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Abstract 

Discharging untreated emulsified oily wastewater directly into the environment may present potential hazards to both ecological 

stability and human health. Therefore, the development of efficient and recyclable demulsification materials for the treatment of 

emulsified oily wastewater is of considerable importance. In this study, Fe3O4 particles were selected as the substrate, and 

chitosan (CS) was grafted onto their surface via a cross-linking method. Poly (ionic liquids) were then stably anchored onto the 

chitosan-modified Fe3O4 through the synergistic effects of hydrogen bonding and electrostatic interactions. As a result, a 

magnetic-responsive poly (ionic liquid) composite particle, denoted as Fe3O4@CS@P[VEIm]Br, was successfully fabricated. 

The demulsification performance of the prepared composite particles was systematically evaluated. The experimental results 

showed that, under the conditions of an oil–water ratio of 10:90 and a salinity of 50 g/L, Fe3O4@CS@P[VEIm]Br at a dosage of 

40 g/L achieved a demulsification efficiency of 99.0% within 10 min. In addition, after 10 consecutive reuse cycles, the 

demulsification efficiency remained above 93.0%, demonstrating excellent demulsification performance, salt tolerance, and 

recycling stability. Combined with the characterization results obtained from optical microscopy, contact angle measurements, 

and FT-IR analysis, a possible demulsification mechanism was proposed. The amphiphilic demulsifier can rapidly migrate to 

and accumulate at the oil-water interface, where it undergoes anion exchange with dodecylbenzene sulfonate in the surfactant. 

This process disrupts the original oil-water interfacial balance, promotes the rupture and coalescence of emulsion droplets, and 

thereby enables efficient emulsion separation. The results of this study indicate that Fe3O4@CS@P[VEIm]Br has promising 

application potential for the efficient treatment of emulsified oily wastewater, and the proposed mechanism provides useful 

insight into the design of magnetic-responsive poly (ionic liquid) demulsifiers with high efficiency, salt tolerance, and good 

reusability. 
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1. Introduction 

Emulsified oily wastewater is widely generated in the pet-

rochemical, metallurgical, machinery, and food industries [1-

3]. Because it often contains surfactants to emulsify oil sub-

stances, it has the characteristics of difficult degradation, great 

harm and high environmental risk [4-8]. It is the most difficult 

type of treatment in oily residual liquid, and it is also one of 

the key and difficult points in industrial pollution prevention 

and control. How to effectively treat emulsified oil wastewater 

to achieve water resources protection and oil reuse is a world-

wide scientific problem [9-12]. 

At present, the commonly used treatment methods of emul-

sified oil wastewater mainly include physical [13], chemical 

[14], and biological demulsification methods [15]. Physical 

methods such as microwave demulsification [16], membrane 

separation [17, 18] and ultrasonic separation [19] are pollu-

tion-free and versatile, but there are problems such as high 

cost and unsatisfactory results. The biological method uses bi-

ological metabolites with low energy consumption and high 

efficiency, but generally requires a long domestication cycle 

[20]; the chemical method mainly reduces the interfacial ten-

sion of the emulsion droplets by adding chemical demulsifiers, 

destabilizes the interfacial film, and facilitates droplet coales-

cence [21]. It offers notable advantages, including high effi-

ciency and rapid operation. [22, 23]. However, chemical de-

mulsifiers are mostly toxic and easy to cause secondary pollu-

tion in water bodies [24]. Therefore, in recent years, the prep-

aration of high-efficiency, low-cost and easily recyclable 

chemical demulsifiers has become a research hotspot. 

Ionic liquids (ILs) have the characteristics of strong solu-

bility, good thermal stability and high chemical stability [25]. 

In particular, the precisely controllable hydrophilicity/hydro-

phobicity, polarity and surface activity make it a promising 

chemical demulsifiers [26]. Li [27] et al. evaluated nine halo-

genated ILs for oil-in-water (O/W) emulsion demulsification, 

and the demulsification efficiency exceeded 90% by 20 min. 

Sadighian [28] et al. synthesized a series of imidazolium-

based ionic liquids, among which the Br-containing ionic liq-

uids exhibited the highest demulsification efficiency, reaching 

92%. Research shows that ionic liquids have a good demulsi-

fication effect, but there are also problems such as easy loss, 

unsatisfactory recycling effect and easy to cause secondary 

pollution of water. Based on this, some scholars have carried 

out research on the use of poly (ionic liquids) (PILs) for treat-

ing emulsified oily wastewater. For example, Ayman [29] et 

al. synthesized pyridine cationic PILs PEIDP by free radical 

polymerization, and the separation efficiency of O/W emul-

sion was almost 100%. However, PEIDP requires a demulsi-

fication time of up to 6 h and needs to be further recovered by 

membrane separation or sedimentation processes. Therefore, 

some scholars have combined ILs with magnetic particles to 

achieve convenient and fast magnetic recovery. Sadighian [30] 

