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ABSTRACT

USE OF AMINE- AND MERCAPTO-MODIFIED SILICA AS SOLID
PHASE EXTRACTION SORBENT FOR SPECIATION OF INORGANIC
SELENIUM PRIOR TO DETERMINATION BY ATOMIC
SPECTROMETRIC TECHNIQUES

Silica-based sorbents containing amino-, mercapto-, and both functional groups
(bifunctional) were prepared and used for the sorption of inorganic Se(1V) and Se(VI)
species from waters prior to their determination by atomic spectrometric techniques,
namely, inductively coupled plasma mass spectrometry (ICP-MS) and hydride
generation atomic absorption spectrometry (HGAAS). The presence of the functional
groups on the surface of the silica was demonstrated by using several characterization
techniques such as scanning electron microscopy (SEM), solid-state NMR
spectroscopy, thermo gravimetric analysis (TGA), elemental analysis and Brunauer-
Emmett-Teller (BET) surface area analysis.

Amine-modified silica was found to be selective towards Se(VI) at pHs 2.0 and
3.0 whereas mercapto-modified silica retains Se(IV) over a wide range from acidic
regions to pH 4.0. Bifunctional silica, on the other hand, possesses the good features of
the two sorbents; it can be used in the separate sorption of Se(1V) or of both Se(IV) and
Se(VI) species. Acidic pHs (<1.0) are convenient for the sorption of Se(IV) alone where
no sorption is observed for Se(VI). Alternatively, pH can be adjusted to 2.0 or 3.0 and
Se(1V) and Se(V1) can be retained simultaneously. Desorption of selenium species from
the sorbents was realized with two different eluents; 0.2% (m/v) KIOzin 1 M HCI was
used for Se(IV) and 2.0 M HCI for Se(VI). The efficiency of the proposed sorbents was
demonstrated through spike recovery tests carried out with bottled drinking and tap
water samples and the percentage recoveries were found to change between 82.2 + 7.1
and 109.4 + 3.6 for Se(IV). For Se(VI), mechanically mixed amino- and mercapto-
modified (MIX) silicas in (1:1) ratio has shown the best performance with percentage
recoveries of 87.1 + 3.6 and 74.5 + 6.6 for the spiked bottled drinking and tap water
samples, respectively.



OZET

INORGANIK SELENYUMUN ATOMIK SPEKTROMETRIK
TEKNIKLERLE TAYINI ONCESI TURLENDIRILMESI ICIN AMIN-
VE MERKAPTO- ILE MODIFIYE EDILMIS SILIKANIN KATI FAZ

EKSTRAKSIYON SORBENTI OLARAK KULLANILMASI

Amino-, merkapto-, ve her iki fonksiyonel grubu igeren (gift fonksiyonlu) silika
bazli sorbentler hazirlanmis ve indiiktif eslesmis plazma kiitle spektrometri (ICP-MS)
ve hidriir olusturmali atomic absorpsiyon spektrometri (HGAAS) gibi atomic
spektrometrik tekniklerle tayin dncesi, anorganik Se(IV) ve Se(VI)’nin sorpsiyonunda
kullanilmigtir.  Silika ylizeyinde fonksiyonel gruplarin varligi, taramali elektron
mikroskopi (SEM), kati-hal NMR spektroskopi, termo gravimetrik analiz (TGA),
elementel analiz ve Brunauer-Emmett-Teller (BET) yiizey alami analizi gibi cesitli
karakterizasyon tekniklerinin kullanimiyla gosterilmistir.

Amino- gruplariyla modifiye edilen silikanin pH 2.0 ve 3.0’da Se(VI)’ya segici
davrandig1 bulunurken, merkapto- ile modifiye edilen silikanin asidik bolgelerden pH
4.0’a kadar genis bir aralikta Se(VI)’y1 tuttugu belirlenmistir. Cift fonksiyonlu silika ise
her iki sorbentin de iyi oOzelliklerine sahiptir; sadece Se(IV)’iin veya Se(IV) ve
Se(VI)’nin birlikte sorpsiyonunda kullanilabilir. Asidik pH’lar (<1.0) sadece Se(IV)
sorpsiyonu i¢in uygundur; Se(VI) icin sorpsiyon gozlenmemektedir. Diger yandan,
cozelti pH’s1t 2.0 veya 3.0’a ayarlanabilir, Se(IV) ve Se(VI) birlikte tutulabilir.
Selenyum tiirlerinin  sorbent yiizeyinden desorpsiyonu iki farkli eluent ile
gerceklestirilmistir; Se(IV) i¢in 1 M HCI i¢inde hazirlanmis 0.2% (m/v) KIOs3, Se(V1)
icinse 2.0 M HCI kullanmilmistir. Onerilen sorbentlerin yetkinligi, siselenmis igcme suyu
ve musluk suyuna katim/geri kazanim testleriyle gosterilmis, geri kazanim yiizdelerinin
Se(IV) i¢in 82.2 + 7.1 ve 109.4 + 3.6 arasinda degistigi bulunmustur. Se(VI) i¢in en 1iyi
performansi, sadece amino- ve sadece merkapto- gruplariyla modifiye edilmis
silikalarin (1:1) mekanik karigimiyla elde edilen sorbent gostermis, geri kazanim
yiizdeleri, katkilanmis siseli igme suyu ve musluk suyu i¢in sirasiyla 87.1 £ 3.6 ve 74.5

+ 6.6 olarak belirlenmistir.
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CHAPTER 1

INTRODUCTION

1.1. Essentiality of Selenium

Selenium is both trace and essential element that has a lot of important
biological functions in human body. In recent years, researchers have been interested in
selenium speciation increasingly because of the uncertain nature of selenium. It can be a
toxic or an essential element depending on its concentration. It has been stated that
consumption of selenium at levels less than 0.1 mg kg™ per day will cause deficiency,
whereas more than 1 mg kg™ will cause toxicity (Wada et al. 1993). Severe irritations
on the respiratory system, a typical metallic taste in the mouth, pulmonary edema, the
characteristic smell of garlic in the breath, and sweat due to dimethyl selenide are some
symptoms of selenium overdose (Bedwall et al. 1993; Diaz et al. 1997).

In earlier times, only toxic effects of selenium were considered. Chronic
poisoning has been reported from high levels of selenium exposure from some types of
plants that have been grown in soils, which can accumulate high selenium contents, and
from animals eating these plants (Levander and Burk 1994). In 1979, Keshan Disease
Research Group (1979) from China has found some evidence regarding the disease
called Keshan caused by the low selenium content in that zone. Keshan disease can
cause cardiac muscle degeneration and affects children and premenopausal women.
There are other problems that can be caused by selenium deficiency such as muscle
problems, digestive alterations, cardiovascular disease and rheumatic disturbances
(Neve et al. 1987; Ortuiio et al. 1996).

