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ABSTRACT 
 

Emerging contaminants (ECs) such as estrogen hormones, perfluoro compounds (PFCs), 

bisphenol-A (BPA), and 1,4-dioxane have been detected in natural water at many places. 

The existing conventional wastewater treatment systems are not designed for the removal 

of these contaminants. This critical issue leads to the need for the development of 

advanced and effective technologies.  

β-cyclodextrin (β-CD) is a glucose-based molecule which has high affinity for different 

organic contaminants by the formation of host/guest inclusion complexes. In this 

research, water soluble β-CD was reacted with certain crosslinking agents and 

copolymers to form water insoluble β-CD and to coat β-CD onto silica particles. The 

development of such novel hybrid adsorbents provides high binding capacity with 

organic contaminants along with high mechanical strength. Three different approaches 

were used to develop adsorbents by using two crosslinking agents (epichlorohydrin (EPI) 

and hexamethylene diisocyanate (HMDI), two copolymers (glycidoxypropyl 

trimethoxysilane and aminopropyl triethoxysilane) and three solvents (NaOH, dimethyl 

formamide (DMF), and dimethyl sulfoxide (DMSO).  

 

The developed adsorbents were tested for the removal of ECs of interest (estrogens, 

PFCs, 1,4-dioxane, and BPA) under batch and column conditions from Milli-Q water. 

The adsorbent prepared by reacting β-CD with HMDI as crosslinking agent with the 

molar ratio of 1:8 showed best results in removing the target compounds. The adsorbent 

showed more than 95% removal of 17β-estradiol (in single component) and more than 



 

90% of most of the estrogens (in multicomponent), more than 99% of PFOA, and a 

maximum of 90% removal in case of BPA. However, the developed adsorbent did not 

show any removal in case of 1,4-dioxane.  

 

The developed adsorbent showed a good regeneration capacity in removing PFOA over 

three successive cycles. The characterization of the adsorbents using FTIR, TGA, and 

TEM confirmed the coating of β-CD onto silica particles. The removal of ECs of interest 

was dependent on the nature of both adsorbents and adsorbates. The nature of adsorbent 

such as type of crossling agent, molar ratio between β-CD and crosslinking agents affect 

the removal of the contaminants. Similarly, the nature of adsorbates such as size, shape, 

and presence of functional groups affect the removal efficiency.  
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CHAPTER 1 

INTRODUCTION 

1.1 Emerging contaminants 
 

The continued exponential growth in human population has created a corresponding 

increase in the demand for the Earth’s limited supply of freshwater. Recent decades have 

brought increasing concerns for potential adverse human and ecological health effects 

resulting from the production, use, and disposal of numerous chemicals that offer 

improvements in industry, agriculture, medical treatment, and even common household 

conveniences (Daughton and Ternes 1999).  Surprisingly, little is known about the extent 

of environmental occurrence, transport, and ultimate fate of many synthetic organic 

chemicals after their intended use, particularly hormonally active chemicals (NRC 1999), 

personal care products, and pharmaceuticals that are designed to stimulate a physiological 

response in humans, plants, and animals (Daughton and Ternes 1999; Jorgensen and 

Halling-Sorensen 2000). In fact, these contaminants, known as emerging contaminants, 

are not new to environment and have existed in the environment for as long as they have 

been used by various means. It has only become more evident and matter of concern in 

the last decade because of the introduction of sophisticated methods of analyzing with 

advanced tools which can be used to detect the concentration of different parameters upto 

parts per trillion. It suggests that our drinking water still contains some contaminants 

which might have deleterious effects to human health and aquatic biota and many 

contaminants have already been proved to have such effects.  
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Emerging contaminants include pharmaceuticals and personal care products (PPCPs), 

endocrine disrupting chemicals (EDCs), polybrominated flame retardants (PBDEs), 

perfluorinated compounds (PFCs), nanomaterials, organisms and nonliving pathogens. 

PPCPs represent a category of emerging pollutants that are released in the environment 

through personal activities. Small but cumulative usage of these products by a large 

number of individuals results in widespread but significant pollution, which is difficult to 

control. The primary route of pharmaceuticals into the environment is through human 

excretion, disposition of unused or expired products, or through agricultural usage in 

livestock (Fent et al. 2006).   

 

EDCs are pollutants, which interfere with the normal functioning of the endocrine system 

resulting in adverse effects of reproduction, development, and immune function (Vos et 

al. 2000). EDCs consist of many classes of chemicals including natural and synthetic 

hormones and other pharmaceuticals, pesticides, plasticizers, and organometallic 

compounds.  

 

PBDEs are a group of chemicals that are used as flame retardants in a variety of polymer 

resins and plastics. They are found in many products such as furniture, televisions, 

stereos, computers, carpets, and curtains, which are used in homes and businesses. 

Because of their persistence in the environment, they are ubiquitous, global pollutants 

which readily bioaccumulate in living organisms (de Wit 2002; Ramu et al. 2007; Ueno 

et al. 2004). PBDEs can cause neurotoxicity in mammals and can act as thyroid hormone 

agonists or antagonists in frogs (Veldhoen et al. 2006). PFCs, including the two most 
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common compounds, perfluorooctane sulfonate and prefluorooctanoic acid, have been 

used in industries for over 50 years because of their unique chemical properties such as 

hydrophobicity, lipophilicity, and moderate solubility. They are found in food packaging, 

as coatings on cookware, in paints, as surfactants, and also have many other applications.  

Nanoparticles constitute a very diverse range of compounds. These include those made 

primarily from carbon, such as the buckminsterfullerene or C60 and carbon nanotubes, to 

metal based spherical particles. Emerging contaminants also include organisms and 

nonliving pathogens such as some infectious agents and invasive species (Poynton and 

Vulpe 2009). 

 

Potential concerns from the environmental presence of these compounds include 

abnormal physiological processes and reproductive impairment (Harrison et al. 1997; 

Jobling et al. 1998; Panter et al. 2000; Purdom 1994), increased incidences of cancer 

(Davis and Bradlow 1995), the development of antibiotic-resistant bacteria (Gilliver et al. 

1999; Khachatourians 1998; Smith et al. 1999), and the potential increased toxicity of 

chemical mixtures (Sumpter and Jobling 1995). For many substances, the potential 

effects on humans and aquatic ecosystems are not clearly understood (Ayscough 2000; 

Daughton and Ternes 1999; NRC 1999).  

 

The major issues associated with the emerging compounds are a) nonexistence of limiting 

regulations, especially for new compounds, by-products, pharmaceuticals and PPCPs as 

related to the water and wastewater treatment industry, b) removal of these compounds 

from the wastewater treatment process has not necessarily been effective due to their 
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relatively low concentrations and the associated difficulty in analysis and c) these 

compounds are different in their form and mechanism of actions thereby providing a 

unique challenge for their identification and evaluation from the environmental matrixes 

(Bolong et al. 2009).  

1.1.1 Estrogen hormones 
 

Various natural estrogens such as estrone, estradiol, and estriol are derived from 

cholesterol and commonly found in excreta of humans and animals. Other steroid 

hormones include testosterone and progesterone which are manufactured by a mammal 

body. There are several non-steroidal chemicals synthetically manufactured which can 

interact with estrogen receptors such as ethinylestradiol, mestranol, diethyl-stilbestrol 

(Schafer et al. 2010). These natural as well as synthetic estrogens have been reported in 

the effluents of treatment plants (Chimchirian et al. 2007; Larsson et al. 1999). These 

estrogen hormones were observed to be present in surface water of suburban, agricultural 

and mixed use areas (Velicu and Suri 2009). The pathways of estrogen hormones in the 

environment are shown in Figure 1.1. 
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Figure 1. 1 Potential pathways taken by the estrogen hormones in the environment 
Source: Modified from Halling-Sorenson, 1998 
 

Researchers have observed significant concentrations of estrogen hormones in the natural 

environment. The presence of estrogen hormones in 21 surface water streams located in 

Eastern Pennsylvania was studied. All the streams sampled showed the presence of at 

least one hormone compound. Estrone was detected very frequently with concentrations 

ranging from 0.6 – 2.6 ng/L. Estriol was detected in very high concentrations of 19.7 

ng/L (Velicu and Suri 2009).  

These estrogens are used as oral contraceptives, management of menopausal and 

postmenopausal syndrome, and physiological replacement therapy in deficiency states. 
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Some of the estrogen sources are discussed in Table 1.1. The detail structures and 

properties of estrogens are mentioned in Appendix B. 

 

Table 1. 1 Levels of estrogens excreted in µg/day by men and women  (Ying et al. 2002) 
Category 17β-estradiol Estrone Estriol 17α-ethinylestradiol 

Men 1.6 3.9 1.5 - 
Menstruating females 3.5 8 4.8 - 
Menopausal females 2.3 4 1 - 
Pregnant women 259 600 6000 - 
Women - - - 35 
 

A major difficulty in removing such contaminants is not only the small concentration in 

which they occur and are physiologically active, but also their small size or molecular 

weight. The molecular weight of the hormones is very similar, varying between 268 and 

315 g/mol. The hormones that have a phenolic hydroxyl group all dissociate in the same 

pH range between 10.2 and 10.5. The log Kow parameter measures the hydrophobicity of 

the hormones by partitioning between octanol and water. In general, compounds with log 

Kow>2.5 are expected to accumulate in solid phases instead of being soluble in the 

aqueous phase. Therefore, these hormones are expected to interact with adsorbents by 

hydrophobic interactions (Schafer et al. 2010). 

1.1.2 1,4-Dioxane 
 

1,4-dioxane (C4H8O2) is a cyclic organic compound containing two symmetrically 

opposed ether linkages (Figure 1.2). Dioxane is used as an organic solvent and also as 

solvent stabilizer in chemical processes. It is used primarily as a solvent stabilizer in 
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carboxylic and sulphonic functional groups, respectively. These functional groups can 

affiliate with water and make PFCs hydrophilic. Different hydrophilic moiety showed 

diverse behavior in aqueous environment. The perfluorinated tail is covered by the 

strongest C-F bonds, and surrounded by fluorine atoms which have similar size with 

carbon atom. This kind of structure protects PFC molecules from breaking down by 

oxidants such as .OH radicals. The longer is carbon chain length, the more strongly 

hydrophobic is PFC molecule. Combination of hydrophobic and hydrophilic moieties, 

and high stability under extremely thermal and oxidative conditions, make PFCs perfect 

surfactants which can be applied in extremely critical conditions. By ascendant carbon 

chain length, melting points and specific gravities of PFCAs were increased gradually, 

and their physical appearances were changed from liquid to solid, which implied 

correlations between carbon chain length and physiochemical properties in homologous 

series. 

1.2 Treatment technologies 

1.2.1 Physicochemical treatment 
 

Some research results (Filali-Meknassi et al. 2004; Westerhoff et al. 2005) indicated that 

adsorption by activated carbon and advanced oxidation processes (i.e. ozone, UV) were 

effective for removing some EDCs and PPCPs. An activated carbon adsorption system is 

advantageous in terms of its hydrophobic interactions in eliminating most organic 

compounds, especially nonpolar compounds (compounds with Kow>2) (Ying et al. 

2004). Schafer et al. (2003) stated that the potential of EDC removal by powdered 

activated carbon may be up to 90%. A comparative study on coagulation and sorption 

(activated carbon) in eliminating estrogens by Bodzek and Dudziak (2006) has proven 
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that sorption by powdered activated carbon (PAC) and granular activated carbon (GAC) 

was more efficient than coagulation, even in a hybrid system with nanofiltration 

membranes. 

Oxidation is a promising removal mechanism, especially using chlorine or ozone. 

However, careful selection is needed as reaction of these chemicals was found to be 

reactive and produce byproducts, of which the effects are unknown. Oxidation is 

effective in degrading EDCs/PPCPs in low dissolved organic carbon (DOC) as DOC has 

strong influence on the application of the ozonation process (Huber et al. 2005).  

1.2.2 Biological treatment 
 

Johnson and Sumpter (2001) revealed that the essential sewage treatment system such as 

activated sludge and biological trickling filters can rapidly convert aqueous organic 

compounds into biomass that is then separated from the aqueous phase by settlement 

(clarifiers). Even though this is acknowledged as a remarkable achievement, 

unfortunately, not all compounds such as steroid estrogens are completely broken down 

or converted to biomass. Additionally, although best available technology is adopted, 

biological treatment removes only a part of a wide range of emerging contaminants, 

particularly polar ones which are discharged via the final effluent (Petrovic et al. 2003). 

Biodegradation processes such as in the trickling filter case studied in Canada (Servos et 

al. 2005) and Brazil (Ternes et al. 1999) were found incapable to remove estrogens due to 

their low sludge retention time (SRT) and hydraulic retention time (HRT) properties 

since this treatment method applies solid contact and attached growth process. Thus, 
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suggestions were made toward biological treatment with longer HRT and SRT, which 

could increase the extent of the removal of the compounds (Bolong et al. 2009).  

