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ABSTRACT  

Advancing Shoreline Oil Spill Response with Eco-friendly Functional Nanomaterials 

Rengyu Yue, Ph.D. 

Concordia University, 2023 

 

Marine oil spills can cause serious environmental damage. When the spilled oil reaches the coast, 

it can result in negative implications for the coastal ecosystems. Coastal oil cleanup operations are 

often expensive and time-consuming. Surface washing can be used following an oil spill to enhance 

the removal of stranded oil from coastal surfaces. Surface washing agents (SWAs) are typically 

applied directly on stranded oils and oil is then flushed with ambient water to remove the oil and 

direct it to a controlled area for physical recovery. However, there is still a gap between the 

available SWAs and the increasing application need. Many SWAs have been produced for the 

treatment of oiled shorelines. Although the toxicity of some SWAs is moderate, they can still have 

a potentially adverse impact on the shoreline environment after application. Moreover, the effluents 

after washing can be further recovered through appropriate disposal to avoid secondary pollution.  

 

This thesis presents the development of multiple environmentally friendly surface washing fluids 

that demonstrate commendable performance, reusability, and remarkable stimuli-responsiveness. 

The efficacy of these washing fluids was meticulously assessed under various environmental 

conditions. To gauge their impact on selected species, biotoxicity experiments and modeling were 

conducted. Molecular dynamic and thermodynamic modeling was utilized to unveil the intricate 

mechanism of oil removal. Additionally, post-treatment methods were explored to curtail potential 

secondary pollution stemming from washing sludge. Notably, the stimuli-responsive nature of 

these washing fluids played a pivotal role in generating clean supernatants with minimal turbidity 



iv 

 

and oil content. In a bid to harness water motion for both physical and chemical actions, a 

piezocatalytic washing fluid was also conceived. This innovative fluid demonstrated the capability 

to degrade oil into low molecular-weight hydrocarbons. Overall, this thesis holds immense value 

in significantly benefiting shoreline oil spill response by enriching cleanup techniques, reducing 

environmental impact, and enhancing cost-efficiency. Moreover, this thesis contributes to 

enhancing oil spill preparedness and response capacity and safeguarding valuable coastal regions. 
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CHAPTER 1 INTRODUCTION 

1.1 Background 

Oil pollution has emerged as a significant environmental concern within the petroleum industry. 

The yearly discharge of crude oil and its derivatives into marine environments is estimated to range 

from 1.7 to 8.8 million tonnes (Chen et al., 2020a). This predominantly stems from natural seepage, 

offshore drilling and production, and transportation losses. Marine accidents amplify this issue, as 

spilled oil frequently reaches coastlines. Canada has by far the longest coastline of any country in 

the world. Coastal oiling not only brings about environmental harm but also triggers socioeconomic 

repercussions, disrupting activities like subsistence, commercial operations, and recreation. 

Stranded oil often undergoes weathering, and emulsification, rendering its removal complex. 

Cleanup operations on shores are arduous and costly, with up to 80-90% of major spill cleanup 

expenses allocated to coastal areas. While some coastal remediation approaches, including the 

physical removal of oiled substances and the use of chemical countermeasures, have been explored, 

the ever-increasing threat of marine oil spills highlights a gap in effective solutions, particularly in 

Canada. Strategies to address oil contamination on coasts must strike a balance between 

environmental impact and benefit, as aggressive cleanup operations can exacerbate adverse effects. 

 

Surface washing stands as a viable approach post an oil spill incident, facilitating the efficient 

removal of stranded oil from coastal surfaces. Surface Washing Agents (SWAs) are typically 

administered directly onto the oiled areas, followed by flushing with ambient water, thereby 

relocating the oil to a controlled space for physical recovery. Given the localized application of 

SWAs, their administration can range from manual usage via hand-held or backpack sprayers to 

larger-scale implementation using vehicle-mounted or vessel-mounted sprayers. 
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In-situ washing of oiled sediments can also be orchestrated through the utilization of tanks or 

reaction chambers, where oiled sediments are washed using a suitable agent. Clean sediments are 

subsequently separated and returned to the shoreline, while the used washing solution is collected 

and appropriately treated to prevent secondary pollution. The cleanup of oiled pebbles and cobbles 

using a concrete mixed truck or purpose-built facility in situ has been proved in previous practices. 

 

SWAs emerge as a potentially effective and well-received alternative to more aggressive techniques. 

However, the current scenario reveals a gap between the growing application demand, particularly 

in the context of Canadian coastal environments, and the available range of SWAs. Presently, only 

Nalco's Corexit 9580 holds approval by Environment and Climate Change Canada as a surface-

washing agent. In contrast, the U.S. Environmental Protection Agency (EPA) has endorsed over 70 

agents. Closing this gap becomes pertinent in addressing the requirements of Canadian coastal 

environments. To enhance public acceptance, it is imperative to prioritize the advancement of 

SWAs that are not only efficient but also possess attributes like biodegradability, low toxicity, and 

origin from renewable biomass resources. Adopting this approach not only aligns with 

environmental consciousness but also underscores the importance of sustainability. 

 

1.2 Research objectives 

The primary goal of this thesis is to engineer environmentally friendly surface washing fluids with 

the capacity to effectively address shoreline oil spills. Addressing shoreline treatment is a 

multifaceted endeavor, entailing intricate intersections of social, economic, environmental, 

technical, and political dimensions. The proposed project will integrate SWA development 
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characterization, oil removal assessment, process optimization, mechanism study, and biotoxicity 

analysis. In detail, the thesis involves the following objectives: (1) Preparation of green 

nanomaterial-based washing fluids; (2) Assessment of characteristics of green washing nanofluids.; 

(3) Assessment of green nanofluids for enhanced oil removal; and (4)Process optimization for 

green nanofluid-aided coastal cleanup.  

 

1.3 Thesis outline 

Chapter 1 serves as a succinct introduction, outlining the background and research objectives of 

this thesis. 

 

Chapter 2 is a comprehensive review that summarizes recent advances using such green materials 

for oil spill treatment, namely, oil/water filtration, oil sorption, and surface washing. The 

preparation methods, wettability characteristics, oil removal performance, and stability of green 

biomass-derived materials were introduced. The perspectives for future challenges and prospects 

of green materials in oil spill response are also proposed. 

 

Chapter 3 develops a novel and dual-responsive nanoclay/sodium alginate (NS) washing fluid and 

systematically evaluates its application potential in an oiled shoreline cleanup. Compared to the 

commercial surfactants, the NS composite exhibited satisfactory removal efficiencies for treating 

oily sand. Green materials-stabilized Pickering emulsion can potentially be used for oil/water 

separation. The NS washing agent displayed excellent pH- and Ca2+- responsiveness, generating 

transparent supernatants with low oil concentration and turbidity. 
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Chapter 4 proposes an innovative green surface washing method based on sodium caseinate (NaCas) 

for the cleanup of oiled sand that is removed from the shoreline and treated by washing ex-situ. A 

comprehensive performance evaluation, biotoxicity analysis, and molecular dynamic simulation 

were conducted to explore the washing process. Notably, the washing effluent displayed good pH 

responsiveness, generating a super-clean supernatant. Moreover, biotoxicity tests proved that the 

presence of NaCas could relieve the toxicity caused by oil droplets. The molecular dynamic 

simulation further revealed that NaCas could break the oil layer on the sand surface and move the 

oil droplets away from the sand.  

 

Chapter 5 designs an innovative, environmentally benign, recyclable, and magnetically mediated 

surface washing fluid based on water-dispersible magnetite nanoparticles and investigated for the 

cleanup of oiled beach sand. Thermodynamic modeling was applied to theoretically elucidate the 

mechanism and the results were in alignment with the experimental findings. The magnetic fluid 

had a relatively low operation cost and good reusability for a number of multiple cycles. In terms 

of other operational limitations, it was noted that washing performance declined as clay (kaolinite) 

concentrations and salinity values increased.  

 

Chapter 6 introduces a cheap food-grade sodium caseinate (NaCas) as a pH-responsive washing 

fluid in the remediation of phenanthrene (PHE) affected peat moss. The effects of environmental 

factors on the removal of PHE were systematically investigated. Due to the pH-responsive property 

of NaCas, the turbidity, total organic carbon (TOC), and chemical oxygen demand (COD) of the 

washing effluent were remarkably reduced by simply adjusting the solution acidity. Significantly, 

the toxicity modeling proved that NaCas can reduce the binding energy between PHE and 
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superoxide dismutase (SOD) of the selected marine organism, and thus relieve the toxicity of PHE 

to the organisms. 

 

Chapter 7 deploys the innocuous, widely available, and biodegradable sodium caseinate (NaCas) 

to capture oil pollutants from oily wastewater. Oil droplets can be effectively and rapidly captured 

by NaCas and subsequently removed after pH-triggered separation, producing a clean supernatant 

with low turbidity. Biotoxicity experiments proved that NaCas can fully offset the inhibitory effect 

of oil on the photosynthesis of algae and thus promote algae growth. Two post-treatment methods, 

namely thermal treatment, and biodegradation, can be used for the post-treatment of NaCas/oil 

precipitation residues. 

 

Chapter 8 presents piezoelectric MoS2 as a surface washing fluid to decontaminate oiled sands 

physically and chemically. The MoS2 displayed single- and few-layer structures, which were 

conducive to piezocatalysis. The addition of MoS2 could decrease the interfacial tension, thereby 

facilitating oil removal. The oil removal efficiency varied in different environmental conditions. 

Quenching experiments with different scavengers and electron paramagnetic resonance (EPR) 

spectra showed the existence of reactive oxygen species (ROSs) including 1O2, •O2
-, and •OH. 

Notably, results indicated that high molecular-weight hydrocarbons were degraded into lower 

molecular-weight ones, indicating the existence of chemical oxidation pathways in oil removal.  

 

Chapter 9 lists the contributions and significance, as well as some outlooks for future research.  

  



6 

 

CHAPTER 2 LITERATURE REVIEW ‡ 

 

2.1 Problem statement 

Intensive energy production and consumption are associated with many oil spill accidents which 

can result in environmental pollution and other socio-economic impacts. (Djellabi et al., 2021; Yue 

et al., 2020). The total volume of oil released to the environment from tanker spills in 2020 was 

approximately 1,000 tonnes. Although oils naturally attenuate (i.e., through biodegradation, 

evaporation, and other processes) after a spill, oil trapped on the shoreline may persist and impair 

the functions of the coastal ecosystem according to oil types and environmental conditions (An et 

al., 2017; Chen et al., 2020a). Therefore, to minimize the adverse impact on the environment, oils 

floating on the surface of the sea and reaching the shoreline should be removed as quickly as 

possible. 

 

Oil/water separation (namely, oil/water filtration and oil sorption) and surface washing strategies 

have been adopted to remove oil from both water and shorelines (Gupta et al., 2017). In particular, 

special wettable materials with significantly opposite affinities for water and oil are considered 

candidates for selective oil/water filtration and sorption (Afzal et al., 2019). Generally, two types 

of wettable materials are suitable for oil/water separation applications, hydrophilic/oleophobic 

materials, and hydrophobic/oleophilic materials. Theoretically, the surface chemistry and structure 

can affect the wetting behavior of materials (Akmanova et al., 2021; Ma et al., 2016). Materials 

with special surface structures can have superhydrophilic and superoleophilic properties. Surface 

 
‡ This work has been published as R. Yue, C. An, Z. Ye, E. Owens, E. Taylor, S. Zhao. Green biomass-derived materials 

for oil spill response: Recent advancements and future perspectives. Current Opinion in Chemical Engineering, 2022, 

36: 100767. 



7 

 

washing agents (SWAs), typically consisting of solvents and surfactants, are promising materials 

for oiled shoreline treatment. Currently, over 50 SWAs have been licensed for oil spill response.  

 

Figure 2.1 Types of green materials applied in oil spill cleanup. 

 

Recently, green biomass-derived materials have attracted tremendous interest from researchers 

since they are low-cost, non-toxic, widely available, and environmentally friendly. According to 

the currently developed approaches, green materials used for oil treatment can be generally 

classified into three major types (Figure 2.1). The literature review comprehensively summarizes 

recent advances using such green materials for oil spill treatment, namely, oil/water filtration, oil 

sorption, and surface washing. We also discuss the opportunities for developing more advanced, 

effective, and stable green materials for oil spill control. 
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2.2 Use of green biomass-derived materials for oil treatment 

2.2.1 Oil/water filtration 

Filtration materials for oil/water filtration need to be superhydrophilic and underwater 

superoleophobic, allowing water to permeate while repelling the other fluid from passing through 

(Liu et al., 2020; Ma et al., 2016). Polymeric membranes, such as polyvinylidene fluoride 

membranes and polyethersulfone membranes, have been widely employed for treating oiled 

wastewater (Li et al., 2021a). Due to the lipophilic nature of most polymers, complicated and costly 

modification processes involving blending and surface coating with hydrophilic components are 

often required to enhance membranes’ hydrophilicity and oil resistance, considerably inhibiting 

their widespread application (Figure 2.2) (Li et al., 2021a). Chitin is a component of shrimp shells 

and has abundant hydrophilic hydroxyl and acetylamino groups, making it good performance for 

oil removal (Table 2.1). Yan et al. (Yan et al., 2018) fabricated a chitin nanofiber membrane (CNM) 

using a vacuum filtration method. The as-prepared CNM exhibited both superhydrophilic and 

underwater oleophobic properties, with a water contact angle (WCA) of 0° and an underwater oil 

contact angle of 168°. Importantly, the CNM membrane displayed high separation efficiency (> 

95%) and high water flux (> 1500 L m-2 h-1).  

 

Table 2.1 Chitin-, chitosan- and cellulose-based oil/water separation  

Material Fabrication Oil rejection (%) Flux (L m-2 h-

1) 

Refs. 

Chitin nanofiber Vacuum filtration > 95 > 1500 (Yan et 

al., 2018) 
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Chitin/graphene oxide  Vacuum filtration > 97.5 109.2 (Ou et 

al., 2019) 

Chitin Electrospinning 99.1 > 151.1 (Gopi et 

al., 2018) 

Cellulose/chitin 

nanocrystals  

Vacuum filtration > 99.9 > 33.3 (Yagoub 

et al., 

2019) 

Chitosan/sodium alginate  Cross-linking > 99 > 680 (Zhou et 

al., 2019) 

Polydopamine/chitosan  Dip-coating > 99 15100-30000 (Wang et 

al., 

2020b) 

Chitosan/cellulose  Freeze-dried > 98.6 12960 (Zhang 

et al., 

2018a) 

Cellulose/chitosan/TiO2 Cross-linking 99.4% Not given (Yu et 

al., 

2019a) 

Tunicate cellulose 

nanocrystals  

Cross-linking > 98 > 238.3 (Huang 

et al., 

2019) 

Cellulose nanofiber  Freeze-dried 99.8 360 (Sun et 

al., 2017) 
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Chitosan is commercially produced via the deacetylation of chitins and is also a promising 

candidate for oil/water separation membrane fabrication (Table 1) due to its non-toxicity and 

superhydrophilicity. However, the drawbacks of a pure chitosan film include poor mechanical 

strength, brittleness, and weak acid resistance. Crosslinking chitosan with other polymers is an 

effective option to overcome these limitations. For example, Wang et al. (Wang et al., 2020b) 

prepared a polydopamine/chitosan (PDA/chitosan) membrane via dip-coating. The as-prepared 

superhydrophilic and underwater superoleophobic PDA/chitosan membrane exhibited outstanding 

oil rejection (> 99%) and very high water flux (> 15000 L m-2 h-1). Importantly, the membrane 

maintained superwetting behavior against acid/salt/basic erosion. Moreover, Yu et al. (Yu et al., 

2019a) found that adding inorganic TiO2 nanoparticles could enhance the mechanical property of 

chitosan membranes. It is also challenging to work with chitosan membranes because it is difficult 

to prepare a homogenous polyelectrolyte complex for membrane fabrication since positively 

charged chitosan can rapidly link with negatively charged polymers through strong electrostatic 

interactions (Liang et al., 2018). To address this obstacle, Zhou et al. (Zhou et al., 2019) designed 

a homogeneous polyelectrolyte complex by dissolving chitosan and sodium alginate (ALG) in an 

alkaline solvent. The CS/ALG membrane demonstrated low oil adhesion, salt resistance, and 

superior self-cleaning when soaked in water. Notably, the membrane exhibited higher rejection (> 

99%) and flux (> 680 L m-2 h-1) for crude oil/water separation. 
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Figure 2.2 Illustration of the oil/water separation, oil sorption, and surface washing. 

 

Cellulose is an essential structural component of the primary cell wall of green plants and is the 

most abundant bio-based organic compound on earth (Yin et al., 2021b). Similar to chitin and 

chitosan, cellulose is both hydrophilic and oleophobic because of its abundance of hydroxyl groups; 

thus, cellulose shows considerable potential for the development of cellulose-based membranes for 

oil removal (Table 1). Huang et al. (Huang et al., 2019) subjected a membrane of superhydrophilic 

tunicate cellulose nanocrystals to a physical coating method and a chemical cross-linking method. 

The as-prepared filters, prepared by either coating or cross-linking, could effectively separate oil 

from oil/water emulsions and showed excellent stability in and tolerability to harsh environments 

and UV irradiation. A cellulose nanofiber (CNF) aerogel membrane was fabricated and reported 

by Sun et al. (Sun et al., 2017). The introduction of sulfonic groups could inhibit the self-
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aggregation of NF and increase the polarity of the as-prepared NF aerogels, which endowed the 

aerogel membranes with superhydrophilicity and underwater superoleophobicity. 

 

2.2.2 Oil sorption 

Sorbents for oil/water separation can selectively adsorb/absorb oil or water onto their surface and 

into their inner porous structure but repel the other components when immersed in an oil/water 

mixture (Ma et al., 2016). Due to their low cost and environmentally friendly properties, chitin-, 

chitosan-, and cellulose-based sorbents have been applied in oil/water sorption as summarized in 

Table 2. For instance, Elanchezhiyan et al. (Elanchezhiyan and Meenakshi, 2016) synthesized 

metal-modified CS powdered adsorbents, which exhibited high oil removal efficiency (82%). 

However, metal leaching and adsorbent recovery are two main obstacles to utilizing metal-

modified CS-powered adsorbents for oil adsorption, as these issues would result in secondary 

pollution for freshwater. When CS was integrated with magnetic Fe3O4, composite adsorbents 

could easily be separated from treated water using a magnet (Soares et al., 2017).  

 

Recently, increasing attention has been given to three-dimensional (3D) porous absorbents (Table 

2.2), such as aerogel, hydrogel, and sponges, due to their low density, high porosity, and high 

surface area (Sun et al., 2020). Interestingly, unlike hydrophilic membranes for oil/water separation, 

3D absorbents for oil removal were hydrophobic and oleophilic. For instance, Gu et al. (Gu et al., 

2020a) prepared a hydrophobic and magnetic nanocellulose/oleic acid/Fe3O4 (NCA/OA/ Fe3O4) 

aerogel with a low density and a high absorption ability of 68.06 g/g. WCAs demonstrated that the 

presence of oleic acid (OA) and Fe3O4 improved the hydrophobicity of the composite aerogel. 

Moreover, Phanthong et al. (Phanthong et al., 2018) applied a freeze-drying method to prepare a 
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hydrophobic nanocellulose (NC) sponge. After surface modification, the composite absorbent had 

a high WCA of 160° and could absorb almost 100% of oil spilled on the water surface. The simple 

fabrication methods and high hydrophobicity of these green 3D absorbents make them promising 

materials for selective oil/water separation. 

 

Table 2.2 Different sorbents for oil sorption 

Sorbents Type Sorption capacity 

(g/g) 

Refs. 

Lanthanum modified chitin  Particle Not given (Elanchezhiyan 

and 

Meenakshi, 

2016) 

Chitosan/Fe3O4/silica Particle Not given (Soares et al., 

2017) 

Chitosan  Aerogel 41.97 (Li et al., 

2016) 

Nanocellulose/oleic acid/Fe3O4  Aerogel 68.06  (Gu et al., 

2020a) 

Cellulose nanofiber/chitosan  Aerogel 82-253  (Zhang et al., 

2021a) 

Nanocellulose  Sponge 25-55 (Phanthong et 

al., 2018) 
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Eichhornia crassipes  Foam 49.97-140.9 (Sun et al., 

2020) 

Carbon  Aerogel 80-161 (Li et al., 

2017) 

Biomass carbon/SiO2/MnO2  Aerogel 60-120 (Yuan et al., 

2018) 

Chitosan Aerogel 63 (Yi et al., 

2020) 

Balsa wood Sponge 41 (Guan et al., 

2018) 

Balsa wood Sponge 7.28 (Chao et al., 

2020b) 

 

Benefitting from their intrinsic hydrophobicity, carbon-based 3D porous architectures have also 

shown great potential in oil/water separation, including graphene (Zhao et al., 2019b), carbon 

nanotube (Muñoz-Sandoval et al., 2017), and MXene (Wang et al., 2019c). However, their 

expensive precursors and complicated fabrication processes have constrained their wide 

application in oil spill response. As a result, it is important to explore sustainable carbon-based 

absorbents with biodegradability, cheap precursors, and time-saving preparation routes. Recent 

research has shifted to focus on other classes of green nanomaterial of biomass. For example, Sun 

et al. (Sun et al., 2020) fabricated an oleophilic biomass foam through calcination of Eichhornia 

crassipes (CEC). The composite 3D absorbents possessed high porosity, low density, and ultrahigh 

absorption capacity. Furthermore, Li et al. (Li et al., 2017) used the pyrolysis of cellulose aerogels 

to synthesize a conductive carbon aerogel with an ultralow density, high compressibility, and high 
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absorbency. Importantly, the as-prepared absorbents exhibited superior fire-retardant properties 

after the combustion of oil and maintained high absorption capacity after 10 absorption-combustion 

cycles. However, the extraction of cellulose from plant cells involves chemical and mechanical 

treatments because of strong hydrogen bonding; furthermore, the assembly of cellulose aerogel is 

intricate (Lavoine and Bergström, 2017), which hampers the large-scale application of such 

bottom-up strategies. More significantly, the majority of the aerogels suffer from low mechanical 

robustness, thereby leading to vulnerable reusability after multiple squeezing-absorption cycles 

(Karatum et al., 2016). 

 

As a reproducible material, wood is a class of 3D layer hollow fiber supports involving porous and 

hierarchical structures (Berglund and Burgert, 2018). By chemically removing the lignin-

hemicellulose matrix in the cell walls, highly elastic and porous wood sponges can be generated 

(Song et al., 2018) (Figure 2.2). Such a top-down method is time-saving and scalable and indicates 

a promising avenue for developing high-quality 3D absorbents directly from wood. For instance, 

Guan et al. (Guan et al., 2018) applied an effective top-down strategy to synthesize highly porous, 

mechanically flexible, and hydrophobic wood sponges directly from balsa wood. The resultant 

sponge exhibited superior mechanical elasticity, low density, and hydrophobic/oleophilic features, 

giving the wood sponge an oil absorption capacity as high as 41 g/g and high stability after 10 

absorption-release cycles. The cycled filtration tests demonstrated that the sponge could effectively 

filtrate the oil phase but reject water, achieving both oil/water separation and oil collection. 

However, these 3D absorbents are less effective in removing highly viscous oils (Ge et al., 2017). 

To address this concern, Chao et al. (Chao et al., 2020b) fabricated a wood/reduced graphene oxide 

(RGO) absorbent for high-viscosity oil removal. Due to the excellent photothermal conversion of 

RGO, a thermogenesis process could rapidly increase the temperature to 80 ℃, at which point the 
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viscosity of crude oil decreased remarkably, and thus the composite absorbent exhibited superior 

oleophilic and hydrophobic properties. While at room temperature, no oil-wetting behavior was 

observed, owing to the high oil viscosity. 

 

2.2.3 Surface washing for oiled shoreline 

SWAs are a class of materials that can facilitate stranded oil removal from shorelines by altering 

the rheological properties of the oil/water interface (Chen et al., 2020a; Chen et al., 2021c) (Figure 

2). For instance, Bi et al. (Bi et al., 2020) investigated the impact of environmental factors on oil 

removal from sand using a commercial COREXIT EC9580A (Corexit 9580A) SWA. Temperature 

and humic acid concentration significantly affected oil removal efficiency. Chen et al. (Chen et al., 

2021c) have demonstrated the good performance of green cellulose nanocrystal (CNC) for oiled 

shoreline cleanup. At the standard reference level, the CNC fluid could remove more than 70% of 

oil from the surface of the sand. Thermodynamic modeling further confirmed that the addition of 

CNC would enhance the oil/water miscibility, and biotoxicity tests suggested that CNC can reduce 

the oil toxicity to green algae. In addition, Chen et al. (Chen et al., 2021b) designed a 

chitosan/rhamnolipid (CS/RL) complex for oiled sand surface washing. It was found that the 

addition of CS can reduce the surface tension of the RL solution, thereby boosting the cleaning 

performance of the complex.  

 

2.3 Research gap and limitations 

In summary, emerging green materials offer significant opportunities for developing membranes, 

sorbents, and SWAs at low costs and with low environmental impacts for the treatment of oily 

wastewater and oiled shorelines. In spite of significant progress achieved in the past few years, 
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research on the use of green materials for oil spill response still needs to be further investigated. To 

advance development and research, the following issues should be addressed: 

 

(1) Developing more effective and sustainable eco-friendly materials 

Although nano-chitin and nano-cellulose have low toxicity and have excelled at oil removal, the 

fabrication processes are complicated and time-consuming. Therefore, designing environmentally 

friendly, biodegradable, and renewable biomass materials should be prioritized. Applying food-

grade substances is a promising alternative. For example, protein nanoparticles can be obtained 

through a simple anti-solvent precipitation method (Feng and Lee, 2016). Conversely, given the 

abundant functional groups of green materials, there is considerable room to further optimize their 

performance. To achieve this goal, surface modifications such as polymerization, electrostatic 

interaction, and cross-linking can be used. However, the toxicity to organisms of treated materials 

should be evaluated as well. 

 

(2) Functionalizing eco-friendly materials for oil spill response 

Traditional oil/water separations are based mostly on physical processes; not only does this cause 

the membranes and sorbents fouling during oil removal but the separated oil may also cause 

secondary oiling of the environment. Integrating physical separation and chemical oxidation is an 

innovative approach that can improve both the flux of membranes and the sorption capacities of 

sorbents. Consequently, it is desirable to design green, reactive, and self-cleaning membranes and 

sorbents for oil/water separation. 

 

Moreover, surface washing processes result in many oil droplets in the washing effluent emulsions, 

which could cause secondary water pollution and increase capital and operating costs if not treated 
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properly. Therefore, future research may focus on identifying demulsification methods to separate 

oil from washing effluents. To address this issue, stimuli-responsive green SWAs for oil removal 

can be designed. By altering external stimuli, such as pH, temperature, and salinity, the surface 

properties of the SWAs would undergo some physical or chemical transformation, in turn, 

influencing the wettability and dispersibility of the SWAs. Importantly, supernatants need to be 

quantitatively analyzed to evaluate the demulsification performance of the washing effluents, 

including residual oil concentration, turbidity, and total organic carbon. 

 

(3) Modeling of oil removal and separation processes  

Environmental modeling can be used to further analyze environmental processes (Le et al., 2020; 

Shrestha and Wang, 2020b). Although many experimental studies have been conducted, the 

modeling of oil removal and separation processes is still lacking. Molecular dynamics simulations 

can be further used to analyze the interfacial activity of oil/liquid interfaces, which can help 

understand the mechanism of emulsification and separation of oil droplets. In addition, 

thermodynamic modeling can be performed to analyze some characteristics such as miscibility 

under different conditions. In the field application of SWAs, oil, and washing effluent may transport 

on shorelines. Numerical simulation can be used to quantitatively describe the distribution and 

transport of oil and washing effluent in the subsurface, thereby characterizing and predicting the 

cleanup performance and its impact on the shoreline environment. The uncertainty analysis of 

complex contaminant transport is also of great significance in this process. 

 

(4) Coupling with other technologies for pre - or post-treatment of oil spill response 

Each technology, i.e., separation, sorption, and surface washing, is barely able to completely 

resolve oil spill problems. Oil spill treatments are comprehensive processes that involve various 
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remediation procedures. Some pre - or post-treatment methods can be used to improve the overall 

treatment performance. For example, advanced oxidation processes (AOPs), such as Fenton, 

peroxymonosulfate, and photocatalysis (Yue et al., 2021b; Yue and Rahaman, 2021b), can be used 

for pre - or post-treatment to improve oil removal. In addition, when developing coupled 

approaches for a shoreline response, both the overall treatment efficiency and socio-economic 

impacts should be considered. 

 

(5) Evaluating oil removal performance in practical application 

From the practical application perspective, manufacturing costs and mass production capacity are 

the most important aspects of large-scale application and cannot be ignored, incentivizing the 

exploration of easier-to-use techniques to promote the industrial application of green materials. 

Additionally, most studies of oil removal materials have occurred in the laboratory and under 

simulated environmental conditions. Once oil spill accidents occur, the oil needs to be removed 

from various oil/seawater mixtures that consist of different components, e.g., salinity and humic 

acid substances; therefore, it remains unknown whether green material will perform well in these 

real-world conditions. As a result, materials should be evaluated more extensively under practical 

conditions that involve more complex factors, such as multi-component mixtures, mechanical 

turbulence, and viscous oils. It is also expected to design and scale up these techniques for practical 

applications on-site. 

