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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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1 

Chapter 1. Introduction 

1.1 Background 

Membrane-based desalination process offers lower energy consumption than 

conventional thermal desalination process due to the absence of water evaporation 

which consumes considerable amount of energy. The reverse osmosis (RO) 

membrane separation process currently accounts for more than 50 % of installed 

desalination plants around the world 1. However, current RO desalination plants 

which operate at 50 % water recovery have higher average energy consumption than 

its theoretical prediction 2. In addition, severe membrane fouling is one of the major 

disadvantages of this process due to the application of high pressure to overcome the 

osmotic pressure of seawater 3. 

Recently, forward osmosis (FO) process has gained a lot of attention from 

researchers and is viewed as a low energy membrane separation option due to the 

absence of highly applied pressure in the operation process 4-8. The absence of highly 

applied pressure also makes the fouling propensity in FO process less severe than the 

RO process 9. The real application of FO for desalination, however, does not 

necessarily mean lower energy consumption than RO process due to the 

thermodynamics involved 2, 10-13. As a result, FO as desalination process is only 

viable if the energy used during water recovery process comes from low-grade 

energy such as waste heat. This inspires the use of thermolytic solutes as draw agents 

for FO desalination where the diluted thermolytic solution can be distilled at mild 

temperature to recover water 14, 15, and waste heat can be used in the distillation 

process to reduce the absolute energy cost of this process 16. However, there are 
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some problems associated with the use of these thermolytic solutes such as high 

reverse solute flux 17, incomplete separation of these solutes from water product 18 

and their corrosive properties 19. 

Various synthetic materials have been recently developed and proposed as draw 

agents for FO desalination process to overcome the inherent drawbacks of 

thermolytic solutes 5, 7, 17, 18, 20, 21. Some of these synthetic materials, especially 

polymer-based materials, have comparable performance to the thermolytic solutes 

and thus have promising application as draw agent materials. However, several 

drawbacks applying polymers as draw agents such as high viscosity 22 and reverse 

solute flux 23 still hinder the application of these polymers as practical FO draw 

agents. Recently, thermoresponsive hydrogels have been proposed as the semi-solid 

draw agents 24 because these hydrogels could generate high osmotic pressure 25. 

Unfortunately, the current performance of these hydrogels is still poor compared to 

thermolytic solutes, though different strategies have been applied to improve their 

performance 26-29. As a result, further development of high performance 

thermoresponsive hydrogels as FO draw agent is necessary. In this thesis, we 

propose thermoresponsive microgels, a sub-micrometer hydrogel which has large 

surface areas, to improve the performance of hydrogel-driven FO desalination 

process. We hypothesize that the large surface area of the microgel might 

significantly improve its performance as the FO draw agent. A series of experimental 

design focusing on material optimization has been designed and presented in this 

thesis to confirm our hypothesis. 
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1.2 Objectives and scopes  

This thesis aims to achieve the following objectives: 

1. To improve FO water flux by using thermoresponsive copolymer microgels 

synthesized using surfactant-free emulsion polymerization process. 

2. To further improve the FO performance of weak acidic-based 

thermoresponsive copolymer microgels. The effect of different acidic 

comonomers on water flux, water recovery and overall performance on 

microgel-driven FO desalination was investigated. 

3. To further improve the water flux and the equilibrium swelling time of the 

thermoresponsive microgels. The effect of different cationic comonomers and 

their chemical structures on water flux, water recovery and overall 

performance on microgel-driven FO desalination was investigated. 

4. To improve the performance of water recovery in microgel-driven FO 

desalination by using non-ionic copolymer microgels. 

This thesis focuses primarily on the design of microgel materials to improve the 

water flux and water recovery in microgel-driven FO desalination. Thus, the 

following experimental scopes have also been defined: 

1. N-isopropylacrylamide was used for thermoresponsive moiety in microgels 

throughout this thesis. 

2. Feed concentration used in this study was 2000 ppm NaCl as a model for 

saline solution. 
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3. Membrane orientation used in this study was active layer facing draw solute 

(AL-DS) or PRO mode to compare the performance of our materials with the 

published results. 

4. The FO water evaluation study was conducted in batch mode using a simple 

homemade FO cell. 

5. The water recovery study was conducted using centrifugation process for 

laboratory evaluation purpose. 

6. The microgel loading was fixed to 100 mg dried microgel throughout the 

study. 

1.3 Thesis outline 

This thesis is prepared by paper-based format. The following provides a short 

summary of of the thesis:  

Chapter 1 (Introduction) introduces forward osmosis desalination concept, the 

current research gaps in the development of thermoresponsive hydrogels as draw 

agent for FO desalination process, the objectives and outlines of the thesis. 

Chapter 2 presents a literature review on the recent development of draw agent 

materials for FO desalination. The challenges associated in applying 

thermoresponsive hydrogels as draw agents for FO desalination are also analyzed 

and discussed. 

In Chapter 3, a series of thermoresponsive microgels of N-isopropylacrylamide 

and different acrylic acid concentration synthesized using surfactant-free emulsion 

polymerization were evaluated as draw agents for FO desalination. The microgels 
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were characterized using dynamic light scattering to measure the change in 

hydrodynamic diameter against temperature. The exact amount of acrylic acid in the 

microgels was determined using pH and conductivity titration. The FO performance 

was evaluated in terms of initial water flux, water recovery and overall water 

production rate. In addition, a new approach to evaluate water flux was presented to 

minimize the error associated with gravimetric approach. 

In Chapter 4, a series of acidic copolymer microgels with different acidic 

comonomers were synthesized using surfactant-free emulsion polymerization and 

evaluated as FO draw agents. The microgels were characterized using dynamic light 

scattering, Fourier transform infrared spectroscopy and pH and conductivity titration. 

The effect of different strength of acidic comonomers on water flux, water recovery, 

equilibrium swelling time and apparent water flux was investigated. Theoretical 

energy consumption for water recovery process was also presented in this chapter. 

In Chapter 5, thermoresponsive cationic copolymer microgels having tertiary 

amines group from different cationic comonomers were synthesized and evaluated as 

FO draw agents. The microgels were characterized using dynamic light scattering 

and the amount of tertiary amines group was determined using pH and conductivity 

titration. The effect of different strength and chemical structures of cationic 

comonomers and their solvation behavior on water flux, water recovery, equilibrium 

swelling time and apparent water flux were investigated. The analysis of Hansen 

solubility parameters for each monomer was introduced in this chapter to further our 

understanding on the molecular interaction between water molecules and monomers. 

In Chapter 6, we choose three non-ionic comonomers with different degree of 

solvation behavior based on their Hansen solubility parameters and copolymerized 
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them with N-isopropylacrylamide. The microgels were characterized using dynamic 

light scattering and Fourier transform infrared spectroscopy. The FO performance 

was evaluated in terms of water flux, water recovery, equilibrium swelling time and 

apparent water flux. The effect of acrylamide loading on the copolymer microgels on 

FO performance was also evaluated. 

Chapter 7 is the conclusion of this thesis, where key scientific contributions are 

summarized and future development of microgel-based draw agents for FO 

desalination is recommended. 

1.4 Key contributions of this thesis 

This thesis initiates the development of microgel-based FO draw agents for 

desalination process and to advance our understanding on designing 

thermoresponsive microgel to improve its performance as FO draw agent. The 

research outcomes have direct impact on the development of FO process as an 

energy-efficient desalination process. The following summarizes specific 

contributions of this thesis: 

1. The development of thermoresponsive microgels as high performance 

draw agents for FO desalination process. This study demonstrates for the 

first time that significant improvement in water flux in FO process can be 

achieved by using microgels instead of bulk hydrogels. This is due the large 

surface areas of the microgels, which enhances the contact between 

membrane surface and microgel particles. 

2. The development of a new approach to evaluate water flux in microgel-

driven FO processes. This approach demonstrates that monitoring 
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conductivity of feed solution and using mass balance principle to calculate 

water flux in microgel-driven FO systems proved to have better accuracy than 

gravimetric approach. 

3. The effect of different strength of acidic comonomers and its 

concentration in the microgels on FO performance. This study compares 

different strength of acidic comonomers on the FO performance in terms of 

water flux, water recovery, equilibrium swelling time and apparent water 

flux. The results show that copolymer microgels with double carboxylic acid 

comonomers generate more water flux than single carboxylic acid 

comonomers. This is due to the stronger ionization of the carboxylic acid 

groups in double carboxylic acid comonomers than single carboxylic acid 

comonomers as indicated by their acid dissociation constants (pKa). In 

addition, the concentration of acidic comonomers plays an important role in 

water recovery stage. Increasing the concentration of the comonomers 

reduces the amount of water recovered when the microgel is heated above its 

volume phase transition temperature. 

4. The effect of positive charge and hydrophilicities of cationic comonomers 

on FO performance. This study demonstrates cationic copolymer microgels 

show improved FO performance in terms of water flux and equilibrium 

swelling time. The cationic copolymer microgels with aromatic ring-

containing comonomers have less water flux than aliphatic comonomers due 

to the hydrophobicity of the ring structure. 

5. Hansen solubility parameter analysis as a tool for designing 

thermoresponsive microgels as FO draw agents. The analysis provides an 
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insight on the solvation behavior of a monomer by examining the water 

affinity towards the monomers. This analysis helps to predict the degree of 

solvation behavior of a monomer or comonomer which would be useful in 

designing optimized microgel materials for FO draw agents. 

6. The effect of hydrophilicities of non-ionic comonomers on water recovery 

performance. The study demonstrates that hydrogen-bonding interaction 

between hydrophilic non-ionic copolymer microgels leads to better water 

recovery performance than ionic copolymer microgels. The presence of ionic 

moieties in the microgels reduces the water recovery performance due to 

stronger interaction of water molecules with ionic moieties than non-ionic 

moieties. 
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2.1 Abstract 

Forward osmosis (FO) desalination is an emerging membrane-based desalination 

process that has the potential to be a low energy desalination technology and to treat 

high salinity feed solution. The driving force of this separation process is the osmotic 

gradient between the feed and draw solution. As a result, exploring suitable draw 

solute materials is important besides designing suitable membrane for this process. 

During the past years, there has been significant development on various classes of 

draw solute materials to improve FO process efficiency and to lower the energy cost 

of the process. Here, we systematically review the performance of different draw 

solute materials for FO desalination – synthetic organic solutes, polymers, switchable 

polarity solvents and ionic liquids – and discuss the associated challenges for 

practical FO desalination. We also highlight the thermodynamics involved in 

dissolution of small molecules and polymers is different and thus polymer-based 

draw solute materials have potential to lower the energy consumption during water 

recovery stage as observed in some recent experimental work. 

 

Keywords: forward osmosis; draw solute; polymers; ionic liquids; organic; 

switchable polarity solvents 
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2.2 Introduction 

Forward osmosis (FO) process is an osmotic-driven membrane separation process 

that has a wide range of applications such as desalination [1-4], wastewater treatment 

[5-7], food processing [8, 9], protein and DNA enrichment [10-12] and energy 

generation [13, 14]. The absence of high applied pressure during the process [15], 

low membrane fouling propensity [16, 17] and high rejection of wide range of 

contaminants [6] make this process more interesting than reverse osmosis (RO) 

process. Different from RO process, desalination using FO process includes both 

water absorption and water recovery. In the literature, the application of FO in 

desalination process is particularly being heavily researched due to its potential to 

reduce the overall energy consumption to produce potable water [18].  

There are two main aspects in the FO desalination process, the FO membranes 

and the draw solute materials. Design on suitable FO membranes is different from 

RO membranes in terms of the support layer structure due to the presence of internal 

concentration polarization (ICP) [19] and reverse solute flux [20]. As a result, 

different strategies to modify the FO membrane support layer have been used to 

mitigate the aforementioned issues [21-29]. The draw solution aspect is also an 

important factor in determining the FO performance although there has been a debate 

whether optimized draw solute materials would lower the energy consumption in 

water recovery stage [30-32]. 

In the past years, various draw solute materials such as synthetic organic solutes 

[33-35], polyelectrolytes [36, 37], magnetic nanoparticles [38], polymer hydrogels 

[39, 40], switchable polarity solvents [41] and ionic liquids [42-44] have been 

developed to overcome the inherent drawbacks of inorganic or thermolytic solutes 
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[45-49]. These materials are also able to generate relatively high osmotic pressure 

compared to traditional draw solute materials [50]. As a result, there is possibility to 

tune the generated osmotic pressure through materials engineering which would 

extend the application of FO desalination process to treat high salinity feed water 

such as oil and gas wastewater [51]. In addition, near complete separation can be 

achieved due to the large molecular size of these materials. Therefore, the 

advancement of novel draw solute materials is an important field of research to make 

FO desalination process competitive with other desalination technology. 

In this paper, we systematically review various draw solute materials – synthetic 

organic solutes, inorganic nanoparticles, polymer-based materials, switchable 

polarity solvents and ionic liquids – on the FO desalination process. The challenges 

in applying these materials as draw solutes are analyzed in detailed. Finally, we 

discuss the future research direction in the development of future draw solute 

materials. 

2.3 Synthetic organic solutes 

Thermolytic solutes such as ammonium bicarbonate [1] and trimethylamine – carbon 

dioxide [49] have been proposed as FO draw solute materials due to their ease of 

separation at moderate temperature. The heating energy can be provided by low 

grade heat to reduce the overall energy cost of the process. However, there are 

several drawbacks on using thermolytic solutes such as high reverse solute flux [47], 

corrosive [43], membrane degradation [34], toxicity [52] and incomplete separation 

of the draw solutes [45] which hinder the practical application of these materials as 

FO draw solutes. Synthetic organic solutes having thermoresponsive properties 
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and/or abundant ionic moieties were developed to overcome the issues of using 

thermolytic solutes as draw materials. The large molecular size of these synthetic 

materials also minimizes reverse solute flux which is the major problem in using 

thermolytic solutes or inorganic salts. These organic solutes can be divided into three 

broad categories – thermoresponsive solutes, ionic solutes and surfactant materials. 

Table 2.1 summarizes the recent development in synthetic organic solutes as FO 

draw solute materials. 

 

Table 2.1 FO performance of various synthetic organic solutes 

Draw Solute 

(DS) 

FO 

Membrane 

Type 

DS 

concentration 
FO Performance 

Water 

Recovery 

Process 

Ref. 

Thermoresponsive solutes 

nBu-TAEA 
Cellulose 

trifluoroacetate 
2 M Water flux: ~ 4.2 LMH - [34] 

Di(ethylene 

glycol) n-hexyl 

ether 

Commercial 

CTA 

membrane 

12 M Water flux: ~ 1.4 LMH - [53] 

Ionic Solutes 

2-

Methylimidazole 

compounds 

Commercial 

CTA FO 

membrane 

2 M 

Water flux: 0.1 – 20 

LMH 

Reverse flux: 5–80 

g/m2h 

Membrane 

Distillation 
[33] 

Hydroacid 

complexes 

Commercial 

CTA FO 

membrane 

2 M 

Water flux: 10 – 30 

LMH 

Reverse flux: 0.09–

0.19 g/m2h 

Nanofiltration [35] 

Hexavalent 

phosphazene 

salts 

Commercial 

CTA FO 

membrane 

0.067 M 

Water flux: 6 – 8.5 

LMH 

Reverse flux: 0.09–

0.19 g/m2h 

- [54] 

Ethylenediamine 

Tetrapropionic 

(EDTP) 

Commercial 

CTA FO 

membrane 

0.8 M 

Water flux: 22.69 

LMH 

Reverse flux: 0.32 

Nanofiltration [55] 
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Salt g/m2h 

Ethylenediamine 

Tetraacetic acid 

(EDTA) 

complexes 

Commercial 

CTA FO 

membrane 

1 M 

Water flux: ~ 7 – 30 

LMH 

Reverse flux: 0.32 

g/m2h 

Nanofiltration [56] 

Surfactants 

SDS 

Commercial 

CTA FO 

membrane 

0.5 M 

Water flux: ~ 0.8 – 1.3 

LMH 

Reverse flux: 5.25 x 

10-4 g/m2h 

Ultrafiltration [57] 

TEAB 

Commercial 

CTA FO 

membrane 

0.5 M 

Water flux: ~ 4 – 8 

LMH 

Reverse flux: 7.88 x 

10-5 g/m2h 

Ultrafiltration [57] 

Triton X-100 

and EDTA-2Na 

Commercial 

CTA FO 

membrane 

Triton X-100: 

0.5 mM 

EDTA-2Na: 

1 M 

Water flux: 9.6 LMH 

Reverse flux: ~ 0.01 

g/m2h 

Nanofiltration [58] 

 

2.3.1 Thermoresponsive solutes 

Thermoresponsive solute, n-butyryl tris(2-aminoethyl) amine (nBu-TAEA), having a 

lower critical solution temperature (LCST) has been proposed as thermoresponsive 

draw solute for FO desalination process [34]. nBu-TAEA contains tertiary amines 

which impart weak basic properties when dissolved to form aqueous solution. This 

material might offer better membrane stability when used as draw solute than the 

thermolytic solutes which usually have strong basic characteristic in solution [43]. 

Although the idea of using thermo-sensitive solute is great to assist in regeneration 

process, the water flux generated by this compound was still low compared to most 

inorganic salts [45]. Recently, di(ethylene glycol) n-hexyl ether (DEH) was proposed 

as draw solute materials [53]. This material had relatively low phase separation 

temperature compared to nBu-TAEA (~30 oC). Although it can further reduce the 
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energy consumption during the water recovery stage, its low LCST values indicates 

that this material is more hydrophobic than nBu-TAEA, and thus drop the water flux. 

2.3.2 Ionic solutes 

Synthetic ionic solutes are able to generate high water flux when employed as draw 

solutes due to the multivalent ionic nature of these materials. Most of them have 

carboxylic acid and tertiary amine functional groups which are hydrophilic and 

ionizable in aqueous solution. The weak acidic and basic properties of these 

functional moieties also provide better membrane compatibility than thermolytic 

solutes which are usually strong acids or strong bases. Due to the large size of these 

solutes compared to inorganic salts, minimal reverse solute flux can also be achieved 

[45]. 

