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ABSTRACT 

 

Experimental and Modeling Studies of the Effects of Nanoclay on the 

Oil Behaviors in A Water-Sand System 

Rezvan Iravani 

 

When oil is spilled into the marine environment, a certain amount of spilled oil may finally 

reach the shoreline. This study comprehensively explored the effects of bentonite nanoclay 

on the oil behaviours in water-sand media from both experimental and modeling 

perspectives. Four factors including nanoclay  concentration, temperature, salinity and pH 

have been studied. The increasing nanoclay concentration resulted in the decrease in 

remaining oil on sand. Higher temperature and salinity were associated with less residual 

oil on sand in the presence of nanoclay. The lower residudual oil on sand with coexisitng 

nanoclay was found to be at pH 7. The factorial analysis results indicated that the nanoclay 

concentration showed the most significant impact among these factors. Miscibility 

modeling resutls showed an increasing temperature was favorable to the nanoclay 

miscibility. Moreover, the effect of nanoclay on oil behaviro was further revealed through 

the dynamic simulation, in which it can be seen the nanoclay could penetrate into oil 

droplets and promote the detachment of oil from the solid substrate. The results of this 

study can help understand the role of fine particles in the fate and transport of oil on 

shoreline, and support the risk assessment and response planning after oil spill.  
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CHAPTER 1. INTRODUCTION 

 

Oil spill is a serious environmental problem that results from oil drilling, pipeline leakage, 

and tank accidents (An et al., 2017; Cai et al., 2019; Chen et al., 2019; Lucas and 

MacGregor, 2006). When oil is spilled into the marine environment, a certain amount of 

spilled oil may finally reach the shoreline (Helle et al., 2015; Sarbatly et al., 2016). The 

shorelines will be contaminated if there is no promote response. The stranded oil on 

shoreline may cause detrimental effects on coastal biota and colonies (Li et al., 2018; 

Owens et al., 2008; Zhang et al., 2018). Understanding the oil behaviors in shoreline is 

important for assessing the environmental risk and development the appropriate response 

strategy (Cao et al., 2020). The transport and fate of oil in the shoreline are a complex 

process which includes many physiochemical and biological actives. The composition and 

characteristic of oil on shoreline can change during weathering, evaporation, dissolution, 

and wave exposure. Due to the spatial and temporal variation of oil spills, the 

environmental conditions also play an important role in the oil behavior on beaches. The 

interaction of different environmental conditions can also affect the residual oil on 

shoreline after spills.  

 

Clay is a major component of shoreline sediments. Clay particles are featured by the 

layered structure and large specific surface area (Soleimani and Amini, 2017).  For 

example, montmorillonite (Mt) is a typical 2:1 type clay mineral which has a good cation 

exchange capacity (CEC) and layer expansion capacity (Brigatti et al., 2013). Mt itself can 

be used as high efficient adsorbent for the removal of heavy metals, organic pollutants, and 

nutrients from water (Churchman et al., 2006). It can also be easily modified (e.g., 

intercalating with cationic modifiers, thermal treatment, acid washing) to synthesize 

various adsorbents. It was reported that the hydrophobic organoclays modified from 

hydrophilic bentonites using quaternary amines could be used as efficient and selective 

adsorbent for removing oi from water (Adebajo et al., 2003; Carmody et al., 2007). 

Nanoclay usually has the size ranging from 70-150 nm in diameter (Uddin, 2008). Various 

types of nanoclay have been studied in terms of environmental pollution mitigation or 

remediation (Abdelaal, 2004). Several polymer–nanoclay composites were found to be 
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effective in the removal of  pollutants from aqueous solutions in water treatment processes 

(Guo et al., 2018). Although these studies are encouraging, the role of nanoclay in the 

natural environment is not well understood. It is expected to know how the existence of 

nanoclay can impact the oil behaviors in the shoreline environment.  

 

Oil spill is one of the most significant environmental issues around the world. Once the oil 

is on the shoreline, it is expected to know the fate and transport of oil. Clay exists widely 

in the shoreline environment, understanding the impact of nanoclay on oil behaviors can 

help determine the risk of spilled oil on shoreline. In this study, therefore, the experimental 

and modeling studies will be conducted to investigate the effects of nanoclay on the oil 

behaviors in a water-sand system. The processes under different shoreline environmental 

conditions including nanoclay concentration, temperature, salinity, and pH will be 

considered. The factorial analysis will be used to further determine the main effects and 

interactions of these factors. The miscibility modeling and molecular dynamics simulation 

will also be used for better understanding the effect of nanoclays. The results have 

significant implications for the assessment of oil spill risk in the shoreline and the 

development of cleanup strategy. There are three objectives have been proposed as follows: 

(i) conduct comprehensive literature review to have in-depth understanding of the nature 

and different applications of various types of clays (CHAPTER 2), (ii) design the 

experiments and conduct modeling works to check the oil behaviour under different 

circumstances (CHAPTER 3), and (iii) discuss the results to explore the effects of nanoclay 

on the oil behaviors in a water-sand system (CHAPTER 4). 
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CHAPTER 2.  LITERATURE REVIEW 

 

2.1. General introduction of nanoclays 

 

Clay is a natural substance widely existing in sediments (Theng and Walker, 1970). Clay 

minerals are a sort of phyllosilicates that are naturally derived from chemical weathering 

of other silicate minerals (Bergaya and Lagaly, 2006; Choy et al., 2007). Clay minerals, 

which are naturally abundant and known as highly reactive geomaterials, have been used 

for various purposes. For instance, clays have been utilized in farm animal nutrition as 

binding agents and feed additives to promote growth and health, and as a supplement to 

treat gastrointestinal disorders(Motta et al., 2007; Slamova et al., 2011). Clays have 

moreover been utilized within the generation of commodities such as ceramics, bricks, 

pottery, and medicines (Choy et al., 2007; Motta et al., 2007; Newman and Cragg, 2007). 

 

Generally, nanoclays are clay particles with at least one dimension in the nano range. 

Among all types of natural substances, montmorillonite and allophane are most broadly 

used. In comparison to other nanomaterials, nanoclays have been utilized widely in various 

studies due to their particular physicochemical properties. Typically, these substances have 

a small particle size, large surface area, and high porosity. Being nontoxic, inexpensive, 

and having a positive cation exchange capacity (CEC), these materials are a suitable option 

for a range of environmental applications (Soleimani and Amini, 2017). They have 

typically been used in adsorption to remove hazardous contaminants such as heavy metals, 

antibiotics, and phenol. Application of nanoclays in gas treatment has also been studied, as 

has the performance of nanoclays in CO2 capture and SO2 removal.  

 

The modification of nanoclays can bring some other features for their application. 

Intercalation of quaternary ammonium cations can result in the formation of organically- 

modified montmorillonite, which has been utilized as a rheological modifier or additive in 

paints, inks, oils, and beauty care products. Allophane, meanwhile, is a non-crystalline 

aluminosilicate found in volcanic ash. This nanoclay has been applied for environmental 
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utilization such as the removal of phenolic and phosphate compounds from water (Calabi 

Floody et al., 2009). This article aims to provide a comprehensive review of the specific 

characteristics of different types of nanoclays. The industrial applications of nanoclays will 

be summarized. The environmental applications of nanoclays for water and air treatment, 

as well as their toxicity will be discussed. Finally, the challenges and recommendations for 

future study will be proposed. 

 

2.2. Physicochemical characteristics of nanoclays  

 

2.2.1. Structure characteristics 

 

Clay minerals are known as layered substances consisting of the sheets of silicate tetrahedra 

(SiO4) and octahedra (containing Al, Mg, and Fe). Layered structural units each with a 

layer thickness of around one to a few nanometers. The lateral dimensions of these layers 

are varying from 30 nm to several microns which gives a ratio of length to thickness greater 

than 1,000 (Martin, 1991). The particular structure of a nanoclay layer is like a small plate 

comprising several crystal sheets having a replicate atomic structure of alumina and silica 

sheets (Fig. 2-1). Each alumina sheet (i.e., octahedral) consists of six hydroxyl ions or 

oxygen atoms enclosing a metal atom such as aluminum, iron, or magnesium (Xu and Lu, 

1997). Each silica sheet (i.e., tetrahedral), meanwhile, consists of four oxygen atoms linked 

to an adjacent tetrahedral by sharing three corners. The basic building framework of all 

clay minerals is the same and consists of tetrahedral and octahedral sheets linked together 

in a particular way to create a nano-structure. The fundamental unit of clay mineral particles 

consists of nanoparticle aluminosilicates with an outer diameter in the range of 3.5 nm to 

5.0 nm (Brigatti et al., 2013). The primary layers of smectite, for example, as a clay mineral, 

have a width of about 1 nm and a length of approximately 100 nm (Yuan, 2004). 
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Figure 2-1. Crystal structures of clay minerals (a) Type 1:1; (b) Type 2:1 (Jlassi et al., 

2017) 

 

Bentonite, montmorillonite, and kaolin are platy clay particles ranging from nanometers to 

micrometers, whereas halloysite nanotubes are hollow rod-like particles having a lumen 

diameter of ∼20 nm and a tube length ranging from 300 nm to 2 μm. Spherical silica 

nanoparticles were also used as a material mimicking the outer silica layer of the clays. 

