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ABSTRACT 

 

Occurrences and removals of pharmaceuticals and endocrine 

disruptors in water treatment  

 

Seung Woo Nam 

Major in Environmental Health 

Graduate School of Public Health 

Seoul National University 

 

Micropollutants have been discharged to surface waters by the untreated effluents in 

sewage treatment plants (STPs) and wastewater treatment plants (WWTPs). The 

contaminated waters are naturally utilized as a source of drinking water in water treatment 

plants (WTPs). Many micropollutants resist conventional WTP systems and survive in tap 

water. In particular, pharmaceuticals and endocrine disruptors (ECDs) are examples of 

frequently detected micropollutants in drinking water. Although chronic exposure to 

micropollutants in drinking water has unclear adverse effects for humans, peer reviews have 

argued that the continuous accumulation of these substances in water environments and 

inappropriate removal of them in WTP systems may potentially affect human health, in 

future. Therefore, WTP monitoring and effective elimination process studies for 
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pharmaceuticals and ECDs are required to control micropollutant contamination in drinking 

water. In this study, 14 micropollutants, which are frequently used in daily life and whose 

detection in domestic surface waters have been reported, were selected as the target 

compounds: acetaminophen, caffeine, carbamazepine, diclofenac, metoprolol, naproxen, 

ibuprofen, sulfamethoxzole, sulfamethazine, atrazine, 2,4-dichlophenoxyacetic acid, 

bisphenol A, nonylphenol, and triclocarban. The main objectives of this study were to 

visualize the fate and removal of the selected micropollutants in WTP systems and to 

contribute to efficient elimination of the pollutants by modification of the WTPs. The 

specific aims of this study were to (1) investigate the occurrence and behavior of the selected 

micropollutants in a WTP, and the dominant removal mechanisms in a conventional system, 

using liquid chromatography tandem mass spectrometer (LC-MS/MS) (Study 1); (2) 

elucidate the effects of natural contents (dissolved organic matters (DOM), water 

temperature, and pH) and operational conditions (adsorbent dosage and contact time) of the 

adsorption for the selected micropollutants, and estimate their sorption coefficients based on 

the hydrophobicity using Freundlich isotherm and linear isotherm (Study 2); (3) evaluate the 

removal efficiencies for metoprolol in chlorination (Cl2), ultraviolet (UV-C) radiation, and a 

Cl2/UV system, obtain the optimal conditions using two-level factorial design of experiments 

for metoprolol, and identify its byproducts in the suggested process (Study 3); and (4) 

evaluate the suitability of micropollution indicators for use in the monitoring of river water 

and various drinking waters, analyze the correlations of their co-occurrences with each other, 

and estimate their persistence in conventional water treatments (coagulation, adsorption, and 
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chlorination) and some advanced treatments (O3, UV, UV/peroxide (UV/H2O2), and Cl2/UV) 

(Study 4).  

Study 1 monitored the presence and behavior of the micropollutants in a WTP system. 

The levels of 14 micropollutants were measured in a water treatment plant in Seoul, Korea 

with LC-MS/MS. Among the measured micropollutants, 12 (all except atrazine and 

triclocarban) were found in the influent and effluent from the WTP, at levels ranging from 2 

ng/L to 482 ng/L. Concentrations of acetaminophen, metoprolol, ibuprofen, and naproxen 

were higher in winter, while levels of the herbicide 2,4-dichloro-phenoxyacetic acid (2,4-D) 

were higher in summer. Only a small amount of metoprolol was removed in the water 

treatment process. The average removal efficiencies of the detected micropollutants in the 

WTP diversely ranged from 6% to 100%. The laboratory experiment showed that 

micropollutants with log Kow higher than 2.5 (especially bisphenol-A, 2,4-D, carbamazepine, 

triclocarban, and nonylphenol) were effectively removed by the coagulation process. 

Sunlight photodegradation also effectively removed sulfamethoxazole, sulfamethazine, 

caffeine, diclofenac, ibuprofen, and acetaminophen. This study implied that the 

micropollutants were mainly removed during the coagulation stage in the WTP by the 

combination of several mechanisms, such as adsorption to the particles and sunlight 

photodegradation. 

Study 2 investigated the effect of carbon dosage, contact time, sorption coefficients, pH, 

DOM, and temperature on the removal of nine micropollutants (acetaminophen, caffeine, 

diclofenac, naproxen, sulfamethoxazole, sulfamethazine, atrazine, 2,4-D, and triclocarban) 
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by adsorption with activated carbon (AC). Increasing the carbon dosage and the contact time 

enhanced the removal of the micropollutants. The sorption coefficients of the hydrophilic 

compounds (caffeine, acetaminophen, sulfamethoxazole, and sulfamethazine) fit a linear 

isotherm, and the hydrophobic compounds (naproxen, diclofenac, 2, 4-D, triclocarban, and 

atrazine) fit a Freundlich isotherm. The removal of the hydrophobic pollutants and the 

caffeine were independent of pH changes, but acetaminophen, sulfamethazine, and 

sulfamethoxazole were adsorbed by mainly electrostatic interaction with AC; therefore, they 

were affected by pH. The decrease in adsorption removal in the surface water samples was 

observed and this decrease was significant for the hydrophobic compounds. The decline in 

the adsorption capacity in the surface water samples is caused by the competitive inhibition 

of DOM with micropollutants onto activated carbon. Low temperature (5C) also decreased 

the adsorption removal of the micropollutants, and that affected the hydrophobic compounds 

more than the hydrophilic compounds. The results obtained in this study could be applied to 

optimize the adsorption capacities of micropollutants using AC in the water treatment 

process. 

Study 3 assessed the degradation of metoprolol based on the type of treatment system, 

using Cl2, UV-C (λ=254 nm) and Cl2/UV, in order to investigate whether the disinfection for 

metoprolol removal was effective, and to predict the disinfection application at different 

conditions of UV light intensity (1.1-4.4 mW/cm
2
), chlorine dose (1-5 mg/L as Cl2), pH (2-9), 

and DOM (1-4 mgC/L), using a two-level factorial design for the experiments. The results 

showed that, among the three treatment options, the Cl2/UV process was the most effective 
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for metoprolol removal. For the optimization of metoprolol removal during Cl2/UV treatment, 

16 experiments, combining the four factors, were conducted to investigate the amount of 

metoprolol in distilled water after 1 hour of Cl2/UV treatment. Among the factors assessed, 

DOM inhibition of the OH radical was the most dominant in the terms of metoprolol 

degradation. The established model fitted well with the actual results in the experiments 

using surface water and tap water. The optimized conditions (UV-C = 4.4 mW/cm
2
;
 
[Cl2] = 5 

mg/L, pH = 7, and [DOM] = 0.8-1.1 mgC/L) of the model transformed more than 78.9% of 

the metoprolol in the Cl2/UV process. Five byproducts of metoprolol (molecular weights: 

171, 211, 309, 313, and 341) were identified with LC-MS/MS during the Cl2/UV process. 

The major degradation mechanisms of metoprolol were constructed, and these results may 

provide valuable information concerning advanced oxidation processes. metoprolol was 

effectively degraded in the Cl2/UV system, and the optimal conditions and unidentified 

byproducts were elucidated during the treatment process. 

Study 4 estimated the suitability of caffeine, metoprolol, sulfamethoxazole, and 

carbamazepine as indicator micropollutants of with detection in various types of water, such 

as river water, spring water, tap water, and bottled water. Moreover, the lab-scale experiments 

of coagulation, adsorption, chlorination, O3, UV, UV/H2O2, and Cl2/UV were conducted to 

confirm the persistence of the four nominated pollutants in the WTPs. All indicator 

candidates were detected > 80% in the river sample, and caffeine had the highest 

concentration (158.6 ng/L) and a positive correlation in the co-occurrences. However, the tap 

water contained a higher level of metoprolol (14.2-40.4 ng/L) than caffeine, and metoprolol 
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showed the lowest removal (10-18%) in the conventional treatments. Considering the 

detection and resistance in drinking water, metoprolol was recommended as an indicator 

micropollutant. Among the advanced oxidation processes, the Cl2/UV process was the most 

effective for removing the selected contaminants (90-100%). 

In conclusion, this thesis determined the fate and dominant removal mechanisms for 

micropollutants in WTPs, the effects of the control factors and the adsorption coefficients of 

the micropollutants in adsorption with AC, the optimized operational conditions of the 

Cl2/UV process for metoprolol as a recalcitrant micropollutant, and whether metoprolol 

could be a micropollution indicator in drinking water. According to the results of this thesis, 

many kinds of micropollutants can exist in WTPs at the level of parts-per-trillion (ppt) and 

parts-per-billion (ppb), and various technologies and related research are needed to examine 

the degradation of persistent micropollutants in order to supply the population with healthy 

drinking water. 

 

 

Keywords: micropollutants, pharmaceuticals, endocrine disruptors, water treatment plant, 
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Highlights 

 

Chapter 2: Occurrence and removal of selected micropollutants in a WTP 

 12 micropollutants were detected in Korean drinking water.  

 Seasonal variation of pollutant observed in influents in a WTP.  

 Fates and removals for the detected compounds were measured in each 

stage of WTP. 

 Physico-chemical property of contaminant is important in the treatment.  

 Adsorption and photolysis were major removal mechanisms.   

 

Chapter 3: Adsorption removals of micropollutants in water using activated 

carbon 

 Increment of carbon dose and contact time has positive effects in the 

adsorption of micropollutants.  

 Adsorption of some hydrophilic micropollutants followed with linear 

isotherm.  

 Ionized micropollutants were adsorbed on carbon surface with electrostatic 

interaction. 

 Dissolved organic carbon interfered micropollutant adsorption.  

 Low water temperature inhibited the adsorption of hydrophobic compounds.  
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Chapter 4: Metoprolol degradation in disinfection processes using 2 levels 

factorial design of experiments 

 Metoprolol in water was completely transformed by chlorine/UV process.  

 Dissolved organic matter affected the transformation of metoprolol as a radical 

scavenger.  

 The established model by 2-level factorial analysis was well explained to 

metoprolol removal.  

 Five by-products of metoprolol were identified during Cl2/UV treatment.  

 Hydroxyl radical and chlorine radical mainly transformed metoprolol. 

 

Chapter 5: Determination of indicator micropollutant in WTP 

 All selected micropollutants ubiquitously detected in drinking water sources. 

 Caffeine in the Han River had the good positive correlation of co-occurrence 

with others.  

 Metoprolol showed significant concentrations in the river and tap waters.  

 Metoprolol was found as the most persistence compounds among the indicator 

candidates. 

 Chlorine/UV process could effectively remove all the refractory compounds. 
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Chapter 1. Introduction 

 

1.1. Backgrounds 

As high-tech industries in the human society develop, many synthetic 

chemicals (> 100,000 compounds) are used in a variety of domestic, industrial, 

and agricultural applications in the present days (Kümmerer, 2004; 

Stackelberg et al., 2007). Most of them are easily removed by conventional 

waste treatment systems such as wastewater treatment plants, landfills, and 

artificial wetlands. However, some compounds such as pharmaceuticals, 

pesticides, and ECDs have been known about their persistence for the 

conventional treatment systems since the late 1990s (Halling-Sørensen et al., 

1998; Adams et al., 2002; Andreozzi et al., 2003; Rodriguez-Mozaz et al., 

2004; Carballa et al., 2005; Vieno et al., 2006; Gibs et al., 2007; Mompelat et 

al., 2009; Behera et al., 2011; Ratola et al., 2012). These pollutants are 

consistently discharged to waters at part per billion (ppb) or part per trillion 

(ppt) level, and accumulated in aquatic environment (Stackelberg et al., 2004; 

Okuda et al., 2008; Thuy et al., 2008). The presence of the compounds has 

become as a significant issue in the terms of human, and environmental health. 

Because the contaminated surface water can be a drinking water source and 

their toxological effects in water were unknown. Many studies on the health 
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effects of the pollutants have therefore been continuously conducted until now 

(Hansen, 2007; Kim et al., 2007; Baytak et al., 2008; Han et al., 2009; Kumar 

et al., 2010). The occurrence of unknown chemicals in drinking water made 

people uneasy, and the researches for the micropollutants control have been 

consistently conducted by the demand for safe drinking water. 

For such reasons, the trace compounds in waters were recognized as a 

pollutant group and needed to be clearly defined as terminologies such as 

emerging pollutants, contaminants of emerging concerns, and micropollutants. 

Table 1.1 is summarized definitions of the pollutants by some organizations. 

In the definition of these kinds of chemicals, the health risks for the 

compounds are unclear to conclude as hazardous materials, and numerous 

unidentified compounds might be existed in the group. Therefore, a 

comprehensive meaning must be assigned to the pollutants. Micropollutants 

can exactly cover the range for these compounds in many ways.  

Micropollutants contain compounds of many categories belonged to 

various materials; pesticides, medicines, cosmetics, flame retardants, 

perfumes, waterproofing and spot repelling treatments, plastifiers, insolating 

foams, etc (IEF, 2011). Among them, pharmaceuticals and ECDs (e.g. 

pesticides, flame retardants, and plastifiers) are anthropogenic pollutants 

oriented from human activities, and they have been frequently detected in 

waters. However, it is difficult to fundamentally control their source in our 
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environments. Because these compounds are consistently required to sustain 

human life, and the supplements of the chemicals are increasing every years. 

The annual production cost of pharmaceuticals was actually increased from 

$7.1 to $12.1 million in Korea during 2002–2009 (Korea Pharmaceutical 

Manufacturers Association, 2010). These trends imply that more contaminants 

will be discharged to water environment than before. Actually, many studies 

monitored contaminations of pharmaceuticals, and ECDs in various 

environments such as surface waters, ground waters, sea waters, drinking 

waters and wastewaters, and they reported the significant presences in the 

water environments (Boyd et al., 2003; Snyder et al., 2003; Chen et al., 2006; 

Kim et al., 2007a; Kumar and Xagoraraki, 2010; Wille et al., 2010; Capdeville 

and Budzinski, 2011). These kinds of micropollutants were therefore required 

to the efficient management in water environment.  

Therefore, in this thesis, 14 compounds were selected as target 

micropollutants which have been frequently detected in surface waters, and 

generally used for human activities, and livestock rearing. Among the 

pharmaceuticals, acetaminophen (ACT), caffeine (CFF), carbamazepine 

(CBM), diclofenac (DCF), ibuprofen (IBU), naproxen (NPX), metoprolol 

(MTP), sulfamethoxazole (SMZ), and sulfamethazine (SMA) are used widely 

across the world (Vanderford and Snyder, 2006; Stackelberg et al., 2007; 
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Santos et al., 2010). Among the EDCs, bisphenol-A (BPA), nonylphenol (NP), 

and triclocarban (TCB) are widely applied, while atrazine (ATZ) and 2,4-

dichloro-phenoxyacetic acid (2,4-D) are popular among pesticides (Oturan, 

2000; Ying et al., 2007; Soares et al., 2008; Beale et al., 2010).  

The accumulation of these micropollutants in the surface water may affect 

to the production of drinking water qualities, and occur the chronic exposure 

to human through the ingestion route (Stackelberg et al., 2004; Kim and 

Carlson, 2007; Huerta-Fontela et al., 2011). Because most source water in 

WTPs can be rivers, lakes, streams, and reservoirs. Effective treatment 

systems are therefore needed to reduce the micropollutant residues in WTPs. 

However, the previous studies suggested the uncertainties of removals for the 

pharmaceuticals, and ECDs in the conventional WTPs. Because conventional 

water treatment system was established to control the pollutants like organic 

compounds, heavy metals, disinfection byproducts, and pathogens which 

obviously exist in water and cause the adverse effect to human. Some of them 

monitored the actual removals of micropollutants (e.g. acetaminophen, 

caffeine, bisphenol-A, ibuprofen, and nonylphenol) at the influents and 

effluents of WTPs (Ternes et al., 2002; Stackelberg et al., 2004; Ternes et al., 

2004; Stackelberg et al., 2007), and the others tried to elucidate the removal 

mechanisms for the pollutants (e.g. coagulation, adsorption, and chlorination) 

using some laboratory experiments (Adams et al., 2002; Ternes et al., 2002; 
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Westerhoff et al., 2005; Thuy et al., 2008; Yamamoto et al., 2009). In the 

monitoring results, they showed different removals for the same compound in 

WTPs, and these results could not predict the average removals of the 

contaminants. Elucidations of main removal mechanisms were required to 

effectively eliminate the pollutants during treatment. Lab experiments without 

monitoring results directly showed the removal efficiencies of certain 

compounds, but multiple factors related to actual removal (i.e. consequential 

removal process; coagulation–sedimentation–sand filtration–disinfection) were 

not considered. 

For these reasons, feasible prediction and estimation of efficiencies for 

micropollutant removals should be considered the possible factors to 

simultaneously affect the elimination during treatment. These types of 

approaches were also needed both the monitoring for pollutant levels in WTPs, 

and bench scale experiments for scrutinizing the effects of factors in the 

removal mechanisms which can be generally applied to various 

micropollutants control. 
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Table 1.1. Definitions for the trace pollutants in the international organizations. 

Index Definition 

Organizations 

(abbreviation) 

Micropollutants Pollutants which exist in very small 

traces in water. 

European Environmental 

Agency (EEA, 2012) 

Emerging pollutants A substance currently not included in 

routine environmental monitoring 

programs and which may be candidate 

for future legislation due to its adverse 

effects and / or persistency. 

Network of Reference 

Laboratories for Monitoring 

of Emerging Environmental 

Pollutants  

(NORMAN, 2012) 

Emerging substances A substance that has been detected in 

the environment, but which is currently 

not included in routine monitoring 

programs and whose fate, behavior, and 

(eco)toxicological effects are not well 

understood. 

 

Contaminants of emerging 

concerns 

Chemicals are being discovered in 

water that previously had not been 

detected or are being detected at levels 

that may be significantly different than 

expected. 

United States  

Environmental Protection 

Agency  

(USEPA, 2012)  
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1.2. Micropollutants in environment 

 

Environmental pathways to surface water 

Pharmaceuticals are frequently detected in aquatic environment. 

Pharmaceuticals can be obtained at hospitals, drug stores, and convenience 

stores, and some of them are available without prescriptions (e.g. 

acetaminophen, ibuprofen, naproxen and aspirin). Although these chemicals 

are produced for human, and animal healthcare, they are not completely 

utilized in the body (Thomas and Foster, 2005). Residual compounds and its 

metabolites therefore excrete from human and animals to the wastewater. The 

waste drug of manufacture, and leftover also can be sources in the 

contamination.  

Endocrine disruptors (EDCs) such as natural hormones, pesticides, 

nonylphenol, bisphenol-A, and perfluorooctanesulfonic acids (PFOSs) are 

also noteworthy micropollutants with pharmaceuticals. These compounds 

release from the sources like plastic products, flame retardants, and foods to 

waters. Otherwise, they can be directly generated from human or animals 

(Poulsen et al., 2005; Prevedouros et al., 2006). The hormone-liked activity of 

these compounds have been significantly recognized as an adverse effect to 

human health (Sonnenschein and Soto, 1998; Birkett and Lester, 2003). EDCs 

in the body also are excreted to wastewater, and discharged to natural waters 
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like rivers, streams, lakes, and reservoirs.  

For such reasons, wastewater effluent is considered a main source of 

micropollutants contamination, and the pollutants exist in surface water. The 

leachate from the land fill, and contaminated soil can be another sources. 

Figure 1.1 shows the pathways of micropollutants contamination in 

environment. 

 

Fates and removals in environment 

Several factors can affect the presence of micropollutants when they come 

into the natural waters. These factors for the environmental fates must be 

considered the biological, and physico-chemical properties of the pollutants 

(Caliman and Gavrilescu, 2009). Assmuth and Louekari (2001) classified 

occurrences and removals of micropollutants as five categories of chemical-

related properties, environmental factors, transportation/retention, 

transformation, and accumulation. In the chemical-related properties, 

volatility, water solubility, stability in chemical structure, and partitioning 

properties of micropollutants are critical factors to remain dissolved in water. 

Environmental factors affect to move the pollutants from one phase to other 

phase (e.g. soil–water transfer). These are significantly related to natural 

conditions such as hydrology, atmosphere, pH, salinity, and temperature. 
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Physical mobility for the compounds is mainly determined by the factors of 

transportation/retention. These factors also are depended on the chemical-

related properties such as pKa, and octanol-water partitioning coefficients. 

Sorption, precipitation, complexation, and colloid formation are represented 

to the status of retention in water. Advection/dispersion, diffusion, and active 

transport mean the movement of the compounds.  

Transformation is closely involved with the removal of the pollutants in the 

natural environment, but it does not supply the complete mechanism for the 

elimination. These processes can be intermediate steps in the compound 

removal, or changes from the parent compounds to its byproducts. The 

appropriate application of transformation is therefore important to control the 

pollutant in water. Otherwise, accumulation is associated with the 

micropollutant contamination. This process is enable to absorb the compounds 

in vivo, and it can be an exposure route of micropollutants for ecosystem. 

Table 1.2 summarized the factors to affect the environmental fates of 

micropollutants in detail.  

 

Selection of the target micropollutants 

In this study, the target chemicals were selected from their domestic usages, 

occurrences in Korean rivers, and in other countries tap waters. In order to 

select the pharmaceuticals, this study considered the technical guidance of EU 
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(EU, 2003). According to the calculation from EU, the pharmaceutical, have 

annual drug production > 600kg/yr in Korea, can affect environment with 

their concentration in water. This production amount was calculated by (1.1)  

 

A =  
𝑃𝐸𝐶

(100−𝑅)/(365 × 𝑃×𝑉×𝐷×100)×109
 

(1.1) 

A: annual production (kg/yr) 

PEC: predicted environmental concentration (μg/L) 

R: removal efficiency (0~100%) 

P: population 

V: Sewage volume per person (L) 

D: dilution coefficient (=10) 

 

 

In the calculation of drug production, the population and daily sewage 

volume were assumed 48,000,000 and 340 L/day respectively. The removal 

efficiency was conservatively set to 0% and PEC was used 0.01 μg/L as the 

action limit of EMEA (European Agency for the Evaluation of Medicinal 

Products). In the previous study, Choi et al. (2008) determined target 

pharmaceuticals using this criteria. 

In addition, this study was to investigate the occurrences of micropollutants 

in drinking water. Unfortunately, little research is related to micropollutants in 
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Korean drinking water. The results of surface water in Korea were therefore 

considered in the selection of target pharmaceuticals and international data of 

drinking water was also referenced in the determination. Nine 

pharmaceuticals were selected as target compounds in this study (Table 1.3). 

The selected pharmaceuticals have been used more than 600 kg/yr, and the 

previous studies showed their significant concentrations in surface and 

drinking water. These results showed the possibility for the target compounds 

to be detected in the domestic tap water. Although MTP had never been tried 

the monitoring in Korean waters, it may be appeared in this study. Because 

MTP has shown the high concentration in other country drinking waters and 

the obvious domestic usage. CFF could not actually know production amount 

in Korea. This study therefore considered the total average intake of CFF 

from the drinking of tea, coffee, food etc. estimated by KFDA (Korea Food 

and Drug Administration) (KFDA, 2007). When considering the massive use 

of CFF, it could be predicted the ubiquitous concentration in water by the 

intake value. 

In the selection of ECDs, this study estimated the importance out of 27 

ECDs recommended as hazardous compounds in 2006 by the KME (Korean 

Ministry of Environment). Among the compounds, NP and BPA were 

produced more than 1000 ton/yr in the domestic industry (KME, 2007), and 

they were significantly detected in surface water and drinking water. 
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ATZ, 2, 4-D, and TCB are newly tried in this thesis because these compounds 

have the possibilities to potentially exist in Korean rivers. ATZ in water being 

consistently monitored as a pollutant of the unregulated trace hazardous compounds 

in drinking waters, although it is prohibited to use in the domestic agriculture 

according to a regulation for pesticide (KME, 2012). ATZ may be released to 

domestic water environment by the importing products. KME evaluated 167 ton/yr 

of ATZ use in domestic market through the imported chemical (KME, 2007). 

2,4-D is also a candidate to emerge in the surface water which frequently used as 

a herbicide in the treatment for golf course grass lawn, and agriculture (pesticide 

handbook, 2009). KME has monitored 2,4-D as a drinking water quality 

monitoring item although the results of detection were not accessible (KME, 2011). 

TCB is generally contained in biocides such as hand sensitizers, soaps, cosmetics, 

disinfectants and other household products. TCB is an adsorbable pollutant to attach 

to the natural particles or sediment layer due to its high hydrophobicity (log Kow > 

4), and undetectable in water space. However, the recent researches for TCB 

monitoring evidently showed its presence in water (Table 1.5). These 

concentrations for TCB indirectly indicated that the compound has been prevalently 

used by the human and abundantly released to water environment. 

 

Properties of the selected chemicals  

The target micropollutants were 14 compounds consisted of 9 
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pharmaceuticals, and 5 ECDs. Table 1.4 shows the chemical and physical 

characteristics of the pollutants. Molecular weights (M.W.) for the compounds 

are variously distributed in the range of 150–320. There are no compounds 

which have similar M.W. each other. These compounds therefore can be 

obviously separated from the column in the chromatographic analysis. In the 

chemical structures of the pollutants, sulfonamides (SMZ, and SMA) have 

similar chemical structures (-SO2-NH) among the compounds. Theses 

pharmaceuticals can cause potential allergic reactions such as skin rashes, 

eosinophilia and drug fever (Humans, 2007).   

Considering the governing factors for the micropollutants behaviors, the 

target compounds have individually unique properties in water. ACT, CFF, 

MTP, SMZ, and SMA relatively have higher water solubility (610–21600 

mg/L) than that of others. These compounds are soluble in water due to their 

low hydrophobicites (Log Kow< 2). Hydrophilic micropollutants do not absorb 

to the activated sludge in wastewater treatment plant, and they were persistent 

to biological degradation (Dolar et al., 2012; Nguyen et al., 2012). Rogers 

(1996) suggested three categories of sorption potential; low sorption potential 

(log Kow < 2.5), medium sorption potential (log Kow > 2.5, and < 4.0), and 

high sorption potential (log Kow > 4.0). DCF, IBU, BPA, NP, and TCB may be 

hydrophobic compounds to easily adsorb on the surface of natural particle, 
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sediments and dissolved organic matter (DOM).  

The dissociation constants (pKa) for sulfonamides show that SMA (pKa= 

5.7), and SMZ (pKa1= 2.6, and pKa2= 7.7) maintain to negative charge state at 

a neutral pH (=7). In particular, SMA is ionized to divalent anion at pH > 7. 

These compounds have the possibility to cause acid/base reaction to positive 

compounds in water. 

In the bioavailability of the compounds, ACT, CFF, and TCB have been 

categorized as readily biodegradable following acclimation of 

microorganisms (Gledhill, 1975; Zoeteman et al., 1980; Richardson and 

Bowron, 1985). 

 

Sources and occurrences of the selected micropollutants   

Garrison et al. (1976) firstly reported the concentration of clofibiric acid 

(blood lipid regulator) 0.8–2 μg/L in wastewater, and this result potentially 

showed the presence of micropollutants in water. Advanced scientific 

technologies (e.g. mass spectrometry) have caused the significant 

developments in the analysis for trace materials since the late of 1990s. The 

analytic methods are more enhanced, more micropollutants in waters are 

detected in the low levels (ppt or ppb), and the unidentified compounds are 

steady emerging from the natural water.   

The selected compounds were well-known micropollutants, and detected in 
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various water samples of worldwide. Table 1.5 shows the concentrations of 

these compounds in surface water, ground water, sewage water treatment 

plant (STP) effluents, wastewater treatment plant (WWTP) effluents, 

pharmaceutical production facility, and hospital effluents. These results 

implied that micropollutants have been ubiquitous pollutants in water 

environment. Among the compounds, ACT, CBM, CFF, DCF, IBU, NPX, 

SMA, SMZ, BPA, and NP are also detected in the domestic surface waters 

through the previous studies (Table 1.5).  

DCF, IBU, and NPX are widely used as NSAIDs (Non-steroidal anti-

inflammatory drugs), and these pharmaceuticals have their antipyretic for 

fever, and can relive the pain of infection. On occasion, ACT has been known 

for a NSAID because of its antipyretic effects, but it had too weak anti-

inflammatory effect to be a medicine of the kind. Regardless of their 

classification, they can be easily obtained in our daily life. Santos et al. (2010) 

reported that NSAIDs were the most detected therapeutic classes in the 

environment according to the previous results from 1997 to 2009.    

Antibiotics like SMA, and SMZ are took some advantage of antimicrobial 

agents by human, and animals. Sulfonamides have wide range of 

antimicrobial activity against both gram-positive and gram-negative bacteria 

(Morrow et al., 2001). Therefore, theses antibiotics are largely used as 

therapeutic drugs of livestock and feed additives in modern agricultural 
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practice for prevention and treatment of bacteria-borne diseases and improved 

growth rates (Kümmerer, 2009). Most of them release to water through the 

excretion and runoff from livestock farms. Huang et al. (2011) suggested that 

SMZ is the most detectable compound in municipal wastewater effluents 

among sulfonamides, and SMA is the most likely to be appeared in 

agricultural runoff.  

CFF is one of the drugs used worldwide, and annually produced hundreds 

of tons. CFF is utilized as a stimulant, generally contained in coffee, tea, 

chocolate, cocoa, and soft drinks. It is also a main ingredient of drugs such as 

analgesics, and cold medicines (Gardinali and Zhao, 2002). High 

concentration of CFF in water have been oriented from its massive usage. 

CFF also has the persistence in WWTPs due to its high solubility (Seiler et al., 

1999). Table 1.5 shows high concentrations (113200 ng/L) of CFF in several 

waters.  

CBM is generally used as anticonvulsant, and analgesics. It is resistant to 

the conventional treatments, and frequently detected in water environment. 

Nikolaou et al (2007) mentioned that CBM is biodegraded less than 10%, and 

the pollutant is susceptible to be accumulated in single microorganism (e.g. 

algae). These chemical properties, and WWTP discharges contributed the 

contamination in water, and CBM has become a representative micropollutant.  

  MTP is a medicine for hypertension, and thyrotoxicosis. The previous 
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studies reported high concentration in water samples although the 

environmental monitoring of MTP had little studies. Ternes et al. (2001a) 

measured 2080 ng/L of MTP in German STP effluents and Stan et al. (1997) 

reported 3-1540 ng/L in German surface water. Recently, Schrinks et al. (2010) 

detected MTP concentration < 2100 ng/L in Netherlands drinking water. 

These results indicated that MTP is recalcitrant compounds in STPs and 

WTPs.   

BPA, and NP are released from plastic products such as antioxidants for 

plastics, rubber, resins, and plasticizers (Piotrowska, 2005; ter Veld et al, 

2006). As people demand the convenient materials to manufacture in various 

human activities, production of plastic will be more increased than before. It 

is therefore important to monitor the compounds caused adverse estrogenic 

effects in vivo.   

2,4-D, and ATZ are generally used as herbicides. ATZ (log Kow = 2.81) and 

2,4-D (log Kow = 2.81) are hydrophobic compounds and they can be absorbed 

to sediment layer or natural particles such as clay and suspended solids. 

Runoff from agriculture and lawn surface is a main source in the water 

contamination. Pesticide compounds can be affected to their occurrences by 

seasonal change, and they can be more detected in summer than in winter 

(Byer et al., 2011). Because herbicide is mainly used during summer season.   
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Fig. 1.1 The fate of micropollutant in environment; WWTP= wastewater 

treatment plant, SWTP= Sewage water treatment plant, and WTP=water 

treatment plant (Heberer, 2002). 
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Table 1.2. The factors governing the behaviors of micropollutants in the environment (Assmuth and Louekari, 2001).   

Category Factor Examples of possible mechanisms 

Chemical-related properties  

 Solubility Ionic water soluble micropollutants; increased and dispersal/dilution 

 Volatility Some pesticide and industrial ECDs 

 Stability Many persistent organic halogenated compounds  

 Partitioning Non-polar micropollutants bind to solids and lipids, partition into soil/sediment and biota (solid/liquid/gas) 

Environmental   

 Hydrology Water as carrier; release pulses; leaching; freezing and thawing 

 Atmosphere Evaporation/precipitation (wet and dry); dusting  

 Geology Leaching to ground water depending on permeability, depth to saturated zone etc. 

 pH Affects ionic compounds (e.g. sulfonamides, and phenolics) 

 Salinity Osmoregulation; affects also fate of ionic species in coast gradients 

 Temperature Governs reactions; extremes (cold) increase stress; adapted hormonal functions 

 Photoperiodicity Marked effects on many hormone cycles (diurnal, lunar, annual) 

 Humus content Binder, carrier, reaction site etc. 

Transportation/retention  

 Sorption On humus/minerals; on natural particles; on plants and other biological tissues 

 Precipitation In sorbing particles or as salts; dynamic equilibria with resuspension 

 Complexation With other ligands (e.g. in humus) 

 Colloid formation With humus; may enhance transport of e.g. heavy metals in soil 

 Advection/dispersion In surface water, ground water (porous soil) 

 Diffusion In impermeable soils; slow but may be important overall 

 Active transport by humans/animals 
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Table 1.2. Continued.  

Category Factor Examples of possible mechanisms 

Transformation  

 Acid dissolution Of polar micropollutants in particular 

 Hydroxylation Important for many persistent organic compounds 

 Chemical adducts Methylation of metals, sulphurization etc. 

 Degradation/biotic  Depends on molecular structure and environment (pH, nutrients, redox) 

 Degradation/abiotic Photo-decay in surface water 

 Polymerization For some ECDs/conditions 

Accumulation   

 Bioaccumulation Bio-accumulation in food-chain, in tissues  

 Other accumulation In sediment and soils 
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Table 1.3. Annual domestic productions and occurrences in Korean surface 

waters and international drinking waters. 
Compounds Annual production 

(kg/yr)
a
 

Occurrences (ng/L) 

Domestic 

surface water
c
 

International 

drinking 

water
d
 

Pharmaceuticals (9)       

Acetaminophen 710872 4.1-127 0.7-210.1 

(C8H9NO2,=ACT)       

Caffeine 1823657
b
 0-373 6.8-270 

(C8H10N4O2,=CFF)       

Carbamazepine 9155 0-595 0.3-190 

(C15H12N2O,=CBM)       

Diclofenac 13875 8.8-127 0.2-2.5 

(C14H11Cl2NO2, =DCF)       

Ibuprofen 149346 11-414 0.6-1350 

(C13H18O2,=IBU)       

Naproxen 43136 20-483 0.2-26 

(C14H14O3,=NPX)       

Metoprolol 801 -
e
 5-2100 

(C15H25NO3,=MTP)       

Sulfamethoxazole 15334 1.7-82 0.3-80 

(C10H11N3O3S, =SMZ)       

Sulfamethazine 14797
f
 15-9120 <20 

(C12H14N4O2S, =SMA)       

a: Korean Pharmaceutical Manufacturers Association (2003); b: KFDA, 2007; 

c and d: the detail data was derived from Table 1.5-1.6 and e: unknown data; f: 

KFDA, 2006 
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Table 1.3. Continued.  
Compounds Annual production 

(kg/yr)
a
 

Occurrences (ng/L) 

Domestic 

surface water
c
 

International 

drinking water
d
 

ECDs (5)       

Atrazine 167000 1.8-18 15-62 

(C8H14ClN5,=ATZ)       

2,4-Diclorophenonxy -
 e
 -

 
 <109 

acetic acid       

(C8H6Cl2O3,=2,4-D)       

Bisphenol-A 1480000
g
 2.5-61 0.15-25 

(C15H16O2,=BPA)       

Nonylphenol 1459000 23.2-187.6 24-1073 

(C15H24O,=NP)        

Triclocarban - - <3 

(C13H9Cl3N2O=TCB)       

a: Korean Pharmaceutical Manufactures Association (2003); b: KFDA, 2007; 

c and d: the detail data was derived from table 1.5 and 1.6; e: unknown data; f: 

KFDA, 2006; g: KME, 2007 
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Table 1.4. Chemical properties of the target micropollutants. 
Analytes 

(Molar formula) 

CAS-No.  Water 

solubility a 

(mg/L) 

M.W. pKa  

(pKa /pKa 2) 

Log Kow Chemical structure  

Pharmaceuticals (9)        

Acetaminophen 

(C8H9NO2) 

103-90-2  14000 151.06 9.38 0.46b 

 
Caffeine 

(C8H10N4O2) 

 

58-08-2  21600 194.08 14 -0.5c 

 
Carbamazepine 

(C15H12N2O) 

 

298-46-4  17.7 236.09 7 2.47d 

 
Diclofenac 

(C14H11Cl2NO2) 

 

15307-79-6  2.37 295.02 4.15 3.91c 

O

OH
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Table 1.4. Continued.   

Analytes 

(Molar formula) 

CAS-No.  Water 

solubility a 

(mg/L) 

M.W. pKa  

(pKa /pKa 2) 

Log Kow Chemical structure  

Ibuprofen 

(C13H18O2) 

 

15687-27-1  21 206.13 4.51 3.64 c 

 
Naproxen 

(C14H14O3) 

 

22204-53-1  15.9 230.09 4.2 2.84c 

 
Metoprolol 

(C15H25NO3) 

 

56392-17-7  1000 267.18 9.68 1.88d 

 
Sulfamethoxazole 

(C10H11N3O3S) 

 

723-46-6  610 253.05 5.7 0.68c 

 

O
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Table 1.4. Continued.   

Analytes 

(Molar formula) 

CAS-No.  Water 

solubility a 

(mg/L) 

M.W. pKa  

(pKa /pKa 2) 

Log Kow Chemical structure  

Sulfamethazine 

(C12H14N4O2S) 

 

57-68-1  1500 278.08 2.6 

/7.7 

0.62e 

 
Endocrine disrupters (5)       

Atrazine 

(C8H14ClN5) 

1912-24-9  34.7 215.09 1.85 2.67f 

 
2,4-D 

(2,4-dichlorophenoxyacetic acid 

C8H6Cl2O3) 

94-75-7  677 219.97 2.73 2.81g 
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Table 1.4. Continued.   

Analytes 

(Molar formula) 

CAS-No.  Water 

solubility a 

(mg/L) 

M.W. pKa  

(pKa /pKa 2) 

Log Kow Chemical structure  

Bisphenol-A 

(C15H16O2) 

80-05-7  300 228.12 9.59 3.4h 

 
Nonylphenol 

(C15H24O)  

25154-52-3  6.35 220.18 10.3 4.48i 

OH

 
Triclocarban 

(C13H9Cl3N2O) 

101-20-2  0.0023 313.98 12.7 4.2-6j 

 

a: (HSDB, 2011), b: (Stackelberg et al., 2007; Sabourin et al., 2009), c: (Bones et al., 2006), d: (Gros et al., 2006), e: (Henry et al., 1976), 

f: (Brudenell et al., 1995; Schmitt et al., 1996; Lertpaitoonpan et al., 2009), g: (Rodil et al., 2009), h: (Staples et al., 1998), i: (Nghiem and Schafer, 

2006), j: (Snyder and Allene, 2009) 
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Table 1.5. Distributions of the target micropollutants in various water matrixes. 

Compounds Water sample Country Concentration 

(ng/L) 

References 

Acetaminophen    

 Surface water Serbia 78170 (Grujić et al., 2009) 

 Surface water Korea 5–127 (Choi et al., 2008) 

 Surface water Korea 4.1–7.3 (Kim et al., 2007a) 

 STP effluent Korea 5–9 (Choi et al., 2008) 

 STP effluent Korea 1.9–19 (Kim et al., 2007a) 

 STP effluent Spain 32–4300 (Gómez et al., 2007) 

 STP influent Spain 29000–24600 (Gómez et al., 2007) 

 STP influent Korea 13046–56944 (Choi et al., 2008) 

 Ground water USA 380 (Barnes et al., 2008a) 

 Hospital effluent Taiwan 62250 (Lin and Tsai, 2009) 

 Pharmaceutical  

production 

facility 

Taiwan 124 (Lin and Tsai, 2009) 

Caffeine     

 Surface water Germany  65–6798 (Loos et al., 2010b) 

 Surface water Denmark 65–382 (Matamoros et al., 2012) 

 Surface water China 339 (Yang et al., 2013) 

 Ground water United 

Kingdom  

45 (Stuart et al., 2011) 

 Surface water Korea 0-373 (Choi et al., 2008) 

 Ground water Europe 189 (Loos et al., 2010a) 

 Ground water USA 290 (Fram and Belitz, 2011) 

 WWTP influent Greece 17100–113200 (Kosma et al., 2010) 

 WWTP influent Taiwan 5173–17500 (Lin et al., 2009a) 

 WWTP influent USA 26567 (Conkle et al., 2008) 

 WWTP effluent Korea 3600 (Park, 2006) 

 WWTP effluent Korea 19-873 (Choi et al., 2008) 

 WWTP effluent Korea 23–776 (Kim et al., 2007a) 

 WWTP effluent Taiwan 19–1727 (Lin et al., 2009a) 

 WWTP effluent USA 28 (Conkle et al., 2008) 

 WWTP effluent Greece 1900–13900 (Kosma et al., 2010) 

STP: Sewage Treatment Plant; WWTP: WasteWater Treatment Plant 
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Table 1.5. Continued. 

Compounds Water sample Country Concentration 

(ng/L) 

References 

Carbamazepine   

 Surface water Korea 4.5–61 (Kim et al., 2007a) 

 Surface water Korea < 595 (Kim et al., 2009) 

 Surface water Korea 5–36 (Choi et al., 2008) 

 Surface water USA 6.8 (Benotti et al., 2009) 

 Ground water Germany 45 (Reddersen and Heberer, 2003) 

 STP effluent Korea 73–729 (Kim et al., 2007a) 

 Hospital effluent Spain 30–70 (Gómez et al., 2006) 

 STP effluent Sweden 1680 (Bendz et al., 2005) 

 STP effluent Japan 10.8–163 (Nakada et al., 2006) 

 STP influent Korea 5–451 (Choi et al., 2008) 

Diclofenac   

 Surface water Korea 8.8–127 (Kim et al., 2007a) 

 Surface water China < 147 (Zhao et al., 2009) 

 Surface water Germany 42–67 (Weigel et al., 2004) 

 Surface water Sweden 10–120 (Bendz et al., 2005) 

 Surface water United 

Kingdom 

20–91 (Hilton and Thomas, 2003) 

 STP effluent Korea 8.8–127 (Kim et al., 2007a) 

 STP effluent Sweden 120 (Bendz et al., 2005) 

 STP effluent Spain 200–3600 (Gómez et al., 2007) 

 Hospital effluent Taiwan 328 (Lin and Tsai, 2009) 

 STP influent United 

Kingdom 

350–460 (Hilton and Thomas, 2003) 

STP: Sewage Treatment Plant; WWTP: WasteWater Treatment Plant 
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Table 1.5. Continued. 

Compounds Water sample Country Concentration 

(ng/L) 

References 

Ibuprofen      

 Surface water Korea 11–38 (Kim et al., 2007a) 

 Surface water United 

Kingdom 

144–2370 (Roberts and Thomas, 2006) 

 Surface water Germany 60–152 (Hernando et al., 2006) 

 Ground water USA 3110 (Barnes et al., 2008b) 

 Surface water Korea 5–414 (Kim et al., 2009) 

 STP effluent Korea 10–137 (Kim et al., 2007a) 

 STP effluent USA 18 (Thomas and Foster, 2004) 

 STP effluent Taiwan 313–3777 (Lin et al., 2009a) 

 STP influent Spain 37–860 (Hernando et al., 2006) 

 STP influent Taiwan 711–17933 (Lin et al., 2009a) 

Metoprolol     

 Surface water Spain 90 (Huerta-Fontela et al., 2011) 

 Surface water Spain 2.3–33.88 (Silva et al., 2011) 

 Surface water France 0.5–2 (Vulliet et al., 2011) 

 Surface water China 24.8 (Yu et al., 2011) 

 Surface water Sweden 47 (Daneshvar et al., 2010) 

 Surface water United 

Kingdom 

7–10 (Kasprzyk-Hordern et al., 2008) 

 Surface water USA 12 (Batt et al., 2008) 

 WWTP effluent Sweden 274 (Daneshvar et al., 2010) 

 WWTP influent China 121 (Yu et al., 2011) 

 WWTP effluent Spain 61–154 (Martínez Bueno et al., 2007) 

 WWTP effluent United 

Kingdom 

68 (Kasprzyk-Hordern et al., 2008) 

STP: Sewage Treatment Plant; WWTP: WasteWater Treatment Plant 
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Table 1.5. Continued. 

Compounds Water sample Country Concentration 

(ng/L) 

References 

Naproxen     

 Surface water Sweden 90–250 (Bendz et al., 2005) 

 Surface water China < 118 (Zhao et al., 2009) 

 Surface water Germany 70 (Hernando et al., 2006) 

 Surface water Korea 20–483 (Kim et al., 2007a) 

 STP effluent Japan 12–139 (Nakada et al., 2006) 

 STP effluent Belgium 625 (Hernando et al., 2006) 

 STP effluent Sweden 250 (Bendz et al., 2005) 

 STP influent Sweden 3650 (Bendz et al., 2005) 

 STP influent Spain 109–455 (Hernando et al., 2006) 

 STP influent Japan 38–230 (Nakada et al., 2006) 

Sulfamethoxazole     

 Surface water Korea 1.7–36 (Kim et al., 2007a) 

 Surface water Korea 5–82 (Choi et al., 2008) 

 Surface water USA 150 (Kolpin et al., 2002) 

 Surface water USA < 300 (Brown et al., 2006) 

 Surface water Italy  402 (Perret et al., 2006) 

 Ground water USA 1110 (Barnes et al., 2008b) 

 Hospital effluent Taiwan 1335 (Lin and Tsai, 2009) 

 STP effluent Korea 3.8–407 (Kim et al., 2007a) 

 STP effluent USA 310 (Brown et al., 2006) 

 STP influent USA < 1000 (Brown et al., 2006) 

 STP influent Korea 156–984 (Choi et al., 2008) 

STP: Sewage Treatment Plant; WWTP: WasteWater Treatment Plant 
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Table 1.5. Continued. 