et al. successfully prepared a new, environmentally friendly 

and easy-to-reuse Fe3O4@β-CD magnetic nanocomposite par-

ticles based on imidazole modification by chemical bond 

grafting method, and applied it to demulsifying and separating 

of crude oil water-in-oil (W/O) emulsions; it was found that 

5000 ppm Fe3O4@β-CD@[ImSi-C10][Br] could achieve 92% 

demulsification efficiency for (30:70 vol%) W/O emulsion 

within 24 h. Chemical bond grafting is mainly connected by 

covalent bonds or coordination bonds, but its synthesis path is 

complex, requires multi-step reactions, has high cost, and may 

involve toxic reagents or strict conditions. In contrast, physi-

cal coating mainly achieves the combination of PILs and mag-

netic particles through physical adsorption, electrostatic inter-

action or van der Waals force. Liu [31] et al. used electrostatic 

interaction to coat ILs on cyclodextrin-functionalized mag-

netic dendritic polymer composites (MNP@PA-

MAM@CD@IL). This material exhibits high adsorption ca-

pacity and can also be rapidly recovered through its magnetic 

responsiveness. Cheng [32] et al. PILs were physically coated 

on molecular sieves and applied in a T-type device with hy-

drophilic and hydrophobic membranes for demulsifying and 

separating water-in-oil emulsions, achieving a demulsifica-

tion efficiency of up to 99% within 3 h. It can be seen that the 

physical coating method constitutes a facile and efficient route 

for synthesizing magnetically responsive PILs. However, 

there are still few reports on the direct separation of emulsified 

oil wastewater. Therefore, achieving stable and uniform phys-

ical coating of PILs onto magnetic particles, along with effi-

cient separation of emulsified oil wastewater, remains an ur-

gent challenge. 

Therefore, in this study, a novel and straightforward ap-

proach was adopted to successfully prepare the magnetic re-

sponsive PILs Fe3O4@CS@P[VEIm]Br. The influence of de-

mulsifiers dosage, demulsification time, alkyl chain length 

and emulsion concentration on demulsification performance 

were investigated. Additionally, the salt tolerance and recy-

clability of the magnetic response demulsifier were investi-

gated. Finally, the demulsification mechanism of the demulsi-

fier was revealed by contact angle, infrared spectroscopy and 

optical microscopy analysis, which provided theoretical guid-

ance for designing highefficiency demulsifiers. 

2. Experimental 

2.1. Materials 

Iron trichloride, hexahydrate (FeCl3·6H2O, purity ≥ 99.0%), 

ethylene glycol (EG, purity ≥ 98.0%), glacial acetic acid (HAc, 

purity ≥ 99.5%), glutaraldehyde (GA, purity ≥ 50.0%), azobi-

sisobutyronitrile (AIBN, purity ≥ 98.0%), 1-vinyl-3-ethylim-

idazolium bromide ([VEIm]Br, purity ≥ 99.0%) were supplied 

by Shanghai Macklin Biochemical Technology Co., Ltd. Eth-

anol (EtOH, purity ≥ 99.7%), anhydrous sodium acetate 

(CH3COONa, purity ≥ 99.0%), chitosan (CS, deacetylation 
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degree ≥ 95.0%), toluene (purity ≥ 99.5%) were acquired from 

Sinopharm Group Chemical Reagents Co., Ltd. Polyethylene 

glycol (PEG, Mn = 4000) and 1-vinyl-3-butylimidazolium 

bromide ([VBIm]Br, purity ≥ 98.0%) were supplied by Shang-

hai Aladdin Biochemical Technology Co., Ltd. 1-Vinyl-3-oc-

tylimidazolium bromide ([VOIm]Br, purity ≥ 98.0%) was 

supplied by Zhengzhou Aikem Chemical Co., Ltd. All exper-

iments were conducted using deionized water, and all chemi-

cal reagents were not purified. 

2.2. Synthesis of Demulsifiers 

3.6g CH3COONa, 1.35 g FeCl3·6H2O, 1.0 g polyethylene 

glycol-4000 and 40 mL ethylene glycol were introduced into 

a 100 ml beaker, respectively. The uniform mixed solution 

was formed by ultrasonic oscillation for 30 min, then trans-

ferred to a 100 mL hydrothermal reactor and positioned a vac-

uum drying oven. The reaction was conducted at 200°C for 8 

h, after which the system was allowed to cool to 25°C. The 

product was rinsed alternately with ethanol and water 3 times 

and finally vacuum-dried at 60°C for 24 h to yield Fe3O4. 

