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Abstract: A series of phosphonium-based ionic liquids (ILs) based on benzenesulfonate derivatives 

(tetrabutylphosphonium benzenesulfonate ([TBP][BS]), tetrabutylphosphonium 4-methylbenzene-

sulfonate ([TBP][MBS]), tetrabutylphosphonium 2,4-dimethylbenzenesulfonate ([TBP][DMBS]), 

and tetrabutylphosphonium 2,4,6-trimethylbenzenesulfonate ([TBP][TMBS])) were synthesized via 

anion exchange with tetrabutylphosphonium bromide ([TBP][Br]). Then, we characterized the ILs 

and investigated their suitability as draw solutes for forward osmosis (FO), focusing on their ther-

moresponsive properties, conductivities, and osmotic pressures. We found that aqueous [TBP][BS] 

was not thermoresponsive, but 20 wt% aqueous [TBP][MBS], [TBP][DMBS], and [TBP][TMBS] had 

lower critical solution temperatures (LCSTs) of approximately 41, 25, and 21 °C, respectively, ena-

bling their easy recovery using waste heat. Based on these findings, 20 wt% aqueous [TBP][DMBS] 

was tested for its FO performance, and the water and reverse solute fluxes were found to be approx-

imately 9.29 LMH and 1.37 gMH, respectively, in the active layer facing the draw solution (AL-DS) 

mode and 4.64 LMH and 0.37 gMH, respectively, in the active layer facing the feed solution (AL-FS) 

mode. Thus, these tetrabutylphosphonium benzenesulfonate-based LCST-type ILs are suitable for 

drawing solutes for FO process. 

Keywords: forward osmosis; thermoresponsive; ionic liquid; draw solute; lower critical solution 

temperature; benzenesulfonate derivative 

 

1. Introduction 

The scarcity of clean water and water pollution are two serious global environmental 

problems that have emerged in recent decades as a result of continued industrial growth 

and agricultural activities [1–3]. To solve these environmental issues, seawater desalina-

tion and wastewater recycling are considered good solutions [4,5]. 

Forward osmosis (FO) is a desalination membrane technology that drives water flow 

from the feed to permeate the side of a membrane across an osmotic pressure gradient. 

To achieve the permeation of water, a membrane is placed between the feed and draw 

solutions, and this creates a high osmotic pressure (higher concentration compared to the 

feed solution). The FO process has received much attention owing to its advantages, in-

cluding high water recovery, high energy efficiency, low susceptibility to membrane con-

tamination, and simple operation [6–8]. FO is generally an energy-efficient process; how-

ever, more research into how to regenerate the draw solute from the diluted draw solution 

for reuse and to produce purified water is required. In particular, achieving a balance 

between high osmotic pressure and easy regeneration is a goal but is difficult to achieve 

in practice [9]. 

There are two main types of draw solutions: nonresponsive and responsive draw 

solutes. Nonresponsive draw solutes do not respond to external stimuli, such as pH 

changes, light, temperature, or electromagnetic fields, and show no significant change in 
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their water affinity after stimulation. To date, inorganic salts, such as NaCl, (NH4)2SO4, 

MgCl2, Na2SO4, KHCO3, and Ca(NO3)2, have been studied as draw solutes [10–12]. In ad-

dition, organic compounds have also been used as nonresponsive draw solutes [13,14], 

and studies into the use of nonresponsive draw solutes have mainly focused on the en-

hancement of osmotic pressure and reduction of reverse diffusion [15]. Responsive draw 

solutes, in contrast, are considered to be smart draw solutes because they can switch from 

hydrophilic to hydrophobic in response to external stimuli, such as temperature, magnetic 

or electric fields, pH changes, or light. Therefore, with appropriate responsive draw so-

lutes, regeneration can be easily and efficiently achieved while maintaining a sufficiently 

high drawing ability. In particular, thermoresponsive draw solutes are of interest because 

of their unique ability to become miscible or immiscible in water depending on the tem-

perature. These draw solutes are cost-effective and can exploit green energy, such as low-

grade industrial waste heat and solar energy. Many compounds have been suggested as 

thermally responsive draw solutes, including magnetic nanoparticles, polymers, hydro-

gels, and ionic liquids (ILs) [16–19]. 

Functionalized magnetic nanoparticles could be used as a draw solute system. For 

example, functionalized magnetic nanoparticles with poly(sodium styrene-4-sulfonate)-

co-poly(N-isopropylacrylamide) (PSSS-PNIPAM) and triethylene glycol have been inves-

tigated as thermoresponsive draw solutes [20,21]. For these thermoresponsive magnetic 

nanoparticles, it is known that factors, such as particle size, the distribution of hydrophilic 

groups, and the number of hydrophilic groups, are closely related to FO performance [22]. 

Very recently, thermoresponsive nonionic amphiphilic copolymers using poly(ethylene 

oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO-PPO-PEO) copoly-

mers as the draw solute have been reported [23]. The thermoresponsive behavior could 

be controlled by changing the composition of the copolymers. In addition to the (PEO-

PPO-PEO) copolymers, various polymers, such as poly(N-n-propylacrylamide) 

(PNPAm), methyl cellulose, glycerol-oligo(ethylene oxide)m-block-oligo(butylene oxide)n 

(GEmBn), and poly(vinyl caprolactone), have been known to display thermoresponsive be-

haviors [24–27]. Various thermally responsive hydrogels were also studied as draw so-

lutes for the FO process, such as poly(N-isopropylacrylamide)-co-sodium acrylate 

(P(NIPAM-co-SA)), poly(acrylamide), poly(N-isopropylacrylamide), and poly(N-isoprop-

ylacrylamide)-co-deep eutectic mixture (P(NIPAM-co-DEM)) hydrogels [28–30]. Although 

hydrogels are widely studied as draw solutes because they have a low reverse solute flux 

in the FO process, there are still some issues to be solved, including low water flux, high 

external concentration polarization, and in-continuous operation [31,32]. Recently, re-

sponsive ILs have been proven to have significant potential as draw agents owing to their 

high ionicity, high thermal stability, and negligible vapor pressure [33,34]. ILs are salts 

that can be tailored to have thermally responsive properties by balancing the cationic and 

anions components [35]. Most ILs are liquids at room temperature. In general, the cations 

include alkylphosphonium, alkylammonium, alkylsulfonium, N,N’-dialkylimidazolium, 

and alkylpyridinium moieties [36–39], whereas the anions include large organic anions, 

such as tetracyanoborate, carboxylate, tetrafluoroborate, and bis-(trifluoromethanesul-

fonyl) amide [40–43]. Recently, thermoresponsive ILs have been used to draw solutes in 

FO [44]. Crucially, the structural diversity of ILs is so wide that their physicochemical 

properties, such as polarity, melting point, hydrophobicity, and viscosity, can be con-

trolled by altering the structure of the constituent ions [45–47]. Further, the ionic strength 

and high-water solubility of ILs suggest that they could generate sufficient osmotic driv-

ing force to induce water permeation across a membrane [48,49]. 

