
 

 

Thermoresponsive Microgels as Functional 

Draw Agents for Forward Osmosis Desalination 

 

by 

Yusak Hartanto 

Bachelor of Engineering (Hons.) 

 

Thesis Advisors: 

A/Prof. Sheng Dai & A/Prof. Bo Jin 

 

A thesis submitted for the degree of Doctor of Philosophy 

 

 

School of Chemical Engineering 

Faculty of Engineering, Computer and Mathematical Sciences 

The University of Adelaide 

 

January 2016 

 



    

ii 

 

 

 

 

 

 

“If I have seen further, it is by standing upon the shoulders of 

giants” 

Isaac Newton 

 



    

iii 

Table of Contents 

Table of Contents ........................................................................................................... iii 

List of Figures ............................................................................................................... viii 

List of Tables ................................................................................................................ xiv 

Abstract ....................................................................................................................... xviii 

Declaration .................................................................................................................... xx 

Acknowledgement ........................................................................................................ xxi 

Chapter 1. Introduction ............................................................................................. 1 

1.1 Background ............................................................................................................. 1 

1.2 Objectives and scopes ............................................................................................. 3 

1.3 Thesis outline .......................................................................................................... 4 

1.4 Key contributions of this thesis .............................................................................. 6 

1.5 References ............................................................................................................... 9 

Chapter 2. Emerging Draw Solute Materials in Forward Osmosis Desalination: 

Recent Development and Challenges .......................................................................... 13 

2.1 Abstract ................................................................................................................. 16 

2.2 Introduction ........................................................................................................... 17 

2.3 Synthetic organic solutes ...................................................................................... 18 

2.3.1 Thermoresponsive solutes.............................................................................. 20 

2.3.2 Ionic solutes ................................................................................................... 21 

2.3.3 Surfactants ..................................................................................................... 22 

2.4 Polymer-based draw materials .............................................................................. 23 

2.4.1 Polymers ........................................................................................................ 23 

2.4.2 Polymer hydrogels ......................................................................................... 29 

2.4.3 Polymer – magnetic nanoparticles hybrid ..................................................... 33 

2.5 Switchable polarity solvents ................................................................................. 34 

2.6 Thermoresponsive ionic liquids ............................................................................ 36 

2.7 Conclusion and future perspectives ...................................................................... 39 



    

iv 

2.8 References ............................................................................................................. 40 

Chapter 3. Functionalized Thermoresponsive Microgels for High Performance 

Forward Osmosis Desalination .................................................................................... 53 

3.1 Abstract ................................................................................................................. 56 

3.2 Introduction ........................................................................................................... 57 

3.3 Materials and methods .......................................................................................... 60 

3.3.1 Materials ........................................................................................................ 60 

3.3.2 Synthesis of co-polymer microgels................................................................ 60 

3.3.3 Conductometric and potentiometric titration ................................................. 61 

3.3.4 Dynamic light scattering ................................................................................ 62 

3.3.5 Water flux evaluation..................................................................................... 62 

3.3.6 Water recovery ............................................................................................... 63 

3.3.7 Microgels recycling in three cycles ............................................................... 64 

3.4 Results and Discussion ......................................................................................... 65 

3.4.1 Synthesis and characterization of the microgels ............................................ 65 

3.4.2 New method for water flux evaluation via conductivity measurement ......... 70 

3.4.3 Effect of acrylic acid on water flux ............................................................... 75 

3.4.4 Effect of acrylic acid on dewatering performance of the microgels .............. 77 

3.4.5 Recyclability of thermoresponsive microgels in forward osmosis ................ 80 

3.5 Conclusion ............................................................................................................ 81 

3.6 References ............................................................................................................. 82 

3.7 Supporting Information ......................................................................................... 86 

3.7.1 Homemade FO setup for microgel-driven FO desalination ........................... 86 

3.7.2 pH and conductivity titration curves for various N-isopropylacrylamide-co-

acrylic acid microgels ............................................................................................. 87 

