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Abstract 

Charles University in Prague, Faculty of Pharmacy in Hradec Králové 

Department of Analytical Chemistry 

Candidate:  Mgr. Jana Aufartová 

Supervisor: Prof. RNDr. Petr Solich, CSc. 

Titlr of Doctor Thesis:  Development of new methods for determination of selected  

pharmaceuticals in environmental samples 

 

During last decade, the consumption of pharmaceuticals is increasing substantially. 

At the same time their occurrence in environment is increasing as well. Pharmaceuticals are 

released into environment by excretion, as conjugated or unchanged active compounds, as 

unused pharmaceuticals, which are not disposed according to the recommendations (e.g. 

thrown away into the rubbish or flushed down the toilet). Other possible sources of 

pharmaceuticals are in the agriculture, livestock and aquaculture. The current water 

treatment technologies do not remove all traces of pharmaceuticals in wastewaters. 

Therefore the monitoring of their occurrence in surface and wastewaters become more 

important. 

Antibiotics and steroid hormones are a group of drugs used in human and 

veterinary medicine. The main problem with these groups of substances is the emergence 

of bacterial resistance, in the case of antibiotics, and the effect on the endocrine system, 

including the reproductive cycle, in the case of steroid hormones. 

The theoretical part of the presented thesis is focused on the introduction dealing 

with the presence of antibiotics, steroid hormones and benzimidazole fungicides in the 

environment. Furthermore, there are several methods mentioned in this part used for the 

preparation of environmental samples such as solid phase extraction and other 

microextraction techniques. An important part of the presented work is an overview 

of methods used for the determination of steroid hormones and benzimidazole 

fungicides. These papers were published in international journals and as a book 

chapter (Chapter 5.2 and 5.3). 

The practical part of this thesis is focused on the development of methods for 

determination of fluoroquinolone antibiotics in wastewater and its applications to samples 

of river water and wastewater. The newly developed sample preparation methodology and 

systematic development of analytical methods for fluoroquinolones was published in the 

international scientific journal (Chapter 5.1). Another scope of interest of the practical part 

of the thesis was a method development of sample preparation by microextraction 

techniques for steroid hormones from wastewater and sea water, followed by the 

determination using liquid chromatography with fluorescence and ultraviolet detection. This 

newly described methods were published or has been submitted in international scientific 

journals (Chapter 5.2). 

All published papers are enclosed in a full version as supplements. 



Abstrakt 

Univerzita Karlova v Praze, Farmaceutická Fakulta v Hradci Králové 

Katedra Analytické Chemie 

Kandidát:  Mgr. Jana Aufartová 

Školitel:  Prof. RNDr. Petr Solich, CSc. 

Název dizertační práce: Vývoj nových metod pro stanovení vybraných léčiv ve  

vzorcích životního prostředí 
 

Neustálý nárůst spotřeby léčiv navyšuje také jejich výskyt v životním prostředí. 

Léčiva jsou do životního prostředí distribuována v podobě vyloučených metabolitů nebo 

nezměněných aktivních látek, jako nepoužité léčivé přípravky, které byly nesprávně 

zlikvidovány (např. spláchnutím do odpadu). Dalším zdrojem léčiv je živočišná výroba v 

zemědělství, chov dobytka a ryb.  Současné technologie úpravy vody neumožňují odstranit 

veškeré zbytky léčiv ve vodách. Současně se zvyšováním množství těchto látek v odpadních 

a následně povrchových vodách narůstá význam jejich monitorování. 

Antibiotika a steroidní hormony jsou velmi využívané skupiny léčiv jak v humánní, 

tak ve veterinární medicíně. Hlavním problémem těchto skupin látek je vznik bakteriální 

rezistence v případě antibiotik a ovlivnění endokrinního systému, včetně reprodukčního 

cyklu v případě steroidních hormonů. 

Teoretická část předkládané dizertační práce je v nejprve zaměřena na problematiku 

výskytu antibiotik, steroidních hormonů a benzimidazolových fungicidů v životním 

prostředí. Následně jsou zmíněny metody pro přípravu vzorků životního prostředí jako je 

extrakce na tuhé fázi a další mikroextrakční techniky. Důležitou součástí této dizertační 

práce jsou vypracované rešeršní práce shrnující metody stanovení steroidních hormonů a 

benzimidazolových fungicidů. Tyto práce byly publikovány v mezinárodních odborných 

časopisech a jako kapitola knihy (kapitoly 5.2 a 5.3). 

Praktická část této dizertační práce je zaměřena na vývoj metody stanovení 

fluorochinolonových antibiotik v odpadních vodách a její aplikaci na vzorcích říčních a 

odpadních vod. Nově vyvinutá metoda přípravy vzorků a systematický vývoj analytické 

metody stanovení fluorochinolonů byly publikovány v zahraničním impaktovaném časopise 

(kapitola 5.1). Dále je tato část práce zaměřena na steroidní hormony a vývoj 

mikroextrakčních metod přípravy vzorků odpadních a mořských vod následovanou 

stanovením pomocí kapalinové chromatografie s fluorescenční a ultrafialovou detekcí. Tyto 

nové metody jsou publikovány nebo zaslány k publikaci v zahraničním impaktovaném 

časopise (kapitola 5.2). 

Všechny publikované práce jsou v plném znění uvedeny v přílohách. 
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1 The aim of the work 1 

The main aim of the doctoral thesis was to develop new methods for determination 2 

of selected groups of pharmaceutical compounds in the environmental samples. 3 

Theoretical part of thesis briefly introduce selected group of pharmaceuticals. The 4 

goal of theoretical part was to summarize an overview of scientific publications, which deal 5 

with the occurrence of emerging contaminants, such as fluoroquinolone antibiotics, 6 

endocrine disruptor compounds and benzimidazole fungicides in the environmental 7 

matrices. 8 

The experimental work was mainly focused on the sample preparation. Several 9 

methods such as solid phase extraction (SPE) and dynamic or static in-tube solid phase 10 

microextraction (SPME) using experimental design were tested and developed. These 11 

methods were optimized in order to remove impurities, to reach high preconcentration factor 12 

and recovery for each target analyte. In all cases, sample preparations were followed by 13 

development of HPLC or UHPLC methods for determination of target compounds. The 14 

results (in the form of accepted publications) show the new possibilities for the 15 

determination of antibiotics and steroid hormones in the environment. 16 

 17 

18 
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2 Introduction 1 

Emerging contaminants enter to the environment mainly by wastewaters, agricultural 2 

farms and aquacultures. Hospital wastewaters contain a variety of toxic or persistent 3 

substances such as pharmaceuticals, radionuclides, solvents and disinfectants for medical 4 

purposes in a wide range. In many cases, these emerging contaminants correspond to 5 

unregulated pollutants, which may be candidates for a future regulation depending on the 6 

research on their potential health effects and the results of monitoring of their occurrence 7 

[1,2]. 8 

Pharmaceuticals are substances used in the diagnosis, treatment, alteration, or 9 

prevention of abnormal health or structural/functional conditions in the body, and there are a 10 

many compounds included in this group [3].  11 

In the last few decades, the amount of pharmaceuticals released into the environment 12 

has increased considerably [4]. They have been increasingly detected in surface waters, 13 

ground waters and drinking water, since not all have been removed by conventional 14 

wastewater treatment plants (WWTPs) [5].  15 

Surface water sampling programmes in the United Kingdom, continental Europe and 16 

North America have shown the presence of many different classes of pharmaceuticals. 17 

These compounds show a risk to the aquatic environment because of low concentrations 18 

combined with toxicity. Other pharmaceuticals such as natural and synthetic sex hormones 19 

or antibiotics are known to pose considerable risks of reproductive alternations or develop of 20 

resistance, respectively [6-8].  21 

 Pharmaceuticals are used also in animal raised on pastures. Therefore, their 22 

metabolites and conjugates are mainly excreted through the urine or faeces directly to the 23 

grassland [2] or used for the dispersion of manure on fields as fertilizer [6]. In addition, the 24 

pharmaceuticals used in aquaculture are released directly into the surface waters. However, 25 

the exposure of aquatic wildlife to human pharmaceuticals is most likely to occur from 26 

sewage treatment plants in low concentrations [9]. 27 

28 
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2.1 Antibiotics 1 

Among all the pharmaceuticals, antibiotics, which are used to treat infections, have 2 

attracted special interest in studies of environmental waters. Some are used only in 3 

veterinary or human medicine, but most of them are used for both human and veterinary 4 

health purposes [3]. 5 

 Besides the human and veterinary treatment of infections [10], they often apply in 6 

livestock farms preventively when the shed is changed. Furthermore, some antibiotics are 7 

used as growth promoters and thus are permanently added to the feed [9].  8 

Antibiotic residues in the environment are suspected to induce bacteria resistance and 9 

some infections can no longer be treated with the presently known antidotes [9]. Also 10 

ground water can be exposed to antibiotic residues leaching from farmland fertilized with 11 

manure or through sewage disposal by spray and broad irrigation in agricultural areas. The 12 

polar antibiotics may not be eliminated effectively, as a large part of the elimination is 13 

achieved by absorption on activated sludge which is partly mediated through hydrophobic 14 

interactions [9]. In addition, antibiotics are extensively used in aquaculture. The main groups 15 

of pharmaceuticals used are tetracyclines, sulfonamides and chloramphenicol [11,12]. 16 

2.2 Steroid hormones 17 

The exogenous substances that interfere with the endocrine system (e. g. with 18 

synthesis, secretion, transport, binding, action and elimination of natural hormones) and 19 

disrupt the physiologic function of hormones are called endocrine-disruptor compounds 20 

(EDCs). The effects of natural and synthetic EDCs found in the environment include 21 

decreasing sperm count in human males, increasing breast cancer in women and causing 22 

reproductive abnormalities in humans [13-15].  23 

Steroid hormones are one of most potent active EDCs present in the environment, 24 

which are formed naturally by human beings and wildlife or produced synthetically. They 25 

can be generally divided in three groups: estrogens, gestagens and androgens [15-17]. 26 

Extreme concentrations  of  sex hormones  occur  at specified times  for  normal  27 

physiologic  functions;  such  periods  include  sexual  differentiation,  puberty,  28 

reproductive  cycles, parturition,  lactation  and  menopause [18].  29 

Conventional WWTPs not remove some of EDCs efficiently thus they are detected 30 

in WWTPs effluents and they are releasing into rivers and lakes [15]. Among these, natural 31 
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and synthetic estrogens are already effective at a lower ng/l level, while most other 1 

chemicals having an estrogenic effect are biologically active at the g/l level [15,19]. 2 

2.3 Benzimidazole fungicides 3 

Other compounds dealing with environmental pollution are pesticides. Because of 4 

the widespread use of agricultural pesticides for different applications, the pesticide residues 5 

may present a main source of pollution, which poses risks to plant, animal and human health 6 

[20]. 7 

Benzimidazole fungicides are systemic pesticides widely used for prevention and 8 

treatment of parasitic infections in agriculture and aquaculture. They are efficient at low 9 

doses as well as they inhibit the development of a wide variety of fungi. Some of them are 10 

apply in agriculture for pre- and post- harvest protection of crops. These fungicides are 11 

either applied directly to the soil, or sprayed over crop fields [21].  12 

Most of these compounds persist in the environment after their application, some of 13 

them even for many years. Therefore, some of the most detected pesticides during the 14 

monitoring programmes are crucial to assess consumers’ exposure to those fungicides 15 

through foods [22]. 16 

2.4 Recent development of analytical techniques 17 

Recently, a fast improvement of analytical techniques used for the determination of 18 

pharmaceuticals in environmental samples has been done. 19 

In 2003 Agilent developed 100 Series high-throughput LC/MS system as a pre-step 20 

of ultra high performance liquid chromatography (UHPLC). The main idea of this system 21 

was speed up the routine analysis and perform the system for thousands samples per day. In 22 

this case the pressure can reach almost 6 000 psi [23].  23 

One year later Waters Corporation has performed Waters Aquity and made a UHPLC 24 

for real [24]. Since this company first constructed this type of system, they registered ultra 25 

performance liquid chromatography, UPLC, as a brand name of their systems. This system 26 

is able to achieve a pressure about 15 000 psi.  27 

In 2006 Agilent introduced other system called 1200 Series Rapid (1200 RRLC), 28 

which provides 60% better resolution than conventional HPLC [23]. In the same year 29 

Thermo Scientific performed Accela and Jasco Xtreme-LC [25, 26]. Till now, almost all the 30 

large companies, such as Shimadzu (UFLCxr, 2007; Nexera, 2010), Hitachi (LaChromUltra, 31 
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2007), Scientific Systems (UltraHP, 2007), Dionex (RSLC, 2008), Knauer (Platin Blue, 1 

2008), Perkin Elmer (Flexar, 2009), developed their UHPLC systems [27-31].  2 

Since these systems are working with ultra high pressure, new additional devices, 3 

such columns with small particles or new construction of detection cells for UV and FD 4 

were needed. Some companies such as Waters or Shimadzu already introduced next 5 

generations of UHPLC, Aquity or Nexera, respectively [24, 27]. In general, companies who 6 

developed UHPLC also developed sub-2 m columns for various applications (Agilent, 1.8 7 

m RRHT; Waters, BEH Aquity; Shimadzu, Shim-pack XR-ODS; Knauer, UPLC columns, 8 

ect.).  9 

The necessity of development of fast, cheap and sensitive methods without high 10 

financial initial input lead to further development in the area of separation columns. 11 

Therefore, company Advance Materials Technology developed a new column called HALO, 12 

which was firstly performed on Pittcon conference in 2007. These columns were based on 13 

the so called “Fused-Core particle technology“, which provided comparable results with 14 

sub-µm particles column and half backpressure of them [32]. Additionally these columns 15 

could be used both in HPLC and UHPLC. Nowadays, there is a wide range of fused-core (or 16 

“porous shell”) column technology in the market. 17 

UHPLC and the fused-core technology improved the sensitivity, which allowed 18 

faster detection and become employed very frequently for the environmental analysis.  19 

20 
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3 Pharmaceuticals in the environment 1 

