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Effect of cation alkyl chain length on 3-
sulfopropylmethacrylate-based draw solutes
having lower critical solution temperature

*

Jihyeon Moon and Hyo Kang

We investigated the effect of change in alkyl chain length of cation in tributylalkylphosphonium 3-
sulfopropyl methacrylate ([P444#][C3S], # = 4, 6, and 8) ionic liquids (ILs) on their osmolality and recovery
properties as the draw solute in the forward osmosis (FO) process. The ILs aqueous solutions exhibited
a characteristic of the lower critical solution temperature (LCST)-type phase separation, which allowed
for the easy recovery of the draw solute or clean water from the diluted draw solution. The LCSTs of 31,
26, 22, and 18 °C were obtained from 2.5, 5.0, 7.5, and 10.0 wt% aqueous solutions of [P4446l[C3S]. When
deionized water, 2000 ppm NaCl solution, and 10.0 wt% orange juice aqueous solution were used as
feed solution, the water fluxes of the aqueous [P4446l[C3S] solutions were approximately 4.49, 3.87, and
1.55 LMH, respectively, in the active layer facing the draw solution mode at 7.5 wt% of draw solution.
This study demonstrates the applicability of a thermoresponsive ionic structure material as a draw solute

rsc.li/rsc-advances for the FO process.

Introduction

The demand for freshwater is increasing owing to the growing
population and economy, and environmental deterioration
worldwide."® Membrane-based separation technologies
including reverse osmosis (RO), have been used for wastewater
treatment to provide high-quality water for industrial as well as
domestic purposes. However, these technologies consume
a large amount of energy,* facilitating the need for energy-
efficient water and wastewater treatments. Forward osmosis
(FO) is a membrane separation technology that drives the
transportation of water molecules from the diluted solution
side to the concentrated solution side by the chemical gradient
potential rather than hydraulic pressure. This natural
phenomenon demonstrates that the osmosis system of the FO
process does not require external energy, enabling energy-
efficient water treatment.>® The FO process also has other
advantages such as reduced membrane fouling potential,
strong adaptability to other treatment technologies, and easy
membrane cleaning.””® Owing to these reasons, the FO process
is often applied for water reuse, power production, liquid food
concentration, pharmaceutical concentration, and fertilizer."***
Despite plenty of strength of the FO process, several challenges
remain. The final product of the FO process, using a draw
solution as an osmotic agent, is a diluted draw solution.
Therefore, recovering the draw solute or pure water from the
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diluted draw solution is an essential step in the FO process after
the water is transferred to the draw solution side of the
membrane. This recovery process is an energy-intensive step in
FO." To achieve an efficient FO process, both the water-drawing
ability and easy regeneration of the draw solute must be
considered.'®"

Several researchers have proposed various draw solutes that
meet these criteria. Draw solutes can be categorized as nonre-
sponsive or responsive. The water affinity of responsive draw
solutes undergoes reversible changes upon responding to
external stimuli, such as electric and magnetic fields, gas, salt,
pH, light, and temperature.’®>* Table 1 presents the previous
research on responsive draw solutes. The responsiveness of
responsive draw solutes enables the facile separation of the
draw solute after the water permeation process, making them
more attractive than non-responsive draw solutes. Among the
responsive draw solutes, thermoresponsive draw solutes with
temperature-dependent solubility are more favorable compared
with other responsive draw solutes in the regeneration process.
Because their phase transition in water can be driven by a mild
temperature change using an inexpensive heat source including
waste or geothermal heat during draw solute regeneration.***”
Thermoresponsive draw solutes undergo two types of
temperature-dependence phase transition between homoge-
neous phase and separated liquid/liquid bi-phase. The increase
of miscibility of the draw solute with water upon heating above
the critical temperature (7.) is a characteristic of the upper
critical solution temperature (UCST)-type draw solute. In
contrast, the lower critical solution temperature (LCST)-type
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Table 1 Summary of the responsive draw solutes for the FO process
Water flux
Stimulation factor =~ Draw solution Osmotic pressure/draw solution concentration  Feed solution (Lm>?h™") Ref
Electric field AMPS/DMAEMA —— 2000 ppm NaCl 2.09 19
HA-PVA-5 —/— 2000 ppm NaCl 1.34 20
Magnetic field D-Bu-FeX, 3500 mOsm kg /25 wt% 3.5 wt% NacCl 4.50 21
Gelatin-MNP 1.48 atm/27 g L' Deionized (DI) water 1.54 22
Gas PDMAEMA 1208 mOsm kg™ /0.3 g g " DI water 6.3 23
SPS-DMCHA —/5 mol kg™* 0.5 mol kg~ " NaCl 11.0 24
Ammonia-CO, 193.3 atm/4.5 M 0.5 M NaCl 20.8 25
P(DEAEMA-PEGDA) —/0.1 g, 50% water 2000 ppm NaCl 56.0 26
Salt MgSO, —/240 000 ppm 5050 ppm NaCl 4.1 27
pH (NH,4)sM0,0,4 /0.4 M DI water 10.0 28
Light PSA-NIPAM-C —/— 2000 ppm NaCl 0.77 29
Temperature [Hbet][Tf,N] —/3.20 M DI water 2.27 30
[Na22]Br —/0.50 M DI water 10.65 31
[N4444]2,4,6-MeBnSO;  58.2 atm/2 M DI water 12.31 32
HMSI —/60 wt% 0.60 M NaCl 4.60 33
GE,B; 28 atm/56 wt% Milli-Q water 4.81 34
BuMP 28.6 atm/55 wt% DI water 2.09 35
[P4446][C3S] 258 mOsm kg™ /7.5 wt% DI water 4.49 This work
2000 ppm NaCl 3.87