Chapter 4. Thermoresponsive Acidic Microgels as Functional Draw Agents for 

Forward Osmosis Desalination .................................................................................... 89 

4.1 Abstract ................................................................................................................. 92 

4.2 Introduction ........................................................................................................... 93 

4.3 Materials and Methods .......................................................................................... 95 

4.3.1 Materials ........................................................................................................ 95 



    

v 

4.3.2 Synthesis of thermoresponsive microgels...................................................... 96 

4.3.3 Fourier Transform Infrared Spectroscopy (FTIR) measurement ................... 97 

4.3.4 Dynamic light scattering ................................................................................ 97 

4.3.5 Conductometric and potentiometric titration ................................................. 97 

4.3.6 Water flux evaluation..................................................................................... 98 

4.3.7 Water recovery ............................................................................................... 98 

4.3.8 Apparent Water Flux ..................................................................................... 99 

4.3.9 Microgels recycling evaluation .................................................................... 100 

4.4 Results and Discussion ....................................................................................... 100 

4.4.1 Synthesis and characterization of thermoresponsive acidic microgels ........ 100 

4.4.2 Water flux profile for each functional co-monomers .................................. 103 

4.4.3 Initial water flux, water recovery, apparent water flux and recyclability of 

various copolymer microgels ................................................................................ 105 

4.4.4 Theoretical energy requirement and cost of for microgel-driven FO 

desalination ........................................................................................................... 110 

4.5 Conclusion .......................................................................................................... 112 

4.6 Acknowledgement .............................................................................................. 113 

4.7 References ........................................................................................................... 113 

4.8 Supporting Information ....................................................................................... 118 

4.8.1 pH and conductivity titration curves of thermoresponsive acidic microgels

 .............................................................................................................................. 118 

4.8.2 Sample calculation for theoretical energy requirement ............................... 121 

4.8.3 Supplemental references .............................................................................. 122 

Chapter 5. Thermoresponsive Cationic Copolymer Microgels as High 

Performance Draw Agents in Forward Osmosis Desalination ............................... 123 

5.1 Abstract ............................................................................................................... 126 

5.2 Introduction ......................................................................................................... 127 

5.3 Materials and Methods ........................................................................................ 129 

5.3.1 Materials ...................................................................................................... 129 

5.3.2 Synthesis of cationic thermoresponsive copolymer microgels .................... 130 

5.3.3 Characterization of cationic thermoresponsive microgels ........................... 130 

5.3.4 Forward Osmosis Desalination Evaluation.................................................. 131 



    

vi 

5.3.5 Hansen solubility parameter (HSP) analysis ............................................... 133 

5.4 Results and Discussions ...................................................................................... 135 

5.4.1 Synthesis and characterization of thermoresponsive cationic copolymer 

microgels ............................................................................................................... 135 

5.4.2 Water flux and water content profiles for thermoresponsive cationic 

copolymer microgels............................................................................................. 138 

5.4.3 Initial water flux and water recovery of thermoresponsive cationic copolymer 

microgels ............................................................................................................... 140 

5.4.4 Apparent water flux of thermoresponsive cationic copolymer microgels ... 142 

5.4.5 Swelling – deswelling cycles and recyclability of thermoresponsive cationic 

copolymer microgels............................................................................................. 144 

5.4.6 Relationship between the performance of cationic copolymer microgels in 

FO desalination and their Hansen solubility parameters ...................................... 145 

5.5 Conclusions ......................................................................................................... 149 

5.6 Acknowledgement .............................................................................................. 150 

5.7 References ........................................................................................................... 150 

5.8 Supporting information ....................................................................................... 156 

5.8.1 Digital photos of thermoresponsive cationic copolymer microgels before and 

after FO process .................................................................................................... 156 

5.8.2 pH and conductivity titration curves of thermoresponsive cationic copolymer 

microgels ............................................................................................................... 157 

5.8.3 Zeta potential measurements of thermoresponsive cationic copolymer 

microgels ............................................................................................................... 158 

5.8.4 Solubility parameter component group contributions (Hoftyzer – Van 

Krevelen) .............................................................................................................. 160 

