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ABSTRACT 

 
 

Excessive use of antibiotics induces accumulation of them in the environment and 

due to their adverse effects antibiotics are classified as an emergent pollutant. Considering 

the importance of antibiotic pollution control, the adsorption of a widely used tetracycline 

group antibiotic, oxytetracycline (OTC) onto perlite, sepiolite, and bentonite as natural 

adsorbents was investigated. The effects of initial antibiotic concentration, contact time, 

and pH on the adsorption of OTC were studied. Batch adsorption experiments indicate that 

the extent of sorption is strongly dependent on the pH of solution. The adsorption capacity 

of perlite, sepiolite, and bentonite for OTC at pH 6.5 was found 5.87, 5.57, and 10.93 mg 

g-1, respectively. Pseudo-first order, pseudo-second order, Elovich, and intraparticle 

diffusion kinetic models were applied to the experimental data to describe the adsorption 

process. It was found that OTC adsorption on each adsorbent could be described more 

favorably by the pseudo-second order kinetic model. Standard adsorption isotherms were 

used to fit the equilibrium data and isotherms of each adsorbent were adequately described 

by Freundlich and Temkin models. Among the investigated adsorbents bentonite exhibited 

the highest adsorption performance.  The treatment of spent bentonite was also performed 

by Fenton and ozonation processes which efficiently degraded OTC. While the extraction 

pretreatment enhanced the OTC degradation efficiency of ozonation process, it didn’t 

affect the performance of Fenton process.   
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ÖZET 

 

 

Antibiyotiklerin aşırı kullanılması doğada birikmelerine sebep olur ve zararlı etkileri 

nedeniyle kirletici olarak sınıflandırılırlar. Bu çalışmada antibiyotik kirliliği kontrolünün 

önemi dikkate alınarak, yaygın bir şekilde kullanılan tetrasiklin grubu antibiyotiği 

oksitetrasiklinin (OTC) doğal mineraller olan perlit, sepiyolit ve bentonite adsorpsiyonu 

incelenmiştir. Antibiyotik adsorpsiyonunda başlangıç antibiyotik konsantrasyonu, temas 

süresi ve pH etkileri kesikli adsorpsiyon deneyleri ile incelenmiştir ve adsorpsiyon 

veriminin büyük ölçüde ortam pH’ına bağlı olduğu saptanmıştır. Perlit, sepiyolit ve 

bentonitin pH 6.5’da OTC için adsorpsiyon kapasiteleri, sırasıyla 5.87, 5.57 ve 10.93 mg g-

1 olarak bulunmuştur. Adsorpsiyon prosesini tanımlamak için yalancı-birinci derece, 

yalancı-ikinci derece, Elovich ve partiküllerarası difüzyon kinetik modelleri uygulanmıştır 

ve herbir adsorbent için OTC adsorpsiyonu yalancı-ikinci derece kinetic model ile 

tanımlanmıştır. Adsorpsiyon mekanizmasının açıklanması için standart adsorpsiyon 

izotermleri kullanılmış ve herbir adsorbent için Freundlich ve Temkin modelleri uygunluk 

göstermiştir. Adsorbentler arasında en yüksek verimi bentonit vermiş ve kullanılan 

bentonitin rejenerasyonu da adsorplanan OTC’nin ozon ve hidrojen peroksit ile giderimi 

sağlanarak gerçekleştirilmi ştir. OTC’nin bentonitten ekstraksiyonu ozon prosesi için bir 

avantaj sağlasa da Fenton prosesinin performansını etkilememiştir.   
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1. INTRODUCTION 

 
 

Large quantities of antibiotics are administered to humans and animals to treat 

infectious diseases every year. Veterinary antibiotics are also commonly used at 

subtherapeutic levels for prophylactic purposes and to promote growth. Subsequently, the 

presence of antibiotics in different environmental compartments such as soil, groundwater, 

surface water, and plants have been reported in recent studies (Hamscher et al., 2002; 

Boxall et al., 2006; Kim and Carlson, 2007; Dolliver et al., 2007; Barnes et al., 2008). 

Antibiotics are classified as an emergent pollutant since they could perturb microbial 

ecology, increase the reproduction of antibiotic-resistant pathogens, and could pose threats 

to human health (Frick et al., 2001). The contamination of waters with antibiotics presents 

challenges for the water industry on the issues of water reuse and water resource planning 

(Huang et al., 2001). 

 

Generally, conventional wastewater treatment plants (WWTPs) including biological 

treatment processes have been shown to be ineffective in the removal of antibiotics 

(Glassmeyer et al., 2005; Kolpin et al., 2002; Stumpf et al., 1999). Oxidative treatments 

such as ozonation, Fenton and photocatalytic processes have been shown to be an option 

for the treatment of antibiotics (Hofl et al. 1997; Rey et al. 1999; Akmehmet Balcioglu and 

Ötker, 2003; Iketha et al., 2006). However, these treatment methods may cause the 

production of oxidation by products in the treated water. On the other hand, an efficient 

removal of some antibiotics was achieved by granular activated carbon, membrane 

bioreactors, membrane filtration processes using reverse osmosis and nanofiltration 

(Snyder et al., 2007). 

 

Recent studies related with the fate of the antibiotics in the environment indicated 

that some of the antibiotics (e.g. tetracyclines) exhibited strong sorption tendency to the 

soil and the clay content of soil was found to be mainly responsible for the sorption of 

these antibiotics (Boxall et al., 2002; Figueroa et al., 2004). It is known that natural 

microporous materials including clay minerals as low cost adsorbents and barriers are 

utilized  in the field of water pollution control and decontamination (Babel and Kurniawan, 

2003; Crini, 2006; Ahmaruzzaman, 2008). Considering these facts, in the present study, 



2 
 

the sorption of a tetracycline group antibiotic, oxytetracycline (OTC) on perlite, sepiolite, 

and bentonite was investigated and the removal of OTC from the water was evaluated at 

different pH values. The sorption kinetics and the sorption isotherms were studied on three 

different adsorbents by using different models. The degradation of OTC, loaded on one of 

the adsorbents, which exhibited a higher removal performance, was also examined by the 

application of Fenton and ozone treatments.  
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2.  THEORETICAL BACKGROUND 

 

 

2.1.  Occurrence of Antibiotics in the Environment 

 

In recent years, the occurrence and the fate of pharmaceutically active compounds in 

the environment has been recognized as one of the emerging issues in environmental 

chemistry (Stan and Heberer, 1997; Halling- Sørensen et al., 1998; Daughton and Ternes, 

1999; Daughton and Jones-Lepp, 2001; Kümmerer, 2001a, b). 

 

Today, a wide range of naturally occurring and of synthetic antibiotics is frequently 

used for the therapy of infectious diseases in human and veterinary medicine (Grafe, 1992). 

For this purpose, antibiotics are designed to act very effectively even at low doses and, in 

case of intra-corporal administration, to be completely excreted from the body after a short 

time of residence. Consequently, these substances are released into the environment via the 

waste of organisms. Therefore, the residual concentrations of pharmaceutical antibiotics are 

found in the environment. The contaminations of surface, ground and drinking water, of 

aquatic sediments and soils with pharmaceuticals have been reported by several researchers 

(Richardson and Bowron, 1985; Heberer and Stan, 1996; Hirsch et al., 1999; Kümmerer, 

2001a, b; Hamscher et al., 2002). The residues of antibiotics in soil result mostly from the 

use of contaminated excrements as fertilizer on agricultural land. It has been estimated that 

loads of up to kilograms per hectare may enter agricultural soils and that a concentration 

level of antibiotics similar to pesticides is easily reached (van Gool, 1993). Due to surface 

runoff and leaching, soils can even act as a source of antibiotic contaminants for the 

aqueous environment (Alder et al., 2001).  

 

2.1.1.  Pathways of Antibiotics in the Environment 

 

The introduction of drugs into the environment is a function of the combination of 

several factors: the quantity manufactured; the dosage (amount, frequency and duration); 

the excretion efficiency of parent compound and metabolites; the adsorption/desorption on 

soil; and, the metabolic decomposition in sewage treatment (Diaz-Cruz et al., 2003).        
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The amount of pharmaceuticals and their bioactive metabolites being introduced into 

the environment is probably low. However, their continual input into the environment and 

their persistance may lead to a high, long-term concentration and promote unnoticed 

adverse effects on aquatic and terrestrial organisms. Effects can accumulate so slowly that 

changes remain undetected until they become irreversible (Diaz-Cruz et al., 2003). 

 

Figure 2.1 shows the principal routes of environmental exposure to drugs used in 

human and veterinary medicine. 

 

 

 

Figure 2.1. Principal routes of environmental exposure to drugs consumed in human and 

veterinary medicine (Diaz-Cruz et al., 2003). 

 

The most important ways that drugs are introduced into the environment are through 

waste effluents of manufacturing processes, excreta, disposal of unused or expired drug 

products, and accidental spills during manufacturing or distribution. Among these, animal 

excreta can be the major source of environmental contamination by drugs (Diaz-Cruz et 

al., 2003) due to their higher consumption rate. Antibiotics are not completely metabolized 

in animal organisms, and excreted after a short time of residence. Antibiotics are optimised 

with regard to their pharmacokinetics in the organisms: organic accumulation is, as in other 
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pharmaceutics, objectionable and thus, they are excreted as parent compounds or 

metabolites (Kümmerer et al., 2000; Thiele-Bruhn, 2003). Excretion rates are dependent on 

the substance, the mode of application, the excreting species and time after administration, 

but it has been shown that rates vary between 40 and 90 % for tetracyclines and 

sulphonamides which are commonly used antibiotics (Berger et al., 1986; Haller et al., 

2001; Halling-Sørensen, 2001). Thus, most of the drugs used in veterinary medicine end up 

in manure. The manure and slurry (urine and faeces) are either stored or immediately 

applied to agricultural fields as fertilizers. When this manure is dispersed on the field, the 

unmetabolized drugs present in the manure or their biologically active metabolites, may 

threaten the groundwater by depending on their mobility in the soil system and surface 

water by surface runoff and affect terrestrial and aquatic organisms as a result of leaching 

from these fields (Diaz-Cruz et al., 2003). 

 

The same situation is found when sludge from sewage treatment plants is used to 

fertilize soils. Antibiotics used by humans are discharged into sewers together with urine 

and faeces and then enter sewage treatment plants. During sewage treatment, it is likely 

that many organic compounds, particularly hydrophobic compounds are sorbed onto 

sludge where they are concentrated by several orders of magnitude (Diaz-Cruz et al., 2003) 

compared with the sewage from which the sludge was derived. Hydrophilic compounds 

may be unaffected by sewage treatment and remain in the water effluent. Further 

possibilities are that compounds can be completely degraded, mineralized or partially 

degraded to produce breakdown products. The controlled application of sludge to soils 

presents clear benefits, since it results in the recycling of organic matter and nutrients. 

However, if the sludge contains pollutants, the application of sludge directly adds 

undesirable substances to the soil and leads to corresponding negative effects (Diaz-Cruz et 

al., 2003). Ingerslev and Halling Sorensen (2000) were assessed the biodegradability of 12 

sulfonamides (SAs) in activated sludge solutions and concluded biodegradation of them is 

so slow compared to other known recalcitrant compounds (e.g., pentachlorophenol) and 

sulfonamides may pass the sewage treatment systems because of nonsorbing properties. 

 

Another increasingly important source of drugs in the environment is, as mentioned 

in Figure 2.1, fish farming. In aquaculture, drugs used as feed additives are discharged 

directly into the water. Through overfeeding, loss of appetite by diseased fish and poor 
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adsorption of the drugs, it has been estimated that around 70 % of the drugs administrated 

is released into the environment (Jacobsen and Berglind, 1988) . Therefore, large amounts 

of veterinary drugs and active metabolites end up in sediments in the vicinity of 

aquacultural areas. The presence of these substances in sediments, where many of them are 

known to be stable, favors the development of bacterial resistance, which gives rise to 

infections that are difficult to treat; also, the sediments act as a reservoir for both the 

antimicrobial compounds and the resistant bacteria (Diaz-Cruz et al., 2003). 

 

2.1.2.  Accumulation of Antibiotics in the Environment  

 

Once released into the environment, antibiotics can be transported either in a 

dissolved phase or (ad)sorbed to colloids or soil particles into surface- and groundwater 

(Campagnolo et al., 2002; Kolpin et al., 2002; Yang and Carlson, 2003; Krapac et al., 

2004). Monitoring studies for human and veterinary antibiotics in different environmental 

compartments are discussed below.  

 

2.1.2.1.  Surface Water.  The first reported case of surface water contamination by 

antibiotics was in England almost three decades ago, when Watts et al. (1982) detected at 

least one compound from the macrolide (ML), sulfonamide (SA), and tetracycline (TC) 

group of antibiotics in river water at concentrations of 1 µg L-1. Following this, a variety of 

other antibiotics were also detected in surface water in concentrations up to 1 µg L-1 

(Richardson and Bowron, 1985; Pearson and Inglis, 1993; Ternes, 1998; Hirsch et al., 

1999). Tetracyclines were not detected in any water samples collected by Hamscher et al. 

(2002). Further findings by Lindsey et al. (2001) and Zhu et al. (2001) supported this. 

However, chlortetracycline has been detected in low levels in U.S. surface water samples (-

690 ng L-1) (Kolpin et al., 2002). On the other hand, oxytetracycline and tetracycline have 

been detected in higher levels in overland flow water (32,000 ng L-1) (Kay et al., 2005) and 

groundwater (400 ng L-1) (Krapac et al., 2005). 

 

Hydrologists within the United States Geological Survey (USGS) tested water 

samples in 30 states for 95 common compounds, an emerging class of contaminants known 

as pharmaceutical and personal care pollutants (Kolpin et al., 2002).  USGS reported the 
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occurrence of 21 antibiotic compounds in samples collected from 139 streams across a 

number of US sites. Of these, large proportions were antibiotics used in animals as growth 

promoters, such as tylosin, tetracyclines, sulfonamides and carbadox. The frequency of 

detection was the highest for sulfonamides and lincomycin, followed by tylosin. The 

concentrations of the individual compounds detected in this study were generally less than 

1.0 µg L-1 (Sarmah et al., 2006). 

 

More recently, Focazio et al. (2008) sampled untreated drinking water sources in the 

United States and tested pharmaceuticals and other organic wastewater contaminants. In 

their study, antibiotics were not detected in any water sample. They concluded that many 

of these compounds likely transform or degrade as they are transported into and through 

the environment as a result of metabolic, photolytic, and other natural attenuation 

processes and therefore, it is possible that the parent compounds, though not detected, 

could have degraded into other compounds that were not targeted. 