% Unidentified values in each reference.

draw solute in a homogeneous phase state becomes immiscible
upon cooling below the T..

Various types of thermoresponsive draw solutions had been
explored, among them, ionic liquids (ILs) have attracted much
attention. ILs, which are organic salts that have a melting point
of less than 100 °C can dissociate in water-forming ions, leading
to osmolality.®®*** ILs also have attractive characteristics
including negligible volatility, high ion density and ionic
conductivity, tunable polarity, basicity, and acidity.**** The
most crucial feature of ILs is the ability of their physicochemical
properties to be tuned by modification of their alkyl chain
length and an ionic precursor according to application
requirements, such as electrochemistry,* catalysis,**® and
extraction.”” As to LCST-type ILs, there are many cation-anion
combinations composed of tetrabutylphosphonium cations
([P4444]") and different anions, especially sulfonate type and
amino acid type anions.**** The LCST-type phase behavior and
miscibility of ILs in water were dependent strongly on the total
hydrophobicity of ions composed ILs as reported by Kohno
et al.>® The hydrophobicity of ions can be tuned by the varying
alkyl chain length of the component ions and comparison
between ion species with different hydrophobicity. Therefore,
understanding the structure-property relationship of the ther-
moresponsive IL molecular structure and its properties can
provide a deeper insight into future developments in draw
solutes with a better balance between the drawing ability and
recovery properties. Among various ILs, we have explored the
applicability of the ILs composed of tributylalkylphosphonium
cation and 3-sulfopropylmethacrylate anion. According to
previous reports, phosphonium-based ILs have shown high
thermal and chemical stability.”** The 3-sulfopropylmetha-
crylate anions show the possibility to have a good balance of
osmotic and recovery properties when combined with
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phosphonium cation. In addition, 3-sulfopropylmethacrylate is
low in cost and easily available for practical application.

Therefore, this study investigates the correlations between
the molecular structure of ILs and its drawing ability and
recovery properties to design efficient draw solutes by
increasing the length of the alkyl chain of tribu-
tylalkylphosphonium ([P4444], [Paaae), and [Paa4s]) in LCST-type
3-sulfopropylmethacrylate-based ILs. The effect of change in
the alkyl chain length of cation in ILs on their FO performance
and LCST-type phase behavior has been systematically
observed. Our investigations provide a strong reference for the
design and synthesis of thermoresponsive ionic materials as
prospective draw solutions.

Experimental

Materials

Tetrabutylphosphonium bromide (99%) ([P4444]Br), tribu-
tyl(hexyl)phosphonium bromide (98%) ([Psas6)Br), tribu-
tyl(octyl)phosphonium bromide (98%) ([Py44g]Br), and 3-
sulfopropyl methacrylate potassium salt (>97%) (K[C3S]) were
purchased from Tokyo Chemical Industry Co., Ltd. Dichloro-
methane was purchased from Daejung Chemicals and Metals
Co., Ltd.