One of the most important groups of the environmental pollutants is the 2 

pharmaceuticals, where antibiotics and steroid hormones are included.  3 

Antibiotics are presented in the environment in a very low concentration and allow 4 

the development of the bacteria resistance [33].  5 

Steroid hormones, which belong to the group called "endocrine disruptor 6 

compounds", can produce in low concentration different effects in organism and humans: 7 

disruption in the physiologic function of hormones and also can cause feminization of 8 

fishes, decreasing sperm count in human males, increasing the probability of breast cancer in 9 

women and causing reproductive abnormalities in humans [2, 7, 34].  10 

Depending on the use of active pharmaceuticals and other active compounds there 11 

are several ways in which they can enter into the environment. Antibiotic are used in human 12 

and veterinary medicine, agriculture and aquaculture, industry (Figure 1.) and realised into 13 

the environment [7].  14 

 15 

 16 

Figure 1: Source of most frequent environmental contaminants. Scheme was modified from [32]. 17 

Pharmaceuticals are presented in hospital wastewaters usually in a higher 18 

concentration than in the municipal sewages [35, 36]. In total, the flow in the concentration 19 

of pharmaceuticals are very low because of the lower share of effluents from hospitals to the 20 



16 

municipal effluent in developing countries. The dilution of hospital wastewater by municipal 1 

wastewater is more than 100 times [1, 37].  2 

The pharmaceuticals are presented in sewage wastewater as well. It was found out, 3 

that more than 50% of the patients in the USA reported to store unused and expired 4 

medicines at their homes and more than half had flushed them down the toilet. The reasons 5 

for the use of medication are mostly due to a change of medication by the doctor (48.9%), or 6 

self-discontinuation (25.8%). Their most common method of disposal was to throw 7 

unwanted medicines in the rubbish (76.5%) or flush them down the toilet (11.2%). A 8 

significant role for the patient education for the correct disposal of unused and expired 9 

medications is very important in all countries [1, 38].  10 

A typical concentrated animal feed operation (CAFO) confines a large number of 11 

animals (e.g., hundreds to thousands of cattle or pigs) into several large buildings and 12 

generates a tremendous amount of manure, which is often applied to nearby agriculture 13 

fields [39]. 14 

Elimination of organic compounds in the environment is the result of different 15 

processes. These processes can be divided on: biotic (i.e. biodegradation by bacteria and 16 

fungi) and non-biotic elimination processes (i.e. sorption, hydrolysis, photolysis, oxidation 17 

and reduction). It has to be noted that the results of bio- or photodegradation studies depend 18 

on conditions such as temperature, composition of matrix, latitude, etc. [7]. 19 

If a substance is light sensitive, the photo-decomposition may be of major significance 20 

in the elimination process. Data from the drug registration procedure may give guidance on 21 

some compounds where photo-decomposition can be expected to play a role. Photochemical 22 

decomposition can play an important role in surface waters as an additional elimination 23 

pathway or for effluent treatment.  24 

Another important pathway for the non-biotic elimination of organic substances in 25 

the environment is hydrolysis. However some pharmaceuticals are resistant to hydrolysis 26 

(e.g. sulphonamides and quinolones). Occurrence of antibiotics in WWTPs effluent is well 27 

known for the difficulty of their elimination by traditional bio-treatment methods. For 28 

advanced effluents, treatment oxidation processes are usually applied [7].   29 

30 
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3.1 Antibiotics 1 

3.1.1 Sources of antibiotics 2 

The first antibiotics had a natural origin, e.g. penicillin was produced by fungi in the 3 

genus Penicillium, or streptomycin from bacteria of the genus Streptomyces. Nowadays, the 4 

antibiotics are acquired mainly by chemical synthesis or by chemical modification of some 5 

compounds of natural origin. Several soil bacteria (e.g. the group of Actinomycetes includes 6 

many soil bacteria such as Streptomycetes) produce antibiotics such as ß-lactams, 7 

streptomycins or aminoglycosides [7].  8 

 9 

Figure 2: Defined Diary Dosage per 1000 person per day in Czech Republic from 1985 to 2008. Data was 10 
taken from State institute for Drug Control of Czech Republic [40]. 11 

Consumption of antibiotic compounds in human treatment varies from one country to 12 

another country. Data on the country-specific use for groups of antibiotics in different 13 

countries are available from different sources but mostly as DDD (Defined daily dose, 14 

according to WHO). Antibiotics use ranges from 8.6 to 36 in Europe [7].  Figure 2 shows 15 

information about consumption of antibiotic in Czech Republic from 1985 to 2008. 16 

Nowadays, In Czech Republic, a value is about 20 DDD/1000 persons/day. However, these 17 

data include some uncertainty and the consumption could be still higher [40]. 18 

Antibiotics are optimised with regard to their pharmacokinetics in the organisms; 19 

organic accumulation is similar to other pharmaceuticals and they are excreted as parent 20 

compounds or metabolites [41]. Excretion rates depend on the substance, the mode of 21 
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application and it has been shown that rates vary (e.g. tetracyclines and sulphonamides 1 

varying in range 40-90%) [42].  2 

Antibiotic are frequently detected in effluents at levels from below 1 ng/L up to a 3 

few g/L [37]. Several studies confirmed that in some Asian countries the concentrations are 4 

up to several mg/L. Antibiotic resistant bacteria are found in the aquatic environment, but 5 

the contribution of effluents to this development are not very clear [43].  6 

Pharmaceutical WWTPs generates a high amount of pollution during the 7 

manufacturing process, housekeeping and maintenance operations [44]. Because of good 8 

manufacturing practice regulations (required for the manufacturing of pharmaceuticals) and 9 

the frequently high economic value of the active substances, the amount of emissions 10 

occurred during the manufacturing has been thought to be negligible. Indeed, such emissions 11 

are assumed to be low in Europe and North America [38].  12 

Antibiotics are used to promote the growth of some animals in some countries where 13 

they are used at low doses in animal feeds and are considered to improve the quality of the 14 

product, with a lower percentage of fat and higher protein content in the meat [7]. Therapy 15 

includes almost all antibiotic treatment of animals showing frank clinical disease. Therefore, 16 

the disease decreases animal performance in livestock production, till the use of antibiotics 17 

started in the population.  18 

Antibiotics have been used since the 1950s to control certain bacterial diseases of 19 

high-value fruit, vegetable and ornamental plants. Today, the antibiotic most commonly 20 

used on plants is streptomycin with oxytetracycline to a minor extent. Primary uses are on 21 

apples, pears and related ornamental trees for the control of blights [7].   22 

The definition of aquaculture, according to Food and Agriculture Organisation 23 

(FAO), is ‘‘Aquaculture is the farming of aquatic organisms: fish, molluscs, crustaceans, 24 

aquatic plants, crocodiles, alligators, turtles, and amphibians. Farming implies some form of 25 

intervention in the rearing process to enhance production, such as regular stocking, feeding, 26 

protection from predators, etc.” [45]. In aquaculture, antibiotics have been used mainly for 27 

therapeutic purposes and as prophylactic agents. 28 

29 
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3.1.2 Occurrence and fate of antibiotics in the environment 1 

Widespread occurrence of antibiotic in the environment is well reported in the 2 

literature, and is recognized as an important emerging issue in the field of environmental 3 

chemistry [3] Antibiotics are not completely eliminated, as they are bioactive substances, 4 

acting effectively at low doses and excreted after a short time of residence [4].  5 

Research has quite extensively studied the presence of antibiotics in the environment. 6 

After administration, antibiotics for human use or their metabolites are excreted into the 7 

effluent and reach the STPs. Active substances discharged with liquid manure can be 8 

washed off from the top soil after raining [7]. As for other pharmaceuticals, the 9 

concentrations of antibiotics measured in different countries have been found in the same 10 

range of concentrations in the sewage and surface water, respectively. In general, 11 

concentrations were in a higher l g/L range in hospital effluents, in a lower g/L range in the 12 

municipal waste water and in the higher and lower than g/L range in different surface waters 13 

such as ground water and sea water in harbours. Some antibiotics have been rarely found in 14 

drinking waters [7].   15 

   Some studies proved the potential of veterinary medicines to be taken up from soil 16 

by plants. Soil analyses indicated that, for selected substances, measurable residues of these 17 

are likely to occur in soils for at least some months following the application of manure 18 

containing these compounds. Some antibiotics are taken up by vegetables such as carrot 19 

roots (tubers), lettuce leaves and corn.  20 

In intensive fish farming, infections are treated by feeding with antimicrobial agents 21 

putting them directly into the water. The substances used in fish go directly from the water 22 

without undergoing any kind of purification process. This phenomenon had already been 23 

investigated and the results demonstrated the presence of antibiotics applied extensively in 24 

fish farming in sediments beneath fish farms [7].  25 

All antibiotics are degraded in natural ecosystems and some will disappear as a 26 

pollutant from natural ecosystems [10]. Several antibiotics (e.g. ß-lactams, tetracycline) are 27 

non-biodegradable under aerobic conditions, only penicillin G was completely mineralized. 28 

Modelling antibiotic degradation provides some complications, for example the 29 

biodegradability of lincosamine in a sequence batch reactor was worse with municipal waste 30 

water than with synthetic waste water [7].  31 



20 

3.1.3 Bacteria resistance and effect of antibiotics in the environment  1 

Several antibiotics are natural compounds that have been in contact with 2 

environmental microbiota and they are biodegradable, even they can be used as food 3 

resource for several microorganisms. Anyhow, since antibiotics are efficient inhibitors of 4 

bacterial growth produced by environmental microorganisms, it has been widely accepted 5 

that their role in the nature will be to inhibit microbial competitors.  6 

The resistance that may develop in STPs is currently under discussion. In biofilms the 7 

bacterial density is very high, both in the aerobic and anaerobic septic tanks of STPs, in 8 

drinking water tubes and also in sediments. The sediment samples from antibiotic-polluted 9 

environments have higher antibiotic concentrations than the water samples from the same 10 

place [7]. 11 

The resistance of the bacteria to antibiotics have been found in the aquatic 12 

environment and in the soil [7]. A pre-requisite for a direct transfer of resistance is that the 13 

bacteria are able to survive, or at least that the genetic material is finally stable enough for 14 

the transfer to the new environment, e.g. from the human body to the surface water, where it 15 

is colder and poorer in nutrients.  16 

 Also antibiotic resistance genes can easily spread among bacterial species (or clones) 17 

that are closely phylogenetically related [7].  In general, the knowledge of subinhibitory 18 

concentrations and their effects in environmental bacteria is poor, especially with regard to 19 

resistance [33]. Concentrations that are under therapeutic levels could be important in the 20 

development of the resistance in some bacteria and their genetic transfer. The exposure of 21 

bacteria to sub-therapeutic antimicrobial concentrations is thought to increase the speed at 22 

which resistant strains of bacteria were developed. Resistance can be transferred to other 23 

bacteria, living in other environment places, for example ground water or drinking water [7]. 24 

Some effects of antibiotics on the growth of the plants have been reported, the main 25 

impact of these pollutants will be on the environmental microbiota. The effect of the 26 

antibiotics used for farming has mainly focused on foodborne pathogens. These bacteria 27 

(Campylobacter jejuni, E. coli, Salmonella or Enterococcus faecium) are present in animals 28 

and can infect humans. For those pathogens, both mutation-driven antibiotic resistance and 29 

the acquisition of antibiotic resistance genes are very important in concern for the human 30 

health, because the same strain can colonize animals and humans.  31 
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Antibiotic pollution can enrich the population of intrinsically resistant 1 

microorganisms, and reduce the population of susceptible microbiota. For instance 2 

Cyanobacteria (produce 1/3 of total free O2 production and CO2 fixation) are susceptible to 3 

some antibiotics and the consequence of the antibiotic pollution might have for the 4 

biosphere reinforced the idea that the release of antibiotics in natural environments will have 5 

relevant consequences for the maintenance of the global activity in the microbiosphere [10]. 6 

3.1.4 Fluoroquinolones  7 

Quinolones, derivatives of quinine, were discovered in the early 1960s, followed by 8 

the development of the FQs in the 1970s and 1980s. The FQs were designed to extend the 9 

spectrum of activity and improve pharmacokinetic properties compared with the quinolone 10 

compounds. Table 1 shows of FQs structure, their substituents and specific functions of each 11 

of them.  12 

Chronologically, they were developed in "generations". First generation of FQs has 13 

got a six member rings at the position 7. Second generation has got a cyclopropyl group at 14 

the position 1 and the third generation has got five member rings or azabicyclo ring at the 15 

position 7. Structures of these three generations are shown in Table 2. The antibacterial 16 

activity of these compounds is also pH-dependent, because these drugs act by inhibition of 17 

bacterial DNA gyrase, a process depends on pH [33, 36]. 18 

Structure Substituent Function 

 

-R1 Potency and affect pharmacokinetics 

-R2 Close to gyrase binding site 

-R3 Potency gram-positive activity 

-R4 
Potency spectrum and affects 

pharmacokinetics 

-F Gyrase and bacterial potency 

 

Gyrase binding and bacterial transport 

Table 1: Structure of fluoroquinolones, function of substituents [33]. 19 

20 
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 1 

Sturcture of first 

generation, norfloxacin 

Structure of second 

generation, ciprofloxacin 

Structure of third 

generation, moxifloxacin 

   

Table 2: Generations of fluoroquinolones [32]. 2 

The structure of FQs antibiotics has got some ionisable functional groups, the pKa of 3 

aniline (4.60) and pyridine (5.23) are very small, the nitrogen atoms at position 1, 8, and N-1 4 

of the piperazine ring can hardly have acid–base properties within pH ranges of 5 

environmental importance [33, 46].  6 

Ofloxacin, norfloxacin, and enofloxacin, etc., have two relevant ionisable functional 7 

groups, the 3-carboxyl group and N-4 of the piperazine substituent. For 6-fluoro derivatives, 8 

for example norfloxacin and enofloxacin, C–F bond cleavage is less effective. The 9 

fragmentation of this C–F bond is a heterolytic process. This reaction is very interesting 10 

because there are very few examples of this cleavage for this strong bond [33, 47]. 11 

