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Abstract 
Clean water is a fundamental human right. Water sources contaminated with hormone-disrupting 

chemicals like progesterone present a potential risk to the environment and human health. 

Molybdenum disulfide (MoS2) nanoparticles are investigated in this work as a promising water 

treatment technology to help remediate these issues. The results of this study indicate that 

progesterone was effectively removed from water using MoS2 nanoparticles, with removal 

efficiencies as high as 98% within an hour of contact. The effects of environmental conditions like 

temperature, pH, dosage and initial progesterone concentration on the removal efficiency were 

investigated. Based on the findings, the optimal removal efficiency was obtained at an operating 

temperature of 25°C, a neutral pH (7), a MoS2 dosage of 20 mg L-1 and an initial progesterone 

concentration of 20 mg L-1. Notably, MoS2 nanoparticles maintained high performance across a 

broad range of tested conditions. Analysis of the removal mechanisms indicated that Van der Waals 

forces, hydrogen bonds and electrostatic interactions are some of the synergistic adsorption 

mechanisms that are involved in the removal process. Additionally, it was determined that MoS2 

nanoparticles are an affordable choice for water treatment since they can be manufactured and 

reused many times without experiencing a major reduction in performance. While MoS2 

nanoparticles show great promise, further research is needed to fully realize their potential. 

Important future research includes investigating large-scale production techniques, creating 

effective protocols for regeneration, and conducting pilot-scale studies. MoS2 nanoparticles are 

highly effective at treating progesterone-contaminated water and support larger initiatives to 

improve water quality. 
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1.1 Background 

Water is essential to life on Earth, and it is indispensable for the survival of all living organisms. 

Covering approximately 71% of the Earth’s surface, water is one of the most abundant resources 

on our planet [1]. However, despite its apparent abundance, only 3% is readily available for human 

consumption in the form of freshwater from lakes, reservoirs, and rivers. Moreover, less than 1% 

is accessible to humans since most of the planet’s freshwater is locked in glaciers or beneath the 

Earth’s surface [2]. Water is a fundamental nutrient for the healthy function of every cell in the 

body. It performs operations like regulating internal body temperature, metabolizing and 

transporting macronutrients in the bloodstream, assisting in waste removal, acting as a protective 

barrier for the brain and spinal cord, lubricating the joints and performs many other vital functions 

[3]. 

The limited availability of this invaluable resource poses significant challenges, especially as the 

world’s population continues to rise and industrialization proliferates [4][5]. Ensuring that all 

living organisms have access to clean and safe drinking water is a top priority. 

1.2 Water Pollution 

1.2.1 Definition 

Water pollution refers to the presence of an unwanted substance that renders the water impure or 

compromise its quality and safety. Although the terms “pollutants” and “contaminants” are often 

used interchangeably, a pollutant specifically refers to a substance that, when introduced into the 

environment, causes harm or stress to life and ecosystems. Pollutants are typically associated with 

anthropogenic activity. In contrast, contaminants are any substances, whether naturally occurring 

or otherwise, that are present in an environment where they do not belong or are found at higher 

concentrations than normal [6].  

1.2.2 Types of water pollution 

Pollutants come in many different shapes and sizes and can affect our rivers, lakes, aquifers, oceans, 

and all other bodies of water [7]. These pollutants many include biological agents (pathogens, 

algae), physical factors (heat, radiation), chemical substances (organic and inorganic matter) or 

radioactive materials (uranium, chromium) [8][9][10]. Water is considered a universal solvent, 

meaning it can dissolve a plethora of substances. This property is due to the polar nature of water 
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molecules, which allows them to interact with various substances, evenly integrating them 

throughout the solution, ultimately deteriorating water quality and making it toxic to humans and 

the environment [11].  

1.2.3 Sources of water pollution 

Pollution can enter our water systems from various sources, each presenting distinct challenges. 

These sources are categorized into point and nonpoint sources. Point source pollution originates 

from a single, identifiable discharge source, making it easier to identify, monitor, and regulate 

[12][13]. Primary sources of water pollution include industrial discharge, power generation, and 

mining activities, agricultural and urban runoff, sewage and wastewater, illegal dumping, and the 

infiltration of chemicals from landfills and contaminated sites [14]. Point source pollution is 

typically managed by regulatory agencies like the Environmental Protection Agency (EPA). 

Conversely, nonpoint source pollution originates from diffuse sources, lacking a single point of 

origin or outlet. These sources are often widespread, making them difficult to contain, manage and 

regulate [15][16]. Pesticides and fertilizers carried by agricultural runoff are common examples of 

nonpoint source pollution. Additionally, sedimentation from construction sites, acid rain, and 

urban runoff contribute to nonpoint source pollution. These diffuse sources infiltrate water bodies 

introducing, introducing a variety of different that spread widely, complicating regulation and 

control [16].  

1.3 Environmental Impact and Management 

1.3.1 Pharmaceuticals and Personal Care Products (PPCPs) 

Pharmaceuticals and personal care products (PPCPs) encompass a wide range of chemicals, 

including prescription and over-the-counter drugs, as well as non-medicinal consumer products 

that like fragrances [17]. PPCPs are used by consumers for personal health, cosmetics, and 

household cleaners, or by agribusinesses to enhance livestock [18][19]. PPCPs can infiltrate the 

environment through various routes, including human and animal excretion, improper disposal, 

urban and agricultural runoff, and industrial discharge. These pollutants originate from both point 

and nonpoint sources and are known for their persistence in the environment. PPCPs often pass 

through water treatment plants untreated and are subsequently released into the surrounding 

environment [20].  
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1.3.2 Endocrine Disrupting Chemical (EDC) 

Endocrine Disrupting Chemicals (EDCs) are substances that can interfere with the body’s 

endocrine system. The endocrine system releases hormones into the bloodstream via glands, 

regulating a various biological processes such as growth, metabolism, and reproduction [21]. 

Disruption of this system can lead to serious health issues, and EDCs are surprisingly found in 

everyday products, including cosmetics, food packaging, detergents, furniture, and textiles 

[22][23]. EDCs enter the environment through several different pathways, originating from both 

point and nonpoint sources. These chemicals have been linked to neurological, immune, metabolic, 

and reproductive health issues [22].    

1.3.3 Progesterone 

Progesterone (PGS) is a steroid hormone produced in the human body that is responsible for 

regulating numerous processes. It is composed of three cyclohexane rings and one cyclopentane 

ring fused together, as depicted in Figure 1. It also contains a ketone group, a hydroxyl group, 

methyl groups, and a double bond. 

 

Figure 1: Chemical structure of progesterone (C21H30O2) 

 

In the female body, PGS is produced in the ovaries, adrenal gland, and placenta, where it is 

regulates menstrual cycles, supports pregnancy, promotes breast development, and modulates the 

immune system [24][25]. Although PGS is often considered the “female hormone”, it is also 

produced in males through the testes and adrenal glands. While it does not play a significant role 

in men as in women, PGS is involved in the biosynthesis of testosterone, regulation of the nervous 

system, mood influence, spermatogenesis, and maintenance of bone health [26][27]. Once 
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produced, PGS is transported to the nervous system; however, it is also synthesized within the 

nervous system throughout a person’s lifetime, earning it the designation of a neurosteroid [28].  

The birth control pill, or the oral contraceptive pill, is the most prescribed drug for women, with 

approximately 25% of American women between the age of 15-44 reporting its use [29]. Over 150 

million women worldwide currently use birth control pills, and according to the World Health 

Organization (WHO), this number is projected to skyrocket to approximately 800 million by 2030 

[30][31]. Correspondingly, the market for oral contraceptives is expected to grow by an additional 

13%, reaching around $2.1 billion by that year. Synthetic PGS is the primary ingredient for oral 

contraceptives, typically formulated either as a combination pill with PGS and estrogen, or as a 

PGS-only pill. It is also frequently prescribed for hormone replacement therapy, menstrual 

disorders, preterm birth prevention, and regulating menopause symptoms [32][33]. 

1.3.4 Environmental Occurrence and potential entry pathways 

Due to the widespread use of PGS, it is increasingly detected in the environment at concentrations 

ranging from μg L-1 to ng L-1 [34]. Both synthetic and natural PGS enter the environment through 

various anthropogenic pathways as illustrated in Figure 2, which depicts the pathways and 

environmental impacts of PGS arising from human and industrial sources. A significant portion of 

PGS consumed by humans enters the bloodstream, then undergoes metabolism in the liver, 

resulting in various PGS derivatives. These forms are then excreted either unmodified or as 

metabolites through urine and feces, eventually makes their way to the wastewater treatment plants 

(WWTPs). Conventional WWTPs are often incapable of thoroughly removing steroid hormones, 

leading to measurable concentrations of effluent PGS being discharged into both aquatic and non-

aquatic environments, such as lakes, rivers, and soil [34]. Additionally, certain agricultural 

practices and livestock farming contribute to the leaching of PGS into the soil and water bodies 

through surface runoff and infiltration [35]. Improper disposal of waste from the pharmaceutical 

manufacturing industry is another pathway through which high levels of PGS enter our 

environment. Once present in nature, PGS can cycle between aquatic and non-aquatic 

environments, posing potential risks to many ecosystems. Moreover, household products like 

creams and lotions introduce PGS into the aquatic environment via domestic wastewater [36]. 

Several studies have reported high levels of PGS in regional water bodies, with concentrations in 

the ng L-1 range, including concentrations as high as 16,689 ng L-1 in the Kalansanan River in 
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Malaysia [37][38][39][40][41]. These findings highlight the prevalence of PGS in the environment 

and the need for improved wastewater management and treatment strategies to mitigate its 

environmental impacts.  

 

 

Figure 2: Sources and pathways for the occurrence of progestins in the environment. Adapted 

from M.J. Rocha and E. Rocha, “Synthetic Progestins in Waste and Surface Waters: 

Concentrations Impacts and Ecological Risk”, Toxics, Vol. 10, no. 4, p. 163, 2022. [Online]. 

Available: https://doi.org/10.3390/toxics10040163. Licensed under CC BY 4.0. 