  



20 

 

CHAPTER 3 CLEANUP OF OILED SHORELINES USING A DUAL RESPONSIVE 

NANOCLAY/SODIUM ALGINATE SURFACE WASHING FLUID ‡ 

 

3.1 Background 

Oil spills may disturb ecosystems, devastate the sustainable development of energy systems, and 

endanger public health (via respiratory damage, liver damage, and cancer risk) (Cai et al., 2019; 

Wang et al., 2021c; Yue et al., 2020). Millions of tonnes of oil and petroleum products have been 

discharged into oceans over the last five decades (ITOPF, 2017; Yue and Rahaman, 2021a). Once 

released into the marine environment, a certain amount of oil can reach the shoreline via waves, 

wind, tides, and currents (Elmobarak and Almomani, 2021a; Geng et al., 2020; Wang et al., 2021b). 

This oil is increasingly recalcitrant as it undergoes weathering through biodegradation, photo-

oxidation, and evaporation (Jin et al., 2021; Owens et al., 2016).  

 

Various strategies, such as physical removal and biodegradation, have been adopted to mitigate oil 

contamination on the shoreline (Lee, 2000; Sun et al., 2019; Yue et al., 2021b). Although the 

biodegradation method is environment-friendly, wide application for shoreline cleanup has been 

limited by its low oil removal efficiency and unstable performance (Boufadel et al., 2019; Owens 

et al., 2016; Shang et al., 2020). The use of surface washing agents (SWAs) has proven to be a 

suitable alternative to facilitate oil decontamination by influencing the rheological properties or 

interactions at the oil/water interface (Bi et al., 2020; Chen et al., 2021c). Some commercial SWAs 

(e.g. Corexit 9580 and Cytosol) have been considered for oil removal (U.S.EPA, 2021). SWAs with 

 
‡ This work has been published as R. Yue, C. An, Z. Ye, H. Bi, Z. Chen, X. Liu, X. Zhang, K. Lee. A dual responsive 

nanoclay/sodium alginate surface washing agent for effective shoreline cleanup. Environmental Research, 2022, 205: 

112531. 
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high oil removal efficiency, low temperature and pressure requirements for flushing water, and 

minor impacts to shorelines are advantageous (Chen et al., 2020a). The reported SWAs often 

consist of surfactants and solvents, which have toxic effects on organisms and human health 

(Barron et al., 2020; Chen et al., 2019). Therefore, the development of novel SWAs that are non-

toxic, effective, and economical is imperative. The post-washing effluent is also a concern, as it 

could cause secondary pollution if not treated properly. Previous studies have mainly focused on 

the oil-washing performance of SWAs (Bonal et al., 2018; Kim et al., 2019; Offiong et al., 2021), 

while the subsequent separation processes of washing effluents were either complicated or 

neglected, thereby limiting their feasibility in practical applications. Consequently, a 

straightforward and time-saving method to separate oil from washing effluent after the application 

of SWAs must also be designed. 

 

Pickering emulsion refers to an oil/water emulsion that is stabilized by solid particles (Aveyard et 

al., 2003; Binks et al., 2008). It has attracted increased attention from researchers due to its 

enhanced emulsion stability, low cost, and easy operation compared to traditional surfactants (Low 

et al., 2020; Tang et al., 2015a). Montmorillonite (MMT), which is environmentally benign, 

economical, and has good dispersibility, has proven to be an ideal candidate for Pickering emulsion 

formation (Machado et al., 2019; Wang et al., 2021a). Modifying MMT with surfactants is one 

approach to preparing an MMT-based Pickering emulsion. For instance, Zhang et al. (2014b) used 

an in-situ method to prepare cetyltrimethylammonium bromide (CTAB)/MMT composite, which 

can stabilize oil/water emulsion. Dong et al. (2014) synthesized bis(2-hydroxyethyl)oleylamine-

modified MMT particles, which hindered the coalescence of oil droplets at a low concentration of 

0.1 w/v%. However, some chemicals used in these methods are costly and toxic, making large-

scale practical applications difficult.  
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Sodium alginate (SA) is the sodium salt form of alginic acid and gum, which is mainly extracted 

from brown algae. It has good biocompatibility and is suitable for the stabilization of MMT-based 

Pickering emulsion. Tang et al. (2021) prepared chitosan/SA composites through electrostatic 

interaction and found that the presence of SA increased the Pickering emulsion stability. Wang et 

al. (2020a) demonstrated that the addition of SA could co-stabilize the MMT-based Pickering 

emulsion for up to three months, while MMT and SA systems were both unstable within 48 h. 

Additionally, SA is a polyelectrolyte and its rheological property is pH-responsive. Hence, the 

presence of SA can aid precipitation in acidic conditions (pH<4), which can contribute to the 

recovery of SWAs and oil in washing effluent.  

 

In this study, we developed a novel and dual-responsive nanoclay/sodium alginate (NS) washing 

fluid and systematically evaluated its application potential in an oiled shoreline cleanup. 

Characterizations were performed to verify the interaction between nanoclay and SA. Batch 

experiments were conducted to investigate oil removal performance under various conditions, and 

factorial design analysis was used to assess how different factors affected removal efficiency. 

Additionally, the washing effluents were effectively separated based on the dual pH and Ca2+ 

responsive properties of SA. The residual oil content and turbidity of supernatants were also 

determined. Moreover, the removal efficiency of the NS fluid was compared to commercial 

surfactants to assess its potential as an SWA for shoreline cleanup. 
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3.2 Materials and methods 

3.2.1 Materials 

Shell Rotella T4 diesel engine oil (15W40) was used as the representative oil in this study and its 

properties are detailed in Table 3.1. Standard washed and thermally treated sand (30 – 40 mesh) 

was purchased from Millipore (Oakville, Canada). Sodium alginate (SA), nanoclay 

(montmorillonite clay), sodium chloride (NaCl), Tween 80, Tween 20, sodium dodecyl sulfate 

(SDS), Triton X-100 (TX-100), humic acid sodium salt (HA), calcium chloride (CaCl2), and n-

hexane were purchased from Millipore Sigma (Oakville, Canada). Ultrapure (UP) water (18 MΩ) 

was produced by a Milli-Q ultrapure water purification system (MilliporeSigma, USA) 

 

Table 3.1 Characteristics of the engine oil. 

Properties Value 

Density at 15 °C 0.878 g/mL 

Kinematic Viscosity at 40 °C 118 mm2/s 

Viscosity index 133 

Sulfated ash 1% 

Total base number 10.1 mg KOH/g 

Flashpoint 234 °C 

Pour point -36 °C 

 

3.2.2 Preparation of oiled sand 

The engine oil was weathered at 20 ℃ for 7 days before use. The oil-contaminated sand had a 

concentration of 5 g oil/ kg sand; it was prepared by adding 5 g of engine oil to 1 kg of sand. Next, 
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the engine oil was dissolved with hexane and the mixture was sonicated and agitated for 10 min. 

The hexane was then evaporated under a fume hood at 20 ℃ for 48 h. The as-prepared oiled sand 

was sealed for future use. 

 

3.2.3 Preparation of nanoclay/sodium alginate surface washing agent 

A certain amount of nanoclay (400, 600, 800, and 1000 mg/L) was mixed with SA solution at 

different concentrations (0.05, 0.1, 0.2, and 0.5 wt%). The mixture was dispersed in a sonicator for 

15 min, and then magnetically stirred for 30 min to form a homogeneous dispersion. A series of 

NS washing agents were prepared. 

 

3.2.4 Sand-washing procedure and factorial design analysis 

For this process, 1 g of oiled sand and 15 mL of washing agent were added to each vial (20 mL). 

All washing experiments were conducted using a shaker (New Brunswick Innova 42R Incubator 

Shaker, USA) at 300 rpm at 20 ℃ for 24 h. The liquid washing agent was removed after the 

washing process, and any washing agent that had potentially adsorbed by the sand was removed 

with UP water. Subsequently, the wetted sand was dried at 50℃ overnight to ensure that the DI 

water did not impact the following extraction step. The residual oil from the sand surface was 

extracted by adding 15 mL of hexane into the vials, which were shaken for 24 h. The extracted oil 

concentration was determined using a UV-Vis spectrophotometer (Agilent Cary 3500, USA) at a 

wavelength of 284 nm. The oil washing efficiency was calculated by the equation: R = 1 – 

(OilR/OilT), where OilR and OilT refer to the amount of residual oil after washing and the total 

amount of oil on the sand before washing, respectively. 
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The single and interactive effects of different factors were assessed by applying a two-level 

factorial design analysis (He et al., 2018; Li et al., 2020). Four environmental factors, namely 

temperature, oil content, salinity, and HA were tested at two levels. A 24 factorial design analysis 

was used for this study and detailed information is provided in Tables 3.2 and 3.3.  

 

Table 3.2 High and low levels for the 24 factorial design. 

Factor Temperature 

A (℃) 

Oil content 

B (g oil/ kg sand) 

Salinity 

C (wt%) 

HA 

D (mg/L) 

High level (+1) 20 10 3.5 20 

Low level (-1) 10 5 0 0 

 

 

Table 3.3 Coded levels and corresponding values for factorial design matrix. 

Number Coded levels A B C D 

A B C D Temperature 

(℃) 

Oil content (g 

oil/ kg sand) 

Salinity 

(wt%) 

HA (mg/L) 

1 -1 -1 -1 -1 10 5 0 0 

2 -1 -1 -1 1 10 5 0 20 

3 -1 -1 1 -1 10 5 3.5 0 

4 -1 -1 1 1 10 5 3.5 20 

5 -1 1 -1 -1 10 10 0 0 

6 -1 1 -1 1 10 10 0 20 

7 -1 1 1 -1 10 10 3.5 0 
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8 -1 1 1 1 10 10 3.5 20 

9 1 -1 -1 -1 20 5 0 0 

10 1 -1 -1 1 20 5 0 20 

11 1 -1 1 -1 20 5 3.5 0 

12 1 -1 1 1 20 5 3.5 20 

13 1 1 -1 -1 20 10 0 0 

14 1 1 -1 1 20 10 0 20 

15 1 1 1 -1 20 10 3.5 0 

16 1 1 1 1 20 10 3.5 20 

 

To demonstrate the oil removal performance of NS washing agents, nonionic surfactants (Tween 

20, Tween 80, and TX-100) and an anionic surfactant (SDS) were selected as commercial 

surfactants for the washing experiments. The cationic surfactants were not considered in this study 

due to their limited effectiveness in oil washing, which resulted in strong adsorption by sand (Chu, 

2003). The surfactant properties are given in Table 3.4. 
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Table 3.4 Properties of selected surfactants 

Surfactants Chemical nomenclature Molecular weight Critical micelle 

concentration  

(CMC) 

SDS Sodium dodecyl sulfate 288 2.3 g/L 

Triton X-100 4-(1,1,3,3-Tetramethylbutyl)phenyl-

polyethylene glycol 

625 0.2 g/L 

Tween-20 Polyoxyethylene (20) sorbitan 

monolaurate  

1228 73.7 mg/L 

Tween-80 Polyoxyethylene (80) sorbitan 

monooleate 

1310 15.7 mg/L 

 

3.2.5 Separation and recovery of washing effluents 

Washing effluents can be separated and recovered by the following two methods. (1) The 

rheological property of SA is related to the pH of the solution and precipitates when the pH is less 

than 4 (Tang et al., 2015a). After oil washing, the pH of the washing effluent was adjusted to 1.5 

by adding a certain volume of HCl acid (1 mM), after which the NS composite formed precipitates 

and was recovered by removing the supernatant. (2) SA can react with Ca2+ ions to form calcium 

alginate (CA), which is insoluble in water. In this study, the washing effluent was added to the 

CaCl2 solution, and small CA hydrogel beads were generated which subsequently precipitated at 

the bottom of a beaker. 
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3.2.6 Analytical and characterization methods 

All batch experiments were conducted three times and the mean values were used for data analysis. 

The experiment design and results analysis were carried out using Minitab (Minitab, LLC., USA). 

Additionally, the statistical significance of the results (p < 0.05) was determined through a one-

way analysis of variance (ANOVA) (He et al., 2018). The attenuated total reflection-Fourier 

transform infrared (ATR-FTIR) result was obtained using a Thermo Scientific Nicolet 6700 FTIR 

spectrometer (USA). X-ray diffraction (XRD) analysis was performed using an X-ray 

diffractometer (BRUKER D8 Discover, USA). A zeta potential test was performed using a 

Zetasizer (MALVERN, USA). Surface tension and interfacial tension measurements were recorded 

using a force tensiometer (KRUSS K100, Germany). The surface tension (SFT) measurement was 

conducted by immersing and withdrawing a platinum plate into the sample; the interfacial tension 

(IFT) was measured following the operation instructions from the KRUSS company. Microscope 

images were obtained with a fluorescence microscope system (ESC-350, ACCU-SCOPE, USA). 

Turbidity tests were performed using a turbidity meter (ORION AQ3010, THERMO SCIENTIFIC, 

Canada). Thermogravimetric curves were obtained using a TGA instrument (Q50, 

TAINSTRUMENTS, USA). Viscosity tests were performed using a viscosity meter (AMETEK, 

BROOKFIELD, Canada). 

 

3.3. Results and discussion 

3.3.1 Characterizations of nanoclay/sodium alginate 

The ATR-FTIR characterization was applied to investigate the interaction between nanoclay and 

SA. As depicted in Figure 3.1a, in the spectrum of SA, two peaks at 1600 and 1408 cm-1 

corresponded to symmetric and asymmetric carboxylate groups, respectively, and the peak at 3252 
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cm-1 was assigned to the -OH stretching vibration (Wang et al., 2020a). The spectrum of nanoclay 

exhibited three characteristic peaks, namely 3613 (Si-OH), 3386 (-OH symmetric stretching), and 

1635 cm-1 (hydroxyl bending) (Etcheverry et al., 2017). Notably, the NS composite displayed peaks 

of both SA and nanoclay, confirming the two had successfully been combined. Additionally, the 

peaks of hydroxyl groups of both SA (3252 cm-1) and nanoclay (3386 cm-1) shifted to 3397 cm-1 in 

the NS spectrum, which indicates the existence of hydrogen bonds between SA and nanoclay 

(Barreca et al., 2014; Hosseini et al., 2013; Wang et al., 2020a).  

 

Figure 3.1 ATR-FTIR spectrum (a) XRD patterns (b) and TGA curves (c) of SA, nanoclay, and 

NS. 
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XRD patterns (Figure 3.1b) show that the diffraction peak shifted from 6.19° to 5.68° with the 

addition of SA, demonstrating that the interlayer distance of nanoclay increased from 1.42 to 1.55 

nm. This observation may imply that SA was intercalated into the nanoclay interlayer spacing. 

Figure 3.1c shows the results of the TGA measurement of nanoclay, SA, and NS composite. Weight 

loss of 7.8% of nanoclay at 23–175 ℃ was attributed to water loss from both surface and crystal 

structure, while another mass loss of 6.2% at 534–750 ℃ was attributed to dihydroxylation (Santos 

et al., 2018). Approximately 17.5% of SA mass was lost in the range of 23–222 ℃, possibly due 

to water evaporation. The main skeleton and structure of SA decomposed between 222 and 266 ℃, 

leading to 30.1% of weight loss (Abbasi et al., 2020). SA decomposition began at 266 ℃ and the 

total weight loss reached approximately 72%. Notably, the TGA curve of the NS composite 

displayed the weight loss behavior of both nanoclay and SA, indicating that the two substances had 

combined. 

 

3.3.2 Effect of sodium alginate and nanoclay concentrations 

To determine the optimal SA and nanoclay content, a series of experiments with gradient variation 

of SA and nanoclay was conducted. Figure 3.2a shows the oil removal efficiencies of the different 

NS washing agents. Apparently, the enhancement in SA and nanoclay concentrations had positive 

effects on oil removal. For instance, when fixing the SA concentration 0.2 wt%, the removal 

efficiency increased gradually from 62.3% to 72.3% as enhancing nanoclay concentration from 

400 to 800 mg/L. However, the further increase in nanoclay concentration from 800 to 1000 mg/L 

only led to a slight improvement of 1.0% in oil removal efficiency. There are three possible reasons 

to explain why nanoclay enhanced the oil removal: (1) organic materials combined with nanoclay 
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via Van der Waals forces, thus entering the space between the neighboring sheets of the nanoclay 

structure (Stevenson, 1994); (2) the swelling property of nanoclay in the aqueous environment can 

enlarge its interlayer space, thereby adsorbing more organic matter (Churchman et al., 2006); and 

(3) the oil–nanoclay interaction results in the formation of oil-particle aggregates (OPAs), which 

can enhance the dispersion of oil droplets, thus hindering the mutual effect between oil droplets 

and sand surface. 

 

Conversely, with a fixed nanoclay concentration of 800 mg/L, the oil decontamination efficiency 

climbed stepwise from 63.1% to 72.7% as SA concentration escalated from 0.05 to 0.5 wt%. This 

may be because the addition of SA improved the viscoelasticity and stability of the NS Pickering 

emulsion. Wang et al. (2020a) found that SA usage may improve the storage stability of 

montmorillonite (MMT)-based Pickering emulsion. The MMT/SA-stabilized Pickering emulsion 

exhibited outstanding stability at higher SA concentrations (0.1 to 1.0 wt%), of which the 

viscoelasticity and absolute value of Zeta potential increased gradually with increasing SA content. 

Moreover, the presence of SA decreased the surface and interfacial tensions of the NS washing 

agents (Figure 3.2b), because SA could promote the diffusion of nanoclay particles from bulk to 

interface (Jiang et al., 2021). The reduced surface and interfacial tensions were conducive to the 

formation of oil/water emulsion. 
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Figure 3.2 (a) oil removal efficiencies of different NS fluids, (b) SFT and IFT of NS composites 

with different SA concentrations (the concentration of nanoclay was 800 mg/L), and (c) the oil 

removal efficiency of different washing fluids. 

 

In this study, an NS washing agent containing 800 mg/L of nanoclay and 0.2 wt% of SA was used 

to systemically explore oil removal performance under different experimental conditions. Figure 

3.2c depicts the oil removal efficiency of different washing agents. SA solution (0.2 wt%) had a 

slightly higher oil removal efficiency (51.1%) than UP water (36.3%). Additionally, 58.1% of the 

oil was effectively washed by using a nanoclay washing agent (800 mg/L). With the help of SA, 

the NS composite had excellent washing performance, exhibiting the highest removal performance 

(72.2 %) of the four washing agents. 
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3.3.3 Effect of salinity 

The salinity of the ocean is approximately 3.5 wt%, although this value is lower in the nearshore 

area where freshwater discharges from rivers (Cao et al., 2020b; Zhai et al., 2020). The effect of 

salinity on the NS washing fluid performance is illustrated in Figure 3.3a. Salinity was found to 

positively impact oil removal efficiencies, which increased to 80.2% and 80% at low salinities of 

0.1 wt% and 0.3 wt%, respectively. However, the NS fluid washing performance declined and 

became stable with high salinities: 75.8%, 74.1%, 76.3%, 76.8%, and 75.5% of the oil was removed 

as salinity increased from 0.5 wt% to 4.0 wt%. These findings demonstrate that the NS washing 

agent has a high potential for shoreline cleanup in a saline environment.  

 

Figure 3.3 Effect of salinity on (a) oil removal of NS washing agent and its corresponding Zeta 

potential and (b) viscosity. 

 

One explanation for the oil removal enhancement in salty water is that the positively charged ions, 

including Na+ and Ca2+, may compress the double layer of NS composite and decrease its absolute 

value of zeta potential (Figure 3.3a), thus leading to aggregation of the NS washing fluid (Molnes 

et al., 2016; Zhong et al., 2012). This may promote OPA formation, which accelerates the 
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detachment of oil contaminants from the sand surface (Le Floch et al., 2002). On the other hand, 

Le Floch et al. (2002) demonstrated that salinity was beneficial to OPA formation, with over 75% 

of OPAs formed in saline water but only about 10% formed in DI water. Furthermore, salinity may 

enhance the stability of the Pickering emulsion. Dong et al. (2014) found that in synthetic seawater, 

high salinity drove clay particles from the brine phase to the oil/water interface, promoting the 

approach of clay to the surfaces of oil droplets, thus stabilizing the clay-based Pickering emulsion.  

 

The diminished oil washing performance at high salinity (≥ 0.5 wt%) can be attributed to variations 

in the interaction between nanoclay particles and oil droplets. With a salinity between 0.1 wt% and 

0.3 wt%, the nanoclay particles tended to aggregate and form 3D networks into which oil droplets 

could be easily incorporated (Yu et al., 2021). This was conducive to the stabilization of Pickering 

emulsion. At higher salinities (≥ 0.5 wt%), due to the reduced surface charge of the nanoclay 

particles (Figure 3.3a), nanoclay were more likely to gather through face-to-face interaction, 

allowing stable nanoclay clusters to form. In this case, the amount of nanoclay capable of forming 

strong clay droplet networks declined, thereby destabilizing the Pickering emulsion (Yu et al., 

2021). 

 

The viscosity of the washing agent under different salinities also influenced the oil removal 

efficiency. At low salinities of 0.1 wt% and 0.3 wt%, the viscosity of the washing fluid increased 

significantly to 4.2 and 2.4 cp (Figure 3.3b), respectively, because the 3D nanoclay networks 

restricted the motion of clay particles. The enhanced fluid viscosity stabilized the Pickering 

emulsion and thus improved the oil removal performance (Wang et al., 2020a). However, at higher 

salinities, nanoclay particles interconnected to create a loose nanoclay network, which caused both 

viscosity and oil removal efficiency to decline (Yu et al., 2021).  
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3.3.4 Effect of temperature 

The average temperature of the shoreline in North America varies from 5–25 ℃ (Dethier et al., 

2012). The impact of temperature on oil washing efficiency was investigated and the results are 

shown in Figure 3.4. Oil removal efficiency increased moderately from 62.3% at 5 ℃ to 72.2% at 

20 ℃. As the temperature rose, the oil viscosity decreased, improving hydrocarbon solubility and 

mobility. Further, decreased viscosity can reduce the interaction forces between sand and oil, 

thereby promoting the detachment of oil from sand and emulsion formation. Additionally, 

increasing the temperature decreased the zeta potential of silica, the main component of sand, and 

increased its negative charge (Chen et al., 2021c; Vahabisani et al., 2021). This resulted in higher 

repulsive forces between oil and sand, hindering the re-attachment of the removed oil. 

 

Figure 3.4 Effect of temperature on oil removal of NS washing agent. 
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Additionally, it was found that a further temperature increase from 20 to 25 ℃ only caused a slight 

rise in oil removal efficiency, from 72.2% to 73.4%. Sørensen et al. (2014) investigated the 

interaction between oil droplets and sediments under different conditions. They found that the 

absorption ability of the sediment towards oil was the highest at a low temperature of 5 ℃, while 

it decreased and remained stable at 10, 15, and 25 ℃. Overall, the positive effect of temperature 

on oil removal can be attributed to the changes in viscosity, dissolution, and emulsion. 

 

3.3.5 Effect of humic acid 

A product of dead organism biodegradation, HA is widespread in the natural environment and can 

affect the transportation behavior of contaminants (Yue et al., 2021a; Zhao et al., 2019a). The 

impact of HA on oil removal efficiency was explored in this work and the results are plotted in 

Figure 3.5. It was concluded that more oil contaminants were released from the sand surface when 

HA was present in the flush water. Oil removal efficiency increased from 75.4% to 80.5% when 

the HA content increased from 1 to 10 mg/L. However, this positive effect was less obvious at 

higher HA concentrations (≥ 20 mg/L). A previous study demonstrated that HA enhanced the 

solubility of hydrophobic organic contaminants (HOCs) (Cho et al., 2002). Additionally, HA may 

be adsorbed on both oil droplets in the oil/water emulsion and on the sand surface, increasing their 

negative charge. Therefore, the re-attachment behavior of oil on the sand surface was inhibited 

because of the enhanced repulsive forces between oil and sand (Cai et al., 2017; Pitois et al., 2008).  
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Figure 3.5 Effect of HA on oil removal of NS washing agent. 

 

3.3.6 Effect of oil concentration and comparison with surfactants 

Coastal sand is contaminated to varying degrees following an oil spill. Therefore, it is necessary to 

explore the performance of the NS washing agent at different concentrations of oil-contaminated 

sand. As shown in Figure 3.6a, oil washing efficiency decreased stepwise from 83.7% to 66.1% 

with increasing oil concentration from 0.2 to 1 g /1 kg. Importantly, the NS washing agent still 

exhibited high removal performance (66.1%) at the high oil concentration of 10 g/ 1 kg, indicating 

that the NS washing agent used in this study is a promising SWA for shoreline cleanup.  

 

The oil removal performance of the NS washing agent was also compared with different surfactants. 

As shown in Figure 3.6b, SDS had the greatest decontamination efficiency of the four surfactants, 

releasing 73.4% and 85.2% of oil from the sand surface at the CMC and 2CMC concentrations, 

respectively. The other three nonionic surfactants displayed relatively low washing performances 
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and the removal efficiencies of Tween80, Tween20, and TX100 were 55.4% (71.3%), 54.5% 

(70.6%), and 59.8% (71.6%), respectively. The NS washing agents were able to remove 

approximately 72.2% of attached oil, performing comparably to commercially available surfactants. 

Nanoclay and SA are non-toxic and have low environmental impacts because the former is a natural 

mineral and the latter is a natural gelling agent derived from the cell walls of brown algae. 

According to our previous study (Bi et al., 2021c), toxicity may be more important than cost when 

considering a suitable washing option. Once an oil spill occurs, oil pollution must be controlled as 

soon as possible, while related costs may not be a priority for consideration. In summary, our results 

support the potential application of NS washing agents for shoreline cleanup.  

 

Figure 3.6 (a) Effect of oil concentration on the removal efficiency and (b) comparison of removal 

efficiency of the NS washing agent with commercial surfactants. 

 

3.3.7 Factorial design analysis of conditions affecting the NS washing performance 

As mentioned above, it was concluded that the oil removal efficiency of the NS washing fluid was 

affected by temperature, oil concentration, salinity, and HA content. Aside from the influence of 

each factor, interactions between these factors may also affect washing performance. In this study, 
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a full factorial design analysis was employed to analyze the effects of these factors. According to 

the principle of hierarchical effects, a system is usually dominated by main effects and lower-order 

interactions, while higher-order interactions may be less important (Chen et al., 2020b; Shen et al., 

2017). As a result, only individual factor and two-factor interactions were considered in this 

factorial design analysis. The results of the factorial design analysis and its corresponding ANOVA 

are shown in Figure 3.7. The oil removal efficiency can be calculated by the following polynomial 

equation: Oil removal efficiency = 0.6195 + 0.00928 A - 0.1170B - 0.0263 C + 0.00153 D - 0.00172 

AB + 0.001539 AC + 0.000172 AD + 0.0191 BC - 0.00681 CD + 0.000520 CD. The R-squared 

and adjusted R-squared of the regression model were 0.8459 and 0.8762, respectively. Moreover, 

the lack-of-fit of the p-value was 0.960, indicating a very good model fit. According to the Pareto 

chart (Figure 3.7a), the significant factors were temperature (A), oil content (B), salinity(C), and 

the two interactions of BD and AC. 
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Figure 3.7 Result of factorial design analysis for oil removal efficiency: (a) Pareto chart, (b) main 

effect plots connecting the response mean at each factor level with a line, and (c) interaction plots. 

 

The temperature had the most prominent effect on the oil removal efficiency of the NS fluid. Due 

to differences in solar radiation, the ocean surface temperature varies greatly in different regions, 

latitudes, and seasons. The seawater temperature can exceed 30 ℃ for an entire year in equatorial 

regions and can be as low as -2 ℃ in polar regions (Observations, 2020; Shrestha and Wang, 2020a). 

Based on NASA data, the average long-term global temperature is 16.1 ℃ (Observations, 2020). 

Therefore, 10 and 20 ℃ were chosen as the low and high levels of temperature in this study. The 

removal efficiencies were 60.8% and 73.2% at the low and high levels, respectively (Figure 3.7b). 
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Oil content is another important parameter that affects the washing removal efficiency of NS fluid. 

Lighter oils are prone to evaporation and degradation; therefore, a small amount of these oils is 

deposited on banks and shorelines. With exposure to sunlight and waves, the heavier oils are likely 

to form dense, sticky substances that are difficult to remove from sand and rocks. In this work, two 

oil concentrations, 5 and 10 g/ kg, were applied as the low and high levels, respectively. Although 

the removal efficiency decreased from 71.4% (low level) to 62.5% (high level) (Figure 3.7b), the 

NS fluid still exhibited good washing performance at the higher oil content. 

 

Salinity was also a factor that remarkably influenced oil removal efficiency. The removal 

efficiencies were 64.1% at the low level and 69.8% at the high level (Figure 3.7b). The average 

salinity of seawater, 3.5 wt%, may vary in offshore areas because of freshwater discharge from 

runoff and estuaries (Yu et al., 2020). The findings demonstrated that the NS composite was more 

suitable for use in marine environments than in freshwater. Importantly, seawater can be used 

directly to prepare NS washing agents, thereby reducing the demand for freshwater and facilitating 

on-site application. Additionally, the oil removal efficiencies were 67.0% and 67.2% at HA 

concentrations of 0 (low level) and 20 mg/L (high level), respectively (Figure 3.7b). The main 

impact of the HA on the oil removal efficiency was insignificant based on the factorial design 

analysis (p > 0.05), which also proved the potential applicability of NS-based fluid for shoreline 

cleanup in the marine environment with HA. 