Graphene oxide nanosheets having the shape and size close to smectite clays. The typical 

AFM images demonstrating the geometry and sizes of nanoparticles, are given in Fig. 2-2 

(Mousavi et al., 2018). 
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Figure 2-2. Typical AFM images of (a) bentonite, (b) montmorillonite, (c) kaolin, (d) 

halloysite, (e) silica, and (f) graphene oxide nanoparticles (Mousavi et al., 2018) 

 

2.2.2. Mineral classifications  

 

Based on the special specifications of clay minerals such as chemical composition, 

structural characteristics, and net charge, they can be usually classified into seven groups: 

(1) kaolin-serpentine, (2) pyrophyllite-talc, (3) smectite, (4) vermiculite, (5) mica, (6) 

chlorite, and (7) interstratified clay minerals (Martin, 1991). Another classification of clay 

minerals, based on layer type and charge per formula unit, has been proposed as outlined 

in Table 2.1. In this classification, the minerals in the simplest group are composed of sheets 

each comprising 1 tetrahedral and 1 octahedral unit, and as such they are considered a 1:1 

mineral (e.g., in kaolinite). In the 2:1 phyllosilicate type of nanoclay, an octahedral alumina 

sheet is surrounded by two tetrahedral silica sheets through electrostatic and van der Waals 

forces. Negative charges within layers can be generated through isomorphic substitution, 

while there is also substitution between positive ions and organic or inorganic cations 

(Drummy et al., 2010; Garrido-Ramírez et al., 2010; Goettler et al., 2007). 
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Table 2-1. Classification of clay minerals based on the layer type and charge per formula 

unit (Soleimani and Amini, 2017) 

Layer 

Type 

Group Subgroup Species 

1:1 Kaolin-serpentine 

x=0 

 

Kaolin Kaolin, dickite, nacrite, 

halloysite 

Serpentine 

 

Chrysotile, lizardite, 

amesite 

2:1 Pyrophyllite-talc  

x =0 

Pyrophyllite Pyrophyllite 

Talc Talc 

Smectite  

x =0.2–0.6 

Montmorillonite 

(tioctahedral smectite) 

Montmorillonite, 

beidellite, nontronite 

Saponite (trioctahedral 

smectite) 

Saponite, hectorite 

 

Vermiculite  

x = 0.6–0.9 

dioctahedral vermiculite dioctahedral vermiculite 

trioctahedral vermiculite trioctahedral vermiculite 

Mica x=0.5–1.0 dioctahedral mica Muscovite, illite, glauco- 

nite, paragonite 

 

trioctahedral mica Phlogopite, biotite, 

lepidolite 

 

Brittle mica x = 

2.0 

dioctahedral brittle mica Margarite 

 

trioctahedral brittle mica Clintonite, anandite 

 

Chlorite 

x=variable 

dioctahedral chlorite Donbassite 

 

di- tri-octahedral chlorite Cookeite, sudoite 

 

trioctahedral chlorite Clinochlore, chamosite, 

nimite 

 

Palygorskite-

sepiolite  

x = variable 

Sepiolite Sepiolite 

Palygorskite Palygorskite 

x: charge per formula unit  

 

2.3. Surface properties 
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Clay minerals have small particle size and large specific surface area, and high porosity 

(Yuan and Wu, 2007). The existence of negatively charged surfaces in clay minerals is an 

important factor with respect to the CEC and swelling properties of the minerals. The 

charge in clay minerals is a function of their surface and structure characteristics. The 

surface charge usually depends on the value of the environmental pH, while the structural 

charge originates in the interior of the layers and is permanent (due to ion exchange during 

crystal formation). In clay minerals of the 2:1layer type, the surface charge comes from the 

fundamental surface of the tetrahedral sheets. In clay minerals with a 1:1 layer, meanwhile, 

a surface charge comes from both the tetrahedral and the octahedral sheets, while the 

surface charge in two-type clays (1:1 and 2:1) comes from the edges of the sheets. The 

most important characteristic of clay minerals is CEC, which, in turn, is influenced by the 

total layer charge. Since the surface layer charge is affected by the pH, CEC is typically 

measured at a neutral pH (Eslinger and Pevear, 1988). It should also be noted that, while 

ions and water molecules can be sobbed into the space between the sheets of 2:1 clay 

minerals, this is hard in 1:1 minerals, since the sheets are strongly bonded together and 

there is no free space.  

 

2.4.  Use of nanoclays in industrial processes 

 

Use of nanoclays is increasing due to the fact that nanoclays’ particular physicochemical 

properties lend themselves to a range of industrial applications (Njuguna et al., 2014). For 

instance, novel applications of advanced polymer/nanoclay composites have emerged in 

recent years due to their superior engineering properties, such as low density, high damping, 

high specific strength and stiffness, high fatigue endurance, and enhanced thermal behavior 

(Gürses, 2016). Approximately 75% to 80% of the applications of polymer/nanoclay 

composites have been in the automotive, aeronautical, and packaging industries. Many 

efforts have been made on polymer/nanoclay composite materials. Various types of 

nanoclays have been used in various fields, including rheology modification, food 

industries, biomedical industry, agriculture, animal feed, as well as environment 

remediation (Choy et al., 2007; Newman and Cragg, 2007).  
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2.4.1. Use as rheological control agent  

 

Nanoclays and their composite can be implemented in different industries. They can be 

used in asphalt mixture which can improve some inherit properties of asphalt such as 

increasing the rutting and fatigue resistance of asphalt mixtures and improving the storage 

stability and the aging resistance. It was reported that the strength and cracking resistance 

of asphalt mixture were improved when bentonite nanoclays were added into the mixture 

(Yang and Tighe, 2013). There is an important connection between the rheology of 

polymer/nanoclay composites and production of advanced materials with different 

applications. The main problem of petroleum-based polymers is related to their surface 

energy difference with nanoclays which make them to become incompatible with 

nanoclays. To overcome this problem, surfactants have been used recently. Nanoclay 

incorporated with surfactants was used in CO2 foam as stabilizer (Guo and Aryana, 2016). 

Due to enhancement in stability of formability of CO2 foam, oil recovery from a 

homogeneous porous medium in a microfluidic device was increased.  

 

2.4.2. Use in food packaging  

 

Due to the thermal and optimal properties of nanoclays, they have been used in food 

packaging industry. Nanoclays can act as a barrier to block various gases such as oxygen, 

carbon dioxide, water vapors and volatile compounds (flavors and taints) to spread in the 

air (Gürses, 2016). For instance, nanoclays were used to block ethylene vinyl alcohol 

(EVOH) to develop durable packaging material (Leodopoulos et al., 2015). In another 

study, an antimicrobial food packaging material with intercalated structures was developed 

using poly caprolactone (PCL) nanoclay composite (Yahiaoui et al., 2014). Behroozi and 

Pakizeh (2017) reported a mixed membrane using poly(ether-b-amide)/MMT nanoclay 

composites for decreasing the CO2 permeation and increasing the permselectivity of 

CO2/CH4 and CO2/H2 at different pressures and clay loadings. The permeation of soluble 

CO2 gas was reduced by 28% for the highest clay loading and the CO2/CH4 selectivity was 

improved to 9 at 6 wt% clay loading at all pressures. 
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2.4.3. Use in biomedical applications and drug delivery  

 

The characteristics of polymer/nanoclay composites such as appropriate swelling,  

rheological properties, high retention capacities, large surface-area-to-volume ratio and 

affinity for biopolymers are suitable for some biomedical applications, such as tissue 

engineering, gene therapy, biosensing, bioimaging, and drug delivery (Wang et al., 2017). 

The composites of polymer/nanoclay were used in several studies for cell-transplantation 

applications in neural tissue engineering, and there were good results in terms of porosity, 

biocompatibility, and biodegradability (Fradique et al., 2016; Serrano et al., 2014). In 

another research concerning the biosensor, Kong et al. (2014) reported a glucose detector 

in human blood which was able to measure the glucose using a graphene/PANI/AuNPs/ 

glucose oxidase enzyme (GOx) modified screen-printed carbon electrode (SPCE). Fig. 2-

3 presents the interaction of drugs with clay nanomaterials. Since the montmorillonite 

surface layers are negatively charged, they can interact with positively charged drugs 

through ion exchange procedure (Fig. 2-3a). The montmorillonite modified by 

aminopropyl silane shows the enhanced interfacial interaction which can facilitate the 

loading of negatively charged drugs like telmisartan and flurbiprofen (Fig. 2-3b). 

Depending on the structure of Halloysite nanoclay, drugs could be incorporated into the 

tubular pore through capillary condensation (Fig. 2-3c) (Khatoon et al., 2020). 
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Figure 2-3. Interaction of montmorillonit (MMT) and halloysite with drug (Khatoon et 

al., 2020) 

 

2.5. Applications of nanoclays in pollutant removal from water  

 

There is growing concern about pollutants and their effects on the environment (Liu et al., 

2021; Shrestha and Wang, 2020; Zhao et al., 2019a; Zhu et al., 2020). Nanoclays have been 

widely used as adsorbents due to their special characteristics. Nanoclays have advantages 

including their relatively low cost, high abundance, non-toxicity, and good adsorption 

properties (Uddin, 2017). Some of the basic factors are required for the proper functioning 

of nano-adsorbent are high surface area, and location of atoms on the surface. High 

potential of adsorption and high surface binding energy require surface attachment, inner 

side attachment, and edge attachment (Fig. 2-4) (Awasthi et al., 2019). The major 

applications of nanoclays in pollutant removal from water are for the removal of 

pharmaceutical compounds, dyes, heavy metals, pesticides and inorganic compounds from 

water.  
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Figure 2-4. Adsorption of pollutants at the different surface locations of nano-clay 

(Awasthi et al., 2019) 

 

2.5.1. Removal of pharmaceutical compounds from water 

 

The release of pharmaceutical compounds into the environment may pose a number of risks 

(Xin et al., 2020, 2019). In this context, numerous studies have been conducted to 

investigate the potential application of nanoclays as adsorbents in removing pollutants from 

water. For instance, Rafati et al. (2018) investigated the removal of ibuprofen from aqueous 

solution using nanoclay composite functionalized by mono-tosyl b-cyclodextrin (b-CD) 

solution. The X-Ray Diffraction (XRD) results demonstrated that, in the synthesized 

adsorbent, the distance between the clay layers was increased to 3.04 nm due to the 

interaction of polyvinylpyrrolidone (PVP) between the clay layers. In this case, the uptake 

was rapid, and the equilibrium was reached at 120 min. The effect of pH was tested at the 

initial concentration of ibuprofen 3 mg L−1, initial amount of adsorbent 0.01 g, and a contact 

time 120 min. The results showed that increasing the pH had a negative impact on the 

adsorption process. Based on another test condition, the removal efficiency was found to 

increase by almost 50% when the contact time was increased from 5 to 120 min. The 

maximum adsorption capacity was found to be 1.1 mg g−1, with a pH of 6 and 120 min of 

contact time(Rafati et al., 2018)(Rafati et al., 2018)(Rafati et al., 2018)(Rafati et al., 2018). 
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More recently, Ramanayaka et al. (2020) studied the application of halloysite nanoclay in 

the removal of oxytetraycline (OTC) antibiotic from water. They studied the effect of pH 

on adsorption in constant conditions: an initial OTC concentration of 25 mg L−1, an 

adsorbent dosage of 1 g L−1, and the removal temperature set at room temperature. Their 

results confirmed that OTC adsorption was pH-dependent, with increasing pH from 3 to 8 

corresponding to a decrease in removal efficiency. The highest removal efficiency, 68%, 

was achieved at a pH of 3. 