Membrane bioreactors (MBRs) are considered an alternative to conventional (activated 

sludge) treatment plants (CTPs) due to the fact that (i) They act as a complete barrier to 

solids onto which many EDCs are adsorbed; (ii) The membrane surface also retains the 

EDCs; (iii) The longer STR in MBRs may facilitate additional biological transformation 

of these compounds since bacteria have more time to break down their structure (Spring 

et al. 2007). 

1.2.3 Advanced oxidation processes 
 

Advanced oxidation processes (AOPs) have been demonstrated to be promising 

technologies for the treatment of wastewaters containing pharmaceuticals and personal 

care products and especially EDCs (Bobu et al. 2006; Esplugas et al. 2007). Among the 

AOPs, the most investigated method for destroying EDCs in water is photocatalysis with 

titanium dioxide, but there are sufficient reports on the application of ozonation, direct 

and indirect photolysis, electrochemical oxidation and ultrasonic irradiation for this 

purpose. 

1.2.3.1 Ozone 
 

Ozone is a powerful oxidant and can oxidize substrates either directly or by producing 

hydroxyl radicals that then react with other entities (organic compounds, bicarbonate 

anions, bromide, etc.). In some processes referred to as advanced oxidation processes 

(AOPs) the formation of hydroxyl radicals from ozone is enhanced by exposure of the 
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solution to UV light or the addition of hydrogen peroxide. Ozone and AOPs in general 

would be expected to be particularly effective in degrading EDC/PPCPs in low DOC 

matrices such as groundwaters or tertiary treated effluents. 

1.2.3.2  Sonolysis 
 

Sonochemical treatment of waters and wastewaters is based on the use of ultrasound at 

low to medium frequency (20–1000 kHz) and high energy to catalyze the destruction of 

organic pollutants. Propagation of a pressure wave in aqueous solution results in the 

occurrence of cavitation phenomenon such as nucleation, growth and collapse of bubbles 

in the liquid. The last induces localized supercritical conditions, high temperature and 

pressure electrical discharge and plasma effects. The consequences of these extreme 

conditions are the cleavage of oxygen and water molecules to produce active species, 

such as H. and .OH radicals that attack the pollutant molecules present in waters 

(Augugliaro 2006). 

1.2.3.3  Photo-Fenton Processes 
 

UV/Fenton reagent is another AOP employed for achieving the oxidation of endocrine 

disruptors in waters. Homogeneous oxidation with Fenton reagent takes place in the 

system containing ferrous or ferric ions and hydrogen peroxide by free radical chain 

reactions that produces hydroxyl radicals with the process efficiency being closely related 

to solution pH and the ratio of iron and oxidant within the system. The efficiency may be 

enhanced by the presence of UV light since more  .OH radicals are yielded in the system 

compared to the dark process (Klavarioti et al. 2008). 
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1.2.3.4  Heterogeneous Photocatalytic Process 
 

The heterogeneous photocatalytic oxidation process consists of illumination of particles 

of semiconducting materials, such as titanium dioxide, with light energy higher than their 

band gap energy resulting in the appearance of excited high energy states (electron and 

holes pairs) that can migrate to the surface of the particles and initiate a wide range of 

redox reactions (Hoffmann 1995). 

1.2.3.5  Combined Treatment Processes 
 

The use of the combined system for the removal of pharmaceutical compounds such as 

O3/activated carbon (Nakada et al. 2007; Sanchez-Polo et al. 2008), ultrasound coupled 

with H2O2 (Flores-Escribano 2007), photo-fenton combined with TiO2 and MF/RO 

followed by UV/peroxide (Scruggs 2004) has been effective due to the increased removal 

efficiency and the reduction in the toxicity of the oxidation by-products (Caliman and 

Gavrilescu 2009).  

1.3  Cyclodextrins 

1.3.1 Introduction 
 

Cyclodextrins (CDs) are torus-shaped cyclic oligosaccharides containing six to twelve 

glucose units. The CD molecules are natural macrocyclic polymers, formed by the action 

of an enzyme on starch. Although CDs containing as many as twelve glucose units were 

identified, only the first three homologues were studied in details. The three smallest 

CDs, α-cyclodextrin, β-cyclodextrin and γ-cyclodextrin which consists of six, seven and 

eight a-1,4 linked D(C)-glucopyranose units respectively are well known and are 
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available commercially. The most characteristic feature of cyclodextrins is the ability to 

form inclusion compounds with various molecules, especially aromatics: the interior 

cavity of the molecule provides a relatively hydrophobic environment into which an 

apolar pollutant can be trapped (Crini 2005). CDs possess a well-defined geometry. The 

structure and the molecular dimensions of alpha-, beta-, and gamma-cyclodextrin are 

shown in Figure 1.5. As a consequence of the C-1 conformation of glucopyranose units 

(Hedges 1998; Schneiderman and Stalcup 2000), all secondary hydroxyl groups are 

situated on one of the two edges of the toroidal ring CD molecule, while all primary 

hydroxyl groups are on the other side. The primary hydroxyl groups attached to C-6 of 

the glucose unit form a smaller opening. Thus, the CD molecule is shaped like a 

truncated cone with the secondary hydroxyl side more open than the primary hydroxyl 

side. While the primary hydroxyl groups can freely rotate to partially block the cavity, the 

secondary hydroxyl groups are held relatively rigidly (Crini and Morcellet 2002).  
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Figure 1. 5 a) The three smallest CDs b) their dimensions [Szejtli 1988] 
 

The interior of the cavity is lined by a ring of hydrogen atoms bonded to the C-5 atom, a 

ring of glycosidic oxygen atoms, and another ring of hydrogen atoms at position C-3. As 

a result, the inside of the cavity is relatively hydrophobic (apolar cavity) compared to 

water. The glycosidic oxygen bridges produce a high electron density (a Lewis 

character). Since all of the hydroxyl groups are on the outside of the molecule, the 

external faces are hydrophilic. The shape of the molecule is stabilized by hydrogen bonds 

between the secondary hydroxyl groups of adjacent D-glucopyranosyl residues. All these 

features enable CDs to form inclusion complexes with other molecules. Several important 

physical and chemical properties (Bender 1978; Duchene 1991; Szejtli 1982) of the three 

most commonly used CDs are listed in Table 1.3. CDs are soluble in water, and the 

solubility increases with increasing temperature. β-CD has the lowest solubility of all 
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native CDs. The CD solubility decreases in the presence of organic solvents. The α- and 

β-CD are insoluble in methanol, ethanol, isopropanol, acetone, chloroform, and 

tetrahydrofuran. Dimethylformamide is a good solvent for α- and β-CD. The chemical 

physical properties of CDs are listed in Table 1.3. 

Table 1.3 Chemical and physical properties of the cyclodextrins (Bender 1978; Duchene 1991) 
Cyclodextrin Number of 

glucose units 
Molecular 
wt. 
(anhydrous)

Volume of 
cavity, Ao3, 
(approx.) 

pKa 
(25oC) 

Solubility in 
water, g/100 
ml at 25oC 

Alpha 6 972 174 12.33 14.5 

Beta 7 1135 262 12.20 1.85 

Gamma 8 1297 427 12.08 12.08 

 

In order to extend the field of application of native CDs, some modified and derivatized 

CDs were prepared. The chemical reactivity and the polyfunctionality of the CDs allow 

preparation of some derivatives whose properties differ from those of the native CDs. 

The hydroxyl groups at position 2, 3, and 6 in the glucose unit are available for structural 

modifications without destruction of the cavity. For example, the β-CD molecules 

contains 21 hydroxyl groups, which can be modified chemically (Khan et al. 1998). The 

C6-OH groups are the more reactive, and the C3-OH the less reactive in given 

experimental conditions (Bender 1978; Szejtli 1982). This allows the preparation of 

several groups of CD derivatives by various groups (amino, alkyl, alkoxy, phosphate, 

sulfonate, tosylate, imidazolyl, ammonium) (Croft and Bartsch 1983). These substitutions 

and modifications give a number of dimers, polymers, and copolymers in the form of 

powders, gels, resins, or beads (Bender 1978; Croft and Bartsch 1983; Saenger 1980) and 

with different solubility. 
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1.3.2 Inclusion properties 
 

Inclusion complexes are chemical species consisting of two or more associated molecules 

in which one of the molecules, the host, can admit a guest component into its cavity, 

resulting in a stable encapsulation without formation of any covalent bonds (Clarke et al. 

1988; Croft and Bartsch 1983; Saenger 1980). The structure of CD molecules gives rise 

to the remarkable ability to form inclusion complexes with inorganic (Bender 1978; 

Szejtli 1982), organic (benzene and phenol derivatives, amino acids, barbiturates, 

prostaglandins, pesticides, glycolipids, proteins, tryptophan) (Croft and Bartsch 1983; Liu 

et al. 2001; Mu et al. 2001) and ionic compounds (Bender 1978; Szejtli 1982), and also 

with polymers (Hacket et al. 1997; Harada et al. 1996; Okumura et al. 2000). The data in 

the literature (Bender 1978; Szejtli 1982; Croft and Bartsch 1983; Shieh and Hedges 

1996) show that several factors play a role in the inclusion complex formation and 

several interactions were found: a) hydrophobic effects, which induce the apolar group of 

a molecule to preferentially enter the CD cavity; b) Van der Waals interactions (these 

interactions involve interactions between permanent and induced dipoles and London 

dispersion forces); c) hydrogen bonding between guest molecule and the secondary 

hydroxyl groups at the rim of the cavity (these contributions increase with polar 

molecules); d) steric effect, the inclusion process is also influenced by shape, size and 

polarity of guest molecules; e) solvent effects (release of high-energy water) (Crini and 

Morcellet 2002). 

The formation of an inclusion complex greatly affects the physical chemical properties of 

the guest; therefore, CDs are used in a number of branches of industry (Hedges 1998). 

They are used in the pharmaceutical industry to improve the solubility and stability of 
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pharmaceuticals (Loftssona and Jarvinen 1999), as carriers of active substances (Uekama 

et al. 1994) in biological systems and to retard the release of active substances from the 

pharmaceutical matrix. The application of CD in research and the preparation of 

medicinal substances in the pharmaceutical industry has also been summarized in various 

reviews (Loftssona and Jarvinen 1999; Stella and Rajewski 1997; Uekama et al. 1994; 

Zhang and Rees 1999). CD have also been used in the food industry (Luong et al. 1997), 

in the chemical industry to catalyze hydrolytic and oxidation reactions (Chen and Pardue 

1993) and in enzymatic processes (Breslow and Dong 1998), in the clothing industry to 

stabilize the colours of clothing, and in the tobacco and cosmetic industries. CD and their 

ability to form inclusion complexes are also utilized in agricultural applications (Szejtli 

1982).  

1.3.3 Literature review on application of CDs to remove environmental pollutants 
 

Phenols (phenol and phenolic compounds) are commonly encountered in aqueous 

effluents from various manufacturing processes such as oil refineries, coke plants, and 

phenolic resin plants, and are toxic substances that should be removed from the aquatic 

environment. Phenols are weak acids and can be extracted with various basic and 

solvating reagents (Schlosser and Rothova 1994; Urtiaga and Ortiz 1997) or removed 

from aqueous solution by activated carbon or anion-exchange resins (Goto et al. 1984; 

Kim et al. 1976). The drawback of the former liquid–liquid extraction technique is the 

possibility of the diluents and extractants which constitute the organic solvents into which 

the pollutants are extracted being the source of an induced pollution. On the other hand, 

anion-exchange resins in the free base form used for phenol adsorption are not 

sufficiently regenerated for efficient recycling (Yamasaki et al. 2006).  
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The possibility of the application of cyclodextrin for reducing the pollutants in 

wastewater has long been recognized (Szejtli 1988). Water-insoluble cyclodextrin 

derivatives like crosslinked CD polymers (Klein 1997) or CDs immobilized on water-

insoluble support (Crini et al. 1998; Martel et al. 2000) can be used for this purpose 

because of the property of β-CD to form inclusion complexes with various organic 

pollutants. Phan et al. (2002) designed two series of supports obtained with a 

methacryloyl-β-cyclodextrin derivative grafted or coated onto silica to test their ability to 

sorb aromatic pollutants (para nitro phenol, penta choloro phenol and 2,4-

dichlorophenoxy acetic acid) in aqueous solutions. In kinetics studies, the equilibrium 

adsorption in all cases reached very quickly in approximately 30 mins. These 

experiments allowed checking that the active cyclodextrin molecules (available for 

inclusion) are at or near the soild-liquid interface. For this reason, all systems are 

convenient for future column tests. It can also be noticed, by comparision of the capacity 

and β-CD content of the supports that only a minor part of cylodextrin is accessible and 

that it does not depend on the way of functionalization (coating or grafting) (Phan et al. 

