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[bookmark: _Toc100753453]Abstract
Coal-fired power plants provide more than one fifth of the electricity generated in the United States. Flue gas desulfurization (FGD) of the products of coal combustion is necessary to prevent emissions of SO2, which is typically accomplished with wet scrubbing systems. The wastewater from these systems contains high levels of gypsum, chloride, and trace heavy elements including selenium. Effective treatment of FGD wastewater remains a challenge. In this thesis, temperature swing solvent extraction was investigated for its ability to produce freshwater from saline and selenium-containing wastewater. Solute rejection for extractions with diisopropylamine (DPA) was dependent on the ionic strength the feed. DPA showed no selectivity for feeds containing 500 ppm selenate and 500 ppm selenite. NaCl rejection of 81% was achieved for a 3.5 w/w% NaCl feed, and the rejection rose to 93% for the 4.0 NaCl feed. For extractions with synthetic FGD wastewater, DPA rejected 86% of feed selenate and 74% of feed NaCl, indicating DPA can treat dilute contaminants in high TDS feeds. Due to the diminishing solute rejection with more dilute feeds, it was concluded that standalone extraction with DPA is not suitable for FGD wastewater treatment. Extraction with decanoic acid displayed over 98% solute rejection for 3.5 w/w%, 1.0 M, and 4.0 M NaCl feeds. Decanoic acid maintained this rejection for feeds containing 500 ppm selenate and 500 ppm selenite, showing stable rejection of ions independent of feed concentrations. The rejection of each species was slightly lower for synthetic FGD wastewater at 96% for selenate and 95% for NaCl. It was concluded that extraction with DA was feasible as a standalone FGD wastewater treatment. Rejections of selenite were higher than selenate, which were higher than chloride. Selenite has the largest hydrated radius and chloride the smallest, suggesting this property influences ion rejection in multicomponent feeds. Finally, higher DA solute rejection but lower water recovery compared to DPA suggests a tradeoff.

Table 1: List of Abbreviations
	Abbreviation
	Meaning

	CFPP
	Coal-fired power plant

	FGD
	Flue gas desulfurization

	EPA
	Environmental Protection Agency

	TSSE
	Temperature swing solvent extraction

	TH
	Hot step temperature

	TC
	Cold step temperature

	DPA
	Diisopropylamine

	DA
	Decanoic acid

	OA
	Octanoic acid

	NaCl
	Sodium chloride

	SeO42-
	Selenate (from sodium selenate)

	SeO32-
	Selenite (from sodium selenite)

	SO42-
	Sulfate

	SO2
	Sulfur dioxide

	CO2
	Carbon dioxide

	DI
	Deionized water

	ICP-MS
	Inductively Coupled Plasma Mass Spectroscopy
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[bookmark: _Toc100753454]1. Introduction
[bookmark: _Toc100753455]1.1 Motivation and Significance
Coal-fired power plants (CFPP) are a primary contributor to global electricity production1. In 2021, coal accounted for 21.8% of all electricity generated within the United States (US)2,3. In CFPPs, coal combustion within coal-fired boilers heats water into steam to generate electricity. The gaseous streams exiting coal-fired boilers in CFPPs are known as flue gas, mainly oxygen (O2), nitrogen (N2), carbon dioxide (CO2), sulfur dioxide (SO2), and nitrogen oxides (NOx)4,5. CO2 is the leading cause of climate change6,7 and a well-known byproduct of coal combustion6. Combustion of sulfur deposits in coal feeds release SO2, a toxic gas and environmental pollutant8,9 that can cause acid rain10. CFPPs implement flue gas desulfurization (FGD) to their gaseous streams before atmospheric release of CO2 to remove SO2 from flue gas11,12. FGD can be achieved in both wet and dry systems, but wet scrubbing systems are the most widely implemented due to their higher SO2 removal12,13. The standard approach for SO2 scrubbing is to contact the flue gas with a limestone (CaCO3) slurry to sequester gaseous SO2 into the slurry as gypsum (CaSO4·2H2O)14. Figure 1 shows a schematic of an example FGD wet scrubbing system.
[image: ]
Figure 1: Schematic of an FGD wet scrubbing system. A limestone slurry is sprayed over flue gas to absorb SO2 from the gas phase into the liquid slurry as CaSO4·2H2O (gypsum).

	 There are additional environmentally significant species present in CFPPs. Coal deposits contain several trace elements that were either present at the site of coal formation or that were delivered through groundwater cycles15,16. Coal combustion releases these trace elements17,18, the most notable of which are heavy elements including arsenic, selenium, mercury, and lead19. Some of these trace elements partition into FGD wastewaters, including approximately 30% of selenium present in coal feeds19. The most common practice for disposing of FGD wastewaters is environmental release after treatment20, creating significant environmental concern and making coal combustion a major cause of environmental selenium pollution21–23. 
Selenium is an essential trace element to humans and animals, playing a regulatory role in the immune system, thyroid, and reproductive system24,25. Selenium deficiencies are associated with impaired immune response26, arthritis27, and asthma28. However, selenium becomes toxic to humans above trace levels29,30. Symptoms of selenium poisoning include fatigue, hair loss, and gastrointestinal issues30,31. Environmental selenium has been linked to high mortality rates in fish and birds22,32. Selenium has been shown to bioaccumulate in aquatic systems33 and can create nonfunctional enzymes via misincorporation into proteins34.
Selenium exists in several organic and inorganic forms. In water, it exists primarily as the inorganic oxyanions selenate (SeO42-) and selenite (SeO32-), which are more toxic than the organic and elemental forms21,35. Removing selenium oxyanions from wastewater remains a major challenge22. The Environmental Protection Agency (EPA) updated effluent limits for environmental discharge of FGD wastewaters until 201536, but the technical difficulties involved with compliance to the new FGD wastewater discharge standards caused the EPA to postpone the compliance date for existing CFPPs37.
Existing methods for selenium removal from FGD effluents include biological reduction and adsorption. Geological variation in coal mines and the rank of coal governs the composition of the FGD wastewater38. Biological processes are sensitive to the composition of FGD wastewater22. Moreover, biological processes rely on the reduction of SeO42- and SeO32- into a colloidal, environmentally persistent39 form of Se0 instead removal40,41. Direct removal processes such as adsorption are limited by the coexistence of sulfate (SO42-) ions. Sulfate ions are up to an order of magnitude more prevalent in FGD wastewaters42 and are structurally similar to selenate ions, which creates competition for adsorption sites43. Furthermore, any proposed FGD wastewater treatment must be able to withstand the corrosive and high total dissolved solids (TDS) FGD wastewater. FGD wastewater is recycled through the system to maintain a chloride content of up to 20,000 mg L-1, but chloride contents can reach 40,000 mg L-1 with the implementation of corrosion-resistant systems22,44–46. A robust process that can withstand variations in FGD wastewater compositions and remove selenate even in the presence of sulfate and chloride is needed.
	Temperature swing solvent extraction (TSSE) is a developing process that could be robust enough to handle the complex and variable nature of FGD wastewater. Section 1.2 will describe the working principles of TSSE. Briefly, TSSE is a cyclical process in which purified water is produced from contaminated feeds. Unlike other solvent extraction processes, the purpose of the solvent is not to transfer the solute between the aqueous and organic phases. Rather, water is drawn from the aqueous phase into the organic, concentrating the feed in a manner comparable to forward osmosis47 or membrane distillation48. The organic and aqueous phases are separated, then a “temperature-swing” of the organic phase shifts the solubility of water and causes a new, purified aqueous layer to form.
[bookmark: _Toc100753456]1.2 Working Principles of TSSE
In TSSE, contaminated feed water is brought into contact with an organic solvent. The phases reach equilibrium at a temperature where water has a relatively high solubility in the organic phase. As the phases approach equilibrium, the organic phase dissolves water while rejecting feed solutes. The phases are separated, and the organic phase is allowed to reach equilibrium at a different temperature where the solubility of water in the organic phase is low. The water-rich solvent separates into two phases: a water-scarce solvent that can be reused and a new, purified aqueous that can be recovered as product water or subjected to further extractions49. Figure 2 outlines the TSSE process. 
[image: ]
Figure 2: Working diagram of the temperature-swing solvent extraction process. An organic solvent with a polar moiety dissolves water while rejecting solutes within the water. The phases are separated. A “temperature swing” in the organic phase changes water solubility to create a new, purified aqueous phase.

	The choice of solvent is the determining factor in process design and performance50. Solvents are hydrophobic so that a biphasic system is maintained but contain a hydrophilic moiety that allows the formation of hydrogen bonds with water51. Figure 3 shows hydrogen bonding interactions between organic solvents and water.
[image: ]
Figure 3: Hydrogen bonding interactions between water and secondary amine, imidazole, and fatty acid organic solvents. Polar portions of the organic solvent form hydrogen bonds with water while hydrophobic tails maintain a biphasic system.

During the first equilibrium step, hereafter referred to as the draw step, the aqueous and organic phases are mixed, then allowed to reach equilibrium at a temperature that promotes hydrogen bonding between molecules of water and solvent, giving water a relatively high solubility in the organic phase. As demonstrated in Figure 3, this equilibrium encourages water to dissolve in the organic phase, while ionic salts remain the polar aqueous layer instead of the hydrophobic solvent49.
	Following the draw step, the phases are separated. The water-rich organic phase is subjected to a second equilibrium phase, hereafter referred to as the precipitation step. During the precipitation step, the solvent is subjected to a temperature that promotes the breaking of the hydrogen bonds between the solvent and water, giving water a relatively low solubility in the organic phase. The breaking of these bonds causes the water to disassociate from the solvent and precipitate into a new aqueous phase49. Figure 4 depicts the temperature swing inducing the precipitation step.
[image: ]
Figure 4: Demonstration of the working principles of TSSE. A temperature swing lowers the solubility of water in the organic solvent, breaking hydrogen bonds and causing the formation of a purified water phase.

The temperature and duration of the draw and precipitation steps depend on the solvent choice. For solvents where dissolving water is exothermic, the draw step is performed at a lower temperature to encourage hydrogen bond formation and the precipitation step is performed at an elevated temperature to break those bonds. For solvents where dissolving water is endothermic, the draw step is performed at an elevated temperature and the precipitation at a lower52.
	Based on these working principles, the ideal solvent for TSSE would have the following properties: It would be sufficiently nonpolar that it forms a biphasic system with water and has negligible miscibility in water; It would be nontoxic such that further treatment of the effluent would not be necessary; It would have polar sites that allow it to absorb significant volumes of water; The solubility of water within the solvent would change dramatically over a small temperature range near ambient temperatures; The solubility of wastewater solutes within the solvent is low; and the solute partition heavily favors the aqueous phase51,52.
[bookmark: _Toc100753457]1.3 Commercial Advantage
Although TSSE is not well-studied relative to competing desalination technologies53–58, it offers several commercial advantages that make it worth exploring. An advantage of TSSE is the potential to integrate heat recovery. Because the solvent is recirculated and undergoes temperature swings, a continuous TSSE process will always have a stream that needs to be heated and one that needs to be cooled. Therefore, the system can be designed with a heat exchanger network for heat recovery. This design improves the thermal efficiency of the process by reducing the total thermal energy demand. Alotaibi et al modeled a continuous seawater desalination plant with decanoic acid (DA) and octanoic acid (OA) as the solvent. They find that for OA, the thermal energy consumption ranges from 800 to 900 kWh/3 and for DA, it ranges from 1740 to 2300 kWh/m3 without heat recovery. With heat recovery, the thermal energy consumption for OA has a range of 160 to 180 kWh/m3. For DA, the thermal energy consumption range is to 350 to 460 kWh/m3 upon implementation of heat recovery59. Figure 5 shows a continuous TSSE process with an optimum heat exchanger network.
[image: ]
Figure 5: Example of a continuous TSSE process with an optimal heat recovery network. Figure from Alotaibi et al59.

