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Magnetic poly(N-isopropylacrylamide-co-sodium 2-acrylamido-2-methylpropane sulfonate) (denoted as 

Fe3O4@P(NIPAM-co-AMPS)) nanogels were prepared based on strong ionic monomer AMPS and 

thermosensitive monomer NIPAM via precipitation polymerization at the present of Fe3O4 nanoparticles 

and investigated as draw solutes in FO. The magnetic nanogels were characterized by Fourier-transform 

infrared spectrum, transmission electron microscopy, dynamic light scattering, X-ray diffraction, and 10 

vibrating sample magnetometer, respectively, indicating that they exhibited a core-shell structure, 

thermosensitivity and superparamagnetic property. These properties would benefit to recover these 

nanogels after FO. The water flux yielded by Fe3O4@P(NIPAM-co-AMPS) nanogels in FO was 

investigated compared with magnetic weak ionic nanogels based on poly(N-isopropylacrylamide-co-

acrylic acid) under the same operating conditions. The results show that the water flux yielded by 15 

Fe3O4@P(NIPAM-co-AMPS) nanogels is 2.4 times higher than the later. Furthermore, the water flux 

increases with the increase of nanogels concentration in the draw solution. Especially, due to the 

existence of thermosensitive poly(N-isopropylacrylamide) segments in Fe3O4@P(NIPAM-co-AMPS) 

nanogels, these nanogels can be recovered from the diluted draw solution quickly under an external 

magnetic field combined with a thermal stimuli, resulting in an improvement of the recovery efficiency.20 

Introduction 

Forward osmosis (FO) is a kind of membrane separation process 

driven by the inherit osmotic pressure of a draw solution, which 

is higher than that of a feed solution. Although FO has been 

regarded as a promising and sustainable non-traditional 25 

membrane technology,1-3 one of the main obstacles for the 

sustainable development of FO technology is the absence of 

suitable draw agents with high osmotic pressure, low reverse 

solute flux, and easy recovery.4,5 At present, ammonia/carbon 

dioxide (CO2/NH3) solution has been regarded as the most 30 

promising draw agent in FO proposed by Elimelech et al. with 

high osmotic pressure and low-energy consumption for recovery 

as low as an electrical power of less than 0.25 kWh/m3.6,7 

However, CO2/NH3 solution may cause significant reverse solute 

diffusion, and the removal of ammonia residue from product 35 

water still remains a critical issue. So far, a lot of small molecule 

compounds have been proposed as draw solutes, including 

aluminum sulfate,8 fertilizers,9 organic ionic salts (e.g., 

magnesium acetate and sodium propionate),10 2-methylimidazole-

based compounds,11 switchable polarity solvents,12 hexavalent 40 

phosphazene salts,13 hydroacid complexes,14 sodium lignin 

sulfonate,15 EDTA sodium salts,16 and zwitterions17 besides 

traditional draw solutes like sodium chloride. Although these 

draw solutes can produce high osmotic pressure due to their low 

molecular weight or highly-charged groups, they tend to induce 45 

high reverse solute flux or are usually separated from product 

water or re-concentrated for reuse at an intensive energy cost. 