Chapter 6. Thermoresponsive Non-ionic Copolymer Microgels as Forward 

Osmosis Draw Agents for Enhanced Water Separation Process ........................... 163 

6.1 Abstract ............................................................................................................... 166 

6.2 Introduction ......................................................................................................... 167 

6.3 Materials and methods ........................................................................................ 169 

6.3.1 Materials ...................................................................................................... 169 

6.3.2 Synthesis of non-ionic thermoresponsive microgels ................................... 170 



    

vii 

6.3.3 Characterization of non-ionic thermoresponsive copolymer microgels ...... 171 

6.3.4 Forward osmosis desalination evaluation .................................................... 172 

6.3.5 Analysis of Hansen solubility parameter (HSP) .......................................... 174 

6.4 Results and Discussion ....................................................................................... 175 

6.4.1 Synthesis and characterization of non-ionic thermoresponsive co-polymer 

microgels ............................................................................................................... 175 

6.4.2 Water flux and water content profiles of non-ionic thermoresponsive 

copolymer microgels............................................................................................. 178 

6.4.3 Initial water flux and water recovery of non-ionic copolymer microgels ... 181 

6.4.4 Apparent overall water flux of non-ionic thermoresponsive copolymer 

microgels ............................................................................................................... 183 

6.4.5 Analysis of Hansen solubility parameters of non-ionic thermoresponsive 

copolymer microgels............................................................................................. 184 

6.5 Conclusions ......................................................................................................... 187 

6.6 Acknowledgement .............................................................................................. 188 

6.7 References ........................................................................................................... 188 

6.8 Supporting Information ....................................................................................... 193 

6.8.1 Hansen solubility parameter using Hoftyzer – Van Krevelen method based on 

group contribution analysis ................................................................................... 195 

Chapter 7. Conclusions and Future Research Directions .................................. 198 

7.1 Summary ............................................................................................................. 198 

7.2 Future directions ................................................................................................. 200 

List of Publications and Conferences ........................................................................ 202 

 



    

viii 

List of Figures 

Figure 2.1 Two-dimensional lattice model solubility: (a) low molecular weight 

solute and (b) polymeric solute. The filled circles represent the solute 

molecules and the hollow circles represent the solvent molecules. 

Reproduced from Brazel and Rosen [65] Copyright 2012, Wiley. ......... 24 

Figure 2.2 CO2 responsive polymer-driven forward osmosis desalination system. 

Reproduced with permission from Cai et al. [73] Copyright 2013, Royal 

Society of Chemistry ............................................................................... 26 

Figure 2.3 (a) Thermoresponsive hydrogel-driven FO desalination process; (b) water 

flux profile of different hydrogels over 24 h water adsorption period; (c) 

Water recovery from different hydrogels at different water content and 

temperatures. Adapted with permission from Li et al. [39] Copyright 

2011, Royal Society of Chemistry .......................................................... 30 

Figure 2.4 (a) Reversible ionic to non-ionic transition in switchable polarity solvents 

and (b) Schematic diagram of SPS-driven FO desalination system. 

Adapted with the permission from Stone et al. [41] Copyright 2013, 

Elsevier and Jessop et al. [106] Copyright 2012, Royal Society of 

Chemistry ................................................................................................ 35 

Figure 2.5 (a) Schematic diagram of ionic-liquid driven FO desalination system and 

(b) chemical structures of different thermoresponsive ionic liquid used as 

draw solute materials. Adapted with the permission from Zhong et al. 

[43] Copyright 2015, American Chemical Society ................................. 37 

Figure 2.6 (a) Water flux and swelling ratio of different thermoresponsive poly 

(ionic liquid) hydrogels and (b) Deswelling kinetics of different 

thermoresponsive poly (ionic liquid) hydrogels compared to NIPAM-

based hydrogels. Adapted with the permission from Cai et al. [115] 

Copyright 2015, Royal Society of Chemistry. ........................................ 39 



    

ix 

Figure 3.1 Forward osmosis setup using a conductivity probe to monitor water flux.