Studies that use test systems indicate that FQs remain active against the different 12 

groups of bacteria presented in waste water or soil. The selective toxicity of the FQs towards 13 

bacteria becomes clearly apparent. Table 3 shows some bacteria together with FQs, which 14 

effecting this bacteria.  15 

Organism Compound 

Sewage sludge bacteria ciprofloxacin 

Escherichia coli Nalixidix acid, norfloxacin, ciprofloxacin, ofloxacin 

Microcystis aeruginosa 

Flumequine, oxonilic acid 
Rhodomonas salina 

Selenastrum 

capricornutum 

Artemia salina Flumequine 

Vibrio fisheri 

Cinoxacin, Flumequine, lomefloxacin, nalixidic acid, 

norfloxacin, ofloxacin, oxonilic acid, pipemidic acid, piromidic 

acid 

Table 1: Organisms affected by quinolones [33]. 16 

FQs are strongly absorbed and they tend to get accumulated in soil and sediments. 17 

Accumulation of FQs in soil mostly depends on its photostability, its binding and absorption 18 
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capabilities, its persistence and leaching by water. Most of FQs are very stable from the 1 

chemical point of view in relation with the hydrolysis and the high temperatures but are 2 

photolysed by UV light [33]. The most common photochemical reaction is defluorination. 3 

Field experiments were performed after the application of sludge to agricultural land and 4 

were confirmed the long-term persistence of the trace amounts of FQs in sludge-treated soils 5 

and they revealed their limited mobility into the subsoil. Ciprofloxacin and enrofloxacin 6 

have been determined quantitatively in effluents from urban wastewater treatment plants, 7 

and their behaviour during the mechanical and biological wastewater treatment has been 8 

studied by mass-flow analysis [33, 47]. These compounds are substantially eliminated in 9 

wastewater treatment (80–90%) by sorptive transfer to sewage sludge. It has been proved 10 

that ciprofloxacin which is in the river water samples was completely degraded after 3 11 

months, whereas only 20% of oxolinic acid present in these samples was degraded after five 12 

months. In experiments under aerobic conditions only 60% (kept in dark) and 87.5% 13 

(exposed to light) of initial ciprofloxacin potency was retained. In some plants studies, a 14 

decline in the plant growth was observed on the exposure to enrofloxacin. The findings are 15 

supported by previous laboratory in-vitro studies, in which the growth and development in a 16 

range of plants (e.g. Phaseolus vulgaris, Glycine nax, Medicago sativa, and Zea mais) were 17 

affected by veterinary medicines and in-vivo studies in which enrofloxacin at 5 mg/kg 18 

affected root and leaf growth [33]. The wastewater treatment process of quinolones-polluted 19 

waters removed efficiently these antibiotics using a process that included not only 20 

biodegradation, but also photodegradation [10]. 21 

22 
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3.2 Steroid hormones 1 

3.2.1 Sources of estrogens in the environment 2 

Estrogens have been identified like one of the most serious contributors to endocrine-3 

disrupting effects observed in environments, since they are already effective at a lower ng/L 4 

level [49]. Most of the other chemicals having an estrogenic effect are biologically active at 5 

the µg/L level [19, 50]. Compounds related to these effects include a wide range of 6 

substances. A lot of compounds are classified as priority substances in the EU´s Water 7 

Framework Directive (2000/60/EC). Due to the uncertainty in their impacts on terrestrial 8 

and aerial organisms as a result of lack of data, E1, E2 and EE2 are not yet included in the 9 

classification list of 146 substances with endocrine disruption, nevertheless, their 10 

femonisation effects in invertebrates and fish have been confirmed worldwide [1, 49].  11 

The natural and synthetic estrogens cannot be removed completely in WWTPs and 12 

they ate discharged into environmental waters, where they can reach high concentrations at 13 

the ng/L [51]. The majority of the studies reporting the occurrence of estrogens in surface 14 

waters are from the USA and European countries [1]. 15 

Natural occurrence of estrogens was reported.  In Table 4 can be seen daily 16 

production of progesterone, testosterone and estrogens by humans. Estradiol (E2) and its 17 

main metabolites, estriol (E3) and estrone (E1), along with their conjugates (usually sulfates 18 

and glucuronides) are naturally presented in females at a higher level than in males.  19 

It  is  known  that  steroid  hormones  also occur  in  tissues  of  non  treated  cattle,  20 

pigs and  poultry.  However,  mammals  and birds  are  not  the  only  organisms  that  21 

synthesize  steroid hormones. The occurrence of steroid hormones in fish plasma has been 22 

frequently reported. Animal products such as milk and milk products contain steroid 23 

hormones as well. The presence of steroid hormones, especially of estrogens, in plants is 24 

controversial. Even single cell organisms like yeast are said to produce steroidal hormones, 25 

which commonly work as chemical messengers [52].   26 

 
Progesterone 

( g/day) 

Testosterone 

( g/day) 

17β-estradiol and estrone 

( g/day) 

Men 420 6480 140 

Women 19600 240 630 

Prepubertal boy 150 65 100 

Prepubertal girl 250 g/day 32 54 

Table 2: Daily production of progesterone, testosterone and estrogens in humans [52]. 27 
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 Anyhow, recent publications suggest that steroids may be the main source of 1 

estrogenicity in many municipal STPs [53]. Effluents from STPs can be discharged into 2 

rivers estrogenic contaminants. Feminizing pollutants 17αEE2, from oral contraceptives, and 3 

17E2, as well as their metabolites estrone (E1) and estriol (E3) have been detected at ng/L 4 

levels in natural water and WWTP influents/effluents [54]. The inactive hormones can be 5 

converted into their estrogenic active forms and therefore STPs can serve as a secondary 6 

source of environmental pollution. 7 

 Several studies demonstrated intersex fish downstream of STPs outfalls, therefore 8 

was the research focused on municipal effluents as sources of estrogenic chemicals. 9 

Subsequently the natural estrogens 17βE2, E1, E3 and the synthetic steroid estrogens 10 

17αEE2 were identified as causative compounds [55]. Thus, it is important to evaluate 11 

whether these act as chemical reactors producing free estrogens, or if they act in a positive 12 

role removing free estrogens eventually formed upstream of STPs [16]. 13 

The high proportion of manure in compare to the land ratio often leads to the practice 14 

of applying the manure at disposal rates rather than agronomic rates (i.e., rates based on 15 

current soil nutrient levels and plant needs), further increasing the potential of hormone 16 

contamination in surface and ground waters.  17 

Animals from farms can excrete large amounts of steroid hormones, e.g., estrogens 18 

(E2, E3, E1), androgens and progestagens (testosterone, progesterone) and some species can 19 

produce up to a few mg of hormone per animal per day [39] [55]. These natural hormones 20 

are concentrated in animal manure and may be released to the environment through 21 

overflows or leakages from storage structures or land applications, contaminating potentially 22 

the surface and ground waters [39]. 23 

For example, the estimated overall hormone excretion in the US is over 330 metric 24 

tons per year. In the State of New York, there are located farms where glacial outwash is 25 

abundant in streams and river valleys. The high permeability of the glacial outwash in these 26 

areas makes the groundwater vulnerable to the contamination. Many of the farms are also 27 

connected to headwater streams, which may be contaminated by animal steroid hormones 28 

[39].  29 

 Despite the fact that estrogens are relatively weakly sorbed, a number of field 30 

studies have demonstrated that sediments could act as a sink for these compounds in 31 

riverine, estuarine and marine environments, with concentrations up to 1000 times higher in 32 



26 

bed sediments than in the overlying water column. Furthermore, in case of sediment 1 

resuspension and estrogens remobilization, sediments may act as a secondary source of 2 

exposure to aquatic organisms living in the water column [56]. 3 

Since the sources of natural estrogens cannot be eliminated, a number of specific 4 

treatment processes in STPs have been optimized and discussed with regard to the estrogens 5 

removal [53]. Therefore, monitored concentrations of the conjugated as well as the un-6 

conjugated estrogens are important [17, 49, 57]. In some countries, a large fraction of 7 

domestic wastewater is treated by activated sludge STPs. 8 

3.2.2 Occurrence and fate of estrogens in the environment 9 

Estrogenic contamination of surface waters is a concern of worldwide, with cases such 10 

as the feminization of male fish, reproductive abnormalities and skewed sex ratios attributed 11 

to the presence of steroid estrogens and xeno-estrogens [57]. Ethinylestradiol, the estrogens 12 

in many hormonal contraceptives, is at least in part responsible for the feminization of the 13 

fish in downstream from the sewage treatment plants [55].  14 

Studies about estrogens in river waters revealed a lower concentration than in sewage 15 

waters [54]. For example, the research in some German rivers and streams showed that only 16 

estrone was presented and in other various Catalan studies, estrone and estrone-3-sulfate 17 

were detected [53]. In Table 5 are presented concentration of influent, effluent and removal 18 

rete in various countries in the world [55]. WWTPs appear to be less effective and more 19 

variable when remove E1 and EE2 [58]. 20 

Servos et al. [59] reported the presence of E1 and 17βE2 in eighteen Canadian 21 

WWTPs; the last one was removed by 75–98% in the treated effluent, while the former was 22 

removed up to 98% although in several plants its concentration in the effluent was higher 23 

than in the influent. Similar monitoring campaigns were for example kept in Germany, 24 

Canada, Brazil, Italy and Japan [55].  25 

Prior to excretion, estrogens are inactivated via sulfonation or glucutonidation. For 26 

wastewaters containing freshly excreted manure or urine, measurement of free estrogens 27 

alone may underestimate the total load of steroid estrogens entering the environment. The 28 

analysis of three dairy wastewater samples showed conjugated estrogens at similar 29 

concentrations to that of free estrogens [55].  30 

31 
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 1 

Country 

 

Influent concentration 

(ng/L) 

Effluent concentration 

(ng/L) 

Removal rate   

(%) 

 E1 E2 EE2 E1 E2 EE2 E1 E2 EE2 

Switzerland 
24 7.6 4.3 2.4 <0.5 <0.5 90 >93 >88 

7.3 4.9 0.7 8.6 1.0 <0.5 - 80 >29 

Germany 
74.9 10.9 5.2 <1.0 <1.0 <1.0 >99 >91 >81 

27 15 2.4 25 5.4 2.4 10 64 0 

Japan 

113 20.6 - 18.2 3.19 - 83.9 84.5 - 

197 25.8 - 30.8 2.54 - 84.3 90.1 - 

28.7 22.9 - 2.8 0.49 - 90.3 97.9 - 

Netherlands 

11 - 0.5 2.7 - - 75   

42 14 <1.4 15 1.1 <1.4 64 92 - 

18 - <0.2 <0.4 - <0.2 98 - - 

100 31 <1.4 6.3 0.7 <1.8 94 98 - 

87 9 8.8 2.1 <0.6 <0.2 98 94 98 

140 48 1.3 47 12 <0.3 66 75 77 

Brazil 40 21 4.2 6.8 <0.4 0.9 83 99 78 

Australia 54.8 22.0 <5.0 8.1 0.95 <0.1 85 96 - 

Italy 

71 16.1 3.9 9.6 1.5 0.4 86 88.9 87.2 

50.4 9.3 2.3 7.7 0.8 0.4 83.8 91.5 85.8 

67 9.2 3.4 4.1 0.9 0.5 93.9 87.6 84.3 

36.8 11.5 3.0 13.9 1.0 0.4 64.3 91.7 87.1 

35.2 8.6 2.9 30.3 1.9 0.5 18.8 76.2 82.9 

50.6 14.7 2.5 44.6 2.4 0.5 22.1 83.6 84.9 

Sweden 14.5 3.2 <10 3 <1.6 <10 79.3 >50 - 

Table 3: Influent and effluent concentrations of WWTP in different countries [55] 2 

The glucuronide metabolites have low estrogenic activity compared with free forms 3 

[55]. These inactive hormones can be converted into their estrogenic active forms mainly by 4 

β-glucuronidase and arylsulfatase enzymes of bacteria during the waste treatment processes. 5 

A number of searchers suggested that de-conjugation occurs during the STP process [55]. 6 

Escherichia coli, which is eliminated in large quantities in the faeces, it is able to synthesize 7 

large amounts of the β-glucuronidase enzyme, which has been suggested to be the 8 

responsible for the above transformation [17].  9 

Several recent studies have confirmed the ability of processes like electrochemical 10 

oxidation, ultrasound irradiation, ozonation, TiO2 photocatalysis and H2O2-promoted 11 

photolysis to degrade estrogens like E1, E2 and EE2 [60]. 12 
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Major elimination of estrogens would take place when they arrive at WWTPs. 1 

Although estrogens removal in WWTPs is a complicated process including cleavage of 2 

conjugates, sorption to activated sludge (AS) and biodegradation by AS, the decrease of 3 

estrogens concentration through the AS treatment is primarily due to the biodegradation. 4 

The removal due to the sorption onto excess AS was found to be insignificant, less than a 5 

few percentages [58]. 6 

3.2.3 Effect of estrogens 7 

EDCs are divided in four main categories, namely natural estrogens, synthetic 8 

estrogens, phyto-estrogens and various industrial chemicals (i.e. pesticides, persistent 9 

organochlorines, organohalogens, alkyl phenols, heavy metals). Some of the various 10 

categories, natural and synthetic estrogens exhibit much stronger estrogenic activity than 11 

phyto- and xeno-estrogens [51].  12 

 13 

Figure 3: Effect of estrogens, possible receptor interactions. Figure was modified from [54]. 14 

The endocrine system regulates the reproduction, the metabolism, the growth and 15 

development, the natural defences to the stress, as well as water, electrolyte and the 16 

nutritional balance of the blood. This system is an integrative system that controls the cell 17 

function and activities by communicating through chemical messengers, the hormones [4]. 18 

