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ABSTRACT  14 

Growing global water demand has brought desalination technologies to the forefront for freshwater 15 

production from non-traditional water sources. Among these, forward osmosis (FO) is a promising 16 

two-step desalination process (draw dilution and regeneration), but it is often overlooked due to 17 

the energetic requirements associated with draw regeneration. To address this limiting factor, we 18 

demonstrate FO desalination using thermally responsive ionic liquids (ILs) that are regenerated 19 

using a renewable energy input, i.e., solar heat. To efficiently harness sunlight, a simple photonic 20 

heater converts incoming irradiation into infrared wavelengths that are directly absorbed by IL-21 

water mixtures, thereby inducing phase separation to yield clean water. This approach is markedly 22 
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different as it uses radiative heating, a noncontact mode of heat transfer that couples to chemical 23 

functional groups within the IL for rapid energy transfer without a heat exchanger or secondary 24 

fluid. Overall, a solar-thermal separation efficiency of 50% is achieved under unconcentrated 25 

sunlight, which can be increased to 69% with thermal design. Successful desalination of produced 26 

water from oil wells in Southern California highlights the potential of solar powered IL-FO for 27 

energy-efficient and low cost desalination of complex brines for beneficial water reuse.  28 

 29 

Keywords. Water-energy nexus, solar heat, stimuli-responsive materials, photo-thermal 30 

converter, produced water, wastewater treatment, renewable desalination, forward osmosis 31 

 32 

INTRODUCTION 33 

Global water demand is projected to increase by 55% over the next three decades owing to 34 

population growth, industrialization and climate change.1-2 Concomitantly, large volumes of 35 

wastewater and concentrate are discharged from municipal, agricultural and industrial processes 36 

and their disposal has a significant environmental impact. These non-traditional brines are far more 37 

varied in their salinity and composition than seawater, thereby requiring new treatment methods 38 

beyond reverse osmosis (RO).3 For example, produced waters, a byproduct of oil and gas 39 

extraction, represent an underutilized water resource – in the United States alone, nearly one 40 

million oil and gas wells generate ~2.4 billion gallons of water per day.4 This water is typically 41 

disposed by deep-well injection, but increased environmental regulation and economic incentives 42 

are pushing industry to explore treatment options that convert produced water into a value added 43 

commodity, e.g. water for agricultural reuse.  44 
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Forward osmosis (FO) is a promising technology for desalination of non-traditional waters and 45 

complex brines due to a number of intrinsic benefits over other technologies.5 Recent literature 46 

has shown that FO exhibits a higher fouling and scaling resistance relative to RO,6-7 making it 47 

suitable for variable water composition with minimal pre-treatment and membrane maintenance 48 

and/or replacement.8-9 In FO, the osmotic pressure difference between a saline solution (feed) and 49 

a higher concentration solution (draw) causes water to spontaneously diffuse across a semi-50 

permeable membrane until osmotic equilibrium is attained by diluting the draw. Traditional draw 51 

solutes comprise inorganic salts (e.g. sodium chloride) that generate large osmotic pressures at 52 

high molar concentrations and yield favorable water fluxes. However, osmotic strength is not the 53 

only factor for draw selection, as FO requires a second step to regenerate the draw and produce 54 

clean water, which is very energy intensive. For example, sodium chloride can be recovered either 55 

by supplementing FO with RO that requires more electrical energy than direct treatment (i.e., RO 56 

without FO) of the same feed,10 or by evaporating water using thermal or membrane distillation 57 

that is constrained by the large enthalpy of vaporization of water (~2400 J g-1).11-12 Such energy-58 

intensive processes for regeneration of inorganic draws have thus far precluded FO as a 59 

competitive desalination technology. However, FO has the ability to utilize low-grade or waste 60 

heat sources for draw regeneration, provided that a suitable draw solution is used. Thus, identifying 61 

a chemistry that satisfies both criteria of high osmotic pressure for water flux, as well as an energy-62 

efficient regeneration mechanism represents a key challenge.  63 

A novel class of draw solute materials are thermo-responsive ionic liquids (ILs), pioneered by Ohno 64 

and coworkers,13-14 which were originally developed for protein extraction from aqueous solutions. 65 

The inherent ionic state of these organic salts generates high osmotic pressures that enables their 66 

use as draws for FO.15-16 Furthermore, aqueous mixtures of these ILs exhibit a liquid-liquid phase 67 
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separation when heated above a critical temperature (lower critical solution temperature or LCST) 68 

owing to a negative entropy of mixing. The energy required for separation of water from ILs (i.e., 69 

enthalpy of de-mixing) is approximately 10 J g-1, which is orders of magnitude lower than the first 70 

order phase transition of water that is prevalent in traditional thermal regeneration (2400 J g-1). 71 

