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ABSTRACT8

Conventional oil-water separation techniques have limited effectiveness in separating emulsified oil9

contaminations in wastewater in the forms of oil-in-water (o/w) or water-in-oil (w/o) emulsions.10

Researchers have used advances in nanotechnology to overcome the challenges with oil-water separation11

for emulsion systems. The use of magnetic nanoparticles (MNPs) such as iron oxide for separating12

emulsified oil contaminations has been extensively studied due to high adsorption capacity, high13

magnetic strength, low cost, low toxicity, biodegradability, reusability, and efficient separation from the14

aqueous phase. This review focuses on the application of MNPs in separating emulsified oil15

contaminations from wastewater. Although pristine magnetic iron oxide nanoparticles have excellent16

separation efficiency, three are challenges in their application including high tendency for aggregation17

that results in their precipitation, and high chemical activity that causes oxidation by air and loss of18

magnetism. Thus, stabilization of the MNPs is required through developing a protecting coating layer19

using different organic/inorganic compounds. However, the performance of the MNPs will be affected20

by the coatings and their chemical structures. In general, demulsification by MNPs is affected by21

operating conditions (temperature and mixing time), fluid properties (viscosity, pH, salinity, and content22

of emulsion phases), and MNPs properties (type, size, and dosage). All these influential factors can be23

optimized using various modelling and simulation approaches, which are covered in this review24

manuscript. Finally, we provide useful tips and guidelines for designing an effective framework to25

implement MNPs for separation of emulsified oil droplets.26
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1 INTRODUCTION29

Conventional oil-water separation methods, using dispersants, skimmers, floatation, and coagulation30

have limitations such as low selectivity, high energy consumption, long separation time, large land31

requirements, complicated recycling, and secondary contaminant production (Deng et al., 2013). These32

methods are even less efficient in separating fine emulsions. Researchers have used surfaces with tailored33

wettability to increase the selectivity and efficiency of oil-water separation (Rasouli et al., 2021a, b;34

Zhang et al., 2013); however, their effectiveness in emulsion systems is challenged by the emulsified35

droplet size and the emulsion stability. A successful demulsification requires increased flocculation and36

coalescence rates that can be achieved by increasing temperature or oil-water interfacial tension (IFT),37

decreasing viscosity, and neutralizing the electric charge on the dispersed droplets. Therefore, several38

demulsification techniques have been developed based on these treatment methods, including chemical,39

thermal, microwave, and electrical treatments. In the literature, the chemical demulsification has been40

conventionally used, which is economically viable.41

42

Along recent advances in smart oil-absorbing materials with engineered wettability and morphology and43

ease of recycling, the use of iron oxide based magnetic nanoparticles (MNPs) has attracted a great44

interest for demulsification application. The first attempt in adsorbing oil contaminants using magnetic45

removal mechanism was made by Turbeville (Turbeville, 1973). Magnetic responsiveness of the MNPs46

allows them to be manipulated in a switchable magnetic field. The MNPs also feature high oil adsorption47

capacity,  reusability, easy separation and recovery, dispersivity without settling, non-toxicity, and low48

degradability without producing secondary pollutants (Simonsen et al., 2018). However, pristine iron49

oxide MNPs have a high chemical activity with a limited long-time stability and are susceptible to50

oxidation by air that causes loss of magnetism and dispersivity; also, they have a tendency to51

agglomerate, resulting in settling. Therefore, developing protective and functional layers on the surface52

of MNPs is suggested to improve their demulsification effectiveness (Qiao et al., 2019). In the literature,53

different stabilization and functionalization approaches are used, including core-shell, matrix-dispersed,54

Janus, shell-core-shell, and dendritic (Zhou et al., 2020). The core shell materials can add features such55

as pH responsiveness to alter the interfacial activities for improved demulsification (Wang, X. et al.,56

2015). The main challenge in stabilization of the MNPs is limitations in chemical, thermal, and57

mechanical stability of the coating material. For example, polymers have good chemical resistance but58

are unstable at higher temperatures; silica based coatings have excellent temperature resistance but are59

reactive under alkali condition;  carbon-based coatings have high chemical and thermal stability, but60
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have limited dispersivity in the aqueous phase (Lü et al., 2017). MNPs with dendritic hierarchical61

structures have shown to have a higher demulsification efficiency because of larger exposed surface area62

(compared to non-dendritic MNPs); however, they are more challenging to be separated and reused63

(Wang et al., 2018). Recently, Janus particles have gained great attention due to their amphiphilic64

properties and high interfacial activity.65

66

The majority of studies in the literature on demulsification with MNPs deal with oil-in-water emulsion67

(o/w) systems. In the systems, the dispersed oil droplets and MNPs interact through electrostatic and68

hydrophobic interactions (Lü et al., 2018a). Commonly the oil droplets are negatively charged in an o/w69

system. Therefore, using MNPs with cationic functional groups facilitates the emulsification process70

(Zhang et al., 2017). Also, because of water being the continuous phase in o/w, the presence of71

amphiphilic functional groups on MNPs improves their dispersity, which is required for an efficient72

demulsification. Depending on the amount of emulsified oil and droplet size, researchers have used73

MNPs with different coatings and dosage range (0.01 g/L to 400 g/L); high demulsification efficiency74

(commonly in the range 90% to 99.9%) has been observed for demulsification of o/w. The75

demulsification process by MNPs was found to be vulnerable to conditions such as surfactant-stabilized76

emulsions (Shao, 2019), high viscosity emulsions (Ichikawa et al., 2004), and high pH emulsions (Zhao77

et al., 2019). Under strong alkali conditions, the electrostatic charge on MNPs can alter from positive to78

negative, causing the MNPs to be repelled from negatively charged oil droplets (in o/w systems); the79

induced repulsion decreases the o/w demulsification efficiency.  A systematic stability and recyclability80

analysis of the used MNPs is required in future studies to enable assessing the demulsification process81

by MNPs at a larger scale. The majority of the studies that used MNPs for demulsification did not82

investigate the MNP recyclability. For the remaining investigations, the recyclability was tested from 483

cycles (Xu et al., 2019) to a maximum of 10 cycles (Zhao et al., 2019). A better recyclability is desired84

for economic viability at a large-scale. Finally, one aspect that requires attention is the effect of MNP85

size (and size distribution) for a given emulsion size distribution; this is missing from the literature to86

the best of our knowledge.87

88

Despite significant efforts to review the potential applications of MNPs (Ali et al., 2020; Ali et al., 2019;89

Campos et al., 2015; Mohammed et al., 2017; Su, 2017), a comprehensive literature review on the90

performance of functionalized MNPs in demulsification is missing. Here, we review recent research91

progresses in development and application of functionalized MNPs for demulsification. We cover both92
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the o/w and w/o emulsions. Compared to the previous studies, the main contribution of the current review93

is to provide a comprehensive analysis of emulsion stability, demulsification methods, and MNPs94

application for demulsification performance. The main challenges, advantages, and disadvantages of95

various techniques are discussed. Different structures of functionalized MNPs and their performance in96

demulsification are covered. In addition, we discuss challenges and future prospects of MNPs application97

in demulsification, following a summary and remarks. The demulsification by MNPs to separation the98

emulsified contaminates immiscible with water has widespread industrial applications (pharmaceutical,99

energy, manufacturing, steel processing, and food industries). Such vast practical implications in100

important industries combined with the high demulsification efficiency of the MNPs contribute to101

decreasing the water footprint of the processes. Also, using MNPs, the separation process is intensified102

by the inherent magnetic responsiveness through which the energy efficiency is improved, reducing the103

carbon footprint of the separation process. The reduced water- and carbon footprints together contribute104

to a cleaner production framework by using MNPs to separate emulsified contaminants.105

106

2 EMULSIFICATION AND DEMULSIFICATION PROCESSES107

2.1 Emulsification108

In its simplest form, an emulsion is a colloidal solution of two immiscible liquids, of which one forms109

spherical droplets as the dispersed phase and the other liquid forms the continuous phase. For a water-110

oil system, there are simple and multiple emulsion types possible, as shown in Fig. 1. The simple111

emulsion includes water droplets in continuous oil phase (w/o), or oil droplets in continuous water phase112

(o/w). In this review paper, we will consistently use o/w for oil-in-water emulsions and w/o for water-113

in-oil-emulsions. Multiple emulsions are obtained by the successive presence of droplets of one phase114

in another. For example, double emulsions can be categorized to oil in water in oil emulsions (o/w/o)115

where the continuous phase is the non-dispersed oil phase, and water in oil in water emulsions  (w/o/w)116

where the continuous phase is the non-dispersed water phase (McClements, 2007).117

118



5

119
Fig. 1. Common types of emulsions in water/oil systems.120

121

2.2 Emulsion Characterization and Stability122

Stable emulsions resist physiochemical interactions over a long time and challenge separating the123

emulsified oil contaminations (o/w or w/o). Emulsions are only kinetically stable over a period of time124

while thermodynamically unstable due to their natural tendency to minimize the interfacial interactions125

between the two immiscible liquids (McClements and Jafari, 2018).Fig. 2 shows different destabilization126

mechanisms in emulsion systems from density difference between the dispersed and continuous phases,127

including, gravitational separation (creaming and sedimentation); flocculation; coalescence; and phase128

separation. Flocculation and coalescence are two major steps contributing significantly to the129

demulsification. Coalescence is an irreversible process in which the oil droplets colloid, following130

flocculation that form larger droplets through interfacial film rupture between the two phases (Kokal,131

2005). Film drainage and rupture of interfacial films after a droplet collision can merge droplets into a132

larger droplet.133

134

135
Fig. 2. Demulsification mechanism with time. The processes follow chronologically from left to right.136
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137

The rate of droplet collisions is one of the influential demulsification parameters, which depends on the138

dispersed phase concentration and size, and their relative motions compared to the continuous phase. In139

the following, we discuss important variables that control emulsion stability and methods to quantify140

their impact on stability.141

142

Droplet Size. Smaller droplets coalesce less frequently because of smaller interfacial area and less energy143

exchange. In addition, smaller droplets are more stable due to their internal pressure (Laplace pressure)144

developing from the oil-water interfacial tension. The droplet size is one of the most important criteria,145

controlling the emulsion stability (Tadros, 2009).146

147

The size of emulsion droplet can be analyzed with different techniques, including dynamic light148

scattering (DLS), nuclear magnetic resonance (NMR), ultrasonic spectroscopy, and electrical pulse149

counting. These techniques differ considerably based on their underlying physical principles. The DLS150

is based on the fluctuations in the light scattering caused by droplets over time as the droplets move due151

to Brownian motion. The NMR technique is based on signal attenuation, resulting from the droplets’152

random movements when the sample is imposed to two magnetic fields (Goodarzi and Zendehboudi,153

2019). The ultrasonic spectroscopy is based on ultrasonic attenuation, which is suitable for online154

analysis of optically opaque emulsions. The electric pulse counting method measures the electrical155

conductivity changes after emulsion sample is filled between two electrodes (McClements and Jafari,156

2018). Table 1 screens each technique for analyzing emulsion samples.157

158
Table 1. The criteria of different particle sizing instruments (McClements, 2007).159

Technique Droplet Size Droplet Concentration (wt%) Sample Transparency
DLS 3 nm – 5 m 0.001 – 10 Transparent
NMR 200 nm – 100m 1 – 80 Opaque to dark
Ultrasonic Spectroscopy 10 nm – 1000m 1 – 50 Opaque
Electrical Pulse Counting 0.4 m – 1200m < 0.1 Transparent