Fe3O4 was dispersed in 20 mL of 1% acetic acid, and then 

20 mg of chitosan was added. Following ultrasonic homoge-

nization, the suspension was transferred into a three-necked 

flask, where crosslinking was initiated by adding 2 mL of 25% 

glutaraldehyde solution and maintained at 25°C for 4 h. The 

resulting product was alternately washed with deionized water 

and ethanol three times to yield Fe3O4@CS. 

The ionic liquid [VEIm]Br 0.35 g, AIBN 0.02 g, a 50 mL 

three-necked round-bottom flask was charged with 25 mL of 

deionized water, and the contents were stirred at 25°C for 30 

min to achieve homogeneous mixing. Subsequently, 0.2 g of 

Fe3O4@CS was introduced, and the reaction was allowed to 

proceed under stirring at 80 °C for 12 h. Upon completion, the 

product was alternately washed three times with deionized 

water and acetone. The final polymerized product, designated 

Fe3O4@CS@P[VEIm]Br, after vacuum drying at 65°C for 12 

h, the product was obtained. The synthetic pathway is shown 

in Figure 1. 

 
Figure 1. Preparation procedure forFe3O4@CS@P[VEIm]Br demulsifier particles. 

2.3. Preparation of the O/W Emulsions 

SDBS was introduced into a toluene–water mixture at a 

mass fraction of 0.01 wt.%, and the resulting mixture was ul-

trasonicated for 30 min to form O/W toluene emulsions with 

concentrations of 0.1, 0.2, 0.4, 0.6 and 0.8 mL/L, respectively. 

As illustrated in Figure 2(a), UV-visible spectroscopy re-

vealed a characteristic absorption peak for toluene at 261 nm. 

A calibration curve was constructed from the characteristic 

peak intensities measured at different toluene concentrations, 

as illustrated in Figure 2(b). Eq. (1) was subsequently obtained 

through curve fitting. 

𝐴 = 0.925𝐶 − 0.0045            (1) 

In the formula, A and C represent the absorbance at 261 nm 

and the corresponding toluene concentration, respectively. 

The resulting calibration curve yielded an R² value of 0.9996. 
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Figure 2. (a) UV absorption profiles of toluene emulsions with varying concentrations. (b) Calibration curve of toluene emulsion. 

2.4. Demulsification Test 

In the process of studying the demulsification performance 

of emulsified oil wastewater, a 5 mL aliquot of the emulsion 

to be separated was transferred into a glass bottle, and the 

magnetic response PILs demulsifiers was added to it. After 

shaking for a certain time, the mixture was subjected to mag-

netic separation, and the clear liquid was taken for ultraviolet 

spectrum analysis. Therefore, using the standard curve, the 

toluene concentration was determined from the absorbance of 

the target emulsion measured before and after separation. The 

specific demulsification efficiency is given by Eq. (1). 

Demulsification efficiency (%)=
𝐶0−𝐶

𝐶0
         (2) 

where C0 is the original oil concentration (mL/L) of the be-

fore-treatment emulsion and C is the oil concentration (mL/L) 

of the after-treatment emulsion. 

2.5. Characterization 

Size and morphology of different magnetic particles were 

characterized by scanning electron microscopy (SEM, Regu-

lus-8100, Hitachi) and transmission electron microscopy 

(TEM, HT-7800, Hitachi), and the particle size distribution of 

each stage was measured by Image J software. The spatial dis-

tribution of elements was observed by EDS (AXIS ULTRA 

DLD). The roughness features and microscopy of the mag-

netic particles was detected by atomic force microscopy 

(AFM, cypher). The chemical groups of the different magnetic 

particles were examined by fourier transform infrared spec-

trometer (FT-IR, IS50) with the KBr pellet method. The ther-

mal stability of different magnetic particles was tested by ther-

mogravimetric (TG) analyzer (Thermax 700). The hysteresis 

loop of different magnetic particles was determined by using 

a vibrating sample magnetometer (VSM, LakeShore7404, 

USA) at 25°C. The zeta potential of the different magnetic 

particles was determined by Malvern Nanosizer instrument at 

various pH levels (Zetasizer Nano ZS90, Malvern Instruments 

Company, UK). Contact angle measurements for the different 

magnetic particles were performed with an XG-CAME instru-

ment, and the average value was recorded three times. The op-

tical microscope (MS1000T, Nikon) was employed to exam-

ine the emulsion at different stages during the demulsification 

process. 

3. Results 

3.1. Micromorphology and Composition 

The microstructures of Fe3O4, Fe3O4@CS and 

Fe3O4@CS@P[VEIm]Br particles are shown in Figure 3. As 

illustrated in Figure 3(a), the hydrothermally synthesized 

Fe3O4 particles are spherical with a homogeneous particle size. 