The antioxidant behavior of selenocysteine that constitutes the active center of
the glutathione peroxidase enzyme (GSH-Px) is one of the important functions of
selenium (Chappuis and Poupon 1991; Levander and Burk 1994). The reduced form of
this enzyme reduces the hydrogen peroxide and lipidic hydroperoxides at the level of
the cytosol and mitochondrial matrix (Chappuis and Poupon 1991; Simonoff and
Simonoff 1991). Selenium has also the ability to suppress the toxicity of other heavy

metals such as mercury, lead, silver although the interaction mechanism has not been
1



completely understood and 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

Various forms of selenium are present in the environment and in biological
systems; such as the inorganic Se(1V) (SeOs>, selenite), Se(V1) (SeO,”, selenate), and
selenides (e.g. HgSe), and a bunch of organic forms such as selenomethionine,
selenocysteine, selenocysteine, and dimethylselenide. Species containing methyl groups
are volatile. Hydrogen selenide is the most toxic form among all selenium compounds
(Agency for Toxic Substances and Disease Registry 1996). Inorganic forms are mostly
found in soils and natural waters, whereas organic forms can exist in yeast, broccoli,
garlic, onion, mushrooms, wheat, and soybeans (Polatajko et al. 2006). Animals,
especially fish, have higher selenium content than plants (Ari et al. 1991; Benemariya
1992; Diaz-Alarcon 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). In acidic soils, selenite which is
the less absorbable and insoluble form is predominant and therefore it is not available
for plants. In alkaline soils, on the other hand, selenite is oxidized to selenate and
becomes easier to be absorbed by plants (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). Common forms are seleno-
methionine, selenocysteine and selenocystathionine.

Selenium is generally found in four oxidation states, -2 (H,Se), 0 (elemental
selenium), +4 (Se05%), and +6 (Se0,>). The presence of the particular ions depends on
the pH and the redox potential of the solution. Therefore Pe-pH stability field diagram
of selenium can be used to predict the dominant forms. 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).

-10 : —

pH

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

1.3. Bioavailability of Selenium

An essential element must be available from food and be absorbed by the gut
and then used by the body. Experiments done both with animals and humans have
shown that organic forms of selenium are more bioavailable than its inorganic forms
(Dumont et al. 2006). The comparison made between selenite and selenate has
demonstrated no observable distinction but since selenite is less stable and more toxic
than selenate, the latter can be considered as a more convenient form for selenium
intake.

The importance of selenium concentration in human, as mentioned before,
originates from the fact that, it can be either toxic or necessary. In addition, the total
concentration of selenium is not sufficient to understand the real effect of the element

and therefore, it is necessary to consider the bioavailability of the nutrient. The amount
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absorbed and used by the organism is required to be known because generally only a
small portion can be transformed to a biologically available form (Cabaiero et al.
2007). The most important selenium sources in diet are wheat and meat. Se-Cysteine
and Se-Methionine forms are mostly found in meat and they are essential aminoacids
(Dumont et al. 2006). Selenium content of fish is high but it is not highly bioavailable
because selenium forms insoluble inorganic complexes (Pappa et al. 2006). Finley et al.
(2004) stated that the chemical forms of selenium species also change among foods. For
instance, although broccoli contains methylated forms of selenium, its bioavailability is
low. On the other hand, red meats which can accumulate high selenium are also highly
bioavailable for selenoprotein synthesis. The Food and Nutrition Board of the United
States Research Council has suggested dietary limits as 70 pg Se/day for a healthy adult
man and 55 pg Se/day for a healthy adult woman (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 lzgi 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(V1) in environmental samples after the solid phase extaction of Se(IV)-ammonium
pyrrolidine dithiocarbamate (APDC) chelate on Diaion HP-2MG. Valencia et al. (1999)
developed a method based on solid-phase spectrophotometry to determine Se(1V) in
natural waters. The principle of the method was the oxidation of potassium iodide by
Se(lIV) in acidic conditions and the formation of an ionic association complex of
resulting I3~ with Rhodamine B (RB) fixed on a dextran type lipophilic gel. Then the gel
phase absorbance was measured at 590 and 800 nm.

Another method using spectrophotometry was proposed by Chand and Prasad
(2009) for the determination of Se(l1V), 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,
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and the monitoring of the absorbance spectrophotometrically at 507 nm as a function of
time. Zhao et al. (2010) developed a method using a low volume microwave digestion
procedure. The selenium content of the samples was determined by hydride generation
atomic fluorescence spectrometry (HG-AFS), or voltammetry. All forms of selenium
compounds in biological samples were decomposed to selenite. Microwave digestion
conditions were optimized using concentrated HNO3; and H,SO,. Panigati et al. (2007)
employed differential pulse cathodic stripping voltammetry (DPCSV) on the hanging
drop mercury electrode (HDME) in the presence of Cu(ll) to determine the total
selenium content in rice. A mixture of wet acid/dry ashing with Mg(ll) salts were used
to carry out the digestion in open vessel. Zhang et al. (2009) used nano-titanium dioxide
particles for the removal of Se(IV) and Se(VI) from aqueous solutions. Selenium
determinations were made by UV-VIS spectrometry using 1.0 mL 6.0 mol L™ HCI, 3.0
mL 0.05% malachite green, 3.0 mL 10% Kl and 3.0 mL 10% Arabic gum solution.
Other methods such as inductively coupled plasma atomic emission
spectrometry (ICP-AES) and hydride generation-inductively coupled plasma optical
emission spectrometry (HG-ICP-OES) were also used in most of the studies (Harwood
et al. 1997, Stripeikis et al. 2000). Hydride generation atomic absorption spectrometry
(HGAAS) is widely used because it provides the advantage for the determination of the
different forms of selenium. Maleki et al. (2005) introduced a HGAAS method for the
determination of traces of selenium at ng mL™ concentration ranges using a solid
mixture of tartaric acid and sodium tetrahydroborate. Inductively coupled plasma mass
spectrometry (ICP-MS) is one of the most effective methods in order to detect very low
concentrations (ug L) of selenium with a proper linear dynamic range (Kéapolna et al.
2006, Miekeley et al. 2005). Liu (2009) introduced a method based on nano-Al,Oj3 solid
phase extraction technique for the determination of ultra-trace amounts of inorganic

selenium species in agueous systems and used IC-ICP-MS as the detection system.

1.5. Speciation of Inorganic Selenium

As mentioned in previous sections, determination of the total concentration of
selenium will not be sufficient for the true evaluation of the toxicity, bioavailability,
absorption, and emission of the element. The necessity of determining different



oxidation states and chemical forms has led the researchers to separation and speciation
analyses.

Over years, quite a large number of articles have been published related to the
speciation of inorganic selenium. Miekeley et al. (2005) used a new method for the
speciation of Se(lV), Se(VI), and selenocyanate based on the ion chromatographic
separation. An anion exchange column (Metrosep A Supp 1) was used with the mobile
phase consisting of a solution of cyanuric acid ( 3 mmol L), modified with acetonitrile
(2% v/v) and perchlorate acid (2.5 mmol L™). Separated selenium species were
determined with quadrupole ICP-MS. Another study made by Kapolna et al. (2006)
investigated selenium species in chives using HPLC-ICP-MS. Selenium containing
amino acids were separated with reversed-phase ion-pairing chromatography and
detected with ICP-MS.

Chen et al. (2009) used a micro-column packed with lanthanum hydroxide
precipitate coated onto cellulose fibre for the separation and speciation of inorganic
selenium. The eluent was NaBH,;-NaOH. Hydride was generated with the mixing of
eluate and hydrochloric acid followed by the detection with HG-AFS. Selenate was
reduced to selenite and speciation is estimated by the difference of total inorganic
selenium and selenite. A electrodeposition—electrothermal AAS method for speciation
analysis of selenocysteine and Se(lV) 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 inorganic selenium
species electrodeposited was Se(1V), and organic selenium species was selenocysteine.