 

Rafati et al. (2016) studied the optimum conditions for the removal of naproxen from water 

using a novel modified nanoclay. In their study, the nanoclay was prepared by first 

modifying it with β-cyclodextrin and then polymerizing it using PVP to provide more 

surfaces and thus achieve higher adsorption. The effects of pH and adsorbent dosage in the 

system were observed. At room temperature, it was determined that increasing the pH from 

5 to 6 caused an increase in the adsorption, while continuous increase from 6 to 9 decreased 

the uptake amount. They observed that, at pH 6, approximately 90% of contaminants were 

removed from the system. To understand how the adsorbent dosage in the system could 

affect the process, at pH 6 and with a constant initial concentration of naproxen, the 

adsorbent dosage was increased from 0.125 to 1 g L−1, resulting in an increase in the 

removal efficiency from 78.4% to 92.2%. This finding was attributed to two factors. First, 

increasing the adsorbent dosage raises the likelihood of collisions between adsorbent and 

adsorbate. Second, in a system with a high adsorbent dosage, the effect of the boundary 

layer around the adsorbent (kinetics limitation factor) is reduced. The optimum values for 

adsorbent dosage, contact time, initial naproxen concentration, and pH were found to be 1 

g, 120 min, 10 mg L−1, and 6, respectively. 

 

2.5.2. Removal of dyes from water 

 

The discharge of dye-bearing wastewater into natural streams and rivers from the textile, 

paper, carpet, leather, distillery, and printing industries results in severe problems, such as 

aquatic life being exposed to toxins, and damage to the natural beauty of the environment 
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(Wang et al., 2018; Zhang et al., 2017). As such, there is a considerable need for solutions 

to facilitate the removal of these dyes from wastewater/effluents. Many methods such as 

aerobic and anaerobic microbial degradation, coagulation, chemical oxidation, membrane 

separation, and electrochemical treatment have been used to eliminate dye from the water 

and wastewater. Most dyes used in industries are stable and hard to be removed in treatment 

(Coro and Laha, 2001). Although different elimination methods have been suggested, they 

usually have some limitations. Removal of color/dye by adsorption is an alternative in 

treatment. 

 

Various industrial dyes have been deployed experimentally to assess the efficacy of 

nanoclay as an adsorbent. Azha et al. (2017) studied the removal of Brilliant Green 

(BG)with Bentonite-modified composite. The adsorbent was prepared using a simple sol-

gel method in which acrylic polymer emulsion (APE) and bentonite on cotton cellulosic 

fiber (CCF) were mixed together. Under constant conditions, the removal efficiency of dye 

was found to increase along with the bentonite content. In addition, a coating of acrylic 

polymer emulsion (APE) and bentonite on the cotton cellulosic fiber (CCF) showed 

promising results, achieving a dye removal efficiency of approximately 80%. The results 

demonstrated that increasing the initial concentration of dye resulted in an elevated 

maximum adsorption capacity. The results also showed that increasing the temperature 

could increase the removal efficiency. The maximum adsorption capacity was observed at 

52.63 mg g−1, this having been achieved at a temperature of 70 °C.  

 

El Haouti et al. (2019) studied the adsorption isotherm and kinetic behavior of two cationic 

dyes, Toluidine Blue (TB) and Crystal Violet (CV), on a Na-montmorillonite nanoclay. 

The effect of the adsorbent dosage on the process was examined under constant conditions. 

They reported that increasing the adsorbent dosage from 0.1 to 1.2 g L−1 resulted in an 

increase in the removal efficiency of the two dyes from 76% to 99.61% for CV and from 

82% to 99.66% for TB. They found that the Langmuir isotherm predicted the adsorption 

results well, while the pseudo-second-order model described accurately the adsorption 

kinetics. The maximum adsorption for both dyes occurred at a pH of 11, while the 

maximum adsorption capacity for TB was 5.8 mmol g−1, and the same for CV was 5.40 
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mmol g−1. The effect of changing pH on the adsorption process was also examined. They 

found that the removal efficiency for CV dye and TB dye increased from 50% to 99% and 

from 38% to 98%, respectively, as the pH of the solution was increased from 4 to 11. 

 

Shirsath et al. (2011) studied the feasibility of adsorption in removing dye pollutants using 

synthesized nanoclay. In their study, the poly (acrylic acid)-bentonite-FeCo nanocomposite 

hybrid hydrogel was synthesized in a polymerization process incorporated with ultrasound. 

The effect of pH was evaluated under an initial adsorbate concentration of 30 mg L−1 and 

1 g of adsorbent. Their results showed that the maximum adsorption occurred when the pH 

was increased from 9 to 11, and they attributed this to the existence of COOH functional 

groups in the adsorbent that dissociated in that range of pH. Based on the applied 

temperature tests, temperature was found to positively influence the adsorption process. 

Increasing the dye concentration from 20 to 50 mg L−1, meanwhile, resulted in an increase 

in the adsorption rate. The combination of hydrogel and ultrasound resulted in more uptake 

(97% removal was obtained in 5 hr). They also noted that the maximum adsorption capacity 

for synthesized nanoclay was 13 mg g−1, this having been obtained at 35 °C and a pH of 

11. Sonawane et al. (2009) synthesized a novel PAA-nanoclay nanocomposite from 

bentonite in cetyltrimethylammonium bromide (CTAB) solution assisted with ultrasound. 

To analyze how an increase in adsorption might affect the process, experiments were 

carried out with a constant temperature of 30 °C, 0.5 g of adsorbent, and 500 mg L−1 initial 

concentration of malachite green dye. The results demonstrated that more uptake occured 

when the pH in the system was increased (from 4 to 12 in this case) since, at a higher pH, 

the surface of the adsorbent became less positive and attracted more dye molecules to be 

adsorbed. The Freundlich model described the data well, signifying the occurrence of 

multilayer adsorption.  

 

Salam et al. (2017) conducted a study to investigate the application of different nanoclays 

in removing Orange G (OG) dye from water. Different adsorbents were selected, including 

hydrophilic bentonite nanoclay (BN nanoclay), surface-modified montmorillonite 

nanoclay containing trimethyl stearyl ammonium (TMS nanoclay), surface-modified 

montmorillonite nanoclay containing octadecylamine (ODA nanoclay), surface-modified 



16 

 

montmorillonite nanoclay containing methyl dihydroxyethyl hydrogenated tallow 

ammonium (MDH nanoclay), and Halloysite Nanoclay (HS nanoclay). The results showed 

ODA nanoclay to be the most efficient absorbent with the removal of 98% Approximately. 

The results under different experimental conditions confirmed that increasing the adsorbent 

dosage can increase the adsorption capacity, although further increases beyond a certain 

threshold do not have a significant effect on the adsorbent capacity. They observed that the 

removal efficiency increased by almost 13% when the pH was raised from 2 to 4. 

Increasing the temperature in the system also resulted in an increase in adsorption (by 

almost 40%). In another study by Ali (2019), graphene nanosheets were prepared from 

graphite-nanoclay composite using electrochemical exfoliation. The synthesized adsorbent 

was then tested to remove methyl blue (MB) and methyl orange (MG) from water at a 

neutral pH. With an absorbent dosage of 1 g L−1 in the system, the removal efficiencies 

obtained for MB and MG were 77% and 22%, respectively.  

 

2.5.3. Removal of heavy metals from water 

 

One of the growing environmental concerns in the developing world is heavy metal 

contamination. Inadequate water and wastewater treatment, coupled with increased 

industrial activity, have led to increased heavy metal contamination in water sources around 

the world. To address these concerns, common methods for removing heavy metals from 

water sources, including membrane filtration, activated carbon adsorption, and 

electrocoagulation have been used for removing heavy metals from water (Joseph et al., 

2019). For instance, a novel nanocomposite was implemented to investigate the removal 

of Pb (II) from water (Matei et al., 2020). This nanocomposite was synthesized by mixing 

sodium alginate, nanoclay (H2Al2O6Si), Microcrystalline cellulose, and Calcium chloride. 

The authors of this study found that 1 g of adsorbent could remove 60% of 4 mg L−1 initial 

concentration of lead in 15 min. After 90 minutes, the removal efficiency increased to 90%. 

The results also showed that a maximum adsorption capacity of 0.11 mg g−1 was achieved.  

 

Bandpei et al. (2017) investigated the potential application of modified montmorillonite 
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clay (hexadecyltrimethyl ammonium chloride) to remove arsenic from water. They found 

that changing the pH and initial arsenic concentration did not affect the adsorption process. 

The optimum conditions for removal were found to be at 37.2 min with 3.7 g L−1 adsorbent 

dosage. Under these conditions it was found that an arsenic removal efficiency of 95.5% 

was achieved. 

 

Both natural and modified forms of clay minerals have excellent feasibility in removing 

different toxic aquatic metal pollutants. However, modification and further development of 

the clay materials despite of the expensive procedures, can enhance pollution control. (Fig. 