 

2.1.2.2.  Ground Water and Marine Sediment.  In a study performed by Capone et al. 

(1996) residual oxytetracycline at concentrations ranging from 500 to 4000 µg kg-1 was 

observed in marine sediment following chemotherapy treatment in fish farms in the US.  

 

Another study carried out elsewhere by Hamscher et al. (2000) reported the presence 

of chlortetracycline, oxytetracycline, tetracycline, and tylosin at the limit of detection of 

0.1–0.3 µg L-1 in soil water samples collected from agricultural land. Multiple classes of 

antimicrobial compounds (tetracycline, macrolide, β-lactam, sulfonamide) were also 

detected in groundwater samples collected in nearby swine farms in the US (Campagnolo 

et al., 2002).  

  

Kim and Carlson (2007) studied the presence of antibiotics in both water and 

sediment samples collected along a river in Northern Colarado. The limit of quantification 

was determined by two different methods and calculated to be in the range of 0.01–0.04 µg 

L-1 and 0.3–2.5 µg kg-1 for TCs, SAs, and MLs in water and sediment, respectively. 

 

Recently, the occurrence of 65 organic wastewater contaminants including 

antibiotics were investigated in groundwater samples collected from 47 wells by Barnes et 
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al. (2008). Results showed that sulfamethoxazole was the most frequently detected 

antibiotic (23 %) and maximum concentration detected was 1.11 µg L-1 in groundwater 

samples. 

 

2.1.2.3.  Soil.  Antibiotics used for veterinary purposes are excreted by the animals and end 

up in soils via grazing livestock or manure used as agricultural fertiliser (Jorgensen and 

Halling-Sorensen, 2000). The loads of antibiotics shed by manuring have been estimated 

up to kilograms per hectare (van Gool, 1993). For tetracyclines, detection at soil depths of 

up to 30 cm over long time periods was described by Hamscher et al. (2002). This data 

demonstrated that TCs not only occur in significant amounts in soil after fertilisation with 

liquid manure, but also persist and accumulate in the environment. This strong binding to 

soil-organic matter is based on the ability of the TCs to form complexes with double-

charged cations, such as calcium, which occur in high concentrations in soil (Samuelsen et 

al., 1992). The residual concentrations of antibiotics were estimated for agricultural soils, 

ranging for TCs from 450 to 900 µg kg-1 (van Gool, 1993). In soils under convential 

landfarming fertilized with manure and monitored for two years, average concentrations of 

up to 199 µg kg-1 tetracycline, 7 µg kg-1 chlortetracycline (Hamscher et al., 2002), and 11 

µg kg-1 sulfadimidine (Höper et al., 2002) were detected. 

 

Recently, Karcı and Balcıoğlu (2009), investigated the level of antimicrobial 

pollution in total 17 agricultural soil and animal manure samples collected from different 

sampling points located in the Northern part of the Marmara region in Turkey and at least 

one antimicrobial compound was detected up to concentrations as high as 0.50 mg kg−1 in 

soil and 35.5 mg kg−1 in manure samples. 

 

2.1.2.4.  Plants.  Kumar et al. (2005) and Boxall et al. (2006) argued that antibiotics may be 

taken up by food crops and make their way into food supply systems.  The major concern 

about antibiotic uptake by plants is the contamination of the food supply and associated 

health risks. Health implications of antibiotic residues in plant-based products are largely 

unknown. 

 

However; Kumar et al. (2005), Doyle (2006), and Dolliver et al. (2007) demonstrated 

several potential adverse impacts including allergic/toxic reactions and chronic toxic 
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effects as a result of prolonged low-level exposure, the development and spreading of 

antibiotic-resistant bacteria, and disruption of digestive system functioning.  

 

Kumar et al. (2005) studied on cabbage (Brassica oleracea L.), corn, and green 

onion (Allium cepa L.) grown in manure-amended soil contaminated with antibiotics at 

concentrations ranging from 25 to 125 mg kg-1 manure and evaluated plant taken up of 

chlortetracycline and tylosin. The authors found that chlortetracycline was uptaken 

between 0.002 and 0.017 mg kg-1 fresh weight; however, tylosin was not taken up by these 

food crops. The authors speculated that the large size of the tylosin molecule possibly 

prohibited mass flow or active uptake. 

 

Boxall et al. (2006) evaluated plant uptake of seven antibacterials in lettuce and 

carrot (Daucus carota) tissues from a sandy soil spiked at a concentration of 1 mg 

antibiotic per kg of soil. Florfenicol and trimethoprim were detected in lettuce leaves, 

whereas enrofloxacin, florfenicol, and trimethoprim were detected in carrot. 

Concentrations of these antibiotics ranged from approximately 3 to 38 mg kg-1 fresh 

weight. 

 

Recently, Dolliver et al. (2007) evaluated the plant uptake of a sulfonamide-class 

antibiotic, sulfamethazine, in corn (Zea mays L.), lettuce (Lactuca sativa L.), and potato 

(Solanum tuberosum L.) grown in a manure-amended soil. The treatments were 0, 50, and, 

100 µg sulfamethazine per mL of manure applied at a rate of 56 000 L ha-1. Results 

showed that sulfamethazine was taken up by all three crops, with concentrations in plant 

tissue ranging from 0.1 to 1.2 mg per kg dry weight. Sulfamethazine concentrations in 

plant tissue increased with corresponding increase of sulfamethazine in manure. Highest 

plant tissue concentrations were found in corn and lettuce, followed by potato. Total 

accumulation of sulfamethazine in plant tissue after 45 d of growth was less than 0.1 % of 

the amount applied to soil in manure. These results raise potential human health concerns 

of consuming low levels of antibiotics from produce grown on manure-amended soils 

which cause a risk for the contamination of water resources.  
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2.1.3.  Environmental Fate of Antibiotics 

 

2.1.3.1.  Sorption of Antibiotics by Soil and Clay Minerals.  Sorption processes strongly 

influence the transport, fate, and bioavailability of many organic contaminants in soil and 

sub-surface environments. The sorption of antibiotics is especially affected by the pH, 

organic matter, and, minerals of soil, and distribution coefficients (Kd) of antibiotics 

(Thiele-Bruhn 2003). Previous studies demonstrated that tetracycline antibiotics interact 

strongly with clay minerals and hydrous oxides (Figueroa et al., 2004; Kulshrestha et al., 

2004; Figueroa and Mackay, 2005; Gu and Karthikeyan, 2005) and, therefore, are likely to 

be retained in soils. Binding of TCs to divalent metal cations such as calcium or  

magnesium has been suggested to explain their adsorption to organic matter, minerals, and 

soils (Christian et al., 2003; Figueroa et al., 2004; MacKay and Canterbury, 2005; Gu et 

al., 2007).  

 

The behavior of antibiotics in soil greatly depend on their adsorption–desorption 

characteristics, and the knowledge of these processes are important to predict their 

bioavailability, fate and transport mechanism through soil column into groundwater or 

surface water. However, studies on the adsorption of  TCs are limited and have focused 

mainly on humic materials (Sithole and Guy, 1987a) and minerals (Sithole and Guy, 

1987b; Kulshrestha et al., 2004; Figueroa et al., 2004; Turku et al., 2007; Wang et al., 

2008). For those studies, cation exchange was concluded to be the primary adsorption 

mechanism responsible for the adsorption of TCs especially under acidic conditions, and 

the adsorption of TCs always decrease with increasing pH.  

 

2.1.3.2.  Transport of Antibiotics in Soil.  Transport of antibiotics in the environment can 

depend on several factors. Chemical properties, temperature and moisture content of the 

soil, the timing of manure application and weather conditions can determine the overall 

degree of mobility of antibiotics in the environment. Other factors such as water solubility, 

dissociation constants, and sorption– desorption processes, as well as the stability and 

binding to the soils and the partitioning coefficients at various pH values can all affect the 

mobility of antibiotics range in the soil environment (Sarmah et al., 2006). 
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Rabolle and Spiild (2000) conducted packed soil column studies under saturated 

steady-state conditions and the relative mobilities of four antibiotics was determined. Most 

of the antibiotics remained in the top few centimetres of the soil column, indicating the 

high sorptive affinity of these compounds for the soils used; the order of mobility for the 

compounds followed metronidazole > olaquindox > tylosin > oxytetracycline. The study 

demonstrated that the risk of soil water/groundwater quality contamination by tylosin and 

oxytetracyclines would be much lower compared with olaquindox and metronidazole. It 

was also demonstrated through field studies in the UK that weak acid such as sulfonamide 

and OTC has high potential to be transported to surface waters (Boxall et al., 2002; Kay et 

al., 2005). 

 

A study in Germany showed no clear indication of mobility of tetracycline 

hydrochloride on a sandy soil when applied with liquid manure (Engels and Winckler, 

2004), perhaps owing to the higher sorption coefficient values for this compound (Tolls, 

2001). In contrast, Aga et al. (2003) observed in soil column studies that the presence of 

dissolved organic matter (DOM) in liquid manure showed increased mobility for 

tetracycline antibiotics. Other factors that can influence the mobility of antibiotics are 

preferential flow via desiccation cracks and worm channels to the tile drains, as recently 

demonstrated in a UK field study (Kay et al., 2004). 

 

2.1.3.3.  Biodegradation and Photodegradation of Antibiotics.  Gonsalves and Tucker 

(1977) showed that even after repeated application of oxytetracycline (OTC) in the form of 

drench, residues were not found below 20 cm in a Florida sandy soil. On the contrary, the 

residues of OTC were found at measured concentration of >25 µg L-1 for at least 40 days 

after application; however, it declined steadily and persisted up to 18 months after 

application when concentration of OTC reduced to <1 µg L-1 in the soil (Gonsalves and 

Tucker, 1977). The apparent immobilisation of OTC in the soils to a greater depth was 

attributed to the presence of higher percentages of clay and organic matter in the surface 

soils with residues of OTC bound strongly to soil particles. 

 

Halling-Sørensen et al. (2005) found average degradation half-lives of 

chlortetracycline and tylosin A to vary between 25–34 days and 49–67 days in two Danish 
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sandy soils, respectively. These half-lives in field soils were substantially higher than the 

reported values for these compounds when experiment was conducted in the laboratory. 

 

The additions of manure or sludge, containing high numbers of microorganisms, 

mostly result in increased biodegradation of antibiotics in soil (Ingerslev and Halling 

Sorensen, 2001).  However, fixation of antibiotic compounds to surfaces or in pores of the 

soil matrix may effectively protect them from biodegradation (Samuelsen et al., 1992; 

Gavalchin and Katz, 1994). 

 

It has to be noted that the results of bio- or photodegradation studies of antibiotics 

depend on conditions, e.g. temperature, composition of matrix etc., as demonstrated by the 

following examples: Gavalchin and Katz (1994) studied the degradability of seven faecal-

borne antibiotics in soil and found that five antibiotics disappeared after incubation at 30 
0C, while only two were eliminated when the samples are incubated at 4 0C. Tetracyclines 

and aminoglycosides are susceptible to photodegradation. The half-lives of oxytetracycline 

under investigation varied due to differences in temperature, light intensity and flow rate 

from one test tank to another. Fluoroquinolones are insensitive to hydrolysis and increased 

temperatures, but are degraded by UV light (Thiele-Bruhn, 2003).  

 

Photodecomposition takes place mainly in surface water, since soil and sediment 

prevent a substance from undergoing photochemical degradation due to the lack of light in 

these matrices. A laboratory incubation study of OTC in marine sediment, no degradation 

was observed after 6 months of incubation period (Samuelsen et al., 1992). In contrast, in 

an earlier laboratory study by Samuelsen (1989), OTC was found to have a half-life of 30–

64 days in sediment from a fish farm. 

 

The antibacterial substance proved to be stable in sediments rather than sea water. As 

no mechanism of decomposition is known for tetracyclines except photodegradation (Oka 

et al., 1989) the substance remains in the sediment for a long period, as proved by 

Lunestad and Goksøyr (1990). OTC can persist for relatively long periods in sediments. 

For example, the half-lives in marine sediments were found to be 151 days in the top layer 

(0–1 cm) and more than 300 days at 5–7 cm deep (Hektoen et al., 1995). 
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2.1.4.  Possible Effects on the Environment 

         
Resistance genes as well as resistant bacteria in the environment are increasingly 

seen as an ecological problem which are already detected in different environmental 

compartments such as surface water, ground water, soil, and sediment (Kümmerer, 2004).  

 

Recent publications revealed that more than 90 % of bacterial strains originated in 

seawater are resistant to more than one antibiotic, and 20 % are resistant at least to five 

(Martinez, 2003). Similarly, surface water samples from the sites near wastewater 

treatment plants in Australia had a significant increase of antibiotic resistant Escherichia 

coli (Watkinson et al., 2007). 

 

Antibiotic resistance is not the only possible adverse effect of antibiotic release in 

environment, and they may exert ecotoxicity (Yamashita et al., 2006). Antibiotics might 

act, at very low concentrations, as signaling agents in microbial environments (Linares et 

al., 2006; Fajardo and Martinez, 2008; Fajardo et al., 2008). 

 

Studies on representative organisms showing EC50 values of streptomycin, 

flumequine or oxytetracycline, revealed that these antibiotics could have harmful effects or 

even, very toxic effects as in the case of oxofloxacin for bacteria (Halling-Sørensen et al., 

1998; Lalumera et al., 2004; Eguchi et al., 2004). Exposure of antibiotics, such as tylosin, 

oxytetracycline, chlortetracycline or erythromycine induces high toxicity to algae 

(Lalumera et al., 2004; Eguchi et al., 2004; Halling-Sorensen, 2000). Moreover, studies 

performed with sulphadimethoxine or oxytetracycline show the toxic character to 

invertebrates, conversely, flumequine as well as tylosin do not have toxic effects to 

invertebrates (Halling-Sorensen et al., 1998; Wollenberger et al., 2000). In consequence, it 

was suggested that sufficiently low concentrations of antibiotics could alter community 

structures (even microbial community) and thereby affect the food chain (Hernando et al., 

2006). 
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2.2.  Classification of Antibiotics 

 

In human medicine, antibiotics pose the third biggest group among all 

pharmaceuticals making up more than 6 % of all prescriptions (Schwabe and Paffrath, 

2001). In veterinary medicine, more than 70 % of all consumed pharmaceuticals are 

antibiotic agents (Halling-Sorensen et al., 1998). In Europe, two thirds of all 

pharmaceutical antibiotics are used in human medicine and one third for veterinary 

purposes (FEDESA, 2001). Furthermore, the mean total antibiotic consumption in Turkey 

increased from 16.598 to 30.960 Defined Daily Dose (DDD)/1000 inhabitant days between 

the years 2001 and 2005 (Karabay and Hosoglu, 2008). 