The rough structure of the Fe3O4 surface can be observed from 

the Figure 3(a') TEM image, which is also conducive to fur-

ther grafting with CS. As observed in Figure 3 (b and b'), the 

Fe3O4@CS magnetic particles have a larger particle size than 

bare Fe3O4, confirming the successful surface attachment of 

chitosan onto Fe3O4. Figure 3 (c and c') show the micro-mor-

phology of the Fe3O4@CS@P[VEIm]Br. From Figure 3(c'), 

the more obvious light and dark structure of the sphere's exte-

rior can be observed clearly, indicating that P[VEIm]Br was 

successfully coated onto Fe3O4@CS. As presented in Figure 

3(h), the particle size distributions of Fe3O4, Fe3O4@CS and 

Fe3O4@CS@P[VEIm]Br were calculated using Image J soft-

ware to be falling within 70 ~ 80 nm, 100 ~ 110 nm and 110 ~ 

120 nm, respectively, and the average diameters of the three 

magnetic particles were 72.6 nm, 102.8 nm and 112.4 nm, re-

spectively, showing a gradual increase trend. This is due to the 

fact that the surface of Fe3O4@CS@P[VEIm]Br was coated 

with CS and P[VEIm]Br in turn. The EDS test results show 

that Fe3O4@CS@P[VEIm]Br contains three elements of Fe, 

O and C, and is evenly distributed on the particles. In addition, 

the existence of the characteristic element Br in PILs was also 

shown in the spectrum, which further indicated the successful 

attachment of PILs onto the surface of Fe3O4@CS. 
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Figure 3. The TEM and SEM images of three demulsifier particles (a, a') Fe3O4. (b, b') Fe3O4@CS, (c, c') Fe3O4@CS@P[VEIm]Br were 

obtained. (d-g) EDS scanning image of Fe3O4@CS@P[VEIm]Br. (h) Particle size distribution of Fe3O4, Fe3O4@CS, Fe3O4@CS@P[VEIm]Br. 

The surface roughness of Fe3O4, Fe3O4@CS and 

Fe3O4@CS@P[VEIm]Br magnetic particles was tested by 

atomic force microscopy. As illustrated in Figure 4(a, a'), the 

Fe3O4 surface is relatively flat, with a roughness value of 

9.210 nm as determined by Gwyddion software. In Figure 4 

(b, b'), numerous uniformly distributed "peak" structures ap-

peared on Fe3O4@CS, and the roughness value was measured 

to be 1.638 nm. As depicted in Figure 4 (c, c'), the surface of 

Fe3O4@CS@P[VEIm]Br exhibits numerous fine and distinct 

protrusions. Compared with Fe3O4@CS, the surface micro-

structure of Fe3O4@CS@P[VEIm]Br changed significantly, 

exhibiting a roughness of 0.879 nm. The above results show 

that with the increase of CS and P[VEIm]Br coating layers, 

the microstructure and roughness of magnetic PILs have 

changed accordingly. 

 
Figure 4. (a, a') Fe3O4, (b, b') Fe3O4@CS, (c, c') Fe3O4@CS@P[VEIm]Br AFM images. 
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3.2. FT-IR 

In order to analyze and identify the functional group struc-

ture of Fe3O4, Fe3O4@CS and Fe3O4@CS@P[VEIm]Br mag-

netic particles, the infrared spectrum test was carried out and 

the spectral curve was drawn. As illustrated in Figure 5(a), the 

absorption peak at 575 cm–1 is characteristic of the Fe-O 

stretching vibration [29], which confirms the successful prep-

aration of the Fe3O4 substrate. At the same time, in the infrared 

spectrum of Fe3O4@CS, two additional peaks are detected 

near 1076 cm–1 and 883 cm–1, which were mainly ascribed to 

the C−O stretching vibration of chitosan and the skeleton vi-

bration of the glycosidic bond [34]. This result proved that CS 

was successfully coated onto magnetic particles. In the spec-

tral curve of Fe3O4@CS@P[VEIm]Br, the characteristic vi-

bration peaks of C−H bond and C=N bond appeared at 2861 

cm–1 and 1638 cm–1 [30, 35], respectively, confirming that 

PILs were successfully anchored onto the surface of 

Fe3O4@CS particles. The spectrum reveals the −OH stretch-

ing band at 3445 cm–1 shifts to the right to 3430 cm–1, and the 

stretching vibration peak of the C=N bond shifts from 1639 

cm–1 to 1631 cm–1. This phenomenon is mainly ascribed to 

hydrogen bonding between PILs and the abundant −NH₂ and 

−OH groups on the CS surface [36]. 