2002).  

Liu et al. (2004) prepared a novel mesoporous organosilica containing microprous β-CD 

for the removal of humic acid from water. The β-CD was covalently attached to the 

mesoporous silica by co-polymerization of a silylated β-CD monomer with 

tetraethoxysilane in the presence of a structure-directing template. It was observed that 

higher loading of β-CD onto slica particles could block the pores of mesoporous silica 

resulting in lower removal efficiency of humic acid from water.  
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Faraji (2005) prepared β-Cyclodextrin bonded silica stationary phase (CDS) as a sorbent 

for solid-phase extraction (SPE) of selected phenolic compounds. The ability of the CDS 

for the extraction of a mixture of five phenolic compounds including Phenol, 2,4-

dimethyl phenol, 4-nitrophenol, 3-chlorophenol and 4-methyl phenol were used as model 

compounds. The capacity of CDS for retaining phenolic compounds were 50-125 mg g-1, 

while for phenol was 30 mg g-1.  

Bouzitoum et al. (2006) developed a β-CD-based sensor which was used as an 

electrolyte-insulator-semiconductor heterostructure to detect cations in aqueous solution. 

This method used a derivative of β-CD (partially benzylated β-CD) which was deposited 

on the surface of silica by spin coating method without using any coupling agent.  

Yamasaki et al. (2006) studied the removal of phenolic compounds from a raw industrial 

wastewater from phenolic resin processing, of which the components are phenol (8.9 

wt%), m- and p-cresols (0.33 wt%), and xylenols (0.044 wt%). A series of sorbents was 

prepared by varying the combination of cyclodextrin (CyD), β-CyD, γ -CyD, Mix-CyD 

(α-CyD:β-CyD:γ -CyD:dextrin = 30:10:10:50 wt/wt), the crosslinker, hexamethylene 

diisocyanate (HDI) or toluene-2,6-diisocyanate, and their molar ratio in the reaction 

batch. The removal of the phenolic compounds from raw industrial wastewater was an 

instantaneous process and was completed within about 5 min. The best removal 

efficiency was obtained by the crosslinked β-CyD with HDI in a 1:8 molar ratio or the 

crosslinked Mix-CD with HDI, also in a 1:8 molar ratio. 

Chen et al. (2006) synthesized a novel adsorbent by grafting β-CD derivative 

(carboxymethyl-β-CD) onto chitosan for the removal of Phenol, meta-Cresol, and meta-
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Catechol from industrial wastewater. The effects of pH and temperature on the adsorption 

capacity of the developed adsorbent were studied. It was observed that the adsorption 

capacity decreased rapidly as the pH was increased whereas the capacity increased with 

increasing temperature. Under optimized conditions (pH=3.0 and temperature =303 K), 

best results were obtained by removing 92%, 86%, and >99% of phenol, m-cresol, and 

m-catechol, respectively.    

 

Arkas et al. (2006) studied the impregnation of β-CD on ceramic porous filters to develop 

a hybrid system of appropriate mechanical strength and high surface area to remove 

organic pollutants from water. The hybrid filter was developed by impregnating 

cyclodextrin derivatives in titanium oxide porous ceramic filters. The developed filters 

were found to be effective in removing more than 95% polycyclic aromatic hydrocarbons 

and more than 80% of trihalogen methanes, monoaromatic hydrocarbons, and pesticides. 

 

Wang et al. (2006) found that the presence of β-CD enhanced the photodegradation of 

BPA in aqueous solutions. The photodegradation of BPA was found to increase from 

53% to 99% in the presence of β-CD when irradiated for 50 min under UV light. 

 

(Wang 2006) developed a reversible fluorescence sensor based on insoluble β-CD 

polymer for direct determination of BPA. In this process, β-CD polymer was synthesized 

using EPI as crosslinking agent and the developed polymer was immobilized in a 

plasticized poly(vinyl chloride) membranes. The grafted β-CD formed inclusion 

complexes with BPA giving a significant enhancement of the intrinsic fluorescence of 



23 
 

BPA which was suitable for signaling the occurrence of the host-guest recognizing 

interaction. 

 

Liang et al. (2007) studied the degradation of trichloroethylene (TCE) and 

tetrachloroethylene (PCE) in the presence of hydroxypropyl-β-CD (HP-β-CD) by iron-

mediated persulfate oxidation. The ability of HP- β-CD to form complexes with TCE and 

PCE along with Fe2+ was found to enhance the degradation of these contaminants by 

increasing their solubility and preferential attack by free sulfate radicals.  

 

Salipira et al. (2007) synthesized cyclodextrin polyurethanes containing carbon nanotubes 

for the removal of organic pollutants from water. Water insoluble polymers were 

prepared first by functionalizing carbon nanotubes and then polymerized with β-CD in 

the presence of HMDI. Thus obtained novel polymers removed 99% of para-nitrophenol 

from a 10 mg/L spiked water sample whereas granular activated carbon and native 

cyclodextrin polymer removed only 47 and 58%, respectively. 

 

Mhlanga et al. (2007) studied on the removal of organic contaminants from water using 

insoluble nanoporous cyclodextrin polymers which were synthesized using bifunctional 

isocyanate linkers. The results indicated that the cyclodextrin polymers absorbed 99% of 

the organic compounds from the water where as those pollutants could still be detected 

after treatment with GAC (although at very low levels). 
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Yamasaki et al. (2008) studied the preparation and application of β-cyclodextrin polymer 

beads for the removal of phenol from wastewater. The adsorbent prepared by 

crosslinking β-CD prepolymer with hexamethylene diisocyanate (HMDI) at a molar ratio 

of 1:8 exhibited high sorption capacities for phenolics in raw industrial wastewater. The 

sorbent has a good regular shape and high mechanical stability with high removal 

efficiency of phenol.  

 

Moon et al. (2008) studied the inclusion complexes of 77 steroids with β-CD-EPI 

polymer. Water soluble polymer was obtained when the molar ratio of β-CD and EPI was 

less than 1:10. Therefore, water insoluble polymer (with molar ratio 1:25) was 

synthesized as an improved SPE sorbent for the steroids. The polymer showed good 

recovery of the steroids studied showing more than 90% recovery for most of the 

steroids. It was observed that the hydroxylated estrogens showed an excellent binding 

capacity (96-116% recovery) to β-CD through hydrogen bonding between their phenolic 

hydroxyl and exterior hydroxyl groups.  

 

Zhao et al. (2009) synthesized water-insoluble β-CD polymer by polycondensation using 

citric acid as crosslinking agent and studied the adsorption properties toward phenol. The 

Β-CDP exhibited notable adsorption toward phenol (maximum 13.8 mg g-1). 

 

Montazer and Jolaei (2009) successfully grafted β-CD on three-dimensional polyester 

fabric by using citric acid and formaldehyde-based crosslinking agents and also using two 

different commercial siloxane-based softeners. The grafting procedure involved 
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functionalization of polyester surfaces followed by grafting of β-CD with the help of 

different crosslinking agents. 

 

Oishi and Moriuchi (2010) prepared β-CD polymers using EPI as crosslinking agent for 

the removal of dissolved estrogens in municipal sewage. The polymer was effective in 

removing 17β estradiol at concentrations ranging from 10-8 mol/L (>90%) to 10-11 mol/L 

(70%). 

Pratt et al. (2010) prepared water insoluble β-CD polymers using EPI as crosslinking 

agent for the removal of para-nitro phenol from aqueous solutions. It was observed that 

the removal efficiency of the contaminant was dependent on pH, temperature, and the 

nature of the polymer material. 

 

Pan et al. (2010) prepared β-CD/attapulgite composite as support for the selective 

removal of 2,4-dichlorophenol from aqueous solution. Attapulgite is a hydrated 

octahedral layered magnesium aluminium silicate material with siloxane groups in the 

bulk and silanol groups on its surface. The molecularly imprinted polymers (MIP) 

showed 6 to 11 times greater adsorption capacity towards 2,4-dichlorophenol than non-

imprinted polymers. Also, the MIP was successfully regenerated over four cylces without 

significant loss in adsorption capacity. 

 

Shao et al. (2010) grafted β-CD on the surface of multiwalled carbon nanotubes 

(MWCNTs) by using plasma technique for the removal of polychlorinated biphenyls 
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(PCBs) from aqueous solutions. The adsorption capacity of thus developed material was 

found to increase due to the strong interaction between β-CD and PCBs. 

 

Badruddoza et al. (2010) synthesized nano-adsorbent by surface modification of 

magnetic nanoparticles with caroxymethyl- β-CD (CM- β-CD) for the removal of 

methylene blue (MB) from aqueous solutions. The adsorption of MB was found to be 

higher at pH 12 and at higher initial concentration of MB. 

 

Krause et al. (2010) developed a novel technology of degrading TCE by synthesizing 

nanoscale bimetallic particles of nickel on iron and supporting them on carbon nanotubes 

followed by co-polymerization with β-CD. The adsorbent showed good recyclability over 

eight cycles by degrading and removing TCE at an initial concentration of 10 mg/L.  

 

Mohamed et al. (2011) studied the characteristics of β-CD based polymers prepared by 

using different diisocyanate linkers (HDMI, 4,4-dicyclohexylmethane diisocyanate, 4,4-

diphenylmethane diisocyanate, 1,4-phenylene diisocyanate, and 1,5-napthalene 

diisocyanate). Under optimization, an improved understanding of copolymer design and 

characterization was achieved when the ratio was 1:6.  

 

Wang et al. (2011) studied the catalytic performance of synthesized mesoporous carbon 

by the carbonization of hp-β-CD/silica composites. Thus developed different mesoporous 

carbon products were tested for the reduction of p-nitrotoluene in the presence of 

hydrazine hydrate as a reducing agent. All the products showed good results as a catalyst 
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where as activated carbon did not show any degradation of the target compound. Also, 

the catalytic activity was not found to be reduced notably even after reusing over six 

cycles. 

 

Fuhrer et al. (2011) immobilized β-CD on surface-modified carbon-coated cobalt 

nanomagnets for the adsorption of organic contaminant from water. The particles were 

first functionalized with polyethlyleimine and then reacted with β-CD with the help of 

HMDI as a crosslinking agent. The developed adsorbents showed high adsorption and 

recyclability with phenopthalein as a model compound.  

Badruddoza et al. (2011) developed a novel nano-adsorbent by grafting carboxymethyl- 

β-CD onto magnetic nanoparticles for the removal of copper ions. The presence of CM- 

β-CD was found to enhance the adsorption capacity of the developed nano-adsorbent due 

to strong abilities of the multiple hydroxyl and carboxyl groups in CM-β-CD to adsorb 

metal ions. The copper ions could be successfully desorbed using citric acid solution and 

the regenerated adsorbent showed more or less same adsorption capacity over three 

successive cycles. 

 

Zhang et al. (2011) studied the photodegradation of dyes using β-CD grafted titanium 

dioxide (TiO2) hybrid nanoparticles. They found that the electron-donating ability and 

hole-capturing role of β-CD when linked to TiO2 enhanced the photolytic degradation of 

dyes. 
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CHAPTER 2 

PROJECT OBJECTIVES 
 

The broad objective of this project is to identify and develop a novel adsorbent for the 

removal of ECs of interests. The specific objectives are 

a. Preparation of insoluble derivatives of β-cyclodextrin from its native form 

b. Optimize coating of β-cyclodextrin or its derivatives onto silica particles for 

the removal of estrogens, 1,4-dioxane, PFCs, and bisphenol-A 

c. Characterize the developed adsorbent using suitable analytical techniques 

(TGA, BET, TEM, FTIR) 

d. Perform batch and column experiments using the developed adsorbent 

material under different experimental conditions 

e. Investigate the effect of various experimental parameters for the removal of 

ECs of concern 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Materials  
 

β–Cyclodextrin (β–CD) (99%), and dimethly sulfoxide (DMSO) were purchased from 

Fisher Scienitfic. The crosslinking agent hexamethylene diisocyanate (HMDI), 

copolymers: aminopropyl triethoxysilane (APTES) and glycidoxypropyl trimethoxysilane 

(GPTS),  and Silica (40-100 mesh size) were obtained from Sigma-Aldrich. Bisphenol-A, 

1,4-dioxane, and perfluorochemicals (PFCs) were also purchased from Sigma-Aldrich. 