Preparation of ILs, tributylalkylphosphonium 3-sulfopropyl
methacrylate ([P4444][C3S])

ILs, tributylalkylphosphonium 3-sulfopropyl methacrylate
([P44a#][C3S], where # is the alkyl chain length in tribu-
tylalkylphosphonium) were prepared via anion exchange. [Py444]
Br (15 mmol), and K[C3S] (40 mmol) were dissolved in deionized
(DI) water and were stirred for 18 h at 25 £ 1 °C. After the
reaction time, products were extracted by dichloromethane and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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rinsed with DI water. Dichloromethane was evaporated by
a rotary evaporator and dried in vacuo at 30 °C to obtain the ILs.
[P4444)[C3S], [Paa46][C3S], and [P444g][C3S] were obtained in
a single step with 74, 70, and 71% yield, respectively. [P4444][C3S]
structure and composition were analyzed by proton nuclear
magnetic resonance (*H NMR) spectroscopy. To confirm the
physical properties of the ILs, the densities (p) and melting
temperatures (7,,) of the ILs were analyzed. It is observed that
ILs have densities with values ranging from 1.08 to 1.14 g mL "
at 25 & 1 °C. In addition, the melting temperatures of the ILs
were observed in the temperature range of 6 to 17 °C.

[P4444][C3S]. "H NMR (400 MHz, CDCls, 6/ppm): 6 = 0.76-0.92
(t, 12H, CH3~CH,~CH,-), 1.32-1.50 (m, 16H, ~CH,~CH,~CH,~
P'-), 1.75-1.84 (t, 3H, CH;-C,H,-CO,-), 2.03-2.30 (m, 10H,
SO; -CH,~CH,-, CH,~-CH,-P"-), 2.70-2.83 (m, 2H, SO, ~CH,-
CH,-), 4.06-4.19 (t, 2H, ~CH,~CH,~0-), 5.36-5.44, 5.91-5.99 (d,
2H, CH, = C,H;3-CO,-), p: 1.14 g mL ™", Ty: 12 °C.

[P.4446][C5S]. "H NMR (400 MHz, CDCl;, 6/ppm): 6 = 0.80-1.03
(t, 12H, CH;~CH,-CH,-), 1.21-1.36 (m, 4H, CH3;-CH,~CH,-
CH,-CH,-CH,-P"-), 1.41-1.60 (m, 16H, -CH,~CH,~-CH,-P"-),
1.83-1.94 (t, 3H, CH3-C,H,-CO,-), 2.13-2.42 (m, 10H, SO; -
CH,-CH,-, CH,~CH,-P"*-), 2.82-2.96 (m, 2H, SO, -CH,~CH,-),
4.17-4.30 (t, 2H, -CH,-CH,-O-), 5.43-5.51, 6.00-6.08 (d, 2H,
CH, = C,H3-CO,-), p: 1.09 g mL ™", Tz 6 °C.

[P4445][C5S]. "H NMR (400 MHz, CDCl;, 6/ppm): 6 = 0.75-1.01
(t, 12H, CH;~CH,-CH,-), 1.12-1.33 (m, 8H, CH;~CH,~CH,~
CH,~CH,~CH,-), 1.37-1.59 (m, 16H, ~CH,~CH,-CH,-P*-), 1.82~
1.91 (t, 3H, CH;-C,H,-CO,-), 2.07-2.44 (m, 10H, SO; -CH,-
CH,—, CH,~CH,-P'-), 2.78-2.93 (m, 2H, SO; ~CH,-CH,-), 4.12~
4.31 (t, 2H, -CH,-CH,-0-), 5.43-5.50, 5.98-6.09 (d, 2H, CH, =
C,H;-CO,-), p: 1.08 g mL™", Ty, 17 °C.

Forward osmosis performance

Water and reverse solute fluxes were measured with a U-shaped
FO system by connecting two custom-made L-shaped glass
tubes. A thin-film composite membrane (Hydration Technolo-
gies Inc.) was placed in a channel with a diameter of 2.1 cm in
the FO system. The prepared IL aqueous solution was added as
the draw solution and DI water was added as the feed solution.
Water and reverse solute fluxes were measured in the different
modes, the active layer facing the draw solution (AL-DS) and the
active layer facing the feed solution (AL-FS) mode at a temper-
ature of 22 4+ 1 °C. Both solutions were stirred by a magnetic
bar. The water flux (J,,, L m~> h™', LMH) is the rate of the
permeating water and can be quantified by eqn (1).