As messengers are used hormones. Normal, strong, weak or even no reactions are provided 19 

in dependence on the hormones or mimic hormones. The mechanisms of interactions are 20 

shown on Figure 3. 21 

The term xenoestrogen is often used for compounds that possess estrogenic activity, 22 

whereas the term synthetic estrogens refer to medical drugs that are mainly used for 23 

contraception and treatment of various diseases. Synthetic estrogens, such as the potent 24 

estrogen ethynyl estradiol (EE2), are used extensively for contraceptive and therapeutic 25 
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purposes (management of menopausal syndrome and in a wide range of cancers, mainly 1 

prostate and breast cancer) [61, 62].  2 

Estrogens at very low concentrations can adversely affect to the production of 3 

vitellogenin in male fish and to the sex ratio of fish populations [34, 63, 64]. Several studies 4 

have shown that also birds, reptiles and mammals in polluted areas undergo alterations of 5 

the endocrine–reproductive system. Vitellogenin is a classic steroid-inducible protein; it is 6 

synthesized in the liver under the control of estrogens. Sullivan et al. described a screen that 7 

defines estrogens as something that induces vitellogenesis. The exposure to environmental 8 

estrogens, single or in combination, may be easily assessed in male fish, reptiles or birds and 9 

can be used as sentinels by measuring their vitellogenin plasma levels. However, this marker 10 

cannot be used in reproductively active females since ovarian estrogens would induce 11 

vitellogenin and proceed to obscure the contribution of xenoestrogens to vitellogenin plasma 12 

levels [18, 65].  13 

14 



30 

3.3 Benzimidazole fungicides 1 

Being conscious that the amount of pesticides employed per year is increasing, the 2 

amount of fungicides released to the environment increases at the same rate [65]. Fungicides 3 

are very important in environment and agriculture; they are used to kill or inhibit fungi or 4 

fungal spores. They can be classified according to different criteria but the most usually 5 

employed are mode of action and chemical group [49]. 6 

Benzimidazoles are anthelmintic agents widely used in the treatment of parasitic 7 

infections in a wide range of species and as fungicidal agents in the control of spoilage of 8 

crops during storage and transport. Some benzimidazoles have also found applications as 9 

pre- or post-harvest fungicides for the control of a wide range of fungi affecting field crops, 10 

stored fruit and vegetables [65].  11 

 Agricultural applications of pesticides lead to the contamination of surface waters or 12 

sewage system through point (filling of sprayers, cleaning of spraying equipment, disposing 13 

of packing material, etc.) and non-point (runoff) sources. Uses of pesticides in urban areas 14 

may cause an input of pesticides into the WWTPs (e.g., washing of spraying equipment, 15 

disposal of unused products, etc.). Occurrence and fate of fungicides during wastewater 16 

treatment processes are largely unknown and very few studies are available [66]. The main 17 

area of concern with benzimidazole fungicides involves their negative effects in non-target 18 

plant crops [67]. 19 

Benomyl has been widely used as a systematic fungicide for a variety of food crops 20 

and ornament plants [68]. Besides its carcinogenic activity, it has been known for several 21 

years that chronic, subchronic and acute administration of benomyl to rats and mice resulted 22 

in male reproduction damage [69, 70]. Benomyl and its main metabolite carbendazim are 23 

systemic benzimidazole fungicides that play a very important role in plant disease control. 24 

These two chemicals are widely used to combat a broad range of diseases on many arable 25 

plants, including cereals and oilseed rape, as well as on fruits, vegetables and ornamentals. 26 

They are not only used during pre- and/or post-harvest treatments of plants, but have also 27 

extensive applications in post-harvest food storage. Benomyl and carbendazim are strongly 28 

absorbed on soil organic matter, but they can also be absorbed [68]. Thiophanatemethyl is 29 

used in crop protection and animal health, while benomyl is used in crop protection only.  It 30 

is well established that carbendazim, the common stable metabolite of benomyl and 31 

thiophanatemethyl, is considered as the major fungitoxic principle of the benzimidazole 32 
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precursor fungicides. Some benzimidazole fungicides and the related metabolites and 1 

derivatives mentioned are illustrated in Figure 4 [64, 67, 71]. 2 

 3 

Figure 4: Structures of benzimidazoles and metabolites [72] 4 

Regulatory limits for these fungicides are generally all expressed as carbendazim, the 5 

single measurement marker for the food. On account of their extensive use, residual 6 

environmental impact and toxic effects at low levels, the regulations have set maximum 7 

residue levels (MRLs) for benzimidazoles and their metabolites. The environmental impact 8 

of the total benzimidazole-containing residues should be in a range of 0.01–10 mg/kg, 9 

depending on the fungicide–commodity combination. In particular, for the majority of 10 

benzimidazoles, the marker residue tolerance has recently been defined as the sum of a 11 

parent drug and/or its related metabolites (sum-MRL substances) instead of single 12 

compounds [72]. 13 

14 
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4 Sample preparation in environmental analysis 1 

4.1 Methodology of sample preparation  2 

4.1.1 Liquid phase extraction 3 

The liquid-liquid extraction (LLE) is based on the transfer of analytes from aqueous 4 

samples to a water immiscible solvent and is widely employed for sample preparations. 5 

Some shortcoming (e.g., emulsion formation and use of large sample volumes and toxic 6 

organic solvents) makes LLE more expensive, time consuming and environmentaly an 7 

unfriendly method [73].  8 

In LLE the sample is agitated in the presence of an extracting solvent that is not 9 

miscible with the sample. When the sample/solvent mixture has settled after agitation, two 10 

layers of liquids are visible, one of them will contain most of the compound that we are 11 

extracting. The shaking action has ensured that all parts of the sample come into contact 12 

with the extracting solvent. The compounds from the sample may pass into this extracting 13 

solvent and given time, and the equilibrium will be established between the two liquid 14 

layers. The equilibrium is described by the partition coefficient for the analyte, which is 15 

simply the ratio of concentrations for the analyte in the two liquids [74].  16 

4.1.2 Liquid phase microextraction method 17 

To reduce costs and simplify the extraction procedure, new techniques have been 18 

developed, which are an alternative to miniaturized sample preparation (e.g. liquid-phase 19 

microextraction, LPME). Liquid-phase microextraction technique was developed in the 20 

1990s, which is a miniaturized format of LLE. LPME is a solvent-minimized 21 

samplepretreatment procedure of LLE, in which only several mL of solvent are required to 22 

concentrate analytes from various samples rather than hundreds of mL needed in traditional 23 

LLE [75]. The research for this technique began by using small droplets of organic solvents 24 

suspended from the tip of a microsyringe needle. Table 6 shows classification of various 25 

microextraction techniques based on liquid phase microextraction [73].  26 

 27 

28 
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 1 

Abbreviation LPME Modifications 

SDME Single drop 

microextraction 

Direct immersion (DI-SDME) 

Directly suspended droplet microextraction 

(DSDME) 

Dispersive liquid-liquid microextraction 

(DLLME) 

Hollow fibre (HF-LPME) 

Continuous flow microextraction (CFME) 

HF-LPME Hollow fibre microextraction 

SDLPME Solid drop microextraction 

DSDME Directly suspended droplet microextraction 

DLLME Dispersive liquid-liquid microextraction 

Table 6: Classification of LPME approaches with abbreviations. Modified from [73] 2 

Single-drop microextraction (SDME) is an LPME technique in which the extraction 3 

medium is in the form of a single drop of an immiscible extracting solvent suspended from a 4 

syringe into the liquid or gaseous sample medium. After the extraction, the organic drop is 5 

retracted back into the microsyringe and injected into the chromatographic system. This 6 

technique is not exhaustive, and only a small fraction of analyte is extracted and 7 

preconcentrated for the analysis. Different modes of SDME (e.g. DI-SDME, LLLME, 8 

CFME, HS-SDME) have been developed for various analytical applications [73, 76]. Figure 9 

5A shows schemes of process of extraction by DI-SDME, HS-SDME and CFME. 10 

Direct immersion (DI-SDME), a microdrop of a water-immiscible organic solvent, is 11 

either immersed into a large flowing aqueous drop or held at the end of a teflon rod and 12 

suspend in a stirred aqueous sample solution to complete the extraction process [77]. 13 

Jeannot and Cantwell used a microsyringe containing the organic solvent in their study [78]. 14 

The droplet of the organic solvent is at the tip of the syringe needle. This needle is immersed 15 

in a stirred aqueous sample. After the extraction, the organic phase is drawn back into the 16 

microsyringe, which is used directly for the determination of the analytes. This approach is 17 

better suited for the separation and enrichment of non-polar or moderately polar analytes 18 

from relatively clean matrices. However, problems of stability of the drop at high stirring 19 

rates and temperatures were observed [73]. 20 

Liquid-liquid-liquid microextraction (LLLME) is a three-phase mode extraction 21 

suitable for basic and acidic analytes. The first name of this extraction was “solvent 22 

microextraction with simultaneous back-extraction” given by Ma and Cantwell in 1999. An 23 

ionizable solute is first extracted into an organic layer (lower density than water is required), 24 
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followed by the extraction, and then  trapping into a second aqueous layer, whose pH 1 

resulted in the ionization of the solute. A recent modification of LLLME reported a large 2 

aqueous droplet, freely suspended at the top-centre position of a layer of immiscible organic 3 

solvent [79]. 4 

Continuous flow microextraction (CFME) makes a drop of solvent fully and 5 

continuously makes contact with fresh and flowing sample solution. The drop can be held at 6 

the tip of PEEK tubing, which is immersed in a continuously flowing sample in the 7 

extraction chamber. However additional equipment is required (e.g., a microinfusion 8 

pumps). There is a limitation to the extraction of non-polar or slightly polar semi-volatiles. 9 

Headspace (HS-SDME) was introduced in 2001 by Theis et al.. In this technique the 10 

drop remains at the tip of the microsyringe throughout the extraction period and then is 11 

retracted back into the microsyringe. The analytes are distributed among three phases: the 12 

water sample; the headspace; and the organic drop [73, 80].  13 

Hollow-fibre liquid-phase microextraction (HF-LPME) was developed in 1999 to 14 

improve the stability and the reliability of LPME by Pedersen-Bjergaard and Rasmussen 15 

[81]. In this case, the extracting phase is placed inside the lumen of a porous hydrophobic 16 

HF (the microextractant solvent is not in direct contact with the sample solution), which is 17 

inserted into a sample vial filled with the aqueous sample of interest. The analytes are 18 

extracted from the aqueous sample through the organic phase in the pores of the HF and 19 

then into an acceptor solution inside the lumen [82]. Therefore remarkable clean-up 20 

efficiency can be presented, since high molecular mass compounds cannot pass through the 21 

membrane barrier. This technique is suitable for inorganic and organic analytes over a wide 22 

range of polarity [72]. In Figure 5 is presented schema of this microextraction. 23 

Dispersive liquid-liquid microextraction (DLLME) was published by Rezaee et al. in 24 

2006. Solvents used in this method must have high miscibility with both the extractant and 25 

the aqueous phase [73]. When the mixture of the extractant phase and the disperser is 26 

rapidly injected into the sample, turbulence is high and small droplets are created. After the 27 

formation of a cloudy solution, the surface area between the extracting solvent and the 28 

aqueous sample becomes very large, and the equilibrium is reached very quickly, decreasing 29 

the extraction time. After centrifuging the cloudy solution, the sedimented phase at the 30 

bottom of a conical tube is recovered and analyzed with an appropriate technique [83]. The 31 
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main disadvantage of DLLME is that it is limited to a small number of extractants due to the 1 

required conditions, and it is difficult to automate [73]. Figure 5 shows schema of DLLME. 2 

In the same year as DLLME was developed also directly-suspended droplet 3 

microextraction (DSDME) by Lu and co-workers. When small volumes of an immiscible 4 

organic solvent is added to the surface of the aqueous solution, the vortex results in the 5 

formation of a single droplet near the centre of the rotation. The main disadvantage of the 6 

method is the difficulty of taking out the small amount of suspended droplet from the 7 

solution [73, 75]. Figure 5 demonstrate DSDME process. 8 

One year later, 2007, to get over the problem of removing a tiny amount of the 9 

suspended droplet in DSDME was the method modified into solid-drop liquid-phase 10 

microextraction (SD-LPME) method by Khalili-Zanjani et al. [73]. In this method a suitable 11 

organic solvent (less than 20 μL) is delivered to the surface of the aqueous solution located 12 

in a glass vial. The organic solvent must have a melting point near to the room temperature. 13 

The aqueous phase is stirred for a set time and then the sample vial is transferred into an ice 14 

bath. After a short period of time, the organic solvent is solidified and can be removed using 15 

a small spatula. The solid drop melts quickly at the room temperature, and is retracted by a 16 

microsyringe and injected into an analytical instrument for analysis [84]. Figure 5 presents 17 

schema of SD-LPME method. 18 
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 1 

Figure 5: Scheme of microextraction methods [72]. 2 

3 
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4.1.3 Solid phase extraction 1 

Solid phase extraction, as a scientific technique was developed in  the 1970s. The 2 

course of development as a sample preparation technique progressed from initial latency 3 

(prior to 1968) through three subsequent phases (1968- 1977, 1977- 1989, 1989-present). 4 

SPE was practiced for at least two decades before 1968, when applications using synthetic 5 

polymers (such as styrene-divinylbenzene resins) were first published in the literature [74]. 6 

The introduction of prepackaged, disposable cartridges containing bonded silica 7 

sorbents, in 1977, certainly made the procedure more convenient and initiated another phase 8 

of development. Also that same year the first article using SPE on a bonded phase silica was 9 

published, which described the use of a Sep Pak
TM'

 C18 "cell" for the clean-up of histamines 10 

from wines. In 1989, SPE discs (also called "disks" or "membranes") were introduced, 11 

initiating another phase in the development of this method. Lately, designs for housing SPE 12 

sorbents have ranged from "pipette tip" styles to plastic or glass minicolumns with polymer 13 

or steel or teflon frits.  14 

Some SPE devices are designed for the sample to be "pushed" through the sorbent 15 

while others are designed for a vacuum use, enabling the sample to be "pulled" through. 16 

Since the late 1980s, however, the extractions of membranes or discs, and “mega” columns 17 

containing several grams of sorbent have grown in popularity [74]. 18 

Although SPE in the column mode is very effective, it has also some drawbacks, 19 

such as channeling, limited flow rates, insufficient equilibration time for quantitative uptake, 20 

incomplete elution, and memory effects from previous extractions. An SPE device consists 21 

in a resin bed packed into a small extraction tube, usually made of plastic. The resin is 22 

packed between two frits to hold the resin bed securely in place. A liquid sample is passed 23 

through the resin bed by applying either a positive pressure or vacuum the column [85].  24 

When the compound distributed between the liquid sample and the solid surface, 25 

either by simple adsorption to the surface or through penetration of the outer layer of 26 

molecules on that surface, equilibrium is set up. SPE simply requires a liquid sample to be 27 

passed through a bed containing sorbent particles onto which the analytes will retain [74]. 28 