Compounds Water sample Country Concentration 

(ng/L) 

References 

Sulfamethazine    

 Surface water Korea 310–9120 (Ok et al., 2011) 

 Surface water Korea 15 (Kim et al., 2008) 

 Surface water China 100 (Wei et al., 2011) 

 Surface water China 5.25 (Li et al., 2012) 

 Ground water USA 360 (Barnes et al., 2008b) 

 STP effluent Korea 114 (Behera et al., 2011) 

 STP effluent USA 2.4–13.5 (Bartelt-Hunt et al., 2009) 

 STP influent Korea 132 (Behera et al., 2011) 

 STP influent USA 160 (Karthikeyan and Meyer, 2006) 

 Pharmaceutical 

Production 

facility 

effluent 

Taiwan 178 (Lin and Tsai, 2009) 

Atrazine      

 Surface water USA 40 (Bidwell et al., 2010) 

 Surface water USA 4.7–3600 (Klečka et al., 2010) 

 Surface water USA 0.5–0.9 (Dougherty et al., 2010) 

 Surface water Korea 1.8-18 (Yoon et al., 2010) 

 Surface water China 55 (Qu and Fan, 2010) 

 Surface water Spain 52–451 (Claver et al., 2006) 

 Surface water Canada 5.8–52.7 (Donald and Cessna, 2007) 

 Surface water Canada 80–300 (Byer et al., 2011) 

 Ground water Europe 8 (Loos et al., 2010a) 

 Ground water Switzerland 1–179 (Morasch, 2013) 

 Ground water China 0.5–816.3 (GENG et al., 2013) 

 WWTP effluent Spain 124 (Köck-Schulmeyer et al., 2013) 

 WWTP effluent Switzerland 25–34 (Morasch et al., 2010) 

 WWTP effluent Spain 2 (Cabeza et al., 2012) 

 STP influent Switzerland 52–59 (Morasch et al., 2010) 

STP: Sewage Treatment Plant; WWTP: WasteWater Treatment Plant 
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Table 1.5. Continued. 

Compounds Water sample Country Concentration 

(ng/L) 

References 

Bisphenol-A    

 Surface water USA  81 (Klečka et al., 2009) 

 Surface water Korea 4.5-61 (Yoon et al., 2010) 

 Surface water Korea 2.5-4.3 (Duong et al., 2010) 

 Surface water Europe 10 (Klečka et al., 2009) 

 Surface water Germany 28–68 (Loos et al., 2010b) 

 Surface water China 1194–1574 (Zhou et al., 2009) 

 Surface water USA 6000 (Benotti et al., 2009) 

 Surface water Canada 6100 (Kleywegt et al., 2011) 

 Surface water Japan 500–900 (Kang and Kondo, 2006) 

 WWTP effluent USA 281–3642 (Drewes et al., 2005) 

 STP influent United 

Kingdom 

1105 (Hernando et al., 2004) 

 STP effluent United 

Kingdom 

19.2 (Hernando et al., 2004) 

2, 4 dichloro phenoxyacetic acid     

 Surface water USA 44–60 (Oppenheimer et al., 2011) 

 Surface water Netherland < 200 (Schriks et al., 2010) 

 Surface water Canada 370.5 (Glozier et al., 2012) 

 Surface water Mexico 5–38 (Félix–Cañedo et al., 2013) 

 Surface water China 5.6–6.2 (Zhao et al., 2009) 

 Ground water Europe < 12 (Loos et al., 2010a) 

 Ground water Spain 3–6.4 (Postigo et al., 2010) 

 STP effluent Spain 33.4 (Kuster et al., 2008) 

 STP effluent Spain 21.4 (Kuster et al., 2008) 

 WWTP influent USA 248 (Oppenheimer et al., 2011) 

STP: Sewage Treatment Plant; WWTP: WasteWater Treatment Plant 
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Table 1.5. Continued. 

Compounds Water sample Country Concentration 

(ng/L) 

References 

Triclocarban    

 Surface water USA 9–1550 (Kumar et al., 2010b) 

 Surface water USA 4.6–55 (Kumar et al., 2010b) 

 Surface water USA 3.3–41 (Kumar et al., 2010b) 

 Surface water USA 8.8–75 (Kumar et al., 2010b) 

 Surface water USA  10–2230 (Young et al., 2008) 

 Surface water USA 10–600 (Young et al., 2008) 

 Surface water USA 0.45–486 (Young et al., 2008) 

 Surface water USA 19–1425 (Brausch and Rand, 2011) 

 WWTP influent Spain 4.7 (González-Mariño et al., 2009) 

 WWTP influent USA 6700 (Rolf and Paull, 2005) 

 WWTP effluent USA 80–190 (Coogan et al., 2007) 

 WWTP effluent USA 110 (Rolf and Paull, 2005) 

Nonylphenol    

 Surface water USA 800 (Kolpin et al., 2002) 

 Surface water Germany 28–1220 (Fries and Püttmann, 2003) 

 Surface water USA 100–500 (Rice et al., 2003) 

 Surface water Canada < 92 (Sabik et al., 2003) 

 Surface water Korea 23.2–187.6 (Li et al., 2004) 

 Surface water China 1900–32800 (Wu et al., 2007) 

 STP effluent China 1500 (Shao et al., 2003) 

 STP effluent Norway 50–1310 (Johnson et al., 2005) 

 STP effluent Japan 100–900 (Nakada et al., 2006) 

 STP influent Japan 500–1100 (Nakada et al., 2006) 

STP: Sewage Treatment Plant; WWTP: WasteWater Treatment Plant 
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1.3. Occurrences and removals in water treatment 

 

Occurrences of pharmaceuticals, and ECDs in surface waters has been the 

issues and widely evaluated recently. Although wastewater effluents contained 

the untreated micropollutants, WWTPs defenselessly discharge to rivers, lakes, 

streams, and reservoirs. The released contaminants can be naturally adhered to 

some area (e.g. sediments), or they may be transported to another site by 

hydrologic effects. These compounds also can be simultaneously transformed 

to their byproducts by chemical and biological degradations in surface water 

(Monteiro and Boxall, 2010). However, some of the micropollutants are still 

likely to survive, and they can be accumulated in surface water (Zhou et al., 

2009b).   

Surface water is commonly reused as a new water sources in areas with 

growing urban populations. The micropollutants in surface water therefore are 

possible to enter WTPs, and their presences in the drinking water were 

actually reported by the previous researchers. Grundwasser et al (1998) firstly 

reported that clofibiric acid had high concentration in berlin tap water (> 165 

ng/L), and McLachlan et al (2001) also described the presence of ECDs such 

as 17β-estradiol (hormone), and nonylphenol in the effluent of WTP. A few 

researches have continuously reported monitoring results of micropollutants 
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in drinking waters thereafter. Table 1.6 shows concentrations of 

micropollutants in tap waters. These compounds have been maintained 

significant levels although they had low concentrations in tap waters. 

Therefore, people can be unconsciously exposed to these compounds through 

drinking, showering, and bathing in tap water.  

The removals for these compounds in treatment system became a notified 

concern in the drinking water production. Because the presence of the 

pollutants in drinking waters evidently implied that the conventional systems 

can not completely eliminate micropollutants in WTPs, and the water 

treatment facilities were not operated to remove the micropollutants which are 

unregulated by legislations (Stackelberg et al., 2004; Kim et al., 2007a; 

Huerta-Fontela et al., 2011). The most contaminants had large uncertainties to 

fluctuate their removal efficiencies in WTPs. For these reasons, several 

studies tried to estimate the overall removals of wastewater-related pollutants 

in WTPs. Table 1.7 summarized the removals of the pollutants in WTPs. Gibs 

et al. (2007) evaluated the removals of 113 micrpollutants during a 

consequent treatment of coagulation/sedimentation, sand filtration, and 

chlorination. Their results showed that ACT, DCF, and SMZ had high 

removals (> 95%) in the process. However, the extreme changes for the 

elimination of some compounds (e.g. CFF, CBM, and BPA) caused during the 

treatments. Unpredictable removal trends for the pollutants also were 
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inconsistently found in other previous studies (Rodriguez-Mozaz et al., 2004; 

Stackelberg et al., 2004; Benotti et al., 2009). For instance, these studies 

showed that the removals for same contaminant were contrary to each other. 

In particular, CFF (42–99%), CBM (-46–99%), ATZ (-53–99%), and BPA (-

78–99%) were evaluated both high and low eliminations in WTPs (Table 1.7). 

Because they had many differences related to configuration of process, 

territorial condition, climate, and method for measurement. However, 

unknown removal mechanisms for micropollutants were the most serious 

problems in water treatments.  

 

Health effects and regulations  

Generally, a pollutant is defined as a substance which has deleterious 

effects of ecosystem and endangers human health (Larssion, 1957). Negative 

impacts for environment and human can be critical preconditions as 

contaminants. However, some of micropollutants were unidentified their 

influences in the ecosystem, and human society.  

Pharmaceuticals have raised concerns about the impacts of unintentional 

exposure on ecological communities. Numerous estimations of their health 

effects are carrying out, and some of them suggested significant 

ecotoxicological effects in the aquatic environment. Table 1.8 summarized the 

results of 14 micropollutants in ecosystem. Among the compounds, CBM, 
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DCF, IBU, NPX, MTP, SMZ, ATZ, and TCB had the toxicities for some 

creatures in the level of μg/L–ng/L. Although these results are suggested as 

acute toxicity values by short–term exposures, the compounds can affect 

adverse effect to aquatic invertebrates with only low water concentrations. 

Considering the food-chain, these exposures continuously caused 

bioaccumulation in vivo. Chronic exposures in human bodies may be 

potentially occurred unknown health effects in the future. However, it is 

difficult to elucidate the chronic toxicity of pharmaceuticals in drinking water 

for human (Stackelberg et al., 2004; Zwiener, 2007). For example, 

Stackelberg et al. (2004) suggested that the total drinking water ingestion of 

CBM (e.g. 13 mg) in lifetime was less than that of single therapeutic dose 

(100 mg).  

However, the chronic effect by the ingestion of contaminated drinking 

water for a lifetime is not equal to an acute effect by single dose of a certain 

chemical. Some of previous researches mentioned the health risks for human 

through the chronic exposure of pharmaceuticals in drinking water (Table 1.9). 

Kümmerer (2001) mentioned the possibility of synergic effects caused by 

exposures to multiple micropollutants. For instance, Collier (2007) suggested 

that IBU (24 μg) and DCF (4 μg) can cause the health effects such as 

premature closure of the ductus arteriosis and adverse hemodynamic changes 

for pregnant women with the chronic exposure to drinking water for 9 month. 
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Pomati et al. (2008) showed the mixture toxicity of atenolol (100-10000 ng/L), 

bezafibrate (10-1000 ng/L), ciprofloxacin (10-1000 ng/L), and lincomycin 

(10-1000 ng/L) in the exposure to human cell (OVCAR3). In contrast to 

synergy effects, Schriks et al. (2010) suggested the human health impact of 

individual pharmaceutical in drinking water exposure and their results showed 

significant hazard quotients (HQ) of MTP (4 x 10
-2

), CBM (3 x 10
-2

), SMZ 

(7x 10
-5

) when compared to HQ of benzene (10
-1

). Especially, MTP had the 

highest HQ among the estimated pharmaceuticals. However, many 

pharmaceuticals in drinking water are not completely elucidated their effects 

on public health. Further studies on human health effect of pharmaceuticals 

are required. 

In the contrast, ECDs have more evident human health effects than that of 

pharmaceuticals. ATZ caused congestion of hearts, hypotension, and weight 

loss with oral ingestion, and its reference dose (RfD) for chronic oral 

exposure is 35 μg/kg∙day (IRIS, 1993). The chronic oral dose of BPA (50 μ

g/kg∙day) affects to organizational changes of prostate, breast, testis, 

mammary glands, body size, and brain structure via drinking water 

(Vandenberg et al., 2012). NP is associated with breast cancer increase and 

sperm count decline for human deformities (Sharma et al., 2009). 2, 4-D (RfD: 

10 μg/kg∙day) is known for a possible human carcinogen (Class 2B, IARC, 

1987), and it caused liver necrosis, eye and skin irritation (WHO, 1984). TCB 
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causes methemoglobinemia in humans (Rolf and Paull, 2005).   

The global water stress is more serious, since the demand on the water 

reuse is more increased to human life. The derived water source from the 

WWTP effluents can be reused to tap water production. Actually, water 

shortage can make WTP use the WWTP effluents as a drinking water 

source in the extreme dry seasons (Falconer et al., 2006). For instance, 

the long drought in California, Texas, and Florida states, USA has caused 

the problem of drinking water supply. ‘Toilet to tap project’ has therefore 

been started to solve the increased water demand problem in the dry 

season since 1999 (Potera and Carol, 2000). In contrast to the drought 

cases, the impact of WWTP effluents on the water source has been an 

issue in the public health. Moreover, the decreased amounts of surface 

waters by global warming and climate change will occur more 

concentrated micropollution than before (Drewes et al., 2000; Jones et al., 

2005). 

In the terms of human health, the micropollutant contamination may 

have the potential adverse effects on public health. Although the health 

effect of trace contaminants is unclear, people can increase the negative 

attitude for the reused tap water. Therefore, further studies on long–term 

exposure are steadily needed to completely know the adverse effects of 

micropollutants for human health. 
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As the micropollutants become emerging issues in public health, the water 

quality standards, and guidelines for them are considered to supply safe water 

to people. Some ECDs (e.g. ATZ, and 2,4-D) already have been controlled the 

environmental loads because of their toxicity, and health risk. A water quality 

standard for a contaminant generally is determined by a result of human risk 

assessment (HRA) which is consisted of four steps; (1) Hazard identification, 

(2) Exposure assessment, (3) Toxicity assessment, and (4) Risk 

characterization (Schwab et al., 2005; Bercu et al., 2008; Cunningham et al., 

2009; Cunningham et al., 2010; Kumar et al., 2010a). However, most of the 

micropollutants have uncertain risk for human. Because their concentrations 

in water can not exactly quantify to suggest the environmental concentration, 

and the information of their toxicities are unknown. It is therefore difficult to 

establish the water quality standards for the micropollutants which have 

inappropriate data in HRA. Table 1.10 described the water quality standards 

of some micropollutants in governmental agencies. ATZ, and 2,4-D are not 

only regulated as pesticides but also as micropollutants. The standards for 

these compounds are defined by several countries such as USA, Canada, 

European union, and Australia although they have quite different the pollutant 

levels in the water quality.  

Recently, European union is considering the environmental quality 

standards (EQS) of micropollutants to control the discharge of certain 
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dangerous substances. Water framework directive (2008/105/EC) contained 

the standards of the micropollutants such as ATZ, and NP. These standards are 

carefully classified as annual average value (AA–EQS) for long–term 

exposure, and maximum allowable concentrations (MAC–EQS) for short term 

exposure. DCF, 17α ethinylestradiol (estrogenic hormone), and 17β estradiol 

(sex hormone) are newly added to the list of priority substances (SCHER, 

2011). These standards implied that low hazardous pharmaceuticals in water 

must be controlled by stringent regulations.  

The micropollutants are not yet controlled in Korea. However, the domestic 

environmental agencies (e.g. ministry of environment, national institute of 

environmental research, and K–water) are steadily carrying out monitoring for 

unregulated trace hazardous compounds (e.g. ATZ, and 2,4-D included), and 

their risk assessment in drinking water. Further data of health effects are 

required to appropriately add micropollutants to the list of domestic water 

quality standard. 
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Table 1.6. Concentrations of micropollutants in tap waters. 

Compounds Country Concentration (ng/L) Reference 

Pharmaceuticals    

Acetaminophen France 210.1 (Togola and Budzinski, 2008) 

 USA < 160 (Focazio et al., 2008) 

 France 0.7–45 (Vulliet et al., 2011) 

Caffeine France 22.9 (Togola and Budzinski, 2008) 

 USA < 270 (Focazio et al., 2008) 

 Canada 6.8–108 (Chen et al., 2006) 

Carbamazepine France 43.2 (Togola and Budzinski, 2008) 

 Germany <50 (Ternes, 2001a; Ternes, 2001b) 

 USA < 190 (Focazio et al., 2008) 

 Canada 0.8–135 (Chen et al., 2006) 

 France 0.3–32 (Vulliet et al., 2011) 

 Canada 5.6 (Garcia-Ac et al., 2009) 

Diclofenac Germany < 6 (Ternes, 2001a; Ternes, 2001b) 

 France  2.5 (Togola and Budzinski, 2008) 

 France 0.2–1 (Vulliet et al., 2011) 

Ibuprofen France 0.6 (Togola and Budzinski, 2008) 

 Finland 8.5 (Piironen et al., 2000) 

 USA < 1350 (Loraine and Pettigrove, 2006) 

 USA < 270 (Focazio et al., 2008) 

 Germany < 3 (Ternes, 2001a; Ternes, 2001b) 

 France 1.3 (Vulliet et al., 2011) 

Naproxen France 0.2 (Togola and Budzinski, 2008) 

 France 0.5 (Vulliet et al., 2011) 

 Europe  < 26 (Hernando et al., 2006) 

Metoprolol Germany < 5 (Ternes, 2001a; Ternes, 2001b) 

 Finland 60 (Vieno et al., 2007) 

 Netherlands <2100 (Schrinks et al., 2010) 

Sulfamethoxazole Germany < 20 (Ternes, 2001a; Ternes, 2001b) 

 USA 3–3.4 (Ye et al., 2007) 

 Canada 0.3–0.5 (Chen et al., 2006) 

 France 0.8 (Vulliet et al., 2011) 

 Italy < 80 (Perret et al., 2006) 

Sulfamethazine Germany < 20 (Ternes, 2001a; Ternes, 2001b) 
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Table 1.6. Continued. 

Compounds Country Concentration (ng/L) Reference 

Endocrine disruptors   

Atrazine Canada 15–28 (Garcia-Ac et al., 2009) 

 Spain 25–62 (Quintana et al., 2001) 

Bisphenol-A Canada 0.45–0.76 (Chen et al., 2006) 

 Spain 6–25 (Casajuana and Lacorte, 2003) 

2, 4-D Spain < 109 (Rodil et al., 2009) 

Nonylphenol Canada 67–72 (Chen et al., 2006) 

 Spain 24 (Casajuana and Lacorte, 2003) 

 Spain 85 (Petrovic et al., 2003) 

 China < 1073 (Li et al., 2010) 

Triclocarban USA < 3 (Halden and Paull, 2005) 

 

 

 

 

 

 

 

 

 

 

 



- 44 - 

Table 1.7. Removals of micropollutants in water treatment plants.   

Compounds Influent 

(ng/L) 

Effluent  

(ng/L) 

Removal  

(%) 

References 

Pharmaceuticals 
   

Acetaminophen 50000 ND 99 (Stackelberg et al., 2004) 

 
120-15 0-0.3 98 (Stackelberg et al., 2007) 

 163–260 10.7–22 96±2 (Boleda et al., 2011) 

Caffeine 100-190 ND-60 42-99 (Stackelberg et al., 2007) 

 
100000 ND-119 88-99 (Stackelberg et al., 2004) 

 
45 ND 99 (Kim et al., 2007a) 

 291–526 ND–27.7 97±4 (Boleda et al., 2011) 

Carbamazepine 191-600 29-140 66-85 (Stackelberg et al., 2007) 

 
13 - 99 (Huerta-Fontela et al., 2011) 

 
100000 258 99.7 (Stackelberg et al., 2004) 

 
4.1-51 6-18 -46-88 (Benotti et al., 2009) 

 
4.8 ND 99 (Kim et al., 2007a) 

 
Diclofenac 1.1-1.2 ND 99 (Benotti et al., 2009) 

 175–292 ND 99±0.2 (Boleda et al., 2011) 

Ibuprofen 15 ND 99 (Kim et al., 2007a) 

Metoprolol 68.7 60 11 (Vieno et al., 2007) 

Naproxen 0.9-32 ND 99 (Benotti et al., 2009) 

 99–152 ND 99±0.2 (Boleda et al., 2011) 

Sulfamethoxazole 30 ND 99 (Stackelberg et al., 2007) 

 
8000 ND 99 (Stackelberg et al., 2004) 

 57.7–149 ND 99±1 (Boleda et al., 2011) 

Sulfamethazine 113 ND 99±1 (Boleda et al., 2011) 
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Table 1.7. continued.  

Compounds Influent 

(ng/L) 

Effluent  

(ng/L) 

Removal  

(%) 

References 

Endocrine disrupters 
   

Atrazine 32-870 49-870 -53 (Benotti et al., 2009) 

7 ND 99 (Rodriguez-Mozaz et al., 2004) 

Bisphenol-A 107-360 26-220 38.8-76 (Stackelberg et al., 2007) 

 
100000 420 99.5 (Stackelberg et al., 2004) 

 
6.1-14 25 -78 (Benotti et al., 2009) 

 
295 5 98.3 (Rodriguez-Mozaz et al., 2004) 

Nonylphenol 100-130 93-100 7 (Benotti et al., 2009) 
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Table 1.8. Ecotoxicological values of the target compounds in water. 

Compounds Ecotoxicological data (taxon, effect) Reference 

Pharmaceuticals (9) 

Acetaminophen EC
50 

= 26.6 mg/L (crustacean, immobilization) (USEPA, 1992) 

Caffeine EC
50

= 683.7 mg/L (crustacean, immobilization) (Martins et al., 2007) 

Carbamazepine LOEC= 10 ng/L (crustacean, behavior) (De Lange et al., 

2006) 

Diclofenac NOEC= 0.5 μg/L (fish, histopathological alteration) (Hoeger et al., 2005) 

Ibuprofen LOEC= 10 ng/L (crustacean, behavior) (De Lange et al., 

2006) 

Naproxen EC
50

= 330 μg/L (crustacean, growth inhibition) (Isidori et al., 2005a) 

Metoprolol LOEC= 1 μg/L (fish, liver cytopathology) (De Lange et al., 

2006) 

Sulfamethoxazole EC
50

= 210 μg/L (algae, growth inhibition) (Isidori et al., 2005b) 

Sulfamethazine NOEC= 1.563 mg/L (reproduction) (De Liguoro et al., 

2009)  

Endocrine disrupters (5) 

Atrazine EC
50

= 300 μg/L (algae, growth inhibition) (Stratton, 1984) 

2, 4-D LD
50

 = 1.1 mg/L (fish) (Verschueren, 1983) 

Bisphenol-A EC
50

= 2.7 mg/L (algae, growth inhibition)  (ECB, 2003) 

Nonylphenol EC
50

= 1 mg/L (crustacean, immobilization) (Bringmann) 

Triclocarban EC
50

=
 
3.1μg/L (crustacean, immobilization) (USEPA, 1992) 

EC50: Half Maximal Effective Concentration; LC50: Half Maximal Lethal Concentration; LD50: 

Half Maximal Lethal dose; LOEC: Lowest Observed Effect Concentration; NOEC: No 

Observed Effect Concentration 
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Table 1.9. Human toxicological values of the target compounds in drinking 

water. 

Compounds Toxicological data (taxon, effect) Reference 

Atenolol, 

bezafibriate, 

Ciprotoxacin,  

lincomicin 

Mixed concentration level= 1-10 μg/L, 4-48h; 

(Human cell: OVCAR, endocrine disruptor effect) 

(Pomati et al., 2008) 

Dicolfenac Maximum oral exposure= 4 μg/d, 36 weeks; 

= 2% of minimum clinical dose   

(Pregnant women, Premature closure of the ducts 

arteriosis or hemodynamic changes)  

(Collier, 2007) 

Ibuprofen Maximum oral exposure= 24 μg/d, 36 weeks; 

= 3% of minimum clinical dose   

(Pregnant women, Premature closure of the ducts 

arteriosis or hemodynamic changes) 

Carbamazepine Provisional guideline value= 1 μg/L, 

 24 months; (Rats, Carcinogenity)  

Maximum concentration in drinking water= 0.03 μg/L 

Benchmark quotient: 0.03/1= 0.03   

(Schriks et al., 2010) 

Metprolol Provisional guideline value=50 μg/L; 

(Diabetic patients ,hypoglycaemia) 

Maximum concentration in drinking water= 2.1 μg/L 

Benchmark quotient: 2.1/50= 0.04 

Sulfamethoxazole Provisional guideline value=440 μg/L, 

60 weeks; (Rats, thyroid tumors)  

Maximum concentration in drinking water= 0.03 μg/L 

Benchmark quotient: 0.03/440= 0.00007 
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Table 1.10. Water quality standards for the micropollutants in environmental 

agencies.  

Compounds Country 

(substantial area) 

Standards 

(μg/L) 

References 

Atrazine International < 100 (WHO, 2011) 

 USA < 3 (USEPA, 2011) 

 Canada < 5 (Health Canada, 

2012) 

 Australia < 20 (NJMRC, 2011) 

 Europe 

(AA-EQS Inland surface waters) 

< 0.6 (EU, 2008) 

 Europe 

(AA-EQS other surface waters) 

< 0.6 (EU, 2008) 

 Europe 

(MAC-EQS Inland surface waters) 

< 2 (EU, 2008) 

 Europe 

(MAC-EQS other surface waters) 

< 2 (EU, 2008) 

2,4-dichlorophenoxic 

acetic acid 

International < 30 (WHO, 2011) 

 USA < 70 (USEPA, 2011) 

 Canada < 100 (Health Canada, 

2012) 

 Australia < 30 (NJMRC, 2011) 

Nonylphenol Europe 

(AA-EQS Inland surface waters) 

< 0.3 (EU, 2008) 

 Europe 

(AA-EQS other surface waters) 

< 0.3 (EU, 2008) 

 Europe 

(MAC-EQS Inland surface waters) 

< 2 (EU, 2008) 

 Europe 

(MAC-EQS other surface waters) 

< 2 (EU, 2008) 

Diclofenac Europe 

(AA-EQS Inland surface waters) 

< 0.1 (SCHER, 2011) 

 Europe 

(AA-EQS other surface waters) 

< 0.01 (SCHER, 2011) 
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Table 1.10. Continued.  

Compounds Country 

(substantial area) 

Standards 

(μg/L) 

References 

17α ethinylestradiol Europe 

(AA-EQS Inland surface waters) 

< 0.000035 (SCHER, 2011) 

 Europe 

(AA-EQS other surface waters) 

< 0.000007 (SCHER, 2011) 

 Europe 

(MAC-EQS Inland surface waters) 

NA (SCHER, 2011) 

 Europe 

(MAC-EQS other surface waters) 

NA (SCHER, 2011) 

17β estradiol Europe 

(AA-EQS Inland surface waters) 

< 0.0004 (SCHER, 2011) 

 Europe 

(AA-EQS other surface waters) 

< 0.00008 (SCHER, 2011) 

 Europe 

(MAC-EQS Inland surface waters) 

NA (SCHER, 2011) 

 Europe 

(MAC-EQS other surface waters) 

NA (SCHER, 2011) 

AA-EQS: The Environmental quality standard (EQS) expressed as an annual average value 

(AA-EQS); Inland surface water: The rivers and lakes and related artificial or heavily modified 

water bodies; NA: Not Applicable; MAC-EQS: EQS expressed as a maximum allowable 

concentration; where the MAC-EQS are marked as ‘not applicable’, the AA-EQS values are 

considered protective against short-term pollution peaks in continuous discharges since they are 

significantly lower than the values derived on the basis of acute toxicity. 
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1.4. Removal mechanisms in water treatment 

 

1.4.1. Coagulation / sedimentation 

 

Natural particles (e.g. clay, and colloidal materials), and natural organic 

matters (NOM) in waters have negative charges, and they are electronically 

repulsed each other by their same charges (Gregory and Duan, 2001). In 

addition, particles, and NOM suspend in natural water, and they are too small 

to be precipitated sediment in river, lake by their own weights. Therefore, 

artificial treatments are required to effectively eliminate them. Chemical 

coagulation in WTPs is a representative process to remove NOM, and 

suspended solids by the addition of chemicals (i.e. coagulant) to change the 

electrostatic state of the pollutants (Duan and Gregory, 2003; Matilainen et al., 

2010). Metal salts such as aluminum, and ferric are mainly used as coagulants, 

and they are maintained positive or negative charge in water based on pH. For 

instance, aluminum ion hydrolyzes in water as follows: (Gregory and Duan, 

2001; Nam et al., 2012) 

 

Al
3+ 

(aq)  +  H2O  →  Al(OH)
2+ 

(aq) +  H
+
 (pH 4–5) (1.2) 

Al
3+ 

(aq)  +  2H2O  →  Al(OH)2
 + 

(aq) +  2H
+
 (pH 5–6) (1.3) 
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Al
3+ 

(aq)  +  3OH
-
  →  Al(OH)3 (s) (pH 6–7) (1.4) 

Al
3+ 

(aq)
 
 +  4OH

-
  →  Al(OH)4

– 
(aq) (pH 7–9) (1.5) 

 

With increasing pH, aluminum ion can be negative charge due to the fact 

that hydration reaction between Al
3+

, and water (H2O) can donate protons (1. 

4). The negative charge of coagulant causes the repulsion to the particles. 

Under acidic conditions, the electric repulsion between Al(OH)
2+

 ions and the 

protons surrounding the particles also inhibit particle aggregation (1.2). In the 

neutral pH (5–7), cationic coagulant, and its solid hydrolysis form are 

dominant species ((1.3)–(1.4)). Therefore, metal salt combines with the 

suspended particles in the water through an electrical neutralization at pH 5–7 

(Ö zacar and Sengil, 2003; Nowostawska et al., 2005; Wang et al., 2007; Ye et 

al., 2007a). A result of charge neutralization causes a floc formation, and these 

coagulation products bind each other through the van der waals force (i.e. 

sweep flocculation). These flocs have large weights to settle down with their 

own gravity, and the sediment layer is formed by the flocculated particles. 

These mechanisms can separate the particles and NOM from waters. 

Coagulation, and sedimentation are considered as a consequential process in 

WTPs. This process has good control for turbidity, and colour in water, but 

occurs massive quantity of sludge, and uncoagulated metal residue (e.g. 

aluminum).  
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Micropollutants in surface water naturally entered to WTPs, and 

underwent the coagulation in the process. The previous researches monitored 

the removals of the micropollutants in the coagulation step of WTPs, and 

conducted experiments such as jar tests. They suggested that coagulation is 

ineffective to treat the trace contaminants (Ternes et al., 2002; Vieno et al., 

2006a; Kim et al., 2007a). Table 1.11 shows the removals of micropollutants 

in coagulation process. The selected pollutants were variously removed at the 

conditions of coagulations such as pH, coagulant dose, and type. Most 

contaminants had low eliminations less than 50% in the process although 

some cases were not included (e.g. ACT, and DCF). However, some studies 

suggested the effect of coagulation for the trace pollutant removals. 

Stackelberg et al. (2007) mentioned that hydrophilic contaminants (Log Kow < 

1) such as ACT, and SMZ can be dissociated to anions based on pH of water, 

and they reacts with the coagulants charged negatively. Choi et al. (2008a) 

actually removed 43–94% of antibiotics like tetracycline (log Kow< -1.37) in 

the coagulation process. Adams et al. (2002) considered that hydrophobic 

compounds can be adsorbed to the natural clay particles, and co-removed with 

organic matter in coagulation/sedimentation process. Alexander et al. (2012) 

reviewed the removals in coagulation studies, and suggested that trace 

contaminants can be effectively removed by an optimization for operation 

conditions like pH, coagulant dose, and type. Possible removal mechanisms in 
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the previous studies are as follows;  

Electronic neutralization   

[Ionized micropollutants]
-
  + [coagulant]

+
 → [Aggregation form] (1.6) 

Hydrophobic effect    

[Hydrophobic micropollutants] + [natural particle] → [Aggregation form] (1.7) 

 

Previous researches focused on the removal effect of sole coagulation, and 

they could not exactly explain the results well removed micropollutants in 

coagulation step. Especially, the studies on environmental monitoring only 

interpreted the limited results such as concentration level, removal efficiencies 

of the pollutants, and it is difficult to understand how to remove the 

compounds in the process. The equation of (1.6), and (1.7) in previous studies 

(Stakelberg et al., 2007; Huerta-Fontela et al., 2011) were not suggested a 

demonstration in experiment but a prediction for unknown results. The 

prediction of ineffectiveness of coagulation in the specific WTP was a 

meaningless result in the general application of micropollutants control. It is 

important to know the reason why coagulation could not remove the 

micropollutants.      

Many removal mechanisms (e.g. adsorption, photolysis, acid/base hydrolysis, 

and biodegradation) can be related to the micropollutants removal in 

coagulation. These mechanisms can simultaneously cause in the coagulation, 
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and the critical factors, affect the coagulation removal, can depend on the 

unique chemical properties or characteristics of process. Therefore, this study 

was to elucidate unidentified removal mechanisms in coagulation step using 

lab-scale experiments, and to interpret the monitoring results in a WTP.    
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Table 1.11. Removal efficiencies of micropollutants by coagulation.  

Compounds Removal 

(%) 

Coagulants 

type 

Coagulant 

dose 

(mg/L) 

pH References 

Pharmaceuticals      

Acetaminophen 60 FeCl3 20–45 4.5–5.5 (Stackelberg et al., 2007) 

 < 20 Al2(SO4)3, 

FeCl3 

— — (Roccaro et al., 2013) 

Caffeine 0–38 Al2(SO4)3 25–78 6.8 (Westerhoff et al., 2005; 

Bundy et al., 2007; 

Huerta-Fontela et al., 2008) 

Carbamazepine 30 Al2(SO4)3 — 7.4–8.5 (Huerta-Fontela et al., 2011) 

 7 Fe2(SO4)3 94` 4.5–4.9 (Vieno et al., 2006a; 

Vieno, 2007) 

 12 FeCl3 25 7–8.5 (Ternes et al., 2002; 

Suarez et al., 2009) 

Diclofenac 8–77 Fe2(SO4)3 94 4.5–4.9 (Vieno et al., 2006a; 

Vieno, 2007) 

 11 FeCl3 25 7.9–8.5 (Ternes et al., 2002; 

Suarez et al., 2009) 

 > 65 Al2(SO4)3, 

FeCl3 

50 — (Carballa et al., 2005) 

 < 25 FeCl3 0.07 — (Zorita et al., 2009) 

 70 PACl 200 — (Carballa et al., 2003) 

PACl: polyaluminum chloride 
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Table 1.11. Continued. 

Compounds Removal 

(%) 

Coagulants 

type 

Coagulant 

dose 

(mg/L) 

pH References 

Naproxen 10 Fe2(SO4)3 94 4.9 (Vieno et al., 2007) 

 5 Al2(SO4)3 — — (Boyd et al., 2003b) 

 42 FeCl3 25 7.9–8.5 (Suarez et al., 2009) 

 20 FeCl3 50 — (Carballa et al., 2005) 

 < 25 FeCl3 0.07  (Zorita et al., 2009) 

Ibuprofen 23 FeCl3 25 7.9–8.5 (Suarez et al., 2009) 

 50 Fe2(SO4)3 140 4.5 (Vieno et al., 2006a) 

 < 25 FeCl3 0.07 — (Zorita et al., 2009) 

Metoprolol < 30 Al2(SO4)3 — 7.4–8.5 (Huerta-Fontela et al., 2011) 

Sulfamethoxazole 0–33 FeCl3 20–45 4.5–5.5 (Suarez et al., 2009) 

 < 10 Fe2(SO4)3 140 4.5 (Vieno et al., 2006b) 

Endocrine disruptors     

Atrazine 0–36 Al2(SO4)3 6.3 6.8 (Westerhoff et al., 2005) 

Bisphenol-A 0 FeCl3 — 4.5–5.5 (Stackelberg et al., 2007) 

 < 20 Al2(SO4)3, 

FeCl3 

— — (Roccaro et al., 2013) 

Nonylphenol 0 FeCl3 — 4.5–5.5 (Stackelberg et al., 2007) 

 < 20 Al2(SO4)3, 

FeCl3 

— — (Roccaro et al., 2013) 

Triclocarban < 40 Al2(SO4)3, 

FeCl3 

— — (Roccaro et al., 2013) 

PACl: polyaluminum chloride 
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1.4.2. Adsorption 

 

Dissolved contaminants in water can transport to some solid matters (e.g. 

colloidal materials, artificial additives, and surfaces of reactors), and 

accumulate on their vadose zone. Adsorption is the critical mechanism to 

operate transportation between contaminants, and adsorbents at the solid-

water interface. Stumm et al. (1996) suggested five principles of adsorption in 

the interactions between adsorbates and adsorbents;  

 

(1) Surface complexation reactions (surface hydrolysis and the formation 

of coordinative bonds at the surface with metals and with ligands).  

(2) Electrostatic interactions at the surfaces, extending over longer 

distances than chemical forces. 

(3) Hydrophobic expulsion of hydrophobic substances (this includes 

nonpolar organic solutes), which are usually only sparingly soluble in 

water and tend to reduce their contact with water and seek relatively 

nonpolar environments, thus accumulating on solid surfaces and 

becoming adsorbed on organic sorbents. 

(4) Adsorption of surfactants (molecules that contain a hydrophobic 

moiety). Interfacial tension and adsorption are intimately related 
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through the Gibbs adsorption law. Expressed simply this law indicates 

that substances that reduce surface tension will tend to adsorb at 

interfaces. 

(5) Adsorption of polymers and of polyelectrolytes (humic substances and 

proteins in particular), is a rather general phenomenon in natural waters 

and soil systems that has far reaching consequences for the interaction 

of particles with each other and on the attachments of colloids (and 

bacteria) to surfaces. 

Adsorption is used as an optional treatment to widely remove various 

organic contaminants, but this process is difficult to recycle the used 

adsorbent after treatment (Ternes et al., 2002; Nghiem et al., 2003; Grover et 

al., 2011). In addition, powder type adsorbent such as powdered activated 

carbon (PAC) can remain as suspended solids in water, and it must be required 

additional a post-treatment like filtration. Adsorption is generally used as a 

subordinated treatment toward temporary contamination which is difficult to 

treat the emerged pollutant with own facilities. Because adsorbent cost will be 

continuously demanded if adsorption is sustainably used in WTPs. However, 

adsorption is newly considered as an effective process because of the 

persistence of micropolltants to the conventional treatments (Westerhoff et al., 

2005; Choi et al., 2006; Snyder et al., 2007; Broséus et al., 2009; Yu et al., 
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2009).             

Fundamental adsorption mechanisms for micropollutants are mainly 

oriented from physico-chemical properties of pollutants such as 

hydrophobicity, and dissociation in water. Hydrophobicity of compounds can 

affects adsorption in between organic contaminants with the hydrophobic 

effects. Hydrophobic adsorbates compete with each other for adsorption to the 

surface of adsorbents. Actually, many contaminants in water are inhibited in 

the adsorption removal by hydrophobic NOM (Sontheimer et al., 1988; 

Summers and Roberts, 1988; Lafrance et al., 1991; Carter and Weber, 1994; 

Li et al., 2002; Matsui et al., 2002; McDonough et al., 2008; Yu et al., 2009; 

Maeng et al., 2011; Matilainen et al., 2011). On the other hands, hydrophilic 

contaminants can be eliminated in adsorption by electrostatic interaction 

between compounds and adsorbents. Because polar compounds mostly 

dissociate as negative or positive ion with pH in water, and adsorbent also has 

an electric charge state based on its point of zero charge (PZC) (Noh and 

Schwarz, 1989; Barkauskas and Dervinyte, 2004; Tennant, 2004; Lorphensri 

et al., 2006; Beltrán et al., 2009; Xu et al., 2009; Li et al., 2011; Avdeef, 2012). 

In order to cause effective adsorption, pH condition in water must be 

appropriately maintained.          

In the operation of adsorption, organic micropollutants saturate the pore of 

adsorbents within specific contact time, and then equilibrium can be 
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accomplished in the adsorption. Adsorption equilibrium is enable the 

compounds to diffuse the micropore where can not be approached within the 

limited time. Therefore, sufficient operation time must be guaranteed to 

remove the pollutants completely (Cantrell et al., 2003). Absorbent dosage is 

also another operational factor related to adsorption removal. Increment of 

absorbent can give more adsorbable surface to the trace contaminant than 

before, and it can supply the pollutants with additional chance of adsorption 

per contact time (Westerhoff et al., 2005; Snyder et al., 2007).  

When the chemical adsorption approached the equilibrium, the unique 

sorption potential for the compound can be explained using isotherms. To date, 

Freundlich adsorption isotherms have been mainly used for micropollutants 

(Asada et al., 2004; Clara et al., 2004; Hari et al., 2005; Loffredo and Senesi, 

2006; Pan et al., 2008; Yu et al., 2008; Yu et al., 2009). The equation of 

Freundlich isotherm is basically expressed as follows;   

 

q = KㆍC
1/n

 (1.8) 

 

where q, and C are the adsorbed amounts on the adsorbent, and the 

equilibrium concentration respectively. K ((mg/g)∙(L/mg)
1/n

) is the adsorption 

coefficients of the isotherm, and 1/n is the Freundlich intensity parameter.  
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Adsorption removals for some micropollutants were performed by lab scale, 

and pilot scale experiments. Table 1.12 summarized the results of adsorption 

removal for micropollutants in the previous studies. Some of removal 

efficiencies for the pollutants indicated that adsorption removal was likely to 

effectively eliminate the trace contaminants in water. However, another results 

showed poor eliminations for the trace compounds in the adsorption. These 

removal trends indicated that adsorption for micropollutants is required the 

optimization for operational factors such as absorbent dose, contact time, pH 

in water, and environmental contents (e.g. NOM, carbonates, and inorganic 

contents).  

Most of previous researches mainly conducted to know the effectiveness of 

micropollutant removal using activated carbon. The fluctuated removal to 

same micropollutants (e.g. ACT, CFF, and NPX) showed that the operation 

conditions such as water source, pH, contact time, carbon dose, and type can 

sensitively affect the adsorption removal. However these studies did not 

checked the removal trends affected by these factors. Although some 

researchers tried to characteristics micropollutants adsorption using 

correlation between chemical’s hydrophobicity and adsorption removal, they 

could not consider these influence factors and individual sorption potentials of 

micropollutants (Yoon et al., 2003; Westerhoff et al., 2005). The 

micropollutant adsorption in natural water can not properly interpret the 
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removal results without the elucidation of the control factors.  

This study was to confirm the critical factor affect the adsorption removal 

for micropollutants, and to calculate their sorption coefficients using isotherm 

based on their hydrophobicities. These results can supply the basic 

information of micropollutants adsorption with further study.     
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Table 1.12. Removal efficiencies of micropollutants by adsorption. 

Research  

(experiment type) 

Operation concentrations  Compounds Removal 

(%) 

Westerhoff et al., 

2005 

(Lab scale) 

[C0]= 18–191 ng/L; [Time]= 4 h; 

[pH]= 8.2 

;[Adsorbent]= 5 mg/L as PAC; 

[Sample]= river water 

Acetaminophen 20 

Caffeine 78 

Diclofenac 48 

Naproxen 47 

Sulfamethoxazole 20 

Atrazine 69 

    

Adams et al., 2002 

(Lab scale) 

[C0]= 50 μg/L; [Time]= 4 h;  

[pH]= 7.7; 

[Adsorbent]= 50 mg/L as PAC; 

[Sample]= river water 

Sulfamethazine > 90 

Snyder et al., 2007 

(Lab scale) 

[C0]= 100 ng/L; [Time]= 4 h;  

[pH]= 7.7; 

[Adsorbent]= 5 mg/L as PAC; 

[Sample]= river water 

Acetaminophen 70–78 

Caffeine 60–62 

Diclofenac 30–57 

Naproxen 52–57 

Sulfamethoxazole 30–37 

Atrazine 55–57 

PAC: Powdered activated carbon; GAC: Granular activated carbon 
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Table 1.12. Continued. 

Research  

(experiment type) 

Operation concentrations  Compounds Removal 

(%) 

Snyder et al., 2007 

(Pilot scale) 

[C0]= 100–200 ng/L;  

[Time]= 7.6 min; [pH]= 7.7; 

[Adsorbent]= 1, 5, 50 mg/L as PAC; 

[Sample]= river water 

Acetaminophen > 99 

Caffeine 3 

Atrazine 16 

Carbamazepine 15 

Diclofenac 68 

Ibuprofen 16 

Naproxen 6.3 

Sulfamethoxazole 83.8 

Yu et al., 2008 

(Lab scale) 

[C0]= 500 ng/L; [Time]= 12 days; 

[pH]= 7.5–7.9; 

[Adsorbent]= 13–16 mg/L as GAC;  

[Sample]= river water 

Carbamazepine > 90 

Naproxen > 90 

Nonylphenol > 90 

Beltrán et al., 2009 

(Lab scale) 

[C0]= 30 mg/L; [Time]= 20 min; 

[pH]= 7; 

[Adsorbent]= 5 g in GAC filter;  

[Sample]= deionized water 

Diclofenac 93 

PAC: Powdered activated carbon; GAC: Granular activated carbon 
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Table 1.12. Continued. 