A new method was proposed by Li et al. (2008) for the simultaneous speciation
of inorganic selenium in water by electrothermal vaporization ICP-MS following
selective cloud point extraction (CPE). The principle of the method is based on the
formation of Se(IV)-diethyldithiocarbamate (DDTC) complex at pH 6.00, and the
quantitative extraction of the complex into the non-ionic surfactant-rich phase of
octylphenoxypolyethoxyethanol (Triton X-114), whereas Se(V1) remained in agueous
solutions. The total selenium content was measured by ETV-ICP-MS after the reduction
of Se(VI) using L-cysteine and concentration of Se(VI) was calculated from the
difference. Lin (2007) used a Dowex 1X2 resin separation technique followed by
analysis with AAS for the study of inorganic selenium speciation in groundwaters. The



species, Se(IV) and Se(VI), retained on the resin column were eluted with 0.1 M and 1
M nitric acid solutions.

Tiizen et al. (2007) presented a separation and speciation procedure for selenium
in food and water samples prior to its determination with GFAAS. Magnesium
hydroxide was used as the coprecipitating agent, and Se(VI) was reduced using
hydrochloric acid and microwave digestion. The method was employed to determine the
total selenium concentration in both natural waters and various food samples after

microwave digestion.

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) allows the
separation of two or more components due to their unequal solubilities in two
immiscible liquid phases. Electro-deposition is an electrolytic process in which a metal
is deposited at the cathode from a solution of its ions. Coprecipitation is a simultaneous
precipitation process in which a normally soluble component is precipitated with the use
of a macro-component from the same solution by the formation of mixed crystals,
adsorption, occlusion or mechanical entrapment. lon exchange is a reversible chemical
reaction wherein an ion (an atom or molecule that has lost or gained an electron and
thus acquired an electrical charge) from solution is exchanged for a similarly charged
ion attached to an immobile solid particle. In membrane filtration, there is a membrane
which acts as a very specific filter that will let water flow through, while it catches
suspended solids and other substances.

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 proper solvent. There are basicly two application modes of SPE; namely, the
column and the batch modes. 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). The
concentration of analyte in the effluent (non-sorbed fraction) is determined and used for
the calculation of the percentage sorption. The recovery of the analyte (retained by the
sorbent) is realized 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.

Sample
solution

Sample

solution

Eluent

Total Recovery =

[analyte]eluate X 100
[analyte:Lample (l 1)

N g

Effluent— % sorption Eluate — % elution
(a)
3 Shake
—_— Effluent— % sorption
Filter

Solid sorbent

Solid sorbent

Shake 3
e )
. Eluate — % elution
Filter
(b)

Figure 1.2. Schematic illustration of the SPE modes (a) column type, (b) batch type.



In batch type SPE, a proper amount of solid sorbent is weighed and put into the
sample solution. After shaking and filtering processes, the sorbent is taken into a small
amount of eluent and similar shaking and filtration steps are applied (Figure 1.2).
Following the analysis of the filtrate by a proper method, the percentage sorption, the
percentage elution, and the total recovery can be calculated as in the case of column
type SPE.

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.
To avoid these problems sample particulate matter should be removed by filtration prior
to SPE analysis. As any method, SPE has both advantages and disadvantages over the
other methods mentioned above. The technique is simple, fast, does not require a large
amount of solvent, and has ability to attain high preconcentration factors. In addition,

the target species can be fixed in a more stable chemical form on the solid surface.

1.7. Silica as Solid Sorbent

Silica can be used in the sorption of quite a high number of analytes either
directly or after the modification of its surface with proper functional groups. The
sorption capacity of silica towards some metal ions, especially Cu, Ni, Co, Zn or Fe, has
been reported to be very high (Sarkar et al. 1996). The silica surface consists of silanol
groups and is suitable for modification with organic functional groups. The
modification of the surface can be realized in basicly two routes. In the first method, the
organic reagent is adsorbed directly on the silanol group either by passing the solution
through a column packed with silica (Liang et al. 2005) or by shaking silica in the
reagent solution (Lorena et al. 1998). In the second method, the organic groups are
bonded to the surface of silica covalently. The organic functional groups are expected to
show high affinity to retain analyte species by forming chelates.

Silica has been used by many researchers as a starting material. After the
successful modification of its surface, it becomes a very good sorbent for removal,
speciation, preconcentration or separation of different species of an element such as

arsenic, selenium, vanadium, etc. Burke et al. (2009) introduced aminopropyl and
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mercatopropyl functionalized and bi-functionalized mesoporous silica spheres to extract
various metal ions such as Cr, Ni, Fe, Mn, Pd from aqueous solution. For the
characterization of sorbents, elemental analysis and FTIR techniques were used. The
principle of the synthesis was a post-synthesis reflux procedure. Co-functionalization
was reported not to change the sorption capacities. AAS and ICP-AES were used to
determine the extraction efficiencies of each metal ion species from solution at different
pHs. Maximum sorption capacities were determined to be 384 pmol g * for Cr, 340
umol g~* for Ni, 358 umol g * for Fe, 364 umol g * for Mn and 188 pmol g * for Pd.

Zheng and Hu (2009) have developed a new method for inorganic selenium
determination with dual silica monolithic capillary microextraction (CME) on-line
hyphenated with ICP-MS. The microcolumn was composed of a 3-mercaptopropyl-
trimethoxysilane (MPTS) modified silica monolithic capillary (C1) and a N-(2-
aminoethyl)-3-aminopropyltrimethoxysilane (AAPTS) modified silica monolithic
capillary (C2). The silica supports were synthesized with sol-gel method. In another
study by Tarafdar and Pramanik (2006), amino-functionalized mesostructured silica—
zirconia mixed oxide has been synthesized through a synthesis path using water soluble
sodium silicate, zirconium(IV) carbonate complex and 3-aminopropyltriethoxysilane in
the presence of anionic surfactant sodium dodecyl sulphate. The sorbent has been
reported to show excellent adsorption properties towards arsenate ions.

Blitz et al. (2007) introduced a group of newly synthesized sorbents based on
silica modified with different functional groups such as amino-, cyano-, mercapto- and
thiocyano- functional silanes. Nitrogen adsorption method was used to observe the
difference in characteristics of the sorbents. Sorption studies made with Cu(ll) and
Pb(Il) have demonstrated that narrow pore size resulted in a more favorable AG,gs, but a
larger pore size assured greater access of surface groups to adsorbed ions, resulting in

enhanced adsorption capacity.
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1.8. Aim of This Work

The purpose of this study is to synthesize a sorbent that can be used in speciation
of inorganic selenium, namely selenite (SeO3*) and selenate (SeO4>). For this reason,
silica was selected as the solid sorbent and it was modified with amine- and mercapto-
functional groups separately and together (bifunctional). After characterization of the
sorbents with scanning electron microscopy (SEM), solid-state NMR, thermo
gravimetric analysis (TGA), elemental analysis and Brunauer-Emmett-Teller (BET)
surface area analysis, the experiments were focused on the optimization of the sorption
performance of the sorbents. The parameters were the solution pH, the reaction
temperature, the shaking time, and the sorbent amount. Possibility of repetitive loading
of selenite and selenate was also investigated. Desorption of selenium species from the
sorbents was realized with the use of several eluents. Proposed methodology was
verified through the spike recovery tests carried out with bottled and tap water.
Inductively coupled plasma mass spectrometry (ICP-MS) and segmented flow injection
hydride generation atomic absorption spectrometry (SFI-HGAAS) were used for the

determination of selenium.
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CHAPTER 2

EXPERIMENTAL

2.1. Chemicals and Reagents

All the chemicals were of analytical reagent grade. Ultrapure water (18.2 MQ,
Millipore, 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.

