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a b s t r a c t
Because of easy recovery, thermoresponsive phosphonium-based ionic liquids (ILs) can be used as 
a potential draw solute in forward osmosis (FO). Its phase separation behaviors and water- drawing 
potential are two main factors affecting FO performance. In this study, these two factors were 
investigated for the lower critical solution temperature (LCST) type mono-cationic and di-cationic 
phosphonium-based IL draw solutes with different anions, including p-toluenesulfonate (TSO), 
hydrogen maleate (Mal), and trimethylbenzenesulfonate (TMBS). In phase separation behaviors, the 
structure chemistry of cation/anion can affect the LCST cloud temperature point (Tcloud). High hydro-
philicity of the anion leads to high LCST Tcloud of phosphonium-based IL aqueous solution. For the 
same anion, the LCST Tcloud of di-cationic phosphonium-based IL is lower than that of mono-cationic 
phosphonium-based IL. In water-drawing potential, it is related to the osmolality and the viscosity 
of IL aqueous solution. Mono-cationic phosphonium-based IL aqueous solution with high osmolal-
ity and low viscosity has high water-drawing potential and water flux in FO test. After FO process, 
diluted IL draw solution is phase separated into IL-rich layer and water-rich layer above LCST. 
Phosphonium-based IL with low osmolality can lead to low residual IL content in water-rich layer.

Keywords:  Forward osmosis; Lower critical solution temperature; Liquid-liquid phase separation; 
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1. Introduction

Forward osmosis (FO) is considered as an emerging 
membrane-based separation technology for wastewater 
treatment and water desalination. It is an osmotic water sep-
aration process that water flow from the feed solution side 
toward a membrane-separating the draw solution side. For 
wastewater treatment, the FO process can be used for the 
concentration and volume reduction of process wastewater. 

For water desalination applications, the FO process can be 
coupled with reverse osmosis (RO) process or other mem-
brane processes to produce pure water permeate [1,2].

The osmotic difference between the feed solution 
and draw solute solution is the driving force for water 
flow in the FO process. It is strongly dependent on the 
water- drawing potential of the draw solute in draw solu-
tion side. For getting suitable water flux, an appropriate 
water-drawing potential of the draw solute is required [3]. 
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Many materials are studied as the draw solutes for the FO 
process [4,5], including the thermolytic solution [6], inor-
ganic salts [7], organic salts [8], water-soluble polymers 
[9], hydrophilic magnetic nanoparticles [10], switchable 
polarity solvent [11], and volatile dimethyl ether [12], etc.

Although the draw solute for the FO process has been 
intensively studied, recovery of draw solute, or water from 
the diluted draw solute solution is still a challenging topic. 
Theoretically, when we want to recover draw solute or 
water from the diluted draw solution, the dehydration pro-
cess from the hydrated draw solute must be occurred. Low 
energy requirement for this dehydration process is expected.

Ionic liquids (ILs), which are organic salts in the liq-
uid state with expected high osmotic pressure, have been 
proposed as a novel draw solute. Moreover, ILs are known 
as designer solvents since the physio-chemical proper-
ties of ILs can be widely tuned by a combination of dif-
ferent cations and anions [13]. A typical IL is composed of 
an organic cation and an inorganic or organic anion. The 
cations can be N,N-dialkylimidazolium, alkylpyridinium, 
alkylphosphonium, etc. The anions include carboxylate, 
tetrafluoroborate, or large organic anions such as bis- 
(trifluoromethanesulfonyl) amide, etc. [14]. In recent years, 
thermoresponsive ILs were tried to use as the draw solute 
for the FO [15,16]. Thermoresponsive ILs show the dynamic 
change of water solubility (liquid–liquid phase separation) 
during the temperature change. thermoresponsive ILs can be 
upper critical solution temperature (UCST) type or lower 
critical solution temperature (LCST) type [17]. In UCST 
type, the IL and water are immiscible below the critical 
temperature. It becomes to be a miscible and homogenous 
phase when the system is heated above a critical tempera-
ture. As to LCST-type, a homogeneous phase of the IL/water 
mixture can undergo to a separated phase upon heating 
above a critical temperature. The benefit of the thermore-
sponsive IL draw solute, especially for LCST type, is that the 
hydrated thermoresponsive IL draw solute in diluted draw 
solution can be dehydrated by the mild temperature change 
and then most of the draw solute or water can be easily 
recovered through liquid–liquid phase separation. Hence, 
besides water drawing potential, when the LCST-type ther-
moresponsive IL is used as the draw solute of FO process, 
its phase separation characteristics must be understood.