To reduce the energy consumption for draw solute recovery 

after FO, some novel draw solutes with intelligent responding 

properties have attracted growing concerns, including 50 

functionalized magnetic nanoparticles (MNPs),18-24 thermo-

responsive polyelectrolytes,25 and stimuli-responsive hydrogels 

responding to different stimuli like temperature,26,27 a 

combination of temperature and hydraulic pressure,28 sunlight,29-

32 gas pressure,33 and magnetic heating34. These intelligent draw 55 

solutes could be recovered at a relative low-energy cost under an 

external stimulus such as magnetic field, heating, sunlight or 

pressure.35 Meanwhile, a minimal reverse solute flux of draw 

solute could be obtained due to their big sizes. To achieve a high 

water flux, they were usually incorporated with ionic groups in 60 

their chemical structures. For example, Li et al.28 investigated 

poly(N-isopropylacrylamide-co-sodium acrylate) [P(NIPAM-co-

SA)] hydrogels composed of ionic monomer SA and temperature-

sensitive monomer NIPAM as draw solutes in FO. Our group 

also investigated the copolymerized hydrogels based on strong 65 

ionic monomer sodium 2-acrylamido-2-methylpropane sulfonate 

(AMPS) and thermosensitive monomer NIPAM as draw agents.27 

As we know, poly(N-isopropylacrylamide)-based hydrogels are 

the most investigated thermosensitive hydrogels, which are 

swollen in water below their volume phase transition temperature 70 

(VPTT) and expel water from their network above their VPTT.36 

These intelligent hydrogels can be dewatered quickly by a 
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combined stimulus of heating and hydraulic pressure.28 However, 

they were usually used in the form of bulk gel with large particle 

sizes (50-150 µm),28 leading to the slow hydrogels’ movement or 

water transferring within these hydrogels in FO. As well, the 

hydrogels contacted with the membrane are diluted immediately 5 

by water and hence the driving force is lowered, resulting in the 

external concentration polarization (ECP), which should be 

avoided during FO. Recently, Chung’s group19,21 and Bai et al.18 

explored highly hydrophilic Fe3O4 nanoparticles (d = 20-30 nm) 

coated with water-absorbing linear polymers such as poly(acrylic 10 

acid) (PAA), poly(ethylene glycol) diacid (PEG-(COOH)2), 

PNIPAM and dextran as draw solutes in FO, which would inhibit 

ECP happened due to their movelity and be recovered under a 

magnetic field. However, the coatings on these MNPs are all 

linear polymers with neutral or weak polarity, resulting in a 15 

limited osmotic pressure and water-absorbing capacity. 

Furthermore, the linear polymer layers coated on Fe3O4 

nanoparticles are too thin to inhibit MNPs’ aggregation, which 

limit their reuse. 

As reported, nanogels are formed with a three-dimensional 20 

network of polymer chains, and the particle size ranges from 

several to hundreds of nanometers.37 They are able to absorb a 

large amount of water, and response to kinds of stimuli through 

their chemical structure design, which have been studied 

extensively in drug controlled release,38 catalysis39 and so on. In 25 

addition, compared with linear polymers, the dispersion of 

nanogels has a relative lower viscosity, even at a high 

concentration.40 These characteristics of nanogels may be 

beneficial for use in the FO system.  

This work is to develop magnetic thermoresponsive ionic 30 

nanogels based on poly(N-isopropylacrylamide-co-sodium 2-

acrylamido-2-methylpropane sulfonate) [P(NIPAM-co-AMPS)] 

and to evaluate these nanogels as draw agents in FO. As the 

MNPs are coated with a dense layer formed by gel network, it is 

expected to prevent the aggregation of magnetic nanogels. 35 

Besides, these nanogels may generate higher osmotic pressure 

due to the strong ionic monomer AMPS copolymerized with 

NIPAM on the surface of MNPs. Furthermore, the presence of 

thermosensitive PNIPAM in the nanogels may promise a faster 

separation of nanogels from product water under both thermal 40 

and magnetic field stimuli. 

Experimental 

Materials 

Ferric chloride hexahydrate (FeCl3•6H2O, 99%), ferrous chloride 

tetrahydrate (FeCl2•4H2O, 99%), sodium hydroxide (NaOH), 45 

trisodium citrate, acrylic acid (AA), potassium persulfate (KPS) 

and sodium dodecyl sulfate (SDS) were purchased from Shanghai 

Experiment Reagent Co., China. N, N´-methylenebisacrylamide 

(BIS, 99%), N-isopropylacrylamide (NIPAM, 98%) and sodium 

2-acrylamido-2-methylpropane sulfonate (AMPS) were 50 

purchased from Sigma-Aldrich. All chemicals were used directly. 

The deionized (DI) water used in the experiments was produced 

by a water purification system (Pcdx-j-20, Pincheng, China). 

