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ABSTRACT

DEVELOPMENT OF NOVEL SORBENTS FOR SPECIATION OF
INORGANIC AND ORGANIC SELENIUM PRIOR TO
DETERMINATION BY ATOMIC SPECTROMETRIC TECHNIQUES

Selenium is an essential trace element forplants, animals and the human body.
Hovewer, its possible toxicity at high concentrations necessitates the development of
analytical methods for theseparation and determination of the several forms of the
element in environmental andbiological systems.

In the first part of the study, commercially available and newly synthesized ceria
(Ce0y) and zirconia (ZrO,) were used for the sorption and speciation of inorganic
selenium. Sorption parameterswere investigated for both sorbents for selenite (Se(I1V))
and selenate (Se(VI))and the optimized parameters were determined to be 25°C for
sorption temperature, 50.0 mg for sorbent amount, 30 min for shaking time for 20.0
mLof 100.0 ng’lof both species. Therelease of Se(IV) and Se(VI) from the sorbents
was realizedusing two eluents, 0.10 M NaOH and 0.10 NH4Cl, respectively. The
accuracy of the proposedmethodology was verified with spike recovery tests for various
water types spiked with 10.0 pgL'and 100.0 pgL'Se(IV) and Se(VI). Spike recovery
values were determinedto range between 91% and 97% at 10.0 pgL'level, and between
97% and 113% at100.0 ugL 'level, for ceria and zirconia, respectively. Moreover, the
sorption efficiencies of the newly synthesized sorbentswere compared with those of the
commercial sorbents.Ceria and zirconia were shown to be applied in the speciation of
inorganic selenium.

Sorption studies with nZVI-modified zirconia have demonstrated that the
sorbent can be utilized for the speciation of inorganic and organoselenium; namely,
Se(IV), Se(VI), Seleno-L-cystine and Seleno-DL-methionine.

In the final part of the study, it was shown by column-type equilibration studies
that alginate beads modified/immobilized with CeO, or ZrO,through three different

synthesis routes can be used for the sorption and speciation of inorganic selenium.
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OZET

INORGANIK VE ORGANIK SELENYUMUN ATOMIK
SPEKTROMETRIK TEKNIKLERLE TAYINI ONCESI
TURLENDIRILMESI ICIN YENI SORBENTLERIN GELISTIRILMESI

Selenyum, bitkiler,hayvanlar ve insan viicudu i¢in gerekli bir eser elementtir.
Ancak, yiiksek derisimlerdeki olasi zehirliligi, cevresel ve biyolojik sistemlerdeki cesitli
formlariin ayrilmas: ve belirlenmesi icin analitik yontemlerin gelistirilmesini
gerektirir.

Calismanin birinci boliimiinde, ticari ve bu ¢alismada sentezlenen serya (CeQO,) ve
zirkonya (ZrO;), inorganik selenyumun sorpsiyonu ve tiirlendirilmesinde kullanilmigtir.
Her iki sorbent icin sorpsiyon parametreleri incelenmis ve 20,0 mL 100,0 p gL'1 Se(IV)
ve Se(V]) icin 25°C sorpsiyon sicakligi,50,0 mg sorbent miktari, 30 dk ¢alkalama siiresi
optimum degerler olarak belirlenmistir. Se(IV) ve Se(VI), kullanilan sorbentlerden,
sirastyla 0,10 M NaOH ve 0,10 M NH4CI ile desorbe edilmistir. Onerilen metodun
kesinligi cesitli sulara 10,0 ugL've 100,0 pgL’' seviyelerinde Se(IV) and Se(VI)
standart katma/geri alma testleriyle gosterilmistir.Serya ve zirkonya icin elde edilen
degerlerin, 10,0 ugL" seviyesinde % 91 ve % 97, 100,0 ugL"' seviyesinde ise % 97 ve
% 113 arasinda degistigi bulunmustur. Ayrica, yeni sentezlenen sorbentlerin sorpsiyon
verimi ticari sorbentlerin sorpsiyon verimiyle karsilastirilmistir. inorganik selenyumun

tiirlendirilmesi i¢in serya ve zirkonyaya bagvurulabilecegi gosterilmistir.

nZVI ile modifiye zirkonya ile yapilan sorpsiyon c¢alismalari, anilan sorbentin
inorganik ve organoselenyum, yani Se(IV), Se(VI), Seleno-L-cystine and Seleno-DL-
methionine tiirlendirilmesinde kullanilabilecegini gostermistir.

Calismanin son boliimiinde, ii¢ farkli metotla sentezlenen CeO, veya ZrO; ile
modifiye/immobilize aljinat kiireciklerinin kolon tipi denge c¢alismalarinda inorganik

selenyumun sorpsiyonu ve tiirlendirilmesinde kullanilabilecegi belirlenmistir.
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CHAPTER 1

INTRODUCTION

1.1. Significance of Selenium

Selenium is anessential element due to its important role in life processes.It can
cause toxicity or deficiency symptoms depending on its concentration. It isregarded as
essential below 40mg.g™', but it is toxic above 4000mg.g~' (Shunxing et al., 2002).

Several studies have shown that consumption of plants with high Se
concentration causes chronic poisoning called alkali disesase in livestock (Levander and
Burk, 1994). Chronic toxicity of selenium can cause some symptoms such as hair and
nail loss and brittleness, gastrointestinal problems, skin rash, garlic breath odor, and
nervous system abnormalities (Yang et al., 1983). On the other hand, the biological
roles of Se for human and animal has gained importance as result of many studies. In
1979, Keshan Disease Research Group (1979) has found the disease called Keshan
caused by the low selenium content in the some area of China. Keshan disease can
cause degeneration incardiac muscle and affects children and women prior
tomenopause.(Neve et al., 1987; Ortufio et al. 1996).The signifance of selenium was
only discovered in 1973 by the identification of glutathione peroxidase which has been
recognized as very potent antioxidant protecting the body from damage due to oxidation
by free radicals (Rotruck et al., 1973).Also many studies have shown that selenium has
a detoxification mechanism for animalswhich poisoned by heavy metals such as
mercury, lead, silver but the mechanism has not been completely explained (Frost 1983;

Cuvin-Aralar and Furness 1991; Ellingsen et al. 1993; Levander and Burk, 1994).



1.2. Selenium Species in the Environment and in Biological Systems

Selenium is nonmetal and member of chalogens with an atomic number of 34
and an average atomic weight of 78.96. The place of Selenium in the periodic table is
between sulfur and tellurium, whose chemistryresembles but differs significantly in
some properties. In environmental and biological systems, selenium can exist in
inorganic (as elemental selenium;selenite, Seng'; selenate, SeO42'; selenides, e.g.
HgSe) and organic forms (selenoaminoacids, methylated forms and very complex
selenoproteins)(Polatajko et al., 2006).Table 1.1contains the structures of some of Se-
compounds. Inorganic selenium species can be transformed into volatile compounds
such as dimethyldiselenide and dimethylselenide as a result of detoxification
mechanism(Dauchy et al., 1994).Hydrogen selenide is the most toxic form among all
seleniumcompounds (Agency for Toxic Substances and Disease Registry 1996).In
natural waters, inorganic selenium species such as Se(IV) and Se(VI) are predominant.
Generally, selenium hasbeen found in soils in the forms of elemental selenium,
selenides, selenites, selenates(Pyrzynska, 2002). Organic forms can exist in yeast,
broccoli, garlic, onion, mushrooms, wheat, and soybeans. Animals, especially fish, have
higher selenium content than plants (Ari et al. 1991; Benemariya 1992; Diaz-Alarcén et
al. 1995; Diaz-Alarcon et al. 1996b), and determination of protein content is important
in order to decide the selenium amount in food. The highest selenium accumulation is
found in marine products, especially in shrimps (Hershey et al. 1988; Zhang et al. 1993;
Diaz-Alarcon et al. 1994).Selenium content in vegetables strongly depends on the
concentrationin soil.In acidic soils, selenium is not available for plants because the less
absorbable andinsoluble form of selenite is predominant. In alkaline soils, on theother
hand, it is easily absorbed by plants because selenite is oxidized to selenate (Gondi et al.
1992). Selenite and selenate absorbed by plants can be converted into organoselenium
by replacing sulfur in the amino acids (Simonoff and Simonoff 1991; Favier 1993).
Depending on the vegetal species, they can transform inorganic selenium into organic
selenium species.Extensively consumed vegetables such as broccoli, radish and
garlichave the capability to convert inorganic selenium into selenomethylselenocysteine
and glutamyl selenomethylselenocysteine (garlic).Brazil nuts and mushrooms are also
important sources of selenium in the diet and selenium is mainly found as

selenomethionine.



Table 1.1.Structures of some of the most relevant Se-compounds.

Se-species Structure
0
Selenite o —Se//
o
(l),
Selenate o =SHe—0‘
0

Selenomethionine )I\A/Se
HO . ™~

NH,
OH
[4]
)]\/\ Se
. e
Selenocystine 0O Y S NH,
NH,
o

on
Selenocy steine HyNe
Sel

Selenomethylselenocy steine

Inorganic selenium species are generally found in four oxidation states, -2
(H,Se), O (elemental selenium), +4 (Seng'), and +6 (SeO42') depending on the pH and
the redox potential of the solution. For prediction of dominant forms of selenium, pE-
pH stability field diagram of selenium can be used. Figure 1.1 demonstrates that acidic
and reducing conditions reduce inorganic selenites to elemental selenium, whereas
alkaline and oxidizing conditions favor the formation of selenates. The pK value of
H,SeO, (selenic acid) can be estimated by thermodynamic calculations and it is
negative. Thus this form of selenium is most likely not present under natural conditions.

The second dissociation of selenic acid needs to be taken into consideration and is



reported to be ranging from 1.66 to 2.05 (Seby et al. 2001). Also pKa values of

inorganic selenium species were given in Table 1.2.

20

15 4

H28¢03
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Figure 1.1.pe-pH diagram of selenium at 25 °C.
(Source: Seby et al. 2001)

Organoselenium compounds play an important role in a number of chemical and
biological processes. Similarly, organoselenium species were affected by pH and redox
conditions. SeMet has two pKa values at pH ~ 2 and the other at pH ~ 9 corresponding
to COOH and NH3" groups and an isoelectric point at 5.75. SeCys hasfour pKa values,
two at pH ~ 2 and two at pH ~ 8 (Table 1).These compounds are in the zwitterionic
form, in the range ofpH 2-10. In this form, NH; behaves as proton-donor group and
COO'behavesas proton-acceptor group. Therefore,in the neutral solution these
compounds provide enough concentration of an unprotonated amino group in the range
ofpH 2-10.



Table 1.2.pKa values of selenium compounds.

Compound pK. Oxidation state of selenium
Selenomethionine 2293 2
Selenocystine 1.7,2.3,79,9.8 2
H,SeO, 1.92 +6
H,SeO; 2.46,7.31 +4

1.3. Bioavailability of Selenium

Selenium (Se) is an essential nutrient of great importance to human healthas
mentioned previos section whoseconcentrations can cause deficiency or toxicity.The
determination of the total content of selenium in food is still used to know but not
enough because it is necessary to know the bioavailability ofthe Se or the amount
absorbed, wused and convertedinto biologically available forms in the
organism(Cabanero et al. 2007).The bioavailabilty of selenium is influenced by
chemical form.Organoselenium compoundsare presentin  foods mainly as
selenomethionine (SeMet), selenocystine andSe-(methyl)selenocysteine while inorganic
selenium exist lessfrequently and in very low amounts in food. Organic forms have
greater bioavailability than inorganic forms(Dumont et al. 2006).

The most important selenium sources in diet are wheat and meat.Se-Cysteine
and Se-Methionine are mostly found in meat. Especially Se-Met is an essential
selenoaminoacidand known to be highly bioavailable(Dumont et al. 2006). Selenium
content of fish is high but it is not highly bioavailable because selenium complexes with
Hg and other metals(Pappa et al. 2006). Finley et al. (2004) stated that the chemical
forms of selenium species also change among foods. For instance, bioavailability of
broccoli is low, despite of containing methylated forms of selenium. On the other hand,
the bioavailabities of red meats such as pork or beef for selenoprotein synthesis are high
which can accumulate high selenium. The Food and Nutrition Board of the United
States Research Council has recomended dietary limits for a healthy adult man as 70 pg
Se/day and for a healthy adult woman as55 pug Se/day (Navarro-Alarcon and Lopez-
Martinez, 2000).



1.4. Selenium Determination Methods

There are various instrumental techniques to determine selenium concentration
in different samples.Electrothermal atomic absorption spectrometry (ETAAS) was used
by Izgi et al. (2005) to determine the concentration of selenium in garlic and onions
after the application of a preconcentration step with 3,3-diaminobenzidine (DAB)
reagent on the activated carbon. Saygi et al. (2006) used graphite furnace atomic
absorption spectrometry (GFAAS) for the determination and speciation of Se(IV) and
Se(VI) in environmental samples after the solid phase extaction process of Se(IV)-
ammonium pyrrolidine dithiocarbamate (APDC) chelate on Diaion HP-2MG. Valencia
et al. (1999) developed a method based on the oxidation of potassium iodide by Se(I1V)
in acidic conditions and the formation of complex of resulting I3~ with Rhodamine B
(RB) fixed on a dextran type lipophilic gel.To determine Se(IV) in natural waters solid-
phase spectrophotometry was used.