2-5) 

 

 

 

Figure 2-5. Removal of heavy metals from water using nanoclays (Uddin, 2017) 

 

2.5.4. Removal of pesticides from water 

Pesticides are a group of artificially synthesized substances used to fight pests and improve 

agricultural production. They are, however, generally toxic for living organisms and are 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/feasibility
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difficult to degrade, being toxic agents with persistent bioaccumulative effects (Ormad et 

al., 2008). The frequent detection and removal of pesticides in water sources is of great 

concern to the public, to authorities and all those involved in potable water production, 

water/wastewater treatment and reuse, due to potentially adverse health effects associated 

with these compounds, even at very small concentrations (Plakas and Karabelas, 

2012). Nanoclays can be used in removing pesticides. Shabeer et al. (2015) investigated 

the efficiency of coagulation method coupled with adsorption in removing multi pesticides. 

Different nanoclays including nano-bentonite, and organically modified nano-

montmorillonite were used. The results obtained from just adsorption with nanoclays, 

among used nanoclays, the removal efficiency for organically modified nano-

montmorillonite was between 60.1 and 77% for different pesticide, while for nano-

bentonite was varied between 51.7 and 69.3%. Also, the removal was studied through 

adsorption incorporated with coagulation method. The results confirmed that coagulation 

with alum could increase removal percentage to 75.1 % (for removal with nano-bentonite) 

and to 92.5 % (for removal with montmorillonite). 

 

Siboni et al. (2015) studied the application of surfactant-modified pillared 

montmorillonites (MMT) in removal of bentazon from the water. The adsorbent was 

prepared through intercalation method in which 1 gr of MMT was dispersed in water and 

stirred for 4 hr, then specific amount of Cetyltrimethylammonium bromide was added into 

solution and stirred for 5 hr. After that, solution was filtered and washed and wet adsorbent 

was dried at 90 °C in the oven for 24 hr. Effects of operational parameters on the adsorption 

performance were examined. Effect of adsorbent dosage on the adsorption capacity was 

studied at constant condition in which pH=7, ambient temperature, contact time=90 min, 

and initial concentration=20 mg L-1. It was observed that increasing adsorbent dosage in 

the system from 0.05 to 0.5 g L-1 the removal efficiency was increased from 10 to 90 %. 

Effects of contact time also was investigated under constant condition (pH=7, ambient 

temperature, adsorbent dosage=0.5 g L-1, and initial concentration=20 mg L-1). The result 
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confirmed that the rapid adsorption was occurred in the first stage of contact while after 

that the adsorption became slow and after 90 min the system was at equilibrium state. Effect 

of pH as an operational parameter on the adsorption capacity was also considered. The 

experiment was carried out at ambient temperature, contact time=90 min, initial 

concentration=20 mg L-1, and adsorbent dosage=0.5 g L-1. The results demonstrated that 

increasing pH from 3 to 11 could affect the removal efficiency negatively. According to 

author, the removal efficiency was 99 % at pH=3 while this number was decreased to 35% 

at pH=11. Furthermore, the photocatalyst degradation of phenol in acoustic cavitation was 

carried out using TiO2-nanoclay. TiO2-nanoclay nanocomposite was developed in benzyl 

alcohol medium. The TEM images demonstrated that TiO2 particles were formed between 

nanoclay platelets and the synthesized nanocomposite particle sizes were in range of 30-

40 nm. For one hour degradation of 500 ppm initial concentration of phenol with 0.75 g 

loading of nanocomposite, it was noticed that the removal efficiency would be 60 % and 

this number could increase by increasing the nanocomposite loading (Ghodke et al., 2012). 

 

2.5.5. Removal of inorganic compounds from water 

 

Water contamination by inorganic compounds is a ubiquitous problem, requiring their 

removal to meet stringent water quality standards (Fan et al., 2020; Jeswani et al., 2015; 

Yang et al., 2021). A number of inorganic compounds, including anions such as nitrate(V), 

chlorate (VII), bromate(V), arsenate (III) and (V), borate and fluoride as well as metals 

forming anions under certain conditions, have been found in potentially harmful 

concentrations in numerous water sources (Crespo et al., 2004; Konieczny and Bodzek, 

2007; Velizarov s., 2008, 2004). Some of these compounds are highly soluble in water and 

dissociate completely, resulting in ions that are chemically stable under normal water 

conditions (Bodzek and Konieczny, 2011). The efficiency of removal of these contaminants 

varies significantly, and depends on the water or wastewater treatment method [76],[77]. 

Current technologies for water treatment include coagulation/flocculation/sedimentation, 
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activated carbon, carbon nanotubes, chlorination, ozonation, biodegradation, membrane 

filtration, sono-degradation and ultraviolet light (Chu et al., 2017; Kim et al., 2018a; Park 

et al. 2017a, 2017b). Of all these common technologies, adsorption is generally recognized 

as the most promising technique for water and wastewater treatment due to its adaptability, 

wide applicability, cost-effectiveness and feasibility (Chowdhury and Balasubramanian, 

2014). In particular, activated carbon (i.e., a crude form of graphite) is the most favored 

adsorbent owing to its large effective surface area and highly porous structure (Kim et al., 

2018; Malaviya and Singh, 2011; Mohanadhas and Govindarajan, 2018; Yeom and Kim, 

2017).  

 

Also, to study the removal of sulfate in aqueous solutions, a novel adsorbent was 

synthesized by Chen et al. (2014) The organo-nanoclay was prepared by natural zeolite and 

cationic surfactant cetyltrimethylammonium bromide (CTAB). To study effects of 

adsorbent dosage, the experiment was carried out under constant condition (pH=7, contact 

time= 2 hr, temperature= 40 °C and initial concentration 500 mg L-1). The results 

demonstrated that increasing adsorbent dosage from 0.5 to 5 g led to more uptake. 

According to authors, removal efficiency was 80.4 % for 2 g adsorbent in the system and 

adding more adsorbent in the system could slightly increase the removal percentage. To 

find the optimum contact time, the experiment was carried out with condition of pH=7, 

temperature= 40 °C, initial concentration 500 mg L-1 and adsorbent dosage= 2 g L-1. The 

results depicted that the system reached equilibrium condition at 2 hour and after that no 

more contaminant was adsorbed by the adsorbent. Also, effect of temperature was studied. 

The experiment was done at the constant condition including pH=7, contact time= 2 hr, 

and initial concentration 500 mg L-1 and adsorbent dosage 2 g L-1. It was stated that the 

amount of adsorption was increased from 13 mg g-1 to 20.15 mg g-1 when temperature was 

elevated from 25 to 40 °C. However, further increase in the temperature did not change the 

amount of adsorption. The maximum adsorption capacity was determined to be 38.02 mg 

g-1 at 40 °C. 

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/feasibility
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Almasri et al. (2018) studied removal of arsenic from the water using hydroxyiron modified 

montmorillonite. To prepare the adsorbent, first the montmorillonite nanoclay solution in 

the water was prepared and then specific amount of FeCl3.6H2O was dispersed in the 

solution and stirred. The final wet nanoclay was dried in the oven. Effect of operating 

conditions on the adsorption performance was analyzed. The effect of adsorbent dosage 

was studied at neutral pH and room temperature. The results confirmed that untreated 

montmorillonite nanoclay was unable to remove arsenic while treated montmorillonite 

with Fe could remove arsenic from the solution. Increasing adsorbent dosage for treated 

montmorillonite from 20 to 80 mg increased the removal efficiency from 20 to 90%. 

However, further increase in the adsorbent dosage did not have significant effect on the 

removal. Effect of contact time on the adsorption performance was another parameter 

which was studied. According to authors, at pH=3, adsorbent dosage=80 mg, arsenic initial 

concentration= 1 mg L-1 and shaking speed=350 rpm, increasing contact time from 1 to 20 

min could increase removal efficiency from 55 to 80%. However, further increase in 

contact time did not have any effects on adsorption performance. According to authors, the 

adsorption was pH dependent. At arsenic initial concentration=1 mg L-1, adsorbent dosage= 

80 mg, contact time= 2hr, increasing pH from 3 to 9 could enhance removal percentage 

from 77% to 90%(Almasri et al., 2018)(Almasri et al., 2018)(Almasri et al., 2018)(Almasri 

et al., 2018)(Almasri et al., 2018).  

 

Sometimes, nanoclays can be used in membrane systems. For examples, a study was 

conducted to investigate the potential application of nanoclay in microfiltration membrane 

to remove organic pollutant from aqueous solutions. The novel nanoclay membrane was 

synthesized through mixing clay, zeolite and polyethylene glycol at 900 °C. Zeolite was 

used to increase the porosity and it was determined that the highest porosity for the 

membrane was 30.2% which obtained with 30 wt% of zeolites in the mixture. Three 

different dyes were used including crystal violet, methylene blue, and methyl orange. It 

was demonstrated that  95.55% removal of crystal violet was obtained for the 54 mg L−1 

solution at 1 bar and 90.23% removal of methylene blue was obtained at optimal conditions 

with a 35.76 mg L−1 concentration and 1.5 bar pressure (Foorginezhad and Zerafat, 2017).  
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Some studies have been carried out to analyze the physical modifications could be created 

after adding nanoclays into the composite materials. Asadi et al. investigated the surface 

modification of hollow polyester fiber using nano clay, nano TiO2 and polysiloxane. The 

EDX patterns and SEM images confirmed the presence of nanoparticles on the fabric 

surface. Further the presence of polysiloxane softener and resin led to the uniform 

distribution of nanoparticles with smaller size on the fabric surface. The XRD analysis 

proved the presence of nano clay and crystalline anatase titanium dioxide on the fabrics 

(Asadi and Montazer, 2013).  In another research, a novel nanocomposite was developed 

and physical charecteristics were investigated. Nanocomposite was developed through 

mixing carbon nanotube and kaolinite. According to authors, both materials were treated 

and functionalized and then they were fabricated through solution method. Through high 

resolution transmission electron microscopy (HRTEM) analysis, the diameter of 

nanocomposite was determined 20 nm. Also, mean sized of crystalline structure was 

evaluated 19.55 nm with X-ray diffraction. Also, Brunauer–Emmett–Teller (BET) analysis 

results demonstrated that surface area was 23.43 m2 g−1. Similarly, Langmuir surface area 

was 33.95 m2 g−1, and total pore volume was 0.10 cm3 g−1 (Yadav et al., 2018). 

