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Abstract 

 

Signal-responsive materials are defined as materials which show an 

abrupt change in physical or chemical properties by external stimuli 

such as temperature, light, pH, magnetic field, electric field and so on. 

They have gained a lot of attention since their application area is broad. 

In order to exhibit the signal-responsive character it can be achieved 

by designing the molecular structure. Amongst a variety of signal-

responsive materials thermo-responsive materials have been 

extensively investigated due to their easy treatment of stimuli. 

Thermo-responsive materials are categorised as two different 

materials, lower critical solution temperature (LCST) and upper critical 

solution temperature (UCST) materials. LCST materials are miscible 

with a certain solvent below a certain temperature but immiscible above 

the certain temperature. Whereas UCST materials are insoluble with a 

certain solvent below a certain temperature, while they are soluble 

above the temperature. A sudden change in solubility can derive the 

change in osmotic pressure in a solvent. It can be further applied for 

water treatment system using water as a solvent. 

The phase transition phenomenon can be explained by the Gibbs free 
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energy equation when water and thermo-responsive materials are 

mixed together. 

Gmix = Hmix – TSmix 

(Gmix : the Gibbs free energy of mixing, Hmix : the enthalpy of mixing, 

Smix : the entropy of mixing, T : temperature) 

When the Gibbs free energy of mixing (Gmix) becomes zero at a certain 

concentration, the temperature can be defined as the phase transition 

temperature, either LCST or UCST. 

T =HmixSmix (Gmix = 0, at a certain concentration) 

The enthalpy term (Hmix) and the entropy term (Smix) are closely 

related to the phase transition temperature and dependent on the 

balance between hydrophobicity and hydrophilicity of the molecule. By 

controlling the hydrophobicity and the hydrophilicity of the molecule 

the thermo-responsive character is decided. Various kinds of thermo-

responsive materials are synthesised for water treatment system 

through the systematic design of the thermo-responsive materials. 

Amongst water treatment systems including thermal distillation, 

reverse osmosis and so on, forward osmosis (FO) system has been 

intensively studied. Since FO system has advantages such as less 
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membrane fouling and energy conversion efficiency, FO is recently 

obtaining a significant amount of attention. FO consists of two different 

solutions, a draw solution and a feed solution, and a semi-permeable 

membrane and utilises the difference in osmotic pressures between the 

two different solutions by osmosis. In a drawing process, the draw 

solution which has a higher osmosis pressure can draw water from the 

feed solution through the membrane. Subsequently, draw solutes 

should be separated in the diluted drawn solution so that water can be 

obtained. Thus, draw solutes are significantly important in FO system. 

As an ideal draw solute, it is necessary to satisfy high osmotic pressure, 

easy separation, regeneration, reusability and so on. One of the most 

extensively investigated FO system is ammonia/ammonium 

bicarbonate (NH3/NH4HCO3) FO system which meets some of the 

criteria. However, the NH3/NH4HCO3 system consumes a high thermal 

energy, causes a membrane damage and involves a complex 

regeneration process. Hence, it is necessary to develop a new draw 

solute which can exhibit high osmotic pressure, uses a small amount 

energy for the separation process and involves negligible membrane 

damage.  

As an alternative, FO system with thermo-responsive materials can 

be established. Thermo-responsive draw solutes should generate high 
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osmotic pressure, and be separated from water with mild temperature 

change. In addition, the draw solution should be neutral in order not to 

damage the membrane.  

A previously studied thermo-responsive material, branched 

polyethylenimine was acquired by a simple acylation. Since acylated 

branched polyethylenimine (acyl-b-PEI) is a polymer with high 

molecular weight, it is unable to show high osmotic pressure based on 

the van’t Hoff equation. In order to overcome such limitation carbon 

dioxide (CO2) gas was injected into the polymeric solution because 

tertiary ammine moieties in the polymer can absorb the hydrated form 

of CO2, bicarbonate ion, HCO3
-. Bicarbonate-containing polymeric 

draw solution shows high enough osmotic pressure to draw water from 

seawater. After the drawing process, thermal energy was applied and 

the phase separation occurred and the absorbed CO2 was released.  

Even though CO2-combined acyl-b-PEI FO system can be applied 

for desalination, it is still required to develop a draw solute which can 

generate high enough osmotic pressure to draw water from highly 

concentrated wastewater. Hence, ammonium iodide salts with lower 

molecular weight are further investigated. Ammonium iodide salts are 

UCST materials and can generate high osmotic pressure due to the 
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ionic character as well as low molecular weight. By controlling the 

molecular structure a series of ammonium iodide salts can be 

synthesised. A various ammonium iodide salts are investigated and 

some of the suitable salts are selected and subsequent FO process is 

conducted with the extracted wastewater from a factory. 

In conclusion, this dissertation can give a guideline to develop 

thermo-responsive materials with the required criteria by fine tuning 

the molecular structure. In addition, with the implementation of 

desalination and wastewater treatment, I hope that the introduced 

thermo-responsive draws solutes have high potential and can be 

applied for the feasible water treatment system. 

Keywords: Thermo-responsive materials, Lower critical solution 

temperature (LCST), Upper critical solution temperature (UCST), 

Water treatment, Desalination, Forward osmosis (FO), Draw solute. 
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1. Abstract 

 

There have been a wide range of researches to solve the global water 

challenge problem. Since seawater takes up 98% of the total amount of 

water in the earth, researchers have tried to obtain fresh water from 

seawater over a long period. Amongst desalination methods the 

forward osmosis (FO) technique is a promising method for desalination 

due to its high energy efficiency over conventional methods. 

Ammonium bicarbonate (NH4HCO3) solution is a widely studied draw 

solute, but this system requires still high thermal energy (> 60°C) and 

complicated removal process. I examined polymers with lower critical 

solution temperature (LCST) properties conjoined with controlled CO2 

absorption and release as an alternative draw solute for FO desalination.  

A solution of acylated polyethylenimine can absorb CO2 at low 

temperatures to elevate the osmotic pressure and draw water from a 

high-salt saline solution. Such a solution can be phase-separated to 

liberate CO2 by mild heating at 40°C, and the osmotic pressure can be 

effectively reduced for water release into a low-salt saline solution. 

The osmotic pressure-controlling system has the potential to be used 

as a draw solution for forward osmosis. 
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2. Introduction 

 

The shortage of fresh water represents an imminent global problem. 

Although seawater accounts for 97% of all water on Earth, most of it 

cannot be used for drinking or agriculture due to its high salinity. While 

distillation and reverse osmosis (RO) are the two most common 

methods of desalination, the forward osmosis (FO) method has been 

actively investigated because of its energy efficiency. FO utilises a 

draw solute (DS) to raise the osmotic pressure of a solution to be 

higher than that of seawater, which results in the induction of osmotic 

flow through a semi-permeable membrane to draw water from 

seawater. Subsequently, the DS must be removed to yield freshwater.1 

Ideally, for practical FO, a DS must satisfy several criteria. First, it 

should induce high osmotic pressure for effective water drawing from 

high-salt saline solutions. Secondly, the DS should be easily separated 

from the solution with minimal energy input after the drawing process 

is complete. Finally, the DS should be easily recovered and reusable 

for multiple desalination processes. 

The most extensively studied DS for FO desalination is ammonium 
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bicarbonate (NH4HCO3).
2 NH4HCO3 meets, at least in part, several of 

the listed requirements for an ideal DS. Highly concentrated NH4HCO3 

solutions induce high osmotic pressure to draw water from seawater. 

Thereafter, NH4HCO3 thermally decomposes into gaseous ammonia 

(NH3) and carbon dioxide (CO2), which can be removed from the draw 

solution afterwards. However, separating NH4HCO3 from the draw 

solution requires a high-energy input (> 60°C) for the decomposition. 

Moreover, a complex distillation-based removal is required to 

completely eliminate the decomposed NH3 from the acquired water. 

Therefore, extensive research have aimed to overcome the 

weaknesses associated with the pre-existing draw solutes.3 

Meanwhile, amine-rich polymers such as branched polyethylenimine 

(b-PEI) are well-known as CO2 absorbers because the alkaline amine 

residues can strongly interact with carbonic acid (H2CO3), a hydrated 

form of CO2, in water and thereby increase the aqueous solubility of 

CO2.
4 Based on the same rationale for the NH4HCO3–based FO, I 

expected that the amine-rich polymers have a potential to be used as 

FO draw solutes if the absorbed CO2 can be readily released from the 

aqueous solution of the polymers by mild temperature change.  

Herein, I introduced lower critical solution temperature (LCST) 
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properties to the amine-rich polymer for facilitating release of CO2 

from the polymeric solution. At certain temperatures, LCST polymers 

exhibit abrupt phase separation from solvents.5 As shown in Figure 1, 

at lower temperatures below the phase transition temperature, the 

amine-rich LCST polymer would raise the osmotic pressure of the 

solution by CO2 absorption and the generation of bicarbonate anions 

(HCO3
-), whereas at slightly higher temperatures above the phase 

transition temperature, the polymer would separate from the solution, 

resulting in the discharge of gaseous CO2 and a dramatic reduction of 

the osmotic pressure. Because the phase transition temperature of the 

LCST polymer can reflect the polymeric structure,6 the trigger 

temperature for controlling the osmotic pressure can be reduced to a 

temperature far below the decomposition temperature of NH4HCO3. 

Furthermore, the phase-separated LCST polymer could be easily 

removed and recycled. Some have been developed using temperature-

dependent phase separation, but insufficient drawing activity or a high 

phase transition temperature has limited their practical use.7 Therefore, 

I propose an FO control system by combination of the CO2-aborbing 

property of an amine-rich polymer for the powerful drawing activity at 

a low temperature and the LCST property for the efficient CO2 release 

and recycling at a high temperature.  
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3. Experimental Section 

 

3.1. Materials 

The Branched polyethylenimine (b-PEI) (Mw = 800, PD (Mw/Mn) = 

1.3), n-butyric anhydride and valeroyl chloride were purchased from 

Aldrich (USA). Methanol, triethylamine (TEA), sodium bicarbonate 

(NaHCO3), sodium hydroxide (NaOH) and ammonium hydroxide 

(NH4OH) were purchased from Daejung (Korea). All reagents were 

used without further purification. 