2-Methylimidazole-based compounds having tertiary amine group were 

previously synthesized and applied as FO draw solutes [33]. The quaternized form of 

these materials was able to generate very high osmotic pressure, and thus enhancing 

their water flux performance. However, the rate of reverse solute diffusion of 

quaternized 2-methylimidazole compounds were higher than their uncharged forms 

due to the imbalanced charges in the feed and draw solution [59]. On the other hand, 

anionic solutes having multiple carboxylic groups such as hexavalent phosphazene 

salts [54], hydroacid complexes [35, 60], carbon quantum dots [61], ethylenediamine 

tetrapropionic (EDTP) salts [55] and ethylenediamine tetraacetic acid (EDTA) 

complexes were also evaluated as potential FO draw solute materials. However, 

concentration polarization might exist if the size of these materials is larger than the 

pore size of support layer of FO membranes, which might result in the significant 

decrease in water flux [54]. For example, the water flux generated by hexavalent 
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phosphazene salts was not as high as other multi-carboxylic salts due to the large 

molecular size of these materials causing severe concentration polarization. Another 

drawback of using organic ionic solutes as draw solutes is the separation cost might 

not be as low as thermoresponsive solutes when pressure-driven membrane process 

is used since relatively high pressure proportional to the osmotic pressure of draw 

solution is always needed to perform draw solute recovery process [62]. As a result, 

these ionic solutes are more suitable to be applied to treat challenging feed water 

with high salinity where RO process is not capable to operate at this range of 

hydraulic pressure [4]. 

2.3.3 Surfactants 

Surfactant materials have also been proposed as draw solute materials for forward 

osmosis desalination due to their ability to form micelle in solution which assists in 

draw solute separation and minimizing reverse solute flux [57]. Various surfactant 

materials have been evaluated as draw solutes such as sodium dodecyl sulphate 

(SDS), 1-octane sulfonic acid sodium salt (1-OSA), meristyltrimethyl ammonium 

bromide (MTAB), trimethyloctylammonium bromide (TMOAB), tetraethyl 

ammonium bromide (TEAB), Triton X-100 and nonylphenol ethoxylate (Tergitol 

NP9) [57, 58, 63, 64]. In terms of FO performance, cationic surfactants could 

generate higher water flux than anionic surfactant [57]. However, the osmotic 

pressures of these materials are relatively low which limit their applications to treat 

low salinity feed water. Interestingly, combining synthetic ionic solutes or inorganic 

salts and surfactants has dramatically improved the FO performance, especially the 

reverse solute flux issue [58, 63]. For example, Triton X-100 was coupled with 

sodium ethylenediamine tetraacetic acid where the surfactants act as an additional 
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barrier by interacting with the surface of FO membrane preventing the reverse 

permeation of the ionic solutes [58]. 

2.4 Polymer-based draw materials 

2.4.1 Polymers 

Polymers are another class of material which have been proposed as the draw solutes 

for FO desalination due to their relatively large molecular size and ease of separation 

[36]. In addition, some functionality such as thermal, pH , magnetic, gas and electric 

responsive properties can be introduced to these materials to further assist in water 

recovery [46]. 

Currently, there has been a continuous debate whether finding suitable draw 

solute materials will reduce the energy consumption during water recovery process 

[30]. This is due to the energy required to bring the entropy of the system to its initial 

state during draw solute recovery is always higher than the RO process. However, 

the entropy changes of small molecules such as inorganic salts and macromolecules 

such as polymers are different thermodynamically. According to Flory – Huggins 

theory, the change of entropy caused by polymer dissolution is much smaller than 

that of small molecules due to less configurational possibilities than dissolution of 

small molecules [65, 66]. This phenomenon is illustrated using two-dimensional 

lattice model shown in Figure 2.1. As a result, a diluted polymer solution can be 

reconcentrated with lower energy than a small molecule solution. This theory 

explains the possibility to recover water from polymer solutions using lower energy 

process such as low pressure ultrafiltration [36, 67]. 



Chapter 2 

24 

 

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. 

 

Anionic polyelectrolytes bearing carboxylic or sulfonate groups have been 

evaluated as the draw solutes for FO desalination process. For example, low 

molecular weight poly (sodium acrylate) (PSA) [36] (Mw ~ 1,800) was used as draw 

solute which could generate osmotic pressure equal to seawater solution with 

minimum reverse solute flux. However, the performance of this polyelectrolyte in 

real application might be hindered by its viscosity [47]. To overcome this, FO unit 

was coupled with membrane distillation (MD) to recycle this PSA at elevated 

temperature in order to reduce its viscosity [68]. Another strategy to reduce the 

viscosity of polyelectrolytes is to use polymers with dendritic structure such as poly 

(amidoamine) dendrimer [69] as FO draw solute which has lower viscosity than 

linear polymers due to its unique structure [70]. In contrast to PSA, high molecular 

weight (Mw ~ 70,000) poly (sodium 4-styrenesulfonate) (PSSS) [67] could generate 

similar water flux and had relatively lower viscosity than PSA at ambient 
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temperature. However, the reverse solute flux of PSSS was higher than that of PSA. 

Additionally, poly (aspartic acid sodium salt) (PAspNa) [71] was evaluated as the 

draw solute material. This polyelectrolyte showed much larger osmotic pressure than 

PSA due to the presence of more freely mobile counterions. More importantly, 

PAspNa has an anti-scalant property which decreased the formation of inorganic 

scaling on the surface of membranes while the use of thermolytic solutes caused 

membrane scaling due to reverse diffusion of carbonate ions into feed solution [72]. 

On the other hand, a limited number of cationic polyelectrolytes have been 

applied as draw solute material for FO desalination. Poly (2-(dimethylamino) ethyl 

methacrylate) (PDMAEMA) containing tertiary amine moieties has been evaluated 

as draw materials for FO process [73]. The tertiary amine was firstly protonated by 

bubbling carbon dioxide which resulted in the increase of osmotic pressure of the 

solution before being circulated in the FO cell. The diluted polymer solution was 

then recovered by bubbling nitrogen gas and mild heating combined with 

ultrafiltration process to produce clean water. The schematic diagram of this system 

is shown in Figure 2.2. 
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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 

 

Other cationic polyelectrolytes such as branched polyethyleneimine (bPEI) with 

different molecular weights have also been evaluated as the potential draw solutes 

for FO process [74]. The water flux generated against DI water was comparable with 

the PDMAEMA at the same concentration. Although adjusting the pH of the bPEI 

solution increased the water flux due to the protonation of amino groups, the reverse 

solute flux also increased due to structural shrinkage of the polymers. 

Finally, non-ionic linear polymers based on N-isopropylacrylamide (NIPAM) 

having thermoresponsive properties have also been proposed as draw solute for FO 

process. PNIPAM was copolymerized with various ionic co-monomers such as 

sodium acrylate (SA) [37] and sodium-4-styrenesulfonate (SSS) [75] to further 

increase the osmotic pressure of the polymer solution [76]. The copolymer of 

NIPAM and SSS (PNIPAM-co-PSSS) showed higher flux than the copolymer of 

NIPAM and SA (PNIPAM-co-PSA) due to strong ionization of the PNIPAM-co-

PSSS caused by sulfonate functional groups. Furthermore, a recent study using 
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copolymer of N-isopropylacrylamide and acrylic acid (PNIPAM-co-AA) used pH 

adjustment and heating to aid in water recovery [77]. Although high water recovery 

could be achieved using this method, the pH-responsiveness of acrylic acid might be 

reduced due to salt accumulation in the solution from multiple pH adjustment [78]. 

At the same time, poly (ethylene glycol) (PEG) has also been proposed as draw 

material for FO process [79]. Increasing molecular weight of PEG reduced the FO 

water flux due to severe concentration polarization. However, another study showed 

that increasing molecular weight of PEG to 20 kDa improved the water flux due to 

the increase of hydrophilicity [80]. In addition, short PEG-based vinyl monomer 

showing thermoresponsive properties, 2-(2-methoxyethoxy) ethyl methacrylate 

(MEO2MA), has also been evaluated as draw solute for FO desalination [81]. Based 

on its LCST at ~ 26 oC [82], ME2OMA is relatively hydrophobic  and the ionic 

comonomer of 2-(methacryloyloxy) ethyl trimethylammonium chloride (MTAC) was 

copolymerized with ME2OMA to increase the osmotic pressure of the resulting 

polymer solution. The study showed that relatively low theoretical energy 

consumption, around 0.03 kWh/m3 water recovered, can be achieved using 

microfiltration process in water recovery stage. Table 2.2 summarizes the FO 

performance of recent linear polymers as draw solutes using commercial CTA FO 

membranes. 
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Table 2.2 Summary of FO performance for different polymers 

Polymer Draw 

Solutes 

DS 

concentration 
FO Performance Water Recovery Ref. 

Anionic Polyelectrolytes 

Poly(sodium 

acrylate) 
0.72 g/mL 

Water flux:~ 18 LMH 

Reverse flux: 0.08 g/m2h 

Feed: DI water 

Ultrafiltration [36] 

Poly(sodium 4-

styrenesulfonate) 
0.24 g/mL 

Water flux:~ 18 LMH 

Reverse flux: 20 – 60 g/m2h 

Feed: DI water 

Ultrafiltration [67] 

Poly(aspartic acid 

sodium salt) 
0.3 g/mL 

Water flux:~7.5 – 16 LMH 

Reverse flux: up to 2.4 g/m2h 

Feed: DI water 

Nanofiltration 

Membrane 

Distillation 

[71] 

Poly(amidoamine) 

dendrimer 
33.3 wt% 

Water flux: 19.8 – 31.8 LMH 

Reverse flux: 4.5 – 11 g/m2h 

Feed: DI water 

Membrane 

Distillation 
[69] 

Cationic Polyelectrolytes 

Poly(2-

(dimethylamino) 

ethyl methacrylate) 

0.2 g/g 

Water flux:~ 3.5 – 5 LMH 

Reverse flux: ~0.11 – 0.16 

g/m2h 

Feed: DI water 

Microfiltration [73] 

Polyethyleneimine 5 wt% 

Water flux:~5 LMH 

Reverse flux: ~0.012 g/m2h 

Feed: DI water 

Nanofiltration [83] 

Thermoresponsive Polyelectrolytes 

PNIPAM-co-PSA 14.3 wt% 
Water flux: ~0.1 – 0.75 LMH 

Feed: DI water 
Hot Ultrafiltration [37] 

PNIPAM-co-PSSS 33.3 wt% 

Water flux: up to 4 LMH 

Reverse flux: 2 g/m2h 

Feed: 0.6 M NaCl 

Membrane 

Distillation 
[75] 

PNIPAM-co-PAA 0.38 g/mL 
Water flux: 2.95 LMH 

Feed: DI Water 

Heating, pH 

adjustment and 

centrifugation 

[77] 

PME2OMA-co- 0.1 g/mL Water flux:~ 1 – 11 LMH Hot microfiltration [81] 
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PMTAC Feed: DI water 

Non-ionic Polymers 

Poly(ethylene 

glycol) 
600 g/L 

Water flux: 6.3 LMH 

Reverse flux: 2 g/m2h 

Feed: DI water 

Nanofiltration [80] 

 

2.4.2 Polymer hydrogels 

Hydrogels which are partially cross linked water-soluble polymers have been 

previously used in adsorption desalination process by immersing the dried hydrogels 

directly in the saline solution [84, 85]. However, this approach has relatively low 

efficiency in removing salt from saline feed solution and requires considerable 

amount of energy in water recovery stage through evaporation process or applied 

pressure. Furthermore, salt accumulation in the hydrogels might decrease the 

effectiveness of the process in subsequent cycles [78]. 

Thermoresponsive hydrogels were recently introduced as semi-solid draw agents 

for FO desalination [39, 86]. The deswollen hydrogels absorb water from the feed 

solution when they are brought into contact with FO membrane due to the difference 

in the chemical potential between the feed solution and the hydrogels. The hydrogels 

can be heated to release the absorbed water and the deswollen hydrogels are reused 

to absorb water from the feed solution. The schematic diagram showing the working 

principle of thermoresponsive hydrogel-driven FO desalination and its water flux and 

water recovery performance are shown in Figure 2.3. The hydrogels were composed 

primarily of NIPAM to provide thermoresponsive properties. Non-ionic and ionic 

comonomers were used to increase the osmotic pressure of the hydrogels. Pure water 

could be recovered when the hydrogels were heated above their volume phase 
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transition temperature (VPTT). The homopolymer hydrogel of sodium acrylate was 

able to generate the highest water flux due to abundant ionic carboxylic moieties in 

the hydrogel while the copolymer hydrogel of NIPAM and SA (PNIPAM-PSA) 

absorb water at moderate flux as shown in Figure 2.3b. In terms of water recovery, 

the homopolymer hydrogel of sodium acrylate released the smallest amount of water 

at elevated temperature due to strong ionic interaction between water and carboxylic 

group while PNIPAM-PSA hydrogel released slightly higher water due to the change 

of PNIPAM moieties into hydrophobic above the VPTT of the hydrogel as shown in 

Figure 2.3c. 

 

 

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 

 

Semi interpenetrating network of thermoresponsive hydrogels of NIPAM and 

SA (SI-PSA) and NIPAM and poly (vinyl alcohol) (SI-PVA) were then introduced to 

overcome the poor water recovery in PNIPAM-PSA [40]. These hydrogels were able 

to release more water above the VPTT due to the mobility of linear hydrophilic 

polymer inside NIPAM network which mitigated the influence of ionic contribution 

on hydrophobic formation. Other interpenetrating network composed of hyaluronic 

(a) (c)(b)
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acid and poly (vinyl alcohol) have also been synthesized via freeze-thawing method 

and was evaluated as draw materials for FO process [87]. This hydrogel showed 

electro-responsive properties under applied electric field due to the migration of ions 

toward the cathode which increased the osmotic pressure of the hydrogel. As a result, 

enhanced water flux was observed when electric field was applied to the hydrogel. 

Composite thermoresponsive hydrogels incorporating carbon particles [88, 89], 

reduced graphene oxide (rGO) [90] and magnetic nanoparticles [91] were also 

proposed to further improve the performance of hydrogel-driven FO desalination 

process. The water flux was improved when carbon and rGO particles were 

incorporated into hydrogels due to improved swelling ratios of the composite 

hydrogels. The water recovery, especially in the liquid form, was improved when 

magnetic hydrogels were used as draw agent due to uniform heating generated by the 

dispersed magnetic nanoparticles when alternating magnetic field was applied to the 

hydrogel. 

Although FO performance can be improved by using composite hydrogels, it 

was still far away from the conventional FO desalination using thermolytic solutes or 

synthetic organic solutes [45, 47, 52, 92]. A series of thermoresponsive microgels of 

NIPAM with different contents of acrylic acid (AA) were recently synthesized and 

evaluated as the draw solutes to overcome the disadvantages of thermoresponsive 

hydrogels [93]. The study used different approach to measure water flux by 

monitoring the change of conductivity of feed solution with time, which was able to 

minimize the error arise from interval gravimetric method when calculating the water 

flux from hydrogel-driven FO desalination. Interestingly, reducing the size of 

hydrogels into sub-micron scale significantly improved the water drawing ability of 
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the hydrogels due to high surface area of these microgels [94]. Relatively higher 

water recovered than bulk hydrogels in liquid form was achieved when the microgels 

were heated above their VPTTs. This is due to the absence of skin formation during 

the deswelling process in the microgels [91, 95]. Table 2.3 summarizes the FO 

performance of thermoresponsive hydrogels and microgels using commercial CTA 

FO membrane and 2000 ppm NaCl as the feed solution. 

 

Table 2.3 FO performance of various thermoresponsive hydrogels and microgels 

Polymer Hydrogels 
Mass of 

Hydrogels 
FO Water Flux 

Water 

Recovery  
Ref. 

PNIPAM-PSA 

hydrogels 
1 g 

Particle size: 50 – 150 µm 

0.55 LMH 

 

Particle size: 2 – 25 µm 

1.3 LMH 

17% 

 

 

- 

[39, 96] 

Semi-IPN hydrogels 0.4 g 

SI-PSA hydrogels 

Particle size: 200 µm 

~0.21 LMH 

 

SI-PVA hydrogels 

Particle size: 200 µm 

~0.16 LMH 

~91% 

 

 

 

~99% 

[40] 

Composite hydrogels of 

PNIPAM-PSA 
1 g 

Carbon sphere 

0.77 LMH 

 

Reduced graphene oxide 

(1.2 wt%) 

1.7 LMH 

 

Magnetic nanoparticles 

(16 wt%) 

~ 1.3 LMH 

12% 

 

 

 

45% 

 

 

 

~60% 

[88, 90, 91] 

Functionalized 

microgels 

(PNIPAM-AA) 

0.1 g 

PNIPAM 

8.9 LMH 

 

PNIPAM-AA 

(8% AA) 

23.8 LMH 

72% 

 

 

 

52% 

[93] 
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2.4.3 Polymer – magnetic nanoparticles hybrid 

Hydrophilic superparamagnetic nanoparticles (MNPs) have been proposed as the FO 

draw solutes due to its ease of recovery using external magnetic field. The main 

drawback of using MNPs as draw solute is particle aggregation after water recovery 

process in the presence of high magnetic field [97-99]. Thermoresponsive polymer, 

PNIPAM, was then coated on the surface of MNPs to induce reversible particle 

clustering which allowed the separation conducted at lower magnetic field, and thus 

mitigating the irreversible MNPs aggregation [100]. Coating these magnetic 

nanoparticles with polyelectrolytes such as acrylic acid [38, 101], sodium 2-

acrylamido-2-methylpropane sulfonate [102] and sodium styrene-4-sulfonate [103] 

or hydrophilic polymers such as poly (ethylene glycol) diacid [99] and dextran [104] 

also improved the performance of these MNPs in FO process. However, complete 

separation of these MNPs usually requires a combination of magnetic separator and 

ultrafiltration process which will increases the capital and operating cost [102, 103]. 

Furthermore, coating with organic compounds might promote growth of bacteria in 

these MNPs which would reduce the performance of these materials in the long term 

[104]. Table 2.4 summarizes the FO performance of polymer – magnetic 

nanoparticle hybrid as FO draw solutes using commercial CTA FO membrane and 

DI water as the feed solution. 

 

Table 2.4 FO performance of various polymer – magnetic nanoparticles hybrid 

Coating Materials for 

MNPs 

DS 

Concentration 
FO Water Flux 

Water 

Recovery  
Ref. 

PNIPAM - ~ 1.8 LMH 
Heating and 

magnetic field 
[100] 

PNIPAM-co-AA 0.02 g/mL 0.11 LMH Heating and [102] 
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PNIPAM-co-AMPS 0.26 LMH magnetic field 

PNIPAM-co-PSSS 33 wt% 14.9 LMH 

Magnetic field 

and 

ultrafiltration 

[103] 

Poly(ethylene glycol) 

diacid 
0.065 M 13 LMH Magnetic field [99] 

Dextran 0.5 M ~ 4 LMH Magnetic field [104] 

 

2.5 Switchable polarity solvents 

Switchable polarity solvent (SPS) is the solvent that can be reversibly switched from 

ionic form to non-ionic form by the addition or removal carbon dioxide (CO2) [105]. 