In considering the phase separation behaviors of LCST-
type thermoresponsive ILs, many LCST type phospho-
nium cations with different anions, especially the amino 
acid type anions, were studied by Fukaya et al. [18]. They 
considered that the LCST cloud point temperature (Tcloud) 
of the phosphonium-based IL aqueous solution is related 
to the hydrophilicity/hydrophobicity balance of the cation/
anion [19]. In addition to hydrophilicity/hydrophobicity 
balance of the cation/anion, the intramolecular interaction 
in anion or cation and the aggregation characteristics of 
the IL in water are another two factors affecting the LCST 
phase separation behaviors. The IL aggregate is the imme-
diate state of a phase separation from a homogeneous phase 
to phase separation. In our previous study, we found that 
the IL aggregate characteristics related to phase separation 
type and phase separation time. Higher degree of aggre-
gation of IL in aqueous solution leads to lower LCST Tcloud 
and shorter macroscopic phase separation time [20].

As to the water-drawing potential of the thermore-
sponsive ILs, the osmolality and the viscosity of its aque-
ous solution are two main affecting factors [21]. Research 
has shown that the concentration of draw solution have 
a great influence on its osmolality and viscosity [22]. For 
draw solutions with the same concentration, their osmo-
lality is also related to the degree of ionic dissociation of 
the IL in aqueous solution [14]. Higher degree of ionic dis-
sociation of thermoresponsive IL in aqueous solution can 
lead to higher osmolality. As to the viscosity of the draw 
solution, it can affect the water-drawing efficiency of the 
thermoresponsive IL draw solute in FO process. If the vis-
cosity of the draw solution is too high, the water movement 
and the diffusion of the draw solute in the draw solute solu-
tion will be restricted, then the water flow from the feed 
solution side into draw solutions side will be decreased. 
The resulting water-drawing ability of the thermorespon-
sive IL draw solutes will be reduced.

In this study, the phase separation behaviors and 
water-drawing potential of the LCST type mono-cationic 
and di-cationic phosphonium-based IL draw solutes with 
several anions having different hydrophilicity, including 
p-toluenesulfonate (TSO), hydrogen maleate (Mal), and 
trimethylbenzenesulfonate (TMBS) were investigated. Some 
of these ILs used as the draw solutes for the FO process were 
conducted. In comparison to mono-cationic ILs, di-cationic 
ILs are more hydrophobic ILs having two monocations 
combined into one cation with an alkyl chain linker [23]. 
Hence, the hydrophobic effect of mono-cationic, di- cationic 
phosphonium, and the anion on the performance of the 
FO were also discussed. The present study can provide a 
more detailed scientific information about the LCST type 
thermoresponsive ILs used as the draw solute in the FO 
process.

2. Experimental

2.1. Ionic liquids

The chemical structures of the cations and anions of 
the ILs used in this study are shown in Fig. 1.

2.2. Synthesis and characterization of mono-cationic and 
di-cationic phosphonium-based ILs

2.2.1. Mono-cationic phosphonium-based IL

[P4444][hydrogen maleate](P1Mal)
The detailed preparation process and characterization 

method can be seen in our previous paper [20].
[P4444][p-toluenesulfonate] (P1TSO)
Tetrabutylphosphonium p-toluenesulfonate was sup-

plied by Sigma-Aldrich Co., (United States).

2.2.2. Di-cationic phosphonium-based ILs

In this study, 1,8-octanediyl-bis(tri-n-butylphosphonium) 
dibromide was first prepared. 1,8-octanediyl-bis(tri-n-butyl-
phosphonium)di(p-toluenesulfonate) and 1,8-octanediyl- 
bis(tri-n-butylphosphonium)di(2,4,6-trimethyl-benzene-
sulfonate) were then synthesized from 1,8-octanedi-
yl-bis(tri-n-butylphosphonium) dibromide. The detailed 
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preparation procedure of each compound is described as 
follow.