 

3.2. Preparation of Bu-PEI and Bu-Val-PEI 

The scheme used to synthesise Bu-PEI and Bu-Val-PEI is shown 

in Figure 2. For the synthesis of Bu-PEI, 50 g b-PEI (0.87 mol 

reactive amines) was dissolved in 600 mL methanol. An aqueous 

solution of NaHCO3 (1.0 M, 600 mL) was added to the solution as a 

proton quencher during the synthesis. Then, 140 mL n-butyric 

anhydride (0.87 mol, 1.0 eq.) was added drop-wise to the solution. 

The mixture was stirred for 1 h in an ice bath and then overnight at 

ambient temperature. For better extraction, an aqueous solution of 
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NaOH (1.0 M) was added until the solution reached pH 11. The Bu-

PEI was collected by extraction with dichloromethane (×3). The 

combined organic layer was evaporated to yield Bu-PEI as an opaque 

yellow viscous gel (yield > 90%). For the synthesis of Bu-Val-PEI, 

100 g b-PEI (1.7 mol reactive amines) was dissolved in methanol 

(1200 mL). Subsequently, 24 mL TEA (0.17 mol; 0.10 eq.) was added 

to the solution as a proton quencher. With vigorous stirring of the 

solution, 21 mL valeroyl chloride (0.17 mol; 0.10 eq.) was added drop-

wise to the solution, which was subsequently stirred in an ice bath for 

1 h. After further stirring at ambient temperature for several hours, 

gaseous hydrochloric acid that had formed during the acylation reaction 

was removed by purging with N2 gas. The solution was concentrated 

by evaporating the methanol solvent. The remaining reaction mixture 

was purified by ether precipitation (×3) and valeroylated b-PEI (Val-

PEI) was collected as a precipitate. After drying, Val-PEI was obtained 

as an opaque yellow viscous gel (yield > 90%). The remaining reactive 

amines of Val-PEI were further acylated by n-butyric anhydride 

following a similar procedure using Bu-PEI to produce Bu-Val-PEI, 

which was an opaque yellow viscous gel (yield > 90%). The 1H NMR 

spectra of Bu-PEI and Bu-Val-PEI are shown in Figure 3. 
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3.3. Measurement of LCST phase transition 

Changes in light turbidity were measured at a wavelength of 600 nm 

to monitor the LCST phase transition of the polymeric solutions. 

Sample solutions were prepared at concentrations of 3.4 m or 1.7 m in 

water for Bu-PEI and Bu-Val-PEI, respectively. CO2-saturated 

polymer solutions were prepared by CO2 bubbling (100 mL/min) for 1 

h. Temperature-dependent changes in the transmittance of each 

sample solution was measured using a V-650 UV-Vis 

spectrophotometer (Jasco, Japan) at a heating rate of 0.5 °C/min. The 

phase transition temperature is defined as the temperature at which the 

transmittance is 50% during the heating. 

 

3.4. Measurement of CO2 absorption and release 

The CO2 content was measured and calculated based on the pH of 

the polymeric solutions during the absorption and release cycles. 

During CO2 absorption, pH values were automatically measured using 

a S470 SevenExcellence™ pH/Conductivity (Mettler Toledo, 

Switzerland) every 5 min. During heating, samples were collected at 

10 min intervals. Those samples were cooled and the pH was measured 



9 

 

using a LAQUA twin Compact pH Meter (Horiba, Japan). The pH data 

were analysed and used to calculate the CO2 content.8 

 

3.5. Measurement of the FO water flux 

Osmotic flux was measured using handmade glass tubes in a 

temperature-controlled water bath.9 A semi-permeable membrane 

(cellulose triacetate membrane cast on a non-woven backing 

consisting of polyester fibers coated with polyethylene; NW-CTA) 

was provided by Hydration Technology Innovation (USA). A 

membrane (diameter: 3.5 cm) was placed in the middle of the upper 

and lower tubes, and each tube was filled with NaCl and LCST polymer 

solutions, respectively, with stirring. The active layer of the semi-

permeable membrane was oriented to face the polymer solution. The 

osmotic water flux from the NaCl solution to the LCST mixture was 

calculated based on the volumetric change of each solution over 0.5 h 

after 0.5 h stabilisation at either 25°C or 15°C (±2°C). The reverse 

osmotic flux from the polymeric to the NaCl solution was similarly 

calculated at 70˚C or 40°C (±2°C). 
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4. Results and Discussion 

 

4.1. Synthesis of LCST polymers 

In previous reports, the LCST phase transition temperature of 

polymers has been shown to be easily controlled by simple acylation 

procedures.10 I acylated b-PEI by the same method for obtaining an 

amine-rich polymer with LCST property (Figure 2). Four-carbon 

butyryl (Bu) group and five-carbon valeroyl (Val) group were 

introduced to the b-PEI backbone for the control of hydrophobicity and 

subsequently the phase transition temperature. Amongst the amine 

moieties in the b-PEI backbone, most primary and secondary amines 

were reacted to provide hydrophobic acyl groups, and the remaining 

tertiary amines could act as CO2-absorbing moieties in the draw 

solution. 

 

4.2. LCST phase transition 

The LCST phase separation could be observed by changes in the 

transmittance of an aqueous solution of acylated b-PEI.10 
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As shown in Figure 4a, the transmittance of Bu-PEI solution dropped 

abruptly at the phase transition temperature, 40°C. However, phase 

separation of the CO2-saturated Bu-PEI solution could be observed at 

60°C, a significantly higher temperature compared with the original 

phase transition temperature. The more hydrophobic Bu-Val-PEI has 

a lower phase transition temperature than does Bu-PEI. The phase 

separation temperatures of Bu-Val-PEI and CO2-saturated Bu-Val-

PEI solutions were observed to occur at 20°C and 27°C, respectively, 

which were both significantly lower than those respective 

temperatures of Bu-PEI (Figure 4b). In both solutions, CO2 saturation 

increased the phase transition temperature. Dissolved CO2 produces 

H2CO3 and subsequently forms a bicarbonate salt with a tertiary amine 

in the polymer backbone. The protonated ammonium residues may 

reverse the hydrophobic effects of the alkyl group, which could elevate 

the phase transition temperature.11 

 

4.3. Temperature-driven CO2 absorption and release 

Next, I examined whether CO2 absorption and release into the 

polymeric solution could be controlled by the LCST phase transition 

induced by mild changes in temperature. The CO2 content in the 
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polymer solution was calculated by measuring the pH and the CO2-

saturated condition was normalised to 100% of CO2 content.8 Figure 5a 

compares the kinetics of CO2 absorption and release of b-PEI and Bu-

PEI solutions with temperatures that varied between 25°C and 70°C. At 

25°C, CO2 was gradually absorbed into both solutions. The absorption 

rate into b-PEI was somewhat faster, but CO2 saturation was also 

observed in the Bu-PEI solution after 1 hr of CO2 bubbling. At 70°C, 

CO2 was released from the phase-separated Bu-PEI solution. 

Specifically, 60–80% of pre-absorbed CO2 was released within 20 min 

of heating, and 10–15% of CO2 was gradually released by an additional 

100 min of heating. Release of CO2 from the non-phase-separated b-

PEI solution was much slower than that of Bu-PEI (Figure 6a).  

Furthermore, I compared the CO2 absorption and release kinetics of 

the Bu-Val-PEI solution with those of b-PEI and Bu-PEI solutions at 

a lower temperature range between 15°C and 40°C (Figure 5b). The 

absorption rate of the Bu-Val-PEI solution was similar to that of the 

Bu-PEI solution, showing saturation after 30 min of CO2 bubbling, 

which was lower than that of b-PEI at 15°C. The Bu-Val-PEI solution 

could be phase-separated and release CO2 at 40°C. The release rate of 

CO2 from the Bu-Val-PEI solution was much faster than those from 

non-phase-separated b-PEI and Bu-PEI solutions (Figure 6b). 
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Within 10 min of heating at 40°C, 60% of the absorbed CO2 was 

released from the Bu-Val-PEI solution. By contrast, b-PEI and Bu-

PEI released only 10-20% of CO2 during the same heating time. In both 

CO2-releasing experiments at 70°C and 40°C, the phase-separated 

solutions showed higher releasing rate than non-phase-separated 

solutions. The introduction of LCST property by acylation clearly 

facilitated the release of absorbed CO2 induced by temperature change. 

The rapid release of CO2 from the Bu-Val-PEI solution by mild heating 

at 40°C might effectively reduce the energy requirement for the FO 

system because CO2 can be released from NH4HCO3 solutions or other 

LCST polymer-based draw solutions at a temperature around 60°C and 

most of energy is consumed for the process of separation and recovery 

of draw solutes in the FO system.2,3 During three-successive 

bubbling-heating cycles, all polymeric solutions exhibited similar 

absorption-release kinetics. 

 

4.4. FO water flux of Bu-PEI and Vu-Val-PEI solutions 

As the acylated PEI solutions showed efficient absorption and release 

of CO2 in response to mild changes in temperature, I could apply them 

as draw solutions for FO. The solutions would increase the osmotic 
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pressure to draw water from a high-salt solution by absorbing CO2 at 

a low temperature, whereas at high temperature they would reduce the 

osmotic pressure to release water into a low-salt solution by 

discharging CO2. Figure 7 and 8 shows osmotic flux between NaCl 

solutions and the acylated PEI solutions with varying temperatures. A 

Bu-PEI solution with an amine concentration of 3.4 m (molality) 

clearly showed high osmotic flux from NaCl solutions at 25°C (Figure 

7a). This solution could draw water from a seawater equivalent (0.60 

m NaCl solution), even in CO2-free conditions. In CO2 saturating 

conditions, the solution exhibited approximately 1.5–2-fold faster 

osmotic flux compared with the CO2-free solution. It was confirmed 

that dissolved CO2 and the resulting HCO3
- could raise the actual 

osmotic pressure for effective drawing. The CO2-saturated Bu-PEI 

solution was subsequently heated to 70°C to obtain a clear phase 

separation into a water-rich upper layer and a solute-rich lower layer. 