 

1.3.5 Potential threats and ecosystem 

PGS poses a significant threat to humans and ecosystems and is found in various environmental 

sources like water bodies, and foods [42][37]. The WHO has identified PGS as a Contaminants of 

Emerging Concern (CECs).These are chemicals and substances that pose a threat to human health 

and aquatic life, and are being detected at increasing levels in the environment [17]. These CECs 

are not fully understood yet and are a major focus of ongoing research. PGS happens to fall under 

the category of PPCPs and EDCs from the list of CECs due to its extensive application in the 

pharmaceutical industry and its potential interference with the endocrine system. PGS remains 

https://doi.org/10.3390/toxics10040163
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biologically active long after excretion, posing a significant treat to human health and aquatic 

ecosystems.  

Studies have shown that exposure to high levels of PGS reduces embryotic development, causing 

abnormalities and increasing mortality in some species [43][44][45]. Notably, exposure to PGS 

have been linked to significant disruption in rainbow trout, leading to the development of eggs 

within the testes of male fish and intersex conditions where fish exhibit both male and female 

characteristics [46][47]. The hormonal imbalances caused by PGS result in physiological 

alterations and reproductive issues, which can create a cascading effect throughout the food chain, 

leading to a systematic imbalance in aquatic ecosystems. Furthermore, PGS is known to 

bioaccumulate in aquatic organisms, leading to higher and higher concentrations up the food chain, 

making larger organisms more susceptible to physical and developmental irregularities [48]. 

 The consequences of PGS contamination extend beyond aquatic species. PGS is also known to 

disrupt soil microbes necessary for nutrient cycling and plant growth, impacting soil health and 

fertility [49]. This disturbance to the terrestrial ecosystem can cause adversely affect food sources 

and indirectly expose humans through consumption [50].  The presence of PGS thus poses multiple 

threats to human health and the ecosystem, although the full extent of its damage remains unknown 

[51].  

1.3.6 Treatment of Progesterone Pollution 

To mitigate the detrimental effects of PGS pollution on ecosystems, it is crucial to establish 

effective treatment methods. Prevention is the best approach, starting with the developing 

sustainable disposal procedures should be the initial course of action. For PGS that is excreted by 

the body, utilizing advanced filtration and degradation technologies and optimizing wastewater 

treatment facilities are effective treatment practices.  One effective method for removing PGS from 

wastewater is the use of activated carbon, which effectively adsorbs PGS onto its surface [52]. 

However, this technology has drawbacks, including high cost, regeneration and disposal issues, 

limited adsorption capacity, and environmental impact [53][54].  

Another method for removing PGS from water is advanced oxidation processes (AOPs). AOPs, 

such as ozonation, UV/H2O2, and Fenton reactions, degrade PGS into less harmful compounds 

using highly reactive species [55][56]. Despite their effectiveness, AOPs have limitations, 

including high energy costs, potential hazardous byproduct formation, and the need for highly 
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specialized equipment for handling reactive species [57][55]. Technologies such as nanofiltration 

and reverse osmosis are also effective but are costly and require regular maintenance [58][59]. 

Additionally, biological treatment methods have also shown promise in managing PGS pollution 

in water sources. Microbes in bioreactors and constructed wetlands can break down PGS into 

harmless compounds, offering a sustainable, cost-effective treatment option [60]. However, the 

effectiveness of this approach is highly sensitive to microbial activity, treatment time, and 

environmental conditions such as temperature, pH, oxygen, and nutrient availability [61][62].   

While advanced methods for PGS removal exist, their widespread use is limited by cost and 

complexity [51]. Sustainable bio-treatment methods are appealing but depend heavily on specific 

conditions. To address this issue, a combination of responsible disposal, and the development of 

new, more efficient treatment solutions is required. This comprehensive approach can effectively 

manage PGS and protect the environment.  

1.4 Molybdenum Disulfide (MoS2) 

1.4.1 Background 

Molybdenum disulfide (MoS2) has recently garnered significant interest due to its unique 

properties and wide range of applications. MoS2 is a layered transition metal dichalcogenide 

(TMD) consisting of a transition metal atom (molybdenum) between chalcogen atoms (sulfur), 

held together by weak Van der Waals forces that allow it to exfoliate into thin monolayer sheets 

[63]. Several methods exist for synthesizing molybdenum disulfide, each yielding specific 

properties. MoS2 was first used as a dry lubricant in industrial applications because of its low-

friction coefficient and high temperature stability [64]. It has since found applications in advanced 

technologies such as catalysis and photocatalysis, transistors and sensors, energy storage, and 

semiconductors [65][66][67]. MoS2 is particularly valued in electronic applications due to its 

physical, chemical, and electronic properties. 

 In catalysis, MoS2 has exhibited significant potential, particularly in the hydrogen evolution 

reaction (HER), due to its numerous active sites for catalytic reactions [68]. Its catalytic 

performance can be further improved with the use of dopants and the creation of defects [69]. 

Recently, MoS2 has gained popularity in environmental applications, especially in water treatment. 

MoS2 offers a high surface area, superior chemical stability, and a strong affinity for adsorbing and 
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degrading contaminants like heavy metals and organic pollutants in water [70][71][72]. The use 

of MoS2 in environmental applications is certainly a promising area of research. 

1.4.2 Removal mechanism of organic pollutants by MoS2 nanoparticles  

Several removal mechanisms are involved in the treatment of organic pollutants using MoS2, with 

adsorption being the most dominant. Molybdenum disulfide has a high surface area, providing 

numerous active sites for water contaminants to adsorb [72]. Depending on the contaminant and 

conditions, this adsorption involves various interactions, including Van der Waals forces, 

hydrophobic interactions, or 𝜋 − 𝜋  interactions [73]. Another removal mechanism is 

photocatalysis, where MoS2 effectively degrades organic pollutants by generating electron-hole 

pairs due to its direct bandgap of 1.8 eV. These holes emerge on the surface of MoS2, forming 

reactive oxygen species (ROS) like hydroxyl radicals (∙ 𝑂𝐻) and superoxide anions (O2∙-). These 

ROS then break down the organic compounds into less harmful molecules, eventually mineralizing 

into water and carbon dioxide [74].  

Catalytic degradation is another mechanism, particularly in Fenton-like reaction and other 

degradation processes catalyzed by MoS2. MoS2 facilitates the breakdown of hydrogen peroxide 

(H2O2), and transition metal ions activate H2O2, producing strong hydroxyl radicals that 

decompose organic contaminants into simpler, less hazardous compounds [75]. In conclusion, 

multiple removal mechanisms can be involved in treating organic pollutants with MoS2, and 

synergistic effect may occur when these mechanisms work together. Adsorption/desorption studies, 

isotherm modeling, and control experiments can help identify the specific removal mechanisms at 

play [76].  

1.4.3 Defects and improvement techniques of MoS2 

Introducing defects in MoS2 can significantly enhance its performance, tailoring the material to 

specific applications. The most common defect is the introduction of sulfur vacancies, which 

improve MoS2’s electronic and catalytic properties [77]. Molybdenum vacancies may also affect 

these properties, though their impact is less pronounced [78]. Additionally, doping with other 

elements has been shown to alter MoS2’s properties, especially in industrial, optical, and electrical 

applications [79][69][80]. During the synthesis, attaching functional molecules or coating MoS2 

with polymers has also been shown to enhance its catalytic properties and environmental 

degradation performance, respectively [81][82]. Furthermore, exfoliation techniques can be used 
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to produce monolayer or few-layer MoS2, improving its optical and electrical properties. Common 

methods include liquid-phase exfoliation, mechanical exfoliation, and chemical exfoliation 

[83][84]. These are just a few of many ways that have been explored to optimize MoS2 

nanoparticles for specific applications. 

1.4.4 Previous application of MoS2 for the removal of progesterone 

At the time of this study, no research had been conducted on the removal of PGS using MoS2. This 

gap in the literature illustrates the necessity and originality of this research. While there have been 

studies regarding the removal of heavy metals in water using MoS2 showing excellent results,  

scant research has been conducted in relation to organic pollutants and steroid hormone removal 

[85]. Some studies have successfully used MoS2 to treat CECs from water, such as organic dyes 

and the antibiotic ciprofloxacin [86]. The unique properties of MoS2 suggest it could be effective 

in removing organic pollutants, including hormones. Its high surface area, numeration activation 

sites and physiochemical interactions, along with its potential for photocatalytic degradation, make 

MoS2 a strong candidate for PGS removal.  

1.4.5 Benefits of MoS2 over NZVI 

In the early efforts to remove PGS from water, nanoscale zero valent iron (NZVI) was extensively 

studied. Numerous batch experiments were conducted using various forms of NZVI, including 

bare NZVI, magnesium-coated NZVI, NZVI-oxalate nanocomposite, NZVI-EDT nanocomposites 

as summarized in Supplementary Table 1. However, none of these methods showed significant 

promise. The primary disadvantage of using NZVI is its rapid oxidation in the presence of PGS, 

possibly due to a chelating effect that accelerates NZVI oxidation [87].  After filtering the NZVI, 

the samples would quickly turn yellow, interfering with the UV-spectrophotometry analysis.  

Various solutions to prevent this rapid oxidation were investigated, such as adding H2O2 and 

ascorbic acid as reducing agents to donate electrons in the redox reaction. While theoretically 

promising, these approaches proved insufficient in practice, leading to further issues such as PGS 

precipitation. These findings are also summarized in Supplementary Table 1. Diluting the samples 

and modifying the analytical procedure were similarly ineffective.  

Long-term experiments using NZVI nanoparticles demonstrated better results, as can be seen in 

Supplementary Table 2 and Supplementary Table 3. The highest removal efficiency achieved was 
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between 24-36 hours with a measured removal efficiency of over 70%. However, this considerable 

contact, combined with the instability of PGS under various conditions, as illustrated in Figure 4, 

suggests that the high removal efficiency may be due to the physical and chemical breakdown of 

the PGS molecule and/or its instability in long-term storage, rather than the direct interaction with 

NZVI nanoparticles. These experiments indicate that NZVI is incompatible with effectively 

removing PGS from water, primarily due to undesired oxidation. Further modification of NZVI 

may yield more promising results.  