 ................................................................................................................. 63 

Figure 3.2 (a) Volume phase transition temperatures (VPTT) of P(NIPAM)-AA 

microgels with different of acrylic acid contents; and (b) Swelling ratios 

of various P(NIPAM-AA) microgels at 40 oC. ....................................... 67 

Figure 3.3 Relationship profile between conductivity (k = 1.0) and concentration of 

sodium chloride. ...................................................................................... 71 

Figure 3.4 (a)-(e) Water flux for the co-polymer microgels with different acrylic acid 

contents over a five hour test period; and (f) effect of acrylic acid 

contents on the water flux. ...................................................................... 75 

Figure 3.5 Water recovery ability of the co-polymer microgels with different acrylic 

acid contents (The pH of microgels with 50wt% AA is adjusted using 

hydrochloric acid). .................................................................................. 78 

Figure 3.6 Effect of acrylic acid contents on the overall water production rates of the 

microgel-based FO process (Overall water production rate = water flux 

(LMH) x water recovery (%)) ................................................................. 79 

Figure 3.7 (a) Water flux profiles for MCG-NP100-AA0 and MCG-NP92-AA8 

microgels for three consecutive cycles; and (b) water recovery for MCG-

NP100-AA0 and MCG-NP92-AA8 microgels for three consecutive 

cycles. ...................................................................................................... 81 

Figure 3.8 A New Setup of On-line Conductivity Measurement Approach for 

Microgel-based FO Water Flux Analysis. .............................................. 86 

Figure 3.9 pH and conductivity titrations for various microgels to determine the 

averaged incorporated AA in these microgels. ....................................... 87 

Figure 3.10 Water flux profile for MCG-NP92-AA8 over a two-hour test period as 

measured by gravimetric approach. ........................................................ 88 



    

x 

Figure 4.1 Different acidic co-monomers used to functionalize thermoresponsive N-

isopropylacrylamide microgels. ............................................................ 101 

Figure 4.2 FTIR spectra for different thermoresponsive acidic microgels ............. 102 

Figure 4.3 (a) Hydrodynamic diameters of thermoresponsive microgels with various 

functional acidic co-monomers measured between 25 oC and 50 oC at pH 

6.8. (b) Swelling ratios of the above thermoresponsive acidic microgels.

 ............................................................................................................... 103 

Figure 4.4 Water flux profiles for different thermoresponsive microgels: (a) MCG-

NP, (b) MCG-NP-MAA, (c) MCG-NP-AA, (d) MCG-NP-MA, (e) MCG-

NP-IA and (f) MCG-NP-AMPS over a two-hour water absorption period. 

The vertical green line represents the approximate equilibrium swelling 

time. Membrane orientation is AL-DS. Feed solution is 2000 ppm NaCl. 

pH of the feed solution is 6.8. Temperature of the feed solution is 25 oC.

 ............................................................................................................... 104 

Figure 4.5 Initial water flux and water recovery for different thermoresponsive 

microgels with various functional co-monomers. Membrane orientation 

is AL-DS. Feed solution is 2000 ppm NaCl. pH of the feed solution is 

6.8. Temperature of the feed solution is 25 oC. .................................... 106 

Figure 4.6 Apparent water flux for different acidic thermoresponsive microgels with 

various functional co-monomers. .......................................................... 109 

Figure 4.7 Recyclability study of thermoresponsive microgels in three cycles: (a) 

Initial water flux recyclability and (b) Water recovery recyclability. .. 110 

Figure 4.8 pH and conductivity titration curves for various thermoresponsive 

microgels to determine the averaged amount of incorporated functional 

comonomers: (a) MCG-NP-MAA; (b) MCG-NP-AA; (c) MCG-NP-MA; 

(d) MCG-NP-IA and (e) MCG-NP-AMPS ........................................... 118 

Figure 5.1 Chemical structures of different cationic comonomers used in synthesized 

cationic copolymer microgels. .............................................................. 135 