 

2.6. Applications of nanoclays in gas emission control 

 

The main source of release of toxic gases into the atmosphere is industrial activities (Asif 

and Chen, 2020; Lerner et al., 2019). The reduction of gaseous pollutants, particularly 

volatile organic compounds, using thermal oxidation is expensive due to the need of high 

amount of energy. In this regard, more efficient processes combined with absorption 

techniques can be developed to improve the efficiency of catalytic oxidation and finally 

gas removal (Mestre et al., 2010). Many studies have shown the absorption of polar and 

non-polar gases and water vapor molecules by different types of nanoclay minerals, 

specially pillared nanoclays which have been widely developed for air pollutant abatement 

nowadays. Nanoclays can be interesting alternatives to reduce and finally remove gaseous 

pollutants due to having hydrophobic and hydrophilic properties. According to the wide 
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use of nanoclays in control of gaseous pollutants, the researchers have improved sorption 

processes and control of gaseous pollutants using modified nanoclays.  

 

2.6.1. Applications in H2S removal 

 

Problems associated with removal of odor from air have become controversial issues, 

especially in urban areas. One of the leading malodorants arising from sewage treatment 

facilities is hydrogen sulfide (Adib et al., 2000; Turk et al., 1989). H2S is produced by 

various industrial and natural activities, such as petroleum refining, methane-containing 

biogas production, wastewater treatment, and food processing (Hou et al., 2018; Hughes et 

al., 2009; Janssen et al., 2009; Storhaug, 1986). H2S is malodorous at low levels and toxic 

at high levels, inhibiting aerobic respiration to humans and microorganisms (Nicholls and 

Kim, 1982). It can also be problematic in sewer systems, causing corrosion (Kabil and 

Banerjee, 2010; Zhang et al., 2008). Different types of adsorption methods such as fixed 

bed adsorption, pressure swing adsorption and sequential bed methods were 

experimentally used to investigate the removal of hydrogen sulfide (Ozekmekci et al., 

2015). 

 

Stepova et al. (2009) studied the possibility of H2S removal using modified bentonite as 

the adsorbent. According to authors, the adsorbent was modified with iron and copper 

chlorides. The modified procedure had impact of surface area and it caused to increase 

from 26 m2 g-1 to 69 m2 g-1. The result of adsorption confirmed that the adsorbent had the 

ability to remove hydrogen sulfur and the capacity was 39.2 mg g-1. In another study, 

Morozov et al. (2014) studied the sorption of volatile organic compounds (VOCs) such as 

n-hexane, benzene, and methanol on K-10 montmorillonite. The adsorption results of dried 

adsorbent (dried in oven at 250 °C) showed that adsorbent could remove benzene and n-

hexane from the system and the amounts obtained at P/P0 =0.4 were 179 and 185 µg L-1 

(Morozov et al., 2014). However, these numbers were decrease when the adsorbent dried 

https://www.sciencedirect.com/topics/engineering/pressure-swing-adsorption
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at 105 °C and had 8 wt.% water content. The sorption values were 160 µg L-1 for benzene 

and 169 µg L-1 for n-hexane. According to authors, in tertiary system including n-hexane, 

benzene, and methanol, the dried adsorbent could remove VOCs and the values of sorption 

were 179, 185, and 160 µg L-1 for benzene, n-hexane, and methanol respectively.  

 

2.6.2. Applications in CO2 capture 

 

CO2 has been considered as a critical factor in global warming. CO2 capture and storage 

has been identified as a practical procedure to reduce the amount of CO2 releases into the 

environment. Khajeh et al.(2020) explored the parameters affecting CO2 adsorption over 

the modified montmorillonite nanoclay and found the optimum adsorption condition. Two 

preparation procedures were applied to the adsorbent before using in the adsorption. First 

acid treatment and second modification with NaOH. To complete the acid treatment, as a 

first step, different samples were prepared through adding nanoclays into water at 90 °C. 

Then each sample was added into 10 mL solution of hydrochloric acid with selected 

concentration (2, 3, 4, 5 and 6M). The final suspension solution was stirred magnetically 

for 4 hr. After 4 hr, samples were filtered and washed with deionized water to reach pH 

between 4 and 5. Then, each sample was dried in the oven at 50 °C for 12 hr. After first 

drying, samples were crushed to convert them into powder and in the last step, they were 

dried in the oven at 100 °C for 24 hours. For immobilization of NaOH on the surface of 

nanoclay wet impregnation method was used. According to authors, the results of analysis 

of variance depicted that pressure, temperature, and wt% NaOH were selected as the most 

important parameters affecting the adsorption. Also, the optimum conditions were 

identified. According to authors, the optimum value for temperature was 65 °C, for pressure 

was 1.00 bar, for HCL concentration was 5.99 M and 39.76 % for NaOH which under this 

condition the adsorbent capacity was 105.55 mg. g-1. 

 

Fu et al. (2017) investigated the potential application of aqueous adsorbent for CO2 capture. 

The experiments were operated at ambient conditions and amino-propyl magnesium 

phyllosilicate nanoparticles (aminoclay) was used as the adsorbent. The adsorbent was 
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synthesized through co-condensation method in which magnesium chloride (MgCl2) and 

3-aminopropyltriethoxysilane were condensed in ethanol solution at ambient condition. 

The effect of pH on the adsorption was studied. It was confirmed that increasing pH from 

6 to 12, let to more adsorption capacity. According to authors, at pH 6, the adsorbent 

capacity was 4.2 mmol g-1, while at pH 12 this amount was increased into 9.4 mmol g-1. 

This enhancement was attributed into deprotonation of adsorbent at higher pH (Fu et al., 

2017).  

 

Ramadass et al. (2020) synthesized carbon nanoflakes and nanotubes from halloysite 

nanoclay and investigated its application in CO2 capture. The results from three 

investigated adsorbents halloysite nanoclay, halloysite nanoporous carbon (HNC) and 

activated halloysite nanoporous carbon (AHNC) demonstrated that halloysite nanoclay 

could not adsorb CO2 while the other two adsorbents had the ability to uptake CO2. 

Accordingly, AHNC showed approximately double capacity in regards of CO2 adsorption 

compared to HNC. Additionally, based on the results temperature had a negative impact on 

the CO2 capturing. Roth et al. (2013) conducted a study to capture CO2 using a low-cost 

adsorbent named montmorillonite nanoclay. The modified adsorbent for the experiments 

was prepared through two step procedures by using N-dimethylformamide (DMF), 3-

aminopropyltrimethoxysilane (APTMS) and Polyethylenimine (PEI). The results 

confirmed that untreated nanoclay was unable to adsorb CO2 while the treated adsorbent 

could remove CO2. The adsorption data depicted that at 50 °C, removal percentage of 

untreated adsorbent was 1% while for the treated adsorbent was 4 %. In addition, based on 

the experiments, increasing temperature had positive effect on CO2 capturing. The highest 

removal percentage was happened at 85 °C which was 7.5 %. Furthermore, based on the 

results, CO2 pressure had also positive effect on adsorption capacity. The removal 

percentage of adsorbent was 8% at 690 kPa while this number was 11.5% at 2070 kPa.   

 

2.7. Environmental toxicity of nanoclays 

 

It is no doubt that nanotechnology has a wide range of applications including clean energy, 
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medicine, chemistry, physics, and so one (Naqvi et al., 2018). However, there has been a 

concern regarding nanomaterials. Nanotoxicology has drew scientists’ attention when the 

relation between particle, chemical nature, and toxic effects were demonstrated. In 2005, 

nanotoxicology was identified as a separate research field with the launch of 

Nanotoxicology journal (M. Roberto and A. Christofoletti, 2020) 

 

2.7.1. Toxicological evaluation methods 

 

Toxicological assessment plays a key role to prevent the potential negative effects of 

nanomaterials on humans and the environment (Rai and Biswas, 2019). Considering the 

size of nanoparticles, they have greater potential compared to other particle sizes to travel 

through living organisms’ body. Before evaluation of nanomaterials toxicity, it is crucial to 

understand and analyze nanomaterials physical characteristics. Table 2-2 demonstrates 

physical properties required for toxicity evaluation (M. Roberto and A. Christofoletti, 

2020). 

 

Table 2-2. Analysis of nanomaterials properties required for toxicity evaluation (M. 

Roberto and A. Christofoletti, 2020) 

Properties Relevance 

Particle size distribution Essential 

Degree/state of agglomeration 

Important 

Particle shape 

Chemical composition/purity Essential 

Solubility 
Essential  

(if applicable) 

Density 

Matrix dependent 
Crystallinity 

Microstructure 

Optical and electronic properties 
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Bulk powder properties (important for dosimetry/exposure) 

Concentration (can be measured as mass, surface area, or number 

concentrations) 

Essential Specific surface area/porosity 

Surface chemistry/reactivity 

Surface adsorbed species 

Important 
Surface charge/Zeta potential (especially in aqueous biological 

environment— may 

change according the environment) 

Surface hydrophobicity Essential 

 

Different procedures were proposed to evaluate nanotoxicology including in vivo, in vitro, 

and in silica tests. In vivo tests could provide information regarding identification of the 

accumulation site, and toxicological profile within a specific organ. This model has some 

limitations such time-consuming, high costs, and ethical issues. In this procedure, 

nanoparticles should be delivered from one organ to another one. In vitro examination, 

nanoparticles are injected in one specific organ. Also, this test could provide information 

on toxicity mechanism. In silica test could identify the interactions of chemicals with 

biochemical pathways. Table 2-3, provides information of different toxicology evaluation 

test (Rai and Biswas, 2019). 