3.3. Magnetic Property 

For magnetic demulsifiers, the magnetic properties are an 

important factor influencing their demulsification and recov-

ery. Therefore, the magnetic characteristics of Fe3O4, 

Fe3O4@CS, and Fe3O4@CS@P[VEIm]Br were analyzed. The 

results are presented in Figure 5(b). The hysteresis loop passes 

through the origin, indicating that the demulsifiers do not have 

residual magnetization and coercivity, and thus exhibit super-

paramagnetic characteristics [30]. The saturation magnetiza-

tion values of Fe3O4, Fe3O4@CS, and 

Fe3O4@CS@P[VEIm]Br are 72.8, 67.5 and 65.0 emu/g re-

spectively, showing a decreasing trend. This is mainly due to 

the further grafting of non-magnetic CS and PILs. 

Fe3O4@CS@P[VEIm]Br exhibits magnetic response charac-

teristics, enabling its separation of the emulsion to be conven-

iently recovered through an external magnetic field. 

 

3.4. Thermal Stability 

Figure 5(c) TGA diagram shows the thermal stability of 

Fe3O4, Fe3O4@CS and Fe3O4@CS@P[VEIm]Br magnetically 

responsive demulsifiers particles. In the initial stage of pyrol-

ysis, the three demulsifiers particles showed a mass loss of 

1.3% ~ 2.4% in the temperature range of 30 ~ 150℃, which 

was likely due to the desorption of physically adsorbed water 

on the particle surface and the volatilization of residual sol-

vents. In the second stage, Fe3O4@CS and 

Fe3O4@CS@P[VEIm]Br particles exhibit different thermal 

decomposition behaviors in the high temperature region. 

Firstly, the secondary weight loss (about 6%) of Fe3O4@CS 

within 220·~ 600°C is assigned to the thermal decomposition 

of the CS coating layer. The breakage of the main chain of the 

glycosidic bond and the decomposition of the side chain group 

together lead to a decrease in mass, which confirms the suc-

cessful coating of CS. In addition, the weight loss rate of 

Fe3O4@CS@P[VEIm]Br at 220 ~ 570°C is about 8%, which 

is mainly due to the combined effect of imidazolium side 

chain breakage and main chain decomposition in the outer-

most coating layer PIL, which further confirms that the 

P[VEIm]Br is successfully coated on the surface of 

Fe3O4@CS. 

3.5. Zeta Potential 

To investigate the electrostatic interaction between mag-

netic nanoparticles and PIL as well as its influence on surface 

charge, Zeta potential tests were carried out on three demulsi-

fiers: The Zeta potential experimental results for Fe3O4, 

Fe3O4@CS and Fe3O4@CS@P[VEIm]Br are presented in 

Figure 5(d). Fe3O4 exhibits a zeta potential of −16.8 mV, 

which is mainly attributable to surface hydroxyl groups on 

Fe3O4 prepared by hydrothermal method. Upon CS coating, 

the zeta potential of Fe3O4@CS shifted to −15.9 mV. This de-

crease is attributed to the protonation of amino group (−NH2) 

on the CS molecular chain will be protonated (−NH₃+) under 

acidic conditions to make it positively charged, so the negative 

Zeta potential decreases. The electronegativity was further re-

duced to −7.6 mV after grafting PILs. The main reason for this 

change was the electrostatic adsorption between cationic 

P[VEIm]+ and negatively charged Fe3O4@CS, resulting in 

charge neutralization. Therefore, the above experimental re-

sults further proved the successful grafting of CS and coating 

of PILs. 
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Figure 5. Fe3O4、Fe3O4@CS 和 Fe3O4@CS@P[VEIm]Br demulsifier particles (a) FT-IR; (b) VSM (illustrated as image of original emulsion 

and emulsion after demulsification). (c) TGA analysis. (d) Zeta potential test. 

3.6. Demulsification Performance Test 

To investigate the effect of varying alkyl chain lengths (C= 

2, 4, 8) on the demulsification effect of magnetically respon-

sive PILs, the demulsification efficiency of 

Fe3O4@CS@P[VEIm]Br, Fe3O4@CS@P[VBIm]Br and 

Fe3O4@CS@P[VOIm]Br on emulsified oil wastewater with a 

concentration of 10:90 at 10 min was tested respectively. The 

results are illustrated in Figure 6(a). When the dosage was 20 

g/L, the demulsification efficiencies of 

Fe3O4@CS@P[VEIm]Br 、 Fe3O4@CS@P[VBIm]Br and 

Fe3O4@CS@P[VOIm]Br were 70.5%, 86.2% and 96.3%, re-

spectively. At a dosage of 40 g/L, demulsification efficiencies 

of 95.3%, 98.1% and 98.3% were achieved. As illustrated in 

Figure 6(b), with increasing emulsion concentration, 

Fe3O4@CS@P[VEIm]Br showed the highest demulsification 

efficiency for 10:90 O/W emulsion. The stability test results 

of emulsified oil wastewater showed that prolonged stability 

was not achievable after increasing to 12:88. Based on this, 

the demulsification performance of 10:90 emulsified oil 

wastewater was further explored. 

