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1. INTRODUCTION 

1.1. BACKGROUND 

Water is a basic need of living organisms and the supply of clean water is 

important for healthy life; however, the shortage of clean water has become a serious 

concern around the globe (Dwivedi, 2017; Kunduru et al., 2017). In recent past, 

human civilization and climate change showed a huge negative impact on water 

cycle around the world which threatened the security of water for human thereby 

disturbing the ecological balance of the environment (Xi et al., 2017). Around 1.41 

billion km
3
 of water is present on the earth‘s surface. The oceans and seas constitute 

Ca 97.51% of the world's water but because of high concentration of salt, it is not 

suitable for the human consumption. Fresh water on earth constitutes only Ca 2.5%, 

out of which Ca 70% of this fresh water is frozen as ice caps and 30% is present in 

the soil and underground. Therefore, only 1.01% of fresh water on the earth is readily 

available for human consumption (El-Ghonemy, 2012; Gleick, 1993; Shanmugam et 

al., 2004). Therefore, the lack of clean water has become a global concern. Several 

strategies such as building of dam, conservation of water and transporting of water 

do not meet or satisfy the high demand of fresh water supply and sometimes supply 

is seemingly decreased due to several physical or socio-economic constraints. 

Conventional sources of fresh water viz., streams, rivers and reservoirs are over 

utilized and often used excessively or even misused; as a result, fresh water sources 

are under tremendous stress.  

The cities are expanding with exponential increase in industrialization needs 

exceedingly high demand of water but the existing sources are limited which 

impacted greatly the ecological imbalance (Greenlee et al., 2009). The U.N. has 

predicted that 2-7 billion peoples around the world are likely to suffer with shortage 

of water supply by 2050. This implies that Ca. 80 nations, having 20% of the global 

populations may greatly be affected with fresh water supply (United Nations, 2006). 

The requirement and equal distribution of water in a particular region is influenced 

by various factors including increased population, unpredictable climate change, 

public issues, enhanced urbanization/industrialization etc. (Plappally and Lienhard, 

2012). Insufficient availability of fresh water and inadequate healthcare system is 

perhaps one of the main public health concerns in developed or developing nations, 
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which may deteriorate even more in the upcoming years. About 21% of India‘s 

population are provided with wastewater treatment plants and around 79% of the 

population is suffering from waterborne diseases (Fosshage, 2014). 

A rapid growth of industry, increasing population and rapid urbanization 

resulted with enhanced level of water contamination. Discharge of unprocessed or 

even partially treated sewage and hazardous industrial effluent, disposal of industrial 

waste and drainage from farmlands are mainly contaminating the water bodies. 

Additionally, the improper dumping of solid waste is contributing the contamination 

of aquatic environment. Further, an analysis results showed that around 14 billion 

pounds of trashes are dumped into the oceans around the world (Bhatnagar and 

Sillanpaa, 2010). Water contaminated by human activities is often termed as polluted 

water and having less suitability for supporting life or living organisms. The natural 

changes viz., volcanic eruptions, algal blooms, hurricanes and earthquakes lead to 

deleterious of water quality and impacting greatly the  natural ecosystem. Organic 

and inorganic pollutants are the two major pollutants contaminating water bodies on 

the surface and the ground waters. Hydrocarbons, polychlorinated biphenyls, 

cleansing agent, pesticides, lubricants, fats, plasticizers, medicines, fertilizers, etc. 

are potential organic contaminants (Ali et al., 2012; Schell et al., 2012). Whereas, the 

inorganic contaminants are typically mineral-based compounds, the most significant 

forms of inorganic water contaminants are heavy metals and salts (Hu et al., 2010; 

Wasewar et al., 2020). The fundamental needs for wastewater treatment (WWT) are 

quality of treated water, low cost, vitality effectiveness and mineral 

discharge/restoration. Government and policymakers intended to enhance the health 

of local environment using innovative ideas in wastewater treatment. In order to 

enhance the long-term reliability of the required treatment capability, the installation 

of adequate waste water treatment systems are essential (Hassard et al., 2015; Kumar 

et al., 2020).  

It was reported that a significant amount of contaminants are present at 

concentrations that surpass the permissible levels, creating an imminent danger to the 

effectiveness of existing waste management systems (Ahmed et al., 2020). The 

wastewater treatment plants are examined for various parametric studies in order to 

optimize the suitability and efficacy of these WWTs (Kosek et al., 2020) However, it 
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is important to ensure that the existing WWTs must provide the environmental safety 

and efficient to maintain the socio-economic development in  large (Ainger et al., 

2009). Various technologies are introduced to obtain required efficacy of existing 

wastewater treatment plants which includes viz., membrane filtration, electrolytic 

processes, coagulation, oxidation process, froth flotation, ion exchange, activated 

sludge etc. However, most of these technologies required high cost and sometime 

less environmentally benign (Jiang et al., 2020; Mahouachi et al., 2020; Sophia and 

Lima, 2018). Therefore, up to certain level, treatment of waste water using 

conventional procedures seems to be effective, but these methods are having several 

disadvantages in terms of high energy requirement, high cost, production of massive 

side products and production of huge amount of sludges (Mook et al., 2014; Taha et 

al., 2017). Adsorption is considered to be most versatile method for the treatment of 

polluted water due to its low cost, easy operation, toxic free, desirable for batch and 

dynamic operations, reusability and regeneration (Han et al., 2019; Sophia and Lima, 

2018)). Moreover, adsorption can eliminate/remove huge amount of contaminants, 

leading to broader applicability in controlling pollution of water. It is, therefore, 

suitable for the elimination of variety of water pollutants and finding greater scope of 

implications in the countries where water pollution is a major concern (Unuabonah 

and Taubert, 2014).  

The adsorption process is greatly investigated using wide range of materials 

employed as adsorbents. However, the important aspect of material selection is the 

selectivity and suitability of materials towards the specific water contaminants. The 

adsorption capacity and effectiveness/expense ratio of the material is additional key 

factor to be assessed in selecting a sorbent material. On the other hand, the chemical 

nature and speciation of water pollutants greatly depend upon the nature and 

concentration of pollutants in the contaminated water. Since the amount of polluted 

water for treatment mostly carried out in bulk quantities, hence, the highly selective 

materials are to be chosen for the strategic treatment processes. Moreover, the 

adsorbent materials, preferably be non-toxic, efficiently retrievable from filters, re-

generable, low-cost and abundance in nature (Bhattacharyya and Gupta, 2008). 

Several cost-effective adsorbents are investigated and employed which include clays 

and modified clays, activated carbon, silica gel, polymeric resins, activated alumina, 
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zeolites, low-cost adsorbents from industrial wastes like fly ash, blast furnace slag, 

dust, sludge, red mud, etc. and agricultural by-products and biomasses (Fu and 

Wang, 2011; Vardhan et al., 2019). Among these materials the natural clay and 

modified clay materials received greater attention in recent time because of the 

natural abundance of clay minerals. Moreover, based on the cation exchange capacity 

of clay materials, it enables suitable modification for achieving the required 

selectivity in wastewater treatment strategy. Additionally, the terminal hydroxyl 

groups allows to functionalize clay with suitable organic silanes and the 

functionalized materials are found to be highly efficient in the treatment of 

wastewater of specific concerns (Lazaratou et al., 2020; Yadav et al., 2019; Zhu et 

al., 2016). 

 

1.2. FATE OF POLLUTANTS AND THEIR TOXICITY 

1.2.1. HEAVY METALS AND METALLOIDS 

The term ‗Heavy Metals‘ generally refers to the group of metals and 

metalloids with high atomic density above 4 g/cm
3
 and are found toxic at low metal 

concentrations (Aprile and De Bellis, 2020; Edelstein and Ben-Hur, 2018). Arsenic, 

copper, cadmium, lead, zinc, mercury, boron, titanium, strontium, tin, vanadium, 

nickel, molybdenum, cobalt, chromium and manganese are posing serious 

environmental concerns due to their persistency, non-biodegradability and associated 

with high biological toxicity (Abbas et al., 2014; Engwa et al., 2019). 

 

1.2.1.1. Arsenic 

Arsenic is extremely toxic element and is released into the environment from 

human activities along with several natural sources. Presence of arsenic, even at low 

level, in water is not suitable for human intake and agricultural purposes. Arsenic is 

the 20
th

 most common element in geosphere, 12
th

 in human body and 14
th

 in sea 

water (Renu et al., 2018). Arsenic is tasteless, odourless, silver-grey and usually 

associated with an element carbon (Mora et al., 2019). Arsenic exists both in organic 

and inorganic forms in the environment in which inorganic form of arsenic (As(V) 

and As(III)) is prevalent in the environment (Luo et al., 2012). The mobility and 

toxicity of arsenite (As(III)) in aqueous solutions is higher than arsenate (As(V)) and 
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the removal of these species from the aquatic environment is a daunting task (Maji et 

al., 2018). Human and natural activities are responsible for increased concentrations 

of arsenic in the aqueous solutions (Vithanage et al., 2017). International Agency for 

Research on Cancer (IARC), has listed arsenic as Group 1 carcinogen (Dong et al., 

2019; IARC, 2016). The maximum permissible level of arsenic in drinking water 

according to World Health Organization (WHO) and United States Environmental 

Protection Agency (US-EPA) is 10 μg/L (Karim, 2000). Contamination of water 

bodies with arsenic has become severe health issue in different parts of the world. 

Acute promyelocytic leukemia was cured by arsenic in humans but at the same time, 

it also causes serious health hazard (Sun et al., 2014). Human exposure to arsenic 

mainly occurs through drinking water and food ingestion. Prolonged exposure to 

arsenic leads to several diseases including skin, cancer, kidney, black-foot, diabetes, 

endocrine disorders, arsenicosis, etc. (Medda et al., 2021). 

 

1.2.1.2. Cadmium 

 Cadmium belongs to transition metals, slightly bluish and silver white metal 

having atomic weight 112.4. Cadmium mostly exists as +2 oxidation state in 

solution. The chemical properties of cadmium resembles with zinc. Hence, cadmium 

has the potential to replace Zn(II) ions in certain enzymes, and thus disturbing the 

activity of enzyme in biological systems (Amari et al., 2017; Lalhmunsiama et al., 

2016c). Cadmium enters the environment through natural and anthropogenic 

activities. It is used for steel protection, electroplating, blending, colour paint, 

manures, and weld metals in alloy, polyvinyl chloride plastics and other industrial 

operations. It is also regarded as endocrine disrupting chemical (EDC‘s). The 

minimal risk level (MRL) for acute inhalation is 0.00003 mg/m
3
, for chronic 

inhalation 0.00001 mg/m
3
, for intermediate oral exposure 0.0005 mg/kg/day and for 

chronic oral exposure it is 0.0001 mg/kg/day (Tinkov et al., 2017). Cadmium has 

high mobility as compared to other heavy metals (Cd>Ni>Zn>Mn>Cu>Pb=Cr>Hg) 

and damages and inhibits DNA mechanisms (Mortensen et al., 2018). Cadmium 

mostly presents in wastewater and is highly toxic in any of its chemical forms. 

Consumption of cadmium causes vomiting, dysentery, muscular ache, prolonged 

respiratory problems, kidney stone formation, skeletal distortion, high blood 
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pressure, etc., in human body. Cadmium is classified as group I carcinogen for 

humans by IARC (International Agency for Research on Cancer) (Genchi et al., 

2020; Hayat et al., 2019). The Itai-Itai disease in Japan is due to the intake of rice 

contaminated with cadmium (Khan et al., 2017). The maximum permissible limit in 

drinking water for cadmium is 3.0 μg/L as per the WHO guidelines (WHO, 2008). 

Cadmium and its compounds are soluble over wide range of pH in water compared 

to other metals; therefore, enters easily into bio-system where it accumulates readily. 

Cadmium is also known as strong teratogen which causes fatal deformity and 

hampers growth during pregnancy as well (Lalchhingpuii et al., 2017). 

 

1.2.1.3. Copper 

Copper is extensively used in several industries including the electroplating, 

artificial fertilizers, paper industries, tanneries, metal finishing, manufacturing of 

electrical goods etc. (Meseldzija et al.,2019; Zafar et al., 2020). The effluent of these 

industries contained varied concentrations of copper (Dogan et al., 2009; Kumar et 

al., 2011). Although copper is an essential element required in small content in the 

biological system as to sustain life and development of human and animals (Bost et 

al., 2016; Madsen and Gitlin, 2007); however, an elevated level of copper is toxic 

and causes several biological disorders (Ameh and Sayes, 2019; Arbabi and 

Golshani, 2016; Hasfalina et al., 2012). The maximum permissible limit of copper in 

drinking water set by WHO is 1.5 mg/L (Nebagha et al., 2015). Copper causes 

homeostasis and lead to the harmful Menkes and Wilson‘s diseases (de Romana et 

al., 2011; Shaligram and Campbell, 2013). Prolonged consumption of water 

contaminated with elevated level of copper causes permanent liver damage, loss of 

hair, increased heart rate, brain malfunction, depression and schizophrenia (Belhadri 

et al., 2019; Zafar et al., 2020). 
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1.2.2. MICRO-POLLUTANTS 

1.2.2.1. Tetracycline(TC) 

 

Figure 1.1. Structure of tetracycline. 

 

Tetracycline is a crystalline compound with yellow in colour and the structure 

is shown as Figure 1.1.  It is slightly soluble in water, lesser soluble in alcohol and 

not soluble in organic solvents. Tetracycline is made up of four rings fused together 

in which hydro naphthalene act as a backbone of the molecule (Dai et al., 2020b). 

Tetracycline molecule consists of amino and enone groups which lack electron and 

also phenolic group which is rich with electron. Tetracycline possesses three 

different pka values having the values of 3.30, 7.7 and 9.7, respectively for pka
1

, pka
2
 

and pka
3
 (Chang et al., 2014; Yi et al., 2020).Tetracycline is a widely used antibiotic 

for treatment of various infectious diseases in humans, aquatic animals and livestock 

(Gopal et al., 2020). The consumption of tetracycline for veterinary is significantly 

high compared to other classes of antibiotics (Kim et al., 2014; Niu et al., 2013). The 

digestive tract of human and animals absorbs the tetracycline maximum of Ca 50% 

and more than half of it is excreted through faeces and urine which enters into 

sewage and hence in the aquatic environment (Brinzila et al., 2011; Sarmah et al., 

2006). The concentration of tetracycline in the aquatic environment is relatively high 

(i.e., μg/L) due to continuous input through various sources (Lindsey et al., 2001). 

The prolonged exposure of tetracycline by bacteria resulted in the bacterial antibiotic 

resistance which is directly or indirectly harmful for human and animal health (Levy 

et al., 2002). Moreover, intensive studies performed on rats have shown that 

tetracycline reduces the antioxidant enzymes and glutathione levels which further 

causes the oxidative stress in liver and pancreas of rats (Asha et al., 2007). 

https://www.sciencedirect.com/science/article/pii/S0048969721003570#bb0220
https://www.sciencedirect.com/science/article/pii/S0048969721003570#bb1260
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Tetracycline is persistence is nature and partly degraded in the conventional 

treatment plants hence, escaped through the effluents of treatment plants and enters 

into the aquatic environment.  Hence, the residual tetracycline is distributed to 

surrounding water sources and soil, leading to non-point contamination in several 

areas (Sassman et al., 2005; Tanis et al., 2008; Westerhoff et al., 2005). 

Gastrointestinal distress and skin reactions are the major side effects of tetracycline 

(Antonini and Luder, 2011). Moreover, the long term exposure or high affected the 

liver and kidney functions (Silva et al., 2003; Szalowska et al., 2014). Tetracycline is 

believed to induce the acute hepato-nephrotoxicity (Nada and Mahmoud, 2004). 

 

1.2.2.2. Triclosan(TCS) 

 

Figure 1.2. Structure of triclosan. 

 

Triclosan [5-chloro-2-(2,4-dichlorophenoxy)-phenol] is often employed as 

antibacterial and antifungal compound in various personal care products (PPCPs) 

such as washing powder, toothpastes, shampoos, soaps, deodorants, etc. (Fiss et al., 

2007). In aqueous medium, triclosan is having solubility less than 10
−6 

g/mL but the 

solubility is increased at higher pH values. The acid dissociation constant (pka) of 

triclosan lies between 7.9 and 8.1. The growth of terrestrial and aquatic species might 

be affected by the presence of triclosan since the triclosan get dissolved in fats and 

lipids of living organisms in water (Tiwari et al., 2020). Moreover, the aquatic 

organisms are indirectly affected by triclosan since enzymes carrying the proteins are 

blocked by triclosan which may eventually develop bacterial resistance to that 

particular species (McMurry et al., 1998). 
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Triclosan is an antimicrobial agent which binds the ligase of fatty acids 

forming stable FAS-NAD
+
-TCS complex. This blocks effectively biosynthesis of 

lipid in cell-membrane and inhibiting the growth of microbe (Wang et al., 2018). 

Triclosan is a widespread used personal care products (PPCPs) and more than 700 

types of PPCPs are made with triclosan (Dhillion et al., 2015; Lee et al., 2012a; 

Nfodzo et al., 2012). Triclosan is an emerging water contaminant because of its 

geno- and cytotoxicity as studied in aquatic organisms (Zorrilla et al., 2009). 

Moreover, it damages the DNA, hemocyte function with enhanced oxidation stress 

(Aranami and Readman, 2007). The soil nitrogen cycle is extremely impaired when 

the concentration of triclosan is at higher level i.e., 5 mg/g (Svenningsen et al., 

2011). Human urine samples as randomly collected in USA and Asia, indicated that 

83% samples are contained with high value of triclosan (Iyer et al., 2018). Triclosan 

is potential water contaminant and occurred in the streams, lakes and seawater at 

higher levels (Wang et al., 2018). Therefore, in order to maintain a safe and stable 

natural environment, it is important and inevitable to devise the newer technologies 

for safe and efficient removal of these emerging micro-pollutants from effluents of 

existing water treatment plants (Dai et al., 2012; Durán-Álvarez et al., 2012; Kiran  

and Venkata, 2012; Sipma et al., 2010). 

 

1.2.2.3. 17α-Ethynylestradiol (EE2) 

 

Figure 1.3. Structure of EE2. 
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The most harmful endocrine disruptor is known to be 17α-ethynylestradiol 

(EE2), the major primary substance used in contraceptive pills and postmenopausal 

hormone supplement used in human and animal therapies (Larcher et al., 2012; Han 

et al., 2013; Silva et al., 2012). EE2 is commonly discharged in domestic sewages 

and some industrial wastewaters (Larcher et al., 2012; Oliveira et al., 2015). 

Hormones are excreted at large quantities by humans hence, from domestic/sewage 

wastes. The major source of EE2 is from the urine of human (Pauwels et al., 2008). 

Previous studies reported that significant amount of free EE2 is identified in 

wastewater at a concentration 7 to 42 ng/L from the effluent wastewater treatment 

plants (Cargouet et al., 2004). It is also reported that treated water for drinking in 

Germany contain significant amount of EE2 at 0.5 ng/L (Atkinson et al., 2012). 

According to several reports, human and living beings are significantly affected by 

EE2 and cause several diseases such as disorders of the reproductive system, cancer 

and impotence (Assis et al., 2012; Komesli et al., 2015; Vandenberg et al., 2013). 

Comparing with other natural estrogens, the half-life of EE2 is longer and is more 

harmful (Scala-Benuzzi et al., 2018). In addition, EE2 is readily assembles in silt and 

ecosystems (De Wit et al., 2010). The concentrations of EE2 ranging from 0.1–10 

ng/L may pose threat to the fish and other aquatic life (Feng et al., 2010). Research 

conducted by spiking a lake in Canada with EE2 concentration 5-6 ng/L resulting in 

the death of entire fish population (Kidd et al.,2007). 

 

1.3. REMOVAL OF HEAVY METALS 

Elevated concentrations of heavy metals in the environment are of great 

concern due to its potential threat to all living beings. Human activities and natural 

phenomenon are the main reasons involved in the release of heavy metals into the 

environment (Bendezu and Fuentes, 2019; Briffa et al., 2020). Ion exchange, 

chemical precipitation, coagulation/flocculation, adsorption, membrane filtration, 

solvent extraction, cementation, electrochemical methods and flotation are the most 

accessible technique employed for the removal of heavy metals from wastewater 

samples (Saravanan et al., 2013; Wolowiec et al., 2019). 
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Ion exchange is a phenomenon in which ions are interchange between liquid 

media and solid material and usually it is a reversible chemical reaction (Bashir et 

al., 2019). Heavy metals in wastewater are removed efficiently using the ion 

exchange process and are easily retrieved and recycled. The ionic exchange materials 

are natural and synthetic resins. Ion-exchange resins could be employed for variety 

of heavy metals removal depending on the type of functional groups present on its 

surface (Fernandez et al., 2005). Furthermore, extraction of heavy metals from 

sludge are promoted using ion-exchange resin thereby changing the thermodynamic 

equilibrium of M(OH)2(s) ↔ M
2+

 + 2OH
-
 (Budak, 2013). 

Cementation is a process in which additional electropositive metal is 

employed to precipitate metals from a solution of its salts thereby reducing to its 

elemental metallic form electrochemically and resulting in the loss of electron from 

sacrificial metal (Nassef and El-Taweel, 2015). Valuable or hazardous metals are 

retrieved from industrial effluents using cementation process. It is also employed in 

the purification of contaminated water other than hydrometallurgy (Konsowa, 2010). 

Cementation is pH dependent and greatly affected with change in solution pH. At pH 

< 7.0, corrosion of reactor and dissolution of reducing metal occurs. On the other 

hand, at pH > 7.0, the hydroxide is predominantly precipitated (Noubactep, 2010). 

The cementation process is heterogeneous in nature and is governed by 

electrochemical reaction and mass transport (Youssef et al., 2020). 

Coagulation-flocculation technique is used to remove heavy metals to form 

low soluble compounds including hydroxides (OH
−
), sulfides (S

2−
), carbonates 

(CO3
2−

) (Visa et al., 2016). Coagulation is a process in which the colloidal particles 

are destabilized by suitable coagulants resulting in sedimentation. Coagulation is 

usually accompanied by flocculation in which the flocculants are added which 

accumulates the destabilized colloidal particles to form larger flocs which is 

separated by filtration (Teh et al., 2016). Aluminium sulphate (Al2(SO4)3), ferrous 

sulphate (Fe2(SO4)3) and ferric chloride (FeCl3) are widely used coagulants. The 

temperature, nature of coagulant, quantity of coagulant, blending method and pH 

plays important roles in the efficiency of coagulation (Renault et al., 2009). 

Polyaluminum chloride, polyacrylamide and polyferric sulphates are often used as 



12 

 

flocculants for treating heavy metals in wastewater (Duan et al., 2010; Jaafarzadeh et 

al., 2016; Mwewa et al., 2019). 

Chemical precipitation is very common method used for the removal of 

heavy metals due to its low cost and simple operation. In an alkaline condition, 

precipitating reagent is added which precipitates the heavy metal ions which is easily 

removed by sedimentation or filtration (Hashim et al., 2011). The precipitates are 

further sequestered and the remaining solution is utilized for next cycle of operation 

(Fu and Wang, 2011). Hydroxide and sulphide precipitation are two methods 

commonly employed in chemical precipitation (Huisman et al., 2006). It was 

reported that Cu(II), Cd(II), Mn(II), Zn(II) are efficiently removed using chemical 

precipitation process (Bilal et al., 2013). Calcium hydroxide, lime, sodium hydroxide 

are accessible to create hydroxide precipitates. Detailed study in the removal of 

fluoride in waste stream showed that, among the precipitates, magnesium hydroxide 

(Mg(OH2)), calcium hydroxide (Ca(OH)2)  and calcium chloride (CaCl2), calcium 

salt  showed highest removal efficiency for fluoride in the pH range 4.0-14.0 (Jadhav 

et al., 2014). Solid (FeS), aqueous (NH4S) or gaseous sulphide sources (H2S) are 

mostly employed as sulphide precipitants (Lewis, 2010). 

Membrane is composed of definite permeable substances which is 

responsible for the attenuation of heavy metal toxic ions from polluted water (Patil et 

al., 2016). In membrane filtration, particles are separated according to their size, 

concentration of the solution, pH and pressure applied. The physical and chemical 

properties of the membrane is an important parameter for the easy penetration of 

water and hence, the removal/rejection of contaminants. The filtration process is 

further accelerated by the suitable addition of chemical reagents (Barakat and 

Schmidt, 2010). Reverse osmosis, ultrafiltration, electrodialysis and nanofiltration 

are the common membrane filtration methods used for the removal of heavy metals 

in aqueous medium. 
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1.4. MICRO-POLLUTANTS REMOVAL TECHNIQUES 

Physicochemical techniques such as coagulation-flocculation processes are 

not sufficient to eliminate pharmaceuticals and personal care products (PPCPs) and 

endocrine disrupting compounds (EDCs) from wastewater treatment plants. 

Therefore, several techniques including advanced oxidation processes (AOPs) 

(Ribeiro et al., 2019), membrane technologies (Bodzek et al., 2015), biological 

processes (Kanaujiya et al., 2019) are employed in the elimination of these micro-

pollutants from aqueous solutions. 

Advanced oxidation processes (AOPs) are the most attractive and favourable 

methods employed for the elimination of hazardous and recalcitrant organic 

pollutants in wastewater. These methods include the in-situ generation of extremely 

reactive and nonselective hydroxyl radicals (OH) (Singh and Garg, 2021). 

Hydrogen peroxide (H2O2), ozone (O3), iron salts and ultraviolet radiation are used 

for the generation of (OH) radicals. Mineralization of contaminants to its end 

product (CO2) or conversion of pollutant compounds to its intermediate by-products 

using strong oxidant via oxidation-reduction methods are important mechanisms of 

associated with AOPs (Verma et al., 2021). Several pollutants including endocrine 

disrupters, pesticides, dyes and emerging contaminants are degraded using AOP 

methods (Rayaroth et al., 2020). However, it is also reported that in some instances, 

AOPs generates some recalcitrant by-products which possesses enhanced toxicity 

compared to the parent compounds (Kumar et al., 2021).  

Membranes are having selective boundaries that partition two phases and 

inhibit the movement of pollutant substances in aqueous solutions (Nath, 2008). 

Membrane separation method is extensively studied for the rejection of micro-

pollutants, mainly reverse osmosis (RO) and nanofiltration (NF) membranes, which 

holds suspended salts and solutes and are efficient for the micro-pollutants having 

molecular weights from 200 and 400 Da (Sui et al., 2010). Reverse osmosis holds 

higher amount of micro-pollutants due to the presence of small size of pores 

compared to the nanofiltration. But the retention efficiency of NF is very close to RO 

and it has an ability to operate under higher flow and low pressures. It showed lesser 

fouling rates and found cost effective (Silva et al., 2017). Therefore, in membrane 
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processes, several parameters viz., physico-chemical features of target pollutants, 

transport, properties of membrane and matrix effect need to be considered for 

effective and efficient decontamination processes (Chon et al., 2012). 

Conventional treatment plants such as activated sludge, fixed bed and 

trickling bed bioreactors, and innovative treatment processes including membrane-

based bioprocesses, two-phase portioning bioreactors, and cell-immobilized systems, 

are among the biological treatment methods implicating through the potential 

microorganisms. The most common process for the treatment of polluted water using 

biological treatment plants is activated sludge technique (Kanaujiya et al., 2019). 

This process depends on the activity of microbes for the removal of nutrients and 

oxidizing high carbon containing substances (Eckenfelder and Clearly, 2013). 

Microbial degradation or sorption by microbial flocs is responsible for the major 

degradation of pollutants by microbes (Maeng et al., 2013).  

 

1.5. ADSORPTION 

Adsorption is a mass conversion technique in which an adsorbate is 

transported by chemical or physical processes onto the active binding sites of an 

adsorbent and it is primarily a surface phenomenon (Ojedokun and Bello, 2016). 

Adsorbent refers to the material/substances on which adsorption occurs, whereas 

adsorbate refers to the molecular or atomic/or ionic species that are being adsorbed. 

The adsorption procedure is versatile in terms of design and performance and it 

provides superior treated effluent in many conditions. Adsorption is, mostly, a 

reversible process and therefore adsorbents are recycled using appropriate desorption 

method and the recycled adsorbent can be further reused for different purposes. The 

commonly used recycling processes are pressure swing method, electrochemical and 

thermal regeneration methods (Demirbas, 2008). The efficacy of the adsorption 

technique is determined by the specific surface area, distribution of pore size, 

polarity and functional groups of the adsorbent (Bernal et al., 2018). 

Adsorption is categorized into two types viz., chemisorption and 

physisorption. In physisorption, the adsorbate binds to the surface of the adsorbent 

through physical forces including Van der Waals forces, hydrophobicity, hydrogen 

bonding, dipole-dipole, π-π interactions, etc. (Sen, 2013). It is reversible process, fast 
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and spontaneous and decreases with the increase in temperature hence, required less 

energy for activation. Sorption equilibrium is rapidly attained and does not undergo 

molecular structure change for physisorption (Butt et al., 2013).  

Chemisorption is formed when the adsorbent and adsorbates are forming 

covalent bond through electron exchange in monolayer coverage onto the surface of 

the adsorbent. The adsorbates are immobilized in an irreversible manner to the 

binding sites of the adsorbates in chemisorption. It depends on temperature and 

increases with the increase in temperature indicating the existence of activation 

energy barrier. Further, both the processes can occur together or one after another 

under appropriate situations (De Gisi et al., 2016). 

 

1.5.1. FACTORS AFFECTING ADSORPTION PROCESS 

There are different parameters which govern the process of adsorption at 

solid-solution boundary viz., nature of adsorbent and adsorbate, temperature, pH and 

sorptive concentrations. 

 

a) Nature of adsorbent and adsorbate 

Generally, adsorption is enhanced on increasing the surface area of the 

adsorbent resulting in the increased availability of binding sites on the surface of the 

adsorbents. Opposite charged species are attracted on to the adsorbent surface having 

high surface charge while like charged species are adsorbed with lesser extent. The 

increased in the sorption of cationic dyes using ZnO impregnated natural clay is due 

to the increased in surface area and pore volume compared to natural and calcined 

clay (Behilil et al., 2020). 

The shape, size and chemical properties of the adsorbate also play an 

important role in the process of adsorption. Adsorption is determined by the charge 

present on the sorbate species and the existence of active binding sites on the surface 

of the adsorbent. The competitive sorption of heavy metals towards adsorbates 

revealed that adsorption process is strongly dependent on the nature of the adsorbate 

species (Martin-Lara et al., 2020; Xu and McKay, 2017). 
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b) pH of the solution 

The change in pH of a solution greatly influenced the adsorption process of 

the adsorbents. The difference in the sorption capacity is mostly due to the effect of 

pH on the adsorption properties of the adsorbent‘s surface (Vijayalakshmi et al., 

2016). Furthermore, the structure and features of the adsorbent surface are affected 

by the acidity and basicity of the solution hence, affected the adsorption processes 

(Gundersen and Steinnes, 2003). 

 

c) Temperature 

Temperature is one of the most important parameter in the adsorption process 

and usually affected the rate of adsorption. The rate of diffusion of adsorbate 

molecules increased on increasing the solution temperature (Mekatel et al., 2015). 

Increasing temperature results in higher mobility of adsorbate species leading to 

desorption which further shows that the adsorption process is spontaneous and 

exothermic in nature (Barkat et al., 2014).  

 

d) Initial sorptive concentration 

The sorptive concentration is an important factor in adsorption process since 

it governs the adsorbent adsorption capacity for particular initial adsorbate 

concentrations (Banerjee and Chattopadhyaya, 2017). Therefore, increasing the 

initial concentration of adsorbate caused an increase in extent of removal (Mnasri-

Ghnimi and Frini-Srasra, 2019). The isotherms viz., Freundlich, Langmuir, Dubinin-

Radushkevich, Redlich-Paterson, Halsey, and Sips are among the isotherms utilised 

and each equilibrium model discussed several characteristics of the adsorption 

process. However, Langmuir and Freundlich are the most appropriate isotherms 

mainly employed in adsorption studies (Kausar and Bhatti, 2013). 
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1.6 COMMONLY USED ADSORBENTS 

Various adsorbents are employed for the removal of contaminants in aqueous 

environment. Some of very common adsorbents are discussed briefly here. 

 

1.6.1 Activated carbon 

Activated carbon (AC) showed high potential towards the treatment of 

wastewater due to its high specific surface area, large meso- and micropore volumes 

(Mezohegyi et al., 2012). Activated carbons are of two types viz., powder activated 

carbon (PAC) and granular activated carbon (GAC). The removal efficiency of PAC 

for micro-pollutants is higher than GAC (Odabasi and Buyukgungor, 2016). 

Generally, activated carbon is employed for the elimination of organic pollutants but 

it also efficient in the removal of several heavy metals. Activated carbon is made in 

such a way that raw materials are dried first and then carbonized using high 

temperature followed by activation leading to large surface area varying from 600 to 

2000 m
2
/g. Therefore, different contaminants including heavy metal toxic ions, 

anions, organic pollutants etc. are removed efficiently (Bhatnagar and Sillanpää, 

2010). Al-Lagtah et al. (2011) studied the adsorption of Cr(VI), Cu(II), Cd(II) and 

Zn(II) on commercial activated carbon. The Langmuir adsorption capacity was found 

to be 62.857, 44.56, 43.33 and 53.98 mg/g for Cr(VI), Cu(II), Cd(II), Zn(II), 

respectively and followed pseudo-second order kinetics. Cu(II), Cd(II), Zn(II) are 

primarily adsorbed through the ion exchange mechanism. Prokic et al. (2020) 

utilized unmodified and chemically modified activated carbon for the adsorption of 

estrone, 17β-estradiol, and 17α-ethinylestradiol. They reported that physisorption is 

the main mechanism of adsorption. Further, an increased in the amount of oxygen 

functional group enhanced the adsorption while increased in the surface area did not 

show significant effect in elimination of these pollutants. A high adsorption capacity 

of arsenic (2860 mg/g) is achieved from copper electrorefining solutions using 

commercial activated carbon (Navarro and Alguacil, 2002). 