Another method using spectrophotometry was proposed by Chand and Prasad
(2009) for the determination of Se(IV), Se(VI) and total inorganic selenium in water. It
was based on the catalytic effect of Se(IV) on the reduction of bromate by hydrazine
dihydrochloride, the decolorization of methyl orange (MO) by the generated bromine,
and the monitoring of the absorbance spectrophotometrically at 507 nm as a function of
time. In the study of Zhao et al. (2010),All forms of selenium compounds in biological
samples were decomposed to selenite by using low volume microwave digestion
procedureand the selenium content of the samples was determined by hydride
generation atomic fluorescence spectrometry (HG-AFS), or voltammetry. Panigati et al.
(2007) employed differential pulse cathodic stripping voltammetry (DPCSV) on the
hanging drop mercury electrode (HDME) in the presence of Cu(Il) to determine the
total selenium content in rice. A mixture of wet acid/dry ashing with Mg(Il) salts were
used to carry out the digestion in open vessel. Dedkova et al. (2009)proposed a method
to determine the selenium content byusing diffuse reflectance spectroscopywhich has
depend on complexationreactions between Se(IV) and organic reagents on solid phaseof
polyacrylonitrile filled with AV-17 anion_exchanger. Zhang et al. (2009) used nano-
titanium dioxide particles for the removal of Se(IV) and Se(VI) from aqueous solutions
and UV-VIS spectrometry was used for determination ofselenium by using 1.0 mL 6.0

mol L™ HCI, 3.0 mL 0.05% malachite green, 3.0 mL 10% KI and 3.0 mL 10% Arabic
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gum solution.Leggli et al. 2008 have used surfactant/oil/water as a sample pre-treatment
system and determined trace level of selenium in whole hen eggs by graphite furnace
absorption spectrometry (GFAAS).Zhang et al. (2010) proposed a newly effective
method for determination of total arsenic (As), total bismuth (Bi), total tellurium (Te)
and total selenium (Se) in tea leaves which is the simultaneous multi-channel hydride
generation atomic fluorescence spectrometry (HG-AFS).Bakir et al. 2003
usedinstrumental neutron activation analysis (INAA)for selenium concentration in
blood and tumour tissues of breast cancer patients and healthy volunteers in Syria.
Hydride generation atomic absorption spectrometry (HGAAS) is widely used
selenium determination technique. Maleki et al. (2005) introduced a HGAAS method
for the determination of traces of selenium at ng mL™' concentration ranges by using a
solid reagent of tartaric acid and sodium tetrahydroborate. In most of studies,
inductively coupled plasma atomic emission spectrometry (ICP-AES) and hydride
generation-inductively coupled plasma atomic emission spectrometry (HG-ICP-AES)
were also used as selenium determination techniques (Harwood et al. 1997, Stripeikis et
al. 2000). In order to detect very low concentrations (ug L) of selenium with a proper
linear dynamic range, inductively coupled plasma mass spectrometry (ICP-MS) is one
of the most efficient methods (Képolna et al. 2006, Miekeley et al. 2005). Liu (2009)
developed a method for the determination of ultra-trace amounts of inorganic selenium
species in aqueous systems and used IC-ICP-MS as the detection systembased on nano-

AlOj5 solid phase extraction technique.

1.5. Speciation of Inorganic and Organic Selenium

As mentioned section 1.4, most analytical measurements deal with the
determination of total concentration of selenium in sample but it was realised that this
analytical information was insufccient. Biochemical and toxicological research has
demostrated that,the chemical form or the oxidation state of selenium thatis found in the
environment, is crucialfor living organisms.Therefore, it is necessary to determine not
only the total concentration of the selenium but also its individual chemical and physical
form.

Over years, quite a large number of articles have been published related to the

speciation of inorganic and organic selenium. In the study of Tao et al. (2008), albumin,
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globulin, protamine and glutelin were extracted from selenium (Se)-rich rice and the
content of Se in these protein extracts was determined by inductively coupled plasma
mass spectrometer (ICP-MS). In anotherstudy, speciation of selenium in selenium-
enriched green onions (Allium fistulosum) was performed. Reversed-phase ion-pairing
high performance liquid chromatography (RP-IP-HPLC) and size-exclusion
chromatography inductively coupled mass spectrometry (SEC-ICP-MS) for Se-cystine,
methylselenocysteine, Se-methionine, and inorganic selenium species (Képolna et al.,
2006). The speciation of selenocystine (SeCys), selenomethionine (SeMet),
selenoethionine (SeEt) and Se(IV) was performed by using on-line coupling of reversed
phase high-performance liquid chromatography (HPLC) and atomic fluorescence
spectrometry (AFS) with hydride generation (HG) as sample introduction system(Ipolyi
et al.2000). A simpler and cleaner chromatographic separation was devopled by Vilano
et al. in 1998. In this study,liquid chromatography—UV irradiation—hydride generation-
quartz cell atomic absorption spectrometry was introduced for speciation of inorganic
and organic selenium species. UV irradiation was used for coversion of all selenium
species to selenite without any additional reagent.

A electrodeposition—electrothermal AAS method for speciation analysis of
selenocysteine and Se(IV) in environmental water and agricultural soil samples has
been developed by Najavi et al (2010). An uncontrolled applied potential (1.8 V) on a
mercury coated electrode was applied for the selective reduction of selenium species. In
acidic media (1.0 M HCI solution) the only Se(IV) andselenocysteine
electrodeposited.Su et al (2008) used a novel hyphenated technique, HPLC-UV/nano-
TiO,-CL for determination of selenocystine and selenomethionine based on UV
decomposition of thesespecies.

Goeslaret al.(1997)investigated the retention behavior ofselenous acid, selenic
acid,  selenocystine,  selenohomocystine, selenomethionine, selenoethionine,
trimethylselenonium iodide, and dimethyl (3-amino-3-carboxy-1-propyl) selenonium
iodideon a Supelcosil LC-SCX cation-exchange column andinductively coupled plasma
mass spectrometry (ICP-MS) was usedfor determination of these selenium
species.Another technique,Capillary electrophoresis inductively coupled plasma mass
spectrometry (CE-ICP-MS), has been also applied to separate of selenomethionine,

selenite, selenate and selenocsyteine in nuts(Kannamkumarath et al. 2005).



Pedersen and Larsen (1997) have presented a speciation procedure for Se(IV),
Se(VI), SeMet, SeCysin plants (white clover). HPLC-ICP-MS and HPLC-FAAS have
been used for four selenium species. lonosphere-C column was used as stationary phase
and aqueous solution of 2.0 mM pyridine formiate and 3.0 % MeOH at pH 2.9 were
used as the mobile phase. Duan and Hu (2009) have applied online speciation procedure
for the separation and determination of selenomethionine (SeMet) and selenocystine
(SeCys2) by using Cu(Il) loaded nanometer-sized Al,Os coupled to inductively coupled
plasma mass spectrometry (ICP-MS).

1.6. Solid Phase Extraction

Many separation and preconcentration methods can be found in literature for
various purposes. For example, liquid-liquid extraction (solvent extraction), electro-
deposition, ion exchange, membrane filtration.

Solid-phase extraction (SPE) is one of the most common techniques used for
extraction and pre-concentration of analytes in liquid samples because of many
advantages such as high enrichment factor, high recovery, rapid phase separation, low
cost, low consumption of solvents. Solid phase extraction (SPE) is a non-equilibrium
process and is based on the extraction of the desired species on a sorbent, and then
elution of the retained species using a suitable solvent. There are basicly two type of
SPE; namely, the batch and the column modes. When SPE is performed on a batch type,
solid sorbent is weighed and put into the sample liquid solution. To obtain efficient
mass transfer of the solutes, large surface area is provided by the particles in solid
phase. After shaking process, two phases easily can be separated by filtration (Figure
1.2 (a)). In column type SPE, the column is loaded with the sample solution for the
sorption of the analyte by the solid phase(Figure 1.2 (b)).A higher percentage of
extraction is expected in SPE column compares to batch type extractions.The
concentration of analyte in the effluent (non-sorbed fraction) is determined and used for
the calculation of the percentage sorption. The analyte (retained by the sorbent) is
eluated by using, generally, a smaller volume of a proper eluent. The analyte
concentration in the eluate gives the percentage elution. Finally, total recovery

calculations can be made according to Equation 1.1.



Total Recovery = W x 100 (1.1)
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Figure 1.2. Schematic illustration of the SPE modes (a) column type, (b) batch type.

SPE has both advantages and disadvantages over the other methods mentioned
above. In addition, the target species can be fixed in a more stable chemical form on the
solid surface. A special care must be given to the possible plugging problem that can be
caused by the concentration, type, and size of the particulates in the sample, pore size of
the sorbent and surface area of the sorbent bed. There is also a potential for the

association of analyte with particulate and colloidal matter contamination in the sample.
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To avoid these problems sample particulate matter should be removed by filtration prior

to SPE analysis.

1.7. Solid Sorbents

By recent developments in nanoscience and nanotechnology, nanosorbents have
widely used for remediation of environmental problems. Nanosorbents have many
advantages such as low cost, high adsorption capacities and fast adsorption rates for
heavy metal ions. The synthesis of non-siliceous mesoporous materials such as metal
oxides has gained attention by the discovery of mesoporous silica material. For
example, semiconductor nanomaterials, such as, Fe,Os;, TiO,, and Cu,O,SnO, have
been usedforremoval of organic and inorganic pollutants from water. To develop ideal
nanomaterials for removal of pollutant from water is the one of ultimate aim of
nanoscience and nanotechnology (Hu et al., 2008). In this study, cerium oxide,
zirconium oxide, nano-scale zerovalent iron (nZVI), nZVI-modified zirconium oxide
and cerium oxide or zirconium oxide immobilized alginate were used for the sorption

and speciation of Se(IV), Se(VI), Seleno-L-Cystine and Seleno-DL-Methionine.

1.7.1. Cerium Oxide

Cerium oxide, an important rare-earth material, andknown as ceria or cerium
dioxide, has a chemical formula of CeO,and it is a pale yellow powder .Some important
physical and chemical characteristics of cerium oxide are shown on Table 1.3. Cerium
is thermodinamically unstable metal and in the presence of oxygen it can easily reduced
to CeOsand Ce,03. Generally, pressure and temperature are the major factors on the

final stoichiometry.
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Tablel.3. Some important physical and chemical characteristics of CeQO,.

Chemical Name Cerium Oxide

Formula CeO,

Molecular weight 172.12 g/mol

Physical State Solid, cubic, face-centered crystals

Solid as white, yellow or tan powder

Density 7.65 glem’
Boiling Point 3500 °C
Melting Point 2400 °C
Water Solubility Insoluble
Refractive Index 2.0
Hardess 5-6

There are various techniques for production of cerium oxide nanoparticles,
mainly, wet-chemical synthesis techniques such as chemical precipitation, sol-gel,
microemulsion (reverse micelles), sonochemical and hydrothermal/solvothermal
syntheses. Zhou et al. (2002) produced approximately 4 nm CeO, nanoparticles by
precipitation method, Mai, et al. (2005) obtained CeO;nanorods, nanopolyhedras via
hydrothermal preparation, Sathyamurthy et al. (2005) successfully synthesized
CeOsnanoparticles with an average size of 3.7 nm by microemulsion method and Wang
et al. (2002) used both sonochemical and microwave assisted method to fabricate CeO,
nanoparticles.

Ceria has unique properties, including oxygen storage capacity and oxygen ion
conductivity. Because of these characteristics, ceria has been widely used for catalyst,
fuel cell, sensor, UV shielding, and luminescence.Also many report demonstrated that
the prepared ceria materials could be used as a sorbent for removal of inorganic
pollutants. In the study of Zhong et al. (2006) three-dimensional (3D) flowerlike ceria
micro/nanocomposite structure was synthesized with a simple and economical route
based sol-gel process(Figure 1.4) and used as a sorbent for the removal of As (V) and

Cr(VI) in wastewater treatment.
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Figure 1.3.SEM image of three-dimensional (3D) flowerlikeCeO, micro/nanocomposite
structure. (Source: Zhang et al., 2006)

In 2007, Ozturk and Kavak investigated to removal of boron from aqueous
solutions using cerium oxide as sorbent. In another study,ceria hollow nanospheres were
synthesized with microwaveassisted aqueous hydrothermal method (Figure 1.5). These
ceria hollow nanospheres have showed an excellent adsorption capacity for heavy metal

ions, for As(V) and Cr(VI) (Cao et al. 2010).

Figure 1.4.High-magnification (b) SEM image and (c). TEM image of the CeO,.
(Source: Cao et al., 2010)

Recillas et al. (2010) CeO, nanoparticles (6.5nm mean size) have been
synthesizedand used as adsorbent for the removal of chromium (VI) from pure water
solutions. In 2009, Xiao et al., explored a nonaqueous sol-gel method tosynthesize
hierarchical CeO, nanocrystal microspheres by reacting cerium nitrate hydrate with
benzyl alcohol at a temperature as low as 120 °C for the first time. The resulting
hierarchical CeO, nanocrystal microspheres could effectively remove heavy metal ions

(Cr(VI) and organic dye (RhB) from simulated wastewater at neutral pH. An interesting
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study was performed by Deng et al. in 2010 which the novel Ce-Ti hybrid oxide
adsorbent obtained by the hydrolysis with subsequent precipitation exhibited high
sorption capacity for As(V).

1.7.2. Zirconium Oxide

Zirconium dioxide (ZrQO;), which is also referred to as zirconium oxide or
zirconia, is mainly used in ceramic materials. Some important physical and chemical
characteristics of zirconium oxide are shown on Table 1.4.Zirconium oxide can present
three crystalline structures: tetragonal (t-ZrO2), cubic (c-ZrO2) and monoclinic (m-
Zr02). The crystallization of ZrO; and conclude that the first structure to crystallize is
thetetragonal form which occurs between 300 and 500 ‘C followed byits transformation
to the monoclinic form which occurs between900 and 1000 °C.The monoclinic structure

is a thermodynamically stable phase.

Table 1.4.Some important physical and chemical characteristics of ZrO,.

Chemical Name Zirconium Oxide
Formula ZrO,

Molecular weight 123.218 g/mol
Physical State Cubic, tetragonal, monoclinic

Solid as white powder

Density 5.68 glem’
Boiling Point 2715°C
Melting Point 4300°C
Water Solubility Insoluble
Refractive Index 2.13
Hardness 5-6

As mentioned cerium oxide synthesis, Various chemistry-based novel synthesis
methods have been used for the preparation of zirconia powders including co-
precipitation, hydrothermal, sol gel, sonochemical method, microemulsion and thermal
decompositionprocessing. Recently, Vatansever et al. (2010) produced approximately

50 nmYttria stabilized ZrO2 nanoparticles by reverse microemulsion method , Piticescu
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et al. (2001)obtained ZrO, with crystallite sizes in the range 622 nm by hydrothermal
preparation, Matos et al. (2009) successfully synthesized ZrO,nanoparticles with an
average size of 40 nm by sol-gel method.

