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Abstract 

The emulsions, either oil-in-water (O/W) or water-in-oil (W/O) emulsions, are inevitably formed 

during the industrial production processes and the daily household activities. The O/W emulsions 

such as crude oil-in-water emulsions or oily wastewaters generated from the industrial fields, oil 

spills or domestic sewages can contaminate valuable freshwater resources, harm human health, 

and destruct the marine ecological systems. The W/O emulsions such as water-in-crude oil 

emulsions from the extraction of bitumen or crude oil could cause damages to the downstream 

processing equipment or poison the catalyst during the refinery process due to the presence of 

harmful salts in the emulsified water phase. Therefore, the oil/water separation of such emulsions 

prior to their discharge or downstream processing is essential if not required. However, natural 

emulsion stabilizers such as asphaltenes in the crude oil, oil impurities in the cooking oil or 

detergent contained in the wastewaters could significantly enhance the stability of those 

undesirable emulsions, causing difficulties in desired oil/water separation. There are significant 

drawbacks to the current oil/water separation strategies. Researchers are therefore motivated to 

find more effective methods for the efficient oil/water separation.  

In this thesis, a series of magnetically responsive and interfacially active nanoparticles 

(nanoparticles with uniform or asymmetric surface wettability) were designed and applied to the 

efficient oil/water separation. With their desirable interfacial activities, such nanoparticles could 

effectively deposit onto the oil-water interface, tagging the target oil or water droplets. With the 

introduction of an external magnetic field, the nanoparticle-tagged droplets could be attracted and 

transported to the desired locations, achieving effective oil/water separation. Characterization 

using FE-SEM, TEM, zeta potential measurements, thermogravimetric analysis (TGA), and 

Fourier-transform infrared spectroscopy (FTIR) confirmed the successful synthesis of the 
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nanoparticles with uniform and asymmetric surface properties. The results from interfacial 

property measurements of interfacial tension, interfacial pressure-area (π-A) isotherm, crumpling 

ratio and coalescence time confirmed the effective deposition (anchoring) of such nanoparticles at 

the oil-water interface and demonstrated the satisfying interfacial activities of the synthesized 

nanoparticles. Based on the results of interfacial property measurements, the synthesized Janus 

nanoparticles exhibited superior interfacial activities including further lowering of the oil-water 

interfacial tension, prevention of the emulsified droplets from coalescence, and quicker and firmer 

deposition onto the target oil-water interface, making the oil-water interface more rigid as 

compared with the nanoparticles of uniform surface wettability. The synthesized nanoparticles 

could achieve effective oil/water separation from either O/W or W/O emulsions with the Janus 

nanoparticles of superior interfacial activities exhibiting higher oil/water separation efficiency. 

Furthermore, the synthesized nanoparticles of uniform or asymmetric surface wettability could be 

recycled and reused by retaining high oil/water separation efficiency without complex regeneration. 

With their satisfying interfacial activities, high oil/water separation efficiency and exceptional 

recyclability, such magnetically responsive and interfacially active nanoparticles have promising 

applications to efficient oil/water separation of water-in-crude oil emulsions from crude oil-related 

extraction processes, or oil-in-water emulsions as encountered in oil spills in the marine system 

and oily wastewaters from industrial production processes and daily household activities.  
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Chapter 1 Introduction 

1.1 Background 

With the increasing demand and consumption of oil in the industrial field and the daily household 

activities, growing volumes of oil-in-water (O/W) and water-in-oil (W/O) emulsions are generated 

along with the extraction processes of crude oil from nature, upgrading and refining processes and 

daily activities of human beings. For instance, oil spills are now considered as global challenges 

and the spillage of crude oil often arises from the leak of petroleum pipeline, the shipwreck of 

tankers during transportation and the natural oil seeps on the ruptured seafloor. The large volumes 

of oily wastewaters are engendered in various industrial production processes and domestic 

sewages. The W/O emulsions such as water-in-crude oil emulsions are often formed during the 

recovery of bitumen or crude oil from oil sands using warm water, followed by the dilution and 

centrifuging processes. Like a coin has two sides, the ever-increasing generation of such emulsions 

not only indicates the prosperous development of human civilization but also raises noticeable 

environmental issues and economic losses in the meantime. The discharge of such emulsions into 

the freshwater and marine systems can cause severe contaminations to the water resources. Besides, 

with the presence of the emulsions in the aqueous system, a thick oil slick could float on the water 

surface to isolate the aqueous phase from the atmosphere, leading to the oxygen-poor condition of 

the aqueous phase and therefore destructing the aqueous life forms. The evaporation of 

hydrocarbon contents from the emulsions can result in air pollution and the percolation of the oil 

into the soil can pollute the valuable underground water resources. In the aspect of possible 

economic losses, salts such as chlorides and sulfides are contained in the W/O emulsions formed 

in the recovery or extraction processes of crude oil contain. It should be noted that such salts are 

harsh hazards to the downstream processing equipment in the industrial field because they can 
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give rise to severe corrosion to the refinery equipment and serious poisoning to the catalytical 

processes. Furthermore, the direct discharge of the O/W and W/O emulsions is energy wasting 

because crude oil and cooking oil contained in the emulsions can be used for producing renewable 

energy sources if appropriately treated. Therefore, to eliminate the hazards of O/W and W/O 

emulsions to the environment and the economy, and utilize the energy to a maximum extent, the 

oil/water separation of these emulsions is urgently and critically required prior to their discharge 

or downstream processing. As shown in Table 1-1, current strategies regarding the oil/water 

separation of the O/W and W/O emulsions include skimming,1-5 oil sorption,6-10 

electrocoagulation,11-17 filtration,18-27 flotation,28-33 biological treatment,34-37 chemical 

demulsifiers,38-43 thermal treatment,44 electrostatic demulsification and microwave radiation.45-51 

However, there are potential drawbacks in these techniques such as the high consumption of 

energy, the relatively low oil/water separation efficiency, the secondary pollution from 

demulsifiers, and the complicated recycling and regeneration for subsequent applications. 

Considering these drawbacks of the technologies, it is necessary to develop a new method that 

generates no secondary hazards, requires low labor-intensity and shows robust applicability to 

treating different O/W or W/O emulsions. Recently, methods based on using magnetically 

responsive and interfacially active nanoparticles have attracted considerable interests due to its 

less labor-intensity, high output and efficiency, low economic consumption and promising 

recyclability. The surfaces of these nanoparticles are modified uniformly by different functional 

materials such as polyvinylpyrrolidone,52-53 PDMAEMA,54 polyelectrolytes,55 ethyl cellulose 

(EC),56-58 etc. With their satisfying interfacial activities, such nanoparticles can anchor at the oil-

water interfaces and then the nanoparticle-tagged droplets can be attracted and transported to the 

desired locations under the introduced magnetic field, achieving satisfactory oil/water separation. 
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In reality, however, the stability of the O/W and W/O emulsions under realistic conditions is often 

enhanced by other interfacially active components such as asphaltenes in crude oils, and natural 

and/or synthetic surfactants in the emulsion systems. As a result, the enhanced stability of the 

emulsions makes it harder for the nanoparticles of uniform surface modification to anchor securely 

at the oil-water interface. Moreover, the insufficient interfacial activities of the nanoparticles could 

cause their easy desorption from the oil-water interface under the external magnetic field, leading 

to inefficient control of the emulsion droplets and hence ineffective oil/water separation. Therefore, 

nanoparticles of stronger interfacial activities are highly desirable in oil/water separation of the 

O/W and W/O emulsions. Janus nanoparticles of asymmetric surface properties have attracted 

public interests due to their stronger interfacial activities. With part of nanoparticle surfaces being 

hydrophilic and another part being hydrophobic, the Janus nanoparticles of asymmetric surface 

properties show better interfacial behaviors, including lower oil-water interfacial tension, firmer 

anchoring at the oil-water interface and higher required desorption energy from the interface as 

compared with the nanoparticles of uniform surface wettability. With their superior interfacial 

activities, such Janus nanoparticles can more securely tag the emulsified emulsion droplets, 

leading to better control of the Janus nanoparticle-tagged emulsion droplets under the external 

magnetic field and therefore more promising oil/water separation than the nanoparticles of uniform 

surface wettability. However, the Janus nanoparticles reported for oil/water separation of O/W 

emulsions are not effective to deal with the W/O emulsions such as water-in-crude oil emulsions 

due to the lack of functional materials for effectively breaking the asphaltene film which is one of 

main contributions to the incredible stability of the water-in-crude oil emulsions. Furthermore, the 

materials used in synthesizing the magnetically responsive and interfacially active nanoparticles 

are not biodegradable which could cause secondary pollution to the emulsions. Consequently, it is 
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necessary to synthesize a new series of Janus nanoparticles using environmentally friendly and 

biodegradable materials for the effective oil/water separation of the W/O and O/W emulsions. 

Table 1-1. Current technologies for treating O/W or W/O emulsions. 

Technology Advantages Disadvantages References 

Skimming Large scaled-up treatment 

Time-consuming; 

Energy-consuming; 

Low oil removing efficiency;  

High cost 

1-5 

Oil sorption 

Easy operation; 

Low cost; 

High oil removing efficiency 

Low reusability; 

Possible secondary hazards 
6-10 

Flotation 

Quick oil removal; 

Production of fewer 

sludges; 

High separation Efficiency 

Manufacturing and repairing 

problems of the device; 

High energy consumption 

11-17 

Membrane 

filtration 

Little pollution; 

Low consumption of energy; 

High separation efficiency 

Easy fouling; 

Thermal instability; 

Easy corrosion; 

No scaled-up treatment 

18-27 

Coagulation 

High oil/water separation; 

No secondary hazards; 

Environmental friendliness; 

Quick oil/water separation 

Low selection; 

Requirement of conductive 

wastewater; 

High energy consumption; 

Manufacturing and repairing 

problems of device 

28-33 

Biological 

treatment 
Little pollution Long-period treatment 34-37 

Thermal 

treatment 
High generality High energy consumption 44, 51 

Chemical 

demulsifier 

Low consumption of energy; 

High dewatering efficiency; 

Low labor-intensity 

Unrecyclability; 

Generation of secondary hazards; 

Slow settling of water droplets 

38-43 

Electrostatic 

demulsification 
No secondary hazards 

Formation of burdensome water 

droplets 
48-51 

Microwave 

radiation 

Relatively less consumption 

of energy; 

Good controllability; 

High heating efficiency; 

No secondary hazards 

Strict requirements for the salt 

concentrations and conductivity of 

W/O emulsions 

45-47, 51 
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1.2 Objectives and Thesis Scope 

The main objectives of the work are as follows: 

1) To synthesize magnetic Janus nanoparticles using environmentally friendly and biodegradable 

materials for the efficient and effective oil/water separation of the W/O and O/W emulsions.  

2) To compare the interfacial activities between the nanoparticles of Janus and uniform surface 

wettabilities in the O/W and W/O emulsion systems. 

3) To compare the oil/water separation efficiencies of the nanoparticles of Janus and uniform 

surface wettabilities for treating O/W and W/O emulsions. 

The first part of the thesis focuses on the synthesis and characterization of magnetic Janus 

nanoparticles (M-Janus nanoparticles) synthesized from cellulosic materials. In this part, quartz 

crystal microbalance with dissipation monitoring (QCM-D) was applied to measure the interaction 

between the cellulosic materials (ethyl cellulose and carboxymethyl cellulose) between the bare 

iron oxide nanoparticle surfaces, which was the focus of synthesizing M-Janus nanoparticles. Zeta 

potential measurements and thermogravimetric analysis (TGA) were used to confirm the 

adsorption of cellulosic materials on the M-Janus nanoparticle surfaces. Characterization methods 

such as Fourier-transform infrared spectroscopy (FTIR), FE-SEM and TEM were applied to 

confirm the synthesis of M-Janus nanoparticles. The results from interfacial tension measurements, 

interfacial pressure-area (π-A) isotherms measurements, coalescence time and crumpling ratio 

measurements showed stronger interfacial activities of the synthesized M-Janus nanoparticles of 

asymmetric surface wettabilities at the clean toluene-water interface than the nanoparticles of 

uniform surface wettability (M-CMC-EC nanoparticles) reported previously. 
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In the second part, a comparison between the interfacial activities of M-Janus nanoparticles and 

M-CMC-EC nanoparticles in different oily wastewater systems was comprehensively investigated. 

Despite the other interfacially components such as asphaltenes, natural and/or synthetic surfactants 

and remaining detergents in the studied oily wastewaters, the M-Janus nanoparticles could still 

anchor at the oil-water interface and exhibited better interfacial behaviors such as lower oil-water 

interfacial tension and firmer deposition at the oil-water interface than M-CMC-EC nanoparticles. 

The M-Janus nanoparticles were capable of removing/recovering waste oil from different oily 

wastewaters. The oil recovered as such was of high quality (water content: ~1.6 wt%) for 

subsequent refining. Moreover, the M-Janus nanoparticles could be recycled and reused at a high 

oil removal/recovery efficiency in the subsequent applications without complex regeneration. The 

results show that M-Janus nanoparticles of asymmetric surface properties are more promising 

candidates for oil remediation from various types of oily wastewaters than M-CMC-EC 

nanoparticles of uniform surface properties. 

In the last part, the M-Janus and M-CMC-EC nanoparticles were applied to the dewatering of the 

process water-in-crude oil emulsions. The M-Janus nanoparticles of asymmetric surface 

wettabilities showed better interfacial performances at the diluted bitumen-process water interface 

than M-CMC-EC nanoparticles of uniform surface wettability. With the addition of 0.75 wt% M-

Janus nanoparticles, around 90 % of process water was removed from the diluted bitumen 

emulsions, in contrast to 80 % of water removal obtained with the addition of M-CMC-EC 

nanoparticles at the same dosage. The M-Janus nanoparticles showed robust dewatering ability to 

the diluted bitumen emulsions of different initial water contents (2.5 wt% ~ 20 wt%). After 

dewatering the diluted bitumen emulsion, the M-Janus nanoparticles could be recycled and reused 

for the subsequent dewatering process with facile regeneration. Besides, the recycled M-Janus 
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nanoparticles could still retain high dewatering efficiency and excellent interfacial activities at 

least for six cycles. The superior interfacial activities, high dewatering efficiency, exceptional 

recyclability are contributed to the promising potential of M-Janus nanoparticles for dewatering 

efficiently the process water-in-diluted bitumen emulsions. 

1.3 Merit and Impact of Research 

The major contribution of this thesis research to the fields of science and engineering is the design 

and synthesis of novel magnetic Janus nanoparticle using cellulosic materials for effective and 

efficient oil/water separation of W/O and O/W emulsions. The two kinds of cellulosic materials of 

contrasting wettability were coated directly onto the opposite sides of the Janus nanoparticle 

surfaces without complex chemical reaction, achieving facile synthesis and generating no 

secondary hazards. By applying various characterization methods such as interfacial tension 

measurements, interfacial pressure-area isotherms measurements, and coalescence time 

measurements, the interfacial behaviors between the Janus nanoparticles and nanoparticles of 

uniform surface properties in the O/W and W/O emulsions were comprehensively investigated, 

improving our understanding of the differences between the interfacial activities of the Janus 

nanoparticles and nanoparticles of uniform surface wettability at various oil-water interfaces. The 

Janus nanoparticles designed in this study could be produced on a large scale, showing the potential 

of their application to the oil/water separation in the industrial field. With their excellent interfacial 

activities, high oil/water separating efficiency, good recyclability and facile regeneration for 

subsequent applications, the nanoparticles of Janus nature are more promising candidates for 

treating the oily wastewaters from industrial processes and domestic sewages, the oil spills in 

marine systems and the water-in-crude oil emulsions in petroleum-related industries than the 

nanoparticles of uniform surface modification. 
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1.4 Thesis Structure 

This thesis has been structured as a compilation of papers. Chapters 4-6 are research papers either 

published, submitted to scientific journals or in preparation. The key content of each chapter is 

shown as follows: 

Chapter 1 provides the overall introduction of the thesis, including the background, objectives 

and thesis scope. 

Chapter 2 presents a comprehensive literature review on the current experimental and theoretical 

synthesis of interfacially active nanoparticles and their applications to the O/W and W/O emulsions. 

Chapter 3 introduces an overview of materials, instruments and experimental protocols used in 

the current investigates. 

Chapter 4 illustrates the adsorption-based synthesis of magnetically responsive and interfacially 

active Janus nanoparticles using cellulosic materials. The concept and detailed synthesis 

procedures of M-Janus nanoparticles were described, and characterization of the physicochemical 

properties and interfacial activities of the synthesized Janus nanoparticles were comprehensively 

investigated. A version of this chapter has been published in: 

X. He, C. Liang, Q. Liu and Z. Xu, Magnetically Responsive Janus Nanoparticles Synthesized 

using Cellulosic Materials for Enhanced Phase Separation in Oily Wastewaters and Water-in-crude 

Oil Emulsions. Chemical Engineering Journal, 2019, 122045. 

Chapter 5 discusses the comparison between the interfacial properties and application of M-Janus 

nanoparticles and M-CMC-EC nanoparticles in different oily wastewaters. A thorough comparison 

between the interfacial behaviors and oil/water separating performance of the nanoparticles of 
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Janus and uniform surface wettability in mimetically realistic oily wastewater systems was 

comprehensively investigated. A version of this chapter has been submitted as: 

X. He, Q. Liu and Z. Xu, Treatment of Oily Wastewaters using Magnetic Janus Nanoparticles of 

Asymmetric Surface Wettability. 

Chapter 6 presents the application of M-Janus nanoparticles and M-CMC-EC nanoparticles to 

dewatering the water-in-crude oil emulsions. A comparison between the interfacial activities and 

the dewatering efficiency of M-Janus nanoparticles and M-CMC-EC nanoparticles in the process 

water-in-crude oil emulsions were thoroughly investigated. A version of this chapter has been 

prepared as: 

X. He, Q. Liu and Z. Xu, Removal of Emulsified Process Water from Crude Oil Emulsions using 

Magnetic Janus nanoparticles, in preparation.  
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Chapter 2 Literature Review 

2.1 Concept of Emulsion 

An emulsion is traditionally defined as a dispersed, opaque, heterogeneous system composed of 

two immiscible liquid phases (usually ‘oil’ and ‘water’) with one phase being referred to as the 

emulsified phase and another as the continuous phase.59 Typically, to classify the emulsions by the 

emulsified and continuous phase, most emulsions can be divided into two types: (1) water-in-oil 

(W/O) emulsion where oil droplets well dispersed in continuous aqueous phase and (2) oil-in-

water (O/W) emulsion where emulsified water droplets are dispersed in continuous oil phase.60 

The oil-in-water emulsions and water-in-oil emulsions can be distinguished using the dilution 

method. The W/O emulsion can be easily diluted and dispersed in the added oil phase, while an 

O/W emulsion will form large blobs with the addition of excess oil.  

In addition to the two basic types of emulsion (W/O emulsion and O/W emulsion), there are 

particular dispersion systems such as (1) foam (air-in-water emulsion), (2) “Dry water” (water-in-

air emulsion), (3) W/O/W (water-in-oil-in-water) complex multiple emulsion and (4) O/W/O (oil-

in-water-in-oil) complex multiple emulsion, which are not limited to liquid (organic and aqueous) 

phases or simple emulsion structures.61  

As for the size of emulsion droplets, emulsified droplet size generally varies from 1 μm to over 10 

μm, which is larger than most colloidal particles on the upper end. Noteworthy, some emulsions 

can have even smaller emulsified droplet size, approximately 1 to 100 nm, and these emulsions 

are referred to as micro-emulsions, which are isotropic and thermodynamically stable systems. 
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2.2 Emulsion Stability 

Generally, it is thermodynamically unfavorable for the formation of an emulsion because a large 

increase of interfacial areas would be generated along with the emulsification process, leading to 

an increase in total system energy. The change of Gibbs free energy for the formation of an 

emulsion is illustrated in Equation 2-1:62 

∆𝐺 = 𝛾∆𝐴 − 𝑇∆𝑆                                                         (2-1) 

where ∆𝐺 is the Gibbs free energy change from a system with two separated phases to an emulsion 

system, 𝛾 is the interfacial tension of the interface between two immiscible liquids, ∆𝐴 is the 

increased interfacial area, 𝑇 is the temperature in Kelvin of the system and ∆𝑆 the change of 

system entropy. 

In most cases, 𝛾∆𝐴 >> 𝑇∆𝑆, which means that the total Gibbs free energy change of the system is 

always positive, and the formation of an emulsion from a phase-separated system is 

nonspontaneous and thermodynamically unstable. According to the equation (1), there are two 

methods to favor the formation of emulsion: (1) lower the interfacial tension between the two 

immiscible liquids and (2) increase the entropy of the emulsion. The increase in configurational 

entropy can be achieved by the dilution effect and resulting dispersion of the globules which is 

commonly seen in the formation of the microemulsion.63 For lowering the interfacial tension, the 

most common method is the addition of the stabilizers into the emulsion. The emulsifiers are 

interfacially active and can be adsorbed onto the interface between two immiscible phases. They 

can dramatically decrease the interfacial tension of the interface, and thus remarkably slow down 

or even stop the phase separation process. An effective emulsifier can create a barrier between the 

emulsified droplets to prevent them from coagulation, flocculation or coalescence. In summary, 
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there are typically two kinds of emulsifiers in stabilizing emulsions: surfactant and solid particles, 

which we will discuss in detail below.  

2.2.1 Stabilization of Emulsions by Surfactants 

The term “surfactant” comes from the words “surface-active agent” and refers to the chemicals 

which are interfacially active at air-water interfaces or oil-water interfaces.60 To anchor effectively 

at the liquid-liquid interface, the surfactants are required to be intrinsically amphiphilic. In most 

cases, surfactants are composed of a water-loving (hydrophilic) head and a water-hating 

(hydrophobic) long tail. A typical structure of the amphiphilic surfactant (sodium dodecyl sulfate) 

is shown in Figure 2-1. The amphiphilic surfactants have affinities for both of the aqueous phase 

and oil phase, and therefore they are partially soluble in water and organic solvent. Depending on 

the intrinsic nature of the water-loving head, there are three kinds of surfactants: anionic, cationic 

and non-ionic, according to the charges on the active part of the surfactants. In the presence of 

amphiphilic surfactants at the interface, the interfacial tension of the air-water interface or oil-

water interface could decrease significantly, leading to a favorable formation of emulsios. 

 

Figure 2-1. Typical structure of an amphiphilic surfactant. Sodium dodecyl sulfate molecule is 

used as an example.60 

Although all the amphiphilic surfactants are composed of a hydrophilic head and a hydrophobic 

tail, they can only stabilize certain categories of emulsions according to their intrinsic 

amphiphilicity, which can be described as an empirical scale of hydrophilic-lipophilic balance 

(HLB).60 HLB is a value which can define the degree of hydrophobicity or hydrophilicity of the 
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surfactant. High HLB value means that the hydrophilic polar head prevails the hydrophobic tail, 

while low HLB indicates a more hydrophobic property of the surfactant. HLB can be calculated 

from the ratio of the surfactant solubility in water and oil (partition coefficient) or calculated from 

the Equation 2-2 using hydrophilic and hydrophobic (lipophilic) group number: 

          HLB=7 + Σ (hydrophilic group members) + Σ (lipophilic group numbers)        (2-2) 

For emulsions stabilized by surfactants, the emulsified droplets are always prevented from 

coalescence, contact or flocculation by the electrostatic barrier and steric barrier created by the 

adsorbed surfactant at the liquid-liquid interface. For the amphiphilic ionic surfactants with proper 

HLB value, they can effectively stabilize the emulsions with the electrostatic repulsive force. Like 

anionic surfactants such as sodium dodecyl sulfate (SDS), sodium oleate, and sodium bis (2-

ethylhexyl) sulfosuccinate or the cationic surfactants such as alkylamine hydrochloride and alkyl 

trimethyl ammonium salts, with the polar head pointing out, they can generate the surface charges 

on the emulsified droplet surfaces. As for the water-in-oil (W/O) emulsions, the amphiphilic 

surfactants would be adsorbed at the water/oil interface with their hydrophobic hydrocarbon tail 

facing the continuous organic phase and the hydrophilic polar head immersing in the water phase, 

charging the emulsion droplets and generating the electrostatic repulsion. For the case of oil-in-

water (O/W) emulsions, the orientation of the surfactants is reversed when compared with the 

situation in W/O emulsions. With the facing-outward charged hydrophilic polar head, the emulsion 

droplets are prevented from coalescence with electrostatic repulsive forces generated by the 

emulsion droplet surface charges. According to the calculated number of an amphiphilic surfactant, 

we can know the exact emulsion type that the surfactant is favorable of forming. The relation 

between the different HLB values and their corresponding emulsion types are listed in Table 2-1. 
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Table 2-1. HLB values of surfactants and their corresponding applications.60 

HLB Range Application Solubility in Water Example 

1 - 4 N/A Insoluble Fatty Alcohols 

3 - 6 W/O Emulsifiers Poorly Soluble Fatty Acids 

7 - 9 
Hydrotropes 

Demulsifiers 
Unstably Dispersed 

Span 20 (sorbitan 

monolaurate) 

8 - 18 O/W Emulsifiers Stable 

Tween 60 

(polyoxyethylene 

sorbitan oleate) 

> 15 
Wetting Agents, 

Detergents 
Clear Solution 

Soaps (HLB ~ 20) 

SDS (HLB = 40) 

2.2.2 Stabilization of Emulsions by Particles 

Without the stabilization of emulsions by amphiphilic surfactants, the emulsions can also be 

stabilized by solid particles. In this case, the solid particles can act as “solid surfactant” and anchor 

securely at the emulsion droplet surfaces.64 The mechanism of emulsion stabilization enhanced by 

the small solid particles results from the steric barrier created by the firmly-anchored particle at 

the emulsion droplet surface, preventing a close droplet-to-droplet contact. It is worth noting that 

in order to locate at the oil-water interface, the particles cannot be completely wetted by either 

phase of the emulsion. Otherwise, the emulsions would end up with destabilization.  

Typically, the emulsion stabilized by the solid particles only is called “Pickering” emulsion. The 

term “Pickering” was named after S.U. Pickering, who discovered the specific emulsions stabilized 

by the solid particles other than amphiphilic surfactant.65 The type of Pickering emulsions (O/W 

or W/O) is determined by the wettability of the solid stabilizers partitioned at the oil/water interface.  
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Figure 2-2. Upper row shows three particles with different surface wettabilities (from left to right: 

more hydrophilic, amphiphilic, more hydrophobic), lower row shows O/W Pickering emulsions 

stabilized by more hydrophilic particles and W/O Pickering emulsions stabilized by more 

hydrophobic particles.66 

The wettability of particle surfaces can be determined by the many factors such as surface 

roughness, the zeta potential of the particles, and, most importantly, the 

hydrophilicity/hydrophobicity of the particle surfaces. As shown in Figure 2-2, by controlling the 

contact angle of the particles at the oil/water interface, the most part of the particles would be 

immersed at either water phase (contact angle < 90º) or oil phase (contact angle > 90º), resulting 

in O/W or W/O Pickering emulsions.  

The most significant difference in the mechanism of solid particles and surfactants in stabilizing 

emulsions is the origin of their energy source. The surfactant can lower the interfacial tension of 

the oil/water interface after its adsorption, as described by Gibbs’ law. While the solid particles 

can lower the total free energy of the system by locating at the interface. During the adsorbing 
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process of particles onto the water/oil interface, part of water/oil was replaced by the occupation 

of the solid particles, resulting in the loss of energy. As particular emulsion systems, Pickering 

emulsions with particles adsorbed at the interface of two immiscible phases show remarkable 

stability, mostly due to the steric barrier created between the emulsified droplets and the high 

desorption energy required for the particles detaching from the interface.67-69 The high desorption 

energy of the particle partitioned at the oil/water interface contributes mainly to the secure partition 

of the particles at the interface. The total energy 𝐸  required to remove the particle from the 

interface is given by Equation 2-3:64 

                                                         𝐸 = 𝜋𝑟2ϒ𝑜/𝑤 ( 1 ± cos 𝜃)2                                             (2-3) 

where r represents the radius of the particles adsorbed at the oil/water interface, ϒ𝑜/𝑤  is the 

interfacial tension of the pure water and pure oil, 𝜃 is the contact angle of the particle formed at 

the oil/water interface. The ± sign represents the particles detaching from the interface into the oil 

phase (positive, “+”) or aqueous phase (negative, “-”). As shown in Figure 2-3, when 𝛳 

approaches 0º or 180º, the particle is completely wetted or unwetted, which means that the particle 

cannot be adsorbed at the oil-water interface. For 𝜃 < 90º (hydrophilic), the particles are more eager 

to go to the aqueous phase and for 𝜃 > 90º (hydrophobic), the particles more like going to the 

organic phase. The 𝐸  reaches maximum value when 𝜃  equals 90º, which is three orders of 

magnitude higher than the desorption energy of the surfactant when the particle has a radius of 10 

nm.70  Once the particles requires high energy to desorb from the oil-water interface, such particles 

can be seen irreversibly adsorbed at the oil/water interface, resulting in forming stable Pickering 

emulsions.  
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Figure 2-3. Energy 𝐸 required for a solid spherical particle with a radius of 10 nm and a contact 

angle 𝜃 to desorb from a planar oil/water interface.68  

The adsorbed particle layer at the emulsion droplet surfaces mainly acts against coalescence. Such 

a particle layer is rigid and has excellent mechanical strength, which comes from the aggregation 

of solid particles and the interactions between the particles. When two emulsion droplets get closer, 

the emulsified phase would not contact due to the protection of the adsorbed particle layer and 

therefore against coalescence. The solid particles also contribute to preventing emulsion droplets 

from coagulation. As an example, when the charged particles are adsorbed at emulsion droplet 

surfaces, such particle layer can generate obvious electrostatic repulsion between the emulsion 

droplets as ionic surfactants do, leading to less chance for the emulsion droplets contacting with 

each other.71-72 Also, the formation of “bridge” between the particle-stabilized emulsion droplets 

keeps the emulsified droplets apart and prevents them from coalescence as well.73-74 
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2.2.3 Interactions between Emulsion Droplets 

The interactions between emulsions droplets play essential roles in many phenomena and practical 

applications such as stability of emulsions, mineral processing, oil recovery from oily wastewaters, 

utilization of detergents, etc. There are several kinds of forces such as van der Waals force, 

electrostatic force and steric force that contribute to the synergic interactions between the emulsion 

droplets.  