	TSSE is a non-evaporative process51 and has been shown feasible even when the top process temperature is limited to 55 °C50. As a result, a TSSE process could be powered by waste or another low-grade source of heat that could be considered inexpensive or free. This gives it a commercial advantage over evaporative or pressure-driven processes when applied in a setting with reliable sources of waste heat such as CFPPs60. 
A common drawback in solvent extraction processes is the need to deploy downstream operations to regenerate solvent before reuse61,62. In TSSE, the only necessary solvent regeneration is to precipitate the water, which is already a core step in the process. In principle, the organic solvent will only dissolve water and small amounts of a solute that favors partition into the aqueous phase. Therefore, the precipitation step will remove the water and any solute dissolved within the organic phase, allowing it to be returned directly to the first equilibrium step49. The omission of downstream solvent regeneration reduces the process complexity and eliminates the associated capital and operating expenses. This also minimizes solvent losses and the corresponding organic waste.
Another common drawback to solvent extraction is the environmental and toxicological impacts of the solvents63,64. In order to adhere to the principles of green chemistry65, solvent extraction process development has emphasized the development of ionic liquids applied to solvent extraction processes66–70. Ionic liquids are compounds composed of ions but with a melting point below 100 °C. They have low volatilities and are often solid at ambient temperatures, minimizing emissions and secondary pollution concerns. Ionic liquids can be developed to task-specific applications, making them a promising and green alternative to traditional solvents66,67. Guo et al performed feasibility studies for ionic liquids in TSSE with molecular dynamics simulations and found that 1-ethyl-3-methylimidazolium with an amide anion ([emim][Tf2N]) was suitable for TSSE, giving an NaCl rejection of 97.5 ± 0.8%71. Implementing ionic liquids for TSSE mitigates the volatile organic emission and toxic liquid waste concerns of other solvent extraction processes and would minimize the environmental impacts of TSSE.
A zero liquid discharge (ZLD) process is one that achieves no liquid waste72. ZLD processes reduce the volume and environmental impacts of waste, since solid wastes are more readily disposed of in landfills and treated to recover valuable minerals72,73. Other ZLD technologies typically involve evaporative systems followed by crystallizers to dewater brines into slurries74,75. Boo et al have shown that TSSE with diisopropylamine (DPA) can attain ZLD of high salinity brines given a sufficiently high solvent to water ratio. In ZLD TSSE, the water absorbs entirely into the solvent. However, two phases are still present: a single liquid organic phase and a solid salt precipitate76. By separating the liquid solvent and solid precipitate, solid salt and freshwater are recovered with no liquid waste.
	The low operating temperatures and temperature swings of TSSE open opportunities for heat recovery networks and waste heat integration. Designs that take advantage of these opportunities reduce the requisite energy input and allow for inexpensive or free waste heat to minimize or eliminate the thermal energy costs of TSSE. The omission of solvent regeneration reduces the cost and complexity of TSSE compared to other solvent extraction processes, and development and adoption of ionic liquids would minimize its environmental impacts. The potential to attain ZLD of brines would further simplify waste handling and reduce its environmental impact. Altogether, these commercial advantages make TSSE a promising desalination process with the potential for minimal environmental impact.
It has been shown that TSSE is capable of achieving high (> 98%) rejections of all major ions in seawater, including Na+, K+, Ca2+, Mg2+, Cl-, and SO42-, even in the presence of multiple monovalent and divalent cations77. It has also been demonstrated that a single pass of TSSE can achieve removal efficiencies as high as 91% for As-III and 97% for As-V50. Experimental and simulated TSSE has primarily included DPA51,52,76,78,79 and DA49,50,59,71,77 over a range of ionic solutes. However, no attempt has been made to study TSSE performance for producing freshwater from selenium-containing wastewaters, and comparative studies between DA and DPA have not been performed.
[bookmark: _Toc100753458]1.4 Hypothesis and Scope
The purpose of this research was to investigate TSSE applied to FGD wastewater and to gain insight into fundamental questions regarding the TSSE process. First, the advantages and tradeoffs of DA and DPA as process solvents were investigated. This information was used to gain insight onto the existence of a tradeoff between solute rejection and water recovery for TSSE, then the influence of structural differences in these solvents on TSSE performance was considered. The ability of TSSE to reject selenate and selenite was investigated, and the role of the structural differences of these anions on TSSE performance was considered. Selenite, selenate, and chloride rejections are compared to study how differences in ion properties effect solute partition. A mixed system was studied to determine whether individual ion concentration or total feed ionic strength was more influential on process performance. Finally, the results of extraction of a synthetic FGD wastewater sample are considered to judge the feasibility of TSSE in FGD wastewater treatment.
In this study, free energy of solvation simulations were performed for a sodium cation and chloride anion in water, then these results were compared to the free energy of solvation of these species in decanoic acid to determine in which phase dissolved ions would be more stable.
Next, a series of NaCl in water trials were performed at varied NaCl concentrations with DA and DPA as the process solvent. Each feed was extracted three times with the same solvent to validate that no additional regeneration steps were necessary. The NaCl studies are performed to compare the solute rejection and water recovery as a function of concentration for each solvent for saline solutions.
	Next, a sodium selenate study and a sodium selenite in aqueous feed study were performed with both process solvents. Finally, extraction of a synthetic FGD wastewater stream containing selenate and NaCl was performed with both solvents. The results are used to discuss the potential of TSSE to treat selenium containing FGD wastewater.
[bookmark: _Toc100753459]2. Experimental
[bookmark: _Toc100753460]2.1 Chemicals
Diisopropylamine (C6H15N, ≥99.5%), sodium selenate (Na2SeO4, BioXtra), sodium selenite (Na2SeO3, 99%), and selenium standard for ICP-MS (1 mg/L Se in nitric acid) were purchased from MilliporeSigma. Sodium chloride (NaCl, certified ACS, crystalline) was purchased from Fisher chemical. Deionized water (DI) was collected from a Milli-Q EQ 7000 ultrapure water purification system. 
[bookmark: _Toc100753461]2.2 Preparation of Stock Solutions
TSSE was performed on six different feeds with two different solvents. NaCl only feeds with concentrations 3.5 weight % (w/w%), 1.0 M, and 4.0 M NaCl were extracted. Then, TSSE was performed on a feed of 500 parts per million (ppm) SeO42-  and a feed of 500 ppm SeO32-. Finally, TSSE was performed on a synthetic FGD wastewater stream containing 20 g L-1 Cl- from NaCl and 500 ppm SeO42-. Each feed was extracted with DA and DPA.
Stock solutions of each feed were prepared in sufficient volumes such that a single feed solution could provide the samples for all trials. The appropriate amount of solute to achieve the target feed concentration was weighed, then dissolved into 200 mL DI. Stock solutions were stored in sealed containers in a refrigerator to prevent water evaporation any resulting concentration change. The solutions were allowed to reach room temperature before each use. Target and actual compositions of all stock solutions can be found in Table A1 in Appendix A: Tabulated Data.
[bookmark: _Toc100753462]2.3 Experimental Procedure for Decanoic Acid
The experimental procedure for studies in which DA was the solvent was based on previous work by Guo et al50. 10 g DA was weighed on a balance. The actual weights for all DA trials can be found in Table A2 in Appendix A: Tabulated Data. Since DA is solid at room temperature, the DA was transferred into a beaker and heated in an oven at 60 °C until completely melted. 10 mL feed solution at ambient temperature (~24 °C) was added to a glass vial, followed by the addition of the melted DA. The vial was shaken vigorously, then placed into an oil bath at TH of 80 °C for 24 hours. Following the draw step, the water-rich organic phase, which was the light phase of the solution, was pipetted into a test tube. A thin layer of DA was intentionally not transferred to ensure no feed was drawn into the pipet. The test tube was placed into an oil bath at TC of 35 °C for 72 hours to allow an aqueous phase to precipitate from the organic. After precipitation, the DA was pipetted back into the original vial and the extraction process was repeated two more times for a total of three extractions per feed. The volume of the product water was determined. Figure 6 shows the procedure with temperatures labeled for DA trials.
[image: ]
Figure 6: TSSE process for DA. The draw step is performed at 80 °C and the precipitation at 35 °C.

[bookmark: _Toc100753463]2.4 Experimental Procedure for Diisopropylamine
The experimental procedure for studies in which diisopropylamine (DPA) was the solvent was based on previous work by Boo et al51. 10 mL feed solution was added to a glass vial with 10 mL DPA. The vials were shaken gently, then placed in an oil bath at TC of 15 °C for 2h. Next, the water-rich organic phase, which was the light phase of the sample, was carefully pipetted into a separate glass vial. A layer of DPA was intentionally not transferred to avoid drawing feed into the pipet. The new vial was placed in an oil bath at TH of 65 °C to drive precipitation. After two hours, the DPA was pipetted back into the original vial and the extraction process was repeated two more times for a total of three extractions per feed. The volume of product water was determined. Figure 7 shows the procedure with temperatures labeled for DPA trials.
[image: ]
Figure 7: TSSE process for DPA. The draw step is performed at 15 °C and the precipitation at 65 °C.