The SPS has tertiary amine functional group similar to the cationic polyelectrolyte of 

PDMAEMA, which can be switched to protonated state by bubbling the solution 

with CO2. The addition of CO2 in SPS will protonate the tertiary amine groups of 

solvents and form ionic carbamates in the solution. This causes the solvent to have 

high polarity and be water-miscible while removing CO2 by bubbling nitrogen gas 

will deprotonate the tertiary amine moieties as illustrated in Figure 2.4a [106]. 
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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 

 

N,N-dimethylcyclohexylamine (DMCHA) was evaluated as draw solvent to treat 

saline water equivalent to seawater solution and could generate relatively high water 

flux (11 LMH) [41]. The protonated solvent will absorb water from the feed solution 

due to the difference in osmotic pressure. After the solvent is saturated with water, 

the carbon dioxide (CO2) is removed by bubbling nitrogen which will cause the 

solvent to phase separate from water due to its non-polar form. The hydrophobic 

solvent can be recycled back to perform water absorption. This working principle is 

illustrated in Figure 2.4b. 

Although relatively high water flux and high water recovery could be achieved 

using DMCHA as switchable polarity solvent, the membrane degradation and 

incomplete separation were the main drawbacks using this draw solvent [107]. 1-

Cyclohexylpiperidine (CHP) was then proposed to overcome aforementioned 

(a)

(b)
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problems of DMCHA [107]. The water flux generated by CHP was slightly lower 

than (8.5 LMH) the water flux of DMHCA which is probably due to more 

hydrophobic nature of this material. However, the study showed that CHP had better 

membrane stability than DMCHA. In addition, theoretical energy analysis of SPS-

driven FO desalination showed that the process has energy consumption ranged from 

2.4 to 4 kWh/m3 recovered water which is lower than RO desalination process [108]. 

The high water drawing capability due to high polarity property of SPS in their 

protonated state might also find niche application in treating challenging feed 

solution such as high salinity produced water from oil and gas field [4, 30, 51].  

2.6 Thermoresponsive ionic liquids 

Thermo-responsive ionic liquids are liquid-like salt comprising organic cations and 

anions that undergo phase separation if heated or cooled past their critical phase 

transition temperatures. The thermo-responsive properties of ionic liquids can be 

divided into two types as the lower critical solution temperature (LCST) and the 

upper critical solution temperature (UCST) behaviors [109]. An example of ionic 

liquid showing LCST behavior used as FO draw solute is tetrabutylphosphonium 

2,4-dimethylbenzenesulfonate while ionic liquid showing UCST behavior is betaine 

bis(trifluoromethylsulfonyl)imide. Due to their strong ionic property and relatively 

large molecular size, these materials have recently been introduced as a new class of 

draw solute for FO desalination process. The schematic diagram of ionic liquid-

driven FO desalination is shown in Figure 2.5a. The water transport through 

semipermeable membrane will occur automatically due to the difference in osmotic 

pressure between salty water and ionic liquid. The diluted ionic liquid was then 

heated or cooled past their critical temperature to induce phase separation between 
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ionic liquid and absorbed water. The concentrated ionic liquid can be recycled back 

to FO unit to absorb more water. 

 

 

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 

 

Thermoresponsive ionic liquids showing the LCST behavior such as 

tetrabutylphosphonium 2,4-dimethylbenzenesulfonate (P4444DMBS) and 

tetrabutylphosphonium mesitylenesulfonate (P4444 TMBS), were recently evaluated 

as draw solutes for FO desalination to treat high salinity solution [44]. Both of ionic 

liquids could generate osmotic pressure higher than seawater solution and had LCST 

less than 50 oC. P4444DMBS had higher water flux (~ 3 – 11 LMH) than P4444 TMBS 

(~ 0.1 – 8 LMH) when tested against saline solution at different concentration. This 

(a)

(b)

P4444 DMBS [Hbet] [Tf2N]P4444 TMBS

PP4446 SSPP4444 SS



Chapter 2 

38 

is due to the anion structure of P4444 TMBS having an additional methyl group as 

shown in Figure 2.5b which made P4444 TMBS more hydrophobic than P4444DMBS 

[110]. Theoretical energy consumption of this system was estimated to be around 

1.80 kWh/m3. 

Recently, ionic liquid based on protonated betaine bis(trifluoromethylsulfonyl) 

imide ([Hbet][Tf2N]) was also evaluated as draw solute material for FO desalination 

[43]. This ionic liquid had to be operated at elevated temperature above its critical 

temperature which may increase the FO performance due to mass transfer 

enhancement [111, 112]. It was reported that ([Hbet][Tf2N] was able to draw water at 

high salinity level up to 3 M which was higher than the drawing ability previously 

reported LCST-type ionic liquids. Although operated at elevated temperature, this 

draw solute had lower water fluxes (~ 0.3 – 2.2 LMH) than LCST-type ionic liquids 

described previously. The chemical structure of its anion shown in Figure 2.5b might 

also play a role due to the presence of fluorine moieties which imparts strong 

hydrophobic character to this material [113].  

Despite the superior water drawing performance of thermoresponsive ionic 

liquid in treating high salinity solution, pressure-driven membrane process such as 

nanofiltration or reverse osmosis is still required to remove the trace residual of ionic 

liquids from the water product which might increase the total operating cost. 

Thermoresponsive poly (ionic liquid) hydrogels was then proposed to overcome the 

aforementioned issue. The application of poly (ionic liquid) hydrogels as draw 

material might prevent the loss of solute via reverse solute flux [86]. This is 

especially important because the relatively expensive some types of ionic liquids 

materials [114]. Thermoresponsive poly (ionic liquid) hydrogels based on 
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tetrabutylphosphonium p-styrenesulfonate (PP4444 SS) and tributyl-hexyl 

phosphonium p-styrenesulfonate (PP4446 SS) were synthesized and evaluated as draw 

materials in FO process [115]. These hydrogels could generate higher water flux than 

PNIPAM hydrogels due to the hydrophilic character caused by the presence of 

organic cations and anions in the hydrogels as shown in Figure 2.6a. In another 

study, some ionic liquids also showed antibacterial property which could prevent 

biofilm formation that impacts membrane performance [42]. However, the water 

recovery performance of these materials suffered due to the presence of strong ionic 

interaction in the hydrogels as can be seen from slower deswelling kinetics curves of 

PP4444 SS and PP4446 SS than PNIPAM hydrogels as shown in Figure 2.6b. 

 

 

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. 

 

2.7  Conclusion and future perspectives 

Research on draw solute materials for FO desalination has gained a lot of interest 

over the past decades due to its potential to lower energy consumption in membrane-

(a) (b)
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based desalination process. The main advantage using synthetic materials as draw 

solute is the ability to tune the generated osmotic pressure without necessarily 

increasing the draw solute concentration. This would extend the application of FO to 

treat challenging feed water with high salinity level. There is a trend that molecular 

size of draw solute materials is increasing from simple organic solutes to polymer 

hydrogels to minimize the reverse solute flux. However, the FO performance might 

be compromised due to concentration polarization phenomena in large draw solute 

materials. Furthermore, the process design of these draw solute materials such as 

polymer hydrogels should be further considered to achieve practical FO desalination 

process in industrial setting. Generally, more draw solute materials being developed 

to date have stimuli-responsive properties such as temperature, pH and CO2. This 

allows FO desalination process to tap into low grade heat as energy source or 

abundant CO2 availability for water recovery process. These sources are generally 

cheaper than electrical energy used to power high pressure pump in RO process. 

Therefore, we expect that synthetic materials with stimuli-responsive properties 

might continue to dominate this area in the future. 
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3.1 Abstract 

Stimuli-responsive hydrogels were recently proposed for energy-saving forward 

osmosis (FO) process. However, their low water flux and poor dewatering ability for 

reuse make them unsuitable for desalination process. In this work, the co-polymer 

microgels of N-isopropylacrylamide and acrylic acid with different mixing ratios 

were synthesized using surfactant-free emulsion polymerization to produce 

submicron-size hydrogels with high surface area and fast swelling-deswelling 

response. The microgels were employed as draw agents in a laboratory scale FO 

desalination system to treat synthetic brackish water. The microgel-based FO process 

displayed a high water flux up to 23.8 LMH and high water recovery ability up to 

72.4%. In addition, we explored a new approach to measure water flux via the on-

line conductivity measurement of feed solution. This on-line conductivity analysis 

approach appeared to be an accurate and efficient method for evaluating microgel-

based FO desalination performance. Our experimental data revealed that the stimuli-

responsive microgel was an efficient draw agent for FO desalination. 

 

Keywords: microgels; forward osmosis; desalination; water flux; dewatering ability; 

N-isopropylacrylamide; on-line conductivity; thermoresponsive   
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3.2  Introduction 

Water scarcity is one of the top global challenges that currently affects over one-third 

of world population in water-stressed countries and this situation is worsen due to 

increasing population, water pollution, industrialization, and climate change 

(McCutcheon et al., 2006; Elimelech and Phillip, 2011). Over 96 % of water 

resources worldwide are in the ocean, which have high salinity and cannot be 

directly used without desalination process (Smalley, 2005). To date, reverse osmosis 

(RO) process via a polymeric membrane is the most widely used technology for 

seawater desalination. However, the high energy and capital costs together with the 

low water permeability and poor fouling resistance associated with RO membrane 

have been an on-going challenge for its industrial applications. There is a pressing 

need for the development of a cost-effective desalination process. 

In the recent years, forward osmosis (FO) membrane process has gained a lot of 

attention due to its potential as low energy membrane separation process. The FO 

desalination is a two-stage desalination process where the water is drawn from a 

saline solution as a result of osmotic gradient and then the water can be recovered 

from draw solute by means of membrane separation, distillation, external magnetic 

field, extraction, precipitation and combination of these separation processes (Luo et 

al., 2014). Inorganic salts, such as MgCl2, MgSO4, NaCl, KCl, KHCO3, Ca(NO3)2, 

NH4HCO3 have been employed as the draw solutes for FO processes (Achilli et al., 

2010). Although these inorganic reagents have excellent capability to create 

significant osmotic pressure gradient, pressure-driven membrane processes such as 

nanofiltration and reverse osmosis are still required to recover water from these salts 

(Zhao et al., 2012). That leads to an increase in the energy consumption for the 
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overall FO process. Furthermore, reverse salt flux and internal concentration 

polarization are present when these salts are employed as draw solutes, which 

subsequently reduce the performance of separation process. Scientists found that the 

use of ammonium bicarbonate (NH4HCO3) as the draw agents could lead to a low 

energy FO process, as water can be recovered via low temperature distillation 

process using low grade heat (McCutcheon et al., 2006; McGinnis and Elimelech, 

2007). The draw solute can decompose into ammonia and carbon dioxide upon 

heating and leave water phase. Unfortunately, the purity of water resulted from such 

process was not able to meet standard drinking water regulation due to very high 

ammonium bicarbonate leaked to the water product (Ge et al., 2013). 

Subsequent research proposed that poly (ethylene glycol) diacid-coated 

superparamagnetic nanoparticles could be used as draw solutes and the absorbed 

water can be recovered using external magnetic field to produce fresh water (Ge et 

al., 2010). However, water flux performance was far below the water flux generated 

by inorganic salts. Furthermore, these magnetic nanoparticles formed aggregates 

during the recovery stage which decreased their effectiveness to be reused (Ling and 

Chung, 2011; Ling et al, 2011). Other materials have also been explored for FO 

processes, including the sodium salt of polyacrylic acid (Ge et al., 2012), 2-

methylimidazole-based organic compounds (Swee Kuan et al., 2010), switchable 

polarity solvent (Stone et al., 2013), hydroacid complexes (Ge and Chung, 2013), 

Na+ functionalized carbon quantum dots (Guo et al., 2014) and N,N’,N”-triacylated 

tris(2-aminoethyl)amine (acyl-TAEA) derivatives (Noh et al., 2012). Although these 

materials displayed reasonable water flux, their low water recovery ability is a 

drawback for their applications in industrial desalination processes. 
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Stimuli-responsive hydrogels are three dimensional polymer networks that swell 

and deswell in respond to the applied stimuli, such as temperature, pH, external 

magnetic field, ionic strength, and light. Due to their ability to reversibly swell and 

deswell, they have been recently introduced as a new class of draw agent for FO 

desalination. In the early study, the hydrogel was synthesized using N-

isopropylacrylamide and hydrophilic monomers of sodium acrylate or acrylamide (Li 

et al., 2011). The water contained in the hydrogels was recovered by heating the 

hydrogels and applying pressure. Unfortunately, the water flux of this hydrogels 

(0.30-0.96 LMH) with salt rejection of 95.4% was relatively lower than other types 

of synthetic draw agents. In order to improve the performance of hydrogels-based FO 

process, composite hydrogels were recently prepared by incorporating inorganic 

nanoparticles such as carbon particles, magnetic nanoparticles and reduced graphene 

oxide (rGO) (Razmjou et al., 2013a; Zeng et al., 2013). These composite hydrogels 

showed an enhanced water flux and the water recovery ability. However, the 

recovered water from hydrogels was mostly in the form of water vapour. Additional 

condensation unit is then needed to recover water in the form of liquid and will 

increase the overall costs of FO process. 

Currently, the high energy costs for water recovery is still an issue for FO 

desalination technologies (Altaee et al., 2014). This leads to higher operational cost 

of FO desalination compared to RO process due to inappropriate selection of water 

recovery process and materials employed as draw solutes (McGovern and Lienhard 

V, 2014). Other major limitations are incomplete separation of draw agents and 

lower water flux compared to the RO process (Cai et al., 2013). In this study, we 

applied N-isopropylacrylamide (NIPAM) and acrylic acid (AA) as co-monomers to 
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synthesize functional co-polymer microgels P(NIPAM-AA) as the draw agents for 

FO process. The microgels with different ratios of AA and NIPAM were prepared 

using surfactant-free emulsion polymerization (SFEP) approach to eliminate the 

contamination of small surfactants. Moreover, a laboratory FO system was 

established to evaluate the desalination performance of the P(NIPAM-AA) microgel-

based FO process. Our results show that the employed P(NIPAM-AA) microgels can 

significantly improve water flux and water recovery ability of the FO desalination 

process. For the first time, we use microgels in FO desalination process. The 

microgels are also functionalized with acrylic acid rather than sodium acrylate to 

improve the water flux. Besides, we explored and employed new on-line 

conductivity monitoring method to analyze water flux of the FO system. 

3.3 Materials and methods 

3.3.1 Materials 

N-isopropylacrylamide (NIPAM, > 98%), purchased from Tokyo Chemical Industry, 

was purified by recrystallization in n-hexane and dried at room temperature. N-N’-

methylenebisacrylamide (MBA, >98%), acrylic acid (AA, >99.5%) and ammonium 

persulfate (APS) were purchased from Sigma-Aldrich. Sodium chloride was 

purchased from VWR. Cellulose triacetate forward osmosis (CTA-FO) membranes 

were purchased from Hydration Technologies Inc. (HTI, USA). 

3.3.2 Synthesis of co-polymer microgels 

The P(NIPAM-AA) microgels were synthesized using surfactant-free semi-batch 

emulsion polymerization. In a typical experiment, 0.5 g of NIPAM/AA mixtures at 

different mass ratios and 0.005 g of MBA were dissolved in 47 mL of Millipore 
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water. The solution was transferred to a 250 mL three-necked flask fitted with a 

condenser, a mechanical stirrer and gas inlet/outlet. The semi-batch feeding solution 

was prepared by dissolving 2.5 g of NIPAM/AA mixtures at different mass ratios, 

0.025 g of MBA and 0.025 g of APS in 30 mL of Millipore water. 

After degassing both batch and semi-batch feeding solutions for one hour, the 

batch solution was heated to 75 °C under nitrogen atmosphere. 3.0 mL of APS 

solution (0.005 g) was injected to initiate the polymerization. Semi-batch feeding 

solution was injected slowly at a rate of 6.25 mL/hour using a syringe pump after the 

batch solution turned into cloudy. The polymerization was carried out overnight 

under continuous stirring. After cooling, the microgels were purified using 

membrane dialysis (MWCO 12–14 kDa) against Millipore (or DI) water for three 

days. During three days purification, the water was changed every two hours. The 

purification was confirmed by comparing the conductivity of dialysis water and the 

conductivity of Millipore (or DI) water. The purified microgels were dried at 70 oC 

and grounded into fine powders. 

3.3.3 Conductometric and potentiometric titration 

The amount of acrylic acid in the microgels was quantified using conductometric and 

potentiometric titration. Typically, the pH of the dispersion of P(NIPAM-AA) 

microgel (100 mL, ~ 1 mg/mL) was adjusted to pH 3 using hydrochloric acid. The 

solution was then back titrated using 0.1 M NaOH. After each addition of NaOH, the 

solution conductivity and pH were measured using a pre-calibrated Aqua-CP/A pH 

and conductivity meter. 
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3.3.4 Dynamic light scattering 

The hydrodynamic diameters (dh) of the synthesized P(NIPAM-AA) microgels were 

measured by dynamic light scattering (DLS) at different temperatures using a 

Zetasizer (Malvern, Nano-ZS). The DLS data were collected on an autocorrelator 

and the CONTIN software package was used to analyze the intensity autocorrelation 

functions. The swelling ratio (SR) of microgels can be calculated using the following 

equation: 

SR= (
dh,25

dh,40

)

3

 Eq. 3.1 

where SR is the swelling ratio of the microgels, dh,25 (nm) is the hydrodynamic 

diameter of the microgels at 25 oC and dh,40 (nm) is the hydrodynamic diameter of the 

microgels at 40 oC. 

3.3.5 Water flux evaluation 

100 mg of grounded microgel powders were placed in our customized membrane 

setup equipped with on-line conductivity monitoring system as shown in Figure 3.1. 

The photo of this laboratory on-line conductivity monitoring system for FO process 

can be found in Figure 3.8 (Supporting Information). Calibrated conductivity probe 

(with probe cell constant, k = 1.0) was immersed in the feed solution of 2000 ppm 

NaCl to continuously monitor the conductivity against time for five hours. The 

conductivity data can be converted into the concentration of sodium chloride after 

fitting with the following equation: 

λ = 1.7821Ct Eq. 3.2 

where  is the conductivity of feed solution (μS/cm) and Ct is the feed concentration 

at time t (ppm). 
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The water flux was calculated using the conductivity data based on the mass 

balance equation which is described by the following equations: 

Vt =
CiVi

Ct
 Eq. 3.3 

Jw =
Vi − Vt

A t
 Eq. 3.4 

where Vt (mL) is the volume of feed at time t, Vi (mL) is the initial volume of feed, 

Ci (ppm) is the initial feed concentration, Ct (ppm) is the feed concentration at time t, 

Jw (LMH) is the water flux, A (m2) is the effective membrane surface area and t (h) is 

the time interval where the volume of the feed solution changes. 