Standard Se(1V) stock solution (1000.0 mg/L) was prepared by dissolving 0.833
g of Na,SeOs, 5H,0 in 1.0% (v/v) HNOj3 and diluted to 250.0 mL with ultrapure water.
Standard Se(V1) stock solution (1000.0 mg/L) was prepared by dissolving 0.598 g of
Na,SeOy in ultrapure water and diluted to 250.0 mL with ultrapure water. Calibration
standards with lower concentrations were prepared daily by appropriate dilution of the
stock standard. Sodium borohydride solution 1% (m/v) was prepared daily in 0.1%
(m/v) NaOH for stabilization. Silica (Merck, Product Code: 1.10184, CAS no: [7631-
86-9]), acetic acid (Riedel-de Haen, Product Code: 27225, CAS no: [64-19-7]), toluene
(Riedel-de-Haen,: Product Code: 24529, CAS no: [108-88-3]), acetone (Merck, Product
Code: 1.00014, CAS no: [67-64-1]), 3-mercapropropyltrimethoxysilane (3-MPTMS)
(Fluka, Product Code: 63800, CAS no: [4420-74-0]), 3-aminopropyltriethoxysilane (3-
APTES) (Merck, Product Code: 8.26619, CAS no: [14814-09-6]) were used for the
synthesis of the sorbents.

2.2. Instrumentation and Apparatus

All pH adjustments and measurements were done using WTW InoLab pH 720
precision pH meter (Weilheim, Germany) using various concentrations of HNO3, NHj,
HCI, and NaOH. Batch sorption studies were carried out using GFL 1083 water bath
shaker (Burgwedel, Germany) equipped with a microprocessor thermostat for both

efficient mixing and constant temperature during shaking. During repetitive loading
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studies Hettich EBA 12 centrifuge (Tuttlingen, Germany) was used to separate the
sorbent for reuse.

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 2°Se (49.60%), it could not be used in ICP-MS measurements
because of the spectral interference of “°Ar*®Ar. Therefore, as an initial check,
measurements were made with the three isotopes, namely, "®Se, ®Se, and #?Se. Counts
at m/z =80 were enormously high which necessitated the use of collision cell. However,
the signals from "®Se 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 2.1.

For heavy matrix solutions such as the eluates after desorption studies, a Thermo
Elemental Solaar M6 Series atomic absorption spectrometer (Cambridge, UK) with an
air-acetylene burner with Segmented Flow Injection Hydride Generation (SFI-HGAAS)
unit with continuous mode was used (Figure 2.1). A selenium hollow cathode lamp at
196.0 nm was used as the source, whereas a deuterium lamp was employed to correct
background in all measurements. The quartz tube atomizer was 10 cm long, 8 mm in
internal and 10 mm in external diameter with a 4 mm bore inlet tube fused at the middle
for the introduction of sample. The quartz tube was heated externally with air-acetylene
flame and nitrogen was used as the carrier gas. Operating parameters for SFI-HGAAS

system can be seen in Table 2.2.

Table 2.1. ICP-MS operating parameters.

Forward power 1500 W
Reflected power 1W
Coolant gas flow rate | 15 L min™
Auxilary flow rate | 0.90 L min™
Sample uptake time 25 sec
Integration time 100 msec
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Figure 2.1. Segmented Flow Injection HGAAS system used in selenium determinations.
D: deuterium lamp, QA: quartz atomizer, HCL: hollow cathode lamp, F:
flame, GLS: gas-liquid separator, W: waste, P: peristaltic pump, V: three
way valve and S: sample (Source: Yersel et al. 2005)

Table 2.2. SFI-HGAAS operating parameters.

Carrier gas (N2) flow rate 200 mL min*

HCI flow rate 6.1 mL min™

HCI concentration 3.0 % (viv)

NaBH, concentration 1.0 % (w/v) stabilized with 0.10 % (w/v) NaOH
NaBH, flow rate 3.0 mL min™

Sample flow rate 7-8 mL min™

Several techniques were applied for the characterization of the sorbents. For
example, a Philips XL-30S FEG scanning electron microscope (Eindhoven, The
Netherlands) was used to take the images of the sorbents. A Perkin Elmer Pyris
Diamond TG/DTA (Boston, MA, USA) was used to investigate the thermal properties
of the sorbents. The compositions of synthesized sorbents were determined by LECO-
CHNS-932 elemental analyzer (Monchengladbach, Germany). Surface area
measurements were performed with Micromeritics Gemini V Series Surface Area
Analyzer (Norcross, USA). Solid-state *C measurements were performed with an ASX
300 spectrometer (Bruker, Rheinstetten, Germany), using cross polarization and magic-

angle spinning (CP/MAS) in the University of Tuebingen (Germany).
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2.3. Aqueous Calibration Plot

Standard solutions from 0.0050 mg L™ to 0.10 mg L™ were prepared from
1000.0 mg L™* Se(IV) and Se(VI) respectively with simple dilution. All standards
contained 1.0% (v/v) HNO3 and measured with ICP-MS. For the desorption study of
Se(1V), HGAAS was used as the detection method. Standard solutions from 0.0050 mg
L™ to 0.050 mg L™ were prepared from 1000.0 mg L-1 Se(IV). For the desorption of
Se(1V), a strong oxidant, potassium iodate (KIO3) was used and the oxidation of Se(IV)
to Se(VI) has occurred. A reduction step was needed to observe selenium signal.
Therefore, Se(V1) was reduced to Se(l1V) 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 with Different Functional Groups

Activation of silica, the surface silanol groups, is necessary for the modification
with a functional group. For this purpose, 5.0 g of silica was treated with 50.0 mL 0.010
M of CH3;COOH and left stirring for an hour. After that, it was washed with ultrapure
water to neutralize the surface of silica. The pH of the solution was controlled with pH
paper regularly to check if it became neutral. Finally it was dried in oven at 120.0 °C for
24 hours. The apparatus used in the synthesis is illustrated in Figure 2.2. To follow the
text easily, the synthesized sorbents were abbreviated as given in Table 2.3.
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Figure 2.2. Apparatus used in the synthesis of the sorbents.

Table 2.3. The abbreviations of the synthesized sorbents.