This liquid-liquid phase separation is also much simpler than other draws used in FO with 72 

solubility-dependent regeneration mechanisms that evolve gases,17-18and it occurs at relatively low 73 

temperatures <50 °C and at atmospheric pressure. As a result, these thermo-responsive draw 74 

solutions can be coupled with a low-grade source such as solar-thermal energy, which in turn 75 

significantly reduces the carbon footprint and cost of water treatment.2 Despite this, IL-water phase 76 

separation has not received much attention, with literature being limited to heating a beaker 77 

immersed in a water bath or a hot plate for draw regeneration.16, 19 Furthermore, IL-based FO has 78 

only been tested with simple NaCl feed solutions, and the use of custom-synthesized membranes 79 

have limited its practical use.15-16   80 

In this work, we demonstrate a proof-of-concept comprising LCST-type ILs as draw solutions 81 

for FO desalination coupled to a solar energy harvester that provides heat for regeneration. Solar 82 

energy can either be harnessed indirectly (absorbed by a solid surface or a heat transfer fluid in a 83 

conventional solar collector) or directly via absorption by the liquid. In the first case, a heat 84 

exchanger may be required to transfer heat to the draw, which not only has surfaces that are 85 

susceptible to corrosion over time, but also adds to the overall system cost. In contrast, direct 86 

absorption of energy by the liquid is an efficient and noncontact mode of heating that depends 87 

predominantly on the spectral optical properties of IL-water mixtures, which have not been 88 

measured to date. Herein, we demonstrate the feasibility of this new approach using a photo-89 

thermal device (aka photonic heater) that enables radiative heating. The overarching goal is the 90 
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development of a continuous process in which the thermo-responsive IL effectively draws water 91 

in an FO membrane unit and then undergoes regeneration in a thermal separator unit, thereby 92 

providing high quality freshwater (total dissolved solids, TDS <500 ppm) with minimal electrical 93 

energy input, as shown in Fig. 1. 94 

  95 

Fig. 1. An illustration of the proposed solar-FO desalination system. A contaminated feed (e.g. 96 

produced water from oil and gas extraction) undergoes pre-treatment and enters an FO membrane module 97 

in which the IL draw solute (with a higher concentration compared to the feed) causes water molecules 98 

from the feed to diffuse through the membrane under a natural osmotic gradient. The diluted draw then 99 

flows into a thermal separator in which thermal emission from the photonic heater illuminated by sunlight 100 

causes a rise in its temperature. Liquid-liquid phase separation occurs as the temperature increase above 101 

LCST, with the denser IL-rich phase settling at the bottom while the water-rich phase is on top. The former 102 

is recycled as the draw for FO, while the water-rich phase with residual IL content undergoes a low pressure 103 

nanofiltration polishing step to attain high quality product water. 104 

 105 

MATERIALS AND METHODS 106 

Various thermo-responsive ILs have been identified in literature for different applications, but 107 

not all are suitable for solar-FO desalination. With multiple properties to be optimized and many 108 
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potential IL chemistries, the analytical hierarchy process20 was used to down-select suitable ILs. 109 

Specifically, ILs with tetrabutylphosphonium (P4444
+) as the cation were chosen as its 110 

amphiphilicity results in LCST behavior with a variety of anions; with 2,4-dimethylbenzene 111 

sulfonate (P4444DMBS or DMBS) and trifluoroacetate (P4444TFA or TFA) emerging as ideal 112 

candidate materials (table S1).  113 

Synthesis of Ionic Liquids. P4444DMBS was synthesized using a neutralization reaction.15 The 114 

starting materials were tetrabutylphosphonium hydroxide (TBPH) and 2,4-dimethylbenzene-115 

sulfonic acid (TCI America). Both reagents were mixed with water in a 1:1 molar ratio, with a 116 

slight excess of the sulfonic acid and stirred at room temperature for 24 hours. The solution was 117 

then added to a separatory funnel and extracted with dichloromethane (DCM); this step was 118 

repeated three times. The organic phase was collected and washed with water three times and then 119 

transferred to a rotary evaporator in order to remove DCM from the IL. The resultant IL was stored 120 

in a vacuum oven at 90 °C for 48 hours to remove residual water. 1H-NMR spectra of P4444DMBS 121 

in d-DMSO (/ppm relative to TMS) showed:  = 0.81-0.93 (12H; a), 1.29-1.54 (16H; b, c), 2.05-122 

2.18 (8H, d), 2.18 (3H, g), 2.45 (3H, e), 6.78-6.94 (2H; f, h), 7.52-7.61 (1H, i); see fig. S1A. 123 

P4444TFA was also prepared using a neutralization reaction between TBPH and trifluoroacetic acid 124 

(TCI America). TBPH was added to water and stirred, and trifluoroacetic acid was added drop-125 

wise to this solution over several hours and mixed at room temperature for 24 hours. The solution 126 

was then worked up using DCM extraction and dried in the vacuum oven, as described for DMBS. 127 

1H-NMR was performed (DMSO, /ppm relative to TMS):  = 0.78-0.98 (3H; a), 1.25-1.51 (4H; 128 

b,), 2.03-2.19 (2H, c); see fig. S1B. 129 

Characterization of Ionic Liquid Solutions. Relevant solution properties of aqueous 130 

mixtures of ILs were characterized as a function of concentration.  131 
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Phase diagram: To obtain the LCST of the ionic liquids, UV-Vis spectroscopy was performed 132 

(Agilent Technologies). Cloud point measurements21 were used to identify the temperature at 133 

which the transmittance drops from 100 to 0%, i.e., the point where phase separation is initiated. 134 

(fig. S2). Differential scanning calorimetry (DSC) was performed to verify the temperature at 135 

which phase separation occurs and to measure the enthalpy of transition (fig. S3). 136 