The advanced applications of zirconia nanopowders are including transparent
opticaldevices, electrochemical capacitor electrodes, oxygensensors, fuel cells and
catalysts including photocatalysts(Srdic and Omorjan, 2001; Kongwudthiti et al., 2003).
Zirconiacatalyzes the hydrogenation of olefins, isomerizationof olefins and epoxides
and the dehydrations of alcohols. Also zirconia can be used as sorbent beacuse
zirconium is a rather harmless element, and its oxide has resistance against the attack of
acids and alkali solution. Bortun et al. (2009) was prepared mesoporous hydrous
zirconium oxide from a zirconium salt granular precursor and the use of hydrous
zirconium oxide for As (V) was investigated. In the another work silica modified with
zirconium oxide as a solid phase sorbent, coupled to a HG AAS system that allows the
determination of total inorganic arsenic present in steel samples was described by
Macarovscha et al. 2006. In the study of Suzuki et al. (2001) adsorption properties for
oxoanions of Se(IV), Se(VI), As(Ill), As(V), and methyl derivatives of As(V) have been
examined by the porous polymer beads loaded with monoclinic hydrous zirconium

oxide (Zr-resin).

1.7.3. Nanoscaled Zero-Valent Iron (nZVI)

Iron in elemental form is very reactive and it is immediately oxidized in
atmospheric conditions. So it exists in the form of magnetite (Fe;O,4), hematite (natural
ore) (Fe,O3), limonite. Several studies demonstrated that zero-valent iron is effective at
stabilization or destruction of a host of pollutants by its highly reducing character.
Nanoscaled zero-valent iron can be synthesized by several methods (Sun, et al. 2006,
Nurmi, et al. 2005, Li, et al. 2006). The most widely used method for environmental
purposes is the borohydrate reduction of Fe(Il) or Fe(Ill) ions in aqueousmedia. The
method presented by Wang and Zhang consists of dropwise addition of sodium
borohydride (NaBH,) to a solution of Fe(Il) or Fe(Ill) (Wang and Zhang 1997).

One of the proposed mechanisms for the reaction is:

Fe** + 2BH + 6H,0 — Fe” + 2B(OH); + 7H, 1 (Wang, et al. 2006a)
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Figure 1.6 shows the core-shell structure of nZVI suggested by Li and Zhang in
2007. The authors studied nZVI structure before and after contacting with various

metals and proposed three possible types of metal uptake on nZVI surface.

- duction) Sorpt':,on only: for metal cations
. n2m, reduction with EY more negative than or
M (sorption) close to E® (Fe). e.g., Zn°*, Cd™",
\ Ba™,

eve

Sorption + reduction; for
metal cations with E° slightly
more positive than E* (Fe).
e.g., NI, Pp**

Reduction only: for metal
cations with E? su bstantially
higher than E® (Fe). e.g., Ag”,
Cu®', Hg*'

Figure 1.5. The core-shell structure of nZVI.
(Source: Li and Zhang,2007)

There are some restrictions on the usage of nZVI in real remediation
applications. Firstly, iron nanoparticles have positive surface charges within the natural
pH range and they tend to repel each other strongly and it is very hard to keep them
stable. Secondly, colloidal properties of nZVI, particles tend to precipitate and they
cannot be driven for more than a few meters by the migration of water and probably
cannot reach the contaminated zone. Another problem, valid for all methods, is the
storage of iron nanoparticles for along time without oxidizing since thermodynamically
zero-valent iron tends to react with oxygen. To overcome these problems, iron
nanoparticles can be modified, supported or mixed with a filling material.

Biterna et al. (2007) investigated the efficiency of zero valent iron (ZVI) to
remove arsenate from water. In the work of Mondal’s group in 2004, The removal of
selenate from aqueous solution using nanosized particles of Fe and bimetallic NiFe was

performed.
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1.7.4. Alginate

Alginate, a polyanionic linear copolymer of 1,4-linked-a-1-guluronic acid and f3-
d-mannuronic acid residues found in brown seaweeds, has been known as an excellent
polysaccharide for gel bead system because of its unique features such as
biocompatibility, biodegradability, immunogenecity, and non-toxicity. Use of sodium
alginate is especially widespread. The structure of sodium alginate was given in Figure

1.7.

" COON H COONa
H
H OH H
OH HO/ H ,f OH DH
H Sl 1_
S—
H H COONa I

Figure 1.6.The structure of sodium alginate.
(Source :McHugh et al; 1987).

Alginate gelation takes place when divalent cations (usually Ca’" Ba®* Sr**),
interact ionically with blocks of guluronic acid residues and three-dimensional network
formed whichis described by egg-box modelshown in Fig 1.8. The divalent cations bind
to the a-L-guluronic acid blocks. Each alginate chain dimerizes to form junctions with
many other chains and as a resulgel networks are formed. Depending on the amount of
calcium present in the system, these inter-chain associations can be either temporary or
permanent.Low levels of calcium tend to formation of temporary interactions, giving
rise to highly viscous solutions. At higher calcium levels, permanent associations of the

chains are obtained.
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Figure 1.7.Schematic representation of the "egg-box" model of alginate gel.
(Source: McHugh et al; 1987).

Alginate is biopolymers that are finding widespread applications in food and
pharmaceutical industry. Alginate especially is used extensively in food industry as a
thickener, emulsifier and as a stabilizer. In recent year alginate has used for
enviromental applications. In the work of Escudero et al. (2008) a mixture of mainly
Fe(III) and Ni(II) (hydr)oxides, has been entrapped in calcium alginate and investigated
for As(Ill) and As(V) sorption. In another work, firstly the powder of zirconium
mesostructure (ZM) was prepared with the template of surfactant and than immobilized
into calcium alginate for practical application and the resulting material was tested to
evaluate the phosphate removal efficiency (Yeon et al., 2008).

In 2001, Chen and Wang were prepared new type of Ca-alginate based ion-
exchange resin for removal of zinc and copper. In another study, the adsorption
performance of copper on calcium alginate encapsulated magnetic sorbent was
investigated (Lim et al., 2009).Bezbaruah et al. (2008) successfully entrapped zero-
valent iron in biopolymer, calcium (Ca)-alginate beadsand used these sorbents for

removal of nitrate ions in groundwater.

18



1.8. Aim of This Work

The purpose of this study is to prepare a novel sorbent for the speciation of both
inorganic (selenite and selenate) and organic selenium (seleno-L-cystine and seleno-L-
methionine) prior to determination by atomic spectrometric techniques. For this
purpose, various materials, such as commercial and synthesized ZrO, and CeO,,
nanoscale zero valent iron (nZVI), ZrO, modified with nZVI, and alginate beads
modified separately with ZrO, and CeO,were investigated for their sorption behavior
towards selenium species. The sorption performance of the sorbents in terms of solution
pH, reaction temperature, shaking time, sorbent amount, and initial concentration of
selenium species were examined through batch type sorption studies. Column type
sorption was also tried for alginate-based sorbents. Characterization of the sorbents was

realized before the sorption studies.
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CHAPTER 2

EXPERIMENTAL

2.1.Instrumentation and Apparatus

A Thermo Elemental Solaar M6 Series atomic absorption spectrometer(Cambridge,
UK) with an air-acetylene burner was used in selenium determinations for heavy matrix
solutions such as the eluates after desorption studies (Figure 2.1). A selenium hollow
cathode lamp at the wavelength of 196.0 nm and a deuterium lampwere employed as the
source line and for background correction, respectively. INHGAAS, the quartz tube
atomizer was 10.0 cm long, 8.0 mm in internal diameter and 10.0 mm in external
diameter with a 4.0 mm a bore inlet tube fused at the middle for sampleintroduction.
The quartz tube was heated externally with air-acetylene flame and nitrogen was used as
the carrier gas. Operating parameters for the HGAAS system aregiven in Table 2.1.

Agilent 7500ce Series (Tokyo, Japan) inductively coupled plasma mass spectrometer
(ICP-MS) equipped with a high solid nebulizer, a Peltier-cooled spray chamber (2 °C),
and an octopole collision/reaction cell with helium gas pressurization was used
throughout the study for selenium determination. Although the most abundant isotope
of selenium is *°Se (49.60%), it could not be used in ICP-MS measurements because of
the spectral interference of OArAT, Therefore, as an initial check, measurements were
made with the three isotopes, namely, 7856, 80Se, and ¥’Se. Counts at m/z =80 were
enormously high which necessitated the use of collision cell. However, the signals from
8Se and ¥Se counts were similar and sufficient; therefore, the measurements were done
at m/z =78 ("*Se, natural abundance of 23.50%). Operating parameters for ICP-MS

system are given in Table 2.2.
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D QA HCL

Figure 2.1.Segmented Flow Injection HGAAS system used in seleniumdeterminations.
D: deuterium lamp, QA: quartz atomizer, HCL: hollow cathode lamp, F:
flame, GLS: gas-liquid separator,W: waste, P: peristaltic pump, V: threeway
valve and S: sample (Source: Yersel et al. 2005)

Table 2.1.HGAAS operating parameters.

Carrier gas (N,) flow rate 200.0 mL min
HCI flow rate 6.1mL min™
HCI concentration 3.0% (v/v)
NaBH, concentration 1.0% (w/v) stabilized with 0.10 % (w/v) NaOH
NaBH, flow rate 3.0 mL min™
Sample flow rate 7.0-8.0 mL min™'

Table 2.2.ICP-MS operating parameters.

Forward power 1500 W

Reflected power 1W

Coolant gas flow rate | 15 mL min™'

Auxilary flow rate 0.90 mL min™'

Sample uptake time | 25 sec

Integration time 100 msec
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In batch sorption studies, GFL 1083 water bath shaker (Burgwedel, Germany) equipped
with microprocessor thermostate was used to provide efficient mixing. All pH
adjustments and measurements were done using Denver pH/ion meter (Colorado, USA)
with a pH/ATC plastic-body electrodeusing various concentrations of HNOj3;, NH3, HCI,
and NaOH.During repetitive loading studies Hettich EBA 12 centrifuge (Tuttlingen,
Germany) was used to separate the sorbent for reuse.

Duringthe hydrothermal synthesis of CeO, and ZrO, particles, 23 mL Teflon lined
reaction autoclaves (Parr Instruments — model 4749) were used during the hydrothermal
treatment. After adding the precursor materials to the Teflon liner, it was placed in an
autoclave covered first corrosion and rapture disks. Then, the spring with upper and
lower pressure plates were placed. Finally, with a screw cup was firmly closed(Figure
2.2). Several techniques were applied for the characterization of the sorbents. X-Ray
powder diffraction analysis was carried out using a Philips X' Pert Prodiffractometer.
Each sorbent was mounted on a holder then introduced for analysis. XRD was carried
out using a Cu Ka radiation (_=1.54 A) source. Philips XL-30S FEG type instrument
was employed for SEM characterization to obtain information about morphology and
size of the crystals. Thermal properties of sorbents were analysed with Perkin Elmer
Pyris Diamond TG/DTA (Boston, MA, USA). Point of zero charge of ZrO, and CeO,
were determined with Zeta-Sizer (Staunton,USA). Surface area measurements were
performed with Micromeritics Gemini V Series Surface Area Analyzer (Norcross,

USA).

Figure 2.2.Schematic representation of an autoclave with its parts.
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2.2. Reagents and Solutions

All the chemicals were of analytical reagent grade. Ultrapure water (18.2 MQ,
Millipore, and Billerica, MA, USA) was used throughout the study. Glassware and
plastic containers were soaked in 10% (v/v) nitric acid overnight and washed with
distilled water before use. Table 2.3 shows the reagents and their concentrations used
through the study.

Standard Se(IV) stock solution (1000.0 mg/L) was prepared by dissolving 0.833 g of
Na,SeO3, SH,0 in 1.0% (v/v) HNOj and diluted to 250.0 mL with ultrapure water and
kept inrefrigerator at 4 °C .

Standard Se(VI) stock solution (1000.0 mgL'l) was prepared by dissolving 0.598
g of Na,SeOy in ultrapure water and diluted to 250.0 mL with ultrapure water kept
inrefrigerator at 4 °C.

Standard Seleno-DL-Methionine stock solution (547.5 mgL") was prepared by
dissolving 0.068 g of seleno-DL-methionine in 3.0% (v/v) HCI and diluted t050.0 mL
with ultrapure water kept inrefrigerator at -20 °C .

Standard Seleno-L-Cystine stock solution (1490 mgL™) was prepared by
dissolving 0.3156 g of seleno-L-cystine in 3.0% (v/v) HCI and diluted to 100.0 mL with
ultrapure water kept inrefrigerator at 4 °C .

Sodium borohydrate solution of 1.0% (w/v) was prepared for a daily usage from
fine granular product and stabilized by 0.10% (w/v) NaOH in water and also 3.0% (v/v)
HCI solution was prepared for HGAAS determination
Calibration standards with lower concentrations were prepared daily by appropriate
dilution of the stock standard.
pH adjustments were done by using 1.0M, 0.1M, 0.01M of HCl and NaOH
solutionsand HNOszand  NH; solutions for HGAAS and ICP-MS

determinations,respectively.
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Table 2.3.Reagent used through the study.