2.2.3.1 Van Der Waals Force 

Generally, the van der Waals force is a kind of attractive force between atoms or molecules, and 

there are three types: (1) dipole-dipole (Keesom) interaction, (2) dipole-induced dipole (Debye) 

interaction and (3) dispersive (London) interaction.75 It is worth noting that the Debye and Keesom 

interaction forces are related to directions of atoms or molecules, which means that such attractions 

could be canceled due to the difference between the directions of the dipoles. As for London 

interactions, it results from the random fluctuations of the electrons in the molecules (atoms).76 

With the electron fluctuations, a temporary dipole is generated in a molecule and it would induce 

another dipole in another molecule, leading to an overall attraction between these two molecules. 

For two spherical emulsion droplets with the same radius a at a separation distance H, the van der 

Waals attraction energy Vs-s can be calculated by Equation 2-4:60 

                                                                 𝑉s-s =
−Aa

12H
                                                                                                    (2-4) 

where A is the effective Hamaker constant and its value depends on the London dispersion constant 

β and the number of atoms per unit volume q. With such an attractive interaction, the flocculation 

of emulsion droplets is super-fast if no repulsions forces exist. To against the flocculation and keep 
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the stability of the emulsion, it is necessary to have repulsive interactions between the emulsion 

droplets.  

2.2.3.2 Electrostatic Force 

When ionic surfactants are adsorbed at emulsions droplets surfaces, the surfactant-stabilized 

emulsion droplets can gain surface charges, and we should take into account the electrostatic force 

generated between the charged emulsion droplets. When two charged emulsion droplets approach 

each other, their electric double layers would overlap with each other, leading to electrostatic 

interaction. The strength of their electrostatic interactions is related to their surface potential, which 

decreases first linearly to the stern potential and then exponentially with the increase of their 

distance 𝐻. The potential energy of the electrostatic interactions between two charged spherical 

emulsion droplets can be expressed as Equation 2-5:60 

                                                𝑉𝐸𝐷𝐿 =
64𝑛0𝐾𝑇

𝜅2 𝑡𝑎𝑛ℎ2(
𝑧𝑒𝜓0

4𝐾𝑇
)exp (−𝜅𝐻)                                      (2-

5) 

where 𝜓0  is the surface potential of the emulsion droplet, 𝜅  is a constant depending on the 

composition of the electrolyte and ambient temperature. For the cases of emulsions droplets with 

small surface potentials (𝜓0 < 25 𝑚𝑉), their surface charge 𝜎0 can be expressed as 𝜎0 = 𝜀𝜅𝜓0 

and we can substitute such 𝜎0 into Equation 2-5 and get the potential energy of the electrostatic 

interactions between two emulsion droplets of radius a with low surface charge density as 

Equation 2-6:60 

                                                          𝑉𝐸𝐷𝐿 =
2π𝜎2𝑎

𝜅2𝜀
exp (−𝜅𝐻)                                                 (2-6) 
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Based on the DLVO theory, the energy of an emulsion system 𝐸𝑡𝑜𝑡𝑎𝑙  is the net worth of the 

attractive can der Waals energy 𝐸𝑣𝑑𝑊  and the energy 𝐸𝐷𝐿𝑉𝑂 of the repulsive force generated by the 

overlapped electric double layers of the emulsion droplets (Equation 2-7):60 

                       𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑣𝑑𝑊 +  𝐸𝐸𝐷𝐿 =  −
𝐴

12𝐻
𝑎 +

64𝑛0𝐾𝑇

𝜅2 𝑡𝑎𝑛ℎ2(
𝑧𝑒𝜓0

4𝐾𝑇
)exp (−𝜅𝐻)              (2-7)  

The 𝐸𝑣𝑑𝑊  is always negative due to the attractive van der Waals force and the 𝐸𝐸𝐷𝐿 is usually 

positive because of the repulsive electrostatic forces. The total energy 𝐸𝑡𝑜𝑡𝑎𝑙 varies depending on 

the distance between the two charged emulsion droplets. As an example, the change of total energy 

for two spherical emulsion droplets of surface potential to be 15 mV in 0.001 M KCL solution at 

25 °C is illustrated in Figure 2-4. 

 

Figure 2-4. Schematic illustration of interaction energy of two emulsion droplets versus distance.77   
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We can know that at large distances, the total interaction for these two emulsion droplets is 

negative. Such a phenomenon could lead to an overall attractive force between the two charged 

emulsion droplets. The interaction energy would decrease continuously until reaching a minimum 

value of ~ -1.5 𝜅T at a distance of ~ 45 nm. If two droplets want to contact with each other, they 

have to surpass the energy barrier shown as a peak in Figure 2-4. Once surpass the barrier, the 

emulsion droplets could form flocs and aggregates, leading to the subsequent coalescence if 

possible. 

2.2.3.3 Other Forces 

Different from the electrostatic forces which are generated by the overlap of the electric double 

layers, the steric barrier is not created by the surface charges on the emulsion droplet surfaces. The 

stabilization induced by the steric barrier is attributed to the physical obstacle formed by the 

adsorption of the neutral components at the emulsion droplet surfaces such as polymeric materials 

and colloids.78 With the occupation of such materials at the liquid-liquid interface, the emulsified 

droplets cannot get contacted, leading to the less chance of coalescence of the emulsion droplets 

and hence the enhanced stability of the emulsion. Typically, the steric barrier cannot be achieved 

by the sole surfactant molecule but the aggregates of the interfacially active polymers and even 

small particles. The big polymeric surfactant usually has much more molecular weight than the 

surfactant mentioned in the electrostatic interaction section because the polymeric surfactants are 

polymerized from tons of monomers with the same structure. The occupation of the polymeric 

surfactants at the liquid-liquid interface can have a vital impact on the emulsion stability.  

Take a W/O emulsion as an example, when a polymeric surfactant is located at the interface, the 

long chain of the surfactant may form train, loops or tails and the loops or tails should be 

hydrophobic and therefore kind of dehydrated, as shown in Figure 2-5. If the emulsion droplets 
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approach, the loops and tails part of the surfactant would be hydrated, leading to an increase of 

total energy of the emulsion system. Such increased system energy results in the interference of 

the coalescence of the droplets and therefore enhance the emulsion stability.79 Moreover, the 

facing-outward loops and tails can create space between the emulsion droplets, preventing the 

contact of the droplets and resulting in more stable emulsions.   

 

Figure 2-5. Possible configuration of a polymeric surfactant adsorbed on particle surfaces.80 

There are many factors affecting the degree of steric stabilization by polymeric materials. With a 

thick adsorbed polymer layer at the liquid-liquid interface, there would be a long distance between 

the emulsion droplets, leading to the weaker van der Waals force between the droplets and thus 

lowering the tendency for droplets approaching. Also, the solvency of the polymer in the medium 

would affect the morphology of the surfactant at the interface. The steric barrier would decrease 

along with the hydration of the loops and tails of the surfactant.  

However, it is worth noting that the addition of the polymer can also destabilize the emulsion, 

resulting from the polymer bridging mechanism. Such a phenomenon often occurs when a single 

polymeric surfactant molecule adsorbs at more than one emulsion droplet, leading to the 

flocculation of the emulsion droplets.81 When it comes to the bridging effect of the polymeric 

surfactants, we need to talk about how the morphology of the polymer at the interface affects the 

emulsion stability. To make a perfect steric barrier instead of realizing the bridging effect, there 
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should be no polymer-free surface that is necessary for bridging effect taking place or the 

morphology of the surfactant at the interface to compress polymer strings or loops. With proper 

charge density, the polymer is flexible at the interface and create the possibility for the effective 

bridging between the particles. While higher or lower charge density would lead to a stiffer or 

more collapsed polymer at the interface, both leading to weak bridging effect and decent steric 

repulsion between the emulsion droplets, respectively. We should note that when an ionic polymer 

has high charge density, it would be stiff due to the intramolecular repulsion and be adsorbed at 

the interface at the same time, leading to minimal anchoring points for bridging effect and resulting 

in a stronger steric barrier. 

There is another non-DLVO interaction named hydration effect, which always exists between two 

hydrophilic surfaces.82 Due to hydrophilicity of the surfaces, water molecules could form hydrogen 

bonding with the oxygen atoms at the oxide surface. When such two hydrophilic colloids get closer, 

the repulsive force stems from the requirement of removing the hydrating water molecules from 

the hydrophilic surfaces, leading to an increase in the system energy. Such hydrating effects can 

also be considered as a specific “steric effect” between the colloids. 

The last non-DLVO interaction is hydrophobic interaction.83 For a colloid without any polar 

groups or hydrogen bonding atoms, it cannot form hydrogen bonding with the surrounding water 

molecules. When the colloids approach, the water molecules between such colloids can only form 

hydrogen bonding with other water molecules within the gaps between the colloids. Such 

limitation could lead to an attractive force between the non-polar colloids, which is induced by an 

entropic factor. As an example, in the application of flotation, tiny air bubbles can attach to the 

hydrophobic force. 
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2.3 Stable Emulsions under Realistic Conditions 

As discussed above, surfactants and particles can act as effective stabilizers for stabilizing O/W or 

W/O emulsions. Under different realistic conditions, there are many natural and/or synthetic 

surfactants, fine particles and clays acting as stabilizers, resulting in various types of stable 

emulsions.  

It is undisputed that the emulsions stabilized by natural and/or synthetic surfactants, particles, and 

proteins have many applications such as cosmetics, drug delivery, oil/water separation, and 

enzyme immobilization.84 However, increasing problems also arise, which will be discussed in 

detail as follows.  

2.3.1 Problem Description of Oil-in-Water Emulsions (Oily Wastewaters) 

With the prosperous industrial development and ever-increasing population, the consumption of 

oils, including mineral oil, heavy oil, and edible oil, is increasing rapidly in every aspect of 

industrial processing and human activities.85 Meanwhile, large volumes of oil-in-water emulsions 

(oily wastewaters) are generated during the heavy industrial process and daily household activities. 

Due to the lag of the faulty management of various management on treating such oily wastewaters, 

tons of oily wastewaters have been directly discharged into the natural environment, resulting in 

severe pollution and harsh environmental issues.86-87 For example, if the oily wastewaters are 

discharged into the aqueous systems, the floating oil on the water surface would form a thick film 

which can isolate the aqueous phase from the atmosphere, leading to an oxygen-poor condition in 

the aqueous phase and hence threatening the living organisms in the water.88-90 In 2010, an 

explosion at the Deepwater Horizon oil drilling rig caused the severest and largest oil spill in 

United States history.91 Such oil spills also lead to widespread influence, including the reduction 

of fisheries output, the hindered plant photosynthesis and impaired growth of the crops.92-93 
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Moreover, the evaporation of oil into the air and the percolation of oil into the soil can lead to 

severe air and serious land pollution.94 

2.3.2 Conventional Treatment of Oily Wastewaters 

There are two main kinds of oily wastewaters for treatment: domestic oily wastewaters generated 

from daily household activities and industrial oily wastewaters generated from heavy industrial 

processes. The purposes for treating such oily wastewaters are: 1) removing a large volume of oil 

or dissolved organic components, and 2) removing the mixed components such as suspended 

particles and fines, sulfide, and ammonia.95 The specific methods for treating oily wastewaters are 

discussed as follows. 

2.3.2.1 Membrane Filtration Technology 

The membrane can be seen as a barrier that separates two immiscible liquid phases and constrains 

the transport of different organic or chemicals at a selective level. 96 As shown in Figure 2-6, a 

typical membrane can be designed as symmetric or asymmetric in structure, homogeneous or 

heterogeneous (Janus) in wettability, and liquid or solid in membrane type. Also, due to the 

difference in the pressure which drives the separation process, the membrane separation 

technology can be divided into three kinds: microfiltration, nanofiltration and reverse osmosis. 

The pressure required for microfiltration is the lowest among these three membrane separation 

technologies. The nanofiltration membranes are used to separate or retain small compounds and 

ions, which have a smaller extent than the components retained using reverse osmosis filtration. 

As a consequent, the osmotic pressure is lower than the pressure required for nanofiltration 

membranes.97 

Treating oily wastewaters using membrane has now been considered as an alternative method to 

other conventional industrial methods such as centrifugation, extraction, distillation, flocculation, 
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and coagulation.98-99 Compared with these conventional methods, separation of oil/water using 

membrane shows numerous advantages, including excellent selectivity, long-term reusability, low 

cost, and high flexibility.100 When the oil/water mixture is driven through the membrane, the 

rejection surface of the membrane could reject the organic solvent or aqueous phase of the 

oil/water mixture, and only selected liquid phase could go through the membrane,101-102 achieving 

the successful oil/water separation. However, the drawbacks of membrane filtration technology 

are also obvious. For the hydrophobic and oleophilic membranes, they are always used in energy-

intensive oil/water separation because they are not suitable for separating oily wastewaters under 

driving by gravity. In another aspect, though the hydrophilic and oleophobic membranes are 

suitable for treating oily wastewaters by gravity-driven, they are not capable of treating oil/water 

mixtures because their in-air oleophobicity could turn into underwater oleophilicity, leading to 

both transport of oil and water through the membrane.103-104 Another drawback is the easy fouling 

for the oleophilic membrane. The fouling issues resulting from the formation of a cake layer of the 

materials at the rejection surface of the membrane could cause significant loss in the 

transmembrane flux, leading to a low oil/water separation efficiency.105 
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Figure 2-6. Schematic illustration of different types of membranes.106 

2.3.2.2 Flotation Technology 

Flotation has been considered as an accelerated separation technique in which an aqueous phase 

containing numerous fine bubbles are injected into the oily wastewater.107 Due to the hydrophobic 

force between the fine bubbles and small oil droplets, the fine bubbles can attach themselves to 

the oil droplets. The bubble-tagged oil droplets become lighter because of the increased density 

difference between the oil/bubble agglomerations and aqueous phase, leading to the flotation of 

the oil droplets and hence the separation of oil from oily wastewaters.108 The flotation technique 

has great potential due to the little produced sludge, relatively high separation efficiency, and large 
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capacity.107 However, there are still downsides in the treatment of oily wastewaters using flotation. 

In order to inject fine bubbles into the water, the bubble generator should be turned on for a long 

time, and the manufacturing and repairing problems of the device require intensive labor work and 

high cost. Moreover, the attachment of fine bubbles onto the oil droplet surfaces depend on the 

surface characteristics of the bubbles and oil droplets, which should be properly understood prior 

to applying the flotation technique to particular oily wastewater. As a result, many types of 

research should be conducted to improve flotation technology, including investigating the 

interfacial behavior of the flotation agents, designing novel and efficient flotation cells and devices. 

2.3.2.3 Coagulation Technology 

In coagulation, emulsified oil droplets get together and become concentrated in the oily 

wastewaters under the external electric field.109 Due to its capability of destabilizing and 

aggregating emulsified colloids and oil droplets, coagulation technology is widely used in treating 

oily wastewaters.110 Generally, many mechanisms can contribute to effective coagulation of oil 

droplets and colloids, including neutralization of their surface charge by adsorption of charged 

species and/or compression of electrical double layers, inter-colloids/droplets bridging, sweep 

coagulation and ionic layer compression.111 The well-dispersed oil droplets in oily wastewaters 

can be coagulated by adding coagulants into the oily wastewater systems and then removed from 

the wastewater systems, leading to effective oil/water separation. However, the realistic conditions 

of the oily wastewaters are complex and there are a lot of experiments should be done prior to 

selecting an effective coagulant for treating the oily wastewaters.112 

Recently, a more advanced technology named electro-coagulation has been explored for treating 

oily wastewaters.113 Such technology combines the advantages and functions of traditional 

coagulation technique, flotation method, and electrochemistry.114 Compared with conventional 
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coagulation, electrocoagulation shows numerous advantages such as simple equipment, facile 

operation, no addition of chemicals, the capability of removing the smallest colloidal particles,  

and more clear and colorless water after treatment. However, the downsides of electrocoagulation 

are still noticeable. One of the most critical factors for effective electrocoagulation is the high 

conductivity of oily wastewater. Such drawback has seriously restricted the wide applications of 

electrocoagulation in many practical situations.115 

2.3.2.4 Biological Treatment 

The purpose of treating oily wastewaters using biological technology is to make use of the 

microbial metabolism to turn organic pollutants into harmless components.116-117 With the help of 

biological treatment, there are generally two methods for treating oily wastewaters: activated 

sludge and biological filter.118-120 During the treatment, activated sludge is always poured in an 

aeration tank, and then the microbial agents are added into the tank. Such agents can adsorb and 

concentrate on the surface of the sludge to decompose the organic components.121 As for the 

biological filter, the micro-organisms are placed and attached to the filter. After that, the aimed 

oily wastewaters will go through the filter surface while the microorganisms will decompose the 

organic pollutants in the wastewaters.122  

Due to the complete decomposition of organic components by microbial metabolism, the 

biological treatment can effectively treat the oily wastewaters containing hazardous organic agents. 

However, the total duration for treating oily wastewaters is relatively long when compared with 

other oil/water separation methods discussed above. Moreover, biotechnology is the key to the 

biological treatment process and the selection of a particular micro-organism according to the 

pollutants in the oily wastewaters is also noteworthy. 
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2.3.2.5 Skimming  

Skimming refers to various types of equipment that are used to remove the floating oil physically 

from the water surface. Such a technique is commonly observed in treating floating oil spills. 

During the skimming process, an oleophilic skimmer is used to adsorb oil to the rotating surface 

of the skimmer. After adsorption, the skimmer is then lifted and transfer the attached oil spills to 

an oil removal device such as roller and scraper. For large scale clean-up application of oil spills, 

skimming technique is very time-consuming and expensive.123 

To improve the oil removal efficiency, the methods such as changing the shape of the recovery 

unit and changing the surface geometry of the skimmer have been applied to the new skimming 

technology. The main contribution of changing the shape and surface geometry is to increase the 

surface area of the skimmer. By increasing the area, more oil spills can be attached to the skimmer 

in one cycle, leading to higher oil removing efficiency.124 

2.3.3 Water-in-Crude Oil Emulsions 

The formation of water-in-crude oil emulsions occurs inevitably in petroleum-related industries. 

Although such emulsions are thermodynamically unstable, they are often stabilized by the natural 

surfactants, wax, and solids, leading to incredible stability of water-in-crude oil emulsions.125 It is 

worth noting that the emulsified water droplets in the crude oil emulsions contain harsh salts such 

as chloride and sulfide salts which can poison the refinery catalysts and corrode the distillation 

columns.126 Therefore, the emulsified aqueous phase must be removed from the crude oil 

emulsions to recover “clean” crude oil prior to their downstream processing. Typically, as 

discussed above, the emulsions are extremely stable due to the stabilization by various interfacially 

active components in the crude oil. Destabilization of water-in-crude oil emulsions is a necessary 

step before removing water from the emulsion. To effectively destabilize the water-in-crude oil 
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emulsions, we have to be clear about the stabilization mechanism of such emulsions. Though the 

water-in-crude oil emulsions are stabilized by various interfacially active components such as 

asphaltenes, wax, resins, fines and clays, the asphaltenes in crude oil are one of the main 

contributors to the stability of the water-in-crude oil emulsions. Based on this reason, we will 

mainly focus on the stabilization of water-in-crude oil by asphaltenes. 

2.3.3.1 Stabilization of Water-in-Crude Oil Emulsions by Asphaltenes 

Asphaltene is known as the fraction of crude oil with a complex chemical structure that is insoluble 

in straight-chain alkanes but soluble in toluene. The molecular structure of asphaltene is built on 

fused aromatic rings with saturated substituents and groups such as amine, hydroxyl, and sulfur-

containing functional groups which make asphaltene amphiphilic.127 Actually, asphaltene should 

be described as a kind of chemical mixture other than a specific family. With its structural 

complexity and uncertainty, asphaltene exhibits many states of molecules varying from a single 

unit to asphaltene aggregation, and it is hard to give a typical asphaltene molecule. However, 

known as the heaviest, most polar and surface-active components of crude oil, all the asphaltene 

molecules are contributed to the formation of stable O/W and W/O emulsions in the petroleum-

related industry, hindering the oil production and interfering industry processing. It is necessary to 

fully understand the physicochemical properties, the interfacial behavior of asphaltene as well as 

the mechanism of asphaltene in stabilizing the W/O or O/W emulsion during the process and the 

effective ways to achieve oil/water separation of asphaltene-stabilized crude oil emulsions. 

According to the results of the elemental composition analysis, the asphaltene molecules consist 

of C (carbon), H (hydrogen), N (Nitrogen), and S (sulfur) along with the trace amounts of Va 

(vanadium) and Ni (nickel).128 The amounts of carbon and hydrogen are around 82 % and 8.1%, 

respectively, with a fairly constant hydrogen-to-carbon ratio (H/C) of 1.15.129 Based on the results 
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from vapor pressure osmometry (VPO) and gel permeation chromatography (GPC), the molecular 

weight of asphaltenes at 3000 Da to 10000 Da are much higher than the recent results of 750 Da 

which was analyzed by modern analytical techniques, leading to the different understanding on 

the asphaltene molecular structure and the molecular models.130 The asphaltenes in crude oil are 

regarded as the colloidal-sized aggregates. With highly polar resins acting as peptizing agents, 

asphaltene attracts the resins together and resins, which act as a protective layer.131 Under the 

protection and stabilization of reins, the asphaltenes are believed to dispersed in crude oil as a 

suspension.  

As discussed above, the estimated asphaltene molecular weight affects the understanding of the 

molecular structure and molecular model of asphaltene. As shown in Figure 2-7, there are two 

conventional models showing the probable structure of asphaltenes molecule: archipelago model 

and island or like-your-hand model. The main difference between these two models is the 

asphaltene molecular mass.132-133 Based on the molecular mass estimations of VPO and GPC, the 

molecular weight of asphaltene is several thousand. According to this result, Strausz et al. 

introduced the archipelago model.133 In this model, the asphaltene molecule has a loose and 

flexible architecture and the aromatic and naphthenic rings are bonded together (Figure 2-7a). 

These bonded rings are connected with the core of asphaltene molecules via the bridges of alkyl 

chains, sulfur, -C-O- and -O-. After Several years, Groenzin and Mullins came up with an island-

like or hand-like model of asphaltene molecule structure in 2007 (Figure 2-7b).134 The island-like 

model has a much smaller weight mass of 500 Da to 1500 Da with an average molecular weight 

of 750 Da, as compared with the weight of the archipelago model. This model was also confirmed 

and supported by the later optical absorption and fluorescence studies.135 This model indicates that 

the small aggregates, so-called nano-aggregates, are formed by asphaltene by the Van der Waals 
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attraction between them at low concentrations and the larger aggregation would form at higher 

concentration, which contributes to the stabilization of emulsion system.  

 

Figure 2-7. a) Hypothetical ‘archipelago’ asphaltene molecular structure where A, B and C 

represent aromatic clusters, and b) proposed molecular structures for coal and petroleum 

asphaltenes.133-134 

2.3.3.2 Interfacial Behavior of Asphaltenes 

Consisting of polycyclic aromatic hydrocarbon rings and polar parts, asphaltene can effectively 

adsorb at the water/oil interfaces, changing the interfacial properties such as the interfacial tension, 

rigidity, and elasticity of the interface and therefore leading to the formation of extremely stable 

crude oil emulsions.136 Especially the nano-aggregates, clusters, and precipitation of the asphaltene 

at the water/oil interface are considered as irreversible adsorption due to their surface-active 

property. The asphaltene aggregates adsorbed at the crude oil-water interface can create strong 

steric barriers between the emulsified water droplets. The hydrophilic heads of the asphaltenes 

have natural affinities for the aqueous phase while the hydrophobic tails mainly stay in the crude 
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oil phase. As a result, when dispersed water droplets approach each other, the adsorbed asphaltene 

would prevent the water droplets from contacting, resulting in little chance for the coalescence of 

the water droplets. 

Stabilization of water droplets by asphaltenes also results from the Marangoni effect.137 Such an 

effect can stabilize water-in-crude oil emulsions by slowing or preventing the drainage of the 

interfacial film between two water droplets. When the water droplets approach, their surfaces are 

deformable and eventually become parallel, followed by the drainage of the interfacial film 

between the water droplet surfaces. However, the outward flow results in a relatively lower 

concentration of the surfactants in the middle of the film as compared with the continuous bulk 

phase, leading to an interfacial tension gradient between the water droplets. The difference in the 

concentrations of surfactants could generate a diffusion tendency which has an opposing direction 

against the previous outward flow, preventing the drainage of the film between the water droplets. 

Due to the Marangoni effect, the emulsified water droplets are less possible to contact each other 

and therefore less possibility of coalescence. 

The third mechanism is the low interfacial tension of the oil-water interface in the presence of the 

asphaltenes. The adsorption of asphaltene onto the oil/water interface is a kinetic process. As 

shown in Figure 2-8, the dynamic interfacial tension of the water/oil interface decreases with the 

timeline, suggesting the kinetic adsorption of asphaltene onto the oil/water interface. 
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Figure 2-8. Dynamic interfacial tension of water and 3 wt% asphaltene solutions in toluene.138 

The last mechanism for stabilizing water droplets comes from the formation of the interfacial film 

with high mechanical strength. The adsorbed asphaltenes at the oil-water interface would form a 

consolidated and rigid skin that can effectively resist the coalescence of water droplets. As shown 

in Figure 2-9, the water droplets stabilized by the interfacial film show obvious crumpling 

behavior during the contracting process, demonstrating the rigidity of the interfacial film. 

Although other factors such as viscosity of continuous crude oil phase and size of dispersed water 

droplets can also affect the stabilization of water-in-crude oil emulsions, the stabilization by the 

asphaltenes at the oil-water interface has more prominent effects as compared with these factors. 

Therefore, we are more focused on the stabilization mechanism and destabilization of water-in-

crude oil emulsions by investigating the interfacial behaviors of asphaltenes. 
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Figure 2-9. Contraction of a water droplet generated in diluted crude oil.139 

2.3.4 Demulsification of Water-in-Crude Oil Emulsions 

During petroleum production, the primary processing for treating water-in-crude oil emulsions is 

to separate water from the crude oil emulsions, which is known as demulsification of water-in-

crude oil emulsions. Typically, conventional thermal treatment has been used to increase the 

temperature of the crude oil emulsions, lower the viscosity of the emulsions, weaken the strength 

of the interfacial film and accelerate the coalescence and flocculation of the water droplets. The 

coalesced, or flocculated water droplets could lead to quick oil-water separation. Another physical 

method to assist the dewatering of the crude oil emulsions is centrifugation. However, such 

methods are labor-intensive and energy-intensive, resulting in a heavy financial burden on the 

industries. Moreover, there is only 2 - 4 wt% water in the crude oil emulsions and emulsified water 

droplets are in the form of tiny droplets of several micrometers in sizes.127 Dewatering by 

conventional heating and physical methods cannot completely remove all the tiny water droplets 
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from the crude oil emulsion. Consequently, researchers have been motivated to explore more 

efficient and effective methods for dewatering the water-in-crude oil emulsions.  

2.3.4.1 Chemical Demulsifiers 

Demulsification using chemical surfactants has been considered as a convenient and economical 

technique to break the stable water-in-crude oil emulsions. Generally, the chemical demulsifiers 

are amphiphilic compounds which are interfacially active. Such demulsifiers can disturb the 

stability of the water-in-crude oil emulsions by changing the interfacial tension of the oil-water 

interface, decreasing the mechanical strength of the interfacial film, reducing the thickness and 

elasticity of the interfacial regions and flocculating the dispersed water droplets.140-142 The 

demulsifiers are usually oil-soluble and they can anchor at the crude oil-water interface through 

the organic phase (also, there are still a few reports showing the demulsification of water-in-crude 

oil emulsions using water-soluble demulsifier).143 By anchoring at the crude oil-water interface, 

the long hydrocarbon tails of the demulsifiers are extended in the organic phase, bridging the water 

droplets and resulting in flocculation of the water droplets. 

In practical demulsification, the commercial demulsifiers are mostly polymeric surfactants. There 

are typically two kinds of demulsifiers used for treating water-in-crude oil emulsions: low-

molecular-weight polymeric demulsifiers and high-molecular-weight polymeric demulsifiers.41 

The polymeric demulsifiers with low-molecular-weight have high interfacial activities, and they 

can adsorb irreversibly at the oil-water interface, rupturing the interfacial film and leading to the 

coalescence of the water droplets.144 As for the demulsifiers with high-molecular-weight, they 

often destroy the stability of the water-in-crude oil emulsions by flocculating water droplets based 

on the bridging effect.39  Recently, more and more reports showed that the polymeric demulsifiers 

with intermediate molecular weights (7500-15000 Da) such as polymerized polyols, EO/PO 
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copolymers, and alkylphenol formaldehyde resins modified with EO/PO have excellent ability on 

breaking the water-in-crude oil emulsions.145-147 Such polymeric demulsifiers with intermediate 

molecular weights can effectively break stable water-in-crude oil emulsions due to the flocculation 

and coalescence of the water droplets. Later on, Feng et al. reported a novel demulsifier, named 

ethylcellulose (EC), for dewatering water-in-crude oil emulsions.41 The ethylcellulose can 

effectively break the rigid interfacial film and replace the asphaltene aggregates at the crude oil-

water interface. Meanwhile, the ethylcellulose can flocculate the dispersed water droplets, leading 

to the agglomeration of water droplets and therefore resulting in quick separation of water from 

crude oil emulsions. 

The chemical demulsifiers show high efficiency in removing emulsified water droplets from 

water-in-crude oil emulsion by flocculation and coalescence of the water droplets. However, the 

drawback of this technique is still noticeable. The chemical demulsifier could generate secondary 

pollution to crude oil emulsions. Even though some demulsifiers such as ethylcellulose are 

biodegradable and non-toxic, they cannot be recycled after the dewatering process, leading to their 

poor reusability and sustainability. 