It is possible to pass a large volume of sample through the smallest bed of sorbent 29 

that will completely retain all of compound of interest and elute compounds of interest in the 30 

smallest volume of solvent. There are components of the sample that mask the analyte 31 

during the analysis. The cleaned-up extract gives clearly identifiable signals from the 32 
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extracted components in the sample. Clean-up step may be achieved either by retaining the 1 

analyte on a solid phase sorbent or washing out interferences, or by retaining the 2 

interferences and washing out the analyte.  3 

A significant advantage of SPE over LLE is that solvents that are miscible with the 4 

sample matrix may be used to elute the analytes. This eluent can be injected directly into the 5 

reversed phase HPLC system [74]. 6 

 7 

Figure 6: Scheme of solid phase extraction method [86]. 8 

The mechanisms involved in the solid phase extraction are [85]: 9 

1. Normal phase chromatography whose procedures typically involves a polar analyte, 10 

a mid- to nonpolar matrix and a polar stationary phase. Polar-functionalized bonded silicas 11 

(e.g. LC-CN, LC-NH2, and LC-Diol), and polar adsorption media (LC-Si, LCFlorisil, 12 

ENVI-Florisil, and LC-Alumina) are typically used under normal phase conditions. The 13 

retention of an analyte under normal phase conditions is primarily due to the interactions 14 

between the polar functional groups of the analyte and the polar groups on the sorbent 15 

surface. 16 

2.  The reversed phase chromatography whose procedure involves a polar or moderately 17 

polar sample matrix and a nonpolar stationary phase. The analyte of interest is typically mid- 18 

to nonpolar. Several SPE materials, such as alkyl- or aryl-bonded silicas (LC-18, ENVI-18, 19 

LC-8, ENVI-8, LC-4, and LC-Ph) are in the reversed phase category.  20 

3. The Ion exchange chromatography that can be used for compounds which are 21 

charged in a solution. Anionic compounds can be isolated on LC-SAX or LC-NH2 bonded 22 

silica cartridges. Cationic compounds are isolated by using LC-SCX or LC-WCX bonded 23 

silica cartridges. The primary retention mechanism of the compound is based mainly on the 24 

electrostatic attraction of the charged functional group on the compound to the charged 25 

group that is bonded to the silica surface. 26 
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Factors affecting ion-exchange selectivity are pH, ionic strength, organic solvent and flow 1 

rate [85]. 2 

4.1.4 Solid phase microextraction methods  3 

Solid-phase microextraction (SPME) is a relatively recent technique, which was 4 

introduced in the early 1990s by Pawliszyn and Lord. Extraction SPME was commercially 5 

first introduced in 1993 by Supelco (Figure 7) [87]. 6 

 7 

Figure 7: First commercial solid phase microextraction introduced by Supelco [88]. 8 

 SPME was developed from the sample preparation process analogous to the standard 9 

solvent extraction procedures. The fibre tip was coated with the sample by dipping one end 10 

of the optical fibre in the solvent extract and then the volatile solvents were removing 11 

through the evaporation. The fibre tip was prepared for inserting into the injector of a GC 12 

system, and the analytes were volatilized onto the front of the GC column by a laser pulse. 13 

However, the original purpose of these coatings was simply to protect the fibres from 14 

breakage. Because of that the thin films used (10-100µm) [87]. 15 

 In the initial work on SPME, sections of fused-silica optical fibres, both uncoated 16 

and coated with liquid and solid polymeric phases, were dipped into an aqueous sample 17 

containing test analytes and then placed in a GC injector. Those early experiments provided 18 

very important preliminary data that confirmed the usefulness of this simple approach, since 19 

both polar and non-polar chemical species were extracted rapidly and reproducibly, from 20 

aqueous samples [87]. 21 

 The development of the technique accelerated rapidly with the implementation of 22 

coated fibres incorporated into a microsyringe, resulting in the first SPME device [89]. The 23 
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transport of analytes from the matrix into the coating begins as soon as the coated fibre has 1 

been placed in contact with the sample. Typically, SPME extraction is considered to be 2 

completed when the analyte concentration has reached a distribution balance between the 3 

sample matrix and the fibre coating. In practice, this means that one the equilibrium is 4 

reached, the extracted amount is constant within the limits of the experimental error and it is 5 

independent of further increases of extraction time [90, 91]. 6 

An in-tube solid phase microextraction concept (in-tube SPME) has also been 7 

expanded to facilitate the automation of sample preparation for HPLC (Figure 9). In that 8 

approach the sample components are extracted by the coating located on the inner surface of 9 

the hollow tubing and after the extraction is completed the analytes and are washed into the 10 

HPLC column using the mobile phase or solvent. In SPME a small amount of extracting 11 

phase associated with a solid support is placed in contact with the sample matrix for a 12 

predetermined amount of time. When the equilibrium conditions are reached, then exposing 13 

the fibre for a longer time does not accumulate more analytes [90].  14 

 15 

Figure 8: Solid phase microextraction technique 1) an outer coated surface of fibre; 2) coated on internal 16 
capillary surface [88]. 17 

The tube design can use very similar arrangements as SPE, however the primary 18 

difference, in addition to the volume of the extracting phase, is that the objective of SPME is 19 

never an exhaustive extraction. This substantially simplifies the design of the 20 

systems, because it concerns about breakthrough is not relevant since the exhaustive 21 

extraction is not an objective. In fact the objective of the experiment is producing full 22 

breakthrough as soon as possible, since this indicates that the equilibrium extraction has 23 

been reached [91, 92].  24 

An outer coating of SPME and internal coated capillary surface of in-tube SPME 25 

technique are presented in Figure 8.  26 
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The stationary phase of in-tube SPME can be either prepared by sol–gel technology, 1 

alternative chemical coating procedures or selected out of the range of commercially 2 

available GC capillary columns. Examples for the first case are the synthesis of a zirconia-3 

based hybrid organic–inorganic sol–gel coating, which has been applied to the determination 4 

of PAHs in combination with GC, or a β-cyclodextrin coating, used for the determination of 5 

non-steroidal anti-inflammatory drugs. Another hybrid material to be used as a sorbent in 6 

ITE is TiO2-PDMS, a capillary coated with this technique was applied to the determination 7 

of PAHs, ketones and alkylbenzene in aqueous samples [87]. 8 

 9 

Figure 9: Scheme of solid phase microextraction techniques [4]. 10 

Stir bar sorptive extraction (SBSE) was first introduced by Baltussen et al. in 1999 11 

as a new and improved sample preparation technique. SBSE and SPME are solventless 12 

sample preparation techniques based on sorptive extraction [93]. These stir bars, called 13 

twisters® (GERSTEL GmbH & Co.), are coated with a polydimethylsiloxane (PDMS) layer, 14 

which is the most widely used sorptive extraction phase. At present, only PDMS-coated stir 15 

bars are commercially available, which is one of the main drawbacks of SBSE, because 16 
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polar compounds are poorly extracted due to the non-polarity of the PDMS polymer. 1 

Although the basic principles of SPME and SBSE are identical and the extraction phase is 2 

generally the same, the amount of PDMS is 50–250 times larger in SBSE. This feature 3 

allows the preconcentration efficiency to be improved compared to SPME, which is its main 4 

advantage [87]. Scheme of the method is presented in Figure 9. 5 

 In general, SBSE is considered to be superior to SPME in terms of sensitivity and 6 

accuracy for determinations of trace levels in complicated matrices, for example 7 

organophosphorous pesticides in honey. Here, like in most of the other applications, a 8 

commercially available 500 μm–1 mm PDMS-coated stir bars was used. A simple PDMS 9 

rubber tubing mounted onto a glass rod was equally found to be suitable for automated 10 

sampling/desorption of a standard mixture of 44 organic compounds, including PAHs, 11 

phthalates, substituted benzenes and other. A similar approach, but including chemical 12 

bonding of a 500 μm PDMS film onto a titanium tube, was used for an herbicide extraction. 13 

A normal polytetrafluoroethylene-coated stir bar was evaluated for sorptive extraction using 14 

phenanthrene as a model analyte [87]. 15 

Microextraction by packed sorbent (MEPS) is a recently developed technique that 16 

was introduced by Abdel-Rehim in the field of sample preparations. MEPS combines the 17 

sample processing, extraction and injection steps into a fully automated proccess as an at-18 

line sampling/injecting device to GC or LC [93]. In MEPS, approximately 2 mg of the 19 

sorbent is thermo-packed inside a syringe (100–250 µL) as a plug or between the barrel and 20 

the needle as a cartridge. Sample extraction and enrichment take place on the sorbent bed. 21 

MEPS is a miniaturized format of SPE that is able to handle sample volumes as small as 10 22 

µL, and it is also a technique that integrates the sorbent directly into the syringe, not in a 23 

separate column as in commercial SPE [94]. Different types of sorbents are commercially 24 

available, such as reversed (C18, C8, and C2), normal (silica) or ion-exchange stationary 25 

phases. The sorbent can be used several times with an adapter washing and reconditioning it 26 

to avoid the carry-over and to keep the adsorption power of the phase [73]. Scheme of 27 

MEPS is presented in Figure 9. 28 

The molecularly imprinted polymers (MIPs) is a highly stable polymers with matrix 29 

that are adapted to the three-dimensional shape and functionalities of target analyte. 30 

Traditional techniques can improve selectivity using novel coating materials. Design 31 

variables include the choice of a monomer (which complexes with the target analyte with a 32 

high binding affinity), cross-linker (the length of which may determine the cavity size) and 33 



43 

polymerisation method (which dictates the nature of interactions between the polymer 1 

matrix and the template to dictate the ultimate extraction efficiency). Once the polymer is 2 

formed, the template is removed with an appropriate solvent, leaving a cavity that 3 

corresponds to the specific target analyte [4]. 4 

5 
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4.2 Experimental design in sample preparation 1 

It is possible to find out which factors have an effect by changing them one at a time. 2 

This method could be also considered as in-efficient and can give misleading results.  3 

 The “one-factor-at-a-time” approach provides some disadvantages, such as more 4 

experiments are necessary, no additional information can be obtained in the experiments, it 5 

is not sure that the influence of a given factor will be the same in various values of the other 6 

factors. Additionally, if the results of these experiments are wrong, all conclusions will be 7 

wrong [95]. 8 

 The word chemometrics, invented about 30 years ago, summarize concept of 9 

measurement in chemistry. Chemometrics is the application of mathematical and statistical 10 

methods and the principles of good science of measurement to efficiently extract useful 11 

information from chemical data. This included all processes that transform data and 12 

analytical signals into complex information. The original methods used are mathematical 13 

and statistical [96]. 14 

The aim of the use of statistical techniques, a factorial designs or response surface 15 

methodology, is a minimized effort, for evaluating the factor effects at several levels of the 16 

other factors. The interaction between factors can be evaluated, which is not possible in a 17 

classical experiment, including one-factor-at-a-time experiments [95, 97]. In recent years, 18 

multivariate applications of statistical techniques increased in the optimization of analytical 19 

methods. Wide spread range of information can be provided by a minimum number of 20 

experimental trials. 21 

The experimental design can be defined as the strategy for setting up experiments in 22 

such manner that the information required is obtained as efficiently and precisely as 23 

possible.  Experimentation is carried out to determine the relationship (usually in the form of 24 

mathematical model) between factors acting on the system and the response or properties of 25 

the system (the system being a process or a product, or both) and established experimental 26 

design for future optimization [97, 98].  27 

It is very important to identify and list all factors which can affect process and 28 

surface response, although it supposes to have only small influence. Additionally, range of 29 

each factor has to be defined for future experiments. Once there are selected few most 30 

important factors, the next step is usually to study quantitatively effect on the response and 31 

their interactions. For this purpose can be used full factorial designs at two levels 2
k
 [99]. 32 
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In environmental screening studies are often focused to detect outliers in the huge 1 

amount of samples taken from the studied area. Usually, it is expected that most of the 2 

samples will exhibit the ‘‘normal’’ (unpolluted) state while a few (or none) of them will 3 

surpass permissible limits [100].  4 

In general, more effective and time saving is using experimental design procedures, 5 

and especially to the so called Response Surface Methodology. However, as a preliminary 6 

step, this methodology requires some screening experiments to be carried out in order to 7 

establish the significant experimental factors, and also to determine the upper and lower 8 

levels for these factors, in an attempt to reach values near to the optimal response [95, 100].  9 

In “all factor together” experiment, no information may be obtained by comparing the 10 

results of any 2 experiments. To find the effect of changing anyone of the factors we will 11 

need to use the results of all of the 8 experiments in the design (in case of 2 levels 12 

experiment).  13 

The influence of every factor on the yield provides a higher precision and the standard 14 

error of estimation is halved. Additionally, the result of each experiment enters equally into 15 

the calculation of the effects of every factor and possible errors will probably not influence 16 

the general conclusions. Finally, the number of the experiments is the same as for the one-17 

factor-at-a-time method [95]. 18 

4.3 Experimental design used in this thesis 19 

Recently, the 2
k
 design (k, factor number) is particularly useful in the early stages of 20 

an experimental work, and it provides the smallest number of runs with which k factors can 21 

be studied in a complete factorial design.  22 

A 2
3
 two-level factorial design can be preliminarily used to evaluate the significance 23 

of the main and interaction effects of the parameters investigated. The final regression 24 

models were calculated using the central composite design (CCD), which was obtained from 25 

the full factorial design and the star design. 26 

27 
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 1 

Number of 

experiment 

Parameter A 

(range 1-2) 

Parameter B 

(range 1-2) 

Parameter C 

(range 1-2) 

1 1 1 1 

2 1 1 2 

3 1 2 1 

4 1 2 2 

5 2 1 1 

6 2 1 2 

7 2 2 1 

8 2 2 2 

Table 7: Example of experimental design 2 

 3 
Figure 10: Experimental design 2

3 
displayed geometrically 4 

In this work, we have chosen a 2
3
 factorial design. It provides eight treatment 5 

combinations (as shows Table 7) can be also displayed geometrically as a cube (as shown in 6 

Figure 10). Because there are only two levels for each factor (usually extreme values), the 7 

response is approximately linear in the range of chosen extremes of the factor levels. 8 