PFCs purchased were perfluoroheptanoic acid, perfluoroundecanoic acid, 

tricosafluorododecanoic acid, perfluorooctanoic acid, perfluorohexanoic acid, 

perfluorodecanoic acid, perfluorononanoic acid, heptadecafluorooctane sulfonic acid 

potassium salt, tridecafluorohexane-1-sulfonic acid potassium salt, 

perfluorobutanesulfonic acid tetrabutylammonium salt. Glass chromatography columns 

were purchased from Ace Glass Inc. Most estrogen hormones were obtained from Sigma-

Aldrich. The chemicals obtained were: 17α-estradiol (98%), 17β-estradiol (97.1%), 17α-

dihydroequilin (99.4%), 17α-ethinyl estradiol (99.1%), estrone (100%), estriol (100%), 

equilin (99.9%), levonorgestrel (99.8%), gestodene (99.5%), trimegestrone (99.3%), 

medrogestone, progesterone (99.6%) and 3-O-methyl estrone (internal standard, 98%).  
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3.2 Methods 

3.2.1 Preparation of adsorbents 

β–CD is soluble in water. So, in order to prepare insoluble form of β–CD polymers, it 

was reacted with two different crosslinking agents mentioned below. Depending upon the 

type of crosslinking agents and the molar ratio of β–CD and crosslinking agents, different 

products were obtained. 

In order to coat β–CD onto silica, three different approaches were used  

A. Coating onto silica with crosslinking agents (Hexamethylene diisocyanate and 

Epichlorohydrin) 

B. Coating onto silica with copolymers (glycidoxypropyl trimethoxysilane and 

aminopropyl triethoxysilane) 

C. Coating onto silica with crosslinking agents and copolymers 

For dissolving β–CD, different solvents such as NaOH, Dimethylformamide (DMF), and 

Dimethyl sulfoxide (DMSO) were used. The detail procedures for the synthesis of the 

adsorbents are discussed below: 

Adsorbent A1: 2.27 gm of β–CD was dissolved in 11 ml of DMSO. To this, 3 gm of 

silica was added and stirred at 60 oC for 15 min. 2.3 ml HMDI was added dropwise and 

the mixture was left stirring 60 oC for 2 hrs. The mixture was then transferred to the oven 

at 60 oC for 18 hrs. A solid hard product was obtained which was crushed and sieved 

using mesh size 18 X 35. 

Adsorbent A2: 2.27 gm of β–CD was dissolved in 6 ml of NaOH (30% w/w). To this, 15 

gm of silica was added and stirred at 60 oC for 15 min. 1.2 ml EPI was added dropwise 
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and the mixture was left stirring 60 oC for 3 hrs. The mixture was then transferred to the 

oven at 90 oC for 18 hrs. The final solid polymer was crushed and sieved using mesh size 

18 X 35. 

Adsorbent A3: 2.27 gm of β–CD was dissolved in 12 ml of DMF in presence of sodium 

metal (0.1g). To this, 10 gm of silica was added and stirred at 60 oC for 15 min. 1.2 ml 

EPI was added dropwise and the mixture was left stirring 60 oC for 6 hrs. The mixture 

was then transferred to the oven at 90 oC for 16 hrs. A solid hard product was obtained 

which was crushed and sieved using mesh size 18 X 35. 

Preparation of silanized silica: 80 g of silica (preheated at 140oC for 16 hrs) was 

reacted with 150 ml of GPTS and APTES separately to obtain two different types of 

silanized silica. The reaction was left at 70 oC under continuous stirring. The obtained 

product was washed with toluene, acetone, and methanol and left in the oven at 120 oC 

for 18 hrs.  

Adsorbent B1-B4: 10 g of silanized silica (with GPTS) was mixed in 50 ml DI water to 

which 1 g of K2S2O8 was added as an initiator. The mixture was allowed to react with 3g 

of β–CD (after dissolving in 13 ml DMF) by adding dropwise. The mixture was stirred at 

60 oC for 16 hrs and then washed with DI water. The obtained adsorbent was dried 

overnight at 60 oC (Adsorbent B1). The same procedure was followed with another 

silanized silica (with APTES) (Adsorbent B2). Adsorbents B3 (with GPTS) and B4 (with 

APTES) were prepared using the same procedure but in this method, 8 ml of NaOH (30% 

w/w) was used instead of DMF to dissolve β–CD.  
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Adsorbent B5: 2.27 gm of β–CD was dissolved in 12 ml of DMF in presence of sodium 

metal (0.1g). 3.3 ml of GPTS was added to the solution and was allowed to react for 3 hrs 

at 70 oC. To this solution, 10 gm of silica was added and stirred at 70 oC for 3 hrs. The 

mixture was transferred to oven at 80oC for 16 hrs. The obtained adsorbent was washed 

with DMF, methanol and acetone and finally dried in the oven at 120 oC for 15 hrs. 

Adsorbents C1 ad C2: 2.27 gm of β–CD was dissolved in 6 ml of NaOH (30% w/w). To 

this, 1.2 ml EPI was added dropwise and the mixture was left stirring 60 oC for 30 min. 

To this mixture, 10 g of silanized silica (with GPTS) was added under continuous stirring 

at 60 oC for 5 hrs. The obtained adsorbent (adsorbent C1) was oven dried at 120 oC for 15 

hrs. Same procedure was followed by using APTES silanized silica for adsorbent C2.  

Adsorbents C3 ad C4: 2.27 gm of β–CD was dissolved in 12 ml of DMF in presence of 

sodium metal (0.1 g). 2.3 ml HMDI was added dropwise and the mixture was left stirring 

60 oC for 30 mins. To this mixture, 10 gm of silanized silica (with GPTS) was added 

under continuous stirring at 60 oC for 5 hrs. The obtained adsorbent (adsorbent C3) was 

oven dried at 120 oC for 15 hrs. Same procedure was followed by using APTES silanized 

silica for adsorbent C4.  

3.2.2 Analytical methods 

3.2.2.1 Glassware cleaning procedure 
 

Glassware preparation was an important step before conducting experiments with 

estrogens. In order to reduce the losses due to sorption of the compounds onto the 

glassware, a three step cleaning procedure (silanization) was performed to clean and 

deactivate the glass. Complete description of this process is given in Suri et al. (2010).  
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Initially, the glassware was washed with soap and hot water and then rinsed with Milli-Q 

water three times to remove any residual contaminants. The washed glassware was baked 

in the oven for three hours. The dried glassware is then taken out and silanized.  This 

process was used to chemically bind a thin, water-repellent film to the glass. This layer is 

neutral, hydrophobic and not oily which creates a nonstick surface to minimize any loss 

of hormones by sorbing on to the glass. The three step silanization process of the 

glassware is as follows: 

• Initially glassware was rinsed with toluene containing 5% 

dichlorodimethylsilane (DCDMS) 

• Then the glassware was rinsed with two washes of pure toluene 

• In order to remove the toluene, glassware was finally rinsed with methanol 

three times 

After silanizing, glassware was completely dried in the oven at 250 oC. All 

glassware including bottles used for sample collection, beakers, pipettes, test tubes and 

GC vial inserts were silanized. 

3.2.2.2 Analysis of estrogens 
 

Estrogens were analyzed using both direct injection and solid phase extraction followed 

by analysis on UPLC/ESI/MS/MS. For solid phase extraction, a 200 ml of sample was 

passed through the Bond Elute C-18 SPE column at a flow rate of 5 ml/min. Before 

loading, the SPE cartridges were activated with 6 ml of methanol and then rinsed with 6 

ml of milli-Q water. After the sample was passed through the SPE column, the column 

was rinsed with milli-Q water and then eluted with 6 ml of methanol. The methanol 
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eluent was collected in a silanized test tube and a fixed amount internal standard (3-O-

methyl estrone) was added. Eluent was completely dried in a genevac centrifugal 

evaporator at 45o C and 12 mbar. To the dried sample 1.5 ml of methanol, 1.5 ml of water 

was added and vortexed. 2 ml of sample was then collected in a silanized LC vial and 

analysed on UPLC/ESI/MS/MS. 

3.2.2.3  Analysis of 1,4-Dioxane 
 

Liquid-liquid extraction was used for 1,4-dioxane analysis. A 10 ml of water sample was 

placed in an EPA-vial and spiked with known concentration of internal standard. 2 g of 

anhydrous sodium sulfate and 20 ml of methylene chloride was added and vortexed. 

After aqueous phase was discarded, 10 ml of water sample was added again to the 

organic phase. Mixture was vortexed and aqueous phase was again discarded. A small 

amount of sodium sulfate was added to remove the moisture content. 1 µL of organic 

phase was injected and analyzed on GC/MS/MS. 

3.2.2.4 Analysis of Bisphenol-A and Perfluorochemicals 
 

Bisphenol-A and perfluorochemicals samples were analyzed by direct injection on 

UPLC/MS/MS. For the analysis 4 ml of sample was taken and spiked with internal 

standards.  

3.2.2.5 Analysis on UPLC/MS/MS and GC/MS/MS 
 

Analysis of estrogens, PFCs, and BPA was performed on UPLC/MS/MS consisting of an 

UPLC (Waters Acquity UPLCTM system) coupled with a Waters XevoTM mass 

spectrometer with a Z-SprayTM ESI source. The column used in this work was Acquity 
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UPLC, BEH C18 column (1.7µm particle size, 2.1mm × 50mm, Waters, UK) mobile 

phase as methanol and water. For the analysis of 1,4 dioxane, GC/MS/MS was used. 

3.2.3 Experimental procedures: 

3.2.3.1 Batch adsorption 
 

Batch adsorption experiments were carried out in series using 500 ml amber bottles, 

containing 400 mL working solution of different emerging contaminants at given 

concentrations (in Milli-Q water). The adsorbent was added into these bottles and shake 

at 140 rpm on a shaker at room temperature till the equilibrium was ascertained. 

The amount of ECs adsorbed on the adsorbents was calculated from the differences 

between the concentrations of the contaminants before and after the treatment by using 

the following equation: 

VM
CC

q e
e /

0 −=
……………………………………..(1)

 

Where qe (μg/g) is the adsorption capacity of adsorbent, C0 and Ce  are the initial and 

equilibrium concentrations in the solution (μg/L), respectively, V is the volume of the 

solution (L) and M is the mass of adsorbent (g). 

3.2.3.2 Column adsorption 
 

For column experiments, chromatographic columns of 2.5 cm diameter and 30 cm long 

were used. The empty bed contact time (EBCT) and velocity (Vs) were set to 1.0 minute 

and 5 m/hr, respectively. Based on these values, the other design parameters such as bed 

depth, mass of adsorbent, flow rate were calculated using following equations 



36 
 

   ………………………………………………..(2) 

  d………………………………………………..(3) 

      ……….(4) 

  V ………………………………………………….(5) 

 

The column was packed with the calculated amount of adsorbent. The air bubbles trapped 

along the bed depth were removed by tapping the column gently or by backwashing. The 

column was conditioned for about 15 hrs before starting the experiment. In order to 

supply a continuous flow of initial samples (known concentration of ECs), a 20-liter glass 

carboy was used to prepare initial sample solutions. The prepared initial sample solution 

was continuously fed to the column with the help of a low flow pump (set to the desired 

flow rate). PTFE tubes were used to for connection with three-way valves in order collect 

influent and effluent samples. The column set up is shown in Appendix D. The influent 

and effluent samples were taken at regular intervals till the breakthrough was observed. 

The breakthrough represents the time when the adsorbent is completely exhausted. 

3.2.4 Characterization of the adsorbents 
 

3.2.4.1 FTIR 

 

Perkin Elmer Spectrum 100FT-IR Spectrometer was used to analyze the samples. The 

samples were scanned from 600 to 4000 cm-1 at resolution 4 and number of scan was 16.   
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3.2.4.2 TGA 
 
Perkin Elmer Pyris 6 TGA was used for the thermal analysis of the samples. The 

temperature range was 30 to 800oC with heating rate of 10 oC per minute under air 

atmosphere. 

 

3.2.4.3 BET surface area  
 
Micromeritics ASAP 2020 was used to analyze the surface area and porosity of the 

samples. N2 gas was used for adsorption and desorption in order to calculate the surface 

area and porosity of the samples. The degassing temperature was set to 120 oC and the 

degassing time was 600 min for each sample. 

 

3.2.4.4 Transmission electron microscopy (TEM) 
 
JEOL JEM-1400 was used to get images for the developed adsorbents. Samples for HR-

TEM were prepared by ultrasonically dispersing the catalyst in ethanol and then placing a 

drop of the suspension onto a carbon coated copper grid followed by air drying. The 

working voltage of TEM was 120 kV. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Development of Adsorbents 

4.1.1 Preparation of water insoluble β-CD polymers 
 

From the preliminary experiments, different insoluble polymers of native β-CD 

were successfully synthesized by varying the molar ratios of β-CD and 

crosslinking agents. With EPI as a crosslinking agent, water-insoluble soft 

polymers were obtained with molar ratios 1:10 or higher as shown in Figure 4.1a. 

