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ABSTRACT

DEVELOPMENT OF NOVEL FUNCTIONALIZED
SOLID PHASE EXTRACTION (SPE) SORBENTS AND
SOLID PHASE MICROEXTRACTION (SPME) FIBER COATINGS
FOR ANALYTICAL APPLICATIONS

In the first part of the study, amino-, mercapto- and bifunctional silica-based
solid phase extraction (SPE) sorbents were developed, characterized and utilized for
sorption and speciation of inorganic As(I11)/As(V). Critical parameters on sorption and
desorption of species were investigated. The proposed methodology was validated
through the analysis of a standard reference material. The subsequent studies were
concentrated on the transfer of the experience gained during the modification of silicate
surface for preparation of SPE sorbents to the preparation of SPME coatings.

The second part of the thesis includes the development, characterization and use
of solid phase microextraction (SPME) fibers for the speciation of inorganic and
organometallic arsenic compounds. SPME fiber coatings have been prepared by two
routes, namely, sol-gel synthesis and nanoparticle immobilization. Fibers having amino
functionality synthesized through the sol-gel process were used in the speciation of
As(I11), As(V), monomethyl arsonic acid (MMA) and dimethyl arsinic acid (DMA).
HPLC-HGAAS or HPLC-ICPMS was used in the measurements. Speciation of arsenic
compounds was also realized using SPME fibers modified with zero valent iron
nanoparticles embedded into an agarose matrix. The detection of the solid phase
microextracted analytes was realized by HPLC-ICPMS. Prepared fibers have shown
superior extraction for arsenicals. The effect of several parameters on the extent of
extraction of arsenic species; namely, solution pH, extraction time, agitation speed and
ionic strength were investigated. Validity was checked via the application of the
proposed methodology on real samples (tap water, bottled water and geothermal water,

urine samples) and standard reference materials.



OZET

ANALITIK UYGULAMALAR ICIN iISLEVSELLESTIRILMIS YENI
KATI FAZ EKSTRAKSIYON (SPE) VE KATI FAZ
MIKROEKSTRAKSIYON (SPME) FIBER KAPLAMALARININ
GELISTIRILMESI

Calismanin ilk kisminda, amino-, merkapto- ve her iki fonksiyonel grubu iceren
(bifonksiyonel) silika bazli kati faz ckstraksiyon (SPE) sorbentleri hazirlanmis,
karakterize edilmis ve inorganik As(l11)/As(V) tiirleme ¢alismalarinda kullanilmustir.
Arsenik tdrlerinin sorpsiyonu ve c¢ozeltiye geri alinmasindaki Kkritik parametreler
arastirilmistir. Onerilen metot standart referans madde analizi ile valide edilmistir.
Sonraki ¢alismalar, silika yiizeyinin islevsellestirilmesi ve SPE sorbentlerinin
hazirlanmasi sirasinda edinilen tecriibenin, SPME kaplamalarinin gelistirilmesinde
kullanilmasi {izerine yogunlagmaistir.

Tezin ikinci kismi, kati faz mikroekstraksiyon (SPME) fiberlerinin
gelistirilmesini, karakterizasyonunu ve inorganik/organometalik arsenik bilesiklerinin
tiirleme ¢alismalarinda kullanilmasin1 kapsamaktadir. SPME fiber hazirlanmasinda sol-
jel sentezi ve nanopargacik immobilizasyonu olmak {izere iki farkli rota izlenmistir. Sol-
jel metotu ile amino- fonksiyonel gruplari igerecek sekilde hazirlanan fiberler As(llI),
As(V), monometil arsonik asit (MMA) ve dimetil arsinik asit (DMA) turlemesinde
kullanilmustir. Olgtimler, HPLC-HGAAS veya HPLC-ICPMS ile yapilmistir. Arsenik
tirlerinin ayrilmasinda ayrica agaroz matriksinde sabitlenen sifir degerlikli demir
nanopargaciklariyla kapli SPME fiberleri de kullanilmis, ekstrakte edilen analitler
HPLC-ICPMS ile tayin edilmistir. Hazirlanan fiberler arsenik turleri icin yiksek
ekstraksiyon gostermistir. Cozelti pH’s1, ekstraksiyon siiresi, karistirma hiz1 ve iyonik
guc gibi parametrelerin arsenik tiirlerinin ekstraksiyonuna olan etkisi incelenmistir.
Metodun validasyonu, musluk suyu, sise suyu, jeotermal su ve ¢esitli stardart referans

maddelerin analiz edilmesiyle test edilmistir.
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CHAPTER 1

INTRODUCTION

1.1. Solid Phase Extraction (SPE) and Solid Phase Microextraction
(SPME)

Solid-phase extraction (SPE) is a widely used sample preparation method.
Acting mechanism of SPE depends on partition of analyte between solid active phase
and sample matrix. This method is very similar to liquid liquid extraction (LLE) which
suffers from drawbacks such as requirement for large amounts of organic solvents and
long extraction times and in some cases, from incomplete extraction of analytes. SPE
was introduced in early 1970s to eliminate classical LLE problems (Fritz 1999).
Benefits of the method are preconcentration of analyte to detection threshold values and
enrichment of valuable compounds, sample clean up, purification, and removal of toxics
from environmental samples (Huck and Bonn 2000). Although it was introduced to
overcome classical LLE problems, requirement of less toxic reagents or minimized
handling of the solvents as well as obstructions resulting from multistep extraction and
elution, demands the development of new and more environmentally compatible
methods. For this purpose, the solid-phase microextraction (SPME) was introduced in
early 1990s. SPME, incorporates several sampling, extraction, concentration and sample
introduction processes into a single step (Kataoka 2010; Zhang et al. 1994). In addition
to time saving features of single (multi purpose) step, the other advantage of SPME is
that it is a solvent free method for desorption in gas chromatography (GC). Generally,
only two essential steps exist: partitioning of the analyte between coating and sample
matrix and desorption of the extracted analyte into an analytical instrument (Zhang et al.
1994). In addition to SPME, other microextraction related techniques were also
developed by extending this technology. The generalized form of microextraction
related methods is summarized in Figure 1.1.

The first studies about SPME were started by Janusz Pawliszyn to develop a
solvent free solid-phase extraction method for volatile organic compounds (Zhang et al.
1994). The major problem associated with plugging in the classical solid-phase



extraction method focused on the studies on head space extractive sorbents. This
approach did not suffer from plugging limitations. Coatings of commercial GC capillary
columns were the examples of the first developed SPME active phases for extraction of
the volatile organic compounds (VOCs) (Lord and Pawliszyn 2000). Figure 1.2
illustrates the general view of a commercial solid-phase microextraction fiber and fiber
holder. The fiber consists of a fused silica core coated with an active outside layer. The
fiber with the extracting phase is protected within stainless steel piercing needle for
repetitive use. The stainless steel needle is contained in special designed syringe like
fiber holder.

_....Microextraction techniques _ _._._._.__._._

........................ ) A
Liquid-phase microextraciton i
i (LPME)
O
Single drop ' Membraneassistedé Sample stir ' Sample flow
i (SDME) : ! LPME i ! microextraction i ! microextraction i
P Lo Cimiimrmimemm e d Lo
*In tube SPME *Fiber SPME
*In needle SPME *Stir bar sorptive mextraction (SBSE)
*In tip SPME *Thin film microextrction (TFME)

Figure 1.1. Summary of micro extraction techniques
(Source: Kataoka 2010)
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Figure 1.2. Typical SPME device
(Source: Zhang et al. 1994)

1.2. Types of SPME

SPME can be used in two general approaches, namely, direct mode and
headspace mode (Koning et al. 2009). Direct mode (Figure 1.3a) depends on the direct
immersion of the fiber active phase in the solution containing the non volatile
analyte(s). When equilibrium is established, the fiber is withdrawn and the concentrated
analytes are introduced into the sample introduction port of an analytical instrument
such as high performance liquid chromatograph (HPLC), inductively coupled plasma
mass spectrometer (ICP-MS) or capillary electrophoresis (CE). Primarily, the headspace
mode is used for volatile analytes. Extraction of the analyte(s) from the sample is
achieved just by inserting the active phase of the fiber on the top of the sample without
direct contact with the solution (Figure 1.3b). Extracted analyte(s) are thermally
desorbed on injection port of a GC which provides both qualitative and quantitative
information (Mester et al. 2001). The headspace mode includes extraction and
sequential desorption (to GC) steps and eliminates elution step with solvents. There are
various derivatization agents which make possible the headspace extraction of some non
volatile and semi-volatile analytes. The acting mechanism depends on the changing
polarity (which also affects the volatility) of the analyte. In addition, derivatization has a

function of enabling better chromatographic separations.
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Figure 1.3. SPME extraction modes a) direct extraction, b) headspace extraction,
¢) equilibrium in direct mode, d) equilibrium in headspace mode

1.3. Advantages and Disadvantages of SPME

SPME is a solvent free technique which is one of the most important benefits of
the method. In addition, short application time, analyte concentration ability, improved
detection limits, repetitive use of the same fiber (up to 100 extractions) and selectivity
are other important features. Moreover, it is practical to use with a wide range of
samples such as air samples, solid samples, food samples and aqueous samples
(Risticevic 2009). In contrast to the great deal of advantages limitations arise especially
with lack of analyte specific fiber coatings. Since commercially available fibers are
limited to some polar, non polar and semi-polar characters the extraction of a fiber is
similar for analogous compounds (Nerin et al. 2009; Zhang et al. 1994). Other
drawbacks are poor reproducibility in analysis and production of fibers (Dietz et al.
2006).



1.4. Commercially Available Fibers

Commercially available fibers are divided into three major categories, namely,
polar, semi-polar and nonpolar fibers. The coatings are inspired from commercial gas
chromatographic capillary column fillings. Polydimethylsiloxane (PDMS) is the most
popular non polar coating for SPME. Polydimethylsiloxane/Divinylbenzene
(PDMS/DVB) is semi-polar coating. Polar coatings are polyacrylate (PA) and
Carbowax/Divinylbenzene (CW/DVB) (Mester et al. 2001; 2005). Production of fibers
with distinctive coatings reduces the possibility of extracting interferences and increases
the extraction selectivity. Another classification of the coatings depends on
homogeneity of the active phase. One of them is homogeneous pure polymer coatings
(Pawliszyn 1999). PDMS and PA are examples of homogeneous coatings. The stability
of these coatings via organic solvents is enhanced by cross linking (bonding) of
polymers. The second type of coatings is the porous particles embedded in a partially
cross-linked polymeric phase. These coatings are not robust as homogeneous types but
they are more selective. Examples of blended coatings are PDMS/DVB, CW/DVB and
PDMS/Carboxen. Blending of the polymer enhances the total capacity of the fiber by
increasing the porosity of the coatings. In addition, increasing the porosity of the
polymer particles in fiber amplifies analyte retention on fiber. Moreover, pore size of

the polymer particle in coating affects selectivity of the fiber (Pawliszyn 1999).

1.5. Fiber Coatings Developed in Literature

Development of a new type of fiber coating is a growing area in SPME
technologies, especially to extend the application areas, matrixes and analyte types.
Generally, commercial fibers are convenient for GC applications, but the main
drawback is the thermal instability of the phase during desorption. Some fibers can also
be used with HPLC (PDMS). However, desorption into HPLC requires solvents which
destroy surface coating. The studies related to production of the new fiber coatings are
extended to develop solvent-resistive and thermally stable active coatings as well as to
enhance mechanical strength of the phase. In addition, developing the new functionality
enhances the selectivity for specific analytes. Especially, sol-gel route offers the

opportunity for attachment of various functionalities to the fiber which expands the



working area of SPME to biological applications. Table 1.1 summarizes the recent
methods applied in the literature for development of new SPME coatings. It can be
mentioned that, the major working areas are sol-gel based modifications of fiber surface
by attachment of sol-gel active functional groups onto fused silica. Molecular
imprinting is another surface modification method frequently used especially to prepare
analyte selective coatings. Furthermore, immobilization of nanoparticles, particularly

carbon nanotubes, is promising in SPME coatings (Augusto et al. 2010).



Table 1.1. Summary of SPME fiber coatings developed in literature

Coating Analyte Detection Reference

Titania sol-gel coated (anodized) alumina fiber (Tetrabutylortotitanate, PEG) BTEX GC-FID Farhadi et al. 2009

NiTi alloy coated with ZrO, (electrodeposition) BTEX, alcohols and trihalomethanes GC-FID Budziak et al. 2007

lonic liquid coated fused silica capillary (1-butyl-3-methylimidazolium PAH GC-EID Huang et al. 2009

hexafluorophosphate)

Physically incorporated extraction phase (PDMS) containing 3% vinyl, - GC-FID, .

Methyltrimethoxysilane, Poly(methylhydrosiloxane) BTEX, organophosphorous pesticides GC-TDS Liu etal. 2006
Kloskowski and

Membrane SPME (PEG, PDMS) phenols GC-FID Pilarczyk 2009

lonic liquid-mediated blfs[(3-methyld|methoxySIIyI)propyI] polypropylene oxide- direct extraction of polar and nonpolar analytes GC-FID Shearrow et al. 2009

based polar sol-gel coating

Various types of coated silica (octadecyl, polar embedded (RP-Amide C16 (RPA)) drug analysis LC-MS/MS Vuckovic et al. 2009

and cyano) particles

Nanostructured titania coating in situ on the surface of titanium wire d|chIoroc_i|phenyltr|chloroethane and its GC-ECD Cao et al. 2008

degradation products

Highly porous solid-phase microextraction fiber coating based on poly(ethylene BTEX GC-EID Silva and Augusto

glycol)-modified ormosils (Carbowax 20M ormosil) 2005

Multiwalled carbon nanotubes/Nafion coating polar aromatic compounds GC-FID Chen et al. 2009

Sol-gel based coatings with C8-TEOS and MTMOS d|_phenylmercury_; triphenylarsine; HPLC-UV Gbatu et al. 1999

trimethylphenyltin
Phosphonate modified silica nanoparticle-deposited capillary phosphopeptides MALDI-TOF Wu et al. 2010

(cont. on next page)



Table 1.1. (cont.)

Coating Analyte Detection Reference

A sol-gel-based amino functionalized fiber with 3-(trimethoxysilylpropyl) amine, organophosphorus pesticides GC-MS Bagheri et al. 2010

PDMS, PMHS

A_novel sol—_gel-based amino-functionalized fiber for headspace solid-phase phenol and chlorophenols GC-MS Bagheri et al. 2008

microextraction

Homemade OH/TSO (Hydroxylterminated silicone oil )-PMHS fiber antiestrogens GC-MS Liu et al. 2009

Home made (C8-TEOS): methyltrimethoxysilane (MTMOS) coated fiber arson GC-FID Ahmad et al. 2008

NiTi alloy coated with ZrO, (electrodeposition) haloanisoles GC-ECD Budziak et al. 2009

Biocompatible coatings based on polyacrylonitrile verapamll,_loperam|de, diazepam, nordiazepam, HPLC Musteata et al. 2007
and warfarin

Carbon nanotube-coated metal fiber based on sol-gel technique BTEX and phenols, PAH GC-MS Jiang et al. 2009
isoamy| acetate, ethyl hexanoate, phenylethyl

Silica HDK?20, pyrogenic Aerosil, SC16. Silica xerogel, Silica aerogel coatings alcohol, ethyl octanoate, 2-phenylethyl acetate, GC-MS Biazon et al. 2009
and ethyl decanoate,

Ele_ctrochemlcally deposited boronate affinity extracting phase (poly- 3- cis-diol biomolecules HPLC-UV He et al. 2009

aminophenylboronate (polyAPBA))

Polypropylene microporous membrane halogenated toluenes GC-ECD Carpinteiro et  al.

GC-MS 2009
Metal-organic frameworks 199 Films benzene homologues GC-FID Cui et al. 2009

Molecularly imprinted polymer (MIP)-coated solid-phase microextraction

ascorbic acid

Preanodized MIP-
modified HMDE
sensor

Prasad et al. 2008

(cont. on next page)



Table 1.1. (cont.)

Coating Analyte Detection Reference
Polyphosphate-doped polypyrrole coated on steel fiber organochlorine pesticides GC-ECD Mollahosseini and
Noroozian 2009
Ametryn-lmprlnted pol_ymer (Methacrylic acid (functional monomer), ethylene glycol triazine herbicides GC-MS Djozan et al. 2009
dimethacrylate (cross linker) ametryn (template))
Molecularly imprinted solid-phase microextraction fibers bisphenol A HPLC Tan et al. 2009
NiTi fibers coated with functionalised silica (C-18) particles HO-PDMS, TEOS, benzaldehyde, acetophenone and )
VTEOS C-18 dimethylphenol, BTEX GC-FID Azenha et al. 2009
Poly(pyrrole) film coated fibers antidepressants HPLC-UV Chaves et al. 2009
Amino ethyl-functionalized nanoporous fiber essential oil GC-MS Hashemi et al. 2009
. . . . Voltam. .
Tosyl-functionalized carbon nanoparticles benzophenone-3 and triclosan Vidal et al. 2008
. . . . Cyclic
Magnesium oxinate nanoparticle-modified carbon paste electrode copper(ll) Zhu et al. 2010
voltammetry
Polymeric negative photoresist, SU-8 2100 -nanofibers benzene, toluene, ethylbenzene,_ o-Xylene, GC-FID Zewe et al. 2010
phenol, 4-chlorophenol and 4-nitrophenol
Silica nanoparticle -deposited capillary modified with octadecyl groups endocrl_ne disruptors and polycyclic HPLC Li et al. 2009
aromatic hydrocarbons
AS-16® latex particles possessing quaternary ammonium functionalities fluoride, chloride, nitrite, bromide, nitrate, IC Kaykhayii et al.

TiO, nanoparticle

sulfate and phosphate

phosphopeptides

2011

LC-ESI-MS/MS  Lin et al. 2008

(cont. on next page)
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Table 1.1. (cont.)

Coating Analyte Detection Reference
E(;Safrib;))gr (r)r;](;rr]]o(;il}?i r;])éegglr;i g?zrztiséﬁrene and divinylbenzene precursors and dodecanol phenols GC-MS Shi et al. 2009
Sol-gel based polymer-functionalized single-walled carbon nanotubes polybrominated diphenyl ethers GC-ECD Zhang et al. 2009
(preurson or sol-gel derive isbenzo crown etherihycroxylterminated icone ol OT9IOPIOSpROouspesticdes GC-FPD Yuetal. 2004
Silica nanoparticle-deposited capillary bonded by 3-(triethoxysilyl) propyl diethylstilbestrol HPLC Yuetal 2011

methacrylate and then modified with poly(N-isopropylacrylamide) .




1.6. Theoretical Aspects of SPME

SPME is not an exhaustive but equilibration method. Mainly, three phase
equilibrium is established in SPME. Equilibria in fiber coating (c), gas phase (h) and
sample matrix (s). Analyte distributes itself through each phase until equilibrium is
reached (Mester and Sturgeon 2005).

CV,=CV,.+C\V, +CV, (1.1)

Equation 1.1 describes total mass of analyte, where C, and V; are initial
concentration of analyte in the sample and volume of the sample, respectively. Mass of
analyte adsorbed on fiber is given by Equation 1.2, where Kys and K, are distribution

coefficients for gas phase-sample (hs) and coating-gas phase (ch), respectively.

K, K, V.CV,

hs¥c

n=
KoKV + K.V, +V

(1.2)

The definition of distribution coefficient of coating-sample (Kc) is given by
Equation 1.3, which simplifies the expression of the mass of the analyte extracted on the
fiber for head space (Eqn. 1.4) and for direct extraction (Eqn. 1.5). The equation relating
the amount of the analyte extracted by headspace shows that this amount is independent

of the position of the fiber (no terms related to K).

Kes = KenKis (1.3
n= KcchCOVs (14)
K.V, + K.V, +V,
n = KaVeCoVs (1.5)
K.V, +V,

11



Generally, the volume of the coating is much smaller than the volume of the
sample and Eqn. 1.5 simplifies to Eqn. 1.6. This means that there is no need to exactly
know the sample volume since the extracted amount of the analyte is independent of the
sample volume. The simplified equation clearly demonstrates the dependence of the
extracted amount of analyte on the active fiber coating volume, initial concentration of
the analyte in the sample and affinity of the coating and the sample matrix for the

analyte.

n=K.V.C, (1.6)

¢S C

1.7. Effect of VVarious Parameters

1.7.1. Thickness of Coating

The volume of the active phase on the fiber directly affects the sensitivity of the
SPME method. Although increasing the thickness of the coatings results in slower mass
transfer of analyte through the fiber (which means the longer extraction time),
increasing coating thickness or increasing the length of the active phase also results in
enhanced analyte extraction. This constructively affects sensitivity (Zhang et al. 1994).

1.7.2. Type of Coating

In a typical microextraction, analyte affinity of the fiber coating and type of
sample matrix are important. A large partition coefficient, K, is essential for adequate
extraction of the analyte. This can be achieved with proper coating; the general rule is
“like dissolves like” (Pawliszyn 1999). Nowadays, SPME fibers with novel functional
extracting phases with more selective recognition sites or specific binding groups are

introduced for various applications.

12



1.7.3. Type of Analyte and Matrix

The nature of sample matrix is crucial in extraction of the analyte. Additionally,
the volatility of the analyte has a significant effect. In case of the volatile analytes,
headspace extraction works well, while semi-volatiles need heating to overcome the
kinetics of the mass transfer (Zhang et al. 1994). The headspace determination of
nonvolatile analytes usually requires derivatization which results in volatile products
(Lambropoulou 2007). For relatively clean sample matrixes, the direct extraction mode
also results in rapid mass transfer. In the case of complex matrixes, the direct mode does

not work well and requires headspace extractions.

1.7.4. pH of Solution

Solution pH may play an important role in the sensitivity of the method (Zhang
et al. 1994). In the case of non-ionic polymer fiber coatings, the partition of the analyte
is larger on the fiber in its neutral form. Thus, in principle, it is important to adjust the
sample pH to obtain neutral forms when analytes are in acidic or basic forms in the

original sample.

1.7.5. Extraction Time

Extraction time is controlled by mass transfer phenomena. Generally, mass
transfer depends on diffusion of analyte from sample matrix and through coatings.
Commonly, efficient agitation results in non restricted analyte diffusion from sample
matrix (Zhang et al. 1994). In that case mass transfer depends closely on diffusion of the
sample into fiber coatings. Equilibrium is achieved more rapidly with thin fiber coatings
when analyte diffusion to fiber is the only rate determining step for mass transfer. The
most favorable approach for extraction time is approaching the time where there is no
significant increase in extracted analyte. This means reaching equilibrium between
sample and fiber. In quantitative analyses, attaining equilibrium conditions are vital
since non equilibrium conditions result in significant variations on extracted amount of

analyte. In addition, agitation conditions strictly control the extraction equilibrium.
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Sonication decreases extraction equilibration time with respect to magnetic stirring.
Additionally, temperature also has an effect on extraction time. Mass transfer is faster at

higher temperature and equilibrium is established rapidly.

1.7.6. lonic Strength

Large partition coefficients (K) of analytes are needed for SPME. The K for the
analyte depends on the interaction of the analyte with the fiber and with the sample
matrix. In general, modification of matrix decreases the matrix analyte interaction and
results in large partition coefficients. In the case of polar organic compounds, salting the
sample matrix increases ionic strength and decreases the matrix analyte interaction

(Zhang et al. 1994). This is not valid for ionic compounds.

1.8. Detection with SPME

Choosing detection system to be connected to SPME fiber after desorption is
crucial. Efficient coupling between SPME and detector requires an efficient interface
design. Commonly, SPME detection systems are gas chromatography coupled to mass
detector or flame ionization detector for head space extraction of volatile organic
compounds (Farhadi et al. 2009; Ahmad et al. 2008; Mester and Sturgeon 2005).
Volatile analytes are thermally desorbed in the GC injector port. When the analyte is a
non volatile or semi-volatile species, derivatization is applied for GC determination
(Kaur et al. 2006). In addition, HPLC and ICP-MS are other common methods used
after direct mode SPME (Gbatu et al. 1999). Metals and organometals are determined
also after derivatization with various detection systems, namely, GC, ICP-MS, gas
chromatography pulsed flame photometric detector (GC-PFPD) and HPLC (Mester and
Sturgeon 2005). Moreover, volatile organometallic species had been directly introduced
into ICP-MS and atomic absorption spectrometer (AAS) with special interfaces (Dietz
et al. 2003). Coupling with capillary electrophoresis is another successful strategy
(Pawliszyn 1999). In addition to the hyphenated techniques mentioned above, numerous
other methods had been used in combinations to provide better detection. These have
included direct introduction to electrospray ionization mass spectrometry (ESI-MS)

(Mester and Pawliszyn 1999), high performance liquid chromatography electrospray
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ionization mass spectrometry (HPLC-ESI-MS) (Wu et al. 2000), matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF-MS) (Bail et al.
2009) and matrix-assisted laser desorption/ionization imaging mass spectrometry
(MALDI-IMS) (Tong et al. 2002).

1.9. Sol-Gel Chemistry for Thermally Stable Coatings

As aforementioned, commercial SPME coatings are inspired from GC capillary
column packings. The active filling inside the wall of the GC column is not chemically
bonded. Mostly, static coatings are applied. For SPME fibers, the same approach has
limitations for thermal stability of the phase (Pawliszyn 1999). Thus, SPME fibers
commonly suffer from limitation due to the repetitive use. Another drawback is due to
film coating thinner than what is needed. To overcome these weaknesses of the method,
the active phase should be chemically bonded onto the surface of the fiber. The best
approach for the preparation of the stable coatings is the sol-gel based coating methods
(Bagheri et al. 2010). This approach provides strong adhesion of the coating onto a
silica surface which improves the stability against solvent and heating. The porosity of
the silicate matrix presents a large surface area for extraction sites. Moreover,
selectivity of the fibers can easily be varied with the nature of the coatings (Yu et al.
2002; Alhooshani et al. 2005). Sol-gel active reagents make it possible to extend
variation in coating as well as in controlling the volume of the coating.