Thermoresponsive ILs show a dramatic change in water solubility in response to 

temperature changes and can be divided into two types: upper critical solution tempera-

ture (UCST) and/or lower critical solution temperature (LCST) types. In the UCST type, 

the ILs are soluble in water, owing to the hydrogen-bonding interactions between the IL 

and water molecules at high temperatures. Upon cooling below the cloud point tempera-

ture (Tcp), the hydrogen bonds break, and hydrophobic interactions become dominant, 
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turning the IL insoluble and the solution turbid. For the LCST-type, at low temperatures, 

the ILs are soluble in water because of the hydrogen-bonding interactions between IL/wa-

ter molecules. On heating above the Tcp, the hydrogen bonds break, and hydrophobic in-

teractions become dominant, making the ILs insoluble and the solution turbid. The ad-

vantage of thermoresponsive IL draw solutes, especially the LCST type, is that the hy-

drated thermoresponsive IL draw solute in the diluted draw solution can be separated 

from water by inducing a mild temperature change, and most of the draw solute or water 

can be easily recovered through liquid–liquid phase separation [50,51]. Therefore, FO pro-

cesses using thermoresponsive draw solutes have lower regeneration energy require-

ments than other draw solutes because the thermal energy can be obtained from geother-

mal or low-grade industrial waste heat [52–55]. 

In this study, we synthesized several types of tetrabutylphosphonium-based ILs hav-

ing different anions, including benzenesulfonate (BS), 4-methylbenzenesulfonate (MBS), 

2,4-dimethylbenzenesulfonate (DMBS), and 2,4,6-trimethylbenzenesulfonate (TMBS). 

Further, we conducted systematic analyses of their thermoresponsive phase-separation 

behavior and osmolality generation characteristics. We also investigated the potential of 

an aqueous solution of the tetrabutylphosphonium benzenesulfonate-based IL as the 

draw solute for the FO process. 

2. Materials and Methods 

2.1. Materials 

Sodium benzenesulfonate (>96%), sodium 4-methylbenzenesulfonate, sodium 2,4-di-

methylbenzenesulfonate (>98%) sodium 2,4,6-trimethylbenzensulfonate (>98%), and tet-

rabutylphosphonium bromide (99%) were obtained from Tokyo Chemical Industry Co., 

Ltd. (TCI), (Tokyo, Japan) and used without purification. Dichloromethane and deionized 

(DI) water (for total organic carbon (TOC) analysis) were purchased from Sigma-Aldrich 

Co., LLC. (Saint Louis, MO, USA), and used as received. All other chemicals were pur-

chased without further purification or processing. 

2.2. Synthesis of LCST-Type ILs 

Four thermally responsive draw solutes were investigated in this study. [TBP][BS] 

was prepared by dissolving [TBP][Br] (4.00 g, 10 mmol) and sodium benzenesulfonate 

([Na][BS]) (3.60 g, 20 mmol) in DI water (28 mL) in a flask. After dissolution, the mixture 

was stirred at room temperature for 24 h. The product was extracted with dichloro-

methane (80 mL, three times), washed three times with DI water (40 mL), and dried over 

anhydrous magnesium sulfate. The solvent was removed using a rotary evaporator to 

yield a product. 1H−NMR [400 MHz, D2O, δ/ppm]: 0.75−0.98 (t, 12H, P+-(CH2-CH2-CH2-

CH3)4), 1.23−1.62 (m, 16H, P+-(CH2-CH2-CH2-CH3)4)), 2.10−2.23 (m, 8H, P+-(CH2-CH2-CH2-

CH3)4), 7.52−7.75 (s, 3H, PhH-SO3−), and 7.75−7.83 (s, 2H, PhH-SO3−). HRMS (ESI, positive 

mode); m/z: Found 259.2558; calculated for C16H36P, 259.2555. HRMS (ESI, negative mode); 

m/z: Found 156.9961; calculated for C6H5O3S, 156.9959. 

[TBP][MBS] was prepared by dissolving [TBP][Br] (6.80 g, 20 mmol) and [Na][MBS] 

(7.77 g, 40 mmol) in DI water (28 mL) in a flask. After dissolution, the mixture was stirred 

at room temperature for 24 h. The product was then extracted with dichloromethane (80 

mL, three times), washed three times with DI water (40 mL), and dried over anhydrous 

magnesium sulfate. The solvent was removed using a rotary evaporator to obtain a prod-

uct. 1H−NMR [400 MHz, CDCl3, δ/ppm]: 0.83−1.06 (t, 12H, P+-(CH2-CH2-CH2-CH3)4), 

1.38−1.62 (m, 16H, P+-(CH2-CH2-CH2-CH3)4), 2.17−2.42 (m, 8H, P+-(CH2-CH2-CH2-CH3)4, s, 

3H, CH3-Ph-SO3−), 7.00−7.14 (s, 2H, CH3-PhH-SO3−), and 7.71−7.83 (s, 2H, CH3-PhH-SO3−). 

HRMS (ESI, positive mode); m/z: Found 259.2552; calculated for C16H36P, 259.2555. HRMS 

(ESI, negative mode); m/z: Found 171.0119; calculated for C7H7O3S, 171.0116. 

[TBP][DMBS] was prepared by dissolving [TBP][Br] (6.80 g, 20 mmol) and 

[Na][DMBS] (8.33 g, 40 mmol) in DI water (28 mL) in a flask. After dissolution, the mixture 
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was stirred at room temperature for 24 h. The product was then extracted with dichloro-

methane (80 mL, three times), washed three times with DI water (40 mL), and dried over 

anhydrous magnesium sulfate. The solvent was removed using a rotary evaporator to 

obtain a product. 1H−NMR [400 MHz, CDCl3, δ/ppm]: 0.79−1.03 (t, 12H, P+-(CH2-CH2-CH2-

CH3)4), 1.35−1.63 (m, 16H, P+-(CH2-CH2-CH2-CH3)4), 2.20−2.27 (s, 3H, CH3-Ph-SO3−), 

2.28−2.37 (m, 8H, P+-(CH2-CH2-CH2-CH3)4), 2.62−2.74 (s, 3H, CH3-Ph-SO3−), 6.86−6.92 (d, 

1H, CH3-PhH-SO3−), 6.93−6.96 (s, 1H, CH3-PhH-SO3−), and 7.78−7.91 (d, 1H, CH3-PhH-SO3−). 

HRMS (ESI, positive mode); m/z: Found 259.2553; calculated for C16H36P, 259.2555. HRMS 

(ESI, negative mode); m/z: Found 185.0273; calculated for C8H9O3S, 185.0272. 

[TBP][TMBS] was prepared by dissolving [TBP][Br] (6.80 g, 20 mmol) and 

[Na][TMBS] (8.89 g, 40 mmol) in DI water (28 mL) in a 250 mL flask. After dissolution, the 

mixture was stirred at room temperature for 24 h. The product was extracted with di-

chloromethane (80 mL, three times), washed three times with DI water (40 mL), and dried 

over anhydrous magnesium sulfate. The solution was removed using a rotary evaporator 

to give an oily liquid product. 1H−NMR [TBP][TMBS] [400 MHz, CDCl3, δ/ppm]: 0.78−1.04 

(t, 12H, P+-(CH2-CH2-CH2-CH3)4), 1.38−1.58 (m, 16H, P+-(CH2-CH2-CH2-CH3)4), 2.11−2.23 (s, 

3H, CH3-Ph-SO3−), 2.28−2.42 (m, 8H, P+-(CH2-CH2-CH2-CH3)4), 2.62−2.75 (s, 6H, CH3-Ph-

SO3−), and 6.67−6.84 (d, 2H, CH3-PhH-SO3−). HRMS (ESI, positive mode); m/z: Found 

259.2553; calculated for C16H36P, 259.2555. HRMS (ESI, negative mode); m/z: Found 

199.0432; calculated for C9H11O3S, 199.0429. 