160

Zeta Potential. Generally, the oil droplets are negatively charged. One of the limiting factors in coalesce161

is to overcome the electrical double layer barrier around each droplet. As illustrated in Fig. 3, the162

electrical double layer contains a first rigid layer of the positive charge (immobile stern layer) and a163

second layer of positive and negative charges surrounding the stern layer (mobile diffuse layer). The164

boundary domain around the diffuse layer is called slipping plane. The strength of this double layer is165
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called zeta potential, which is a qualitative measure of the emulsion stability as shown in Table 2166

(Stachurski and Michálek, 1996). The magnitude of zeta potential shows the degree of electrostatic167

repulsion between adjacent droplets. Lower zeta potential values imply a lower droplet repulsion,168

resulting in rapid flocculation and coalescence, and consequently demulsification.169
170

171
Fig. 3. Electrical double layer configuration.172

173
Table 2. Emulsion stability for different zeta potential values.174

Zeta potential (mV) Stability status
0 to 5 Rapid flocculation and coagulation

10 to 30 Initial instability
30 to 40 Moderated stability
40 to 60 Good stability

> 60 Excellent stability
175

Micro-electrophoresis and electroacoustic instruments can be used to measure zeta potential. The micro-176

electrophoresis technique applies electrical field to measure the velocity and direction of the charged177

droplets from which the charge magnitude and sign are obtained, respectively. The signals are then178

correlated to zeta potential (McClements, 2007).179

180

Oil-Water Interfacial Film Properties. The surface of the oil-water interfacial film possesses surface181

tension. The molecules in the bulk are subject to interactions equally in every direction. However, on the182

surface, these interactions are not present from all sides, developing a net attractive force at the surface183

of a liquid. By increasing the similarities between the intramolecular forces of the oil and water phases,184

Stern Layer

Slipping Plane



8

the interfacial tension (IFT) value decreases. Decreasing the IFT reduces the rate of droplet coalescence185

and enhances the emulsion stability. Also, a stabilizing film on the oil-water interfacial limits the rate of186

droplet coalescence. Therefore, the thickness and rigidity of the interfacial film control the emulsion187

stability. A thicker interfacial film increases the film drainage time and reduces the rate of188

demulsification (Ali et al., 2019).189

Surfactants are surface active agents with amphiphilic features that include a hydrophilic head and a190

hydrophobic tail. Surfactants reduce the IFT because the interactions between the hydrophobic tails of191

surfactant-oil and the hydrophilic head of surfactant-water are much stronger than the oil-water192

interactions (Milton, 2012).  Griffin (Griffin, 1949) developed a semi-empirical criterion to select a193

surfactant using hydrophilic-lipophilic balance (HLB) number, that is based on the relative percentages194

of the hydrophilic head to lipophilic (hydrophobic) tail in the surfactant molecule. The HLB ranges195

depend on the oil nature and can be used to predict the type of emulsions for different applications (Table196

3). Some researchers have attempted to relate the HLB numbers to selective coalescence rate and197

emulsion stability without a success because the emulsion stability depends on various other factors,198

such as droplet size distribution, pH, temperature, and elastic and viscous modulus. Thus, the HLB199

number can only be used as a criterion to choose the surfactant (Tadros, 2009).200

201
Table 3. Summary of HLB ranges of surfactants (Tadros, 2009).202

HLB Range Applications
3–6 w/o emulsifier
7–9 wetting agent
8–18 o/w emulsifier

13–15 detergent
15–18 solubilizer

203

In addition to lowering IFT followed by droplet size reduction, surfactants can change the interfacial204

film elasticity. Higher surfactant concentration increases the elasticity and therefore enhances the205

emulsion stability up to a critical concentration known as critical micelle concentration (CMC). The206

addition of surfactant beyond the CMC threshold no longer reduces the IFT (and consequently, droplet207

size).208

The rheology of emulsions plays a key role in the emulsion stability and droplet morphology through209

parameters and variables such as viscosity, elasticity, and shear stress. There are dimensionless numbers210

employed to assess the emulsion stability. When shear stress (ratio of force to area) is applied to a droplet,211

it causes droplet deformation from spherical to ellipsoidal and eventually break-up. The shear stress can212

be applied in a laminar or turbulent flow regime, depending on the magnitude of Reynolds number (Re,213
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ratio of inertia to viscous forces); the shear stress and the fluid flow regime both affect the droplet size214

(Tadros, 2009). The inertia force is related to the fluid momentum affected by the fluid velocity and215

density; a denser fluid having a higher velocity exhibits more inertia force. Viscous forces are the ratio216

of shear stress to shear strain that can cause droplet deformation (Goodarzi and Zendehboudi, 2019).217

When the turbulent eddies are larger and smaller than the droplets, the shear stress is applied on the218

droplets by the eddies and inertia force, respectively, to deform the droplets. In the emulsion systems219

under laminar flow regime (Re < 1000), the viscous forces are greater than inertia forces, whereas under220

the turbulent flow regime (Re > 2000), the viscous forces are less than inertia forces. Thus, increasing221

Re leads to stronger droplet deformation through increasing inertia force, which in turn transfers the222

stress to the interfacial layer, affecting the droplet stability. Droplets can be more stable in either the223

viscous flow where the interfacial forces are balanced by the viscous forces, or in the inertial flow where224

the inertial forces are dominant or in balance with the interfacial forces. The viscosity of dispersed phase225

greatly impacts the droplet deformation time and a higher viscosity prolongs the droplet deformation226

(Tadros, 2009).227

Two other important dimensionless numbers that are relevant to the emulsion systems are Weber number228

(We) and capillary number (Ca). In a single emulsion system (o/w or w/o), Ca for the continuous phase229

and We for the dispersed phase are typically low. Thus, the emulsion stability can be assessed by critical230

values of Ca and We numbers, which depend on the ratio of the viscosities of the dispersed and231

continuous phases (Li et al., 2018).232

233

2.3 Demulsification Processes234

Currently, several techniques are being used to separate emulsified mixtures of oil and water. These235

methods can be used as standalone or hybrid to achieve a better demulsification performance in terms of236

efficiency and costs. Emulsion breaking can be enhanced by increasing flocculation rate, IFT,237

temperature, and the demulsifier contact time, or by decreasing viscosity and applied shear. Current238

demulsification techniques are summarized in Table 4 and include thermal, microwave irradiation,239

electrical, mechanical (centrifugation), and chemical methods.240
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Table 4. A summary of different demulsification techniques with their advantages and disadvantages.241
Demulsification
Methods

Mechanisms Advantages Disadvantages

Thermal  interfacial viscosity reduction
 flocculation/coalescence rate increase

(He, 2020)

 no chemical contamination of emulsions  high energy demand
 expensive
 demulsification of finer droplets is not possible

(Kokal, 2005)
Microwave  viscosity reduction (dispersed phase)

 droplet surface charge reduction by
microwave-induced rotation of
emulsified molecules

 internal pressure increase (dispersed
phase), reducing interfacial film
thickness by droplet expansion
(Fortuny et al., 2007; Issaka et al.,
2015)

 no need for chemical additives
 no secondary pollution production
 more uniform heating compared to thermal

method and excellent demulsification
efficiency.

 electromagnetic waves can neutralize the
electric repulsion between droplets, causing
zeta potential reduction and aggregation
(Abdulbari et al., 2011)

 high capital and operational costs
 uncertainty in scale up potentials (Mutyala et al.,

2010)
 might require adding chemical demulsifier to

achieve the desired separation efficiency
(Zolfaghari et al., 2016)

Centrifuge  demulsification acceleration due to
density difference and increased
gravity acceleration (Issaka et al.,
2015)

 no chemical contamination of emulsions  not cost-effective due to being labour and energy
intensive

 complete demulsification not possible using
only the centrifuge method; to be applied in
conjunction with other techniques.

Electrical  droplet contact increase, due to
increased droplet motion, resulting in
coalescence (Eow et al., 2001)

 polar molecules rearrangements and
double layer thickness reduction,
weakening the interfacial film rigidity,
increasing droplet coalescence (Issaka
et al., 2015)

 no chemical contamination of emulsions
 lower energy cost than thermal and

centrifuge (Zolfaghari et al., 2016)

 high energy demand,
 usually applied in combination with thermal and

chemical demulsification techniques (Ichikawa
et al., 2004)

Chemical  interfacial tension increase
 mechanical strength reduction,

elasticity, interfacial film thickness,
and increasing flocculation and
coalescence rates (Simonsen et al.,
2018)

 highly efficient
 convenient
 economical

 secondary pollution production
 some demulsifies (e.g., ethyl cellulose) cannot

be recycled even if they are biodegradable and
non-toxic; therefore, causing low reusability and
sustainability (Su, 2017).

242
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Chemical demulsification is a conventional and economical technique, which generally includes243

surface-active amphiphilic compounds with special wettability (Kokal, 2005). Chemical244

demulsifier cause droplet coalescence due to: 1) increasing IFT, 2) reducing elasticity and viscosity245

of droplets, and 3) decreasing the interfacial film thickness through film drainage/shrinking that246

decreases the mechanical strength of droplets (Simonsen et al., 2018). An essential step in the247

chemical demulsification process is to choose the demulsifier chemical composition, containing248

solvent, surfactants, flocculants, and wetting agents. Adding demulsifiers leads to emulsion249

destabilization by decreasing the elasticity/viscosity of the film. Generally, low- and high250

molecular-weight polymeric surfactants are commercially available as demulsification chemicals251

(Feng et al., 2009). Low-molecular-weight polymeric demulsifiers feature high interfacial activity252

that can break the emulsions through irreversibly adsorbing onto the oil-water interface, destroying253

the interfacial film. In contrast, high-molecular-weight demulsifiers lead to emulsion254

destabilization by droplet flocculation based on the bridging effect (Peña et al., 2005). Polymeric255

demulsifiers with intermediate molecular weight result in effective demulsification due to256

flocculation/coalescence mechanisms (Wang, X. et al., 2015; Wu et al., 2003).257

Simple vial test is effective in screening a wide range of demulsifiers at various concentration and258

composition levels. The bottles are shaken to disperse the demulsifiers, and then the phase259

separations are be visually investigated. The vial tests can be conducted under dynamic conditions260

to analyze different parameters such as demulsifier concentration, settling/retention time, and261

temperature (Adeyanju and Oyekunle, 2019). Generally, the efficiency of the chemical262

demulsifiers depends on their adsorptions at the oil-water interface. Other important factors263

influencing are the oil composition, pH, salinity, and temperature. Despite the success of the264

chemical demulsification in breaking emulsions, they produce secondary pollutions that needs265

treatment prior to disposal or recycling (Liang et al., 2018). Thus, designing an eco-friendly and266

economic demulsifier with the highest efficiency is critical. MNPs are considered as a chemical267

demulsifier with high oil adsorption capacity and suitable reusability and recovery, which can268

effectively break stable emulsions without generating a secondary waste stream (Grein-Iankovski269

and Loh, 2020; Liu et al., 2012).270
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3 MAGNETIC NANOPARTICLE SYNTHESIS AND CHARACTERIZATION AS271

DEMULSIFIERS272

Pristine MNPs have a limited intrinsic stability that cause particles to agglomeration. The bare273

particles are chemically reactive and are easily oxidized in the air (Simonsen et al., 2018), leading274

to loss of magnetism and dispersity. To prevent aggregation and oxidation, the MNPs are275

commonly coated or grafted with a protection layer  which improves effectiveness in aqueous276

solutions (Campos et al., 2015; Lü et al., 2018a). Therefore, for demulsification application, the277