Reagent Concentration used Company Cas no. Purpose of use

Na,SeO; 5SH,0 Merck [26970-82-1] | Preparation of Se(IV) stock solution for sorption
study

Na,SeO, Fluka [13410-01-0] | Preparation of Se(VI) stock solution for sorption
study

Seleno-DL-Methionine Sigma [2578-28-1] | Preparation of SeMet stock solution for sorption
study

Seleno-L-Cystine Sigma [3211-76-5] | Preparation of SeCys stock solution for sorption
study

Cerium(IV) oxide, powder Sigma [1306-38-3] Sorption of Se(IV)/Se(VI) in speciation study

Zirconium(IV) oxide,powder Riedel-de Haen | [1311-23-4]

Sorption of Se(IV)/Se(V]) in speciation study

Cerium(III) nitrate hexahydrate | 0.5 M Merck [10294-41-4] Synthesis of CeO
2
Alginic Acid, sodium salt 2 % (m/v) Aldrich [9005-38-3] Synthesis of alginate beads
Amberlite IR-120, H' form Fluka [39389-20-31 | g rption of Se(IV),Se(VI), SeCys and SeMet
Zirconium(IV) chloride 05M Merck [10026-11-6] Synthesis of ZrO
2
Urea Sigma [57-13-6]

Sol-gel Synthesis of CeO,

(cont. on next page)
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Table 2.3. (Cont.)

CTAB

Reagent Concentration used Company Cas no. Purpose of use

Potassium iodate 0.2% (m/v) in 1.0 M HC1 | Merck [7758-05-6] Desorption of Se(IV) from CeO, and ZrO,

Cetyltrimethylammoniumbromide, Sol-gel and Hydrothermal Synthesis of CeO,
Alfa Aesar [57-09-0]

and ZrO,

CaCl, anhydrous, beads 0.15M Sigma-Aldrich | [10042-52-4] | Synthesis of alginate beads
Sodium borohydride, NaBH,
3% (wIv) Aldrich [16940-66-29] | Synthesis of nZVI and nZVI modified ZrO,
(granular)
FeCl,.4H,0 1.0M Sigma [13478-10-9] | Synthesis of nZVI and nZVI modified ZrO,
HNO; Merck [7697-37-2] Acidification
HCl 6.0M Merck [7647-01-0] Reduction of Se(VI) to Se(I1V)
NH; 20M Merck [7664-41-7] Synthesis of CeO, and ZrO,
Desorption of Se(IV) and Se(VI) from CeO,
NH,CI 0.1 M Sigma [12125-02-9]
and ZrO,
K,HPO, 0.1 M Sigma-Aldrich | [7758-11-4] Desorption of Se(IV) from CeO, and ZrO,
HCl 1.0M Merck [7647-01-0] Desorption of Se(IV) from CeO, and ZrO,

(cont. on next page)




Table 2.3. (Cont.)

Reagent Concentration used Company Cas no. Purpose of use

HCI 0.1 M Merck [7647-01-0] Desorption of SeCys and SeMet from Amberlite IR-120

NH; 0.1 M Merck [7664-41-T] Desorption of Se(IV) and Se(VI]) from CeO, and ZrO,

NH; 0.5M Merck [7664-41-7] Desorption of Se(IV) and Se(VI) from CeO, and ZrO,

Acetic acid (Glacial) | 0.1 M Riedel-de Haen [64-19-7] Desorption of Se(IV) from CeO, and ZrO,

NaOH (pellets) 0.1M Sigma-Aldrich [1310-73-2] Desorption of Se(IV) and Se(VI) from CeO, and ZrO,

NaOH (pellets) 01 M Sigma- Aldrich [1310-73-2] Desorption of Se(IV), Se(VI) and SeCys from nZVI and nZVI
Modified ZrO,

NaOH (pellets) 05M Sigma-Aldrich [1310-73-2] Desorption of Se(IV) and Se(VI]) from CeO, and ZrO,

Absolute Ethanol Sigma [64-17-5] Synthesis of nZVI and nZVI modified ZrO,

Absolute Ethanol Sigma [64-17-5] Washing of nZVI and nZVI modified ZrO,
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2.3. Aqueous Calibration Plot

Standard solutions from 0.0050 mgL'1 to 0.10 mgL'1 were prepared from 1000.0
mgL”' Se(IV),Se(VI), 1490.0 mgL' Seleno-L-Cystineand547.5 mgL'Seleno-DL-
Methionine respectively with simple dilution. All standards contained 1.0% (v/v) HNOs3
and measured with ICP-MS. For the desorption study of Se(IV), HGAAS was used as
the detection method. Standard solutions from 0.0050 mgL™” to 0.050 mgL"' were
prepared from 1000.0 mg L™ Se(IV). For the desorption of Se(IV), NaOH was used and
for observing selenium signal,reduction step was needed in which 5% HCI was used for
both standards and samples. For determination of Se(VI) 0.10 M of NH4Cl solution was
used. Selenium signal was obtained for Se(VI) by reducing to Se(IV) by adding 6 M
HCI into the sample solutions and standards and heating for 30 minutes at 80 C. In
addition the limit of detection (LOD) based on 3s (3 times the standard deviation above
the blank value) and limit of quantification (LOQ) based on 10s were also evaluated for

both detection methods.

2.4. Synthesis of Sorbents

Different types of sorbents were synthized for both batch type and column type

sorption.

2.4.1. Synthesis of CeO, and ZrQO, Particles

Two different methods were used for synthesis of CeO, and ZrO, particles

which were sol-gel and hydrothermal synthesis.

2.4.1.1. Sol-gel Synthesis

In the synthesis of CeO; by sol-gel method (Zhong et al., 2006),3.0 g of Ce
(NO3)3.6H,0 were dissolved in 250.0 ml ethyleneglycol, 6.0 g CTAB and 2.2 g urea

were added into reaction mixtures. Constant reflux was obtained at 180°C temperature
27



for 12 hours. After that, particles were washed with ultra pure water to neutralize the
surface of ceria. The pH of the solution was contolled with pH paper regularly to check
if it becomes neutral. And then it was dried in oven at 120 °C for 24 hours. Calcination
was done to remove CTAB at 500 °C.

ZrO, was synthesized by dissolving 3.0 g ZrCly in 150.0 ml water/ethanol
mixture 6.0 g CTAB and 12.5% NH3; solution were added to reaction mixture. Constant
reflux was obtained at 110°C temperature for 12 hours. After washing and centrifuge,
the precipitate was dried in oven at 50°C.Calcination was done to remove CTAB at 500

°C. The apparatus used in the synthesis is illustrated in Figure 2.3.

dry CaCl,

water out

oil bath

water in

Figure 2.3.Apparatus used in the synthesis of the sorbents.

2.4.1.2. Hydrothermal Synthesis

In a typical synthesis that is illustrated in Figure 2.4, 0.5 g Ce(NOs3)3 .6H,0 and
1.5 g CTAB were dissolved in a 3.0 mL of water and 5.0 % (v/v) ammonia solution was
added. Pale yellowamorphous CeO, was precipitated and after 30 minutes stirring at
room temperature,mixed slurry was transferred into 23.0 mL autoclave and

hydrothermal synthesistechnique was applied for 160 °C for 16 hours in oven.
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Autoclaves wereallowed to cool slowly to room temperature and product was washed

with water and dried at 60°C. Calcination was done to remove CTAB at 500 °C.
Hydrothermal synthesis was applied to synthesis of ZrO, particles, 0.5 g ZrCly

and 1.5 g CTAB were dissolved in a 3.0 mL of water and 5.0 % (v/v) ammonia solution

was added. White amorphous ZrO, was precipitated and same procedure was done.

Ce(NO3)3.6H20 or ZrCl4 5% (v/v) Ammonia
& CTAB solution

v

\E) ﬁ|||{mﬁur||ww(|:|(|||lm|ﬂm{m[ﬁ\\rln\ﬁw(||+\ﬁ|||lm|ﬁm[m | —

\ 30 min. stirring

|

Hydrothermal synthesis

Recovery of products
Washing & Drying &
Calcination

Figure 2.4. Block diagram of the procedure used during the synthesis.
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2.4.2. Synthesis of Nanoscaled Zero-Valent Iron (nZVI) and nZVI
Modified ZrO,

2.4.2.1. Nanoscaled Zero-Valent Iron (nZVI)

The synthesis of nZVI used in this work was done using borohydride reduction
of Fe(Il) (Zhang et al 2001). For this purpose, 5.34 g FeCl,.4H,0 was dissolved in a 4/1
(v/v) ethanol/water mixture (24.0 ml ethanol + 6.0 ml deionized water) and stirred on a
magnetic stirrer. On the other hand, 3.00 g NaBH; was dissolved in 100.0 ml of
deionized water. The borohydride solution was poured in a burette, and then added
dropwise to the Fe** solution, while still stirring on magntic stirrer. Black solid particles
immediately appeared after the first drop of sodium borohydride solution. After adding
the whole borohydride solution, the mixture was left for further 10 minutes of stirring.

The redox reaction can be represnted by :

Fe?* + 2BH + 6H,0 ——» Fe” + 2B(OH); + 7H, 4

To separate the black iron nanoparticles from the liquid phase, vacuum filtration
Technique was used. Two sheets of blue band Whatman filter papers were used
infiltration. At this point, solid particles were washed with absolute ethanol to remove
all of the water.Synthesized nanoparticles were finally dried in oven at 50 °C overnight.
Drying in evacuated ovens must be avoided because this would cause Fe nanoparticles

to spontaneously ignite upon exposure to air.
2.4.2.2. Nanoscaled Zero-Valent Iron (nZVI) Modified ZrO,

To synthesis of nZVI modified zirconia particles, iron(II) chloride tetrahydrate
(FeCl,. 4H,0) and sodium borohydride (NaBH,4) were used for iron(II) and borohydride
sources respectively. 5.34 g FeCl,.4H,O was dissolved in a 4/1 (v/v) ethanol/water
mixture (24.0 ml ethanol + 6.0 ml deionized water). Then 3.0 g ZrO, was added to this
solution and the mixture was held on a magnetic stirrer to be mixed for 24 hours. After

that process, mixed slurry was washed with water to remove excess Fe**solution. After
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removal of excess Fe*', 3.0 % (m/v) NaBH,4 solution was added into treated sorbent drop
by drop. after adding the first drop of sodium borohydride solutionBlack solid particles
were observed. Afterthe addition of the borohydride solution was completed, the
mixture was left for excess10 minutes of stirring. Apparatus used in synthesis of nZVI
modified zirconia is given in Figure 2.5. To separate the black iron nanoparticles from
the liquid phase, vacuum filtration was used. Two sheets of blue band Whatman filter
papers were used in filtration. At this stage, solid particles were washed absolute
ethanol to remove all of the water. Last step of the synthesis is to dry the synthesized

nanoparticles in oven at 50 'C overnight.

]
L [ﬂ’/%

Figure 2.5. Apparatus used in the synthesis of ZVI-modified ZrO,.

2.4.3. Synthesis Alginate BeadsImmobilized withCeQO, and ZrO,
Particles

In order to use in column type studies, alginate beads were synthesized and
modified with CeO, and ZrO,. These synthesis were done with three different ways,

namely, A,B,C. Pathway of these synthesis is illustrated in Figure 2.6
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A C
1% (m/v) CeOy
— QUISM Ca(1, e— 05 M Ceo(NO<)s
washing washing
I
015 M Ca(1, «L 05 M Ce(NO3),

5

[ —

4 20MNH;

J, washing&drying
Figure 2.6.Pathway of the synthesis, (a) Method A (b) Method B (c) Method C.

2.4.3.1. Synthesis of Alginate beads

To synthesis only calcium alginate beads, 1.00 g of sodium alginate was
dissolved in 50.0 mL ultrapure water (UPW) at room temperature. The alginate—water
mixture was stirred until dissolution was completed (20-30 min) and left at room
temperature for30 min. The mixture was added into a 0.15 M aqueous solution of CaCl,
at room temperature using a syringe. As soon as the alginate dropscame in contact with
the CaCl, solution, Ca-alginate gel beads were formed. The gel beads were retained in

CaCl,; solution for 12h for hardening and then washed with UPW.
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2.4.3.2 Method A

In the method A, One gram of sodium alginate was dissolved in 50.0 mL
ultrapure water (UPW) at room temperature. The alginate solution (2.0%, w/v) was
gently mixed with 1.0 g of commercial CeO, and ZrO,, repectively. The mixed slurries
were dropped into 0.15 M aqueous solution of CaCl, using a syringe. As soon as the
alginate drops came in contact with the CaCl, solution, Ca-alginate gel beads were
formed. To ensure that almost all ZrO, and CeO, were entrapped the alginate solution
with ZrO, and CeO, mixture was continuously stirred with a glass rod. The leftover
Zr0O; and CeO, were washed with UPW. The gel beads were retained in CaCl, solution
for 24 h for hardening and then washed with UPW .Materials as a result of this synthesis
are named as CeO,-Ca-alginate hybrid sorbent and ZrO,-Ca-alginate hybrid sorbent.

2.4.3.3.Method B

In the secondmethod, synthesised calcium-alginate beads were mixed with 0.5
M Ce(NOs)3.6H,0 and ZrCly solutions over a night, respectively. After that, excess ions
were removed by washing them with ultrapure water. To obtain ZrO, and CeO,
modifed particles, beads were retained in 2.0 M NHj solution for 24 hour. Finally
synthesized CeO, doped yellow alginate beads and ZrO, doped white alginate beads
were dried in oven at 50 °C for 24 h.Materials as a result of this synthesis is named as
Ca-alginate beads immobilized with CeO, and Ca-alginate beads immobilized with

ZI‘OZ

2.4.3.4.Method C

In method C, 2 % (w/v) sodium alginate solution in ultra pure water was
prepared same as previous sections but alginate beads were formed at 0.5 M Ce(NOs);3
and ZrCly solutions instead of 0.15 M aqueous solution of CaCl,, by dropping. Ce-
alginate gel beads and Zr-alginate gel beads were obtained. These beads were retained
in the solution for 24 hour for hardening and then washed with ultrapure water.

Hardened beads were taken into 2.0 M aqueous solution of ammonia for 24 h. Finally,
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yellow(ceria) and white(zirconia) beads were dried in oven at 50 °C for 24 h.Novel
sorbents as a result of this synthesis is named as CeO,+Alginate beads and ZrO,-

Alginate beads.