Similarly, with HMDI as a crosslinking agent, hard solid polymers were obtained 

with molar ratios 1:8 or higher (Figure 4.1b). 

 

 

 

 

 

 

4.1.2 Silica particles coated with β-CD 
 

As described in Chapter 3, three approaches were used to prepare twelve different 

adsorbents. These adsorbents were prepared by changing crosslinking agents, 

copolymers, solvents for β-CD, and also by varying experimental conditions. 

Figure 4. 1 Water insoluble polymers with (a) EPI and (b) HMDI

a b
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Thus obtained twelve different adsorbents were tested for the removal of 17β 

estradiol from MQ water. 

4.2 Screening results with the developed adsorbents 
 

The developed adsorbents following three approaches were tested for the removal of 

17β-estradiol at an initial concentration of 25 µg/L in MQ water system. Out of 12 

adsorbents, the Adsorbent A1, which was prepared by using HMDI as crosslinking 

agent, showed the highest removal of 94%. The results are summarized in Table 4.1 

(experimental data provided in Table A1). After A1, the adsorbents A2, C3, A3, and 

C4 showed good results by removing 72, 69, 59, and 58 percent of 17β estradiol, 

respectively. No significant change in pH of the solutions before and after the 

experiment was observed. 

Table 4. 1 Screening results using different adsorbents for the removal of 17β estradiol 
S. No. Adsorbent Initial conc.

(μg/L) 

Dosage

(g/L) 

Initial pH Final pH Removal %

1 A1 25 1 6.4 6.8 94 
2 A2 25 1 6.3 6.0 72 
3 A3 25 1 6.3 5.8 59 
4 B1 25 1 6.4 6.8 46 
5 B2 25 1 6.4 6.8 43 
6 B3 25 1 6.4 6.7 12 
7 B4 25 1 6.4 6.1 11 
8 B5 25 1 6.3 6.1 28 
9 C1 25 1 6.5 6.0 47 
10 C2 25 1 6.3 6.2 48 
11 C3 25 1 6.3 6.2 69 
12 C4 25 1 6.3 6.8 58 

 

Two best adsorbents A1 and A2 were chosen to conduct equilibrium studies with the 

target compounds. 
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4.2.1 Equilibrium studies with adsorbents A1 and A2 
 

First of all, the equilibrium studies with adsorbent A1 was carried out for the removal of 

17β-estradiol with an initial concentration of 100 μg/L and sample volume of 400 ml. At 

the same time, the removal of the contaminant was also compared with Silica (40-100 

mesh size) as adsorbent at a given dosage. 

    
Table 4. 2 Equilibrium studies with adsorbents A1 and A2 

(initial conc: 100 μg/L; contact time: 24 hrs) 

 
Adsorbent 

dosage (g/L) 

Removal % 
 

Adsorbent A1 
 

Adsorbent A2 

0.2 76 - 
0.4 91 58 

0.6 93 53 

0.8 94 69 

1.0 96 67 

1.5 97 74 

2 97 78 

 

The equilibrium studies showed the equilibrium was reached at a dosage of 1.5 g/L with 

97% removal capacity (Table 4.2). On the other hand, no significant removal was 

observed with the silica as an adsorbent (experimental data provided in Table A2). This 

result also confirms that the removal of the estrogen from the water is due to the 

formation of inclusion complexes with β-CD with very minimum or no contribution from 

the silica present in the adsorbent. 
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The results were fitted to isotherm models as shown in Figure 4.2. The Langmuir plot 

was found to be the better fit model for the given results. 

 

Figure 4. 2 Isotherm models with adsorbent A1 (a) Freundlich (b) Langmuir (initial conc: 100 μg/L; 
contact time: 24 hrs) 
 
 

Similar equilibrium studies with adsorbent A2 for the removal of 17 β estradiol (initial 

conc: 100 μg/L and sample volume: 400 ml) showed the maximum removal of 78% at a 

dosage of 2 g/L. The results are summarized in Table 4.2 (experimental data provided in 

Table A3). As reported earlier, there was no significant removal of estrogen in the 

presence of silica only. 

The Langmuir isotherm model was found to be better fit for the given results (Figure 

4.3). 

 
 
Figure 4. 3. Isotherm models with adsorbent A2 (a) Langmuir (b) Freundlich (initial conc: 100 μg/L; 
contact time: 24 hrs) 
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The difference in the adsorption capacity of two different adsorbents A1 and A2 can be 

attributed to the use of two different crosslinking agents for the derivatization of the 

native β-CD. In case of adsorbent A1, HMDI was used as crosslinking agent whereas EPI 

was used as crosslinking agent for the latter adsorbent. Since efficient adsorbents were 

synthesized using HMDI as crosslinking agent, the method A1 was followed for further 

experiments.  

 

Reproducibility 

Since the adsorbents obtained by following method A showed good results for the 

removal of estrogens in single and mulitcomponents, the adsorbents were prepared again 

following the same procedures as before to check the reproducibility of the adsorbents. 

Here, additional adsorbents were also prepared by changing the molar ratios of β–CD and 

the crosslinking agent (HMDI). Altogether, five different adsorbents were obtained which 

were tested for the removal of 17-β estradiol. 

Table 4. 3 Removal efficiencies of different adsorbents 
Adsorbents Initial conc. 

(μg/L) 

Dosage 

(g/L) 

Removal % 

 

S2 25 0.6 62.3 

S3 25 0.6 22.2 

S4 25 0.6 94.4 

S5 25 0.6 90.2 

S6 25 0.6 25.5 
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The above results (raw data provided in Table A4) show that the adsorption capacity 

of an adsorbent depends on the molar ratio of β-CD and the crosslinking agent used. 

The adsorbents were found to be very effective in removing 17β estradiol when the 

molar ratio of β-CD and HMDI is 1:8. 

 

4.3 Batch experiments with estrogens 

4.3.1 Estrogen in single component system 
 

The best two adsorbents S4 and S5 were chosen for the equilibrium studies. The 

results obtained (raw data provided in Table A5) from the new adsorbent S5 were 

consistent with the previous results for the removal of 17β-estradiol at an initial 

concentration of 25 µg/L (Table 4.4 and Figure 4.4). 

Table 4. 4 Equilibrium studies with adsorbent S5 
(initial conc: 25 µg/L; contact time: 24 hrs) 

Dosage (g/L) Removal % 

0.2 89.4 

0.4 94.6 

0.6 90.2 

0.8 96.7 

1 97.9 

1.5 98.7 

 



44 
 

 

Figure 4. 4. Isotherm models with adsorbent S5 a. Freundlich b. Langmuir (initial conc: 25µg/L) 
 

 

 

 

4.3.2 Estrogens in multicomponent system 
 

The best adsorbents (S4 and S5) were then tested for the removal of estrogens in 

multicomponent systems containing mixture of 12 different estrogens. Both adsorbents 

S4 and S5 having 18 X 35 mesh size showed more than 90% removal for most of the 

estrogens from the estrogen mixture (Fig 4.6 and 4.7). 
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Figure 4. 6. Removal of estrogens in multicomponent with adsorbent S4 (initial conc: 100 μg/L) 
 

 

Figure 4. 7. Removal of estrogens in multicomponent with adsorbent S5 (initial conc: 100 μg/L) 
 

The experimental results in removing estrogens from both single component and 

multicomponent showed good removal of estrogens. The removal of 17β estradiol was 
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estrogens such as norgestrel and gestodone shows the lower affinity of the adsorbent for 

these compounds. 

4.3.3 Effects of pH on the removal of estrogens 
 

To study the effects of pH on the removal of mixture of estrogens, three sets of batch 

experiments were conducted at pH 6, 8, and 11. The concentration of each estrogen in the 

mixture was 100 µg/L. The results are shown in the figure 4.8. 

 

 
Figure 4. 8. Effects of pH on the removal of estrogens (initial conc: 100 µg/L; dosage: 1.5g/L) 
 

The results show that the adsorption capacity of the adsorbent is dependent on the pH 
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β-CD itself. Most of the estrogens have pKa values around 10.5. A significant decrease in 

removal of estrogens such as 17α dihydroequilin, 17α estradiol, 17β estradiol, and estrone 

was observed at pH 11.0. The reason may be due to the dissociation of these molecules as 
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resulting in lower adsorption of the estrogens. However, certain estrogens such as 

medrogestone, norgestrel, and progesterone were not affected significantly by the change 

in pH. The reason can be attributed to the structures of these compounds which do not 

possess any dissociating hydrogen molecules. In other words, these compounds do not 

have any pKa values. The decrease in adsorption capacity of GAC towards 17β estradiol 

at higher pH was also reported by Zhang and Zhou (2005). However, under the same 

conditions, the adsorption capacity of Estrone was found to increase dramatically (Zhang 

and Zhou 2005). This shows that the mechanism of adsorption of estrogens onto GAC is 

primarily governed by hydrophobic interactions unlike hydrogen bonding which was 

observed in case of β-CD-based adsorbents (Moon et al. 2008). 

 

4.4 Batch experiments with 1,4-dioxane 
 

Six different β-CD-based adsorbents  and silica were tested for the removal of 1,4-

dioxane at an initial concentration of 100 μg/L (experimental data shown in Table A8). 

The reaction was allowed to occur for 48 hours with sample volume of 400 ml. The β-

CD-based adsorbents which were efficient in the removal of estrogens in both single and 

multicomponent systems were unable to remove 1,4-dioxane. The inability of these 

adsorbents to remove 1,4-dioxane may be attributed to its high solubility in water. So, 

they tend to stay in the water rather than forming host guest complexes with β-CD 

molecules by hydrophobic interactions or hydrogen bonding. 
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4.5 Batch experiments with Perfluorocompounds (PFCs) 
 

4.5.1 Experiments with PFOA 
 

As a preliminary experiment, all the adsorbents obtained with the modification of native 

β-CD were tested for the removal PFOA in MQ water at an initial concentration of 25 

µg/L. The sample volume used was 400 ml and reaction was performed for 48 hours. The 

screening results showed that the adsorbents S4 and S5 are efficient in removing PFOA 

as shown in Figure 4.9. 

 

Figure 4. 9. Removal of PFOA using different adsorbents and silica (Initial conc: 25µg/L; dosage: 1.5 
g/L; contact time: 48 hrs) 
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there was no significant change in the pH of initial and final solutions. No significant 

removal of PFOA was observed in case of silica. 

As the maximum removal of PFOA was below the detection limit (0.25 μg/L), further 

experiments were conducted with SPE and the results are shown in Figure 4.10 and 4.11 

(experimental data shown in Table A10). 

 

Figure 4. 10. Removal of PFOA (Initial conc: 25µg/L; SPE volume: 200 ml; contact time: 48 hrs) 
 

 
Figure 4. 11. Isotherm models with adsorbent S5 a. Langmuir b. Freundlich (initial conc: 100 µg/L)  
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Equilibrium studies with other adsorbents  

Further equilibrium experiments were also conducted with other adsorbents and different 

mesh sizes of the same adsorbent. The results showed that the adsorbents S4 and S5 

follow similar trend in the removal of PFOA. One more set of equilibrium studies was 

performed with adsorbent S4 but having two different mesh sizes (10 X 18 and 18 X 35) 

to see the effects of particle size in the removal of PFOA. The results show similar trend 

in the removal despite having different mesh sizes (Figure 4.12). 

 

Figure 4. 12. Equilibrium studies with different adsorbents (Initial conc: 25µg/L; sample 
volume: 400 ml; contact time: 48 hrs) 
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Figure 4. 13. Removal of PFCs with adsorbent S4II (initial conc: 50 μg/L; contact time: 48 hrs) 
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the mechanism of removal is dependent on but not limited to hydrophobicity of the 

contaminants as various other factors play important roles such as size and presence of 

functional groups. This mechanism is different from one observed in case of GAC where 

longer chained PFCs showed stronger adsorption (Yong 2007).   

4.6 Batch experiments with BPA 
 

The adsorption equilibrium studies with another adsorbent S4II (S4 resynthesized in 

second batch) was carried out for the removal of BPA at an initial concentration of 50 

μg/L. At the same time, the removal efficiency of the adsorbent was also compared with 

silica (40-100 mesh size) at a given dosage. 

