a) solvated water, (b) solvated Na*
ions, (c) solvated CI™ ions, and (d) in the aqueous phase
(indicative of solvent leftover) at snapshots every 2 ns.
Solvated ions and water molecules are defined as those with
greater than 15 solvent atoms in the first solvation shell (within
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4 A) of the ion or molecule. Similarly, hydrated solvent
molecules (analogous to solvent leftover) are those containing
greater than 30 water molecules in the first solvation shell
(within 4 A) of the solvent molecule. We defined the solvation
shell distances, number of atoms in solvated, and hydrated
phase to be the same for all solvents and system configurations
across the simulations performed. These number can be
derived computationally® and were determined them from the
radial distribution function data of our MD production runs.
Results from all calculated values indicate that all runs
reached a steady state in terms of species solvation after
approximately 60 ns (see Supporting Information, Figure S2).
All solvated water measurements made in the last 40 ns of MD
simulations are averaged and shown in Figure 2a compared
with experimentally measured water recovery values. Large
error bars (e.g., in case of 7A and 8A in Figure 2b) indicate the
variations in amount of solvated Na + that were detected
across the simulation timeframe (last 40 ns). Comparison of
the values calculated from simulation and those calculated
from experiment show a strong positive correlation (Pearson’s
r = 0.784), with the calculated R* value equal to 0.602.
Similarly, the amount of solvated Na* ions are very strongly
correlated (Pearson’s r = 0.903) with R* = 0.798, and with the
inverse of rejected Na* as measured by experiment, as shown
in Figure 2b. As can be seen, EHA and HMA show large
deviations from the linear fit, possibly because water recovery
and solvated Na" are both under-estimated by simulation. For

https://doi.org/10.1021/acsestwater.2c00473
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Figure 4. Solvent-rich phase structure data. (a) Solvent order parameter (S) calculated from simulations for each solvent. Here the error bars
indicate standard deviation of measurements taken in the last 40 ns of MD simulations. Graphical insets: illustration of ordered and disordered
system. (b) Radial distribution functions [g(r)] of hydrophilic solvent atom (N or O) to water oxygen atoms calculated over the last 40 ns of

simulation.

additional information regarding Cl-ion solvation, one can
refer to the Section S2 of Supporting Information

While the numerical data discussed above provides
corroborative data between simulation and experiment, the
ability for simulations to be visualized can provide even further
insights into the nanoscale phenomena occurring at the early
stages of phase separation. For example, the snapshots of the
water and ions in each system at the end of 100 ns are
visualized in Figure 3a—j. From these images, one can clearly
identify different levels of phase separation. Although stable
amounts of solvated water and hydrated solvent were
calculated for all systems at the time of these snapshots,
both AMH (Figure 3c) and EHA (Figure 3h) do not appear to
be fully phase separated in the general sense of the term. There
appear to be small (nanometer scale) metastable regions of
water in which water molecules more freely move in and out
with relatively few ionic species remaining (this can be seen
more clearly in video form. See Movie S2 in Supporting
Information < Supporting Information/Video Link > for an
animation of EHA during the stable period of the 100ns
simulation.). Hence, the AMH and EHA systems are
considered partially nanoscale phase separated.

As the structure of water-rich phases diverge based on the
solvent species shown in Figure 3a—j, so too do the behavior of
the solvent-rich phases. Figure 3k—t shows snapshots of the
identical systems in Figure 3a—j, only the solvent is visualized,
and the water is represented as a transparent surface. In this
case, one can quickly notice a qualitative difference between
the solvent-rich phase depicted for 7A (Figure 3k) and 8A
(Figure 31) and the other solvent phases. As one might expect
based on the structure of these two solvents, the molecules
appear to be self-assembling into bilayers with the hydrophilic
nitrogen creating an interface with the water-rich phase and the
hydrophobic hydrocarbon tails pointing toward each other.

To quantify the effect depicted in Figure 3k, the nematic
order parameter, $,°° was calculated from the last 40ns of each
simulation. This parameter, typically applied to liquid
crystals,66 is defined in eq 1 as follows:
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g = <3c0529—1>

2 (1)
where 0 is the angle between two linear polymers and the angle
brackets denote averaging over time and space. This parameter
provides a basic summary of the alignment of linear molecules
in a dynamic system: S = 1 indicates a perfectly aligned sample,
while § = 0 is a completely random alignment of molecules
(See Figure 4a, graphical insets). For these systems, the
solvents were reduced to vectors along the longest continuous
chain of the solvent molecule with the vector terminating at
the end of the carbon chain. This was done for calculation of €
between all solvent molecule pairs at 10ns intervals in the last
40 ns of each simulation. The resulting values of S for each
solvent are shown in Figure 4a. The results definitively show
that 7A and 8A undergo significant structured self-assembly,
while the solvent-rich phase of all other solvents can be
considered amorphous. Hence, here we define systems of 7A
and 8A as undergoing ordered phase separation.

The simulated solvents can thus be categorized into three
methods of phase separation: structured phase separation (7A,
8A), partial nanoscale phase separation (AMH, EHA), and
amorphous phase separation (BPA, DBE, DPA, HMA, and
PBA). The amphiphilic structure of 7A and 8A serves as a clear
indicator of the likelihood for structured self-assembly, yet this
feature is not particularly useful for SBD applications. As
indicated by both experiment and simulation, these solvents
are successful at recovering large percentage of water but are
weak at rejecting salt. This may be explained, as was observed
in simulation, by the formation of bilayers surrounding large
phases of water that also contain ionic species at the original
brine concentration (Figure 3k1l). In other words, the
surfactant-like structure of these solvents can successfully
capture water phases but does not selectively reduce the
amount of ionic species.