Viscosity: Aqueous IL solutions were measured using an HR-2 rheometer (Discovery Series 137 

from TA Instruments) with a parallel plate accessory at a shear rate of 100 Hz. Measurements at 138 

25 °C of 40 wt % P4444DMBS confirmed the Newtonian behavior for this class of phosphonium 139 

ionic liquids (fig. S4). A thermostatted Peltier accessory was used to measure temperature-140 

dependent viscosity, with a resolution of 0.1 °C. 141 

Osmotic pressure: To evaluate the osmotic strength, osmolality was measured using a Wescor 142 

5600XR vapor pressure osmometer (Thermo Fisher Scientific). Osmolality was converted to an 143 

approximate osmotic pressure, π as: 𝜋 = 𝑚𝜌𝑅𝑇, m is the measured osmolality, ρ is the density of 144 

the mixture (approximated as the density of water), R is the molar gas constant, and T is the 145 

absolute temperature.  146 

Optical properties: UV-Vis spectroscopy and FTIR-ATR (Thermo Electron Nicolet 5700) 147 

were used to measure the optical properties of pure ILs over a wide wavelength range. Optical 148 

properties of IL-water mixtures in the infrared region were measured in transmission mode using 149 

an Omni-Cell liquid accessory (Specac) with KRS-5 windows and a fixed path length of 50 μm  150 

(fig. S14). Optical properties of the photonic heater comprising a selective solar absorber (TiNOX, 151 

Almeco Group) and blackbody emitter (Zynolyte hi-temp paint, Aervoe) were also measured using 152 

an FTIR with an integrating sphere accessory (Pike Technologies Mid-IR IntegratIR). As the 153 

samples were non-transmitting, absorptance was calculated as unity minus reflectance (fig. S15). 154 
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Membrane Characterization. An FEI Phenom tabletop Scanning Electron Microscope 155 

(SEM) was used to obtain high resolution images of new and used membranes post-FO 156 

experiments with ionic liquids and produced water samples, and EDX maps of the active and 157 

support layer of the membrane were generated (fig. S11-S13). 158 

Forward Osmosis Draw Dilution Process. FO experiments were performed in a lab-scale 159 

setup comprising a commercial acrylic cross-flow cell (Sterlitech Corporation) at 25 °C using a 160 

thin film composite membrane (Porifera Inc.). Feed and draw solutions were pumped in counter-161 

current mode at 200 mL min−1 (crossflow velocity ~3 cm s-1). The feed was placed on an analytical 162 

balance to measure mass loss over time (Δm/Δt), and water flux was calculated as: 𝐽𝑤 =
∆𝑚 𝜌⁄

𝐴𝑚∆𝑡
, 163 

where Am is the effective membrane area (fig. S9). Active layer facing the draw resulted in higher 164 

water fluxes, and this configuration was used for all experiments. The reverse solute flux was 165 

obtained using a conductivity probe (for NaCl) and by performing a Total Organic Carbon analysis 166 

(for ILs) to measure changes in feed concentration over time (ΔC/Δt) as: 𝐽𝑠 =
∆𝐶×∆𝑚/𝜌

𝐴𝑚∆𝑡
. Long 167 

duration experiments were conducted for 16 hours with continuous draw dilution (fig. S10B). 168 

Solar-Thermal Draw Regeneration Process. A solar simulator (Newport, 94081A) with an 169 

optical filter for AM 1.5G spectrum was used. A power meter and thermopile detector (Newport, 170 

919P-030-18) were used to measure the incoming solar flux (1000 W m-2) at the same location as 171 

the diluted draw. The draw was placed in an acrylic vessel, which comprises an inner pocket 172 

(square with a side length of 3.5 cm and a 5 cm depth) coated in reflective foil. The inner pocket 173 

is surrounded by a 2 cm thick acrylic wall on all sides to minimize thermal losses. K-type 174 

thermocouples were placed at 0.5 cm and 4 cm below the liquid surface to record the temperature 175 

at the top (Ttop) and bottom of the vessel (Tbottom), respectively. The photonic heater was placed ~4 176 

mm above the liquid to ensure a high view factor for noncontact radiative heat transfer. A K-type 177 
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thermocouple on the surface of the photonic heater measured its temperature to estimate the 178 

blackbody emissive power. The thermocouples were connected to a data logger (Pico 179 

Technologies, USB TC-08). 180 

Nanofiltration Post-treatment Process. A dead-end filtration stainless steel stirred cell was 181 

used (Sterlitech Corporation) with a 47 mm diameter membrane disc (Dow Filmtec). The NF270 182 

polyamide membrane with a molecular weight cutoff of 200-400 Da was chosen as it is designed 183 

to remove organics, thereby making it suitable for rejection of ionic liquids. To minimize 184 

concentration polarization at the membrane surface, a PTFE-coated magnetic stir bar was used at 185 

200 rpm. The cell was connected to a nitrogen cylinder using a pressure gauge and the resulting 186 

water flux, Jw was obtained by measuring the change in permeate volume over time.  187 

Evaluation of Non-Ideal Mixture Behavior via Molecular Dynamics (MD) Simulations. 188 

All-atom AMBER force fields for potential energy, U were used in the MD simulation of this 189 

system. 190 
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The first term describes the non-bonded interactions including Van der Waals as the Lennard-191 