Abbreviation | Sorbent

Silica Activated silica (blank)

NH, 3-APTES-modified silica

SH 3-MPTMS-modified silica

SN 3-APTES- and 3-MPTMS-modified silica (bifunctional)

MIX Physical mixture of 3-APTES- and 3-MPTMS-modified silica

2.4.1. Synthesis of (3-Aminopropyl)triethoxysilane (3-APTES)-
modified Silica

In order to prepare NH; sorbent, 15.0 g of activated silica was stirred with 9.0
mL of 3-APTES in 30.0 mL of toluene at 110 °C for 24 hours under reflux. One end of
the condenser had anhydrous CaCl, tube to prevent the moisture while the other end had
N2 gas connection to create an inert atmosphere. After the reaction was completed, the
sorbent was washed with 20.0 mL of acetone and 10.0 mL of toluene and dried in oven
at 60 °C for 24 hours. The schematic illustration of the modification of silica is shown

in Figure 2.3.
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2.4.2. Synthesis of (3-Mercaptopropyl)trimethoxysilane (3-MPTMS)-
modified Silica

The same procedure was applied to prepare SH sorbent except 3-MPTMS was

used instead of 3-APTES. The schematic illustration is shown in Figure 2.4.

|
-~ -~ C,H;0-Si—CH,CH,CH,NH, - o
. . OH ! - OH |
-~ | Acetic acid -7 OC,H; - . /\/\
A{——>» 1 OH .- Si NH,
B —on 1—oH ]I)

Figure 2.3. Amine modification of silica. (a) Silica, (b) Activated silica, (c) NHs.

ocH; |
-~ -~ CH;0 -Si—CH,CH,CH,SH - o
. .4+—OH ' _.4+—OH |
-“"| Acetic acid - OCH; ’ /\/\
A{——3 _1—OH o - Si SH
" .4+—OH _4—OH %

Figure 2.4. Mercapto modification of silica. (a) Silica, (b) Activated silica, (c) SH.

2.4.3. Synthesis of Mercapto- and Amine-modified Silica

The only change in the procedure was that, this time, 9.0 mL of 3-APTES and
9.0 mL 3-MPTMS were added to the mixture at the same time. Other steps were exactly

the same.

2.5. Characterization of the Synthesized Sorbents

Characterization is very important to enlighten the structure and properties of the
synthesized sorbents. The structural details may also help understand the possible
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interaction/sorption mechanisms between the selenium species and the solid sorbents.
Solid state NMR results give an idea about how the functional groups are bonded on
silica surface. In addition, several other characterization methods were used such as
Brunauer-Emmett-Teller (BET) surface area analysis to get information about the area
covered by the functional groups, elemental analysis to find out the percentages of
nitrogen, sulfur, hydrogen and carbon in the sorbents, TGA measurements to understand
their thermal degradation behavior, and, scanning electron microscopy (SEM).to obtain

the images of the sorbents.

2.6. Sorption Studies

2.6.1. Effect of Solution pH

Solution pH is one of the most important factors to understand the interaction
between the forms of selenium and the functional groups on the sorbents. For this
reason, initial experiments were carried out to find the optimum pH for sorption. Dilute
HNO3; and NH3; were used to adjust the pH at 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, and 10.0.
Additional experiments were also done in 0.10 M, 0.50 M, and 2.0 M of HCI. During
the pH optimization studies, other sorption parameters were kept constant at 50.0 mg
sorbent amount, 20.0 mL solution volume of 100.0 ug/L Se(IV) or Se(VI) solution.
Sample solution was put in a 50 mL centrifuge tube, and the thermostated water bath
shaker was set to 25.0 °C for 30 min shaking. Finally, the mixture was filtered to
separate the sorbent, and the selenium concentration in the remaining solution was
determined with ICP-MS or HGAAS after it was acidified with HNO3; or HCI,

respectively.

2.6.2. Effect of Shaking Time

Samples were shaken for 1, 5, 15, 30, 60, 120 minutes to understand the effect of
shaking time on sorption. Other parameters were kept constant at 100.0 pg/L selenium
concentration, 20.0 mL solution volume, 50.0 mg sorbent amount, and 25.0 °C sorption

temperature. Sorption experiments were carried out at pH 2.0 and 3.0. In this and also
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all the following optimization studies, SH silica, SN silica and MIX were used for
Se(1V) whereas NH; silica, SN silica and MIX were employed for Se(IV) sorption.

2.6.3. Effect of Sorbent Amount

The effect of sorbent amount was investigated 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 pg/L 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 and 3.0.

2.6.4. Effect of Sorption Temperature

Effect of sorption temperature on the sorption of selenium was examined at 25.0
°C, 50.0 °C, and 75.0 °C. Other parameters were fixed at 100.0 pg/L selenium
concentration, 30 min shaking time, 20.0 mL solution volume and 50.0 mg sorbent

amount. Experiments were carried out at pH 2.0 and 3.0.

2.6.5. Repetitive Loading

To test the reusability of the sorbents, 20.0 mL of 100.0 ug/L selenium has been
shaken with 50.0 mg of sorbent for 30 minutes at 25.0 °C. After shaking, the solution
was centrifuged for 5 minutes at 6000 rpm, and the filtrate was analyzed by ICP-MS for
selenium determination. Another 20.0 mL of selenium solution was put into the tube
containing the sorbent and shaking/centrifugation steps were repeated as before. This
procedure was applied 10 times sequentially. Other parameters were fixed at 100.0 ug/L
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.

2.6.6. Effect of Initial Concentration

The sorption efficiency of NH; silica, SH silica and SN silica was investigated

for Se(IV) alone and Se(IV)+Se(V1) together, at the initial concentrations of 0.10, 1.0,
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10.0, 50.0 and 100.0 mg L. For this purpose, 20.0 mL of these solutions were shaken
with 50.0 mg of sorbent at 25.0 °C for 30 min. The sorption studies with Se(IV) were
carried out at pH 2.0 for SH silica and in 2.0 M HCI for NH; and bifunctional silicas,
while for Se(IV)+Se(VI), the solution pH was kept at 2.0 and 3.0 for the bifunctional
sorbent. The filtrates were analyzed with ICP-MS.

2.7. Desorption Studies

For Se(lV), a strong oxidant, potassium iodate (KIO3); and for Se(VI), 2.0 M
HCI was used for desorption. 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 0.2% (m/v)
KIO3in 1 M HCI and then was removed from the mixture by filtration. The selenium
concentration in the eluate was determined by SFI-HGAAS. In the case of Se(VI), the
desorption step was realized with the use of 2.0 M HCI in a similar procedure. The
sorption parameters were as follows; 100.0 pg/L concentration of Se(IV) or Se(VI),
shaking time of 30 min, solution volume of 20.0 mL, sorption temperature of 25.0 °C,
solution pH of 2.0. The sorbents used were SH silica, SN silica and MIX for Se(1V) and
NHj silica, SN silica and MIX for Sr(V1).

2.8. Method Validation

The sorption performance of the proposed sorbents was first investigated using
the spiked samples of bottled drinking and tap water. The spike concentration was 100.0
ng L™ and the other parameters were as follows; solution pH of 1.0, 2.0, 3.0 for Se(1V)
and 2.0, and 3.0 for Se(VI), shaking time of 30 min, solution volume of 20.0 mL,
reaction temperature of 25.0 °C. As mentioned before, SH silica, SN silica and MIX
were used for Se(l1V), and NH; silica, SN silica and MIX were used for Se(VI). The
methodology was also verified through spike recovery tests with the use of the related
sorbents. During these studies the solution pH was 2.0 and the eluent volume was 20.0

mL while the other experimental parameters were kept constant as above.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Characterization of the Sorbents

3.1.1. Solid State Nuclear Magnetic Resonance (SSNMR)
Spectroscopy

Solid state NMR spectra were obtained to elucidate the structure of the
synthesized sorbents. Figures 3.1, 3.2 and 3.3 indicate the NMR spectra of NH; silica,
SH silica, and SN (bifunctional) silica, respectively. On the **C NMR spectrum of NH,
silica, the peak numbered as 1 belongs to the carbon atom which is bound to silicon
atom because it is the farthest carbon to the amine group and the electron density on this
carbon is higher than the other carbons. It is relatively shielded and gives the closest
peak to O ppm. The peak at 24.37 ppm is a bit closer to amine group which means
electron density on this carbon is higher than the first carbon which leads a shift to the
downfield region. The third peak at 44.95 ppm belongs to the carbon atom attached to
the amine group, having the lowest electron density. This carbon is deshielded and has
the highest chemical shift.