1.5 Research aim and objectives 

The purpose of this study is to investigate the effectiveness of MoS2 nanoparticles in removing 

PGS from water. This research aims to fill the gap in the current literature by exploring a novel 

water remediation technique, evaluating its performance, and suggesting practical applications for 

MoS2 in treating water contaminated with steroid hormones like PGS. This study seeks to 

contribute to the development of innovative water treatment technologies. The detailed objectives 

are as follows:  

• Design an experimental procedure. 

• Synthesize MoS2 nanoparticles using a simple hydrothermal method. 

• Characterize MoS2 nanoparticles to reveal their physicochemical properties and verify 

their structure.  

• Evaluate the performance of MoS2 nanoparticles in treating PGS-contaminated water 

under varying conditions of pH, temperature, MoS2 dosage, and initial PGS concentration. 

• Optimize the conditions to maximize PGS removal efficiency. 

• perform desorption experiments to determine the removal mechanism of PGS by MoS2 

nanoparticles. 

• Analyze the experimental results using kinetic modeling to understand the interaction 

between PGS and MoS2 nanoparticles. 

• Assess the economic feasibility of using MoS2 at an industrial scale and propose potential 

future investigations. 

By successfully achieving these objectives, this study will provide a comprehensive understanding 

of the effectiveness of MoS2 nanoparticles in treating PGS-contaminated water.  
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1.6 Thesis outline 

The master’s thesis framework comprises four chapters: 

Chapter 1: This chapter provides a background on water pollution by PPCPs and EDCs, with a 

focus on progesterone. It also explores treatment approaches, discusses MoS2’s current use in 

treating contaminated water, and identifies gaps in existing research. Furthermore, it examines the 

occurrence, fate, health risks, and ecotoxicity of PGS. The aims and objectives are discussed near 

the end of the chapter, along with the thesis outline. 

Chapter 2: This chapter creates a catalogue of the chemicals used, details the step-by-procedure 

for synthesizing MoS2, and describes the characterization methods employed. Additionally, the 

analytical tools, modeling techniques, and batch experiments are discussed.  

Chapter 3: This chapter presents a comprehensive investigation of MoS2 nanoparticles for the 

removal of PGS, including treatment techniques, removal mechanisms, and performance 

evaluation under various conditions. This chapter also delve into economic feasibility and the 

potential impact of water matrix components on the removal process.   

Chapter 4: This chapter highlights significant findings and conclusions and offers suggestions for 

future research. 
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Chapter 2 
 

Materials and Methods 
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2.1 Chemicals and materials 

 

Table 1: List of chemicals used for this study. 

Chemical Name Specification Company Application 

Progesterone 

C12H30O2, 

MW=314.46 g mol-1, 

Purity > 98% 

TCI, Japan 

 

Preparation of PGS 

stock solution 

Ammonium 

Molybdate 

Tetrahydrate 

(NH4)6MO7O24 ∙ 4H2O, 

MW=1236.03 g mol-1, 

Purity = 99% 

FUJIFILM Wako 

Pure Chemical 

Corporation, Japan 

MoS2 nanoparticle 

synthesis 

Thiourea 

CH4N2S, 

MW= 76.14 g mol-1, 

Purity = 99% 

Sigma-Aldrich, 

USA 

MoS2 nanoparticle 

synthesis 

Ethanol 

C2H5OH, 

MW = 46.07 g mol-1, 

Purity = 99.5% 

FUJIFILM Wako 

Pure Chemical 

Corporation, Japan 

Dissolving PGS into 

the stock solution 

Sodium hydroxide 

NaOH, 

MW= 40.00 g mol-1, 

Purity = 97% 

JENSEI, Japan 
pH adjustment and 

desorption  

Hydrochloric acid 

HCl, 

MW = 36.46 g mol-1, 

Standard content = 35 ~ 

37% 

FUJIFILM Wako 

Pure Chemical 

Corporation, Japan 

pH adjustment 
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2.2 Synthesis of Molybdenum Disulfide (MoS2) 

Molybdenum disulfide was synthesized following the hydrothermal method described by Zhou et 

al. [88] and summarized in the following equation: 

 (𝐍𝐇𝟒)𝟔𝐌𝐎𝟕𝐎𝟐𝟒 ∙ 𝟒𝐇𝟐𝐎 + 𝟐𝟏𝐂𝑪𝑯𝟒𝑵𝟐𝑺 → 𝟕𝑴𝒐𝑺𝟐 + 𝟐𝟏𝑪𝑶𝟐 + 𝟑𝟗𝑵𝑯𝟑 + 𝟐𝟎𝑯𝟐𝑶        (1)    

 In this method, 0.6g of ammonium molybdate tetrahydrate ((NH4)6MO7O24 ∙ 4H2O) and 1.2g of 

thiourea (CH4N2S) were dissolved and added to 70 mL of ultrapure deionized (UPDI) water while 

stirring vigorously. The mixture was then transferred to a 100 mL Teflon-lined stainless-steel 

autoclave and kept at 200°C for 20 hours. The autoclave was subsequently removed and set aside 

to cool to ambient temperature. Upon cooling, the mixture was placed into a centrifuge, and the 

precipitate was collected and washed three times with anhydrous ethanol and UPDI water. The 

precipitate was placed in a vacuum dryer at 70°C overnight. The final step involved heating the 

powder from 200° at an increasing rate of 10°C min-1 for 2 hours to introduce sulfur defects and 

oxygen incorporation, as expounded by Zhou et al. [88]. The crystalline structure and chemical 

composition of MoS2 were evaluated using X-ray diffraction analysis (XRD, Smartlab, Rigaku, 

Japan). 

2.3 Characterization of nanomaterials  

The physicochemical properties of MoS2 were characterized using advanced analytical 

instruments, including X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), and scanning 

electron microscopy (SEM). The following subsections detail each of these methods. 

2.3.1 X-ray Diffraction (XRD)  

X-ray diffraction (XRD) analysis is an advanced non-destructive characterization tool that directs 

X-rays at a crystalline sample and measures the angle and intensity of the diffracted beams. These 

diffracted beams help determine the spacing between the crystalline planes and provide 

information on the material’s physicochemical structure [89][90]. The relationship between the 

incident angle of the scattered beams and the material’s lattice planes is described by Bragg’s Law: 

 𝒏𝝀 = 𝟐𝒅𝒔𝒊𝒏𝜽                               (2) 

Where n is the order of reflection, 𝜆 is the wavelength of the incident ray, d is the spacing between 

the crystalline planes, and 𝜃 is the incident angle [91]. The crystallographic structure, chemical 
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composition, and physical properties of MoS2 were analyzed using XRD both before and after 

treating PGS. This analysis was performed using the D8 Advance (Bruker, Germany) for the clean 

MoS2 sample then the TTR Rigaku diffractometer (Rigaku, Tokyo, Japan) was used for spent 

sample after treating PGS. The devices used Cu kα radiation to produce X-rays with a wavelength 

of 1.5418 Å and a power output of 50 kV and 300 mA. Furthermore, the scanning angle was 

configured to a range between 0° and 90° at a scanning rate of 2° per minute.  

2.3.2 Brunauer-Emmett Teller (BET) 

Brunauer-Emmett-Teller specific surface area (SSABET) analysis measures the area per unit mass 

of a nanomaterial using gas adsorption techniques involving argon, krypton, or nitrogen [92]. In 

this study, the specific surface area and nitrogen adsorption-desorption isotherms for MoS2 

nanoparticles were determined at 77.15 K using a 3Flex surface characterization analyzer 

(Micromeritics Instrument, USA). Prior to analysis, the MoS2 was heated and degassed at 623.15 

K for two hours under a continuous flow of nitrogen gas to ensure the complete removal of any 

contaminants. 

2.3.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) collects data on the surface topography of nanomaterials by 

using a focused electron beam to scan the surface [93]. Although transmission electron microscopy 

(TEM) provides higher-resolution images compared to SEM, TEM analysis and sample 

preparation are more complex and time-consuming [94]. SEM images of the samples were 

captured using a JSM-IT700HR microscope (JEOL Ltd., Japan) at an operational voltage of 15 kV. 

This method allows for a detailed examination of changes in surface structure and morphology, 

providing important insights into the effects of PGS treatment on MoS2 nanoparticles. Additionally, 

the SEM’s relatively simple sample preparation and faster imaging capabilities make it the ideal 

method for surface characterization in this research. 
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2.4 Experimental procedures 

2.4.1 Batch adsorption experiments  

To investigate the effects of different parameters on the removal efficiency of PGS using MoS2, 

the experimental design in Table 2 was carefully followed. 15 different modifications of MoS2 

were prepared using different synthesis methods and doping ratios. Initially, a preliminary 

investigation was conducted to determine which MoS2 had the highest potential in removing PGS 

from water. Once this was completed and a single MoS2 synthesis method was selected, 

comprehensive investigations on the selected MoS2 were conducted. The MoS2 dosage 

optimization experiment was executed by carefully measuring 4, 12, 20, 29, 40, and 60 mg of 

MoS2 using a SHIMADZU ATX224 (SHIMADZU Co., Kyoto, Japan) analytical balance. These 

measured masses were then transferred into vials, followed by the addition of 10 mL of UPDI 

water. The water was sprayed onto the weighing dish to clean off any residue, and then it was 

decanted into the vials. The vials were ultrasonicated for 30 minutes to promote the dispersion of 

nanomaterials in the water.  

Table 2: Batch experiment design for PGS removal using MoS2. 

Isolated variable 
[PGS] 

(mg L-1) 

MoS2 dosage 

(mg L-1) 
Initial pH Temperature (°C) 

Primary Conditions 20 100 7 25 

Optimizing MoS2 dosage 20 20-300 7 25 

Optimizing initial pH 20 20 3 − 10 25 

Optimizing reaction 

temperature 
20 20 7 15−55 

Optimizing PGS 

concentration 
5−30 20 7 25 

 

During ultrasonication, 200 mL Erlenmeyer flasks were set up for the batch experiment. Each flask 

was filled with 190 mL of the stock solution. After 30 minutes, the vials were removed from the 
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ultrasonic bath, and their contents were poured into the Erlenmeyer flasks containing the stock 

solution to make up 200 mL. The vials were then backwashed with the stock solution, as needed, 

to ensure the complete transfer of material. The flasks were positioned on a magnetic stirrer with 

a rubber stopper and agitated at 1000 rpm and 25 °C. After a designated contact period between 

MoS₂ and the contaminant, the stirrer was stopped for 5 minutes to allow some particulates to settle 

before sample extraction. Samples were extracted using a syringe, dispensed through a 0.45-μm 

filter (ADVANTEC Dimic, Japan), and collected in sample vials for analysis. The sampling 

procedure was repeated to obtain multiple samples for comprehensive analysis. This entire 

experimental procedure is illustrated schematically in Figure 3. 