Tounsadi et al. (2016) prepared activated carbon (AC) from Glebionis 

Coronaria L and reported that carbonization temperature, activation temperature and 

time, ratio of impregnation are important factors for the production of AC. Further, 

the removal of Cd(II) and Co(II) using AC showed that the contact between the 

https://www.sciencedirect.com/science/article/pii/S0301479712000904#!
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carbonization temperature and impregnation ratio increased the removal capacity of 

Cd(II) and Co(II) with 57.87 and 45.75 mg/g, respectively. Manganese coated 

activated carbon materials produced from areca nut waste and rice hulls were 

employed for the removal of arsenic in aqueous media (Lalhmunsiama et al., 2012). 

The sorption of As(III) and As(V) by these solid materials in the presence of 

background electrolytes concentration (NaNO3) almost remain unaffected due to the 

formation of ‗inner-sphere‘ complexes through strong chemical bond. 

 

1.6.2 Agricultural waste/byproducts 

Agricultural wastes/by-products are produced from the agricultural and forest 

activities and are often discarded in the environment as waste materials. Agricultural 

waste materials are considered to be economical and eco-friendly due to their 

distinctive chemical properties, low cost, natural abundance and renewable in nature. 

These materials are favourable to be used practically in water purification system 

(Ahmed, 2016; Anastopoulos et al., 2017; Anastopoulos and Kyzas, 2014; Chen et 

al., 2019a). Agricultural by-products mostly consist of cellulose and lignin and thus 

their unique features and chemical composition, presence of different functional 

groups makes them good alternative adsorbents in wastewater treatment (Bhatnagar 

et al., 2015). A huge amount of agricultural residues including lemon peel (Kannan 

and Veemaraj, 2010), peat soil and rice husk (Mohamad et al., 2018), wheat straw, 

corncob (Amen et al., 2020), Eucalyptus leaves (Alimohammadi et al., 2017), 

groundnut shell (N‘diaye et al., 2019), rice husk ash (Chen et al., 2016b), white pine 

(Pinus durangensis) sawdust (Salazar-Rabago et al., 2017) etc. are employed for the 

decontamination of water.  

 

1.6.3 Industrial by-products/residues 

The by-products/residues from industries are utilized as low-priced 

adsorbents in the removal heavy metals, dyes and organic compounds in aqueous 

waste waters. These materials are not required additional treatment and easily be 

employed for the decontamination of water (Vardhan et al., 2019). Numerous 

industrial waste solids including paper mill waste (Suryan and Ahluwalia, 2012), 

khangar (carbon waste) (Nagpal et al., 2016), modified blast furnace slag (Gao et al., 
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2016), rice straw fly ash (El-Bindary et al., 2015) and modified sugarcane bagasse 

(Akl et al., 2014) etc. are used in the removal of contaminants from 

wastewater/water.  

Huge quantity of fly ash is produced from thermal power plants due to 

burning of coal. Carbon, alumina, ferric oxide etc. are the major constituents of fly 

ash (Montalvo et al., 2017). Fly ash was employed for the adsorption of Crystal 

Violet (CV) in water. Results show that 98.3% of Crystal Violet (CV) was removed 

with 90 minutes of contact. However, regeneration of adsorbent is practically 

difficult (Ghosh and Bandyopadhyay, 2016). 

Bauxite residue, often known as red mud, is an industrial byproduct produced

 during the production of bauxite into aluminium. The percentage removal of As(III) 

and As(V) using activated red mud (ARM) was found to be 87.54 and 96.52%, 

respectively. The isotherm model followed Langmuir model with adsorption 

capacities of 1.80 µmol/g for As(III) and 12.57 µmol/g for As(V) (Altundogan et al., 

2002). The mechanically activated fly ash showed higher removal percentage (96%) 

of Zn(II), Ni(II), Pb(II), Mn(II) and Cu(II) than the raw fly ash under identical 

experimental conditions (Xiyili et al., 2017). The maximum sorption capacity of 

Pb(II) using oxygen furnace slag is 92.5 mg/g (Naiya et al., 2009).  

 

1.6.4 Biomasses and Bio-sorbents 

Trace quantity of contaminants are often removed from wastewater using 

variety of bio-sorbents. Several biomasses, living and non-ling including algae (Ali 

et al., 2018; Rubin et al., 2010), fungi (Abbasi, 2017; Anayurt et al., 2009), bacteria 

(Abbas et al., 2014; Aragaw, 2020) and yeast (Danouche et al., 2021; Ferdous et al., 

2016), chitosan (Nechita, 2016; Vidal and Moraes, 2019) are used for the 

decontamination of wastewater. Algae are promising bio-sorbents due to its high 

adsorption capacity and are easily available in huge quantity in water bodies (Trinelli 

et al., 2013). 

Adsorption of Cd
2+

, Cr
3+

, Pb
2+

 and Cu
2+

 on algae Ulva lactuca powder (AP) 

and activated carbon (obtained from Ulva lactuca) (AAC) was carried out and results 

showed that Ulva lactuca (AAC) possessed higher adsorption capacity than Ulva 

lactuca powder (AP) (Ibrahim et al. 2016). Chitosan is produced from chitin, 
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consisting of polysaccharide structure of deacetylated-β-glucosamine and is widely 

used in the removal of various contaminants from waste water (Escudero-Onate and 

Martinez-Frances, 2018). The maximum uptake of Cr(VI) using Bacillus sp 

immobilized waste tea biomass is 741.389 mg/g (Gupta and Balomajumder, 2015) 

and the maximum uptake of Cr(VI) using Arthrobacter viscous biomass is 1161.3 

mg/g (Hlihor et al., 2016). Inorganic organic iron chitosan nanoparticles (CIN) 

showed high adsorption capacity of 94 ± 1.5 and 119.0 ± 2.6 mg/g towards As(V) 

and As(III), respectively. No significant change in the adsorption capacity of 

adsorbent is observed after five cycle of adsorption-desorption operations (Gupta et 

al., 2012). Ahamad et al. (2020) employed fabricated nanocomposite (CTM@Fe3O4) 

for the removal of tetracycline and the maximum adsorption capacity was 215.31 

mg/g. Further, π-π and hydrogen bonding interaction are revealed in the sorption of 

tetracycline by the material. 

 

1.6.5 Carbon nanotubes 

Iijima discovered carbon nanotubes (CNTs) in 1991 (Iijima, 1991). Carbon 

nanotubes (CNTs) are composed of carbon with cylindrical shape having a tube-like 

structure. CNTs are classified into three types (1) single-walled CNTs (SWCNTs) (2) 

multi-walled CNTs (MWCNTs) and (3) functionalized CNTs (f-CNTs). Several 

pollutants are effectively removed using carbon nanotubes (Ma et al., 2011; Anjum 

et al., 2019). The mechanical, magnetic, heat resistance and high varied chemical 

properties of CNTs makes it a good adsorbent in wastewater treatment. Chemical 

interactions, electrostatic attractions, sorption- precipitation and ion-exchange are the 

main process involved between the CNTs and metal ions (Al-Khaldi et al., 2015).   

Adsorption-desorption results of As(V) and As(III) using zerovalent iron 

doped MWCNT (ZCNT) showed that the material lost its sorption efficiency by 25% 

and 13%, respectively for As(V) and As(III) after five cycles of adsorption 

experiments (Sankararamakrishnan et al., 2014). Adsorption of 4-chloro-2-

nitrophenol using SWCNTs and MWCNTs under identical experimental conditions 

showed that MWCNTs adsorption capacity was two-fold higher than SWCNTs. This 

is primarily due to the presence of additional sorption sites even the SWCNTs 

exhibited larger specific surface area (Mehrizad et al., 2012; Salam and Burk, 2010). 
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The adsorption of 17α-ethinylestradiol and bisphenol A using SWCNTs in artificial 

seawater, brackish water or their combination showed removal efficiency of 95–98% 

and 75–80%, respectively (Joseph et al., 2011a). 

 

1.6.6. Zeolites 

Zeolites are porous hydrated aluminosilicates with anionic skeleton and are 

used as an adsorbent over the past several years in separation and/or purification 

method (Pérez-Botella et al., 2019). The removal process of natural zeolite for 

contaminants occurred as: (a) distinct pores inside the crystal structure (Hoang et 

al. 2012); (b) presence of negative charge which are exchangeable by cations in 

solutions (Ghasemi et al., 2016). Mordenite, chabazite, analcime, phillipsite, 

clinoptilolite, etc. are the different types of zeolites in which clinoptilolite is the most 

common among zeolites which is studied extensively (Wang and Peng, 2010).  

The removal efficiency of copper, chromium and iron by natural zeolite was 

reported as 96.0% in 180 minutes, 85.1% in 300 minutes and 95.4%, in 360 minutes, 

respectively (Zanin et al., 2017). Aluminium-loaded shirasu-zeolite showed effective 

removal of As(V) in drinking water within a wide pH range (3-10). The presence of 

interfering ions viz., chloride, nitrate, sulfate, etc. is insignificant but the presence of 

phosphate significantly reduced the adsorption of As(V) (Xu et al., 2002). Natural 

zeolites NZ01, NZ02 and NZ03 are used in the removal of tetracycline (TC) and 

oxytetracycline (OTC) in which NZ02 achieved highest sorption capacity for TC and 

OTC. Further, regeneration after five cycles showed that the performance of NZ02 is 

reduced by about 50% for TC and 30% for OTC (Lye et al., 2017).  

 

1.7. REVIEW OF LITERATURE 

Clay minerals are fine particles, occurred naturally on the earth‘s crust which 

consist mostly silica, water, alumina, and dissolved rocks. Clay has the ability to 

expand according to the amount of water content and becomes harden when dried or 

apply heat (Uddin, 2017). Clay minerals are crystalline structures and are composed 

of layers mainly tetrahedral [SiO4]
4−

 and octahedral [AlO3(OH)3]
6-

 sheets. The metal 

cations are located inside the tetrahedrons and octahedrons, the oxygen atom occupy 

the tip from which some are linked with protons (as OH). Thus, hexagonal system is 
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organized with each sheet by fundamental structural elements. The charge on the 

layer depends upon the ratio and number of sheets in the fundamental structural units 

(Lee and Tiwari, 2012). 

 Clay minerals are roughly divided into seven groups: (i) The two sheet 

silicates, serpentine and kaolinite group, where the two-sheet layer (unit cell) T:O is 

in the ratio 1:1 (ii) The micas group, three-sheet phyllosilicates, where T:O ratio is 

2:1 (iii) The group of vermiculite, having expanding three sheet silicates with  T:O 

ratio 2:1. (iv) The smectite group, three sheet silicates which expand strongly, where 

the three-sheet layer T:O ratio is 2:1. (v) The non-swelling three-sheet 

phyllosilicates, pyrophyllite and the talc group, in which three-sheet layer T:O ratio 

is 2:1. (vi) The chlorites group with four-sheet silicates, in which the charge of the 

four-sheet layer is 1.1 with T:O:O ratio  2:1:1. (vii) The palygorskite and sepiolite 

group are having the layer-fibrous structure (Huggett, 2021; Mukhopadhyay et al., 

2020). Bentonite is having clay natural abundance which consists of layered 

phyllosilicates, where tetrahedral and octahedral sheets (T:O) are interchanged in the 

ratio of 2:1. Bentonite is having a net negative charge due to the replacement of 

aluminium and silicon by lower metal cation such as magnesium, sodium, calcium, 

etc. Bentonite possessed high cation exchange capacity (CEC), large specific surface 

and well distinct porous structure which makes bentonite as an efficient adsorbent for 

various pollutants (Bergaya et al., 2006; Prabhu and Prabhu, 2018). The adsorption 

ability of bentonite is primarily defined by their pore structure and the cation 

exchange capacity (CEC) (Kul and Koyuncu, 2010).  

 Therefore, numerous studies are conducted to demonstrate the efficiency of 

clay minerals towards Pb(II), Cr(VI), Ni(II) and Cu(II) in aqueous medium using 

attapulgite. Results show that over 60% adsorption efficiency was achieved for all 

the metals and the amount adsorbed were found to be 62.1, 33.4, 58.5 and 30.7 mg/g 

for Pb(II), Cr(VI), Ni(II) and Cu(II), respectively (Potgieter et al., 2006). The 

removal of Cd(II), Cu(II), Ni(II), Pb(II) and Zn(II) using montmorillonite showed 

that at lower pH, outer sphere complex formation occurred at permanently charged 

basal sites and is affected by ionic strength and at higher pH. The inner-sphere-

complex formation took place at variable charged sites and is less affected by ionic 

strength. The permanent charge site affinity for metal cations was Pb > Cu > Ni  Zn 
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 Cd and for variable charged edge sites was Pb  Cu > Zn > Cd > Ni (Gu et al., 

2010). Kaolinite clay was employed for the sorption of Cu(II), Cd(II), Ni(II) and 

Pb(II) in single and multi-metal ion systems. Results show that interaction between 

the clay surface and metal-ions was chemical in nature and the adsorption sites are 

non-uniform and non-specific (Jiang et al., 2010). In other study, adsorption of 

Cu(II), Ni(II), Cd(II) and Pb(II) onto natural bentonite in  mono- and multi-metal 

systems was conducted. It was found that the amount of metal uptake by bentonite in 

multi-component system are lower than those obtained for the particular single metal 

system and the equilibrium uptake amounts of each metal in the multi-component 

system was decreased on increasing the concentrations of the other metals due to 

their antagonistic effect (Bourliva et al., 2015).  

 Clay minerals are efficient in the removal of several metal cations however, 

the clay materials are not found efficient towards variety of oxyanion impurities such 

as As(V), As(III), Cr(VI) along with several micro-pollutants (Lee and Tiwari, 2012; 

Paiva et al., 2008; Unuabonah and Taubert, 2014). The hydrophilic nature and 

charges on the surface of the pristine clay makes it ineffective for the adsorption of 

anionic contaminants and hydrophobic or non-polar organic pollutants (Park et al, 

2011). Therefore, the pristine clay mineral needs to be modified in order to make it 

efficient in the removal of low- or non-polar organic and anionic water pollutants. 

Organic cations with short or long chain are introduced within the interlayer space of 

clay network by the available exchangeable cations (Thanhmingliana and Tiwari, 

2015). The introduced organic moiety greatly enhances the hydrophobic nature with 

more organophilic nature which enabled the materials more effective and efficient in 

the removal of several non-polar and polar organic or even anionic water pollutants 

(Alkaram et al., 2009). Moreover, clay minerals are also pillared with polyoxycations 

and then intercalated with organic cations at the same time to obtain organo-inorgano 

materials which are then utilized for the removal of inorganic and organic impurities 

in water bodies (Zermane et al., 2010). However, materials showed its inherent 

limitations since the surfactants and clay minerals interacted through weak 

electrostatic forces, therefore, the intercalated surfactant possibly leached out into the 

aqueous phase and causing secondary pollution (Qin et al., 2014). 
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Clay minerals are physically modified through thermal activation which 

removes intercrystallite water thereby increasing porosity and surface area (Chen et 

al., 2011). While chemically modified clay minerals consist of grafting with amine, 

activation with acid and doping/impregnation with surfactant or metal (Loganathan 

et al., 2013). Therefore, advanced and functionalized materials precursors to the 

natural clays are suitable options for its wide range of implications (Buruga et al., 

2019; Kotal and Bhowmick, 2015). Silane grafted clay has recently attracted 

researchers attention since the silylated clay results in stable confinement of organic 

functional groups with the formation of strong bond between clay and organic 

moieties which further restricted the leaching of organic moieties into the 

environment (Bertuoli et al., 2014; Fonseca and Airoldi, 2003). Several factors are 

responsible for the effective immobilisation of silane, including the concentration, 

type of surface, properties of organosilane and the hydrolytic stability of the bonds 

formed. However, broken edges of clay minerals is most reactive sites for grafting of 

silane. Grafting of silane compound within the clay network is, however, challenging 

(Queiroga et al., 2019; Tao et al., 2016). The structure of silylated compounds are 

governed by the presence of solvent molecules. Solvents with comparatively low 

surface energy but having higher surface energy than montmorillonite results in large 

average basal spacing of silylated products. This shows that the basal spacing is 

influenced by the polar components and dispersive surface energy (Wamba et al., 

2018). The silylated products include internal-surface grafted silane, intercalated 

silane and physically adsorbed silanes. Grafting of silane onto clay minerals 

proceeded in two steps, i.e., intercalation and adsorption, and then condensation 

reaction. Further, the total surface energy is an important factor governing the overall 

yield of silane grafted materials (Shanmugharaj et al., 2006). The grafting of silane 

was not obtained in the nonpolar solvent (e.g., toluene) (Daniel et al., 2008; Herrera 

et al., 2005), however, the polar solvents (e.g., water/ethanol mixture and ethanol) 

enabled the intercalation of silane as due to proper dispersing medium (He et al., 

2005). Silylation of montmorillonites with long chain of aminosilane molecule 

exhibit smaller basal spacing. The basal spacing is governed by an important factor 

viz., interactions between functional group present with silane (e.g., -NH2 group) and 

type of clay mineral (Piscitelli et al., 2010). Low dielectric constant of nonpolar 

https://www.sciencedirect.com/science/article/pii/S0169131719304351#bb0090
https://www.sciencedirect.com/science/article/pii/S0169131719304351#bb0090
https://www.sciencedirect.com/science/article/pii/S0169131719304351#bb0365
https://www.sciencedirect.com/science/article/pii/S0169131719304351#bb0365
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solvents enables hydrolysis, condensation and intercalation of silane molecules 

which results in the production of high loaded silane and polysiloxane oligomers in 

the interlayer spaces of montmorillonite. The neighbouring montmorillonite layers is 

linked with polysiloxane oligomers via covalent bond which leads to ‗locking‘ effect 

and the silylated products loses the ability to swell. Whereas the high dielectric 

constant of polar-protic solvents causes the less hydrolysis decreasing hence, the 

loaded silane and degree of condensation is low which is due to hydrogen bonding 

between the –NH2 groups of APTES and solvents. The silylated products synthesized 

in polar-protic solvent showed swelling ability as pristine montmorillonite (Su et al., 

2013). The surface of bentonite clay was grafted with 3-aminopropyltriethoxysilane 

(APTES) and the material thus prepared allowing its micro-mesopores for removal of 

cations, bio-molecules, polymeric materials, drug molecule, etc. (Abeywardena et 

al., 2017). Zhu et al. (2007a) pillared bentonite clay with Keggin ion 

(hydroxyaluminum polycation) and the material (PILCs) is further silylated with 

octadecyltrichlorosilane (OTS) and trimethylchlorosilane (TMCS) producing organo-

inorgano composite material (SPILC). The composite material is employed for the 

sorption of organic pollutants in air and waste water. SPILC showed much higher 

sorption capacity for pollutants than the CTMAB-bentonite. 

  Activation of montmorillonite increases the sorption active sites and thus lead 

to higher loading of silane (Shen et al., 2009; He et al., 2002). Bentonite is modified 

using different strategies: cationic exchange, silylation and acid activation. The 

uptake percentage of water in the silylated bentonite is substantially reduced 

compared to the pristine bentonite even at less loading of silane. However, the 

silylation is carried out on acid-activated bentonite clay, the organic content is not 

changed significantly. This result showed that silylation reaction depends on the 

limited geometrical condition and movement forced by the interlayer of clay rather 

than the number of –OH group accessible for the reaction.  But, when cation 

exchange reaction is applied on silylated bentonite and activated bentonite, the 

previous process results in increasing the uptake of number of surfactant cations.  

Moreover, the combination of the three treatments (acid-activation, silylation and 

cationic exchange) gave place to the modified bentonite with higher basal spacings 

and lower equilibrium water uptake percentage. Undoubtedly, acid-activation, 
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silylation and cationic exchange treatments resulted in lower uptake percentage of 

water at equilibrium and higher basal spacing is obtained with the modified bentonite 

clay (D‘Amico et al., 2014). Nano silica surface was grafted with 3-

mercaptopropyltrimethoxy (MPTS), DFT method provide the grafting modes 

between the MPTMS and nano silica surface in four different modes. Results show 

that when concentration of MPTMS is lower, mono- and di-grafting modes are 

favourable and when MPTMS concentration is higher, ladder-like grafting mode is 

favourable. Using the feed ratio 75 mL MPTS to 10 g nano silica, the grafting ratio is 

reached to 16.8% with the incorporated –SH concentration of 0.9 mmol/g (Wu et al., 

2014). Natural smectite clay was silylated with 3-aminopropyltriethoxysilane and 3-

mercaptopropyltrimethoxysilane for the adsorption of mercury. Results showed that 

the basal spacing of natural smectite clay is increased from 0.99 to 2.01 nm and 1.84 

nm for 3-aminopropyltriethoxysilane and 3-mercaptopropyltrimethoxysilane 

silylation, respectively. Moreover, the surface area was also increased from 48 to 79 

m
2
/g and 781 m

2
/g, respectively, for both the modified clays (Guerra et al., 2009). 

The diatom silica was chemically modified with 3-mercaptopropyltrimethoxy 

(MPTMS), 3-aminopropyl-trimethoxysilane (APTES) and n-(2-aminoethyl)-3-

aminopropyl-trimethoxysilane (AEAPTMS) for the removal of Hg(II). Diatom silica 

modified with MPTMS showed higher removal efficiency due to the strong bond 

between –SH group and Hg(II). The maximum sorption capacities are 169.5, 131.7 

and 185.2 mg/g for AEAPTMS, APTES and MPTMS, respectively within 60 

minutes of contact (Yu et al., 2012). Pre-treatment of bentonite clay with acid and 

then functionalized with 3-mercaptopropyltrimethoxy (MPTMS) silane leads to 

increase the basal spacing of clay from 1.4 (activated clay) to 1.6 nm (functionalized 

bentonite clay). Moreover, a remarkable binding capacity was obtained for Ag
+
 ions 

using functionalized bentonite clay (Guimaraez et al., 2009). 

Marjanovic et al. (2011) modified natural and acid-activated sepiolite with 3-

mercaptopropyl trimethoxy silane and employed for the adsorption of Cr(VI). It was 

found that grafting occurs mainly on the surface of sepiolite without changing the 

crystal structure of sepiolite. The removal efficiency for Cr(VI) is higher for 

functionalized acid-activated sepiolite than functionalized natural sepiolite due to 

higher content of silanol groups. There are two possible mechanisms for the 
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adsorption of Cr(VI) onto the materials, one is electrostatic attraction between Cr(VI) 

anionic species and the proton from mercapto group. Second is the electrostatic 

interaction of the sulfonate group (–SO2O
−
) attained by oxidation of the mercapto 

groups with the reduced Cr(III) from Cr(VI) ions by mercapto groups. It was also 

reported that pH plays an important role in the adsorption mechanisms for both the 

materials. The removal of Cr(VI) by functionalized sepiolites is mainly physical 

adsorption obtained from the thermodynamic data. Dogan et al. (2008) performed 

functionalization of sepiolite with [3-(2-aminoethylamino)propyl] trimethoxysilane 

and employed for the removal of metal ions Cd(II), Co(II), Cu(II), Fe (III), Mn(II) 

and Zn(II). The modification result showed that the methoxy group from silane is 

bonded with oxygen atoms or hydroxyl groups within the sepiolite structure. It was 

also found that increasing the temperature and equilibrium pH, modified sepiolite 

adsorbed more metal ion. The adsorption capacity of modified sepiolite followed the 

order Zn(II) > Cu(II) ~ Co(II) > Fe(III) > Mn(II) > Cd(II) . Cui et al. (2013) modified 

natural attapulgite (ATP) with (3-Aminopropyl)triethoxysilane (APTES) and then 

employed for the efficient sorption of Hg(II) from aqueous media. Over a wide pH 

range (3-11), the adsorbent efficiency remained constant.  The adsorption capacities 

of raw ATP increased from 5 mg/g to 90 mg/g after modification. The uptake of 

Hg(II) was rapid and reached equilibrium within 60 minutes of contact. This was 

demonstrated due to the complex formation between functional groups (i.e., amino 

group) and mercury. Desorption was carried out effectively in 1:1 (m/m) 

chlorohydric acid/thiourea solution which further showed that the adsorbent is 

renewable material for repetitive operations in the removal of Hg(II). Mesoporous 

SBA-15 was grafted with aminosilane without destroying the meso-structure of solid. 

One NCO group from diisocyanate (TDI) employed as bridging molecule was linked 

with the silanol surface of SBA-15 and the other one was linked with 

ethylenediamine (EDA). The grafting can avoid amino/amino interactions and 

amino/silanol interactions for the achievement of high loading of NH2 groups on 

SBA-15. The NH2-SBA-15 was employed for the adsorption of Cd
2+

, Ni
2+

, Cr
2+

, 

Zn
2+ 

and Cu
2+

 with high adsorption rates 99.9, 98.7, 99.7, 100 and 99.4%, 

respectively. The high adsorption rates are due to the metal ions and grafted NH2 

groups forming strong complex (Zhao et al., 2011). The adsorption of chromate and 
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arsenate on three amino-functionalized (hexadecylamine, dodecylamine, and 

dimethyldodecylamine) mesoporous silicas (MCM-41 and MCM-48) was conducted. 

The cubic structure of MCM-48 and hexagonal structure of MCM-41 remain 

unchanged as confirmed with the XRD patterns. Larger amount of chromate is 

adsorbed by amino-functionalized MCM-41 compared to the expanded MCM-48 

samples. The arsenate adsorption capacity is higher for mesoporous silicas modified 

by dimethyldodecylamine (Benhamou et al., 2013). The removal of 5-chloro-2-(2,4-

dichlorophenoxy) phenol (Triclosan) and 2,4-dichlorophenoxyacetic acid (2,4-D) 

was performed using modified SBA-15 and MCF mesoporous silicas with 3-

aminopropyltriethoxysilane (APTES). Results show that both the modified materials 

showed high removal of 2,4-D and the  maximum adsorption capacity were 286 and 

278 mg/g for amine-MCF and amine-SBA-15, respectively. The ionic interaction 

between the adsorbent and 2,4-D seems to play a major role in the adsorption process 

of the pollutant on APTES-modified siliceous matrices. While the adsorption of 

triclosan on these materials show efficiency around 38.2 – 44.2 mg/g. On the other 

hand, the -OH functional group of (triclosan) and the H-bond interaction between 

amine functional group and 2, 4-D molecules are responsible for the process of 

adsorption (Moritz and Geszke-Moritz, 2014). Paul et al, (2011) first treated 

beidellite clay with acid and then grafted with triethoxy silane (OTES) and chloro-

propyltrimethoxy silane (CPTES). The material prepared is utilized in the efficient 

removal of anionic (imazaquin) and neutral (alachlor) herbicides. Hydrophobic sites 

are predominantly responsible for an enhanced uptake of these pollutants. Bui et al, 

(2011) studied the adsorption of twelve pharmaceutical compounds in a complex 

solution using the SBA-15 and SBA-15 modified with tetraethylorthosilicate 

(TEOS), (3-aminopropyl)triethoxysilane APTES, hexamethyldisilazane (HMDS). It 

was shown that for the hydrophobic compounds and amino-containing 

pharmaceuticals, the adsorption affinity of SBA -15 is moderate, but no significant 

adsorption for hydrophilic compounds was recorded. Similar adsorption capacity of 

all pharmaceuticals was observed for SBA-15, HMSBA-15 and AP-SBA-15, the 

adsorption efficiency of diclofenac and clofibric acid on AP-SBA-15 was increased 

but decreased for two cationic compound and estrone compared to SBA-15. At pH 

5.5, TMS-SBA-15 possessed maximum adsorption efficiency for almost all 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/2-4-dichlorophenoxyacetic-acid
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pharmaceuticals with the removal efficiency of more than 70% for several pollutants. 

Therefore, TMS-SBA-15 is regarded as an efficient adsorbent for the 

decontamination of pharmaceuticals in wastewater treatment processes. Xiong et al, 

(2018) synthesized novel composite adsorbent by combining multi-walled carbon 

nanotubes (MWCNT) with amino-functionalized MIL-53 (Fe) and employed for the 

adsorption of chlortetracycline hydrochloride (CTC) and tetracycline hydrochloride 

(TCN) in aqueous solutions. Results show that the adsorption process was due to the 

hydrogen bonding between -OH of the TCN (CTC) and -NH2 of the modified 

MWCNT/NH2-MIL-53(Fe), the π-π interaction and pore-filling effect. Further, the 

major factor for the adsorption of CTC and TCN is due to the π- π interactions 

between adsorbent and adsorbate species. Yu et al, (2015) functionalized natural 

diatomite with phenyltriethoxysilane (PTES) and assessed the removal efficiency of 

benzene using the functionalized material. Results show that the benzene adsorption 

capacity on the functionalized diatomite is 28.1 mg/g which is 4-fold higher than the 

unmodified diatomite. Further, the adsorption isotherm followed Langmuir isotherm. 

A strong π- π interaction are occurred between the benzene and the phenyl groups 

present with solid in addition to the macro-porosity of functionalized diatomite 

resulted extremely high removal capacity of benzene by the functionalized material. 

Sepiolite was grafted with -aminopropyletriethoxy silane, 3-

chloropropyltriethoxysilane (CPTES), triethoxy (octyl) silane (OTES) and 

phenyltrichlorosilane (TFS) and employed for the adsorption of atenolol, ranitidine, 

and carbamazepine. Functionalization of sepiolite with CPTES showed higher 

removal of atenolol and ranitidine while functionalized sepiolite with triphenyl 

groups showed higher sorption of carbamazepine. The mechanism of sorption 

process followed with donor-acceptor complexes between electronegative atoms and 

protonated groups. Moreover, hydrophobic interactions between alkyl chains and π–

π* interactions between the phenyl rings are responsible for uptake of micro-

pollutant (Undabeytia et al., 2019). Silica nano particles was grafted with 

vinyltrimethoxysilane (VTMSO) and the copolymerized with acryloxyethyl-

trimethylammonium chloride (Q). Results show that the hybrid particles Q/VTMSO-

SiO2 could remove efficiently the arsenic in aqueous solutions. Further, it was also 

reported that the material exhibits better removal efficiency for copper, zinc, 
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chromium, uranium, vanadium, and lead than commercial water filter (Valdes et al., 

2018). Gilberto et al. (2016) functionalized bentonite with (3-

aminopropyl)triethoxysilane (APTS), N1-(3-trimethoxysilylpropyl) 

diethylenetriamine (TMPT), and N-[3-(trimethoxysilyl)propyl] ethylenediamine 

(TMPO) and are employed for the sorption of Cr(III) ions. The adsorption capacity is 

not significantly affected by increasing quantity of amino groups. The maximum 

adsorption capacities were 0.088, 0.096, 0.097 and 0.097 mg/g for bentonite, APTS, 

TMPO and TMPT, respectively. Further, the result showed that the number of amino 

groups bonded to bentonite does not affect the sorption capacity of the functionalized 

solids. 

 

1.8. SCOPE OF THE PRESENT INVESTIGATION 

Contamination of aquatic environment with heavy metals, metalloids and 

micro-pollutants has become a serious environmental concerns around the globe. 

Therefore, in order to safeguard the aquatic and terrestrial life, the decontamination 

of potential pollutants from aquatic environment is a greater concern for the 

environmentalists. Conventional wastewater treatment plants are expected to provide 

the required efficiency as to remove the pollutants completely or even to the 

permissible level as laid down by the regulatory bodoes. However, the existing 

wastewater treatment plants are not efficient enough to remove the potential heavy 

metal toxic ions or the emerging and persistence micro-pollutants including 

pharmaceutical, personal care products, endocrine disrupting chemicals 

etc. Therefore, advanced treatment is prerequisite in order to enhance the efficacy 

and efficiency of existing treatment plants. In a line, the adsorption is considered to 

be simple and cost-effective technique since it offers the possible utilization of 

naturally abundant materials for removing various water pollutants. The 

solution/surface chemistry is regulated using the novel and functionalized materials 

which could be useful in the low level removal of specific pollutants from aqueous 

solutuons.  

Several materials are widely studied and employed as adsorbents for treating 

polluted water. Among these adsorbents, clays and modified clays have received 

greater attention in the wastewater treatment strategy particularly in the removal of 
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heavy metals, micro-pollutants and arsenic oxyanions. Clays are porous materials, 

employed widely towards the elimination of water pollutants since it possesses a 

large surface area, expandability, high cation exchange capacity, porosity at micro 

levels, low cost and ubiquitous in nature. Moreover, clay minerals are found useful in 

large-scale operations because of its abundance and environmental benign. However, 

clays are having its limitations since highly hydrophilic in nature hence, ineffective 

towards the removal of organic pollutants, oxyanionic and  anionic species. 

However, the suitable modifications/functionalizations of natural clay materials 

could show wide range of applicability in particular the environmental studies. 

Therefore, advanced and functionalized materials precursors to the natural clays are 

having suitable options for its wide range of implications. Silane grafted clay has 

shown potential materials, since the silylated clay results from stable confinement of 

organic functional groups with the formation of strong bonds between clay and 

organic moieties which further restricted the leaching of organic moieties into the 

environment and preventing the secondary contamination of water bodies. Several 

factors are responsible for the effective immobilization of silane, including the 

concentration, type of surface, properties of organosilane and the hydrolytic stability 

of the bonds formed. However, broken edges of clay minerals is most reactive sites 

for grafting of silane. Grafting of silane compound within the clay network is, 

however, challenging in the material synthesis. 