On the **C NMR spectrum of SH silica (Figure 3.2), similar peaks are observed
except there is a fourth peak at 52.15 ppm which belongs to the carbon atom attached to
the oxygen atom. It has the lowest electron density and it is deshielded by highly
electronegative oxygen, thus it gives the highest chemical shift. SN spectrum (Figure
3.3) has many peaks regarding both functional groups. Peaks numbered as 3 and 3’
point out the carbons which are attached to amine and mercapto groups. Since nitrogen
is more electronegative than sulfur, carbon numbered as 3 has lower electron density
than 3, therefore has a higher chemical shift. Peaks numbered as 4 and 4’ belong to
carbons attached to the oxygen. Finally there is a fifth peak in this spectrum belongs to

the B carbon of oxygen.
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Figure 3.1. NMR spectrum of NHj silica.
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Figure 3.2. NMR spectrum of SH silica.
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Figure 3.3. NMR spectrum of SN silica.

3.1.2. Brunauer-Emmett-Teller (BET) Surface Area Analysis

Table 3.1 indicates that modified silicas have lower surface areas and smaller
pore widths than silica. The reason for these results must be the coverage of the silica
surface with the functional groups through the formation of bonds between the silanol
groups on the surface and the functional silanes.

Table 3.1. BET analysis results of silica and modified silicas.

Sorbent | BET surface area (m°g™) | Average pore width (A°)
Silica 253.9 17.3
NH, silica 168.9 14.1
SH silica 189.6 14.1
SN silica 183.9 14.1
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3.1.3. Scanning Electron Microscopy (SEM)

The surfaces of synthesized sorbents were investigated using scanning electron
microscopy. Characteristic SEM images of unmodified and modified silicas are shown
in Figure 3.4. From the figure, it can be concluded that the unmodified silica has bigger
particles than the others. Rather than being a real difference, this observation can be
related to the synthesis procedure in which the mixture is refluxed and the silica

particles become smaller during the reaction.
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Figure 3.4. Characteristic SEM images of (a) unmodified silica, (b) NH; silica, (c) SH
silica, (d) SN silica.
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3.1.4. Elemental Analysis

The percentages of C, H, N, and S of synthesized sorbents were determined by
elemental analysis and the results are given in Table 3.2. The percentages of N and S of
modified silicas demonstrate that the functional groups are bonded onto the silica
surface. This is also confirmed by the increase in the percentages of C and H indicating
the attachment of 3-APTES and 3-MPTMS on silica. NH; silica has 2.10% N and SH
silica has 3.72% S. On the other hand, the N and S percentages of the bifunctional silica
are 1.62% and 2.62%, respectively. It appears that mono functionalized silicas have
higher percentages of N and S than bifunctional silica. However, in the end, the total
percentage of these elements refers to a higher percentage of modification. Additional
measurements were done after desorption to see whether the eluents deteriorated the
silica surface by removing the functional groups or not and it was found that the eluents
did not cause a big change in the percentages of N and S. (Table 3.3) Although this
observation has indicated the presence of N and S on the surface, it does not confirm the
availability of the functional groups unless repetitive use of the sorbents has been
demonstrated.

Table 3.2. Elemental analysis results of the synthesized sorbents.

Sorbent C% | H% | N% | S%
Silica 0.16 | 0.88 ND ND
NH;silica 6.25 1.86 2.10 ND
SH silica 5.23 1.44 ND 3.72
SN silica 6.45 | 165 | 1.62 | 2.62

ND: Not detected

Table 3.3. Elemental analysis results of the synthesized sorbents after desorption.

Sorbent C% [ H% | N% | S%
NH silica 464 | 289 | 241 ND
SH silica 474 | 1.49 ND 3.91
SN silica (Se(1V)) 6.16 | 179 | 123 | 275
SN silica (Se(VI)) 6.34 1.72 1.75 2.96

ND: Not detected
25



3.1.5. Thermo Gravimetric Analysis (TGA)

Thermo gravimetric analysis was applied to the unmodified silica and the
synthesized sorbents to investigate the extent of modification by monitoring the change
in percent weight of the samples with increasing temperature. The graphs are given in
Figure 3.5. Unmodified silica reveals approximately 4% weight loss between 25-200 °C
due to the removal of water adsorbed on the surface. NH, and SH modified silica
sorbents show similar thermal characteristics in the same temperature range; 4.6% and
1.5% weight loss, respectively because of the same reason. The thermal behavior of the
bifunctional sorbent is between NH, and SH modified silicas, showing 3.0% loss at
around 200 °C. Figure 3.5 also gives information about the weight loss between 200-
600 °C as 7.1% for NH; silica, 10.2% for SH silica, and 9.5% for bifunctional silica

which can be explained by the degradation of organic functional groups.
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Figure 3.5. TGA curves of (a) unmodified silica, (b) NH; silica, (¢) SH silica, (d) SN
silica.
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3.2. Calibration Plots

3.2.1. Calibration Curve for Se(1V) and Se(VI) Using ICP-MS

Plots of signal versus concentration constructed for Se(IV) and Se(VI) using
ICP-MS can be seen in Figure 3.6. 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 pg
Lt

16000

—o— Se(IV)
14000 1 | —w— Se(VI)

12000 A

10000 A

8000 -

Signal

6000 -

4000 -

2000 A

0.0 20.0 40.0 60.0 80.0 100.0 120.0

concentration (pg/ L™

Figure 3.6. Calibration plots of Se(IV) and Se(VI). ( ®) Se(IV) (y= 95.998x - 32.3,
R?=0.9999), (¥) Se(VI) (y= 138.01x — 12.65, R?=0.9999)

3.2.2. Calibration Curve for Se(IV) Using HGAAS

Plot of absorbance versus concentration constructed for Se(IV) using HGAAS
can be seen in Figure 3.7. 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 pg L™
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Figure 3.7. Calibration plot of Se(1V). (y= 0.0021x + 0.0015, R?*=0.9975)

3.3. Sorption Studies

3.3.1. Effect of Solution pH

The solution pH is one of the most important parameters which have a direct
influence on the sorption. It 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(V1) are shown in Figure 3.8. Depending on the solution pH, Se(IV) can be in three
different forms in aqueous solutions; namely, H,SeOg is predominant in pHs lower than
2, HSeO;™ between pH 2 and 8, and SeO3* above pH 8 (Figure 3.8(a)). When Se(VI) is
considered, SeO,* and HSeQ, are the predominant forms above and below pH 2,
respectively (Figure 3.8(b)).