Research  

(experiment type) 

Operation concentrations  Compounds Removal 

(%) 

Choi et al., 2006 

(Lab scale) 

[C0]= 1053 ng/L; [Time]= 15 min; 

[pH]= 8.2–8.5; 

[Adsorbent]= 1–10 mgL as PAC;  

[Sample]= river water 

Bisphenol A 18–40 

[C0]= 10 mg/L; [Time]= 15 min; 

[pH]= 8.2–8.5; 

[Adsorbent]= 30 mg/L as PAC;  

[Sample]= river water 

Nonylphenol > 99 

Rossner et al., 

2009 

 (Lab scale) 

[C0]= 200–700 ng/L;  

[Time]= 3 weeks;  

[pH]= 7.5–7.9; [Adsorbent]= 1 mg/L 

as GAC;  

[Sample]= river water 

Acetaminophen 58 

Caffeine 71.3 

Atrazine 53 

Carbamazepine 69.9 

Diclofenac 25.5 

Ibuprofen 23.3 

Naproxen 46.6 

Sulfamethoxazole 27.1 

Yoon et al., 2003 

(Lab scale) 

[C0]= 22800 ng/L; [Time]= 4 h;  

[pH]= 8.3–8.4;  

[Adsorbent]= 5–15 mg/L as PAC;  

[Sample]= river water 

Bisphenol A 31–99 

Hernández-Leal et 

al., 2011 

(Lab scale) 

[C0]= 20–1600 μg/L; [Time]= 5 min;  

[pH]= 8.4;  

[Adsorbent]= 100 mg/L as PAC;  

[Sample]= deionized water 

Caffeine > 94 

Bisphenol A > 94 

Nonylphenol > 94 

PAC: Powdered activated carbon; GAC: Granular activated carbon 
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1.4.3. Disinfection 

 

Drinking water purification supplies antimicrobial treatments (e.g. 

chlorination, ozonation (O3), and ultraviolet (UV-C) radiation) with people in 

order to prevent from water-borne diseases. These technologies are effective 

to eliminate pathogen (> 99%) in WTPs (Korich et al., 1990; Asano and 

Levine, 1996; Richardson, 2003). Among them, chlorination is a 

representative disinfection process widely used in WTPs. Because the 

treatment is more cost-effective than other technologies (e.g. ozonation, and 

UV radiation), and it has simple procedure in the operation (Fraise, 1999; 

Yiasoumi, 2005). However, the occurrence of hazardous byproducts (e.g. 

trihalomethanes, haloacetic acids, and haloacetonitrilies) in drinking water has 

been a big concern, and the chlorinated byproducts are considered as 

emerging contaminants to eliminate in WTPs (Jolley et al., 1978; Christman et 

al., 1983; Oliver, 1983).   

Besides disinfection, the degradation of compound is caused by a free 

chlorine oxidation during the treatment. Chlorine, belonged to halogen group, 

has a strong electron affinity to react certain organic compound (Burttschell et 

al., 1959; Heasley et al., 1993). For instance, the oxidation mechanism can 

cleave the aromatic ring (e.g. phenolic compounds, and benzenes) through a 

successive chlorine substitution (Rebenne et al., 1996; Gallard and von 
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Gunten, 2002; Rule et al., 2005). Gallard and von Gunten (2002) suggested 

the general reactions about oxidation of organic contaminants in chlorination 

as follows;  

 

Cl2 + H2O ⇄  HOCl + HCl (1.9) 

Contaminants + HOCl →  Byproducts  (1.10) 

   

In fact, most of target contaminants in WTPs have been treated by a 

conventional process (i.e. the combination of coagulation/sedimentation, and 

sand filtration). Therefore, chlorination is not generally considered as the 

process which removes organic contaminants. However, the presence of 

recalcitrant micropollutants recently detected in tap water. As an example of 

these compounds, MTP was reported high concentration (2100 ng/L) in 

drinking water and removed < 10% in coagulation and sand filtration process 

(Schrinks et al., 2010, Vieno et al., 2007). This chemical has high water 

solubility not to adsorb the natural particle, and shows slow photolysis under 

UV radiation (Liu et al., 2009, Piram et al., 2008). Additional treatments (e.g. 

advanced oxidation process, physical and chemical treatments) are therefore 

demanded in WTPs because of poor removal of the conventional process.   

Chlorination was also reviewed as a candidate treatment in the 

elimination for trace contaminants. A few studies reported the removals of 
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micropollutants using lab scale experiments and monitoring in WTPs. In lab 

experiments, Choi et al. (2006) completely removed BPA (> 99%), and NP (> 

99%) using 5 mg/L of chlorine dose, and Westerhoff et al. (2005) reported the 

eliminations of pharmaceuticals (e.g. ACT (> 90%), CFF (> 50%), CBM (> 

90%), IBU (> 70%), and NPX (> 90%)) in surface water (3.8 mg of Cl2/L). 

However, some of monitoring results in wastewater treatment system 

suggested that chlorination are ineffective to remove micropollutants (e.g. 

SMZ, ACT, CFF, MTP, and IBU < 20%) (Pinkston and Sedlak, 2004; Sim et 

al., 2010). Little of the related studies showed the results for the 

micropollutants removal using the sole disinfection. Most previous researches 

were suggested as a partial data of a WTP process. The detail conditions of 

the treatment have not yet been exactly analyzed in the relevant researches. In 

addition, another researches found the occurrences of byproducts during 

chlorination for micropollutants (Table 1.13). For these reasons, various 

studies tried for micropollutants removals using disinfection skills of O3, UV 

radiation, UV/Cl2, and UV/O3. Main removal mechanisms for the pollutants 

are followed in Table 1.14. These processes utilize radical species (as chlorine 

radical (•Cl), hydroxyl radical (•OH), and ozone radical (•O) for 

micropollutants in an advanced oxidation. Micropollutants are rapidly 

degraded from their parent compounds to byproduct by continuous radical 

attack. Although these treatments can easily degrade the persistent 
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contaminants, they were necessary to consider cost-effectiveness for energy 

consumption, and the occurrence of toxic substances after treatments. Advanced 

oxidation treatments such as UV/TiO2, UV/H2O2, O3/H2O2, and O3/UV require 

more energy consumption than the conventional process. In the case of 

photocatalytic process, the costs for catalyst usage are also demanded on the 

treatment. Most studies were focused on the removal of the pollutants and they 

did not consider economic impact on application of the treatment in WTPs. 

The difference between the previous studies and this study is required the 

optimization of disinfection to effectively remove micropollutants without toxic 

byproducts. Additionally, the cost-effectiveness must be achieved through the 

optimized operation. Preferably, the modification of conventional treatments 

(e.g. chlorination, ozonation, and UV radiation) is more proper to economically 

operate the disinfection than addition of new removal step. This study therefore 

tried to eliminate the most recalcitrant micropollutant could not generally 

remove using the previous treatments, and to elucidate the influence factor 

affects the disinfection removal for the micropollutant, and to estimate the 

optimized operation condition using statistical tools like design of experiments, 

factorial analysis, and multiple regressions. The results of this study can supply 

a desirable model in the micropollutants control with the present WTPs. 
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Table 1.13. Byproducts of micropollutants by chlorination.  

Compounds Byproducts Reference 

Acetaminophen 

   

 

(Bedner and MacCrehan, 2006) 

Diclofenac 

 

(Quintana et al., 2010) 

O

N
H

OH

Acetaminophen

O

N

O

n-acetyl-p-benzoquinoneimine

OO

1,4-benzoquinone

O

OH

NH

Cl

Cl

Diclofenac

O

OH

NH

Cl

Cl

Cl-diclofenac

Cl

NH

Cl

Cl

HO

Cl

Cl-diclofenac-CO
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Table 1.13 Continued.   

Compounds Byproducts Reference 

Naproxen 

 

(Quintana et al., 2010) 

Sulfamethoxazole 

 

 

(Dodd and Huang, 2004) 

O

OH

O

Naproxen

O

OH

O

Cl-Naproxen

Cl

S

O

O
NH

O
N

NH2

Sulfamethoxazole

S

O

O
NH

O
N

NH2

Cl-Sulfamethoxazole

Cl

ON

Cl

N-Chloro-p-benzoquinoneimine
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Table 1.13 Continued.   

Compounds Byproducts Reference 

Sulfamethazine 

 

(Melton and Brown, 2012) 

Bisphenol-A 

 

(Yamamoto and Yasuhara, 2002) 

S

O

O
HN

N

N

H2N

Sulfamethazine

S

O

O
HN

N

N

H2N

Cl-Sulfamethazine

Cl

OH

OH

Bisphenol-A

OH

OH

ClCl

Cl

Cl

2,6-dichloro-4-(2-(3,5-dichloro-4-hydroxyphenyl)propan-2-yl)phenol

Cl

Cl

OO

2,6-dichlorocyclohexa-2,5-diene-1,4-dione

Cl

Cl

OHHO

2,6-dichlorocyclohexa-2,5-diene-1,4-diol
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Table 1.13 Continued.   

Compounds Byproducts Reference 

Nonylphenol 

 

(Hu et al., 2002) 

 

 

OH

Nonylphenol

C9H19

OH

Monochloro-nonylphenol

C9H19 Cl

OH

Dichloro-nonylphenol

C9H19 Cl

Cl

OH

Trichloro-nonylphenol

Cl Cl

Cl
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Table 1.14. Removal mechanisms of O3, UV, Cl2/UV, and UV/O3 process for 

micropollutants removals. 

Processes References 

Ozonation (O3) 

H2O  ⇄ H+ + OH- (Von Gunten, 2003;  

Šojić et al., 2012) O3 + OH- → HO2
- + O2      

O3 + HO2
- → ㆍOH + ㆍO2

- +O2 

Contaminants + ㆍOH → Contaminants–H + H2O  

Contaminants–H + ㆍOH → End products 

UV radiation (UV) 

H2O + UV-C → ㆍH + ㆍOH (Kim and Tanaka, 2009; 

Rivas et al., 2010) Contaminants + ㆍOH → Contaminants–H + H2O  

Contaminants–H + ㆍOH → End products 

Chlorination-UV radiation (Cl2/UV) 

Cl2 + H2O → HOCl + HCl (Jin et al., 2011) 

HOCl + UV-C → ㆍOH + ㆍCl 

Contaminants + ㆍOH → Contaminants–H + H2O  

Contaminants–H + ㆍOH → End products 

Contaminants + ㆍCl → Contaminants-H + HCl 

Contaminants–H + ㆍCl → End products 

UV radiation-ozonation (UV/O3) 

O3 + UV-C+H2O  → O2 +ㆍ2HO (Vilve et al., 2007; 

Šojić et al., 2012) Contaminants + ㆍOH → Contaminants–H + H2O  

Contaminants–H + ㆍOH → End products 
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1.5. Objectives and hypotheses  

 

Fourteen micropollutants (9 pharmaceuticals, and 5 ECDs) were selected 

as target compounds in this study. The main aim of the study was to visualize 

the fate and removal of the selected micropollutants in the WTP and to 

contribute to efficient elimination for the pollutants using modification of 

WTPs. The specific objectives and hypotheses in each chapter are as follow; 

 

In chapter 2 

Objective: To measure concentrations of 14 micropollutants in the selected 

WTP with liquid chromatography tandem mass spectrometer (LC-

MS/MS), and estimate the dominant removal mechanism using 

comparison between monitoring in WTP and lab scale experiments 

(coagulation, adsorption, sunlight photolysis, and chlorination). 

 

Hypothesis: The selected contaminants are effectively measured with LC-

MS/MS, and a specific removal mechanism for micropollutants 

can be dominant in the WTPs. 

 

In chapter 3 

Objective: To elucidate the effects for control factors (adsorbent dose, 

contact time, pH, dissolved organic matters, and water temperature) 

in the adsorption removal for 9 pollutants (ACT, CFF, DCF, NPX, 

SMA, SMZ, ATZ, 2,4-D, and TCB) using activated carbon, and 
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estimate of sorption potentials of the micropollutants. 

 

Hypothesis: The selected micropollutants are adsorbed to activated carbon 

based on their hydrophilic and hydrophobic characteristics, and 

selected control factors (sorbet dose, contact time, pH, dissolved 

organic matters, and water temperature) can have respectively 

negative or positive effect in the removal. There is an isotherm 

to explain adsorption of micropollutants. 

 

In chapter 4 

Objective: To evaluate the elimination of MTP in chlorination, UV-C 

radiation, and Cl2/UV system, and optimize the effects of control 

factors (Cl2 dosage, pH, and DOM) in the most effective system 

for MTP removal among three processes using 2 level factorial 

DOE, and identify by-products and degradation pathways of MTP 

during the treatment. 

 

Hypothesis: MTP is removed or transformed to other chemicals in the 

selected treatments, and affected its removal based on different 

UV-C intensity, pH, Cl2 dose, and DOM. Unidentified 

byproducts from the parent compound may be appeared in the 

processes. 
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In chapter 5 

Objective: To evaluate the suitability of CFF, CBM, MTP, and SMA as 

indicator micropollutants in conventional water treatments, and 

estimate minimum removals of the compounds using AOPs, and 

determine the indicator of micropollutants in water treatment 

systems. 

 

Hypothesis: The anthropogenic indicator of micropollutants can be 

ubiquitously detected in the surface water, and survive in the 

conventional water treatments. All micropollutants can be 

eliminated by AOPs when the indicator is effectively removed in 

the process. 
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1.6. Dissertation structure  

 

This study was conducted to know the behaviors of micropollutants in 

water treatment process and to suggest the reasonable treatment for the 

contaminant removal. Therefore, various approaches were tried to elucidate 

the fate of trace contaminants in WTP and the efficient treatment for 

micropollutants. The main points in this study are as follows;       

 

(1) An environmental monitoring to quantify the levels of some 

micropollutants in WTP and the scrutinization for the dominant 

removals in the conventional treatment systems (i.e. coagulation, 

adsorption, and disinfection) with a LC-MS/MS analysis.  

(2) Elucidation of removal trends for micropollutants with changes of 

control factor conditions in lab-scale adsorption, and the calculation of 

sorption potentials of the selected micropollutants based on their 

hydrophobicities.    

(3) The optimization of control factors in the recalcitrant compound 

removal by a statistic design of experiment, and the identification of 

its byproducts during the treatment.   

(4) Determination of indicator compound in WTPs using the evaluation of 

persistence in conventional treatments and correlation with other 

micropollutant removals.     
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Six chapters compose this dissertation (Fig. 1.2). Background information 

and a literature review are mainly described in Chapter 1. Chapter 2 presents a 

study on the occurrence and removal of selected micropollutants in a WTP 

comparing between the monitored levels of the pollutants and lab experiments 

related to the possible removal processes. Chapter 3 provides adsorption 

removals of 9 micropollutants in water using activated carbon, suggesting the 

effects of control factors and possible isotherms based on their 

hydrophobicities. Chapter 4 focuses on pharmaceutical metoprolol 

degradation in disinfection processes (chlorination, UV-C photolysis, and 

UV-C/Cl2) using 2 levels factorial design of experiments, providing the 

feasible prediction for metoprolol elimination. Chapter 5 presents an indicator 

micropollutants enable to estimate the contamination of micropollutants, and 

the effectiveness for their removals in WTPs. Chapter 6 provides conclusions 

with future study.    
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Fig. 1.2. Schematic diagram of the overall composition in the dissertation. 
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Chapter 2. Occurrence and removal of selected 

micropollutants in a WTP 

2.1. Introduction  

Surface water is commonly reused as a drinking water source in areas 

with growing urban populations, and thus the recent identification of 

micropollutants including pharmaceuticals, endocrine disruptors (EDCs), and 

pesticides in surface water is of great concern (Stackelberg et al., 2007). Even 

micropollutants present in relatively low levels such as part per billion (ppb) 

or part per trillion (ppt) in drinking water can have adverse health impacts 

following chronic exposure (Huerta-Fontela et al., 2011; Okuda et al., 

2008;Suárez et al., 2008;Westerhoff et al., 2005). 

Recently, the removals of micropollutants during water treatment 

processes were reported (Adams et al., 2002; Alexander et al., 2012; Huerta-

Fontela et al., 2011; Stackelberg et al., 2007; Ternes et al., 2002; Vieno et al., 

2006; Westerhoff et al., 2005). Some of them monitored removal of 

micropollutants using WTP samples (Huerta-Fontela et al. 2011; Qiao et al., 

2011), but most of the researches reported the removal of micropollutants using 

laboratory designed experiments (Vieno et al., 2006; Westerhoff et al., 2005). 

Alexander et al. (2012) also reviewed the detailed factors of coagulation 
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removals (e.g. pH, types of coagulants, and hydrophobicity) for micropollutants 

in the bench scale experiments. They found that various factors affected the 

coagulation efficiency.  

Since the removal of micropollutants in lab scale and at WTP can be 

somewhat different, and also multiple mechanisms (e.g. adsorption, 

electrostatic interaction, and sunlight photolysis) can involve during water 

treatment process at WTP for the removal of micropollutant, the comparison of 

monitoring study in the WTPs and bench scale experiments is needed to 

investigate the detailed removal mechanism of micropollutant. 

Therefore, in this study, the levels of 14 selected micropollutants at the 

influents and effluents were measured in the selected WTP in Seoul, Korea, 

using a liquid chromatography–mass/mass spectrometry (LC-MS/MS). The 

removal efficiencies of 14 micropollutants in each water treatment process 

(coagulation–sedimentation, sand filtration, and disinfection) in the WTP were 

determined to identify the most effective removal mechanism. Also, the 

llaboratory experiments were conducted to examine the removal mechanisms 

in each water treatment step (coagulation, sunlight photodegradation, and 

chlorination). 
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2.2. Materials and methods  

 

2.2.1. Materials  

 

ACT, CFF, CBM, DCF, IBU, NPX, MTP, SMZ, SMA, ATZ, 2,4-D, BPA, NP, 

and TCB were selected as micropollutants for study, and samples were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) and Fluka (St. Louis, 

MO, USA). The physicochemical properties of selected micropollutants are 

shown in Table 1.3. All chemicals were prepared in 1 g/L of methanol and 

diluted from 1 to 100 ng/L before the experiment. Standard stock solutions 

were replaced within 3 months. 
13

C6-sulfamethoxazole and 
13

C6-naproxen 

were used as internal standards (ISs) to compensate for matrix effects. In the 

coagulation experiments, Polyaluminum chloride (PACl: [Al2(OH)nCl6-n]m, 

Sam-goo chemical, Seoul, Korea) generally used as a coagulant in WTPs, was 

dosed to test the solution. Kaolin particles (Al2O3∙2SiO2∙2H2O; Sigma-

Aldrich Co. Ltd., USA) were used to prepare synthetic suspended solids.  
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2.2.2. Sampling 

 

Samples were collected from a selected WTP in Seoul, Korea. This WTP 

treats ~440,000 m
3
/d of water, which is taken from the Han River, and serves 

~1 million people in Seoul. To examine the seasonal variation, sampling was 

undertaken in two different seasons (Jan.–Feb. 2012 and June–Aug. 2012). 

The samples of each location were collected daily for 10 days of summer, and 

15 days of winter. A total of 25 samples were obtained from each stages of 

WTP. The detailed weather conditions of sampling periods were provided in 

Fig. 2.1. The configuration of the treatment process and the location of the 

sampling points in the selected WTP are shown in Fig. 2.2. The influents first 

entered the coagulation/flocculation stage where polyaluminum chloride 

(PACl) was added as a coagulant. The supernatant was then separated at the 

sedimentation tank, with the clarified waters passing through sand filters (of 

which the water velocity in the filter bed was 5 m/h), followed by a post-

chlorination process to disinfect the filtered waters using 2 mg/L (Cl2). The 

total hydraulic retention times (HRTs) were 4 h for coagulation, 1 h for 

filtration, and 1 h for disinfection. 

The samples collected from the WTP were first filtrated using a 1.2 

μm GF/C filter (Whatman, Little Chalfont, Buckinghamshire, UK) and stored 

in a refrigerator below 4 
o
C. Then, a solid phase extraction (SPE) was 
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conducted for all samples using a hydrophile–lipophile balance (HLB) 

cartridge (Oasis HLB; Waters, Milford, MA, USA) to extract analytes from 

200 mL samples spiked with 10 ng ISs. Then 5 mL of methanol followed by 

water was eluted into the cartridge during the initial conditioning and the 

samples were then loaded into the HLB cartridge. The cartridge was then 

dried for 5 min. The dried cartridge was finally eluted with 5 mL of methanol. 

The final sample volume was adjusted to 1 mL using a nitrogen evaporator 

(CVE-3100; EYELA, Tokyo, Japan). 
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Fig. 2.1. Observed monthly precipitation and temperature trends in Seoul, 

Korea from June 2011 to August 2012. Vertical arrows (↓) represent 

the actual sampling period. Data was obtained from the Korea 

meteorological administration. 

 

 

 



- 87 - 

 

 

 

 

 

 

 

Fig. 2.2. Schematic diagram of the WTP process and the locations of sampling 

points. 
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2.2.3. Analytical methods 

 

Extracted samples were measured with a HPLC system (Nexera; Shimadzu, 

Kyoto, Japan) connected to triple quadrupole mass spectrometer (API-4000; 

Applied Biosystems, Foster City, CA, USA) with an electron ion spray source, 

which could operate in both positive and negative modes. The compounds 

were separated with a reverse phase C18 column (Luna 3 μm; 150 × 20 mm; 

Phenomenex, Torrance, CA, USA). The flowrate was 0.2 mL/min, and the 

injection volume was 10 μL. The column oven temperature was 40 
o
C. The 

isocratic mobile phase was methanol and water with 95:5 (v/v, %) containing 

10 mM ammonium formate and 0.3% formic acid in the positive mode and 

98:2 methanol: water with 5 mM ammonium acetate (v/v) in the negative 

mode. 

 The condition of each iodized pollutant was determined by direct-injection 

MS. In this study, 14 micropollutants were simultaneously detected in one 

positive and one negative mode within 11 min using a multiresidue detection 

method. Depending on protonation, 14 analytes were divided into negative 

ions ([M–H]
–
) and positive ions ([M+H]

+
). The group of positive ions 

consisted of SMZ, CBM, ATZ, CFF, MTP, and SMA. The negative group 

consisted of IBU, ACT, BPA, DCF, NPX, 2,4-D, NP, and TCB. Optimized ion 

pairs of the 14 micropollutants and MS collision conditions are shown in 
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Table 2.1. 

For quality assurance/quality control (QA/QC), the recoveries of the 

extracted samples were calculated by comparing the spiked WTP samples 

with standard samples. The calibration curve was prepared by spiking the 14 

micropollutants, and two surrogates and had good linearity, with the R
2
 value 

of each the 14 micropollutants being higher than 0.999.   

The limit of detection (LOD) and limit of quantification (LOQ) were 

determined based on the signal to noise (S/N) ratios of 3 and 10. LOD and 

LOQ tests were repeated six times to confirm the accuracy regarding the 

detected micropollutants of 1, 20, and 50 ng/L. The method detection limit 

(MDL) was calculated using a t-test with a 99% confidence interval (α = 0.01). 

The detection limit of each of the 14 micrpollutants is shown in Table 2.2. 

LODs were in the range of 1–6 ng/L and the MDLs were in the range of 1–7 

ng/L (Table 2.2). The recoveries of internal standards were in the range of 77–

119% (Table 2.3). The QA/QC results were similar to the reported levels in 

the trace material analysis (Gao et al., 2012;Gros et al., 2006; Ma et al., 

2008;Rodil et al., 2009). In order to prevent from the contamination of the raw 

samples, the blank samples were measured three times in field, and laboratory. 

The blank contamination of 14 compounds was less than the LODs for all the 

compounds. 
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Table 2.1. Optimized LC-MS/MS conditions for the analysis of target 

micropollutants.   

Compounds Precursor 

ion (m/z) 

Product 

ion (m/z) 

Declustering 

potential 

(mV) 

Collision 

energy 

(mV) 

Collision cell 

exit potential 

(mV) 

 

Negative mode 

 

IBU 205.227 158.8 –45 –10 –9 

  160.8 –45 –10 –9 

ACT 149.942 106.9 –65 –24 –5 

  108 –65 –20 –5 

BPA 226.923 211.9 –70 –26 –15 

  211 –70 –26 –11 

DCF 293.794 249.9 –45 –14 –17 

  214 –45 –28 –15 

NPX 228.928 185 –30 –10 –11 

  168.9 –30 –36 –11 

2,4-D 218.96 160.7 –45 –18 –11 

  124.9 –45 –36 –9 

NP 219.151 160.7 –80 –18 –15 

TCB 313.147 159.7 –100 –18 –11 

13
C-NPX

a
 233.17 169.7 –30 –22 –9 

  169.8 –30 –22 –11 

  168.8 –30 –36 –11 
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Table 2.1. Continued 

Compounds Precursor 

ion (m/z) 

Product 

ion (m/z) 

Declustering 

potential 

(mV) 

Collision 

energy 

(mV) 

Collision cell 

exit potential 

(mV) 

 

Positive mode 

 

SMZ 254.011 156 61 21 16 

  92.1 61 37 10 

CBM 237.134 194.1 61 25 18 

  191.8 61 31 20 

ATZ 216.105 174.1 76 25 16 

  68.2 76 49 8 

CFF 194.99 137.9 56 25 14 

  137.7 56 25 12 

MTP 268.087 116.1 81 25 12 

  121.1 81 31 12 

SMA 279.001 186 61 23 16 

13
C-SMZ

b
 259.987 161.8 61 23 16 

  98.1 61 35 10 

  114 61 31 12 

a: 
13

C-naproxen (internal standard), b: 
13

C-sulfamethoxazole (internal standard). 
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Table 2.2. A summary of the detection limits for micropollutants in the WTP 

samples. 

 
Compounds Retention time 

(min) 

Detection limit (n = 6) 

 LOD (ng/L) LOQ (ng/L) MDL (ng/L) 

Negative mode    

ACT 1.78 2.54 8.48 3.14 

BPA 1.88 1.99 6.65 2.46 

TCB 2.38 5.88 19.6 7.27 

NPX 3.31 1.51 5.05 1.87 

IBU 3.51 1.63 5.43 2.01 

2,4-D 4.46 3.02 10.08 3.74 

NP 4.48 1.8 6.01 2.22 

DCF 4.14 3.62 12.06 4.47 

Positive mode    

MTP 1.26 1.58 5.28 1.96 

SMZ 1.77 0.81 2.7 1 

SMA 1.80 1.23 4.11 1.52 

CFF 1.97 2.14 7.14 2.65 

CBM 2.02 1.37 4.56 1.69 

ATZ 2.23 2.23 7.44 2.76 
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Table 2.3. Recoveries of internal standard in WTP influent samples. 

 

Recovery (%)a Positive (
13

C-sulfamethoxazole) Negative (
13

C-naproxen) 

Season 
(n=25) 

Summer 
(n=10) 

Winter 
(n=15) 

Summer 
(n=10) 

Winter 
(n=15) 

Mean±Std. 110.5±5.4 99.6±5.5 84.6±13.1 96.7±7.9 

Max. 117.5 114 119.2 118.5 

Min. 101.7 86 77.3 79 

R.S.D(%)b 
4.8 5.5 15.5 8.2 

a
 Recoveries were calculated with the spiked internal standard (10 ng/L); 

13

C-

sulfamethoxazole and 
13

C-naproxen. Their recoveries represented the matrix effects 

of WTP sample.    
b
 The relative standard deviation (RSD, %) expresses the percentage of standard 

deviation divided by mean.  
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2.2.4. Laboratory experiments 

 

To examine the removal of selected micropollutants during the 

coagulation process, a jar test was conducted (SF6; Chosun Instrument, Seoul, 

Korea) in the laboratory using 1 L of the influent samples collected from the 

WTP. A stock solution containing 100 ng/L of 14 micropollutants was added 

to the samples. The jar test consists of rapid stirring at 140 rpm for 5 min, 

reduced stirring at 70 rpm for 20 min, and then settling for 1 h. To provide 

dark conditions, the jar was surrounded with aluminum foil to remove the 

possibility of a photolysis reaction. The supernatant sample was filtered from 

a working suspension using a 1.2 μm GF/C filter. Filtered water was extracted 

by SPE, and then analyzed using LC-MS/MS. The pH during the jar test was 

maintained at 7. 

Turbidity of the sample during the coagulation experiment was measured 

using a turbidimeter (2100P; Hach, Loveland, CO, USA), and a pH meter 

(IstekModel 52A; Orion, Reno, NV, USA) was used to maintain the proper 

pH level. The solution temperature was maintained at 20 
o
C. After the settling 

step, the supernatants were concentrated using an SPE extraction, and 14 

micropollutants were measured using LC-MS/MS. 

In the adsorption experiment, 100 ng/L of 14 micropollutants stock was 

added to the influent samples which containing the micropollutant levels less 
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than MDL before spiking stocks, and additionally collected for lab scale 

experiment. The samples were agitated at 70 rpm for 85 min. The testing jar 

was also covered by aluminum foil to minimize photolysis reactions. The 

supernatant sample was next filtered using a 1.2 µm GF/C filter. Filtered 

water was extracted by the SPE method and analyzed using LC-MS/MS. A 

neutral pH of 7 was maintained in the adsorption experiment. 

For the sunlight photodegradation experiment, a stock solution containing 

14 micropollutants (100 ng) was added to 1 L of distilled water. Direct 

exposure to sunlight with agitation at 70 rpm was maintained for 12 h. 

Sunlight intensity was measured with a radiometer (VLX-3W; Vilber-

Lourmat, Cedex, France) and the average intensity for 12 h was 0.5±0.08 

mW/cm
2
 at a wavelength of 320–400 nm. The sample was then extracted to 

measure the micropollutants using LC-MS/MS.  
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2.3. Results and discussion 

 

2.3.1. The occurrence of selected micropollutants in source 

water 

 

As shown in Table 2.4, 12 out of the 14 micropollutants (excluding ATZ 

and TCB) were detected in the influents. Among the detected compounds, 

MTP, CBM, ACT, CFF, NPX, SMZ, SMA, and IBU had higher detection 

frequencies (> 50%) in the influent samples. CBM was the most frequently 

detected compound during the sampling period. Among the pharmaceuticals 

detected, ACT (106 ng/L) showed the highest concentration in the influent 

samples.  

The concentration ranges of measured micropollutants in the influents 

were similar to those measured in other WTPs and surface water samples 

(Ferrer et al., 2010; Gros et al., 2006; Ma et al., 2008; Rodil et al., 2009). The 

levels of the detected pharmaceuticals in the influents in the WTP were also 

similar to the levels recently reported in Han River (Yoon et al., 2010). The 

level of NP (12–192 ng/L) was also close to the result of Li et al. (2004), in 

which the concentrations of NP in the Han River in the range of 23.2–187.6 

ng/L were reported.  

The seasonal variation of the measured micropollutants also was 
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investigated. The result revealed the seasonal differences between summer 

and winter samples (Table 2.4). Higher concentrations of NPX, IBU, MTP, 

and ACT were observed in winter, In winter, pharmaceuticals such as anti-

inflammatory (IBU, and NPX), antihypertensive (MTP) and antipyretic (ACT) 

which are used to reduce the symptoms of cold and blood hypertension 

showed higher levels in influent samples of WTPs.  

The precipitation also can affect the level of the detected micropollutants. 

Overall, summer samples showed more frequent detection and higher the 

levels compared to winter samples (Table 2.4). In fact, there was a long dry 

season before the sampling period in summer (see Fig. 2.1). Loraine and 

Pettigrove (2006) reported that 16 pharmaceuticals (e.g. IBU, and NPX) 

showed higher concentrations during dry season. This result implies that the 

long dry season before the sampling period might affect higher level of the 

micropollutants. 

Some pharmaceuticals can be biological or photochemically degraded in 

surface water. IBU is reported to be biodegradable in surface water (Winkler 

et al., 2001), but due to the low water temperatures (< 7 °C) in winter, the rate 

of IBU biodegradation can be low. Also, NPX and ACT can be removed by 

photodegradation (Boscá et al., 2001; Tixier et al., 2003). However, the low 

levels of sunlight experienced in the winter might reduce the 

photodegradation of these pharmaceuticals (Vieno et al., 2005). These results 
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reflect the lower removal rates of micropollutants in winter compared to 

summer in this study. In contrast, β-blockers such as atenolol, MTP, and 

propranolol are known to be persistent in aquatic environments (Bendz et al., 

2005). MTP was detected in a range from 2.3 to 164.5 ng/L in this study. MTP 

is frequently found in surface water samples regardless of the season. 

BPA, 2,4-D, DCF, and NP were only measured in the summer season. 

The levels of BPA and 2,4-D were particularly higher in summer, which is 

might be due to high usage of plastic bottles and herbicides in summer. In 

contrast, the levels of DCF in the influent (5–10 ng/L) were lower than the 

other micropollutants measured in summer. It was also reported that DCF 

loadings during the summer dry periods were significantly lower than the 

average (Loraine and Pettigrove, 2006). 
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Table 2.4. Detection frequencies and concentrations (ng/L) of 14 

micropollutants in WTP influent samples. 

 
Influent Season Total 

Winter (n=15) Summer (n=10) 

NOD
a
 Mean Min. Max. NOD Mean Min. Max. Mean 

2,4-D 0 - - - 6 33.6 10.2 82.5 33.6 

ACT 10 254.8 13.5 481.6 10 10.6 5.3 29.7 106.1 

ATZ 0 - - - 0 - - - - 

BPA 0 - - - 10 88 19.2 324 88 

CBM 13 11 5.2 46.4 10 8.4 3.1 30.7 10.3 

CFF 10 16.1 6.5 42.5 10 51.6 34.3 95.5 36.1 

DCF 0 - - - 2 7.7 5.3 10.2 7.7 

IBU 13 17.2 2.2 73.5 8 28.3 3.9 71.5 19.6 

MTP 12 23.8 2.3 164.5 10 50.4 28.7 74.5 37.4 

NP 0 - - - 10 41.5 12.7 192 41.5 

NPX 8 18.9 11.6 28.2 5 16.9 2.2 41.1 11.8 

SMA 7 2.4 1.7 5.9 10 5.8 4.4 9.5 3.7 

SMZ 9 5.9 1.9 22.2 10 7.4 5.1 11.2 7.8 

TCB 0 - - - 0 - - - - 

a: Number of detections. 
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2.3.2. Removal of micropollutants and their fate during the 

water treatment process 

 

The removal of these micropollutants during each water treatment 

process (i.e., coagulation–sedimentation, sand filtration, and disinfection) was 

examined. Table 2.5 summarized the removal efficiencies of detected 12 

micropollutants in each treatment stage and total removals in WTP. Table 2.5 

showed the diverse removal efficiencies for 12 detected pollutants (6–100%) 

during whole treatment processes in WTP. ACT, CFF, CBM, and 2,4-D were 

effectively removed (> 80%). MTP was unlikely to be removed (6%) in the 

WTP process.  

Stackelberg et al. (2007) monitored the removals for some 

pharmaceuticals of ACT (> 98%), CFF (42–99%), SMZ (> 99%) in the WTP. 

Bnotti et al. (2008) also showed lower removals for the endocrine disruptors 

in 19 WTPs; ATZ (-53%), BPA (-78%), and NP (7%). The removal of 

micropollutant at the WTP is not easy to be compared because the 

micropollutants removals depend on various factors in WTPs (e.g. 

configurations of systems, operation schedules, treatment conditions, and 

influent loadings in source waters, etc). Therefore, the examination of 

removal mechanism during is required to find the detailed mechanisms related 

to main removal for the pollutants. Therefore, in this study, the detailed 



- 101 - 

removal mechanisms in each treatment process in WTP were examined by 

comparing the removal in each treatment step in WTP and lab-scale 

experiment. 

 

Coagulation–sedimentation 

Coagulation is commonly used to remove colloidal particles. However, it 

was reported that coagulation process itself is not effective for eliminating 

micropollutants. Recent studies observed the low removals of micropollutants 

during coagulation in the WTPs. Stackelberg et al. (2007) reported that only 

15% of pharmaceuticals such as CBM, ACT, CFF, SMZ, and SMA, and EDCs 

such as NP and BPA were removed during the coagulation process. Vieno et al. 

(2007) also reported the removals of MTP (11%), IBU (12%), NPX (10%), 

and DCF (8%) during the coagulation process. Ternes et al. (2002) and Adams 

et al. (2002) also reported that less than 30% pharmaceuticals (e.g. CBM, 

SMA, and DCF) during coagulation process with ferric ion (Fe
3+

) were 

removed. 

However, the removal of micropollutants in the coagulation stage in the 

WTP is achieved not only by coagulation itself, but also by the combination 

of adsorption to clay particle, electrostatic interaction between 

micropollutants and coagulant, and sunlight photodegradation in the 

coagulation stage (Adams et al., 2002; Stackelberg et al., 2007). In fact, it was 
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reported that adsorption to the particles, direct sunlight photolysis, and 

hydrolysis are the main micropollutant removal mechanisms that operate 

during the coagulation process in a WTP (Monteiro and Boxall, 2010; 

Nikolaou et al., 2007). These removal mechanisms can act simultaneously in 

water, thus differentiating these mechanisms in the WTPs is difficult unless 

well-designed laboratory experiments, focusing on only one removal 

mechanism, are performed.  

In this study, the average removal efficiencies of the micropollutants in 

the coagulation stage were measured at the WTP (Fig. 2.3(a)). The removal 

efficiencies of micropollutants in the coagulation stage were quite broad, with 

a range from 9 to 100%. The removals of CFF, ACT, SMZ, BPA, and DCF 

were higher than 70%, whereas less than 40% of the SMA, MTP, IBU, and 

NP were removed in the coagulation stage, and moderate removals (40–60%) 

of NPX, CBM, and 2,4-D were observed.  

Huerta-Fontela et al. (2010) reported that hydrophobic compounds (log 

Kow > 2.5) can attach to the particles, and thus can be effectively removed by 

the coagulation/sedimentation process. In this study, the removal efficiencies 

of hydrophobic compounds such as 2,4-D (log Kow= 2.81), NPX (log Kow= 

2.84), and BPA (log Kow= 3.4) were also higher than 40% in the coagulation 

stage. In this study, the compounds were regarded with log Kow> 2.5 as 

hydrophobic compounds (Huerta-Fontela et al., 2010; Rogers 1996). The 
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removal efficiencies of the hydrophobic micropollutants (log Kow> 2.5) also 

generally increased as the turbidity of the water increased (Fig. 2.3(b)).  

Interestingly, CBM had higher removal (85%; coagulation (50%) + sand 

filtration (35%)) during water treatment at WTP while the previous researches 

reported the persistence of CBM in WTPs (Table 2.5). In fact, Ternes et al. 

(2002) showed the poor elimination (< 20%) in the coagulation for WTP 

samples. Stackelberg et al. (2007) also reported less than 3% removal of CBM 

at the clarification stage in WTP. The difference in the CBM removal might be 

due to the turbidity. In this study, the average turbidity of influent was higher 

than 10 NTU during sampling period. Also, Fig. 2.3(b) showed the 

enhancement of CBM removal (> 30%) in high turbid water. This result 

implies that the adsorption can be significant removal mechanism of CBM at 

WTP (Monteiro and Boxall, 2010). In fact, Huerta-Fontela et al. (2010) 

reported CBM removal more than 75% in the filtrations stage at WTP. This 

can explain the difference in the lower removal of micropollutants in most lab 

scale coagulation experiments mostly conducted in distilled waters or low 

turbidity waters (Westerhoff et al., 2005; Alexander et al., 2012) 

To examine the effect of hydrophobicity on the removal of 

micropollutants during the coagulation process, the laboratory experiment was 

performed with spiking 14 selected micropollutants at different turbidities. 

Different turbidity was provided by changing kaolin (Al2O3∙2SiO2∙2H2O; 
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Sigma-Aldrich) particle concentration. Fig. 2.4 shows the relation between 

removals of micropollutants by adsorption to the kaolin particles and their log 

Kow values. The results of adsorption of micropollutant into kaolin particle 

(Fig. 2.4), and coagulation result in high turbid water (Fig. 2.3(b)) indicate 

that adsorption is an important removal mechanism for the micropollutants. 

Lab scale experiment was also conducted the to examine the removal 

efficiencies of the selected micropollutants using a jar test with PACl with the 

amount (30 mg/L) which is actually used as a coagulant in the WTP. Dark 

condition was maintained with an aluminum foil. Initial concentration of 

micropollutants was 100 ng/L at a neutral pH. The result showed that SMA 

and SMZ were effectively removed during coagulation (Fig. 2.3(c)). This 

result implies that hydrophilic micropollutants such as SMZ (log Kow < 1) can 

be electrically aggregated with Al
3+

 or Fe
3+

 ions in the coagulation process. 

Due to pKa values (SMZ = 5.7, SMA = 2.6(pKa1)/7.7(pKa2)) (see Table 1.3), 

sulfonamide-type micropollutants (SMA, and SMZ) exist as negative ions at 

neutral pH, therefore, these compounds can be effectively coagulated to Al
3+

 

ion of PACl during coagulation process. The result indicates that electrical 

aggregation is an important mechanism for the significant removals of SMA 

and SMZ in the coagulation step.  

Interestingly, higher removal efficiencies for ACT (76.6%), CFF (81.2%), 

and DCF (100%) were observed during coagulation process at WTP (Fig. 
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2.3(a)). Sunlight photolysis can be an additional removal mechanism of these 

micropollutants since coagulation process is conducted in the open air. In this 

study, to examine the effect of sunlight photolysis during coagulation stage, a 

laboratory sunlight photolysis experiment was conducted by eliminating the 

other removal mechanisms. Fig. 2.3(c) shows that sunlight photodegradation 

effectively removed SMA, SMZ, CFF, IBU, and ACT (53–95%). 

The absorption spectrum of 14 micropollutants was also measured using 

an UV-Vis spectrophotometer (Biomate 3; Thermo Fisher Scientific, Walthan, 

MA, USA) in the ranges of 280–400 nm (Fig. 2.5). 14 micropollutants can be 

classified as most, moderate, and least sensitive groups based on absorption 

spectrum. The most photosensitivities were CFF, ACT, SMA, SMZ, DCF, 

and IBU (Fig. 2.5). This result can explain the higher photo-removal 

efficiencies of especially ACT, CFF and DCF (Fig. 2.3(c)). 

The result implies that removals of micropollutants in the coagulation 

stage are related with not only by coagulation itself, but also by adsorption 

into clay particle especially for high turbidity water, and sunlight 

photodegradation since the coagulation process was conducted in the open 

atmosphere. 
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Sand filtration 

Sand filtration is known to be inefficient for removing hydrophilic 

pollutants because hydrophilic compounds do not easily adsorb into sand filter 

beds. It was reported that compounds with log Kow< 1 had lower removal 

efficiencies (< 50%) during sand filtration (Ternes et al., 2002), whereas 

hydrophobic compounds with log Kow > 2.5 had higher removal efficiencies 

(> 80%) (Nakada et al., 2007). Rogers (1996) also reported sorption potential 

with the categories; low sorption potential (log Kow< 2.5), medium sorption 

potential (log Kow> 2.5 and < 4.0), and high sorption potential (log Kow> 4.0). 

This result implies that adsorption is can be the dominant mechanism in 

accordance with the hydrophobicity of the compound during sand filtration.  

Fig. 2.3(d) showed that significantly higher removal efficiencies were 

observed for hydrophobic compounds (CBM, 2,4-D, IBU, and NP) with 

higher Kow values compared to hydrophilic pollutants (i.e., CFF, ACT, SMA, 

SMZ, and MTP) at the sand filtration stage although 9 out of 12 detected 

compounds in influents already have been reduced to 50% of initial 

concentrations in the coagulation. This result indicates that hydrophobicity is 

a controlling factor in the removal of micropollutants during sand filtration 

stage. 

However, some micropollutants even with log Kow higher than 2.5, such as 

NPX, and BPA showed inefficient removals during filtration stage, and 
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sometimes, the negative removal efficiencies for CFF, SMZ, and BPA were 

observed (Fig. 2.3(d)). Negative removal during sand filtration can be 

explained by the timing differences or desorption of accumulated pollutants in 

the filter bed. Zhou et al. (2009) reported that micropollutants can be only 

temporarily stored in sand particles by partitioning during filtration. Vieno et 

al. (2007) also reported the occasional reappearance of compounds in filtered 

water. 

 

Disinfection 

In WTPs, chlorination can effectively eliminate microbial activity and 

causes the oxidation of organic materials. Chlorination can initiate the ring 

cleavage of phenolic compounds and produces oxidative byproducts from 

pesticides and EDC/PPCPs (Gallardand von Gunten, 2002; Westerhoff et al., 

2005). 

Table 2.5 also shows the concentrations of 11 detected micropollutants 

passing through the chlorination. Chlorination was relatively not effective for 

the removal of micropollutants compared to coagulation and sand filtration 

stages (Table 2.5). However, the micropollutant removal in each stage 

(coagulation-sedimentation, sand filtration, and disinfection) cannot be 

compared since three main processes were not conduct in parallel, and the 

influent concentrations are not the same. Therefore, in order to examine the 
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effectiveness of chlorination, the lab scale chlorination experiment was 

conducted by changing chlorine dosage and pH, and the result is shown in Fig. 

2.3(e). Higher chlorine dose and lower pH increased the micropollutant 

removal (Fig 2.3(e)). ACT, SMA, and SMZ had significant removals (> 30%) 

when the higher chlorine dose (5 mg/L) was used, while most of the 

compounds showed the low removals at basic pHs (> 7.9). 