The osmotic pressure of the upper layer was sufficiently low to release 

the drawn water into low-salt solutions. The CO2-free Bu-PEI 

solution could release water into a NaCl solution that had a 

concentration of 0.10 m (Figure 7b). The dissolved CO2 could be 

effectively liberated from the solution by phase separation to reduce 

the osmotic pressure. 
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Bu-Val-PEI has relatively low aqueous solubility because of the 

inherent hydrophobicity introduced by its valeroyl group, so a solution 

with an amine concentration of 1.7 m was used instead. Although the 

CO2-free Bu-Val-PEI solution could not induce osmotic pressure that 

was sufficiently low to draw water from a seawater equivalent, or even 

a 0.30 m NaCl solution, CO2-saturated Bu-Val-PEI did exhibit 2–3-

fold enhanced osmotic flux from NaCl solutions with concentrations 

below 0.15 m, and they could barely draw water from 0.30 m NaCl 

solution at 15°C (Figure 8a). Similarly to the aforementioned studies, 

CO2 absorption effectively increased the drawing osmotic flux. The 

Bu-Val-PEI solution was phase-separated into a water-rich upper 

layer and a solute-rich lower layer at 40°C. The osmotic pressure of 

the upper layer was reduced by the discharge of CO2 so that the release 

of water into a 0.10 m NaCl solution could be observed (Figure 8b). 

The LCST phase separation of polymers represents the key-point for 

the control of CO2-dependent osmotic pressure by mild changes in 

temperature, the polymeric solutions in non-phase-separated 

conditions (b-PEI at 70°C and 40°C or Bu-PEI at 40°C) show only 

limited change of osmotic fluxes and could not release water into a 0.15 

m NaCl solution (Figure 9-11). Based on these findings, I predicted 

that a FO system that could draw water with absorption of CO2 at 15°C 
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and release water with discharge of CO2 at 40°C using Bu-Val-PEI. 

The temperature change between 15°C and 40°C might be achieved 

with a low energy cost if energy from waste heat or sunlight is used. 

Moreover, the phase-separated lower layer could be easily recycled 

for the second drawing-release cycle. 
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5. Conclusions  

 

In summary, I prepared an efficient osmotic pressure-control 

system based on LCST phase separation and CO2 absorption-release. 

Acylated PEI with tertiary amines can serve as a CO2 absorber at a low 

temperature, but can be phase-separated to facilitate the discharge of 

CO2 by mild heating. Dissolved CO2 can elevate the osmotic pressure 

needed for water drawing, and the discharge of CO2 can reduce the 

osmotic pressure to allow for water release. The CO2-release 

temperature can be easily tailored by controlling the hydrophobicity of 

the structure of acylated PEI. Notably, Bu-Val-PEI could effectively 

liberate the dissolved CO2 at 40°C, which is a far lower temperature 

compared with other previously reported CO2-based drawing solutes 

such as switchable polarity solvents and CO2-switchable polymers, 

without inert gas purging, which is required for phase separation.7 

Although Bu-PEI and Bu-Val-PEI have strong potential for use as 

drawing solutes in desalination or water purification applications, 

several hurdles, such as the relatively high phase transition 

temperature (Bu-PEI) and low aqueous solubility (Bu-Val-PEI), 

remain to be overcome before their application in practical FO systems. 
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In future studies, I intend to find an ideal balance between low phase 

transition temperatures and aqueous solubility that is appropriate for 

FO desalination by attaching various other hydrophobic alkyl groups to 

b-PEI and adjusting the degrees of acylation. Furthermore, detailed 

analyses of the energy requirements will be carried out to improve the 

design of a practical FO system in the future. 
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Figure 1. Schematic diagram of osmotic pressure-controlling system 

by temperature-sensitive absorption and release of CO2 based on 

LCST materials.
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Figure 2. Synthetic scheme of a) Bu-PEI and b) Bu-Val-PEI. 
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Figure 3. 1H NMR spectra of a) Bu-PEI and b) Bu-Val-PEI. 
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Figure 4. LCST phase transition of a) 3.4 m Bu-PEI and b) 1.7 m 

Bu-Val-PEI in CO2-free (●) and CO2-saturated (○) conditions. 
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Figure 5. a) CO2 absorption (25°C) and release (70°C) of b-PEI (△) 

and Bu-PEI (●) solutions at the amine concentration of 3.4 m. b) 

CO2 absorption (15°C) and release (40°C ) of b-PEI (●), Bu-PEI 

(○), and Bu-Val-PEI (▼) solutions at the amine concentration of 

1.7m. 
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Figure 6. CO2 release rate of a) b-PEI(◆) and Bu-PEI(◇) solutions 

at the amine concentration of 3.4 m at 70°C, b) b-PEI(●), Bu-

PEI(▽) and Bu-Val-PEI(■) solutions at the amine concentration of 

1.7 m at 40°C. 
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Figure 7. Osmotic flux a) from NaCl solutions to a Bu-PEI solution 

(amine concentration: 3.4 m) at 25°C and b) from the upper layer of 

the Bu-PEI solution to NaCl solutions at 70°C. CO2-`free and CO2-

saturated conditions are represented as white and grey bars, 

respectively. Each error bar means the standard deviation of three 

measurements.  
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Figure 8. Osmotic flux a) from NaCl solutions to a Bu-Val-PEI 

solution (amine concentration: 1.7 m) at 15°C and b) from the upper 

layer of the Bu-Val-PEI solution to NaCl solutions at 40°C. CO2-

free and CO2-saturated conditions are represented as white and grey 

bars, respectively. Each error bar means the standard deviation of 

three measurements.  
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Figure 9. Osmotic flux a) from NaCl solutions to a b-PEI solution 

(amine concentration: 3.4 m) at 25°C and b) from the b-PEI solution 

to NaCl solutions at 70°C. CO2-free and CO2-saturated conditions 

are represented as white and grey bars, respectively. Each error bar 

means the standard deviation of three measurements. 
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Figure 10. Osmotic flux a) from NaCl solutions to a b-PEI solution 

(amine concentration: 1.7 m) at 15°C and b) from the b-PEI solution 

to NaCl solutions at 40°C. CO2-free and CO2-saturated conditions 

are represented as white and grey bars, respectively. Each error bar 

means the standard deviation of three measurements. 



32 

 

 

 

Figure 11. Osmotic flux a) from NaCl solutions to a Bu-PEI solution 

(amine concentration: 1.7 m) at 15°C and b) from the Bu-PEI 

solution to NaCl solutions at 40°C. CO2-free and CO2-saturated 

conditions are represented as white and grey bars, respectively. 

Each error bar means the standard deviation of three measurements.  
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Part Ⅱ. Development of Upper Critical Solution 

Temperature Phase Transition Materials for 

Controlling the Osmotic Pressure 
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1. Abstract 

 

A variety of UCST-type thermo-responsive ammonium iodide salts 

is systematically designed and synthesised with desired aqueous 

solubility, phase-transition temperature, osmolality change, phase-

transition concentration range, stability, and toxicity by controlling the 

ionic interactions, hydrophobicity, and symmetry of the salt structure. 

Suitable draw solutes can be selected based on the characteristics of 

the ammonium iodide salts as well as the feed solutions for feasible 

forward osmosis (FO)-based water purification. In this research, 

highly concentrated wastewater from a flue gas desulfuriser (FGD), 

with osmotic pressure three times higher than seawater, is targeted for 

purification by FO using the draw solutes. Two ammonium iodide salts 

(HM8I and HM10I) show remarkable water flux from the wastewater 

samples, and significantly lower salt leakage compared to conventional 

draw solutes. The osmolality of the phase-separated draw solution 

drops to less than one tenth of that of the initial feed solution, and 

reverse osmosis or nanofiltration can be applied to the solution with 

much lower external pressure for the final purification to produce fresh 

water. This systematic approach to the design and selection of suitable 
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draw solutes can be an effective strategy for future practical FO-based 

wastewater treatment and seawater desalination. 
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2. Introduction 

 

Water shortage has been one of the most serious environmental 

issues for sustainable societies due to severe depletion of freshwater 

sources as well as increasing water pollution. Diverse techniques are 

actively investigated for future eco-friendly water treatment methods 

requiring low energy input.1 Since currently market-dominant reverse 

osmosis (RO) method requires large amount of electric energy, which 

should be initially transformed from thermal energy with 30-40% 

energy conversion efficiency, forward osmosis (FO) or membrane 

distillation (MD), which uses mild and cheap thermal energy sources 

such as waste heat or residual heat, are considered to be attractive 

techniques for future water treatment, although both technique still 

remain at the initial step in the global market yet.2-5 Especially, FO 

using osmotic flow between two solutions is usually mentioned as a 

potential alternative of RO due to lower energy requirement and 

reduced membrane fouling in the FO process.6 

In general, an FO system comprises a semipermeable membrane, a 

feed solution, and a draw solution. The detailed principle is that the 

draw solution pulls out water from the feed solution using the osmotic 
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pressure difference between two solutions in the first step, and the 

drawn water is separated from the draw solutes with energy input in 

the second step.  

The draw solute plays a critical role in the FO system, and various 

prototypes have been suggested. High osmotic pressure for effective 

drawing, easy separation with minimal energy input, negligible solute 

leakage through the membrane, and efficient recovery and reusability 

are all essential properties for an ideal draw solute. Several draw 

solutes, including ammonium bicarbonate (NH4HCO3),
7 ionic liquids,8 

hydrogels,9 and nanoparticles,10 meet some of the criteria.11 However, 

most hydrogels and nanoparticles generate only limited osmotic 

pressure, and these are used for desalination of water with low salt 

concentrations.12 With NH4HCO3, the current FO draw solute, difficult 

gas/liquid separation after the drawing process, and relatively high 

solute leakage hinder energy-efficient recovery and reuse of the draw 

solute.7 

Thermo-responsive materials in an aqueous environment were 

proposed as an alternative FO draw solute to overcome such 

drawbacks.12 Lower critical solution temperature (LCST) and upper 

critical solution temperature (UCST) materials show sudden solubility 
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changes at certain phase-transition temperatures (Tp).
13 LCST 

materials exist as one phase with solvents below Tp but are phase-

separated above Tp, whereas UCST materials are miscible with 

solvents above Tp but immiscible below Tp. In several previous studies, 

thermo-responsive materials were applied as draw solutes for 

FO.9,10,12,14 When thermo-responsive materials are dissolved in water 

to prepare a draw solution at a high concentration, the draw solution 

can draw water from a feed solution. After the drawing process, the 

draw solution is phase-separated into a water-rich phase and a 

solute-rich phase by changing the temperature. The water-rich phase 

is further purified to generate fresh water with minimal energy input, 

and the solute-rich phase is recycled for the next drawing process. 