MNPs larger than 100 nm consist of three layers, including a magnetic core (e.g., Fe, Ni, Co, or278

their oxides), a stabilizing shell layer, and a functional layer, containing polymers and metal ions.279

In Fig. 4. Different structures of functionalized MNPs., we show various types of MNPs structures280

based on different coating techniques, to obtain core-shell, shell-core-shell, Janus, and281

dendritic/hyperbranched structures.282

283

284
Figure 7.285

286

287

The size and morphology of functionalized MNPs, and the chemical compositions of different288

layers affect their physio-chemical, thermal, and mechanical properties (Lu et al., 2007).289

In the magnetic core of the MNPs, iron oxides (such as γ-Fe2O3 and Fe3O4), spinel ferromagnets290

(MgFe2O4, MnFe2O4, or CoFe2O4), and pure metals (Fe and Co) are commonly used (Simonsen et291

al., 2018). The iron oxide nanoparticles are the most common choices as they feature292

superparamagnetic and biocompatibility properties with a low agglomeration potential (compared293

to other MNPs) that leave zero residual magnetization after removing the external magnetic field294

(Mohammed et al., 2017).  The MNP features such as structural, thermal, electrical, optical, and295

magnetic are mainly related to their size. Surface and interfacial effects become more pronounced296

Fig. 4. Different structures of functionalized MNPs.
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in smaller MNPs which is because of larger exposed surface area per MNP loading unit; however,297

the magnetization decreases by decreasing the size of MNPs. The magnetic particles perform best298

when their size is smaller than a critical value that is typically around 10–20 nm, depending on the299

material (Lu et al., 2007).300

301

3.1 Synthesis of Magnetic Nanoparticles for Demulsification302

Different synthesis methods are developed to produce functionalized MNPs with different303

compositions and shapes, using top-down or bottom-up approaches. In the top-down strategy, the304

size of materials is reduced through high pressure homogenization or milling.  In contrast, self-305

assembly and precipitation methods are used to develop MNPs, in the bottom-up approach306

(Petschacher et al., 2013). The most common MNP synthesis methods include co-precipitation,307

thermal decomposition, hydrothermal, and microemulsion routes (Ali et al., 2019). The biggest308

challenge in the synthesis of MNPs is to control the structural properties such as size, shape,309

morphology, porosity, crystallinity, and polydispersity (Campos et al., 2015).310

311

Co-precipitation. It is a conventional method to prepare the MNPs from iron oxides such as γ-312

Fe2O3 and Fe3O4 through chemical reactions of iron salts (Fe2+/Fe3+ salts) in a highly basic aqueous313

medium. MNPs with dimensions of 5–20 nm can be synthesized by this method (Campos et al.,314

2015). Generally, the properties of the formed particles such as size, shape, and composition are315

highly influenced by the type of iron salts, ratio of Fe2+: Fe3+, reaction temperature, pH, and ionic316

strength (Lu et al., 2007). One drawback of the co-precipitation technique is that the high pH317

during the synthetic and purification processes can adversely affect the uniformity of the MNPs318

(Qiao et al., 2019), leading to polydisperse MNPs (Su, 2017).319

320

Thermal Decomposition. The thermal decomposition of organometallic compounds at the boiling321

point (100 – 300°C) is a conventional method to synthesize small, high quality, and monodispersed322

MNPs. The as prepared monodispersed MNPs have a narrow size distribution and are only323

dispersible in nonpolar solvents (Qiao et al., 2019). Annealing temperature, duration of reaction,324

and ageing period can be adjusted during the synthesis to control the size and size distribution of325
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the MNPs (Yang et al., 2017). Also, the composition of mixture, containing organometallic326

compounds, surfactant, and solvent effectively control the synthesis process (Lu et al., 2007).327

328

Hydrothermal. The synthesis process is conducted under hydrothermal conditions where chemical329

reactions occur at a high temperature (130 – 250 °C)  in aqueous solution, and at a high vapor330

pressure (0.3 – 4 MPa) (Qiao et al., 2019). The concentration of iron-based precursors and the331

reaction time affect the size and shape of the MNPs. For instance, spherical particles are obtained332

using a higher concentration of precursors, whereas monodispersed particles are synthesized using333

shorter reaction times (Yang et al., 2017). Moreover, increasing the hydrothermal temperature334

increases the saturation magnetization (Attallah et al., 2016; Bhavani et al., 2017).335

336

Microemulsion. In this method, the MNPs are formed using w/o microemulsion where the337

nanodroplets surrounded by a monolayer surfactant are dispersed in the continuous oil phase (Ali338

et al., 2019). The MNPs are formed after adding a precipitating agent to the microemulsion339

containing an aqueous solution with iron salt precursors and surfactant. The emulsion droplet size340

can vary by the ratio of water-to-surfactant which can eventually control the shape and size341

distribution of the MNPs. Other experimental variables such as reaction temperature and pH value342

are also influential (Qiao et al., 2019).343

344

Electrochemical. This process is based on the reduction/oxidation using an iron-based electrode345

immersed in an electrolyte. In the anode, the metallic electrode is oxidized into ions that under an346

electric field are reduced onto the cathode in metal (Niculescu et al., 2022). The synthesized MNPs347

characteristics depend on the current density, applied cell potential, electrochemical cell geometry,348

electrode separation, electrolyte and electrodes’ composition, and temperature (Lozano et al.,349

2017). For instance, by adjusting the applied current density, the particle size of the MNPs can be350

controlled (Cabrera et al., 2008).351

Various MNPs synthesis methods are summarized in Table 5. Among various techniques,352

hydrothermal is relatively less exploited despite the high quality of synthesized MNPs (Lu et al.,353

2007).  The microemulsion method can produce a variety of morphologies for monodispersed354

MNPs with precise control of their size and size distribution (Campos et al., 2015). However, this355
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technique requires a large quantity of solvents that limits its large scale production (Yang et al.,356

2017). Commonly, co-precipitation and thermal decomposition methods are favored for the MNP357

synthesis. Co-precipitation is the simplest synthesis method for MNP synthesis, while thermal358

decomposition provides a better control on the size and morphology of the MNPs (Ali et al., 2019).359

Electrochemical synthesis method is considered as a green technique with no need of additives,360

scalability, short time reaction, and flexibility to control the morphology and size. Only the361

electrochemical method can produce larger MNPs ( 20 nm), that is required in applications such362

as hypothermia and separation processes (Cabrera et al., 2008). However, the low production rate363

and complex design of the electrochemical method can be considered as important drawbacks364

(Rahimdad et al., 2019).365

366
Table 5. Summary comparison of the synthesis methods (Ali et al., 2019).367

Methods Process Reaction
temperature (°C)

Reaction
time

Solvent Size
distribution

Co-precipitation Simple, ambient
conditions

20–90 Minutes Water Narrow

Thermal
decomposition

Complex, inert
environment

100–300 Hours Organic Very narrow

Hydrothermal Simple, high
pressure

130–250 Hours Water/ethanol Very narrow

Microemulsion Complex, ambient
conditions

20–50 Hours Organic Narrow

Electrochemical Complex, ambient
conditions

Room
temperature

Minute Water Very narrow

368

3.2 Characterization of Magnetic Nanoparticles369

Different physio-chemical properties of the MNPs are analyzed using various characterization370

techniques. Microscopic and spectroscopic methods can characterize the morphological and371

structural features of the MNP sample, respectively while physical adsorption tests relate to the372

particle size and surface area.373

374

Morphological Characterization Using Microscopic Techniques. Morphology is an important375

property of the MNPs. Microscopic characterization techniques such as polarized optical376

microscopy (POM), scanning electron microscopy (SEM), and transmission electron microscopy377

(TEM) are commonly used to characterize the morphology of the MNPs. The microstructure of378

functionalized MNPs such as crystallinity and amorphous areas of the MNPs can be analyzed379



16

through POM (Lin et al., 2017). SEM is widely used to study the morphology and distribution of380

the nanoparticles in the bulk. Similarly, TEM uses particle beams of electrons to visualize the381

MNPs. As illustrated in Fig. 5, SEM provides information about the surface structure of the382

particles in a 3D image, while TEM gives information about the core material, and crystallization383

in a 2D image at a higher resolution (Khan et al., 2019).384

385

386
Fig. 5. SEM (a,b) and TEM (c,d) images of MNPs (Li et al., 2019).387

388

Structural Characterization Using Spectroscopic Techniques. Spectroscopic techniques provide389

additional information about the structure of the MNPs by studying the chemical composition and390

nature of bonding materials through Fourier transform infrared spectroscopy (FTIR) and X-ray391

diffraction (XRD) as shown in Fig. 6 (Khan et al., 2019).  In addition to XRD and FTIR, energy392

dispersive X-ray (EDX) and X-ray photoelectron spectroscopy (XPS) are other important393

analytical techniques to identify the structure of the MNPs (Lesiak et al., 2019). XRD provides394

information about the crystallinity and phase of the particles in single- and multi-phase systems395

(Ingham, 2015). Also, XRD can estimate the particle size through the Debye Scherer formula396

(Rahmawati et al., 2017). EDX is an X-ray technique to determine the elemental compositions of397

the MNPs. Nanoparticles contain elements that emit X-ray radiation through electron beam398
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irradiation. The intensity of the X-ray emissions is proportional to the concentration of the399

elements, and can be analyzed by EDX (Khan et al., 2019). XPS is a surface sensitive electron400

spectroscopy for the chemical analysis based on photoelectric effect. It can be used to identify the401

elemental composition and bonding nature of the elements in nanoparticles. XPS can also provide402

information about the overall elemental composition and its topological changes with depth or403

across the surface (Tayefeh et al., 2019). FTIR is an analytical technique to study the characteristic404

functional groups, including organic, polymeric, and in some cases, inorganic materials that are405

coated on the surface of the MNPs (Silva et al., 2013).406

407

408

409

410

411

412

413

414

415

Fig. 6. FTIR Spectra (a), and XRD Patterns (b) of MNPs (Omidinasab et al., 2018).416

417

Physical Adsorption Characterization. The physical adsorption onto the MNPs is affected by their418

morphological and structural properties such as surface area, pore size, and shape. Particle size419

and surface area characterization can be conducted through different techniques, including SEM,420

TEM, XRD, and atomic force microscope (AFM). Also, dynamic light scattering (DLS) can give421

information about MNPs sizes at an extremely low level based on zeta potential size analyzer422

(Khan et al., 2019). Brunauer-Emmet-Teller (BET) technique is a widely utilized analytical423

method to obtain the specific surface area of the MNPs based on adsorption and desorption424

processes at a low temperature (Chen et al., 2017). For instance, the pore size, shape, and size425

distribution can be obtained from the desorption isotherms from Barrett, Joyner, and Halenda426

(BJH) model (Asthana et al., 2016). Nanoparticle tracking analysis (NTA) is a relatively new427

technique to visualize and analyze the nanoparticles in the solution phase based on the rate of428

Brownian motion to particle size (Shipunova et al., 2018). The rate of particles’ movement only429

Position (°2 Theta)Wavenumber (cm-1)

In
te

ns
ity

 (a
.u

)

Tr
an

sm
itt

an
ce

 (%
)