Preparation of Fe3O4 nanoparticles 

Fe3O4 nanoparticles were prepared by a simple co-precipitation 55 

method described elsewhere.41,42 Firstly, a certain amount of 

FeCl2•4H2O and FeCl3•6H2O with a molar Fe2+/Fe3+ ratio of 1:2 

were dissolved into 300 mL DI water under nitrogen atmosphere. 

Then, 600 µL sodium hydroxide (10 mol/L) were added into the 

above solution. After stirring for 1 h at room temperature, the 60 

reduction system was heated to 90 oC and then 300 mL trisodium 

citrate (0.3 mol/L) were poured into and stirring for another 1 h 

under nitrogen atmosphere. Subsequently, the resultant MNPs 

were collected with the help of a magnet and washed for three 

times to remove un-reacted compounds. Finally, the obtained 65 

MNPs were re-dispersed in water and the dispersion was adjusted 

to 3.0 wt% for further use. 

Preparation of magnetic nanogels 

The Fe3O4@P(NIPAM-co-AMPS) nanogels were synthetized via 

physical encapsulation and precipitation polymerization.42 In a 70 

typical reaction, comonomers NIPAM (1.738 g)and AMPS (2.92 

mL), crosslinker BIS (0.148 g), SDS (0.060 g), and Fe3O4 

magnetic fluid (1 mol% of all the comonomers) were dissolved in 

300 mL water in a three-necked round-bottom flask equipped 

with a reflux condenser. The reaction system were purged with 75 

nitrogen to remove oxygen for at least 0.5 h and then heated to 70 
oC with mechanical stirring. KPS (0.162 g) was added into the 

solution to initiate the polymerization reaction. The reaction was 

continued for 9 h at 70 oC under nitrogen with stirring. Finally, 

the reaction solution was cooled, and the resultant nanogels were 80 

separated from the suspension using a magnet. The obtained 

precipitate was purified through dialysis against DI water with a 

dialysis bag (molecular weight cutoff of 12,000 Da) for one week. 

The dialyzed dispersions and the freeze-dried nanogels were kept 

for further characterization or use. The Fe3O4@P(NIPAM-co-AA) 85 

nanogels were prepared similarly by replacing AMPS with AA 

according to the above method and used as a reference. 

Characterization of magnetic nanogels 

The functional groups of these nanogels were confirmed with 

Fourier-transform infrared spectroscopy (FTIR, VERTEX 70, 90 

BRUKER, Germany) using a solid KBr method.43 The 

morphologies of the prepared MNPs and nanogels were observed 

using a transmission electron microscopy (TEM, H-7000FA, 

HITACHI, Japan) at the accelerating voltage of 75 kV. Samples 

were spread onto the surface of a carbon coated copper grid 95 

respectively and stained with phosphotungstic acid except Fe3O4 

nanoparticles. These samples were allowed to dry at room 

temperature before TEM test. The average hydrated diameters of 

Fe3O4@P(NIPAM-co-AMPS) nanogels at different temperatures 

were determined by dynamic light scattering (DLS, Particle Size 100 

Analyzer LB-550, HORIBA Ltd., Japan). Before measurement, 

the magnetic nanogels were diluted with DI water. The crystal 

structures of prepared MNPs and magnetic nanogels were studied 

on an X-ray diffraction (XRD, D8-Focus, BRUKER, Germany) 

in a 2θ range from 15.0° to 70.0° using a Cu-Kα radiation. A 105 

vibrating sample magnetometer (VSM, model 7404, Lake Shore 

Cryotronics Inc., USA) was used to characterize the magnetic 

properties of the prepared MNPs and magnetic nanogels. The 

osmotic pressures of Fe3O4@P(NIPAM-co-AMPS) nanogels 

draw solutions were measured by the freezing-point depression 110 

method.43 A precise thermometer was placed in the nanogels 

dispersion, which was then transferred into a freezer (-20 oC). 

The temperature profile was recorded to determine the freezing 
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point temperature T1 of the dispersion and the value of the 

solution freezing point depression (∆T) can be calculated with the 

freezing point temperature T0 of pure solvent (DI water). The 

solution osmotic pressure can be calculated using the equation (1): 

43 5 

   17000 
1.86

T
mmHgπ

∆
= ×       ∆T=T0-T1                      (1) 

 

Fig. 1 Schematic diagram of the FO process with magnetic nanogels as 

draw solute. 

