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ABSTRACT

Excessive use of antibiotics induces accumulatiothem in the environment and
due to their adverse effects antibiotics are di@ssas an emergent pollutant. Considering
the importance of antibiotic pollution control, thdsorption of a widely used tetracycline
group antibiotic, oxytetracycline (OTC) onto peglitsepiolite, and bentonite as natural
adsorbents was investigated. The effects of indrlbiotic concentration, contact time,
and pH on the adsorption of OTC were studied. Battdorption experiments indicate that
the extent of sorption is strongly dependent onpiHeof solution. The adsorption capacity
of perlite, sepiolite, and bentonite for OTC at 1% was found 5.87, 5.57, and 10.93 mg
g', respectively. Pseudo-first order, pseudo-secorderp Elovich, and intraparticle
diffusion kinetic models were applied to the expemtal data to describe the adsorption
process. It was found that OTC adsorption on ealdorbent could be described more
favorably by the pseudo-second order kinetic mo8t&ndard adsorption isotherms were
used to fit the equilibrium data and isothermsaxfteadsorbent were adequately described
by Freundlich and Temkin models. Among the invedd adsorbents bentonite exhibited
the highest adsorption performance. The treatrokspent bentonite was also performed
by Fenton and ozonation processes which efficiesdigraded OTC. While the extraction
pretreatment enhanced the OTC degradation effigiedicozonation process, it didn’t

affect the performance of Fenton process.



OZET

Antibiyotiklerin agiri kullanilmasi dgada birikmelerine sebep olur ve zararli etkileri
nedeniyle kirletici olarak siniflandirilirlar. Bualggmada antibiyotik kirlilgi kontrolinin
onemi dikkate alinarak, yaygin biekilde kullanilan tetrasiklin grubu antibiygii
oksitetrasiklinin (OTC) dgal mineraller olan perlit, sepiyolit ve bentonitdsarpsiyonu
incelenmgtir. Antibiyotik adsorpsiyonunda kkangi¢ antibiyotik konsantrasyonu, temas
suresi ve pH etkileri kesikli adsorpsiyon deneyldd incelenmgtir ve adsorpsiyon
veriminin buylk olcide ortam pH’'ina @la oldugu saptanmtir. Perlit, sepiyolit ve
bentonitin pH 6.5’da OTC icin adsorpsiyon kapasitelsirasiyla 5.87, 5.57 ve 10.93 mg g
! olarak bulunmstur. Adsorpsiyon prosesini tanimlamak icin yalabitiaci derece,
yalanci-ikinci derece, Elovich ve partikiillerarasiizyon kinetik modelleri uygulanrtir
ve herbir adsorbent icin OTC adsorpsiyonu yalakiciei derece kinetic model ile
tanimlanmgtir. Adsorpsiyon mekanizmasinin aciklanmasi icimndart adsorpsiyon
izotermleri kullaniimg ve herbir adsorbent icin Freundlich ve Temkin miedieuygunluk
gostermgtir. Adsorbentler arasinda en yuksek verimi bentorerms ve kullanilan
bentonitin rejenerasyonu da adsorplanan OTC’nimoz® hidrojen peroksit ile giderimi
sglanarak gerceklgiriimistir. OTC’nin bentonitten ekstraksiyonu ozon prosigsn bir

avantaj sglasa da Fenton prosesinin performansini etkilergtemi
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1. INTRODUCTION

Large quantities of antibiotics are administeredhtonans and animals to treat
infectious diseases every year. Veterinary aniitgotare also commonly used at
subtherapeutic levels for prophylactic purposes tanpgromote growth. Subsequently, the
presence of antibiotics in different environmem@amnpartments such as soil, groundwater,
surface water, and plants|ave been reported in recent studidarischer et al., 2002;
Boxall et al., 2006 Kim and Carlson, 2007olliver et al., 2007;Barnes et al., 2008)
Antibiotics are classified as an emergent pollutsinice theycould perturb microbial
ecology, increase the reproduction of antibiotsistant pathogens, and could pose threats
to human health (Frick et al., 2001). The contamamaof waters with antibiotics presents
challenges for the water industry on the issuesaitr reuse and water resource planning
(Huang et al., 2001).

Generally, conventional wastewater treatment pl@\We/TPs) including biological
treatment processes have been shown to be ing#ecti the removal of antibiotics
(Glassmeyer et al., 2005; Kolpin et al., 2002; Sitiet al., 1999). Oxidative treatments
such as ozonation, Fenton and photocatalytic psesesave been shown to be an option
for the treatment of antibiotics (Hofl et al. 19%ey et al. 1999; Akmehmet Balcioglu and
Otker, 2003; lketha et al., 2006). However, thesatment methods may cause the
production of oxidation by products in the treateater. On the other hand, an efficient
removal of some antibiotics was achieved by granaletivated carbon, membrane
bioreactors, membrane filtration processes usingerse osmosis and nanofiltration
(Snyder et al., 2007).

Recent studies related with the fate of the aniitBoin the environment indicated
that some of the antibiotics (e.g. tetracyclined)ilgited strong sorption tendency to the
soil and the clay content of soil was found to bainty responsible for the sorption of
these antibiotics (Boxall et al., 2002; Figueroaakt 2004). It is known that natural
microporous materials including clay minerals a® loost adsorbents and barriers are
utilized in the field of water pollution controhd decontamination (Babel and Kurniawan,
2003; Crini, 2006; Ahmaruzzaman, 2008). Considethmgse facts, in the present study,



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

and bentonite was investigated and the removal & @om the water was evaluated at
different pH values. The sorption kinetics and $beption isotherms were studied on three
different adsorbents by using different models. @agradation of OTC, loaded on one of
the adsorbents, which exhibited a higher removebpmance, was also examined by the

application of Fenton and ozone treatments.



2. THEORETICAL BACKGROUND

2.1. Occurrence of Antibiotics in the Environment

In recent years, the occurrence and the fate ainpdo@eutically active compounds in
the environment has been recognized as one of niexging issues in environmental
chemistry (Stan and Heberer, 1997; Halling- Sgmerteal., 1998; Daughton and Ternes,
1999; Daughton and Jones-Lepp, 2001; Kimmerer,£08)1

Today, a wide range of naturally occurring and yftlsetic antibiotics is frequently
used for the therapy of infectious diseases in muamal veterinary medicine (Grafe, 1992).
For this purpose, antibiotics are designed to acy effectively even at low doses and, in
case of intra-corporal administration, to be congheexcreted from the body after a short
time of residence. Consequently, these substameaglaased into the environment via the
waste of organisms. Therefore, the residual conagos of pharmaceutical antibiotics are
found in the environment. The contaminations offes&, ground and drinking water, of
aquatic sediments and soils with pharmaceuticale baen reported by several researchers
(Richardson and Bowron, 1985; Heberer and Stang;198sch et al., 1999; Kimmerer,
2001a, b; Hamscher et al., 2002). The residuesitdfiatics in soil result mostly from the
use of contaminated excrements as fertilizer orcalgmral land. It has been estimated that
loads of up to kilograms per hectare may entercafjural soils and that a concentration
level of antibiotics similar to pesticides is epsgached (van Gool, 1993). Due to surface
runoff and leaching, soils can even act as a soafcantibiotic 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 ifuaction of the combination of
several factors: the quantity manufactured; theagegamount, frequency and duration);
the excretion efficiency of parent compound andamelites; the adsorption/desorption on

soil; and, the metabolic decomposition in sewagatinent (Diaz-Cruz et al., 2003).



The amount of pharmaceuticals and their bioactietabolites being introduced into
the environment is probably low. However, their thamal input into the environment and
their persistance may lead to a high, long-termceatration and promote unnoticed
adverse effects on aquatic and terrestrial orgasigfiects can accumulate so slowly that

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

Figure 2.1 shows the principal routes of environtakeexposure to drugs used in

human and veterinary medicine.

Human medicine Veterinary medicine
-
Aquaculture  Livestock Poultry
Excretion Disposal Excretion
Sewage | Domestic waste | | Manure
-+ I 1
overflow 1 Iea»f.'z l l
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/

Soil / Agricultural soil ]4—
\
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7 /\
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. — . "~ o

,f”_—__“““\l I
—k@rlnklng water

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

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

The most important ways that drugs are introduagal the environment are through
waste effluents of manufacturing processes, excrisposal of unused or expired drug
products, and accidental spills during manufactuon distribution. Among these, animal
excreta can be the major source of environmentalacoination by drugs (Diaz-Cruz et
al., 2003) due to their higher consumption ratetifotics are not completely metabolized
in animal organisms, and excreted after a shoe thresidence. Antibiotics are optimised

with regard to their pharmacokinetics in the orgars: organic accumulation is, as in other



pharmaceutics, objectionable and thus, they araeted as parent compounds or
metabolites (Kimmerer et al., 2000; Thiele-BruhdN3). Excretion rates are dependent on
the substance, the mode of application, the exgeipecies and time after administration,
but it has been shown that rates vary between 4D %h % for tetracyclines and
sulphonamides which are commonly used antibiotksrder et al., 1986; Haller et al.,
2001; Halling-Sgrensen, 2001). Thasyst of the drugs used in veterinary medicine gnd u
in manure. The manure and slurry (urine and faeaes)either stored or immediately
applied to agricultural fields as fertilizers. Whikis manure is dispersed on the field, the
unmetabolized drugs present in the manure or thielogically active metabolites, may
threaten the groundwater by depending on their litphn the soil system and surface
water by surface runoff and affect terrestrial agdatic organisms as a result of leaching
from these fields (Diaz-Cruz et al., 2003).

The same situation is found when sludge from sewssgment plants is used to
fertilize soils. Antibiotics used by humans arectisrged into sewers together with urine
and faeces and then enter sewage treatment pRuntislg sewage treatment, it is likely
that many organic compounds, particularly hydrophiotompounds are sorbed onto
sludge where they are concentrated by several®afenagnitude (Diaz-Cruz et al., 2003)
compared with the sewage from which the sludge eeaas/ed. Hydrophilic compounds
may be unaffected by sewage treatment and remaithenwater effluent. Further
possibilities are that compounds can be completielgraded, mineralized or partially
degraded to produce breakdown products. The céedr@pplication of sludge to soils
presents clear benefits, since it results in tloyaleng of organic matter and nutrients.
However, if the sludge contains pollutants, the liappon of sludge directly adds
undesirable substances to the soil and leads tespmnding negative effects (Diaz-Cruz et
al., 2003). Ingerslev and Halling Sorensen (2008)evassessed the biodegradability of 12
sulfonamides (SAs) in activated sludge solutiond @ncluded biodegradation of them is
so slow compared to other known recalcitrant comgsu(e.g., pentachlorophenol) and

sulfonamides may pass the sewage treatment syberasse of nonsorbing properties.

Another increasingly important source of drugsha environment is, as mentioned
in Figure 2.1, fish farming. In aquaculture, drugsed as feed additives are discharged

directly into the water. Through overfeeding, lagsappetite by diseased fish and poor



adsorption of the drugs, it has been estimatedatwatnd 70 % of the drugs administrated
is released into the environment (Jacobsen andiBeyg 988) . Therefore, large amounts
of veterinary drugs and active metabolites end mpseédiments in the vicinity of
aquacultural areas. The presence of these substemsediments, where many of them are
known to be stable, favors the development of biatteesistance, which gives rise to
infections that are difficult to treat; also, thedsnents act as a reservoir for both the

antimicrobial compounds and the resistant bac{®iaz-Cruz et al., 2003).

2.1.2. Accumulation of Antibiotics in the Environment

Once released into the environment, antibiotics bantransported either in a
dissolved phase or (ad)sorbed to colloids or saitigles into surface- and groundwater
(Campagnolo et al., 2002; Kolpin et al., 2002; Yarg Carlson, 2003; Krapac et al.,
2004). Monitoring studies for human and veterinanyibiotics in different environmental

compartments are discussed below.

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

antibiotics was in England almost three decades wben Watts et al. (1982) detected at
least one compound from the macrolide (ML), sulfoide (SA), and tetracycline (TC)
group of antibiotics in river water at concentrasmf 1pg L™ Following this, a variety of
other antibiotics were also detected in surfaceewat concentrations up to fig L™
(Richardson and Bowron, 1985; Pearson and IngB931 Ternes, 1998; Hirsch et al.,
1999). Tetracyclines were not detected in any wsaenples collected by Hamscher et al.
(2002). Further findings by Lindsey et al. (200hdazhu et al. (2001) supported this.
However, chlortetracycline has been detected inléwels in U.S. surface water samples (-
690 ng LY (Kolpin et al., 2002). On the other hand, oxyeircline and tetracycline have
been detected in higher levels in overland flowarn432,000 ng 1) (Kay et al., 2005) and
groundwater (400 ngl) (Krapac et al., 2005).

Hydrologists within the United States Geologicaln®&y (USGS) tested water
samples in 30 states for 95 common compounds, angamy class of contaminants known
as pharmaceutical and personal care pollutantsp{Kat al., 2002). USGS reported the



occurrence of 21 antibiotic compounds in sampldeded from 139 streams across a
number of US sites. Of these, large proportionsevastibiotics used in animals as growth
promoters, such as tylosin, tetracyclines, sulfadas and carbadox. The frequency of
detection was the highest for sulfonamides andotmecin, followed by tylosin. The
concentrations of the individual compounds deteatettiis study were generally less than
1.0pg L™ (Sarmah et al., 2006).

More recently, Focazio et al. (2008) sampled umeckarinking water sources in the
United States and tested pharmaceuticals and otiganic wastewater contaminants. In
their study, antibiotics were not detected in aratew sample. They concluded that many
of these compounds likely transform or degradehay are transported into and through
the environment as a result of metabolic, photoly@and other natural attenuation
processes and therefore, it is possible that tenpaompounds, though not detected,

could have degraded into other compounds that naréargeted.

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

(1996) residual oxytetracycline at concentratiomsging from 500 to 400Q,g kg* was

observed in marine sediment following chemothetaggtment in fish farms in the US.

Another study carried out elsewhere by Hamschat. ¢2000)reported the presence
of chlortetracycline, oxytetracycline, tetracyclirend tylosin at the limit of detection of
0.1-0.3pg L™t in soil water samples collected from agricultumaid. Multiple classes of
antimicrobial compounds (tetracycline, macrolid&jactam, sulfonamide) were also
detected in groundwater samples collected in neanbge farms in the US (Campagnolo
et al., 2002).

Kim and Carlson (2007) studied the presence ofbmtits in both water and
sediment samples collected along a river in Nortl@&olaradoThe limit of quantification
was determined by two different methods and caledléobe in the range of 0.01-0.Q4
L't and 0.3-2.5ug kg™ for TCs, SAs, and MLs in water and sediment, respely.

Recently, the occurrence of 65 organic wastewatentaminants including

antibiotics were investigated in groundwater sasglalected from 47 wells by Barnes et



al. (2008). Results showed that sulfamethoxazols wWe most frequently detected
antibiotic (23 %) and maximum concentration detat@s 1.11ug L™ in groundwater

samples.

2.1.2.3. Soil. Antibiotics used for veterinary purposes are etaxt by the animals and end
up in soils via grazing livestock or manure usecdagscultural fertiliser (Jorgensen and
Halling-Sorensen, 2000). The loads of antibiotisedsby manuring have been estimated
up to kilograms per hectare (van Gool, 1993). Etnatyclines, detection at soil depths of
up to 30 cm over long time periods was describedHagnscher et al. (2002). This data
demonstrated that TCs not only occur in significamiounts in soil after fertilisation with
liquid manure, but also persist and accumulaténénenvironment. This strong binding to
soil-organic matter is based on the ability of fhés to form complexes with double-
charged cations, such as calcium, which occurgh bboncentrations in soil (Samuelsen et
al., 1992). The residual concentrations of antibsotvere estimated for agricultural soils,
ranging for TCs from 450 to 90Ag kg* (van Gool, 1993). In soils under convential
landfarming fertilized with manure and monitored f@o years, average concentrations of
up to 199ug kg™ tetracycline, fug kg™ chlortetracycline (Hamscher et al., 2002), and 11
ug kg* sulfadimidine (Hoper et al., 2002) were detected.

Recently, Karci and Balcgtu (2009), investigated the level of antimicrobial
pollution in total 17 agricultural soil and aninalnure samples collected from different
sampling points located in the Northern part of Mermara region in Turkey and at least
one antimicrobial compound was detected up to aunagons as high as 0.50 mg kdn
soil and 35.5 mg Kg in manure samples.

2.1.2.4. PlantsKumar et al. (2005) and Boxall et al. (2006) argthet antibiotics may be

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

about antibiotic uptake by plants is the contamamabf the food supply and associated
health risks. Health implications of antibiotic ichses in plant-based products are largely

unknown.

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

several potential adverse impacts including altgtgkic reactions and chronic toxic



effects as a result of prolonged low-level expostine development and spreading of

antibiotic-resistant bacteria, and disruption @gfeaditive system functioning.

Kumar et al. (2005) studied orabbage Brassica oleracea L.), corn, and green
onion Allium cepa L.) grown in manure-amended soil contaminated \aittibiotics at
concentrations ranging from 25 to 125 mg‘kmanure and evaluated plant taken up of
chlortetracycline and tylosinThe authors found that chlortetracycline was uptake
between 0.002 and 0.017 mg'kfyesh weight; however, tylosin was not taken ughsse
food crops. The authors speculated that the laizge af the tylosin molecule possibly
prohibited mass flow or active uptake.

Boxall et al. (2006) evaluated plant uptake of seaatibacterials in lettuce and
carrot Qaucus carota) tissues from a sandy soil spiked at a conceptratf 1 mg
antibiotic per kg of soil. Florfenicol and trimegivam were detected in lettuce leaves,
whereas enrofloxacin, florfenicol, and trimethoprirwere detected in carrot.
Concentrations of these antibiotics ranged fromragmately 3 to 38 mg K§ fresh

weight.

Recently, Dolliver et al. (2007) evaluated the plaptake of a sulfonamide-class
antibiotic, sulfamethazine, in cor@da mays L.), lettuce [actuca sativa L.), and potato
(Solanumtuberosum L.) grown in a manure-amended soil. The treatmest® 0, 50, and,
100 pg sulfamethazine per mL of manure applied at a ot86 000 L ha. Results
showed that sulfamethazine was taken up by alktkreps, with concentrations in plant
tissue ranging from 0.1 to 1.2 mg per kg dry weigbilfamethazine concentrations in
plant tissue increased with corresponding incredssulfamethazine in manure. Highest
plant tissue concentrations were found in corn kattlce, followed by potato. Total
accumulation of sulfamethazine in plant tissuerafted of growth was less than 0.1 % of
the amount applied to soil in manure. These resals®e potential human health concerns
of consuming low levels of antibiotics from produgeown on manure-amended soils

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

2.1.3.1. Sorption of Antibiotics by Soil and ClBinerals. Sorption processes strongly

influence the transport, fate, and bioavailabibfymany organic contaminants in soil and
sub-surface environments. The sorption of antitsois especially affected by the pH,
organic matter, and, minerals of soil, and distidou coefficients (l§) of antibiotics
(Thiele-Bruhn 2003). Previous studies demonstrabed tetracycline antibiotics interact
strongly with clay minerals and hydrous oxides (f€igpa et al., 2004; Kulshrestha et al.,
2004; Figueroa and Mackay, 2005; Gu and Karthikeg2805) and, therefore, are likely to
be retained in soils. Binding of TCs to divalent tahecations such as calcium or
magnesium has been suggested to explain their@asoto organic matter, minerals, and
soils (Christian et al., 2003; Figueroa et al., Z00lacKay and Canterbury, 2005; Gu et
al., 2007).