18

depends on the emulsion viscosity and temperature; not affected by the particles features such as430

density. Therefore, NTA can be used to directly count nanoparticles to obtain absolute number431

count and accurate size distribution of MNPs (Zhang et al., 2020).432

433

4 EXPERIMENTAL DEMULSIFICATION STUDIES USING MAGNETIC434

NANOPARTICLES435

Without any surface coating, the MNPs are hydrophobic with a large surface area to volume ratio.436

In addition to the flocculation due to van der Waals force, the MNPs particles tend to agglomerate437

through hydrophobic interactions and strong magnetic dipole-dipole attractions (Gupta and Gupta,438

2005). Adding MNPs to the emulsion creates Pickering emulsion with the oil or water droplets439

engulfed by the MNPs. Subsequently, droplets coalescence and are separated after applying an440

external magnetic field (Simonsen et al., 2018). The main mechanism to separate the oil-water441

mixtures is electrostatic attractions between the negatively charged oil droplets and the positively442

charged MNPs. The oil adsorbed between the agglomerated MNPs can be easily collected by443

applying an external magnetic field (Ko et al., 2016). For an effective driving force to recover most444

of the MNPs, the external magnetic force should exceed the total drag and gravitational forces (Lü445

et al., 2020). To achieve excellent demulsification efficiency, the MNPs should be dispersible in446

the continuous phase, which later allow them to be transferred onto the oil-water interface.447

Therefore, it is required to change the surface wettability of the MNPs through surface448

coating/chemical grafting, as it changes the physio-chemical properties of the MNPs (Zhang et al.,449

2016; Zhou et al., 2020).  Using functional materials, as a protective shell eliminates the MNPs450

agglomeration by stabilization which leads to wettability alteration of the MNPs that significantly451

affect the demulsification mechanism. The majority of the MNPs are functionalized as amphiphilic452

particles with both hydrophilic and oleophilic properties. In the case of o/w, the MNPs can be453

easily dispersed in the continuous water phase and transferred to the surface of emulsified oil454

droplets. The amphiphilic MNPs can facilitate demulsification process due to high interfacial455

activity between the oil droplets and functionalized MNPs, which is an important mechanism in456

controlling the demulsification performance (Lü et al., 2018c). In addition to the MNP coating,457

emulsion properties such as pH and salinity can also affect the interfacial interactions. For instance,458

the adsorption of oil onto the surface of MNPs can occur under acidic and neutral conditions due459
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to both electrostatic attraction and hydrophobic interactions. Under alkaline conditions, due to the460

repulsion between negatively charged MNPs and oil droplets, the hydrophobic interactions can be461

considered as the only mechanism for adsorption (Lü et al., 2018a).462

4.1 Effect of MNP Functionalization Chemistry and Morphology463

The MNP stabilization is required because of the tendency of the pristine MNPs to form aggregates464

and their potential to be oxidized in the air. Different coating materials are used in the literature to465

functionalize MNPs with various structures for demulsification applications (Table 6). The466

functional groups and surface-active agents can alter the physio-chemical properties of MNPs to467

add a desired functionality (Zhou et al., 2020). In the following section, we review literature studies468

on MNP coating chemistry and structures, using organic and inorganic materials.469

MNPs with a superparamagnetic core and polymeric shell are desirable in oil-water separation470

application. The core-shell MNPs were used in demulsification by Wang et al. (Wang, C. et al.,471

2015) where  a magnetite core of Fe3O4 was coated with a polymer shell of PDMAEMA as a pH-472

responsive polymer. The functionalized MNPs exhibited dual stimuli-responsiveness to both473

external magnetic fields and environmental pH. Their results showed that the polymer stabilized474

the MNPs and engulfed the oil droplets to form stable Pickering emulsions. The dual responsive475

MNPs could quickly form and break the Pickering emulsions by increasing and decreasing the476

solution pH, respectively. Lu et al. (Lü et al., 2018a) examined the performance of core-shell477

MNPs coated with AEAPFS for demulsification of diesel-in-water (o/w) emulsions. The AEAPFS478

chemical has an extra aminoethyl group than 3-aminopropyltriethoxysilane (APTES); thus, the479

AEAPFS molecules with additional positive charges could be utilized as a more surface-active480

coating. According to the results, water transmittance > 95% was obtained by adding 650, 740,481

and 800 mg/L MNPs to the emulsion system at pH levels 4, 7, and 10, respectively.482

Hyperbranched polyamidoamine-graphene oxide (GO) MNPs were used by Chen et al. (Chen et483

al., 2019) to separate crude-in-water (o/w) emulsions. The GO MNPs are not suitable for484

demulsification of o/w where the average oil droplet size < 2 μm; however, the hyperbranched485

polyamidoamine provided a better demulsification performance for smaller emulsion droplet size486

because of the hyperbranched structure. Although both GO and hyperbranched polyamidoamine487

achieved good demulsification efficiencies, they could not be recycled. They studied the effects of488

MNPs dosage, temperature, and pH on the demulsification efficiency. The maximum489

demulsification performance (99.1%) was obtained by employing 20 mg/L of coated MNPs at490
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40°C, and pH 6. The demulsification efficiency decreased to 97% after seven cycles. A core-shell491

MNP with a magnetic core and hydrophobic shell was utilized by Wang et al. (Wang et al., 2020)492

to separate o/w. They synthesized mesoporous silica shell with a dendritic structure through493

stabilizing Fe3O4 nanoparticles by oleic acid (OA), grafting with CTAB and NaSal, and adding a494

1:8 ratio of ODMS to TEOS to increase the MNP dispersivity. Their synthesized MNPs with495

dendritic structures achieved > 98.1% demulsification efficiency. Chen et al. (Chen et al., 2018)496

compared the separation efficiency of o/w by applying three types of magnetic microparticles,497

including spiky-ODTMS, smooth-ODTMS, and smooth-ODTMS/CTAB. The results revealed498

that the spiky-ODTMS iron oxide nanoparticles coated with ZnO nano spikes have a higher499

demulsification efficiency than the smooth-ODTMS and smooth-ODTMS/CTAB because of the500

superhydrophobicity and superoleophilicity of the spiky-ODTMS and larger effective surface area.501

The lower efficiency of the smooth-ODTMS and smooth-ODTMS/CTAB with surfactant was due502

to decreased hydrophobicity and decreased external surface area, resulting in less particle-oil503

contact. However, dendrimer MNPs are more difficult to be efficiently collected and recycled504

(Wang et al., 2018).505

Recently, Janus particles have been considered as an attractive option in demulsification because506

of their high interfacial activity and amphiphilic properties. The effectiveness of the Janus MNPs507

for demulsification of toluene-in-water (o/w) was analyzed by Song et al. (Song et al., 2018). The508

MNPs were synthesized by emulsion interfacial polymerization through applying hydrophilic509

acrylic acid (AA) and oleophilic styrene/divinylbenzene (St/DVB) to Fe3O4 particles. The prepared510

MNPs with amphiphilic properties exhibited an excellent demulsification performance with a511

separation efficiency of > 99% within 120 s. They tested different oils, including hexane,512

petroleum ether, diesel, and gasoline droplets in water were effectively separated within 120 s.513

514

Functionalized MNPs with Organic Compounds. Organic compounds such as surfactants and515

polymers can chemically or physically interact with the MNPs and create steric repulsive, to516

balance the magnetic and van der Waals attractive forces exerted on the MNPs. Generally, the517

electrostatic and steric repulsion can be used to enhance the dispersivity of the MNPs in a518

suspension by stabilizing them in a stable colloidal state. Functional groups composed of organic519

materials provide nanoscale networks with a larger surface area on the MNPs surfaces to increase520
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their applications as sorbents. For instance, functional materials with a strong affinity for oil521

provide a higher oil removal efficiency (Qiao et al., 2019).522

523

Fatty acid-based: The application of fatty acids as surfactants such as oleic acid (OA), citric acid524

(CA), elaidic acid (EA), humic acid (HA), stearic acid (SA), myristic acid (MA), and palmitic acid525

(PA) for stabilization of MNPs are investigated in various studies (Cao et al., 2014; Liang et al.,526

2014; Munjal and Khare, 2017).  OA is an excellent surfactant to functionalize MNPs during the527

synthesis of MNPs and through chemical precipitation. For instance, Liang et al. (Liang et al.,528

2015) examined the performance of single-layer OA-coated Fe3O4 in demulsification of529

cyclohexane-diluted crude o/w nanoemulsions under external magnetic field. The -COOH groups530

in OA have a high affinity for the Fe atoms in iron oxide and provide a non-polar shell with the531

outward hydrophobic tails. The maximum separation efficiency of 97% was achieved with 100532

g/L coated Fe3O4 with a water contact angle of 90°. The SE was stable at acidic pH, while it533

gradually decreased in basic environment when the pH was increased from 8 to 11. The534

recyclability of the coated MNPs indicated no significant changes to SE over five cycles. Munjal535

and Khare (Munjal and Khare, 2017) synthesized cobalt ferrite (CoFe2O4) nanoparticles and coated536

them with OA and CA. The results showed that the prepared hydrophobic OA-cobalt ferrite (CFO)537

and hydrophilic CA-CFO have excellent performances in effectively demulsifying o/w and w/o538

emulsions, respectively. Fossati et al. (Fossati et al., 2019) used covalently functionalized MNPs539

with a styrene-maleic acid copolymer for oil removal of crude oil emulsions. OA coated iron oxide540

NPs were dissolved in an acid solution and were then functionalized with acrylic ester of γ-541

mercaptopropyltriethoxysilane (SPS), styrene, and maleic acid.  Oil removal > 95% was achieved542

by 0.1 mg/L of functionalized MNPs due to their amphiphilic nature. The synthesized MNPs543

exhibited a good dispersivity in water, while their lipophilic core simultaneously provided a544

superior oil capture potential from the emulsions.  In another study, fast demulsification of heavy545

oil in water emulsions (SE 99%) was achieved by employing poly(methyl methacrylate-acrylic546

acid-divinylbenzene)/iron oxide magnetic composite nanoparticles due to the amphiphilic547

properties of the composite MNPs. The poly(MMA-AA-DVB)/Fe3O4 MNPs, which were prepared548

by solvothermal processes, exhibited an excellent demulsification efficiency for five cycles (Ali549

et al., 2015).550
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Amine-based: These types of polymers have a wide range of applications as emulsifiers,551

pharmaceutical ingredient, cation exchange resin, and drug delivery. Kaang et al. (Kwon Kaang et552

al., 2018) developed magnetic amphiprotic catalyst (MAC) with amin-based functional polymers553

for demulsification application. Their MNPs were coated stepwise with polydopamine (PDA),554

polyethyleneimine (PEI), octadecylamine (ODA), and Au nanoparticles. The fabricated MACs555

were normally dispersed in the oil phase and forced into the water phase to decompose the aqueous556

pollutants by applying an external magnetic field. Without imposing the magnetic field, the MACs557

naturally returned to the hydrophobic phase to remove the non-aqueous contaminants. Therefore,558

the synthesized MACs showed an excellent demulsification performance for both SDS-stabilized559

w/o and CTAB-stabilized diesel-in-water (o/w) emulsions. Mao et al. (Mao et al., 2019) studied560

demulsification of w/o using functionalized Fe3O4@PDA with poly[3-dimethyl (2-561

methacryloyloxyethyl) ammonium propane sulfonate] (PDMAPS). The synthesized MNPs562

exhibited a high demulsification performance for asphaltene-stabilized w/o under an external563

magnetic field which was due to their superhydrophilic zwitterionic polyelectrolyte shells. The564

increase in the IFT at the water-oil interface upon using the functionalized MNPs caused instability565

of the water droplets, resulting in increased coalescence.566

In another study conducted by Lu et al. (Lü et al., 2018b), demulsification efficiencies of different567

emulsified oils, including diesel, toluene, olive, and soybean oils, were analyzed under neutral pH568

conditions by employing fabricated PEI coated Fe3O4. The results showed water transmittance >569