AV
W= T AL 1
AAt (1)

where AV represents the permeate volume of the feed solution
across the membrane, At is the operating time, and A4 is an
effective membrane area of 3.32 x 10™* m”.

The reverse solute flux (J;, ¢ m~> h™', gMH) indicates the
quantity of the draw solute transport through the membrane to
the feed side and was calculated from the total dissolved solids
(TDS) in the feed solution. The reverse solute flux was measured
from the conductivity value difference of the feed solution

before and after FO, as described in eqn (2).
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A(CY)

s = 2
J AAt 2)

where AC represents the concentration change, AV is the
permeate volume of the feed solution.

Instruments

The structure analyses of the prepared ILs were performed by *H
NMR spectroscopy (MR400 DD2 NMR, Agilent Technologies,
Inc.) and Fourier transform infrared (FT-IR) spectroscopy
(Nicolet iS20, Thermo Fisher Scientific). The density of the IL
was determined by calculating the ratio of its mass to its volume
four or more times. To analyze the melting temperatures of the
prepared ILs which are liquid at 25 + 1 °C, a Q-10 (TA Instru-
ments, Inc.) equipped with RCS40 (TA Instruments, Inc) was
employed by differential scanning calorimetry (DSC) under
a nitrogen atmosphere at the cooling rate and heating rate of 1 ©
C min~" in the temperature range from —90 to 50 °C. The
viscosity of the ILs was measured at 85 s~ shear rate using
a DV-III programmable rheometer (Brookfield) with rotating
a metallic spindle. The conductivities of the IL aqueous solu-
tions were measured using a conductivity meter (Seven2CO pro,
METTLER TOLEDO). The osmolalities of the IL aqueous solu-
tions were determined using an osmometer (SEMI-MICRO
OSMOMETER K-7400, KNAUER). The phase transition temper-
atures of the IL aqueous solutions were determined using an
ultraviolet-visible (UV-vis) spectrophotometer (EMC-11D-V,
EMCLAB Instruments GmbH) and a temperature controller
(TC200P, Misung Scientific Co., Ltd).

Results and discussion

Preparation and characterization of ILs,
tributylalkylphosphonium 3-sulfopropyl methacrylate ([Py144]
[CsS])

Fig. 1 shows the preparative scheme for the tribu-
tylalkylphosphonium 3-sulfopropyl methacrylate ([P4444][C3S],
where # is the alkyl chain length in tributylalkylphosphonium),
via an anion exchange reaction of [P,444|Br, [P4446)Br, and [Py44s]
Brwith K[C53S]. The structures of [P444%][C3S] were determined by
"H NMR and FT-IR analysis in attenuated total reflectance mode

e

(¢] éBr_ (o]

[P 44441BF
H,0,25%1°C 18 h

O3 O; /\/\3
<3
+ \M]
(n=12,3)

[P4444l[C3S]