 

Figure 3: Schematic of batch experiment set up for the removal of PGS using MoS2. 

 

To investigate the effects of pH on removal efficiency, sodium hydroxide (NaOH) and 

hydrochloric acid (HCl) were used to modify the pH of 190 mL of PGS stock solution. The pH of 

the solutions was carefully modified to 3, 5, 7, and 10 using a Horiba LAQUA D-210P. 

Subsequently, 20 mg of MoS₂ was measured, ultrasonicated, and decanted into the 200 mL flasks. 

The pH was also recorded at the end of the experiment to ensure accuracy. 

To assess the impact of temperature on the removal efficiency, the magnetic stirrer was preheated 

for 1 hour to ensure a consistent temperature throughout the 190 mL of stock solution before 

adding the 10 mL of ultrasonicated MoS₂-water mixture, starting the reaction. The temperatures 

tested were 15°C, 25°C, 35°C, 45°C, and 55°C. After preheating, 4 mg of MoS₂ was added to the 

preheated stock solution, and the mixture was agitated at 1000 rpm. Following the designated 
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contact period, samples were extracted and filtered as described above to analyze the effects of 

temperature on contaminant removal. 

To assess the impact of initial contaminant concentration, a PGS stock solution with an initial 

concentration of 30 mg L-1 was prepared. This stock solution was then diluted to create a series of 

solutions with concentrations of 25, 20, 15, 10, and 5 mg L-1. Subsequently, 10 mL of UPDI water 

containing 4 mg of ultrasonicated MoS₂ was added to 190 mL of each solution and agitated at 1000 

rpm and 25°C. Following contact, samples were processed to determine how the initial PGS 

concentration impacted its removal. 

2.4.2 Desorption and recycling experiment 

To quantify the contribution of the adsorption mechanisms involved in the removal of PGS using 

MoS2 nanoparticles, it is important to conduct a desorption experiment. After treating the PGS 

solution with MoS2 nanoparticles, the nanoparticles were reclaimed using a vacuum filtration setup 

equipped with a 45-μm filter. The spent MoS2 nanoparticles were placed in 0.2 L of 1 M NaOH 

solution while stirring at 1000 rpm and 25°C for 3 hours [95]. Recycling spent MoS2 nanoparticles 

for multiple treatment cycles is important for enhancing sustainability and cost-effectiveness [96]. 

Evaluating the reusability of MoS2 nanoparticles is crucial for environmental applications [97]. 

The regenerated MoS2 nanoparticles from the desorption experiment were used for three treatment 

cycles, and the removal efficiencies were recorded after 1 hour of contact.  

2.4.3 Longevity and storage experiment for progesterone solution 

The longevity and storage conditions of PGS were carefully studied over a period of 3 days. 

Solutions containing 20 mg L-1 of PGS were subjected to various temperatures, agitation speeds, 

and light exposure to determine their effects on the concentration of PGS. The UV-spectroscopy 

absorbance values were recorded to monitor any changes. The results of this experiment are 

illustrated in Figure 4. 
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Figure 4: Stability of PGS solution over 3 days under various conditions of temperature, 

agitation and light exposure: 25°C, 1000 rpm, light (blue); 50°C, 1000 rpm, light (orange); 25°C, 

1000 rpm, dark (gray); and 3°C, 0 rpm, dark (yellow). 

 

Under the condition of 25°C with 1000 rpm agitation and light exposure, the absorbance values 

showed a steady decrease from 0.619 at the time of preparation to 0.124 on Day 3, indicating 

significant degradation of PGS under these conditions. By increasing the temperature to 50°C with 

similar agitation rate and light exposure, the absorbance values increased from 0.619 on Day 0 to 

a peak of 0.945 on Day 2 before decreasing to 0.329 on Day 3. This suggests an initial 

accumulation or concentration of some intermediates or breakdown products, followed by their 

degradation. 

Next, the temperature was adjusted back to 25°C with 1000 rpm agitation and no light exposure 

(the sample was covered with aluminum foil). The absorbance initially decreased to 0.322 on Day 

1 but increased to 0.959 by Day 3. This indicates possible photodegradation in light-protected 

conditions followed by reformation or stabilization of PGS or its byproducts. 

Under the condition stored at 3°C with no agitation and no light exposure (stored in the fridge), 

the absorbance values showed minor fluctuations, decreasing from 0.619 on the day of preparation 

to 0.289 on Day 2, followed by a slight increase to 0.358 on Day 3. This indicates that lower 
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temperature and no light exposure helped maintain the stability of PGS with minimal degradation. 

Overall, the results suggest that light exposure and higher temperatures significantly accelerate the 

degradation of PGS. Furthermore, cooler, dark storage conditions help maintain its stability. The 

data also indicate that the preparation of the stock solution and its use should be conducted on the 

same day to prevent any degradation of PGS, which could cause unreliable results. 

2.4.4 Sampling procedure valuation criteria 

The experiment commenced by adding a specific amount of MoS2 nanoparticles to the PGS 

solution in an Erlenmeyer flask. The flask was then placed on a magnetic stirrer (HSH-6D, AS 

ONE Corporation, Japan) set to 1000 rpm and a desired temperature. Samples were drawn from 

the flask at specific times depending on the experiment (ranging from 5 minutes to 2 hours) using 

a syringe (10 mL Luer lock, TERUMO, Japan). These samples were immediately filtered through 

a 0.45-micrometer filter (FILSTAR, Hawach Scientific, China) and stored for later analysis. The 

ability of MoS2 to remove PGS was then measured by calculating removal efficiency [98]:  

 𝑹𝒆𝒎𝒐𝒗𝒂𝒍 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) =  
(𝑪𝒊−𝑪𝒕)

𝑪𝒊
× 𝟏𝟎𝟎% (3) 

Where Ci represents the initial concentration of PGS (mg L-1), and Ct represents the concentration 

at a specific time (min).  

2.5 Analytical instruments  

The concentration of the contaminant, PGS, in water samples was determined using UV-vis 

spectrophotometry (UV-1280, SHIMADZU, Japan). This method involves measuring the amount 

of light absorbed by the sample at a specific wavelength of 250 nm. To ensure accuracy, the 

instrument was first calibrated using standard solutions containing known concentrations of PGS 

(0.25, 0.5, 1, 5, 10, 15, and 20 mg L-1). A calibration curve was generated by plotting the 

absorbance values recorded at 250 nm using the UV-1280 against their corresponding PGS 

concentrations, as depicted in Figure 5. This curve establishes a relationship between the measured 

absorbance and the actual PGS concentration in the unknown samples [99]. 
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Figure 5: Calibration curve of PGS. 

 

The calibration curve equation is denoted as: 

𝒀 = 𝟑𝟖. 𝟐𝟎𝟓𝑿 − 𝟎. 𝟑𝟕𝟒𝟕                        (𝟒) 

Where Y represents the PGS concentration (mg L-1) and X represents the absorbance value 

measured by the UV-1280. 

The calibration curve in Figure 5 demonstrates excellent linearity, indicated by a determination 

coefficient (R2) of 1. This confirms the accuracy of the UV-vis spectrophotometry for PGS 

concentration measurements. For accurate measurement of PGS using MoS2, samples were diluted 

with UPDI water prior to UV-1280 analysis. This dilution step was necessary to prevent excessive 

extraction of MoS2 nanoparticles suspended in the water. Additionally, the mixing was stopped for 

5 minutes to allow some of the suspended nanoparticles to settle at the bottom, further ensuring 

that minimal MoS2 was extracted.  
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2.6 Modelling of progesterone adsorption 

Kinetic modeling analysis was performed to understand the adsorption kinetics involved in the 

removal of PGS using MoS2 nanoparticles. Furthermore, kinetic modeling elucidates the 

interaction mechanics by providing numerical results that distinguish between different adsorption 

types, such as physical adsorption and chemical adsorption [100]. 

2.6.1 Kinetic modeling 

The kinetic analysis provides insight into the rate of PGS adsorption under various conditions and 

also estimates the speed at which adsorption takes place [101]. There are several models used to 

determine the kinetics of an adsorbent; however, the ones chosen for this study are Pseudo first-

order, pseudo second-order, Elovich and intraparticle diffusion.  

2.6.1.1 Pseudo-first order modeling 

To describe the adsorption kinetics of PGS on the surface of MoS2 nanoparticles, Lagergren 

proposed a pseudo-first order model with the following differential equation [102][103]: 

𝐝𝐪𝐭

𝐝𝐭
= 𝐤𝟏(𝐪𝐞 − 𝐪𝐭 ) 

 

After some integration, the previous equation can be simplified with some boundary conditions 

as follows [104]: 

 

 𝐥𝐧(𝐪𝐞 − 𝐪𝐭) = 𝐥𝐧(𝐪𝐞) − 𝐤𝟏𝐭 (4) 

2.6.1.2 Pseudo-second order modeling  

Building on Lagergren’s work, Blanchard et al. employed a pseudo-second-order model to 

characterize the removal of heavy metals by natural zeolites [105]. This model can be expressed 

through the following differential equation:  

𝐝𝐪𝐭

𝐝𝐭
= 𝐤𝟐(𝐪𝐞 − 𝐪𝐭)

𝟐 

After some integration with the assumed boundary conditions of time (t) = 0 and amount of 

absorbate absorbed (q) at time t = 0. The equation can be expressed as follows:  
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𝐭

𝐪𝐭
=

𝟏

𝐤𝟐𝐪𝐞
𝟐 +

𝐭

𝐪𝐞
 (5) 

2.6.1.3 Elovich model  

In 1934, Roginsky and Zeldovich introduced the Elovich model to describe the chemosorption of 

carbon monoxide on the surface of manganese dioxide and is expressed by the following equation 

[106]: 