For DPA and DA extracted samples, chemical analysis of the product water was conducted as soon as possible. When necessary, the product water samples were stored in a sealed container in the refrigerator. All trials were repeated three times, and the results are reported as mean ± standard deviation.
[bookmark: _Toc100753464]2.5 Conductivity Measurements
The NaCl concentration of the product water was determined via conductivity measurements with a Thermo scientific Orion Star A212 Conductivity Benchtop Meter. A calibration curve was created with calibration standards. 
	DPA in the product water created interference in conductivity readings. To ensure reliable NaCl concentration results, an additional calibration curve was generated. To generate the additional calibration curve, 1 mL of standards were brought to equilibrium with DPA at 65 °C, then the standards were diluted to 50 mL with DI to approximate the DPA content of the product water samples. 
	Samples were diluted to 50 mL with DI before measurement to fully submerge the sensor. The calibration curve was used to calculate the NaCl concentration of the diluted sample, then a mass balance was used to calculate the concentration of the sample before dilution. The pre-dilution concentration was used to calculate solute rejection.
[bookmark: _Toc100753465]2.6 ICP-MS Measurements
Selenium measurements were conducted with a PerkinElmer NexION2000 Inductively Coupled Plasma Mass Spectrometer (ICP-MS) with Single Cell analysis capability through the University of Oklahoma Mass Spectroscopy, Proteomics, & Metabolomics (MSPM) Core. The system was calibrated with commercial 1 mg/L in 2 w/w% nitric acid selenium standards. Three calibration curves were generated with the commercial standard at 1000 parts per billion (ppb). Additional calibration data was collected with the commercial standard diluted with 2 w/w% nitric acid solution to 500, 100, 50, and 10 ppb Se. All calibration solutions were spiked with 25 ppb Yttrium as background to ensure consistency between readings.
	All readings were conducted under argon, which was ionized at the plasma torch with the introduced experimental samples. Argon forms a dimer, Ar2, with molar mass 79.2 atomic units (au). This is very similar to the molar mass of Selenium, 78.92 au. For the first calibration curve and SeO42- in DA samples, ammonia was introduced in the collision cell in the instrument to remove interferent Ar2 dimers. In the second calibration curve and the remaining selenate and selenite measurements, helium was introduced in the collision cell instead. The third calibration curve was generated under identical conditions to the second. This calibration curve was used for synthetic FGD wastewater and was generated to ensure accurate readings because the results were collected on a different day. Calibration curves for ICP-MS measurements can be found in Appendix C: Calibration Curves.
	All samples were diluted with 2 w/w% nitric acid spiked with 25 ppb Yttrium before ICP-MS analysis. The solutions were diluted to maintain the Se concentration within the calibration curve. For all DPA measurements, 1 microliter of product water was diluted in 3 mL nitric acid solution. DA samples were diluted to an estimated 0.5 ppm Se using the volume of product water recovered and an assumed rejection of 98%. Dilution details for DA ICP-MS measurements can be found in Table A9 in Appendix A: Tabulated Data.
[bookmark: _Toc100653132][bookmark: _Toc100753466]2.7 Simulation Details
Free energy of solvation calculations were performed with Groningen Machine for Chemical Simulation (GROMACS) package version 2021.3 with the coupling factor method80. The free energy of solvation for an ion is defined as the free energy change from its configuration in a solid crystalline lattice to its free energy dissolved in solution. There are two distinct steps in this process: 1) breaking the lattice and 2) dissolution. When comparing the free energy between an ion in different solutions, the first step, breaking the lattice, is unaffected by the choice of solvent. The free energy change of a specific ion after step one but before dissolution into any solution regardless of the liquid is therefore equivalent, and the lattice energy can be excluded from simulations50,71,80.
	When simulating the free energy difference between an ion in two liquids, it is therefore sufficient to calculate the free energy difference from an ion in solution to an ion in a vacuum (i.e., the ion is no longer associated with the crystalline lattice but not yet interacting with the solvent). The free energy difference between the non-interacting and fully interacting states can be calculated by thermodynamic integration with the coupling factor method, shown in Equation 180,81. 

Equation 1
In this method, the Hamiltonian of the system is adjusted by step changes to the coupling factor λ. At λ = 0, the molecule is fully interacting with the solvent, including Van der Waals and coulombic interactions. At λ = 1, though the ion is still surrounded by solvent in the simulated box, the nonbonding interactions have been turned off and the molecule functionally exists in a vacuum80,82.
	At values 0 < λ < 1, the system is in a nonphysical state in which nonbonding interactions are dampened, slowly decoupling the ion from the solution as λ moves from zero to one. This nonphysical state is governed by “soft core” potentials that depend on λ, shown in Equation 282.




Equation 2
where α and p are input parameters and σ is the interaction radius. Equation 2 demonstrates that at λ = 0 and 1, the system is described by the physical, “hard-core” potentials at states A and B. At intermediate states, the “soft-core” potential describes the system82.
Simulations are performed for a list of lambdas, then trapezoidal numerical thermodynamic integration is performed to estimate the free energy released at each step as the solute is decoupled from the system. The free energy of solvation is the opposite of this value80–82. The errors are computed by block averaging. The built-in GROMACS function bar computes the free energy and error using the simulation output .xvg files83.
Sodium and chloride ions were modeled with the all-atom optimized potential for liquid simulation (OPLS-aa) model84. Water was simulated by the extended simple point charge (SPC/E) model85. Decanoic acid was modeled using the GROMOS54A786 forcefield and .itp and .pdb files provided by Automated Topology Builder and Repository87. Selenium parameters are not available in any GROMACS forcefields. To simulate selenate, a sulfate molecule was taken from CHARMM-GUI small molecule database88–90 due to its structural similarity to selenate43. The bond lengths of sulfate were scaled by 1.1 to approximate a selenate anion91,92. The approximated selenate molecule was modeled with the GROMOS96 forcefield93,94.
	In each simulation, the system first underwent steepest descents minimization. The system was equilibrated at constant volume (NVT ensemble) for 100 ps. A second equilibration was performed at constant pressure (NPT ensemble) for 100 ps. Finally, the production MD run under the NPT ensemble was performed over 1 ns where ∂H/∂λ data was collected and time averaged. Long range interactions were handled by the Fast Particle-Mesh Ewald (PME)95 method while a cut-off radius was used for short range van der Waals and coulombic forces.

[bookmark: _Toc100753467]3. Results
[bookmark: _Toc100753468]3.1 Simulation Results
Free energy of solvation simulations gave a value of -381.54 ± 0.19 kJ/mol for the sodium cation. This value is comparable to Shi et al, who report a value of -92.8 kcal/mol (-388.28 kJ/mol)96. For the chloride anion, a value of -370.54 ± 3.06 kJ/mol was obtained. This agrees with the value of -89.22 ± 3.12 kcal/mol (-373.30 ± 13.05 kJ/mol) reported by Smith et al97.
	A sodium and chloride ion in DA were simulated by Rish et al77. They obtain a value of approximately -300 kJ/mol for sodium in DA and -270 kJ/mol for chloride. Figure 8 shows the free energy of sodium and chloride ions in water and DA.

Figure 8: Free energy of solvation of a sodium cation and chloride anion in water and DA.

	Systems favor states that minimize the system’s Gibbs free energy98. As the free energy values demonstrate, an ion in water is more favorable than an ion in solvent. Therefore, it is expected that when DA and water are brought into contact, the solute will favor the aqueous phase and the water recovered from the organic phase will have a lower concentration of solute compared to the feed. This simulation predicts that freshwater will be recovered from TSSE with DA.
[bookmark: _Toc100753469]3.2 Solvent Recycling
Three cycles of extractions of feeds containing 3.5 w/w%, 1.0 M, and 4.0 M NaCl were performed with DA and DPA. To clarify, an extraction was performed on the feed with an unused solvent. After the precipitation step, the regenerated solvent was used to extract the original feed two more times for a total of three extractions per feed and two reuses of solvent. Figure 9 shows the salinity of the original feed and product water over three extractions with DPA and DA. 

Figure 9: Feed and product water salinity for three cycles of  TSSE with 3.5 w/w% NaCl feed and DPA or DA solvent.

	As shown in Figure 9, cyclic extraction of the 3.5 w/w% NaCl feed with DA reduced the salinity from 0.6 M to 0.010 ± 0.003, 0.010 ± 0.003, and 0.005 ± 0.003 M NaCl for the first, second, and third cycle, respectively. For extraction of the 3.5 w/w% NaCl feed with DPA, the product water salinity was 0.13 ± 0.02, 0.09 ± 0.02, and 0.11 ± 0.02 M NaCl for the respective cycles.
Figures B1 and B2 in Appendix B: Additional NaCl TSSE Figures show the salinity of the feed and product water for the 1.0 M NaCl feed for DA and DPA extraction, respectively. For 1.0 M NaCl, sequential extraction with DA reduced the product water salinity to 0.018 ± 0.012, 0.018 ± .003, and 0.014 ± 0.015 M NaCl, respectively. For DPA, sequential extraction of the 1.0 M NaCl feed reduced the product salinity to 0.13 ± 0.03, 0.14 ± 0.01, and 0.17 ± 0.01 M NaCl, respectively. 
Figures B3 and B4 in Appendix B show the feed and product water salinity over three extractions of 4.0 M NaCl with DA and DPA, respectively. For DA, the product water salinity for three cycles of TSSE was 0.044 ± 0.003, 0.028 ± 0.009, and 0.049 ± 0.021 M NaCl, respectively. For DPA, the product water salinity for the three cycles was 0.18 ± 0.24, 0.26 ± 0.06, and 0.31 ± 0.16 M NaCl, respectively.
For both DA and DPA extraction of all three feeds, the salinity of the product water remains comparable across all three cycles of TSSE. For four of the six runs, all three cycles are similar within error. The only trials that do not agree within error are the first and second cycle for 4.0 M NaCl with DA and the second and third cycle of 1.0 M NaCl extraction with DPA. In the case of 4.0 M NaCl with DA extraction, the third cycle agrees within error of the first and second. In the case of 1.0 M NaCl with DPA extraction, the first cycle agrees within error of the second and third. Therefore, even though not all individual trials agree for these two cases, they do not conflict with the overall trend that the salinity of the product water remains constant across multiple reuses of solvent.
These results experimentally confirm that for TSSE, the only solvent regeneration necessary is the water precipitation step, which is already a core step in the cycle. The advantage of needing no additional solvent regeneration processes was discussed in Section 1.3.
Cycling the solvent through the process without additional regeneration steps or a solvent purge stream minimizes the liquid waste. However, organic solvents would still need to be replenished due to losses by two mechanisms. The first is solvent partition into the aqueous phase. Bajpayee et al report a DA content in the TSSE product water of 36 ppm49. Boo et al report a DPA concentration of approximately 0.25 M in the product water76. Solvent partition into the product water poses two challenges. The first is that solvent that partitions into the product water is solvent that is lost from the cycle and must be replaced. The second is the limitations to the product water applications with organic solutes. DA and DPA are toxic to aquatic ecosystems, and DPA is not readily biodegradable99,100. For environmental discharge, effluent toxicity concerns may require additional processes to remove organic compounds. These additional steps increase process complexity and principal and operating costs, which diminishes the commercial viability of TSSE. These environmental concerns suggest that further TSSE development should emphasize identifying or synthesizing solvents with a lower water solubility and that are minimally toxic to aquatic ecosystems.
The second mechanism by which solvent escapes the system is through evaporation. DPA has a boiling point of 84 °C99, which is only 19 °C above the top process temperature of 65 °C. Volatile organic compound emissions are major sources of air pollution, contributing directly to air quality degradation through the innate toxicity of the volatile substances and indirectly by acting as ozone and smog precursors101–105. The environmental impact of implementing TSSE with volatile solvents means that existing or novel solvents with low volatilities are preferred.
Although both solvents were demonstrated to be recyclable with no solvent regeneration steps, less DA partitions into the product water than DPA, DA is readily environmentally biodegradable100 and DPA is not, and DA is less volatile (boiling point = 268 °C100) than DPA. Therefore, TSSE with DA produces water with lower organic content, lower solvent losses, and lower environmental concerns than DPA.
[bookmark: _Toc100753470]3.3 Salinity Reduction
Figure 10 shows the average salinity of the product water versus the feed concentration for DA and DPA extractions.

Figure 10: Average product water salinity vs feed concentration for TSSE with DPA and DA.