Fig.1 Preparative scheme for tributylalkylphosphonium 3-sulfopropyl
methacrylate ([P4444]1[C3S], where # is the alkyl chain length in
tributylalkylphosphonium).
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before the FO experiments. The "H NMR spectra of the ILs tet-
rabutylphosphonium 3-sulfopropyl methacrylate ([P4444][C3S]),
(b) tributyl(hexyl)phosphonium 3-sulfopropyl methacrylate
([P4446][C5S]), and (c) tributyl(octyl)phosphonium 3-sulfopropyl
methacrylate ([P4445][C3S]) were illustrated in Fig. 2(a)-(c). The
"H NMR spectrum (Fig. 2(a)) of [P,444][C5S] indicates the pres-
ence of a vinyl group of 3-sulfopropyl methacrylate (6/ppm = 6 =
5.36-5.44 (peak b) and ¢ = 5.91-5.99 (peak c)) and the methyl
proton of 3-sulfopropyl methacrylate (6/ppm = 6 = 1.75-1.84
(peak a), 6 = 4.06-4.19 (peak d), 6 = 2.03-2.30 (peak e), and 6 =
2.70-2.83 (peak f)). The presence of alkyl groups of the tetra-
butylphosphonium was also confirmed (6/ppm = 6 = 2.03-2.30
(peak g), 6 =1.32-1.50 (peak h), and 6 = 0.76-0.92 ppm (peak i)).
The degree of anion exchange of [P,444][C3S] can be interpreted
by comparing the ratio of the integral area of the respective
proton peaks of the alkyl groups. Similarly, the successful
synthesis of [P4446][C3S] and [P4445][C5S] were observed (Fig. 2(b)
and (c)). Furthermore, the FT-IR spectra allow for the compar-
ison of the chemical structures of [P,444][C3S], [Pa446][C3S], and
[P4445][C5S] with those of [Py444]BT, [Py446|BI, [Pi44s]Br, and K
[C3S], as shown in Fig. 3. The peaks corresponding to the C-H
bond appeared at 2933 and 2868 cm . The peak of the C=0
bond in the 3-sulfopropyl methacrylate is detected at
1713 em~'. The peaks are observed at 1179 and 1035 cm "
corresponding to the S=O bond in the 3-sulfopropyl methac-
rylate, respectively. This result suggests that the anion of [Py444]
Br was successfully exchanged with 3-sulfopropyl methacrylate
(Fig. 3). The solubility and thermoresponsive behavior of ILs
can be tuned by modification of their structure.**** To confirm
the phase behaviors of the ILs, we mixed the ILs, [P4444][C3S],
[P4446][C3S], and [P4445][C5S] with DI water as a function of the
concentrations (weight percent, wt%) of the ILs in water. [Py444]
[C3S] and [P4446][C5S] with a concentration from 2.5 to 10.0 wt%
dissolved in water at 18 + 1 °C to form homogeneous phases.
When the concentration exceeds 10.0 wt%, heterogeneous
distribution of [P4446][C3S] in water is observed at 18 + 1 °C. In
contrast, [P4445][C5S] was barely soluble in the same condition
which means that measurements of its solution properties were
impossible. The affinity of IL with water is governed by its
hydrophobicity. In particular, an increase in the hydrophobic

b,c: A
(o] b,ci
0
d .
e hl h
f -
h 9 )9h )

hgh,
gh J
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Fig. 3 FT-IR spectra of KIC3S], [P4444]Br, and [P444#][C3S].

alkyl chain length leads to a decrease in the affinity of IL with
water.***%¢ Therefore, the IL-bearing excessively hydrophobic
cation is insoluble in water.

Viscosity

The viscosity of the draw solution influences the water drawing
property of the draw solution in the FO process. The low
viscosity of the draw solution leads to high water fluxes. Because
a high viscosity of the draw solution causes an unfavorable
effect on the water flow across the membrane, leading to severe
internal polarization concentration (ICP).*” Therefore, the
viscosities of the [P,444][C3S] and [P4446][C3S] aqueous solutions
with good solubility in water were measured at a temperature of
18 £ 1 °C by varying the concentration from 2.5 to 10.0 wt% of
the IL concentration. Fig. 4a and b show the viscosities of the
[P4444][C5S] and [P4446][C5S] aqueous solutions, respectively. The
viscosities of the [P4444][C3S] aqueous solutions are 0.24, 0.66,
0.72, and 1.6 cP at concentrations of 2.5, 5.0, 7.5, and 10.0 wt%,
respectively. The viscosities of the [P4446][C3S] aqueous solu-
tions are 0.96, 1.27, 1.33, and 2.80 cP at the same concentra-
tions. As shown in Fig. 4, the viscosities of [P4444][C3S] and
[P.446][C3S] aqueous solutions were increased with increasing

i
e
S05 N\ i /h\/g . foh 9:? h
g ] P4 i Y g N Extraction
N hQ hj ] hg h\g/\h/Y 0 I/\h/g\ {/lh/' 7 solvent
. Extraction h l'lg 4
! solvent i ) "
2.06 Extraction 203
@ solvent 2,02 (d)
1.00 0.98 100101 [/ (d) 1.00 1.00
Q x © 1 © j
| | [ L 1
6 5 4 3 2 1 6 5 4 3 2 1 6 5 4 3 2 1
Chemical Shift (ppm) Chemical Shift (ppm) Chemical shift (ppm)
a b C

Fig. 2 'H NMR spectra: (a) tetrabutylphosphonium 3-sulfopropyl methacrylate ([P44441[C3S]), (b) tributyl(hexyl)phosphonium 3-sulfopropyl
methacrylate ([P4446][C3S]), and (c) tributyl(octyl)phosphonium 3-sulfopropyl methacrylate ([P444g][C3S]).
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Fig. 4 Viscosities of (a) [P4444l[C3S] and (b) [P4446][C3S] aqueous
solutions according to solution concentration.