2.3. Characterization 

1H−NMR spectroscopy (MR400 DD2 NMR spectrometer, Agilent Technologies, Inc. 

(Santa Clara, CA, USA), Fourier transform infrared (FT−IR) spectrometry (NICOLET iS20, 

Thermo Fisher Scientific Inc., Waltham, MA, USA), and a high−resolution mass spectrom-

eter (HRMS, maXis HD, Bruker Corp., Billerica, MA, USA) were used to confirm the struc-

tures of the synthesized ILs. After preparing each draw solution, the conductivity (Mettler 

Toledo Seven2Go Pro) was measured, and the osmotic pressure was determined by meas-

uring the freezing point of the sample using an osmometer (K-7400, Knauer Co., Berlin, 

Germany). The LCST was determined by measuring the transmittance of aqueous solu-

tions at 650 nm using an ultraviolet–visible (UV–Vis) spectrophotometer (EMC-11D-V, 

EMCLAB Instruments GmbH Co., Duisburg, Germany). The water flux was determined 

by comparing the height difference of the draw solution in the tube during FO operation. 

The reverse solute flux was measured using a conductivity meter by comparing the dif-

ference in conductivity before and after the FO test. 

2.4. FO Tests 

The flux was measured using a laboratory-scale FO system connected to a glass tube 

(L-shaped) [56]. A thin-film porous FO membrane (Hydration Technologies Inc. (Albany, 

OR, USA), HTI-TFC) was placed between the two glass tubes. One L-shaped tube was 

filled with DI water, whereas the other contained the IL solution as the draw solution. 

During the tests, stirring was continued with a magnetic stir bar and the temperature was 

maintained at room temperature. The water permeation flux was calculated from the vol-

ume of the draw solution before and after the FO test, as shown in Equation (1). 

𝐽𝑉 =
Δ𝑉

𝐴Δ𝑡
 (1) 

here, Jv is the water permeation flux in the FO process (L m−2 h−1 or LMH), ΔV (L) is the 

volume change of the draw solution over time Δt (h), and A (m2) is the surface area of the 

FO membrane, which was calculated to be 3325 × 10−4 m2. 

The reverse solute flux (Js) was determined from the amount of draw solute that dif-

fused into the feed solution and was calculated from the TOC value of the feed solution. 
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The reverse solute flux in the FO process (g m−2 h−1 or gMH) was calculated from the dif-

ference in the conductivity of the feed solution before and after the FO test using  

Equation (2). 

𝐽𝑆 =
Δ(𝐶𝑉)

𝐴Δ𝑡
 (2) 

here, ΔC (mol L−1) is the concentration of change in the feed solution after time Δt, and ΔV 

(L) is the volume change after time Δt. 

3. Results and discussion 

3.1. Synthesis and Characterization of LCST-Type ILs 

Figure 1 shows the chemical structures of the LCST-type ILs ([TBP][BS], [TBP][MBS], 

[TBP][DMBS], and [TBP][TMBS]) prepared by the ion-exchange reaction of tetrabu-

tylphosphonium bromide and the sodium benzenesulfonate series. 

 

Figure 1. Synthetic route of [TBP][BS], [TBP][MBS], [TBP][DMBS], and [TBP][TMBS]. 

The chemical structure of the IL was analyzed by 1H−NMR and FT−IR spectroscopy 

and HRMS before the FO experiment. The 1H−NMR spectra and assignments are shown 

in Figure 2. The spectrum of [TBP][BS] contains peaks corresponding to protons in the 

phenyl ring of the benzenesulfonate moiety (δ = 7.52−7.75 (peaks g and f), δ = 7.75−7.83 

ppm (peak e)) and those in the alkyl groups of the tetrabutylphosphonium moiety (δ = 

0.75−0.98 (peak a), δ = 1.23−1.62 (peaks b and c), and δ = 2.10−2.23 ppm (peak d)), which 

suggests the inclusion of tetrabutylphosphonium moieties in [TBP][BS]. The 1H−NMR 

spectra of [TBP][MBS], [TBP][DMBS], and [TBP][TMBS] contain peaks corresponding to a 

larger number of alkyl protons than those in the spectrum of [TBP][BS]: δ = 2.17−2.42 (peak 

e, Figure 2b), δ = 2.20−2.27, δ = 2.62−2.74 (peaks e and f, Figure 2c), and δ = 2.11−2.23, δ = 

2.62−2.75 (peaks e and f, Figure 2d), respectively. Thus, the 1H−NMR spectra confirm the 

successful production of ILs having different numbers of methyl groups in the anions. 
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Figure 2. Proton nuclear magnetic resonance (1H−NMR) spectrum of (a) [TBP][BS], (b) [TBP][MBS], 

(c) [TBP][DMBS], and (d) [TBP][TMBS]. 

In addition, LCST-type ILs confirmed anion exchange from [TBP][Br] to 

[TBP][DMBS] using FT−IR spectroscopy as shown in Figure 3. Fortunately, [Na][DMBS] 

has no IR absorbance in the saturated C-H region, indicating that the absorption of 

[TBP][DMBS] from 2960–2870 cm−1 corresponds to the butyl groups in [TBP][Br]. There-

fore, this region can be used to discuss changes in the cations. The absorption at 1600−1500 

cm−1 can be assigned to the stretching of the C=C bond in the benzene ring, but the coarse 

spectrum makes it difficult to track changes in this region [57]. On the other hand, the 

sulfonate group appeared as bands generated from the asymmetric stretching vibrations 

of SO3- at 1350−1200 cm−1. However, the peaks located at 1100–1010 cm−1 correspond to the 

symmetric stretching of SO3−, which makes it possible to follow changes in the anions. The 

FT−IR peaks of the measured sulfonate groups were observed at wavenumbers similar to 

those previously reported [58,59]. Consequently, the bands corresponding to the C-H and 

S=O groups were useful for the interpretation of the IL structures. The molecular weight 

of ILs was measured by HRMS, data showed in Figure 4, the actual measured molecular 

weight of both the cation and anion portion of the ILs was found almost consistent with 

the calculated value, respectively. 

 

Figure 3. Fourier transform infrared (FT−IR) spectra of [Na][DMBS], [TBP][Br], and [TBP][DMBS] 

at room temperature. 
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Figure 4. High−resolution mass spectrometer (HRMS) spectra of (a) [TBP][BS], (b) [TBP][MBS], (c) 

[TBP][DMBS], and (d) [TBP][TMBS]. 

3.2. Conductivity 

Conductivity is an indicator of the number of solute ions in the draw solution, as well 

as the degree of ion mobility. Furthermore, conductivity is affected by the degree of dis-

sociation of ions, which is related to the osmotic pressure. In general, more conductive 

draw solute ions result in higher osmotic pressures [60]. Figure 5 shows the conductivities 

of aqueous solutions of the ILs at concentrations of 20, 15, 10, and 5 wt% at room temper-

atures. The conductivities of [TBP][BS], [TBP][MBS], [TBP][DMBS], and [TBP][TMBS] 

were approximately 5460, 4508, 4055, and 2406 μS cm−1, respectively, at 10 wt% and ap-

proximately 7037, 5436, 4452, and 3143 μS cm−1, respectively, at 20 wt%. Thus, the conduc-

tivity of the ILs is proportional to their concentration, as reported previously [61–63]. This 

result indicates that the ILs dissociate well in water, resulting in a high ion concentration. 