2.2.2.1. 1,8-octanediyl-bis(tri-n-butylphosphonium) 
dibromide (P2Br)

First, 80.0 g (0.4 mol) of tributylphosphine (Strem 
Chemical, U.S.A) and 48.9 g (0.18 mol) of 1,8-dibromooc-
tane (Acros, U.S.A) were put into a 500 mL round bottom 
bottle. Then, 150 mL of anhydrous acetone was added and 
stirred at 40°C for 48 h. After the reaction finished, the 
resulting reaction solution was slowly dripped into 1.5 L 
of ether. The white solid powder was obtained after filtra-
tion, and then it was washed several times with ether. The 
washed white solid was dried and 117 g of product P2Br 
was obtained.

2.2.2.2. 1,8-octanediyl-bis(tri-n-butylphosphonium)
di(p-toluenesulfonate) (P2TSO)

P2Br was converted to 1,8-octanediyl-bis(tri-n-butyl-
phosphonium)dihydroxide) by using an ion exchange 
resin (hereinafter called P2OH for short). 6.40 g (32 wt.% 
in H2O; 3.7 mmol) of P2OH and 1.41 g (7.4 mmol) of 
p- toluenesulfonic acid monohydrate (Alfa, U.K) were dis-
solved in 10.0 g of deionized water and stirred at room tem-
perature for 12 h. After the reaction finished, the reaction 

mixture was extracted with 10.0 mL of ethyl acetate two 
times. The organic layer was vacuum concentrated at 30°C, 
and yield 3.3 g (90%) of the product P2TSO was obtained. The 
product P2TSO was determined by 1H NMR (400 MHz, d, D2O) 
(Varian Unity Inova 500 MHz NMR, Agilent, United States): 
0.81 (t, 18H, CH3CH2–), 1.09 (m, 4H, –CH2–), 1.1–1.5 (m, 32H, 
–CH2–), 1.9–2.1 (t, 16H, PCH2–), 2.25 (s, 6H, Ar–CH3), 7.21 
(d, 4H, Ar–H), and 7.58 (d, 4H, Ar–H). 13C NMR (400 MHz, 
d, D2O): 13.8 (CH3CH2CH2CH2P–), 18.9 (CH3CH2CH2CH2P–), 
21.3 (2C, Ar–CH3), 23.4 (di-branch –CH2–), 25.6, 25.8 
(CH3CH2CH2CH2P–), 25.6 (di-branch PCH2–), 26.1, 29.3 
(di-branch –CH2–), 128.2 (4C, aromatic –CH–), 130.0 (aro-
matic –CH–), 139.4 (aromatic –C–), and 142.0 (aromatic –C–).

2.2.2.3. 1,8-octanediyl-bis(tri-n-butylphosphonium)
di(2,4,6-trimethyl-benzenesulfonate) (P2TMBS)

P2Br was converted to 1,8-octanediyl-bis(tri-n-butyl-
phosphonium)dihydroxide) by using an ion exchange 
resin (herein after called P2OH). 31.08 g (32 wt.% in H2O; 
18.0 mmol) of P2OH and 8.50 g (36.0 mmol) of 2,4,6-trimeth-
ylbenzene-sulfonic acid dihydrate (Alfa) were dissolved 
in 50.0 g of deionized water and stirred at room tempera-
ture for 12 h. After the reaction finished, the reaction mix-
ture was extracted with 50 mL of ethyl acetate two times. 
The organic layer was vacuum concentrated at 30°C, 
and yield 15.4 g (92%) of the product P2TMBS was obtained. 

Fig. 1. Chemical structures of (a) cations and (b) anions of the IL used in this study.
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The product P2TMBS was determined by 1H NMR (400 MHz, 
d, D2O) (Varian Unity Inova 500 MHz NMR, Agilent): 0.80 
(t, 18H, CH3CH2–), 1.09 (m, 4H, –CH2–), 1.1–1.5 (m, 32H, –
CH2–), 1.9–2.0 (t, 16H, PCH2–), 2.12 (s, 6H, Ar–CH3), 2.25 
(s, 12H, Ar–CH3), and 6.88 (s, 4H, Ar–H). 13C NMR (400 MHz, 
d, D2O): 13.8 (CH3CH2CH2CH2P–), 18.9 (CH3CH2CH2CH2P–), 
21.9 (Ar–CH3), 22.6 (Ar–CH3), 23.4 (di-branch –CH2–), 25.6 
(di-branch PCH2–), 25.6, 25.8 (CH3CH2CH2CH2P–), 26.1, 29.3 
(di-branch –CH2–), 131.1 (aromatic –CH–), 137.4 (aromatic 
–C–), 139.0 (aromatic –CH–), and 140.3 (aromatic –C–).