 

The antibiotic compound classes primarily administered in veterinary medicine are 

tetracyclines, sulfonamides, aminoglycosides, β-lactams, and macrolides. In human 

medicine β-lactams, tetracyclines, and macrolides are mostly prescribed (Schwabe and 

Paffrath, 2001).  

 

Antibiotics exhibit different molecular structures and diverse chemical and physical 

properties (Gräfe, 1992). Most antibiotics tend to ionize depending on the pH of the 

medium; pKa values are associated with the different functional groups of the compounds. 

Ranges of physicochemical properties of important antibiotic compound classes are listed in 

Table 2.1 (Thiele-Bruhn, 2003).  
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Table 2.1. Representative pharmaceutical antibiotics and typical ranges of physicochemical 

properties from selected classes of antibiotics (Thiele-Bruhn, 2003).  

 

  

 

2.2.1.  Physical and Chemical Properties of Tetracycline Antibiotics 

 

The tetracyclines (TCs) are broad-spectrum antibacterials widely used for the therapy 

of infectious diseases of humans and animals. Tetracycline (TC), oxytetracycline (OTC), 

and chlortetracyclines (CTC) are also widely used in animal feeds to maintain health and 

improve growth efficiency in many countries. These chemicals are characterized by a 

partially conjugated four-ring structure with a carboxyamide functional group (Mitscher, 

1978).  

 

As can be seen from Figure 2.2 there are three distinct acidic functional groups for 

tetracycline: tricarbonyl methane (pKa 3.3); dimethyl ammonium cation (pKa 9.6); and 
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phenolic diketone (pKa 7.7). The multiple ionizable functional groups present in TCs 

suggest that at environmentally relevant pH values, they may exist as a cation (+ 0 0), 

zwitterion (+ - 0), or as a net negatively charged ion (+ - -) (Figueroa et al., 2004; Sassman 

and Lee, 2005). Therefore, it can be envisaged from these ionization schemes that in the 

pH regime of environmental interest (pH 4–8), the antibiotics would be dominated by the 

zwitterionic species and would reach maximum concentration at pH 5.5 (Figure 2.3).  

 

 

 

Figure 2.2. Molecular structure and pKa values of tetracycline antibiotics (Figueroa et al., 

2004). 

 

 

 

Figure 2.3. Speciation of OTC as a function of pH (Figueroa et. al., 2004).  
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TCs are relatively stable in acidic media, but not in alkaline conditions, and form 

salts in both media (Halling-Sørensen et al., 2002). They have been found to form 

complexes with chelating agents such as divalent metal ions and β-diketones and this 

property is responsible for strong binding of TCs to soil proteins and silanol groups (Oka et 

al., 2000).  

 

Tetracyclines photodecomposes and can be converted to several products. Three 

major photodecomposition products of TC were reported as 4-

dedimethylaminotetracycline, 5a, 6-anhydro-tetracyclines, and a quinine (Oka et al., 1989; 

Halling-Sørensen et al., 2002).  

 

2.3.  Sorption of Tetracyclines by Soils and Clay Minerals 

 

Given the variation in the chemical nature of these antibiotics (Figure 2.3), their 

sorption mechanism onto soil or other environmental matrices is likely to be different. 

Tolls (2001) reported that Kd values for the adsorption of antibiotics to soil material and 

aquatic sediments vary for SAs from 0.6 to 4.9, for TCs from 290 to 1620 and for 

fluorquinolones (FQs) from 310 to 6310 L kg-1.   

 

Sithole and Guy (1987a) studied the interactions of tetracycline with model clay 

adsorbents as a function of suspension pH, ionic strength, and adsorbate concentration 

using Na, Ca, and dodecyltrimethylammonium modified bentonite and bentonite covered 

with tannic acid. The adsorption of TC on all adsorbents was explained by Langmuir 

isotherm, suggesting the occurrence of sorption at limited number of sites. The resultant 

adsorption capacity followed a decreasing order of tannic acid-clay > Ca-clay > Na-clay > 

DDTMA-clay, and maximum adsorptive capacity was obtained at pH 4.6–6.0. The authors 

postulated three mechanisms based on the interaction of each form of clay used in the 

study: an interaction between TC and clay due to the ion exchange between the clay 

surface and the protonated amine group of the TC; complexation reactions between the 

divalent cations on the clay and TC; and a mechanism where there is interaction between 

TC with the exposed aluminium ions on the edges of clay.  
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Sithole and Guy (1987b) investigated the adsorption of tetracycline onto humic acid 

and peat. In this study, Freundlich isotherm model was applied to the data. They suggested 

that the adsorption of tetracycline onto organic matter-rich soil or manure would depend on 

the pH and ionic strength of the suspension, with greater sorption occurring mainly within 

the pH range of 4.0–7.0, a range within the pH regime of environmental interest. It was 

concluded that the hydrophobic interaction of tetracycline with bentonite clays decreased 

its sorption and the interaction between the molecules of tetracycline and the divalent 

cations at the clay surface dominated the sorption process. 

 

Rabolle and Spliid (2000) reported a laboratory sorption study for four veterinary 

antibiotics (metronidazole, olaquindox, oxytetracycline and tylosin) which were commonly 

used as growth promoters in swine production. The partitioning coefficients (Kd) of 

metronidazole and olaquindox ranged from 0.54 to 1.67 ml g-1, while that of 

oxytetracycline and tylosin were a few orders of magnitude higher. None of the soil 

properties showed positive correlation with the estimated partitioning coefficients for the 

compounds, although there appeared to be some correlation for tylosin. The non-linear 

trend of the isotherms were clear from the reported n (slope) values, and it was more 

prominent for tylosin data, as the values of Kd and Kf (Freundlich’s coefficient) in all four 

soils were several orders of magnitude difference. The authors attributed this to their 

inability to measure the Kd values with sufficient accuracy, citing stronger sorption affinity 

for tylosin molecules to the soils.  

    

More recently, Kulshrestha et al. (2004) investigated the interaction of OTC with 

model clay sorbents and postulated that at lower pH values, when OTC has a net positive 

charge, they tend to have greater sorption affinity with cation exchange as the dominant 

mechanism. On the other hand in case of zwitterionic form of OTC hydrophobic 

mechanism prevails over other sorption mechanisms. 

 

Figueroa and MacKay (2005) showed that there is a general trend of cationic and 

zwitterionic OTC species interaction with soil or sediment clay components. Furthermore, 

the authors suggested that antibiotic sorption interactions with clays are controlled by the 

ionic functional groups of the base compound structure within an antibiotic class, although 

there may be only little influence of other nonionic substituents on the base structure.  
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Further insight to the mechanisms of TC sorption by soil and its constituents was 

recently provided by Sassman and Lee (2005), who investigated the sorption of three TCs 

(TC, OTC, and CTC) in several soils varying in pH, cation exchange capacity (CEC), 

anion exchange capacity, clay content and type, and OC content under various background 

electrolyte concentrations. They concluded that several processes may influence the 

sorption of TCs, and pH and CEC play an important role in TC sorption.  

 

A study by Jones et al. (2005) demonstrated a poor correlation between OC and OTC 

sorption on 30 soils, presumably due to the fact that CEC values and isotherms were 

determined at different pH values (Sassman and Lee, 2005). Since TCs exist in an 

environmentally relevant pH regime as cations, zwitterions, and anions, the prediction of 

sorption and transport of this group of antibiotics can be often complicated and difficult.  

 

Most sorption studies also reveal that although the majority of the antibiotics used in 

animal production are strongly sorbed to soil and clay particles, whether they may still be 

biologically active and can influence the selection of antibiotic resistant bacteria in the 

terrestrial environment are some areas where future research should be directed (Chander 

et al., 2005). 

 

2.4.  Removal of Antibiotics  

 

Generally, conventional wastewater treatment plants (WWTPs) including biological 

treatment processes have been shown to be ineffective in the removal of antibiotics 

(Glassmeyer et al., 2005; Kolpin et al., 2002; Stumpf et al., 1999).  

 

Kümmerer et al. (1997) investigated treatment of hospital and pharmaceutical 

wastewater at several wastewater treatment plants in Germany. This research showed that 

many pharmaceuticals could not be biodegraded during conventional biological treatment, 

but they could be adsorbed by sewage sludge.  

 

Some combined chemical/biological treatment processes appear to be more effective 

for the removal of antibiotics from wastewater. Garcia et al. (1995) used aerobic digestion 
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integrated with activated carbon filtration and reverse osmosis (RO) to reduce biochemical 

oxygen demand (BOD), chemical oxygen demand (COD), and total dissolved solids (TDS) 

in pharmaceutical wastewater by approximately 80 %.  

 

Belter et al. (1973) patented an ion exchange process that used a weak-base anion 

exchange resin to absorb streptomycin, which could subsequently be eluted with a dilute 

acid solution. In a later study, Belter (1985) again used ion exchange to remove and 

recover the antibiotics from pharmaceutical water. 

 

Snyder et al. (2007) studied the removal of various pharmaceuticals including 

antibiotics, in surface waters and wastewater treatment plant effluents in South Korea. 

They concluded that conventional drinking water treatment methods were relatively 

inefficient for contaminant removal, while efficient removal (≈99%) was achieved by 

granular activated carbon (GAC). In wastewater treatment processes, membrane 

bioreactors (MBR) showed limited target compound removal, but were effective at 

eliminating hormones and some pharmaceuticals (e.g., acetaminophen, ibuprofen, and 

caffeine). Membrane filtration processes using reverse osmosis (RO) and nanofiltration 

(NF) showed excellent removal (>95 %) for all target analytes. 

 

Oxidative treatment has also been shown to be a viable option for the treatment of 

pharmaceutical process water. Rey et al. (1999) used ozone to inactivate wastewater from 

pharmaceutical manufacturers of cytostatic drugs. The results showed that more than 90 % 

removal of the compounds was achieved after 45 min. In addition, none of the solutions of 

oxidized cytostatics gave positive results for the Ames test, indicating that the by-products 

were not mutagenic. Hofl et al. (1997) used three advanced oxidation processes 

(H2O2/ultraviolet (UV), O3 /UV, and H2O2 / Fe +2) for the removal of adsorbable organic 

halogen (AOX) and COD of pharmaceutical wastewater. The results showed that under 

test conditions the Fenton method (i.e., Fe+2/H2O2) needed the shortest reaction time, and 

was the most appropriate for the degradation of large amounts of COD (>500 mg L-1). 

There was no significant difference between H2O2 /UV and O3 /UV processes while ozone 

alone caused the slowest degradation. 
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Balcioglu Akmehmet and  Ötker (2003) applied ozonation to synthetic penicillin VK 

formulation wastewater. About 70 %, 40 %, and 30 % of initial COD (450 mg L-1), TOC 

(162 mg L-1), and aromaticity (0.456; absorbance at 254 nm) were removed by ozonation 

in one hour at an applied ozone dose of 2.96 g L-1 at pH 7 or 11 at 20 0C. The addition of 

H2O2 improved the COD removal to 95 % at pH 7. Same group studied the ozonation of a 

buffered synthetic wastewater containing ceftriaxone. After 1 h of ozonation at an applied 

ozone dose of 2.96 g L-1, 74 % of initial COD (450 mg L-1) and 50 % of initial TOC (167 

mg L-1) was removed at pH 7. The COD reduction was slightly improved to 82% by 

elevating pH from 7 to 11. The addition of hydrogen peroxide also improved the COD 

removal. The absorbance at 254 nm in the synthetic wastewater was reduced by more than 

90 %, indicating effective destruction of aromatic rings in the ceftriaxone molecules.  

 

2.5.  Regeneration of Adsorbents 

 

The regeneration of adsorbents has become a very important issue because the spent 

adsorbents may be considered as a waste. Regeneration techniques of spent adsorbents can 

be classified into thermal and nonthermal methods.  

 

Thermal regeneration includes hot gas or steam regeneration and thermal desorption. 

The reactivation of spent adsorbent is commonly considered a high-temperature process 

(650-1000 0C) during which the adsorption capacity is restored through desorption of the 

adsorbate and/or burnoff of carbonaceous residual on the adsorbent surface. The harmfull 

adsorbates are rendered harmless by oxidation during the reactivation process. However, 

on-site thermal reactivation is economically feasible only for large systems that use more 

than 500,000 lb (≈230,000 kg) adsorbent per year (Sontheimer et al. 1988).  

 

Nonthermal regeneration includes solvent extraction, supercritical fluid extraction, 

biological regeneration, wet oxidation, chemical oxidation, and advanced oxidation. 

Among thermal and nonthermal regeneration methods, steam or hot gas regeneration, 

supercritical fluid extraction, and wet oxidation can be very effective to remove a wide 

variety of organic compounds, but all require high temperatures and/or high pressures 

(Sontheimer et al., 1988). Biological regeneration is usually slow and requires the 

biodegradability of adsorbed species, which is not an occurrence in many water pollutants 
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(Scholz  and Martin, 1998). The major advantages of is that, advanced oxidation processes 

(AOPs) can be operated at ambient conditions and they are very effective in destroying or 

mineralizing a wide range of organic compounds (Blake, 1994; Liu et al. 1995).  

 

The regeneration of adsorbents can be driven by ozone and Fenton processes as 

advanced oxidation processes. Hydroxyl radicals are the main oxidizing species in these 

processes. Molecular ozone can also react with species adsorbed onto adsorbent, thus 

removing them from the surface (Jans and Hoigne, 1998). Regeneration studies with ozone 

are usually focused on activated carbon (AC) because of its high cost property (Gomez-

Serrano et. al., 2002; Chiang et. al., 2002a,b; Valdes et. al., 2002) However, ozone can 

modify surface properties of AC such as specific surface area, pore volume, and chemical 

functional groups. In particular, Valdes et al. (2002) have demonstrated that after high 

ozone uptake it may decrease the AC adsorptive properties because of the fixation of 

oxygen groups on the surface which obstruct the entrance of micropores. 