95% in all cases using 60 mg/L MNPs as the demulsifier; for soybean oil emulsions, MNP dosage570

of 100 mg/L was used. The same coating was employed to functionalize MNPs in a study571

conducted by Zhao et al. (Zhao et al., 2019), for demulsification of SDS-stabilized soybean oil-in-572

water emulsions. The synthesized MNPs demonstrated an outstanding demulsification573

performance with water transmittance around 90% within 30 s under magnetic field.574

Separation of fine oil droplets from hexadecane-in-water emulsions was investigated by Mi et al.575

(Mi et al., 2020) using functionalized Fe3O4@HA@poly(dimethyldiallylammonium chloride)576

(PDDA), where HA with a variety of functional groups were used  for coating.  Fe3O4@HA NPs577

showed a significant performance in wastewater treatment. However, they were not suitable for578

demulsification of o/w due to the negative charges of both Fe3O4@HA and oil droplets. The579

cationic polyelectrolyte PDDA with substantial quaternary ammonium groups was employed on580

the MNP surface to modify the surface potential and hydrophilicity properties of the Fe3O4@HA.581
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The results demonstrated an excellent demulsification efficiency (around 100%) at a low dosage582

of the functionalized MNPs (375 mg/L). In addition to electrostatic attractions, the interfacial583

activity related to the hydrophobic aromatic rings and alkyl chains played an important role in the584

high demulsification efficiency.585

The demulsification performance of functionalized MNPs with other polymers such as586

polyvinylpyrrolidone (PVP) was investigated by Shao et al. (Shao, 2019) for demulsification of587

diesel and soybean o/w. The results showed that both the emulsified oil droplets and PVP-MNPs588

were negatively charged; hence, there was a repulsive electrostatic interaction between them. The589

amphiphilic nature of the PVP molecules provided a good MNPs dispersivity and resulted in a590

higher demulsification efficiency. A water transmittance of 85% (equivalent to 99% oil removal)591

was obtained by employing 400 mg/L of PVP-MNPs. However, the demulsification efficiency592

decreased significantly by increasing the pH and surfactant concentration levels.593

Cellulose is a natural and biodegradable polymer with low solubility in water. Carboxymethyl594

cellulose (CMC) is a cellulose derivative with multiple anionic carboxylic acid functional groups595

that can be adsorbed onto MNPs. Liang et al. (Liang et al., 2018) investigated demulsification of596

process water-in-diluted bitumen emulsions by applying functionalized Fe3O4 with sodium CMC597

followed by ethyl cellulose (EC). CMC was used to improve the chemical stability of MNPs and598

to increase the EC adsorption (onto the MNPs). The oil-water separation tests showed > 90%599

dewatering by adding mg/L synthesized Fe3O4-CMC-EC.600

601

Functionalized MNPs with Inorganic and Hybrid Compounds. Combining MNPs with inorganic602

materials such as carbon (Nazifa et al., 2018), silica (Lu et al., 2002; Tago et al., 2002), precious603

metals or their oxides (Hong et al., 2008; Li et al., 2007) can enhance the MNPs stability, providing604

them with a wider applications. Inorganic compounds have a higher chemical and thermal stability,605

featuring a higher resistance against oxidation and acid leaching. Silica is the most common606

inorganic compound used in MNP functionalization to protect from oxidation by air and607

agglomeration formation. Lu et al. (Lü et al., 2017) synthesized Fe3O4 MNPs coated with608

aminopropyl-functionalized silica (APFS) to graft chitosan molecular chains. Chitosan is the609

second most abundant natural biopolymer after cellulose, which has attracted great interests as a610

biological adsorbent without negative environmental impacts. This renewable adsorbent has611

desired properties such as nontoxicity, biocompatibility, biodegradability, and antibacterial612
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activities. The free amine groups on chitosan (as its hydrophobic domains) lead to binding with613

negatively charged surfaces and provide a cross-linked polymeric network to improve the614

mechanical properties. In demulsification tests, chitosan grafted MNPs exhibited a strong magnetic615

response to a magnetic field and outstanding demulsification performance. The water616

transmittance increased by increasing the concentration of MNPs and decreased by increasing pH.617

Yang et al. (Yang et al., 2018) investigated demulsification of Pickering emulsion, stabilized by618

APTES coated MNPs. APTES is an aminosilane, which is frequently used in silanization processes619

for surface functionalization through covalent bonding. The results illustrated excellent emulsion620

stability for up to 12 days, following complete demulsification in a few minutes by applying an621

external magnetic field. Using different 0.1, 0.2, and 0.4 wt% coated MNPs, complete622

demulsification was achieved after 2, 8, and 18 min, respectively. Lu et al (Lü et al., 2018b)623

revealed that demulsification efficiency of the APTES coated MNPs is less than expected,624

especially under alkaline conditions because of the repulsion between the negatively charged625

MNPs and oil droplets. Moreover, alkaline solution containing active OH- ions attacked the O-Si626

bonds, resulting in removal of functional groups (Murray, 2014). The hydrophobic driving force627

of aminopropyl did not overcome the electrostatic repulsion and the intensity of cationic charge of628

APTES decreased with increasing pH. Therefore, Lu et al. (Lü et al., 2018c) applied a highly629

cationic polyelectrolyte quaternized chitosan (QC)-grafted MNPs followed by surface coating with630

silica (SiO2) and APTES for demulsification of diesel o/w emulsions. The results revealed that631

MNPs with a higher grafting ratio led to a higher demulsification efficiency, while pH did not632

significantly affect the separation performance; a high demulsification efficiency was achieved633

under different pH values. Excellent demulsification performance with water transmittance > 95%634

was observed, using 15, 17, and 19 mg/L Fe3O4@SiO2-QC under acidic, neutral, and alkaline635

conditions, respectively. The results showed significant phase separation was even without636

applying a magnetic field, due to the flocculation performance of the synthesized MNPs.637

Zhang et al. (Zhang et al., 2017) coated Fe3O4@SiO2-APTES with QC. The coated MNPs showed638

an excellent demulsification efficiency at different pH conditions; the separation efficiency639

reduced slightly under alkaline conditions for which a higher concentration of coated MNPs was640

required.641

The amine-functionalized MNPs (NH2-MNPs) followed by APTES coating were used by Wang642

et al. (Wang et al., 2018) to effectively demulsify a crude oil-in-water emulsion containing natural643
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surfactants. According to their results, electrostatic attraction between the positive charge on NH2644

functional groups and the negative charge of oil droplets resulted in an effective demulsification.645

In another study, Ko et al. (Ko et al., 2016) investigated the performance of amine-functionalized646

MNPs using 3-APTES followed by grafting polyacrylic acid (PAA) for crude oil-in-water647

emulsion, which was stabilized with alkaline soap. Crude oils with different total acid numbers648

(0.15, 0.29, and 4.5) were tested as the oil phases. The results showed a separation efficiency of649

99.9% in 5 min, using positively charged A-MNPs which confirmed electrostatic attraction as the650

main separate mechanism. Demulsification efficiency of diatomite (DM) was assessed by Xu et651

al. (Xu et al., 2019) for a crude oil-in-water emulsion. DM is a natural inorganic clay that mainly652

contains amorphous silica and is considered an ecofriendly natural adsorbent with high porosity653

and high stability. DM was modified with APTES, followed by grafting Fe3O4 nanoparticles, then654

assembled with PEI to obtain amino-rich MNPs. Vial tests were used to investigate the655

demulsification performance of the prepared demulsifier. The results exhibited a superior656

performance of the synthesized MNPs at various pH levels. The electrostatic attraction and657

hydrogen-bond interaction between the MNPs and asphaltenes in the crude oil (as the main658

component in the interfacial film) lead to increased coalescence of oil droplets, resulting in659

demulsification.660

The above-mentioned coatings cause the production of secondary pollutions due to using organic661

solvents to recycle the functionalized MNPs. To address this challenge, stimuli-responsive MNPs662

(e.g., temperature and/or pH-sensitive MNPs) are of great interest, because the oil adsorption and663

desorption can be adjusted by changing pH and temperature without using organic solvents. Lu et664

al. (Lü et al., 2020) synthesized pH and temperature responsive MNPs through coating665

Fe3O4@SiO2 followed by grafting co-polymers of 2,2-Azobis[2-(2-imidazolin-2-yl) propane]666

Dihydrochloride (AIBI) to separate diesel-in-water emulsions. The separation results exhibited667

water transmittance of 75% and oil removal of 98%. The demulsification efficiency was reduced668

with increasing pH and also when the system temperature was exceeded the lower critical solution669

temperature. They proposed three different approaches for the recovery of the synthesized MNPs,670

including rinsing with alkaline water, hot water (70 °C), and room temperature DI water,671

respectively, instead of washing with any organic solvents. Based on these methods, the672

synthesized MNPs could be reused for at least five cycles without a significant loss in the673

separation efficiency.674
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Table 6. Magnetic nanoparticles applications for demulsification of o/w and w/o systems.675
Emulsion Dispersed Phase MNPs Results

Analytical methods Ref.
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o/w Tween 60
(10 wt%)

Crude/
Cyclohexane

3.2 (vol%) 0.076 Fe3O4 OA 13
(11)

100
(g/L)

_ 2 97 5 UV-vis, OCA, TEM (Liang et al.,
2015)

o/w _ Diesel oil 2.5 (vol%) >10 Fe3O4 SiO2 (NP), PDMAEMA 20
(110)

400
(g/L) 75.1 _ _ 6 DLS, OM, TEM, SQUID (Wang, X. et

al., 2015)
o/w

(P-EM) _ Silicon oil 2, 5 (wt%) 1–10 Fe(CO)5 CuSO4, HCl 500−5000 1 (g/g) _ _ _ 7 OM, OCA, SEM, EDX, XRD, FTIR, VSM
(Duan et al.,

2015)
w/o

(P-EM)
_ DI water

(in nC12)
25 (g/L) 600–

1500
(γ)Fe2O3

Fe3O4
GO 10

(200–400)
_ 11.4 _ _ _ OM, SEM, EDX, TEM, XRD, FTIR,

Raman, XRD, SQUID, VSM
(Lin et al.,

2015)

w/o Natural Heavy crude
1:1

(vol:vol) <10 Fe3O4 p(MMA-AA-DVB)
n/a

(250)
500

(ppm) < 25 60 99 5 DLS, TEM, FTIR, XRD, TGA, VSM
(Ali et al.,

2015)

o/w Alkaline soap Crude 5 (wt%) 0.2–10 Fe3O4 3-APTES 10
(66)

0.04
(wt%)

90
(0.44–0.76)

5 99.9 _ OM (also Fluorescence M), DLS, TEM (Ko et al.,
2016)

o/w
w/o SDS nC14, nC16

1:4
(vol:vol) <20 Fe3O4

SiO2 (NP), APTES,
cyclodextrin _ 0.3–0.5 mL _ 0.5 _ 8 OM, FTIR, TGA, SEM, TEM, XRD, OCA