 10 

FO process 

The performances of these magnetic nanogels as draw solute in 

FO were tested with a lab-scale system (Fig. 1). The permeation 

cell was designed in a plate and frame configuration with a 

circular channel (6 cm in diameter, 0.3 cm in height for the feed 15 

solution chamber and 10 cm for the draw solution chamber) on 

both sides of the membrane. The commercially available HTI 

membrane (Cartridge membrane, Hydration Technologies Inc.) 

was employed, which was made from cellulose triacetate with an 

embedded polyester screen mesh. The details of membrane’s 20 

properties and structure images could be found in the 

literature.7,15 The effective membrane area in our experiments 

was ~23 cm2. To begin each test, the FO membrane was soaked 

in DI water for 1 h, and then put in the permeation cell with the 

shiny side of the membrane facing to the draw solution. DI water 25 

(~ 300 mL) was used as a feed solution (FS) and pumped to the 

cell at a flow rate of 0.064 m/s using a peristaltic pump (WT600-

1F, Baoding Longer Precision Pump Co., Ltd). The prepared 

nanogels dispersions with different concentrations or dry nanogel 

powders were used as draw solutions, respectively. All the FO 30 

processes were carried on at room temperature. The DI water tank 

was placed on a scale, and the water flux, JV (unit Lm-2h-1, LMH) 

was calculated according to the equation (2) by measuring the 

weight change of the FS with time during the test. 

( )
V

W
J

A t ρ

∆
=

×∆ ×
    (2) 35 

Where, W∆  (g) is the decreasing weight of the FS due to the 

water permeating through the FO membrane over a 

predetermined time t∆ (min) during FO, A (m2) is the effective 

membrane area used in the FO permeate cell and ρ (g/L) is the 

density of the feed solution and usually assumed as 1000 g/L as 40 

the density of water.18 All these FO tests were carried on in 

parallel for three times. To recover the nanogels in the draw 

solution, an external magnet without or with a thermal stimulus at 

65 oC was employed to separate the nanogels from water after the 

above FO process. 45 

Results and Discussion 

Preparation and characterization of the magnetic nanogels 

To prepare Fe3O4@P(NIPAM-co-AMPS) nanogels, Fe3O4 

nanoparticles stabled with trisodium citrate were synthesized 

firstly by a method of co-precipitation.41,42 Then, the magnetic 50 

nanogels were prepared via precipitation polymerization at the 

present of Fe3O4 nanoparticles.42 

 

Fig. 2 FTIR spectra of MNPs (a), Fe3O4@ P(NIPAM-co-AMPS) nanogels (b) 

and Fe3O4@P(NIPAM-co-AA) nanogels (c). 55 

 

The chemical structures of the prepared MNPs, 

Fe3O4@P(NIPAM-co-AMPS) nanogels, and Fe3O4@P(NIPAM-

co-AA) nanogels have been confirmed through FTIR spectrum 

(Fig. 2). In Fig. 2, the peaks located at 572 cm-1 can be attributed 60 

to the Fe-O group indicating the formation of Fe3O4, and the 

peaks at 1616 cm-1 and 1387 cm-1 in Fig 2a are caused by the 

C=O stretching mode, which verify citrate groups attached on the 

surface of Fe3O4 nanoparticles.41 In Fig. 2b, the peaks at 632 cm-1, 

1020 cm-1, and 1261 cm-1 are assigned to the S-O stretching, S=O 65 

asymmetric stretching, and symmetric stretching of sulfonic acid 

groups, respectively, indicating the presence of sulfonate 

group.44,45 The characteristic peaks appear at 1644 cm-1, 1543 cm-

1 and 1409 cm-1 are ascribed to the secondary amide C=O 

stretching, secondary amide N-H stretching, and the C-H 70 

stretching vibration of –CH(CH3)2, respectively, which come 

from NIPAM comonomer. These peaks also appear in the 

spectrum of Fe3O4@P(NIPAM-co-AA) nanogels. In the spectrum 

of Fe3O4@P(NIPAM-co-AA) nanogels (Fig. 2c), the 

characteristic peaks at 1170 cm-1 and 1639 cm-1 correspond to the 75 

C-O stretching and C=O stretching of AA units.46 
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Fig. 3 TEM images of MNPs (a) and P(NIPAM-co-AMPS) nanogels (b, c). 