Generally, the sol-gel based coatings are utilized as follows: the bare silica fiber
is dipped into an alkoxide-based sol-gel precursor under acid catalyst. This results in
hydrolysis of the precursor and formation of the polymer network attached onto surface
of the silica via reaction of surface silanol groups with siloxane groups (Gbatu et al.
1999; Kumar et al. 2008). The addition of a hydroxy terminated sol-gel active polymer
and surface derivatizing agent to the sol-gel solution produces a porous organic-
inorganic hybrid chemically bonded phase on the surface of the fiber. The functional
groups can vary according to the analytes. The thickness of the coating is simply
controlled by the number of times of successive dippings of the fiber into the sol-gel

solution.
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1.9.1 Sol-Gel Coating Steps

1.9.1.1. Hydrolysis

The first step in the sol-gel process is the hydrolysis reaction which occurs while
the alkoxide precursor is mixed with water in the presence of alcohol to achieve
sufficient homogenization. Hydrolysis leads to the formation of silanol groups.
Intermediates produced in the alcohol-water medium include silanols, ethoxy silanols
and oligomers of low molecular weight which were formed during the first stages of the
process. Hydrolysis reactions can be catalyzed by either acid or base. Two hydrolysis
processes give different structures and morphology; acid catalysis forms linear weakly
cross-linked polymer whereas base catalysis forms more highly branched clusters as a
result of rapid hydrolysis step (Brinker et al. 1990).

Figure 1.4 illustrates the hydrolysis reaction that occurs under acid catalysis of

the alkoxide based precursor.

OCH, OH
H:,,c—sl,i—OCH3 *3H0 _TRA H3C—S|i—OH *+ 3CH,0H
OCH, b

Figure 1.4. Hydrolysis reaction
1.9.1.2. Polycondensation

The second step of sol-gel synthesis is the polycondensation between the two
silanol groups and condensation reaction between silanol and alkoxyde groups by

releasing a water or alcohol unit, respectively (Figure 1.5).

CH, CHj CHj CH;

HO—Si—OH + HO—Si—OH ——— HO—Si—(0——Si}zOH *+ H,0

by b b b

Figure 1.5. Polycondensation reaction
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1.9.1.3. Condensation

Further condensation of the silica network with sol-gel active hydroxy

terminated organic polymer results in organic- inorganic network (Figure 1.6).

CH, CH, CHj CHj CHj

HO—ii—(O—Si)ﬁOH + HO—Si—O—(Si—O)mii—OH

(l)H (LH J:H3 J:H3 C|ZH3

/

CHj CHj, CH, CHj CHj

HO— Si— (0 —— Si}z O—Si—0—{Si—0)=Si—OH  + H,0

T T T
H H CH;  CHg Ha

Figure 1.6. Condensation reaction
1.9.1.4. Surface Bonding

Surface bonding on silica fiber is achieved simply by dipping the bare fiber into
produced viscous sol-gel. Chemical bonding of polymer network to silica surface occurs
through condensation of the surface silanol groups with silanol or siloxane groups in the
organic-inorganic polymer network (Figure 1.7).

The final step of the process is deactivation (or derivatization) of the silanol
groups using Poly(methylhydrosiloxane) (Figure 1.8). Deactivation process is
completed after thermal curing of the resulting fiber. In addition to the deactivation
process, the PMHS also controls the polarity of the resulting coating.

Numerous sol-gel based coatings are summarized in the literature (Bagheri et al.
2008; Bianchi et al. 2008; Yu et al. 2004; Zeng et al. 2001; Wang et al. 2000). The most
widely used are organic/inorganic based sol-gel approaches. In addition, only inorganic
sol-gel with various functional groups is also given. The major reagent and their

functionalities in the process are summarized in Table 1.2.
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 oH CHg THS CH, TH3 CHj
__OH + HO—li—(O—Si)ﬁO—Si—O—(Si—O)mii—OH

—OH (l)H (LH <|:H3 cl:H3 C|:H3

N

_on CHs CH, CHy  CH, CH,
—O—Si—(O—Si)TTO—Ji—O—(Ji—O)mSi—OH + H,0

—OH (LH J)H (l:H3 (l:H3 (|:H3

Figure 1.7. Surface bonding of the network

CH, CH;  CHjg CH,
H3C—(—S:i—0-)7S:i—O—(8:i—O)Y8:i—CH3
H CHy  CH, CH,
+
CH, CH, CH;  CH, CHs

o | |
—O—Si—(O—Si)WO—Si—O—(Si—O)mSi—OH

—OH (LH (LH CH;  CH; lH3

_on CHa CH, CHy  CH, CH,
—O—Sli—(O—Sli)ﬁO—Sli—O—(Si—O)msli—OH + H,0
—OH (l)H | rlH3 (LH3 C|:H3
CHy  CH, CHj
H3C—(—Sli—o-)ys:i—O—(Sli—O)X—Sli—CHB
CH, CHy  CH, CHj

Figure 1.8. Deactivation process
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Table 1.2. Reagents used for a typical sol-gel based fiber coatings

Organic polymer with sol gel active terminal

polydimethylsiloxane
(PDMS)
(Pawliszyn 1999)

HO—Si—O—(Si—O)mSi—OH

CHy;  CHs $H3

Chemical name Structure Function
o

S

Methyltrimethoxysilane (MTMOS) S|i =

(Pawliszyn 1999) \O/ | \O/ (I:J

5

/ g

0 3

Tetraethyl orthosilicate (TEOS) \/O\SI/ S

X
5 (Shearrow et al. 2009) / \O/\ s 2
2 o =
g / ER:
S B= é
E',JD Tetramethyl orthosilicate o /O_ é §
3 TMOS ~ s g g
( ) SN0 P £

(Dietz et al. 2006) —O0 o

c

[+

\_ 4

3-Aminopropyltriethoxysilane O\ £

. o

(APTES) 51”7 >N NH, ®

_ o~ \ S

(Bagheri et al. 2008) O—\ 3

CH, CHgy CH,

Polydimethyldiphenylsiloxane
(PDMDPS)
(Shearrow et al. 2009)

CH, CH, ©
|

HO—-Si—0}-Si—O—{ Si—0)—H

|
by b O

Polyethylene glycol
(PEG)
(Wang et al. 2000)

n-Octyltriethoxysilane
(Gbatu et al. 1999)

Provide the organic component of hybrid network

Hydroxyl terminated silicone oil

(OH-TSO)
(Yu et al. 2004)

(cont

. 0N next page)
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Table 1.2. (cont.)

Chemical name Structure Function
b= S
. CH CH CH CH
g Poly(methylhydrosiloxane) s | s s s s
|5 PMHS H,C—Si—0 Si—Oj {8l —0) 7 Si—Chy é %
— S ©
2 (Pawlyszin 1999) Hq (l;H |l| cl;H 52
g 3 3 I+]
g a
. . . (@)
Trifluoroacetic acid =
@ F =
2 | A i OH 2,
8 (Pawliszyn 1999) £8
= S5
2 [Hel £
2 T
(Gbatu et al. 1999) O
Dichloromethane >
£a
(DCM) cl-cl £
2 (Shearrow et al. 2009) <y
5] o2
= =R-J
3 © O
@ Methanol v 2
——OH £2
(Gbatu et al. 1999) S c
o
1.10. Arsenic

1.10.1. Occurrence and Toxicity of Arsenic

Arsenic is a metalloid present in the earth’s crust, in seawater, and in the human
body. Its natural existence in the environment and its release by anthropogenic sources
result in an inevitable increase of accumulated arsenic in water resources. The element
exists in the environment in two primary forms, organic and inorganic. Inorganic
arsenic is mainly found at higher oxidation state, As(V), in most surface waters where
oxidizing conditions are prevailing, and the lower oxidation state, As(ll),
predominantly occurs in ground waters where reducing conditions exist (EPA 1999).
Organoarsenical species are formed through biotransformation of inorganic species by
living organisms. The most common species are monomethyl arsonic acid (MMA),
dimethyl arsinic acid (DMA), trimethylarsine oxide (TMAO), tetramethylarsonium ion

(TeMA), arsenobetaine (AsB), arsenocholine (AsC) and arseno-sugars (Leermakers et
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al. 2006). Although arsenic is regarded as one of the most toxic elements in the world,
its toxicity depends on the oxidation state and the methylation order (Mandal and
Suzuki 2002). Among organoarsenic species, AsB, AsC and arseno-sugars are known as
non-toxic and frequently found in foodstuff as a result of bioaccumulation of inorganic
arsenic species in waters by marine organisms (Leermakers et al. 2006; Kumaresan and
Riyazuddin 2001). Several methylated biotransformation products of arsenic are known
to be produced by various microorganisms in waters or sediments containing inorganic
arsenic (Kumaresan and Riyazuddin 2001). A primary route of exposure of human body
to arsenic occurs through the consumption of contaminated water and marine food
which may give rise to acute and chronic poisoning. It has been reported that long term
exposure to arsenicals results in keratosis, gangrene or development of cancer (EPA
1999; Choong et al. 2007). Acute poisoning shows symptoms such as bloody diarrhea
and vomiting (Mohan and Pittman 2007). Recent studies about the toxicity of arsenic
species on humans classify inorganic arsenic as a primary carcinogen (Calatayud et al.
2010). However, the results of animal experiments indicated evidences for cancer and
non-neoplastic lesions formation as a result of exposure to DMA and MMA,
respectively (Calatayud et al. 2010). Moreover, cytotoxic activity studies for the arsenic
species revealed that the trivalent methylated species are even more toxic than inorganic
As(I11) and As(V) (Shen et al. 2009). The fact that the variation in the oxidation state
and the methylation process affect the toxicity of the arsenic species necessitates the

individual determination of each species rather than their total concentration.

1.10.2. Determination and Speciation of Arsenic

Various methods employed for the speciation of arsenic have been reviewed by
various researchers in the field. For example, voltammetric and spectrophotometric
methods have been used for speciation of inorganic arsenic compounds, while
electrophoretic methods have been used to determine both inorganic and organometallic
arsenic species (Kumaresan and Riyazuddin 2001). Nowadays, the most widely used
arsenic speciation methods are hydride generation (HG) and chromatography. The
formation of hydride species under selective reaction conditions with NaBH,4
derivatization is used to determine As(lll), As(V), MMA and DMA by atomic detection
methods (Bundaleska et al. 2005). Among the chromatographic methods, HPLC is the

21



most important tool for speciation of arsenical compounds. Since many of these
compounds are ionic species, ion-exchange or ion-pair chromatography are used for
separation (Day et al. 2002; Ackley et al. 1999). The detection of the species separated
by liquid chromatography is mainly performed by atomic detection with ICP-MS (Afton
et al. 2008; Ammann 2010; Kannamkumarath et al. 2004), hydride generation atomic
absorption spectrometry (HG-AAS) (Sur and Dunemann 2004; Niedzelski et al. 2004;
Tsalev et al. 2000) and hydride generation atomic fluorescence spectroscopy (HG-AFS)
couplings (Bohari et al. 2002; Perez et al. 2008). However, the reliable quantification of
arsenical species in biological matrixes generally requires more complicated
preliminary sample preparation steps because of the possible oxidation of As(lll) and
transformation of organoarsenicals to inorganic forms.

Speciation of inorganic arsenic can also be achieved through selective
adsorption of the species onto SPE sorbents. Depending on the selectivity of the sorbent
toward the lower or higher oxidation step, a pre-oxidation or pre-reduction step is
necessary before sorption. For example, in a recent study, As(V) was selectively
adsorbed on a solid phase adsorbent and the total inorganic arsenic content was
determined after pre-oxidation of As(lll) to As(V) (Tuzen et al. 2008). Although this
has been a practical strategy in speciation studies, the search of new sorbents capable of
retaining both species under different conditions has been an important area. An
example of these types of sorbents was described by Huang et al. (Huang et al. 2007)
using dimercaptosuccinic acid-modified mesoporous titanium. In the study, both arsenic
species were retained onto sorbent under neutral conditions while only arsenite was
retained quantitatively at pH 10-11. Alternatively, modification of the available
substrates with more than one functional group can be a promising strategy for
speciation studies. Functionalization of the solid supports can be realized by functional
silane coupling reagents. The polysiloxane sorbents functionalized with mercapto and
amine groups are revealed in literature as effective in the removal of metal ions (Jal et
al. 2004; El-Nahhal et al. 2000; EI-Nahhal et al. 2001; EI-Nahhal et al. 2002; El-Nahhal
et al. 2007; El-Ashgar et al. 2005; Blitz et al. 2007) and Hg(ll) (Ho et al. 2003;
Puanngam and Unob 2008). In addition, bifunctional sorbents containing two
functionalities (amine and mercapto) on the same sorbent had been prepared and used
for the removal of metal ions (Burke et al. 2008). The advantage of the
bifunctionalization can also be seen by the extraction of a wide spectrum of the hard and

soft metal ions by the prepared sorbents.
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Among the sample preparation techniques, SPME is, currently, a prevailing
sample preparation technique. The advantages and disadvantages of the method have
been discussed in previous parts of this chapter. Although the SPME-based sample
preparation methods have been widely used and gained more recognition, there have
been a few studies in literature which are summarized in Table 1.3. For instance, Mester
et al. used commercial SPME fibers coated with PDMS/Carboxen for the extraction of
As(l11) after hydride generation with NaBH, and determined the extracted analyte using
ICP-MS (Mester et al. 2000). Szostek et al. evaluated the extraction of dimethylarsinic
acid, phenylarsonic acid and 2-chlorovinylarsonous acid by using commercial SPME
fiber after dithiol derivatization (Szostek et al. 1998). Moreover, thioglycol methylate
derivatization was used for the determination of DMA and MMA in human urine after
extraction with commercial SPME fibers (Mester and Pawliszyn 2000). The
requirement of additional derivatization step for arsenic determination can be regarded
as one of the disadvantages of some SPME fibers. To overcome such a mandatory step,
various home-made coatings for SPME were also proposed. Polypyrole coated capillary
was one of the successful examples of in tube SPME of DMA, MMA, AsB and AsC,
which allows direct detection with liquid chromatography-electrospray ionization mass
spectrometry (LC-ESI-MS) (Wu et al. 2000). Yates et al. and Tamer et al. proposed
electro-synthesis of organic conducting polymers poly(3-dodecylthiophene) (Yates et al.
2002) and poly(3-octylthiophene) (Tamer et al. 2003), respectively, for the
determination of AsB, while Gbatu et al. proposed similar SPME coating based on
poly(3-methylthiophene) (Gbatu et al. 1999) for the determination of As(V) species.
Among the limited number of studies for SPME of arsenicals, the major drawback
arises from the lack of a method for extraction and quantification of each fundamental
inorganic and organoarsenic species (As(l11), As(V), DMA and MMA) by a single fiber

at once.
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Table 1.3. Arsenic speciation with SPME

Extraction phase Analyte Derivatization Detection Reference
DMA, PhAs,
100-um PDMS, 85-um PA, 65-um Carbowax-DVB ) ) dithiol derivatization GC-MS Szostek fggsAldstadt
trans-2-chlorovinyl arsonous acid
Poly(3-dodecylthiophene) AsB - HPLC-ICP-MS Yates et al. 2002
Carboxen/PDMS 85-pum dimethylchloroarsine - GC-MS Kllleleazagngldstadt
PDMS 100 -pm, PDMS-CAR 75 pm,
DMA, MMA, TMAO NaBH, GC-MS Kosters et al. 2003
and PDMS-CAR-DVB 50/30 pum.
65- um PDMS-DVB Roxarsone, DMA, MMA 1,3-propanedithiol GC-MS—-PFPD Roerd'”kzg%‘iA'dStadt
Ordered mesoporous Al,O4 As(111)/As(V) - ICP-MS Hu et al. 2008
PDMS DMA, MMA thioglycol methylate GC-MS Mester agggoa""'yszy“
Polypyrrole (PPY) coated capillary MMA, DMA, AsB, AsC - LC-ESI-MS Wu et al. 2000




1.11. Aim of the Study

The general aim of this thesis is to develop novel functionalized SPE sorbents
and SPME fiber coatings for analytical applications. Since the scope of the study is
relatively broad, the thesis includes several chapters. The first part of the thesis includes
the preparation of mercapto-, amino-, and both functional groups (bifunctional)
containing silica as a solid phase extraction materials. This part deals with the synthesis,
characterization and application of the sorbent for As(lll) and As(V) speciation. The
second part of the thesis is related to the development of new SPME fiber coatings. As
explained in related parts of the introduction section, the main drawback encountered
with the commercial SPME fibers is the production of analyte-specific fiber coatings.
Other critical point in SPME process is the stability problem that arises during thermal
and solvent desorption. The second part of the thesis includes several sections with the
major aim of the preparation of robust, easily prepared and selective SPME coatings.
The experience gained during the sol-gel synthesis route applied in the preparation of
SPE sorbents was transferred to subsequent studies for preparation of thermally
stable/solvent resistive and selective SPME coatings. In this part, sol-gel based amino
functionalized SPME fibers and nanoiron-functionalized SPME fibers were aimed to be
prepared by various coating approaches. Among the limited number of studies for
SPME of arsenicals, the major drawback arises from the lack of a method for extraction
and quantification of each fundamental inorganic and organoarsenic species (As(ll),
As(V), DMA and MMA) by a single fiber at once. Thus, prepared fibers were used to
develop novel SPME-HPLC-ICPMS methodologies for the simultaneous
microextraction/speciation/determination of the metabolically critical inorganic and
organoarsenic species, namely, As(l11), As(V), DMA, and MMA in natural waters such

as drinking and geothermal waters, and biological fluids such as urine.
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CHAPTER 2

NEW SPE SORBENTS:
SOLID PHASE EXTRACTION OF ARSENIC WITH
MODIFIED SILICA

2.1. Experimental

2.1.1. Instrumentation and Apparatus

An inductively coupled plasma mass spectrometer (ICP-MS, Agilent 7500ce
Series, Tokyo, Japan) was employed in the determination of arsenic concentrations at
m/z: 75. In order to prevent the possible matrix-based polyatomic interference of
©OAr®CI* on As* signal, chloride-containing acids or solvents were not used in the
preparation of solutions except during desorption with KO3 which also contained HCI.
Still, in case the use of any chloride species would be inevitable in the pre-measurement
steps, the optimization of ICP-MS parameters was carried out in the collision mode in
octopole reaction system with He gas.

In batch sorption studies, GFL 1083 water bath shaker (Burgwedel, Germany)
equipped with a microprocessor thermostat was used for mixing. The pH of the
solutions was adjusted with 0.01-1.0 M HNO3 and 0.01-1.0 M NHj3 using Ino Lab Level
1 pH meter (Weilheim, Germany). The elemental composition of sorbents was
determined by a LECO-CHNS-932 elemental analyzer (Mdnchengladbach, Germany).
Microimages of sorbents were obtained utilizing a Philips XL-30S FEG scanning
electron microscope (Eindhoven, The Netherlands). The thermal properties of sorbents
were examined using a Perkin Elmer Pyris Diamond TG/DTA (Boston, MA, USA).
Surface area measurements of the sorbents were performed with Micromeritics Gemini
V Series Surface Area Analyzer (Norcross, USA). °Si and *C NMR spectra of the
prepared sorbents were aquired using 2°Si cross polarization magic angle spinning
nuclear magnetic resonance (CP/MAS NMR) spectrometer: ASX 300 Bruker (Milton,
Ontario, Canada) and **C CP/MAS NMR spectrometer: Avance 200 Bruker (Germany).
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2.1.2. Reagents and Solutions

All the chemicals were of analytical reagent grade. Deionized ultrapure water
(18.2 MQ.cm) was used throughout the study. Glassware and plastic containers were
cleaned by soaking in 10% (v/v) nitric acid for 24 h and rinsed with deionized water
prior to use.

Stock standard solutions of As(V) and As(lll), were prepared by dissolving
required amounts of As,Os (Merck, product code: 1.09939, CAS no.: [1303-28-2]) and
As,03 (Fischer, CAS no.: [1327-53-3]), respectively, in ultrapure water in order to
obtain 2000.0 mgL™ arsenic in final solutions. Lower concentration standard solutions
were prepared daily by appropriate dilution from their stock standards before use.

Silica gel was purchased from Merck (product code: 1.10184, CAS no.: [7631-
86-9]) and activated with acetic acid (Riedel-de Haen, product code: 27225, CAS no.:
[64-19-7]. Functionalization of silica gel was realized with 3-(Triethoxysilyl)
propylamine (APTES) (Merck, product code: 8.26619, CAS no.: [14814-09-6]) and (3-
Mercaptopropyl) trimethoxysilane (MPTMS) (Fluka, product code: 63800, CAS no.:
[4420-74-0]), respectively. Toluene, (Riedel-de-Haen, product code: 24529, CAS no.:
[108-88-3]) was used both as a reaction solvent and for removal of the unreacted
reagent after modification step; and acetone (Merck, product code: 1.00014, CAS no.:
[67-64-1]) as a further washing solvent. Nitric acid (Merck, product code: 1.00456,
CAS no.: [7697-37-2]) was employed for the acidification of samples prior to ICP-MS
determination. L-cysteine (Merck, product code: 1.02838, CAS no.: [52-90-4]) at a
concentration of 1.0% (w/v) was used as the eluent for the desorption of As(V) whereas
the eluent for As(l1l) desorption was 0.050 M KIO3; (Merck, product code: 1.02404,
CAS no.: [7758-05-6]) in 2.0 M HCI (Merck, product code: 1.00314, CAS no.: [7647-
01-0]).

SRM from NIST, Natural Water — Trace Elements, Cat. No. 1640 were used to
validate the proposed methodology. The composition of SRM 1640 is given in Table
2.1,
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Table 2.1. Certified values for Natural Water — Trace Elements (SRM 1640)

Elements Concentration (ugL™) Elements  Concentration (ugL™)

Na 293504310 Se 22.0+0.51

Mg 5819456 Rb 2.00+0.02
K 994427 Sr 124.2+0.7
Ca 7045+89 Ba 148+2.2
\Y 13.04£0.37 Pb 27.89+0.14
Cr 38.6+1.6 Bi n/a

Mn 122+1.1 TI n/a

Fe 34.3+1.6 Y n/a

Co 20.3+£0.31 Br n/a

Ni 27.4+0.8 Ti n/a

Cu 85.2+1.2 S n/a

Zn 53.2+1.1 Cl n/a

As 26.7+0.41

2.1.3. Synthesis of Sorbents

The procedure utilized in the functionalization of the silica surface was compiled
from literature (Liu et al. 2002) with some modifications. The outline of the
functionalization of silica gel surface is illustrated in Figure 2.1. The first step is the
activation of the silica surface to convert the siloxane groups to silanol. For this
purpose, 5.00 g of silica was treated with 50.0 mL of 0.010 M acetic acid for 1 h and
then washed with ultrapure water until a neutral filtrate was obtained. This step was
completed after drying the activated silica at 120 °C for 24 h in an oven. The amine
modification step was carried out by mixing 5.0 g of activated silica, 3.0 mL of APTES
and 9.0 mL toluene in a two necked 25 mL flask. A condenser having anhydrous CacCl,
drying tube at the top was connected to the reaction flask. The reaction was proceeded
under an inert atmosphere provided with N, bubbled through the side arm of the flask.
The mixture was stirred for 24 h at 100 rpm under constant reflux in an oil bath at a
temperature of 110 °C. After the reaction had been completed, amine-treated silica was
washed sequentially with 10.0 mL portions of acetone and toluene and then dried in an
oven at 50 °C overnight. The same procedure was applied for mercapto-modification of

the silica using MPTMS instead of APTES. Bifunctionalization of the silica was
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realized with the simultaneous addition of the same amounts of both functional silanes

into the reaction mixture under the same experimental conditions.

OC,H
| OH 25 NH,
—— O0—Si
) C,Hs . ——O
",‘—OH Cszo——Sl/\/\NHz
Acetic acid
- f—OH OCaHs > ’ 29.9%
g S—TY
, o NH,
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——O—Si
——O
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Figure 2.1. Synthesis steps of modified silica gel a) (NH,)silica, b) (SH)silica and c)
(NH,+SH)silica
(cont. on next page)
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Figure 2.1. (cont.)

2.1.4. Characterization of Sorbents

A variety of methods were applied for the characterization of the modified silica
samples. Elemental analysis was used for the determination of nitrogen, sulfur and
carbon contents. Images and elemental mapping of unmodified silica (silica), mercapto-
modified silica ((SH)silica), amine-modified silica ((NH)silica) and mercapto-amine
bifunctionalized silica ((NH,+SH)silica) were obtained using scanning electron
microscopy (SEM). Surface area and thermal gravimetric degradation behavior of the
sorbents were also investigated. In addition, *C NMR and ?°Si NMR Spectroscopy
were applied to prepared sorbents in order to realize the bonding of the functional silane

coupling agents onto silica surface.
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2.1.5. Sorption Studies

Sorption studies were performed through a batch process for all the sorbents
prepared; namely, silica, (SH)silica, (NHy)silica and (NH,+SH)silica. In order to
examine the possible changes in the sorption of bifunctionalized sorbent, a mechanical
(1:1) mixture of amine-modified silica and mercapto-modified silica
(NHy)silica+(SH)silica was also prepared as an alternative sorbent for the bifunctional
silica.