(Zhang et al.,
2016)

o/w _ Diesel 0.2 (wt%) _ Fe3O4 SiO2 (NP), APTES, QC 12
34

(mg/L) _ 1/3 98 8
DLS, UV-vis, TEM, SEM, XRD, FTIR,

TGA
(Zhang et al.,

2017)
o/w

(P-EM)
Eggshell
(25 g/L)

Toluene _ 75 Fe3O4 _ _ 50
(g/L)

1.336 _ _ _ FTIR, SEM, OCA, VSM (Zhu et al.,
2016)

o/w
SDS

(0.1 g/L) Toluene 1 (vol%) _ CoFe2O4 OA
9

(10.6)
40

(g/L)
53

(0.052) _ _ _ AGM, TEM, XRD, OCA, FTIR
(Munjal and
Khare, 2017)

w/o
Span 80
(1 g/L) Water 1 (vol%) _ CoFe2O4 CA

9
(10.1)

40
(g/L)

49
(0.048) _ _ _ TEM, XRD, FTIR, AGM, OCA

(Munjal and
Khare, 2017)

o/w
SDS (4 wt%)
Span 80 (1%) nC6/C3H8O 4 (wt%) _ Fe2O3 _ 5–20

6400
(ppm) _ _ 85.2  _ Optical tensiometer, DLS, TEM

(Hu et al.,
2017)

o/w _ Diesel 0.2 (wt%) <6 Fe3O4 APFS, chitosan 250
(300)

0.5, 0.73
(g/L)

30.5 0.5 88 7 PPMS, DLS, UV–vis, OM, TEM, XRD,
FTIR, TGA

(Lü et al.,
2017)

o/w
w/o

CTAB (o/w)
SDS (w/o)

Diesel
DI (in nC6)

_ _ Fe3O4
PDA, PEI, ODA, Au

(NP)
215

(366) _ _ _ _ _ UV-vis, DLS, PSA, FE-TEM, SEM, EDX,
FTIR, XRD, TGA

(Kwon Kaang
et al., 2018)

o/w _ Corn oil 2 (vol%) <10 Iron oxide
ZnO (nano-spikes),

ODTMS
<10

(1000) 40 mg/ml _ _ _ _ OM, TEM, SEM, OCA
(Chen et al.,

2018)
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o/w _ Diesel 0.2 (wt%) <5 Fe3O4 SiO2 (NP), APTES, QC
n/a

(296)
15, 17
(mg/L) 25.4 1/3 >95 7

UV-vis, OM, EA, DLS, TEM, XRD,
FTIR, PPMS

(Lü et al.,
2018c)

o/w _ Diesel, Toluene,
Olive oil

1000
(ppm)

<5 Fe3O4 PEI 10 60
(mg/L)

67 1/3 >95 6 UV-vis, DLS, TEM, XRD, FTIR, TGA,
BET, OCA, PPMS

(Lü et al.,
2018b)

w/o
Solid

(5 wt%)
Water (naphtha+

bitumen) 5 (wt%) 44–90 Fe3O4 CMC, EC <100 150 mg 84 5 >90 _
DLS, FE-SEM, FTIR, ATM, TGA, OCA,

PPMS
(Liang et al.,

2018)

o/w _ Diesel 1000
(ppm)

0.07–7 Fe3O4 AEAPFS 315
(360)

650, 740,
800 (mg/L)

69 1/6 99.9 5 UV-vis, OM, EA, TEM, XRD, FTIR,
TGA, OCA, PPMS

(Lü et al.,
2018a)

o/w _ Toluene 1 (vol%) <5 Janus
Fe3O4

AA, St/DVB 6 25
(g/L) _ 2 >99 5 OM, SEM, EDX, TEM, OCA (Song et al.,

2018)
o/w

(P-EM) _ _ _ _ Fe3O4 APTES 10–20
0.1, 0.2,

0.4 (wt%) 56
2, 8,
18 _ 5 FTIR, TEM, TGA, XPS

(Yang et al.,
2018)

o/w Natural
(naphthenic A)

Crude 5 (vol%) 0.402 Fe3O4 APTES n/a
(102)

5
(g/L)

55 _ 99.7 6 DLS, BET, OM, FTIR, TEM, TGA,
SQUID

(Wang et al.,
2018)

o/w SDS Soybean oil
1000
(ppm) <6 Fe3O4 PEI

259
(177)

180, 480,
820 (mg/L) 77 0.5 90 10 DLS, UV-vis, OM, FTIR, FE-SEM, PPMS

(Zhao et al.,
2019)

o/w Natural Crude 1 (wt%) _ Fe3O4 DM-APTES-PEI n/a
(100–200)

450
(mg/L)

36.6 1 95.3 4 OM, UV-vis, FTIR, TEM, TGA, XPS,
XRD, EDX, OCA, VSM

(Xu et al.,
2019)

o/w SDS
Diesel,

Soybean oil
2700
(ppm) <10 Fe3O4 PVP

<30
(90–410)

400
(mg/L) 71.4 _ 99 5

DLS, OM, UV-vis, FTIR, TEM, TGA,
XRD, PPMS (Shao, 2019)

o/w Natural Crude 30 (ppm) _ Fe3O4

OA, acrylic ester of
SPS,

styrene-maleic acid

7.5
(9.5)

0.1
(g/L) 39 _ 95 5 UV-vis, XRD, TEM, OCA, VSM

(Fossati et al.,
2019)

o/w Natural Crude 5 (wt%) <2 Fe3O4 polyamidoamine-GO _
20

(mg/L) 10.8 _ 97.7 7 UV-vis, FTIR, TEM, VSM
(Chen et al.,

2019)

w/o Asphaltene
DI water

(in syn. oil) 20 (vol%) _ Fe3O4
PDA,

PDMAPS
200

(216)
3

(g/L) 51 1200 _ _ AFM, XRD, TEM, XPS, GPC, PPMS
(Mao et al.,

2019)

o/w Triton X-100,
SDS (1:1)

Bilge mix #4 1000
(ppm)

_ Fe3O4

γFe2O3
_ 15–20 _ 50

(0.47)
5 _ _ SEM, EDX, XRD, VSM (Waller et al.,

2019)

o/w
w/o

SDS
J. Fe3O4

Toluene,
Naphtha,

Wat in bitumen
5–10 (%) _

Fe3O4

Janus
Fe3O4

M-CMC-EC
M-CMC-EC-CMC

50–100
(145)

_ 69.7,71 5 85.2–95 5 DLS, TEM, FE-SEM, BET, FTIR, TGA,
OCA, PPMS

(He et al.,
2019)

o/w
(P-EM) _ Toluene

0.2, 0.5,
0.8 (v:v) 2.7, 6 Fe3O4

A binary of PEO &
PMMA

8.6
(217)

0.1
(wt%)

58.4
(0.3) _ _ _

DLS, OM, FTIR, XRD, TEM, XPS, TGA,
SAXS, OCA, VSM

(Grein-
Iankovski and

Loh, 2020)

o/w _
Cyclohexane, P.
ether, nC6, nC8

1 (vol%) _ Fe3O4
OA, ODMS, TEOS

NaSal
10

(302)
4

(g/L) 0.73 _ >98.1 5
UV-vis, SEM, FTIR, TEM, TGA, XPS,

XRD, ICP, OCA, VSM
(Wang et al.,

2020)
o/w

(P-EM)
Pristine
MNP

_ _ _ Fe3O4 PDMAEMA _ _ 29.22 _ _ 6 DLS, UV-vis, OM, FE-SEM, FTIR, TGA,
STEM, OCA, VSM

(Low et al.,
2020)

o/w _ Diesel
1000
(ppm) _ Fe3O4 SiO2 (NP), AIBI 200

800
(mg/L) 42.9 _ 98 5 TEM, FTIR, XRD, TGA

(Lü et al.,
2020)

o/w _ nC16 2 (vol%) 0.247 Fe3O4 HA, PDDA 30.6
(105)

375
(mg/L)

51.8 180 100 9 DLS, UV-vis, NZS, XRD, FTIR, SEM,
TEM, OCA, VSM

(Mi et al.,
2020)

676
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Generally, a wide range of coating materials has been used in the synthesis of functionalized MNPs677

for demulsification application. However, some of these materials are toxic and expensive, and678

lack chemical stability under harsh conditions. For instance, polymer coated MNPs are not stable679

at high temperatures; silica coated MNPs experience difficulties to result a dense nonporous shell680

and show low stability under basic environments. Although carbon-coated MNPs show a681

remarkable stability under harsh conditions, their dispersity in o/w is challenging (Lü et al., 2017).682

These carbon coated MNPs are only dispersible in organic solvents and mostly non-dispersible in683

an aqueous phase. Therefore, MNP dispersivity in water and using inexpensive and eco-friendly684

materials such as surfactants provides an excellent option. Employing different types of surfactants685

(e.g., cationic, anionic, and non-ionic) for demulsification application can provide a better686

understanding of the oil adsorption mechanisms in terms of electrostatic interactions.687

Thus, there is still a need to develop stable and robust MNPs that can withstand harsh conditions688

and obtain a detailed understanding of the adsorption mechanisms onto MNPs surfaces.689

690

4.2 Effect of Process Operating Conditions691

The operating conditions that significantly affect the demulsification efficiency include692

temperature, mixing time, and magnetic field strength. Temperature is of the most critical693

parameters affecting the demulsification performance (Ali et al., 2015). Xu et al. (Xu et al., 2019)694

studied removal of oil from crude oil-in-water emulsion using magnetic diatomite demulsifier695

showed that an increase in temperature leads to a better separation efficiency due to a decrease in696

emulsion stability (Fig. ). At a higher temperature, movement of interfacial molecules increases,697

while the interfacial viscosity decreases. Therefore, the adsorption of MNPs at the oil-water698

interface is easier, eventually resulting in a higher demulsification efficiency.699



29

700
Fig. 7. The effect of temperature on demulsification efficiency (Xu et al., 2019).701

702
The mixing time between emulsion and added MNP is another important factor governing the703

demulsification performance because a minimum contact time is required for the MNPs to attach704

to the oil droplets. Wang et al. (Wang et al., 2018) used MNPs with loading concentration 1.25705

mg/mL to 7.5 mg/mL to separate crude oil-in-water emulsions (see Fig. ). Although the ultimate706

demulsification efficiency was consistently high for all concentration levels, increasing the MNP707

concentration decreased the mixing time to achieve the ultimate separation efficiency. The708

probability of collisions between the MNPs and oil droplets increases at a higher MNP709

concentration, resulting in more aggregation and shorter demulsification time (Ko et al., 2016).710

711

712
Fig. 8. The effect of mixing time on demulsification efficiency (Wang et al., 2018).713

714
Based on Fig. 9, increasing the MNPs dosage enhances the demulsification efficiency before715

reaching a plateau. Increasing the MNPs concentration beyond this threshold value does not further716

improve the demulsification efficiency (Xu et al., 2019). Therefore, an optimal MNP dosage717
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should be used for demulsification. The optimal MNPs concentration gives the lowest dosage at718

which the maximum demulsification is achieved (Wang et al., 2018). Ko et al. (Ko et al., 2014)719

found that adding MNPs beyond the optimum concentration can adversely affect the adsorption of720

oil droplets in o/w systems, due to the possibility of affinity between cationic MNPs and anionic721

surfactants rather than the oil droplets.722
723

724
Fig. 9. The effect of MNPs dosage on demulsification performance (Lü et al., 2018c).725

726

4.3 Effect of Emulsion Fluid Physical Properties727

The emulsion characteristics such as pH, salinity, viscosity, interfacial rigidity, size of droplets,728

surfactant concentration, and the content of emulsion phases are considered as the critical729

parameters influencing demulsification performance. For instance, the interaction between the730