concentration. Furthermore, it was observed that [Py446][C3S]
has relatively higher viscosities than [P,444][C3S] at all concen-
trations. Because the van der Waals interaction leads to ion
aggregation with the elongation of the alkyl chain.*®

Conductivity

Ionic conductivity which depends on the degree of ionic
dissociation in ILs aqueous solutions relates to the charge
carrier concentrations and ion mobility of ILs.>*** In addition,
the conductivity of ILs is associated with their osmolality.** The
change in the chain length of the cation influences the
conductivity of the IL; thus, the conductivities of the [P4444][C3S]
and [P4446][C5S] aqueous solutions with good solubility in water
were measured at different concentrations. Fig. 5 shows that the
conductivities of the [P4444][C3S] and [P4446][C5S] aqueous solu-
tions increase with increasing concentrations of the draw
solutions from 2.5 to 10.0 wt%. Ions present in the solution
transport charge, indicate that conductivity increases with
increasing ion concentration.®®>** The conductivities of [Py444]
[C3S] aqueous solutions were approximately 1914, 3161, 4157,
and 5022 pS cm™! at concentrations of 2.5, 5.0, 7.5, and
10.0 wt%, respectively. The conductivities of the [P4446][C3S]
aqueous solutions were approximately 1630, 2675, 3442, and
3734 uS cm™ ' at the same concentrations. The conductivities of
the ILs decrease at all concentrations as the alkyl chain length
of the quaternary phosphonium in the IL increases from 4 to 6
CH, units in [P,444][C5S] ILs. Typically, ILs with large ion sizes
lead to a decrease in ionic conductivity. The cation size
increases along with the alkyl chain elongation of the cation,
leading to a reduction in the charge carriers and ion mobility.
Because the alkyl chain elongation leads to the enhancement of
their van der Waals interaction, resulting in ion aggregation.®***
Therefore, [P4444][C3S] containing [P4444]" ions with short alkyl

5000+

- _.4000{ b
§ 4000 H

) @ 3000
gzooo- i

£ £ 2000
22000+ 3

3 5 1000
2 10001 2

© 0 © 0

Concentratlon (wt%) 00 Concentratlon (wt%

Fig. 5 Conductivities of (a) [P4444][C3S] and (b) [P4446l[C3S] aqueous
solutions according to solution concentration.
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chain length show a relatively high conductivity compared to
[P4446]|:CSS]'

Osmotic pressure

The high osmotic pressure of the draw solution in comparison
to the feed solution enhances the water permeability in the FO
system because the permeation of the water across a membrane
is driven by the osmotic pressure gradient.***

As the osmotic pressure is a colligative property, the osmotic
pressure of the draw solute is proportional to its concentra-
tion.”” The osmotic pressures of [P444][C3S] and [P446][C3S]
aqueous solutions were measured at different concentrations of
ILs to investigate their usability as draw solutes, as can be seen
in Fig. 6. The osmotic pressures of the [P,444][C3S] aqueous
solutions were approximately 131, 189, 302, and 428 mOsmol
kg~ " at concentrations of 2.5, 5.0, 7.5, and 10.0 wt%, respec-
tively. However, the osmotic pressures of the [P,446][C3S]
aqueous solutions were lower than that of [P,444][C5S]. The
values were approximately 81, 137, 258, and 365 mOsmol kg™*
at the same concentrations. Increasing the concentrations of
[P4444][C3S] and [P4446][C3S] in water caused an increase in the
osmotic pressure. Furthermore, the osmotic pressure of the IL
decreases at all concentrations along with the alkyl chain
elongation of the quaternary phosphonium in the IL, [Py44y]
[C5S], owing to their amphiphilic properties. As aforementioned
the osmotic pressure is governed by the number of solutes, the
greater the degree of ionization of ILs in water, the higher the
osmotic pressure of ILs.”*’> The ionization ability of ILs
depends on the hydrophobic alkyl chain length; ILs with longer
alkyl chain lengths are likely to lead to weaker solvation of the
ILs with water and stronger aggregation of the ILs.”7® There-
fore, [P4444][C3S], which has more hydrophilic cations due to the
alkyl chains being shorter than hexyl, displays a higher osmotic
pressure in water than the [P4446][C3S] aqueous solutions at all
concentrations.