Sim et al. (2010) reported that chlorination is ineffective in removing 

micropollutants at lower chlorine dose. In their study, 2 mg/L of chlorine was 

added to water during the chlorination stage at the WTP. In contrast, 

Westerhoff et al. (2005) showed that significant removals of ACT (> 90%), 

CFF (> 50%), CBM (> 90%), DCF (> 90%), IBU (> 70%), and NPX (> 90%) 

in surface water samples were achieved by adding 3.5–3.8 mg/L of chlorine 

(pH 5.5, contact time = 24 hr) during lab scale experiment. Pinkston and 

Sedlak (2004) also suggested that pH level is a critical factor for the effective 

removal of individual pollutants. Considering pKa value (=7.6) of 

hypochlorous acid (HOCl), the oxidation rates usually increases at acidic pHs 

(< 7) since HOCl is more strong oxidant than hypochlorite anion (OCl
-
). 

These results imply that lower chlorine dosage (2 mg/L), low constant time (1 

hr), and already lower levels of micropollutants before chlorination stage in 

WTP in this study might affect much lower removal compared to lab scale 

experiment (Table 2.5). The result indicates that optimization of control 
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factors such as pH, and chlorine dose is required to effectively eliminate 

micropollutant during disinfection process.  
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Table 2.5. Average concentrations for 12 micropollutants during each 

treatment, and final removal efficiencies in the WTP 

(coagulation–sedimentation, sand filtration, and post-chlorination) 

during the overall period. 

 
Compounds Average concentration (ng/L) Removal 

(%) 

 Influent Coagulation 

effluent 

Filtration 

effluent 

Disinfection 

effluent 

SMZ 7.8 1.9 2.1 2.1 73 

CBM 10.3 5.1 1.2 1.7 84.7 

CFF 36.1 6.7 14.3 5.8 84 

MTP 37.4 34.2 28.4 35.2 6 

SMA 3.7 2.5 2.2 2.31 38 

IBU 19.6 6.9 5.5 4.3 78 

ACT 106.1 24.7 12.2 5 95.3 

NPX 11.8 4.3 3.5 2.7 78 

BPA 88 17.5 21.4 19 78.4 

2,4-D 33.6 15.6 6.6 6.5 81 

DCF 7.8 <MDL
a
 <MDL <MDL 100 

NP 41.5 35 11.4 12.6 70 

a: less than the method detection limit 
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Fig. 2.3. Removal efficiencies for the selected pollutants during (a) 

coagulation stage at WTP (n=3) (b) coagulation stage when 

changing the turbidity of the influent at the WTP (n=3) (c) during 

laboratory experiments of dark coagulation (n=3), and 

photodegradation (n=10) in the distilled water, (d) during the sand 

filtration stage at the WTP(n=3), (e) during laboratory chlorination 

in influent at the WTP (n=3). (experimental conditions: pH = 7, 

contact time = 4 h, [PACl]= 30 mg/L, temperature = 20 ºC, spiked 

micropollutant concentration in source water [C0] = 100 ng/L; error 

bar showed the standard deviations of multiple samples, and scores 

on the graphs (2a, and 2d) indicate the average removals. N.D. on 

the graphs represents the none-detected compound in WTP.) 
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Fig. 2.3. Continued.  
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Fig. 2.4. Kaolin adsorption removals for 14 micropollutants; spiked 

micropollutants concentration [C0]= 100 ng/L, pH= 7, 20 ℃, 

[kaolin]= 100 mg/L.  
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Fig. 2.5. The absorbance spectrums of 14 micropollutants categorized with (a) 

most sensitive (b) moderate sensitive, and (c) least sensitive group; 

[C
0
]=10 mg/L, pH 7, 20 

o
C. 
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2.3.3. Levels in the final effluent in WTP 

 

Table 2.6 shows that 11 of the 14 selected micropollutants (excluding ATZ, 

DCF, and TCB) survived the water treatment and were detected in the final 

WTP effluents at ppt levels. This is the first detection result of micropollutants 

in the effluents passing through the WTP in Korea. Although Kim et al. (2007) 

reported the level of micropollutants such as IBU (< 1 ng/L), CBM (< 1 ng/L), 

and CFF (< 10 ng/L) in the tap waters, these levels were lower than the 

analytical limits. 

Interestingly, MTP was the compound most often detected in both the 

influent and the effluent, and its average removal efficiency (6%) was the 

lowest of all the pollutants. Schrinks et al. (2010) reported that MTP was 

detected at a level of 2,100 ng/L in drinking water even after treatment in the 

Netherlands. Huerta-Fontela et al. (2011) showed that > 50% of MTP was 

removed during the ozonation–chlorination process and 70% was removed 

during granular-activated carbon filtration. This result implies that MTP 

persisted after conventional treatments and the additional advanced treatment 

such as ozonation or activated carbon adsorption is needed for the removal of 

MTP in a WTP. 

The concentrations of BPA (10–34 ng/L) and NP (6–22 ng/L) in the effluent 

were lower than the influent (BPA; 88 ng/L, NP; 42 ng/L) (Table 2.6). The 
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removal efficiencies of these compounds in the WTP were 70, and 78%, 

respectively. In fact, BPA, and NP are frequently detected in tap water 

(Capdeville and Budzinski, 2011;Li et al., 2010; Shao et al., 2008;Stackelberg 

et al., 2007). Also, pharmaceuticals such as ACT, IBU, CFF, SMZ, and SMA 

often had a detection occurrence of > 30%, and they had lower average 

concentrations (2–6 ng/L) in the effluent. These drugs were also frequently 

found in tap water and drinking water (Hernando et al., 2006;Mompelat et al., 

2009;Perret et al., 2006;Stackelberg et al., 2007; Webb et al., 2003). 
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Table 2.6. Detection frequencies and concentrations (ng/L) of 14 

micropollutants in the effluent samples of the WTP. 

 

Effluent Season  Total 

Winter (n=15) Summer (n=10) 

NOD
a
 Mean Min. Max. NOD Mean Min. Max. Mean 

2,4-D 0 - - - 4 6.5 5.2 9.1 6.5 

ACT 2 4.7 3.2 38.3 7 5 3.1 6.3 5 

ATZ 0 - - - 0 - - - - 

BPA 0 - - - 10 19 9.5 33.6 19 

CBM 4 2.8 1.7 17.7 0 - - - 2.8 

CFF 0 - - - 10 14.3 8.3 22.1 5.8 

DCF 0 - - - 0 - - - - 

IBU 8 3.8 2.1 20.6 4 6.2 2.9 9.4 4.3 

MTP 15 23.9 4.5 54.3 10 52 20.8 83.5 35.2 

NP 0 - - - 10 12.6 6.2 21.6 12.6 

NPX 4 2.7 2 26.6 1 2.8 2.8 2.8 2.7  

SMA 0 - - - 10 4.3 4.1 4.7 2.3 

SMZ 0 - - - 10 4.1 3.7 7.1 2.1 

TCB 0 - - - 0 - - - - 

a
NOD: number of detection 
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Chapter 3. Adsorption removals of micropollutants  

in water using activated carbon 

 

3.1. Introduction 

    

The occurrence of micropollutants, such as pharmaceuticals, endocrine 

disruptors, and pesticides, in water has recently become a significant concern. 

Although these compounds are present in water at low concentrations; e.g., 

parts per billion (ppb) or parts per trillion (ppt), they can pass through 

conventional WTPs and WWTPs and accumulate in aquatic environments. 

Untreated micropollutants from wastewater or water treatment plants can 

reach natural aquatic environments and potentially affect the ecosystem. 

Recent studies have reported that micropollutants might have an adverse 

impact on human health as a result of chronic exposure (Adams et al., 2002; 

Westerhoff et al., 2005; Okuda et al., 2008; Suárez et al., 2008; Thuy et al., 

2008; Huerta-Fontela et al., 2011). 

Monitoring of micropollutants in WTPs and WWTPs has shown that they 

are difficult to effectively remove from water. Benotti et al. (2009) showed 

that pesticides, such as ATZ (< -53%), are unlikely to be removed during 

WTPs. Ternes et al. (2002) reported low removal of pharmaceuticals such as 
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DCF (< 25%) using chemical coagulation. Nakada et al. (2008) also showed 

that NP, an endocrine disruptor, had low removal efficiency (53−55%) in 

WWTPs. 

Adsorption using activated carbon (AC) has been reported as an effective 

method of eliminating micropollutants. Adsorption is a process whereby a 

contaminant adheres to the surface of an adsorbent, such as AC, due to 

hydrophobic and electrostatic interactions between the adsorbate and the 

adsorbent. Adams et al. (2002) showed that 81−98% of pharmaceuticals such 

as SMA, trimethoprim, and carbatox from water were removed using 

powdered activated carbon (PAC). Westerhoff et al. (2005) demonstrated that 

69−98% of endocrine disruptors, such as triclosan and atrazine, were 

eliminated from water by this method. However, the factors that affect the 

efficiency of micropollutant removal by adsorption have not yet been 

determined. A better understanding of the detailed mechanisms of the process 

of adsorption is necessary to identify the factors that significantly affect 

micropollutant removal by adsorption with AC.  

In this study, the adsorption removal efficiency of nine micropollutants (six 

pharmaceuticals, two pesticides, and one endocrine disruptor) was evaluated by 

adsorption with PAC. The adsorption removal efficiency according to adsorbent 

dosage, contact time, pH, dissolved organic carbon levels, and water 

temperature was tested in both surface water samples and distilled water.
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3.2. Materials and methods 

 

3.2.1. Chemicals  

 

Acetaminophen (ACT), caffeine (CFF), diclofenac (DCF), naproxen 

(NPX), sulfamethoxazole (SMZ), sulfamethazine (SMA), atrazine (ATZ), 2,4-

dichloro phenoxyacetic acid (2,4-D), and triclocarban (TCB) were purchased 

from Sigma-Aldrich and Fluka. All chemicals were dissolved in 1 g/L 

methanol and diluted from 1 to 100 ng/L. 
13

C6-sulfamethoxazole and 
13

C6-

naproxen (Cambridge Isotope Laboratories, Cambridge, UK) were used as 

internal standards to compensate for matrix effects. The stock solution was 

refrigerated at 5 C in the dark to prevent biological degradation. Coconut 

shell-based powdered activated carbon (PAC, Han-Doc chemical, Korea) was 

used as an adsorbent, and prepared as a stock solution of 1 g/L hydrated for 24 

h in distilled water to activate the surface of PAC. Table 3.1 shows the 

physico-chemical properties of PAC.    
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Table 3.1. Characteristics of the commercial activated carbon.  

 

 

 

 

 

 

 

 

 

 

 

 

Properties Specifications 

Source material Coconut shell 

Particle size (US mesh) 12ⅹ30 

Surface area (m
2
/g) 900–1100 

Solid density (g/cm
3
) 1.8-2.1 

Packing density (g/cm
3
) 0.45±0.05 

Moisture content (%) 5 
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3.2.2. Water sample  

 

Surface water was collected from the Han River near Seoul, Korea during 

summer and winter of 2011 and 2012. The Han River is a drinking water 

source for 15 million people in the Seoul Metropolitan Area. To compare the 

effect of dissolved organic matter (DOM), adsorption experiments were 

performed using deionized water, and surface water samples. The 

concentrations of dissolved organic carbon (DOC) was measured using a total 

organic analyzer (TOC 5000, Shimadzu, Kyoto, Japan) calibrated from 0 to 

10 mg C/L. The basic water quality of the river samples is shown in Table 3.2. 
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Table 3.2. Characteristics of surface water in Han River, Korea. 

 

Source 

water 

Turbidity 

(NTU) 

pH Alkalinity 

(mg/L as 

CaCO3) 

Conductivity 

(μS/cm) 

TOC 

(mg/L) 

S-I 6–9 6.77–7.13 25.6–47.2 105–170 10.2–10.8 

S-II 

S-III 
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3.2.3. Adsorption experiment  

 

The experimental procedure is illustrated in Fig. 3.1, and the experimental 

details of bench-scale adsorption are given in Table 3.3. 

The initial concentrations of the nine pollutants were 100 ng/L in 1 L of 

distilled water. AC was injected into the water samples at concentrations of 1, 

5, and 20 mg, and then agitated at 70 rpm for 4 h in a jar wrapped with 

aluminum foil to minimize photolysis. After settling for 1 h, a sample of the 

supernatant was collected from a working suspension using a 0.45-μm GF/C 

filter (Whatman, UK). The filtered water used in all tests was concentrated by 

solid-phase extraction (SPE), and then analyzed by LC-MS/MS.  

To investigate the effect of pH levels, the pH of the solution was adjusted to 5, 

7, 9, or 12 by addition of 0.5 N NaOH or 0.5 N HCl. A pH meter (IstekModel 

52A; Orion, Reno, NV, USA) was used to maintain the pH levels. The point 

of zero charge of AC (pHPzc) was measured by mass titration stirring the 

solution of 10, 100, 500, 1000, and 5000 mg/L of activated carbon for 24 h in 

a glove box purged with nitrogen (Noh and Schwarz, 1989). The mass 

titration data are described in Table 3.4. 

For the assay at 5 C, the water sample was stored for 24 h and the experiment 

was conducted in a large refrigerated room maintained at 5 C.  

The isotherm experiments were used with the stocks containing of 20, 50, 100, 
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200, 300, and 500 ng/L of nine pollutants were added to 1 L of distilled water 

to measure the sorption coefficients. To reach the adsorption equilibrium 

rapidly, 1 mg of AC was added to the test solution. The adsorption was 

performed for 4 h at a neutral pH. Water temperature was maintained at 20 C 

(except for the 5 C treatment). Post-treatments for LC MS/MS analysis were 

as in the adsorption experiment.   

The Freundlich isotherm (Eq. (3.1)) and a linear isotherm (Eq. (3.2)) 

describe the relationship between the adsorbed amounts on the AC (q) and the 

equilibrium concentration (C). 

 

q = K∙C
1/n

            (3.1) 

q = Ke∙C             (3.2) 

 

K ((mg/g)∙(L/mg)
1/n

) and Ke (L/g) are the adsorption coefficients of the 

Freundlich and linear isotherms, respectively, and 1/n is the Freundlich 

intensity parameter. The amount of micropollutant adsorbed per unit 

adsorbent (q) (mg/g) was evaluated by dividing the amount adsorbed by the 

concentration of AC. The suitability of each isotherm was evaluated by 

comparing the R
2
 values of an F-test of the linear and power regression during 

isotherm correlation.  
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The isotherm experiments were replicated at least three times, and the 

averages and standard deviations are shown in the figures. The adsorption 

coefficients that were statistically significant at a 95% confidence level are 

reported.   
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Fig. 3.1. Schematic diagram of the adsorption experiment. 
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Table 3.3. The conditions of adsorption experiments. 

 

Source 

water 

Initial spiked 

concentration 

(ng/L)  

Adsorbents 

(mg/L) 

pH Temperature 

(℃) 

Contact 

time
a
 

Contact time test     

Distilled 

water 

100 1 7 20 30 min, 1h, 

4 h, 6h  

AC dosage test     

Distilled 

water 

100 1, 5, 10, 20 7 20 4h 

Adsorption coefficient test    

Distilled 

water 

20, 50, 100, 

200, 300, 500 

1 7 20 4 h  

Surface 

water  

(S-I) 

20, 50, 100, 

200, 300, 500 

1 7 20 4 h  

a: adsorption time with activated carbon   
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Table 3.3. Continued. 

Source 

water 

Initial spiked 

concentration 

(ng/L)  

Adsorbents 

(mg/L) 

pH Temperature 

(℃) 

Contact 

time
a
 

DOM test     

Distilled 

water 

20, 50, 100, 

200, 300, 500 

100 

1  

(Adsorption 

coefficient test),  

5 (Removal 

test) 

7 20 4 h  

Surface 

water 

(S-I,  

S-II,  

S-III) 

20, 50, 100, 

200, 300, 500 

1  

(Adsorption 

coefficient test),  

5 (Removal 

test) 

7 20 4 h  

a: adsorption time with activated carbon   
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Table 3.3. Continued. 

Source 

water 

Initial spiked 

concentration 

(ng/L)  

Adsorbents 

(mg/L) 

pH Temperature 

(℃) 

Contact 

time
a
 

Temperature test    

Distilled 

water 

20, 50, 100, 

200, 300, 500 

100 

1  

(Adsorption 

coefficient 

test),  

5 (Removal 

test) 

7 5, 20 

 

5, 20 

4 h 

 

4 h 

pH test    

Distilled 

water 

100 1 5, 

7, 

9, 

12 

20 4 h 

a: adsorption time with activated carbon   
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Table 3.4. Determination of PZC for the activated carbon using mass titration; 

n=3, 20 ℃, time= 24 h, distilled water.   

 
Activated carbon dosage (mg) 

PZC 

0 10 100 500 1000 5000 

pH 

(mean±SD) 
7±0.2 7.7±0.3 8.4±0.3 9.15±0.3 9.25±0.1 9.25±0.1 9.25 
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3.2.4. Analytical methods  

 

Before analysis, solid-phase extraction on entire samples was conducted using 

a hydrophile–lipophile balance cartridge (Oasis HLB, Waters, USA). Samples 

of 200 mL were spiked with 10-ng internal standards. Next, the cartridge was 

conditioned with 5 mL of methanol and water. Then, the samples were loaded 

on the HLB cartridge. The cartridge was then dried for 5 min. The dried 

cartridge was eluted with 5 mL of methanol. Finally, the sample volume was 

adjusted to 1 mL using a nitrogen evaporator (CVE-3100, EYELA, Japan). 

Concentrated samples were measured with HPLC (Nexera, Shimadzu, Kyoto, 

Japan) connected to a triple-quadrupole mass spectrometer (API-4000, Foster 

City, Canada) with an electron ion spray source working in both positive and 

negative modes. A reverse-phase C18 column (Luna 3 m; 150  20 mm, 

Phenomenex, Torrance, Canada) separated each compound by its 

hydrophobicity and molecular weight. The flow rate for all conditions was 0.2 

mL/min, the column oven temperature was 40 C, and the injection volume 

was 10 µL. The isocratic mobile phase contained 95:5 methanol: water with 

10 mM ammonium formate and 0.3% formic acid (v/v) in the positive mode, 

and 98:2 methanol: water with 5 mM ammonium acetate (v/v) in the negative 

mode. 
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The selected compounds were classified as negative ion (ACT, NPX, 2,4-D, 

DCF, and TCB) and positive (CFF, ATZ, SMZ, and SMA) ion group 

according to their ionization.  

For quality assurance/quality control (QA/QC), the recoveries of the extracted 

samples were calculated by comparing the spiked river samples with internal 

standards. The method detection limit (MDL) was evaluated using a t-test 

with a 99% confidence interval. MDLs were in the range 1.52−7.27 ng/L and 

the recoveries for surrogates were in the range 79–118.5% throughout the 

experiments.  
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3.3. Results and discussion 

 

3.3.1. Role of dosage and contact time in adsorption removal  

 

The dosage and contact time play important roles in the adsorption process 

using activated carbon (Westerhoff et al., 2005; Snyder et al., 2007). 

Increasing dosage and contact time gives the pollutants more opportunities to 

attach to the surface of the AC. Higher activated carbon dosage can increase 

the adsorbable area, and increasing contact time can result in a more complete 

adsorption equilibrium. However, this may increase the costs and energy 

required unnecessarily. Therefore, determining the optimal dose of AC and 

contact time is necessary to ensure cost effectiveness.  

Removal of micropollutants was enhanced at higher AC concentrations (Fig. 

3.2). In this study, the target micropollutants can be classified as less (log Kow 

< 2), moderately (2 < log Kow < 3.5), and highly (3.5 < log Kow) hydrophobic 

based on their hydrophobicities (Fig. 3.2). Regardless of their log Kow values, 

all of the pollutants were almost entirely eliminated (80−99%) at AC levels 

greater than 5 mg/L. Increasing the AC dosage to 20 mg showed a minimal 

increase (within 5%) in removal efficiency for all micropollutants. Therefore, 

the optimal dosage is 5 mg/L in distilled water. 

 The optimal contact time was found to be 4 h, at which point each 
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micropollutant had reached an equilibrium concentration and > 90% of the 

original concentration had been removed (Fig. 3.3). The concentrations of all 

micropollutants were steadily reduced during the first 4 h of contact time, 

while there was little or no change after 4 h.  

When the optimized conditions of the AC dosage (5 mg/L) and contact 

time (4 h) were applied in the adsorption experiment, almost all the 

compounds (> 90%) were removed from the distilled water (data not shown), 

indicating that the optimal adsorbent dosage and contact time in this study 

were 5 mg of AC and 4 h, respectively. Triclocarban was the most effectively 

removed pollutant, with 96% removal using only 1 mg of AC within 30 min. 

At the optimized AC dosage (5 mg/L) and contact time (4 h), > 90% of the 

compounds were removed from the distilled water. Westerhoff et al. (2005) 

also effectively removed some pharmaceuticals (e.g., trimethoprim (69%) and 

CFF (78%)) and endocrine disruptors (e.g., ATZ (69%) and dieldrin (84%)) 

using 5 mg of AC with a 4-h contact time.  
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Fig. 3.2. Effect of activated carbon dosage on the adsorption removal categorized 

based on the (a) low hydrophobic group (Log Kow < 2), (b) moderate 

hydrophobic group (2 < Log Kow < 3.5), and (c) high hydrophobic group 

(3.5 < Log Kow); n = 3, [C0]= 100 ng/L, [AC]= 1, 5, 20 mg/L, pH 7, 

20 ℃, contact time = 30 min, Distilled water. 
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Fig. 3.3. Effect of contact time on the adsorption removal categorized based 

on the (a) low hydrophobic group (Log Kow < 2), (b) moderate 

hydrophobic group (2 < Log Kow < 3.5), and (c) high hydrophobic 

group (3.5 < Log Kow); n = 3, [C0] = 100 ng/L, pH 7, 20 ℃, contact 

time = 30−240 min, [AC] = 1 mg/L. 
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3.3.2. Sorption potentials of the selected micropollutants 

 

Several researchers have evaluated the adsorption capacities of 

micropollutants using adsorption isotherms (Monneyron et al., 2002; Kibbey 

et al., 2007; Yu et al., 2008; Krajišnik et al., 2011). However, most interpreted 

and calculated their sorption coefficients using only Freundlich isotherms for 

both hydrophobic and hydrophilic compounds (Adams et al., 2002; Choi et al., 

2006; Thuy et al., 2008). In these studies, the correlation between the 

partitioning coefficient (Kow) of the micropollutant and adsorption removal 

was the main parameter that explained adsorption. This approach is not 

appropriate for hydrophilic compounds. In fact, Westerhoff et al. (2005) 

confirmed that some micropollutants, such as CFF, trimethoprim, and ACT, 

were outliers when fitting partitioning coefficients (Kow) to adsorption 

removal. Consideration of these outliers in the evaluation of hydrophilic 

compounds is necessary. 

In this study, the sorption coefficients of pollutants were evaluated by dividing 

two groups; hydrophobic and hydrophilic compounds. Table 3.5 shows the 

adsorption coefficients of each compound at initial concentrations of 20–500 

ng/L.  

The R-square of the isotherm for each pollutant was the standard used to 

estimate which isotherm is correct (Monneyron et al., 2002). The detail 
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adsorption profiles of each pollutant were described in Fig. 3.4. 

By increasing the concentration of the pollutant, the adsorption of 

hydrophobic compounds (e.g., ATZ, NPX, 2,4-D, DCF, and TCB) were better 

fit by the Freundlich isotherm (R
2
 > 0.92), and this isotherm showed a 

positive correlation with the log-scale partitioning coefficients (R
2
=0.8397). 

In contrast, the linear isotherm had a poorer fit (R
2
=0.78−0.87). The result for 

hydrophobic compounds agreed with previous research (Westerhoff et al., 

2005; Choi et al., 2006; Huerta-Fontela et al., 2011), showing that the 

hydrophobic interaction between micropollutants and AC is the primary 

mechanism of adsorption of hydrophobic compounds.  

In contrast, hydrophilic compounds, such as CFF, ACT, SMZ, and SMA, were 

effectively fit by a linear isotherm (R
2 
> 0.98), and had a negative correlation 

with their log Kow (R
2
=0.7206). Although the Freundlich isotherm also fit 

these data well (R
2
 > 0.96), the Freundlich intensity parameters (1/n) were 

approximately 1 (1–1.24). This suggests that the adsorption of hydrophilic 

micropollutants by activated carbon is best explained by the linear isotherm.  

Similar studies indirectly supported a linear isotherm adsorption for 

hydrophilic micropollutants, although the experimental settings and materials 

differed from this study. Lertpaitoonpan et al. (2009) reported that SMA was 

adsorbed on soil using a linear isotherm. Hari et al. (2005) also suggested a 

linear sorption trend of ACT in soil experiments. Kibbey et al. (2007) 
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evaluated the Ke of MTP (β-blocker, log Kow = 1.95) on quartz sand. They 

found that the linear adsorption isotherm better predicted the removal of 

hydrophilic pollutants than did the Freundlich isotherm. 
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Table 3.5. Adsorption parameters of the selected micropollutants in 

Freundlich and linear isotherms. 

 
Compounds Freundlich isotherm  Compounds  linear isotherm 

Log Kow 1/n Log K R2 Log Kow Log Ke R2 

ATZ 2.67 0.63 2.48 0.9413 CFF -0.5 
0.61 

0.9975 

2,4-D 2.81 0.48 2.5 0.9813 ACT 0.46 
0.43 

0.9872 

NPX 2.84 0.69 2.73 0.9672 SMA 0.62 
0.25 

0.9902 

DCP 3.91 0.92 2.86 0.9208 SMZ 0.68 
0.04 

0.9984 

TCB 4.2 0.83 3.24 0.9893 − − − − 
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Fig. 3.4. Adsorbed amounts of micopollutants in distilled water based on the 

equilibrated concentration of acetaminophen (a), caffeine (b), 

sulfamethoxazole (c), sulfamethazine (d), atrazine (e), diclofenac (f), 

naproxen (h), and triclocarban (i); [C0]= 20–500 ng/L, pH 7, 20 ℃, 

[AC]= 1 mg/L. R
2

linear represents the suitability of data to linear 

regression and R
2
 is the estimated value of power regression. 
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Fig. 3.4. Continued. 
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Fig. 3.4. Continued. 
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3.3.3. Effect of pH on the sorption 

 

The acid dissociation constants (pKa) of micropollutants vary according to 

their molecular structure. Ionizable chemicals are converted to either cations 

or anions depending on their pKa and pH in solution. Hydrophilic compounds 

easily interact with water and change their charge status with acid/base 

hydrolysis. This phenomenon can cause adsorption of the ionized 

micropollutants on the activated carbon surface due to electrostatic 

interactions.  

In this study, the effect of pH on the adsorption removals of selected 

micropollutants was examined. Table 3.6 shows the adsorption removal of 

compounds at pH 5, 7, 9, and 12. The adsorption of hydrophobic compounds 

was not affected by pH; there was < 5% deviation for each micropollutant. 

Among the hydrophobic micropollutants, TCB exhibited the highest removal 

rate (77.2–79.3%).  

In contrast, adsorption of hydrophilic compounds (with the exception of 

CFF) was significantly affected by pH (Table 3.6). Electrostatic and specific 

sorbate–sorbent interactions between micropollutants and AC surfaces may 

affect the adsorption of hydrophilic compounds. Stoeckli et al. (1995) 

reported the unique affinity between CFF and carbonaceous surfaces in the 

adsorption. This phenomenon is due to specific sorbate–sorbent interactions 
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rather than hydrophobicity. The chemical structure of CFF includes a 

heterocyclic-N group, which has a strong affinity for the carboxyl groups on 

the surface of activated carbon (Senesi et al., 1995). Sotelo et al. (2011) 

suggested that CFF adsorption by AC was due to not an electrostatic 

interaction but to hydrogen bonding between heterocyclic-N and the surface 

of AC.   

ACT, SMZ, and SMA were relatively sensitive to changes in pH. Less 

ACT was removed at pH 12 than at other pH values. Hoegberg et al. (2002) 

suggested that ACT maintains its non-ionized form (which is less sensitive to 

pH) and is adsorbed onto activated charcoal when at pH values < 9.38. 

However, ACT can be converted to negative charge from protonated base in 

basic solutions (pH > 9.38). Considering the point of zero charge (PZC) of AC, 

electric repulsion between the negatively charged AC surface and 

acetaminophen might have occurred at pH 12. 

SMA has two pKa values (pKa1= 2.6, and pKa2= 7.7) and its ionic state 

changes to a monovalent anion when the pH is > pKa1. When the pH is more 

basic than pKa2, this chemical loses an additional proton and remains a 

divalent anion (Lertpaitoonpan et al., 2009). As the cationic surface of the AC 

can interact with the anionic SMA, more effective removal by electrostatic 

interaction occurs at pH 9 compared to at pH 7 (Table 3.6). SMZ changes to a 

monovalent anion when the pH is higher than pKa (= 5.7) (Bajpai and 
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Rajpoot, 1996). SMZ also had higher adsorption removal efficiencies at pH 7 

and 9. However, the electric repulsion between the AC surface (negative 

charge) and the two anionic sulfonamides might reduce their adsorption 

removal at a pH 12.  

The effect of pH on adsorption implies that the pH level should be 

adjusted to maximize the removal of micropollutants during AC adsorption. 

The ideal pH range for the compounds tested in this study was 7−9.  
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Table 3.6. Adsorption of selected micropollutants at differential pH conditions.  

 
Adsorption 

isotherm  

Compound 

(100 ng/L) 

Removal efficiency (%) Possible removal 

mechanism 

PZCa   

pH 5 pH 7 pH 9 pH 12 

Freundlich ATZ 42.7 44.9 47.7 44.4 Hydrophobic 

effects 

  

9.25 

  2,4-D 61.2 62.9 55.1 60   

  NPX 53.8 54.1 49.6 51.4   

  DCF 46.6 49.6 42.3 47.7   

  TCB 77.2 79.3 78.8 79.2   

Linear CFF 73.4 77.9 77.3 77.1 Sorbate-sorbent 

interaction 

  

  ACT 51.7 58.7 56.2 24.4 Electrostatic 

interaction 

  

  SMA 66.17 63.3 79.36 36.2   

  SMZ 36.9 51.9 51.27 13.8   

a: Point of zero charge 
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3.3.4. Effect of dissolved organic matter 
 

Natural water contains many organic compounds. Micropollutants can coexist 

with DOM in aquatic environments. Therefore, when conducting an 

adsorption experiment with AC in raw water, the competition between 

micropollutants and DOM should be considered. Some studies have reported 

incomplete adsorption of micropollutants in natural samples and field-scale 

facilities (Crittenden et al., 1999; Westerhoff et al., 2005; Snyder et al., 2007). 

To investigate the effect of DOM on the adsorption, an adsorption 

experiment was completed between distilled water and surface water samples 

(DOM = 10 mg C/L) classified by their hydrophobicities (Fig. 3.5). Figure 3.5 

showed the comparison of adsorption removals of micropollutants in the 

distilled water and surface water samples during 4 h. Significant decline in the 

removal in the surface water samples might be caused by the competitive 

inhibition of DOM with micropollutants on the AC.    

To further investigate the effect of DOM on micropollutant sorption, 

adsorption coefficients were estimated by comparing the correlation between 

log Kow and adsorption constant of Freundlich isotherm (log K) for 

hydrophobic compounds, and linear isotherm (log Ke) for hydrophilic 

compounds using between distilled water and surface water samples. The 

adsorption coefficients of micropollutants in surface water were significantly 



- 151 - 

lower than in distilled water (Fig. 3.6). The decrease in the adsorption 

capacity in the surface water sample was more for hydrophobic (ATZ, NPX, 

2,4-D, DCF, and TCB) (Fig. 3.6(a)) than hydrophilic (CFF, ACT, SMA, and 

SMZ) (Fig. 3.6(b)) compounds. This result implies that the inhibition of 

adsorption in the surface water samples is caused by competing hydrophobic 

adsorption interaction of DOM with hydrophobic micropollutants on AC (Li 

et al., 2002). However, the the correlation trend lines between log Kow and 

adsorption constant for both hydrophobic and hydrophilic compounds were 

maintained. These results indicate that an increasing dosage of AC may be 

required to overcome the inhibitory effect of DOM on adsorption.
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Fig. 3.5. Comparison of adsorption removals between distilled water and 

surface water; (a) low hydrophobic group (Log Kow < 2), (b) moderate 

hydrophobic group (2 < Log Kow < 3.5), and (c) high hydrophobic 

group (3.5 < Log Kow); spiked micropollutants concentration [C0]= 100 

ng/L, pH= 7, 20 ℃, [AC]= 5 mg/L, D.I.= distilled water. 
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Fig. 3.6. Effect of dissolved organic on the correlation between log Kow and 

adsorption constant of Freundlich isotherm (a), and linear isotherm 

(b); K = Freundlich adsorption coefficient, Ke = linear adsorption 

coefficient, [C0] = 20–500 ng/L, pH 7, 20 ℃, [AC] = 1 mg/L, 

contact time = 4 h, [TOC]surface water = 10 mgC/L. 
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3.3.5 Temperature effects 

 

Recent studies have reported that concentrations of micropollutants in the 

effluent at WTP are higher in winter than in summer because removal 

efficiency is generally lower at low temperatures (Buser et al., 1998; Vieno et 

al., 2005; Zuccato et al., 2006; Daneshvar et al., 2010). However, there have 

been few studies of the effect of temperature on the adsorption of 

micropollutants; existing studies assessed only the increased adsorption at 

higher temperatures (Ten Hulscher and Cornelissen, 1996; Temmink and 

Grolle, 2005; Pikaar et al., 2006). However, raising water temperature adds 

costs—therefore, the increase in adsorption at higher temperatures should be 

considered from the point of view of cost effectiveness.  

Fig. 3.7 shows the effect of water temperature on the sorption 

characteristics of each micropollutant and the correlation with their 

partitioning coefficients at 5, and 20 ℃. A low water temperature (5 ℃) 

reduced adsorption of pollutants, albeit to a lesser degree than DOM (Fig. 3.7). 

The trend lines of both hydrophobic and hydrophilic compounds with log Kow 

were maintained. Temperature had a greater effect on the adsorption of 

hydrophobic (Fig. 3.7(a)) than the hydrophilic compounds. Low water 

temperature can reduce diffusion of molecules and inhibit their entry into the 

small surface pores of activated carbon (Schreiber et al., 2007), Indeed, 
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diffusion is particularly important for hydrophobic compounds (Wang et al., 

1991; Chang et al., 2002; Kimura et al., 2003). Considering the importance of 

hydrophobic interactions in adsorption, diffusion of sorbates and sorbents may 

significantly affect the frequency of intermolecular contact. Additional data on 

the effects of low temperature are described in Fig. 3.8. The results suggest 

that operational actions, such as increasing the dosage of AC or the contact 

time, may be needed to improve the efficiency of adsorption in winter when 

temperatures are < 5 C, although these methods could be costly.  
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Fig. 3.7. Effect of temperature effect on the correlation between log Kow of 

each micropollutant and the adsorption constants of Freundlich’s 

isotherm (a), and Linear isotherm (b); K = Freundlich’s adsorption 

coefficient, Ke = linear adsorption coefficient, [C0] = 20–500 ng/L, 

pH 7, temperature = 5, 20 ℃, [AC] = 1 mg/L, contact time = 4 h, 

distilled water. 
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Fig. 3.8. Comparison of adsorption removals in the distilled water temperature 

of 20 ℃, and 5 ℃; (a) low hydrophobic group (Log Kow < 2), (b) 

moderate hydrophobic group (2 < Log Kow < 3.5), and (c) high 

hydrophobic group (3.5 < Log Kow); spiked micropollutants 

concentration [C0]= 100 ng/L, pH= 7, [AC]= 5 mg/L. 
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Chapter 4. Metoprolol degradation in disinfection 

processes using 2 levels factorial design of experiments 

4.1. Introduction  

Metoprolol (MTP) is a representative β-blocker used to treat 

cardiovascular diseases such as hypertension, angina, and arrhythmias (Rivas et 

al. 2010; Šojić et al. 2012). MTP is soluble in water, and is an aromatic 

compound with various chemical functional groups such as hydroxy- (-OH), 

methoxy- (-O-CH3), and -amine (-NH-). These complicated chemical properties 

of MTP might limit the elimination in conventional treatment techniques such 

as coagulation, filtration, and biological degradation. MTP has often been 

detected in wastewater treatment plants (WWTPs), and water treatment plants 

(WTPs). Huggett et al. (2003) measured MTP in 34 United States WWTP 

effluents and reported that the average concentration is 74 ng/L. Lee et al. (2007) 

detected the compound in seven Canadian sewage treatment plants (257 ng/L). 

Schrinks et al. (2010) reported that MTP was detected at a level of 2,100 ng/L in 

drinking water, even after treatment, in the Netherlands.  

The persistence of MTP in conventional water treatment systems has 

steadily caused until now. In fact, Vieno et al. (2007) ineffectively removed 

MTP (< 10%) in a pilot-scale water treatment processes (WTP) using 
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coagulation and sand filtration. Paxeus (2004) reduced the concentration of 

MTP to less than 10% by means of an activated sludge system. 

Recent studies have tried to efficiently eliminate MTP in the water treatment 

process (Huerta-Fontela et al. 2011; Kim and Tanaka 2009; Rivas et al. 2010; 

Šojić et al. 2012). They mainly applied ozonation (O3), ultraviolet (UV) 

radiation, UV/ozonation (UV/O3), and ozonation/chlorination (O3/Cl2) for MTP 

removal at the disinfection stage of WTPs, because strong oxidation with 

disinfectant (e.g., chlorine, ozone, and UV) can remove refractory pollutants. 

Considering the sustainability of disinfection in drinking water, chlorine is a 

more appropriate disinfectant than the other methods such as UV and 

ozoznation. Ozone process is more expensive for disinfection than chlorine. 

Von Gunten (2003) mentioned that ozone is unstable in water, and reacts with 

natural organic matter (NOM). UV radiation is used as another disinfection 

process in WTPs. However this process causes various photochemical reactions 

based on the photosensitivity of the compounds (Frimmel 1994, 1998). UV 

radiation, ozonation and chlorination, and their combination can be effective 

when it comes to removing MTP (Šojić et al. 2012; Abramović et al. 2011). 

Huerta-Fontela et al. (2011) showed that > 50% of MTP was removed during 

the O3/Cl2 process, and Šojić et al. (2012) degraded 84% of MTP using UV/O3. 

The combined processes among disinfectants can result in advanced oxidation, 

as oxidants such as the hydroxyl radical (•OH) unselectively oxidize to organic 
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compounds.  

Disinfection is known to effectively oxidize the refractory contaminants in 

WTPs, However, conventional disinfection is not designed to remove 

micropollutants, but rather to eliminate microbial activity in WTPs. In fact, it 

was reported that the oxidation of MTP by chlorination is ineffective (Acero et 

al. 2010).  

Previous studies have reported effective elimination when the parent 

compounds were only reduced by the suggested treatment (Benitez et al. 2009; 

Kim et al. 2009; Kim and Tanaka 2009; Šćepanović et al. 2012). However, the 

degradation of the pharmaceutical must be considered transformation, not 

elimination, as unidentified byproducts might arise in the selected treatments. 

Also, the optimization for MTP removal and identification of the possible 

byproducts are important when applying to WTP as a treatment option.   

In this study, the MTP removal efficiency was evaluated using 

chlorination (Cl2), UV-C radiation, and Cl2/UV processes. Then, the selected 

process was optimized according to different parameters (UV light intensity, 

chlorine dose, pH, and dissolved organic matter) through the two-level factorial 

design of experiments (DOE). Degradation byproducts were also identified with 

liquid chromatography tandem mass spectrometry (LC-MS/MS). Finally, the 

operational conditions were identified to maximize the compound removal, and 

elucidated the possible degradation pathways of MTP in the process. 
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4.2. Materials and methods 

 

4.2.1. Chemicals  

 

Metoprolol (C15H25NO3) was obtained from Sigma-Aldrich. Table 1.3 

summarized the physicochemical properties of MTP. Stock solution for MTP 

was dissolved in 1 g/L of methanol (Fisher Scientific, Pittsburgh, PA, USA) 

and diluted as necessary. The stock solution was refrigerated at 5 ℃ in the 

dark to prevent biological degradation. All tested solutions in the lab (with the 

exception the samples collected from surface waters and WTP) were prepared 

in deionized water obtained from a Milli-Q water generator (R = 18.2 MΩ/cm, 

Millipore, Billerica, MA, USA). Sodium hypochlorite solution (NaOCl, Cl2 ≥ 

4%, Sigma-Aldrich Co. Ltd., USA), and sodium thiosulfate (Na2S2O3, Sigma-

Aldrich Co. Ltd., USA) were purchased from Sigma-Aldrich, and respectively 

used as chlorine disinfectant, and its quencher. Humic acid (HA, Sigma-

Aldrich Co. Ltd., USA) was used as the dissolved organic matter in the lab 

scale experiment. The stock solution of HA was prepared by dissolving the 

material in deionized water. To adjust the initial pH of solutions, 0.5 N sodium 

hydroxide (NaOH, Mallinckrodt, St. Louis, MO, USA) and 0.5 N 

hydrochloric acid (HCl, Sigma-Aldrich Co. Ltd., USA) were used. 
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Ammonium acetate (CH3CO2NH4, Sigma-Aldrich Co. Ltd., USA), 

ammonium formate (HCO2NH4, Sigma-Aldrich Co. Ltd., USA), and formic 

acid (HCOOH, Fluka, Buchs, Switzerland) were used as buffers in the 

analytic mobile phase during measurement of MTP with LC-MS/MS.
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4.2.2. Water samples 

 

Surface water was collected from the Han River near Seoul, Korea in 

summer 2012. Two samples (Surf. A and Surf. B) were collected at the site, 

and other samples were collected from a WTP using the river water as the 

source water. The WTP produces 440,000 m
3
/day of tap water for 1 million 

people through a process consisting of coagulation/sedimentation, sand 

filtration, and chlorination. Samplings in the WTP were respectively 

conducted for filtrated water and chlorinated water (= tap water). Sodium 

thiosulfate (0.1 M/mL) was added to the collected samples in order to quench 

residual chlorine, and the samples were filtered with a 0.45 μm GF/C filter 

(Whatman, Little Chalfont, Buckinghamshire, UK). The filtered samples were 

stored in a refrigerator at a temperature below -20 ℃. The basic water 

qualities of the river and WTP samples are shown in Table 4.1.  

To confirm the effects of DOM in water, experiments were carried out 

using deionized water containing and HA with the pH adjusted to 7 with 

NaOH, and HCl. The concentrations of dissolved organic carbon (DOC) of 

the samples were measured using a total organic analyzer (TOC 5000, 

Shimadzu, Kyoto, Japan) calibrated from 0 to 10 mgC/L. Calibration results 

of DOM concentration showed the good linearity based on the increment of 

HA dose (R
2
 > 0.999).  
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Table 4.1. Water qualities of surface water and WTP samples in Han River, 

Korea. 

 
Source 

water 

Turbidity 

(NTU) 

pH Residual 

chlorine 

(mg/L as Cl2) 

TOC 

(mg/L) 

Surf. A 9 

7 

0.65 

0.063 

6.5 

6.5 

7.04 

7.04 

0.01 

0.01 

0.01 

0.6 

3.9 

4 

1.1 

0.8 

Surf. B 

Filtrated. water 

Tap water 
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4.2.3. Laboratory experiments 

 

To conduct the photolytic experiments, a circulating UV photoreactor was 

used. The schematic diagram of photolytic reactor system is shown in Fig. 4.1. 

The reactor has a 2L glass bottle stirred with a magnetic bar, a peristaltic 

pump (Cole-Parmer, Vernon Hills, IL, USA) for circulating the reaction 

solution, and a UV chamber consisting of four UV lamps (20W, 254 nm, San-

Kyo Electrics Co., Kyoto, Japan) and four quartz columns (10 mm diameter, 

650 mm length) with a distance of 20 mm between them. The UV chamber 

and testing bottle were covered with an aluminum foil in order to minimize 

UV exposure, and loss of its radiation during the experiments. The UV 

intensity for each lamp was measured with a radiometer (VLX-3W 

Radiometer 9811–50, Cole-Parmer), and single UV lamp had a light intensity 

1.1 mW/cm
2
 at 254 nm (UV-C). The light absorbance of MTP was measured 

with ultraviolet-visible spectrometer (Biomate 3, Thermo FisherSciece, Icn., 

Waltham, USA).  

Chlorination experiments were performed using the circulating photolytic 

reactor without UV radiation. The chlorine concentration, which was spiked 

in the test solution, was calculated as a concentration of Cl2. The Cl2 

concentration with the sodium hypochlorite dose (mL) was determined by 

using the N,N-diethyl-p-phenylenediamine (DPD) powder pillow colorimetric 
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method (USEPA approved HACH 8021 method) with a HACH DR/890 

Colorimeter (HACH Company, Loveland, CO, USA). The calibration results 

of Cl2 are maintained linear relationship with NaOCl dose (R
2
 > 0.993).  

UV/chlorination experiments were also conducted in the circulating 

reactor with UV by spiking the hypochlorite in the stirred solution under UV 

radiation. The detailed specifications for the experiments were same as for the 

UV photolytic process.  

The kinetic operations in this study were initiated by spiking 100 ng of 

MTP stock in the stirred solution, and NaOCl solution was also injected into 

the reactor when chlorination was required in the experiments. At constant 

time intervals, 200 mL of solution was withdrawn for the measurement of 

MTP. Then, 1 mL of 0.1 M sodium thiosulfate was added to the collected 

sample to quench the residual chlorine in the sample.    
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Fig. 4.1. The schematic diagram of photolytic reactor system (→ : circulation 

pathway).  
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4.2.4. Analytical methods  

 

Before the analysis, solid phase extraction (SPE) was conducted for all 

samples using a hydrophile-lipophile balance (HLB) cartridge (Oasis HLB, 

Waters, Milford, MA, USA). The cartridge was conditioned with 5 mL of 

methanol and water. Then, the samples were loaded on the HLB cartridge. 