2.5. Sorption Studies

Sorption studies were performed for all the sorbents prepared through batch
process and column process.Standard solutions in 5.0, 10.0, 25.0, 50.0 and 100.0 pgL™
concentrations were prepared. Before ICP-MS determination, all samples and standard
solutions were acidified with the addition of appropriate amount of concentrated HNO;
to produce 1.0% (v/v) HNOj in the final solution. The percentage of selenium sorption
was calculated using equation 2.1, where Ciis the initial and Cys the final concentration

in the solution.

C;

Sorption % = “—-£ x 100% (2.1)

Cc
2.5.1. Studies Utilizing Commercially Available CeO, and ZrO,

In this study, commercially available CeO, ve ZrO, were used as sorbent for the
sorption of Se(IV), Se(VI), Seleno-L-methionine ve Seleno-L-cystine. The studied

parameters and range were given in Table 2.3.

Table 2.3. Studied parameters and range.

Range
Solution pH 1,0, 2,0, 3.0, 4,0, 5,0, 6,0, 8,0, 10,0, 11,0, 12,0
Amount of sorbent (mg) 5,0, 10,0, 25,0, 50,0 ve 100,0
Shaking Time (min) 1, 5,15, 30, 60 ve 120
Temperature (°C) 25, 50, 75
Initial concentration (mg/L) | 0,1, 1,0, 10,0, 50,0 ve 100,0

Solution pH is one of the most important parameters on the sorption of Se

species by the sorbents. In order to investigate the effect of pH on the sorption of
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Se(IV),Se(VI), SeCys and SeMet,100 ugL™" standard solutions were prepared. Dilute
HNO; and NH; were used to adjust the pH at 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0,
10.0, 11.0, and 12.0. From each of these solutions 20.0 mL were taken into centrifuge
tube which 50.0 mg of CeO, and ZrO, were added, repectively. The mixture was first
shaken for 1-2 minutes manually and then for 30.0 minutes on the thermostated water
bath shaker at 25 'C. After the solid and the liquid phases were separated by filtration
and the remaining selenium species were determined with ICP-MS. Rest of these
experiments for this section only applied to inorganic selenium species because

organoselenium species did not retain on the surface of ceria and zirconia.

2.5.1.2. Effect of Shaking Time

Effect of shaking time on the sorption of Se(IV) and Se(VI) by CeO; and ZrO,
were investigated for time intervals of 1, 5, 15, 30, 60 and 120 min. Other parameters
were kept constant at 100.0 ugL™ selenium concentration, 20.0 ml solution volume,
50.0 mg sorbent amount and 25 'C sorption temperature. Sorption experiments were

carried out at the pH 2.0 that was chosen for both Se (IV) and Se (VI).

2.5.1.3. Effect of Sorbent Amount (Solid/Liquid Ratio)

The effect of sorbent amount was investigated for both ceria and zirconia with
the use of 5.0, 10.0, 25.0, 50.0, and 100.0 mg while the other parameters were fixed at
100.0 ugL'1 selenium concentration, 30 min shaking time, 20.0 mL solution volume,

and 25.0 °C sorption temperature. Experiments were carried out at pH 2.0.

2.5.1.4. Effect of Reaction Temperature

The sorption efficiency of a sorbent towards a particular sorbate may change
with the reaction temperature. Therefore, effect of the temperature on the sorption of
selenium was investigated for both CeO, and ZrO, at 25°C, 50°C and 75 C and the other
parameters were fixed at 100.0 pgL™' selenium concentration, 20.0 mL solution

volume, 50.0 mg sorbent amount and pH 2.0. The thermodynamic parameters of
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sorption (AG’, AS and AH) were also investigated as The results of these experiments
were also used to investigate the thermodynamic parameters of sorption utilizing the

well-known equations 2.2, 2.3 and 2.4 (Atkins and de Paula 2002; Yersel et al2005):

AG’ = —RTInR, (2.2)

° _ prp R (1 17!
AH" = Ring2c2 (T1 TZ) 2.3)
As =4 ;AG (2.4)

R; (mL g'l) is the ratio of selenium ions distributed between solid (sorbent) and liquid

phase at equilibrium and is defined by the Equation 2.5.

Rd _ CSOlid (25)

Cliquid

Csoiigis the concentration of selenium in sorbent (mg g'l) and Cjgigis the

concentration of selenium ions in solution after sorption (mg L™).
2.5.1.5. Initial Concentration

The sorption efficiency of CeO, and ZrO, were also investigated for initial
Se(IV) and Se(VI) concentrations of 0.010, 0.10,1.0, 10.0, 50.0 and 100 mgL'l. For this
purpose, 20.0 mL of these solutions (at pH 2.0) were taken and 50.0 mg of sorbent
wasadded to each of them. Then the mixtures were shaken for 30.0 minutes on the

shaker at 25.0°C. After filtration, the filtrates were analyzed with ICP-MS.
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2.5.1.6. Repetitive Loading

Sequential (10 times) sorption of Se(IV) and Se(VI) standard solutions by
commercial CeO, and ZrO, was investigated at 100.0 pugL” concentrations. Solution
volume, shaking time, solution pH, sorbent amount and reaction temperature were 20.0
mL, 30 min, pH=2.0, 50.0 mg, and 25°C, respectively. After shaking, the solution was
centrifuged for 5 minutes at 6000 rpm, and the remaining solutions were analyzed by

ICP-MS for selenium determination.

2.5.1.7. Desorption Studies

Desorption of Se(IV) and Se(VI) species from CeO, and ZrO, were investigated
for various eluents. Desorption matrices have been chosen according to the desorbing
solution in which sorbent is dissolved or not.Desorption eluents were given in table
2.4.Standards for drawing calibration curve were prepared in the same matrix of each
desoption solutions. Both ICP-MS and HGAAS were used. For selenium determination
especially for heavy matrices with Se (IV) solution, HGAAS was used. Before HGAAS
both samples and standarts were acidified with concentrated HCI to produce 1.0% (v/v)
of HCI in the final solution. For reduction of Se (IV) standards and solutions, HC] was
added to produce 5% (w/v) in the solution. Selenium signal was obtained for Se (VI) by
reducing to Se(IV) by adding 6.0 M HCI into the sample solutions and standards and
heating for 30 minutes at 80 C.
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Table 2.4. Desorption Eluents for CeO; and ZrO,.

Eluent

0.2% (m/v) KIO3in 1.0 M HCl

1.0 M HCl

1.0 M HNO3

1.0 M CH3COOH
0.1 M KH,POy4

0.1 M NH;3
0.5 M NH;3
0.1 NaOH

0.5 M NaOH

0.1 M NH4C1

2.5.1.8. Method Validation and Spike Recovery Experiments

The sorption efficieny of sorbents was investigated using the spiked samples of
distilled, bottled drinking and tap water. This was realized by spiking 20.0 mL aliquots
of ultrapure, bottled drinking, and tap water samples with 100.0 ug L™'Se (IV) and Se
(VI) solutions and applying the batch process for both CeO, and ZrO, sorbents.
Selenium ion concentration, solution volume, shaking time, solution pH, sorbent
amount and reaction temperature were 100.0 ugL_l, 20.0 mL, 30 min, pH 2.0, 50.0 mg,
and 25 °C, respectively.

Selenate ions did not retain on the surface of sorbents so the sorption and
desorption studies were performed by reduction of Se(VI) to Se(IV). From the total
selenium, selenate ion concentration can be calculated. Selenium ion concentration,

solution volume, shaking time, solution pH, sorbent amount and reaction temperature
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were 100.0 ugL'1 and 10.0 ugL'l, 20.0 mL, 30 min, pH 2.0, 50.0 mg, and 25 °C,

respectively.

2.5.2.Sorption Studies Using Synthesized CeQO, and ZrQO,
(Sol-gel and Hydothermal Methods)

Synthesized CeO; and ZrO, were used as sorbent for inorganic selenium species.
Optimum parameters were obtained from previously done experiments which Selenium
ion concentration, solution volume, shaking time, solution pH, sorbent amount and
reaction temperature were 100.0 ugL'l, 20.0 mL, 30 min, pH 2.0 and pH 8.0, 50.0 mg,
and 25 °C, respectively.

2.5.3. Studies Utilizing nZVI and nZVI-Modified ZrO,

Sorption studies were performed for all the sorbents prepared; namely,
zerovalent iron and zerovalent iron modified zirconia through batch process for both
inorganic and organic selenium species. The sorption parameters were as follows; 100
ugL_lconcentration of Se(IV), Se(VI), seleno-L-cystine and seleno-L-methionine,
shaking time of 30 min, solution volume of 20.0 ml, sorption temperature of 25 °C, the
solution pH of 4.0, 5.0, 6.0, 7.0, 8.0,9.0 and 10.0. Filtrated solutions were analyzed in
ICP-MS.

After sorption studies, desorption procedure only applied to Se(IV), Se (VI),
seleno-L-cystine. For preliminary studies, 0.1 M NaOH was used as eluent for all
sorbents. Prior to desorption studies, the sorption of three selenium species was
performed at pH 8.0 where the maximum sorption was obtained for Se(IV), Se(VI),
seleno-L-Cystine. The sorption parameters were as follows; 100 pg L™ concentration of
Se(IV), Se(VI) and seleno-L-cystine shaking time of 30 min, solution volume of 20.0

ml, sorption temperature of 25 °C.
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2.5.4. Studies Utilizing Strong Ion Exchanger Amberlite IR-120 Resin

Sorption studies were performed commercial strong ion exchanger amberlite
IRA-120 through column process for both inorganic and organic selenium species. The
sorption parameters were as follows; 100 pg L™ concentration of Se(IV), Se(VI), seleno-
L-Cystine and seleno-L-Methionine, shaking time of 30 min, solution volume of 20.0
mL, sorption temperature of 25 °C, the solution pH of 2.0,4.0, 6.0, 8.0 and 10.0.
Filtrated solutions were analyzed in ICP-MS.

Desorption studies only were performed for organic selenium species because
inorganic selenium species did not retain on IR-120 resin. This commercial resin can be
regnerated with HCI or H,SOy4 so as priliminary study 0.1 M HCI was used as eluent.
Prior to desorption studies, the sorption parameters were as follows; 100 pgL’
concentration of seleno-L-cystine and seleno-L-methionine shaking time of 30 min,
solution volume of 20.0 mL, sorption temperature of 25 °C. Selenium solutions were

prepared at pH 8.0 where the high sorption capacity was observed.

2.5.5. Sorption studies ofAlginate beads immobilized withCeO, and
ZrO; particles

The main purpose of CeO, and ZrO; particles immobilization to alginate matrix
1S to use in column-type studies is mentioned in previous synthesis section.Mini-
columns were prepared with CeO, and ZrO, immobilized alginate beads which were
synthesized by three different methods. To this end, tip of the glass pipette was sealed
with the help of small sponge and beads held in water as column filling material were
filled into glass pipette with 5.0 cm height. Column type sorptions were performed with
50.0 mL of 100.0 ugL" Se(IV) or Se(VI) solutions. With the help of peristaltic pump,
the solutions were passed through the column by the rate of 1.0 mL/dk and collected as
5.0-mililiter fractions. The pH of both Se(IV) and Se(VI) was adjust to 2.0, 3.0, 4.0, 5.0,
6.0, 7.0 ve 8.0.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Characterization of the Sorbents

Characterization of the sorbents was carried out using scanning electron
microscopy (SEM), X-Ray Diffraction (XRD), thermo gravimetric analysis (TGA),
elemental analysis, infrared spectrometry and through the measurements of zeta

potential.

3.1.1. Commercial CeO, and ZrO,

The surfaces of synthesized and commercial sorbents were investigated using
scanning electron microscopy (SEM). Related images of CeO,and ZrOparticlesare
given in Figure 3.1. It can be mentioned that the morphology of these particles depends
on the synthesis conditions. Both materials appear to be composed of agglomerated

particles.

(a) (b)

Figure 3.1. Typical SEM images of Ceria(a) and Zirconia (b).
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Zeta potentialsof ZrO, and CeO»as a function of pH were determined in a way
that a small portionof ZrO,or CeO, was added into distilled water and the mixture was
shaken in ultasonic bath for 30 minutes at room temperature. The average of 3
measurements was considered to represent the zeta potential (Figure 3.2). The
magnitude of electrostatic interaction between the surfaces and the metal ions is a
function of zeta potential. From the point of zero charge (pzc) value, the sign of surface
charge is estimated, e.g., metal oxides are positively charged at pH<pH,, and
negatively charged at pH>pHp,, and this helps in understanding the sorption
phenomenon. It can clearly be seen that the two curves have similar characteristics in
terms of zeta potential. In the case of CeO,, the zeta potential value crosses pH axis
at2.4. The aqueous phase becomes slightly acidic (since it receives protons) whilst the
ceria surface becomes positive. Similarly,zeta potential of zirconia increases as pH is

lowered and it crosses pH axis at 2.8.
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Figure 3.2. Effect of pH onzeta potential of (a) CeO, and (b) ZrO,.

3.1.2.Synthesized CeO; and ZrQO,

In the sol-gel synthesis of ceria particles, CTAB was used as both surfactant and
shape-directing agent. However, the synthesized particles have 3D flower-like

morphology (Figure 3.3(a)), possibly due to particle crystallization, electrostatic
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associationwith the aggregates, van der Waals force, and hydrophobicinteraction,

Hydrogen bond formation may have also contributed tothe final structure.

The SEM image of ceria obtained by hydrothermal method at 160 °C for 16
h(Figure 3.3(b)) indicates that nearly dispersed nanospheres with average diameter of
60 nm were produced. Hydrothermal synthesis conditions, such as temperature, time
and use of surfactant play a very important role in the growth of various nanostructures.

Therefore, different morphologies can be obtained by changing these parameters.