Afterwards, the results are analyzed by statistical programs (SPSS, Statgraphic). Results can 9 

be evaluated by bivariable and partial correlations and give pilot information about possible 10 

influences of different parameters. The range of results is usually between 0 and 1, 0 means 11 

independent on the other value and 1 means dependent. When parameters of interest are 12 

chosen, experiments usually continue in other experimental designs.  13 

A number of RSM procedures are available, Box–Wilson Central Composite Design 14 

was chosen due to its widespread use and versatility in some studies. This type of design 15 

consists of a factorial design together with centre and star points. That allows the evaluation 16 

of the relationship between experimental factors and observed results [95,101].  17 

In other study, an orthogonal array experiment (Taguchi experiment) with variation 18 

of eight experimental parameters in 18 experiments was constructed. For the same research, 19 
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residuals in fruits, an array experiment with variation of four experimental parameters was 1 

also constructed [102].  2 

In other published work, experimental design based on Taguchi’s method was 3 

employed to screen the SPME conditions for the HF-SPME method extraction and the 4 

determination of the BTEX compounds [103].  5 

The Box–Behnken design (BBD), which is a three-level factorial design, can be 6 

introduced as a combination of a two-level factorial design with an incomplete block design. 7 

This design is an efficient option in which the experimental points are located on the 8 

midpoints of the edges of a cube and at the centre (central points) [104]. 9 

Number of 

experiment 

Parameter A 

(range 1-2-3) 

Parameter B 

(range 1-2-3) 

1 1 1 

2 1 2 

3 1 3 

4 2 1 

5 2 2 

6 2 3 

7 3 1 

8 3 2 

9 3 3 

Table 8: Example of response surface methodology. 10 

11 
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5 Results and discussion 1 

This doctoral thesis deals with environmental samples, mainly water samples containing 2 

pharmaceutics (fluoroquinolones and steroid hormones) and fungicides. Since an amount of 3 

pollutants in the environment is increasing it is necessary to find trustworthy, cheap and 4 

robust determination methods. Recently published methods are summarized and new sample 5 

extraction methods and analytical determination were developed in this thesis.  6 

7 
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5.1 Fluoroquinolones 1 

The occurrence of fluoroquinolones in environmental waters was confirmed by several 2 

studies and some studies using solid phase extraction followed by liquid chromatography 3 

with mass spectrometry determination of these compounds are presented.  4 

Fluoroquinolones have two values of pKa for carboxylic group in a range of 5.7 to 6.3, 5 

whereas those for protonated amino group are higher (7.6–8.3). The intermediate form of 6 

FQs is a zwitterions [46].  7 

The behaviour of quinolones during solid phase extraction was studied and acidic 8 

quinolones at acidic pH were present as uncharged species in the solution and they where 9 

less retained on C18 cartridge. The piperazinyl quinolones present in cationic form at acidic 10 

pH were retained pretty well. Therefore, most of samples were adjusted  to very acidic 11 

values of pH, in order to ensure that they will be in the desired chemical form. However, 12 

very acidic pH may not be optimum for the preconcentration purposes.  13 

An another possibility is the use of cation-exchange mechanism to retain the 14 

piperazinyl quinolones over a wide range of pH values. FQs can be extracted using cation-15 

exchange sorbents when they are in cationic form which means that the pH of the sample 16 

has to be below to the pKa constants [105].  17 

Samples of quinolones were usually adjusted to pH in the acidic range in sample 18 

preparation by SPE. The best value to assure that FQs are in cationic form should be two 19 

units below the pKa constants [46]. A possible following step in the sample preparation of 20 

quinolones is an addition of EDTA. FQs can be bound to divalent cations and could not be 21 

effectively retained on SPE cartridges and determined. One study reported a tandem system 22 

[105]. The anion-exchange column was used for pre-purification since humic acids and 23 

others impurities were retained. Less impurity got onto Oasis HLB cartridge improving the 24 

clean-up procedure. As a result, a better clean-up step with less interference during the 25 

following analysis was achieved. Anyhow, the addition of other SPE cartridges increases 26 

financial demands of this method. In Table 9 are presented published studies, which used 27 

SPE as sample preparation method. Most commonly used cartridge was Oasis HLB and 28 

recovery was ranged in 61% - 161%. In all cases pH of sample was adjusted on value 4 or 29 

lower. 30 

 31 
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In this work the systematic method development was compared with a conventional 

method approach. Most of the presented methods were kept under acidic conditions, about pH 

3 and lower. Since conventional approach began by searching in scientific literature, low pH 

was used.  

First step of the determination of five fluorochinolone antibiotics: pefloxacine, 

ofloxacine, ciprofloxacine, norfloxacine and enrofloxacine were carried on C18 column 

HPLC-FD. Anyhow, due to the co-elution of the target compounds, sufficient separation was 

not achieved. Due to this reason, the separation was moved to UHPLC-MS/MS. As mobile 

phase, MeOH and buffers at acidic pH and various additives were investigated. Additives 

were for example formic acid, acetic acid or ammonium formate. Unfortunately, even after 

the optimization the method was not repeatable and the peak shapes were not either 

satisfactory.  

For the systematic development approach, was employed a prearranged method 

development recommended by Waters Corporation. During this development we can identify 

four different columns, ACQ BEH C18, ACQ BEH Phenyl, ACQ BEH Shield RP 18 and 

ACQ BEH HSS T3 columns (50 x 2.1 mm, 1.7 µm or 1.8 µm). Two modifier (MeOH and 

ACN) and two buffers (pH 3 and pH 9) in gradient elution (95% of buffer to 5% of buffer, 5 

min) are tested on each column at flow rate 0.6 mL/min at 30°C. This method development 

provides all combination in less than 6 hours, except HSS T3 at basic pH, because of 

instability of silica-based column in these conditions (all combination are shown in Table 9). 

The columns were switched automatically [46]. 

Column Modifier Buffer 

BEH C18 

MeOH / ACN 
pH 3 / pH 9 BEH Phenyl 

BEH Shield RP 18 

BEH HSS T3 pH 3 

Table 10: Combinations of systematic approach 

After this set of experiments, the optimization continued based on the evaluated 

results. First, the mobile phase was chosen. Methanol as an organic modifier provided better 

results than ACN. Values of pH were a very important factor, since fluoroquinolones are 

zwitterions as mentioned above. The separation of norflofloxacin and ciprofloxacin was not 
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sufficient and surprisingly a better separation was achieved with basic pH in tested columns 

(HSS T3 excluded), in contrast of published literature.  

The order of the elution of compounds was changed in BEH Phenyl columns; at pH 3 

there were ofloxacin (OFLO), pefloxacin (PEFLO), nofloxacin (NOR), ciprofloxacin 

(CIPRO) and enrofloxacin (ENRO) and at pH 9 NOR, CIPRO, OFLO, PEFLO and ENRO. 

To improve the peak shape and the separation the pH 10.5 was tested. In this pH, the 

separation of NOR and CIPRO was improved and tailing was not observed. Anyhow, the next 

switching of order has occurred and OFLO and PEFLO position on chromatogram has 

changed.  

The final conditions of separation of target analytes were using ACQ BEH Phenyl (50 

x 2.1 mm, 1.7 µm) at a flow rate of 0.45 mL/min and 35°C. Mobile phase was composed from 

MeOH and 10.5 ammonium acetate buffer. Gradient elution initiated with 95% of buffer and 

kept for 1 min, then linearly decreased to 25% in 3 min and finally next 4 min increased 

buffer to 55%. Maxima of excitation and emission wavelengths were found at λexc=310 and 

λem=415 at basic pH. Some stability studies with XBridges columns were published and 

reported problems with stability of phenyl analytical column over pH 7. In our case no 

changes were observed (over 2000 injections). After the optimization the developed method 

was transferred to UPLC-MS/MS. 

Fluoroquinolones provided the highest signal in electrospray positive mass spectra. 

The gradient elution was used in different conditions to the optimal conditions of systematic 

method development in order to reduce the analysis time. The flow rate was decreased due to 

the ESI connection at 0.35 mL/min and also to improve the ionisation of some additives 

which were tested. Ammonium acetate (0.5mM, 1mM and 2mM) could not be used due to 

a signal depression of target analytes. All parameters of MS detector were optimized in order 

to achieve the best sensitivity of precursor ions for all analytes. Afterwards the cone voltage 

was set up for every compound and was optimized the conditions for SRM transitions. An 

internal standard, deuterium-labelled NOR-d5 was added for quantitation. 

In order to a better compatibility with the chromatographic conditions, the SPE 

method was optimized at pH 10.5. For the extraction was chosen HLB cartridges were chosen 

due to the possibility of using high pH. The washing step was optimized for a different 

percentage of methanol (5-30% of MeOH in mQ-water). The best results were achieved at the 

percentage of 10% but some matrix effects were observed and therefore 0.5%, 1% and 2% of 

acetic acid were tested. Finally, the 2% of acetic acid was added to the washing solution. 
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After washing the solution mQ-water was applied again in order to avoid the influence of pH 

in the elution. For the elution was tested ACN and MeOH, the second one provided a better 

elution efficiency. The eluent was evaporated and the dry extract was dissolved in the mobile 

phase and kept in an ultrasonic bath for 30 min followed by vortex for 1 min. 

The developed method was used for the determination of antibiotics in river waters 

and WWTPs. There were no antibiotics detected in river waters and in WWTPs were detected 

norfloxacin, ciprofloxacin and ofloxacin. The highest concentration was detected for 

ciprofloxacin. In cases where it was possible to evaluate the efficiency of the elimination 

process, the ratio for norfloxacin was 32% and for ciprofloxacin was 98%.  

The results of this work were published in the Journal of Separation Science 

(Supplement I, Chapter 6.4, page 77). 

5.2 Endocrine compounds in environmental waters 

Among all compounds in the environment, the hormone residues have become a cause 

for the possibility to affect the endocrine system of non-target organisms. The influence on 

the sexual development of fish in UK rivers was reported many years ago. Anyhow not only 

fish are supposed to be affected, endocrine disruptors (EDCs) can cause reproductive 

abnormalities in human beings and also a decreasing sperm count.  

Steroid hormones can be classified as endogenous and exogenous, by their structure and 

by the pharmacological effects or in general in estrogens, gestagens and androgens. Because 

of the anabolic effects, estrogens have been used in animal fattening and androgens that 

control the development of masculine and have been used as grow promoters and to improve 

athletic performance.  

The occurrence of steroid hormones and their conjugates was reported in wastewater, 

surface and ground waters and drinking water. The occurrence in the environment is 

explaining by not sufficient remove in WWTPs. Commonly, natural estrogenic steroids (such 

E1, E2 and E3) are quite often detected in water samples, in contrast conjugated and synthetic 

forms are not detected very often. Commonly the concentration in surface and wastewaters 

does not exceed a few ng/L. In the river and the marine sediment it is about pg/g to ng/g. The 

concentration is usually higher than E2 and E3. Some hormones show relatively low polarity 

and therefore the sorption is expected. Hormones have the same way of entrance into the 

environment as other pharmaceutical drugs; via wastewater, sewage sludge or by manure 

spread into agricultural fields [4].  
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The environmental analysis provides a wide range of matrices, from aqueous to solid 

samples. The methods have to be sensitive and allow the identification of unknown 

metabolites or compounds. Gas chromatography with mass spectrometry was used with 

derivatization reagents; nowadays liquid chromatography is used more often since a 

derivatization step is not required for this determination and the limits of detection are under 

ng/L or ng/g. The sensitivity is a very important parameter, therefore just several studies used 

a diode-array or a fluorescence detector.  

Due to the low concentrations it is necessary to obtain high recoveries, pre-

concentration and to minimize interferences during the sample preparation. Solid phase 

extraction (SPE) is very frequently used to extract steroid hormones from aqueous samples; 

mainly Oasis HLB is the most commonly used cartridges. Pressurised liquid extraction (PLE) 

and solvent extraction assisted by ultrasonication and microwave-assisted extraction (MAE) 

are used for solid environmental samples.  

To reduce the solvents and avoid the extraction by toxic organic solvents, 

microextractions techniques were employed. Additionally on-line coupling of microextraction 

methods is easier and provides a better sensitivity. Steroid hormones provide non-polar and 

non-ionic characters that facilitate the use of reversed phase purification and separation 

strategies. Solid samples cannot be applied directly to the microextraction techniques and the 

previous step is necessary [4].  

EU banned the use of substances with hormonal action growth promotions and 

fattening purposes since 1981. Veterinary drugs (including hormones) are regulated by the 

establishment of maximum residue limits (MRLs) in foodstuff of animal origin as well. The 

analytical control of food produced by animals (and their primary products as well) were 

regulated by Council Directive 96/23/EC and 2002/657/EC. The Water Framework Directive 

tried to establish some programs to monitor the quality of the water for Member States and 

Associated States. Therefore, it was necessary to have a list of emerging contaminants and 

other possible candidates. Contaminant Candidate List (CCL-3) published in 2009 by U.S. 

Environmental Protection Agency (EPA) contains only 8 hormones. The European 

Commission (EC) studies the relevance of some organic micro-pollutants in these matrices to 

include them in a Sludge Directive. There is also a problem of illegal use of anabolic 

androgenic steroids in sports, such androstenedione, testosterone and methyltestosterone [120, 

121]. 
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5.2.1 Analytical methods 

Recently the most important methods used for the determination of steroid hormones 

are LC-MS, LC-FD and GC-MS or immunoassays. However, several types of detection are 

used: MS
2
>MS>FD>UV (ordered by sensitivity) [121]. 

Liquid chromatography coupled with mass spectrometry 

 The main advantage of LC is the determination without derivatization and no 

limitation by the non-volatility and molecular weight of steroid compounds.  Due to these 

reasons liquid chromatography is more used.  

However, LC coupled with mass spectrometry detection is a sensitive method with the 

possibility of a matrix effect, as the suppression or the enhancement of the signal. 

Electrospray ionization (ESI) is known to be sensitive to the matrix suppression and isobaric 

interferences in comparison with the atmospheric pressure and the chemical ionization. 

Accordingly, ESI provided better detection limits in a standard solution.  

 The selection of the mobile phase is involved by the enhancement of ionization in MS. 