 

The interactive effects of two factors were further analyzed, and the results are displayed in Figure 

3.7c. The remarkable interactive effects were AC (temperature and salinity) and BD (oil content 

and HA), according to the ANOVA (p < 0.05). For the interaction between A and C, although 

salinity enhanced the oil removal efficiency at low and high temperatures, its positive effect was 
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more significant at 20 ℃. This can be attributed to the fact that OPA forms more easily in seawater 

at high temperatures than at low ones (Henry et al., 2020). There was also a significant interaction 

between oil content (B) and HA (D). At the high HA content, the negative effect of higher oil 

content was more noticeable. 

 

3.3.8 Dual responsive separation of oil and washing fluid 

To avoid secondary water pollution, the oil must be separated from washing effluents. As shown in 

Figures 3.8a and b, the washing effluent was turbid and precipitated slowly after 12 h in the absence 

of either acid or Ca2+. However, the addition of HCl facilitated demulsification because SA became 

hydrophobic in the acid condition (Figure 3.8c). Therefore, the oil droplets wrapped by the NS 

composite were able to be separated. Further, when the washing effluent was added to the CaCl2 

solution, SA reacted with Ca2+ to form small calcium alginate hydrogel beads, which quickly 

precipitated at the bottom (Figure 3.8d). 

 

To further evaluate the separation performance, the residual oil concentration and turbidity of the 

supernatant were detected (Figure 3.8f). The oil concentration and turbidity of the washing effluent 

were 241 mg/L and 460.6 NTU, respectively. After 12 h of settlement, 185.0 mg/L of oil droplets 

remained in the supernatants, in which turbidity was as high as 48.2 NTU. However, in the pH-

responsive method, the oil concentration and turbidity were 110.0 mg/L and 0.143 NTU, 

respectively. Additionally, acid effluent surface charge decreased significantly (Figure 3.8e), 

facilitating the demulsification and subsequent separation of oil droplets. Notably, the Ca2+-

responsive approach exhibited distinct advantages; only 15.0 mg/L of oil and 0.02 NTU of turbidity 

were detected.  
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Figure 3.8 (a–d) Photographs of different washing effluents with and without responsive NS, (e) 

Zeta potential of effluent with and without acid, (f) oil concentration and turbidity of different 

responsive supernatants, (g) microscopy images of oil droplets of effluent and responsive 

precipitates. 

 

The microscopic images of oil droplets from effluents and precipitates were also recorded to 

explore variations in the oil morphology. As shown in Figure 3.8g, oil droplets from both initial 

effluent and stimulus-free effluent (after 12 h of settlement) displayed similar particle sizes (top 

images). With the addition of acid, the oil droplets in the sediments were split into smaller droplets 

(bottom left). Interestingly, a prominent change in the precipitate morphology was observed in the 

Ca2+-responsive effluent (Figure 3.8g, bottom right). The oil droplets and OPAs were packaged in 
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CA hydrogel shells and formed capsule-like structures. These capsule-like structures may 

effectively inhibit oil leakage to supernatants, yielding a super-clean supernatant with low oil 

content and turbidity. This dual responsiveness made the treatment of washing effluent more 

sustainable and efficient than many other washing strategies without effluent separation. 

 

3.4. Summary 

This study was the first to report a novel dual-responsive and environment-friendly NS washing 

agent that can effectively decontaminate oiled sand. The main findings include: (1) The 

characterization results demonstrated that SA combined with nanoclay via hydrogen bonds, and 

was inserted into the interlayer spacing of nanoclay. (2) The optimal concentrations of nanoclay 

and SA of the NS washing agent were 800 mg/L and 0.2 wt%, respectively. (3) The factorial design 

analysis showed that three single factors (temperature, oil concentration, and salinity), and two 

interactive effects (temperature/salinity; and oil concentration/HA) displayed significant effects on 

the oil removal efficiency of the NS washing fluid. (4) Compared with the commercial surfactants, 

the NS composite exhibited satisfactory removal efficiencies for treating oily sand. (5) After 

demulsifying the washing effluent via pH- and Ca2+-responsive strategies, the oil concentration and 

turbidity of the supernatants decreased remarkably compared to the initial washing effluent, which 

can reduce the risk of secondary water pollution. In conclusion, the NS washing agent is a 

promising alternative for shoreline cleanup because of its low toxicity, low cost, great washing 

performance, and easy separation. Further study can also be conducted to find additional green 

options to clean up oiled shorelines. 
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CHAPTER 4 CLEANUP OF OILED SHORELINES USING A PH-RESPONSIVE 

PHOSPHOPROTEIN SURFACE WASHING FLUID ‡ 

 

4.1 Background 

Oil spills occur when liquid petroleum hydrocarbons are released into the environment, particularly 

within marine ecosystems, as a result of various human activities (Hua et al., 2007; Wang et al., 

2021c; Yue et al., 2022g; Yue et al., 2020). In 2020, the total amount of oil released into the 

environment from tanker spills was approximately 1,000 metric tons. When oil spills transpire, 

wind, waves, tides, and currents can cause oil to reach and become stranded on shorelines, which 

may affect the ecosystem and endanger public health (D'Ugo et al., 2021; Wang et al., 2005; Wang 

et al., 2021b). Oil spill clean-up and recovery are difficult and are impacted by various factors, 

including the type of spill, ocean temperature (which affects evaporation and biodegradation), and 

the types of shorelines and beaches (Chen et al., 2019; Ma et al., 2021b; Zhu et al., 2021).  

 

Surface washing agents (SWAs) are used to accelerate oil detachment from oiled sand surfaces by 

changing the interactions of the oil/water interface (Chen et al., 2020a; Chen et al., 2021c; Yue et 

al., 2022a). Although there are several commercially available SWAs (Fingas, 2002), they have 

seen limited use due to a lack of suitable guidelines and concerns about their potentially harmful 

effects. The development of cost-effective and non-toxic SWAs is an effective and environmentally 

friendly strategy for dealing with oily shores. In addition, it is expected oil droplets can be further 

removed from washing effluent in order to minimize the potential for secondary pollution. A 

 
‡ This work has been published as A pH-responsive phosphoprotein surface washing fluid for cleaning oiled shoreline: 

Performance evaluation, biotoxicity analysis, and molecular dynamic simulation. Chemical Engineering Journal, 2022, 

437: 135336. 
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strategy is to make washing effluent stimuli-responsive to external conditions, such as acidity, 

temperature, illumination, and chemical agents (Chen et al., 2021b). Among different responsive 

options, a pH-responsive operation is one of the simplest and easiest stimulus-response approaches 

to implement (Yang et al., 2013a). 

 

A stable emulsion is usually formed in the presence of a stabilizer, such as a chemical surfactant or 

solid particles (Xiao et al., 2016). Pickering emulsions refer to emulsions that are stabilized by 

solid particles. These solutions have attracted enormous research attention, as they enable cheaper 

and more facile recovery than traditional surfactants. To date, food-grade materials, such as 

polysaccharides and proteins, have been applied in Pickering emulsion systems due to their many 

advantages over inorganic particles (Bi et al., 2021a; Xiao et al., 2016). These advantages include: 

(1) raw materials such as cellulose and chitin are cheap and easily available particles that can be 

produced on a large scale without environmental impact; (2) the organic and soft properties of these 

edible materials are susceptible to physical or chemical modifications, which enable the 

functionalization of the emulsion interface; (3) they enable the formation of a robust and elastic 

interface that is believed to enhance the resistance to emulsion droplet coalescence; and (4) they 

are acceptable for human consumption due to their digestible nature and low risk of toxicity. A 

responsive interface triggered by external stimuli is highly promising in the development of 

multifunctional Pickering emulsions. Many food-grade polymers, including starch, chitin, and 

nanocellulose, have been studied in efforts to construct responsive Pickering emulsions (Tang et 

al., 2015a). Nonetheless, their practical application has been critically inhibited by their low 

synthesis yields, complicated and tedious modification processes, and the related use of toxic 

modifiers. In lieu of these issues, this research seeks to find a green alternative that has a responsive 

nature.  
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Casein is primarily composed of αs1- and αs2-caseins, β-casein, and κ-casein ( β- and κ-caseins 

have both hydrophilic and oleophilic groups), which then undergo α-helix and β-folding to form 

the spatial structure of casein. Sodium caseinate (NaCas) is the sodium salt of casein and is the 

main protein in bovine milk. NaCas contains various essential amino acids and trace elements 

required by the human body and is not only used as a nutritional supplement for various food 

products but as a mineral trace element for the human body. NaCas is also a safe and harmless 

thickener and emulsion stabilizer. For instance, Perugini et al. (2018) prepared a food oil/water 

nanoemulsion stabilized by NaCas and Tween 20. Xu et al. (2020) explored the impact of inulin 

and konjac glucomannan on the stability, rheological properties, and microstructure of NaCas 

stabilized oil/water emulsion. Significantly, NaCas is an amphoteric electrolyte and can form 

precipitates at the isoelectric point, which has the potential to facilitate the separation of protein 

and oil from washing effluent after surface washing. Research is yet to be undertaken to investigate 

the potential feasibility of using NaCas for oiled shoreline cleanup. In addition, the environmental 

conditions of oiled shorelines may vary a lot and it is required to well assess the washing 

performance impacted by complicated conditions. 

 

In this study, we have comprehensively explored the innovative use of NaCas fluid to treat oiled 

sand that is removed from the shoreline and treated by washing ex-situ. Batch experiments were 

conducted to evaluate washing performance at different conditions, and various factors affecting 

the washing performance of the NaCas fluid were studied through factorial analysis. A comparison 

of NaCas and surfactants in terms of washing performance was also undertaken. Biotoxicity 

analysis was further performed to investigate the oil toxicity in the presence of this washing fluid. 
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In addition, molecular dynamic (MD) simulation was performed to unveil the mechanisms of 

NaCas-assisted oil removal. 

 

4.2 Materials and methods 

4.2.1 Materials  

Shell Rotella T4 diesel engine oil (15W40) was used as the representative oil in this study. Standard 

washed and thermally treated sand (30–40 mesh), NaCas, NaCl, hydrochloric acid (HCl), sodium 

hydroxide (NaOH), Tween 80, Tween 20, SDS, TX-100, and n-hexane were purchased from 

Millipore Sigma (Oakville, Canada). Heavy crude oil and light crude oil were obtained from Cold 

Lake oil in Alberta, Canada, and the Hibernia oil field in Newfoundland, Canada, respectively. 

Ultrapure (UP) water (18 MΩ) was produced by a Milli-Q ultrapure water purification system 

(MilliporeSigma, USA). 

 

4.2.2 Preparation of oiled sand 

The engine oil was weathered at 20 ℃ for 7 days before use. The oiled sand (5 g oil/1 kg sand) 

was prepared by dropping the engine oil on the sand and then adding n-hexane to dissolve the oil. 

Subsequently, the sand/oil/hexane mixture was sonicated and agitated for 10 minutes. Finally, the 

oiled sand was obtained by evaporating the hexane in a fume hood at 20 ℃ for 48 h.  

 

4.2.3 Sand washing experiments and factorial design 

All washing experiments were conducted in a shaker (Innova 42R Incubator Shaker, USA) at 300 

rpm and 20 ℃ for 24 h. Typically, 1 g of oiled sand was added to the vial, followed by 15 mL of 

NaCas washing fluid (concentrations: 0.02, 0.05, 0.1, 0.2, 0.5, and 1.0 wt% in deionized (DI) water). 
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After surface washing, the sand was lightly washed with DI water to remove NaCas that had 

potentially been adsorbed on the sand. Subsequently, the sand was dried at 60 ℃ to completely 

remove DI water. Then, 15 mL of n-hexane was added to extract the residual oil from the sand 

surface at 300 rpm for 24 h. The extracted oil concentration was measured using a UV-Vis 

spectrophotometer (Agilent Cary 3500, USA) at a wavelength of 284 nm. The oil washing 

efficiency was calculated using the equation, R = 1-(OilR/OilT), where OilR and OilT refer to the 

concentration of the residual oil after washing and the initial concentration of oil on the sand before 

washing, respectively. This testing method has been used for the evaluation of washing agents (Bi 

et al., 2021b; Chen et al., 2021c; Yue et al., 2022a) and it can also be used for interlaboratory 

comparison. 

 

A two-level factorial design was used to evaluate the impacts of the single and interactive effects 

of experimental factors (Bi et al., 2020). Four factors, namely temperature, pH, salinity, and NaCas 

concentration, were tested at two levels. A 24 factorial design was used in the current work and the 

detailed information about the factorial design is shown in Tables 4.1 and 4.2. 

 

Table 4.1 High and low levels for the 24 factorial design. 

Factor Temperature 

(℃) 

pH 

 

Salinity (wt%) NaCas 

concentration (wt%) 

High level (+1) 20 9 3.5 0.5 

Low level (-1) 10 6 0 0.1 
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Table 4.2 Coded levels and corresponding values for factorial design matrix. 

Number Coded levels A B C D 

A B C D Temperature 

(℃) 

pH Salinity (wt%) NaCas 

concentration 

(wt%) 

1 -1 -1 -1 -1 10 6 0 0.1 

2 -1 -1 -1 1 10 6 0 0.5 

3 -1 -1 1 -1 10 6 3.5 0.1 

4 -1 -1 1 1 10 6 3.5 0.5 

5 -1 1 -1 -1 10 9 0 0.1 

6 -1 1 -1 1 10 9 0 0.5 

7 -1 1 1 -1 10 9 3.5 0.1 

8 -1 1 1 1 10 9 3.5 0.5 

9 1 -1 -1 -1 20 6 0 0.1 

10 1 -1 -1 1 20 6 0 0.5 

11 1 -1 1 -1 20 6 3.5 0.1 

12 1 -1 1 1 20 6 3.5 0.5 

13 1 1 -1 -1 20 9 0 0.1 

14 1 1 -1 1 20 9 0 0.5 

15 1 1 1 -1 20 9 3.5 0.1 

16 1 1 1 1 20 9 3.5 0.5 
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4.2.4 Biotoxicity test 

The green algae Chlamydomonas reinhardtii (CPCC 243) was chosen as the testing species to 

analyze biotoxicity since they are the main food source for various plankton and plays a critical 

role in the food chain (Naselli Flores and Barone, 2009). The algae were cultivated in Bold’s Basal 

Medium (BBM) under a 12 h light/12 h dark cycle at 23 ℃ for 4 days (Yin et al., 2021a). The algae 

were exposed to 3% oil for 72 hours. In addition, a control group with only algae was evaluated. 

For comparison, the toxicity of co-existing NaCas (0.1 wt%) was investigated at 72 h (with DI 

water for the control group). The cell density, chlorophyll, reactive oxygen species (ROSs), cell 

size (forward scatter [FSC]), and cell content (side scatter [SSC]) were measured using a flow 

cytometer (BD, Accuri C6 Plus, Canada). 

 

4.2.5 Molecular dynamic simulation 

Modeling can be used to further analyze environmental processes and develop response strategies 

(Hong et al., 2021; La and Chai, 2021; Yoo et al., 2021). The homology modeling and docking of 

the NaCas structures were reported in previous studies (Cao et al., 2020a; Sun et al., 2021). MD 

simulation and subsequent analysis were conducted using a large-scale atomic/molecular massively 

parallel simulator (LAMMPS) software in the present study. Silica was selected as a typical mineral 

component in the sand formation, and a methylated surface with a dimension of 161.6 × 49.13 × 

30 Å3 was applied to feature the oil wettability. (Morris et al., 2016). An oil droplet was simulated 

as a mixture of 250 n-octane molecules attached to the silica surface, which was merged in a water 

box of 161.6 × 49.13 × 105 Å3 in size (Morris et al., 2016). The energy of the system was minimized 

by using 5000 steps of the conjugate gradient algorithm. Subsequently, the equilibration of the 
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system was calculated in the isothermal-isobaric (NPT) ensemble in a 100 ps MD simulation at 

298 K and 1 bar. The production run for the protein system equilibration was conducted for 10 ns. 

 

4.2.6 Analytical and characterization methods 

The zeta potential test was performed using a Zetasizer (Malvern, USA). Surface tension (SFT) 

and interfacial tension (IFT) measurements were recorded using the force tensiometer (KRUSS 

K100, Germany) and spinning drop tensiometer (KRUSS, Germany). Turbidity tests were 

performed using a turbidity meter (ORION AQ3010, Thermo Scientific, Canada). Fourier 

transform infrared (FTIR) spectra were obtained through an INVENIO S FTIR spectrometer 

(Bruker, Germany). The FTIR mapping images were captured at the Canadian Light Source in 

Saskatoon, Canada. All batch experiments were conducted in triplicate, and the mean values were 

used for the data analysis. The experimental design and result analysis were carried out using 

Minitab (Minitab, LLC., USA). In addition, the statistical significance of the results (p < 0.05) was 

determined through a one-way analysis of variance (ANOVA) (He et al., 2018). 

 

4.3. Results and discussion 

4.3.1 Effect of sodium caseinate concentrations 

The oil removal performances of washing fluid with different NaCas concentrations are plotted in 

Figure 4.1a. When compared to the UP water, the NaCas washing fluid exhibited almost doubled 

oil washing efficiency (> 61.0%). The oil removal efficiency increased from 61.0% to 66.8% with 

the increase of NaCas content from 0.02 to 0.1 wt%. Figures 4.1b and c demonstrate that at low 

concentrations (< 0.2 wt%), the addition of NaCas significantly decreased both SFT and IFT of the 

NaCas/engine oil interface due to the amphiphilic property of NaCas. Reduced SFT and IFT are 
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conducive to oil-water miscibility, which facilitates oil diffusion and leads to a higher oil removal 

performance. Moreover, the reduction in both SFT and IFT can decrease the size of oil droplets, in 

turn boosting their motion to NaCas fluid (Liang et al., 2019). Liang et al. (2019) reported that oil 

droplets were prone to be split into small fragments at a low IFT interface as the coherent energy 

of the droplets decreased, promoting the detachment of the oil droplets. 

 

Figure. 4.1 (a) Oil removal efficiencies of washing fluids with different NaCas concentrations, (b) 

SFTs, (c) IFTs of NaCas/engine oil, (d) particle size distribution of the NaCas fluid at different 

concentrations, (e) comparison of removal efficiency of NaCas fluid and commercial surfactants, 

and (f) IFTs of different fluid/oil interfaces. 

 

At higher concentrations (> 0.2 wt%), the NaCas fluid became less effective for oiled sand cleanup, 

washing around 64% of oil from the sand surface. The increased surface and interfacial tensions at 

high NaCas concentrations could be due to the reduced β-casein amount at the oil/water interface 

(Srinivasan, 1998). The increased particle size may also explain the affected oil removal. As 

illustrated in Figure 4.1d, the particle size of NaCas increased stepwise with increasing 
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concentrations of NaCas. Smaller particle sizes have faster adsorption kinetics and are more 

conducive to the formation of effective particle build-up at the oil-water interface. In other words, 

smaller particles are more likely to facilitate the production of stable Pickering emulsions (Wu and 

Ma, 2016), which may enhance the efficiency of oil removal.  

 

In the subsequent experiments, the optimum concentration of 0.1 wt% NaCas was used for oiled 

sand cleanup. Figure. 4.1e compares the washing performances of the NaCas fluid and some 

commercial surfactants. All the selected surfactants were employed at their critical micelle 

concentration (CMC) and double CMC (2CMC), respectively. In the comparison with the anionic 

surfactant (SDS), three nonionic surfactants (Tween 80, Tween 20, and TX100) displayed relatively 

low oil removal efficiencies due to their adsorption on the sand. Notably, the results demonstrated 

that the NaCas fluid displayed a comparable washing performance relative to the surfactants. 

Moreover, the decreased IFTs of NaCas/crude oil (Figure 4.1f) further proved the surface-active 

property of NaCas. These indicated that it is feasible to use NaCas-assisted washing fluid as a 

viable alternative in oil spill responses for practical applications.  

 

In addition, FTIR was applied to demonstrate the washing effectiveness of the NaCas fluid (Figure 

4.2). The characteristic peaks at 2954, 2923, and 2853 cm-1 corresponded to aliphatic C-H 

stretching in oil (Figure 4.2a). (Ancheyta, 2016). The washed sand exhibited lower peak intensities 

than the oiled sand, indicating the detachment of oil from the sand surface. FTIR mapping was 

performed to further analyze the spatial oil content on the sand surface. As depicted in Figures 4.2b 

and c, the striped bright areas and blue areas represent more and less oil accumulation, respectively, 

suggesting that the oil was not uniformly distributed on the sand surface. After surface washing, 

the peak intensity weakened remarkably, demonstrating the detachment of oil from the sand surface. 
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Figure 4.2 (a) FTIR spectra of clean sand, oiled sand, and NaCas-washed sand; FTIR mapping of 

(b) three individual peaks and (c) 2800-3000 cm-1 of the oiled sand and washed sand. 

 

4.3.2 Effect of temperature 

Temperature can affect oil behavior by altering its viscosity, and the temperature range of the 

coastline is often at 5 to 25 ℃ (Chen et al., 2022b; Dethier et al., 2012). Figure. 4.3a displays the 

impacts of temperature on the oil washing efficiency of the NaCas fluid. According to the results, 

the washing performance improved from 43.8% to 66.8% as the washing temperature increased 

from 5 to 20 ℃. The improved temperature may have decreased both the SFT and IFT of the NaCas 

fluid (Figure. 4.3b). This is because the higher temperature affected the mutual solubility of the 

solvent, the adsorption kinetics of NaCas molecules, and the distribution of NaCas between oil and 

water, influencing SFT and IFT (Corpuz et al., 2019). The increased temperature may have 

shortened the time needed to reach the IFT equilibrium (Ye et al., 2008). Similar to surfactants, 

NaCas is an amphiphilic material containing both hydrophilic and lipophilic groups (Xi et al., 2020). 

Ye et al. (Ye et al., 2008) studied the effects of temperature on IFT between crude oil and surfactants. 
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Their results demonstrated that increased temperature considerably decreased both IFT and its 

equilibrium time. This trend can facilitate the release of oil from the sand surface as a result. 

 

Figure 4.3 Effects of temperature on (a) oil removal efficiency, (b) SFT and IFT, and (c) Zeta 

potential of NaCas fluid/oil mixture. 

 

In addition, the increased fluid temperature may reduce the viscosity of the oil/NaCas mixture 

during the washing process, promoting the release of the attached oil and the stabilization of the 

Pickering emulsions. Temperature can also change the behavior of the oil that adheres to the sand 

surface by altering oil viscosity (Stoffyn-Egli and Lee, 2002). Oil with a low viscosity is prone to 

be broken into small droplets, weakening the interactions between the oil and sand surfaces. Studies 

have shown that the silica surface is more negatively charged at higher temperatures (Dai and 

Chung, 1995). Figure 4.3c confirms that the surface charges of the NaCas/oil mixture at the 

temperature gradient were stable. Therefore, the enhanced surface charge may have hindered the 

reattachment of oil on the sand surface by increasing the repulsive forces between the silica and 

NaCas/oil emulsion. 
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4.3.3 Effect of salinity 

The salinity in the shoreline areas may vary spatially and temporally (Chen et al., 2021c). Figure 

4.4a shows the influence of salinity on the washing performance of the NaCas fluid. While the oil 

removal efficiency declined moderately to 57.1% with the addition of 0.1 wt% salinity, it recovered 

gradually and reached efficiency levels as high as 69.5% at a salinity of 3.5 wt%. Srinivasan et al. 

(Srinivasan et al., 2000) reported that the concentration of NaCas (1 wt%) attached to an oil droplet 

surface declined with the addition of 0 to 20 mM of NaCl and increased at higher NaCl 

concentrations (> 40 mM). Additionally, in an emulsion made with 3% NaCas, the surface 

concentration of NaCas on the oil droplet surface decreased as the content of NaCl increased from 

0 to 1000 mM. The reduced surface concentration of NaCas fluid is unfavorable for the formation 

of a stable Pickering emulsion, which may reduce the washing performance of the NaCas fluid. 

 

Figure 4.4 Effects of salinity on (a) oil removal efficiency and (b) particle size of NaCas (red line) 

and Zeta potential of the washing effluent (orange columns).  

 

The increased oil release at high salinity levels was associated with the formation of oil particle 

aggregates (OPAs). As illustrated in Figure 4.4b, high ionic strength can compress the electric 
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double layer of a NaCas/oil emulsion to form OPAs, promoting the release of attached oils (Le 

Floch et al., 2002). In the present research, the particle sizes of NaCas were less than 500 nm at 

different salinities (Figure 4.4b), which may have improved the generation of stable OPAs. In a 

recent study by Yu et al. (Yu et al., 2019b) on the mechanisms of OPA formation, the results 

demonstrated that small particles of less than 100 μm in size can generate stable OPAs.  

 

4.3.4 Effect of pH and pH-responsive separation  

The typical pH range of seawater is 7.5 – 8.4, while the pH of coastal areas can vary due to the 

input surface water from land estuaries (Roy and Tim, 2012). Figure 4.5 plots the effect of pH on 

the washing performance of the NaCas fluid. The oil removal efficiencies of the NaCas fluid were 

68.8% and 67.1% at pH levels of 6 and 7, respectively. Under alkalic conditions (pH = 8 and 9), 

the washing efficiency decreased to approximately 50%. The size of the micelles in the NaCas fluid 

grew with increasing pH values (Figure. 4.5a). Furthermore, because the surface charge of the 

individual NaCas molecules was more negative when the pH shifted from acid to alkaline, the 

structure of the NaCas micelles became looser due to enhanced electrostatic repulsion, rendering 

the increased micelle size (Liu and Guo, 2008). As demonstrated in Figures 4.5a and b, the particle 

size, SFT, and IFT of the NaCas fluid increased as pH increased, leading to an unstable Pickering 

emulsion and low oil-water miscibility. This could be because NaCas-based emulsions are more 

stable under acidic conditions (Farshchi et al., 2013). In a previous study, Farshchi et al. (2013) 

observed that NaCas-stabilized oil/water emulsion was stable at pH levels of 6.0 and 6.5, as the 

adsorbed protein molecules frequently formed a stable gel network. 
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Protein is an amphoteric electrolyte. At the isoelectric point, proteins are the most unstable 

electrolyte because they do not repel each other of the same charge and are prone to combining 

rapidly into larger aggregates through electrostatic gravity. This causes them to precipitate out. 

NaCas had an isoelectric point of roughly 4.4. When the acidity of the washing effluent was 

adjusted to be close to 4.4, the NaCas became insoluble casein and rapidly precipitated from the 

emulsion, generating a super-clean supernatant with a turbidity of 0.08 NTU and an oil 

concentration of 20.0 mg/L (Figures. 4.5c and d). In contrast, the washing effluent remained turbid 

after 12 h of settlement without any stimulus while with 170.0 mg/L of oil pollutants. In addition, 

microscopy images showed that there were only a few oil droplets remained in the pH-responsive 

supernatant. 

 

NaCas is an intrinsically disordered protein with an open conformation. Individual casein 

molecules are highly amphiphilic copolymers with a high proportion of non-polar C-terminal 

structural domains (Portnaya et al., 2006). Under acidic or alkaline conditions, the protonation and 

deprotonation of the phosphoserine groups inside the protein structure can switch the 

hydrophilicity/hydrophobicity of NaCas, enabling NaCas-stabilized emulsions to cycle between 

reversible emulsification/demulsification (Xi et al., 2020). Significantly, most proteins have a 

remarkably well-organized secondary structure and close tertiary structure, with oleophilic chains 

usually inside the entire structure (De Kruif et al., 2012; Wang et al., 2019d). This makes it difficult 

to rapidly construct and destroy emulsions that are stabilized by these compact proteins. It is also 

worth noting that casein has an open construction and no tertiary structure.  
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Figure 4.5 (a) Effects of pH on the oil removal efficiency and particle size, (b) SFT and IFT of 

NaCas fluids at different pH values, (c) photographs and microscopy images of washing effluents 

at different conditions, and (d) turbidity and residual oil concentrations of the effluents at different 

conditions. 

 

The feature of pH responsiveness made the pretreatment of washing wastewater more efficient and 

applicable, compared with the methods without effluent separation or those requiring the assistance 

of CO2 or N2 (Bonal et al., 2018; Kim et al., 2019; Xu et al., 2018b). The experimental findings of 

this study proved that oil contaminants can be easily separated from washing effluent after tuning 

acidity and thus NaCas fluid has a strong potential for practical applications. For the 
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implementation of this approach, the oiled sand can be excavated, and washing can be conducted 

ex-situ within certain mixing reactors. After washing, the produced washing fluid can be readily 

treated through this proposed pH-responsive separation. 