2.3.4.2 Microwave Treatment 

Based on the fact that conventional methods such as heat and chemical demulsifiers for 

demulsifying water-in-crude oil emulsions are considered as expensiveness, high consumption of 

energy and/or pollution to the crude oil phase, microwave treatment has been applied as an 

alternative demulsification method for efficiently dewater the water-in-diluted bitumen 

emulsions.148 The microwave treatment was first patented in 1986.149 As a novel technique for 

treating the water-in-crude oil emulsions, microwave demulsification combines many upsides, 

including selective provision of energy to activate the aqueous, indigenous surfactants and 



39 
 

interfacial films components, no generation of secondary pollution, no chemical additives, high 

penetration power, and fast dewatering.150-152 

The mechanism of microwave treatment for the water-in-crude oil emulsions are as follows: 1) 

reducing significantly the viscosity of the crude oil phase, which favors the contact of emulsified 

water droplets;150, 153 2) reducing the stability of the emulsified water droplets as a result of 

microwave-induced rotation of water molecules, which can decrease the surface charge of the 

water droplets and break the hydrogen bonding between the water molecules and the surfactants 

and 3) reducing the thickness of the interfacial film by the expansion of the water droplets, which 

results from the increased internal pressure during the microwave radiation.154-155 

Although dewatering crude oil emulsions using microwave treatment has been shown to be 

effective in various applications, including oil extraction from underground, upgrading, and 

refining, such technique is still not used commercially due to the lack of understandings of 

microwave radiation by end-users in industry, high set-up expense, and uncertain potential.156  

2.3.4.3 Electrostatic Demulsification 

Dehydration of crude oil emulsions using electrical method has been reported in a large number 

of patents and widely used in the petroleum industry.157-159 Generally speaking, the application of 

an electrical field to the water-in-crude oil emulsions can accelerate the motion of water droplets 

in crude oil emulsions, promote contact between the water droplets and assist drop-drop 

coalescence.160  

There are many mechanisms contributing to the effective dewatering of water-in-crude oil 

emulsions based on electrostatic demulsification. 1) 3-Stage process/mechanism. The water 

droplets in an applied electrical field would approach each other, leading to the drainage of the 
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interfacial film of the continuous phase.161 At the high shear rate, the rupture of the interfacial film 

could easily happen under disturbance when the film reaches a specific thickness, leading to the 

coalescence of water droplets.162 2) Dipole coalescence. When water droplets are under an external 

electric field, such electric field can induce charges of opposite signs on the surface of two water 

droplets, resulting attractive force between the water droplets.163 If the two water droplets are close 

enough, the van der Waals attraction could play an important role in assisting the contact of water 

droplets, helping their coalescence. 3) Electrophoresis. Such a mechanism refers to the motion of 

charged water droplets under the influence of an electric field. The electrophoresis could result in 

frequent contact between the water droplets, which favors the coalescence of emulsified water 

droplets. 4) Dielectrophoresis. Different from “electrophoresis”, dielectrophoresis refers to the 

motion of matter caused by polarization effects under a non-uniform electric field.164 However, in 

practical applications, the contribution of dielectrophoresis to the coalescence of water droplets is 

smaller as compared with electrophoresis, due to the relatively low velocity of water droplets in a 

non-uniform electric field.165 

The electrostatic demulsification has shown to be an effective method for dewatering the water-

in-crude oil emulsions, but its efficiency is influenced by many factors such as oil phase viscosity, 

size of the dispersed water droplets and the strength of the applied electric field.166 

2.4 Oil/Water Separation using Magnetically Responsive and Interfacially Active 

Nanoparticles 

2.4.1 Introduction 

As discussed above, there are still drawbacks in the current technologies for oil/water separation, 

including the high capital cost, relatively low efficiency, unavailability of large scale-up, easy 

fouling, poor recyclability, and unsustainability. Such drawbacks inspired researchers to find more 
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efficient oil/water separation methods based on magnetically responsive and interfacially active 

nanoparticles. Generally, magnetic nanoparticles with excellent interfacial activities can stay 

securely at the liquid-liquid interface or air-water interface. By tagging emulsified droplets (oil 

droplets or water droplets), such droplets can be transported and removed to the desired locations 

under the external magnetic field, achieving the oil/water separation. 

For oil/water separation using magnetically responsive and interfacially active nanoparticles, the 

synergic actions of high magnetic responsiveness and satisfying interfacial activities contribute to 

the efficiency of oil/water separation.  

2.4.2 Interfacial Activities of Nanoparticles 

The excellent interfacial activities of nanoparticles can ensure their secure anchoring at the liquid-

liquid interface, leading to the formation of stable Pickering emulsions. The stable Pickering 

emulsion achieved by the magnetic nanoparticles is an essential prerequisite for the subsequent 

oil/water separation. In the past years, design and synthesis of interfacially active nanoparticles 

which were used as stabilizers in the Pickering emulsions have been widely investigated to achieve 

irreversible adsorption of particles at the oil-water interface and make stable Pickering emulsions 

at high efficiency and low cost.167-171 The types of particles used as the stabilizers are custom-

designed according to different situations. The materials for the particles include calcium 

carbonate, barium sulfate, carbon particles, magnetite or maghemite particles, nanocrystals, 

bacteria or polymerized materials and all these materials show great potentials for effectively 

stabilizing emulsions.172 With further functionalization on the particle surfaces, the synthesized 

particles can be used as solid stabilizers with multiple functions. 
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The homogeneously surface-modified particles have uniform surface properties such as wettability 

(hydrophilic or hydrophobic), surface charge (positively charged or negatively charged), stimulus-

responsive property (carbon dioxide, light or thermal-responsive). Generally, there is no specific 

control during the synthesizing process or surface-modification process, leading to the synthesis 

of homogeneously surface-modified particles. 

To make particle interfacially active, interfacially active materials are often coated or grafted onto 

the particle surfaces with the specific chemical bonding such as a covalent bond or hydrogen 

bond.173 Moreover, with the different modification ratio of the materials on the particle surfaces, 

the surface wettability can be adjusted to either more hydrophilic or more hydrophobic. B.P. Binks 

et al.  successfully change the wettability of the silica particles by adjusting the SiOH ratio on the 

silica particle surfaces to use the particles as stabilizers for stabilizing oil-in-water emulsions, 

water-in-oil emulsions and even water-in-air emulsions which were also known as dry water.61 

Furthermore, they also concluded the relationship between the wettability of particle surface and 

fluid/fluid ratio with the emulsions types (W/O or O/W), as shown in Figure 2-10. 

However, the homogeneous particles sometimes cannot perform well in stabilizing the emulsion 

due to not high required desorption energy to detach from the interface, leading to their easy 

desorption from the oil-water interface and hence the destabilization of the emulsion. Compared 

with the interfacially active particles of uniform surface wettability, a novel particle, called the 

“Janus” particle, combines two opposite surface wettabilities in a single particle, presenting a 

heterogeneously modified surface.  
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Figure 2-10. Inversion of different types of emulsions by either changing particle wettability at a 

fixed fluid/fluid ratio or by varying fluid/fluid ratio at fixed particle wettability. The particle 

wettability is described by the contact angle 𝜃.61   

As shown in Figure 2-11, the boundary dividing the polar surface region and the apolar surface 

region is denoted by parameter 𝛼. The particle would be considered as a homogeneous particle 

when α equals 0º or 180º. According to the work of Ondarcuhu et al.,174 the total free energy for 

the Janus particle locating at the planar oil/water interface can be described as a function of the 

angle 𝛽:175 
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For 𝛽≤𝛼 , 𝐸(𝛽) = 2𝜋𝑅2 [𝛾(𝐴𝑂)(1 + 𝑐𝑜𝑠𝛼) + 𝛾(𝑃𝑂)(𝑐𝑜𝑠 𝛽 − 𝑐𝑜𝑠𝛼) + 𝛾(𝑃𝑊)(1 − 𝑐𝑜𝑠𝛽) −

1

2
𝛾(𝑂𝑊)(𝑠𝑖𝑛2𝛽)]                                                                                                                             

For 𝛼 ≤𝛽, 𝐸(𝛽) = 2𝜋𝑅2 [𝛾(𝐴𝑂)(1 + 𝑐𝑜𝑠𝛽) + 𝛾(𝐴𝑊)(𝑐𝑜𝑠 𝛼 − 𝑐𝑜𝑠𝛽) + 𝛾(𝑃𝑊)(1 − 𝑐𝑜𝑠𝛼) −

1

2
𝛾(𝑂𝑊)(𝑠𝑖𝑛2𝛽)]                                                                                                                             

where R is the radius of the Janus particles and 𝛾(𝐴𝑂), 𝛾(𝑃𝑂), 𝛾(𝑂𝑊), 𝛾(𝐴𝑊) and 𝛾(𝑃𝑊) are 

the interfacial tensions of the apolar/oil, polar/oil, oil/water, apolar/water, and polar/water. From 

the Young-Laplace equation, we can get:175 

cos 𝜃𝐴 =
𝛾(𝐴𝑊) − 𝛾(𝐴𝑂)

𝛾(𝑂𝑊)
 

cos 𝜃𝑃 =
𝛾(𝑃𝑊) − 𝛾(𝑃𝑂)

𝛾(𝑂𝑊)
 

where 𝜃𝐴 and 𝜃𝑃 are the contact angles of the apolar surface region and the polar surface region of 

the Janus particle, respectively. For a concrete case, one spherical Janus particle with a radius of 

10 nm, α of 90º and the interfacial tension of the oil/water is 36 mN/m as a constant. With the 

introduction of the equation:  𝜃𝐴𝑣𝑒𝑟𝑎𝑔𝑒 =
𝜃𝐴 (1+cosα)+𝜃𝑃(1−cosα)

2
 ,175 the energy (𝜅T) required for 

the Janus particle desorbing from the oil/water interface as a function of the average contact angle 

is shown in Figure 2-12.  
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Figure 2-11. Schematic illustration of a Janus particle adsorbed at oil-water interface. Parameter 

𝛼  represents the relative areas of polar or apolar region of a Janus particle and parameter 𝛽 

represents the depth of a Janus particle immersed in an aqueous phase.175 

For this case, the amphiphilicity and the resulting desorption energy of the Janus particle are 

adjusted by changing ∆𝜃  (defined as Δθ =
θ𝐴−θ𝑃

2
). When ∆𝜃  equals 0, this case represents a 

homogeneous particle with no amphiphilicity, leading to the lowest desorption energy required as 

compared with other kinds of Janus particles with different ∆𝜃. In Figure 2-12, it should be noted 

that with increasing ∆𝜃 as well as amphiphilicity of the Janus particle, the required desorption 

energy increases remarkably, further indicating that the Janus particles can be more stably 

adsorbed at the liquid-liquid interface and therefore are more effective in stabilizing emulsions. In 

summary, the required desorption energy of the amphiphilic Janus particles is much higher than 

the homogeneous particles and it is expected that the amphiphilic Janus particles can be used as 

more efficient stabilizers in stabilizing emulsions as compared with particles of uniform surface 

wettability. 
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Figure 2-12. Variation of energy for a Janus particle with a radius of 10 nm and α of 90º detaching 

from a planar oil-water interface. The different curves refer to Δ𝜃 of 0 (the homogeneous particle), 

20, 40, 60 and 90º (from the bottom up).175 

For example, we can quantitatively evaluate the energy change for a single nanoparticle of uniform 

or asymmetric surface wettability adsorbing from the aqueous phase onto the oil-water interface. 

The adsorption of one nanoparticle of uniform or asymmetric surface wettability (Figure 2-13) 

onto the oil-water interface would lead to a decrease of total energy in the emulsion system. We 

assume that the two kinds of nanoparticles (radius equals 10 nm) are adsorbed onto a toluene-water 

interface (𝛾𝑂𝑊 = 36 mJ/m2) from the aqueous phase (half surface of the Janus nanoparticle shown 

in Figure 2-13 is hydrophilic, and the other half is hydrophobic). 
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Figure 2-13. Schematic illustration of nanoparticles of asymmetric or uniform surface wettability. 

The change of total system energy ΔGHP due to the adsorption of single homogeneous nanoparticle 

from the aqueous phase onto the toluene-water interface can be calculated: 

∆𝐺𝐻𝑃 = 2𝜋𝑅2(1 − cos 𝜃𝑃)(𝛾𝑃𝑂 − 𝛾𝑃𝑊) − 𝜋(𝑅 sin 𝜃𝑃)2𝛾𝑂𝑊 

where R is the radius of the nanoparticle, 𝜃𝑃  is the contact angle (measured in water) of 

homogenous nanoparticle surface, 𝛾𝑃𝑂  is the interfacial tension of toluene and hydrophilic 

nanoparticle surface, 𝛾𝑃𝑊 is the interfacial tension of water and hydrophilic nanoparticle surface 

and 𝛾𝑂𝑊 is the interfacial tension of toluene and water. We can obtain ∆𝐺𝐻𝑃 for the adsorption of 

a single homogeneous nanoparticle from aqueous phase onto the toluene-water interface to be -9.7 

x 10-19 J for the total system energy. For the total energy change ∆𝐺𝐽𝑃 resulting from the adsorption 

of a single Janus nanoparticle from aqueous phase onto the oil-water interface, ∆𝐺𝐽𝑃  can be 

calculated as: 

∆𝐺𝐽𝑃 = 2𝜋𝑅2(𝛾𝐴𝑂 − 𝛾𝐴𝑊) − 𝜋𝑅2𝛾𝑂𝑊 
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where 𝛾𝐴𝑂 is the interfacial tension of toluene and hydrophobic Janus nanoparticle surface, and 

𝛾𝐴𝑊 is the interfacial tension of water and hydrophobic Janus nanoparticle surface. We can obtain 

∆𝐺𝐽𝑃 for a single Janus nanoparticle to adsorb from aqueous phase onto the toluene-water interface 

to be -2.73 x 10-17 J. Based on this quantitative evaluation of free energy change for a homogeneous 

nanoparticle and Janus nanoparticle to adsorb from aqueous phase onto a toluene-water interface, 

the Janus nanoparticles can make oil-water interface more stable by further lowering the total free 

energy of the system than the homogeneous nanoparticles, suggesting a better stabilization of oil-

water interface by Janus nanoparticles than homogeneous nanoparticles.  

2.4.3 The Origin of Magnetism 

As effective tools to process oil/water separation, the interfacially active nanoparticles should have 

desired magnetic responsiveness for oil/water separation and the recyclability after oil/water 

separation. With high magnetic responsiveness, the nanoparticle-tagged oil or water droplets could 

be efficiently and quickly removed from the continuous phase, resulting in efficient oil/water 

separation. Moreover, under the external magnetic field, the responded magnetic forces could lead 

to subsequent recycling of the nanoparticles after oil/water separation. Therefore, to achieve high 

performance of the magnetically responsive and interfacially active nanoparticles on oil/water 

separation and recycling, the satisfying property of magnetic responsiveness is critically necessary 

to the nanoparticles.  

Every atom contains electron(s) and quark(s). Due to the charge they have (one electron has charge 

of -1e and one quark has charge of - 
2

3
 e), the electrons and quarks could be seen as “mini-magnet”, 

which are also named as intrinsic magnetic moments. When we discuss the magnetism at a level 

of an atom, it is worth noting that the magnetic moment of the nuclei is negligible as compared 
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with the intrinsic magnetic moments of an electron. However, electrons keep moving in orbital 

motions and self-spinning around a nucleus and only two electrons with opposite directions of 

self-spinning can occupy one orbit at the same time. As a result, two paired electrons cannot show 

the magnetism and only unpaired electrons can generate magnetism. There are three types of 

magnetism: 1) ferromagnetism. This kind of material has paralleled magnetic moments and shows 

magnetic responsiveness under the external magnetic field; 2) paramagnetism. The directions of 

magnetic moments in paramagnetic materials are random and no macroscopic magnetization 

appears. And only small magnetization would be shown when the external magnetic field is 

applied; 3) anti-ferromagnetism. Actually, most of the materials in this world have ferromagnetism 

but this property was covered by other magnetic properties.176 

For synthesizing magnetically responsive nanoparticles, the magnetite (Fe3O4) nanoparticles are 

often used as cores or affinities to prove the synthesized interfacially active nanoparticles with 

magnetic responsiveness. The bare magnetite (Fe3O4) nanoparticles are ferromagnetic due to the 

parallelization of the intrinsic magnetic domain. However, when the ferromagnetic particles have 

nano-sizes, the magnetic moments in the particles can be thermally fluctuated and therefore turn 

into paramagnetic nanoparticles even at room temperature. Such interesting properties can 

contribute to the desirable properties of synthesized nanoparticles, including the satisfactory 

magnetic responsiveness under an external magnetic field, and no aggregation during storage and 

without the external magnetic field. 

2.4.4 Oil/Water Separation using Magnetically Responsive and Interfacially Active 

Nanoparticles of Uniform Surface Wettability 

The nanoparticle surfaces are modified with interfacially active materials to show excellent 

interfacial activities at the oil-water interface. According to different emulsion systems (W/O or 
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O/W emulsions), the nanoparticle surfaces should be adjusted to be relatively hydrophobic or 

hydrophilic to be effective Pickering emulsion stabilizers. For example, Mirshahghassemi et al. 

reported magnetic nanoparticles with surface modification by polyvinylpyrrolidone (PVP) for 

removing oil from oily wastewaters, achieving the removal of over 99% crude oil from seawater 

environment.52-53 Later on, magnetic nanoparticles modified with expanded perlite,177 

polymerizations of dimethyl amino ethyl methacrylate (PDMAEMA),54 poly(vinyl alcohol),178 

chitosan,179 triethoxy(phenyl)silane,180 and cellulose crystals have been reported to assist oil 

remediation by removing oil droplets from bulk seawater.181 

As for dealing with W/O emulsions, especially water-in-crude oil emulsions, it is not insufficient 

for nanoparticles with satisfying interfacial activities to remove water from water-in-crude oil 

emulsion. Due to the presence of the interfacial film covering water droplet surfaces, it is hard for 

nanoparticles to anchor at water droplet surfaces. To solve this problem, the nanoparticles are often 

coated with functional materials, which can effectively break the interfacial film to create the 

anchoring site for the nanoparticles. In 2012, Peng et al. reported interfacially active nanoparticles 

with a coating of ethyl cellulose (M-EC nanoparticles).57-58 EC is known as biodegradable 

cellulosic material for effectively disturbing and breaking the rigid asphaltene film.41-43, 127 With 

the EC on the iron oxide nanoparticle surfaces, the M-EC nanoparticles can not only break the 

asphaltene film but also anchor at the water droplets surface due to the hydrophobicity of ethyl 

cellulose. Later on, nanoparticles with uniform surface modification by oleic acid,182 

polyelectrolytes,55 and polyvinylpyrrolidone were reported for treating crude oil emulsions.183  

Although these nanoparticles can treat crude oil-related emulsions, they may desorb from the 

emulsified droplet surface under the external magnetic field, leading to possible low efficiency of 

oil/water separation.184 A weak magnetic field can avoid the desorption of the nanoparticles from 
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the oil-water interface, but the oil/water separating process is inefficient due to the feeble 

responded magnetic forces. Consequently, we need to apply nanoparticles with superior interfacial 

activities to process more efficient oil/water separation. 

2.4.5 Oil/Water Separation using Magnetic Janus Nanoparticles of Asymmetric Surface 

Wettability 

Janus particles have attracted considerable interests on account of their asymmetric structures or 

the opposing surface properties combined in one individual particle.185 With such unique 

characteristics, the Janus particle can feature excellent and even extraordinary properties. For 

example, the amphiphilic or biwettable Janus particle can effectively deposit at the oil-water 

interface with their hydrophobic part in the oil phase while the hydrophilic part in the aqueous 

phase, exhibiting excellent interfacial activity.186-187 Moreover, due to their asymmetric surface 

properties, the desorption energy of Janus nanoparticles required to detach the oil-water interface 

is much higher than the nanoparticles of uniform surface properties. Compared with the particles 

with uniform and homogeneous surface wettability, biwettable Janus particles possess better 

interfacial properties including more effective emulsion stabilizers and higher required desorption 

energy from the oil-water interface.188-189 As a result, magnetic Janus nanoparticles are anticipated 

to have better performance on oil/water separation.  

Ali et al. synthesized P(MMA-AA-DVB)/Fe3O4 Janus particles as effective demulsifiers for 

breaking heavy oil and water emulsion.190-191 Song et al. reported the novel 

hydrophilic/hydrophobic magnetic Janus particles for efficient oil/water separation.192 Such Janus 

particles showed excellent performance on removing oil from oil/water mixtures and also 

exhibited high adsorption energy at the oil-water interface.  
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It is worth noting that, under realistic conditions, the oil-water interfaces of the oily wastewater 

systems and water-in-crude oil emulsions are stabilized by various interfacially active components 

such as synthetic surfactants (detergent), natural surfactant (asphaltenes), particles and clays. 

Moreover, the conditions of the ambient environment can enhance the interfacial behavior of the 

interfacially active components at the oil-water interfaces, leading to more stable W/O or O/W 

emulsions and hence more difficult for interfacially active nanoparticles in anchoring securely at 

oil-water interfaces.193 As a result, the Janus nanoparticles of asymmetric surface wettability are 

anticipated to have better performance on oil/water separation as compared with the interfacially 

active nanoparticles of uniform surface wettability, which is one of the main focuses in this thesis.  
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Chapter 3 Experimental 

3.1 Materials 

3.1.1 Chemical Received without Purification 

Purchased chemicals, reagents and other materials used in the experiments are all listed in Table 

3-1. The deionized water (> 18.0 MΩ • cm) was supplied from Thermo Fisher Barnstead Nanopure 

ultrapure water purification system, and tap water was used whenever required. The process water 

supplied by Aucura of pH 8.9 contains 25 ppm Mg2+, 41 ppm Ca2+, 79 ppm SO4
2-, 527 ppm Na+, 

22 ppm K+, 407 ppm Cl-, and 793 ppm HCO3
-. The composition of synthetic seawater was listed 

in Table 3-2. 

Table 3-1. Chemical compounds and reagents used in experiments. 

Chemicals Supplier Notes 

Iron Oxide Nanoparticle Sigma Aldrich 50 – 100 nm 

Carboxymethyl Cellulose Sigma Aldrich 
MW: 250,000 g/mol 

DS: 0.7 

Ethyl Cellulose Sigma Aldrich Ethoxy Content: 42 wt% 

Paraffin Wax Sigma Aldrich Melting Point: 56 - 61°C 

Toluene Fisher Scientific ACS Grade 

Ethanol Fisher Scientific ACS Grade 

Acetone Fisher Scientific ACS Grade 

Heavy Naphtha Champion Technology Petroleum Reformate 

Bitumen  Syncrude 
Vacuum Distillation Feed 

Bitumen 

Detergent Superstore Market DAWN, 700 mL 

Cooking Oil Organic Biologique 
Extra Virgin Olive Oil, 500 

mL 
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Table 3-2. Composition of synthetic seawater.194 

Synthetic seawater 

Salt NaCl MgCl2 MgSO4 CaCl2 KCl NaHCO3 Total 

g/L 24.95 2.58 3.21 1.15 0.74 0.20 32.83 

3.1.2 Prepared Chemicals 

Diluted crude oil. 50 g naphtha-diluted bitumen was prepared by mixing heavy naphtha and 

bitumen with a mass ratio of 0.65 (mnaphtha/mbitumen), as typically used in the oilsands industrial 

field. The obtained mixture was put on the shaker for 12 h at 120 cycles/min. 

Process water-in-crude oil emulsion. The process water-in-diluted bitumen emulsion was prepared 

by mixing 50 g diluted bitumen and 2.63 g process water using a homogenizer (VWR 250 

Homogenizer) running at 30,000 rpm for 3min.  

Oily wastewaters (experimental condition). The two kinds of oily wastewaters were prepared using 

an ultrasonic bath to emulsify 1) 1 ml toluene (dyed using Sudan III) with 9 ml SDS aqueous (CSDS 

= 0.04 mg/ml) solution and 2) 1 ml naphtha-diluted bitumen with 9 ml DI water for 30 min, 

respectively. 

Oily wastewaters (mimetically realistic condition). The diluted crude oil (2 mg/mL crude oil in 

toluene) and the pure cooking oil were used as waste oil in the oil removal/recovery test. The oily 

wastewaters were prepared by emulsifying oil (diluted crude oil or pure cooking oil) in water 

(synthetic seawater or tap water without or with 0.04 mg/mL detergent) at a volume ratio of 1:9 

(voil/vwater) using an ultrasonic bath for 30 min. 

 



55 
 

3.2 Instrumentation and Experimental Protocols 

Preparation of M-CMC-EC nanoparticles. The bare iron oxide nanoparticles (200 mg) were first 

dispersed in a diluted (1.0 wt%) CMC aqueous solution (100 mL) using an ultrasonic 

Dismembrator (Fisher Model 500) operating at 40% amplitude for 15 min. The obtained 

nanoparticles were denoted as M-CMC nanoparticles. The M-CMC nanoparticles formed as such 

were collected by a strong hand magnet and then washed with deionized water, followed by drying 

in a vacuum oven at 75ºC for 12 h. The suspension of the M-CMC nanoparticles (200 mg) in 1.0 

wt% EC-in toluene solution (100 mL) was then prepared using the same procedures mentioned 

above. The resulting M-CMC-EC nanoparticles were collected using a hand magnet and washed 

with pure toluene three times, followed by drying in a vacuum oven at 75ºC for 12 h. 

Preparation of M-Janus nanoparticles. The M-CMC-EC (200 mg) nanoparticles were dispersed 

in paraffin wax (1 g) at 60ºC. The mixture was then emulsified in deionized water (50 mL) using 

a homogenizer (VWR 250 Homogenizer) at a speed of 22,000 rpm for 3 min, resulting in the 

formation of stable wax-in-water Pickering emulsions. Due to hydrophobic forces between the M-

CMC-EC nanoparticles exposed in the aqueous phase, additional M-CMC-EC nanoparticles could 

migrate to the nanoparticle layer at the wax-water interface, leading to multilayer deposition in the 

form of aggregates. A desirable amount of CMC aqueous solution was then added into the 

Pickering emulsion, followed by vigorously mixing using Vortex Mixer for 3 min. Since the M-

CMC-EC nanoparticles which are in the aggregates of M-CMC-EC nanoparticles formed at the 

wax-water interface during this process are almost fully exposed to the aqueous phase, the surfaces 

of such nanoparticles are not protected by the wax from the adsorption of CMC, making these 

nanoparticles hydrophilic or water wettable (most likely as M-CMC-EC-CMC nanoparticles) and 

hence highly dispersed in the aqueous phase. The collected nanoparticles were dried in a vacuum 
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oven at 75ºC for 12 h and then used to form a toluene-in-water Pickering emulsion. Only M-Janus 

nanoparticles migrated to the toluene-water interface and the hydrophilic M-CMC-EC-CMC-like 

nanoparticles remained in the aqueous phase. After the creaming of the emulsion, the stable toluene 

droplets stabilized by M-Janus nanoparticles were carefully collected using a micropipette, 

followed by washing with acetone and toluene. The final M-Janus nanoparticles are obtained after 

drying in a vacuum oven at 75ºC for 12 h. 

Preparation of M-CMC-EC-CMC nanoparticles. The M-CMC-EC-CMC nanoparticles were 

synthesized by dispersing M-CMC-EC nanoparticles (200 mg) in 1 wt% CMC/Water solution (100 

mL) using Ultrasonic Dismembrator and then collected by the hand magnet, followed by washing 

with DI water three times. The nanoparticles obtained as such were dried in a vacuum oven at 75 

ºC for 12 h. 

Quartz crystal microbalance with dissipation monitoring. The adsorption of CMC and EC 

adsorbed on iron oxide sensor surface was investigated by quartz crystal microbalance with 

dissipation monitoring (Biolin Scientific, USA). QCM-D sensors with iron oxide coatings (Fe3O4; 

QSX 326) were purchased from Q-Sense (Biolin Scientific, USA) The cleanliness of sensor 

surface was determined by a frequency change less than 1 Hz when dry air flowed through the 

sensor surface for initial 5 min. For each separate experiment, solutions (50 mL) were prepared 

and flew over the sensor surface at a 0.2 μL/min rate. DI water or toluene was also required to flow 

over the sensor surface before and after the adsorption of CMC or EC respectively to obtain a 

stable baseline. Adsorption time varies from one measurement to another, depending on the 

solution conditions. 
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Field-emission scanning electron microscope (FE-SEM). FE-SEM was used to determine the state 

of dispersion and size of synthesized nanoparticles. During the measurement, FE-SEM was 

operated at 5 kV with a working distance of 6.5 mm and an amplification of 20,000. 

Transmission electron microscope. The morphologies of the studied nanoparticles were 

characterized using JEOL JEM-ARM200CF S/TEM (Narwhal). 

Zeta potential measurement. The zeta potentials of particles were determined using Zetasizer Nano 

(Nano ZS) and particle suspensions in 1 mM KCl solution of pH of 4.5 at room temperature. The 

cell was first rinsed with DI water and subsequently with particle suspension three times.  

Thermogravimetric analysis. The thermogravimetric analysis was performed using a Thermo 

Gravimetric Analyzer (TA Instrument Q-500). Samples were placed in a platinum pan and heated 

at a rate of 10 oC/min from room temperature to 800oC under the protection of the nitrogen 

atmosphere.  

Fourier-transform infrared spectroscopy. FTIR spectrometer (Cary – 670 Agilent technologies) 

was used to determine the infrared spectra of celluloses and synthesized particles with an 

attenuated total reflection (ATR) sampling accessory. The spectra of samples were collected from 

a wavenumber range 4000 to 550 cm-1 at a spectral resolution of 4 cm-1. 

Magnetization saturation measurement. The magnetization property of the M-Janus nanoparticles 

was characterized using a Quantum Design PPMS magnetometer. The measurement was 

conducted at room temperature with an applied magnetic field between -4 and 4 Tesla. 

Coalescence time measurement. The coalescence time of two toluene droplets with a diameter 

around 2 mm in the toluene phase was measured by a house-built Induction Timer. Toluene (100 

mL) containing studied nanoparticles (10 mg) concentration was used as emulsified phase. The 
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toluene droplet was generated and suspended from the tip of the capillary and then brought onto 

the hydrophobic substrate which was located at the bottom of the chamber. Another toluene droplet 

was then generated and suspended in the same way. The central points of the two toluene droplets 

were adjusted to be aligned and the vertical separation between the two centers was set at 175 μm. 