 

 

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

 

3.3.6 Water recovery 

After five hours, the swelled microgels were transferred to centrifuge tubes and 

weighed. The swelled microgels were then centrifuged at 40 oC and 12,000 rpm for 

10 minutes to separate absorbed water from polymer microgels. The recovered water 
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was determined using gravimetric analysis. The water recovered from microgel 

deswelling was calculated using the following equations:  

Cp =
Wd

Wd + Ww
 Eq. 3.5 

Wg = Wm(1 − Cp) Eq. 3.6 

𝑅 =
𝑊𝑅

𝑊𝑔
 𝑥 100% Eq. 3.7 

where CP (g microgels/g H2O) is the concentration of microgels in the centrifuge 

tube, Wd (g) is the weight of dry microgel powders, WW (g) is the weight of water 

absorbed by the microgels determined from water absorption from water flux 

measurement, Wg (g) is the weight of water in the microgels, Wm (g) is the weight of 

microgels in the centrifuge tube, WR (g) is the weight of absorbed water recovered 

from the tube and R (%) is the percentage of water recovered from the deswelled 

microgels. 

3.3.7 Microgels recycling in three cycles 

The swelled microgels after the 1st cycle were dried in oven until constant weights. 

The dried microgels were grounded into fine powders and placed in our FO system 

for the 2nd cycle measurement, where the conductivity readings of sodium chloride 

solution against time were recorded to calculate water flux. Similar approach was 

repeated for the 3rd cycle measurement. 
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3.4 Results and Discussion 

3.4.1 Synthesis and characterization of the microgels 

Semi-solid forward osmosis draw agent like stimuli-responsive hydrogels requires 

fast water absorption and releasing capability in order to produce high water flux and 

water recovery rate. Unfortunately, hydrogels synthesized by bulk polymerization 

approach has slower water absorption and releasing rate compared to small hydrogels 

(microgels) synthesized using emulsion polymerization approach. This is due to the 

formation of dense skin layer in bulk hydrogels which retards water diffusion in and 

out of hydrogels (Hoare, 2012). For this reason, emulsion polymerization is chosen 

to overcome this problem to produce faster water absorption and releasing rate. 

The conventional approach to synthesize microgels is emulsion polymerization 

where surfactants, such as sodium dodecyl sulphate (SDS), are added to the mixture 

of monomers, cross linker and initiator to stabilize the formed microgels. The 

obtained microgels can be purified by dialysis against deionized water to remove 

surfactants and unreacted monomers. However, complete removal of all surfactant 

might be difficult. These unremoved surfactants could affect physico-chemical 

characteristics and performance of the microgels, depending upon their final 

applications (Pelton and Hoare, 2011). For example, the water absorption capability 

of the microgels could be reduced in the presence of charged surfactants. For this 

reason, surfactant-free emulsion polymerization (SFEP) synthesis route was chosen 

in this study. Different from traditional emulsion polymerization, SFEP always 

produces monodisperse microgels. In addition, the synthesis was conducted in a 

semi-batch mode rather than a batch mode to produce high solids content of microgel 

suspension which is an effective technique for mass production of microgels to meet 
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the industrial scale quantity of draw agent for microgels-based FO desalination. The 

yields of the microgels vary in a range of 70-90%, indicating most of feed monomers 

have been polymerized. 

The amount of AA incorporated into the microgels can be calculated from pH and 

conductivity titration curves as shown in Figure 3.9 (Supporting Information). The 

calculated amount of AA incorporated into the microgels is above 75% of the feed 

for all microgels, indicating high conversions of AA during copolymerization. The 

high incorporation of AA is crucial when doing copolymerization as some co-

monomers are not readily incorporated due to their different reactivity ratios with 

other monomers (Sheikholeslami et al., 2012). Furthermore, dynamic light scattering 

was performed at different temperatures to determine the volume phase transition 

temperature (VPTT) of the microgels. This characterization method serves two main 

purposes, determination of individual microgel particle size and VPTT. Size larger 

than FO membrane pore size is needed to prevent leakage of microgels to the feed 

solution and hence minimizing draw agent replenishment. The VPTTs of microgels 

can be useful preliminary information on energy requirement of dewatering process 

of microgels. Microgels with higher VPTTs require more energy in the form of heat 

to raise their temperature and to recover the absorbed water. Dynamic light scattering 

was performed at different temperatures to determine the VPTT of the microgels. 

The profiles of hydrodynamic diameter vs. temperature are shown in Figure 3.2a. 

Table 3.1 shows that the hydrodynamic particle sizes of the microgels at 25 oC vary 

in a range of 200-300 nm. Below the transition temperatures, the microgels show a 

swelled state where polymers are fully hydrated. As temperature increases to phase 

transition temperatures, the microgels shrink significantly due to the dehydration of 
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PNIPAM segments (Shen et al., 2014). As a result, the microgels can release up to 

70% of water absorbed into bulk solution. Shen et al. (2012) observed that the 

VPTTs of these microgels did not change significantly as the AA mass varied 

between 0 wt% and 50 wt%. This result agrees well with the obtained VPTTs from 

our P(NIPAM-AA) microgels with AA varied from 0 to 70 wt% (Table 3.1). 

 

 

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. 

 

While the AA content in this study does not affect the VPTTs of the microgels, 

the swelling ratios do vary with the AA contents in the microgels. The swelling ratios 

of the microgels with different AA contents at 40 oC are shown in Figure 3.2b. As 

the AA content increases in a range of 0 – 70%, the swelling ratio decreases from 

15.9 to 2.3. The microgels with a low AA content (5% or 8%) display higher 

swelling ratio than those with a high content of AA (50% or 70%). That is due to the 

fact that PNIPAM moieties dominate the hydrophobic interaction in NIPAM-rich 

microgels. The high AA content microgels shrink slightly due to the strong 
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electrostatic repulsion among these deprotonated carboxylic groups, preventing 

polymer network to collapse. 
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Table 3.1 Synthesis and characterization of P(NIPAM-AA) microgels 

Nomenclature 

Monomer Content in 

Feed (g) MBA 

(g) APS (g) 

AA content (mmol g-1 polymer) 
Yield 

(%) 

dh
* 

(nm) 

VPTT** 

(oC) NIPAM AA Observed Theoretical 

MCG-NP100-AA0 4.00 - 0.04 0.04 0 0 88 306 34 

MCG-NP95-AA5 3.80 0.20 0.04 0.04 0.56 0.74 72 211 33 

MCG-NP92-AA8 3.68 0.32 0.04 0.04 0.82 1.10 97 306 34 

MCG-NP50-AA50 2.00 2.00 0.04 0.04 5.71 6.79 84 200 32 

MCG-NP30-AA70 1.20 2.80 0.04 0.04 9.23 9.71 69 255 32 

* Hydrodynamic diameters of microgels measured at 25 oC in water 

**Determined from the tangent line of the inflexion point of hydrodynamic diameter vs. temperature curves 
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3.4.2 New method for water flux evaluation via conductivity measurement 

The commonly used technique to quantify water flux is to measure the mass increase 

of hydrogels through gravimetric method, where the mass of swelled hydrogels is 

weighed at certain time intervals (Li et al., 2011; Razmjou et al., 2013a; Cai et al., 

2013; Razmjou et al., 2013b; Razmjou et al., 2013c). However, this approach could 

lead to large systematic errors when the powder quantity is small. We found that the 

water flux data fluctuate during the measurement period, as presented in Figure 3.10 

(Supporting Information). In this study, we developed a new approach to analyze 

water flux for batch microgel-based FO process. Due to the difference in the osmotic 

pressures of feed solution and microgels at both sides of FO membrane, water is 

transferred to microgels, resulting in changing the feed concentration with time 

(Wang et al., 2014). These concentration changes can be monitored using a 

conductivity meter. Our data revealed that conductivity measurement provides much 

more accurate results of water flux for laboratory based evaluation than the 

commonly used gravimetric method. Importantly, the conductivity analysis can 

provide efficient on-line measurements to determine desalination performance of FO 

process. The conductivity calibration curve in Figure 3.3 shows a linear relationship 

between sodium chloride concentration and solution conductivities, which was 

established using statistic regression method. Based on the calibration curve, the 

concentration of sodium chloride can be calculated from conductivity measurement 

based on Eq. 3.2. The variation in NaCl concentration can be further used to 

calculate the amount of water drawn by microgels using Eq. 3.3. Then, the water flux 

can be estimated from Eq. 3.4 by dividing the water absorption rate with effective 

membrane area. 
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Figure 3.3 Relationship profile between conductivity (k = 1.0) and concentration of sodium 

chloride. 

 

Before each conductivity measurement, the FO membrane was allowed to soak 

in 2000 ppm NaCl solution overnight to reach an equilibrium condition (Li et al., 

2011). The equilibrium condition is needed to saturate the FO membrane with 

sodium chloride and to minimize the diffusion of sodium chloride through the 

membrane. Furthermore, the transport of water molecules is faster than the transfer 

of sodium chloride through cellulose acetate membrane (Lonsdale et al., 1965). 

Hence, the assumption of no sodium chloride leakage during the water flux 

evaluation is valid. In addition, the conductivity probe was conditioned for 30 

minutes in 2000 ppm NaCl solution prior to conductivity measurement to ensure that 

the conductivity changes are not affected due to external factors, such as 

temperature, possible NaCl adsorption on the membrane and equilibrium readings in 

conductivity meter. In order to validate the reproducibility of our new method of 
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using conductivity measurement to calculate water flux, all experiments were 

conducted three times for each microgel. Figure 3.4 presents these calculated water 

flux results, indicating that a good repeatability of conductivity method for all 

microgels. Water flux for each sample follows a similar profile where high fluxes are 

observed during the first 5 to 10 minutes, resulting in a rapid change in conductivity. 

After 60 minutes, water flux declines rapidly and reaches equilibrium. In contrast, 

high water fluxes for bulk P(NIPAM) and bulk co-polymer of NIPAM and sodium 

acrylate hydrogels, P(NIPAM-SA), were observed during the first two hours and 

reached equilibrium after 7 hours (Li et al., 2011). The flux for P(NIPAM) hydrogels 

after 60 minutes was 0.30 LMH, while a water flux of 0.55 LMH was given by 

P(NIPAM-SA) hydrogels with 50 wt% of SA. Another study conducted by the same 

group, using the P(NIPAM-SA) hydrogel with 50 wt% of SA as a model draw agent, 

showed that the dimensions of the hydrogel affect water flux magnitudes. They 

reported that small hydrogel had a higher water flux than the large one due to greater 

membrane contact area. The water fluxes for the hydrogels with sizes of 2-25 µm 

and 500-1000 µm were approximately 1.3 LMH and 0.8 LMH, respectively, in the 

first hour (Razmjou et al., 2013b). On the other hand, the water flux of our 

P(NIPAM) and P(NIPAM-AA) microgels with the same monomers were 

approximately 2 LMH and 4 LMH, respectively. The higher fluxes observed from 

our study can be the result of the large surface area of the microgels produced from 

surfactant-free emulsion polymerization. The large surface area of the microgels is 

beneficial for enhancing interfacial contact between microgels and FO membrane, 

and therefore results in a shorter time needed to reach the equilibrium condition 
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compared to bulk hydrogels reported by Li et al. (2011). Table 3.2 summarizes key 

results from this and previous studies on hydrogel-based FO process. 
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Table 3.2 Summary of the water flux and swelling equilibrium time of bulk hydrogels and microgels 

Draw agents 

Composition (wt%) 

Synthesis 

Method 

Particle 

size (m) 

Initial 

Water 

Flux 

(LMH) 

Water 

Recovery 

(%) 

Equilibrium 

Swelling 

Time 

(minutes) 

References 
NIPAM SA AA 

Homo polymer 

Hydrogels 
100 - - 

Bulk 

Polymerization 
50-150 

0.30 75 

420 (Li et al., 2011) 

Co-polymer 

Hydrogels 50 50 - 0.55 
17 

Co-polymer 

Hydrogels 
50 50 - 

Bulk 

Polymerization 

500-1000 0.8 

- 600 
(Razmjou et al., 

2013b) 
2-25 1.3 

Microgels 

100 - - Surfactant-free 

Emulsion 

Polymerization 

0.306 2 72 

60 This study 

50 - 50 0.200 4 
- 
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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. 

 

3.4.3 Effect of acrylic acid on water flux 

In practice, thermoresponsive microgels are rarely polymerized from a single 

monomer. Co-monomers are usually employed to synthesize microgels with 

objectives to provide certain functionalities, such as dual-response microgels 
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(temperature and pH), growing inorganic nanoparticles inside the microgels (Zhang 

et al., 2004), and enhanced swelling-deswelling ratios. Our results show that the AA 

contents in P(NIPAM-AA) can significantly influence the hydrophilic and 

hydrophobic properties of the microgels. Below the pKa of AA (~ 4.75), the AA 

moieties are hydrophobic after their protonation. As the pH is above the pKa of AA, 

the carboxylic groups become deprotonated and thus make the microgels be 

hydrophilic. The hydrophilic characteristic of the microgels at moderate pH will 

facilitate water absorption. 

Figure 3.4f shows that the P(NIPAM-AA) microgels perform an improved water 

flux compared to the P(NIPAM) microgels. For example, the addition of 5% acrylic 

acid resulted in a significantly higher water flux of 21 LMH than the initial water 

flux of 8.9 LMH for the microgels without AA incorporation. The flux increases 

slightly to 23.8 LMH when microgels are synthesized with 8% AA. It is interesting 

to note the addition of excess AA from 50% to 70% appears to have limited impact 

on the water flux of the co-polymer microgels measured after five hours. The water 

flux after five hours absorption period for P(NIPAM) microgels is 1.01 LMH, while 

P(NIPAM-AA) microgels with 5% and 8% AA show a flux of 1.31 LMH and 1.62 

LMH, respectively. A further increase in AA moieties to 50% and 70% results in 

slight improvement of water flux from 1.49 LMH to 2.05 LMH, respectively. In 

summary, AA does not have important effect on the water flux when its content is 

beyond 8% in the microgels. 

The water fluxes of our microgels are higher than the hydrogels reported in 

previous study (Li et al., 2011). The major reason might come from the structure-

property relationship of materials synthesized. In this work, we used emulsion 
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polymerization method to synthesize submicron-size gels as the building block for 

temperature responsive hydrogels compared to those prepared by bulk 

polymerization in previous studies. This approach allows us to produce submicron-

size gels which have large surface area and fast response. As a result, the water 

fluxes are improved significantly for microgels. 

3.4.4 Effect of acrylic acid on dewatering performance of the microgels 

As the temperature is above the VPTT, the PNIPAM moieties become hydrophobic, 

resulting in shrinking the microgels, and consequently releasing the absorbed water. 

However, AA moieties do not change their chemical properties since the carboxylic 

groups only response to pH variation. When the swelled microgels are heated to 40 

oC, the co-polymer microgels with up to 8% AA undergo a phase separation while 

the microgels incorporated with 50% or more AA do not show obvious phase 

separation. As the AA content increases, the hydrophilicity of the microgels 

increases because of the increment of carboxylic groups in microgels. This means 

that microgels with a higher AA content can keep more water than the PNIPAM 

homopolymer microgels. As a result, an increase in AA has adverse effect on the 

recovery of absorbed water as increasing temperature over their VPTTs. 
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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). 

 

Figure 3.5 shows that the dewatering ability of the microgels decreases as AA 

contents increase. Homopolymer PNIPAM microgels demonstrate the highest water 

recovery (72%), while the co-polymer P(NIPAM-AA) microgels with 5% and 8% 

AA have 55% and 52% water recovery. It is interesting to note that when the AA 

content in the microgels is high, such as 50% and 70%, almost no water can be 

recovered from the microgels at the temperature beyond the VPTT. However, when 

trace amount of hydrochloric acid is added to adjust the pH to about 5, a temperature 

of 40 oC can lead to a phase separation of the microgels with 50%wt of AA. The pH 

change using hydrochloric acid facilitates the protonation of carboxylate and relevant 

dewatering performance of microgels. The amount of water recovered from our 

microgel-based FO process is over 50% for PNIPAM-AA microgels which is higher 

than the water recovery from previous studies where only over 17% of absorbed 

water recovered (Li et al., 2011). 
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Increasing AA moieties has an opposite effect on water flux and water recovery 

in our microgel-based FO system. A high AA content of the microgels leads to an 

enhanced water flux, while reducing the water recovery. To determine the best 

microgels which show a balanced performance in water flux and water recovery, the 

water flux and water recovery are multiplied to give the overall water production rate 

from microgel-based FO process. Figure 3.6 presents the overall water production 

rates of FO process using the co-polymer P(NIPAM-AA) microgels. We note that 

overall FO performance is the function of the AA contents in microgels, and the 

microgel with 8% AA gives the best overall water production rate. 

 

 

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 (%)) 
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3.4.5 Recyclability of thermoresponsive microgels in forward osmosis  

FO process relies on the reversible abilities of water absorption and releasing of the 

draw agent. In order to examine the recycling ability of our thermoresponsive 

microgels for the reuse in the FO desalination, recycling experiments were carried 

out three times to assess the performance of water flux and water recovery. 

Homopolymer and co-polymer microgels with 8% AA are compared in this study in 

terms of their recovery recyclability. Figure 3.7 shows that both thermoresponsive 

homopolymer and co-polymer microgels demonstrate promising water flux and 

water recovery performance in the three recycling FO processes. Generally, the 

initial water flux remains constant throughout the subsequent cycles and the 

equilibrium swelling time remains the same as the first cycle except for the 

copolymer microgels with 8% AA where a slight decrease of water flux from 23.8 

LMH to 20.6 LMH. 
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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. 