 

4.3.5 Factorial analysis of conditions affecting the washing performance of sodium caseinate 

As demonstrated above, the NaCas washing performance was affected by temperature, pH, salinity, 

and fluid concentration. The interactions between these factors may have also affected the washing 

ability of the NaCas fluid. The principle of hierarchical effects suggests that while a system is 

usually composed of its primary effects and lower-order interactions, higher-order interactions can 

be ignored (Shen et al., 2017; Wen et al., 2021). Therefore, the factorial analysis only considered 

individual factors and two-factor interactions. The results of the factorial analysis and ANOVA are 

depicted in Figure 4.6. As a function of the four factors, the oil removal efficiency can be expressed 

by the following equation: mean of oil removal efficiency = 0.7135 + 0.01296 A - 0.07260 B + 

0.0072 C - 0.063 D + 0.001194 AB + 0.000843 AC + 0.00292 AD - 0.00305 BC - 0.0060BD + 

0.0144 CD. Moreover, the p-value of the model was 0.219, confirming its suitability (p > 0.05). 

The significant individual factors included temperature (A), pH (B), NaCas concentration (D), and 

the interactions of AB, BC, and AC (C: salinity). 

 

The temperature was found to be the most significant factor affecting the washing performance of 

NaCas (Figure 4.6a), with the oil removal efficiency increasing from 35.9% at 5 ℃ to 60.2% at 

25 ℃. This indicated that an increased temperature was beneficial to the enhancement of washing 

efficiency. The positive impacts of temperature could be explained by the reduced SFT, IFT, and 

mixture viscosity. In sum, NaCas washing fluid can present better oil removal efficiency at a 



62 

 

suitably high temperature. Nonetheless, an excessive increase in temperature may be detrimental 

to cleaning performance on oiled shorelines because higher temperatures can change the properties 

of proteins and cause them to coagulate, which is irreversible and prevents proteins from being 

restored to their original structures. High temperatures may also adversely affect plankton, 

vegetation, and creatures along the coastline (Holloway, 1991).  

 

Figure 4.6 Factorial analysis of oil removal efficiency: (a) main effect plots, and (b) interaction 

plots. 
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The fluid acidity was another parameter that significantly affected the washing performance of 

NaCas (Figure 4.6a), with the oil removal efficiency decreasing from 57.3% to 38.8% upon the 

increase in pH from 6.0 to 8.0. This suggests that neutral or weak acid fluid could be good for 

washing oil from oily sand. Notably, acidification may lead to reduced shell production in shellfish 

and other aquatic organisms with calcium carbonate shells and present several other physiological 

challenges for marine organisms as well. The effective concentration of NaCas in oil washing was 

a critical parameter for assessing its feasibility for wholescale practical applications (Figure 4.6a). 

Concentrations of 0.1 wt% and 0.5 wt% were chosen as the low and high levels of NaCas in the 

test of its effects on the washing performance. The observation of a slightly decreased washing 

efficiency from 48.85% to 47.28% upon the increase of NaCas concentration from 0.1 to 0.5 wt% 

demonstrated that NaCas was effective for oil removal at relatively low concentrations. According 

to the factorial analysis (Figure 4.6a), salinity was an insignificant factor (p > 0.05) that led to the 

removal of 47.8% and 48.1% of oils from the sand surface at low and high levels, respectively. The 

results suggested that NaCas could be more effective for oil removal in salty water than in 

freshwater environments. Marine water could also be used to prepare such washing fluids on site. 

 

4.3.6 Biotoxicity analysis 

The biotoxic effect of the cleanup process is an important consideration for decision-making (Cai 

et al., 2019; Cao et al., 2020b; Yue et al., 2021b). The present study investigated the biotoxicity of 

oil to algae in the presence of NaCas. Cell density is a common indicator for evaluating aquatic 

toxicity at the community level (Gao et al., 2020; Xin et al., 2021). Figure 4.7a shows the 

population of algae under different growth conditions. The control group was free of oil and NaCas, 
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and only green algae were included in the culture medium. While oil significantly inhibited algae 

growth (p < 0.05), the addition of NaCas relieved these adverse impacts (p < 0.05). 

 

Figure 4.7 (a) Cell density, ROSs, and Chlorophyll, and (b) cell size and cell content of algae under 

different conditions. 

 

From a biological point of view, ROSs are a natural byproduct of normal oxygen metabolism and 

play a pivotal role in cell signaling and homeostasis. However, high concentrations of ROSs can 

be harmful and lead to oxidative damage. ROSs can react with biological macromolecules — 

deactivating or altering them — cause organelle dysfunction, alter cell structure, and result in 

mutagenesis. Figure 4.7a shows the ROSs intensities of the algae under different conditions. When 

compared to the control group, the ROSs intensity enhanced significantly (p < 0.05) with the 

presence of oil pollutants. This may be because the oil droplets changed the environmental pressure, 

disrupting the cellular homeostasis of the algae and stimulating the production of ROSs (Gao et al., 

2020; Gomes et al., 2017). Nonetheless, in the presence of NaCas which can mitigate oxidative 

damage to algae cells, the generation of ROSs was restrained. Chlorophyll is another important 

parameter for assessing algae biomass. As illustrated in Figure 4.7a, the presence of oil droplets 

significantly led to the decreased chlorophyll content at 72 h (p < 0.05). A possible explanation for 

this is that oil layers that form around algae cells can retard the diffusion of gases (Ramadass et al., 
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2015). The addition of NaCas also significantly enhanced chlorophyll production (p < 0.05). NaCas 

can strengthen chlorophyll stability in the aqueous system by inhibiting the storage decomposition 

and light degradation of chlorophyll (He et al., 2019). 

 

Figure 4.7b shows the variations in the cell size and content of the algae. The cell growth was 

restrained after exposure to oil pollutants (p < 0.05). This was due to cellular aging caused by ROSs 

and the weakened photosynthesis of the alga cells. NaCas did not significantly affect cell growth. 

The cell content of algae increased in oil-containing BBM, indicating the high complexity of the 

algae cells. Higher levels of complexity indicated changes in cellular ultrastructure and severe 

damage to organelles (Cai et al., 2016a). In the current study, NaCas exhibited an insignificant 

effect on cell complexity (p > 0.05). The above-mentioned results demonstrate that the introduction 

of NaCas can relieve the oil toxicity to algae. 

 

4.3.7 Molecular dynamic simulation of oil behaviors 

To further unveil the mechanisms of oil removal, MD simulation was applied to investigate the 

movement of oil in the water and NaCas fluid systems, respectively. In both systems, oil molecules 

spread onto the sand surface to form an oil layer at the initial stage (0 ns). In the water system 

(Figure 4.8a), the oil droplets accumulated tightly on the sand surface to form an oil layer, which 

remained on the surface until 10 ns. In addition, a few oil droplets were detached from the sand 

surface. However, in the presence of NaCas, the oil layer became loose and was split into small 

fragments, resulting in a visible crack and the transport of more oil droplets to the liquid phase 

(Figure. 4.8b). This observation indicated that more oil droplets were released from the sand surface. 
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Figure 4.8 Oil movement in (a) water and (b) NaCas fluid; (c) MSD curves and (d) oil distribution 

in the water and NaCas fluid, respectively. 

 

With its amphiphilic property, the hydrophobic ends of NaCas molecules entered into the oil layer 

and encapsulated the oil droplets, strengthening the interaction of the oil and water phases and 

enhancing the interfacial activity of the oil/liquid interface. Because the higher interfacial activity 
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indicated high emulsion capability, more oil droplets were desorbed from the sand surface during 

the surface washing process. Moreover, the weakened interaction between the oil encapsulated by 

the NaCas molecules and the sand surface may contribute to the release of the oil, which promoted 

the detachment of oil from the sand surface. Liang et al. (Liang et al., 2019) studied the oil transport 

behavior at the silica/liquid interface in an MD simulation system. These findings showed that 

modified nanoparticles capable of reducing the IFT were able to impair the adsorption of oil 

pollutants to the silica surface and accelerate their release. 

 

To quantitatively illustrate the oil motion behavior, the mean squared displacement (MSD) and oil 

distributions of the water and NaCas systems are plotted in Figures 4.8c and d. MSD is a measure 

of the deviation of the position of a particle relative to a reference position over time. It is also the 

most common approach for measuring the spatial extent of random motion (Michalet, 2010; Ramil 

et al., 2020). The oil molecules in the NaCas fluid exhibited higher MSD values than those in the 

water (Figure 4.8c), demonstrating that oil droplets diffused more rapidly in the NaCas 

environment than in the water environment. Moreover, oil distribution curves confirmed that more 

oil droplets moved to areas away from the sand surface in the NaCas fluid (Figure 4.8d, green area), 

which implied the desorption of oil from the sand surface. These simulation findings are in 

alignment with experimental results and that can help further reveal the mechanisms of good oil 

removal efficiency of NaCas washing fluid. 

 

4.4 Summary 

In the present study, an innovative green surface washing method based on food-grade NaCas was 

proposed for oiled shoreline cleanup. A comprehensive performance evaluation, biotoxicity 



68 

 

analysis, and molecular dynamic simulation were conducted to explore the washing process. The 

addition of NaCas was able to decrease both SFT and IFT, resulting in high oil removal efficiency. 

While the washing efficiency was enhanced with the increase of NaCas concentration at the low-

concentration range, it showed a trend of decrease at higher concentrations. In addition, the NaCas 

fluid showed a high washing performance under acidic and neutral conditions, but with a 

deteriorated ability in alkaline environments. The temperature and high salinity facilitated oil 

detachment from the sand. The factorial analysis demonstrated that three individual factors 

(temperature, pH, and NaCas concentration) and three interactive effects (temperature/salinity, 

temperature/pH, and salinity/pH) significantly impacted the washing performance of NaCas fluid. 

Notably, the washing effluent displayed good pH responsiveness, generating a super-clean 

supernatant with low turbidity and oil concentration. Moreover, biotoxicity tests proved that the 

presence of NaCas could reduce the toxicity caused by oil droplets by enhancing the chlorophyll 

concentration and decreasing the ROSs content, respectively. The MD simulation further revealed 

that NaCas could break the oil layer on the sand surface and move the oil droplets away from the 

sand. In conclusion, NaCas fluid is a promising candidate for oiled shoreline cleanup due to its low 

cost, good biocompatibility, pH responsiveness, and high oil removal efficiency. 
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CHAPTER 5 CLEANUP OF OILED SHORELINES USING A MAGNETIC-MEDIATED 

WASHING FLUID ‡ 

 

5.1 Background 

Oil spills impacting beaches are a challenge because beaches are frequently high amenity sites (ie., 

in many cases, frequently used recreational spots) and sensitive ecosystems for flora and fauna (e.g. 

clam beds, nesting areas for sea birds, etc) that are also expensive to clean (Lee et al., 2020; Wang 

et al., 2021c; Yue et al., 2020). In addition, spills of oil on coastal shorelines may pose a long-time 

threat to regional economies, and public health (D'Ugo et al., 2021; Wang et al., 2005; Wang et al., 

2021b). Accordingly, effective techniques for cleaning oiled shoreline environments are urgently 

needed. 

 

In-situ or ex-situ surface washing methods can effectively remove the oil from the affected 

shoreline (Chen et al., 2021b; Yue et al., 2022a). Surface washing agents (SWAs) traditionally 

consist of solvents and surfactants that enhance hydrocarbon removal by improving oil miscibility 

(Chen et al., 2020a). However, the application of SWAs itself may pose certain environmental risks, 

and this is an important consideration when dealing with oil spill cleanup (Bi et al., 2021c). In this 

regard, detrimental environmental impacts of oil spill cleanup efforts in shoreline environments 

can be avoided through the design of less toxic surface washing materials. Moreover, to minimize 

secondary treatment costs as a part of this process, a simple and effective approach to separate the 

washing materials and hydrocarbons from the washing effluent is essential. In this regard, most of 

 
‡ This work has been published as R. Yue, C. An, Z Ye. X. Chen, K. Lee, K. Zhang, S. Wan, Z. Qu. Exploring the 

characteristics, performance, and mechanisms of a magnetic-mediated washing fluid for the cleanup of oiled beach 

sand. Journal of Hazardous Materials. 2022, 438: 129447. 
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the washing fluids currently in use can only be used once, which increases the operational cost and 

reduces the practicality of these techniques. These considerations underscore the need for a 

washing fluid that maintains good stability and reusability after use in surface washing. 

 

Magnetic nanoparticles have garnered considerable attention owing to their distinct features and 

crucial applicability in biology and biomedicine (Shasha and Krishnan, 2021; Zamani Kouhpanji 

et al., 2021; Zhu et al., 2018). In particular, magnetite (Fe3O4) nanoparticles have been intensively 

applied in bio-separation (Kim et al., 2018), drug delivery (Asgari et al., 2021), and pollution 

treatment (Jiang et al., 2019; Lin et al., 2021; Shan et al., 2021) due to their good biocompatibility, 

stability, environmental benignity (Babincova et al., 2000), and superparamagnetic property. 

Recently, hydrophobic magnetite nanoparticles have been employed to collect crude oil from water 

and have displayed good oil uptake performance, where the adsorbent can be readily recovered by 

applying a magnet (Debs et al., 2019). However, while the strong interaction at the hydrophobic-

hydrophobic interface promotes oil capture, the poor dispersibility of these particles in water 

inhibits their application in surface washing. To address this, hydrophilicity modifications with 

hydroxyl, SiO2, and polyvinylpyrrolidone have been proposed to enhance the stability of magnetite 

dispersion (Elmobarak and Almomani, 2021b; Mirshahghassemi et al., 2019). Ge et al. (2007) 

synthesized water-dispersible magnetite crystals with controlled diameters. However, the 

poly(acrylic acid) linked to the crystals is not biodegradable and biocompatible, and thus its 

application is limited. 

 

Sodium citrate is a food-grade material that is extensively used in the food and medicine industries, 

while citric acid is an intermediate of the citric acid cycle in the human body (Springsteen et al., 

2018). The carboxyl groups on sodium citrate have a strong coordination affinity with Fe3+ ions. 
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That would facilitate the surface functionalization of the magnetite nanoparticles with citric groups 

and prevent them from accumulating into large clusters (Liu et al., 2009). In the study described 

herein, we employed a facile solvothermal method to synthesize magnetite nanoparticles with low 

toxicity, excellent water dispersibility, stability, and magnetic responsiveness. The morphology, 

crystal structure, and surface chemical groups of the magnetite nanoparticles were characterized. 

The surface washing performance of the magnetite fluid under different conditions was 

investigated, and the mechanisms of the surface washing were explored. Thermodynamic modeling 

was also applied to further reveal the mechanism of oil removal. Furthermore, the reusability, 

economic feasibility, and post-treatment of the magnetite fluid were evaluated as discussed herein. 

 

5.2 Materials and methods 

5.2.1 Materials 

The oil used in this study was standard engine oil (Shell Rotella T4 15W40). Standard sand, iron 

chloride hexahydrate (FeCl3·6H2O), ethylene glycol, kaolinite, sodium citrate dihydrate, sodium 

acetate anhydrous, NaCl, n-hexane, and ethanol were sourced from Sigma Aldrich (Oakville, 

Canada). Ultrapure (UP) water was produced by a Milli-Q ultrapure water purification system 

(MilliporeSigma, USA). 

 

5.2.2 Synthesis of water-dispersible magnetite 

The magnetite nanoparticles were synthesized by using a modified solvothermal approach (Liu et 

al., 2009). 1.625 g of FeCl3·6H2O and 0.650 g of sodium citrate dihydrate were dissolved in 30 mL 

of ethylene glycol under vigorous agitation at room temperature (solution A). 3 g of anhydrous 

sodium acetate was dissolved in 10 mL of ethylene glycol under vigorous agitation at room 
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temperature (solution B). Then, solution B was added dropwise into solution A under agitation for 

5 min at room temperature. Subsequently, the mixture was poured into a 100 mL Teflon-sealed 

autoclave and heated at 200 ℃ for 9 h. After cooling to the ambient temperature, the obtained 

products were washed with ethanol and UP water three times.  

 

5.2.3 Preparation of oiled sand 

Oiled sand (oil content: 5 g of oil per 1 kg of sand) was prepared by mixing the engine oil with 

clean sand. Specifically, n-hexane containing the engine oil was mixed with the clean sand under 

agitation to make the engine oil uniformly distributed. The as-prepared oiled sand was achieved 

once n-hexane had completely evaporated at room temperature.  

 

5.2.4 Sand washing experiments 

Vials each containing 1 g of oiled sand and 15 mL of magnetite washing fluid (dispersed in UP 

water) were placed in a shaker (Innova 42R Incubator Shaker, USA) at 300 rpm and 20 ℃ for 24 

h. After pouring out the washing fluid, UP water was gently added to rinse the sand to remove the 

residual washing fluid, followed by drying the sand at 60 ℃ overnight. Then, the vials containing 

15 mL of n-hexane and 1 g of washed sand were shaken at 300 rpm for 24 h to extract the remaining 

oil. The oil removal efficiency was calculated by determining the oil concentration using an Agilent 

Cary UV-Vis spectrophotometer (3500, USA) at a wavelength of 284 nm. This testing method, it 

should be noted, has been widely applied for surface washing (Chen et al., 2021c; Yue et al., 2022a) 

and it is also suitable for interlaboratory comparison. After magnetite recovery, the residual oil 

concentration in the washing effluent was also extracted using n-hexane at 300 rpm for 24 h and 

was measured using the UV-Vis spectrophotometer. 
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5.2.5 Analytical and characterization methods 

The zeta potential and average particle size tests were performed using a Zetasizer (Malvern, USA) 

and a particle size analyzer (LISST-200X, USA). Interfacial tension (IFT) results were recorded 

using a KRUSS force tensiometer (K100, Germany). Transmission electron microscopy (TEM) 

images were obtained using a Thermo Scientific Talos F200X G2 S/TEM. Furthermore, the surface 

morphology of the magnetite nanoparticles was recorded on a scanning electron microscope (SEM, 

Hitachi S–3400N). X-ray photoelectron spectroscopy (XPS) characterization was performed using 

a Thermo Scientific K-Alpha spectroscopy, and X-ray diffraction (XRD) measurements were 

conducted on a Bruker D4 X-ray diffractometer. Attenuated total reflectance Fourier transform 

infrared (ATR-FTIR) spectra were measured using an FTIR spectrometer (INVENIO, Bruker, 

USA). X-ray fluorescence (XRF) and FTIR mappings (Pixel size 3.3 × 3.3 μm) were undertaken 

at the VESPERS (07B2-1) and a 01B1-01 (MidIR) beamlines, respectively, of the Canadian Light 

Source. Water contact angles (WCAs) and oil contact angles (OCAs) were obtained using a CA 

instrument (AST Product, USA), and thermogravimetric analysis (TGA, Q500, USA) was applied 

to investigate the weight loss behavior of the materials under study. Magnetic field strengths at 

different horizontal distances were determined by putting a Gauss meter (MF-30K AC/DC, 

LATNEX, Canada) at a given distance.  

 

5.2.6 Thermodynamic modeling 

Modeling is an extensively used technique to elucidate environmental processes and design 

remediation approaches (Wen et al., 2021; Yoo et al., 2021). In this study, the oil-water miscibility 

in the magnetite fluid was explored using a thermodynamic model.  
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From the perspective of thermodynamics, a miscible blend is usually indicated from a negative or 

zero free energy of mixing ( 0G   ) but a positive second derivative G   with respect to 

composition (
2

2

G



 


) (McGlashan, 2007). The Flory−Huggins theory has been one of the most 

commonly-accepted theoretical models which are applicable for solvent/polymer−solvent mixtures 

in various chemical processes, particularly, for the chain-like alkanes and water (Flory, 1942; 

Huggins, 1942) following the equation below, 

12 1 2 1 1 2 2( ln ln )G RT RT n n    = + +                                     (1) 

where 12  is the Flory‒Huggins interaction parameter, R is the universal gas constant, T is system 

temperature, n1, and n2 are respective molecule numbers of components 1 and 2 on the molecular 

basis, 1  and 2   are the respective molar concentrations of the components 1 and 2. However, the 

conventional Flory−Huggins theory may not be capable of properly handling the additions of 

nanoclay. Recently, a modified thermodynamic model was developed to predict the 

thermodynamic miscibility of the oil−water system with additions of surfactant-decorated 

nanoparticles (Zhang et al., 2018b). Based on the previous study, the free energy of mixing for the 

system here is presented as follows, 

flu npG G G =  +                                                       (2) 

where fluG  is the free energy from the interactions between the water and nanoparticles and 
npG  is 

the free energy contributed by the nanoparticles. The free energy between the oil and pure water is 

assumed to be negligible here since, with the additions of nanoparticles, the water phase is modified 

while the oil phase has almost no change and its effect is thus very small. In this case, Eq. 2 could 

be rearranged and presented to be, 
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where   is the weight fraction of nanoparticles, NPr  is the radius of a single nanoparticle, 0r  is the 

monomer radius, Npv   is the volume of a single nanoparticle, 
flu   and is the Flory‒Huggins 

interaction parameter between the water and nanoparticles. It should be noted that the nanoparticle 

is assumed to be a spherical hydrophilic particle and the model is restricted to pure water (without 

salinity change) in this study. More details could be found elsewhere (Zhang et al., 2018b), which 

could be checked if interested and won’t be duplicated here.  

 

5.3 Results and discussion 

5.3.1 Characterization and magnetic properties of magnetite 

The ATR-FTIR spectrum of the magnetite is shown in Figure 5.1a. As can be seen, the bands at 

3400 and 1068 cm−1 corresponded to the C–H vibration and O–H vibration, respectively (Liu et al., 

2009). In addition, the bands at 1582 and 1384 cm−1 were associated with the carboxyl groups 

(Divandari et al., 2019), while a typical band of the Fe–O stretching was visible at 570 cm−1 (Liu 

et al., 2009). The XRD pattern of the magnetite (Figure 5.1b) exhibited all the characteristic peaks 

of (220), (311), (400), (422), (511), and (440) (Deng et al., 2008). However, XRD characterization 

was not sufficient to verify the magnetite, since it exhibits a similar pattern to γ-Fe2O3 (Liu et al., 

2016). Therefore, the XPS measurement provided additional evidence for the characterization. As 

depicted in Figure 5.1c, peaks at 710.7 and 724.3 eV were observed corresponding to the Fe 2p3/2 

and Fe 2p1/2, respectively. Moreover, two sets of peaks were detected corresponding to Fe3+ (712.1 

and 726.4 eV) and Fe2+ (710.4 and 724.1 eV) (Huang et al., 2016; Zhang et al., 2020), confirming 

the successful synthesis of the magnetite. Meanwhile, the three characteristic peaks at 530.0, 531.5, 
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and 533.0 eV in the high-resolution O1s spectrum (Figure 5.1d) indicated the presence of Fe–O, 

C(O)OH, and C–O, respectively (Sordello et al., 2014). Owing to the hydrophilic carboxyl groups 

and strong negative surface charge (−33.7 ± 0.79 mV, Figure 5.2a), the magnetite nanoparticles 

were easily and uniformly dispersed in UP water (Figure 5.2b). Moreover, when a permanent 

magnet (1200 Gauss) was applied, the magnetite nanoparticles were magnetically separated. 

Notably, it was found that the nanoparticles could be re-dispersed easily by lightly shaking the 

mixture after withdrawing the magnet. In addition, it was observed that the strong magnetic 

attraction force between the magnet and magnetite can uplift a centrifugation tube (50 mL in 

capacity, Figure 5.2c). 
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Figure 5.1 (a) ATR-FTIR spectra, (b) XRD patterns, and (c, d) XPS spectra of the magnetite. The 

XRD characterization was conducted by vacuum filtrating magnetite dispersion onto a Nylon 

membrane. 

 

Figure 5.2 (a) Zeta potential of magnetite nanoparticles, (b) photographs of magnetite dispersion 

in UP water, and (c) photograph of magnetite. 

 

The TEM images (Figures 5.3a and b) show that the magnetite nanoparticles dispersed uniformly 

and had a nearly spherical shape, with an average diameter of around 250 nm as revealed by the 

particle size distribution (inset of Figure 5.3a). The elemental mapping (Figures 5.3c–2f) suggested 
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that carbon elements were uniformly distributed on the nanoparticles’ surface, indicating the 

presence of carboxyl groups. 

 

Figure 5.3 (a, b) TEM images of magnetite nanoparticles, the particle size distribution of magnetite 

nanoparticles (inset of Figure 5.3a), and (c–f) elemental distributions of magnetite nanoparticles. 

 

5.3.2 Effect of magnetite concentration on oil removal 

The effect of the magnetite concentration on the washing performance was investigated, and it was 

found that the magnetite concentration had a positive contribution to the fluid washing performance. 

The washing effectiveness increased from 61.4% to 70.2% with the increase of the magnetite fluid 

concentration from 0.02 to 1.0 g/L (Figure 5.4a). The high concentration of the magnetite fluid 

reduced the IFT of the fluid-oil interface (Figure. 5.4b), possibly attributable to the presence of 

carboxyl groups on the magnetite surface. It should be noted that engine oil is a complex mixture 

of chemicals consisting of 90% base oil and 10% additives, where the former comprises linear 
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alkanes, branched alkanes, and one- to six-ring cyclic alkanes (Manheim et al., 2019). Sayed et al. 

(2019) found that the addition of carboxylic acid decreased the IFT of the n-decane/water system.  

 

Figure 5.4 (a) Effect of magnetite concentration on washing performance and residual oil 

concentration after magnetite recovery, and (b) IFT of different magnetite fluids. 

 

Many conventional approaches have been applied in oil removal from the water body, i.e. 

membrane separation and chemical oxidation. However, some toxic chemicals were involved in 

surface modification in membrane fabrication (Rezaeian et al., 2020; Yang et al., 2021). The 

peroxymonosulfate used in chemical oxidation is capable of generating toxic hydrogen sulfide 

(Dong et al., 2021). Due to the outer citric acid layer, the magnetite has good biocompatibility and 

low cytotoxicity (Liu et al., 2009). Thus, the water-dispersible magnetite nanoparticles hold great 

potential for oily wastewater treatment. 

 

5.3.3 Effect of kaolinite on oil removal 

The environmental processes can be impacted by various factors (Hong et al., 2019; La and Chai, 

2021; Sundar et al., 2021; Wang et al., 2022c; Wen et al., 2021). Clay minerals are ubiquitous in 
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both nearshore areas and shorelines. Because of its high adsorption capacity, high cation exchange 

capacity, and large surface area, clay can be a significant factor in contaminant transport in aqueous 

solutions (Zhao et al., 2014). Natural seawater containing various components can be used for the 

ex-situ washing process after oil spills. As depicted in Figure 5.5a, oil removal efficiency decreased 

from 65.9% to 52.6% with the increasing kaolinite concentration. During surface washing, 

kaolinite was adsorbed on the magnetite surface, as shown in the ATR-FTIR spectra (Figure 5.5b), 

where the unique bands of kaolinite appeared in the used magnetite spectrum. Since kaolinite had 

no surface-active property (Figure 5.5c), the kaolinite/magnetite mixture had a higher IFT 

compared to the magnetite fluid (Figure 5.5a), making the mixture less conducive to oil detachment 

from the sand surface. In addition, with kaolinite increased, the surface charge of the magnetite 

decreased gradually, which led to an increase in average particle size (Figure 5.5d). The possible 

mechanisms underlying the effect of surface charge and average particle size on the oil removal 

are further discussed in detail in Section 5.3.7. 
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Figure 5.5 Effect of kaolinite on (a) washing performance and IFT, (b) ATR-FTIR spectra of fresh 

magnetite, used magnetite and kaolinite. The ATR-FTIR bands of the used magnetite at 2850–

3000 cm-1 (2854, 2924, and 2954) and 1458 cm-1 were assigned to the aliphatic C–H stretching and 

C–H bend or scissoring of hydrocarbons, respectively (LiBreTests; Liu et al., 2021b), (c) interfacial 

tension of kaolinite at different concentrations, and (d) average particle size and zeta potential of 

the magnetite fluid. 
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5.3.4 Effect of salinity on oil removal 

While the salinity of seawater is approximately 3.5 wt%, this value can vary over a wide range in 

estuarine areas. Thus, as part of our study, washing performance was also investigated over a range 

of salinity values. Despite the higher IFT, better washing ability was observed at low salinity (0.1 

wt%), as evidenced by the increased oil removal efficiency (Figure 5.6a). This may be due to the 

fact that Na+ accelerated the desorption of polar components in the oil, resulting in the sand surface 

having more water-wetness (Ding and Gao, 2021).  

 

Figure 5.6 Effect of salinity on (a) the washing performance and IFT, and (b) average particle size 

and zeta potential of the magnetite fluid. 

 

On the other hand, the oil removal efficiency decreased stepwise to 54.6% as a result of doping a 

high amount of NaCl content (> 0.3 wt%). This may be attributable to the increased IFT at higher 

salinity levels (Figure 5.6a). A study by Moeini et al. (2014) revealed that, at the water-oil interface, 

water-salt hydrogen bonds are destroyed at high salinity (> 200,000 ppm), thereby creating a high-

energy medium for ion migration. Accordingly, the salt ions on the interface could be transported 

to the fluid phase, thus leading to a negative surface excess concentration of the salt ions and a 

higher IFT. The zeta potential and average particle size of the magnetite fluid were further evaluated 
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to explain the detrimental effect caused by the high salinity. The surface charge decreased 

remarkably with the addition of NaCl (Figure 5.6b), giving rise to the aggregation of the magnetite 

nanoparticles. As depicted in Figure 5,5b, the average particle size of the fluid increased sharply 

from 251 to 6,170 nm at high ionic strengths. The increased size might reduce the number of 

magnetite nanoparticles at oil-water interfaces and thus decrease washing performance.  