    

xi 

Figure 5.2 (a) Hydrodynamic diameters of thermoresponsive microgels at different 

temperatures and pH 6.8; (b) Swelling ratios of cationic 

thermoresponsive microgels at 30 oC, 35 oC and 40 oC at pH 6.8. ....... 137 

Figure 5.3 Water flux and water content profiles of different cationic co-polymer 

thermoresponsive microgels: (a) MCG-NP, (b) MCG-NP-DMAEMA, (c) 

MCG-NP-DEAEMA, (d) MCG-NP-VP and (e) MCG-NP-VI, during 

two-hour water absorption period. Feed solution is 2000 ppm NaCl and 

the room temperature was maintained at 20 ± 1 oC. The green vertical 

lines show the equilibrium condition. ................................................... 140 

Figure 5.4 Initial water flux and water recovery for different cationic 

thermoresponsive co-polymer microgels. Feed solution concentration is 

2000 ppm, pH of the feed solution is 6.8 and the feed temperature is 20 ± 

1 oC. ....................................................................................................... 141 

Figure 5.5 Apparent water fluxes of different thermoresponsive cationic copolymer 

microgels. .............................................................................................. 143 

Figure 5.6 (a) Swelling – deswelling cycles for MCG-NP-DEAEMA and (b) Water 

flux and water recovery cycles for MCG-NP-DEAEMA. .................... 145 

Figure 5.7 Hansen solubility plot for determining water affinity toward N-

Isopropylacrylamide and cationic comonomers. The dotted lines are the 

guided lines as a measure of the radial distance of the monomers from 

water. ..................................................................................................... 147 

Figure 5.8 Digital image of MCG-NP-DEAEMA (left) and MCG-NP-VI (right) 

thermoresponsive cationic microgels (a) before FO process; (b) after FO 

process; (c) at room temperature and (d) at 40 oC. ............................... 156 

Figure 5.9 pH and conductivity titration curves of cationic thermoresponsive 

copolymer microgels. The concentration of microgel sample is ~ 1 

mg/mL. Diluted hydrochloric acid was used to adjust the pH of the 



    

xii 

solution to ~ 3.5 prior titration. Sodium hydroxide was used as a titrant.

 ............................................................................................................... 157 

Figure 5.10 Zeta potential measurement for each cationic copolymer microgels in 

water with at 20 oC and pH 6.8 ............................................................. 158 

Figure 6.1 The chemical structures of non-ionic thermoresponsive copolymer 

microgels for FO draw agents: (a) NP-AAm, (b) NP-HEMA and (c) NP-

PEGA. ................................................................................................... 175 

Figure 6.2 FTIR spectra of (a) different non-ionic thermoresponsive copolymer 

microgels and (b) NP-AAm microgels at different comonomer feeding 

ratios. ..................................................................................................... 176 

Figure 6.3 Hydrodynamic diameters vs. temperatures for: (a) non-ionic 

thermoresponsive copolymer microgels and (b) different feeding ratios of 

acrylamide. Swelling ratios at different temperatures for: (c) non-ionic 

thermoresponsive copolymer microgels and (d) different feedings ratio of 

acrylamide. ............................................................................................ 177 

Figure 6.4 Water flux and water content profiles of different non-ionic copolymer 

thermoresponsive microgels: (a) NP, (b) NP95-AAm5, (c) NP95-

HEMA5 and (d) NP95-PEGA5, over a two-hour water absorption period. 

Feed solution is 2000 ppm NaCl and the room temperature was 

maintained at 20 ± 2 oC. The green vertical lines indicate equilibrium 

swelling time. ........................................................................................ 179 

Figure 6.5 Water flux and water content profiles of NP-AAm microgels with 

different acrylamide concentration: (a) NP99-AAm1, (b) NP98-AAm2, 

(c) NP95-AAm5 and (d) NP90-AAM10, over a two-hour water 

absorption period. Feed solution is 2000 ppm NaCl and the room 

temperature was maintained at 20 ± 2 oC. The green vertical lines show 

equilibrium swelling time. .................................................................... 180 



    

xiii 

Figure 6.6 Initial water flux and water recovery for: (a) different non-ionic 

thermoresponsive microgels and (b) different NP-AAm microgels. 