The behavior of antibiotics in soil greatly depemal their adsorption—desorption
characteristics, and the knowledge of these presesse important to predict their
bioavailability, fate and transport mechanism tigtoisoil column into groundwater or
surface water. However, studies on the adsorptforT@s are limited and have focused
mainly on humic materials (Sithole and Guy, 198@ajl minerals (Sithole and Guy,
1987b; Kulshrestha et al., 2004; Figueroa et &Q42 Turku et al., 2007; Wang et al.,
2008). For those studies, cation exchange was concluddgk tthe primaryadsorption
mechanism responsible for the adsorption of TCea@&afy under acidic conditions, and

the adsorption of TCs alwagecrease with increasing pH.

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

depend on several factors. Chemical propertiespeéeature and moisture content of the
soil, the timing of manure application and weatbenditions can determine the overall
degree of mobility of antibiotics in the environme@ther factors such as water solubility,
dissociation constants, and sorption— desorpti@mtgsses, as well as the stability and
binding to the soils and the partitioning coeffit® at various pH values can all affect the

mobility of antibiotics range in the soil environmgSarmah et al., 2006).
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Rabolle and Spiild (2000) conducted packed soiumwl studies under saturated
steady-state conditions and the relative mobilibefour antibiotics was determined. Most
of the antibiotics remained in the top few centiregtof the soil column, indicating the
high sorptive affinity of these compounds for tledssused; the order of mobility for the
compounds followed metronidazole > olaquindox >4yt > oxytetracycline. The study
demonstrated that the risk of soil water/groundwagteality contamination by tylosin and
oxytetracyclines would be much lower compared valhquindox and metronidazole. It
was also demonstrated through field studies iniehat weak acid such as sulfonamide
and OTC has high potential to be transported ttaserwaters (Boxall et al., 2002; Kay et
al., 2005).

A study in Germany showed no clear indication ofbitity of tetracycline
hydrochloride on a sandy soil when applied withuiitgmanure (Engels and Winckler,
2004), perhaps owing to the higher sorption coeffic values for this compound (Tolls,
2001). In contrast, Aga et al. (2003) observedaih ®lumn studies that the presence of
dissolved organic matter (DOM) in liquid manure wid increased mobility for
tetracycline antibiotics. Other factors that cafluence the mobility of antibiotics are
preferential flow via desiccation cracks and wornamnels to the tile drains, as recently
demonstrated in a UK field study (Kay et al., 2004)

2.1.3.3. Biodegradation and Photodegradation ofibfotics. Gonsalves and Tucker

(1977)showed that even after repeated application ofetsatycline (OTC) in the form of
drench, residues were not found below 20 cm incaidd sandy soil. On the contrary, the
residues of OTC were found at measured concentrafie25ug L™ for at least 40 days
after application; however, it declined steadilydapersisted up to 18 months after
application when concentration of OTC reduced touglL™ in the soil (Gonsalves and
Tucker, 1977). The apparent immobilisation of OTCthe soils to a greater depth was
attributed to the presence of higher percentagedagfand organic matter in the surface

soils with residues of OTC bound strongly to saittizles.

Halling-Sgrensen et al. (2005) found average degi@d half-lives of

chlortetracycline and tylosin A to vary between 2%-eays and 49-67 days in two Danish
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sandy soils, respectively. These half-lives indfisbils were substantially higher than the

reported values for these compounds when experimasniconducted in the laboratory.

The additions of manure or sludge, containing hagimbers of microorganisms,
mostly result in increased biodegradation of aotibs in soil (Ingerslev and Halling
Sorensen, 2001). However, fixation of antibiotienpounds to surfaces or in pores of the
soil matrix may effectively protect them from biggadation (Samuelsen et al., 1992;
Gavalchin and Katz, 1994).

It has to be noted that the results of bio- or ptiegradation studies of antibiotics
depend on conditions, e.g. temperature, compositionatrix etc., as demonstrated by the
following examples: Gavalchin and Katz (1994) stuldihe degradability of seven faecal-
borne antibiotics in soil and found that five ardtics disappeared after incubation at 30
°C, while only two were eliminated when the samplesincubated at %4C. Tetracyclines
and aminoglycosides are susceptible to photodetioadd he half-lives of oxytetracycline
under investigation varied due to differences imgerature, light intensity and flow rate
from one test tank to another. Fluoroquinolonesiraensitive to hydrolysis and increased
temperatures, but are degraded by UV light (Thigstehn, 2003).

Photodecomposition takes place mainly in surfacéemvaince soil and sediment
prevent a substance from undergoing photochememgiadiation due to the lack of light in
these matrices. A laboratory incubation study of0Q0m marine sediment, no degradation
was observed after 6 months of incubation periam(i&lsen et al., 1992). In contrast, in
an earlier laboratory study by Samuelsen (1989 @&s found to have a half-life of 30—
64 days in sediment from a fish farm.

The antibacterial substance proved to be staldediments rather than sea water. As
no mechanism of decomposition is known for tetrdngs except photodegradation (Oka
et al.,, 1989) the substance remains in the sediftena long period, as proved by
Lunestad and Goksgyr (1990). OTC can persist fiatively long periods in sediments.
For example, the half-lives in marine sedimentseafeund to be 151 days in the top layer
(0—1 cm) and more than 300 days at 5—-7 cm deepdeelet al., 1995).
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2.1.4. Possible Effects on the Environment

Resistance genes as well as resistant bacteriaeirertvironment are increasingly
seen as an ecological problem which are alreadgctst in different environmental

compartments such as surface water, ground waiérasd sediment (Kimmerer, 2004).

Recent publications revealed that more than 90 %agcferial strains originated in
seawater are resistant to more than one antibiatid, 20 % are resistant at least to five
(Martinez, 2003). Similarly, surface water samplesm the sites near wastewater
treatment plants in Australia had a significantréase of antibiotic resistafischerichia
coli (Watkinson et al., 2007).

Antibiotic resistance is not the only possible adeeeffect of antibiotic release in
environment, and they may exert ecotoxicity (Yantasat al., 2006). Antibiotics might
act, at very low concentrations, as signaling ag@nimicrobial environments (Linares et
al., 2006; Fajardo and Martinez, 2008; Fajardd.e2808).

Studies on representative organisms showingsoE@alues of streptomycin,
flumequine or oxytetracycline, revealed that thesbiotics could have harmful effects or
even, very toxic effects as in the case of oxoftaxdor bacterigHalling-Sgrensen et al.,
1998; Lalumera et al., 2004; Eguchi et al., 20@kposure of antibiotics, such as tylosin,
oxytetracycline, chlortetracycline or erythromycinaduces high toxicity to algae
(Lalumera et al., 2004; Eguchi et al., 2004; HaH8grensen, 2000). Moreover, studies
performed with sulphadimethoxine or oxytetracyclisaow the toxic character to
invertebrates, conversely, flumequine as well desiy do not have toxic effects to
invertebrategHalling-Sorensen et al., 1998; Wollenberger et al., 20@0consequence, it
was suggested that sufficiently low concentratiohsantibiotics could alter community
structures (even microbial community) and theretigca the food chain (Hernando et al.,
2006).
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2.2. Classification of Antibiotics

In human medicine, antibiotics pose the third bsjgegroup among all
pharmaceuticals making up more than 6 % of all giesons (Schwabe and Paffrath,
2001). In veterinary medicine, more than 70 % dfc@nsumed pharmaceuticals are
antibiotic agents (Halling-Sorensen et al., 1998). Europe, two thirds of all
pharmaceutical antibiotics are used in human meeli@and one third for veterinary
purposes (FEDESA, 2001). Furthermore, the meah d@otiiotic consumption in Turkey
increased from 16.598 to 30.960 Defined Daily D@3©D)/1000 inhabitant days between
the years 2001 and 2005 (Karabay and Hosoglu, 2008)

The antibiotic compound classes primarily admimedein veterinary medicine are
tetracyclines, sulfonamides, aminoglycosidgslactams, and macrolides. In human
medicine 3-lactams, tetracyclines, and macrolides are mgstescribed (Schwabe and
Paffrath, 2001).

Antibiotics exhibit different molecular structurasd diverse chemical and physical
properties (Grafe, 1992). Most antibiotics tendidaize depending on the pH of the
medium; pk, values are associated with the different funcligmaups of the compounds.
Ranges of physicochemical properties of importatibatic compound classes are listed in
Table 2.1 (Thiele-Bruhn, 2003).



15

Table 2.1. Representative pharmaceutical antilsi@tid typical ranges of physicochemical

properties from selected classes of antibioticsgl€Bruhn, 2003).

Compound class  Molar mass Water solubility log K,, PK, Henry's constant

g mal™ mg ™ Pal mol™
Tetracyclines 4445 - 527.6 230 - 52000 -1.3-005 33/7719.3 17x1078 - 4.8¢107%
chiortetracycling, oxytetracycline, tetracycline
Sulfonamides 172.2 - 300.3 7.5-1500 -01-17 2-3/45-106 1.3x107"2 - 1.8x10°*
sufanilamide, suifadiazine, sulfadimidine, sulfadimethoxine, sufapyridine, sulfamethnoxazole
Aminoglycosides  332.4 - 615.6 10- 500 ¢ -81--0.8 69-85 B.5x107"2 - 4.1x107
kanarmygin, neomyein, steplomycin
fi-Lactams 334.4 - 470.3 22 - 10100 09-29 27 25107 - 1.2¢107™
peniiling: ampiciling meopenem, penicilin G; cephalosporing: velliofur, celoliam
Macrolides 687.9 - M6.1 0.45-15 1.6-31 77-89 7.8x107% - 2.0x10=
erythromycin, oleandomycin, tylosin
Fluorgquinolones 2245 -41/.6 d.2-17/90 -1.0-16 1] b.2x1U™ = d2x 10
ciprofloxacin, enrofloxacin, flumequin, sarafloxacin, oxolinic acid
Imidazoles 171.5-315.3 6.3 - 407 -0.02-3.9 24 2.3x10 ®-27x10 "
fenbendazole, metronidazole, oxfendazole
Pulype plides 499.6 - 1038 ol = cumplelely -1.0-32 negligible — 2.8x107%
avermeotin, bacitracin, ivermeotin, virginiamyain
Polyethers 670.8 - 751.0 224105 - 3.1x10°% 54 -8 64 2.1x107"% - 1.5x10-18
menensin, salinomyzin
Glycopeptides 14350.¥ > 1000 not soluble in octanol 5.0 negligible
vancomyein
Quinoxaline- 263.3 1.0x10° 22 10 1110718
derivatives
olaquindox
a U|_1

2.2.1. Physical and Chemical Properties of Tetracjine Antibiotics

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

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

and chlortetracyclines (CTC) are also widely usednimal feeds to maintain health and

improve growth efficiency in many countries. Thadeemicals are characterized by a

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

1978).

As can be seen from Figure 2.2 there are thresdisacidic functional groups for

tetracycline: tricarbonyl methane (pKa 3.3); dinygtammonium cation (pKa 9.6); and
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phenolic diketone (pKa 7.7). The multiple ionizallienctional groups present in TCs
suggest that at environmentally relevant pH valtlesy may exist as a cation (+ 0 0),
zwitterion (+ - 0), or as a net negatively charged(+ - -) (Figueroa et al., 2004; Sassman
and Lee, 2005). Therefore, it can be envisaged fitwese ionization schemes that in the
pH regime of environmental interest (pH 4-8), thakaotics would be dominated by the

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

| -
R OH CHy Rz HINH'(CHy), | PR,

CONH,

______ pKa]
Antibiotic R, R, pK 6 pK, pK,
o1C H OH 357 749 9.88
TET H H 33 1.7 97
CTC Cl H 3.6 7.52 9.88

Figure 2.2. Molecular structure and pkalues of tetracycline antibiotics (Figueroa et al

2004).

Mass Fraction OTC

Figure 2.3. Speciation of OTC as a function of pltj¢eroa et. al., 2004).
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TCs are relatively stable in acidic media, but moalkaline conditions, and form
salts in both media (Halling-Sgrensen et al., 2002)ey have been found to form
complexes with chelating agents such as divalertalmens andp-diketones and this
property is responsible for strong binding of TEsbil proteins and silanol groups (Oka et
al., 2000).

Tetracyclines photodecomposes and can be convestegveral products. Three
major  photodecomposition  products of TC were regmbrt as 4-
dedimethylaminotetracycline, 5a, 6-anhydro-tetrings, and a quinine (Oka et al., 1989;
Halling-Sgrensen et al., 2002).

2.3. Sorption of Tetracyclines by Soils and Clay Merals

Given the variation in the chemical nature of thasébiotics (Figure 2.3), their
sorption mechanism onto soil or other environmentalrices is likely to be different.
Tolls (2001) reported that Kvalues for the adsorption of antibiotics to soaterial and
aquatic sediments vary for SAs from 0.6 to 4.9, T@s from 290 to 1620 and for
fluorquinolones (FQs) from 310 to 6310 Lkg

Sithole and Guy (1987a) studied the interactiondetfacycline with model clay
adsorbents as a function of suspension pH, iomength, and adsorbate concentration
using Na, Ca, and dodecyltrimethylammonium modifieshtonite and bentonite covered
with tannic acid. The adsorption of TC on all adkemts was explained by Langmuir
isotherm, suggesting the occurrence of sorptiolimated number of sites. The resultant
adsorption capacity followed a decreasing orddaohic acid-clay > Ca-clay > Na-clay >
DDTMA-clay, and maximum adsorptive capacity wasanied at pH 4.6—6.0. The authors
postulated three mechanisms based on the intemacfi@ach form of clay used in the
study: an interaction between TC and clay due ® itdm exchange between the clay
surface and the protonated amine group of the D@)ptexation reactions between the
divalent cations on the clay and TC; and a mechambere there is interaction between

TC with the exposed aluminium ions on the edgeday.
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Sithole and Guy (1987b) investigated the adsorpbiotetracycline onto humic acid
and peat. In this study, Freundlich isotherm maodkes applied to the data. They suggested
that the adsorption of tetracycline onto organidterearich soil or manure would depend on
the pH and ionic strength of the suspension, wigatgr sorption occurring mainly within
the pH range of 4.0-7.0, a range within the pHmegof environmental interest. It was
concluded that the hydrophobic interaction of ®tciine with bentonite clays decreased
its sorption and the interaction between the mdéscwf tetracycline and the divalent

cations at the clay surface dominated the sorgironess.

Rabolle and Spliid (2000) reported a laboratorypson study for four veterinary
antibiotics (metronidazole, olaquindox, oxytetrdoye and tylosin) which were commonly
used as growth promoters in swine production. Thditpning coefficients () of
metronidazole and olaquindox ranged from 0.54 t671ml ¢', while that of
oxytetracycline and tylosin were a few orders ofgmtude higher. None of the soill
properties showed positive correlation with theneated partitioning coefficients for the
compounds, although there appeared to be somelat@nefor tylosin. The non-linear
trend of the isotherms were clear from the reportg@dlope) values, and it was more
prominent for tylosin data, as the values @fafld K (Freundlich’s coefficient) in all four
soils were several orders of magnitude differenidee authors attributed this to their
inability to measure the &values with sufficient accuracy, citing strongergion affinity

for tylosin molecules to the soils.

More recently, Kulshrestha et al. (2004) investgathe interaction of OTC with
model clay sorbents and postulated that at loweraldes, when OTC has a net positive
charge, they tend to have greater sorption affinityh cation exchange as the dominant
mechanism. On the other hand in case of zwittezidiorm of OTC hydrophobic

mechanism prevails over other sorption mechanisms.

Figueroa and MacKay (2005) showed that there ier@e@l trend of cationic and
zwitterionic OTC species interaction with soil @dsment clay components. Furthermore,
the authors suggested that antibiotic sorptiorracteons with clays are controlled by the
ionic functional groups of the base compound stmectvithin an antibiotic class, although

there may be only little influence of other nonmwsubstituents on the base structure.
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Further insight to the mechanisms of TC sorptionsby and its constituents was
recently provided by Sassman and Lee (2005), whesiigated the sorption of three TCs
(TC, OTC, and CTC) in several soils varying in pd&tion exchange capacity (CEC),
anion exchange capacity, clay content and type Cadadontent under various background
electrolyte concentrations. They concluded thatesdvprocesses may influence the
sorption of TCs, and pH and CEC play an importatg n TC sorption.

A study by Jones et al. (2005) demonstrated a powelation between OC and OTC
sorption on 30 soils, presumably due to the faet BEC values and isotherms were
determined at different pH values (Sassman and BR665). Since TCs exist in an
environmentally relevant pH regime as cations, tanibns, and anions, the prediction of

sorption and transport of this group of antibiottes be often complicated and difficult.

Most sorption studies also reveal that althoughntlagority of the antibiotics used in
animal production are strongly sorbed to soil alay particles, whether they may still be
biologically active and can influence the selectmfnantibiotic resistant bacteria in the
terrestrial environment are some areas where futgearch should be directed (Chander
et al., 2005).

2.4. Removal of Antibiotics

Generally, conventional wastewater treatment pl@\We/TPs) including biological
treatment processes have been shown to be ing#ecti the removal of antibiotics
(Glassmeyer et al., 2005; Kolpin et al., 2002; Sitiet al., 1999).

Kimmerer et al. (1997) investigated treatment ofptal and pharmaceutical
wastewater at several wastewater treatment plan&ermany. This research showed that
many pharmaceuticals could not be biodegraded glwamventional biological treatment,

but they could be adsorbed by sewage sludge.

Some combined chemical/biological treatment prezesppear to be more effective
for the removal of antibiotics from wastewater. Garet al. (1995) used aerobic digestion
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integrated with activated carbon filtration andaese osmosis (RO) to reduce biochemical
oxygen demand (BOD), chemical oxygen demand (C@by,total dissolved solids (TDS)

in pharmaceutical wastewater by approximately 80 %.

Belter et al. (1973) patented an ion exchange gsoteat used a weak-base anion
exchange resin to absorb streptomycin, which csulassequently be eluted with a dilute
acid solution. In a later study, Belter (1985) agased ion exchange to remove and

recover the antibiotics from pharmaceutical water.

Snyder et al. (2007) studied the removal of varigisrmaceuticals including
antibiotics, in surface waters and wastewater rimeat plant effluents in South Korea.
They concluded that conventional drinking wateratmeent methods were relatively
inefficient for contaminant removal, while efficiememoval £€99%) was achieved by
granular activated carbon (GAC). In wastewater tineat processes, membrane
bioreactors (MBR) showed limited target compoundhaeal, but were effective at
eliminating hormones and some pharmaceuticals, (agetaminophen, ibuprofen, and
caffeine). Membrane filtration processes using r&¥eosmosis (RO) and nanofiltration

(NF) showed excellent removaiq5 %) for all target analytes.