	The product water salinity for DA extractions of 3.5 w/w%, 1.0 M, and 4.0 M NaCl feeds was 0.009 ± 0.003, 0.017 ± 0.010, and 0.042 ± 0.015 M NaCl, respectively. The product water salinity for DPA extractions of the same feeds was 0.11 ± 0.02, 0.14 ± 0.03, and 0.25 ± 0.16 M NaCl, respectively.
	For all three feeds, the product water salinity of the water extracted with DA is approximately an order of magnitude lower than the salinity of the water extracted with DPA. In terms of both solvent partition into the product water and product water salinity, DA extraction produces higher quality water than DPA.
	As the salinity of the feed rises, the salinity of the product water rises. For both solvents, the product water produced from the 4.0 M feed has the highest salinity, followed by that from the 1.0 M feed, then the 3.5 w/w% feed. This trend is because TSSE is an equilibrium process in which the solute partitions between the organic and aqueous phase. As the solute concentration in the feed rises, it will also rise in the product water. This trend demonstrates that for applications in which low product water solute concentrations are necessary, the product water from the first cycle of TSSE may need further extraction. This can be achieved by using the effluent from one pass of TSSE as the feed in an additional extraction cycle.  
Figure 11 shows the average NaCl rejection across all cycles and NaCl feeds for DPA and DA.

Figure 11: TSSE average salt rejection vs feed concentration for 3.5 w/w%, 1.0 M, and 4.0 M NaCl feeds with DPA solvent.

	The NaCl rejection for the 3.5 w/w%, 1.0 M, and 4.0 M NaCl feed after TSSE with DA was 98.54 ± 0.54, 98.34 ± 1.04, and 98.96 ± 0.37%, respectively. The NaCl rejection for these feeds after DPA extraction was 81.38 ± 4.07, 85.66 ± 2.53, and 93.75 ± 3.93%, respectively. 
	In TSSE with DA, the solute rejection remained consistent regardless of the feed concentration. This agrees with the findings by Rish et al, who found that DA solute rejection was relatively constant at ~98% over a span of ions including Na+, Mg2+, Ca2+, Cl-, and SO42- for feed solute concentrations ranging from 1 to 10.5 wt %77. In TSSE trials with DPA, the solute rejection depended on the feed concentration. As the feed concentration increased, the rejection increased. This agrees with the findings by Boo et al, who found that the salt removal improved from 86.4% to 95% as the feed concentration increased from 1.0 M to 4.0 M.
	These results show that the solute rejection of DA extraction remains constant for desalination of feeds spanning from highly saline brines to the lower ion concentrations of seawater. If this trend holds, then similar rejection rates are expected at the relatively dilute 500 ppm selenate and selenite feeds. The constant rejection rate is advantageous. First, it suggests that TSSE with DA may be capable of treating even dilute feed solutes, such as trace elements in FGD wastewater. Second, it simplifies scale-up designs of TSSE processes. The product water quality is predictable regardless of the initial concentration, so the number of extractions necessary to meet the desired effluent concentration is predictable.
	The results for DPA show that rejection depends on the feed concentration. DPA extraction achieves high rejections at 4.0 M NaCl feeds but shows diminishing rejection with decreasing feed concentrations. Achieving very low solute concentrations in the effluent will require several extractions, and each will become less effective as the solute concentration decreases. Additionally, this trend suggests that there might exist a lower bound of solute concentration, below which most selectivity is lost and TSSE with DPA is not a suitable treatment for the feed. Therefore, the selectivity against 500 ppm selenate and selenite feeds is expected to be lower than what was observed for 3.5 w/w% NaCl.
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Three extraction cycles for feeds of 500 ppm as SeO42- and SeO32- were performed with each solvent. Figure 12 shows feed and product selenate content by cycle for extractions with DA and DPA.

Figure 12: Feed and product water selenate concentration for three cycles of  TSSE with 500 ppm SeO42- feed and DPA solvent.

	The selenate concentration in the product water for three sequential extractions with DA was 12.5 ± 18.2, 17.9 ± 18.8, and 0.5 ± 0.7 ppm as SeO42-, respectively. The selenate concentration in the product water for DPA extractions was 375 ± 20, 568 ± 83, and 625 (no standard deviation, only one successful sample) ppm, respectively. 
	Figure 13 shows feed and product water selenite content by cycle for extractions with DA and DPA.

Figure 13: Feed and product water selenite concentration for three cycles of  TSSE with 500 ppm SeO32- feed and DPA solvent.

	The selenite concentration in the product water for DA extractions was 2.78 ± 0.16, 9.89 ± 6.13, and 5.95 ± 2.18 ppm, respectively. The selenite concentration for DPA extracted product water was 493 ± 312, 395 ± 2, and 535 ± 286 ppm, respectively.
	Figure 14 shows the solute rejection for 500 ppm SeO42- and SeO42- feeds with DA and DPA extractions.

Figure 14: Average TSSE solute rejection for 500 ppm SeO42- and SeO32- feeds with DA and DPA organic phases.

	The selenite rejection after DA extraction was 98.1 ± 2.9%. The selenite rejection with DA extraction was 98.8 ± 0.8%. The selenate rejection with DPA extraction was 4.14 ± 22.66%. The selenite rejection with DPA extraction was 8.18 ± 46.37%.
	A single extraction of TSSE with DA reduced the selenate concentration by nearly two orders of magnitude. The selenite concentration in the product water was reduced by a similar degree for selenite feeds extracted with DA. This is consistent with the findings of Guo et al, who found that a single pass of TSSE with DA reduced the concentration of arsenite and arsenate by 1-2 orders of magnitude50. These results agree with the trend for DA observed in the NaCl trials that DA ion rejection is independent of feed concentration. The solute rejection remains above 98% for the entire range of tested feeds spanning from 500 ppm to 4.0 M solutes, making it well-suited for applications with trace contaminants. Additionally, the high rejection of selenium oxyanions shows TSSE with DA is capable of treating selenium-containing waters, making it a candidate for FGD wastewater treatment. Finally, it was found that DA showed higher selectivity against selenite than selenate.
For trials with DPA, the solute rejection for SeO42- and SeO32- is poor. These follow the trend observed in the previous trials where the selectivity of DPA diminishes as the feed becomes more dilute. For the 500 ppm feeds tested here, DPA displayed little selectivity. These findings show that TSSE with DPA is not suitable for feeds containing only low or trace solute concentrations. Like DA, DPA showed higher selectivity against selenite than selenate.
	The primary structural difference that exists between selenate and selenite is the molecular geometry of these species. Selenate has four oxygen and is therefore tetrahedral, whereas selenite only has three and is trigonal pyramidal. These structural differences give the molecules different hydrated radii, or the radius of the ion and its strongly associated water molecules. Figure 15 shows the hydrated radius of a selenite and selenate molecule.
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Figure 15: Hydrated radius of selenite and selenate. Figure from Eklund and Persson92.
In solution, the positive dipole of water molecules form hydrogen bonds with the negative charge of oxygen on the anions. However, on selenite, there is a hemisphere where there is no oxygen with which hydrogen bonds can form. As a result, the hydrated radius is larger for selenite than selenate at 4.36 and 3.94 Å, respectively92. A larger hydrated radius may cause the partition to favor the aqueous phase more heavily due to steric considerations. DPA and DA are both bulky molecules, DPA having two isopropyl groups attached to the central amine and DA with a 10-carbon chain. A larger hydrated radius would have more steric interactions with the bulky parts of these molecules that would create an additional barrier to solute partition into the organic phase, resulting in higher rejection for selenite.
[bookmark: _Toc100753472]3.5 Synthetic FGD Wastewater
Three samples of synthetic FGD wastewater were extracted with DA, and three samples were extracted with DPA. The synthetic FGD wastewater had a chlorine concentration of 20 g/L Cl- approximate the chloride content of real FGD wastewater22,44–46 and 500 ppm SeO42- to represent the heavy elements. Figure 16 shows feed and product water salinity and selenate  content for the synthetic FGD wastewater after extraction with DA and DPA.
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Figure 16: Synthetic FGD wastewater feed and product water salinity and selenate after extraction with DPA and DA.

	TSSE of the synthetic FGD wastewater reduced the salinity of the water extracted with DPA to 0.11 ± 0.04 M. The selenate concentration of this product water was 67.9 ± 33.9 ppm. The salinity of the product water for synthetic FGD wastewater extracted with DA was 0.017 ± 0.006 M. The selenate concentration of this water was 15.9 ± 14.0 ppm.
	Figure 17 shows the TSSE NaCl and SeO42 rejection for extraction of synthetic FGD wastewater with DA and DPA.

Figure 17: Average TSSE solute rejection for synthetic FGD wastewater feed with DA and DPA organic phases.

	The TSSE selenate rejection was 96.82 ± 2.79 and 86.42 ± 6.78% for DA and DPA, respectively. The TSSE NaCl rejection was 95.52 ± 1.14 and 74.07 ± 7.81% for DA and DPA, respectively.
	For DPA, the NaCl rejection for synthetic FGD wastewater was lower than it was for 3.5 w/w% NaCl, which was 81.38 ± 4.07%. This agrees with the trend observed for NaCl only feeds, where solute rejection decreased with decreasing feed concentrations. For selenate in the wastewater, DPA showed selectivity. This was not observed with the only solute was 500 ppm selenate or selenite, but selectivity was achieved with the coexistence of relatively concentrated NaCl. This indicates that DPA selectivity depends primarily on the total ionic strength of the feed rather than individual ion concentrations. Selectivity against a low concentration of selenium was achieved, but only when the feed ionic strength was sufficiently high. These results show that DPA can treat trace contaminants in high TDS feeds. For feeds only containing low levels of solutes, TSSE with DPA is ineffective.
	For DA, the rejection of selenate in synthetic FGD wastewater was slightly lower than it was for 500 ppm selenium feeds. The selenium rejection fell from 98.13 ± 2.86% for 500 ppm selenate to 96.82 ± 2.79%. The decrease in both salt and selenate rejection in synthetic FGD wastewater contradicts the findings of the NaCl only and selenium oxyanion only feeds, where the rejection was independent of feed concentration and species. However, a single pass of TSSE with DA achieved more than 95% solute rejection for synthetic FGD wastewater, making it a promising treatment technology for real samples.
	For both solvents, a higher rejection was achieved against the selenate anion than NaCl. Since sodium was the only anion in the solution, this shows a higher rejection of selenate with respect to chloride. As mentioned previously, a higher selectivity against selenite was observed than selenate, and now a higher selectivity against selenate is observed than chloride. The hydrated radii of selenite, selenate, and chloride are 4.36, 3.94, and 3.19 Å, respectively92,106. This continues the previous trend between hydrated radius and rejection by TSSE. Though this correlation needs further study, it provides insight into how properties of ions influence their partition between phases and resulting rejection by TSSE.
	For extraction with DPA, the sodium chloride rejection increased at higher feed concentrations. Virtually no selectivity was observed against 500 ppm selenate alone, but a rejection of 86.42 ± 6.78% was achieved against 500 ppm selenate with the coexistence of sodium chloride at 20 g/L as chloride. This demonstrates that the rejection is dependent on the total ion concentration of the feed rather than the concentration of an individual species. Thermodynamic modelling explains this observation. Two liquid phases in equilibrium follow the general equilibrium criterion given in Equation 398.

Equation 3
where fiI is the fugacity of species i in phase I, fiII is the fugacity of species i in phase II, T is the temperature, P is the pressure, and x is the mole fraction of species i in phase I or II. Substituting the activity coefficient definition of fugacity into Equation 3 gives Equation 4. 