Therefore, the present work intended to graft indigenously the two different 

silanes viz., 3-mercaptopropyl trimethoxysilane and 3-aminopropyl triethoxysilane 

with the bentonite network in a facile and one step synthetic route. The 

functionalized materials were then extensively utilized in the efficient elimination of 

As(III), As(V), Cu(II), Cd(II), tetracycline (TC), triclosan (TCS) and 17α-

ethynylestradiol (EE2) from aqueous solutions under the batch and column reactor  

operations. The batch reactor operations conducted with several parametric studies 

could enable us to propose a plausible mechanism involved at solid/solution 

interface. Moreover, the column reactor operations provides the loading capacity of 

solids for these pollutants under the dynamic conditions which is useful for real 

implications of materials in the wastewater treatment strategy or even to help in 

scaling up the laboratory data to large scale treatment.  
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2. METHODOLOGY 

2.1. MATERIALS AND APPARATUS 

Bentonite clay (BN) was purchased from a commercial supplier which was 

mined near Bhuj, Gujarat, India. 3-mercaptopropyletrimethoxy silane, 3-

aminopropyletriethoxy silane, sodium arsenate dibasic heptahydrate, 17 α–

ethynylestradiol, tetracycline hydrochloride were obtained from Sigma–Aldrich, 

USA. Copper (II) sulfate pentahydrate and cadmium sulfate were obtained from 

Kanto Chemical Co. Inc., Japan. Ethylenediaminetetraacetic acid (EDTA) was 

obtained from Qualigens, India. Magnesium sulphate heptahydrate was purchased 

from Loba Chemie, India. Calcium chloride dihydrate powder, manganese (II) 

chloride, oxalic acid, di-sodium hydrogen phosphate anhydrous purified, sodium 

hydroxide and nickel chloride were purchased from Merck, India. Sodium chloride 

(Extrapure), sodium meta arsenite, glycine and triclosan were obtained from 

HiMedia, India.  

Satorius (Arium Mini Plus UV Lab) water purification system was used for 

purifying the water. The purified water was used for preparing all the solutions. 

Electronic balance (HPB220, Wensar, India) was used for taking weights of 

chemicals and clay materials. A pH–meter (Thermo Scientific, Model: Orion 2 Star, 

pH Benchtop) was utilized for the entire pH measurements. The pH meter was 

calibrated using standard buffer solution having pH 4.0, 7.0 and 12.0.  

For column experiments, glass bead (0.5 to 1 mm) obtained from HiMedia 

was used for packing of glass column (1 cm inner diameter and 30 cm long; 

Spectra/Chrom Aqueous Column, USA). Peristaltic pump (KrosFlo Research I 

Peristaltic Pump, Spectrum Laboratories Inc., California, USA) was used to pump 

the sorptive solution of pollutant upward and the fraction collector (Spectra/Chrom 

CF–2 Fraction Collector, Spectrum Laboratories Inc., California, USA) was 

employed for collecting the effluent solution. Syringe filter (PVDF filter membrane, 

25 mm diameter and porosity of 0.45 μm) was obtained from Whatman, USA, which 

was used for filtration of samples in batch experiments. Fast Sequential Atomic 

Absorption Spectrometer (FS-FAAS) (Model AA240FS, Varian, Australia) was 

employed for analysing As(III), As(V), Cu(II) and Cd(II). The calibration curve was 

obtained with the standard sorptive solutions having concentrations 1.0, 5.0, 10.0 and 
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15.0 mg/L of As(III)/As(V)/Cu(II) or Cd(II). Tetracycline(TC), triclosan(TCS) and 

17 α–ethynylestradiol (EE2) were analysed using UV–Visible Spectrophotometer 

(Shimadzu Model: UV 1800, Japan). The calibration curve was obtained with the 

standard sorptive solutions having concentrations 1.0, 5.0, 10.0, 15.0, 20.0 and 25.0 

mg/L of tetracycline, triclosan or EE2. The absorbance was measured at 280 nm for 

EE2, triclosan and 275 nm for tetracycline. 

Real water sample was collected from Kawnpui, Kolasib district, Mizoram 

and water sample was filtered using Whatman filter paper (pore size 20 µm) before 

utilizing it for experiments and then subjected for quality assessment. The presence 

of sulphate, phosphate, fluoride and nitrate in real water sample were analysed using 

multiphotometer instrument (Hanna Instruments, USA; Model: HI98194). The 

reagent used in the analysis of sulphate, phosphate, fluoride and nitrate were sulphate 

reagent (HI9751-0), phosphate reagent (HI93713-0), fluoride LR reagent and nitrate 

reagent (HI93728-0), respectively which were obtained from (Hanna Instruments, 

USA). Atomic Absorption Spectrometer instrument (AAS) (Model: AA-7000 Series, 

Shimadzu) was employed for analyzing the metal content in the real water sample. 

Total organic carbon analyzer (TOC) (Model: TOC-VCPH/CPN; Shimadzu, Japan) 

instrument was used to determine the amount of NPOC (Non-purgeable Organic 

Carbon) and IC (inorganic carbon). The UV-Vis Spectrophotometer was used for 

measuring the absorbance of solutions. 

 

2.1.1. Ultraviolet–Visible (UV–Vis) spectroscopy 

Spectrophotometry is the analytical method used for determining the quantity 

of light absorbed by chemical substances at a certain wavelength. The UV–Vis 

Spectroscopy utilized electromagnetic radiations between 190 to 800 nm and is 

categorized into the ultraviolet (UV, 190–400 nm) and visible (VIS, 400–800 nm) 

regions. This method is different from fluorescence spectroscopy, fluorescence 

concern with transitions of electron in molecules from the excited state to the ground 

state, while absorption deals with transitions of electron in molecules from the 

ground state to the excited state (Skoog et al., 2007).  Since molecule absorbs 

ultraviolet or visible radiation leading to the transitions among electronic energy 

states of the molecule, it is frequently termed as electronic spectroscopy. The term 
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infers that the distribution of electron in a molecule is interrupted by these 

remarkably high energy photons. Since molecules absorb UV–visible energy at 

diverse wavelength, spectroscopy is frequently employed in chemistry for 

distinguishing compounds through the spectrum emitted from or absorbed by them. 

The larger the number of atoms/molecules that absorb light at particular wavelength, 

the larger the quantity of absorbed light and peak intensity is increased significantly 

in the absorption spectrum. If radiation is absorbed by a smaller number of 

molecules, the total energy being absorbed is low and eventually lower intensity peak 

is achieved (Kumar, 2008). This marks the foundation of Beer–Lambert law which 

expresses that the portion of incident energy absorbed is proportional to the amount 

of absorbing molecules/ions in its direction. 

The quantity of light absorbed or transferred when radiation travels through a 

solution is an exponential function of the molecular concentration of the solute as 

well as the path length of the radiation as it travels through the solution. It can be 

denoted as (Equation 2.1): 

 

        
  

 
               …(2.1) 

 

where Io = Intensity of the incident light (or the light intensity passing through a 

reference cell) 

I = Intensity of light transmitted through the sample solution. 

c = concentration of the solute in mol/L. 

l = path length of the sample in cm. 

ε = molar absorptivity or the molar extinction coefficient of the substance.  

ε is a constant and its value depends upon the nature of a given absorbing molecules 

in a specific solvent at a specific wavelength. ε is numerically equal to the 

absorbance of a solution of unit molar concentration (c = 1) in a cell of unit length (l 

= 1) and its unit is L/mol/cm. However, it is customary practice to omit the units. 

Thus, if the path length and the molar absorptivity are known and the absorbance is 

measured, the concentration of the substance can be deduced.  
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The inner arrangement of a molecule responds to radiation energy not only by 

electronic transitions. Molecular vibration and rotation is often observed in some 

molecules due to their natural resonant frequencies of bonding electrons. The 

variations in energy states related to rotation and vibration are very less in 

comparison with energy involved in electronic transitions; thus, excitation will take 

place only at longer wavelengths. In a solution for several absorbing molecules or 

ions, sharp lines are not observed in absorption peaks at extremely distinguished 

wavelengths; instead they appeared as absorption band over a range of wavelengths. 

This is due to the fact that electronic transition is normally followed by vibrational 

transitions between electronic states (Hollas, 2005). Likewise, each vibrational level 

is accompanied with rotational levels so that an absorption spectrum on account of an 

electronic transition might be a composite structure, with providing constituents from 

vibrational and rotational absorption. 

A typical spectrophotometer consists of a light source, sample holder, 

diffraction grating or monochromator for separating the different wavelengths of 

light and detector. The radiation source is often a tungsten filament lamp (300–

2500nm), a deuterium arc lamp which is continuous over the ultraviolet region (190–

400nm), and more recently light emitting diodes (LED) and Xenon Arc Lamps for 

the visible wavelengths. The detector is typically a photodiode or a charge–coupled 

device (CCD). Photodiodes are used with monochromators, which allow them only 

light of a single wavelength reaches the detector. Diffraction gratings are used with 

CCDs, which collects light of different wavelengths on different pixels. In the 

present investigation, UV–Visible Spectrophotometer (Shimadzu Model: UV 1800, 

Japan) was employed to determine the absorbance of solutions containing 

tetracycline, triclosan and EE2 so as to obtain the concentration of these pollutants.  

 

2.1.2. Atomic Absorption Spectroscopy (AAS) 

Atomic Absorption Spectroscopy (AAS) is a Spectro-analytical technique 

employed for the quantitative and qualitative determination of chemical elements 

that exist in several samples. It is based on absorption of light by free metallic atoms. 

Alan Walsh in the middle of 1950 developed AAS. In AAS, atoms are converted to 

gaseous state from the ground state by absorbing the energy. Fumes of metallic 



36 

 

species are obtained when solution comprising of metallic species/ions are aspirated 

into a flame. Some of the metal atoms elevated the energy level adequately high to 

produce the property of the metal. The lowest energy state atoms of a specific 

element are accessible of light energy of their individual distinct resonance 

wavelength. As a result, when radiation of this particular wavelength travels through 

the flame, a portion of it is absorbed, and the absorption is proportional to the 

concentration of the atoms in the flame. Therefore, in AAS, one regulates the 

quantity of light captivated. Further, when the amount of this absorption is 

established, the quantity of the metallic species is quantified. 

In 1955, Walsh proposed the utilization of cathode lamps to produce the 

desired wavelength of light (Walsh, 1955); as well as the employment of a flame to 

create neutral species that will absorb the emission as they passed through the path. 

Flame is used to convert metal ions in solution into atomic level. The amount of light 

absorbed is measured against a standard curve once the proper wavelength of light is 

provided. Flame Atomic Absorption Spectrometer (FAAS) technique need a liquid 

sample to be aspirated, aerosolized, and combined with flammable gases, including 

acetylene and air or acetylene and nitrous oxide. The mixture is light up in a flame at 

temperature varying from 2100 to 2800
o
C. During ignition, atoms of the desired 

elements in the sample are brought down to the ground state free atoms, which 

absorb light at definite wavelengths which are element explicit and precise to 0.01–

0.1 nm. A beam of light from a lamp whose cathode is made of the element being 

measured is transmitted through the flame to produce element definite wavelengths. 

A photon multiplier can identify the concentration of light intensity decrease caused 

due to absorption by the sample, which may be linked directly to the concentration of 

the analyte in the sample. 

Flame atomic absorption spectrometer (FAAS) is a very common method 

used for detecting metals and metalloids in environmental samples. For most 

analytes, FAAS is a highly suitable, consistent, manageable and widely used method 

with an admissible degree of accuracy. Light at definite wavelengths is employed to 

excite metals at ground state by using absorption spectroscopy to measure the analyte 

concentration in the sample. To determine the relationship between the observed 

absorbance and the concentration of analyte, it requires standard solutions with 
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known analyte concentration and based on the Beer–Lambert law, the analyte 

concentration is measured accurately. In short, the electrons of the atoms in the 

atomizer can be promoted to higher orbitals (excited state) for a short period of time 

(nanoseconds) by absorbing a defined quantity of energy (radiation of a given 

wavelength). This amount of energy, i.e., wavelength, is specific to a particular 

electronic transition in a particular element. Each wavelength relates to just single 

element, and the range of an absorption line is only a few picometers (pm), providing 

the method of selectivity of the element. The radiation flux without a sample and 

with a sample in the atomizer is measured using a detector, and the ratio between the 

two values (the absorbance) is converted to analyte concentration or mass using 

Beer–Lambert‘s law stating that the absorbance of an absorbing analyte is 

proportional to its concentration.  Fast Sequential Atomic Absorption 

Spectrometer (FS-FAAS) (Model AA240FS, Varian, Australia) was employed in the 

present study for the quantitative estimation of As(III), As(V), Cu(II), and Cd(II) 

concentrations. FS–FAAS is a consecutive multi-element procedure that has the 

benefits of conventional FAAS. FS–FAAS is a successive multi-element technique 

that has the benefits of conventional Flame Atomic Absorption Spectrometer 

(FAAS); for example easy in operation. The continuous mode of this instrument 

permits the calculation of the order of analytes in decreasing order of wavelengths in 

one monochromator scan. The overall analysis time is minimized by measuring all 

components in one solution before moving on to the next, and the data are available 

as soon as the sample investigation is completed. It is also feasible to utilize the 

reference–element approach in such a manner that the instrument software applies 

the correction factors automatically (Miranda and Pereira–Filho, 2009).  

 

 

 

 

 

 

 

 



38 

 

2.2. METHODS 

2.2.1. Preparation of silane functionalized bentonite clay 

Bentonite clay was used after simple washing with purified water without any 

further purification, dried in an oven at 90°C
 
and crushed to obtain 100 BSS (British 

Standard Sieve). Bentonite clay was functionalized with silane using simple one pot 

synthetic route. 15 g of dried bentonite (BN) was dispersed in 300 mL of toluene in 

1000 mL three neck round bottom flask. Further, under stirring the suspension was 

refluxed for 30 minutes at 70°C under nitrogen atmosphere. To the above 

suspension, 15 mL of 3-mercapto-propyletrimethoxy silane was added drop-wise and 

it was further refluxed for 24 hours. The suspension was filtered and washed with 

250 mL of toluene to remove excess silane and again washed with 250 mL of 

ethanol. The sample was dried at 90°C overnight in an oven. The dried synthesized 

material was named as BNMPTS and stored in a polyethylene bottle at room 

temperature for further used.  

Further, in a separate 1000 mL three neck round bottom flask containing 300 

mL of toluene, 15 g of dried bentonite was introduced and the mixture was refluxed 

and mechanically stirred for 30 minutes at 70°C under N2 atmosphere. And then 15 

mL of 3-aminopropyletriethoxy silane was added drop-wise to this suspension and 

was further refluxed for 24 hours. The slurry was filtered and washed with 250 mL 

toluene to eliminate unreacted silane and further washed with 250 mL of ethanol and 

dried in an oven at 90°C overnight. The silane functionalized bentonite clay was kept 

in a sealed polyethylene bottle at room temperature and named as BNAPTES. 

 

2.2.2. Characterization of the materials 

The functional groups present in bentonite (BN), BNMPTS and BNAPTES 

are obtained by using FT-IR (IR Affinity Shimadzu, Japan) analysis. Surface 

morphologies of bentonite, BNMPTS and BNAPTES are obtained by Scanning 

Electron Microscope (SEM) (Oxform max), Transmission Electron Microscope 

(TEM) (Oxford xtreme) and the elemental mapping of solids is carried out using the 

Energy-dispersive X-ray spectroscopy (EDX). The structural property of the 

materials is evaluated by the X-ray diffraction method (Philips X‘pert MPD System). 

Further, the specific surface area, pore size and pore volume of the materials are 
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acquired by using BET Surface Area Analyzer (Micromeritics, ASAP 2010, France). 

Moreover, the X-ray photoelectron spectroscopy (XPS) (ESCALAB-250Xi+, 

Thermo Fisher Scientific, U.K) was utilized for obtaining the XPS data of the 

modified materials before and after the sorption of Cu(II) and Cd(II). This enables to 

obtain greater insights of the interaction of sorbate ions with the BNMPTS and 

BNAPTES solids.  

 

2.2.3. Determination of pHPZC of the solids  

The pH at which the total charge on the solid surface becomes zero is termed 

as the point of zero charge (pHPZC). Therefore, at pH < pHPZC, the surface of the solid 

is considered to have a positive charge while at pH > pHpzc, the solid surface is 

possessed with negative charge (Kragovic et al., 2019). Drift method was used for 

the determination of pHPZC (Lalhmunsiama et al., 2013). The procedure is followed 

as; in 1000 mL Erlenmeyer flask, 500 mL of purified water was added, capped with 

cotton and was slowly and continuously heated until boiling for 20 minutes to 

remove the dissolved CO2. The flask was capped immediately to prevent re-

absorption of atmospheric CO2 by water. Then, 50 mL of 0.01 mol/L NaCl solutions 

was prepared from CO2 free water and the pH of each solution in each flask was 

adjusted to pH values of 2.0, 4.0, 6.0, 8.0, 10.0 and 12.0 by adding 0.1 mol/L HCl or 

0.1 mol/L NaOH, solutions. In each bottle, 100 mg of the solid sample was added 

and the bottles were closed firmly and put in the shaker for 24 hours at 25°C. The 

final pH of the solutions was noted and a graph was plotted between pHInitial and 

pHFinal. The point of intersection of these curves where the pHInitial= pHFinal gave the 

point of zero charge.  

 

2.2.4. Speciation studies 

The speciation studies was conducted for As(III), As(V), Cu(II) and Cd(II) 

using the Visual MINTEQ (Version 3.1), a freeware chemical equilibrium model for 

the calculation of metal speciation, solubility equilibria, sorption etc. for natural 

waters. The input parameters were taken as initial concentration of As(III), As(V), 

Cu(II)  Cd(II) at 10 mg/L at a constant temperature 25
o
C. The thermodynamic 

equilibrium constants used were given in Table 2.1, 2.2, 2.3 and 2.4. The species 
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distribution of these metal ions as a function of pH are further obtained and 

graphically presented in the results and discussion. Moreover, the speciation study 

was also conducted for tetracycline, triclosan and EE2 from their pKa values using 

Microsoft Excel. The species distribution of tetracycline, triclosan and EE2 as a 

function of pH are graphically presented in the results and discussion. 

 

Table 2.1: Various equilibrium constants used for the speciation of As(III) in 

aqueous solutions  at 25 
0
C. 

Equilibrium Log K 

AsO3
3-

   +    H
+  
  HAsO3

3-
 13. 414 

AsO3
3-

+  3H
+  
  H3AsO3 34.744 

AsO3
3-

  +  2H
+  
  H2AsO3

-
 25.454 

AsO3 
3-

  +  4H
+  
  H4AsO3

+
 34.439 

 

Table 2.2: Various equilibrium constants used for the speciation of As(V) in aqueous 

solutions  at 25 
0
C. 

Equilibrium Log K 

AsO4
3-

   +    H
+  
  HAsO4

2-
 11.80 

AsO4
3-

  +  2H
+  
  H2AsO4

-
 18.79 

AsO4
3-

  +  3H
+  
  H3AsO4 21.09 

 

Table 2.3: Various equilibrium constants used for the speciation of Cu(II) in aqueous 

solutions at 25 
0
C. 

Equilibrium Log K 

2Cu
2+

+   2H2O    Cu2(OH)2
2+    

+2H
+
 -10.49 

Cu
2+

+   3H2O     Cu(OH)3
-
 -26. 64 

Cu
2+

+ 4H2O    Cu(OH)4
2- 

+ 4H
+
 -39.73 

Cu
2+

+ H2O     Cu(OH)
+
+ H

+
 -7.49 

Cu
2+

+  2H2O    Cu(OH)2 (aq.) + 2H
+
 -16.23 
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Table 2.4: Various equilibrium constants used for the speciation of Cd(II) in aqueous 

solutions  at 25 
0
C. 

Equilibrium Log K 

Cd 
2+

   +   3H2O       Cd(OH)3
-
  +  3H

+
 -33.30 

Cd 
2+ 

  +   4H2O       Cd(OH)4
2-

  +  4H
+
 -47.28 

Cd 
2+ 

  +     H2O       Cd(OH)
+
    +    H

+
 -10.09 

Cd 
2+

   +   2H2O       Cd(OH)2 (aq)  + H
+
 -20.29 

2Cd 
2+

 +    H2O       Cd2(OH)
3 +

  +    H
+
 -9.39 

 

2.2.5. Batch reactor experiment 

The stock solutions of 100 mg/L of As(III), As(V), Cu(II) and Cd(II) were 

prepared by dissolving sodium meta arsenite (173.39 mg), sodium arsenate dibasic 

heptahydrate (416.44 mg), copper (II) sulfate pentahydrate (392.91 mg) and 

cadmium sulphate (185.45 mg), respectively in 1.0 L of purified water in 1000 mL 

volumetric flask. Similarly, the stock solutions of 100 mg/L of tetracycline, triclosan 

and EE2 were prepared by dissolving 100 mg of tetracycline hydrochloride, triclosan 

and 17 α–ethynylestradiol in 1.0 L of purified water in 1000 mL volumetric flask. 

100 mL of As(III), As(V), Cu(II), Cd(II), tetracycline, triclosan and EE2 stock 

solutions were taken out in  1000 mL volumetric flask and filled with purified water 

up to the mark to obtain 10 mg/L of these pollutants. A 50 mL aliquot of 10.0 mg/L
 

of these pollutants solution was taken into different polyethylene bottles and the pH 

was adjusted adding the 0.1 HCl/NaOH mol/L solutions drop-wise. 100 mg of the 

solid sample were then introduced into these bottles contained with pollutants. A 50 

mL aliquot of 10.0 mg/L
 
of these pollutants solution was taken into different 

polyethylene bottles and the pH was adjusted adding the 0.1 HCl/NaOH mol/L 

solutions drop-wise. 100 mg of the solid sample were then introduced into these 

bottles contained with pollutants. The solution mixture was equilibrated using an 

automatic shaker (KUKJE, Shaking Incubator, Korea model 36–SIN–125 or 

Incubator Shaker, TM Weiber, ACMAS Technologies Pvt. Ltd., India) for 24 hours 

at 25°C. The equilibrated solution was filtered using 0.45 μm syringe filter. The bulk 

sorptive concentration was measured using Fast Sequential Atomic Absorption 
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Spectrometer (Model AA240FS, Varian) for As(III), As(V), Cd(II) and Cu(II); and 

UV–Vis spectrophotometer (Shimadzu Model: UV 1800, Japan) for tetracycline, 

triclosan and EE2,. The percentage removal was calculated using Equation 2.2: 

 

              
     

  
                                              ...(2.2) 

where Co and Ce are the initial and final sorptive concentrations, respectively. 

 

2.2.5.1. Effect of pH 

The solution pH is an important parameter in adsorption processes. The 

charge on the surface of the adsorbent, the degree of ionization of several 

contaminants and the dissociation of functional groups present in the adsorbent are 

greatly affected by the change in pH of the solution. The pH of the solution would 

have an impact on both the aqueous chemistry and the binding sites on the surface of 

the adsorbents (Bazrafshan et al., 2013). Therefore, the adsorption process is 

effective/and efficient at a particular pH or some pH range. The effect of pH was 

performed by keeping the sorptive equilibrium solution pH of As(III), As(V) and 

Cd(II) between pH 2.0 to 10.0; sorptive equilibrium solution pH between 2.0 to 7.0 

for Cu(II) and sorptive equilibrium solution pH between 4.0 to 10.0 for tetracycline, 

triclosan and EE2; with the sorptive concentrations of 10.0 mg/L for As(III), As(V), 

Cu(II), tetracycline, triclosan or EE2, and 5.0 mg/L for Cd(II). The solutions were 

equilibrated for 24 hours at a constant temperature of 25°C. Further, the sorption 

experiments were performed as demonstrated previously vide Chapter 2.2.5. The 

results obtained were presented as percentage removal of pollutants as a function of 

sorptive pH. 

 

2.2.5.2. Effect of sorptive concentration 

The initial sorptive concentrations are changed in batch adsorption studies 

because the driving factor in surpassing the mass transfer barrier between the 

solution and solid media depends greatly on sorptive concentration (Mustaqeem et 

al., 2013). Moreover, the rate and uptake of contaminants by a sorbent are dependent 

upon its initial concentration in solution. The data obtained is further utilized for the 
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application of sorption isotherm models (Dawodu and Akpomie, 2014).  Therefore, 

the effect of initial sorptive concentrations were conducted between 1.0 to 25.0 mg/L 

for As(III), As(V), Cu(II), Cd(II) , tetracycline, triclosan, and 1.0 to 10.0 mg/L for 

EE2; at the pH 3.5 for  As(III) and As(V), pH 4.0 for tetracycline, triclosan, EE2 and 

Cu(II); and pH 5.0 for Cd(II) with 24 hours as equilibrium time  at 25°C. The 

sorption experiments were conducted as demonstrated previously in Chapter 2.2.5. 

The results were reported as percentage removal of pollutants as a function of initial 

sorptive concentrations. 

 

2.2.5.3. Effect of background electrolyte concentrations 

The extent of sorption is greatly affected by the existence of background 

electrolyte in aqueous medium. However, the impact relies on the concentration and 

nature of the electrolytes (Lalhmunsiama et al., 2016b). The study often employed to 

observe the ‗specific‘ and ‗non-specific‘ adsorption between the target pollutants and 

the adsorbent. The ‗specific‘ adsorption is not primarily affected by an increase in 

the concentration of background electrolytes whereas the ‗non-specific‘ adsorption is 

greatly affected due to increased competition with counter ions for the adsorption site 

(Foo and Hameed, 2010). Therefore, by taking into account the background 

electrolyte (NaCl) concentrations was increased from 0.0001 to 0.1 mol/L in the 

solution maintaining the initial As(III), As(V), Cu(II), tetracycline, triclosan and EE2 

concentrations of 10.0 mg/L; and Cd(II) at 5.0 mg/L. The solution pH of As(III) and 

As(V) were maintained at 3.5, Cu(II), tetracycline, triclosan and EE2 at pH 4.0 and 

for Cd(II), pH was maintained at 5.0. The sorptive solutions were equilibrated for 24 

hours with a solid dose of 2.0 g/L. The results were shown as percentage removal as 

a function of background electrolyte concentrations. 

 

2.2.5.4. Effect of contact time 

The analysis of adsorption kinetics in treating wastewater is essential because 

it gives useful information about reaction pathways and permits to deduce the 

process of adsorption reactions. Furthermore, the kinetic studies discuss the rate at 

which the solute is adsorbed as well as governs the time of solute uptake at the solid–

solution boundary. Therefore, it is essential to estimate the rate at which the 
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contaminant is eliminated from aqueous medium so as to develop suitable 

wastewater treatment plants (Ho and McKay, 1999). The effect of contact time was 

conducted at different intervals of time keeping the initial sorptive concentrations of 

As(III), As(V), Cu(II), tetracycline, triclosan and EE2 concentrations at 10.0 mg/L; 

Cd(II) at 5.0 mg/L. The solution pH of As(III) and As(V) were maintained at 3.5, 

Cu(II), tetracycline, triclosan and EE2 at  pH 4.0 and for Cd(II), pH was maintained 

at 5.0. The results were reported as percentage removal as a function of time. 

 

2.2.5.5. Effect of co-existing ions 

The sorption of As(III), As(V), Cu(II), Cd(II), tetracycline, triclosan and EE2 

by BNMPTS and BNAPTES were performed in presence of various coexisting ions. 

The cations chosen were Mn(II), Mg(II), Ca(II) and Ni(II); whereas the anions 

chosen were ethylenediaminetetraacetic acid (EDTA), oxalic acid, glycine and 

phosphate. The concentrations of co-ions were taken as 50.0 mg/L while the initial 

sorptive concentration of As(III), As(V), tetracycline, triclosan and EE2 were 

maintained at 10.0 mg/L; and Cd(II) at 5.0 mg/L. The solution pH of As(III) and 

As(V) were maintained at 3.5, Cu(II), tetracycline, triclosan and EE2 at pH 4.0 and 

for Cd(II), pH was maintained at 5.0. The sorptive solutions were equilibrated for 24 

hours with a solid dose of 2.0 g/L. The results were then presented as percentage 

removal as a function of various coexisting ions. 

 

2.2.6. Adsorption isotherm modelling 

Different equilibrium isotherm models such as Langmuir, Freundlich, 

Brunauer-Emmett-Teller, Redlich-Peterson, Dubinin-Radushkevich, Temkin, Toth, 

Koble-Corrigan, Sips, Khan, Hill, Flory-Huggins and Radke-Prausnitz are specified 

depending on the several fundamental assumptions. Several models have received 

more attention than others because of their convenience in specified conditions and 

universal suitability. The quantity of independent factors included with an isotherm 

model determines its accuracy, but its acceptability in relation to process application 

is determined by its mathematical simplicity (Malek and Farooq, 1996). When the 

adsorbent and sorptive solution interact with an adequate amount of time, adsorption 

equilibrium is established, and the concentration of adsorbate in the bulk solution is 
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possibly in a dynamic balance with the concentration at the interface. Usually, the 

mathematical correlation which represents a significant contribution to the modelling 

survey, technical plan and practical application of the adsorption method, is typically 

represented by graphical illustration of the solid state concentration against its bulk 

sorbate concentrations. Its physical and chemical factors along with the essential 

thermodynamic supposition offered the idea of the sorption mechanism, properties of 

the adsorbent surface and the extent of attraction of the adsorbents (Foo and Hameed, 

2010).  

Therefore, among the several adsorption Isotherm models, these two models 

are the most common models to formulate adsorption equilibrium data. 

 

2.2.6.1. Langmuir adsorption isotherm 

Langmuir adsorption isotherms are based on the assumption that adsorbate 

are homogeneously dispersed on the surface of the adsorbent and that there is no 

lateral interactions and steric hindrance between the adsorbed molecules, even on 

adjacent sites. In its derivation, Langmuir isotherm refers to homogeneous 

adsorption; each molecule has constant enthalpies and sorption kinetic energy, and 

all sites have identical affinity for the adsorbate (Kundu and Gupta, 2006). The 

linearized form of Langmuir adsorption model (Tiwari et al., 2007) is used for the 

evaluation of maximum uptake (qo) at varied initial concentrations (Equation 2.3): 

 

                                       
  

  
 

 

   
 

  

  
                                     ...(2.3) 

 

 where qe is the amount of solute adsorbed per unit weight of adsorbent (mg/g) at equilibrium; 

 Ce is the equilibrium bulk sorptive concentration (mg/L); qo is the Langmuir 

monolayer adsorption capacity, i.e., the amount of solute required to occupy all the 

available sites in unit mass of solid sample (mg/g) and b is the Langmuir constant 

(L/g).  
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2.2.6.2. Freundlich adsorption isotherm 

Freundlich adsorption isotherm illustrates the relationship between the non–

ideal and reversible adsorption, with no restriction to the organization of monolayer. 

Freundlich isotherm assumed multilayer adsorption, with uneven dispersion of 

adsorption heat and attractions over the heterogeneous surface. Currently, Freundlich 

isotherm is broadly employed in heterogeneous surfaces and binding sites with 

discrete energies relying on multilayer adsorption and equilibrium (Balouch et al., 

2013). The linearized form of Freundlich equation (Tiwari et al., 2007) is shown in 

Equation 2.4: 

 

          
 

 
                           ...(2.4) 

 

where qe and Ce are the amount adsorbed (mg/g) and bulk sorptive concentration 

(mg/L) at equilibrium, respectively, and Kf and 
 

  
 are the Freundlich constants 

referring to adsorption capacity (mg/g) and adsorption intensity or surface 

heterogeneity, respectively.   

 

2.2.7. Adsorption kinetic modelling 

Several adsorption processes for pollutants are investigated in an effort to 

find an appropriate mechanisms taking place in the uptake of pollutants by the 

employed materials. Therefore, kinetic models are employed to examine the sorption 

mechanism. Several kinetic models previously explained the reaction order of 

adsorption technique based on concentration of solution, as well as the reaction 

orders depending on adsorbent capacity (Ho, 2006). 

The time dependence sorption data are utilized to study the kinetics of 

sorption by employing kinetic modeling for two different kinetic models, viz., 

pseudo–first order (PFO) (Azizian, 2004), pseudo–second order (PSO) (Ho and 

McKay, 1998) in its non–linear forms as given in Equations 2.5 and 2.6 respectively, 

so as to demonstrate the best fitted model for the studied systems: 
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                                 …(2.5) 

 

          
    

  

        
            …(2.6) 

 

where qt and qe are the amount of sorbate removed at time t and removal 

capacity at equilibrium, respectively. k1 and k2 are the pseudo–first and pseudo–

second order rate constants, respectively. The pseudo–first–order kinetic model 

which is theoretically derived by the Lagergren could show the properties of the 

Langmuir rate at initial times of adsorption or close to equilibrium. Similarly, 

theoretical studies indicate that the rate coefficient of pseudo–second–order model, 

i.e., k2 is a complex function of the initial concentration of the sorbing species 

(Azizian, 2004). A non-linear least square fitting is conducted for the estimation of 

these unknown parameters. For the purpose the Microsoft Excel add-ins ‗Solver‘ is 

employed with user-defined functions to minimize the residuals between the model-

calculated and model-measured values. 

 

2.2.8. Column experiments  

A glass column was employed to conduct fixed-bed column studies. 0.25 g or 

0.50 g of BNMPTS/or BNAPTES solid was taken at the middle of the column and 

the remaining part of the column was packed with glass beads. The initial sorptive 

concentrations of Cu(II), tetracycline, triclosan and EE2 were maintained at 10.0 

mg/L, pH 4.0 and  Cd(II) at 5.0 mg/L and pH 5.0. The sorptive solution was pumped 

upward from the bottom of the column using a peristaltic pump at a constant flow 

rate of 1.0 mL/min, and at a constant temperature of 25°C. The effluent from column 

was collected by fraction collector and then analysed for pollutant concentrations 

using the Fast Sequential Atomic Absorption Spectrometer for Cu(II) and Cd(II); and 

UV-Visible spectrophotometer for tetracycline, triclosan and EE2. 
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The loading capacity of the two solids BNMPTS/or BNAPTES under 

continuous flow system for various pollutants was obtained using the Thomas 

equation (Equation 2.8) (Thomas, 1944):  

 

  
  

  
 

 

                                        .…(2.8) 

 

where Ce and Co are the concentrations of effluents and influent solution of 

Cu(II), Cd(II), tetracycline, triclosan and EE2 (mg/L), respectively; KT refer to the 

Thomas rate constant (L/min/mg); qo is the maximum amount of Cu(II), Cd(II), 

tetracycline, triclosan and EE2 loaded (mg/g) under the specified column conditions; 

m is the mass of hybrid materials taken in column (g); V is the throughput volume 

(L); and Q is the flow rate of pumped Cu(II), Cd(II), tetracycline, triclosan and EE2 

solution (L/min). The column data were then fitted to a non–linear Thomas equation 

using the least square fitting method to estimate two unknown variables, i.e., KT and 

qo. Microsoft Excel add-ins ‗Solver‘ is used with user-defined functions to minimize 

the residuals between the model-calculated and model-measured values. 