Jones 12-6 form and Coulombic forces from atom-centered partial charges. The following terms 192 

in the potential energy equation represent, respectively, bonds, angles and torsional interactions. 193 

The force field parameters of atomistic P4444 cation, DMBS anion and TFA anion were developed 194 

in previous work22-24 (tables S3-S6). The TIP4P water model25 was employed for water molecules, 195 

which depicts the dynamic and structural properties of liquid water. The VdW interaction 196 

parameters between unlike atoms were obtained from the Lorentz−Berthelot combining rule. Non-197 
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bonded interactions separated by exactly three consecutive bonds (1−4 interactions) were reduced 198 

by related scaling factors,26-27 which were optimized as 0.50 for VdW interactions and 0.83 for 199 

electrostatic interactions, respectively. The schematic molecular structures and partial charges of 200 

the P4444 cation, DMBS anion, TFA anion and water molecule of the TIP4P water model are 201 

presented in fig. S5. Atomic charges for DMBS anion were calculated using a web-based 202 

calculator, Atomic Charge Calculator, via the Electronegativity Equalization Method (EEM).28 203 

MD simulation was performed using LAMMPS package with standard 3D periodic boundary 204 

conditions. The number of initially displayed ion pairs and water molecules to match the 205 

concentration cases is summarized in table S7. The non-bonded interactions were cut off at 15 Å 206 

while the particle-particle particle-mesh solver29 was applied to treat the long-range electrostatic 207 

interactions. All simulations were carried out at isothermal-isobaric conditions, at 25 °C and 208 

ambient pressure, in the Nose-Hoover NPT ensemble with time coupling constants of 100 and 209 

1000 fs, respectively. After initial relaxations with short time steps and an equilibration with long 210 

time steps, at least 6 ns simulation of the ensemble were performed with a fixed time step of 1fs. 211 

Atomic simulation trajectory or RDFs were recorded at an interval of 1.5 ps for post-analysis. 212 

RESULTS AND DISCUSSION 213 

Solution Properties of Thermo-Responsive ILs. The binary phase diagram and critical 214 

transition temperature of both DMBS and TFA are shown in Fig. 2A. DMBS displays a broad 215 

binodal phase curve, with an LCST of 36 °C at a concentration of 40 wt%, while the TFA phase 216 

curve is symmetric with an LCST of 31 °C at that concentration. The curve width dictates the 217 

effectiveness of phase separation upon heating - at a temperature of 55 °C, the 40 wt% DMBS 218 

separates into a concentrated IL-rich phase >80 wt%, while TFA at the same concentration and 219 

temperature separates into an IL-rich phase of ~70 wt% (confirmed by NMR analysis). Thus, the 220 
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draw solutions should be heated not just to their LCST, but to temperatures ~20 °C higher in order 221 

to be regenerated and reused in a subsequent FO process, while the water-rich phase contains <10 222 

wt% IL. The enthalpy of separation or de-mixing, ΔHmix, for both ILs at a concentration of 50 wt% 223 

was obtained as 2-5 J g-1 of the mixture (fig. S3). This liquid-liquid separation enthalpy is 1000x 224 

lower than the enthalpy of liquid-vapor phase change, which highlights advantages of using these 225 

ILs that undergo a reversible phase separation with water.  226 

The viscosity of DMBS and TFA solutions are shown in Fig. 2B, as viscous draws can cause 227 

concentration polarization that adversely impacts water flux.30 At concentrations <30 wt% the 228 

mixture viscosity is close to that of water (~1 mPa-s) but then increases with concentration, likely 229 

due to molecular interactions (e.g. ion pairing and/or molecular aggregation) at non-dilute 230 

concentrations.31 These molecular interactions also result in an unusual dependence of viscosity 231 

on temperature: as the IL-water mixture is heated above room temperature, its viscosity decreases 232 

according to the well-known Arrhenius relationship. However, as the critical temperature for a 233 

given concentration is approached, viscosity increases sharply, indicating structural reorganization 234 

and formation of aggregates in solution that leads to phase separation. With further increase in 235 

temperature, viscosity decreases again as the phase-separated water-rich layer resembles a dilute 236 

mixture (fig. S4). Similar temperature-dependent viscosity trends have been reported in binary 237 

mixtures of water and imidazolium-based ILs that do not display LCST behavior, as well as in 238 

LCST-type polymers or polyelectrolytes in which aggregation increases the effective molecular 239 

weight, thereby showing a sharp increase in viscosity with temperature.32-33 In contrast, the lower 240 

viscosity of the two down-selected ILs (at least by a factor of three) at all concentrations, as well 241 

as their weaker temperature dependence around the critical temperature is more suitable for FO. 242 
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To evaluate the ability of ILs as draw solutes to desalinate saline feeds, their osmotic strength 243 

was measured at different concentrations. We note that these measurements were performed at 25 244 

°C (temperature at which FO dilution occurs), which is in contrast with literature measurements 245 

based on freezing point that over-predicts osmotic strength as the physical state of the mixture and 246 

thermal interactions are altered at low temperatures.16 Fig. 2C shows the osmolality of both ILs, 247 

which provides a measure of ions dissolved in solution at a given concentration, and this is 248 

converted into an approximate osmotic pressure. The osmotic pressure of both ILs can be tuned 249 

by changing the mixture concentration, rendering them suitable for salinities ranging from brackish 250 

water to produced water. At low concentrations <10 wt%, the osmolality of both DMBS and TFA 251 

increase linearly, indicating complete dissociation into constituent ions as expected in a dilute 252 

mixture. However, at intermediate concentrations ~20-50 wt%, both ILs appear to have a near-253 

constant osmolality, which increases dramatically upon further increase in concentration >60 wt%.  254 