The simple temperature-driven separation and easy recovery and 

reuse of the draw solute are advantages of using thermo-responsive 

materials as potential draw solutes.12 

In the first drawing step, thermo-responsive materials that can 

generate high osmotic pressure under one-phase conditions are useful 

for drawing water with a high flux from highly concentrated saline or 

polluted water. In the separation step, thermo-responsive materials 

should be phase-separated within a tolerable temperature range, and 

minimal solute materials should be retained in the water-rich phase to 
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achieve low osmotic pressure for the final low-energy freshwater 

production step. However, highly soluble or high-osmotic-pressure 

thermo-responsive solutes are generally difficult to phase-separate 

via a small temperature change, and considerable amounts remain in 

the water-rich phase after phase separation.12 Moreover, the salinity 

and temperature of the feed solutions vary according to local 

circumstances, for example, from 3.5% and 20°C for surface seawater 

in middle latitudes to 20% and 50°C for wastewater from flue gas 

desulfurisers (FGD).14 Suitable thermo-responsive draw solutes are 

even more difficult to select due to the discrepancy between their 

drawing activity and separability as well as the heterogeneous 

properties of feed solutions. 

There is little similarity in the structures of previously reported 

thermo-responsive draw solutes, so that the essential characteristics 

for the selection of draw solutes, including osmotic pressure, Tp range, 

and residual amounts after phase separation, are difficult to estimate 

from the structures. In this research, I designed novel low-molar-

mass UCST materials whose physicochemical characteristics could be 

systematically controlled by modulating the symmetry, hydrophobicity, 

and ionic interactions in the molecular structure based on ammonium 

iodide salts (Figure 1). I can observe significant variation in the 
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maximum osmolality from 700 mOsm kg-1 to 9,000 mOsm kg-1, Tp from 

2°C to 67°C, and the residual osmolality in the water-rich phase from 

100 mOsm kg-1 to 3,000 mOsm kg-1 by tuning the structure of 

ammonium iodides (Table 1). I believe that this approach is important 

not only for the structure-based design of thermo-responsive 

materials with tailored physicochemical characteristics but also for the 

selection of an appropriate draw solute that is optimised for each FO 

system and conditions. As a proof of the concept, I suggested an FO 

system based on selected ammonium iodides for the treatment of FGD 

wastewater (Figure 1). Generally, wastewater has an osmotic pressure 

that is about three times higher than that of seawater, so a significant 

amount of energy is inevitably required to purify it by conventional 

water treatment methods.15 After active drawing from highly 

concentrated wastewater at a temperature above Tp, raise the osmotic 

pressure of the drawing solution above that of the wastewater, phase 

separation is induced by lowering the temperature below Tp, and fresh 

water is obtained by RO under a much reduced external pressure due 

to the minimal residual osmotic pressure in the water-rich phase. 
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3. Experimental Section 

 

3.1. Materials 

Tetramethylammonium iodide (4MAI), tripropylamine, N,N,N’,N’-

tetramethylethylenediamine, N,N,N’,N’-tetramethyl-1,4-

diaminobutane, N,N,N’,N’-tetramethyl-1,6-diaminohexane, 

decamethonium iodide (HM10I), and N,N-diisopropylethylamine 

(DIPEA) were purchased from TCI (Japan); n-butylamine, n-

octylamine, 1,8-diaminooctane, ethylenediamine, 1-iodomethane, 1-

iodoethane, dimethyl sulfoxide (DMSO), and 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyl tetrazolium bromide (MTT) were purchased from 

Sigma-Aldrich (USA). Acetonitrile, methanol, ethanol, diethyl ether, 

dichloromethane and potassium bicarbonate were purchased from 

Daejung (Korea). Dulbecco’s Modified Eagle’s Medium (DMEM), 

Dulbecco’s phosphate buffered saline (DPBS), and fetal bovine serum 

(FBS) were purchased from WelGENE (USA). All reagents were used 

without further purification. The wastewater samples (total dissolved 

solids; TDS, wastewater 1: TDS 164,000 ppm and wastewater 2: TDS 

258,000 ppm) were supplied by Doosan Heavy Industries and 

Construction (Korea) and were obtained from the desulfuriser 
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apparatus. TFC membranes were supplied by Toray Industries, Inc. 

(Japan) and CTA membranes were purchased from Hydration 

Technology Innovations (USA). Reverse osmosis membranes (ACM4 

membranes) were purchased from TriSep (USA). 

 

3.2. Synthetic draw solutes 

3.2.1. Synthesis of monoammonium iodide salts (3MBAI, 3MOAI and 

3PEAI) 

The synthetic scheme is shown in Figure 2. Each starting material 

(n-butylamine, n-octylamine or tripropylamine for 3MBAI, 3MOAI, 

and 3PEAI, respectively) was dissolved in acetonitrile or methanol 

(0.25 M). For a starting material based on a primary amine (n-

butylamine or n-octylamine), a base (DIPEA or KHCO3) was added as 

a proton quencher. For the tertiary amine-based starting material 

(tripropylamine), no additional base was required. Excess 1-

iodomethane was then slowly added to the amine solution. The mixture 

was stirred for 48 h at 40°C (ambient temperature for 3MOAI). The 

specific amount of each reagent and the reaction conditions are 

summarised in Table 2 and Figure 2. To purify 3MBAI and 3PEAI, the 

reaction mixture was evaporated and the remaining products were 
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diluted with a small amount of deionised water. The diluted aqueous 

solution was added to a diethyl ether/ethanol mixture (7:3) to 

precipitate the product. After iterative precipitation (×8), the 

precipitate was collected and dried overnight at 70°C under vacuum 

(yields > 80%). To purify 3MOAI, the reaction mixture was filtered and 

the filtrate was evaporated. The slurry was extracted with 

dichloromethane, and the dichloromethane fraction was collected and 

evaporated. The remaining product was dissolved in a small amount of 

ethanol and precipitated into diethyl ether. The precipitate was 

collected and dried overnight at 70°C under vacuum (yield > 50%). 

Figure 2a-c shows 1H NMR spectra of 3MBAI, 3MOAI, and 3PEAI. 

 

3.2.2. Synthesis of diammonium iodide salts (HM2I, HM4I, HM6I, HM8I, 

and HE2I) 

The synthetic scheme is shown in Figure 3-8. Each starting material 

(N,N,N’,N’-tetramethylethylenediamine, N,N,N’,N’-tetramethyl-1,4-

diaminobutane, N,N,N’,N’-tetramethyl-1,6-diaminohexane, 1,8-

diaminooctane, and ethylenediamine for HM2I, HM4I, HM6I, HM8I, and 

HE2I, respectively) was dissolved in acetonitrile or methanol (0.25 M). 

For a starting material based on a primary amine, DIPEA was added to 
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the solution as a proton quencher. For the tertiary amine-based 

starting material (tripropylamine), no additional base was required. 

Excess 1-iodomethane was then slowly added to the diamine solution. 

The specific amount of each reagent is described in Table 2. The 

mixture was stirred for 48 h at 40°C. The reaction mixture was 

evaporated and the remaining products were diluted with a small 

amount of deionised water. The diluted aqueous solution was added to 

a diethyl ether/ethanol mixture (7:3) to precipitate the product. After 

iterative precipitation (×8), the precipitate was collected and dried 

overnight at 70°C under vacuum (yields > 80%). The 1H NMR spectra 

of HM2I, HM4I, HM6I, HM8I and HE2I are shown in Figure 3a, 3b, 4b, 

6b and 8. respectively. The 13C NMR spectra of HM6I and HM8I are 

shown in Figure 5b and 7b, respectively. 

 

3.3. Measurement of UCST phase transition 

Changes in light transmittance were measured at a wavelength of 600 

nm to observe the UCST phase transition of aqueous solutions of 

ammonium iodide salts. The solutions were prepared by dissolving the 

salts in deionised water at 60°C. The transmittance change was 

measured using a V-650 UV-Vis spectrophotometer (Jasco, Japan) 
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with temperature change at a cooling rate of 1.5 °C min-1. The phase-

transition temperature was defined as the point when the transmittance 

is 50% during the cooling process. 

 

3.4. Measurement of osmolality 

The osmolality of the ammonium iodide salt solutions at a 

temperature above the phase-transition temperature was measured by 

vapour pressure osmometry (VPO), K-7000 (Knauer, Germany), at 

60°C or 65°C. After phase separation of the draw solution at a 

temperature below the phase-transition temperature, the upper layer 

(water-rich layer) of the phase-separated draw solution was carefully 

collected to measure the osmolality by freezing point osmometry 

(FPO), Micro-Osmometer Model 210 (Fiske, Germany). 

 

3.5. Measurement of the FO water flux 

The FO water flux was measured with two instrumental systems. 

One system, consisting of handmade U-shaped glass tubes, was used 

for small-scale analysis (dead-end type) (Figure 9a), and the other 

system, based on a cross-flow instrument, was used for larger-scale 
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analysis (Figure 9b). All flux values were measured under 

temperature-controlled conditions.12 A semipermeable membrane 

(TFC membrane, Toray Industries, Inc., Japan) with a diameter of 3.80 

cm (dead-end) or 2.50 cm (cross-flow) was placed between a feed 

solution and a draw solution. In the cross-flow-type measurement, the 

flow rates of the feed solution and the draw solution were controlled at 

0.5 L min-1 with two micropumps (Sterlitech Corporation, USA). The 

active layer of the membrane faced the feed solution (FO mode). The 

FO flux from the feed solution to the draw solution was measured using 

the volumetric change in each solution after 30 min (dead-end) or 150 

min (cross-flow) flux stabilisation. 

 

3.6. Measurement of reverse solute flux 

The reverse solute flux was measured using the system based on 

handmade glass tubes used for the FO water flux under temperature-

controlled conditions.12 The reverse solute flux was compared through 

two different semipermeable membranes (TFC membrane (Toray 

Industries, Inc., Japan) and CTA membrane (Hydration Technology 

Innovations, USA)). The membrane (diameter: 3.80 cm) was placed 

between a feed solution (deionised water) and the draw solution. The 



47 

 

active layer faced the feed solution. After 30 min FO, the volume and 

the conductivity of the feed solution were measured to calculate the 

reverse solute flux. The conductivity was measured with an S470 

SevenExcellence™ pH/conductivity meter (Mettler Toledo, 

Switzerland). The conductivity was converted into a concentration 

based on the concentration-conductivity standard curves of the draw 

solutions.  

 

3.7. Thermal stability of draw solutes 

Aqueous solutions of HM8I and HM10I at 60 wt% were exposed to 

60 cooling-heating cycles mimicking the temperature-controlled FO 

process. A cycle consisted of two incubation steps at 10°C and 60°C 

for 1 h. After the 60 cycles, the draw solutions were further incubated 

at 80°C for 60 days. The structural stability of the draw solutes was 

confirmed by both 1H NMR and LC/MS (Agilent 1260 Infinity (Agilent, 

USA)).  