 

2.2.9. Applications to real water samples 

To evaluate the practical implacability of the synthesized material in the 

removal of tetracycline, triclosan and EE2 from real water matrix, the sorption 

experiment was performed using the real water sample collected from Kawnpui 

river, Kolasib District, Mizoram, India (Global Positioning System: N24.00676, 

E092.67032)  for the removal of tetracycline, triclosan and EE2. This could enable to 

simulate the sorption process to a real water matrix. The upper middle portion of 

river water was taken in a polyethylene water container, filtered and subjected for 

its parametric analysis before performing the experiment. The initial pH of river 

water was found to be 7.23. Various water quality parameters viz., pH, conductivity, 

resistivity, salinity, total dissolved solids, phosphate, sulfate, nitrate and fluoride 

were measured using multiphotometer instrument. Atomic Absorption Spectrometer 

was employed to obtain the metal contents viz., Fe, Zn, Mn, Ca, Pb and Cu. TOC 
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analyzer was employed to obtain the NPOC and inorganic carbon values of real 

water sample. The stock solutions of 100 mg/L of tetracycline, triclosan and EE2 

were prepared by dissolving 100 mg of tetracycline hydrochloride, triclosan and 

17α–ethynylestradiol in 1.0 L of real water sample in 1000 mL volumetric flask. 100 

mL of tetracycline, triclosan and EE2 stock solutions were taken out in 1000 mL 

volumetric flask and filled with real water sample up to the mark to obtain 10 mg/L 

of these pollutants. 50 mL of tetracycline, triclosan and EE2 (each 10 mg/L) were 

taken in polyethylene bottles and the pH was adjusted by addition of 0.1 mol/L HCl 

or 0.1 mol/L NaOH solutions from pH 4.0 to 10.0 for each of the pollutants. And 

then 100 mg of BNMPTS/BNAPTES was added to each of the pollutants solution 

and kept in the automatic shaker for 24 hours. The equilibrated solutions were then 

taken out and filtered using Whatman syringe filter (PVDF filter membrane, 25 mm 

diameter and porosity of 0.45 μm) and further analysed using UV-Visible 

Spectrophotometer. The absorbance was measured at 280 nm for EE2, triclosan and 

275 nm for tetracycline. 

 

2.3.10. Desorption study  

The desorption studies of Cu(II) using BNMPTS, tetracycline, triclosan and 

EE2 using BNMPTS  and BNAPTES were performed using hydrochloric acid (HCl) 

at room temperature and the concentration of the acid was varied between 0.005 to 

0.1 mol/L in order to find out the most suitable concentration of HCl to desorbed the 

pre-adsorbed Cu(II) from BNMPTS, tetracycline, triclosan and EE2 from BNMPTS 

and BNAPTES. The sorption experiment was first carried out as described in batch 

experiment section 2.2.5. The sorption experiment was first carried out for Cu(II) at 

the concentration of 10 mg/L at pH 4.0 using BNMPTS, 10 mg/L for  tetracycline 

and triclosan at pH 6.0 and the concentration of EE2 was kept at 10 mg/L by 

maintaining pH at 4.0 using BNMPTS  and BNAPTES. 100 mg of BNMPTS was 

introduced in different polyethylene bottles containing 50 mL of Cu(II) solution and 

kept in automatic shaker for 24 hours. It was then centrifuge and the equilibrated 

solutions were analysed using Atomic Absorption Spectrometer. The same procedure 

was followed for tetracycline, triclosan and EE2 using BNMPTS and BNAPTES and 

the equilibrated solutions were analysed using UV-Visible Spectrophotometer. 50 
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mL of HCl having various concentrations (i.e., 0.005, 0.01, 0.05 and 0.1 mol/L) were 

introduced into different polyethylene bottles to desorb the pre-adsorbed Cu(II), 

tetracycline, triclosan and EE2. The desorption was performed in automatic shaker 

for 60 minutes to desorb the pre-adsorbed Cu(II) from BNMPTS solid, and 

tetracycline, triclosan and EE2 from BNMPTS and BNAPTES solids. It was then 

centrifuged and the supernatant solution was analyzed using Atomic Absorption 

Spectrometer for Cu(II) and UV-Visible Spectrophotometer for tetracycline, triclosan 

and EE2. The percentage desorption was calculated using equation 2.9. It was found 

that 0.01 mol/L HCl was most suitable to desorb the studied pollutants from 

BNMPTS or BNAPTES . The regenerated materials were washed with purified 

water for several times to attain neutral pH and then dried in an oven at 60°C. 

Further, the next adsorption-desorption studies were performed for Cu(II) using 

BNMPTS solid and  tetracycline, triclosan and EE2 using BNMPTS  and BNAPTES 

solids. The reusability test was conducted for six adsorption-desorption cycles. 

 

            
                                   

                                   
           ….(2.9) 
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3. RESULTS AND DISCUSSION 

3.1. CHARACTERISATION OF MATERIALS 

3.1.1. Surface morphology and elemental composition of the materials 

The SEM images of pristine bentonite (BN), and silane grafted bentonite viz., 

BNMPTS and BNAPTES are shown in Figure 3.1 (a-c). Morphological images of 

showed that these solids possessed with heterogeneous and disordered surface 

structures. Pristine bentonite exhibits fairly good porosity which is significantly 

reduced with the solids BNMPTS and BNAPTES. This is due to the grafting of 

MPTS/or APTES molecules within the pores of bentonite. The materials are denser 

and more compact but possessed with high hydrophobic and organophilic nature. 

Natural attapulgite possessed loose aggregate structure but after grafting with (3-

aminopropyltriethoxysilane) the modified material possessed compact aggregate 

structure (Cui et al., 2013). These results are in consistent to the textural properties 

obtained by the BET analyses.  

Further, the energy-dispersive X-ray spectroscopy (EDX) results were 

obtained for the solids BN, BNMPTS and BNAPTES and shown in Figure 3.2 (a-c). 

Figure clearly inferred that the BN solid is contained with the elements viz., K, C, O, 

Ti, Fe, Al and Si. These elements are often present with clay samples at varied 

percentages. Further, in addition to these elements, the presence of sulphur and 

nitrogen is present with the solids BNMPTS and BNAPTES, respectively. Results 

confirmed the grafting of MPTS and APTES with the bentonite in the samples of 

BNMPTS and BNAPTES, respectively. These results are further entailed the 

successful grafting of MPTS/or APTES molecules within the bentonite network. It 

was reported previously that the silicon (Si) and sulphur (S) peaks are observed in 

the EDX mapping on mercaptopropyl-coated SiO2 particles (Košak et al., 2015). 

Modification of bentonite with 3-aminopropyletrimethoxy silane showed the 

predominant peaks of nitrogen (N) and carbon (C) in the EDX analysis 

(Abeywardena et al., 2017). Result obtained using CHN elemental analysis in the 

modification of mesoporous SBA-15 with amino-propyl silane showed the presence 

of nitrogen along with enhanced carbon percentage (Bui et al., 2011). EDX analysis 

of natural clay grafted with 3-aminopropyletrimethoxy silane show a significant 

increase in the percentage of carbon (C) and nitrogen (N) from 0.582% and 0.0814% 
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to 7.714% and 2.594%, respectively. Moreover, the amount of hydrogen in the 

grafted product is also increased significantly. EDX data further confirms successful 

grafting of natural clay with organosilane (Thue et al., 2018).  

   

 

 

(b) 

(a) 
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Figure 3.1: Scanning electron microscopic (SEM) images of (a) pristine bentonite 

(BN); (b) BNMPTS; and (c) BNAPTES solids. 

 

 

(c) 

(a) 



54 

 

 

 

 

Figure 3.2: Energy dispersive spectra of (a) pristine bentonite (BN); (b) BNMPTS; 

and (c) BNAPTES solids. 

 

 

 

(b) 

(c) 
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The transmission electron microscopy (TEM) of the pristine bentonite and the 

functionalized bentonite (BNMPTS and BNAPTES) are given in Figure 3.4 (a-c). 

The TEM images showed a straight lattice fringe without defection for pristine 

bentonite, BNMPTS and BNAPTES solids. It is interesting to observe that the basal 

spacing obtained for pristine clay and functionalized clay using TEM analyses were 

same as that obtained by XRD analysis.   Previous report showed that the layered 

structure of bentonite and microwave silylated bentonite was clearly observed in 

TEM analysis showing a straight lattice fringe for bare bentonite as well as silylated 

bentonite (Queiroga et al., 2019).  

 

 

(a) 
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Figure 3.3: TEM images of (a) BN; (b) BNMPTS; and (c) BNAPTES 

 

 

 

 

 

(b) 

(c) 
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3.1.2. X–ray diffraction (XRD) analysis  

The XRD diffraction pattern of BN, BNMPTS and BNAPTES are given in 

Figure 3.4. The XRD data collected for pristine bentonite and functionalized 

bentonite were identified and the data the matched well with the standard ICDD 

(International Centre for Diffraction Data) reference pattern. The presence of typical 

montmorillonite (M), kaolinite (K), and quartz (Q) diffraction pattern are present in 

bare bentonite and modified samples. The main characteristic pattern of the 

montmorillonite peak was identified at 2θ value of 6.03°. The montmorillonite peaks 

are also observed at 2θ value of 19.85°, 36.62° and 50° (Burham and Sayed, 2016). 

Therefore, the XRD pattern obtained clearly showed the existence of the smectite 

phases in all the solid samples (Maged et al., 2020; Terzic et al., 2016). Moreover, 

other minerals were also detected at 2θ value of 12.40° for kaolinite (Sdiri et al., 

2016), 20.93°, 26.76° and 29.31 for quartz (Maged et al., 2020, Wahab et al., 2019). 

Further, it was observed that, in bare bentonite, the peak corresponding to ‗001‘ 

plane showed the d-spacing of 14.02 Å which was decreased to 12.97 and 11.30 Å 

after the incorporation of MPTS and APTES, respectively. On the other hand, d-

spacing obtained for ‗020‘ plane remain almost unchanged, i.e., 4.24, 4.27 and 4.32 

Å for BN, BNMPTS and BNAPTES, respectively. 

 

 

 

Figure 3.4: X–ray diffraction pattern of BN, BNMPTS and BNAPTES solids. 
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3.1.3. Fourier–transform infra–red analyses of solids 

The FT-IR spectrum of pristine bentonite (BN), BNMPTS and BNAPTES are 

shown in Figure 3.5. A characteristic stretching vibration of Al2OH was occurred at 

3626 cm
−1

 (Aroke and El-Nafaty, 2014). The prominent but broad peak at 

3420 cm
−1

 is ascribed due to the stretching vibrations of hydroxyl group of water. 

The Al–Al–OH hydroxyl bending vibrations is occurred at 911 cm
−1

 (Aroke and El-

Nafaty, 2014; Petit and Madejova, 2013). The BNMPTS solid showed additional 

weak peaks at the wave numbers 2927 cm
-1

 and 2858 cm
-1

 which are attributed to the 

stretching vibrations of -CH3 and -CH2, respectively (Sahan et al., 2018; Tonle et al., 

2003).  Similarly, a characteristic peak of methoxy group of silane (MPTS) is 

appeared at 2927 cm
-1 

(Sahan et al., 2018; Yılmaz et al., 2017). The stretching 

vibration of –SH group from MPTS is observed at 2550 cm
-1

 (weak vibrations) 

(Liang et al., 2014). The vibrational peaks at 682 and 1402 cm
-1 

are, perhaps, 

attributed to the C-H deformation vibration and the C-S stretching of thiol group 

from MPTS, respectively (Carvalho et al., 2008). These results clearly indicated that 

the MPTS is successfully grafted with the bentonite clay. 

On the other hand, the BNAPTES showed a small peak at 1485 cm
–1

 is due to 

the CH2 bending mode of vibration (Jovic-Jovicic et al., 2010) and a subtle peak at 

~1319 cm
−1

 is ascribed to the stretching vibration of C-N bond which further inferred 

the successful grafting of organosilane to the bentonite network (Asgari and 

Sundararaj, 2017). Weak but distinguishable peak is obtained at 2894 cm
−1

 in 

BNAPTES solid, is attributed to the symmetric stretching vibrations of CH group 

which is possibly due to the CH2 group of organosilane (Bertuoli et al., 2014).  
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Figure 3.5: Fourier transform-infrared spectra of bentonite (BN), BNMPTS and 

BNAPTES solids. 

 

3.1.4. Point of zero charge (pHPZC) of solid samples  

The point of zero charge (pHPZC) is defined as the pH value at which the total 

charge on the surface of the solid is zero, i.e., the surface of the solid material 

possesses neither positive nor negative charges (Khormaei et al., 2007). The 

mechanism of adsorption taking place at solid solution boundary is illustrated from 

the determination of point of zero charge. Below pHPZC, the materials exhibit total 

net positive charge, and above to the pHPZC, the materials surface possesses total net 

negative charge because. This is due to the acidic dissociation/association of surface 

functional groups. The pHPZC obtained for the raw bentonite and BNMPTS and 

BNAPTES are presented in Table 3.1. and the plots are shown in Figure 3.6. Table 

3.1 clearly indicated that the functionalized materials and raw bentonite showed 

almost identical pHPZC values.  
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Figure 3.6: Plots of initial pH vs final pH of various solid materials viz., pristine 

bentonite (BN), BNMPTS and BNAPTES. 

 

Table 3.1. The pHPZC values obtained for the BN, BNMPTS and BNAPTES solids. 

 

Sl. No. 
Solid 

samples 
pHpzc 

1 BN 7.81 

2 BNMPTS 7.73 

3 BNAPTES 7.63 

 

3.1.5. BET analyses of solids samples 

The Brunauer, Emmett, and Teller (BET) method was employed for 

obtaining the specific surface area, pore volume, and pore size of raw bentonite 

(BN), BNMPTS and BNAPTES solids and results are presented in Table 3.2. 

Moreover, the nitrogen adsorption-desorption isotherms of these solids are presented 

in Figure 3.7. It is clear from the figure that all the solid materials possessed type IV 

isotherm with H3 type hysteresis loop. This indicated that the solid materials are 

exhibiting mesoporous structure (Paul et al., 2011; Qin et al., 2014). Additionally, 
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the N2 adsorption-desorption isotherm reveals that a larger hysteresis loop was 

obtained for raw bentonite with the pore size of 68.39 Å and pore volumes of 0.07 

cm
3
/g. On the other hand, the pore size and pore volume of BNMPTS and 

BNAPTES were found to be 237.91Å, 0.03 cm
3
/g and 165.12 Å, 0.05 cm

3
/g, 

respectively. The BET specific surface area of BN, BNMPTS and BNAPTES were 

found to be 41.14, 4.64 and 12.50 m
2
/g, respectively. It is interesting to note that 

BNMPTS and BNAPTES showed significant reduction in the specific surface area 

once the bentonite was functionalized with organo silane. The results confirmed that 

the pores on the surface of bentonite were occupied by the MPTS/APTES molecules 

hence, caused for reduction specific area of solids. Previously, it was reported that 

hybrid material obtained by the intercalation with gemini surfactant showed a 

significant decrease in the specific surface area from 155 m
2
/g to 6 m

2
/g, (Tcheumi et 

al., 2010). Similarly, acid activation of raw bentonite resulted in the increase in 

specific surface area, however, the grafting of bentonite with amino-propyl (AP) and 

diethylene-triamine (DT) resulted with a significant decrease in specific surface area 

(Horri et al., 2019). A significant decrease in the specific surface area of SBA-15 

was observed after the incorporation of amino propyl or mercapto group (Liu et al., 

2000). In a line, the grafting of 3-aminopropyltriethoxysilane (APTES) and 3-

mercaptopropyltrimethoxysilane (MPTMS) onto silica gels caused for significant 

decrease in the surface area of materials (Walcarius et al., 2002).  
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Figure 3.7: Nitrogen adsorption-desorption isotherms for (a) pristine bentonite (BN); 

(b) BNMPTS; and (c) BNAPTES solids. 

 

Table 3.2. BET pore size, specific pore volume and specific surface area values of 

pristine bentonite (BN), BNMPTS and BNAPTES solids. 

 

Materials 
Pore size 

(Å) 

Specific pore 

volume 

(cm
3
/g) 

BET specific 

surface area 

(cm
2
/g) 

BN 68.39 0.07 41.14 

BNMPTS 237.91 0.03 4.64 

BNAPTES 165.14 0.05 12.5 
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3.2. Speciation studies 

The speciation studies were conducted by using Visual MINTEQ (Version 

3.1) freeware chemical equilibrium software and the equilibrium constants used were 

given in the previous Chapter and Section 2.2.4. The results achieved with speciation 

studies could enable to understand the sorption studies or to deduce the mechanism 

involved at solid/solution interface. Therefore, a complete speciation studies were 

carried out in a wide range of pH i.e., pH 2.0 to 10.0. 

 

3.2.1. Speciation of arsenic(III) and arsenic(V) 

The speciation of As(III) and As(V) in aqueous solution at different pH 

values are studied and results are presented in Figure 3.8(a) and 3.8(b), respectively 

for As(III) and As(V). It is observed that up to pH ~8.0, As(III) exists as H3AsO3 

uncharged species and beyond pH ~8.0, it dissociates and the anionic H2AsO3
-
 

species are dominant. On the other hand, at lower pH i.e., up to pH ~6.8, As(V) 

exists predominantly as H2AsO4
-
 and H3AsO4 species and the anionic species 

HAsO4
2-

 species is fully dominant above pH 6.8. 
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Figure 3.8: Percentage distribution of various species of (a) As(III) and; (b) As(V) 

as a function of pH ([As(III)/ or As(V)]: 10.0 mg/L; Temperature: 25C). 

 

3.2.2. Speciation of copper(II) 

The speciation results (Figure 3.8(c)) obtained for Cu((II) show that copper 

exists as the ionic form of Cu
2+

 up to pH ~5.5, beyond that it starts precipitating as 

insoluble tenorite species. The insignificant Cu(OH)
+
 species was formed between 

pH 5.0-7.0 with a maximum of 1.4 % only. Cu(II) shows formation of insoluble 

tenorite species at lower pH comparing to other metal ions. Therefore, in order to 

carry out the adsorption experiments without precipitation for Cu(II), it was 

suggested to perform the sorption studies at lower pH values i.e., ~pH 4.0. 
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Figure 3.8(c): Percentage distribution of various species of Cu(II) as a function of 

pH ([Cu(II)]: 10.0 mg/L; Temperature: 25C). 

 

3.2.3. Speciation of cadmium(II) 

The speciation data obtained for Cd(II) is presented graphically in Figure 

3.8(d). The results show that cadmium exits as Cd
2+

soluble cationic species exist up 

to pH 8.8. Beyond the pH 9.0 the cadmium turns into insoluble Cd(OH)2 species and 

above the pH 10.0, the Cd(OH)2 is the only dominant species. In between pH 8.0 to 

10.0; maximum of 5.1 % of cadmium exists as Cd(OH)
+
 species. 

 

 

Figure 3.8(d):  Percentage distribution of various species of Cd(II) as a function of 

pH ([Cd(II)]: 10.0 mg/L; Temperature: 25
o
C). 
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3.3. BATCH REACTOR STUDIES  

3.3.1. Effect of pH 

3.3.1.1. Removal of arsenic(III) and arsenic(V) 

The effect of pH on the sorption of As(III) and As(V) using the 

functionalized materials BNMPTS and BNAPTES was conducted at wide range of 

solution pH (pH 2.0 to 10.0), taking ~10.0 mg/L As(III)/or As(V) solution and at a 

solid dose of 2.0 g/L. Results are presented graphically in Figure 3.9 (a and b). The 

speciation of arsenic, pHPZC and functional groups on the surface of the adsorbents 

are useful parameters demonstrating the mechanism of sorbate ions onto the surface 

of  solid. The pHPZC of the solids BN, BNMPTS and BNAPTES were found to be 

7.81, 7.73 and 7.63, respectively. Therefore, below the value of pHPZC, the materials 

are having net positive charge and beyond pHPZC, the materials are possessed with 

the net negatively charge. On the other hand, the speciation of As(III) and As(V) was 

conducted and shown in Figure 3.8 (a and b) . The speciation results clearly reveal 

that up to pH 8.0, the As(III) exists as neutral H3AsO3 species and beyond this pH, 

the As(III) is predominantly having the negatively charged species H2AsO
-
3. The 

lower percentage removal of As(III) at lower pH was due to the excess of H
+
 ions 

which results in strong competition between neutral arsenic species and the H
+
 ions 

towards the surface of the adsorbent which restricts the attraction of arsenic species 

toward the surface of the solid material. However, on increasing the pH of the 

solution, higher percentage removal of As(III) was observed. This is due to the 

strong chelation between As(III) and thiol group of BNMPTS. Further increasing the 

solution pH (6.42 to 10.11) resulted a significant decrease in percentage removal of 

As(III). This is due to the strong repulsive forces between the negatively charged 

solid surface due to the dissociation of thiol group as thiolates and negatively 

charged sorbate species of As(III) (Hao et al., 2009; Li et al., 2014; Zhang et al., 

2015).  

On the other hand, the pristine bentonite (BN) showed almost insignificant 

removal of As(III) as compared to the BNMPTS functionalized solid. This clearly 

inferred that the functionalized material BNMPTS found promising material in the 

removal of As(III) from aqueous solutions. 
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Moreover, the percentage removal of As(V) by the BNAPTES is shown in 

Figure 3.9 (b). The results indicated that increasing the pH from 2.67 to 5.21, the 

percentage removal of As(V) was increased and attained a maximum percentage of 

adsorption at pH 5.21. Further increase in pH 5.21 to 10.29, a gradual but sharp 

decrease in percentage removal of As(V) was recorded. The speciation studies which 

was conducted separately for As(V) is shown in Figure 3.8 (b). It is evident from the 

speciation studies that the As(V) is predominantly existed in the anionic species 

pH>3.4. pH <3.4, the neutral species H3AsO4 was predominantly present. Therefore, 

the low percentage uptake of As(V) at lower pH value (pH 2.67) is due to the 

presence of neutral As(V) species and positively charged solid surface. This, 

perhaps, restricted slightly the uptake of As(V) by the solid surface. However, 

relatively high uptake of As(V) was recorded between the 4.36 to 6.58 is due to the 

increased in the anionic species H2AsO
-
4 as well as the protonated amino group from 

APTES through strong electrostatic interaction which promotes the adsorption of 

As(V) (Boyacı et al., 2011; Chen et al., 2008). The decreased in the percent removal 

of As(V) by BNAPTES beyond pH 6.58 is due to the electrostatic repulsion between 

the negatively charged solid surface and presence of anionic species of sorbate ions 

i.e., the H2AsO
-
4 and AsO

-
3 species (Lee et al., 2015).  

Further, it was also recorded that very low uptake of As(V) was obtained 

using the BN solid i.e., pristine bentonite as compared to the BNAPTES. This clearly 

inferred that the functionalized material BNAPTES possessed much enhanced 

removal efficiency compared to the pristine bentonite solid.  
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Figure 3.9: Effect of pH in the removal of (a) As(III) by the BNMPTS; and (b) 

As(V) by the BNAPTES solids ([As(III)/ or As(V)]: 10.0 mg/L; Solid dose: 2.0 g/L; 

Temperature: 25C). 
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3.3.1.2. Removal of copper(II) 

The pH dependence removal of Cu(II) by the pristine bentonite and BNMPTS 

was studied in the solution pH (2.0 to 7.0), taking ~10.0 mg/L Cu(II) solution, and 

with a solid dose of 2.0 g/L. The percentage removal of Cu(II) as a function of pH is 

shown Figure 3.10. It is interesting to observe that the grafting of MPTS with 

bentonite network has enabled to achieve the percentage removal of Cu(II) of almost 

100% within the pH range of 2.0 to 7.0. Therefore, the pH dependent study revealed 

that BNMPTS possessed very high affinity towards Cu(II) at wide range of pH and  

showed potential applicability in remediation of wastewater contaminated with toxic 

Cu(II) ions. The pHPZC of the BNMPTS was determined and found to be 7.73. This 

indicated that BNMPTS possessed net positive charge below pH 7.73 and it is having 

net negative charge above to this pH. On the other hand, the speciation studies of 

Cu(II) is conducted and shown in Figure 3.8 (c). The speciation studies indicated that 

the Cu(II) exists as Cu
2+

 species up to pH 5.5. Between pH 5.0 to 7.0, Cu(II) exists as 

insignificant species of Cu(OH)
+
 with a maximum of 1.4% only. Further, Cu(II) 

starts to form insoluble tenorite species beyond pH~5.5. The high percentage 

removal of Cu(II)  beyond 5.5 could be the mixed effect of adsorption and co-

precipitation of Cu(II) onto the surfaces of the BNMPTS material (Tiwari et al., 

2007). However, the high removal of Cu(II) even at lower pH values clearly 

indicated the high affinity of solid towards the Cu(II). Moreover, it was revealed that 

Cu(II) was bound with strong chemical forces rather the weaker physical forces. The 

availability of -SH or -OH groups, possibly, took part in the bond formation onto the 

solid surface. Moreover, the dense brushes of the silanes are available with the 

composite materials which traps the Cu(II) and forming the strong chemical bond on 

the surface which significantly enhances the sorptive removal of Cu(II) from aqueous 

solutions in a wide range of pH. Moreover, the further insights of Cu(II) by the 

BNMPTS is studied and demonstrated with Cd(II) sorption studies in later section 

3.3.1.4. Further, based on the pH dependence studies an optimum pH (pH 4.0) was 

used for other experimentation in the removal of Cu(II).  
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Figure 3.10: Effect of pH in the removal of Cu(II) by BNMPTS ([Cu(II)]: 10.0 

mg/L; Solid dose: 2.0 g/L; Temperature: 25C). 

 

3.3.1.3. Removal of cadmium(II) 

The removal of Cd(II) using pristine bentonite and BNMPTS materials was 

studied for a wide range of pH (2.0 to 10.0) using 5.0 mg/L Cd(II) solution at a solid 

dose of 2.0 g/L. The percentage removal of Cd(II) as a function of pH is shown in 

Figure. 3.11. It is noteworthy that the removal efficiency of pristine bentonite is 

significantly increased with the grafting of MPTS with bentonite network. Figure 

clearly evident that very high percentage (Ca 99 %) of Cd(II) was removed at wide 

pH range i.e., pH 3.0 to 10.0. The pH dependent study showed that BNMPTS 

exhibited reasonably high affinity towards Cd(II) within a wide pH range. This 

clearly indicated the potential of material towards the remediation of water 

contaminated with Cd(II).  

The mechanism of the uptake of Cd(II) by the BNMPTS is proposed based on 

the surface and the solute properties in solutions at wide range of pH. Hence, the 

speciation studies of Cd(II) and the pHPZC are the important parameters studied in 

detail for proposing plausible mechanism involved at solid/solution interface. The 

pHPZC of the BNMPTS was found to be 7.73 which inferred that the surface of 
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BNMPTS possessed net positive charge at pH < 7.3 and net positive charge at pH < 

7.3. The equilibrium is represented as equation 3.1. 

 

  SOH2
+
       SOH

0
                 SOH


      …(3.1) 

             pHPZC = 7.73 

 

On the other hand, the speciation of Cd(II) studied and results are shown in 

Figure 3.8 (d). It is evident from the Figure 3.8 (d) that the cadmium predominantly 

existed as cationic species Cd
2+

 up until pH 8.8. However, further increase in pH 

(pH>8.8), Cd(II) started forming the insoluble Cd(OH)2(s) species. In between Ca 

pH 8.7, about 5% of Cd(OH)
+
 species existed. Therefore, these results indicated that 

the Cd(II) is predominantly present as cationic species within wide range of pH (pH 

2.0 ~ 9.0) (Tiwari et al., 2007). It is notable that the high percentage of Cd(II) was 

removed even in the acidic conditions or below the pHpzc of the BNMPTS. Therefore, 

it indicated that the BNMPTS is having strong affinity towards the solid surface. 

Cd(II) is forming stronger chemical bond on the surface of solid (also studied with 

background electrolyte concentrations studies.). The Cd(II) possibly forming the 

strong chemical bond with the available -OH or the -SH groups. Therefore, the 

insights of the sorption studies were conducted at pH 5.0. The Cd(II) sorbed on 

BNMPTS material was intended for XPS analysis which is given in later section 

3.3.1.4. The XPS analysis could reveal the possible binding sites of Cd(II) onto the 

solid surface.  
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Figure 3.11: Effect of pH in the removal of Cd(II) by BNMPTS ([Cd(II): 10.0 mg/L; 

Solid dose: 2.0 g/L; Temperature: 25C). 
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occurred through the adsorption on surface hydroxyl group (Han et al., 2015; Wang 

et al., 2019). In order to ascertain the mechanistic pathway of Cu(II) and Cd(II) 

adsorption onto the BNMPTS was analysed before and after the adsorption Cu(II) 

and Cd(II) by the X-ray photoelectron spectrometer (XPS) results. The wide scan 

spectra are shown in Figure 3.12 (a-c). The X-ray photoelectron spectrs obtained 

after the adsorption of Cu(II) and Cd(II) evidently showed the Cu2p and Cd3d 

electrons peaks. The doublet at the binding energies of 933.3 and 957.3 eV peaks are 

obtained due to the Cu2p(1/2)  and Cu2p(3/2) electrons. Similarly, the binding 

energy peaks at 405.7 and 412.4 eV are primarily due to the Cd3d(3/2) and 

Cd3d(5/2) electrons, respectively. These results clearly indicated that Cu(II) and 

Cd(II) is sorbed onto the BNMPTS surface.  

Further, the change in binding energy of O1s before and after the adsorption 

of Cu(II) and Cd(II) are plotted and shown in Figure 3.13 (a). It is evident that the 

O1s peak was slightly shifted from 530.0 to 531.2 eV and 530 to 531.3 eV after the 

adsorption of Cu(II) and Cd(II), respectively. This inferred that the surface hydroxyl 

groups are predominantly involved in the adsorption of Cu(II) and Cd(II) onto 

BNMPTS (Jiang et al., 2019; Shahrokhi-Shahraki et al., 2021). Moreover, the 

binding energy of S2p electrons was obtained at 163.14 eV (Figure 3.13 (b)) and this 

peak is attributed to disulfide bond (Han et al., 2015). This binding energy remain 

almost same after the adsorption of Cu(II)/or Cd(II) which suggested that the 

mercapto groups are not involved in the adsorption of these two toxic metal ions. 

Previously, Wang et al. studied the role of disulfide in the adsorption of Cd(II) by 

mercapto-functionalized attapulgite (MATP) using density functional theory (DFT) 

calculations and found that disulfide did not play significant role in Cd(II) adsorption 

(Wang et al., 2019). Therefore, insight mechanisms study revealed that the 

adsorption of Cu(II)/or Cd(II) mainly occurred through the terminal hydroxyl groups 

present on the surface of BNMPTS material and consequently forming the ‗inner 

sphere complexes‘ (Cf Figure 3.13(c)). Further, the XPS analytical results showed 

that substantial amount of Cu(II) and Cd(II) were adsorbed on the BNMPTS and the 

atomic percentage of Cu and Cd in the used BNMPTS solids were recorded as 0.87% 

and 0.45%, respectively.  
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Figure 3.12: (a) XPS spectra of BNMPTS before adsorption of Cu(II) and Cd(II); 

(b) XPS spectra of BNMPTS after adsorption of Cd(II); and (c) XPS spectra of 

BNMPTS after adsorption of Cu(II). 
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Figure 3.13: (a) O1s spectra before and after adsorption of Cu(II) and Cd(II) using 

BNMPTS; (b) S2p spectra before and after adsorption of Cu(II) and Cd(II) using 

BNMPTS; and (c) Schematic of sorption of Cu
2+

 and Cd
2+

 by the BNMPTS solid. 
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viz., pka1 (3.31), pka2 (7.72) and pka3 (9.71) (Barbooti et al., 2014; Gopal et al., 

2020). Therefore, using these pka values the distribution of these species at different 

pH values is obtained and the percentage distribution of each species of tetracycline 

as a function of pH is shown in Figure 3.15. It is evident that within the pH region 

3.3–7.7, tetracycline mainly exists as zwitterion (TCH2
0
 or TCH2

0 + -
) structure due to 

the loss of a proton from phenolic di-ketone moiety. Further, the anionic species 

(TCH
- 

or TCH
+ - -

) exists above the pH 7.7, by losing its proton leading to a net 

negative charge. And beyond pH 9.7, the di-anionic species of tetracycline is 

dominated which is due to the dissociation of third proton from the tri-carbonyl 

system and phenolic diketone moiety (Tiwari et al., 2019).   

The varied percentage elimination of tetracycline at various pH values are 

explained with the help of speciation studies of tetracycline as a function of pH as 

well the pHPZC of the solids. Moreover, the results showed that the pristine bentonite 

possessed very high removal percentage for tetracycline at very low pH values i.e., 

Ca pH 3.7. However, the increase in pH has caused a sharp decrease in removal 

efficiency and only 10% of tetracycline was removed at pH Ca 10.0 using the 

pristine bentonite. 