The conductivities of the IL draw solutions decreased in the order [TBP][BS] > [TBP][MBS] 

> [TBP][DMBS] > [TBP][TMBS] at all solution concentrations tested, and this indicates that 

[TBP][BS] should produce a higher osmotic pressure than [TBP][MBS], [TBP][DMBS], and 

[TBP][TMBS]. Correspondingly, the FO performance of [TBP][BS] as the draw solution 

was better than those of the other ILs, as discussed later. This seems to be due to the struc-

tural differences in the substituent groups of each IL. Interestingly, the conductivities of 

the aqueous IL solutions at all solution concentrations decreased with an increase in the 

number of methyl substituents on the benzene ring. The main factors affecting the con-

ductivity of ILs are ion mobility and the volume of the functional groups [64,65]. In par-

ticular, increasing the number of methyl groups in the benzene ring increases ion aggre-

gation and decreases ion mobility, leading to decreased ionic conductivity [66]. The de-

crease in conductivity can also be explained by the fact that, when a methyl group is at-

tached to the benzene ring, the torsion angle between the conjugated rings increases, 

which increases the steric strain as the distance between the IL units increases [67,68]. 

Therefore, as the number of substituents in the aromatic ring increases, the ion mobility 

decreases and the torsion angle increases compared to the single substituted derivative, 

resulting in a decrease in the electrical conductivity. 
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Figure 5. Conductivity of [TBP][BS], [TBP][MBS], [TBP][DMBS], and [TBP][TMBS] aqueous solu-

tions according to solution concentration. 

3.3. Osmotic Pressure 

In the FO process, osmosis drives the spontaneous diffusion of water from a feed 

solution having a lower osmotic potential to a draw solution having a higher osmotic po-

tential. Therefore, the draw solute must have high diffusion in aqueous solution to achieve 

the active diffusion of water molecules from the influent solution towards the draw solu-

tion. The osmotic pressure is a function of solution concentration and is an indicator of FO 

performance and can be described by the Van ‘t Hoff equation (Equation (3)). 

Π = CiRT (3) 

here, Π is the osmotic pressure, Ci is the molar concentration of solute i in the dilute solu-

tion, R is the gas constant, and T is the absolute temperature. 

The osmotic pressure was measured using the freezing point depression method to 

study the possible applications of the ILs as draw solutes because the difference in osmotic 

pressure between the draw and feed solutions is the driving force behind the FO process. 

The osmotic pressure of the ILs as a function of their concentration in water is shown in 

Figure 6. The osmotic pressures of [TBP][BS], [TBP][MBS], [TBP][DMBS], and 

[TBP][TMBS] were approximately 564, 439, 419, and 144 mOsmol kg−1, respectively, at 10 

wt%, increasing to approximately 1368, 1045, 722, and 304 mOsmol kg−1, respectively, 

when the concentration increased to 20 wt%. This result proves the Van ‘t Hoff equation 

(Equation (3)). Additionally, the osmotic pressure decreased from [TBP][BS] to 

[TBP][TMBS] at all concentration ranges because of the known colligative property that 

depends on the concentration of the solute (ionic species or neutral molecules) [69]. Spe-

cifically, although the weight concentration is the same, the molecular weights of 

[TBP][MBS], [TBP][DMBS], and [TBP][TMBS] are greater than those of [TBP][BS]; there-

fore, the molar concentration of [TBP][BS] is higher than those of [TBP][MBS], 

[TBP][DMBS], and [TBP][TMBS], and the osmotic pressure of [TBP][BS] is higher. In ad-

dition, according to Van ‘t Hoff equation, the osmotic pressure is correlated with the Van 

‘t Hoff coefficient, which is the dominant factor influencing the solubility of a solute. The 

water solubility and molecular weight play important roles in generating osmotic pres-

sure, which means that decreasing the molecular weight and increasing the molecular po-

larity leads to an increase in osmotic pressure. In other words, [TBP][BS] has a higher 

solubility than [TBP][MBS], [TBP][DMBS], and [TBP][TMBS] because of the relatively high 

polarity and small size of the anionic moiety in the aqueous state. Therefore, [TBP][BS] 

can induce a higher osmotic pressure than [TBP][MBS], [TBP][DMBS], and [TBP][TMBS]. 

The osmotic pressure was found to decrease in order [TBP][BS], [TBP][MBS], 

[TBP][DMBS], and [TBP][TMBS], which is consistent with the order of their corresponding 

conductivities. 
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Figure 6. Osmotic pressure according to the concentration of [TBP][BS], [TBP][MBS], [TBP][DMBS], 

and [TBP][TMBS] measured by the freezing point depression method. 

3.4. Thermoresponsive Behavior 

To enable the reuse of the draw solution, the diluted solution must undergo a regen-

eration process involving separation from the water after the FO process. The LCST phe-

nomenon can be used as a recovery method for thermoresponsive draw solutes and is the 

critical temperature at which the water and draw solute change from a homogeneous to a 

heterogeneous state on an increase in temperature. The critical temperature at which the 

aqueous [TBP][BS], [TBP][MBS], [TBP][DMBS], and [TBP][TMBS] solutions phase-sepa-

rated was determined by measuring the transmittance of these solutions at 650 nm with 

respect to temperature using a UV–Vis spectrophotometer. The aqueous [TBP][BS] solu-

tion did not show any change in transmittance between 0–100 °C (data not shown), indi-

cating that it is not thermoresponsive. However, the aqueous solutions of [TBP][MBS], 

[TBP][DMBS], and [TBP][TMBS] were found to have a critical temperature, as shown in 

Figure 7, which is crucial for recovery. When the temperatures of the aqueous [TBP][MBS], 

[TBP][DMBS], and [TBP][TMBS] solutions were lower than the LCST, the ion–water inter-

actions were stronger than the ion–ion interactions between the phosphonium cation and 

the sulfonate anion, and, thus, [TBP][MBS], [TBP][DMBS], or [TBP][TMBS] and water 

formed homogeneous phases. In contrast, at temperatures above the LCST, ion–ion inter-

actions became more dominant than the ion–water interactions, resulting in IL aggrega-

tion and the conversion of the aqueous solution to a heterogeneous phase. In addition, the 

LCST decreased as the concentration of the aqueous solution increased. For example, 

when the concentration of the aqueous solution was 10 wt%, the LCSTs of [TBP][MBS], 

[TBP][DMBS], and [TBP][TMBS] were 48, 33, and 30 °C, respectively, but, at 20 wt%, the 

LCSTs decreased to 41, 25, and 21 °C, respectively. It has been reported that an LCST near 

room temperature is ideal for the recovery of draw solutes, suggesting that these ILs are 

promising draw solutes for FO applications [70]. Therefore, the tetrabutylphosphonium 

benzenesulfonate-based draw solutes can be separated from water by varying the tem-

perature, and the energy required for this could be obtained from waste heat from power 

plants or geothermal heat. 
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Figure 7. Transmittance curve of tetrabutylphosphonium (a) 4-methylbenzenesulfonate 

([TBP][MBS]), (b) 2,4-dimethylbenzenesulfonate ([TBP][DMBS]), and (c) 2,4,6-trimethylbenzenesul-

fonate ([TBP][TMBS]) according to the temperature change. 