AoV y%tMagn__ Det WQ =1 200nm
5004V 30 100000xTLD 44 IYTEF#\M-
YTEMAM g 5 =N e

(b)

Figure 3.3. Typical SEM images of CeO, obtained through (a) sol-gel synthesis
and(b) hydrothermal synthesis.

ZrO, nanoparticles with different morphologies can be obtained by reflux
synthesis and hydrothermal processing. Figure 3.4(a) reveals that zirconia particles
prepared by sol-gel method have nanosized particles which were not observed clearly
because high magnification SEM images could not have been taken. On the other hand,
as shown in Figure 3.4(b) a large number of spherelike ZrO, nanoparticles can be obtain
through hydrothermal synthesis. It 1is verified that the sphere-like ZrO,

nanoparticlesrepresent an aggregation by interaction of van derWalls.

43



(@) B (b)

Figure 3.4. Typical SEM images of ZrO2 obtained through(a) sol-gel synthesis
and(b) hydrothermal synthesis.

The powder XRD patternsof CeO,were obtainedby hydrothermal and sol-gel
methods are given in Figure 3.5. Ceria prepared by sol gel route shows a strong low-
angle reflection.All the diffraction peaks agreed well with the standard values,

indicating that cerium oxide was successfully prepared via the employed procedures.
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Figure 3.5.XRD patterns of CeO,. (Hydrothermal and Sol-gel Synthesis)

Figure 3.6 shows the XRD patterns of ZrO, nanopowders synthesizedby
hydrothermal and sol gel methods. In the XRD pattern of hydrothermally synthesized
ZrO;,monoclinic structure is well defined. As a result of sol-gel synthesis, cubic
structure of ZrO, was obtained.All the diffraction peaks agreed well with the standard
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values in the literature, indicating that zirconium oxidesynthesis was successful.

Different morphologies can be obtained by the different synthesis methods.
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Figure 3.6. XRD pattern of ZrO,. (Hydrothermal and Sol-gel Synthesis)

3.1.3. Nanoscaled Zero-Valent Iron and (nZVI) Modified ZrO,

To obtain larger surface area and immobilize the zero-valent iron, commercial
zirconia and zero-valent iron were used .Although they are called “zero-valent iron
nanoparticles”, it should be noted that the spherical iron particles form chain-like
structures the length of which might be larger than a micron. SEM images and XRD
pattern of synthesized iron nanoparticles are presented in Figure 3.7(a).The
characteristic diffraction peak at 26 angle of 44.7°belongs to zero-valent iron in the
sorbent material Zirconia has agglomerated particles andAlso specific diffraction peak
of commercial zirconia is observed on the XRD pattern. (Figure 3.7(b)). A SEM image
and XRD pattern of nZVI-ZrO, is presented in Figure 3.7(c). Chainlike aggregates of
iron nanoparticles stillexist but unlike pure nZVI1, separated iron nanospheres can also
be observed. The dispersion of nZVI does not look uniform.The XRD diffraction
patternindicates the presence of nZVI on zirconia. The diffraction line near 44.7°
belongs to ZVI as in the case of pure nZVI. The other lines in the figure originate from

the crystal structure of zirconia (basically 110 line).

45



L dtrt YE Y

e Ly }J""'
=R ) b |

P60 TITEMAMYLL, o

70,an

Intensity

(©

Figure 3.7.SEM images and XRD pattern of (a) nZVI, (b) ZrO; ve (¢) nZVI-ZrO,.
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To determine the point zero charge of iron nanoparticles and hybrid material,
their zeta potential at various pH media were examined. The results are provided in
Figure 3.8(a). The poin zero charge (PZC), where the surface charge of iron
nanoparticles is zero, arises nearly at pH 6.6. This is relatively a high PZC and means
that within natural pH range, nZVI particles have negative surface charges. Point zero
charge (PZC) of nZVI1-ZrO, sample was determined by measuring the zeta potentials at
various pH. The trend is given in Figure 3.8(b) and the PZC was determined as pH ~6.4.

point zero charge of pure zirconia is found in previous section as pH 2.8.
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Figure 3.8. Effect of pH onzeta potential of (a) nZVI and (b) nZVI-ZrO,.

3.1.4. CeO; and ZrO, Modified Alginate Beads

Characterization of the alginate-based sorbents prepared by three different
procedures (Section 2.4.3) was first performed by scanning electron microscopyto gain
information about the morphology of the alginate beads. Also, the diameter of the beads
was approximately the same, around 800 pum, for all structures. Method A is based on
the entrapment of commercial cerium oxide powder into sodium alginate matrix. From
the SEM images given in Figure 3.9 (a) it is hard to differentiate any changes in the
morphology of the prepared beads but XRD results verified that entrapment of cerium

oxide powder into alginate matrix successfully was achieved (Figure 3.10(a)).
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(a)

(b}

Figure 3.9.SEM images of CeO;-based alginate beads obtained by (a) Method A, (b)
Method B, and (c) Method C. (Inserted figure in (a) is calcium-alginate bead
used as blank.)
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Figure 3.10.XRDgraphs of CeO;-based alginate beads obtained by (a) Method A, (b)
Method B, and (c) Method C. (Inserted figure in graph is calcium-alginate
bead used as blank.)

Figure 3.9(b) shows that the Ca-alginate beads immobilized with CeO, (Method
B) are spherical in shape and uniform in size with a mean diameter of about 800 um.
When the SEM image (Figure 3.9(b)) and the XRD pattern (Figure 3.10(b)) of Ca-
alginate beads immobilized with CeO,are considered together, it can be mentioned that
a relatively homogeneous surface was obtained and the characteristic peaks of
CeOsbroaden due to the presence of Ca-alginate in the structure. The white spots seen
on the figures belong to CeO,; crystals.EDX analysis also showed that high level of C,
O, CI and Caare present in synthesized beads (Method B) with low content of
cerium(Figure 3.9(b)).

In Method C, Na-alginate was added, drop-by-drop, to Ce(NO3)3;.6H,0 instead
of CaCl, solutions. As can be seen in Figure 3.9(c), a quite homogeneous surface was
obtained in the case Ce(NOs3)3;.6H,O and very clear characteristic XRD peaks seen in
Figure 3.10(c) can still be demonstrating the presence of CeO, in the structure.
Moreover, EDX results confirmed the presence of C, O and Ce at high level in prepared

material.
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Figure 3.11.SEM images of ZrO,-based alginate beads obtained by (a) Method A, (b)
Method B, and (c) Method C. (Inserted figure in (a) is calcium-alginate

bead used as blank.)
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Figure 3.12.XRD graphs of ZrO,-based alginate beads obtained by (a) Method A, (b)
Method B, and (c) Method C. (Inserted figure in graph is calcium-alginate
bead used as blank.)

SEM image was obtained for Ca-alginate beads immobilized with ZrO,as shown
in Figure 3.11(b), no obvious peaks appeared in the corresponding XRD spectrum
(Figure 3.12(b)). This was the indication of amorphous phase obtained using Method B
(Section 2.4.3). In EDX spectrum of these beads, high level of C, O and low level of Ca,
Na and Zr were observed.(Figure 3.11(b)).

On the other hand, the surface of the beads obtained with ZrCly, was
heterogeneous and contained white spots on various locations (Figure 3.11(c)). Also
EDX analysis gave information about composition of the synthesized beads, which
contain C, O and Zr at high level. In addition, the presence of an amorphous phase was
indicated on the XRD spectrum (Figure 3.12(c)).

Elemental analysis was applied to indicate the percentages of C and H in the
synthesized sorbents (Table 3.1). As can be seen from the results, the presence of Zr or
Cecausethe decrease in the percentages of C and H in synthesized alginate beads

compared to sodium alginate.
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Table 3.1. Elemental Analysis Results of Synthesized Sorbents.

C% H%

Method A CeO,-Algmate 13.01 2.72
Zr(»-Alginate 11.5 3.33

Method B CeO,-Alginate 19.29 3.29
Zr(,-Alginate 1734 3.89

Method C CeOs-Alginate 1583 3.84
Zr0,-Algiate 20.75 344

Sodium Alginate 29.82 4.77

Infrared spectra of sodium alginate, zirconium oxide, cerium oxide, and alginate
beads containing CeO; or ZrO,were recorded by FTIR (Figure 3.13 and Figure 3.14).As
reported by Sartori et al. (1997),peak shifts, change in peak shapes and the appearance
of new peaks in the spectra can be as a consequence of rapid ion exchange process
between sodium and calcium ions. For example, the characteristic COO' stretching peak
of sodium alginateat ~1608 cm™'which can be taken as reference is shifted to 1595 cm™
for CeO, synthesized through Method A. A similar shift applies also to the peak at 1420
cm”. In addition, a new peak appeared at around 2300 cm'for CeO, synthesized
through Method C. The disappearance of the shoulder at 1665 cm’ for sodium alginate
may be another evidence of the change of the structure as a result of the modification

procedures.
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Figure 3.13. Infrared spectra of CeO,-based sorbents.
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Figure 3.14. Infrared spectra of ZrO,-based sorbents.
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Thermal behavior of alginic acid and its sodium salt was investigatedas a
function of temperature under nitrogen atmosphere. The TGA curves given in Figure
3.15 demonstrate that the material has lost weight due to dehydration process; first
around 100 °C as a consequence of removal of adsorbed water and around 200 °C from
the removal of hydrate in the structure. The difference in the TGA curves of the
synthesized materials and that of sodium alginate after 200 °C can simply be explained
by the presence of cerium oxide in the structure. These findings are in accordance with
the results of similar studies in literature (Saores et al., 2004).Similar thermal behaviors
can be seen in the case of ZrO,, with only difference that, Method C produces a more

stable structure with CeO,versus temperature compared to ZrO, (Figure 3.16).
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Figure 3.15. TGA curves of CeO,-based sorbents.
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Figure 3.16. TGA curves of ZrO,-based sorbents.

3.2. Calibration Plots

3.2.1. Calibration Curves for Se(IV) ,Se(VI), SeCys and SeMet Using
ICP-MS

Plots of signal versus concentration constructed for Se(IV) and Se(VI) using
ICP-MS can be seen in Figure 3.17. The limit of detection (LOD) based on 3s was

calculated as 0.016 pg L and limit of quantification (LOQ) based on 10s was 0.052 ug
L-l
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Figure 3.17. Calibration plots of Se(IV), Se(VI), SeCys and SeMet. (o) Se(IV)
(y= 166.5x-103.4, R*=0.9998), (V) Se(VD) (y= 176.7x + 21.89,
R?=0.9998),(m) SeCys (y=187.6 + 287.4, R’=0.9997) and (#) SeMet
(y=140.3x + 4.39, R*=0.9996)

3.2.2. Calibration Curves for Se(IV) Using HGAAS

Plot of absorbance versus concentration constructed for Se(IV) using HGAAS
can be seen in Figure 3.18. The limit of detection (LOD) based on 3s was calculated as

0.297 ug L™ and limit of quantification (LOQ) based on 10s was 0.991 ug L.
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Figure 3.18. Calibration plot of Se(IV). (y=0.0022x-0.0007, R2=0.9997)
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3.3. Sorption and Speciation Studies

Selenium is sensitive to redox conditions and the pH of the natural matrices. As
can be seen from Figure 1.1 acidic and reducing conditions reduce inorganic selenites to
elemental selenium, whereas alkaline and oxidizing conditions favor the formation of
selenates. The solution pH both determines the form of the analyte in the solution and
may also change the surface properties of the sorbent. The form of the analyte can be
estimated from the distribution diagrams. The distribution diagrams for Se(IV) and
Se(VI) are shown in Figure 3.19. Depending on the solution pH, Se(IV) can be in three
different forms in aqueous solutions; namely, H,SeOs3 is predominant in pHs lower than
2, HSeO3™ between pH 2.0 and 8.0, and SeO32' above pH 8 (Figure 3.19(a)). When Se
(V]) is considered, Se042_ and HSeO, are the predominant forms above and below pH
2, respectively (Figure 3.19(b)). SeMet have two pKa values at pH ~2 and the other at
pH ~9 corresponding to -COOH and -NH;" groups, respectively, and SeCys has four
pKa values, two at pH ~ 2 and two at pH ~8. Theses compounds are in the zwitterionic
form, in the range of pH 2.0-10.0. In this form, both -NH;* and -COO™ groups are
exceptional proton-donor and proton-acceptor groups, respectively. Therefore it is very
important to consider both the pH and the redox conditions of the sample solutions

since these factors determine the form of the species.

3.3.1. Studies with Commercial CeO,and ZrO,

3.3.1.1. Effect of Solution pH

The effect of solution pH on the sorption of Se(IV), Se(VI), SeCys and SeMet
and efficieny of each sorbent in the sorption of both species is shown in Figure 3.20.
Commercial ceria sorbent showed strong sorption capacity for both species from pH 1.0
to pH 5.0 (> 95.0%) and, where as the sorption of Se(VI) was diminishing after the pH
5.0 and reaching approximately zero at pH 8.0. For Se(IV) species, sharp decreasing
was observed at pH 9.0. Not fully explained behavior was observed above pHs 8.0 and
9.0 for Se(IV) and Se(VI),respectively(Figure 3.20(a)).The sorption mechanism can

57



beexplained by the electrostatic interaction between CeO, surface and the negatively
charged forms of Se(VI) and Se(IV). Below pH 2.4, cerium dioxide has strong positive
charge on surface that’s cause to retain selenium species on it because of PZC of CeO,.
Also the other mechanism can be a complex reaction of ceriumdioxide and selenium
compounds which can result in insoluble precipitate (Shi et al., 2009). After the pH 2.4
retention mechanism of Se(IV) can be explained by this insoluble complex compound
of selenium oxoanions and CeQ,. Figure 3.20(b) shows that ZrO; is very efective in the
sorption of Se(IV) and Se(VI) at pH 2.0 (> 95.0%). Fluctuation was observed at pH 7.0
in the sorption of selenium species. According to PZC of ZrO, , positive charges on the
surface of zirconia are dominant at lower pH 2.8 so an electrostatic interaction between
on zirconia surface and the negatively charged forms of Se(IV) and Se(VI).The sorption
behaviour of ZrO, resembled to CeO,,0on the other hand CeO, showed more stable
performance kineticlly. Sorption studies have revealed that quantitative sorption can be
obtained using commercial ceria and zirconia for both Se(IV) and Se(VI) species at pH
2.0. CeO; have displayed higher than 95.0% sorption for Se(IV) at pH 8.0 while the
sorption for Se(VI) was less than 10%,speciation of Se(IV) and Se(VI) can be done.