Equation 4
where γi is the activity coefficient of species i in phase I or II and fi is the pure component liquid fugacity. The pure component liquid fugacity for species i is equivalent on both sides of Equation 4, which is reduced to Equation 5. 

Equation 5
	Equations 6 and 7 introduce two terms: the mean ionic activity coefficient and the solution ionic strength. Briefly, these terms approximate the activity or concentration of the ions within a solution rather than considering each individual species.

[bookmark: _Toc100753473]Equation 6

Equation 7
where γ±v is the mean ionic activity coefficient, (γi*)v+ represents the activity of the cations, (γj*)v- represents the activity of the anions, I is the ionic strength of the solution, zi is the charge of ion i, and Mi is the concentration of ion i. With these terms defined, Equation 8 introduces the Debye-Hückel limiting law which relates mean ionic activity to ionic strength.

Equation 8
where α is a parameter that depends on the solvent and temperature. Solving Equation 8 for the mean ionic activity and applying it to Equation 5 gives Equation 9.

Equation 9
	As shown in Equation 9, a higher concentration of salts in the feed will raise I, which will result in the expression within the exponential term having a higher magnitude. As the exponential term is negative, higher ionic strength feeds will cause the mean ionic activity to decrease. On the right side of the equation is the term xiII, representing the concentration of a given ion in the organic phase. Therefore, for higher ionic strength feeds, less solute will partition into the organic phase and higher rejections will be achieved, which is consistent with the results obtained for DPA. For DA, this is not observed, which means that a different model relating mean ionic activity coefficient to ionic strength is necessary to describe this system.
3.6 Water Recovery
Figure 18 shows the average volume of water recovered per trial for each solvent for each feed. The original volume of all feeds was 10 mL. 

Figure 18: Average water recovery by feed and solvent.

	For the SeO32-, SeO42-, synthetic FGD wastewater, 3.5 w/w% NaCl, 1.0 M NaCl, and 4.0 M NaCl feeds, the water recovery from 10 mL feed extracted with DA was 0.162 ± 0.043, 0.078 ± 0.039, 0.041 ± 0.016, 0.045 ± 0.021, 0.045 ± 0.014, and 0.038 ± 0.019, respectively. For the same feeds with DPA extraction, the water recovery was 1.53 ± 0.31, 1.36 ± 0.43, 0.97 ± 0.24, 1.00 ± 0.14, 0.90 ± 0.09, and 0.38 ± 0.22, respectively.
Figure 18 shows two trends. The first is that water recovery decreases as solute concentration increases. For both DPA and DA, the highest water recovery was achieved for the low solute concentrations of the selenate and selenite feeds. The water recovery decreased as the feed became more concentrated and was lowest for both solvents for the 4.0 M NaCl feed. The second is that DPA achieved 9-22 times higher water recovery than DA, but in every trial, DPA showed worse solute rejection than DA. This suggests that there may exist a tradeoff between water recovery and solute rejection.
	The lower water recovery at higher feed concentrations can be explained by thermodynamic modelling. As shown earlier, Equation 5 gives the general equilibrium criteria that applies to each species within each phase.

Equation 5
	Equation 10 gives water activity as a function of solute concentration98.

Equation 10
where γw is the water activity coefficient, v is the number of species that form from salt dissolution, m is the molality of solute, MW is the molar mass of water, and Φ is the osmotic coefficient, which corrects for nonideality. Equation 10 demonstrates that as the concentration of solute within the aqueous phase gets larger, the activity of water gets smaller. Letting phase I be the aqueous phase and phase II the organic, applying Equation 10 to Equation 5 gives Equation 11. 

Equation 11
Equation 11 shows that as the solute concentration increases, the left side of the equation decreases. This lowers xiII, the water concentration in the organic phase. Thus, lower water partition into the organic is expected for more concentrated feeds, so the experimental results agree with thermodynamic modeling.
The second trend was that for all six feeds, the water recovery of DPA was 9-23 times higher than that of DA. A layer of DPA and DA was intentionally not transferred to avoid contaminating the product water, so the high range of DPA/DA water recovery ratios is attributed to variation in the thickness of the remaining layer. Regardless, DPA recovers significantly higher volumes of product water per pass. For TSSE, a higher water recovery raises the process throughput and lowers the number of cycles necessary to treat a feed, lowering the energy consumption of the process. However, DPA showed a lower solute rejection than DA for all six feeds and gave virtually no rejection for the dilute selenate and selenite feeds. This suggests a tradeoff similar to the selectivity/permeability tradeoff present in membrane separations107.
However, in the previously mentioned simulations of ionic liquids by Guo et al for [emim][Tf2N], they do not observe this tradeoff. In their work, they report a solute rejection of 97.5 ± 0.8% for [emim][Tf2N] and a rejection of 96.9-98% for DA. The change in solubility of water per °C temperature change is 0.304 ± 0.023 %/°C for [emim][Tf2N] compared to 0.025 ± 0.002 %/°C for DA71. The greater sensitivity of water solubility to temperature in [emim][Tf2N] compared to DA suggests that the water recovery would be improved for TSSE with [emim][Tf2N] with a similar solute rejection to TSSE with DA. If so, this would suggest that solute rejection is primarily dependent on the partition between phases and water recovery is primarily dependent on its solubility shift with temperature, indicating a tradeoff may not exist.
Considering dielectric constants of the phases in the experiments conducted here, on the other hand, shows that a tradeoff between solute rejection and water recovery may be inevitable. The dielectric constant of a species is related to its structure and polarity. For liquids, a high dielectric constant indicates stronger interactions between an ion and the liquid, predicting a higher solubility of ions in that liquid108,109. The dielectric constant of DA was estimated based on the constants of other acids110 to be 2.52, while those of DPA and water are 3.04 and 80.4, respectively. Water has a much higher dielectric constant than DA and DPA, suggesting ion partition will favor the aqueous phase and selectivity will be obtained, which agrees with results for DA at all feed ionic strengths and DPA at high feed ionic strengths. Additionally, DPA has a higher dielectric constant than DA, and a higher rejection is observed for DA.
	A quick estimate of the dielectric constant of a mixture of solvents can be performed by adding the product of the mole fraction of each component in the mixture by the dielectric constant of that component111,112. Table 2 shows the dielectric constants of the organic and aqueous phases estimated with the mole fraction of each species.
Table 2: Estimated dielectric constants of the aqueous phase, organic phase, and difference for 3.5 w/w% and 4.0M NaCl feed solution in equilibrium with DA or DPA.