3.5. Water and Reverse Solute Fluxes 

To evaluate the effect of the draw solutes on FO performance, the water and reverse 

solute fluxes must be considered [71,72]. Based on the obtained results, which suggest 

good FO performance and easy recovery, [TBP][DMBS] was selected as a representative 

IL, and its water and reverse solute fluxes were measured at respective concentrations (5, 

10, 15, and 20 wt%). The fluxes were measured during the FO process in two modes: the 

active layer facing the draw solution (AL-DS) mode and the active layer facing the feed 

solution (AL-FS) mode. Two connected glass tubes were filled with feed solution on one 

side and draw solution (aqueous [TBP][DMBS], 5–20 wt%) on the other side. Then, a FO 

membrane was placed between the connected glass tubes, and the measurements were 

performed at room temperature, i.e., below the LCST of the aqueous [TBP][DMBS] solu-

tion. The outcomes are shown in Figure 8. The water flux of [TBP][DMBS] improved with 

an increase in concentration because a higher concentration of the draw solution induces 

a higher osmotic pressure, thus improving the water flux in the FO system [73]. For ex-

ample, in AL-DS mode, the water fluxes were approximately 1.58, 2.11, 4.64, and 9.29 

LMH at concentrations of 5, 10, 15, and 20 wt%, respectively. Furthermore, in AL-FS 

mode, the water fluxes were approximately 0.58, 1.35, 2.32, and 4.64 LMH at concentra-

tions of 5, 10, 15, and 20 wt%, respectively. In addition, depending on the orientation of 

the membrane, the water flux changes [74]. In AL-FS mode, water molecules permeate the 

active layer from the feed solution, thus diluting the draw solution in the porous layer. 

This phenomenon is known as dilution internal concentration polarization (ICP). In con-

trast, in AL-DS mode, the ICP effect is negligible when the feed solution is pure because 

it is in the porous layer [75,76]. Therefore, at all concentrations, the water flux values of 

aqueous [TBP][DMBS] in the AL-DS mode were larger than those in the AL-FS mode. 
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Figure 8. Water and reverse solute flux of tetrabutylphosphonium 2,4-dimethylbenzenesulfonate 

([TBP][DMBS]) according to the concentration at room temperature in (a) AL-DS mode and (b) AL-

FS mode. 

3.6. Recyclability Study of [TBP][DMBS] 

To confirm the recyclability of [TBP][DMBS] in the water treatment field, the FO pro-

cess was repeated four times using a 20 wt% solution of [TBP][DMBS] as the draw solution 

and DI water as the feed solution. The recycling FO system is illustrated in Figure 9a. 

When the temperature rises above the critical temperature after the permeation process, 

[TBP][DMBS] is precipitated in the solution, and pure water can be easily separated by a 

simple filtration process. As shown in Figure 9b–c, to confirm the recyclability of 

[TBP][DMBS], the osmotic pressure and thermoresponsive behavior tests of [TBP][DMBS] 

were measured at the 4th run, respectively. The osmotic pressure of [TBP][DMBS] at 4th 

run is almost the same as that of the pristine [TBP][DMBS], but the LCST value slightly 

increases after the 4th run. These recycling results clearly show that [TBP][DMBS] can be 

easily recycled with relatively low energy consumption without significant loss. 

 

Figure 9. Recyclability study of [TBP][DMBS] in four cycles: (a) scheme of the FO system, (b) osmotic 

pressures, and (c) thermoresponsive behavior tests. From the 2nd to the 4th run, the recovered 

[TBP][DMBS] from the previous run was used. 
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4. Conclusions 

A series of draw solutes containing benzenesulfonate derivatives ([TBP][BS], 

[TBP][MBS], [TBP][DMBS], and [TBP][TMBS]) were synthesized via the anion exchange 

reaction of tetrabutylphosphonium bromide ([TBP][Br]), exchanging bromide for ben-

zenesulfonate, 4-methylbenzenesulfonate, 2,4-dimethylbenzenesulfonate, and 2,4,6-tri-

methylbenzenesulfonate, respectively, and their suitability as draw solutes for the FO pro-

cess was investigated. Aqueous [TBP][BS] was not thermoresponsive (no LCST). How-

ever, 20 wt% aqueous [TBP][MBS], [TBP][DMBS], and [TBP][TMBS] solutions were found 

to have LCSTs of approximately 41, 25, and 21 °C, respectively, which is useful for their 

recovery. Furthermore, the water and reverse solute fluxes of 20 wt% aqueous 

[TBP][DMBS] were measured to be approximately 9.29 LMH and 1.37 gMH, respectively, 

in AL-DS mode and 4.64 LMH and 0.37 gMH, respectively, in AL-FS mode. Based on the 

above results, tetrabutylphosphonium benzenesulfonate-based draw solutes are promis-

ing candidates for the draw solute owing to their excellent FO performance and easy re-

covery. 

Author Contributions: Conceptualization, H.K.; validation, H.K., D.Y. and Y.C.; formal analysis, 

D.Y.; investigation, D.Y. and Y.C.; resources, H.K.; data curation, D.Y. and Y.C.; writing—original 

draft preparation, D.Y.; writing—review and editing, H.K.; visualization, D.Y. and Y.C.; supervi-

sion, H.K.; project administration, H.K.; funding acquisition, H.K. All authors have read and agreed 

to the published version of the manuscript. 

Funding: This work was gratefully supported by the Dong-A University Research Fund (Grant 

Number: 2022). 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The datasets are available from the corresponding author on reason-

able request. 

Acknowledgments: The financial support from the Dong-A University Research Fund is gratefully 

acknowledged. 

Conflicts of Interest: The authors declare that they have no conflict of interest. 

References 

1. Heidari, H.; Arabi, M.; Warziniack, T.; Sharvelle, S. Effects of urban development patterns on municipal water shortage. Front. 

Water 2021, 3, 694817. https://doi.org/10.3389/frwa.2021.694817. 

2. Ghadouani, A.; Coggins, L.X. Science, technology and policy for water pollution control at the watershed scale: Current issues 

and future challenges. Phys. Chem. Earth 2011, 36, 335–341. https://doi.org/10.1016/j.pce.2011.05.011. 

3. Bhuiyan, A.B.; Mokhtar, M.B.; Toriman, M.E.; Gasim, M.B.; Ta, G.C.; Elfithri, R.; Razman, M.R. The environmental risk and 

water pollution: A review from the river basins around the world. Am. Eurasian J. Sustain. Agric. 2013, 7, 126–136. 

https://doi.org/10.53313/gwj42018. 

4. Zhao, D.; Wang, P.; Zhao, Q.; Chen, N.; Lu, X. Thermoresponsive copolymer-based draw solution for seawater desalination in 

a combined process of forward osmosis and membrane distillation. Desalination 2014, 348, 26–32. https://doi.org/10.1016/j.de-

sal.2014.06.009. 

5. Ghernaout, D. Increasing trends towards drinking water reclamation from treated wastewater. World J. Appl. Chem. 2018, 3, 1–

9. https://doi.org/10.11648/j.wjac.20180301.11. 