The measurements started after 30 min equilibrium. During the measurement, the upper toluene 

droplet moved downwards by 187.5 μm and the two droplets were made in contact with an overlap 

distance of 12.5 μm. For each experiment, 120 s is the maximum duration for one experiment. If 

the coalescence was not observed over this contact period, the coalescence time was considered to 

be greater than 120 s or the droplets stable against coalescence 

Interfacial tension measurement. The interfacial tension of toluene-water interface adsorbed with 

M-Janus or M-CMC-EC nanoparticles were measured by pendant drop method using a Theta 

Optical (T200 Biolin Scientific). Studied nanoparticles were first dispersed in toluene (0.5 mg mL-

1) using an ultrasonic bath for 15 min. A toluene droplet containing dispersed nanoparticles with 

volume around 20 μL was then generated in the aqueous phase. The interfacial tension was 

measured at room temperature for 600 s once toluene droplets contacted with the aqueous phase. 

After interfacial tension measurement, a contraction force was introduced to decrease the volume 

of the particle-containing toluene droplets. The morphology change of toluene droplets was 

recorded using a high-speed camera at 30 frames per second rate.  

Interfacial pressure-area (π-A) isotherms measurement. An interfacial Langmuir trough (KSV, 

Finland) was used to obtain interfacial pressure-area isotherms. Two symmetrical barriers were 

used to compress the oil-water interface or air-water interface. Before each experiment, barriers 

and mini-trough were cleaned multiple times with toluene, acetone, and water until the surface 

pressure changed less than 0.2 mN/m under full compression of the air-water interface with a 
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compression rate of 30 mm/min, which were considered clean. For each experiment, DI water (120 

mL) was loaded into the lower part of the compartment by pipetting, followed by placing a toluene 

phase (100 mL) containing different concentrations of particles on the top of the water phase. The 

oil-water interface was left for 30min to allow the particles to diffuse homogeneously to the oil-

water interface. To transfer the nanoparticles from the oil-water interface to the substrate surface 

using Langmuir-Blodgett technology for SEM imaging, silicon wafers purchased from Nanofab 

(University of Alberta) were used as substrate. Prior to their use, they were cleaned by Expanded 

Tabletop Plasma Cleaner (Sigma-Aldrich). After cleaning, silicon wafers were cut to small pieces 

of 1 x 3 cm2 used in Langmuir-Blodgett deposition. 

Dewatering process water-in-diluted crude oil emulsion. A required amount (100 mg) of M-Janus 

nanoparticles were first dispersed in a tiny amount of heavy naphtha and then added into the water-

in-diluted bitumen emulsions, followed by vigorous mixing using a Vortex Mixer (Thermo Fisher 

Scientific, MAXI MIX Plus) for 3 min. A strong hand magnet was put at the bottom of the vial for 

30 min at room temperature. After settling process, the water contents at 1.0 cm from the top 

surface and at 0.5 cm from the bottom of the emulsions were immediately measured with Karl 

Fischer titrator (Cou-Lo 2000) at ambient temperature, respectively.  

Removing/Recovering oil from oily wastewater. In each test, 150 mg M-Janus nanoparticles were 

first dispersed in a tiny amount of seawater or tap water and then added into the prepared oily 

wastewaters. The M-Janus nanoparticles together with the oily wastewaters were then vigorously 

mixed using a Vortex Mixer (Thermo Fisher Scientific, MAXI MIX Plus) for 3 min. A strong hand 

magnet was then put at the side of the wastewaters for 30 min to remove/recover the waste oil 

from the oily wastewaters.  
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The total carbon contents of the oily wastewaters before and after the introduction of the strong 

hand magnet were measured using TOC-L. The removal or recovery efficiency (Eoil) of oil from 

the oily wastewaters using M-Janus nanoparticles or M-CMC-EC nanoparticles was calculated 

using Equation 3-1: 

 𝐸𝑜𝑖𝑙(%) = 100 ∗ (𝐶𝑜 − 𝐶𝑟)/𝐶𝑜                                          (3-1) 

where 𝐶𝑜  is the original carbon content of the freshly prepared oily wastewaters and 𝐶𝑟  is the 

carbon content of the water after oil removal by the hand magnet. The carbon content of the 

detergent in the oily wastewaters was not considered because the dosage of the detergent was 

negligible when compared with the content of cooking oil in the oily wastewaters. The microscopy 

images of the oil droplets in the oily wastewaters before and after the introduction of the external 

magnetic field were obtained using a Zeiss optical microscope (Carl-Zeiss, Axioskop 40). To 

evaluate the quality of the recovered oil, the water content of the oil-rich phase was measured 

using a Karl Fischer titrator (Cou-Lo 2000) after oil removal/recovery. 

Recycling test. To investigate the reusability of the spent M-Janus nanoparticles, the nanoparticles 

were collected using a strong hand magnet after the oil removal/recovery test, followed by simple 

washing with toluene and acetone three times. After drying of the M-Janus nanoparticles recycled 

as such in a vacuum oven at 75°C for 12 h, the interfacial properties of the recycled M-Janus 

nanoparticles were investigated by measuring the interfacial tension of toluene droplets in the 

suspension of M-Janus nanoparticles using the Theta Optical Tensiometer (T200 Biolin Sci). The 

M-Janus nanoparticles regenerated as such were then applied to the subsequent oil/water 

separation tests for evaluating their reusability. 
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Chapter 4 Adsorption-Based Synthesis of Magnetically Responsive 

and Interfacially Active Janus Nanoparticles using Cellulosic 

Materials 

X. He, C. Liang, Q. Liu and Z. Xu, Magnetically Responsive Janus Nanoparticles Synthesized 

using Cellulosic Materials for Enhanced Phase Separation in Oily Wastewaters and Water-in-crude 

Oil Emulsions. Chemical Engineering Journal, 2019, 122045. 

A new class of magnetically responsive Janus (M-Janus) nanoparticles was designed and 

synthesized by sequential adsorption of cellulosic materials: hydrophobic ethyl cellulose (EC) and 

hydrophilic carboxymethyl cellulose (CMC) on the opposite sides of magnetite (Fe3O4) 

nanoparticles. The adsorption study using quartz crystal microbalance with dissipation monitoring 

(QCM-D) proved the concept of the proposed synthesis of magnetically responsive (M-Janus) 

nanoparticles. The adsorption of EC and CMC on magnetite nanoparticles was confirmed by zeta-

potential measurements, thermogravimetric analysis (TGA), characterization using Fourier 

transform infrared spectroscopy (FTIR) and TEM. The surface wettabilities of the opposite sides 

on the M-Janus nanoparticles were investigated by measuring contact angles of nanoparticle 

surfaces deposited from the oil-water interfaces using the Langmuir-Blodgett method. SEM 

images revealed an excellent dispersion of M-Janus nanoparticles in both aqueous and organic 

phases. The results from the coalescence time and crumpling ratio measurement of particles-

stabilized oil droplets along with the interfacial pressure-area isotherms demonstrated stronger 

interfacial activities of M-Janus nanoparticles and a stiffer interface with adsorbed M-Janus 

nanoparticles as compared with the interfaces stabilized by conventional interfacially-active 

nanoparticles. The microscopy images confirmed the deposition of M-Janus nanoparticles at the 
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emulsion droplet surface during the demulsification process. The M-Janus nanoparticles not only 

exhibited excellent capability and high efficiency in separating emulsified water from water-in-

crude oil emulsions and the oil from oily wastewaters under an external magnetic field, but also 

retained high interfacial activity and hence desirable separation efficiency after five-cycle 

applications. Because of the environmentally friendly and biodegradable cellulosic materials used 

in the synthesis, the M-Janus nanoparticle can process effective oil/water phase separation without 

causing further pollution to the continuous phase. 

4.1 Introduction 

Formation of emulsions is inevitable in various situations such as the water-in-crude oil (W/O) 

emulsions (water content < 5 wt%) in the petroleum-related industry and the oily wastewaters 

(O/W) in daily life.85, 195 Typically, those emulsions are undesirable and even detrimental. For 

instance, the emulsified water phase in the crude oil emulsions can cause problems and damage 

the equipment of crude oil production because the dissolved salt in the aqueous phase can poison 

refinery catalyst and cause severe corrosions of the process equipment; while stable oil droplets in 

oily wastewaters can easily cause pollution on water resource.86-87, 196-198 Therefore, the oil-water 

phase separation of such emulsions is necessary to remove undesirable phase in advance of the 

further process. Unfortunately, the oil-water phase separation of these emulsions is a well-known 

challenging issue due to the inherent high stability of the emulsions, resulting from the 

adsorption/assembly at the oil-water interface of interfacially active components such as 

asphaltenes in the crude oil and/or surfactants in the oily wastewaters.  

Recently, various techniques have been reported for treating oily wastewaters, including oil 

sorption,199-201 filtration,86, 100, 197, 202-203 electrocoagulation,87, 112, 204 solvent extraction205 and 

coalescers.206-207 However, each of these techniques bears inherent drawbacks, such as high cost 
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of raw materials, low efficiency, and high energy cost in the treatment, and complicated procedures 

for equipment set-up.177, 208-209 As for dewatering of the water-in-crude oil emulsions, the key point 

is to disturb and destroy the rigid asphaltene film, which often forms at the oil-water interface and 

prevents the water droplets from coalescing. In general, heating and chemical treatment are used 

to destabilize the water-in-crude oil emulsions. However, these methods consume too much energy, 

and the residual chemicals are hardly recyclable and often an environmental liability.210 Up to date, 

studies regarding destabilization of water-in-crude oil emulsions have been focused mainly on 

breaking the elastic interfacial films using chemical demulsifiers to accelerate the coalescence of 

the water droplets.211-212 Zhang et al. reported a commercial copolymer: ethylene oxide 

(EO)/propylene oxide (PO) demulsifier to soften the rigid asphaltene film.213 Later on, an 

interfacially active polymer ethyl cellulose (EC) was reported by Feng et al. to effectively 

demulsify the water-in-diluted bitumen emulsions by disrupting the asphaltene film and reducing 

asphaltene aggregation.127 Although asphaltene film can be destroyed by such polymeric 

demulsifiers, following oil-water phase separation still relied on gravitational settling, which was 

inefficient due to the small difference in density between water and oil phase as well as the high 

viscosity of the bitumen. Furthermore, conventional demulsifiers were not able to be recycled after 

demulsification, leading to the high cost of their applications. It is therefore highly desirable to 

develop a new class of demulsifiers that is not only efficient but also reusable for oil-water phase 

separation in the treatment of oily wastewaters and water-in-crude oil emulsions. 

Recently, the magnetically responsive and interfacially active particles have attracted considerable 

attentions.214-219 With the firm adsorption of such particles at the oil-water interface, undesirable 

phases such as the waste oil droplets in the oily wastewaters or the emulsified aqueous phase in 

the water-in-crude oil emulsions can be attracted, gathered and eventually removed under the 
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external magnetic field, leaving a clean and purified phase for the further processing. For example, 

Mirshahghassemi et al. designed polymer-coated iron oxide nanoparticles to effectively collect 

and remove waste oil from water systems.52 Xu et al. reported a kind of magnetic nanoparticles 

grafted with expanded perlite to adsorb oil spills from the oily wastewaters.177 Specifically, to 

dewater the water-in-crude oil emulsions, functional materials such as EO/PO copolymer, ethyl 

cellulose, polyelectrolyte are necessarily required to effectively disrupt or disturb the asphaltene 

film.42, 55, 195 The particles modified with those materials can tag the water droplets and such tagged 

droplets can be effectively removed under the external magnetic field. Peng et al. firstly reported 

a novel magnetic iron oxide nanoparticle grafted with interfacially active polymer ethyl cellulose 

(EC) using an esterification reaction.58, 220 The magnetic iron oxide nanoparticles grafted with EC 

showed excellent performance in destroying aged asphaltene film and dewatering the water-in-

crude oil emulsions. Later on, Pensini et al. reported the adsorption of hydrophilic carboxymethyl 

cellulose (CMC) on iron oxide substrate, which revealed the potential of CMC to be used as a 

connective material.221 Recently, we investigated the strong interactions of carboxymethyl 

cellulose (CMC) with bare iron oxide nanoparticles and CMC with EC, which led to magnetic iron 

oxide nanoparticles fully covered with EC (M-CMC-EC) using convenient procedures.56  In the 

procedures, the CMC was used as a bridge to directly link iron oxide particles with EC, leading to 

the formation of M-CMC-EC nanoparticles with EC wholly coated on the nanoparticle surfaces.56 

According to the discussions above, these magnetic nanoparticles are interfacially active, induced 

by homogeneous surface coatings of nanoparticles. However, such particles are sometimes found 

inefficient and ineffective due to the possible desorption of the particles from the interface under 

the influence of external magnetic force, leading to insufficient efficiency of demulsification.222-

223 Therefore, magnetic particles as demulsifiers with stronger interfacial activity are more 
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desirable in phase separating the oily wastewaters and the water-in-crude oil emulsions under an 

external magnetic field.  

Janus-type particles are individual particles with two opposite surface properties in one single 

particle such as hydrophilicity or hydrophobicity,185, 224 negatively charged surface or positively 

charged surface.225 For example, a spherical particle can have one side with hydrophilicity while 

another is hydrophobic. Compared with homogeneously surface-modified particles, biwettable 

Janus particles have better interfacial activities with stronger pinning to stabilize emulsions. They 

are also more difficult to desorb from the oil-water interface.188-189 Various of Janus particles have 

been applied for phase separating either oily wastewaters or water-in-crude oil emulsions.189, 191, 

226 However, such Janus particles applied to the oily wastewaters are not very effective to deal 

with the water-in-crude oil emulsions due to the lack of functional materials for effectively 

disturbing or destroying asphaltene film.189 Also, the particles workable for dewatering the water-

in-crude oil emulsions are usually hard to effectively adsorbed to the oil-water interface of oily 

wastewaters due to the high hydrophilicity of the particles.191, 226 Based on our previous work, EC 

and CMC can both attach onto iron oxide surface while having opposite wettability and EC can 

effectively disturb the asphaltene film. The biwettable Janus nanoparticles can be synthesized by 

coating hydrophilic CMC and hydrophobic EC at opposite sides of the particle surfaces. With their 

unique biwettability, such Janus nanoparticles are expected to have stronger interfacial properties, 

leading to more efficient removal of emulsified oil droplets under the external magnetic fields, as 

compared with M-CMC-EC nanoparticles of homogeneous wettability. Also, due to the coating of 

functional material EC, the interfacially active Janus nanoparticles can be applied to effectively 

phase separate not only the oily wastewaters but also the water-in-crude oil emulsions under an 

external magnetic field. Furthermore, due to the biodegradability and environmental friendliness 
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of the cellulosic materials, such Janus nanoparticles would not cause pollution to the demulsified 

emulsion systems. 

In this study, we report a novel magnetically responsive and interfacially active Janus (M-Janus) 

nanoparticle with hydrophobic EC and hydrophilic CMC coated on the opposite sides of the 

nanoparticle surface. Compared with the previously reported EC wholly-coated magnetic 

nanoparticles,56 better interfacial properties of the M-Janus nanoparticles were investigated by 

measuring coalescence time using induction timer, interfacial pressure-area isotherms (π-A) using 

Langmuir trough and dynamic interfacial tension change of the M-Janus nanoparticles adsorbed 

oil-water interface. M-Janus nanoparticles were applied to effectively phase separate both of the 

water-in-crude oil emulsions and the oily wastewaters under an external magnetic field. The quick 

and efficient phase separation of such emulsions suggests potential applications of M-Janus 

nanoparticles to dewatering of water-in-crude oil emulsions in the heavy oil industry and removal 

of undesirable oil phases from the oily wastewaters. Furthermore, owing to the biocompatibility 

and biodegradability of the cellulosic materials used in synthesizing M-Janus nanoparticles, the 

M-Janus nanoparticles can effectively deal with the oily wastewaters and the water-in-crude oil 

emulsions without polluting the continues phase. 

4.2 Concept of Synthesizing M-Janus Nanoparticles 

As shown in Scheme 4-1, iron oxide nanoparticles (M) are first coated (Step I) with hydrophilic 

CMC by adsorption in aqueous phase through the electrostatic force and hydrogen bonding 

between deprotonated carboxyl groups on CMC and positively charged magnetite nanoparticle 

surfaces on magnetite nanoparticles to form highly dispersed and interfacially inactive hydrophilic 

M-CMC nanoparticles. Hydrophobic (water-insoluble) EC is then adsorbed on M-CMC 

nanoparticles (Step II) from EC-in-toluene solution through hydrogen bonds between EC and pre-
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adsorbed CMC to form interfacially active M-CMC-EC nanoparticles, as demonstrated in our 

previous study.56 The M-CMC-EC nanoparticles have been shown to effectively stabilize oil-in-

water (O/W) emulsions, which provides a practical avenue to synthesize magnetically responsive 

Janus particles by the Pickering emulsion method as shown in Step III. In this case, the interfacially 

active M-CMC-EC nanoparticles dispersed in the liquid wax phase at a slightly elevated 

temperature are used to form wax-in-water Pickering emulsions. After cooling the Pickering 

emulsion to solidify the wax droplets with M-CMC-EC nanoparticles at the wax-water interface, 

a desired amount of CMC is added into the emulsion (suspension) to allow the CMC adsorb from 

its aqueous solutions onto M-CMC-EC nanoparticle surfaces which are in contact with aqueous 

phase (Step III in Scheme 4-1). The wax particles along with hydrophilic or water wettable 

nanoparticles are separated from their suspension by a strong hand magnet, followed by dissolving 

the wax by toluene and washing also with toluene. In order to separate hydrophilic nanoparticles 

from M-Janus nanoparticles, the particles collected as such are used to make toluene-in-water 

Pickering emulsions. Only M-Janus nanoparticles could remain at the toluene-water interface with 

the hydrophilic nanoparticles remaining in the aqueous phase. After the creaming of the emulsions, 

the emulsified toluene droplets are carefully collected using a micropipette. After washing of 

collected droplets with acetone and toluene, we thus obtain M-Janus nanoparticles as designed. 

The magnetically responsive M-Janus nanoparticles synthesized as such are anticipated to have 

excellent interfacial properties and can effectively phase separate the oily wastewaters and the 

water-in-crude oil emulsions. The physicochemical properties and interfacial activities of the 

synthesized Janus nanoparticles are comprehensively investigated as shown below. 
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Scheme 4-1. Synthesis procedures of M-Janus nanoparticles 

4.3 Results and Discussion 

4.3.1. Evaluation and Quantitative Analysis of EC/CMC Adsorption on Iron Oxide Surface 

by QCM-D Studies and Wettability Measurements 

To confirm the feasibility of our synthesis, QCM-D was used to investigate the sequential 

adsorption of EC and CMC on the iron oxide surface which is mentioned in the concept of 

synthesizing M-Janus nanoparticles. In this set of studies, pure deionized water was used to flow 
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through the bare iron oxide sensor surface. After establishing a stable baseline (Adsorbing Process 

I) as shown in Figure 4-2, the flowing liquid was switched to a dilute (1.0 wt%) CMC aqueous 

solution at point A. In response, a significant and sharp decrease in frequency by 19.5 Hz was 

observed, accompanied by an increase in dissipation by 24.6 x 10-6. After reaching a dynamic 

adsorption equilibrium indicated by a stable frequency, the adsorbed CMC layer was washed with 

pure deionized water starting at point B. A significant and rapid increase by 17.5 Hz in frequency 

accompanied by a decrease in dissipation by 23.9 x 10-6 was observed, indicating significant 

desorption of loosely bound CMC from the sensor surface. Despite such significant desorption of 

CMC, an overall decrease in frequency by 2 Hz and an overall increase in dissipation by 0.7 x 10-

6 in Adsorbing Process II were observed. The decrease in the frequency demonstrates the stable 

adsorption of CMC on the bare iron oxide surface, although in a small amount. The thickness and 

mass of the adsorbed CMC layer shown in Table 4-1 indicate a thin CMC layer adsorbed 

irreversibly on the bare iron oxide sensor surface. Such thin layer adsorption of CMC on the iron 

oxide sensor surface possibly results from water being a perfect solvent for CMC, thus interaction 

between CMC and water molecule overwhelming the intermolecular forces of CMC (Figure 4-3). 

The contact angle of water decreased from 5.03 ± 0.17º on bare iron oxide surface to 1.81 ± 0.15º 

on CMC-adsorbed iron oxide surface, further confirming the irreversible adsorption of hydrophilic 

CMC on the iron oxide sensor surface. In Adsorbing Process III, toluene used as a new background 

medium was first injected to develop new baselines of frequency and dissipation. At point C, 

toluene was switched to 1 wt% EC/toluene solution, which led to a much more significant 

reduction in frequency by 158 Hz and an increase in dissipation by 15 x 10-6. It is evident that a 

significant amount of EC was adsorbed onto the CMC-primed iron oxide sensor surface. The 

remarkable changes in frequency and dissipation suggest a thick and massive EC layer adsorbed 
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on the CMC-primed iron oxide sensor due to the abundant hydroxyl groups on EC which bind 

strongly with CMC on the iron oxide sensor surface through multiple hydrogen bonds. Once 

switching to toluene at point D, the adsorbed EC layer became more swollen by trapping toluene 

in the EC layer as indicated by the continuous increase in dissipation and the decrease in frequency. 

In the case of EC-CMC-coated iron oxide sensor surfaces (Inset iii, Figure 4-2), the contact angle 

was measured to be 61.17 ± 3.61º, which was consistent with the literature value for surfaces fully 

covered by EC.227 To imitate the Step III in the synthesis procedure, the EC-CMC-iron oxide 

sensor surface was first coated with molten wax, leading to a contact angle of 112.56 ± 0.24º 

(Figure 4-1a). Then the contact angle decreased back to 58.80 ± 3.93º after washing with toluene 

to remove wax (Figure 4-1b), suggesting unchanged surface wettability of the EC-coated surface 

by wax coating and its removal. After drying by nitrogen gas, EC-CMC-coated iron oxide sensor 

was first washed with deionized water, then a dilute (1.0 wt%) CMC aqueous solution at point E, 

and deionized water again at point F (Adsorbing Process IV). There was apparent adsorption of 

CMC on EC-CMC-coated iron oxide surface which was indicated by an overall decrease in 

frequency by 18 Hz. It is interesting to note that the water drop on the CMC-EC-CMC-iron oxide 

sensor still had a contact angle of 19.41 ± 1.16º despite excellent hydrophilicity of the adsorbed 

CMC layer. This finding indicates an incomplete layer of CMC adsorbed on the EC-CMC-coated 

iron oxide sensor surface and therefore a limited exposure of the interfacially active EC layer. 
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Figure 4-1. Contact angles of water droplets on a) wax-coated EC-CMC-iron oxide sensor surface, 

b) EC-CMC-iron oxide sensor surface after dissolving wax, and c) EC-iron oxide sensor surface. 

The amount of EC and CMC adsorbed on the substrates was calculated by applying either the 

Sauerbrey equation or the viscoelastic model, depending on the ratio of dissipation change to 

frequency change (ΔD ΔF-1).228-230 The amount of CMC adsorbed was calculated to be 41 ± 6.1 

ng cm-2 on the bare iron oxide surface and dramatically increased to 260 ± 11 ng cm-2 on the EC-

CMC-iron oxide surface. Compared with direct adsorption of CMC layer on iron oxide, the CMC 

was adsorbed at a much higher amount and more strongly bound on the EC-CMC-coated iron 

oxide surfaces, indicating more stable adsorption of CMC on iron oxide surface enhanced by the 

pre-coated EC layer via multiple hydrogen bonds according to the FTIR results shown later. 
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Figure 4-2. Change in frequency and dissipation of QCM-D sensor. The breaks and dash lines 

indicate sensors being taken out and dried by air. Bare iron oxide sensor surface was first run 

through by DI water to get a baseline (Process I); CMC was allowed to adsorb onto sensor surface 

by pumping a 1.0 wt% CMC aqueous solution (A) through the cell  and then an enormous amount 

of DI water (B) was pumped through the cell to remove loosely bounded CMC on sensor surface 

(Process II); EC was allowed to adsorb onto CMC-adsorbed sensor surface by pumping a 1.0 wt% 

EC/toluene solution (C) through the cell (Process III) and then an enormous amount of toluene 

was pumped through the cell to remove loosely bounded EC on CMC-adsorbed sensor surface (D); 

in Process IV, CMC was allowed to adsorb onto EC-CMC-adsorbed sensor surface by pumping a 

1.0 wt% CMC/water solution (E) through the cell and then loosely bounded CMC was removed 

from sensor surface by exceeding DI water (F). The insets i) to iv) show contact angles of water 

droplets on bare iron oxide sensor surface and cellulose-adsorbed iron oxide sensor surfaces 

obtained after each adsorbing process: i) bare iron oxide sensor surface, ii) CMC-adsorbed iron 

oxide sensor surface, iii) EC-CMC-adsorbed iron oxide sensor surface and iv) CMC-EC-CMC-

adsorbed iron oxide sensor surface.  
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Figure 4-3. Schematic illustration of single CMC layer adsorbed on iron oxide sensor surface via 

hydrogen bonding and attractive electrostatic force.  

The enhanced adsorption of EC on CMC-iron oxide surfaces was also observed. With a tiny 

amount of CMC adsorbed on bare iron oxide sensor surfaces, the adsorption of EC increased from 

1990 ± 120 ng cm-2 on bare iron oxide sensor surface to 2600 ± 240 ng cm-2 on CMC-iron oxide 

sensor surface (Figure 4-4). Meanwhile, the thickness of the adsorbed EC layer remained the same 

for both cases, suggesting a more compact structure of EC layer on CMC-iron oxide surfaces than 

on bare iron oxide surfaces and strong adsorption by multiple binding through hydrogen bonds 

between EC and CMC. In Adsorbing Process IV, CMC remained more on the EC-CMC-coated 

sensor surfaces after washing with DI water as compared with a small amount of CMC remained 

on bare iron oxide surfaces, confirming the strong interactions between the celluloses and ensuring 

the successful CMC coating on M-CMC-EC nanoparticle surfaces in Step III. 



74 
 

 

Figure 4-4. Change in frequency and dissipation of the QCM-D sensor. Bare iron oxide sensor 

surface was first cleaned by toluene to get a baseline and then EC was allowed to adsorb onto bare 

iron oxide sensor surface by pumping a 1 wt% EC/toluene solution (A) through the cell. To remove 

loosely bounded EC on sensor surface, toluene was again pumped (B) through the cell. 

4.3.2 Characterization of M-Janus Nanoparticles 

4.3.2.1 Physicochemical and Colloidal Properties of Magnetic M-Janus Nanoparticles  

The morphology and structure of bare iron oxide nanoparticles, M-CMC nanoparticles, M-CMC-

EC nanoparticles, and M-Janus nanoparticles were characterized using a transmission electron 

microscope with the corresponding micrographs being shown in Figure 4-5 a-d. Compared with 
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the bare iron oxide nanoparticles (Figure 4-5a), no visible cellulose films were observed on the 

M-CMC nanoparticle surfaces (Figure 4-5b). Such observation is reasonable as the CMC on bare 

iron oxide surface is ultra-thin as revealed by the QCM-D results. After the massive adsorption of 

EC onto the M-CMC nanoparticle surfaces, a thin and homogeneous layer with a thickness of 2.35 

± 0.39 nm was observed on the M-CMC-EC nanoparticle surfaces (Figure 4-5c), confirming the 

adsorption of EC layer. It is interesting to note that the thickness of the EC layer shown in the 

TEM image is thinner than the thickness determined using in situ QCM-D method. The smaller 

value in the thickness of EC film determined from TEM than from in situ QCM-D is a result of 

film shrinking after drying out the organic solvent trapped in the swelling EC film. Such change 

corresponds well with the results from TGA measurement (Table 4-2 and 4-3). In Figure 4-5d, 

the cellulose films on the M-Janus nanoparticle surfaces were found heterogenous, indicated by 

an asymmetric thickness of the adsorbed layer on the opposite sides of the M-Janus nanoparticles, 

which results from the adsorption of CMC on the partially exposed M-CMC-EC nanoparticle as 

described in Step III of the synthesis procedure.  

Figure 4-6 shows the scanning electron microscopy (SEM) images of bare iron oxide 

nanoparticles, M-CMC nanoparticles, M-CMC-EC nanoparticles, and M-Janus nanoparticles in 

either aqueous phase or organic phase. As shown in Figure 4-6a, bare iron oxide nanoparticles 

formed agglomerations in the aqueous phase due to insufficient electrostatic forces between the 

particles despite the positive surface charge of 21.8 mV.231 After the adsorption of CMC on the 

iron oxide nanoparticle surfaces, M-CMC nanoparticles became highly dispersed in the aqueous 

phase as shown in Figure 4-6b as a result of the strong electrostatic repulsive force enhanced by 

the adsorbed CMC layers, as indicated by a negative zeta potential of -45.6 mV. However, severe 

aggregations of M-CMC nanoparticles were observed in the organic phase, as shown in Figure 4-
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6c. The formation of such aggregates results from van der Waals forces since there is no 

electrostatic repulsion and only a negligible steric repulsion between hydrophilic CMC in the 

organic solvent. With the subsequent adsorption of EC on the M-CMC nanoparticle surfaces, M-

CMC-EC nanoparticles became highly dispersed again in the organic phase due most likely to 

steric repulsion between highly solvated chains of EC in the good solvent of toluene as reported 

in early studies (Figure 4-6d).56 

Table 4-1. Amount of ethyl cellulose and carboxymethyl cellulose adsorbed on iron oxide sensor 

surfaces. 