2.3. Osmolality and solution viscosity measurement

The osmolality of a sample was determined by freezing 
point osmometry (OSMOMAT 030, GONOTEC, Germany). 
The viscosity of phosphonium-based ILs aqueous solution 
at different concentrations was measured by Brookfield 
viscometer.

2.4. LCST determination

Different concentrations of the phosphonium-based 
ILs aqueous solution were prepared. Each solution was 
stepwise heated from 25°C to 100°C, every 5°C for 10 min. 
When the distinct two-phase stratification was observed, 
the temperature point was defined as the cloud temperature 
point (Tcloud) of LCST.

2.5. FO test

A FO device was assembled for lab-scale tests, as shown 
in Fig. 2. A FO module was a plate and frame type. A flow 
channel design was dual-channel circulation type. A film 
was TW30-1812 with an effective area of 64 cm2 (commer-
cially available from Dow Co., U.S.A). Solutions were, 
respectively, introduced into the feed part and draw solu-
tion part by a pump and circulated in the feed part and draw 
solution part at a cross-flow rate of 25 cm/s. The weight of 
the feed part, the weight of the draw solution part, and the 
conductivity (Eutech Cyberscan CON 1500) at different 
time were logged by the computerized data acquisition 
system for each minute.

The FO water flux Jw was calculated by measuring the 
weight of the feed side:

J
m
A tw = ×

∆
∆

feed feed

eff

ρ
 (1)

where ∆mfeed is the weight changes of the feed side; ρfeed is 
the density of feed solution; Aeff is the effective membrane 
surface area and ∆t is the measuring interval time.

3. Results and discussion

3.1. LCST behavior of mono-cationic and di-cationic 
phosphonium-based ILs

The LCST Tcloud of thermoresponsive IL aqueous 
solution is affected by the hydrophilicity/hydrophobicity 
balance of anion/cation part of the thermoresponsive IL. 
High hydrophilic thermoresponsive IL aqueous solution 
has high LCST Tcloud [19]. The LCST Tcloud of several mono- 
cationic and di-cationic phosphonium-based ILs at different 
IL concentrations in weight % (wt.%) is shown in Fig. 3.

The results of Fig. 3 reveal that the LCST Tcloud of the 
P1TSO aqueous solutions is higher than 50°C and the LCST 
Tcloud of the P1Mal aqueous solutions is around 25°C. The 
LCST Tcloud of the mono-cationic P1TSO aqueous solution 
is much higher than that of mono-cationic P1Mal aque-
ous solution at the same IL concentration. High LCST 
Tcloud of P1TSO aqueous solution is resulted from high 
hydrophilicity of the TSO anion [21]. On the other hand, 
in comparison to the mono-cationic phosphonium-based 
IL, P1TSO, the results in Fig. 3 also indicate that the lower 
LCST Tcloud is observed for di-cationic P2TSO aqueous solu-
tion. An increase in the alkyl chain length of cation in ILs 
can increase the hydrophobic character of ILs. Hence, the 
hydrophilicity of dicationic phosphonium-based IL will 
decrease and easy formation of interconnection aggregates 
in di- cationic IL solution. Lower LCST Tcloud value is then 
observed [24,25]. In di-cationic phosphonium-based ILs, 
the methyl groups in TMBS anion can decrease anionic 
hydrophilicity. Therefore, the LCST Tcloud of the P2TMBS 

Fig. 2. Schematic diagram of plate type FO device.
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aqueous solution is lower than that of the P2TSO aqueous 
solution. The results of Fig. 3 reveal that the LCST Tcloud of 
P1Mal aqueous solution and P2TMBS aqueous solution 
are approximately similar. It is interesting to point out 
that the different phase separation characteristics of these 
two phosphonium-based ILs aqueous solution. The low 
LCST Tcloud values of P2TMBS aqueous solution is mainly 
resulted from more hydrophobic dication. However, the 
unexpected low LCST Tcloud value of P1Mal aqueous solu-
tion can be explained that the occurrence of strong intra-hy-
drogen bond at the anionic hydrogen maleate above LCST. 
The more hydrophobic P1Mal aggregates were then easily 
formed and phase separation can be triggered at lower 
temperature [20]. That is to say, when one of the anion/
cation structures in phosphonium based ILs is apt to form 
hydrophobic IL aggregates, lower LCST Tcloud of phosphoni-
um-based IL aqueous solution can be obtained.