The cartridge was then dried for 5 min. The dried cartridge was eluted with 5 

mL of methanol. Finally, the sample volume was adjusted to 1 mL using a 

nitrogen evaporator (CVE-3100, EYELA, Tokyo, Japan). 

Identification of degradation byproducts was carried out through direct 

injection into a triple quadrupole mass spectrometer (API 4000, AB Sciex, 

Foster City, Canada) using a syringe (Hamilton Co., Reno, NV, USA) 

containing 1 mL of sample. The sample in the syringe was continuously 

perfused at 0.01 mL/min by means of a Harvard pump (Model 975, Harvard 

Apparatus, Dover, MA). Metoprolol and its intermediates were separated 

using a high performance liquid chromatograph (HPLC, Nexera, Shimadzu, 

Kyoto, Japan) equipped with a reverse-phase C18 column (Luna 3 μm; 150 x 

20 mm, Phenomenex, Torrance, Canada). A binary gradient with a flow rate of 

0.2 mL/min was used. Mobile phase A contained 0.3% formic acid (v/v) and 

10 mM ammonium formate in water. Mobile phase B contained methanol only. 

The gradient flow started with 95% of mobile phase B, decreased to 58% for 
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2.5 min, increased to 95% from 2.5–3 min, and remained at 95% until 5 min. 

All compounds were analyzed within 5 min. The flow rate was 0.2 mL/min, 

and the injection volume was 10 L. 

The mass spectrometric measurements were carried out on a mass 

spectrometer equipped with an electrospray ion source. Full scanning of the 

sample was performed in positive and negative mode in order to find the 

precursor ions of possible intermediates, and then fragmentation of the 

identified precursor ions was conducted to confirm their product ions using 

collision with high purity nitrogen gas. Unique pairs of precursor-product ions 

were used to identify degradation byproducts in the multiple reaction 

monitoring (MRM) mode.  
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4.2.5. Statistical analysis for control factors 

 

Factorial design allows researchers to efficiently design experiments 

with many factors, and can predict the feasible results for unknown conditions 

within the established model (Anderson and Whitcomb 2000). In particular, 

two-level factorial design can minimize the number of experiments using 

simple factor levels (low and high), and these designs are able to reduce the 

overall experimental cost (Perry et al. 2012).   

 In this study, the two-level factorial design was applied to investigate 

the effects of UV-C light intensity, chlorine dose, pH, and DOM at the low 

and high level of each factor. The number of experiments was determined 

using Eq. (4.1). 

 

N = 2
K
 (4.1) 

 

where N represents the number of total experiments calculated from the 

factorial design, and K is the numbers of influencing factors. 

According to Eq. (4.1), total 16 experiments are needed to be conducted to 

confirm the effects of four factors (2
4
). The composition of all experiments 

was randomized to minimize the bias from artificial design.  

In order to examine feasible influences and interactions among the 
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factors, polynomial regression was used to establish the model containing four 

control factors as independent variables. The response variable was set to 

removal efficiency of MTP after 1 hour of Cl2/UV treatment. The interaction 

terms of the independent variables were limited to the second order, because 

terms over the third order were not significant in the regression model, and 

these results were consistent with previous pharmaceuticals research (Jaynes 

et al. 2013; Quintana et al. 2010; Rodrigues et al. 2007). The model for MTP 

removal was therefore designated as follows; 

 

Y=β0+β1X1+β2X2+β3X3+β4X4+β5X1·X2+β6X1·X3+β7X1·X4+β8X2·X3+β9X2·X4+β10X3·X4+ε   (4.2) 

 

 where X1 is the UV-C light intensity (1.1–4.4 mW/cm
2
), X2 is the chlorine 

dose (1–5 mg/L as Cl2), X3 is the pH (2–9), and X4 is the concentration of 

DOM (1–4 mgC/L) during the UV-C/Cl2 process. In addition, βn is the 

regression coefficient of each independent variable and ε is the standard 

error. 

The model can explain the influences of all independent variables in the 

response using the calculation of the main effect. The main effect denotes the 

average variation of the dependent variable when one of the independent 

variables changed from a low level to a high level (Anderson and Whitcomb 

2000). The calculation for the main effects is given in Eq. (4.3):   
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𝑀𝑎𝑖𝑛 𝑒𝑓𝑓𝑒𝑐𝑡 =
∑ 𝑌+

𝑛+
− 

∑ 𝑌−

𝑛−
 

(4.3) 

Where n+ is the number of data points at the high level, 

n- is the number of data points at the low level, 

Y+ is the associated responses at the high level, 

and Y- is the associated responses at the low level. 

  

In order to examine the suitability of the model, the F-test and Student t-test 

for regression coefficients were performed at a confidence level of 95% (p < 

0.05) using the MINITAB software (version 14). 
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4.3. Results and discussion 

 

4.3.1. Kinetics using the Cl2, UV-C, Cl2/UV processes  

 

To determine the most effective treatment for MTP removal, three 

disinfection processes (Cl2, UV-C, and Cl2/UV) were respectively applied to 

100 ng/L of MTP solution for 4 hours. To check the photosensitivity of MTP, 

its absorbance was scanned from 220 nm to 400 nm using UV spectrometer 

(Fig. 4.2). MTP was more sensitive at 274 nm based on the increment of 

initial MTP concentration (1–10 mg/L). 

Fig. 4.3 shows the amount of MTP concentration removed in the 

different treatment systems. Chlorination and UV-C processes removed less 

than 20% of the MTP (Fig. 4.3 (a)). 

Although the photosensitivity of MTP exhibits high absorbance at 278 nm 

(UV-C), UV-C radiation alone was ineffective in reducing the compound, and 

underwent a slow transformation (Fig. 4.3 (a)). The aim of direct photolysis is to 

bringing about the oxidation of compounds using generation of OH radical. In 

this case, the occurrence of OH radical might be so slow as to enhance the rate of 

MTP degradation. Previous studies also demonstrated the ineffectiveness of UV-

C photolysis of MTP. Piram et al. (2008) reported the absorbance of MTP in the 
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UV-C range, and Liu and Williams (2007) showed that the half-life of MTP was 

630 hours under direct photolysis. Šojić et al. (2012) removed only 7% of the 

MTP compound under the UV-C radiation. 

Chlorination is a tool used to degrade organic pollutants through the oxidation 

of free chlorine (Faust and Hoigne 1987, Gallard and von Gunten 2002, 

Westerhoff et al. 2005). Kosjek and Heath (2008) reported that chlorine 

molecules exhibited reactivity to aromatic pharmaceuticals, and had a high 

electroaffinity to the functional group of the compounds. However, some 

previous studies suggested that chlorination is ineffective when it comes to 

removing micropollutants (e.g., SMZ, ACT, CFF, and IBU < 20%), as 

chlorination degrades micropollutants too slowly (Pinkston and Sedlak 2004, 

Sim et al. 2010). Pinkston and Sedlak (2004) transformed MTP in water by 

less than 10% after 12 hours.  

In this study, the combined process with UV-C and chlorine effectively 

transformed MTP within 1 hour (Fig. 4.3 (a)). The OH radical and chlorine 

radical (•Cl) can be simultaneously produced in this combined reaction (Jin et 

al. 2011). The radicals created by this process can sequentially induce the 

oxidation of MTP, and then the parent compound may be converted to a 

certain byproduct (Eq. (4.4)–(4.6)):  

 

HOCl + UV photon → •OH + •Cl (4.4) 
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•OH + MTP → • [MTP-H] + H2O … → byproducts (4.5) 

•Cl + MTP → • [MTP-H] + HCl … → byproducts (4.6) 

  

Fig. 4.3 (b) shows the concentration of residual chlorine based on the 

elapsed time (~4 hours) during the Cl2 and Cl2/UV reaction. The Cl2/UV reaction 

consumed more chlorine than chlorination did. Considering the significant 

reduction of chlorine during 0 to 60 minutes of Cl2/UV reaction, these results 

imply that most of the chlorine was used for MTP transformation.  

To confirm the trends of MTP degradation affected by the possible factors in 

aquatic environments, various experiments were performed under different 

conditions (UV light intensity, chlorine dose, pH, and DOM). Fig. 4.4 shows the 

influences of these assigned conditions on MTP degradation. As the UV light 

intensity and chlorine dose in the process increased, the compound showed faster 

transformation. A chlorine dose over 5 mg maintained residual chlorine in water 

after treatment (Table 4.2). These results suggest that more than 5 mg of chlorine 

is required to maximize MTP transformation under a 4.4 mW/cm
2
 of UV 

exposure.  

In terms of the pH condition, the more acidic the test solution was, the 

more MTP was removed in the Cl2/UV process (Fig. 4.4(c)). Sodium 

hypochlorite (NaOCl) is easily dissociated to hypochlorous acid (HOCl) in water 

(Emmanuel et al. 2004). Considering the pKa (=7.6) of HOCl, its dissociated 
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species sensitively affected the photochemical reactions product radicals (Eq. 

(4.9)–(4.11)). The OH radical and chlorine radical are simultaneously produced in 

the acidic condition (pH < 7.6) using Cl2/UV (Eq. (4.9)). In contrast, the OCl
-
 

anions are converted to singlet oxygen anion radical and chlorine radical at the 

basic pH (> 7.6) during Cl2/UV (Eq. (4.10)). Under basic pH levels, the OH 

radical also is produced from the oxygen anion radical (Eq. (4.10)–(4.11)). 

However, OH radical is scavenged by OCl
-
 and the reaction inhibited the 

degradation of MTP (Eq. (4.12)). Watts and Linden (2007) reported the rate 

constants of OH radical scavengers (OCl
-
 and HOCl) as 8.8ⅹ10

9
 /M∙S 

(Eq. 

(4.12)) and 8.5ⅹ10
4
 /M∙S (Eq. (4.13)). Scavenging for OH radical was more 

dominant in the presence of OCl
-
 than that of HOCl. Feng et al. (2007) suggested 

that the OH radical generation with HOCl photolysis increased to a greater extent 

under acidic pH levels (< 7), but •OH formation in OCl
-
 photolysis was 

consistent regardless of pH. Thus, the pH condition of the process must be 

maintained at less than 7; 

 

NaOCl + H2O → HOCl + NaOH  at pKa < 7.5 (4.7) 

NaOCl + H2O → Na
+
 + H

+
 + OCl

-
 + OH

-
  at pKa > 7.5 (4.8) 

  

At acidic pHs,  

HOCl + photon → •OH + •Cl  at pKa < 7.6    (4.9) 

  

At basic pHs,  

OCl
-
 + photon → •O

-
 + •Cl  at pKa > 7.6 (4.10) 
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•O
-
 + H2O → •OH + OH

-
    (4.11) 

  

Scavenging reactions by HOCl, and OCl
-
  

•OH + OCl
-
 → •ClO + OH

-
      (4.12) 

HOCl + •OH → •OCl + H2O    (4.13) 

 

Next, the effect of DOM presence on the MTP removal was examined an 

increase in the concentration of DOM in water resulted in the greater inhibition of 

MTP degradation during the treatment (Fig. 4.4(d)). Feng et al. (2007) mentioned 

two chain reactions related to radical scavenging in the Cl2/UV process, and these 

can be related to DOM in water environments (Eq. (4.14)–(4.17)). Chain 

reactions in the process can cause high consumption of HOCl and decrease the 

degradation of the compound. Pretreatment with DOM was therefore required in 

the Cl2/UV reaction.  

 

Chain reaction by •OH  

•OH + RH (≒DOM) → •R + H2O (4.14) 

•R + HOCl → RCl + •OH  (4.15) 

Chain reaction by •Cl  

•Cl + RH (≒DOM) → •R + HCl (4.16) 

•R + HOCl → ROH + •Cl (4.17) 

 

The optimized operation conditions in the kinetic experiments for MTP were as 

follows: UV-C intensity = 4.4 mW/cm
2
, chlorine dose = 5 mg/L, pH = 2, and 

DOM = 0 mgC/L. These conditions made it possible to completely transform 

MTP over 1 hour of Cl2/UV treatment. 
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Fig. 4.2. Light absorbance of MTP based on the UV wavelength (220–400 nm).  
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Fig. 4.3. Degradation of MTP using Cl2, UV-C, and Cl2/UV process (a), and 

residual chlorine during Cl2, and Cl2/UV process (b). Error bars on 

the graphs represents standard deviations of experimental results (n 

= 3, [MTP0] = 100 ng/L, [Cl2] = 5 mg/L, UV-Cintensity = 4.4 mW/cm
2
,
 

pH=7, 20 ℃). 
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Fig. 4.4. Degradations of MTP at different UV light intensities (a), chlorine 

doses (b), pHs (c), and DOM concentrations (d). Error bars on the 

graphs represents standard deviations of experimental results. Basic 

conditions excepting the selected condition were as follow; n = 3, 

[MTP0] = 100 ng/L, [Cl2] = 5 mg/L, UV-Cintensity = 4.4 mW/cm
2
,
 
pH = 

7, [DOM] = 0 mgC/L, 20 ℃. 
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Table 4.2. Chlorine consumption based on increment of chlorine dose after Cl2, 

and Cl2/UV process; [MTP0] = 100 ng/L, 20 ℃, distilled water.  
 

Processes Initial 

Cl2 

(mg/L) 

Elapsed time (min.) Total Cl2 consumption 

(mg/L) 
0 30 60 120 240 

Cl2 0 0 0 0 0 0 0 

Cl2/UV 1 0 0.8 0.2 0 0 1 

 
2 0 1.6 0.4 0 0 2 

 
5 0 3.37 1.1 0 0 4.47 
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4.3.2. Optimal conditions 

 

MTP was effectively degraded under the suggested operation conditions. 

However, the DOM conditions in source waters must be completely 

controlled by artificial treatments, and adjustment to pH 2 can also cause 

inescapable costs in the treatment. Therefore, the feasible prediction of MTP 

degradation using Cl2/UV and optimized operation conditions must be 

proposed in the actual application to a water environment.  

Table 4.3 summarizes the detailed conditions of 16 experiments using a 

two-level factorial design. The polynomial model consisted of the removal 

efficiency of MTP and the four factors mentioned in section 4.2.5. The model 

could explain the influences of all factors using the F-test and t-test for the 

regression (p< 0.05 and R
2
 = 0.996). The equation was computed as in Eq. 

(4.18). The quantile-quantile (Q-Q) plot and residual distribution for the 

model are shown in Fig. 4.5.  

 

 Y = 91.0072 –1.0818X1 + 1.0053X2 – 1.3752X3 – 19.1681X4 + 0.3723X1·X2 

+ 0.1553X1·X3 + 0.7202X1·X4 – 0.0867X2·X3 – 0.0121X2·X4 – 0.0027X3·X4    (4.18) 

 

The magnitudes of the main effects of the four factors used in MTP 

removal are shown in Table 4.4. The effects of light intensity and chlorine 
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dose were positive for MTP removal, although they were lower than 10%. As 

shown in in the kinetics section, the increments of chlorine dose and UV light 

intensity can reduce the presence of MTP in water. As expected, pH condition 

negatively affected the response variable based on the increment of pH, and 

the effects of DOM also highly inhibited transformation of MTP. The surface 

plots for the response variable show the influences of the four factors (Fig. 

4.6).     

Figure 4.6 showed that the effect of DOM had the highest among the four 

factors and satisfied statistical significance for MTP removal (Table 4.4). 

DOM acted as an inhibitor of MTP removal. Previous studies have also 

identified DOM as a hydroxyl radical scavenger in various photochemical 

treatments (Katsoyiannis et al. 2011, Larson and Zepp 1988, Vione et al. 

2006). The elimination of MTP using Cl2/UV reaction is ineffective in natural 

waters that contain abundant DOM concentrations (> 4 mgC/L). This result 

implies that the pretreatment to removal DOM before disinfection stage is 

required. In fact, it was reported that the pretreatments such as coagulation 

and filtration in WTPs could reduce DOM to < 2 mgC/L
 
(Bengraı̈ne and 

Marhaba 2003, Wang et al. 2013).  

In this study, the theoretical conditions for MTP removal were found to 

be 4.4 mW/cm
2
 of UV-C, 5 mg/L as Cl2, and pH 2 in the water without DOM 

using Cl2/UV reaction demonstrated 98% removal of MTP within 1 hour. 
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However, these results were not obtained in raw water conditions. To confirm 

the suitability of the MTP removal model in an actual water environment, 

degradation experiments were respectively conducted in two surface waters 

(Surf. A and Surf. B), filtered water, and tap water using the Cl2/UV reaction. 

Fig. 4.7 shows that the difference between the MTP removal efficiencies of 

the model and the experimental results was less than 5%. The model was 

well-fitted to the experimental data, and these results imply that the Cl2/UV 

reaction can be effectively applied to filtered water with more than 78.9% 

MTP removal. This is because filtered waters can relatively satisfy the low 

DOM level and neutral pH requirements in WTPs, and the Cl2/UV reaction 

was able to conduct disinfection, and transformation of MTP simultaneously 

although tap water showed the highest MTP removal. Therefore, Cl2/UV 

treatment for the filtered water was estimated as the most appropriate 

alternative among the three types of water. Feasible conditions such as 4.4 

mW/cm
2
 of UV-C, 5 mg/L as Cl2, and pH 7 in 0.8–1.1 mgC/L of DOM water 

were suggested in this study. 
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Table 4.3. Two levels-factorial experimental design and measured removal 

efficiencies of metoprolol for 1 hour using Cl2/UV process.   
 
Experiment 

number 

UV-C light 

intensity  

(mW/cm2) 

Chlorine dose 

(mg/L as Cl2) 

pH DOM 

(mgC/L) 

MTP removal 

(%) 

1 4.4 1 9 0 84.6 

2 4.4 5 2 4 33.7 

3 1.1 1 9 4 8.3 

4 1.1 5 2 0 92 

5 1.1 5 9 4 13 

6 4.4 5 9 0 85.2 

7 1.1 1 2 0 85.2 

8 4.4 1 2 4 23.1 

9 4.4 5 9 4 30.3 

10 4.4 1 2 0 85 

11 1.1 5 9 0 88.5 

12 1.1 1 2 4 12.9 

13 1.1 5 2 4 20.5 

14 4.4 5 2 0 99 

15 1.1 1 9 0 75.3 

16 4.4 1 9 4 18.4 
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Fig. 4.5. The Quantile-Quantile plot of the model (a), and residuals distribution for 

fitted value (b).   
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Table 4.4. Main effects of 4 control factors and their interaction variables 

related to metoprolol removed by means of Cl2/UV. All factors 

were checked their statistical significance in 95% confidence level. 

Significant factor is presented in bold. 
 
 A:  

UV-C 

light 

intensity 

(mW/cm2) 

B: 

chlorine 

dose 

(mg/L 

as Cl2) 

C:  

pH 

D: 

dissolved 

organic 

matter 

(mgC/L) 

AB AC AD BC BD CD 

Effects 

(%) 

7.69 9.93 -4.85 -68.95 2.46 1.79 4.75 1.21 -0.1 -0.04 
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Fig. 4.6. Surface plots of MTP removal based on the increment of UV—Cl (a), 

pH—DOM (b), pH—Cl (c), and UV—DOM (d). The stating points 

of all graphs were as follows; UV-Cintensity = 1.1 mW/cm
2
, [Cl2] = 1 

mg/L, pH = 2, [DOM] = 0 mgC/L. 
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Fig. 4.7. Comparison of MTP transformation between model predictions and 

experimental results during Cl2/UV treatment (UV-Cintensity = 4.4 

mW/cm
2
, [Cl2] = 5 mg/L, pH = 6.5–7.05, [DOM] = 0.8–4 mgC/L). 

The scores on the graph represent the average transformations of 

MTP experiment in each source water, and error bar indicates the 

standard deviations of experiments on the graph.  
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4.3.3. Identification of byproducts during Cl2/UV 

 

The degradation byproducts of MTP were investigated for all samples used in 

the kinetic experiments on deionized waters, surface waters, and WTP waters. 

The precursor ions, which had high ionization intensities (> 1ⅹe
5
 count per 

second), were selected in the electrospray ionization (ESI) full scan mode 

using a mass spectrometer. A total of five byproducts of MTP degradation 

were confirmed during Cl2/UV reaction, and their precursor/product ions are 

summarized in Table 4.5. When predicting their molar weights from parent 

ions, byproducts 1 and 2 were estimated as break-down compounds from 

MTP, while the others (byproducts 3–5) are combined one since the molecular 

weights increase compared to MTP itself. The peak areas of all byproducts in 

surface and WTP water were measured with LC MS/MS (Fig. 4.8).  

Regardless of source water, byproduct 3 had the largest peak area in all 

waters after treatments were initiated (Fig. 4.8). Most of the byproducts 

generally appeared in filtered > tap > deionized > surface waters in order of 

highest peak area. MTP was poorly degraded in the surface water because of 

DOM inhibition. Consequently, byproducts also exhibited low levels during 

treatment. Tap water and filtered water abundantly caused MTP byproducts 

compared to the others. Less than 1 mgC/L of DOM might be a proper 

condition for various degradation intermediates to appear.     
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 The possible transformation pathways for the five byproducts of MTP are 

shown in Fig. 4.9. The OH radical nonselectively attack various compounds, 

and sequential oxidation of the parent compound causes effective 

mineralization (Brillas et al. 2005; Oturan et al. 2001; Sauleda and Brillas 

2001). Metoprolol also reacts with OH radical at the susceptible site to cause 

cleavage easily.  

The degradation of MTP in this study was initiated from side chains of the 

compound, such as alcohol (-OH), amine bond (-N-H), and aldehyde (-CHO). 

Byproduct 2 was primarily formed by OH radical reaction. Previous studies 

were consistent with the proposed interpretation. Šojić et al. (2012) reported 

that polar moieties such as alcohol and aldehyde of MTP were susceptible to 

OH radical attack in the UV/O3 process, and Kim and Tanaka (2009) 

suggested that the bond-breaking reaction might be caused at the amine bond 

of MTP by a UV-induced OH radical.       

Free chlorine radical substitution significantly acted to bring about 

MTP transformation. The substitution of Cl radical was oriented from the 

chain reactions (Eq. (4.16)–(4.17)). Davvaz et al. (2011) suggested that the 

termination reaction between R, and Cl radicals generated the chlorinated 

byproduct (Eq. (4.19)): 

 

•R + •Cl → RCl (4.19) 
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According to the substitution of Cl radical, and the unique OH radical reaction 

for MTP, byproducts 1, 2, and 5 may have been produced from the parent 

compound (Fig. 4.9(a) and (c)).  

Fig. 4.9(b) shows the transformation of MTP through the sequential 

substitution of OCl, and Cl radicals. The scavenging of OH radical by HOCl 

produces OCl radical (Eq. (4.13)), and byproduct 3 arose through the reaction 

of OCl and OH radicals. Byproduct 4 was also produced by a reaction of Cl 

and OH radicals. 
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Table 4.5. Fragmentation results for metoprolol degradation byproducts using 

mass spectrometer. Entire sample were analyzed with mass 

spectrometer.  
 
Compounds Predicted  

molar weight 

(proposed formula) 

Precursor ion (m/z) Product ions (m/z) 

MTP  267 268 56, 77, 116 

 (C15H25NO3)   

Byproduct 1  171 172 23, 144, 157 

 (C9H11ClO)   

Byproduct 2  211 212 63, 180 

 (C11H17NO3)   

Byproduct 3  309 310 23, 127, 278 

 (C13H18Cl2O4)   

Byproduct 4  313 314 23, 281, 282, 190  

 (C12H15Cl3O3)   

Byproduct 5  341 

(C14H20Cl3NO2) 

342 23, 57, 73, 109, 310 
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Fig. 4.8. Byproducts time profiles in the deionized water (a), surface water (b), 

tap water (c), and filtered water (d) during the Cl2/UV treatment; 

[MTP0]= 100 ng/L, [Cl2]= 5 mg/L, UV-Cintensity= 4.4 mW/cm
2
, pH 7, 

20 ℃. 
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(a) (b) 

  
(c)  

 

 

 

Fig. 4.9. The proposed degradation pathway (a), combined pathway I (b), and 

combined pathway II of MTP by Cl2/UV (→ : combined reaction, 

and  : degraded reaction).  
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Chapter 5. Determination of indicator micropollutant 

in WTP 

 

5.1 Introduction 

 

Emerging micropollutants such as pharmaceuticals, and ECDs in water 

easily enter to surface waters through the discharge of WWTPs. The most of 

WTPs generally utilizes the surface water as a water source. Although 

micropollutants in surface waters are detected at the trace level (ng/L–μg/L), 

most of the pollutants are unlikely to be removed in conventional waterworks 

(Westerhoff et al., 2005; Okuda et al., 2008; Suárez et al., 2008; Huerta-

Fontela et al., 2011) Therefore, people became worried about micropollutants 

contamination of drinking water, and their negative attitude for water reuse 

system has been grown.  

In order to reduce the concern, many studies focused on the effective 

elimination and environmental monitoring for micropollutants in WTPs 

(Adams et al., 2002; Ternes et al., 2002; Kim et al., 2007; Stackelberg et al., 

2007; Huerta-Fontela et al., 2011). However, most of these studies had 

different removals between target compounds in the monitoring of same WTP, 

and their suggestions for the removal process also could not effectively cover 
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the many kinds of micropollutant. For instance, Benotti et al., (2009) 

monitored micropollutants in 19 U.S. WTPs, and they showed the elimination 

of DCF, NPX, and trimethoprim (> 99%). However, their results also 

monitored ineffective removals of NP (7%), CBM (-46%), ATZ (-53%), and 

BPA (-78%). Doll and Frimmel, (2005) removed 75% of CBM within 9 

minutes using solar radiation and TiO2, but not for aldrin (< 50% at 4 h) in the 

results of Bandala et al., (2002). Although the differences between studies like 

water matrix, chemical properties, and treatment conditions could result in 

various micropollutant removals, the minimum level for most micropollutants 

is necessarily required to assure the safety of drinking water.        

A few researches considered indicator pollutants in order to estimate 

obvious occurrence and efficient removal for micropollutant contamination. 

They studied about the indicator compounds ubiquitously detected in water, 

and resist to the conventional water treatments. CFF, CBM, MTP, and SMZ 

were considered as these kinds of compounds. CFF is consumed with the 

massive usage, and contained in many kinds of products like pharmaceuticals, 

coffees, teas, and beverages (Young and Benton, 2013). CBM has been well 

known for refractory compounds in treatment systems of WWTPs (Nödler et 

al., 2013; Nguyen et al., 2013; Van Stempvoort et al., 2013). MTP, and SMZ 

have been highly detected in the surface water and drinking water (Reh et al., 

2013; Shimizu et al., 2013). Dickenson et al. (2007) considered 42 indicators 
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(containing CFF, CBM, MTP, and SMZ) in order to estimate the efficiency of 

treatment system such as biodegradation, physical separation, chemical 

oxidation, adsorption and disinfection. Hillebrand et al. (2012) used CFF as 

indicator in the prediction of wastewater contamination. Osenbrück et al. 

(2007) predicted the ground water contamination using CBM as a 

contamination tracer. Previous studies mainly used the indicator compounds 

to estimate the micropollution from WWTPs, and effectiveness for the 

conventional treatment. However, the main points of indictor micropollutant 

in WTP are not the oriented source but the possibility of chronic exposure. 

Therefore, the indictor in WTPs should be able to predict the ubiquitous 

detections in various drinking waters (e.g. spring water, tap water, and bottle 

water) and the co-occurrence with other micropollutants considering the 

chronic exposure by drinking water. Additionally, indicator can supply the 

minimum removal for various micropollutants in the newly suggested 

treatment.  

In this study, CBM, CFF, MTP, and SMZ, frequently detected micropollutants 

in water environments, were selected as target indicators and 4 compounds 

were monitored their presences in water source (river) and various drinking 

waters such as spring waters, bottle waters, and tap waters. In order to 

evaluate the suitability of indicators in the correlations of the co-occurrences 

in the drinking water source were analyzed each other, and their persistence 
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was evaluated in conventional water process (coagulation, adsorption, and 

chlorination) and some of advanced treatments (O3, UV, UV/H2O2, and 

Cl2/UV). 
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5.2 Materials and methods 

 

5.2.1. Chemicals 

 

CFF, CBM, MTP, and SMZ were selected as the candidates of indicators, 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). The 

physicochemical properties of selected micropollutants are shown in Table 1.4. 

The stocks of 4 chemicals were prepared in 1 g/L of methanol and diluted 

from 1 to 100 ng/L. Standard stock solutions were replaced within 3 months. 

13
C6-sulfamethoxazole (Cambridge Isotope Laboratories, Cambridge, UK) 

was used as internal standards to compensate for matrix effects. Coconut 

shell-based powdered activated carbon (PAC, Han-Doc chemical, Korea) was 

used as an adsorbent, and prepared as a stock solution of 1 g/L hydrated for 24 

h in distilled water to activate the surface of PAC. Table 3.1 shows the 

physico-chemical properties of PAC. Polyaluminum chloride (PACl: 

[Al2(OH)nCl6-n]m, Sam-goo chemical, Seoul, Korea) generally used as a 

coagulant in WTPs, was dosed to test the solution. Sodium hypochlorite 

solution (NaOCl, Cl2≥4%, Sigma-Aldrich Co. Ltd., USA), and sodium 

thiosulfate (Na2S2O3, Sigma-Aldrich Co. Ltd., USA) were purchased from 

Sigma-Aldrich, and respectively used as chlorine disinfectant, and its 

quencher. To adjust the initial pH of solutions, 0.5 N sodium hydroxide 
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(NaOH, Mallinckrodt, St. Louis, MO, USA) and 0.5 N hydrochloric acid (HCl, 

Sigma-Aldrich Co. Ltd., USA) were used. In order to conduct the 

photocatalytic reaction, sodium hydrogen peroxide (NaH2O2, Sigma-Aldrich 

Co. Ltd., USA) were used as a catalyst during UV/H2O2 process. Ammonium 

acetate (CH3CO2NH4, Sigma-Aldrich Co. Ltd., USA), ammonium formate 

(HCO2NH4, Sigma-Aldrich Co. Ltd., USA), and formic acid (HCOOH, Fluka, 

Buchs, Switzerland) were used as buffers in the analytic mobile phase when 

measured the target compounds with LC MS/MS. 
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5.2.2. Water samples 

 

Surface water was collected from the Han River near Seoul, Korea in 

October 2013. Ten samples were collected 5 times, and total 50 samples were 

collected from the sites. Tap water samples also were obtained at the 10 buildings 

located in the Seoul national university. Total 50 samples were collected from the 

buildings in October 2013. These tap waters were produced from Han River, and 

respectively supplied with different pipelines. In addition, spring water was 

collected from the 35 sites used for public drinking water supply in July 2013. 

Most sites evenly located in the nation. The sampling sites of river, spring, and tap 

water were shown in Fig. 5.1. The commercial bottle waters also were tested for 

the 10 branches circulating portable waters in the markets. They were mostly 

derived from ground and spring water source. These products were treated using 

coagulation/sedimentation for suspended solids and disinfection for 

microorganism control before being sold. Therefore, sodium thiosulfate (0.1 

M/mL) were added to the collected tap water and bottle water samples in order to 

quench residual chlorine, and filtered surface water and spring water samples 

with a 1.2-μm GF/C filter (Whatman, Little Chalfont, Buckinghamshire, UK). All 

pretreated samples were stored in refrigerator at temperature below -4 ℃. The 

basic water qualities of all samples were shown in Table 5.1. 
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Fig. 5.1. Schematic diagram of sampling locations for Han River waters (a), 

tap waters in Seoul national university (a), and spring waters (b). 
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Table 5.1. Basic water qualities for the collected samples.  

Items Turbidity 

(NTU) 

pH Residual 

chlorine 

(mg/L as Cl2) 

TOC 

(mg/L) 

Surface 

water 

(n=50) 

Mean ± Std. 13.3 ± 9.5 7.4 ± 0.1  <0.01 2.8 ± 1.4  

Min. 2.2 7.1 <0.01 1.5 

Max. 39.4 7.9 <0.01 6.8 

Tap 

water 

(n=50) 

Mean ± Std. 0.3 ± 0.1 7.1 ± 0.1 0.3 ± 0.1 0.9 ± 0.1 

Min. 0.2 7.1  0.2 0.8  

Max. 0.5 7.2 0.4 1  

Bottle 

water 

(n=10) 

Mean ± Std. 0.3 ± 0.1 7.1±0.6 <0.01 0.7±0.2 

Min. 0.2 6.5 <0.01 0.5 

Max. 0.3 7.7 <0.01 0.9 

Spring 

water 

(n=35) 

Mean ± Std. 3.6 ± 9.7 6.8 ± 0.6 <0.01 1.5±1.2 

Min. 0.04 5 <0.01 1 

Max. 13.6 8 <0.01 3 
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5.2.3 Laboratory experiments 

 

In order to confirm the kinetics and persistence of the selected compounds 

in water treatment, lab-scale coagulation, adsorption, and chlorination were 

conducted respectively. These experiments checked the basic removal trends 

for operation conditions like the dosage of PACl, AC, and chlorine, and 

operation time in distilled water, and then actually investigated the removals 

of the compounds in surface water using the maximized operation conditions. 

In addition, this study also was to complete effective eliminations for the 

pollutants using AOPs of O3, UV, UV/H2O2, and Cl2/UV. The optimal 

conditions, suggested in the previous studies, were applied to conduct the 

experiments in surface water. During all experiments, initial concentrations of 

the compounds were maintained to 100 ng/L in the tested surface water 

adjusted by spiking of stock solution, and the concentrations were checked 

with LC MS/MS. The detail conditions of experiments are summarized in 

Table 5.2. The experimental operation for coagulation, and chlorination were 

respectively applied to the laboratory experiments in 2.2.4, and adsorption 

also was conducted according to the methods in 3.2.3. 

To conduct the photolytic experiments (UV, Cl2/UV, and UV/H2O2), a 

circulating UV photoreactor was used. The experiments of UV, and Cl2/UV 

were completed by the methods in 4.2.3. UV/H2O2 experiment was started by 
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spiking NaH2O2 in the stirred solution under UV radiation. After the 

treatments, 200 mL of solution was withdrawn for the measurement of the 

target compounds. Then, 1 mL of 0.1 M sodium thiosulfate was added to the 

collected sample to quench the residual chlorine, and peroxide. Ozonation was 

performed in the circulating reactor without UV light. Laboratory ozone 

generator (LAB2B, Triogen, Scotland, UK) was connected to the reactor, and 

produced ozone gas with 99.99% dry oxygen (O2). The initial ozone 

concentration was maintained to 2 mg/L by feeding with ozone gas. Steady 

state of ozone concentration in the reactor and residual concentration in the 

tested sample were measured by indigo method (Bader and Hoigné, 1981). 

The absorbance of ozone in sample was measured with UV spectrometer at 

600 nm, and the calibration curve of the stock solution has good linearity 

(R
2
>0.99). After ozonation, 1 mL of 0.1 M sodium thiosulfate sodium 

thiosulfate was also added to the tested sample in order to deactivate residual 

ozone. 
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Table 5.2. The specific conditions of the removal experiments for the selected 

pollutants. 

Source 

water 

Initial 

concentration 

(ng/L)  

Operation conditions  

(condition at kinetic test) 

References 

Coagulation test   

Distilled 

water 

100 [PACl]= 10~40 mg/L,  

[Time]= 85 min, pH 7, 20 ℃ 

–
a
 

Surface 

water  

100 [PACl]= 40 mg/L,  

[Time]= 85 min, pH 7, 20 ℃ 

– 

Adsorption test     

Distilled 

water 

100 [Time]= 0, 30, 60, 240, 360 min  

(=60 min at AC dose test), 

pH 7, 20 ℃, 

[PAC]= 0, 1, 5, 20 mg/L  

(=1 mg/L at contact time test) 

– 

Surface 

water  

100 [Time]= 240 min, pH 7, 20 ℃, 

[PAC]= 5 mg/L 

– 

Chlorination test    

Distilled 

water 

100 [Time]= 0, 30, 120, 240 min 

(= 240 min at Cl2 dose test),  

pH 7, 20 ℃, 

[Cl2]= 0, 1, 3, 5 mg/L 

(= 5 mg/L at reaction time test) 

–  

Surface 

water  

100 [Time]= 240 min, pH 7, 20 ℃, 
[Cl2]= 5 mg/L 

 

a: Not referenced.  
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Table 5.2. Continued. 
Source 

water 

Initial 

concentration 

(ng/L)  

Operation conditions  

(condition at kinetic test) 

References 

UV radiation   

Tap water 

 

100 [UVwave length]= 254 nm,  

[Time]= 60 min, pH 7, 20 ℃  

[UVintensity]= 4.4 mW/cm
2
 

(Kim and 

Tanaka, 

2009; Rivas 

et al., 2010) 

Ozonation test   

Tap water  100 [O3]= 2 mg/L, [Time]= 20 min, 

pH 7, 20 ℃  

(Hua et al., 

2006) 

UV/H2O2 test   

Tap water  100 [H2O2]= 5 mg/L,  

[Time]= 60 min, pH 7, 20 ℃ 

[UVwave length]= 254 nm,  

[UVintensity]= 4.4 mW/cm
2
 

(Sichel et al., 

2011) 

Cl2/UV test   

Tap water  100 [Cl2]= 5 mg/L , [Time]= 60 min, 

pH 7, 20 ℃,  

[UVwave length]= 254 nm, 

[UVintensity]= 4.4 mW/cm
2
 

(Chen et al., 

2013) 

a: Not referenced.  
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5.2.4 Analytical methods 

 

To measure the concentration of target compounds, the pretreatment, and 

measurement conditions for the LC MS/MS analysis were conducted in the 

same with the analytical methods in 2.2.3. 

For quality assurance/quality control (QA/QC), the recoveries of the extracted 

samples were calculated in the various water matrixes by comparing the 

spiked concentration with the measured concentration. The calibration curve 

for each compound had good linearity (R
2 

> 0.999) The limit of detection 

(LOD) and limit of quantification (LOQ) were determined based on the signal 

to noise (S/N) ratios of 3 and 10. LOD and LOQ tests were repeated six times 

to confirm the accuracy regarding the detected micropollutants of 1, 20, and 

50 ng/L. The method detection limit (MDL) was calculated using a t-test with 

a 99% confidence interval (α = 0.01). The detection limit of each of the 4 

micropollutants is shown in Table 5.3. LODs were in the range of 1–3 ng/L 

and the MDLs were in the range of 2–4 ng/L (Table 5.3). The recoveries of 

internal standards were in the range of 82–111% (Table 5.3). In order to 

prevent from the contamination of the raw samples, the blank samples were 

measured three times in field, and laboratory. The blank contamination of the 

compounds was less than the LODs for all the compounds. 
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Table 5.3. A summary of the detection limits for micropollutants in the collected samples. 

Compounds Retention 

time (min) 

Detection limits  

Surface water 

(n=50) 

Tap water 

(n=50) 

Spring water 

(n=35) 

Bottle water 

(n=10) 

LOD LOQ MDL LOD LOQ MDL LOD LOQ MDL LOD LOQ MDL 

MTP 1.26 2.8 9.4 3.5 2.6 8.8 3.2 2.6 8.7 3.2 2.5 8.3 3.1 

SMZ 1.77 2.5 8.5 3.1 1.2 4.1 1.5 2.1 7.1 2.6 1.5 5.2 1.9 

CFF 1.97 2.4 8 3 1.5 5.1 1.9 2.2 7.4 2.7 1.8 6.1 2.2 

CBM 2.02 1.6 5.3 2 1.5 5.1 1.9 1.6 5.5 2 1.5 5.2 1.9 

Internal  

standard  

recovery (%) 

Mean 97.8 99.2 98.5 98.2 

Max. 111 106 104 106 

Min. 82.5 94 90 90 

a: Recoveries were calculated with the spiked internal standard (10 ng/L); 
13

C-sulfamethoxazole.  

The recoveries represented the matrix effects of samples. 
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5.2.5 Statistical analysis 

 

All experiments were conducted in triplicates to present means and standard 

deviations. Pearson correlation was utilized to check the relationship between 

target compounds. Minitab software (version 14) was used to estimate the 

statistical significance for the coefficients of Pearson’s correlation. Suitability 

of experimental data were confirmed in the 95% significance level (α=0.05).    
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5.3  Results and discussion 

 

5.3.1 Occurrences in drinking water 

 

To confirm the occurrences of target compounds in water source, and 

various drinking waters, trace concentrations for the analytes were measured 

with LC MS/MS. Table 5.4 showed the results of the detected pollutants in the 

collected samples. Surface water had high detection for all compounds (> 

80%). These results indicated that micropollutants can come into WTPs 

through the contaminated water source. In addition, all compounds 

increasingly showed higher the detected levels in downstream than in 

upstream (Fig. 5.2). The regression between detected concentrations and 

distances from upstream exhibited the linear relationship (R
2
> 0.56). The 

remarkable incidences for CFF, MTP, CBM after the mixing WWTP effluents 

(at the points of 28, 34, 48, and 52 Km) indirectly showed the anthropogenic 

impacts on the water source, and the highly detected SMZ at the upstream 

point (8 Km) might be explained by the runoff released from the livestock 

farms. This trend also could show the accumulation of the selected 

compounds in surface water. Actually, Daneshvar et al. (2010) showed higher 

concentration of DCF, NPX, IBU, and ketoprofen in the downstream of 

Swedish river than in upstream, and Sharma et al. (2003) also reported the 
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accumulation of organochlorine pesticides (e.g. endosulfan, aldrin, and 

deldrin) in India river.            

Among the measured chemicals, CFF had the highest concentration (158.6 

ng/L) and average level (43 ng/L) in the river samples (Table 5.4). As 

previously mentioned, CFF is a product used worldwide in various 

categorizes such as foods, beverages, and drugs. For instance, coffee of 8.6 

million tons, indirectly causes massive consumption of CFF, is annually 

produced in the world (ICO, 2012), and Buerge et al., (2003) reported the 

daily load of CFF (16 mg/person) in WWTPs. However, MTP averagely 

showed the highest level (26.2 ng/L) among the measured pollutants in tap 

waters. Although CFF can be an indicator derived from wastewater, this 

chemical has the high reduction in WWTPs and biodegradability in natural 

water (Richardson and Bowron, 1985; Buerge et al., 2003). In fact, MTP has 

been reported high concentrations in drinking waters. Vieno, (2007) detected 

MTP of 60 ng/L in Finnish tap waters, and the compound was also reported 

2100 ng/L in Netherland by (Schriks et al., 2010). These data indirectly meant 

the persistence of MTP to the conventional WTPs. The collected spring waters 

and bottle waters had no detections for all pollutants. Because most of these 

types of drinking waters are generally derived from the ground waters and 

mountain runoff sources had never been contacted with anthropogenic point 

sources like WWTP effluents. Therefore, the detection results in this study 
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implied that the nominated micropollutants can be indicators of anthropogenic 

micropollution in drinking waters. 

 To check the correlation of co-occurrences for the micropollutants in water, 

the results in surface waters, showed high detection frequency (> 80%), were 

tested by Pearson correlation (Table 5.5). Most micropollutants significantly 

had positive correlation each other in the co-occurrences (p< 0.05), and their 

correlation coefficients ranged from 0.377 to 0.802. These results suggested 

that the selected pollutants were closely associated with their occurrences in 

drinking water source, and they could be together contained in the point 

sources like WWTP effluents when come into the river. Among the detected 

compounds, CFF had the best correlation (0.377–0.799) in surface water, and 

showed detections in all tap water samples. However, CFF averagely showed 

lower level in drinking waters than in surface waters. The biodegradable 

property may affect these reduced concentrations. Although MTP showed 

relatively low correlation in this study, the low trends of co-occurrence with 

others implicated the strong recalcitrance of MTP in WWTPs and WTPs. The 

untreated compound from WWTPs can accumulated in surface water, and 

come into WTPs. The small fluctuations for MTP occurrence in the river 

samples (< 10.2 ng/L), and the high concentration in tap water can indirectly 

support this trend. 
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Table 5.4. Detection frequencies and concentrations (ng/L) of target 

compounds in the surface water, tap water, bottle water, and spring water 

samples.  

  

Items CFF SMZ MTP CBM 

Surface 

water 

(n=50) 

N.O.D.
a 
(%) 100 85 97.5 100  

Mean ± Std. 43 ± 33.3 6.6 ± 5.1 23.9 ± 10.2 19.4 ± 18.6 

Min. 5.5 <MDL <MDL 2.7 

Max. 158.6 22.9 43.5 103 

Tap 

water 

(n=50) 

N.O.D. (%) 100 0 100 75 

Mean ± Std. 8.8 ± 2.5 <MDL 26.2 ± 6.1  2.8 ± 3.7  

Min. 4.7 <MDL 14.2 <MDL 

Max. 16.1 <MDL 40.4 20.6 

Bottle 

water 

(n=10) 

N.O.D. (%)  0 0 0 0 

Mean ± Std. < MDL
a
 < MDL < MDL   < MDL 

Min. < MDL < MDL < MDL   < MDL 

Max. < MDL < MDL < MDL   < MDL 

Spring 

water 

(n=35) 

N.O.D. (%)  0 0 0 0 

Mean ± Std. < MDL < MDL < MDL   < MDL 

Min. < MDL < MDL < MDL   < MDL 

Max. < MDL < MDL < MDL   < MDL 

a: Number of detections. 
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Table 5.5. The correlation coefficients of co-occurrences between the 

micropollutants in surface water (n= 50, statistical test: Pearson correlation,  

α=0.05) 

Relations MTP CFF SMZ CBM Minimized 

correlation 

limit 

MTP 1    > 0.377 

CFF 0.697 

(p< 0.05) 

1   > 0.575 

SMZ 0.526 

(p< 0.05) 

0.799 

(p< 0.05) 

1  > 0.526 

CBM 0.377 

(p< 0.05) 

0.575 

(p< 0.05) 

0.802 

(p< 0.05) 

1 > 0.377 
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Fig. 5.2. The regression and average concentration profiles of the detected 

pollutants with the distance from the upstream in Han River. The 

error bar on graphs represents standard deviations for each data. 