	System
	Organic Phase
	Aqueous Phase
	Difference

	3.5 w/w% in DA
	5.7
	80.4
	74.7

	4.0 M in DA
	5.8
	80.4
	74.6

	3.5 w/w% in DPA
	37.0
	80.0
	43.0

	4.0 M in DPA
	20.8
	80.0
	59.2



	
	Considering the difference in dielectric constants of the aqueous and organic phase describes the experimental results well. First, the difference for 3.5 w/w% and 4.0 M NaCl extracted with DA is 74.7 and 74.6, respectively. These values are quite similar, indicating similar solute rejections should be obtained at both feeds, which was observed. For both feeds, the value of the difference in equilibrium with DA is larger than that for DPA. A larger difference suggests a stronger partition of solute into the aqueous phase, so these values predict a higher solute rejection for extraction by DA than DPA. The experimental results agree with this prediction. Finally, the difference between the aqueous and DPA phase for 3.5 w/w% NaCl is lower than it is for the 4.0 M NaCl feed at 43.0 and 59.2, respectively. This predicts that the solute rejection for the 4.0 M NaCl will be higher than it will for 3.5 w/w% NaCl, which agrees with the experimental results. The differences in dielectric constant difference between the organic and aqueous phases for DA and DPA is due to differences in water recovery.
The water recovery for extraction with DA for the 3.5 w/w% and 4.0 M NaCl feeds was low, at 0.045 ± 0.021and 0.038 ± 0.019 mL, respectively. As a result, the mole fraction of water within the organic phase remained low and the estimated dielectric constant of the organic phase remained similar to that of DA. Recovery of DPA for these feeds was higher, at 1.00 ± 0.14 and 0.38 ± 0.22 mL, respectively. As a result, the mole fraction of water in the organic phase was higher, especially for the 3.5 w/w% NaCl feed, causing the estimated dielectric constant of the organic phase to increase. These estimates agree well with the experimental results and suggest that a tradeoff between solute rejection and water recovery is inevitable. As the organic phase draws more water, the mole fraction of water in that phase increases. This raises the dielectric constant of the organic phase, lowering the difference between the two phases and causing lower solute rejection. Therefore, any improvements in water recovery may incur a loss in selectivity. The experimental results here suggest a tradeoff may exist, and investigations into a tradeoff represent and excellent opportunity for future research.
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DPA was ineffective at producing freshwater from feeds contaminated with 500 ppm selenate and selenite. For these feeds, the rejections of 4.14 ± 22.66% for selenate and 8.18 ± 46.37% for selenite show that DPA loses its selectivity when the feed solute concentration gets dilute. Accordingly, TSSE with DPA is not suitable for treating dilute feeds. However, the solute rejection for 3.5 w/w%, 1.0 M, and 4.0 M NaCl feeds was 81.38 ± 4.07, 85.66 ± 2.53, and 93.75 ± 3.93%, respectively. For synthetic FGD wastewater, DPA extraction showed selectivity against selenate, giving a rejection of 86.42 ± 6.78%, showing DPA extraction is selective against dilute solutes at higher feed ionic strength. TSSE with DPA is limited in its ability to produce high quality product water, especially when considering the relatively high partition of DPA into the aqueous phase. Therefore, TSSE with DPA is not promising as a standalone treatment for FGD wastewaters. However, DPA TSSE could still be an effective pretreatment for other desalination technologies. For example, the salinity reduction in a hypersaline feed from a single pass of TSSE could act as a pretreatment for RO, which can be prohibitively energy intensive for feeds with high osmotic pressures76,113,114.
	TSSE with DA showed a high solute rejection independent of the feed concentration. DA showed rejections of over 98% for dilute, 500 ppm selenium oxyanion  feeds and those containing 4.0 M NaCl. DA rejection was lower for the synthetic FGD wastewater stream, giving a selenate rejection of 96.82 ± 2.79 and an NaCl rejection of 95.52 ± 1.14. Though these values are slightly lower than the feeds containing only one solute, DA demonstrated high ion rejections that were indiscriminate of the ion species or concentration. TSSE with DA can create freshwater from feeds with salinities approximating what would be encountered in a real FGD wastewater treatment setting. Additionally, it can reject toxic ions of heavy species, including selenium oxyanions shown here and arsenic oxyanions shown by Guo et al50. Therefore, TSSE with DA solvent is a promising standalone technology for FGD wastewater treatment. However, a major drawback of TSSE with DA is the low water recovery of only 0.41 ± 0.16% of the feed volume for one pass of synthetic FGD wastewater.
	Due to the low water recovery, TSSE with DA has a high specific energy consumption of 350 to 460 kWh/m3 with an optimal heat recovery network59. For comparison, reverse osmosis requires 1-7 kWh/m3, multi-stage flash requires 70-84 kWh/m3, multiple effect distillation requires 42-67 kWh/m3, and mechanical vapor compression requires 6.5-12 kWh/m3 for desalination115–120. However, as discussed in section 1.3, this energy could be provided by low grade thermal energy and could therefore be considered free with the integration of waste heat. Membrane distillation is another desalination technology with a relatively high specific energy consumption but that can exploit waste or other low-grade sources of heat to offset the high energy demand. For FGD wastewater, TSSE has a major advantage over membrane distillation. FGD wastewater is saturated in gypsum (CaSO4·2H2O)14. DA TSSE has been shown capable of handling feeds which contain calcium ions and sulfate anions77. For membrane distillation, gypsum in the feed water causes mineral scaling, blocking pores and causing a loss of selectivity121. Therefore, as long as waste heat integration is implemented, TSSE with DA could be a competitive commercial technology for FGD wastewater, capable of producing fresh water from the saline waste while also removing trace heavy metals.
	The low water recovery limits TSSE potential in applications without readily available waste heat. Though the feed can undergo several cycles to raise achieve higher total water recoveries, the low water recovery per cycle causes a high specific energy demand compared to other desalination processes. Solvents with higher water recovery but similar rejection to DA are needed to improve process output without sacrificing selectivity. For an effective solvent, the partition of feed solutes between the organic and aqueous phase would need to strongly favor the aqueous phase. Additionally, the solubility of water within the organic phase would need to have a stronger dependence on temperature than DA. 
Although DA is readily biodegradable100 and has a relatively low concentration of 36 ppm49 in the product water, the aquatic toxicity of DA poses environmental concern in applications where the effluent will be discharged into the environment. DA shows indiscriminate rejection of ions regardless of species or concentration but could be cost prohibitive because of the low water recovery. DPA gives much higher water recovery than DA, but has lower solute rejection, is volatile, an aquatic hazard99, and partitions heavily into the product water76. Ultimately, broader application of TSSE is limited by faults in the available solvents.
The primary focus of future research should be on identifying and testing new solvents for TSSE. Potential solvents are those that are hydrophobic, creating a biphasic system with water, but contain a moiety that allows hydrogen bonding with water. Potential solvents should be investigated for their suitability as a TSSE solvent. Specifically, solvents in which water solubility has a stronger dependence on temperature will allow for improved water recovery, which will lower the specific energy consumption of the process. Those that achieve high solute rejection regardless of ion or concentration, such as DA, will be more broadly applicable, allowing for remediation of highly saline brines and water contaminated with trace elements with minimal extractions. Finally, solvents that are biodegradable, nonvolatile, and have low miscibility in water should be targeted to maximize the effluent quality and minimize the environmental concerns associated with TSSE. Molecular dynamics simulations are an invaluable tool in estimating the suitability of potential solvents for TSSE. Free energy of solvation calculations can be performed on a solute existing in water and the solvent to estimate which phase the solute will favor81,82. Solvents for which solutes strongly favor the aqueous phase are candidates for TSSE. Additional free energy of solvation calculations should be performed for water in solvent and solvent in water to give an indication for the water recovery and solute partition into the effluent. Solvents that are identified as potential TSSE solvents should be experimentally tested. The volatility, aquatic toxicity, and biodegradability should be considered to quantify the environmental impacts of the solvent should be considered to develop selective, green solvents with high throughput for wastewater treatment.
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Repeated extractions of saline feeds were performed with DA and DPA. For both solvents, the product water quality remained constant despite repeated use of the solvent, demonstrating that solvent can be recycled directly into the process with no extra regeneration, a major advantage over other solvent extraction processes.
	Comparative TSSE studies were performed on DA and DPA, the two leading solvents for this process. DA showed stable NaCl rejections regardless of feed concentration for a 3.5 w/w%, 1.0 M, and 4.0 M NaCl feed. This rejection was maintained for 500 ppm selenate and 500 ppm selenite feeds, showing that DA extraction gives high rejection even for dilute feeds. DPA showed NaCl rejections that depended on the feed concentration, achieving higher rejections for higher feed concentrations. For the dilute selenate and selenite feeds, DPA displayed almost no selectivity against the solutes. 
	A synthetic FGD wastewater stream with 20 g L-1 chloride and 500 ppm was extracted with both solvents. DPA showed a solute rejection of 86.42 ± 6.78% for selenate, against which it had previously shown no selectivity. This means that the total ionic strength of the solution is more important in determining DPA selectivity than the concentration of an individual species. The synthetic FGD stream showed that DPA can treat saline feeds with dilute contaminants but is limited in the quality of product water it can achieve. TSSE with DPA would be suitable as a pretreatment in a TSSE reverse osmosis system, but not as a standalone desalination technology for environmental discharge of FGD wastewater.
DA extraction of the synthetic FGD wastewater achieved solute rejections of 96.82 ± 2.79% for selenate and 95.52 ± 1.14% for NaCl. Though these rejections are lower than the rejections of the NaCl only and selenium oxyanion only feeds, they show that DA can produce high quality water from saline feeds with dilute heavy contaminants.  This makes DA feasible as a commercial FGD wastewater treatment technique, but the low water recovery will limit its potential, especially in the absence of waste heat sources.
	For the same feed, trials with DPA recovered 9-23 times the volume of water as the trials with DA, though DPA always showed a lower selectivity. This suggests there may be a tradeoff between process productivity and selectivity. However, simulations have identified [emim][Tf2N] as a suitable solvent for TSSE, giving similar solute rejection to DA but with a stronger water solubility dependence on temperature, indicating higher water recovery with similar rejections is attainable71. On the other hand, estimating the dielectric constants of equilibrated systems demonstrated that higher water recovery causes a decline in the dielectric constant difference between the organic and aqueous phases, suggesting that a tradeoff between water recovery and solute rejection is inevitable. The existence of this tradeoff is an opportunity for future research.
Ultimately, TSSE is limited by the range of available solvents. DPA shows low selectivity, partitions strongly into the aqueous product, is volatile, an aquatic hazard, and incapable of treating low TDS feeds. The solubility of water in DA does not shift significantly with temperature, limiting the water recovery per cycle and giving TSSE a high energy consumption. Future TSSE research should use molecular dynamic simulations to identify solvents that will improve process performance. Solvents that water recovery without sacrificing selectivity, especially those that have low miscibility with water, low boiling points, low environmental toxicity, and are biodegradable, are crucial for TSSE to become an economical commercial wastewater treatment process.
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Table A1: Feed solutions
	Feed
	Target Concentration
	Target mass (g)
	Actual mass (g)
	Actual concentration

	Na2SeO4
	500 ppm as SeO4
	0.13215
	0.1321
	499.8 ppm as SeO4

	Na2SeO3
	500 ppm as SeO3
	0.13621
	0.1362
	500 ppm as SeO3

	NaCl
	4.0 M
	46.752
	46.7539
	4.0 M

	NaCl
	1.0 M
	11.688 g
	11.6875 g
	1.0

	NaCl
	3.5 w/w%
	7.0 g
	7.0236 g
	3.51 wt %

	Synthetic FGD
	20 g/L as Cl
	6.59 g
	6.5848 g
	19.97 g/L Cl

	
	500 ppm as SeO4
	0.13215 g
	0.1321 g
	499.8 ppm SeO4



Table A2: Decanoic Acid Mass
	
	Actual DA mass (g)

	Study
	Trial 1
	Trial 2
	Trial 3

	500 ppm SeO4
	10.0519
	10.0627
	10.0885

	500 ppm SeO3
	10.0516
	10.0226
	10.0270

	4.0 M NaCl
	10.0382
	10.0022
	10.0318

	1.0 M  NaCl
	10.0770
	10.0255
	10.0427

	3.5 wt % NaCl
	10.0253
	10.0120
	10.0009

	Synthetic FGD
	10.0971
	10.0351
	10.0477



Table A3: Experimental Data for DA with 4.0 M NaCl feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 M
	Cond mS/cm
	Cal Curve M
	CF M
	Rej%

	1
	1
	10
	0.0614
	0.00614
	0.00614
	4
	0.01303
	5.41E-05
	0.044087
	98.89783

	2
	1
	10
	0.0318
	0.00318
	0.00318
	4
	0.007485
	2.94E-05
	0.046182
	98.84544

	3
	1
	10
	0.0222
	0.00222
	0.00222
	4
	0.004847
	1.82E-05
	0.040961
	98.97596

	1
	2
	9.9386
	0.013
	0.0013
	0.001308
	4
	0.00257
	9.03E-06
	0.034741
	99.13149

	2
	2
	9.9682
	0
	0
	0
	4
	NA
	NA
	NA
	NA

	3
	2
	9.9778
	0.0309
	0.00309
	0.003097
	4
	0.003705
	1.35E-05
	0.02188
	99.45299

	1
	3
	9.9256
	0.0296
	0.00296
	0.002982
	4
	0.007374
	2.89E-05
	0.048804
	98.7799

	2
	3
	9.9682
	0.046
	0.0046
	0.004615
	4
	0.006493
	2.51E-05
	0.027292
	99.3177

	3
	3
	9.9469
	0.0671
	0.00671
	0.006746
	4
	0.02135
	9.33E-05
	0.069554
	98.26116



Table A4: Experimental DATA for DA with 1.0 M NaCl feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 M
	Cond mS/cm
	Cal Curve M
	CF M
	Rej%

	1
	1
	10
	0.0251
	0.00251
	0.00251
	1
	0.004188
	1.55E-05
	0.030835
	96.91649

	2
	1
	10
	0.0603
	0.00603
	0.00603
	1
	0.002801
	9.93E-06
	0.008236
	99.17644

	3
	1
	10
	0.066
	0.0066
	0.0066
	1
	0.00506
	1.91E-05
	0.014447
	98.55527

	1
	2
	9.9749
	0
	0
	0
	1
	NA
	NA
	NA
	NA

	2
	2
	9.9397
	0.0388
	0.003904
	0.00388
	1
	0.00419
	1.55E-05
	0.019958
	98.00421

	3
	2
	9.934
	0.0323
	0.003251
	0.00323
	1
	0.002945
	1.05E-05
	0.016249
	98.37509

	1
	3
	9.9749
	0.0507
	0.005083
	0.00507
	1
	0.008112
	3.21E-05
	0.031654
	96.83456

	2
	3
	9.9009
	0.0419
	0.004232
	0.00419
	1
	0.001248
	4.07E-06
	0.004859
	99.51415

	3
	3
	9.9017
	0.0485
	0.004898
	0.00485
	1
	0.001856
	6.31E-06
	0.006503
	99.34971



Table A5: Experimental Data for DA with 3.5 w/w% NaCl feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 M
	Cond mS/cm
	Cal Curve M
	CF M
	Rej%