 255 

Fig. 2. Characterization of aqueous mixtures of DMBS (in blue) and TFA (in red) as a function of 256 

their concentration in water. (A) Binodal phase diagram that shows the LCST (B) Viscosity. (C) 257 

Osmolality and calculated osmotic pressure, with dilute mixtures shown in the inset. 258 

To understand this unusual behavior, osmolality was plotted as a function of mixture molality 259 

and compared with an ideal solute like NaCl. As shown in Fig. 3A, above ~0.3 mol kg-1, osmotic 260 

pressure generated by IL ions in solution deviates significantly from NaCl dissolved in water. To 261 
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provide insight on this, Molecular Dynamics (MD) simulations were performed, in which the 262 

parameter of interest is the number of water molecules in the first hydration shell of the IL that is 263 

known to be a prerequisite for LCST behavior (Supplementary Note S2).31 The first peak of the 264 

radial distribution function between atoms in the IL and water provides information on atoms that 265 

constitute hydration shells and their radius – the central P atom in the P4444 cation, S atom and 266 

benzene ring in the DMBS anion, and the C2 atom in the TFA anion were pivots for hydration 267 

shells (fig. S6-S7). The inset in Fig. 3B provides a pictorial representation for DMBS showing the 268 

distribution of water molecules (i) exclusively within the coordination shell of a single ion, (ii) 269 

shared between multiple ions, or (iii) outside the first coordination shell of all ions. As the IL 270 

concentration increases, the number of water molecules inside the first coordination shell per ion 271 

pair decreases (Fig. 3B line graph). Furthermore, the ratio of water molecules contributing to the 272 

first coordination shell of multiple ions increases at higher IL concentrations (Fig. 3B area graph). 273 

In other words, not all individual ions are hydrated due to an insufficient number of water 274 

molecules at these high concentrations of DMBS, resulting in ion aggregation and shared water 275 

molecules between multiple ions. The following hypothesis was tested: to contribute to osmotic 276 

strength, a certain number of water molecules are required at a given concentration for IL 277 

dissociation into its constituent ions (i.e., one cation and one anion per IL molecule). Single cation 278 

and anion simulations were performed to calculate the number of water molecules in the ions’ first 279 

coordination shell that ensure dissociation (fig. S8). Given that water molecules are shared by 280 

multiple ions at some concentrations, two definitions of free ion were evaluated: shared water 281 

molecules solvate all ions, or only solvate the nearest ion. Simulation results for both ionic liquids 282 

indicate that the latter definition dominates, i.e., shared water molecules contribute only to 283 

solvating the nearest ion, as this correlates well with experimental data shown in Fig. 3C for 284 
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DMBS. The apparent free ion ratio is defined as the ratio of measured osmolality to that predicted 285 

by van’t Hoff theory for an ideal solute that dissociates into two ions (i.e., like NaCl) in solution. 286 

This suggests that a number of IL ions in solution are clustered, with shared hydration shells 287 

solvating only the nearest ion which hinders other ions from contributing to osmotic strength. At 288 

all concentrations, TFA has a larger free ion ratio than DMBS as shown in Fig. 3D, resulting in a 289 

higher osmolality.  290 

 291 

Fig. 3. Concentration dependence of osmolality showing deviations from ideal mixtures. (A) 292 

Osmolality measured as a function of molality using a vapor pressure method showing differences between 293 

ILs and NaCl in solution. (B) Molecular dynamics simulation showing the number of water molecules in the 294 

first coordination shell per ion pair of DMBS (line graph) and the ratio of water molecules contributing to the 295 

first coordination shell of multiple ions (area graph) as a function of IL concentration (C) Molecular dynamics 296 

simulation showing the apparent free cation and anion ratio for DMBS compared to experimental data under 297 
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two assumptions. (D) Molecular dynamics simulation showing the apparent free ion ratio for DMBS (in blue) 298 

and TFA (in red) compared to experimental data under the hypothesis that water molecules contribute to 299 

the osmotic strength of the nearest ion only.  300 

The osmolality data and MD simulations reveal for the first time, the existence of a critical 301 

concentration that is unique to each IL. This concentration represents the point at which IL-water 302 

mixtures deviate from ideality and behave like complex (i.e., non-dilute) fluids with ion pairing 303 

that results in a lower osmotic pressure and adversely impacts FO water flux. We have previously 304 

shown that ion aggregation is dependent on temperature and is an intermediate step towards LCST-305 

type phase separation,31 but the occurrence of aggregation at room temperature is revealed for the 306 

first time through these MD simulations. This indicates an opportunity to develop new IL 307 

chemistries that exhibit higher critical concentrations for aggregation (i.e., less ion pairing like 308 