Oxidative treatment has also been shown to be ldevigption for the treatment of
pharmaceutical process water. Rey et al. (1999) ogene to inactivate wastewater from
pharmaceutical manufacturers of cytostatic drugge fesults showed that more than 90 %
removal of the compounds was achieved after 45 miaddition, none of the solutions of
oxidized cytostatics gave positive results for Amees test, indicating that the by-products
were not mutagenic. Hofl et al. (1997) used threlvaaced oxidation processes
(H.O,/ultraviolet (UV), G /UV, and HO, / Fe*?) for the removal of adsorbable organic
halogen (AOX) and COD of pharmaceutical wastewal&e results showed that under
test conditions the Fenton method (i.e."f¢,0,) needed the shortest reaction time, and
was the most appropriate for the degradation afelamounts of COD (>500 mg).
There was no significant difference betwee®HUV and Q /UV processes while ozone

alone caused the slowest degradation.
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Balcioglu Akmehmet and Otker (2003) applied ozwmato synthetic penicillin VK
formulation wastewater. About 70 %, 40 %, and 3@fmitial COD (450 mg L[}), TOC
(162 mg LY, and aromaticity (0.456; absorbance at 254 nnrewemoved by ozonation
in one hour at an applied ozone dose of 2.96'@ipH 7 or 11 at 28C. The addition of
H,O, improved the COD removal to 95 % at pH 7. Same giiudied the ozonation of a
buffered synthetic wastewater containing ceftriaxofsfter 1 h of ozonation at an applied
ozone dose of 2.96 g'. 74 % of initial COD (450 mg 1) and 50 % of initial TOC (167
mg LY was removed at pH 7. The COD reduction was digimproved to 82% by
elevating pH from 7 to 11. The addition of hydrogegroxide also improved the COD
removal. The absorbance at 254 nm in the synthetgtewater was reduced by more than

90 %, indicating effective destruction of aromatigys in the ceftriaxone molecules.
2.5. Regeneration of Adsorbents

The regeneration of adsorbents has become a vyriamt issue because the spent
adsorbents may be considered as a waste. Regendethniques of spent adsorbents can

be classified into thermal and nonthermal methods.

Thermal regeneration includes hot gas or stearmezgton and thermal desorption.
The reactivation of spent adsorbent is commonlysoared a high-temperature process
(650-1000°C) during which the adsorption capacity is restatedugh desorption of the
adsorbate and/or burnoff of carbonaceous residudghe adsorbent surface. The harmfull
adsorbates are rendered harmless by oxidationgltine reactivation process. However,
on-site thermal reactivation is economically febesibnly for large systems that use more
than 500,000 1b~230,000 kg) adsorbent per year (Sontheimer e988)L

Nonthermal regeneration includes solvent extractgupercritical fluid extraction,
biological regeneration, wet oxidation, chemicalidation, and advanced oxidation.
Among thermal and nonthermal regeneration methettsm or hot gas regeneration,
supercritical fluid extraction, and wet oxidatioancbe very effective to remove a wide
variety of organic compounds, but all require higimperatures and/or high pressures
(Sontheimer et al., 1988). Biological regeneratisnusually slow and requires the

biodegradability of adsorbed species, which isarobccurrence in many water pollutants
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(Scholz and Matrtin, 1998). The major advantages tfat, advanced oxidation processes
(AOPs) can be operated at ambient conditions agyl dhe very effective in destroying or

mineralizing a wide range of organic compounds KBJd994; Liu et al. 1995).

The regeneration of adsorbents can be driven bye@zand Fenton processes as
advanced oxidation processes. Hydroxyl radicalstlagemain oxidizing species in these
processes. Molecular ozone can also react withiepexdsorbed onto adsorbent, thus
removing them from the surface (Jans and Hoign@8JlRegeneration studies with ozone
are usually focused on activated carbon (AC) bexaddts high cost property (Gomez-
Serrano et. al., 2002; Chiang et. al., 2002a,bg&alet. al., 2002) However, ozone can
modify surface properties of AC such as specififase area, pore volume, and chemical
functional groups. In particular, Valdes et al. @2Dhave demonstrated that after high
ozone uptake it may decrease the AC adsorptiveeptiep because of the fixation of

oxygen groups on the surface which obstruct theaeoé of micropores.

Recently, Fenton-driven oxidation has been propésertegenerating spent organic-
loaded carbon by Huling et al. (2005). Two sucaessegeneration cycles were performed
including repetitive adsorption and oxidation psszs and the regeneration efficiency
after two full cycles of treatment was calculated9. %. Although small reductions in
carbon surface area and pore volume were measadshrption efficiency was not

affected significantly.

Wang et al. (2006) studied on physical (high terappge combustion) and chemical
(Fenton oxidation) regeneration of natural zealised as adsorbents for the removal of a
basic dye, methylene blue and their efficienciesve®mpared. Regeneration did not fully
recover the adsorption capacity of zeolite with th® techniques and the regenerated
zeolites by the two techniques were similar, resulh 60 % adsorption capacity of fresh

sample.

Apart from the advantages, at least two generalhar@sms could adversely affect
the adsorption capacity of the regenerated adsbriférst, oxidative treatment may
detrimentally alter the chemical and physical cbemastics of the adsorbent. It was

established previously that reductions in surfa@a,amicroporosity, total porosity and
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sorptive capacity resulted from repeated (10-19yessive oxidative treatments. Second,
incomplete transformation of the target compoundsy mesult in the accumulation of
byproducts at sorption sites that would otherwiseakailable 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 treatedtdmte were used as natural
adsorbents. Perlite and sepiolite were providednfi@ersan A. (izmir) and Anadolu
Endustriyel Mineralleri San. Tic. Ltd. (Eskhir), respectively. Bentonite, which was
extracted from Readiye (Tokat), was prepared as adsorbent by Istaiilechnical
University Faculty of Mines.

3.1.2. Oxytetracycline Hydrochloride Antibacterial Compound

Hydrochloride salt of oxytetracycline was used asalel antimicrobial compound
in the adsorption experiments due to its higheulsbty. Oxytetracycline hydrochloride
(C22H24N20g - HCI,>95 %, crystalline) was purchased from Sigma Aldristock solution
of OTC was prepared freshly in deionized water #redesired concentrations of OTC
were prepared by diluting the stock solution widiothized water. The properties (Thomas
et al., 2006) and chemical structure of OTC areasgnted in Table 3.1.

3.1.3. Other Chemicals

All other chemicals used in this study are listed able 3.2.



Table 3.1. Properties and chemical structure ofeirgcycline hydrochloride.

Properties
Molecular Weight (g mo)  496.89
CAS Number 2058-46-0
Solubility (g L™) 1
LOg KOW ‘1.12
pKa 3.27,7.33,9.11
Structure
Drimethylammonivm group {pKagh
HO, CH, OH, NH(CH,)
~H : OH
T
: CONH,
Hi
OH (0] DH":' 8]

Phenolic diketone (pka)

Tricarbonyl system (pka,)
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Table 3.2. Chemicals used in the experiments.

26

Chemical Name Formula Experiment Supplier
Sodium Hydroxide NaOH . pH Riedel de
adjustment Haen
, . pH Riedel de
Hydrochloric Acid HCI adjustment Haen
Citric Acid Monohydrate 6HgO7 - HO Extraction Merck
Disodium Ethylenediamine :
Tetraacetate (NEDTA) Ci10H14N2N&0Og-2H,0 Extraction Merck
Sodium Hydrogen .
Phosphate NagHP Oy Extraction Merck
Sodium Chloride NaCl Extraction Riedel de
Haen
Magnesium Nitrate , :
Hexahydrate Mg(NOz3),6H,0O Extraction Merck
. A , Riedel de
Oxalic Acid Dihydrate GH204-2H,0 Extraction Haen
. Sigma
Methanol CHOH Extraction Aldrich
Magnesium Chloride , .
Hexahydrate MgCl,6H,0 Extraction J. T. Baker
: . CEC* Riedel de
Sodium Acetate Trihydrate GBOONa3H,0 determination Haen
Acetic Acid Glacial CHCOOH d CE.C . Merck
etermination
, . CEC Riedel de
Ammonium Hydroxide NHOH determination Haen
2-Propanol CEC
(isopropyl alcohol) CHsCH(OH)CH determination Merck
Iron (1l) Sulfate Exsiccated FeQQ,5 HO Oxidation R'ﬁgglnde
Hydrogen Peroxide ¥, (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 withrilseal water for several times and
subsequently dried in a drying oven at’@for 2 hours and finally, they were sieved to a
size range of 0 - 46m (325 mesh size) before keeping them in a desicd@entonite was

prepared by rinsing raw bentonite once and leawrdgionized water for 24 hours before

the adsorption experiments.

3.2.2. Characterization of Adsorbents

3.2.2.1. Surface Area AnalysisSpecific surface area, pore volume, and pore size

measurements were conducted using a Quantachrorne $tation A analyzer employing
the conventional multipoint BET technique at 3%0Dbath temperature and 200 outgas

temperature. Nitrogen was used as an analysis gas.

3.2.2.2. Determination of Cation Exchange Capafiti.C). The total cation exchange

capacity of adsorbents were determined by sodiumetatz method

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

sodium acetate solution, resulting in an exchangth® added sodium cations for the
matrix cations. Subsequently, the sample was washkgk isopropyl alcohol. An

ammonium acetate solution was then added to replaEeadsorbed sodium with the
ammonium ion. The concentration of displaced sodwas then determined by atomic

absorption spectroscopy (Perkin EImer AAS 300).

CEC is calculated by the following equation:

[Na] X V x DF x 100

CEC(meq/100g) = —Y

(3.1)
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where,

[Na] = N& concentration (mgt)

\% = Volume of extract (L)

DF = Dilution factor

m = Weighed mass of adsorbent (g)

MV = Molecular weight of sodium (23 g méte 23 mg med)

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

(dooz reflection) of adsorbents were determined by XRialgsis with a Rigaku D/MAX-
2200 Ultima+/PC X-ray diffraction equipment with Ka radiation generated at 40 kV, 40
mA, a scanning speed of 2 deg. thand1.5-70 deg. scanning range. XRD analysis was
also performed for the adsorbents after the adsorpf OTC (0.4 mg mL) at pH 6.5 and
subsequent lyophilization (Freeze-drying, Labcoktceezone 4.5; -54C; 0.050 mbar

vacuum).

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

adsorbents were recorded by Thermo Nicolet, FTIR §8ectrometer, using a diamond

ATR accessory. The FTIR spectrophotometer wasacsstan in the region of 4000-500
cm™* with the resolution of 4 cth FITR analysis was also performed for the adsdgben
loaded with OTC that were prepared in the same sraasfor XRD analysis.

3.2.2.5. Elemental Analysis.The elemental analyses (C, N, H) of adsorbentse we

accomplished by an elemental combustion systemt¢Clo€CS 4010). The samples were
burned in an excess of oxygen at 1700-18D@nd the combustion products;, I€O, and
H,0O, passed through a gas chromatographic (GC) sepalumn. Finally they were
detected by a high sensitivity thermal conductidgtector (TCD). Helium was the carrier

gas in the system.

3.2.2.6. Scanning Electron Microscopy (SEM) Analy$he surface morphology of the
adsorbents was investigated by SEM (Philips XL-S8EM-FEG/EDAX microscope). For

the SEM analysis, adsorbents were mounted diremtlya holder and analysis was

performed at 10-25 kV electron beam acceleratinage. Semiquantitative surface
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elemental compositions of adsorbents were detedning energy dispersive X-ray

spectroscopy (EDAX).

3.2.3. Batch Adsorption Tests

Batch adsorption tests were performed by usingxpereded perlite, sepiolite, and
bentonite. A volume of 7.5 mL OTC solution (115 ing) at desired pH, was placed in a
screwed cap polyethylene tube. Accurately weighistebent (10 g £) was then added to
the solution. The tubes were wrapped with alumindoil to eliminate the
photodecomposition of OTC (Halling-Sgrensen et 2002) and agitated on a shaker
(Julabo Shake Temperature SW 22) at 150 rpm fatgieemined contact time at 26.
The control experiments in the absence of sorbemeassembled in the same manner to
account for possible OTC losses at different pHieal Each run was done at least in
duplicate. After equilibration, adsorbents were aaped from the suspension by
centrifugation (Eppendorf Centrifuge 5804) at 10,803 for 10 minutes and subsequently
filtered through a 0.4%um membrane filter (Sartorius Minisart). The sup&ant was
analyzed for the OTC concentration by SHIMADZU UY6B spectrophotometer. The
amount of the OTC adsorbed on natural materials gasulated by a mass balance
relationship. The effects of pH, OTC concentratiand contact time on the adsorption

efficiency were investigated in batch adsorptioperkments.

The time required to attain the state of equilibrits termed the equilibrium time
and the amount of adsorption at equilibriung, (qng g*), was calculated by the mass

balance relationship as follows,

_(Cp-Ce) V
qe - W
(3.2)

where G and G are initial and equilibrium liquid phase concetitias of OTC (mg L)
respectively, V is the volume of solution (L) andi¥\the weight of adsorbent used (Qg).
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3.2.4. Extraction of OTC from Adsorbent

The extraction of OTC from the surface of bentgnitbich was the only adsorbent
used in extraction experiments, was performed wilgnesium salt solutions at different
concentrations. In addition, the standard extractsmlvents used in the analysis of

antibiotics were applied to spent bentonite.

After adsorption tests, the samples were centrduaged supernatant was decanted. A
volume of 7.5 mL extraction solution at desired camtration and pH was added to the
OTC equilibrated adsorbent and they were agitated shaker (Julabo Shake Temperature
SW 22) at 150 rpm at 2% for 2 hours. Thereafter, adsorbents were seghfeten the
suspension by centrifugation (Eppendorf Centrif6884) at 10,000 x g for 10 minutes
and subsequently filtered through a 0B membrane filter (Sartorius Minisart). The
supernatant was analyzed for the OTC concentrabgn SHIMADZU UV-1208
spectrophotometer to evaluate the performancetodetion.

3.2.5. Oxidation of OTC on Adsorbents

The degradation of OTC in bentonite slurry wasfqremed by two different
oxidation processes. After the extraction of OT@nfrthe surface of adsorbent by using
Mg(NOs), solution, ozone and hydrogen peroxide with irotalyat were applied to the
slurry for the destruction of OTC. The oxidatioropesses were also applied to OTC

loaded adsorbent without the application of extoacprocedure.

3.2.5.1. Degradation of OTC by Ozonation Proce&fer the extraction of OTC from the

spent bentonite, the slurry was transferred ingtaas tube (15 mL) which was used as an
ozonation reactor. Ozone was bubbled into theslilmough a pasteur pipette connected
to an ozone generator by a teflon tubing. Tefldmirtg was also used to connect it to an
ozone analyzer (Ozotron 23 Ozone Analyzer). Dutimg ozonation experiments slurry
was mixed by a magnetic stirrer. The schematicrdragof experimental setup is given in

Figure 3.1.
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Ozone Generator 1:
[ ] O 4
Off-gas
p—
O — P
< hl 0
- Ozonatio l_\x Oxygen
Ozone Analyzer . reactor Flow meter

o

Magnetic Stirrer

Figure 3.1. Schematic presentation of ozonatiocgss.

Fisher OZ 500 model ozone generator was used égpribduction of ozone from dry
and pure oxygen. The oxygen flow rate in the generaas maintained at 10 L*hand
monitored with a rotameter incorporated into there generator. The ozonation rate in
0zone-oxygen gas mixture, introduced into the mrasith a glass pasteur pipette , was
13+2 g m"® h. After the ozonation, treated samples were feged at 10,000 x g for 10
minutes and subsequently filtered through a uAbmembrane filter (Sartorius Minisart).
The supernatant was analyzed for the OTC concenirély a high-performance liquid
chromatography (HPLC) (Agilent 1100 Series). Thdiceincy of ozonation was
determined by the difference in the amount of OMQGhie extraction solution before and

after the application of ozonation. All experimewsre done in duplicate.

3.2.5.2. Degradation of OTC by Fenton Proceds.0.5 mL volume of KO, and ferrous

sulphate were added to 7.5 mL of spent bentonit@ysIThe initial hydrogen peroxide and
the iron (Il) concentration ranged from 10 mM andnM to 15 mM and 150 mM,

respectively to provide a 1/10 ratio of Fe(ll)®3. Ferrous iron and hydrogen peroxide
solutions, which were freshly prepared from stoolusons, were successively added to
the slurry and the Fenton’s reaction was startezhutpe addition of hydrogen peroxide.
The samples in 15 mL screwed cap polyethylene wére agitated on a shaker (Julabo
Shake Temperature SW 22) at 150 rpm at’@5for predetermined contact time. The
adsorbents were separated from the slurry by ¢egation (Eppendorf Centrifuge 5804)
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at 10,000 x g for 10 minutes and subsequentlyréttehrough a 0.4fm membrane filter
(Sartorius Minisart). The residual concentrationO3fC was determined in the filtrate by
HPLC analysis and the performance of the Fentonga®was calculated as in the case of
ozonation process. Two replicate experiments wemeducted at each experimental

condition.

3.2.6. Analytical Methods

3.2.6.1. Determination of Released lons from thdsdkbents. The amount of ions

released from the adsorbents were determined myngld 0 g L* of the adsorbent into a
polyethylene tube and shaking them at 150 rpm af@3or 24 hours. Subsequently,
adsorbents were separated from the suspensionntsifugation (Eppendorf Centrifuge
5804) at 10,000 x g for 10 minutes and finallyyés filtered through a 0.45m membrane
filter (Sartorius, Minisart). The filtrate was apaéd for A, Na', Cd, K*, Mg™?, Fe,
Mn*4, Cu’, Ti** and zri? ions by ICP (Inductively Coupled Plasma) (OptiEahmision
Spectrometer Optima 2100 DV-Perkin Elmer).

3.2.6.2. Spectrophotometric Analysis of OTI@.the adsorption tests, the concentration of
OTC in the solution was quantified by UV/Vis spegihotometer (SHIMADZU UV-1208)

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

depending upon the pH of solution. The spectrd®fC at different pH values were
recorded between 354.5 — 372 nm wavelengths aneparate calibration curve was
prepared for each pH value (Table A.1-Figure AThe initial and final antibiotic
concentrations were determined by using thesera#itim curves. In accordance with the
Lambert-Beer law, a linear relationship was fourtineen the absorbance values and the
concentrations of OTC. In the spectrophotometricasneements, dilutions were

undertaken when absorbance exceeded 0.9.

3.2.6.3. HPLC Analysis of OTCAfter the application of oxidation processes, tbsidual

OTC in the solution was determined by HPLC analysigilent 1100 Series) instead of
UV spectroscopic analysis in order to eliminate ithierferences of oxidation products.

The HPLC system was equipped with a tertiary pumpphotodiode array, and an
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autosampler with an automated injection systemdi@ra elution was carried out with
acetonitrile (solvent A) and water containing 0.1fétmic acid (solvent B) using an
analytical column Eclipse XDB C18 (5, 150 x 4 mequipped with ODS guard column.
Elution started with A:B:10:90 rising linearly t®40 from 0 to 5 min and then returning
to initial composition from 5 to 8 minutes. OTC wastected at the 360 nm wavelength
with a retention time of 5.98 min. The limit of detion (LOD) for OTC was calculated as
0.8 mg L*. OTC quantification in solution was conducted byexternal calibration curve
(Figure A.2 - Figure A.3).

3.2.7. Error Analysis Method

In this study, a Chi-square test was used to parfam error analysis and in order to
evaluate the suitability of isotherm and kineticdals to the experimental results. This test
is basically the sum of the squares of the diffeesrbetween the experimental data and the
data obtained by calculation from the models, witlch squared difference divided by the

corresponding data obtained by the experiments.

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

(3.3)

where @expis the experimental data of the equilibrium capa¢ing gh), Gk calciS the
calculated equilibrium capacity obtained by the eldchg g*). If the data from the model
are similar to the experimental data, SSE will lsmall 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 exgphacapacity, surface area, pore
volume, pore size, XRD pattern, FTIR spectra, SEMde, and elemental analysis were

investigated.