Batch sorption studies were carried out at 25 °C with each sorbent separately
after the initial pH of solutions was adjusted to 1.0, 2.0, 3.0, 4.0, 5.0, 7.0, 8.0 and 9.0
with dilute HNO3 or NH3. After pH adjustment step, 50.0 mg sorbent was added into
each of the 50 mL centrifuge tubes containing 20.0 mL aliquots of 100.0 ugL™* As(V) or
100.0 ugL™ As(l11) solutions. The mixtures were placed in a thermostated water bath
shaker and shaken for 30 minutes, then they were filtered through blue-band filter
papers. The filtrates were analyzed for arsenic concentration by ICP-MS. Prior to ICP-
MS measurements, all samples and standard solutions were acidified with the addition
of appropriate amounts of concentrated HNO3 to produce 1.0% (v/v) HNOg in the final
solution. The effects of the amount of sorbent, shaking time, solution temperature and
repetitive use of the sorbents were investigated throughout the study. The investigated

parameters and ranges are summarized in Table 2.2.

Table 2.2. Summary of the parameters and ranges used throughout the study

Parameters investigated Range

pH of solution 1.0, 2.0, 3.0,4.0,5.0,7.0,8.0and 9.0
Amount of sorbent (mg) 5.0, 10.0, 25.0, 50.0 and 100.0
Shaking time (min) 1,5, 15, 30, 60 and 120

Solution temperature (°C) 25, 50, 75

2.1.6. Sorption Isotherm Model: Dubinin-Radushkevich (D-R)
Isotherm Model

An isotherm is a curve describing the functional relationship between analyte

and sorbent in a sorption process. Isotherm is obtained by varying the concentration of
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the analyte retained onto sorbent under constant temperature. Mainly, it is used to
predict the mobility of the substance in the environment (Limousin et al. 2007). Among
various isotherm models, the Dubinin—Radushkevich (D-R) isotherm model was chosen
to predict the sorption behaviour of the proposed method.

This isotherm model depends on the assumption that the ionic species
preferentially are bound to the most energetically favorable sites of sorbent associated
with multilayer adsorption of ions (Guibal et al. 1998). D-R isotherm is described by
Equation 2.1 (Kavitha and Namasivayam 2007):

Qe =0, exp(—Bgz) (21)

Where,
¢=RT In[1+iJ
Ce

The D-R parameter, B, gives the information about the mean free energy of
sorption per molecule of adsorbate which is required to transfer it to the surface of the
solid from infinity in the solution, gs corresponds to the sorption monolayer capacity
(Seker et al. 2008). Mean free energy of sorption can be calculated from D-R parameter
B by Equation 2.2.

E =(2B)%2 (2.2)

The gs and B constants are calculated from intercepts and slopes of plots of
experimental plot of In q versus £°. By reason of the discrete behavior of the sorption
characteristics of each analyte under various pHs, D-R model was applied at pH 1.0, 3.0
and 9.0 for As(lll) and pH 3.0 for As(V). Due to highly toxic nature of the inorganic
arsenic species, the capacity of the sorbents were determined by varying the amount of
sorbents used under fixed arsenic concentrations instead of using elevated amount of
arsenicals. Sorption conditions were; arsenite or arsenate concentration of 100.0 pgL™,

solution volume: 20.0 mL, shaking time: 30 min, and reaction temperature: 25 °C.
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2.1.7. Desorption Studies

Initial desorption studies were performed on an oxidation-reduction basis of the
sorbed As(l11) and As(V). For the oxidation of As(I1) to As(V), 0.050 M KIO3z in 2.0 M
HCI was used while 1.0% (w/v) L-cysteine solution with pH adjusted to 3.0 was the
eluent for the reduction of As(V) to As(lll). In addition to the oxidative-reductive
eluents, 0.50 M NaOH and 0.50 M HNOj; were also used as alternative. Before
desorption studies, the following parameters were used for As(111) sorption: arsenite ion
concentration of 100.0 ugL™, solution volume of 20.0 mL, sorbent amount of 50.0 mg,
shaking time of 30 min, reaction temperature of 25 °C and solution pHs of 1.0, 3.0, 5.0
and 8.0. In the case of As(V), similar sorption parameters were applied at the solution
pH of 3.0. Desorption conditions were; shaking time: 60 min, solution volume: 20.0 mL
and reaction temperature: 25 °C. The filtrates, both after the sorption step and
desorption step were analyzed for arsenic concentration by ICP-MS. Prior to ICP-MS
measurements all samples and standard solutions were acidified with the addition of
appropriate amounts of concentrated HNOj3 to produce 1.0% (v/v) HNOg in the final
solution (if desorption matrix had already contained acid this step was ignored). Matrix-

matched standardization was applied in each case.

2.1.8. Reusability of the Sorbents

Based on the results of sorption studies, the pH of 3.0 had been chosen as the
critical pH for sorption and speciation studies. For this reason, the reusability of the
sorbents was tested at pH of 3.0 for each arsenic forms. For As(V), 1.0% (w/v) L-
cysteine was used as the eluent for (NH,)silica, 0.50 M NaOH for (NHy)silica,
(NHy)silica+(SH)silica and (NH,+SH)silica, and 0.50 M HNO;3; for (NHy)silica,
(NHy)silica+(SH)silica and (NH»+SH)silica. In the case of As(lll) sorption, only two
sorbents, namely, (NH,)silica+(SH)silica and (NH2+SH)silica were investigated for
their reusability. Elutions were performed with 0.50 M NaOH, 0.50 M HNO3 and 0.05
M KIl1O3 in 2.0 M HCI. Sorption conditions were; solution pH: 3.0, sorption time: 30
min, sorbent amount: 50.0 mg, sample volume: 20.0 mL, sorption temperature: 25 °C.
The mixtures were placed in a thermostated water bath shaker and shaken for specified
time, and then they were filtered through blue-band filter papers. The filtrates were
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analyzed for arsenic concentration by ICP-MS. Prior to ICP-MS measurements all
samples and standard solutions were acidified with the addition of appropriate amounts
of concentrated HNOj3 to produce 1.0% (v/v) HNOs in the final solution. The analyte
retained on the sorbent was desorbed by the prespecified eluent. Applied desorption
conditions were; desorption time: 60 min, eluent volume 20.0 mL and desorption
temperature: 25 °C). The sorbent that remained on the filter paper was washed with
ultra pure water in order to remove any traces of the desorption matrix and it was
subjected to the next sorption/desorption cycle. The procedure above was repeated for

five successive sorption/desorption cycles.

2.1.9. Method Validation

The proposed methodology was validated both through the analysis of a
standard reference material (SRM from NIST, Natural Water — Trace Elements, Cat.
No. 1640) and via spike recovery experiments. (NH,+SH)silica was used in the
validation study because of the absence of information about the oxidation state of
arsenic in the reference material. Before the sorption/desorption steps, the acid content
of the SRM was removed in a way that 5.0 mL of the solution was diluted with 10.0 mL
of ultrapure water in a Teflon beaker and the mixture was evaporated to dryness. The
residue in the beaker was dissolved in 10 mL of ultrapure water, transferred to a
centrifuge tube where pH was adjusted to 3.0, diluted to 15.0 mL, and then used in the
sorption/desorption. The expected concentration of the SRM in the final solution was,
thus, 8.89 pgL™.

In addition to SRM analysis, the applicability of the methodology was also
tested by spike recovery tests using drinking water. The spike concentration was 30.0
ugL™? as this value was close to the concentration of SRM (26.67 pgL™). Moreover,
similar dilution and pH adjustment steps were employed before the sorption/desorption

cycles.

2.2. Results and Discussion

As explained in Section 2.1.1, the concentration of arsenic species in the final

solutions was determined using ICP-MS at m/z ratio of 75. In case the use of any
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chloride species would be inevitable in the pre-measurement steps, the optimization of
ICP-MS parameters was carried out in the collision mode in octopole reaction system
with He gas in order to prevent the possible matrix-based polyatomic interference of
OAr®CI* on As* signal. Under the studied conditions, the calibration line equation
was y = 1836.5x + 370.3 with a correlation coefficient of R* = 0.9991. The limit of
detection (LODg3s) and the limit of quantitation (LOQgs) were 0.041 ugL‘l and 0.135
ugL™, respectively. These figures of merits were considered to be sufficient for the

purpose of the study; therefore, no attempt was tried to enhance these values.

2.2.1. Characterization of Sorbents

The results of the surface area and pore width measurements of the prepared
sorbents (Table 2.3) indicate that the modification has slightly decreased both the
surface area and the pore size of the novel sorbents with respect to the unmodified
silica. These results indicate the modification of the silica surface with the employed
functional groups. The extent of modification was also followed by the characterization
of the functional groups on the basis of surface N, S, C, and H contents. The elemental
analysis results are given in Table 2.4. As seen, (NHy)silica contains 2.14% nitrogen
while (SH)silica contains 3.73% sulphur. The bifunctional sorbent containing both
mercapto- and amine- groups, on the other hand, has 1.03% nitrogen and 2.52% sulfur.
The modification of the silica surface with the organic groups is also indicated by
thermal gravimetric analysis (TGA) curves of the sorbents, as given in Figure 2.2.
Unmodified silica shows two-stage weight losses at the thermal ranges of 25-200 °C
(4%) and 200-600 °C (2.4%). This is possibly caused by the removal of physically
adsorbed water, and a further loss caused by the condensation of free silanol groups to
siloxane groups on the surface of silica, respectively (Arakaki and Airoldi 2000).
(NHy)silica has a characteristic weight loss (4.6%) between 25 and 200 °C due to the
removal of physically adsorbed water, and a second loss (7.1%) between 200 and 600
°C possibly because of the thermal decomposition of the organic functional groups of
the modified silica. Similarly, (SH)silica displays 1.5% and 10.2% weight losses in the
same temperature range for the same reasons. Similarly, (NH,+SH)silica has a

characteristic thermograph between (SH)silica and (NHy)silica with weight losses of
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3.0% and 9.5% corresponding, respectively, to the removal of physisorbed water and
the thermal degradation of organic functional groups.

Table 2.3. Surface area and pore width results

BET surface area (m’g™) Average pore size (A)
silica 253.9 17.3
(NH,)silica 168.9 14.1
(SH)silica 189.6 14.1
(NHy+SH)silica 183.9 14.1

Table 2.4. Elemental analysis results, (%)

C H N S
(NH,)silica 6.03 1.63 2.14 -
(SH)silica 5.62 131 - 3.73
(NH,+SH)silica 6.48 151 1.03 2.52
100.0 1
98.0 1
96.0 1
g 94.0 1 d
b=
2 920
=
90.0 1
88.0 1
86.0 1
0 100 200 300 400 500 600

Temperature (°C)

Figure 2.2. TGA curves of a) (SH)silica b) (NH,+SH)silica, ¢) unmodified silica, and d)
(NHy)silica
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Prepared sorbents were also characterized for their surface species before and
after modification steps using **C and #Si NMR spectroscopy. Relative amounts of
surface species were determined by peak deconvolution of spectra obtained from Si
CP/MAS NMR. Q and T notation used on the NMR survey refers to the number of
oxygen bounded to silicon atom. In case of ‘T’ three oxygen atoms are bound to a
silicon atom. Furthermore, T* was used to describe the single bonding of the functional
group containing silane coupling agent, while T and T° were used to describe the
double and triple bounding to silica surface, respectively. On the other hand ‘Q’
notation defines that four oxygen atoms are bounded to silicon atom. Moreover, Q?, Q°
and Q* are described geminal silanol, free silanol and siloxane, respectively. According
to Figure 2.3, activated silica surface contains both geminal and free silanol in addition
to siloxane bonds. Considering the spectra of activated silica and modified silicas
(Figures 2.3, 2.4, 2.5 and 2.6) it can be stated that modification leads to a decrease in the
amount of the silanol groups (Q* and Q®). In addition, an increase in the amount of the
siloxane groups (Q*) and appearance of new peaks (T) which corresponds to bonded
trifunctional silane coupling agents are observed. Appearance of the T2 (29.9 %) and T°
(70.1%) peaks indicate that the APTES mainly bond to surface via triple bonding
(Figure 2.4). In case of MPTMS modification T (12.8%), T? (50.8%) and T° (36.4%)
peaks show that the bonding of the MPTMS was not as strong as APTES bonding
(Figure 2.5). °Si CP/MAS NMR spectrum of bifunctional modification (APTES and
MPTMS) (Figure 2.6) shows chemical bond formation to silica surface similar to
(NH,)silica where T2 and T percentages were 33.5% and 66.5%, respectively.

3C CP/IMAS NMR spectra of (NH,)silicate (Figure 2.7), (SH)silicate (Figure
2.8) and (NH,+SH)silicate (Figure 2.9) are also used as a supplementary for the surface
modification. The spectrum of (NHy)silica is indicative of three different type of carbon
in the silica network which appeared as three peaks at 6 45, 24 and 12. The carbon atom
directly attached to amine group appeared in the downfield (higher ppm) of the
spectrum as a result of the decreased electron density around the atom and deshields the
atom from the magnetic field. The carbon atom attached directly to less polar silicon
and relatively less polar neighbor carbon appeared in upfield (lower ppm) of the
spectrum. The electron density around this carbon atom is relatively high which shields
the atom from the magnetic field. Similar chemical shifts were observed in *C
spectrum of (SH)silica with additional peak appearing in downfield region of spectrum

(86: 52). This peak corresponds to a carbon atom which is deshielded even more than the
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sulfur bearing carbon atom. Considering both **C and ?°Si NMR spectra of the
(SH)silica, the mentioned peak most probably corresponds to the carbon atom from
unbounded metoxysilane fraction of the coupling agent. In the case of the
(NH,+SH)silica *3C spectrum shows intense peaks at § 59, 45, 29, 13 and some smaller
peaks. The most deshielded carbon atom is the one directly bonded to metoxysilane
which has the most polar atom (oxygen) in the structure. Because of the higher polarity
of the nitrogen with respect to sulfur, the carbon bonded to amine group appeared
further downfield (8: 45) than mercapto bonded carbon (8. 29). More detailed
illustrations of chemical shifts of each carbon atom are shown in the insets of the
corresponding **C spectra.
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Figure 2.3. °Si CP/MAS of activated silicate
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2.2.2. Sorption Studies

2.2.2.1. Effect of pH on the Sorption of As(l11) and As(V)

The sorption percentages of the sorbents towards As(lIl) and As(V) as a
function of pH are shown in Figure 2.10. In order to figure out the sorption
characteristics of the sorbents in a simpler manner, Figure 2.10 was also redrawn based
on the sorption affinity of the individual sorbents (Figure 2.11). Furthermore, the pH
dependent speciation diagrams of As(lll) and As(V) are demonstrated additionally in
Figure 2.12 and 2.13, respectively, so as to realize the sorption mechanism better. The
unmodified silica shows no appreciable sorption to any of the two As species.
Alternatively, (SH)silica shows quantitative sorption only to As(lll) at the two extreme
points in the investigated pH range, namely, pH 1.0 and 9.0 while As(V) is not retained.
This result is in accordance with similar literature studies which suggest that mercapto
group is selective, generally, to the lower oxidation states of the hydride forming
elements (Hao et al. 2009; Dominguez 2002; Erdem and Eroglu 2005; Zheng and Hu
2009). On the other hand, (NHy)silica demonstrates selectivity only towards As(V), and
this response is indicative of the affinity of the amine functionality to arsenate ion. The
nature of sorption at pH 3.0 was suggested, in a previous study, as being the
electrostatic attraction between the protonated amine groups of (NH,)silica and H,AsO4
ion, which is the main species at this pH (Boyaci et al. 2010).

As can be deduced from Figure 2.10(a) and 2.10(b), the most striking feature of
the bifunctional (NH,+SH)silica, in contrast to (SH)silica, is its quantitative sorption
capability towards As(l11) at a relatively wide pH range. The bifunctional sorbent can be
used for As(l11) sorption from pH 1.0 to at least 9.0 with an exception at pH 2.0 only.
This improvement in the sorption percentage of the bifunctional sorbent compared to
(SH)silica needs further investigation and, for the present, can be attributed to the
synergistic effect of the amine groups on the sorbent in addition to the mercapto groups.
Another important property of (NHy+SH)silica is that it can be applied for the
quantitative sorption of As(V) at pH 3.0. From these results, it can be argued that the
bifunctional sorbent possesses the efficient features of the two functional groups. In
addition, with a simple pH adjustment step (to pHs greater than 4.0) before the sorption,
(NH,+SH)silica can be employed for the sorption of As(I11) only; or for the sorption of
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both As(111) and As(V) simultaneously at pH 3.0. A similar but less efficient sorption
behavior was also observed with the mechanically-mixed (NH,)silica+(SH)silica. The
sorbent mixture can be used for the sorption of As(l11) quantitatively at a wide pH range
but, in contrast to (NH,+SH)silica, there is not a single pH for the simultaneous
quantitative sorption of As(Ill) and As(V) . The percentage sorption of the sorbent
mixture to As(l11) at pH 3.0 is not reproducible.

The results outlined in the previous two paragraphs have demonstrated the high
flexibility of the sorbent systems developed in the present study. Depending on the
purpose of the investigation, that is whether As(111) or As(V) is to be determined, either
(NHy)silica or (SH)silica can be used after a pH adjustment step. In addition to the
mono-functionalized silicas, a better strategy could be the application of the
bifunctional (NH,+SH)silica due to its selectivity to either As(Ill) or both As(I1l) and
As(V) after a simple pH adjustment step.

100.0
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Figure 2.10. Effect of pH on the sorption of 100.0 pgL™ a) As(I1l) and b) As(V). (e)
(NHy)silica, (V) (SH)silica, (m) (NH,+SH)silica, (A) unmodified silica
and () (NHp)silica+(SH)silica. (reaction time: 30 min, sorbent amount:
50.0 mg, sample volume: 20.0 mL, sorption temperature: 25 °C, n=3).
Error bars indicate the standard deviation of the triplicate measurements at
95% CI.
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Figure 2.11. Effect of pH on the sorption of 100.0 ugL™ () As(III) and (V) As(V) by
a) unmodified silica, b) (SH)silica, ¢) (NHy)silica, d) (NH,+SH)silica, e)
(NHy)silica+(SH)silica. (reaction time: 30 min, sorbent amount: 50.0 mg,
sample volume: 20.0 mL, sorption temperature: 25 °C, n=3).
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Figure 2.12. Speciation diagram of As(I11) (obtained with Visual MINTEQ)
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Figure 2.13. Speciation diagram of As(V) (obtained with Visual MINTEQ)

2.2.2.2. As(l11) Sorption

The percentage sorption of the mono-functional (SH)silica, the bifunctional
(NH,+SH)silica and the mechanically-mixed (NHy)silica+(SH)silica towards As(lI)
was investigated at three pH values decided from Figure 2.10, namely, pH 1.0, 3.0, and
9.0. The solution pH of 1.0 and 9.0 were chosen since the percentage sorption of the
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related sorbents was quantitative at these pHs. In addition, the percentage sorption was
also examined at pH 3.0 which is a critical pH for As(V) as well. For all pHs, the effects

of the sorbent amount, the reaction time, and the reaction temperature were studied.

22221.pH=10

The results of the As(I11) sorption studies carried out at pH 1.0 are summarized
in Figure 2.14. As can be seen from Figure 2.14(a), the quantitative sorption was
obtained at the sorbent amount of 50.0 mg for (NH,+SH)silica and
(NHy)silica+(SH)silica, whereas a lower amount of (SH)silica (25.0 mg) was sufficient
to attain a saturation plateau. The indicated sorbents showed a similar sorption behavior
as a function of reaction time, and 30.0 min was sufficient to obtain a quantitative
sorption (Figure 2.14(b)). The effect of reaction temperature on sorption is shown in
Figure 2.14(c). The graph reveals a slight exothermic nature of the sorption, with the

percentage sorption amounting to more than 95% sorption even at 75 °C.
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Figure 2.14. Effect of a) sorbent amount, b) reaction time, ¢) temperature on the
sorption of 100.0 ugL™ As(l11). (m) (SH)silica, (®) (NH,+SH)silica, (V)
(NHy)silica+(SH)silica (sample volume: 20.0 mL, solution pH: 1.0, n=3).
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Figure 2.14. (cont.)

22.222.pH=90

The results of the sorption studies obtained at the solution pH of 9.0 were similar
to those at pH 1.0, as shown in Figure 2.15. For (SH)silica and (NHy)silica+(SH)silica,
quantitative sorption was obtained with 50.0 mg sorbent amount, whereas 25.0 mg of
(NH,+SH)silica was sufficient to reach the maximum sorption (Figure 2.15(a)). As seen
in Figure 2.15(b), the bifunctional (NH,+SH)silica demonstrated faster sorption

behavior, and even 5.0 min of contact time was sufficient to exceed 96% sorption
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percentage. For (SH)silica and (NH,)silica+(SH)silica, it was necessary to shake the
mixture for at least 30.0 min to attain a saturation plateau. The reaction temperature did
not have a significant influence on sorption and the percentage sorption was always

quantitative at all the examined temperatures (Figure 2.15(c)).
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Figure 2.15. Effect of a) sorbent amount, b) reaction time, c) temperature on the
sorption of 100.0 ugL™ As(III). (m) (SH)silica, (®) (NHz+SH)silica, (V)
(NHy)silica+(SH)silica (sample volume: 20.0 mL, solution pH: 9.0, n=3).

(cont. on next page)
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Figure 2.15. (cont.)

2.22.23.pH=30

It has been demonstrated in Section 2.2.2.1 that the solution pH of 3.0 deserved
a closer examination. Figure 2.10(a) shows that the reproducibility of sorption by the
mono-functionalized (SH)silica and the mechanically-mixed (NHy)silica+(SH)silica
was not good at pH 3.0, as can be concluded from the wide error bars whereas the
bifunctional (NH,+SH)silica displayed a better sorption performance. Additional
experiments were carried out in order to investigate the sorption behavior of the chosen
sorbents at pH 3.0, and the results are summarized in Figure 2.16. As can be seen from
the figure, the bifunctional (NH,+SH)silica always demonstrated a superior sorption
behavior over the other two sorbents. A sorbent amount of only 25.0 mg and a reaction
time of 30.0 min were sufficient to achieve maximum sorption. In the case of the
mechanically-mixed (NHy)silica+(SH)silica, a higher amount (50.0 mg) and a longer
equilibration time (120.0 min) were necessary to attain quantitative sorption. The
situation was completely different for the mono-functionalized (SH)silica for which the
guantitative sorption was never obtained even with an increase in the sorbent amount.
Although longer shaking times increased the sorption percentage, as shown in Figure
2.16(b), quantitative sorption was never approached and the results were irreproducible.
The effect of reaction temperature elucidated important differences in the performances
of the sorbents. Figure 2.16(c) indicates that the extent of sorption on the bi-functional
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(NH,+SH)silica and the mechanically-mixed (NHy)silica+(SH)silica were slightly

affected by temperature change within the range of 25 °C-75 °C, and tended to display

exothermic behavior. On the other hand, the sorption behavior of the mono-

functionalized (SH)silica was distinctively endothermic, with the sorption percentage
increasing drastically form 52% at 25 °C to about 95% at 75 °C.

Sorption (%)

Sorption (%)

100.0

80.0 -

60.0

40.0 A

20.0 A

0.0 -

100.0

40.0 A

100.0

reaction time: 30 min

sorption temperature: 25 °C
0.0 20.0 40.0 60.0 80.0

Sorbent amount (mg)
(a)

sorbent amount: 50.0 mg

sorption temperature: 25 °C
0.0 20.0 40.0 60.0 80.0 100.0

120.0

Reaction time (min)

(b)

Figure 2.16. Effect of a) sorbent amount, b) reaction time, c) temperature on the
sorption of 100.0 ugL™ As(l11). (w) (SH)silica, (e) (NHx+SH)silica, (V)
(NHy)silica+(SH)silica (sample volume: 20.0 mL, solution pH: 3.0, n=3).

(cont. on next page)
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Figure 2.16. (cont.)

2.2.2.3. As(V) Sorption

The percentage sorption of the mono-functional (NHy)silica, the bifunctional
(NH,+SH)silica and the mechanically-mixed (NHy)silica+(SH)silica towards As(V) was
investigated at pH 3.0. This was the only pH at which (NH,)silica displayed quantitative
sorption (see Figure 2.10(b)) and therefore, any comparison among the selected sorbents
containing amine functionality can only be performed at this point. In this context, the
effects of the sorbent amount, the reaction time, and the reaction temperature were
studied and the results are shown in related figures. The percentage sorption graphs of
(NHy)silica, (NH+SH)silica and (NHy)silica+(SH)silica as a function of sorbent
amount demonstrate the different behavior of these sorbents towards As(V) (Figure
2.17). For all the sorbents, 50.0 mg appears to be an optimum quantity for maximum
sorption. This amount forms the point at which a saturation plateau was reached for
(NH,+SH)silica and (NH,)silica+(SH)silica. The most noticeable and unexpected
feature of the figure, however, is the decrease of the percentage sorption for the mono-
functional (NH,)silica after 50.0 mg. In order to test whether (or not) this observation is
actually due to the increase in sorbent amount, a detailed pH study was performed,
bearing in mind the observation that the sorption of (NH)silica is restricted to pH 3.0.
For this purpose, sorption was carried out in both buffered and unbuffered As(V)
solutions. The percentage sorption results are shown in Figure 2.18 together with the
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change in the solution pH as a function of the sorbent amount. From these results, it can
be argued that the decrease in the sorption percentage occurs as a consequence of the
change in the solution pH, rather than being related with the sorbent amount. This
finding was further made clear by monitoring the variation in the solution pH as a
function of time for different amounts of the sorbent (NHy)silica (Figure 2.19). As can
be deduced from the figure, the solution pH is shifted to even basic pHs in a few
seconds in the unbuffered solution, depending on the amount of (NHy)silica. The reason
for the increase in the solution pH must be protonation of the amine functional groups in
(NHy)silica and thereby decreasing the hydronium ion concentration in the solution.
Since any pH > 4.0 is not suitable for the sorption of As(V), the sorption percentage
decreases. Moreover, the amount where the sorption percentage starts to decrease may
be affected by the percentage of the amine functional groups used in the modification of
the silica surface, and probably also by batch-to-batch variations. This result also
demonstrates the superior performance of the bifunctional (NH,+SH)silica over the

mono-functional (NHy)silica.
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Sorption (%)

40.0 -

20.0 A

reaction time: 30 min
sorption temperature: 25 °C

0.0

0.0 20.0 40.0 60.0 80.0 100.0

Sorbent amount (mg)

Figure 2.17. Effect of the sorbent amount on the sorption of 100.0 ugL™ As(V) ((m)
(NHy)silica, (e) (NHx+SH)silica, (V) (NHjy)silica+(SH)silica, sample
volume: 20.0 mL, solution pH: 3.0, n=3).