 

The TEM image of Fe3O4 nanoparticles is shown in Fig. 3a. It 

shows the diameter of MNPs is 10-20 nm. Fig. 3b and 3c show 5 

the spherical morphology of Fe3O4@P(NIPAM-co-AMPS) 

nanogels. They also show that the prepared Fe3O4@P(NIPAM-

co-AMPS) nanogels have a core-shell structure, namely, MNPs 

as a core (dark center) coated with soft P(NIPAM-co-AMPS) 

shell (grey outer layer). The thick polymer shell on the MNPs 10 

may promise to hinder MNPs aggregated, absorb water and 

generate osmotic pressure in the FO process.  

 

Fig. 4 (a) Average hydrated diameter changed with temperature of 

Fe3O4@P(NIPAM-co-AMPS) nanogels and (b) nanogels’ size distribution at 15 

25 
o
C based on intensity.  

 

Fig. 4a shows the effect of temperature on the average 

hydrated diameter of Fe3O4@P(NIPAM-co-AMPS) nanogels 

with the molar ratio of NIPAM and AMPS as 2:1. And Fig. 4b 20 

shows the distribution of the nanogels’ diameters based on 

intensity. It can be seen that the average hydrated diameter of the 

nanogels is 271 nm at 25 oC with narrow distribution (Fig. 4b) 

and becomes smaller as the temperature increases, which is 

mainly due to the presence of thermo-responsive PNIPAM 25 

segment in the nanogels network.42 When the temperature is 

increased, the hydrophobic effect in the Fe3O4@P(NIPAM-co-

AMPS) nanogels will be enhanced, which is induced by the 

isopropyl groups in the PNIPAM, resulting in the formation of 

some hydrophobic micro-domain in the nanogles to prompt the 30 

water expelled from the nanogels’ network.28,42 That would be 

benefit to the recovery of these nanogels from the diluted draw 

solution after FO process under a combined stimuli of heating 

and magnetic field. It is worth to note that multi-magnetic- 

separation was used to purify and recover the prepared nanogels 35 

from the reactive system. Therefore, the data in Fig. 4 also 

demonstrate the good redispersibility and thermosensitivity of 

nanogles in water after several recycles.  

 

Fig. 5 XRD patterns of MNPs (a), Fe3O4@P(NIPAM-co-AMPS) nanogels (b) 40 

and Fe3O4@ P(NIPAM-co-AA) nanogels (c). 

 

The X-ray diffraction patterns of MNPs, Fe3O4@P(NIPAM-co-

AMPS) nanogels, and Fe3O4@P(NIPAM-co-AA) nanogels are 

shown in Fig. 5. These results show that the positions and relative 45 

intensities of the diffraction peaks in both MNPs and magnetic 

nanogels are matched well with the standard Fe3O4 peaks (JCPDS 

01-088-0351).47 There are mainly six diffraction peaks at 2θ of 

30.23°, 35.65°, 43.27°, 53.57°, 57.26° and 62.83°, corresponding 

to the indices of (220), (331), (400), (422), (511), and (440), 50 

respectively.47 These data reveal that MNPs are Fe3O4 with 

crystal structure, and P(NIPAM-co-AMPS) and P(NIPAM-co-

AA) coated on MNPs do not influence MNPs’ crystal structure.  

  

Fig. 6 Magnetization curves of MNPs (black line), Fe3O4@P(NIPAM-co-55 

AMPS) nanogels (blue line) and Fe3O4@ P(NIPAM-co-AA) nanogels (red 

line). 