It is shown the very high percentage (Ca 98%) removal of tetracycline by 

BNMPTS was almost identical for a wide pH region i.e., pH 3.2 - 7.0, (Cf Figure 

3.14). However, further increase in pH (pH>7.0), the elimination of tetracycline is 

decreased sharply and reached to a value of 21% at pH ~10. As seen from the 

speciation studies, tetracycline is predominantly present in the anionic forms at 

pH>3.4. On the other hand, the pHPZC of pristine bentonite and BNMPTS is 7.81 and 

7.73, respectively. Therefore, the surface is positively charged at pH<7.65 (for 

BNMPTS) and pH<7.82 (for BN). This showed that pH<7.0, the anionic species of 

tetracycline is attracted by the positively charged surface of BNMPTS, hence, very 

high uptake of tetracycline is recorded in this region. The uptake of tetracycline by 

the BNMPTS is not only due to the electrostatic attraction, since almost similar 

pHPZC was recorded for the bentonite solid but the uptake of tetracycline was sharply 

decreased at pH>3.6 using the pristine  bentonite. This implied that the grafting of 

silane within the bentonite network enabled the solid more hydrophobic with 

enhanced organophilic nature. This eventually, facilitated the sorption of tetracycline 
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by the BNMPTS solid. This caused for very high uptake of tetracycline by the 

BNMPTS solid at pH up until 7.0. However, further increase in pH i.e., pH>7.0, a 

sharp decrease in percentage uptake of tetracycline was recorded. This is, perhaps, 

due to the fact that strong electrostatic repulsive forces are dominated and hindered 

the elimination of tetracycline by BNMPTS solid since both the sorbate and sorbent 

are possessed with net negative charges. Similar outcomes were reported on the 

adsorption of tetracycline onto Fe-Mt (Wu et al., 2016) and illite (Chang et al., 

2012). 

On the other hand, the high percentage removal of tetracycline (Ca 96%) by 

BNAPTES solid showed almost constant removal efficiency up until the pH 8 and 

further increase in pH had caused a slight decrease in percentage removal of 

tetracycline. The pHPZC value of BNAPTES was found to be 7.81. This indicated that 

BNAPTES possessed a strong affinity towards the tetracycline molecules and caused 

for the high removal efficiency of removal. It is due to the fact that the BNAPTES 

provides fairly good hydrophobic environment having high organophilic nature 

which partitioned the tetracycline molecule at the solid surface and facilitated the 

removal of tetracycline. However, pH> 8.0, both the solid and sorbate species are 

possessed with net negative charges which hindered slightly the removal of 

tetracycline by BNAPTES. Hence, relatively lower uptake of tetracycline at very 

high pH values (pH>8.0) was recorded. A similar decrease in the adsorption capacity 

of tetracycline on Pinus taeda-derived activated biochar at higher pH (> 7.0) was 

observed. This was due to a strong electrostatic repulsion between the negatively 

charged surfaces of Pinus taeda-derived activated and negative species of 

tetracycline with weak π-π electron donor acceptor (EDA) interaction (Jang et al., 

2018; Zhou et al., 2017). On the other, hand the decrease in removal efficiency using 

the BNAPTES was not that significant for tetracycline even at pH>8. This further, 

implied the potential applicability of functionalized material (BNAPTES) towards 

the removal of tetracycline from aqueous solutions. 

The results obtained suggest that hydrophobic interaction is the main reason 

for the high uptake of tetracycline by BNAPTES compared to bentonite within the 

studied pH range (Thanhmingliana et al., 2015) 
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Figure 3.14: Percentage removal of tetracycline by pristine bentonite and 

functionalized bentonite (BNMPTS and BNAPTES) as a function of pH ([TC]: 10.0 

mg/L; Solid dose: 2.0 g/L; Temperature: 25C). 

 

 

Figure 3.15: Percentage distribution of tetracycline (TC) as a function of pH ([TC]: 

10.0 mg/L; Temperature: 25C). 
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3.2.1.6. Triclosan (TCS) 

The pH dependent removal of triclosan was conducted at wide range of pH 

3.0 to 10.0. The percentage removal of triclosan using BNMPTS and BNAPTES 

along with the pristine bentonite is illustrated in Figure 3.16. The pristine clay 

bentonite showed relatively high uptake at lower pH~3.4, however, further increase 

in pH caused significant decrease in percentage uptake of triclosan and reached very 

low removal at neutral pH~7.0. Therefore, the pristine bentonite showed very limited 

implications in the elimination of triclosan from aqueous solution. However, the 

removal of triclosan is almost unaffected using BNMPTS and BNAPTES solid as the 

pH increased from Ca. pH 3.21 to 7.01. However, the removal of triclosan was 

decreased abruptly with further increase in pH (pH>7.0) and attained to low removal 

percentage at Ca. pH 10. The elimination of triclosan is almost constant within the 

pH<7.0. Triclosan is having the acid dissociation constant values as pka1: 7.90 and 

pka2: 8.1 (Solá-Gutiérrez et al., 2020). Therefore, the speciation of triclosan is 

conducted and presented in Figure. 3.17 also reported previously (Tiwari et al., 

2020). It is evident from the speciation studies that triclosan is predominantly present 

as uncharged species at pH<7.0. However, pH>7.0, the dominant species are anionic 

species (i.e., TCS
-
 or TCS

2-
). Therefore, very high uptake of triclosan at pH<7.0 is 

primarily due to the hydrophobic and organophilic nature of BNMPTS and 

BNAPTES towards the triclosan. The strong hydrophobic interactions between the 

triclosan molecules and organo-modified clay had enabled for enhanced elimination 

of triclosan (Styszko et al., 2015). Similar, removal behaviour was reported 

previously in the removal of triclosan by kaolinite and montmorillonite (Behera et 

al., 2010).  

However, the increase in pH>7.0, a rapid decrease in percentage elimination 

of triclosan by the BNMPTS and BNAPTES is observed. This is due to the fact that 

the anionic species of triclosan and negatively charged solid surface caused strong 

repulsive forces which retarded significantly the sorption of triclosan by BNMPTS 

and BNAPTES. Generally, a high removal percentage of triclosan at neutral pH 

conditions is providing an optimum pH conditions indicating BNMPTS and 

BNAPTES in the treatment strategies for efficient removal of triclosan from water 

bodies at neutral pH conditions.  
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Figure 3.16: Percentage removal of triclosan (TCS) by pristine bentonite and 

functionalized materials (BNMPTS and BNAPTES) as a function of pH ([TCS]: 10.0 

mg/L; Solid dose: 2.0 g/L: Temperature: 25C). 

 

 

Figure 3.17: Percentage distribution of triclosan (TCS) as a function of pH ([TCS]: 

10.0 mg/L; Temperature: 25C). 
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3.2.1.7. 17α-ethinylestradiol (EE2) 

The pH dependence sorption of 17α-ethinylestradiol (EE2) is illustrated in 

Figure 3.18. Figure reveals that the elimination of EE2 by the BN is quite low within 

the studied pH (pH 3.0 to 10.2). A maximum of Ca 43% of EE2 was recorded at pH 

5.8. However, using the silane grafted bentonite solids i.e., BNMPTS and BNAPTES 

showed significantly enhanced elimination of EE2 within the studied pH (3.0 to 

10.2). It is further noted that a maximum of Ca 85 and and 74% of EE2 was 

eliminated using the BNMPTS and BNAPTES solids, respectively at around pH 6.0. 

The acid dissociation constant (pka) of EE2 was reported as 10.5 (Al-Khateeb et al., 

2014). Therefore, the EE2 exists as neutral species pH 10.5 and carries net negative 

charge pH  10.5 (Cf Figure 3.19). On the other hand, the pHPZC (point of zero 

charge) of BN, BNMPTS and BNAPTES is obtained as 7.81, 7.73 and 7.63, 

respectively. Therefore, a high removal of EE2 by using the BNMPTS and 

BNAPTES solids at wide range of pH is demonstrated with the hydrophobic 

interaction between the EE2 and BNMPTS and BNAPTES solids. The organo-

silanes introduced within the bentonite sheets provide enhanced hydrophobicity with 

the organophilic nature which intended to attract the EE2 molecules and enabled a 

high uptake of EE2. Moreover, the dense grafted structure of BNMPTS and 

BNAPTES has enabled significantly to trap the EE2 from aqueous solutions and 

enhanced the elimination of EE2. Further, it is noted that the removal of EE2 by the 

BNMPTS showed very high uptake which was almost unaffected within the pH 

region pH 4.0-10.0. This indicated that the EE2 showed very high affinity towards 

the denser composite solid (having specific surface area of 4.64 m
2
/g) and hence, the 

dense material traps efficiently the EE2. The similar results were reported for the 

removal of As(V) using the MPTS grafted chitosan where it was assumed that the 

introduced silanes provides sorbing sites along with the siloxane sites. Hence, the 

As(V) forms weaker bonds and caused for high percentage removal (Lalhmunsiama 

et al., 2016a). On the other hand, the BNAPTES showed slightly less adsorption at 

lower pH values i.e., pH ~4.0. However, almost a constant removal of EE2 is 

obtained within the pH region i.e., pH~5.0-9.0. The low removal at pH 4.0 is 

possibly due to the competition between the H
+
 and EE2 towards the solid surface. 

Additionally, it is observed that BNAPTES showed relatively less percentage 
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removal compared to the BNMPTS. This is because of the reason that the BNAPTES 

is relatively less dense material compared to the BNMPTS since the specific surface 

area of BNAPTES is relatively high i.e., 12.5 m
2
/g. This restricted partly the uptake 

of EE2 by BNAPTES. A similar result in the removal of EE2 is reported using 

activated carbon powder (Zhang and Zhou, 2005) or even As(V) by APTS grafted 

chitosan (Lalhmunsiama et al., 2016b). Moreover, comparing to BNMPTS and 

BNAPTES, the BNMPTS showed relatively higher percentage removal of EE2 

throughout the studied pH (3.0 to 10.0). This indicated the higher affinity of 

materials for EE2.  

 

Figure 3.18: Percentage removal of EE2 by pristine bentonite and functionalized 

bentonite solids (BNMPTS and BNAPTES) as a function of pH ([EE2]: 10.0 mg/L; 

Solid dose: 2.0 g/L: Temperature: 25C). 
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Figure 3.19: Percentage distribution of 17α-ethinylestradiol (EE2) as a function of 

pH ([EE2]: 10.0 mg/L; Temperature: 25C). 
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Figure 3.20: Effect of initial sorptive concentration in the removal of (a) As(III) by 

BNMPTS; and (b) As(V) by BNAPTES (pH: 3.5; Solid dose: 2.0 g/L: Temperature: 

25C). 
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3.3.2.2. Copper(II) 

Similarly, the concentration dependence removal of Cu(II) was conducted at 

pH 4.0 to estimate the efficiency and adsorption capacity of the modified material 

towards copper ions. The concentration dependence percentage removal of Cu(II) by 

the BNMPTS is illustrated in Figure 3.21. It is observed that BNMPTS is able to 

attain very high percentage removal of Cu(II) at varied concentrations of Cu(II). 

Increasing the initial Cu(II) concentrations from 1.0 to 25.0 mg/L did not affect very 

high percentage removal (almost 100%) of Cu(II). At the initial metal concentration 

of 25.0 mg/L, the BNMPTS is able to remove 96% Cu(II). These findings indicated 

that BNMPTS material is highly efficient for the removal of Cu(II) from aqueous 

solutions. The amount of Cu(II) removed from aqueous solutions is significantly 

increased while increasing the initial Cu(II) concentration from 1.0 to 25.0 mg/L, and 

the uptake amount of Cu(II) was increased from  0.493 to 11.955 mg/g. 

 

 

 

Figure 3.21: Effect of initial sorptive concentration in the removal of Cu(II) by 

BNMPTS (pH: 4.0; Solid dose: 2.0 g/L: Temperature: 25C). 
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3.3.2.3. Cadmium(II) 

The concentration dependence sorption of Cd(II) was conducted to estimate 

the efficiency and adsorption capacity of the silane grafted materials BNMPTS at 

wide range of initial cadmium(II) concentrations i.e., 1.0 to 25.0 mg/L at pH 5.0. 

Further, the percentage removal of Cd(II) by the BNMPTS at varied concentrations 

of Cd(II) is presented in Figure 3.22. A very high percentage removal at varied 

concentrations of Cd(II) is achieved using BNMPTS solid. Interesting to note that the 

percentage removal of Cd(II) was not affected by increasing the concentration of 

Cd(II) from 1.0 to 25.0 mg/L. BNMPTS was able to remove >93% of Cd(II) at the 

initial metal concentration of  25.0 mg/L. These outcomes reveal that BNMPTS 

material is highly efficient for the removal of Cd(II) from aqueous solutions. 

Moreover, increasing the initial concentrations of Cd(II), the amount of Cd(II) 

removed from aqueous solutions is significantly increased and the uptake amount of 

Cd(II) is increased from 0.418 to 11.592 mg/g while increasing the initial Cd(II) 

concentration from 1.0 to 25.0 mg/L, respectively.  

 

 

 

Figure 3.22: Effect of initial sorptive concentration in the removal of Cd(II) by 

BNMPTS solid (pH: 5.0; Solid dose: 2.0 g/L: Temperature: 25C). 
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3.3.2.4. Tetracycline (TC) 

The percentage removal of tetracycline using BNMPTS and BNAPTES at 

various initial concentrations is shown in Figure 3.23. It is noteworthy that very high 

percentage removal of tetracycline was obtained within the studied concentration 

range (1.0 to 25.0 mg/L) using the BNMPTS and BNAPTES solids. The percentage 

removal of tetracycline at the initial concentration of 1.0 mg/L is 97% for both the 

materials. Moreover, it is interesting to observe that the removal of tetracycline by 

BNMPTS and BNAPTES is very high even at the initial concentrations of 25.0 

mg/L, i.e., 90% of tetracycline and 89% for BNMPTS and BNAPTES, respectively. 

In this sorption process, it is assumed that the initial concentration of the adsorbate 

act as a driving force to passed through the sorption barrier at the solid-solution 

interface; hence, the amount of tetracycline uptake was extensively enhanced from 

0.6 to 11.5 mg/g and 0.5 to 11.33 mg/g and for BNMPTS and BNAPTES, 

respectively, while increasing the initial concentration of tetracycline from 1.0 to 

25.0 mg/L. The higher uptake of tetracycline at fairly high initial concentrations 

reaffirmed the strong affinity of BNMPTS and BNAPTES solids towards the 

tetracycline. 

 

 

 

Figure 3.23: Percentage removal of tercycline by the BNMPTS and BNAPTES 

materials as a function of initial tercycline concentrations (pH: 4.0; Solid dose: 2.0 

g/L: Temperature: 25C). 
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3.3.2.5. Triclosan (TCS) 

The sorption performance of BNMPTS and BNAPTES materials towards the 

triclosan is obtained by varying the triclosan concentrations from 1.0 to 25.0 mg/L 

(pH: 4.0) at solid dose of 2.0 g/L. Results are plotted with initial sorptive 

concentration against the percentage removal of triclosan and illustrated in Figure 

3.24. Results inferred that the percentage elimination of triclosan is almost 

unaffected within the studied sorptive concentrations. This implied high affinity of 

BNMPTS and BNAPTES towards triclosan. Quantitatively, increasing the 

concentration of triclosan from 1.0 to 25.0 mg/L the removal efficiency is only 

decreased from 95.8 to 90.6% using BNMPTS and from 95.7 to 89% using 

BNAPTES solids. 

 

 

 

Figure 3.24: Percentage removal of triclosan by the BNMPTS and BNAPTES solids 

as a function of initial triclosan concentrations (pH: 4.0; Solid dose: 2.0 g/L: 

Temperature: 25C). 
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3.3.2.6. 17α-ethinylestradiol (EE2) 

The relationship between the initial EE2 concentration (1.0 to 10.0 mg/L) and 

percentage removal of EE2 by the BNMPTS and BNAPTES materials is obtained at 

pH 4.0 and solid dose 2.0 g/L. The results are illustrated in Figure 3.25. Results 

indicated that increasing the concentration of EE2, the percentage elimination of EE2 

is decreased slightly. Increasing concentration of EE2 from 1.0 to 10.0 mg/L
 
the 

corresponding decrease in percentage elimination of EE2 is from 92.8 to 86.1% for 

BNMPTS and 93.3 to 74.4% for BNAPTES solids. Similar to other micro-pollutants, 

the high percentage uptake of EE2 even at high concentration of EE2 inferred the 

high affinity of BNMPTS and BNAPTES materials for EE2 and potential sorbing 

materials for decontamination of water contaminated with various micro-pollutants.  

 

 

Figure 3.25: Percentage removal of EE2 by the BNMPTS and BNAPTES solids as a 

function of initial EE2 concentrations (pH: 4.0; Solid dose: 2.0 g/L: Temperature: 

25C).  
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3.3.3. Adsorption isotherm studies 

The equilibrium state sorption data acquired for varying sorptive 

concentrations at constant pH and temperature is further used to determine the 

adsorption isotherms especially the Langmuir and Freundlich adsorption isotherms. 

 

3.3.3.1. Adsorption isotherm modelling for arsenic(III) and arsenic(V) 

Langmuir and Freundlich adsorption isotherms are utilized to deduce the 

isotherm modelling obtained from the sorptive concentration dependent study (Tang 

et al., 2017) and shown in Figure 3.26. The unknown constants i.e., Langmuir 

monolayer sorption capacity (qo), Langmuir constant (b) and Freundlich constants 

(Kf  and 1/n) are estimated and presented as in Table. 3.4. Results showed that 

Langmuir adsorption isotherm is best fitted than the Freundlich isotherm at least for 

the adsorption of As(III) and As(V) by the functionalized materials since it showed 

reasonably high value of R
2
 values. This result further suggested that monolayer 

sorption is the dominant mechanism in the sorption of As(III) and As(V) by 

functionalized materials (Montero et al., 2018). Moreover, the Langmuir constant ‗b‘ 

is evaluated which reflects the strength and affinity of the solids towards the sorbing 

species (Gupta et al., 2005). The sorption capacity obtained from Langmuir 

monolayer is found to be 10.50 mg/g for As(III) using BNMPTS and 11.93 mg/g for 

As(V) using BNAPTES. Table 3.3 show that comparatively high values of Langmuir 

constant (b) and Freundlich constant (Kf) reaffirms the strong attraction of the 

functionalized materials towards As(III) and As(V). Previous study reported that the 

maximum sorption capacity of As(III) on almond shell (ALS) and almond shell 

biochar (ASB) were found to be 4.6 and 4.86 mg/g, respectively. Similarly, for 

As(V),  the maximum sorption capacities were 3.45 and 3.6 mg/g by almond shell 

(ALS) and almond shell biochar (ASB), respectively (Ali et al., 2020).  
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Table 3.3. Langmuir and Freundlich constants estimated for the adsorption of As(III) 

and As(V) using functionalized materials. 

 

Materials Pollutants 

Langmuir isotherm Freundlich isotherm 

qo 

(mg/g) 
b (L/g) R

2
 1/n 

Kf  

(mg/g) 
R

2
 

BNMPTS As(III) 11.933 0.535 0.995 0.668 2.254 0.993 

BNAPTES As(V) 10.504 0.594 0.990 0.672 2.257 0.987 
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Figure 3.26: Fitting of (a) Langmuir adsorption isotherm for the adsorption of 

As(III) onto BNMPTS and As(V) onto the BNAPTES; and (b) Freundlich adsorption 

isotherms for As(III) onto BNMPTS and As(V) onto BNAPTES solids. 

 

3.3.3.2. Adsorption isotherm modelling for copper(II) and cadmium(II)  

The linear form of Langmuir and Freundlich adsorption isotherms were 

utilized for the adsorption of Cu(II) and Cd(II) onto the BNMPTS solid utilizing the 

concentration dependence data (Tiwari et al., 2007). The results are illustrated in 

Figure 3.27. The unknown constants i.e., Langmuir monolayer sorption capacity (qo) 

and Langmuir constant (b), Freundlich constants (Kf  and 1/n) are assessed and shown 

in Table 3.4. It is clear from the results that the sorption of Cu(II) and Cd(II) by 

BNMPTS material followed Langmuir adsorption isotherm model better than 

Freundlich adsorption isotherm since higher R
2
 value was obtained for Langmuir 

adsorption isotherm. The high value of Langmuir monolayer sorption capacity (qo) 

achieved for Cu(II) and Cd(II) by BNMPTS indicates the affinity of BNMPTS 

towards the Cu(II) and Cd(II). This result further shows the potential use of solid in 

the removal of these two heavy metal toxic ions from aqueous solutions. 

Furthermore, the applicability of Langmuir adsorption isotherm pointed that the 
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surface active sites are distributed evenly onto the surface of the solid (Gupta et al., 

2005). Similar results are reported in which the removal of Cd(II) by the dopamine-

functionalized meso-structured silica (DMOS) and Cu(II) by mercapto functionalized 

palygorskite (MPAL) followed Langmuir adsorption isotherm (Chen et al., 2016a; 

Han et al., 2015). Furthermore, the affinity of BNMPTS towards Cu(II) and Cd(II) is 

shown by higher values of Langmuir constant (b). Moreover, the Freundlich constant 

(1/n); (0 < 1/ n < 1) is having fractional values  which further showed the 

heterogenous surface of the material and the available sites for adsorption is 

distributed exponentially (Raji et al., 1998). 

 

Table 3.4. Langmuir and Freundlich adsorption isotherm constants along with the R
2
 

values obtained for the adsorption of Cu(II) and Cd(II) using BNMPTS material. 

 

Pollutants 

Langmuir isotherm Freundlich isotherm 

qo 

(mg/g) 
b (L/g) R

2
 1/n 

Kf  

(mg/g) 
R

2
 

Cu(II) 12.594 10.447 0.988 0.521 3.317 0.928 

Cd(II) 13.192 3.716 0.988 0.587 3.861 0.979 
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Figure 3.27: Fitting of (a) Langmuir adsorption; and (b) Freundlich adsorption 

isotherms in the sorption of Cu(II) and Cd(II) by BNMPTS material. 
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3.3.3.3. Adsorption isotherm modelling for tetracycline, triclosan and EE2 

Result obtained from the concentration dependent study of tetracycline by the 

BNMPTS and BNAPTES is utilized to study the adsorption isotherm models viz., 

Langmuir and Freundlich adsorption isotherms (Balarak et al., 2016) and fitting 

results are presented graphically in Figure 3.28. The isotherm constants i.e., 

Langmuir monolayer sorption capacity (qo), Langmuir constant (b) and Freundlich 

constants (Kf and 1/n) are hence, estimated and returned in Table 3.5. Since higher 

value of R
2
 is obtained for Langmuir adsorption isotherm for tetracycline using 

BNMPTS and BNAPTES, which inferred the applicability of Langmuir adsorption 

isotherm in the adsorption of tetracycline by these solids. The applicability of the 

Langmuir isotherm specifies that monolayer coverage of the solid surfaces by 

tetracycline molecules and the active sites are homogeneously distributed on the 

surface (Zhang et al., 2013). The Langmuir monolayer capacity (qo) is relatively 

high, indicating the high chemical affinity of tetracycline towards the BNMPTS and 

BNAPTES solids (Rivera-Utrilla et al., 2013). 

 The Langmuir monolayer capacity is found to be 16.64 and 15.36 mg/g 

respectively for BNMPTS and BNAPTES. Previously, it was reported that the 

sorption of tetracycline onto different montmorillonite SAz-1 (Ca-MMT containing 

98% smectite), SWy-2 (Na-MMT containing 95% smectite), SHCa-1 (low-charge 

Li-bearing trioctahedral smectite) and SYn-1 (synthetic mica-MMT containing 95% 

mica-MMT) followed the Langmuir adsorption isotherm having removal capacity of 

468, 404, and 243 mg/g, respectively (Chang et al., 2014). Moreover, higher values 

of (1/n) and (b), Freundlich and Langmuir constants respectively indicated that the 

material has strong affinity towards tetracycline (Lee et al., 2017).  
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Table 3.5. Langmuir and Freundlich constants estimated for sorption of tetracycline 

using BNMPTS and BNAPTES solids. 

 

Materials 

Langmuir Freundlich 

qo 

(mg/g) 
b (L/g) R

2
 1/n 

Kf  

(mg/g) 
R

2
 

BNMPTS 16.639 1.019 0.992 0.737 7.925 0.979 

BNAPTES 15.361 1.042 0.997 0.709 7.101 0.978 
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Figure 3.28: Fitting of concentration dependence data to (a) Langmuir adsorption; 

and (b) Freundlich adsorption isotherms in the sorption of tetracycline by BNMPTS 

and BNAPTES solids. 

 

Furthermore, the equilibrium sorption data obtained for triclosan is utilized 

for plotting the sorption modelling studies i.e., the Langmuir and Freundlich 
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Langmuir monolayer adsorption capacity (qo), Langmuir constant (b) along with the 

Freundlich constants (Kf and 1/n) are estimated and given in Table 3.6. The isotherm 
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followed Langmuir adsorption isotherm better than Freundlich adsorption isotherm. 

Langmuir isotherm suggests that the adsorption sites of BNMPTS and BNAPTES 

solids have strong interactions with triclosan and the triclosan molecules are forming 

the monolayer onto the solid surfaces (Phuekphong et al., 2020). The high value of 

Langmuir monolayer capacity (qo) indicates the high affinity of triclosan towards 

BNMPTS and BNAPTES solids (Rivera-Utrilla et al., 2013). The Langmuir 
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monolayer adsorption capacity (qo) was found to be 18.87 and 17.15 mg/g for 

BNMPTS and BNAPTES, respectively. It is worth noted that a very high monolayer 

capacity was obtained for triclosan using the functionalized materials. Further, 

relatively high values obtained for Langmuir constant (b) and Freundlich constant 

(Kf) indicated the strong affinity of BNMPTS and BNAPTES towards triclosan in 

aqueous media (Lee et al., 2012b; Lee et al., 2017). 

 

Table 3.6. Langmuir and Freundlich isotherm constants estimated for the sorption of 

triclosan using BNMPTS and BNAPTES solids. 

 

Materials 

Langmuir isotherm Freundlich isotherm 

qo 

(mg/g) 
b (L/g) R

2
 1/n 

Kf  

(mg/g) 
R

2
 

BNMPTS 18.87 0.652 0.998 0.764 6.95 0.985 

BNAPTES 17.151 0.699 0.997 0.737 6.449 0.981 
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Figure 3.29: Fitting of concentration dependence data to the (a) Langmuir 

adsorption; and (b) Freundlich adsorption isotherms in the sorption of triclosan by 

the BNMPTS and BNAPTES solids. 

 

 Similarly, the linear form of Langmuir and Freundlich isotherms is utilized 

for isotherm modelling for the adsorption of EE2 by the BNMPTS and BNAPTES 

solids and the results are illustrated in Figure. 3.30. The unknown constants are 

estimated and presented in Table 3.7. The results showed that the equilibrium 

sorption data obtained for the removal of EE2 is reasonably fitted well to the 

Langmuir adsorption model compared with Freundlich isotherm model. This result 

further indicates the surface homogeneity of the BNMPTS and BNAPTES in the 

removal of the EE2 (Shin et al., 2020). The high value of Langmuir monolayer 

sorption capacity (qo) indicates the strong affinity of triclosan towards BNMPTS and 

BNAPTES (Rivera-Utrilla et al., 2013). A high value of Langmuir monolayer 

capacity 8.1 and 4.283 mg/g is obtained for the EE2 using BNMPTS and BNAPTES 
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of 3.46, 2.44 and 18.35 mg/g were achieved for TLH compared to GAC capacities of 

4.01, 2.97 and 16.26 mg/g for 17 - estradiol, 17 - ethinylestradiol and bisphenol A, 

respectively (Ifelebuegu et al., 2015).  

 

Table 3.7. Langmuir and Freundlich adsorption isotherm constants estimated for the 

sorption of EE2 by the BNMPTS and BNAPTES solids. 

 

Materials 

Langmuir isotherm Freundlich isotherm 

qo 

(mg/g) 
b (L/g) R

2
 1/n 

Kf  

(mg/g) 
R

2
 

BNMPTS 8.1 0.888 0.999 0.577 5.277 0.988 

BNAPTES 4.283 1.774 0.972 0.392 2.935 0.959 
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Figure 3.30: Fitting of concentration dependence data to the (a) Langmuir 

adsorption; and (b) Freundlich adsorption isotherms in the sorption of EE2 by the 

BNMPTS and BNAPTES materials. 

 

3.3.4. Effect of contact time 

3.3.4.1. Arsenic(III) and arsenic(V) 

The amount of As(III) and As(V) adsorbed by BNMPTS and BNAPTES, 

respectively are obtained at different time intervals from 5 to 720 minutes which is 

useful to deduce the adsorption kinetics for these systems. Results are presented in 

Figure 3.31 ((a) and (b)). Initially, the uptake of arsenic by these materials is rapid 

and slowed down with the lapse of time. It is evident that more than 60% of arsenic 

was adsorbed within 60 minutes of contact. The high uptake of arsenic by the 

synthesized functionalized materials in the early contact time is due to the excess 

number of available active sites on the surface of the adsorbent which are occupied 

by the sorbate ions. Further, with the lapse of time, the uptake of arsenic is slowed 

down due to the lesser numbers of active sites are available for sorbate ions and it 

reaches to an apparent equilibrium with the time of 180 minutes of contact for 

As(III) using BNMPTS and As(V) using BNAPTES materials (Lee et al., 2015). The 

result further infers that the uptake of arsenic is rapid by the BNMPTS and 
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BNAPTES hence, are found to be efficient in the removal of arsenic from aqueous 

solutions using these solids.     

 

 

 

 

 

 

Figure 3.31: Effect of contact time in the removal of (a) As(III) by BNMPTS and; 

(b) As(V) by BNAPTES solids ([As(III)/or As(V)]: 10.0 mg/L; pH: 3.5; Solid dose: 

2.0 g/L; Temperature: 25C). 
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3.3.4.2. Copper(II)  

The time dependent removal of Cu(II) using BNMPTS is obtained at a 

definite intervals up to a maximum of 360 minutes. Further, the time dependent 

percentage removal of Cu(II) by the BNMPTS is illustrated graphically in Figure 

3.32. The uptake of Cu(II) by the BNMPTS solid is recorded very fast and within 

just 5 minutes of contact almost 95% of Cu(II) is removed. The percentage removal 

of Cu(II) is further increased gradually and an apparent sorption equilibrium is 

reached within 30 minutes of contact for Cu(II) using BNMPTS. The results inferred 

that the BNMPTS possessed very high affinity towards the Cu(II) and the active sites 

available on the surface of BNMPTS are readily available to capture Cu(II) toxic 

ions in aqueous solution (Liang et al., 2014; Ouakouak et al., 2020). This further 

reaffirms that the dense brushes of silanes available with BNMPTS material forming 

strong chemical bonds with the available cations and rapid removal of Cu(II) were 

observed using BNMPTS material. It was also reported that the removal of Cu(II) by 

rice husk treated with NaOH (TRH) reaches maximum uptake within 15 minutes of 

contact (Zafar et al., 2020). 

 

 

 

Figure 3.32: Effect of contact time in the removal of Cu(II) by the BNMPTS solid 

([Cu(II)]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 g/L; Temperature: 25C). 
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3.3.4.3. Cadmium(II)  

Similarly, the time dependent percentage removal of Cd(II) by BNMPTS is 

obtained and shown in Figure 3.33. The Cd(II) is aggregated rapidly on the surface 

of BNMPTS which inferred a very affinity of Cd(II) towards the functionalized 

material. It is noted that about 94% of Cd(II) was adsorbed on to the surface of the 

BNMPTS within just 5 minutes of contact.  However, an apparent equilibrium 

beteweenn the solid and solution was achiebed within 30 minutes of conatct. These 

results confirmed that the Cd(II) is forming strong chemical bonds onto the available 

surface functional groups. Similar result is also reported for the adsorption of Cu(II) 

and Cd(II) using natural clay in which the quilibrium contact time occurred within 30 

minutes (El, 2018). 

 

 

 

Figure 3.33: Effect of contact time in the removal of Cd(II) by the BNMPTS solid 

([Cd(II)]: 5.0 mg/L; pH: 5.0; Solid dose: 2.0 g/L; Temperature: 25C). 
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3.3.4.4. Tetracycline (TC) 

  The extent of tetracycline(TC) adsorbed by the BNMPTS and BNAPTES are 

obtained at different time intervals 5 to 720 minutes and the percentage removal of 

tetracycline by these solids are presented as a function of time in Figure 3.34. A fast 

uptake of tetracycline by these solids is observed during the initial period of contact 

and within 5 minutes of contact, Ca 72 and 78% of tetracycline are adsorbed using 

BNMPTS and BNAPTES, respectively. This inferred that the rate of adsorption of 

tetracycline by these solids is significantly high. This is primarily due to the fact that 

extent of active sites are relatively more at the functionalized materials surface 

during the initial period of time which enabled fast aggregation of tetracycline 

molecules onto the solid surface (Lalhmunsiama et al., 2015). However, further 

increase in time, the rate of sorption slowed down and an apparent equilibrium is 

attained within 180 minutes of contact for tetracycline using BNMPTS and 

BNAPTES. This result signifies the materials are useful and efficient at least for the 

elimination of tetracycline from aqueous wastes.     

 

 

 

Figure 3.34: Effect of contact time in the removal of tetracycline by the BNMPTS 

and BNAPTES solids ([TC]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 g/L; Temperature: 

25C). 
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3.3.4.5. Triclosan (TCS) 

The uptake of triclosan by BNMPTS and BNAPTES solids was studied at 

different interval of time between 5 to 720 minutes and the time dependent removal 

of these at various contact time are shown as in Figure 3.35. It is observed that 

during the initial period of contact, the uptake of triclosan by BNMPTS and 

BNAPTES was very fast and it was observed that Ca 71 and Ca 73% of triclosan 

were removed by the BNMPTS and BNAPTES, respectively within 5 minutes of 

contact. Further, increase in time caused for gradual increase in percentage removal 

of triclosan by these solids and apparent sorption equilibrium was achieved within 

120 minutes of contact for triclosan using BNMPTS and BNAPTES. The fast uptake 

of triclosan suggested that the materials possessed greater affinity towards triclosan 

and is a potential solid to be employed in waste water treatment plants. Previously it 

was reported that the maximum time to reach the sorption equilibrium for the 

sorption of triclosan using biomass, Phaeodactylum tricornutum was 180 minutes 

(Santaeufemia et al., 2019). 