 

Recently, Fenton-driven oxidation has been proposed for regenerating spent organic-

loaded carbon by Huling et al. (2005). Two successive regeneration cycles were performed 

including repetitive adsorption and oxidation processes and the regeneration efficiency 

after two full cycles of treatment was calculated as 91 %. Although small reductions in 

carbon surface area and pore volume were measured, adsorption efficiency was not 

affected significantly. 

 

Wang et al. (2006) studied on physical (high temperature combustion) and chemical 

(Fenton oxidation) regeneration of natural zeolite used as adsorbents for the removal of a 

basic dye, methylene blue and their efficiencies were compared. Regeneration did not fully 

recover the adsorption capacity of zeolite with the two techniques and the regenerated 

zeolites by the two techniques were similar, resulted in 60 % adsorption capacity of fresh 

sample.  

 

Apart from the advantages, at least two general mechanisms could adversely affect 

the adsorption capacity of the regenerated adsorbent. First, oxidative treatment may 

detrimentally alter the chemical and physical characteristics of the adsorbent. It was 

established previously that reductions in surface area, microporosity, total porosity and 
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sorptive capacity resulted from repeated (10–15) aggressive oxidative treatments. Second, 

incomplete transformation of the target compounds may result in the accumulation of 

byproducts at sorption sites that would otherwise be available for the target compounds 

(Huling et al., 2005).  
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 3.  MATERIALS AND METHODS 

 

 

3.1. Materials 

 

3.1.1.  Adsorbents 

 

Unexpanded perlite, sepiolite, raw, and treated bentonite were used as natural 

adsorbents. Perlite and sepiolite were provided from Persan A.Ş. (Đzmir) and Anadolu 

Endüstriyel Mineralleri San. Tic. Ltd. (Eskişehir), respectively. Bentonite, which was 

extracted from Reşadiye (Tokat), was prepared as adsorbent by Istanbul Technical 

University Faculty of Mines.  

 

3.1.2.  Oxytetracycline Hydrochloride Antibacterial Compound 

 

Hydrochloride salt of oxytetracycline was used as a model antimicrobial compound 

in the adsorption experiments due to its higher solubility. Oxytetracycline hydrochloride 

(C22H24N2O9 · HCl, ≥95 %, crystalline) was purchased from Sigma Aldrich. Stock solution 

of OTC was prepared freshly in deionized water and the desired concentrations of OTC 

were prepared by diluting the stock solution with deionized water. The properties (Thomas 

et al., 2006) and chemical structure of OTC are represented in Table 3.1.  

 

3.1.3. Other Chemicals 

 

All other chemicals used in this study are listed in Table 3.2. 
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Table 3.1. Properties and chemical structure of oxytetracycline hydrochloride.  

 

Properties 

Molecular Weight (g mol-1) 496.89 

CAS Number 2058-46-0 

Solubility (g L -1) 1 

Log Kow -1.12 

pKA 3.27, 7.33, 9.11 

Structure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HCl 
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Table 3.2. Chemicals used in the experiments.  

 

 
Chemical Name 
 

 
Formula 

 
Experiment 

 
Supplier 

Sodium Hydroxide NaOH 
pH  

adjustment  
Riedel de 

Haen 

Hydrochloric Acid HCl 
pH  

adjustment  
Riedel de 

Haen 

Citric Acid Monohydrate C6H8O7 · H2O Extraction Merck 

Disodium Ethylenediamine 
Tetraacetate (Na2EDTA) 

C10H14N2Na2O8·2H2O Extraction Merck 

Sodium Hydrogen 
Phosphate 

Na2HPO4 Extraction Merck 

Sodium Chloride NaCl Extraction 
Riedel de 

Haen 

Magnesium Nitrate 
Hexahydrate 

Mg(NO3)2
.6H2O Extraction Merck 

Oxalic Acid Dihydrate C2H2O4·2H2O Extraction 
Riedel de 

Haen 

Methanol CH3OH Extraction 
Sigma 

Aldrich 

Magnesium Chloride 
Hexahydrate 

MgCl2
.6H2O Extraction J. T. Baker 

Sodium Acetate Trihydrate CH3COONa.3H2O 
CEC*  

determination 
Riedel de 

Haen 

Acetic Acid Glacial CH3COOH 
CEC  

determination 
Merck 

Ammonium Hydroxide NH4OH 
CEC  

determination 
Riedel de 

Haen 

2-Propanol  
(isopropyl alcohol) 

CH3CH(OH)CH3 
CEC  

determination 
Merck 

Iron (II) Sulfate Exsiccated FeSO4
. 1,5 H2O Oxidation 

Riedel de 
Haen 

Hydrogen Peroxide H2O2 (30 %) Oxidation Merck 

*Cation Exchange Capacity 
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3.2.  Methods 

 

3.2.1.  Preparation of Adsorbents 

 

Perlite and sepiolite samples were washed with deionized water for several times and    

subsequently dried in a drying oven at 70 0C for 2 hours and finally, they were sieved to a 

size range of 0 - 45 µm (325 mesh size) before keeping them in a desiccator. Bentonite was 

prepared by rinsing raw bentonite once and leaving in deionized water for 24 hours before 

the adsorption experiments. 

 

3.2.2.  Characterization of Adsorbents  

 

3.2.2.1.  Surface Area Analysis.  Specific surface area, pore volume, and pore size 

measurements were conducted using a Quantachrome Nova Station A analyzer employing 

the conventional multipoint BET technique at 350 °C bath temperature and 200 °C outgas 

temperature. Nitrogen was used as an analysis gas.   

 

3.2.2.2.  Determination of Cation Exchange Capacity (CEC). The total cation exchange 

capacity of adsorbents were determined by sodium acetate method 

(http://www.epa.gov/testmethods/pdfs/9081.pdf). Adsorbent was mixed with an excess of 

sodium acetate solution, resulting in an exchange of the added sodium cations for the 

matrix cations. Subsequently, the sample was washed with isopropyl alcohol. An 

ammonium acetate solution was then added to replace the adsorbed sodium with the 

ammonium ion. The concentration of displaced sodium was then determined by atomic 

absorption spectroscopy (Perkin Elmer AAS 300). 

 

CEC is calculated by the following equation:  

 

CEC�meq 100g⁄ � � Na� � V � DF � 100
m � MV  

                                                                                                                                          (3.1) 
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where, 

 

[Na]  = Na+ concentration (mg L-1) 

V   = Volume of extract (L) 

DF   = Dilution factor 

m   = Weighed mass of adsorbent (g) 

MV   = Molecular weight of sodium (23 g mole-1= 23 mg meq-1) 

 

3.2.2.3.  X-ray Diffraction Analysis (XRD).  The crystalline phases and the basal spacing 

(d001 reflection) of adsorbents were determined by XRD analysis with a Rigaku D/MAX-

2200 Ultima+/PC X-ray diffraction equipment with CuKα radiation generated at 40 kV, 40 

mA, a scanning speed of 2 deg. min-1 and 1.5-70 deg. scanning range. XRD analysis was 

also performed for the adsorbents after the adsorption of OTC (0.4 mg mL-1) at pH 6.5 and 

subsequent lyophilization (Freeze-drying, Labconco Freezone 4.5; -54 °C; 0.050 mbar 

vacuum). 

 

3.2.2.4.  Fourier Transform Infrared (FTIR) Analysis.  The FTIR analysis of OTC and 

adsorbents were recorded by Thermo Nicolet, FTIR 380 spectrometer, using a diamond 

ATR accessory. The FTIR spectrophotometer was set to scan in the region of 4000-500 

cm-1 with the resolution of 4 cm-1. FITR analysis was also performed for the adsorbents 

loaded with OTC that were prepared in the same manner as for XRD analysis.  

 

3.2.2.5. Elemental Analysis.  The elemental analyses (C, N, H) of adsorbents were 

accomplished by an elemental combustion system (Costech ECS 4010). The samples were 

burned in an excess of oxygen at 1700-1800 °C and the combustion products, N2, CO2 and 

H2O, passed through a gas chromatographic (GC) separation column. Finally they were 

detected by a high sensitivity thermal conductivity detector (TCD). Helium was the carrier 

gas in the system.    

 

3.2.2.6.  Scanning Electron Microscopy (SEM) Analysis. The surface morphology of the 

adsorbents was investigated by SEM (Philips XL-30 ESEM-FEG/EDAX microscope). For 

the SEM analysis, adsorbents were mounted directly on a holder and analysis was 

performed at 10-25 kV electron beam accelerating voltage. Semiquantitative surface 
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elemental compositions of adsorbents were determined by energy dispersive X-ray 

spectroscopy (EDAX).  

 

3.2.3.  Batch Adsorption Tests  

 

Batch adsorption tests were performed by using, unexpanded perlite, sepiolite, and 

bentonite. A volume of 7.5 mL OTC solution (115 mg L-1) at desired pH, was placed in a 

screwed cap polyethylene tube. Accurately weighed adsorbent (10 g L-1) was then added to 

the solution. The tubes were wrapped with aluminum foil to eliminate the 

photodecomposition of OTC (Halling-Sørensen et al., 2002) and agitated on a shaker 

(Julabo Shake Temperature SW 22) at 150 rpm for predetermined contact time at 25 0C. 

The control experiments in the absence of sorbent were assembled in the same manner to 

account for possible OTC losses at different pH values. Each run was done at least in 

duplicate. After equilibration, adsorbents were separated from the suspension by 

centrifugation (Eppendorf Centrifuge 5804) at 10,000 x g for 10 minutes and subsequently 

filtered through a 0.45 µm membrane filter (Sartorius Minisart). The supernatant was 

analyzed for the OTC concentration by SHIMADZU UV-1208 spectrophotometer. The 

amount of the OTC adsorbed on natural materials was calculated by a mass balance 

relationship. The effects of pH, OTC concentration, and contact time on the adsorption 

efficiency were investigated in batch adsorption experiments.  

 

The time required to attain the state of equilibrium is termed the equilibrium time 

and the amount of adsorption at equilibrium, qe (mg g-1), was calculated by the mass 

balance relationship as follows,  

 

q� � �C��C�� V
W                      

                                      (3.2) 

 

where C0 and Ce are initial and equilibrium liquid phase concentrations of OTC (mg L-1) 

respectively, V is the volume of solution (L) and W is the weight of adsorbent used (g). 
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3.2.4. Extraction of OTC from Adsorbent 

 

The extraction of OTC from the surface of bentonite, which was the only adsorbent 

used in extraction experiments, was performed with magnesium salt solutions at different 

concentrations. In addition, the standard extraction solvents used in the analysis of 

antibiotics were applied to spent bentonite.  

 

After adsorption tests, the samples were centrifuged and supernatant was decanted. A 

volume of 7.5 mL extraction solution at desired concentration and pH was added to the 

OTC equilibrated adsorbent and they were agitated on a shaker (Julabo Shake Temperature 

SW 22) at 150 rpm at 25 0C for 2 hours. Thereafter, adsorbents were separated from the 

suspension by centrifugation (Eppendorf Centrifuge 5804) at 10,000 x g for 10 minutes 

and subsequently filtered through a 0.45 µm membrane filter (Sartorius Minisart). The 

supernatant was analyzed for the OTC concentration by SHIMADZU UV-1208 

spectrophotometer to evaluate the performance of extraction.  

 

3.2.5. Oxidation of OTC on Adsorbents  

 

The degradation of OTC  in bentonite slurry was performed by two different 

oxidation processes. After the extraction of OTC from the surface of adsorbent by using 

Mg(NO3)2 solution, ozone and hydrogen peroxide with iron catalyst were applied to the 

slurry for the destruction of OTC. The oxidation processes were also applied to OTC 

loaded adsorbent without the application of extraction procedure.   

  
3.2.5.1. Degradation of OTC by Ozonation Process.  After the extraction of OTC from the 

spent bentonite, the slurry was transferred into a glass tube (15 mL) which was used as an 

ozonation reactor. Ozone was bubbled into the slurry through a pasteur pipette connected 

to an ozone generator by a teflon tubing. Teflon tubing was also used to connect it to an 

ozone analyzer (Ozotron 23 Ozone Analyzer). During the ozonation experiments slurry 

was mixed by a magnetic stirrer. The schematic diagram of experimental setup is given in 

Figure 3.1.  
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                                                                               Ozone Generator 

 

 

 Off-gas                       

                                                                                                                                

                                                                          Ozonation                                     Oxygen                   
                     Ozone Analyzer                                 reactor         Flow meter               

                 

 Magnetic Stirrer   

 

Figure 3.1. Schematic presentation of ozonation process.   

 

Fisher OZ 500 model ozone generator was used for the production of ozone from dry 

and pure oxygen. The oxygen flow rate in the generator was maintained at 10 L h-1 and 

monitored with a rotameter incorporated into the ozone generator. The ozonation rate in 

ozone-oxygen gas mixture, introduced into the reactor with a glass pasteur pipette , was 

13±2 g m-3 h. After the ozonation, treated samples were centrifuged at 10,000 x g for 10 

minutes and subsequently filtered through a 0.45 µm membrane filter (Sartorius Minisart). 

The supernatant was analyzed for the OTC concentration by a high-performance liquid 

chromatography (HPLC) (Agilent 1100 Series). The efficiency of ozonation was 

determined by the difference in the amount of OTC in the extraction solution before and 

after the application of ozonation. All experiments were done in duplicate. 

 
3.2.5.2. Degradation of OTC by Fenton Process.   A 0.5 mL volume of H2O2 and ferrous 

sulphate were added to 7.5 mL of spent bentonite slurry. The initial hydrogen peroxide and 

the iron (II) concentration ranged from 10 mM and 1 mM to 15 mM and 150 mM, 

respectively to provide a 1/10 ratio of Fe(II):H2O2. Ferrous iron and hydrogen peroxide 

solutions, which were freshly prepared from stock solutions, were successively added to 

the slurry and the Fenton’s reaction was started upon the addition of hydrogen peroxide. 

The samples in 15 mL screwed cap polyethylene tube were agitated on a shaker (Julabo 

Shake Temperature SW 22) at 150 rpm at 25 0C for predetermined contact time. The 

adsorbents were separated from the slurry by centrifugation (Eppendorf Centrifuge 5804) 
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at 10,000 x g for 10 minutes and subsequently filtered through a 0.45 µm membrane filter 

(Sartorius Minisart). The residual concentration of OTC was determined in the filtrate by 

HPLC analysis and the performance of the Fenton process was calculated as in the case of 

ozonation process. Two replicate experiments were conducted at each experimental 

condition.  