3.2. FO performance study

In considering the practical requirement for the separa-
tion of draw solute or water from the diluted draw solution 
with lower energy consumption, three phosphonium-based 
IL draw solutes with lower Tcloud value (<50oC), P1Mal, 
P2TMBS, and P2TSO were further investigated in the fol-
lowing FO performance study. The investigation topics 
include water-drawing potential, water flux and residual 
IL in water-rich layer after phase separation by temperature 
change.

3.3. Water-drawing potential analysis

As described in introduction section, the osmolality and 
the viscosity of the IL draw solution are two factors affect-
ing water-drawing potential of IL draw solute in aqueous 
solution. ILs with high hydrophobicity have low osmolal-
ity because of the formation of hydrophobic IL aggregate 
[21]. In di-cationic IL, increasing in the number of carbon 
chains of the cation can enhance its hydrophobicity and 
formation of IL interconnection aggregates [24,25]. Hence, 
in comparison to mono-cationic P1Mal, the osmolality of 
the di-cationic P2TSO will be lower at the same concentra-
tion of IL aqueous solution, as shown in Fig. 4. Similarly, 
the osmolality of the IL decreased with increasing anionic 

hydrophobicity. The experimental result in Fig. 4 indicate 
that the osmolality of P2TMBS is lower than that of P2TSO.

Because ionic dissociation of thermoresponsive ILs in 
aqueous solution can lead to increasing solution conductiv-
ity [26]. It is interesting to investigate the solution conduc-
tivity of these three phosphonium-based ILs. The aqueous 
solution conductivity of three phosphonium-based ILs at 
different concentrations is shown in Fig. 5. Highest solu-
tion conductivity is observed for P1Mal and lowest solution 
conductivity for P2TMBS. The solution conductivity results 
in Fig. 5 show the same behavior with osmolality results 
shown in Fig. 4.

The aqueous solution viscosity of the thermoresponsive 
IL draw solution can affect the water-drawing efficiency 
of thermoresponsive IL in aqueous solution. The aqueous 
solution viscosity of these three phosphonium-based ILs at 
different concentrations is shown in Fig. 6. The results in 
Fig. 6 shows that the aqueous solution viscosity of di-cationic 
phosphonium-based IL is higher than that of mono-cat-
ionic phosphonium-based IL at high IL concentration. 
Below the concentration of 50 wt.%, the aqueous solution 
viscosity of three phosphonium-based IL are approxi-
mately the same. The results of Figs. 4 and 6 indicate that 
mono-cationic P1Mal has highest water-drawing potential 
owing to its highest osmolality and the lowest aqueous 
solution viscosity. As to these two di-cationic phosphoni-
um-based ILs, di-cationic P2TSO has higher water-drawing 
potential.

3.4. Water flux

The water flux for three phosphonium-based IL draw 
solutions at the concentration of 70 and 50 wt.% is shown 
in Fig. 7. The feed solution is deionized water. As to almost 
the same aqueous solution viscosity of P2TSO and P2TMBS 
at the concentration of 70 wt.% and the higher osmolal-
ity for P2TSO, we can see that the water flux of P2TSO is 
higher than that of P2TMBS, shown in Fig. 7a. In Fig. 7a, it is 
also observed that the water flux of P1Mal with 3.5 LMH is 
higher than that of P2TSO and P2TMBS. Higher water flux 
of P1Mal is resulted from higher water-drawing potential 
(higher osmolality and lower aqueous solution viscosity). 
In Fig. 7b, at the concentration of 50 wt.%, the same water 
flux (around 2.5 LMH) is observed for P1Mal and P2TSO. 

Fig. 3. Tcloud of several mono-cationic or di-cationic phosphonium- 
based ILs at different IL concentrations. Fig. 4. Osmolality of the phosphonium-based IL aqueous 

solution at different concentrations.
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This is due to the almost same osmolality and aqueous solu-
tion viscosity. However, the water flux of P2TMBS (lowest 
osmolality) is below 2 LMH.