Sequence of Adsorptiona Thickness of 

Adsorbed Layer (nm) 

Mass of Adsorbed 

Layer (ng cm-2) 

Contact Angle 

(degree)b,c 

1 wt% CMC/Water < 1.0 41 ± 6.1 1.81 ± 0.15º 

1 wt% EC/Toluene 21 ± 2.0 1990 ± 120 61.68 ± 0.37º 

1 wt% CMC/Water + 

1 wt% EC/Toluene + 

1 wt% CMC/Water 

< 1.0 

19 ± 4.7 

3.0 ± 1.1 

41 ± 6.1 

2600 ± 240 

260 ± 11 

1.81 ± 0.15º 

61.17 ± 3.61º 

19.41 ± 1.16º 

Wax on EC-coated surface 

+ 

Wax Dissolving 

N/A N/A 
112.56 ± 0.24º 

58.80 ± 3.39º 

a Ethanol was used to transition from organic solution to aqueous solution and from aqueous 

solution to organic solution 
b The water droplet on the bare iron oxide surface had a contact angle of 5.03 ± 0.17º 

c The image of the water droplet on EC-iron oxide surface is shown in Figure 4-1c 

Table 4-2. Specific surface area of bare iron oxide nanoparticles and synthesized nanoparticles 

determined using BET method. 

Sample BET (m2 g-1) 

M 16.28 

M-CMC 15.78 

M-CMC-EC 15.55 

M-Janus 14.39 

M-CMC-EC-CMC 13.33 
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Table 4-3. Adsorption density (ADcal) calculated from TGA results and determined using QCM-

D method (ADQCM-D) of the cellulosic materials on studied nanoparticle surfaces. 

 

 

Adsorbed 

Cellulose 

Films 

QCM-D M M-CMC M-CMC-EC M-Janus 
M-CMC-

EC-CMC 

ADQCM-D 

(10-5g m-2) 

ADcal   

(10-5g m-2) 

ADcal    

(10-5g m-2) 

ADcal     

(10-5g m-2) 

ADcal     

(10-5g m-2) 

ADcal          

(10-5g m-2) 

CMC1st 41 ± 6.1 N/A 38.7 ± 23.3 38.7 ± 23.3 38.7 ± 23.3 38.7 ± 

23.3 

EC 
2600 ± 

240 
N/A N/A 325.1 ± 22.8 325.1 ± 22.8 

325.1 ± 

22.8 

CMC2nd 260 ± 11 N/A N/A N/A N/A 
222.6 ± 

50.8 

In contrast, M-CMC-EC nanoparticles became severely aggregated in the aqueous phase as shown 

in Figure 4-6e, due most likely to attractive hydrophobic forces between hydrophobic EC layers 

on M-CMC nanoparticles despite electrostatic repulsion between the charged surfaces of -21.5 

mV.232-233 The negative surface charge stems from the ionization of hydroxyl groups on EC, 

compounded by limited carboxylic groups of CMC that were not fully shielded by incomplete 

coverage of EC. Since this zeta potential value is similar to the zeta potential value of -18.3 mV 

for M-EC nanoparticles, the negative surface charge could be considered to arise mainly from the 

ionization of hydroxyl groups on EC, compounded by limited carboxylic groups of CMC that were 

not fully shielded by incomplete coverage of EC. The small difference in zeta potentials between 

M-CMC-EC nanoparticles and M-EC nanoparticles could be attributed to a less amount of EC and 

hence less amount of hydroxyl groups on M-EC nanoparticles than on M-CMC-EC nanoparticles 

as revealed in the QCM-D results. In our QCM-D study, EC was shown to be adsorbed on bare 

iron oxide surfaces at a much less amount than on CMC-primed iron oxide surfaces, translating to 

a less amount of hydroxyl ions on M-EC nanoparticles and therefore presenting a less negative 

zeta potential of the M-EC nanoparticles. Due to the coating of the EC layer, the M-EC 
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nanoparticles and the M-CMC-EC nanoparticles exhibited similar dispersion. (Figures 4-7a and 

4-7b). M-Janus nanoparticles had an intermediate negative zeta potential of -31.1 mV which is 

between the zeta potential values of M-CMC nanoparticles (-45.6 mV) and M-CMC-EC 

nanoparticles (-21.5 mV), suggesting a successful but partial coating of CMC on M-CMC-EC 

nanoparticle surfaces (~50%). Compared with the M-CMC-EC nanoparticles, M-Janus 

nanoparticles exhibited improved dispersion in both the aqueous phase and organic phase due to 

the steric repulsion and sufficient electrostatic repulsion provided by EC and CMC, respectively 

(Figures 4-6g and 4-6h). The satisfied dispersion of M-Janus nanoparticles in either organic or 

aqueous phase allows the formation of a single-particle layer at the oil-water interface, leading to 

better interfacial properties which are shown later by the measured coalescence time and interfacial 

pressure-area isotherms.  To further confirm the formation of M-Janus nanoparticles, the zeta 

potential of M-CMC-EC-CMC nanoparticles was measured to be -39.6 mV, which is close to the 

zeta potential of M-CMC nanoparticles. Furthermore, both M-CMC and M-CMC-EC-CMC 

nanoparticles were highly aggregated in the organic solvent as shown in Figures 4-7c and Figure 

4-7d, respectively, in contrast to good dispersion of M-Janus nanoparticles. The results of zeta 

potential measurement described here provide direct evidence on the successful coating of 

cellulosic materials on the particle surfaces in each synthesis step as described in Scheme 4-1 and 

revealed by QCM-D experiments. 
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Figure 4-5. Transmission electron microscopy images of different nanoparticles synthesized in 

each synthesizing stage: a) bare iron oxide (M) nanoparticles, b) M-CMC nanoparticles, c) M-

CMC-EC nanoparticles, and d) M-Janus nanoparticles. 

The amount of cellulosic materials coated on magnetite nanoparticles was determined by 

thermogravimetric analysis (TGA). The results are shown in Figure 4-8a and Table 4-4. There is 

a 0.30 ± 0.24% weight loss from the bare iron oxide nanoparticles, possibly due to the removal of 
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associated water.234 The M-CMC nanoparticles only had a total weight loss of 0.93 ± 0.15 %, in 

which only 0.63 ± 0.39% of the weight loss resulted from the adsorbed CMC on the M-CMC 

nanoparticle surfaces. This result indicates a limited amount of CMC adsorbed directly on iron 

oxide nanoparticles, which agrees well with the results of QCM-D studies. The M-CMC-EC 

nanoparticles showed a much higher weight loss of 6.06 ± 0.21%, confirming successful 

adsorption of EC on CMC-primed nanoparticle surfaces. With subsequent adsorption of CMC on 

M-CMC-EC nanoparticles, M-Janus nanoparticles had a weight loss of 7.80 ± 0.29%, indicating a 

weight loss of 1.74 ± 0.50% for subsequent adsorption of CMC in the case of M-Janus 

nanoparticles. In contrast, a total weight loss of 9.52 ± 0.19 % was observed for M-CMC-EC-CMC 

nanoparticles, with the total amount of CMC on M-CMC-EC-CMC being 4.09 ± 0.79%. This 

result confirms not only the enhanced coating of CMC on EC surfaces but also the partial coating 

of CMC for the case of M-Janus nanoparticles.  

It is interesting to note that the adsorption density calculated from TGA results (Table 4-2 and 4-

3) is smaller than the value determined using in situ QCM-D due to the mass solvent trapped in 

the adsorbed cellulose films that was not involved in the TAG measurement QCM-D. The similar 

observations that mass of solvent trapped in the cellulose film varies from the adsorbed layer 

structure, leading to the difference between the QCM-D results and the results calculated from 

surface plasmon resonance (SPR) were reported in open literature.235-236 For pure cellulosic 

materials, almost complete decomposition of EC was observed at around 330 ºC while the 

continuous decomposition of CMC was observed during the heating, confirming the weight loss 

of synthesized nanoparticles from the decomposition of cellulosic materials.  
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Figure 4-6. Field-emission scanning electron microscopy images of nanoparticles in each 

synthesizing stage: iron oxide nanoparticles in water (a); M-CMC nanoparticles in water (b) and 

in toluene (c); M-CMC-EC nanoparticles in toluene (d) and in water (e); wax spheres stabilized 

by M-CMC-EC nanoparticles (f); and M-Janus nanoparticles in toluene (g) and in water (h). 

Table 4-4. Total weight loss of nanoparticles with and without adsorption of different cellulosic 

materials (CMC and/or EC). 

Property a M M-CMC M-CMC-EC M-Janus 
M-CMC-EC-

CMC 

Weight Loss 

(wt%) 
0.30 ± 0.24 0.93 ± 0.15 6.06 ± 0.21 7.80 ± 0.29 9.52 ± 0.19 

CMC content 

(wt%) 
N/A 0.63 ± 0.39 0.63 ± 0.39 2.37 ± 0.89 4.09 ± 0.79 

EC content 

(wt%) 
N/A N/A 5.13 ± 0.36 5.13 ± 0.36 5.13 ± 0.36 

a Estimated using thermogravimetric analysis; 
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Figure 4-7. Field-emission scanning electron microscopy images: M-EC nanoparticles in water (a) 

and toluene (b); M-CMC-EC-CMC nanoparticles in water (c) and toluene (d). The zeta potentials 

of synthesized nanoparticles are shown inside the microscopy images.  

 

Figure 4-8. a) Weight loss of cellulose on iron oxide heated at a rate of 10 oC/min in 60 ml/min 

nitrogen flow. The inset shows the weight loss of pure celluloses during heating process. b) 

Magnetization hysteresis loop of M-Janus nanoparticles.   



83 
 

The high saturation magnetization of the M-Janus nanoparticles is essential to achieve efficient 

separation of the oily wastewaters and the water-in-crude oil emulsions using magnetically 

responsive Janus nanoparticles under an external magnetic field. As shown in Figure 4-8b, the M-

Janus nanoparticles had a saturation magnetization of 69.7 emu/g, which is sufficiently strong to 

be collected using a strong hand magnet. Compared with previously reported M-CMC-EC 

nanoparticles which had a saturation magnetization of 71 emu/g,56 the M-Janus nanoparticles 

showed a smaller saturation magnetization, resulting from the non-magnetic CMC coated on the 

M-CMC-EC nanoparticle surfaces and therefore confirming the results of QCM-D and TGA 

measurement.  

 

Figure 4-9. a) FTIR spectra of M-Janus nanoparticles, and M-CMC-EC nanoparticles; b) narrow 

scan FTIR spectra of M-Janus nanoparticles, M-CMC-EC nanoparticles, M-CMC nanoparticles 

indicating the coating of celluloses on synthesized nanoparticle surfaces; c) narrow scan FTIR 

spectra of raw materials used for synthesizing M-Janus nanoparticles with M representing original 

magnetite (Fe3O4) nanoparticles.  
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The characteristic peaks of Fe-O were observed on the spectra (Figure 4-9a) for both M-Janus and 

M-CMC-EC nanoparticles, as shown by the bands at 630 cm-1 and 600 cm-1. For the spectrum of 

pure CMC (Figure 4-9c), the existence of carboxyl groups on CMC is proved by the strong peak 

at 1591 cm-1, which is a characteristic peak of –COOH functional group. Furthermore, bands at 

1415 cm-1 and 1323 cm-1 are attributed to the in-plane stretching vibration of –OH groups and 

stretching vibration of C-H on CMC, respectively. As shown in Figure 4-9b, weak bands at 1415 

cm-1 and 1324 cm-1 were observed in the spectrum of M-CMC nanoparticles, indicating the 

successful coating of CMC onto iron oxide nanoparticles. Meanwhile, the previous band at 1591 

cm-1 disappeared in the spectrum of M-CMC nanoparticles, accompanied by the appearance of a 

new band at 1630 cm-1. Such phenomena result from the binding of carboxyl groups on CMC with 

iron oxide nanoparticle surfaces. The bands at 1376 cm-1 and 1355 cm-1 in the spectrum of M-

CMC-EC nanoparticles and the bands at 1376 cm-1 and 1354 cm-1 in the spectrum of M-Janus 

nanoparticles confirm the successful grafting of EC on these two kinds of nanoparticles. Compared 

with the spectrum of M-CMC nanoparticles, the characteristic peak of –COOH functional groups 

shifted from 1630 cm-1 to 1599 cm-1 in the spectrum of M-CMC-EC nanoparticles, resulting from 

the hydrogen bonds between EC and M-CMC nanoparticles. It is obvious to find that the original 

band at 1599 cm-1 in M-CMC-EC nanoparticle’s spectrum disappeared after coating CMC onto 

M-CMC-EC nanoparticles, accompanied by the appearance of the band at 1620 cm-1 in M-Janus 

nanoparticle’s spectrum, confirming the formation of hydrogen bonds between the CMC and EC 

sequentially adsorbed on iron oxide in the M-CMC-EC nanoparticles. 

4.3.2.2 Interfacial Properties of M-Janus Nanoparticles  

The interfacial properties of the nanoparticles obtained in each synthesis step were investigated by 

measuring the coalescence time of particle-loaded droplets using a house-built induction timer. 



85 
 

The results in Table 4-5 show the immediate coalescence of toluene droplets in the aqueous phase.  

Similar situations were observed for toluene droplets containing well-dispersed bare iron oxide 

nanoparticles or M-CMC nanoparticles, indicating the interfacial inactive nature of those 

nanoparticles. Interestingly, despite the hydrophilic CMC layer coated on the nanoparticle surfaces, 

the M-CMC-EC-CMC nanoparticles showed a negligible increase in the coalescence time by 1.2 

± 0.7 s, as shown in Figure 4-10 as well as Table 4-5. This finding suggests a weak interfacial 

activity of the M-CMC-EC-CMC nanoparticles, resulting from partial exposure of interfacially 

active EC layer beneath the incomplete coating of CMC on M-CMC-EC particles. For M-CMC-

EC nanoparticles, a coalescence time of 19.2 ± 5.23 s was observed as shown in Figure 4-10, 

indicating the interfacial activity of M-CMC-EC nanoparticles as anticipated. In contrast, the 

coalescence time of toluene droplets stabilized by the M-Janus nanoparticles increased 

dramatically to 65.1 ± 4.60 s as shown in Figure 4-10, indicating a much stronger interfacial 

activity of M-Janus nanoparticles as compared with M-CMC-EC nanoparticles as highly desired 

for our objectives. The results clearly show that M-CMC-EC-CMC nanoparticles, M-CMC 

nanoparticles, and bare iron oxide nanoparticles cannot act as stabilizers for O/W Pickering 

emulsions due to their nature of inactive interfacial properties. Compared with those interfacially 

inactive nanoparticles, the interfacially active M-CMC-EC nanoparticles and M-Janus 

nanoparticles could effectively partition at the oil-water interface and stabilize the oil droplets in 

the aqueous phase due to the coating of interfacially active EC on the nanoparticle surfaces. In 

particular, the M-Janus nanoparticles with their unique Janus structure and superior interfacial 

activity remarkably increased the coalescence time of the emulsified toluene droplets, resulting 

from the more stable occupation of such nanoparticles at the oil-water interface. 
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Figure 4-10. Snapshots for the coalescence process of toluene droplets stabilized by M-CMC-EC-

CMC nanoparticles, M-CMC-EC nanoparticles or M-Janus nanoparticles in aqueous phase. 

Table 4-5. Coalescence time of toluene droplets stabilized by different synthesized nanoparticles 

in aqueous phase.  

Particles Coalescence Time (s) 

Iron oxide nanoparticles 0 

M-CMC nanoparticles 0 

M-CMC-EC nanoparticles 19.20 ± 4.71 

M-Janus nanoparticles 65.10 ± 4.60 

M-CMC-EC-CMC nanoparticles 1.20 ± 0.70 

To reveal the mechanism of M-CMC-EC nanoparticles and M-Janus nanoparticles in stabilizing 

the emulsified oil droplets, a Theta Optical Tensiometer (T200 Biolin Scientific) combined with 

pendent drop method were used to measure the interfacial tension and the crumpling ratio of the 

particle-stabilized toluene droplet suspended in the aqueous phase.237 The toluene droplets 

containing either dispersed M-Janus nanoparticles or M-CMC-EC nanoparticles were used as the 

drop phase while pure deionized water was used as the continuous phase. The crumpling behavior 

measurement was introduced right after the interfacial tension measurement by continuously 

contracting the volume of the toluene droplet. The continuous contraction would result in an poorly 
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compressible toluene-water interface due to the particle network at the interface, which could be 

visualized by the visible crumpling.238 

A crumpling ratio (CR) (Equation 4-1)was introduced to evaluate the degree of crumpling 

behavior. A higher crumpling ratio indicates a more rigid and poorly compressible toluene-water 

interface:  

                                                              𝐶𝑅 =
𝐴𝑐

𝐴𝑖
=

𝜋𝑟𝑐
2

𝜋𝑟𝑖
2 =

𝑟𝑐
2

𝑟𝑖
2                                                   (4-1) 

In Equation 4-1, Ac
 and rc are the projected area and radius of the droplet right before the visible 

crumpling while Ai and ri are the projected area and radius of the initial droplet, respectively. 

Figure 4-11a shows the dynamic interfacial tension of the toluene-water interface. The interfacial 

tension of the clean toluene-water interface was 37.4 mN m-1. With the adsorption of M-CMC-EC 

nanoparticles or M-Janus nanoparticles at the toluene-water interface, the dynamic interfacial 

tension decreased sharply at first and stabilized finally at 15.92 mN m-1 and 13.09 mN m-1, 

respectively. This finding indicates the adsorption of interfacially active nanoparticles at the 

toluene-water interface and suggests a stronger interfacial activity of M-Janus nanoparticles as 

compared with M-CMC-EC nanoparticles. Interestingly, when compared with the M-CMC-EC 

nanoparticles, a more rapid decrease in dynamic interfacial tension was observed for the case of 

M-Janus nanoparticles, indicating stronger adsorption of M-Janus nanoparticles than M-CMC-EC 

nanoparticles at the toluene-water interface. During the contracting process, the crumpling 

behaviors of the particle-stabilized toluene droplets were visualized for both cases, indicating the 

formation of rigid skins on the droplets stabilized by the interfacially active nanoparticles. By 

analyzing the contracting process frame by frame, the crumpling ratio of M-Janus nanoparticle-

stabilized toluene droplet was calculated to be 0.18 ± 0.03 which is much higher than the case of 
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M-CMC-EC nanoparticles (0.11 ± 0.02), suggesting a more rigid and poorer compressible 

interface with the adsorption of M-Janus nanoparticles. The more rigid toluene droplet loaded with 

M-Janus nanoparticles led to a longer coalescence time as shown in the coalescence time 

measurement.  

To further understand the interfacial activity of the synthesized nanoparticles, the Langmuir-

Blodgett technique was applied to study the M-CMC-EC nanoparticles, the M-CMC-EC-CMC 

nanoparticles and the M-Janus nanoparticles at the toluene-water interface. As shown in Figure 4-

11b, a baseline of pure deionized water and pure toluene was set to confirm that the interfacial 

pressure of the clean toluene-water interface is independent of the change in the interfacial area. 

With the adsorption of studied nanoparticles at the interface, slight increase in the interfacial 

pressure at full trough area was observed except for the case of M-CMC-EC-CMC nanoparticles, 

indicating that the amount of the interfacially active nanoparticles adsorbed at the toluene-water 

interface is sufficient to affect the interfacial pressure and that the M-CMC-EC-CMC nanoparticles 

are interfacially inactive. The pressure-area isotherms in Figure 4-11b show that the interface 

adsorbed with the M-Janus nanoparticles features the highest interfacial pressure as compared with 

other nanoparticles, suggesting the strongest interfacial activity of the M-Janus nanoparticles 

among the studied nanoparticles. For the toluene-water interface partitioned with M-Janus 

nanoparticles of lower particle concentrations, more compressed interfacial pressure-area 

isotherms of such toluene-water interfaces were observed, as shown in Figure 4-11c. 



89 
 

 

 

Figure 4-11. a) Dynamic interfacial tension of toluene-water interfaces adsorbed with interfacially 

active nanoparticles; b) interfacial pressure-area isotherms of 30 ppm M-Janus nanoparticles, 30 

ppm M-CMC-EC nanoparticles or 30 ppm M-CMC-EC-CMC nanoparticles at toluene-water 

interface; and c) interfacial pressure-area isotherms of M-Janus nanoparticles at different particle 

concentrations. 

At full trough area (π = 13.2 mN/m), the M-Janus nanoparticles with a diameter around 145 nm 

(Figure 4-12) were well and loosely dispersed at the toluene-water interface and slow increase of 

interfacial pressure isotherm was observed due to weak particle interactions, as shown in Figure 

4-13a. Compared with the case of full tough area, the M-Janus nanoparticles were observed to be 
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more closely partitioned at the toluene-water interface upon further compression (π = 15.5 mN/m), 

as shown in Figure 4-13b, leading to stronger interactions of particles at the interface and a more 

rapid increase in the interfacial pressure. The interfacial pressure kept rapidly increasing until 

buckling behavior of the toluene-water interface dominated (π = 22.2 mN/m), as indicated by the 

inflection point and the subsequent slower increase in the interfacial pressure shown in the curve. 

At maximum compression (π = 25.0 mN/m), the slightly sharper increase of the interfacial pressure 

was observed, resulting from the folding of the nanoparticle-stabilized toluene-water interface and 

the eventual formation of thick and overlapped particle layers, as shown in Figure 4-13c.  

To reveal the difference in wettability of the M-Janus nanoparticles on opposite sides, the M-Janus 

nanoparticles (30 ppm) or the M-CMC-EC nanoparticles (30 ppm) were transferred from toluene-

water interfaces to a silica wafer using Langmuir-Blodgett deposition method at an interfacial-

pressure of 18 mN/m or 15.5 mN/m, respectively. As shown in Figure 4-14a, the deposition of 

M-Janus nanoparticles on hydrophilic silica wafer by pulling method increased the contact angle 

of a water droplet from 6.90º ± 0.69º to 56.87º ± 0.40º, indicating a strong hydrophobicity of the 

hydrophobic surface coated with EC. In order to compare and clearly show the different 

wettabilities at the opposite sides of the M-Janus nanoparticle surfaces, we transferred the second 

layer of M-Janus nanoparticles by dipping the particle-deposited wafer obtained using the pull 

method from oil-phase into the aqueous phase. The contact angle of a water droplet on this surface 

decreased from 56.87º ± 0.40º to 23.09º ± 0.23º, resulting from the exposure of hydrophilic 

surfaces on M-Janus nanoparticles. This finding clearly demonstrates surfaces of contrast 

wettability on M-Janus nanoparticles as anticipated. With the deposition of M-CMC-EC 

nanoparticles onto the hydrophilic silica wafer (Figure 4-14b) using pulling method, the contact 

angle of the water droplet increased from 5.33º ± 0.18º to 55.85º ± 0.91º as anticipated. 
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Interestingly, after the dipping of the surface through the oil phase into the aqueous phase, the 

contact angle of water on this second layer of M-CMC-EC nanoparticles even increased although 

only slightly from 55.85º ± 0.91º to 61.18º ± 2.26º, due most likely to the increase in the surface 

roughness of deposited M-CMC-EC layer in the dipping process.  
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Figure 4-12. Size distribution of 30 ppm M-Janus nanoparticles adsorbed at clean toluene-water 

interface of full trough area (analyzed using commercial imaging analysis software ImageJ). 

Based on the characterization results, a new class of novel magnetically responsive Janus (M-Janus) 

nanoparticles was synthesized by coating with hydrophobic ethyl cellulose (EC) and hydrophilic 

carboxymethyl cellulose (CMC) on the opposite sides of iron oxide nanoparticle surfaces using a 
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simple and controlled adsorbing process. Due to the steric repulsion and electrostatic repulsive 

force created by coated celluloses on the nanoparticle surfaces, M-Janus nanoparticles have 

excellent dispersion in either organic phase or aqueous phase. Compared with M-CMC-EC 

nanoparticles, M-Janus nanoparticles exhibited stronger interfacial activities, including the 

prevention of the emulsified phase from coalescing, quick adsorption of M-Janus nanoparticles 

onto the oil-water interface, lower interfacial tension, and more rigid oil-water interfaces. With 

their superior interfacial activity and stable occupation at the oil-water interface, the M-Janus 

nanoparticles are expected to exhibit excellent performance in phase separating both of the oily 

wastewaters and the water-in-diluted bitumen emulsions. 

4.3.3 Application of M-Janus Nanoparticles to Oil/Water Separation of Oily Wastewaters 

and Water-in-Diluted Bitumen Emulsions  

As an example, the applications of the magnetically responsive and interfacially active M-Janus 

nanoparticles to remove the dispersed emulsion phase from oily wastewaters and water-in-crude 

oil emulsions by external magnetic forces are shown below. As shown in Figure 4-15, the 

surfactant-stabilized oily wastewater was prepared by mixing toluene (dyed using Sudan III) and 

SDS/water (CSDS=0.04 mg/ml) solution at 1:9 volume ratio using the ultrasonic bath, followed by 

vigorous shaking with Vortex Mixer for 3 min. Tiny oil droplets were observed in the SDS-

stabilized emulsion (Figure 4-15a) and no distinct phase separation was observed after 30 min 

settling, suggesting high stability of surfactant-stabilized oily droplets in wastewater if not properly 

treated. With the addition of M-Janus nanoparticles into the emulsion, followed by vigorous 

mixing using Vortex Mixer for 3 min, such emulsion rapidly showed clear phase separation in 5 

min. This phenomenon may result from that the solvated cellulosic chain on the M-Janus 

nanoparticles caused the flocculation of particle-stabilized oil droplets, which led to quick phase 
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separation of the emulsion.239 Under the external magnetic field, the M-Janus nanoparticle-tagged 

toluene droplets were attracted and gathered at the side of the vial, leaving the clear aqueous phase 

(Figure 4-15b). As shown in Figure 4-15c, the dark rim of the droplets indicates the deposition 

of the M-Janus nanoparticles at the oil-water interface. When compared with the previous SDS-

stabilized toluene-in-water emulsion, the size of most emulsion droplets increased to around 50 

μm, suggesting the enhanced coalescence of toluene droplets assisted by the adsorption of 

biwettable M-Janus nanoparticles at the oil-water interface with the external magnetic field. By 

measuring the carbon content in the emulsions using TOC before and after the phase separation, 

the M-Janus nanoparticles had a higher phase separation efficiency of 92.76 ± 2.57 % than the 

case of the M-CMC-EC nanoparticles which had phase separation efficiency of 85.22 ± 1.69 %, 

indicating more effective and efficient phase separation of the surfactant-stabilized oily 

wastewaters using M-Janus nanoparticles. Another oily wastewater emulsion (diluted bitumen-in-

water emulsion) was prepared using the same method shown above. As shown in Figure 4-16, the 

diluted bitumen-in-water emulsion was stable due to the interfacially active materials such as 

asphaltene in the bitumen. With the addition of the M-Janus nanoparticles and following vigorous 

shaking, the oil droplets of larger sizes were observed, coupled with the occupation of the Janus 

nanoparticles at the oil-water interface (Figure 4-16c), suggesting the strong interfacial activity of 

the M-Janus nanoparticles to occupy the oil-water interface and their potential ability to deal with 

the oil spills in the environment.  
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Figure 4-13. a-c) Micrographs of M-Janus nanoparticles transferred from toluene-water interface 

using Langmuir-Blodgett technique. Trough area and film interfacial pressure during deposition 

are provided in each micrograph.  
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Figure 4-14. Contact angles of water droplets on silica wafers with M-Janus nanoparticles (a) or 

M-CMC-EC nanoparticles (b), obtained by pulling (Pull-up) or dipping (Dip) of a wafer using 

Langmuir-Blodgett deposition method.   

 

Figure 4-15. Micrographs showing oil/water separation process of SDS-stabilized toluene-in-

water emulsions with addition of M-Janus nanoparticles under external magnetic field: a) stable 

tiny toluene droplets before oil/water separation; b) clear water phase after oil/water separation 

and c) M-Janus nanoparticle-tagged toluene droplets after oil/water separation. The scale bars in 

figure are 100 μm.   
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In order to investigate the dewatering ability of M-Janus nanoparticles to the water-in-diluted 

bitumen emulsions, the micrographs of emulsified water droplets were taken from different 

positions of the vial before and after the dewatering process. After 2 h settling, fine water droplets 

with diameters around 10 μm were observed at the top and bottom of the vial. The morphology 

and size of the water droplets at different positions of the vial were similar, suggesting high 

stability of the water-in-diluted bitumen emulsions, as shown in Figures 4-17a and 4-17b. With 

the addition of M-Janus nanoparticles and following settling a strong hand magnet for 30 min, 

obvious water droplets with sizes larger than 100 μm appeared at the bottom (Figure 4-17d). 

Meanwhile, the clear upper phase without apparent water droplets was discovered as shown in 

Figure 4-17c. Such phenomena indicate the enhanced coalescence of asphaltene-stabilized water 

droplets with the addition of M-Janus nanoparticles and more effective water removal from the 

water-in-diluted bitumen emulsions by such M-Janus nanoparticles in the external magnetic field. 

The water content at the top phase decreased from 5.39 ± 0.17 % to 0.26 ± 0.02 % after the 

dewatering process, showing a 95 % water removal efficiency which is higher than the case of the 

M-CMC-EC nanoparticles.56  

As shown by the results presented above, the M-Janus nanoparticles can efficiently separate the 

dispersed phase from both of the water-in-crude oil emulsions and the oily wastewaters under an 

external magnetic field. The key features of such magnetic nanoparticles for their sustainable 

applications are their reusability and stability. The reusability of the M-Janus nanoparticles was 

investigated by conducting a series of recycling tests and the stability of the nanoparticles was 

studied by measuring the dynamic interfacial tensions of the water-toluene interfaces with the 

adsorption of recycled M-Janus nanoparticles after each dewatering or oil removal test. As shown 

in Figure 4-18, the M-Janus nanoparticles showed a nearly constant dewatering efficiency of 95 % 
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for the water-in-diluted bitumen emulsion (a) and over 90 % removal of oil for the SDS-stabilized 

toluene-in-water emulsions (b) in all 5 cycles. Such results indicate the excellent recyclability and 

reusability of the M-Janus nanoparticles in the dewatering from water-in-crude oil emulsions or 

oil removal from oily wastewater by magnetic separation. Furthermore, the M-Janus nanoparticles 

recycled remained effective in lowering the interfacial tension of the water-toluene interface, 

demonstrating the stable interfacial activity of the M-Janus nanoparticles after reuse and recycling. 