 

The magnetization curves of Fe3O4@P(NIPAM-co-AMPS) 

nanogels and Fe3O4@P(NIPAM-co-AA) nanogels compared with 60 

pure MNPs are shown in Fig. 6. It is seen that the magnetizations 

of all nanoparticles increase with the strength of the external 

magnetic field. There is no remanence indicated from the 

hysteresis loops at a low magnetic field, namely, MNPs and the 

two kinds of magnetic nanogels possess superparamagnetic 65 

property.48 The saturation magnetization of pure MNPs, 
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Fe3O4@P(NIPAM-co-AMPS) nanogels, and Fe3O4@P(NIPAM-

co-AA) nanogels are 58.823, 25.296, and 23.342 emu g-1, 

respectively. The saturation magnetization of magnetic nanogels 

is lower than that of pure MNPs, which is attributed to the 

existence of polymer hydrogels coated on the surface of Fe3O4 5 

nanoparticles. However, the saturation magnetization of magnetic 

nanogels is still high, which will be very beneficial to recover 

these nanogels under a low magnetic field and reuse them as 

draw agents in FO. In addition, the superparamagnetic property 

of the mangentic nanogels will enable them to be redispersed 10 

quickly after the removal under an external magnetic field. 

The osmotic pressure of poly(NIPAM-co-AMPS) nanogels 

(0.1 g/mL) measured by the method of freezing-point depression 

is 3.35 bar. The rather low osmotic pressure may due to the 

nanogels dispersion used in the test with a low concentration in a 15 

well-swollen state and the osmotic pressure mainly produced by 

the dissociation of ionic groups. Much more work should be done 

to optimize the magnetic nanogels further. 

FO performance 

The water fluxes of Fe3O4@P(NIPAM-co-AMPS) nanogels and 20 

Fe3O4@P(NIPAM-co-AA) nanogels used as draw agents are 

shown in Fig. 7. The results show that the strong ionic 

Fe3O4@P(NIPAM-co-AMPS) nanogels dispersion with the 

concentration of 0.02 g/mL produces an average water flux of 

0.26 LMH within the initial 20 min, which is higher than that of 25 

weak ionic Fe3O4@P(NIPAM-co-AA) nanogels (0.11 LMH) with 

the same nanogels concentration. This may be ascribed to several 

reasons. First, the strongly ionic sulfonate groups in 

Fe3O4@P(NIPAM-co-AMPS) nanogels are completely 

dissociated, resulting in the generation of higher osmotic pressure 30 

than that of weak carboxylate groups with limited dissociation in 

Fe3O4@P(NIPAM-co-AA) nanogels. Second, the polymer chains 

in Fe3O4@P(NIPAM-co-AMPS) nanogels have the tendency to 

extend completely due to the strong electrostatic repulsion 

between strong ionic sulfonate groups,49 which may leads their 35 

bigger equilibrium swelling ratio and more water molecules 

permeating into the nanogels’ network compared with 

Fe3O4@P(NIPAM-co-AA) nanogels. 

 

Fig. 7 Water flux of magnetic nanogels as draw solute in FO process at 40 

room temperature with the nanogels concentration of 0.02 g mL
-1

. 

 

Fig. 8 Effect of Fe3O4@P(NIPAM-co-AMPS) nanogels concentration in the 

draw solution on the water flux. 

 45 

To further investigate the performance of Fe3O4@P(NIPAM-

co-AMPS) nanogels as draw agents in FO, we also study the 

effect of concentration of Fe3O4@P(NIPAM-co-AMPS) nanogels 

in the draw solution on the water flux. As seen in Fig. 8, the 

average water fluxes are 0.26, 0.46, and 0.65 LMH respectively 50 

within the initial 20 min, corresponding to the concentration of 

the magnetic nanogels of 0.02, 0.05, and 0.10 g mL-1. It is clearly 

that the water flux increases with an increasing concentration of 

Fe3O4@P(NIPAM-co-AMPS) nanogels. This is mainly because 

that the draw solution with a higher nanogels concentration may 55 

produce a higher osmotic pressure.  