 

3.5 Conclusion 

A series of co-polymer P(NIPAM-AA) microgels was prepared by surfactant-free 

emulsion polymerization. Their desalination performance in terms of water flux and 

dewatering ability were evaluated in a laboratory FO system. We for the first time 

developed an on-line conductivity method to evaluate water flux of microgel-based 

FO process. This method was confirmed as an accurate and efficient approach to 
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assess the FO performance. The systematic results showed that the application of 

microgels can lead to a cost-effective FO desalination process. Co-polymer 

P(NIPAM-AA) microgels show comparably higher water flux and water recovery 

ability than those prepared by bulk polymerization, while a shorter equilibrium time 

for water absorption is required. Thermoresponsive microgels also show promising 

recyclability of water absorption and water recovery. 
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3.7 Supporting Information 

3.7.1 Homemade FO setup for microgel-driven FO desalination 

 

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

based FO Water Flux Analysis. 
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3.7.2 pH and conductivity titration curves for various N-isopropylacrylamide-

co-acrylic acid microgels 

 

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

incorporated AA in these microgels. 
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Figure 3.10 Water flux profile for MCG-NP92-AA8 over a two-hour test period as 

measured by gravimetric approach. 
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5.1 Abstract 

Thermoresponsive cationic copolymer microgels with aliphatic and aromatic cationic 

comonomers were synthesized and applied as forward osmosis (FO) draw agents for 

the first time. The results show that the FO desalination performance depends on the 

chemical structures and the dissociation constants (pKa) of the cationic comonomers. 

Cationic copolymer microgel with 2-(diethylamino) ethyl methacrylate as a 

comonomer has the best FO overall performance with the initial water flux of 45.6 

LMH and water recovery of 44.8%. Furthermore, this microgel has the shortest 

equilibrium swelling time which in turn shows a significant improvement in apparent 

flux of 5.5 LMH compared to other cationic copolymer microgels. Furthermore, 

Hansen solubility parameters are used to correlate the solvation behavior of these 

cationic microgels and their performance in forward osmosis desalination for the first 

time. Our results show that Hansen solubility parameters and the dissociation 

constants of cationic comonomers play critical roles in determining the performance 

of cationic copolymer microgels in FO desalination. 

 

Keywords: N-Isopropylacrylamide; cationic; microgels; forward osmosis; Hansen 

solubility parameters; desalination.  
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5.2 Introduction 

Forward osmosis (FO) is an emerging membrane-based separation process that has a 

potential to lower the energy consumption in desalination process compared to 

reverse osmosis (RO) process due to the absence of high applied hydraulic pressure 

1. However, current FO desalination technology still consumes more energy than RO 

desalination process due to the thermodynamic constrain in water recovery process 2. 

In order to solve this issue, thermolytic solutes were proposed as FO draw agents 3, 4 

due to their phase separation ability at mild temperature where low grade heat can be 

used to reduce the energy cost of water recovery. Although this strategy can reduce 

the energy cost of FO desalination, several drawbacks such as membrane stability 5, 

membrane scaling 6 , final water quality 7 and reverse solute flux 8 still exist which 

hinder the practical application of these materials. 

In order to overcome the drawbacks of thermolytic solutes, various class of 

materials such as linear polymers 9-11, magnetic nanoparticles 12-14, synthetic organic 

solutes 5, 15, 16, ionic liquids 17, 18 and switchable polarity solvents 19 were proposed as 

FO draw agents. Although reduced reverse solute flux can be achieved due to the 

large molecular size of these materials, these large molecules led to severe 

concentration polarization which decreases the performance of these materials in 

water-drawing process. Furthermore, pressure-driven membrane processes such as 

ultrafiltration, nanofiltration and reverse osmosis are still used as water recovery 

process which might increase the total energy cost of this process 2. 

Thermoresponsive polymer hydrogels which are able to reversibly swell and 

deswell in respond to temperature change were recently proposed as FO draw agents 

20-22. The absence of reverse solute flux is one of the advantages of using hydrogels 



Chapter 5 

128 

as FO draw agents 23. However, the water flux generated from these hydrogels is 

much lower than other materials mentioned previously which could be caused by the 

poor contact between the hydrogel particles and the membrane surface 24. 

Furthermore, poor liquid water recovery is also another problem using hydrogels as 

FO draw agents due to the formation of dense skin when the hydrogels deswelled 

above their phase transition temperature 25. Although some strategies have been done 

to improve the performance of these hydrogels in absorbing water such as composite 

hydrogels 26-28, semi-interpenetrating network 21 and bifunctional layers formation 29, 

the water flux generated is still low compared to small molecules as draw materials. 

Thermoresponsive copolymer microgels of N-isopropylacrylamide and acrylic 

acid were then proposed as FO draw agents to overcome the problems in 

thermoresponsive bulk hydrogels 30. Due to their large surface areas, these microgels 

promote better contact on the membrane surface which results in significant 

improvement in water flux performance. Furthermore, the amount of acrylic acid 

also plays an important role on water flux and water recovery performance. 

Subsequent study investigated the effect of different acidic comonomers on the 

performance of microgel-driven FO desalination. The study shows that acidic 

copolymer microgels with dicarboxylic acid comonomers were able to generate high 

water flux while maintaining moderate water recovery. Apparent water flux was also 

used in the study to assess the overall performance of these acidic copolymer 

microgels. Although there was an improvement in water flux performance, the 

apparent water flux was still low due to long equilibrium swelling times of these 

acidic copolymer microgels. Therefore, improving the swelling kinetics of microgels 

is needed to achieve high apparent water flux. 
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Previously, a study investigating the FO performance of cationic 

polyelectrolytes of poly 2-(dimethylamino) ethyl methacrylate demonstrated that 

these polyelectrolytes were able to generate very high osmolality in their protonated 

state 31 compared to weak acidic polyelectrolytes such as polyacrylic acid 9. In this 

paper, we prepared different thermoresponsive cationic copolymer microgels and 

applied them as FO draw agents for the first time. Our results show the FO 

performance of these cationic microgels depends on the chemical structures of 

cationic comonomers and their dissociation constants (pKa). Microgels with aliphatic 

cationic comonomers show higher water flux than those with aromatic cationic 

comonomers and the opposite behavior is observed in water recovery. Copolymer 

microgel with 2-(diethylamino) ethyl methacrylate as a cationic comonomer shows 

the highest water flux and the shortest equilibrium swelling time among other 

cationic copolymer microgels. This results in the highest apparent water flux 

observed in this cationic microgel. 

5.3 Materials and Methods 

5.3.1 Materials 

N-Isopropylacrylamide (NP, > 98%), purchased from Tokyo Chemical Industry, was 

purified by recrystallization from n-hexane and dried overnight. N-N’-

methylenebisacrylamide (BIS, >98%), 2-(dimethylamino) ethyl methacrylate 

(DMAEMA, 98%), 2-(diethylamino) ethyl methacrylate (DEAEMA, 99%) and 4-

vinylpyridine (VP, 95%) were purchased from Sigma-Aldrich. 1-vinylimidazole (VI, 

99%) was purchased from VWR International. 2,2’-Azobis(2-methylpropionamidine 

dihydrochloride (V-50) was purchased from Novachem. Sodium chloride was 
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purchased from VWR. Cellulose triacetate forward osmosis (CTA-FO) membranes 

were purchased from Hydration Technologies Inc. (HTI, USA). 

5.3.2 Synthesis of cationic thermoresponsive copolymer microgels 

Different thermoresponsive cationic copolymer microgels were synthesized using 

surfactant-free semi-batch emulsion polymerization. In a typical experiment, 0.735 g 

of NP, 0.015 g of cationic comonomer, 0.0075 g of BIS and 75 mL of DI water were 

mixed in a 250 mL three-necked flask fitted with a condenser, a mechanical stirrer 

and gas inlet and outlet. The semi-batch feeding solution was prepared by dissolving 

2.205 g of NP, 0.045 g of cationic comonomer and 0.0225 g of BIS in 45 mL of DI 

water. After degassing the solution for 45 minutes with nitrogen, the three-necked 

flask was immersed into a preheated oil bath at 70 °C under nitrogen protection. A 3 

mL of V-50 aqueous solution (0.03 g) was then injected to the flask to start the 

polymerization. The feeding solution was injected at a rate of 3 mL/h using a syringe 

pump one hour after the batch solution turned cloudy. The polymerization was 

carried out overnight under continuous stirring and nitrogen protection. After 

cooling, the microgels were purified using membrane dialysis (MWCO 12–14 kDa) 

against DI water for several days to remove any unreacted compounds. Finally, the 

purified microgels were dried at 65 oC and grounded into fine powders. 

5.3.3 Characterization of cationic thermoresponsive microgels 

5.3.3.1 Dynamic light scattering and zeta potential measurements 

The hydrodynamic diameters (dh) of the cationic microgels at different temperatures 

(20 oC – 50 oC) and their zeta potentials at pH ~6.8 and 20 oC were measured using a 

Zetasizer (Malvern, Nano-ZS). The swelling ratios (SR) of cationic copolymer 

microgels are calculated using the following equation: 
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𝑆𝑅 =  (
𝑑ℎ,𝑇𝑜

𝑑ℎ,𝑇𝑖
)

3

 Eq. 5.1 

where SR is the swelling ratio of the microgel, dh,To (nm) is the hydrodynamic 

diameter of the microgel at To oC (20 oC) and dh,Ti (nm) is the hydrodynamic 

diameter of the microgels at Ti oC. 

5.3.3.2 Conductometric and potentiometric titration 

The amounts of incorporated cationic comonomers in the microgels were determined 

using conductometric and potentiometric titrations. Typically, the pH of a 100 mL 

MCG-NP-DMAEMA microgel dispersion (~ 1 mg/mL) was adjusted to 3 using 

concentrated hydrochloric acid. The solution was then titrated using a 0.1 M NaOH 

solution. After each addition of NaOH, the conductivity and pH of the solution were 

measured using a pre-calibrated Aqua-CP/A pH and conductivity meter. 

5.3.4 Forward Osmosis Desalination Evaluation 

5.3.4.1 Water flux evaluation 

A 100 mg of dried microgel was loaded in our homemade FO membrane setup 

equipped with an on-line conductivity monitoring system 30. The membrane 

configuration adopted in this experiment was the active layer facing draw solute 

(AL-DS). A conductivity probe (probe cell constant, k = 1.0) was immersed in the 

feed solution of 2000 ppm NaCl to continuously monitor the change in conductivity 

of the feed solution against time for two hours. The system was conditioned by 

immersing the membrane in the feed solution for 30 minutes before loading the 

microgels on the membrane. The conductivity data was converted into the 

concentration of sodium chloride in the feed solution through a calibration curve. 
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The water flux is calculated using the conductivity data using the following 

equations: 

𝑉𝑡 =
𝐶𝑖𝑉𝑖

𝐶𝑡
 Eq. 5.2 

𝐽𝑤 =
𝑉𝑖 − 𝑉𝑡

𝐴 𝑡
 Eq. 5.3 

where Vt (mL) is the volume of feed at time t, Vi (mL) is the initial volume of feed, 

Ci (ppm) is the initial feed concentration, Ct (ppm) is the feed concentration at time t, 

Jw (LMH) is the water flux, A (m2) is the effective membrane surface area and t (h) is 

the time where the conductivity of the feed solution changes. 

5.3.4.2 Water recovery 

The water-saturated microgels were transferred to centrifuge tubes and weighed after 

two-hour water absorption period. The microgels were then centrifuged at 40 oC and 

10,000 rpm for 10 minutes to separate absorbed water from the microgels. The 

recovered water was measured using gravimetric method. The water recovered from 

the deswelled microgels was calculated using the following equations: 

𝐶𝑝 =
𝑊𝑑

𝑊𝑑 + 𝑊𝑤
 Eq. 5.4 

𝑊𝑔 = 𝑊𝑚(1 − 𝐶𝑝) Eq. 5.5 

𝑅 =
𝑊𝑅

𝑊𝑔
 𝑥 100% Eq. 5.6 

where Cp (g microgels/g water) is the concentration of microgels in the centrifuge 

tube, Wp (g) is the weight of dry microgel, Ww (g) is the weight of water absorbed by 

the microgels calculated from water flux data, Wg (g) is the weight of water in the 

microgels, Wm (g) is the weight of microgels in the centrifuge tube, WR (g) is the 
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weight of absorbed water recovered from the tube and R (%) is the percentage of 

water recovered from the microgels. 

5.3.4.3 Apparent water flux 

Apparent water flux is defined as the amount of water that can be released from the 

microgels per unit area per unit cycling time and written as follows 23:  

Japp =  
𝑚𝑊

(𝑇𝑒𝑞 + 𝑇𝑅)𝐴
 Eq. 5.7 

where Japp (LMH) is the apparent water flux, mW (L) is the volume of water that can 

be released during dewatering process, Teq (h) is the time needed to reach 

equilibrium condition, TR (h) is the time needed to dewater the microgels and A (m2) 

is the effective membrane area. 

5.3.4.4 Microgel recycling evaluation 

The microgels were removed from the membrane setup and dried in oven until 

constant weight after the first evaluation. The dried microgels were grounded into 

fine powders and placed again on the membrane for the second cycle measurement, 

where the conductivities of feed solution against time were recorded to calculate 

water flux. The same approach was repeated for the subsequent cycles. The water 

recovery cycle measurement was conducted using similar fashion using gravimetric 

method. 

5.3.5 Hansen solubility parameter (HSP) analysis 

The solubility parameter components predicted using group contributions can be 

calculated using the following equations: 
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𝛿𝑑 =  
∑ 𝐹𝑑𝑖

𝑉
 Eq. 5.8 

𝛿𝑝 =  
√∑ 𝐹𝑝𝑖

2

𝑉
 

Eq. 5.9 

𝛿ℎ =  √
∑ 𝐸ℎ𝑖

𝑉
 Eq. 5.10 

𝛿𝑡𝑜𝑡𝑎𝑙 = √𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2 

 

Eq. 5.11 

Where δd (MPa1/2) is the dispersion interaction parameter, Fdi ([MJ/m3]1/2.mol-1) is 

molar attraction constant for the dispersion component, δp (MPa1/2) is the polar 

interaction parameter, Fpi ([MJ/m3]1/2.mol-1) is the group contribution constant for the 

polar component, δh (MPa1/2) is the hydrogen bonding interaction parameter, Ehi 

(J.mol-1) is the hydrogen bonding energy, V (cm3/mol) is the molar volume and δtotal 

(MPa1/2) is the overall solubility parameter. 

The distance of solubility parameter, relative energy difference (RED) and ratio 

of cohesion energy densities (H), can be calculated using the following equations 32: 

(𝑅𝑎)2 = 4(𝛿𝑑2 − 𝛿𝑑1)2 + (𝛿𝑝2 − 𝛿𝑝1)
2

+ (𝛿ℎ2 − 𝛿ℎ1)2 Eq. 5.12 

𝑅𝐸𝐷 =  
𝑅𝑎

𝑅𝑜
 Eq. 5.13 

𝑅𝐴 =  
𝑅𝑎

2
; 𝑅𝑀 =

𝑅𝑜

2
 Eq. 5.14 

𝐻 = (
𝑅𝐴

𝑅𝑀
)

2

 Eq. 5.15 

where Ra (MPa1/2) is a modified difference between HSP for water (1) and monomer 

(2). Ro (MPa1/2) is the radius of interaction of an HSP solubility sphere. 
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5.4 Results and Discussions 

5.4.1 Synthesis and characterization of thermoresponsive cationic copolymer 

microgels 

Thermoresponsive cationic copolymer microgels were prepared via semi-batch 

surfactant-free emulsion polymerization to eliminate the influence of surfactant on 

final physicochemical properties of these microgels. The comonomer feed ratio used 

in this study was 2 wt% because the large amount of ionic comonomer will eliminate 

the thermoresponsive properties of the microgels 30. The initial pH of the reaction 

mixture was adjusted to ~ 4 to protonate the cationic comonomer, which assists 

particle stabilization 33. After the synthesis, the microgels were transferred to dialysis 

bags for purification before characterization and evaluation studies. The purification 

was confirmed by comparing the conductivity of dialysis water and the conductivity 

of DI water. We choose two different groups of cationic comonomers shown in 

Figure 5.1, aliphatic and aromatic comonomers, in this study to examine the effect of 

different chemical structures of cationic comonomers on the FO performance. 

 

 

Figure 5.1 Chemical structures of different cationic comonomers used in synthesized 

cationic copolymer microgels. 
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Dynamic light scattering measurements were performed to determine the 

apparent diameters of the microgels at different temperatures and their volume phase 

transition temperatures (VPTTs). Cationic N-isopropylacrylamide microgel was 

synthesized as a control to compare its swelling/deswelling behavior with other 

cationic copolymer microgels. Figure 5.2a shows the hydrodynamic diameters of 

cationic copolymer microgels as a function of temperature. The incorporation of 

different cationic comonomers shifts the VPTTs of resulting cationic microgels due 

to the different degrees of ionization of cationic comonomers indicated by their 

different pKa values 34. Copolymerization with aliphatic comonomers leads to the 

less shift of VPTTs to lower temperature than those with aromatic comonomers due 

to the stronger solvation behavior of these aliphatic comonomers 35 than their 

aromatic counterparts 36, 37. The pKa of different cationic comonomers used in this 

study is shown in Table 5.1. 

 

Table 5.1 Dissociation constants (pKa) of different cationic comonomers 

Cationic Comonomers pKa Ref. 

DMAEMA 8.40 38 

DEAEMA 9.50 39 

VP 5.39 36 

VI 6.95 40 

 

Swelling ratios of the cationic microgels at specific temperatures near their 

VPTTs are shown in Figure 5.2b. MCG-NP-DMAEMA has the lowest swelling ratio 

among other cationic microgels at 30 oC. However, the swelling ratio of this 
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microgel is slightly higher than the swelling ratio of MCG-NP at 35 oC and 40 oC. 

Furthermore, the swelling ratio of MCG-NP-DEAEMA is higher at all temperature 

than MCG-NP and MCG-NP-DMAEMA due to hydrophobic characteristic of this 

comonomer 39. On the other hand, the cationic copolymer microgels with aromatic 

comonomers show higher swelling ratios than cationic microgels with aliphatic 

comonomers at all temperatures due to the presence of hydrophobic aromatic ring. 

MCG-NP-VP shows remarkable swelling ratio at 40 oC due to hydrophobic 

characteristic of this comonomer at its deprotonated state 41 while MCG-NP-VI 

microgels have slightly lower swelling ratio than MCG-NP-VP at 40 oC due to slight 

protonation of the tertiary amines in this comonomer. 

 

 

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. 