4.1.1. Cation Exchange Capacity (CEC) of Virgin Asorbents

Cation exchange capacity is one of the basic ptiggeof natural materials which
have clay content and a high adsorption of ioneaishanic pollutants is expected to such
adsorbents. In accordance, it is suggested th&Ht& plays a key role in the adsorption of
TCs, which have multiple ionizable functional grsupn clays and soils, (Sassman et al.,
2005). Considering these facts, the CECs of adstsheere determined to elucidate the
role of it on OTC adsorption and the results aporeed in Table 4.1.

Table 4.1. Cation exchange capacity of virgin aldeots.

Adsorbent CEC (meq/100gq)
Perlite 21.90
Sepiolite 8.91
Bentonite 101.85

As can be seen from Table 4.1, the CECs of thestigeted adsorbents varied over a
wide range. These results are in consistent witkelobtained in previous studies. CECs
of unexpanded perlite, sepiolite, and bentoniteewastermined as 25.97 (Ban et al.,
1997), 8.2-30 (Lemic et. al, 2005; Sabah and C&8lQ9; 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 Adsorbets

Surface area is another important characteristadsbrbents and plays a key role in
the adsorption of pollutants. Therefore, specifidace area (SSA), total pore volume)(V
and pore size (f) of adsorbents were investigated (Table C1, C3,aD8 the results are
listed in Table 4.2.

Table 4.2. Textural parameters of virgin adsorhents

SsA VP Dp°
Adsorbent (e (i) A)
Perlite 11.78 0.005 20.48
Sepiolite 332 0.157 12.65
Bentonite 136.44 0.062 15.19
%BET method

®bubinin-Radushkevich method

Similar to CECs of adsorbents, the textural parameagiven in Table 4.2 exhibited a
wide variation depending upon the type of adsorbdatially sepiolite is characterized by
large surface area and high porosity and due teetlpgoperties it was widely used in
pollution control studies. In previous studies, SS#K unexpanded perlite, sepiolite and
bentonite were determined as 1.1-5.83 (Akcay e18P8; Koumanova and Peeva-Antova,
2002; Acemiglu, 2005; Alkan et al., 2005), 340-426 (Rytwo et &002; Ozcan and
Ozcan, 2005) and 27.9-47.73 (Demirbet al., 2006; Hu et al., 2006; Anirudhan and
Ramachandran, 2007, respectively.

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

In order to investigate the adsorbent-OTC intecastiFTIR spectroscopy was used
in the middle region (4000-400 chr Before the loading of OTC on the adsorbents FTIR
spectra was recorded for each adsorbent (Figlje 4.
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Figure 4.1. FTIR spectra of virgin adsorbents.

In the region of OH stretching vibration, all adsents showed bands around 3400-
3600 cnt. For typical clay minerals the bands around 3620 are attributed to the inner
hydroxyl groups between tetrahedral and octahediredts. On the other hand, the bands in
1300-400 crit region are due to Si-O strecthing and bending, @#d bending which is
stronly influenced by the layering of clays. An aligion band around 1640 ¢his due to

the bending vibration of adsorbed water molecutad&l, 2004).
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4.1.4. X-ray Diffraction (XRD) Analysis of Virgin Adsorbents

The mineralogical compositions of adsorbents wakestigated by XRD analysis
and XRD patterns of adsorbents are illustratedgare 4.2- 4.3 and Figure 4.4 (Table B1,
B3, B5).

P-Polilithionite- 1V Fe-rich -E{AlFeLi}{S13A O 10{OH)F Pe rl |te
A2007 S50O-RSilicon Oxide -Si102

F-Feivosilite magnesian -NMg 93Fel 078i2 06

A-Anorthite sodian-ITa0.34Ca0.66411.66812 3408

1000

Intensity(Courts)

50

10,0 20,0 0.0 40.0
Two-Theta (deg)

Figure. 4.2. XRD patterns of perlite.

S-Sepiolite-Mg4Si6O15(0H)2 6H2 O ST
B Beidellite 12 Nan 3A12 (81, AD40O100H2 2H20 Sepiolite
zso004 D-Dolomite-CalIg(CO3)2

2000

500

Intensity(Counts)

1000

Figure. 4.3. XRD patterns of sepiolite.
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C-Clinoptilolite- C'a- KINa2C'a2 (Si29A17)0 72, 24H20

1500+
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Figure 4.4. XRD pattern of bentonite.

According to the results shown in Figure 4.2 thestmiotense peaks of perlite were
identified as Ferrosilite magnesian (Mg.93Fel.@@§i at = 26.600 (100 %) and
Polilithionite-1M Fe-rich (K(AlFeLi)(SiAl)O10o(OH)F) at 2= 8.918 (94.6 %).

For the sepiolite the most intense peaks (Figur®) 4vere identified as Beidellite-
12A (Na0.3AL(Si,Al)40,00H,.2H,0) at D= 7.460 (100 %), Dolomite (CaMg(C¥),) at
26=31.020 (48.8 %) and Sepiolite (M&isO15(OH),.6H,0 at D= 20.740 (32.7 %).

Bentonite has three intense peaks (Figure 4.4)tifceh as Phlogopite-2M1
(KMgs(SizADO1o(OH) ) at D= 21.860 (100 %), Montmorillonite-15-A
(Ca0.2(Al,MQ)2SjO;¢(OH),.4H,0) at D= 6.180 (60.7 %) and Clinoptilolite-Ca
(KNayCax(SioAl7)O7p. 24H,0) at D= 27.92F (48 %).

4.1.5. Scanning Electron Microscopy (SEM) of Adsdrents
The surface morphology of adsorbents was studiegEiy and EDAX analysis The

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

Figure 4.6, Figure 4.7, respectively at five diffier magnification.
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Figure 4.5SEM images of perli (a)100x, b)1000x, c3000x, d) 6000x, e) 1000C.
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Figure 4.6 SEM images of sepioli (2)100x, b)1000x, ¢3000x, d) 6000x, e) 1000C.
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Figure 4.7 SEM images of benton (a)100x, b)1000x, c3000x, d) 6000x, e) 1000C.

As can be seen from the figures all types of adsudhave a porous structu
While crystallites on the surfa of sepiolite (Figure 4.63an be attribute to the dolomite
particles,rough surfaces of bentor (Figure 4.7) may indicate thiswelling characteristic

of montmorillinite particle. Unexpanded perlite (Figure 4.%yhich is a glassy volcan
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rock, seems to be dominated by an amorphous ph#senaiusions of crystallites, which

are supposed to be formed during the slow freezingva.

The EDAX analysis of adsorbents, which gave infdiamaon the semiquantitative

elemental composition of them, were illustrated @ble 4.3.

Table 4.3. EDAX analysis of adsorbents.

Element Perlite  Sepiolite Bentonite
(Wt %)

CK 16.84 16.78  18.01
oK 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
SiK 21.45 22.77 24.37
KK 6.34 0.41 0.59
CakK 1.35 1.32 0.87
Fe K 3.78 0.69 4.6
CukK 4.96 - -
TiK 0.47 - -
Total 100 100 100

All investigated adsorbents have similar silicomtemt. On the other hand, the
magnesium content of sepiolite is remarkably hidgfileviron and aluminium are found in

lower quantities compare to the amounts detectethier adsorbents.

EDAX analysis combined with XRD results shows thaist of the magnesium is
originated from the presence of sepiolite and ddemThe high iron and potassium
content of perlite determinded by EDAX analysisimsa good agreement with the

mineralogical composition of perlite obtained by XRnalysis.

4.2. Sorption Kinetics of OTC on Adsorbents

Adsorption kinetics, which describes adsorbate keptate, is strongly influenced by
several parameters related to the state of therlaglsio and to the physico-chemical
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conditions under which adsorption is carried oute Bdsorption of organic pollutants by
natural materials in aqueous solution is a phenomavith often complex kinetics due to
their heterogeneous reactive surface. Since tlee alaadsorption controls the residence
time of adsorbate at the solid liquid interfacéss en important factor for the performance
of adsorption process. In order to compare theratisa efficiencies of perlite, sepiolite,
and, bentonite for the sorption of OTC (initial centration=115 mg t) a series batch
adsorption kinetic experiments were performed at@iand 25'C for 28 h contact time
period. Figure 4.8 shows the plot of the amoun®®f- adsorbed (mg¥ against contact

time for each of the adsorbent at 10 gdoncentration.
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Figure 4.8. Kinetics of OTC sorption ([OTE€]J115 mg L*; [adsorbent]=10 g t: pH=6.5;
25°C).

As observed from Figure 4.7, perlite and sepi@iéibited similar performance for
the adsorption of OTC at pH 6.5 although their uext properties and CECs are
remarkably different (Table 4.1- Table 4.2) andwtl&®? % OTC removal was achieved at
equilibration with these adsorbents. On the othandh the sorption rate of OTC on
bentonite was 95 %. While the adsorption equilibravvalue, g obtained for perlite and

sepiolite was 5.87 and 5.56 md,gespectively it was 10.93 mg'dor bentonite. As
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opposed to the sorption on perlite and sepiolllere was an initially rapid and linear

increase in the sorbed amount of OTC on bentomteés rapid sorption could reflect the

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

plateau within 6 hours, could be attributed to paifuision.

In order to investigate the adsorption mechanismOdiC on the investigated

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

kinetic models were used to fit experimental datse 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
, dq, B Ky log(0e-t)
Pseudo-first-order —== k;(qe —q0) log(qe —q0) =log(qe) —5=53t g, ¢
pseudo-second 99t _ ks ( )2 t_ +i t/qt vs.t
order de — 2Mde T qe k208 de '
-1
: : qc = */g(n (ap)1 + Int)
d B
Simple Elovich dqr _ aexp(—Bay) a vs. Int
dt
gt =a+blint
Intraparticle qe = kpV't
diffusion or qt vs. ps

The pseudo-first order equation of Lagergsegenerally expressed as follows:

dq;

at = ki(qe — qv)

4.1)

where gand q(mg g*) are the amounts of OTC sorbed on adsorbentsuéthemm and

at time t, respectively, and kmin™) is the rate constant of first-order sorption nlode
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After integration and applying boundary conditidr® to t=t and g0 to g=q, the

integrated form of equation becomes,

kq .
2.303

log(ge — q¢) =log(qe) —
(4.2)

To evaluate suitability of the model to kineticalaf OTC the plot of log (& @) vs.
t is shown in Figure 4.9 for each of the three défgradsorbents. The values of first order
model equilibrium rate constants, Which is the slope of each line in Figure 4.9 #mel
corresponding correlation coefficients are sumnearizn Table 4.5 together with the

kinetic constants of other used models.

In most of the adsorption studies carried out wathays, the pseudo-first-order
equation of Lagergren does not fit well with theoléh range of contact time and is
generally applicable over the initial stage of #sorption processes (Aksu and Tezer,
2000; Chiou and Li, 2002). However, in this stutle model was applied to almost whole
contact time range for perlite (1200 min) and skei¢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 OH8aption ((OTCJi= 115 mg t;

[adsorbent]=10 g t; pHi=6.5; 25°C).

For each adsorbent the predicted values of equifibradsorption were calculated
according to the model (Table 4.5). The confornbgtween experimental equilibrium
adsorption and the model predicted values was sgpteby SSE values. While the values
of determination coefficient for the plots were time range 0.97-0.98 the calculated
sorption capacity values obtained from this kinetiodel do not give reasonable values
compared to the experimental sorption capacity®®H values are noticeably high. These

findings suggested that the pseudo-first-ordertsmrpate expression of Lagergren did not

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

Adsorbent

Perlite Sepiolite Bentonite
e (exp) (Mg g 5.87 5.57 10.93
Pseudo-first order model
ky (min™) 1.38x10° 4.84x10° 24x10°
G (calc) (mg §) 2.32 1.77 3.15
R? 0.97 0.98 0.98
SSE 16.52 >100 >100
Pseudo-second order model
k2 (g mg* min™) 2.67x10° 1.30x10° 1.65x10°
Ge(calc) (Mg ) 5.02 5.56 10.87
R? 0.99 0.99 0.99
SSE 2.58 0.15 0.09
Elovich model
a (mg ¢") 1.62 2.53 8.19
b (mg g* min™) 0.53 0.43 0.38

2

R 0.94 0.93 0.82
SSE 0.10 0.08 0.09
Intraparticle diffusion model
kp (mg mirf> g 6.63x10° 16.59x10% 39.78x1CF
C 3.13 2.93 7.17
Qe (calc) (mg ) 5.85 8.68 22.26
R? 0.99 0.99 0.96
SSE 0.04 9.14 48.71

*(e (exp) = experimental data of the equilibrium catyac

G (calc) = calculated data of the equilibrium capaobtained by the model
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The sorption data were also analyzed in terms @fighs-second-order mechanism by

the following equation:

dq
d—tt = k;(qe — q¢)?

.

where gand gare the sorption capacity at equilibrium and aetimrespectively (mg™,
and k is the rate constant of pseudo-second order sarfgiong" min™). For the boundary

conditionst=0to t=&nd q= 0 to q = q, the integrated form of equation becomes,

t 1 t
_:_2+_
q, kq; q,
(4.4)

The slope and intercept of the plot of ¥grsus t in Figure 4.1@vere used to
calculate the pseudo-second-order rate constaandkthe predicted sorption capacities of
three different adsorbents. For each adsorbentdhes of equilibrium rate constant are
presented in Table 4.5 together with the calculgtethd SSE values.

As can be seen from Figure 4.10 and Table 4.5, dsssacond-order model
adequately fits the data over the entire coursth®fexperiment with the high correlation
coefficients which are above 0.99. Moreover, th@egxnental sorption capacities of
adsorbents are close to the theoretical valuesasd from the model. Hence, SSE values
are remarkably lower than those obtained by thdiagmn of pseudo-first-order model.
These findings reveals that the sorption proceéswe the pseudo-second-order model for
all types of adsorbents. This result suggeststti@trate limiting step of OTC adsorption
on natural adsorbents was the chemisorption sirtdlahe previous study performed by
Na- and HDTMA modified zeoliteS@lcioglu, 2007).

According to the model, the calculated initial s@p rates (kge?) of perlite and
sepiolite were 0.067 and 0.40 mg min, respectively. Among three adsorbents used in

this study, bentonite has the fastest initial Sorptate and it was found as 1.95 mg g
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mint which is noticably higher than that of natural lteo(1-0.76x10* mg g* min™)
having a larger patrticle siz8dlcicglu, 2007).
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Figure 4.10. Pseudo-second-order order plots of @i$drption ([OTGF 115 mg L
[adsorbent]=10 g t; pHi=6.5; 25°C).

Elovich model, which has general application torols®rption kinetics, assumes that
the active sites of adsorbents are heterogenealsxdmbit different activation energy for
the sorption of pollutants. In reactions involvingemisorption of adsorbates on a solid
surface without the desorption of the pollutankg tate decreases with time due to an

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

dq¢

Fr aexp(—Bqr)

St

Among the boundary conditions t = 0 to t -antd q = 0, the integrated form of

equation becomes,

qi = I/B (In(ap) + Int)
(4.6)

Equation is simplified as follows:

gt =a+Dblnt
¥

According to the Elovich model, the slope and icégt of plot of g vs. In(t), which
is shown in Figure 4.11, were used to calculatevillees of the a and b constants (Table
4.5). b (mg g min™) is the initial adsorption rate constant and g @) is related to the
extent of surface coverage and activated energghéchemisorption.
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Figure 4.11. Sorption of OTC described by Elovicbdal ([OTC]= 115 mg L;
[adsorbent]=10 g t; pHi=6.5; 25°C).

The values of determination correlation coefficiémt the plots were in the range
0.82-0.94. However, the calculated sorption capagtiues obtained from this kinetic
model fit with experimental sorption capacity an8ESvalues ranged from 0.08 to 0.10.
These findings suggest that the sorption kinetass lse described by Elovich model. The
values of “a”, Elovich model parameter for benteraind sepiolite suggest that due to the
higher pore volume of sepiolite OTC adsorption myawmccurs in the interior surface of
adsorbent whereas for bentonite higher sorptioexjgected on the surface of adsorbent

regarding the higher values of “a”.

Finally, sorption kinetic data were analyzed toede&tine whether intraparticle
diffusion is rate limiting step in adsorption prese Many researchers have modeled
intraparticle diffusion in the sorption of the onga contaminants in aqueous environment
(Werth and Reinhard, 1997; Ball and Roberts, 199 intraparticle diffusion approach
can be described by Equation 4.8 (Weber and Mdt863). This model suggests that the
sorption process is considered to be controllethbyinternal diffusion with a minor effect
of the external diffusion (Khraisheh et al., 2002).
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dt = kp\/E
(4.8)

where g(mg g") is the concentration of OTC sorbed at time t knging g* min®9) is the
intraparticle rate constant.

The fraction of OTC uptake against square rootaftact time & is shown in
Figure 4.12.This figure reveals that the data obtained by wbffié adsorbents exhibited
multi-linearity character except those for perlitdowever, none of the straight lines
obtained for three different adsorbents passedugtrahe origin (Figure 4.12). It was
suggested that this occurs when external diffus@ominant and intraparticle diffusion is
not a rate-limiting step (Poots et al., 1976). licls cases, following equation is used to

describe the model.

4.9

C is the intercept and the values ofyi¥e an idea about the thickness of boundary layer
(Table 4.5), i.e. the larger the intercept the gme#s the boundary layer effect (Amin,
2009). The smallest C value was obtained for sepialhich has the largest pore volume.
The intrapatrticle diffusion equation was fitted foe data obtained within 60 min contact
time for bentonite, and 180 min for sepiolite wleeranodel was applied in whole time
interval studied for perlite. This period, whenirgehr relationship was obtained, was the
gradual adsorption stage where intraparticle difiustarted.
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Figure 4.12. Intraparticle diffusion model plot@TC adsorption ((OTGF 115 mg L
[adsorbent]=10 g £; pH=6.5; 25°C).

The results indicate that particle diffusion isaotwed in the sorption of OTC on

adsorbents but it is not the only rate-limiting ma&cism and that some other mechanisms

can be involved.
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Figure 4.13 compares the experimental (symbols)pmeadicted (lines) gvalues for
all types of adsorbents. As can be seen from thedi pseudo-second-order and Elovich
model best fit to all adsorbents whereas intraglartliffusion model only fits to perlite for
the whole contact time period.
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Figure 4.13. Comparison of experimental and esgohabrption kinetics of OTC.
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4.3. Equilibrium Modeling

The batch adsorption equilibrium experiments of Odi@o perlite, sepiolite, and
bentonite were conducted at 36 and pH 6.5 by the using various concentrations of
antibiotic ranged from 0.03-0.4 mg ML Considering the results of previous kinetic
experiments, 24 h was selected as equilibratior.tifhe amount of OTC adsorbed per
unit mass of clay, q(mg ¢') was correlated with liquid phase concentration at
equilibrium, G (mg LY) using different adsorption isotherm models. Theildbrium data
which is known as adsorption isotherm, can deschbw adsorbate interacts with
adsorbent and so they can provide critical inforomabn the capacity of the adsorbent.
Langmuir, Freundlich, Temkin, and Redlich—Petersondels, which are the most
frequently used two- and three-parameter equaiiorike literature, were applied to the

equilibrium experimental data.

The Langmuir isotherm model, which indicates thenolayer coverage of the
homogeneous surface of a adsorbent and negligitdeaction of adsorbed molecules, is

given by the following equation

— qKLCe
Qe = 11K C,

4.10)

where G (mg L% is the equilibrium concentration of the adsorbatethe aqueous
solution, @ (mg g%) is the equilibrium adsorption capacity of adsothe and K are
Langmuir constants related to maximum adsorptigpacidy and energy of adsorption,

respectively.