54



1000 i — A

80.0

60.0

Sorption (%)
pH

reaction time: 30 min
sorption temperature: 25 °C

0.0 50.0 100.0 150.0 200.0 250.0

Sorbent amount (mg)

Figure 2.18. Effect of the amount of (NH2)silica on the sorption of 100.0 ugL™ As(V)
in (A) unbuffered and (A) buffered solutions (variation of pH in (o)

unbuffered and (e) buffered solutions), sample volume: 20.0 mL, solution
pH: 3.0, n=3.
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Figure 2.19. Variation in the solution pH as a function of reaction time for different
amounts of (NH,)silica, sample volume: 20.0 mL, solution pH: 3.0
(Experiments were performed under unbuffered conditions).

The effect of the reaction time on the sorption percentages of the selected
sorbents, namely, (NHy)silica, (NH,+SH)silica and (NH,)silica+(SH)silica was also

investigated and the results are shown in Figure 2.20. As shown in the figure, with small
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differences, all three sorbents exhibit similar performance in the time interval of 5-60
min. The sorption percentage is higher than 85% even within the initial 5 min of
contact, indicating ease of accessibility to the sorbent groups/sorption sites. As in the
previous section, and in relation with the amount of sorbent, the sorption percentage
obtained with (NH,)silica decreases to below 20% in a very short time. In order to
enlighten this issue, a detailed pH study was again carried out in both buffered and
unbuffered As(V) solutions. The percentage sorption results together with the change in
the solution pH in the course of the reaction are shown in Figure 2.21. From these
results, it can be suggested that the decrease in percentage sorption can once again be
referred to the change in the solution pH, and is not a consequence of the reaction time.
This conclusion can also be drawn from Figure 2.19 which shows that depending on the
amount of (NHy)silica in the unbuffered solution, the solution pH was not equal to 3.0,
and has immediately shifted to higher values in a matter of seconds where no sorption
of As(V) occurs. This result illustrates, once again, the better sorption performance of

the bifunctional over the mono-functional silica.

100.0 A

80.0 A
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sorption temperature: 25 °C
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Reaction time (min)

Figure 2.20. Effect of the reaction time on the sorption of 100.0 pgL™ As(V) ((m)
(NHy)silica, (e®) (NH,+SH)silica, (V) (NHy)silica+(SH)silica, sample
volume: 20.0 mL, solution pH: 3.0, n=3).
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Figure 2.21. Effect of the reaction time on the sorption of 100.0 pgL™ As(V) by
(NHy)silica in (A) unbuffered and ( A) buffered solutions (variation of pH
in (o) unbuffered and () buffered solutions), sample volume: 20.0 mL,
solution pH: 3.0, n=3)

The effect of reaction temperature on the sorption of As(V) by the selected
sorbents is shown in Figure 2.22. As explained in the previous two paragraphs, the
sorption percentage is strongly affected by the solution pH, and buffering the solution at
pH 3.0 had always a positive influence on the extent of sorption. At 25 °C and under the
employed experimental conditions, all three sorbents displayed quantitative sorption in
both the unbuffered and the buffered solutions although the pHs of the unbuffered
solutions after the sorption step had risen to 8.05, 6.90, and 6.50 for (NHy)silica,
(NHy)silica+(SH)silica and (NH2+SH)silica, respectively. These high sorption results
can be ascribed to the fast kinetics of the sorption with the selected sorbents. At 50 °C,
the sorption of (NH>)silica and (NH,)silica+(SH)silica in the unbuffered solutions have
decreased below 10% whereas the respective sorption results were 83% and 76% in the
buffered solutions. Although these results are indicative of exothermic nature of
sorption with these two sorbents, it seems that the sudden decrease in sorption can be
attributed to the increase in the solution pH to values where no sorption occurs, rather
than being a thermal effect. Following the sorption step, the pH values of the solutions
were 8.50 and 7.83 for (NHy)silica and (NHy)silica+(SH)silica, respectively. This
finding also shows the importance of buffering the solutions if (NHy)silica or
(NHy)silica+(SH)silica are planned to be used. The situation for the bifunctional
(NH,+SH)silica was different from the two sorbents in a way that the sorption was
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again quantitative for both the unbuffered and the buffered solutions. At 75 °C, the
sorption decreased to almost 0% for the unbuffered, and below 25% for the buffered
solutions, for (NH,)silica and (NHy)silica+(SH)silica, respectively. For (NH,)silica and
(NHy)silica+(SH)silica, the pH values of the unbuffered solutions following the sorption
step were 8.70 and 7.76, respectively. On the other hand, the pH did not change in the
buffered solutions and the decrease in the sorption percentage can, therefore, be
ascribed to exothermic nature of sorption on these two sorbents. The sorption of
(NH,+SH)silica was not affected by the temperature increase and was quantitative even
at 75 °C. These results verify the robust nature and the applicability of the bifunctional

(NH,+SH)silica even at such relatively unusual conditions.

100.0

Sorption (%)

25.0 50.0 75.0

Temperature (°C)

Figure 2.22. Effect of the reaction temperature on the sorption of 100.0 ugL™ As(V).
(m) (NHy)silica unbuffered solution, (0) (NHy)silica buffered solution, (V)
(NHy)silica+(SH)silica unbuffered solution, (A) (NHjy)silica+(SH)silica
buffered solution, (®) (NH+SH)silica unbuffered solution, (o)
(NH,+SH)silica buffered solution (sample volume: 20.0 mL, sorbent
amount: 50.0 mg, reaction time: 30.0 min, solution pH: 3.0, n=3).

2.2.3. Sorption Capacity (Dubinin—-Radushkevich Isotherm Model)

In addition to the sorption studies with As(l1l) and As(V), the capacity of the
sorbents was determined via D-R isotherm model. The model was applied at pH 1.0,
3.0 and 9.0 for As(l1l) and pH 3.0 for As(V). The results are summarized in Table 2.5.

The linear correlation coefficients (R?) were generally high, suggesting that the
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isotherm is suitable for describing the sorption of both arsenic species. During the
sorption studies, the arsenic amount was 0.00053 mmolAs/g sorbent (As initial
concentration: 100.0 pgL™?, solution volume: 20.0 mL and sorbent amount: 50.0 mg)
and according to the maximum sorption capacity, Qmax, Values of the sorbents (Table
2.4) only a small fraction of the capacity of the sorbents appears to be used for sorption,
which is ascribed to the low initial sorbate concentration. Overall, the calculated values

of sorption energy correspond to electrostatic type of interaction.

Table 2.5. Summary of Dubinin-Radushkevich coefficients (Solution volume, shaking
time and reaction temperature were 20.0 mL, 30 min and 25 °C,
respectively, n = 3).

Parameter (SH+NHy)silica  (SH)silica+(NHy)silica (SH)silica (NH,)silica
R? 0.9802 0.9759 0.9897
E Qumax (Mmol/g) 0.0063 0.0072 0.0072
= E (kJ/mol) 15.8 15.8 22.4
R? 0.982 0.9956 0.9974
g § Qumax (Mmol/g) 0.0360 0.0210 0.0470
< S | E(kImol) 12.9 12.9 0.1
R? 0.9851 0.861 0.9844
5.:: Qumax (Mmol/g) 0.0390 0.0021 0.0044
= E (kJ/mol) 12.9 22.4 15.8
R? 0.9660 0.9966 0.9962
ixw: § Qumax (Mmol/g) 0.0039 0.0121 - 0.1312
= E (kJ/mol) 15.8 12.9 11.2

2.2.4. Desorption Studies

2.2.4.1. Desorption of As(l11)

As explained in Section 2.1.7, the first strategy followed for desorption of
As(I11) from (SH)silica, (NH,+SH)silica and (NHy)silica+(SH)silica was to oxidize the
adsorbed As(111) to As(V) using the oxidative eluent 0.050 M KIO3 in 2.0 M HCI. This
eluent desorbed As(lll) over 89% by oxidizing to As(V) when the sorption was

performed at pH values of 1.0 and 3.0; and lower desorption (between 70-77%) was
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achieved when sorption was performed at pH of 5.0 and 8.0 (Table 2.6). In the case of
0.50 M NaOH (Table 2.7), almost complete desorption of As(I1l) was observed which
was possibly caused by removal of functional groups of the sorbents when sorption was
realized at pH values of 1.0 and 3.0. On the other hand, desorption percentages were
between 60 and 70 when sorption was carried out at pH values of 5.0 and 8.0. The wide
range of the desorption percentages obtained using the same eluent at different sorption
pH values can be ascribed to the different type of interaction of the analyte ion with the

functional groups on the modified silicas.

Table 2.6. Desorption of As(l11) using 0.050 M KIO3 in 2.0 M HCI (Sorption condition:
sorption time: 30 min, sorbent amount: 50.0 mg, sample volume: 20.0 mL,
sorption temperature: 25 °C. Desorption conditions: desorption time: 60 min,
eluent volume 20.0 mL and desorption temperature: 25 °C).

Desorption (%)

Sorbent pH 1.0 pH 3.0 pH 5.0 pH 8.0
(SH)silica 101.4 (£7.0) -

(NH,+SH)silica 92.5 (+1.7) 93.5 (+8.0) 74.5 (+1.8) 73.4 (+3.4)
(NH,)silica+(SH)silica 88.7 (+1.9) 94.6 (+2.3) 76.8 (+4.3) 705 (+0.9)

Table 2.7. Desorption of As(l11) using 0.50 M NaOH (Sorption condition: sorption time:
30 min, sorbent amount: 50.0 mg, sample volume: 20.0 mL, sorption
temperature: 25 °C. Desorption conditions: desorption time: 60 min, eluent
volume 20.0 mL and desorption temperature: 25 °C).

Desorption (%)

Sorbent pH 1.0 pH 3.0 pH 5.0 pH 8.0

(SH)silica 89.0 (+1.0) - - 69.5 (+2.6)
(NH,+SH)silica 75.8 (+3.7) 104.5 (+8.8) 68.6 (+0.7) 58.6 (+2.0)
(NH,)silica+(SH)silica 95.5 (+2.7) 115.0 (+1.6) 64.7 (+3.1) 67.4 (+3.1)

2.2.4.2. Desorption of As(V)

A similar strategy was followed for elution of As(V) from (NHy)silica,
(NH,+SH)silica and (NH,)silica+(SH)silica by reducing the adsorbed As(V) to As(lIl)
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with L-cysteine. The results showed that nearly 90% desorption was achieved from
(NHy)silica while (NH2+SH)silica and (NH,)silica+(SH)silica underwent only 20% and
57% desorption percentages, respectively (Table 2.8). A possible reason for the lower
desorption with mercapto containing sorbents is the affinity of the mercapto group
toward As(I11) produced after reduction step. The second strategy to elute As(V) from
the sorbents was to leach the sorbent with 0.50 M HNO;3; or 0.5 M NaOH. The
desorption percentage of the As(V) when HNOs is used as eluent from (NHy)silica and
(NHy)silica+(SH)silica was above 85%, but this eluent was not much effective for
(NH,+SH)silica (43% desorption). 0.50 M NaOH was able to desorp As(V) over 92%
from each sorbent. The main reason for desorption of arsenate from the prepared
sorbents can be explained by the leaching of the functional groups (amino- and/or

mercapto) from the silica surface under basic conditions.

Table 2.8. Desorption of As(V) with various eluent (Sorption condition: solution pH:
3.0, sorption time: 30 min, sorbent amount: 50.0 mg, sample volume: 20.0
mL, sorption temperature: 25 °C. Desorption conditions: desorption time: 60
min, eluent volume 20.0 mL and desorption temperature: 25 °C).

Desorption (%)

Sorbent 1.0% L -cysteine 0.50 M NaOH 0.50 M HNO;
(NHy)silica 88.0 (+1.0) 97.5 (+1.2) 86.8 (+0.3)
(NH,+SH)silica 20.7 (0.9) 92.0 (0.8) 42.6 (+2.9)
(NH,)silica+(SH)silica 56.8 (+1.4) 97.1 (+5.4) 88.4 (+2.7)

2.2.5. Reusability of the Sorbents

As mentioned in Section 2.1.8, the pH of 3.0 had been chosen as the critical pH
for sorption and speciation studies. For this reason, the reusability of the sorbents was
tested at pH 3.0 for both arsenic forms. For As(V), 1.0% (m/v) L-cysteine was used as
the eluent for (NH,)silica, 0.50 M NaOH for (NHy)silica, (NHy)silica+(SH)silica and
(NH,+SH)silica, and 0.50 M HNOs; for (NHj)silica, (NHy)silica+(SH)silica and
(NH,+SH)silica. The results demonstrate that (Table 2.9) (NH,)silica can be used at
least 5 times when 1.0% (m/v) L-cysteine is used as the eluent since more than 88 %
sorption was obtained even after five sorption/elution cycles. When 0.50 M HNO3 was

used for elution (Table 2.10), the sorption percentage decreased gradually from 97 to 78
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between the first and the fifth cycles. The highest desorption was obtained using 0.50 M
NaOH; however, when this eluent is used the sorbent cannot be used further since the
functional groups are deteriorated. In the case of As(Ill) sorption, only two sorbents,
namely, (NHy)silica+(SH)silica and (NH,+SH)silica were investigated for their
reusability after elution with 0.50 M NaOH, 0.50 M HNO3 and 0.05 M KIO3 in 2.0 M
HCI (Table 2.11). The results show that only 0.50 M HNO3, with higher than 80 %
sorption after the fifth sorption/elution cycle, can be used if the sorbents are to be
reused. On the other hand, 0.50 M NaOH and 0.05 M KIOg3 in 2.0 M HCI can be used
only once because of the degradation of the surface functional groups. Nevertheless,
these eluents can be used for As(lll) and As(V) in many applications where the

reusability of the sorbent is not of concern.

Table 2.9. Repetitive use of (NHy)silica for sorption of As(V) (Sorption condition:
solution pH: 3.0, sorption time: 30 min, sorbent amount: 50.0 mg, sample
volume: 20.0 mL, sorption temperature: 25 °C. Desorption conditions:
desorption time: 60 min, eluent volume 20.0 mL and desorption

temperature: 25 °C).

Sorption (%)

Number of reuse  1.0% (m/v) L-cysteine  0.50 M NaOH  0.50 M HNO;

1 96.7 (£ 0.3) 96.4 (+ 0.5) 96 (+0.3)
2 90.9 (+0.2) 0 94.1 (£ 1.1)
3 88.5 (£ 2.2) 0 91.2 (+ 2.5)
4 89.6 (£ 0.1) 0 89.8 (+ 1.6)
5 87.7 (+ 0.4) 0 83.6 (+7.7)
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Table 2.10. Repetitive use of (NH,+SH)silica and (NH,)silica+(SH)silica for sorption of
As(V) (Sorption condition: solution pH: 3.0, sorption time: 30 min, sorbent
amount: 50.0 mg, sample volume: 20.0 mL, sorption temperature: 25 °C.
Desorption conditions: desorption time: 60 min, eluent volume 20.0 mL and

desorption temperature: 25 °C).

Sorption (%)

(NH,+SH)silica (NH,)silica+(SH)silica

Number of reuse  0.50 M NaOH 0.50 M HNO;  0.50 M NaOH 0.50 M HNO;

1 95.3 (+0.7) 94.7 (+ 1.6) 97.3 (+ 1.5) 97.4 (+0.1)
2 21.3 (+ 11.6) 795(£35)  32.6(+20.4)  86.0(x3.1)
3 0 80.0 (£ 6.2) 0 84.5 (+ 2.5)
4 0 78.8 (£ 4.2) 0 77.9 (£ 3.1)
5 0 79.9 (£ 3.8) 0 78.0 (+ 4.8)

Table 2.11. Repetitive use of (NH,+SH)silica and (NH,)silica+(SH)silica for sorption of
As(I11) (Sorption condition: solution pH: 3.0, sorption time: 30 min, sorbent
amount: 50.0 mg, sample volume: 20.0 mL, sorption temperature: 25 °C.
Desorption conditions: desorption time: 60 min, eluent volume 20.0 mL and
desorption temperature: 25 °C).

Sorption (%)

(NH,+SH)silica (NH,)silica+(SH)silica

Number of reuse 950 M NaOH  0.050 M KIO;in  0.50 M NaOH  0.050 M KIOsin

2.0 M HCI 2.0 M HCI
1 97.9 (£ 0.3) 97.5 (£ 0.1) 95.1 (+0.1) 92.5 (+0.7)
2 8.5 (+ 10.8) 13.4 (£ 17.9) 0 48.0 (+ 15.4)
3 0 16.3 (£ 2.2) 0 49.1 (+8.7)
4 0 3.8 (+6.8) 0 21.3 (+ 11.6)
5 0 0 0 0

2.2.6. Method Validation

As can be deduced from both the sorption and the desorption results, the
bifunctional (NH,+SH)silica is advantageous over the mono-functionalized (NH,)silica

and (SH)silica, and also the mechanically-mixed (NH,)silica+(SH)silica. It offers better
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sorption features for both As(l1l) and As(V) compared to the other sorbents. For this
reason, the accuracy of the method was investigated through the analysis of a standard
reference material using (NH,+SH)silica as the sorbent. The result obtained with the
proposed methodology was 27.53 + 0.37 pgL™ which is in good agreement with the
certified value of arsenic in the SRM (NIST 1640, 26.67 ugL™). In order to further
verify the reslults of SRM study, statistical t-test was applied. The result of the t-test
indicated that there is no difference in the determined and certified value of arsenic at
95% confidence level. In addition, a spike recovery test was applied to drinking water to
further test the validity of the method. The percent recovery values given in Table 2.12
indicate that the proposed methodology is practical to use with ultrapure and drinking

water with the percentage recovery values of 93.0 ( 2.3), 86.9 (£ 1.2), respectively.

Table 2.12. Spike recovery results obtained using (NH,+SH)silica for a drinking water
sample (solution pH: 3.0, sorption time: 30 min, sorbent amount: 50.0 mg,
sample volume: 15.0 mL, sorption temperature: 25 °C, eluent: 0.5 M
NaOH, desorption time: 60 min, n=3).

Concentration (gL ™)

Initial  Spiked Determined* Recovery (%)

Ultrapure water 0.0 30.0 27.9 (£ 0.7) 93.0(x2.3)
Drinking water 2.7 30.0 28.4 (£0.4) 86.9 (£ 1.2)
Drinking water (1/3 diluted) 0.9 10.0 9.0(x0.2) 82.6 (£2.1)
SRM** 26.67 0 27.53 (+ 0.37) -

* Concentration determined after sorption/desorption steps
** SRM solution (1/3 diluted)
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CHAPTER 3

NEW SPME SORBENTS:
SOLID PHASE MICROEXTRACTION OF ARSENIC

3.1. Experimental

3.1.1. Instrumentation and Apparatus

3.1.1.1. HPLC-HGAAS

Separation of extracted arsenical species was achieved in Agilent 1200 Series
HPLC system with a 250 mm anion exchange column (Hamilton, PRP-X100) using 25
mM phosphate buffer (pH 5.85) as mobile phase at flow rate of 1.0 mLmin™. From the
anion exchange column exit 1.0 mL fractions were collected and detection of each
species in the fractions was realized with A Thermo Elemental Solaar M6 Series AAS
(Cambridge, UK). An air-acetylene burner was used in arsenic determination utilizing
the Segmented Flow Injection Hydride Generation (SFI-HGAAS) unit. An arsenic
hollow cathode lamp at the wavelength of 193.7 nm and a deuterium lamp were
employed as the source line and for background correction, respecitively. The pH
adjustment of buffer solution was achieved with Ino Lab Level 1 pH meter (Weilheim,

Germany). Operating conditions for the instruments are given in Table 3.1.
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Table 3.1. Operation conditions for HPLC-HGAAS

HPLC (Agilent 1200 Series)

HG-AAS (Thermo Elemental Solaar M6)

Column

Mobile phase

Thermostat temp.

Injection volume

Mobile phase flow rate

Hamilton PRP-X 100

25 mM phospate buffer

25°C

20 pL

1.0 mLmin’?

Carrier gas (N,) flow rate

2.0 % (v/v) HCI flow rate

NaBH, concentration

NaBH, flow rate

Sample flow rate

200 mLmint

6.1 mLmin™

1.0% (wiv)

3.0 mLmin®

6.0 mLmin™

3.1.1.2. HPLC-ICPMS

The separation of extracted arsenic species was achieved with Agilent 1200

Series HPLC system with a 250 mm anion exchange column (Hamilton, PRP-X100).

Gradients with 10.0 mM and 30.0 mM ammonium carbonate solutions (pH 8.50) were

used as mobile phase at flow rate of 1.0 mLmin™. The detection of each species was

realized with ICP-MS, Agilent 7500ce (Tokyo, Japan). Online separation and detection

of five arsenic species were accomplished by connecting HPLC column outlet directly

to ICP-MS concentric nebulizer. The two instruments were connected by the shortest

allowed tubing to prevent the broadening of the peaks (Figure 3.1). The connection was

realized with 67 cm long perfluoroalkoxy (PFA) tubing (ID: 0.5 mm). The operating
parameters for HPLC and ICP-MS are provided in Table 3.2. The pH adjustments of

buffer solutions were achieved with Ino Lab Level 1 pH meter (Weilheim, Germany).

Operating conditions for the instruments are given in Table 3.2.
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Figure 3.1. HPLC-ICPMS system

Table 3.2. Operation conditions for HPLC-ICPMS

HPLC Agilent 1200

Analytical column PRP-X100 (250 mm x 4.1 mm, 10 um)
Mobile phase 10.0 mM and 30.0 mM (NH,),CO; solutions, pH=8.50
Flow rate 1.0 mLmin*

Column temperature 25°C

Sample loop 100 pL

ICP-MS Agilent 7500ce

Rf power output 1550 W Interface Ni sampler cone (1 mm)
Frequency 27 MHz Ni skimmer cone (0.4 mm)
Plasma gas flow rate 15 Lmin™ Spray chamber temp.  2°C

Carrier gas flow rate 0.85Lmin®  Nebulizer Concentric

Collision gas flow rate 45 mLmin®  Dwell time 100 ms

Octopole reaction system  + Detected isotope "As

Collision gas He Integration mode Peak area




3.1.1.3. Characterization and Microextraction Studies

Microimages of bare and coated silica fibers were taken using a Philips XL-30S
FEG scanning electron microscope (SEM) (Eindhoven, The Netherlands). The thermal
properties of electrospun nanofibers were examined using a Perkin Elmer Pyris
Diamond TG/DTA (Boston, MA, USA). The crystallographic structure of the fiber
coatings were elucidated by a Philips X’Pert Pro X-Ray Diffractometer (XRD)
(Eindhoven, The Netherlands). The feeding rate was kept constant in electrospinning
process by microsyringe pump (LION WZ-50C6). The pH of the solutions was adjusted
with 0.01-1.0 M HNOj3; and 0.01-1.0 M NHs using Ino Lab Level 1 pH meter
(Weilheim, Germany). Extractions of arsenic species were performed in multi-position
magnetic stirrer RO 10 power IKAMAG.

3.1.2. Reagent and Solutions

All the chemicals were of analytical reagent grade. Ultra-pure water (18.2
MQ.cm) was used throughout the study. Glassware and plastic containers were cleaned
by being soaked in 10% (v/v) nitric acid for 24 h and rinsed with ultra- pure water prior
to use.

Stock standard solutions of As(V) and As(l11), 2000.0 mgL™, were prepared by
dissolving As,Os (Merck, product code: 1.09939, CAS no: [1303-28-2]) and As,0s
(Fischer, CAS no: [1327-53-3]), respectively, in ultra pure water. Dimethylarsinic acid
(DMA, 1000.0 mgL™) and monomethylarsonic acid (MMA, 553.0 mgL™) were
prepared by dissolving dimethylarsinic acid sodium salt trihydrate (Merck, product
code: 8.20670, CAS no: [6131-99-3]) and disodium methyl arsonate hexahydrate
(Supelco, product no: PS 281, CAS no: [144-21-8]), respectively, in ultra- pure water. A
solution of Arsenobetaine (AsB, 1031 mgkg™) in water (BCR 626) was obtained from
BCR (Brussels, Belgium).The concentrations of all the stock solutions described above
were given in terms of arsenic. Prepared stock solutions were stored in refrigerator at 4
°C, lower concentrations were prepared daily by diluting appropriate amount of stocks
in ultra-pure water. HNO3; (Merck, product code: 1.00456, CAS no: [7697-37-2]) and
NH;3 (Merck, product code: 1.05422) were used to adjust the pH of the solutions.
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For HPLC-HGAAS studies, 25.0 mM phosphate buffer solution (pH 5.85) was
prepared by by daily dissolving a proper amount of HPLC grade KH,PO, (Fluka,
product code: 60221, CAS no.: [7778-77-0]) and K;HPO, (Fluka, product code: 17835,
CAS no.: [7758-11-4]) in ultra-pure water, and pHs of the solution was adjusted by
using various concentrations of HNO3 and NHs. Sodium borohydride solution was
prepared for a daily use from fine granular product (Merck, product code: 8.06373,
CAS no.: [16940-66-2]) and stabilized by NaOH (Merck, product code: 1.06498, CAS
no.: [1310-73-2]) in water. L-Cysteine (Merck, product code: 1.02838, CAS no.: [52-
90-4]) was added to collected fractions from anion exchange column to reduce As(V) to
As(111) before HG-AAS determination.