In contrast, the solvents that undergo partial nanoscale
phase separation during MD simulations, AMH and EHA,
exhibit behavior that was not expected based on the solvent
structure alone. Although EHA showed moderate water
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recovery and salt rejection experimentally, the existence of
nanoscale phases of pure water observed during our
simulations indicate a very interesting morphological feature.
The presented nanoscale phases, if properly leveraged, could
absorb much larger quantities of water (compared to
amorphous phase-separating solvents) while still rejecting
salt. Even though the carried-out MD simulations do not allow
us to provide exact environmental parameters (like optimal
solvent structure, temperature, stirring mode, mixing speed, or
related parameters) to maximize the presence of such phases,
this finding can serve as a starting point for further
investigations, especially if being conjugated with other
recently available studies.”””*® It is possible, that these phases
would no longer exist after hours of equilibrium conditions, yet
the persistence of such phases over the simulation time and the
correlation of experimental and simulation measurements do
suggest that such phases are at least metastable and have a
macroscopic effect on desalination measurements after settling.

The phenomena of partial nanoscale phase separation were
not predicted a priori. However, examining the structure of
EHA and AMH suggests that partial nanoscale phase
separation is somewhat analogous to what was observed for
the structured phase-separating solvents (7A and 8A). Both
EHA and AMH contain hydrophilic nitrogen at the terminus
of the molecule. However, unlike the surfactant-like 7A and
8A, these molecules have additional bulky groups adjacent to
the hydrophilic atom—an ethyl group in the case of EHA and
a methyl group for AMH. It is hypothesized that the
availability of hydrophilic nitrogen encourages a higher
concentration of these groups at the solvent—water interface,
but the bulkiness of adjacent groups discourages the structured
ordering exhibited by 7A and 8A. A comparison of these
solvent—water interfaces can be seen in Figure 3ab and
explained as follows: for amorphous phase separations, the
hydrophilic atom is restricted from assembling at the organic
surface, whereas in the case of EHA and AMH, the solvent
molecules can orient such that a higher concentration of
nitrogen can be maintained at the interface.

The ability for the amphiphilic groups to arrange at the
surface for EHA and AMH is further supported by the radial
distribution function (RDF) data shown in Figure 4b. The
RDFs were calculated between the hydrophilic atom on the
solvent molecules (N, or O for DBE) to water oxygen atoms in
the last 40ns of each simulation. This value gives the
probability of finding a water molecule at a particular distance
from the hydrophilic solvent atom relative to the bulk water
density. In all the amorphous phase separation cases (BPA,
DBE, DPA, HMA, and PBA), the RDF value starts below one
and slopes toward one at a distance of 40 A (approximately
half the simulation box length). This indicates that one is less
likely to find a water molecule near the hydrophilic atom,
rather than if water was uniformly distributed throughout the
box, as one would expect from a strongly phase separated
system.

Conversely, the structured phase separated systems (74, 8A)
show a large distinct peak at a distance of approximately 4A.
This indicates a high probability of finding a water molecule
directly next to the hydrophilic atom, an expected result given
the morphology observed in these systems (see Figure 3k,l).
The systems that undergo partial nanoscale phase separation
(EHA and AMH, respectively), however, are somewhat in
between the two extremes. While there is a strong first peak, as
seen in the structured solvents, the RDF is significantly lower
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at intermediate distances. This shows that water is likely to be
organized near these solvent atoms, yet two or three solvation
shells out there is a less-defined water phase. Hence, while the
hydrophilic solvent atoms organize at the surface, the branched
nature of EHA and AMH disallows the strong self-assembly
observed in 7A and 8A.

B CONCLUSIONS

A synergetic studies involving bench-scale extraction experi-
ments and all-atom MD simulations were performed on 10
organic solvents as candidates for SBD. Simulation results
correlate strongly with water recovery and salt rejection
measurements from the experiment. The atomistic scale of
simulation allows for a clear investigation of the phase
separation of solvent and water and thus provides insights
into the mechanisms of water absorption and salt rejection.
Three modes of phase separation were identified: structured,
amorphous, and partial nanoscale phase separation. While the
formation of structured or amorphous phase separation was
not favorable for efficient salt extraction, the partial nanoscale
phase separation arises particularly in nanoscale regions of
water with little to no salt inclusion, which may be useful for
efficient SBD. The formation of a partial nanoscale separated
phase is likely driven by the structure of the solvent, having
bulky hydrocarbons adjacent to hydrophilic end groups.

The identification of this partial nanoscale phase separation
phenomena may greatly increase the amount of water that may
be recovered from each individual SBD cycle. The solvents
investigated here may not yet be as effective at salt rejection as
would ultimately be desired. However, identification of
molecular structural features in our study may lead to the
rational design of extraction solvents that could efliciently
reject salt while absorbing large quantities of water at room
temperature. Moreover, solvents that were observed to
undergo amorphous phase separation all exhibited excellent
salt rejection and various levels of water absorption. Further
identifying molecular structures that allow for higher amounts
of absorbed water in amorphous structures while maintaining
superlative salt rejection is also a promising avenue for rational
solvent design. More experiments could be fruitful in
determining a solvent that meets all the requirements of an
ideal extraction solvent provided the knowledge that nanoscale
effects can be leveraged for efficient water capture. This, in
turn, could go a long way in making SBD not only an
energetically viable alternative to RO and MSF technologies
but also a promising approach in the utilization of solvents for
recovery of the wastewater pollutants like heavy metals,
nitrogen, hydrocarbons, and phosphorus.
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