 

 

 

Figure 3.35: Effect of contact time in the removal of triclosan by the BNMPTS and 

BNAPTES solids ([TCS]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 g/L; Temperature: 

25C). 
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3.3.4.6. 17α-ethinylestradiol (EE2) 

The percentage elimination of EE2 by the BNMPTS and BNAPTES solids at 

different time intervals was obtained and returned in Figure 3.36. The percent 

removal of EE2 by both the materials was rapid during initial period of contact and 

Ca 57 and 42% of EE2 was removed within just 10 minutes of time by the 

BNMPTES and BNAPTES materials, respectively. Further, the sorption of EE2 onto 

these synthesized materials was saturated just within 120 minutes of contact. This 

indicated that the surface active sites of these two functionalized materials saturated 

within 120 minutes and no further removal of EE2 was obtained even after 720 

minutes of contact (Hasan et al., 2013). These results further inferred that both the 

materials possessed high affinity for the attenuation of EE2 and its applicability in 

treatment of wastewater.  

 

 

 

Figure 3.36: Effect of contact time in the removal of EE2 by the BNMPTS and 

BNAPTES solids ([EE2]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 g/L; Temperature: 

25C). 
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3.3.5. Kinetic modelling studies 

The time dependence data is further employed to deduce the sorption kinetics 

in the sorption of these pollutants using the solids. The two kinetic models viz., 

pseudo-first order (PFO) (Azizian, 2004) and pseudo-second order (PSO) (Ho and 

McKay, 1999) equations were utilized for its non-linear fitting (equations 2.5 and 

2.6). A non-linear least square fitting method is conducted for the estimation of 

unknown parameters along with the rate constant values. Further, the non-linear 

fitting enables to estimate the unknown constant involved in the basic equations i.e., 

the sorption capacity of solid for the specific pollutant. 

 

3.3.5.1. Arsenic (III) and arsenic (V) 

The adsorption kinetics of As(III) by BNMPTS and As(V) by BNAPTES is 

employed to perform the two non-linear kinetic models viz., pseudo-first order (PFO) 

and pseudo-second order (PSO) models and the results are illustrated graphically in 

Figure 3.37. The calculated least square sum and unknown parameters were included 

in Table 3.8. These results clearly inferred that the kinetic data is well fitted to the 

PSO model compared to the PFO model since least square sum is reasonably low for 

the PSO model. These results further showed that As(III) and As(V) are bound to the 

materials with a strong chemical forces. Further, the sorption capacity estimated for 

the As(III) by BNMPTS and As(V) by the BNAPTES was found to be 3.703 and 

4.074 mg/g, respectively. The results showed that the materials possessed very high 

sorption capacity for the As(III) and As(V). The sorption of As(III) and As(V) onto 

montmorillonite modified with Fe polycation and cetyltrimethylammonium bromide 

(CTMAB) also followed the pseudo-second order kinetics and found that the rate -

limiting step was the ‗chemisorption‘ (Ren et al., 2014). 
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Table 3.8. Predicted kinetic parameters for pseudo-first order (PFO) and pseudo-

second order (PSO) kinetic models in the sorption of As(III) by BNMPTS and As(V) 

by BNAPTES. 

 

Materials Pollutants 

PFO Model PSO Model 

qe(mg/g) k1(1/min) s
2
 qe(mg/g) k2(g/mg/min) s

2
 

BNMPTS As (III) 3.511 0.18 0.59 3.703 0.078 0.127 

BNAPTES As (V) 3.821 0.086 0.355 4.074 0.161 0.088 
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Figure 3.37: Plots of PFO and PSO kinetic models for the sorption of (a) As(III) by 

BNMPTS; and (b) As(V) by BNAPTES ([As(III)/ or As(V)]: 10.0 mg/L; pH: 3.5; 

Solid dose: 2.0 g/L; Temperature: 25C). 

 

3.3.5.2. Copper(II) 

The time dependence data for the sorption of Cu(II) by the BNMPTS is 

employed for the kinetic modelling viz., PFO and PSO kinetic models. The least 

square fitting results are shown graphically in Figures 3.38. Further, the uptake 

capacity, rate constants and the least square sums were estimated and returned in 

Table 3.9. It is evident from the results that the PSO model is relatively better fitted 

to the sorption of Cu(II) by the BNMPTS since the least square sum is reasonably 

low for PSO model. The removal capacity thereby found to be 4.13 for Cu(II)) using 

the BNMPTS solid. Further, the fitting of PSO model suggested that the chemical 

interactions are involved in the adsorption of Cu(II) using BNMPTS from aqueous 

solutions (Foo and Hameed, 2010). The removal of Cu(II) using bentonite coated 

with Fe3O4 magnetite nanoparticles and Cd(II) using 3-MPA@PMNPs were 

followed the PSO model (Ali et al., 2019; Mohammed et al., 2018). Saudi clay was 

employed for the removal of Cu(II) and Ag(I), the experimental data reveal that the 

uptake of these cations followed the pseudo-second-order model and suggested that 
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the ‗chemical sorption‘ was the dominant  and rate-controlling step (Alandis et al., 

2019). 

 

Table 3.9. Predicted kinetic parameters for pseudo-first order (PFO) and pseudo-

second order (PSO) kinetic models in the sorption of Cu(II) by the BNMPTS solid. 

 

PFO Model PSO Model 

qe(mg/g) k1(1/min) s
2
 qe(mg/g) k2(g/mg/min) s

2
 

4.101 3.154 0.016 4.134 1.467 0.001 

 

 

 

 

Figure 3.38: Plots of PFO and PSO kinetic models for the sorption of Cu(II) by the 

BNMPTS solid ([Cu(II)]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 g/L; Temperature: 

25C). 
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3.3.5.3. Cadmium(II) 

Similarly, the kinetic modelling of Cd(II) was conducted for the known PFO 

and PSO modelling using the time dependence sorption data. The non-linear fitting 

results for the PFO and PSO models are shown in graphically in Figure 3.39. 

Moreover, the estimated unknown parameters i.e., the maximum removal capacity 

(qe), rate constants and the least square sum are included in Table 3.10. It is clear 

from the results that the time dependence uptake of Cd(II) is relatively fitted well to 

the non-linear PSO model compared to the PFO model since least square sum is 

reasonably low for the PSO model. The applicability of PSO model indicated that the 

Cd(II) ions are accumulated onto the surface of BNMPTS with relatively stronger 

chemical forces (Ho and Mckay, 2000). Previously, it was also reported that the 

sorption of Pb(II) and Cd(II) using sawdust-kaolinte composite (SDKC) followed 

pseudo-second order model and inferred that the rate controlling step was 

‗chemisorption‘ (Ogbu et al., 2019). Furthermore, the high value of sorption capacity 

obtained for Cd(II) by the BNMPTS solid showed the potential applicability of 

material towards the decontamination of water contaminated with Cd(II).  

 

Table 3.10. Predicted kinetic parameters for the pseudo-first order (PFO) and 

pseudo-second order (PSO) kinetic models in the sorption of Cd(II) by BNMPTS. 

 

PFO Model PSO Model 

qe(mg/g) k1(1/min) s
2
 qe(mg/g) k2(g/mg/min) s

2
 

2.016 0.703 0.004 2.031 2.252 0.0008 
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Figure 3.39: Plots of PFO and PSO kinetic models for the sorption of Cd(II) by the 

BNMPTS solid ([Cd(II)]: 5.0 mg/L; pH: 5.0; Solid dose: 2.0 g/L; Temperature: 

25C). 

 

3.3.5.4. Tetracycline (TC) 

The time dependence sorption data of tetracycline is utilized to study the 

kinetics of sorption by employing pseudo-first order (PFO) pseudo-second order 

(PSO) rate kinetics. The simulation results are illustrated graphically as in Figure 

3.40. Moreover, the estimated parameters are returned in Table 3.12. Table 3.11 

showed that the uptake of tetracycline by BNMPTS and BNAPTES followed the 

PSO kinetics model rather than PFO model since least square sum is significantly 

less for PSO kinetic model. The removal capacity of tetracycline is relatively high 

which pointed the potential applicability of the materials towards the removal of 

tetracycline from aqueous wastes. Further, the well-fitting of PSO with the sorption 

data indicated that tetracycline species were captured on the surface of the materials 

with the strong forces. Sorption of tetracycline onto Na-montmorillonite (Na-Mt) 

modified with carboxymethyl-chitosan is better fitted to the PSO kinetics (Ma et al., 

2019). Previously, the sorption of tetracycline and 17α–ethynylestradiol using 
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various hybrid material at different contact time were best described by pseudo-

second order (PSO) and fractal-like-pseudo-second order (FL-PSO) kinetic models, 

and it was suggested that these two micro-pollutants were bound to the adsorbent 

with relatively stronger forces (Thanhmingliana et al., 2015). Moreover, the kinetic 

sorption of tetracycline using SBA15, N,N-SBA15 and Fe-N,N-SBA15 adsorbents 

were also well fitted to the pseudo-second order kinetic model where the tetracycline 

specifically sorbed by these adsorbents  (Zhang et al., 2018). 

 

Table 3.11. Predicted kinetic parameters for pseudo-first order (PFO) and pseudo-

second order (PSO) kinetic models in the sorption of tetracycline by the BNMPTS 

and BNAPTES solids. 

Materials 

PFO Model PSO Model 

qe(mg/g) k1(1/min) s
2
 qe(mg/g) k2(g/mg/min) s

2
 

BNMPTS 4.71 0.387 0.647 4.855 0.175 0.271 

BNAPTES 4.786 0.348 0.271 4.927 0.161 0.232 
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Figure 3.40: Plots of PFO and PSO kinetic models for the sorption of tetracycline by 

(a) BNMPTS and; (b) BNAPTES solids ([TC]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 

g/L; Temperature: 25C). 

 

3.3.5.5. Triclosan(TCS)  

The kinetic data of triclosan using BNMPTS and BNAPTES were modelled 

with the known pseudo-first order (PFO) and pseudo-second order (PSO) kinetic 

models. The non-fitting results for the PFO and PSO models are given in Figure 

3.41. The rate constants and uptake capacity along with the least square sums were 

obtained and included in Table 3.12. The results indicated that sorption of triclosan 

by these solids followed better with the PSO model as compared to the PFO model 

since the least square sum is reasonably low for PSO model. The fitting of PSO 

model indicated that the triclosan species were sorbed by these solids with relatively 

stronger forces. It was reported previously that the removal of triclosan using 

Phaeodactylum tricornutum follows pseudo-second order kinetic model 

(Santaeufemia et al., 2019). Chitosan/Poly composite membrane was employed for 

the sorption of triclosan and it was reported that the sorption kinetics fitted well to 

the pseudo-second order kinetics (R
2
>0.986) as compared to the pseudo-first order 

kinetics (Liu and Xu, 2013). 
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Table 3.12. Predicted kinetic parameters for pseudo-first order (PFO) and pseudo-

second order (PSO) kinetic models in the sorption of triclosan by BNMPTS and 

BNAPTES solids. 

 

Materials 

PFO Model PSO Model 

qe(mg/g) k1(1/min) s
2
 qe(mg/g) k2(g/mg/min) s

2
 

BNMPTS 4.641 0.286 0.483 4.806 0.121 0.093 

BNAPTES 4.555 0.3 0.549 4.713 0.131 0.147 

 

 

 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 200 400 600 800

q
t 
(m

g
/g

) 

Time (mins) 

 Experimental data

PFO Cal

PSO Cal

(a) 



118 

 

 

 

Figure 3.41: Plots of PFO and PSO kinetic models for the sorption of triclosan by 

(a) BNMPTS; and (b) BNAPTES solids ([TCS]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 

g/L; Temperature: 25C). 

 

3.3.5.6. 17α-ethinylestradiol (EE2) 

The sorption kinetics of EE2 using BNMPTS and BNAPTES solids 

employing pseudo-first order (PFO) and pseudo-second order (PSO) kinetic models 

and the non-linear simulation results are presented in Figure 3.42. Further, the 

optimized results are shown in Table 3.13.  The results showed that PSO model is 

fitted well since the least square sum is significantly low compared to the PFO 

model. The sorption of EDCs (trimethoprim (TMP), estrone (E1), 17β-estradiol (E2) 

and 17α-ethynilestradiol (EE2)) using -SnO2 pillared montmorillonite also followed 

PSO kinetic model (Vidal et al., 2014).  Electrospun poly (butyleneadipate-co-

terephthalate) (PBAT) fibers was employed for the sorption of estrone (E1), 17β-

estradiol (E2), and 17α-ethynylestradiol (EE2). The experimental kinetic data is well 

described by PSO model compared to the PFO model. Further, the difference 

between calculated and experimental sorption capacities indicated that PSO model is 

more favourable. Hence, the sorption of E1, E2 and EE2 onto the PBAT microfiber 

surfaces occurred predominantly through the ‗chemical interactions‘ (Westrup et al., 

2021). Further, it is observed that the BNMPTS and BNAPTES materials possessed 
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relatively high removal n capacity for EE2 which affirms the greater applicability of 

the materials in the remediation of aqueous waste contaminated with EE2.  

 

Table 3.13. Predicted kinetic parameters for the pseudo-first order (PFO) and 

pseudo-second order (PSO) kinetic models in the sorption of EE2 by BNMPTS and 

BNAPTES solids. 

 

Materials 

PFO Model PSO Model 

qe(mg/g) k1(1/min) s
2
 qe(mg/g) k2(g/mg/min) s

2
 

BNMPTS 3.94 0.139 0.898 4.172 0.053 0.171 

BNAPTES 3.24 0.093 0.47 3.457 0.041 0.064 
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Figure 3.42: Plots of the PFO and PSO kinetic models for the sorption of EE2 by (a) 

BNMPTS; and (b) BNAPTES solids ([EE2]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 

g/L; Temperature: 25C). 

 

3.3.6. Effect of background electrolyte concentrations 

The effect of background electrolyte concentration is an important factor to 

study the binding nature of sorbate species onto the solid materials (Tiwari and Lee, 

2012). The specific and non-specific sorption of As(III), As(V), Cu(II), Cd(II), 

tetracycline, triclosan and EE2 onto these functionalized materials is studied by 

collecting the sorption data at different background electrolyte concentrations. It is 

reported that the sorption through the outer-sphere complexation is sensitive to the 

change in background electrolyte concentrations whereas the inner sphere complexes 

are not altered with the change in background electrolyte concentrations since the 

adsorbed ions are residing at the plane which is closer to surface where usually 

background electrolyte ions are not located (Lee et al., 2015; Lalhmunsiama et al., 
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2016c). Therefore, the studies were extended to vary the background electrolyte 

concentrations in the removal of these pollutants by the functionalized materials. 

 

3.3.6.1. Arsenic(III) and arsenic(V) 

The effect background electrolyte concentrations on the sorption of As(III) 

and As(V) on the functionalized materials was studied by increasing the NaCl 

concentrations from 0.0001 to 0.1 mol/L having the initial concentration of As(III) or 

As(V) 10.0 mg/L, pH 3.5.  The results are shown as percentage removal of As(III) or 

As(V) as a function of background electrolyte concentrations (Cf Figure 3.43 ((a) and 

(b)). Figure clearly showed that 1000 times increase in NaCl concentration could not 

cause to affect significantly the percentage removal of As(III) and As(V) by these 

materials. The result indicated that the As(III) or As(V) are bound with strong 

chemical forces and forming the ‗inner sphere complex‘ at the surface. The outer 

sphere complex formation is greatly influenced by the increase in ionic strength (Li 

et al., 2019c). The uptake of As(III) and As(V) by manganese pillared clay 

(MnPILC) and iron pillared clay (FePILC) was studied in presence of Cl
-
 and Fe

3+
 

ions. Results show that the presence of Cl
-
 and Fe

3+
 decreased the percentage 

removal by 2 to 4% only (Mishra and Mahato, 2016). The sorption of  As(III) and 

As(V) onto molybdate impregnated chitosan beads is not affected by the presence of 

Ca
2+

, Mg
2+

, Cl
-
, SO

2-
4 and CO3

2-
 (Chen et al., 2008). 
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Figure 3.43: Effect of background electrolyte concentrations in the removal of (a) 

As(III) by the BNMPTS solid and; (b) As(V) by the BNAPTES solid ([As(III)/ or 

As(V)]: 10.0 mg/L; pH: 3.5; Solid dose: 2.0 g/L; Temperature: 25C).  
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3.3.6.2. Copper(II) 

The sorption of Cu(II) is conducted by varying background electrolyte (NaCl) 

concentrations from 0.0001 to 0.1 mol/L at a constant pH of 4.0 and initial 

concentration of Cu(II) 10.0 mg/L. The results are shown in Figure 3.44. It is evident 

from the figure that increasing the concentration of background electrolyte from 

0.0001 to 0.1 mol/L (i.e., 1000 times), the percentage uptake of Cu(II) by BNMPTS 

was not affected. The findings again inferred that the functionalized bentonite has a 

strong affinity towards Cu(II) and the Cu(II) ions are aggregated onto BNMPTS 

solid through the strong chemical bonds. Possibly, the terminal -OH group leads the 

formation of ‗inner-sphere‘ complexes at the solid surface (Lalchhingpuii et al., 

2017). The percentage removal of Cu(II) by walnut (WNS) (Juglans regia), hazelnut 

(HNS) (Corylus avellana), and almond (AS) (Prunus dulcis) is negligible when the 

concentration  of KNO3 was increased from 0.01 to 0.1 mol/L (Altun and Pehlivan, 

2007). 

 

 

 

Figure 3.44: Effect of background electrolyte concentrations (NaCl) in the removal 

of Cu(II) by the BNMPTS solid ([Cu(II)]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 g/L; 

Temperature: 25C). 
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3.3.6.3. Cadmium(II) 

The background electrolyte concentration dependence adsorption of Cd(II) is 

obtained by increasing the NaCl concentrations from 0.0001 to 0.1 mol/L. The initial 

concentration of Cd(II) was taken as 5.0 mg/L and pH 5.0. The percentage of Cd(II) 

eliminated as a function of background electrolyte concentrations is presented in 

Figure 3.45. It is clear from the figure that increasing the background electrolyte 

concentration (0.0001 to 0.1 mol/L, NaCl), the percentage removal of Cd(II) 

remained unaffected. This inferred that the Cd(II) is forming a strong chemical bond 

between the Cd(II) and the surface of BNMPTS. Hence, the ‗inner sphere 

complexes‘ formation is likely to occur between adsorbate ions and the available 

functional groups onto the solid surface (Lalhmunsiama et al., 2014). The removal of 

Cd(II) in the presence of NaClO4, NaCl and NaNO3 by magnetic graphene oxide–

supported sulfanilic acid (MGO-SA) was significantly affected at different pH value 

in the following order: NaCl < NaNO3 < NaClO4 (Hu et al., 2014). 

 

 

 

 

Figure 3.45: Effect of background electrolyte concentrations (NaCl) in the removal 

of Cd(II) by the BNMPTS solids ([Cd(II)]: 5.0 mg/L; pH: 5.0; Solid dose: 2.0 g/L; 

Temperature: 25C). 
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3.3.6.4. Tetracycline (TC) 

The concentration of background electrolyte (NaCl) concentrations was 

studied in the removal of tetracycline by the BNMPTS and BNAPTES solids. The 

background electrolyte concentration was increased from 0.0001 to 0.1 mol/L having 

the initial tetracycline concentration of 10.0 mg/L and the pH were adjusted to pH 

4.0. The results are shown as in Figure 3.46. It is evident from the figure that 1000 

times increase in NaCl concentration did not affect significantly the removal of 

tetracycline by the BNMPTS or BNAPTES solids. Quantitatively, the percentage 

removal of tetracycline was decreased from 90.24 to 88.35% for BNAPTES while 

the percentage removal of tetracycline by BNMPTS remained constant while 

increasing the NaCl concentrations from 0.0001 to 0.1 mol/L. This concludes that the 

tetracycline is aggregated onto the surface of solid with relatively stronger forces. 

The partitioning the tetracycline is occurred at the solid surface. These results are in 

conformity with the pH studies in which concluded that the hydrophobic nature of 

BNMPTS attracted tetracycline having stronger forces. However, increasing the 

concentration of NaCl (0.0 to 0.5 mol/L), the extent of tetracycline removal was 

increased from 132.4 to 172.7 mg/g using activated carbon produced from tomato 

waste (TAC) which was due to the inability of big tetracycline molecules aggregated 

at high ionic strength to enter adsorption sites in the pores of TAC in which 

electrostatic interaction has overcome by the hydrophobic interaction of tetracycline 

(Saygili and Guzel, 2016). Similarly, an increase in the concentrations of NaCl did 

not significantly affect the removal of tetracycline using Cu-immobilized alginate 

beads (Zhang et al., 2019), HDTMA modified bentonite and local clay and  Al 

pillared HDTMA modified bentonite and local clay (Thanhmingliana et al., 2015) 

and MOF/graphite oxide pellets (Yu et al., 2018).  
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Figure 3.46: Effect of background electrolyte concentrations (NaCl) in the removal 

of tetracycline by the BNMPTS and BNAPTES solids ([TC]: 10.0 mg/L; pH: 4.0; 

Solid dose: 2.0 g/L; Temperature: 25C). 

 

3.3.6.5. Triclosan (TCS) 

Similarly, the effect of background electrolyte (NaCl) concentrations on the 

removal of triclosan by BNMPTS and BNAPTES was performed and the 

background electrolyte (NaCl) concentration was increased from 0.0001 to 0.1 

mol/L. The percentage removal efficiency of triclosan by BNMPTS and BNAPTES 

as a function of background electrolyte concentrations is shown in Figure 3.47. 

Figure 3.47 showed that the percentage uptake of triclosan was remained, almost, 

constant while the background electrolyte concentration was increased from 00001 to 

0.1 mol/L. In brief, the percentage removal of triclosan was decreased from 96.05 to 
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triclosan are adsorbed by the stronger forces, perhaps van der Waals, at the surface of 

functionalized materials. These results are in a line to the pH dependence studies 
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of triclosan by polystyrene microplastic was not affected by increasing the 

concentration of background electrolyte (NaCl) from 0.0 to 0.1 M (Li et al., 2019a).  

 

 

 

 

Figure 3.47: Effect of background electrolyte concentrations (NaCl) in the removal 

of triclosan by the BNMPTS and BNAPTES solids ([TCS]: 10.0 mg/L; pH: 4.0; 

Solid dose: 2.0 g/L; Temperature: 25C). 
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surface of solids with hydrophobic interactions and proceed through organophilic 

attractions. Earlier, it was mentioned that presence of background electrolyte (NaCl) 

has unaffected the percent elimination of EE2 by advanced materials 

(Thanhmingliana et al., 2015). Increasing ionic strength of NaCl from 0 to 320 mM 

in leachate solutions has not affected sorption of bisphenol A and EE2 by single-

walled carbon nanotubes (SWCNTs) (Joseph et al., 2011b). Sorption of estrone (E1), 

17β-estradiol (E2) and 17α-ethinyl estradiol (EE2) using n-propyl functionalized 

mesoporous material (30% Pr-MCM-41) on increasing the concentration of NaCl 

from 0.001 to 0.1 M did not significantly affect the elimination of E1, E2 and EE2. 

The result is due to the same contribution produced by salting effect for estrogens 

and squeezing-out effect for 30%Pr-MCM-41 in presence of co-existed ions. The 

high removal of estrogens was due to the π-π and hydrophobic interaction between a 

30%Pr-MCM-41 and estrogens (Gao et al., 2019). 

 

 

 

 

Figure 3.48: Effect of background electrolyte concentrations in the removal of EE2 

by the BNMPTS and BNAPTES solids ([EE2]: 10.0 mg/L; pH: 4.0; Solid dose: 2.0 

g/L; Temperature: 25C). 
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3.3.7. Effect of co-existing ions in the removal of arsenic(III) and arsenic(V) 

The presence of several co-existing ions in the removal of As(III) and As(V) 

by the BNMPTS and BNAPTES solids, respectively was conducted by keeping the 

initial concentration of As(III) and As(V) 10.0 mg/L, co-existing ions concentration 

50.0 mg/L at  constant pH 3.5. The cations chosen are Mn(II), Mg(II), Ca(II) and 

Ni(II) whereas the anions are ethylenediaminetetraacetic acid (EDTA), glycine, 

phosphate and oxalic acid. Results are shown in Figure 3.50 and 3.51 for As(III) and 

As(V), respectively. Figure 3.49 and 3.50 clearly show that the presence of Mn(II), 

Mg(II), Ca(II), Ni(II), glycine, phosphate and oxalic acid  did not affect the 

percentage removal of As(III) and As(V) by these materials. Hence, this indicated 

the greater applicability of these materials in the effective and selective removal of 

As(III) and As(V) from aqueous solutions. However, the presence of EDTA and 

phosphate reduced the removal efficiency of As(V) by BNAPTES from 80% to 78 

and 76%, respectively. While in case of As(III) removal by BNMPTS, the removal 

efficiency was decreased from 82% to 74 and 73% for EDTA and phosphate, 

respectively. Previous studies showed EDTA was effectively employed in the 

immobilization and elimination of arsenic, lead, chromium, iron, copper, cadmium, 

and mercury from heavy metal contaminated soils (Kartal, 2003). Similarly, the 

presence of excess metal ions (Cu(II), Cd(II), Pb(II) and Mn (II)) did not affect the 

adsorption of As(V) and phosphate by Fe-sericite composite beads. Results showed 

that these metal ions were sorbed by the functional group present in alginate while 

As(V)/phosphate species were specifically sorbed through a strong bond and formed 

surface complexes with the iron oxide present with the beads. Phosphate and arsenic 

(As(III) and As(V)) are having identical chemical behaviours in solutions since 

phosphorus and arsenic are present in the same group elements in the periodic table 

of elements and therefore, can compete with As(III) and As(V) for adsorption sites 

(Dong et al., 2019; Yang et al., 2017b). It was also reported that the presence of 

phosphate decreases the removal of arsenic by ferrous based red mud sludge, but, the 

presence of carbonate showed no effect in the removal arsenic (Li et al., 2010). 

The adsorption of arsenic by laterite soil in presence of varied concentrations 

of EDTA (0 to 25 mg/L) was significantly affected and the removal efficiency was 

decreased in presence of EDTA. This was demonstrated due to the complex 
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formation of EDTA with iron and aluminium on the surface of adsorbent. 

Additionally, the competition of arsenate and EDTA affected the removal efficiency 

of As(V) (Maji et al., 2007). The presence of anions, HCO
-
3 and SO4

2-   
did not 

significantly affect the percent removal of As(V) by Fe-modified charred granulated 

attapulgite. Only a slight decrease i.e., 4.6 and 1.1% for HCO
-
3 and SO4

2-
, 

respectively was observed. However, the presence of PO4
3- 

in the sorptive solution 

greatly affected the percent removal of As(V). On the other hand, the presence of 

these anions significantly affected the removal of As(III) with PO4
3-

 producing 

maximum effect. Since phosphate and arsenic are having identical chemical structure 

and thus PO4
3-

 compete with arsenic for the binding sites at the surface of Fe-

modified charred granulated attapulgite (Yin et al., 2017). Similar results are 

reported in the previous literatures (Gong et al., 2015; Ocinski et al., 2015; Te et al., 

2017). It was also reported that the presence of Ca
2+

 and Fe
2+

 could not affect 

significantly the removal of arsenic by laterite soil (Maji et al., 2007). 

 

 

 

Figure 3.49: Effect of co-existing cations in the removal of As(III) by the BNMPTS 

solid ([As(III)]: 10.0 mg/L; [Cations]: 50.0 mg/L; pH: 3.5; Solid dose: 2.0 g/L; 

Temperature: 25C). 
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Figure 3.50: Effect of co-existing anions in the removal of As(V) by the BNAPTES 

solid ([As(V)]: 10.0 mg/L; [Anions]: 50.0 mg/L; pH: 3.5; Solid dose: 2.0 g/L; 

Temperature: 25C). 

 

3.3.8. Effect of co-existing ions in the removal copper(II) and cadmium(II) 

The removal of Cu(II) using BNMPTS is studied in presence of several co-

existing cations (Mg(II), Mn(II), Ca(II) and Ni(II)) and anions 

(Ethylenediaminetetraacetic acid (EDTA), oxalic acid, glycine and phosphate). The 

co-existing ions concentration was taken 50.0 mg/L and Cu(II) concentration 10.0 

mg/L at pH 4.0 and the results are shown in Figure 3.51 and 3.52 for cations and 

anions, respectively. The presence of EDTA significantly suppressed the removal of 

Cu(II) which is due to the formation of stable complexes of EDTA and Cu(II) and 

the complexed species are feebly bound on the solid surface (Chen et al., 2019). On 

the other hand, it is observed that the presence of other cations or anions did not 

affect the removal of Cu(II) from aqueous solutions. Therefore, the findings further 
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+
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However, a slight decrease in the removal of Cu(II) was observed in presence of 

Mg
2+

 at 3000 mg/L (Tamez et al., 2016). Similarly, the presence of anions in the 

removal of copper (II) and lead (II) by nonliving green algae (Cladophora 

fascicularis) was almost negligible.  However, the presence of 1.0 mmol/L EDTA 

caused to suppress the removal of copper (II) and lead (II) (Deng et al., 2006).  

 

 

Figure 3.51: Effect of co-existing cations in the removal of Cu(II) by the BNMPTS 

solid ([Cu(II)]: 10.0 mg/L; [Cations]: 50.0 mg/L; pH: 4.0; Solid dose: 2.0 g/L; 

Temperature: 25C). 
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Figure 3.52: Effect of co-existing anions in the removal of Cu(II) by the BNMPTS 

solid ([Cu(II)]: 10.0 mg/L; [Anions]: 50.0 mg/L; pH: 4.0; Solid dose: 2.0 g/L; 

Temperature: 25C).  

 

Similarly, the sorption of Cd(II) by the BNMPTS was performed in 

simultaneous presence of these cations and anions separately, maintaining the 

concentration of Cd(II) 5.0 mg/L at pH 5.0 having solid dose of 2.0 g/L. The co-

existing ion concentration was taken as 50.0 mg/L. The results are illustrated 

graphically in Figures 3.53 and 3.54. It is clear from Figure 3.55 that the percentage 

removal of Cd(II) was significantly reduced in presence of EDTA. This is due to the 

formation of stable complexes between EDTA and Cd(II) and the complexed species 

are not adsorbed at the surface of material (Ezzeddine et al., 2015). However, the 

presence of other cations or anions could not hamper the removal percentage of 

Cd(II) by BNMPTS. This further reveals the greater applicability and selectivity of 

BNMPTS towards the removal of Cd(II). Previously, it was observed that the 

removal of Cd(II), Cu(II), Pb(II) and Hg(II) by ZnS and FeS nanomaterials is 99% in 

mixed metal cation solutions in presence of 60 fold concentrations of Ca
2+
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2+
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other study, the removal of Cd(II) using MnO2 loaded D301 resin in presence of 

interfering cations (Na
+
, K

+
 and Ca

2+
, or Mg

+2
) and anions ( Cl

−
, NO

3-
, SO4

2−
 and 

PO4 
3−

) showed no significant affect except of PO4
3−

 (Zhu et al., 2007). The presence 

of EDTA on the sorption of Cd(II) and Zn(II) by apatite showed a decrease in the 

uptake of Cd(II) and Zn(II) due to the formation of [CdEDTA]
2-

 and [ZnEDTA]
2-

 

complex species and solubility of  apatite is increased due to [CaEDTA]
2- 

complex 

formation (Viipsi et al., 2013). Further, the removal of Cd(II) by brown, green, and 

red seaweeds was not much affected in presence of nitrate salts of sodium, potassium 

and magnesium. However, the uptake of cadmium was suppressed. The initial 

calcium concentration of 1.62 mmol/L had caused to reduce the percentage removal 

of Cd(II) to 80% and further increase in calcium concentration to 3.24 mmol/L had 

caused to decrease the removal percentage of Cd(II) to 65% (Hashim et al., 2004). 

 

 

 

Figure 3.53: Effect of co-existing cations in the removal of Cd(II) by BNMPTS 

solid ([Cd(II)]: 5.0 mg/L; [Cations]: 50.0 mg/L; pH: 5.0; Solid dose: 2.0 g/L; 

Temperature: 25C).  
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Figure 3.54: Effect of co-existing anions in the removal of Cd(II) by BNMPTS solid 

([Cd(II)]: 5.0 mg/L; [Anions]: 50.0 mg/L; pH: 5.0; Solid dose: 2.0 g/L; Temperature: 

25C).  

 

3.3.9. Effect of co-existing ions in the removal of tetracycline, triclosan and EE2 

The presence of co-existing ions (cations and anions) in the removal of 

tetracycline by the BNMPTS and BNAPTES composite solids was studied with 

initial tetracycline and co-ions concentrations 10.0 mg/L and 50.0 mg/L, respectively 

at pH 4.0. The results are shown in Figure 3.55 and 3.56. The cations chosen were 

Mn(II), Mg(II), Ca(II), and Ni(II); whereas the anions were taken as 

ethylenediaminetetraacetate (EDTA), oxalic acid, phosphate and glycine. Figure 3.55 

and 3.56 showed that the removal efficiency of tetracycline by both the 

functionalized solids was almost unaffected in presence of these co-existing cations 

viz., Mn(II), Mg(II), Ca(II), and Ni(II). However, a slight decrease in percentage 

uptake of tetracycline was observed in presence of anions viz., glycine, phosphate 

and oxalic using the BNAPTES solid (Cf Figure 3.56). Similarly, the presence of 

EDTA effected significantly the percentage removal of tetracycline by the BNMPTS 

and BNAPTES solids. The results apparently indicated therefore, that the presence of 

EDTA considerably suppressed the uptake and the percentage removal of 

tetracycline was decreased from 95 to 80% for BNAPTES and from 96 to 80% for 
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BNMPTS. The effect of Cl
−
, NO

3−
, SO4

2−
 anions in the sorption of tetracycline by 

modified biochar was studied in real water samples and it was observed that these 

anions could not affect the removal percentage of tetracycline, however, the presence 

of PO4
2-

 showed a considerable influence in the removal percentage of tetracycline 

by modified biochar (Dai et al., 2020a). On the other hand, the cations such as Mg
2+

 

and Ca
2+

 caused a slight decrease in the adsorption capacity of tetracycline while the 

K
+
 and Na

+
 did not affect the sorption of tetracycline by NiFe2O4-COF-chitosan-

terephthalaldehyde nanocomposite films (Li et al., 2020). Moreover, it was also 

reported that the presence of 0.01M (Mg
2+

, Ca
2+

, K
+
 and Na

+
) had a little effect on 

the percentage removal of tetracycline by Fe3O4@SiO2
-
Chitosan/Graphene oxide 

nanocomposite (MSCG) material (Huang et al., 2017). 