In this study, the effects of different dosage (10, 20, 30, 40, 

50 and 60 g/L) and time (5, 10, 30, 60 and 120 min) of 

Fe3O4@CS@P[VEIm]Br on demulsification were investi-

gated. It is evident from Figure 6(c) that when the dosage is 

10 g/L, the demulsification rate is 60.2% at 5 min, and the de-

mulsification rate gradually increases with time. At a demul-

sification time of120 min, the demulsification rate was 72.6%. 

This is because as demulsification time increases, 

Fe3O4@CS@P[VEIm]Br can migrate more to the oil-water 

interface, and interact with the emulsified oil droplets to pro-

mote the destabilization of the emulsion, thereby improving 

the demulsification efficiency. At a demulsification time of 10 

min, the demulsification rate gradually increased with increas-

ing dosage. Among them, at a dosage of 10 g/L, the demulsi-

fication rate was 62.6%; at 40 g/L, the rate was 98.1%. Sub-

sequently, with further increases in dosage and demulsifica-

tion time, the demulsification rate remained basically un-

changed. Figure 6(d) shows the demulsification efficiency of 

Fe3O4, Fe3O4@CS and Fe3O4@CS@P[VEIm]Br at the dosage 

of 40 g/L and demulsification time of 10 min, which are 54.8%, 

50.3% and 98.1%, respectively. The comparison results show 

that PILs have obvious demulsification effect. 
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Figure 6. (a) The demulsification efficiency of Fe3O4@CS@P[VEIm]Br、Fe3O4@CS@P[VBIm]Br and Fe3O4@CS@P[VOIm]Br at 10 min. 

(b) The demulsification efficiency of Fe3O4@CS@P[VEIm]Br for O/W emulsions at different concentrations. (c) The demulsification efficiency 

of Fe3O4@CS@P[VEIm]Br with different dosage and demulsification time. (d) Demulsification efficiency of Fe3O4、Fe3O4@CS and 

Fe3O4@CS@P[VEIm]Br. 

To investigate the effect of salinity on demulsification, 

NaCl solutions of 1, 2, 3, 4, 5, 10 and 50 g/L were added to 

the target emulsified oil wastewater. Figure 7(a) is the demul-

sification efficiency of Fe3O4@CS@P[VEIm]Br demulsifiers 

at different salinities. Under the demulsification condition of 

10 min, when the salinity is 1 g/L, the demulsification rate is 

60.2%; when the salinity is 50 g/L, the demulsification rate is 

99.0%. As salinity increased, the demulsification rate gradu-

ally increases. This phenomenon arises because, under high-

salinity conditions, salt anions in the aqueous phase diminish 

the electrostatic repulsion among imidazolium ring cations, 

thereby enhancing the adsorption of PILs at the oil–water in-

terface and leading to efficient demulsification. As shown in 

Figure 7(b), in order to explore the recycling performance of 

Fe3O4@CS@P[VEIm]Br demulsifiers, 

Fe3O4@CS@P[VEIm]Br was magnetically separated and re-

covered after each use, and then soaked in NaBr solution 

(1000 mg L–1), regenerated by ion exchange with Br− in NaBr 

solution, and its recycling performance was tested. The results 

indicate that the demulsification efficiency decreases gradu-

ally as the cycle number increases. After 10 cycles of demul-

sification, the demulsification rate of 

Fe3O4@CS@P[VEIm]Br remained above 93.2%, showing 

good reusability. 

 
Figure 7. The demulsification efficiency of Fe3O4@CS@P[VEIm]Br demulsifier particles (a) at different salinities. (b) Recycling performance. 
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In Table 1, the Fe3O4@CS@P[VEIm]Br magnetically re-

sponsive PILs demulsifiers prepared in this study was com-

pared with the emulsion oil wastewater separation materials 

reported in the literature. The comparison results show that the 

demulsifiers has excellent performance in separation speed, 

demulsification efficiency and recycling performance, show-

ing good research value and application potential. 

Table 1. The comparison of demulsification efficiency between this work and other literatures. 

Demulsifiers Demulsifying Mechanism Oil: Water Time 
Demulsifica-

tion Efficiency 

Reuse Perfor-

mance (frequency) 
Ref. 