(n=50), and the arrows stand for the predicted confluences of 

livestock runoff, WWTP effluents, and Han River. 
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5.3.2 Persistence in water treatments 

 

Typical removal process in WTPs is consisted of coagulation/sedimentation, 

adsorption, and disinfection. These treatments have been mainly operated for 

the removals of organic particles, heavy metals, and water-borne bacteria. 

Generally, micropollutants are not target compounds in WTPs. Therefore, 

most WTPs were not ready to control the emerging micropollutants from 

water sources, and many studies reported the ineffective removal for the 

pollutants in conventional WTPs (Stackelberg et al., 2004; Benotti et al., 2009; 

Kleywegt et al., 2011; Huerta-Fontela et al., 2011). In addition, the 

appearance of advanced oxidation, nanotechnology, and electro oxidation 

moved the focus of micropollutants treatment from the conventional system to 

newly suggested process (e.g. O3, UV/H2O2, and UV/TiO2). However, it is too 

early to change the water treatment system in WTPs. Because, the behaviors 

of these compounds in WTPs were not exactly elucidated in conventional 

systems. The modification of operation condition may effectively reduce the 

identified target compounds. In the terms of resistance to treatment system, 

indicator micropollutants can be a good example to estimate the predicted 

behavior and acceptable removals in present system. 

 The lab scale experiments of coagulation, adsorption, and chlorination were 

completed in this study in order to confirm the activities of indicator 
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candidates. Fig. 5.3 showed the removals for the selected indicators in each 

treatment and residual concentrations in distilled water after treatments. 

Coagulation was conducted for the pollutants based on the increment of 

coagulant dose. CFF, MTP, and CBM had the removal < 20% regardless of 

PACl dose (Fig. 5.3(a)), and these results agreed with the removals of the 

previous studies (Ternes et al., 2002;Westerhoff et al., 2005; Huerta-Fontela et 

al., 2008) They had low reactivity to interact with only PACl. However, SMZ 

was sensitive to the change of coagulant, and the increment of PACl could 

reduce the concentration of SMZ in the test solution. SMZ is hydrophilic 

compounds (Log Kow= 0.68), and its dissociation constants (pKa) is 5.7. SMZ 

has negative charge in neutral water (=pH 7), and the electrostatic interaction 

with metal salt (e.g. Al
3+

 or Fe
3+

) positively charged at pH 7 (Bajpai et al., 

1996).  

In the adsorption test, the indicator compounds were checked their 

removals based on the increment of AC dose, and contact time (Fig. 5.3(b)–

(c)). CFF, SMZ, and CBM were removed > 70% after adsorption. Stoeckli et 

al. (1995) suggested that the heterocyclic-N group of CFF react with the 

carboxyl groups on the surface of AC through the hydrogen bonding. 

Therefore, CFF had uniquely adsorption removal in spite of its low 

hydrophobicity (Log Kow= -0.5). SMZ might be removed through the 

electrostatic adsorption with AC. Considering the point of zero charge, AC 
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maintains positive charge state at pH 7, and it can be adsorbed to the negative 

charged SMZ. These results showed that SMZ was removed by the same 

mechanism of coagulation. CBM had good removal in the adsorption test. 

CBM was well known as a recalcitrant pharmaceutical because of its stable 

chemical properties. However, CBM was susceptible to be removed by 

adsorption with AC. Yu et al. (2008) reduced CBM > 90% with GAC, and 

Westerhoff et al. (2005) removed 74% of CBM using PAC. In contrast, MTP 

was unlikely to be removed less than 20%. This compounds has moderate 

hydrophobicity (Log Kow= 1.88) not to be adsorbed to AC through the 

hydrophobic effect. Vieno et al. (2007) monitored the poor adsorbability of 

MTP in the sand filtration (< 10%).  

Chlorination can continuously oxidize organic compounds by a free 

chlorine (Burttschell et al., 1959; Heasley et al., 1993). In order to check the 

chlorine oxidation of the selected pharmaceuticals, lab scale chlorination was 

conducted according to the increment of Cl2 dose and reaction time (Fig. 

5.3(d)–(e)). Chlorination was ineffective to most pollutants, but SMZ showed 

sensitivity during the treatment. Dodd and Huang (2004) completely degraded 

SMZ in their lab scale experiment. However, chlorination causes too slow 

oxidation to degrade recalcitrant micropollutants (Sim et al., 2010). Pinkston 

and sedlak (2004) removed MTP < 10% for 12 h using chlorination. 

The maximum removals of the selected compounds in distilled water and 
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surface water using coagulation, adsorption, and chlorination were shown in 

Fig. 5.4. The removals of selected pollutants in surface water can be affected 

by multiple factors like DOM, turbidity, pH, inorganic ions (HCO3
-
, NO3

-
, and 

SO4
2-

), and water temperature. Alexander et al. (2012) showed different 

removals for micropollutants in coagulation based on the physical state of 

water matrix such as DOM, and suspended solids. DOM also may play an 

inhibitor in adsorption with AC because of its high hydrophobicity (Notony et 

al., 2007). Ionisable components can have negative or positive charge with 

their pKa at different pH, and this phenomenon can variously influence 

micropollutant removals in the coagulation and adsorption through the 

electrostatic interaction between absorbent and absorbate (Huerta-Fentela et 

al., 2011). Inorganic components and DOM also can be radical promoters or 

scavengers in oxidation processes such as photocatalysis, ozonation, and 

electro oxidations (Wols et al., 2012). 

Although the removal for the pollutants had more decrease in surface 

water than in distilled water, their removal trends consistently were shown in 

the three treatments. These results also showed that adsorption was the most 

effective to the pollutant removals among the three treatments.        
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Fig. 5.3. The removal efficiencies for the target compounds in coagulation 

with PACl dose (a), adsorption with contact time (b), and AC dose (c), 

and chlorination with reaction time (d) and chlorine dose (e). The 

error bar on graphs represents standard deviations for each data. 

(Experimental conditions; n=3, [C0]= 100 ng/L, pH 7, 20 ℃) 
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Fig. 5.4. Residual concentration of the selected compounds in distilled water 

(a), and surface water (b) after water treatments of coagulation, 

adsorption, and chlorination. The error bar on graphs represents 

standard deviations for each data. (Experimental conditions; n=3, 

[C0]= 100 ng/L, pH 7, 20 ℃) 
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5.3.3 Removals in the suggested AOPs  

 

Unclear removals of micropollutants in WTPs caused newly developed 

methods by many studies. In particular, AOP is known as an effective 

treatment in the micropollutant removals. Hydroxyl radical (ㆍOH) oxidizes 

nonselectively recalcitrant micropollutants during the treatments (Lee et al., 

2010; Wols et al., 2012). As the representative examples, ozonation and 

photocatalystic processes such as UV/TiO2, and UV/H2O2 were several times 

tried to eliminate the refractory pollutants (Hua et al., 2006; Pereira et al., 

2007; Kim et al., 2009; Sichel et al., 2011; Šojic  ́et al., 2012). Additionally, 

chlorine/UV (Cl2/UV) process was handled in this study. This treatment 

already conducted for some pharmaceuticals and ECDs like SMZ, CBZ, 

diclofenac, desethylatrazine, and 17-α-ethylestradiol (Sichel et al., 2011). 

They suggested the economical and energy saving of this process.  

The main mechanisms for the mentioned AOPs are as follow;  

 

Ozonation (Von Gunten, 2003; Šojić et al., 2012)  

H2O  ⇄ H
+
 + OH

-
 (5.1)  

O3 + OH
-
 → HO2

-
 + O2      (5.2)  

O3 + HO2
-
 → ㆍOH + ㆍO2

-
 +O2 (5.3)  

Contaminants + ㆍOH → Contaminants–H + 

H2O  

(5.4)  

Contaminants–H +ㆍOH → End products (5.5)  
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UV radiation (Kim and Tanaka, 2009; Rivas et al., 2010) 
H2O + UV-C → ㆍH + ㆍOH (5.6) 

Contaminants + ㆍOH → Contaminants–H + H2O  (5.7)  

Contaminants–H + ㆍOH → End products (5.8)  

   

UV/H2O2 (Rivas et al., 2010)  
H2O2 + UV-C →ㆍ2OH (5.9) 

Contaminants + ㆍ2OH → Contaminants–H + H2O  (5.10) 

Contaminants–H + ㆍOH → End products (5.11) 
   

Cl2/UV (Jin et al., 2011 )   
Cl2 + H2O → HOCl + HCl (5.12) 
HOCl + UV-C → ㆍOH + ㆍCl (5.13)  

Contaminants + ㆍOH → Contaminants–H + H2O  (5.14) 

Contaminants–H + ㆍOH → End products (5.15) 

Contaminants + ㆍCl → Contaminants-H + HCl (5.16) 

Contaminants–H + ㆍCl → End products (5.17) 

 

Most of these studies reported the efficient removals for undegradable 

micropollutants using AOPs. However, their results could not predict the 

general removal efficiency for the most of micropollutants. Because they 

conducted their treatments for a few chemicals. Therefore, micropollutants 

indicator is required to comprehensively evaluate the tested treatments. 

The removal experiments using various AOPs were completed in this study. 

CFF, SMZ, and CBM, spiked in the surface water samples, were degraded by 

the treatments of UV, O3, UV/H2O2, and Cl2/UV. The detail conditions in the 

experiments used in the previous studies (Table 5.2). The studies on UV 

radiation for the target compounds suggested the high absorbance of the 

chemicals at the 254 nm (=UV-C) (Dalmázio et al., 2005;Kim and Tanaka, 
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2009; Rivas et al., 2010). In the experiments of UV radiation, CFF, and SMZ 

were significantly removed > 80% comparing to the results of CBM (< 20%), 

and MTP (< 25%). These results agreed with the previous researches. Kim et 

al. (2009) reported removals of SMZ (> 90%), and CBM (< 10%) during UV 

treatment. Kim and Tanaka (2009) removed CFF > 90%, and they also 

showed the persistence of CBM (< 20%) and MTP (< 20%) under the UV 

radiation. The difference of each chemical’s removal is derived from the 

absorbability to UV light and the relevant quantum yields of micropollutants 

(Rivas et al., 2011;Šojic  ́et al., 2012). The reported quantum yields of CFF, 

SMZ, MTP, and CBM were 1.35 x 10
-2

, 3.79x10
-2

, 5.6x10
-3

, and 6x10
-4

 

L/mol/Einstein under the UV-C radiation respectively (Rivas et al., 2010; 

Rivas et al., 2011;Wols et al. 2012). The low removals of CBM, and MTP in 

UV photolysis indicated that UV treatment can be ineffective to some 

micropollutants, and this process must be reviewed for feasible application to 

WTPs. 

   Ozonation and UV/H2O2 were effectively eliminated the pollutants 

(excepting MTP) (Fig. 5.5). Ozone is a strong oxidant to rapidly oxidize 

refractory compounds, and it can be comprehensively applied to the most 

micropollutants regardless of the condition of chemical’s absorbability under 

the photolysis. However, MTP was unlikely to be removed in the ozonation. 

Because MTP, has an amine group in the chemical structure, weakly reacts 
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with ozone, and the decomposition of hydroxyl radicals can be inactivated by 

this chemical property (Šojic  ́et al., 2012). Benitez et al. (2009) showed only 

20% of MTP removal in WWTPs effluent using ozonation. Antoniou et al. 

(2013) actually monitored low removals of MTP (< 20%) in the ozonation of 

6 WWTPs, and Šojic  ́ et al. (2012) removed only 27% of MTP in the 

laboratory experiments. These removals indicated that MTP is a recalcitrant 

pharmaceutical to degrade with ozonation. Further study is needed to 

maximize the MTP removal using ozonation. 

UV/H2O2 process is known for an effective treatment for untreatable 

micropollutants such as atenolol, CBM, and MTP (Kim et al., 2009). As 

shown from (5.9) to (5.11), 1 M of H2O2 can cause 2 M of hydroxyl radicals 

through the reaction with UV-C light. Therefore, this process can be stronger 

oxidation for micropollutants than other treatments (e.g. UV radiation, and 

ozonation). This process already established as an additional stage in full scale 

WTPs (Sichel et al., 2011). However, perfect elimination for CBM, and MTP 

could not be achieved in this study (Fig. 5.5). Klavarioti et al. (2009) 

reviewed several literatures on AOPs, and mentioned that the addition of H2O2, 

pH, and water matrix can increase micropollutants removal in UV/H2O2. 

Actually, Kim et al. (2009) completely reduced MTP and CBM > 90% with 

high dose of H2O2 (7.4 mg/L) under the UV-C exposure. These results showed 

that cost and energy consumption for UV/H2O2 operation are more required to 



- 228 - 

efficiently use as an additional treatment in WTPs. 

In the terms of cost-effectiveness, Cl2/UV process showed effective reduction 

of all pollutants during the treatment (Fig. 5.5). This treatment was able to 

completely remove MTP (> 90%) predicted as the most recalcitrant 

compound among the target micropollutants. Cl2/UV process concurrently 

causes both chlorine radical (ㆍCl), and hydroxyl radical, and they can readily 

oxidize the organic micropollutants ((5.12)–(5.17)). Sichel et al. (2011) 

compared the energy saving for micropollutant removals like CBM, SMZ, and 

DCF between Cl2/UV, and UV/H2O2. Their results suggested that Cl2/UV 

process can be more proper to save the cost in removal than that of UV/H2O2. 

In addition, this process also can simultaneously achieve the disinfection for 

microorganisms in drinking water when the treatment is used in WTPs. 

Among the nominated pharmaceuticals, MTP had the strongest persistence in 

all treatments. Micropollutant indicator must be prevalently detected in 

various drinking waters, and associated with the co-occurrence of other 

micropollutants (see the chapter 5.3.1). In addition, indicator has to appear the 

resistance gives comprehensive removal for micropollutants in water 

treatments.  

To check the suitability of the candidates as an indicator, this study 

referenced the criteria in previous studies. Dickenson et al. (2007) mentioned 

that the persistent micropollutant indicator has removal < 30% in water 

treatments. Nödler et al. (2013) reported that indicators have at least 70% of 
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detection frequency in river water samples. Musolff et al. (2009) suggested 

that correlation coefficients more than 0.5 (p<0.05) have the significant co- 

occurrences between micropollutants. Considering these guidelines as two 

levels (low and high), this study showed that MTP had the most suitability as 

an indicator among three candidates (Table 5.6). 
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Fig. 5.5. Removals of the target micropollutants in the advanced treatments of 

UV, O3, UV/H2O2, and Cl2/UV. The error bar on graphs represents 

standard deviations for each data. (Experimental conditions; n=3, 

[C0]= 100 ng/L, pH 7, 20 ℃) 
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Table 5.6. The evaluation of micropollutant indicator in this study. 

Items 

(High level) 

MTP CFF SMZ CBM 

Occurrence 

in drinking water (DF> 70%) 

+
a
 + ‒b

 + 

Co-existence  

in drinking water source  

(r
c
 >0.5 and p<0.05) 

– + + – 

Persistence  

in conventional treatments 

(Removal < 30% in all processes) 

+ ‒ ‒ ‒ 

Persistence  

in advanced oxidation processes 

(Removal < 30% in 2 processes ) 

+ ‒ ‒ + 

Priority of indicator 1 3 4 2 

a= High level; b= Low level; c= correlation coefficient of co-occurrence 
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Chapter 6. Conclusions  

 

6.1. Conclusions 

 

The presence of micropollutants in drinking water is a direct exposure to 

human in everyday life. However, most of the previous studies focused on the 

reduction and monitoring of micropollutants in the STPs and WWTPs. For 

these reasons, water treatments are unlikely to achieve perfect removal for 

trace contaminants due to a lack of knowledge and the effective technologies. 

At the aspect of the efficient control for micropollutants in WTP, this thesis 

suggested the results for micropollutants investigated by (1) occurrence and 

removal in a WTP, (2) adsorption characteristics in water, (3) optimization in 

disinfection process, and (4) determination of indicator micropollutant. 

First, in the results of occurrence and removal in a WTP, 12 out of the 14 

micropollutants were detected in the influent source waters and 11 compounds 

survived in the final effluent at the ppt level. MTP displayed the highest 

concentration in both the influent and effluent. Concentrations of ACT, MTP, 

IBU, and NPX were higher in winter, and the levels of herbicides such as 2,4-

D were higher in summer. CFF, ACT, CBM, 2,4-D, and DCF were effectively 

removed during water treatment processes. Most of the removals of 

micropollutants occurred at the coagulation stage in the WTP. However, the 

higher removals during the coagulation stage in the WTP might be mainly 
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achieved by the combination of adsorption to clay particles, and sunlight 

photodegradation because the coagulation process in a WTP proceeds in the 

areas open to sunlight. This study results indicate that physicochemical 

properties (e.g. log Kow, and pKa), and photosensitivities are important 

parameters in the removal of micropollutants during the water treatment 

process. 

Secondly, in the results of adsorption characteristics in water, the 

sorption characteristics of nine selected micropollutants were investigated 

with lab scale adsorption experiments. The effects of adsorbent dosage, 

contact time, temperature, DOM, and solution pH on the adsorption 

characteristics of micropollutants. The results indicated that increased dosage 

of activated carbon and increased contact time allowed greater opportunity for 

the adsorbent to interact with micropollutants, and enhanced adsorption 

removal. Modifying the adsorbent dosage and contact time can maximize the 

removal of micropollutants. However, a cost-effectiveness analysis is 

necessary before implementing these solutions in field facilities. Sorption 

coefficients for micropollutants were well fit by the Freundlich isotherm for 

hydrophobic compounds, and by the linear isotherm for hydrophilic 

compounds. Log-scale sorption coefficients and the partitioning constants (log 

Kow) maintained a positive correlation for hydrophobic compounds and a 

negative correlation for hydrophilic compounds. The partitioning 

characteristics of the micropollutants were critical in evaluating their sorption 
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potentials. The adsorption removal of micropollutants, especially hydrophilic 

compounds, was affected by pH. Removal of ACT, SMZ, and SMA changed 

significantly due to electrostatic interactions between the adsorbent surface 

and the ion species of these pollutants. The charge state of ionizable 

micropollutants can affect micropollutants at certain pH levels. Significant 

decline in the adsorption removal in surface water samples might be caused 

by the competitive inhibition of DOM with micropollutants on the AC. The 

decrease in adsorption capacity in surface water was more significant for 

hydrophobic than hydrophilic micropollutants. It is important to consider the 

effects of DOM when treating micropollutants in a water treatment plant. Low 

temperature (5 C) decreased the adsorption removal of micropollutants, and 

affected hydrophobic compounds more than hydrophilic compounds. Low 

temperature can decrease the diffusion of lipophilic pollutants during the 

hydrophobic interaction with the adsorbent. The results of this study can be 

applied to the activated carbon treatment in water treatment plants to optimize 

the removal of micropollutants from water. The residual micropollutants in 

water can be better eliminated if the confirmed factors in this study were 

efficiently used. 

Thirdly, in case of optimization in disinfection process, three types of 

treatments (Cl2, UV-C, and Cl2/UV) were applied to MTP removal, and 

Cl2/UV was the most effective tool among them, reducing 99% of the 

compound. Optimization of Cl2/UV was conducted to maximize the removal 
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effects according to four factors (UV-C intensity, chlorine dose, pH, and DOM) 

using a two-level factorial design in the experiments. The optimized 

conditions (UV-C intensity = 4.4 mW/cm
2
, chlorine dose = 5 mg/L as Cl2, pH 

= 7, DOM = 0.8–1.1 mgC/L) feasibly degraded MTP by more than 78.9%, 

and these conditions of Cl2/UV were appropriate for use in filtered water as a 

post treatment. Five degradation byproducts of MTP were identified using 

LC-MS/MS, and their degradation pathways were estimated according to 

three types of mechanism. The substitution of Cl and OCl radicals mainly 

affected the transformation of MTP, and the OH radical demonstrably 

attacked the compound during the process. The Cl2/UV process requires fewer 

post procedures to remove the catalyst after reaction than other processes (e.g., 

UV/TiO2, UV/O3, and UV/H2O2), and its disinfectant (Cl2 and HOCl) is 

cheaper. Therefore, the results of this study represent critical data for the 

Cl2/UV process in WTP, and may be used to cost-effectively control MTP 

degradation.  

Finally, in the determination of indicator micropollutant in WTP, CFF, MTP, 

SMZ, and CBM were investigated as the suitable indicator in WTPs through the 

distribution in various drinking waters, and the evaluation of removal efficiency in 

conventional water treatments. The suggested AOPs were estimated by removal 

trends of the selected compounds. All selected compounds were detected in surface 

water samples. In particular, CFF in the river samples had the highest concentration 

(158.6 ng/L) among the detected compounds. In contrast, MTP showed more 
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significant level (26.2 ng/L) in tap waters comparing to CFF. Bottle water and 

spring water samples had no detection for the contaminants. The accumulation of 

the compounds was observed in the downstream of Han River. Co-occurrence 

between the micropollutants broadly showed positive correlation in surface water, 

and the target compounds might be related to anthropogenic pollution in water. The 

most pollutants resisted to coagulation and chlorination. Adsorption was the most 

effective to the removal of CFF, SMZ, and CBM > 40%. MTP was not proper in all 

tested treatments (< 10%). The selected compounds showed the behaviors based on 

their physic-chemical properties such as Log Kow, and pKa. Optimization and 

modification for conventional WTP system are required to maximize the 

micropollutant removals. UV radiation and ozonation were ineffective to the 

removal of MTP. MTP was the most recalcitrant micropollutant among the 

candidates. Both UV/H2O2 and Cl2/UV processes effectively removed for all 

micropollutants but Cl2/UV was more proper to the micropollutant removal in the 

aspects of cost-effectiveness. MTP was prevalently detected in drinking water 

sources, and had the persistence for the conventional WTP. This compound also 

survived in the AOPs like UV radiation and ozonation. When all results in study 

considered, MTP was considered as an indicator in WTPs. These results of this 

study can supply MTP as a credible indicator of micropollution with WTPs. 
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6.2. Suggestions for future study 

 

This thesis mainly monitored the micropollutants that frequently occur in 

domestic river water. Therefore, Study 1 showed that more than 80% of all the 

compounds were detected in the influent samples, and these results directly 

indicated the presence of trace materials in drinking water. Recently, 

numerous researchers have used advanced microscopic analysis techniques to 

suggest the presence of unknown compounds and their degradation 

byproducts in WTPs. 

In fact, it is difficult to exactly monitor all types of micropollutants in 

WTPs. However, the multiresidual analysis of several contaminants (> 100 

compounds) and the identification of the unknown pollutants, newly detected 

in water, can provide researchers with more opportunities than ever before to 

estimate the distribution of micropollutants. Recently, various approaches 

have been conducted with advanced technologies, such as mass spectrometry, 

bioassay, nuclear magnetic resonance (NMR), and Fourier-transform infrared 

spectroscopy (FT-IR).  

Study 1 suggested the elucidation of removal mechanisms for 

micropollutants. Adsorption and sunlight photolysis might be the main 

mechanisms in the coagulation step for WTPs. However, biodegradation can 

be another mechanism during the treatment process. The microorganisms in 

the WTPs are able to reduce biodegradable pollutants, such as ACT, CFF, and 
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TCB. The biofilms that formed at the surface of the sand filter can cause the 

biological degradation of these chemicals. Further study on the biodegradation 

of micropollutants can produce valuable results in WTPs. 

Some of the studies suggested the ineffectiveness of conventional WTPs 

for micropollutant elimination. However, the conclusions of Study 2 and 

Study 3 showed that efficient removal for some micropollutants can be 

achieved by applying simple modifications to the conventional treatments, 

such as adsorption using activated carbon and disinfection in the Cl2/UV 

system. These results implied that the conventional WTPs must be reviewed 

in order to determine if they provide perfect removal for more pollutants in 

the treatment process. For instance, well-optimized coagulation can be 

simultaneously achieved in both hydrophobic and hydrophilic compounds. 

The optimization of each step of the WTP process must be steadily conducted 

for the control of emerging micropollutants. 

Study 3 showed that AOP was effective in the removal of recalcitrant 

micropollutants. However, the adverse effects of these applications, such as 

the disinfection byproducts and the used carbon particles in water, must be 

simultaneously considered. Therefore additional optimization of the process is 

required to reduce the occurrence of byproducts in Cl2/UV and suspended AC 

in the treated waters. These problems can be seen as additional factors that 

affect the removal of micropollutants, and they can be optimized using 

statistical tools, such as response surface methodology and factorial and 
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Taguchi design of the experiments. Therefore, many types of factors that 

affect the removal mechanisms for micropollutants are comprehensively 

elucidated in the suggested treatment system. 

Finally, Study 4 identified MTP as an indicator compound that 

consistently occurred in the WTPs. However, in addition to MTP, more 

recalcitrant chemicals can be found in the WTPs. Therefore, further research 

associated with this thesis must examine the hidden indicator to predict the 

general removal efficiency for most types of micropollutants in the WTPs. 

These methods can also be applied to WTPs. 

As previously mentioned, further studies on multiresidual analysis for 

>100 micropollutants, biodegradation for ACT, CFF, and TCB in WTP, 

optimization of each step in the WTP process, the control of byproducts, and 

the excavation of effective micropollutant indicators can effectively contribute 

to the production of safe drinking water. 

 

 

 

 

 

 

 

 



- 240 - 

References 

 

Acero, J.L., von Gunten, U., 2001. Characterization of oxidation processes: ozonation 

and the AOP O3/H2O2. Journal-American Water Works Association 93, 90-100. 

Adams, C., Wang, Y., Loftin, K., Meyer, M., 2002. Removal of antibiotics from 

surface and distilled water in conventional water treatment processes. Journal 

of Environmental Engineering 128, 253-260. 

Alexander, J.T., Hai, F.I., Al-aboud, T.M., 2012. Chemical coagulation-based 

processes for trace organic contaminant removal: current state and future 

potential. Journal of environmental management 111, 195-207. 

Anderson, M.J., Whitcomb, P.J., 2000. DOE simplified: practical tools for effective 

experimentation. Productivity OR. 

Andreozzi, R., Raffaele, M., Nicklas, P., 2003. Pharmaceuticals in STP effluents and 

their solar photodegradation in aquatic environment. Chemosphere 50, 1319-

1330. 

Apfel, C., Kranke, P., Katz, M., Goepfert, C., Papenfuss, T., Rauch, S., Heineck, R., 

Greim, C.A., Roewer, N., 2002. Volatile anaesthetics may be the main cause of 

early but not delayed postoperative vomiting: a randomized controlled trial of 

factorial design. British Journal of Anaesthesia 88, 659-668. 

Asada, T., Oikawa, K., Kawata, K., Ishihara, S., Iyobe, T., Yamada, A., 2004. Study of 

removal effect of bisphenol A and β-estradiol by porous carbon. Journal of 

health science 50, 588-593. 

Asano, T., Levine, A.D., 1996. Wastewater reclamation, recycling and reuse: past, 

present, and future. Water Science and Technology 33, 1-14. 

Assmuth, T., Louekari, K., 2001. Research for management of environmental risks 

from endocrine disrupters. The Finnish Environment 448, 82-84. 

Avdeef, A., 2012. Absorption and drug development: solubility, permeability, and 

charge state. 2
nd

 edition. Wiley, 31-34. 

Bader, H., Hoigné, J., 1981. Determination of ozone in water by the indigo method. 

Water Research 15, 449-456. 

Bajpai, A.K., Rajpoot, M., 1996. Adsorption behavior of sulfamethoxazole onto an 

alumina-solution interface. Bulletin of the Chemical Society of Japan 69, 521-

527. 

Ballard, B.D., MacKay, A.A., 2005. Estimating the removal of anthropogenic organic 

chemicals from raw drinking water by coagulation flocculation. Journal of 

Environmental Engineering 131, 108. 

Bandala, E.R., Gelover, S., Leal, M.T., Arancibia-Bulnes, C., Jimenez, A., Estrada, 

C.A., 2002. Solar photocatalytic degradation of Aldrin. Catalysis Today 76, 



- 241 - 

189-199. 

Barkauskas, J., Dervinyte, M., 2004. Investigation of the functional groups on the 

surface of activated carbons. Journal of the Serbian Chemical Society 69, 363-

375. 

Barnes, K.K., Kolpin, D.W., Furlong, E.T., Zaugg, S.D., Meyer, M.T., Barber, L.B., 

2008a. A national reconnaissance of pharmaceuticals and other organic 

wastewater contaminants in the United States–I) groundwater. Science of the 

Total Environment 402, 192-200. 

Barnes, K.K., Kolpin, D.W., Furlong, E.T., Zaugg, S.D., Meyer, M.T., Barber, L.B., 

2008b. A national reconnaissance of pharmaceuticals and other organic 

wastewater contaminants in the United States—I) Groundwater. Science of the 

Total Environment 402, 192-200. 

Bartelt-Hunt, S.L., Snow, D.D., Damon, T., Shockley, J., Hoagland, K., 2009. The 

occurrence of illicit and therapeutic pharmaceuticals in wastewater effluent 

and surface waters in Nebraska. Environmental Pollution 157, 786-791. 

Batt, A.L., Kostich, M.S., Lazorchak, J.M., 2008. Analysis of ecologically relevant 

pharmaceuticals in wastewater and surface water using selective solid-phase 

extraction and UPLC- MS/MS. Analytical chemistry 80, 5021-5030. 

Baytak, D., Sofuoglu, A., Inal, F., Sofuoglu, S.C., 2008. Seasonal variation in drinking 

water concentrations of disinfection by-products in IZMIR and associated 

human health risks. Science of The Total Environment 407, 286-296. 

Beale, D.J., Kaserzon, S.L., Porter, N.A., Roddick, F.A., Carpenter, P.D., 2010. 

Detection of s-triazine pesticides in natural waters by modified large-volume 

direct injection HPLC. Talanta 82, 668-674. 

Bedner, M., MacCrehan, W.A., 2006. Transformation of acetaminophen by 

chlorination produces the toxicants 1, 4-benzoquinone and N-acetyl-p-

benzoquinone imine. Environmental Science & Technology 40, 516-522. 

Behera, S.K., Kim, H.W., Oh, J.-E., Park, H.-S., 2011. Occurrence and removal of 

antibiotics, hormones and several other pharmaceuticals in wastewater 

treatment plants of the largest industrial city of Korea. Science of The Total 

Environment 409, 4351-4360. 

Beltrán, F.J., Pocostales, P., Alvarez, P., Oropesa, A., 2009. Diclofenac removal from 

water with ozone and activated carbon. Journal of hazardous materials 163, 

768-776. 

Bendz, D., Paxeus, N.A., Ginn, T.R., Loge, F.J., 2005a. Occurrence and fate of 

pharmaceutically active compounds in the environment, a case study: Höje 

River in Sweden. Journal of Hazardous Materials 122, 195-204. 

Bendz, D., Paxeus, N.A., Ginn, T.R., Loge, F.J., 2005b. Occurrence and fate of 

pharmaceutically active compounds in the environment, a case study: Hoje 

River in Sweden. Journal of Hazardous Materials 122, 195-204. 



- 242 - 

Bengraїne, K., Marhaba, T.F., 2003. Comparison of spectral fluorescent signatures-

based models to characterize DOM in treated water samples. Journal of 

hazardous materials 100, 117-130. 

Benitez, F.J., Real, F.J., Acero, J.L., Roldan, G., 2009. Removal of selected 

pharmaceuticals in waters by photochemical processes. Journal of Chemical 

Technology and Biotechnology 84, 1186-1195. 

Benotti, M.J., Trenholm, R.A., Vanderford, B.J., Holady, J.C., Stanford, B.D., Snyder, 

S.A., 2009. Pharmaceuticals and endocrine disrupting compounds in US 

drinking water. Environmental Science & Technology 43, 597-603. 

Bercu, J.P., Parke, N.J., Fiori, J.M., Meyerhoff, R.D., 2008. Human health risk 

assessments for three neuropharmaceutical compounds in surface waters. 

Regulatory Toxicology and Pharmacology 50, 420-427. 

Bidwell, J.R., Becker, C., Hensley, S., Stark, R., Meyer, M.T., 2010. Occurrence of 

organic wastewater and other contaminants in cave streams in northeastern 

Oklahoma and northwestern Arkansas. Archives of environmental 

contamination and toxicology 58, 286-298. 

Bingham, D., Sitter, R., 2001. Design issues in fractional factorial split-plot 

experiments. Journal of Quality Technology 33, 2-15. 

Bingham, D., Sitter, R.R., 1999. Minimum-aberration two-level fractional factorial 

split-plot designs. Technometrics 41, 62-70. 

Birkett, J.W., Lester, J.N., 2003. Endocrine disrupters in wastewater and sludge 

treatment processes. CRC Press, 5-7. 

Boleda, M.R., Galceran, M.T., Ventura, F., 2011. Behavior of pharmaceuticals and 

drugs of abuse in a drinking water treatment plant (DWTP) using combined 

conventional and ultrafiltration and reverse osmosis (UF/RO) treatments. 

Environmental Pollution 159, 1584-1591. 

Bones, J., Thomas, K., Nesterenko, P.N., Paull, B., 2006. On-line preconcentration of 

pharmaceutical residues from large volume water samples using short 

reversed-phase monolithic cartridges coupled to LC-UV-ESI-MS. Talanta 70, 

1117-1128. 

Boscá, F., Marín, M.L., Miranda, M.A., 2001. Photoreactivity of the nonsteroidal anti‐

inflammatory 2‐arylpropionic acids with photosensitizing side effects. 

Photochemistry and photobiology 74, 637-655. 

Box, G.E., Hunter, J.S., Hunter, W.G., 2005. Statistics for experimenters: design, 

innovation, and discovery. Wiley Online Library. 

Boyd, G.R., Reemtsma, H., Grimm, D.A., Mitra, S., 2003. Pharmaceuticals and 

personal care products (PPCPs) in surface and treated waters of Louisiana, 

USA and Ontario, Canada. The Science of The Total Environment 311, 135-

149. 

Brausch, J.M., Rand, G.M., 2011. A review of personal care products in the aquatic 



- 243 - 

environment: Environmental concentrations and toxicity. Chemosphere 82, 

1518-1532. 

Brillas, E., Sirés, I., Arias, C., Cabot, P.L., Centellas, F., Rodríguez, R.M., Garrido, 

J.A., 2005. Mineralization of paracetamol in aqueous medium by anodic 

oxidation with a boron-doped diamond electrode. Chemosphere 58, 399-406. 

Bringmann, G.K., R.(1982): Ergebnisse der Schadwirkung wassergefährdender Stoffe 

gegen Daphnia magna in einem weiterentwickelten standardisiertem 

Testverfahren, Z. Wasser Abwasser Forsch 15, 1-6. 

Broséus, R., Vincent, S., Aboulfadl, K., Daneshvar, A., Sauvé, S., Barbeau, B., 

Prévost, M., 2009. Ozone oxidation of pharmaceuticals, endocrine disruptors 

and pesticides during drinking water treatment. water research 43, 4707-4717. 

Brown, K.D., Kulis, J., Thomson, B., Chapman, T.H., Mawhinney, D.B., 2006. 

Occurrence of antibiotics in hospital, residential, and dairy effluent, municipal 

wastewater, and the Rio Grande in New Mexico. Science of the Total 

Environment 366, 772-783. 

Brudenell, A., Baker, D., Grayson, B., 1995. Phloem mobility of xenobiotics: tabular 

review of physicochemical properties governing the output of the Kleier model. 

Plant growth regulation 16, 215-231. 

Buerge, I.J., Poiger, T., Müller, M.D., Buser, H.R., 2003. Caffeine, an anthropogenic 

marker for wastewater contamination of surface waters. Environmental 

Science & Technology 37, 691-700. 

Bundy, M.M., Doucette, W.J., McNeill, L., Ericson, J.F., 2007. Removal of 

pharmaceuticals and related compounds by a bench-scale drinking water 

treatment system. Aqua- Journal of Water Supply: Research and Technology 

56, 105-115. 

Burkert, J., Maugeri, F., Rodrigues, M., 2004. Optimization of extracellular lipase 

production by Geotrichum sp. using factorial design. Bioresource Technology 

91, 77-84. 

Burttschell, R.H., Rosen, A.A., Middleton, F.M., Ettinger, M.B., 1959. Chlorine 

derivatives of phenol causing taste and odor. Journal (American Water Works 

Association) 51, 205-214. 

Buser, H.R., Poiger, T., Müller, M.D., 1998. Occurrence and fate of the 

pharmaceutical drug diclofenac in surface waters: rapid photodegradation in a 

lake. Environmental science & technology 32, 3449-3456. 

Buser, H.R., Poiger, T., Müller, M.D., 1999. Occurrence and environmental behavior 

of the chiral pharmaceutical drug ibuprofen in surface waters and in 

wastewater. Environmental Science & Technology 33, 2529-2535. 

Byer, J.D., Struger, J., Sverko, E., Klawunn, P., Todd, A., 2011. Spatial and seasonal 

variations in atrazine and metolachlor surface water concentrations in Ontario 

(Canada) using ELISA. Chemosphere 82, 1155-1160. 



- 244 - 

Cabeza, Y., Candela, L., Ronen, D., Teijon, G., 2012. Monitoring the occurrence of 

emerging contaminants in treated wastewater and groundwater between 2008-

2010. The Baix Llobregat (Barcelona, Spain). Journal of hazardous materials. 

Caliman, F.A., Gavrilescu, M., 2009. Pharmaceuticals, personal care products and 

endocrine disrupting agents in the environment–a review. CLEAN–Soil, Air, 

Water 37, 277-303. 

Cantrell, K.J., Serne, R.J., Last, G.V., 2003. Applicability of the linear sorption 

isotherm model to represent contaminant transport processes in site-wide 

performance assessments. Pacific Northwest National Laboratory. Technical 

report PNNL-14576, 1-6. 

Capdeville, M.J., Budzinski, H., 2011. Trace-level analysis of organic contaminants in 

drinking waters and groundwaters. TrAC Trends in Analytical Chemistry 30, 

586-606. 

Carballa, M., Omil, F., Lema, J., 2003. Removal of pharmaceuticals and personal care 

products (PPCPs) from municipal wastewaters by physico-chemical processes. 

Electronic Journal of Environmental, Agricultural and Food Chemistry 2, 309-

313. 

Carballa, M., Omil, F., Lema, J.M., 2005. Removal of cosmetic ingredients and 

pharmaceuticals in sewage primary treatment. Water Research 39, 4790-4796. 

Carter, M.C., Weber, W.J., 1994. Modeling adsorption of TCE by activated carbon 

preloaded by background organic matter. Environmental science & technology 

28, 614-623. 

Casajuana, N., Lacorte, S., 2003. Presence and release of phthalic esters and other 

endocrine disrupting compounds in drinking water. Chromatographia 57, 649-

655. 

Chang, S., Waite, T.D., Schäfer, A.I., Fane, A.G., 2002. Adsorption of trace steroid 

estrogens to hydrophobic hollow fibre membranes. Desalination 146, 381-386. 

Chen, M., Ohman, K., Metcalfe, C., Ikonomou, M.G., Amatya, P.L., Wilson, J., 2006. 

Pharmaceuticals and endocrine disruptors in wastewater treatment effluents 

and in the water supply system of Calgary, Alberta, Canada. Water quality 

research journal of Canada 41, 351-364. 

Choi, K.-J., Kim, S.-G., Kim, S.-H., 2008a. Removal of antibiotics by coagulation and 

granular activated carbon filtration. Journal of Hazardous Materials 151, 38-43. 

Choi, K., Kim, S., Kim, C., Park, J., 2006a. Removal efficiencies of endocrine 

disrupting chemicals by coagulation/flocculation, ozonation, 

powdered/granular activated carbon adsorption, and chlorination. Korean 

Journal of Chemical Engineering 23, 399-408. 

Choi, K., Kim, Y., Park, J., Park, C.K., Kim, M., Kim, H.S., Kim, P., 2008b. Seasonal 

variations of several pharmaceutical residues in surface water and sewage 

treatment plants of Han River, Korea. Science of the Total Environment 405, 



- 245 - 

120-128. 

Choi, K.J., Kim, S.G., Kim, C.W., Park, J.K., 2006b. Removal efficiencies of 

endocrine disrupting chemicals by coagulation/flocculation, ozonation, 

powdered/granular activated carbon adsorption, and chlorination. Korean 

Journal of Chemical Engineering 23, 399-408. 

Christman, R.F., Norwood, D.L., Millington, D.S., Johnson, J.D., Stevens, A.A., 1983. 

Identity and yields of major halogenated products of aquatic fulvic acid 

chlorination. Environmental science & technology 17, 625-628. 

Clara, M., Strenn, B., Saracevic, E., Kreuzinger, N., 2004. Adsorption of bisphenol-A, 

17β-estradiole and 17α-ethinylestradiole to sewage sludge. Chemosphere 56, 

843-851. 

Claver, A., Ormad, P., Rodríguez, L., Ovelleiro, J.L., 2006. Study of the presence of 

pesticides in surface waters in the Ebro river basin (Spain). Chemosphere 64, 

1437-1443. 

Collier, A.C., 2007. Pharmaceutical contaminants in potable water: potential concerns 

for pregnant women and children. EcoHealth 4, 164-171. 

Conkle, J.L., White, J.R., Metcalfe, C.D., 2008. Reduction of pharmaceutically active 

compounds by a lagoon wetland wastewater treatment system in Southeast 

Louisiana. Chemosphere 73, 1741-1748. 

Coogan, M.A., Edziyie, R.E., La Point, T.W., Venables, B.J., 2007. Algal 

bioaccumulation of triclocarban, triclosan, and methyl-triclosan in a North 

Texas wastewater treatment plant receiving stream. Chemosphere 67, 1911-

1918. 

Crittenden, J.C., Sanongraj, S., Bulloch, J.L., David, W., Rogers, T.N., Speth, T.F., 

Ulmer, M., 1999. Correlation of aqueous-phase adsorption isotherms. 

Environmental science & technology 33, 2926-2933. 

Cunningham, V.L., Binks, S.P., Olson, M.J., 2009. Human health risk assessment 

from the presence of human pharmaceuticals in the aquatic environment. 

Regulatory toxicology and pharmacology 53, 39-45. 

Cunningham, V.L., Perino, C., D’Aco, V.J., Hartmann, A., Bechter, R., 2010. Human 

health risk assessment of carbamazepine in surface waters of North America 

and Europe. Regulatory toxicology and pharmacology 56, 343-351. 

Dalmázio, I., Santos, L.S., Lopes, R.P., Eberlin, M.N., Augusti, R., 2005. Advanced 

oxidation of caffeine in water: On-line and real-time monitoring by 

electrospray ionization mass spectrometry. Environmental science & 

technology 39, 5982-5988. 

Daneshvar, A., Svanfelt, J., Kronberg, L., Prévost, M., Weyhenmeyer, G.A., 2010a. 

Seasonal variations in the occurrence and fate of basic and neutral 

pharmaceuticals in a Swedish river–lake system. Chemosphere 80, 301-309. 

Daneshvar, A., Svanfelt, J., Kronberg, L., Weyhenmeyer, G.A., 2010b. Winter 



- 246 - 

accumulation of acidic pharmaceuticals in a Swedish river. Environmental 

Science and Pollution Research 17, 908-916. 

Davvaz, B., Dehghan Nezad, A., Benvidi, A., 2011. Chain reactions as experimental 

examples of ternary algebraic hyperstructures. MATCH Commun. Math. & 

Comput. Chem 65, 491-499. 

De Lange, H., Noordoven, W., Murk, A., Lürling, M., Peeters, E., 2006. Behavioural 

responses of Gammarus pulex (Crustacea, Amphipoda) to low concentrations 

of pharmaceuticals. Aquatic toxicology 78, 209-216. 

De Liguoro, M., Fioretto, B., Poltronieri, C., Gallina, G., 2009. The toxicity of 

sulfamethazine to Daphnia magna and its additivity to other veterinary 

sulfonamides and trimethoprim. Chemosphere 75, 1519-1524. 

Dickenson, E., Drewes, J.E., Sedlak, D., Snyder, S., A, 2007. Novel approach for 

monitoring wastewater-derived chemical contaminants in indirect potable 

reuse. info.ngwa.org. 

Dodd, M.C., Huang, C.-H., 2004. Transformation of the antibacterial agent 

sulfamethoxazole in reactions with chlorine: kinetics, mechanisms, and 

pathways. Environmental Science & Technology 38, 5607-5615. 

Dolar, D., Gros, M., Rodriguez-Mozaz, S., Moreno, J., Comas, J., Rodriguez-Roda, I., 

Barceló, D., 2012. Removal of emerging contaminants from municipal 

wastewater with an integrated membrane system, MBR-RO. Journal of 

hazardous materials. 

Doll, T.E., Frimmel, F.H., 2005. Photocatalytic degradation of carbamazepine, 

clofibric acid and iomeprol with P25 and Hombikat UV100 in the presence of 

natural organic matter (NOM) and other organic water constituents. Water 

Research 39, 403-411. 

Donald, D.B., Cessna, A.J., 2007. Pesticides in surface drinking-water supplies of the 

Northern Great Plains. Environmental health perspectives 115, 1183. 