 

 

 

Figure 3.55: Effect of co-existing cations in the removal of tetracycline by BNMPTS 

and BNAPTES solids ([TC]: 10.0 mg/L; [Cations]: 50.0 mg/L; pH: 4.0; Solid dose: 

2.0 g/L; Temperature: 25C).  
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Figure 3.56: Effect of co-existing anions in the removal of tetracycline by BNMPTS 

and BNAPTES solids ([TC]: 10.0 mg/L; [Anions]: 50.0 mg/L; pH: 4.0; Solid dose: 

2.0 g/L; Temperature: 25C).  

Similarly, the sorption of triclosan by BNMPTS and BNAPTES was 

conducted in simultaneous presence of several coexisting ions. The initial 

concentration of triclosan was taken 10.0 mg/L at pH 4.0. The cations are included as 

Mn(II), Mg(II), Ca(II) and Ni(II) whereas the anions are chosen as 

ethylenediaminetetraacetic acid (EDTA), glycine, phosphate and oxalic acid. The 

concentration of co-ions was maintained as 50.0 mg/L. Further, the results are 

presented in Figure 3.57 and 3.58. Results showed that these co-existing ions showed 

no effect in the sorption efficiency of BNMPTS and BNAPTES for triclosan except 

the presence of EDTA. The presence of EDTA had suppressed the removal 

efficiency of triclosan from 95 to 74% using BNMPTS and 95 to 73% using 

BNAPTES. Previously, it was reported that the sorption of triclosan using MIL-

53(Al) and MIL- 53(Al)-1 was not affected in presence of several co-existing ions. 

However, the presence of  humic acid (HA) affected the sorption of triclosan by the 

solid since the percent removal of triclosan was decreased in presence of HA (Dou et 

al., 2017). 
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Figure 3.57: Effect of co-existing cations in the removal of triclosan by BNMPTS 

and BNAPTES solids ([TCS]: 10.0 mg/L; [Cations]: 50.0 mg/L; pH: 4.0; Solid dose: 

2.0 g/L; Temperature: 25C).  

 

 

Figure 3.58: Effect of co-existing anions in the removal of triclosan by BNMPTS 

and BNAPTES solids ([TCS]: 10.0 mg/L; [Anions]: 50.0 mg/L; pH: 4.0; Solid dose: 

2.0 g/L; Temperature: 25C).  

0

20

40

60

80

100

Mg
Mn

Ca
Ni

Blank

%
 R

em
o
v
a
l 

o
f 

T
C

S
 

BNMPTS

BNAPTES

0

20

40

60

80

100

%
 R

em
o
v
a
l 

o
f 

T
C

S
 

BNMPTS

BNAPTES



139 

 

Co-ions (cations: Mn(II), Mg(II), Ca(II) and Ni(II) or anions: 

ethylenediaminetetraacetic acid (EDTA), oxalic acid, glycine and phosphate) effect 

in the elimination of EE2 by BNMPTS and BNAPTES was extensively studied. The 

concentration of EE2 and co-ions are taken as 10.0 mg/L and 50.0 mg/L, respectively 

at pH 4.0. Results are shown as percentage elimination of EE2 in presence these co-

existing ions and presented in Figure 3.59 and 3.60. The percentage removal of EE2 

was not changed in presence of these co-ions except EDTA which significantly 

affected the removal of EE2 from 86 to 18% using BNMPTS and 75 to 29% using 

BNAPTES. This is, perhaps, due to the competitive sorption of EDTA towards solid 

surface. It was previously reported that the sorption of EE2 using PA612 was 

unaffected in presence of cations (0.1 mol/L) viz., Zn(II), K(I) or Ca(II) however, 

only a slight reduction in sorption was recorded in presence of Mg(II) (Han et al., 

2013). 

 

 

 

Figure 3.59: Effect of co-existing cations in the removal of EE2 by BNMPTS and 

BNAPTES solids ([EE2]: 10.0 mg/L; [Cations]: 50.0 mg/L; pH: 4.0; Solid dose: 2.0 

g/L; Temperature: 25C).  
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Figure 3.60: Effect of co-existing anions in the removal of EE2 by BNMPTS and 

BNAPTES solids ([EE2]: 10.0 mg/L; [Anions]: 50.0 mg/L; pH: 4.0; Solid dose: 2.0 

g/L; Temperature: 25C).  

 

3.4. COLUMN REACTOR STUDIES 

 To determine the removal/loading capacity and the applicability of BNMPTS 

and BNAPTES in real water treatment, fixed bed column experiment was conducted 

under dynamic conditions. Therefore, column studies was conducted for the removal 

of Cu(II), Cd(II), tetracycline, triclosan and EE2 from aqueous solutions. The 

detailed experimental procedures are followed as described previously (Chapter 

2.3.7). 

 

3.4.1. Copper(II) 

The removal/loading capacity of BNMPTS for Cu(II) under the dynamic 

conditions was conducted using fixed-bed column reactor operations. The 

concentration of Cu(II) was maintained at 10.0 mg/L; pH 4.0. The breakthrough 

curve for the removal of Cu(II) using the BNMPTS for different loadings of solids is 

shown in Figure 3.61. It is evident from the breakthrough curves that relatively high 

breakthrough volume was obtained for the Cu(II). Quantitatively, a complete 

breakthrough volume was obtained with the throughput volume of 1.40 L and 3.69 L 
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using the BNMPTS loading of 0.25 g and 0.50 g, respectively for Cu(II). 

Furthermore, the Thomas equation is utilized to obtain the non-linear least square 

fitting using the breakthrough column data. The two unknown parameters, Thomas 

constant (KT) and loading capacity (qo) are optimized using the least square fitting 

method. The Thomas constants along with the least square sum is included in Table 

3.14. Additionally, the fitting curves are shown in Figure 3.61. The data evidently 

showed that the material possessed a high loading capacity for Cu(II) under the 

dynamic conditions. This might be due to the fact that a fixed-bed process has an 

extra advantage of the continuous interaction of sorbing species with the surface of 

solid which results in enhanced exhaustion of the solids than the batch reactor 

operations. These results are consistent with other reports in which the Thomas 

equation was employed to determine the loading capacity of pollutants using 

different sorbents (Lee et al., 2014). This result further showed the potential 

applicability of BNMPTS solid in the remediation of aqueous solutions contaminated 

with Cu(II) (Lalchhingpuii et al., 2016). Chitosan immobilized on bentonite (CHB) 

was used for the removal of Cu(II) from aqueous solutions in a column system where 

the dynamics of the adsorption method were estimated by using bed depth service 

time (BDST) model and Thomas model. The adsorption capacity of 14.92 mg 

copper(II)/g CHB with 24 hours breakthrough was attained at 500 mg/L of initial 

concentration, bed height of 4.3 cm, and flow rate was 0.20 mL/min (Futalan et al., 

2011). 

 

Table 3.14. Thomas constants estimated for the removal of Cu(II) by BNMPTS 

material. ([Cu(II)]: 10.0 mg/L; Flow rate: 1.0 mL/min; pH: 4.0; Amount of solid 

loaded: 0.25/or 0.50 g; Temperature: 25C). 

Amount of BNMPTS 

taken in column (g) 

Thomas constants 
Least 

square 

sum (s
2
) 

qo 

(mg/g) 

KT 

(L/min/mg) 

0.25 28.87 8.14x10
-4

 1.0x10
-2

 

0.50 32.03 3.60x10
-4

 9.2x10
-3
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Figure 3.61: Breakthrough curves obtained for the removal of Cu(II) by BNMPTS 

([Cu(II)]: 10.0 mg/L; Flow rate: 1.0 mL/min; pH: 4.0; Amount of solid loaded: 

0.25/or 0.50 g; Temperature: 25C).  

 

3.4.2. Cadmium(II) 

 Similarly, the fixed bed column studies were performed for the removal of 

Cd(II) 5.0 mg/L; pH 5.0 for different loadings of BNMPTS i.e., 0.25 g and 0.50 g. 

The breakthrough curves are obtained and shown in Figure 3.62. It is evident from 

the figure that the high breakthrough volume was achieved for Cd(II) using the 

composite material. Quantitatively, a complete breakthrough volume for Cd(II) was 
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obtained as 2.60 L and 6.64 L respectively for the column loading of 0.25 g and 0.50 

g of BNMPTS. These results indicated that a small loading of BNMPTS enabled to 

obtain very breakthrough volume. Further, the breakthrough results are utilized for 

the fitting to Thomas equation to optimize the Thomas constants i.e., Thomas 

constants (KT) and loading capacity (qo) of Cd(II). The fitting results are therefore 

included in Table 3.15. Quantitatively, the loading capacities of Cd(II) was found to 

be 19.71 and 35.09 mg/g of Cd(II) using the BNMPTS loading of 0.25 and 0.50 g, 

respectively in the column. The results further clarified the applicability of BNMPTS 

for the elimination of Cd(II) in waste water under continuous flow system. 

Previously, it was reported that relatively high breakthrough volume is achieved for 

Cd(II) employing  mesoporous  materials (TMS and AMS) under fixed bed column 

reactor operation. The loading capacity of TMS and AMS solids were found to be 

11.65 and 6.68 mg/g, respectively. Furthermore, it was found that the removal of 

Cd(II) under  fixed-bed study is higher compared to batch study. This is maybe due 

to the fact that the sorbing species had received prolong and continuous contact with 

the solid surface which resulted a complete exhaustion of solid and giving out an 

enhanced removal capacity (Lalchhingpuii et al., 2017). In other study, the removal 

capacity of biomass Macrophthalmusrouxii at the flow rate of 2.28 mL/min for 

Pb(II) was found to be 4.06 mg/g and for Cd(II), the removal capacity at the flow 

rate 2.60 mL/min was found to be 1.25 mg/g (Yan and Viraraghavan, 2011). 

 

Table 3.15. Thomas constants estimated for the removal of Cd(II) by BNMPTS 

material ([Cd(II)]: 5.0 mg/L; Flow rate: 1.0 mL/min; pH: 5.0; Amount of solid 

loaded: 0.25/or 0.50 g; Temperature: 25C). 

 

Amount of BNMPTS 

taken in column (g) 

Thomas constants Least 

square 

sum (s
2
) 

qo 

(mg/g) 

KT 

(L/min/mg) 

0.25 19.71 1.0X 10
-4

 1.9 X 10
-2

 

0.50 35.09 2.8 X 10
-4

 2.0 X 10
-1
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Figure 3.62. Breakthrough curves obtained for the removal of Cd(II) by BNMPTS 

solid ([Cd(II)]: 5.0 mg/L; Flow rate: 1.0 mL/min; pH: 5.0; Amount of solid loaded: 

0.25/or 0.50 g; Temperature: 25C). 
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3.4.3. Tetracycline, triclosan and EE2  

Further, the micro-pollutants removal was obtained under the fixed-bed 

column operations and the removal capacity of BNMPTS and BNAPTES was 

assessed for the tetracycline, triclosan and EE2 under the dynamic conditions. The 

micro-pollutant concentration was taken as 10.0 mg/L at pH 4.0 and the column was 

packed with the 0.25 and 0.50 g of solids i.e., BNMPTS and BNAPTES. The 

breakthrough curves obtained for the tetracycline is shown in Figure 3.63. It is noted 

that a high breakthrough volume was achieved using these materials. The column 

packed with 0.25 g and 0.50 g of BNMPTS material showed a complete 

breakthrough volume at throughput volume of 3.01 L and 6.06 L for tetracycline, 

respectively. Similarly, a complete breakthrough volume of 1.98 L and 4.02 L for 

tetracycline was obtained for a loading of 0.25 g and 0.50 g of BNAPTES, 

respectively. Further, breakthrough results are fitted to the Thomas equation and the 

unknown parameters i.e., the Thomas constant (KT), loading capacity (qo) was 

optimized. The fitting results are shown in Table 3.16. The column results indicated 

that very high loading capacity was achieved using the BNMPTS or BNAPTES 

solids for the removal of tetracycline under the continuous flow system as well. 

These results further pointed the potential of these solids for practical implacability 

in the decontamination of tetracycline from aqueous wastes. It was reported earlier 

that increasing the bed height of modified silica from 3 to 10 cm for the sorption of 

tetracycline in column experiments leads to enhance the removal capacity from 388.5 

to 412.7 mg/g (Liu et al., 2013). Moreover, bentonite modified with 

hexadecyltrimethylammonium bromide (BH), aluminium pillared bentonite modified 

with hexadecyltrimethylammonium bromide (BAH), local clay modified with 

hexadecyltrimethylammonium bromide (LCH) and aluminium pillaring local clay 

modified with hexadecyltrimethylammonium bromide (LCAH) show high removal 

capacity 111.979, 97.987, 86.965, 64.996 mg/g for tetracycline under fixed bed 

column operations (Thanhmingliana et al., 2015). 
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Table 3.16. Thomas constants estimated for the removal of tetracycline by BNMPTS 

and BNAPTES ([TC]: 10.0 mg/L; Flow rate: 1.0 mL/min; pH: 4.0; Amount of solid 

loaded: 0.25/or 0.50 g; Temperature: 25C). 

 

Amount of materials 

taken in column (g) 

Thomas constants 

Least 

square 

sum (s
2
) 

qo 

(mg/g) 

KT 

(L/min/mg) 

0.25 BNMPTS 60.86 3.82x10
-4

 1.2 

0.50 BNMPTS 75.58 1.69 X 10
-4

 1.3 

0.25 BNAPTES 40.78 4.4 x10
-4

 1.1 

0.50 BNAPTES 55.97 2.2 X 10
-4

 1.3 
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Figure 3.63: Breakthrough curves obtained for the removal of tetracycline by 

BNMPTS and BNAPTES solids ([TC]: 10.0 mg/L; Flow rate: 1.0 mL/min; pH: 4.0; 

Amount of solid loaded: 0.25/0.50 g; Temperature: 25C). 

 

The breakthrough results for the removal of triclosan by the BNMPTS and 

BNAPTES materials packed columns are shown in Figure 3.65. It is evident from the 

figure that fairly high breakthrough volumes were obtained for the loading of 

triclosan using these solids. As shown in Figure 3.64, a complete breakthrough 

volume was obtained at the throughput volume of 2.34 L and 4.56 L using 0.25 g and 

0.50 g of BNMPTS, respectively for triclosan. On the other hand, a complete 

breakthrough volume was obtained at the throughput volume of 1.5 L and 3.3 L 

using 0.25 g and 0.50 g of BNAPTES for the removal of triclosan. Further, a non-

linear least square fitting were conducted for the Thomas equation and the unknown 
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parameters such as Thomas constant (KT) and the loading capacity (qo) were 

obtained. The loading capacity of the column and Thomas constants along with the 

least square sum are given in Table 3.17. The high loading capacity obtained for the 

removal of triclosan by BNMPTS and BNAPTES materials again suggested the 

promising of these materials for the efficient removal of triclosan in aqueous 

solutions and possessed potential application in the remediation of aqueous waste 

contaminated with micro-pollutants (Ahmed and Hameed, 2018; Lee et al., 2017). 

Magnetic porous reduced graphene oxide (MPrGO) was employed for the removal of 

triclosan in column system. Results showed that, 50 days of the breakthrough time 

was observed for the bed depth of 2.3 mm at the inlet triclosan concentration of 100 

μg/L, and the breakthrough time increased with the increased bed depth at lower 

triclosan concentration. The Thomas and Yoon-Nelson models showed better fitting 

curves than that by Adams-Bohart model. Moreover, MPrGO exhibited a higher 

affinity toward triclosan than powder activated carbon (PAC) and, the breakthrough 

time for MPrGO was 6.5 times greater than that of PAC (Li et al., 2019b). Chitosan 

was used for the removal of triclosan from an aqueous medium in fixed-down-flow 

column bed. The column-bed with physically entrapped chitosan showed removal 

efficiency up to 99% at a significantly high concentration of triclosan (90 ppm). 

Lower initial concentration of triclosan (10 ppm), lower flow rate and higher 

adsorbent dose are most favourable for higher removal efficiency of triclosan in the 

column bed operations. Further, Yoon-Nelson model showed the best agreement 

between the experimental and calculated values (Matolia et al., 2019). 
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Table 3.17. Thomas constants estimated for the removal of triclosan by BNMPTS 

and BNAPTES ([TCS]: 10.0 mg/L; Flow rate: 1.0 mL/min; pH: 4.0; Amount of solid 

loaded: 0.25/0.50 g; Temperature: 25C). 

 

Amount of materials 

taken in column (g) 

Thomas constants 
Least 

square sum 

(s
2
) 

qo 

(mg/g) 

KT 

(L/min/mg) 

0.25 BNMPTS 49.494 3.6 X 10
-4

 1.1 

0.50 BNMPTS 60.167 2.16 X 10
-4

 1.3 

0.25 BNAPTES 31.494 5.0 X 10
-4

 1.1 

0.50 BNAPTES 44.425 3.02 X 10
-4

 1.3 
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Figure 3.64: Breakthrough curves obtained for the removal of triclosan by BNMPTS 

and BNAPTES solids ([TCS]: 10.0 mg/L; Flow rate: 1.0 mL/min; pH: 4.0; Amount 

of solid loaded: 0.25/or 0.50 g; Temperature: 25C).  

 

Finally, the loading capacity of BNMPTS and BNAPTES materials for EE2 

was obtained under the fixed-bed column reactor operations. The breakthrough 

results are shown in Figure 3.65. It is evident from the breakthrough curves that these 

materials possessed relatively high breakthrough volumes for EE2. Further, it is 

observed that increasing the amount of solids in the column has enabled to increase 

the breakthrough volume of EE2. A complete breakthrough for EE2 was achieved 
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intended to utilize for a non-linear least square fitting using Thomas equation. The 

fitting results are illustrated in Figure 3.66. Moreover, optimized constants are 

returned in Table 3.18. Results showed that under the dynamic conditions, the 

BNMPTS and BNAPTES possessed very high loading capacity for EE2. This again 

reaffirmed that BNMPTS and BNAPTES are having potential in the elimination of 

EE2 from aqueous wastes. The removal of EE2 by rabbit food (RF) in aqueous and 

solid phases was demonstrated using column experiments. Results showed that flow 

rate strongly influenced the behaviour of breakthrough curves and RF adsorption 

capacity. Further, breakthrough curves obtained using Thomas and Yoon–Nelson 

models agreed with the experimental data. Moreover, the absolute error analysis 

proved that Thomas model produced the most accurate predictive results (Zayyat and 

Suidan, 2018). It was also reported that aliphatic polyamides612 (PA612) fixed-bed 

adsorption column could remove EE2 from 10,700 bed volumes (24.1 L) of EE2 

concentration (30 µg/L) to non-detectable levels by the HPLC analysis prior to 

column breakthrough. On increasing the concentration of EE2 by 10- and 100-fold, 

the treatment capacity reduced to 6600 bed volumes (14.9 L) and 3800 bed volumes 

(8.6 L), respectively before the column breakthrough. The results further reveal the 

efficiency and large treatment capacities of fixed-bed PA612 particles for the 

removal of EE2 from water on a continuous flow basis (Han et al., 2012). 

 

Table 3.18. Thomas constants for EE2 using BNMPTS and BNAPTES materials 

([EE2]: 10.0 mg/L; Flow rate: 1.0 mL/min; pH: 4.0; Amount of solid loaded: 0.25/ or 

0.50 g; Temperature: 25C). 

 

Amount of materials 

taken in column (g) 

Thomas constants Least 

square sum 

(s
2
) 

qo 

(mg/g) 

KT 

(L/min/mg) 

0.25g BNMPTS 17.07 8.32 X 10
-4

 3.1 X 10
-2

 

0.50g BNMPTS 20.75 6.27 X 10
-4

 5.1 X 10
-3

 

0.25g BNAPTES 11.23 1.23 X 10
-3

 1.1 X 10
-2

 

0.50g BNAPTES 16.57 7.03 X 10
-4

 3.8 X 10
-3
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Figure 3.65: Breakthrough curves obtained for the removal of EE2 by BNMPTS and 

BNAPTES materials ([EE2]: 10.0 mg/L; Flow rate: 1.0 mL/min; pH: 4.0; Amount of 

solid loaded: 0.25/or 0.50 g; Temperature: 25C).  
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3.5. Applications of BNMPTS and BNAPTES materials in real water sample  

 The removal of tetracycline, triclosan and EE2 using real matrix samples 

were conducted at different pH values. The physico-chemical analysis of river water 

was conducted and the results are shown in Table 3.19. Analytical results showed 

that river water contained with low levels of Fe, Mn, Ca, and Zn. But, the 

concentration of Ca is relatively high and found to be 0.51 mg/L. The concentration 

of Pb and Cu are negligible. The river water is also subjected to TOC analysis and 

the data showed that high value of non-purgeable organic carbon (NPOC) and 

remarkable quantity of inorganic carbon is present. Moreover, the sulphate (1.10 mg) 

and nitrates (2.0 mg/ L) are present in this water sample. River water sample was 

spiked with the tetracycline, triclosan and EE2 separately having the concentration of 

10.0 mg/L. The pH of these solutions were adjusted and subjected for the removal of 

these pollutants employing these composite materials. The pH dependent removal 

efficiency of BNMPTS and BNAPTES is obtained and shown in Figure 3.66, 3.67 

and 3.68, respectively for the tetracycline, triclosan and EE2. The percentage 

removal of these pollutants in purified water is also included in the figures for useful 

comparison. The results indicated that the removal efficiency of tetracycline, 

triclosan and EE2 using BNMPTS and BNAPTES in real water sample is not 

substantially affected compared to the purified water. Hence, the BNMPTS and 

BNAPTES show high selectivity and applicability for attenuation of tetracycline, 

triclosan and EE2 in real water sample. Therefore, materials show potential in its 

possible implications in the real water sample treatment at least for the elimination of 

these micro-pollutants (Awad et al., 2019; Liu et al., 2021; Shakerian et al., 2020). 

 

 

 

 

 

 

 

 

 



154 

 

Table 3.19. Different parameters result obtained from real water sample. 

 

Elements studied mg/L 

Fe 0.021 

Zn 0.1 

Mn 0.07 

Ca 0.51 

Pb ND 

Cu ND 

TOC analysis mg/L 

IC 1.45 

NPOC 8.95 

Anions studied mg/L 

Sulfate 1.10 

Phosphate 0.08 

Fluoride ND 

Nitrate 1.98 

 

ND = NOT DETECTED 
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Figure 3.66: Removal of tetracycline in purified water (PW) and real water (RW) 

using BNMPTS and BNAPTES materials as a function of pH ([TC]: 10.0 mg/L; 

Solid dose: 2.0 g/L; Temperature: 25C). 

 

 

 

Figure 3.67: Removal of triclosan in purified water (PW) and real water (RW) using 

BNMPTS and BNAPTES materials as a function of pH ([TCS]: 10.0 mg/L; Solid 

dose: 2.0 g/L; Temperature: 25C). 
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Figure 3.68: Removal of EE2 in purified water (PW) and real water (RW) using 

BNMPTS and BNAPTES materials as a function of pH ([EE2]: 10.0 mg/L; Solid 

dose: 2.0 g/L; Temperature: 25C). 
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percentage desorption of Cu(II) using 0.01 mol/L HCl from BNMPTS was found to 

be 98% within 60 minutes of contact. The reusability of BNMPTS for the removal of 

Cu(II) is graphically shown in Figure 3.69. It was found that the percentage removal 
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was decreased which may be due to the weight loss of SACL after four desorption 

cycles (Zhao et al., 2020).  

 The percentage desorption of tetracycline using 0.01 mol/L HCl from 

BNMPTS and BNAPTES was found to be 96 and 97%, respectively within 60 

minutes. The reusability of BNMPTS and BNAPTES for the removal of tetracycline 

is graphically shown in Figure 3.70. The percentage removal of tetracycline was 

decreased from 85.3 to 75.1% using BNMPTS and 82.4 to 73.1% using BNAPTES 

for six adsorption-desorption cycles. On the other hand, tetracycline ions were 

irreversibly bound to some adsorption sites on the surface of BNMPTS and 

BNAPTES. It resulted in certain adsorption sites being unavailable for tetracycline 

adsorption, as well as a reduction in adsorption percentage upon regeneration (Liu et 

al., 2013). Previously, the reusability of activated carbon (TAC) for tetracycline was 

conducted using 0.05 mol/L NaOH eluent. The adsorption-desorption experiments 

showed that adsorption capacity of TAC was decreased from 98.57 mg/g to 53.80 

mg/g at the end of five cylces of operations (Saygili and Guzel, 2016). 

The percentage desorption of triclosan using 0.01 mol/L HCl from BNMPTS 

and BNAPTES was found to be 97 and 98%, respectively within 60 minutes. The 

reusability of BNMPTS and BNAPTES for the removal of triclosan is shown in 

Figure 3.71. Results showed that percentage removal of triclosan was decreased from 

96.4 to 84.3% using BNMPTS and 96.1 to 84.2% using BNAPTES while the 

material was utilized for six cycles of adsorption-desorption. This might be because 

some active adsorption sites were lost when BNMPTS and BNAPTES were desorbed 

with 0.01 mol/L HCl (Maged et al., 2020). The reusability of bentonite modified 

with dioctadecyldimethylammonium (2C18-BT) was performed using n-hexane as 

desorbing agent for five adsorption/desorption cycles for triclosan. It was found that 

more than 98% of triclosan was desorbed from 2C18-BT after washing with n-

hexane. Triclosan was fully adsorbed and desorbed from 2C18-BT for the first cycle.  

The amount of triclosan adsorbed slightly decreased after subsequent 

adsorption/desorption cycles, however, the removal percentage was 98.7% after the 

fifth cycles. The quantity of residual triclosan increased slightly upon repeating the 

adsorption/washing cycles (Phuekphong et al., 2020). In other study, it was reported 

that, the removal percentage of triclosan using chitosan/poly (vinyl alcohol) 
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(CS/PVA) composite nanofibrous membranes was above 67% after five regeneration 

cycles when treated with 95% ethyl alcohol for 240 minutes which revealed the good 

reusability of nanofibrous membranes (Liu and Xu, 2013). 

Similarly, the percentage desorption of EE2 using 0.01 mol/L HCl from 

BNMPTS and BNAPTES were found to be 87 and 79%, respectively within 60 

minutes of contact. The reusability of BNMPTS and BNAPTES for the removal of 

EE2 is shown in Figure 3.72. It was observed that percentage removal of EE2 was 

decreased from 82.8 to 60.7% using BNMPTS and 72.1 to 54.8% using BNAPTES 

while the materials were employed for six adsorption-desorption cycles. The 

reduction of removal rate might be due to the loss of irreversible occupation of 

partial-adsorption sites on the surface of BNMPTS and BNAPTES (Wang et al., 

2020b). Previously, it was also reported that, acetonitrile was used to desorb the pre-

adsorbed 17α-ethinylestradiol (EE2) onto montmorillonite intercalated with 

cetyltrimethylammonium cation (CTA
+
). Results showed that this material is 

favourably regenerated using acetonitrile and is reused without substantial loss of 

adsorption capacity even after five reuses. This was indicated that, perhaps, the 

cetyltrimethylammonium cation (CTA
+
) firmly attached to the clay structure and was 

not solubilized by the acetonitrile (Burgos et al., 2016). 

 Therefore, these results indicated that BNMPTS and BNAPTES are suitable 

to reuse for removal of Cu(II), tetracycline, triclosan and EE2 without substantial 

loss in adsorption efficiency.  
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Figure 3.69: Reusability of BNMPTS for the removal of Cu(II) ([Cu(II)]:10.0 mg/L; 

Solid dose: 2.0 g/L; [HCL]: 0.01 mol/L; pH: 4.0). 

 

 

 

Figure 3.70: Reusability of BNMPTS and BNAPTES for the removal of tetracycline 

([TC]:10.0 mg/L; Solid dose: 2.0 g/L; [HCL]: 0.01 mol/L; pH: 6.0). 
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Figure 3.71: Reusability of BNMPTS and BNAPTES for the removal of triclosan 

([TCS]:10.0 mg/L; Solid dose: 2.0 g/L; [HCL]: 0.01 mol/L; pH: 4.0). 

 

 

 

Figure 3.72: Reusability of BNMPTS and BNAPTES for the removal of EE2 

([EE2]:10.0 mg/L; Solid dose: 2.0 g/L; [HCL]: 0.01 mol/L; pH: 4.0). 
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4. CONCLUSIONS 

The bentonite clay (BN) was grafted with the 3-mercaptopropyl 

trimethoxysilane (MPTS), and 3-aminopropyltriethoxysilane (APTES) to obtain the  

novel composite materials (BNMPTS and BNAPTES). The composite materials 

were obtained in a facile and single pot synthetic route conducted under the nitrogen 

atmosphere. Further these materials were employed in the removal of several heavy 

metal toxic ions along with some micro-pollutants from aqueous solutions under the 

batch and column reactor studies.  

The BNMPTS and BNAPTES along with the pristine bentonite were 

characterized by the FT-IR (Fourier Transform Infrared) spectroscopy, FE-SEM 

(Field-Emission Scanning Electron Microscopic), TEM (Transmission Electron 

Spectroscopy) and XRD (X-ray Diffraction) analytical tools. The FT-IR results 

showed that the organosilane (3-mercaptopropyl trimethoxysilane and 3-

aminopropyltriethoxysilane) were well incorporated within the clay network. The 

XRD data showed that the main mineral phase was montmorillonite since the 

characteristics diffraction peaks of montmorillonite were identified at 2θ value of 

6.03°, 19.85°, 36.62° and 50°. Additionally, the XRD pattern also confirmed the 

existence of the smectite phase in all the solid samples. The TEM images showed a 

straight lattice fringe without defection for pristine bentonite and functionalized 

solids. Further, the basal spacing obtained for pristine clay and functionalized clay 

using TEM analyses were identical as that obtained by XRD analysis. The SEM 

images of raw bentonite and modified materials (BNMPTS and BNAPTES) showed 

heterogeneous and disordered surface structure. Furthermore, the porosity is 

significantly decreased in the modified samples compared to the raw bentonite which 

inferred that BNMPTS and BNAPTES molecules are incorporated within the pores 

of bentonite surface. This result is in a line with the textural properties obtained by 

BET surface area analyzer. Moreover, the composition of BN, BNMPTS and 

BNAPTES were obtained using energy-dispersive X-ray spectroscopy (EDX). 

Results showed that the sulphur and nitrogen peaks, which was not present in the 

EDX image of BN, were observed in the BNMPTS and BNAPTES EDX images, 

respectively. Therefore, this confirmed the grafting of MPTS and APTES molecules 

with the bentonite network.  
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The specific surface area, pore volume, and pore size of raw bentonite and 

composite olids were obtained using the Brunauer Emmett and Teller (BET) method. 

The BET result revealed that pristine bentonite and silane grafted bentonite samples 

exhibited type IV isotherm with H3 hysteresis loop which further confirmed that the 

solid materials possessed mesoporous surface structure. Moreover, the N2 

adsorption-desorption isotherm showed that a larger hysteresis loop with the pore 

size of 68.42 Å and pore volumes of 0.07 cm
3
/g was obtained for the pristine 

bentonite. On the other hand, the pore size and pore volume of BNMPTS and 

BNAPTES were found to be 237.91 Å, 0.03 cm
3
/g and 165.12 Å, 0.05 cm

3
/g, 

respectively. The BET specific surface area of BN, BNMPTS and BNAPTES were 

found to be 41.14, 4.64 and 12.50 m
2
/g, respectively. It is noteworthy that the 

modified samples exhibited significant reduction in the specific surface area after the 

functionalized with organo silanes. This result further confirmed that the pores on the 

surface of bentonite were occupied by the MPTS/or APTES molecules.  

The functionalized materials along with the pristine bentonite clay were 

utilized in the removal of As(III) and As(V) under batch study. Similarly, the 

potential water pollutants viz., Cu(II), Cd(II), tetracycline (TC), triclosan (TCS) and 

17α-ethinylestradiol (EE2) were studied under the batch and column reactor 

operations extensively using these novel materials in the removal processes. The 

pHPZC of the pristine bentonite (BN), BNMPTS and BNAPTES were found to be 

7.81, 7.73 and 7.63, respectively. The sorption of As(Ⅲ) using BNMPTS and As(Ⅴ) 

using BNAPTES were conducted from pH 2.0 to 10.0. Higher percentage removal of 

As(Ⅲ) and As(V) was achieved within pH range of 4.0 to 6.0 using the composite 

materials. The composite materials possessed significantly higher removal efficiency 

as compared to the pristine bentonite in the removal of As(III) and As(V). Increasing 

the sorptive concentration of As(III) and As(V), the percentage removal of tehse 

pollutants was decreased from 90 to 70% for As (III) by BNMPTS  and 89 to 67% 

for As(V) BNAPTES. Increasing the background electrolyte concentrations from 

0.0001 to 0.1 mol/L NaCl did not affect the percentage removal of As(III) and As(V) 

by these composite materials. The results indicated that As(III) and As(V) were 

aggregated with realtively stronger chemical forces and possibly forming an ‗inner 

sphere complexes‘. The presence of co-existing ions (anions and caitons) except 
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EDTA and phosphate did not affect the percentage removal of As(III) and As(V) 

using the functionalized materials.  The uptake of As(III) and As(V) by the 

functionalized materials was rapid and an apparent sorption equilibrium was 

achieved at 120 and 180 minutes of contact for As(III) using BNMPTS and As(V) 

using BNAPTES materials, respectively. Further, the kinetic date were well fitted to 

the pseudo-second-order rate kinetics rather pseudo-first-order rate kinetics. The 

equilibrium state sorption data is reasonably fitted well to the Langmuir adsorption 

isotherms for As(III) and As(V). The high value of sorption capacity obtained for the 

As(III) and As(V) using the composite materials indicated high affinity of these 

pollutants towards the functionalized materials. 