MNPs and emulsified droplets is highly affected by pH, which impacts the surface charge of MNPs731

in the emulsion system (Xu et al., 2019). Generally, an increase in the emulsion pH decreases zeta732

potential; in some cases, the surface charge on the MNPs is changed from positive to negative in733

emulsion systems (Fig. 7). The attachment of the MNPs onto the emulsified droplets becomes734

more difficult upon strong electrostatic repulsion, leading to a decline in demulsification efficiency735

(Shao, 2019; Zhao et al., 2019).736
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737
Fig. 7. Zeta potential of naked and coated MNPs at various pH values (Lü et al., 2018a).738

In a series of studies by Lu et al. (Lü et al., 2017; Lü et al., 2018a; Lü et al., 2018b), the o/w739

demulsification efficiency was considerably increased under both acidic and neutral conditions (at740

pH values of 4 and 7), because the coated MNPs were positively charged, resulting in electrostatic741

attraction to the negatively charged oil droplets. However, under alkaline conditions, the742

emulsified oil droplets could not be effectively removed because the coated MNPs and oil droplets743

were both negatively charged at higher pH values that caused a strong electrostatic repulsion (Lü744

et al., 2017; Shao, 2019). In this case, the attachment of coated MNPs to the oil droplets was only745

possible through hydrophobic effect (Mirshahghassemi et al., 2016) where the hydrophobic forces746

compensated the electrostatic repulsion, facilitating the MNPs sorption onto oil droplet surfaces.747

However, in another study (Lü et al., 2018c), demulsification performance decreased slightly at a748

higher pH value (Fig. 8) using MNPs coated with SiO2-QC that give positive surface charges.749

Therefore, the MNPs could be easily adsorbed onto the negatively charged emulsified oil droplets750

via electrostatic attraction. Therefore, both electrostatic attraction and interfacial activity affect the751

sorption of MNPs onto oil droplets. As Lu et al. (Lü et al., 2018b) observed, even under acidic752

conditions, the pristine MNPs with positive surface charge could not be effectively adsorbed onto753

the negatively charged oil droplets, indicating that charge attraction is not a sufficient condition754

for efficient demulsification performance. Indeed, the demulsification performance could be755

highly attributed to the types of coating rather than pH conditions.756

757

758
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759
Fig. 8. Demulsification performance of Fe3O4@SiO2-QC at different pH values (Lü et al., 2018c).760

761

Because surface-active substances usually exist in oily wastewater either naturally or as an762

additive, the effect of surfactant concentration on emulsion stability should be assessed. As763

illustrated in Fig. 9, the emulsion becomes more stable by increasing the surfactant concentration,764

reducing the demulsification efficiency (Ko et al., 2014).  For example, Zhao et al. (Zhao et al.,765

2019) observed that adding a higher concentration of SDS surfactant to the o/w resulted in a poor766

adsorption of MNPs at the oil-water interface. The adsorption of SDS molecules onto the oil767

droplet occurred through the oleophilic tail while the hydrophilic head was placed in the768

continuous phase making the oil droplet surfaces relatively hydrophilic. Some SDS molecules769

were desorbed from the oil droplets and attached to the MNPs, the electrostatic repulsion between770

the oil droplets and MNPs could increase, resulting in a remarkable decrease in the demulsification771

efficiency (Shao, 2019; Zhang et al., 2012).772

773
Fig. 9. The effect of SDS concentration on the demulsification efficiency (Zhao et al., 2019).774
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Emulsified oily wastewater commonly contains various types of salts; hence, it is essential to775

evaluate the influence of salinity/ionic strength on the demulsification efficiency. With salt776

addition, demulsification performance improves due to the electrostatic screening effect (Lü et al.,777

2018b) where the electrostatic repulsion between the MNPs and emulsified oil droplets reduces.778

Also, the hydration of salts enhances the hydrophobicity of the functionalized MNPs, favoring the779

adsorption of MNPs at the oil droplet surfaces (Mirshahghassemi et al., 2016). The mono- or780

divalent cations could neutralize the negative charge of the emulsified oil droplets in the emulsion,781

reducing  the emulsion stability (Xu et al., 2019). Zhao et al. (Zhao et al., 2019) concluded that the782

effect of CaCl2 on demulsification performance is more significant than that of NaCl (Fig. 10).783

The reason was that the electrostatic screening and hydration effects are more dominant for Ca2+784

compared to Na+.785
786

787
Fig. 10. The effect of NaCl (a) and CaCl2 (b) concentration on the demulsification performance (Zhao et788

al., 2019).789
790
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The oil and water content of an emulsion affects the demulsification efficiency, since the791

electrostatic interaction at the oil-water interface depends on the pressure of both phases (Ali et792

al., 2015). For instance, in w/o, by increasing the water content, the internal pressure of the water793

phase is higher than that of the oil phase. So, increasing the water content decreases the794

demulsification time, leading to rapid demulsification. According to Fig. 11, the emulsion with a795

lower water content (w/o ratio of 5:5) features a better emulsion stability and interfacial film796

rigidity (Al-Sabagh et al., 2002). Wang et al. (Wang et al., 2018) observed that at a lower oil797

content in o/w systems, demulsification efficiency decreased due to higher external water pressure798

causing emulsion stability.799

800
Fig. 11. Demulsification performance for different w/o ratios of 5:5, 6:4, and 7:3 (Ali et al., 2015).801

802

4.4 Effect of MNP Properties803

The characteristics of MNPs including size, concentration/dosage, wettability, and coating play804

critical roles in demulsification performance. Smaller MNPs have a larger contact surface area805

with the dispersed oil droplets (for o/w emulsion), which considerably influence the806

demulsification efficiency for a unit mass of MNPs (Lü et al., 2018a). However, the higher settling807

velocity of larger MNPs would be beneficial for improvement of separation efficiency (Ge et al.,808

2015). To the best of our knowledge, the effect of MNP size on the demulsification efficiency has809

not been analyzed.810
811

The wettability state of MNPs is imposed by the coatings which significantly influence the812

demulsification performance (Zhang et al., 2017). Because the emulsified oil droplets in o/w are813

negatively charged, coatings with cationic functional groups are desirable. Munjal and Khare814
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(Munjal and Khare, 2017) investigated the performance of functionalized cobalt ferrite (CoFe2O4)815

nanoparticles with hydrophobic OA and hydrophilic CA for demulsification of o/w and w/o,816

respectively. It was concluded that the hydrophobicity of the OA-CFO nanoparticles (with a water817

contact angle of 145°) could be attributed to the presence of -CH3 groups in OA. The oleophilic818

OA-CFO nanoparticles containing -CH3 exhibited an excellent separation efficiency for o/w by819

maximizing the interfacial activity of nanoparticles. In contrary, the hydrophilic behavior of CA820

because of -COO- functional group made the CA-CFO nanoparticles oleophobic and hydrophilic821

(with a water contact angle of 8°). This lead to an excellent performance for MNPs to effectively822

separate w/o emulsion.823

Although hydrophobic coatings on MNPs demonstrate a better demulsification performance in824

o/w systems, superhydrophobic MNPs are not suitable due to their poor dispersivity in the aqueous825

phase. To achieve efficient demulsification, the MNPs should have excellent dispersivity in water826

that can accumulate on the emulsified oil droplets (Lü et al., 2020; Lü et al., 2018c).827

Liang et al. (Liang et al., 2014) studied the effect of MNP wettability on demulsification of828

cyclohexane-in-water nano-emulsion by using different amounts of OA to form a single layer on829

Fe3O4 nanoparticles. The hydrophobicity of the Fe3O4@OA increased by increasing the830

concentration of OA in the coating solution. As depicted in Fig. 12, by increasing the831

hydrophobicity of MNPs, demulsification efficiency initially increased and reached the highest832

amount at a contact angle of around 95° and then decreased. Hence, to achieve a higher833

demulsification efficiency for o/w, amphiphilic wetting conditions is desired to provide good834

disersivity in the continuous phase and to allow their transfer to the oil droplet interfacial area (Lü835

et al., 2020).836

837
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838
Fig. 12. The effect of wettability of Fe3O4@OA on cyclohexane-in-water demulsification  (Liang et al.,839
2014).840

841

The main factors affecting demulsification efficiency of MNPs are summarized in Table 7.842

843
Table 7. Factors affecting MNP performance for demulsification.844

Parameters Impact on Demulsification Performance

Operational
Conditions

Temperature

Increasing temperature improves demulsification performance for o/w
and w/o because of

 increased thermodynamic movement of interfacial molecules,
 decreased interfacial viscosity, and
 increased MNPs adsorption in the oil-water interface.

Mixing time

Increasing mixing time improves demulsification performance for o/w
and w/o because of

 increased collision of MNPs and oil droplets,
 increased particle aggregation, and
 decreased demulsification time.

Fluid
Properties

pH

Acidic and neutral conditions improve demulsification performance for
o/w and w/o because of electrostatic attraction of the positively
charged MNPs.
Alkaline conditions decrease the separation efficiency because of
strong electrostatic repulsion due to the negatively charged MNPs and
zeta potential reduction.

Salinity

Increasing salinity improves demulsification performance of o/w
because of

 reduced emulsion stability by neutralizing negatively charged
oil droplets due to mono or divalent cations,

 decreased electrostatic repulsion between MNPs and emulsified
oil droplets, and

 increased hydrophobicity of coated MNPs due to hydration of
salts.
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Surfactant
concentration

Increasing surfactant concentration decrease demulsification efficiency
through IFT reduction, increased emulsion stability.

MNPs
Features

Size The effect of MNP size on emulsion stability is controversial.
Concentration/
dosage

Increasing MNP dosage increases demulsification performance for
both o/w and w/o up to a plateau/saturation.

Wettability

Increasing MNP hydrophobicity improves demulsification efficiency
of o/w and reaches its optimum performance at a contact angle of
around 90°.
The desirable wettability of MNPs for o/w emulsion is amphiphilic to
provide a good dispersivity of MNPs in aqueous phase.