Membrane orientation is AL-DS. Feed solution is 2000 ppm NaCl. 

Temperature of the feed solution is 20 ± 2 oC. ..................................... 182 

Figure 6.7 Apparent water flux for different non-ionic thermoresponsive copolymer 

microgels and different feeding ratio of acrylamide. ............................ 184 

Figure 6.8 The plot of Hansen solubility parameter of δd vs. (δp
2 + δh

2)1/2 showing 

the water affinity towards NP monomer and other non-ionic comonomer. 

The Hansen solubility parameters of monomers were calculated using 

Hoftyzer – Van Krevelen method. The dotted lines are a measure of the 

radial distance from water. .................................................................... 186 



    

xiv 

List of Tables 

Table 2.1 FO performance of various synthetic organic solutes ............................... 19 

Table 2.2 Summary of FO performance for different polymers ............................... 28 

Table 2.3 FO performance of various thermoresponsive hydrogels and microgels . 32 

Table 2.4 FO performance of various polymer – magnetic nanoparticles hybrid .... 33 

Table 3.1 Synthesis and characterization of P(NIPAM-AA) microgels ................... 69 

Table 3.2 Summary of the water flux and swelling equilibrium time of bulk 

hydrogels and microgels ......................................................................... 74 

Table 4.1 Comparison of FO Desalination Performance of Various Draw Agents 107 

Table 4.2 Theoretical Energy Requirement of Microgels Regeneration Process ... 111 

Table 4.3 Synthesis and characterization of acidic thermoresponsive microgels ... 119 

Table 4.4 Summary of initial water flux, water recovery and apparent water flux for 

various acidic thermoresponsive microgels .......................................... 120 

Table 4.5 Unit and specific cost of traditional and polymer-based draw solutes ... 122 

Table 5.1 Dissociation constants (pKa) of different cationic comonomers ............ 136 

Table 5.2 Summary of initial water flux, water recovery and apparent water flux for 

different thermoresponsive cationic copolymer microgels ................... 144 

Table 5.3 Hansen solubility parameters of water and various monomer and 

comonomer used in this study predicted using Hoftyzer – Van Krevelen 

method ................................................................................................... 146 



    

xv 

Table 5.4 The solubility distance parameter (Ra), relative energy difference (RED) 

parameter and the cohesion energy densities (H) parameter of 

monomer/co-monomer with water ........................................................ 148 

Table 5.5 Synthesis and characterization of thermoresponsive cationic copolymer 

microgels ............................................................................................... 159 

Table 5.6 Solubility parameter component group contributions for N-

isopropylacrylamide .............................................................................. 160 

Table 5.7 Solubility parameter component group contributions for 2-

(dimethylamino) ethyl methacrylate ..................................................... 160 

Table 5.8 Solubility parameter component group contributions for 2-(diethylamino) 

ethyl methacrylate ................................................................................. 161 

Table 5.9 Solubility parameter component group contributions for 4-vinylpyridine

 ............................................................................................................... 161 

Table 5.10 Solubility parameter component group contributions for 1-vinylimidazole

 ............................................................................................................... 162 

Table 6.1 Synthesis and characterization of non-ionic thermoresponsive copolymer 

microgels ............................................................................................... 171 

Table 6.2 Hansen solubility parameters of water and non-ionic 

monomer/comonomer predicted using Hoftyzer – Van Krevelen method 

in (MPa)1/2 ............................................................................................. 185 

Table 6.3 The solubility distance parameter (Ra), relative energy difference (RED) 

parameter and the cohesion energy densities (H) parameter of 

monomer/co-monomer with water ........................................................ 187 

Table 6.4 Synthesis and characterization of non-ionic thermoresponsive copolymer 

microgels ............................................................................................... 193 