 

The incorporation of cationic comonomers into copolymer microgels can be 

characterized qualitatively and quantitatively using pH and conductivity titration 

curves. The highlighted areas in Figure 5.9 showing the presence of tertiary amines 

(a) (b)
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confirm the successful incorporation of cationic comonomers in the microgels. The 

calculated amounts of tertiary amines in the microgels determined from pH and 

conductivity titration curves shown in Table 5.5 are close to the feeding amounts 

indicating high conversion of these comonomers (80 – 90%). In addition, zeta 

potential measurements at 20 oC and pH ~6.8 were carried out to elucidate the 

surface charge of cationic microgels and to further confirm the presence of cationic 

comonomers in the microgels. The values of zeta potential measurements for each 

cationic microgel in Figure 5.10 show all cationic copolymer microgels have higher 

zeta potential than cationic N-isopropylacrylamide microgel except for MCG-NP-VP 

due to the deprotonated state of tertiary amines in this microgel at pH ~6.8. 

5.4.2 Water flux and water content profiles for thermoresponsive cationic 

copolymer microgels 

Water flux and water content profiles for each thermoresponsive cationic microgel 

are shown in Figure 5.3. Incorporation of different cationic comonomers leads to 

varied water absorption rates, water contents and equilibrium swelling time. MCG-

NP-DMAEMA shows faster equilibrium swelling time and higher water flux than 

MCG-NP due to improved solvation behavior of this microgel caused by the 

protonated tertiary amines. The equilibrium swelling times for MCG-NP-DMAEMA 

and MCG-NP are 40 min and 100 min, respectively. Furthermore, the shortest 

equilibrium swelling time (30 min) and highest water flux are observed in MCG-NP-

DEAEMA due to high protonation of DEAEMA indicated by its highest pKa in 

Table 5.1 which results in strong solvation behavior of this copolymer microgel. 

On the other hand, cationic microgels with aromatic comonomers have lower 

water flux than those with aliphatic comonomers due to the presence of hydrophobic 
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aromatic ring which contributes to the solvation interaction of the microgels 42. In 

addition, the hydrophobicity also results in longer equilibrium swelling time in these 

microgels than the microgels with aliphatic comonomers. The equilibrium swelling 

time for MCG-NP-VP (80 min) is longer than MCG-NP-VI (70 min) due to 

hydrophobic characteristic of 4-vinylpyridine in its deprotonated state 43. The shorter 

equilibrium swelling time in MCG-NP-VI is caused by the stronger solvation of this 

microgel than MCG-NP-VP as indicated by its higher pKa value in Table 5.1. 

The final water content of MCG-NP-DEAEMA is higher than the final water 

contents of MCG-NP-DEAEMA and MCG-NP. Similar result is also observed in 

microgels with aromatic comonomers where MCG-NP-VP had slightly higher final 

water content than MCG-NP-VI despite the hydrophobic characteristic of VP in its 

deprotonated state. This phenomenon can be explained by the micro phase separation 

during the polymerization when slightly hydrophobic comonomers such as 

DEAEMA and VP are introduced during polymerization process. This results in 

MCG-NP-DEAEMA and MCG-NP-VP have more porous structures which cause 

these copolymer microgels could retain more water than MCG-NP-DMAEMA and 

MCG-NP-VI 44, 45. 
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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. 

 

5.4.3 Initial water flux and water recovery of thermoresponsive cationic 

copolymer microgels 

The initial water flux and water recovery for various cationic thermoresponsive 

microgels are shown in Figure 5.4. MCG-NP has the lowest water flux (8.5 LMH) 

among other cationic copolymer microgels while its water recovery is 40.2%. This 

water recovery is lower than the previously synthesized anionic N-

isopropylacrylamide microgel 30 which can be caused by the strong hydrogen 

bonding between water and the primary and secondary amines from 2,2’-azobis (2-

methylpropioaminidine dihydrochloride) 46. MCG-NP-DMAEMA and MCG-NP-

DEAEMA show higher water fluxes than MCG-NP due to the contribution of 
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protonated tertiary amines from the cationic comonomers. However, the water flux 

for MCG-NP-DEAEMA is higher than MCG-NP-DMAEMA due to the presence of 

more protonated tertiary amines in MCG-NP-DEAEMA than MCG-NP-DMAEMA 

as indicated by their pKa values in Table 5.1 which results in higher osmotic pressure 

in MCG-NP-DEAEMA than MCG-NP-DMAEMA. The water fluxes of MCG-NP-

DMAEMA and MCG-NP-DEAEMA are 33.5 LMH and 45.6 LMH, respectively 

while their water recovery are 34.1% and 44.8%, respectively. The higher water 

recovery in MCG-NP-DEAEMA could be from the hydrophobic character of 

DEAEMA. In addition, high swelling ratio of MCG-NP-DEAEMA above the VPTT 

shown in Figure 5.2 confirms the higher water recovery in MCG-NP-DEAEMA than 

MCG-NP-DMAEMA 39. 

 

 

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. 

Aliphatic

Aromatic
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On the other hand, MCG-NP-VP microgel shows reduced water flux (17.3 

LMH) but improved water recovery due to its deprotonated tertiary amines which 

results in strong hydrophobic properties from the aromatic ring dominates the 

physicochemical properties of the microgel. The water recovery of MCG-NP-VP 

microgels is 51.9%. Interestingly, MCG-NP-VI microgel shows higher water flux 

(28.9 LMH) than MCG-NP-VP despite the presence of aromatic ring structure in this 

comonomer. However, its water flux is less than MCG-NP-DMAEMA and MCG-

NP-DEAEMA due to the lower pKa value of this comonomer which results in low 

amount of protonated tertiary amines in this microgels 40. The water recovery of 

MCG-NP-VI (47.9%) is comparable with that observed in MCG-NP-VP implying 

this microgel has balanced water flux and water recovery performance. 

5.4.4 Apparent water flux of thermoresponsive cationic copolymer microgels 

Apparent water flux shown in Figure 5.5 measures the amount of water per unit time 

that can be recovered from the microgel in one cycle 23. The apparent water flux of 

MCG-NP is 1.5 LMH which is the lowest among other cationic copolymer microgels 

due to its low water absorption, water recovery and slow equilibrium swelling time. 

Incorporating DMAEMA and DEAEMA as comonomers into the microgels 

improves their apparent fluxes due to improved water flux and recovery 

performance. The apparent water flux of MCG-NP-DMAEMA and MCG-NP-

DEAEMA are 1.7 LMH and 5.5 LMH, respectively. The apparent flux of MCG-NP-

DEAEMA is significantly higher than MCG-NP-DMAEMA due to its faster 

equilibrium swelling time and higher water recovery than MCG-NP-DMAEMA. 
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Figure 5.5 Apparent water fluxes of different thermoresponsive cationic copolymer 

microgels. 

 

Although MCG-NP-VP and MCG-NP-VI have higher water recovery than MCG-

NP-DEAEMA, their apparent fluxes are lower than MCG-NP-DEAEMA due to their 

long equilibrium swelling time. The apparent water fluxes of MCG-NP-VP and 

MCG-NP-VI are 2 LMH and 2.4 LMH, respectively. Therefore, MCG-NP-

DEAEMA has the best overall performance among other cationic copolymer 

microgels due to its fast equilibrium swelling times and relatively high water 

recovery. Furthermore, the apparent water flux of this microgel is significantly 

higher than bulk thermoresponsive hydrogels published in the literature 23. Table 5.2 

provides a summary of initial water flux, water recovery and apparent water flux. 
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Table 5.2 Summary of initial water flux, water recovery and apparent water flux for 

different thermoresponsive cationic copolymer microgels 

Microgels 
Initial Water Flux 

(LMH) 

Water Recovery 

(%) 

Apparent Water Flux 

(LMH) 

MCG-NP 8.5 40.2 1.5 

MCG-NP-DMAEMA 33.5 34.1 1.7 

MCG-NP-DEAEMA 45.6 44.8 5.5 

MCG-NP-VP 17.3 51.9 2.0 

MCG-NP-VI 28.9 47.9 2.4 

 

5.4.5 Swelling – deswelling cycles and recyclability of thermoresponsive cationic 

copolymer microgels 

The microgel recycling test was conducted to assess the recyclability performance of 

our thermoresponsive cationic copolymer microgels. We choose to study the 

recyclability of MCG-NP-DEAEMA as this microgel has the best apparent water 

flux. Swelling – deswelling cycles conducted using dynamic light scattering by 

cycling the temperatures of the microgel solution shows that this microgel is fully 

swellable and deswellable as shown in Figure 5.6a. The water flux and water 

recovery evaluation were also carried out to confirm the reusability of this microgel 

following the dynamic light scattering study. The cycles of water flux and water 

recovery shown in Figure 5.6b confirm that this microgel is able to maintain its water 

flux and water recovery performance in five cycles. 
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Figure 5.6 (a) Swelling – deswelling cycles for MCG-NP-DEAEMA and (b) Water flux and 

water recovery cycles for MCG-NP-DEAEMA. 

 

5.4.6 Relationship between the performance of cationic copolymer microgels in 

FO desalination and their Hansen solubility parameters 

To gain insight on microgel – water interaction, we calculated the Hansen solubility 

parameters for the monomer and comonomers used in this study. This will assist in 

designing which monomer/co-monomer pair that will lead to optimized FO 

performance in the future. 

 Hansen solubility parameters consist of three terms, the dispersion, δd, polar, δp, 

and hydrogen bonding, δh, interaction parameters 32. The values of individual 

parameter can be determined directly from experimental data or numerical 

estimation. Estimation using group contribution method such as the Hoftyzer – Van 

Kreleven method has reasonable accuracy for most polymer – solvent systems 47. 

The calculated values of Hansen solubility parameters using the Hoftyzer – Van 

Krevelen method are presented in Table 5.3. 

(a) (b)
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Table 5.3 Hansen solubility parameters of water and various monomer and comonomer used 

in this study predicted using Hoftyzer – Van Krevelen method 

Chemical Species δd (MPa)1/2 δp (MPa)1/2 δh (MPa)1/2 δtotal (MPa)1/2 

Water* 18.1 12.9 15.5 27.1 

NP 16.7 7.8 7.0 19.7 

DMAEMA 14.3 7.0 7.7 18.4 

DEAEMA 14.7 5.9 7.1 17.9 

VP 13.3 7.4 6.8 17.6 

VI 13.0 12.5 10.5 21.7 

*The values were obtained from ref. 32 

 

The simple way to determine whether a molecule can dissolve in a given solvent 

is by looking at the difference between total solubility parameter, δtotal. This 

difference must be small enough for the molecule to dissolve in a given solvent. 

From Table 5.3, the differences between δtotal for water and δtotal for all monomers are 

quite large. For example, the difference between δtotal for water and δtotal for NP is 7.4 

while it is known that water is a good solvent for poly(N-isopropylacrylamide) at the 

temperature below the lower critical solution temperature (LCST) of this 

homopolymer 48. As a result, this approach cannot be used to determine the solubility 

behavior of the monomers in water. 

To determine the monomer – water interaction, plotting the dispersion solubility 

parameter, δd, vs. the sum of polar and hydrogen bonding component, (δp
2
 + δh

2)1/2 

allows us to further examine the water affinity towards the individual monomers 49. 

As can be seen from Figure 5.7, VI has the closest distance to water among other 

comonomers which means that this monomer can be solvated easily while 

DMAEMA has further distance from NP and water. Furthermore, DEAEMA and VP 
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have less interaction with water as evidenced by their further distance from water 

than DMAEMA and VI. 

 

 

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. 

 

The distance in Figure 5.7 can be measured quantitatively using relative energy 

difference (RED) and cohesion energy density (H) parameters calculated using 

Equation 12 – 15. The values of RED and H of N-isopropylacrylamide and various 

cationic comonomers are summarized in Table 5.4. It can be seen that all the values 

of RED and H for the monomers used in this study are less than 1 except for VP 

which implies that all the microgels are water swellable. VP has the largest values of 

RED and H which means that this comonomer is close to the boundary of Hansen 

solubility space and has more hydrophobic character than other monomers. 
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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 

Monomer/Comonomer – Water Ra RED H 

NP – Water 10.3 0.74 0.55 

DMAEMA – Water 12.4 0.89 0.79 

DEAEMA – Water 12.9 0.93 0.87 

VP – Water 14.1 1.01 1.03 

VI – Water 11.3 0.81 0.66 

 

The analysis of Hansen solubility parameter is generally aligned with the 

observed FO performance of thermoresponsive cationic copolymer microgels in this 

work. For example, MCG-NP-VP shows improved water recovery but less water 

flux compared to other cationic copolymer microgels due to the high values of RED 

and H for VP which indicates very weak interaction between water and this 

microgel. Furthermore, the smallest value of hydrogen bonding interaction parameter 

(δh) of VP in Table 5.3 further confirms the weak interaction of this comonomer with 

water. In contrast, VI has smaller values of RED and H than VP which means that 

MCG-NP-VI has better water interaction than MCG-NP-VP. This analysis is in 

agreement with the higher water flux generated by MCG-NP-VI than MCG-NP-VP. 

On the other hand, microgels with aliphatic comonomers, MCG-NP-DEAEMA 

and MCG-NP-DMAEMA, generated higher water flux than MCG-NP despite their 

relatively high RED and H values. This means the protonation of tertiary amines also 

plays a key role in determining water flux performance of cationic microgels as 

discussed in previous section. However, the contribution of RED and H values for 

these microgels is more significant during the deswelling process where the higher 
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amount of water can be recovered in MCG-NP-DEAEMA than MCG-NP-

DMAEMA. This means the interaction of water with DEAEMA is weaker than the 

water interaction with DMAEMA above the VPTTs of these cationic copolymer 

microgels. These results also confirm the swelling ratio of MCG-NP-DEAEMA is 

higher than the swelling ratio of MCG-NP-DMAEMA above the phase transition 

temperature as shown in Figure 5.2. 

5.5 Conclusions 

Thermoresponsive cationic copolymer microgels with different cationic comonomers 

have been synthesized and used as draw agents for forward osmosis desalination. 

The FO performance of these cationic microgels strongly depends on the chemical 

structures of the cationic comonomers and the dissociation constants (pKa). 

Furthermore, short equilibrium time can be achieved by microgel with 2-

(diethylamino) ethyl methacrylate due to its balanced performance in water flux and 

water recovery which makes this microgel has the highest overall performance 

among other cationic copolymer microgels. We also carry out in-depth analysis of 

the relationship between Hansen solubility parameters for each monomer and the FO 

performance of these microgels. Our results show Hansen solubility parameters and 

the dissociation constants (pKa) of cationic comonomers have contribution to the FO 

performance of the cationic copolymer microgels in water flux and water recovery. 

This study might assist in designing optimized microgel materials that will lead to 

optimized microgel-driven FO desalination performance. 
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5.8 Supporting information 

5.8.1 Digital photos of thermoresponsive cationic copolymer microgels before 

and after FO process 

 

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. 
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5.8.2 pH and conductivity titration curves of thermoresponsive cationic 

copolymer microgels 

 

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 solution to ~ 3.5 prior titration. Sodium hydroxide was used 

as a titrant. 

(a) MCG-NP-DMAEMA (b) MCG-NP-DEAEMA

(c) MCG-NP-VP (d) MCG-NP-VI



Chapter 5 

158 

5.8.3 Zeta potential measurements of thermoresponsive cationic copolymer 

microgels 

 

Figure 5.10 Zeta potential measurement for each cationic copolymer microgels in water 

with at 20 oC and pH 6.8 
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Table 5.5 Synthesis and characterization of thermoresponsive cationic copolymer microgels 

Nomenclature 

Monomer Content in 

Feed (g) 
BIS 

(g) 

V-

50 

(g) 

Comonomers content 

(mmol g-1 polymer) 

NP Co-monomers Measured** Theoretical* 

MCG-NP 3.00 - 0.03 0.03 - - 

MCG-NP-

DMAEMA 
2.94 0.06 0.03 0.03 0.12 0.13 

MCG-NP-

DEAEMA 
2.94 0.06 0.03 0.03 0.10 0.11 

NP-VP 2.94 0.06 0.03 0.03 0.18 0.19 

NP-VI 2.94 0.06 0.03 0.03 0.18 0.21 

*Calculated from the feed 

*Measured from pH and conductivity titrations 
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5.8.4 Solubility parameter component group contributions (Hoftyzer – Van 

Krevelen) 

5.8.4.1 N-Isopropylacrylamide 

Density: 1.1 g/cm3 

Molecular weight: 113.16 

Table 5.6 Solubility parameter component group contributions for N-isopropylacrylamide 

Group Amount 
Fdi  

(MJ/m3)1/2.mol-1 

Fpi
2 

(MJ/m3).mol-2 

Ehi 

J.mol-1 

-CH3 2 840 0 0 

-CH2- 1 270 0 0 

>CH- 2 160 0 0 

-CO- 1 290 592,900 2,000 

-NH- 1 160 44,100 3,100 

Σ  1,720 637,000 5,100 

 

5.8.4.2 2-(Dimethylamino) ethyl methacrylate 

Density: 0.933 g/cm3 

Molecular weight: 157.21 

Table 5.7 Solubility parameter component group contributions for 2-(dimethylamino) ethyl 

methacrylate 

Group Amount 
Fdi  

(MJ/m3)1/2.mol-1 

Fpi
2 

(MJ/m3).mol-2 

Ehi 

J.mol-1 

-CH3 3 1,260 0 0 

-CH2- 3 810 0 0 

-CO- 1 290 592,900 2,000 

-O- 1 100 160,000 3,000 

>C< 1 -70 0 0 

>N- 1 20 640,000 5,000 

Σ  2,410 1,392,900 10,000 
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5.8.4.3 2-(Diethylamino) ethyl methacrylate 

Density: 0.922 g/cm3 

Molecular weight: 185.26 

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

methacrylate 

Group Amount 
Fdi  

(MJ/m3)1/2.mol-1 

Fpi
2 

(MJ/m3).mol-2 

Ehi 

J.mol-1 

-CH3 3 1,260 0 0 

-CH2- 5 1,350 0 0 

>C< 1 -70 0 0 

-CO- 1 290 592,900 2,000 

-O- 1 100 160,000 3,000 

>N- 1 20 640,000 5,000 

Σ  2,950 1,392,900 10,000 

 

5.8.4.4 4-Vinylpyridine 

Density: 0.975 g/cm3 

Molecular weight: 105.14 

Table 5.9 Solubility parameter component group contributions for 4-vinylpyridine 

Group Amount 
Fdi  

(MJ/m3)1/2.mol-1 

Fpi
2 

(MJ/m3).mol-2 

Ehi 

J.mol-1 

-CH2- 1 270 0 0 

>CH- 1 80 0 0 

=CH- 4 800 0 0 

Ring 1 190 0 0 

>C< 1 70 0 0 

>N- 1 20 640,000 5,000 

Σ  1,430 640,000 5,000 
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1-Vinylimidazole 

Density: 1.039 g/cm3 

Molecular weight: 94.11 

Table 5.10 Solubility parameter component group contributions for 1-vinylimidazole 

Group Amount 
Fdi  

(MJ/m3)1/2.mol-1 

Fpi
2 

(MJ/m3).mol-2 

Ehi 

J.mol-1 

-CH2- 1 270 0 0 

>CH- 1 80 0 0 

=CH- 3 600 0 0 

Ring 1 190 0 0 

>N- 2 40 1,280,000 10,000 

Σ  1,180 684,100 10,000 
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6.1 Abstract  

Thermoresponsive microgels with ionic comonomers have been recently applied as 

draw agents for FO desalination. These copolymer microgels are able to generate 

high water flux depending on the degree of dissociation of the ionic moieties. 