845

846

5 CHALLENGES AND FUTURE PROSPECTS OF MNPs APPLICATION IN847

DEMULSIFICATION848

The MNPs have a great potential to separate oil from emulsified oil-water mixtures. However,849

there are practical challenges in MNPs demulsification applications that need to be considered.850

For instance, the optimality of MNP synthesis method, loading, and magnetic field strength need851

to be further studied; recyclability, degradation, and regeneration efficiency of the MNPs are852

important factors that affect the sustainability of the process;  and finally, toxicity is an important853

health hazard that need more attention (Zhang et al., 2013).854

Despite significant technological advancements in MNPs synthesis, exploring a cost-efficient and855

eco-friendly methodology to develop desirable functionalized MNPs with promising and tunable856

features still remains an attractive research area. The optimal MNPs synthesis route needs to be857

developed to control the shape and size distribution of MNPs for attaining desirable physio-858

chemical properties. Furthermore, there are still challenges to engineer appropriate MNP coating859

chemistry and morphologies that provide high dispersivity, and long-term stability in harsh860

environments. For instance, the polymer- and silica-coated MNPs are not stable at high861

temperatures and under basic environment, respectively. Carbon coated MNPs show a high862

stability under harsh environments, but their dispersivity in o/w systems is a limiting factor.863

Functionalized MNPs are only dispersible in organic solvents and are mostly non-dispersible in864

aqueous phases. Therefore, synthesis of functionalized MNPs with water dispersivity and using865

cheap eco-friendly materials such as surfactants would be an excellent option to overcome the866

dispersivity problems.867

868
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Most of the MNPs applications for demulsification are conducted at the laboratory scale; thus,869

their performance should be scaled up to pilot or industrial scales to assess their effectiveness for870

large-scale implementation. Parametric sensitivity analysis at a smaller scale is required to871

minimize the practical challenges such as the optimum MNPs dosage or the feasibility of the MNPs872

recovery at larger scales.  Cost-effective and facile synthesis of MNPs with environment-friendly873

functionalized materials is required for industrial applications to facilitate the recovery of MNPs874

at a larger scale. Reusability is an important factor for industrial applications that govern the875

sustainability and economy of the process. Thus, MNPs should be recycled for several cycles876

without significant changes to their structures and wetting characteristics to be able to maintain877

their performance.878

One of the major concerns with using pristine MNPs is their low chemical resistance, resulting in879

oxidation, reduction, and/or dissolution. Also, there are environmental concerns with undesired880

release of the MNPs in the waste stream. Thus, the fate, toxicity, and degradability of the pristine881

and functionalized MNPs still need further investigations. Health and safety measures and882

evaluation (theoretical and practical) should be considered in a more effective manner.883

Biodegradable compounds with no harmful effects on the environment will be promising options884

to functionalize MNPs for future demulsification applications.885

6 SUMMARY AND CONCLUSIONS886

With increasing demand and consumption of oil in industrial and municipal activities, the volumes887

of oil-in-water emulsions (o/w) and water-in-oil emulsions (w/o) released to the environment have888

been increasing, resulting in environmental issues. Recently, a considerable attention has been889

focused on using magnetic nanoparticles (MNPs) with a high interfacial activity for890

demulsification. Large surface area, magnetic responsiveness, high adsorption capacity, economic891

aspect, low toxicity, thermal and chemical stabilities, and recovery/reusability are among features892

that make MNPs suitable options for separating emulsified contaminations. This literature review893

reveals excellent adsorption performance of MNPs in demulsification of both o/w and w/o894

emulsions. The theory and background on MNPs, recent advancements in the synthesis of surface895

modified MNPs and their applications, and oil-water separation mechanisms are discussed in896

detail. The key concluding remarks of this review are as follows:897
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 Emulsion stability is highly affected by different variables such as droplet size, zeta898

potential, and oil-water interfacial film properties. Among them droplet size is the most899

important criteria, controlling emulsion stability.900

 Smaller interfacial area and less energy exchange of smaller droplets result in less901

flocculation and coalescence of droplets and more stability of emulsion. Moreover, more902

stability of smaller droplets is owing to their internal (Laplace) pressure developing from903

the oil-water interfacial tension (IFT).904

 The thickness and rigidity of the interfacial film control the emulsion stability; a thicker905

interfacial film enhances the film drainage time and decreases the rate of demulsification.906

IFT reduction by increasing the similarities between intramolecular forces of the oil and907

water phases reduces the rate of droplet flocculation and coalescence.908

 Lower zeta potential values indicate less emulsion stability resulting from decreasing909

electrostatic repulsion between adjacent droplets and consequently increasing flocculation910

rate.911

 Demulsification occurs by enhancing flocculation rate, IFT, temperature, and the contact912

time, or by reducing viscosity and applied shear.913

 Chemical demulsifiers cause demulsification through increasing IFT, decreasing elasticity914

and viscosity of droplets, and reducing interfacial film thickness due to film drainage.915

Despite the success of the chemical demulsifiers in breaking emulsions, they generate916

secondary pollutions. To this end, MNPs are considered as a chemical demulsifier with917

high oil adsorption capacity and suitable reusability and recovery, without producing918

secondary contaminants.919

 MNPs should have a good dispersivity in the continuous phase to be effectively recycled920

by applying the external magnetic force, which is required to be stronger than the other921

competing forces of drag and gravity. Therefore, it is required to change the surface922

wettability of the MNPs through surface coating. More importantly, a protective coating923

layer is required to overcome the intrinsic instability of MNPs, and to prevent their924

agglomeration, precipitation, oxidation, and thereby loss of magnetism.925

 The functional groups can improve the physio-chemical properties of MNPs by changing926

the surface wettability of MNPs. Various types of MNPs structures are developed through927

surface coating/chemical grafting such as core-shell, shell-core-shell, Janus, and928
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dendritic/hyperbranched structures. The latter exhibits higher oil adsorption capacity,929

while the dendrimers with adsorbed oil droplets show a difficulty in being effectively930

collected and recycled.931

 The demulsification mechanisms in using MNPs is based on physical and chemical932

adsorption, respectively, through the electrostatic attraction and interfacial activity933

between the oil droplets and MNPs. However, electrostatic attractions between the934

negatively charged oil droplets and the positively charged MNPs is considered as the main935

mechanism. Indeed, interfacial activity is considered as the significant driving force for oil-936

water separation when electrostatic force is rarely involved.937

 The electrostatic attraction applies through strong magnetic dipole-dipole attraction along938

with van der Waals interactions between the negatively charged oil droplets and positively939

charged MNPs. Therefore, applying cationic surfactant with a positive surface charge940

results in a higher demulsification efficiency compared to anionic surfactant with negative941

surface charge.942

 Interfacial activities or surface interactions between the oil droplets and functionalized943

MNPs lead to increasing magnetic separation velocity. These interactions are attributed to944

the MNPs wettability resulted from MNPs coating using different compounds.945

 The desirable MNPs wettability to be used in demulsification is amphiphilic with both946

hydrophilic and oleophilic properties to provide a good dispersibility of MNPs in the947

continuous phase. The amphiphilic MNPs provide high interfacial activity between the oil948

droplets and coated MNPs, leading to higher demulsification efficiency.949

 Demulsification efficiency using MNPs as adsorbents is directly affected by temperature,950

mixing time, and salt concentration/content of the fluid, while it is inversely impacted by951

the pH and surfactant concentration in the emulsions.952

 Improving demulsification performance at higher temperature is due to increasing the953

movement of interfacial molecules and decreasing the interfacial viscosity. More mixing954

time provides greater collision of MNPs and oil droplet, thereby increasing oil adsorption955

efficiency. Higher salinity leads to lowering emulsion stability and electrostatic attraction956

between MNPs and oil droplets through neutralizing negatively charged oil droplets,957

respectively.958
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 Emulsion pH impacts on the surface charge of MNPs by changing zeta potential. Increasing959

emulsion pH decreases zeta potential of MNPs, results in changing surface charge of MNPs960

from positive to negative, thereby reduces demulsification efficiency. While acidic and961

neutral conditions improve demulsification performance due to electrostatic attraction of962

positively charged MNPs.963

 The effect of MNPs size is controversial since the larger size of MNPs with higher settling964

velocity can increase the separation efficiency. In contrast, the smaller MNPs can achieve965

better performance by providing larger contact areas with oil droplets. However, the MNPs966

features such as surface and interfacial effects become more pronounced in smaller MNPs967

due to exposing a larger surface area per MNP loading unit. The magnetic particles perform968

best when their size is smaller than a critical value that is typically around 10–20 nm,969

depending on the material.970

 The MNPs dosage directly affects demulsification efficiency to reach a plateau/saturation.971

Indeed, an optimum MNP concentration should be used for demulsification. So that, an972

excessive MNPs concentration may adversely affect the oil/water separation performance.973
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NOMENCLATURES979

Acronyms980
AA - Acrylic Acid
AEAPFS - N-(aminoethyl)-aminopropyl Functionalized Silica
AFM - Atomic Force Microscope
AGM - Alternating Gradient Magnetometer
AI - Artificial Intelligence
AIBI - 2,2-Azobis[2-(2-imidazolin-2-yl) propane] Dihydrochloride
ANN - Artificial Neural Network
APFS - Aminopropyl-functionalized Silica
APTES - 3-aminopropyltriethoxysilane
BET - Brunauer-Emmet-Teller
BJH - Barrett, Joyner and Halenda
BTEX - Benzene, Toluene, Ethylbenzene, Xylene
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CA - Citric Acid
Ca - Capillary Number
CFO - Cobalt Ferrite
CMC - Carboxymethyl Cellulose
CMC - Critical Micelle Concentration
CO - Carbon Monoxide
CTAB - Cetyltrimethylammonium Bromide
DLS - Dynamic Light Scattering
DM - Diatomite
DSC - Differential Scanning Calorimetry
EA - Elemental Analyzer
EA - Elaidic Acid
EC - Ethyl Cellulose
EDX - Energy Dispersive X-ray
EM - Emulsion
FESEM - Fieal Emission Scanning Electron Microscopy
FTIR - Fourier Transform Infrared Spectroscopy
GO - Graphene Oxide
GA - Genetic Algorithm
GPC - Gel permeation chromatography
HA - Humic Acid
HLB - Hydrophilic-lipophilic Balance
ICP - Inductively Coupled Plasma
IFT - Interfacial Tension
LSSVM - Least Squares Support Vector Machines
MA - Myristic Acid
MAC - Magnetic Amphiprotic Catalyst
MD - Molecular Dynamic
MFS - Magnetic Field Strength
MNPs - Magnetic Nanoparticles
MPS - 3˗ (trimethoxysilyl) Propyl Methacrylate
MS - Magnetic Saturation
NaSal - Natrium Salicylicum
NMR - Nuclear Magnetic Resonance
NTA - Nanoparticle Tracking Analysis
NZS - Nano Zetasizer
o/w - Oil in Water
OA - Oleic Acid
OCA - Optical Contact Angle
ODA - Octadecylamine
ODMS - Octadecyl Trimethoxysilane
ODTMS - Organic Tethers, Trimethoxy(octadecyl)silane
OM - Optical Microscope
OR - Oil Recovery
OTS - Trichloro(octadecyl)silane
P(MMA-AA-DVB) - Poly (methylmethacrylate-acrylicacid-divinylbenzene)
PA - Palmitic Acid
PAA - polyacrylic acid
PDA - Polydopamine
PDDA - Poly dimethyldiallylammonium Chloride
PDMAEMA - Poly[2-(dimethylamino) ethyl methacrylate]
PDMAPS - Poly[[3-[dimethyl(2-methacryloyloxyethyl) ammonio] propanesulfonate]]
PEI - Polyethyleneimine
P-EM - Pickering Emulsion
PEO - Poly(ethylene oxide)
PMMA - Poly(methyl methacrylate)
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POM - Polarized Optical Microscopy
PPMS - Physical Property Measurement System
PSA - Particle Size Analyzer
PSO - Particle Swarm Optimization
PVP - Polyvinylpyrrolidone
QC - Quaternized Chitosan
Re - Reynolds Number
RSM - Response Surface Methodology
SA - Stearic Acid
SAXS - Small-angle X-ray Scattering
SEM - Scanning Electron Microscopy
SDS - Sodium Dodecyl Sulfate
SPS - γ-mercaptopropyltriethoxysilane
SQUID - Superconducting quantum interference device
St/DVB - Styrene/divinyl Benzene
STEM - Scanning Transmission Electron Microscopy
TEM - Transmission Electron Microscopy
TEOS - Tetraethylorthosilicate
TGA - Thermogravimetric Analysis
VSM - Vibrating sample Magnetometer
We - Weber Number
w/o - Water in Oil
WT - Water Transmittance
XPS - X-ray Photoelectron Spectroscopy
XRD - X-ray Diffraction
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