    

xvi 

Table 6.5 Summary of initial water flux, water recovery and apparent water flux for 

various non-ionic thermoresponsive copolymer microgels .................. 194 

Table 6.6 Solubility parameter component from group contributions analysis for 

poly (N-isopropylacrylamide) ............................................................... 195 

Table 6.7 Solubility parameter component from group contributions analysis for 

polyacrylamide ...................................................................................... 196 

Table 6.8 Solubility parameter component from group contributions analysis for 

poly (2-hydroxyethyl methacrylate) ..................................................... 196 

Table 6.9 Solubility parameter component from group contributions analysis for 

poly (ethylene glycol) methyl ether acrylate ........................................ 197 

Table 7.1 Summary of the FO performance of thermoresponsive copolymer 

microgels ............................................................................................... 200 



    

xvii 

 

 

 

 

 

 

 

To my family, 

Tan Ka Hing, Tjiong Lisa Mariana & Tan Andreas Arifin 

 



    

xviii 

Abstract 

Forward osmosis (FO) process has recently been viewed as a low energy membrane 

separation technology for desalination process due to the absence of high hydraulic 

pressure. Typical FO desalination is a two-step process: water separation and water 

recovery, where the water recovery stage currently consumes more energy than the 

reverse osmosis (RO) process. There has been surge of interest to lower the energy 

requirement during water recovery process by finding suitable draw materials. One 

of the potential draw agents proposed for FO desalination is the thermoresponsive 

polymer hydrogel, which is able to absorb and release water reversibly by a slight 

change in the operational temperature. Unfortunately, the performance of these 

hydrogels as FO draw agents was very poor compared to other types of draw agents 

such as thermolytic solutes and linear polymers. As a result, further work in 

developing thermoresponsive polymer hydrogels as practical FO draw agent is 

necessary. 

In this thesis, thermoresponsive copolymer microgels were proposed and applied 

as FO draw agent for the first time. A series of copolymer microgels of N-

isopropylacrylamide and acrylic acid was synthesized and evaluated as FO draw 

agent. The microgels show significantly improved performance than the previously 

synthesized bulk hydrogels due to their large surface areas. The microgels could 

generate high water flux up to 23.8 LMH and water recovery up to 55% depending 

on the concentration of acrylic acid in the microgels. The subsequent study 

investigated the effect of different acidic comonomers in the copolymer microgels on 

the FO water flux and water recovery performance. The results show that microgel 
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with itaconic acid had the best overall performance among other acidic microgels 

due to the strong ionization of this comonomer as indicated by its pKa. The water 

flux and water recovery for this microgel are 44.8 LMH and 47.2 %, respectively. 

The apparent water flux of this microgel is 3.1 LMH. Thermoresponsive cationic 

copolymer microgels with different chemical structures of cationic comonomers 

were then synthesized and applied as FO draw agent to overcome long equilibrium 

swelling times of the acidic copolymer microgels. It was shown that microgel with 2-

(diethylamino) ethyl methacrylate as a comonomer had the best performance among 

other cationic copolymer microgels. Furthermore, the shortest equilibrium swelling 

time, 30 minutes, among other microgels was achieved when this microgel was 

applied as FO draw agent. The water flux and water recovery for this microgel are 

45.6 LMH and 44.8 %, respectively. The apparent water flux of this microgel is 5.5 

LMH which is higher than the previously synthesized acidic microgels. In this study, 

Hansen solubility parameter was also proposed as a tool to predict the performance 

of the microgels as FO draw agents. The solubility parameters of the comonomers 

and the dissociation constants of the comonomers correlated well with the 

experimental results. Finally, different non-ionic copolymer microgels were 

synthesized and applied as FO draw agent. The microgel with acrylamide as a 

comonomer shows enhanced water recovery performance while maintaining 

relatively high water flux when used as FO draw agent. The water flux and water 

recovery for this microgel are 24.7 LMH and 78.7 %, respectively. The apparent 

water flux of this microgel is 6.1 LMH. This work will pave the way to design 

functional polymer materials as draw agent for FO desalination application. 
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