For HPLC-ICPMS studies, 10.0 mM and 30.0 mM (NH,4),COj3 solutions (pH
8.50) were prepared daily by dissolving a proper amount of HPLC grade (NH,;),COs3
(Fluka, product code: 74415, CAS no.: [506-87-6]) in ultra-pure water, and pHs of the
solutions were adjusted by using various concentrations of HNO3 and NH3.

All solutions that were passed from anion exchange column (mobile phase and
eluting solvent) was filtered from 0.20 um cellulose acetate filter paper (Sartorius) and
degassed for 15 min in ultrasonic bath.

Fiber optic cable was kindly supplied by HES Kablo (Kayseri, Turkey). Acetone
(Merck, product code: 1.00014, CAS no: [67-64-1]) was used for removal of protective
polyamide coating of the fibers. Pellet form of NaOH (Merck, product code: 1.06498,
CAS no: [1310-73-2]), was used to prepare 1.0 M NaOH solution in order to introduce
maximum number of silanol groups on the surface of the bare fiber. 0.1 M HCI (Merck,
product code: 1.00314, CAS no.: [7647-01-0]) was used for neutralization of the base.
All reagent used in the preparation and synthesis of the SPME fiber coatings were
summarized in Table 3.3.

In order to show the effect of the ionic strength on the extraction of arsenic
species, NaCl (Riedel-de Haen, product code: 13423, CAS no: [7647-14-5] solutions
were prepared in various concentrations by dissolving appropriate amount of solid NaCl
in water.

Arsenic Species in Frozen Human Urine (NIST, SRM 2669) and Trace Elements
in Natural Waters (NIST, SRM 1643e) were used to validate the proposed
methodology. The composition of SRM 1643e is given in Table 3.4.
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Table 3.3. Reagents used through the preparation of SPME fiber coatings

Reagent Company Product Code CAS no. Purpose of use

NaBH, (granular) Merck 8.06373 [16940-66-2] Reducing of Fe(ll) to nZVI
FeCl».4H,0 Sigma Aldrich 22,029-9 [13478-10-9] Synthesis of nZVI

Absolute Ethanol Sigma Aldrich 32221 [64-17-5] Solvent for FeCl,.4H,0

Agarose Sigma A5093 [9012-36-6] Immobilization matrix for nZVI
FeCl;.6H,0 Merck 1.03943 [10025-77-1] Electrospun Fe,O; nanofibers

PVP Sigma Aldrich PVP10 [9003-39-8] Electrospun Fe,O; nanofibers

PVA Electrospun ZnO or ZnO-CeO, nanofibers
Ce(NOs),.6H,0 Fluka 22350 [10294-41-4] Electrospun ZnO- CeO, nanofibers
Zn(CH3C00),.2H,0 Fluka 96459 [5970-45-6] Electrospun ZnO nanofibers
3-(Triethoxysilyl) propylamine Merck 8.26619 [14814-09-6] Functionalization of silica fiber
(3-Mercaptopropyl) trimethoxysilane  Fluka 63800 [4420-74-0] Functionalization of silica fiber
3-Choloropropyltrimethoxysilane Alfa Aesar 42413 [2530-87-2] Functionalization of silica fiber
Triethoxyvinylsilane Merck 8.08273 [78-08-0] Functionalization of silica fiber

(cont. on next page)
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Table 3.3 (cont.)

Reagent Company Product Code CAS no. Purpose of use

Dichloromethane Riedel-de Haen 24233 [75-09-2] Solvent in sol-gel process

THF Sigma Aldrich 87368 [109-99-9] Solvent in sol-gel process

TFA Merck 76-05-1 [808260] Catalyst in sol-gel prosess

PMHS Aldrich 81330 [9004-73-3] Deactivator in sol-gel process

PDMS 25 000 cSt Aldrich 481339 [70131-67-8] Organic polymer with sol gel active terminal for SPME
coatings

PDMS Aldrich 432997 [70131-67-8] Organic polymer with sol gel active terminal for SPME

coatings




Table 3.4. Certified values for Trace Elements in Natural Waters (SRM 1643e)

Elements Concentration (ugL™) Elements Concentration (ugL™)
Al 141.8+8.6 Mn 38.97 £ 0.45
Sh 58.30 £ 0.61 Mo 121.4+13
As 60.45+0.72 Ni 62.41+0.69
Ba 5442 +5.38 K 2034+ 29
Be 13.98 + 0.17 Rb 1414 +0.18
Bi 14.09 £ 0.15 Se 11.97+0.14
B 157.9+3.9 Ag 1.062 £ 0.075
Cd 6.568 + 0.073 Na 20 740 £ 260
Ca 32300 +1 100 Sr 323.1+3.6
Cr 20.40+£0.24 Te 1.09+0.11
Co 27.06 +0.32 Th 7.445 + 0.096
Cu 22.76 +0.31 \% 37.86 + 0.59
Fe 98.1+14 Zn 785+22
Pb 19.63+£0.21 Mg 8037 + 98
Li 174+1.7

3.1.3. Preparation of the SPME Fibers

SPME fibers were prepared with two main ways, namely, sol-gel based fiber
coatings and nanoparticle immobilized fiber coatings. Sol-gel based coatings were
prepared with the insertion of bare fiber into sol-gel solution; after the reaction was
completed the functionalized fibers were removed from the solution and dried. The
second route of the fiber coating was immobilization of the various nanoparticles onto
the surface of the fiber either by immobilization of the nanoparticles into a supporting
matrix (capillary template method) or by in situ formation of nanofibers on the surface

of the SPME fiber by electrospinning. Details of the methods are given below.

3.1.3.1. Sol-Gel Based SPME Fiber Coatings

The protective polyamide layer of the silica fiber was removed by immersing the
piece of 7 cm cut into acetone. Bare fibers were washed with ultra-pure water.

Introduction of maximum silanol groups on bare silicate surface which are necessary for
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coupling reaction was accomplished by dipping segments of the bare silicate fibers into
1 M NaOH solution for 60 min. This step was followed by dipping the fiber into 0.1 M
HCI solution for 30 min to neutralize excess base. Fibers were washed with ultrapure
water and thermal curing was applied for 24 h at 120 °C. Coating solutions with
different precursors were prepared as follows; 100.0 uL PDMS (hydroxy terminated)
and 150.0 uL DCM were mixed in 1.5 mL vial. A precursor with amine functionality
(APTES) of 50.0 puL was added into former solution; sequentially 25.0 pL of terminator
(PMHS) was added to resulting solution. The sol-gel reaction was started after addition
of 50.0 uL TFA (95v TFA+5v water) which was used to catalyze the reaction. The
resulting solution was centrifuged for 10 min. Coating process was performed by the
immersion of activated silica fiber into prepared solution for 30 min. After reaction
period, coated fiber was dried at 60 °C for 30 min. To achieve bulky coatings the
procedure can be repeated until desired thickness was obtained. Thermal curing at 120
°C was applied for 24 h, which results in termination of the reactions.

Different coatings were obtained by replacing APTES with mercapto-, cholo- or
vinyl-functionality containing sol-gel active compounds.

The same coating process was also applied using dip coater (Figure 3.2) to
obtain homogeneous surface coating. Prepared SPME fibers were characterized by

scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX).

3.1.3.2. Sol-Gel Based Electrospun Amine-Modified SPME Fiber
Coating

The sol-gel solution described in former section was modified and used for
electrospun coating of SPME fiber. In a typical procedure 2.0 mL PDMS (hydroxyl
terminated, typical viscosity: 25.000 cSt), 3.0 mL tetrahydrofuran (THF), 1.0 mL
APTES and 0.50 mL PMHS was mixed in a 20 mL vial. Into the resulting solution 1.0
mL of TFA (95v TFA+5v water) was added and mixed thoroughly. The resulting sol-
gel solution was stirred for 48 h at room temperature. In order to achieve viscosity
adequate for electrospinning process, some of the solvent (THF) was evaporated from
the sol-gel solution at 80 °C for 2 h. Resulting sol-gel solution was loaded into a syringe
and electrospinning process was performed at 25 kV potential difference with the

feeding rate of 5.0 mL/h. The distance between the syringe and the metal collector was
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10 cm. In order to obtain a homogeneous coating on the fiber, the plain silica fiber was
attached on rotating drum and constant rotation rate of 300 rpm was applied during
coating. The drum was placed between the metal collector and syringe. The distance of
rotating drum from syringe was 3 cm. Coated fibers were conditioned at 110 °C
overnight to facilitate the endcapping of free silanol groups. Non endcapped amine-
modified fibers were prepared by the same procedure excluding the PMHS from the sol-

gel solution.

(@) (b)

Figure 3.2. Dip coating method a) general view of instrument and b) a typical sol-gel
based coating with the dip coater.

3.1.3.3. Capillary Template Method for Immobilization of Zerovalent
Iron Nanoparticles

The protective polyamide layer of the silica fiber was removed by immersing the
piece of 7 cm cut into acetone. Bare fibers were washed with ultra-pure water. A two
step procedure was followed for the functionalization of the fibers. Firstly, nano
zerovalent iron (nZVI) particles were synthesized as described in previous reports
(Efecan et al. 2009) by drop wise addition of 220.0 mL of 4.0% (w/v) NaBH, solution
from burette to flask containing 50.0 mL of 1.0 M Fe(ll) solution under continuous

stirring. After all reducing agent was added, the mixture was stirred for additional 20
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min. Obtained nZVI particles were filtered and washed with small amount of ultrapure
water and copious amount of ethanol and further dried overnight in oven at 75 °C.
Secondly, an immobilization matrix of iron nanoparticles in hot agarose was used for
coating the silica fibers. The immobilization matrix was prepared by mixing 0.400 g of
agarose and 20.0 mL of ultra-pure water in a 50-mL beaker. The resulting solution was
stirred and boiled in a hot plate until a clear solution was obtained. Then, the solution
was cooled down to 50 °C and 0.250 g of nZVI was subsequently added. After stirring
for 10 min, the mixture was used immediately for coating the fibers at 50 °C. The
process of fiber coating is illustrated in Figure 3.3. The first step of coating process was
filling up a capillary tubing (i.d.: 1.0 mm, length: ca 3 cm, used as a template) with
nanoiron-agarose mixture by applying a low vacuum and then immersing a fiber into
the filled capillary tubing. After a few minutes, the temperature of the mixture in the
capillary tubing dropped down to room temperature and nanoiron-agarose matrix was
solidified. The removal of the solidified nanoiron-agarose coated silica fiber from the
template capillary tube was easily accomplished by pushing the material inside from the
open end of the capillary tube with a small piece of metallic rod. The length of the
nanoiron-agarose coating on the fiber was adjusted to 2.0 cm by cutting the excess part
from the lower end of the silica fiber and allowing it to air dry at room temperature.
Blank SPME fibers were also prepared in the same manner in the absence of iron

nanoparticles. Prepared fibers were characterized by SEM, EDX and XRD.
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Figure 3.3. Coating procedure of silica fiber; a) empty capillary tubing (ca 3 cm), b)
capillary tubing filled with nanoiron-agarose matrix (50 °C), c) inserting
silica fiber into capillary tubing and cooling for solidification of nanoiron-
agarose matrix, d) removal of nanoiron-agarose modified silica fiber, e)
cutting the end of the fiber to adjust the length of coating to 2.0 cm, f) air-

dried SPME fiber.

3.1.3.4. Electrospun Nanofibers Coated SP

ME Fibers

In electrospinning method, an electrode is inserted into a polymer solution and

the other is attached to a collector, which is grounded. As a high voltage (typically 10—

30 kV) is applied, the charge repulsion on the surface of the fluid causes a force directly

opposite to the surface tension of the fluid itself. Figure 3.4 shows experimental set-up

used for electrospun method. Various electrospun nanofibers were produced throughout

the study as candidate materials for SPME fiber coating.

Figure 3.4. Experimental set-up used in electrospinning process
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3.1.3.4.1. Electrospun ZnO Nanofibers

For synthesis of ZnO nanofiber coated SPME fiber, a sample of 2.50 g of zinc
acetate dihydrate (Zn(CH3COO),.2H,0, was mixed with 4.00 g of polyvinyl alcohol
(PVA) solution (18% wi/w) and stirred for 5 h in a water bath at 60 °C. To perform the
electrospinning process, the prepared solution was loaded into a plastic syringe and a
potential difference of 15 kV was applied to the tip of a needle of syringe. The distance
between the syringe and the metal collector was 6 cm. The feeding rate was kept
constant at 4.5 mL.h™* using a microsyringe pump. The obtained electrospun fibers were
dried under vacuum at 70 °C for 8 h and calcined for 5 h at 500 °C with a heating rate of
4°Cmin™ in a muffle furnace.

In the synthesis of ZnO-CeO, nanofiber coated SPME fiber, the same method
was used with addition of 2.00 g Ce(NOs),.6H,0 to described electrospinning solution.

Characterizations of fibers were done by scanning electron microscopy.

3.1.3.4.2. Electrospun Fe,O; Nanofibers

For synthesis of Fe,O3, nanofibers FeCl;.6H,O was employed as an iron source.
Since the FeCl; is highly soluble in water the polymer that will be used for
electrospinning process should be water soluble. Accordingly, polyvinylpyrrolidone
(PVP) was chosen as a template polymer for electrospinning process. In a typical
experiment, 2.50 g FeCl3.6H,0 and 11.50 g PVP powder were dissolved in 10.0 mL
ultrapure water. The resulting viscous solution was stirred at room temperature
overnight. Electrospinning process was performed in a similar manner as had been
described in Section 3.1.3.4.1. The potential difference of 35 kV was applied to the tip
of a needle of syringe. The distance between the syringe and the metal collector was 10
cm. The feeding rate of microsyringe pump was changed in order to optimize the
spinning procedure. The obtained electrospun PVP-FeCl; nanofibers were calcined in a
muffle furnace at 500 °C for 6 h with a heating rate of 4 °Cmin™. The effect of several
parameters on electrospinning process was investigated throughout the study. For
instance the amount of FeCl; was changed between 0.50, 1.00, 1.50 and 2.50 g while
PVP concentration was kept constant at 11.50 g. In another experiment, the amount of

PVP was varied between 5.00 g and 15.00 g while the amount of FeCl3.6H,0 was kept
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constant at 2.50 g. Another parameter was the effect of the solvent, instead of water
ethanol was used as a solvent and in this experiment the amounts of FeCl;.6H,O and
PVP were 2.50 g and 11.50 g, respectively. Also the feeding rate was investigated in the
mentioned experiment. Characterizations of Fe,O; nanofibers and PVP-FeCl;

nanofibers were done by scanning electron microscopy, XRD and TGA.

3.1.4. Arsenic Speciation with Sol-Gel Based SPME Fibers

3.1.4.1. Extraction of Arsenic Species

Solid phase micro extraction was carried out with amine-modified fibers
(endcapped amine-modified fibers) in a 20 mL vial containing 15.0 mL of aqueous
arsenic mixture (As(I11), DMA, MMA and As(V)) which was stirred with magnetic bar.
A 200 pL pipette tip was blocked from base by application of heat and used as a
desorption container. Initial conditions of extractions were; solution pH: 3.6 (no pH
adjustment), arsenic concentration: 1.0 pgmL™, stirring speed: 200 rpm, extraction time:
60 min, extraction temperature: RT. Initial desorption conditions were; desorption time:
60 min, desorption volume: 50.0 pL, desorption temperature: RT, eluent: 25.0 mM
KH,PO, solution. Extraction parameters such as extraction pH, extraction time,

agitation (stirring) speed, ionic strength and desorption conditions were optimized.

3.1.4.2. Extraction of Arsenic Species: Further Improvement on the
Fibers

SPME of mentioned arsenic species was carried out with endcapped amine-
modified fibers and non endcapped amine-modified fibers. Extractions were performed
in a 20-mL vial containing 15.0 mL of aqueous arsenic mixture solution (As(l11), DMA,
MMA and As(V)) which was stirred with a magnetic bar. Desorption of the analytes
was carried out in a container which was prepared from 200-puL pipette tip blocked at
the base by application of heat. The conditions for extractions were; solution pH: 4.0,
arsenic concentration: 100.0 pgL™, stirring speed: 700 rpm, extraction time: 60 min,

extraction temperature: RT. For desorption, the conditions were; desorption time: 15
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min, desorption volume: 150.0 pL, desorption temperature: RT, eluent: 50.0 mM
KH,PO, solution.

3.1.4.3. Optimization of Extraction Parameters for Electrospun Coated
Amine-Modified SPME Fibers

3.1.4.3.1. Effect of pH on Extraction of Arsenic Species

The first investigated parameter was solution pH. Extraction studies were carried
out at 25 °C after the initial pH of solutions was adjusted to 3.0, 5.0, 7.0 and 90.0 with
dilute HNO3; or NHs;. The conditions for the extractions were; arsenic concentration:
10.0 pugL™ from each species (AsB, As(l11), DMA, MMA and As(V)), stirring speed:
700 rpm, extraction time: 60 min, solution volume: 15.0 mL. Afterwards, desorption of
the extracted analytes were performed from the fiber as explained previously.
Desorption conditions were; desorption time: 20 min, 150 puL 50.0 mM KH,POs,.

Desorption solution was analyzed for its arsenic content and species by HPLC-ICPMS.

3.1.4.3.2. Effect of Agitation Time/Speed on Extraction of Arsenic
Species

Effect of agitation time on the extraction of arsenic species by amine-modified
fiber was investigated for time intervals of 5, 15, 30 60 and 120 min. The conditions for
the extractions were; solution pH: 5.0, arsenic concentration: 10.0 pgL™ from each
species (AsB, As(lll), DMA, MMA and As(V)), stirring speed: 700 rpm, solution
volume: 15.0 mL. Separately, effect of the agitation speed on extraction of the arsenic
species was studied at 300, 500, 700 and 1000 rpm stirring speeds. In addition, static
extraction of the arsenic species for a 30 min interval was performed to evaluate the
effect of the extraction mode. Extraction conditions were; solution pH: 5.0, arsenic
concentration: 10.0 pgL™ from each species (AsB, As(l1), DMA, MMA and As(V)),
extraction time: 30 min, solution volume: 15.0 mL, Desorption conditions for both
experiments were; desorption time: 20 min, 150 puL 50.0 mM KH,PO..
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3.1.4.3.3. Effect of Salt Concentration (lonic Strength) on Extraction of
Arsenic Species

Effect of the ionic strength on the extraction of arsenic species was investigated
by addition of various amount of NaCl into arsenic containing solution. The
investigated concentrations were 1.0 M, 0.10 M, 0.010 M and without addition of NaCl.
Extraction conditions for the aforementioned experiment were; solution pH: 5.0, arsenic
concentration: 10.0 pgL™* from each species (AsB, As(l1), DMA, MMA and As(V)),
extraction time: 30 min, stirring speed: 700 rpm, solution volume: 15.0 mL. Desorption

conditions were; desorption time: 20 min, 150 pL 50.0 mM KH,PO,.

3.1.4.3.4. Effect of Solution Temperature on Extraction of Arsenic
Species

The influence of the solution temperature on extraction of arsenicals was
scrutinized for prepared amine-modified fibers. The inspected temperatures were 20 °C,
35 °C and 55 °C. In a typical experiment, prepared solution was equilibrated in a
thermostated water bath until selected temperature was accomplished. The extractions
of arsenic species were performed in the same thermostated water which was placed
onto the multiple multi-position magnetic stirrer. Extraction conditions for the
mentioned experiment were; solution pH: 5.0, arsenic concentration: 10.0 pgL™ from
each species (AsB, As(l1l), DMA, MMA and As(V)), extraction time: 30 min, stirring
speed: 700 rpm, solution volume: 15.0 mL. Desorption conditions were; desorption
time: 20 min, 150 pL 50.0 mM KH,PQ,.

3.1.4.3.5. Repetitive Use of the Fibers and Fiber Reproducibility

The one of the most important task in the SPME fiber production is preparation
of stable fiber coatings. The repetitive use of the same fiber is key study for
confirmation the stability of the active phase. Extraction conditions were; extraction
time: 30 min, As concentration: 10.0 ugL™, solution pH: 5.0, stirring speed: 700 rpm,
solution volume: 15 mL. Desorption conditions were; desorption time: 20 min, 150 pL

50.0 mM KH,PO,. In order to prevent the carry over of the remaining analytes on the
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fibers to the next running, a cleaning step was applied before reuse of the fiber. The
cleaning conditions were; 10 min desorption into 15 mL 0.50 M KH,PO4, 5 min
cleaning in 15 mL ultra-pure water, 2 min activation in 15 mL 0.10 M HNO3 and 5 min

conditioning at 110 °C. The single fiber was reused for ten successful microextractions.

3.1.5. Arsenic Speciation with Nanoparticle Immobilized (Capillary
Template) SPME Fibers

3.1.5.1. Extraction of the Arsenic Species

Microextraction was carried out with nanoiron-agarose and agarose-only fibers
(as blank) in a 20-mL vial containing 15.0 mL of aqueous arsenic mixture solution
which was stirred with a magnetic bar. Desorption of the analytes was carried out in a
container which was prepared from 200-pL pipette tip blocked at the base by
application of heat. The initial conditions for extractions were; solution pH: 7.0, arsenic
concentration: 10.0 pgL™, stirring speed: 300 rpm, extraction time: 30 min, extraction
temperature: RT. For desorption, the initial conditions were; desorption time: 10 min,
desorption volume: 150.0 pL, desorption temperature: RT, eluent: 50.0 mM KH,PO,
solution. The HPLC mobile phases and desorption solutions were filtered through 0.20
um cellulose acetate filter paper (Sartorius) before use. Afterwards, the extractions
parameters such as extraction pH, extraction time, agitation (stirring) speed, ionic
strength and desorption conditions were optimized. In addition, fiber to fiber
reproducibility and repetitive use of the same fiber were also investigated.

3.1.5.2. Optimization of Extraction Parameters

3.1.5.2.1. Effect of pH on Extraction of Arsenic Species

Solution pH is one of the most important parameters on the extraction of arsenic
species by the prepared fibers. For this reason, the initial experiments in the
optimization of the extraction parameters focused on the investigation of extraction pH
with each fiber. Extraction studies were carried out at 25 °C after the initial pH of
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solutions was adjusted to 4.0, 7.0 and 10.0 with dilute HNO3 or NH3. The conditions for
the extractions were; arsenic concentration: 10.0 pgL™ from each species (AsB, As(11),
DMA, MMA and As(V)), stirring speed: 300 rpm, extraction time: 60 min, solution
volume: 15.0 mL. Afterwards, desorption of the extracted analytes were performed
from the fiber as explained previously. Desorption conditions were; desorption time: 10
min, 150 pL 50.0 mM KH,PO,. Desorption solution was analyzed for its arsenic
content and species by HPLC-ICPMS.

3.1.5.2.2. Effect of Agitation Time/Speed on Extraction of Arsenic
Species

Effect of agitation time on the extraction of arsenic species by nanoiron-agarose
fiber was investigated for time intervals of 1, 5, 15, 30 and 60 min. In addition, static
extraction of the arsenic species for a 5 min interval was performed to inquire the effect
of the extraction mode. The conditions for the extractions were; solution pH: 4.0,
arsenic concentration: 10.0 pgL™ from each species (AsB, As(Ill), DMA, MMA and
As(V)), stirring speed: 700 rpm, solution volume: 15.0 mL. Separately, the effect of the
agitation speed on extraction of the arsenic species was studied at 300, 500, 700 and
1000 rpm stirring speeds. Extraction conditions were; solution pH: 4.0, arsenic
concentration: 10.0 pgL™* from each species (AsB, As(l1l), DMA, MMA and As(V)),
extraction time: 60 min, solution volume: 15.0 mL, Desorption conditions for both
experiments were; desorption time: 10 min, 150 puL 50.0 mM KH,PO..

3.1.5.2.3. Effect of Salt Concentration (lonic Strength) on Extraction of
Arsenic Species

The effect of the ionic strength on the extraction of arsenic species was
investigated by addition of various amount of NaCl into arsenic containing solution.
The investigated concentrations were 1.0 M, 0.10 M, 0.010 M and 0.0010 M NaCl.
Extraction conditions for the aforementioned experiment were; solution pH: 4.0, arsenic
concentration: 10.0 pgL™* from each species (AsB, As(l1), DMA, MMA and As(V)),
extraction time: 60 min, stirring speed: 700 rpm, solution volume: 15.0 mL. Desorption
conditions were; desorption time: 10 min, 150 pL 50.0 mM KH,PO,.
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3.1.5.3. Interference Studies

The interference studies were performed for Sb(lll), Sb(V), Se(IV), Se(Vl),
V(IV), V(V), SO, and PO,> ions. The extraction and elution of the Sh(llI), Sb(V),
Se(lV), Se(VI), V(IV) and V(V) were examined during the interference studies in
conjunction with extraction of arsenicals. Firstly, 100.0 pgL™ and 1000.0 pgL™ of
Sb(111), Sh(V), Se(1V), Se(V1), V(IV), V(V) and SO,%, PO,¥, respectively, were added
separately into 10.0 ugL™ As(111), DMA, MMA and As(V) containing solution. The
extraction experiments were performed under optimized conditions described in related
part of the thesis. The extraction conditions were extraction time: 60 min, As
concentration: 10.0 pgL™, solution pH: 4.0, stirring speed: 700 rpm, solution volume:

15 mL. Desorption conditions were desorption time: 10 min, 150 puL 50.0 mM KH,PO,.