Fe3O4@CPAM Coupling and Synergy 7:3 30 min 99.10%  [37] 

Fe3O4@CS@NaOL Electrostatic Adsorption 1:99  91% 80% (8) [34] 

CuFe2O4/MWCNT π-π Bond Bonding viscous oil 30 min 95% 90% (7) [38] 

MPCs@PVA Adsorption-bridging 1:200 1 h 95.13% 80% (6) [39] 

P[IL]@MCs Adsorption Displacement 3:7 2 h 99.5% 89% (5) [33] 

Fe3O4@PDA-EDEP Ion Exchange 5:95 80 min 99.55% 99% (8) [40] 

PPBD and PPBH(IL) Adsorption Displacement 3:7 2 h 96.34%  [41] 

DEBIL Electrostatic Attraction 3:7 2 h 98.5%  [42] 

Y6/Y12/Y18 Electrostatic Attraction  90 min 100%  [43] 

PE-CL(Gemini) Adsorption Displacement 1:1 3 h 100%  [44] 

Fe3O4@β-CD@[Im-

Cn][Br] 
Adsorption Displacement 3:7 24 h 92% 82% (5) [25] 

Fe3O₄@CS@P[VEIm

]Br 
Electrostatic Attraction 10:90 10 min 98.1% 93.2% (10) This work 

 

3.7. The demulsification Mechanism 

To explore the wettability of the demulsifiers particles, the 

water contact angle (WCA) and oil contact angle (OCA) of 

Fe3O4, Fe3O4@CS and Fe3O4@CS@P[VEIm]Br were meas-

ured using a contact angle goniometer, with the results pre-

sented in Figure 8(a). The test method is to add water or oil 

droplets to the surface of the compacted demulsifiers particles 

and record the static contact angle changes. The WCA test 

value of Fe3O4 is 53.5°. After coating with CS and PILs in turn, 

the WCA of Fe3O4@CS and Fe3O4@CS@P[VEIm]Br de-

creased to 30.9° and 17.9°, respectively. The significant re-

duction of WCA is mainly attributed to the introduction of 

amino groups in CS and hydrophilic Br– in PILs, which greatly 

enhances the surface hydrophilicity of the composite material. 

This gradual improvement in hydrophilicity is conducive to 

the dispersion of demulsifiers particles in the aqueous phase. 

In order to evaluate the lipophilicity, soybean oil was dropped 

onto the surface of Fe3O4, Fe3O4@CS and 

Fe3O4@CS@P[VEIm]Br demulsifiers particles, and the test 

values of OCA were 86.3°, 100.0° and 42.0°, respectively. 

The decrease of OCA test value of Fe3O4@CS@P[VEIm]Br 

demulsifiers particles is mainly due to the fact that the ethyl 

and vinyl groups in P[VEIm]Br are non-polar alkyl chains, 

which makes Fe3O4@CS@P[VEIm]Br show good lipophilic-

ity. In summary, Fe3O4@CS@P[VEIm]Br exhibits excellent 

amphiphilicity, which is beneficial to adsorb at the O/W emul-

sion interface, reduce the interfacial tension, and achieve effi-

cient demulsification. 
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Figure 8. (a) The water and oil contact angles of Fe3O4, Fe3O4@CS and Fe3O4@CS@P[VEIm]Br were tested. (b) FT-IR test of 

Fe3O4@CS@P[VEIm]Br before demulsification, after demulsification and after regeneration. 

In order to further explore the demulsification mechanism, 

we carried out FT-IR characterization of 

Fe3O4@CS@P[VEIm]Br demulsifiers before and after use. 

Following demulsification, the magnetically responsive nano-

particles in Figure 8(b) display two new IR absorption features 

at 1055 cm⁻¹ and 1126 cm⁻¹, which are caused by the tensile 

vibration of S=O and S-O in sodium dodecyl benzene sul-

fonate. According to the results, it can be inferred that the an-

ion exchange occurred between the dodecylbenzene sulfonate 

ion (DS–) in the emulsion and the Br− in the magnetically re-

sponsive PILs. This exchange behavior destroys the stability 

of the original oil-water interface, thereby promoting the coa-

lescence of emulsion droplets and achieving oil-water separa-

tion. Furthermore, the used demulsifiers can be regenerated by 

ion exchange with Br- in NaBr solution. The FT-IR spectrum 

of the regenerated demulsifiers showed that the characteristic 

absorption peak of the original S=O bond disappeared, indi-

cating that DS– had desorbed from the surface of the material. 

The appearance and disappearance of the above characteristic 

peaks confirmed the ion exchange mechanism during demul-

sification, and the previous studies showed that the demulsi-

fier exhibited good recycling performance. 