The effect of solution pH on the sorption of Se(IV) and Se(VI) is shown in
Figure 3.9. Separate graphs were also drawn to better see the efficiency of each sorbent
in the sorption of both species (Figure 3.10). As can be seen from Figure 3.8(a), NH;
silica showed weak sorption towards Se(IV) except for 2.0 M HCI (>95%). At first
look, this high acidity region appears to be a convenient medium for Se(IV) sorption by
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NH; silica; however, as will be shown later, the efficiency of the sorbent is open to
environmental affects and is not robust. On the other hand, this sorbent displays almost
a quantitative (>95%) sorption to Se(VI) at pHs 2.0 and 3.0. The sorption mechanism
can be explained by the electrostatic interaction between the protonated amine groups
on the silica surface and the negatively charged forms of Se(VI) in the solution,
predominantly, SeO,”". These results demonstrate that NH silica is an efficient sorbent
for Se(VI) at the indicated pH values under the experimental conditions applied.

Figure 3.10(b) shows that SH silica is very effective in the sorption of Se(IV)
over a wide pH range (>95%), from very acidic regions to pH 4.0, whereas Se(V1) is not
retained appreciably at any pH values. Here, the interaction can be attributed to the
chelate formation between the mercapto functional groups on the silica surface and the
selenium species in the solution, namely, H,SeO3 and HSeO; .

It can be concluded from the previous two paragraphs that, NH, silica and SH
silica can be used for the separate sorption of Se(VI) and Se(lV), respectively, after a
simple pH adjustment step. On the other hand, bifunctional (SN) silica possesses the
good features of the two sorbents; it can be used in the separate sorption of Se(IV) or
sorption of both species after a pH adjustment step. For example, acidic pHs (<1.0) are
convenient for the sorption of only Se(IV) where no sorption is observed for Se(VI).
Alternatively, pH can be adjusted to 2.0 or 3.0 and thus Se(IV) and Se(VI) can be
retained simultaneously. Although this observation needs to be verified further, it can be
speculated that the two functional groups, namely amino- and mercapto-, behave
synergistically. This finding also demonstrates the better efficiency of the bifunctional
sorbent compared to the mono functionalized silicas.

In order to check whether the superior performance of the bifunctional sorbent is
due to the presence of both —NH, and —SH functional groups in the mixture at the same
time, mono-functionalized silicas were mechanistically mixed at equal portions (50:50)
and this new mixture of the sorbents (MI1X) was used in a similar manner. The sorption
percentages given in Figure 3.10(d) indicate a comparable performance as the
bifunctional sorbent. Although the mixed sorbent confirmed the synergistic behaviour
of both functional groups, it was not as robust as the bifunctional sorbent and therefore,
was not used in further studies. Still, this mixing strategy offers a potential for various

applications.
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3.3.2. Effect of Shaking Time

Figure 3.11 shows the effect of shaking time on Se(VI) sorption at pH 2.0 for
NH; silica, SN silica, and MIX silica. As in the case of Se(1V), there is an appreciable
sorption (>90%) even in 5 min, but the maximum sorption is obtained in 30 min. In
further experiments, a shaking time of 30 min was employed for both selenium forms to
make sure obtaining high efficiency in sorption.

The effect of shaking time on Se(IV) sorption was investigated for SH silica, SN
silica, and MIX silica, at pHs 2.0 and 3.0. The results are given in Figure 3.11. As a
general comment, it can be said that all sorbents retain Se(IV) in a very short time; the
percentage sorption was > 95% even in 5 min under the conditions employed at both
pHs. As seen from the figures, MIX silica is not robust as the bifunctional sorbent,
especially at pH 3.0. In spite of the rapid sorption obtained, small particle size of the

sorbents precludes their application in column mode.
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Figure 3.11. Effect of shaking time on Se(V1) sorption at pH 2.0.
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3.3.3. Effect of Sorbent Amount

Several experiments were made to determine the required amount of the sorbents
for the maximum sorption of selenium species. Figure 3.13 demonstrates the results for
Se(VI) at pH 2.0. 50.0 mg sorbent amount was decided to the optimum parameter.
Figure 3.14 demonstrates the results for Se(IV) at pH 2.0. It can be said that even 5.0
mg of SH silica or SN silica is sufficient for an efficient uptake (>95%) under the
experimental conditions applied whereas 10.0 mg was found to give quantitative
sorption. For MIX silica, a minimum amount of 10.0 mg was necessary for efficient
sorption. At pH 3.0, the sorption performance of MIX silica deteriorated with the
increase in the amount of sorbent (Figure 3.14(b)). Although it needs further
verification, this finding might have resulted from the more Kinetically-favored
interaction of Se(IV) with mercapto than with amino groups. In further experiments,

50.0 mg of the sorbents were used to guarantee the quantitative sorption.
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Figure 3.13. Effect of the sorbent amount on Se(VI) sorption at pH 2.0.
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3.3.4. Effect of Sorption Temperature

Sorption behavior of the related sorbents towards Se(lV) and Se(VI) was
examined at different temperatures. As shown in Figure 3.15(a), SH and MIX sorbents
have shown no change with the increase in temperature whereas the sorption of SN
silica decreased to 90% demonstrating the exothermic nature of the sorption. The results
of Se(VI) study have indicated a very small decrease in the sorption of NH, and MIX
silicas with increasing temperature whereas SN silica displayed an opposite
behavior.(Figure 3.15(b)) These results have shown the necessity of close control of the
sorption temperature; for this reason, further experiments were carried out at a constant

temperature of 25.0 °C.

3.3.5. Repetitive Loading

As explained in Section 2.6.5, sequential sorption experiments were realized for
both forms to check the reusability of the sorbents. As shown in Figure 3.16(a), for
Se(lV), all the related sorbents can be used even 10 times sequentially without a
significant decrease in the percentage uptake. On the other hand, for Se(VI), the
sorption percentage of NH, and MIX silicas has decreased slightly whereas the decline

for bifunctional silica was noticeable.
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3.3.6. Effect of Initial Concentration

Sorption efficiency of SH, NH, and SN silicas was tested as a function of initial
concentration of Se(IV) alone and Se(IV)+Se(V1) together at the related pHs. As shown
in Table 3.4, with the increase in the initial concentration of Se(IV), a slight decrease in
percentage sorption has first occurred for 50.0 mg L™, and then for 100 mg L™ the
capacity of the SH silica has decreased almost to 50%. Table 3.5 demonstrates the
results of the sorption percentages of Se(IV) using SN and NH; silicas in 2.0 M HCI.
Bifunctional silica has shown almost quantitative sorption at an initial concentration of
10.0 mg L™ while the percentage sorption of NH; silica started to decrease even for an
initial concentration of 1.0 mg L™ to 25.6%. These findings are also consistent with the
previous results given in Section 3.2.1 in a way that the silica sorbent functionalized
only with NH, groups is not sufficient even for such a low concentration as 1.0 mg L™.
In addition, this feature demonstrates the better efficiency of the bifunctional sorbent
over mono-functionalized silicas. Table 3.6 indicates the sorption percentages of
Se(IV)+Se(VI) at pH 2.0 and 3.0 using SN silica. As seen, an initial concentration of
10.0 mg L™ for both selenium species can efficiently be retained by the bifunctional

sorbent after which the sorption percentages start to decrease gradually.

Table 3.4. Effect of initial Se(IV) concentration on the sorption by SH silica at pH 2.0.