Dougherty, J.A., Swarzenski, P.W., Dinicola, R.S., Reinhard, M., 2010. Occurrence of 

herbicides and pharmaceutical and personal care products in surface water and 

groundwater around Liberty Bay, Puget Sound, Washington. Journal of 

environmental quality 39, 1173-1180. 

Drewes, J.E., Hemming, J., Ladenburger, S.J., Schauer, J., Sonzogni, W., 2005. An 

assessment of endocrine disrupting activity changes during wastewater 

treatment through the use of bioassays and chemical measurements. Water 

Environment Research, 12-23. 

Duan, J., Gregory, J., 2003. Coagulation by hydrolysing metal salts. Advances in 

Colloid and Interface Science 100-102, 475-502. 

Duong, C.N., Ra, J.S., Cho, J., Kim, S.D., Choi, H.K., Park, J.-H., Kim, K.W., Inam, 

E., Kim, S.D., 2010. Estrogenic chemicals and estrogenicity in river waters of 

South Korea and seven Asian countries. Chemosphere 78, 286-293. 



- 247 - 

ECB, 2003. European Chemicals Bureau. European Union Risk Assessment Report, 

4,4'-Isopropylidenediphenol (Bisphenol-A) (CAS# 80-05-7). p.170. 

EEA, 2012. European environment agency. Environmental terminology ans discovery 

service (ETDS), http: // glossary.eea. europa.eu./termiology/concept_html?term 

=micropollutant. 

Emmanuel, E., Keck, G., Blanchard, J.-M., Vermande, P., Perrodin, Y., 2004. 

Toxicological effects of disinfections using sodium hypochlorite on aquatic 

organisms and its contribution to AOX formation in hospital wastewater. 

Environment international 30, 891-900. 

Enochson, L., Brittberg, M., Lindahl, A., 2012. Optimization of a Chondrogenic 

Medium Through the Use of Factorial Design of Experiments. BioResearch 

Open Access 1, 306-313. 

EU, 2003. European union. Technical guidance document on risk assessment part II, 

European commission joint research centre. 75-90.  

EU, 2008. European union. Water framework directive 2008/105/EC. European 

parliament and of the council.  

Falconer, I.R., Chapman, H.F., Moore, M.R., Ranmuthugala, G., 2006. Endocrine‐

disrupting compounds: A review of their challenge to sustainable and safe 

water supply and water reuse. Environmental toxicology 21, 181-191. 

Faust, B.C., Hoigne, J., 1987. Sensitized photooxidation of phenols by fulvic acid and 

in natural waters. Environmental Science & Technology 21, 957-964. 

Félix–Cañedo, T.E., Durán–Á lvarez, J.C., Jiménez–Cisneros, B., 2013. The 

occurrence and distribution of a group of organic micropollutants in Mexico 

City's water sources. Science of The Total Environment 454, 109-118. 

Feng, Y., Smith, D.W., Bolton, J.R., 2007. Photolysis of aqueous free chlorine species 

(HOCl and OCl) with 254 nm ultraviolet light. Journal of Environmental 

Engineering and Science 6, 277-284. 

Ferrer, I., Zweigenbaum, J.A., Thurman, E.M., 2010. Analysis of 70 Environmental 

Protection Agency priority pharmaceuticals in water by EPA Method 1694. 

Journal of Chromatography A 1217, 5674-5686. 

Fisher, R.A., 1992. The arrangement of field experiments. Breakthroughs in Statistics. 

Springer, pp. 82-91. 

Focazio, M.J., Kolpin, D.W., Barnes, K.K., Furlong, E.T., Meyer, M.T., Zaugg, S.D., 

Barber, L.B., Thurman, M.E., 2008. A national reconnaissance for 

pharmaceuticals and other organic wastewater contaminants in the United 

States–II) Untreated drinking water sources. Science of The Total Environment 

402, 201-216. 

Fraise, A., 1999. Choosing disinfectants. Journal of Hospital Infection 43, 255-264. 

Fram, M.S., Belitz, K., 2011. Occurrence and concentrations of pharmaceutical 

compounds in groundwater used for public drinking-water supply in California. 



- 248 - 

Science of the Total Environment 409, 3409-3417. 

Fries, E., Püttmann, W., 2003. Occurrence and behaviour of 4-nonylphenol in river 

water of Germany. Journal of Environmental Monitoring 5, 598-603. 

Frimmel, F.H., 1994. Photochemical aspects related to humic substances. 

Environment international 20, 373-385. 

Frimmel, F.H., 1998. Impact of light on the properties of aquatic natural organic 

matter. Environment international 24, 559-571. 

Gómez, M.J., MJ, M.B., Lacorte, S., Fernández-Alba, A., Agüera, A., 2007. Pilot 

survey monitoring pharmaceuticals and related compounds in a sewage 

treatment plant located on the Mediterranean coast. Chemosphere 66, 993-

1002. 

Gómez, M.J., Petrović, M., Fernández-Alba, A.R., Barceló, D., 2006. Determination 

of pharmaceuticals of various therapeutic classes by solid-phase extraction and 

liquid chromatography–tandem mass spectrometry analysis in hospital effluent 

wastewaters. Journal of Chromatography A 1114, 224-233. 

Gallard, H., von Gunten, U., 2002. Chlorination of phenols: Kinetics and formation of 

chloroform. Environmental Science & Technology 36, 884-890. 

Gao, J., Hedman, C., Liu, C., Guo, T., Pedersen, J.A., 2012. Transformation of 

sulfamethazine by manganese oxide in aqueous solution. Environmental 

Science & Technology 46, 2642-2651. 

Garcia-Ac, A., Segura, P.A., Viglino, L., Fürtös, A., Gagnon, C., Prévost, M., Sauvé, 

S., 2009. On-line solid-phase extraction of large-volume injections coupled to 

liquid chromatography-tandem mass spectrometry for the quantitation and 

confirmation of 14 selected trace organic contaminants in drinking and surface 

water. Journal of Chromatography A 1216, 8518-8527. 

Gardinali, P.R., Zhao, X., 2002. Trace determination of caffeine in surface water 

samples by liquid chromatography–atmospheric pressure chemical ionization–

mass spectrometry (LC–APCI–MS). Environment international 28, 521-528. 

Garrison, A., Pope, J., Allen, F., 1976. GC/MS analysis of organic compounds in 

domestic wastewaters. Identification and analysis of organic pollutants in 

water, 517-556. 

GENG, Y., MA, J., JIA, R., XUE, L.-q., TAO, C.-j., LI, C.-j., MA, X.-d., LIN, Y., 

2013. Impact of long-term atrazine use on groundwater safety in Jilin province, 

China. Journal of Integrative Agriculture 12, 305-313. 

Gibs, J., Stackelberg, P.E., Furlong, E.T., Meyer, M., Zaugg, S.D., Lippincott, R.L., 

2007. Persistence of pharmaceuticals and other organic compounds in 

chlorinated drinking water as a function of time. Science of The Total 

Environment 373, 240-249. 

Gledhill, W., 1975. Biodegradation of 3, 4, 4′-trichlorocarbanilide, TCC
®
, in sewage 

and activated sludge. Water Research 9, 649-654. 



- 249 - 

Glozier, N.E., Struger, J., Cessna, A.J., Gledhill, M., Rondeau, M., Ernst, W.R., 

Sekela, M.A., Cagampan, S.J., Sverko, E., Murphy, C., 2012. Occurrence of 

glyphosate and acidic herbicides in select urban rivers and streams in Canada, 

2007. Environmental Science and Pollution Research 19, 821-834. 

González-Mariño, I., Quintana, J.B., Rodríguez, I., Cela, R., 2009. Simultaneous 

determination of parabens, triclosan and triclocarban in water by liquid 

chromatography/electrospray ionisation tandem mass spectrometry. Rapid 

Communications in Mass Spectrometry 23, 1756-1766. 

Gregory, J., Duan, J., 2001. Hydrolyzing metal salts as coagulants. Pure and applied 

chemistry 73, 2017-2026. 

Gros, M., Petrovic, M., Barceló, D., 2006. Development of a multi-residue analytical 

methodology based on liquid chromatography-tandem mass spectrometry (LC-

MS/MS) for screening and trace level determination of pharmaceuticals in 

surface and wastewaters. Talanta 70, 678-690. 

Grover, D., Zhou, J., Frickers, P., Readman, J., 2011. Improved removal of estrogenic 

and pharmaceutical compounds in sewage effluent by full scale granular 

activated carbon: Impact on receiving river water. Journal of Hazardous 

Materials 185, 1005-1011. 

Grujić, S., Vasiljević, T., Laušević, M., 2009. Determination of multiple 

pharmaceutical classes in surface and ground waters by liquid 

chromatography–ion trap–tandem mass spectrometry. Journal of 

Chromatography A 1216, 4989-5000. 

Grundwasser, K.i.B.O.-u., Heberer, T., Schmidt-Bäumler, K., Stan, H., 1998. 

Occurrence and distribution of organic contaminants in the aquatic system in 

Berlin. Part I: Drug residues and other polar contaminants in Berlin surface 

and groundwater. Acta hydrochim. hydrobiol 26, 272-278. 

Guzmán-Vázquez de Prada, A., Reviejo, A., Pingarron, J., 2006. A method for the 

quantification of low concentration sulfamethazine residues in milk based on 

molecularly imprinted clean-up and surface preconcentration at a Nafion-

modified glassy carbon electrode. Journal of Pharmaceutical and Biomedical 

Analysis 40, 281-286. 

Hacking, I., 1988. Telepathy: origins of randomization in experimental design. Isis 79, 

427-451. 

Halden, R.U., Paull, D.H., 2005. Co-occurrence of triclocarban and triclosan in US 

water resources. Environmental science & technology 39, 1420-1426. 

Halling-Sørensen, B., Nors Nielsen, S., Lanzky, P., Ingerslev, F., Holten Lützhøft, H., 

Jørgensen, S., 1998. Occurrence, fate and effects of pharmaceutical substances 

in the environment-a review. Chemosphere 36, 357-393. 

Han, G.H., Hur, H.G., Kim, S.D., 2009. Ecotoxicological risk of pharmaceuticals 

from wastewater treatment plants in Korea: Occurrence and toxicity to 



- 250 - 

Daphnia magna. Environmental toxicology and chemistry 25, 265-271. 

Hansen, P.-D., 2007. Risk assessment of emerging contaminants in aquatic systems. 

TrAC Trends in Analytical Chemistry 26, 1095-1099. 

Hari, A.C., Paruchuri, R.A., Sabatini, D.A., Kibbey, T.C., 2005a. Effects of pH and 

cationic and nonionic surfactants on the adsorption of pharmaceuticals to a 

natural aquifer material. Environmental science & technology 39, 2592-2598. 

Hari, A.C., Paruchuri, R.A., Sabatini, D.A., Kibbey, T.C.G., 2005b. Effects of pH and 

cationic and nonionic surfactants on the adsorption of pharmaceuticals to a 

natural aquifer material. Environmental science & technology 39, 2592-2598. 

Heasley, V.L., Anderson, M.E., Combes, D.S., Elias, D.S., Gardner, J.T., Hernandez, 

M.L., Moreland, R.J., Shellhamer, D.F., 1993. Investigations of the structure 

and reactions of the intermediate in the chlorination of resorcinol. 

Environmental toxicology and chemistry 12, 1653-1659. 

Health Canada, 2012. Guidelines for canadian drinking water quality—summary table. 

Water, air and climate change bureau, healthy environments and consumer safety 

branch, Ottawa, Ontario. 

Heberer, T., Reddersen, K., Mechlinski, A., 2002. From municipal sewage to drinking 

water: fate and removal of pharmaceutical residues in the aquatic environment 

in urban areas. Water Science and Technology 46, 81-88. 

Henry, D., Block, J.H., Anderson, J.L., Carlson, G.R., 1976. Use of high-pressure 

liquid chromatography for quantitative structure-activity relationship studies of 

sulfonamides and barbiturates. Journal of Medicinal Chemistry 19, 619-626. 

Hernández-Leal, L., Temmink, H., Zeeman, G., Buisman, C., 2011. Removal of 

micropollutants from aerobically treated grey water via ozone and activated 

carbon. Water research 45, 2887-2896. 

Hernando, M., Mezcua, M., Gómez, M., Malato, O., Agüera, A., Fernández-Alba, A., 

2004. Comparative study of analytical methods involving gas 

chromatography–mass spectrometry after derivatization and gas 

chromatography–tandem mass spectrometry for the determination of selected 

endocrine disrupting compounds in wastewaters. Journal of Chromatography A 

1047, 129-135. 

Hernando, M.D., Heath, E., Petrovic, M., Barceló, D., 2006. Trace-level 

determination of pharmaceutical residues by LC-MS/MS in natural and treated 

waters. A pilot-survey study. Analytical and bioanalytical chemistry 385, 985-

991. 

Hillebrand, O., Nödler, K., Licha, T., Sauter, M., Geyer, T., 2012. Caffeine as an 

indicator for the quantification of untreated wastewater in karst systems. Water 

research 46, 395-402. 

Hilton, M.J., Thomas, K.V., 2003. Determination of selected human pharmaceutical 

compounds in effluent and surface water samples by high-performance liquid 



- 251 - 

chromatography–electrospray tandem mass spectrometry. Journal of 

Chromatography A 1015, 129-141. 

Hoegberg, L.C.G., Angelo, H.R., Christophersen, A.B., Christensen, H.R., 2002. 

Effect of ethanol and pH on the adsorption of acetaminophen (paracetamol) to 

high surface activated charcoal, in vitro studies. Clinical Toxicology 40, 59-67. 

Hoeger, B., Köllner, B., Dietrich, D.R., Hitzfeld, B., 2005. Water-borne diclofenac 

affects kidney and gill integrity and selected immune parameters in brown 

trout (Salmo trutta f. fario). Aquatic toxicology 75, 53-64. 

HSDB, 2011. Hazardous substances data bank, http://toxnet.nlm.nih.gov/cgi-

bin/sis/htmlgen?HSDB. 

Hu, J.Y., Xie, G.H., Aizawa, T., 2002. Products of aqueous chlorination of 4‐

nonylphenol and their estrogenic activity. Environmental toxicology and 

chemistry 21, 2034-2039. 

Hua, W., Bennett, E.R., Letcher, R.J., 2006. Ozone treatment and the depletion of 

detectable pharmaceuticals and atrazine herbicide in drinking water sourced 

from the upper Detroit River, Ontario, Canada. Water Research 40, 2259-2266. 

Huang, C.-H., Renew, J.E., Smeby, K.L., Pinkston, K., Sedlak, D.L., 2011. 

Assessment of potential antibiotic contaminants in water and preliminary 

occurrence analysis. Journal of Contemporary Water Research and Education 

120, 4. 

Huang, C.H., Sedlak, D.L., 2001. Analysis of estrogenic hormones in municipal 

wastewater effluent and surface water using enzyme‐linked immunosorbent 

assay and gas chromatography/tandem mass spectrometry. Environmental 

toxicology and chemistry 20, 133-139. 

Huber, M.M., Ternes, T.A., Von Gunten, U., 2004. Removal of estrogenic activity and 

formation of oxidation products during ozonation of 17α-ethinylestradiol. 

Environmental Science & Technology 38, 5177-5186. 

Huerta-Fontela, M., Galceran, M.T., Ventura, F., 2008. Stimulatory drugs of abuse in 

surface waters and their removal in a conventional drinking water treatment 

plant. Environmental science & technology 42, 6809-6816. 

Huerta-Fontela, M., Galceran, M.T., Ventura, F., 2011. Occurrence and removal of 

pharmaceuticals and hormones through drinking water treatment. Water 

Research 45, 1432-1442. 

Huggett, D., Khan, I., Foran, C., Schlenk, D., 2003. Determination of beta-adrenergic 

receptor blocking pharmaceuticals in United States wastewater effluent. 

Environmental pollution 121, 199-205. 

Humans, I.W.G.o.t.E.o.C.R.t., 2007. IARC Monographs on the evaluation of 

carcinogenic risks to humans. World Health Organization. 

IARC, 1987. International agency for research on cancer. Monographs on the 

evaluation of carcinogenic risks to humans: An updating of IARC Monographs 



- 252 - 

volumes 1 to 42. Supplement 7, Lyon, France. 

IEF, 2009. International environment forum; micropollutants, 

http://www.bcca.org/ief/sustapedia/spmicropollutant.htm.  

International coffee organization, 2012. Total production crop years commencing. 

http://www.ico.org/prices/po.htm. 

IRIS, 1993. Integrated risk information system. Oral RfD assessment; atrazine. 

http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&sub

stance_nmbr=0209#reforal. 

Isidori, M., Lavorgna, M., Nardelli, A., Parrella, A., Previtera, L., Rubino, M., 2005a. 

Ecotoxicity of naproxen and its phototransformation products. Science of The 

Total Environment 348, 93-101. 

Isidori, M., Lavorgna, M., Nardelli, A., Pascarella, L., Parrella, A., 2005b. Toxic and 

genotoxic evaluation of six antibiotics on non-target organisms. Science of The 

Total Environment 346, 87-98. 

Jaynes, J., Ding, X., Xu, H., Wong, W.K., Ho, C.M., 2013. Application of fractional 

factorial designs to study drug combinations. Statistics in Medicine 32, 307-

318. 

Javier Benitez, F., Acero, J.L., Real, F.J., Roldán, G., 2009. Ozonation of 

pharmaceutical compounds: Rate constants and elimination in various water 

matrices. Chemosphere 77, 53-59. 

Jin, J., El-Din, M.G., Bolton, J.R., 2011. Assessment of the UV/Chlorine process as 

an advanced oxidation process. Water research 45, 1890-1896. 

Johnson, A., Aerni, H.-R., Gerritsen, A., Gibert, M., Giger, W., Hylland, K., Jürgens, 

M., Nakari, T., Pickering, A., Suter, M.-F., 2005. Comparing steroid estrogen, 

and nonylphenol content across a range of European sewage plants with 

different treatment and management practices. Water research 39, 47-58. 

Johnson, N., 1961. Sequential analysis: A survey. Journal of the Royal Statistical 

Society. Series A (General), 372-411. 

Jolley, R.L., Gorchev, H., Hamilton Jr, D., 1978. Water chlorination: environmental 

impact and health effects. Volume 2. Ann Arbor Science Publishers, Inc., Ann 

Arbor, MI, 78-220. 

Jones, O., Voulvoulis, N., Lester, J., 2001. Human pharmaceuticals in the aquatic 

environment a review. Environmental Technology 22, 1383-1394. 

Jones, O.A., Lester, J.N., Voulvoulis, N., 2005. Pharmaceuticals: a threat to drinking 

water? TRENDS in Biotechnology 23, 163-167. 

Kang, J., Kondo, F., 2006. Bisphenol A in the surface water and freshwater snail 

collected from rivers around a secure landfill. Bulletin of environmental 

contamination and toxicology 76, 113-118. 

Karthikeyan, K., Meyer, M.T., 2006. Occurrence of antibiotics in wastewater 

treatment facilities in Wisconsin, USA. Science of the Total Environment 361, 



- 253 - 

196-207. 

Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2007. Multi-residue method for 

the determination of basic/neutral pharmaceuticals and illicit drugs in surface 

water by solid-phase extraction and ultra performance liquid chromatography-

positive electrospray ionisation tandem mass spectrometry. Journal of 

Chromatography A 1161, 132-145. 

Kasprzyk-Hordern, B., Dinsdale, R.M., Guwy, A.J., 2008. Multiresidue methods for 

the analysis of pharmaceuticals, personal care products and illicit drugs in 

surface water and wastewater by solid-phase extraction and ultra performance 

liquid chromatography–electrospray tandem mass spectrometry. Analytical and 

bioanalytical chemistry 391, 1293-1308. 

Katsoyiannis, I.A., Canonica, S., von Gunten, U., 2011. Efficiency and energy 

requirements for the transformation of organic micropollutants by ozone, 

O3/H2O2 and UV/H2O2. Water research 45, 3811-3822. 

Katsumata, H., Kawabe, S., Kaneco, S., Suzuki, T., Ohta, K., 2004. Degradation of 

bisphenol A in water by the photo-Fenton reaction. Journal of Photochemistry 

and Photobiology A: Chemistry 162, 297-305. 

KFDA, 2006. Korea Food and Drug administration. Management plan for 

advancement of food safety management. Research report. 

KFDA, 2007. Korea Food and Drug administration. Study of establishment of 

recommended daily allowance for caffeine. Research report, p. 73. 

Kibbey, T.C.G., Paruchuri, R., Sabatini, D.A., Chen, L., 2007. Adsorption of beta 

blockers to environmental surfaces. Environmental science & technology 41, 

5349-5356. 

Kim, I., Tanaka, H., 2009. Photodegradation characteristics of PPCPs in water with 

UV treatment. Environment international 35, 793-802. 

Kim, I., Yamashita, N., Tanaka, H., 2009a. Photodegradation of pharmaceuticals and 

personal care products during UV and UV/H2O2 treatments. Chemosphere 77, 

518-525. 

Kim, J.H., Park, C.K., Kim, M.Y., Ahn, S.G., 2008. Contamination of veterinary 

antibiotics in Han river basin. Journal of the Korean Society for Environmental 

Analysis 11, 109-118. 

Kim, J.-W., Jang, H.-S., Kim, J.-G., Ishibashi, H., Hirano, M., Nasu, K., Ichikawa, N., 

Takao, Y., Shinohara, R., Arizono, K., 2009b. Occurrence of pharmaceutical 

and personal care products (PPCPs) in surface water from Mankyung River, 

South Korea. Journal of health science 55, 249-258. 

Kim, S.C., Carlson, K., 2007. Quantification of human and veterinary antibiotics in 

water and sediment using SPE/LC/MS/MS. Analytical and bioanalytical 

chemistry 387, 1301-1315. 

Kim, S.D., Cho, J., Kim, I.S., Vanderford, B.J., Snyder, S.A., 2007a. Occurrence and 



- 254 - 

removal of pharmaceuticals and endocrine disruptors in South Korean surface, 

drinking, and waste waters. Water Research 41, 1013-1021. 

Kim, Y., Choi, K., Jung, J., Park, S., Kim, P.-G., Park, J., 2007b. Aquatic toxicity of 

acetaminophen, carbamazepine, cimetidine, diltiazem and six major 

sulfonamides, and their potential ecological risks in Korea. Environment 

International 33, 370-375. 

Kimura, K., Amy, G., Drewes, J., Watanabe, Y., 2003. Adsorption of hydrophobic 

compounds onto NF/RO membranes: an artifact leading to overestimation of 

rejection. Journal of Membrane Science 221, 89-101. 

Klavarioti, M., Mantzavinos, D., Kassinos, D., 2009. Removal of residual 

pharmaceuticals from aqueous systems by advanced oxidation processes. 

Environment International 35, 402-417. 

Klečka, G., Persoon, C., Currie, R., 2010. Chemicals of emerging concern in the 

Great Lakes Basin: an analysis of environmental exposures. Reviews of 

Environmental Contamination and Toxicology Volume 207. Springer, pp. 1-93. 

Klečka, G.M., Staples, C.A., Clark, K.E., van der Hoeven, N., Thomas, D.E., Hentges, 

S.G., 2009. Exposure analysis of bisphenol A in surface water systems in 

North America and Europe. Environmental science & technology 43, 6145-

6150. 

Kleywegt, S., Pileggi, V., Yang, P., Hao, C., Zhao, X., Rocks, C., Thach, S., Cheung, 

P., Whitehead, B., 2011. Pharmaceuticals, hormones and bisphenol A in 

untreated source and finished drinking water in Ontario, Canada—occurrence 

and treatment efficiency. Science of the Total Environment 409, 1481-1488. 

Kolpin, D.W., Furlong, E.T., Meyer, M.T., Thurman, E.M., Zaugg, S.D., Barber, L.B., 

Buxton, H.T., 2002. Pharmaceuticals, hormones, and other organic wastewater 

contaminants in US streams, 1999-2000: A national reconnaissance. 

Environmental science & technology 36, 1202-1211. 

KME, 2006. Korea Ministry of Environment, The 7
th
 study on the endocrine 

disturptors investigation in Korea. Research report, p. 4.  

KME, 2007. Korea Ministry of Environment, The 3th investigation of the amount of 

chemical usage. Research report, p. 138-199.   

KPMA, 2010. Korea Pharmaceutical Manufacturers Association, Statistics of Korea 

Pharmaceutical Manufacturers Association, p 6. 

Köck-Schulmeyer, M., Villagrasa, M., López de Alda, M., Céspedes-Sánchez, R., 

Ventura, F., Barceló, D., 2013. Occurrence and behavior of pesticides in 

wastewater treatment plants and their environmental impact. Science of The 

Total Environment 458, 466-476. 

Korich, D., Mead, J., Madore, M., Sinclair, N., Sterling, C.R., 1990. Effects of ozone, 

chlorine dioxide, chlorine, and monochloramine on Cryptosporidium parvum 

oocyst viability. Applied and Environmental Microbiology 56, 1423-1428. 



- 255 - 

Kosjek, T., Heath, E., 2008. Applications of mass spectrometry to identifying 

pharmaceutical transformation products in water treatment. TrAC Trends in 

Analytical Chemistry 27, 807-820. 

Kosma, C.I., Lambropoulou, D.A., Albanis, T.A., 2010. Occurrence and removal of 

PPCPs in municipal and hospital wastewaters in Greece. Journal of Hazardous 

Materials 179, 804-817. 

Krajišnik, D., Daković, A., Milojević, M., Malenović, A., Kragović, M., Bogdanović, 

D.B., Dondur, V., Milić, J., 2011. Properties of diclofenac sodium sorption 

onto natural zeolite modified with cetylpyridinium chloride. Colloids and 

Surfaces B: Biointerfaces 83, 165-172. 

Kumar, A., Chang, B., Xagoraraki, I., 2010a. Human health risk assessment of 

pharmaceuticals in water: issues and challenges ahead. International journal of 

environmental research and public health 7, 3929-3953. 

Kumar, A., Xagoraraki, I., 2010. Pharmaceuticals, personal care products and 

endocrine-disrupting chemicals in U.S. surface and finished drinking waters: A 

proposed ranking system. Science of The Total Environment 408, 5972-5989. 

Kumar, K.S., Priya, S.M., Peck, A.M., Sajwan, K.S., 2010b. Mass loadings of 

triclosan and triclocarbon from four wastewater treatment plants to three rivers 

and landfill in Savannah, Georgia, USA. Archives of environmental 

contamination and toxicology 58, 275-285. 

Kümmerer, K., 2001. Introduction: pharmaceuticals in the environment. 

Pharmaceuticals in the Environment. Springer, pp. 1-8. 

Kümmerer, K., 2004. Pharmaceuticals in the environment: sources, fate, effects and 

risks. Springer Verlag. 

Kümmerer, K., 2009. Antibiotics in the aquatic environment–a review–part I. 

Chemosphere 75, 417-434. 

Kuster, M., López de Alda, M.J., Hernando, M.D., Petrovic, M., Martín-Alonso, J., 

Barceló, D., 2008. Analysis and occurrence of pharmaceuticals, estrogens, 

progestogens and polar pesticides in sewage treatment plant effluents, river 

water and drinking water in the Llobregat river basin (Barcelona, Spain). 

Journal of Hydrology 358, 112-123. 

Lacey, C., McMahon, G., Bones, J., Barron, L., Morrissey, A., Tobin, J., 2008. An LC-

MS method for the determination of pharmaceutical compounds in wastewater 

treatment plant influent and effluent samples. Talanta 75, 1089-1097. 

Lafrance, P., Villeneuve, J., Mazet, M., Ayele, J., Fabre, B., 1991. Organic compounds 

adsorption onto activated carbon: The effect of association between dissolved 

humic substances and pesticides. Environmental Pollution 72, 331-344. 

Lam, M.W., Young, C.J., Brain, R.A., Johnson, D.J., Hanson, M.A., Wilson, C.J., 

Richards, S.M., Solomon, K.R., Mabury, S.A., 2004. Aquatic persistence of 

eight pharmaceuticals in a microcosm study. Environmental toxicology and 



- 256 - 

chemistry 23, 1431-1440. 

Larson, R.A., Zepp, R.G., 1988. Reactivity of the carbonate radical with aniline 

derivatives. Environmental toxicology and chemistry 7, 265-274. 

Larsson, M.L., 1957. Legal Definitions of the Environment and of Environmental 

Damage. 

Lee, H.-B., Sarafin, K., Peart, T.E., 2007. Determination of β-blockers and β2-

agonists in sewage by solid-phase extraction and liquid chromatography-

tandem mass spectrometry. Journal of chromatography 1148, 158-167. 

Lee, Y., von Gunten, U., 2010. Oxidative transformation of micropollutants during 

municipal wastewater treatment: Comparison of kinetic aspects of selective 

(chlorine, chlorine dioxide, ferrateVI, and ozone) and non-selective oxidants 

(hydroxyl radical). Water research 44, 555-566. 

Lertpaitoonpan, W., Ong, S.K., Moorman, T.B., 2009. Effect of organic carbon and 

pH on soil sorption of sulfamethazine. Chemosphere 76, 558-564. 

Li, D., Kim, M., Shim, W.J., Yim, U.H., Oh, J.-R., Kwon, Y.-J., 2004. Seasonal flux of 

nonylphenol in Han River, Korea. Chemosphere 56, 1-6. 

Li, F., Yuasa, A., Ebie, K., Azuma, Y., Hagishita, T., Matsui, Y., 2002. Factors 

affecting the adsorption capacity of dissolved organic matter onto activated 

carbon: modified isotherm analysis. Water research 36, 4592-4604. 

Li, N., Ma, X., Zha, Q., Kim, K., Chen, Y., Song, C., 2011. Maximizing the number of 

oxygen-containing functional groups on activated carbon by using ammonium 

persulfate and improving the temperature-programmed desorption 

characterization of carbon surface chemistry. Carbon 49, 5002-5013. 

Li, W., Shi, Y., Gao, L., Liu, J., Cai, Y., 2012. Occurrence of antibiotics in water, 

sediments, aquatic plants, and animals from Baiyangdian Lake in North China. 

Chemosphere 89, 1307-1315. 

Li, X., Ying, G.-G., Su, H.-C., Yang, X.-B., Wang, L., 2010. Simultaneous 

determination and assessment of 4-nonylphenol, bisphenol A and triclosan in 

tap water, bottled water and baby bottles. Environment International 36, 557-

562. 

Lin, A.Y.-C., Tsai, Y.-T., 2009a. Occurrence of pharmaceuticals in Taiwan's surface 

waters: Impact of waste streams from hospitals and pharmaceutical production 

facilities. Science of the Total Environment 407, 3793-3802. 

Lin, A.Y.-C., Yu, T.-H., Lateef, S.K., 2009. Removal of pharmaceuticals in secondary 

wastewater treatment processes in Taiwan. Journal of Hazardous Materials 167, 

1163-1169. 

Liu, Q.-T., Williams, H.E., 2007. Kinetics and degradation products for direct 

photolysis of β-blockers in water. Environmental science & technology 41, 

803-810. 

Liu, Y., Tong, Y., Liu, J., 2010. Photodegradation of Acetaminophen in Secondary 



- 257 - 

Effluent of Sewage Treatment Plant under Simulated Sunlight Irradiation. 

IEEE, pp. 1-4. 

Loffredo, E., Senesi, N., 2006. Fate of anthropogenic organic pollutants in soils with 

emphasis on adsorption/desorption processes of endocrine disruptor 

compounds. Pure and applied chemistry 78, 947-961. 

Loos, R., Locoro, G., Comero, S., Contini, S., Schwesig, D., Werres, F., Balsaa, P., 

Gans, O., Weiss, S., Blaha, L., 2010a. Pan-European survey on the occurrence 

of selected polar organic persistent pollutants in ground water. Water research 

44, 4115-4126. 

Loos, R., Locoro, G., Contini, S., 2010b. Occurrence of polar organic contaminants in 

the dissolved water phase of the Danube River and its major tributaries using 

SPE-LC-MS2 analysis. Water Research 44, 2325-2335. 

Lopez, A., Bozzi, A., Mascolo, G., Kiwi, J., 2003. Kinetic investigation on UV and 

UV/H2O2 degradations of pharmaceutical intermediates in aqueous solution. 

Journal of Photochemistry and Photobiology A: Chemistry 156, 121-126. 

Loraine, G.A., Pettigrove, M.E., 2006. Seasonal variations in concentrations of 

pharmaceuticals and personal care products in drinking water and reclaimed 

wastewater in southern California. Environmental Science & Technology 40, 

687-695. 

Lorphensri, O., Intravijit, J., Sabatini, D.A., Kibbey, T.C.G., Osathaphan, K., Saiwan, 

C., 2006. Sorption of acetaminophen, 17α-ethynyl estradiol, nalidixic acid, and 

norfloxacin to silica, alumina, and a hydrophobic medium. Water research 40, 

1481-1491. 

Loyo-Rosales, J.E., Schmitz-Afonso, I., Rice, C.P., Torrents, A., 2003. Analysis of 

octyl-and nonylphenol and their ethoxylates in water and sediments by liquid 

chromatography/tandem mass spectrometry. Analytical chemistry 75, 4811-

4817. 

Ma, Z., Ge, L., Lee, A.S.Y., Yong, J.W.H., Tan, S.N., Ong, E.S., 2008. Simultaneous 

analysis of different classes of phytohormones in coconut (Cocos nucifera L.) 

water using high-performance liquid chromatography and liquid 

chromatography–tandem mass spectrometry after solid-phase extraction. 

Analytica Chimica Acta 610, 274-281. 

Machado, A.M.d.R., Cardoso, M.d.G., Emídio, E.S., Prata, V.d.M., Dórea, H.S., Anjos, 

J.P.d., Magriotis, Z.M., Nelson, D.L., 2012. Experimental Design Methodology 

to Optimize the Solid Phase Microextraction Procedure Prior to GC/MS 

Determination of Ethyl Carbamate in Samples of Homemade Cachaça. 

Analytical Letters 45, 1143-1155. 

Maeng, S.K., Sharma, S.K., Lekkerkerker-Teunissen, K., Amy, G.L., 2011. 

Occurrence and fate of bulk organic matter and pharmaceutically active 

compounds in managed aquifer recharge: A review. Water research 45, 3015-



- 258 - 

3033. 

Martínez Bueno, M.J., Agüera, A., Gómez, M.J., Hernando, M.D., García-Reyes, J.F., 

Fernández-Alba, A.R., 2007. Application of liquid 

chromatography/quadrupole-linear ion trap mass spectrometry and time-of-

flight mass spectrometry to the determination of pharmaceuticals and related 

contaminants in wastewater. Analytical Chemistry 79, 9372-9384. 

Martins, J., Oliva Teles, L., Vasconcelos, V., 2007. Assays with Daphnia magna and 

Danio rerio as alert systems in aquatic toxicology. Environment International 

33, 414-425. 

Matamoros, V., Arias, C.A., Nguyen, L.X., Salvadó, V., Brix, H., 2012. Occurrence 

and behavior of emerging contaminants in surface water and a restored 

wetland. Chemosphere. 

Matilainen, A., Gjessing, E.T., Lahtinen, T., Hed, L., Bhatnagar, A., Sillanpaa, M., 

2011. An overview of the methods used in the characterisation of natural 

organic matter (NOM) in relation to drinking water treatment. Chemosphere. 

Matilainen, A., Vepsäläinen, M., Sillanpää, M., 2010. Natural organic matter removal 

by coagulation during drinking water treatment: A review. Advances in Colloid 

and Interface Science 159, 189-197. 

Matsui, Y., Knappe, D.R.U., Iwaki, K., Ohira, H., 2002. Pesticide adsorption by 

granular activated carbon adsorbers. 2. Effects of pesticide and natural organic 

matter characteristics on pesticide breakthrough curves. Environmental science 

& technology 36, 3432-3438. 

McDonough, K.M., Fairey, J.L., Lowry, G.V., 2008. Adsorption of polychlorinated 

biphenyls to activated carbon: Equilibrium isotherms and a preliminary 

assessment of the effect of dissolved organic matter and biofilm loadings. 

Water research 42, 575-584. 

McLachlan, J., Guillette, L., Iguchi Jr, T., Toscano, J., 2001. Fate and analysis of 

pharmaceutical residues in the aquatic environment. Ann. NY Acad. Sci 948, 

153. 

Melton, T.C., Brown, S.D., 2012. The fate of sulfamethazine in sodium-hypochlorite-

treated drinking water: monitoring by LC-MS
n
-IT-TOF. Journal of Medicinal 

Chemistry 2012, 1-6. 

Miltner, R.J., Baker, D.B., Speth, T.F., Fronk, C.A., 1989. Treatment of seasonal 

pesticides in surface waters. Journal American Water Works Association 81, 

43-52. 

Mompelat, S., Le Bot, B., Thomas, O., 2009. Occurrence and fate of pharmaceutical 

products and by-products, from resource to drinking water. Environment 

International 35, 803-814. 

Monneyron, P., Faur-Brasquet, C., Sakoda, A., Suzuki, M., Le Cloirec, P., 2002. 

Competitive Adsorption of Organic Micropollutants in the aqueous phase onto 



- 259 - 

activated carbon cloth:  comparison of the IAS model and neural networks in 

modeling data. Langmuir 18, 5163-5169. 

Monteiro, S.C., Boxall, A.B.A., 2010. Occurrence and fate of human pharmaceuticals 

in the environment. Reviews of environmental contamination and toxicology, 

53-154. 

Morasch, B., 2013. Occurrence and dynamics of micropollutants in a karst aquifer. 

Environmental Pollution 173, 133-137. 

Morasch, B., Bonvin, F., Reiser, H., Grandjean, D., de Alencastro, L.F., Perazzolo, C., 

Chèvre, N., Kohn, T., 2010. Occurrence and fate of micropollutants in the Vidy 

Bay of Lake Geneva, Switzerland. Part II: Micropollutant removal between 

wastewater and raw drinking water. Environmental Toxicology and Chemistry 

29, 1658-1668. 

Morrow, J., Roberts, L., Hardman, J., Limbird, L., 2001. Goodman & Gilman's the 

pharmacological basis of therapeutics. Lipid-Derived Autacoids. New York: 

McGraw Hill, 669-685. 

Musolff, A., Leschik, S., Möder, M., Strauch, G., Reinstorf, F., Schirmer, M., 2009. 

Temporal and spatial patterns of micropollutants in urban receiving waters. 

Environmental Pollution 157, 3069-3077. 

Nakada, N., Shinohara, H., Murata, A., Kiri, K., Managaki, S., Sato, N., Takada, H., 

2007. Removal of selected pharmaceuticals and personal care products (PPCPs) 

and endocrine-disrupting chemicals (EDCs) during sand filtration and 

ozonation at a municipal sewage treatment plant. Water Research 41, 4373-

4382. 

Nakada, N., Tanishima, T., Shinohara, H., Kiri, K., Takada, H., 2006. Pharmaceutical 

chemicals and endocrine disrupters in municipal wastewater in Tokyo and their 

removal during activated sludge treatment. Water Research 40, 3297-3303. 

Nakada, N., Yamashita, N., Miyajima, K., Suzuki, Y., Tanaka, H., Shinohara, H., 

Takada, H., Sato, N., Suzuki, M., Ito, M., 2008. Multiple evaluation of soil 

aquifer treatment for water reclamation using instrumental analysis and 

bioassay. Southeast Asian Water Environment 2, 303. 

Nam, S.W., Jo, B.I., Kim, M.-K., Kim, W.-K., Zoh, K.-D., 2012. Streaming current 

titration for coagulation of high turbidity water. Colloids and Surfaces A: 

Physicochemical and Engineering Aspects 419, 133-139. 

Nghiem, L., Schäfer, A., Waite, T., 2003. Membrane filtration in water recycling: 

removal of natural hormones. Water Science & Technology: Water Supply 3, 3, 

155-160. 

Nghiem, L.D., Schafer, A.I., 2006. Critical risk points of nanofiltration and reverse 

osmosis processes in water recycling applications. Desalination 187, 303-312. 

Nguyen, L.N., Hai, F.I., Kang, J., Nghiem, L.D., Price, W.E., Guo, W., Ngo, H.H., 

Tung, K.-L., 2012. Comparison between sequential and simultaneous 



- 260 - 

application of activated carbon with membrane bioreactor for trace organic 

contaminant removal. Bioresource technology 130, 412-417. 

Nguyen, L.N., Hai, F.I., Kang, J., Price, W.E., Nghiem, L.D., 2013. Coupling granular 

activated carbon adsorption with membrane bioreactor treatment for trace 

organic contaminant removal: Breakthrough behaviour of persistent and 

hydrophilic compounds. Journal of environmental management 119, 173-181. 

Nikolaou, A., Meric, S., Fatta, D., 2007. Occurrence patterns of pharmaceuticals in 

water and wastewater environments. Analytical and Bioanalytical Chemistry 

387, 1225-1234. 

NJMRC, 2011. National health and medical research council. Australian drinking 

water guidelines. 

Nödler, K., Hillebrand, O., Idzik, K., Strathmann, M., Schiperski, F., Zirlewagen, J., 

Licha, T., 2013. Occurrence and fate of the angiotensin II receptor antagonist 

transformation product valsartan acid in the water cycle–A comparative study 

with selected β-blockers and the persistent anthropogenic wastewater 

indicators carbamazepine and acesulfame. Water research 47, 6650-6659. 

Noh, J.S., Schwarz, J.A., 1989. Estimation of the point of zero charge of simple 

oxides by mass titration. Journal of colloid and interface science 130, 157-164. 

NORMAN, 2012. Network of reference laboratories for monitoring of emerging 

environmental pollutions in Europe http://www.norman-

network.net/index_php.php?module=public/about_us/comment_substances&m

enu2=public/about_us/about_us. 

Nowostawska, U., Sander, S.G., McGrath, K.M., Hunter, K.A., 2005. Effect of 

trivalent metal sulfates on the coagulation and particle interactions of alumina 

colloids. Colloids and Surfaces A: Physicochemical and Engineering Aspects 

266, 200-206. 

Nowotny, N., Epp, B., Von Sonntag, C., Fahlenkamp, H., 2007. Quantification and 

modeling of the elimination behavior of ecologically problematic wastewater 

micropollutants by adsorption on powdered and granulated activated carbon. 

Environmental science & technology 41, 2050-2055. 

Ok, Y.S., Kim, S.C., Kim, K.R., Lee, S.S., Moon, D.H., Lim, K.J., Sung, J.K., Hur, 

S.O., Yang, J.E., 2011. Monitoring of selected veterinary antibiotics in 

environmental compartments near a composting facility in Gangwon Province, 

Korea. Environmental monitoring and assessment 174, 693-701. 

Okuda, T., Kobayashi, Y., Nagao, R., Yamashita, N., Tanaka, H., Tanaka, S., Fujii, S., 

Konishi, C., Houwa, I., 2008. Removal efficiency of 66 pharmaceuticals 

during wastewater treatment process in Japan. Water science & technology, 65-

71. 

Oliver, B.G., 1983. Dihaloacetonitriles in drinking water: algae and fulvic acid as 

precursors. Environmental science & technology 17, 80-83. 



- 261 - 

Oppenheimer, J., Eaton, A., Badruzzaman, M., Haghani, A.W., Jacangelo, J.G., 2011. 

Occurrence and suitability of sucralose as an indicator compound of 

wastewater loading to surface waters in urbanized regions. Water research 45, 

4019-4027. 

Osenbrück, K., Gläser, H.-R., Knöller, K., Weise, S.M., Möder, M., Wennrich, R., 

Schirmer, M., Reinstorf, F., Busch, W., Strauch, G., 2007. Sources and 

transport of selected organic micropollutants in urban groundwater underlying 

the city of Halle (Saale), Germany. Water Research 41, 3259-3270. 

Oturan, M., 2000. An ecologically effective water treatment technique using 

electrochemically generated hydroxyl radicals for in situ destruction of organic 

pollutants: Application to herbicide 2, 4-D. Journal of Applied 

Electrochemistry 30, 475-482. 

Oturan, M.A., Oturan, N., Lahitte, C., Trevin, S., 2001. Production of hydroxyl 

radicals by electrochemically assisted Fenton's reagent: Application to the 

mineralization of an organic micropollutant, pentachlorophenol. Journal of 

Electroanalytical Chemistry 507, 96-102. 

Ö zacar, M., Sengil, I.A., 2003. Evaluation of tannin biopolymer as a coagulant aid for 

coagulation of colloidal particles. Colloids and Surfaces A: Physicochemical 

and Engineering Aspects 229, 85-96. 

Packer, J.L., Werner, J.J., Latch, D.E., McNeill, K., Arnold, W.A., 2003. 

Photochemical fate of pharmaceuticals in the environment: Naproxen, 

diclofenac, clofibric acid, and ibuprofen. Aquatic Sciences-Research Across 

Boundaries 65, 342-351. 

Pan, B., Lin, D., Mashayekhi, H., Xing, B., 2008. Adsorption and hysteresis of 

bisphenol A and 17α-ethinyl estradiol on carbon nanomaterials. Environmental 

science & technology 42, 5480-5485. 

Park, J., 2006. An approach for developing aquatic environmental risk assessment 

framework for pharmaceuticals in Korea. Korea environment institute. 

Paxeus, N., 2004. Removal of selected non-steroidal anti-inflammatory drugs 

(NSAIDs), gemfibrozil, carbamazepine, beta-blockers, trimethoprim and 

triclosan in conventional wastewater treatment plants in five EU countries and 

their discharge to the aquatic environment. Water science and technology: a 

journal of the International Association on Water Pollution Research 50, 253. 

Peirce, C.S., 1967. Note on the theory of the economy of research. Operations 

Research 15, 643-648. 

Peirce, C.S., Jastrow, J., 1885. On small differences of sensation. US Government 

Printing Office. 