 

5.3.5 Effect of magnetic field strength on oil separation 

Although the oil pollutants are effectively released from the sand surface, the remaining washing 

effluent containing high concentrations of hydrocarbon and magnetite can cause environmental 

problems if discharged directly. As such, further treatment of the washing effluent after washing 

should be carried out to minimize the risk of secondary pollution. Owing to the adsorption of oil 

on the magnetite, a magnetic field can be applied to potentially collect both magnetite and oil 

droplets. The oil separation efficiency under different magnetization strengths was thus explored. 

As plotted in Figure 5.7a, due to the weak magnetic strength, the oil harvesting ability of the 

magnetite diminished at long distances (Figure 5.7b), thereby resulting in high residual oil content 

in the washing effluent. In addition, the experimental findings suggested that prolonging the 

magnetic response time promoted the oil capture from the effluent; this was due to the fact more 

magnetite nanoparticles can be magnetically recovered over an extended magnetic suction period. 
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Figure 5.7 (a) Residual oil concentrations in the washing effluent under different conditions, and 

(b) magnetic field strength at different distances. 

 

5.3.6 Thermodynamic modeling 

Fluid miscibility is a critical state in the homogenization of two liquids and can affect the interface 

mass transfer of two liquids (Babamiri et al., 2021; Zhang et al., 2018b). As a result, the 

investigation of oil-fluid miscibility in terms of thermodynamics can help reveal the mechanism of 

oil removal. Herein, the thermodynamic theory was employed to evaluate the oil-fluid miscibility 

by adding the water-dispersible magnetite nanoparticles under various concentrations and 

temperatures. As calculated in Figure 5.8a, the free energy for mixing the liquid phase and oil 

decreased sharply by adding the magnetite up to a certain value (which was around 0.2 g/L in this 

study), which proved the enhanced miscibility of the oil-fluid system. After that, further addition 

of magnetite exerted slightly adverse impacts on the miscibility. It can be concluded that the 

concentration of the magnetite fluid within a certain range promoted the washing performance. 

Moreover, the temperature can affect the miscibility of the oil-fluid system, but not so strongly as 

the concentration. The high temperature was beneficial to the oil-fluid miscibility by reducing the 
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free energy. The modeling observations were in accordance with the experimental findings (Figure 

5.8b) and theoretically elucidated the effect of fluid concentration and washing temperature on oil 

removal. 

 

Figure 5.8 (a) Free energy of mixing magnetite fluid with oil at different concentrations and 

temperatures and (b) effect of temperature on oil removal. 

 

5.3.7 Mechanisms underlying surface washing with magnetite nanoparticles 

As discussed above, the magnetite fluid exhibited varying properties (i.e., IFT, average particle 

size, and surface charge) under different experimental conditions. Based on these observations, 

four mechanisms were proposed to likely affect surface washing performance. 
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Figure 5.9 Graphical illustration of proposed mechanisms of (a) IFT reduction, (b) wetting 

behavior, (c) transport behavior, and (d) solid-fluid contact. 

 

(1) IFT reduction 

The first mechanism is related to the IFT variation, which plays a crucial role in oil motion behavior 

at the oil-fluid interface (Figure 5.9a). Molecular simulations from our previous research (Yue et 

al., 2022e) revealed that, at a low IFT interface, oil layers were prone to be broken down and oil 

droplets diffused rapidly to areas far from the sand surface. A simulation study by Liang et al. (2019) 

indicated that the interaction energy between oil and silica and the coherent energy of oil droplets 

can be impaired as a result of the addition of surface-active materials, which facilitated the oil 

detachment. The thermodynamic analysis, meanwhile, demonstrated that the free energy for oil-

water mixing was less in a low-IFT system. Hence, the addition of kaolinite and NaCl inhibited the 

oil removal by augmenting the fluid IFT. 
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(2) Wetting behavior alternation 

While the first mechanism has to do with rapid diffusion at the oil-water interface, the second 

mechanism concerns how the wetting property affects the oil-fouling behavior on the sand surface 

(Figure. 5.9b). Wettability plays a key role in oil recovery (Ding and Gao, 2021). Wettable materials 

with opposite attraction to water and oil are the ideal candidates for selective oil removal (Yue et 

al., 2022g). In this regard, to obtain information on the sand surface wetting properties that directly 

correlate to oil fouling behavior, CAs, and underwater CAs were measured. As depicted in Figure 

5.10a, the clean sand was found to have a superhydrophilic surface on which no stable WCA was 

observed. In comparison, the oiled sand showed a hydrophobic and underwater oleophilic surface 

with a high WCA of 124.6° ± 2.0° and a low underwater OCA of 55.0° ± 2.5°, respectively (Figure 

5.10b, d). It has been noted that surfaces of this nature have a firm affinity force to hydrophobic 

materials owing to the strong hydrophobic-hydrophobic interaction (Wang and Lin, 2017). Notably, 

the washed sand had a hydrophilic (83.3° ± 2.0°) and underwater oleophobic (118.6° ± 3.0°) surface 

after surface washing (Figure 5.10c, e). It should be noted that wetting a water-loving surface 

underwater for an oil droplet requires the destruction of a hydration layer on the sand surface, 

which is energetically infeasible because of the relatively high hydrogen bonding energy. The 

studies by Divandari et al. (2019) and Izadi et al. (2019) proved that wettability alteration caused 

by magnetite adsorption could result in enhanced oil recovery. 
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Figure 5.10 WCA of (a) clean sand, (b) oiled sand, and (c) washed sand. Underwater OCA of (d) 

oiled sand and (e) washed sand. Wicking means that the sand surface was wetted by a testing liquid 

immediately, and no stable CA images could be captured (Huang et al., 2017). 

 

To further explore the mechanism of wetting alternation, the surface morphologies of different 

sands were investigated in detail. The clean sand was found to have a smooth and clean surface 

containing carbon elements (21.81% of atomic weight) and trace amounts of iron elements (0.19% 

of atomic weight, Figure 5.11a–c). However, the oiled sand was found to have a rough surface after 

oil fouling, with many oil droplets adhering to its surface (Figure 5.11d). The elemental mapping 

demonstrated that the carbon content had increased markedly to 85.98% of atomic weight (Figure 
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5.11e), suggesting the presence of hydrocarbons, but with negligible iron content (Figure 5.11f). 

The oil covering improved hydrophobicity and underwater oleophilicity. The rough sand surface 

led to hydrophobicity as well, because the increased area between the liquid and solid gave rise to 

high interfacial energy, which, in turn, increased the CA (Nosonovsky and Bhushan, 2006). Almost 

no oil droplets were observed on the washed sand surface (Figure 5.11g). Significantly, the SEM 

and elemental line scan images (Figure 5.11h, i) show that magnetite nanoparticles had been 

adsorbed on the washed sand surface. Moreover, the Fe–O band (570 cm−1) was detected on the 

spectrum of the washed sand (Figure 5.12a). The dynamic WCA results (Figure 5.12d) confirmed 

the superhydrophilic property of the magnetite nanoparticles, with WCA decreasing rapidly to 0° 

within one second. In other words, the formation of magnetite layers converted the sand surface 

from oil-loving to oil-hating, and this prevented the oil droplets from attaching to the sand surface. 

In addition, the peak intensity of hydrocarbon weakened considerably (Figure 5.12b, c), signifying 

the removal of oil from the sand surface. 
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Figure 5.11 SEM images and elemental mappings of (a–c) clean sand, (d–f) oiled sand, and (g–i) 

washed sand. 
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Figure 5.12 (a, b) ATR-FTIR spectra, (c) FTIR mapping of different sands, and (d) dynamic WCA 

of magnetite nanoparticles. 
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The elemental distribution on sands was characterized by XRF as well. The energy peak at about 

6400 eV (Figure 5.13a) corresponded to the characteristic peak of Fe Kα (Chen et al., 2022a). 

Compared to the clean and oiled sands, the Fe X-ray emission intensity of the washed sand was 

found to be considerably higher. Moreover, as revealed by the Fe distributions on sands (Figure 

5.13b–d), much more Fe was observed on the washed sand surface, indicating the presence of 

magnetite nanoparticles. 

 

Figure 5.13 XRF spectra (a) and XRF mappings of Fe on (b) clean sand, (c) oiled sand, and (d) 

washed sand. 

 

(3) Transport behavior 
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During the washing process, the sand tended to pile up against the vial wall. The upper layer of 

sand was observed to be more susceptible to the flush from the magnetite fluid than the bottom 

layer. Therefore, cleaning the bottom layer of sand is likely to be a key factor in improving the 

overall washing performance. With this practice in place, transport of the magnetite from top to 

bottom may affect the washing performance (Figure 5.9c). Another consideration is that nanosized 

particles will more easily pass through porous media than those of micro or macro size (Izadi et al., 

2019). In addition, the transport of particles in a porous sand medium may be affected by the 

interaction between the two (i.e., the particles and the porous sand medium). To be specific, the 

significantly reduced surface charge diminished the repulsion between the fluid and the sand, 

thereby promoting the adsorption of the magnetite on the sand in the upper layer, and implying that 

less magnetite will reach the sand in the bottom layer. A recent work by Tong et al. (2020) has 

suggested that, compared to the control experiments, fewer plastic particles of large size and low 

surface charge can pass through a quartz column because of the enhanced adsorption between the 

particles and the quartz sand at high ionic strength. With increasing kaolinite and ionic strength in 

the fluid, the increased particle size and decreased surface charge of the magnetite nanoparticles 

impeded their effective transport to the lower layers of the oiled sand, thereby inhibiting the release 

of oil from the surface of the sands at lower layers.  

 

(4) Solid-fluid contact 

It is widely acknowledged that an air layer is present at an oleophilic surface-water interface (Chao 

et al., 2020a; Luo et al., 2010). The existence of such a surface-bounded air layer on the 

hydrophobic oiled sand surface was evidenced by the relatively reflective appearance of the 

submerged oiled sand (Figure 5.14), attributable to the different refractive indices between water 
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and air (Kavalenka et al., 2015; Nguyen et al., 2012). Based on the presence of the air layer, a 

fourth mechanism–i.e., solid-fluid contact–was identified (Figure 5.9d).  

 

Figure 5.14 Photographic images of submerged oiled sand (a) and clean sand (b). 

 

It should be noted that, at the initial surface washing stage, the hydrophobicity of the oiled sand 

surface can reduce the contact area at the fluid-oil interface. The air layer between the hydrophobic 

sand surface and the magnetite fluid adjacent to it is effective in decreasing the drag to flow, owing 

to the slip boundary effect (McHale et al., 2010), and this shortened the residence time of the 

magnetite on the sand surface. This aspect can reduce the overall adhesive interaction between the 
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magnetite nanoparticles and the oiled sand. In addition, the local flow velocity is almost zero at a 

solid-water interface in nonslip boundary theory, while the flow velocity is considered to be 

positive at a slip boundary (Kavalenka et al., 2015). The higher flow rate on a non-permeable and 

hydrophobic surface led to significantly reduced residence time for the interaction between 

particles and surface. For a permeable porous structure, the impact of the local residence time was 

found to be even more significant. As the washing process proceeded, the air layer would be 

damaged or even disappear when the sand surface became hydrophilic. The strong affinity at the 

hydrophilic sand-fluid interface enhanced the contact area and prolonged the residence time caused 

by the intrusion of the washing fluid into the porous structure of the oiled sands, thereby 

strengthening the interaction between the magnetite and the sand surface. Based on this theory, Su 

et al. (2019) also proposed the solid-water contact mechanism to explain the membrane fouling 

behavior. 

 

5.3.8 Reusability, material cost analysis, and waste calcination 

Besides the good washing capacity, it is also expected the surface washing fluid can be used 

repeatedly. The magnetite nanoparticles were separated and re-dispersed directly in fresh UP water 

after each cycle without removing the containing oils. In the present study, the magnetite fluid 

maintained good performance after 5 repetitions. The magnetic separation ability of the magnetite 

for oil droplets weakened gradually with the repeated cycles (Figure 5.15a), due to the reduced 

adsorption sites on the magnetite nanoparticles. It could also be attributed to the reduced magnetite 

content caused by either the adsorption on the sand surface or the formation of oil-particle 

aggregates.  



96 

 

 

Figure 5.15 (a) reusability of the magnetite fluid and residual oil concentration, and (b) economic 

analysis of the magnetite fluid. 

 

Material costs are not a negligible factor when it comes to assessing the practicability of a given 

washing fluid. The chemical costs of surface washing were compared, as shown in Figure 5.15b. 

The prices of the chemicals used in those studies are given in Table 5.1. It can be seen that the 

chemical cost of the magnetite fluid per gram of oil removed was the lowest among the surface 

washing fluids being compared. However, it should be noted this evaluation example could be 

affected by agent costs in different suppliers and countries. Moreover, the material cost is not the 

only consideration when dealing with an oil spill. Biotoxicity, effectiveness, and washing 

performance are also critical. 

 

Table 5.1 Price of chemicals. 

Chemicals Price (CAD/g) 

FeCl3·6H2O 0.888 
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Sodium acetate anhydrous 0.185 

Sodium citrate 0.093 

Ethylene glycol  0.056 

Sodium caseinate 0.1268 

Nanoclay 0.194 

Sodium alginate (SA) 0.193 

Tween 80 0.128 

Chitosan 1.168 

Rhamnolipid 3.64 

The chemical prices (Canadian dollars, CAD) were obtained from Sigma Aldrich (Oakville, 

Canada). 

 

Despite the effective oil removal ability and good reusability of the magnetite, the post-treatment 

of the oil on the magnetite is a matter of concern. In this regard, controlled burning has been used 

in oil spill response (Cai et al., 2016b; Merlin et al., 2021; Wang et al., 2022d). In the present study, 

the used magnetite nanoparticles underwent calcination to remove the oil from their surface. As 

observed in Figure 5.16a, the unique ATR-FTIR bands of the oil and carboxyl groups disappeared 

after thermal treatment at 500 ℃, indicating the complete elimination of adsorbed oil pollutants 

and carboxyl groups. The weight-loss behavior of the used magnetite, meanwhile, was explored 

using TGA measurements (Figure 5.16b). Both fresh and used magnetites exhibited the same 

weight-loss curves at temperatures below 200 ℃, owing to the water evaporation. However, a 

prominent difference in TGA curves was observed when the temperature exceeded 200 ℃. For the 

fresh magnetite, the weight loss at such high temperatures was attributable to the removal of 

carboxyl groups whereas, in the case of the used magnetite, the weight loss at temperatures higher 
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than 200 ℃ was attributable to the elimination of both carboxyl groups and adsorbed oil. The TGA 

results implied that the calcination temperature of the oiled magnetite should be over 200 ℃ to 

ensure effective oil removal. 

 

Figure 5.16 (a) ATR-FTIR spectra of different magnetite, (b) TGA curves of the fresh and used 

magnetites, (c) oil removal efficiency and zeta potential of the magnetite fluid after calcination, (d) 

photographs of the magnetite dispersion in UP water after calcination, and (e) particle size 

distribution of magnetite after calcination. 
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Because of the lack of hydrophilic carboxyl groups, the magnetite after calcination could not form 

a homogeneous and stable dispersion in UP water even after sonication (Figure 5.16d). After 

magnetic separation, the increased average particle size of the magnetite (Figure 5.16e) caused by 

the reduced surface charge (Figure 5.16c) gave rise to rapid precipitation after sonication. 

Furthermore, the poor stability of the fluid was also detrimental to its washing performance (Figure 

13c), with only cleaning 39.8% of the oil from the sand surface. These findings demonstrate that, 

although calcination is a promising method for post-treatment of oil, this failed to maintain the 

good performance of the magnetite fluid. Such residues after calcination can be disposed of in the 

landfill. 

 

5.4 Summary 

In the present study, an innovative, low-toxic, recyclable, and magnetic-mediated surface washing 

fluid based on water-dispersible magnetite nanoparticles was investigated for use on sand beaches. 

The characterization results showed that the carboxyl-functionalized magnetite nanoparticles had 

a spherical morphology with a diameter of around 250 nm. Because of the superhydrophilicity, the 

magnetite exhibited superior water dispersibility even after gentle shaking. Apart from the effective 

surface washing, the magnetite nanoparticles showed a good performance of oil recovery from the 

washing effluent. Results suggested that IFT reduction, wetting behavior, transport behavior, and 

solid-fluid contact mechanisms might jointly affect the oil removal from the sand surface. Notably, 

thermodynamic modeling proved that the magnetite enhanced the oil-fluid miscibility and the 

results were in alignment with the experimental findings. The magnetic fluid was found to have a 

relatively low material cost and good reusability but with diminished oil separation ability after 

multiple runs. Moreover, the experimentation with calcination at high temperatures demonstrated 
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that the adsorbed oil can be completely removed, but that the loss of the carboxyl group after 

calcination deteriorated the washing performance of the magnetite fluid. In terms of operational 

limitations, high clay concentrations (kaolinite) and elevated saline conditions (above 0.3 wt%) 

inhibited the washing performance of the magnetic fluid. Despite these potential limitations, based 

on our experimental results, we believe that the proposed magnetite fluid, with a low cost, good 

reusability and stability, and responsiveness, warrants further investigation as a basis for the 

cleanup of oil-contaminated sand beaches.  
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CHAPTER 6 REMOVAL OF PHENANTHRENE FROM CONTAMINATED PEAT MOSS 

USING A PH-RESPONSIVE PHOSPHOPROTEIN WASHING FLUID ‡ 

 

6.1 Background 

Oil pollution is a major environmental concern in the petroleum industry (Cai et al., 2019; Wang 

et al., 2020c; Yue et al., 2020). On May 29, 2020, such an industrial disaster occurred in Norilsk, 

Russia, where up to 17,500 tons of diesel oils were spilled into local rivers and land. In such cases, 

the leakage of oil into the soil causes changes in the soil’s physical and chemical properties and 

affects the composition and structure of soil microbial communities (Yang et al., 2006; Yin et al., 

2021a; Yue et al., 2022g), leading to the deterioration of the soil quality. Meanwhile, the migration 

and diffusion of hydrocarbon pollutants into underground aquifers pose a serious threat to the 

groundwater environment and human health. Therefore, the remediation of petroleum-impacted 

soil is of great importance. 

 

Peat moss is a complex material characterized by its vegetative composition and is globally 

important in maintaining various ecosystem functions, such as hydrology, climatology, and 

biodiversity (CSPMA, 2022). North America is home to 32% of the Earth’s peatland, most of which 

is located in Canada (Peatlands, 2022). Oil pollution can occur during oil extraction and 

transportation. The Northwest Territories (NWT) of Canada contains significant untapped oil and 

gas reserves, and it is estimated that the region may hold 37% of Canada’s marketable light crude 

oil resources (Subramanian et al., 2017). In fact, the NWT has over 870 km of oil transportation 

 
‡ This work has been published as R. Yue, C. An, Z. Ye, X Li, Q. Li; P. Zhang, Z. Qu; S. Wan. A pH-responsive 

phosphoprotein washing fluid for the removal of phenanthrene from contaminated peat moss in the cold region. 

Chemosphere, 2023, 313: 137389. 
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pipelines. Due to the expansion or thawing of cryosolic soils and their variable nature, these 

pipelines are susceptible to damage from excessive deformation, which could result in oil pollution. 

Because of the fragility of ecosystems in cold regions, oil contamination can cause more serious 

damage to such land ecosystems, given their low resilience stability. To date, peat moss 

decontamination by environmentally benign materials after oil spills has not been well studied. 

Therefore, it is of urgency to seek washing fluids for the cleanup of hydrocarbon-contaminated 

peat moss. 

 

Polycyclic aromatic hydrocarbons (PAHs) are a class of components of oil (Zhao et al., 2015; Zhao 

et al., 2019a). The presence of PAHs may result in the contamination of soil and groundwater, 

which threatens human and environmental health (Yu et al., 2011; Yue et al., 2022a; Yue et al., 

2022c). Surfactant-based surface washing has been identified as a viable strategy for the 

remediation of PAH-contaminated soil (Befkadu and Quanyuan, 2018; Chen et al., 2021a). For 

instance, Bai et al. (2019) demonstrated that Tween 80 with a concentration of 15 g/L and a liquid-

to-soil ratio of 10:1 was effective for soil decontamination of phenanthrene (PHE). Another study 

by Qiu et al. (2019) found that three PAHs could be partially removed with 20 g/L of sodium 

dodecyl sulfate. However, many ionic and non-ionic surfactants are toxic to animals and plants, 

thereby bringing potential environmental risks (Mulligan et al., 2001). Recently, biosurfactants 

have received considerable attention in research on PAH decontamination due to their advantages 

of biodegradability and lower toxicity (Markande et al., 2021). Hirata et al. (2009) reported that 

60% of sophorolipids were degraded within 28 days, while some anionic and non-ionic surfactants 

displayed little biodegradability. Although biosurfactants have a limited environmental impact, the 

high production cost and difficulties of in situ production are major hurdles to their large-scale use. 

Notably, some techniques (i.e., air stripping, membrane processes, and sorption) can be applied to 
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further treat the effluent from a washing process (Trellu et al., 2021; Yue and Rahaman, 2021a), 

but the complicated operations and high costs are not sustainable. Therefore, seeking an alternative 

with low toxicity, low cost, and an easy separation approach for treating washing effluent is also 

required. 

 

Sodium caseinate (NaCas) is the sodium salt of casein, the main protein in milk, and it contains 

several essential nutrients required by the human body. In addition, NaCas has both hydrophilic 

and oleophilic groups, which enables it to remove hydrophobic PAHs. It is worth noting that NaCas 

has varied isoelectric points in different systems (Ma et al., 2009; Xi et al., 2020; Yue et al., 2022e), 

at which NaCas can precipitate as insoluble material. The feature of pH responsiveness made the 

pretreatment of washing wastewater more efficient and applicable, compared with the methods 

without effluent separation or those requiring the assistance of CO2 or N2 (Bonal et al., 2018; Kim 

et al., 2019). In light of these features, this study aimed to investigate the performance of NaCas 

washing fluid for the remediation of phenanthrene (PHE)-contaminated peat moss. The effects of 

different environmental factors on NaCas’s effectiveness were comprehensively investigated. 

Factorial analysis was employed to identify the significance of individual factors and their 

interactions, and the pH responsiveness of the effluent was also explored. Finally, toxicity modeling 

was applied to analyze the effect of NaCas on the biotoxicity of PHE. 
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6.2 Materials and methods 

6.2.1 Materials 

PHE (> 98%), NaCas, NaCl, HA, sulfuric acid (H2SO4) methanol [high-performance liquid 

chromatography (HPLC) grade, > 99.9%], and acetonitrile (HPLC grade, > 99.9%) were sourced 

from Sigma Aldrich (Oakville, Canada). The peat moss was purchased from VWR (Canada).  

 

6.2.2 Preparation of phenanthrene-contaminated peat moss 

The peat moss was completely dried at room temperature and then passed through a 0.25 mm sieve 

to remove any large particles. The peat moss was then spiked with PHE dissolved in methanol and 

subsequently agitated for 1 h to achieve a uniform distribution of PHE. The methanol was 

evaporated by putting the mixture in a fume hood at room temperature. The contaminated peat 

moss, with a final concentration of 100 mg/kg, was obtained after evaporating the solvent. 

 

6.2.3 Peat moss washing and factorial design 

The peat moss samples (0.1 g) were vigorously shaken in sealed vials (20 mL) containing 15 mL 

of NaCas solution for 24 h at different conditions (temperature, NaCas concentration, salinity, and 

humic acid). Subsequently, the liquid and solid phases were separated by centrifugation at 4000 

rpm for 20 min at room temperature (21 ± 1 ℃). Preliminary experiments found that the 

biodegradation contribution to PHE removal was negligible. After completely decanting the upper 

liquid, the residual PHE adsorbed on the peat moss was ultrasonically extracted with methanol (15 

mL) for 10 min (Joseph-Ezra et al., 2014). This process was repeated three times; the fourth 

extraction could barely desorb PHE from the peat moss. A 24 factorial design and one-way analysis 
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of variance (ANOVA) evaluating the effect of different environmental factors on PHE removal 

were applied by using Minitab (USA).  

 

6.2.4 Analytical and characterization methods 

The PHE concentration in the extractant was detected using HPLC (1260 infinity Ⅱ, Agilent, USA) 

equipped with a 120 EC-C18 (column size: 4.6 × 100 mm, particle size: 2.7 μm, Agilent, USA) 

and a diode array detector (DAD). The mobile phase consisted of ultrapure water and acetonitrile 

(25:75, v/v), and its flow rate was 0.6 mL/min. The injection volume and column temperature were 

20 μL and 30 ℃, respectively. The PHE removal efficiency (R) was calculated using R = 1 - 

(PHER/PHET) × 100%, where PHER and PHET were the residual PHE content and total PHE 

content on the peat moss, respectively. Surface tension (SFT) was measured using a force 

tensiometer (KRUSS K100, Germany). Attenuated total reflectance fourier transform infrared 

(ATR-FTIR) measurements were conducted using an INVENIO S FTIR spectrometer (Bruker, 

USA). Chemical oxygen demand (COD) was tested using a COD reactor (DRB200, HACH, 

Canada) and a portable spectrophotometer (DR2800, HACH, Canada). Turbidity was measured on 

a turbidity meter (AQ3010, Thermo Scientific, Canada). The total organic carbon (TOC) results 

were recorded using a TOC analyzer (TOC-L, Shimadzu, Japan). The experimental design and 

result analysis were performed using Minitab (Minitab, LLC, USA), and the detailed information 

is shown in Tables 6.1 and 6.2. 
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Table 6.1 High and low levels for the 24 factorial design. 

Factor Temperature 

(℃) 

Humic acid 

(mg/L) 

Salinity (wt%) NaCas concentration 

(g/L) 

High level (+1) 20 40 3.5 1.0 

Low level (-1) 5 0 0 0.2 

 

 

 

Table 6.2 Coded levels and corresponding values for factorial design matrix. 

Number Coded levels A B C D 

A B C D Temperature 

(℃) 

Humic acid 

(mg/L) 

Salinity 

(wt%) 

NaCas concentration 

(g/L) 

1 -1 -1 -1 -1 5 0 0 0.2 

2 -1 -1 -1 1 5 0 0 1.0 

3 -1 -1 1 -1 5 0 3.5 0.2 

4 -1 -1 1 1 5 0 3.5 1.0 

5 -1 1 -1 -1 5 40 0 0.2 

6 -1 1 -1 1 5 40 0 1.0 

7 -1 1 1 -1 5 40 3.5 0.2 

8 -1 1 1 1 5 40 3.5 1.0 

9 1 -1 -1 -1 20 0 0 0.2 

10 1 -1 -1 1 20 0 0 1.0 

11 1 -1 1 -1 20 0 3.5 0.2 

12 1 -1 1 1 20 0 3.5 1.0 
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13 1 1 -1 -1 20 40 0 0.2 

14 1 1 -1 1 20 40 0 1.0 

15 1 1 1 -1 20 40 3.5 0.2 

16 1 1 1 1 20 40 3.5 1.0 

 

6.2.5 Separation and recovery of washing effluents 

Oil and NaCas in the washing effluents can be separated by using the pH-responsive method. After 

washing, the pH of the washing effluent was adjusted to its isoelectric point (pH was around 4.2) 

by adding H2SO4 (0.1 M), after which the NaCas formed precipitates and was recovered by 

removing the supernatant. 

 

6.2.6 Toxicity modeling analysis 

The homology modeling algorithm is an accepted method for predicting the synthesis of receptor 

proteins based on the structure of known similar proteins when there is no existing 3D structure of 

the receptor protein (Gu et al., 2020b). The homology modeling of NaCas can be found in previous 

studies (Cao et al., 2020a; Sun et al., 2021). The amino acid residue sequence of superoxide 

dismutase (SOD) was first obtained at the National Center for Biotechnology Information (NCBI) 

in the United States. Second, the amino acid sequences of the protein-binding units were submitted 

separately to the SWISS-MODEL server in the Automated Protein Modeling Server provided by 

the Glaxo Smith Kline Center in Geneva, Switzerland, to obtain new protein structures (Li et al., 

2022). As the protein structures of superoxide dismutase from Neopyropia yezoensis, Mytilus edulis, 

Penaeus vannamei, and Oncorhynchus mykiss were missing, homology modeling was used to 

obtain the corresponding SOD protein structures. The SODs of Neopyropia yezoensis (GenBank: 
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AAZ75664.1), Mytilus edulis (GenBank: CAE46443.1), Penaeus vannamei (GenBank: 

AVP74308.1), and Oncorhynchus mykiss (GenBank: ACO07816.1) were obtained from NCBI, and 

the SOD of Caenorhabditis elegans (PDB ID: 3KBF) was obtained from the Protein Data Bank 

(PDB) of Brookhaven National Laboratory. The plausibility of the SOD structures was evaluated 

using Ramachandran plots in the SWISS-MODEL online evaluation server (Carugo and Djinović-

Carugo, 2013).  