3.5. Residual ionic liquid in water-rich layer

At the end of FO process, the diluted phosphonium 
ionic liquid draw solution is phase separated into two dis-
tinct ionic liquid-rich layer and water-rich layer at tempera-
ture above LCST. For getting pure water, the residual ionic 
liquid in water-rich layer can be removed by further mem-
brane separation process. Table 1 lists the residual ionic liq-
uid content in water-rich layer of three phosphonium ionic 
liquids at the aqueous solution concentration of 50 wt.% 
and different temperatures. It can be seen that lower resid-
ual ionic liquid content in water-rich layer is observed at 
higher temperature. In Table 1, it is also seen that the phos-
phonium based ionic liquid with high osmolality has high 
residual ionic liquid content. The residual ionic liquid con-
tent for P1Mal and P2TSO are almost the same value. In 
contrast, very low residual ionic liquid content is observed 
for P2TMBS Hence, there is a trade-off between high water 
flux and lower residual ionic liquid content in water-rich 
layer.

4. Conclusion

In this study, the phase separation behaviors and 
water-drawing potential of LCST type mono-cationic and 
di-cationic phosphonium-based IL draw solutes with dif-
ferent anions were investigated. In phase separation behav-
iors, the hydrophilicity and structure chemistry of cation/
anion can affect the LCST Tcloud. High hydrophilic phospho-
nium-based IL aqueous solution has high LCST Tcloud. When 
the cation or anion structure of the phosphonium-based 
ILs is apt to form hydrophobic IL aggregates, lower LCST 
Tcloud can be obtained. For the same anion, the LCST Tcloud 
of di-cationic phosphonium-based IL is lower than that of 
mono-cationic phosphonium-based IL. In water-drawing 
potential, mono-cationic phosphonium-based IL with high 
osmolality and the low aqueous solution viscosity has high 

Fig. 5. Conductivity of the phosphonium-based IL aqueous 
solution at different concentrations

Fig. 6. Viscosity of the phosphonium-based IL aqueous solution 
at different concentrations.

 

 

(a) 

(b) 

Fig. 7. (a and b) Water flux for FO process utilizing 70 and 50 wt.% 
phosphonium-based IL aqueous solution as draw solution and 
feed part was deionized water at 25°C.

Table 1
Residual ionic liquid content in water-rich layer for three phos-
phonium ionic liquid draw solutes at concentration of 50 wt.% 
and different temperatures

Temperature P1Mal (wt.%) P2TMBS (wt.%) P2TOS (wt.%)

25°C 21.5 5.3 −a

30°C 18.5 3.8 −a

35°C 16.1 2.4 16.1
40°C 15.2 1.5 13.5

ano phase separation
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water-drawing potential. In FO test, higher water flux and 
high residual IL content in water-rich layer are observed 
for phosphonium-based IL draw solutes with higher osmo-
lality. In contrast, very low residual IL content is observed 
for phosphonium-based IL draw solute with low osmolality 
(P2TMBS). There is a trade-off between high water flux and 
lower residual IL content in water-rich layer.

References
[1] W.L. Ang, A.W. Mohammad, D. Johnson, N. Hilal, Forward 

osmosis research trends in desalination and wastewater 
treatment: a review of research trends over the past decade, 
J. Water Process Eng., 31 (2019) 100886.

[2] M. Qasim, N.A. Darwish, S. Sarp, N. Hilal, Water desalination 
by forward (direct) osmosis phenomenon: a comprehensive 
review, Desalination, 374 (2015) 47–69.

[3] D.J. Johnson, W.A. Suwaileh, A.W. Mohammed, N. Hilal, 
Osmotic’s potential: an overview of draw solutes for forward 
osmosis, Desalination, 434 (2018) 100–120.

[4] Q. Ge, M. Ling, T.-S. Chung, Draw solutions for forward 
osmosis processes: developments, challenges, and prospects 
for the future, J. Membr. Sci., 442 (2013) 225–237.

[5] Y. Cai, X.M. Hu, A critical review on draw solutes development 
for forward osmosis, Desalination, 391 (2016) 16–29.

[6] C.J. Orme, A.D. Wilson, 1-Cyclohexylpiperidine as a thermolytic 
draw solute for osmotically driven membrane processes, 
Desalination, 371 (2015) 126–133.

[7] A. Achilli, T.Y. Cath, A.E. Childress, Selection of inorganic-
based draw solutions for forward osmosis applications, 
J. Membr. Sci., 364 (2010) 233–241.

[8] J. Huang, Q. Long, S. Xiong, L. Shen, Y. Wang, Application 
of poly (4-styrenesulfonic acid-co-maleic acid) sodium salt 
as novel draw solute in forward osmosis for dye-containing 
wastewater treatment, Desalination, 421 (2017) 40–46.