To investigate the demulsification process of the demulsifi-

ers, an optical microscope was used to observe the micro-

scopic morphology of the emulsified oil droplets at different 

demulsification stages. As seen in Figure 9(a), the macro-

scopic state of the emulsified oil wastewater with an oil-water 

ratio of 10:90 is milky white, and it is presented as evenly dis-

tributed emulsion droplets under a microscope. After adding 

Fe3O4@CS@P[VEIm]Br and shaking for 10 min, as can be 

observed from Figure 9(b), the emulsified oil wastewater was 

brown, and the emulsion droplets showed obvious aggregation 

under the microscope. In enlarged Figure 9(c) and (d), it can 

be clearly observed that the magnetic demulsifiers is adsorbed 

at the interface of the emulsified oil. In further enlarged Figure 

9(d'), droplet coalescence was observed. Under the action of 

oscillation, the amphiphilic demulsifiers ions can move to-

ward the oil-water boundary more efficiently, and undergo an-

ion exchange with the surfactant to break the original equilib-

rium state of the interface, inducing rupture, coalescence and 

continuous fusion of emulsion droplets into larger droplets. In 

Figure 9(e), the emulsified oil wastewater became clear after 

magnetic separation, and almost no emulsion droplets were 

observed under a microscope. 
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Figure 9. The optical microscope of O/W emulsion at different demulsification stages (a) The microscope of the original emulsion. (b) Add 40 

g/L Fe₃O₄@CS@P[VEIm]Br to the emulsion and shake the microscope after 5 min. (c, d) is the enlarged microscope image of Figure (b). (d') 

is the further enlarged graph of Figure (d). (e) Microscopic image of emulsion after magnetic separation. 

The separation performance and underlying mechanism of 

Fe3O4@CS@P[VEIm]Br toward emulsified oil are illustrated 

in Figure 10. During the formulation of the O/W emulsion, 

SDBS was introduced into the oil-water mixture as a repre-

sentative anionic surfactant. With its unique amphiphilic 

structure, SDBS molecules will be quickly adsorbed at the oil–

water interface, thereby stably dispersing the oil droplets in 

water. and finally form a stable emulsion. 40 g/L 

Fe3O4@CS@P[VEIm]Br demulsifiers was added to the above 

prepared emulsion and oscillated for 10 min. Because the am-

phiphilic demulsifiers has good dispersion in the oil-water 

emulsion and can quickly adsorb at the oil-water interface. 

The anion exchange occurred between Br− in 

Fe3O4@CS@P[VEIm]Br demulsifiers and DS− in surfactant, 

which destroyed the interfacial equilibrium of emulsion drop-

lets and caused the interfacial film to break under the action 

of oscillation, resulting in oil droplet flocculation and coales-

cence. Finally, the Fe3O4@CS@P[VEIm]Br demulsifiers par-

ticles were conveniently recovered by an external magnetic 

field. 

 
Figure 10. Demulsification separation process and demulsification mechanism of Fe3O4@CS@P[VEIm]Br towards emulsified oil wastewater. 

4. Conclusion 

In this study, Fe3O4@CS@P[VEIm]Br was successfully 

synthesized by grafting chitosan with rich amino and hydroxyl 

groups by cross-linking method, and further coating PILs on 

the surface of magnetic nanoparticles by hydrogen bonding 

and electrostatic synergy. A new type of magnetic responsive 

PILs Fe3O4@CS@P[VEIm]Br with simple synthesis route 
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and low cost was successfully synthesized. The bottle tests 

showed that Fe3O4@CS@P[VEIm]Br has good demulsifica-

tion effect at high-concentration emulsion and salinity. In par-

ticular, when the dosage of Fe3O4@CS@P[VEIm]Br is 40 g/L, 

the optimal demulsification rate within 10 min can reach 

99.0% when the O/W emulsion with the ratio of 10:90 and 

salinity of 50 g/L is treated. In addition, the demulsification 

efficiency of the demulsifiers is still above 93% after 10 cycles, 

showing good recycling performance. The results of contact 

angle test showed that Fe3O4@CS@P[VEIm]Br had good am-

phiphilicity. Combined with optical microscope and FT-IR 

test before and after demulsification, the demulsification 

mechanism can be concluded as follows: excellent am-

phiphilic Fe3O4@CS@P[VEIm]Br can be quickly adsorbed to 

the oil-water interface, so that Br− in the demulsifiers can ex-

change with DS– in SDBS to destroy the oil-water interface 

balance, thus achieving efficient demulsification. The high de-

mulsification rate, salt tolerance and good reusability make 

Fe3O4@CS@P[VEIm]Br shows broad application potential 

for treating emulsified oily wastewater. 

Abbreviations 

ILs Ionic Liquids 

PILs Poly Ionic Liquids 

W/O Water-in-oil 

O/W Oil-in-water 

WCA Water Contact Angle 

OCA Oil Contact Angle 
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