 

To simulate the ability of PHE to cause oxidative stress toxicity in marine organisms, dynamic 

simulations of the complex of PHE and SOD proteins were carried out using the GROMACS 5.1.4 

program to characterize the toxic effects of PHE on marine organisms in terms of their binding 

energy. The SOD proteins from five marine organisms, namely Neopyropia yezoensis, 

Caenorhabditis elegans, Mytilus edulis, Penaeus vannamei, and Oncorhynchus mykiss, were 

placed in a periodic cube with a side length of 20 nm, using a GROMOS 54a7 force field and 

adding sodium ions as a positive charge to neutralize the system. The binding energy was calculated 

using the molecular mechanics/Poisson-Boltzmann surface area (MMPBSA) method (Li et al., 

2021b; Pu et al., 2022). It was then necessary to sample the equilibrium trajectories of the acceptor 

protein (SOD) and ligand molecule (PHE) of the SOD–PHE complex and calculate the free energy 

of the SOD–PHE complex, SOD, and PHE, respectively. MMPBSA involves the calculation of the 

difference in free energy between two states, and the equation is as follows: 

Gbind = GSOD–PHE complex - Gfree-SOD - Gfree-PHE 

where Gbind, GSOD–PHE complex, Gfree-SOD, and Gfree-PHE refer to the binding free energy of the system, 

the SOD–PHE complex, the SOD, and PHE, respectively (Gu et al., 2021). 
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6.3 Results and discussions 

6.3.1 Effect of sodium caseinate concentration on phenanthrene removal 

The PHE desorption efficiency was found to be dependent on the NaCas concentration (Figure 

6.1a). The rate of PHE removal grew steadily from 27.8 to 30.2 mg/kg when the NaCas 

concentration increased from 0.2 to 2.0 g/L. The increased PHE removal at relatively low NaCas 

concentrations (0.2 to 2.0 g/L) could be due to the drop in SFT. Mobilization and solubilization are 

two main mechanisms for the enhanced removal of hydrophobic organic compounds (HOCs) from 

a porous medium (Liu et al., 2021a). The mobilization effect is such that the transportation ability 

of HOCs can be enhanced in a low-SFT system (Nguyen et al., 2008). The hydrophobic ends of 

surfactants attach to the HOCs due to the strong hydrophobic–hydrophobic interaction, while their 

hydrophilic ends tend to be exposed to water. As a result, the sorbed HOCs can be surrounded by 

surfactant monomers. In our study, the low SFT of the NaCas washing fluid was capable of 

enhancing the mobility of PHE, thus improving the PHE removal efficiency. In the solubilization 

effect, the low-SFT system increased the water solubility of HOCs. The micelles with a 

core(hydrophobic)-shell(hydrophilic) structure could create a number of hydrophobic nano-areas 

in the aqueous phase for the distribution of HOCs. β-casein is an amphiphilic part of NaCas, and 

the hydrophobic interactions between the β-caseins lead to self-association and the formation of β-

casein micelles with hydrophobic cores and hydrophilic shells (Dauphas et al., 2005; O'Connell et 

al., 2003). The hydrophobic cores were able to compete for the partition of HOCs of the medium 

(Lowry et al., 2016), which thus promoted PHE transfer into NaCas micelles. 



110 

 

 

Figure 6.1 Effect of (a) NaCas concentration and (b) temperature on PHE removal. 

 

However, PHE desorption did not experience any remarkable change with a high NaCas content in 

the range of 2.0 to 10 g/L. On one hand, β-casein is strong amphiphilic, as it has highly hydrophilic 

and polar N-terminal groups, and highly oleophilic and nonpolar C-terminal groups (Portnaya et 

al., 2006). Srinivasan (1998) found that the number of amphiphilic β-caseins at the NaCad-liquid 

interface was reduced at high NaCas concentrations, which thus increased the SFT of the NaCas 

fluid. On the other hand, excessive NaCas adsorption might improve the hydrophobicity of peat 

moss and further enhance the adsorption of PHE onto it. The effect of a high NaCas concentration 

on PHE removal revealed here was in alignment with the findings of a study by Urum and Pekdemir 

(2004), who reported that some surfactants were less effective at a high concentration (> 0.02 wt%). 

 

6.3.2 Effect of temperature on phenanthrene removal 

The average annual temperature of peatland in Canada is approximately in the range of -4 to 20 ℃. 

Therefore, NaCas’s effectiveness in this study was evaluated at low temperatures. The effect of 

temperature on the washing performance of NaCas is shown in Figure 6.1b. The PHE desorption 

increased from 25.1 to 29.3 mg/kg with the washing temperature rising from 5 to 15 ℃. The 
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increase in temperature decreased the SFT of the NaCas washing fluid, which resulted in high PHE 

miscibility in the washing fluid and thereby accelerated the PHE desorption from the peat moss. 

Another explanation might be the enhanced molecular diffusion of organic compositions and the 

weakened van der Waals force between PHE and peat moss at high temperatures (An et al., 2011; 

Wang et al., 2019b). The Brownian motion of NaCas molecules and the diffusion rate of PHE were 

enhanced with rising temperatures. As a result, PHE molecules were incapable of forming strong 

bonds with the peat moss, giving rise to an enhancement in the mass transfer rate from the peat 

moss to the aqueous phase. Additionally, the temperature–hydrophobicity curve might explain this 

effect. For instance, it has been reported that the hydrophobicity of β-casein was enhanced when 

raising the temperature to a suitable range, owing to the increased number of available hydrophobic 

sites within it (O'Connell et al., 2003).  

 

A further increase in temperature from 15 to 20 ℃ only led to a slight rise in PHE removal. It has 

been reported elsewhere that the solubility of β-casein in NaCas solution was higher at 2 ℃ than 

at 20 ℃ (Post et al., 2012). Therefore, the high temperature reduced the accessibility of β-casein 

for PHE removal. In a related vein, O'Connell et al. (2003) revealed that β-casein became more 

hydrophilic when the temperature was too high, which was a result of the aggregation of the β-

caseins. Moreover, they, in this case, found that the molecular mass of β-casein more than doubled 

from 15 to 30 ℃. It was revealed in another study that materials with a high molecular structure 

often changed the micelle shape and size and thus led to the collapse of micelles and the 

deterioration of detergency (Urum and Pekdemir, 2004). The PHE removal tendency in this study 

was in line with some previous studies. Specifically, Zhang et al. (2017) investigated the effect of 

temperature on PHE removal, and the results demonstrated that PHE removal increased marginally 

when the temperature increased from 10 to 30 ℃. In another study, Bai et al. (2019) used Tween 
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80 to immobilize PHE from contaminated soil. However, PHE removal efficiency was found to 

decline when the washing temperature increased from 20 to 40 ℃, which was attributable to the 

low solubility of the non-ionic surfactant.  

 

6.3.3 Effect of salinity on phenanthrene removal 

The PHE removal in terms of salinity is shown in Figure 6.2a. The PHE desorption mass increased 

stepwise to 34.6 mg/kg at low salinity (< 0.3 wt%). The positive effect of the salinity within the 

low range (< 0.3 wt%) can be attributed to the enhanced desorption of PHE in saline water. Wu 

and Sun (2010) suggested that a saline environment could significantly weaken the sorption-

desorption hysteresis of PHE, thereby resulting in a much higher desorption mass than in 

freshwater at a given time. In addition, a study by Oh et al. (2013) found that salinity increased the 

desorption distribution coefficient of PHE and thus increased the PHE desorption mass.  

 

However, the PHE desorption decreased gradually to 20.1 mg/kg with the increase of salinity when 

it was higher than 0.3 wt%. The high SFT at high salinity (Fig. 2a) was detrimental to the PHE 

removal. Moreover, when the salinity was more than 0.3 wt%, the average particle size of NaCas 

increased from 214.3 to 248.0 nm due to the reduced surface charge, demonstrating the aggregation 

of NaCas molecules (Figure 6.2a). In this case, the formation of aggregation reduced the active 

adsorption sites of NaCas, which deteriorated the PHE desorption efficiency.  
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Figure 6.2 Effect of salinity on (a) PHE removal and (b) on average particle size and zeta potential 

of NaCas washing fluid. Effect of humic acid on (c) PHE removal and (d) on average particle size 

and zeta potential of NaCas washing fluid 

 

6.3.4 Effect of humic acid on phenanthrene removal 

Humic acid is abundant in peat moss (Zaccone et al., 2007), thus it is necessary to unveil the effect 

of humic acid on PHE removal. Humic acid sodium salt was used to represent the humic acid in 

seawater. Humic acid with contents of 1 to 40 mg/L was found to be detrimental to peat moss 

decontamination (Fig. 2b), inhibiting PHE release from 15.3 to 11.1 mg/kg. The addition of humic 

acid worsened the surface activity of NaCas, thereby leading to restrained PHE removal. Moreover, 
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the added humic acid was able to be sorbed by the peat moss. The formation of humic acid layers 

on peat moss can provide stronger bonding to retain PHE and thus facilitate the stabilization of 

PHE (Zhang et al., 2015). A study by Wen et al. (2007) investigated PHE sorption to humic acid 

and its fractions extracted from peat soil; the findings suggested that humic acid displayed linear 

and nonlinear sorption to PHE. Jones and Tiller (1999) also found that PHE was prone to binding 

to humic acid adsorbed on soil surfaces. Fig. S2b illustrates the variation in zeta potential and 

average particle size of NaCas under different humic acid contents. In the present study, the surface 

charge of the fluid increased gradually with humic acid content, which resulted in an enhanced 

repulsion force between NaCas nanoparticles, thereby giving rise to a decrease in average particle 

size and an increase in NaCas amount. Although more NaCas nanoparticles might bond to more 

PHE molecules by providing more adsorption sites, the rise in SFT and the humic acid adsorption 

inhibited PHE removal. 

 

6.3.5 Factorial analysis of factors influencing phenanthrene removal 

Environmental processes are simultaneously affected by various factors at the same time (La and 

Chai, 2021). Therefore, the interactions of the four factors discussed above in the process of PHE 

removal were investigated using a 24 full factorial design (Fig. 3), in which main effects and two-

way interactions were involved. The mean of PHE removal was a function of the following four 

factors: = 22.66 + 0.1054*Temperature - 0.2508*Humic acid - 1.263*Salinity + 2.59*NaCas 

concentration - 0.00387*Temperature*Humic acid - 0.0243*Temperature*Salinity + 

0.0479*Temperature*NaCas concentration + 0.02006*Humic acid*Salinity - 0.0576*Humic 

acid*NaCas concentration - 0.211*Salinity*NaCas concentration. The significant main effects 
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were humic acid, salinity, and NaCas concentration, and significant interactions were humic 

acid*salinity and temperature*humic acid. 

 

Figure 6.3 Factorial analysis of oil removal efficiency: (a) Pareto chart, (b) main effect plots, and 

(c) interaction plots. 

 

Humic acid and salinity were found to be the significant factors diminishing PHE desorption. The 

mean PHE removal decreased from 22.9 to 10.9 mg/kg when the humic acid content increased 

from 0 to 40 mg/L. The NaCas washing performance was also suppressed with the addition of 

salinity, removing 14.6 mg/kg of PHE at a salinity of 3.5 wt%. Furthermore, the NaCas washing 

fluid concentration had a positive effect on peat moss remediation, which increased the mean PHE 

desorption to 17.6 mg/kg at a NaCas concentration of 1 g/L.  
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The humic acid*salinity and temperature*humic acid combinations are two significant interactions 

affecting PHE removal. The effect of temperature on PHE removal displayed an opposite tendency 

when 40 mg/L of humic acid was added. This might be because a high temperature could facilitate 

the interaction of humic acid adsorbed on peat moss with PHE. In addition, the negative effect of 

humic acid on NaCas fluid effectiveness was weakened by the coexistence of salt and humic acid. 

 

6.3.6 Pre-treatment of washing effluent 

The washing process gave rise to the production of a highly concentrated washing effluent, 

containing NaCas, organic matter from the peat moss, and hydrocarbons. This effluent was thus 

capable of causing secondary pollution if discharged directly. The feature of the pH-dependent 

solubility of NaCas offered a simple and attractive approach for effluent pretreatment by tuning the 

effluent acidity. As depicted in Figure 6.4a, the washing effluent was turbid, and there was no 

precipitation after 12 h. NaCas precipitated quickly when the pH of the effluent was close to the 

isoelectric point of NaCas. Interestingly, the color of the precipitation in the effluent changed to 

light brown compared to its counterpart in the pure NaCas solution (Figure 6.4a). This could be 

attributable to the sorption of the dissolved organic matter (DOM) that was detached from the peat 

moss by NaCas. The ATR-FTIR spectrum of peat moss is displayed in Figure 6.4b. The bands at 

3325, 2917, 1588, and 1032 cm-1 were ascribed to aromatic compounds, aliphatic compounds, C=C 

stretching, and C-O stretching, respectively (Cocozza et al., 2003; Ramachandran et al., 2021). 

Characteristic bands of NaCas precipitations at 3288, 1631, and 1513 cm-1 (Figure 6.4b) 

represented O–H stretching and amine bonds, respectively (Chang et al., 2017). However, the ATR-

FTIR bands of the clean peat moss were not observed in the NaCas spectrum, which may be due 

to the trace amount of DOM adsorbed on NaCas. Additionally, no band shift was observed in the 
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ATR-FTIR spectra of NaCas, which demonstrated that the interaction of NaCas and DOM might 

take place in the form of physical sorption. Significantly, the pH-responsive method also 

remarkably decreased the TOC, COD, and turbidity from 70.0 mg/L, 459.8 mg/L, and 168.5 NTU 

to 28.9 mg/L, 193.2 mg/L, and 27.3 NTU, respectively (Figure 6.4c). 

 

Figure 6.4 (a) Photographs of effluent before and after pH-responsive treatment, (b) ATR-FTIR 

spectra of NaCas precipitations and clean peat moss, and (c) TOC, COD, and turbidity of the 

effluents. 

 

Various efforts have been devoted to the treatment of washing agents (Bi et al., 2021b; Chen et al., 

2021b). Liquid-liquid extraction is a process of transferring target agents from wastewater to 

organic solvents. This process can be more time-consuming when dealing with solvent emulsions 

caused by surfactants. Although this approach has been practically applied in both laboratory and 

field settings, the high production of contaminated solvents is a real challenge for further disposal 
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(Trellu et al., 2021). Sorption is also a popular technology for the recovery of washing agents (Chen 

et al., 2021a; Zeng et al., 2020). However, sorption selectivity relies heavily on the competition 

process between sorbents and agents. Furthermore, the sorbents need to be regenerated by thermal 

treatment, which is energy-consuming and produces contaminated gas streams. Chemical oxidation, 

such as photocatalysis and electro-oxidation, has displayed the potential for the separation of 

washing agents by selectively oxidizing undesired contaminants (Bai et al., 2019; Mousset et al., 

2016). Nevertheless, the effectiveness of these technologies is mainly restrained by two aspects. 

First, as radicals work in a nonselective pathway, oxidation competition and the inhibition of radical 

scavengers remarkably decrease the degradation kinetics of target contaminants (Trellu et al., 2021). 

Second, the micelles surrounding the target pollutants impair the oxidation effectiveness by 

decreasing the availability of washing agents toward radicals (Dos Santos et al., 2015). From a 

practical application viewpoint, there is still a long way to go in utilizing these separation strategies 

of a high cost and energy investment, and complicated configuration. It should also be noted that, 

despite the fact that some washing agents can be reused, a cost-benefit comparison between the 

separation cost and savings coming from the reuse of washing agents has yet to be provided. 

 

In our study, the pH-dependent separation of NaCas simplified the pretreatment of the washing 

wastewater, showing the huge potential in practical hydrocarbon spill responses. The results of the 

separation experiments demonstrated that organic matter was removed at a remarkably high rate. 

From a practical point of view, contaminated peat moss can be washed ex-situ in chambers or tanks, 

and the washing wastewater can be pretreated through a pH-responsive strategy. Protein 

precipitation can be further treated in landfills and can be biodegraded by microorganisms. 

 



119 

 

6.3.7 Toxicity analysis 

PHE is ubiquitous in soil, snowpack, ocean, and sediment (Marvin et al., 2021). It is prone to be 

enriched in organisms and can cause serious toxicity as the accumulated concentration increases, 

of which oxidative stress is a representative case (Zhang et al., 2014a). A study by Birben et al. 

(2012) showed that PAHs and their metabolites can induce reactive oxygen species (ROSs), and 

excessive ROSs can damage cell structures. Organisms can express antioxidant enzymes in 

response to excessive ROSs, reducing ROSs and mitigating cytotoxicity (Sun et al., 2006). 

However, PAHs in organisms exhibit an inhibitory effect on the production of antioxidant enzymes, 

which leads to an increase in ROSs and an amplification of oxidative stress (Bhagat et al., 2016; 

Zhang et al., 2021b).  

 

NaCas might be sorbed on peat moss after washing. To investigate the effect of NaCas on PHE 

biotoxicity, Caenorhabditis elegans living in a soil environment (Félix and Braendle, 2010) were 

chosen as a representative. The sorbed NaCas and PHE can also get into the environment. Thus, 

the biotoxicity of PHE and NaCas to three aquatic species at different trophic levels, Neopyropia 

yezoensis, Mytilus edulis, and Oncorhynchus mykiss, was also analyzed. As depicted in Figure 6.5a, 

the SODs of Neopyropia yezoensis, Mytilus edulis, Penaeus vannamei, and Oncorhynchus mykiss 

were distributed in the most favored regions (95.22%, 98.68%, 93.14%, and 98.69%, respectively), 

additionally allowed regions (0.24%, 0.33%, 0.65%, and 0.00%, respectively), and generously 

allowed regions (1.44%, 1.77%, 3.07%, and 0.87%, respectively). More than 90% of the amino 

acid residues were distributed in the most favored regions, which proved the good quality of the 

constructed SOD structure (Li et al., 2022; Rose, 2019). Figures 6.5b and 6.6 display the docking 

and simulation images of the SOD–PHE and SOD–PHE–NaCas complexes, respectively. Figure 

6.5c illustrates the binding energy of SOD–PHE in the absence and presence of NaCas, respectively. 



120 

 

The results revealed that the binding energy of SOD–PHE in five marine organisms decreased with 

the addition of NaCas, implying that NaCas can inhibit the combination of PHE and SOD and thus 

relieve the toxicity of PHE to organisms. 

 

Figure 6.5 (a) Ramachandran plots of SOD of Neopyropia yezoensis, Mytilus edulis, Penaeus 

vannamei, and Oncorhynchus mykiss, (b) Docking images of SOD–PHE complex, and (c) binding 

energy of SOD–PHE complex in the absence and presence of NaCas. 
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Figure 6.6 The dynamic simulation images of SOD and SOD–PHE–NaCas complex of different 

organisms. 
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6.4 Summary 

Developing a washing fluid with low toxicity, cost-effectiveness, and responsive properties is 

crucial for mitigating hydrocarbon-contaminated peat moss. In this study, the food-grade NaCas 

was used as an eco-friendly washing fluid to remediate PHE-contaminated peat moss. The washing 

performance of NaCas was systematically investigated under different conditions. The factorial 

analysis demonstrated that three individual factors (humic acid, salinity, and NaCas concentration) 

and two interactions (humic acid*salinity and temperature*humic acid) displayed significant 

effects on PHE removal. Considering the small concentration of NaCas that is required for PHE 

desorption and the facile washing process, such a washing fluid is a very promising method for 

remediating contaminated peat moss. Apart from effective PHE removal, the treatment of the 

washing wastewater cannot be ignored. In this study, the turbidity, TOC, and COD of the washing 

effluent were remarkably decreased by simply adjusting the solution acidity, improving the 

practical application of such a washing method. Reducing biotoxicity is a priority when selecting 

a washing material to deal with hydrocarbon pollution. In this study, toxicity modeling results 

proved that NaCas could reduce the toxicity of PHE to the selected organisms. Given these 

advantages, NaCas-assisted washing would be a viable option for the remediation of contaminated 

peat moss. 
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CHAPTER 7 THE USE OF SODIUM CASEINATE-ASSISTED RESPONSIVE 

SEPARATION FOR THE TREATMENT OF OILY EFFLUENTS IN SHORELINE OIL 

SPILL RESPONSE ‡ 

 

7.1 Background 

The dramatic success of the petroleum industry has sown the seeds of some environmental 

problems and created a profound challenge for the marine ecosystem. Oil spills have caused serious 

marine pollution, leading to threats to the well-being of billions of people and the survival of 

millions of species (Huang et al., 2022; Qu et al., 2022; Yue et al., 2020). Once spilled into the 

marine environment, oil can be dispersed in the water column through the mechanical action of 

waves or turbulence (Lee et al., 2016). In addition, oil slicks can reach the shoreline and attach to 

sands or gravels, posing a significant threat to the sensitive flora and fauna of the coastal ecosystem 

(Geng et al., 2020; Lee et al., 2020).  

 

To date, various efforts have been undertaken to treat oiled shorelines. The use of washing agents 

has proven to be effective in removing oil from shoreline substrates. Some washing agents such as 

Corexit 9580 and Nalco can be applied in situ; the stranded oil is subsequently flushed with water 

and directed to a collection area where the oil is removed (ASTM, 2017; Yue et al., 2022g). “Lift-

and-float” washing agents float the effluent and then redisperse the hydrocarbons into the water 

column. “Lift-and-disperse” washing agents act like dispersants, emulsifying and dispersing the 

hydrocarbon in the water column. Some SWAs are either “lift-and-float” or “lift-and-disperse,” 

 
‡ This work has been published as R. Yue, Z. Ye, S. Gao, Y. Cao, K. Lee, C. An, Z. Qu, S. Wan. Exploring the use of 

sodium caseinate-assisted responsive separation for the treatment of washing effluents in shoreline oil spill response. 

Science of the Total Environment. 2023, 873: 162363. 
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depending on their concentrations in an application. In addition, some washing agents can also be 

used for the ex-situ treatment of oiled shoreline substrates. For example, Chen et al. (2021b) 

deployed a chitosan/rhamnolipid complex for effective oiled sand treatment. Bi et al. (2021b) 

synthesized a nanoclay/Tween 80 washing agent, which exhibited high washing performance. Yue 

et al. (2022b) designed a magnetic washing agent by fabricating carboxy-modified and water-

dispersible magnetite nanoparticles. Overall, the use of washing agents can be a viable alternative 

for the cleanup of oiled shorelines. The constitution of washing effluents varies among spill 

response sites. The effluent from oiled shoreline cleanup, for example, usually contains oils, salt, 

organic matter, minerals, and other components that naturally exist in the ocean and coastal 

environment, making it different from regular oily effluent. 

 

There are some available methods for the treatment of oil-containing wastewater. For instance, 

membrane separation has exhibited good performance for oil/water separation (Hu et al., 2021; 

Zhao et al., 2020). However, the application of this process for the treatment of a large quantity of 

washing effluents can be stymied by membrane fouling and complicated operation processes. An 

economic strategy for oily wastewater treatment is coagulation/flocculation, but it is associated 

with the generation of oily residues and volatile petroleum hydrocarbons (Zhao et al., 2021). 

Although the small oil droplets in washing effluents enable biodegradation to occur, this approach 

requires longer treatment time and its performance is sensitive to wastewater fluctuations (Lee et 

al., 2016). Given the limitations of these technologies, a novel approach with low costs and low 

toxicity is actively being sought. 

 

Sodium caseinate (NaCas) is the sodium salt of casein and has been used intensively in the food 

industry as a thickener and emulsion stabilizer. NaCas also contains numerous amino acids and 
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trace elements necessary for the human body. Importantly, NaCas is biodegradable. For instance, 

Inglingstad et al. (2010) compared the digestion of casein from bovine and caprine by human 

digestive enzymes; only a few caseins were detected after 30 min. Kumura et al. (2002) reported 

that casein can be degraded by Debaryomyces hansenii 212 isolated from commercial cheese at 

20 ℃ for 9 h. Our previous study has proven the great ability of the NaCas to control oil pollution 

in the shoreline and inland regions (Yue et al., 2022d; Yue et al., 2022f). In the present study, a new 

method that uses NaCas with amphiphilicity, environmental friendliness, wide availability, and pH-

responsive properties is developed for the treatment of oily washing effluent. This method 

combines rapid oil separation and facile precipitation processes. The oil removal efficiency and 

effluent turbidity were evaluated under different washing effluent conditions (such as humic acid 

concentration and salinity), and the removal mechanism was also examined. Factorial analysis was 

applied to unveil the effects of individual factors and two-factor interactions. Biotoxicity was 

carried out to understand the mechanism of how NaCas alleviate oil toxicity to algae. Post-

treatment experiments were conducted to explore the possibility of minimizing or eliminating the 

environmental risk of solid residues after treatment. 

 

7.2 Materials and methods 

7.2.1 Materials 

Shell Rotella T4 diesel engine oil (15W40) was used as the representative oil in this study. NaCl, 

ammonium chloride (NH4Cl), monopotassium phosphate (KH2PO4), HA, and hexane were 

purchased from Millipore Sigma (Oakville, Canada). 
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7.2.2 Oil separation experiments 

Engine oil was added to ultrapure water (MilliporeSigma, USA), followed by vigorous agitation 

using a homogenizer (Ultra-Turrax T25, IKA, Germany) at 12,000 rpm for 30 min. Subsequently, 

NaCas was added to the emulsion, and the treatment process started with agitation at 300 rpm at 

different time points. Subsequently, NaCas was precipitated by adjusting the mixture’s pH to 4.3 ± 

0.1 with the addition of H2SO4 (0.1 mM). The treatment and precipitation processes were performed 

at room temperature (21 ± 1 ℃) unless otherwise specified. About 1–2 mL of supernatant was 

collected in glass vials, and 15 mL of hexane was added to extract the oil three times at 300 rpm 

and 20 ℃ for 24 h in a shaker (Innova 42R Incubator Shaker, USA). The oil concentration was 

measured using an ultraviolet-visible (UV–Vis) spectrophotometer (Agilent Cary 3500, USA) at a 

wavelength of 284 nm. The oil removal efficiency was calculated using the equation R = 1 – (CR/C-

0), where CR and C0 are the residual and initial oil concentrations, respectively. Control experiments 

were performed with the same procedure but without the addition of NaCas. 

 

7.2.3 Analytical and characterization methods 

All batch experiments were conducted three times, and the mean values were used for the data 

analysis. Attenuated total reflection-Fourier transform infrared (ATR-FTIR) results were obtained 

using the Fourier transform infrared spectroscopy (FTIR, INVENIO, Bruker, USA). The zeta 

potential and particle size distribution tests were performed using a Zetasizer (Malvern, USA). 

Interfacial tension (IFT) measurements were recorded using a spinning drop tensiometer (KRÜSS, 

Germany). Microscope images were obtained using a fluorescence microscope system (ESC-350, 

Accu-Scope, USA). Turbidity tests were performed using a turbidity meter (ORION AQ3010, 

Thermo Scientific, Canada). Thermogravimetric curves were obtained using a TGA instrument 
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(Q50, TA Instruments, USA) with an argon atmosphere and a 10 ℃/min ramping speed. The 

experimental design (Tables 7.1 and 7.2) and result analysis were carried out using Minitab 

(Minitab, LLC, USA). In addition, the statistical significance of the results (p < 0.05) was 

determined with a one-way analysis of variance (ANOVA). 

 

Table 7.1 High and low levels for the 24 factorial design 

Factor Temperature 

A (℃) 

Salinity 

B (wt%) 

Humic acid 

C (mg/L) 

NaCas content 

D (wt%) 

High level (+1) 20 3.5 32 20 

Low level (-1) 5 0 2 0 

 

Table 7.2 Coded levels and corresponding values for factorial design matrix. 

Number Coded levels A B C D 

A B C D Temperature 

(℃) 

Salinity 

(wt%) 

Humic acid 

(mg/L) 

NaCas content 

(wt%) 

1 -1 -1 -1 -1 5 0 2 0.0125 

2 -1 -1 -1 1 5 0 2 0.1 

3 -1 -1 1 -1 5 3.5 32 0.0125 

4 -1 -1 1 1 5 3.5 32 0.1 

5 -1 1 -1 -1 5 0 2 0.0125 

6 -1 1 -1 1 5 0 2 0.1 

7 -1 1 1 -1 5 3.5 32 0.0125 

8 -1 1 1 1 5 3.5 32 0.1 
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9 1 -1 -1 -1 20 0 2 0.0125 

10 1 -1 -1 1 20 0 2 0.1 

11 1 -1 1 -1 20 3.5 32 0.0125 

12 1 -1 1 1 20 3.5 32 0.1 

13 1 1 -1 -1 20 0 2 0.0125 

14 1 1 -1 1 20 0 2 0.1 

15 1 1 1 -1 20 3.5 32 0.0125 

16 1 1 1 1 20 3.5 32 0.1 

 

7.2.4 Biotoxicity test 

Fresh green algae, Chlamydomonas reinhardtii CPCC 243, obtained from the Canadian 

Phycological Culture Center (CPCC, University of Waterloo, Canada), were selected as the testing 

species to analyze the biotoxicity of NaCas. The algae were cultured in Bold’s Basal Medium 

(BBM) at 23 ℃ on a 12 h light/12 h dark cycle. The algae were exposed to 50 mg/L of oil and 

different NaCas concentrations (25 and 100 mg/L) at different exposure times (24, 48, and 72 h). 

Cell density was measured using a flow cytometer (BD, Accuri C6 Plus, Canada). The 

photosynthetic parameters of the algae were measured using a WATER-PAM fluorometer (WALZ 

Company, Germany).  