3.1.5.4. Analytical Performance of the Method

The performance of the proposed analytical method was characterized in terms
of the limit of detection (LOD3s) and the limit of quantification (LOQigs). Also, the
regression coefficients in the calibration plot were used to prove the correlation between
the extracted amount of analytes and concentrations in a typical SPME experiment.
Calibration plots were constructed to relate the variation of arsenic concentration as a
function of the peak area. For this purpose various amounts of arsenicals spiked in ultra
pure water (0.10 pgL™ to 10.0 pgL™) and extraction/desorption to HPLC-ICPMS were
performed under optimized experimental conditions. Similar calibration plots were also
obtained in 0.010 M NaCl solution in order to compare the analytical performances of
the extractions performed in ultra pure water and salted water. Extraction conditions
were; solution pH: 4.0, extraction time: 60 min, stirring speed: 700 rpm, solution
volume: 15.0 mL. Desorption conditions; desorption time: 10 min, 150 puL 50.0 mM
KH,PO,. Furthermore, the analytical performance of the developed method was tested
via determining relative standard deviations of the peak areas for intra-day and inter-day
extractions of the analytes with 10 and 4 fibers, respectively. The applied experimental
parameters were identical to extraction/desorption conditions described above while the

arsenic concentration of each investigated species was 10.0 ugL™.
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3.1.5.5. Method Validation

Validity of the developed method was tested by means of standard reference
materials (Arsenic Species in Frozen Human Urine, NIST SRM 2669 and Trace
Elements in Natural Waters, NIST SRM 1643e). In the validation experiments the
extractions were performed in 1/10 diluted SRM samples. The applicability of the
method to real samples was also shown by spike addition into bottled water, tap water,
geothermal water, and urine sample (from a volunteer). The extractions were performed
in 1/2 diluted samples in case of bottled and tap water, while 1/10 diluted urine samples
were used for extraction of arsenicals. In order to eliminate possible matrix effect of the
geothermal water, these samples were diluted further to 1/500. In all validation
experiments extraction conditions were; extraction time: 60 min, solution pH: 4.0,
stirring speed 700 rpm, solution volume: 15.0 mL. Desorption conditions; desorption
time: 10 min, 150 pL 50.0 mM KH,PO,. Both standard addition method and aqueous
calibration plots were applied to determine the species and concentration of arsenicals

in the samples.

3.2. Results and Discussions

3.2.1. Characterization of Prepared SPME Fibers

As mentioned in Section 3.1.3, the new SPME fiber coatings were prepared in
two main strategies, namely, sol-gel based SPME coatings and nanoparticles
immobilized SPME coatings. In the sol-gel based coatings bare silica fiber was inserted
directly into sol-gel solution when the reaction period was completed, the coated fiber
was removed and dried. Another sol-gel based coating was also obtained in the same
manner by controlled insertion/removal from sol-gel active solution with dip coater.
The second method demonstrates an easy way for immobilization of previously
synthesized nanoparticles via capillary templating approach which was described for the
first time. Another method applied for nanoparticle immobilized SPME fiber coating is

electrospinning method. In the mentioned method, electrospun nanofibers were
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produced on the surface of a SPME fiber. The characterization results for the prepared
SPME fibers were summarized below.

3.2.1.1. Sol-Gel Based SPME Fiber Coatings

Sol-gel based coatings of the silica fibers were achieved by the direct insertion
of the silica fiber into sol-gel active solution. The coatings were obtained in two ways,
manually inserting the fiber into solution or using dip coater. The effect of sol-gel
constituents on fiber coating was tested at absence of the sol-gel active organic part
(PDMS) of sol-gel solution. Various manual coated fibers are illustrated in Figure 3.5.
Fiber coated by dipping into sol-gel solution containing only inorganic sol-gel active
reagents (no PDMS) resulted in thinner coating which can be easily removed from the
surface of the fiber. The addition of the PDMS produced thicker coating with more
active sites on organic/inorganic polymer network. In addition, the manual coating
process resulted in variations of the coating thickness throughout the fiber.
Homogeneous coating is important to fiber to fiber reproducibility. For this reason, fiber
coating process was performed in dip coater in ongoing study.

Optimization of the dip coating process was done for amine-functionalized
fibers. The effect of the parameters such as repetitive coating, removal speed and
viscosity of the PDMS on fiber coating thickness and morphology were investigated.
The effect of removal speed of the fibers from sol-gel solution was studied at 10
mm/min and 1 mm/min moving speed of dip coater. In addition the effect of coating
repetition was tested for single and double coating processes. The results of coating
repetition at 10 mm/min are shown in Figure 3.6 and 3.7 for single and double layers,
respectively. According to SEM images, the dip coating process is promising for the
fabrication of homogeneous coatings. Additionally, the diameters after coating
processes were determined as 126 pum and 140 um for single and double coatings,

respectively.
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Figure 3.5. SEM images of various manually coated sol-gel based SPME fibers. a)
amine-functionalized (no PDMS), b) amine-functionalized (with PDMS), ¢)
and d) chloro-functionalized fibers.
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Figure 3.6. SEM images of amine-functionalized fibers (with dip coater) at various
magnifications (10 mm/min removal speed, single layer coating) a)
250x, b) 650x and c) 2000x.

(cont. on next page)
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Figure 3.6. (cont.)
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Figure 3.7. SEM images of amine-functionalized fibers (with dip coater) at various
magnifications (10 mm/min removal speed, double layer coating) a) 250x
and b) 2000x.

SEM images obtained for fibers coated at 1 mm/min removal speed are given in
Figure 3.8 and 3.9. Coating thicknesses were determined as 127 um and 134 um for
single and double layer coatings, respectively. The comparison of the coating thickness
obtained at 1 and 10 mm/min removal speed was not indicative of important effect from
these parameters, while the homogeneity of the coating was clearly affected from the
removal speed of the fiber from the sol-gel solution. The effect of the PDMS viscosity
on the coating thickness and roughness was tested using low viscosity (25 000 cSt) and
high viscosity (18 000 000- 22 000 000 cSt) PDMS. The results obtained for high
viscosity PDMS are given in Figure 3.10. According to SEM images, the coating
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thickness was not affected from viscosity of the PDMS. The most important outcome
was the increased viscosity resulted in surface roughness on the SPME fibers.
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Figure 3.8. SEM images of amine-functionalized fibers (with dip coater) at various
magnifications (1 mm/min removal speed, single layer coating) (a) 250x,
(b) 650x and (c) 2000x.

The effect of the PDMS viscosity on the coating thickness and roughness was
tested using low viscosity (25 000 cSt) and high viscosity (18 000 000- 22 000 000 cSt)
PDMS. The results obtained for high viscosity PDMS are given in Figure 3.10.
According to SEM images, the coating thickness was not affected from viscosity of the
PDMS. The most important outcome was the increased viscosity resulted in surface
roughness on the SPME fibers.
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Figure 3.9. SEM images of amine-functionalized fibers (with dip coater) at various
magnifications (1 mm/min removal speed, double layer coating) a) 250x
and b) 650x.

(@) (b)
Figure 3.10. SEM images of amine-functionalized fibers (with dip coater) at various

magnifications (1 mm/min removal speed, single layer coating, high
viscosity PDMS) a) 100x, b) 255x.
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Figure 3.11. EDX spectrum of amine-functionalized fibers

3.2.1.2. Nanoparticles Immobilized SPME Fibers Prepared by
Capillary Template Method

SEM images of the plain, the agarose-only, and the nanoiron-agarose fibers at
different magnifications are given in Figure 3.12 and 3.13, respectively. The
characteristic chain-like structure (Figure 3.14) reported for nanosized zerovalent iron
particles in the previous study (Efecan et al. 2009) was not observed after
immobilization of the nZVI into agarose matrix. This might have resulted from the
oxidation of nZVI upon the immobilization process, as mentioned below based on XRD
characterization. The SEM image shown in Figure 3.13(c) suggests that the iron
nanoparticles were embedded completely inside the matrix. The diameters of the plain
fiber and nanoiron-agarose fiber were measured as 125 um and 220 pm, respectively.
The presence of iron particles (K lines of Fe) was also validated by EDX analysis
during SEM survey (Figure 3.15). The results reveal the weight percentage of C
(29.7%), O (21.4%) and Na (1.0%) from agarose and Fe (47.3%) from immobilized iron
nanoparticles. The XRD results of the agarose powder, synthesized nZVI, ground bare
silica fiber and ground nanoiron-agarose coated SPME fibers were illustrated in Figure
3.16. XRD pattern of agarose powder indicates reflections at 2-theta 28, 35, 48, and 59.
Iron nanoparticles showed a strong reflection at 2-theta 45 which is indicative that iron
nanoparticles exist primarily as Fe®. After immobilization of the iron nanoparticles, the

reflection of the zero valent state of the iron disappeared and reflections from iron oxide
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particles (2-theta 36) were observed together with those of agarose, as well. As
illustrated in SEM images of the prepared fibers, the iron nanoparticles were completely

coated with agarose matrix which may result in their weak reflection responses.
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Figure 3.12. SEM images of a) bare silica fiber b) and c) agarose coated silica fiber at
various magnifications.

91



Figure 3.13. SEM images of nZVI-agarose fibers at various magnifications a) 105x, b)
100x, c) 30000x.

Figure 3.14. SEM images of the synthesized zerovalent iron nanoparticles
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Figure 3.15. EDX spectra of a) bare silica fiber and b) agarose coated silica fiber and c)
nanoiron-agarose coated silica fiber.
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Figure 3.16. XRD pattern of the a) agarose powder, b) nZVI, c¢) ground silica fiber and
d) ground nanoiron-agarose fiber.

3.2.1.3. Electrospun Nanofiber Immobilized SPME Fibers

3.2.1.3.1. Electrospun ZnO Nanofibers

SEM images of plain fiber and PVA, zinc acetate-PVA, zinc acetate-cerium
nitrate-PVVA electrospun nanofiber coated fibers were shown in Figure 3.17 at various
magnifications. The fiber material at this study was replaced by stainless steel to
maintain conducting coating surface. Diameter of the steel fiber was determined as 200
pm. Steel fibers coated with PVA nanofibers demonstrated in Figure 3.17 was
indicative of polymer network around the SPME fibers. Fiber coated with zinc acetate
or cerium nitrate added PVA did not show important differences in morphology with
respect to only PVA containing fibers. The application of calcination step on nanofiber
coated fiber completely remove the PVA from the surface of fiber and ZnO or ZnO-
CeO;, nanofibers coated SPME fibers were produced (Figure 3.18). The continuum ZnO
nanofibers with CeO, nanoparticles were clearly observed in the figure. In this method
all functional groups are available on the surface of the SPME fiber for microextraction
processes. For this reason, the shorter extraction time was expected to have a superior
advantage. Additionally, on the light of the surface coating heterogeneity, it should be
mentioned that such inhomogeneous coatings may result in elevated deviations during

the extraction.
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Figure 3.17. SEM images of electrospun coated fiber before calcination a) steel fiber,
b), ¢) and d) PVA, e), f) and g) zinc acetate-PVA, h) and i) zinc acetate-
cerium nitrate-PVA.

(cont. on next page)
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Figure 3.17. (cont.)
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Figure 3.18. SEM images of a), b) and ¢) ZnO-CeO,, d), e) and f) ZnO electrospun
fibers after calcination.
(cont. on next page)
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Figure 3.18. (cont.)

3.2.1.3.2. Electrospun Fe,O3; Nanofibers

The synthesis procedure for preparation of Fe,O3 nanofibers is outlined in the
Section 3.1.3.4.2. For optimization of the electrospinning procedure, various parameters

were tested. The effects of each parameter are summarized below.

3.2.1.3.2.1. Effect of Amount of FeCl;.6H,0

Effect of the FeCl; amount was important in two general considerations. First of
all, increasing the amount of a conductor in the polymer solution increases the

spinnability of the solution. Secondly, increasing the amount of iron possibly will
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increase the amount of iron on the resulting electrospun nanofibers. Therfore, after
calcination step, Fe,O5 fibers will be thicker. According to the expectations listed
above, the experiments were conducted with 0.50, 1.00, 1.50 and 2.50 g FeCl3;.6H,0.
The electrospun nanofibers obtained in this experiment are shown in Figure 3.19- 3.22
for each tested iron amounts. First of all, as expected, increasing the amount of iron in
the solution increased the spinnabilty of the solution. The most acceptable fibers were
produced in solution containing 2.50 g FeCl3.6H20. Further increment of the iron
amount was not tested due to solubility difficulties. The Fe,O3 nanofibers obtained after
calcination are illustrated in the Figure 3.23. The most important outcome of the
calcination was getting thinner fibers of Fe,O3 with respect to the PVVP- FeClj; fibers and

the structure was conserved during calcination.
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Figure 3.19. SEM images of PVP+FeCl; electrospun fibers (11.50 g PVP/ 0.50 @)
FeCl;.6H,0) at various magnifications (Spinning conditions: potential
difference: 30 kV, feeding rate: 0.1 mL/h) a) 1000x, b) 5000x and c)
20000x.
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Figure 3.20. SEM images of PVP+FeCl; electrospun fibers (11.50 g PVP/ 1.00 g FeCls.
6H,O) at various magnifications (Spinning conditions: potential
difference: 30 kV, feeding rate: 0.1 mL/h) a) 1000x, b) 5000x.
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Figure 3.21. SEM images of PVP+FeCl; electrospun fibers (11.50 g PVP/ 1.50 g FeCls.
6H,0) at various magnifications (Spinning conditions: potential difference:
30 kV, feeding rate: 0.1 mLh™) a) 1000x, b) 5000x and c) 20000x.
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Figure 3.22. SEM images of PVVP+FeCl; electrospun fibers (11.50 g PVP/ 2.50 g FeCls.
6H,0) at wvarious magnifications (Spinning conditions: potential
difference: 30 kV, feeding rate: 0.1 mLh™) a) 1000x, b) 2000x and c)
5000x.
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Figure 3.23. SEM images of PVP+FeCl; electrospun fibers after calcination (11.50 g
PVP/ 2.50 g FeCl3.6H,0) at various magnifications (Spinning conditions:
potential difference: 30 kV, feeding rate: 0.1 mLh™) a) 1180x, b) 5000x, c)
10000x and d) 20000x.

Thermal behaviors of the PVP nanofibers, PVP+FeCl; nanofibers (2.50 g
FeCl3.6H,0 containing) and calcineted fibers are demonstrated in the Figure 3.24. Two
stage lost of the mass was observed in case of PVP fibers. The first lost is due to
bonded water and the major lost between 374 and 470 °C can be explained as
degradation of the polymer structure. In the thermogram of the PVP+FeCl; nanofibers,
similar degradation of the polymeric part of the structure was observed in a
combination with the small increase on weight percentage of the hybrid material after
440 °C. The reason for this behavior on the thermogram can be related to structural
changes of inorganic part of the material. Therfore, it can be speculated that under
elevated temperatures iron ions may convert to various iron oxide structures (Fe,O3 and
Fe,O3FeQ). Similarly, calcinated samples show the trend of increasing the weight

percent as a result of structural changes.
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Figure 3.24. TGA curves of a) PVP, b) PVP+FeCls, and c) PVP+FelC; after calcination

(cont. on next page)
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Figure 3.24. (cont.)

The XRD results of the PVP nanofibers, PVP+FeCl; nanofibers (2.50 g FeCls,
6H,0 containing) and calcineted fibers were illustrated in Figure 3.25. XRD pattern of
PVP nanofibers and PVVP+FeCl; nanofibers indicated reflections at 2-theta 29.4 which is
most probably from crystalline structure of electruspun polymer. XRD pattern of
calcineted fibers showed strong reflections at 2-theta 29.3, 33, 35.6, 40.7, 49.4 54, 62.3,

64 which are indicative that iron nanoparticles exist primarily as Fe,Os.
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Figure 3.25. XRD pattern of the a) PVP, b) PVP+FeCls;, and c) PVP+FeCl; after

calcination
(cont. on next page)
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Figure 3.25. (cont.)

3.2.1.3.2.2. Effect of the Solvent

In effect of the solvent on electrospinning process experiment was carried with
ethanol instead of water. Both the polarity and boiling point of the ethanol make it
attractive solvent for spinning. Results obtained at various feeding rates for PVP+FeCls
nanofibers and calcinated fibers are illustrated in Figure 3.26-3.30. The SEM images
showed that when ethanol was used as a solvent, the nanofibers were both
inhomogeneous and thicker than nanofibers obtained from water based polymer

solution.

105



(b) (c)

Figure 3.26. SEM images of PVVP+FeCl; electrospun fibers a) before calcination, b) and

c) after calcination (Spinning conditions: potential difference: 30 kV,

feeding rate: 20.0 mLh™, amount of FeCls.6H,0: 2.50 g, amount of P\V/P:
11.50 g).
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Figure 3.27. SEM images of PVP+FeCl; electrospun fibers a) and b) before calcination,
c) after calcination (Spinning conditions: potential difference: 30 kV,

feeding rate: 10.0 mLh™, amount of FeCls.6H,0: 2.50 g, amount of P\V/P:
11.50 g).
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Figure 3.28. SEM images of PVP+FeCl; electrospun fibers a) and b) before calcination,

c) after calcination (Spinning conditions: potential difference: 30 kV,

feeding rate: 5.0 mLh™, amount of FeCl3.6H,0: 2.50 g, amount of PVP:
11.50 g).
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Figure 3.29. SEM images of PVP+FeCl; electrospun fibers a) and b) before calcination,
c) after calcination (Spinning conditions: potential difference: 30 kV,

feeding rate: 1.0 mLh™, amount of FeCls;.6H,0: 2.50 g, amount of PV/P:
11.50 g).
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Figure 3.30. SEM images of PVP+FeCl; electrospun fibers a) and b) before calcination,
c) after calcination (Spinning conditions: potential difference: 30 kV,
feeding rate: 0.5 mLh™, amount of FeCl3.6H,0: 2.50 g, amount of PVP:
11.50 g).

3.2.1.3.2.3. Effect of the Feeding Rate

The effect of the feeding rate of the spinning solution was studied with polymer
to iron compound ratio of 15.00 g/2.50 g prepared in water. Results obtained at various
feeding rates for PVVP+FeCl; nanofibers and calcinated fibers are illustrated in Figure
3.31-3.41. The most important outcome of the study is the effect of flow rate from the
needle to the final diameter of the nanofibers. General trend was that decreasing the

feeding rate increases the diameter of the fiber. The thinner fibers are expected to show
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larger surface area which means more active cites on the surface. Another advantage of

the higher feeding rates is the elevated nanofiber deposition in a shorter time.

(©)

Figure 3.31. SEM images of PVP+FeCl; electrospun fibers at various magnifications
(Spinning conditions: potential difference: 30 kV, feeding rate: 20.0
mLh™, amount of FeCl;.6H,0: 2.50 g, amount of PVP: 15.0 g) a) 10000x,

b) 2000x and c) 500x.
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Figure 3.32. SEM images of PVP+FeCl3 electrospun fibers after calcination at various
magnifications (Spinning conditions: potential difference: 30 kV, feeding
rate: 20.0 mLh™, amount of FeCls.6H,0: 2.50 g, amount of PVP: 15.0 g).

a) 10000x and b) 2000x.
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Figure 3.33. SEM images of PVVP+FeCl; electrospun fibers at various magnifications
(Spinning conditions: potential difference: 30 kV, feeding rate: 10.0
mLh™, amount of FeCls.6H,0: 2.50 g, amount of PVP: 15.0 g) a) 10000x

and b) 2000x.
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Figure 3.34. SEM images of PVP+FeCl; electrospun fibers after calcination at various
magnifications (Spinning conditions: potential difference: 30 kV, feeding
rate: 10.0 mLh™, amount of FeCl;.6H,0: 2.50 g, amount of PVP: 15.0 g)
a) 10000x and b) 2000x.
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Figure 3.35. SEM images of PVP+FeCl; electrospun fibers at various magnifications
(Spinning conditions: potential difference: 30 kV, feeding rate: 5.0 mLh™,

amount of FeCl3.6H,0: 2.50 g, amount of PVP: 15.0 g) a) 10000x and b)
2000x.
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Figure 3.36. SEM images of PVP+FeCl; electrospun fibers after calcination at various
magnifications (Spinning conditions: potential difference: 30 kV, feeding

rate: 5.0 mLh™, amount of FeCls.6H,0: 2.50 g, amount of PVP: 15.0 g) a)
10000x and b) 2000x.
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Figure 3.37. SEM images of PVVP+FeCl; electrospun fibers a) before calcination b) and
c) after calcination (Spinning conditions: potential difference: 30 kV,

feeding rate: 1.0 mLh™, amount of FeCls.6H,0: 2.50 g, amount of PVP:
15.0 g).
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Figure 3.38. SEM images of PVP+FeCl; electrospun fibers at various magnifications
(Spinning conditions: potential difference: 30 kV, feeding rate: 0.5 mLh™,
amount of FeCl3.6H,0: 2.50 g, amount of PVP: 15.0 g) a) 10000x and b)

2000x.
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Figure 3.39. SEM images of PVP+FeCl3 electrospun fibers after calcination at various
magnifications (Spinning conditions: potential difference: 30 kV, feeding
rate: 0.5 mLh™, amount of FeCl3.6H,0: 2.50 g, amount of PVP: 15.0 g) a)

10000x and b) 2000x.

115



(@) (b)

Figure 3.40. SEM images of PVP+FeCl; electrospun fibers at various magnifications
(Spinning conditions: potential difference: 30 kV, feeding rate: 0.1 mLh™,
amount of FeCl3.6H,0: 2.50 g, amount of PVP: 15.0 g) a) 10000x and b)
2000x.
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Figure 3.41. SEM images of PVP+FeCl; electrospun fibers after calcination at various
magnifications (Spinning conditions: potential difference: 30 kV, feeding
rate: 0.1 mLh™, amount of FeCls.6H,0: 2.50 g, amount of PVP: 15.0 g) a)
10000x and b) 2000x.
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3.2.2. Arsenic Speciation with Sol-Gel Based SPME Fibers

3.2.2.1. Optimization of Chromatographic Separation and Hydride
Generation of Arsenic Species (HPLC-HGAAS)

In this study, the main goal was to develop the method for extraction of arsenic
species with prepared amine-functionalized SPME fiber and separate each species in
HPLC column prior to detection by HG-AAS. For this purpose, first of all, hydride
generation ability of each arsenic species was optimized by varying the amount of
NaBH, and HCI added into arsenic containing solutions. Results given in Figure 3.42
indicate that the each arsenic specie requires specific condition for maximum
absorbance. As shown in the figure, maximum absorbance was obtained for As(I1l) and
As(V) in 1.0% (w/v) L-Cysteine containing 1.0% (v/v) HCI solution. Strong reducing
ability of L-Cysteine resulted in increased absorbance of As(V) due to the reduction to
As(I11). Maximum absorbance for DMA was obtained in 2.0% (v/v) HCI. In contrast to
other arsenic species hydride generation of MMA was much more affected from acidity
of the solution. The absorbance of the MMA which increases more than twice inspite of
a small increment in HCI concentration from 1.0% to 2.0%. For the further studies the
samples that were supposed to contain As(lll) and/or As(V) were acidified with
concentrated HCI in order to obtain 1.0% (v/v) HCI in the solutions. Additionaly, L-
Cysteine were added into As(I11) and As(V) continig solutions in order to obtain 1.0%
(w/v) L-Cysteine in final solutions. On the other hand, the samples that were supposed
to contain DMA and MMA were only acidified with HCI to obtain 2.0% (v/v) HCI in

the solutions.
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Figure 3.42. Optimization of hydride formation conditions of arsenic species (As
concentration 5.0 pgL™).

The second step in the study was the separation of the As(111), DMA, MMA and
As(V) in an anion exchange column. For this purpose, each arsenic species was injected
into HPLC column separately and retention times were determined after fractional
collection (1 mL) of mobile phase from column exit. Each fraction was treated with HCI
or HCI and L-Cysteine according to optimized conditions for hydride generation.
Arsenic in the fractions was determined by HG-AAS the parameters of which were
summarized in Table 3.1. The elution order of four arsenic species was As(l11), DMA,
MMA and As(V) from the anion exchange column. The retention mechanism of the
arsenic species in the strong anion exchange column depends on the charge of the
arsenicals under elution conditions. The structures and acidity dissociation constants of

arsenical used throughout this study are given in Table 3.5.
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Table 3.5. Arsenic species used throughout the study

As species Structure pKa Reference
Arsenite OH 9.2
As(I11) AL 121 Smith et al. 1998
13.4
Ho”~ oH
o
Arsenate 2.3
As(V) OH—AS—OH 6.8 Larsen and Hansen 1992
11.6
H
)
Monomethylarsonic acid | 3.6
MMA HsC—A§—OH 8.2 Calatayud et al. 2010
H
(@)
Dimethylarsinic acid |
DMA H;C—A§—OH 6.3 Calatayud et al. 2010
CHs
. CHg
Arsenobetaine |
AsB Hs€— A§*/\§@@= 2.2 Larsen and Hansen 1992
CHg

3.2.2.2. Speciation of Arsenic with Amine-Modified Fibers (Manual
Coated)

Amine-, mercapto-, amine and mercapto-, vinyl-, chloro- silane modified sol-gel
based coated fibers were used for extraction of four arsenic species, namely, As(Il1),
DMA, MMA and As(V). Results showed that only amine-modified fibers show
considerable extraction for As(V), DMA and MMA. Therefore, for optimization of the
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extraction parameters, only amine-modified fibers were used. The extraction details
were described in the experimental part of the study.