𝐝𝐪𝐭

𝐝𝐭
= 𝛂 𝐞𝐱𝐩 (−𝛃𝐪) 

Integrating the equation takes the following form: 

 𝐪𝐭 =
𝟏

𝛃
𝐥𝐧(𝟏 + 𝛂𝛃𝐭)  (6) 

2.6.1.4 Intraparticle diffusion model 

Weber and Morris introduced the intraparticle diffusion model in 1962 to further understand the 

adsorption processes and derived the following equation [107]:  

 𝐪𝐭 = 𝐤𝒊𝒏𝒕𝒓𝒂 ∙  𝐭𝟎.𝟓 + 𝐂 (7) 

These kinetics models provide an insight on the removal mechanism involved between PGS and 

MoS2 nanoparticles. It also helps to reinforce the other investigations on the removal mechanism.  
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Chapter 3  

Results and Discussion 
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3.1 Characterization of MoS2 

3.1.1 Scanning electron microscopy (SEM) 

Scanning Electron Microscopy (SEM) analysis revealed key characteristics of the synthesized 

MoS2 nanomaterial. Figure 6 displays an image of MoS2 exhibiting an irregular, clustered 

morphology with particle sizes ranging from approximately 2 μm down to much smaller 

nanoparticles, indicating a heterogeneous size distribution. The nanoparticles appear to be 

aggregated to minimize the high surface energy [108]. Furthermore, a rough, uneven surface 

texture can be seen along with potential porosity between the small clusters, suggesting a high 

surface area for adsorption and catalytic reactions since they offer more active sites to interact with 

contaminants [109]. Overall, the SEM image of MoS2 reveals a highly agglomerated structure with 

many surface irregularities and a heterogeneous size distribution. These characteristics typically 

indicate a high surface area with many activation sites, making these nanoparticles pertinent for 

water treatment applications [110]. The chosen synthesis method appears successful in producing 

high-quality nanomaterials with the desired structural features. 

 

Figure 6: SEM image of MoS2 nanoparticles. 
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3.1.2 X-ray diffraction analysis (XRD) 

The crystalline structure and composition of the MoS₂ nanoparticles were examined using X-ray 

diffraction analysis (XRD, TTR, Rigaku Ltd., Japan). Figure 7 summarizes the XRD patterns for 

the MoS₂ nanoparticles. The XRD analysis in Figure 7 highlights several broad diffraction peaks 

corresponding to the structure of MoS₂. The most intense peak is observed at 2θ = 14.4°, which 

corresponds to the (002) plane. This demonstrates a large surface area with single layer stacking 

of crystalline MoS2 along the c-axis, which is linked by weak Van der Waals bonding [111][112] 

[113]. Other prominent peaks appear at 2θ = 32.7°, 39.5°, and 58.3°, which can be attributed to the 

(100), (103), and (110) planes, respectively. These peaks confirm MoS2 hexagonal structure, high 

crystallinity, nanoscale and purity [112][114]. These qualities are essential to a material’s 

performance in many different applications including adsorption and catalysis.  

 

Figure 7: XRD analysis for MoS2 nanoparticles.  

3.1.3 Brunauer-Emmett-Teller Microscope (BET) 

BET analysis of MoS₂ shows a moderate surface area of 0.241 m²/g with mesopores using Barrett-

Joyner-Halenda (BJH) analysis, suggesting some restrictions on total adsorption capacity. 

However, the existence of mesopores indicates the possibility of use in operations that involve the 

diffusion of larger molecules, such as catalysis and pollutant elimination. Moreover, the 
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nanoparticle demonstrates consistent and predictable adsorption-desorption characteristics, 

indicating its suitability for the removal of water contaminants in environmental applications. 

3.2 Effects of MoS2 dosage 

The effects of MoS2 dosage on the removal efficiency of PGS were evaluated using various 

dosages ranging from 20 mg L-1 to 300 mg L-1. The optimal MoS2 was determined based on its 

removal efficiency and minimal nanomaterial usage to ensure cost-effectiveness. The exact 

parameters for this analysis are summarized in Table 2. Figure 8 presents the results achieved from 

the MoS2 dosage analysis after 1 hour and 2 hours of treatment time. Figure 8a shows the removal 

efficiency of PGS after 1 hour of treatment time at varying MoS2 dosages. The highest removal 

efficiency was achieved with 20 mg L-1 of MoS2, reaching a peak of 93.79%. However, as the 

dosage increased, the removal efficiency experienced slight drops: approximately 3.6% from 20 – 

60 mg L-1, 1.4% from 60 – 100 mg L-1, and 4.1% from 100 – 145 mg L-1. The lowest removal 

efficiency was observed after 1 hour of treatment at 85.49% using 145 mg L-1 of MoS2 

nanoparticles. Furthermore, after 145 mg L-1, the removal efficiency began to rise steadily by a 

negligible amount, increasing by roughly 1% as the dosage increased. It is clear that beyond a 

certain dosage, any additional nanomaterial does not significantly enhance the removal efficiency. 

 

Figure 8: Effects of dosage (mg L-1) on the removal efficiency of 20 mg L-1 PGS solution after 1 

hour of treatment (a) and 2 hours of treatment (b) 

After 2 hours of treatment, the removal efficiency declined dramatically, as shown in Figure 8b. 

What was once 93.79% removal efficiency for 20 mg L-1 after 1 hour has plummeted to 66.11% 

after 2 hours of treatment. Furthermore, a similar trend was observed at higher dosages of MoS2. 
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It is also apparent in Figure 8b that as the MoS2 dosage increased, a drop in the removal of PGS 

was observed; however, a slight recovery at 300 mg L-1 was made. This trend may indicate that 

higher dosages of MoS2 may cause the nanoparticles to agglomerate, which would lower their 

effective surface area and activation sites, resulting in a lower removal efficiency. Furthermore, 

longer exposure times may also cause adsorbed PGS molecules to desorb from the surface of MoS2, 

leading to a reduction in removal efficiency [115][72].  

3.3 Effects of initial pH 

pH has a significant influence on the removal efficiency of nanomaterials [116][117]. The effects 

of initial pH values on the effectiveness of PGS removal by MoS2 nanoparticles were examined 

and the results are presented in Figure 9. In acidic conditions (pH 3 and pH 5) the removal 

efficiency after 1 hour, in Figure 9a, was quite similar, at 93.68% and 93.32%, respectively. 

Adsorption efficiency reached a maximum of 96.99% at pH of 7. This trend is also observed after 

2 hours of treatment, as can be seen in Figure 9b. This indicates that neutral conditions represent 

the optimal pH for PGS adsorption onto MoS2 nanoparticles. At pH 10, the removal efficiency 

dropped slightly after 1-hour and 2-hours, indicating that more alkaline conditions are not 

favorable for the removal of PGS. The fluctuations in removal efficiency at different pH levels 

could be due to changes in the surface charge of MoS2 nanoparticles and the ionization state of 

PGS [118]. Furthermore, the slight decrease in removal efficiency at pH 10 could be due to MoS2 

nanoparticles’ higher affinity towards hydroxide ions as opposed to PGS molecules [119]. Overall, 

this demonstrates that MoS2 is effective at removing PGS under all acidic conditions. 
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Figure 9: Removal efficiency of MoS2 in removing PGS for initial pH values of 3,5, 7 and 10 

after 1 hour of treatment (a) and 2 hours of treatment (b) 

3.4 Effects of initial concentration 

The relationship between the initial concentration of PGS and the removal efficiency using 20 mg 

L-1 MoS2 nanoparticles was investigated, and the results are depicted in Figure 10. On the left 

panel (Figure 10a), removal efficiency at individual initial PGS concentrations is represented after 

1 hour of contact time. On the right side (Figure 10b), the removal efficiency was recorded at 

contact times of 5, 10, 15, 30, 60, 90, and 120 minutes for various initial PGS concentrations.  

 

Figure 10: Effects of initial concentration of PGS (mg L-1) on its removal using MoS2 

nanoparticles. (a) represents the removal efficiency after 1 hour of contact. (b) represents the 

removal efficiency of different initial PGS concentrations over time. 

From Figure 10a, it is clear that the removal efficiency of MoS2 is excellent across all initial PGS 

concentrations, ranging from 5 mg L-1 to 30 mg L-1. At the lowest PGS concentration of 5 mg L-1, 

the removal efficiency was at 93.15%. Further increases in PGS concentration did not significantly 

impact MoS2 nanoparticle’s ability to treat PGS until reaching a peak removal efficiency of 98.19% 

at 20 mg L-1 PGS. Beyond this concentration, the nanoparticles’ performance decreased by around 

2% after an additional 5 mg L-1 and stagnated at 30 mg L-1. Figure 10b indicates that PGS is rapidly 

removed within the first 5 minutes of contact with MoS2 nanoparticles and then gradually stabilizes, 

achieving a near-maximum removal efficiency within 60-80 minutes of contact for all tested 

concentrations. This rapid adsorption indicates that MoS2 nanoparticles have a high affinity for 

PGS molecules. Furthermore, the subsequent stabilization in removal efficiency indicates that the 

adsorption sites on MoS2 become saturated over time, leading to equilibrium and some desorption.  
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Overall, these results indicate that MoS2 maintains high removal efficiency over time regardless 

of the initial PGS concentration.  

3.5 Effects of temperature and thermodynamic analysis 

The removal efficiency of PGS by MoS₂ nanoparticles was investigated at various temperatures 

and treatment durations. The results of this experiment are presented in Figure 11, which shows 

the removal efficiencies at temperatures of 25°C, 35°C, 45°C, and 55°C after 1 hour (a) and 2 

hours (b) of treatment.  

 

Figure 11: Removal efficiency of MoS2 nanoparticles in treating PGS at temperatures of 25°C, 

35°C, 45°C and 55°C after 1 hour (a) and 2 hours (b) of treatment. 