 

Figure 4. 14. Removal of BPA with adsorbent S4II (initial conc: 50 μg/L; contact time: 48 hrs) 
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Figure 4. 15. Isotherm models with adsorbent S4II (a) Langmuir (b) Freundlich (initial conc: 100 

µg/L) 

The removal of BPA with the adsorbent can be attributed to the formation of inclusion 

complexes with β-CD molecules. The formation of such inclusion complexes was 

reported in solution phase (Yang et al. 2008) and in solid phase by using β-CD-polymer 

(Wang 2006). However, the adsorbent showed less affinity for BPA as compared to 

estrogens and PFOA.  
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4.7.1 Column design 
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used. With the empty bed contact time of 1 min and the velocity of 5 m/hr, the other 
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4.7.2 Column experiments with estrogen mixture 
 

For column experiment, adsorbents S4II and S4III (S4 resynthesized in third batch) were 

prepared in bulk quantity following the same procedures as mentioned earlier. Before 

starting column experiments, these adsorbents were tested under batch conditions for the 

removal of estrogens. The column experiments were conducted at an initial concentration 

of 100 µg/L of each estrogen in a mixture of ten estrogens. The column packed with the 

adsorbent was continuously fed with the estrogen working solution in MQ water. The 

inlet (Co) and outlet (Ce) samples were analyzed at regular intervals and the results are 

shown in Figure 4.16. 
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Figure 4. 16. Removal of estrogens from column experiment with adsorbent S4II (initial conc: 100 

µg/L) 

One more column experiment was conducted using another adsorbent S4III.  The same 

column design parameters were used as in case of adsorbent S4II. The results from this 

column experiment are shown in Figure 4.17. 

 

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2

0 5 10 15 20 25 30 35

Ce
/C
0

bed volume (X100)

Equilin

Norgestrel

Progesterone

Medrogestrone

17α dihydroequilin

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 5 10 15 20 25

Ce
/C
o

bed volume (X100)

Estriol

17α ethynyl 
estradiol
17β estradiol

17α estradiol

Estrone



56 
 

 

Figure 4. 17. Removal of estrogens from column experiment with Adsorbent S4III (initial conc: 

100 µg/L) 

From batch experiments, the adsorbent S4II was found to be very effective in removing 

estrogens, PFCs and BPA in MQ water system. The same adsorbent showed very good 

results in column experiment as well. The adsorbent S4III was found to be less effective 
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The present study showed significant removal of estrogens which shows the ability of the 

β-CD to form inclusion complexes with these contaminants.  The formation of such 

inclusion complexes is also reported in the literature in both solution phase (Yanez et al. 

2007) and by using β-CD polymers (Kikuchi et al. 2005; Moon et al. 2008; Oishi and 

Moriuchi 2010). The adsorption potential of the synthesized adsorbents is dependent on 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

0 5 10 15 20 25

Ce
/C
o

bed volume (X100)

Medrogestrone

Progesterone

Norgestrel

Equilin



57 
 

the properties of both contaminants and the adsorbents. The molar ratio of β-CD and the 

crosslinking agent is one of the important factors that determine the adsorption capacity 

of the adsorbents. Since native β-CD is soluble in water, it should be reacted with 

crosslinking agents to get insoluble form of β-CDs. This molar ratio is crucial as the low 

ratios could give water soluble adsorbents whereas high ratios could decrease the 

adsorption capacity of the adsorbents due to steric hinderance. Therefore, it is necessary 

to come up with an optimum ratio of β-CD and crosslinking agents. In this study, the 

molar ratio of 1:8 with HMDI as crosslinking agent was found to be the most efficient in 

the removal of target compounds. This result is in good agreement with the results 

observed by Yamasaki et al. (2008) where the adsorbents prepared at a molar ratio of 1:8 

showed high sorption capacity for phenols. 

 The molecular structure of contaminants is another factor that plays a crucial role in 

forming host-guest inclusion complex with β-CD molecules. Though all the estrogens 

studied have similar hydrophobicity and structural patterns in terms of size (Appendix B), 

the developed adsorbents were quite selective for the removal of certain estrogens. This 

mechanism can be clearly understood by studying the removal of enantiomers: 17α 

estradiol and 17β estradiol where the adsorbent showed high affinity for 17β estradiol 

than 17α estradiol. This shows that the removal mechanism is also dependent on the 

orientation of the functional groups present in the contaminants. This selective property 

of β-CD is used in developing chromatographic columns for the separation of 

enantiomers (Kim et al. 2003; Park et al. 2001).  

The adsorbents showed high removal efficiency for certain estrogen compounds such as 

17α estradiol, 17β estradiol, and estrone where as low efficiency towards norgestrel, 
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medrogestone, and gestodone. Considering the structure of these estrogens and their 

removal, the mechanism of the removal may be explained in a two-step process. First, the 

hydrophobic nature of the estrogens provides necessary conditions to enter into the cavity 

of β-CD molecules. The second step is the formation of inter- molecular hydrogen 

bonding between the estrogens and β-CD molecules. This mechanism can be well 

understood when the estrogens having similar hydrophobicity (Kow) showed different 

removal due to the variation in functional groups  available to form hydrogen bonding 

with the hydroxyl groups present at the rim of β-CD molecules. In general, the adsorption 

potential towards estrogens may be attributed to two factors: the tendency of estrogens to 

form intramolecular hydrogen bonding and presence of bulky groups, both factors hinder 

the formation of inter-molecular hydrogen bonding (Patton and Dmochowski 1963). In 

this study, the low adsorption potential towards certain estrogens may be attributed to 

either deficit of hydroxyl groups for hydrogen bonding or presence of bulky groups 

adjacent to the hydroxyl groups hindering the formation of hydrogen bonding. The higher 

binding affinity of β-CD towards hydroxylated estrogens was also observed by Moon et 

al. (2008). 

Comparision between granular activated carbon (GAC) and βCD-based adsorbent 

The Freundlich constants K and 1/n for 17β estradiol and estrone obtained from present 

isotherm studies using βCD-based adsorbent were calculated from the mixture of 10 

estrogens. These values were compared with the results reported by Fukuhara et al. 

(2006) in two different systems: pure water and river water as shown in Table 4.5. 
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Table 4. 5 Comparision of Freundlich constants between GAC and βCD-based adsorbent 
Contaminants  β‐CD‐Si (pure water)  GAC (pure water)  GAC (river water) 

  K  1/n  K  1/n  K  1/n 

17β estradiol  75.8  0.43  67  0.49  8.2  0.37 

Estrone  67.7  0.44  73.5  0.40  ‐  ‐ 
 

It was observed that the adsorption capacities of the developed βCD-based adsorbent 

towards 17β estradiol and estrone were in agreement with the results reported by 

Fukuhara et al. (2006) in pure water system. However, the adsorption capacities of GAC 

towards estrogens were found to vary depending on the type of GAC (Fuerhacker et al. 

2001; Fukuhara et al. 2006; Ifelebuegu et al. 2007). For example, coal based and coconut 

based GACs were found to be more effective for the removal of 17α ethyinyl estradiol 

than wood based GAC (Ifelebuegu et al. 2007). From the results shown in Table 9, it can 

be observed that the adsorption capacity of GAC reduces due to the matrix effect of 

water. This can be understood by the mechanism involved in lowering the adsorption by 

GAC, which involves mainly two processes-site competition and pore blockage. A 

significant reduction in adsorption capacity of estrogens using GAC was observed in the 

presence of high content of natural organic matter (NOM) (Rowsell et al. 2009; Zhang 

and Zhou 2005). It shows that the adsorption capacity of GAC is mainly due to high 

surface area of the particles which can be occupied by non-target species when dealing 

with wastewater containing different organic pollutants. In this regard, βCD-based 

adsorbents could be more effective in removing the target compounds from wastewater as 

the mechanism of removal of contaminants is different than GAC in having several 

different interactions such as complexation, coordination/chelation, electrostatic 
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interactions, hydrophobic interactions, hydrogen bonding, and physical adsorption (Crini 

2005). Mhlanga et al. (2007) also observed a significant removal of organic pollutants 

using βCD-based adsorbent whereas those pollutants could still be detected after 

treatment with GAC. Furthermore, βCD-based adsorbent could be more effective than 

GAC due to its high regeneration capacity without compromising in adsorption capacity 

(Mhlanga et al. 2007; Pan et al. 2010; Krause et al. 2010; Wang et al. 2011; Fuhrer et al. 

2011; Badruddoza et al. 2011). 

4.7.3 Column experiments with BPA 
 

Adsorbent S4III was used to conduct column experiments with BPA at an initial 

concentration of 100 µg/L. All the design parameters were kept constant and the inlet 

(Co) and outlet (Ce) concentrations were monitored at regular time intervals till the 

adsorbent was completely exhausted. 

 

Figure 4. 18. Removal of BPA from column experiment with Adsorbent S4III 
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The sharp slope of the effluent graph (Figure 4.18) shows that the given adsorbent is not 

as efficient as in removing estrogen mixture. The lower adsorption capacity of the 

adsorbents towards BPA was also observed in batch experiments.  

4.8 Regeneration study 
 

Regeneration study was conducted with adsorbent S4 for the removal of PFOA at an 

initial concentration of 200 µg/L and at a dosage of 1.5 g/L. First of all, the sample was 

tested under batch condition for 48 hrs and the adsorption capacity was calculated based 

on the final concentration of PFOA. The used adsorbent was retained by filtration using 

0.8 micron filter paper, washed with methanol, and dried at 80 oC for 15 hrs. Thus 

obtained dry adsorbent was reused to conduct another batch experiment with the same 

concentration of the contaminant as mentioned before. All the experimental conditions 

were kept constant and the regeneration test was conducted for three successive runs.  

 

Figure 4. 19. Regeneration study of adsorbent S4 with PFOA 
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three cycles. However, weight loss of the adsorbent was observed which was found to be 

about 10% over three cycles. 

4.9 Characterization of the adsorbents 
 

4.9.1 FTIR analysis 

 
The FTIR spectra of pure β-CD, polymer (βCD-HMDI) and polymer coated silica 

particles (βCD-HMDI-Si) are shown in Figure 4.20. The FTIR spectra of β-CD is quite 

consistent with the earlier reports assigned for β-CD (Trotta and Cavalli 2009; Pratt et al. 

2010; Mohamed et al. 2011; Gonil et al. 2011)  and also as evident from the strong C-O-

C stretching vibration absorbance band appeared at 1153 cm-1 (Pratt et al. 2010). The 

FTIR spectra of the synthesized pure polymer showed a characteristic polymerization 

carbamate group at 1546 cm-1 which confirmed the polymerization of β-CD with HMDI. 

The absence of isocyanate group at 2270 cm-1 also suggested that the polymerization is 

complete. The β-CD absorbance band position in the polymer appeared to be very close 

to the band position in pure β-CD which confirmed that the β-CD did not change during 

polymerization process. However, the υ OH stretching vibration of β-CD showed a shift 

towards longer wave number from 3299 cm-1 to 3394 cm-1 and this could be due to 

polymerization process. However, in polymer coated silica the υ OH stretching band 

position is shift towards to lower wavenumber to 3316 cm-1. The υ (C-O-C) band position 

of β-CD showed similar absorbance band in all three samples. As discussed before the 

carbamate group at 1546 cm-1 also appeared in silica coated polymer.  Based on the FTIR 

analysis it was confirmed that the β-CD did not change during polymerization and 

polymers were successfully coated on the silica surface. 
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Figure 4. 20 FTIR spectra of (a) βCD, (b), βCD-HMDI, and (c) βCD-HMDI-Si 
 

 

4.9.2 Transmission electron microscopy (TEM) 
 

The TEM images of β-CD and β-CD coated silica particles are shown in Figure 4.21. The 

images obtained from TEM analysis confirmed the coating of β-CD onto silica particles. 
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Figure 4. 21. TEM images of (a) silica and (b) β-CD coated silica 

 

4.9.3 Thermal analysis 

 
The thermal analysis of β-CD, synthesized polymers and silica coated polymers are 

shown in figure 4.22. The TG for β-CD is in good agreement with the results reported by 

Mohamed et al. (2011). These results show that the polymer coated silica have good 

thermal stability. 

a b 
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Figure 4. 22 TGA graphs of β-CD, β-CD polymer and βCD-coated silica 
 

It was observed that both β-CD and β-CD polymer (without silica) showed thermal 

degradation between 300 to 500 oC. Therefore, the mass loss was calculated in this range 

for the adsorbents in order to calculate the amount of polymer loading coated onto silica 

particles. It was observed that the adsorbent S4II has the lower polymer loading (5%) 

than S4III (27%).  The lower amount of loading in case of S4III may be the reason for 

being more efficient for the removal of ECs. The decreased in adsorption capacity of 

humic acid from water due to higher loading of β-CD was also observed by Liu et al. 