Organic selenium species did not retain on the surface of both sorben

58



1e-6

-1 Se0,”
ge-7 1 Hy8€0; () HSeO, eO,
=
g 6e-7
=
.2
£
§ 4e7 -
<
5)
@]
2e-7 A
0 = T T T 1 T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
(a)
8e-7
Se04%
6e-7
=
o
g
g
g5 4de-7 A
s
=
Q
Q
=
o
@]
2e-7
HSeO4"
0 T T T |l 1 |l 1 1 1 |l 1 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14
pH
(b)

Figure 3.19. Distribution diagram of (a) Se(IV) and (b) Se(V]) in aqueous solutions.

(Source: MINTEQ program)
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Figure 3.20. Effect of solution pH on the sorption of (@) Se(IV), (V) Se(VI), () SeCys,
(#) SeMet for (a) CeO, and (b) Zr0O,.(20.0 mL and 100.0 ugL'1 Se(IV)
Se(VI), SeCys, SeMet solution, 30 min shaking time, 50.0 mg sorbent,
25.0 °C reaction temperature)
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3.3.1.2. Effect of Shaking Time

Batch sorption time was investigated for 1, 5, 15, 30, 60 and 120 minutes at pH
2.0 for both CeO; and ZrO, as illustrated in Figure 1.3. The sorption behaviour of CeO,
showed that there is an sorption (>95.0%) even in 1 min for both Se(IV) and Se(VI) and
the maximum sorption is obtained in 30 min.(Figure 3.22(a)) In further experiment, a
shaking time of 30 min was chosen for both selenium compound to obtain high
efficieny in sorption.The effect of shaking time on the sorption of both Se(IV) and
Se(VI) was investigated for ZrO,. The result is given in figure 3.22(b). It can be said that
zirconia reaches high sorption capacity in 30 min for both selenium species. After
shaking time of 30 min, decreasing in the sorption of Se(VI) was observed while the

sorption of Se(IV) retained stable in any time.
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Figure 3.22. Effect of shaking time on the sorption of (e) Se(IV) and (V) Se(VI) (a)
CeO, and (b) Zr0,.(20.0 mL and 100.0 ng’1 Se(IV) ,Se(VI) solution,
pH 2.0, 50.0 mg sorbent, 25.0 °C reaction temperature)
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3.3.1.3. Effect of Sorbent Amount

To determine the required amount of sorbents for the maximum sorption of selenium
species, the sorption studies were done for 5.0, 10.0, 25.0, 50.0, 100.0 mg sorbent
amounts.The selenium sorption behaviour with amount of CeO, and ZrO, is given in
the Figure 3.23.Similar sorption results were obtained with both selenium species for
CeOs,. It can be observed that 10.0 mg of ceria is enough to give quantitative sorption
(95.0%), given in Figure 3.23(a). For ZrO, aminumum amount of 25.0 mg was
necessary for effective sorption of both selenium species and the sorption performance
was decreasing with the increase in the amount of zirconia (Figure 3.23(b)). The results
have showed that the more kinetically-favored interaction of Se(IV) and Se(VI) with
ceria than zirconia andthis observation is also indicative of large capacity of ceria for
selenium sorption. . To guarantee the guantitative sorption 50.0 mg sorbents of ZrO,

and CeO, were used for both selenium species at pH 2.0.
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Figure 3.23. Effect of sorbent amounton the sorption of (e) Se(IV) and (V) Se(VI) for
(a) CeO, and (b) Zr0O,.(20.0 mL and 100.0 ng'1 Se(IV) ,Se(VI),
solution, at pH 2.0, 30 min shaking time, 25.0 °C reaction temperature)
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3.3.1.4. Effect of Reaction Temperature

Temperature effect on the sorption of selenium was studied at 25, 50 and 70 °C.

The sorption behaviours of ZrO, and CeQO; as a function of temperature are given in the

Figure 3.24.As shown in Figure 3.24(a) , ceria have shown no change with the increase

in tempearture for Se(IV) and Se(VI) whereas the sorption capacity of zirconia for

Se(VI) decreased which demostrating the exothermic nature of sorption and this results

show importance of control of the sorption temperature (Figure 3.24 (b)), beacuse of

this reason further experiments were carried out a constant temperature 25.0 °C.

In order to understand the effect of temperature on the adsorption better, it is

important to study the thermodynamic parameters such as standard Gibbs free energy

change, AG,, standard enthalpy change AH,, and standard entropy change, AS,.The

magnitude of the change in free energy can be used to determine the type of adsorption.

The summary of thermodynamic parameres is given in the Table 3.2.

Table 3.2.Thermodynamic parameter of CeO; and ZrO,.

Se (IV) AG (kJ/mol) AH (kJ/mol) AS(J/molK)
298 K 323 K 298 K 323 K
CeO, -21.1 -25 -78.3 -175.2 -149.6
710, -23.8 -25.7 -1.24 75.7 82.1
Se(VI) AG (kJ/mol) AH (kJ/mol) AS(kJ/molK)
298 K 323 K 298 K 323 K
CeO, -25.1 -25.8 -15.9 30.8 30.8
71O, -20.9 -16.7 -71.2 -168.5 -168.5
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Figure 3.24. Effect of sorption temperature on the sorption of (e) Se(IV) and (V)
Se(VI) for (a) CeO, and (b) Zr0,.(20.0 mL and 100.0 ng'1 Se(IV)
,Se(VI) solution, at pH 2.0, 30 min shaking time, 50.0 mg sorbent)
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3.3.1.5. Effect of Initial Concentration

The sorption efficieny of ceria and zirconia was tested as a function of initial
concentration of Se(IV) and Se(VI) at the pH 2.0. As shown in table 3.2 , with the
increase in the initial concentration of Se(IV), a slight decrease in percentage sorption
has first occured for 10 mgL" seleniumfor both sorbents and then for 100 mgL'the
efficiency of sorbents have only decreased almost to 75%. The sorption of Se(VI) has
shown almost quantitative sorption at initial concentration of 1.0 mgL'and decreased
even for an initial concentration 10.0 mgL'lfor both ceria and zirconia(Table 3.3). These
findings shows that, an initial concentration of 1.0 mgL'for both selenium species can
efficiently be retained by ceria and zirconia after which the sorption percentage start to
decrease gradually. The results also indicate the high sorption capacity of ZrO, and

CCOQ.

Table 3.3.Effect of initial Se(IV) concentration on the sorption efficiency for CeO, and
Zr0;. (50.0 mg sorbent amount, at pH 2.0 in 20.0 mL Se(IV) solution, 30
min shaking time)

Se(IV) CeO, Zr0O,
Concentration (mg LY Sorption (%)

0.010 99.8+£0.7 100£0.6

0.10 98.7£ 0.1 97.2+0.2

1.0 99.2+0.1 99.0+0.1

10.0 87.3x0.9 88.1+0.8

50.0 75.0£8.3 76.2+4.2

100.0 73.84£3.5 74.9+2.0
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Table 3.4.Effect of initial Se(VI) concentration on the sorption efficiency for CeO, and
Zr0O;. (50.0 mg sorbent amount, at pH 2.0 in 20.0 mL Se(IV) solution, 30
min shaking time)

Se(VI) CeO, 7Zr0,
Concentration (mg LY Sorption(%)

0.010 100.0+£0.4 93.8+0.7
0.10 98.8+0.1 96.2+0.1
1.0 92.3£3.0 92.3+0.3
10.0 82.7+6.0 79.1+0.8
50.0 71.1+8.0 74.4+4.0

100.0 71.8+3.0 72.4+1.6

3.3.1.6. Repetitive Loading

Sequential sorption of Se(IV) and Se(VI) by CeO, and ZrO, were investigated
and results were given in figure 3.25. As shown in Figure 3.25(a), for Se(IV), the
sorption percentage of ceria has decreased slightly after eighth loading whereas the
decline for Se(VI) was more noticeable after sixth loading and the sorption percentage
reached zero values. It can be seen from Figure 3.25(b) that the sorption percentage of
zirconia starts to without significant decrease with the ninth loading for Se(IV) and
sorbed Se(VI) even starts to be released from zirconia surface after the fourth loading.
The reason of decrease in sorption capacity can be the surface positive charge of
zirconia and ceria after each loading could have been reduced which might also have
changed the thickness of double layer around the particles. This might have resulted in a

decrease in the sorption percentage after each step.
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Figure 3.25. Percent sorption of (==) Se(IV) and (=) Se(VI) for (a) CeO, and (b) ZrO,
ten loadings. (20.0 mL of 100.0 ugL'lat pH 2.0, 50.0 mg sorbent, 30 min
at25 °C, batch sorption)
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3.3.1.7. Desorption Studies

Desorption studies were performed as described in section 2.5.1.7 for CeO, and
7Zr0O,. The efficiency/feasibility of various eluents for the desorption of Se(IV) and
Se(VI) was investigated. Table 3.5 and Table 3.6 summarizes the desorption percentage
of various desorbing matrices for Se(IV) and Se(VI), respectively. At first, namely,
HCI, HNO3, CH3COOH, 0.2% (m/v) KIOs3, H,KO4P, NH4Cl, NH3 and NaOH were used
for the elution of the previously sorbed Se(IV) from CeO, and ZrO, by the batch
method. As can be seen from Table 3.4, exceptfor NHzand NaOH, other eluents did not
give a quantitative desorption for Se(IV). In the case of Se (IV), following the sorption
step with the optimized conditions, the sorbent was shaken for an hour in a solution of,
0.500 M NaOH and NHj; solutions and then was removed from the mixture by filtration,
respectively. The selenium concentration in the eluate was determined by HGAAS. The
90% release of previously-adsorbed selenite from the surface was obtained.. In the case
of Se(VI), the desorption step was realized with the use of 0.1 M NH4Cl solution in a
similar procedure and the 95% release of selanate ion was obtained by using 0.1 M
NH,4CI. The sorption parameters were as follows; 100.0 ugL ' concentration of Se(IV) or
Se(VI), shaking time of 30 min, solution volume of 20.0 mL, reaction temperature of

25.0 °C, solution pH of 2.0. The sorbents used were CeO, and ZrO,.
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Table 3.5. Percent recovery of various desorbing matrices for Se(IV).(The sorption
parameters; 100.0 ugL'1 concentration of Se(IV) or Se(VI), shaking time
of 30 min, 50.0 mg sorbent amount, solution volume of 20.0 mL, reaction
temperature of 25.0 °C, solution pH of 2.0)

Recovery %

Eluent 71O, CeO,

%0.2 (m/v) KIO3in1.0 M HCl ~ 36.6 (£1.2) 20.6 (¢4.2)

1.0 M HCl ~0 ~0
1.0 M HNOs3 17.4 (£3.1) 1.5 (0.8)
1.0 M CH3COOH 24.7 (0.9) 19.3 (¥2.7)
0.1 M KH,PO, ~0 4.5 (£0.3)
0.1 M NH; 80.6 (x0.1) 74.8 (£1.1)
0.5 M NH; 85.8 (£3.1) 89.8 (+4.6)
0.1 NaOH 90.8 (¥2.7) 89.8 (+1.1)
0.5 M NaOH 98.3 (4.2) 97.8 (¥7.1)
0.1 M NH4CI 20.4 (¢1.8) 16.8 (¥2.1)
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Table 3.6. Percent recovery of various desorbing matrices for Se(VI).(The sorption
parameters; 100.0 pgL" concentration of Se(IV) or Se(VI), shaking time of
30 min, 50.0 mg sorbent amount, solution volume of 20.0 mL, reaction
temperature of 25.0 °C, solution pH of 2.0)

Recovery%

Eluent 710, CeO,
0.1 M NH; 88.4 (£1.9) 85.1 (£2.2)
0.5 M NH3 87.8 (3.1) 84.8 (x1.1)
0.1 NaOH 83.5 (+4.8) 88.5 (¢3.8)
0.5 NaOH 87.3 (2.7) 89.3 (¥5.7)

0.1 M NH,Cl 92.5 (20.1) 96.2 (+0.8)

3.3.1.8.Method Validation

CeO, and ZrO, were used in sorption of selenite and selante from three different
type of water spiked samples as described in section 2.5.1.7.Firstly the sorption
performance of the sorbents was checked. The results are summarized in Table 3.6for
CeO; and ZrO,, respectively. As seen from Table 3.7the related sorbents displayed very
efficient performances towards Se(IV) at the indicated pH for all water samples; the
sorption percentages were above 99.6 % for CeO, and 96.2% for ZrO,. In contrast to
Se(IV) the situation is more complicated for Se(VI). Selenate ion only could not be
recovered from bottled and tap water spiked sample which means nosorption was
obtained from these waters for both sorbents. This observation is in agreement
withresults obtained from effect of ionic strength of solution on sorption of selenate by
CeO, and ZrO;.Especially,Tap water ionic content from salts other dissolved ions
increase the ionicstrength and tap water of Urla region indicate the presence of water

hardness whichexplain the low percent sorption due to competitive ions.
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Table 3.7. Percent sorption of spiked selenite and selenate in ultrapure. bottled and tap
water for CeO, and ZrO,.(Sorption parameters; Se concentration: 100,0
ugl”!, pH: 2.0, shaking time: 30 min, amount of sorbent: 50.0 mg,
temperature: 25.0 °C. Desorption parameters: eluent volume: 20.0 mlL,
shaking time: 60 min, eluent: 0.50 M NaOH)

Sorption (Ce0,) % Sorption (Zr0;) %
Se(IV) Se(VI) Se(IV) Se(VI)
UP.W 99.6 (x0.3) 98.4 (x0.5) 974 (x£5.2) 98.4 (x0.5)
Bottled water 99.0 (x0.2) 18.2 (x1.1) 98.1 (x0.2) 18.2 (x1.1)
Tap water 98.5 (£0.9) ~0 96.2 (£0.6) ~0

To determine Se(VI) concentration in tap water and bottled water, Se(VI) and
Se(IV) and only Se(IV) were spiked into water samples, respectively. Previous section
showed that selenite ions were retained on sorbent for tap water and bottled water. So
Se(VI) concentration was determined by HCI reduction of Se(VI) to Se(IV). For
reduction process, 6.0 M HCI was added to certain amount of Se(IV) and Se(VI) spiked
water samples and heated to 100 oC. After these steps, sorption procedure was applied
to both ceria and zirconia. 0.1 M NaOH was used for desorption of selenite ions from
the surface of sorbents. Prior to HGAAS determination of selenium in eluent, standards
were prepared with in the same matrix of desoption solution. The recovery results
obtained by addition of 10 ugL™" and 100 pgL™" to water samples, repectively, are given
Table 3.8 and Table 3.9. The results show that it is possible to determine the total
selenium concentration by using reduction process, on the other hand without reduction
only Se(IV) concentration can be determined. The difference between the total selenium
and Se(IV) concentration can give information about Se(VI). Also devoloped method

seems very promising about enrichment of selenium or determination of selenium.