[9] Q. Ge, J. Su, G.L. Amy, T.-S. Chung, Exploration of poly-
electrolytes as draw solutes in forward osmosis processes, 
Water Res., 46 (2012) 1318–1326.

[10] T. Mishra, S. Ramola, A.K. Shankhwar, R.K. Srivastava, Use 
of synthesized hydrophilic magnetic nanoparticles (HMNPs) 
in forward osmosis for water reuse, Water Sci. Technol. Water 
Supply, 16 (2016) 229–236.

[11] M.L. Stone, C. Rae, F.F. Stewart, A.D. Wilson, Switchable polarity 
solvents as draw solutes for forward osmosis, Desalination, 
312 (2013) 124–129.

[12] N. Sato, Y. Sato, S. Yanase, Forward osmosis using dimethyl 
ether as a draw solute, Desalination, 415 (2017) 104–114.

[13] R.D. Rogers, V.A. Voth, Ionic liquids, Acc. Chem. Res., 40 (2007) 
1077–1078.

[14] A. Kokorin, Ed., Ionic Liquids: Theory, Properties, New 
Approaches, In Tech, United Kingdom, 2011, ISBN 
978–953–307–349–1.

[15] Y. Cai, W. Shen, J. Wei, T.H. Chong, R. Wang, W.B. Krantz, 
A.G. Fane, X. Hu, Energy-efficient desalination by forward 
osmosis using responsive ionic liquid draw solutes, Environ. 
Sci. Water Res. Technol., 1 (2015) 341–347.

[16] Y. Zhong, X. Feng, W. Chen, X. Wang, K.-W. Huang, Y. Gnanou, 
Z. Lai, Using UCST ionic liquid as a draw solute in forward 
osmosis to treat high-salinity water, Environ. Sci. Technol., 
50 (2016) 1039–1045.

[17] Y. Qiao, W. Ma, N. Theyssen, C. Chen, Z. Hou, Temperature-
responsive ionic liquids: fundamental behaviors and catalytic 
applications, Chem. Rev., 117 (2017) 6881−6928.

[18] Y. Fukaya, K. Sekikawa, K. Murata, N. Nakamura, H. Ohno, 
Miscibility and phase behavior of water-dicarboxylic acid 
type ionic liquid mixed systems, Chem. Commun., 2007 (2007) 
3089–3091.

[19] Y. Kohno, H. Arai, S. Saita, H. Ohno, Material design of ionic 
liquids to show temperature-sensitive LCST-type phase tran-
sition after mixing with water, Aust. J. Chem., 64 (2011) 
1560–1567.

[20] P.-I. Liu, L.-C. Chung, D.C. Wang, C.-H. Ho, T.-Y. Cheng, 
H.-X. Xu, M.-S. Huang, T.-M. Liang, M.-C. Chang, 
R.-Y. Horng, Insight into the water recovery characteristics 
of tetrabutylphosphonium hydrogen maleate ionic liquid 
draw solute in forward osmosis process, Desal. Water Treat., 
138 (2019) 183–189.

[21] E. Kamio, A. Takenaka, T. Takahashi, H. Matsuyama, 
Fundamental investigation of osmolality, thermo-responsive 
phase diagram, and water-drawing ability of ionic-liquid-
based draw solution for forward osmosis membrane process, 
J. Membr. Sci., 570–571 (2019) 93–102.

[22] Q. Long, L. Shen, R. Chen, J. Huang, S. Xiong, Y. Wang, 
Synthesis and application of organic phosphonate salts as 
draw solutes in forward osmosis for oil−water separation, 
Environ. Sci. Technol., 50 (2016) 12022−12029.

[23] R.A. Patil, M. Talebi, C. Xu, S.S. Bhawal, D.W. Armstrong, 
Synthesis of thermally stable geminal dicationic ionic 
liquids and related ionic compounds: an examination of 
physicochemical properties by structural modification, Chem. 
Mater., 28 (2016) 4315–4323.

[24] C.P. Frizzo, I.M. Gindri, C.R. Bender, A.Z. Tier, M.A. Villetti, 
D.C. Rodrigues, G. Machado, M.A.P. Martins, Effect on 
aggregation behavior of long-chain spacers of dicationic 
imidazolium-based ionic liquids in aqueous solution, Colloids 
Surf., A, 468 (2015) 285–294.