The calibration plots obtained after extraction of As(V), DMA and MMA from
solution with manual coated amine-functionalized SPME fibers are given in Figures
3.43, 3.44 and 3.45, respectively. The results indicated wide linear dynamic range of
calibration plots which are promising for extraction of various concentrations of arsenic
species. However, considering the maximum allowable concentration of 10.0 pgL™
recommended by World Health Organization (WHO) in ‘Guidelines for Drinking-water
Quality’, the lowest concentrations in the obtained plots (100.0 pgL™) require further
improvement. The enhancement of the detection limits of arsenicals is the main task of
the succeeding section. In order to attain the desired levels of detection two strategies
were followed. These approaches were replacement of the HPLC-HGAAS with HPLC-
ICPMS and evolution on the extraction capability of the fibers.
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Figure 3.43. Callibration plot for As(V) extraction (Extraction conditions: solution
volume: 15.0 mL, stirring speed: 200 rpm, solution pH: 3.0, extraction
time: 60 min, temperature: 25 °C, desorption volume: 50 pL, desorption
time 60 min).
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Figure 3.44. Callibration plot for DMA extraction (Extraction conditions: solution
volume: 15.0 mL, stirring speed: 200 rpm, solution pH: 3.0, extraction
time: 60 min, temperature: 25 °C, desorption volume: 50 pL, desorption
time 60 min).
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Figure 3.45. Callibration plot for MMA extraction (Extraction conditions: solution
volume: 15.0 mL, stirring speed: 200 rpm, solution pH: 3.0, extraction
time: 60 min, temperature: 25 °C, desorption volume: 50 pL, desorption
time 60 min).
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3.2.2.3. Speciation of Arsenic with Amine-Modified Fibers: Further
Improvement on the Fibers

As explained in the preceding section, under the studied conditions the detection
limit would not reach sufficiently lower values. There were two major contributors that
are supposed to lead to inadequate detection levels. The first one was the detection
method. The fractions collected from the exit of the anion exchange column were
detected by HG-AAS where the samples were diluted with NaBH, solution, therfore the
online determination of the eluted species without dilution is important. In this respect,
using online connected HPLC-ICPMS, eliminates further dilution of analytes. The
second main contributor was the fiber coating. Therefore, the optimization of the fiber
coating is important. For this purpose the sol-gel based coating of the fiber was
modified. As explained in Section 3.2.2.2, both sol-gel solution and fiber coating
method was improved. Details of the modifications which were performed both on

instrumentation and fiber coating are enlightened in this section.

3.2.2.3.1. Optimization of Chromatographic Parameters for HPLC-
ICPMS

Most of the buffers that are capable of separating arsenic species result in salt
deposition on skimmer and sample cones of the ICP-MS. To prevent the formation of
such depositions, ammonium carbonate solution was chosen as a proper eluent for
chromatographic speciation. The elution order of the species in the following HPLC
studies is AsB, As(lll), DMA, MMA and As(V). The retention mechanism of the
species was strongly controlled by the pH of the mobile phase and dissociation of acidic
species. The pH dependent dissociations of arsenic species are given in Table 3.5.
Depending on the ionic character of the column and the pH of the eluting buffer (pH
8.50) each arsenic species was eluted in accordance with its charge. Positively charged
AsB was eluted first which was not retained by positively charged quaternary
ammonium groups. As(I11) is neutral at the working pH and has weak interaction with
quaternary ammonium groups of the column; therefore, it was eluted second. Among
the tested species, As(V) has the largest negative charge which results in higher affinity

by the column bringing about the longest retention.
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Various flow rates of the eluent were applied to optimize the separation of the
five arsenic species (AsB, As(111), DMA, MMA and As(V)). Also, the effect of organic
solvent on the peak intensity and the separation efficiency were investigated by the
addition of different amounts of methanol to aqueous ammonium carbonate solution.
Chromatograms obtained with 5 different flow rates (from 0.6 mLmin™ to 1.0 mLmin™)
reveal that there is no improvement in the separation of adjacent AsB and As(I11) peaks
while other species were eluted from chromatogram with longer retention times.
Although the addition of 2% (v/v) methanol to 10.0 mM ammonium carbonate resulted
in superior separation of As(I1l) and AsB, the main outcome was asymmetry (formation
of shoulder) on As(lll) peak. Decreasing the methanol content in buffer to 1.0% and
0.5% (v/v) decreases the peak asymmetry; however, the results were not reproducible in
separation of the peaks in eluents containing methanol. Decreasing the strength of the
ammonium carbonate solution from 10.0 mM to 5.0 mM was not effective either for a
further separation of these two species. Additionally, in contrast to several studies in
literature suggesting the enhancement in peak intensities with the addition of a small
amount of methanol (Vassileva et al. 2001), in this study, there was no evidence for
such an increase in peak heights. As it is expected, the intensity enhancement was
obtained by increasing the flow rate from 0.6 mLmin™ to 1.0 mLmin™. Consequently,
10.0 mM (NH,4),COs3, (pH 8.50) for the first 4 min and 30.0 mM (NH,).COs, (pH 8.50)
for 4-13 min with a flow rate of 1.0 mLmin™ were chosen. Typical chromatograms

obtained under these conditions are given in Figure 3.46.
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Figure 3.46. Optimization of chromatographic conditions in HPLC-ICPMS a) 2%
Methanol added ammonium carbonate at 1 mL/min flow rate, b)
ammonium carbonate at 0.7 mL/min flow rate and ¢) ammonium
carbonate at 1 mL/min flow rate.

(cont. on next page)
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Figure 3.46. (cont.)

3.2.2.3.2. Optimization of Fiber Coating

In order to enhance the extraction of arsenicals by sol-gel based SPME fibers
various parameters were tested. Firstly, to obtain homogeneous fiber coating, the
manual coating process was replaced with coating by dip coater device. The fiber
coating was made thicker by sequential coating of the bare fiber. However, there was no
considerable enhancement of the extracted analytes even after ten successive loading of
the sol-gel material on the surface of the fiber. Secondly, bare fibers were coated by
electrospinning of sol-gel solution. In order to obtain a solution appropriate for
electrospinning the preparation of sol-gel solution was modified. For this purpose 2.0
mL PDMS, 3.0 mL THF, 2.0 mL APTES and 0.50 mL PMHS were mixed in a 20 mL
glass vial by continuous stirring. Sol-gel process was initiated by addition of 1.0 mL
TFA solution containing 5% by volume H,0O. The reaction was continued for 48 h at
room temperature (RT) followed by evaporation of THF until appropriate viscosity for
electrospinning was achieved. Extraction capability of the electrospun coated fiber
illustrated in Figure 3.47(a) shows that the electrospun coated fibers are promising for
microextraction of arsenicals. However, when the fibers were prepared for the second
time the extraction efficiency (Figure 3.47(b) of the fibers was poor with respect to the
first prepared fibers. The main outcome of the study is the trouble associated with the

fiber-to-fiber reproducibility. To overcome this problem, the same fibers were prepared
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without addition of PMHS. As mentioned in the related experimental part of the study,
PMHS was used as deactivator. Additionally, the PMHS control the surface polarity of
the coating by endcapping the silanol groups. Thus, surface polarity decreases which
results in hydrophobicity on the surface and most likely this effects the extraction ability
of the coating. In order to prove this hypothesis, fibers were coated with the same amine
containing sol-gel solution excluding addition of PMHS. Obtained chromatograms with
two distinct non encapped amine-modified fibers are demonstrated in Figure 3.48. As it
is seen, the fibers produced without addition of deactivator extracted quantitative
amounts of each species in a more reproducible way. Therefore, the detection limitation

problem has been alleviated.
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Figure 3.47. Chromatograms obtained after extraction with endcapped amine-modified
fibers prepared in different times a) first prepared fiber and b) second
prepared fiber (Extraction conditions; As concentration: 100.0 pgL™,
solution volume: 15.0 mL, stirring speed: 700 rpm, solution pH: 4.0,
extraction time: 60 min, temperature: 25 °C, desorption volume: 150 pL,
desorption time 15 min, desorption solution: 50.0 mM KH,POy,).

(cont. on next page)

126



2000

As(V)

1600 -

1200 4

Intensity (cps)

800 -

400 -
As(l11) DMA

‘
0 T T s

0 100 200 300 400 500 600 700 800

Time (sec)
(b)
Figure 3.47. (cont.)
5000
MMA As(V)
4000 A
DMA
2 3000
Y
g
£ 2000 -
1000 4 As(111)

0 100 200 300 400 500 600 700 800

Time (sec)

(a)

Figure 3.48. Chromatograms obtained after extraction with non endcapped amine-
modified fibers prepared in different times a) first prepared fiber and b)
second prepared fiber (Extraction conditions; As concentration: 100.0
ngL™?, solution volume: 15.0 mL, stirring speed: 700 rpm, solution pH:
4.0, extraction time: 60 min, temperature: 25 °C, desorption volume: 150
UL, desorption time 15 min, desorption solution: 50.0 mM KH,PO,).
(cont. on next page)
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Figure 3.48. (cont.)

One of the main outcomes of the study is the difference of the extraction
abilities of the fibers coated by the same sol-gel solution but different coating methods
namely, electrospinning and dip coating. In order to verify the difference of the
extraction capability of the coating obtained with two different methods, the amount of
the APTES in the sol-gel solutions were varied. The microextraction results of
arsenicals obtained by fibers coated with aforementioned methods and various amounts
of APTES in coating solution are demonstrated in Figure 3.49 and 3.50. According to
the results, electrospining process produces more valuable fiber coatings even under
same coating thicknesses obtained with both coating methods. Under the consideration
of same coating thickness and sol-gel solution the only difference between these two
methods is the application of the electric field in the electrospinning process. Amine
functionality in the polymeric sol-gel solution is positively charged and it can be
speculated that these functional groups most likely are oriented under influence of the
electric field. Thus, amine groups on the electrospin coated fibers are self oriented and
more available than the functional groups randomly distributed though the matrix where
no electrical field is applied. The proposed mechanisms of the coatings were

demonstrated in Figure 3.51.
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Figure 3.49. Effect of APTES amount in the sol-gel solution on extraction of the As(V)
in dip coated fibers. (Extraction conditions; extraction time: 30 min, As
concentration: 10.0 pgL™, solution pH: 5.0, stirring speed: 700 rpm,
solution volume: 15 mL, Desorption conditions; desorption time: 20 min,
150 pL 50.0 mM KH,PO,)
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Figure 3.50. Effect of APTES amount in the sol-gel solution on extraction of the As(V)
in electrospun coated fibers. (Extraction conditions; extraction time: 30
min, As concentration: 10.0 pgL™, solution pH: 5.0, stirring speed: 700
rpm, solution volume: 15 mL, Desorption conditions; desorption time: 20
min, 150 pL 50.0 mM KH,PO,)
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Figure 3.51. Proposed coating mechanisms for a) electrospinning and b) dip coating

methods.

3.2.2.3.3. Optimization of Extraction Parameters

3.2.2.3.3.1. Effect of pH on Extraction of Arsenic Species

The optimization study was started with the determination of pH of the solution

where the maximum extraction of each species was obtained. The maximum extraction

of As(V) was obtained at pH 5.0 where the amine groups of the fiber coating are

protonated (Figure 3.52). MMA showed maximum extraction at pH 3.0 while DMA
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extraction was particularly independent from pH of the solution (Figure 3.53 and 3.54).
Extraction of species was in agreement with the sorption characteristics of SPE part of
the thesis. As expected from the results have been obtained in SPE part of the study
As(I11) was not retained by amine-modified SPME fibers. On the other hand, the
extracted amounts of the analytes depend strongly on the interaction between the weak
anion exchanger surface of the SPME coating and charge of the species. The correlation
between the peak area and interaction of the species with fiber shows the trend of the
extraction. The most and the least extracted species were As(V) and DMA, respectively.
This finding is in agreement with the elution order of the analytes from strong anion

exchange column used though the study.
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Figure 3.52. Effect of solution pH on extraction of As(V) (Extraction conditions: As(V)
concentration: 10.0 pgL™, solution volume: 15.0 mL, stirring speed: 700
rpm, extraction time: 60 min, temperature: 25 °C, desorption volume: 150
ML, desorption time 20 min, desorption solution: 50.0 mM KH,PO,)
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Figure 3.53. Effect of solution pH on extraction of DMA (Extraction conditions: As(V)
concentration: 10.0 pgL™, solution volume: 15.0 mL, stirring speed: 700
rpm, extraction time: 60 min, temperature: 25 °C, desorption volume: 150
ML, desorption time 20 min, desorption solution: 50.0 mM KH,PO,)
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Figure 3.54. Effect of solution pH on extraction of MMA (Extraction conditions: As(V)
concentration: 10.0 pgL™, solution volume: 15.0 mL, stirring speed: 700
rpm, extraction time: 60 min, temperature: 25 °C, desorption volume: 150
ML, desorption time 20 min, desorption solution: 50.0 mM KH2PO,)
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3.2.2.3.3.2. Effect of Agitation Time/Speed on Extraction of Arsenic
Species

The effect of interaction time on extraction of each arsenic species are given in
Figures 3.55, 3.56 and 3.57. For As(V), DMA and MMA species increasing the contact
time resulted in increase of the extracted amount of analyte. Further increase in the
interaction time (120 min) resulted in a decrease of extracted amount of analytes.
Similar trend in sorption of As(V) was also observed with (NHy)silicate in SPE part of
the study. Results indicate that the contact time of the fiber and analyte solution is one
of the most important optimization parameter. For the further study 30 min was chosen
as extraction time.

The effect of stirring speed of the solution during the extraction of arsenic
species was also investigated. The obtained results are given in Figures 3.58, 3.59 and
3.60. The most important outcome of the study was the inconsistency of the extracted
amount of the arsenic species at various stirring speed. The maximum extraction was
obtained for As(V) and MMA at 700 rpm while DMA was extracted in a larger amount
under the static extraction conditions. When the solutions were stirred at 1000 rpm
extracted amount of the arsenic species were decreased again due to formation of vortex
in the solution. Another important point was extraction of DMA under static conditions.
As can be seen from Figure 3.59, the maximum extraction of DMA was obtained with
30 min static extraction. Under the consideration of the limited number of functional
sites available on the fiber, the kinetic of the interaction between functional groups and
species is important. Kinetic of the extraction strongly depends on the strength of the
electrostatic interaction between the arsenicals and protonated amine groups. The larger
charge on the species (As(V) and MMA) results in larger interaction and fast extraction
kinetic, while smaller negative charge (DMA) results in weaker interaction and slower
extraction kinetic. The static extraction performed in this study decreases the probability
for interaction of individual arsenicals with the active fiber surface. So the vacancies on
the functional groups make these groups equally available for each species without
consideration of the reaction Kinetic. As a result, DMA can be extracted in a larger
amount than the amount obtained with other extraction conditions, but almost in an
equal amount as other two species. Considering the majority of the species 700 rpm was

chosen as an optimum stirring speed for further studies.
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Figure 3.55. Effect of agitation time on extraction of As(V) (As concentration: 10.0
ugL™?, solution pH: 5.0, solution volume: 15 mL, stirring speed: 700 rpm.
Desorption conditions; desorption time: 20 min, 150 pL 50.0 mM
KH,PO,)
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Figure 3.56. Effect of agitation time on extraction of DMA (As concentration: 10.0
ugL™?, solution pH: 5.0, solution volume: 15 mL, stirring speed: 700 rpm.
Desorption conditions; desorption time: 20 min, 150 pL 50.0 mM
KH,PO,)

134



6e+6

Be+6 - : ]

4e+6

3e+6

Peak Area

2e+6 -
T

let+6

0 T T T . —
5.0 15.0 30.0 60.0 120.0
Extraction Time (min)

Figure 3.57. Effect of agitation time on extraction of MMA (As concentration: 10.0
ugL™?, solution pH: 5.0, solution volume: 15 mL, stirring speed: 700 rpm.
Desorption conditions; desorption time: 20 min, 150 pL 50.0 mM
KH,PO,)
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Figure 3.58. Effect of agitation speed on extraction of As(V) (Extraction conditions;
extraction time: 30 min, As concentration: 10.0 pugL™, solution pH: 5.0,

solution volume: 15 mL, Desorption conditions; desorption time: 20 min,
150 pL 50.0 mM KH,PQOy)
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Figure 3.59. Effect of agitation speed on extraction of DMA (Extraction conditions;
extraction time: 30 min, As concentration: 10.0 pgL™, solution pH: 5.0,
solution volume: 15 mL, Desorption conditions; desorption time: 20 min,
150 pL 50.0 mM KH,PQOy)
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Figure 3.60. Effect of agitation speed on extraction of MMA (Extraction conditions;
extraction time: 30 min, As concentration: 10.0 pgL™, solution pH: 5.0,
solution volume: 15 mL, Desorption conditions; desorption time: 20 min,
150 pL 50.0 mM KH,PO,)
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3.2.2.3.3.3. Effect of Salt Concentration (lonic Strength) on Extraction

of Arsenic Species

The effect of NaCl concentration on extraction of arsenic species were studied in
1.0 M, 0.10 M, and 0.010 M NacCl solutions. The results were given in Figures 3.61,

3.62 and 3.63 indicate that increasing the ionic strength of the solution results in

decrease in the extracted amount of each arsenical compound. It can be speculated that

the decrease in the amount of the extracted analytes is related to competitive sorption of

CI" ions by protonated amine groups. The amine groups were converted to surface

inactive aminium salt (R-NH3"CI"). Therfore, the extractions of the arsenic species were

decreased under chloride reach conditions.
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Figure 3.61. Effect of NaCl concentration on extraction of As(V). (Extraction
conditions; extraction time: 30 min, As concentration: 10.0 pgL?,
solution pH: 5.0, stirring speed: 700 rpm, solution volume: 15 mL,
Desorption conditions; desorption time: 20 min, 150 pyL 50.0 mM

KH,POJ)
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Figure 3.62. Effect of NaCl concentration on extraction of DMA. (Extraction
conditions; extraction time: 30 min, As concentration: 10.0 pgL?,
solution pH: 5.0, stirring speed: 700 rpm, solution volume: 15 mL,
Desorption conditions; desorption time: 20 min, 150 pL 50.0 mM
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Figure 3.63. Effect of NaCl concentration on extraction of MMA. (Extraction
conditions; extraction time: 30 min, As concentration: 10.0 pgL?,
solution pH: 5.0, stirring speed: 700 rpm, solution volume: 15 mL,
Desorption conditions; desorption time: 20 min, 150 pyL 50.0 mM
KH,POy)
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3.2.2.3.3.4. Effect of Solution Temperature on Extraction of Arsenic
Species

In the headspace microextractions of volatile compounds increasing the solution
temperature increases the amounts of the extracted analytes (Pawliszyn 1999) by
altering the equilibrium concentrations of analyte in the headspace and solution. In case
of direct mode microextraction a prediction of the effect of the temperature on the
extraction of analyte is not easy. It depends on the exothermic or endothermic nature of
the extraction and as well as on the volatility of the analytes. In this study, the general
trend in the effect of the solution temperature on the extraction of As(V), DMA and
MMA is illustrated in Figure 3.64. Increasing the extraction temperature decreases the
amount of extracted analytes. This finding shows the exothermic nature of the
extraction of the analytes by the fibers. The effect of the temperature was more
significant especially for MMA. Decrease of peak areas in orders of magnitude as
increasing the extraction temperature was observed. For further study 20 °C was chosen

as optimum extraction temperature.
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Figure 3.64. Effect of solution temperature on extraction of the arsenic species.
(Extraction conditions; extraction time: 30 min, As concentration: 10.0
ngL™, solution pH: 5.0, stirring speed: 700 rpm, solution volume: 15 mL,
Desorption conditions; desorption time: 20 min, 150 pL 50.0 mM
KH,PO,)
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3.2.2.3.4. Repetitive Use of the Fibers and Fiber Reproducibility

The one of the most important task in the SPME fiber production is to prepare
stable fiber coatings. Results obtained from repetitive use of the same fiber are
illustrated in Figure 3.65. Although the extracted analytes varied from one extraction to
another there were significant amount of the extracted analytes, especially for As(V)
and MMA. These results show potential for preparation of stable fiber coatings. On the
other hand, the fiber to fiber reproducibility study which is shown in Figure 3.66 was
indicative of the one of the main drawback of the SPME method which is mainly suffers

from the reproducibility in preparation of the fibers.
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Figure 3.65. Repetitive use of the same fiber (Extraction conditions; extraction time: 30
min, As concentration: 10.0 pgL™, solution pH: 5.0, stirring speed: 700
rpm, solution volume: 15 mL, Desorption conditions; desorption time: 20
min, 150 pL 50.0 mM KH,PO,, Cleaning conditions; 10 min desorption

into 15 mL 0.50 M KH;PQOy4, 5 min cleaning in 15 mL upw, 2 min
activation in 15 mL 0.10 M HNOg3, 5 min conditioning at 110 °C)
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Figure 3.66. Fiber-to-fiber reproducibility (Extraction conditions; extraction time: 30
min, As concentration: 10.0 pgL™, solution pH: 5.0, stirring speed: 700
rpm, solution volume: 15 mL, Desorption conditions; desorption time: 20
min, 150 pL 50.0 mM KH,PO,)

3.2.3. Arsenic Speciation with Nanoiron-Agarose SPME Fibers

The inorganic arsenic sorption ability of zero valent iron (Zhu et al. 2009) and
FeOOH (Cumbal, L. and A.K. Sengupta. 2005) was already known and well studied for
remediation of waters contaminated with arsenic. However, there is no report on the
organoarsenic sorption behavior of the mentioned sorbents. In view of the affinity of the
iron based sorbents for inorganic arsenic species the nZVI particles were synthesized
and immobilized on the surface of the bare silica fiber by capillary templating method
as a potential SPME fiber coating. The preparation and characterization of the nano-iron
SPME fibers were given in the related part of the thesis. In order to show the
applicability of the fibers for extraction of various arsenical species, microextraction
was performed from solution containing AsB, As(lll), DMA, MMA and As(V) and
determined by HPLC-ICPMS configuration described in the preceding parts of the

I i Ithe eI| ults were demonstrated that the fibers were able to extract all

ars nlc C|e exc d| AsB. Optimization of extraction and desorption parameters

are explained in JJetaMs in the subsequent parts of the thesis.
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3.2.3.1. Optimization of Desorption Parameters

The success of the proposed methodology depends strongly on desorption of
extracted arsenic species from the fibers. To find a suitable reagent, 0.100 M NaOH and
two buffers (0.100 M (NH,),CO3 and 0.100 M KH,PO,) were tried. Although 0.100 M
NaOH was successful in desorption of organoarsenic species, it was not suitable for
HPLC due to peak broadening. Ammonium carbonate, on the other hand, was not
capable of desorbing quantitative amounts of arsenic species from fibers. Fortunately,
0.100 M KH,PO, was found to desorb arsenic species quantitatively with less
perturbation in the chromatographic peaks compared to 0.100 M NaOH (results were
not given). The next step was to find the optimum concentration of KH,PO, that gives
acceptable chromatographic peak shapes. For this purpose, various concentrations of
KH,PO, (25.0, 50.0, 75.0 and 100.0 mM) each spiked with arsenic mixture having a
concentration of 50.0 pgL™ was injected into anion exchange column and
chromatograms were obtained. As shown in Figure 3.67, 50.0 mM KH,PO, has
demonstrated better performance in terms of peak asymmetry and peak broadening.

First of all the optimum desorption time of the analytes from the fibers was
investigated. The fibers were immersed and statically desorbed in KH,PO, for different
durations such as 5, 10, 15 and 30 min; and 10 min was found to be optimum. In
conclusion, the desorption of arsenic species from fibers were decided to be realized by
immersing the fiber in 150.0 uL of 50.0 mM KH,PO, solution for 10 min. In order to
investigate the efficiency of desorption step further, the same fiber was immersed
consecutively (10 min in each) in 5 different vials containing the desorption reagent
(150.0 pL of 50.0 mM KH,PQO,). Figure 3.68 shows that the major portion of the
analytes was desorbed in the first cycle, although there were still traces of the analytes
on the fiber even after the 5™ cycle. This finding suggested that there is a need for a
final cleaning step before the next use of the fiber due to the non-exhaustive character of

the desorption and this strategy was employed in further studies.
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Figure 3.67. Effect of KH,PO, concentration on arsenic peaks.
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Figure 3.68. Repetitive desorption of As species from the same fiber. (Extraction
conditions; extraction time: 30 min, As concentration: 10.0 ugL™,

solution pH: 7.0, solution volume: 15 mL; Desorption conditions;
desorption time: 10 min, 150 pL 50.0 mM KH,PO,)
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3.2.3.2. Optimization of Extraction Parameters

The developed SPME fibers were utilized for the determination of extraction
parameters such as extraction pH, extraction time, agitation speed, and ionic strength.

The optimized conditions were also applied to investigate fiber to fiber reproducibility.

3.2.3.2.1. Effect of pH on Extraction of Arsenic Species

The solution pH was expected to have a strong influence on the extraction of
arsenic species since it affects both the charge on the surface of the fiber and the
predominant form of arsenic in solution. Therefore, among the various parameters the
priority was given to the optimization of extraction pH. The extraction efficiency using
nanoiron-agarose as a function of solution pH was investigated at acidic, neutral, and
basic pHs; namely, 4.0, 7.0 and 10.0 (Figure 3.69). The overall efficiency of extraction
was maximized at pH 4.0 especially for As(V), DMA and MMA while pH 7.0 is
optimum only for As(l1l) and not acceptable for the other arsenic species. None of the
investigated arsenic species was effectively extracted under basic pH (10.0). For
comparison, agarose fibers were also tested under the same experimental conditions and
were shown to extract none of the arsenic species (Figure 3.70). In addition, AsB, the
non-toxic form of arsenic, could not be extracted at any of the studied pHs by either
nanoiron-agarose or agarose-fibers.