 

Fig. 9 Photographs of magnetic nanogels dispersion. (a) original state, (b) 

under an external magnetic stimulus after 20 min at room temperature, 

(c) under an external magnetic stimulus after 20 min at 65 
o
C, (d) under 60 

an external magnetic stimulus after a week at 65 
o
C and (e) colorless 

transparent product obtained after ultrafiltration.  

 

To explore the recyclability of Fe3O4@P(NIPAM-co-AMPS) 

nanogels as draw agents in FO, these nanogels were recovered 65 

using a magnet made of RuFeB with the magnetic intensity of 

about 250 mT measured by a Handheld Gassmeter (G100, Coliy 

Technology GmbH, Germany), or using a combined stimulus of 

the magnet and heating (65 oC) after FO. As seen in Fig. 9a, the 

original Fe3O4@P(NIPAM-co-AMPS) nanogels dispersion is 70 

dark yellow. However, when the external magnet is placed, the 

magnetic nanogels are attracted and move toward to the magnet 

and the dispersion becomes clearer at last under an external 

magnetic stimulus after a week at 65 oC (Fig. 9d). Compared with 

the case in room temperature (Fig. 9b), the magnetic nanogels are 75 

easier to be precipitated towards the magnet at 65 oC, and a 

clearer supernatant can be obtained (Fig. 9c). These results 
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indicate that the recovery efficiency of the magnetic nanogels 

under the combined stimuli of heating and magnetic field is 

higher than that under magnetic field stimulus alone. This may be 

ascribed to thermosensitive monomer NIPAM introduced into the 

Fe3O4@P(NIPAM-co-AMPS) nanogels. As mentioned before, 5 

when the temperature is increased, the hydrophobic effect in the 

Fe3O4@P(NIPAM-co-AMPS) nanogels woud be enhanced and 

prompt the water expelled from the nanogels’ network. In 

addition, the hydrophobic interaction between nanogels particles 

also increases with the increase of temperature, which may makes 10 

the nanogels accumulate easily and a quick separation from water. 

So, the recovery efficiency of Fe3O4@P(NIPAM-co-AMPS) 

nanogels as draw agents is improved. It is noted that this thermal 

stimulus can be come from waste energy in industrial plants or 

solar power to minimize energy cost. However, for time-saving, it 15 

is encouraged to recovery the magnetic P(NIPAM-co-AMPS) 

nanogels from the diluted draw solution by using magnetic 

stimulus with mild heating and followed by ultrafiltration22,50 or 

microfiltration.51 The colorless transparent product-water has 

been obtained after ultrafiltration using a Microcon tube 20 

(Millipore, 3K MWCO) operating at 8000 rpm for 10 min (Fig. 

9e). 

Conclusions 

In summary, we have prepared the magnetic thermoresponsive 

ionic Fe3O4@P(NIPAM-co-AMPS) nanogels via physical 25 

encapsulation and precipitation polymerization. These magnetic 

nanogels have a core-shell structure composed with a core of 

MNPs and a shell of P(NIPAM-co-AMPS) and possess 

thermosensitive  and superparamagnetic properties. In addition, 

Fe3O4@P(NIPAM-co-AMPS) nanogels can produce a 30 

significantly higher water flux than that of Fe3O4@P(NIPAM-co-

AA) nanogels due to the introduced strong ionic monomer AMPS 

in the former nanogels. And the water flux is enhanced with an 

increasing concentration of Fe3O4@P(NIPAM-co-AMPS) 

nanogels in the draw solution. Furthermore, due to the assistance 35 

of thermal stimuli-induced nanogels’ shrinkage, the magnetic 

nanogels could be quickly separated from water under the 

combined stimuli of heating and magnetic field, resulting in 

improving the recovery efficiency and reducing energy 

consumption for reuse. However, there is still much further work 40 

to improve the performance of the magnetic nanogels as draw 

agents in FO, such as how to enhance the osmotic pressure 

further, and how to use heat from waste energy in industrial 

plants or solar power to minimize energy cost for recovery and 

reuse. This work will encourage further development of applying 45 

intelligent nanogels as draw agents in FO. 
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