	1
	1
	10
	0.0314
	0.00314
	0.00314
	0.6
	0.002418
	8.45E-06
	0.013448
	97.75874

	2
	1
	10
	0.0668
	0.00668
	0.00668
	0.6
	0.003683
	1.34E-05
	0.010055
	98.32416

	3
	1
	10
	0.0691
	0.00691
	0.00691
	0.6
	0.002965
	1.06E-05
	0.007652
	98.72461

	1
	2
	9.9686
	0.0271
	0.002719
	0.00271
	0.6
	0.001619
	5.43E-06
	0.01001
	98.33167

	2
	2
	9.9332
	0.0469
	0.004722
	0.00469
	0.6
	0.003081
	1.1E-05
	0.011762
	98.03964

	3
	2
	9.9309
	0.0112
	0.001128
	0.00112
	0.6
	0.000512
	1.52E-06
	0.006802
	98.86627

	1
	3
	9.9415
	0.0507
	0.0051
	0.00507
	0.6
	0.002124
	7.32E-06
	0.007219
	98.79688

	2
	3
	9.8863
	0.0606
	0.00613
	0.00606
	0.6
	0.001175
	3.81E-06
	0.003143
	99.47614

	3
	3
	9.9197
	0
	0
	0
	0.6
	NA
	NA
	NA
	NA



Table A6: Experimental Data for DPA with 4.0 M NaCl feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 M
	Cond mS/cm
	Cal Curve M
	CF M
	Rej%

	1
	1
	10
	1.5884
	15.88
	15.88
	4
	0.9062
	0.001062868
	0.033457
	99.16357

	2
	1
	8.4116
	0.5305
	5.31
	6.31
	4
	1.91
	0.004881713
	0.460105
	88.49738

	3
	1
	7.8811
	0.8558
	8.56
	10.86
	4
	0.8974
	0.001041871
	0.060871
	98.47822

	1
	2
	10
	0.2909
	2.91
	2.91
	4
	0.9918
	0.001278297
	0.219714
	94.50715

	2
	2
	9.7091
	0.2658
	2.66
	2.74
	4
	0.964
	0.001205339
	0.226738
	94.33155

	3
	2
	9.4433
	0.2593
	2.59
	2.75
	4
	1.130
	0.001669063
	0.32184
	91.95399

	1
	3
	10
	0.4431
	4.43
	4.43
	4
	1.805
	0.004348729
	0.490716
	87.73209

	2
	3
	9.5569
	0.2039
	2.04
	2.13
	4
	0.9109
	0.00107417
	0.263406
	93.41485

	3
	3
	9.353
	0.2042
	2.04
	2.18
	4
	0.7458
	0.000713665
	0.174747
	95.63134



Table A7: Experimental Data for DPA with 1.0 M NaCl feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 M
	Cond mS/cm
	Cal Curve M
	CF M
	Rej%

	1
	1
	10
	0.8834
	8.83
	8.83
	1
	1.149
	0.00172695
	0.097744
	90.22555

	2
	1
	9.1166
	1.1051
	11.05
	12.12
	1
	1.643
	0.003588042
	0.16234
	83.76599

	3
	1
	8.0115
	0.8675
	8.68
	10.83
	1
	1.264
	0.00209887
	0.120972
	87.90277

	1
	2
	10
	0.8542
	8.54
	8.54
	1
	1.336
	0.002350606
	0.137591
	86.24089

	2
	2
	9.1458
	0.8185
	8.19
	8.95
	1
	1.266
	0.002105666
	0.12863
	87.13704

	3
	2
	8.3273
	0.8975
	8.98
	10.78
	1
	1.414
	0.002639777
	0.147063
	85.29372

	1
	3
	10
	0.9847
	9.85
	9.85
	1
	1.539
	0.003138992
	0.159388
	84.06118

	2
	3
	9.0153
	0.8349
	8.35
	9.26
	1
	1.517
	0.003047927
	0.182532
	81.74675

	3
	3
	8.1804
	0.8726
	8.73
	10.67
	1
	1.429
	0.002697353
	0.154558
	84.54416



Table A8: Experimental Data for DPA with 3.5 wt % NaCl feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 M
	Cond raw mS/cm
	Cal Curve M
	CF M
	Rej%

	1
	1
	10
	1.0675
	10.68
	10.68
	0.6
	1.575
	0.003290962
	0.154143
	74.30943

	2
	1
	8.9325
	0.7568
	7.57
	8.47
	0.6
	1.252
	0.00205833
	0.135989
	77.33517

	3
	1
	8.1757
	1.0001
	10.00
	12.23
	0.6
	1.31
	0.002258021
	0.11289
	81.18504

	1
	2
	10
	1.0874
	10.87
	10.87
	0.6
	1.331
	0.002332653
	0.107258
	82.12362

	2
	2
	8.9126
	0.8391
	8.39
	9.41
	0.6
	0.973
	0.00122821
	0.073186
	87.80231

	3
	2
	8.0735
	1.2456
	12.46
	15.43
	0.6
	1.364
	0.002452439
	0.098444
	83.59265

	1
	3
	10
	0.9569
	9.57
	9.57
	0.6
	1.361
	0.002441423
	0.127569
	78.73843

	2
	3
	9.0431
	0.9736
	9.74
	10.77
	0.6
	1.172
	0.001798372
	0.092357
	84.60719

	3
	3
	8.0695
	1.0738
	10.74
	13.31
	0.6
	1.302
	0.002229916
	0.103833
	82.69451



Table A9: Dilution Data for DA ICP-MS Measurements
	Sample
	DA S1C1 Se04
	DA S2C1 SeO4
	DA S3C1SeO4
	DA S1C2 SeO4
	DA S2C2 SeO4
	DA S3 C2 SeO4
	DA S1C3 SeO4
	DA S2C3 SeO4
	DA S3C3 SeO4

	Estimated Max conc (ppm)
	10
	10
	10
	10
	10
	10
	10
	10
	10

	Estimated Starting Vol (mL)
	0.107
	0.0623
	0.1558
	0.0926
	0.0246
	0.0866
	0.0451
	0.0759
	0.0546

	Vol Diluent Added
	2.030
	1.185
	2.960
	1.760
	4.800
	6.580
	7.035
	1.442
	1.037

	
	
	
	
	
	
	
	
	
	

	vv switched to He KED
	
	
	
	
	
	
	
	
	

	Sample
	DA S1C1 Se03
	dA S2C1 SeO3
	DA S3C1 SeO3
	DA S1C2 SeO3
	DA S2C2 SeO3
	DA S3 C2 SeO3
	DA S1C3 SeO3
	DA S2C3 SeO3
	DA S3C3 SeO3

	Estimated Max conc (ppm)
	10
	10
	10
	10
	10
	10
	10
	10
	10

	Estimated Starting Vol (mL)
	0.2422
	0.1861
	0.1912
	0.1621
	0.134
	0.1172
	N/A
	0.1426
	0.1172

	Vol Diluent Added
	4.600
	3.535
	3.635
	3.080
	2.545
	2.230
	N/A
	2.710
	2.230



Table A10: Experimental Data for DA with 500 ppm SeO4 feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 ppb
	ICPMS (CPS)
	Cal Curve
	Dilution V mL
	CF M
	Rej%

	1
	1
	10
	0.107
	1.07
	1.07
	500000
	7871.6
	64.56404
	2.03
	1289.471
	99.74211

	2
	1
	10
	0.0623
	0.623
	0.623
	500000
	16473.5
	135.117
	1.185
	2705.159
	99.45897

	3
	1
	10
	0.1558
	1.558
	1.558
	500000
	204182.8
	1674.728
	2.96
	33492.41
	93.30152

	1
	2
	9.893
	0.0926
	0.926
	0.936015
	500000
	524395.4
	4301.144
	1.76
	86050.74
	82.78985

	2
	2
	9.9377
	0.0246
	0.246
	0.247542
	500000
	2861.6
	23.47111
	4.8
	4603.199
	99.07936

	3
	2
	9.8442
	0.0866
	0.866
	0.879706
	500000
	49466.4
	405.7287
	6.58
	31233.61
	93.75328

	1
	3
	9.8004
	0.0451
	0.451
	0.460185
	500000
	989.9
	8.119387
	7.035
	1274.636
	99.74507

	2
	3
	9.9131
	0.0759
	0.759
	0.765654
	500000
	1013.5
	8.313188
	1.442
	166.2528
	99.96675

	3
	3
	9.7576
	0.0546
	0.546
	0.559564
	500000
	236.5
	1.93981
	1.037
	38.782
	99.99224



Table A11: Experimental Data for DPA with 500 ppm SeO4 feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 M
	ICPMS
	Cal Cuve
	Dilution V
	CF M
	V samp
	Rej%

	1
	1
	10
	1.1864
	11.864
	11.864
	500000
	752.4
	119.8386
	3
	359635.8
	0.001
	28.07285

	2
	1
	10
	1.4224
	14.224
	14.224
	500000
	769.7
	122.5968
	3
	367912.9
	0.001
	26.41742

	3
	1
	10
	0.973
	9.73
	9.73
	500000
	831.6
	132.4525
	3
	397490.1
	0.001
	20.50199

	1
	2
	8.8136
	1.9345
	19.345
	21.94903
	500000
	984.3
	156.7683
	3
	470461.6
	0.001
	5.907675

	2
	2
	8.5776
	1.8153
	18.153
	21.16326
	500000
	1064.5
	169.5561
	3
	508837.8
	0.001
	-1.76756

	3
	2
	9.027
	1.4207
	14.207
	15.73834
	500000
	1310.0
	208.6539
	3
	626170.3
	0.001
	-25.2341

	1
	3
	6.8791
	1.4717
	14.717
	21.39379
	500000
	2461.2
	392.0173
	3
	1176444
	0.001
	-135.289

	2
	3
	6.7623
	0
	0
	0
	500000
	NA
	NA
	NA
	NA
	0.001
	NA

	3
	3
	7.6063
	0.6251
	6.251
	8.218188
	500000
	1306.7
	208.1249
	3
	624582.8
	0.001
	-24.9166



Table A12: Experimental Data for DA with 500 ppm SeO3 feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 M
	ICPMS
	Cal Curve
	Diltuion V
	CF M
	Rej%

	1
	1
	10
	0.2422
	2.422
	2.422
	500000
	915.2
	145.772
	4.6
	2914.356
	99.41713

	2
	1
	10
	0.1861
	1.861
	1.861
	500000
	817.2
	130.162
	3.535
	2602.61
	99.47948

	3
	1
	10
	0.1912
	1.912
	1.912
	500000
	885.7
	141.0767
	3.635
	2823.157
	99.43537

	1
	2
	9.7578
	0.1621
	1.621
	1.661235
	500000
	2019.2
	321.6111
	3.08
	6432.421
	98.71352

	2
	2
	9.8139
	0.134
	1.34
	1.36541
	500000
	4466.9
	711.4786
	2.545
	14224.26
	97.15515

	3
	2
	9.8088
	0.1172
	1.172
	1.194845
	500000
	1741.0
	277.3043
	2.23
	5553.657
	98.88927

	1
	3
	9.5957
	0
	0
	0
	500000
	NA
	NA
	NA
	NA
	NA

	2
	3
	9.6799
	0.1426
	1.426
	1.473156
	500000
	1360.8
	216.7503
	2.71
	4335.918
	99.13282

	3
	3
	9.6916
	0.1172
	1.172
	1.209295
	500000
	2374.0
	378.1278
	2.23
	7572.88
	98.48542



Table A13: Experimental Data for DPA with 500 ppm SeO3 feed
	Run
	Cycle
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0 M
	ICPMS
	Cal Cuve
	Dilution V
	CF M
	V samp
	Rej%