Recovery property

In the FO process, the separation of pure water and draw solutes
from the draw solution is necessary for their recovery.”” To
improve the energy efficiency of recovery, thermoresponsive ILs
were synthesized and used as draw solutes in this study. The
LCST, one of the thermoresponsive properties, is the phase
separation temperature at which the LCST-type ILs aqueous

4501 g
400
350 -
300+ -

2504 ’
200+
150+
100

Osmotic pressure (mOsmol/kg)
Osmotic pressure (mOsmol/kg)

25 50 75 100
Concentration (wt%)

25 50 75 100
Concentration (Wt%)

Fig. 6 Osmotic pressures of (a) [P4444l[C3S] and (b) [P4446l[C3S]
aqueous solutions according to solutions concentration measured by
freezing point depression method.
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solutions become milky at a temperature above the LCST. We
examined the phase behavior of the prepared ILs in water using
their thermoresponsive properties to investigate the possibility
of using the draw solute. [P,445][C5S] was barely soluble in water
at room temperature, and no phase transitions were observed.
In contrast, [Py444][C3S] and [Ps446][C3S] dissolved homoge-
neously under the same conditions, and the [P4446][C3S]
aqueous solution exhibited an LCST-type phase transition. The
LCST of the [P,446][C3S] aqueous solution was determined by
observing the transmittance curve based on the temperature
change using a UV-vis spectrophotometer at 550 nm with
a temperature controller. The transmittance versus temperature
curves of the [P,4446][C3S] aqueous solutions marked changes at
each Tc for concentrations of 2.5, 5.0, 7.5, and 10.0 wt%, as
shown in Fig. 7. We define the LCST as the temperature corre-
sponding to 50% transmittance. As the concentration of the
[P4446][C3S] aqueous solution increased, the LCST decreased. At
each concentration, the LCST transitions of the [P,446][C3S]
aqueous solutions were approximately 31, 26, 22, and 18 °C,
respectively. The LCST behavior of an aqueous solution typically
has the following equation, where AGix, AHmix, and ASpx are
the free energy, enthalpy, and
respectively.”*°

entropy of mixing,

AGmix = AHpix — TASmix (3)

When the AG,ix changes from negative to positive, the LCST-
type phase separation occurs. The interactive forces between
water and anions or cations and those between anions and
cations play a key role in the LCST behavior of IL in an aqueous
solution.* In the IL aqueous solution system, at 7'< LCST, the IL
and water mixture formed a homogeneous state leading to
a negative AH,;, whereas at T > LCST, the phase separation of
the IL and water is driven by a negative AS,ix. Therefore, in our
system, the interaction force between [Pyue]” and [C5S]™ is
strong compared to that between [P4446][C3S] and water mole-
cules at the temperature above its LCST and causes phase
separation of the [Py446][C3S].

Water and reverse solute fluxes

The water and reverse solute fluxes of the [P4446][C3S] as the
draw solute were measured in AL-DS and AL-FS modes using
a custom-made FO system, because only [P446][C3S] has

50% T

—7.5wt%

—10.0 wt%

15 20 25 30 35
Temperature (°C)

Transmittance (%)