The Freundlich isotherm model is an empirical equathat encompasses the
heterogeneity of the adsorption sites and the exmitad distribution of sites and their
energies. In general, the Freundlich equation gbedter correlation between theoretical
and experimental data for natural adsorbents. Et@imisotherm is expressed by equation
4.11.
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qe = Kg X C¢
4.11)

where K- (mg gY)(L mg")" and n are the Freundlich constants which indieaorption

capacity and intensity, respectively.

The Temkin isotherm model is used to explain adsmrmon heterogenous surfaces
and assumes that the heat of adsorption of allntbéecules decreases linearly with
coverage due to adsorbent-adsorbate interactioesnKih, 1940). Temkin isotherm

equation is given by the following equation,

RT
qe = ? In(Kr7Ce)

(412

where RT/b =B and B is related to the heat of adsorption isTthe absolute temperature
in K°, R is the universal gas constant, 8.314 J &, K; the equilibrium binding
constant (L mg) (Table 4.7).

The Redlich—Peterson equation which is given byafqu 4.13, incorporates with

the features of the Langmuir and Freundlich,

— KRPCe
1+ac’

e

(4.13)

where K (L g, a (L mgY), andp are Redlich-Peterson isotherm parameters. The

exponeng varies between 1 and 0 (Redlich and Peterson,)1959

In Table 4.6 the equations of Langmuir, Freundit@mkin, and Redlich Peterson

isotherm models and their lineralized forms are mamized.



Table 4.6. Adsorption isotherms equations.
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Isotherm Equation Linear form of equation Plot
Freundlich ge = Kp x C2 log ge = nlogCe + logKp log geVvs. log G
, qK.Ce Ce Ce 1
Langmuir =— —=—4— CdQevs.
) e T TR, e Kiq Jevs. &
Temkin de = B; In(K1Ce) de = B1InKt + B;InC, QeVs. In G
KrpCe IN[(KrpCe/Qe )-1]

Redlich-Peterson qe = B
1+ aCg

Ce
In (KRP q— - 1) = Ina + BInC,

e

vs. InG

The experimental equilibrium data of OTC on thrdéetent adsorbents are given in

Figure 4.14 as a plot of equilibrium solid phaseaatration, g versus equilibrium liquid

phase concentration,C The figure also indicates the predicted dataed) by four

different isoterm modelsThe parameters of the models obtained by usindjribarizing

forms of equations are listed in Table 4The applicability of modelss judged by the

correlation coefficients of linearized data and S&kies which were calculated with the

predicted and the experimental values of sorptapacity are represented in Table 4.7.
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300

As can be seen from Figure 4.14, the sorption agpatall investigated adsorbents

increased with increasing OTC concentration. Theialnconcentration provides an

important driving force to overcome all mass transésistances.
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Table 4.7. Adsorption isotherm parameters.

Adsorbent

Perlite Sepiolite Bentonite
Freundlich Isotherm
n 0.55 0.72 1.51
Ke(mg gY)(L mg?)" 0.55 0.24 0.40
R? 0.99 0.99 0.84
SSE 0.14 0.06 15.97
Langmuir Isotherm
KL (L mg™) 0.012 0.005 -0.025
q(mg g) 14.29 21.74 -32.26
R? 0.97 0.93 0.19
SSE 0.23 0.14 24.32
Temkin Isotherm
B, 2.77 3.56 19.23
Kt (L mg?) 0.16 0.08 0.25
R? 0.96 0.92 0.94
SSE 0.42 1.60 3.64
Redlich-Peterson isotherm
K(Lg?h 0.22 0.12 4.50
a (L mgh) 0.02 0.01 2.36
B 1 1 0
R? 0.99 0.95 0.33
SSE 0.35 0.33 10.94

According to the magnitude of SSE, the adsorptigaildrium data of perlite and
sepiolite can be satisfactorily described by Frdéichdisotherm whereas the adsorption
equilibrium data of bentonite can be explained bynkin isotherm.

Negative values for the Langmuir isotherms paramsets given in Table 4.7

indicate the inadequacy of the isotherm model fdar the adsorption process.
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The conformity of the data to the Freundlich equasuggests that heterogeneity in
the surface and pores of adsorbent played a rdleeiadsorption. For perlite and sepiolite
the adsorption intensity 8 1 indicates favorable adsorptiong Knplies the adsorption

capacity of the adsorbent which is higher for petinan that for sepiolite.

The data of bentonite fitted with Temkin isothemdicates that the adsorption can
be characterized by a uniform distribution of tlending energies, up to some maximum

binding energy.

4.4. Effect of pH on Sorption

Since the pH can affect both the speciation of QFgure 2.3) and the surface
charge of adsorbent the effect of this parametethenadsorption of OTC ([OT& 115
mg L) was investigated over a wide pH range (2-10.5) the results were evaluated by
both distribution coefficient (§ and OTC removal percentage. The distribution
coefficient and removal efficiency of OTC were edsted by Equation 4.14 and 4.15,

respectively,

Je

K, ==S

d Ce
(4.14)

Co —C
OTC Removal (%) = — 5 © % 100
0

(4.15)

K 4= distribution coefficient (L g or L kg%,
ge= adsorbed OTC concentration (Mg g
Ce= equilibrium OTC concentration (mg-),

Co= initial OTC concentration (mg).
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The sorption of OTC on adsorbents is illustrate@ &snction of initial pH in Figure

4.15 and the equilibrium pH values are also listetthis figure.
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Figure 4.15. Effect of pH on the sorption of OTC.
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As stated in figure the pH of perlite slurry didtrexhibit any variation during the
equilibration period of OTC. Maximum OTC sorptionto perlite occurred at pH 2 was
67.16 %. From a previous study it is known thatifgeis negatively charged at a pH range
of 3—-11 (Dgan et al., 1997). Therefore, this is well expect=ililt since the association of
OTC cations with negatively charged perlite cowddlet place as the pH of the solution
becomes lower. On the other hand, as the pH vdlgelotion increased, the sorption of
OTC decreased due to the repulsion between anamtibiotic and negatively charged
perlite surface. By increasing the pH from 2 to51®&4 decreased from 204.5 to 16.2 L kg
! and OTC removal decreased from 67.2 to 13.9 %u(Eig.15). This result obtained at
alkaline pH suggests that electrostatic attracgilmys a significant role in the sorption of
OTC.

As opposed to perlite, the pH values of bentonitd aepiolite slurry showed a
noticeable increase at acidic pHs. However, simdgrerlite, the maximum OTC sorption
onto sepiolite and bentonite occurred when thdainppH of slurry was acidic. The
isoelectrical point of sepiolite was reported & #&hd 6.3 by Alkan et al. (2005) and Kara
et al. (2003), respectively. Considering this vadned the pk; value of OTC (Table 3.1) it
is expected to be both sepiolite and OTC have negaharge above pH 9.11 value.

Accordingly, the lower sorption of OTC on sepiokt@s observed at alkaline pH values.

For the adsorption on bentonite although by inargathe initial pH from 2 to 10.5
Ky decreased from 30,420 to 638 L%gOTC removal did not change significantly, it
decreased from 99.7 to 86 % similar to the resoltshe previous study where OTC
removal by natural zeolite decreased from 91 to¥®8ZSalcigzlu, 2007). This result
suggests that the sorption of OTC on bentonite medwnot only by electrostatic attraction

but also other mechanisms such as cation bridgigméra et al., 2004).

4. 5. Released lons from Adsorbents

Tetracyclines have a number of potential metal ibgpdsites and the ability of
tetracyclines to form complexes with di- and trevatl cations has long been known
(MacKay and Canterbury, 2005). This ability, whigh most strongly pronounced for
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hydrophilic tetracyclines (mainly tetracycline aoxytetracycline), can be important in the
sorption process since cation exchange mechanissnswggested as a major sorption
mechanism for TCs on clays. Therefore, the releasezifrom the adsorbent surface were
investigated by the experiments carried out withgli0* adsorbent and 115 mg'lOTC
without pH adjustment at room temperature. Addgity, experiments were performed in
the absence of OTC. The concentrations of varieleased cations from adsorbents were
detected during 24 hr period. The concentratidnsl &, Na', Ca, K*, Mg*?, Fe®, Mn*,
Cu’, Ti** and, A% ions exhibited an increasing trend by increasheycontact time. In

Figure 4.16 only the ions which have concentrakiigher than 0.1 mgtare illustrated.
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From the figure, it is obvious that in the abseat®TC there is significantly high
Na' release from bentonite and remarkable amount &f @ad Md" release from
sepiolite. The presence of €and Md" ions in the aqueous solution is important because
they tend to form soluble complexes with OTC wheelm adversely affect the adsorption
of antibiotic.

In the presence of OTC, the higher release of fian all adsorbents could be
attributed to the OTC adsorption by ion exchangeharism. This suggestion is in a good
agreement of high sorption capacity of bentonitgirta the highest CEC. The lower
adsorption of OTC on sepiolite can be due to foiomadf the soluble complexes with the
released C4 and Md" ions. On the other hand, OTC can form bridges withcations on
the adsorbents and hence its adsorption can beaset as suggested by Figueroa et al.
(2004). Following quations can be suggested asilgesseactions occurred during
adsorption of OTC.

H,0
[Exchangeable cation-CIay]% [Clay] + Exchangeable cation

(4.16)
- . . Aqueous . )
OTC + Multivalent Cations————— OTC-Multivalent Cations
(4.17)
OTC' + [Clay] «——— OTC-Clay
(4.18)

4.6. Properties of Spent Adsorbents

Some of the characteristics of the spent adsorbeets determined and compared

with those of virgin adsorbents.
4.6.1. XRD Analysis of Spent Adsorbents
The XRD patterns of adsorbents (Table B2, B4, B&racted with OTC are shown

in Figure 4.17. By the adsorption of OTC the vamias of the basal spacingd{,;) of each
adsorbent are listed in Table 4.8.
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Figure 4.17. XRD patterns of virgin and spent abdsots.
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Table 4.8. Interlayer spacingd{;) of virgin and spent adsorbents.

doo1 (A)
Adsorbent 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 ie thterlayer spacing of adsorbents
(doo1) except for perlite. After the adsorption of OTH® tly; peak of perlite disappearance
and this is probably due to the structural chanigé @Figure 4.17). When the internal
adsorption occurs the-axis spacingdpoi), which is unique for swelling clays, sepiolite
and bentonite adapts to the intercalated OTC mtdeathich has 8.3 A° dimension
(Kulshrestha et al., 2004). Therefore, after theoggtion of OTC, the observed increase in
the basal spacingdfp1) of adsorbents is relative to that of dehydratednf would be
attributed to the dimensions of the adsorbed oratgtline molecule. The larger initial
interlayer spacing and the higher increasedim 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 detedmméigure out the new bands

indicating the OTC adsorption on the adsorbentstaeg 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 adsorbentsrbefnd after adsorption ([OTG
400 mg LY.

As can be seen from the FTIR analysis of OTC aseafi characteristic bands can be
identified between 1400 and 1700 tnThe characteristic bands of OTC at 1625 and 1579
cm™ correspond to aromatic alkane and amide Il baggpectively. A band at 1446 ¢m
is attributed to Cklbending in OTC (Kulshrestha et al., 2004; Gu aadtlkikeyan, 2005).

Although significantly high amount of OTC adsorbets, presence is not easily
identified on the adsorbents. However, the mostnis¢ band of OTC (1625 &nis
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observed on the OTC loaded perlite at 1624.40",ceepiolite at 1623.79 c¢m and
bentonite at 1625.50 ¢ln The second intense band of OTC (1579'%cis observed on
OTC loaded perlite at 1576.16 ¢msepiolite at 1575.78 ¢hm and bentonite at 1575.88

cmt,

4.6.3. Elemental Analysis of Adsorbents Before anéifter Adsorption
The elemental analyses of adsorbents were perfoimenider to investigate the
variation in the carbon content after the adsorptbOTC and the results are tabulated in

Table 4.9.

Table 4.9. Elemental content of adsorbents befodeafter the adsorption of OTC.

Carbon Nitrogen

Adsorbent
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 theae isicrease in carbon and nitrogen
content of the adsorbents after adsorption. Thhdnigncrease in the carbon and nitrogen
amounts was observed for bentonite which is in adgagreement with higher OTC

adsorption capacity of it.

4.7. Regeneration of Spent Bentonite

To make the adsorption process economic regenerstiimies can be applied to the
spent adsorbent. Regeneration was investigatednigrbentonite among the investigated
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adsorbents because of its high adsorption capa€itg. regeneration of bentonite to
degrade the adsorbed OTC was performed either Bctdapplication of oxidation

(ozonation and Fenton processes) or by extractibowied by oxidation.

4.7.1. Extraction of OTC from Spent Bentonite

In order to enhance the efficiency of subsequentative regeneration, the
desorption of OTC from the spent bentonite was istudVarious extraction solutions
including magnesium salt, Mcllvaine buffer, and Ma€ methanol were used for the
desorption of OTC from soil, manure, and food ievious studies which are listed in
Table 4.10 Actually, none of these solutions anesatered for the regeneration purposes
and Mcllvaine buffer is known as an efficient extion solvent for the analysis of TC

antibiotics sorbed on solid matrixes.

Table 4.10. Desorption of OTC by various extracsoiutions.

Extraction

colvont Ingredients Reference
_ . Sassman and

NaCl Solution 1 M NaCl /1 M Oxalic Acid/ Methanol Lee. 2005

(25:25:50)
Mellvai 0.2 M Citric acid /0.4 M NgHPO, (90:60) / Blackwell et. al,
clivaine 0.1 M NaEDTA / Methanol (25:25:50) 2004

Figueroa and
MgCl, 1 M MgCl, Mackay, 2005

Uslu and
Mg(NOs), 1 M Mg(NGs), Balcigslu, 2009

Considering high performances of the extractiovesuis for the desorption of TC
antibiotics listed in table, these solutions ataaarirations mentioned in table were applied
to the spent bentonite for two hours period andetifieiency of extraction is determined
by the following equation,
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. Caq
OTC Extraction (%) = T X 100
A

(4.19)

Ca = adsorbed OTC concentration (mg ar mM),

Cag= aqueous OTC concentration after extraction (MoLmM).

In Figure 4.19 the extraction efficiencies of magjom salts solutions are compared with

those obtained by the other solvents presentedlaheT4.10.
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Figure 4.19. OTC extraction efficiency of diéet solutions.

As can be seen from the Figure 4.19, MggN(has the highest OTC desorption
efficiency (98.96 %) for the spent bentonite. Tigsult can be explained by the formation
of a complex between OTC and magnesium ions inlithed phase (Schmitt and
Schneider, 2000, Uslu and Balglo, 2009). Therefore, Mg(N§)» was selected as an
extraction solution for the spent bentonite.
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In order to investigate the effect of Mg(ll) contation, the desorption experiments

were carried out with different concentrations of(MO;), in the concentration range of

0.1M - 2M at two different initial pH values (Figu4.20).
pk
100 100
1.0 20

Figure 4.20. Effect of Mg(Ng). on extraction efficiency of OTC from bentonite.
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As can be seen from Figure 4.20, the extractioncieffcy of OTC gradually
increases with increasing concentration of Mg(tdluson at both pH. On the other hand,
increasing the pH of the extraction solution toadue of 8 did not remarkably affect the
performance of extraction. Although a higher cagmplormation potential is expected at
alkaline pH value about 95% OTC removal from thefaie of spent bentonite was
achieved by 0.5 M Mg(N¢}. at pH 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 bentorzten® was applied directly to the
spent bentonite and after the extraction of OT@nflmentonite by using 0.5 M Mg(N$®.
Various applied ozone doses (2.5, 7.5, 12.75, 24n® 37.5 mg mif) were used in
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oxidations experiments and OTC removal efficiendyoaone before and after the
extraction is illustrated as a function of treattnéme in Figure 4.21. OTC removal
efficiency of direct ozonation was calculated byness balance relationship after

extraction.
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Figure 4.21. Comparison of OTC removal efficien€ppone before and after extraction.
(pHi: 6.5)

It can be seen from the figure that 98.6 % rema¥aDTC was achieved within 5
minutes (applied ozone dose = 12.75 mg tiwhen ozone was applied after the
extraction of OTC from the bentonite. However, 1hues (applied ozone dose = 37.5
mg min’) was required to obtain the same treatment effisievhen ozone was directly

applied to the spent bentonite without extraction.

While the initial pH of slurry before the ozonatiavas 8.1, it was 7.8 after the
application of extraction. At these pH values adl @& molecular ozone hydroxyl radicals
(OHe) produced by the catalytic decomposition of ozen#h hydroxyl ions (Langlais,
1991) can be responsible for the degradation of (Hdtiation 4.20).

20+ OH —» OHe++ 30

(4.20)



74

Hydroxyl radicals in the slurry can also be proaluds both homogeneous and
heterogeneous metal catalyzed decomposition reasctad ozone (e.g. Balciu and
Moral, 2008). It was revealed that various metatieg, MeO, (e.g. AD3, F&0O3;, FeOOH)
can act as heterogeneous catalyst for the produdfohydroxyl radicals (Kasprzyk-
Hordern et al., 2006; Beltran et al., 2005; Par&lgt2004). Although the effect of catalyst
is not well documented in heterogeneous catalyionation for the degradation of
pollutants three different reaction pathways haeerbspeculated (1) chemisorption of
ozone on catalyst can produce reactive oxidatieeisp that can oxidize pollutants in the
aqueous phase of slurry, (2) adsorbed pollutantaialyst surface can be oxidized by
either ozone or hydroxyl radicals in aqueous phasd, (3) adsorption of both pollutant
and ozone on catalyst surface and subsequentaeadietween them (Kasprzyk-Hordern
et al., 2006). Due to the release of metal ionmftbe surface of bentonite (Figure 4.21)
homogeneous catalytic reaction could also be resplenfor the oxidation of OTC in the
liquid phase of the slurry. Subsequently, reacti@gh21) and (4.22) can be suggested for

the oxidation of OTC in the slurry of bentonite.

[MeOdora + 03 5 reactive radical®.gOHe
[Méx]acweous
(4.21)
[OTClorbed O3 o
[OTClqueous + OHe — Oxidation products
(4.22)

After the regeneration of the spent bentonite bynation, the gh; value of bentonite
was determined and compared with that of virgin. die do, peak of the bentonite tends
to return to its virgin mode by the applicationozione. go; value of virgin bentonite was
14.29 and by the adsorption of OTC it increasedZ®5 A. Subsequent regeneration
resulted in a g, value of 15.17 A.
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4.7.3. Fenton Oxidation of OTC on Spent Bentonite

The degradation of OTC was also performed by Feptadation and this process
was applied to the spent bentonite at Fe(bpHmolar ratio of 1/10 with varying D,
doses (HO, = 50-150 mM) for one hour treatment period. Coesity the release of some
cations from the surface of the bentonite that maguse the decomposition of hydrogen
peroxide and the production of reactive radicalggdation experiments were also carried
out without the addition of iron catalyst (Figur22). OTC removal efficiency of Fenton

process was calculated in a similar way as in #s& ©f ozonation process.

100
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== H202 + Fe Catalyst
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Figure 4.22. Effect of hydrogen peroxide concerdraaind Fe catalyst on the OTC

removal efficiency (Fe(ll)/ kD, =1/10; treatment period=60 min).

As it is obvious from Figure 4.22 that Fe catalgatendment drives up the OTC
removal efficiency of hydrogen peroxide due to tkaction of iron catalyst with 4D,
(Walling, 1975).