	1
	1
	10
	1.8893
	18.893
	18.893
	500000
	1761.5
	280.5707
	3
	841992.7
	0.001
	-68.3985

	2
	1
	10
	2.0412
	20.412
	20.412
	500000
	838.5
	133.5569
	3
	400804.3
	0.001
	19.83914

	3
	1
	10
	1.0275
	10.275
	10.275
	500000
	498.9
	79.46448
	3
	238472.9
	0.001
	52.30542

	1
	2
	8.1107
	1.5716
	15.716
	19.37687
	500000
	530.9
	84.56019
	3
	253765.1
	0.001
	49.24698

	2
	2
	7.9588
	1.6214
	16.214
	20.37242
	500000
	824.4
	131.304
	3
	394043.4
	0.001
	21.19132

	3
	2
	8.9725
	1.5645
	15.645
	17.43661
	500000
	829.3
	132.09
	3
	396402.1
	0.001
	20.71958

	1
	3
	6.5391
	1.3695
	13.695
	20.94325
	500000
	905.5
	144.217
	3
	432795.2
	0.001
	13.44097

	2
	3
	6.3374
	1.3283
	13.283
	20.9597
	500000
	1347.2
	214.5797
	4
	858533.3
	0.001
	-71.7067

	3
	3
	7.408
	1.3628
	13.628
	18.39633
	500000
	658.8
	104.9278
	3
	314888.4
	0.001
	37.02232



Table A14: Experimental Data for DPA with synthetic FGD feed
	Run
	Cont.
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0
	reading
	Cal Curve
	Dilution V
	CF M
	Rej%

	1
	NaCl
	10
	1.1985
	11.985
	11.985
	0.56
	1.47100
	0.002861943
	
	0.119397
	78.67913

	
	Se
	
	1.1985
	
	
	500000
	144.80000
	19.35207955
	3
	58075.59
	88.38488

	2
	NaCl
	10
	0.9983
	9.983
	9.983
	0.56
	1.35100
	0.002404885
	
	0.120449
	78.49125

	
	Se
	
	0.9983
	
	
	500000
	263.40000
	35.20260879
	3
	105643
	78.87139

	3
	NaCl
	10
	0.716
	7.16
	7.16
	0.56
	1.45600
	0.002802589
	
	0.195712
	65.05151

	
	Se
	
	0.716
	
	
	500000
	99.70000
	13.32460173
	3
	39987.13
	92.00257



Table A15: Experimental data for DA with synthetic FGD feed
	Run
	Cont.
	V0 mL
	VR mL
	Total Rec%
	Trial rec %
	C0
	reading
	Cal Curve
	Dilution V
	CF M
	Rej%

	1
	NaCl
	10
	0.0268
	0.268
	0.268
	0.56
	0.00217
	1.16573E-05
	
	0.021749
	96.11631

	
	Se
	
	0.0268
	
	
	500000
	229.30000
	30.64524751
	1.528
	1777.882
	99.64442

	2
	NaCl
	10
	0.0367
	0.367
	0.367
	0.56
	0.00434
	2.38153E-05
	
	0.032446
	94.20609

	
	Se
	
	0.0367
	
	
	500000
	2087.00000
	278.9212018
	2.092
	16178.19
	96.76436

	3
	NaCl
	10
	0.059
	0.59
	0.59
	0.56
	0.00454
	2.49484E-05
	
	0.021143
	96.22452

	
	Se
	
	0.059
	
	
	500000
	3834.40000
	512.4558965
	3.363
	29722.44
	94.05551





[bookmark: _Toc100753478]Appendix B: Additional Figures

Figure B1: Feed and product water salinity for three cycles of  TSSE with 1.0 M NaCl feed and DA solvent.

Figure B2: Feed and product water salinity for three cycles of  TSSE with 1.0 M NaCl feed and DPA solvent.

Figure B3: Feed and product water salinity for three cycles of  TSSE with 4.0 M NaCl feed and DA solvent.

Figure B4: Feed and product water salinity for three cycles of  TSSE with 4.0 M NaCl feed and DPA solvent.


Appendix C: Calibration Curves

Figure C1: Background-adjusted ICP-MS selenium calibration curve with ammonia collisions. Raw ICP-MS output is counts per second (CPS).

Figure C2: Background-adjusted ICP-MS selenium calibration curve with helium collisions.

Figure C3: Background-adjusted ICP-MS selenium calibration curve with helium collisions for synthetic FGD measurements.


Water	
0.19	3.16	0.19	3.16	Na	Cl	-381.54	-370.54	DA	
Na	Cl	-300	-270	Na+                                                        Cl-

Free Energy (kJ/mol)




Feed Salinity	0.6	0.6	0.6	DPA	
2.0676170407986753E-2	1.7685054212753234E-2	1.7958494292223879E-2	2.0676170407986753E-2	1.7685054212753234E-2	1.7958494292223879E-2	0.13434073370735425	9.2962845468791244E-2	0.10791971830116769	DA	
2.9116656766837641E-3	2.515220705313063E-3	2.8818329975265088E-3	2.9116656766837641E-3	2.515220705313063E-3	2.8818329975265088E-3	1.0384999351192994E-2	9.5248420949571866E-3	5.18094550080417E-3	Cycle


NaCl (M)




DPA Salinity	
2.4391220500635021E-2	2.5305519887545837E-2	0.1570075059580954	2.4391220500635021E-2	2.5305519887545837E-2	0.1570075059580954	3.5 wt%	1.0 M	4.0 M	0.11174109915910441	0.1434243881695175	0.25017719078404965	DA Salinity	
3.2339557982783702E-3	1.0385990116249808E-2	1.464565602653662E-2	3.2339557982783702E-3	1.0385990116249808E-2	1.464565602653662E-2	3.5 wt%	1.0 M	4.0 M	8.761426917507361E-3	1.6592622530369833E-2	4.168767294855899E-2	Feed


NaCl (M)




DA	
0.538992633046392	1.0385990116249826	0.36614140066341405	0.538992633046392	1.0385990116249826	0.36614140066341405	3.5 wt %	1.0 M	4.0 M	98.539762180415437	98.340737746963029	98.957808176286022	DPA	[VALUE]
[VALUE]
[VALUE]

4.0652034167724977	2.5305519887545729	3.9251876489523863	4.0652034167724977	2.5305519887545729	3.9251876489523863	3.5 wt %	1.0 M	4.0 M	81.376483473482608	85.657561183048244	93.745570230398755	Feed Concentration (NaCl)


Rejection (%)




Feed Selenate	500	500	500	DPA	
19.900864580049703	82.966622157418172	19.900864580049703	82.966622157418172	375.01291142174836	567.50407970986396	624.58281355802774	DA	
18.197473587032579	18.830547109267808	0.6797176053157773	18.197473587032579	18.830547109267808	0.6797176053157773	12.495679742683235	17.918406732435148	0.49322352499942279	Cycle


Selenate (ppm)




Feed Selenite	500	500	500	DPA	
312.31257953802765	1.667856222483564	285.97924971717447	312.31257953802765	1.667856222483564	285.97924971717447	493.75665934998023	395.22274676603411	535.40563241012762	DA	
0.16028323079998008	6.1310435449696481	2.2888773727646385	0.16028323079998008	6.1310435449696481	2.2888773727646385	2.7800411544981585	9.8889593031283702	5.9543991414414936	Cycle


Selenite (ppm)





2.8582294063782698	0.77136932703333738	22.663931968571411	46.370424474750706	2.8582294063782698	0.77136932703333738	22.663931968571411	46.370424474750706	Selenate in DA	Selenite in DA	Selenate in DPA	Selenite in DPA	98.129911918302042	98.838518474364093	4.1402475896912714	8.1845001491779996	Trial


Solute Rejection %



DA	
2.7948930653007662	1.1353936865613488	2.7948930653007662	1.1353936865613488	Selenate	NaCl	96.821432436681974	95.515642748509421	DPA	
6.782600630717849	7.8142352375612862	6.782600630717849	7.8142352375612862	Selenate	NaCl	86.419616700523875	74.073963231083852	
Solute Rejection (%)




DA	
4.3158338045586657E-2	3.858868933307328E-2	1.6493129882873454E-2	2.0638088920384899E-2	1.3750636348911282E-2	1.8867659405145405E-2	4.3158338045586657E-2	3.858868933307328E-2	1.6493129882873454E-2	2.0638088920384899E-2	1.3750636348911282E-2	1.8867659405145405E-2	500 ppm SeO3	500 ppm SeO4	Synthetic FGD	3.5 wt% NaCl	1.0 M NaCl	4.0 M NaCl	0.16157500000000002	7.8277777777777779E-2	4.0833333333333333E-2	4.5475000000000002E-2	4.5449999999999997E-2	3.7749999999999999E-2	DPA	
0.30589986015760823	0.42716141123701701	0.24241135149438292	0.14385338407945469	8.9630632474493752E-2	0.22375385351829302	0.30589986015760823	0.42716141123701701	0.24241135149438292	0.14385338407945469	8.9630632474493752E-2	0.22375385351829302	500 ppm SeO3	500 ppm SeO4	Synthetic FGD	3.5 wt% NaCl	1.0 M NaCl	4.0 M NaCl	1.530677777777778	1.3561375	0.97093333333333331	1.0000888888888888	0.90204444444444443	0.38168749999999996	Feed Solution


Water Recovery (mL)




Feed Salinity	1	1	1	Product Salinity	
2.6273742747854097E-3	9.0935337396221855E-3	2.1131989439327543E-2	2.6273742747854097E-3	9.0935337396221855E-3	2.1131989439327543E-2	1.7839354471667759E-2	1.8103515892133042E-2	1.4338628347896438E-2	Cycle


NaCl (M)




Feed Salinity	1	1	1	Product Salinity	
3.2719573657277463E-2	9.2177800234449631E-3	1.4952885995865859E-2	3.2719573657277463E-2	9.2177800234449631E-3	1.4952885995865859E-2	0.12701899454978643	0.13776114993404387	0.16549302002472219	Cycle


NaCl (M)




Feed Salinity	4	4	4	Product Salinity	
2.6273742747854097E-3	9.0935337396221855E-3	2.1131989439327543E-2	2.6273742747854097E-3	9.0935337396221855E-3	2.1131989439327543E-2	4.3743640751481905E-2	2.8310494404633235E-2	4.854982417491991E-2	Cycle


NaCl (M)




Feed Salinity	4	4	4	Product Salinity	
0.23880515846359865	5.7043126774041795E-2	0.1629761757861386	0.23880515846359865	5.7043126774041795E-2	0.1629761757861386	0.18481110210311649	0.25609745420511792	0.30962301604391457	Cycle


NaCl (M)




Ammonia DRC Se - Bkgrnd Calibration Curve	
10	50	100	500	1000	1232	7001	11933	59801	122486	[Se] (ppb)


Se Signal (cps)



Helium KED Se - Bkgrnd Calibration Curve	
10	50	100	500	1000	53.6	256.5	549.5	3070.5	6323.5	[Se] (ppb)


Se Signal (cps)




10	50	100	500	1000	109.451661325687	403.95166132568698	764.15166132568709	3587.351661325687	7555.9516613256874	[Se] (ppb)


Se Signal (CPS)
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