 

3.8. Cytotoxicity assay 

An MTT assay was conducted to measure the cytotoxicity of HM8I  
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and HM10I. HeLa (human cervical cancer) cells were seeded at 5.0 × 

103 cells per well in a 96 well plate in 90 mL of DMEM containing 10% 

FBS, and further incubated at 37°C for 24 h. To determine the 

cytotoxicity of HM8I and HM10I, each sample was added at various 

concentrations to the cells with subsequent incubation at 37°C for 24 h. 

For the assay, the cells were washed with DPBS, followed by the 

addition of 20 μL of filtered MTT solution (2 mg mL-1 in DPBS). After 

incubation at 37°C for 2 h, the medium was removed from the well and 

150 μL of DMSO was added to dissolve insoluble formazan particles. 

The absorbance was measured at 570 nm using a microplate reader 

(Molecular Devices Co., Menlo Park, CA). The relative cell viability (%) 

was defined as the relative absorbance compared to the cells treated 

with DPBS buffer only, which were used as the control. 

 

3.9. Post-treatment of water-rich layer 

Reverse osmosis (RO) water treatment was performed using a lab-

scale dead-end RO filtration setup at room temperature.16 The 

effective membrane area was (2.16)2·π cm-2 and the operating 

pressure was 15.5 bar. The rejection percentage (%), the percentage 

of rejected solute in the permeated feed solution across the membrane 
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during the RO, was calculated from the osmolality, which was measured 

by FPO, Micro-Osmometer Model 210 (Fiske, Germany), to estimate 

the efficiency of the RO-based rejection on the post-water treatment. 
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4. Results and Discussion 

 

4.1. Systematic design and synthesis of draw solutes 

The aim was to systematically design thermo-responsive draw 

solutes with desired osmotic pressures, Tp ranges, and other phase 

separation properties. In aqueous solutions, LCST phase transition is 

highly dependent upon entropy factors, generally the hydrophobicity of 

solute molecules.17 Although some LCST materials with phase 

transitions in the range 20°C–60°C have been proposed as FO draw 

solutes, the solubility or osmotic pressure was limited, and they drew 

limited amounts of seawater or diluted saline mainly due to their 

intrinsic structural hydrophobicity.12 On the other hand, since UCST 

phase transition is more dependent upon enthalpy factors, many ionic 

structures with higher aqueous solubility have been reported.18 I 

decided to design UCST draw solutes with ionic structures for effective 

drawing from concentrated wastewater with high osmotic pressure. In 

the previous research, halide salts of branched polyethylenimine (b-

PEI) and alkylated b-PEI showed UCST phase transitions in an 

aqueous system.18,19 As the alkylammonium unit of alkylated b-PEI can 

be readily synthesised by a one-step reaction, and the hydrophobicity 
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and ionic interactions can be easily modulated by changing the alkyl 

groups, I selected the alkyl ammonium halide as the basic structure for 

the UCST draw solute. 

The UCST phase transition of a mixture can be predicted by Gibbs 

free energy equation (∆Gmix = ∆Hmix - T∆Smix) for a certain 

composition, although this is a simplified prediction.20 When a UCST 

material dissolves in water, the enthalpy of mixing (∆Hmix) is generally 

positive because solute-solute interactions are stronger than solute-

solvent interactions. The sum of the combinatorial entropy and 

interaction entropy determines the entropy of mixing (∆Smix), which is 

also generally positive. At a lower temperature, the positive enthalpy 

term is greater than the entropy term (-T∆Smix), and ∆Gmix becomes 

positive to induce phase separation. As the temperature increases,

-T∆Smix is greater than ∆Hmix, resulting in a negative ∆Gmix, so that the 

mixture becomes miscible. The UCST phase transition occurs at Tp = 

∆Hmix/∆Smix, where the Gibbs free energy becomes zero. The Gibbs free 

energy for the phase transition behaviour can be explained by Flory-

Huggins Theory considering the relative volume fractions of solute and 

solvent and the interaction between molecules. The entropy term is 

highly related to the volume fraction of solute, whereas the enthalpy 

term is significantly linked to the interactions (the interaction 
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parameter χ). The interaction parameter is highly dependent on the 

composition and reciprocally proportional to the temperature. The 

phase separation occurs where the Gibbs free energy graph is within 

the binodal region. Two different types of decompositions can be 

observed and they can be explained by the Gibbs free energy curve.  

Through plotting out the binodal Gibbs free energy graph, the region 

generated from the contact points for the common tangents 

corresponding to the free energy minima is binodal locus.  

The region of negative curvature (∂2G/∂2φ<0) lies within the 

inflection points of the curve (∂2G/∂2φ=0) which can be written as 

the spinodes, and the spinodal locus is called the unstable region where 

the spinodal decomposition occurs. Within the spinodal locus, a 

continuous change in composition happens and a fluctuation in 

composition can be amplified. Moreover, a homogeneous solution is 

unstable against the fluctuation in composition and there is no 

thermodynamic barrier for a growth of a new phase. On the other hand, 

the locus between the binodal and the spinodal line is called metastable 

region. In the metastable region, small variation in composition leads to 

an increase of free energy and the free energy can be decreased by 
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formation of nuclei, therefore, the phase separation can be occurred by 

nucleation and growth.  

In the case of HM8I draw solution, when it was cooled down, a sudden 

phase separation was observed. The homogeneous solution was 

unstable against the fluctuation in composition while cooling. Of course, 

further measurements are required to determine if the draw solution is 

in the unstable region or metastable region by scattering techniques 

based on the change in molecular size. 

Thus, the UCST phase transition properties are expected to be 

controlled by systematic structural changes in the molecular size, ionic 

interactions, hydration, and the hydrophobicity of solutes.    

As the first step toward systematic structure control, I considered the 

molecular sizes. Since osmotic pressure is inversely related to molar 

mass, low-molar-mass molecules with one or two ammonium moieties 

would be preferred to achieve high osmotic pressure. However, low-

molar-mass molecules generally produce a high positive combinatorial 

∆Smix to decrease Tp far below the tolerable temperature range. To 

elevate Tp, solute-solute interactions might be strengthened to 

produce a more positive ∆Hmix, or the hydrophobicity might be 

increased to achieve a less positive ∆Smix. Amongst the halide anions, 
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iodide has the lowest negative free energy of hydration as it has the 

strongest interaction with alkylated ammoniums.21 Therefore, I 

selected iodide as the counter anion for the ammonium cation in the 

designed structure. Moreover, fine-tuning of hydrophobicity and 

symmetry of the backbone could be achieved by changing the alkyl 

chains around and between the ammonium ions. According to the 

rationale above, I designed four monoammonium iodide salts and six 

diammonium iodide salts as potential UCST draw solutes (Table 1). 

The names of the monoammonium iodide salts are abbreviated by 

indicating the number of alkyl groups. For example, N,N,N,N-

trimethyloctylammonium iodide is abbreviated as 3MOAI. Similarly, the 

names of the diammonium iodide salts are abbreviated by representing 

the number of methylene groups between two ammonium ions: 

N,N,N,N’,N’,N’-hexamethylhexanediammonium iodide (HM6I).  

Ammonium iodide salts were prepared by alkylation of the amine 

precursors except for commercially available 4MAI and HM10I. The 

synthetic scheme is shown in Figure 2-8 and Table 2, and the detailed 

procedure is described in the Experimental Section of . The alkylating 

agent was 1-iodomethane, and bases were occasionally added as 

proton quenchers during the alkylation. All the salts could be 

synthesised by a one-step reaction, which is an important factor for 
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future low-cost synthesis of draw solutes. The molecular structures 

were confirmed by NMR, which is shown in Figure 2-8. Successful and 

quantitative quaternarisation of amines is clearly shown as the peak 

shift in the NMR spectra.   

 

4.2. UCST phase-transition behaviour of ammonium 

iodide salts 

I investigated the effect of the structure of ammonium iodide salts on 

the UCST phase transition behaviour. Amongst various techniques for 

the measurement of the UCST phase transition, I used the simplest 

technique, turbidimetry with a UV-Vis spectrophotometer. An abrupt 

change in transmittance occurred when the solute was phase-

separated from water. The UCST phase-transition temperature was 

defined as that for which the transmittance is 50%. The important 

UCST phase-transition properties of ammonium iodide salts are 

summarised in Table 1. Aqueous solutions of all the draw solutes 

exhibited UCST phase transitions within certain concentration ranges. 

Below the minimum concentration, the draw solutes were miscible with 

water, whereas they were immiscible with water regardless of the 

temperature change above the maximum concentration. 
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Draw solute 4MAI revealed relatively poor aqueous solubility (15 

wt%) compared to other salts although it possesses the least 

hydrophobic methyl groups on the ammonium. It was supposed that the 

poor solubility was due to the symmetric structure of the tetramethyl 

ammonium ion, which could facilitate regular stacking of ions to elevate 

the lattice energy.22 Poor aqueous solubility is clearly a weak point in 

a draw solute requiring high osmotic pressure. Moreover, slight dilution 

from 15 wt% to 3 wt% resulted in an abrupt change in Tp from 60°C to 

2°C. This means that the diluted draw solution, after drawing a small 

amount of water at 60°C, could be phase-separable only below 2°C, 

requiring high energy costs for cooling. Therefore, asymmetric 

ammonium structures are preferred for practical draw solutes, with 

high aqueous solubility and a wide concentration range as well as a 

minimal change in Tp.  

The introduction of asymmetric ammonium to the structure clearly 

enhanced the aqueous solubility. Solute 3MBAI with one butyl and 

three methyl groups showed a maximum solubility of 80 wt% and a 

UCST phase transition at 60–80 wt%. The corresponding Tp values 

were 46°C and 61°C at 60 wt% and 80 wt%, respectively. Solute 3MOAI 

with a longer octyl group showed even higher aqueous solubility of 

more than 80 wt%, although it has a more hydrophobic structure. At 
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this concentration, 3MOAI exhibited a UCST transition at 27°C. On the 

other hand, 3PEAI, with bulkier alkyl groups and a more symmetric 

structure, was less soluble in water than 3MOAI and showed a large 

change in Tp (17°C–67°C) upon dilution.  