Similarly, the BNMPTS was successfully employed in the remediation of 

aqueous solutions contaminated with Cu(II) and Cd(II) under the batch and column 

reactor operations. The pH dependence sorption of Cu(II) and Cd(II) by BNMPTS 

was conducted in the pH range from 2.0 to 7.0  and 2.0 to 10.0, respectively.  The 

result indicated that very high percentage uptake of Cu(II) and Cd(II) were achieved 

for BNMPTS and it is interesting to note that very high percentage uptake of Cu(II) 

and Cd(II) was almost unaffected with change in solution pH. Similarly, the increase 

in Cu(II) and Cd(II) concentrations (1.0 to 25.0 mg/L) could not affect the percentage 

removal of these two cations using the BNMPTS solid. Further, the equilibrium state 

sorption of Cu(II) and Cd(II) by the BNMPTS material was found to follow 

Langmuir adsorption isotherm model. The time dependent data showed that the 

uptake of Cu(II) and Cd(II) by the BNMPTS was fast and rapid and an apparent 

solid/solution equilibrium was achieved within 30 minutes of contact. The kinetic 

data is fitted well to the pseudo-second order kinetic model for both the pollutants 

using BNMPTS material. Increasing the concentration of background electrolyte 

(NaCl, 0.0001 to 0.1 mol/L), the percentage removal of Cu(II) and Cd(II) was not 

affected indicated that the cpmposite material possessed a strong affinity towards 

Cu(II) and Cd(II) using BNMPTS. Similarly, the presence of several cations (Mg(II), 

Mn(II), Ca(II) and Ni(II)) and anions (oxalic acid, glycine and phosphate) did not 

affect the percentage removal of CU(II) and Cd(II) using BNMPTS. This inferred 

that these co-existing ions did not interfere the sorption of Cu(II) and Cd(II) by 

BNMPTES. However, the percentage removal of Cu(II) and Cd(II) using the 
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BNMPTS was significantly affected in presence of EDTA. This was explicable due 

to the formation of strong complexes of Cu(II)/or Cd(II) with EDTA which were not 

sorbed strongly onto the surface of BNMPTS solid. The column reactor experiments 

result showed that very high breakthrough volume were obtained for the attenuation 

of Cu(II) and Cd(II) using 0.2 g and 0.5 g of the BNMPTS material. Moreover, the 

non-linear least square fitting were conducted using the Thomas equation and results 

indicated that very high loading capacity of Cu(II)  and Cd(II) was achieved by the 

BNMPTS solid under the dynamic conditions; which further  reaffirmed the affinity 

of BNMPTS towards the Cu(II) and Cd(II). 

Furthermore, the BNMPTS and BNAPTES solids were effectively and 

efficiently employed in the elimination of micro-pollutants viz., tetracycline, 

triclosan and EE2 from aqueous solutions under the batch and column reactor 

operations. The pH dependent studies for these micro-pollutants using the BNMPTS 

and BNAPTES materials were conducted at a wide range of pH ~3.0 to 10.0. The 

percentage uptake of tetracycline by BNMPTS was very high in the pH range 3.2 to 

7.0 and decreased sharply and reached to a very low removal at pH 10. On the other 

hand, the percentage uptake of tetracycline by BNAPTES showed almost a constant 

removal efficiency up until the pH 7-8 and then a noticeably decrease was observed. 

However, the decrease in efficiency using the BNAPTES was not that significant for 

tetracycline even at pH>7.3. This further inferred the potential applicability of 

BNMPTS and BNAPTES towards the attenuation of tetracycline from aqueous 

solutions using these materials. The effect of pH in the removal of triclosan by raw 

bentonite showed very limited implications in the elimination of triclosan from 

aqueous solution. However, the uptake of triclosan by BNMPTS and BNAPTES was 

remained almost constant from pH 3.21 to 7.01 but further increase in pH (pH>7.0), 

caused significant decrease in the uptake of triclosan by these two composite 

materials. The removal of triclosan was almost unaffected using BNMPTS and 

BNAPTES as the pH was increased from Ca. pH 3.21 to 7.01. However, the removal 

of triclosan was decreased abruptly at pH>7.0 and attained to a very low removal 

percentage at pH ~10. Therefore, a high uptake of triclosan around neutral pH 

conditions is providing an optimum pH conditions indicating BNMPTS and 

BNAPTES in the treatment processes for efficient removal of triclosan from aqueous 
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at neutral pH conditions. The pH dependent study of EE2 showed that the uptake of 

EE2 by the BNMPTS and BNAPTES was increased significantly with an increase in 

pH from 3.0to 10.0. The high uptake of micro-pollutants by the BNMPTS and 

BNAPTES materials at wide range of pH was demonstrated due to the hydrophobic 

interaction between the micro-pollutant molecules and BNMPTS/or BNAPTES 

solids. Moreover, the dense grafted structure of BNMPTS and BNAPTES has 

enabled to trap significantly the micro-pollutants from the aqueous solutions and 

enhanced the elimination of micro-pollutants. On the other hand, it was observed that 

the pristine bentonite showed significantly low sorption efficiency as compared to 

the composite solids viz., BNMPTS or BNAPTES. This further inferred the greater 

applicabilty of these novel solids in the removal of micro-pollutants from aqueous 

solutions.   

The initial sorptive concentration dependent study of tetracycline, triclosan and 

EE2 showed that BNMPTS and BNAPTES exhibited strong affinity towards the 

removal of these micro-pollutants. Further, the sorption isotherm of these micro-

pollutants was obtained from the concentration dependence data showed that the 

sorption equilibrium of these micro-pollutants followed Langmuir adsorption 

isotherm. The effect of contact time in the removal of these micro-pollutants showed 

that rapid uptake of these pollutants was achieved and apparent equilibrium between 

the solid/solution phase was obtained within 120 minutes of contact for triclosan and 

EE2 and 180 minutes for tetracycline using these two solids. The kinetic modelling 

was conducted for these pollutants and results showed that the uptake of these micro-

pollutants by the BNMPTS or BNAPTES fitted well to the PSO model compared to 

the PFO model. The applicability of PSO model showed that the tetracycline, 

triclosan and EE2 were bound onto the surface of the BNMPTS and BNAPTES 

materials by relatively stronger forces. Increasing the background electrolyte 

concentrations of NaCl (1000 times) had unaffected the removal percentage of these 

micro-pollutants by the BNMPTS and BNAPTES solids.  This further inferred that 

the tetracycline, triclosan and EE2 were forming ‗inner-sphere-complexes‘ at surface 

of solids having relatively stronger forces. Similarly, the presence of diverse co-

existing cations viz., Mg(II), Mn(II), Ca(II) and Ni(II) and anions viz., 

ethylenediaminetetraacetate (EDTA), oxalic acid, phosphate and glycine did not 
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affect the percentage uptake of these micro-pollutants except the presence of EDTA. 

The presence of EDTA significantly affected the removal of tetracycline, triclosan 

and EE2 using  BNMPTS and BNAPTES. 

 The column reactor operations showed that very high breakthrough volumes 

were obtained for the elimination of these micro-pollutants using 0.25 g and 0.5 g of 

the BNMPTS or BNAPTES materials. Moreover, the break through data was utilized 

to the Thomas equation and the Thomas constants were estimated using the least 

square non-linear fitting of column data. Result showed that on increasing the 

amount of the modified solids in the column, an increased in the loading capacity of 

these pollutants was obtained by BNMPTS and BNAPTES under the continuous 

flow systems. This again reaffirmed greater affinity of these solids towards the 

tetracycline, triclosan and EE2.  

Additionally, applicability of these novel materials in the removal of micro-

pollutants viz., tetracycline, triclosan and EE2 in real matrix sample (River water 

samples) was conducted under varied pH values. Results showed that the removal of 

these micro-pollutants was not affected as compared to the results obtained with 

purified water. These results showed the selectivity of solids towards these micro-

pollutants and possible implacability in real matrix treatment.  

Furthermore, the reusability of BNMPTS in the removal of Cu(II) showed that 

the percentage removal of Cu(II) was decreased from 97.8 to 88.9% after six 

replicates of adsorption-desorption cycles. Moreover, the reusability of BNMPTS 

and BNAPTES for the removal of tetracycline, triclosan and EE2 showed that the 

percentage removal of tetracycline decreased from 85.3 to 75.1% using BNMPTS 

and 82.4 to 73.1% using BNAPTES. Similarly, the percentage removal of triclosan 

was decreased from 96.4 to 85.3% using BNMPTS and from 96.5 to 84.2% using 

BNAPTES. The percentage removal of EE2 was decreased from 82.8 to 60.7.3% 

using BNMPTS and from 72.1 to 54.8% using BNAPTES while the materials were 

intended for six replicates adsorption-desorption cycles. Therefore, the studies 

indicated that BNMPTS and BNAPTES possessed greater stability and could be 

reutilized for successive operations in the removal of Cu(II), tetracycline, triclosan 

and EE2 from aqueous solutions. The studies showed that the novel and, possibly 

cost-effective functionalized solids possessed reasonably good suitability and 
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selectively in the removal of sevral heavy metal toxic ions along with several micro-

pollutants from aqueous solutions. The materials could be further employed in the 

large-scale treatment of wastewaters contaminated with these pollutants at least at the 

‗Pilot Scale‘ treatment and the treatment process would be, possibly, sustainable and 

extended implacability.   
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Facile synthesis and implications of novel hydrophobic materials:  

Newer insights of pharmaceuticals removal  
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The residual escape of pharmaceuticals from wastewater treatment plants (WWTP) is a serious environmental concern 

due to the adverse effects towards living organisms. Therefore, it is important to devise the newer technologies for safe and 

efficient elimination of emerging micro-pollutants from effluents of existing water treatment plants. Bentonite is grafted 

with 3-mercaptopropyletrimethoxy silane by facile one-pot method to obtain dense composite material (MPTS/BENT).The 

materials are characterized by the FT-IR, XRD, BET and SEM/EDX analytical tools. Various parametric experiments 

conducted for the removal of tetracycline hydrochloride (TCH) and triclosan (TCS) using MPTS/BENT under batch 

experimentations. Further, column adsorption experiments have been performed.The incorporation of organosilane with 

bentonite is confirmed by FT-IR and EDX analyses. BET surface area analysis showed that the surface area of MPTS/BENT 

is significantly small compared with pristine clay. pH dependent sorption of TCH and TCS is almost unaffected within the 

pH 3.0 to 7.0. Rapid uptake of TCH and TCS by MPTS/BENT followed PSO kinetics. High percentage removal was 

achieved at wide concentration range of pollutants. The uptake of TCH and TCS is unaffected on increasing the background 

electrolyte concentrations for 1000 times. Column experiment confirmed the high efficiency of MPTS/BENT towards these 

pollutants. Moreover, the removal of TCH/or TCS from real water sample at varied pH values showed that the synthesized 

composite is selective and efficient towards these micro-pollutants. This study showed that the synthesized material, i.e., 

MPTS/BENT could be efficiently employed for the additional purification of WWTP effluents.  

Keywords: Fixed bed reactors, Hydrophobic materials, Mechanism of removal, Newer insights, Pharmaceuticals,  

Real matrix treatment 

Pharmaceuticals and personal care products (PPCPs) 

received greater attention in recent times because of 

its uncertainty imposed to human beings for 

prolonged exposure at lower concentrations
1
. The 

drug compounds administered to human or live-stocks 

is only partially metabolized in the biological systems 

and in bulk Ca. 60-70% is excreted through the urine 

or feces and enhancing the pollutants load on the 

water bodies
2
. Moreover, the existing wastewater 

treatment (WWT) plants are not efficient or designed 

to eliminate these calcitrant pollutants efficiently 

hence, these compounds can easily go through the 

WWT plants at lower concentration levels and entered 

into the water bodies. Consequently, these micro-

pollutants detected even in the drinking water 

systems
3,4

. This imposes greater risks to human and 

even impact adversely the microbiological ecology 

and the ecological functions as well
5,6

. Therefore, 

these compounds are known to be emerging pollutants 

and needs greater attention for its effective and 

efficient removal from water bodies.  

Tetracycline (TC) is one of the widely prescribed 

antibiotic to human and live stocks to prevent 

infectious diseases
7
. Animal manure considerably 

enhanced the tetracycline load in soil since soil 

readily adsorbs the tetracycline
8
. It is known fact that 

the bioaccumulation of tetracycline through the food 

chain showed antibiotic-resistance in microorganisms 

and having several chronic and acute diseases to 

human
9
. Further, gastrointestinal distress and skin 

lesions are the major side effects of tetracyclines
10

. 

Additionally, a prolonged exposure of tetracycline in 

human affects liver and kidney
11,12

 or cause an acute 

hepato-nephrotoxicity
13

. TC with four rings fused 

together has tricarbonylamide, phenolic diketone and 

dimethylamino functional groups and it is slightly 

soluble in water
14

. The amino and enone groups are 

lack of electron whereas phenolic group is rich with 

electron. Tetracycline possessed three different pka 

values viz., 3.30, 7.7 and 9.7
15–17

. 
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17-Ethinylestradiol elimination using synthesized and dense nanocomposite materials: 
Mechanism and real matrix treatment
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AbstractEndocrine disrupting chemicals (EDCs) are emerging water contaminants and efficient elimination is a
greater challenge for environmental engineers. The present communication is intended to synthesize the novel dense
nanocomposite materials precursors to the bentonite and 3-mercaptopropyletrimethoxy silane/or 3-aminopropyl-
etriethoxy silane. The materials are highly dense, hence the surface area is significantly reduced compared to the pris-
tine bentonite. Further, the materials are intended to be utilized in the elimination of one of the important EDC 17-
ethinylestradiol (EE2). The sorption mechanism is greatly demonstrated based on various parametric studies. It is
shown that grafted silane with bentonite network provides enhanced hydrophobicity with organophilic nature and
greatly favors the uptake of EE2 at a wide range of pH (5.0-10.0). Relatively rapid uptake of EE2 by the nanocomposite
solids followed by a pseudo-second-order kinetic model indicated that the materials are highly efficient for elimination
of EE2. Increasing the concentration of EE2 (1.0 to 10.0 mgL1) favored the extent of removal of EE2 and followed the
Langmuir adsorption isotherm. Further, the increase in background electrolytes by 1,000 times did not affect the
removal of EE2 by these nanocomposites, indicating the sorbing species are attracted with relatively stronger forces.
Moreover, the simultaneous presence of several co-ions did not affect the percentage elimination of EE2; this, perhaps,
shows an enhanced selectivity of materials towards the 17-ethinylestradiol. A high loading capacity of EE2 is achieved
under column reactor operation using these nanocomposites. Additionally, the materials are promising in the real
matrix treatment.
Keywords: 17-Ethinylestradiol Elimination, Real Matrix Treatment, Nanocomposites, Silane Grafted Bentonite, Fixed-

bed Treatment, Hydrophobic Interactions

INTRODUCTION

An enhanced level of emerging micro-pollutants, including phar-
maceuticals or personal care products, in water bodies has received
global attention and it poses greater challenges to maintaining water
quality. The diverse chemical compositions and potential of micro-
pollutants, as well as the intricate network of exposure pathways,
create innumerable problems to researchers or regulatory bodies
for possible solutions [1,2]. These pollutants are increasingly enter-
ing into the terrestrial environment as toxic chemicals, and due to
their persistence in nature are partly eliminated from biological
treatment plants. It is pointed out that even at low concentrations,
these micro-pollutants are active and stable in the water bodies,
which shows a long exposure to aquatic life [3]. Similarly, the endo-
crine disrupting chemicals (EDC) are posing serious concern due
to the negative impact on human beings [4]. The Environmental
Protection Agency (EPA) has described endocrine disruptors (EDC’s)
as, “exogenous compounds which intervene the production, emis-
sion, binding and movement of natural hormones which are essen-
tial for the growth and function of living organisms” [5]. EDC’s are
classified as natural and synthetic estrogens, which affect the bio-
logical systems of aquatic organisms even at very low concentra-

tions, i.e., 0.1 ngL1 [6]. The most harmful endocrine disruptor is
known to be ethinyl estradiol (EE2), the major primary substance
used in contraceptive pills and postmenopausal hormone supple-
ments [4,7,8]. EE2 is commonly detected in domestic sewage sys-
tems and some industrial wastewaters [9,10]. Human urine is re-
garded as the primary source of estrogens in wastewater [11]. Pre-
vious study reported that a significant amount of free EE2 is detected
in wastewaters and having the concentration of 7-42 ngL1 from
the effluents of wastewater treatment plants [12]. It was also reported
that treated water for drinking in Germany contained a significant
amount of EE2 at 0.5ngL1 [13]. According to several reports, human
health is significantly affected by EE2 and causes diseases such as
disorders of the reproductive system, cancer and impotence [14-
16]. Compared to natural estrogens, the half-life of EE2 is longer
and is more harmful [17]. EE2 is readily gathered in silt and eco-
systems [18] and hence, the concentrations of EE2 ranged from
0.1-10 ngL1 which affected the life of fish and other organisms in
water [19]. Research conducted by spiking a lake in Canada with
EE2 concentration 5-6 ngL1, resulted in the deaths of the entire
fish population [20].

Several methods, including adsorption [21], advanced oxida-
tion process [22], membrane filtration [23], biological treatment
[24] are often demonstrated for efficient removal of EE2. Among
these methods, adsorption using advanced and efficient materials
has attracted greater interest in elimination or retaining contami-
nants [25,26]. The method is versatile and sorption properties can
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Abstract—The aim of this communication is to assess the sorption behavior of silanes grafted bentonite composite 

materials for Rhodamine B (RhB) from aqueous solution. The nanocomposites were synthesized by functionalization of the 

bentonite with 3-mercaptopropyltrimethoxysilane and 3-aminopropyltriethoxysilane under inert atmosphere. The batch 

experimental data indicated that the composite materials showed high percentage removal of RhB over a wide pH range, 

i.e., pH ~4.0 to 10.0. A high percentage removal of RhB was achieved within the concentrations studied from 1.0 to 25.0 

mgL-1. Langmuir and Freundlich adsorption isotherm were obtained using equilibrium state sorption data. The equilibrium 

the change in background electrolyte (NaCl) concentrations from 0.0001 to 0.1molL-1 NaCl and the presence of co-existing 

Keywords: Bentonite, Silanes, Composite Material, Rhodamine B, Sorption

INTRODUCTION

Surplus amount of dyes have been discharged into the 

environment over the last decades due to the rapid 

development of printing and dyeing industries. Dyes are 

common chemical compounds that are extensively used 

to color a variety of items including textiles, paper, rubber, 

leather and printing (Rocha et al. 2016; Sharma et al. 

2021; Zhou et al. 2019). And several nations are basically 

depending on this industry (Holkar et al. 2016; Mani et al. 

2019). Despite the fact that the textile industry is one of 

the largest industries in the world; however, it discharges 

massive quantity of dyes, toxic heavy metals and other 

impact in the textile industry is manifested by the discharge 

of large amounts of chemical dyes into the receiving 

environment (Toprak and Anis 2017; Muthu 2017). Dyes 

viz., natural and synthetic 

dyes. Synthetic dyes are both ionic and non-ionic. Non-

dyes whereas non-ionic dyes are vat and dispersion dyes 

(Ngulube et al. 2017; Zhou et al. 2015). Over ten thousand 

dyes and pigments are estimated to be utilized in industry 

and around 0.7 million tonnes of dyes are produced annually 

(Azari et al. 2020; Munagapati and Kim 2017; Ogugbue and 

Sawidis 2011). 

Dyes are chemical compounds in which electrons can 

delocalize due to the presence of aryl rings and can formed 

bond with substances thereby producing color (Carmen 

and Daniela 2012). According to a research, approximately 

200,000 tons of dye generated is wasted each year 

 

(Tara et al. 2019). Dyes can produced coloration in water 

with less than 1 mgL-1 (Gupta et al. 2003; Rafatullah et al. 

altered the solubility of gas, pH and temperature on water 

bodies (Verma et al. 2012). Dyes such as direct, reactive, acids 

and basic dyes are highly soluble in water and are inconvenient 

to eliminate using conventional techniques (Mahapatra 2016). 

Furthermore, these colored dyes blocked the light penetration 

through water thereby decreasing the rate of photosynthesis 

of autotrophic organisms. As a result, the food web and their 

et al. 2014; 

Lellis et al. 2019). Decomposition of certain dyestuff produced 

toxic products and metal complex dyes released toxic heavy 

metals into water bodies. Because of their high solubility in 

https://doi.org/10.22232/stj.2021.09.02.20
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ABSTRACT 

 

Water is a basic need of living organisms and the supply of clean water is 

important for healthy life; however, the shortage of clean water has become a serious 

concern around the globe. The scarcity of fresh water is one of the main public health 

concerns in developing countries, which may even more severe in the developing 

nations or in under developed nations. Therefore, the availability/supply of clean and 

safe water is a greater concern and also due to the scarcity of fresh water a proper 

management of water is even more important. The discharge of untreated or partially 

treated sewage or industrial wastewaters is greatly contaminating the fresh water.  

The two major chemicals that are polluting water on the surface and ground waters 

are organic and inorganic contaminants. Various water pollutants are present at 

concentrations exceeding the permissible levels and posing serious threat to living 

organisms including human. 

Wastewater treatment technologies are intended to remove/eliminate variety 

of toxic pollutants and provide clean water which is demanded by the government 

body regulations. However, a large number of pollutants such as arsenic, toxic heavy 

metals and micro-pollutants are reported to escape from the existing wastewater 

treatment plants since the existing treatment plants are not efficient enough to 

remove these pollutants at required low levels. The escaped pollutants through the 

effluent of treated wastewaters thereby enter into the water bodies and contaminating 

the water resources to a greater extent. Therefore, there is an urgent need to develop 

the efficient advanced treatment technologies which could be annexed with the 

existing wastewater treatment plants to remove/eliminate efficiently the micro-

pollutants along with the heavy metal toxic ions from the effluent of wastewaters. 

A wide range of materials are utilized as sorbent materials for the treatment 

of polluted waters. Among these materials, clay minerals and its modified forms are 

found to be suitable materials for wastewater treatment technologies due to their 

large abundance and comparatively low cost. The presence of exchangeable cations, 

micro-porosity, surface functional groups as well as the net charge possessed by clay 

minerals make it a potential natural adsorbent to be employed for decontamination of 

polluted waters. However, clay materials have a low sorption capacity and selectivity 
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for a variety of organic contaminants as well as anionic contaminants. Therefore, the 

incorporation of an appropriate organic molecule within clay structure makes it 

suitable for the attenuation of a variety of organic and inorganic contaminants. 

Clay minerals are functionalized using a suitable organic molecule in order to 

increase its selectivity and applicability. Recent study is an attempt to graft 

efficiently the variety of silane within the bentonite network. The applicability of 

silylated clay is manifold as it possessed strong bond formation between clay and 

organic moieties hence, restricted the leaching of organic moieties into the water 

bodies and preventing the secondary contamination. Moreover, the functionalized 

materials are having greater mechanical strength and showed selectivity towards the 

variety of organic and inorganic pollutants. However, grafting of silane molecules 

within the clay network is challenging. Therefore, keeping in view, the present study 

intended to functionalize the natural bentonite (BN) clay with 3-mercaptopropyl 

trimethoxy-silane (MPTS) and 3-aminopropyl triethoxysilane (APTES) to obtain 

BNMPTS and BNAPTES functionalized materials. Further, these materials were 

employed in the efficient elimination of toxic heavy metals such as As(III), As(V), 

Cu(II) and Cd(II), and the emerging micro-pollutants such as tetracycline 

hydrochloride (TC), Triclosan (TCS) and 17α-ethynylestradiol (EE2) under batch 

and column reactor operations. 

Bentonite was successfully functionalized with 3-mercaptopropyl 

trimethoxysilane and 3-aminopropyl triethoxysilane in a facile synthetic route 

conducted in nitrogen atmosphere using toluene as a solvent. The raw bentonite 

along with the functionalized materials were characterized by the fourier transform-

infrared spectrometry (FT-IR), scanning electron microscope (SEM), transmission 

electron microscope (TEM) and the elemental spectra of solids was obtained by the 

energy-dispersive X-ray spectroscopy (EDX). X-ray diffraction method was used to 

evaluate structural property of the materials. Further, the BET surface area analyzer 

was employed to obtain the specific surface area, pore size and pore volume of the 

materials. Moreover, the functionalized materials before and after the sorption of 

Cu(II) and Cd(II) were analysed using the X-ray photoelectron spectroscopy (XPS). 

The FT-IR data showed the successful introduction of organosilane within the 

clay network. The SEM image showed that BNMPTS and BNAPTES materials 
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possessed more compact structures compared to the pristine bentonite. The XRD 

data showed that intensity of diffraction signal is reduced significantly after the 

immobilization of organosilane on the bentonite clay. The TEM images of raw 

bentonite and functionalized materials clearly showed straight lattice fringes without 

defection and the basal spacing of raw bentonite and functionalized clay obtained by 

TEM analyses were similar to that obtained by XRD analyses. The BET analysis 

revealed that all the materials possessed type IV isotherm with mesoporous structure 

and the specific surface area of the functionalized materials is reduced significantly 

after the incorporation of organosilane.  

The functionalized materials along with the pristine bentonite were employed 

for the removal of As(III) and As(V) under batch study. Results showed that the 

functionalized materials possessed significantly enhanced percentage removal of 

As(III) and As(V) at wide range of pH 4.0 to 7.0. An increase in concentration of 

As(III) or As(V) showed a slight decrease in the percentage removal of these 

pollutants using the functionalized materials and the isotherm is fitted well to the 

Langmuir adsorption isotherm. A rapid uptake of As(III) and As(V) by these 

functionalized materials followed the pseudo-second-order rate kinetics. Increasing 

the concentrations of background electrolyte concentrations from 0.001 to 0.1mol/L 

NaCl, the percentage removal of these two pollutants was not affected which inferred 

that sorbate species forming an ‘inner sphere complex’ at the surface of 

functionalized solid. The presence of co-existing cations and anions except, EDTA 

and phosphate did not affect the percentage removal of As(III) and As(V) by these 

functionalized materials.  

Further, the functionalized materials were employed in the removal of Cu(II) 

and Cd(II) using BNMPTS. The pH study showed that the very high percentage 

removal of Cu(II) and Cd(II) was almost unaffected within the studied pH range 

which showed greater affinity of Cu(II) and Cd(II) towards the composite material. 

Increasing the initial concentration of Cu(II) and Cd(II), background electrolyte 

concentrations (1000 times) and the presence of cations and anions, except EDTA  

did not affect the percentage removal of Cu(II) and Cd(II) using BNMPTS. The 

sorption isotherm performed for Cu(II) and Cd(II) followed Langmuir adsorption 

isotherm. A very fast uptake of these metal cations by BNMPTS solid followed 
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pseudo-second order rate kinetics. The XPS analysis confirmed that the adsorption of 

Cu(II)/or Cd(II) predominantly occurred through the hydroxyl groups present on the 

surface of BNMPTS. Moreover, the column reactor experiments result showed that 

very high breakthrough volume were obtained for the attenuation of Cu(II) and 

Cd(II) using 0.2 g and 0.5 g of the BNMPTS material. Moreover, the non-linear least 

square fitting were conducted using the Thomas equation and results indicated that 

very high loading capacity of Cu(II)  and Cd(II) was achieved by the BNMPTS solid 

under the dynamic conditions; which further  reaffirmed the affinity of BNMPTS 

towards the Cu(II) and Cd(II). 

Furthermore, the BNMPTS and BNAPTES solids were effectively and 

efficiently employed in the elimination of micro-pollutants viz., tetracycline, 

triclosan and EE2 from aqueous solutions under the batch and column reactor 

operations. The pH dependent studies for these micro-pollutants using the BNMPTS 

and BNAPTES materials were conducted at a wide range of pH ~3.0 to 10.0. The 

percentage uptake of tetracycline by BNMPTS was very high in the pH range 3.2 to 

7.0 and decreased sharply and reached to a very low removal at pH 10. On the other 

hand, the percentage uptake of tetracycline by BNAPTES showed almost a constant 

removal efficiency up until the pH 7-8 and then a noticeably decrease was observed. 

However, the decrease in efficiency using the BNAPTES was not that significant for 

tetracycline even at pH>7.3. This further inferred the potential applicability of 

BNMPTS and BNAPTES towards the attenuation of tetracycline from aqueous 

solutions using these materials. The effect of pH in the removal of triclosan by raw 

bentonite showed very limited implications in the elimination of triclosan from 

aqueous solution. However, the uptake of triclosan by BNMPTS and BNAPTES was 

remained almost constant from pH 3.21 to 7.01 but further increase in pH (pH>7.0), 

caused significant decrease in the uptake of triclosan by these two composite 

materials. The removal of triclosan was almost unaffected using BNMPTS and 

BNAPTES as the pH was increased from Ca. pH 3.21 to 7.01. However, the removal 

of triclosan was decreased abruptly at pH>7.0 and attained to a very low removal 

percentage at pH ~10. Therefore, a high uptake of triclosan around neutral pH 

conditions is providing an optimum pH conditions indicating BNMPTS and 

BNAPTES in the treatment processes for efficient removal of triclosan from aqueous 
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at neutral pH conditions. The pH dependent study of EE2 showed that the uptake of 

EE2 by the BNMPTS and BNAPTES was increased significantly with an increase in 

pH from 3.0to 10.0. The high uptake of micro-pollutants by the BNMPTS and 

BNAPTES materials at wide range of pH was demonstrated due to the hydrophobic 

interaction between the micro-pollutant molecules and BNMPTS/or BNAPTES 

solids. Moreover, the dense grafted structure of BNMPTS and BNAPTES has 

enabled to trap significantly the micro-pollutants from the aqueous solutions and 

enhanced the elimination of micro-pollutants. On the other hand, it was observed that 

the pristine bentonite showed significantly low sorption efficiency as compared to 

the composite solids viz., BNMPTS or BNAPTES. This further inferred the greater 

applicability of these novel solids in the removal of micro-pollutants from aqueous 

solutions.   

The initial sorptive concentration dependent study of tetracycline, triclosan 

and EE2 showed that BNMPTS and BNAPTES exhibited strong affinity towards the 

removal of these micro-pollutants. Further, the sorption isotherm of these micro-

pollutants was obtained from the concentration dependence data showed that the 

sorption equilibrium of these micro-pollutants followed Langmuir adsorption 

isotherm. The effect of contact time in the removal of these micro-pollutants showed 

that rapid uptake of these pollutants was achieved and apparent equilibrium between 

the solid/solution phases was obtained within 120 minutes of contact for triclosan 

and EE2 and 180 minutes for tetracycline using these two solids. The kinetic 

modelling was conducted for these pollutants and results showed that the uptake of 

these micro-pollutants by the BNMPTS or BNAPTES fitted well to the PSO model 

compared to the PFO model. The applicability of PSO model showed that the 

tetracycline, triclosan and EE2 were bound onto the surface of the BNMPTS and 

BNAPTES materials by relatively stronger forces. Increasing the background 

electrolyte concentrations of NaCl (1000 times) had unaffected the removal 

percentage of these micro-pollutants by the BNMPTS and BNAPTES solids.  This 

further inferred that the tetracycline, triclosan and EE2 were forming ‘inner-sphere-

complexes’ at surface of solids having relatively stronger forces. Similarly, the 

presence of diverse co-existing cations viz., Mg(II), Mn(II), Ca(II) and Ni(II) and 

anions viz., ethylenediaminetetraacetate (EDTA), oxalic acid, phosphate and glycine 



6 

 

did not affect the percentage uptake of these micro-pollutants except the presence of 

EDTA. The presence of EDTA significantly affected the removal of tetracycline, 

triclosan and EE2 using BNMPTS and BNAPTES. 

The column reactor operations showed that very high breakthrough volumes 

were obtained for the elimination of these micro-pollutants using 0.25 g and 0.5 g of 

the BNMPTS or BNAPTES materials. Moreover, the break through data was utilized 

to the Thomas equation and the Thomas constants were estimated using the least 

square non-linear fitting of column data. Result showed that on increasing the 

amount of the modified solids in the column, an increased in the loading capacity of 

these pollutants was obtained by BNMPTS and BNAPTES under the continuous 

flow systems. This again reaffirmed greater affinity of these solids towards the 

tetracycline, triclosan and EE2.  

Additionally, applicability of these novel materials in the removal of micro-

pollutants viz., tetracycline, triclosan and EE2 in real matrix sample (River water 

samples) was conducted under varied pH values. Results showed that the removal of 

these micro-pollutants was not affected as compared to the results obtained with 

purified water. These results showed the selectivity of solids towards these micro-

pollutants and possible implacability in real matrix treatment.  

Furthermore, the reusability of BNMPTS in the removal of Cu(II) showed 

that the percentage removal of Cu(II) was decreased from 97.8 to 88.9% after six 

replicates of adsorption-desorption cycles. Moreover, the reusability of BNMPTS 

and BNAPTES for the removal of tetracycline, triclosan and EE2 showed that the 

percentage removal of tetracycline decreased from 85.3 to 75.1% using BNMPTS 

and 82.4 to 73.1% using BNAPTES. Similarly, the percentage removal of triclosan 

was decreased from 96.4 to 85.3% using BNMPTS and from 96.5 to 84.2% using 

BNAPTES. The percentage removal of EE2 was decreased from 82.8 to 60.7.3% 

using BNMPTS and from 72.1 to 54.8% using BNAPTES while the materials were 

intended for six replicates adsorption-desorption cycles. Therefore, the studies 

indicated that BNMPTS and BNAPTES possessed greater stability and could be 

reutilized for successive operations in the removal of Cu(II), tetracycline, triclosan 

and EE2 from aqueous solutions. The studies showed that the novel and, possibly 

cost-effective functionalized solids possessed reasonably good suitability and 
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selectively in the removal of several heavy metal toxic ions along with several micro-

pollutants from aqueous solutions. The materials could be further employed in the 

large-scale treatment of wastewaters contaminated with these pollutants at least at the 

‘Pilot Scale’ treatment and the treatment process would be, possibly, sustainable and 

extended implacability.   
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