[25] B.L. Bhargava, M.L. Klein, Formation of interconnected 
aggregates in aqueous dicationic ionic liquid solutions, J. Chem. 
Theory Comput., 6 (2010) 873–879.

[26] J. Vila, P. Ginés, E. Rilo, O. Cabeza, L.M. Varel, Great increase 
of the electrical conductivity of ionic liquids in aqueous 
solutions, Fluid Phase Equilib., 247 (2006) 32–39.


	_Hlk5817832
	_Hlk15832181
	_Hlk5818601
	_Hlk13771263
	_Hlk6045483
	_Hlk13411287
	_Hlk5560222
	_Hlk5818573
	_Hlk6821462
	_Hlk15841753
	_Hlk4794112
	_Hlk4708235
	_Hlk5905351
	_Hlk5464320
	_Hlk16629482
	_Hlk5052377
	_Hlk13911506
	_Hlk16629449
	_Hlk6129055
	_Hlk5818169
	_Hlk5818243
	_Hlk4794135
	_Hlk4416097
	_Hlk5523173
	_Hlk5538369
	_Hlk13512457
	_Hlk2719280
	_Hlk13065338
	_Hlk13409921
	_Hlk2369683
	_Hlk4416861
	_Hlk1161864
	_Hlk3029362
	_Hlk511319836
	_Hlk511319872
	_Hlk13748068
	_Hlk13757296
	_Hlk13748224
	_Hlk6047510
	_Hlk8985104
	_Hlk3486626
	_Hlk4400198
	_Hlk15471660
	_Hlk13771632
	_Hlk13989450
	_Hlk15809284
	_Hlk1162108
	_Hlk4405893
	_Hlk15588271
	_Hlk3840005
	_Hlk3025771
	_Hlk15809440
	_Hlk2524283
	_Hlk5819502
	_Hlk5542221
	_Hlk5266369
	_Hlk3829443
	_Hlk6762001
	_Hlk3665407
	_Hlk6761963
	_Hlk6762060
	_Hlk3574980
	_Hlk3629012
	_Hlk13911596
	_Hlk14022438
	_Hlk3447652
	_Hlk6074496
	_Hlk6074516
	_Hlk6074533
	_Hlk4231925
	_Hlk5438559
	_Hlk6129157
	_Hlk4421016
	_Hlk4437856
	_Hlk4321724
	_Hlk6135500
	_Hlk15843691
	_Hlk15843787
	_Hlk16520061
	_Hlk15768300
	_Hlk6135594
	_Hlk4229288
	_Hlk4400552
	_Hlk3321381
	_Hlk4320030
	_Hlk6135273
	_Hlk6135308
	_Hlk15643859
	_Hlk6135292
	_Hlk4229359
	_Hlk15643970
	_Hlk8333527
	_Hlk3321118
	_Hlk4410462
	_Hlk4400674
	_Hlk6135818
	_Hlk8313508
	_Hlk15643455
	_Hlk6135772
	_Hlk6135785
	_Hlk4013741
	_Hlk6135940
	_Hlk14598679
	_Hlk6136074
	_Hlk4400610
	_Hlk5039481
	_Hlk15644127
	_Hlk6135890
	_Hlk15313968
	_Hlk15226869
	_Hlk3628913
	_Hlk4320270
	_Hlk4232421
	_Hlk4949987
	_Hlk14623647
	_Hlk3748149
	_Hlk2850400
	_Hlk2850672
	_Hlk5273674
	_Hlk6154060
	_Hlk6154077
	_Hlk3040888
	_Hlk6818413
	_Hlk3749120
	_Hlk3649229
	_Hlk3649309
	_Hlk6155886
	_Hlk6154303
	_Hlk3749196
	_Hlk6749626
	_Hlk4411244
	_Hlk3749388
	_Hlk4400793
	_Hlk6155859
	_Hlk6154194
	_Hlk15833157
	_Hlk6749079
	_Hlk3277940
	_Hlk3412809
	_Hlk14730128
	_Hlk14730257
	_Hlk6749513
	_Hlk15847916
	_Hlk14730295
	_Hlk4339821
	_Hlk15323547
	_Hlk14722803
	_Hlk16348492
	_Hlk15826219
	_Hlk16520116
	_Hlk7867624
	_Hlk6821597
	_Hlk6825992
	_Hlk16529408
	_Hlk6821622
	_Hlk8487555
	_Hlk3661282