Although I found that an asymmetric structure was important in 

obtaining the desired UCST phase transition in a draw solute, the 

concentration range of monoammonium iodide salts was too narrow to 

be applied to a practical FO system. Therefore, I investigated 

diammonium iodide salts for more precise control of the UCST phase-

transition behaviour, because they possess an alkyl chain between two 

ammonium ions and exhibit different hydrophobicity according to its 

length. All diammonium iodide salts with six methyl groups (HM series) 

had a maximum solubility above 70 wt%. There is a tendency for 

diammonium iodide salts with longer alkyl chains to show the UCST 

phase transitions over a wider range of concentrations. HM2I and HM4I 

showed UCST phase transitions in the range 60–70 wt%, and HM6I in 

the range 40–70 wt%. HM8I and HM10I exhibited a UCST phase 

transition in the range 20–70 wt%. However, HE2I with six ethyl 

groups showed a maximum solubility of 40 wt%, which was much lower 

than that of HM8I, the structural isomer of HE2I. In addition, HE2I 

exhibited a UCST phase transition in a narrower concentration range 
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of 20–40 wt%. The lower solubility and the narrower UCST 

concentration range were presumably due to the more symmetric 

ammonium structure of HE2I with all ethyl or ethylene groups, which 

is similar to that of 4MAI.  

Of all the ammonium iodide salts in this study, HM8I and HM10I 

showed the widest concentration ranges for UCST phase transitions 

(20–70 wt%). The concentration-UCST relationships for HM8I and 

HM10I are examined in more detail in Figure 10a and b, respectively. 

It is clear that Tp increased with the concentration. At the same 

concentration, HM10I showed a higher UCST temperature than that of 

HM8I. Hydrophobicity generally has a negative influence on ∆Smix 

because of the ordering of water molecules around the solute 

molecule.22 Therefore, the longer hydrophobic chain may elevate Tp 

(=∆Hmix/∆Smix) by decreasing ∆Smix, assuming that all the other 

thermodynamic factors are not significantly changed. In addition, HM8I 

and HM10I exhibited UCST phase transitions in the temperature 

ranges 8°C–50°C and 26°C–51°C, respectively. Clearly, the longer 

hydrophobic chain narrowed the Tp range. As mentioned above, a 

minimal change in Tp is essential to reduce the energy cost for the 

separation and recovery of the draw solute. For example, both HM8I 

and HM10I form one phase with water at 70 wt% and at 55°C, showing 
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high osmotic pressure for drawing water. When both solutions are 

diluted to 40 wt%, the diluted HM8I and HM10I solutions can be phase-

separated at approximately 15°C and 30°C, respectively. Therefore, 

cooling by more than 40°C would be required for the separation of 

HM8I, but cooling by only 25°C would be sufficient for HM10I.  

Overall, the maximum aqueous solubility is highly dependent upon 

the symmetry of the ammonium iodide salts, and the concentration and 

Tp ranges for which UCST phase transitions occur can be controlled by 

changing the hydrocarbon chain between the two ammonium ions. 

 

4.3. Change in osmolality through the UCST phase 

transition 

The abrupt change in the solubility of thermo-responsive materials 

at Tp induces a dramatic change in osmotic pressure. At higher 

temperatures above Tp, draw solutions should have osmotic pressures 

as high as possible for effective drawing from feed solutions. On the 

other hand, phase-separated draw solutions at temperatures below Tp 

should have osmotic pressures as low as possible to reduce the energy 

cost to produce fresh water. A large difference in the osmotic pressure 

through the UCST phase transition is preferable for an FO system 
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based on thermo-responsive draw solutes. The osmotic pressure can 

be explained in terms of osmolality since osmolality is positively 

related with osmotic pressure according to van’t Hoff-virial expansion 

equation.  

π = ρRT (m + Bm2 + Cm3 + ···) 

(ρ: the density, R: the gas constant, T: the temperature, B: the second 

osmotic virial coefficient, C: the third osmotic virial coefficient) 

Since osmotic pressure is approximately proportional to osmolality,24 I 

measured the osmolality before and after the UCST phase transition 

were measured by osmometry. In Figure 11a, below 0.5 m 

concentration (20 wt% concentration), the osmolality is almost 

proportional to the molality which seems to follow the van’t Hoff 

equation which is a typical phenomenon for diluted solutions. However, 

between the concentration range 0.5 m and 1.4 m the osmolality 

dramatically decreases where the second osmotic virial coefficient is 

negative. It is because that the solute-solute interaction is significantly 

stronger than the solute-H2O interaction. Above 1.4 m concentration, 

the slope drastically increases where the third virial coefficient is 

positive since higher order interactions amongst solute molecules are 

significant. A frequently used method for the measurement of 
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osmolality is freezing point osmometry (FPO). However, it is difficult 

to measure osmolality of concentrated UCST draw solutions because 

the draw solutes are phase-separated from water below Tp. Therefore, 

I instead used vapour pressure osmometry (VPO) for such 

measurement. The osmolality at the maximum solubility of each draw 

solution is represented as the maximum osmolality in Table 1. On the 

other hand, I could use FPO for the measurement of the osmolality of 

the water-rich layer of a phase-separated draw solution below Tp. 

The osmolality of the water-rich layer is also represented as the 

residual osmolality after phase separation in Table 1.  

As expected from the low aqueous solubility of 4MAI and HE2I, their 

maximum osmolality were quite low at 700 and 1,200 mOsm kg-1, 

respectively. Considering that the osmolality of seawater is 

approximately 1,200 mOsm kg-1, 4MAI and HE2I could not induce 

osmotic flux from seawater due to their low osmolality. Two 

monoammonium iodide salts with high aqueous solubility, 3MBAI and 

3MOAI, showed maximum osmolality of 8,100 and 5,700 mOsm kg-1, 

respectively, at a concentration of 80 wt%. After phase separation, the 

residual osmolality of the water-rich layer dropped to 1,700 and 400 

mOsm kg-1. Solute 3MOAI with a longer hydrophobic chain showed a 

14 fold larger drop in osmolality through the UCST phase transition 



62 

 

compared to 3MBAI with a 4.7 fold drop. Interestingly, 3PEAI with 

hydrocarbon chains shorter than propyl groups showed almost no drop 

in osmolality (3,700 mOsm kg-1 vs. 3,000 mOsm kg-1). A low residual 

osmolality indicates that the water-rich layer contains a small amount 

of solute due to effective phase separation. Since hydrophobic chains 

tend to form aggregates to phase-separate from water due to 

hydrophobic interactions, draw solutes with longer hydrocarbon chains 

can be more effectively phase-separated into a water-rich layer with 

a lower residual solute content and a solute-rich layer with a higher 

solute content below Tp. In the same manner, diammonium iodide salts 

with a longer chain showed a larger drop in osmolality though the UCST 

phase transition: HM2I, HM4I, and HM6I showed 4 fold (from 8,800 to 

2,200 mOsm kg-1), 4.5 fold (from 8,800 to 2,000 mOsm kg-1), and 7.4 

fold (from 5,900 to 800 mOsm kg-1) drops in osmolality.   

The osmolality of HM8I and HM10I, which showed the widest 

concentration ranges for the UCST phase transition, are shown in 

Figure 11b. The osmolality increased non-linearly with the 

concentration of the draw solution. The maximum osmolality of HM8I 

and HM10I were 6,200 and 5,400 mOsm kg-1, respectively. After 

phase separation, both draw solutes showed a dramatic change in 

osmolality, which is clearly shown in Figure 11c. The residual 
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osmolality of HM8I was 310 mOsm kg-1, which was 1/21 of the 

maximum osmolality. HM10I showed the largest (30 fold) drop in the 

osmolality to 180 mOsm kg-1. Again, the longer chain contained in 

HM10I induced the larger drop in the osmolality.  

 

4.4. Selection of suitable draw solutes for FO 

Since the salinity and the temperature of feed solutions are 

heterogeneous, as mentioned previously, a suitable draw solute should 

be selected according to local conditions. For seawater with an 

osmolality of 1,200 mOsm kg-1, most of the ammonium iodide salts 

except for 4MAI and HE2I could be selected as draw solutes 

considering the maximum osmolality only. Consideration of the UCST 

concentration range gives priority to HM8I and HM10I. Both HM8I and 

HM10I exhibited sufficient osmolality well above that of seawater at 

concentrations 30–40 wt% (Figure 11). For a higher osmotic flux, 

HM8I with a higher osmolality would be preferable. On the other hand, 

a minimal change in Tp upon dilution (Figure 10) favours HM10I. 

Furthermore, the residual osmolality of HM10I was 180 mOsm kg-1, 

which is lower than the 310 mOsm kg-1 of HM8I. Fresh water could be 

obtained by post-treatment such as nanofiltration (NF) or RO with 
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external pressures of over 3.8 atm (HM10I) or 6.5 atm (HM8I) at 25°C, 

which are far lower than the requirement for seawater desalination 

(~25 atm). To achieve lower energy costs during the recovery of draw 

solutes and the production of fresh water, HM10I would be a better 

choice. 

In this research, I intended to develop draw solutes for FO 

purification of highly concentrated wastewater. The osmolality of a 

wastewater sample from an FGD system with total dissolved solids 

(TDS) of 258,000 ppm was 3,500 mOsm kg-1 at 60°C. HM8I and 

HM10I could be selected through the rationalization above. The final 

candidate for the FO system may be selected by comparing the cost of 

cooling and the gain from the fast osmotic flux. In the following FO 

experiments, I compared the drawing flux and solute leakage of HM8I 

and HM10I. 

 

4.5. FO waster flux of HM8I and HM10I solutions  

The water flux of HM8I and HM10I was measured using two systems. 

A pair of handmade glass tubes was used for small-scale analysis 

(dead-end type) (Figure 9a), whereas a cross-flow instrument 

consisting of reservoirs, pumps, and an osmosis cell was utilised for 
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large-scale analysis (Figure 9b). A commercially available thin film 

composite (TFC) membrane was used, and the active layer faced a 

feed solution (FO mode). NaCl solutions with various concentrations 

were used as feed solutions. In addition, as actual feed solutions in the 

field, two samples of wastewater were taken from an FGD factory of 

Doosan Heavy Industries and Construction (Korea). The TDS in each 

wastewater sample were measured as 164,000 and 258,000 ppm. The 

water flux was expressed as the volume of of drawn water (L) per unit 

area of semipermeable membrane (m2) per unit time (h) (LMH).  