TFA compared to DMBS) to ensure higher osmotic pressures.  309 

Forward Osmosis Desalination of Produced Water Feeds. A lab-scale FO setup was 310 

designed to test the performance of the two IL draw solutions, as shown in Fig. 4A. Commercially 311 

available FO membranes are benchmarked against traditional inorganic draw solutions like NaCl 312 

using water flux (in L m-2 h-1 or LMH) and reverse solute flux, RSF (in g m-2 h-1 or gMH) with a 313 

deionized water feed. RSF is a measure of draw solute back-diffusion through the membrane that 314 

gradually lowers draw concentration (and increases feed concentration), thereby decreasing the 315 

water flux and requiring periodic draw replenishment that increases operational costs.34 Given the 316 

differences in solution properties of ILs and simple salts like NaCl, the selectivity of commercial 317 

FO membranes with ILs was tested. Fig. 4B displays the measured water flux using 70 wt% DMBS 318 

and TFA draws with a DI water feed, and the corresponding RSF. The membrane selectivity, γ is 319 

obtained by dividing reverse solute flux by the water flux across the membrane.35 DMBS and TFA 320 

IL-based draws show γ values of 0.18 and 0.05 g L-1, respectively, which are lower than NaCl (0.7 321 
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g L-1) and also significantly lower than other thermally regenerated draws such as ammonia-carbon 322 

dioxide (γ  >2 g L-1).35 This is attributed to the larger size of the IL molecules (12.5 Å unhydrated) 323 

compared to NaCl (5.6 Å unhydrated), which hinders back diffusion of the IL through the FO 324 

membrane. While DMBS and TFA IL-based draws exhibit low RSFs relative to other FO draws, 325 

this draw leakage will necessitate periodic draw replenishment over time. Efforts directed at 326 

optimizing flow parameters and membrane design will aid in reducing RSF values further. These 327 

results confirm that commercial membranes used in this work show a high selectivity with organic 328 

solutes, indicating that the selected LCST-type draws are suitable for FO. 329 

To evaluate the use of ILs in a practical application, real produced water feeds were obtained 330 

from two different oil fields operated by the California Resources Corporation (Elk Hills and South 331 

Mountain) in southern California (table S2). Based on the measured osmolality of produced water 332 

samples, 70 wt% TFA and 70 wt% DMBS draw solutions were selected. Fig. 4C shows the 333 

desalination performance of both IL-based draws, with TFA yielding a higher water flux owing to 334 

its higher osmolality and lower viscosity when compared to DMBS at the same concentration. We 335 

note that the flux values can be increased significantly by lowering mass transport resistances, e.g. 336 

higher cross-flow velocities (compared to ~3 cm s-1 used in these experiments) and well-designed 337 

hydrodynamics in custom-designed cells (using spacers and shims), and should be considered to 338 

realize the full potential of IL chemistries as draws in FO. 339 

 340 
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Fig. 4. Lab-scale forward osmosis experiments. (A) Schematic of the experimental FO setup to evaluate 341 

the water flux for different feed and draw solutions. The membrane is oriented such that the active layer 342 

faces the draw in all experiments. (B) Measured water flux (LMH) and reverse solute flux (gMH) when using 343 

IL-based draw solutes, 70% DMBS and 70% TFA, with a DI water feed; γ represents the membrane 344 

selectivity and is obtained by dividing the solute flux by the water flux. (C) Measured water flux using real 345 

produced water samples (Elk Hills, South Mountain) with 70% DMBS and 70% TFA as draw solutes. The 346 

inset shows the feed samples used in the FO process (courtesy of the California Resources Corporation). 347 

To assess the compatibility of commercial membranes with IL draws and produced water 348 

feeds, SEM-EDX analysis was performed. The structural (fig. S11) and chemical (fig. S13) 349 

composition of the membrane remain unchanged, thereby confirming that commercial FO 350 

membranes can be reused after rinsing or backwashing with DI water, with no significant decrease 351 

in flux over multiple runs with the ILs and produced water feeds (table S8). 352 

Draw Regeneration and Clean Water Production using Solar Heat. After the FO step, 353 

diluted draw solutions ~40-50 wt% (based on NMR analysis) must undergo phase separation by 354 

heating above the LCST. Solar energy is used as the heat source, with the goal of achieving direct 355 

absorption of radiation by the liquid to increase its temperature. This noncontact mode of heating 356 

proceeds via thermal radiation and has advantages over conventional photo-thermal materials and 357 

surfaces that heat the liquid via convection and/or conduction, which is limited to lower 358 

temperatures and is susceptible to corrosion or degradation over time.36-37 However, pure ILs are 359 

transparent across the solar spectrum (fig. S14A) and instead show multiple absorption bands in 360 

the infrared that correspond to vibration modes of constituent chemical functional groups 361 

(Supplementary Note S4). Given that water’s O-H bond strongly absorbs at ca. 2.8 m, it is 362 

expected that IL-water mixtures will also absorb across the IR region. Fig. 5A shows the infrared 363 

transmittance of 50 wt% DMBS and TFA; the transmittance of DI water is also measured and 364 
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matches literature data.38 For both mixtures, strong absorption in the short- (2.5-3 µm) and mid-365 

infrared (6-8 µm) wavelength range corresponds to vibrational and rotational modes of the pure 366 