 

3.2.6.  Analytical Methods 

 

3.2.6.1.  Determination of Released Ions from the Adsorbents.  The amount of ions 

released from the adsorbents were determined by placing 10 g L-1 of the adsorbent into a 

polyethylene tube and shaking them at 150 rpm at 25 0C for 24 hours. Subsequently, 

adsorbents were separated from the suspension by centrifugation (Eppendorf Centrifuge 

5804) at 10,000 x g for 10 minutes and finally, it was filtered through a 0.45 µm membrane 

filter (Sartorius, Minisart). The filtrate was analyzed for Al+3, Na+, Ca+, K+, Mg+2, Fe+3, 

Mn+4, Cu+, Ti+4 and Zn+2 ions by ICP (Inductively Coupled Plasma) (Optical Emmision 

Spectrometer Optima 2100 DV-Perkin Elmer). 

 

3.2.6.2.  Spectrophotometric Analysis of OTC.  In the adsorption tests, the concentration of 

OTC in the solution was quantified by UV/Vis spectrophotometer (SHIMADZU UV-1208)  

at a wavelength corresponding to the maximum absorbance which exhibited a shift 

depending upon the pH of solution.  The spectra of OTC at different pH values were 

recorded between 354.5 – 372 nm wavelengths and a separate calibration curve was 

prepared for each pH value (Table A.1-Figure A.1). The initial and final antibiotic 

concentrations were determined by using these calibration curves. In accordance with the 

Lambert-Beer law, a linear relationship was found between the absorbance values and the 

concentrations of OTC. In the spectrophotometric measurements, dilutions were 

undertaken when absorbance exceeded 0.9. 

 

3.2.6.3.  HPLC Analysis of OTC.  After the application of oxidation processes, the residual 

OTC in the solution was determined by HPLC analysis (Agilent 1100 Series) instead of 

UV spectroscopic analysis in order to eliminate the interferences of oxidation products. 

The HPLC system was equipped with a tertiary pump, a photodiode array, and an 



33 
 

autosampler with an automated injection system. Gradient elution was carried out with 

acetonitrile (solvent A) and water containing 0.1 % formic acid (solvent B) using an 

analytical column Eclipse XDB C18 (5µ, 150 x 4 mm) equipped with ODS guard column. 

Elution started with A:B:10:90 rising linearly to 40:60 from 0 to 5 min and then returning 

to initial composition from 5 to 8 minutes. OTC was detected at the 360 nm wavelength 

with a retention time of 5.98 min. The limit of detection (LOD) for OTC was calculated as 

0.8 mg L-1. OTC quantification in solution was conducted by an external calibration curve 

(Figure A.2 - Figure A.3).   

 

3.2.7.  Error Analysis Method  

 

In this study, a Chi-square test was used to perform an error analysis and in order to 

evaluate the suitability of isotherm and kinetic models to the experimental results. This test 

is basically the sum of the squares of the differences between the experimental data and the 

data obtained by calculation from the models, with each squared difference divided by the 

corresponding data obtained by the experiments.  

 

The sum of square errors (SSE) is found by following equation:  

 

SSE � � �q�,���  q�,!"#!�$

q�,���

%

&'(
                

                          (3.3) 

 

where qe,exp is the experimental data of the equilibrium capacity (mg g−1), qe,calc is the 

calculated equilibrium capacity obtained by the model (mg g−1). If the data from the model 

are similar to the experimental data, SSE will be a small number, if they are different, SSE 

will be a large number.  
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4.  RESULTS AND DISCUSSION 

 

 

4.1.  Characterization of Virgin Adsorbents 

 

For the characterization of adsorbents cation exchange capacity, surface area, pore 

volume, pore size, XRD pattern, FTIR spectra, SEM image, and elemental analysis were 

investigated. 

 

4.1.1.  Cation Exchange Capacity (CEC) of  Virgin Adsorbents  

 

Cation exchange capacity is one of the basic properties of natural materials which 

have clay content and a high adsorption of ionizable organic pollutants is expected to such 

adsorbents. In accordance, it is suggested that the CEC plays a key role in the adsorption of 

TCs, which have multiple ionizable functional groups, on clays and soils, (Sassman et al., 

2005). Considering these facts, the CECs of adsorbents were determined to elucidate the 

role of it on OTC adsorption and the results are reported in Table 4.1.  

 

Table 4.1. Cation exchange capacity of virgin adsorbents.  

 

Adsorbent CEC (meq/100g) 

 

Perlite  

 

21.90 

Sepiolite  8.91 

Bentonite 101.85 

 

As can be seen from Table 4.1, the CECs of the investigated adsorbents varied over a 

wide range. These results are in consistent with those obtained in previous studies. CECs 

of unexpanded perlite, sepiolite, and bentonite were determined as 25.97 (Doğan et al., 

1997), 8.2-30 (Lemic et. al, 2005; Sabah and Çelik, 1999; Alkan et al., 2005) and 76-106 

meq/100g (Tomita and Naixian, 1990), respectively.  
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4.1.2. Surface Area and Porosity of Virgin Adsorbents 

 

Surface area is another important characteristic of adsorbents and plays a key role in 

the adsorption of pollutants. Therefore, specific surface area (SSA), total pore volume (Vt), 

and pore size (Dp) of adsorbents were investigated (Table C1, C2, C3) and the results are 

listed in Table 4.2. 

 

Table 4.2. Textural parameters of virgin adsorbents. 

 

Adsorbent SSAa  
(m2g-1) 

Vt
b   

(cm3g-1) 
DP

b
  

(Å) 
    

Perlite 11.78 0.005 20.48 
Sepiolite  332 0.157 12.65 
Bentonite 136.44 0.062 15.19 

    
aBET method 
bDubinin-Radushkevich method 

 

Similar to CECs of adsorbents, the textural parameters given in Table 4.2 exhibited a 

wide variation depending upon the type of adsorbent. Usually sepiolite is characterized by 

large surface area and high porosity and due to these properties it was widely used in 

pollution control studies. In previous studies, SSAs of unexpanded perlite, sepiolite and 

bentonite were determined as 1.1-5.83 (Akçay et al., 1998; Koumanova and Peeva-Antova, 

2002; Acemioğlu, 2005; Alkan et al., 2005), 340-426 (Rytwo et al., 2002; Özcan and 

Özcan, 2005) and 27.9-47.73 (Demirbaş et al., 2006; Hu et al., 2006; Anirudhan and 

Ramachandran, 2007) m2 g-1, respectively.  

 

4.1.3. Fourier Transformed Infrared (FTIR) Surface Analysis of  Virgin Adsorbents 

 

In order to investigate the adsorbent-OTC interactions FTIR spectroscopy was used 

in the middle region (4000-400 cm−1). Before the loading of OTC on the adsorbents FTIR 

spectra was recorded for each adsorbent  (Figure 4.1). 
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Figure 4.1. FTIR spectra of virgin adsorbents.  

 

In the region of OH stretching vibration, all adsorbents showed bands around 3400-

3600 cm-1. For typical clay minerals the bands around 3620 cm-1 are attributed to the inner 

hydroxyl groups between tetrahedral and octahedral sheets. On the other hand, the bands in 

1300-400 cm-1 region are due to Si-O strecthing and bending, and O-H bending which is 

stronly influenced by the layering of clays. An absorption band around 1640 cm-1 is due to 

the bending vibration of adsorbed water molecule (Stuard, 2004). 

 

 

Perlite 

Sepiolite 

Bentonite 
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4.1.4.  X-ray Diffraction (XRD) Analysis of  Virgin Adsorbents 

 

The mineralogical compositions of adsorbents were investigated by XRD analysis 

and XRD patterns of adsorbents are illustrated in Figure 4.2- 4.3 and Figure 4.4 (Table B1, 

B3, B5). 

 

 

 
Figure. 4.2. XRD patterns of perlite.  

 

 

 

Figure. 4.3. XRD patterns of sepiolite. 

Sepiolite 

Perlite 
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Figure 4.4. XRD pattern of bentonite. 

 

According to the results shown in Figure 4.2 the most intense peaks of perlite were 

identified as Ferrosilite magnesian (Mg.93Fe1.07Si2O6) at 2θ= 26.600° (100 %) and 

Polilithionite-1M Fe-rich (K(AlFeLi)(Si3Al)O10(OH)F) at 2θ= 8.918° (94.6 %). 

 

For the sepiolite the most intense peaks (Figure 4. 3) were identified as Beidellite-

12A (Na0.3Al2(Si,Al)4O10OH2.2H2O) at 2θ= 7.460° (100 %), Dolomite (CaMg(CO3)2) at 

2θ= 31.020° (48.8 %) and Sepiolite (Mg4Si6O15(OH)2.6H2O at 2θ= 20.740° (32.7 %). 

 

Bentonite has three intense peaks (Figure 4.4) identified as Phlogopite-2M1 

(KMg3(Si3Al)O10(OH) 2) at 2θ= 21.860° (100 %), Montmorillonite-15-A 

(Ca0.2(Al,Mg)2Si4O10(OH)2.4H2O) at 2θ= 6.180° (60.7 %) and Clinoptilolite-Ca 

(KNa2Ca2(Si29Al 7)O72. 24H2O) at 2θ= 27.921° (48  %). 

 

4.1.5.  Scanning Electron Microscopy (SEM) of Adsorbents 

 

The surface morphology of adsorbents was studied by SEM and EDAX analysis The 

SEM images of perlite, sepiolite, and bentonite adsorbents are represented in Figure 4.5, 

Figure 4.6, Figure 4.7, respectively at five different magnification.  

Bentonite 



 

 

 

 

 

 

 

 

 

 

Figure 4.5. SEM images of perlite

 

 

 

 

 

a 

c 

e 

SEM images of perlite (a)100x, b)1000x, c) 3000x, d) 6000x, e) 10000x)

b 

d 

39 

3000x, d) 6000x, e) 10000x).  



 

 

 

 

 

 

 

 

Figure 4.6. SEM images of sepiolite

  

 

 

a 

c 

e 

. SEM images of sepiolite (a)100x, b)1000x, c) 3000x, d) 6000x, e) 10000x)

b 

d 

40 

3000x, d) 6000x, e) 10000x).  



 

 

 

 

 

 

 

 

 

 

Figure 4.7. SEM images of bentonite

 

As can be seen from the figures all types of adsorbents have a porous structure. 

While crystallites on the surface

particles, rough surfaces of bentonite

of montmorillinite particles

a 

c 

e 

SEM images of bentonite (a)100x, b)1000x, c) 3000x, d) 6000x, e) 10000x)

As can be seen from the figures all types of adsorbents have a porous structure. 

ystallites on the surface of sepiolite (Figure 4.6) can be attributed

rough surfaces of bentonite (Figure 4.7)  may indicate the 

montmorillinite particles. Unexpanded perlite (Figure 4.5), which is a glassy volcanic 

b 

d 
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3000x, d) 6000x, e) 10000x).   

As can be seen from the figures all types of adsorbents have a porous structure. 

can be attributed to the dolomite 

may indicate the swelling characteristic 

which is a glassy volcanic 
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rock, seems to be dominated by an amorphous phase with inclusions of crystallites, which 

are supposed to be formed during the slow freezing of lava.  

 

The EDAX analysis of adsorbents, which gave information on the semiquantitative 

elemental composition of them, were illustrated in Table 4.3. 

 

Table 4.3. EDAX analysis of adsorbents. 

 

Element       
(Wt %)  

Perlite Sepiolite   Bentonite 

C K 16.84 16.78 18.01 
O K 29.83 41.32 38.23 
Na K 1.36 0.94 2.10 
Mg K 1.13 11.81 2.10 
Al K 12.50 3.95 9.12 
Si K 21.45 22.77 24.37 
K K 6.34 0.41 0.59 
Ca K 1.35 1.32 0.87 
Fe K 3.78 0.69 4.6 
Cu K 4.96 - - 
Ti K 0.47 - - 
Total 100 100 100 

 

All investigated adsorbents have similar silicon content. On the other hand, the 

magnesium content of sepiolite is remarkably high while iron and aluminium are found in 

lower quantities compare to the amounts detected in other adsorbents.  

 

EDAX analysis combined with XRD results shows that most of the magnesium is 

originated from the presence of sepiolite and dolomite. The high iron and potassium 

content of perlite determinded by EDAX analysis is in a good agreement with the 

mineralogical composition of perlite obtained by XRD analysis. 

 

4.2. Sorption Kinetics of OTC on Adsorbents 

 

Adsorption kinetics, which describes adsorbate uptake rate, is strongly influenced by 

several parameters related to the state of the adsorbent and to the physico-chemical 
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conditions under which adsorption is carried out. The adsorption of organic pollutants by 

natural materials in aqueous solution is a phenomenon with often complex kinetics due to 

their heterogeneous reactive surface. Since the rate of adsorption controls the residence 

time of adsorbate at the solid liquid interfaces, it is an important factor for the performance 

of adsorption process. In order to compare the adsorption efficiencies of perlite, sepiolite, 

and, bentonite for the sorption of OTC (initial concentration=115 mg L-1) a series batch 

adsorption kinetic experiments were performed at pH 6.5 and 25 0C for 28 h contact time 

period. Figure 4.8 shows the plot of the amount of OTC adsorbed (mg g-1) against contact 

time for each of the adsorbent at 10 g L-1 concentration. 

 

 

Figure 4.8. Kinetics of OTC sorption ([OTC]i= 115 mg L-1; [adsorbent]=10 g L-1; pHi=6.5; 

25 0C). 

 

As observed from Figure 4.7, perlite and sepiolite exhibited similar performance for 

the adsorption of OTC at pH 6.5 although their textural properties and CECs are 

remarkably different (Table 4.1- Table 4.2) and about 52 % OTC removal was achieved at 

equilibration with these adsorbents. On the other hand, the sorption rate of OTC on 

bentonite was 95 %. While the adsorption equilibration value, qe obtained for perlite and 

sepiolite was 5.87 and 5.56 mg g-1, respectively it was 10.93 mg g-1 for bentonite. As 
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opposed to the sorption on perlite and sepiolite, there was an initially rapid and linear 

increase in the sorbed amount of OTC on bentonite. This rapid sorption could reflect the 

surface layer sorption of OTC and a marginal increase in OTC sorption, after reaching the 

plateau within 6 hours, could be attributed to pore diffusion.     