 

Figure 4-16. Micrographs showing oil/water separation process of diluted bitumen-in-water 

emulsions with addition of M-Janus nanoparticles under external magnetic field: a) stable tiny 

diluted bitumen droplets before oil/water separation; b) clear water phase after oil/water separation 

and c) M-Janus nanoparticle-tagged toluene droplets after oil/water separation. The scale bars in 

figure are 100 μm.  
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Figure 4-17. Micrographs of water droplets in water-in-diluted bitumen emulsions at different 

positions in the vial before dewatering (a and b) and after dewatering (c and d) using M-Janus 

nanoparticles after settling on a hand magnet for 30 min. The scale bars in figure are 100 μm. 

Here, we demonstrate the efficient separation of emulsified oil from surfactant-stabilized oil-in-

water emulsions, oil spills in water and the water-in-diluted bitumen emulsions assisted with the 

addition of M-Janus nanoparticles under the external magnetic field. The stable dewatering or oil 

removal efficiency of the M-Janus nanoparticles in the recycling test clearly demonstrates the 

recyclability and reusability of such magnetically responsive and interfacially active Janus 

nanoparticles. The results of interfacial tension measurement suggest that the M-Janus 
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nanoparticles could retain high interfacial activity simple washing of spent particles. Our studies 

show the promising applications of M-Janus nanoparticles to separating dispersed phase from both 

the oily wastewaters and the water-in-crude oil emulsions in the environmental science and the 

petroleum-related industrial field. 

 

Figure 4-18. Phase separation efficiency of dispersed phase from diluted bitumen emulsions (a) 

and SDS-stabilized oily wastewaters (b) using recycled M-Janus nanoparticles, and corresponding 

interfacial properties after each reuse cycle and regeneration. 

4.4 Conclusions 

The magnetically responsive Janus nanoparticles were successfully designed and synthesized by 

consecutive adsorption of hydrophilic CMC and hydrophobic EC onto iron oxide nanoparticles 

under well-controlled condition. The results from the coalescence time and the crumpling ratio 

measurement of particle-stabilized droplets along with the interfacial pressure-area isotherms 

indicate superior interfacial activities of the M-Janus nanoparticles and more stable oil-water 

interfaces with the adsorption of the M-Janus nanoparticles as compared with the adsorption of 

conventional interfacially active nanoparticles such as M-CMC-EC nanoparticles. As an example 
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of potential applications, M-Janus nanoparticles were applied to efficiently phase separate the oily 

wastewaters and the water-in-crude oil emulsions under the external magnetic field. The remaining 

carbon content in the oily wastewaters and the remaining water content in the diluted bitumen 

emulsions was less than the case of phase separation using the M-CMC-EC nanoparticles, 

suggesting the higher dewatering/oil removing efficiency of the M-Janus nanoparticles. The results 

of recycling test show the desirable reusability and stability of the M-Janus nanoparticles after 

reuse for several cycles. We anticipate that the magnetically responsive and interfacially active 

Janus nanoparticles have promising applications to the cleaning of oil spills and removal of oil 

from household oily wastewaters as well as the removal of undesirable water phase from the crude 

oil emulsions in the petroleum industrial process. Furthermore, owing to the excellent interfacial 

properties of the M-Janus nanoparticles as well as the biocompatibility and biodegradability of the 

cellulosic materials on the particle surfaces, such M-Janus nanoparticle-stabilized Pickering 

emulsions with high stability show the potential applications to the transit of food-grade ingredient 

in food science and biomedical materials delivery in biotechnology assisted with an external 

magnetic field.   
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Chapter 5 Treatment of Oily Wastewaters using Magnetic Janus 

Nanoparticles of Asymmetric Surface Wettability 

X. He, Q. Liu and Z. Xu, Treatment of Oily Wastewaters using Magnetic Janus Nanoparticles 

Synthesized from Cellulosic Materials, submitted. 

Efficient treatment of large volumes of oily wastewaters and sludges is a global challenge. The oil 

in discharged oily wastewaters can cause potential environmental hazards if not treated properly. 

Due to their excellent interfacial activity, magnetic Janus nanoparticles are considered to be a great 

vehicle to develop a viable technology for treating large volumes of various types of oily 

wastewaters and sludges. In this study, a new class of magnetic Janus nanoparticles synthesized 

using natural cellulosic materials, called M-Janus nanoparticles, were applied to removal or 

recovery of crude oil or waste cooking oil from oily wastewaters. The M-Janus nanoparticles of 

superior interfacial activities could anchor securely at the oil-water interface of emulsified oil 

droplets despite the presence of other interfacially active components such as asphaltenes, natural 

and/or synthetic surfactants in cooking oil and remaining detergents in the studied oily wastewaters. 

Compared with the interfacially active nanoparticles of uniform surface properties reported 

previously, the M-Janus nanoparticles showed stronger interfacial activities such as lower oil-

water interfacial tension and firmer deposition at the oil-water interface of the different oily 

wastewater systems. With the tagging of emulsified oil droplets by M-Janus nanoparticles, 

followed by magnetic separation, an oil removal or recovery efficiency of greater than 91% was 

achieved for different oily wastewaters. The oil recovered as such contained less than 1.6 wt% of 

water, showing its high quality for the subsequent oil refining. Furthermore, the M-Janus 

nanoparticles could be recycled and reused at a high oil recovery and removal efficiency in the 

subsequent applications without complex regeneration. The superior interfacial activity, high 
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efficiency and exceptional robustness of M-Janus nanoparticles make them an excellent candidate 

for treating various types of oily wastewaters such as oil spills in seawater, produced wastewater 

in the oil field or domestic sewage of waste cooking oils. 

5.1 Introduction 

The consumption of various types of oils in industrial processes and daily household activities is 

snowballing with the prosperous industrial development and ever-growing population.84 The 

inevitable generation of large volumes of oily wastewaters from various industrial processes and 

domestic sewages raises ever-increasing concerns on oil-related environmental hazards and 

pollutions.240 Furthermore, the discharge of oily wastewaters containing reusable oil such as crude 

oil and cooking oil could lead to the loss of energy resources if not recovered as a usable and 

economical source of energy.241-242 To minimize the negative impact of the oily wastewaters on 

our environment and maximize the utilization of limited oil resources, oil removal/recovery from 

oily wastewaters are therefore of great environmental and socio-economic importance. 

Removing or recovering oil from discharged oily wastewaters is now a global challenge because 

the oil droplets of micro-sizes are extremely stable, resulting from the stabilization by natural 

and/or synthetic surfactants in the oily wastewaters.243 Due to the limited difference in densities 

between oil and water, the oily wastewaters are not readily stratified if not properly treated. Current 

strategies for treating oily wastewaters or oil spills include sorption,199, 201, 244-245 membrane 

filtration,202, 246-251 electrocoagulation,87, 112, 204 biological oxidations and chemical-induced 

coalescence.206-207, 252-253 Despite their industrial applications, each method suffers inherent 

drawbacks such as the high cost of raw materials for some oil sorbents, easy fouling in filtration 

membranes, unsatisfying oil/water separation efficiency and high energy consumption. Compared 

with the methods mentioned above, technologies based on magnetically responsive and 
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interfacially active nanoparticles for treating oily wastewaters have attracted increasing public 

interests because of their robustness and low cost, high throughput and efficiency, and less labor-

intensity of operations. In recent years, a variety of interfacially active and magnetically responsive 

nanoparticles with uniform surface modification by polyvinylpyrrolidone,52 poly(2-

dimethylaminoethyl methacrylate) (PDMAEMA),54 polyelectrolytes and ethyl cellulose (EC) have 

been reported to assist removal/recovery of oil from oily wastewaters. 55-58 With their active 

interfacial behaviors, the nanoparticles can anchor at the oil-water interface and tag the oil droplets, 

leading to the formation of nanoparticle-stabilized oily wastewaters.254-255 The tagging of waste oil 

droplets by these interfacially active magnetic nanoparticles makes the tagged oil droplets to be 

effectively attracted to the desired locations under an external magnetic field, achieving efficient 

removal or recovery of the waste oil from the oily wastewaters 

It is worth noting that the interfacially active components in oily wastewaters could significantly 

enhance the stability of the emulsified oil droplets, depending on the different ambient 

environments.193 The high concentration of salts in seawater, for example, could greatly enhance 

the interfacial activities of interfacially active components such as asphaltenes and/or natural 

surfactants in the crude oil, leading to more stable oil spills in the marine system and hence more 

challenging to treat oil spills.256 For the domestic sewage, the spent cooking oil is one of the 

primary waste sources as household sewage.257 The waste cooking oil is stabilized as emulsion 

droplets due to the presence of surface-active impurities such as detergents used in dishwashing or 

home cleaning.258 The enhanced stability of such oily wastewaters would inevitably cause greater 

difficulties to the tag of the emulsified oil droplets by the interfacially active magnetic 

nanoparticles of uniform surface properties.  
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Janus particles of asymmetric surface wettability have attracted considerable interests.185 

Compared with the particles of uniform surface wettability, Janus particles of asymmetric surface 

wettability were found to be more effective emulsion stabilizers, leading to higher desorption 

energy of these particles from an oil-water interface.188-189, 259-260 Early studies showed a significant 

improvement in the anchoring of interfacially active particles if the particles were made of Janus 

characteristics, leading to a much stronger tagging of emulsified oil droplets and hence more 

efficient removal or recovery of oil from oily wastewaters.186-187 On this basis, we designed a new 

class of M-Janus nanoparticles synthesized by controlled adsorption of two natural cellulosic 

materials of opposing solubilities: a uniform adsorption of oil-soluble (hydrophobic) ethyl 

cellulose (EC), followed by the adsorption of water-soluble (hydrophilic) carboxymethyl cellulose 

(CMC) on a controlled area of the magnetite nanoparticle surfaces.194 Compared with the M-CMC-

EC nanoparticles of uniform surface modification by EC,56 M-Janus nanoparticles synthesized as 

such showed a much stronger interfacial activity and firmer anchoring at the toluene-water 

interface, leading to a more stable toluene-in-water Pickering emulsion. Due to their superior 

interfacial activities, we anticipate a more efficient removal/recovery of oil from the oily 

wastewaters by M-Janus nanoparticles than by M-CMC-EC nanoparticles of uniform surface 

modifications.259 To prove this hypothesis, we applied the M-Janus nanoparticles to the removal 

and recovery of oil from oily wastewaters. First, we investigated the interfacial activities of M-

Janus nanoparticles in the complex oily wastewaters (crude oil-in-water emulsions and cooking 

oil-in-water emulsions stabilized by synthetic surfactants). Compared with the M-CMC-EC 

nanoparticles reported previously, the M-Janus nanoparticles were found to deposit more 

effectively at the oil-water interface of the oily wastewaters, leading to a firmer deposition at the 

interfaces. The efficient removal and recovery of oil from oily wastewaters using M-Janus 
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nanoparticles were demonstrated for four types of oily wastewaters (crude oil in synthetic seawater, 

crude oil in tap water, cooking oil in synthetic seawater and cooking oil in detergent-containing 

tap water) to show the robust and wide applicability of M-Janus nanoparticles for treating different 

types of oily wastewaters. Finally, the recyclability of M-Janus nanoparticles from the recovered 

oil-rich phase was investigated, demonstrating a significant reduction in operating cost and 

production of secondary hazardous. This study clearly shows the great potentials of M-Janus 

nanoparticles of asymmetric surface wettability for treating challenging oily wastewaters and 

recovering valuable oil resources than the M-CMC-EC nanoparticles of uniform surface 

wettability. 

5.2 Results and Discussion 

5.2.1 Field Emission Scanning Electron Microscopy (FE-SEM) Imaging 

As shown in Figure 5-1, the M-CMC-EC nanoparticles with homogeneous EC coating formed 

agglomerates in the aqueous phase (Figures 5-1a and 5-1b), resulting from the attractive 

hydrophobic force between the water-insoluble EC layers on the M-CMC-EC nanoparticle 

surfaces. In contrast, the M-Janus nanoparticles were highly dispersed in the aqueous phase 

(Figure 5-1c and Figure 5-1d), due most likely to the hydrophilic CMC partially-coated 

subsequently on the M-CMC-EC nanoparticle surfaces. The abundant carboxyl groups of the 

hydrophilic CMC can generate strong electrostatic repulsive forces in the aqueous environment, 

leading to well-dispersed M-Janus nanoparticles.194 The measurement of particle size distribution 

could further demonstrate the better dispersion of M-Janus nanoparticles in the aqueous solution. 

After 15 min settling, the M-Janus nanoparticles still showed an average diameter of 183 nm, in 

contrast to an average diameter of 1042 nm for M-CMC-EC nanoparticles (Figure 5-2). Such 

results again demonstrate that the suspension of M-Janus nanoparticles could have a better 
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dispersion and stability than the suspension of M-CMC-EC nanoparticles in the aqueous solution 

due to stronger electrostatic repulsive forces between the M-Janus nanoparticles than that between 

M-CMC-EC nanoparticles. It is worth noting that the M-Janus nanoparticles had an average size 

of 223 nm in synthetic seawater (Figure 5-3), which is indeed slightly larger than the average size 

of 183 nm (Figure 5-2) for M-Janus nanoparticles in DI water, showing limited aggregation. 

Despite weak electrostatic repulsion in high electrolyte (synthetic seawater) solutions, the limited 

aggregation of M-Janus nanoparticles in synthetic seawater could be attributed to the steric 

repulsion of exposed CMC on M-Janus nanoparticles. The M-Janus nanoparticles with sizes 

between 100 - 200 nm were observed in the microscopic view, which were comparable with the 

average size of 167 nm analyzed using the commercial ImageJ software (Figure 5-4). The 

excellent dispersion state of the interfacially active M-Janus nanoparticles in the aqueous phase 

can promote the formation of the mono-particle layer at the oil-water interface, contributing to 

their better interfacial activities which were investigated comprehensively later.  

5.2.2 Interfacial Activities of M-Janus Nanoparticles and M-CMC-EC Nanoparticles in Oily 

Wastewaters  

5.2.2.1 Interfacial Tension  

Figure 5-5a shows the dynamic interfacial tension of the toluene-synthetic seawater interfaces in 

the presence of different interfacially active materials. The interfacial tension of the clean toluene-

synthetic seawater interface was found to be 39.6 ± 0.6 mN/m which is slightly higher than the 

value of ~ 37.2 ± 0.4 mN/m for a clean toluene-DI water interface. Such difference results from 

the high concentration of salt in the aqueous phase.135 For the diluted crude oil-DI water interface, 

the gradual decrease of the interfacial tension at the initial stage was observed because of the 

adsorption of asphaltenes in the crude oil at the diluted crude oil-DI water interface. At the final 
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stage, the interfacial tension of the diluted crude oil-DI water interface stabilized at 29.5 ± 0.1 

mN/m, in contrast to 26.6 ± 0.1 mN/m for the diluted crude oil-seawater interface. Due to the 

screening of electrostatic repulsion between charged head groups of asphaltenes, the high 

concentration of ions in the synthetic seawater could enhance the accumulation of asphaltenes at 

the crude oil-seawater interface, leading to a lower crude oil-seawater interfacial tension.256 It is 

worth noting that, the interfacial tension of the toluene-synthetic seawater interface in the presence 

of iron oxide nanoparticles (39.6 ± 0.5 mN/m) was almost the same as the case without iron oxide 

nanoparticles (39.6 ± 0.6 mN/m), suggesting a negligible interfacial inactivity of bare iron oxide 

nanoparticles (Figure 5-6a). 

 

Figure 5-1. Field-emission SEM images of 0.1 mg/mL a) M-CMC-EC nanoparticles and c) M-

Janus nanoparticles dispersed in aqueous phase, with b) and d) being enlarged view of red zone in 

a) and blue zone in c), respectively, showing better dispersion of M-Janus nanoparticles than M-

CMC-EC nanoparticles in aqueous phase.  
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Figure 5-2. Size distribution of 0.1 mg/mL M-Janus nanoparticles and M-CMC-EC nanoparticles 

in deionized water. The experiments were repeated three times, showing a negligible shift in the 

measured particle size distribution curves. 

 

Figure 5-3. Size distribution of 0.1 mg/mL M-Janus nanoparticles in synthetic seawater. The 

experiments were repeated three times, showing a negligible shift in the measured particle size 

distribution curves to ensure reliability.  
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Figure 5-4. Size distribution of well-dispersed M-Janus nanoparticles on a silica wafer (analyzed 

using commercial imaging analysis software Image J). 

Compared with the asphaltenes in the crude oil, the M-CMC-EC nanoparticles and the M-Janus 

nanoparticles were found to be more interfacially active. When the toluene droplet was generated 

in the suspension of M-CMC-EC nanoparticles in synthetic seawater, the interfacial tension was 

stabilized at 23.2 ± 0.4 mN/m. In contrast, the dynamic interfacial tension of the toluene-seawater 

interface in the presence of M-Janus nanoparticles showed a more significant decrease to 22.0 ± 

0.2 mN/m, indicating a stronger interfacial activity of M-Janus nanoparticles than M-CMC-EC 

nanoparticles.  

Figure 5-5b shows the change of interfacial tensions at the crude oil-seawater interface by the 

addition of different solutions into the original synthetic seawater. The addition of the pure 

synthetic seawater was used as a benchmark to indicate a negligible change of the crude oil-
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seawater interfacial tension with the addition of the pure synthetic seawater. However, the addition 

of the synthetic seawater with the dispersed M-CMC-EC or M-Janus nanoparticles into the original 

synthetic seawater led to a significant decrease in the diluted crude oil-synthetic seawater 

interfacial tension, suggesting the adsorption of these interfacially active nanoparticles onto the 

diluted crude oil-synthetic seawater interface and the stronger interfacial activities of these 

interfacially active nanoparticles as compared with the asphaltenes in the crude oil. Compared with 

the dispersed M-CMC-EC nanoparticles (22.4 ± 0.3 mN/m), the M-Janus nanoparticles (21.5 ± 

0.3 mN/m) caused a quicker decrease in the interfacial tension at the initial stage and a lower 

interfacial tension at the final state, demonstrating superior interfacial activities of the M-Janus 

nanoparticles.  

 

Figure 5-5. Dynamic interfacial tension of diluted crude oil and a) water in the presence of 

different materials (baseline represents toluene-water interface); b) synthetic seawater with 

subsequent addition as indicated by the dash line of different solutions. Suspensions of 

nanoparticles are prepared and added in synthetic seawater at 0.1 mg/mL nanoparticles. The 

experiments were triplicated with a relative experimental error of  2%.  
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Figure 5-7 shows the effect of the M-Janus nanoparticles, the M-CMC-EC nanoparticles and the 

detergent on the interfacial tension of the cooking oil-tap water interface. With the adsorption of 

interfacially active impurities in the cooking oil at the interface, the interfacial tension of the 

cooking oil-tap water interface finally stabilized at 21.6 ± 0.1 mN/m (Figure 5-7a). In contrast, 

the detergent dissolved in the aqueous phase led to a lower cooking oil-tap water interfacial tension 

of 18.3 ± 0.2 mN/m, suggesting a more interfacial active nature of the detergent than the impurities 

in the cooking oil. However, when the cooking oil droplet was generated in the tap water with the 

dispersed M-Janus (16.5 ± 0.6 mN/m) or M-CMC-EC (17.6 ± 0.2 mN/m) nanoparticles, even 

lower interfacial tensions were obtained as compared with the interfacial tension of the cooking 

oil-tap water interface (21.6 ± 0.1 mN/m). Such differences not only demonstrate the effective 

adsorption of the interfacially active nanoparticles at the cooking oil-tap water interface but also 

show a superior interfacial activity of the interfacially active nanoparticles when compared with 

the impurities in the cooking oil. 

As shown in Figure 5-7b, the addition of tap water caused a slight increase in the interfacial 

tension of the cooking oil-detergent-containing tap water interface. This increase was most likely 

caused by the decrease in the concentration of detergent in the bulk aqueous phase with the addition 

of tap water. In contrast, the addition of the tap water with the dispersed M-Janus or M-CMC-EC 

nanoparticles into the aqueous phase decreased the interfacial tension of the cooking oil-detergent-

containing tap water interface to 15.4 ± 0.4 mN/m and 17.5 ± 0.3 mN/m, respectively. Such a 

decrease in the interfacial tension clearly shows the adsorption of interfacially active nanoparticles 

onto the detergent-stabilized cooking oil-tap water interface, with M-Janus nanoparticles being 

more effective than M-CMC-EC nanoparticles. To better investigate the interfacial activity of M-
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Janus nanoparticles and M-CMC-EC nanoparticles, we proceeded with the measurements of 

interfacial pressure-area isotherms and the measurements of coalescence time. 

 

Figure 5-6. a) Dynamic interfacial tension of toluene-synthetic seawater interface in the presence 

or absence (blank) of bare iron oxide nanoparticles and b) interfacial pressure-area isotherm of 

toluene-synthetic seawater interface in the presence or absence (blank) of bare iron oxide 

nanoparticles, showing a negligible interfacial activity of bare iron oxide nanoparticles. 

Suspension contains 0.1 mg/mL bare iron oxide nanoparticles in synthetic seawater. The 

experiments were triplicated with a relative experimental error of  2%. 

5.2.2.2 Interfacial Pressure-Area (π-A) Isotherms 

To further investigate the interfacial activities of the M-Janus nanoparticles and the M-CMC-EC 

nanoparticles in the oily wastewaters, the Langmuir-Trough was used to study the interfacial 

behaviors of the nanoparticles at the toluene-seawater interface. As anticipated, the presence of 

bare iron oxide nanoparticles would not affect the interfacial pressure of the oil-water interface 

(Figure 5-6b) and therefore we focused on the interfacial activity of M-Janus nanoparticles and 

M-CMC-EC nanoparticles. As shown in Figure 5-8a, the interfacial pressure remained almost the 

same (12.0 ± 0.4 mN/m) during the compression of the toluene-seawater interface, indicating a 
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clean toluene-seawater interface. In the presence of the interfacially active materials at the toluene-

synthetic seawater interface, the interfacial pressure continued to increase with the gradual 

compression of the interface. Among all the interfacially active materials (crude oil: 18.4 ± 0.2 

mN/m and M-CMC-EC nanoparticles: 19.6 ± 0.3 mN/m), the toluene-synthetic seawater interface 

with the M-Janus nanoparticles reached the highest interfacial pressure (21.0 ± 0.1 mN/m), 

showing superior interfacial activities of M-Janus nanoparticles. 

 

Figure 5-7. Dynamic interfacial tension of cooking oil and a) tap water in the presence of different 

interfacial active materials (baseline represents clean cooking oil-tap water interface) and b) 

detergent-containing tap water interfaces with subsequent addition as indicated by the dash line of 

different solutions. Suspensions of nanoparticles in tap water contain 0.1 mg/mL nanoparticles. 

The experiments were triplicated with a relative experimental error of  3%. 

Figure 5-8b shows the interfacial pressure-area isotherms of the diluted crude oil-synthetic 

seawater interfaces in the absence and presence of M-Janus nanoparticles or M-CMC-EC 

nanoparticles. A duration of 15 min was first allowed for the diluted crude oil-synthetic seawater 

interface to reach equilibrium. The synthetic seawater with the dispersed M-Janus or M-CMC-EC 



114 
 

nanoparticles was then carefully injected into the seawater phase with the diluted crude oil-

seawater interface at the fully expanded position. The addition of these magnetic nanoparticle 

suspensions into the original seawater increased the interfacial pressure of diluted crude oil-

synthetic seawater interfaces, suggesting the effective adsorption of the interfacially active 

nanoparticles at the diluted crude oil-seawater interface. The adsorption of M-Janus nanoparticles 

(27.1 ± 0.4 mN/m) was shown to cause a bigger increase in the interfacial pressure at the diluted 

crude oil-seawater interface than the adsorption of M-CMC-EC nanoparticles (24.5 ± 0.3 mN/m), 

confirming superior interfacial activities of the M-Janus nanoparticles.   

For the waste cooking oil systems, cooking oil itself, unfortunately, cannot wet the Wilhelmy plate 

due to its high viscosity. Therefore, we used diluted cooking oil (toluene containing 2 mg/mL 

cooking oil) as the oil phase to investigate the interfacial activities of M-CMC-EC nanoparticles 

and M-Janus nanoparticles in the waste cooking oil systems. As shown in Figure 5-9a, the 

interfacial pressure of the toluene-water interface increased continuously with the compression of 

the trough area, reaching maximum pressure values of 15.8 ± 0.3 mN/m (adsorption of impurities 

in cooking oil), 18.2 ± 0.3 mN/m (adsorption of M-CMC-EC nanoparticles) and 21.5 ± 0.4 mN/m 

(adsorption of M-Janus nanoparticles) when the trough area was compressed from 240 cm2 to 25 

cm2. Based on these results, the toluene-tap water interface in the presence of M-Janus 

nanoparticles showed a higher interfacial pressure than that of M-CMC-EC nanoparticles, both 

being higher than the interfacial pressure of impurities in cooking oil. 

Figure 5-9b shows a significant impact of M-CMC-EC or M-Janus nanoparticles at the interface 

on the interfacial pressure of the diluted cooking oil-detergent-containing tap water interface. It is 

interesting to note that the interfacial pressure of the detergent-stabilized toluene-tap water 

interface remained almost the same at 16 mN/m during the compression process. It appears that 
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the detergent molecules were reversibly adsorbed at the toluene-tap water interface even though 

they were more interfacially active as shown by a higher initial interfacial pressure (15.4 ± 0.1 

mN/m) when compared with inherent impurities in cooking oil (14.2 ± 0.2 mN/m). The injection 

of nanoparticle suspensions into the detergent-containing tap water increased interfacial pressures, 

clearly demonstrating the effective deposition of the interfacially active nanoparticles at the 

detergent-stabilized cooking oil-water interface. It is worth noting that the highest interfacial 

pressure was observed for M-Janus nanoparticles (26.2 ± 0.2 mN/m), demonstrating the stronger 

interfacial activity of the M-Janus nanoparticles as compared with the M-CMC-EC nanoparticles 

(25.0 ± 0.5 mN/m). 

 

Figure 5-8. Interfacial pressure-area isotherms of a) toluene-synthetic seawater interfaces in the 

presence of M-Janus nanoparticles, M-CMC-EC nanoparticles or interfacially active components 

in crude oil (baseline represents clean toluene-synthetic seawater interface) and b) diluted crude 

oil-synthetic seawater interface in the presence of M-Janus nanoparticles and M-CMC-EC 

nanoparticles. Suspensions of nanoparticles in synthetic seawater contain 0.1 mg/mL nanoparticles. 

The experiments were triplicated with a relative experimental error of  5%.  
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5.2.2.3 Coalescence Time Measurement 

The results of the coalescence measurement in Table 5-1 show an immediate coalescence of the 

pure toluene droplets in the synthetic seawater upon their contact. However, it took 9.69 ± 2.16 s 

for two diluted crude oil droplets to coalesce in the synthetic seawater, suggesting stabilization of 

crude oil-synthetic seawater interface by asphaltenes in the crude oil. The coalescence time of the 

crude oil droplets in the synthetic seawater suspension of M-CMC-EC nanoparticles increased to 

18.47 ± 0.60 s (Figure 5-10 and Table 5-1), indicating enhanced stability of the droplets by M-

CMC-EC nanoparticles at the oil droplet surfaces. A further increase in the coalescence time to 

38.67 ± 6.60 s was observed for the diluted crude oil droplets stabilized by M-Janus nanoparticles 

(Figure 5-10 and Table 1), suggesting a much stronger anchoring of M-Janus nanoparticles at the 

crude oil-synthetic seawater interfaces as compared with M-CMC-EC nanoparticles. With the 

stronger deposition of M-Janus nanoparticles at the diluted crude oil-synthetic seawater interface, 

more efficient control of oil droplets stabilized by M-Janus nanoparticles than by M-CMC-EC 

nanoparticles by an external magnetic field is anticipated. 

Table 5-1. Coalescence time of two diluted crude oil droplets in different aqueous environments. 

The measurements of coalescence time were repeated three times and the error range represents 

one standard deviation of measurements.  

Oil Phase Aqueous Phase Coalescence Time (s) 

Pure Toluene Synthetic Seawater 0 

Diluted Crude Oil Synthetic Seawater 9.69 ± 2.16 

Diluted Crude Oil 
Suspension of 100 ppm M-CMC-EC 

Nanoparticles in Synthetic Seawater 
18.47 ± 0.60 

Diluted Crude Oil 
Suspension of 100 ppm M-Janus 

Nanoparticles in Synthetic Seawater 
38.67 ± 6.60 
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Figure 5-9. Interfacial pressure-area isotherms of a) toluene-tap water interfaces in the absence 

and presence of M-Janus or M-CMC-EC nanoparticles (baseline represents clean toluene-tap water 

interface) and b) toluene-detergent-containing tap water interface in the absence and presence of 

M-Janus nanoparticles, M-CMC-EC nanoparticles or cooking oil (baseline represents toluene-

detergent-containing tap water). Suspensions of nanoparticles in tap water contain 0.1 mg/mL 

nanoparticles. The experiments were triplicated with a relative experimental error of  4%. 

The coalescence processes of the two cooking oil droplets in the different tap water environments 

are shown in Figure 5-11 and the results are summarized in Table 5-2. The cooking oil droplets 

required a contact time of 18.67 ± 1.59 s to coalesce in tap water, resulting from the stabilization 

of the cooking oil-tap water interface by the inherent impurities in the cooking oil. When the 

cooking oil droplets were contacted in the detergent-containing tap water, the coalescence time of 

oil droplets increased significantly to 35.07 ± 2.68 s as anticipated. Such increase results from 

stronger adsorption of interfacially active detergent molecules at the cooking oil-tap water 

interface. However, the addition of dispersed M-CMC-EC nanoparticles into the aqueous phase 

caused a further increase in the coalescence time of the cooking oil droplets to 43.60 ± 0.67 s, 

demonstrating a more interfacially active nature of M-CMC-EC nanoparticles as compared with 
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the remaining detergent in the tap water. An even longer coalescence time of 59.53 ± 3.93 s was 

observed for cooking oil droplets in tap water containing the same concentration of M-Janus 

nanoparticles as M-CMC-EC nanoparticles. Such observation indicates a superior interfacial 

activity of M-Janus nanoparticles as compared with the inherent impurities in the cooking oil, the 

detergent molecules, and M-CMC-EC nanoparticles. The superior interfacial activity of the M-

Janus nanoparticles ensures their effective and firm anchoring on the oil droplet surfaces in the 

oily wastewater systems, laying the solid foundation for the subsequent removal/recovery of waste 

oil under an external magnetic field. 