IL molecules (fig. S14B). Thus, by converting solar energy into infrared radiation, direct 367 

absorption by the liquid can induce effective phase separation, i.e., draw regeneration. This is 368 

achieved using a photonic heater that absorbs solar irradiation and re-emits in the mid-infrared 369 

region that overlaps with the absorption spectrum of aqueous ILs; mid-IR wavelengths correspond 370 

to thermal emission from a blackbody heated to temperatures ~100 °C. 371 

To demonstrate the feasibility of this new draw regeneration mechanism at the lab-scale, 372 

diluted draws of TFA and DMBS from FO desalination of produced water feeds were each tested 373 

with the photonic heater (comprising a selective solar absorber and a blackbody emitter, fig. S15), 374 

as shown in Fig. 5B. Under an illumination of 1000 W m-2 (one-sun solar flux), the absorber 375 

temperature rapidly increases to 80 °C as incident sunlight is converted into thermal radiative 376 

energy. This heat is transferred to the emitter, causing it to emit as a blackbody at a peak 377 

wavelength of ~8 μm matching the spectral absorption profile of IL-water mixtures (fig. S16B). 378 

This radiative coupling allows for direct absorption of thermal emission by the underlying liquid, 379 

resulting in a temperature increase well-above the LCST, as shown in Fig. 5C. To quantify the 380 

extent of phase separation, aliquots of the heated mixture were analyzed for their composition, 381 

where the top layer comprises the water-rich phase and bottom layer is the IL-rich phase as shown 382 

Fig. 5D. Residual amounts of IL ~10 wt% in the water-rich phase can be removed by a 383 

nanofiltration (NF) post-treatment process with a small external pressure input, and the IL-rich 384 

phase >65 wt% can be reused as draw in the FO module, as shown in Fig. 5E. We note that an NF 385 

polishing step is required to obtain high purity water (<2 wt% IL) as heating alone does not remove 386 

IL aggregates from water as shown in the MD simulations; new IL chemistries that exhibit a very 387 
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broad phase diagram would be able to eliminate this step, as would end-use applications that do 388 

not require ultraclean product water. The pressure required for NF is dictated by the osmotic 389 

pressure of the water-rich phase, which was measured in Fig. 2C as ~10 bar, and hence a pressure 390 

of 12 bar was applied. Analysis of the NF permeate reveals near-perfect rejection of both ILs, with 391 

a water content of 100 wt% for DMBS (owing to its larger size) and 98.8 wt% for TFA, as shown 392 

in Fig. 5F. High purity product water is obtained post NF, with a TDS <500 ppm for both IL draws 393 

(220 ppm for DMBS permeate and 430 ppm for TFA permeate) that satisfies the maximum 394 

contamination level target set by the U.S. Environmental Protection Agency for drinking water 395 

(for full water analysis assessment see table S2).39 These experiments are the first demonstration 396 

of utilizing solar heat for regeneration of IL-based draws after produced water desalination, 397 

yielding high-quality water for beneficial reuse.   398 

 399 

Fig. 5. Experimental testing of draw regeneration using a photonic heater that converts solar energy 400 

into infrared radiation for heating above the LCST. (A) Optical transmittance of aqueous IL mixtures 401 

measured using a 50 μm spacer or path length showing absorption at mid-infrared wavelengths; for larger 402 
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path lengths ~1 mm (liquid layer thickness), there is complete absorption across the entire IR range. (B) 403 

Schematic of a lab-scale setup for radiative heating of diluted IL mixtures using a photo-thermal converter 404 

under a solar simulator output of 1000 W m-2. (C) Temperature evolution of the diluted DMBS (dashed line) 405 

and TFA (solid line) solution, with phase separation caused by radiative heating above their respective 406 

LCST; inset shows the temperature profile of the photonic heater. (D) 1H-NMR analysis of the water content 407 

of the phase separated layers due to solar heating, with the water-rich layer on top of the IL-rich layer. (E) 408 

Lab-scale setup of dead-end nanofiltration for removal of residual IL from the water-rich phase after solar 409 

separation; inset shows the NF permeate after solar-FO of produced water feed (South Mountain) with 70 410 

wt% DMBS and TFA draws. (F) 1H-NMR analysis of the water content of permeate from nanofiltration 411 

showing near-perfect rejection of ILs at an applied pressure of 12 bar.  412 

Phase separation experiments under realistic conditions of varying solar flux were performed 413 

under natural sunlight in Berkeley, California (Supplementary Note S6). These results confirm that 414 

temperatures above LCST are attained to induce phase separation of water from the IL (fig. S22), 415 

thereby demonstrating the feasibility of such a solar-IL-FO desalination system for regions that 416 

have a solar resource ~5 kWh m-2 day-1 (e.g. western United States).   417 

Energy Consumption of Lab Prototype. One important metric for solar-IL-FO is the specific 418 

energy consumption of the overall desalination process. As shown in Fig. 1, an integrated solar-419 