In the left panel, the highest removal efficiency of 92.01% was observed at 25°C; however, as the 

treatment temperature gradually increased, the removal efficiency grew retrogressively. By 

increasing the temperature to 35°C, the removal efficiency dropped by 4.17% and then by another 

6.52% at 45°C. At 55°C, the removal efficiency increased slightly to 84.89%. According to these 

results, PGS can be effectively removed by MoS2 within an hour at all investigated temperatures, 

however, the optimal treatment temperature to achieve maximum removal efficiency is 25°C. It is 

possible that the fluctuation in PGS removal at higher temperatures could be attributed to a change 

in adsorption kinetics and surface interactions between PGS and MoS2 nanoparticles [120]. Figure 

11b illustrates the removal efficiency after 2 hours of contact. It can be seen that it reached a 

maximum removal efficiency of 61.61% at 25°C then subsequently decreased as the temperature 

increased. The lowest removal efficiency observed was at 55°C with a value of 23.28%. The results 
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presented for the 2-hours treatment time clearly indicate a trend of rapid decreasing removal 

efficiency with increasing temperature. This figure suggests that prolonged contact at higher 

temperatures negatively impacts the adsorption capacity of MoS₂ nanoparticles. This reduction in 

removal efficiency may be attributed to the potential desorption of adsorbed PGS molecules or 

potential alterations in the crystallinity or morphology of MoS2 nanoparticles due to increased 

temperatures [115]. 

3.6 Reusability of MoS2 nanoparticles for multiple adsorption cycles 

A significant challenge of using adsorption mechanisms for wastewater treatment is the generation 

of sludge. However, reusing adsorbents significantly reduces sludge production [123][124]. To 

assess the sustained effectiveness of MoS2 nanoparticles, their reusability over multiple adsorption 

cycles needs to be explored. The experiment involved subjecting MoS2 nanoparticles to three 

consecutive adsorption cycles, as presented in Figure 12. Notably, the nanoparticles maintained a 

high and consistent removal efficiency throughout all cycles, demonstrating their reusability.  

 

Figure 12: Reusability of MoS2 nanoparticles for three PGS treatment cycles under the 

following adsorption conditions: Solution volume = 0.2 L, [PGS] = 20 mg L-1, [MoS2] = 20 mg 

L-1, pH = 7, Temperature = 25°C, mixing rate = 1000 rpm, contact time = 1 hour. 

 

MoS2 nanoparticles’ impressive reusable nature maintained a removal efficiency greater than 93% 

over the course of three treatment cycles. This demonstrates that it has the ability to reduce sludge 

generation, is cost-effective, and has high durability, making it ideal for field applications. 
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3.7 Removal mechanism of progesterone by MoS2 nanoparticles 

MoS2 nanoparticles exhibited high removal efficiency of PGS in water across all experimental 

conditions. This suggest that several removal mechanisms are involved, and understanding these 

principles allows for further optimization of MoS2 in water treatment applications. One of the 

primary mechanisms involved in the removal of PGS is adsorption. Adsorption is the process in 

which contaminants interacts with the surface of an adsorbent like MoS2 due to its innate properties 

[123]. For one, the MoS2 synthesized for this experiment has a relatively low surface area of 0.241 

m2 g-1 as demonstrated by the BET analysis. Comparatively, other studies reveal a surface area of 

80 m2 g-1 [114]. This could be due to the high agglomeration observed in Figure 6. However, this 

figure also depicts high porosity, which is challenging to measure using BET analysis, since these 

involve macropores that are greater than 50 nm in diameter, mesopores that are between 2-50 nm 

in diameter, and micropores that are below 2 nm in diameter as can be seen in Figure 13. 

 

Figure 13: The IUPAC classification of porous materials on the basis of pore diameter. Porous 

inorganic materials. Adapted from Y. Wang and X. Bu, “Porous Inorganic Materials,” Semantic 

Scholar. [Online]. Available: https://www.semanticscholar.org/paper/Porous-Inorganic-Materials-

Wang-Bu/38f02dcb99418e7ff3a972c3c2370e18531fc628. Licensed under CC BY 4.0. 

 

The nitrogen molecules used in the BET analysis may have difficulty accessing small micropores 

(<1 nm) due to kinetic restrictions at the operating temperatures [124]. Furthermore, narrow or 

complex pore structures may be unaccounted for in the BET analysis, leading to an underestimated 

surface area [127][128]. Additionally, adsorption can also occur by Van der Waals forces, which 

facilitate adsorption by inducing dipoles in the PGS molecules, leading to a weak but significant 

attraction [127]. Adsorption of PGS can also involve hydrogen bonding, as PGS contains 

https://www.semanticscholar.org/paper/Porous-Inorganic-Materials-Wang-Bu/38f02dcb99418e7ff3a972c3c2370e18531fc628
https://www.semanticscholar.org/paper/Porous-Inorganic-Materials-Wang-Bu/38f02dcb99418e7ff3a972c3c2370e18531fc628
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functional groups like hydroxyl and carbonyl groups that can participate in this bonding with 

interaction sites on MoS2 nanoparticles [128].  

Electrostatic interactions can also be a mechanism involved in the high removal efficiency of PGS, 

since MoS2 nanoparticles possess a surface charge. These charged nanoparticles can then attract 

oppositely charged PGS molecules, especially if the pH conditions are favorable. Neutral pH 

conditions are most favorable in promoting adsorption interactions, while acidic and alkaline 

conditions can affect electrostatic interaction due to the surface charge of MoS2 and the ionization 

state of PGS which could be seen in Figure 9 [129][128]. Additionally, PGS is known to be a 

hydrophobic molecule, and MoS2 exhibits hydrophobic properties [130][131]. This hydrophobic 

interaction between PGS and the nanoparticles’ surface can further enhance its adsorption affinity, 

and this interaction is more significant at neutral pH conditions [132]. Furthermore, both PGS and 

MoS2 contain 𝜋-electrons, which allow them to form 𝜋 − 𝜋 bonds. These bonds can form between 

the aromatic rings of PGS and the surface of MoS2. This bonding strengthens the adsorption 

process, increasing the overall removal efficiency [133]. The removal mechanism could also 

involve chemical interactions like coordination bonding due to the sulfur atoms in MoS2. These 

sulfur atoms have the ability to interact with functional groups in PGS, thus forming stable 

complexes which promote adsorption. This chemical removal mechanism is also highly sensitive 

to pH and temperature, which is consistent with the results discussed in previous sections [134].  

Lastly, the adsorption of PGS on the nanoparticles’ surface is a dynamic process governed by 

equilibrium between sorption and desorption. This is well illustrated in Figure 11b. At first, PGS 

molecules are quickly adsorbed due to the availability of binding sites on MoS2. After some time, 

these sites become occupied and an equilibrium state is achieved, where the rates of PGS sorption 

and desorption are balanced. This equilibrium state is influenced by many factors, such as dosage 

of MoS2, reaction temperature, initial concentration of PGS, and initial pH conditions. In 

conclusion, the removal of PGS using MoS2 is a complex process and could involve a synergistic 

removal mechanism. Furthermore, since Figure 12 indicates high MoS2 nanoparticle reusability, it 

suggests that the removal mechanisms work synergistically. The most prominent removal 

mechanism will be further validated through future studies, including detailed isotherm analysis, 

determination of the point zero charge (PZC), and a comprehensive thermodynamic analysis. 

These investigations will provide deeper insight into the material’s adsorption behaviour. 
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3.8 Kinetic analysis  

This study investigated the adsorption kinetics of PGS using various kinetic models, including 

pseudo-first order (PFO), pseudo-second order (PSO), intraparticle diffusion and the Elovich 

model. The analysis focuses on PGS concentrations ranging from 5 to 30 mg L-1 and provides 

insight into the adsorption mechanism, which is crucial for improving PGS removal efficiency 

[135]. 

The PFO and PSO models are characterized by four key parameters, as depicted in Table 3. R2 is 

the correlation coefficient, K1 and K2 are the rate constants for the PFO and PSO, respectively, qe 

is the equilibrium adsorption capacity, and the AICC is the Akaike information criterion [136]. In 

the PFO model, the R2 values range from 0.983 to 1.000, indicating a very good fit across all the 

tested PGS concentrations. The best fit, indicated by the highest R2 value of 1.000, is observed at 

the highest PGS concentration of 30 mg L-1. However, the AICc value for this concentration is the 

highest at 54.51, suggesting that the model may not be the most efficient fit for this data point.  

Conversely, in the PSO model, the R2 values range between 0.983 and 0.9997, also indicating an 

excellent fit across all concentrations. Similar to the PFO model, the R2 value is highest for the 30 

mg L-1 concentration, though slightly lower than that of the PFO model. The AICc values for the 

PSO model are generally competitive with those of the PFO model, suggesting that both models 

could be viable, though the PSO model shows slightly better overall correlation. 

Table 3: Pseudo-first order and pseudo-second order models using experimental data and kinetic 

parameters. 

Pseudo first-order model 

Initial PGS 

concentration (mg L-1) 
K1 (min-1) qe (mg ‧ g-1) R2 AICc value 

5 4.8701 44.54 0.983 27.66 

10 3.3246 84.92 0.999 18.33 

15 0.6648 100.52 0.998 24.94 

20 0.8562 172.05 0.999 25.00 

25 2.5230 184.48 0.998 31.00 

30 2.4815 183.50 1.000 54.51 
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Pseudo second-order model 

Initial PGS 

concentration (mg L-1) 

K2                                     

(g ∙ mg–1∙ min–1) 
qe (mg ‧ g-1) R2 AICc value 

5 2.148E+06 44.54 0.983 27.66 

10 3.376E+00 84.93 0.999 18.48 

15 3.945E-02 101.52 0.999 22.62 

20 1.935E-01 172.03 0.9991 26.22 

25 2.016E+01 184.52 0.998 31.01 

30 2.640E+00 183.54 0.9997 54.51 

 

In the intraparticle diffusion model, the key parameters are Kintra (rate constant), Cintra (intercept 

representing the boundary layer effect), R2 (correlation coefficient), and AICc  (Akaike information 

criterion). Table 4 shows an R2 range between 0.225 and 0.362, indicating a less-than-ideal fit. 

This implies that diffusion may not be the sole rate-limiting step in PGS adsorption. The highest 

R2 value is observed at a PGS concentration of 15 mg L-1 (0.362), but overall, the model’s low R2 

and high AICc values imply that the intraparticle diffusion model is not the most effective in 

describing the adsorption process. In addition, the Elovich kinetic parameters are presented in 

Table 4. In this model, the key parameters are α (initial adsorption rate), β (desorption constant), 

R2 and AICc, as previously stated. The R2 value in this model suggests a good fit across various 

concentrations, with values ranging from 0.579 to 0.995. The best fit, with an R2 value of 0.995, 

is observed at the highest PGS concentration of 30 mg L-1, though the AICc value is also highest 

at this concentration, suggesting some inefficiencies. 