 

Figure 5-10. Snapshots for the coalescence process of diluted crude oil droplets without (blank) 

or with stabilization by M-CMC-EC or M-Janus nanoparticles in synthetic seawater. The white 

scale bars in figure are 1 mm. The concentration of nanoparticles in synthetic seawater is 100 ppm.  
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The results of coalescence time measurements, interfacial pressure-area isotherms measurements 

and interfacial tension measurements all show the stronger interfacial activities of M-Janus 

nanoparticles than the other interfacially active components in crude oil or cooking oil, detergent 

remained in tap water and M-CMC-EC nanoparticles reported previously. With their superior 

interfacial activities and firmer anchoring at the oil-water interfaces, the M-Janus nanoparticles are 

anticipated to have promising applications to the oil removal/recovery from the complex oily 

wastewaters. 

 

Figure 5-11. Snapshots for the coalescence process of cooking oil droplets without or with 

stabilization by M-CMC-EC or M-Janus nanoparticles in tap water (blank) and detergent-

containing tap water. The white scale bars in figure are 1 mm. The concentration of nanoparticles 

in tap water is 100 ppm.  
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Table 5-2. Coalescence time of two vegetable oil droplets in different aqueous environments. The 

measurements of coalescence time were repeated three times and the error range represents one 

standard deviation of measurements.  

Oil Phase Aqueous Phase Coalescence Time (s) 

Pure Cooking Oil Tap Water 18.67 ± 1.59 

Pure Cooking Oil Tap Water w/Detergent 35.07 ± 2.68 

Pure Cooking Oil 
Tap Water w/Detergent + 100 ppm of  

M-CMC-EC Nanoparticles in Tap Water  
43.60 ± 0.67 

Pure Cooking Oil 
Tap Water w/Detergent + 100 ppm of  

M-Janus Nanoparticles in Tap Water 
59.53 ± 3.93 

5.2.3 Concept of M-Janus Nanoparticles for Removing/Recovering Oil from Oily 

Wastewaters  

As shown in Figure 5-12, the suspension of M-Janus nanoparticles was prepared by dispersing 

M-Janus nanoparticles in the tap water or the synthetic seawater (S1) prior to their addition to the 

oily wastewaters (S2). With their superior interfacial activities, the M-Janus nanoparticles could 

anchor securely at the oil-water interface. The oil droplets tagged by magnetic M-Janus 

nanoparticles (schematics above S3) were transported by a strong hand magnet to desired locations 

and removed/recovered from the oily wastewaters (S3), leading to a clean aqueous phase to be 

separated for safe disposal (S4 and S5). The M-Janus nanoparticle-tagged oil droplets were 

attracted firmly to the sidewalls of the vial. Then, the magnet was controlled to move back and 

forth to strengthen the interactions between the oil droplets, forcing the coalescence of the oil 

droplets. By repeating the procedures a couple of times, oil droplets stabilized by M-Janus 

nanoparticles were squeezed out and settling to the bottom of the vial by gravity, achieving the 

separation of M-Janus nanoparticles and waste oil (S6). The M-Janus nanoparticles separated as 
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such were then collected and cleaned thoroughly by toluene washing as regenerated M-Janus 

nanoparticles for subsequent applications (S7).   

5.2.4 Removal/Recovery of Oil from Oily Wastewaters using M-Janus Nanoparticles 

Figure 5-13 shows the process of removing/recovering crude oil or waste cooking oil from 

synthetic oily wastewaters: crude oil in synthetic seawater (Figure 5-13a), crude oil in tap water 

(Figure 5-13b), cooking oil in synthetic seawater (Figure 5-13c) and cooking oil in detergent-

containing tap water (Figure 5-13d) using magnetic M-Janus nanoparticles. The oily wastewaters 

were prepared by mixing of oil (crude oil or cooking oil) with water (synthetic seawater or tap 

water) at a volume ratio of 1:9 (voil/vwater). After 1-h settling, there was no obvious phase separation 

in the oily wastewaters, indicating extreme stability of such oily wastewaters if there is no further 

treatment. To remove/recover waste oil from oily wastewaters, the M-Janus nanoparticles were 

first dispersed in a small amount of synthetic seawater or tap water to make up different oily 

wastewater systems. The resulting suspension of M-Janus nanoparticles was then added into the 

oily wastewaters. Interestingly, despite the stabilization of O/W (oil-in-water) emulsions by M-

Janus nanoparticles, the mixture showed a rapid phase separation. The rapid phase separation 

results most likely from the bridge-flocculation of oil droplets by solvated cellulosic chains of EC 

on M-Janus nanoparticle surfaces.239 The dark rim of the oil droplets shown in Figure 5-14 

suggests the anchoring of M-Janus nanoparticles onto the waste oil droplet surfaces. Assisted by a 

strong hand magnet, oil droplets tagged by M-Janus nanoparticles were attracted to the sidewalls 

of the vial, leading to a cleaned (clear) aqueous phase. It should be noted that the M-Janus 

nanoparticle-stabilized oil droplets would interact strongly with each other in an external magnetic 

field, enhancing the coalescence of oil droplets by magnetic forces (Figure 5-15) and resulting in 

the formation of larger oil droplets. Figure 5-13 shows that cooking oil-in-water emulsions is more 
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susceptible for magnetic force induced coalescence than crude oil-in-water emulsions, more so for 

the systems without detergent than with detergent. It appears that for a given magnetic force field, 

less stable cooking oil-water emulsions are more susceptible for destabilization than more stable 

crude oil-in-water emulsions as anticipated. 

As an example, Figure 5-16 shows the controlled transport of oil droplets tagged by M-Janus 

nanoparticles under the external magnetic field, demonstrating the effective magnetic 

responsiveness of the M-Janus nanoparticle-tagged oil droplets. Such oil droplets showed no 

obvious coalescence during the transport, suggesting the satisfying stability enhanced by M-Janus 

nanoparticles. After separating the clean aqueous phase from the oily-rich emulsions, a strong hand 

magnet was used to remove M-Janus nanoparticles from the oil phase, achieving the effective 

separation/recovery of oil from the oily wastewaters and showing the potential for the 

recycle/reuse of the spent M-Janus nanoparticles. Such successful and effective removal/recovery 

of waste oil from the synthetic wastewaters clearly demonstrates the robust and wide applicability 

of M-Janus nanoparticles for treating various types of oily wastewaters.  

 

Figure 5-12. Schematic illustration of removing/recovering waste oil from oily wastewaters using 

M-Janus nanoparticles.   
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5.2.5 Efficiency of Removing/Recovering Oil from Oily Wastewaters using M-Janus 

Nanoparticles 

As shown in Figure 5-17, by measuring the carbon content of the oily wastewaters before and 

after oil removal/recovery, an oil removal/recovery efficiency of 87.23 ± 1.68 % and 87.96 ± 2.15 % 

was obtained by M-CMC-EC nanoparticles for the crude oil/synthetic seawater and crude oil/tap 

water, respectively. In contrast, the use of M-Janus nanoparticles led to an oil remove/recover 

efficiency of 95.1 ± 2.31 % and 96.72 ± 1.28 % from synthetic seawater and oily tap water, 

indicating a more efficient removal/recovery of crude oil from the oily wastewaters by M-Janus 

nanoparticles than by M-CMC-EC nanoparticles. 

With the addition of M-Janus nanoparticles, oil removal/recovery efficiency of 92.67 ± 1.99 % 

and 91.56 ± 3.51 % was obtained for the cooking oil in synthetic seawater and detergent-containing 

tap water, respectively, in contrast to 85.77 ± 1.63 % and 84.32 ± 2.27 % obtained with the addition 

of M-CMC-EC nanoparticles. Such results clearly suggest again more efficient removal/recovery 

of cooking oil from complex oily wastewaters by M-Janus nanoparticles than by M-CMC-EC 

nanoparticles. The results of measuring the water content in the recovered oil showed less than 1.6 

wt% of the water in the recovered oil-rich phase. With such a low concentration of wastewater, 

the recovered oil is of satisfying quality for the subsequent refining. It is interesting to note a 

removing/recovering efficiency of oil from oily wastewaters to be less than 100%, as anticipated 

due to wetting films of oil remained on hydrophobic sections of M-Janus nanoparticles. This 

portion of oil will remain in the washing fluids of regeneration that could be further recovered.  
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Figure 5-13. Demonstration of removing/recovering waste oil from a) diluted crude oil-in-

synthetic seawater, b) diluted crude oil-in-tap water, c) cooking oil-in-tap water and d) cooking 

oil-in-detergent-containing tap water using M-Janus nanoparticles under an external magnetic field. 

The concentration of M-Janus nanoparticles in aqueous solution is 15 mg/mL.  
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Figure 5-14. Microscopy images of a) crude oil-in-synthetic seawater, b) crude oil-in-tap water, 

c) cooking oil-in-synthetic seawater and d) cooking oil-in-detergent-containing tap water without 

or with stabilization by M-Janus nanoparticles. The scale bars in figure are 100 μm. 

 

Figure 5-15. Formation of large oil droplets during magnetic controlling process.  
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Figure 5-16. Magnetic controlling process of M-Janus nanoparticle-stabilized oil droplets. The 

scale bars in figure are 100 μm. 

 

Figure 5-17. Oil removal/recovery efficiency using 1.5 wt% M-Janus nanoparticles or M-CMC-

EC nanoparticles for a) crude oil and b) cooking oil in oily wastewaters. The experiments of oil 

removal/recovery were repeated three times with error bars being one standard deviation. 

To better understand the relationship between the oil removal/recovery performance of the 

nanoparticles with their interfacial activities, the mass of nanoparticles which remained in the 

aqueous phase after oil collection was determined. The results in Table 5-3 showed fewer M-Janus 

nanoparticles in the aqueous solutions after oil collection as compared with the M-CMC-EC 
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nanoparticles, suggesting stronger attachment of more M-Janus nanoparticles at the oil-water 

interface than the M-CMC-EC nanoparticles. This observation correlates well with higher 

interfacial pressure and much longer coalescence time of oil droplets in suspensions of 100 ppm 

M-Janus nanoparticles than in 100 ppm M-CMC-EC nanoparticles, illustrating more secure 

anchoring of M-Janus nanoparticles at the oil-water interface, which led to the observed better oil 

removal/recovery performance from oily wastewaters by M-Janus nanoparticles than by M-CMC-

EC nanoparticles. It is worth noting that the recovered oil-rich phase showed higher turbidity than 

the original oil. This is because the recovered oil-rich phase contained some remaining M-Janus 

nanoparticles. The remaining M-Janus nanoparticles in the oil-rich phase may influence the further 

refinery of the recovered oil. To address this issue, the remaining M-Janus nanoparticles could be 

separated from the recovered oil via magnetic separating process such as using a magnetic drum 

separator in practical applications, achieving the highly purified recovered oil phase for the further 

refinery process. 

5.2.6 Reusability of M-Janus Nanoparticles for Removing/Recovering Oil from Oily 

Wastewaters 

As discussed above, the M-Janus nanoparticles showed promising applications to 

removal/recovery of waste oil from oily wastewaters, and it would be extremely attractive if the 

spent particles could be recycled and reused, reducing not only operating cost but also the 

generation of secondary wastes.  

After removing/recovering oil from the oily wastewaters, the M-Janus nanoparticles were 

collected and regenerated for the subsequent applications. Figure 5-18 shows that with simple 

washing the oil removal/recovery efficiency using the regenerated M-Janus nanoparticles 

remained high for at least 5 cycles tested. After collecting M-Janus nanoparticles using a strong 
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hand magnet, the collected M-Janus nanoparticles were cleaned by a facile regeneration process 

(washing with toluene and acetone) to remove possible contaminations (detergents, crude oil and 

cooking oil) from the recycled M-Janus nanoparticle surfaces. After regeneration, the recycled M-

Janus nanoparticles could effectively lower the oil-water interfacial tensions to 21.5 – 23.9 mN/m, 

which are similar to the interfacial tension (~ 22.2 mN/m) of oil-water interface in the presence of 

freshly prepared M-Janus nanoparticles, indicating an insignificant contamination of M-Janus 

nanoparticles after each regeneration by washing with toluene and acetone. The efficiencies of 

removing/recovering crude oil or cooking oil from synthetic seawater or detergent-containing tap 

water remained high in all 5 cycles investigated, suggesting the robust nature of M-Janus 

nanoparticles for the oil removal/recovery from oily wastewaters.  

Table 5-3. Mass of M-Janus or M-CMC-EC nanoparticles in aqueous phase and estimated mass 

of corresponding nanoparticles at oil-water interface after oil collection. The experiments of 

measuring the mass of nanoparticles in aqueous phase were repeated three times and the error 

range represents one standard deviation of measurements.  

Oily Wastewaters 

M-Janus nanoparticles  M-CMC-EC nanoparticles 

at Oil-Water 

Interface (mg) a  

in Aqueous Phase 

(mg)  
at Oil-Water 

Interface (mg) a 

in Aqueous Phase 

(mg)  

 Crude Oil 

Synthetic Seawater 133.2± 2.3 16.8 ± 2.3 122.6± 2.8 27.4 ± 2.8 

Tap Water 137.3± 1.5 12.7 ± 1.5 126.3± 1.9 23.7 ± 1.9 

 Cooking Oil 

Synthetic Seawater 128.3± 1.7 21.7 ± 1.7 121.7± 3.5 28.3 ± 3.5 

Tap Water 

w/Detergent 
130.7± 3.4 19.3 ± 3.4 117.1± 2.4 32.9 ± 2.4 

a Mass of nanoparticles at oil-water interface = Mass of applied nanoparticles - Mass of 

nanoparticles in aqueous phase. 
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Table 5-4. Recycle of M-Janus nanoparticles after removing/recovering crude oil from synthetic 

seawater. The experiments were triplicated and the error range represents one standard deviation 

of measurements.  

Cycle 1 2 3 4 5 

Added (mg) 150.0 150.0 150.0 150.0 150.0 

Recovered (mg) 146.6 ± 2.0 143.9± 2.2 147.1± 1.8 145.8± 2.6 144.8± 3.1 

Recovery of M-Janus nanoparticles 

(%) 
97.7 ± 1.3 95.9 ± 1.5 98.1 ± 1.2 97.2 ± 1.7 96.5 ± 2.1 

Table 5-5. Recycle of M-Janus nanoparticles after removing/recovering crude oil from tap water. 

The experiments were triplicated and the error range represents one standard deviation of 

measurements. 

Cycle 1 2 3 4 5 

Added (mg) 150.0 150.0 150.0 150.0 150.0 

Recovered (mg) 148.7 ± 1.1 145.8 ± 1.7 146.4 ± 2.2 145.2 ± 1.9 145.6 ± 2.4 

Recovery of M-Janus nanoparticles 

(%) 
99.1 ± 0.7 97.2 ± 1.1 97.6 ± 1.5 96.8 ± 1.3 97.1 ± 1.6 

Table 5-6. Recycle of M-Janus nanoparticles after removing/recovering cooking oil from synthetic 

seawater. The experiments were triplicated and the error range represents one standard deviation 

of measurements. 

Cycle 1 2 3 4 5 

Added (mg) 150.0 150.0 150.0 150.0 150.0 

Recovered (mg) 142.2 ± 2.4 144.3 ± 2.7  143.4 ± 1.9  143.7 ± 2.3  144.7 ± 3.3 

Recovery of M-Janus nanoparticles 

(%) 
94.8 ± 1.6 96.2 ± 1.8 95.6 ± 1.3 95.8 ± 1.5 96.5 ± 2.2 
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Table 5-7. Recycle of M-Janus nanoparticles after removing/recovering cooking oil from 

detergent-containing tap water. The experiments were triplicated and the error range represents 

one standard deviation of measurements. 

Cycle 1 2 3 4 5 

Added (mg) 150.0 150.0 150.0 150.0 150.0 

Recovered (mg) 141.9 ± 2.9 139.8 ± 3.5 143.7 ± 2.2 145.1 ± 1.8 140.8 ± 3.4 

Recovery of M-Janus nanoparticles 

(%) 
94.6 ± 1.9 93.2 ± 2.3 95.8 ± 1.5 96.7 ± 1.2 93.9 ± 2.3 

 

 

Figure 5-18. Removal/recovery efficiency of oil using recycled M-Janus nanoparticles from: a) 

crude oil-in-synthetic seawater, b) crude oil-in-tap water, c) cooking oil-in-synthetic seawater, and 

d) cooking oil-in-detergent-containing tap water; and corresponding oil-water interfacial tensions 

in the presence of M-Janus nanoparticles recycled after each cycle. The experiments were 

triplicated and the error range represents one standard deviation of measurements.  
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The recovery of M-Janus nanoparticles in the recycling test is greater than 93.2 % (Tables 5-4, 5-

5, 5-6 and 5-7), demonstrating the successful recycling of M-Janus nanoparticles in a lab-scale 

batch process. We should note that the recovery of M-Janus nanoparticles in realistic applications 

could be further improved by using stronger electromagnet or high gradient magnetic separators. 

The excellent performance of the recycled M-Janus nanoparticles ensures sustainable applications 

of M-Janus nanoparticles developed in this study for removing/recovery of oil from various types 

of oily wastewaters.  

5.3 Conclusions 

In this study, magnetic Janus nanoparticles (M-Janus nanoparticles) of asymmetric surface 

wettability were applied to removing/recovering more effectively of crude oils or waste cooking 

oils from different oily wastewaters stabilized by natural and/or synthetic surfactants. Despite the 

stabilization of waste oil by such natural and/or synthetic surfactants, our hypothesis is that the M-

Janus nanoparticles of asymmetric wettability as compared with biwettable magnetic nanoparticles 

of uniform surface wettability could anchor more firmly at the oil-water interface, leading to more 

effective treatment of oily wastewaters and removal/recovery of waste oil.  

Compared with the magnetically responsive and interfacially active nanoparticles (M-CMC-EC 

nanoparticles) of uniform surface wettability reported previously,56 the M-Janus nanoparticles of 

asymmetric surface wettability exhibited superior interfacial activities in the complex oily 

wastewater systems, including lower oil-water interfacial tension and stronger deposition of M-

Janus nanoparticles on droplet surfaces. By anchoring more securely at the waste oil droplet 

surfaces, the M-Janus nanoparticles showed > 91.5 % oil removal/recovery efficiency in contrast 

to > 84.3% obtained with the M-CMC-EC nanoparticles. Such results clearly demonstrate the 

improvement in the oil removal/recovery using Janus nanoparticles of asymmetric surface 
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wettability instead of traditional nanoparticles of uniform surface wettability, confirming our 

hypothesis. Furthermore, the results from the recycling test after regeneration of spent particles 

illustrated the reliable and sustainable applications of M-Janus nanoparticles to 

removing/recovering oil from oily wastewaters under realistic conditions. Compared with other 

magnetic Janus nanoparticles for oil removal/recovery,189, 191, 226, 261 our novel M-Janus 

nanoparticles were facilely synthesized using low-cost, commercially available, biodegradable and 

naturally available cellulosic materials, leading to applications oily wastewater treatment and oil 

recovery without generating secondary hazards to the ambient environment.  
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Chapter 6 Removal of Emulsified Process Water from Crude Oil 

Emulsions using Magnetic Janus Nanoparticles 

X. He, Q. Liu and Z. Xu, Removal of Emulsified Process Water from Crude Oil Emulsions using 

Magnetic Janus Nanoparticles, in preparation. 

Process water is inevitably emulsified in crude oil during crude oil production processes. The 

potential catastrophic damage to the downstream equipment by the process water of high 

electrolyte contents has inspired researchers to develop effective methods to remove the emulsified 

water from crude oil emulsions prior to their further processing. In this study, novel magnetic Janus 

nanoparticles of asymmetric surface wettabilities, called M-Janus nanoparticles, were applied for 

the first time to removing emulsified process water from the crude oil emulsions at room 

temperature. Despite the presence of other interfacially active components such as natural 

surfactants and inorganic electrolytes in the process water and asphaltenes in the crude oil, the M-

Janus nanoparticles showed stronger interfacial activities that allowed them to anchor more firmly 

at the diluted crude oil-process water interface than conventional interfacial active nanoparticles 

(M-CMC-EC nanoparticles) of uniform surface wettabilities. With the addition of 0.75 wt% M-

Janus nanoparticles, around 90 wt% emulsified process water was removed from the diluted crude 

oil, in contrast to the removal of 80 wt% water obtained with the addition of M-CMC-EC 

nanoparticles at the same dosage. The M-Janus nanoparticles were shown to be more robust in 

dewatering the crude oil emulsions of different water contents (2.5 wt% - 20 wt%). After 

dewatering the crude oil emulsions, the M-Janus nanoparticles could be recycled conveniently and 

reused for the subsequent dewatering process with facile regeneration, retaining excellent 

interfacial activities and high dewatering efficiency for at least six cycles. The superior interfacial 

activities, high dewatering efficiency, exceptional recyclability make the M-Janus nanoparticles 
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ideal candidates for dewatering the emulsified process water from crude oil in petroleum 

production. 

6.1 Introduction 

In petroleum production, process water-in-crude oil emulsions are often inevitably generated.262-

263 The salts such as chlorides and sulfides contained in the process water are harsh hazards to the 

downstream processing because such salts can cause severe corrosion to the refinery equipment 

and serious poisoning to the cracking and refining catalysts.264-265 Removal of the emulsified water 

from crude oils prior to their downstream processing has been one of the major challenges facing 

the petroleum industry. In crude oil production, the connate and process water of high salinity is 

emulsified and stabilized by the formation of an interfacial film at the crude oil-process water 

interface from the interfacially active components such as asphaltenes, resins and fine particles 

(waxes and clays).266-268 The interfacial film of high mechanical strength creates an insurmountable 

steric barrier between the emulsified water droplets to prevent them from flocculating and 

coalescing, leading to a process water-in-crude oil emulsion of incredible stability.196 The intrinsic 

stability of such emulsions must be broken to remove the emulsified water prior to subsequent 

processes. The current techniques to break such emulsions include thermal treatment,269 

demulsifier treatment,195, 239, 270-271 dense carbon dioxide,272 ionic liquids, and microwave 

radiation.154, 273-274 However, these methods have inherent drawbacks, including the high expense 

of consumed energy, unsatisfying dewatering efficiency, generation of secondary hazards, and 

inconvenient recycling.  

Recently, assisted with an external magnetic field, magnetically responsive and interfacially active 

nanoparticles have been considered as effective tools to remove emulsified water from crude oil 

emulsions.275-276 With the promising interfacial activities, such nanoparticles are capable of 
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anchoring at emulsified water droplet surfaces, leading to the formation of nanoparticle-tagged 

water droplets. Driven by the responded magnetic force, such water droplets could be attracted 

and transported to the desired locations, resulting in effective removal of process water from the 

crude oil emulsions. Compared with the other demulsification technologies, removing process 

water achieved by magnetically responsive and interfacially active nanoparticles exhibits higher 

throughput and efficiency, less labor-intensity and consumption of energy, easier recycling of raw 

materials, and lower cost. A variety of magnetic nanoparticles have been reported to be 

interfacially active with uniform surface modification by poly(2-demthylaminoethyl methacrylate) 

(PDMAEMA),277 oleic acids,182 polyelectrolytes,55 polyvinylpyrrolidone, and ethyl cellulose.56, 58, 

183, 220 Such materials on the nanoparticle surfaces can effectively disturb and destroy the stable 

interfacial film which is the main contribution to the stability of process water-in-crude oil 

emulsions, resulting in available anchoring sites for the nanoparticles at the water droplet surfaces. 

With the tagging by the nanoparticles, the process water droplets could be removed under an 

external magnetic field. However, the nanoparticles may desorb from the water droplet surfaces if 

the responded magnetic forces are too powerful,184 leading to unattractable water droplets and 

hence the ineffective dewatering of the crude oil emulsions. Although a relatively weak magnetic 

field can avoid the desorption of the nanoparticles from the water droplet surfaces, the responded 

magnetic forces are feeble at the same time, resulting in slow and inefficient removal of water 

droplets. Based on these reasons, nanoparticles with more secure anchoring at the oil-water 

interface are highly desirable for dewatering the crude oil emulsions under the external magnetic 

field.  

Janus nanoparticles have attracted a wide range of interests because of their unique structure and 

asymmetric surface wettability.278-279 With two contrasting surface wettability on Janus 
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nanoparticle surfaces, the nanoparticles can possess superior interfacial activities than the 

nanoparticles of uniform surface wettability.185, 189 As a result, Janus nanoparticles of asymmetric 

surface wettability require higher energy to desorb from the oil-water interface than the 

nanoparticles of uniform surface wettability,175 representing the stronger anchoring of Janus 

nanoparticle at the oil-water interface. With the stabilization by such Janus nanoparticles, the Janus 

nanoparticles-tagged process water droplets are more stable under the external magnetic field and 

the Janus nanoparticles are anticipated to have better performance on removing water from crude 

oil emulsions than the nanoparticles of uniform surface wettability. For example, Ali et al. reported 

the interfacially active P(MMA-AA-DVB)/Fe3O4 Janus nanoparticles, which were applied 

successfully to removing water from crude oil emulsions at elevated temperature, showing the 

promising application of Janus nanoparticles to the dewatering of water-in-crude oil emulsions. 

191, 226 Recently, we designed a novel magnetic Janus nanoparticle, called M-Janus nanoparticle, 

which was synthesized via the Pickering emulsion method using hydrophobic ethyl cellulose (EC) 

and hydrophilic carboxymethyl cellulose (CMC).194 The M-Janus nanoparticles of asymmetric 

surface wettability exhibited superior interfacial activities at the clean toluene-water interface than 

the nanoparticles of uniform surface properties (M-CMC-EC nanoparticles) reported previously.56, 

194 Meanwhile, the M-CMC-EC nanoparticles could dewater the diluted crude oil emulsions at 

room temperature. Based on these reasons, we anticipate that M-Janus nanoparticles of superior 

interfacial activities show better performance on dewatering the crude oil emulsions at room 

temperature than M-CMC-EC nanoparticles.  

In this study, the M-Janus nanoparticles were applied for the first time to removing emulsified 

process water from crude oil emulsions. The M-Janus nanoparticles could anchor securely at the 

diluted crude oil-process water interface despite the presence of natural surfactants in crude oil 
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and inorganic electrolytes in process water. The M-Janus nanoparticles of asymmetric surface 

wettability showed superior interfacial activities including lower oil-water interfacial tension and 

rigidifying oil-water interface than the M-CMC-EC nanoparticles of uniform surface wettability. 

For dewatering the crude oil emulsions of 5 wt% initial water content, the M-Janus nanoparticles 

showed a maximum dewatering efficiency of 95%, in contrast to 91% obtained by M-CMC-EC 

nanoparticles. When the M-Janus nanoparticles were applied to the removal of water from crude 

oil emulsions of various initial water contents (2.5 wt%-20 wt%), the water contents in the 

emulsions decreased significantly to less than 1 wt%, showing the robust dewatering ability of M-

Janus nanoparticles on treating the diluted crude oil emulsions containing various process water. 

After the dewatering process, the M-Janus nanoparticles can be recycled and reused without 

complex regeneration while still retaining high dewatering efficiency and excellent interfacial 

activities, indicating their promising recyclability and sustainability.  

6.2 Concept of Dewatering Crude Oil Emulsions using M-Janus Nanoparticles and M-CMC-

EC Nanoparticles under External Magnetic Field 

Scheme 6-1 shows the dewatering process water-in-diluted crude oil emulsions using M-Janus 

nanoparticles and M-CMC-EC nanoparticles. The process water droplets were typically stabilized 

by the natural surfactants in crude oil. Without proper treatment, the process water droplets of 

several micrometer sizes were stable and well dispersed in the crude oil emulsion. The suspension 

of nanoparticles (M-Janus or M-CMC-EC nanoparticles) in organic solvent was prepared by 

dispersing M-Janus or M-CMC-EC nanoparticles in a tiny amount of heavy. The suspension 

prepared as such was then added into the process water-in-diluted crude oil emulsion, followed by 

vigorous mixing. Due to the EC coating on the nanoparticle surface, such interfacially active 

nanoparticles could effectively break the protective interfacial film and anchor at the water droplet 
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surfaces. A strong hand magnet was then placed by the side of the emulsion to attract the 

nanoparticles-tagged water droplets, achieving the removal of process water from the bulk diluted 

crude oil emulsion. Compared with M-CMC-EC nanoparticles of uniform surface wettability, M-

Janus nanoparticles of asymmetric surface wettability had superior interfacial activities and 

anchored more securely at the water droplet surfaces, leading to their more secure anchoring at the 

process water droplet surfaces. Under the external magnetic field, the M-Janus nanoparticles were 

more challenging to desorb from the water droplet surfaces than the M-CMC-EC nanoparticles. 

As a result, the M-Janus nanoparticles-tagged process water droplets were more stable than water 

droplets tagged by the M-CMC-EC nanoparticles under the external magnetic field, leading to 

more efficient and effective dewatering of the crude oil emulsion using M-Janus nanoparticles. 

 

Scheme 6-1. Schematic illustration of dewatering process water-in-diluted crude oil emulsions 

using magnetically responsive and interfacially active nanoparticles.   
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6.3 Results and Discussion 

6.3.1 Dispersion of M-CMC-EC Nanoparticles and M-Janus Nanoparticles at Oil-Water 

Interface 

Figure 6-1 shows the dispersion of M-Janus nanoparticles and M-CMC-EC nanoparticles at the 

oil-water interface. The M-Janus nanoparticles showed better dispersion than the M-CMC-EC 

nanoparticles, which exhibited severe agglomerations at the oil-water interface. Such a 

phenomenon results from the stronger electrostatic forces between the M-Janus nanoparticles. Due 

to the coating of carboxymethyl cellulose, the carboxylate groups on M-Janus nanoparticle 

surfaces deprotonated in the aqueous phase, leading to the generation of more negative surface 

charges than the surface charges generated by the ionization of hydroxyl groups on the M-CMC-

EC nanoparticle surfaces.194, 232-233 As a result, the stronger electrostatic repulsion led to better 

dispersion of M-Janus nanoparticles at the oil-water interface as compared with the M-CMC-EC 

nanoparticles. The better dispersion at the interface also contributes to more active interfacial 

behaviors of M-Janus nanoparticles at the diluted crude oil-process water interface, which are 

comprehensively discussed later. 