(2004). 
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4.9.4 Surface properties analysis  

 
The results obtained from BET analysis are summarize in the table 4.6 

Table 4.6 Surface analysis of adsorbents 
Adsorbent BET surface area 

(m2/g) 
Pore  Size 
 (nm) 

Pore Volume 
(cm3/g) 

Silica  <1.0 6.3 <0.00066 
 

Adsorbent S4II <1.0 1632.9 
 

<0.01298 
 

Adsorbent S4III <1.0 106.1 
 

<0.00656 
 

 

It was observed that the surface areas of the silica as well as the prepared adsorbents were 

less than 1.0 m2/g.  
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CHAPTER 5 

CONCLUSIONS 
 

A novel β-CD coated silica material was developed as an adsorbent for the removal of 

ECs of interests. The developed adsorbent was found to be effective in removing 

estrogens, BPA, and PFCs from MQ water. However, the adsorbent was found inefficient 

in removing 1,4-dioxane. It was observed that the adsorption capacities of the adsorbents 

depend on different factors such as nature of crosslinking agents, molar ratios between β-

CD  molecules and crosslinking agents, and method of synthesis. The developed 

adsorbent was characterized using FTIR, TGA, and TEM which confirmed the coating of 

β-CD onto silica particles. 

 

As preliminary experiments, water insoluble derivatives of β-CD were synthesized using 

EPI and HMDI as crosslinking agents. It was observed that insoluble polymer of β-CD 

could be obtained when the molar ratio of β-CD with EPI is equal to more than 1:10 and 

1:8 with HMDI. Further experiments were conducted in synthesizing β-CD coated silica 

particles. For this, three different approaches were used by using two crosslinking agents 

EPI and HMDI, two copolymers (GPTS and APTES) and three solvents (NaOH, DMF, 

and DMSO). The best adsorbent was obtained with HMDI as crosslinking agent with 

molar ratio 1:8 and DMSO as solvent for the removal of target compounds. 

 

The developed adsorbent was successfully reproduced by following the same procedure 

as used before. The adsorbents prepared in different batches were used to conduct 

isotherm and column experiments for the removal of the target compounds. Results from 
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batch experiments showed more than 95% removal of 17β estradiol in single component 

system and more than 90% removal of most of the estrogens from multicomponent 

system (mixture of 12 estrogens). Similary, the adsorbent was observed to be very 

efficient in removing more than 99% of PFOA in single component. With mixture of 

PFCs (10 compounds), significant removal of most of the compounds was observed. 

However, the removal of PFOA was found to be suppressed due to the introduction of 

other PFCs in the mixture. The adsorbent was also successful in removing upto 90% BPA 

under batch conditions. However, the adsorbent was unable to remove 1,4-dioxane from 

batch experiments. Column experiments were also conducted for the removal of 

estrogens and BPA. The results showed that the adsorbent was very effective in removing 

certain estrogens such as 17β estradiol, 17α estradiol, and estrone but lower adsorption 

affinity was observed for certain estrogens such as norgestrel and medrogestone.  

 

The removal of ECs was found to be dependent on both the properties of adsorbents and 

adsorbates. The properties of adsorbates such as size, hydrophobicity are important in 

forming inclusion complexes with β-CD molecules coated onto silica particles. Similarly, 

the degree of substitution or molar ratio of β-CD and crosslinking agents determines the 

availability of β-CD molecules to form inclusion complexes without blocking the site 

availability. Estrogens, PFCs and BPA studied are hydrophobic compounds which 

provide necessary conditions to form inclusion complexes with β-CD molecules. 

However, the adsorption capacity of the developed adsorbents was found to vary because 

of the structural difference (presence of functional group) and size of the adsorbates. The 

adsorbents were found to be ineffective in removing 1,4-dioxane due to its high solubility 

in water.  
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CHAPTER 6 

RECOMMENDATIONS  
 

Based on the experimental results and analysis, following recommendations are put forth. 

 

1. The development and use of crosslinking agents which could make adsorbent 

contaminant-specific should be studied. 

2. The effect of water matrices in the formation of inclusion complexes with the 

target compounds should be examined. 

3. Future research work should involve combining cyclodextrin with other available 

technologies in order to get more efficient adsorption and degradation of the 

target compounds simultaneously. 
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Appendix A 
 

Table A1 Removal of 17β estradiol using different adsorbents (Table 4.1) 
(initial conc: 25 μg/L; contact time: 24 hrs; sample volume: 400 ml) 

  Concentration 
(μg/L) 

Dosage 
(g/L) 

Removal 
% 

Blank sample 28.3     
 
 
 
 

Adsorbents 
 

A1 1.6 1 94.2 
A2 8.0 1 71.8 
A3 11.7 1 58.7 
B1 15.3 1 46 
B2 16.0 1 43.3 
B3 24.8 1 12.4 
B4 25.1 1 11.2 
B5 20.5 1 27.5 
C1 15.0 1 46.9 
C2 14.6 1 48.4 
C3 8.8 1 68.8 
C4 11.8 1 58.4 

 

 

Table A 2 Equilibrium study with adsorbent A1 for the removal of 17β estradiol 
(Table 4.2) 

(initial conc: 100 μg/L; contact time: 24 hrs; sample volume: 400 ml) 

  Concentration (μg/L) Dosage (g/L) Removal % 
Blank sample 98.8     

Adsorbent A1 
 
 
 
 

23.6 0.2 76.1 
9.2 0.4 90.7 
6.5 0.6 93.4 
5.9 0.8 94 
3.8 1 96.2 
3.2 1.5 96.8 
2.6 2 97.4 

Silica 91.1 1.5 7.8 
   



91 
 

 

Table A 3 Equilibrium study with adsorbent A2 for the removal of 17β estradiol 
(Table 4.2) 

(initial conc: 100 μg/L; contact time: 24 hrs; sample volume: 400 ml) 

  
Concentration (μg/L)

 
Dosage 
(g/L) 

Removal % 
 

Blank 
sample 106.2     

Adsorbent 
A2 

 
 
 

44.8 0.4 57.8 

49.8 0.6 53.1 

33.1 0.8 68.8 

34.8 1 67.2 

27.6 1.5 74 

23.0 2 78.3 

Silica 102.8 1.5 3.2 
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Table A 4 Equilibrium study with adsorbent S5 for the removal of 17β estradiol 
(Table 4.3) 

(initial conc: 25 μg/L; contact time: 24 hrs; sample volume: 400 ml) 

  
Concentration 

(μg/L) 
Dosage (g/L) 

 
Removal 

% 
Blank 
sample 27.6     

 
 
 

Adsorbent 
S5 

2.9 0.2 89.5 

1.5 0.4 94.6 

2.7 0.6 90.2 

0.9 0.8 96.7 

0.6 1.0 97.9 

0.3 1.5 98.8 
 

 

 

Figure A 1 Calibration curve for 17β estradiol 
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Table A5 Equilibrium study with adsorbent S5 for the removal of 17β estradiol (Fig 
4.5) 

(initial conc: 100 μg/L; contact time: 24 hrs; sample volume: 400 ml) 

  Concentration (μg/L) Dosage (g/L) Removal % 

Blank sample 94.2     
 
 
 
 

Adsorbent S5 

22.5 0.2 76.1 

8.3 0.4 91.2 

5.7 0.6 94.0 

5.1 0.8 94.6 

2.8 1.0 97.0 

2.6 1.5 97.2 

  2.6 2.0 97.3 
 

 

 

 

Figure A2 Calibration curve for 17β estradiol 
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Table A6. Equilibrium experimental data for estrogen mixture in μg/L with adsorbent S4 (initial conc: 100 μg/L; contact time: 48 hrs; sample 
volume: 200 ml) (Figure 4.6) 

 Dosage 
(g/L) 

 

17α 
ethynyl 

estradiol 

Estriol 
 
 

17α 
estradiol 

 

17β 
estradiol 

 

Estrone 
 

17α 
dihydro 
equilin 

Trimegestr
one 

 

Medrogest
one 

 

Progester
one 

 

Norgest
rel 

 

Gestodone 
 

Equilin 
 

Blank  89.9 116.2 82.7 78.6 116.3 83.8 98.7 130.0 127.0 140.2 138.2 70.8 

Adso
rbent

S4 
 
 
 
 

0.2 47.4 76.6 42.1 21.9 50.5 45.3 65.0 97.5 64.3 120.0 112.6 57.2 
0.4 30.1 61.6 25.4 14.0 26.5 38.7 50.1 83.4 39.5 127.2 113.3 16.9 
0.6 17.2 36.8 18.7 6.1 14.8 30.4 31.6 55.4 20.3 96.7 84.2 9.4 
0.8 12.9 29.2 9.1 5.0 10.2 19.1 21.5 40.5 12.8 81.8 68.8 13.6 
1 8.9 21.8 7.7 3.4 9.7 19.2 16.4 32.8 9.2 69.7 61.3 8.8 

1.5 8.7 16.9 4.8 2.6 4.1 12.4 10.5 26.2 6.0 56.4 46.0 12.0 
2 1.0 10.6 5.4 1.5 3.8 8.9 6.3 17.8 3.9 40.1 30.1 0.2 

Silica 1.5 94.3 115.9 107.5 93.5 136.3 103.1 71.0 100.6 93.7 100.9 97.4 89.4 
 
 

Table A7. Equilibrium experimental data for estrogen mixture in μg/L with adsorbent S5 (initial conc: 100 μg/L; contact time: 48 hrs; sample 
volume: 200 ml) (Figure 4.7) 

  

Dosage 
(g/L) 

 

17α 
ethynyl 

estradiol 

Estriol 
 
 

17α 
estradiol 

 

17β 
estradiol 

 

Estrone 
 

17α 
dihydro 
equilin 

Trimegestr
one 

 

Medrogest
one 

 

Progester
one 

 

Norgestr
el 
 

Gestodone 
 

Equilin 
 

Blank  120.3 115.1 121.3 132.7 111.7 116.4 132.0 91.8 117.9 118.6 106.1 111.9 

Adso
rbent

S5 
 
 
 
 

0.2 40.8 64.1 35.9 41.7 31.7 61.0 77.9 49.3 45.4 106.0 97.2 45.6 
0.4 16.6 28.9 19.0 9.8 10.9 30.5 38.1 27.8 17.1 71.2 64.9 28.2 
0.6 18.9 20.5 12.6 13.1 7.7 23.4 27.2 22.7 11.2 67.2 59.6 111.9 
0.8 14.7 15.7 14.7 5.0 5.2 19.8 19.6 17.1 8.2 57.5 47.9 6.9 
1 13.3 10.1 6.1 7.6 4.0 13.3 12.7 12.0 5.4 42.1 34.1 -- 

1.5 7.2 6.8 3.5 3.7 2.9 10.3 8.1 9.5 4.2 30.1 27.3 11.3 
2 6.2 5.9 5.7 4.2 2.3 10.2 8.1 8.6 4.2 30.4 21.3 -- 

Silica 1.5 126.7 122.0 131.3 135.6 113.0 123.6 121.1 80.8 120.1 123.0 123.2 128.5 
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Table A8 Screening results for the removal of 1,4-dioxane 
(initial conc: 100 μg/L; contact time: 48 hrs; sample volume: 400 ml) 

  Dosage 
(g/L) 

concentration 
(μg/L) 

Removal %

Blank   
109.5   

 
 
 
 

Adsorbents 

A1 
0.2 

104.7 4.4 

A2 
0.4 

110.2 -0.6 

B1 
0.6 

96.8 11.6 

B2 
0.8 

100.8 7.9 

C3 
1 

103.5 5.5 

C4 
1.5 

98.2 10.3 
 

Silica 
 
2 104.7 4.4 
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Table A 9 Screening results for the removal of PFOA with different adsorbents 
(Figure 4.9) 

(initial conc: 25 μg/L; contact time: 48 hrs; sample volume: 400 ml)  

 Concentration (μg/L) Dosage (g/L) Removal % 

 
Blank 

 
24.3   

 
 
 
 

Adsorbents 
 
 
 
 

S2 9.3 0.6 61.6 

S4 3.7 0.6 84.7 

S5 0.9 0.6 96.2 

S6 14.8 0.6 39.2 

 
Silica 23.6 0.6 3.0 

 

 

 

 

Figure A3 Calibration curve for PFOA with direct injection 
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Table A10 Equilibrium study for the removal of PFOA with adsorbent S5 with SPE 
(Figure 4.10) 

(initial conc: 25 μg/L; contact time: 48 hrs; SPE volume: 200 ml) 

 Concentration 
(ng/L) Dosage (g/L) Removal % 

Blank 22690   

Adsorbent 
S5 

 
 
 
 

2448 0.025 89.2 

873 0.1 96.1 

108 0.2 99.5 

72 0.3 99.7 

88 0.4 99.6 

40 0.5 99.8 

29 0.75 99.9 

27 1 99.9 

Silica 21987 1 3.1 
 

 

 

Figure A4 Calibration curve for PFOA with SPE (SPE volume: 200 ml) 
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Table A11. Equilibrium experimental data for the removal of PFCs (concentrations are in μg/L) using adsorbent S4II (contact time: 48 hrs; 
sample volume: 200 ml)  (Figure 4.13) 

 Dosage 
(g/L) 