The FO water flux from NaCl solutions or wastewater samples to a 

60 wt% HM8I draw solution was measured with the dead-end type 

apparatus at 50°C, where the applied temperature was 10°C higher than 

Tp for a stable and effective FO system (Figure 12a). When the feed 

solution was 0.60 m NaCl, which is the equivalent of seawater, the 

water flux was 4.6 L m-2 h-1(LMH). This indicates that effective FO 

desalination of seawater is feasible using the HM8I draw solution. 

Furthermore, the HM8I draw solution could draw water from high salt 

saline solutions, 1.80 m and 2.40 m NaCl. Using wastewater samples 

as feed solutions, the water flux were observed as 0.90 and 0.70 LMH, 

respectively. The results suggest that the HM8I draw solution can draw 

water from highly concentrated wastewater as well as seawater. 
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The FO water flux using a 60 wt% HM10I draw solution was 

measured in a similar way at 55°C (Figure 12b). A water flux of 3.0 

LMH was observed by using 0.60 m NaCl. The water flux using HM10I 

was slightly lower than when using HM8I against the same feed 

solution. The main reason for the lower flux is probably that the 

osmolality of HM10I was lower than that of HM8I at 60 wt% (Figure 

11b). Nevertheless, the HM10I draw solution could draw water from 

both wastewater samples (0.90 LMH and 0.40 LMH). The osmolality 

of HM10I at 60 wt% was almost equivalent to that of the wastewater 

sample with TDS of 258,000 ppm. I supposed that the drawing from 

the wastewater sample might be close to the limit of the HM10I drawing 

activity. 

In most practical water treatment systems using semipermeable 

membranes, processes based on a cross-flow system are dominant for 

a higher water flux compared to the dead-end type system.25 I 

measured the drawing flux using a large-scale cross-flow system with 

an HM8I draw solution. A 60 wt% HM8I solution was placed in the draw 

solution (DS) reservoir and 0.6 m NaCl or the wastewater sample (TDS 

= 164,000 ppm) was placed in the feed solution (FS) reservoir (Figure 

9b). The volumetric change along with the movement of water was 

observed at 50°C. The water flux measured with the cross-flow 
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system was 3–4-fold higher than the values measured with the dead-

end type system (Figure 13). The rapid regeneration of the osmotic 

gradient across the membrane by the cross flow might be the main 

reason for the significant enhancement of the water flux. The water 

flux from the 0.60 m NaCl was observed to be around 15 LMH after 

fluctuation during the initial 30 min. With the wastewater as the FS, the 

osmotic water flux was maintained at 3.3 LMH without much fluctuation. 

Both results indicate that effective FO can be operated with the 60 wt% 

HM8I DS for the treatment of highly concentrated wastewater as well 

as seawater desalination.  

 

4.6. Reverse solute flux of draw solutes 

Possible leakage of draw solutes could not only cause a gradual 

decline in drawing activity but also raise environmental problems. The 

solute flux into the FS during FO was expressed as the reverse solute 

flux, the amount of permeated draw solutes into the FS (mole) per unit 

area of semipermeable membrane (m2) per unit time (h) (MMH). I 

analysed the reverse solute flux of HM8I, HM10I, and other control 

draw solutes (NaCl and NH4HCO3) through representative FO 

membranes, cellulose triacetate (CTA), and TFC membranes, by 
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measuring changes in the conductivity of the FS (Figure 14). The FO 

system was operated at 50°C, except for NH4HCO3 at 40°C, because 

NH4HCO3 tends to decompose into ammonia and carbon dioxide at 

temperatures near 60°C. NH4HCO3, the standard FO draw solute, 

showed the highest reverse solute flux for both membranes: 0.61 MMH 

for the CTA membrane and 0.55 MMH for the TFC membrane. The 

potential draw solutes, HM8I and HM10I, exhibited significantly lower 

reverse solute flux values than the control draw solutes: HM8I with 

0.027 MMH (CTA), and 0.19 MMH (TFC), HM10I with 0.025 MMH 

(CTA) and 0.15 MMH (TFC). The lower leakage of HM8I and HM10I 

could be rationalised by the fact that the hydrated sizes of ions are in 

the order: diammonium ions >> Na+ ≈ HCO3
- > Cl- ≈ I- > NH4

+.22 

HM8I and HM10I are composed of one large cation and two anions, 

which may have a small probability of permeating through the 

membrane compared to other draw solutes composed of two small ion 

pairs. As shown in Figure 14, there seems to be a big difference of 

solute leakages between membranes. Apart from NH4HCO3, higher 

solute leakage was observed when the TFC membrane was applied. 

This phenomenon was frequently observed in FO processes using TFC 

membranes with higher permeation performances for both water and 

ions.26 The high leakage of NH4HCO3 through the CTA membrane 
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indicated possible damage to the vulnerable CTA membrane by the 

draw solutes.27 

 

4.7. Post-FO water treatment 

After the FO drawing and phase separation, a water-rich layer with 

a small amount of draw solutes is obtained. The water-rich layer could 

be post-treated to produce fresh water by NF or RO with external 

pressures that are much lower than the initial osmotic pressures of FSs. 

As a test for the potential production of fresh water, I treated the 

water-rich layer of the phase-separated HM8I solution by secondary 

RO with a dead-end setup and an RO membrane (ACM4, TriSep). The 

rejection efficiency, which indicates the percentage of rejected solutes 

during RO,27 was calculated from the osmotic pressure of the produced 

water. The water flux and the rejection efficiency of the RO process 

using NaCl, NH4HCO3, and HM8I FSs at the same concentration of 

0.125 m are summarised in Table 3. HM8I showed the highest rejection 

of 99.6% compared to NaCl with 99.0% and NH4HCO3 with 98.9%. The 

higher rejection of HM8I over the other draw solutes was due to its 

larger size and the divalency of the diammonium cation, as for the lower 

reverse solute flux in FO (Figure 14). The loss of draw solutes was 
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negligible in the secondary RO process. Main loss arose from the 

leakage in the first FO process. In the dead-end type FO system using 

HM8I, the solute leakage rate was approximately 0.5%/hr through the 

TFC membrane, and 0.06 %/hr through the CTA membrane. In order 

to maximise the recovery efficiency of the draw solutes, a careful 

choice of a membrane is necessary.  

This result supported the potential of wastewater purification by an 

FO-RO combined system using the thermo-responsive ammonium 

iodides. Without the primary FO process, the RO-based purification 

was almost impossible due to requirement of exceeding external 

pressure (> 150 atm). Most RO membranes cannot resist the high 

pressure, and the energy consumption also elevates rapidly.1,7  

However, using the FO process with HM8I, the operating pressure can 

be effectively reduced to about 15 atm, representing a 10 fold decrease 

from the initial FS. The energy consumption for the secondary RO 

process can be estimated to approximately 0.8 kWh m-3.28 It was 

calculated with the simulation tool TORAY DS2 which was supplied 

from TORAY. It was conditioned that the water recovery is 50%, and 

Isobaric Device ERI was selected as the energy recovery device in the 

tool. In the energy calculation of seawater treatment by thermal FO 

processes, the batch mode could be considered. The feed to draw ratio 
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and the water recovery should be set for the calculation of the energy 

consumption. In addition, the heat capacity of HM8I should be measured 

which is also required for the estimation of energy consumption. 

Considering that FO utilises 85.7% of waste heat by combining gas 

turbine cycles, the energy consumption can be saved.29 Further precise 

energy calculation will be estimated by co-work with Doosan Heavy 

Industries and Construction in order to optimise the UCST-type FO-

RO combined system for a pilot-scale experiment. Considering the 

NH4HCO3-based FO generally consumes 0.8 kWh m-3 for the seawater 

desalination,6,7 I believe that the FO-RO combined system can have 

competitiveness in the purification of highly-concentrated wastewater.    

 

4.8. Stability and toxicity of draw solutes 

Potential thermal decomposition of a DS during repetitive heating-

cooling cycles could be a serious problem with respect to the durability 

of the FO. HM10I DS was conditioned by sealing under 60 repetitive 

heating(60°C)-cooling(10°C) cycles for 120 h and then heated at 80°C 

for a further 60 days. Neither degradation of the structure nor 

decomposition was observed after the harsh thermal treatment, and 

this was confirmed by 1H NMR and LC/MS (Figure 15, 16). In addition, 
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it was found that the phase-transition behaviour was almost unchanged 

after the treatment (Figure 17). Overall, the ammonium structure of 

the HM10I DS was highly stable under aqueous conditions under the 

temperature swing and prolonged exposure at high temperatures. 

Imperfect rejection of draw solutes by semipermeable membranes 

produces concentrated FSs as well as product water containing a small 

amount of leaked draw solutes. Although the leakage of HM8I and 

HM10I was much less than that of NH4HCO3, their potential biological 

toxicity was checked by conventional cytotoxicity assay using 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide 

(MTT). They showed almost no cytotoxicity at a concentration of 1 

mg mL-1, and only marginal cytotoxicity above this concentration 

(Figure 18). Of course, other toxicity tests using animal models 

including acute oral toxicity, long-term toxicity, and mutagenicity test 

would be further required for practical use of the draw solutes in the 

future. 
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5. Conclusions  

 

In summary, a variety of UCST-type thermo-responsive ammonium 

iodide salts were systematically designed and synthesised considering 

osmolalities, Tp and other phase separation properties, which were 

highly dependent upon ionic interactions, hydrophobicity, and the 

molecular symmetry of the salt structure. Two diammonium salts with 

a long hydrophobic chain, HM8I and HM10I, exhibited high maximum 

osmolalities, appropriate Tp ranges, broad concentration ranges for the 

phase transition, and minimal residual osmolality. HM8I and HM10I 

solutions provided sufficient osmotic pressure to draw water from 

highly concentrated FGD wastewater with minimal solute leakage 

through the membrane. As the osmolality of the phase-separated DS 

dropped to less than one tenth that of the initial FS, a considerably 

reduced pressure was required for the final production of fresh water. 

This is the first study to design thermo-responsive materials with 

tailored properties as draw solutes, and to show their feasibility in FO 

purification of highly concentrated FGD wastewater. I propose that the 

approach to the systematic design of thermo-responsive materials 
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depending on the properties of FSs might have significant potential for 

the development of feasible FO draw solutes for various field conditions. 
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Figure 1. Schematic of an FO process from wastewater to fresh water 

using ammonium iodide-based UCST draw solutes that are 

systematically designed and selected. 
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Figure 2. Synthetic scheme and 1H NMR spectra of a) 3MBAI, b) 

3MOAI, c) 3PEAI. 
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Figure 3. Synthetic scheme and 1H NMR spectra of a) HM2I and b) 

HM4I. 
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Figure 4. Synthetic scheme and 1H NMR spectra of a) N,N,N’,N’-

tetramethyl-1,6-diaminohexane and b) HM6I. 