 
In order to investigate the adsorption mechanism of OTC on the investigated 

adsorbents, pseudo-first-order, pseudo-second-order, Elovich, and intra-particle diffusion 

kinetic models were used to fit experimental data. The equations of these kinetic models 

are listed in Table 4.4. 

 

Table 4.4. Kinetic model equations. 

 

Kinetic Model Equation Linear form of equation Plot 
 
Pseudo-first-order 
 

dq*
dt �  k(�q�  q*� log�q�  q*� � log�q��  k(

2.303  t log(qe-qt) 
vs. t 

 
Pseudo-second 
order 

dq*
dt � k$�q�  q*�$ 

t
q*

� 1
k$q�$

2 t
q�

 t/qt  vs. t 

Simple Elovich 
 

dq*
dt � αexp� βq*� 

 

q* �  1 β6 �ln �αβ�1 2 lnt� 
 

q* � a 2 b lnt 
 

qt vs. lnt 

Intraparticle 
diffusion 
 
 

q* � k�√t 
or 

q* � k�√t 2 C 
 qt vs. t0.5 

 

The pseudo-first order equation of Lagergren is generally expressed as follows: 

 

dq*
dt �  k(�q�  q*� 

                                                     (4.1) 

 

where qe and qt (mg g-1) are the amounts of OTC sorbed on adsorbents at equilibrium and 

at time t, respectively, and k1  (min-1) is the rate constant of first-order sorption model.  
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After integration and applying boundary conditions t=0 to t=t and qt=0 to qt=qt, the 

integrated form of equation becomes, 

 

log�q�  q*� � log�q��  k(
2.303  t  

                                       (4.2) 

 

To evaluate suitability of the model to kinetic data of OTC the plot of log (qe – qt) vs. 

t is shown in Figure 4.9 for each of the three different adsorbents. The values of first order 

model equilibrium rate constants, k1 which is the slope of each line in Figure 4.9 and the 

corresponding correlation coefficients are summarized in Table 4.5 together with the 

kinetic constants of other used models.  

 

In most of the  adsorption studies carried out with clays, the pseudo-first-order 

equation of Lagergren does not fit well with the whole range of contact time and is 

generally applicable over the initial stage of the adsorption processes (Aksu and Tezer, 

2000; Chiou and Li, 2002). However, in this study, the model was applied to almost whole 

contact time range for perlite (1200 min) and sepiolite (960 min) whereas for bentonite (60 

min) it is applicable over the initial stage.     
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Figure 4.9. Pseudo-first-order order plots of OTC adsorption ([OTC]i= 115 mg L-1; 

[adsorbent]=10 g L-1; pHi=6.5; 25 0C). 

 

For each adsorbent the predicted values of equilibrium adsorption were calculated 

according to the model (Table 4.5). The conformity between experimental equilibrium 

adsorption and the model predicted values was expressed by SSE values. While the values 

of determination coefficient for the plots were in the range 0.97–0.98 the calculated 

sorption capacity values obtained from this kinetic model do not give reasonable values 

compared to the experimental sorption capacity and SSE values are noticeably high. These 

findings suggested that the pseudo-first-order sorption rate expression of Lagergren did not 

describe the sorption of OTC onto three different  adsorbents.  
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Table 4.5. Experimental and predicted adsorption kinetics of OTC by different adsorbents. 

 

 Adsorbent 

 Perlite Sepiolite Bentonite 

qe 
*(exp) (mg g-1) 5.87 5.57 10.93 

    
Pseudo-first order model    

k1 (min-1) 1.38x10-3 4.84x10-3 24x10-3 
qe 

*(calc) (mg g-1) 
2.32 1.77 3.15 

R2 0.97 0.98 0.98 

SSE 16.52 >100 >100 

    

Pseudo-second order model    

k2 (g mg-1 min-1) 2.67x10-3 1.30x10-2 1.65x10-2 
qe (calc) (mg g-1) 

5.02 5.56 10.87 

R2 0.99 0.99 0.99 

SSE 2.58 0.15 0.09 

    

Elovich model    

a (mg g-1) 1.62 2.53 8.19 

b (mg g-1 min-1) 0.53 0.43 0.38 

R2 0.94 0.93 0.82 

SSE 0.10 0.08 0.09 

    

Intraparticle diffusion model     

kp (mg min0.5 g-1) 6.63x10-2 16.59x10-2 39.78x10-2 

C 3.13 2.93 7.17 
qe (calc) (mg g-1) 5.85 8.68 22.26 

R2 0.99 0.99 0.96 

SSE 0.04 9.14 48.71 
*qe (exp) = experimental data of the equilibrium capacity 

  qe (calc) = calculated data of the equilibrium capacity obtained by the model 
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The sorption data were also analyzed in terms of pseudo-second-order mechanism by 

the following equation: 

 

dq*
dt � k$�q�  q*�$   

                                                (4.3) 

 

where qe and qt are the sorption capacity at equilibrium and at time t, respectively (mg g-1), 

and k2 is the rate constant of pseudo-second order sorption (g mg-1 min-1). For the boundary 

conditions t = 0 to t = t and qt = 0 to qt = qt, the integrated form of equation becomes, 

 

t

qt
=
1

k2qe
2 +

t

qe
 

                                                       (4.4) 

 

The slope and intercept of the plot of t/q versus t in Figure 4.10 were used to 

calculate the pseudo-second-order rate constant, k2 and the predicted sorption capacities of 

three different adsorbents. For each adsorbent the values of equilibrium rate constant are 

presented in Table 4.5 together with the calculated qe and SSE values. 

 

As can be seen from Figure 4.10 and Table 4.5, pseudo-second-order model 

adequately fits the data over the entire course of the experiment with the high correlation 

coefficients which are above 0.99. Moreover, the experimental sorption capacities of 

adsorbents are close to the theoretical values estimated from the model. Hence, SSE values 

are remarkably lower than those obtained by the application of pseudo-first-order model.  

These findings reveals that the sorption process follows the pseudo-second-order model for 

all types of adsorbents. This result suggests that the rate limiting step of OTC adsorption 

on natural adsorbents was the chemisorption similar to the previous study performed by 

Na- and HDTMA modified zeolite (Şalcıoğlu, 2007). 

 

According to the model, the calculated initial sorption rates (k2qe
2) of perlite and 

sepiolite were 0.067 and 0.40 mg g-1 min-1, respectively. Among three adsorbents used in 

this study, bentonite has the fastest initial sorption rate and it was found as 1.95 mg g-1 
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min-1 which is noticably higher than that of natural zeolite (1-0.76x10-2 mg g-1 min-1) 

having a larger particle size (Şalcıoğlu, 2007).  

 

 

Figure 4.10. Pseudo-second-order order plots of OTC adsorption ([OTC]i= 115 mg L-1; 

[adsorbent]=10 g L-1; pHi=6.5; 25 0C). 

 

Elovich model, which has general application to chemisorption kinetics, assumes that 

the active sites of adsorbents are heterogeneous and exhibit different activation energy for 

the sorption of pollutants. In reactions involving chemisorption of adsorbates on a solid 

surface without the desorption of the pollutants, the rate decreases with time due to an 

increased surface coverage.  
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Elovich model is expressed by the following equation (Ho and McKay, 2004),   

  

dq*
dt � αexp� βq*� 

                                                 (4.5) 

 

Among the boundary conditions t = 0 to t = t and qt = 0, the integrated form of 

equation becomes,   

 

q* �  1
β6 �ln�αβ� 2 lnt� 

                                              (4.6) 

 

Equation is simplified as follows: 

 

q* � a 2 b lnt    
                                                 (4.7) 

 

According to the Elovich model, the slope and intercept of plot of q vs. ln(t), which 

is shown in Figure 4.11, were used to calculate the values of the a and b constants (Table 

4.5). b (mg g-1 min-1) is the initial adsorption rate constant and  a (mg g-1) is related to the 

extent of surface coverage and activated energy for the chemisorption.  
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Figure 4.11. Sorption of OTC described by Elovich model ([OTC]i= 115 mg L-1; 

[adsorbent]=10 g L-1; pHi=6.5; 25 0C). 

 

The values of determination correlation coefficient for the plots were in the range 

0.82–0.94. However, the calculated sorption capacity values obtained from this kinetic 

model fit with experimental sorption capacity and SSE values ranged from 0.08 to 0.10. 

These findings suggest that the sorption kinetics can be described by Elovich model. The 

values of “a”, Elovich model parameter for bentonite and sepiolite suggest that due to the 

higher pore volume of sepiolite OTC adsorption mainly occurs in the interior surface of 

adsorbent whereas for bentonite higher sorption is expected on the surface of adsorbent 

regarding the higher values of “a”. 

 

Finally, sorption kinetic data were analyzed to determine whether intraparticle 

diffusion is rate limiting step in adsorption process. Many researchers have modeled 

intraparticle diffusion in the sorption of the organic contaminants in aqueous environment 

(Werth and Reinhard, 1997; Ball and Roberts, 1991). The intraparticle diffusion approach 

can be described by Equation 4.8 (Weber and Morris, 1963). This model suggests that the 

sorption process is considered to be controlled by the internal diffusion with a minor effect 

of the external diffusion (Khraisheh et al., 2002).  
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q* � k�√t 
(4.8) 

 

where qt (mg g-1) is the concentration of OTC sorbed at time t and kp (mg g-1 min-0.5) is the 

intraparticle rate constant.  

 

The fraction of OTC uptake against square root of contact time (t0.5) is shown in 

Figure 4.12. This figure reveals that the data obtained by different adsorbents exhibited 

multi-linearity character except those for perlite. However, none of the straight lines 

obtained for three different adsorbents passed through the origin (Figure 4.12). It was 

suggested that this occurs when external diffusion is dominant and intraparticle diffusion is 

not a rate-limiting step (Poots et al., 1976). In such cases, following equation is used to 

describe the model. 

 

q* � k�√t  2 C 

(4.9) 

 

C is the intercept and the values of C give an idea about the thickness of boundary layer 

(Table 4.5), i.e. the larger the intercept the greater is the boundary layer effect (Amin, 

2009). The smallest C value was obtained for sepiolite which has the largest pore volume. 

The intraparticle diffusion equation was fitted for the data obtained within 60 min contact 

time for bentonite, and 180 min for sepiolite whereas model was applied in whole time 

interval studied for perlite. This period, when a linear relationship was obtained, was the 

gradual adsorption stage where intraparticle diffusion started.  
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Figure 4.12. Intraparticle diffusion model plot of OTC adsorption ([OTC]i= 115 mg L-1; 

[adsorbent]=10 g L-1; pHi=6.5; 25 0C).  

 

The results indicate that particle diffusion is involved in the sorption of OTC on 

adsorbents but it is not the only rate-limiting mechanism and that some other mechanisms 

can be involved. 
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Figure 4.13 compares the experimental (symbols) and predicted (lines) qe values for 

all types of adsorbents. As can be seen from the figure pseudo-second-order and Elovich 

model best fit to all adsorbents whereas intraparticle diffusion model only fits to perlite for 

the whole contact time period. 

 

 

 

Figure 4.13. Comparison of experimental and estimated sorption kinetics of OTC. 
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4.3. Equilibrium Modeling 

 

The batch adsorption equilibrium experiments of OTC onto perlite, sepiolite, and 

bentonite were conducted at 25 0C and pH 6.5 by the using various concentrations of 

antibiotic ranged from 0.03-0.4 mg mL-1. Considering the results of previous kinetic 

experiments, 24 h was selected as equilibration time. The amount of OTC adsorbed per 

unit mass of clay, qe (mg g-1) was correlated with liquid phase concentration at 

equilibrium, Ce (mg L-1) using different adsorption isotherm models. The equilibrium data 

which is known as adsorption isotherm, can describe how adsorbate interacts with 

adsorbent and so they can provide critical information on the capacity of the adsorbent. 

Langmuir, Freundlich, Temkin, and Redlich–Peterson models, which are the most 

frequently used two- and three-parameter equations in the literature, were applied to the 

equilibrium experimental data. 

 

The Langmuir isotherm model, which indicates the monolayer coverage of the 

homogeneous surface of a adsorbent and negligible interaction of adsorbed molecules, is 

given by the following equation, 

 

q� � qK;C�
1 2 K;C�

 

                                                  (4.10) 

 

where Ce (mg L-1) is the equilibrium concentration of the adsorbate in the aqueous 

solution, qe (mg g-1) is the equilibrium adsorption capacity of adsorbent, q and KL are 

Langmuir constants related to maximum adsorption capacity and energy of adsorption, 

respectively. 

 

The Freundlich isotherm model is an empirical equation that encompasses the 

heterogeneity of the adsorption sites and the exponential distribution of sites and their 

energies. In general, the Freundlich equation gives better correlation between theoretical 

and experimental data for natural adsorbents. Freundlich isotherm is expressed by equation 

4.11. 
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q� � K<  �  C�= 

                                                  (4.11) 

 

where KF  (mg g-1)(L mg-1)n and n are the Freundlich constants which indicate adsorption 

capacity and intensity, respectively. 

 

The Temkin isotherm model is used to explain adsorption on heterogenous surfaces 

and assumes that the heat of adsorption of all the molecules decreases linearly with 

coverage due to adsorbent-adsorbate interactions (Temkin, 1940). Temkin isotherm 

equation is given by the following equation,  

 

q� � RT
b ln� K@C��   

                                              (4.12) 

 

where RT/b =B1 and B1 is related to the heat of adsorption , T is the absolute temperature 

in K°, R is the universal gas constant, 8.314 J mol−1 K−1, KT the equilibrium binding 

constant (L mg−1) (Table 4.7).  

 

The Redlich–Peterson equation which is given by Equation 4.13, incorporates with 

the features of the Langmuir and Freundlich,  

 

q� �  KABC�
1 2 aC�

C                

                                         (4.13) 

 

where KRP (L g-1), a (L mg-1), and β are Redlich–Peterson isotherm parameters. The 

exponent β varies between 1 and 0 (Redlich and Peterson, 1959). 

  

In Table 4.6 the equations of Langmuir, Freundich, Temkin, and Redlich Peterson 

isotherm models and their lineralized forms are summarized.  
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Table 4.6. Adsorption isotherms equations. 