 

Table 2-3. Different Toxicity evaluation test (Rai and Biswas, 2019) 

System  Remark 

 
Cell viability 

assays 

Provides information on cell death under controlled 

reproducible conditions 

In vitro 
DNA damage 

assays 

Assess the mechanisms underlying DNA damage and 

repair 

 Oxidative stress 
Good correlation with damage to cellular 

macromolecules 
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 Higher animals Ethical issues, expensive, time-consuming 

 C. elegans 
Provides data from a whole animal with intact and 

metabolically active systems 

In vivo G. mellonela 
Many larvae can be used in each experiment making 

pharmacological data easy to obtain 

 D. rerio 
Zebrafish develop most of the major organ systems 

present in mammals 

 
Transcriptome 

analysis 

Provides a global view of gene expression under 

exposure to different stressors 

In silica Metabolomics 

Provides detailed information on the biochemical status 

of a 

biological system, and about the changes caused by 

chemicals 

 Proteomics Identification of toxicity biomarkers and mechanisms 

 

2.7.2. Toxicity of nanoclays 

 

Clay minerals are reliable materials which have a great number of applications. Nanoclay 

term is associated with clay minerals such as alumina and silica and usually these materials 

are incorporated in other compounds such as polymers (Rai and Biswas, 2019). Due to 

large applications of nanoclays especially in food packaging, concerns related to potential 

harms of nanoclays on human and animals has been increased. Different studies have been 

conducted to analyze the toxicity of nanoclays based on organic modifier or the size[4,5]. 

These toxicological evolutions were conducted in cell lines and animals using the 

aforementioned models(Rai and Biswas, 2019).  Regarding organic modifier, for instance, 

Meibian et al.(2010) found that activated bentonite surface characteristics played key role 

in toxicity. Also, Janer et al. (2014) investigated the toxicity different between different 

modifiers. According to authors, nanoclays being modified with dimethyl benzyl 

hydrogenated tallow ammonium was more toxic than nanoclays being modified with 

dimethyl dehydrogenated tallow ammonium. Due to small sizes, it was proposed that 
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nanoclays could have inhalation toxicity for human which means that small sizes would 

allow them to inhale in the body and deposit in lungs. Verma et al. (2011) studied this 

theory with two both of platelet and tubular shapes of nanoclays using in vitro models. The 

dosage range for that study was from 1 to 250 µg mL-1. According to the results, tubular 

nanoclays did not prompt any toxicity until dose 250 µg mL-1 while for platelet shape 

prompted toxicity at dose 25 µg mL-1. Furthermore, some studies were conducted to 

investigate the possibility of nanoclays interaction with humans through digestion. These 

studies were developed to understand the effects of nanoclays on the ingestion cell lines. 

The results demonstrated that toxic effect of Cloisite 30B on human hepatocellular 

carcinoma epithelial cell line could stop cellular growing. Table 2-4 summarizes the 

toxicity studies have been done regarding nanoclays. 

 

Table 2-4. Nanoclays toxicity evaluation 

 

2.7.3. Toxicity mechanism 

Nanoclay Evaluation system Major outcome Reference 

Montmorilloninte, 

halloysite, kaolin, 

bentonite 

P. caudatum Very low or no 

toxicity 

(Kryuchkova 

et al., 2016) 

Cloisite Na+ and 

Cloisite 30B 

Lung epithelial cells Toxic effects with 

decrease in cell 

viability 

(Wagner, 

2018) 

Cloisite Na+ and 

Cloisite 93A 

HepG2 cells Significant cell death (Lordan et 

al., 2011) 

Nanoclay Mice Potential hepato and 

nephrotoxicity 

(Isoda et al., 

2017) 

Cloisite Na+ and 

Cloisite 30B 

HepG2 cells Genotoxic effects 

and morphological 

alterations by 

Cloisite 30B 

(Maisanaba 

et al., 2013) 

Cloisite Na+ and 

Cloisite 30B 

Caco-2 cells Oxidative stress and 

morphological 

alterations by 

Cloisite 30B 

(Houtman et 

al., 2014) 

Halloysite HepG2 and HCT116 

cells 

General safe at 

practical doses 

(Mosselhy et 

al., 2015) 

Halloysite C. elegans Absence of toxic 

effects 

(Fakhrullina 

et al., 2015) 
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Due to their small size, the possibility of entering nanoclays in the body without being 

trapped with defence mechanism is high (Vlastou et al., 2017). The toxic effects of 

nanoclays on the cells depends on organism characteristics and environmental conditions. 

Recent studies have been aimed to understand nanoclay-induced toxicity mechanism 

because of changes that could occur in cellular viability when it is subjected to nanoclay. 

The most common problems arise from nanoclay exposure are reactive oxygen species 

(ROS) overproduction such as Hydroxyl radical, Singlet oxygen, Superoxide anion, 

Hydrogen peroxide, Hypoclorious acid. Nanoclay could affect the cellular in different paths. 

Subjection to nanoclay could cause damage in cellular structure because these nano 

materials could interact with membrane and lead to membrane lysing ability (Murphy, 

2009). The second proposed mechanism is that nanoclay could affect the living cellular 

through changes in mitochondrial (Murphy et al., 1993). Maisanaba et al. (2014) studies 

have confirmed that mitochondria of cells have degraded when they exposed to nanoclays. 

(Fig 2-6) 

 

    

 

Figure 2-6. Schematic of toxicity mechanism caused by cellular subjection to nanoclay 

(Wagner, 2018) 
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CHAPTER 3. MATERIALS AND METHODS 

 

3.1. Materials and chemicals 

 

Bentonite nanoclay in powder shape was purchased from Sigma Aldrich (St. Louis, USA). 

Crude oil was obtained from Hibernia oil field located in the southeast of St. John’s, 

Newfoundland, Canada. Standard washed and ignited sand (30-40 mesh) was purchased 

by Millipore (ON, Canada). Sea salt was purchased from Sigma Chemical Company (ON, 

Canada) and hexane was purchased from Fisher Scientific (ON, Canada) at analytical grade. 

Deionized water was used in all tests. 

 

3.2. Experimental procedure 

 

Sand was mixed with crude oil to reach a concentration of 4 g oil kg-1 sand.  The samples 

were put in the fume hood for 7 days for weathering. Nanoclay was dispersed in deionized 

water using ultrasonicator for 30 min at the amplitude of 30%. 15 mL of prepared nanofluid 

and 0.5 g of contaminated sand were put in a sealed vial. The vials were put in the shaker 

at 300 rpm for 24 hr. Then, the liquid in the vial was decanted and 15 mL hexane was added 

to the remaining sand. The mixture was shaking at 300 rpm to extract the oil left on the 

sand. After 24 hr, the supernatant was used for further analysis of oil content. 

 

3.3. Full factorial design 

 

For evaluating the factors that have effects on the oil removal by nanoclay, the full factorial 

design was applied (Design Expert software). This approach has been widely applied to 

investigate the effects of factors and their interactions in environmental processes.  In this 

study, four shoreline environmental characteristics (nanoclay concentration, salinity, 

temperature, and pH) that affected oil removal efficiency at two levels were analyzed. The 

low and high levels were coded as −1 and +1, respectively (Table 3-1). The 48 runs of 

experiments were conducted, and the details are shown in Table 3-2. One-way analysis of 
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variance (ANOVA) with least significance difference test was performed to identify 

treatments that were statistically different. 

 

Table 3-1. Experimental variable factors for chemical properties of flush water 

Symbol Factor Units 
Level 

Low (-1) High (+1) 

A Concentration mg L-1 100 800 

B Salinity % 1 4 

C Temperature C 5 20 

D pH  5 9 

 

Table 3-2. Corresponding values for factorial design matrix 

Number A B C D  
Nanoclay 

concentration(ppm) 

 Salinity  

(wt.%) 

Temperature  

(°C) 

pH 

1 800 4 5 9 

2 100 1 5 9 

3 800 1 5 9 

4 800 4 5 5 

5 800 4 5 5 

6 100 4 5 9 

7 800 4 20 9 

8 800 4 5 9 

9 800 1 20 9 

10 100 1 5 5 

11 800 1 5 9 

12 800 4 20 9 

13 100 1 20 9 

14 100 1 20 5 

15 800 1 20 5 

16 100 1 5 5 

17 100 4 20 9 

18 800 4 20 5 

19 100 1 5 5 
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20 100 4 5 5 

21 100 4 20 9 

22 800 4 5 9 

23 100 4 5 9 

24 100 4 20 5 

25 100 4 20 5 

26 800 1 5 5 

27 100 4 20 9 

28 100 1 5 9 

29 800 4 5 9 

30 100 4 20 5 

31 800 1 5 9 

32 100 1 20 5 

33 100 4 20 5 

34 800 1 20 5 

35 800 1 5 9 

36 800 1 5 5 

37 800 1 20 5 

38 100 4 5 5 

39 800 4 20 9 

40 100 1 20 9 

41 800 1 20 5 

42 100 1 20 9 

43 100 4 20 5 

44 100 1 20 9 

45 800 4 5 5 

46 800 4 5 5 

47 100 4 5 9 

48 800 1 5 9 

 

3.4. Analytical methods 

 

The concentration of oil in hexane was measured using a Thermo Scientific™ Evolution 

201 UV-Visible spectrophotometer (MA, USA) at wavelength of 220 nm. A Jenway 3310 

pH meter (Jenway Ltd., UK) was used to determine the pH of solution. The particle size 

distribution of nanoclay suspension (800 mg L-1) were measured at 25 °C using Nano ZS 

Zetasizer (Malvern, USA). The nanoclay suspension was prepared using ultrasonic probe 
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with the frequency of 20 kHz and a tapered microtip. The ultrasonic probe worked with 

power of 25 W and a pulse cycle ON-OFF of 5-2 s for total time of 30 min. All batch 

experiments were conducted in triplicate, and the results were reported as the average value. 