Overall, the PFO and PSO models show a very strong correlation in describing the PGS adsorption, 

both exhibiting high R2 values and similar AICc values, a combination of physisorption and 

chemisorption mechanisms. Furthermore, the Elovich model demonstrates promising initial 

adsorption kinetics with a strong R2 value across various PGS concentrations, particularly at higher 

concentrations. However, the intraparticle diffusion model appears less effective, with the lowest 

R2 values, implying that diffusion is unlikely to be the primary adsorption mechanism in this 

interaction.  
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Table 4: Intraparticle diffusion and Elovich models using experimental data and kinetic parameters. 

Intraparticle diffusion model 

Initial PGS 

concentration (mg L-1) 

Kintra (mg ‧ g-1 

× min1/2) 
Cintra (mg ‧ g-1) R2 AICc value 

5 2.00 28.26 0.225 50.58 

10 4.42 50.61 0.307 57.55 

15 5.65 57.17 0.362 59.03 

20 9.12 101.29 0.321 65.88 

25 9.56 110.11 0.31 51.05 

30 12.41 87.55 0.318 69.65 

Elovich Model 

Initial PGS 

concentration (mg L-1) 

α (mg ‧ g-1 ‧ 

min-1) 
β (mg ‧ g-1) R2 AICc value 

5 32.43 0.1132 0.579 48.77 

10 1.70E+05 0.1629 0.938 43.39 

15 5.06E+04 0.1213 0.954 43.61 

20 6.52E+06 0.0978 0.964 48.51 

25 3.41E+06 0.0869 0.952 51.05 

30 1.00E+23 0.3005 0.995 54.84 
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3.9 Storage of PGS and MoS2  

The material safety data sheet (MSDS) provided by TCI Co., Ltd., the manufacturer of the 

purchased PGS, describes specific storage guidelines to preserve the integrity and stability of PGS 

in its dry form [137]. The PGS was kept in its amber bottle to protect it from light, which can 

degrade the compound. The bottle was tightly sealed and placed in a dark refrigerator at a 

temperature of 3°C to prevent degradation and moisture absorption. The PGS stock solutions 

required different storage conditions. As illustrated in Figure 4, the storage of PGS solution is very 

important since it is highly sensitive to external factors such as temperature and light. Based on 

that experiment, the PGS solution showed stability on the first day at room temperature and cool 

conditions but became unstable in warm conditions. After day 1, the stability was significantly 

compromised across all storage conditions. It is best to use the PGS solution soon after preparation 

in order to preserve stability and ensure accurate results.  

MoS2 requires specific storage conditions as well to preserve its integrity and usability. The MoS2 

nanoparticles were stored at room temperature in a dark place, void of light, since light can 

potentially cause photooxidation [115]. The container was tightly sealed to prevent contamination, 

air exposure, and moisture, which may cause the nanoparticles to aggregate. All safety precautions, 

such as using personal protective equipment (PPE), were followed while handling, PGS, MoS2 

nanomaterial and other chemicals. The MSDS guidelines for safety and storage were strictly 

followed to ensure the integrity and safe use of MoS2.  

3.10 Performance analysis of MoS2 nanoparticles and other 

Molybdenum-based nanomaterials  

The performance of MoS2 nanoparticles in the removal of PGS from water has been evaluated 

under several experimental conditions. To contextualize these findings, it is important to compare 

them with other molybdenum-based nanomaterials, although there have not been any studies 

specifically regarding the removal of PGS from water. Molybdenum trioxide (MoO3) and 

molybdenum carbide (Mo2C) have been selected for this performance comparison.  

Firstly, MoO3 nanoparticles, an oxide of molybdenum, are also widely used in a variety 

applications such as catalysis, optics, electrochemistry, and environmental remediation due to their 

unique properties [138]. Based on a study, MoO3 was used as a catalyst in catalytic wet air 
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oxidation for the treatment of pharmaceutical wastewater containing a variety of pollutants 

including organic substances, pharmaceutical residues, solvent and other chemicals  [139]. 

According to this study, it was used as a catalyst in high dosages to effectively degrade these 

contaminants from water. It achieved this by facilitating the degradation of water-borne 

contaminants through the production of hydroxyl radicals (OH) which exhibit strong oxidation 

properties under extreme conditions. Although MoO3 was employed as a catalyst and not as a 

standalone adsorbent, its adsorption capacity is limited and has weaker hydrophobic interactions 

[140]. This demonstrates that MoS2 is a superior nanomaterial for removing organic contaminants 

from water.  

The next molybdenum-based product for comparison is Mo2C nanoparticles. This nanoparticle has 

been seldom investigated for its application in environmental remediation, but it has been used in 

many applications, including semiconductors, electrocatalysis, and other industrial applications. 

Mo2C possesses strong catalytic properties that promote hydrogenation and oxidation reactions 

[141]. These types of reactions can break down toxic organic pollutants into less harmful 

substances [142]. However, a major disadvantage of Mo2C nanoparticles is that they are highly 

unstable in aqueous conditions, since they require specific conditions to maintain catalytic activity 

[141]. This is not very promising for environmental remediation since environmental factors are 

often unpredictable. This performance comparison unequivocally demonstrates the superior 

performance of MoS2 nanoparticles for the efficient removal of organic contaminants from 

aqueous environments.  

3.11 Economic evaluation of MoS2 nanomaterials for environmental 

remediation  

The economic feasibility of using MoS2 nanoparticles to effectively remediate PGS-polluted water 

was analyzed. The analysis considered the cost of synthesizing MoS2 nanoparticles at a large scale 

by sourcing the raw materials from the same providers presented in Table 1. This analysis was 

conducted using the prices retrieved on July 14, 2024, as summarized in Table 5. Other costs such 

as electricity and water were not included in this analysis. Additionally, no acids or bases are 

required since the optimal removal condition is at a neutral pH level. Based on Equation 1, and the 

reaction using 0.6 g of (NH4)6MO7O24 ∙ 4H2O  and 1.2 g of CH4N2S , the mass of MoS2 



40 

 

theoretically produced using the hydrothermal synthesis method is approximately 0.544 g. The 

limiting reactant is (NH4)6MO7O24 ∙ 4H2O since the molar ratio indicates excess thiourea.    

Table 5: Cost analysis for treating water contaminated with PGS using MoS2 nanoparticles. 

Price of 

(𝐍𝐇𝟒)𝟔𝐌𝐎𝟕𝐎𝟐𝟒 ∙ 𝟒𝐇𝟐𝐎 

Price of 

𝐂𝐇𝟒𝐍𝟐𝐒 
Cost of 1g MoS2 

nanoparticles 

Treatment cost 

by MoS2 

¥15,500/500 g (¥31.0/1g) 
¥13,600/500 g 

(¥27.2/1g) 
¥72.92 ¥1.46/L 

 

Given material costs of ¥31.0 per gram for ammonium molybdate tetrahydrate and ¥27.2 per gram 

for thiourea, the production cost for 1 g of MoS₂ is calculated to be ¥72.92 [143], [144].  Since the 

optimal MoS₂ dosage to treat an initial concentration of 20 mg L-1 of PGS is also 20 mg L-1, we 

will use this dosage for the economic analysis. According to Table 5, the cost for this amount of 

MoS₂ to treat 1 L of PGS solution is: 0.02 g × ¥72.92/g = ¥1.46. Table 6 presents a cost comparison 

between MoS2 and activated carbon for treating PGS, with MoS2 being significantly more cost 

effective at 1.46 ¥ / L compared to 6.4 ¥ / L for activated carbon [52]. Additionally, the cost of 

using zero-valent iron (Fe0) nanoparticles to treat the pharmaceutical ciprofloxacin is also included 

in Table 6 [145]. The data clearly shows that MoS2 nanoparticles offer a more economically 

feasible option. The cost-effectiveness of MoS2 nanoparticles is further enhanced by its ability to 

be regenerated and reused across multiple treatment cycles with minimal performance loss.  

Table 6: Cost analysis of nanomaterials for treating pharmaceutical contamination in water. 

Nanomaterial Cost (¥ / g) Dosage (mg L-1) Treatment Cost (¥ / L) 

MoS2 72.92 20 1.46 

Activated carbon 80.00 80 6.4 

Fe nanoparticles 93.88 700 65.72 

 

In conclusion, this analysis demonstrates that using MoS₂ for treating PGS-polluted water is 

economically viable, providing an effective and affordable solution for wastewater treatment. 
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3.12 Limitation and challenges  

Despite the effectiveness of MoS2 nanoparticles in removing PGS from water, there are always 

limitations and challenges when adopting new technologies. Firstly, scaling up the production of 

MoS2 from laboratory scale to industrial scale may prove to be challenging and may also affect 

the economic feasibility. When scaling up the synthesis of a nanomaterial, ensuring uniform 

quality can be difficult to maintain due to some issues such as aggregation, degradation, and low 

production yield [146]. The hydrothermal method used in laboratory-scale synthesis produces 

small batches of nanomaterial, so scaling this up would require significant process optimization. 

Furthermore, each synthesized batch will contain inconsistencies, which leads to variability in its 

physical and chemical performance thus affecting its capacity for water treatment. The 

hydrothermal method utilizes an autoclave to provide high temperature and pressure promoting 

nucleation, crystallization, and growth of MoS2 nanoparticles [147]. Manufacturing an industrial-

scale autoclave would demand significant capital thus affecting the economic feasibility. Moreover, 

at this large scale, maintaining high temperature and pressure over an extended period of time 

would require a large amount of energy, negatively contributing to production costs and increasing 

the carbon footprint [148]. 