Pereira, V.J., Linden, K.G., Weinberg, H.S., 2007. Evaluation of UV irradiation for 

photolytic and oxidative degradation of pharmaceutical compounds in water. 

Water Research 41, 4413-4423. 



- 262 - 

Perret, D., Gentili, A., Marchese, S., Greco, A., Curini, R., 2006a. Sulphonamide 

residues in Italian surface and drinking waters: A small scale reconnaissance. 

Chromatographia 63, 225-232. 

Perret, D., Gentili, A., Marchese, S., Greco, A., Curini, R., 2006b. Sulphonamide 

residues in Italian surface and drinking waters: a small scale reconnaissance. 

Chromatographia 63, 225-232. 

Perry, M.B., Mercado, G.R., Simpson, J.R., 2012. On the analysis of balanced two‐

level factorial whole‐plot saturated split‐plot designs. Quality and Reliability 

Engineering International 29, 327-343. 

Petrovic, M., Diaz, A., Ventura, F., Barceló, D., 2003. Occurrence and removal of 

estrogenic short-chain ethoxy nonylphenolic compounds and their halogenated 

derivatives during drinking water production. Environmental science & 

technology 37, 4442-4448. 

Piironen, V., Lindsay, D.G., Miettinen, T.A., Toivo, J., Lampi, A.M., 2000. Plant 

sterols: biosynthesis, biological function and their importance to human 

nutrition. Journal of the Science of Food and Agriculture 80, 939-966. 

Pikaar, I., Koelmans, A.A., van Noort, P., 2006. Sorption of organic compounds to 

activated carbons. Evaluation of isotherm models. Chemosphere 65, 2343-

2351. 

Pinkston, K.E., Sedlak, D.L., 2004. Transformation of aromatic ether-and amine-

containing pharmaceuticals during chlorine disinfection. Environmental 

Science & Technology 38, 4019-4025. 

Piotrowska, B., 2005. Toxic components of food packaging materials. Migration 14, 

3.4. 

Piram, A., Salvador, A., Verne, C., Herbreteau, B., Faure, R., 2008. Photolysis of β-

blockers in environmental waters. Chemosphere 73, 1265-1271. 

Pomati, F., Orlandi, C., Clerici, M., Luciani, F., Zuccato, E., 2008. Effects and 

interactions in an environmentally relevant mixture of pharmaceuticals. 

Toxicological sciences 102, 129-137. 

Postigo, C., López de Alda, M.J., Barceló, D., Ginebreda, A., Garrido, T., Fraile, J., 

2010. Analysis and occurrence of selected medium to highly polar pesticides in 

groundwater of Catalonia (NE Spain): An approach based on on-line solid 

phase extraction–liquid chromatography–electrospray-tandem mass 

spectrometry detection. Journal of Hydrology 383, 83-92. 

Potera, C., 2000. Drugged drinking water. Environmental Health Perspectives 108, 

A446. 

Poulsen, P.B., Jensen, A.A., Wallström, E., Aps, E., 2005. More environmentally 

friendly alternatives to PFOS-compounds and PFOA. Environmental Project 

1013, 2005. 

Prevedouros, K., Cousins, I.T., Buck, R.C., Korzeniowski, S.H., 2006. Sources, fate 



- 263 - 

and transport of perfluorocarboxylates. Environmental Science & Technology 

40, 32-44. 

Qu, J., Fan, M., 2010. The current state of water quality and technology development 

for water pollution control in China. Critical Reviews in Environmental 

Science and Technology 40, 519-560. 

Quintana, J., Martı́, I., Ventura, F., 2001. Monitoring of pesticides in drinking and 

related waters in NE Spain with a multiresidue SPE-GC–MS method including 

an estimation of the uncertainty of the analytical results. Journal of 

Chromatography A 938, 3-13. 

Quintana, J.B., Rodil, R., López-Mahía, P., Muniategui-Lorenzo, S., Prada-Rodríguez, 

D., 2010. Investigating the chlorination of acidic pharmaceuticals and by-

product formation aided by an experimental design methodology. Water 

Research 44, 243-255. 

Ramı́rez, J., Gutierrez, H., Gschaedler, A., 2001. Optimization of astaxanthin 

production by Phaffia rhodozyma through factorial design and response 

surface methodology. Journal of Biotechnology 88, 259-268. 

Ratola, N., Cincinelli, A., Alves, A., Katsoyiannis, A., 2012. Occurrence of organic 

microcontaminants in the wastewater treatment process. A mini review. Journal 

of Hazardous Materials 239–240, 1-18. 

Rebenne, L.M., Gonzalez, A.C., Olson, T.M., 1996. Aqueous chlorination kinetics and 

mechanism of substituted dihydroxybenzenes. Environmental Science & 

Technology 30, 2235-2242. 

Reddersen, K., Heberer, T., 2003. Multi‐compound methods for the detection of 

pharmaceutical residues in various waters applying solid phase extraction (SPE) 

and gas chromatography with mass spectrometric (GC‐MS) detection. Journal 

of Separation Science 26, 1443-1450. 

Reh, R., Licha, T., Geyer, T., Nödler, K., Sauter, M., 2013. Occurrence and spatial 

distribution of organic micro-pollutants in a complex hydrogeological karst 

system during low flow and high flow periods, results of a two-year study. 

Science of the Total Environment 443, 438-445. 

Rice, C.P., Schmitz-Afonso, I., Loyo-Rosales, J.E., Link, E., Thoma, R., Fay, L., 

Altfater, D., Camp, M.J., 2003. Alkylphenol and alkylphenol-ethoxylates in 

carp, water, and sediment from the Cuyahoga River, Ohio. Environmental 

science & technology 37, 3747-3754. 

Richardson, M.L., Bowron, J.M., 1985. The fate of pharmaceutical chemicals in the 

aquatic environment. Journal of Pharmacy and Pharmacology 37, 1-12. 

Richardson, S.D., 2003. Disinfection by-products and other emerging contaminants in 

drinking water. TrAC Trends in Analytical Chemistry 22, 666-684. 

Rivas, F., Gimeno, O., Borralho, T., Carbajo, M., 2010. UV-C radiation based 

methods for aqueous metoprolol elimination. Journal of hazardous materials 



- 264 - 

179, 357-362. 

Rivas, J., Gimeno, O., Borralho, T., Sagasti, J., 2011. UV-C and UV-C/peroxide 

elimination of selected pharmaceuticals in secondary effluents. Desalination 

279, 115-120. 

Robeck, G.G., Clarke, N.A., Dostal, K.A., Hartung, H.O., 1962. Effectiveness of 

water treatment processes in virus removal [with discussion]. Journal 

(American Water Works Association) 54, 1275-1292. 

Roberts, P.H., Thomas, K.V., 2006. The occurrence of selected pharmaceuticals in 

wastewater effluent and surface waters of the lower Tyne catchment. Science 

of the Total Environment 356, 143-153. 

Roccaro, P., Sgroi, M., Vagliasindi, F.G., 2013. Removal of xenobiotic compounds 

from wastewater for environment protection: treatment processes and costs. 

Chemical engineering transactions 32, 505-510. 

Rodil, R., Quintana, J.B., López-Mahía, P., Muniategui-Lorenzo, S., Prada-Rodríguez, 

D., 2009. Multi-residue analytical method for the determination of emerging 

pollutants in water by solid-phase extraction and liquid chromatography–

tandem mass spectrometry. Journal of Chromatography A 1216, 2958-2969. 

Rodrigues, P.M., Esteves da Silva, J.C., Antunes, M.C.G., 2007. Factorial analysis of 

the trihalomethanes formation in water disinfection using chlorine. Analytica 

chimica acta 595, 266-274. 

Rodriguez-Mozaz, S., López de Alda, M.J., Barceló, D., 2004. Monitoring of 

estrogens, pesticides and bisphenol A in natural waters and drinking water 

treatment plants by solid-phase extraction–liquid chromatography–mass 

spectrometry. Journal of Chromatography A 1045, 85-92. 

Rogers, H.R., 1996. Sources, behaviour and fate of organic contaminants during 

sewage treatment and in sewage sludges. Science of The Total Environment 

185, 3-26. 

Rolf, U., Paull, D.H., 2005. Co-occurrence of triclocarban and triclosan in US water 

resources. Environmental Science & Technology 39, 1420-1426. 

Rossner, A., Snyder, S.A., Knappe, D.R., 2009. Removal of emerging contaminants of 

concern by alternative adsorbents. Water research 43, 3787-3796. 

Rule, K.L., Ebbett, V.R., Vikesland, P.J., 2005. Formation of chloroform and 

chlorinated organics by free-chlorine-mediated oxidation of triclosan. 

Environmental science & technology 39, 3176-3185. 

Sabik, H., Gagné, F., Blaise, C., Marcogliese, D., Jeannot, R., 2003. Occurrence of 

alkylphenol polyethoxylates in the St. Lawrence River and their 

bioconcentration by mussels (Elliptio complanata). Chemosphere 51, 349-356. 

Sabourin, L., Beck, A., Duenk, P.W., Kleywegt, S., Lapen, D.R., Li, H., Metcalfe, 

C.D., Payne, M., Topp, E., 2009. Runoff of pharmaceuticals and personal care 

products following application of dewatered municipal biosolids to an 



- 265 - 

agricultural field. Science of The Total Environment 407, 4596-4604. 

Santos, L.H., Araújo, A., Fachini, A., Pena, A., Delerue-Matos, C., Montenegro, M., 

2010. Ecotoxicological aspects related to the presence of pharmaceuticals in 

the aquatic environment. Journal of Hazardous Materials 175, 45-95. 

Sauleda, R., Brillas, E., 2001. Mineralization of aniline and 4-chlorophenol in acidic 

solution by ozonation catalyzed with Fe
2+

 and UVA light. Applied Catalysis B: 

Environmental 29, 135-145. 

Šćepanović, M., Abramović, B., Golubović, A., Kler, S., Grujić-Brojčin, M., 

Dohčević-Mitrović, Z., Babić, B., Matović, B., Popović, Z.V., 2012. 

Photocatalytic degradation of metoprolol in water suspension of TiO 2 

nanopowders prepared using sol–gel route. Journal of sol-gel science and 

technology, 1-13. 

SCHER, 2011. Scientific committee on health and environmental risks. Chemicals 

and the water framework directive: draft environmental quality standards–

diclofenac, ethinylestradiol, 17β-estradiol. 

Schmitt, P., Garrison, A., Freitag, D., Kettrup, A., 1996. Separation of s-triazine 

herbicides and their metabolites by capillary zone electrophoresis as a function 

of pH. Journal of Chromatography A 723, 169-177. 

Schreiber, B., Schmalz, V., Brinkmann, T., Worch, E., 2007. The effect of water 

temperature on the adsorption equilibrium of dissolved organic matter and 

atrazine on granular activated carbon. Environmental science & technology 41, 

6448-6453. 

Schriks, M., Heringa, M.B., van der Kooi, M.M., de Voogt, P., van Wezel, A.P., 2010. 

Toxicological relevance of emerging contaminants for drinking water quality. 

water research 44, 461-476. 

Schwab, B.W., Hayes, E.P., Fiori, J.M., Mastrocco, F.J., Roden, N.M., Cragin, D., 

Meyerhoff, R.D., D’Aco, V.J., Anderson, P.D., 2005. Human pharmaceuticals 

in US surface waters: a human health risk assessment. Regulatory Toxicology 

and Pharmacology 42, 296-312. 

Seiler, R.L., Zaugg, S.D., Thomas, J.M., Howcroft, D.L., 1999. Caffeine and 

pharmaceuticals as indicators of waste water contamination in wells. Ground 

Water 37, 405-410. 

Senesi, N., D'orazio, V., Miano, T., 1995. Adsorption mechanisms of s-triazine and 

bipyridylium herbicides on humic acids from hop field soils. Geoderma 66, 

273-283. 

Shao, B., Hu, J., Yang, M., 2003. Nonylphenol ethoxylates and their biodegradation 

intermediates in water and sludge of a sewage treatment plant. Bulletin of 

environmental contamination and toxicology 70, 0527-0532. 

Shao, X., Ma, J., Wen, G., 2008. Investigation of endocrine disrupting chemicals in a 

drinking water work located in Songhua River basin. Huan jing ke xue 29, 



- 266 - 

2723-2728. 

Sharma, H., Trivedi, R., Akolkar, P., Gupta, A., 2003. Micropollutants levels in 

macroinvertebrates collected from drinking water sources of Delhi, India. 

International journal of environmental studies 60, 99-110. 

Sharma, V.K., Anquandah, G.A.K., Yngard, R.A., Kim, H., Fekete, J., Bouzek, K., 

Ray, A.K., Golovko, D., 2009. Nonylphenol, octylphenol, and bisphenol-A in 

the aquatic environment: A review on occurrence, fate, and treatment. Journal 

of Environmental Science and Health Part A 44, 423-442. 

Shaw, R.G., Mitchell-Olds, T., 1993. ANOVA for unbalanced data: an overview. 

Ecology, 1638-1645. 

Shimizu, A., Takada, H., Koike, T., Takeshita, A., Saha, M., Nakada, N., Murata, A., 

Suzuki, T., Suzuki, S., Chiem, N.H., 2013. Ubiquitous occurrence of 

sulfonamides in tropical Asian waters. Science of The Total Environment 452, 

108-115. 

Sichel, C., Garcia, C., Andre, K., 2011. Feasibility studies: UV/chlorine advanced 

oxidation treatment for the removal of emerging contaminants. Water research 

45, 6371-6380. 

Silva, B.F.d., Jelic, A., López-Serna, R., Mozeto, A.A., Petrovic, M., Barceló, D., 

2011. Occurrence and distribution of pharmaceuticals in surface water, 

suspended solids and sediments of the Ebro river basin, Spain. Chemosphere 

85, 1331-1339. 

Sim, W.-J., Lee, J.-W., Oh, J.-E., 2010. Occurrence and fate of pharmaceuticals in 

wastewater treatment plants and rivers in Korea. Environmental Pollution 158, 

1938-1947. 

Snyder, H., Allene, E., 2009. Fate, transport, and risk assessment of biosolids-borne 

triclocarban (TCC), doctoral dissertation, University of Florida, USA. 

Snyder, S.A., Adham, S., Redding, A.M., Cannon, F.S., DeCarolis, J., Oppenheimer, 

J., Wert, E.C., Yoon, Y., 2007. Role of membranes and activated carbon in the 

removal of endocrine disruptors and pharmaceuticals. Desalination 202, 156-

181. 

Snyder, S.A., Westerhoff, P., Yoon, Y., Sedlak, D.L., 2003. Pharmaceuticals, personal 

care products, and endocrine disruptors in water: implications for the water 

industry. Environmental Engineering Science 20, 449-469. 

Soares, A., Guieysse, B., Jefferson, B., Cartmell, E., Lester, J., 2008. Nonylphenol in 

the environment: a critical review on occurrence, fate, toxicity and treatment in 

wastewaters. Environment International 34, 1033-1049. 

Šojić, D., Despotović, V., Orčić, D., Szabó, E., Arany, E., Armaković, S., Illés, E., 

Gajda-Schrantz, K., Dombi, A., Alapi, T., 2012. Degradation of thiamethoxam 

and metoprolol by UV, O3, and UV/O3 hybrid processes: Kinetics, degradation 

intermediates and toxicity. Journal of Hydrology 472-473, 314-327. 



- 267 - 

Sonnenschein, C., Soto, A.M., 1998. An updated review of environmental estrogen 

and androgen mimics and antagonists. The Journal of steroid biochemistry and 

molecular biology 65, 143-150. 

Sontheimer, H., Crittenden, J.C., Summers, R.S., 1988. Activated carbon for water 

treatment. DVGW-Forschungsstelle, Engler-Bunte-Institut, Universitat 

Karlsruhe (TH). 

Sotelo, J., Rodríguez, A., Á lvarez, S., García, J., 2011. Removal of caffeine and 

diclofenac on activated carbon in fixed bed column. Chemical Engineering 

Research and Design 90, 967-974. 

Stackelberg, P.E., Furlong, E.T., Meyer, M.T., Zaugg, S.D., Henderson, A.K., 

Reissman, D.B., 2004. Persistence of pharmaceutical compounds and other 

organic wastewater contaminants in a conventional drinking-water-treatment 

plant. Science of The Total Environment 329, 99-113. 

Stackelberg, P.E., Gibs, J., Furlong, E.T., Meyer, M.T., Zaugg, S.D., Lippincott, R.L., 

2007. Efficiency of conventional drinking-water-treatment processes in 

removal of pharmaceuticals and other organic compounds. Science of The 

Total Environment 377, 255-272. 

Staples, C.A., Dome, P.B., Klecka, G.M., Oblock, S.T., Harris, L.R., 1998. A review 

of the environmental fate, effects, and exposures of bisphenol A. Chemosphere 

36, 2149-2173. 

Stoeckli, F., Centeno, T.A., Donnet, J.B., Pusset, N., Papirer, E., 1995. 

Characterization of industrial activated carbons by adsorption and immersion 

techniques and by STM. Fuel 74, 1582-1588. 

Stratton, G.W., 1984. Effects of the herbicide atrazine and its degradation products, 

alone and in combination, on phototrophic microorganisms. Archives of 

environmental contamination and toxicology 13, 35-42. 

Stumm, W., Morgan, J.J., Drever, J.I., 1996. Aquatic Chemistry. Journal of 

Environmental Quality 25, 1162. 

Suárez, S., Carballa, M., Omil, F., Lema, J.M., 2008. How are pharmaceutical and 

personal care products (PPCPs) removed from urban wastewaters? Reviews in 

Environmental Science and Biotechnology 7, 125-138. 

Suarez, S., Lema, J.M., Omil, F., 2009. Pre-treatment of hospital wastewater by 

coagulation–flocculation and flotation. Bioresource technology 100, 2138-

2146. 

Summers, R.S., Roberts, P.V., 1988. Activated carbon adsorption of humic substances: 

I. Heterodisperse mixtures and desorption. Journal of colloid and interface 

science 122, 367-381. 

Tabachnick, B.G., Fidell, L.S., Osterlind, S.J., 2001. Using multivariate statistics. 5
th

 

edition, dandelon.com; http://www.dandelon.com.  

Temmink, H., Grolle, K., 2005. Tertiary activated carbon treatment of paper and board 



- 268 - 

industry wastewater. Bioresource technology 96, 1683-1689. 

Ten Hulscher, T.E.M., Cornelissen, G., 1996. Effect of temperature on sorption 

equilibrium and sorption kinetics of organic micropollutants-a review. 

Chemosphere 32, 609-626. 

Tennant, M.F., 2004. Activation and use of powdered activated carbon for removing 

2-methylisoborneol in water utilities. doctoral dissertation, University of 

Florida, USA. 

Ter Veld, M.G., Schouten, B., Louisse, J., van Es, D.S., van der Saag, P.T., Rietjens, 

I.M., Murk, A.J., 2006. Estrogenic potency of food-packaging-associated 

plasticizers and antioxidants as detected in ERα and ERβ reporter gene cell 

lines. Journal of agricultural and food chemistry 54, 4407-4416. 

Ternes, T., 2001a. Pharmaceuticals and metabolites as contaminants of the aquatic 

environment. ACS Symposium Series. ACS Publications, pp. 39-55. 

Ternes, T., Janex-Habibi, M., Knacker, T., Kreuzinger, N., Siegrist, H., 2004. 

Assessment of technologies for the removal of pharmaceuticals and personal 

care products in sewage and drinking water facilities to improve the indirect 

potable water reuse. Contract No. EVK1-CT-2000-00047. 

Ternes, T.A., 2001b. Analytical methods for the determination of pharmaceuticals in 

aqueous environmental samples. TrAC Trends in Analytical Chemistry 20, 

419-434. 

Ternes, T.A., Meisenheimer, M., McDowell, D., Sacher, F., Brauch, H.-J., Haist-

Gulde, B., Preuss, G., Wilme, U., Zulei-Seibert, N., 2002. Removal of 

pharmaceuticals during drinking water treatment. Environmental Science & 

Technology 36, 3855-3863. 

Thebault, P., Cases, J., Fiessinger, F., 1981. Mechanism underlying the removal of 

organic micropollutants during flocculation by an aluminum or iron salt. Water 

Research 15, 183-189. 

Thomas, P.M., Foster, G.D., 2004. determination of nonsteroidal anti-inflammatory 

drugs, caffeine, and triclosan in wastewater by gas chromatography–mass 

spectrometry. Journal of Environmental Science and Health, Part A 39, 1969-

1978. 

Thomas, P.M., Foster, G.D., 2005. Tracking acidic pharmaceuticals, caffeine, and 

triclosan through the wastewater treatment process. Environmental Toxicology 

and Chemistry 24, 25-30. 

Thuy, P.T., Moons, K., Van Dijk, J., Viet Anh, N., Van der Bruggen, B., 2008. To what 

extent are pesticides removed from surface water during coagulation–

flocculation? Water and Environment Journal 22, 217-223. 

Tixier, C., Singer, H.P., Oellers, S., Müller, S.R., 2003. Occurrence and fate of 

carbamazepine, clofibric acid, diclofenac, ibuprofen, ketoprofen, and naproxen 

in surface waters. Environmental Science & Technology 37, 1061-1068. 



- 269 - 

Togola, A., Budzinski, H., 2008. Multi-residue analysis of pharmaceutical compounds 

in aqueous samples. Journal of Chromatography A 1177, 150-158. 

USEPA, 1992. United states environmental protection agency. Initial submission: 

static acute toxicity of tcc to ceriodaphnids. Doc.#88-920008511. 

USEPA, 2011. United states environmental protection agency. National primary 

drinking water regulations–maximum contaminant levels.   

USEPA. 2012. United states environmental protection agency. 

http://water.epa.gov/scitech/cec. 

US National institute of health, 2006. Current medication information bactrim 

(sulfamethoxazole and trimethoprim). http://dailymed.nlm.nih.gov/dailymed/about.cfm. 

Van Stempvoort, D., Roy, J., Grabuski, J., Brown, S., Bickerton, G., Sverko, E., 2013. 

An artificial sweetener and pharmaceutical compounds as co-tracers of urban 

wastewater in groundwater. Science of The Total Environment 461, 348-359. 

Vandenberg, L.N., Colborn, T., Hayes, T.B., Heindel, J.J., Jacobs, D.R., Lee, D.H., 

Shioda, T., Soto, A.M., vom Saal, F.S., Welshons, W.V., 2012. Hormones and 

endocrine-disrupting chemicals: low-dose effects and nonmonotonic dose 

responses. Endocrine reviews 33, 378-455. 

Vanderford, B.J., Snyder, S.A., 2006. Analysis of pharmaceuticals in water by isotope 

dilution liquid chromatography/tandem mass spectrometry. Environmental 

Science & Technology 40, 7312-7320. 

Verschueren, K., 1983. Handbook of environmental data on organic chemicals. 

Vieno, N., 2007. Occurrence of pharmaceuticals in Finnish sewage treatment plants, 

surface waters, and their elimination in drinking water treatment processes. 

Tampereen teknillinen yliopisto. Julkaisu-Tampere University of Technology. 

Publication; 666, 28-34.  

Vieno, N., Tuhkanen, T., Kronberg, L., 2006a. Removal of pharmaceuticals in 

drinking water treatment: Effect of chemical coagulation. Environmental 

Technology 27, 183-192. 

Vieno, N.M., Härkki, H., Tuhkanen, T., Kronberg, L., 2007. Occurrence of 

pharmaceuticals in river water and their elimination in a pilot-scale drinking 

water treatment plant. Environmental Science & Technology 41, 5077-5084. 

Vieno, N.M., Tuhkanen, T., Kronberg, L., 2005. Seasonal variation in the occurrence 

of pharmaceuticals in effluents from a sewage treatment plant and in the 

recipient water. Environmental Science & Technology 39, 8220-8226. 

Vieno, N.M., Tuhkanen, T., Kronberg, L., 2006b. Analysis of neutral and basic 

pharmaceuticals in sewage treatment plants and in recipient rivers using solid 

phase extraction and liquid chromatography–tandem mass spectrometry 

detection. Journal of Chromatography A 1134, 101-111. 

Vilve, M., Hirvonen, A., Sillanpää, M., 2007. Ozone-based advanced oxidation 

processes in nuclear laundry water treatment. Environmental technology 28, 

http://dailymed.nlm.nih.gov/dailymed/about.cfm


- 270 - 

961-968. 

Vione, D., Falletti, G., Maurino, V., Minero, C., Pelizzetti, E., Malandrino, M., Ajassa, 

R., Olariu, R.-I., Arsene, C., 2006. Sources and sinks of hydroxyl radicals upon 

irradiation of natural water samples. Environmental science & technology 40, 

3775-3781. 

Vochezer, K., 2010. Modelling of carbamazepine and diclofenac in a river network. 

Von Gunten, U., 2003. Ozonation of drinking water: Part I. Oxidation kinetics and 

product formation. Water research 37, 1443-1467. 

Vulliet, E., Cren-Olivé, C., Grenier-Loustalot, M.-F., 2011. Occurrence of 

pharmaceuticals and hormones in drinking water treated from surface waters. 

Environmental Chemistry Letters 9, 103-114. 

Wald, A., 1945. Sequential tests of statistical hypotheses. The Annals of Mathematical 

Statistics 16, 117-186. 

Wang, C., Zhang, X., Wang, J., Liu, S., Chen, C., Xie, Y., 2013. Effects of organic 

fractions on the formation and control of N-nitrosamine precursors during 

conventional drinking water treatment processes. Science of The Total 

Environment 449, 295-301. 

Wang, J.-P., Chen, Y.-Z., Ge, X.-W., Yu, H.-Q., 2007. Optimization of coagulation-

flocculation process for a paper-recycling wastewater treatment using response 

surface methodology. Colloids and Surfaces A: Physicochemical and 

Engineering Aspects 302, 204-210. 

Wang, X., Thibodeaux, L., Valsaraj, K., Reible, D., 1991. Efficiency of capping 

contaminated bed sediments in situ. 1. Laboratory-scale experiments on 

diffusion-adsorption in the capping layer. Environmental science & technology 

25, 1578-1584. 

Wang, Y., Loftin, K., Meyer, M., 2002. Removal of antibiotics from surface and 

distilled water in conventional water treatment processes. Journal of 

Environmental Engineering 128, 253. 

Watts, M.J., Linden, K.G., 2007. Chlorine photolysis and subsequent OH radical 

production during UV treatment of chlorinated water. Water research 41, 2871-

2878. 

Webb, S., Ternes, T., Gibert, M., Olejniczak, K., 2003. Indirect human exposure to 

pharmaceuticals via drinking water. Toxicology Letters 142, 157-167. 

Wei, R., Ge, F., Huang, S., Chen, M., Wang, R., 2011. Occurrence of veterinary 

antibiotics in animal wastewater and surface water around farms in Jiangsu 

Province, China. Chemosphere 82, 1408-1414. 

Weigel, S., Kallenborn, R., Hühnerfuss, H., 2004. Simultaneous solid-phase 

extraction of acidic, neutral and basic pharmaceuticals from aqueous samples 

at ambient (neutral) pH and their determination by gas chromatography–mass 

spectrometry. Journal of Chromatography A 1023, 183-195. 



- 271 - 

Westerhoff, P., Yoon, Y., Snyder, S., Wert, E., 2005. Fate of endocrine-disruptor, 

pharmaceutical, and personal care product chemicals during simulated 

drinking water treatment processes. Environmental Science & Technology 39, 

6649-6663. 

WHO, 1984. World health organization. Environ health criteria: 2,4-

Dichlorophenoxyacetic Acid (2,4-D). 95. 

WHO, 2011. World health organization. Guidelines for drinking-water quality. 4th 

edition. 

Wille, K., Noppe, H., Verheyden, K., Bussche, J.V., De Wulf, E., Van Caeter, P., 

Janssen, C.R., De Brabander, H.F., Vanhaecke, L., 2010. Validation and 

application of an LC-MS/MS method for the simultaneous quantification of 13 

pharmaceuticals in seawater. Analytical and bioanalytical chemistry 397, 1797-

1808. 

Winkler, M., Lawrence, J.R., Neu, T.R., 2001. Selective degradation of ibuprofen and 

clofibric acid in two model river biofilm systems. Water Research 35, 3197-

3205. 

Wols, B., Hofman-Caris, C., 2012. Review of photochemical reaction constants of 

organic micropollutants required for UV advanced oxidation processes in 

water. Water research 46, 2815-2827. 

Wu, Z., Zhang, Z., Chen, S., He, F., Fu, G., Liang, W., 2007. Nonylphenol and 

octylphenol in urban eutrophic lakes of the subtropical China. Fresenius 

Environmental Bulletin 16, 227-234. 

Xu, J., Wu, L., Chang, A.C., 2009. Degradation and adsorption of selected 

pharmaceuticals and personal care products (PPCPs) in agricultural soils. 

Chemosphere 77, 1299. 

Yamamoto, H., Nakamura, Y., Moriguchi, S., Honda, Y., Tamura, I., Hirata, Y., 

Hayashi, A., Sekizawa, J., 2009. Persistence and partitioning of eight selected 

pharmaceuticals in the aquatic environment: Laboratory photolysis, 

biodegradation, and sorption experiments. Water Research 43, 351-362. 

Yamamoto, T., Yasuhara, A., 2002. Chlorination of bisphenol A in aqueous media: 

formation of chlorinated bisphenol A congeners and degradation to chlorinated 

phenolic compounds. Chemosphere 46, 1215-1223. 

Yang, X., Chen, F., Meng, F., Xie, Y., Chen, H., Young, K., Luo, W., Ye, T., Fu, W., 

2013. Occurrence and fate of PPCPs and correlations with water quality 

parameters in urban riverine waters of the Pearl River Delta, South China. 

Environmental Science and Pollution Research, 1-12. 

Ye, C., Wang, D., Shi, B., Yu, J., Qu, J., Edwards, M., Tang, H., 2007a. Alkalinity 

effect of coagulation with polyaluminum chlorides: Role of electrostatic patch. 

Colloids and Surfaces A: Physicochemical and Engineering Aspects 294, 163-



- 272 - 

173. 

Ye, Z., Weinberg, H.S., Meyer, M.T., 2007b. Trace analysis of trimethoprim and 

sulfonamide, macrolide, quinolone, and tetracycline antibiotics in chlorinated 

drinking water using liquid chromatography electrospray tandem mass 

spectrometry. Analytical chemistry 79, 1135-1144. 

Yiasoumi, W., 2005. Water disinfecting techniques for plant pathogen control. 

combined proceedings-International plant propagators society. 1998, 138. 

Ying, G.-G., Yu, X.-Y., Kookana, R.S., 2007. Biological degradation of triclocarban 

and triclosan in a soil under aerobic and anaerobic conditions and comparison 

with environmental fate modelling. Environmental Pollution 150, 300-305. 

Yoon, Y., Ryu, J., Oh, J., Choi, B.-G., Snyder, S.A., 2010. Occurrence of endocrine 

disrupting compounds, pharmaceuticals, and personal care products in the Han 

River (Seoul, South Korea). Science of The Total Environment 408, 636-643. 

Yoon, Y., Westerhoff, P., Snyder, S.A., Esparza, M., 2003. HPLC-fluorescence 

detection and adsorption of bisphenol A, 17β-estradiol, and 17α-ethynyl 

estradiol on powdered activated carbon. Water Research 37, 3530-3537. 

Young, H., Benton, D., 2013. Caffeine can decrease subjective energy depending on 

the vehicle with which it is consumed and when it is measured. 

Psychopharmacology, 1-12. 

Young, T.A., Heidler, J., Matos-Pérez, C.R., Sapkota, A., Toler, T., Gibson, K.E., 

Schwab, K.J., Halden, R.U., 2008. Ab initio and in situ comparison of caffeine, 

triclosan, and triclocarban as indicators of sewage-derived microbes in surface 

waters. Environmental science & technology 42, 3335-3340. 

Yu, Y., Huang, Q., Wang, Z., Zhang, K., Tang, C., Cui, J., Feng, J., Peng, X., 2011. 

Occurrence and behavior of pharmaceuticals, steroid hormones, and 

endocrine-disrupting personal care products in wastewater and the recipient 

river water of the Pearl River Delta, South China. Journal of Environmental 

Monitoring 13, 871-878. 

Yu, Z., Peldszus, S., Huck, P.M., 2008. Adsorption characteristics of selected 

pharmaceuticals and an endocrine disrupting compound—Naproxen, 

carbamazepine and nonylphenol—on activated carbon. Water research 42, 

2873-2882. 

Yu, Z., Peldszus, S., Huck, P.M., 2009. Adsorption of selected pharmaceuticals and an 

endocrine disrupting compound by granular activated carbon. 1. Adsorption 

capacity and kinetics. Environmental science & technology 43, 1467-1473. 

Zhao, J.-L., Ying, G.-G., Wang, L., Yang, J.-F., Yang, X.-B., Yang, L.-H., Li, X., 2009. 

Determination of phenolic endocrine disrupting chemicals and acidic 

pharmaceuticals in surface water of the Pearl Rivers in South China by gas 

chromatography–negative chemical ionization–mass spectrometry. Science of 

the total environment 407, 962-974. 



- 273 - 

Zhou, H., Huang, X., Wang, X., Wen, X., 2009a. Evaluation of estrogenicity of 

sewage samples from Beijing, China. Huan jing ke xue 30, 3590-3595. 

Zhou, J., Zhang, Z., Banks, E., Grover, D., Jiang, J.Q., 2009b. Pharmaceutical 

residues in wastewater treatment works effluents and their impact on receiving 

river water. Journal of Hazardous Materials 166, 655-661. 

Zoeteman, B., Harmsen, K., Linders, J., Morra, C., Slooff, W., 1980. Persistent 

organic pollutants in river water and ground water of the Netherlands. 

Chemosphere 9, 231-249. 

Zorita, S., Mårtensson, L., Mathiasson, L., 2009. Occurrence and removal of 

pharmaceuticals in a municipal sewage treatment system in the south of 

Sweden. Science of the total environment 407, 2760-2770. 

Zuccato, E., Castiglioni, S., Fanelli, R., Reitano, G., Bagnati, R., Chiabrando, C., 

Pomati, F., Rossetti, C., Calamari, D., 2006. Pharmaceuticals in the 

environment in Italy: causes, occurrence, effects and control. Environmental 

Science and Pollution Research 13, 15-21. 

Zwiener, C., 2007. Occurrence and analysis of pharmaceuticals and their 

transformation products in drinking water treatment. Analytical and 

bioanalytical chemistry 387, 1159-1162. 

 

 

 

 

 

 

 

 

 



- 274 - 

 

국문초록 

 

정수처리과정에서의 의약품 및 내분비계 교란 물질의  

발생 및 제거에 관한 연구 

 

서울대학교 대학원 

보건학과 환경보건 전공 

남 승 우 

 

미량오염물질들이 하ㆍ폐수 처리장으로부터 적절하게 처리되지 않고 

배출되어 지표수에서 검출되어 왔다. 이와 같이 미량오염물질에 오염된 

지표수는 자연적으로 정수처리장의 식수원으로 사용된다. 대부분의 

미량오염물질들은 기존의 정수처리시설에 제거되지 않고 수돗물에 

잔류하게 된다. 특히 의약품들 (pharmaceuticals) 이나 내분비계 

교란물질들 (endocrine disruptors)이 음용수에 자주 검출되는 것으로 

알려져 있다. 비록 음용수내 미량오염물질의 만성노출로 인하여 

나타나는 인간의 건강영향이 명확한 것은 아니지만, 동향 연구들에 

의하면 수환경내에서의 지속적인 축적이나 정수처리장에서의 부적절한 
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제거는 머지않아 인간에게 잠재적으로 건강영향을 미칠 것으로 

판단된다. 그러므로, 의약품 및 내분비계 교란물질들에 대한 

정수처리장에서의 모니터링 (monitoring)과 효과적인 제거 공정에 대한 

연구들이 필요하다. 본 연구는 아세트아미노펜 (acetaminophen), 카페인 

(caffeine), 카바마제핀 (carbamazepine), 디클로페낙 (diclofenac), 

메토프로롤 (metoplrolol), 나프록센 (naproxen), 이부프로펜 

(ibuprofen), 설파메톡사졸 (sulfamethoxzole), 설파메사진 

(sulfamethazine), 아트라진 (atrazine), 2,4-디 (2,4-

diclophenoxyacetic acid), 비스페놀 A (bisphenol A), 노닐페놀 

(nonylphenol), 그리고 트리클로카반 (triclocarban) 등 14 종의 

미량오염물질을 연구대상물질로 선정하였다 연구의 주요 목표는 

정수처리장에서 대상물질들의 거동 및 제거를 가시화하고 또한 

정수처리시설들의 개선을 통한 미량오염물질들에 대한 효과적인 처리에 

기여하는 것이다. 이를 위하여 본 연구에서는 (1) 정수처리장에서 

선정된 미량오염물질들의 발생 및 거동과 기존 처리시설에서의 주된 

이들의 제거 기작을 액체 크로마토그래피 질량분석법 (LC-MS/MS)을 

통하여 측정하고 조사하는 것 (연구 1)과, (2) 선정된 미량오염물질들을 

활성탄으로 흡착제거함에 있어 자연계 포함인자인 용존 유기오염물질 

(DOM), 수온, pH와 운전인자인 흡착제 투입량 및 접촉시간이 미치는 

영향을 파악하고 개별 물질들의 친ㆍ소수성 성질 (hydrophobicity)들에 

따라 프뢴들리히 등온 흡착식 (Freundlich isotherm) 및 선형 
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등온흡착식 (linear isotherm)을 활용하여 각각의 흡착계수 값을 

판단하는 것 (연구 2), (3) 메토프로롤에 대하여 염소처리공정 (Cl2), 

자외선 광 조사공정 (UV-C radiation), 그리고 자외선/염소처리공정 

(Cl2/UV)을 적용하여 대상물질의 제거효율을 평가하고, 제시된 공정에서 

2 수준 실험요인 설계법 (2 level factorial design of experiments)을 

활용하여 메토프로롤의 최적 제거조건을 획득하며 분해 부산물을 

식별하는 것(연구 3), 그리고 미량오염 물질들에 대한 지시자 물질의 

결정에 대한 적절성을 판단하기 위하여 정수원수 및 다양한 음용수에 

대한 모니터링과 이들의 상호 발생 상관성을 분석하고, 기존의 정수처리 

기술 (응집, 흡착, 염소처리) 및 고도처리기술 (오존, 자외선 조사, 

자외선/과산화수소 반응, 염소/자외선 반응)등을 통하여 분해저항성을 

판단 함으로서 최적 물질을 선정 (연구 4)하고자 하였다.  

  연구 1은 정수처리장에서 미량오염물질들의 존재 및 거동에 

대하여 모니터링 하였다. 총 14 종의 미량오염물질들 (9종의 의약품과 

5종의 내분비계 교란물질 포함)의 수준이 대한민국 서울 소재의 한 

정수처리장에서 LC-MS/MS를 활용하여 측정되었다. 측정된 물질 중 

12 종 (아트라진과 트리클로카반 제외)의 미량오염물질들이 정수처리장 

유입수와 유출수에서 2–482 ng/L 농도로 확인되었다. 아세트아미노펜, 

메트프로롤, 이부프로펜 및 나프록센의 농도들이 겨울철에 높게 

나타났고 2,4-디는 여름철에 높았다. 메트프로롤은 정수처리장에서 

거의 제거되지 않았다. 검출된 미량오염물질들의 평균적인 제거효율은 
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6–100% 로 나타났다. 실험결과는 로그 옥탄올-물 분배계수(log Kow) 

값이 2.5보다 높은 미량오염물질들 (특히 비스페놀 A, 2,4-디, 

트리클로카반 및 노닐페놀)이 응집 공정에서 효과적으로 제거되는 것을 

보여주었다. 태양 광분해는 설파메톡사졸, 카페인, 디클로페낙, 

이부프로펜, 그리고 아세트아미노펜을 효과적으로 제거시켰다. 본 

연구에서는 미량오염물질들이 주로 태양광분해 및 입자들에 흡착 등의 

여러 기작들의 조합에 의하여 응집단계에서 제거되었음을 제시하였다.   

연구 2는 활성탄을 사용하여 수중에서 아세트아미노펜, 카페인, 

디클로페낙, 나프록센, 설파메톡사졸, 아트라진, 2,4-D, 그리고 

트리클로카반 등 9 종의 미량오염물질들에 대하여 흡착제거 반응을 

조사하였다. 이 연구는 흡착제 투입량, 접촉시간, 흡착계수, 

용존유기오염물질, pH, 수온 (5 ℃와 20 ℃)의 영향인자들이 발생하는 

효과를 확인하였다. 연구결과, 흡착제 및 접촉시간의 증가는 

미량오염물질들에 대한 흡착제거효율의 향상을 보여주었으나, 용존 

유기물질 및 저온의 영향은 친수성 물질들 (카페인, 아세트아미노펜, 

설파메톡사졸, 그리고 설파메사진)과 소수성 물질들 (나프록센, 

디클로페낙, 2,4-디, 트리클로카반, 그리고 아트라진)에 대한 

흡착효과를 각각 저해하였다. 친수성 물질들의 흡착계수들은 

선형등온흡착식에 소수성 물질들의 경우는 프뢴들리히 등온흡착식에 

의해 적절하게 나타났다. 카페인 및 소수성 물질들의 흡착제거는 pH 

변화에 독립적인 것으로 나타났다. 아세타미노펜, 설파메톡사졸, 그리고 
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설파메사진은 활성탄과 주로 정전기적인 결합반응에 의하여 흡착되는 

것으로 확인되었다.  

연구 3은 메토프로롤의 효과적인 분해를 할 수 있는 소독공정을 

조사하기 위해 염소처리공정 (Cl2), 자외선 광조사공정 (UV-C. λ= 

254 nm), 및 자외선광/염소처리공정 (Cl2/UV)의 적용하 메토프로롤의 

분해를 평가하였고, 2수준 실험요인 계획법을 활용하여 광강도 (1.1–4.4 

mW/cm2), 염소주입량 (1–5 mg/L as Cl2), pH (2–9), 그리고 용존 

유기오염물질 농도 (1–4 mgC/L)의 상이한 인자조건에서 소독공정의 

적용시 예측되는 효과를 판단하였다. 공정별 분해실험에서는 

자외선광/염소처리공정이 세가지 공정 중 메토프로롤의 분해에 가장 

효과적이였다. 1시간 동안의 자외선광/염소처리공정으로 증류수내 

메토프로롤 분해시 네가지 인자들 (UV-C, Cl2, pH, and DOM)에 대한 

16번의 실험들이 수행되었다. 네 가지 인자들의 효과 중 용존 

유기물질의 OH라디칼 (OH radical)에 대한 저해효과가 메토프로롤의 

분해에서 가장 지배적으로 나타났다. 요인 계획법에 의하여 구축된 

모형은 지표수 및 수돗물을 사용한 실험에서 실질적인 제거효과를 잘 

판단하였다. 모형의 최적조건 (자외선 광강도 4.4 mW/cm2, 염소주입량 

5 mg/L, pH 7, 그리고 용존 유기물질 0.8–1.1 mgC/L)은 

자외선광/염소처리공정에서 78.9%이상의 메토프로롤을 분해하였다. 

또한 자외선광/염소처리 공정에서 5 종의 분해부산물들(분자량: 171, 

211, 309, 313, 341)이 LC-MS/MS에 의하여 식별되었다. 메트프로롤은 
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자외선광/염소처리 공정에 의하여 효과적으로 분해되었고 

처리공정에서의 최적조건과 부산물들이 확인되었다.  

연구 4는 카페인, 메토프로롤, 설파메톡사졸, 카바마제핀에 대하여 

하천수, 용천수, 수돗물, 병입수에 대한 검출을 실시하였고 응집,흡착, 

염소처리, 오존, 자외선광 조사, 자외선광/과산화수소, 

자외선광/염소반응에 대한 실험을 실시 함으로서 정수장에서 이들의 

저항성을 확인하였다, 하천수에서 모든 대상물질은 80%이상의 

검출빈도를 보였고 카페인은 158.6 ng/L로 가장 높은 농도 및 타 

물질들과의 동시발생에 대한 양의 상관성을 나타내었다. 그러나 

메토프로롤이 수돗물 내에서 카페인보다 더 높은 농도 (14.2–40.4 

ng/L)로 검출되었고 기존 처리방법으로 가장 낮은 제거율 (10–18%)을 

나타내었다. 자외선광/염소 공정은 대상물질들에 대하여 가장 제거 

(90-100%)가 효과적 이였다. 음용수내에서 검출 및 저항 강도를 

고려해 볼 때, 메토프로롤이 미량오염물질의 지시자로 추천되었다. 

결론적으로 본 연구에서는 정수처리장에서의 미량오염물질들의 

거동들과 이들에 대한 지배적인 제거 기작들의 판단 및 활성탄 

흡착공정에서의 영향인자들의 미량오염물질들에 대한 제거에 미치는 

효과와 흡착계수들의 산정, 그리고 2 수준 실험요인계획법을 적용하여 

난분해성 미량오염물질 중 하나인 메토프로롤 제거에 대한 

자외선광/염소처리공정에서의 최적화된 조건, 음용수 내에서 

메토프로롤의 미량오염 지시자 물질로써의 가능성들이 면밀히 
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연구되었다. 본 연구의 도출된 결과들에 의하면, 다양한 종의 

미량오염물질들이 정수처리장에 ppt 또는 ppb 수준으로 존재할 수 있고, 

인구집단에 좀 더 건강한 식수의 제공을 위하여 난분해성 

미량오염물질들의 완벽한 제거를 위한 다양한 기술 및 이와 관련된 

연구들이 요구 된다. 
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