6. Zhao, S.; Zou, L.; Tang, C.Y.; Mulcahy, D. Recent developments in forward osmosis: Opportunities and challenges. J. Membr. 

Sci. 2012, 396, 1–21. https://doi.org/10.1016/j.memsci.2011.12.023. 

7. Cath, T.Y.; Childress, A.E.; Elimelech, M. Forward osmosis: Principles, applications, and recent developments. J. Membr. Sci. 

2006, 281, 70–87. https://doi.org/10.1016/j.memsci.2006.05.048. 

8. Liu, Z.; Bai, H.; Lee, J.; Sun, D.D. A low-energy forward osmosis process to produce drinking water. Energy Environ. Sci. 2011, 

4, 2582–2585. 10.1039/C1EE01186C. 

9. Cai, Y.; Shen, W.; Wei, J.; Chong, T.H.; Wang, R.; Krantz, W.B.; Fane, A.G.; Hu, X. Energy-efficient desalination by forward 

osmosis using responsive ionic liquid draw solutes. Environ. Sci. Water Res. Technol. 2015, 1, 341–347. 10.1039/C4EW00073K. 

10. Cai, Y. A critical review on draw solutes development for forward osmosis. Desalination 2016, 391, 16–29. 

https://doi.org/10.1016/j.desal.2016.03.021. 



Membranes 2022, 12, 1067 13 of 15 
 

 

11. Achilli, A.; Cath, T.Y.; Childress, A.E. Selection of inorganic-based draw solutions for forward osmosis applications. J. Membr. 

Sci. 2010, 364, 233–241. https://doi.org/10.1016/j.memsci.2010.08.010. 

12. Shon, H.K.; Phuntsho, S.; Zhang, T.C.; Surampalli, R.Y. Forward Osmosis; American Society of Civil Engineers: Reston, VA, USA, 

2015. 

13. Yang, Y.; Chen, M.; Zou, S.; Yang, X.; Long, T.E.; He, Z. Efficient recovery of polyelectrolyte draw solutes in forward osmosis 

towards sustainable water treatment. Desalination 2017, 422, 134–141. https://doi.org/10.1016/j.desal.2017.08.024. 

14. Mohammadifakhr, M.; Grooth, J.; de Roesink, H.D.; Kemperman, A.J. Forward osmosis: A critical review. Processes 2020, 8, 404. 

https://doi.org/10.3390/pr8040404. 

15. Hosseinzadeh, A.; Zhou, J.L.; Navidpour, A.H.; Altaee, A. Progress in osmotic membrane bioreactors research: Contaminant 

removal, microbial community and bioenergy production in wastewater. Bioresour. Technol. 2021, 330, 124998. 

https://doi.org/10.1016/j.biortech.2021.124998. 

16. Sedghi, R.; Yassari, M.; Heidari, B. Thermo-responsive molecularly imprinted polymer containing magnetic nanoparticles: Syn-

thesis, characterization and adsorption properties for curcumin. Colloids Surf. B: Biointerfaces 2018, 162, 154–162. 

10.1016/j.colsurfb.2017.11.053. 

17. Kim, J.; Chung, J.; Kang, H.; Yu, Y.A.; Choi, W.J.; Kim, H.J.; Lee, J. Thermo-responsive copolymers with ionic group as novel 

draw solutes for forward osmosis processes. Macromol. Res. 2014, 22, 963–970. https://doi.org/10.1007/s13233-014-2142-6. 

18. Pan, Z.; Guo, H.; Yu, H.; Wen, G.; Qu, F.; Huang, T.; He, J. Sewage sludge ash-based thermo-responsive hydrogel as a novel 

draw agent towards high performance of water flux and recovery for forward-osmosis. Desalination 2021, 512, 115147. 

https://doi.org/10.1016/j.desal.2021.115147. 

19. Zeweldi, H.G.; Bendoy, A.P.; Park, M.J.; Shon, H.K.; Kim, H.; Johnson, E.M.; Kim, H.; Lee, S.; Chung, W.; Nisola, G.M. Tetrabu-

tylammonium 2,4,6-trimethylbenzenesulfonate as an effective and regenerable thermo-responsive ionic liquid drawing agent 

in forward osmosis for seawater desalination. Desalination 2020, 495, 114635. https://doi.org/10.1016/j.desal.2020.114635. 

20. Zhao, Q.; Chen, N.; Zhao, D.; Lu, X. Thermoresponsive magnetic nanoparticles for seawater desalination. ACS Appl. Mater. 

Interfaces 2013, 5, 11453–11461. https://doi.org/10.1021/am403719s. 

21. MingáLing, M. Facile synthesis of thermosensitive magnetic nanoparticles as “smart” draw solutes in forward osmosis. Chem. 

Commun. 2011; 47, 10788–10790. https://doi.org/10.1039/C1CC13944D. 

22. Petrinic, I.; Stergar, J.; Bukšek, H. Superparamagnetic Fe3O4 CA nanoparticles and their potential as draw solution agents in 

forward osmosis. Nanomaterials 2021, 11, 2965. https://doi.org/10.3390/nano11112965. 

23. Xu, Y.; Wang, Y.; Chong, J.Y.; Wang, R. Thermo-responsive nonionic amphiphilic copolymers as draw solutes in forward os-

mosis process for high-salinity water reclamation. Water Res. 2022, 221,118768. https://doi.org/10.1016/j.watres.2022.118768. 

24. Cao, Y.; Zhu, X.X.; Luo, J.; Liu, H. Effects of substitution groups on the RAFT polymerization of N-alkylacrylamides in the 

preparation of thermosensitive block copolymers. Macromolecules 2007, 40, 6481–6488. https://doi.org/10.1021/ma0628230. 

25. Persson, J.; Johansson, H.; Galaev, I.; Mattiasson, B.; Tjerneld, F. Aqueous polymer two-phase systems formed by new thermo-

separating polymers. Bioseparation 2000, 9, 105–116. https://doi.org/10.1023/A:1008167603733. 

26. Inada, A.; Yumiya, K.; Takahashi, T.; Kumagai, K.; Hashizume, Y.; Matsuyama, H. Development of thermoresponsive star oli-

gomers with a glycerol backbone as the draw solute in forward osmosis process. J. Membr. Sci. 2019, 574, 147–153. 

https://doi.org/10.1016/j.memsci.2018.12.067. 

27. Liu, Z.; Wang, W.; Xie, R.; Ju, X.; Chu, L. Stimuli-responsive smart gating membranes. Chem. Soc. Rev. 2016, 45, 460–475. 

https://doi.org/10.1039/C5CS00692A. 

28. Ou, R.; Zhang, H.; Simon, GP.; Wang, H. Microfiber-polymer hydrogel monolith as forward osmosis draw agent. J. Membr. Sci. 

2016, 510, 426–436. https://doi.org/10.1016/j.memsci.2016.03.031. 

29. Li, D.; Zhang, X.; Yao, J.; Simon, G.P.; Wang, H. Stimuli-responsive polymer hydrogels as a new class of draw agent for forward 

osmosis desalination. Chem. Commun. 2011, 47, 1710–1712. https://doi.org/10.1039/C0CC04701E. 

30. Bendoy, A.P.; Zeweldi, H.G.; Park, M.J.; Thermo-responsive hydrogel with deep eutectic mixture co-monomer as drawing agent 

for forward osmosis. Desalination 2022, 542, 116067. https://doi.org/10.1016/j.desal.2022.116067. 