6.3.2 Interfacial Activities of M-CMC-EC Nanoparticles and M-Janus Nanoparticles at 

Crude Oil-Process Water Interface 

6.3.2.1 Interfacial Tension 

As shown in Figure 6-2a, the interfacial tension of the heavy naphtha-process water interface 

decreased gradually and stabilized finally at ~ 17.0 mN/m due to the adsorption of the impurities 

in heavy naphtha onto the heavy naphtha-process water interface. The diluted crude oil-process 

water interface showed a lower value of interfacial tension than that of the heavy naphtha-process 

water interface, indicating the more interfacially active properties of the natural surfactants in 
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crude oil than the impurities in heavy naphtha. Compared with the impurities and the natural 

surfactants in the process water-in-diluted crude oil emulsion, the interfacially active nanoparticles 

showed stronger interfacial properties indicated by the lower interfacial tension of the heavy 

naphtha-process water interface in the presence of the nanoparticles. With the adsorption of M-

CMC-EC nanoparticles at the interface, the interfacial tension of the heavy naphtha-process water 

interface stabilized at ~ 12.1 mN/m. As compared, a lower value of ~ 10.3 mN/m was observed 

for the heavy naphtha-process water interface in the presence of M-Janus nanoparticles, illustrating 

the superior interfacial activities of M-Janus nanoparticles than M-CMC-EC nanoparticles. 

 

Figure 6-1. FE-SEM images of 0.1 mg/mL (a and b) M-CMC-EC nanoparticles and 0.1 mg/mL 

(c and d) M-Janus nanoparticles at crude oil-process water interface, showing better dispersion of 

M-Janus nanoparticles than M-CMC-EC nanoparticles at oil-water interface.  
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Figure 6-2b shows the interfacial tension of the diluted crude oil-process water interfaces in the 

presence of different interfacially active materials. Interestingly, the addition of pure heavy 

naphtha showed negligible influence on the interfacial tension of the diluted crude oil-process 

water interface, indicating the irreversible adsorption of natural surfactants in crude oil onto the 

process water droplet surface. In contrast, the addition of the suspension of M-Janus or M-CMC-

EC nanoparticles into the original organic phase resulted in lower interfacial tension of 11.0 mN/m 

and 13.7 mN/m, respectively, demonstrating the adsorption of the interfacially active nanoparticles 

at the natural surfactant-stabilized oil-water interface and superior interfacial activities of M-Janus 

nanoparticles than M-CMC-EC nanoparticles.  

6.3.2.2 Interfacial Pressure-Area (π-A) Isotherms 

To further investigate and compare the interfacial properties of the M-Janus nanoparticles and the 

M-CMC-EC nanoparticles in the process water-in-crude oil emulsion, the Langmuir trough was 

applied to study their interfacial behaviors at the heavy naphtha-process water interface. Figure 6-

3a shows the gradually increasing interfacial pressure of the heavy naphtha-process water interface 

under the continuous compression, indicating the adsorption of interfacially active impurities from 

the process water onto the oil-water interface. In the presence of interfacially active components 

such as asphaltenes in the crude oil, M-CMC-EC nanoparticles and M-Janus nanoparticles at the 

heavy naphtha-process water interface, the higher interfacial pressures were observed in contrast 

to the interfacial pressure of the heavy naphtha-process water interface in the absence of any 

interfacially active components. Noteworthy, the interface in the presence of M-Janus 

nanoparticles exhibited the highest interfacial pressure among all the cases, showing the most 

active interfacial behaviors of M-Janus nanoparticles. 
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Figure 6-2. Dynamic interfacial tension of a) heavy naphtha-process water interface in the 

presence or absence of crude oil, M-CMC-EC nanoparticles or M-Janus nanoparticles (baseline 

represents heavy naphtha-process water interface) and b) diluted crude oil-process water interfaces 

with subsequent addition as indicated by the dash line of different solutions. Suspensions of 

nanoparticles in heavy naphtha contain 0.1 mg/mL nanoparticles. 

Figure 6-3b shows the interfacial pressure-area isotherms of the diluted crude oil-process water-

interface in the absence or presence of M-Janus nanoparticles or M-CMC-EC nanoparticles. After 

the original diluted crude oil-process water interface reaching equilibrium, suspension of M-Janus 

or M-CMC-EC nanoparticles in heavy naphtha was added dropwise into the organic phase without 

disturbing the original interface. The interface in the presence of M-Janus or M-CMC-EC 

nanoparticles showed higher interfacial pressure as compared with the previous diluted crude oil-

process water interface, indicating the effective adsorption of the interfacially active nanoparticles 

at the water-oil interface. It is worth noting that the adsorption of M-Janus nanoparticles at the 

diluted crude oil-process water interface led to a bigger increase in the interfacial pressure than the 

case of M-CMC-EC nanoparticles, again confirming the superior interfacial properties of M-Janus 

nanoparticles. 
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Figure 6-3. Interfacial pressure-area (π-A) isotherms of a) heavy naphtha-process water interface 

in the presence or absence of M-CMC-EC nanoparticles, M-Janus nanoparticles or asphaltenes in 

crude oil and b) diluted crude oil-process water interface in the presence or absence of M-CMC-

EC nanoparticles or M-Janus Janus nanoparticles. Suspensions of nanoparticles in heavy naphtha 

contain 0.1 mg/mL nanoparticles. 

6.3.2.3 Coalescence Time 

The results in Table 6-1 and Figure 6-4 show that the process water droplets in the heavy naphtha 

environment required 4.7 ± 1.0 s to coalesce, suggesting the stabilization of the process water 

droplet by the interfacially active impurities in heavy naphtha. When two process water droplets 

were contacted in the diluted crude oil, it took an increased time (9.87 ± 2.27 s) for two process 

water droplets to coalesce, indicating that the natural surfactants in crude oil are more interfacially 

active than the impurities in heavy naphtha. Interestingly, despite the excellent interfacial activities 

of M-Janus nanoparticles and M-CMC-EC nanoparticles at the process water-diluted crude oil 

interface, the addition of nanoparticle suspension into the original diluted crude oil resulted in the 

immediate coalescence of the process water droplets once contacted. This is because the adsorption 

of the interfacially active nanoparticles at the process water droplet surfaces can cause 
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displacement of the original protecting interfacial film, resulting in nanoparticle-tagged process 

water droplets and leading to rupture and voids on the interfacial film. Once contact, such 

nanoparticle-anchored process water droplets were unstable, leading to immediate coalescence.  

  Table 6-1. Coalescence times of two process water droplets in different organic environments.  

Aqueous Phase Organic Phase Coalescence Time (s) 

Process Water Heavy Naphtha 4.7 ± 1.0 

Process Water Heavy Naphtha-Diluted Crude Oil 9.9 ± 2.3 

Process Water 

Heavy Naphtha-Diluted Crude Oil + 

100 ppm of M-CMC-EC Nanoparticles 

in Heavy Naphtha 

Immediate Coalescence 

Process Water 

Heavy Naphtha-Diluted Crude Oil + 

100 ppm M-CMC-EC Nanoparticles 

in Heavy Naphtha 

Immediate Coalescence 

6.3.3 Dewatering Diluted Crude Oil Emulsions using Different Magnetic Nanoparticles 

In this study, 0.5 wt% of different nanoparticles (bare iron oxide nanoparticles, M-CMC-EC 

nanoparticles, M-CMC-EC nanoparticles, and M-Janus nanoparticles) were added respectively 

into the crude oil emulsion of 5 wt% initial water content to investigate their dewatering ability. 

As shown in Figure 6-5, the original crude oil emulsion had a water content of 4.9 wt% after 

settling on the magnet for 15 min, demonstrating the stability of the crude oil emulsion if not 

properly treated. After the addition of bare iron oxide nanoparticles and M-CMC nanoparticles to 

the emulsion, the water content in the diluted crude oil emulsion remained almost the same as the 

blank one, indicating the ineffective dewatering ability of the interfacially inactive nanoparticles. 

With the addition of 0.5 wt% M-CMC-EC nanoparticles into the emulsion, the water content in 

the emulsion decreased to 1.9 wt%, showing the effective dewatering achieved by M-CMC-EC 

nanoparticles. In contrast, with the addition of 0.5 wt% M-Janus nanoparticles, the water content 

of the diluted crude oil emulsion was found to decrease significantly to 1.1 wt%. Compared with 
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the M-CMC-EC nanoparticles of uniform surface wettability, the M-Janus nanoparticles showed 

higher dewatering efficiency. Such observation clearly shows that M-Janus nanoparticles could 

act as a highly effective dewatering tool for the crude oil emulsions, and the unique asymmetric 

surface wettability helped M-Janus nanoparticle possess better dewatering performance than M-

CMC-EC nanoparticles of uniform surface wettability.  

 

Figure 6-4. Snapshots for the coalescence process of process water droplets in a) heavy naphtha 

without (blank) or with crude oil and b) heavy naphtha-diluted crude oil + 100 ppm M-CMC-EC 

or M-Janus nanoparticles in heavy naphtha. The scale bars in figure are 1 mm. The concentration 

of nanoparticles in heavy naphtha is 100 ppm.  
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6.3.4 Dewatering Diluted Crude Oil Emulsions using M-Janus Nanoparticles and M-CMC-

EC Nanoparticles at Different Dosages 

The initial water content of the diluted crude oil emulsions was measured as 5 wt%. Without the 

addition of the nanoparticles, the water content of the emulsion showed negligible change after 

settling for 30 min, indicating the remarkable stability of the process water-in-diluted crude oil 

emulsion. As shown in Figure 6-6, when treated with 0.05 wt% M-Janus nanoparticles, the water 

content of the diluted crude oil emulsion decreased slightly from 5 wt% to 4.2 wt%, corresponding 

to a dewatering efficiency of ~ 7.8 %. When the addition of M-Janus nanoparticles increased to 

0.25 wt%, the dewatering efficiency was enhanced dramatically to ~ 52.3 %, indicating the 

enhanced dewatering achieved by M-Janus nanoparticles at a higher dosage under the external 

magnetic field. With the addition of 1.0 wt% M-Janus nanoparticles into the emulsions, it is 

observed that the dewatering efficiency achieved by M-Janus nanoparticles reached ~ 95.2 %, 

indicating nearly complete removal of process water from the diluted crude oil emulsion. Further 

increase in the dosage of the applied M-Janus nanoparticles showed a marginal increase in their 

dewatering efficiencies. When compared with the M-CMC-EC nanoparticles, the M-Janus 

nanoparticles showed better dewatering performance at all applied dosages. Such observation 

clearly demonstrates that M-Janus nanoparticles of asymmetric surface wettability can achieve 

better dewatering performance than M-CMC-EC nanoparticles of uniform surface wettability. We 

should note that despite the removal of 90 wt% process water from the crude oil emulsions, a small 

amount of water (10 wt%) was still in the bulk crude oil emulsions. This is because the remaining 

water in the crude oil emulsions is in the form of the tiny droplets with nanometer sizes. Due to 

the size effect of the M-Janus nanoparticles (~ 100-200 nm) used for dewatering, the nanoparticles 

cannot effectively adsorb onto the tiny water droplet surfaces, resulting in incomplete dewatering 
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for the water-in-crude oil emulsions under the external magnetic field. To address this concern, we 

can apply the magnetic Janus nanoparticles of smaller sizes to the dewatering of the crude oil 

emulsions. Also, in the practical applications, we can apply the demulsification methods such as 

thermal heating to destabilize the crude oil emulsions to decrease the percentage of the nano-sized 

water droplets in the crude oil emulsions prior to the treatment using magnetic Janus nanoparticles. 

 

Figure 6-5. Dewatering diluted crude oil emulsions using 0.5 wt% bare iron oxide (M) 

nanoparticles, M-CMC nanoparticles, M-CMC-EC nanoparticles and M-Janus nanoparticles, 

showing better dewatering performance of M-Janus nanoparticles than M-CMC-EC nanoparticles.   
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Figure 6-6. Dewatering diluted crude oil emulsions of 5 wt% initial water content using M-Janus 

nanoparticles and M-CMC-EC nanoparticles at different particle dosages. 

6.3.5 Dewatering Diluted Crude Oil Emulsions of Different Initial Water Contents using M-

Janus Nanoparticles 

The M-Janus nanoparticles showed promising dewatering efficiency for the diluted crude oil 

emulsions of 5 wt% initial water content. However, the water content of the crude oil emulsions 

varies according to the different realistic conditions. Therefore, it is essential to investigate the 

performance of M-Janus nanoparticles in dewatering the diluted crude oil emulsions of different 

initial water contents.  
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Figure 6-7. Dewatering diluted crude oil emulsions of different initial water contents without 

(blank) or with 1.0 wt% M-Janus nanoparticles. 

As shown in Figure 6-7, without the addition of M-Janus nanoparticles, the diluted crude oil 

emulsions of 2.5 wt% and 5 wt% initial water contents showed a negligible decrease in their water 

contents after settling by gravity for 15 min, indicating the stability of the crude oil emulsions at 

relatively low initial water contents. However, for the diluted crude oil emulsions of 10 wt%, 15 

wt% and 20 wt% initial water contents, around 3-5 wt% of process water could be settled to the 

bottom of the emulsions after a short-time settling by gravity only, showing the intrinsic instability 

of the diluted crude oil emulsions at higher initial water content. Such instability results from the 

reason that crude oil emulsion of a higher water content has more coalesced and aggregated water 
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droplets, leading to quicker removal of water droplets by gravity-driven settling. As shown in 

Figure 6-8, the water droplets with larger sizes were monitored frequently in the diluted crude oil 

emulsions of higher initial water contents (10 wt%, 15 wt%, and 20 wt%). In contrast, the water 

droplets with smaller sizes in the emulsions of lower initial water contents (2.5 wt% and 5 wt%) 

showed better dispersion state (Figure 6-9a and 9b), leading to more stable emulsions under 

gravity-driven settling only. 

 

Figure 6-8. Micrographs of water droplets in diluted crude oil emulsions of a) 20 wt%, b) 15 wt%, 

or c) 10 wt% initial water contents. The scale bars in figure are 100 μm.  
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With the addition of 1.0 wt% M-Janus nanoparticles, the water contents of all the diluted crude oil 

emulsions decreased significantly to around 1.0 wt%, showing the excellent dewatering ability of 

M-Janus nanoparticles on treating diluted crude oil emulsions of different initial water contents.  

 

Figure 6-9. Micrographs of water droplets in diluted crude oil emulsions of a) 5 wt% or b) 2.5 wt% 

initial water contents. The scale bars in figure are 100 μm. 

6.3.6 Water Contents at Different Depths of Diluted Crude Oil Emulsions after Dewatering 

To investigate the dynamic dewatering process achieve by M-Janus nanoparticles under the 

external magnetic field, the water contents at different depths of the emulsion were measured after 

dewatering. As shown in Figure 6-10, without any addition of M-Janus nanoparticles, the diluted 

crude oil emulsion showed almost constant water contents (4.6 wt% - 4.8 wt%) through the whole 



152 
 

test vial, indicating the negligible oil/water separation under gravity-driven and emphasizing the 

stability of the process water-diluted crude oil emulsions. After the addition of 1.0 wt% M-Janus 

nanoparticles, followed by settling on a strong hand magnet for 15 min, the water contents in the 

top 2 cm of the diluted crude oil emulsion were found less than 0.5 wt%, indicating nearly complete 

removal of process water from the bulk crude oil emulsion. In contrast, at the bottom of the vial, 

the water content sharply increased to over 25 wt%, indicating that more than 95 wt% of the 

process water was settled to the bottom position of the emulsion. Such results clearly show the 

excellent dewatering ability of M-Janus nanoparticles on the process water-in-crude oil emulsions. 

 

Figure 6-10. Water contents at different depths of diluted crude oil emulsions dewatered without 

(blank) or with addition of 1.0 wt% M-Janus nanoparticles under external magnetic field.   
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6.3.7 Effect of Magnetic Field on Dewatering Efficiency using M-Janus Nanoparticles 

To remove process water efficiently from the diluted crude oil emulsions, the effective 

responsiveness to the external magnetic field is of great importance for magnetically responsive 

and interfacially active nanoparticles. The effect of the magnetic property of M-Janus 

nanoparticles on the dewatering performance was investigated by measuring the water content of 

crude oil emulsion after dewatering using M-Janus nanoparticles without (JGS) or with (JMS) an 

external magnetic field. The diluted crude oil emulsion treated by gravity-driven settling (GMS) 

was used as a benchmark for comparison. Figure 6-11 shows that the water content decreased 

from 5.64 % to 5.14 % after 2-days settling, indicating the extreme stability of the diluted crude 

oil emulsion. With the addition of 1 wt% M-Janus nanoparticles, the water content in the diluted 

crude oil emulsion decreased gradually along with the settling time even without the external 

magnetic field. Such a phenomenon results from the enhanced coalescence and aggregation of the 

water droplets achieved by M-Janus nanoparticles, leading to quicker settling of the water droplets. 

In contrast, after settling on a strong magnet, the water content of the diluted crude oil emulsion 

can be effectively reduced to ~ 0.5 % in only 5 min, showing the importance of the magnetic 

responsiveness of M-Janus nanoparticles to the efficient dewatering performance on the diluted 

crude oil emulsion.  
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Figure 6-11. Dewatering diluted crude oil emulsions with gravity-driven settling (GMS) or using 

1.0 wt% M-Janus nanoparticles without (JGS) or with (JMS) an external magnetic field. 

6.3.8 Micrographs of Diluted Crude Oil Emulsions in Dewatering Process 

Figures 6-12a and 12b show the micrographs of the process water droplets before dewatering. It 

is observed that the process water droplets of several micrometer sizes were homogeneously 

dispersed in the top and bottom positions of the emulsion and the water droplets showed no obvious 

coalescence and flocculation even after settling for 24 h. Such observation clearly demonstrates 

the stability of the water droplets in the diluted crude oil emulsion. Figures 6-12c and 12d show 

that with the addition of 1.0 wt% M-Janus nanoparticles into the emulsion, followed by settling on 

a strong magnet, the emulsion showed clear oil/water separation. In the top position of the 
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emulsion (Figure 6-12c), no obvious water droplets were observed, indicating the successful 

removal of process water from the top position of the crude oil emulsion using M-Janus 

nanoparticles under an external magnetic field. While the water droplets with sizes ranging from 

10 μm to 100 μm were detected in the bottom of the emulsion, demonstrating the enhanced 

coalescence and resulting settling of the water droplets. Figure 11d shows the obvious black rim 

at the water droplet surfaces, indicating the tagging of the water droplets by M-Janus nanoparticles. 

The anchoring of M-Janus nanoparticles at the diluted crude oil-process water interface indicates 

the interfacial activity of the magnetic Janus nanoparticles in turn. It is worth noting that some 

small water droplets formed flocculation other than coalescence, which also accelerates the settling 

of the water droplets. Such phenomena possibly resulted from the bridging flocculation effect by 

the loops and tails of EC on M-Janus nanoparticle surfaces.127 The different situations of water 

droplets at the top and the bottom of the emulsions suggest the successful and effective dewatering 

of the diluted crude oil emulsions using M-Janus nanoparticles under an external magnetic field. 

 
Figure 6-12. Morphology of water droplets in diluted crude oil emulsions of 5 wt% initial water 

content before (a and b) and after (c and d) dewatering using 1.0 wt% M-Janus nanoparticles. The 

scale bars in figure are 50 μm.   
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6.3.9 Recyclability and Reusability of M-Janus Nanoparticles for Dewatering Diluted Crude 

Oil Emulsions 

In order to investigate the recyclability of M-Janus nanoparticles, the M-Janus nanoparticles were 

collected using a strong hand magnet after the dewatering process. The M-Janus nanoparticles 

collected as such were then regenerated by washing with acetone and toluene three times to remove 

impurities on the M-Janus nanoparticle surfaces. The cleaned M-Janus nanoparticles were dried in 

a vacuum oven and then applied to dewatering the freshly prepared process water-in-diluted crude 

oil emulsion in several cycles. After the dewatering process, the M-Janus nanoparticles were 

collected and regenerated for the subsequent dewatering processes.  

 

Figure 6-13. Dewatering efficiency of diluted crude oil emulsions using recycled M-Janus 

nanoparticles, and corresponding oil-water interfacial tensions in the presence of recycled M-Janus 

nanoparticles.   
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As shown in Figure 6-13, the recycled M-Janus nanoparticles showed high dewatering efficiencies 

of over 90% in all dewatering cycles, demonstrating their sustainable dewatering ability and 

promising recyclability. Although only six dewatering cycles were conducted to investigate the 

recyclability of M-Janus nanoparticles, the nearly constant dewatering efficiencies in these cycles 

indicate the excellent performance of M-Janus nanoparticles in the subsequent dewatering 

processes. 

 

Figure 6-14. Dynamic interfacial tension of toluene-DI water interfaces in the presence of pristine 

M-Janus nanoparticles or M-Janus nanoparticles recycled and regenerated from each dewatering 

cycle. 

The M-Janus nanoparticles collected from each recycling test were simply regenerated by washing 

with toluene and acetone three times, followed by drying in a vacuum oven at 80 ºC for 12h. The 
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interfacial activities of the recycled M-Janus nanoparticles were measured using a Theta Optical 

Tensiometer via the pendant drop method. The results shown in Figure 6-14 illustrate that the 

recycled M-Janus nanoparticle can anchor effectively at the toluene-water interface and lower the 

interfacial tension of the toluene-water interface. It is worth to note that the recycled M-Janus 

nanoparticles still remained highly interfacially active, indicating the excellent stability and 

sustainability of the recycled M-Janus nanoparticles.  

6.4 Conclusions 

In this study, the magnetically responsive and interfacially active Janus nanoparticles were applied 

for the first time to the removal of emulsified process water from the crude oil emulsions. The M-

Janus nanoparticle could anchor securely at the process water droplet surfaces despite the presence 

of natural surfactants in crude oil, impurities in heavy naphtha and inorganic electrolytes in the 

process water. Compared with the M-CMC-EC nanoparticles of uniform surface wettability, M-

Janus nanoparticles of asymmetric surface wettability exhibited more active interfacial behaviors 

at process water-crude oil interface. In the application part, the M-Janus nanoparticles could 

remove over 90 % of process water from the diluted crude oil emulsion when the dosage of the 

added nanoparticles was higher than 0.75 wt%, showing the excellent dewatering ability of M-

Janus nanoparticles. Compared with M-CMC-EC nanoparticles, the M-Janus nanoparticles 

showed higher dewatering efficiency at all applied particle dosages. With the addition of M-Janus 

nanoparticles, no obvious water droplets were observed at the top of the diluted crude oil emulsion, 

demonstrating the successful dewatering achieved by M-Janus nanoparticles under the external 

magnetic field. The presence of process water droplets of large sizes at the bottom of the emulsion 

indicated the enhanced coalescence of water droplets by M-Janus nanoparticles. Assisted with the 

external magnetic field, the M-Janus nanoparticles could achieve more rapid removal of process 
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water and higher dewatering efficiency than the dewatering without the external magnetic field. 

After removing process water from the diluted crude oil emulsion, the M-Janus nanoparticles could 

be conveniently recycled and facilely regenerated while remaining high interfacial activities and 

promising dewatering efficiency. The superior interfacial activities, excellent dewatering ability, 

promising recyclability and high magnetic responsiveness make M-Janus nanoparticles potential 

candidates for removing emulsified process water droplets from crude oil emulsions.  
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Chapter 7 Conclusions and Future Perspectives of the Work 

The conclusions of this thesis and future perspectives are summarized in this chapter. 

7.1 Conclusions 

Ever-increasing volumes of W/O emulsions and O/W emulsions have been generated along as a 

result of the prosperous development of industry and explosive population. However, due to the 

lack of environmental awareness and the lag of effective management, most of the generated 

emulsions were directly discharged to the natural environment, resulting in serious environmental 

issues. Recently, there is a wide range of interests in using magnetically responsive and 

interfacially active nanoparticles for the treatment of W/O or O/W emulsions. In this thesis, we 

designed and synthesized novel magnetic Janus nanoparticles of asymmetric surface properties for 

treating oily wastewaters and water-in-crude oil emulsions. Such Janus nanoparticles showed 

superior interfacial activities and better performance on oil/water separation as compared with 

conventional magnetic nanoparticles of uniform surface properties. The main conclusions derived 

from this study are summarized as follows: 

Novel magnetically responsive Janus (M-Janus) nanoparticles were synthesized using the 

Pickering emulsion method by sequential adsorption of cellulosic materials with contrasting 

wettabilities: hydrophobic ethyl cellulose (EC) and hydrophilic carboxymethyl cellulose (CMC) 

on the opposite sides of bare iron oxide (Fe3O4) nanoparticles. The M-Janus nanoparticles were 

confirmed to feature asymmetric coatings. The EC coated nanoparticle surfaces showed a more 

hydrophobic nature than the nanoparticle surfaces coated with hydrophilic CMC. Compared with 

conventional nanoparticles (M-CMC-EC nanoparticles) of uniform surface properties, the M-

Janus nanoparticles of asymmetric surface properties exhibited superior interfacial activities at a 

clean toluene-water interface, including quicker adsorption onto oil-water interface, lower 
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interfacial tension, more rigid oil-water interface and better prevention of the emulsified phase 

from coalescing. In addition, such Janus nanoparticles not only showed excellent capability and 

high efficiency in separating emulsified water from water-in-crude oil emulsions and the oil from 

oily wastewaters under an external magnetic field, but also retained high interfacial activity and 

hence desirable separation efficiency after five cycles of applications. Moreover, because of the 

environmentally friendly and biodegradable cellulosic materials used in the synthesis, the M-Janus 

nanoparticle can process effective oil/water phase separation without causing further pollution to 

the continuous phase. 

Due to their excellent interfacial activity, magnetic Janus nanoparticles are considered to be a great 

vehicle to develop a viable technology for treating large volumes of various types of oily 

wastewaters and sludges. The M-Janus nanoparticles were applied for the first time to removal or 

recovery of crude oil or waste cooking oil from oily wastewaters under mimetically realistic 

conditions. The M-Janus nanoparticles of superior interfacial activities could anchor securely at 

the oil-water interface of emulsified oil droplets despite the presence of other interfacially active 

components such as asphaltenes, natural and/or synthetic surfactants in cooking oil and remaining 

detergents in the studied oily wastewaters. Compared with the interfacially active nanoparticles of 

uniform surface properties reported previously, the M-Janus nanoparticles showed stronger 

interfacial activities such as lower oil-water interfacial tension and firmer deposition at the oil-

water interface of the different oily wastewater systems. With the tagging of emulsified oil droplets 

by M-Janus nanoparticles, followed by magnetic separation, an oil removal or recovery efficiency 

of greater than 91% was achieved for treating different oily wastewaters. The oil recovered as such 

contained less than 1.6 wt% of water, showing its high quality for the subsequent oil refining. 

Furthermore, the M-Janus nanoparticles could be recycled and reused at a high oil recovery and 
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removal efficiency in the subsequent applications without complex regeneration. The superior 

interfacial activity, high efficiency and exceptional robustness of M-Janus nanoparticles make 

them an excellent candidate for treating various types of oily wastewaters such as oil spills in 

seawater, produced wastewater in the oil field or domestic sewage of waste cooking oils. 

We further applied M-Janus nanoparticles to removing process water from the diluted crude oil 

emulsions at room temperature. Despite the presence of interfacially active components such as 

natural surfactants in the process water and asphaltenes in the crude oil, the M-Janus showed 

superior interfacial behaviors and anchored more stably at the process water-diluted crude oil 

interface as compared with the nanoparticles of uniform surface modification by EC (M-CMC-EC 

nanoparticles). With the addition of 0.75 wt% M-Janus nanoparticles, around 90 wt% of process 

water was removed from the diluted bitumen emulsions, in contrast to 80 wt% of water removal 

obtained with the addition of M-CMC-EC nanoparticles at the same dosage. The M-Janus 

nanoparticles showed robust dewatering ability for the diluted crude oil emulsions of different 

initial water contents (2.5 wt% ~ 20 wt%). After dewatering the diluted crude oil emulsions, the 

M-Janus nanoparticles could be recycled and reused for the subsequent dewatering process with 

facile regeneration. Furthermore, the recycled M-Janus nanoparticles could still retain high 

dewatering efficiency and excellent interfacial activities at least for six cycles. With their superior 

interfacial activities, high dewatering efficiency, and exceptional recyclability, the M-Janus 

nanoparticles are anticipated to be applied to dewatering the process water-in-diluted crude oil 

emulsions. 

7.2 Future Perspectives of the Work 

Future work should address the following issues: 
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1. In Chapter 4, the bare iron oxide nanoparticles were bought from Sigma-Aldrich and their shapes 

were irregular. Such a drawback led to difficulties in calculating the desorption energy from the 

oil-water interface. Future work should address this problem by synthesizing spherical bare iron 

oxide nanoparticles and calculate the desorption energy of the nanoparticles. 

2. In Chapter 3, the adsorption of EC on CMC layers and CMC on the EC layer was investigated 

in detail using quartz crystal microbalance with dissipation monitoring (QCM-D). However, the 

reasons contributing to the strong interactions between the EC and CMC are not clear. To address 

this problem, techniques such as simulation and atomic force microscope (AFM) should be applied 

to clearing the mechanism of the interactions between these two cellulosic materials. 

3. In Chapters 4 and 5, we compared the interfacial behaviors of M-Janus nanoparticles and M-

CMC-EC nanoparticles at the oil-water interface in the presence of other interfacially active 

components. However, it would be more appealing to compare their interfacial behaviors in more 

fundamental ways. Future work should address this problem by measuring and comparing the 

force they need to desorb from the interface or the attractive forces they need to anchor at the 

interface using an atomic force microscope (AFM). 

4. In our current study, we used 1 wt% EC/toluene for synthesizing M-Janus nanoparticles. It 

would be more interesting to change the concentration of EC/toluene to control the mass of the EC 

layer adsorbed on the M-Janus nanoparticle surfaces, which would affect the interfacial activities 

of the synthesized M-Janus nanoparticles.   
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