 

Isotherm Equation Linear form of equation Plot 
    

Freundlich  q� � K<  �  C�=    log q� � nlogC� 2 logK< log qe vs. log Ce 

    

Langmuir q� � qK;C�
1 2 K;C�

 
C�
q�

� C�
q 2 1

K;q Ce/qe vs. Ce 

    

Temkin q� � B( ln� K@C�� q� � B(lnK@ 2 B(lnC� qe vs. ln Ce 

    

Redlich-Peterson 
  

q� �  KABC�
1 2 aC�

C 

 

ln EKAB
C�
q�

 1F � lna 2 βlnC� 

 

  ln[(KRPCe/qe )-1]  
vs. lnCe 

 

 

The experimental equilibrium data of OTC on three different adsorbents are given in 

Figure 4.14 as a plot of equilibrium solid phase concentration, qe, versus equilibrium liquid 

phase concentration Ce.  The figure also indicates the predicted data (lines) by four 

different isoterm models.  The parameters of the models obtained by using the linearizing 

forms of equations are listed in Table 4.6. The applicability of models is judged by the 

correlation coefficients of linearized data and SSE values which were calculated with the 

predicted and the experimental values of sorption capacity are represented in Table 4.7. 
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Figure 4.14. Comparison of experimental and estimated sorption isotherms of OTC. 

([OTC]i = 30 - 400 mg L-1; [adsorbent] =10 g L-1; pHi=6.5; 25 0C; t=24 h). 

 

As can be seen from Figure 4.14, the sorption capacity of all investigated adsorbents 

increased with increasing OTC concentration. The initial concentration provides an 

important driving force to overcome all mass transfer resistances. 
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Table 4.7. Adsorption isotherm parameters.  

 

 Adsorbent 
 Perlite Sepiolite Bentonite 
    
Freundlich Isotherm    
n 0.55 0.72 1.51 
KF (mg g-1)(L mg-1)n 0.55 0.24 0.40 
R2 0.99 0.99 0.84 
SSE 0.14 0.06 15.97 
    
Langmuir Isotherm    

KL (L mg-1) 0.012 0.005 -0.025 
q (mg g-1) 14.29 21.74 -32.26 
R2 0.97 0.93 0.19 
SSE 0.23 0.14 24.32 
    
Temkin Isotherm    

B1  2.77 3.56 19.23 

KT (L mg-1) 0.16 0.08 0.25 
R2 0.96 0.92 0.94 
SSE 0.42 1.60 3.64 
    
Redlich-Peterson isotherm    
K (L g-1) 0.22 0.12 4.50 
a (L mg-1)  0.02 0.01 2.36 
β  1 1 0 
R2 0.99 0.95 0.33 
SSE 0.35 0.33 10.94 

 

According to the magnitude of SSE, the adsorption equilibrium data of perlite and 

sepiolite can be satisfactorily described by Freundlich isotherm whereas the adsorption 

equilibrium data of bentonite can be explained by Temkin isotherm. 

 

Negative values for the Langmuir isotherms parameters as given in Table 4.7 

indicate the inadequacy of the isotherm model to explain the adsorption process. 
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The conformity of the data to the Freundlich equation suggests that heterogeneity in 

the surface and pores of adsorbent played a role in the adsorption.  For perlite and sepiolite 

the adsorption intensity n < 1 indicates favorable adsorption. KF implies the adsorption 

capacity of the adsorbent which is higher for perlite than that for sepiolite. 

  

The data of bentonite fitted with Temkin isotherm indicates that the adsorption can 

be characterized by a uniform distribution of the bonding energies, up to some maximum 

binding energy. 

 

4.4. Effect of pH on Sorption 

 

Since the pH can affect both the speciation of OTC (Figure 2.3) and the surface 

charge of adsorbent the effect of this parameter on the adsorption of OTC ([OTC]i= 115 

mg L-1) was investigated over a wide pH range (2-10.5) and the results were evaluated by 

both distribution coefficient (Kd) and OTC removal percentage. The distribution 

coefficient and removal efficiency of OTC were calculated by Equation 4.14 and 4.15, 

respectively, 

 

KG � q�
C�

 

(4.14) 

 

OTC Removal �%� �  C�  C�
C�

� 100 

(4.15) 

 

Kd = distribution coefficient (L g-1 or L kg-1), 

qe= adsorbed OTC concentration (mg g-1), 

Ce= equilibrium OTC concentration (mg L-1), 

C0= initial OTC concentration (mg L-1).  
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The sorption of OTC on adsorbents is illustrated as a function of initial pH in Figure 

4.15 and the equilibrium pH values are also listed in this figure. 
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Figure 4.15. Effect of pH on the sorption of OTC.  

Initial  
pH 

Equilibrium 
pH 

2 No Change 
4 No Change 

6.5 No Change 
9 No Change 

10.5 No Change 
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As stated in figure the pH of perlite slurry did not exhibit any variation during the 

equilibration period of OTC. Maximum OTC sorption onto perlite occurred at pH 2 was 

67.16 %. From a previous study it is known that perlite is negatively charged at a pH range 

of 3–11 (Doğan et al., 1997). Therefore, this is well expected result since the association of 

OTC cations with negatively charged perlite could take place as the pH of the solution 

becomes lower. On the other hand, as the pH value of solution increased, the sorption of 

OTC decreased due to the repulsion between anionic antibiotic and negatively charged 

perlite surface. By increasing the pH from 2 to 10.5, Kd decreased from 204.5 to 16.2 L kg-

1 and OTC removal decreased from 67.2 to 13.9 % (Figure 4.15). This result obtained at 

alkaline pH suggests that electrostatic attraction plays a significant role in the sorption of 

OTC.  

 

As opposed to perlite, the pH values of bentonite and sepiolite slurry showed a 

noticeable increase at acidic pHs. However, similar to perlite, the maximum OTC sorption 

onto sepiolite and bentonite occurred when the initial pH of slurry was acidic.  The 

isoelectrical point of sepiolite was reported as 6.6 and 6.3 by Alkan et al. (2005) and Kara 

et al. (2003), respectively. Considering this value and the pKa1 value of OTC (Table 3.1) it 

is expected to be both sepiolite and OTC have negative charge above pH 9.11 value. 

Accordingly, the lower sorption of OTC on sepiolite was observed at alkaline pH values.  

 

For the adsorption on bentonite although by increasing the initial pH from 2 to 10.5 

Kd decreased from 30,420 to 638 L kg-1, OTC removal did not change significantly, it 

decreased from 99.7 to 86 % similar to the results of the previous study where OTC 

removal by natural zeolite decreased from 91 to 82 % (Şalcıoğlu, 2007).  This result 

suggests that the sorption of OTC on bentonite occurred not only by electrostatic attraction 

but also other mechanisms such as cation bridging (Figuera et al., 2004). 

 

4.5.  Released Ions from Adsorbents  

 

Tetracyclines have a number of potential metal binding sites and the ability of 

tetracyclines to form complexes with di- and trivalent cations has long been known 

(MacKay and Canterbury, 2005). This ability, which is most strongly pronounced for 
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hydrophilic tetracyclines (mainly tetracycline and oxytetracycline), can be important in the 

sorption process since cation exchange mechanism was suggested as a major sorption 

mechanism for TCs on clays. Therefore, the released ions from the adsorbent surface were 

investigated by the experiments carried out with 10 g L-1 adsorbent and 115 mg L-1 OTC 

without pH adjustment at room temperature.  Additionally, experiments were performed in 

the absence of OTC. The concentrations of various released cations from adsorbents were 

detected during 24 hr period.  The concentrations of Al +3, Na+, Ca+, K+, Mg+2, Fe+3, Mn+4, 

Cu+, Ti+4 and, Zn+2 ions  exhibited an increasing trend by increasing the contact time. In 

Figure 4.16 only the ions which have concentration higher than 0.1 mg L-1 are illustrated.  
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Figure 4.16. Release of cations from adsorbents (mg L-1) initial pH=7.  
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From the figure, it is obvious that in the absence of OTC there is significantly high 

Na+ release from bentonite and remarkable amount of Ca2+ and Mg2+ release from 

sepiolite. The presence of Ca2+ and Mg2+ ions in the aqueous solution is important because 

they tend to form soluble complexes with OTC which can adversely affect the adsorption 

of antibiotic.  

 

In the presence of OTC, the higher release of Na+ from all adsorbents could be 

attributed to the OTC adsorption by ion exchange mechanism. This suggestion is in a good 

agreement of high sorption capacity of bentonite having the highest CEC. The lower 

adsorption of OTC on sepiolite can be due to formation of the soluble complexes with the 

released Ca2+ and Mg2+ ions. On the other hand, OTC can form bridges with the cations on 

the adsorbents and hence its adsorption can be increased as suggested by Figueroa et al. 

(2004). Following quations can be suggested as possible reactions occurred during 

adsorption of OTC.   

 

[Exchangeable cation-Clay] 
        KLM     NOOOOOP [Clay]- + Exchangeable cation 

(4.16)  
 

OTC- + Multivalent Cations 
     QRS�TSU      NOOOOOOOOP  OTC-Multivalent Cations 

(4.17) 
 

OTC+ + [Clay]- 
                        NOOOOOOP OTC-Clay 

(4.18) 
 

4.6.  Properties of Spent Adsorbents  

 

Some of the characteristics of the spent adsorbents were determined and compared 

with those of virgin adsorbents.  

 

4.6.1.  XRD Analysis of Spent Adsorbents 

 

The XRD patterns of adsorbents (Table B2, B4, B6) interacted with OTC are shown 

in Figure 4.17. By the adsorption of OTC the variations of the basal spacings (d001) of each 

adsorbent are listed in Table 4.8. 
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Figure 4.17. XRD patterns of virgin and spent adsorbents. 
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Table 4.8. Interlayer spacings (d001) of virgin and spent adsorbents.  

 

Adsorbent  

d001  (Å) 

Before Adsorption After adsorption 
   

Perlite 9.91 - 
Sepiolite 11.84 12.27 
Bentonite 14.29 17.25 

 

As illustrated in table, there is an increase in the interlayer spacing of adsorbents 

(d001) except for perlite. After the adsorption of OTC the d001 peak of perlite disappearance 

and this is probably due to the structural change of it (Figure 4.17). When the internal 

adsorption occurs the c-axis spacing (d001), which is unique for swelling clays, sepiolite 

and bentonite adapts to the intercalated OTC molecule which has 8.3 A° dimension 

(Kulshrestha et al., 2004). Therefore, after the adsorption of OTC, the observed increase in 

the basal spacing (d001) of adsorbents is relative to that of dehydrated form would be 

attributed to the dimensions of the adsorbed oxytetracycline molecule. The larger initial 

interlayer spacing and the higher increase in d001 value of bentonite are in a good 

agreement with the higher adsorption capacity of it.  

 

4.6.2.  FTIR Analysis of Spent Adsorbents  

 

FTIR spectra of each spent adsorbent were determined to figure out the new bands 

indicating the OTC adsorption on the adsorbents and they were compared with the spectra 

of OTC which is given in Figure 4.18. 
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Figure 4.18. FTIR spectra of OTC and adsorbents before and after adsorption ([OTC]i = 

400 mg L-1). 

 

As can be seen from the FTIR analysis of OTC a series of characteristic bands can be 

identified between 1400 and 1700 cm-1. The characteristic bands of OTC at 1625 and 1579 

cm-1 correspond to aromatic alkane and amide II band, respectively.   A band at 1446 cm-1 

is attributed to CH3 bending in OTC (Kulshrestha et al., 2004; Gu and Karthikeyan, 2005).  

 

Although significantly high amount of OTC adsorbed, its presence is not easily 

identified on the adsorbents. However, the most intense band of OTC (1625 cm-1) is 
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observed on the OTC loaded perlite at 1624.40 cm-1, sepiolite at 1623.79 cm-1, and 

bentonite at 1625.50 cm-1.  The second intense band of OTC (1579 cm-1) is observed on 

OTC loaded perlite at 1576.16 cm-1, sepiolite at 1575.78 cm-1, and bentonite at 1575.88 

cm-1.   

 

4.6.3.  Elemental Analysis of Adsorbents Before and After Adsorption    

 

The elemental analyses of adsorbents were performed in order to investigate the 

variation in the carbon content after the adsorption of OTC and the results are tabulated in 

Table 4.9.  

 

Table 4.9.  Elemental content of adsorbents before and after the adsorption of OTC. 

 

Adsorbent 
Carbon Nitrogen 

Weight (%) 

   
Perlite 0.079 0.008 
Perlite After Adsorption 0.461 0.017 

   
Sepiolite 1.294 0.048 
Sepiolite After Adsorption 2.163 0.135 
   

Bentonite 0.964 0.060 
Bentonite After Adsorption 2.312 0.256 
   

   
 

From the Table 4.9 it can be observed that there is an increase in carbon and nitrogen 

content of the adsorbents after adsorption. The higher increase in the carbon and nitrogen 

amounts was observed for bentonite which is in a good agreement with higher OTC 

adsorption capacity of it.       

 

4.7.  Regeneration of Spent Bentonite 

 

To make the adsorption process economic regeneration studies can be applied to the 

spent adsorbent. Regeneration was investigated for only bentonite among the investigated 
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adsorbents because of its high adsorption capacity. The regeneration of bentonite to 

degrade the adsorbed OTC was performed either by direct application of oxidation 

(ozonation and Fenton processes) or by extraction followed by oxidation.    

 

4.7.1. Extraction of OTC from Spent Bentonite 

 
In order to enhance the efficiency of subsequent oxidative regeneration, the  

desorption of OTC from the spent bentonite was studied. Various extraction solutions 

including magnesium salt, Mcllvaine buffer, and NaCl in methanol were used for the 

desorption of OTC from soil, manure, and food in previous studies which are listed in 

Table 4.10 Actually, none of these solutions are considered for the regeneration purposes  

and  Mcllvaine buffer is known as an efficient extraction solvent for the analysis  of TC 

antibiotics sorbed on solid matrixes. 

 

Table 4.10. Desorption of OTC by various extraction solutions. 

 

Extraction 
Solvent 

Ingredients Reference 

   

NaCl Solution 1 M NaCl /1 M Oxalic Acid/ Methanol 
Sassman and 

Lee, 2005 
 (25:25:50)  
   
   

Mcllvaine  
0.2 M Citric acid /0.4 M Na2HPO4 (90:60) / 

0.1 M Na2EDTA / Methanol (25:25:50) 
Blackwell et. al, 

2004 
   

MgCl2 1 M MgCl2 
Figueroa and 
Mackay, 2005 

   

Mg(NO3)2  1 M Mg(NO3)2 
Uslu and 

Balcıoğlu, 2009 
 

 

Considering high performances of the extraction solvents for the desorption of TC 

antibiotics listed in table, these solutions at concentrations mentioned in table were applied 

to the spent bentonite for two hours period and the efficiency of extraction is determined 

by the following equation, 
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OTC Extraction  �%� �  C"R
CQ

� 100 

            (4.19) 

 

CA = adsorbed OTC concentration (mg L-1 or mM), 

Caq = aqueous OTC concentration after extraction (mg L-1 or mM).  