85 

 

 

 

Figure 5. Synthetic scheme 13C NMR spectra of a) N,N,N’,N’-

tetramethyl-1,6-diaminohexane and b) HM6I. 
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Figure 6. Synthetic scheme and 1H NMR spectra a) 1,8-

diaminooctane and b) HM8I. 
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Figure 7. Synthetic scheme 13C NMR spectra of a) 1,8-diaminooctane 

and b) HM8I. 
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Figure 8. Synthetic scheme and 1H NMR spectra of HE2I. 
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Figure 9. Schematic illustration of a) handmade U-shaped glass 

tubes for small-scale analysis (dead-end type) and b) a cross-flow 

instrument for large-scale analysis. 
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Figure 10. UCST phase transition of aqueous solutions of a) HM8I at 

a concentration of 20 wt% (●, solid line), 40 wt% (○, long dashed 

line), 60 wt% (▼, short dashed line), and 70 wt% (△, dotted line) 

and b) HM10I at a concentration of 20 wt% (●, solid line), 40 wt% 

(○, long dashed line), 60 wt% (▼, short dashed line), and 70 wt% 

(△, dotted line). 
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Figure 11. a) Molality (m)-osmolality relationship of HM8I solutions 

at 60°C. b) Concentration-osmolality relationship of HM8I solutions 

(○) and HM10I solutions (▲) at 60°C with the exception of 70% 

HM10I(*) at 65°C. c) Comparison of the osmolality at the maximum 

solubility of HM8I and HM10I before the phase separation (grey) and 

the osmolality of the water-rich layer after phase separation (black). 

The osmolality of HM8I and HM10I were measured at 60°C and 65°

C, respectively. The osmolality of average seawater (dotted line) and 

a sample of FGD wastewater (TDS = 258,000 ppm) (solid line) are 

indicated as references in the graph. 
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Figure 12. Measurement of FO drawing flux using HM8I and HM10I 

draw solutions. FO drawing water fluxes using a) 60 wt% HM8I at 

50°C and b) 60 wt% HM10I at 55°C measured with glass U-shaped 

tubes (dead-end type). Aqueous NaCl solutions (0.30 m, 0.60 m, 

1.80 m, and 2.40 m) and FGD wastewater samples (wastewater 1: 

TDS = 164,000 ppm, wastewater 2: TDS = 258,000 ppm) were used 

as feed solutions. 
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Figure 13. The FO water flux between the 60 wt% HM8I draw 

solution and a 0.60 m NaCl solution (▲, solid line) or wastewater 1 

(●, dotted line) at 50°C measured with the cross-flow FO instrument. 
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Figure 14. Comparison of the reverse solute flux from NaCl, 

NH4HCO3, HM8I, and HM10I solutions at 2.0 m through CTA 

membrane (black) and TFC membrane (grey) into a feed solution 

(deionised water). The flux was measured at 50°C except for 

NH4HCO3 (at 40°C). 
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Figure 15. 1H NMR spectra of HM10I before and after stability test. 
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Figure 16. LC/MS spectra of HM10I before and after stability test. 
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Figure 17. The UCST phase transition of aqueous solution of 40 wt% 

HM10I (initial (●, solid line) and after stability test (△, dash line)). 
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Figure 18. Viability of HeLa cells treated with HM8I (●, solid line) 

and HM10I (△, dotted line). Each data point represents the average 

value of five experiments (±S.D.). 
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Table 1. Structures and characteristics of ammonium iodide-based 

UCST draw solutes. 
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Table 2. Amounts of reagents used for the synthesis of the 

ammonium iodide salts. 
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Table 3. Water flux and rejection (%) data for an RO process under 

15.5 bar at RT. The rejection percent was calculated by comparing 

the osmolalities of the initial feed solution (0.125 m) and the product 

water. 
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Abstract (국문초록) 

신호응답성이란 온도, 빛 pH, 자성, 전기장 등의 외부 자극에 의해 급

격한 물성 변화를 보이는 성질을 일컬으며 스마트 물질로 각광받고 있으

며 다양한 분야에 응용되고 있다. 다양한 신호응답성 성질 가운데 온도

응답성은 자극 주입의 용이성으로 인하여 많은 연구가 보고되어 왔다. 

온도응답성 성질은 분자적 차원의 설계를 통하여 부여할 수 있으며 이를 

체계적으로 조절이 가능하다. 온도응답성 물질은 크게 저임계용해온도성 

(LCST) 물질과 고임계용해온도성 (UCST) 물질로 나뉜다. LCST 물질

은 특정 온도 아래에서는 용매와 잘 섞이나 특정 온도 이상에서 용질과 

용매로 분리된다. 반면에 UCST 물질은 특정 온도 위에서는 용매에 잘 

용해되나 특정 온도 이하에서 용질과 용매가 분리된다. 이러한 갑작스러

운 용해도 변화와 함께 나타나는 삼투압 변화 현상을 수처리 응용분야에 

적용할 수 있으며 이 때에는 용매를 물로 사용하여야 한다. 

용매인 물과 온도응답성 용질이 섞일 때 나타나는 상전이 현상은 깁스

자유에너지 식에 의거하여 설명할 수 있다. 

Gmix = Hmix – TSmix 

(Gmix: the Gibbs free energy of mixing, Hmix : the enthalpy of mixing, 

Smix : the entropy of mixing, T : temperature) 
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특정 농도 조건에서 깁스자유에너지 항(Gmix)이 0이 될 때의 온도가 

상전이 온도이며 이 때의 온도를 LCST, UCST라고 한다. 이 때의 온도

는 다음과 같이 나타낼 수 있다. 

T =HmixSmix (Gmix = 0, 특정 농도 조건) 

상전이 온도에 영향을 미치는 엔탈피 항(Hmix)과 엔트로피 항(Smix)은 

분자의 소수성과 친수성에 의하여 결정된다. 따라서 분자 내 친수성기와 

소수성기를 적절히 조절함으로써 상전이 온도를 변화시킬 수 있다. 체계

적인 온도응답성의 조절을 통하여 정삼투법에 적용 가능한 온도응답성 

물질을 합성하여 이용하고자 하였다. 

열 증류법, 역삼투법 등 여러 수처리법 가운데 최근 정삼투 수처리법

이 많이 연구되어 오고 있다. 정삼투 수처리법은 기존의 수처리법보다 

멤브레인 파울링 현상과 에너지 전환 효율에 있어 이점이 있기에 각광받

고 있다. 정삼투 수처리법은 자발적인 삼투현상 원리를 이용하여 원수와 

유도용액, 반투과성 멤브레인으로 이루어져 있다. 높은 삼투압을 나타내

는 유도용액이 삼투압 차이만큼 물분자를 유도함으로써 묽혀지게 되고 

유도 공정 이후에 유도용질을 용액에서 제거함으로써 용매인 물만을 얻

는 방법이다. 따라서 정삼투 수처리법에서는 유도용질이 매우 중요한 역

할을 한다. 이상적인 유도용질의 조건으로 높은 수용해도와 삼투압 구현, 

분리의 용이성, 회수 및 재사용 가능성 등이 있다. 현재 파일럿 규모의 

현장 적용된 정삼투 수처리법으로는 암모니아/암모늄 바이카보네이트 시
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스템으로 유도용질의 조건들 가운데 일부를 만족시킨다. 그러나 이 시스

템은 높은 에너지를 사용하여 분리를 해야하고 멤브레인 손상과 복잡한 

회수 및 재사용 과정이라는 단점이 있다. 때문에 이를 해결하기 위하여 

높은 삼투압을 구현할 수 있고 적은 에너지를 사용하여 유도용질을 물로

부터 분리할 수 있으며 멤브레인에 손상을 주지 않는 새로운 종류의 유

도용질을 소개하고자 한다. 

대안으로서 온도응답성 물질을 이용하여 고삼투압을 구현하여 물을 쉽

게 유도하고, 용질 분리 공정에서 적은 에너지 사용, 즉 폐열 수준의 낮

은 수준의 열 에너지를 이용함으로써 효과적으로 분리하는 시스템을 구

축하고자 하였다. 또한 멤브레인에 손상이 가지 않도록 유도용액의 조건

이 산성 혹은 염기성을 띠지 않는 용액을 선택하였다. 

온도응답성 고분자 물질로서 기존에 보고된 바 있는 폴리에틸렌이민 

고분자에 간단한 아실레이션 반응을 통하여 온도응답성 성질을 부여하였

다. 그러나 고분자의 경우 높은 분자량을 가지므로 반트-호프 식에 따

라 높은 삼투압을 구현하는 데 한계가 있다. 이를 극복하기 위하여 이산

화탄소를 포집할 수 있는 아민의 성질을 이용하였다. 이산화탄소를 불어

넣음으로써 고삼투압을 구현할 수 있었고 온도응답성 성질을 이용하여 

흡수한 이산화탄소를 방출하고 상분리 현상으로 용매인 물로부터 분리할 

수 있었다. 

해수 수준의 염수로부터 물을 유도할 수는 있었으나 오염수와 같이 해
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수보다 높은 삼투압을 나타내는 경우 매우 높은 삼투압을 구현할 수 있

는 유도용액이 필요하였다. 따라서 저분자 형태의 유도용질을 개발하고

자 하였고 이온성을 가지는 암모늄 아이오다이드 염을 합성하였다. 암모

늄 아이오다이드 염은 UCST 물질이며 매운 높은 삼투압을 구현할 수 

있다. 분자 구조를 조절함으로써 다양한 UCST 염 물질을 합성하고 분

석하였으며 이 가운데 적절한 유도용질을 선택하여 실제 공장으로부터 

취수한 오염수를 정화하는 실험을 진행하였다. 

마지막으로 나는 본 학위논문이 분자 구조를 세밀하게 조절함으로써 

원하는 조건을 가지는 다양한 온도응답성 물질을 합성할 수 있음을 알리

려 한다. 또한 이를 실제 수처리에 응용한 실시예를 제시함으로써 온도

응답성 정삼투 시스템의 구현이 매우 효율적인 수처리 원천기술로서 이

용될 수 있기를 희망한다. 

주요어: 온도응답성 물질, 저임계용해온도, 고임계용해온도, 수처리, 해수 

담수화, 정삼투법, 유도용질. 
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