FO system comprises draw dilution in the FO module (commercially available from different 420 

vendors) and draw regeneration in the thermal separator (custom designed based on draw solution 421 

properties). Given that the FO step is spontaneous, the only energy input required at this stage is 422 

electricity for circulating feed and draw solutions, estimated as 0.5 - 1 kWhe m
-3  (kWh electric) 423 

based on previous studies40 and viscosity of the IL draws. If high-quality product water is desired, 424 

a nanofiltration post-treatment can be used to reject residual ILs using electricity. For the 425 

experimental conditions shown in Fig. 5, NF with an applied pressure of 12 bar consumes ~0.3 426 

kWhe m-3 (Supplementary Note S7), which yields an overall electrical energy consumption of 427 
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<1.5e kWh m-3. Such a small value is because the primary energy consumption in a solar-IL-FO 428 

system is thermal energy required for phase separation of the IL-water mixture by heating. Based 429 

on the enthalpy of mixing/de-mixing of the diluted draw (ΔHmix), this is estimated to be 2.7 kWht 430 

m-3 (kWh thermal). Additional energy ~32 kWht m
-3 in the form of sensible heat is required to 431 

attain temperatures above LCST for phase separation (52 °C in this case); this results in a total 432 

thermal energy consumption of 35 kWht m
-3 for the experimental conditions shown in Fig. 5C, 433 

which is provided by a constant solar input of 1000 W m-2. A major portion of this thermal energy 434 

consumption is from sensible heating, which is stored in the liquid and can be reused to pre-heat 435 

diluted draw before it enters the thermal separator. Taking this into account, the specific thermal 436 

energy consumption is calculated to be 9 kWht m
-3 (Supplementary Note S7). This is significantly 437 

lower than conventional thermal desalination processes that require 660 kWht m
-3 for evaporating 438 

water, as well as highly efficient configurations of multi-effect distillation (MED) with heat 439 

recovery that lowers the energy consumption to ~70 kWht m
-3.11-12 This highlights the advantage 440 

of using draws with novel phase transitions, such as the reversible LCST behavior in thermo-441 

responsive ILs.  The energy consumption (both thermal and electrical) is dependent on the diurnal 442 

nature of solar irradiation which changes the temperatures of the photonic heater and diluted draw 443 

(table S9).  444 

Solar-thermal Efficiency for phase separation. Another important metric for solar-IL-FO is 445 

the solar-thermal separation efficiency (η), which dictates the design of the separator. This 446 

efficiency is defined as:36  447 

𝜂 =
�̇�(𝐶𝑃∆𝑇+∆𝐻𝑚𝑖𝑥)

𝑞𝑠𝑜𝑙𝑎𝑟𝐴
= 𝜂1 × 𝜂2     (2) 448 
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where �̇� is the mass flow rate, CP is the specific heat capacity of the diluted draw (approximated 449 

as water), ΔT is the difference between the initial and final temperatures of the mixture; ΔHmix is 450 

negligible compared to Cp𝛥T, A is photonic heater area, and qsolar is the incident solar flux.  451 

There are two parts to this efficiency: η1 represents the photo-thermal conversion efficiency of 452 

the heater (i.e., the efficiency of capturing sunlight and converting it into IR), and η2 represents the 453 

radiative coupling between the heater and the underlying liquid, as well as the absorption 454 

efficiency of the IL-water mixture (i.e., the efficiency of utilizing the captured energy for phase 455 

separation). These efficiencies guide the design of the two sub-components of the separator. 456 

Maximizing η1 necessitates the use of a selective solar absorber with a high solar absorptance and 457 

low thermal emittance that converts incoming sunlight into heat, as well as an emitter with a high 458 

infrared emittance that radiates to the underlying liquid. The spectral properties of the selective 459 

solar absorber and the blackbody emitter demonstrated in this work satisfy these criteria to yield a 460 

photonic heater efficiency of η1 ~ 91% owing to optical losses by reflection and thermal emission 461 

from the selective absorber surface (fig. S15). Maximizing η2 requires strong radiative coupling 462 

between the emitter and liquid, which is achieved with a radiation view factor close to unity and 463 

minimal thermal losses (e.g. convection from the heater and liquid surfaces and conduction to the 464 

walls of the vessel). Maximizing η2 also requires emission from the heater to be matched with 465 

spectral properties of the IL-water mixture. A view factor ~0.8 was achieved in this work by 466 

placing the heater close to the surface of the liquid, and spectral property matching was made 467 

possible by blackbody emission at 80 °C (temperature attained by the photonic heater in lab 468 

experiments) with a peak wavelength ~8 μm that overlaps with measured absorption profile of the 469 

liquid (fig. S16). As thermal losses cannot be measured experimentally, a 2D multi-physics model 470 

was developed to estimate losses and determine η2 (Supplementary Note 8 and table S10). This 471 
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model reveals that convection losses from the top surface of the heater and absorption of emitted 472 

heat by the liquid result in η2 ~55%. As a result, the overall solar-thermal separation efficiency is 473 

50%, which can be optimized further with design modifications. For example, higher heater 474 

temperatures can be attained by reducing convection losses from its surface (e.g. using insulation, 475 

multi-layer convection shields, vacuum), which consequently increases the radiative power 476 

incident on the IL-water mixture. The dimensions of the separator, i.e., its thickness can also be 477 

modified to match the thermal penetration depth of incoming infrared radiation, which enables 478 

temperatures well-above LCST in under an hour (fig. S23). With these design improvements, a 479 

separator efficiency (solar-thermal) of 69% can be obtained due to direct volumetric absorption of 480 

radiation by the liquid, which is comparable and even higher than conventional solar collectors 481 

operating under similar conditions,41-42 while also having the added advantage of using noncontact 482 

heat transfer. In comparison, heating IL-water mixtures directly with solar energy (i.e., without the 483 

photonic heater) would result in an efficiency under 20% due to their poor absorption of sunlight.  484 
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