 

In Figure 4.19 the extraction efficiencies of magnesium salts solutions are compared with 

those obtained by the other solvents presented in Table 4.10.   
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   Figure 4.19. OTC extraction efficiency of different solutions.  

 

As can be seen from the Figure 4.19, Mg(NO3)2 has the highest OTC desorption 

efficiency (98.96 %) for the spent bentonite. This result can be explained by the formation 

of a complex between OTC and  magnesium ions in the liquid phase (Schmitt and 

Schneider, 2000, Uslu and Balcıoğlu, 2009). Therefore, Mg(NO3)2  was selected as an 

extraction solution for the spent bentonite.  
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In order to investigate the effect of Mg(II) concentration, the desorption experiments 

were carried out with different concentrations of Mg(NO3)2  in the concentration range of 

0.1M - 2M  at two different initial pH values (Figure 4.20).  

 

 
 

 

 

 

 

 

 

 

 

 
 

Figure 4.20. Effect of Mg(NO3)2 on extraction efficiency of OTC from bentonite.  

 
As can be seen from Figure 4.20, the extraction efficiency of OTC gradually 

increases with increasing concentration of Mg(II) solution at both pH. On the other hand, 

increasing the pH of the extraction solution to a value of 8 did not remarkably affect the 

performance of extraction.  Although a higher complex formation potential is expected at 

alkaline pH value about 95% OTC removal from the surface of spent bentonite was 

achieved by 0.5 M Mg(NO3)2 at pHi 5.5 which was already obtained without any pH 

adjustment. 

 

4.7.2. Ozonation of OTC on Spent Bentonite 

 

For the degradation of OTC adsorbed on bentonite, ozone was applied directly to the 

spent bentonite and after the extraction of OTC from bentonite by using 0.5 M Mg(NO3)2. 

Various applied ozone doses (2.5, 7.5, 12.75, 24.75 and 37.5 mg min-1) were used in 
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oxidations experiments and OTC removal efficiency of ozone before and after the 

extraction is illustrated as a function of treatment time in Figure 4.21. OTC removal 

efficiency of direct ozonation was calculated by a mass balance relationship after 

extraction. 

 

 

Figure 4.21. Comparison of OTC removal efficiency of ozone before and after extraction. 

(pHi= 6.5) 

 

It can be seen from the figure that 98.6 % removal of OTC was achieved within 5 

minutes (applied ozone dose = 12.75 mg min-1) when ozone was applied after the 

extraction of OTC from the bentonite. However, 15 minutes (applied ozone dose = 37.5 

mg min-1) was required to obtain the same treatment efficiency when ozone was directly 

applied to the spent bentonite without extraction.  

 

While the initial pH of slurry before the ozonation was 8.1, it was 7.8 after the 

application of extraction. At these pH values as well as molecular ozone hydroxyl radicals 

(OH•) produced by the catalytic decomposition of ozone with hydroxyl ions (Langlais, 

1991) can be responsible for the degradation of OTC (Equation 4.20).   

 

2O3 + OH-            OH• + 3O2 

(4.20) 
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Hydroxyl radicals in the slurry can also be produced by both homogeneous and 

heterogeneous metal catalyzed decomposition reactions of ozone (e.g. Balcıoğlu and 

Moral, 2008). It was revealed that various metal oxides, MeO, (e.g. Al2O3, Fe2O3, FeOOH) 

can act as heterogeneous catalyst for the production of hydroxyl radicals (Kasprzyk-

Hordern et al., 2006; Beltran et al., 2005; Park et al., 2004). Although the effect of catalyst 

is not well documented in heterogeneous catalytic ozonation for the degradation of 

pollutants three different reaction pathways have been speculated (1) chemisorption of 

ozone on catalyst can produce reactive oxidative species that can oxidize pollutants in the 

aqueous phase of slurry, (2) adsorbed pollutant on catalyst surface can be oxidized by 

either ozone or hydroxyl radicals in aqueous phase, and (3) adsorption of both pollutant 

and ozone on catalyst surface and subsequent reactions between them (Kasprzyk-Hordern 

et al., 2006). Due to the release of metal ions from the surface of bentonite (Figure 4.21) 

homogeneous catalytic reaction could also be responsible for the oxidation of OTC in the 

liquid phase of the slurry. Subsequently, reactions (4.21) and (4.22) can be suggested for 

the oxidation of OTC in the slurry of bentonite. 

 

             [MeO]solid            

             [Me+x]aqueous 

(4.21) 

 

 

             [OTC]sorbed 

             [OTC]aqueous                   

(4.22) 

 

 

After the regeneration of the spent bentonite by ozonation, the d001 value of bentonite 

was determined and compared with that of virgin one. The d001 peak of the bentonite tends 

to return to its virgin mode by the application of ozone. d001 value  of virgin bentonite was 

14.29 and by the adsorption of OTC it increased to 17.25 Å. Subsequent regeneration 

resulted in a d001 value of 15.17 Å. 

 

+ O3 reactive radicals, e.g OH• 

O3 

OH• 
+ Oxidation products 
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4.7.3. Fenton Oxidation of OTC on Spent Bentonite 

 

The degradation of OTC was also performed by Fenton oxidation and this process 

was applied to the spent bentonite at Fe(II)/H2O2 molar ratio of 1/10 with varying H2O2 

doses (H2O2 = 50-150 mM) for one hour treatment period. Considering the release of some 

cations from the surface of the bentonite that might cause the decomposition of hydrogen 

peroxide and the production of reactive radicals, oxidation experiments were also carried 

out without the addition of iron catalyst (Figure 4.22). OTC removal efficiency of Fenton 

process was calculated in a similar way as in the case of ozonation process. 
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Figure 4.22. Effect of hydrogen peroxide concentration and Fe catalyst on the OTC 

removal efficiency (Fe(II)/ H2O2 =1/10; treatment period=60 min). 

 

As it is obvious from Figure 4.22 that Fe catalyst amendment drives up the OTC 

removal efficiency of hydrogen peroxide due to the reaction of iron catalyst with H2O2 

(Walling, 1975).  

 

The degradation of OTC without the addition of iron catalyst can indicate that the 

reaction of H2O2 with the indigeneous iron released into the solution from the bentonite 

could produce reactive radicals or heterogenous Fenton process could be responsible for 

the production of reactive radicals similar to heterogeneous catalytic ozonation (Xu et al., 
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2009). The following reactions could be proposed for the production of hydroxyl radicals 

in the solution. 

 

Fe3+ + H2O2 → FeOOH2+ + H+ 

(4.23)     

FeOOH2+ → HOO• + Fe2+ 

(4.24) 

Fe2+ + H2O2 → Fe3+ + OH- + OH• 

(4.25) 

 

Figure 4.22 also indicates that an increase in H2O2 concentration resulted in a higher 

degradation of OTC and 94 % OTC removal was achieved with 150 mM H2O2/ 15 mM Fe 

(II) . However, in the absence of the external addition of iron a limited degradation of OTC 

was attained with 150 mM H2O2. 

 
Similar to the ozonation treatment, Fenton process was also applied after the 

extraction of OTC from spent bentonite and the results were compared with those obtained 

by direct application of oxidation process in extended treatment time period (Figure 4.23). 

In order to differentiate the effect of extraction on the overall removal of OTC both 75 mM 

and 150 mM hydrogen peroxide dose were used in Fenton reagent. 
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Figure 4.23. Comparison of OTC removal efficiency of Fenton process before and after 

extraction.  

 

At high hydrogen peroxide dose the effect of extraction was not differentiated 

whereas at 75 mM H2O2 dose a positive eefect of the pretreatment was observed for the 

overall removal of OTC and by the progress of oxidation this effect decreased probably 

due to the exchange of available Fe (II) ions on bentonite surface.  

 

It is known that Fenton process efficiency is closely related to the solution pH 

(Walling, 1975) and optimal pH value of Fenton process for most of the pollutants found in 

aqueous phase are between 2 and 4 where higher iron solubility occurs. On the other hand, 

recent studies exhibited the catalytic effect of immobilized iron on the hydrogen peroxide 

for the production of reactive oxidative species (Kan and Huling, 2009) and the oxidation 

of sorbed pollutants on solid matrixes does not require highly acidic conditions due to the 

catalytic effect of minerals (Uslu and Balcioglu, 2009). In this study, the addition of 

Fenton’s reagent to the slurry of the spent bentonite resulted in an initial pH value of 4.5 

and 3.5 for 75 mM and 150 mM hydrogen peroxide dose, respectively. In order to clarify 

the effect of pH on Fenton treatment with 75 mM H2O2 a further decrease of initial pH to 

3.5 was provided by the acidification of slurry (Figure 4.24).   
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 Figure 4.24. Effect of pH on Fenton process. 

 

From the figure it can be concluded that the adjustment of the initial pH to 3.5, 

increased the removal efficiency of Fenton treatment (75 mM H2O2 / 7.5mM Fe catalyst) 

from 69 to 95 % within 180 min. However, almost the same OTC degradation efficiency 

was achieved with 150 mM H2O2 / 15 mM Fe catalyst within 30 min.  
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5.  CONCLUSION 

 

 

In the scope of this research the sorption of OTC to three natural adsorbents and the 

oxidation of spent adsorbent were investigated.  The following findings highlight the major 

results of the study. 

 

•  Among the investigated adsorbents bentonite has the highest adsorption equilibrium 

value of OTC due to its highest CEC. Monovalent ions which have lower complexation 

constants with OTC were the major exchangeable ions of bentonite and this reduced the 

formation probability of soluble OTC-metal complexes consequently, the highest sorption 

was obtained for this adsorbent. Although sepiolite has about 30 times higher surface area 

and pore volume compare to perlite adsorption equilibrium values of OTC for sepiolite and 

perlite are close to each other indicating that the surface area and pore volume are not the 

controlling adsorptive factors. 

   

•  Considering EDX and ICP determinations, the lower sorption of OTC could be 

attributed to the formation of soluble metal/antibiotic complexes in aqueous phase formed 

by the release of calcium and magnesium ions from sepiolite whereas the higher sorption 

could be due to surface complexes formed on the perlite through the cation bridging of 

aluminum and iron with OTC.  

 

•  It is thus presumed that OTC was adsorbed on each adsorbent primarily via CEC and 

cation bridging mechanisms. 

 

•  The sorption of OTC on perlite, sepiolite, and bentonite was nonlinear and the 

experimental equilibrium adsorption data of OTC were tested for the Langmuir, 

Freundlich, Temkin and Redlich-Peterson isotherms. Consequently, the adsorption 

isotherms of OTC on perlite and sepiolite are well described with Freundlich model 

whereas only Temkin isotherm describes the adsorption of OTC on bentonite.   

 

•  Among the four kinetic models tested, pseudo-second-order and Elovich models best 

describe the reaction kinetics of all adsorbents indicating that the rate limiting step of OTC 
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adsorption is a chemical sorption process and the adsorbents have highly heterogeneous 

sorptive sites.  

 

•  For each adsorbent the OTC sorption at the different experimental pHs was quite 

different in magnitude but the adsorption was diminished considerably by the 

deprotonation of OTC for all adsorbents. The adsorption efficiencies of OTC on perlite and 

sepiolite decreased from 67.2 to 13.9 % and 58.60 to 27.79 % by increasing pH from 2 to 

10.5, respectively. Adsorption on bentonite was not affected remarkably by pH variation 

and it decreased from 99.7 to 86 % by increasing pH from 2 to 10.5. Considering the all 

results, bentonite can be suggested as a promising adsorbent for OTC.  

 

•  Subsequent oxidation of spent bentonite via Fenton and ozone driven mechanisms 

resulted in high amount of OTC degradation. The increasing dose of oxidant both in 

Fenton and ozone treatments increased the degradation of OTC.  

 

•  The pretreatment of spent bentonite by magnesium salt extraction reduced the ozone 

dose required for the destruction of OTC whereas it did not affect the performance of 

Fenton process. Sequential application of extraction and ozone oxidation with an applied 

ozone dose of 12.75 mg min-1 provided 98.6 % OTC degradation.  

 

• Oxidative radicals produced by the reaction of indigenous iron content of bentonite 

with hydrogen peroxide provided the limited oxidation of OTC. The addition of iron at 

Fe(II) / H2O2 molar ratio of 1/10 and the acidification of spent bentonite slurry to pH 3.5 

resulted in 95 % OTC degradation with 75 mM H2O2. Consequently, an efficient 

destruction of sorbed OTC could be obtained by these chemical oxidation processes. 
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APPENDIX A  

 

Calibration Curves and HPLC Chromatogram of OTC 
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Figure A. 1. Calibration curves of OTC at different pH values. 

 

Table A.1. Maximum absorption peak and extinction coefficient of OTC at different pH 

values. 

 

pH λλλλ (nm) εεεε (R2) 
2.5 355.5 11.55 (0.994) 

6.5 358 13.89 (0.999) 

9 372 13.76 (0.995) 
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Figure A.2. HPLC calibration curve of OTC.
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Figure A.3. Representative chromatogram of OTC.
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APPENDIX B 

 

Interlayer Spacings and Peak Intensities of Adsorbents 
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Table B.1. Interlayer spacings and peak intensities of virgin perlite. 
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Table B.1.  Continued. 
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Table B.2. Interlayer spacings and peak intensities of spent perlite. 
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Table B.2. Continued. 
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Table B.3. Interlayer spacings and peak intensities of virgin sepiolite. 
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Table B.3. Continued. 
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Table B.4. Interlayer spacings and peak intensities of spent sepiolite. 
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Table B.4. Continued. 
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Table B.5. Interlayer spacings and peak intensities of virgin bentonite. 
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Table B.5. Continued. 
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Table B.6. Interlayer spacings and peak intensities of spent bentonite. 
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Table B.6. Continued. 
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Table B.7. Interlayer spacings and peak intensities of ozonated bentonite. 
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Table B.7. Continued. 
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APPENDIX C 

 

Surface Area Data of Adsorbents 
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Table C.1. Surface area data of virgin perlite. 
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Table C.2. Surface area data of virgin sepiolite. 
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Table C.3. Surface area data of virgin bentonite. 

 

 

 