 

7.2.5 Biodegradation experiments 

The biodegradation experiments were conducted using real seawater with/without supplementary 

externally isolated marine bacteria. Seawater was collected from the Ocean Science Center (OSC) 

at the Memorial University of Newfoundland (about 10 m deep, 47.6248°N, 52.6627°W). For each 
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microcosm, a 250 mL flask was supplemented with 100 mL of seawater. The effluent precipitate 

(100 mg/L) and nutrients (4.67 mM NH4Cl and 1.47 mM KH2PO4) were added to each microcosm 

(Murphy et al., 2021). The biodegradation experiment was conducted at room temperature (22–

25 ℃) with shaking of 150 rpm for 12 days. Exiguobacterium sp. N4-1P isolated from North 

Atlantic Canada was used as the external bacteria (Cao et al., 2020c). The bacteria were enriched 

overnight using Marine Broth 2216 (Difco #279110). They were then washed three times with 

sterilized seawater and diluted until their optical density at 600 nm was 1 (Cao et al., 2022). The 

washed cells (1 mL) were then added to the microcosm and acted as the bioaugmentation cells. 

 

The organic nitrogen content at each time point (0, 3, 7, and 12 days) and the initial seawater were 

evaluated. As the chemical was mainly composed of organic nitrogen, its biodegradation was 

evaluated using the Pierce BCA Protein Assay Kit (Thermo Scientific, #23225) following the 

modified manufacturer’s procedures (Cao et al., 2022). Briefly, 200 μL of the medium was added 

to the synthesized reaction agents and incubated for 2 h at 60 ℃. After cooling to room temperature, 

the optical absorbance was measured at 562 nm to represent nitrogen abundance. 

 

7.3 Results and discussion 

7.3.1 Sodium caseinate-assisted oil separation of washing effluent 

The amphiphilicity of NaCas makes it possible for NaCas to sorb hydrophobic oil from washing 

effluent via the strong hydrophobic-hydrophobic interaction between NaCas and oil. After sorbing 

oil, the NaCas/oil mixture can be rapidly precipitated by adjusting the effluent’s pH where the zeta 

potential of that mixture can be brought to zero. The effect of the treatment time on the oil removal 

performance of NaCas is shown in Figure 7.1a. 75% of oil droplets can be rapidly removed by 
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NaCas within 5 min, with a remarkable decrease in turbidity from 21.4 to 6.00 NTU. When the 

sorption time was increased to 60 min, the oil removal efficiency increased gradually to 85.1%, 

and the turbidity declined stepwise to 2.52 NTU. An additional increase in treatment time from 60 

to 80 min did not further enhance the oil removal, which indicated that the sorption sites on NaCas 

were saturated. Moreover, the average size of the oil droplets became increasingly small as the 

treatment time increased, decreasing from initially around 589.6 nm to 322.0 nm at 5 min, 154.5 

nm at 10 min, 6.2 nm at 20 min, 5.7 nm at 40 min, and 3.94 nm at 60 min, and then remained 

unchanged at 80 min (Figure. 7.1e). 

 

Oil removal in terms of the NaCas concentration is depicted in Figure 7.1b. The removal efficiency 

was 46.6%, and the turbidity of the effluent was 10.89 at NaCas loading of 0.0125 wt%. More oil 

droplets were captured as the NaCas concentration increased to 0.2 wt%, leading to high oil 

removal efficiency and low turbidity. This is because a high NaCas concentration provides 

abundant sorption sites to capture oil droplets. Interestingly, it was observed that oil removal 

decreased slightly at the NaCas concentration of 0.4 g/L. On one hand, at high NaCas 

concentrations, the interfacial activity of NaCas deteriorated (Srinivasan, 1998) due to the 

reduction of β-casein at the oil/water interface. This could weaken the interaction between NaCas 

and the oil droplets. On the other hand, it was found that the particle size of NaCas increases at 

high concentrations (Yue et al., 2022d), which might reduce the number of sorption sites on NaCas. 

A similar finding was reported by Mirshahghassemi and Lead (2015); the authors found that the 

oil removal efficiency decreased slightly, from 99.3% to 98.0%, when the Fe3O4 concentration 

increased to 35.2 mg/L. 
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Figure 7.1 Effects of (a) treatment time, (b) NaCas concentration, and (c) oil concentration on oil 

removal efficiency and turbidity (treatment time = 60 min, oil concentration = 285 mg/L, NaCas 

concentration = 0.1 wt%). (d) ATR-FTIR of NaCas and NaCas/oil precipitates. 

 

The oil treatment performance of NaCas at different oil concentrations is shown in Figure 7.1c. 

About 97.0% of the oil droplets were captured by NaCas, with turbidity as low as 1.54 NTU. The 
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oil removal performance of NaCas decreased when the oil content increased. The result of the 

decrease in the oil removal was a commensurate increase in effluent turbidity, with a dramatic 

increase to 4.9 NTU. ATR-FTIR of the NaCas/oil precipitate displayed the characteristic peaks of 

hydrocarbon (Figure 7.1d). The bands of NaCas at 2850–3000 cm–1 (2854, 2924, and 2954) and 

1458 cm–1 were assigned to the aliphatic C–H stretching and C–H bend or scissoring of 

hydrocarbons, respectively (LiBreTests), which indicate the oil sorption on NaCas. 

 

7.3.2 Effect of salinity 

Pollution control can be affected by various environmental factors (Safaei et al., 2022; Song et al., 

2021). Seawater is often used for shoreline washing processes and thus it is necessary to understand 

the roles of seawater characteristics in the NaCas-assisted oil separation of washing effluent. The 

salinity of the majority of the open ocean is 3.3 wt% to 3.5 wt%, but some areas are different, 

resulting from water evaporation and freshwater input by rivers and rain (Ocean-Salinity, 2022; 

Yue et al., 2022b). In this study, oil removal trended downward with the increasing salinity (Figure 

7.2a), falling to 82.2%; turbidity rose to 4.05 NTU. Subsequently, a significant decrease in oil 

removal was observed in the salinity of 0.5–3.5 wt%, with the turbidity rising. To examine the 

mechanism behind this phenomenon, the IFT, and the zeta potential were investigated. It was 

observed that the interfacial activity of the NaCas/oil interface increasingly reduced as the salinity 

increased (Figure 7.2b).  

 

Three possible reasons may explain this phenomenon. First, Jones and Ray (1941) proposed the 

Jones–Ray effect, the electrolytes behave as “capillary-inactive” and can increase the surface 

tension when higher than their dilute concentration (around 1 mM). Ghorbanizadeh and Rostami 
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(2017) investigated the behavior of the oil/water interface’s IFT as a function of the salt 

concentration. It was observed that the IFT declined at a low NaCl concentration (< 0.25 M) and 

increased thereafter at a high ionic strength (> 0.25 M). This is because, at a low salt concentration, 

the surface-active component (e.g., dispersants as additives to improve the properties of engine oil) 

in the oil was ionized and sorbed at the oil/water interface owing to the interaction between that 

component and salt ions (Lashkarbolooki et al., 2014), which lowered the IFT. At high salt 

concentrations, the concentration of the surface-active component at the oil/water interface 

decreased as a result of the salting-out effect (Moeini et al., 2014); thus, the IFT increased. Second, 

the addition of a high salt concentration could give rise to dehydration and therefore cause the 

attraction force between NaCas particles (Thomar et al., 2014), as proved by the reduced surface 

charge shown in Figure 7.2b. The large NaCas particles could provide fewer oleophilic groups to 

sorb oil droplets. Third, the increased IFT has something to do with the formation of the reverse 

micelle (microdispersion). It has been recognized that polar ingredients in oil tend to generate 

microdispersion at the oil/brine interface (AlHammadi et al., 2018; Subramanian et al., 2017). 

Mehraban et al. (2021) examined the impact of salinity on the oil/water IFT. The results showed 

that microdispersion existed at the oil/brine interface, thus causing high IFT. Interestingly, they 

found that the microdispersion content decreased as the salinity increased, matching the decreased 

IFT of the oil/brine interface. Similar experimental findings can be viewed elsewhere (Gaonkar, 

1992). In summary, the influence of salt on oil removal from washing effluent is complicated, in 

which the promotion and inhibition of oil removal are involved. In this study, salt-induced 

inhibition surpassed salt-induced promotion for oil removal. 
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Figure 7.2 Effects of salinity on the (a) oil removal efficiency and turbidity and (b) IFT of the 

NaCas/oil interface and the zeta potential of the mixture (treatment time = 60 min, oil concentration 

= 285 mg/L, NaCas concentration = 0.1 wt%). 

 

7.3.3 Effect of humic acid 

Dissolved organic matter (DOM) is ubiquitous in the marine environment, and the DOM 

concentration varies greatly in the ocean (Dittmar et al., 2021). More than half of the DOM is 

composed of humic acid in a body of natural water (Findlay and Parr, 2017). The oil removal in 

terms of humic acid is depicted in Figure 7.3a. The oil removal gradually diminished from 80.4% 

to 60.8% as the humic acid concentration increased. The reduction in oil removal was matched by 

the rise in turbidity, which nearly doubled from 4.52 to 8.56 NTU. The addition of humic acid 

increases the surface charge of the system (Figure 7.3b), which could enhance the repulsion force 

between the oil and NaCas, thus constraining the oil removal. Another reason contributing to the 

decreased oil removal is the competitive sorption between humic acids and NaCas. As displayed 

in Figure 7.3c, the color of the precipitate became increasingly brown as the humic acid content 

increased, indicating that more and more humic acid molecules were sorbed on NaCas.  
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Figure 7.3 Effects of humic acid on (a) oil removal efficiency and turbidity, (b) zeta potential of 

the mixture (treatment time = 60 min, oil concentration = 285 mg/L, NaCas concentration = 0.1 

wt%), and (c) photographs of NaCas precipitate at different HA concentrations. 

 

Humic acid is amphiphilic and can form humic pseudomicelles, a structure similar to synthetic 

surfactants’ micelles (Von Wandruszka, 2000). Humic acid can spontaneously move to the oil/water 

interface and self-aggregate through hydrogen bonding and π-π interaction. A study by Meng et al. 
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(2019) explored how humic acid affects the IFT at the oil/water interface. The experiments 

demonstrated that the addition of humic acid in a certain range (5 to 25 mg/L) decreased the IFT 

at the toluene/water and asphaltene/water interfaces. Although humic acid occupied the active site 

on NaCas, did it contribute to oil removal? It was proved that after coating the humic acid on the 

surface of K10 montmorillonite, the IFT of the asphaltene/K10 montmorillonite interface was 

almost unchanged (Meng et al., 2019). This could be explained by the fact that the structure of 

humic acid deforms once it is sorbed on a solid surface (Zhu et al., 2015b). Therefore, the humic 

acid sorbed on the surface of NaCas might have less contribution to oil capture.  

 

7.3.4 Effect of temperature 

Oil spills may occur in areas from tropical to subantarctic (Feng et al., 2021). Global warming and 

consequent sea ice melting are opening up the Arctic and other cold regions to oil exploration and 

transportation, making oil spills a horrible threat to the marine environment in cold regions. For 

example, in May 2020, around 21,000 tonnes of oil spilled into the subsoil and river in the Russian 

Arctic, with a possible risk of spreading into the Arctic Ocean. The oil removal from washing 

effluent at different temperatures is shown in Figure 7.4. As the temperature increased, the oil 

removal decreased. The oil removal increased gradually from 64.5% to 84.2% when the 

temperature climbed from 5 to 20 ℃, and the turbidity dropped from 7.25 to 2.62 NTU. On one 

hand, the IFT of NaCas declined stepwise as the temperature increased (Figure 4.3b). NaCas 

contains hydrophilic and lipophilic groups, thus acting as a surfactant. Ye et al. (2008) explored 

how temperature affected the IFT of oil/surfactant. The results showed that the increased 

temperature (< 70 ℃) led to a decreased IFT and shortened time to achieve a low and stable IFT. 

The facilitated IFT equilibrium process could favor NaCas in capturing more oil droplets during 
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the given time period. On the other hand, it has been reported that oil viscosity decreases as the 

temperature increases (Chen et al., 2021b). Oils with low viscosity are more easily captured by 

NaCas than those with high viscosity. Similar results were reported by Asadpour et al. (2014), who 

found that the oil sorption capacity was enhanced at high temperatures due to the decreased oil 

viscosity. 

 

Figure 7.4 Effect of temperature on oil removal efficiency (treatment time = 60 min, oil 

concentration = 285 mg/L, NaCas concentration = 0.1 wt%). 

 

The increase in temperature from 20 to 25 ℃ resulted in a further decrease in IFT but a slight 

change in oil removal and turbidity, with the former rising to 85.3% and the latter declining to 2.46 

NTU, which was likely due to the saturated active sites of NaCas. This observation in part indicated 

that the number of sorption sites on NaCas is a key factor in oil removal at high temperatures. Some 

studies have reported different results. Asadpour et al. (2014) found that 40 ℃ was the optimal 
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temperature for oil uptake using mangrove bark fine powder, over which the oil sorption capacity 

declined gradually. This was because oil with low viscosity tends to be discharged from the interior 

structure of the sorbent. Coincidentally, Kumar (2019) also found that the highest oil sorption was 

achieved at a temperature of 40 ℃ and decreased stepwise beyond this point, owing to the variation 

of electrostatic interaction between oil and the sorbent. 

 

7.3.5 Factorial analysis of interactive effects on oil removal 

As discussed in the previous sections, the oil removal performance of NaCas was subjected to 

different individual factors. The interaction of these factors might have different effects on oil 

removal efficiency. It has been acknowledged that a system usually focuses on its primary effects 

and low-order interactions, while high-order interactions can be ignored (Wen et al., 2021). Thus, 

factorial analysis considering four individual factors (temperature, salinity, humic acid, and NaCas 

content) and two-factor interactions were conducted, with the results shown in Figure 7.5. The 

mean of oil removal efficiency can be described as a function of individual and two-factor 

interactors: the mean of removal efficiency = 19.63 + 0.253 Temperature – 0.59 Salinity – 0.380 

Humic acid + 340.7 NaCas concentration – 0.1334 Temperature × Salinity + 0.00106 Temperature 

× Humic acid + 13.24 Temperature × NaCas concentration + 0.0460 Salinity × Humic acid – 49.56 

Salinity × NaCas concentration – 2.99 Humic acid × NaCas concentration. 
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Figure 7.5 Factorial analysis of oil removal efficiency: (a) main effect plots and (b) interaction 

plots. 

 

As plotted in Figure 7.5a, all four individual factors display significant effects on oil removal (p < 

0.05). Ocean temperature varies in different areas of the planet with various solar energy, from as 

high as 30 ℃ in the tropical region to as low as –2 ℃ near the poles. In this study, 5 ℃ and 20 ℃ 
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were chosen as the low and high levels, respectively. As plotted, the mean oil removal efficiency 

in terms of temperature climbed from 28.8% to 40.5% as the temperature rose from 5 to 20 ℃. 

 

The salinity of the marine environment, especially at the ocean’s surface, varies from region to 

region. The salinity of the majority of the ocean is between 3.4 wt% and 36 wt% (parts per 

thousand), but this range tends to be higher or lower in some places. For instance, the 

Mediterranean Sea, with more evaporation and limited freshwater addition, has a high salinity of 

no less than 3.8 wt%. The salinity of the cold ocean around the South Pole is slightly lower than 

3.4 wt%; the salinity of the oceans close to the North Pole is no more than 3.0 wt%. In particular, 

the Baltic Sea has a very low salinity of approximately 1.0 wt%, due to the vast amount of 

freshwater added from other rivers. Thus, salinities of 0 and 3.5 wt% are low and high levels, 

respectively. In this study, the salinity increased to 3.5 wt%, the mean removal efficiency 

plummeted from 42.1% to 27.2%.  

 

The humic acid concentration was also a significant factor affecting oil removal. The average DOM 

content in seawater is below 1 mg/L but is higher in productive seawater where phytoplankton 

enriches or in other areas of poor nourishment (e.g., in the subtropical cyclones or temperate 

regions in late summer) (Dittmar et al., 2021). Peatland acts as another major provider of DOM, 

depending on its degree of decomposition and humification. This type of DOM can enter the 

hydrosphere by flushing water flow or by wave erosion. The low and high levels of DOM content 

in this study were 2 and 32 mg/L, respectively. The mean removal efficiency decreased from 41.5% 

to 27.8% when the humic acid concentration was 32 mg/L. As another significant positive effect, 

the NaCas concentration is also of great importance to oil removal. The increase in the NaCas 

concentration from 0.00125 wt% to 0.1 wt% gave rise to an increase in oil removal efficiency from 
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18.5% to 50.8%. Due to the wide availability of the NaCas, it would be possible to use a large 

amount of NaCas to treat such washing effluents containing oil. 

 

The effect of the two-factor interactions on oil removal is shown in Figure 7.5b. Temperature × 

salinity, temperature × NaCas concentration, and humic acid × NaCas content had significant 

effects on oil removal (p < 0.05). As temperature varied from low to high levels, the negative impact 

of salinity on oil separation was more remarkable. The NaCas concentration shifting from low to 

high levels exhibited a more positive effect on oil removal at high temperatures, as proved by the 

increased slope of the plot, which means that this effect was sensitive to temperature. This result 

also suggests that it would be not necessary to invest too much NaCas to treat oil-concentrated 

washing effluent at low temperatures. It was found that humic acid showed higher inhibition in oil 

removal at high NaCas concentrations than that at low NaCas concentrations, which demonstrated 

that this inhibitory impact might be caused by the humic acid sorbed on NaCas, rather than those 

dissolved and nomadic in the effluent. It suggested control of humic acid concentration in washing 

effluents can help NaCas to perform well. 

 

7.3.6 Biotoxicity assessment 

The biotoxic effect of the cleanup process is an important consideration for decision-making. Green 

treatment is preferred in oil pollution control (Chen et al., 2021c). The effect of NaCas on oil 

biotoxicity is shown in Figure 7.6. The cell density of algae under different environmental 

conditions is plotted in Figure 7.6a. The number of algae decreased in the presence of oil, indicating 

that oil had an inhibitory effect on algae growth. This effect became increasingly severe by 

prolonging the exposure time. The number of algae experienced almost no change within 24 h after 
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NaCas was added. The addition of 25 mg/L of NaCas can overcome oil toxicity and thus promote 

algae growth. The number of algae increased by 35.8% and 84.3% with the help of 25 mg/L of 

NaCas at 48 and 72 h, respectively. It was observed that the cell number at a high NaCas 

concentration (100 mg/L) increased by 46.2% and 93.0% at 48 and 72 h, respectively, which was 

less than that at a low NaCas concentration. This might be because the NaCas content was higher 

than a specific threshold; thus, algae could not uptake and make use of it. 

 

Figure 7.6 (a) Cell density, (b) Fv/Fm and qN, and (c) α and ETRm of algae under different 

conditions. 

 

Algae are a diverse group of solar-driven organisms; thus, photosynthesis efficiency is of 

fundamental significance for their growth. To obtain an in-depth understanding of algae growth in 

the presence of oil and NaCas, photosynthesis parameters were measured. Fv/Fm, which refers to 
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photosystem II photochemical efficiency, signifies the efficiency of the conversion of absorbed 

solar light into photochemistry. qN represents the value of non-photochemical quenching and is a 

mechanism employed by algae to protect themselves from the adverse effects of high light intensity 

(Xin et al., 2019). α, which is the slope of the rapid light curve that estimates the relative electronic 

transport rate as a function of photosynthesis-active radiation, describes the light use efficiency. 

The electron transport rate (ETRm) is the photosynthetic rate of algae (Chen et al., 2016). The 

variations of Fv/Fm and qN are plotted in Figure 7.6b. Fv/Fm declined remarkably from 0.709 to 

0.585 when the algae were exposed to the oil and then experienced an uptrend to 0.715 with the 

help of 25 mg/L of NaCas. The Fv/Fm level was stable with 100 mg/L of NaCas. qN underwent a 

similar variation tendency, changing from 0.025 to 0.0125 and then to 0.049 in the algae, algae + 

oil, and algae + oil + 25 mg/L NaCas groups, respectively. However, the qN level fell off to 0.021 

with high NaCas content, which was still higher than that in the algae + oil group. The effects of 

oil and NaCas on the α and ETRm can be observed in Figure 7.6c. The light utilization of the algae 

was inhibited due to the oil, with α declining from 0.261 to 0.205. Fortunately, NaCas completely 

offset this inhibitory effect and recovered the α value to 0.260 at 25 mg/L of NaCas and even to a 

higher threshold at 0.267 at 100 mg/L of NaCas. It was also observed that NaCas can fully surmount 

the adverse effect of oil on the ETRm by restoring the ETRm from 46.21 to 32.351 and finally to 

65.02 μmol m−2s−1. NaCas was able to alleviate the biotoxicity of oil and to make the 

photosynthesis of the algae less vulnerable to oil. The remaining NaCas may exist in the liquid 

after oil separation. The biotoxicity results suggest that NaCas in the discharged effluent could 

further reduce the impact of pollutants on environmental microorganisms. 
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7.3.7 Post-treatment of precipitation residues 

After oil removal and subsequent pH-responsive separation from wastewater, the precipitate 

containing NaCas and oil must be disposed of to relieve the further adverse effects on the 

environment. In this study, two methods, thermal decomposition, and biodegradation, were 

proposed. Burning is an effective oil spill treatment for removing relatively large amounts of oil 

(Wang et al., 2022d). Therefore, thermal decomposition was applied to dispose of the NaCas 

precipitates. The TGA curves of the fresh and used NaCas/oil precipitates are plotted in Figure 7.7a. 

For the fresh NaCas precipitate, weight loss below 200 ℃ was attributed to the evaporation of 

bound water. The additional weight loss at 200 to 500 ℃ corresponded to the destruction of peptide 

bonds and the release of NH3 (Wang et al., 2022a). At temperatures higher than 500 ℃, the weight 

loss resulted from the carbonization and CO2 release of the degradation products in the first two 

stages. The NaCas/oil precipitate used displayed an almost identical weight loss tendency as fresh 

NaCas but, notably, experienced more weight loss than its fresh NaCas counterpart at temperatures 

higher than 200 ℃. This is a result of the evaporation of oil sorbed on NaCas. The weight loss at 

200 to 310 ℃ was a result of the evaporation of low-molecular-weight hydrocarbons; the additional 

loss at 310 to 400 ℃ was due to the evaporation of high-molecular-weight hydrocarbons (Singh 

and Khullar, 2019). As reported, engine oil can be almost fully burned when the temperature is 

500 ℃ (Kozak, 2019), beyond which, therefore, the weight loss of the NaCas/oil precipitate largely 

reflects the pyrolysis of remnant NaCas. 
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Figure 7.7 (a) TGA curves of fresh and used NaCas/oil precipitate and (b) biodegradation 

efficiency of the used NaCas/oil precipitate. 

 

Biodegradation is a remediation approach in which microorganisms convert pollutants to biomass, 

CO2, water, and innocuous oxygenated end products, providing energy and carbon for proliferation 

and growth. Many hydrocarbons and sodium caseinate are biodegradable under aerobic conditions 

(Kaminogawa et al., 1980; Lee et al., 2016). As depicted in Figure. 7.7b, the degradation efficiency 

of the NaCas/oil precipitate used in fresh seawater increased sharply from 58.1% on the third day 

to 81.1% on the seventh day and climbed moderately to 87.2% 5 days later. After the bacteria were 

added to the seawater, an increase in the degradation efficiency of the NaCas/oil precipitate was 

observed. The degradation efficiencies were 66.3%, 92.3%, and 94.9% on the 3rd, 7th, and 12th 

days, respectively. Exiguobacterium sp. N4-1P has salt tolerance (as high as 15 g/L of NaCl). In 

seawater, the high surface hydrophobicity of the bacteria drives them to attach to the oil 

accompanied by the production of bio-emulsifiers, which facilitates the formation of micelles to 

make hydrocarbons bioavailable (Cao et al., 2020c). Cao et al. (2020c) proved that 

Exiguobacterium sp. N4-1P can degrade 40% of n-alkanes and 24% of polycyclic aromatic 
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hydrocarbons at a salinity of 15 g/L within 30 days but can still degrade these oil products to a 

certain degree in the high salinity range of 0 to 70 g/L.  

 

As stated above, burning and biological treatments are suitable pathways for disposing of the 

NaCas/oil precipitate used to minimize environmental threats. The implementation of these two 

methods should be considered with discretion and comprehensive evaluation. Combustion smoke 

in the burning process can generate fine particulate matter (PM2.5) and carbon dioxide. Wang et al. 

(2022d) analyzed the distribution of PM2.5 after in situ burning and evaluated the health risks in the 

northwest Arctic area of Canada. They concluded that the diffusion of the burning pollutants was 

affected by wind, and convection dispersion initiated by temperature inversion. In addition, the 

burning area should be sparsely populated. Compared to burning, biodegradation is more 

environmentally sustainable and cost-effective. However, it would take a long time for 

bioremediation to achieve great removal efficiency. Bioremediation performance relies on oil 

properties, nutrient provision, and shoreline geography. For example, it was observed that light oil 

is more susceptible to biodegradation in the upper intertidal zone than in the lower intertidal zone 

(Venosa et al., 1996). Moreover, biodegradation is difficult for heavy oils (Hoff et al., 1995; Pan et 

al., 2022). Another study found that saturated and aromatic hydrocarbons can be biodegraded more 

rapidly than polar fractions such as resin and asphaltenes (Head et al., 2006). In summary, the 

application of these two post-treatments should systematically consider oil characteristics, 

shoreline conditions, health impact, and other environmental backgrounds. 

 



147 

 

7.4 Summary 

In this study, NaCas, an environmentally friendly, cost-effective, and biodegradable agent, was 

deployed to capture oil pollutants from the oily effluent generated from shoreline washing 

processes. Oil droplets can be effectively and rapidly captured by NaCas and subsequently removed 

after pH-triggered separation, producing a clean supernatant with low turbidity. NaCas 

performance was systematically examined under various conditions. The results show that with the 

increase in salinity came a decrease in oil removal efficiency because of the increase in IFT and 

reduced active sites. Humic acid inhibited NaCas performance by competing for active sites on the 

salt. More oil droplets were captured by NaCas at high temperatures due to the raised surface 

activity and shortened IFT equilibrium time. Factorial analysis showed that four individual factors 

(temperature, salinity, humic acid, and NaCas content) and three interactions (temperature × 

salinity, temperature × NaCas, and humic acid × NaCas) significantly affected the oil removal. 

Biotoxicity experiments revealed that NaCas could offset the inhibitory effect of oil on the 

photosynthesis of algae and thus promote algae growth. Notably, thermal treatment and 

biodegradation can be environmentally friendly methods for the post-treatment of the NaCas/oil 

precipitate. The use of NaCas-assisted responsive separation in the treatment of washing effluents 

can help achieve a sustainable shoreline oil spill response.  
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CHAPTER 8 A DUAL FUNCTIONAL AND SELF-POWERED WASHING FLUID FOR 

SHORELINE OIL SPILL RESPONSE 

8.1 Background 

The gigantic petroleum exploration and production are creating a huge marine environmental crisis, 

threatening the lives and well-being of people and other species (Sachs et al., 2019; Safaei et al., 

2022; Yue et al., 2020). The spilled oil often reaches the shoreline, resulting from the push of winds 

and currents. Oil forms thick layers and covers beaches that serve as homes to a sea of wildlife and 

provide public recreation throughout the world (Bi et al., 2022). As a consequence, effective 

cleanup strategies for oiled shoreline cleanup are of fundamental significance. 

 

Surface washing is an effective strategy to decontaminate oiled shorelines by enhancing the oil 

miscibility in surface washing fluid (Chen et al., 2021b; Yue et al., 2022a). Typically, surface 

washing agents (SWAs) are sprayed on stranded oil for a specific duration, followed by water 

flushing to remove the oil. However, the application of SWAs has been limited due to reasons such 

as the absence of operational guidelines and potential toxicity. Fortunately, environmentally 

friendly surface washing fluids have recently been developed and demonstrated as a promising 

alternative for protecting oiled shorelines. For instance, the Nanoclay/surfactant complex and 

magnetite dispersion were designed for treating oil-affected shorelines (Bi et al., 2021b; Yue et al., 

2022b). Sodium caseinate, a food-grade material, has been successfully employed as a washing 

fluid for the effective decontamination of sand and peat moss (Yue et al., 2022d; Yue et al., 2022f). 

Although these findings are encouraging, it is expected to further improve the washing performance 

through the involvement of multiple oil removal mechanisms simultaneously. 
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Chemical oxidation methods, e.g. advanced oxidation process, electrocatalysis, and photocatalysis, 

are of power for wastewater remediation (Ma et al., 2022; Wang et al., 2022b; Yang et al., 2017; 

Yue et al., 2021a; Yue and Rahaman, 2021a), yet they heavily rely on the input of energy sources 

(e.g. light and electricity) and raise health concerns. For instance, SO4
2--based oxidation can 

produce toxic hydrogen sulfide (H2S) after catalytic processes (Betterton and Hoffmann, 1990; 

Dong et al., 2021). Therefore, it is necessary to seek a self-powered and sustainable oxidation path 

that can harness energy from the environment to decontaminate oiled shorelines. Various energy 

sources can be collected from the natural environment, such as thermal, biological, and mechanical 

energy. Notably, surface washing with vigorous water motions can sustainably produce mechanical 

energy. This motivates the question of how to take further advantage of mechanical energy in 

surface washing. In other words, can the water motion be made use of both physically and 

chemically in oiled shoreline cleanup? Nanogenerator can convert mechanical energy into 

electricity and has been implemented in water splitting (Tang et al., 2015b), seawater desalination 

(Wang et al., 2019a), and water and air purification (Chen et al., 2015; Yang et al., 2013b). 