The experimental arrangement and results analysis of factorial design were performed 

using Design Expert 11 (Stat-Ease Inc., MN, USA). Statistical analysis was undertaken 

through one-way ANOVA (p-value < 0.0001). 

  

3.5. Miscibility modeling 

 

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 of G  

with respective to composition (
2

2

G



 


) (Marsh, 2007). The Flory−Huggins theory has 

been one of the most commonly-accepted theoretical models which is applicable for 

solvent/polymer−solvent mixtures in various chemical processes, particularly, for the 

chain-like alkanes and water following the equation below (Flory, 1942; Huggins, 1942), 

 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 

to properly handle 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., 2018). 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, 
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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, 

2 2

NP 0 NP
m flu 22

p 0 NP p 01 2 0

3 4 3
(1 ) ( ) ( )(1 ) [ln ( ) ]

(1 )2

NPr r r r
G p p

v r r v rv v r

   
    



−
 = − + − + +

−
    (3) 

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  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., 2018), which could be checked if interested and won’t be duplicated here. 

  

3.6. Dynamic simulation 

 

The molecular dynamics (MD) simulation for oil droplet in the aqueous suspension of 

montmorillonite (major component of bentonite) was conducted. The oil droplet in our 

study was modeled as a mixture of 250 octane molecules, which is similar with a previous 

study about oil-water interface dynamics (Liang et al., 2019). The solvent environment 

consisted of 14,127 water molecules and 25 rigid montmorillonite nanoparticles with a 

diameter of approximately 1.4 nm which were evenly distributed. The initial configuration 

was built using Packmol (Martinez et al., 2009). The CHARMM force field was used to 

model the bond, angle, dihedral, van der Waals and electrostatic interactions among the 

hydrocarbon molecules (Vorobyov et al., 2007). The water molecules were described by 

the SPC/E model (Berendsen et al., 1987), which consists of a Lennard -Jones (LJ) 

potential between oxygen atoms and a Coulomb potential between partial point charges on 

the oxygen and hydrogen atoms. A cut-off of 12.0 Å was used for the van der Waals 

interactions. The long-range electrostatic interactions were computed using the particle-

particle particle-mesh (PPPM) algorithm, with a convergence parameter of 10 -3. The length 

along the Y direction was rather small compared with that along X. This quasi-two-

dimensional setup not only made it easy to calculate the contact angle of the oil droplet and 

monitor the motion of the three-phase contact line, but also reduced the computational time. 



36 

 

All the simulations were performed in the canonical ensemble (NVT). The temperature 

was set to 298 K using a Nos´e–Hoover thermostat. The trajectories were collected in an 

interval of 1.0 ps for further analysis. The MD simulations in the present study were 

performed using LAMMPS (Plimpton, 1995). The snapshots were prepared using VMD 

(Humphrey et al., 1996). In the absence of montmorillonite, the contact angle of the oil 

droplet on this solid surface was approximately 60.0° after the equilibrium as shown in Fig 

3-1. The MD simulations of oil droplet detachment from the solid substrate immersed in 

suspensions of montmorillonite with -0.22e were conducted. To maintain the 

electroneutrality of the system, opposite charges were assigned to atoms in the bottom layer 

of the substrate. 

 

 

Figure 3-1. Snapshot of the oil on the solid substrate with montmorillonite particle 
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CHAPTER 4. RESULTS AND DISCUSSION 

 

4.1. The effect of nanoclay concentration on oil behavior 

 

The effect of different nanoclay concentrations on oil behaviour in water-sand system was 

investigated and the results are shown in the Fig 4-2. It can be seen that by increasing in 

nanoclay concentration from 100 to 4000 mg L-1, the remaining oil on sand decreased from 

957.46 to 487.91 mg kg-1. Nanoclay is formed as a result of chemical weathering of other 

silicate minerals. It is often featured by the small particle size, high specific surface area, 

and high CEC. Fig 4-1 shows the particle size distribution of nanoclay suspension (800 mg 

L-1). It can be seen that the average size of nanoclay was around 109.5 nm, in which 95.5% 

of the nanoclay particles had a diameter of 109.5 nm and 3.9% of the particles had a 

diameter of 15.2 nm. The XRD results in Fig 4-1 shows the major montmorillonite 

component of bentonite. It has been reported that nanoclay can be combined with some 

pollutants. Adsorption of organic materials through weak Van der Waals forces on the 

surfaces of clay minerals can play a significant role in linking organic matter to the surface 

of clays (Stevenson, 1994). Organic materials such as fulvic acid could be adsorbed into 

the space between the layers of montmorillonite. The swelling characteristic of nanoclay 

may create the interlayers in its structure, which is also favorable for retaining other 

substances (Churchman et al., 2006). In this sand-water system, the oil could be combined 

with nanoclay in water. The existence of nanoclay will shift the equilibrium between oil on 

sand and oil in water; resulting more oil detached from sand and less residual oil on sand. 

When approaching the oil detachment limit, the increase of nanoclay concentration would 

not result in further decrease of residual oil on sand. 
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Figure 4-1. XRD of bentonite nanoclay 

 

Figure 4-2. The effect of nanoclay concentration on oil behavior 
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4.2. Effect of temperature on oil behavior  

 

One of the important environmental parameters which can affect the pollutant transport 

behaviors is temperature (Bi et al., 2020; Chen et al., 2021; Shen et al., 2017). Temperature 

exerts major effects on the physical properties of oil, such as viscosity, surface tension and 

density. That may influence the oil’s transport and environmental persistence. The 

temperature of natural shoreline environment may vary greatly in different regions. The 

temperature range of 5-30 °C was studied to determine its impact on oil behaviors in the 

presence of 800 mg L-1 nanoclay.  As shown in Fig 4-3, the oil residue on sand decreased 

as temperature increased in the presence of 800 mg L-1 nanoclay. The oil residue on sand 

decreased from 99.62% at 5°C to 42.37% at 30°C, almost half of original residue amount.  

Such decrease is mainly due to the impact of temperature on oil adhesion at sand surface. 

Oil viscosity is directly related to the temperature and it decreases with increase in 

temperature. At low temperatures, the viscosity of the oil increases and at high-viscosity 

oil can be captured onto the rough surface easily. With an increase in temperature, the oil 

viscosity decreased. It would be favorable for the detachment of oil from sand. High 

temperature could also result in the enhanced movement of absorbate molecules, which 

increased the diffusion of adsorbed oil from sand surface.  

 

Figure 4-3. The effect of temperature on oil behavior 
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4.3. Effect of salinity on oil behavior  

 

The average salinity of seawater is around 3.5 wt% and this level may vary at different 

areas (Aksu and Balibek, 2010). In seashores, seawater can be less salty due to the fresh 

water from rivers and streams. In this study, the salinity with the range of 0 to 6.0 wt.% 

was used to investigate its effect on the residual oil on sand in the presence of 800 mg L-1 

nanoclay and the results are shown in Fig 4-4. It can be seen that the residual oil on sand 

decreased from 926 to 268 mg kg-1 when increasing the salinity from 1 to 6 wt.%. The 

increase of salinity at a low level showed only a negligible effect on residual oil, but a 

remarkable decrease of oil residue can be seen at salinity more than 4 wt.%. The oil residue 

on the sand decreased by more than half from 657.9 to 330.1 mg kg-1 as the salinity changed 

from 4 to 5%. The high salinity may lead to the compression of the electric double layer 

(Molnes et al., 2016; Zhong et al., 2012). The resultant decrease in the repulsion force 

between particles leads to the aggregation and reduction of the viscosity of the nanofluid. 

The presence of nanoclay could contribute to the formation of oil particle aggregates 

(OPAs), which could also promote the oil detachment from sand. OPA formation varied 

under different seawater salinities. It was reported that more than 75% of OPAs were 

formed in seawater (3.4 wt.% sea salt), while only 10% were formed in deionized water 

(Le Floch et al., 2002). 

 

Figure 4-4. The effect of salinity on oil behavior 
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4.4. Effect of pH on oil behavior  

 

The pH of solution is one of the important parameters which can affect the pollutant 

transport (Ibrahim et al., 2010; Zhao et al., 2019b). pH in seawater and shoreline sediments 

may vary considerably (Cleary et al., 2018). Fig 4-5 shows the effect of pH on oil behavior 

in the presence of nanoclay. The tests were conducted in the pH range of 4-10 with the 800 

mg L-1 nanoclay solution, temperature of 20 °C, and the salinity of 0%. The remaining oil 

decreases from 548.1 to 315.6 mg kg-1 with increasing pH of solution from 4 to 7 and 

increases from 315.6 to 505.97 mg kg-1 with further increasing of the pH of solution from 

7-10. The results indicate that pH variation up to 7, could influence the transfer of oil from 

sand to aqueous phase in the presence of nanoclay.  

 

The changes in zeta potentials of sand, oil and nanoclay at different pH levels played an 

important role in this process. Both sand particles and oil droplets were often negatively 

charged (Lim et al., 2016). Jada et al. (2006) observed that the zeta potential of sand 

particles decreased noticeably when increasing pH up to 7 and the zeta potential tended to 

be stable above pH 7. Bonto et al. (2019) reported the zeta potential of different types of 

oil also decreased (negative value) with increasing pH from 2 to 7. As pH increased from 

4 to 7, there could be increased repulsion between oil and sand sands, resulting less residual 

oil on sand. When pH increased above 7, the negative charge of sand and oil tended to be 

stable. Bentonite could display a negative zeta potential at a wide pH, but  its negative 

charge could become more pronounce above pH 7 (Mekhamer, 2010; Niriella and 

Carnahan, 2006). At pH of 7 to 10, the increasing repulsion force between oil and the 

nanoclay limited their combination, which in turn resulted in more oil retention on sand. 
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Figure 4-5. The effect of pH on the oil behavior 

 

4.5. Factorial analysis of influencing factors 

 

The study of interactive effects of various factors can help better understand the 

environmental process (J. Ordieres-Meré, J. Ouarzazi, B. El Johra, 2020; Jeong et al., 2019; 

Lindenschmidt and Rokaya, 2019; Liu et al., 2020). The statistical analysis results are 

shown in Table S1.  The Pareto chart shows the main and interactive effects for oil 

behavior in the presence of nanoclay (Fig. 4-6). It can be seen that the nanoclay 

concentration and salinity played the more noticeable roles among these environmental 

factors. Fig. 7 (A-D) shows the main effects of individual factors on oil remained on sand. 