However, the water recovery performance is compromised due to the contribution of 

strong solvation interaction of these ionic microgels. To overcome this issue, we 

prepared N-isopropylacrylamide-based microgels with non-ionic comonomers and 

applied them as FO draw agents. The thermoresponsive microgels containing 

acrylamide showed higher water recovery than the previously synthesized ionic 

microgels while still maintaining relatively high water flux due to the weak hydrogen 

bonding interaction between water and the hydrophilic acrylamide functional group. 

The initial water flux and water recovery of the microgel with 5 wt% acrylamide 

feeding ratio can reach 24.7 LMH and 78.7 %, respectively. Furthermore, this 

microgel has an apparent water flux of 6.1 LMH. We launched theoretical Hansen 

solubility parameter analysis to further elucidate the working mechanism of these 

non-ionic microgels in FO operation. The solubility parameter analysis is well 

aligned with the experimental results on water flux and water recovery behaviours. 

This work will pave the way for future development of high performance 

thermoresponsive microgels as functional draw agents for FO desalination. 

 

Keywords: non-ionic; comonomers; thermoresponsive; microgels; Hansen solubility 

parameters; N-isopropylacrylamide 
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6.2 Introduction 

Forward osmosis (FO) desalination is an emerging membrane desalination 

technology that has future potential to be a low energy desalination process due to 

the absence of high applied pressure during the operation. Furthermore, the 

membrane fouling in FO process is less severe than that of reverse osmosis (RO) 

process, which also makes the cleaning process less expensive than the RO process 1. 

Typical FO desalination consists two major steps, water absorption and water 

recovery. In the first step, water permeation process occurs spontaneously due to the 

gradient of osmotic pressure between feed and draw solutions. The second step 

involves water recovery from the draw agent where the majority of energy 

requirement is needed. Thus, the development of suitable draw solute materials is an 

important issue in FO desalination as they do not only enhance the water absorption, 

but also decrease the operational costs associated with the water recovery. 

In the past years, various draw agents such as thermoresponsive organic solutes 

2, 3, hydroacid complexes 4, magnetic nanoparticles 5, carbon quantum dots 6, 

surfactants 7, ionic liquids 8, 9, and switchable polarity solvents 10, 11 have been 

proposed to overcome the weaknesses of thermolytic solutes. Although some of 

these small molecules are able to generate high osmotic pressures comparable to 

thermolytic solutes to enhance water absorption, the energy consumption during their 

separation process might still be relatively higher than that of reverse osmosis (RO) 

desalination due to the thermodynamic limitation 12. Therefore, finding suitable draw 

materials that can lower the energy requirement in water recovery process is critical. 

Some polyelectrolytes materials have been recently introduced as novel FO draw 

agents as they can generate high water flux associated with their high strength of 



 Chapter 6 

168 

ionization 13-15. On the other hand, water can be easily recovered using the low-

pressure ultrafiltration process, which potentially consumes less energy than 

thermolytic solutes or inorganic salts as draw agents due to the smaller entropy 

change of the polymer solution 16, 17. However, reverse solute flux is still one of the 

major problems in using linear polyelectrolytes as draw solutes. 

Thermoresponsive hydrogels were proposed as FO draw agents to overcome the 

reverse solute issue of linear polyelectrolytes 18-20. These hydrogels are able to 

absorb water from saline solution at room temperature and release the absorbed 

water when the temperature of the hydrogels is brought to above their volume phase 

transition temperatures (VPTTs). Nevertheless, the water flux is always lower than 

their linear polyelectrolytes counterpart due to their bulk volume and poor contact 

with membrane surface. This leads to high concentration polarization and thus 

decreases water flux performance 21. Furthermore, most water are recovered in the 

form of vapor rather than liquid phase 22 due to the skin formation in the surface of 

the hydrogels during their deswelling process 23, 24 which might result in the increase 

of operational cost to further treat the water vapor. Various approaches have been 

carried out to improve the performance of hydrogel-driven FO desalination such as 

compositing with magnetic nanoparticles 22, carbon particles 19, reduced graphene 

oxide (rGO) 25, bilayer formation, 26 but the performance is still not as competitive as 

other draw materials. 

Thermoresponsive ionic copolymer microgels were recently introduced as 

functional FO draw agents to overcome the drawbacks of bulk hydrogels 27. The 

microgels can generate higher water flux than the previously synthesized bulk 

hydrogels due to their smaller sizes, creating high surface areas and improving the 
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contact with the membrane surface. These microgels have moderate liquid water 

recovery due to charge repulsion caused by ionized water-soluble moieties from the 

comonomers.  

 In this study, we synthesized a series of thermoresponsive microgels with non-

ionic water-soluble comonomers and applied them as FO draw agents for the first 

time. The non-ionic comonomers chosen in this study were acrylamide, 2-

hydroxyethyl methacrylate and poly (ethylene glycol) methyl ether acrylate. The FO 

desalination performance in terms of water flux, water recovery, equilibrium 

swelling times and water contents of these non-ionic copolymer microgels was 

evaluated in details. Our results show that the microgels with small amount of 

acrylamide (~ 5 wt%) have the best overall performance among all the other non-

ionic copolymer microgels. Furthermore, Hansen solubility parameter analysis was 

carried out to correlate the water affinity towards the monomers and FO 

performance. This approach provides an insight on how to design optimized 

microgel materials for FO draw agent in the future. 

6.3 Materials and methods 

6.3.1 Materials 

N-Isopropylacrylamide (NP, > 98%), purchased from Tokyo Chemical Industry, was 

purified by recrystallization from n-hexane and dried overnight at room temperature. 

N-N’-methylenebisacrylamide (BIS, >98%), acrylamide (AAm, >99%), 2-

hydroxyethyl methacrylate (HEMA, > 98%) and poly (ethylene glycol) methyl ether 

acrylate (PEGA, Mn 480) were purchased from Sigma-Aldrich. Potassium persulfate 

(KPS) was purchased from Chem-Supply. Sodium chloride was purchased from 
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VWR. Cellulose triacetate forward osmosis (CTA-FO) membranes were purchased 

from the Hydration Technologies Inc. (HTI, USA).  

6.3.2 Synthesis of non-ionic thermoresponsive microgels 

The non-ionic thermoresponsive copolymer microgels of NP and different non-ionic 

co-monomers were synthesized using semi-batch surfactant-free emulsion 

polymerization process. In a typical experiment, 0.735 g of NP, 0.015 g of non-ionic 

co-monomers and 0.0075 g of BIS were dissolved in 75 mL of DI water in a 250 mL 

three-necked flask fitted with a condenser, a mechanical stirrer and gas inlet/outlet. 

The semi-batch feeding solution was prepared by mixing 2.205 g of NP, 0.045 g of 

non-ionic co-monomers and 0.0225 g of BIS in 50 mL of Millipore water. The batch 

and feeding solutions were bubbled with nitrogen to remove the dissolved oxygen for 

1 hour. The batch solution was heated to 70 oC under nitrogen protection. A KPS 

solution was then injected to the flask to initiate the polymerization. After the batch 

solution turned cloudy, the feeding solution was injected at a rate of 3 mL/hour using 

a syringe pump one hour later. The polymerization was carried out overnight under 

continuous stirring and nitrogen blanket. After that, the microgel solution were 

cooled and purified using membrane dialysis (MWCO 12–14 kDa) against DI water 

for five days with daily change of water to remove any unreacted monomer and 

comonomer. The purified microgels were then dried at 70 oC and grounded into 

powder.  

Table 6.1 shows the composition of synthesized thermoresponsive non-ionic 

copolymer microgels used in this study as FO draw materials. 
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Table 6.1 Synthesis and characterization of non-ionic thermoresponsive copolymer 

microgels 

Nomenclature 

Monomer Content in Feed (g) 
MBA 

(g) 
KPS (g) VPTT* 

(oC) NIPAM Co-monomers 

NP 3.0 - 0.03 0.03 32.5 

NP99-AM1 2.97 0.03 0.03 0.03 33 

NP98-AM2 2.94 0.06 0.03 0.03 34 

NP95-AM5 2.85 0.15 0.03 0.03 34 

NP90-AM10 2.7 0.3 0.03 0.03 36 

NP95-HM5 2.85 0.15 0.03 0.03 30 

NP95-PEGA5 2.85 0.15 0.03 0.03 28 

 

6.3.3 Characterization of non-ionic thermoresponsive copolymer microgels 

6.3.3.1 Dynamic light scattering measurements 

 Dynamic light scattering was used to measure the hydrodynamic diameters (dh) of 

the non-ionic copolymer microgels between 20 oC – 50 oC using a Zetasizer 

(Malvern, Nano-ZS). The swelling ratio (SR) of the microgels was calculated using 

the following equation: 

𝑆𝑅 =  (
𝑑ℎ,𝑇𝑜

𝑑ℎ,𝑇𝑖
)

3

 Eq. 6.1 

where SR is the swelling ratio of the microgels, dh,To (nm) is the hydrodynamic 

diameter of the microgels at To oC (20 oC) and dh,Ti (nm) is the hydrodynamic 

diameter of the microgels at Ti oC. 
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6.3.3.2 Fourier Transform Infrared Spectroscopy (FTIR)  

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

was used to verify the incorporation of non-ionic comonomers into the copolymer 

microgels. FTIR bands were recorded using a Thermos Scientific NICOLET 6700 

spectrometer equipped with a diamond ATR with wavenumber resolution of 4 cm-1 

in the range of 400 – 4000 cm-1. 

6.3.4 Forward osmosis desalination evaluation 

6.3.4.1 Water flux evaluation 

A 100 mg of the dried microgels was placed on the surface of FO membrane in our 

homemade FO membrane setup equipped with an on-line conductivity monitoring 

system 27. PRO mode was selected as the membrane configuration in this study. The 

system was also conditioned for 30 min. prior to loading the microgels to the 

membrane. The conductivity of the feed solution was converted into the 

concentrations of sodium chloride using a calibration curve and the water flux was 

calculated using the following equations: 

𝑉𝑡 =
𝐶𝑖𝑉𝑖

𝐶𝑡
 Eq. 6.2 

𝐽𝑤 =
𝑉𝑖 − 𝑉𝑡

𝐴 𝑡
 Eq. 6.3 

where Vt (mL) is the volume of feed at time t, Vi (mL) is the initial volume of feed, 

Ci (ppm) is the initial feed concentration, Ct (ppm) is the feed concentration at time t, 

Jw (LMH) is the water flux, A (m2) is the effective membrane surface area and t (h) is 

the time where the conductivity of the feed solution changes. 
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6.3.4.2 Water recovery 

The swelled microgels were transferred to centrifuge tubes and weighed after the 

two-hour water absorption period. The microgels were then centrifuged at 40 oC and 

10,000 rpm for 10 minutes to separate absorbed water from the microgels. The 

recovered water was determined using gravimetric method. The water recovered 

from de-swelled microgels was calculated using the following equations: 

𝐶𝑝 =
𝑊𝑑

𝑊𝑑 + 𝑊𝑤
 Eq. 6.4 

𝑊𝑔 = 𝑊𝑚(1 − 𝐶𝑝) Eq. 6.5 

𝑅 =
𝑊𝑅

𝑊𝑔
 𝑥 100% Eq. 6.6 

where Cp (g microgels/g water) is the concentration of microgels in the centrifuge 

tube, Wp (g) is the weight of dry microgel, Ww (g) is the weight of water absorbed by 

the microgels calculated from water flux data, Wg (g) is the weight of water in the 

microgels, Wm (g) is the weight of microgels in the centrifuge tube, WR (g) is the 

weight of absorbed water recovered from the tube and R (%) is the percentage of 

water recovered from the microgels. 

6.3.4.3 Apparent water flux 

Apparent water flux is expressed as the amount of water that can be released from 

the microgels per unit area per unit cycling time and written as follows 36:  

Japp =  
𝑚𝑊

(𝑇𝑒𝑞 + 𝑇𝑅)𝐴
 Eq. 6.7 

where Japp (LMH) is the apparent water flux, mW (L) is the volume of water that can 

be released during dewatering process, Teq (h) is the time needed to reach 
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equilibrium condition, TR (h) is the time needed to dewater the microgels and A (m2) 

is the effective membrane area. 

6.3.5 Analysis of Hansen solubility parameter (HSP) 

The individual solubility parameter using group contribution approach can be 

calculated using the following equations: 

𝛿𝑑 =  
∑ 𝐹𝑑𝑖

𝑉
 Eq. 6.8 

𝛿𝑝 =  
√∑ 𝐹𝑝𝑖

2

𝑉
 

Eq. 6.9 

𝛿ℎ =  √
∑ 𝐸ℎ𝑖

𝑉
 Eq. 6.10 

𝛿𝑡𝑜𝑡𝑎𝑙 = √𝛿𝑑
2 + 𝛿𝑝

2 + 𝛿ℎ
2 Eq. 6.11 

  

Where δd (MPa1/2) is the dispersion interaction parameter, Fdi ([MJ/m3]1/2.mol-1) is 

molar attraction constant for the dispersion component, δp (MPa1/2) is the polar 

interaction parameter, Fpi ([MJ/m3]1/2.mol-1) is the group contribution constant for the 

polar component, δh (MPa1/2) is the hydrogen bonding interaction parameter, Ehi 

(J.mol-1) is the hydrogen bonding energy, V (cm3/mol) is the molar volume and δtotal 

(MPa1/2) is the total of the solubility parameter. 
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6.4 Results and Discussion 

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

microgels 

Non-ionic thermoresponsive microgels were synthesized using the semi-batch 

surfactant-free emulsion polymerization. Different non-ionic co-monomers, which 

are acrylamide, 2-hydroxyethyl methacrylate and poly (ethylene glycol) methyl ether 

acrylate, were chosen in this study. The chemical structures of NP and the non-ionic 

co-monomers are shown in Figure 6.1. 

 

 

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. 

 

Fourier transform infrared (FTIR) spectroscopy was used to confirm the 

incorporation of non-ionic co-monomers in copolymer microgels. Figure 6.2a shows 

the FTIR spectra for different non-ionic co-polymer microgels. The bands at 3282 

cm-1 in all non-ionic microgels are due to N-H stretching from N-

isopropylacrylamide while the broad adsorption band in the range of 3200 – 3600 

cm-1 for NP95-HEMA5 microgel confirms the presence of hydroxyl group in this 

microgel 28. The bands at 1726 cm-1 in NP95-HEMA5 and NP95-PEGA5 microgels 

correspond to ester carbonyl groups in HEMA and PEGMA co-monomer 28, 29. 

Figure 6.2b shows the FTIR spectra for NP-AAm microgels at different AAm 
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feeding ratios. The amide I band at 1633 cm-1 is due to carbonyl stretching and the 

amide II band at 1530 cm-1 is due to NH plane bending from N-isopropylacrylamide. 

All the NP-AAm microgels show N-H stretching band between 3200 cm-1 and 3600 

cm-1. Although there is no clear spectrum difference between NP microgel and NP-

AAm microgel due to the overlap amide I and amide II bands from both monomers, 

the amide I band and amide II band have stronger adsorption as the concentration of 

AAm increases. 

 

 

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

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

 

Dynamic light scattering (DLS) was used to determine the swelling ratio of each 

microgel by measuring the change of microgel hydrodynamic diameters with 

temperatures. Figure 6.3a and Figure 6.3b show the hydrodynamic diameter profiles 

for different non-ionic copolymer microgels and different NP-AAm microgels, 

respectively. Copolymerizing NP with different non-ionic co-monomers slightly 

shifts the volume phase transition temperature (VPTT) of the microgels depending 

on the solvation behavior of comonomers as shown in Figure 6.3a. A slight increase 

in VPTT is observed in NP95-AAm5 microgel due to the contribution of hydrophilic 
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acrylamide 30 while the decrease in VPTT is observed in NP95-HEMA5 and NP95-

PEGA5. The influence of acrylamide hydrophilicity on VPTT is also observed for 

NP-AAm microgels as shown in Figure 6.3b. NP-AAm microgels with acrylamide 

feed ratio up to 5 wt% shows the continuous increase in their VPTTs while still 

maintaining sharp phase transition. The phase transition becomes broad for the 

NP90-AAm10 due to decrease in thermo sensitivity caused by the contribution of 

hydrophilic acrylamide functional group 31 and the VPTT increases to 36 oC. The 

details of the VPTTs for these microgels are summarized in Table 6.4 (Supporting 

Information). 

 

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

copolymer microgels and (b) different feeding ratios of acrylamide. Swelling ratios at 
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different temperatures for: (c) non-ionic thermoresponsive copolymer microgels and (d) 

different feedings ratio of acrylamide. 

 

The swelling ratios of different non-ionic copolymer microgels at different 

temperatures near their VPTTs are shown in Figure 6.3c. Incorporating acrylamide 

as a comonomer significantly improves the swelling ratio of the microgel while other 

comonomers reduce the swelling ratios due to their more hydrophobic properties 

than acrylamide. Figure 6.3d shows the effect of acrylamide feeding ratio on the 

swelling ratios of NP-AM microgels near their VPTTs. Increasing the feeding ratio 

of acrylamide beyond 5 wt% significantly reduces the swelling ratio of the microgels 

due to the possible formation of intermolecular hydrogen bonding between primary 

amide from acrylamide and secondary amide from N-isopropylacrylamide which 

results in reduced the availability of acrylamide groups to attract water molecules 32, 

33. 

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

copolymer microgels 

Incorporation of different non-ionic comonomers into N-isopropylacrylamide-based 

microgels alters the profiles of water flux and water content of the microgels as 

shown in Figure 6.4. The NP microgel shows the longest equilibrium swelling time 

(90 min) and the lowest water flux among other non-ionic microgels. On the other 

hand, NP95-AAm5 microgel has the shortest equilibrium swelling time (40 min) and 

the highest water flux due to the contribution of hydrophilic acrylamide. In addition, 

this microgel also reveals the highest water content compared to other non-ionic 

microgels. While NP95-HEMA5 and NP95-PEGA5 have longer swelling time than 

NP95-AAm5, their equilibrium swelling times are shorter than NP microgel. The 
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equilibrium swelling times for NP95-HEMA5 and NP95-PEGA5 are 55 min and 50 

min, respectively. The water contents of both microgels are less than NP microgel 

consistent with their lower swelling ratios compared to NP microgel as shown in 

Figure 6.3c. 