Piezoelectric is one of the types of nanogenerators, which is a recently emerging area that 

potentially enables green advances in catalytic processes independent of energy source investment 

(Jin et al., 2019; Kubota et al., 2019). The piezo-potential induced by external stress can generate 

an electric field that is effective for transferring electrons and holes and thus initiating reactive 

oxygen species (ROSs) generation (Bößl and Tudela, 2021; Tu et al., 2020). Therefore, 

pizeocatalysis is a bridge to transfer ceaseless mechanical energy to chemical energy and thus 

triggers redox reactions.  

 

Research about piezocatalyst development has been in no small part steeped in two-dimensional 

sheets of molybdenum disulfide (MoS2) (Huo et al., 2022; Ma et al., 2021a; Nie et al., 2022; Ren 
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et al., 2021). MoS2 attracts great interest owing to its strong ferroelectricity, easy deformation, and 

its ability to tolerate remarkable pressure (Rahmatinejad et al., 2022; Wu et al., 2014; Zhu et al., 

2015a). Significantly, MoS2 has displayed good biocompatibility and low toxicity, which facilitate 

its application in the biomedical area (Liu and Liu, 2018; Liu et al., 2014; Yin et al., 2016). In this 

study, single- and few-layer MoS2 was used as a piezoelectric surface washing fluid to clean up 

oiled sand. Unlike traditional chemical methods, this system harvested mechanical energy from 

water shaking to activate piezocatalytic treatment of oiled sand and to accomplish self-powered 

surface washing. Characterizations were conducted to investigate the property of MoS2. The 

washing performance of MoS2 fluid was studied under different environmental conditions. 

Importantly, the mechanism of surface washing was elucidated through various approaches, and 

degradation products were also analyzed. The present study provides new insights into the 

utilization of ambient water motion to achieve surface washing both physically and chemically. 

 

8.2 Materials and methods 

8.2.1 Materials 

Engine oil (15W40) was used as the representative oil for testing. n-hexane, sodium molybdate 

dihydrate (Na2MoO4·2H2O), thiourea (CH4N2S), hydrochloric acid (HCl), NaCl, ethanol, p-

benzoquinone (p-BQ), tert-butanol (TBA), triethanolamine (TEOA), and L-histidine (L-his) were 

purchased from Sigma Aldrich (Oakville, Canada). 5,5-dimethyl-1-pyrroline-n-oxide (DMPO) and 

2,2,6,6-tetramethyl-4-piperidinol (TEMP) were obtained from Fisher Scientific (Canada). Standard 

calcinated sand was obtained from Sigma Aldrich (Oakville, Canada). Ultrapure (UP) water (18 

MΩ) was used throughout the experiments. 
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8.2.2 Synthesis of MoS2 

MoS2 was synthesized according to a “bottom-up” hydrothermal method (Su et al., 2018). Typically, 

Na2MoO4·2H2O and CH4N2S, with a molar ratio of 1:5, were dissolved in UP water at room 

temperature (21 ± 1 ℃) under vigorous agitation. Subsequently, the solution was acidized using 

HCl until its pH was less than 1, followed by agitation for 60 min. The mixture was poured into a 

Teflon-lined stainless steel autoclave and was heated at 200 ℃ for 24 h. Once the autoclave 

naturally cooled to the ambient temperature, the slurry products were separated by centrifugation, 

followed by washing with UP water and ethanol three times and vacuum drying at 60 ℃ for 24 h. 

 

8.2.3 Preparation of oil-contaminated sand 

Oil-contaminated sand was prepared by mixing 0.2 g of engine oil with 1 kg of clean sand. 

Subsequently, n-hexane was added to the mixture to uniformly distribute engine oil. The oil-

contaminated sand was obtained when the n-hexane was completely evaporated at room 

temperature.  

 

8.2.4 Surface washing experiments 

MoS2 fluid was prepared by sonicating different amounts of MoS2 in UP water to obtain mono- 

and few-layer of MoS2. Vials each containing 1 g of oil-contaminated sand and 15 mL of MoS2 

washing fluid were shaken in a shaker (Innova 42R Incubator Shaker, USA) at 300 rpm and 20 ℃ 

for 24 h. The washing wastewater was decanted, followed by gentle rinsing using UP water and 

overnight drying at 60 ℃  to remove the remnant washing fluid. Then, the residual oil was extracted 

using 15 mL of n-hexane at 300 rpm and 20 ℃ for 24 h. The oil concentration was detected by 

using an Agilent Cary UV-Vis spectrophotometer (3500, USA) at a wavelength of 284 nm. 
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8.2.5 Quenching experiments 

To avoid the impact of scavengers on oil removal in surface washing processes, quenching 

experiments of reactive species were conducted by measuring oil concentration in oil-in-water 

emulsions. The oil-in-water emulsion was prepared by vigorously stirring engine oil and UP water 

using a homogenizer (Ultra-Turrax T25, IKA, Germany) at 12,000 rpm for 30 min. Subsequently, 

a mixture containing emulsion (15 mL), MoS2, and a scavenger was sealed in vials and shaken at 

300 rpm and 20 ℃ for 24 h. Then, the oil in the mixture was extracted at 300 rpm and 20 ℃ for 24 

h by adding the mixture (2 mL) and n-Hexane (15 mL) in vials. The oil concentration was detected 

using Gas Chromatography (GC 8890, Agilent Technologies Co., Ltd., USA) (Qu et al., 2022). 

 

8.2.6 Analytical and characterization methods 

The average particle size was measured by using a Zetasizer (Malvern, USA). Interfacial tension 

(IFT) was measured with a KRUSS force tensiometer (K100, Germany). Transmission electron 

microscopy (TEM) images were obtained on a Thermo Scientific Talos F200X G2 S/TEM). X-ray 

photoelectron spectroscopy (XPS) characterization was performed on a Thermo Scientific K-Alpha 

spectrometer, and attenuated total reflectance fourier transform infrared (ATR-FTIR) spectra were 

obtained on an ATR-FTIR spectrometer (INVENIO, Bruker, Germany). X-ray diffraction (XRD) 

measurements were conducted on a Bruker D4 X-ray diffractometer Electron paramagnetic 

resonance (EPR) and spectra were recorded on an Elexsys E580 spectrometer (Bruker, Germany). 

The composition of the degradation products was analyzed using Gas Chromatography–mass 

spectrometry (GC 7890/5977, Agilent Technologies Co., Ltd., USA) equipped with an HP−5MS 

capillary column (30 m × 250 μm × 0.25 μm). The oven temperature was at 50 ℃ for 5 min, then 
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ramped to 250 ℃ at 2 ℃/min for 15 min, and finally to 300 ℃ at 10 ℃/min for 10 min. The 

injection volume is 1.0 μL.  

 

8.3 Results and discussion 

8.3.1 Characterization of MoS2 

The XRD pattern of the MoS2 (Figure 8.1a) exhibited three diffraction peaks at 13.2 °, 33.0 °, and 

57.5 °, corresponding to the (002), (100), and (110) peaks, respectively (Xie et al., 2013). The low 

intensity of the (002) peak indicated the presence of few-layer structures of MoS2 (Sathiyan et al., 

2015; Wang et al., 2014). The ATR-FTIR result of MoS2 is shown in Figure 8.1b. The bands at 673, 

891, 1015, 1099, and 1398 cm-1 were characteristic bands of MoS2 (Ali et al., 2020; Liu et al., 

2014). The band at 494 and 928 cm-1 was attributed to the S-S bond (Lalithambika et al., 2019). 

XPS analysis was conducted to investigate the chemical states of Mo and S in the products (Figure 

8.1c and d). The high-resolution XPS spectra of Mo 3d display two 1T phase peaks at 231.5 and 

228.3 eV, and two 2H phase peaks at 232.7 and 229.6 eV (Lin et al., 2022; Rahmatinejad et al., 

2023). Two peaks at 162.4 and 161.2 eV in S 2p spectra are the characteristics of spin-orbit S 2p1/2 

and S 2p3/2 of 1T MoS2, respectively, and two peaks at 161.8 and 163.2 eV reveal 2H MoS2 (Lin 

et al., 2022). All these results prove the 1T/2H mixed-phase MoS2. 
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Figure 8.1 (a) XRD, (b) ATR-FTIR, (c) and (d) XPS results of the MoS2. 

 

TEM images show that MoS2 has a layer structure, revealing lamellar and irregular edges (Figure 

8.2). High-resolution TEM images further confirmed the presence of single-layer and few-layer 

structures of MoS2 (Figures 8.2a-c). UV-Vis spectrum (Figure 8.2d) was also implemented to 

investigate the layer structure of MoS2 dispersion. The adsorption peaks at 616 and 660 nm 

represented the direct transition at the K point of the Brillouin zone (Castellanos-Gomez et al., 

2016; O’Neill et al., 2012). The absorption peaks at 396 and 486 nm reflect a direct excitonic 

transition from the deep valence to the conduction band (Gopalakrishnan et al., 2014; Su et al., 
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2018). These adsorption peaks provide evidence for the existence of monolayer and few-layer 

MoS2. The piezoelectricity of MoS2 was studied by Zhu et al. (2015a), who found that MoS2 had a 

thickness-dependent piezoelectric coefficient and observed a piezoelectric response for odd-layer 

MoS2 nanosheets.  

 

Figure 8.2 (a-c) TEM images and (d) UV-Vis spectrum of the MoS2. 
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8.3.2 Effect of MoS2 concentration on oil removal 

The oil removal efficiency in terms of MoS2 concentration is shown in Figure 8.3a. The curve 

slopes upward with the increasing MoS2 concentration, gradually rising from 63.5% at 0.02 g/L to 

74.5% at 1.0 g/L. On the one hand, high MoS2 concentration has high interfacial activity, as proved 

by the IFT-concentration curve in Figure 8.3a. Increased concentration led to lower IFT of the 

MoS2 washing fluid. It might be due to the thickness-dependent wettability of MoS2. Gaur et al. 

(2014) proved that the hydrophobicity of MoS2 increased with decreasing its layer amounts. The 

mechanism, theoretically revealed by Guo et al. (2016) using density functional theory, was that 

the surface energy of MoS2 declined with the decreasing number of layers. Hence, the hydrophobic-

hydrophobic interaction between MoS2 and oil facilitated the oil removal. On the other hand, high 

MoS2 concentration can provide more active sites and thus generate more reactive species to attack 

oil pollutants.  

 

Figure 8.3 Effect of (a) MoS2 concentration and (b) washing time on the oil removal. 
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8.3.3 Effect of washing time on oil removal 

The washing performance was observed to be dependent on the washing time. Figure 8.3b displays 

the effect of washing time on oil removal efficiency at different MoS2 concentrations in the washing 

fluid. Each curve slopes upward steeply in the initial stage of surface washing, indicating a high 

oil removal rate, followed by gradually reduced slopes with the increase of washing time. Taking 

0.1 g/L of MoS2 as an example, oil removal increased from 26.9% to 58.3% from 2 to 9 h, after 

which increased slowly to 68.2% in the following 15 h. These results demonstrated that the MoS2 

washing fluid became less efficient with increasing washing time. During the early stage, the 

abundant active sites on MoS2 facilitated the rapid removal of oil from the sand surface. However, 

as more oil was removed, on the one hand, the oil in the washing fluid had the potential to reattach 

to the sand surface. On the other hand, oil might be adsorbed on the MoS2, occupying its edge sites. 

When subjected to mechanical energy, mono- and few-layer MoS2 created a piezoelectric 

polarization, leading to the separation of electrons and hole pairs, and subsequently migrating to 

an opposite direction (Wu et al., 2016). The polar water molecules reacted with positive and 

negative charges that were localized on the active edge sites to generate ROSs (Wu et al., 2018). 

When the edge sites were occupied by oil droplets, their strong hydrophobicity prevented water 

molecules from contacting the MoS2, thus reducing the amount of ROSs. Additionally, it was also 

observed that high MoS2 concentrations gave rise to a high removal rate during the initial stage of 

oil removal.  

 

8.3.4 Effect of salinity on oil removal 

The salinity of the surface of the marine environment varies from region to region, which is usually 

in the range of 3.3 wt% to 3.7 wt%. Some ocean environments have higher or lower salinity because 
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of the unique climate and hydrology conditions (Yue et al., 2023). In this study, a range of salinity 

was selected to test its impact on washing performance. The washing performance of MoS2 fluid, 

as shown in Figure 8.4a, was affected by salinity. Overall, the salinity favored oil removal but 

displayed different extents at different salinities. Oil removal efficiency peaked at 80.1% at a 

salinity of 0.1 wt%, after which declined gradually and with increasing salinity. Two aspects might 

enhance the oil removal in the presence of salinity. Firstly, chlorine ions (Cl-) can generate reactive 

chlorine species through eqs 1-6 (Guo et al., 2022; Khajouei et al., 2022; Sun et al., 2016), which 

further contributes to oil removal. Secondly, salinity facilitated the growth of oil-particle aggregates 

(OPA) that are stable over periods of weeks (Le Floch et al., 2002). Prior research has shown that 

OPA plays a beneficial role in expediting the removal of oil from shoreline sediments (Bragg and 

Yang, 1995). Consequently, in this study, the formation of OPA enhanced the dispersion of oil 

droplets within the washing fluids, effectively preventing their reattachment to the sand. 

Cl- + OH- → •HClO- 
(eq 1) 

Cl- + •OH- ↔ •HClO- (eq 2) 

•HClO- + H+ → •Cl + H2O (eq 3) 

Cl- + •Cl → •Cl2
- 

(eq 4) 

Cl2
- + OH- ↔ •HClO- + Cl- (eq 5) 

Cl2
- + H2O → •HClO- + H+ (eq 6) 
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Figure 8.4 Effect of (a) salinity and (b) washing temperature on the oil removal. 

 

With increasing salinity came the salinity-promoted enhancement in oil removal gradually 

attenuated. This can be attributed to the increasing aggregation of MoS2 in high salinity conditions, 

as shown in Figure 8.4a which displays the size of MoS2 in saline washing fluids. The average size 

of MoS2 increased remarkably from 335.5 to 1540.5 nm in saline surface washing fluids. The 

aggregation of mono- and few-layers MoS2 could inhibit its piezoelectricity owing to the opposite 

orientations of neighbored atomic layers (Wu et al., 2014). Wu et al. (2014) observed that the 

piezoelectricity of MoS2 decreased with the increasing number of its odd layers and eventually 

disappeared in the bulk phase. These findings suggested that when it comes to the practical 

application of MoS2, the use of seawater as an alternative for washing oiled sand holds promise. 

This approach can conserve water resources and alleviate water scarcity concerns. 

 

8.3.5 Effect of temperature on oil removal 

Temperature plays a key role in affecting the transport behavior of pollutants (An et al., 2010; 

Huang et al., 2022; Valikhan Anaraki et al., 2022). The washing performance of the MoS2 fluid 
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regarding the temperatures is shown in Figure 8.4b. The MoS2 fluid was more efficient for the 

cleanup of the oiled sands at higher temperatures, removing 42.5% of oil at 5 ℃ and 70.2% of oil 

at 25 ℃. As the washing temperature rose the oil viscosity decreased, leading to the lower energy 

required to break oil into small droplets and decreased adhesion force between sand and oil. This 

could facilitate the release of the attached oil. The small oil droplets also likely increased the contact 

area and collision with ROSs and thereby promoted the chemical oxidation of the oil. Moreover, it 

was reported that the increase in temperature increased the negative surface charge of silica, 

resulting in the greater electrostatic repulsion between oil and sand and thus inhibiting the re-

attachment of oil.  

 

The weak enhancement in oil removal at 25 ℃ was observed, increasing merely by 2.0% compared 

to 20 ℃. This might be a result of the inhibited piezoelectric potential caused by the “screening 

effect”. Sohn et al. (2019) found that monolayer MoS2 had a temperature-dependent piezoelectric 

effect. The generated piezoelectric charges were offset due to the plenty of thermally-existed 

electrons in the MoS2 monolayer at high temperatures. Thus, the inhibited piezoelectric effect 

produced fewer ROSs to remove oil. A recent study by Wang et al. Wang et al. (2023) displayed 

similar results that the piezocatalysis performance of MoS2 was enhanced from 10 to 25 ℃ but 

inhibited at 30 to 50 ℃. 

 

8.3.6 Reusability and mechanism 

Repetitive tests were carried out to evaluate the reusability of the MoS2 washing fluid. After each 

cycle, MoS2 was separated and re-dispersed in UP water. As depicted in Figure 8.5a, water rinsing 

for MoS2 plays a positive role in maintaining the reusability of MoS2. Specifically, the oil removal 
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efficiency decreased stepwise to around 58.0% after 5 cycles without water rinsing. The weakened 

washing performance might be due to the adsorption of oil on the active sites of MoS2. After rinsing 

the used MoS2 with UP water, it exhibited better surface-washing performance than its counterpart 

without UP water rinsing. Significantly, the ATR-FTIR spectrum of the used MoS2 (Figure 8.5b) 

barely changed, underscoring the stability of chemical groups throughout the surface washing 

processes. 

 

Figure 8.5 (a) reusability and (b) ATR-FTIR spectra of the MoS2. 

 

The addition of chemical scavengers is able to effectively eliminate the contribution of the 

corresponding radicals when the scavengers are used. The inhibition of pollutant degradation upon 

the existence of a scavenger indicates the crucial role of the matching radical in the degradation 

process. Hence, quenching experiments were implemented to identify the reactive species and their 

relative contributions to oil removal. p-BQ and L-his are effective for quenching superoxide anion 

radical (O2·
−) and singlet oxygen (1O2), respectively (Du et al., 2020; Luo et al., 2019). TBA and 

TEOA were used as scavengers of hydroxyl radicals (•OH) and holes (h+), respectively (Du et al., 

2020; Yue et al., 2021a). Given the influence of scavengers on oil/water interfacial tension that 
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matters in surface washing, testing oil concentration in oil-in-water emulsions was used as an 

alternative approach to investigate the impact of different reactive species. As depicted in Fig. 6a, 

the normalized oil removal efficiency was reduced by 0.18 in the presence of TBA, implying a 

minor contribution of •OH in the piezocatalysis. When •O2
- and holes were captured by p-BQ and 

TEOA, respectively, the normalized removal moderately decreased to 0.659 and 0.442, proving 

that •O2
- and holes were contributors to oil removal. Oil removal was significantly inhibited when 

L-his was added, suggesting the dominant role of 1O2 in oil removal. Overall, 1O2 played a more 

crucial role in oil removal than •O2
-, •OH, and holes. 

 

EPR measurement was carried out to further investigate the generation of reactive species in the 

MoS2-based surface washing process. The oxidation of TEMP by 1O2 produces paramagnetic 

TEMPO, which displayed characteristic strong triplet signals on the EPR spectrum (Figure 8.6b), 

indicating its domination in reactive species. DMPO-•O2
- displayed relatively weak intensity, 

suggesting the existence of •O2
- (Figure 8.6c). The DMPO-•OH signal exhibited further weak 

intensity (Figure 8.6d), likely owing to either the limited number of •OH in the piezocatalytic 

surface washing or its transformation to other species (Pan et al., 2018). It is noteworthy that other 

peaks indicated by purple triangles were assigned to the carbon center radicals, due to the reaction 

between DMPO and •O2
- (Xu et al., 2018a). These results demonstrated that shaking is a necessary 

initiator to trigger the piezocatalytic process, and they align well with the quenching experiments. 
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Figure 8.6 (a) oil removal at different quenching chemicals, EPR spectra of (b) 1O2, (c) •O2-, and 

(d) •OH. 

 

Based on the above discussions, Figure 8.7 depicts the reaction mechanism involved in these 

experimental results. The electrons (e-) and holes (h+) are separated by piezoelectric under external 

water motion (eq 7). The electrons react with dissolved oxygen to form •O2
- (eq 8). Water molecules 

touched holes to generate •OH (eq 9). The •O2
- can produce 1O2 via combining with H+, •OH, or 

h+ as in eqs 10-12 (Fotiou et al., 2016; Yue et al., 2021a). These highly reactive species 
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subsequently degrade oil pollutants, and the dissociation of hydrogen peroxide (H2O2) may occur 

rapidly according to eqs 13-14 (Mitchell et al., 2014). 

 

MoS2 + water agitation → MoS2 piezo (e
- and h+) (eq 7) 

O2 + e- → •O2
-  (eq 8) 

H2O + h+ → •OH + H+ (eq 9) 

•O2
- + •OH → 1O2 + OH- (eq 10) 

•O2
- + h+ → 1O2 

 
(eq 11) 

2•O2
- + 2H+ → H2O2 + 1O2 (eq 12) 

H2O2 + •OH → •HOO + H2O (eq 13) 

•HOO → •O2
- + H+ 

(eq 14) 
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Figure 8.7 Schematic illustration of self-powered surface washing and reaction mechanism of 

MoS2 piezocatalysis. 

 

The possible components of the piezocatalytic surface washing were investigated using GC-MS, 

as depicted in Figure 8.8, Tables 8.1, and 8.2. The raw engine oil primarily consists of high 

molecular weight hydrocarbons (HMWHs) along with some low molecular weight hydrocarbons 

(LMWHs). After undergoing catalytic surface washing, the relative proportions of different 

hydrocarbons were altered. There was a significant decrease in peak abundance within the retention 

time range of 80-125 min, with several peaks disappearing altogether. Notably, the GC-MS results 

revealed that the percentage of LMWHs increased, indicating the cracking of HMWHs compounds 

such as nonadecane, tricosane, and tetracosane into LMWHs and thus leading to a narrower carbon 

distribution. These findings provide evidence that chemical oxidation played a role in the MoS2 

fluid-assisted surface washing process. 

 

Figure 8.8 GC-MS chromatography and possible components of (a) raw engine oil and (b) 

products after surface washing. 

Table 8.1 Possible components of raw engine oil 
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Retention time (min) Name 

15.034 Oxalic acid 

Dicyclohexyl ester 

Cyclohexyl octyl ester 

32.318 1-Heptanol, 2-propyl- 

Oxalic acid 

cyclobutyl dodecyl ester 

46.562 Phenol 

2 4-bis(1 1-dimethyl ethyl)-phenol 

4'-Diethylaminoacetanilide 

72.641 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2,8-dione 

2,5-Cyclohexadien-1-one 

85.006 1,1'-Biphenyl 

1,3-Diphenyl-2-aza fluorene 

(4-benzyl-1-piperidyl)(2-phenylcyclopropyl)-Methanone 

5-(1-Naphthyloxymethyl)-3-phenyl-2-oxazolidone 

90.471-117.8 1-Hexacosene 

1-Nonadecene 

1-Iodo-2-methyl-undecane 

11-butyl- Docosane 

1,54-dibromo- Tetrapentacontane 

2-methyl-1-Hexadecanol 

Heneicosane 
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3,5,3',5'-Tetramethylbiphenyl 

4,4'-(1,2-ethenediyl)bis- Benzenamine 

2,2'-Bithiophene-5-carboxylic acid 

Benzo[c]cinnoline-2-carboxylic acid 

9H-Carbazol-3-amine, 9-ethyl- 

Thiophene-2-carboxylic acid 

(1-methyl piperidine-4-yl)amide 

(E)-3-Octadecene 

(E)-5-Octadecene 

Tricosane 

Imidazo[4,5-e][1,4]diazepin-5(1H)-one 

1-Bromodocosane 

Z-14-Nonacosane 

Cyclohexanol, 2-[2-pyridyl]- 

Tetracosane 

Hexacosane 

Nonadecane 

Bacchotricuneatin c 

  

 

 

 

 

 



168 

 

Table 8.2 Possible components of the products after surface washing 

Retention time (min) Name 

15.05 Propanedinitrile, dicyclohexyl- 

2-Heptene, 5-ethyl-2,4-dimethyl- 

Dicyclohexyl ester 

32.302 Oxalic acid 

1-Decene 

56.898 Diethyl Phthalate 

Phthalic acid, allyl ethyl ester 

Phthalic acid, ethyl pentadecyl ester 

1-Methyl-3-methyl adamantane 

Benzothiazole, 2-methyl- 

 

8.4 Summary 

This study presents a self-powered piezocatalytic washing process that achieves both physical and 

chemical decontamination of oiled sand. MoS2 exhibited single- and few-layer structures, which 

helped initiate piezocatalysis. MoS2 washing fluid can physically remove the oil by decreasing the 

IFT of the fluid. During the surface washing, the water motion triggered MoS2 to generate 

piezoelectric potential, thus driving the migration of free charges. Those charges reacted with 

dissolved oxygen and water to produce ROSs including 1O2, •O2
-, and •OH, which played a crucial 

role in the degradation process, leading to the conversion of HMWHs to low LMWHs. The washing 

performance of the MoS2 fluid depended on the operational conditions. The oil removal efficiency 

was increased with MoS2 concentration, washing temperature, and time. Low salinity was found 
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to enhance washing performance more than that of high salinity. The MoS2 showcased high 

stability after five reuse cycles. This study presents an innovative approach to surface washing by 

harnessing green energy, thereby revealing the untapped potential of piezoelectric materials for the 

cleanup of oiled shorelines. 
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CHAPTER 9 CONTRIBUTIONS AND SIGNIFICANCE OF THESIS RESEARCH, AND 

SUGGESTIONS FOR FUTURE WORK 

9.1 Contributions and significance of thesis research 

Surface washing is a powerful technique to remove hazardous pollutants from shorelines. However, 

the toxicity and reuse of the SWAs and disposal of wastewater treatment are a matter of concern. 

To address these concerns, eco-friendly nanomaterials were used to prepare stimuli-responsive 

surface washing fluids for advancing shoreline oil spill response. 

 

The contributions and significance of this thesis research lie in the following aspects: (1) 

synthesizing environmentally sustainable surface washing materials, such as nanoclay/sodium 

alginate, NaCas, Fe3O4, and MoS2; (2) systematically evaluating the efficacy of surface washing 

fluids across various environmental conditions, stimuli-responsive behavior of the washing effluent 

and the biotoxicity of the surface washing fluid, examining of post-treatment procedures for 

washing sludge, encompassing both biodegradation and incineration methodologies; and (3) 

designing a self-powered and sustainable piezocatalytic surface washing fluid to remove oil.  

 

(1) Synthesis of eco-friendly nanomaterials 

A range of surface washing fluids have been effectively synthesized and characterized, each 

demonstrating high oil removal capabilities (60% – 80%) and significant potential for real-world 

applications. For instance, the carboxyl-functionalized Fe3O4, synthesized through a 

straightforward solvothermal method, offers abundant active sites for efficient oil removal, while 

also exhibiting good reusability after 5 cycles and cost-effectiveness (0.486 CAD/oil g). 
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Furthermore, the amphiphilic nature of NaCas renders it highly effective in washing oiled sand 

(approximately 65%), underscoring its practical utility. 

 

(2) Performance evaluation, biotoxicity analysis, and posttreatment. 

The effectiveness of the surface washing materials has been methodically examined across 

pertinent environmental conditions, such as salinity and temperature. Utilizing stimuli-responsive 

behavior offers a promising avenue for the pretreatment of washing effluent, yielding a clear 

supernatant characterized by low oil concentrations (20 mg/L) and turbidity (0.08 NTU). For 

instance, through pH adjustment of the washing effluent to approximately 4.4, NaCas swiftly 

segregates from the mixture, effectively capturing oil and other organic constituents. This process 

results in a clean supernatant with reduced COD (from 458.9 to 193.2 mg/L) and TOC (from 70 to 

28.9 mg/L) levels. Toxicity analysis further corroborates that these fluids possess the capability to 

mitigate oil-induced toxicity among algae and select species. Moreover, the post-treatment of 

washing sludge, encompassing biodegradation and incineration, represents a suitable pathway for 

disposing of used washing sludge, thereby minimizing potential environmental hazards. MD 

simulations have additionally provided insights into the mechanism underlying oil removal. 

 

(3) Sustainable catalytic washing fluid. 

An innovative self-powered and sustainable piezocatalytic washing fluid has been effectively 

developed, and its efficacy in surface washing has been extensively investigated. The perpetual 

mechanical energy generated by water motion triggers the initiation of piezocatalytic processes, 

resulting in the generation of ROSs such as •O2
-, •OH. These ROSs play a pivotal role in breaking 

down oil into LMWH fragments with decreased toxicity. 
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9.2 Outlook for future work 

Building upon the insights garnered from this thesis research, the following recommendations are 

put forth for future research in the realm of shoreline oil spill response: 

 

(1) Subsequent research endeavors will concentrate on synthesizing responsive washing 

nanomaterials capable of releasing oil after responsive separation. Through adjustment of the 

oil/nanomaterial mixture parameters, the employed washing nanomaterials can undergo oil release, 

thereby enabling their reutilization across multiple cycles. 

 

(2) A prospective avenue for exploration involves engineering piezocatalysts with heightened 

resistance to chlorine ions, which are pervasive in seawater. Given that seawater is readily available 

and cost-effective, its potential utilization as a solvent for formulating surface washing fluids could 

reduce operational expenses. 

 

(3) In the coming phases, emphasis will be placed on devising piezocatalysts with enhanced 

amphiphilic properties, thereby augmenting their role in physical oil removal. Facilitating the 

detachment of oil from sand surfaces and dispersing it within the liquid phase as oil droplets is 

anticipated to accelerate the degradation rate.  
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