Fig. 7 Transmittance curves of [P4446l[C3S] aqueous solutions
according to solutions concentration measured by the temperature
change using UV-vis spectrophotometer.
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a thermo-responsive property that allows easy regeneration of
the draw solute. A semipermeable FO membrane was placed
between two connecting custom-made glass tubes. One side was
filled with DI water as the feed solution, whereas the other side
was filled with [P4446][C3S] aqueous solution as the draw solu-
tion at concentrations of 2.5, 5.0, and 7.5 wt%. The measure-
ments were performed at a temperature below its LCST. Since
low temperature causes low water flux, the water flux of the
[P4446][C3S] aqueous solution with an LCST of 18 °C at 10.0 wt%
concentration was not measured. The osmotically driven water
flux was determined by measuring the difference in the height
of the solution before and after the FO. The water flux increased
with increasing concentration of [P4446][C3S] aqueous solutions
in both the AL-DS and AL-FS modes, as shown in Fig. 8. The
water fluxes of the [P4446][C3S] aqueous solutions were 2.53,
3.04, and 4.49 LMH in AL-DS mode at concentrations of 2.5, 5.0,
and 7.5 wt%, respectively, and 1.45, 2.90, and 3.98 LMH in AL-
FS mode, respectively, for the same concentrations. A linear
relationship between water flux and concentration was
observed, as expected from the osmotic pressure results. These
results indicate that sufficient osmotic pressure drives the water
permeation process in FO. The reverse solute flux which is
denoted as the cross-diffusion of permeating solute to the feed
solution side was calculated from the final and initial TDS
concentration of the feed solution.®* The reverse solute fluxes of
the [P,446][C3S] aqueous solutions were 1.65, 2.54, and 1.64 gMH
in the AL-DS mode at concentrations of 2.5, 5.0, and 7.5 wt%,
respectively, and 0.87, 1.59, and 1.03 gMH in AL-FS mode,
respectively, for the same concentrations. At each concentra-
tion, in AL-DS mode, the water fluxes of the [P,446][C3S] aqueous
solutions were higher compared with those in AL-FS mode. The
main reason is related to the ICP.** The dilutive ICP is
a phenomenon that causes dilution of the draw solution due to
the water permeating within the membrane support layer. A
significant dilutive ICP which takes place in AL-FS mode leads

Q
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=8 Water flux in AL-DS mode

{5 Water flux in AL-FS mode

m- Reverse solute flux in AL-DS mode
Reverse solute flux in AL-FS mode
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Fig. 8 (a) Water fluxes and reverse solute fluxes results using [P444¢]
[C3S] aqueous solutions as draw solution according to the concen-
tration and DI water as feed solution in AL-DS and AL-FS modes, (b)
water fluxes, and (c) reverse solute fluxes results using 7.5 wt% [P4446]
[C3S] aqueous solution as draw solution and 2000 ppm NaCl solution
and 10.0 wt% orange juice aqueous solution as feed solution in AL-DS
and AL-FS modes at a temperature of 22 + 1 °C.
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to a decrease in the osmotic pressure gradient, resulting in
water flux reduction.?®** To investigate the applicability of the
[P4446][C3S] as the draw solute, the water and reverse solute
fluxes of the FO process using 7.5 wt% [P,446][C3S] aqueous
solution as draw solution were measured while 2000 ppm NaCl
solution and 10.0 wt% orange juice aqueous solution were used
as feed solution. Fig. 8 shows the water and reverse solute fluxes
in the different modes, AL-DS and AL-FS modes at a tempera-
ture of 22 + 1 °C. When 2000 ppm Nacl solution was a feed
solution, the water fluxes were 3.87 and 2.32 LMH in the AL-DS
and AL-FS modes, respectively. The reverse solute fluxes were
5.17 and 3.22 gMH in the AL-DS and AL-FS modes, respectively.
In addition, when using 10.0 wt% orange juice aqueous solu-
tion as feed solution, the water fluxes were 1.55 and 1.16 LMH in
the AL-DS and AL-FS modes, respectively. The reverse solute
fluxes were 2.45 and 1.22 gMH in the AL-DS and AL-FS modes,
respectively. These results show potential applications of the
thermoresponsive ILs as the draw solute for brackish water
desalination and food processing.

Conclusions

We prepared tributylalkylphosphonium 3-sulfopropyl methac-
rylate ([P4444][C3S], where # is the alkyl chain length in tribu-
tylalkylphosphonium) to investigate its utility in the FO process.
In aqueous solutions, [P4446][C3S] showed LCSTs in the range of
2.5 to 10.0 wt%, which enables its easy regeneration at the
recovery step in the FO system. The LCSTs of [P,4446][C3S] were
approximately 31, 26, 22, and 18 °C at concentrations of 2.5, 5.0,
7.5, and 10.0 wt%, respectively. When DI water was a feed
solution, the water flux and reverse solute flux of [Py446][C3S]
aqueous solution of 7.5 wt% were 4.49 LMH and 1.64 gMH in
AL-DS mode, and 3.89 LMH and 1.03 gMH in AL-FS mode at 22
4+ 1 °C. Furthermore, when 2000 ppm NaCl solution and
10.0 wt% orange juice aqueous solution were used as feed
solution, the water fluxes were 3.87 and 1.55 LMH in AL-Ds
mode, respectively. This study provides an important
approach for the design of thermoresponsive organic materials
as draw solutes owing to their reasonable FO performance and
energy-efficient recovery.
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