The degradation of OT@ithout the addition of iron catalyst can indicabat the
reaction of HO, with the indigeneous iron released into the sotufirom the bentonite
could produce reactive radicals or heterogenousoReprocess could be responsible for

the production of reactive radicals similar to neteneous catalytic ozonation (Xu et al.,
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2009). The following reactions could be proposedtfi@ production of hydroxyl radicals

in the solution.

Fe'* + H,0, —» FeOOH" + H'

(4.23)
FeOOH" — HOO + Fé*
(4.24)
FE* + H,0, —» FE* + OH + OH
(4.25)

Figure 4.22 also indicates that an increaseJD.ldoncentration resulted in a higher
degradation of OTC and 94 % OTC removal was acdievith 150 mM HO,/ 15 mM Fe
(I1) . However, in the absence of the external additioinon a limited degradation of OTC
was attained with 150 mM J@,.

Similar to the ozonation treatment, Fenton process also applied after the
extraction of OTC from spent bentonite and the Itesuere compared with those obtained
by direct application of oxidation process in exted treatment time period (Figure 4.23).
In order to differentiate the effect of extractiom the overall removal of OTC both 75 mM

and 150 mM hydrogen peroxide dose were used iroReefagent.
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Figure 4.23. Comparison of OTC removal efficiendyFenton process before and after

extraction.

At high hydrogen peroxide dose the effect of exiomc was not differentiated
whereas at 75 mM #D, dose a positive eefect of the pretreatment wasrebd for the
overall removal of OTC and by the progress of otatathis effect decreased probably

due to the exchange of available Fe (ll) ions antdm@te surface.

It is known that Fenton process efficiency is clpselated to the solution pH
(Walling, 1975) and optimal pH value of Fenton mes for most of the pollutants found in
agueous phase are between 2 and 4 where highesahalility occurs. On the other hand,
recent studies exhibited the catalytic effect omiabilized iron on the hydrogen peroxide
for the production of reactive oxidative speciesufkand Huling, 2009) and the oxidation
of sorbed pollutants on solid matrixes does notiireghighly acidic conditions due to the
catalytic effect of minerals (Uslu and Balcioglu)0®). In this study, the addition of
Fenton’s reagent to the slurry of the spent betgomsulted in an initial pH value of 4.5
and 3.5 for 75 mM and 150 mM hydrogen peroxide dosspectively. In order to clarify
the effect of pH on Fenton treatment with 75 mMObla further decrease of initial pH to

3.5 was provided by the acidification of slurrydéie 4.24).
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Figure 4.24. Effect of pH on Fenton process.

From the figure it can be concluded that the adjest of the initial pH to 3.5,
increased the removal efficiency of Fenton treatnféd mM HO, / 7.5mM Fe catalyst)
from 69 to 95 % within 180 min. However, almost geme OTC degradation efficiency
was achieved with 150 mMJ@, / 15 mM Fe catalyst within 30 min.
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5. CONCLUSION

In the scope of this research the sorption of OF thtee natural adsorbents and the
oxidation of spent adsorbent were investigatede fbllowing findings highlight the major

results of the study.

«  Among the investigated adsorbents bentonite hadidihest adsorption equilibrium
value of OTC due to its highest CEC. Monovalentsiavhich have lower complexation
constants with OTC were the major exchangeable adrizentonite and this reduced the
formation probability of soluble OTC-metal complexeonsequently, the highest sorption
was obtained for this adsorbent. Although sepidias about 30 times higher surface area
and pore volume compare to perlite adsorption dxgiim values of OTC for sepiolite and
perlite are close to each other indicating thatsindace area and pore volume are not the

controlling adsorptive factors.

. Considering EDX and ICP determinations, the lowerption of OTC could be
attributed to the formation of soluble metal/ardgtin complexes in aqueous phase formed
by the release of calcium and magnesium ions frepiotite whereas the higher sorption
could be due to surface complexes formed on thitepénrough the cation bridging of

aluminum and iron with OTC.

. It is thus presumed that OTC was adsorbed on adsbrbent primarily via CEC and

cation bridging mechanisms.

«  The sorption of OTC on perlite, sepiolite, and tbaite was nonlinear and the
experimental equilibrium adsorption data of OTC evelested for the Langmuir,
Freundlich, Temkin and Redlich-Peterson isotherr@ansequently, the dsorption

isotherms of OTC on perlite and sepiolite are wddkcribed with Freundlich model

whereas only Temkin isotherm describes the adsormi OTC on bentonite.

*  Among the four kinetic models tested, pseudo-s&@der and Elovich models best
describe the reaction kinetics of all adsorbendgcating that the rate limiting step of OTC
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adsorption is a chemical sorption process and dseraents have highly heterogeneous

sorptive sites.

. For each adsorbent the OTC sorption at the diiteexperimental pHs was quite
different in magnitude but the adsorption was disfied considerably by the
deprotonation of OTC for all adsorbents. The adsampefficiencies of OTC on perlite and
sepiolite decreased from 67.2 to 13.9 % and 5&627t79 % by increasing pH from 2 to
10.5, respectively. Adsorption on bentonite was aftécted remarkably by pH variation
and it decreased from 99.7 to 86 % by increasingrphh 2 to 10.5. Considering the all

results, bentonite can be suggested as a pronadswybent for OTC.

. Subsequent oxidation of spent bentonite via Femtwth ozone driven mechanisms
resulted in high amount of OTC degradation. Thadasing dose of oxidant both in

Fenton and ozone treatments increased the degraddtOTC.

*  The pretreatment of spent bentonite by magnesaltrextraction reduced the ozone
dose required for the destruction of OTC whereadidt not affect the performance of
Fenton process. Sequential application of extracéind ozone oxidation with an applied
ozone dose of 12.75 mg riprovided 98.6 % OTC degradation.

e Oxidative radicals produced by the reaction of gedious iron content of bentonite
with hydrogen peroxide provided the limited oxidatiof OTC. The addition of iron at
Fe(ll) / H,O, molar ratio of 1/10 and the acidification of spéentonite slurry to pH 3.5
resulted in 95 % OTC degradation with 75 mMGO4d Consequently, an efficient
destruction of sorbed OTC could be obtained byetuemical oxidation processes.
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Calibration Curves and HPLC Chromatogram of OTC
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Figure A. 1. Calibration curves of OTC at differgri values.

Table A.1. Maximum absorption peak and extinctioefticient of OTC at different pH

values.

pH A (nm) g (R?)
2.5 355.5  11.55 (0.994)

6.5 358  13.89 (0.999)
9 372 13.76 (0.995)




otc, DAD1 A

Area = 38.2777509*Amt -1.0542321

1Rel. Res%(4): -3.4805e-3

101

Correlation: 0.99992

7.5 Amount[mg/Il

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 Adsorbes



Table B.1. Interlayer spacings and peak intenstfesrgin perlite.

[perlit.raw] perlit

Phase ID Report

SCAN: 1,5/70,0/0,02/0,6(sec), Cu(40kV,40mA), |(max)=1300, 04.15.09 15:09

Client Information:

Analyst Information:

Name: user
Voice: Fax:
E-Mail:

Sample 1D: perlit

Name: user
Voice: Fax:
E-Mail:

Sample ID: perlit.raw

42-1399> Polylithionite-1M, Fe-rich - K(AlIFeLi)(Si3AI)O10(OH)F
29-0085> SiO2 - Silicon Oxide

76-0949> Anorthite sodian - Na0.34Ca0.66Al1.66Si2.3408
74-1077> Ferrosilite magnesian - Mg.93Fe1.07Si206

42-1399> Polylithionite-1M, Fe-rich - K(AIFeLi)(Si3ANO10(OH)F

29-0085> SiO2 - Silicon Oxide

76-0949> Anorthite sodian - Na0.34Ca0.66A11.66Si2.3408

74-1077> Ferrosilite magnesian - Mg.93Fe1.07Si206

| “ | ‘
I [ i - - » 2 1 | i
‘ TP | S | L wus NERPIEN 11 . ‘,l‘\ R TTVPV | ST L

40,0 50,0 60,0 70,0

Two-Theta (deg)

Materials Data, Inc.

[BOUN-080507|user]<C:\Dc and Setti

p> Perbembe, Nis 16, 2009 02:47p (MDVJADES)
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Table B.1. Continued.

[[periit.raw] perlit

SCAN: 1,5/70,0/0,02/0,6(sac), Cu(40kV, 40mA), I[{max)=1300, 04.15.09 15:09

FPEAK: 19-pts/Parabolic Filter, Threshold=3,0, Cutoff=0,0%, BG=3/M,0, Peak-Top=Summit

MOTE: Intensity = Counts, 2T(0)=0,0{deg), Wavelength to Compute d-Spacing = 1,54056A (CufK-alphai)

# | 2-Theta d{A) HeightHeight% Phase =) di{A) 1% (hkl) 2-Theta Delta
1 8,018 90,0076 628 046 Polylithionite-1M, Fe-rich - K{AIFeLi)(Si3Al)01... 99000 1000 (0O1) 8925 0,007
2 17,835 4,9692 40 6,0 Polylithionite-1M, Fe-rich - K{AIFeLi)(Si3A1)01... 4,9550 3,0 (002) 17,886 0,051
3 21,995 4,0378 227 34,2 Si02 - Silicon Oxide 4,0400 1000 21,982 0,012
4 | 26600 334832 664 100,0 Ferrosilite magnesian - Mg.93Fe1.07S5i206 3,3372 18,3 {121) 265690 0,080
5 26,843 3,3186 A54 58,4 Polylithionite-1M, Fe-rich - K{iAIFeLi){Si3Aly01... 23,3080 73,0 {0D3) 28022 0,079
5 27,780 3.2087 202 30,4 Ferrosilite magnesian - Mg.93Fe1.07Si206 32127 18,8 {411) 27745 -0,035
|7 27,961 31884 191 28,8 Anorthite sodian - Na0. 34Ca0. 66411 665i2.3408  3,1855 78,9 {002) 27986 0,025
8 31,4685 28408 a7 14,6 Ferrosilite magnesian - Mg 93Fe1 075206 22,8429 41.4 {511) 31,442 -0,023
9 35,566 256221 49 7.4  Anorthite sodian - NaQ,.34Ca0 86411 .865i2.3408 2,5200 23,8 (-3-12) 35,587 0,031
10 36,058 2,4888 S8 14,8 Femosilite magnesian - Mg.93Fe1.07Si206 2,4885 51,9 {231) 36,063 0,004
11 42,878 21074 38 5,7 Ferrosilite magnesian - Mg.83Fe1.07Si206 2,1123 33,6 (322) 42773 0,105
12| 45518 1,9911 61 9,2 Angorthite sodian - Na0.34Cal.66A11.865i2.3408  1,8920 1.8 (-133) 45497 0,021
13 48, 511 1,8751 a3z 4.8 Ferrosilite magnesian - Mg, 23Fe1.073i206 1.8728 o7 (441) 48573 0,062
14 58,443 1,5778 | 4.7 Anorthite sodian - Ma0 34Ca0 86411 665i2.3408 11,5779 o7 (-5-1 1) 58,442 -0,001
Line Shifts of Individual Phases:

PDF#42-1399 - Polylithionite-1M, Fe-rich <2T(0) = 0,0, d/d(0) = 1,0=

PDF#29-0085 - Silicon Oxide <2T(0) = 0,0, 4/d{0)=1,0>

PDF#76-0849 - Anarthite sodian <2T(0) = 0,0, d/d(0) =1,0>

PDF#74-1077 - Ferrosilite magnesian <2T(0) = 0,0, 4fd{0} = 1,0>

! ]
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Table B.2. Interlayer spacings and peak intenstfespent perlite.

[Perlit1.raw] Perlit1

Phase ID Report
SCAN: 1,5/70,0/0,02/0,6(sec), Cu(40kV,40mA), I(max)=1074, 04.17.09 16:37

Client Information: Analyst Information:
Name: user Name: user
Voice: Fax: Voice: Fax:
E-Mail: E-Mail:
Sample ID: Perlit1 Sample 1D: Perlit1.raw

29-0085> SiO2 - Silicon Oxide
76-0949> Anorthite sodian - Na0.34Ca0.66AI11.66S8i2.3408

29-0085> SiO2 - Silicon Oxide

76-0949> Anorthite sodian - Na0.34Ca0.66A(1.66Si2.3408

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

10,0 20,0 30,0 40,0 50,0 60,0 70,0
Two-Theta (deg)

Materials Data, Inc. [BOUN-080507|user]<C:\Documents and Settings\user\Desktop> Pazartesi, Nis 20, 2009 02:27p (MDI/JADES)
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Table B.2. Continued.

[Perlit1.raw] Perlit1 Peak ID Report
SCAN: 1,5/70,0/0,02/0,6(sec), Cu(40kV,40mA), I{max)=1074, 04.17.09 16:37
PEAK: 19-pts/Parabolic Filter, Threshold=3,0, Cutoff=0,1%, BG=3/1,0, Peak-Top=Summit
NOTE: Intensity = Counts, 2T(0)=0,0(deg), Wavelength to Compute d-Spacing = 1,54056A (Cu/K-alphal)

# | 2-Theta d(A) HeightHeight% Phase ID d(A) 1% (hkl) 2-Theta Delta

1 13,643 6,4850 30 16,6 Anorthite sodian - Na0.34Ca0.66Al11.66Si2.3408 6,4849 6,8 (-110) 13,643 0,000

2 21,683 4,0952 154 85,1 Anorthite sodian - Na0.34Ca0.66Al1.66Si2.3408 4,0463 55,7 (-201) 21,949 0,266

3 21,975 4,0415 181 100,0 SiO2 - Silicon Oxide 4,0400 100,0 21,983 0,008

4 23,674 3,7550 139 76,8 Anorthite sodian - Na0.34Ca0.66A11.66Si2.3408 3,7601 429 (111) 23,642 -0,032

5 | 25,578 3,4797 100 55,2 Anorthite sodian - Na0.34Ca0.66A11.66Si2.3408  3,4756 10,7 (-1-12) 25,609 0,031

6 26,537 3,3561 91 50,3 Anorthite sodian - Na0.34Ca0.66A11.66Si2.3408  3,3658 19,8 (-112) 26,460 -0,077

7 27,718 3,2157 165 91,2 Anorthite sodian - Na0.34Ca0.66A11.66Si2.3408 3,2043 100,0 (040) 27,819 0,101

8 35,836 12,5037 51 28,2 Anorthite sodian - Na0.34Ca0.66Al11.66Si2.3408 2,5034 9,8 (-312) 35,840 0,004

9 42,863 2,1081 31 17,1 Anorthite sodian - Na0.34Ca0.66A11.66Si2.3408 2,1012 5,8 (151) 43,011 0,149

10 47,082 1,9286 28 15,5 Anorthite sodian - Na0.34Ca0.66AI11.66Si2.3408 1,9270 8,5 (-422) 47,122 0,039

11 50,025 1,8218 64 35,4 Anorthite sodian - Na0.34Ca0.66A11.665i2.3408 1,8194 3,2 (2610) 50,004 0,069

12 56,617 1,6243 32 17,7 Anorthite sodian - Na0.34Ca0.66Al11.668i2.3408 1,6255 1,2 (3-51) 56,573 -0,044

13| 57,843 1,5928 38 21,0 Anorthite sodian - Na0.34Ca0.66Al1.66Si2.3408 1,5928 0,5 (004) 57,843 0,000

Line Shifts of Individual Phases:
PDF#29-0085 - Silicon Oxide <2T(0) = 0,0, d/d(0) = 1,0>
PDF#76-0949 - Ancorthite sodian <2T(0) = 0,0, d/d(0) =1,0>
%
M Brash MY ¥ Bty e A A "
¥ 1 L T T . T ~raa T —— T 1 — ' ; ———r : - a0
Two-Theta (deg)
Materials Data, Inc. ' [BOUN-080507|user]<C:\Do and Setting \Desktop> Pazartesi, Nis 20, 2009 02:27p (MDI/JADES)
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Table B.3. Interlayer spacings and peak intensttfesrgin sepiolite.

[sepiolite.raw] sepiolite Phase ID Report

SCAN: 1,5/70,0/0,02/0,6(sec), Cu(40kV,40mA), I(max)=2734, 04.15.09 12:15

Client Information: Analyst Information:
Name: user Name: user
Voice: Fax: Voice: Fax:
E-Mail: E-Mail:
Sample |D: sepiolite Sample ID: sepiolite.raw

13-0595> Sepiolite - Mg4Si6015(OH)216H20
43-0688> Beidellite-12A - Na0.3AI2(Si,Al)4010(OH)2!2H20
84-1208> Dolomite - CaMg(CO3)2

13-0595> Sepiolite - Mg4Si6O15(0OH)2!6H20

43-0688> Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!12H20

84-1208> Dolomite - CaMg(CO3)2

| Il
T T T T T T T T T T

40,0 50,0 60,0 o 70,0
Two-Theta (deg)

L
T T T

10,0 20,0 " 300

Materials Data, Inc. [BOUN-080507|user]<C:\Documents and Settings\user\Desktop> Pazartesi, Nis 20, 2009 03:17p (MDI/JADES)
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Table B.3. Continued.

[sepiolite.raw] sepiolite Peak ID Report
SCAN: 1,5/70,0/0,02/0,6(sec), Cu(40kV,40mA), I(max)=2734, 04.15.09 12:15
PEAK: 33-pts/Parabolic Filter, Threshold=3,0, Cutoff=0,1%, BG=3/1,0, Peak-Top=Summit
NOTE: Intensity = Counts, 2T(0)=0,0(deg), Wavelength to Compute d-Spacing = 1,54056A (Cu/K-alpha1)
# | 2-Theta d(A) HeightHeight% Phase ID d(A) 1% (hkl) 2-Theta Delta
1 7,460 11,8411 980 100,0 Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!2... 12,0264 100,0 (001) 7,345 -0,115
2 11,841  7,4052 38 3,9 Sepiolite - Mg4Si6015(0OH)2!16H20 7,4700 10,0 (130) 11,837 -0,104
3 13,243 6,6800 33 3,4 Sepiolite - Mg4Si6015(0H)2!16H20 6,7300 6,0 (040) 13,144 -0,099
4 17,935 4,9416 39 4,0 Sepiolite - Mg4Si60O15(0OH)216H20 5,0100 8,0 (150) 17,688 -0,247
5 19,880 4,4623 213 21,7 Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!2... 4,4462 80,0 (100) 19,953 0,073
6 20,740 4,2793 320 32,7 Sepiolite - Mg4Si6O15(0OH)2!16H20 4,3100 40,0 (131) 20590 -0,150
7 23,960 3,7110 176 18,0 Dolomite - CaMg(CO3)2 * 3,6976 5,2 (012) 24,048 0,088
8 25,438 3,4985 36 3,7 Sepiolite - Mg4Si6O15(0OH)2!6H20 3,5300 12,0 (241) 25208 -0,231
9 26,539 3,3559 102 10,4 Sepiolite - Mg4Si6O15(0OH)2!6H20 3,3700 30,0 (080) 26,426 -0,113
10 28,064 3,1769 99 10,1 Sepiolite - Mg4Si6015(0OH)2!6H20 3,2000 35,0 (331) 27,857 -0,206
11 31,020 2,8806 478 48,8 Dolomite - CaMg(CO3)2 2,8899 100,0 (104) 30,917 -0,102
12 33,560 2,6681 109 11,1 Dolomite - CaMg(C03)2 2,6745 4,5 (006) 33,478 -0,083
13 34,781 2,5772 297 30,3 Sepiolite - Mg4Si6015(OH)2!16H20 " 2,5860 2,0 (530) 34,659 -0,122
14 36,918 2,4328 112 11,4 Sepiolite - Mg4Si6O15(0OH)2!6H20 2,4490 25,0 (202) 36,665 -0,253
15| 37,500 2,3964 106 10,8 Dolomite - CaMg(CO3)2 2,4055 10,4 (110) 37,352 -0,148
16 | 40,102 2,2467 127 13,0 Beidellite-12A - Na0.3AI2(Si,Al)4010(0H)2!2... 2,2362 5,0 (200) 40,298 0,196
17| 41,181 12,1903 101 10,3 Dolomite - CaMg(CO3)2 2,1939 26,2 (11-3) 41,110 -0,071
18| 43,936 2,0591 61 6,2 Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!12... 2,0635 10,0 (006) 43,838 -0,098
19| 44,983 2,0136 58 5,9 Dolomite - CaMg(C0O3)2 2,0164 13,7 (202) 44917 -0,066
20 50,517 1,8052 71 7,2 Dolomite - CaMg(C0O3)2 1,8073 15,6 (018) 50,453 -0,064
21 51,117 1,7854 74 7,6 Dolomite - CaMg(CO3)2 1,7830 11,4 (009) 51,191 0,074
22 54,257 1,6893 35 3,6 Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!2. .. 1,6946 10,0 (210) 54,072 -0,185
23 58,059 1,5874 44 4,5 Sepiolite - Mg4Si6015(0OH)2!16H20 1,5920 10,0 (3151) 57,874 -0,185
24 59,860 1,5438 74 7,6 Dolomite - CaMg(CO3)2 1,5453 7.9 (21-2) 59,798 -0,062
25| 61,181 1,5136 83 8,5 Sepiolite - Mg4Si6015(0H)2!16H20 1,5180 16,0 (0171) 60,986 -0,195
26| 63,439 1,4651 52 5,3 Dolomite - CaMg(CO3)2 1,4659 5.5 (12-4) 63,400 -0,039
Line Shifts of Individual Phases:
PDF#13-0595 - Sepiolite <2T(0) = 0,0, d/d(0)= 1,0>

Materials Data, Inc. [BOUN-080507|user]<C:\Documents and Seltings\user\Desktop> Pazartesi, Nis 20, 2009 03:17p (MDI/JADES)
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Table B.4. Interlayer spacings and peak intenstfespent sepiolite.