The stability and recovery of MoS2 may also be affected when scaling up its manufacturing. The 

conditions at water treatment plants are subject to rapid change with the presence of other 

chemicals and contaminants, which may act as inhibitors or reduce the performance of the 

nanoparticle. Reclaiming MoS2 nanoparticles from treated water may require additional resources 

and processes, like filtration and sedimentation, which can also increase operational costs. The 

incomplete recovery of these nanoparticles may lead to their release into the environment, 

potentially causing ecological damage and health risks; however their potential toxicity is not 

completely understood [149].  Lastly, water and wastewater treatment plants are considered 

continuous treatment systems. The performance of MoS2 nanoparticles was only studied in a 

discrete system with isolated conditions and a controlled environment. Although MoS2 

demonstrated rapid kinetics and consistently high removal efficiency across different pH levels, 

dosages and treatment cycles, scaling the operational process would also require further 

optimization of these parameters to narrow down contact time, dosage, and flow rate [150].    
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Chapter 4  

Conclusion  
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4.1 Summary of findings  

Based on the results obtained, MoS2 nanoparticles are very effective at adsorbing and removing 

PGS from aqueous environments, demonstrating adaptability across a variety of experimental 

conditions. There are numerous factors that affect the performance of MoS2 in removing PGS from 

water. The optimal MoS2 dosage achieved was 20 mg L-1, with a significant removal rate of 

93.79% in just 1 hour of contact. Increasing the dosage resulted in marginal improvements, but 

prolonged exposure can cause agglomeration and lower removal efficiency. Furthermore, pH level 

has a significant impact on the adsorption process; neutral conditions (pH 7) yielded a maximum 

removal efficiency of 96.99%. However, more acidic and basic conditions resulted in slight 

reduction in performance due to changes in the nanoparticle’s surface charge and PGS ionization. 

Examination of the initial concentration of PGS revealed a negligible impact on its removal 

efficiency. MoS2 exhibited strong performance at all PGS concentrations tested, with peak removal 

efficiency at 98.19% with 20 mg L-1. However, higher concentrations can cause saturation of the 

adsorption sites and a gradual drop in removal efficiency. Furthermore, the adsorption process is 

highly influenced by temperature variability. 25°C was shown to be the ideal temperature to 

achieve the highest PGS removal. Higher temperatures cause desorption and changes to the 

characteristics of MoS2, which reduces its ability to adsorb PGS. The economic feasibility of MoS2 

is highlighted by its low treatment cost compared to other nanomaterials, coupled with its ability 

to be regenerated and reused across multiple treatment cycles, making it a sustainable and cost-

effective option for long-term application.   

MoS₂ nanoparticles remove PGS through a variety of different mechanisms, which can be broadly 

categorized into predominantly physisorption and chemisorption. Among these are the active sites 

and high porosity that MoS₂ nanoparticles possess. Furthermore, Van der Waals forces and 

chemical interactions drive both physisorption and chemisorption processes. Additionally, MoS₂ 

nanoparticles’ layered structure facilitates PGS molecule intercalation, which improves adsorption. 

Moreover, the removal process is aided by coordination bonds, hydrophobic interactions, π-π 

interactions, and electrostatic attractions between PGS and MoS₂. These processes, which are 

impacted by variables such as pH, temperature, and dosage, contribute to an effective PGS removal 

mechanism, indicating that MoS₂ is a promising material for water treatment. 
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4.2 Implications for water treatment  

MoS2 nanoparticles demonstrate exceptional efficiency in removing PGS from water, showcasing 

their potential as a high-performance adsorbent. Its abilities in removing PGS have been 

demonstrated by its steady performance in a variety of experimental conditions, such as changes 

in dosage, pH, initial concentration, temperature, and treatment cycles. The nanoparticle’s 

excellent removal efficiency and rapid adsorption kinetics make it a good choice for real-world 

water treatment applications. Neutral pH, low treatment dosage, and near-room temperature 

conditions are consistent with desired treatment conditions at a water and wastewater treatment 

facility. Its high removal efficiency, even during extended treatment time, makes this material 

robust. No additional acid or base is required to adjust the pH, and there are no energy costs 

incurred for optimal temperature adjustment. Moreover, PGS is found in water sources at much 

lower concentrations in the ng L-1 and μg L-1 range. The high removal efficiency of MoS2 was 

achieved at PGS concentrations in mg L-1, which suggests that it will be even more effective at 

these trace concentrations. Therefore, MoS2 performance is expected to remain high in natural 

water bodies with considerably lower PGS levels. 

In terms of integrating this technology in a water treatment facility, MoS₂ would be best used in 

tertiary water treatment to remove organic pollutants, such as PPCPs and EDCs like PGS, from 

the water. MoS2 is ideal for this stage since eliminating persistent contaminants is crucial before 

releasing the water to the environment and the general population. Furthermore, MoS₂ 

nanoparticles can be included in suspension systems or fixed-bed reactors to improve treatment 

efficiency by absorbing dissolved organic materials and tiny particles [151]. Moreover, 

sophisticated oxidation techniques or membrane filtration combined with MoS₂ can greatly 

improve water quality [152]. Overall, MoS2 nanoparticles are very promising for the application 

in water treatment due to their high adsorption capacity at low dosage, versatility across various 

treatment conditions, reusability, ability to effectively remove PGS at high concentrations and 

potentially other contaminants without requiring additional pH adjustments or significant energy 

costs.  
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4.3 Future work  

MoS2 nanoparticles show great promise in treating PGS-contaminated water; however, further 

research and development are necessary to optimize their application and address potential 

limitations. To begin with, MoS2 should be tested in the presence of other contaminants, coexisting 

cations, and anions to understand its selectivity and efficiency in more complex water matrices. It 

is also important that the nanomaterials do not strip essential minerals from water such as calcium, 

magnesium and potassium or trace elements like zinc and iron [153]. These tests will help 

determine the effects of ions and organic compounds on the adsorption capacity and kinetics of 

MoS2 nanoparticles. This can be achieved by artificially simulating real-world water conditions or 

by collecting water samples from local rivers and water treatment plants. Furthermore, MoS2 

nanoparticles should also be tested for removing other COCs that are persistent in water and 

determine the exact removal mechanisms involved. Future work should also focus on scaling up 

from batch experiments to pilot-scale studies and eventually full-scale water treatment applications. 

This would involve the optimization of every step from synthesis, operation and regeneration/reuse. 

Extensive field tests are required to evaluate the performance and economic feasibility of using 

MoS2 nanoparticles in real-world conditions. In order to guarantee the safe and responsible use of 

MoS2 nanoparticles in water treatment, extensive studies on the health and environmental impacts 

are necessary. Comprehensive long-term investigations on the impacts on both aquatic ecosystems 

and human health are imperative. 
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Supplementary Data  

Supplementary Table 1: Preliminary tests using NZVI and NZVI-based nanoparticles for the 

removal of Progesterone from water. 

Adsorbent 
  

Dose  
(mg L-1) 

 
Treatment time 

1hr 2hr 

NZVI + Mg 

0.5 19.72 15.41 

1 19.49 6.35 

1.5 16.55 13.15 

Bare NZVI 

0.1 45.79 13.37 

0.3 37.63 37.4 

0.5 46.01 67.32 

0.7 26.75 13.6 

1 43.75 52.36 

1.5 0.23 35.59 

2 100 39.44 

Oxalate + NZVI 
(0.5mM) 

0.5 37.66 34.32 

Oxalate + EDT (0.5mM) 
0.1 53.15 42.06 

0.5 37.14 13.73 

Oxalate (0.3 mM) 

0.1 46.74 45.79 

0.2 11.41 37.39 

0.3 5.23 28.83 

0.4 18.22 32.64 

0.5 21.07 12.67 

Ascorbic Acid (0.5mM) 

0.1 30.06 34.54 

0.2 36.50 24.54 

0.3 43.23 26.85 

0.4 45.23 24.55 

0.5 34.21 32.87 
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Hydrogen Peroxide 
(0.5mM) 

0.1 56.33 46.75 

0.2 49.03 43.23 

0.3 46.12 33.27 

0.4 32.15 32.12 

0.5 24.35 21.34 

Optimizing Bare NZVI 

0.1 31.28 3.23 

0.3 8.16 29.41 

0.5 42.84 35.53 

0.7 58.31 21.25 

0.9 45.73 35.35 

75% Dilution 

0.1 35.22 27.17 

0.3 31.2 33.88 

0.5 -51.33 29.19 

0.7 -66.09 30.53 

1 60.05 -100.65 

50% Dilution 

0.1 29.19 26.5 

0.3 29.19 33.55 

0.5 -52 34.22 

0.7 -61.39 30.53 

1 -54.37 -106.68 

 

Supplementary Table 2: Long term progesterone removal experiment using NZVI nanoparticles 

from 5 – 36 hours. 

 

time 
(hrs) 

NZVI Dose (mg L-1) 

0.1 0.3 0.5 0.7 0.9 

0 0.00 0.00 0.00 0.00 0.00 

5 17.54 9.59 -89.96 -73.85 -50.80 

7 6.73 23.46 -100.78 -66.30 -181.77 

9 19.58 22.44 -142.60 -101.59 -111.59 
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11 34.27 34.68 8.77 -128.93 -6.73 

13 22.44 46.92 23.87 16.12 21.22 

15 28.76 33.25 19.99 19.99 14.08 

17 51.82 42.02 23.05 38.76 24.48 

19 47.53 56.51 31.82 25.09 33.86 

21 41.41 70.79 33.05 33.66 27.74 

36 76.30 80.38 31.82 89.35 20.20 

 

 

Supplementary Table 3: Long term progesterone removal experiment using NZVI nanoparticles 

from 1 – 24 hours. 

 

Time 
(hrs) 

NZVI Dose (mg L-1) 

0.1 0.3 0.5 0.7 0.9 

0 0.00 0.00 0.00 0.00 0.00 

1 46.42 -5.55 -15.37 -25.19 -27.41 

2 40.72 20.60 -14.89 -35.01 -24.87 

3 45.94 38.18 -13.78 -36.76 -40.56 

4 35.17 42.30 42.78 -30.10 -39.13 

5 40.08 38.34 43.57 -29.63 -75.73 

6 35.49 41.83 41.67 39.13 -66.54 

7 37.39 43.09 39.61 37.07 38.34 

8 23.13 36.60 41.03 31.37 42.62 

9 32.95 35.65 37.55 34.38 34.38 

10 33.43 41.35 89.03 35.65 35.81 

24 31.84 93.32 93.32 79.06 68.44 

 

 

 