Concentration (mg L™) | % sorption
0.10 99.4+0.1

1.0 985+0.1

10.0 99.7+0.2

50.0 88.2+1.7

100.0 51.4+55
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Table 3.5. Effect of initial Se(IV) concentration on the sorption by SN and NH; silica in

2.0 M HCI.
Concentration (mg L™) SN NH
0.10 999+0.1]99.3+0.8
1.0 99.7+0.1]256+0.1
10.0 97.9+0.1 ~0
50.0 ~0 ~0
100.0 ~0 ~0

Table 3.6. Effect of initial Se(IV) + Se(VI1) concentration on the sorption by SN silica at

pH 2.0 and 3.0.
Concentration (mg L™) % sorption

Se(IV) Se(VI) pH2 pH3
0.10 0.10 943+0.3/98.2+0.2
1.0 1.0 95.8+0.299.3+0.1
10.0 10.0 85.8+0.5|97.9+0.1
50.0 50.0 59.3+2.7 | 349+0.6
100.0 100.0 56.5+1.920.7+15

3.4. Desorption Studies

For Se(1V), a strong oxidant, potassium iodate (KI1Os3); and for Se(VI), 2.0 M
HCI was used for desorption. In the case of Se(1V), following the sorption step with the
optimized conditions, the sorbent was shaken for an hour in a solution of 0.2% (m/v)
K103 in 1 M HCI and then was removed from the mixture by filtration. The selenium
concentration in the eluate was determined by SFI-HGAAS. In the case of Se(VI), the
desorption step was realized with the use of 2.0 M HCI in a similar procedure. The
sorption parameters were as follows; 100.0 pg/L concentration of Se(I1V) 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 SH silica, SN silica and MIX for Se(IV) and
NH; silica, SN silica and MIX for Se(V1).
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Results of the desorption study performed as explained in Section 2.6 are given
in Table 3.7. The elemental analysis results obtained before and after the desorption step
have shown that at least N and S of the functional groups were still present on the
surface of silica. Therefore, it can be concluded that the use of KIOj results in the
oxidation of Se(IV) to Se(VI) and thus the retained selenium was released from the
sorbents where the sorbents displays no affinity for Se(V1). In the case of Se(V1), on the
other hand, 2.0 M HCI was used as the eluent. The reason for this was the inability of
the sorbents to retain Se(V1) in very acidic regions. The results show the success of the

eluents used for desorption.

Table 3.7. Percentage desorption results of Se(IV) and Se(V1).

Sorbent Eluent % Recovery
Se(lV) | SHsilica | 0.2% (m/v) KIOzin1 M HCI | 90.4(+4.6)
Se(VI1) | NH;silica 2.0 M HCI 83.8(+5.7)
Se(IV) | SNssilica | 0.2% (m/v) KIOzin 1 M HCI | 84.5(%1.2)
Se(VI) | SNsilica 2.0 M HCI 83.4(+4.2)
Se(IV) | MIX [ 0.2% (m/v) KIOzin 1 M HCI | 95.9(£5.5)
Se(VI) |  MIX 2.0 M HCI 86.4(+2.5)

3.5. Method Validation

As mentioned in Section 2.8, the proposed sorbents were applied to spiked
samples of bottled drinking and tap water. Firstly, the sorption performance of the
sorbents was checked. The results are summarized in Table 3.8 and 3.9 for Se(IV) and
Se(V1), respectively. As can be seen from Table 3.8, the related sorbents displayed very
efficient performances towards Se(IV) at the indicated pHs; the sorption percentages
were above 97.7% in all cases. In contrast to Se(IV), the situation is more complicated
for Se(V1). According to Table 3.9, the choice of the sorbent must be based on the pH
of the sample since pH 2.0 is more convenient for NH, silica whereas pH 3.0 provides
better results for the bifunctional sorbent for both water types. MIX silica, on the other

hand, exhibits a superior performance at both pHs for both water types.
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In line with the sorption results mentioned above, the spike recoveries after
sorption/elution steps were acceptable for Se(IV) for the three sorbents investigated,
namely, SH, SN, and MIX silicas. As can be seen from Table 3.10, the percentage
recoveries changed between 82.2 + 7.1 and 109.4 £ 3.6. For Se(VI), MIX sorbent has
shown better spike recoveries for Se(1V) and Se(V1) species as given in Table 3.11. For
spiked bottled drinking and tap water samples, the respective percent recoveries were
87.1 £ 3.6 and 74.5 + 6.6. The relatively lower results for the bifunctional sorbent might

be attributed to the possible interfering species present in the water samples.

Table 3.8. Percent sorption of spiked selenite in bottled drinking and tap water.

% Sorption of Se (1V)
Bottled Drinking Water Tap Water
SN silica | MIX SH silica | SN silica | MIX SH silica
1.0 98.6£0.1 | 97.7+0.1 | 97.8£0.3 | 101.6£0.1 | 99.9+0.8 | 100.9+0.1
2.0]98.7+0.1 [ 97.94+0.3 | 98.4+0.1 | 101.5+£0.1 | 100.9+0.4 | 101.4+0.1
3.0 [ 98.9+0.1 | 92.3+£1.0 | 99.2+2.0 | 100.9 +0.1 | 100.2+0.3 | 101.6=0.1

pH

Table 3.9. Percent sorption of spiked selenate in bottled drinking and tap water.

% Sorption of Se (VI)
Bottled Drinking Water Tap Water
NH; silica | SN silica | MIX NH; silica | SN silica | MIX
2.0195.5£0.2 | 69.6£0.3 | 92.4+0.3 [ 91.3+0.2 |21.5+4.2 | 83.4+0.5
3.0[65.0£8.1 [99.1£0.1 [ 98.24+0.4 | 58.4+0.9 | 81.4+0.3 | 82.2+1.3

pH
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Table 3.10. Percent recoveries of spiked selenite in bottled drinking and tap water.

% Recovery of Se(1V)
Bottled Drinking Water Tap Water

SN silica MIX SH silica | SN silica MIX SH silica
20| 86.842.4 | 109.4+3.6 | 93.2+5.8 | 90.5+1.3 | 82.2+£7.1 | 95.5£2.8

pH

Table 3.11. Percent recoveries of spiked selenate in bottled drinking and tap water.

% Recovery of Se(VI)
Bottled Drinking Water Tap Water

SN silica MIX NH, silica | SN silica MIX NH, silica
20| 57.3£20.4 | 87.1+£3.6 | 75.843.9 | 52.6+£9.1 | 74.5£6.6 | 73.54£2.6

pH




CHAPTER 4

CONCLUSION

In this study, three novel sorbents have been synthesized and used for the
speciation of selenite and selenate in waters. Characterization of the sorbents was
realized using SSNMR, SEM, TGA, BET surface area analysis and elemental analysis
and the successful attachment of the functional groups namely, amine (NH,), mercapto
(SH), or both, on the surface of silica has been demonstrated.

For each sorbent, sorption parameters were optimized and performance data
were obtained by using atomic spectrometric techniques. It has been shown that either
Se(1V) or Se(VI) can be retained and determined with mono-functionalized silicas after
a simple pH adjustment step. Bifunctional silica, on the other hand, has been shown to
be applicable for the sorption of Se(1V) alone or Se(IV) and Se(VI) together. The better
performance of the bifunctional sorbent and mechanically-mixed silica (NH,-silica and
SH-silica in 1:1 ratio) acquired for the spiked water samples is promising and may offer

a new strategy in the speciation studies.
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