A positive sign of the effect indicated that a high factor setting (+1) resulted in a lower oil 

remained on sand. The effects of single factor on oil behaviors decreased in the following 

order: nanoclay concentration > salinity > temperature > pH. An increase in nanoclay 

concentration from 100 to 800 mg L-1 resulted in the decreased residual oil on sand to as 

low as 469.55 mg kg-1.  The higher nanoclay concentration may lead to less remained oil 

due to the more available combinations for detached oil in water. There would be higher 

surface area of nanoclay at the high concentration of nanoclay, which was favorable for the 

combination with oil. Such result indicates the natural oil removal process should be well 
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evaluated if the high clay mineral amount exists in the oiled shoreline. The oil translocation 

on such high-clay shoreline could be different with that with less clay.   

 

 
Figure 4-6. Pareto chart in factorial analysis 

 

Fig 4-7 (E-H) shows the significant two-factor interactive effects on oil behaviors. An 

increase in temperature and salinity would lead to the decrease of remained oil on sand. It 

has been known that individual factors B-salinity and C-temperature were significant 

factors for oil behavior, while their two-factor interaction was also significant. Fig 4-7(E) 

shows the interactive effect of salinity and nanoclay concentration on oil remained on sand. 

It can be seen that the lowest remained oil on sand could be obtained at high salinity level 

with increasing nanoclay concentration. It indicates there could be significant change of 

spilled oil on shoreline in the environment with both high-salinity water and high clay 
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concentration. The oil remained on sand could also change under various salinity levels at 

low and high temperature (Fig 4-7(F)). Less oil remained on sand was obtained at high 

salinity and high temperature. As seen in Fig 4-7(G), the effect of high-level pH (9) on oil 

remained on sand was more noticeable in comparison to low-level pH (5) with increasing 

of salinity. Fig 4-7(H) shows the interactive effect of temperature and pH on the oil 

remained on sand. The difference between two pH levels from low to high temperature 

remained almost same. With increasing temperature in both pH levels, the remained oil on 

sand decreased by approximately 17%.  

 

 

Figure 4-7. (A-D) Plots of the single factors effect, (E-G) Plots of effective double factors 

4.6. Insight from miscibility modeling study 

 

To better understand the effect of nano clay, the aforementioned theory introduced in 2.5 

was used to evaluate the oil-water miscibility by adding nanoclay particles. Fig 4-8 presents 

the calculated results of the oil-water system with additions of nanoclay at different 

concentrations from 0 to 4000 mg L-1 and temperatures of 5 to 30 C Obviously, the oil-

water miscibility was found to be enhanced by adding nanoclay particles up to certain value, 

while after that any further addition won’t be beneficial or even be detrimental to the system 

miscibility. The overall miscible state was benefitted from more additions of nanoclay only 
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if its concentration was controlled below 1000 mg L-1. For concentrations exceeding 1000 

up to 4000 mg L-1 (the upper limit of test condition), more nanoclay additions reduced the 

system miscibility and the corresponding free energy gradually increased. In addition to 

the concentration of nanoparticle, temperature effect might not be so strong as the 

concentration but cannot be ignored for the target system in this study. Overall, an 

increasing temperature is beneficial to the fluid miscibility. More specifically, higher 

temperatures usually affect the miscibility more in comparison with the lower temperature 

cases even with the same increase rate (e.g., comparison between cases of 5-15 C and 20-

30 C). These modeling results well supported the experimental results, in terms of using 

thermodynamics to explain the role of nanoclay concentration and temperature. 

 

Figure 4-8. Calculated free energy of mixing versus nanoclay concentration at various 

temperature from 5 to 30 °C 

 

4.7. Dynamic simulation 

 

In order to have better understanding of this phenomena, a dynamic simulation analysis 

was further conducted. MD results revealed that the existence of nanoclay particles could 

enhance the detachment of the oil droplet from solid surface (Fig 4-9). The oil droplet had 
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a contact angle of approximately 60.0° initially. With the presence of nanoclay, the contact 

line receded, and the oil-substrate contact area decreased with elapsed time. In the early 

stage of the detachment, nanoclay particles start to penetrate into the oil-substrate interface 

as shown in Fig 4-9(c-f) and there was a wedge-shaped area formed between the oil droplet 

and the solid substrate. The spreading of the wedge area quickly separated the oil droplet 

from the solid surface. After that, the oil droplet was vertically elongated under the action 

of buoyancy and thermal disturbance and detached from the solid substrate. This process 

could be divided into three stages: (i) the contact line shrinks due to the decrease of 

interfacial tension; (ii) the diffusion of water disjoined the oil from the solid substrate in 

the vicinity of the contact line; and (iii) the contact radius became sufficiently small and 

the droplet detached (Kolev et al., 2003; Liu et al., 2012).  

For the system in which the initial contact angle of the oil droplet was smaller than 90°, the 

imbalanced interfacial tension force would point in the direction impeding the detach of 

oil. To interpret the oil droplet detachment induced by the negatively charged nanoclay 

particles, several mechanisms were considered. Firstly, the presence of the nanoclay 

resulted in the reduction of the oil-substrate interfacial tension by reducing the contact 

angle. Consequently, the imbalanced interfacial tension force led to the contact line 

shrinkage. Besides, the induced charge on the solid surface made it exhibiting a tendency 

towards hydrophilicity (Yuan and Zhao, 2010), which was analogous to the contact angle 

change by electrowetting on dielectric. As can be seen in Fig 4-9(h-i), water molecules 

could penetrate into the area between oil droplet and substrate. Entropy negated by the 

arrangement of nanoparticles and charges also contributed to the detachment process 

(Sefiane et al., 2008; Wasan and Nikolov, 2003). 
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Figure 4-9. Snapshots of the spontaneous detachment of an oil droplet from a modeled 

solid substrate with nanoclay particles 
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CHAPTER 5. CONCLUSIONS 

 

5.1. Summary 

 

This is the first study to comprehensively explore the effects of bentonite nanoclay on the 

oil behaviours in water-sand media from both experimental and modeling perspectives. 

Four factors including nanoclay concentration, temperature, salinity and pH have been 

studied. In general, the increasing nanoclay concentration resulted in the decrease in 

remaining oil on sand. Higher temperature and salinity were associated with less residual 

oil on sand in the presence of nanoclay. As pH varied between 4 to 10, the less residual oil 

on sand was observed around neutral condition. By increasing pH from pH of 4 to 7, the 

remained oil on sand decreased considerably and from pH of 7 to 10 there was an increasing 

trend. The factorial analysis results indicated that the nanoclay concentration showed the 

most significant impact among these factors. For the two-level integrations, salinity * 

temperature presented the most significant effect on oil behavior. Miscibility modeling 

results showed an increasing temperature was favorable to the nanoclay miscibility. 

Moreover, the effect of nanoclay on oil behavior was further revealed through the dynamic 

simulation, in which it can be seen the nanoclay could penetrate into oil droplets and 

promote the detachment of oil from the solid substrate. The environmental processes in the 

shoreline impacted by oil spill are complicated. The results of this study can help 

understand the role of fine particle in the fate and transport of oil on shoreline. These 

findings can be used to support the risk assessment and response planning after oil spill. It 

is also expected to further investigate the oil behavior impacted by other shoreline 

characteristics. A brief highlight summary is as follows. 

 

• The effects of nanoclay on oil behavior in sand-water system were studied. 

• Oil behavior was impacted by nanoclay concentration, temperature, salinity and pH. 

• Factorial analysis was used to explore the interactions of different factors. 

• Miscibility modeling and dynamic simulation were conducted to reveal the mechanism. 

• The presence of nanoclay in oiled shoreline can be considered for risk assessment. 
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5.2. Recommendations for future study 

 

(1) Based on the previous research conducted to the field of nanoclays and its modified 

ones, it has a wide range of applications as a rheological control agent, barrier against gases 

in food packaging industries and playing a significant role in biomedical applications 

specially in drug delivery. The popularity of nanoclays is based on their specifications and 

specially its environmental application. The interesting environmental application of 

nanoclays has been seen in pollutant remediation from water (pharmaceutical, dye, heavy 

metal, pesticide and inorganic removal) and also air (H2S removal and CO2 capturing).  

(2) In this regard, modified nanoclays are promising materials for environmental 

applications, specifically environmental remediation but their biocompatible and eco-

compliance when used in natural systems is not yet guaranteed. Since in many cases, we 

do not have sufficient data to conclude whether the modified nanoclay products are 

environmentally biocompatible, it is expected that future studies investigate this issue 

precisely.    

(3) Since there is evidence of ecotoxicity caused by several modified nanoclays, the future 

studies would focus on the possibility of obtaining ‘‘low-toxic’’ or ‘‘eco-friendly’’ 

functionalised nanoclay products. Therefore, the concept of ‘‘bio compatibly modified 

nanoclays’’ should be advocated in the development of nanoclay-based materials designed 

for more effective remediation practices. Application of new generation environmentally 

friendly nanoclays should not result in the potential loss of living organisms at a 

contaminated site. In addition, since nanoclays are known as the specific particles with 

unique layered shape, nanosize, and well‐defined structure, they have heterogeneous 

charge distribution and patchy interactions that enable the physical interactions of nanoclay 

with a range of biomolecules, polymers, and biological components. 

(4) 2D nanoclay are an emerging class of biomaterials due to their unique ability to interact 

with a range of polymers, and macromolecules. Future studies will focus on a range of 

biomedical applications for nanoclay have been investigated, including orthopedic tissue 

engineering, wound healing, and haemostats, amongst others. 
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