Table 3.8. Recovery of Se(IV) and Se(VI). (sorption parameters; Se concentration:
100,0 ng'l, shaking time: 30 min, amount of sorbent: 50.0 mg,
temperature: 25.0 °C. Desorption parameters: eluent volume: 20.0 mlL,
shaking time: 60 min, eluent: 0.50 M NaOH).

Recovery (ugL™) (CeO,) Recovery (ugL™) (ZrO,)

Se(IV) Se(V]) +Se(IV) Se(IV) Se(IV) +Se(VI)

Bottled Water ~ 110.8 (x1.6) 196.4 (£3.7) 107.8 (¥3.1) 198.5 (+2.8)
Tap Water 102.7 (¥2.2) 198.9 (¢1.2) 113.0 (£2.6) 194.9 (£5.9)
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Table 3.9. Recovery of Se (IV) and Se(VI). (Sorption parameters; Se concentration:
10,0 pgL™', shaking time: 30 min, amount of sorbent: 50.0 mg, temperature:
25.0 °C. Desorption parameters: eluent volume: 20.0 mL, shaking time: 60
min, eluent: 0.50 M NaOH)

Recovery (ugL™) (CeO,) Recovery (ugL™") (ZrO,)
Se(IV) Se(VI)+Se(IV) Se(IV) Se(IV)+Se(VI)
Bottled water 9.7 (+0.6) 19.5 (x1.7) 9.4 (£3.1) 18.7 (0.8)
Tap water 9.4 (+3.2) 18.9 (£2.2) 9.1 (¥2.6) 19.4 (£1.9)

3.3.2. Sorption Studies of Sol-gel and Hydothermal Synthesized CeO,
and ZrO,

In the sorption of inorganic selenium studies besides the commercial available
CeO, and ZrO; synthesized sorbents were investigated. Sorption studies were performed
as described in section 2.5.2.These experiments provide to compare commercial
available sorbents with synthesized sorbents.According to optimization results sorption
studies were performed at pH 2.0where the maximum sorptions were obtained for both
inorganic selenium species. Commercially available and sol-gel synthesized
CeO,showed high sorption capacity (>95%) for Se(IV) and Se(VI) but when the
hydrothermally synthesized ceria compared with the other sorbents.decreasing in
sorption capacity was observed (Table 3.10). Sorption results obtained form ZrO,was
given in Table3.10. All zirconia sorbents showed high sorption capacity for Se (IV). On
the other hand, the sorption percentage of synhesized sorbents were decreased in
comparison with commercial available zirconia for Se(VI). Low sorption behaviour of
synthized sorbents gave information about durability of sorbents. Especially,synthesized

sorbents with hydrothermal method can be improved.
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Table 3.10. Sorption results obtained with the commercial and the synthesized CeO2 for
Se(IV)/Se(VI). (e)Commercial available CeO, and ZrO, (A) Synthesized
with Hydrothermal method CeO, and ZrO,.(m) Synthesized with sol-gel
methodCeO, and ZrO,. Se concentarion: 100.0 ugL'l. pH: 2.0. shaking time:
30 min. amount of sorbent: 50.0 mg).

Sorption (CeO;) % Sorption (Zr0O;) %

pH ° A ] ° A ]

20  Se(IV) 99.6+0.3 97.6£0.1 99.2+1.1 974452 94.1+0.1 96.7£2.5
20 Se(VI) 98.4+0.5 73.3+£3.8 98.2+2.0 92.2+2.1 80.8+£3.8 89.3%£3.5
80 Se(VD) 95.1#1.5 789+03 96.4+0.5 94.1+1.2 92.8+24 97.3+0.2

3.3.3.Sorption Studies Utillizing ZVI and nZVI-Modified ZrO,

In this study.The effect of pH on the sorption and desorption of Se(IV). Se(VI).
Se-L-Cystine (SeCys) and Seleno-L-methionine (SeMet) was investigated. The sorption
results of Fe® for selenium species depend on pH was given Figure 3.26. nZVI showed
strong sorption capacity for both Se(IV) and Se(VI) from pH 4.0 to pH 9.0 (L] 90.0%).
SeCys showed to reach maximum sorption at pHs 4.0 and 8.0 ([ 90.0%). Moreover, the
sorption of SeMet was not observed at any pH worked. The sorption studies with
ZrO,indicated that organic selenium species did not retain on the sorbent surface at any
pH.the sorption of Se(VI) remained at low level and only Se(IV) was determined by
quantitatively (Figure 3.27). Effect of pHon the sorption of selenium species for
synthesizedhybrid sorbent (nZVI-ZrO,) was illustrated in Figure 3.28.As mentioned

hybrid sorbent represented similar feauture like zero valent iron.
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Figure 3.28. Effect of solution pH on the sorption of (@) Se(IV), (7 ) Se(VI), (' ) SeCys
and (¢) SeMet fornZVI-ZrO,. (Se concentration: 100.0 ng'l. shaking time
30 min. amount of sorbent: 50.0 mg, 25 °C)

As mentioned above, nZVI and nZVI-ZrO, indicate high sorption capacity for
Se(IV), Se(VI) and SeCys. Following the sorption studies, 0.1 M NaOH was selected as
eluent becuse the basic solutions are very effective to desorption of selenium species as
remembered previous sections. The results of recovery for both sorbents are given Table
3.11. According to results, to obtain more quantitative results, molarity of eluent or

reaction time can be changed.

Table 3.11. Percent Recovery of Se (IV), Se(VI) and SeCys. (Sorption parameters; Se
concentration: 100,0 ng'l, shaking time: 30 min, amount of sorbent: 50.0 mg,
temperature: 25.0 °C. Desorption parameters: eluent volume: 20.0 mL, shaking time: 60

min, eluent: 0.50 M NaOH)

Recovery (%)
nZVI1 nZVI1-ZrO,
Se(IV) 83.4 (£3.0) 85.4 (x0.2)
Se(VI) 76.8 (+4.3) 73.1 (£3.9)
SeCys 80.5 (#3.2) 79.6 (¢4.1)

78



3.4. Sorption Studies Utilizing Cation Exchanger Resin (IR-120)

Selenium studies relevalant previous sections reveal that ZrO, and CeO, have
only sorption of inorganic selenium species whereas the sorption of Se(IV), Se(VI) and
SeCys was preformed by nZVI and nZVI-ZrO,. The different strategy was required for
seleno-DL-methionine because studied sorbents did not show any sorption to this
organoselenium species. Looking at the structure of organoselenium compouns, it can
be said that amino groups in structure can add to basic feature to these compounds. In
this context, these analyte species can give sorption with the sorbents with acidic
property.Application of devoloped strategy was tested with strong cation exchanger
resin (IR-120). The resin in H form is composed of polystyrene with sulphonic
functional groups. The sorption behaviour of this sorbent was realized for Se (IV),
Se(VI), SeCys and SeMet. Sorption results given in figure indicates that due to the
cation exchanger property, for Se(IV) and Se(VI) did not retain on sorbent, in the case
of SeMet and SeCys, the sorption was obtained from pH 2.0 to 8.0. At pH 8.0,
maximum sorption was observed for both organoselenium species (Figure 3.27).

Desorption studies were continued with SeMet and SeCysbecause of high
sorption results.Sorption parameters; SeMet or SeCys concentration: 100.0 ng'l. pH:
8.0.Solution volume: 20.0 mL,shaking time: 30 min.amount of sorbent: 50.0
mg.temperature: 25 C. Desorption of SeMet and SeCys was performed by using 0.1 M
HCI solution with 60 min shaking time. The results obtained from desorption for SeCys

and SeMet are 86.4% (+4.6) ve 80.8 % (+3.7), repectively.
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Figure 3.29. The effect of pH on the sorption of (e) Se(IV), (7)) Se(VI), ( )SeCys and
(#)SeMet with Amberlite IR-120 resin. (Sorption parameters; Se conc.:
100,0 ng'l, shaking time: 30 min, amount of sorbent: 50.0 mg,
temperature: 25 [®)

3.5. Sorption Studies CeQ, and ZrO, Alginate Beads

In the column type sorption, 5.0-cm heights of glass pipettes were filled with
ceria (or zirconia) entrapped in alginate matrix sythesized by three different methods as
explained in Section 2.4.3. Standard solutions (50.0 mL) were passed through the
columns in 5.0 mL portions with the help of a peristaltic pump at constant flow rate (1.0
mL/min). Selenium concentration in each fraction was determined by ICP-MS. Ceria
(or zirconia) entrapped in calcium alginate beads prepared through Method A showed
different behavior compared to bare ceria (or zirconia), on the sorption of Se(IV) and
Se(VI). Sorption reached its maximum value at pH 2.0 and started to decrease with
increasing pH (Figure 3.29). The reason for having different performances for column
and batch type sorption studies can be ascribed to the entrapment of ceria (or zirconia)
in the alginate matrix, which, therefore, results in the decrease of the possibility of
interaction between the analyte species and the functional groups. The agglomeration of
ceria (or zirconia) in the alginate matrix cannot be avoided and surface area of the

functional groups is expected to reduce. When the solution passes through the column,
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analyte species may not reach the interior of the alginate matrix and the sorption
decreases. The other reason must be the insufficient interaction time for the analyte
species with ceria (or zirconia) embedded in the matrix. When the solution pH is 2.0,
the surface is protonated and the possibility of interaction between the analyte and the
functional groups is increased. The sorption percentage can further be increased by
decreasing the flow rate of the sample solution passed through the mini column.

In Method B, sodium alginate is mixed with Ca(Il) ions and calcium alginate
beads are formed through a cation exchange step. When these particles are mixed with
Ce(III) (or Zr(IV)) solution, a similar cation exchange mechanism can be expected to
occur between Ca(Il) and Ce(IIl) or Zr(IV) ions with a low probability. Another
possibility is the formation and more homogeneous distribution of ceria or zirconia on
the surface of calcium alginate in a basic environment. Use of different strategies in the
synthesis results in different sorption performances. The sorbent prepared through
Method B demonstrates higher sorption efficiency compared to the sorbent prepared in
Method A (Figure 3.30).

The preparation of ceria (or zirconia) through Method C is not similar to
those of the other methods in a way that no calcium alginate is prepared at the
intermediate stage. In this method, sodium alginate solution is added directly to Ce(III)
or Zr(IV) solution dropwise. The beads formed are expected to contain more ceria (or
zirconia). In addition, ceria or zirconia is more homogeneously distributed in the
alginate matrix. The result of the improvement in the synthesis procedure can be seen in
Figure 3.31. The sorbent prepared through Method C exhibits higher sorption

percentages than the other sorbents towards Se(IV) and Se(VI) at a wider pH range.
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CHAPTER 4

CONCLUSION

In this study, commercial and synthesized sorbents wereused for the speciation
of Se(IV), Se(VI), Seleno-L-Cystine and Seleno-L-Methionine prior to determination by
atomic spectrometric techniques.Characterization of the sorbents was realized using SEM,
XRD, TGA, and the results obtained have demonstrated the success of the synthesis
procedure. Characterization studies were followed by the examination of the sorption
performance of the commercial and the newly synthesized sorbents towards selenium
species.

In the case of commercial cerium oxide and zirconium oxide, quantitative sorption
(>95%)was obtained at pH 2.0for both Se(IV) and Se(VI) species. On the other hand, both
sorbents have also displayed higher than 95% sorption for Se(IV) at pH 8.0 while the
sorption for Se(VI) was less than 10%. The commercial sorbents have shown slightly better
results than the synthesized sorbents at pH 2.0 whereas the sorbents synthesized with sol-
gel route have given better results at pH 8.0. Ceria and zirconia can be used in the
speciation of inorganic selenium species.The validity of the method was checked via spike
recovery experiments with different types of water (bottled-drinking, tap) and it was found
that the method worked efficiently (> 90%)after the reduction of Se(VI) to Se(IV). Total
selenium content was determined and Se(VI) was then calculated from the difference.

The other sorbents, namely, nZVI and nZVI-modifed zirconia showed high sorption
to both Se(IV) and Se(VI) in the pH range of 4.0-10.0; moreover, they sorbed seleno-L-
cystine higher than 95% and seleno-L-methionine less than 10.0 % at pH 8.0.The results
have shown that nZVI and nZVI-modified zirconia can be used in the speciation of
organoselenium species. Also, commercial resin, Amberlite IR-120 can be used in the
sorption of organoselenium species.

Finally, the novel alginate beads modified with cerium oxide and zirconium oxide
have been shown to be efficient materials for column type sorption of inorganic selenium in

waters.
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