The effect of solution pH on the extraction can be rationalized by considering
two phenomena; namely, the predominant forms of arsenic species at the indicated pH
and also the possibility of variation of surface charge of the particles on the fiber.
According to the previous report (Efecan et al. 2009), the lIso-Electric-Point (IEP) of
nZV1 particles was measured as 8.1-8.2. Thus, the surface of the fiber should be
negatively charged at pH 10.0 where all arsenic species except AsB (which occurs in
zwitterionic form) are also negatively charged. Therefore, no strong electrostatic
interaction is expected at this pH. Lowering the pH to 7.0 results in the formation of less
negative charge on As(V), DMA and MMA while As(l11) is almost neutral. At the same
time, the charge of the iron particles on the fiber surface is positive which attracts the
negatively charged arsenic species in the solution. Although the further decrease in pH

to 4.0 results in complete neutralization of As(Ill) and a reduced interaction with
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positively charged surface of the fiber, the other species are still negatively charged and
attracted strongly to the positively charged surface. Among the solution pHs
investigated, pH 4.0 has been shown to be the optimum in terms of the amount of the

arsenic species extracted. Therefore, the solution pH was adjusted to 4.0 in all the
subsequent studies.
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Figure 3.69. Effect of solution pH on extraction of As species by nanoiron-agarose
fiber. (Extraction conditions; extraction time: 60 min, As concentration:
10.0 pgL™?, stirring speed: 300 rpm, solution volume: 15 mL, Desorption
conditions; desorption time: 10 min, 150 puL 50.0 mM KH,PO,)

Generally speaking, the fixation mechanism of aqueous pollutants by iron nanoparticles
is well known to encompass mainly two broad types: redox and surface sorption
reactions. The redox mechanism is related to the zero-valent core of the nanoparticles
and depends on the difference in reduction potentials between the contaminant and iron.
Surface sorption, on the other hand, takes place between the pollutant entities in
solution and the external oxyhydroxide groups (-OOH) of iron located in the shell of the
nanoparticles. Arsenic possesses a more positive standard electrode potential relative to
iron, and the amenability of As(l111) and As(V) to reduction by nano iron core to form
As(0) which was documented using high resolution X-ray photoelectron spectroscopy
(HR-XPS) (Ramos et al. 2009). The oxyhydroxide layer on the external part of the
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nanoparticles promotes arsenic sorption and/or coordination. Based on our

characterization that showed iron nanoparticles to exist primarily as iron oxide, and the

experimental observation of a pH-dependent retention, the operating fixation

mechanism is most likely a surface sorption based on electrostatic attraction.
Furthermore, in this study, the analytes were introduced into the HPLC column before
and after extraction and the same retention times were observed for the inorganic

arsenic species. This result eliminates the possibility of the reductive mechanism of
extraction by produced fibers.

Intensity (cPS)

Figure 3.70. Effect of solution pH on extraction of As species by agarose fiber.
(Extraction conditions; extraction time: 60 min, As concentration: 10.0

ugL™?, stirring speed: 300 rpm, solution volume: 15 mL, Desorption
conditions; desorption time: 10 min, 150 pL 50.0 mM KH2PO,)

3.2.3.2.2. Effect of Agitation Time/Speed on Extraction of Arsenic
Species

The agitation speed is one of the important parameters for the extraction
procedure since the SPME fiber is immersed in the sample solution in a 20-mL vial.

Agitation speeds of 300, 500, 700 and 1000 rpm were used to test this effect. According
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to Figure 3.71, comparable extraction efficiencies were obtained at 500 and 700 rpm for
DMA, MMA, and As(V) whereas maximum As(Ill) extraction was achieved at 700
rpm. A further increase in stirring speed to 1000 rpm resulted in a slight decrease in the
amount of extracted analyte due to formation of vortex in the vial. Hence, 700 rpm was
chosen as the optimum agitation speed in further studies in order to reach lower limits
of detection for As(l11) which is the most toxic form of all.

For evaluation of the effect of duration of interaction, immersion times of 1, 5,
15, 30 and 60 min were tested while holding the other parameters constant at the
optimized values. In addition, in one study static extraction was also tested for a 5 min
period. As demonstrated in Figure 3.72, an increase in the extraction time results in
significant enhancement in the extracted amount of each arsenic species. Even at 60 min
extraction time, equilibrium was not attained under the studied conditions; still, longer
extraction times were not considered due to unreasonable time consumption. However,
strict control of the extraction time was necessary throughout the study to overcome the
possible deviations in extracted quantities of the analytes. This observation is very
uncommon for head space analysis of solid phase microextraction. However, the
diffusion-restricted extraction of each arsenic species was observed in the case of direct
mode extraction applied in the present study. The extraction time of the fibers is mainly
affected by the coating thickness, diffusion coefficient, and distribution constant of
analyte between the fiber coating and the sample (Pawliszyn 1999). It should be
mentioned here that the agarose coating on the fiber swells in just a few minutes when
immersed in aqueous solution and the diameter of the fiber is doubled compared to its
dry form. Nevertheless, the in-and-out motion of the fiber into the stainless steel injector

was not affected from swelling of the coating.
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Figure 3.71. Effect of agitation speed on extraction of the As species. (Extraction
conditions; extraction time: 60 min, As concentration: 10.0 ugL™,

solution pH: 4.0, solution volume: 15 mL, Desorption conditions;
desorption time: 10 min, 150 pL 50.0 mM KH,PO,)
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Figure 3.72. Effect of agitation time on extraction of the As species. (Extraction
conditions; extraction time: 60 min, As concentration: 10.0 pgL?,
solution pH: 4.0, solution volume: 15 mL, stirring speed: 700 rpm.

Desorption conditions; desorption time: 10 min, 150 pL 50.0 mM
KH,PO,)
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3.2.3.2.3. Effect of Salt Concentration (lonic Strength) on Extraction of
Arsenic Species

To investigate the effect of ionic strength on extraction of arsenic species, 10.0
ngL™ concentrations of each arsenic species were prepared in 1.0 M, 0.10 M, 0.010 M
and 0.0010 M NacCl and the solution pH was adjusted to 4.0. The results given in Figure
3.73 indicate that an enhanced extraction was achieved in the presence of NaCl matrix
in comparison with the extraction performed in ultra pure water. This observation is in
line with earlier results, especially in the case of organic species (Pawliszyn 1999). A
NaCl concentration of 0.010 M was used in the subsequent studies.

0CI® in the

The potential polyatomic interference due to the formation of Ar
plasma at the same m/z: 75 during the measurement of monoistopic As” by HPLC-
ICPMS was also considered and prevented. For this purpose, a nanoiron-agarose fiber
was immersed into 355.0 mgL™ (0.010 M) CI" solution to test whether it extracted CI
under the optimized conditions used for arsenic speciation. In addition, octopole
collision cell of the ICP-MS system was also used with He as the collision gas to
overcome the potential interference of chloride ion on arsenic signal. With the
experimental conditions explained above, no signal was observed at m/z:75 and m/z: 37
both in presence or absence of collision gas demonstrating that the affinity of the fiber
for CI" ion was not appreciable (Figure 3.74). This finding is an indication of the an
interference-free determination using the proposed methodology. In addion, the elution
peak of CI" ion was determined by injection of 150 uL, 0.010 M NaCl solution into
HPLC-ICPMS (Figure 3.75). The CI" ion peak was appeared around 500 sec in the
chromatograms obtained at m/z: 37 (Figure 3.75(a) and Figure 3.75(c)). Chromatogram

4OC|35

acquired at m/z: 75 (Figure 3.75(b)) shows a small peak related to Ar which was

eliminated by additon of He gas into octopole collision cell (Figure 3.75(d)).
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Figure 3.73. Effect of ionic strength on the extraction of the As species. (Extraction
conditions; extraction time: 60 min, As concentration: 10.0 ugL™, solution
pH: 4.0, stirring speed: 700 rpm, solution volume: 15 mL, Desorption
conditions; desorption time: 10 min, 150 puL 50.0 mM KH,PO,)
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Figure 3.74. Chromatograms obtained with SPME-HPLC-ICPMS after inserting fiber
into 0.010 M NacCl solution a) and b) no He in the octopole collision cell,
c) and d) in the presence of He in the octopole collision cell.

(cont. on next page)
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Figure 3.75. Chromatograms obtained after injection of 0.010 M NaCl to HPLC-ICPMS

a) and b) no He in the octopole collision cell, ¢) and d) in the presence of

He in the octopole collision cell.
(cont. on next page)
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Figure 3.75. (cont.)

3.2.3.3. Interference Studies

Interference studies were performed for Sb(lll), Sb(V), Se(1V), Se(VI1), V(IV),
V(V), SO and PO, as described previously in Section 3.1.5.3. Table 3.8
demonstrated the effect of each species on extraction of As(lll), DMA, MMA and
As(V). Interfering case is described as > 20% decrease in peak area with respect to
extraction performed excluding any interfering species. As understand from Table 3.8,
Se(1V), V(IV), V(V), Sb(V) and PO,* showed interference in extraction of all arsenic
species. Se(VI) interfere only on extraction of organoarsenic species namely, DMA and
MMA. In contrast to Se(V1), Sb(lll) interfere on extraction of inorganic arsenic species
namely, As(111) and As(V). On the other hand, addition of SO4* ion shows interference
on extraction of DMA and As(V).

The extraction and elution of the Se(IV), Se(VI), V(IV), V(V), Sb(lll) and
Sb(V) were examined during the interference studies in conjunction with extraction of
arsenicals. The chromatograms of the analytes (As(111), DMA, MMA and As(V)) after
the extraction/desorption cycle in presence of the interfering species were acquired at
m/z: 75. Apart from m/z: 75, the ions at m/z: 78, m/z 51 and m/z: 121 were detected in
order examine the elution and extraction affinity of novel SPME fiber to Se(IV)/Se(V1),
V(IV) V(V), and Sb(lll)/Sb(V), respectively. The obtained chromatograms are
demonstrated in Figures 3.76, 3.77 and 3.78. As it is understood from Figure 3.76, the

novel fiber was also show conciderable extraction for Se(IV) while Se(VI) extraction
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was less important. Similar results were obtained for extraction of V(IV) by the
developed fiber. Both selenium and vanadium species were extracted in larger amount
in their lower oxidation states. On the other hand, Sb(lll) and Sb(V) showed similar

trend both in the extraction by the fiber and elution from the column.

Table 3.6. Summary of the interference study; N: no interference, I: interference
(Extraction conditions; extraction time: 60 min, As concentration: 10.0 pgL”
! solution pH: 4.0, stirring speed: 700 rpm, solution volume: 15 mL,
Desorption conditions; desorption time: 10 min, 150 uL 50.0 mM KH,POy,)

Interfering species  As(lll) DMA MMA As(V)

Se(IV)? | | | |
Se(VI)? N | | N
V(IV)? | | | |
V(V)? | | | |
Sb(l11)? | N N N
Sh(V)? | | | |
(SO%)° I N | N
(PO I | | |

a: the concetration of the species was 100.0 pgL™
b: the concetration of the species was 1000.0 pgL™
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Figure 3.76. Selected ion monitoring chromatograms at m/z: 78 for selenium elution
from HPLC-ICPMS obtained in selenium inerference studies after
extraction/desorption of arsenicals with nanoiron-agarose fibers a) Se(IV),

b) Se(VI) and c) Se(VI) in the second data aquirement.
(cont. on next page)
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Figure 3.77.

Selected ion monitoring chromatogram at m/z: 51 for vanadium elution
from HPLC-ICPMS obtained in vanadium inerference studies after
extraction/desorption of arsenicals with nanoiron-agarose fibers a) V(IV),

b) V(IV) in the second data acquirement and c) V(V)
(cont. on next page)
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Figure 3.78. Selected ion monitoring chromatogram at m/z: 121 for antimony elution
from HPLC-ICPMS obtained in antimony interference studies after
extraction/desorption of arsenicals with nanoiron-agarose fibers a) Sb(lll)

and b) Sh(V).
3.2.3.4. Analytical Performance of the Method

Typical calibration line equations for each arsenic species obtained under
optimized extraction condition with nanoiron-agarose fibers were given in Table 3.7 for
both extraction conditions (ultra pure water and 0.010 M NaCl). The lower

concentration of arsenicals in extraction solution was 0.10 ugL™ while extraction from
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10.0 pgL™ was used as an upper point for the calibration. Obtained regression
coefficients for each species showed good correlations between concentrations (x scale)
and peak areas (y scale) of the extracted analytes, especially in the case of extractions in
0.010 M NacCl solution. In addition, the limit of detection (LOD), and the limit of
quantification (LOQ) values for each As species were also calculated. In order to show
the advantage of the developed method LOD and LOQ values of the HPLC-ICPMS
without SPME were also determined (Table 3.8). The results have demonstrated that the
developed SPME-HPLC-ICPMS methodology is superior in terms of detection limits
with respect to the HPLC-ICPMS. Moreover, the analytical performance of the
developed method was tested via relative standard deviations of the peak areas for intra-
day and inter-day extractions of the analytes with 10 and 4 fibers, respectively (Table
3.9). The corresponding intra-day (and inter-day) RSDs were 15.5% (16.4%) for
As(l11), 8.3% (6.4%) for DMA,7.3% (10.6%) for MMA and 6.5% (14.0%) for As(V).

Table 3.7. Typical calibration line equations obtained with prepared SPME fibers.
(Extraction conditions; extraction time: 60 min, stirring speed: 700 rpm,
solution volume: 15 mL, Desorption conditions; desorption time: 10 min,
150 pL 50.0 mM KH,PQOy)

Ultra-pure water 0.010 M NaCl
LOD LOQ
Species Equation R? 4 4 Equation R?
wgl™  pgl
As(111) y=20171x + 5792.7 0.9769 0.014 0.046 y=28767x +3072.2  0.9938
DMA y=243729x + 660.3 0.9991 0.006 0.021 y=221457x - 5081.4  0.9994
MMA y= 75657x + 28958 0.9843 0.022 0.073 y=450683x + 22158  0.9984
As(V) y=296373x + 2408 0.9999 0.007 0.023 y=468509x + 53620 0.9984

Table 3.8. Typical calibration line equations obtained with HPLC-ICPMS without
extraction with SPME fiber

LOD LOQ

Species Equation R 1 1
wgl™  pgl

As(111) y=6441.6x — 811.72 0.9976 0.092 0.306

DMA y=9558.8x — 141.75 0.9998 0.104 0.346

MMA y=9958.9x — 524.01 0.9998 0.104 0.346

As(V) y=14578x—-48.05 09998  0.074 0.247
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Table 3.9. Relative standard deviations obtained for inter-day and intra-day extractions
(n=4 and 10 for inter-day and intra-day extractions, respectively)

Inter-day RSD Intra-day RSD
As Species
(%) (%)
As(I1) 15.5 16.4
DMA 8.3 6.4
MMA 7.3 10.6
As(V) 6.5 14.0

Extraction efficiency of the fibers was determined in order to verify the nature of
extraction as being exhaustive or microextraction. In a typical experiment, extraction of
As(lll), DMA, MMA and As(V) was performed with nanoiron-agarose fibers under
optimized conditions described before. The calibration plots of each species in ultra-
pure water were obtained by injection of various concentrations of arsenicals into
HPLC-ICPMS without extraction with SPME fiber. The solution containing arsenic
species (10.0 pgL™ from each) was subjected to SPME procedure with nanoiron-
agarose fibers. The concentration of the arsenicals in the original solution remaining
after the extraction process was determined by HPLC-ICPMS. The extraction efficiency
of the each species was found as 5.0%, 3.6%, 3.0% and 6.0% for As(lll), DMA, MMA
and As(V), respectively. The non-exhaustive nature of the extraction shows that the

developed method is totally microextractive in nature.

3.2.3.5. Method Validation

The validation of the proposed method was performed by means of application
to real samples and standard reference materials. Two different standard reference
materials (SRM from NIST, Natural Water — Trace Elements, Cat. No. 1643e and
Arsenic Species in Frozen Human Urine, Cat. No. 2669) were used for the validation of
the method (Figure 3.79(a) and 3.79(b)). According to the results obtained and
summarized in Table 3.10, with the proposed methodology, a good correlation between
the certified and determined values was observed for all arsenic species. In addition to
SRM analyses, tap water from IZTECH campus, geothermal water obtained from a

well-known geothermal plant (Kizildere/Aydin) and bottled water were analyzed for the
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determination of arsenic species. The results are summarized in Table 3.11. The tap
water (Figure 3.79(c)) and bottled water (Figure 3.79(d)) samples were expected to
contain mainly inorganic As in higher oxidation state. As expected, due to the oxidizing
conditions, all arsenicals were found in As(V) form at concentrations of 0.99 (+ 0.14)
ngL™* and 1.57 (+ 0.09) pgL™ for tap water and bottled water, respectively. On the other
hand, the geothermal water (Figure 3.79(e)) sample contained both As(l11) (235 pgL™)
and As(V) (715 pgL™) since reducing conditions prevail in ground waters. An unknown
arsenic species was also observed in the chromatogram of geothermal water. Due to
high sulfur content of the geothermal water (ca. 1000 mgL™), the new species most
probably is the thioarsenate which is generally found in sulfidic waters (Planer and
Wallschlager 2009; Planer et al. 2010).
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Figure 3.79. Chromatograms obtained from validation study for a) SRM 1643e (Natural
Water, No.1: 10-fold diluted sample and No.2: spiked with 10.0 ugL™ of
each arsenic species), b) SRM 2669 (Human Urine, No.1: 10-fold diluted
sample and No.2: spiked with 2.0 pgL™ of each arsenic species), c) Tap
water (No.1: 2-fold diluted sample and No.2: spiked with 1.0 pgL™ of each
arsenic species), d) Bottled water (No.1: 2-fold diluted sample and No.2:
spiked with 2.0 pgL™ of each arsenic species) and Geothermal water
(No.1: 50-fold diluted sample and No.2: spiked with 10.0 ugL™ of each
arsenic species). (Extraction conditions; extraction time: 60 min, solution
pH: 4.0, stirring speed 700 rpm, solution volume: 15 mL, Desorption
conditions; desorption time: 10 min, 150 pL 50.0 mM KH,PO,)

(cont. on next page)
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Table 3.10. Method validation with novel SPME fibers. (Extraction conditions;
extraction time: 60 min, solution pH: 4.0, stirring speed 700 rpm, solution
volume: 15 mL, Desorption conditions; desorption time: 10 min, 150 pL
50.0 mM KHZPO4,)

As species SRM 1643e * SRM 2669 *
Determined Certified Determined Certified
ugL™ ugL™ ugL™ ugL™
As(I11) ND* 4.56 5.03
DMA ND 23.67 25.3
MMA ND 6.17 7.18
As(V) 59.00 60.45%* 6.15 6.16

a: extractions were performed in 1/10 diluted samples

* Not detected
** Speciation of arsenic in SRM 1643e was not indicated in the certificate.

Table 3.11.

Sample applications with novel SPME fibers. (Extraction conditions;
extraction time: 60 min, solution pH: 4.0, stirring speed 700 rpm, solution
volume: 15 mL, Desorption conditions; desorption time: 10 min, 150 pL
50.0 mM KH2PO4, n:3)

As species Bottled water ? Tap water ? Geothermal water Urine ¢
1 -1 -1 -1
HgL HgL HgL HgL
As(Il) ND* ND 235 (+ 27) ND
DMA ND ND ND 0.34 (+ 0.06)
MMA ND ND ND 0.67 (+ 0.05)
As(V) 1.57 (+ 0.09) 0.99 (+ 0.14) 715 (+ 18) ND

a: extractions were performed in 1/2 diluted samples

b: extractions were performed in 1/500 diluted samples
c: extractions were performed in 1/10 diluted samples
* Not detected
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CHAPTER 4

CONCLUSIONS

The thesis progressed in two main routes, namely, solid phase extraction and
solid phase microextraction. The solid phase extraction part of the study was performed
with amine- and/or mercapto- functionalized silica for the speciation of As(lll) and
As(V). The solid phase microextraction part was about the preparation of stable and
selective fiber coatings and their application for the determination of inorganic and
organometallic arsenic species.

The main results of SPE studies can be summarized as follows:

A bifunctional sorbent, (NH,+SH)silica, containing both amine and mercapto
functionalities, was prepared by modification of silica gel with 3-
(triethoxysilyl)propylamine and (3-mercaptopropyl)trimethoxysilane. In addition to the
bifunctional sorbent, silica gel was modified individually with the functional mercapto-
and amino-silanes. Moreover, monofunctional sorbents, namely (SH)silica and
(NHy)silica, were also mechanically mixed ((NHy)silica+(SH)silica) for the sake of
comparison of sorption performances. The prepared sorbents were used for sorption of
As(I11) and As(V), and the sorption results demonstrated the high specificity of the
sorbents. For example, mercapto-functionalized (SH)silica shows selectivity only to
As(I11) and retains the species quantitatively at the pH of 1.0 and 9.0. The mechanism of
sorption can be attributed to the chelate formation between the arsenite ions in the
solution and the mercapto functional groups on the silica surface. Amine-functionalized
(NHy)silica, on the other hand, displays sorption only to As(V) at pH 3.0, due to
electrostatic attraction between the protonated amine groups of the sorbent and H,AsO,
ion which is the predominant species in the solution at this pH. The strong dependence
of the sorption of (NHy)silica on the solution pH necessitates the use of a buffer to fix
the pH at 3.0 to prevent the possible increase of the pH to higher values where no
sorption of As(V) occurs. Bifunctional (NH,+SH)silica has shown superior sorption
performance compared to the mono-functionalized sorbents in terms of solution pH,
sorbent amount, reaction time, reaction temperature, and batch-to-batch reproducibility.
Bifunctional (NH,+SH)silica makes the speciation of As(lll) and As(V) possible by
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enabling the sorption of both As(I11) and As(V) species at pH 3.0 and only As(I11) at pH
1.0 or any pH higher than 4.0. As(V) can then be determined from the difference.
Eluents, such as 0.05 M KIO3 in 2.0 M HCI and 1.0% (w/w) I-cysteine can be used for
the desorption of As(Ill) and As(V), respectively. However, simultaneous quantitative
desorption of both As(l111) and As(V) can only be achieved using 0.5 M NaOH, bearing
in mind that this eluent restricts the use of the silica-based sorbents to only once. The
validity of the proposed method was checked through the analysis of a standard
reference material and a good correlation was obtained between the certified (26.67
ngL™") and determined (27.53+0.37 ugL™") values. Spike recovery tests realized with
ultrapure water (93.0+2.3%) and drinking water (86.9+1.2%) also confirmed the
applicability of the method.

SPME fibers were prepared mainly in two general approaches, namely, the sol-
gel based modification and nanoparticle immobilization. The experience gained during
the modification of silicate surface was used for preparation of the novel sol-gel based
SPME fiber coatings. Homogeneity and coating thickness of the fibers was controlled
by dip coating. In addition to the dip coated sol-gel based fibers, electrospinning was
also used to prepare sol-gel coated SPME fibers. Nanoparticle immobilized fibers were
produced by capillary template and electrospinning methods. Capillary template method
was used for the first time to prepare SPME fiber coatings. This method has shown
superior performance in controlling the thickness of coatings. The other advantages of
the proposed method were the ease of preparing stable fiber coatings and inert matrix
allowing the immobilization of various functional nanoparticles onto fiber, and also the
fiber-to-fiber reproducibility obtained. Electrospun nanofiber coated SPME fibers were
also promising for improved extraction time since all the functional groups of the
nanofiber were available for extraction.

The amine-functionalized SPME fiber produced by sol-gel method was used for
As(l11), DMA, MMA and As(V) and all arsenic species except As(I11) were extracted.
Better detection limits were achieved with HPLC-ICPMS than HPLC-HGAAS.
Optimization of amine-functionalized fiber coating revealed that the fibers coated by
electrospinning process showed superior performance than dip coated fibers. The
extracted amounts of analytes were shown to be affected from various parameters,
namely, solution pH, ionic strength and extraction time.

Nanoiron-agarose fibers produced by capillary template method were used as

novel stable and selective SPME fiber coating for the determination of various
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inorganic and organoarsenic species; namely, As(lll), DMA, MMA and As(V).
Although the iron-based materials are well known for the removal of inorganic As(l11)
and As(V) from aqueous solutions, the extraction of the organoarsenicals, DMA and
MMA, with iron nanoparticles was reported for the first time in literature. Extracted
analytes were separated with anion exchange column and determined with online
connection to ICP-MS. Optimization of the chromatographic conditions indicate that all
arsenic species are well separated in 11 min by gradient elution program (0-4 min, 10
mM ammonium carbonate (pH 8.50), 4.1-12 min, 30 mM ammonium carbonate (pH
8.50)) at flow rate of 1.0 mL.min™. Extensive studies for extraction conditions have
given the optimized parameters as; extraction pH: 4.0, agitation speed: 700 rpm,
extraction time: 60 min. The fibers demonstrated reproducible extraction (< 10% rsd),
good mechanical strength and good solvent resistivity. The validity of the proposed
methodology was verified via the analysis of certified reference materials (SRM 1643e,
Natural Water-Trace Elements, and SRM 2669, Arsenic Species in Frozen Human
Urine) and through spike recovery tests. The values of percentage recovery for SRM
2669 were 90.7% for As(l11), 99.8% for As(V), 93.6% for DMA, and 85.9% for MMA.
A good correlation was also found between the certified (60.45 pgL™) and determined
(59.00 pgL™) values for SRM 1643e. Moreover, the speciation capability of the method
was demonstrated on various natural waters and biological fluids. Additionally, the
developed method has been shown to possess superior performance figures than the
available SPME fibers in terms of simultaneous determination capability of four critical
arsenical compounds without requirement for a derivatization step.

Finally, it can be said that this study incorporates various multidisciplinary fields
of chemistry such as analytical chemistry, nanoscience, organic chemistry and physical
chemistry with the intention of preparation novel SPE sorbents and SPME fiber
coatings. The main outcomes of the SPE study were the potential applicability of the
prepared sorbents for both water remediation and analytical applications. The prepared
SPE sorbents have potential for daily use as a resin for arsenic removal from waters
without taking into consideration the form of arsenic. New SPME fiber coating
strategies were introduced for the first time to prepare a variety of stable functional
coatings. These suggest new ideas for the researchers in the related area for preparation
of more specific coatings. Besides, the prepared fibers were effective in determination
of four critical arsenic species in trace levels. The prepared SPME fibers are also

promising to follow the arsenic metabolism in biological systems. It is hoped that the
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aforementioned outcomes of the results of the thesis will be promising and directive for
researchers in the related fields as well as for researchers from other disciplines.
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