[Sepiolite1.raw] Sepiolite1 Phase ID Report
SCAN: 1,5/70,0/0,02/0,6(sec), Cu(40kV,40mA), I(max)=3481, 04.17.09 15:53
Client Information: Analyst Information:

Name: user Name: user

Voice: Fax: Voice: Fax:

E-Mail: E-Mail:
Sample ID: Sepiolite1 Sample |D: Sepiolite1.raw
13-0595> Sepiolite - Mg4Si6015(0OH)2!6H20
43-0688> Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!12H20 .
84-1208> Dolomite - CaMg(CO3)2

13-0595> Sepiolite - Mg4SiB6O15(0OH)2!6H20
43-0688> Beidellite-12A - Na0.3AI2(Si,A)4010(0OH)2!12H20
84-1208> Dolomite - CaMg(CO3)2

! T T 0.0 T T : 260 i T 00 - T VR T . . 1 T P . 700

Two-Theta (deg)

Materials Data, Inc. [BOUN-080507|user]<C:\Documents and Settings\user\Desktop> Pazartesi, Nis 20, 2009 03:14p (MDVJADES)
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Table B.4. Continued.

[Sepiolite1.raw] Sepiolite1 Peak ID Report
SCAN: 1,5/70,0/0,02/0,6(sec), Cu(40kV,40mA), I(max)=3481, 04.17.09 15:53
PEAK: 35-pts/Parabolic Filter, Threshold=3,0, Cutoff=0,1%, BG=3/1,0, Peak-Top=Summit
NOTE: Intensity = Counts, 2T(0)=0,0(deg), Wavelength to Compute d-Spacing = 1,54056A (Cu/K-alpha1)
# | 2-Theta d(A) HeightHeight% Phase ID d(A) 1% (hkl) 2-Theta Delta
1 7,200 12,2674 1251 100,0 Beidellite-12A - Na0.3AI2(Si,Al)4010(OH)2!2... 12,4000 100,0 (001) 7,128 -0,077
2 11,899 7,4315 43 3,4 Sepiolite - Mg4Si60O15(0H)2!6H20 7,4700 10,0 (130) 11,837 -0,062
3 13,245 6,6789 41 3,3 Sepiolite - Mg4Si6015(OH)2!16H20 6,7300 6,0 (040) 13,144 -0,101
4 14,140 6,2583 5 0,4 Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!2... 6,2000 50,0 (002) 14,274 0,134
5 17,760 4,9899 55 4,4 Sepiolite - Mg4Si6O15(0OH)2!6H20 5,0100 8,0 (150) 17,688 -0,072
6 19,541 4,5391 216 17,3 Sepiolite - Mg4Si6O15(0OH)2!6H20 . 4,5000 25,0 (0680) 19,712 0,172
7 19,800 4,4802 196 15,7 Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!2. .. 4,4800 80,0 (100) 19,801 0,001
8 20,678 4,2918 286 22,9 Sepiolite - Mg4Si6015(0OH)2!6H20 4,3100 40,0 (131) 20,590 -0,088
9 22,118 4,0157 12 1,0 Sepiolite - Mg4Si6015(0OH)2!6H20 4,0200 8,0 (330) 22,094 -0,024
10 23,679 3,7543 168 13,4 Sepiolite - Mg4Si6015(0OH)2!16H20 3,7500 30,0 (260) 23,707 0,027
11 25,289 3,5188 16 1,3 Sepiolite - Mg4Si6015(0OH)2I6H20 3,5300 12,0 (241) 25208 -0,081
12| 26,679 3,3385 166 13,3 Sepiolite - Mg4Si6O15(OH)2!16H20 3,3700 30,0 (080) 26,426 -0,254
13 28,096 3,1734 92 7.4 Sepiolite - Mg4Si6O015(0OH)2!6H20 3,2000 35,0 (331) 27,857 -0,239
14 30,879 2,8933 405 32,4 Dolomite - CaMg(CO3)2 2,8899 100,0 (104) 30,917 0,038
15| 34,639 2,5875 268 21,4 Sepiolite - Mg4Si6O15(0OH)2!6H20 2,5860 2,0 (530) 34,659 0,020
16| 35,038 2,5589 266 21,3 Sepiolite - Mg4Si6015(0OH)2I6H20 2,5600 55,0 (371) 35022 -0,016
17 36,817 2,4392 116 9,3 Sepiolite - Mg4Si6015(0OH)2!6H20 2,4490 25,0 (202) 36,665 -0,152
18| 37,421 2,4012 55 4,4 Dolomite - CaMg(CO3)2 2,4055 10,4 (110) 37,352 -0,069
19| 39,642 22716 91 7,3 Sepiolite - Mg4S8i6015(0OH)2!6H20 2,2630 30,0 (541) 39,800 0,158
20| 40,060 2,2489 95 7.6 Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!12... 2,2380 5,0 (200) 40,264 0,204
21 41,062 2,1963 103 8,2 Dolomite - CaMg(CO3)2 2,1939 26,2 (11-3) 41,110 0,048
22| 43,841 12,0633 52 4,2 Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!2... 2,0640 10,0 (006) 43,826 -0,015
23 44,856 2,0190 42 3,4 Dolomite - CaMg(CO3)2 2,0164 13,7 (202) 44,917 0,061
24| 50,540 1,8044 53 4,2 Dolomite - CaMg(CO3)2 1,8073 15,6 (018) 50453 -0,087
25| 51,095 1,7861 49 3,9 Dolomite - CaMg(CO3)2 1,7885 19,6 (11-6) 51,022 -0,073
26| 54,275 1,6887 42 3,4 Beidellite-12A - Na0.3AI2(Si,Al)4010(0OH)2!2... 1,6930 10,0 (210) 54,127 -0,147
27| 58,081 1,5868 41 3,3 Sepiolite - Mg4Si6015(0OH)2!6H20 1,5920 10,0 (3151) 657,874 -0,208
28| 59,761 1,5461 39 3,1 Dolomite - CaMg(CO3)2 1,5453 7,9 (21-2) 59,798 0,037
29| 60,979 1,5181 46 3,7 Sepiolite - Mg4Si60O15(0OH)2!6H20 1,5180 16,0 (017 1) 60,986 0,007
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Table B.5. Interlayer spacings and peak intensitfesrgin bentonite.

||_'|"|-:Bén‘onﬂ:q FM TﬁBentMm: Jipirs EEIRITIN IR s NI : Phase 1D Report
'STAN: I‘i SfF?iD,IG}‘ﬂ 02!0,;6(3&13), C‘u(40k\(4ﬂmA) Hmax}ﬁ‘lﬁﬂﬂf DS 22. 09 15 51 ' R
; Client Information: |+ | Analyst Information:
Name: user i Name: user . .
Voice:: Fax:'| | Voieﬁ" IHRAE Fax:
E-NMail {1 E-Mail:- i S
Sample ID: T-Bentonite . : Sample ID: T»Bemtomte raw.

13-D135> Montmorallnmte—1 SA - DaQ_Z(AI Mg)2S|4~(D1 0(0H)2‘|4H20
10-0493> Phlogopite-2M1  KMgB(SIZANO10(QR)R [ (i1 | |
39-1383> Clinoptilolite-Ca - KNa2Ca2(SIi29AIT)O72124H20!

39-1383> Clinoptilolite-Ca - KNa2Ca2(Si2g8Al7)O72!24H20

10,00 20,0 " 300 P AR " s00 800 70,0
Two-Theta (deg)

Materials Data, Inc. ' [EOUN-DBDBB?]usar]-:C‘\DoeumMs and Saﬂlngsmser\l)es!dop? Pazartesi, May 125, 2009 11:40a (MDIVJADES)
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Table B.5. Continued.

~Bep$qn¢e rawl]: FI‘~Behtt$n|rteu i Ll i UL T - Peak ID Report

ISCANL 1{5/70/ qfq 02/0,6(sec), Cu(40kV,40mA), i(max)—n1624 05. 22 091581 1 ‘
'PEAK ‘23-pts/Rarabolic Filter, Threshoid 30 Cutoﬁv:DJ‘I\% BG=3/1, 0 Peak—chp=Summrt

NOTE: Intenstty Caun’cs 2T(0)=0, O(deg),‘Wavelength to Compute d-Spacing = 1,54056A (CulK-aIphm), . . .

# | 2-Theta (i . d(A);.jHelghtHelght% \Phase 1D Liciiin Vbl “d(A) 1% (h ki) (2-Theta ;- ‘Delta

1 6,1801:14,2896| |1 263 ' B0,7 :-Montmunuomm-1 5Am6.‘,aﬂ 2in Mg)28r4010(0 14,9746 . 100,011 1 (00O 1) || 5,897 : -0,283 |,

2 9,781 9,0356:/ ' 118 27,3 | Clinoptilalite-Ca + KNa2Ca2(8i29AIT)O72!24H20  8,9500/: 794/ /! ({0 2:0) | | 9,875 0,094

3 11,075 . 7,9826' 41 9,6 (Clinoptilalite-Ca - KNa2Ca2(8i29AI7)O72!24H20 - 7,9300 103 (200) 11,148 : 0,074 |

4 16,804 52718 ', 39 9,0 Glinoptilalite-Ca - KNa2Ca2(Si29AI7)O72!124H20 52400 1/ 7/91 (3 1-1) 16,906 0,102 1111

5 17,179::5(1874 ... 63 14,5 ' QlinoptilalitesGa + KNa2Ca2(Bi29AIT)Q72!124H20  5,1200 95/ ((111) 17,305 0,127

6 19,718 .1.4,4986 || 179 - 41,3  Montmorillonite-15A - Cad.2(AlMg)2Si4010(0O... 4,4977 ' '80/0' (100) 19,722 0,004 |
7 | 21,8601':4,0624.1 433 100,0 |Rhlogopite-2M1 - KMg3(Si3ANOIO(OH)2 4102311 11601 1 (112) 21,645 -0,215: ¢ :
8| 22,318 122 28,2 | Qlinoptilolite-Ca + KNa2Ca2(Si29AI7)DT72124H20  3,976011 48,41 /(13 1) 22,3411 0,023,
9 23,480 /1 {081 . 18,7 | Montmorillonite-15A ~ Ca0.2{Al,Mg)2Si4010(0...  3,7684: | 20,01 1 (004) 23,589 0,109 i |
10| 25,210 35297, | 44 10,2 1| Glimoptilalite-Ca - KNa2Ga2(8igg9AlT)T72!124H20 - 3,5130 3,20 (11-2) .25,332 . 0,122/}

11| 25844 :3,4445 1 ' 44, ,10,2 | Clinoptilalite-Ca - KNa2Ca2(SiZ9AI7)O72!24H20  3,4240 - 14,3, (2 2-2) | 26,002 1 10,158/
12| 26,560 3|3533 ! . 162 37.4 - Phlogopite-2M1 - KMg3(S8i3A)O10(OH)2 .| 38,3777 100,01 (0 0B6) 26,365 . -0;195 (/| i
13| 27,821 3;1928 | | 208 48,0 | Clinoptilolite-Ca - KNa2Ca2(Si29AIT)Q72!124H20 - 3,1700!/AZ/7 . [ (14 2-2) 28,126 . 0,205 !
14 | 28,297 [ :3/1612:! 145 38,5  Phlogopite-2M1; 7 KMg3(Si3ANON0(OH)2 | 3,1697 /11 10/0 (1 1,5) | 28129 -0,169 .
15| 29,380/ :3/0875 ! 277 - 64,0 Phlogopite-2M1; - KMg3(Si3A)DNO(OH)2 3,0527.:. 40/0( (0 2'8) | 29,230, (-0;149 110
16| 30,6031 2/9189i: 129 - 29,8 'Phlogopite-2M1, - KMg3(Si3Al)D10(OH)2 2,9377 . 40/01 1 1(01 1 8B) | 30,401 1-0/201

17| 31,381 '2,8482: 136 31,4« Phlogopite-2M1 - KMg3(Sj3ANHD10(OH)2. | 2,8289 20,00 1 1(-1 1.8) : 31,602 0,220

18| 31,857 :2,8068 i  48.  .11,1 | Qlinoptilolite-Ca + KNa2Ca2(Si2gAI7)O72!24H20 2,7950.. 25,4/ | (5 3:0) | 31,995 0,138

19/ 34,669 ‘2/5853 i 95 2M9 . Montmorillonite-15A - Ca0.2(Al;Mg)2Si4010(O... ... 2,5798': 40,0/ 1/ (11 1,0), |, 34,752 0,088/
201 135,481 2,5279:: 60 ' ' 1B9 | Qlinoptilalite-Ca - KNa2Ga2(Si29AI7V)Q72!24H20  « 2,5270 9|6/ (6 20) + 35495 0,013 i
21| 36,019 24914 75 73 | Qlinoptilolite-Ca - KNa2Ca2(Si29A|V)072124H20  2,4850. 1148, (35 1) 36,115 = 0,097 /it
22/ 139,458 22,2818 52 12,0 |, Phlogopite-2M1 - KMg3(Si3ANQ10(OH)2 1 | 2,2769:: 1100 . (-1 35) : 39,547 0,090 ‘i
23| 43,147 2,0949 - 37 8,5 | Qlimoptilalite-Ca - KNa2Cg2(S8i29A|7)Q72!124H20 -+ 2,0890 ;4,8 . (3 7-2) | 43,275 0,128 ..
24| 44,997 12,0130 | 41 19,5 ' Clinoptilolite-Ca - KNa2Ca2(8i29A|7)072124H20 - 2,01601 . {18/2 | (6 4-3) | 44,926 ' -0,071

25/ 47,591 1,9091 32 7,4 | Phlogopite-2M1, 4 KMg3(Si3AION0(QH)2: 1,9188: ., 116j0: 1 {:(137) | 47,337 0,254
26| 48,655 -1,8698 .46 10,6 | Montmorillonite+15A = Ca0.2(Al;Mg)2Si4010(0...  1,87981 | 100/ | /(0 0 8) | 48,385 0,270 |
271 54,022 1,6960 .. 28 6,5 ;Montmorilloni,ta‘—‘lSA4GaO'ZQAI*Mg)ﬁ$i4O1O(O... 1,8997 1 300/ /(2 1,0) | 53,898 : 0,126 |,
28/ 180,724, 1,5239 . 30 . 6,9 Phlogopite:2M1; - KMg3(SisANON0(QH)2: | 1,5238 1001 [ (062) 60,728 . 0,003

29 061,901 1,4977 . 62 | 14,3 Montmorillonite:15A ~ Ca0.2(Al,Mg)2Si4010(0...  1,4998 ' '50/0 (00 10)| 61,807  -0,094

Materials D‘ata',‘ thc; i
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Table B.6. Interlayer spacings and peak intensitfegpent bentonite.

[0 I S N R R I RN NI RSN AT A RE AR Y BN S BV AR A R

][{I’]—BantqnitgquO.ram T-Bentonite:OTC /' 0 e : PhaseilD Report
ISCAN:N,5/70;0/0, ozm B(sec); Cu(40kV,40mA), 1(max)=|1597 05 22 09 11 31 ORI
Client Information: 1+ | o Analyst Information:
Name: user : e Name: user |
Voice"' Fax: | Voice: ;1 Fax:
‘E-Mail’ | CE-Mailz i ; NI
-Sample |D: T Blehtomte—OTC ‘Sample 1D: T Benton:te—OTC raw |l

12-0219% Montmorilionite-18A .+ NaO;S{AIMg;)ZSim1DQH2!6H2O
' 10-0493> Phlogopite-2M1j- KMgB(SIBANOTO(OH)2 {1111
39-1383> Clinoptilolite-Ca 4 KNa2Ca2(8i28AI7)072124H20 '

w Ao RN Mg L,

Mkt

39-1383> Clinoptilolite-Ca - KNa2Ca2(Si29Al7)072124H20

T T T T T T T — T T T

10,00 1 20,0 ' 30,0 G D 50,0

Two-Theta:(deg) '/ ..

Materials ID’aia,‘ ‘I‘nc: ol

bl

i | . bl
[BOUN-OBOSO?Iusar]‘tc ADocumerits and Saﬂmgs\ussr\Dns!ﬂd;P ‘Pazartesi, May 25, 2009 01:53p! (MDIIJADEE)
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Table B.6. Continued.