31. Ellis, S.N.; Cunningham, M.F.; Jessop, P.G. A forward osmosis hydrogel draw agent that responds to both heat and CO2. Desal-

ination 2021, 510, 115074. https://doi.org/10.1016/j.desal.2021.115074. 

32. Xu, Y.; Zhu, Y.; Chen, Z.; Zhu, J.; Chen, G.A. comprehensive review on forward osmosis water treatment: Recent advances and 

prospects of membranes and draw solutes. Int. J. Environ. Res. Public Health 2022, 19, 8215. https://doi.org/10.3390/ijerph19138215. 

33. Yuan, X.; Zhang, Y.; Li, Z.; Huo, F.; Dong, Y.; He, H. Stimuli-responsive ionic liquids and the regulation of aggregation structure 

and phase behavior. Chin. J. Chem. 2021, 39, 729–744. https://doi.org/10.1002/cjoc.202000414. 

34. Tiago, G.A.; Matias, I.A.; Ribeiro, A.P.; Martins, L.M. Application of ionic liquids in electrochemistry—recent advances. Mole-

cules 2020, 25, 5812. https://doi.org/10.3390/molecules25245812. 

35. Gupta, S.; Singh, A.; Matsumi, N. Controlled phase behavior of thermally sensitive poly (N-isopropylacrylamide/ionic liquid) 

with embedded au nanoparticles. ACS Omega 2019, 4, 20923–20930. https://doi.org/10.1021/acsomega.9b01826. 

36. Kim, J.; Kang, H.; Choi, Y.; Yu, Y.A.; Lee, J. Thermo-responsive oligomeric poly (tetrabutylphosphonium styrenesulfonate) s as 

draw solutes for forward osmosis (FO) applications. Desalination 2016, 381, 84–94. https://doi.org/10.1016/j.desal.2015.11.013. 

37. Ju, C.; Park, C.; Kim, T.; Kang, S.; Kang, H. Thermo-responsive draw solute for forward osmosis process; poly (ionic liquid) 

having lower critical solution temperature characteristics. RSC Adv. 2019, 9, 29493–29501. 10.1039/C9RA04020J. 



Membranes 2022, 12, 1067 14 of 15 
 

 

38. Rennie, A.J.; Martins, V.L.; Torresi, R.M.; Hall, P.J. Ionic liquids containing sulfonium cations as electrolytes for electrochemical 

double layer capacitors. J. Phys. Chem. C 2015, 119, 23865–23874. https://doi.org/10.1021/acs.jpcc.5b08241. 

39. Li, G.; Ho Row, K. Ionic liquid based on imidazolium cation to modify functional materials on separation of active compounds. 

J. Liq. Chromatogr. Relat. 2018, 41, 937–948. https://doi.org/10.1080/10826076.2018.1541805. 

40. Sanchez-Ramirez, N.; Martins, V.L.; Ando, R.A.; Camilo, F.F.; Urahata, S.M.; Ribeiro, M.C.; Torresi, R.M. Physicochemical prop-

erties of three ionic liquids containing a tetracyanoborate anion and their lithium salt mixtures. J. Phys. Chem. B 2014, 118, 8772–

8781. https://doi.org/10.1021/jp505051v. 

41. Hirose, D.; Kusuma, S.B.W.; Nomura, S.; Yamaguchi, M.; Yasaka, Y.; Kakuchi, R.; Takahashi, K. Effect of anion in carboxylate-

based ionic liquids on catalytic activity of transesterification with vinyl esters and the solubility of cellulose. RSC Adv. 2019, 9, 

4048–4053. 10.1039/C8RA10042J. 

42. Bandrés, I.; Royo, F.M.; Gascón, I.; Castro, M.; Lafuente, C. Anion influence on thermophysical properties of ionic liquids: 1-

butylpyridinium tetrafluoroborate and 1-butylpyridinium triflate. J. Phys. Chem. B 2010, 114, 3601–3607. 

https://doi.org/10.1021/jp9120707. 

43. Xu, C.; Durumeric, A.; Kashyap, H.K.; Kohanoff, J.; Margulis, C.J. Dynamics of excess electronic charge in aliphatic ionic liquids 

containing the bis (trifluoromethylsulfonyl) amide anion. J. Am. Chem. Soc. 2013, 135, 17528–17536. 

https://doi.org/10.1021/ja409338z. 

44. Liu, P.; Wang, D.C.; Ho, C.; Chen, Y.; Chung, L.; Liang, T.; Chang, M.; Horng, R. Exploring the performance-affecting factors of 

monocationic and dicationic phosphonium-based thermoresponsive ionic liquid draw solutes in forward osmosis. Desalin. Wa-

ter Treat. 2020, 200, 1–7. 10.5004/dwt.2020.25987. 

45. Kohno, Y.; Arai, H.; Ohno, H. Dual stimuli-responsive phase transition of an ionic liquid/water mixture. ChemComm. 2011, 47, 

4772–4774. 10.1039/C1CC10613A. 

46. Ohno, H.; Yoshizawa-Fujita, M.; Kohno, Y. Functional design of ionic liquids: Unprecedented liquids that contribute to energy 

technology, bioscience, and materials sciences. Bull. Chem. Soc. Jpn. 2019, 92, 852–868. https://doi.org/10.1246/bcsj.20180401. 

47. Kohno, Y.; Arai, H.; Saita, S.; Ohno, H. Material design of ionic liquids to show temperature-sensitive LCST-type phase transi-

tion after mixing with water. Aust. J. Chem. 2011, 64, 1560–1567. https://doi.org/10.1071/CH11278. 

48. McCutcheon, J.R.; McGinnis, R.L.; Elimelech, M. A novel ammonia—carbon dioxide forward (direct) osmosis desalination pro-

cess. Desalination 2005, 174, 1–11. https://doi.org/10.1016/j.desal.2004.11.002. 

49. Ling, M.M.; Wang, K.Y.; Chung, T. Highly water-soluble magnetic nanoparticles as novel draw solutes in forward osmosis for 

water reuse. Ind. Eng. Chem. 2010, 49, 5869–5876. https://doi.org/10.1021/ie100438x. 

50. Zhong, Y.; Feng, X.; Chen, W.; Wang, X.; Huang, K.; Gnanou, Y.; Lai, Z. Using UCST ionic liquid as a draw solute in forward 

osmosis to treat high-salinity water. Environ. Sci. Technol. 2016, 50, 1039–1045. https://doi.org/10.1021/acs.est.5b03747. 

51. Abdullah, M.A.M.; Man, M.S.; Phang, S.N.; Syed, M.S.; Abdullah, S.B. Potential thermo-responsive ionic liquid as draw solution 

in forward osmosis application. J. Eng. Sci. Technol. 2019, 14, 1031–1042. Available online: http://jestec.taylors.edu.my/V14Is-

sue2.htm (accessed on 20 April 2019). 

52. Wang, J.; Gao, S.; Tian, J.; Cui, F.; Shi, W. Recent developments and future challenges of hydrogels as draw solutes in forward 

osmosis process. Water 2020, 12, 692. https://doi.org/10.3390/w12030692. 