 

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. 

 

Figure 6.5 shows the water flux and water content profiles of NP-AAm 

microgels with different acrylamide feed ratios. NP99-AAm1 microgel shows shorter 

equilibrium swelling time (80 min) and higher water content than NP microgel in 

(a) (b)

(c) (d)
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Figure 6.4a due to the contribution of hydrophilic acrylamide. As the acrylamide 

feeding ratio increases, the equilibrium swelling time becomes shorter due to strong 

solvation of the microgels. The shortest equilibrium swelling time was observed in 

NP90-AAm10 microgel (35 min). However, its equilibrium water content is slightly 

less than other NP-AAm microgels due to the reduced swelling ratio as observed in 

Figure 6.3d. 

 

 

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. 

 

(a) (b)

(d)(c)
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6.4.3 Initial water flux and water recovery of non-ionic copolymer microgels 

The initial water flux and water recovery for different non-ionic copolymer 

microgels and different concentration of acrylamide are shown in Figure 6.6. NP 

microgel shows the lowest water flux among other non-ionic copolymer microgels. 

The water flux for NP microgel is 5.1 LMH and the water recovery is 83.3%. The 

water flux is improved to 24.7 LMH when NP95-AAm5 is used as draw agent for 

FO process due to hydrophilic nature of acrylamide. However, the water recovery 

slightly decreases to 78.7% compared to NP microgel. The water flux for NP95-

HEMA5 and NP95-PEGA5 (7.8 LMH and 6.4 LMH) are lower than that of NP95-

AAm5 due to amphiphilic characteristics of the co-monomers while the water 

recovery for both microgels are higher than that of NP and NP95-AAm5 microgels. 

The water recovery for NP95-HEMA5 and NP95-PEGA5 are 88.9 % and 89.1 %, 

respectively. Although there is an increase in microgel hydrophilicity such as in 

NP95-AAm5, the water recovery is not greatly compromised as observed in ionic 

microgels 27, 34. This might be due to the absence of ionic interaction between water 

and ionic functional group in the microgels. The interaction between water and 

hydrophilic functional groups is mainly dominated by hydrogen bonding interaction 

which is relatively weak compared to ionic interaction in ionic microgels. As a 

result, most water can be recovered when the temperature of the microgels is brought 

to above the VPTT.  
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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. 

 

As the NP95-AAm5 microgel has better water flux while maintaining relatively 

high water recovery, further investigation on effect of acrylamide concentration on 

water flux and water recovery during FO process is shown in Figure 6.6b. NP99-

AAm1 microgel has higher water flux (7.4 LMH) and higher water recovery (84.8%) 

than NP microgel. The water flux and water recovery is further improved for NP98-

AAm2 microgel. The water flux and water recovery for this microgel are 19 LMH 

and 85.5 %, respectively. Further increase in water flux (24.7 LMH) is observed in 

NP95-AAm5 while the water recovery starts to decrease to 78.7 %. The highest 

water flux is achieved for NP90-AAm10 and the water recovery significantly drops 

to 55%. This observation is in agreement with our previous work and other results 

where the introduction of ionic moieties or hydrophilic functional group will increase 

the water flux but decrease the water recovery in hydrogel or microgel-based FO 

desalination 27, 34. 

(a) (b)
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6.4.4 Apparent overall water flux of non-ionic thermoresponsive copolymer 

microgels 

Apparent water flux measures the overall performance of microgel-driven FO 

desalination by taking account equilibrium swelling time and water recovery time. In 

addition, this parameter provides an insight on the water flux that can be generated 

after water recovery process 34. The apparent water fluxes of non-ionic microgels 

used in this work are shown in Figure 6.7. NP microgel has the lowest apparent flux 

(0.8 LMH) among other non-ionic copolymer microgels. NP-AAm microgels show 

enhanced apparent flux due to its faster equilibrium swelling time and high swelling 

ratios with NP95-AAm5 has the best apparent water flux (6.1 LMH). Although 

NP90-AAm10 has the highest initial water flux and the fastest equilibrium swelling 

time, the amount of water recovered is lower than NP95-AAm5. As a result, NP90-

AAm10 has a lower apparent flux than NP95-AAm5. The apparent fluxes for NP95-

HEMA5 and NP95-PEGA5 are higher than that of NP microgel but lower than 

NP95-AAm5 due to their relatively low initial water flux of NP microgel. The 

detailed apparent water flux for each microgel can be seen in Table 6.5 (Supporting 

Information). 



 Chapter 6 

184 

 

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

microgels and different feeding ratio of acrylamide. 

 

6.4.5 Analysis of Hansen solubility parameters of non-ionic thermoresponsive 

copolymer microgels 

Designing thermoresponsive microgels as the FO draw agents requires understanding 

of the degree of solvation of particular monomer and comonomer and Hansen 

solubility parameter approach can be used to predict the interaction between polymer 

and solvent 35-38. In this study, the Hansen solubility parameter for each monomer 

and comonomer was calculated using the Hoftyzer – Van Krevelen method based on 

group contribution analysis 39. Hansen solubility parameter consists of the dispersion, 

δd, the polarity, δp, and the hydrogen bonding, δh, parameters. Table 6.2 shows the 

calculated individual Hansen solubility parameters. 
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Table 6.2 Hansen solubility parameters of water and non-ionic monomer/comonomer 

predicted using Hoftyzer – Van Krevelen method in (MPa)1/2 

Chemical Species δd δp δh δtotal 

Water* 18.1 12.9 15.5 27.1 

NP 16.7 7.8 7.0 19.7 

AAm 14.6 12.2 12.9 23.0 

HEMA 14.5 5.8 14.9 21.6 

PEGA 15.7 2.9 8.8 18.2 

*The values were obtained from ref. 17 

 

The small difference between the total Hansen solubility parameter, δtotal, for 

water and a monomer indicates the monomer has good water solubility while the 

large difference of δtotal the monomer has less affinity towards water molecules. 

Acrylamide has the smallest difference in δtotal while PEGA has the largest difference 

in δtotal. This finding is consistent with the highest initial water flux generated by 

NP95-AAm5 and the lowest initial water flux generated by NP95-PEGA5. In 

addition, the VPTTs of NP95-HEMA5 and NP95-PEGA5 shown in Figure 6.3a are 

slightly lower than NP95-AAm5 indicating these copolymer microgels were more 

hydrophobic than NP95-AAm5 40, 41. 
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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. 

 

Plotting δd vs. (δp
2 + δh

2)1/2 of Hansen solubility parameters shows the relative 

radial distance between water molecules and the monomer/comonomer 36. The short 

distance from water means strong interaction between water molecules and the 

monomers. Acrylamide has the closest position to water molecules while poly 

(ethylene glycol) methyl ether acrylate has the furthest distance to water molecules 

as shown in Figure 6.8. The solubility distance parameters can be calculated using 

Equation 6.12-6.14 (Supporting information) and are summarized in Table 6.3. 
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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 

Monomer/Co-monomer – Water Ra RED H 

NP – Water 10.3 0.74 0.55 

AAm – Water 7.5 0.54 0.29 

HEMA – Water 10.1 0.73 0.53 

PEGA – Water 12.9 0.93 0.86 

 

The cohesion energy density (H) and relative energy difference (RED) provide a 

further insight on how strong the interaction between water molecules and the 

monomers. The small values of these parameters mean good monomer – water 

interaction. The value of cohesion energy density must be less than 1 for given 

polymer – solvent system to be soluble. As shown in Table 6.3, acrylamide has the 

smallest values of RED and H while poly (ethylene glycol) methyl ether acrylate has 

the largest values of both parameters. The values of these parameters are consistent 

with the performance of non-ionic copolymer microgels shown in Figure 6.6. 

6.5 Conclusions  

Thermoresponsive microgels copolymerized with different non-ionic comonomers 

(acrylamide, 2-hydroxy ethyl methacrylate and poly (ethylene glycol) methyl ether 

acrylate) have been prepared using surfactant-free emulsion polymerization and 

applied as FO draw agents. The hydrophilicity of comonomers affects the water flux, 

water recovery and equilibrium swelling time in FO process. These copolymer 

microgels showed enhanced water recovery compared to NP microgel and previously 

synthesized ionic copolymer microgels due to the weak hydrogen-bonding 
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interaction between water and the hydrophilic group of these non-ionic copolymer 

microgels. NP-AM microgel with 5 wt% acrylamide feeding ratio has the best 

overall performance among other microgels due to its optimized hydrophilicity and 

hydrophobicity. This results in high water flux and water recovery with fast 

equilibrium swelling time. The theoretical analysis of Hansen solubility parameters 

of each comonomer is also consistent with experimental water flux and water 

recovery data. This analysis will be useful for optimization of microgel materials to 

improve FO desalination performance. 
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6.8 Supporting Information 

Table 6.4 Synthesis and characterization of non-ionic thermoresponsive copolymer 

microgels 

Nomenclature 

Monomer Content in Feed (g) 
MBA 

(g) 
KPS (g) VPTT* 

(oC) NIPAM Co-monomers 

NP 3.0 - 0.03 0.03 32.5 

NP99-AM1 2.97 0.03 0.03 0.03 33 

NP98-AM2 2.94 0.06 0.03 0.03 34 

NP95-AM5 2.85 0.15 0.03 0.03 34 

NP90-AM10 2.7 0.3 0.03 0.03 36 

NP95-HM5 2.85 0.15 0.03 0.03 30 

NP95-PEGA5 2.85 0.15 0.03 0.03 28 

*Determined from the tangent line of the inflexion point of the hydrodynamic diameter vs. temperature 

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

non-ionic thermoresponsive copolymer microgels 

Microgels 
Initial Water Flux 

(LMH) 

Water Recovery 

(%) 

Apparent Water Flux 

(LMH) 

NP 5.1 83.3 0.8 

NP99-AM1 7.4 84.8 3.7 

NP98-AM2 19 85.5 4.7 

NP95-AM5 24.7 78.7 6.1 

NP90-AM10 30.7 55.0 3.5 

NP95-HM5 7.8 88.9 2.5 

NP95-PEGA5 6.4 89.1 2.9 
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6.8.1 Hansen solubility parameter using Hoftyzer – Van Krevelen method based 

on group contribution analysis 

The solubility distance parameters in Hansen solubility sphere, relative energy 

difference (RED) and ratio of cohesion energy densities (H), can be calculated using 

the following equations: 

(𝑅𝑎)2 = 4(𝛿𝑑2 − 𝛿𝑑1)2 + (𝛿𝑝2 − 𝛿𝑝1)
2

+ (𝛿ℎ2 − 𝛿ℎ1)2 Eq. 6.12 

𝑅𝐸𝐷 =  
𝑅𝑎

𝑅𝑜
 Eq. 6.13 

𝐻 =
𝑅𝐴

𝑅𝑀
 Eq. 6.14 

6.8.1.1 N-Isopropylacrylamide 

Density: 1.1 g/cm3 

Molecular weight: 113.2 

Table 6.6 Solubility parameter component from group contributions analysis for poly (N-

isopropylacrylamide) 

Group Amount 
Fdi  

(MJ/m3)1/2.mol-1 

Fpi
2 

(MJ/m3).mol-2 

Ehi 

J.mol-1 

-CH3 2 840 0 0 

-CH2- 1 270 0 0 

>CH- 2 160 0 0 

-CO- 1 290 592,900 2,000 

-NH- 1 160 44,100 3,100 

Σ  1,720 637,000 5,100 

  



 Chapter 6 

196 

6.8.1.2 Acrylamide 

Density: 1.13 g/cm3 

Molecular weight: 71.1 

Table 6.7 Solubility parameter component from group contributions analysis for 

polyacrylamide 

Group Amount 
Fdi  

(MJ/m3)1/2.mol-1 

Fpi
2 

(MJ/m3).mol-2 

Ehi 

J.mol-1 

-CH2- 1 270 0 0 

>CH- 1 80 0 0 

-CO- 1 290 592,900 2,000 

-NH2 1 280 0 8,400 

Σ  920 592,900 10,400 

 

6.8.1.3 2-hydroxyethyl methacrylate 

Density: 1.073 g/cm3 

Molecular weight: 130.1 

Table 6.8 Solubility parameter component from group contributions analysis for poly (2-

hydroxyethyl methacrylate) 

Group Amount 
Fdi  

(MJ/m3)1/2.mol-1 

Fpi
2 

(MJ/m3).mol-2 

Ehi 

J.mol-1 

-CH3 1 420 0 0 

-CH2- 3 810 0 0 

>C< 1 -70 0 0 

-COO- 1 390 240,100 7,000 

-OH 1 210 250,000 20,000 

Σ  1,760 490,100 27,000 
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6.8.1.4 Poly (ethylene glycol) methyl ether acrylate 

Density: 1.09 g/cm3 

Molecular weight: 480 

Table 6.9 Solubility parameter component from group contributions analysis for poly 

(ethylene glycol) methyl ether acrylate 

Group Amount 
Fdi  

(MJ/m3)1/2.mol-1 

Fpi
2 

(MJ/m3).mol-2 

Ehi 

J.mol-1 

-CH3 1 420 0 0 

-CH2- 19 5,130 0 0 

>CH- 1 80 0 0 

-COO- 1 390 240,100 7,000 

=C< 1 70 0 0 

-O- 9 900 1,440,000 27,000 

Σ  6,990 1,680,100 34,000 
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Chapter 7. Conclusions and Future Research Directions 

 

7.1 Summary 

The overall objective of this thesis is to advance the development of microgel-based 

FO draw agent by investigating the effect of different thermoresponsive copolymer 

microgels as FO draw agents on the water flux and water recovery performance of 

microgel-driven FO desalination process. The thesis focuses on N-

isopropylacrylamide-based microgels copolymerized with different comonomer 

materials. 

Chapter 2 summarizes recent development of various synthetic materials as draw 

agents for FO desalination process. This chapter also highlights polymer-based 

materials might become a good candidate for high performance FO draw agents due 

to the high osmotic pressure that can be generated by these materials. Literature 

review in applying thermoresponsive hydrogels as FO draw agents is presented and it 

indicates further work to improve the performance of these hydrogels is needed. 

Furthermore, brief thermodynamic of polymer dissolution is presented that explains 

the reason of lower energy consumption during water recovery process when 

polymers are used as FO draw agents. 

Based on the literature survey in Chapter 2, we propose thermoresponsive 

microgels as FO draw agents in Chapter 3. Water flux up to 23.8 LMH and water 

recovery up to 55 % can be achieved depending on the concentration of acrylic acid 

in the microgels. The large improvement of water flux and water recovery can be 
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related to the large surface area of the microgels which enhances the contact between 

microgel particles and membrane surfaces. 

From the previous chapter, we find that adding a weak acidic comonomer such 

as acrylic acid largely improved the water flux performance during water drawing 

process. As a result, further investigation on the effect of different acidic 

comonomers is presented in Chapter 4. We find that copolymer microgel with 

itaconic acid as a comonomer has the best overall performance among other acidic 

copolymer microgels. The water flux and water recovery of this copolymer microgel 

are 44.8 LMH and 47.2%, respectively. In addition, the apparent water flux of this 

microgel is 3.1 LMH. 

In Chapter 5, we further our work by investigating the effect of different cationic 

copolymer microgels on the water flux and water recovery performance in FO 

process. The copolymer microgel with 2-diethylamino ethyl methacrylate as a 

comonomer has the best performance among other cationic copolymer microgels. 

The microgel also shows improved performance compared with previously 

synthesized acidic microgels. The water flux and water recovery of this microgel are 

45.6 LMH and 44.8 %, respectively. The apparent flux is 5.5 LMH with faster 

equilibrium swelling time (30 minutes) than acidic copolymer microgels. In addition, 

the analysis of Hansen solubility parameters is introduced to predict the solvation 

behaviors of the cationic comonomers which have large impact on the performance 

of cationic copolymer microgels as FO draw agent. 

In Chapter 6, we make further improvement on the water recovery performance 

by copolymerizing N-isopropylacrylamide with different non-ionic comonomers. 

The copolymer microgel of N-isopropylacrylamide and acrylamide has the best 
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performance among other non-ionic copolymer microgels. The water flux and water 

recovery of this microgel are 24.7 LMH and 78.7 %, respectively while the apparent 

flux is 6.1 LMH. 

In summary, the performance of thermoresponsive copolymer microgel as FO 

draw agent largely depends on the solvation degree and the dissociation constants 

(pKa) of the comonomer materials. Suitable amount of comonomer must be 

incorporated to achieve balanced performance in water flux and water recovery 

which will lead to optimum overall performance of microgel-driven FO desalination. 

Table 7.1 summarizes the best performance of synthesized thermoreponsive 

copolymer microgels presented in this thesis. 

 

Table 7.1 Summary of the FO performance of thermoresponsive copolymer microgels 

Copolymer microgels 
Water flux 

(LMH) 

Water recovery 

(%) 

Apparent flux 

(LMH) 

Anionic 

(MCG-NP-IA) 
44.8 47.2 3.1 

Cationic 

(MCG-NP-DEAEMA) 
45.6 44.8 5.5 

Non-ionic 

(MCG-NP-AAm) 
24.7 78.7 6.1 

 

7.2 Future directions 

Although the work presented in this thesis has significantly advanced the 

performance of thermoresponsive microgel-based FO draw agents for desalination 

application in laboratory scale, the work summarized in the following section can be 

carried out in the future to further improved the performance of water drawing and 
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releasing capabilities of the copolymer microgels and to make this technology 

practical in industrial setting: 

1. Different monomers showing thermoresponsive properties can be used 

instead of N-isopropylacrylamide to improve the swelling ratio of the 

microgel which will lead to better overall performance. 

2. Ternary copolymer microgels involving thermoresponsive moiety, ionic 

comonomers and non-ionic comonomer can be used to further improve the 

hydrophilic – hydrophobic balance which will also lead to better overall 

performance. 

3. Further experimental work on the effect of salt concentration, microgel 

loading, operational temperature, membrane orientation, pH of the feed 

solution can be done to optimize the process conditions. The results can be 

fed back to the material design which will lead to optimized performance of 

microgel-driven FO desalination system. 

4. The process design of this thermoresponsive microgel-driven FO desalination 

system which allows the process to be operated in continuous manner should 

be further researched to make the system practical in industrial setting. 
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