The most frequently used mobile phase was water with additives (e.g. formic acid) and ACN 

or MeOH. The best response for E2 was provided in the mobile phase composed of water and 

methanol due to better separation efficiency, with a higher response and a better peak shape in 

many studies. However in other study MeOH caused unresolved peaks of αE2 and βE2 and 

the highest selectivity was accomplished by ACN and 0.1% of formic acid (or acetic acid with 

lower intensity of MS
2
). Almost all studies reported gradient elution and other several studies 

determined steroid hormones on UHPLC [4].  

Mass spectrometry detection 

Most often used ionization techniques were ESI (mainly negative mode), APCI and 

APPI. Triple quadrupole (QqQ) was mostly applied and it was achieved better results in 

comparison with the Q-TOF analyzer and the ion trap. Steroid hormones have a poor 

sensitivity in ESI, since they have non-polar character compared to the polar and ionisable 

organic compounds. Therefore some studies added chemical derivatization to the 

determination of the target compounds. The signals of some steroids and bisphenol A (BPA) 

were better with ESI than other techniques such APPI, APCI/APPI.  

Dansyl derivatives measured by UHPLC coupled with ESI achieved the best 

performance. Also better responses were presented by Nieto et el. for sulphates and 

glucuronides with ESI. Post column addition of ammonium hydroxide improved the 
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sensitivity for ESI, but decreased for APCI.  Tetrabuthylammonium increased the sensitivity 

and ammonium acetate and formate caused the decreasing of response of the target analytes.  

Isobe et al. reported that the absolute abundance decreased with acetate buffer. 

APCI provided similar or a lower signal compared to ESI for E1, E2, E3, EE2 and 

phytoestrogens. Anyhow, one study reported three times greater signal for E1 than using ESI. 

The signal intensity increased one or twice for the estrogens in complex matrices compared to 

ESI.  

 APPI reached the ion signal of neutral steroid compounds with comparable ionization 

for native and derivatized steroids. This technique provided a higher selectivity of some 

steroids compared to ESI and APCI. A mobile phase of 0.1% of formic acid in MeOH and 

0.1% ammonium hydroxide in 2-propanol showed higher intensities in APPI(-) and APPI (+), 

respectively. Toluene directly infused into the APPI(-) improved the efficiency for the 

positive mode and in a little higher flow for the negative mode. 

 LC-QqQ-MS
2
 reached better limits of detection and selectivity than LC-TOF-MS, in 

one study even 13 times [122].  

Derivatization 

The ionization of estrogens by ESI and APCI was less efficient than other polar 

compounds. Chemical derivatization could improve ionization and enhance signals in LC-

MS, but can change the chromatographic behaviour of the target compounds. Derivatization 

can improve the sensitivity about 100 times or even 1000 times.  

 In general, dansyl chloride is mostly used for estrogens in water samples. The highest 

signal reached dansyl-estrogens 111 higher than the underivatized compounds. A better 

sensitivity of dansyl chloride and pentafluorobenzyl bromide was demonstrated in other 

studies. Online derivatization and sample preparation was performed in two studies, with 100 

fold improvement of sensitivity of estrogens determination. 

Girard reagents T and P were used in ESI (+) mode for the neutral steroid hormones 

and sub pg were measured by this technique. Girard reagent P was successfully used for 

MALDI-MS with characterization of 50-pg levels. However in comparison with 2-hydrazino-

1-methylpyridine, girard reagent P provided lower sensitivity and not so good 

chromatographic behaviour.  
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Derivatization reagents such 1-(2,4-dinitro-5-fluorophenyl)-4-methylpiperazine and 4-

(4-methyl-1-piperazyl)-3-nitrobenzoyl azide reached limits of detection about femtomolar 

range. The proton-affinitive derivatizing reagents is generally effective for improving of 

APCI(+) sensitivity. Acetylation of hydroxyl groups is the easiest derivatization method for 

APCI(+), but methyloxime derivatization allows enhancing sensitivity 40-60 fold. The 2-

nitro4-trifluoromethylphenyl hydazones of pregnenole and progesterone increase ions intense 

20 and 30 times in APCI(-) mode. Derivatization on phenolic groups of estrogens, such 

dansyl chloride (ESI+), 2-fluoro-1-methylpyridinum p-toluenesulfate (ESI-) and 

pentafluorobenzyl bromide (APCI+) was successfully used for environmental samples.  

In GC determination, derivatization is a very important step, because of the increasing 

volatility, separation and stabilitization of the thermolabile substances. The most widely 

derivatization agents are N,O-bis(trimethylsilyl)trifluoracetamide (BSTFA), N-methyl-N-

(trimethylsilyl) trifluoracetamide (MSTFA) and BSTFA with 1% trimethylchlorosilane 

(TMCS), which provided the highest trimethylsilylation. Nie et al. reported that aliphatic 

hydroxyl groups were more difficult to derivatize than the aromatic ones. However, after the 

ultrasonication, a complete silylation of both, aliphatic and aromatic groups was 

accomplished.  

Bowden et al. reported some guidelines for the derivatization followed by the GC-MS 

analysis [122]. 

5.2.2 Sample preparation 

Liquid phase extraction and microextraction techniques 

Liquid phase extraction (LPE) with high recoveries has been traditionally used for the 

determination of steroid hormones in environmental samples. Because of the time consuming 

process and the expensive cost, miniaturized techniques have replaced LLE in environmental 

analysis.   

Dispersive liquid-liquid microextraction based on the solidification of the floatign 

organic drop (DLLME-SFO) was successfully used for the determination of steroid 

hormones. DLLME has some advantages of LPME, but there are some problems such as high 

density or necessity of centrifugation. 

A dihydroxylated polymethylmethacrylate (DHPMM) coating on hollow-fibre liquid 

phase microextraction was used for the determination of estrogens. This method was 

combined with GC-MS and recoveries were between 86% and 110%. The next study 



58 

developed a method based on this technique for the extraction of several steroid hormones. 

Samples were determined by HF-LPME-GC-MS with enrichment factor over 1400 after 

derivatization. Liu et al. determined three estrogens in wastewater by HF-LPME followed by 

GC-MS. Recoveries were the same as in other studies and the limits of detection were higher. 

This technique was used for the determination of progesterone in human serum samples. 

Recently, molecularly imprinted polymer-coated polypropylene hollow fiber tube was used 

for the determination of several EDCs and as template was used diethylstilbestrol with a 

recovery of 83.7% – 90.6% in milk samples. HF-LPME has a very good stability for organic 

solvents and tolerance to higher temperatures and sampling times, on the other hand 

membrane pre-conditioning and the possibility of memory effects when membranes are 

reused are drawbacks. 

 Chang et al. extracted estrogens from rivers and tap waters by solid-drop 

microextraction (SD-LPME) coupled by ultra high performance liquid chromatography with 

photodiode-array detection and achieved enrichment factors 121- and 260-fold with good 

relative recoveries. 

The reduction of organic solvent volume leads to development of single microdrop 

used in SDME technique. Unfortunately there was instability of the drop due to the limited 

drop surface and other problems such as carry over etc. These disadvantages can be overcome 

by SDME, which need proper solvent for the freezing.  

Other technique such as the cloud point extraction (CPE) based on the use of micellar 

solutions, which a small amount allows the preconcentration and the analyte extraction to 

occur in just one step. Wang et al. applied this methodology for steroid hormones in WWTPs. 

The extraction was carried out by Triton X-114, in this case. The micellar solution (non-ionic 

surfactants) was successfully used in LPME for the extraction of some different organic 

compounds from different matrices, but as far as it is known, they have not been used for the 

extraction of steroid hormones. 

Sorbent extraction and microextraction techniques 

Solid phase extraction is one of the most used extraction methods for the 

determination of steroid hormones. C18, HLB, STRATA X and amine sorbents are widely 

used for aqueous samples. SPE off-line was reported in most cases. SPE was also successfully 

used with derivatization with dansyl chloride. Oasis HLB and the other polymeric cartridges 
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together with selective sorbent materials such as molecularly imprinted polymers or restricted 

access materials were typical materials for the online extraction.  

Oasis HLB cartridge shows itself as one of the most potential sorbent. This sorbent 

was in combination with used Sep-Pak Plus NH2 cartridge (silica-based polar phase with basic 

character) and improved the elimination of matrix interferences. In other study compared 

STRATA X and Oasis HLB and the first one mentioned achieved the best results.   

SPE include several steps, such as conditioning, sample applying, clean-up and 

elution. 

Sample volumes vary depending on the matrix and the type of method (online or 

offline), from just some mL (mainly online) to 4 L. Lower sample volumes decrease not only 

the matrix effect, but also the possibilities of preconcentration. However, small volumes as 1 

mL were sufficient for the required sensitivity.  

Elution is another very important step in SPE and was performed typically by 

methanol, ethylacetate, or in combination of both. Triethylamine and 2% of ammonium 

hydroxide were added into methanol for the elution of estrogen-conjugates. The improvement 

of the recoveries for real samples was presented also by adding 5% of acetonitrile into 

methanol. In several studies were reported that drying during the elution step was without 

changing the eluent.  

Several miniaturized methods, such as the solid phase microextraction and the stir-bar 

sorptive extraction (SPME and SBSE) were reported. 

In the study of Qiu et al. was developed a selective solid phase microextraction 

(SPME) fiber for anabolic steroids from a testosterone-imprinted polymer. This type of fiber 

was used for the extraction of anabolic steroids followed GC-MS. Androstane, stanolone, 

androstenedione and methyltestosterone were determined by a fiber placed in a homemade 

syringe and inserted into a GC-MS injection port. Molecular imprinted polymers (MIPs) 

technique was used to determine estrogenic compounds and being compared with non-

imprinted polymer coated SPME. A higher sensitivity was obtained in this technique; 

however MIPs did not allow the separation of a wide range of analytes.   

Stir-bar sorptive extraction with thermal desorption followed by GC-MS was used to 

determine estrogens, gestagens and androgens. This method included in situ derivatization 

with ethyl chloroformate and acetic acid anhydride. The same method was applied to the 

determination of estrogens compounds in river waters. In the extraction method, first was 
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performed in situ acylation and then the thermal desorption with quartz-wool-assisted in-tube 

silylation followed by GC-MS. A similar procedure was used for the determination of estrone 

and 17β-estradiol. The combination of SBSE method and thermal desorption followed by GC-

MS was presented for the determination of hormones in soil and sediment samples. Tan et al. 

reported recoveries for the target hormones between 44% and 128%. 

The combination of SBSE-LC was reported also for the determination of steroid sex 

hormones, but the recovery was in a range from 11.1% to 100.2%. PDMS is only 

commercially available coating for SBSE. For a better extraction efficiency, Hu et al. used a 

PDMS and β-cyclodextrin prepared by a sol-gel technique. The recovery was improved from 

85% to 124%. The next modification of SBSE technique was reported by Huang et al.. This 

modification was based on the monolithic material, which was obtained in situ by 

copolymerisation of methalcrylic acid stearyl ester and ethylene dimethacrylate. The same 

authors used a different monolithic material obtained by the in situ copolymerisation of 

vinylpyrrolidone and divinylbenzene to extract polar hormones without derivatization.  

The next microextraction technique employed for the determination of mestranol, 17α-

EE2 in water samples was the microextraction in packed sorbent (MEPS) with a recovery 

higher than 75%. Lower recoveries (above 60%) were obtained by Anizan et al. for five 

steroid metabolites with a repeability under 11%. 

The results of this work were published in Analytica Chimica Acta and Trends of 

Analytical Chemistry (Supplement II, Chapter 6.5, page 93 and Supplement III, Chapter 6.6, 

page 108). 

5.2.3 In-tube SPME method for EDCs 

One of the most friendly used microextraction methods based on SPME is the in-tube 

SPME, which is possible to connect online to HPLC. This online method coupled with LC-

FD and was optimized for the determination of EDCs in several studies. As a sorbent, it was 

used a poly(acrylamide-vinylpyridine-N,N´-methylene bisacrylamide) monolith. Low limits 

of detection were achieved in tap water, lake water and sewage water samples. The same 

results were published by Mitani et al. for in-tube SPME with LC-UV-MS for surface waters. 

The same column sorbent with different film thicknesses was applied by Saito et al. for 

nandrolone, testosterone, methyltestosterone and some other EDCs. The results were 

comparable with other studies [123].  
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The in-tube SPME was used twice in this work, using different modes; first the 

dynamic and than the static mode. In the first method, the dynamic mode consisted in the 

capillary was connected directly behind the injection needle and in front of the injection valve 

of the autosampler. In this connection no mobile phase flowed through the capillary. 

Connections were facilitated by the use of a 4cm x 1/6 in sleeve and polyethyletherketone 

(PEEK) tubing and were placed at each end of the capillary column. Stainless steel nuts, 

ferrules and connectors completed the connections.  In the second, the static method, the 

capillary replaced the injection loop and it was connected the same way as in the case of the 

dynamic mode [123]. Desorbent was moved to the column by mobile phase, which pass 

through the capillary. 

Dynamic mode in-tube SPME 

There are several parameters to be optimized in the in-tube SPME method, such as the 

capillary column, the sample volume and the number of draw/eject cycle.  

Due to the optimization in other studies 60cm of capillary length was selected and in 

preliminary working conditions we tested three different columns; Supel-Q(porous polymer), 

Carboxen (porous carbon molecular sieve) and CP-Sil 19CD (polysiloxane backbone), 

respectively. The target EDCs provided not suitable results for the extraction efficiency for 

CP-Sil and this column was removed from the next experiments.  

Supel-Q and Carboxen capillary were tested with an addition of salt, which 

theoretically can improve the extraction. Samples without salt and with addition 15% of NaCl 

do not provide any differences.  

The next step for the optimization was to do a change in pH, but the selected EDCs 

had pKa about 10.0, and in lower values are in neutral form. Therefore it wasn’t added any 

salt and the pH of samples was not adjusted (pH 5.5) [123].  

The number of draw/eject cycles (one cycle takes less than 1.5 min) and sample 

volume were optimized by experimental design (3
2
 factorial design, with duplicate central 

points).  Optimal conditions were tested in a range from 20 to 60 numbers of cycles and from 

50 to 100 µL for sample volume.  