53. Peters, C.D.; Hankins, N.P. The synergy between osmotically assisted reverse osmosis (OARO) and the use of thermo-respon-

sive draw solutions for energy efficient, zero-liquid discharge desalination. Desalination 2020, 493, 114630. 

https://doi.org/10.1016/j.desal.2020.114630. 

54. Li, D.; Wang, H. Smart draw agents for emerging forward osmosis application. J. Mater. Chem. A 2013, 1, 14049–14060. 

10.1039/C3TA12559A. 

55. Long, Q.; Jia, Y.; Li, J.; Yang, J.; Liu, F.; Zheng, J.; Yu, B. Recent advance on draw solutes development in forward osmosis. 

Processes 2018, 6, 165. https://doi.org/10.3390/pr6090165. 

56. Ju, C.; Kang, H. Zwitterionic polymers showing upper critical solution temperature behavior as draw solutes for forward os-

mosis. RSC Adv. 2017, 7, 56426–56432. 10.1039/C7RA10831A. 

57. Li, W.; Wu, P. Unusual thermal phase transition behavior of an ionic liquid and poly (ionic liquid) in water with significantly 

different LCST and dynamic mechanism. Polym. Chem. 2014, 5, 5578–5590. 10.1039/C4PY00593G. 

58. Kabiri, K.; Zohuriaan-Mehr, M.J.; Mirzadeh, H.; Kheirabadi, M. Solvent-, ion-and pH-specific swelling of poly (2-acrylamido-2-

methylpropane sulfonic acid) superabsorbing gels. J. Polym. Res. 2010, 17, 203–212. https://doi.org/10.1007/s10965-009-9306-7. 

59. Zahid, I.M.; Kalaiyarasi, S.; Kumar, M.K.; Ganesh, T.; Jaisankar, V.; Kumar, R.M. Investigation on growth, optical and thermal 

properties of stilbazolium derivative crystal: 4-N, N-dimethylamino-4′-N′-methylstilbazolium 2,4-dimethylbenzenesulfonate. 

Mater. Sci. Pol. 2016, 34, 811–818. https://doi.org/10.1515/msp-2016-0113. 

60. Bastos, P.D.; Santos, M.A.; Carvalho, P.J.; Crespo, J.G. Reverse osmosis performance on stripped phenolic sour water treatment–

A study on the effect of oil and grease and osmotic pressure. J. Environ. Manag. 2020, 261, 110229. https://doi.org/10.1016/j.jen-

vman.2020.110229. 

61. Hoarfrost, M.L.; Segalman, R.A. Ionic conductivity of nanostructured block copolymer/ionic liquid membranes. Macromolecules 

2011, 44, 5281–5288. https://doi.org/10.1021/ma200060g. 

62. Seki, S.; Ohno, Y.; Kobayashi, Y.; Miyashiro, H.; Usami, A.; Mita, Y.; Tokuda, H.; Watanabe, M.; Hayamizu, K.; Tsuzuki, S. 

Imidazolium-based room-temperature ionic liquid for lithium secondary batteries: Effects of lithium salt concentration. J. Elec-

trochem. Soc. 2007, 154, A173–A177. 10.1149/1.2426871͔. 



Membranes 2022, 12, 1067 15 of 15 
 

 

63. Lin, Y.; Hossain, N.; Chen, C. Modeling dissociation of ionic liquids with electrolyte NRTL model. J. Mol. Liq. 2021, 329, 115524. 

https://doi.org/10.1016/j.molliq.2021.115524. 

64. Kim, T.; Ju, C.; Park, C.; Kang, H. Polymer having dicationic structure in dumbbell shape for forward osmosis process. Polymers 

2019, 11, 571. https://doi.org/10.3390/polym11030571. 

65. Liu, K.; Wang, Z.; Shi, L.; Jungsuttiwong, S.; Yuan, S. Ionic liquids for high performance lithium metal batteries. J. Energy Chem. 

2021, 59, 320–333. https://doi.org/10.1016/j.jechem.2020.11.017. 

66. Sharick, S. Structure-Property Relationships of Imidazolium-Containing Polymer Systems: Homopolymers, Block Copolymers, and Block 

Copolymer/Ionic Liquid Mixtures; University of Pennsylvania: Philadelphia, PA, USA, 2015. 

67. Andriianova, A.N.; Biglova, Y.N.; Mustafin, A.G. Effect of structural factors on the physicochemical properties of functionalized 

polyanilines. RSC Adv. 2020, 10, 7468–7491. 10.1039/C9RA08644G. 

68. Zhang, Y.; Guo, G.; Sun, J.; Zhou, X.; Xie, P.; Zhang, R.; Fu, P. Studies on the Synthesis and Conductivity of a Novel Reactive 

Ladder-Like Poly (β-cyanoethylsilsesquioxane) and Poly [(β-cyanoethylsilsesquioxane)-co-(β-methylsilsesquioxane)]. Macromol. 

Chem. Phys. 2002, 203, 2351–2356. https://doi.org/10.1002/macp.200290016. 

69. Srikonda, S.; Kotamraj, P.; Barclay, B. Osmotic controlled drug delivery systems. In Design of Controlled Release Drug Delivery 

Systems; McGraw-Hill: Stockton, CA, USA,2006. 

70. Abdullah, M.A.M.; Man, M.S.; Abdullah, S.B.; Saufi, S.M. A glance on thermo-responsive ionic liquids as draw solution in 

forward osmosis system. Desalin. Water Treat. 2020, 206, 165–176. 10.5004/dwt.2020.26317. 

71. Zhao, P.; Gao, B.; Xu, S.; Kong, J.; Ma, D.; Shon, H.K.; Yue, Q.; Liu, P. Polyelectrolyte-promoted forward osmosis process for 

dye wastewater treatment–exploring the feasibility of using polyacrylamide as draw solute. Chem. Eng. J. 2015, 264, 32–38. 

https://doi.org/10.1016/j.cej.2014.11.064. 

72. Mounir, M.; Gadallah, H.; Ali, H.M.; Souaya, E.R.; Azab, A.A. Ferric hydroacid & diamine complex as draw solute for forward 

osmosis (FO) desalination processes. Chem. Eng. Technol. 2021, 5, 100316. https://doi.org/10.1016/j.clet.2021.100316. 

73. Ding, W.; Li, Y.; Bao, M.; Zhang, J.; Zhang, C.; Lu, J. Highly permeable and stable forward osmosis (FO) membrane based on 

the incorporation of Al2O3 nanoparticles into both substrate and polyamide active layer. RSC Adv. 2017, 7, 40311–40320. 

10.1039/C7RA04046F. 

74. Jung, D.H.; Lee, J.; Lee, Y.G.; Park, M.; Lee, S.; Yang, D.R.; Kim, J.H. Simulation of forward osmosis membrane process: Effect 

of membrane orientation and flow direction of feed and draw solutions. Desalination 2011, 277, 83–91. 

https://doi.org/10.1016/j.desal.2011.04.001. 

75. McCutcheon, J.R.; Elimelech, M. Modeling water flux in forward osmosis: Implications for improved membrane design. AIChE 

J. 2007, 53, 1736–1744. https://doi.org/10.1002/aic.11197. 

76. Wang, K.Y.; Chung, T.; Qin, J. Polybenzimidazole (PBI) nanofiltration hollow fiber membranes applied in forward osmosis 

process. J. Membr. Sci. 2007, 300, 6–12. https://doi.org/10.1016/j.memsci.2007.05.035. 

 