Perfluoro 
tridecanoic 

acid 

Perfluoro 
dodecanoic 

acid 

Perfluoro 
undecanoic 

acid 

Perfluoro 
Decanoic 

acid 

Heptafluoro 
octane salt 

Perfluoro 
Octanoic 

acid 

tridecafluoro 
hexane-1-

salt 

Tridecafluoro 
nonanoic 

acid 

Perfluoro 
heptanoic 

acid 

Undecafluoro 
hexanoic 

acid 
Blank  29.6 27.8 26.9 27.4 30.3 26.2 26.0 28.0 25.0 27.8 

Adsorbent 
S4II 

 
 
 
 

0.1 28.9 23.0 18.4 22.0 25.0 25.2 24.5 10.0 24.6 27.6 
0.2 25.8 18.9 16.1 21.3 24.5 24.0 22.8 13.2 22.7 26.1 
0.3 26.7 15.5 11.5 20.1 23.5 23.6 22.3 13.7 22.4 26.2 
0.4 23.6 10.4 11.5 13.1 17.6 21.0 18.6 9.9 20.3 23.4 
0.6 22.3 6.9 7.9 8.0 8.2 9.3 7.9 5.0 9.1 10.7 
1 20.4 3.8 7.1 6.0 5.0 7.8 4.5 3.3 6.9 6.9 

1.5 18.9 2.0 5.8 2.9 1.9 3.0 1.1 0.6 2.2 2.0 

Silica 1.5 22.0 22.9 25.3 28.7 32.4 30.5 28.1 27.1 22.4 31.5 
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Table A12 Equilibrium data with adsorbent S4II for the removal of BPA (Figure 
4.14) 

(initial conc: 100 μg/L; contact time: 48 hrs; sample volume: 200 ml) 

 Concentration 
(μg/L) 

Dosage (g/L) Removal % 

Blank 
sample 92.0   

 
 
 

Adsorbent 
S4III 

47.9 0.2 47.9 
30.9 0.4 66.3 
15.0 0.6 83.6 
14.3 0.8 84.4 
11.2 1.0 87.8 
7.6 1.5 91.7 

Silica 88.6 1.5 3.7 
 

 

 

Figure A5 Calibration curve for BPA 
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Table A 13. Experimental data from column experiment for the removal of estrogens with Adsorbent S4II (Co: Influent concentration 
(μg/L); Ce: Effluent concentration ((μg/L); n/a: concentration below detection limit) (Figure 4.16) 

Experimental conditions: initial conc: 100 μg/L; EBCT: 1 min; bed depth: 8 cm; flow rate: 41 ml/min 

 Estrogens 
  

  
Run time (hr) 

  
  0 1 2 3 4 5 6 7 9 11 13 15 19 23 27 31 35 45 53 

Estriol 
Co 126.5 105.6 104.3 113.0 128.0 124.9 123.0 120.8 120.8 120.8 138.0 138.0 123.3 130.9 130.9 107.0 107.0 90.7 87.2 
Ce n/a 0.1 1.3 5.7 9.1 17.1 25.2 25.2 44.2 50.2 60.3 59.6 56.9 34.5 52.4 54.0 79.3 63.3 66.6 

17 α EE 
Co 115.3 115.3 115.3 115.3 130.9 130.9 130.9 115.3 115.3 115.3 128.0 128.0 113.3 129.0 129.0 88.5 88.5 83.0 88.6 
Ce n/a n/a 0.3 1.7 2.9 6.7 11.0 11.7 25.5 33.3 36.8 39.7 44.0 26.3 42.1 34.8 43.5 39.2 58.1 

17 β estradiol 
Co 105.6 105.6 105.6 105.6 124.9 124.9 124.9 101.9 101.9 101.9 127.1 127.1 100.6 110.1 110.1 102.6 102.6 82.8 89.6 
Ce n/a n/a n/a n/a n/a 0.3 0.7 0.9 3.6 5.8 5.5 6.9 9.9 6.7 12.0 13.9 20.9 22.9 28.5 

17 α estradiol 
Co 104.3 104.3 104.3 104.3 123.0 123.0 123.0 101.6 101.6 101.6 128.2 128.2 100.2 117.0 117.0 97.0 97.0 85.2 89.2 
Ce n/a n/a 0.2 1.1 2.0 5.0 9.1 10.7 21.6 29.4 31.7 34.5 37.6 24.0 38.6 31.7 48.3 44.3 57.9 

Estrone 
 

Co 113.0 113.0 113.0 113.0 136.2 136.2 136.2 109.1 109.1 109.1 140.8 140.8 109.7 123.5 123.5 93.2 93.2 71.6 83.0 
Ce n/a n/a n/a 0.2 0.4 1.2 2.5 3.4 9.2 14.2 14.8 18.0 23.6 16.0 26.8 19.3 29.9 27.7 36.9 

17α 
dihydroequilin 

Co 135.3 135.3 135.3 135.3 146.9 146.9 146.9 126.5 126.5 126.5 151.3 151.3 118.4 140.8 140.8 103.9 103.9 90.9 98.2 
Ce n/a n/a 0.3 1.7 3.0 6.4 11.2 12.6 26.2 34.0 37.8 40.9 41.7 25.8 36.5 34.9 51.7 44.5 59.3 

Medrogestrone 
Co 133.2 133.2 133.2 133.2 139.2 139.2 139.2 116.9 116.9 116.9 118.4 118.4 84.0 89.3 89.3 52.0 52.0 50.5 75.5 
Ce 0.0 0.8 3.4 7.4 9.2 13.5 19.3 15.9 24.7 25.4 31.6 28.3 27.2 16.3 24.7 22.7 30.0 21.7 49.4 

Progesterone 
Co 101.4 101.4 101.4 101.4 119.7 119.7 119.7 98.0 98.0 98.0 111.9 111.9 83.2 92.9 92.9 69.1 69.1 59.7 87.2 
Ce n/a n/a 0.1 0.6 1.1 2.8 5.2 5.9 12.2 14.4 16.0 16.8 18.0 11.0 17.0 17.6 24.2 19.1 33.2 

Norgestrel 
Co 94.0 94.0 94.0 94.0 111.1 111.1 111.1 93.9 93.9 93.9 106.5 106.5 86.4 94.0 94.0 79.8 79.8 70.4 97.4 
Ce n/a 6.8 11.2 17.0 19.4 24.8 31.0 23.3 33.2 30.8 37.3 34.2 29.5 17.2 25.7 52.9 81.3 55.4 97.3 

Equilin 
Co 82.4 82.4 82.4 82.4 106.0 106.0 106.0 97.0 97.0 97.0 92.7 92.7 96.6 115.3 115.3 108.0 108.0 86.2 79.7 
Ce n/a n/a 0.4 0.5 0.5 0.7 4.6 4.9 9.9 13.1 12.7 14.7 15.3 13.4 23.9 19.0 39.0 37.6 56.5 
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Table A 14. Experimental data from column experiment for the removal of estrogens with Adsorbent S4III (Co: Influent concentration 
(μg/L); Ce: Effluent concentration ((μg/L) (Figure 4.17) 

Experimental conditions: initial conc: 100 μg/L; EBCT: 1 min; bed depth: 8 cm; flow rate: 41 ml/min 

 Estrogens 
  

  
Run time (hr) 

  
  0 1 2 3 4 5 6 7 8 10 12 14 16 18 22 26 30 34 

Estriol 
Co 73.6 73.6 67.4 67.4 67.4 53.2 53.1 71.3 71.3 65.7 57.1 53.8 57.0 82.7 82.7 98.1 61.2 55.9 
Ce 0.0 10.2 15.1 13.4 14.0 15.8 15.1 38.0 37.4 34.4 36.4 42.4 33.1 35.4 79.1 47.0 67.5 47.8 

17 α EE 
Co 77.7 77.7 69.6 69.6 69.6 53.9 51.3 62.5 62.5 60.5 58.9 51.7 57.2 89.1 89.1 95.7 57.3 57.8 
Ce 0.0 6.1 12.9 13.1 15.2 17.1 16.0 25.4 21.2 22.6 25.7 28.6 22.3 26.5 61.7 35.0 52.7 31.7 

17 β estradiol 
Co 78.6 78.6 74.6 74.6 74.6 56.6 55.2 56.4 56.4 56.4 56.7 57.1 60.5 70.7 70.7 84.9 70.0 54.6 
Ce 0.0 0.5 2.0 3.1 4.3 5.5 5.7 12.4 13.4 12.7 14.5 15.3 14.8 17.7 33.5 17.5 29.9 21.5 

17 α estradiol 
Co 68.9 68.9 68.1 68.1 68.1 50.6 51.0 59.9 59.9 55.3 45.2 46.2 57.0 75.1 75.1 89.6 52.3 66.7 
Ce 0.0 4.3 10.2 10.9 13.4 15.9 14.5 18.6 24.4 18.3 24.6 23.6 26.0 20.4 55.8 26.8 43.1 38.6 

Estrone 
 

Co 74.7 74.7 66.5 66.5 66.5 51.1 53.0 54.1 54.1 53.1 63.7 52.0 55.4 71.1 71.1 82.6 67.8 52.2 
Ce 0.0 1.1 4.6 6.3 8.9 10.6 10.2 14.5 15.0 13.8 26.6 20.7 27.1 18.3 40.9 18.9 36.1 25.0 

Medrogestrone 
Co 61.7 61.7 64.6 64.6 64.6 61.8 56.9 54.0 54.0 51.2 58.0 56.7 52.7 59.4 59.4 55.9 58.7 58.2 
Ce 0.0 10.5 12.1 10.2 10.8 12.5 12.1 18.5 18.0 15.1 18.7 19.5 26.4 29.1 34.3 32.2 49.5 53.0 

Progesterone 
Co 91.0 91.0 87.0 87.0 87.0 53.4 53.5 59.9 59.9 58.8 55.9 53.0 57.0 64.9 64.9 75.8 60.3 55.6 
Ce 0.0 5.6 10.4 5.9 4.5 7.2 7.7 23.0 22.8 19.0 23.2 25.7 22.8 25.4 46.8 26.7 42.0 38.2 

Norgestrel 
Co 69.8 69.8 63.9 63.9 63.9 55.6 57.7 60.2 60.2 59.3 61.9 59.6 54.1 67.4 67.4 80.6 56.6 50.9 
Ce 0.0 12.5 11.9 8.8 9.0 10.5 10.3 32.2 31.4 28.0 31.8 33.9 28.0 30.8 65.5 51.7 54.6 49.8 

Equilin 
Co 65.2 65.2 72.9 72.9 72.9 55.9 61.3 57.1 57.1 72.6 54.3 52.8 57.1 85.5 85.5 82.9 53.2 52.6 
Ce 0.0 2.4 8.0 7.8 8.7 13.6 12.1 17.4 17.3 15.7 22.9 22.0 26.2 20.0 57.3 23.9 37.2 35.2 
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Appendix B 
Table B 1. Structure and properties of ECs studied 

Name CAS number Formula Structure Molecular 
Weight 

Solubility 
mg/L 

Log Kow pKa 

Estrogens 
17�-estradiol 57-91-0 C18H24O2 272.38 5.4–13.35 4.015 10.46 ± 

0.033 
17β-estradiol 50-28-2 C18H24O2 272.38 5.4–13.35 4.015 10.712 

17�-Dihydroequilin 651-55-8 C18H22O2 270.37 0.886 4.346 
 

10.29 ± 
0.023 

Equilin 474-86-2 C18H20O2 268.36 8.786 4.226 
 

10.26 ± 
0.043 

Estriol 50-27-1 C18H24O3 288.38 0.826 2.776 
 

10.462 

Estrone 53-16-7 C18H22O2 

 

270.37 0.8–12.45 3.135 10.771 

17�-Ethinyl estradiol 77538-56-8 C20H24O2 296.38 4.8–19.15 3.675 10.40 ± 
0.013 

Gestodene 60282-87-3 C21H26O2 310.43 0.866 4.436 
 

N/A 

Medrogestone 977-79-7 C23H32O2 340.50 0.866 5.036 
 

N/A 

Norgestrel 6533-00-2 C21H28O2 312.45 0.866 4.276 
 

N/A 

Progesterone 57-83-0 C21H30O2 314.45 9.176 4.186 
 

N/A 

Trimegestone 74513-62-5 C22H30O3 342.47 9.766 4.256 
 

N/A 
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Appendix C 
 

Calibration curves for ECs studied 
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Limit of detection for ECs using UPLC/MS/MS 
Compound Detection limit Sample preparation 
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Appendix D 

 
Crosslinking reaction of β-CD with HMDI 

 

 
Crosslinking reaction of β-CD with EPI 
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A schematic representation of coating procedure 
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Appendix E 
 

 

 

Column set up 

 