For Supel-Q was slected as an optimal condition 20 draw/eject cycles and 75 µL of 

sample volume. Only Bishpenol A provided 60 draw/eject and 100 µL on Supel-Q column, 

the others compounds showed the highest signal under the finally selected conditions.  E3 

showed almost the same signal for 20 draw/eject cycles and 100 µL. 
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Optimal conditions for Carboxen were 40 draw/eject cycles and 100 µL samples, 

which were reached as optimal for all the compounds except Bisphenol A and estriol. The 

optimal conditions for Bisphenol A was 20 draw/eject cycle, 75µL of sample volume and for 

estriol 40 draw/eject cycles and 50 µL of sample volume, respectively. 

Under optimal conditions of both capillary columns were constructed the calibration 

curves, the limits of detection and the limits of quantification. The results were compared with 

the optimised SPE method and the results were quite similar. Spiked and non-spiked real 

samples were determined by using in-tube SPME-HPLC-FLD with both capillary under 

optimal conditions.  The recoveries obtained in all samples (including sea water and 

wastewater samples) were better than 80%. Samples of WWTP reached recoveries between 

85 – 102% [123].   

The results of this work were published in International Journal of Environmental 

Analytical Chemistry (Supplement 6.7, page 136).  

Static mode in-tube SPME 

In-tube SPME is typically performed using a piece of a fused-silica capillary with a 

stationary phase coated on its inner surface (e.g., a short piece of a GC column). Supel-Q-PLOT 

capillary was found more efficient for the analysis of estrogens by Kataoka et al. [124]. This 

column was used by Mitani et al. [125-128] in length of 60 cm for the online in-tube SPME of 

estrogens. Therefore, we performed one cycle with a Supel-Q capillary with a length of 60 cm 

and used methanol as the elution reagent for the initial optimization. 

The first stage of the in-tube SPME parameter optimization study consisted of a 2
4
 

factorial design, which the design consisted of 16 runs. The variables under consideration 

included the extraction time (10 and 30 min), desorption time (10 and 30 min), standard 

solution volume (25-50 µL) and desorption solution volume (25-50 µL). Partial and bivariate 

correlations between dependent and independent variables were investigated. An extraction time 

of 10 minutes, the desorption time of 10 minutes, the sample volume of 50 µL and the 

desorption volume of 25 µL were used in subsequent studies.   

The optimal length of a capillary column ranges from 20 to 100 cm; we studied capillary 

lengths of 40, 60 and 80 cm. The results showed that a capillary length of 40 cm presented some 

technical problems, like a capillary break, that led to a short lifetime. Capillary lengths of 60 

and 80 cm were tested, and significant differences were not observed. However, a capillary 
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length of 80 cm permitted a greater sample volume, which improved the results and it did not 

affect to the desorption efficiency.  

After optimizing the capillary length, a 3
2
 experimental design was used and the 

extraction time (2, 6, and 10 min) and sample/standard solution volume (35, 50 and 65 µL) 

were evaluated using a surface response methodology. All the data was obtained in a single 

cycle. The experiments were performed at a desorption time of 10 min, and 25 µL of 

methanol was used as the desorbent. In all cases, the best results were obtained with 65 µL of 

sample/standard solution at an extraction time of 2 min. 

The desorption time (1, 2, and 10 min) was studied under the optimal extraction 

conditions. Therefore, the optimal in-tube SPME conditions for a single cycle were as follows: 

capillary column length of 80 cm, extraction time of 2 min, sample volume of 65 µL and 

desorption time of 1 min. 

In-tube SPME methods for EDCs in environmental samples were performed using sample 

volumes between 0.4 mL and 4 mL in draw/eject cycles [126, 128, 129]. After performing the 

single cycle optimization of in-tube SPME using methanol as the desorbent agent, the number 

of cycles in the extraction step was increased to improve the analytical signal. 

Experiments were performed for 1, 2, 4, 8, 12 and 15 cycles, and 65 µL of sample was 

used in each cycle. The number of cycles increased, the analyte signal also increased. The best 

signals were obtained when 12 or more cycles were conducted. However, the improvement in 

the results obtained with 15 cycles compared with 12 cycles was not sufficient to compensate 

for the increased extraction time. Thus, in subsequent experiments, 12 cycles were performed. 

Micellar media can be used as an alternative to organic solvents for the desorption and 

has been used as desorbents in previous studies [130-132]. Under the optimal conditions for 

the proposed conventional in-tube SPME method, we replaced methanol with more 

environmentally friendly eluents in the desorption step. Based on the results of preliminary 

studies, two non-ionic surfactants were selected for the present study, including POLE 

(polyoxyethylene 10 lauryl ether) and Genapol (oligoethylene glycol monoalkyl ether). The 

desorption was performed under non-optimal conditions for comparison. The experiments 

were conducted under similar conditions as optimal conditions for methanol desorption.  Both 

of the surfactants were used at a concentration of 1% (v/v). Although comparable results were 

obtained with Genapol and POLE, Genapol provided lower relative deviations for all of the 

target compounds. Therefore, Genapol was used in a further research.  
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Variables that affected the desorption step were studied using a surface response 

methodology and a 3
2 

factorial design. The surfactant percentage (0.1, 0.55, and 1% v/v) and 

desorption volume (10, 15, and 20 µL) were selected as variables. In general, the highest 

surface response was achieved when the lowest concentration of Genapol (0.1%, v/v) and a 

desorption volume of 20 µL were employed.  

The optimal conditions for in-tube SPME with micellar desorption with Genapol were as 

follows: capillary column length of 80 cm, 12 cycles, sample/standard solution volume (for one 

cycle) of 65 µL, extraction time of 2 min, desorption time of 1 min, 20 µL of 0.1% (v/v) of 

Genapol as the desorption reagent.  

For the study of the matrix effects in the optimized in-tube SPME method, the proposed 

procedure was used to extract and determine the selected EDCs in spiked seawater and 

WWTP effluent samples. The overall recoveries were 93.0-103.4 % in seawater samples and 

93.0-101.2% in WWTP effluent samples. Using Genapol as the desorbent, the overall 

recoveries were 93.7-104.4 % in seawater samples and 90.5–106.9 % in WWTP effluent. 

Similar results were obtained with a FD.  

The results of this work were submitted to Chromatographia (Supplement V, Chapter 6.8, 

page 154). 
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5.3 Benzimidazole fungicides 

Very important environmental pollutants are pesticides, which also provide a risk 

assessment. The target of this chapter is to summarize the extraction and determination 

methods of benzimidazole fungicides.  

Pesticides are widespread used in agriculture; their residues may persist in the 

environment or can be transported into growing plants and fruits. They are applied directly to 

the soil or sprayed over the crops, therefore they avoid WWTP and they are released directly 

into the environment. The using of pesticides boosts the effectively of planting and inhibit the 

variety fungi and prevent parazitic infections. One of the most spread groups of pesticides are 

benzimidazole fungicides, containing an imidazole ring and acidic and basic nitrogen atoms. 

These compounds are used very often and the European Water Framework Directive 

(Directive 2006/11/CE4) established the maximum residue levels. 

 The first compound introduced from benzimidazole fungicides was thiabendazole 

(TBZ), quickly followed by parbendazole, cambendazole, mebendazole etc. Some used 

fungicides, such as netobimin or febantel that had higher bioavability due to their grater water 

solubility. Most of these compounds have Kow in a range of 0.8 - 3.3. The molecules can be 

protonated (pKa1 5-6) or deprotonated (pKa2 12). Several others compounds with similar 

structure were found as fungicidal agents. Anyhow some modifications in the benzimidazoles 

results slowed the rates of elimination [20].  

Liquid sample preparation 

Sample preparation is a crucial step in the analysis and includes the isolation of target 

analytes, reducing interferences originally presented in the sample and pre-concentration.  

Liquid-liquid extraction (LLE), which was used as the first sample preparation method, 

was followed by the solid phase extraction (SPE), on-line supported liquid membrane (SLME, 

three-phase aqueous-organic solvent-aqueous system), microporous membrane liquid-liquid 

extraction (MMLLE, two-phase aqueous-organic solvent system), cloud point extraction 

(CPE) and solid phase microextraction (SPME) have been used for sample preparation of 

benzimidazole fungicides from liquid environmental samples.  

Recently, SPE was used more often with a good recovery achieved by materials such as 

C18, polystyernedivinylbenzene, ethylvinylbenzene-divinylbenzene, polystyrene and active 

carbon. Next sample preparation related to new sorbent materials is the moleculary imprinted 

polymers (MIPs). This technique was successfully applied for the benzimidazole extraction. 
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SPE technique is often replaced by other more environmental friendly microextraction 

techniques which are frequently an alternative for the sample preparation with not only 

benzimidazoles.  

Different technique configurations have been developed such as static LPME, dynamic 

LPME, single-drop LPME, hollow fiber-based LPME, dispersive LLME and etc. However 

some problems in these methods are still persisting, e.g. instability of liquid drop in single-

drop LPME or bubbles formation in HF-LPME. Benzimidazoles were extracted by CPE 

method with non-ionic surfactant such as POLE and Genapol. This method obtained 

comparable results with other reported ones and allowed an environmental friendly extraction.  

There was reported the use of surfactant-coated mineral oxide columns for SPE and 

demonstrated that these new materials are a promising tool for organic compounds [19].  

Solid samples extraction 

The most frequently used methods for the extraction of organic compounds from soils 

are Soxhlet or ultrasonic extraction. The newer extraction techniques, such as supercritical 

fluid extraction (SFE), pressurized liquid extraction (PLE) and microwave-assisted extraction 

(MAE), are faster, use much smaller amounts of solvents and are environmentally friendly 

techniques.  

In the last few years, there has been an increase in the number of procedures using 

microwave energy to extract organic compounds from environmental matrices. Microwave 

assisted extraction (MAE) is a process of using microwave energy to heat solvent in contact 

with a sample in order to obtain partition of analytes from the sample matrix into the solvent. 

In comparison with other conventional methodologies, such as Soxhlet extraction, MAE 

requires less energy, shorter analysis periods and the use of smaller solvent volume of 

analysis.  

The use of micellar media as alternative to conventional organic solvents in the MAE 

procedure could offer important advantages such as safety, simplicity, lower toxicity, Loir 

cost and greater compatibility with the aqueous organic mobile phase in the LC separation 

process. This combination, called microwave-assisted micellar extraction (MAME) has been 

applied to the extraction of different compounds from solid matrices. Among the advantages 

of the MAME are reduced volumes of extractant, low cost and reduced toxicity in comparison 

to organic solvents. Moreover, MAME reduce analysis time compared with conventional 

Soxhlet extraction. This extraction method was reported for benomyl, carbendazim, 

thiabendazole and fuberidazole in soil samples [20].   
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Analytical methods 

Numerous analytical methods have been reported for quantitation of benzimidazole 

fungicides in different matrices based on spectrophotometry, fluorimetry, phosphorimetry, 

electrochemical, enzyme-linked immuno-sorbent assay, gas chromatography-mass 

spectrometry, although is routinely carried out by high performance liquid chromatography 

coupled with ultraviolet, fluorescence, and mass spectrometry detectors. 

In environmental samples, flow injection analysis (FIA) coupled with 

chemiluminescence (CL) is a well established technique for the ultra-trace analysis of a 

variety of compounds in diverse matrices using various CL reagents including benzimidazole 

fungicides (Fletcher et al. 2001). FIA-CL method for the determination of carbendazim has 

been reported (Liao and Xie 2006), which is based on the enhancement of CL reaction of 

luminol and hydrogen peroxide (H2O2) by a carbendazim in sodium hydroxide–sodium 

dihydrogen phosphate medium (pH 12.6). 

LC–MS and LC-MS/MS have found more widespread application in environmental 

analysis offering more sensitive detection and increased confidence in reporting results. It 

should be desirable the development of specific methods for benzimidazole fungicides in 

environmental samples using LC–MS/MS combined with new sample treatments to apply to 

real environmental samples. Alternatively, HPLC coupled to UV and fluorescence detection 

in series may offer a low cost to LC–MS/MS and may be particularly effective in the 

optimization of sample treatments [20]. 

This work was published as a chapter of book Fungicides (Supplement VI, Chapter 6.9, 

page 180). 
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7 Conclusion 1 

The presented thesis is focus on the determination of pharmaceuticals in the environment, 2 

which become increasing concern due to their presence in the environment. Traditional extraction 3 

techniques are replaced by microextraction and greener methods, more suitable to environment. 4 

However, environmental matrices are complex and concentration of target analytes are very low, 5 

therefore solid phase extraction is still often used method for sample preparation. Recently, mass 6 

spectrometry is used more than the other detection techniques. This was confirmed by 7 

summarization of methods for sample preparation and determination of steroid hormones and 8 

benzimidazole fungicides.  9 

The other part of the thesis is based on sample preparation of environmental waters samples 10 

followed by liquid chromatography. New methods for determination of fluoroquinolone antibiotic 11 

and steroid hormones were developed, validate and applied to the real environmental samples. 12 

First study was focused on the determination of fluoroquinolones. For developed of 13 

analytical method systematic method development designed by Waters Corporation was used and 14 

compared by other known methods. Target analytes were extracted and detected in pH 10.5 in 15 

contrast to scientific literature. The optimized method was applied on samples from wastewater 16 

treatment plant of hospital in Hradec Králové. 17 

The second and third study dealt with determination of endocrine disruptors, steroid 18 

hormones, respectively. Extraction method was performed by in-tube solid phase microextraction 19 

coupled with high performance liquid chromatography with ultraviolet and fluorescence detection. 20 

In dynamic mode in-tube SPME was automatized and whole process was operated by autosampler. 21 

In static mode, manual Reodyne, where injection loop was replaced, was used for extraction. Both 22 

methods were optimized by experimental design and applied to the sea water and wastewater, 23 

respectively. 24 

The detection of pharmaceuticals in environment is important and it is necessary to continue 25 

in their monitoring to determine their fate and occurrence in the environment. Residues of 26 

pharmaceuticals can affect aquatic organism as well as human health. Additionally, monitoring of 27 

pharmaceuticals in the environment shows insufficiency of wastewater treatment plants and the 28 

important necessity of improvements of wastewater treatment process.  29 

 30 

31 
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