Vi) JIRiggigty

‘frl-BﬁmonfteJQTCTravq] |T-Bentonite-OTC oyt i TR [0 PeakIDiReport
| SCAN:15/70/0/0, 02/0,6(sec), Cu(40KV, 40mA) l(max)—1597 05,2209 16:31 -
;PEAK 23—ptsIHarabol|c Filter, Threshold= 3 O, Cutoff-“—‘ow% BG—BH 0, Peak- Tap—Summlt
NOTE: Intensity = Counts,, 2T(0)—0 O(deg) Wavelength to Compute d-Spacing = 1 54056A (CulK~a1pha1) ]
# [ 2-Theta | | d(A) HeightHeight% ' Phase D, i 1 i . A il Rk ) |2-Theta Delta, | |
1 5,118 :17,2507: 364 82,2 Montmorillonite-18A - NaO 3(AIMg)28i40Q100H...| (17,8000 1000 /(B 011) | | 5,017 <0,102f-{ |
2 8,761 10,0845 | | 1151 34,1 . Phlogopite-2M1 s KMg3(Si3A)O10(OH)2 1 “10,1000‘”‘-10040‘ (Q02) /8,748, 0,014
3 9,798 ,9,0198 | 104 23,5 Montmorillonite-18A - Na0.3(AIMg)28i40100H....| 98,0000 50,011 {0 02) 9,820 0,022,
4| - 17,2361/51408 ||| | 34 7,7 Clinoptilolite-Ca - KNa2Ca2(Si29AI7)072!124H20Q | 55,1200 1185/ ({11 1) 17,305 : 0,068 |,
5. 19,739 4/4939 | 368 83,1  Montmorillonite-18A - Na0.3(AIMg)28i40100H... | 4,4900(1 1 80,01 (004) 19,756 0,017 .
6 21,918/ .4,0518 (| 443 100,0 Phlogopite:2M1 = KMg3(Si3AI)O10(0OH)2 . 4,0790 6,0 (112) 21,770/ -0,148 .
7 | 22381 .3,9890' ! 100 22,6 Clinoptilalite-Ca - KNaZCaZ(SlZQAI?)G}?Z'24H20 3,9760 1.48,4i:(131) 22,341 -0,040 - |
8| 23522 3,7790 i1 120 ' 27,1 Phlogopite:2M1 < KMg3(Si3A)O10(OH)2 3,8140 20,0/, (023) ! 23,303 :0,219 |
9 | 25777 3,4533 22 50 ClinoptildlitesCa - KNaZCaE(SiZQAW)Q?Q!24:‘H20 3,4240 14,3 . (.22-2) | 26,002 | 10,225/ !
10| 26,585 .,.3{3489 !.122 ' 27,5 Phlogopite-2M1 5 KMg3(Si3AHQ10(OH)2 3,3620/ 100/0| | |(:0 0'8) ' 26,490  -0,105i(( /|
11 27,340 13,2894 i:; - 20 4,5 Phlogopite-2M1 - KMg3(Si3A)O10(QH)2 33,2830 (140011 (1.14) 27,139 | {-0;200;: !
12| 28,234 315811 51 11,5 | Phlogopite-2M1, - KMg3(Si3Al)O10(OH)2 3,1560:: | 40,01 (-1 1 8) | 28,254/ :.0,019,
13 29,422,1.3,0833 ' 119 26,9 . Phlogopite-2M1, - KMg3(Si3A)@10(PH)2 3,0400;: 40,01 {0 28) | 29,355 . :-0,067 |
14| 30,580 :2{92140. : 197 44,5  Phlogopite-2M1 - KMg3(Si3ANO10(OH)2.1. 2,9260:; -10/0{ /(1 158) | 30,%26. 1+0;0868: !
15 31,883 ;12,8045 : 1 46 10,41 Qlinoptilolite~Ca - KNa2Ca2(5129A17)Q721244H20 2,7950 1 25,4 (530) 31,995, 0,112
16| 33,536!: 2|6%00 ' 33 7.4 ClinoptilglitesCa - KNa2Ca2(8i29AI7)072!124H20 - 2,6670 (16,8 | (202) | 33,575 :::./0,038/ 1.
17 | 34,878 ,:2/58702 ' | 126 28,4, Montmorilionite-18A -~ NaQ.3(AIMg)28i40100H...| | 2,6700: 40,01 (11 1) | 34,882 0,008t (I
18| 35,423:(i2{8399:: . 63 12,0 ! Qlinoptilglite-Ca - KNa2Ca2(Si29AI7)072!24H20 2,5270 1 9,5 | (1620) | 35495 0,072
19 | 1 36,000:: (2,4927 100 22,6 'Clinoptilolite-Ca - KNa2Ca2(Si29Al7)072!24H20  2,4850 © . 14,8:: (35 1) 36115..:: 0,118}
20| 47,695:,:1,9090 32 7,2 | Phlogopite-2M1; - KMg3(Si3ANQ1o(@H)2 1,9140; . (6,0 (1 37) ' 47,462 | -0,138,
21 54,058 . 1,6850 48 . 10,8 Montmorillonite-18A - Na0/3(AIMg)28i40100H...//| 11,6990 20,0 (11121 0) | 53,9211 1+0{138 ||
22| 61,898:1.1,4978. 107 | 124,20 Mon‘amorillonite‘-ﬂBA.--NaU.3(AIMg)28i401EOOH... 1,5040 60,0 ({3 00) ' ©61,615!11i-0,283
Line: Shifts jof Individual Phases: | i | !
PDF#1240219 - Montrmorillonite-18A <2T00) 0,0, d/d(0) = 1,0>
PDF#1.040493 - Phlogoplte—2M1 <2T(0) ='0,0, did(D) =1,0>
PDF#39-1383 - Clinoptilolite-Ca <2T(0) = 0,0, 'd/d(D)'=1,0>
| =

Materials [Data, Ind.-‘ i
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Table B.7. Interlayer spacings and peak intensttfezonated bentonite.

[T BgntqnﬂgﬁTsz;ane raw] T-Benmmte-OTG»qzal DbER UL L L b

Phase ID Report |

ISCAN:1,5/70/0/0,02/0 6(sec) Cu(40kV, 40mA,), &(max)“ﬂ‘fez 05. 25 09 11.05 |
i CGlient information: | |

Analyst Information:

Name: user . 7l
Voice: | Fax: ' ||
E-Maik' ;1 ;

Sample ID: T- Behtomte-OTC oza

Name: user | -

Voice: | | i

E-Mailz: 1.0 i R
Sample 1D T*Bentomte-OTC—-nzane raw’

Fax:

I Y | it i oAt e

42106193 Volkonskaite - Ca0. 3(¢r\Mg)2(S| AI)401 000H)2l4H2O
10-0493> Phlogopite2M1; - KMgB(SIBANO1O(OH)2 11| 111 |
39-1383> Clinoptilolite-Ca - KNa2Ca2(Si29AIT7)072!24H20! |

39-1383= Clinoptilolite-Ca - KNa2Ca2(Si29AI7)072!24H20

= T T T T T T T T T TT i} T T T

40,00 1 1 20,0 30,0 i i

Two~Theta (deg)

MaterialsiDaial‘, mc (NN

T T T ™ T - T T T T

i 400 i 50,0 60,0 i 70,0

sl E Y L R R E L A AN NS AR NS A R
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Table B.7. Continued.

| RN AR TN TN Y S R NN UN ER WA Vil 0o bibilill . R ity .
[ -B?Moql‘lerﬂmaonamraw] T-Beniuntte«OT C-ozal TR, B - Peak m“‘?ﬁ'.’ﬁ.!‘ :
SCANI M, Erl?o 0/0,02/0,6(sec), Tu(40kV,40mA), l(max)—.1 782 05. 25 09111:05

IPEAK 23+ pts!ﬁarahallc Fllter Threshold=3,0, cutoﬁ‘—o 1% .BG=3/1,0, Pmk—TopdSummu
NOTE:| lIntensity = Cuunts 2T(E!}=D Ocdeg N }Naveiangth 10 Compute d-Spacing = 1, 54056A (Cuﬂ(—alplna‘l)

2Theta! . d(A) HelghtHelght% Phase 1D, 11 1L d(A) 1% | ( hKI) (2-Theta

5,820 15,1720 ' 752 - 100,0/, Molkonskoite:- Ca0.3(Cr, MQ)2($i AJ}Q-O1D(OH) 15,0000 '10'0;0 (0 0D1) | 5,887
8,759 :10/0868 | 145 19,3/ Bhlogopite-2M1 - KMg3(Si3Al)D10(0H)2. . 10,1000/, 100/0 1 1 (10 O:2) | | 8,748
9,760 9,0544 ' 135 18,0 Clinoptilolite-Ca - KNa2Ca2(Si29A17)072!24H20 8,9500 | | 79/4 /| ({02 0) | | 9,875
11,101 | 7,9634 | - 53 - 7,0 GlinoptilaliterCa - KNa2Ca2(Si29AI7)D72!24H20 7,9300, 103 1 {20 0) ' 11,148

117,238 ,/5,1398 || 117 15,6 Clinoptilolite-Ca - KNa2Ca2(Si20AI7)072!24H20  5,1200 119;5 ' {111) 17,305
18,985 . 4{6708 | | = 37 4,9 Clinoptilalite-Ca - KNa2Ca2(Si2gAIT)Q72!124H20  4,6500  145/1. . (18-1) 19,070
19,680 4(5072 | |

| 1.230 = 30,6 |Phlogopite:2M1 < KMg3(Si3AI)D10(0OH)2 | 45150, .80 (021) 19,646
20,337 4,3631 || 43 57 Clinoptilolite-Ga ; KNa2Ca2(Si29AI7)072/24H20  4,3500( 14,0: (4 0-1) 20,399 .
21,861 | 4,0622 ' 411 54,7, Bhlogopite-2M1 - KMg3(Si3A)O10(OH)2 . 4,0790 (1 160 (112) 21,770 | -0,081 /1!
22,2801 /3/9869 | | 142 . 18,9 Clinoptilalite-Ca - KNa2Ca2(Si29AI7)072!124H20  3,9760 . | 484 (13 1) | 22,341« 0/062
23,429 | 3,7938 [ 65 8,6 ' Phlogopite-2M1 - KMg3(Si3A)O10(OH)2 .. 3,8140, , 20,0 ' (023) | 23,303 -0,126
25,608/  3(4758 ! 47 6,3 Clinoptilolite-Ca - KNa2Ca2(Si2gAI7)072!124H20  3,5130: 13,2/, .(.1 1-2) | 25,332 0,276/ |/,
26,542 3/3556 (| 126 16,8 Phlogopite-2M1, - KMg3(Si3A)D10(OH)2 3,3620' 100,0; | (/0 06) | 26,490 = -0,052:
27,360 1132570 /12 1,6/ Phlogopite:2M1 - KMg3(Si3ANQ10(QH)2. 3,2830 . 40/0' 1 {(\114) ;27,139 -0,221! 1 -

27,965 3{1890 (| 123 16,4 ' Clinoptilolite-Ca - KNa2Ca2(8i29AI7)@72!24H20  3,1700 ' 12)7 (4 2-2) 28,126 1 Q171
29,124 3/0636:! | . 55 7,3 Glinoptilolite-Ca - KNa2Ca2(Si29AI7)072!24H20  3,0740, 17,4 | [ (1 8-2) | 29,024 1111:0/40% | 1]/ -
29 456 13,0299 ' 156 20,7 Phlogopite-2M1 = KMg3(Si3A)D10(0OH)2 . 3,0400 . /40,0, . (0 R2B) 29,355 0,100 (/i

$835as0p3300N00seN 8]

29,857 (:2{80801.. i 112 14,9, Qlinoptilalite-Ca - KNa2Ca2(Si29AI7)Q72124H20 2,99801, (3 51) 1 20,776 .i-0,080 i
30,639/ 2/9155 i 140 18,6/ Phlogopite-2M1; - KMg3(Si3A@10(OH)2 29260/ 10,0/ (115) 30,526 -0,112
20/ 1131,875 '2,8052 ;i 55 7,3 Phlogopite:2M1 - KMg3(Si3ANO10(OH)2. . 2,8180; |, 20,0/ 1 (-1 16) | 31,727 ' -0,148 .
2111131,957 '2,7982 | | 42....5,6 Glinoptilalite-Ca - KNa2Ca2(Si29AI7)O72124H20  2,7950, 1, ((53:0) | 31,995 /0,037 i
22/| 134,919/:2,6673 | | 96 . 1R/8 | Molkonskoitei- Ca0.3(Cr,Mg)2(Si,Al}4Q10(OH)... 25600 L(110) | 35,022 0,408 111
23| 35,617 2,5186 i i 102, 13,6 Phlogopite-2M1 - KMg3(Si3AND10(OH)2 2,5220 (0 08y 35567 -0,050: i .
24| 35,994 2,4931 . 65 8,6 Clinoptilolite-Ga - KNa2Ca2(8i20AI7)072124H20  2,4850)..1 pe(:351) 0 36,115 0 0,121
.25 39,435 :2j2831 ' 52 6,9 Phlogopite-2M1 5 KMg3(Si3Al)Q10(OH)2 22,2700 =13 8) | 13eeT2 1 .1110,237 11
26/ 144,815 :2/0207 = 29 3,9.  Phlogopite-2M1 - KMg3(SiSANOI0(OH)2 -~ 2,0170/ . 65,0/ | (/00 10) |144{902 0,087 I/
271 54,263 1,6891 ‘@ 33 4,4, Volkonskoits|+ Ca0;3(Cr,Mg)2(Si,Al)4010(OH)... . - 1,60001 ( (18/0 | ({2 1.0) | 54,2811 0,082 i/ -
28| 61,997  1,4956 50 6,6 Volkonskoite '+ Ca0.3(Cr,NMg)2(Si,Al)4010(OH)...  1,5000 | 35/0' ' (300): 61,797 -0,200
Materials Data, Inc. [BOUN-0BO507|usar]<CAD and Settings\user\Desktop> Pazartesi) May 25, 2009 02:06p (MDIJADES)
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APPENDIX C

Surface Area Data of Adsorbents
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Table C.1. Surface area data of virgin perlite.

Quantachrome NovaWin2 - Data Acquisition and Reduction
for NOVA instruments —
©1994-2007, Quant_achrome Instruments Quantachréme
version 9.0 TNsTRmERTEN] )

_ Optimizing particle performance

Analysis Report

Operator:serife Date:2009/03/20 Operator: Date:3/25/2009

Sample ID: perlite Filename: C:\QCdata\Physisorb\perlite20mart.qps

Sample Desc: Comment:

Sample weight: 0.3554 g Sample Volume: 0.3554 cc Sample Density: 1 g/cc

Outgas Time: 2.5hrs OutgasTemp: 200.0C

Analysis gas: Nitrogen Bath Temp: 77.3K

Press. Tolerance:0.100/0.100 (ads/des)  Equil time: 60/60 sec (ads/des) Equil timeout: 240/240 sec (ads/des)
Analysis Time: 257.5 min End of run: 2009/03/20 16:07:25 Instrument: Nova Station A

Cell ID: 1

Area-Volume Summary

Data Reduction Parameters Data —

Adsorbate Nitrogen Temperature 77.350x
Molec. Wt.: 28.013 g Cross Section: 16.200 A Liquid Density: 0.808 gice

Surface Area Data

IMUBIPOINE BET ...ttt et 1.178e+01 m?/g
Langmuir surface area............... . 2.017e+01 m*/g
t-method external surface area... 1.178e+01 m?g
DR method micropore area........ 1.279e+01 m¥g
NLDFT cumulative surface area.... 4.747e+00 m?/g

| DRmethiod TilCTORone. VOIS s s S s s s e awiind 4.545e-03 cclg
'HK method cumulative pore volume.. 3.029¢e-03 cclg
| SF method cumulative pore volume........ : 3.155e-03 ccl/g
NLDFT method cumulative’ pore VOIUME i tusmsniaimaisiimaisn 5.002e-03 cc/g

| DR method micropore Half pore Width............coooovveiie it 2.048e+01 A
DA method pore Radius (Mode).... 1.120e+01 A
'HK method pore Radius (Mode). 1.838e+00 A
| SF method pore Radius (Mode). . 2.261e+00 A
INLDFT pore Radius (MOGE) ...........eoueeeeeeeeeee oo s T 1.210e+01 A

Quantschvorme NovaWinZ - Dta Acquisiion and Reduction for NOVA 19042007, version 80 Report id:{6376154:20090325 114334620} Page 1 of 1




Table C.2. Surface area data of virgin sepiolite.

Analysis
Operator:serife

Sample ID: sepiolite20mar

Sample Desc:
Sample weight:
Qutgas Time:
Analysis gas:

Press. Tolerance: 0.100/0.100 (ads/des)

Analysis Time:
Cell ID:

Adsorbate

MultiPoint BET

Quantachrome NovaWin2 - Data Acquisition and Reduction
for NOVA instruments
©1994-2007, Quantachrome Instruments

Quantachrome

120

version 9.0 TestRvmenTIN
Optimizing pauftle__ngflmmnm
Report
Date:2009/03/20 Operator: Date:3/25/2009
Filename: C:\QCdata\Physisorb\sepiclite.gps
Comment:
0.2585g Sample Volume: 0.2595 cc Sample Density: 1 g/cc
2.5 hrs OutgasTemp: 200.0C
Nitrogen Bath Temp: 773K
Equil time: 60/60 sec (ads/des) Equil timeout: 240/240 sec (ads/des)
260.2 min End of run: 2009/03/20 16:10:09 Instrument: Nova Station B
66
Area-Volume Summary
Data Reduction Parameters Data —
Nitrogen Temperature 77.350k
Molec. Wt.: 28.013 ¢ Cross Section: 16.200 a: Liquid Density: 0.808 grcc

Langmuir surface area
t-method external surface area
t-method micropore surface area
DR method micropore area
NLDFT cumulative SUMACE @ a..........oiiiiiiiieeeieeeiis et

t-method micropore volume

DR method micropore volume.....
HK method cumulative pore volume..
SF method cumulative pore volume........
NLDFT method cumulative pore volume

DR method micropore Half pore width.....
DA method pore Radius (Mode).
HK method pore Radius (Mode).
SF method pore Radius (Mode).

NLDFT pore Radius (Mode)

Quantachrome MovaVWin2 - Data Acquisition and Reduction for NOVA

Surface Area Data

3.320e+02 m?/g
4.786e+02 m?g
2.662e+02 m¥/g
6.581e+01 m¥/g
4.420e+02 m?g
2.590e+02 m?*g

3.207e-02 cc/g
1.571e-01 cclg
1.391e-01 cc/g
1.416e-01 cc/g
1.524e-01 cc/g

1.265e+01 A
8.000e+00 A
1.838e+00 A
2.261e+00 A
6.159e+00 A
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Table C.3. Surface area data of virgin bentonite.

Analysis Eeport

Cperator: senfe Date: 20090525 Operator: Date: 572772009
sample ID: Bentonite Filename: CAQC data'\Physisorb'\Bentonite qp
mample Desc Cotntnent:

mample weight: 0.0744 o sample Volume: 0.0744 cc Sample Density: 1 gic
Cutgas Time: 2.5 hrs CutgasTemp: 2000 C

Analysiz gas: Mitrogen Bath Temp: 773K

Press. Tolerance:0.100/0.100 {ads/des)
Equil time: 60760 zec (ads/des)
Equil timeout 2407240 sec (ads/des)

Analysiz Time: 1801 min End of run:  2009%9/05/25 14:22: 28
Instrument. MNowa Station &

Cell ID: &7

Adsorbate  Mitrogen Temperature 77.350E

Molec, Wt: 28.013 g Cross Section: 16.200 A2 Ligquid Density: 0.808 gfce

surface Area Data

MultiPoint BET 1.364e+02 m3/g
Langmuir sutface area 2.041e+02 m3ig
t-method external surface area 1.364e+02 m3fg
DE method micropore area 1.747e+02 m?g
HLDFT cumulative sutface area 8.933e+01 m3g

Fore Volume Data

DE method micropore volume 6 207e-02 colg
HE tmethod cumulative pore volume 5. 181e-02 cofg
=F method cumulative pore velume 0.326e-02 colg
HNLDFT method cumul ative pore volume 6.381e-02 cofg

Fore Size Data

DE method micropore Half pore width 1.519e+01 £
DA method pore Radius (Mode) 9 100e+00 &
HE tmethod pore Eadius (MMode) 1.838e+00 &
=F method pore Eadius (Mode) 2.261e+00 &

NLDFT pore Radius (Mo de) 1.324e+01 &



